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ABSTRACT 

To aid in tiie understanding of the electronic states of low-spin, bis-pyridine and 

-imidazole model complexes of the cytochromes b variable temperature NMR 

spectroscopy and EPR spectroscopy have been employed on a series of complexes of 

tetramesitylporphinatoironOII), tetra(2,6-dibromophenyl)porphinatoiron(III) perchlorate, 

tetra(2,6-dichlorophenyl)porphinatoiron(III) perchlorate, tetra(2,6-difluorophenyl)porphin-

atoiron(III) perchlorate, and tetra(2,6-dimethoxyphenyl)-porphinatoiron(III) perchlorate 

where the axial ligands were 4-dimethylaminopyridine, 3,4-dimethylpyridine, 3,5-

dimethylpyridine, 4-methyIpyridine, 3-methylpyridine, methylpyridine, 3-chloropyridine, 

3-cyanopyridine, 4-cyanopyridine, N-methylimidazole, and 2-methylimidazole. Both 

paramagnetic iron(Iir) and diamagnetic cobalt(III) porphyrinates were synthesized. The 

25°C NMR spectra of the Co(III) complexes were used to estimate the diamagnetic 

shifts of the corresponding Fe(III) complexes. The NMR spectra of the iron(III) 

complexes were recorded from -90°C to +40°C. Small isotropic shifts and anti-Curie 

behavior in the pyrrole-H resonances of the lower basicity pyridine complexes of 

[TMPFe(III)]''" indicate a (dxz,dyz)^(dxy) ^ ground state, and axial ~4K EPR spectra of the 

lower basicity complexes and large gmax or rhombic EPR spectra of the higher basicity 

pyridine complexes of all of the iron(III) porphyrinates smdied indicate a shift in electronic 

ground state from (dxz,dy2)'^(dxy)^ for the lower basicity pyridine complexes to 

(dxy)^(dxz.dyz)^ for the higher basicity pyridine complexes in all cases. The dipolar and 

contact contributions to the isotropic shift were determined based on estimates of the 

ground-excited state crossover point and geometric factors obtained from crystal structure 

data. Variable temperature NOESY and COSY spectra were successful in distinguishing 

meta from para resonances in the NMR spectra of [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4. 

X-ray crystallographic studies indicated parallel orientation of the axial ligands in [(2,6-

F2)4TPPFe(3,5-Me2Py)2] CIO4. 
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Heme proteins are a class of proteins that have a wide variety of functions inside the 

bodies of living organisms. These molecules consist of a folded protein backbone and one 

or more heme groups either covalently or non-covalently attached. The heme group, 

shown in Figure 1.1, consists of a porphyrin ring with various alkyl substituents at the P-

pyrrole positions. This planar ring is chelated to an iron atom, which leaves the fifth and 

sixth axial coordination sites open. It is through one or both of these axial sites that various 

side chains from the protein residues, including sulfiir atoms from cysteine and methionine 

and nitrogen atoms from the imidazole rings of histidines, can bind to the heme group and 

hold it in place. 

One of the functions of heme proteins is the transport and storage of dioxygen, O2. 

The heme protein responsible for oxygen transport in higher animals is hemoglobin, and 

the role of oxygen storage goes to myoglobin. In these molecules the heme group is bound 

to the protein through one axial histidine nitrogen leaving the sixth position open to bind 

dioxygen, as the crystal structures of deoxyhemoglobin^ and myoglobin^ show. 

Another function of heme proteins is to serve as catalysts in the oxidation of a 

variety of molecules, from simple inorganic ions to large organics.^ One group of these 

compounds are known as peroxidases, and use hydrogen peroxide or some other peroxide 

as the oxidizing agent. The sixth coordination site of the heme iron binds the peroxide 

substrate, while the fifth site is taken up by the imidazole ring of a histidine. X-ray crystal 

structures of yeast cytochrome c peroxidase'* (refined at 1.7 A resolution), and more 

recently, lignin peroxidase,^ have confirmed the axial histidine coordination. 
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Structure of heme b showing the typical p-pyrrole substituents found in 

naturally occurring hemes. 
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Another large class of heme proteins is the cytochromes. Within this class is a 

family of enzymes known as the cytochromes P-450. These proteins are monooxygenases 

and are involved in the synthesis of steroids and sex hormones, hydroxylations of fatty 

acids and prostaglandins, and oxygenation of xenobiotics for elimination from the 

organism. Poulos and coworkers^ have determined the X-ray crystal structure of several 

forms of camphor-metabolizing cytochrome P-450cam> which have shown the fifth 

coordination site of the heme iron to be taken up by a thiolate sulfur from a cysteine 

residue. 

Another group of cytochromes (a, b, c, d, and f) is involved in electron transport in 

the respiratory chains of almost all forms of life, including bacteria, plants, and animals. 

Of these cytochromes, c and b have been studied intensively.^ Cytochrome c, which is 
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found in mitochondria, has been found to have one histidine and one methionine 

coordinated to the fifth and sixth coordination sites. Crystal structures have been 

determined for cytochrome c from horse,^ tuna,^ rice,^® for cytochrome C2 from 

Rhodospirillum rubnim^^ and for cytochrome C550 from Paracoccus denitrificans.^^'^^ 

Unlike cytochrome c, cytochrome C3 does not have methionine-iron-histidine ligation. The 

crystal structure determined by Pieriot et al.M and a later structure refined to 1.8 A 

resolution by Higuchi et al. 15 show that all four hemes in cytochrome C3 have bis-histidine 

ligation about the heme iron. It was also seen that while the imidazole rings of the histidine 

residues are oriented parallel with respect to each other for three of the hemes, for the 

fourth heme the imidazole planes are not parallel. 

Figure 1.2 Structures of the amino acids found to coordinate the iron in heme proteins. 
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The b cytochromes have been found in erythrocytes, vertebrate sulfite 

oxidase, yeast flavocytochromes,^9'20 E-coli,^^ and liver.22.23 While the heme iron 

from cytochrome from E. colfi^ has histidine-iron-methionine coordination, 

mitochondrial cytochrome from other sources does not. As in the majority of the b 

cytochromes, which are similar to cytochrome C3, the heme iron in mitochondrial £7552 is 

found to be bis-histidine ligated. 

Cytochrome £>-type heme proteins have also been found to play a role in sulfite and 

nitrate metabolism. Both sulfite oxidase24 and nitrate reductase25 have a heme domain 

where the amino acid sequence is very similar to cytochrome 65. Table 1.1 provides a 

summary of various heme proteins, the axial ligation of the heme iron, and the protein 

function. 

Studying Heme Proteins and Model Complexes 

Many techniques have been utilized in the study of heme proteins, including X-ray 

crystallography (a summary of which has just been presented), electrochemistry,26 nuclear 

magnetic resonance spectroscopy (NMR),27 and electron paramagnetic resonance 

spectroscopy (EPR or ESR).28 The latter three techniques focus primarily on the heme 

group, which is the active site in the protein. However, there are difficulties involved in 

studying the entire protein. These include isolation and purification of the protein, 

obtaining enough protein to complete all of the necessary smdies, and often low signal to 

noise ratio in the experiment due to low sample concentration. Another problem in ±e 

study of proteins is that the observed results of the experiment, such as the value of a 

proton chemical shift, can be due to a number of factors in the protein. These include, for 

the chemical shift example, hydrogen-bonding, deprotonation, and the interaction of 
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Table 1.1 Summary of heme-containing proteins. 

HEME PROTEIN AXIAL LIGANDS FUNCTION 

Hemoglobin I Histidine, O2, O2 carrier in blood Hemoglobin 
CO, or H2O 

Myoglobin 1 Histidine, O2, O2 storage in muscles Myoglobin 
CO, orH20 

Nitrosylheme proteins 1 Histidine, Reversible NO-carrying Nitrosylheme proteins 
NO or histamine proteins (FeEQ) and Guanylate 

Cyclase (Fell) 

Cytochromes P450 1 Cysteine, O2, O2 Insertion into C-H bonds 

CO, or H2O (R-H + 02 + 2H+ + 2e-^ 
R-OH + H2O) 

Nitric Oxide Synthase 1 Histidine, O2, O2 Reduction in Cytochrome 

Co or X Oxidase (O2 + 4H+ + 4e- —> 
2H2O) 

Peroxidases 1 Histidine, H2O2 Substrate oxidations by 
H2O hydrogen peroxide 

(R-H + H2O2 ^ 
R-OH + H2O) 

Catalase 1 Tyrosinate, H2O2 H2O2 Disproportionation 
or H2O (2H202^2H20 + 02) 

Cytochrome a 2 Histidines Electron transfer in Cytochrome a 
mitochondrial Complex IV 
(cytochrome oxida^) 

Cytochrome bs 2 Histidines Electron transfer in Uver Cytochrome bs 
microsomes, erythrocytes, 
outer mitochoniial 
membranes 

Cytochrome 65 2 Histidines Electron transfer in Cytochrome 65 
chloroplasts 

Cytochrome ^7552 and 2 Histidines Electron transfer in 
b566 mitochondrial Complex HI 

E. coli Cytochrome b^ei 1 Histidines, Electron transfer in E. coli E. coli Cytochrome b^ei 
1 Methionine periplasm 

Cytochrome c 1 Histidine, Electron transfer in Cytochrome c 
1 Methionine mitochondria 

Cytochrome C3 2 Histidines Electron transfer in bacteria 

Cytochrome f 1 Histidine, Electron transfer in Cytochrome f 
1 terminal RNH2 Photosystem n 
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protein side ctiains with the heme axial ligands and the heme itself. It can be extremely 

difficult to separate out the effects of all the various factors affecting the data when studing 

the protein as a whole. For this reason, model complexes are often used to probe the 

properties of the groups in the active site of proteins. 

Model complexes have many advantages that can overcome the difficulties in 

protein work. In general, the synthesis of model complexes is straightforward, and 

relatively large quantities of compound can be obtained in a relatively short period of time. 

This allows the researcher to run many experiments with much less worry about the loss of 

compound. Also, with larger quantities of the model complex, the researcher can take 

advantage of the full capabilities of the instruments or methods at hand with less concern 

about low sample concentration. Perhaps more important, however, is that model 

complexes can be synthesized to probe the different effects seen in the protein individually. 

Thus, the various factors that result in the observed data of the entire protein can be 

separated out through comparison with the model complexes. Another advantage is that 

model complexes can be synthesized with higher symmetry than the natural protein active 

site. This can greatly help the interpretation of the origin of the data, especially in NMR 

experiments. 

Model Complexes for the Cytochromes b 

As discussed previously, the cytochromes b are heme proteins involved in electron 

transport. Modeling the heme group invariably starts with the porphyrin ring, which is the 

aromatic core of the heme. This porphyrin core can be synthesized with various 

substiments around the periphery of the 7C-system, including substitution at the P-pyrroIe 

positions, the mejo-positions, or both (see Figure 1.3). In attempts to provide steric 

hindrance about the metal center, the porphyrin derivatives utilized in this study have 
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Figure 1.3 The porphyrin core with labels indicating the meso and P-pyrrole positions. 
meso 

P-pyrrole 

HN 

NH 

Figure 1.4 The structures of the free-base porphyrins used in this research. 
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2,6-disubstituted phenyl rings attached to the meso-caihon atoms. An advantage of this 

steric hindrance is that the bulky phenyl rings inhibit the formation of a |j,-oxo dimer 

complex of the iron(III) porphyrin.^^ The structure of the free-base porphyrin ligands is 

shown in Figure 1.4. The ortho substituents on the phenyl rings vary in size from large, 

electron-withdrawing bromine atoms, to medium-sized electron-withdrawing chlorine 

atoms, to small, electron-withdrawing fluorine atoms. Also included in this study are 

medium sized, mildly electron-donating methyl groups and less bulky, electron-donating 

methoxy groups. 

The metal chosen for the model heme studies is iron(III). Iron occurs naturally in 

the heme of the b cytochromes, and in the +3 oxidation state is paramagnetic. Figure 1.5^0 

summarizes the possible oxidation states and spin states of iron porphyrins. In the ^ 

cytochromes, iron shuttles between two oxidation states, iron(II) and iron(in), and is 

usually found to be low spin with bis-histidine ligation. From Figure 1.5 it is seen that the 

unpaired electron is in the dxz.dyz degenerate orbital set, which has the proper 7t-symmetry 

for overlap with the p-7C orbitals of the porphyin ring. The frontier porphyrin molecular 

orbitals^l are shown in Figure 1.6. Note that both the 3e(7C) and 4e(;c*) porphyrin 

molecular orbitals have the proper symmetry for overlap with the iron dxz and dyz orbitals, 

while the 3a2u(7C) and laiu(7t) molecular orbitals do not. It has been shown that in low 

spin iron(III) porphyrin systems the method of 7C-delocalization to the porphyrin ring is 

through the 3e(7i) molecular orbital.^^ 

The axial ligands used in this study were chosen to investigate the effects of such 

properties as ligand basicity, ring size, and steric bulk on the electronic properties and 

ground state of the iron(III) porphyrins. Since the b cytochrome active site being modeled 

has bis-histidine axial ligation through the nitrogen atoms of the imidazole ring of the 

histidine residues, similar nitrogenous bases were utilized. Two axial ligands studied are 

the 5-membered ring system of N-methylimidazole (N-Melm) and 2-methylimidazole 
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Figure 1.5 Oxidation-states and spin-states of iron found in heme proteins and synthetic 
porphyrinates.^Q 
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Frontier w-t molecular orbitals of the porphyrin macrocycle. The HOMO is the 

laiu(Jt) orbital.31 
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(2-MeImH) shown in Figure 1.7. Although both imidazoles have the same ring size, the 2-

methyl group is a to the nitrogen bound to the iron and can provide a large amount of steric 

hindrance with the porphyrin phenyl rings. The other axial ligands used in this study are 

the more bulky six-membered ring of various substituted pyridines seen in Figure 1.7. To 

examine the effect of ligand basicity on the iron porphyrin, the series of pyridines has pKa 

values of the protonated pyridine bases, pKaCPyH"""), that vary from 9.7033 for 4-

dimethylaminopyridine (4-NMe2Py) to 1.1 for 4-cyanopyridine (4-CNPy). 

Figure 1.7 The planar, nitrogenous bases used as axial ligands in this research, including 

the pKa of the protonated ligand. 
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As will be discussed in detail in the introduction sections of the ID NMR chapter 

(Chapter 3) and EPR chapter (Chapter 5), large substituents at the ortho positions of the 

porphyrin phenyls provide steric hindrance about the iron center. With larger planar axial 

ligands, such as substituted pyridines, the bulky ortAo-phenyl groups force these axial 

ligands to orient themselves such that the planes of the axial ligands are perpendicular with 

respect to each other. For the bis-4-dimethylaniinopyridine complex of tetramesityl-

porphinatoiron(III) the perpendicular orientation results in a large gmax EPR signal^'^ 

similar to those of the b cytochromes in Complex (III).35.36 for the bis-4-cyanopyridine 

complex of tetramesitylporphinatoiron(I]I), the planes of the axial 4-cyanopyridine ligands 

are also perpendicular,but the EPR spectrum is axial,^^ indicating a different electronic 

ground state. This electroic ground state is the same as that exhibited by iron P-oxo or 

hydroporphyrins such as heme 38,39 and siroheme, respectively 

In this research various complexes of the five ironCE) porphyrinates and eleven 

nitrogenous bases previously mentioned will be studied by NMR and EPR spectroscopy to 

probe the effects of porphyrin substituents and axial ligand basicity on the electronic 

ground state of the iron as models for the heme group in the cytochromes b and d. This 

smdy will focus on the different ground states seen in the [TMPFe(4-NMe2Py)2]''" and 

[TMPFe(4-CNPy)2]''' complexes. The axial pyridine ligands with basicities in-between 

those of 4-CNPy and 4-NMe2Py will be used to determine at what pKaOPyH""") the change 

in ground state occurs and whether or not there is a gradual shift from one ground state to 

the other. The five porphyrins will be used to determine what effects ort/zo-phenyl 

substituent size and electron-withdrawing or -donating ability have on the ground state of 

iron(III) porphyrinates. 
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SYNTHESIS OF THE PORPHLNATOIRONOH) PERCHLORATES 

AND PORPfflNATOCOBALTCni) TETRAFLUOROBORATES 

INTRODUCTION / GENERAL EXPERIMENTAL METHOD 

In the synthesis of the free-base hindered porphyrins three different methods were 

employed. The first was developed by A. D. Adler.'^l In this method the aldehyde of 

choice and pyrrole are combined in three liters of refluxing propionic acid such that the 

concentration of both is 0.266 M- The mixture is allowed to reflux for thirty minutes and is 

left open to the air. In the original paper, once the solution is cooled to room temperature 

the porphyrin precipitates. It is then filtered and washed with methanol and hot water. In 

the synthesis of tetraphenylporphyrin the product is made in approximately 20% yield, but 

the authors mention that about 3% is tetraphenylchlorin, a reduced porphyrin. 

The major advantage of this method is the relatively large amount of porphyrin 

product in one batch. The purification procedure mentioned in the paper is fairly simple, 

which is another advantage. 

When attempting to synthesize the porphyrins needed for this study, however, 

these advantages can disappear. The harsh reaction conditions (the boiling point of 

propionic acid is 141° C) mean that sensitive aldehydes may decompose at the high 

temperature and acidic reaction conditions, and may not be converted effectively to the 

corresponding porphyrin. This results in very poor yields, if any at ail. Also, the easy 

clean-up method may not work for some of the 2,6-disubstituted compounds. The large 
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amount of tar makes separation of the porphyrin very difBcult when the porphyrin does not 

crystallize out of the reaction mixture. 

The second synthetic method used in this study was developed by Jonathan 

Lindsey.^2 in ^js work, Lindsey studied various mono-ortho and dx-ortho substituted 

aldehydes in the synthesis of tetraphenylporphyrins. In this procedure pyrrole and 

aldehyde are added to the methylene chloride or chloroform solvent such that their final 

concentrations are each 10-2 M . xhen, boron trifluoride etherate is added such that the 

concentration of the BF3 catalyst is lO'^ M in the reaction mixture. Following one hour of 

reaction time, 0.75 x 10"^ moles of tetrachloroquinone (TCQ) per liter of solvent used is 

added, and the reaction is allowed to proceed for another hour. Following this, the 

porphyrin can be purified by washing with small aliquots of methanol or by column 

chromatography on basic alumina. 

These reaction conditions are mild compared with the Adler method, since the 

solvent used is either methylene chloride or chloroform, which boil at 39 and 61°C, 

respectively. Also, several reactions in the survey undertaken by Lindsey are done at room 

temperature. This makes the Lindsey procedure the reaction method of choice for sensitive 

aldehydes. 

The main drawback to this procedure is the amount of porphyrin produced. With 

the original concentrations of aldehyde and pyrrole being lO^^ M it often takes several 

attempts using solvent volumes scaled up to one liter to obtain gram quantities of 

porphyrin. However, using this method porphyrins made from sensitive aldehyde can be 

obtained in up to 50% yield. This makes the Lindsey method very attractive when the 

aldehyde is not readily available or is expensive. 

Lindsey found that the presence of water in the reaction severely lowered the 

yield.'^^ jn his investigations he found that 0.18 pL of water per mL of methylene chloride 

causes a shift in the equilibrium of the polypyrrylmethane chain distribution resulting in 
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one-third less product. In syntheses using the Lindsey method presented in this chapter 

several precautions were undertaken to keep water out. First, the entire reaction up until 

the point where the TCQ is added was carried out under a nitrogen atmosphere, with 

nitrogen flowing through the reaction vessel at a rate of roughly one bubble per second as 

measured by a mineral oil bubbler. Also, the glassware was heated up using either a 

heating gun or a heating mantle while undergoing a nitrogen gas purge for at least five 

minutes prior to addition of the solvent. This evaporated off water on the glassware and 

carried it out of the reaction vessel. 

In some of the reactions, triethyl orthoacetate (10-3 M3 was added prior to the 

addition of BF3 etherate. Triethyl orthoacetate is a water scavenger and was mentioned in 

the 1987 Journal of Organic Chemistry paper by Lindsey^2 as helping boost yields. The 

paper mentioned that addition of triethyl orthoacetate, along with a booster shot of BF3 

etherate, increased the reaction yield 1.5-fold. However, Lindsey did not further 

investigate the effects of this water scavenger, and no mention of it was made in later 

papers. In personal conversations Dr. Lindsey mentioned that his group has not further 

investigated the effects of water scavengers but plans to do so in the future. In the 

following procedures triethyl orthoacetate was only used on rainy days when the high 

humidity could play a role in allowing water into the reaction flask. 

It was found through many synthesis attempts that on average the best yield of free 

base porphyrin occurred when the following steps were carried out regarding the addition 

of reagents to the reaction flask. First, the solvent is added to the flask and allowed to 

reflux. Then the aldehyde is added. This mixture is then allowed to reflux for at least five 

minutes before the pyrrole is added. After the addition of pyrrole, the mixture is again 

allowed to reflux for at least five minutes. Then the BF3 etherate is added, and the reaction 

shielded fix)m light with aluminum foil. 
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In a later paper^^ Lindsey showed that the major disadvantage of his synthesis, 

dilute reactants leading to small amounts of product, may be overcome. In studies of the 

synthesis of tetramesitylporphyrin and tetraphenylporphyrin, he found that he could 

increase the reactant concentrations ten-fold as long as he increased the catalyst 

concentrations roughly one hundred-fold. Although his percent yields from these more 

concentrated reactions were lower than those from the dilute reactions, the amount of 

porphyrin produced in each reaction was much greater. 

The last reaction method attempted in this synthesis is the method used by 

Gonzalves et alM The advantage of this method over the Adler method is that although 

the reaction conditions are somewhat harsh it allows for a wider variety of aldehydes to be 

used. Another advantage of the Gonzalves method is that the reactant concentrations are 

0.20 M. thus yielding larger quantities of porphyrin as compared to the Lindsey method. A 

disadvantage of this method is in the clean-up process, since removal of the nitrobenzene 

solvent is difficult. 

In the Gonzalves reaction, propionic acid and nitrobenzene are added to the reaction 

flask in a 7:3 volume to volume ratio. The aldehyde is then added so that the resulting 

solution is 0.20 M in aldehyde. The same number of moles of pyrrole is then added, and 

the reaction is left for one hour at 120° C. In the report by Gonzalves et al.M, the 

porphyrin precipitated from the reaction mixmre and could be filtered off. In the reactions 

involved in this work, in general, the porphyrin did not precipitate. This left the problem 

of trying to separate the porphyrin from the nitrobenzene. The method that seemed to work 

best was rotary evaporation at 96° C under high vacuum. This evaporated off most but not 

all of the nitrobenzene. Dissolving this crude product in methylene chloride and 

chromatographing it on a silica gel column, followed again by high heat, high vacuum 

evaporation, followed by another silica gel column was the necessary procedure to rid the 
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product of nitrobenzene. Often, the nitrobenzene and porphyrin eluted from the column at 

the same time making the presence of a good high vacuum pump very beneficial. Further 

column chromatography was needed for purification of the porphyrin. 

MATERIALS 

Pyrrole was purchased from Aldrich Chemical Company and distilled prior to use. 

All substituted aldehydes except for 2,6-dibromobenzaldehyde were also purchased from 

Aldrich Chemical Company and were used as received. 2,6-Dibromobenzaidehyde was 

synthesized from 2,6-dibromotoluene (Lancaster) by Marlys Nesset or Renee Watson. 

Ferrous chloride and silver perchlorate (Johnson Matthey Electronics) were used as 

received. Cobalt(II) acetate tetrahydrate (Aldrich Chemical Company) was used as 

received. Ammonium tetrafluoroborate (99.99%) was purchased from Aldrich Chemical 

Company and used as received. Borontrifluoride diethyl etherate (Aldrich Chemical 

Company, purified, redistilled) was purchased in sure/seal™ bottles and replaced after 

being open for three months. Propionic acid (Aldrich Chemical Company, 99%) was used 

as received. Nitrobenzene (Mallinkrodt) was also used as received. All other solvents 

were Fisher Scientific Optima grade, with methylene chloride being distilled over calcium 

hydride prior to use. Florisil® was purchased from Fisher Scientific and silica gel was 

purchased from J. T. Baker (60-200 mesh). Both were used as received. 

Tetramesitylporphyrin was purchased from Midcentury Chemicals. 
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EXPERIMENTAL 

Meso-tetrakis-(2,6-difluorophenyl)porphyriii 

Synthesis 

Meso-tetrakis-(2,6-difluorophenyl)porphyrin, (2,6-F2)4TPPH2, was synthesized 

using the Lindsey method.'^^ ^ 1000 mL 3-neck round bottom flask was fitted with a 

reflux condenser hooked to a circulating water bath. Ground glass stoppers containing 

Teflon stopcocks were attached to the other two necks of the flask, and to the top of the 

condenser. The latter adapter was then attached to a mineral oil bubbler via plastic tubing. 

The glassware was then purged with nitrogen gas. The nitrogen flow was then turned 

down to 1 to 2 bubbles per second. The glassware was then dried for 5 minutes using a 

heating gun. 

With the nitrogen still flowing, 500 mL of methylene chloride, distilled over 

calcium hydride, was added to the reaction flask and allowed to boil. Then 594 pL (0.005 

mole) of 2,6-difluorobenzaldehyde was added via micropipette. The mixture was allowed 

to reflux for five minutes, following which 347 |iL (0.005 mole) of freshly distilled pyrrole 

was added via micropipette. Again, the mixture was allowed to reflux for five minutes. 

During this time the solution either stayed colorless or took on a slight yellow color. Next, 

62 |iL of BF3 etherate (0.0005 mole) was added via syringe. Then the reaction flask was 

covered with aluminum foil and reaction mixture, still under a nitrogen atmosphere, was 

allowed to reflux for one hour. During this time the reaction mixture changed from 

colorless to black. 

After this hour the nitrogen flow was stopped, and 0.922 g (0.00375 mole) of 

tetrachloroquinone (TCQ) was added. After one hour, the heat was turned off and the 
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reaction mixture was allowed to cool. This (2,6-F2)4TPPH2 synthesis gave the highest 

percent yields of any of the porphyrins studied here, usually close to 40%. 

The synthesis of (2,6-F2)4TPPH2 was also attempted using the 10-fold excess 

Lindsey method.^3 this method, the procedure outlined above for the regular dilute 

method was followed, except for the amount of CH2CI2 solvent (147 mL) and the 

concentrations of 2,6-difluorobenzaldehyde, pyrrole, and BF3 etherate (all 0.10 M"). 

Unfortunately, the yield for this reaction was only around 5%, and the extra tar made 

purification more difficult than in the regular Lindsey method. Although this reaction was 

attempted once, it was decided that without an in-depth study of the optimum conditions for 

the 10-fold reaction, the regular dilute Lindsey method is the procedure of choice when 

synthesizing (2,6-F2)4TPPH2. 

Purification 

The crude reaction mixmre was transferred into a 1-neck roundbottom flask and 

rotary-evaporated until only 20 to 50 mL of solvent remained. The mixmre was then 

loaded onto a 2-inch diameter column dry packed with three to four inches of Florisil and 

eluted with CH2CI2. The Florisil separated the bulky tar from the reaction mixture. This 

greatiy diminished the chance of excess tar becoming trapped at the top of the packing and 

blocking the flow of eluent in the following silica gel column. Not much care was taken at 

the Florisil stage to separate the porphyrin from other products, only from the bulky tar. 

The eluent was then rotary-evaporated down to 20 to 50 mL. This solution was loaded 

onto a 2-inch diameter column, wet-packed with roughly two feet of silica gel, and eluted 

with methylene chloride. Progress was monitored by shining UV light on the column, 

which causes the porphyrin to glow red. However, occasionally the porphyrin becomes 

protonated at the pyrrole nitrogens: This protonated compound does not fluoresce under 

UV light, and appears green under normal light. The fractions that glowed red or came off 
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green were collected separately. Ammonia vapors were blown over the green fractions to 

deprotonate the porphyrin. If after treatment with ammonia vapors any green fractions 

turned red and glowed red under UV light, they were combined with the other porphyrin 

fraction. 

The combined porphyrin-containing fractions were evaporated down to a minimum 

volume, packed onto another silica gel column the same size as before, and again eluted 

with methylene chloride. It usually took two or three successive columns to purify the 

porphyrin. Afterwards, the eluent containing the porphyrin was evaporated to dryness 

revealing a purple powder. As a final purification step, the solid porphyrin product can be 

washed with methanol or hexane to remove any undetected impurities that eluted with the 

porphyrin. 

For ease of transferring the pure product from the roundbottom flask used for 

rotary-evaporation to a vial that can be for storage the following procedure was used. 50 

mL of CH2CI2 was added to the roundbottom flask containing the porphyrin. The volume 

was then doubled with methanol. This mixture was evaporated to dryness. With the 

porphyrin being insoluble in methanol, and methanol being the higher boiling solvent, the 

CH2CI2 evaporated off first, and the porphyrin crystallized out in the methanol. When the 

methanol was evaporated off, the porphyrin crystals were left tumbling in the flask, not 

stuck to the glass as is the case when the porphyrin is dissolved in straight CH2CI2 and 

evaporated to dryness. The crystals can then be dumped from the flask into the vial 

without the need to scrape the sides of the roundbottom flask. 
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Synthesis 

The synthesis of (2,6-Cl2)4TPPH2 was undertaken using two methods. The first 

was the Lindsey method.'^^ This synthesis was completed using CH2CI2 as the solvent 

and the procedures were followed as described earlier without modification. The second 

method used was the Adler^'^ procedure. Owing to the simplicity of this method, the 

synthesis was also carried out without modification. 

Purification 

From the Lindsey synthesis, (2,6-Cl2)4TPPH2 was purified by column 

chromatography following the method described in the (2,6-F2)4TPPH2 purification 

section. 

In the clean-up of the Adler synthesis, a different procedure was used since the 

porphyrin did not crystallize out and needed to be separated from the propionic acid. First, 

CH2CI2 (200 mL) was added the reaction mixture. This new mixture was then poured 

into a separatory funnel containing distilled water. The bottom, organic layer was 

removed, and the aqueous layer discarded. Fresh water was then added to the furmel, and 

the organic layer was poured through it. The organic layer was again removed, and the 

procedure was repeated several times. During the last few cycles, the organic/aqueous 

mixture in the separatory funnel was gently rolled to ensure mixing of the two phases, but 

avoiding the creation of an emulsion. Once the propionic acid had been separated, the 

organic layer was evaporated down to 50 mL and loaded onto a dry-packed Florisil 

colunm. The remaining steps in the purification were the same as those in the cleanup of a 

Lindsey synthesis. 
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Meso-tetrakis-(2,6-dibromophenyl)porphyrin 

Synthesis 

The synthesis of meso-tetrakis-(2,6-dibromophenyl)porphyrin , (2,6-Br2)4TPPH2, 

was attempted using two methods: the Gonzalves method^"^ and the 1987 Lindsey 

method.'^^ goth were performed without modification. Although both methods worked, 

the Lindsey method produced large percentage yields, sometimes as high as 38%. With 

such high yields and the advantage of not having to remove nitrobenzene, the Lindsey 

method was chosen most often. 

Purification 

For (2,6-Br2)4TPPH2 the best purification method was vacuum filtration. This 

porphyrin is insoluble in most solvents, and any attempts at column chromatography 

resulted in a clogged column with the solid porphyrin stuck with the tar at the top of the 

silica gel packing. 

To take advantage of this insolubility, a filter flask attached to a vacuum pump was 

fitted with a Buchner funnel. Methanol was added to the cooled reaction mixture, doubling 

the total volume. This crude reaction mixmre was then transferred via disposable pipette 

onto fine filter paper in the Buchner fimnel. After transferring two or three pipette-fulls of 

reaction mixture, a few milliliters of methanol were poured into the funnel to wash down 

the black tar. This left a thin layer of fine, purple porphyrin crystals. These two steps 

were repeated until the entire reaction mixture had been run through the filter paper. This 

procedure, though long and tedious, is necessary since any volume of crude reaction 

mixture more than a few milliliters will clog the filter paper with tar, greatly slowing down, 

if not stopping, the flow through the furmel. Once all of the reaction mixture was washed 

through the filter paper, a large volume of methanol was used for a final washing. Rotary 
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evaporation at 96°C under high vacuum for several hours to remove all solvents then yields 

pure (2,6-Br2)4TPPH2. 

Meso-tetrakis-(2,6-dimethoxyphenyl)porphyriii 

Synthesis 

The synthesis of meso-tetrakis-(2,6-dimethoxyphenyl)porphyrin, (2,6-(OMe)2)4-

TPPH2, was accomplished through three synthetic routes. The first was the Gonzalves 

method^'^, the second the Lindsey method,'^^ and the third route was the 10-fold 

concentration Lindsey method.^^ 

The Gonzalves procedures were followed without modification and usually 

produced 2,6-(OMe)2)4TPPH2 in 10 to 15% yields. However, the product did not 

precipitate out of solution. 

The Lindsey method for the synthesis of (2,6-(OMe)2)4TPPH2 was completed with 

slight modifications. As Lindsey has described,'^^ this synthesis resulted in much better 

yields when the reaction was carried out in chloroform instead of methylene chloride. He 

also found that commercial chloroform had 0.75% ethanol added as a stabilizer, and that 

this ethanol was not removed by distillation. Further studies showed that when all traces of 

ethanol were removed, the porphyrin synthesis gave very poor yields. Ethanol acts as a 

co-catalyst with BF3 etherate and must be present for the reaction to produce (2,6-

(OMe)2)4TPPH2. 

The amount of BF3 etherate added is also different in this synthesis. For most 

reactions, the concentration of BF3 etherate is 1 x 10*^M- For the (2,6-(OMe)2)4TPPH2 

reaction the BF3 etherate concentration should be 3 x lO'^M. The addition of the BF3 

etherate catalyst was modified in this work in the following manner. When the time came 

to add the catalyst, only enough to bring the concentration to approximately 1.5 x lO'^M 
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was added. The reaction flask was then covered with foil and was not touched for 5 

minutes. If after this time the reaction mixture did not appear black, more BF3 etherate was 

added to bring the concentration up to 3 x lO'^M. If the reaction mixture was black, no 

more catalyst was added. 

The synthesis of (2,6-(OMe)2)4TPPH2 was also attempted using the 10-fold 

concentration Lindsey synthesis'^^ using 10*concentrations of 2,6-dimethoxy-

benzaldehyde, pyrrole, and BF3 etherate. The reaction mixture showed the formation of 

porphyrin in the UV-vis spectrum as evidenced by the Soret band near 420 nm. However, 

no pure product was obtained. After running the products down a silica gel column twice, 

there was still no red glow under UV light. Unformnately, the amount of porphyrin made 

was very small, and further attempts to isolate the tiny amount produced would have been a 

waste of solvents, silica gel, and time. 

NMR chemical shift values for all of the free-base porphyrins synthesized are 

found in Table 2.1. 

Table 2.1 Chemical Shifts of Free-Base Porphyrin Protons in Chloroform^ 

Free-Base 
Porphyrin 

beta 
pyrrole 
protons 
(ppm) 

para 
protons 
(ppm) 

meta 
protons 
(ppm) 

ortho 
protons 
(ppm) 

N-H 
protons 
(ppm) 

TPPH2 8.88 7.82 7.85 8.25 -2.75 

TMPH2 8.61 2.62# 7.26 1.85# -2.51 

(2,6-Cl2)4TPPH2 8.67 7.73* 7.78* -2.53 

(2,6-Br2)4TPPH2* 8.82 8.25 7.83 -2.38 

(2,6-(OMe)2)4TPPH2 8.67 7.68 6.96 3.49# -2.50 

* non-first-order coupling, tallest peaks noted * methyl protons * in DMF 
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Insertion of iron into meso-tetrakis-(2,6-disubstitutedphenyl)porphyrins 

The insertion of iron into all of the free-base porphyrins except TMPH2 was 

accomplished by modifications of the Adler method.'^^ The procedure used in this paper 

involved dissolving the free-base porphyrin and an excess of iron(II) chloride in 

dimethylformamide (DMF) and refluxing until the reaction is complete. To separate the 

metallated and free-base porphyrins from the iron(II) chloride, water is added to the 

reaction vessel. This causes the porphyrins to precipitate. The iron porphyrin can be 

separated from the free-base porphyrin by column chromatography on alumina using 

chloroform as the mobile phase. 

For the porphyrins in this study it was found that roughly one milliliter of DMF 

was needed to dissolve one milligram of porphyrin. Also, it took roughly 200 mL of DMF 

to dissolve one gram of FeCli- If the porphyrin was exceedingly insoluble in DMF it could 

be dissolved in as little methylene chloride as possible and added to the FeCl2/DMF 

mixture. The amount of FeCl2 added was often greater than 10-fold excess. The mixture 

usually had to be refluxed for twenty-four hours to ensure iron insertion, which was 

monitored by UV-vis spectroscopy and thin layer chromatography. In the visible spectrum 

the free-base porphyrins have up to four bands in the 450 to 650 nm region, whereas the 

iron-containing porphyrins have only one or two bands. If after twenty-four hours the 

reaction is not complete, more FeCl2 is added, and the reaction allowed to continue for 

another twenty-four hours. Once the reaction is complete, the reaction mixmre is allowed 

to cool to room temperature. 

To clean up the iron porphyrin product, a method developed by Walker^^ can be 

employed instead of the Adler purification procedure. To separate the porphyrins from the 

FeCl2 and DMF, methylene chloride is added to the reaction vessel. The reaction mixture 

is then poured through distilled water in a separatory furmel. 
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The methylene chloride layer, containing the iron porphyrin, is removed firom the 

funnel without shaking. This step, with the only mixing of the two layers occurring when 

the methylene chloride layer is poured through the distilled water, is repeated at least three 

times with fresh distilled water. Once the water layer appears relatively colorless, the two 

layers are mixed by gendy rolling the separatory funnel. This rolling procedure is repeated 

at least three times with fresh distilled water, until the water layer remains clear and 

colorless. This indicates that all of the unreacted FeCl2 aiid the DMF have been removed. 

It is necessary to take great care in the beginning to not shake the separatory funnel to avoid 

an emulsion. 

The method used for inserting iron into TMPH2 was developed by Dr. Ursula 

Simonis.^9 It is different from the Adler method in that instead of DMF the solvent system 

is a methylene chloride/methanol mixture. As in the Adler method purification begins with 

pouring the reaction mixture through water in a separatory funnel. 

The methylene chloride layer containing the iron porphyrin and any unreacted free-

base porphyrin from either iron insertion method is then dried over potassium carbonate or 

magnesium sulfate. Next, it is rotary-evaporated down to a minimal volume and eluted 

down a wet-packed silica gel column with me±ylene chloride as the mobile phase. This 

step separates the iron porphyrin from the free-base porphyrin. Some free-base porphyrins 

elute quickly with methylene chloride so that it is the only solvent used until the free base is 

off of the column. Then the methylene chloride eluent is spiked with 5 to 10% methanol to 

elute the iron-containing porphyrins. For slow-eluting porphyrins, the eluent is methylene 

chloride spiked with 1 to 2% methanol until the free-base porphyrin comes off. Then the 

percentage of methanol is boosted to elute the iron porphyrin. 

Once the fron porphyrin is off the colunm, it could be in several forms, including 

the iron porphyrin chloride and the iron porphyrin hydroxide. To convert all of the iron 

porphyrin to the chloride form, the porphyrin is evaporated to dryness to remove the 
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methanol, and redissolved in methylene chloride. Then hydrogen chloride gas is bubbled 

through the solution for roughly thirty seconds. This converts all iron porphyrins to the 

chloride form. Nitrogen gas is then bubbled through the solution to remove any hydrogen 

chloride gas, and the solution is evaporated to dryness yielding the iron porphyrin chloride. 

Meso-tetrakis-f2.6-difluorophenvDporphinatoironniD chloride 

Insertion of iron into (2,6-F2)4TPPH2 went as expected following the procedures 

mentioned previously. A 10-fold excess of FeCb was added and the reaction continued for 

24 hours. After the water washings, column chromatography on silica gel using 2% 

methanol in CH2CI2 as the mobile phase separated the iron-containing product from the 

uru-eacted free-base porphyrin. Usually less than 5% of the porphyrin remained uru^acted. 

Meso-tetrakis-r2.6-dichlorophenyDporphinatoironmD chloride 

As with (2,6-F2)4TPPH2, iron insertion into (2,6-Cl2)4TPPH2 was completed 

without modification. Clean-up of the reaction mixture also followed the procedures 

mentioned previously. Column chromatography was successful in separating the 

urunetallated from the metallated porphyrin, with (2,6-Cl2)4TPPH2 eluting first. 

Meso-tetrakis-("2.6-dibromophenvDporphinatoiron(lID chloride 

The insertion of iron into this compound was also accomplished by the Adler 

method described earlier. The only modifications were in the amount of excess FeCh and 

the reaction time. A 10-fold to 12-fold excess of FeCl2 was added at the beginning, and 

another 10-fold excess was added after each 24 hours of reaction time. The reaction, as 

monitored by UV-vis and TLC, took up to three days. 
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Once the TLC plate showed only one spot corresponding to the iron insertion 

product, the solution was cooled and run down a wet-packed silica gel column. Unlike the 

free-base porphyrin, the iron porphyrin chloride eluted using 5 to 10% methanol in CH2CI2 

as the mobile phase. Any unmetallated porphyrin was insoluble and stuck to the top of the 

column. 

TetramesitylporphinatoironniD chloride 

Iron insertion into TMPH2 was accomplished via the Simonis method'^^ previously 

described. The NMR chemical shift values of the iron chloride porphjnin products are 

found in Table 2.2. 

Table 2.2 Proton Chemical Shifts for the Tetrakis-(2,6-disubstitutedphenyl)porphinato-

iron(III) chloride Complexes in Deuterochloroform^ 

Porphinatoiron(III) 
chloride 

beta 
pyrrole 
protons 
(ppm) 

para 
protons 
(ppm) 

meta 
protons 
(ppm) 

ortho 
protons 
(ppm) 

TPPFeCl 81.6 6.4 13.6 
12.4 

-5 
8.6 

TMPFeCl 81.4 4.2 16.2 
14.5 

-4 
6.8 

(2,6-Cl2)4TPPFeCl 81.1 8.2 14.1 
12.8 

(2,6-Br2)4TPPFeCl ~81 8.2 13.7 
12.6 

(2,6-(OMe)2)4TPPFeCl ~81 * 11.8 
10.8 

* 

* Peaks not disceraable above noise due to insolubility of 
(2,6-(OMe)2)4TPPFeCl in most solvents 
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Perchlorate Conversion 

For the NMR studies to follow, the axially bound anion is to be displaced by 

neutral pyridine and imidazole ligands. This displacement is thermodynamically favored 

for higher basicity pyridines such as 4-dimethylaminopyridine and for imidazoles. Lower 

basicity pyridines, however, do not have large binding constants, and chloride ion 

competes effectively for the axial position. It is therefore necessary to exchange the 

chloride ion for a weaker binding anion. The weak anion chosen in these studies is the 

perchlorate anion. In a procedure modified from Ogoshi et al. .,^0 the stronger binding 

chloride ion can be replaced with perchlorate ion by reacting the iron porphyrin chloride 

with silver perchlorate. This causes the chloride ion to precipitate out of solution as the 

insoluble silver chloride salt. 

Note: Perchlorate salts are explosive and should be handled with extreme care. Always 

use a ceramic spamla when working with silver perchlorate, and never scrape any 

perchlorate salt with a metal spatula. 

To begin this reaction, the iron porphyrin chloride is dissolved in a minimum 

amount of tetrahydrofuran (THF). Then, in a procedure developed by Dr. Marlys 

Nesset,^^ 0.9 mole ratio of silver perchlorate is dissolved in THF. Less silver perchlorate 

than the full 1:1 ratio is used because the measured mass of the iron porphyrin chloride is 

heavier than its true mass due to trapped solvents and other impurities. Excess silver 

perchlorate in the sample is difficult to remove and may cause difficulties when the 

compounds are studied, especially when electrochemical measurements are made. The iron 

porphyrin solution and silver perchlorate solution are then mixed in an Erienmeyer flask 

and brought to a low boil. After fifteen minutes the solution is cooled and passed through a 
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fine frit to remove the gray silver chloride precipitate. Next, an equal volume of toluene is 

added, and the resulting solution is evaporated to dryness. Toluene has a higher boiling 

point than THF, and in the evaporation process the THF will be removed before the 

toluene. This is beneficial for two reasons. First, evaporating THF to dryness can leave 

behind explosive perchlorate salts. Second, porphyrin crystals contain trapped solvents, 

and THF can coordinate to the iron center when re-dissolved. Therefore, the THF needs to 

be replaced with a non-coordinating solvent. 

Once dry, the NMR spectrum of the sample can be obtained . The chemical shift 

values of the perchlorate complexes are found in Table 2.3.^^ If the pyrrole proton peak at 

+82 ppm due to the high spin chloride complex is no longer present, the conversion is 

successful. In the intermediate spin perchlorate complex the pyrrole proton peak is broad 

and, although its position varies from compound to compound, it is not close to +82 ppm. 

Also, there may be only one meta proton peak due to the weak binding of perchlorate to the 

iron center. In the chloride compound the stronger binding of the chloride anion to the iron 

atom results in the nonequivalence of the eight meta protons on the phenyl rings of the 

porphyrin. This gives two resonances: one from the four meta protons on the same side of 

the porphyrin ring as the bound chloride, the other from the four meta protons on the 

opposite side. These meta proton resonances at -13 and 14.5 ppm for the high spin 

complex can be used to estimate how much more silver perchlorate is needed if the 

conversion is not complete. For incomplete conversion there will be at least three meta-H 

peaks, two for the chloride complex and one or two for the perchlorate complex. The 

perchlorate complex meta proton resonance and one of the meta resonances of the chloride 

complexes may overlap as seen in Figure 2.1. By comparing the size of the integrals of 

these meta proton peaks, the amount of silver perchlorate necessary to complete the 

conversion can be estimated. The reaction is then repeated until all of the chloride 

complexes have been converted to perchlorate complexes. 
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Figure 2.1 a) NMR spectrum of TPPFeCI, showing a typical high-spin porphinato-

iron(III) chloride pyrrole-H chemical shift near 86 ppm, b) NMR 

spectrum of TPPFeCX^IQs, typical of an intermediate-spin complex, c) 

NMR spectrum of a mixture of high-spin and intermediate-spin TPPFe(III) 

complexes, indicating that the perchlorate conversion is not complete.'^ 
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If there are still high spin signals after the second conversion attempt, it can be assumed 

that some of the iron porphyrin has formed the high spin hydroxide complex. This 

complex is unaffected by the perchlorate conversion reaction. If this happens the only 

recourse is to dissolve the sample in methylene chloride and bubble hydrogen chloride gas 

through it. This will convert all of the porphyrin complexes, including the hydroxide 

complex, back to the chloride form. Then the perchlorate conversion must be tried again 

from the beginning. 

Once all of the iron porphyrin is in the perchlorate form, it can be purified by 

recrystallization. The dry compound is dissolved in a minimum of boiling toluene. Boiling 

heptane is then added until a precipitate is seen as the solution is drawn up a glass pipette. 

The reaction flask is then removed from the heat and allowed to cool to room temperature. 

The flask is then put into the refrigerator to cool it further. Once it is cold, the solution is 

vacuum filtered through a fine glass frit. The porphyrin precipitate that collects on top of 

the frit can be further dried by rotary evaporation under high vacuum and high heat. This 

procedure can give the iron porphyrin perchlorate compound at a high level of purity. 

Meso-tetrakis-('2.6-difluorophenynporphinatoiron(T[D perchlorate 

The conversion of (2,6-F2)4TPPFeCl to (2,6-F2)4TPPFe0C103 proceeded as 

described previously without any modifications. 

Meso-tetrakis-('2.6-diclorophenvl')porphinatoironr[ID perchlorate 

(2,6-Cl2)4TPPFeCI was converted to (2,6-Cl2)4TPPFe0C103 without any changes 

to the established procedures. 
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Meso-tetrakis-('2.6-dibromophenyI')porphinatoironniD perchlorate 

The conversion of (2,6-Br2)4TPPFeCl to (2,6-Br2)4TPPFe0C103 followed the 

Nesset method with slight a modification in the recrystallization step. Instead of a 

toluene/heptane mixture, (2,6-Br2)4TPPFeOC103 was recrystallized from toluene. 

Meso-tetrakis-('2.6-dimethoxvphenvnporphinatoironnin perchlorate 

In the perchlorate conversion of (2,6-(OMe)2)4TPPFeCl, modifications of the 

Nesset procedure were made. (2,6-(OMe)2)4TPPFeCl is the least soluble of all of the 

iron(III) porphyrins, with CH2CI2 being the solvent in which it is the most soluble. For 

this reason, (2,6-(OMe)2)4TPPFeCl was first mixed with CH2CI2 until a majority of the 

porphyrin had dissolved. Silver perchlorate was dissolved in -40 mL of THF, which was 

then added to the porphyrin solution. The resulting mixture was brought to a low boil and 

kept that way until all of the porphyrin had dissolved. The perchlorate form is much more 

soluble than the chloride form, so as the conversion progresses, more of the chloride form 

can dissolve. This conversion usually took longer than one hour to complete. The 

purification steps were the same as those previously described. 

TetramesitvlporphinatoironfllD perchlorate 

TMPFeCl was converted to TMPFeOClOs without any modifications of the Nesset 

procedure. 

The room temperature proton chemical shifts of the substituted tetraphenylporphin-

atoirondll) perchlorates can be found in Table 2.3. 
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Table 2.3 Proton Chemical Shifts for the Tetrakis-(2,6-<iisubstitutedphenyl)porphinato-

iron(III) Perchlorate Complexes in Deuterochloroform"^ 

Porphinatoiron(III) beta para meta ortho 
Perchlorate pyrrole protons protons protons 

protons (ppm) (ppm) (ppm) 
(ppm) 

TPPFeC104 

TMPFeC104 

(2,6-Cl2)4TPPFeC104 

(2,6-Br2)4TPPFeC104 

(2,6-(0Me)2)4TPPFeC104 

-1.4 8.1 

-4.4 4.0 

40.0 9.0 

30.9 9.2 

-16 8.6 

11.7 

12.1 

13.1 

12.4 

10.7 

9.6 

4.0 

3.7 

* Measurements made in CDCI3 

Cobalt Insertion 

Two procedures were used to insert cobalt in the +2 oxidation state into the free-

base porphyrins. The first method by Simonis et involves dissolving the porphyrin 

in chloroform and adding to it a two-fold excess of Co(II) acetate tetrahydrate in a 50:50 

mixture of methanol to methylene chloride. The reaction is then refluxed under a nitrogen 

atmosphere until conversion takes place, as monitored by using TLC. Purification of the 

2,6-disubstituted porphyrin Co(n) product is then achieved by evaporating the reaction 

mixture to dryness, dissolving in methylene chloride, and eluting the product down a silica 

gel column using CH2CI2 as the mobile phase. 

The second procedure involves refluxing the free-base porphyrin and a much larger 

excess of Co(II) acetate in DMF until the reaction is complete. Purification of this product 
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is undertaken by adding methylene chloride to the reaction mixture and repeated pouring of 

the resulting mixture through distilled water in a separatory funnel to remove the DMF and 

unreacted Co(II) acetate. The organic layer is then dried over magnesium sulfate. It can 

then be evaporated to obtain the solid porphyrin Co(II) product. If the NMR spectrum 

shows impurities at this stage, the product can be chromatographed down a silica gel 

column for further purification. 

Meso-tetrakis-('2.6-difluorophenyl'>porphinatocobalt(Tn 

Insertion of Co(II) into (2,6-F2)4TPPH2 was first accomplished using the method 

of Simonis with slight modifications. After twenty-four hours of reflux, the reaction was 

not complete, so another 4-fold excess of cobalt(II) acetate tetrahydrate was added. After 

twenty-four hours more the reaction was complete. However, NMR showed that some 

of the cobalt had been oxidized to the +3 state. The Co(II) and Co(III) products were 

easily separated by column chromatography, with the Co(II) porphyrin eluting first. 

Methylene chloride was used as the mobile phase. 

The 'H NMR spectrum of the cobalt(II) porphyrin product did not give the 

expected results. Instead of one pyrrole peak around 15 ppm, there were several very 

broad resonances in this region of the spectrum. The meta and para proton regions also 

showed many similar intensity resonances, making the spectrum difficult to interpret. It 

was speculated that perhaps during the long reaction time, substitution reactions on the 

porphyrin phenyls could have occurred. No studies have been planned to investigate the 

origin of the multiple peaks. Careful chromatography down a wet-packed silica gel column 

was not successful in separating out an individual product. 

The cobalt insertion into (2,6-F2)4TPPH2 was attempted again under more forceful 

conditions. The porphyrin was dissolved in DMF and a 20-fold excess of cobalt(II) acetate 

tetrahydrate was added. This mixture was refiuxed for one hour. After this time TLC 
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monitoring indicated that the reaction was complete. Addition of CH2CI2 to the cooled 

reaction mixture followed by several water washings resulted in the desired (2,6-

F2)4TPPCo(II) product. 

Meso-tetrakis-C2.6-dibromophenvl')porphinatocobaltr[n 

The first attempt at inserting Co(II) into (2,6-Br2)4TPPH2 involved the Simonis 

method. After twenty-four hours there was no reaction as evidenced by TLC, so another 

four-fold excess of cobaIt(II) acetate tetrahydrate was added. After twenty-four hours more 

the TLC plate showed no formation of (2,6-Br2)4TPPCo(II). Another four-fold excess of 

cobalt(II) acetate tetrahydrate was added. After a total reaction time of seven days there still 

was no reaction. Since the insertion of iron into (2,6-Br2)4TPPH2 took several days it was 

not surprising that the cobalt insertion would also be time consuming. However, with no 

insertion products evident after seven days of refluxing, it was obvious that another method 

must be employed. 

Following the procedures used for (2,6-F2)4TPPH2, (2,6-Br2)4TPPH2 was 

dissolved in DMF, and a forty-fold excess of cobalt(II) acetate tetrahydrate was added. 

TLC showed the reaction complete in one hour. The cobalt(II) product was obtained after 

the addition of methylene chloride and several water washings in a separatory funnel until 

the aqueous layer stayed colorless. 

Meso-tetrakis-('2.6-dichlorophenvl'>porphinatocobaltrir> 

Insertion of cobalt into (2,6-Cl2)4TPPH2 was completed using the DMF method. 

In the cleanup steps, the product was dissolved in methylene chloride and eluted slowly 

down a silica gel column. The eluent was evaporated to dryness and the powder set aside 

for several months. The NMR spectrum taken after this time showed that the sample 

was almost entirely in the Co(in) form. To convert it back to the Co(n) form, the 
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compound was dissolved in methylene chloride and poured through aqueous sodium 

dithionite in a separatory ftmnel. It was found that shaking the funnel did not result in an 

emulsion. The organic layer was removed and the aqueous layer discarded. The organic 

layer was then washed several times with distilled water. Afterwards, it was dried over 

magnesium sulfate and rotary-evaporated to dryness. The NMR spectrum showed that 

the complex had been reduced back to the Co(II) form. 

Meso-tetrakis-('2.6-dimethoxvphenynporphinatocobaltnD 

Cobalt was inserted into (2,6-(OMe)2)4TPPH2 using the DMF method with a 

twenty-fold excess of cobalt(II) acetate tetrahydrate. No modifications to the procedure 

were made. 

Axial ligand addition to and oxidation of Co(n) porphyrins 

CobaltCm) complexes are inert to ligand substitution, so the substimted pyridine 

axial ligands must be added to the complexes while the metal is in the +2 oxidation state. 

The cobalt must then be oxidized to the +3 state with the desired pyridines bound. Care 

must be taken to ensure that only the pyridine ligand is bound to the metal center, not water 

or some other ligand. This is accomplished by the addition of a large excess of substimted 

pyridine to a solution of the cobalt(II) porphyrin in a 3:1 mixture of methanol to chloroform 

following a method developed by Balch et Since the cobalt will be air oxidized to the 

+3 state during the reaction, and since the porphyrin ligand has a -2 charge and the axial 

pyridine ligands are neutral, a counter anion must be added to the overall +1 complex. A 

slight excess of NH4BF4 is added to the reaction mixture. This provides BF4" as the 

counter ion. The reaction mixture is then heated and air is bubbled through until the ligand 

addition and oxidation are complete. The progress is monitored by TLC. As a 



modification of the Simonis method, instead of the methanol/chloroform solvent mixture, 

the reaction can be carried out in chloroform only. 

Purification of the bis-pyridine porphinatocobalt(in) product can be accomplished 

through column chromatography on silica gel.52 Initially, methylene chloride is used to 

elute excess ligand and any possible unreacted cobalt(II) porphyrin. A mixture that is 5% 

in methanol in methylene chloride is then used to elute the cobalt(III) porphyrin product. 

In this smdy it was found that a sufficient purification of the bis-pyridine porphyrin 

cobaltCm) products could be accomplished in a less time-consuming maimer. The reaction 

mixture was first evaporated to a minimum volume of chloroform. These complexes are 

quite soluble in chloroform, and the minimum volumes were often less than 2 mL. The 

product was then recrystallized by fu^t adding toluene (-20 mL) to the reaction flask, and 

then placing the flask into a freezer for ten minutes. During this time a small plug of glass 

wool was inserted into a disposable glass pipette and tamped down to secure it in the 

narrow end of the pipette. The mixture from the freezer was then pipetted through the glass 

wool filter. The crystals that were filtered out were then washed with fresh toluene. 

Finally, air was passed through the filter pipette to dry the sample. The NMR spectra 

showed the desired product resonances often with very small excess ligand and toluene 

resonances. 

Axial ligand addition to meso-tetrakis-('2.6-difluorophenvl1porphinatocobaltnD 

The addition of axial ligands to (2,6-F2)4TPPCo(n) and subsequent oxidation 

followed the modifications of the Balch method. Nine bis-Iigated complexes of 

(2,6-F2)4TPPCO(II) were synthesized, where the axial ligands were 4-

dimethylaminopyridine (4-NMe2Py), 3,4-dimethylpyridine (3,4-Me2Py), 3,5-

dimethylpyridine (3,5-Me2Py), 4-methylpyridine (4-MePy), pyridine (4-HPy), 3-

cyanopyridine (3-CNPy), 4-cyanopyridine (4-CNPy), N-methylimidazole (N-Melm), and 
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2-methylimidazole (2-MeIniH). For the imidazoles and the more basic pyridines, 

4-NMe2Py, 3,4-Me2Py, 3,5-Me2Py, 4-MePy, and 4-HPy, the addition/oxidation reaction 

took from two to ten minutes to complete. The progress was monitored by TLC. 

The 3-CNPy and 4-CNPy reactions, however, took much longer even after 

modifications were made to the procedure. To push the equilibrium towards the 

(2,6-F2)4TPP(X-CNPy)2Co(III) BF4 product the concentration of axial ligand had to be 

large. This was accomplished by the addition of around one gram of ligand to a reaction 

mixture containing less than 20 mg of (2,6-F2)4TPPCo(n) and roughly 20 mg of 

NH4BF4. Also, the volume of chloroform, the only solvent, was kept small: usually less 

than 10 mL. A reflux condenser was attached to the reaction flask, and air was bubbled 

through the reaction mixture while it was heated overnight. By the next day, all of the 

solvent had evaporated. The TLC plates showed, however, that both the 3-CNPy and 4-

CNPy reactions were complete. 

Purification of all of the (2,6-F2)4TPP(L)2Co(III) BF4 products followed the 

toluene/filter pipette recrystallization technique described previously. 

Axial ligand addition to meso-tetrakis-r2.6-dichlorophenynporphinatocobaltnr) 

4-NMe2Py, 3,4-Me2Py, 3,5-Me2Py, 4-MePy, 4-HPy, 3-CNPy, 4-CNPy 

N-Melm, and 2-MeImH were individually added to (2,6-Cl2)4TPPCo(n) using the 

modified Balch method. As in the (2,6-F2)4TPP(X-CNPy)2Co(in) BF4 reactions the 

addition of the low basicity cyanopyridines requires large axial ligand concentrations, and 

the reactions were run to dryness overnight. The products were purified by the 

toluene/filter pipette recrystallization technique. 
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Axial ligand addition to meso-tetrakis-('2.6-dibromophenvnporphinatcx:obaIt(TD 

4-NMe2Py, 3,4-Me2Py, and 4-CNPy were added to (2,6-Br2)4TPPCo(II), 

converting it to the (2,6-Br2)4TPP(L)2Co(III) BF4 complexes again via the modified Balch 

method. Although the same conditions used in the (2,6-F2)4- and (2,6-Cl2)4TPP-

(4-CNPy)2Co(in) BF4 reactions were set up for the (2,6-Br2)4TPP(4-CNPy)2Co(III) 

BF4 reaction, after 20 hours the reaction was only half complete. 500 mg of 4-C!NPy were 

added along with 20 mL of chloroform, and the reaction was allowed to proceed until the 

solvent evaporated off once more. TLC at this time showed that the reaction was complete. 

The toluene/filter pipette recrystallization procedure was used to purify all of the products. 

Axial ligand addition to meso-tetralds-('2.6-dimethoxvphenvDporphinatocobaltriD 

The same methods were employed in the addition of 4-NMe2Py, 3,4-Me2Py, and 

4-CNPy to (2,6-(OMe)2)4TPPCo(II). Again, the 4-CNPy reaction required a long reaction 

time with a high 4-CNPy concentration. It did not, however, require a second day like the 

(2,6-Br2)4TPP(4-CNPy)2Co(III) BF4 reaction. 
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ONE-DBMENSIONAL PROTON NMR SPECTROSCOPY OF IRONdH) 

AND COBALTan) COMPLEXES OF MESO-TETRA-(2,6-

DISUBSTITUTEDPHENYDPORPHYRINS 

INTRODUCTION 

Nuclear magnetic resonance spectroscopy has been widely used in the elucidation 

of the solution structure of proteins.^^'^'^ Besides the often dilute concentrations of protein 

samples, a major difficulty in interpreting protein NMR spectra is the many overlapping 

resonances in the diamagnetic region between -1 and 10 ppm due to the many similar 

protons of the amino acid backbone and side chains. In heme proteins, the protons of the 

heme and nearby protein residues are often more easily distinguished from the other 

protons when the resonances fall outside of the diamagnetic region. The upaired electrons 

in the n:on(III) heme "illuminate" the surrounding protons by causing these paramagnetic, 

or hyperfine, shifts. 

The chemical shift value observed in the NMR spectra of paramagnetic molecules is 

the sum of two contributions. The first is the diamagnetic term. This is the chemical shift 

the resonance would have if there were no unpaired electrons in the molecule. An accurate 

approximation of this number can often be obtained from a diamagnetic compound that is 

similar to the paramagnetic one being studied. The second part of the observed chemical 

shift is the paramagnetic term, which is also known as the isotropic shift or the hyperfine 

shift: 

^observed — ^diamagnetic + ^paramagnetic (equation 3.1) 
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Sparamagnedc — îsotropic ~ Shyperfine (equation 3.2) 

Once the diamagnetic term has been estimated using a diamagnetic counterpart of 

the complex, the paramagnetic contribution to the observed chemical shift can be calculated: 

The paramagnetic shift can also be broken down into two parts; the contact shift and 

the dipolar shift: 

The contact term represents the paramagnetic shift of the resonance away from the 

diamagnetic position via delocalization of the unpaired electron through bonds: 

In this equation A is the electron-nuclear hyperfine coupling constant, <g> is the 

average g-value, S is the total spin of the metal (which is 1/2 for these systems), P is the 

Bohr magneton (9.2741 x lO^^l erg G-l),'& is Planck's constant (1.0546 x lO'^'^ J s), k is 

the Boltzmann constant (1.3806 x 10"^^ erg K'^), and is the magnetogyric ratio of the 

NMR nucleus. 

If the delocalization occurs through a bonds the sign of the contact shift is 

positive.55 This results in a downfield shift of the resonance.^® If the delocalization 

^paramagnetic — Sobserved " ̂ diamagnetic (equation 3.3) 

5paramagnetic — ^contact + Sdjpolar (equation 3.4) 

^contact ~ A<g>pS(S+l)/3'y^'fikT (equation 3.5) 
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occurs through n bonds, the sign of the contact shift for a proton attached to a carbon that 

is part of the n system is negative,^^'^^ and the shift is upfield.30 

The other part of the paramagnetic term is the dipolar shift. This results from the 

through space interaction between the unpaired electron at the metal center and the nucleus 

being studied: 

5dip = [p2S(S+l)/18kT]{[2gzz2-(gxx2+gyy2)](3cos2e-l)/r3 + 3(gxx2-gyy2)sin20cos2Q} 

(equation 3.6) 

For systems with axial symmetry or with rapidly rotating axial ligands, the rhombic 

dipolar term of equation 3.6 drops out, leaving equation 3.7: 

Sdipolar = [p2S(S+l)/18kT|[2gzz2-(gxx^+gyy2)](3cos20-l)/r3 (equation 3.7) 

In this equation gzz, gxx. and gyy are the principal g-values of the metal complex, 

where gzz is along the molecular z-axis; r is the distance from the metal center to the 

position of interest; and 0 is the angle between a line along the magnetic z axis, usually 

taken to be the molecular z axis, and a line running through the metal center and the 

position of interest. 

In heme proteins the hyperfine shifts are strongly influenced by the heme 

environment.In cytochrome bs, the heme group has two orientations in the protein, with 

different chemical shift values for corresponding P-substituents in the different 

orientations. This has been used to determine the ratio of the two orientations.23 Lee et 

have also used NMR to show that the hyperfine shifts of heme P-substituents are 

dependent on heme orientation/environment. Axial ligand orientation also influences the 

hyperfine shifts of nearby protons.60'6^'^2,63 jn smdies of metmyoglobin cyanide and 
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ferricytochrome b^, Horrocks and Greenberg^O found that NMR dipolar paramagnetic 

shifts depend on the position of the principal magnetic susceptibilities, which in turn 

depend upon the axial ligand orientation. La Mar and coworkers^''^2,63 jjave published 

several papers showing that the orientation of the axial ligand planes in ferricytochrome 

b56l,63 and horseradish peroxidase^^ controls the anisotropy of spin delocalization through 

the contact, or through-bond, interaction of the unpaired electron with the molecular orbital 

of the porphyrin ring, leading to paramagnetically shifted heme and nearby protein side 

chain resonances. Walker and Benson^ used the temperature dependence of the isotropic 

shifts of model compounds for the cytochromes b to determine axial ligand plane 

orientation, and extended this analysis to metmyoglobin cyanide, cytochrome bs, and 

cytochrome c cyanide. 

In looking at models for heme proteins. Hill and Morallee^^ studied the NMR 

spectra of bis-pyridine complexes of iron(III) protoporphyrin DC chloride. It was found 

that the isotropic shift of the peripheral porphyrin resonances is dominated by delocalization 

of unpaired electron density through the 3e(7i:) molecular orbitals of the porphyrin. This 

contact shift results from porphyrin —> iron K donation. The NMR spectra of the different 

basicity pyridine complexes led to the conclusion that strong a-donors decrease the positive 

charge on iron(III), leading to smaller isotropic shifts for higher basicity pyridines. Also, 

the nonlinear temperature dependence data led to the conclusion that these systems have the 

S = 1/2, S = 3/2 equilibrium ground state. Using (protoporphyrinato)iron(III) chloride in 

pure pyridine and pyridine-chloroform mixtures, Dugad et concluded that the 

complex undergoes thermal spin equilibrium between S = 5/2 and S = 1/2. The S = 5/2, S 

= 1/2 spin equilibrium was also determined for pyridine complexes of 

tetraphenyIporphinato-iron(III) chloride and octaethylporphinatoiron(III) chloride.^ 

The advantages of the synthetic porphyrins used in the above study include ease of 

spectral interpretation and more straightforward determination of factors affecting proton 
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isotropic shifts due to increased symmetry compared to naturally occuring porphyrins. 

Another prime advantage of the synthetic porphyrins is the ability to tweak the electronic 

properties of the metal center through substitution at the meso or p-pyrrole positions. 

In 1977 La Mar et studied the proton NMR spectra of bis 4-substitued 

pyrindine complexes of tetraphenyIporphinatoiron(III) and octaethyIporphinatoiron(III) to 

determine the effects of axial ligand basicity on the electronic and magnetic properties of the 

iron. Unlike the previous pyridine complexes, all of the complexes in this study exhibit the 

low-spin S = 1/2 ground state. The isotropic shifts for the series of complexes were found 

to be very sensitive to axial ligand basicity. The changes in isotropic shift with ligand 

pKa(PyH+) were found to be dominated by the dipolar shift, which decreases as ligand 

basicity decreases. Also noted was that the porphyrin—> iron k donation decreases as 

ligand basicity decreases. 

In a series of papers spanning sixteen years and continuing. Walker and 

coworkers^^'^®'^^'^®'^^'^^ have examined the effects of axial ligand orientation on the 

spectroscopic properties of iron(III) porphyrins as models of the cytochromes b. The 

effect of hindered axial ligand rotation on proton NMR spectra were examined for bis-

imidazole or -N-methylimidazole complexes of iron(III) tetraphenylporphyrinates 

substituted in the ortho position of one phenyl ring with bulky substituents.^^-'^O The 

hindered rotation of one axial imidazole in these complexes leads to a large spread in the 

pyrrole-H resonances, thus demonstrating that axial ligand orientation plays an intergral 

part in the isotropic shifts of model heme and most likely natural heme complexes. 

Studies of tetrakis(o-pivaIamidophenyl)porphinatoiron(ni) chloride bis-N-

methylimidazole complexes demonstrated that axial ligand orientation, and thus the 

positions of the pyrrole-H resonances, can be influenced by bulky ortho-phenyl 

substituents. The aaPP atropisomer showed preferential unpaired electron delocalization 

into only one of the 3e(7C) orbitals due to the parallel orientation of the N-methylimidazole 



60 

axial ligands and the hindered ligand rotation. This leads to two pyrrole-H resonances. In 

the aPaP atropisomer, there is only one pyrrole-H resonance, indicating similar electron 

density at each P-pyrrole position, and thus perpendicular axial ligand orientation. 

More recent studies^^.?! of more hindered tetramesitylporphinatoiron(in) 

(TMPFe(III)) complexes with bis-imidazole or bis-substituted pyridine axial ligation has 

continued the research on the effects of axial ligand orientation and ligand basicity on the 

NMR spectra of model hemes. In the case of [TMPFe(2-MeImH)2] CIO4, one- and two-

dimensional NMR spectroscopy was successfully utilized to determine the perpendicular 

axial ligand orientation.^ ̂  In the early stages of this dissertation research, the proton NMR 

chemical shifts at -80° C of a series of substituted pyridine and imidazole complexes of 

TMPFe(Iir) were examined.^^ Similar to the findings of La Mar et for bis-pyridine 

complexes of tetraphenylporphinatoiron(III), the pyrrole-H resonances of the bis-pyridine 

complexes of TMPFe(III) show a correlation with the basicity of the axial pyridine ligand. 

As pyridine basicity decreases, the pyrrole-H isotropic shift also decreases. 

To further examine the effects of axial ligand basicity and 2,6-phenyl substituents 

on the orientation of planar axial ligands and NMR properties of these hindered porphyrin 

systems, the variable temperature ^H NMR spectra of a series of complexes was 

undertaken with the substituted-tetraphenyl porphyrins and axial ligands mentioned in 

Chapter 1. Figure 3.1 is representative of the typical shift of resonances towards the 

diamagnetic region with increasing temperature seen in the NMR spectra of the low-spin 

iron(in) porphyrinates in this study. Figure 3.2 shows the differences in the range of 

chemical shift values for different axial pyridine ligands on the same iron(III) porphyrinate. 
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Figure 3.1 I-Dimensional NMR spectra of [(2,6-Br2)4TPPFe(3-CNPy)2] CIO4 at 

a) -QO^C, b) -30°C, and c) H-WC, showing the shift of resonances towards 

the diamagnetic region as the temperature is raised. 

or' 
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-30 -20 -10 
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Hgure 3.2 l-Dimensional NMR spectra at -90°C of lTMPFe(L)2]+ complexes where 

L is a) 4-NMe2Py, b) 3^Me2Py, and c) 3-CNPy showing the effects that 

ligands of different basicities have on the NMR spectra. 

jjj ^'4_L 

l i - l i  

cO to -iO -20 -25 -20 -25 90M -40 
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EXPERIMENTAL 

The syntheses of TMPFeOClOs, (2,6-Br2)4TPPFe0C103, (2,6-Cl2)4TPPFe-

OCIO3, (2,6-F2)4TPPFe0C103, and 2,6-(0Me)2)4TPPFe0C103 were carried out as 

described in Chapter 2. The bis-pyridine and bis-imidazole iron porphyrin complexes were 

formed in the following manner. Roughly 10 milligrams of the iron(III) porphyrin 

perchlorate was added to a 5 mm diameter NMR tube containing 0.75 mL CD2C12- To this 

solution were added several milligrams of the desired axial ligand. The NMR spectra 

were then taken. At this point more ligand was titrated into the NMR tube until the ID 

NMR spectra showed free ligand resonances. These spectra were all taken at -60°C to 

make sure that ligand on-off exchange had been stopped. This allowed for both fi«e Ugand 

and bound Ugand resonances to clearly be seen. 

The concentrations of all of the samples were 10 to 15 mM- The ligands were used 

as received from Aldrich. The 99.9% CD2CI2 was used as received in 1 gram sealed 

ampules from Cambridge Isotopes. 

NMR spectra of [TMPFe(L)2] CIO4 complexes with the axial ligands 4-CNPy, 

3-CNPy, 3-MePy, N-Melm, and 2-MeImH were recorded on a GE GN 300 spectrometer 

operating at 300.100 MHz. The NMR spectra of lTMPFe(L)2] CIO4 complexes with 

the axial ligands 3-ClPy, 4-HPy, 4-MePy, 3,5-Me2Py, 3,4-Me2Py, and 4-NMe2Py were 

recorded on a Bruker AM250 spectrometer operating at 250.068 MHz. The number of data 

points was 16K, and the spectral width ranged from 7.5 to 20 kHz. The number of 

transients collected ranged from 128 to 256, and a 5 Hz line broadening factor to the 

exponential multiplication of the FID was appUed prior to Fourier transformation. 

The IH NMR spectra of [(2,6-Br2)4TPPFe(L)2] CIO4 and [(2,6-Cl2)4TPPFe(L)2] 

CIO4 complexes with axial ligands 4-CNPy, 3-CNPy, 3-ClPy, 4-HPy, 3-MePy, 4-MePy, 

3,5-Me2Py, 3,4-Me2Py, 4-NMe2Py, N-Melm, and 2-MeImH were recorded on a GE GN 

500 spectrometer operating at 500.136 MHz. The ^H NMR spectra of [2,6-F2TPPFe(L)2] 
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CIO4 complexes of 4-CNPy, 3-CNPy, 3-ClPy, 4-HPy, 3-MePy, 4-MePy, 3,5-Me2Py, 

3,4-Me2Py, 4-NMe2Py were also recorded on this spectrometer. The number of data 

points was 16K, and the spectral width ranged from 15 to 40 kHz. The number of 

transients collected ranged from 128 to 256, and a 5 Hz line broadening factor to the 

exponential multiplication of the FID was applied prior to Fourier transformation. 

The ^H NMR spectra of the N-Melm and 2-MeImH complexes of [(2,6-

F2)4TPPFe(L)2] CIO4 and the 4-CNPy, 3-CNPy, 3-ClPy, 4-HPy, 3-MePy, 4-MePy, 3,5-

Me2Py, 3,4-Me2Py, 4-NMe2Py, N-Melm, and 2-MeImH complexes of [(2,6-(OMe)2)4-

TPPFe(L)2] CIO4 were recorded on a Varian Unity 300 spectrometer operating at 299.952 

MHz. The number of data points was 16K, and the spectral width ranged from 14.7 to 

22.7 kHz. The number of transients collected ranged from 128 to 256, and a 5 Hz line 

broadening factor to the exponential multiplication of the FID was applied prior to Fourier 

transformation. Acquisition times ranged from 0.266 to 0.682 seconds. 

Spectra of the iron(III) porpyrinates were recorded over temperatures between -90 

to 440°C in 5 or 10° steps. 

The synthesis of the bis-substituted pyridine and imidazole complexes of (2,6-

Br2)4TPPCo(III), (2,6-Cl2)4TPPCo(m), (2,6-F2)4TPPCo(m), and (2,6-(OMe)2)4-

TPPCo(III) were carried out as described in Chapter 2. The 1-D ^H NMR spectra of these 

diamagnetic compounds were recorded on a Varian Unity 300 spectrometer operating at 

299.952 MHz. The number of data points was 16K, and the spectral width ranged from 

3.5 to 4.6 kHz. The number of transients collected ranged from 128 to 256, and no 

exponential multiplication of the FED was applied prior to Fourier transformation. 

Acquisition times ranged from 2.318 to 1.737 seconds. 
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RESULTS 

(2,6-X2)4TPPCO(III) Pyridine and Imidazole Complexes 

The NMR spectra were run on the following series of cobalt complexes: [(2,6-

Br2)4TPPCo(L)2] BF4 where L is 4-CNPy, 3,4-Me2Py, and 4-NMe2Py (see Table 3.1); 

[(2,6-Cl2)4-TPPCo(L)2] BF4 where L is 4-CNPy, 3-CNPy, 4-HPy, 4-MePy, 3,4-Me2Py, 

4-NMe2Py, N-Melm, and 2-MeImH (see Table 3.2); [(2,6-F2)4TPPCo(L)2] BF4 where L 

is 4-CNPy, 3-CNPy, 4-HPy, 4-MePy, 3,4-Me2Py, 4-NMe2Py, N-Melm, and 2-MeImH 

(see Table 3.3); [(2,6-(OMe)2)4-TPPCo(L)2] BF4 where L is 4-CNPy, 3,4-Me2Py, and 4-

NMe2Py (see Table 3.1). The NMR spectra of several |TMPCo(L)2] BF4 complexes 

(Table 3.4) had been run previously.^^ 

Since all of these Co(III) complexes are diamagnetic, the spectra were sharp with 

multiplet structure seen in the 'nera-Hphenyl. pa^^z-HphenyU ort/zo-Hugand and meto-Hngand 

resonances. As Tables 3.1 (for the [(2,6-Br2)4TPPCo(L)2] BF4 complexes), 3.2 (for the 

[(2,6-Cl2)4TPPCo(L)2] BF4 complexes), 3.3 (for the [(2,6-F2)4TPPCo(L)2] BF4 

complexes), and 3.1 (for the [(2,6-(OMe)2)4TPPCo(L)2] BF4 complexes) show, the 

chemical shifts of the pyrroIe-H, wiera-Hporphyrin^ ^d para-Hporphyrin never varied more 

than 0.27 ppm through the series of ligands, with the largest difference being between the 

pyrrole-R chemical shift of the [(2,6-F2)4TPPCo(3-CNPy)2] BF4 complex, which has a 

value of 9.22 ppm, and the [(2,6-F2)4TPPCo(2-MeImH)2] BF4 complex, which has a 

pyrrole-Yi chemical shift value of 8.95 ppm. Due to the different substitution on the 

pyridine axial ligands, the orf/io-Hpyridine> '"s'^-Hpyndine resonances show a wider range 

of chemical shift values through the series of complexes. However, all of the ortho-

Hpyridine resonances are within 0.8 ppm of each other, while the corresponding meta-

Hpyridine resonances are within 1.5 ppm of each other. 



Table 3.1 NMR Chemical shifts for [(2,6-Br2)4TPPCo(L)2] BF4 and I(2,6-(OMe)2)4TPPCo(L)2] BF4 

[(2,6-Br2)4TPPCo(L)2] BF4 

Porphyrin Resonances Lieand Resonances 

Ligond 6 pyir-H 6/n-H 6p-H 60-H 6o'-H 6 m-H 6 OT-CH3 6/J-CH3 6/J-NCH3 

4-CNPy 9.00 8.04 7.64 1.35 5.37 

3,4-Me2Py 8.89 7.97 7.57 0.92 0.93 4.78 0.51 1.09 

4-NMe2Py 8.81 7.94 7.52 0.69 4.05 2.04 

[(2,6-(OMe)2)4TPPCo(L)2] BF4 

Porphyrin Resonances Lieand Resonances 

Ligand 6 pyrr-H 6/n-H 6p-H 60-H 6o'-H 6m-H 6 m-CHs 6P-CH3 6p-NCH3 

4-CNPy 8.93 6.94 7.71 1.18 5.33 

3,4-Me2Py 8.88 6.92 7.67 0.78 0.66 4.75 0.68 1.18 

4-NMe2Py 8.84 6.90 7.65 0.61 4.11 2.12 



Table 3.2 >H NMR Chemical shifts for [(2,6-Cl2)4TPPCo(L)2] BF4 

Porphyrin Resonances Lieand Resonances 

Ligand 6 pyrr-H 6w-II 6/j-H 60-H 6o'-H 6ot-H 6 m-CHs 6p-H 6p-CI^ 

4-CNPy 9.02 7.7 7.7 1.21 5.36 

3-CNPy 9.03 7.8 7.8 1.15 1.24 

4-HPy 8.93 7.75 7.75 1.07 5.06 6.21 

4-MePy 8.92 7.76 7.76 0.93 4.87 1.23 

3,5-Me2Py 8.92 7.76 7.76 0.70 0.69 5.71 

3,4-Me2Py 8.91 7.76 7.76 0.82 0.78 4.79 0.62 1.14 

4-NMe2Py 8.84 7.7 7.7 0.59 4.09 2.09 

6 2-H 6 2-CH3 6 4-H flSH 6N-CH3 

N-Melm 8.86 7.8 7.8 0.66 1.04 4.64 2.06 

2-MelmH 8.80 -1.85 0.13 4.55 



Table 3.3 'H NMR Chemical shifts for [(2,6-F2)4TPPCo(L)2] BF4 

Porphyrin Resonances Ligand Resonances 

Ligand 6 pyrr-H 5m-H 6/7-n 60-H 6o'-H 6 /n-H 6 ffi-CHa 6p-H &PCH3 

4-CNPy 9.19 7.35 7.83 0.96 5.35 

3-CNPy 9.22 7.36 7.83 0.97 0.84 5.42 6.57 

4-HPy 9.12 7.33 7.81 0.79 5.05 6.19 

4-MePy 9.12 7.35 7.84 0.63 4.86 1.26 

3,5-Me2Py 9.15 7.40 7.88 0.27 0.69 5.69 

3,4-Me2Py 9.12 7.37 7.84 0.48 0.33 4.74 0.62 1.13 

4-NMe2Py 9.05 7.34 7.83 0.28 4.08 2.09 

6 2-H 6 2-a i3 6 4-H 6SH 6N-CH3 

N-Melm 9.12 7.41 7.86 0.30 0.73 4.58 2.06 

2-MeImH 8.95 -2.03 -0.17 4.53 
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Table 3.4 NMR Chemical shifts for [TMPCo(L)2] BF4 complexes.^ 

ligand pKa(BH )̂ 6(o-CH3) 6(P^H3) 6(m-H) 6(pyrr-H) ligand 
fooml rooml rooml rooml 

4-N- 9.70 1.50 2.55 7.21 8.81 

(CH3)2py 

4-iNH2py 9.17 1.44 2.54 7.14 8.74 

2-.V1e!m 7.56 2.75. 2-60, 2.49 7AZ 7.36. 8.62 

-0.04, ^.35 6.77. 6.67 

N-Melm 7.33 1.55 2-57 7.21 8.80 

4-Melm 7.12 1.42 ^53 7.11 8.67 

H-lm 6.S5 1.33 2.53 7.09 8.63 

py 5.22 1.42 Z53 7.25 8.93 

4-CIpy 3.75 1.47 257 7.22 8.93 

3-C!py I S A  1.45 2.57 7.22 8.95 

3-CNpy 1.45 1.45 2.57 7.21 8.95 

<i-CNdv 1.1 1.^2 2.56 7.21 8.95 

The chemical shifts of the proton resonances in these diamagnetic complexes 

represent the diamagnetic shifts for the corresponding resonances in the paramagnetic 

iron(III) complexes. Subtracting the individual diamagnetic shifts allows for the direct 

comparison of the resonances in the iron(III) complexes based on the paramagnetic, or 

isotropic, shifts. 



70 

Temperature Dependence of Low-Spin Iron(III) Porphyrinates 

It should be noted that both the contact and dipolar terms of the isotropic shift have 

an inverse temperature dependence. Therefore, at an itifinite temperature both terms have a 

value of zero, and the paramagnetic term drops out of equation 3.1. The NMR temperature 

dependence data can be graphed in a Curie plot (5 ppm versus \/T), which shows linearity 

of the temperature dependence for paramagnetic complexes if the Curie law is obeyed. 

Since the x-axis represents 1/T, larger values of 1/T represent lower temperatures, and the 

1/T=0 intercept represents infinite temperature. All variable temperature NMR chemical 

shifts for all complexes are Usted in the tables of Appendix A. 

[TMPFe(L)2]''" Complexes 

P-Pvrrole protons 

Figure 3.3 shows the pyrrole proton isotropic shift vs. inverse temperature data for 

the nine bis-pyridine complexes of TMPFeOClOs- For the higher basicity pyridine, where 

the axial pyridine ligands are 4-NMe2Py, 3,4-Me2Py, and 3,5-Me2Py, it is seen that at the 

low temperatures near -90°C, the pyrrole-proton chemical shift is far upfield from the 

diamagnetic region. The positions of the resonances move toward the diamagnetic region 

smoothly with increasing temperature. Extrapolation to the 1/T=0 point, representing 

infinite temperature, gives an intercept at isotropic shift values close to 0 ppm. 

For the [TMPFe(3,5-Me2Py)2] CIO4 complex the temperature dependence is linear. 

For the [TMPFe(4-NMe2Py)2] CIO4 and [TMPFe(3,4-Me2Py)2] CIO4 complexes the 

pyrrole-proton isotropic shift versus l/T plot shows that the temperature dependence is not 
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Figure 3.3 Isotropic shift vs. l/T graph for the pyrrole protons of the (TMPFe(L)2] 

CIO4 complexes showing the anti-Curie behavior of the low basicity pyridine 

complexes and Curie behavior for the high basicity pyridine complexes. 
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completely linear. The line bends slightly towards more positive isotropic shift values at 

the higher temperatures. 

In the same figure it is seen that for the middle basicity pyridines, 3-ClPy, 4-HPy, 

3-MePy, and 4-MePy, the slopes of the data are shallower with the 0 intercept occurring at 

isotropic shift values that become more negative with decreasing ligand basicity. All of 
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these intercepts are less than 0 ppm. The bending that was seen in the more basic pyridines 

is present, although for the middle basicity pyridines the bending is more pronounced. 

When the low basicity pyridine pyrrole-proton chemical shift versus 1/T data of 4-

CNPy and 3-CNPy is examined it is found that slopes of the data are opposite to what has 

been previously seen. Instead of being negative like the high and middle basicity pyridine 

slopes, the pyrrole-proton isotropic shift versus 1/T data is positive, with the values of the 

1/T=0 intercept being more upfield than -20 ppm. The other major difference is that the 

lines bend towards less positive chemical shift values as the temperature is increased. 

Figure 3.4 Plot of the isotropic shift of the pyrrole-H resonances of the lTMPFe(L)2] 
CIO4 complexes vs. pKa(PyH+) of the axial ligands at -90, -30, and +40°C. 
Note that the slope of the best-fit line becomes less negative as the 
temperature is increased. 
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The linear relationship between the pyrrole-proton isotropic shift and the pKa of the 

protonated pyridine ligand can be seen in Figure 3.4. Although the slopes of the lines 

though the data are negative throughout the temperature range, it is found that they become 

shallower as the temperature increases. Also, the scatter in the data becomes less as the 

temperature increases. 

Meta -Phenvl Protons 

The pattern of increasing isotropic shift values with decreasing axial pyridine ligand 

basicity at a given temperamre seen in the pyrrole-H temperature dependence data is also 

seen in the meto-Hporphyrin temperature dependence data. The data for each complex are 

linear, with only very slight bending at higher temperatures. Looking at the slopes of the 

me/a-H chemical shift versus I/T data in Figure 3.5, it is seen that in the [TMPFe(4-

NMe2Py)2]''' complex the mera-H resonance slope is negative. 

The slope is close to zero for the [TMPFe(3,4-Me2Py)2]'^ case, and the slopes get 

more and more positive as the axial pyridine basicity decreases. The trend with the I/T= 0 

intercept is also similar to the pyrrole-H 1/T= 0 intercept. For [TMPFe(4-NMe2Py)2l'*' the 

intercept is close to 0 ppm. As die ligand basicity decreases the intercept value for the 

meta-H resonance becomes less positive such that for the [TMPFe(4-CNPy)2]''" complex 

die 1/T= 0 intercept is less than -5 ppm. 

Ortho Protons of the Axial Pvridine Ligands 

Figure 3.6 shows the temperature dependence data for the orr/io-Hiigand resonances 

of the TMPFe0CI03 complexes of the nine pyridine ligands. For the complexes where the 

bis axial ligands are 4-CNPy through 3,4-Me2Py, the isotropic shift versus 1/T plots show 
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Figure 3.5 Isotropic shift vs. 1/T graph for the meta protons of the [TMPFe(L)2] 
CIO4 complexes. 

E 
a 
a. 

VI 

'a 
e b 
o 

S 
• 

es 
V 

IS 

s u 

1/T X 10'^3 

Q 4CNPy 
• 3CNPy 
• 3ClPy 
O py 
+ 3MePy 
D 4MePy 
• 3,5Me2Py 
A 3,4Me2Py 
»« 4NMe2Py 

a smooth shift of the orr/io-Hugand resonance downfield as the temperature is increased. A 

slight bending towards more positive isotropic shift values can be seen at the higher 

temperatures in these graphs, too. In contrast, the orr/io-Hiigand resonance for the 

[TMPFe(4-NMe2Py)2]'*' complex shifts upfield with increasing temperature until 0°C is 

reached. Here the resonance changes direction and shifts downfield with increasing 

temperature. For the complexes with unsymmetrical pyridine axial ligands, the value 

plotted is the average for the two different orf/io-Hiigand resonances. 
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Figure 3.6 Isotropic sliift vs. l/T graph for the ortho protons of the |TMPFe(L)2] 
QO4 complexes. Note that the shifts of the low basicity pyridine resonances 
are more positive than the higher basicity pyridine resonances. 

S 
a 
a 

Kti 
u 
'a o 
o (A 

o 
b. 
O 
•o 
B a 
00 

.S 'S 
< 

• 

• 
o 
+ 
• 
• 

A 
M 

4CNPy 
3CNPy 
3ClPy 
Py 
3MePy 
4MePy 
3,5Me2Py 
3.4Me2Py 
4NMe2Py 

1/T X 

An interesting feature presents itself in the orf/io-Hiigand isotropic shift at -60° C 

versus ligand pKa graph shown in Figure 3.7. At this and all other temperatures, there 

appears to be an abrupt break in the best-fit line. This break occurs around the pKa of 

pyridine itself. This break is there because the isotropic shift values of the lower basicity 

pyridine orr/zo-Hugand seem to be larger than they should be. As the temperature is raised, 

these resonances move further downfield such that there appears to be very little pKa 

dependence on the ortho-K chemical shifts for these lower basicity pyridine complexes. 
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Figure 3.7 Isotropic shift of the oit/io-pyridine resonances at -60°C vs. pKaCPyH"'") for 
the [T^Fe(L)2] CIO4 complexes showing the apparent break in the line at a 
pKa near 5. 
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Looking at Figure 3.8, the pyrrole-proton isotropic shift versus 1/T graph for the 

pyridine complexes with (2,6-Br2)4TPPFe0C103, it is found that all of the complexes 

behave similarly. At -91°C the isotropic shifts of the pyrrole resonances of all the 

complexes are upfield of -30 ppm. As the temperature is raised all of the pyrrole resonances 

shift smoothly downfield. For the [(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4 complex the data 
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Figure 3.8 Isotropic shift vs. 1/T graph for the pyrrole protons of the [(2,6-Br2)4-

TPPFe(L)2] CIO4 complexes showing non-Curie behavior of the low basicity 

pyridine complexes and Curie behavior for the high basicity pyridine 

complexes. 
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are linear. The temperature dependence data for the other complexes have a slight bend 

towards more positive isotropic shift values at higher temperatures. This bending becomes 

more pronounced as the basicity of the pyridine decreases. 

Looking at the data at the lower temperatures in Figure 3.8, it can be seen that the 

initial slopes of the lines become shallower with decreasing axial ligand basicity. 

Extrapolating the low temperature data of all of the [(2,6-Br2)4TPPFe(L)2] CIO4 complexes 

to the 1/T=0 intercept shows that the infinite temperature isotropic shift value decreases 
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with decreasing ligand basicity. The value for the highest basicity axial ligand complex, 

[(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4, is slightly greater than 1 ppm, while the value for 

the lowest basicity ligand, 4-CNPy, complex is less than -9 ppm. Unlike the 

[TMPFe(L)2]''' complexes, all of the [(2,6-Br2)4TPPFe(L)2] CIO4 pyrrole-proton slopes 

are negative. 

Figure 3.9 Isotropic shift vs. pKa(PyH+) graph for the pyrrole protons of the 
[(2,6-Br2)4TPPFe(L)2] CIO4 complexes at -90, -30, and +40°C. Note 
the less di^tic change in slope with temperature as compared to the 
[TMPFe(L)2]'^ data. 
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The pyrrole-H isotropic shift versus pKaCBH"*") graph shown in Figure 3.9 shows 

that there is a linear relationship between these two variables over the temperature range. 

Like the [TMPFe(L)2]"'' complexes, as the temperamre is raised, the slopes of the lines 

become shallower. However, unlike the [TMPFe(L)2]''' data, the line at one temperature 

never intersect the line at another temperature. 
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Mgffl-Phenvl Protons 

The [(2,6-Br2)4TPPFe(L)2] CIO4 meta-H temperature dependence results m Figure 

3.10 are similar to those of |TMPFe(L)2]''' except that in this case only the [(2,6-

Br2)4TPPFe(4-CNPy)2] CIO4 complex has a positive slope. The others are negative, with 

the slopes becoming shallower with decreasing ligand basicity. Like ±e meta-Yi data from 

the |TMPFe(L)2]''' complexes, the 1/T=0 intercept value becomes less positive with 

decreasing ligand basicity. However, the range of the intercepts for [(2,6-

Br2)4TPPFe(L)2] CIO4 is smaller than that of [TMPFe(L)2]'^, with [(2,6-Br2)4TPPFe(4-

NMe2Py)2] CIO4 having an intercept value around 0.5 ppm, and [(2,6-Br2)4TPPFe(4-

CNPy)2] CIO4 having a value around -1.5 ppm. 

Figure 3.10 Isotropic shifts of the meta-H resonances of the [(2,6-Br2)4TPPFe(L)2] CIO4 

complexes showing near Curie behavior for all but the 4-CNPy complex. 
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Ortko Protons of the Axial Pyridine Ligands 

The ortho-Hxigaad isotropic shift versus 1/T dependence for the [(2,6-Br2)4-

TPPFe(L)2] CIO4 complexes in Figure 3.11 shows the smooth shift downfield with 

increasing temperature for the lower basicity pyridines seen in the [TMPFe(L)2]"^ 

complexes. However, the reversing of direction of the shift of the resonance seen with the 

[TMPFe(4-NMe2Py)2]''" complex is seen in the [(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4, 

[(2,6-Br2)4TPPFe(4-MePy)2] CIO4, and very slightly with the [(2,6-Br2)4TPPFe(3,5-

Me2Py)2] CIO4 complex. In the [(2,6-Br2)4TPPFe(3,4-Me2Py)2] CIO4 and [(2,6-

Figure 3.11 Isotropic shift vs. l/T graph for the ortho protons of the [(2,6-Br2)4-
TPPFe(L)2] CIO4 complexes showing the reversed ordering as compared to 
the pyrrole-H isotropic shifts. 
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Br2)4TPPFe(4-Me)2] CIO4 complexes the initial shift upfield is slight, and then the shift 

downfield begins. With the [(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4 complex, in contrast, 

the resonance continuously shifts upfield with increasing temperature over the -90°C to 

+40°C temperature range. The resonance never reverses to shift downfield, although at the 

higher temperatures the upfield shift of the resonance gets smaller and smaller with 

increasing temperature. 

Figure 3.12 Isotropic shift of the orr/io-pyridine resonances at -60°C vs. pKaCPyH"*") for 

the [(2,6-Br2)4TPPFe(L)2] CIO4 complexes showing that the apparent break 

in the line at a pKa near 5 is less aparent compared with the [TMPFe(L)2]"'' 

data in Figure 3.7. 
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In the isotropic shift versus pKa graph of Figure 3.12, it is seen that the break in 

the best-fit line around the pKa of pyridine found in the [TMPFe(L)2]''" complexes is 

present in the [(2,6-Br2)4TPPFe(L)2] CIO4 complexes as well. With [(2,6-

Br2)4TPPFe(L)2] CIO4, however, the break is not nearly as pronounced. Although the 

positions of the o/t/io-Hiigand resonances for the lower basicity pyridines seem to be more 

downfield than would be expected, they are not as far downfield from the expected 

positions as the corresponding [TMPFe(L)2]"*" o/t/io-Hugand data are. 

[(2,6-Cl2)4TPPFe(L)2] CIO4 Complexes 

P-Pvrrole Protons 

As Figure 3.13 shows, the temperature dependence of the pyrrole-H chemical shifts 

for the bis-pyridine [(2,6-Cl2)4TPPFe(L)2] CIO4 complexes are similar to those of [(2,6-

Br2)4TPPFe(L)2] CIO4. All of the resonances move towards more positive isotropic shift 

values with increasing temperature. Also, the data are fairly linear for the higher basicity 

pyridine complexes but the lines bend as the basicity of the pyridine ligand decreases. One 

difference between these data and the [(2,6-Br2)4TPPFe(L)2] CIO4 data is that the data for 

the [(2,6-Cl2)4TPPFe(4-CNPy)2] CIO4 complex are further downfield from those of the 

rest of the complexes. 

The pyrrole-H isotropic shift versus pKa graph for [(2,6-Cl2)4TPPFe(L)2] CIO4 is 

nearly identical to that of [(2,6-Br2)4TPPFe(L)2] CIO4. Comparing Figures 3.14 and 3.9 it 

is found that the changing of the slopes with increasing temperature is very similar in the 

[(2,6-Cl2)4TPPFe(L)2] CIO4 and [(2,6-Br2)4TPPFe(L)2] CIO4 complexes. 
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Figure 3.13 Isotropic shift vs. 1/T graph for the pyrrole protons of the [(2,6-Cl2)4-

TPPFe(L)2] CIO4 complexes. Note that these data are nearly identical to the 

[(2,6-Br2)4TPPFe(L)2] CIO4 data in Figure 3.8. 
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Comparison of the [(2,6-Br2)4TPPFe(L)2] CIO4 data in Figure 3.10 with the [(2,6-

Cl2)4TPPFe(L)2] CIO4 data in Figure 3.15 shows that the two data sets are nearly identical. 

The only difference is the separation between the [(2,6-Cl2)4TPPFe(4-CNPy)2] CIO4 line 

and the [(2,6-Cl2)4TPPFe(3-CNPy)2] CIO4 line. In the [(2,6-Br2)4TPPFe(L)2] CIO4 case 

the -91°C isotropic shift difference is 0.48 ppm, while in the [(2,6-Cl2)4TPPFe(L)2] CIO4 
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Figure 3.14 Isotropic shift vs. pKa(PyH+) graph for the pyrrole protons of the 

[(2,6-Cl2)4-TPPFe(L)2] CIO4 complexes at -90, -30, and +40°C. Note 

the similar change in slope with temperature as compared to the 

[(2,6-Br2)4TPPFe(L)2] CIO4 data. 
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case it is 6.23 ppm. This mirrors the pyrrole-H data where for the [(2,6-Cl2)4TPPFe(4-

CNPy)2] CIO4 complex, the pyrrole isotropic shift is separated from the [(2,6-

Cl2)4TPPFe(3-CNPy)2] CIO4 case by 7.6 ppm. (See the data tables in Appendix A.) 
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Figure 3.15 Isotropic shifts of the mera-H resonances of the [(2,6-Cl2)4TPPFe(L)2] CIO4 

complexes showing near Curie behavior for all but the 4-CNPy complex. 
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Ortho Protons of the Axial Pvridine Ligands 

Figure 3.16 shows that the orf/zo-Hngand isotropic shift versus 1/T data for the 

[(2,6-Cl2)4TPPFe(L)2] CIO4 complexes is very similar to the [(2,6-Br2)4TPPFe(L)2] CIO4 

data. The low- and mid-basicity pyridine complexes show a smooth shifting of the ortho-

Hiigand resonances towards larger isotropic shift values as the temperature is raised, while 

the high-basicity pyridine complexes show the previously seen change of slope. The [(2,6-

Cl2)4TPPFe(4-NMe2Py)2] CIO4 orr/zo-Hugand resonance, like the [(2,6-Br2)4TPPFe(4-

NMe2Py)2] CIO4 ortho-Rwg^ni resonance, shifts upfield throughout the -90 to +40°C 

temperature range studied. 
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Figure 3.16 Isotropic shift vs. 1/T graph for the ortho protons of the [(2,6-Cl2)4-

TPPFe(L)2] CIO4 complexes showing the reversed ordering as compared to 

the pyrrole-H isotropic shifts. 
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The isotropic shift versus pKa plot in Figure 3.17 shows there may be a break in 

the line at a pKa around 5, and that the extent of the break is very similar to that seen in the 

[(2,6-Br2)4TPPFe(L)2] CIO4 complexes. 
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Figure 3.17 Isotropic shift of the orr/io-pyridine resonances at -60°C vs. pBva(PyH+) for 

the [(2,6-Cl2)4TPPFe(L)2] CIO4 complexes showing that the apparent break 

in the line at a pKa near 5 is very similar to ±e corresponding 

[(2,6-Br2)4TPPFe(L)2] CIO4 data. 
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[(2,6-F2)4TPPFe(L)2] CIO4 Complexes 

P-Pvrrole Protons 

At first glance, the pyrrole-H temperature dependence for the [(2,6-F2)4TPPFe(L)2] 

CIO4 complexes in Figure 3.18 appears very similar to the pyrrole-H temperature 

dependence for the [(2,6-Cl2)4TPPFe(L)2] CIO4 complexes in Figure 3.13. The [(2,6-

F2)4TPPFe(4-CNPy)2] CIO4 complex data are separated fix)m the other data sets, which 
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Figure 3.18 Isotropic shift vs. 1/T graph for the pyrrole protons of the [(2,6-F2)4-

TPPFe(L)2] CIO4 complexes. Note the separation of the 4-CNPy data from 

the data of the other complexes. 
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are not spread very far apart from each other. Also, all data sets show Curie or near-Curie 

behavior. There are some differences, however. To begin with, the [(2,6-F2)4TPPFe(3-

CNPy)2] CIO4 data cross the [(2,6-F2)4TPPFe(4-CNPy)2] CIO4 data at +20°C resulting in 

the [(2,6-F2)4TPPFe(3-CNPy)2] CIO4 pyrrole peak being downfield from the [(2,6-

F2)4TPPFe(4-CNPy)2] CIO4 pyrrole peak at +30 and 440°C. 

The second difference between the [(2,6-F2)4TPPFe(L)2] CIO4 and [(2,6-

Cl2)4TPPFe(L)2] CIO4 pyrrole-H data is that the [(2,6-Cl2)4TPPFe(3-CN)2] CIO4 through 
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[(2,6-Cl2)4TPPFe(4-NMe2Py)2] CIO4 data sets run nearly parallel, although coming closer 

together at the higher temperatures. In the [(2,6-F2)4TPPFe(L)2] CIO4 data, the slopes of 

the 3-CNPy and 3-ClPy data parallel each other but are different from the pyridine through 

4-NMe2Py data. These two data sets move further downfield from the higher basicity 

pyridine data than expected, even in the -90 to -50°C temperature range. 

Another difference between [(2,6-F2)4TPPFe(L)2] CIO4 and the |TMPFe(L)2]"'', 

[(2,6-Br2)4TPPFe(L)2] CIO4, and [(2,6-Cl2)4TPPFe(L)2] CIO4 pyrroIe-H data sets is the 

relative order of the data at low temperatures. At -90°C in the latter three cases the isotropic 

shifts of the pyrrole resonances follow the pKa(PyH+) of the axial ligands from the highest 

basicity pyridine complex, the 4-NMe2Py complex, having the largest upfield shift to the 

lowest basicity pyridine complex, the 4-CNPy complex. The only misordering is found 

with the 3,4-Me2Py and 3,5-Me2Py complexes. Although the pKa(PyH+) of 3,5-Me2Py 

(6.15) is lower than that of 3,4-Me2Py (6.46) in the [TMPFe(L)2]''", [(2,6-

Br2)4TPPFe(L)2] CIO4, and [(2,6-Cl2)4TPPFe(L)2] CIO4 complexes, the pyrrole 

resonance for the 3,5-Me2Py complexes occur upfield from the 3,4-Me2Py pyrrole 

resonances. In the [(2,6-F2)4TPPFe(L)2] CIO4 data there are several instances where the 

isotropic shift does not follow the ligand pKa- To begin with, unlike the [TMPFe(3,X-

Me2Py)2]+, [(2,6-Br2)4TPPFe(3,X-Me2Py)2] CIO4, and [(2,6-Cl2)4TPPFe(3,X-Me2Py)2] 

CIO4 complexes, the 3,4-Me2Py and 3,5-Me2Py data of [(2,6-F2)4TPPFe(3,X-Me2Py)2] 

CIO4 do follow the ligand pKa, with the 3,4-Me2Py resonance being upfield from the 3,5-

Me2Py resonance at -90°C. Next, the [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 pyrrole peak is 

not the most upfield resonance. The pyrrole peaks from the (2,6-F2)4TPPFe(III) 

complexes with 3,4-Me2Py, 3,5-Me2Py, 3-MePy and 4-MePy are all ftirther upfield. In 

fact, the pyrrole-H isotropic shift of [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 (-45.36 ppm) is 

nearly identical to that of [(2,6-F2)4TPPFe(3-ClPy)2] CIO4 (-45.63 ppm) at -90° C. Also, 
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the [(2,6-F2)4TPPFe(3-ClPy)2] CIO4 pyrrole peak is not where it would be expected. At 

-90° C it is upfield from the [(2,6-F2)4TPPFe(4-HPy)2] CIO4 peak. 

The pyrrole-H isotropic shift versus pKa(PyH+) data in Figure 3.19 is similar to 

that of [(2,6-Br2)4TPPFe(L)2] CIO4 and [(2,6-Cl2)4TPPFe(L)2] CIO4, except that the best-

fit lines at different temperatures are nearly parallel. The slopes only get very slightly 

shallower as the temperature is raised. 

Figure 3.19 Isotropic shift vs. pKa(PyH+) graph for the pyrrole protons of the 

[(2,6-F2)4-TPPFe(L)2] CIO4 complexes at -90, -30, and +40°C. Note 

that there is very little change in slope with temperature. 
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Afeto-Phenvl Protons 

As with the [TMPFe(L)2]+, [(2,6-Br2)4TPPFe(L)2] CIO4, and [(2,6-

Cl2)4TPPFe(L)2] CIO4 cases Figure 3.20 shows that the meta-H resonance temperature 

dependence of the [(2,6-F2)4TPPFe(L)2] CIO4 complexes parallels the pyrrole-H results. 

Recall from Figure 3.18 that the [(2,6-F2)4TPPFe(4-CNPy)2] CIO4 isotropic shifts are 

further upfield and separated from the data of the other complexes and that the [(2,6-

F2)4TPPFe(3-CNPy)2] CIO4 data intersects the [(2,6-F2)4TPPFe(4-CNPy)2] CIO4 data. 

Figure 3.20 Isotropic shifts of the meta-H resonances of the [(2,6-F2)4TPPFe(L)2] CIO4 

complexes showing the same crossing of the 4-CNPy and 3-CNPy data seen 

in the pyrrole data in Figure 3.18. 
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The same holds true for the meta-B. data. Also, like the pyrrole data, the [(2,6-

F2)4TPPFe(4-NMe2Py)2] CIO4 resonance is not the fiirthest upfield. The resonances of 

both the 3,5-Me2Py and 3,4-Me2Py complexes are further upfield than the 4-NMe2Py 

meta-Yl resonance at the lower temperatures. 

The differences between the meta-K data sets and the pyrrole-H data sets for [(2,6-

F2)4TPPFe(L)2] CIO4 is that the 3-ClPy resonance is downfield from the 4-HPy 

resonance, and the 3-Me and 4-Me resonances are downfield from the 4-NMe2Py 

resonance at -90°C. 

Ortho Protons of the Axial Pyridine Ligands 

The orr/io-Hiigand behavior for the [(2,6-F2)4TPPFe(L)2] CIO4 complexes in Figure 

3.21 is similar to the [(2,6-Br2)4TPPFe(L)2] CIO4 and [(2,6-Cl2)4TPPFe(L)2] CIO4 

complexes, but the change in direction of the temperature dependent shifts of the 

resonances occurs with lower basicity pyridines. The [(2,6-F2)4TPPFe(L)2] CIO4 

complexes with 4-NMe2Py, 3,4-Me2Py, 3,5-Me2Py, 4-MePy, 3-MePy and even 3-ClPy 

start with the orf/io-Hijgand resonance shifting upfield as the temperature is increased, and 

then changing direction and shifting downfield. At the extremes this effect is slight. For 

the [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 complex, the resonance shifts downfield only at 

the highest temperature. In the [(2,6-F2)4TPPFe(3-ClPy)2] CIO4 case, the downfield shift 

dominates the graph, with the slight upfield shift occurring only between -90 and -80°C. 

The 4-CNPy, 3-CNPy, and 4-HPy complexes show the continuous downfield shift with 

increasing temperature, although the curve at low temperatures for the 4-HPy complex is 

fairly flat. 

Figure 3.22, the orr/io-Hngand isotropic shift versus the pKa(PyH+) graph for 

[(2,6-F2)4TPPFe(L)2] CIO4, shows that a break in the best-fit line is not unambiguous. 

The [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 data points are too far upfield to get the good fit 
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Figure 3.21 Isotropic shift vs. 1/T graph for the ortho protons of the [(2,6-F2)4-

TPPFeO^)2] CIO4 complexes. Note that the lower basicity pyridine data shifts 

to more positive isotropic shift values more rapidly with increasing 

temperature than the higher basicity pyridine data. 
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with the data at pKa values between 5 and 6.5 as seen in the [TMPFe(L)2]''", [(2,6-

Br2)4TPPFe(L)2] CIO4, and [(2,6-Cl2)4TPPFe(L)2] CIO4 complexes. Also, there is 

tremendous scatter in the lower basicity pyridine data, with the isotropic shift values for 

[(2,6-F2)4TPPFe(4-CNPy)2] CIO4 being far more negative than expected. This makes it 

difficult to give much weight to a proposed break in the best-fit line. It could just as easily 

be argued that a straight line through all the [(2,6-F2)4TPPFeG!.)2] CIO4 data is a better fit 

than a line that breaks at a pKa around 5. 
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Figure 3.22 Isotropic shift of the o/t/io-pyridine resonances at -60°C vs. pKa(PyH+) for 

the [(2,6-F2)4TPPFe(L)2] CIO4 complexes, showing no apparent break in 

a best fit line. 
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[(2,6-(OMe)2)4TPPFe(L)2] CIO4 Complexes 

P-Pvrrole Protons 

Examination of the pyrrole-H isotropic shift versus l/T data for the [(2,6-

(OMe)2)4TPPFe(L)2] CIO4 complexes in Figure 3.23 shows several differences compared 

with the corresponding graphs for the [TMPFe(L)2]''', [(2,6-Br2)4TPPFe(L)2] CIO4, [(2,6-

Cl2)4TPPFe(L)2] CIO4, and [(2,6-F2)4TPPFe(L)2] CIO4 complexes. To begin with, as 
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Figiire 3.23 Isotropic shift vs. 1/T graph for the pyrrole protons of the [(2,6-(OMe)2)4-

TPPFeG..)2] C3O4 complexes. Note the odd curvature of the 4-CNPy data and 

the very little temperature dependence of the 3-CNPy data. 
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in the [(2.6-F2)4TPPFe(L)2] CIO4 case, the [(2,6-(OMe)2)4TPPFe(4-NMe2Py)2] CIO4 

complex does not have the most upfield isotropic shift value at -90°C. At low temperatures 

the pyrrole-H resonance of both the 3,4-Me2Py and 3,5-Me2Py complexes are further 

upfield than the [(2,6-(OMe)2)4TPPFe(4-NMe2Py)2] CIO4 pyrroIe-H resonance. 

However, due to the bending towards larger isotropic shift values due to chemical 

exchange, at temperatures above -30°C the 4-NMe2Py complex does have the furthest 

upfield isotropic shift for the pyrrole-H peak. The isotropic shift vs. 1/T data for the [(2,6-
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(OMe)2)4-TPPFe(3-MePy)2] QO4 and [(2,6-(OMe)2)4TPPFe(4-MePy)2] CIO4 complexes 

are linear with no bending observed. In the [(2,6-(OMe)2)4TPPFe(4-HPy)2] CIO4 and 

[(2,6-(OMe)2)4TPPFe(3-ClPy)2] CIO4 cases the data bend towards more positive isotropic 

shift values at higher temperatures. 

The most significant difference between the [(2,6-(OMe)2)4TPPFe(L)2] CIO4 data 

and the other data sets occurs in the 3-CNPy complex. At -90°C, the [(2,6-

(OMe)2)4TPPFe(3-CNPy)2] CIO4 pyrrole-H isotropic shift is almost 4 ppm downfield 

from the [(2,6-(OMe)2)4TPPFe(4-CNPy)2] CIO4 pyrrole-H position. Also, as the 

temperature increases, the [(2,6-(OMe)2)4TPPFe(3-CNPy)2] CIO4 resonance shifts slightly 

upfield, while the pyrrole-H resonances for all of the other [(2,6-(OMe)2)4TPPFe(L)2] 

CIO4 complexes shift downfield. Even the very slight bend in the 3-CNPy complex line 

does not stop the data from intersecting the 4-CNPy and 3-ClPy data and coming close to 

the pyridine data. As for the [(2,6-(OMe)2)4TPPFe(4-CNPy)2] CIO4 temperature 

dependence data, the pyrrole-H resonance shifts downfield with increasing temperature. 

The bend in the data at -20°C is towards less positive ppm values, which is the opposite 

direction compared to the data from the other [(2,6-(OMe)2)4TPPFe(L)2] CIO4 complexes. 

The pyrrole-H isotropic shift versus pKaCPyH""") graph in Figure 3.24 shows that 

the linear relationship seen in the other complexes is not nearly as smooth for the [(2,6-

(OMe)2)4TPPFe(L)2] CIO4 case. Although the expected trend of larger chemical shift 

value with decreasing ligand pKa can be seen, the oddities of the 4-NMe2Py and 3-CNPy 

data make the correlation very rough. 



Figure 3.24 Isotropic shift vs. pKaCPyH""") graph for the pyrrole protons of the 

[(2,6-(OMe)2)4TPPFe(L)2] CIO4 complexes at -90, -50, and -10°C. 
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Figure 3.25 shows that the meta-K temperature dependence behavior for the [(2,6-

(OMe)2)4TPPFe(L)2] CIO4 complexes is similar to the previous complexes in that it 

mirrors the pyrroIe-H temperature dependence data. The [(2,6-(OMe)2)4TPPFe(3-

CNPy)2] CIO4 data is downfield from the [(2,6-(OMe)2)4TPPFe(4-CNPy)2] CIO4 data at 

low temperatures but crosses the 4-CNPy data as the temperature is raised in both the meta

ls and pyrrole-H data sets. The 4-CNPy data also has the same bending pattern in both 

data sets. There is one significant difference between these meta-H and pyrrole-H 
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temperature dependence for these [(2,6-(OMe)2)4TPPFe(L)2] CIO4 complexes, however. 

For the meta-H temperature dependence the 4-NMe2Py shifts are the most negative at all 

temperatures. In the pyrrole-H data, the 3,5-Me2Py and 3,4-Me2Py resonances are further 

upfield than the 4-NMe2Py resonance. This is different from the [(2,6-F2)4TPPFe(L)2] 

CIO4 case where a relatively downfield 4-NMe2Py resonance was seen in both the pyrrole-

H and meta-H temperature dependence data. 

Figure 3.25 Isotropic shifts of the meta-H resonances of the [(2,6-(OMe)2)4TPPFe(L)2] 

CIO4 complexes showing the same linear, non-Curie bahavior for the 

3-CNPy data seen in the pyrrole-H data. 
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Ortho Protons of the Axial Pyridine Ligands 

The ortho-Eugand temperature dependence data for the [(2,6-(OMe)2)4TPPFe(L)2] 

CIO4 complexes in Figure 3.26 seem to fall in between those of [(2,6-F2)4TPPFe(L)2] 

CIO4 and [(2,6-Cl2)4TPPFe(L)2] CIO4. The orf/io-Hiigand resonances of the [(2,6-

(OMe)2)4TPPFe(L)2] CIO4 complexes with 4-NMe2Py, 3,4-Me2Py, 3,5-Me2Py, and 4-

MePy all show the initial upfield shift, and then reversal to downfield shift with increasing 

temperature, while the resonances of the 3-MePy, 4-HPy, 3-ClPy, 3-CNPy and 4-CNPy 

complexes all shift downfield with increasing temperature throughout the -90 to +40°C 

range. 

Figure 3.26 Isotropic shift vs. 1/T graph for the ortho protons of the [(2,6-(OMe)2)4-
TPPFe(L)2] CIO4 complexes. Note the extremely negative slopes of the 
lower basicity pyridine data. 
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The orf/io-Hiigand isotropic shift at -60° C versus pKaCPyH"*") plot in Figure 3.27 

also seems to be between that of [(2,6-F2)4TPPFe(L)2j CIO4 and [(2,6-Cl2)4TPPFe(L)2] 

CIO4. As in the [(2,6-F2)4TPPFe(L)2] CIO4 plot the [(2.6-(OMe)2)4TPPFe(4-NMe2Py)2] 

CIO4 isotropic shift appears to be too far upfield for a good fit of the mid- and high-basicity 

pyridine data. However, there is much less scatter in the low-basicity pyridine data as 

compared with the [(2,6-F2)4TPPFe(L)2] CIO4 complexes. This means the break in the 

best-fit line is much more evident. 

Figure 3.27 Isotropic shift of the orr/io-pyridine resonances at -60°C vs. pKaCPyH"*") for 

the [(2,6-OMe)4TPPFe(L)2] CIO4 complexes, showing a definite break 

around a pKa of 5 in the data. 

pKa(PyH+) 
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Pyrrole Proton Data for N-Melm Complexes of the Five Porphyrin Ligands 

The discussion of the pyrrole-H data for the bis-N-Melm complexes of the five 

iron(III) porphyrins studied can be combined in one section since they are all very similar. 

To begin with, all of the isotropic shift versus 1/T data in Figure 3.28 are almost perfectly 

linear. They all start more negative than -38 ppm at temperatures near -90°C and move 

smoothly downfield as the temperature is increased. Next, the 1/T=0 intercepts, 

corresponding to an infinite temperature, are close to an isotropic shift value of 0 ppm for 

all of the complexes. At low temperatures, the range of isotropic shifts is less than 5 ppm, 

with the [(2,6-Br2)4TPPFe(N-MeIm)2] CIO4 complex having the most negative value, 

then [(2,6-Cl2)4TPPFe(N-MeIm)2] CIO4. [(2,6-(OMe)2)4TPPFe(N-MeIm)2] CIO4, then 

|TMPFe(N-MeIm)2] CIO4, and [(2,6-F2)4TPPFe(N-MeIm)2] CIO4. At +40° C the range 

of isotropic shifts is less than 2 ppm with the order of isotropic shift values nearly the 

same. The only difference is the [(2,6-F2)4TPPFe(N-MeIm)2] CIO4 line having crossed 

the [TMPFe(N-MeIm)2] CIO4 data. The [(2,6-F2)4TPPFeO^-MeIm)2] CIO4 data also has 

the most upfield 1/1=0 intercept value. 

Pyrrole Proton Data for 2-MeImH Complexes of the Five Porphyrins 

The pyrrole-H data for the bis-2-MeImH complexes of the five iron(III) porphyrin 

ligands can also be described in one section. Unlike the N-Melm complexes of 

TMPFeCni), (2,6-Br2)4TPPFe(III), and (2,6-Cl2)4TPPFe(I]I), the 2-MeImH complexes of 

these porphyrins have pyrrole resonances split into four peaks at -90°C due to hindered 

axial ligand rotation. In the (2,6-F2)4TPPFe(III) and (2,6-(OMe)2)4TPPFe(III) 2-MeImH 

complexes the pyrrole peak remains a singlet throughout the -90 to +40°C temperature 

range. For the [(2,6-Br2)4TPPFe(2-MeImH)2] CIO4 complex four pyrrole resonances are 
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Figure 3.28 Isotropic shift vs. 1/T for the pyrrole protons of the bis-N-methyUmidazole 

complexes of the five iron(III) porphyrinates. Note the similar isotropic shifts 

and Curie behavior for all five complexes. 
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evident from -90 to +20°C. In the experiments run above +20°C ±e resonances are too 

broad due to chemical exchange to unambiguously assign chemical shift values. For the 

[(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4 complex this extreme broadening occurs above -40° 

C. From -30 to +10° C the peaks in the pyrrole region are too broad to be assigned 

chemical shift values. From +20 to +40° C however, the four pyrrole peaks have coalesced 

into one peak. For |TMPFe(2-MeImH)2] CIO4 four pyrrole peaks are seen from -90 to 

-10°C, where the peaks are too broad to be assigned.^'^ 
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Figure 3.29 shows the isotropic shift versus 1/T x 10^ data for the pyrrole protons 

of all of these complexes. In the cases where the pyrrole resonance is split into four peaks, 

the average value is used. The isotropic shifts for the orf/io-halogenated complexes are 

very similar, while [(2,6-(OMe))4TPPFe(2-MeImH)2] CIO4 and [TMPFe(2-MeImH)2]''" 

have more positive isotropic shift values throughout the -90 to +40°C temperature range. 

From +10 to +40°C the [(2,6-(OMe))4TPPFe(2-MeImH)2] CIO4 pyrrole-H isotropic shift 

deviates severely from the near Curie behavior seen in the other complexes, as rapid ligand 

on-off exchange shifts the resonance towards more positive isotropic shift values. 

Figure 3.29 Isotropic shift vs. lA" for the pyrrole protons of the bis-2-methylimidazole 
complexes of the five iron(III) porphyrinates. Note the similar isotropic shifts 
and Curie behavior for all but the [(2,6-(OMe))4TPPFe(2-MeImH)2] CIO4 
complex. 
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DISCUSSION 

[TMPFe(L)2]"'" Complexes 

Looking at the -90°C data for each complex in Figure 3.3, it is evident that there are 

major differences in the electron density at the pyrrole position. The pyrrole-H isotropic 

shift for the 4-NMe2Py complex at -88.2°C is -42.5 ppm. 4-NMe2Py is the most basic 

ligand studied. For the 4-CNPy complex, 4-CNPy being the least basic pyridine studied, 

the pyrrole-H isotropic shift at the same temperature is -3.6 ppm . Figure 3.4, a plot of 

isotropic shift at -90°C versus pKa of the protonated pyridine ligand, pKa(PyH+), shows 

that there is a smooth transition from large negative isotropic shift values to positive 

isotropic shift values as the basicity of the axial ligand decreases. The causes of these large 

differences in isotropic shift can be found when the electronic configuration of the iron 

center and the symmetry of the frontier molecular orbitals of the porphyrin are examined. 

In bis-pyridine complexes of iron(III) porphyrins, the electronic state of the metal 

center is low spin d^, giving only one unpaired electron. The symmetry about the metal 

center is tetragonal for porphyrin complexes that have the planes of the axial pyridine 

ligands lying in perpendicular planes with respect to each other. This is the case with all of 

the substituted pyridine [TMPFe(L2)]'^ complexes. For the higher basicity pyridines, the 

unpaired electron is in an e (dxz.dyz) symmetry orbital.^ 

Previous studies of paramagnetic iron(in) porphyrins have shown that large 

chemical shifts at the pyrrole position arise from unpaired electron density in the 3e(7t) 

molecular orbital of the porphyrin ring.32 These orbitals have the proper symmetry to 

interact with the (dxz.dyz) iron orbitals, and unpaired electron density can be delocalized 

into the 3e(K) porphyrin orbitals through porphyrin to uron k donation. From Figure 1.6 it 

is seen that the 3e(K) orbitals have large coefficients at the p-pyrrole positions. Thus, 
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unpaired electron density can delocalize out to the pyrrole positions and cause the large 

negative isotropic shifts seen for the pyrrole-H resonances of [TMPFe(L)2]''' complexes 

containing higher basicity pyridine axial ligands. 

For lower basicity pyridine complexes of TMPFeOClOs, such as [TMPFe(4-

CNPy)2] CIO4, it is found firom EPR data^^ that the unpaired electron is not in the (dxz.dyz) 

orbital set. In these low-spin d^ complexes, the dxy orbital is of higher energy than the 

degenerate (dxz.dyz) set, and is the orbital of the unpaired electron. The dxy orbital, 

however, does not have the proper symmetry to overlap with the porphyrin 3e(7c) orbital, 

and thus delocalization of unpaired electron density to the pyrrole positions would appear 

not to effectively occur. 

It is possible, however, for the dxy orbital to overlap with the 3a2u(JC) molecular 

orbital of the porphyrin ring in a 7t fashion.^^ Recalling that the TMPFe(III) pyridine 

complexes are S4 ruffled, it becomes apparent that the lobes of the dxy orbital, which are in 

the plane of the porphyrin ring, have the correct symmetry for partial overlap with the 

3a2u(7C) orbital. The K lobes of the 3a2u(Jn) orbital at the porphyrin nitrogens have been 

ruffled away from the molecular z axis such that a component of the orbital lies in the xy 

plane of the porphyrin ring. This allows for porphyrin to metal electron donation, and 

unpaired electron density can delocalize through the 3a2u(?c) molecular orbital. However, 

the 3a2u(7t) orbital, as seen in Figure 1.6, does not have much electron density at the |3-

pyrrole positions. Therefore large negative isotropic shifts for the pyrrole-H resonances are 

not expected from this interaction. Accordingly, pyrrole-H resonances of [TMPFe(L2)]''' 

complexes with lower basicity axial ligands are not shifted far from their diamagnetic 

positions. More evidence of overlap of the metal dxy orbital with the porphyrin 3a2u(7C) 

molecular orbital in ruffled systems is found in the temperature dependence of the meso 

protons in [0EPFe(t-BuNC)2]'''.^^ From the axial EPR spectrum it is seen that the orbital 

of the unpaired electron is the dxy orbital.The large upfield shifts of the meso 



106 

resonances indicates the delocalization of unpaired electron density from the dxy orbital to 

the 3a2u(JC) orbital, which has large coefficients at the meso positions. The orbital overlap 

is made possible by the S4 ruffling of the porphyrin core found in this complex.^^ 

Looking now at the temperature dependence in the Curie plot of the pyrrole-H 

resonances of the series of pyridine complexes of TMPFeOClOs (Figure 3.3), it is obvious 

that the lower basicity pyridines do not behave like the higher basicity pyridines. As noted 

by the inverse temperature dependence seen in the equations for both the contact and 

dipolar terms of the isotropic shift and from the Curie law, it is expected that there should 

be a smooth linear shift of the pyrrole-H resonance towards zero isotropic shift as the 

temperature is raised. This can clearly be seen for both the 4-NMe2Py and 3,5-Me2Py 

TMPFe(in) complexes. The temperature dependence of the chemical shifts in a Curie plot 

shows that the resulting data are almost completely linear with very little sign of bending at 

higher temperatures. 

The other higher basicity pyridines do not seem to show an intercept at 0 ppm, but 

seem to intercept the isotropic shift axis at less positive chemical shift values. The low 

basicity pyridines pyrrole-H resonances shift away from a zero isotropic shift with 

increasing temperature. This difference from the expected Curie behavior can be explained 

by two processes: promotion of an electron into a thermally accessible excited state, and 

rapid ligand on-off exchange. Each of these processes results in a different electronic state 

for the unpaired electron from the bis-ligand complexes ground state, and thus different 

isotropic shifts for the pyrroIe-H. 

The first process to be discussed is the occupation of an electronic excited state. 

Starting with the lower basicity pyridine [TMPFe(L)2]"'' complexes, it has been shown 

through EPR experiments run at 4.2 K that the ground state electronic configuration has the 

unpaired electron in the dxy orbital.^^ Without the proper symmetry for 3e(7C) porphyrin 

orbital - iron dxy orbital overlap, unpaired electron density cannot delocalize out to the 
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pyrrole-H positions. This causes the pyrrole-H cheniical shift to be close to its diamagnetic 

position at the lowest temperatures. However, there is an electronic excited state that lies 

close enough in energy to the ground state that it is possible to populate it thermally. This 

excited state involves the excitation of one electron from the dxz.dyz orbital set into the hole 

in the dxy orbital. In this excited state, seen in Figure 3.30, the unpaired electron is now in 

the dxz.dyz orbital set which, as mentioned before, has the proper symmetry to overlap with 

3e(7C) molecular orbitals of the porphyrin, resulting in unpaired electron delocalization out 

to the pyrrole positions. This causes the resonance to shift to less positive isotropic shift 

values. The higher the temperature of the NMR experiment, the more populated the excited 

state becomes, and the more upfield the pyrrole-H resonance moves. 

Figure 3.30 Electronic states for both the (dxz,dyz)^(dxy)' ground state seen in the low 

basicity pyridine complexes and the (dxy)^(dx2,dyz)^ ground state seen in the 

high basicity pyridine complexes of the iron(ni) porphyrinates. 
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This explains the anti-Curie behavior seen in the 4-CNPy and 3-CNPy complexes 

of [TMPFeCni)]''', and also the trend seen as the slopes of the temperature dependence lines 

move smoothly from negative slopes to positive slopes as the basicity of the ligand 

decreases through the series from 4-NMe2Py to 4-CNPy. The highest basicity pyridine 

complexes have a (dxy)^(dxz.dyz)^ ground state with very minimal occupation of the (dxz, 

dyz)'^(dxy) ^ excited state because the energy separation between ground state and excited 
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state is large enough to not allow a significant thermal population of the excited state. 

However, as the basicity of the pyridine ligand decreases, the energy difference between 

ground state and excited state also decreases. This allows both the ground and excited state 

to be populated to a varying extent as the temperature is changed, and the resulting 

temperature dependence data are not linear and do not cross the 1/T=0 isotropic shift axis at 

zero. By the time the 3-CNPy and 4-CNPy complexes are reached the ground state has 

switched over to a (dxz. dyz)'^(dxy)^ state, wi± the excited state being (dxy)^ (dxz» dyz)^-

Increasing the population of this excited state thus shifts the pyrrole-H resonance fiirther 

upfield as the temperature is raised. 

The other process that causes non-linear behavior in the temperature dependence 

data is rapid on-off ligand exchange. In looking at the NMR spectra for many of these 

complexes, especially the lower basicity pyridine complexes, broadening of the pyrrole 

resonance, ortho-B. pyridine resonances and free ligand resonances is observed as the 

temperature is raised above -30°C. In the 3-CNPy and 4-Q^Py complexes ortho-H ligand 

peaks are broadened to such an extent that they are lost in the baseline above 10°C due to 

exchange with free ligand. 

The question then arises, what is the nature of the species that the bis-pyridine 

complex is exchanging with? For iron(III) ±e bis-pyridine complex is most likely 

exchanging with the 5-coordinate mono-pyridine TMPFe(III) complex. The next question, 

then, is what is the electronic state of this 5-coordinate complex? 

For strong axial ligands, such as the more basic pyridine ligands in this study, the 

5-coordinate complex is expected to be high-spin, like what is seen in the 5-coordinate 

TMPFeCl complex. In this high-spin species with five unpaired electrons, the pyrrole-H 

resonance lies at +86 ppm at room temperature. As the temperature is raised through the 

point where chemical exchange of the 6-coordinate low-spin complex with the 5-coordinate 

high-spin complex becomes apparent, the position of the pyrrole-H resonance will shift 
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more downfield than expected, and the temperature dependence data would curve towards 

more positive ppm values. 

For the lower basicity pyridines, however, the 5-coordinate complex could be the 

intermediate-spin, 8=^/2 state. This state is seen in the 5-coordinate TMPFeOClOs 

complex, with OCIO3" being a fairly weak axial ligand. (The NMR spectra of the 

porphinatoiron(III) perchlorate complexes used in this study are summarized in Table 2.3.) 

With the low basicity pyridines also being weak ligands, it would not be surprising if their 

5-coordinate TMP complexes were also intermediate-spin. Scheldt et have found 

that a related 6-coordinate [OEPFe(3-ClPy)]"'' complex has an intermediate spin iron center. 

A variable temperature ^HNMR study undertaken by Dr. Marlys Nesset in her 

thesis work^^ showed that for TMPFeOClOs the pyrrole-H isotropic shift varied linearly 

with 1/T from —45 ppm at -50°C to —18 ppm at +10°C. It then appears possible that when 

the pyrrole protons of the 6-coordinate TMPFeCHI) complexes of 4-CNPy and 3-CNPy, 

with chemical shift values in the 0 to -5 ppm range, exchange with their respective 5-

coordinate intermediate-spin pyrrole protons, the pyrrole-H resonances would shift more 

upfield than expected, and the temperature dependence data would bend towards less 

positive isotropic shift values. This trend is what is seen in the data. 

Ligand on-off exchange is a major factor which must be considered when looking 

at weaker ligands, such as 4-CNPy and the other lower basicity pyridines. At temperamres 

above 0°C in this study it is evident that chemical exchange must be playing a role in the 

observed chemical shift value. For the higher basicity pyridines, this does not seem to be 

the case. These ligands bind to TMPFe(III) with larger equilibrium constants,'^^ and 

chemical exchange signals such as line broadening in the NMR spectra are not as prevalent, 

or at least do not show up until +30 to +40°C. 

To take a closer look at the dipolar contribution to the isotropic shift, the ortho-H 

resonances of the axial pyridine ligands were examined. From equation 3.7, with the 
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dependence, it is clear that the protons closest to the iron center will feel the greatest effect 

from the dipolar contribution, and these ortho-protons are only on average 2.98 A away 

according to x-ray crystal structure data.^^ 

To see if there is any trend among the ortho-R resonances of the different 

complexes a plot of ortho-H. isotropic shift versus pKa of the protonated pyridine ligand 

was constructed. But before this plot could be made, a few details had to be taken care of. 

The first problem that arises is that since the spectra of the different TMPFe(lII) complexes 

were run on different NMR instruments with different variable temperature unit 

calibrations, the raw data could not be used in the plots. To make sure the -60°C plot 

represented -60°C for all complexes, with the other temperature plots following suit 

accordingly, the data from each complex was fit to a first-, second-, or third-order 

polynomial, whichever fit the best. The exact temperature data was then extrapolated using 

the best-fit equations. This way the -60°C plot represents -60°C data for all of the 

complexes. 

The second problem is that for unsymmetrically substituted pyridines, the chemical 

shifts of the two ortho resonances are not equivalent and can be as much as 15.7 ppm apart 

for the 3-CNPy complex at -90°C. To compare these unsymmetrical pyridine complexes 

with the symmetrical ones, which only have one ortho-H resonance for the pyridine axial 

ligand, it was found that the average chemical shift value of the two ortho-H resonances fit 

the correlation observed for symmetrical pyridines. 

Once the isotropic shift at -90°C versus pKa(PyH+) data was plotted it became 

evident that there is not a smooth correlation. There is a bend in the line at roughly the pKa 

value of pyridine itself. As seen in Figure 3.7, the line starts relatively downfield at the 

pKa(PyH+) of 4-NMe2Py and moves upfield to about the pKa(PyH+) of pyridine itself. 

The line from pyridine to 4-CNPy through the less basic pyridines is much shallower than 

the line through the higher basicity pyridines. 
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Examining liquid helium EPR data for [TMPFe(L)2]''' complexes with pyridine 

axial ligands (see Chapter 5), it is noted that the sign of the magnetic anisotropy changes 

through the series of Hgands. That is, for basic pyridine complexes like [TMPFe(4-

NMe2Py)2]'*", gz > gx> gy. indicating that the unpaired electron is in the dxz.dyz orbital set. 

For weakly basic pyridine complexes like [TMPFe(4-CNPy)2]''', gx, gy > gz. indicating 

that the unpaired electron is in the dxy orbital. This is also evident from the temperature 

dependent studies of the pyrrole-H resonances. 

Looking back at equation 3.7 for the dipolar contribution to the NMR isotropic 

shift, it can be seen that the change in sign of the magnetic anisotropy will change the sign 

of the dipolar shift. Since the ortho-H resonances of the pyridine ligands are the most 

sensitive to changes in the dipolar shift, and since there is such a pronounced bend in the 

ortho-R chemical shift versus ligand pKa(PyH+) line, it can be reasoned that this change in 

magnetic anisotropy occurs around a pKa of 5.2. 

Figure 3.31 illustrates the crossing of the two electronic states for the 

[TMPFe(L)2]''" complexes. For [TMPFe(4-NMe2Py)2]'*" the ground state is 

(dxy)^(dxz4yz)^. the excited state is (dxz.dyz)'*(dxy)^ and there is a relatively large energy 

gap between the two states. As the pKa of the axial pyridine ligand is decreased, the 

energy gap decreases until at the pKa of pyridine, 5.22, the states cross. The energy gap 

between the two now widens, with the ground state being (dxz.dyz)'^(dxy)^ and the excited 

state being (dxy)2(dxz,dyz)3 for the lower basicity pyridine complexes of TMPFeOClOs. 
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Figure 3.31 Plot of the relative energy difference between ground and excited states vs. 
pKa(PyH+) of the axial pyridine ligand. The energy gap between the 
(dxy)^(dxz.dy^^ ground state and (dxz,dy^^(dxy)^ excited state of the higher 
basicity pyndine complexes decreases with decreasing ligand pKa until Sie 
two states cross around a pKa of 5. At pKas smaller than 5 the energy gap 
between the (dxz.dy2)'^(dxy)^ ground state and (dxy)2(dxz.dyz)^ excited state 
increases with decreasing ligand basicity. 

Energy vs. pKa(PyH+) 
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Calculating the Contact and Dipolar Shifts 

The change in magnetic anisotropy around the pKa of pyridine can be used to 

separate the dipolar contribution from the contact contribution to the isotropic shift. But 

first, an assumption must be made. This assumption is that 4-dimethyaminopyridine is a 

"pseudo-imidazole." That is, it behaves very much like an imidazole in this complex, and 

thus [TMPFe(4-NMe2Py)2]"'" appears to have a pure (dxy)^ (dxz.dyz)^ ground state. The 

comparison of the temperature dependence data for the pyrrole and meta resonances of 
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[TMPFe(N-MeIni)2]''' and |TMPFe(4-NMe2Py)2]'*' in figure 3.32 indicate that this 

assumption is valid. This being the case, it can be seen that with the unpaired electrons in 

the dxz.dyz degenerate orbital set, the proper symmetry exists for electronic delocalization 

into the 3e(jt) porphyrin orbitals through porphyrin to iron electron donation into the hole 

in dxz.dyz- In the 3e(7C) molecular orbitals the coefficients at the meso positions are zero. It 

can then be assumed that for the meta protons on the phenyl rings at the meso positions of 

the porphyrin ring the paramagnetic shift due to the contact contribution would also be 

zero. Any shift away from the diamagnetic position of 7.21 ppm would thus be due to the 

dipolar contribution. 

Figure 3.32 Curie plot showing the similar temperature dependence of the pyrrole and 

meta resonances of [TMPFe(N-MeIm)2]''" and [TMPFe(4-NMe2Py)2]'*"-
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Looking at equation 3.7 it can be seen that for different protons in the same 

molecule the differences in their dipolar shifts are due to their positions. Therefore, the 

ratio of their geometric factors can be used to calculate the dipolar shift of any proton in the 

molecule as long as there is one known dipolar shift value to start with. La Mar et 

published the geometric factors for |TPPFe(L)2]''" with pyridine or 4-MePy axial ligands. 

In the present work, however, it was decided that the geometric factors for corresponding 

proton positions might be different in the more hindered porphyrins in this study. 

Therefore, the geometric factors for lTMPFe(4-NMe2Py)2]'*" were calculated from crystal 

structure data^^ using the program Macromodel on a Silicon Graphics ERIS™ computer. 

Table 3.5 compares geometric factors for ITPPFe(L)2]''' obtained by La Mar^^ with the 

[TMPFe(4-NMe2Py)2]"^ geometric factors. For the most part the differences are small, 

with only a 6.6% difference for the meto-protons of the porphyrin macrocycle. However, 

for the orf/io-Hpyridine position, the difference is 22.6%. This difference can have a 

profound effect on the dipolar shift calculations since the absolute value of the geometric 

factor for the ortho pyridine protons, 259.5 x 10"20 cm'^ is much larger than the value at any 

other proton. 

Table 3.5 Relevant axial geometric factors published by La Mar et compared 
with the geometric factors calculated from |TMPFe(4-NMe2Py)2]''" used in 
this work. 

La Mar et al. This work 

Position Factor* 

TPP m-H -16.7 

Position Factor* 

TMP m-H -17.8 

/7-CH3 -11.0 

pyrroIe-H -70.3 

/7-CH3 -11.6 

pyrrole-H -76.4 

0-CH3 -16.1 

Pyridine o-H 

m-n 

211.6 
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Pyridine o-H 259.5 

m-H 122.2 

p-NCHs 47.4 
•Geometric factors given are x lO^O cm"^ 
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Calculations of the Dipolar Shift 

Assuming that in the lTMPFe(4-NMe2Py)2]"'' complex the porphyrin mgra-proton 

isotropic shift (-2.01 ppm) is entirely dipolar, the dipolar shift of the orf/io-H4.NMe2Py 

resonance in this complex can be factored using equation 3.8. 

Sn.p fproton x in compound a") = Sn.p Cproton y in compound al (equation 3.8) 
geometric factor (proton x) geometric factor (proton y) 

This relationship works because for protons in the same compound the only term in 

equation 3.7 that changes is the geometric factor, (3cos20-I)/r3. From this equation and 

then equation 3.4, the contact shifts for all of the resonances in the [TMPFe(4-NMe2Py)2]''" 

complex can be calculated. 

For the orr/zo-H4_NMe2Py resonance the contact shift value at -60° C is calculated to 

be -37.3 ppm. This point can then be placed on the 5iso(o/t/io-H) versus pyridine pKa 

graph seen in Figure 3.7 such that the difference between the 5iso=0 line and this point 

represents the contact contribution. Since it is assumed that the magnetic anisotropy 

changes sign at a pKa around 5, the dipolar shift is zero in the ITMPFe(4-HPy)2]''' 

complex. Therefore, the pyridine 6iso data point represents the contact shift at this pBCa 

value. A line can now be drawn through the 4-NMe2Py contact shift point and the 4-HPy 

isotropic/contact shift point. After doing this the situation has been created in Figure 3.33 

where the distance along the y-axis between zero and the experimental data point is the 

isotropic shift, the distance between zero and the y-axis and the line running through the 4-

NMe2Py contact shift point and the 4-HPy experimental data point is the contact shift, and 

the distance along the y-axis between the 5iso experimental data point and the contact shift 

line is the dipolar shift. The dipolar and contact shifts for the ortho resonances of all of the 

pyridine complexes can now be calculated using this plot. The dipolar and contact shifts 
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can then be calculated for all of the other resonances in the [TMPFe(L)2]''" complexes 

through factoring using the geometric factors and equations 3.8 and 3.4. This method 

gives a contact shift value of -23.1 for the ortho-H. resonance of the [TMPFe(4-CNPy)2]''" 

complex. 

Figure 3.33 Isotropic shift vs. pKaCPyH""") with the solid line representing the contact shift 

for the ortho protons of the [TMPFe(L)2]+ complexes. 
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Another method for separating the contact and dipolar contributions is by direct 

calculation using equation 3.6 for the dipolar shift. With the geometric term for the dipolar 

shift being calculated from crystal structure data, and the values of the constants in the first 

part of the equation being known at a given temperature, the only missing terms are the g-

values. These can be obtained through EPR experiments run at 4.2 K for some of the 

compounds. 
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To start the calculations, the complex with the purest known (dxy)2(dxz,dyz)3 

ground state was looked at. This is [TMPFe(N-MeIm)2]'^- Using the theory from 

Griffith"^^ and the g-values from the EPR spectrum,^'^ the orbital of the unpaired electron 

has been calculated to have only 2.0% dxy character.34 As explained earlier, it can be 

assumed that the paramagnetic shift of the meta protons on the phenyl rings of the TMP 

ligand are totally dipolar in nature for this complex. Using the meta-H geometric factor 

(-17.8 X 10^0 cm"3), the EPR g-values for this complex (2.89, 2.33, 1.57),34 and 

T=213.15 K, the dipolar shift for the meto-protons is calculated to be -1.91 ppm at -60°C. 

Adding this number to the observed chemical shift value of the meta-H in the diamagnetic 

complex (7.21 ppm) gives a calculated chemical shift value of 5.30 ppm for the meta-

protons at -60°C in |TMPFe(N-MeIm)2]'''. This corresponds very well with the observed 

chemical shift value at this temperature, which is 5.29 ppm. This close agreement between 

the calculated and observed chemical shifts shows that the assumption that the paramagnetic 

meta-R chemical shift is totally dipolar in nature is valid. 

The g-values for the [TMPFe(4-CNPy)2]''" complex are also known.37 The ground 

state of this complex has the unpaired electron in the dxy orbital which can overlap with the 

3a2u(JC) orbital with its large coefficients at the meso positions (see Figure 1.6). Therefore, 

electron density can delocalize out to the meta protons of the phenyl rings through bonds 

resulting in a contact shift. However, having calculated the |TMPFe(N-MeIm)2]''" meta-K 

value, the dipolar shift of the meta-H of the [TMPFe(4-CNPy)2]'^ complex can be 

calculated by factoring the g-anisotropies of the two complexes using equation 3.9. 

5 H.-p (x-H. complex a) = 5 Hip Cx-H. complex b) 
g\p- - g±^ (complex a) g\\^ - gj.^ (complex b) 

(equation 3.9) 
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Since the only difference in the dipolar shift equation for corresponding resonances in two 

different complexes is the g-anisotropy, this factoring method gives the same answer as 

that obtained by inserting the lTMPFe(4-CNPy)2]'^ values into equation 3.7. The result is 

a value of 1.72 ppm for the dipolar shift of the meta-H protons on the TMP ligand in 

[TMPFe(4-CNPy)2]+ at -60°C. 

The dipolar shift of all of the other resonances in the 4-CNPy complex can then be 

calculated as before using equation 3.8. With this method the dipolar shift for the ortho-

protons on the 4-CNPy ligand when bound to lTMPFe(III)]+ is calculated to be -25.08 

ppm at -60° C. With a paramagnetic shift of -32.5 ppm measured for this resonance the 

contact shift is calculated to be -7.42 ppm. This value is quite different from the -23.08 

ppm shift for the ortho-K resonance of [TMPFe(4-CNPy)2]''' using the 5contact line in 

Figure 3.33. In the [TMPFe(4-CNPy)2]''' complex, the ground state has the unpaired 

electron in the dxy orbital. This orbital does not have the proper symmetry to overlap with 

the p-7C orbitals on the pyridine axial ligands. Therefore it would be expected that the 

contact term would be small, and that the isotropic shift would be dominated by the dipolar 

term. This suggests that the -7.42 ppm value is more representative of the contact shift. 

When extending this calculation using the g-anisotropies to the other substituted 

pyridine complexes of TMP, a problem arises. For the TMP case only two compounds 

give completely resolved EPR spectra, even at 4.2 K, these being the previously discussed 

[TMPFe(4-CNPy)2]"'" and [TMPFeG^-MeIm)2]''" complexes, which give axial and rhombic 

spectra respectively. All of the other complexes in this study give a "gmax" type signal (see 

Chapter 5), and it can be difficult to obtain the three g-values to insert into equation 3.7. In 

these complexes, magnetic Mossbauer spectroscopy may provide the g-values. More about 

this, and using assumption of the sum of g^, will be discussed in a few pages. 

The problem of the lack of g-values is not necessarily a problem for the |TMPFe(4-

NMe2Py)2]'^ complex. Again, in these iron porphyrin complexes 4-NMe2Py can be 
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thought of as a "pseudo imidazole." The Curie behavior seen in the variable temperature 

NMR data (Figure 3.3) indicates that the ground state of the iron is mainly 

(dxy)^(dxz.dyz)^, just as in the N-Melm case, so the pseudo-imidazole assumption appears 

reasonable. 

Just as with [TMPFe(N-MeIm)2]''", it can be assumed that in the 

|TMPFe(4-NMe2Py)2]''' complex the porphyrin meta-K chemical shift (-2.01ppm) is totally 

dipolar in nature. Using this value for Sdjpoiar in equation 3.6, the g||2 - value is 

calculated to be 4.63. Recall from the previous discussion that the dipolar shift for the 

mgra-protons in the 4-CNPy complex was calculated by factoring the gn^ - gj^2 values for 

the 4-CNPy and N-Melm complexes, and that this gave a Sdipoiar ('"-H, 4-CNPy) value of 

1.72 ppm. Doing a similar calculation, but using the calculated gn^ - gj.^ value (4.63) and 

the Sisotropic '"-H value (2.01 ppm) for [TMPFe(4-NMe2Py)2]''', the value for Sdipoiar ("»-

H, [TMPFe(4-CNPy)2]''' is also calculated to be 1.72 ppm. This suggests that the 4.63 

value for the g-anisotropy of [TMPFe(4-NMe2Py)2]''" is a good number. By plotting this 

value and the gn^ - value for [TMPFe(4-CNPy)2]''", -3.97, versus pKa(PyH+) for these 

two ligands (Figure 3.34), it is found that a line between these two points passes through 0 

at a pKa of 5.07, which is close to the value of 4-HPy (5.22). This helps reaffirm the 

assumption that the dipolar term changes sign around the pKa of pyridine for the 

|TMPFe(L)]"'' complexes. When the value of g\\^ - g±^ is 0, the dipolar term drops out, and 

the paramagnetic shift of the resonances for |TMPFe(Py)2]''' are due almost entirely to the 

contact term. 

Turning to the ortho resonances of the axial ligands, since they are closest to the 

metal center and will give the most information about the dipolar shift, and using equation 

3.6 for 5dipolar and 4.633 for g||2 - gj}, the ortho-H dipolar shift at -60°C for the 

ITMPFe(4-NMe2Py)2]''' complex is calculated to be 29.3 ppm. Using -3.97 for g||2 - gj_2 

in the same equation, the ortho-H dipolar shift at -60°C for the |TMPFe(4-CNPy)2]'^ 
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Figure 3.34 The plot of gip- - gx^ vs. pKa(PyH+). The 4-CNPy value was calculated 

fix)m the EPR sprectrum, and the 4-NMe2Py value was calculated from the 

dipolar shift in the NMR spectrum and equation 3.7. Note that the line passes 

through 0, and thus gn^ - gj^2 changes sign close to a pKa of 5. 
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complex is calculated to be -25.1 ppm. The contact shift is then calculated to be -7.36 

ppm, which agrees well with the -7.42 value obtained from the same method only using the 

[TMPFe(N-MeIm)2]''" data. 

For the other [TMPFe(L)2]''' complexes, the g-values are not available. Also the 

-60° iH NMR data indicate that there is mixing of the ground and excited states, so as in the 

[TMPFe(4-CNPy)2]''' complex it must be assumed that the meta-H resonances on the 

mesityl groups are not totally dipolar in nature. Therefore, the direct calculation method 
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using equation 3.7 will not work for these complexes as it did for the 4-CNPy and 

4-NMe2Py TMPFe(III) complexes. The problem with this treatment is that it compares the 

[TMPFe(4-CNPy)2]"'' g-values obtained at 4.2 K with a g-anisotropy calculated for 

[TMPFe(4-NMe2Py)2]+ at 213.2 K. 

Although the g-values for |TMPFe(4-NMe2Py)2]''' could not be obtained from the 

EPR spectrum, from the fit of the Mossbauer spectrum of [TMPFe(4-NMe2Py] CIO4 

recorded at 4.2 K in a 6 Tesla applied magnetic field, the g-values were calculated-^"* In 

this study two sets of g-values for lTMPFe(4-NMe2Py)2]C104 were calculated. One set 

resulted from an unconstrained fit, and the other from a fit in which the tetragonal crystal 

field splitting parameter and measure of ligand donor strength, tJX, was set to 3.6. A AA, 

value of 3.6 is found for other iron(III) porphyrinates with bis-4-dimethylaminopyridine 

axial ligation.^"^ These two methods gave values of 3.38 for gz, 1-91 for gy, and 0.36 for 

gx in the unconstrained fit, and 3.44 for gz, 1.80 for gy, and 0.92 for gx in the AA^3.6 fit. 

Since the values of gz, gy, and gx are similar in both treatments, the scatter in the 

Mossbauer data is such that both fits are valid, and AA.=3.6 is found in similar bis-4-

NMe2Py iron(III) porphyrin complexes, the AAp:3.6 constrained fit data was used for the 

following calculations. 

Using these g-values in the dipolar shift equation (equation 3.7) for the ortho-

Hpyridine shifts of [TMPFe(4-NMe2Py)2]'*' at -60°C results in a dipolar shift of 61.9 ppm. 

From equation 3.4, a contact shift value of -69.3 ppm is calculated. Plotting this value on 

the 5isotropic versus pKa graph in Figure 3.33 and drawing a line from this low temperature 

"EPR" data point to the "EPR" data point for the 4-Q^IPy complex gives Figure 3.35. The 

dashed line represents the contact shift that would be calculated if the 4.2 K g-anisotropy 

value were valid at the temperatures where the NMR spectra were recorded. The solid line 

represents the contact shift calculated from the NMR parameters from which an "effective" 
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Figure 3.35 Isotropic shift at -60°C vs. pKa(PyH+) for the ortho protons of the 

jTMPFe(L)2]"'" complexes. The solid line represents the contact shift 

calculated from the meta-H Sdipoiar of [TMPFe(4-NMe2Py)2]"'"- The dashed 

line represents the contact shift calculated from the EPR g-values of 

[TMPFe(4-CNPy)2]"'' and the g-values obtained from the Mossbauer 

spectrum of [TMPFe(4-NMe2Py)2]'''. 
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g-anisotropy value of 4.633 was calculated for the [TMPFe(4-NMe2Py)2]"'' complex. The 

dashed EPR line suggests that the point where the g-anisotropy changes sign is in-between 

the pKaCPyH""") of 4-HPy and 3-ClPy instead of right at 4-HPy. The problem with the 

EPR dashed line is that it assumes that the g-anisotropy values at 4.2 Kelvin do not change 

with temperature. The solid line calculated from effective g-anisotropy data indicates that 

this assumption is not necessarily true. It can be reasoned that as the temperature is raised 
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the effective g-anisotropy changes due to temperature dependent factors such as the second-

order Zeeman contribution.^® The result is that the line representing the contact shift in a 

5isotropic ortho-H. versus pKa graph becomes shallower and shallower as the temperature is 

increased. If this is the case then even though the point where the g-anisotropy changes 

sign may not be at pyridine, it is somewhere around pyridine. The solid line in Figure 3.35 

would therefore be a better first approximation of the contact shift at -60°C for the 

|TMPFe(L)2]''' complexes. 

When comparing Figure 3.35 with similar figures for the other iron(III) tetra-(2,6-

disubstitutedphenyl)porphyrin complexes, there are several differences. One of these 

differences is that using the line representing the contact shift drawn through the pyridine 

Sisotropic point and the 5contact point for the 4-NMe2Py complexes (calculated from the 

mefa-Hphenyl dipolar shift) for all of the other porphyrins, the contact shifts for the ortho-H 

resonances are calculated to be less than 9 ppm away fix)m a value of zero. A closer look at 

the EPR data (see Chapter 5) finds that the axial 4.2 K EPR of [TMPFe(4-MePy)2]''' 

indicates that this complex has the (dxz,dyz)'^(dxy)^ ground state, and the pKa where the g-

anisotropy changes sign is between that of 4-MePy and 4-NMe2Py. Reexamining the 

ortho-H data in Figure 3.7, it is seen that although the bend appears to be at pyridine, 

drawing ±e lines such that the break is at a pKa(PyH+) value higher than that of 4-MePy is 

also plausible. If this were the case, the contact shift of the orr/zo-H4-CNPy resonances 

would be closer to zero ppm. This means that the paramagnetic shift for the ortho-H 

resonances would be dominated by the dipolar term. This is expected in a complex with 

the (dxz,dyz)'^(dxy)^ ground state since the dxy orbital does not have the proper symmetry 

for overlap with the ligand Jt-molecular orbital. This situation is illustrated in Figure 3.36. 

Although the contact shift line from the NMR data in Figure 3.35 is a good 
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Figure 3.36 Contact shift line at -60°C estimated from both EPR g-anisotropy data and 

NMR isotropic shift data. This contact shift line is used in the calculations of 

^contact ^d 5(jjpolar ^ Table 3.6. 
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approximation, die contact shift line in Figure 3.36 appears to have the best fit to the NMR 

and EPR data. It is this line, then, that is used to calculate the ortho-H contact shifts for all 

of the other pyridine complexes of TMPFeOClOs. From these values, Scontact and Sdipoiar 

for all of the resonances of the [TMPFe(L)2]''" complexes can be calculated (see Table 3.6). 

From this treatment it can be concluded that the effective g-anisotropy of the complex 

changes with temperature due to the second-order Zeeman contribution, but the point where 

the g-anisotropy changes sign does not change much, if at all, with temperature. For the 

|TMPFe(L)2]+ complexes, the crossing point in Figure 3.31 would be further to the right. 
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resulting in a slightly larger energy gap between the ground and excited states for 

[TMPFe(4-CNPy)2]"^, and a slightly smaller AE for [TMPFe(4-NMe2Py)2]''"-

In Table 3.6 the general trends predicted for the contact and dipolar shifts of the 

[TMPFe(L)2]''' complexes are seen. Focusing on the pyrrole protons, the calculations 

result in negative values for the contact shifts, which are predicted for jr-delocalization. 

The contact shift values for the higher basicity pyridine complexes (-27.7 ppm for 

[TMPFe(4-NMe2Py)2]''') are larger than those for the lower basicity pyridine complexes 

(-15.2 ppm for [TMPFe(4-CNPy)2]'''). Since the unpaired electron is in the dxz.dyz 

degenerate orbital set (which has the proper symmetry for overlap with the porphyrin 3e(7t) 

orbitals, which have large coefficients at the pyrrole positions) in the more populated 

ground state of the higher basicity pyridine [TMPFe(L)2]'^ complexes, Scontact is predicted 

to be larger than for the lower basicity pyridine [TMPFe(L)2]''' complexes, where the 

unpaired electron is in the dxz.dyz degenerate orbital set in the less populated excited state. 



Table 3.6 Calculated Sdipoiar ^contact values in ppm at -60°C for the {TMPFe(L)2]^ complexes. 

''"^pyridine '''"Hpoqjhyrin pyrroie-H 
Ligand pKa(PyH''') ^iso ^dip ^con ^iso ^dip 6con ^iso 6dip ^oon 

4-CNPy 1.10 -32.4 -23.9 -8.5 6.8 1.6 5.1 -8.2 7.0 -15.2 

3-CNPy 1.45 -31.4 -21.7 -9.7 5.2 1.5 3.7 -13.8 6.4 -20.2 

3-ClPy 2.84 -30.8 -16.5 -14.4 3.1 1.1 2.0 -18.4 4.9 -23.2 

4-HPy 5.22 -29.8 -7.5 -22.3 2.0 0.5 1.5 -21.2 2.2 -23.4 

3-MePy 5.68 -27.8 -4.0 -23.8 1.1 0.3 0.8 -24.9 1.2 -26.1 

4-MePy 6.02 -26.4 -1.4 -25.0 0.9 0.1 0.8 -25.4 0.4 -25.9 

3,5-Me2Py 6.15 -25.4 0.0 -25.4 0.1 0.0 0.1 -29.2 0.0 -29.2 

3,4-Me2Py 6.46 -25.0 1.4 -26.4 0.1 -0.1 0.2 -28.0 -0.4 -27.5 

4-NiMe2Py 9.70 -8.0 29.3 -37.3 

o
 

<N 1 -2.0 0.0 -36.3 -8.6 -27.7 
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With the pyridine complexes of (2,6-Br2)4TPPFe0C103, the pyrrole-H isotropic 

shift shows a different pattern than the [TMPFe(L)2]''" complexes. The temperature 

dependence for the higher basicity pyridine complexes of (2,6-Br2)4TPPFe0C103 is very 

similar to the dependence of the higher basicity pyridine complexes of TMPFe(III). 

However, for the lower basicity pyridine complexes of (2,6-Br2)4TPPFe0C103, anti-Curie 

behavior is not seen. 

Looking at the 5pyn-oie-H versus axial ligand pKa in Figure 3.9, it is seen that a 

straight line can be drawn through the data at each temperature, indicating a smooth 

transition to less unpaired electron density at the pyrrole position as the basicity of the axial 

pyridine ligand is decreased. This indicates that at the low temperature of -90°C, the lower 

basicity pyridine complexes of (2,6-Br2)4TPPFe0C103 have more (dxz,dyz)'^(dxy)^ 

character than the higher basicity complexes. However, comparing Figure 3.8 widi Figure 

3.3 for the [TMPFe(L2)]'^ complexes, it is clear that the low basicity pyridine complexes of 

TMP have much more (dxz,dyz)'^(dxy) ^ character than the [(2,6-Br2)4TPPFe(L)2] CIO4 

complexes. 

With all of the [(2,6-Br2)4TPPFe(L)2] CIO4 complexes showing near Curie 

behavior and the -90°C range of chemical shift values in die pyrrole resonances being much 

smaller than in the |TMPFe(L)2]''" complexes, it appears that the ground state for all of the 

[(2,6-Br2)4TPPFe(L)2] CIO4 complexes should be (dxy)2(dxz,dyz)^- However, the EPR 

spectra of these complexes run at 4.2 K refute this hypothesis (see Chapter 5). These 

spectra show that the true low temperature ground state for the [(2,6-Br2)4TPPFe(4-

CNPy)2] CIO4 complex is the (dxz,dyz)^(dxy)' electronic state, just as in the |TMPFe(4-

CNPy)2]'^ complex. As discussed in the [TMPFe(L)2]''' discussion section, a change in 

ground state from (dxy)^(dxz,dyz)^ for the high basicity pyridine complexes to 
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(dxz.dyz)^(dxy)^ fof thc low basicity pyridine complexes leads to a sign change in the g-

anisotropy, which is part of the dipolar shift equation (equation 3.7). Examining the 

isotropic shift versus pKa data for the ortho-Hpyndine resonances at -90°C in Figure 3.12 

shows that, just as in the analogous lTMPFe(L)2]''' case, there is a bend in the line around 

the pKa(PyH+) of pyridine. Recall that the orf/io-Hpyridine are closest to the metal center 

and therefore feel the greatest effects from the dipolar contribution to the isotropic shift. 

Compared with the |TMPFe(L)2]''' data, the bend in the [(2,6-Br2)4TPPFe(L)2] CIO4 data 

is not as severe. It still suggests, however, that this is the point where the g-anisotropy 

changes sign. In the 4.2 K EPR spectra of [(2,6-Br2)4TPPFe(4-HPy)2] CIO4 and [(2,6-

Br2)4TPPFe(3-ClPy)2] CIO4 it is ambiguous as to whether the g-anisotropy changes sign 

at a pKa near 4-HPy or closer to 3-ClPy. 

The first procedure that can be used to calculate the dipolar and contact shifts is the 

one where the dipolar shifts are factored using the geometric factors (equation 3.8). As 

with [TMPFe(4-NMe2Py)2]'^, this procedure starts with the assumption that the ground 

state of the [(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4 complex is pure (dxy)2(dxz,dyz)3. 

Given the large upfield shifts of the pyrrole resonance at -90°C, and the good Curie 

behavior of the pyrrole resonance, this assumption appears valid. If this is the case, the 

difference in chemical shift of the meta-K resonance from the diamagnetic position of 7.94 

ppm arises solely from the dipolar contribution. From equation 3.8 and the geometric 

factors in Table 3.5, the dipolar shifts of all of the resonances of [2,6-

Br2)4TPPFe(L)2]C104 can be calculated. From equation 3.4, the contact contributions to 

the paramagnetic shifts of all of the protons can also be calculated. 

In an effort to determine 5dipoiar and Scontact for the other [(2,6-Br2)4TPPFe(L)2] 

CIO4 complexes, the same procedure as was used in the rTMPFe(L)2]''' complexes was 

employed. The contact shift value of -44.1 ppm for the orr/io-Hpyndine resonances of 

[(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4 was plotted on a graph of the orr/io-Hpyndine 
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isotropic chemical shift at -60°C versus pKa of the protonated axial ligand (Figure 3.37). 

Assuming that the g-anisotropy is roughly zero for the [(2,6-Br2)4TPPFe(4-HPy)2] CIO4 

complex, which causes the dipolar contribution to the paramagnetic shift to be zero, a line 

representing the contact shift is drawn through the [(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4 

contact shift point and the [(2,6-Br2)4TPPFe(4-HPy)2] CIO4 isotropic shift data point at 

-20.1 ppm. At first glance, this treatment appears to give the same results seen in the 

Figure 3.37 Isotropic shift at -60°C vs. pKa(PyH+) for the ortho protons of the 
[(2,6-Br2)4TPPFe(L)2] QO4 complexes. The solid line represents the contact 
shift calculated firom the meta-H Sdipoiar of [(2,6-Br2)4TPPFe(4-NMe2Py)2] 
CIO4. The dashed line represents the contact shift calculated from the 
estimated EPR g-values of [(2,6-Br2)4TPPFe(4-CNPy)2] CIO4 and 
[(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4. 
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[TMPFeG-)2]'*' graph in Figure 3.33. However, in the [(2,6-Br2)4TPPFe(L)2] CIO4 case, 

there is one problem. From the equation for the contact shift line, the contact shift value for 

the ortho protons in [(2,6-Br2)4TPPFe(4-CNPy)2] CIO4 is calculated to be +1.97 ppm. 

The positive sign of this shift caimot be correct. With the unpaired electron in a n-

symmetry orbital, dxy or dxz.dyz' the route of contact delocalization to the protons on the 

ligands is through 7C-delocalization, and 7C-delocalization results in a negative sign for the 

contact term. 

The most likely explanation for this inconsistency is that the line representing the 

contact shift is slightly off. As noted in the [TMPFe(L)2]'*" discussion and Figure 3.35, the 

contact line drawn using the factoring method is different from the one drawn from g-value 

data and the true line is most likely somewhere between the two, although closer to the 

factored line since it is mainly based on data collected at 213 K. Even though the g-values 

for [(2,6-Br2)4TPPFe(4-CNPy)2] CIO4 and [(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4 cannot 

be read directiy from the g-max EPR spectra and the magnetic Mossbauer experiments 

needed to determine the g-values have not been run, the g-anisotropy can be estimated from 

the gmax spectra. 

It has been shown^® that for low-spin iron(III) porphyrin systems, the sum of gz^, 

gx^, and gy2 is close to but not larger than 16. Summing the g-squared values from the 

ITMPFe(4-NMe2Py)2]''" Mossbauer data gives a value of 15.92. Assuming that the g-max 

signal at 3.59 in the [(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4 4.2 K EPR spectrum is the g^ 

value, the g-anisotropy is calculated to be 11.38. Entering this value into dipolar shift 

equation 3.7 and then calculating the contact shift gives a value of -73.8 ppm for the ortho-

Hpyridine resonance of [(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4. Similarly, the Zg^ from the 

4.2 K EPR spectrum of [TMPFe(4-CN2Py)]''" has been calculated to be 15.23.^^ 

Assuming that in this case the gmax value of 2.57 for [(2,6-Br2)4TPPFe(4-CNPy)2] CIO4 
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is the gj. value (gx and gy), gz is calculated to be 1.42, and the anisotropy is calculated to be 

-4.59. Equations 3.6 and 3.4 then give the contact shift for the ort/io-Hpyndine resonance 

of [(2,6-Br2)4TPPFe(4-CNPy)2] CIO4 to be 3.49 ppm. Plotting these values gives the 

dashed line in Figure 3.37. 

Interestingly, both methods result in about the same value for the 4-CNPy ortho-B. 

contact shift, which is positive. Since at this position the contact shift should not be 

positive, and since the EPR spectra indicate that the g-anisotropy changes sign somewhere 

between the pKa(PyH+)s of 4-HPy (5.22) and 3-ClPy (2.89), it seems reasonable that a 

better representation of the contact shift would be a line running through the 4-NMe2Py 

NMR contact shift data point and a position between the 4-HPy and 3-ClPy data. This 

situation is represented in Figure 3.38 and gives a contact shift of -6.20 ppm for the [(2,6-

Br2)4TPPFe(4-CNPy)2] CIO4 ortho-R resonance. The results of the contact and dipolar 

shift calculations for the [(2,6-Br2)4TPPFe(L)2] CIO4 complexes can be found in Table 

3.7. 

This results in the ground and excited state crossing point in Figure 3.31 being 

shifted to the left of a pKa of 5 for [(2,6-Br2)4TPPFe(L)2] CIO4. Therefore, when 

compared with the [TMPFe(4CNPy)2]''" complex, the AE value for [(2,6-Br2)4TPPFe(4-

CNPy)2] CIO4 would be smaller. This fits very well with the pyrrole-H NMR data. The 

[TMPFe(4-CN)2]"'' pyrrole resonance at -90°C has an isotropic shift near zero, while for 

[(2,6-Br2)4TPPFe(4-CNPy)2] CIO4, the pyrrole-H -90°C isotropic shift is much ftirther 

upfield. Although both have the (dxz, dyz)'^(dxy)^ ground state, this indicates that the 

energy gap between the ground and excited states is smaller for [(2,6-Br2)4TPPFe(4-

a^JPy)2] CIO4. With a smaller AE, the (dxy)^(dxz, dyz)^ excited state would have a larger 

population at the NMR temperatures, which, due to the proper symmetry for delocalization 

to the pyrrole positions, would result in that resonance appearing further upfield. The 
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Figure 3.38 Contact shift line at -60°C estimated from both EPR g-anisotropy data and 

NMR isotropic shift data for the [(2,6-Br2)4TPPFe(L)2] QO4 

complexes. This contact shift line is used in the calculations of 5contact 

and 5^poiar ^ Table 3.7. 
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slopes of the low basicity pyridine data in Figure 3.8 not showing anti-Curie behavior 

indicate the energy gap is small enough that the excited state is well populated at the 

temperatures of the NMR experiments. This is also evident in the contact shift values 

calculated for the pyrrole-protons in Table 3.7. Unlike the range of values seen in the 

[TMPFe(L)2]''" complexes, the values for all of the [(2,6-Br2)4TPPFe(L)2] CIO4 complexes 

are similar. 



Table 3.7 Calculated 5dipoiar and ^contact values in ppm at -60°C for the [(2,6-Br2)4TPPFe(L)2]+ complexes. 

<'"Hpyri(iinc 'W-Hporphyrin pyrrole-H 
Ligand pKaCPyH"*") 6iso 6dip ^con ^iso ^Jip ^con ftjso 6dip 6con 

4-CNPy 1.10 -25.5 -19.3 -6.2 0.2 1.3 -1.1 -29.1 5.7 -34.8 

3-CNPy 1.45 -24.7 -17.0 -7.8 -0.1 1.2 -1.2 -30.9 5.0 -35.9 

3-ClPy 2.84 -24.0 -10.2 -13.9 -0.6 0.7 -1.3 -32.1 3.0 -35.1 

4-HPy 5.22 -20.1 4.3 -24.4 -1.3 -0.3 -1.0 -35.0 -1.3 -33.8 

3-MePy 5.68 -20.2 6.1 -26.4 -1.5 t o
 

-1.1 -35.6 -1.8 -33.8 

4-MePy 6.02 -15.8 12.1 -27.9 -2.0 -0.8 -1.1 -38.1 -3.6 -34.5 

3,5-Me2Py 6.15 -20.0 8.5 -28.5 -1.7 -0.6 -1.1 -36.3 -2.5 -33.8 

3,4-Me2Py 6.46 -16.8 13.1 -29.8 -1.9 -0.9 -1.0 -37.4 -3.8 -33.6 

4-NMe2Py 9.70 -1.8 42.3 -44.1 -3.8 -2.9 1 o
 

-40.1 -12.4 -27.6 
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When comparing the pyrrole-H dependence data in Figure 3.8 for the [(2,6-

Br2)4TPPFe(L)2] CIO4 complexes with the [(2,6-Cl2)4TPPFe(L)2] CIO4 complexes in 

Figure 3.13, it is clear that the two groups of complexes behave nearly identically. In fact, 

comparison of the corresponding chemical shift values from the data in Appendix A shows 

that the data for [(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4 and [(2,6-Cl2)4TPPFe(4-

NMe2Py)2] CIO4 are never more than 0.36 ppm apart at any given temperature, and the 

data for the other corresponding ligand data sets is quite similar. The only major difference 

between two corresponding data sets is in the 4-CNPy case where at -91°C the [(2,6-

Cl2)4TPPFe(4-CNPy)2] CIO4 pyrrole resonance is 2.92 ppm downfield from the [(2,6-

Br2)4TPPFe(4-CNPy)2] CIO4 resonance. Still, the temperature dependence of these two 

data sets is identical. 

With the similarities in the NMR data between the [(2,6-Br2)4TPPFe(L)2] CIO4 and 

[(2,6-Cl2)4TPPFe(L)2] CIO4 complexes, it is not surprising to see similarities in the EPR 

spectra. At 4.2 K, the [(2,6-Cl2)4TPPFe(4-CNPy)2] CIO4 ground state is found to be 

(dxz.dyz)'^(dxy)^ just as with [TMPFe(4-CNPy)2]'*" and [(2,6-Br2)4TPPFe(4-CNPy)2] 

CIO4. Turning to the 5iso versus pKa data in Figure 3.17, not surprisingly, a bend in the 

data is found. Using this graph and following the factoring method discussed in the [(2,6-

Br2)4TPPFe(L)2] CIO4 Discussion section, a line is drawn through the calculated contact 

shift value (-43.1 ppm) for the ortho-H. resonances of [(2,6-Br2)4TPPFe(4-NMe2Py)2] 

CIO4 and the 5isotropic pyridine data point (-21.4 ppm). The contact shift for the ortho-H 

resonance of [(2,6-Cl2)4TPPFe(4-CNPy)2] CIO4 is then calculated to be -1.4 ppm. The 

4.2 K EPR spectra support the assumption that the g-anisotropy changes sign at the 

pKa(PyH+) of 4-HPy. The g-max EPR spectrum of [(2,6-Cl2)4TPPFe(4-MePy)23 CIO4 is 

indicative of the (dxy)^(dxz,dyz)^ ground state, while the EPR spectrum of [(2,6-
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Cl2)4TPPFe(3-ClPy)2] CIO4 is indicative of the (dx2,dyz)'^(dxy)^ ground state. The EPR 

spectrum of [(2,6-Cl2)4TPPFe(4-HPy)2] CIO4 shows a wide gmax signal that suggests the 

crossing of the ground and excited states is very close for this complex. 

As in the {TMPFe(N-MeIm)2]"'' case but not the [(2,6-Br2)4TPPFe(N-MeIm)2] 

CIO4 case, the [(2,6-Cl2)4TPPFe(N-MeIm)2] QO4 complex gave a resolved rhombic EPR 

spectrum at 4.2 K. Using the assumptions that this complex has the purest 

(dxy)^(dxz.dyz)^ character, and that the mera-protons of the porphyrin phenyls feel only a 

dipolar paramagnetic shift, the theoretical 5observed can be calculated. Equations 3.3, 3.4 

and 3.6 give a 5observed value of 5.9 ppm at -60°C, which is different from the experimental 

5observed value of 5.32 ppm. This could be interpreted as an indication that the assumption 

that the shift of the meta-H is totally dipolar in nature may not be as accurate in the [(2,6-

Cl2)4TPPFe(4-NMe2Py)2] CIO4 complex as it is in the [TMPFe(4-NMe2Py)2]''' complex. 

However, as in the [TMPFe(4-NMe2Py)2]''' and [(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4 

complexes, there appears to be an effective g-anisotropy at 213.15 K that is different from 

the 4.2 K g-anisotropy. This would explain the difference between the calculated and 

observed dipolar shifts for the meta-H resonance. 

Although the contact shift values for the [(2,6-Cl2)4TPPFe(L)2] CIO4 complexes 

seem reasonable, with the similarities between the [(2,6-Br2)4TPPFe(L)2] CIO4 and [(2,6-

Cl2)4TPPFe(L)2] CIO4 data sets, another 6contact line should be drawn using 5contact values 

from estimated g-values. Assuming that the g-value of 3.49 m the g-max EPR spectrum 

for [(2,6-Cl2)4TPPFe(4-NMe2Py)2] CIO4 is the gz value and that the sum of g-squares is 

15.92, the g-anisotropy is calculated to be 10.33. This gives a dipolar shift of 65.4 ppm 

from equation 3.7, and a contact shift of -67.6 ppm from equation 3.4. For the [(2,6-

Cl2)4TPPFe(4-CNPy)2] CIO4 complex, the gmax value of 2.51 is assumed to be gx, gy and 

the sum of g-squares is assumed to be 15.23. This results in a contact shift of -4.0 ppm. 

As Figure 3.39, shows the line through these EPR points is further upfield than the NMR 
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contact shift line. Since the EPR spectra suggest a g-anisotropy sign change at the 

pKaCPyH*) of 4-HPy, and the contact shift line from the NMR data agrees, the NMR line 

is chosen as the best representation of the ortho-K contact shift. The values in Table 3.8 

are the results of calculations based on this Scontact line. As was seen in the [(2,6-

Br2)4TPPFe(L)2] CIO4 complexes, the Scontact values for the pyrrole-H resonances of the 

[(2,6-a2)4TPPFe(L)2] QO4 complexes are all close to -33 ppm. 

Figure 3.39 Contact shift line at -60°C estimated from both EPR g-anisotropy data and 

NMR isotropic shift data for the [(2,6-a2)4TPPFe(L)2] CIO4 complexes. 

The dashed line was calculated from EPR g-value estimates. The solid line 

represents Scontact calculated from the NMR data and the point where the g-

anisotropy changes sign, and is the line used in the calculations of Scontact 

Sdipoiar Table 3.8. 
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Table 3.8 Calculated ddipolar and 6conu>ci values in ppm at -60°C for the [(2,6-Cl2)4TPPFe(L)2]''" complexes. 

''"Hpyridine 'W-Hporphyrin pyrrole-H 
Ligand pKaCPyH"*") &iso ^dip ^con &iso ^dip ^con ^iso ^dip 6con 

4-CNPy 1.10 -27.2 -25.8 -1.4 1.0 1.8 -0.8 -26.5 7.6 -34.1 

3-CNPy 1.45 -23.9 -20.8 -3.1 0.0 1.4 -1.4 -31.3 6.1 -37.5 

3-ClPy 2.84 -23.4 -13.5 -9.8 -0.6 0.9 -1.5 -32.7 4.0 -36.7 

4-HPy 5.22 -21.4 0.0 -21.4 -1.1 0.0 -1.0 -33.8 0.0 -33.8 

3-MePy 5.68 -19.6 4.0 -23.6 -1.5 -0.3 -1.2 -35.9 -1.2 -34.7 

4-MePy 6.02 -16.6 8.7 -25.2 -1.7 -0.6 -1.1 -37.0 -2.5 -34.5 

3,5-Me2Py 6.15 -17.5 8.4 -25.9 -1.9 -0.6 -1.4 -38.1 -2.5 -35.7 

3,4-Me2Py 6.46 -15.8 11.5 -27.4 -2.0 -0.8 -1.2 -38.1 -3.4 -34.7 

4-NMe2Py 9.70 -2.2 40.8 -43.1 -2.8 -2.8 0.0 -39.8 -12.0 -27.8 
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[(2,6-F2)4TPPFe(L)2] CIO4 Complexes 

The mixed up ordering of the pyrrole-H chemical shift versus pKa data for the 

[(2,6-F2)4TPPFe(L)2] CIO4 complexes results in scatter along the best-fit line through this 

data in Figure 3.19. However, since the range of isotropic shift values for the higher 

basicity pyridine complexes from [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 to [(2,6-

F2)4TPPFe(4-HPy)2] CIO4 decreases more quickly with increasing temperatures than the 

range did for [(2,6-Cl2)4TPPFe(L)2j CIO4 and [(2,6-Br2)4TPPFe(L)2] CIO4, the data has 

less scatter at higher temperatures. Still, at -90°C where ligand on-off exchange is not 

present there does not seem to be the smooth transition to more (dxz,dyz)'^(dxy)^ character 

as the ligand pKa decreases. As the EPR spectra indicate, the [(2,6-F2)4TPPFe(4-

NMe2Py)2] CIO4 complex has the (dxy)2(dxz,dyz)3 ground state and the [(2,6-

F2)4TPPFe(4-CNPy)2] CIO4 complex has the (dxz,dyz)'^(dxy) ^ ground state, so there is a 

transition. However, the linear model used for [TMPFe(L)2]'*', [(2,6-Cl2)4TPPFe(L)2] 

CIO4 and [(2,6-Br2)4TPPFe(L)2] CIO4 in Figure 3.33 does not fit the [(2,6-

F2)4TPPFe(L)2] CIO4 complexes. Some other function would represent this data better. 

However, this function is not readily apparent. 

The scatter in chemical shift versus pKa data is also present in the orf/zo-Hpyndine 

Sisotropic versus pKa graph in Figure 3.22. As with the previous complexes, the proximity 

of the pyridine ortho protons to the iron center should give the best indication of changes in 

the dipolar term due to different g-anisotropies. Recall that in the earlier cases, a definite 

bend in the ort/io-Hpyridine Sisotropic versus pKa data was assumed to be the point where 

the g-anisotropy changed sign. In the [(2,6-F2)4TPPFe(L)2] CIO4 case, there is enough 

scatter in the data that a definite bend is not clear. However, using Figures 3.7, 3.12, and 

3.17 as a guide, the pKa where the g-anisotropy changes sign, and thus 5dipolar = 0 point, 

could be assigned as the 4-HPy data point. 
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Following the previously discussed factoring procedures which assume that the 

[(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 complex has the pure (dxy)^(dxz,dyz)^ ground state, 

the contact shift for the orfAo-Hpyndine resonance of [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 

is calculated to be -41.6 ppm. From the Sconuct line drawn through this point and the 

[(2,6-F2)4TPPFe(4-HPy)2] CIO4 5isotropic point, the contact shift is calculated to be 6.0 

ppm for [(2,6-F2)4TPPFe(4-CNPy)2] CIO4. As in the results of this treatment in the [(2,6-

Br2)4TPPFe(4-CNPy)2] CIO4 case, the contact shift should be negative due to k-

delocalization. The calculated value of 6.0 suggests that the actual 5dipolar = 0 point is at a 

pKa value lower than 5.22, and closer to that of 3-ClE»y (2.84) than for ±e [TMPFe(L)2]''', 

[(2,6-Br2)4TPPFe(L)2] CIO4, and [(2,6-Cl2)4TPPFe(L)2] CIO4 complexes. However, 

with such scatter in the data it is difficult to draw firm conclusions. From the EPR spectra 

it is seen that both the [(2,6-F2)4TPPFe(4-MePy)2] CIO4 and [(2,6-F2)4TPPFe(4-HPy)2] 

CIO4 complexes have the (dxy)2(dxz.dyz)^ ground state, and the ground state of [(2,6-

F2)4TPPFe(3-ClPy)2] CIO4 is inconclusive. This supports drawing the NMR contact shift 

line through a point between the [(2,6-F2)4TPPFe(4-HPy)2] CIO4 and [(2,6-F2)4TPPFe(3-

ClPy)2] CIO4 data points (see the solid line in Figure 3.40). The result of this would be 

that the [(2,6-F2)4TPPFe(4-CNPy)2] CIO4 contact shift point would be close to zero, but 

slighdy negative as it theoretically should be. 

The [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 complex gave a resolved rhombic EPR 

specuiim at 4.2K with g-values of 2.60, 2.29, and 1.86. Entering these values into 

equation 3.7 gives a dipolar shift of 15.2 ppm, and equation 3.4 gives a contact shift of 

-16.7 ppm for the orr/io-Hpyndine resonances of [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 at 

-60°C. Using the sum of g-squares procedure described in the [(2,6-Br2)4TPPFe(L)2] 

CIO4 and [(2,6-Cl2)4TPPFe(L)2] CIO4 discussions, the contact shift for [(2,6-

F2)4TPPFe(4-CNPy)2] CIO4 is calculated from the g-max spectrum to be 5.2 ppm. A 

contact shift line can then be drawn through the 4-NMe2Py and 4-CNPy EPR data points. 
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along with the NMR line described earlier, to give Figure 3.40. Interestingly, the EPR line 

for [(2,6-F2)4TPPFe(L)2] CIO4 is downfield from the NMR line. In the [TMPFe(L)2]"^, 

[(2,6-Br2)4TPPFe(L)2] CIO4, and [(2,6-Cl2)4TPPFe(L)2J CIO4 complexes the EPR line is 

upfield from the NMR line. 

Figure 3.40 Contact shift line at -60°C estimated from both EPR g-anisotropy data and 

NMR isotropic shift data for the [(2,6-F2)4TPPFe(L)2] CIO4 complexes. 

The dashed line was calculated from EPR g-value estimates. The solid line 

represents 5contact calculated from the NMR data and the point where the g-

anisotropy changes sign, and is the line used in the calculations of Scontact 

^dipolar ^ Table 3.9. 
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The EPR g-values used in these calculations for [(2,6-F2)4TPPFe(4-NMe2Py)2] 

CIO4 were obtained from a sample dissolved in toluene. [(2,6-F2)4TPPFe(4-NMe2Py)2] 

CIO4 is not very soluble in toluene, but toluene gives an excellent glass when frozen. This 

results in sharper peaks in the 4.2 K EPR spectrum. [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 

was also run using methylene chloride as the solvent, which does not give as good a glass. 

The g-values for this sample are 2.77, 2.30, and 1.71, compared to the toluene g-values 

which are 2.60, 2.29, 1.86. While the differences seem minor, there is a substantial 

difference between the g-anisotropies calculated from the two different sets of g-values. 

The toluene sample gives a 2(gii2 - gx2) value of 4.82, which ultimately results in a contact 

shift for the o/tAo-Hpyndine resonances of [(2,6-F2)4TPPFe(4-NMe2Py)2] C104of -16.7 

ppm. The methylene chloride sample gives a 2(g||2 - value of 7.13, which results in a 

contact shift of -24.1 ppm for the same protons. Since it has been concluded, that the 

NMR line in Figure 3.39 is the better representation of the contact shift, this difference in 

EPR contact shifts does not affect the conclusions drawn. 

There are several problems in either treatment of the orr/io-Hpyndine [(2,6-

F2)4TPPFe(L)2] CIO4 data. For the EPR line ±ere is the previously described problem of 

the EPR spectra being run at 4.2 K, whereas the 5isotropic data is at 213.15 K. The contact 

shift points calculated from the EPR data, then, assume that there is no difference m the g-

anisotropy at the different temperatures. From the NMR data there appears to be an 

"effective" g-anisotropy at the NMR temperatures that is different from the g-anisotropy 

that is measured at 4.2 K. In the NMR contact shift calculated to be -41.6 ppm it is 

possible that the [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 complex does not have a pure 

(dxy)^(dxz4yz)^ ground state. Recall from the pyrrole-H temperature dependence in Figure 

3.18 that the [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 pyrrole-H chemical shift is not the 

furthest upfield pyrrole resonance for the [(2,6-F2)4TPPFe(L)2] CIO4 complexes. 



Table 3.9 Calculated Sdipoiar and Sconiaci values in ppm at -60°C for the [(2,6-F^)4TPPFe(L)2l+ complexes. 

""^pyridine '^"Hpoqjhyrin pyrrole-H 
Ligand pKa(PyH+) Sjso 6dip ^oon ^iso 5dip ^oon ^iso ftdip ^con 

4-CNPy 1.10 -23.8 -20.5 -3.3 0.3 1.4 -1.1 -29.1 6.0 -35.2 

3-CNPy 1.45 -15.7 -10.9 -4.8 -0.7 0.7 -1.5 -35.5 3.2 -38.7 

3-ClPy 2.84 -15.8 -4.8 -11.0 -1.5 0.3 -1.8 -38.5 1.4 -39.9 

4-HPy 5.22 -16.8 4.9 -21.6 -1.7 -0.3 -1.3 -37.6 -1.4 -36.2 

3-MePy 5.68 -11.9 11.8 -23.7 -2.4 -0.8 -1.6 -41.8 -3.5 -38.3 

4-MePy 6.02 -12.3 12.9 -25.2 -2.3 -0.9 -1.4 -40.2 -3.8 -36.4 

3,5-Me2Py 6.15 -7.8 18.0 -25.8 -3.1 -1.2 -1.8 -44.6 -5.3 -39.3 

3,4-Me2Py 6.46 -8.6 18.6 -27.2 -2.8 -1.3 -1.5 -42.9 -5.5 -37.4 

4-NMe2Py 9.70 -1.5 40.1 -41.6 

00 1 -2.7 0.0 -38.7 -11.8 -26.9 
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However, as in the previous cases, the line drawn through the 4-NMe2Py contact shift 

point calculated from the NMR data and the position in-between the pKaCPyH"*") of 4-HPy 

and 3-ClPy appears to be the best representation of the contact shift, and was used in the 

Scontact and Sdipoiar calculations for Table 3.9. The calculated pyrrole-H Scontact values, as 

in the [(2,6-Br2)4TPPFe(L)2] CIO4 and [(2,6-Cl2)4TPPFe(L)2] CIO4 complexes, are all 

very similar, although slightly more negative, and close to -37 ppm. 

[(2,6-(OMe)2)4TPPFe(L)2] CIO4 Complexes 

The pyrrole-H isotropic shift versus 1/T graph in Figure 3.23 looks similar to those 

of the orf/io-halogen substituted iron(III) porphyrins with all but one of the pyrrole-H 

resonances showing near-Curie behavior. Although the [(2,6-(OMe)2)4TPPFe(4-

NMe2Py)2] CIO4 peak is not the furthest upfield, only the 3,4-Me2Py and 3,5-Me2Py 

pyrrole-H resonances are upfield from it, and only by roughly one ppm in the low 

temperature region from -90 to -50°C. The only other exception to the ordering of the 

pyrrole-H positions with pKa trend is the [(2,6-(OMe)2)4TPPFe(3-CNPy)2] CIO4 

complex. The data start out downfield from [(2,6-(OMe)2)4TPPFe(4-CNPy)2] CIO4 at 

-90° C and are linear over the entire -90 to 440°C temperamre range, with the peak moving 

only slightly upfield with increasing temperamre. As of yet there is no explanation for this 

behavior. From this graph it appears that only [(2,6-(OMe)2)4TPPFe(3-CNPy)2] CIO4 and 

[(2,6-(OMe)2)4TPPFe(4-CNPy)2] CIO4 may have the (dxz,dyz)'^(dxy)^ ground state. The 

EPR spectra, however, show that the complexes from [(2,6-(OMe)2)4TPPFe(4-CNPy)2] 

CIO4 to [(2,6-(OMe)2)4TPPFe(4-HPy)2] CIO4 all have the (dxz,dyz)^(dxy)' ground state. 

Figure 3.24 shows that although there is a transition to more (dxz, dyz)4(dxy)l 

character as the basicity of the axial pyridine ligand decreases, this transition is by no 

means smooth. The [(2,6-(OMe)2)4TPPFe(4-NMe2Py)2] CIO4 complex appears to have 
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the same amount of (dxz.dyz)'^(dxy)^ character as the [(2,6-(OMe)2)4TPPFe(3,4-Me2Py)2] 

CIO4, [(2,6-(OMe)2)4TPPFe(3,5-Me2Py)2] CIO4 and [(2,6-(OMe)2)4TPPFe(4-MePy)2] 

QO4 complexes. 

As was done in the previous complexes, the ot/io-Hpyndine isotropic shift versus 

pKa data were looked at to help determine the point where the g-anisotropy changes sign. 

And, as was found in the previous complexes, there is a bend in the data at the pKa of 

pyridine. Assuming at this point that the dipolar shift is zero and that the [(2,6-

(OMe)2)4TPPFe(4-NMe2Py)2] CIO4 complex has the purest (dxy)2(dxz,dyz)^ ground state, 

the cr?/io-Hpyridine contact shift for [(2,6-(OMe)2)4TPPFe(4-NMe2Py)2] CIO4 at -60° C is 

calculated to be -36.9 ppm following the calculations for the factoring method described in 

the previous discussions. Drawing a line through this value and the Sisotropic 4-HPy data 

point results in an orr/zo-Hpyndine contact shift for [(2,6-(OMe)2)4TPPFe(4-CNPy)2] CIO4 

of -8.7 ppm. However, as the EPR spectra indicate, [(2,6-(OMe)2)4TPPFe(4-HPy)2] 

CIO4 has the (dxz,dyz)'^(dxy)' ground state, while [(2,6-(OMe)2)4TPPFe(4-MePy)2] CIO4 

has the (dxy)^(dxz,dyz)3 ground state. Shifting the line such that it passes through the 

Sisotropic data point for 3-MePy, which is in-between the 4-HPy and 4-MePy data points, 

gives the more appropriate 6contact line- This is the solid line in Figure 3.41. 

The [(2,6-(OMe)2)4TPPFe(4-NMe2Py)2] CIO4 complex gives a rhombic EPR 

spectrum with g-values of 2.83, 2.30, and 1.62. From these and equations 3.7 and 3.4, 

the dipolar and contact shifts of the o/t/io-Hpyndine resonances of [(2,6-(OMe)2)4TPPFe(4-

NMe2Py)2] CIO4 are calculated to be 25.6 and -31.2 ppm respectively. The [(2,6-

(OMe)2)4TPPFe(4-CNPy)2] CIO4 complex EPR spectrum gives a gmax value of 2.58. 

Using the sum of g-squares equals 15.23 assumption discussed previously, the contact 

shift for the [(2,6-(OMe)2)4TPPFe(4-CNPy)2] CIO4 orf/io-Hpyndine resonance at -60° C is 

calculated to be 9.3 ppm. The dashed line in Figure 3.41 is the result of connecting these 
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two EPR contact shift values. As in the [(2,6-F2)4TPPFe(L)2] CIO4 complexes, the EPR 

^contact line is downfield from the NMR line. Again, the adjusted NMR contact shift line is 

used in the calculation of Sdipoiar and Scontact values, which for [(2,6-(OMe)2)4TPPFe(L)2] 

CIO4 are found in Table 3.10. Unlike the orr/io-halogenated complexes but similar to the 

[TMPFe(L)2]+ complexes, the calculated pyrrole-H Scontact values appear to vary, with 

Sconract becoming more negative with increasing ligand basicity. 

Figure 3.41 Contact shift line at -60°C estimated from both EPR g-anisotropy data and 

NMR isotropic shift data for the [(2,6-(OMe)2)4TPPFe(L)2] CIO4 complexes. 

The dashed line was calculated from EPR g-value estimates. The solid line 

represents Scontact calculated from the NMR data and the point where the g-

anisotropy changes sign, and is the line used in the calculations of 5contact 

^dipolar iti Table 3.10. 
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Table 3.10 Calculated ^dipolar and Sconuict values in ppm at -60°C for the [(2,6-(OMe)2)4TPPFe(L)2]+ complexes. 

^"Hpyridine '^'"Hpoqjhyrin pyrrole-H 
Ligand pKa(PyH^) 6iso ^dip ^oon ^isp Sdip 6con fijgo ftdip Scon 

4-CNPy 1.10 -20.8 -20.7 0.0 2.8 1.4 1.3 -21.1 6.1 -27.2 

3-CNPy 1.45 -20.0 -18.5 -1.5 2.8 1.3 1.6 -20.1 5.4 -25.5 

3-ClPy 2.84 -21.9 -14.4 -7.5 1.1 1.0 0.1 -26.2 4.2 -30.4 

4-HPy 5.22 -22.2 -4.5 -17.7 -0.1 0.3 -0.4 -29.8 1.3 -31.1 

3-MePy 5.68 -19.7 0.0 -19.7 -0.8 0.0 -0.8 -33.3 0.0 -33.3 

4-MePy 6.02 -15.4 5.7 -21.1 -1.3 -0.4 -0.9 -36.1 -1.7 -34.4 

3,5-Me2Py 6.15 -15.7 6.0 -21.7 -1.6 -0.4 -1.2 -36.1 -1.8 -34.3 

3,4-Me2Py 6.46 -13.3 9.8 -23.0 -1.8 -0.7 -1.1 -38.1 -2.9 -35.2 

4-NMe2Py 9.70 -5.6 31.3 -36.9 -2.1 -2.1 0.0 -35.9 -9.2 -26.6 
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CONCLUSIONS 

In the variable temperature NMR spectra of these complexes a range of behavior is 

seen. The [TMPFe(L)2]''' data encompass every situation seen in the other complexes, 

from the purest (dxy)^(dxz,dyz)^ ground state of the [TMPFe(4-NMe2Py)2]'^ complex, 

which demonstrates Curie behavior at the pyrrole position, to the [TMPFe(4-CNPy)2]'*' 

complex which shows definite anti-Curie behavior resulting from the thermal population of 

the (dxy)^(dxz.dyz)^ excited state from the (dxz.dyz)'*(dxy)' ground state. For [(2,6-

Br2)4TPPFe(L)2] CIO4, [(2,6-Cl2)4TPPFe(L)2] C104, [(2,6-F2)4TPPFe(L)2] CIO4 and 

[(2,6-(OMe)2)4TPPFe(L)2j CIO4, the complexes with higher basicity pyridine axial ligands 

show Curie behavior, while the low basicity complexes show non-Curie behavior. None 

show the anti-Curie behavior seen in |TMPFe(4-CNPy)2]"'' and [TMPFe(3-CNPy)2]"'". 

When attempting to separate the contact shift from the dipolar shifts using the 

5isotropic orr/zo-Hpyridine versus pKa data, it becomes apparent that neither the contact shift 

line calculated from the factored NMR data and the 4-HPy Sjsotropic point nor the line from 

the 4.2 K EPR data is the best representation of the contact shift. However, since it seems 

that the g-anisotropy changes with increasing temperature and the 4-NMe2Py ortho-

Hpyridine contact shift point is calculated from an effective g-anisotropy, which assumes a 

pure (dxy)^(dxz,dyz)^ ground state for the complex, the NMR contact shift line is the better 

first approximation. The EPR spectra of the 4-MePy, Py, and 3-ClPy complexes of the 

iron(III) porphyrins may be used to fiirther "fine tune" the pKa at which the dipolar term 

drops out. If the Scontact line is drawn through the 4-NMe2Py NMR contact shift point and 

through the ortho-H isotropic shift data at the pKa were the g-anisotropy changes sign as 

suggested by the EPR spectra, the resulting shift for the orr/io-Hpyndine resonance of the 4-

CNPy complexes is near zero. Since the unpaired electron is in the dxy orbital in all of the 

4-CNPy complexes, and since the dxy orbital does not have the proper symmetry for 
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overlap with the pyridine n orbitals, a zero contact shift for the ort/io-Hpyndine resonances 

fits very nicely. From this Scontact and equations 3.4 and 3.7 it is possible to calculate 

the contact and dipolar shifts of all of the resonances of each compound in this study. 

FITTING THE NMR DATA 

To calculate the energy gap between the ground state and the excited state, the 

chemical shift versus temperature data for the pyrrole-H, mefa-Hporph> and o/t/io-Hpyridine 

resonances were entered into a computer program developed by Dr. Nikolai Shokhirev (see 

Appendix B). From the NMR data the program uses equation 3.10 to calculate the energy 

gap (AE) between the ground state and excited state. 

5 = rF/T)WiCn^2 •(. WoCnoVAE7i/kT (equation 3.10) 

Wi + 

In this equation Cni is the Curie factor for the position of interest for level 1, Cn2 is the 

Curie factor for the position of interest for level 2, W i and W2 are the statistical weights for 

each level, AE is the energy separation between the two levels, and F is (-

63MHz)7CgPe/2kYH> which is -4.968 x 10^ ppm K. A further discussion of this equation 

and the calculations, including input and output data, can be found in Appendix B. 

For the low basicity pyridine complexes of TMPFe(ni) the energy gap is between 

±e (dxz.dyz)^(dxy)' ground state and (dxy)^(dxz,dyz)3 excited state, and for the high 

basicity pyridine complexes the energy gap is between the (dxy)^(dxz,dy2)3 ground state 

and (dxz.dyz)'^(dxy)^ excited state. The program uses the energy to then calculate the Curie 

factors of the ground and excited states. In the cases where the dipolar contribution to the 

isotropic shift is very small or nonexistent, the Curie factors represent the molecular orbital 
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coefBcients, which have been interpreted in this case to be those for the 3e(7C) and 3^2a00 

frontier porphyrin orbitals. Figure 3.42 shows some of the possible temperature 

dependencies at various ratios of Ci to C2 and at various energies. 

Other options available in the program include subtracting the diamagnetic shift 

from all of the observed chemical shift values, initiating a one-level linear fit, a two-level 

fit, or a three-level fit to the data, and fixing or fitting the lAT = 0 data point representing the 

expected isotropic shift at infinite temperature. For good Curie behavior where the energy 

gap between the ground state and excited state is large enough that there is not a significant 

electronic population of the excited state at the temperatures of the NMR experiments, the 

data are linear, and only a one-level fit is needed to calculate the molecular orbital 

coefficients at the positions of interest. In complexes where there is population of both the 

ground and excited states, the data usually show some curvature. Using the two-level 

option with the 1/T=0 intercept set to an isotropic shift of zero to fit the experimental data, 

the program will calculate the energy difference between the two states and the molecular 

orbital coefficients for the proton positions being fit for each state. In the case of a two-

level fit, the program starts at a user-selected energy gap between the two states, which is 

initially selected as a best guess by the user. The program then varies AE by user-defined 

increments. The user can perform an indefinite number of iterations until either AE 

converges to a single value, or it becomes obvious that AE will not converge. 

When editing the data to be used as input into the fitting program, the user must be 

sure that the data points selected only represent the states being studied, which, for present 

purposes, are the ground and first excited states. Some of the data points may be 

representative of other processes not being modeled, and must therefore be eliminated from 

the data set. This is the situation at temperatures above -30°C for most of the complexes in 



Figure 3.42 Plol of NMR shift vs. energy at various ratios of the Curie factors for the two states being modeled. 
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this study. As the temperature of the experiment is raised higher than -30°C, ligand on-off 

exchange is observed in the spectra. This is evidenced by broadening of the resonances of 

the bound and free ligand and EXSY cross-peaks between free and bound ligand in the 2-

dimensional spectra. This exchange adds another electronic state for the molecule which is 

populated to some extent. Also, this new state may have an excited state which is 

accessible at temperatures above -30° C. If all of the data from -90 to +40°C were to be fit, 

the mixing all of these states would have to be accounted for. To avoid this problem, only 

the data at temperatures where ligand exchange is not seen in the NMR spectra are used 

in the fit. This reduces the complexity of the fit to only the ground state and excited state of 

interest. The data used, then, are all from experiments mn at temperatures less than -30°C, 

with the final number of data points ultimately depending on how strongly the axial ligand 

is bound to the iron. 

This, unformnately, leads to another problem. For the weaker-binding ligands, the 

temperature at which axial ligand on-off exchange becomes evident is lower than -30°C, 

which further reduces the number of data points. For example, in the [TMPFe(4-

CNPy)2]"'' complex, the ortho-H resonance of the bound 4-CNPy ligand starts to broaden 

at -50°C. This leaves only four data points, -90 through -60°C, available for the fit. This 

problem is especially troublesome in the two-level fit. With so few data points, the 

program attempts to fit the experimental scatter in the data, giving erroneous AE values. 

When using the program it is necessary to check the AE values and the shape of the fitted 

curve while performing the iterations to try to determine if the program is trying to fit the 

curve to imperfections in the data. 

The slope of the data to be fit also plays a major role in the ability of the program to 

fit the data. The fiirther away from Curie behavior the data are, the better the program can 

fit a smooth curve to these data points and through the zero intercept. When the data show 

Curie behavior or close to Curie behavior, there is a problem. In these cases a plot of the 
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variance, or mean square deviation, versus AE gives a very shallow curve without a well-

defined minimum. The consequence of this is that many very different values of AE will 

provide a good fit to the data. With this being the case, continued iterations result in the 

program attempting to fit the imperfections in the experimental data. This most often leads 

to AE growing either very large or very small and not being able to converge to a single 

value. 

Attempts can be made to try to improve the fit by adding more data points to the 

calculations. Several fitting trials were run on each compound using different combinations 

of the pyrrole-H, mera-Hporph. and orr/io-Hpyndine data sets from the same |TMPFe(L)2]'*' 

complex. Recall that in the program the parameter that is changed between each iteration 

and allowed to converge is AE, the energy difference between the ground and excited 

states. The true AE value of each complex is a property of that complex and is the same for 

all of the proton resonances in the complex. It is then possible to fit the pyrrole-H, meta-

Hporph. and orr/zo-Hpyndine data at the same time. This has the effect of tripling the number 

of data points used for symmetrical axial ligands (one crf/io-Hpyndine resonance) and 

quadrupling the number of data points for unsymmetrical axial ligands (two orr/io-Hpyridine 

resonances). It is also possible to only fit one resonance or any combination of two or 

three. In the fits containing multiple data sets, the program calculates the Curie factor for 

each position individually based on the AE value and the slopes of the individual data sets. 

[TMPFe(L)2]'*" Complexes 

Table 3.11 summarizes the AE values calculated from the fits of the [TMPFe(L)2]''' 

data. Starting with the fits of the pyrrole data of the substituted pyridine complexes of 

(TMPFe(L)2]'^, it is found that the AE values of the 4-NMe2Py, 3,4-Me2Py, and 
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Table 3.11 AE values from the computer fits of the temperature dependence data for the 

[TMPFe(L)2]''" complexes (in cm-^). 

Data Sets Used in Fit 

Ligand pyrr meta pyrr & meta ortho pyrr & meta & ortho 

4-CNPy 320 300 320 530 480 

3-CNPy 340 640 340 440 380 

3-ClPy 390 610 290 170 200 

4-HPy 200 460 200 400 220 

3-MePy 110 N 100 170 160 

4-MePy 240 N N N 210 

3,5-Me2Py N 310 70 N N 

3,4-Me2Py N 260 410 N 190 

4-NMe2Py N 160 640 N N 

= did not converge 

3,5-Me2Py complexes do not converge. This makes sense since these data are the 

straightest and follow the simple Curie law quite closely. As was mentioned previously, 

data close to true Curie behavior give a shallow minimum in the variance vs. AE curve, and 

thus lead to non-convergence or an unreliable AE value. Looking at Figure 3.3 it is seen 

that the lower basicity pyridines deviate from Curie behavior the most. In the fitting 

program it is found that these complexes do indeed give converging AE values between 

110 cm*' for the 3-MeE^ complex and 340 cm"^ for the 3-CNPy complex. 

Looking at the meta-R isotropic shift versus 1/T data it is seen that these data are 

much more Curie-like compared with the pyrrole-H data. The [TMPFe(3-CNPy)2]"'" and 
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{TMPFe(4-CNPy)2]''" data deviate the most, with 1/T=0 intercepts more than 2 ppm from 

the zero isotropic shift value. Examining the AE values from the computer fits of the meta-

H data, it is seen that AE does not converge for (TMPFe(3-MePy)2]"'' and (TMPFe(4-

MePy)2]'*" complexes. Straight lines drawn through these data sets show that they are the 

most Curie-like, with intercepts less than half a ppm from the zero isotropic shift value. 

The AE values for the other complexes do converge. However, the converged values do 

not fit the EPR data that suggest that the AE value should decrease from 4-NMe2Py to 3,4-

Me2Py to 3,5-Me2Py. AE for [TMPFe(4-NMe2Py)2J''' (160 cm-^) is the smallest, and it 

grows larger as the ligand pKa decreases through the ITMPFe(3-CNPy)2]'^ value of 640 

cm"^ The |TMPFe(4-CNPy)2]''" value of 300 cm"^ is close to the AE value obtained from 

the pyrrole-H data (320 cm"^). 

Fitting both the pyrrole-H and meta-K data at the same time shows that the meta-H 

data alone are not sufficient to get accurate AE values. The meta-H data are close enough to 

good Curie behavior for all of the complexes, except [TMPFe(4-CNPy)2]'*', that the 

minimum variance in AE is not well-defined. When both pyrrole and meta data are fit 

together, the large deviation from Curie behavior seen in the pyrrole-H data provides a 

much more defined variance minimum. This is evidenced by the AE values obtained by 

fitting the pyrrole and meta data together being very similar to those obtained from the 

pyrrole-H alone fits for the [TMPFe(4-MePy)2]''', [TMPFe(3-MePy)2]''', ITMPFe(4-

HPy)2]+, [TMPFe(3-ClPy)2]+, [TMPFe(3-CNPy)2]+, and [TMPFe(4-CNPy)2]+ 

complexes (see Table 3.11). 

In attempts to get more accurate AE values, the ortho-H data were also fit by 

themselves and with the m^to-Hand pyrrole-H data. Figure 3.6 shows that, opposite from 

what is seen in the pyrrole-H data, the more basic pyridine ortho-H resonances deviate 

from Curie behavior the most, while the low basicity pyridine complexes show fairly linear 

Curie behavior for the o/t/zo-Hpyndine resonances. It was originally thought that including 
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these resonances with the meta-H and pyrrole-H fits would not cause difficulty with the 

low basicity pyridine AE fitting since these would be dominated by the strongly deviating 

pyrrole-H data. Also, the orr/io-Hpyndine data were predicted to allow the higher basicity 

pyridine AE values to converge since these ortho-K data have strong deviations from Curie 

behavior. They should provide a more well-defined variance minimum. Neither of these 

hypotheses were borne out, however. Looking at the orf/zo-Hpyndine fits alone, it is seen 

that the AE values for [TMPFe(4-NMe2Py)2]"'"> [TMPFe(3,4-Me2Py)2]''". [TMPFe(3,5-

Me2Py)2]'*". [TMPFe(4-MePy)2]"^, and [TMPFe(3-CNPy)2]''' complexes did not converge. 

Although the ortho fits for the other pyridine complexes did converge, they did not give the 

expected values. Fitting the pyrrole, meta, and ortho data together resulted in the ortho-H 

data dominating the fit. Looking back at the NMR spectra, the ortho-H data should be 

suspect. Unlike the pyrrole-H and meta-H resonances, the ort/io-Hpyridine resonances are 

broad. Often, the width at half-height of these resonances spans 300 Hz. They are also 

quite small, with maxima that are not well-defined. This being the case, the exact position 

of the peak can be difficult to determine. This leads to much more scatter in the chemical 

shift versus 1/T data than is found in either the pyrrole or meta cases, where the peaks are 

quite sharp. As mentioned earlier, scatter in the experimental data can lead to inaccurate 

values of AE in the fitting program. This is especially true when the data is fairly Curie

like, as it is for the ortho-H data for the lower basicity pyridine |TMPFe(L)2]''" complexes. 

-Halogen Substituted Iroii(ni) Porphyrin Complexes 

In the following fits of the [(2,6-Br2)4TPPFe(L)2] CIO4, [(2,6-Cl2)4TPPFe(L)2] 

CIO4, and [(2,6-F2)4TPPFe(L)2] CIO4 data there are often two AE values mentioned for 

each fit. This is due to a systematic error found in every data set. The variable temperature 
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NMR spectra of all three series of complexes were run on the same GE GN-500 

instrument using the same temperature calibration values. CarefiU examination of aU of the 

pyrrole, meta and ortho data gathered showed that in every isotropic shift versus 1/T plot, 

the -70°C data point was slightly out of line with the rest of the data. In every case the data 

point seemed a little downfield from where a smooth curve drawn through the data would 

place it. The offset is very small: less than a half ppm for the [(2,6-Br2)4TPPFe(4-

NMe2Py )2] CIO4 pyrrole-H data, which changes the most with temperature out of any 

resonance in any complex, and less than a tenth of a ppm for the meta-Yi in the same 

complex. Although small, this systematic error is present in aU of the orf/io-halogen data 

sets. It is most likely due to an error in the -70°C temperature value used for the GE GN-

500 NMR instrument. It was decided to run the fitting program on the data sets both with 

and without the -70°C data point. The two AE values could then be compared. Due to the 

nature of the data, these two values were often quite different from one another. For the 

orf/zo-halogen complexes almost all of the data show Curie behavior, which gives rise to a 

shallow variance minimum curve. Therefore, any changes in the data, such as deleting a 

data point, can have profound effects on the calculated value of AE. The question arises, 

then, that if the -70° C data point is included, is the program fitting the scatter in the data? 

Another problem that arises is that by deleting the -70° C value one less data point is 

available for the fits. For some of the data sets this reduces the total number of data points 

m the fit to six when fitting both pyrrole-H and meta-Yi data together (3 data points per data 

set). 

[(2,6-Br2)4TPPFe(L)2] CIO4 Complexes 

As Figure 3.8 shows, most of the [(2,6-Br2)4TPPFe(L)2] CIO4 data behave more 

or less according to the Curie law. Even the [(2,6-Br2)4TPPFe(4-CNPy)2] CIO4 pyrrole-
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H data, which deviate the most, are not nearly as non-Curie as the |TMPFe(4-CNPy)2]''" 

pyrrole-H data. As Table 3.12 shows, there is not much of a trend in the calculated AE 

values through the series of ligands. Also, dropping the -70°C data point has drastic results 

for the [(2,6-Br2)4TPPFe(3,4-Me2Py)2] CIO4 and [(2,6-Br2)4TPPFe(3-MePy)2] CIO4 

complexes. Here the AE values change from 690 to 150 cm"^ and from 470 to 140 cm"^ 

respectively after removal of the -70°C point. In the [(2,6-Br2)4TPPFe(3,5-Me2Py)2] CIO4 

complex, AE does not converge unless the -70°C point is removed, whereas in the [(2,6-

Br2)4TPPFe(4-MePy)2] CIO4 complex AE only converges if the -70°C point is included 

when the meta and pyrrole data are fit together. In all cases with meta and pyrrole data fit 

together, where both -70°C data point included fit and excluded fit converge, the -70°C data 

point omitted AE value is smaller than the -70°C included value. 

Opposite of what is seen in the |TMPFe(L)2]'^ complexes, addition of the ortho-H 

data sets to the meta and pyrrole fits appears to help the situation. In the [(2,6-

Br2)4TPPFe(3,4-Me2Py)2] CIO4 and [(2,6-Br2)4TPPFe(3-MePy)2] CIO4 complexes 

where the -70° C point included and omitted values were far apart, when the ortho-R data 

are included, the included and omitted values are much closer to each other. The AE values 

drop to 180 cm*i with the -70°C point and 200 cm"' without it for [(2,6-Br2)4TPPFe(3,4-

Me2Py)2] CIO4 and 170 cm"' with and 120 cm"' without the -70°C point for [(2,6-

Br2)4TPPFe(3-MePy)2] CIO4. In the [(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4 complex, 

inclusion of the ortho-H data results in the AE values changing from 290 cm*' with the 

-70°C point to 480 cm*' without it. However, the computer fits of this complex illustrate 

another difficulty with this analysis. Unfortunately, the current version of the 
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Table 3.12 AE values fixjm the computer fits of the temperature dependence data for the 

[(2,6-Br2)4TPPFe(L)2] CIO4 complexes (in cm'^). 

Data Sets Used in Fit 

meta pyrr & meta ortho pynSuneta Scortho 

4-CNPy 220 130 220 N 220 4-CNPy 
120* N* 110* 

3-CNPy 450 450 N N 3-CNPy 
220* N* 150* 

3-ClPy 270 260 N 60 3-ClPy 
150* 70* 80* 

4-HPy 290 200 80 150 4-HPy 
60* N* N* 

3-MePy 550 N 470 170 170 3-MePy 
140* 120* 120* 

4-MePy 310 270 N N 
N* N* N* 

3,5-Me2Py N N 80 80 
230* N* N* 

3,4-Me2Py N 690 180 180 3,4-Me2Py 
150* 200* 200* 

4-NMe2Py N 150 N 540 570 
290* 410* 480* 

* Data fit without -70°C data point. = did not converge 
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program can only accept the same number of data points in each data set when fitting more 

than one set at a time. In the [(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4 complex, the pyrrole 

and meta fit has five data points per set (for a total of ten points in the fit) not including the 

-70°C point. Without the -70°C data point in the ortho-K data set, only three points per data 

set are allowed. This is because the ortho-K resonance is buried under larger peaks in the 

diamagnetic region at -90 and -80°C and its position could not be determined. Since the 

program can only accept the same number of data points for each data set in a multi-set fit, 

in the pyrrole, meta, and ortho combination fit, there are only nine total data points in the 

fit. Compounding this problem are all of the previously mentioned problems that can occur 

with few data points in a data set. Any benefit obtained by forcing the program to fit 

another data set curve with the same AE could be lost by the ambiguities inherent when few 

data points are used in the fit. It appears, then, that none of the values for AE in the [(2,6-

Br2)4TPPFe(4-NMe2Py)2] CIO4 complex are reliable. Of course, this is expected in the 

cases when the data appear to show simple Curie behavior. 

Since the meta-R and pyrrole-H data show the most non-Curie behavior, the most 

reliable AE values out of all of the [(2,6-Br2)4TPPFe(L)2] CIO4 complexes would appear 

to be the [(2,6-Br2)4TPPFe(4-CNPy)2] CIO4 values. In this complex the fits with and 

without the -70°C data give similar AE values with the meta and pyrrole combination data, 

and AE changes little with the addition of the ortho-K data set. But it must be realized that 

there are only four and three data points used in these fits, the ortho-K data shows Curie 

dependence (the ortho-K data alone do not converge), and the meta-K data set does not 

deviate much from Curie behavior. Therefore the pyrrole, meta, and ortho combination fit 

is dominated by the pyrrole-H data set, and the addition of the other data sets to the fit did 

not significandy change the calculated AE value. 
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With the pyrroie-H, meta-R and ortho-R temperature dependence data for [(2,6-

Cl2)4TPPFe(L)2] CIO4 being almost the same as the [(2,6-Br2)4TPPFe(L)2] CIO4 data, it 

is not surprising that the same problems found in the [(2,6-Br2)4TPPFe(L)2] CIO4 

complexes are also found in the [(2,6-Cl2)4TPPFe(L)2] CIO4 complexes. As Table 3.13 

shows, the main difference is that the AE values obtained without the -70° C data point are 

much closer to the AE values obtained with the -70°C data point in the [(2,6-

Cl2)4TPPFe(L)2] CIO4 substituted pyridine complexes than in the analogous [(2,6-

Br2)4TPPFe(L)2] CIO4 complexes. The largest difference between the fits with and 

without -70°C data point values is 217.1 cm*^ for the [(2,6-Cl2)4TPPFe(3-ClPy)2] CIO4 

complex, unlike 499.1 cm*' for [(2,6-Br2)4TPPFe(3,4-Me2Py)2] CIO4 or 329.7 cm'^ for 

[(2,6-Br2)4TPPFe(3-MePy)2] CIO4. 

The [(2,6-Cl2)4TPPFe(3,5-Me2Py)2] CIO4 data do not converge in any simation. 

The [(2,6-Cl2)4TPPFe(4-MePy)2] CIO4 data converge to 910 and 650 cm*^ with and 

without the -70°C data. Since it is expected that the ground and excited states cross around 

a pKa of 5, it is expected that the energy gap between the two states would be smaller than 

650 cm"! for the [(2,6-Cl2)4TPPFe(4-MePy)2] CIO4 complexes where the pKa(PyH+) of 

4-MePy is 6.02. When the ortho data set is included, the values fall to 110 cm*l with and 

119.8 cm"^ without the -70°C data. This demonstrates that the variance minimum for the 

meta and pyrrole fits is very shallow, allowing for possibly unreasonable AE values. But 

when the ortho-K data set, which deviates somewhat from Curie behavior, is fit along with 

the other two, it dominates the fit. The ortho-Yi alone values are 100 cm*^ with and 110 

cm"i without the -70°C data. In the [(2,6-Cl2)4TPPFe(4-CNPy)2] CIO4 complex, looking 

at the pyrrole alone AE value (420 cm*') the pyrrole and meta AE values (420 cm*^ and 340 

cm*^) and the pyrrole, meta and ortho AE values (415.3 and 370 cm*'), it appears that, just 
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as in [(2,6-Br2)4TPPFe(4-CNPy)2] CIO4 complex, the fit is dominated by the pyrrole-H 

data. Interestingly, although the ort/io-H data fit alone without the -70°C data do not 

converge, the data set with the -70°C point converges to a value of 400 cm'^ 

Table 3.13 AE values from the computer fits of the temperature dependence data for the 

[(2,6-Cl2)4TPPFe(L)2] CIO4 complexes (in cm*l). 

Data Sets Used in Fit 

Ligand pyrr meta pyrr & meta ortho pyvrSaneta Sujrtho 

4-CNPy 420 420 400 420 4-CNPy 
340* N* 370* 

3-CNPy 570 510 180 180 3-CNPy 
430* 200* 200* 

3-ClPy 460 430 N 50 3-ClPy 
220* 90* 90* 

4-HPy 290 290 N 80 4-HPy 
180* N* N* 

3-MePy 290 260 90 90 3-MePy 
N* 100* 90* 

4-MePy N 910 100 110 
650* 110* 120* 

3,5-Me2Py N N N N 
N* 20 N* 

3,4-Me2Py N N 160 160 
N* 120* 110* 

4-NMe2Py 380 350 90 160 4-NMe2Py 
420* 109.9* 170* 

* Data fit without •70°C data point, = did not converge 
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[(2,6-F2)4TPPFe(L)2] CIO4 Complexes 

Table 3.14 shows that in the [(2,6-F2)4TPPFe(L)2] CIO4 fits, for meta and pyrrole 

data, only the [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 and [(2,6-F2)4TPPFe(4-CNPy)2] 

CIO4 data sets converge when the -70°C data are included, and the [(2,6-F2)4TPPFe(3-

MePy)2] CIO4 data do not converge at all. The AE values calculated without the -70°C data 

do not seem to follow any patterns. Adding the ortho-H data sets to the fits does not 

appear to help as it did in the [(2,6-Br2)4TPPFe(L)2] CIO4 and [(2,6-Cl2)4TPPFe(L)2] 

CIO4 cases. In fact, when this is done, [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 , [(2,6-

F2)4TPPFe(4-HPy)2] CIO4 and [(2,6-F2)4TPPFe(3-Cl)2] CIO4 do not converge at all. 

Also, the values obtained for [(2,6-F2)4TPPFe(4-CNPy)2] CIO4 in all of the methods are 

different from what is expected. In examining the ortho-H only fits, [(2,6-F2)4TPPFe(4-

CNPy)2] CIO4, [(2,6-F2)4TPPFe(3-CNPy)2] CIO4, [(2,6-F2)4TPPFe(4-HPy)2] CIO4, 

[(2,6-F2)4TPPFe(3-MePy)2] CIO4, and [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 do not 

converge. 

[(2,6-(OMe)2)4TPPFe(L)2] CIO4 Complexes 

In the fits of the [(2,6-(OMe)2)4TPPFe(L)2] CIO4 data, the -70°C systematic error 

is not present since the experiments were run on a different instrument. Also, the spectra 

were obtained in 5°C steps from -90 to -40°C to provide more data points in the lower 

temperature region. Even with these advantages, the fits did not all converge. In fact in the 

pyrrole-only and pyrrole and meta combination fits, the [(2,6-(OMe)2)4TPPFe(3,4-

Me2Py)2] CIO4, [(2,6-(OMe)2)4TPPFe(3,5-Me2Py)2] CIO4, [(2,6-(OMe)2)4TPPFe(3-

Me)2] CIO4, and [(2,6-(OMe)2)4TPPFe(3-Cl)2] CIO4 systems did not converge. It is 

interesting to note that in the pyrrole, meta and ortho combination fits, the ortho-H data 
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dominated in every case. Examining the ortho-H isotropic shift versus 1/T graph in Figure 

3.26, the dominance of the orfAo-H sets is expected since only the pyridine resonance 

displays Curie behavior. 

Table 3.14 AE values from the computer fits of the temperature dependence data for the 

[(2,6-F2)4TPPFe(L)2] CIO4 complexes (in cm'^). 

Data Sets Used in Fit 

tneta pyrr & meta ortho pyrr&mera Scortho 

4-CNPy 600 N N 
920* N* 920* 

3-CNPy 290 N N 
N* N* 240* 

3-ClPy N N N 
300* N* N* 

4-HPy N N N 
150* N* N* 

3-MePy N N N 
N* N* 360* 

4-MePy N 80 60 
230* 140* 150* 

3,5-Me2Py 330 N N 
470* N* N* 

3,4-Me2Py N 190 240 
340* 80* 180* 

4-NMe2Py N 290 310 
480* 480* 570* 

* Data fit without -70°C data point, N = did not converge 
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Table 3.15 AE values from the computer fits of the temperature dependence data for the 

[(2,6-(OMe)2)4TPPFe(L)2] CIO4 complexes (in cm"^). 

Data Sets Used in Fit 

Ligand pyrr meta pyir & meta ortho pyrr & meta & ortho 

4-CNPy 630 540 N 

3-CNPy 300 300 880 810 

3-ClPy N N 450 450 

4-HPy 330 320 N N 

3-MePy N N- 140 170 

4-MePy 130 120 N N 

3,5-Me2Py N N 510 590 

3,4-Me2Py N N 350 410 

4-NMe2Py 420 380 N N 

N = did not converge 

Data-Fitting Conclusions 

Recall from previous discussions that in the [TMPFe(L)2]''' complexes the g-

anisotropy changes sign around the pKaCPyH""") of 4-MePy. At the point where the g-

anisotropy is zero, the ground state and excited state are equal in energy, and AE is zero. 

Figure 3.35 shows that AE is expected to decrease as the basicity of the pyridine ligand 

decreases until the pKaCPyH'"') of pyridine, at which point AE will start to increase as the 
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basicity of the pyridine ligand decreases. This general trend is seen in the calculations of 

AE from the fitting program when only the pyrrole-H or both pyrrole-H and meto-H are fit. 

This same general trend is expected to be seen in the [(2,6-Br2)4TPPFe(L)2] CIO4, 

[(2,6-Cl2)4TPPFe(L)2] CIO4, [(2,6-F2)4TPPFe(L)2] CIO4, and [(2,6-

(OMe)2)4TPPFe(L)2] CIO4 pyridine complexes as well. However, due to the approximate 

Curie behavior that the complexes show, the limited number of data points allowed in the 

fits due to chemical exchange, and the limitations in the computer program, no trends are 

seen. With the stronger anti-Curie behavior of the pyrrole protons, of all the complexes 

studied only the low basicity pyridine complexes of [TMPFe(L)2]"'', [(2,6-

Br2)4TPPFe(L)2] CIO4, and [(2,6-Cl2)4TPPFe(L)2] CIO4 gave AE values that support the 

conclusions drawn from the NMR data. 



Chapter 4 

166 

TWO-DIMENSIONAL NMR SPECTROSCOPY OF THE 

BIS-2-METHYLIMIDAZOLE COMPLEX OF 

MESO-TETRA.(2,6-DICHLOROPHENYL)PORPfflNATOIRON(III) 

PERCHLORATE 

INTRODUCTION 

In the variable temperature 1-dimensional NMR experiments with [(2,6-

Cl2)TPPFe(2-MeImH)2] CIO4, it was found that at temperatures between +10 and +40°C 

there was one sharp resonance for the eight pyrrole protons, one for the eight meta protons, 

and one for the four para protons. Thus, at these temperatures the axial 2-methylimidazole 

ligands are rotating freely. However, as the temperature of the sample was lowered below 

-40°C it can be seen in the ID NMR spectrum that there are four resonances for the pyrrole 

protons, four for the meta protons, and two for the para protons. This indicates that the 

axial ligand rotation has been frozen out on the ID NMR timescale. The nonequivalence of 

the protons when ligand rotation is stopped results from the lack of C2 symmetry through 

the Naxial - Fe - Naxial axis and the planes of the imidazoles lying in a perpendicular 

orientation with respect to each other. 

In 1991 Walker and Simonis investigated axial ligand rotation in the [TMPFe(2-

MeImH)2]''' complex."^! Their studies found NOESY experiments to be very beneficial in 

determining chemical exchange partners and ultimately, at low temperatures, the absolute 

assignment of the resonances. The NOESY experiment is a 2-dimensional NMR 

experiment designed such that resonances of protons that are within 5 A of each other 
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through space will show a cross-peak in the 2D map. Cross-peak intensity in the spectrum 

can also arise from protons that are in chemical exchange. 

The NOESY pulse sequence, 7C/2 - ti - 7C/2 - tm -7C/2 - t2 (acquire), allows for 

chemical exchange to be observed on the 2D timescale even though it has been "frozen out" 

on the ID NMR timescale. In this sequence, during the ti time the individual spins are 

frequency labeled. During tm, chemical exchange (or nOe transfer of magnetization) can 

occur, and the environment around a proton can change. The proton will then resonate at a 

different frequency during t2. Fourier transformation in two dimensions will result in a 

cross-peak linking the original resonance frequency and the exchanged resonance 

frequency. Exchange peaks can usually be seen at temperatures up to the point where the 

individual resonances broaden considerably, and down to the point where the exchange is 

too slow to occur appreciably during tm-

In the [TMPFe(2-MeImH)2]''' complex studied by Walker and Simonis,^' chemical 

exchange arises from axial ligand rotation at -29°C. Exchange cross-peaks were seen 

among the four pyrrole proton resonances, the four meta-R resonances, the four ortho-

CH3 resonances, and between the two para-CH-i resonances. When the NOESY 

experiment was run at -74°C, axial ligand rotation had been frozen out and only nOe cross-

peaks were seen between two of the pyrrole resonances and between pyrrole and ortho-

CH3 resonances. This allowed for the absolute assignment of all of the resonances. 

To examine the axial ligand rotation and to determine the assignments of the 

resonances in [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4, NOESY and COSY experiments were 

undertaken at low temperatures. 
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EXPEREMENTAL 

The synthesis of (2,6-Cl2)4TPPFe0C103 was carried out as described in Chapter 2. 

The 2-methyliinidazole complex was formed by the addition of roughly 10 mg of (2,6-

Cl2)4TPPFe0C103 to a 5mm diameter NMR tube containing 0.75 mL CD2CI2, and 

addition of several milligrams of 2-MeImH. The ID NMR spectrum was recorded, and 

more ligand was titrated into the NMR tube until subsequent ID NMR spectra showed free 

ligand resonances. All of the sample concentrations were 10 to 15mM in iron 

porphyrinate. The 2-MeImH ligand was used as received from Aldrich. The 99.9% 

CD2CI2 was used as received in 1 gram sealed ampules from Cambridge Isotopes. 

All of the 1- and 2-dimensional NMR spectra were recorded on a Varian Unity 300 

spectrometer operating at 299.952 MHz. For the 1-dimensional spectra, the number of 

data points was 16K, and the spectral width ranged from 14.7 to 22.7 kHz. The number 

of transients collected ranged from 32 to 128, and a 5 Hz linebroadening factor to the 

exponential multiplication of the FID was applied prior to Fourier transformation. 

Acquisition times ranged from 0.267 to 0.544 seconds. The temperature at which the 

experiments were run varied from -55 to -90°C. 

For the 2-dimensional magnitude and phase-sensitive NOESY and magnitude 

COSY spectra, the spectral widths also ranged from 14.7 to 22.7 kHz. The temperature 

paralleled those of the 1-D spectra, from -55 to -90°C. The number of data points was 512 

along t2 and 128 along ti. The data were zero filled to give either a512x512or 1024 x 

1024 symmetrical matrix. The relaxation delay between transients was set to either 1 or 2 

seconds, and the acquisition times ranged from 11 to 17 msec. Mixing times for the 

NOESY spectra ranged from 4 to 187 msec. The number of transients acquired per FID 

was either 16 or 32. 
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In the workup prior to transformation the 2D data was apodized using a sine bell or 

sine bell squared in both ti and tz for the magnitude NOESY and magnitude COSY spectra. 

For the phase-sensitive NOESY spectra the apodization was a gaussian function in both ti 

and t2. In all cases, the shift of the apodization fimction was varied until the best spectrum 

was obtained. 

The Ti values for the complex at all temperatures was determined by the inversion 

recovery experiment. The most downfield peak in the spectrum, the resonance assigned to 

the proton at the 4-position of the bound 2-MeImH ligands, has a Ti value less than 1 msec 

at -55°C and does not even show up in the 2-D diagonal. This T i is too short to give cross-

peak information and was often not included in the spectral window. When this happens 

the resonance is folded into the spectrum and shows up as a small, broad, out of phase 

peak around -15 ppm. 

RESULTS 

The magnitude NOESY spectrum at -55° C in Figure 4.1 shows chemical exchange 

cross-peaks in the pyrrole-H region, -18 to -28 ppm. In fact each of the four pyrrole 

resonances has a similar intensity cross-peak with the other three pyrrole-H resonances. In 

the diamagnetic region of the spectrum chemical exchange cross-peaks are seen between the 

meta-H resonances and between the two para-H resonances. This indicates that at -55°C 

the axial ligands are undergoing rotation on the 2D NMR timescale. Figure 4.2 shows how 

consecutive 90° rotations of the axial ligands leads to exchange of the nonequivalent proton 

resonances. To optimize cross-peak intensity of the pyrrole resonance a mixing time of 19 

was used. This is 1.3 times the shortest Ti of the pyrrole resonances, which range from 

14.5 to 24 msec. The -55°C phase sensitive NOESY in Figure 4.3, also with a mixing time 



Figure 4.1 Magnitude NOESY spectrum of [(2,6-Cl2)4TPPFe(2-MeImH)2] Ci04 at -55°C. 
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Figure 4.2 Wire-frame diagram showing how successive 90° rotations of the axial 
2-MeImH ligands results in chemical exchange of the meta and para protons. 
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Figure 4.3 Phase sensitive NOESY spectrum of [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4 at -55°C. 
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of 19 msec, is drawn at a higher contour level to bring out the meta-Yi and para-U. exchange 

peaks, since these cross-peaks are much more intense than the pyrrole-H cross-peaks. 

They are so intense, in fact, that the pyrrole-H diagonal peaks are not seen at this contour 

level. 

Figure 4.4 shows another phase-sensitive NOESY spectrum run at -55°C. In this 

experiment a mixing time of 130 msec was used to optimize the conditions for observing 

meta-Yi. and para-H exchange cross-peaks. In this spectrum two more sets of cross-peaks 

are seen between the peaks at 9.1 and at 6.9 ppm, and between the peaks at 6.9 and at 5.8 

ppm. 

The -65°C magnitude NOESY spectrum drawn at a low contour level in Figure 4.5 

shows that in the pyrrole region not every pyrrole resonance has a cross-peak with all of 

the others. Cross-peaks are missing between peaks 1 and 3 and between peaks 2 and 4. 

This indicates that the axial ligand rotation is slowing down, and that only those cross-

peaks resulting from one step of ligand rotation are observed. Clearly, then, the pairs of 

peaks 1,3 and 2,4 are due to the combinations Ha, Hd and Hb, He, since more than one 

step of ligand rotation is required to interchange these pairs. It should be noted that the Ti 

values of the pyrrole-H protons are very small at this temperature. At -55°C the pyrrole-H 

T1 values ranged from 14.5 to 24 msec. At -65°C the values have fallen to 3 msec for the 

shortest and 7 msec for the longest. This gives the mixing time of 4 msec used in the 

experiment, which is a very short period of time for cross-peak intensity to develop. When 

the sample is cooled to -75°C, the T i values of the pyrrole protons are all less than 3 msec, 

and the shortest T i is less than 1 msec. In the NOESY spectrum at this temperature no 

cross-peaks can be seen in the pyrrole region. 

In the -82°C phase-sensitive NOESY spectrum, since the pyrrole region would not 



Figure 4.4 Phase sensitive NOESY spectrum of [(2,6-Ci2)4TPPFe(2-MeImH)2] CIO4 at -55°C using a mixing time of 130 ^is 
to optimize the meta and para cross peaks. 
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Figure 4.5 Magnitude NOESY spectrum of [(2.6-Cl2)4TPPFe(2-MeImH)2] CIO4 at -65°C. 
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offer any useful data, the mixing time was set at 187 msec, which is 1.3 times the shortest 

rneta-H or para-R Ti (144 msec) to optimize cross-peak intensity for the meta-K and 

para-K resonances. 

This spectrum, shown in Figure 4.6, shows the cross-peaks seen in the previous 

spectra with the cross-peak between the resonances at 9.4 and 6.8 having more intensity 

then it did at -55°C (Figure 4.4). Note that since the molecule is paramagnetic, there will be 

slight differences in peak positions at different temperatures. 

Magnitude COSY spectra were recorded at -90 (Figure 4.7), -80 (Figure 4.8), and 

-55°C (Figure 4.9). COSY spectra show cross-peaks between resonances that are J- or 

scalar-coupled. COSY cross-peaks are expected, then, to appear between the meta-H and 

para-R resonances of the porphyrin phenyls, and between adjacent pyrrole-H resonances 

that are not chemically equivalent. 

Cross-peak intensity in the COSY experiment develops even if no J-coupling is 

evident in the ID spectrum. Such is the case in this paramagnetic molecule where the 

linewidths are too broad for small splittings to be seen. The COSY experiment depends 

greatiy on the Tj relaxation times of the protons. T2 values are either equal to or smaller 

than the T1 values for a given nucleus. Since [(2,6-Cl2)4TPPFe(2- MeImH)2] CIO4 has 

short T1 values, COSY cross-peaks between the pyrrole protons would be very difficult to 

observe. 

From the structure of the molecule it seems reasonable that cross-peaks should be 

observed in the COSY spectrum between the meta-H. and para-H resonances of the 

porphyrin phenyls. At low temperatures, there are four sets of two equivalent meta protons 

and two sets of two equivalent para protons. From Figure 4.2 it is seen that the equivalent 

me/a-protons are not on the same phenyl ring. It is therefore expected that two of the meta-

H resonances will be J-coupled to one para-H resonance, and the other two meta-H 

resonances will be J-coupled to the other para-H resonance. 



Figure 4.6 Phase sensitive NOESY spectrum of [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4 at -82°C. 
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Figure 4.7 Magnitude COSY spectrum of [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4 at -90°C 
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Figure 4.8 Magnitude COSY spectrum of [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4 at -80°C. 
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Figure 4.9 Magnitude COSY spectrum of [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4 at -55°C. 
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COSY cross-peaks would also be expected for nonequivalent pyrrole resonances on 

the same pyrrole ring. Figure 4.10 shows that of the four chemically nonequivalent pyrrole 

protons, two are on the same pyrrole ring. Therefore only one cross-peak is expected 

among the pyrrole-H resonances in the COSY spectrum. However, the pyrrole protons 

have short T2 values, so cross-peak intensity may not have time to develop before T2 

relaxation disrupts the coherence of the magnetization. 

Figure 4.10 Diagram of the porphyrin core showing the origin of the four pyrrole proton 

peaks if axial ligand rotation is hindered. 
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COSY cross-peaks would also be expected between the 4-H and 5-H resonances 

and between the 5-H and N-H resonances on the 2-methylimidazole ligands. However, 

these resonances also have short T2 values that lead to no observable cross-peaks at the 

mixing times used. 

In the COSY -90 and -80°C spectra, no cross-peaks could be observed in the 

pyrroIe-H region. As mentioned earlier, the Ti and thus T2 values, since T2 ^ Ti, are 

much too short at lower temperatures. At -55°C, COSY cross-peak intensity was seen in 



Figure 4. i I Magnitude COSY spectrum of [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4 at -55°C drawn at a low contour level. 
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the pyrrole region only at low contour levels (Figure 4.II). Due to chemical exchangethere 

are more than the one set of cross-peaks expected in the pyrrole region. Extra cross- peaks 

are also seen in the diamagnetic region of the spectrum. 

The COSY spectra at these temperatures all show two sets of cross-peaks between 

one para-H resonance and the two nonequivalent meta-H. positions adjacent to it. The 

cross-peaks between the other para-H resonance and the adjacent meta protons are not 

readily apparent. However, there is peak intensity between the resonances at 4.5 and 5.3 

ppm, which may be COSY cross-peaks or just artifacts due to the overlap of the tails of the 

diagonal peaks. 

Also, in all these spectra there is another set of cross-peaks. It is between the 

resonances at 4.8 and 2.3 ppm at -90°C, 4.6 and 2.3 ppm at -80°C, and 4.1 and 2.0 at 

-55°C. These resonances and therefore the cross-peak are due to an impurity in the sample 

used for the COSY experiments which was not present in the sample used for the NOES Y 

experiments. 

DISCUSSION 

In order to determine the absolute assignments of the resonances in (2,6-

Cl2)4TPPFe(2-MeImH)2 CIO4 it is necessary to find nOe cross-peaks in the NOESY 

spectra. In order to see some of the nOe cross-peaks in this molecule, chemical exchange 

must be slowed down or frozen out on the 2D NMR timescale. Two problems inhibited 

the observation of nOe cross-peak intensity in this sample. The first has been discussed 

before: the small T1 values. Ti values of less than 3 msec in the pyrrole protons at -65°C 

and lower are not long enough for significant development of nOe cross-peaks. 

The second problem is realized while examining the -82°C NOESY (Figure 4.6) 

spectrum and comparing it to the -55°C NOESY spectra in Figures 4.1, 4.3, and 4.4. 
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From the pyrrole cross-peaks in Figure 4.1, it is clear that the protons are all exchanging on 

the 2D NMR timescale. It is concluded that the group of meta-H and pair of para-K peaks 

should also each be in chemical exchange. The intense cross-peaks in the diamagnetic 

region must therefore be exchange cross-peaks. Comparing Figure 4.6 with Figure 4.4, it 

is seen that the exchange cross-peaks are still present at -82°C. Axial ligand rotation has 

not been frozen out even at this low temperature. This makes it very difficult to observe 

nOe cross-peaks. In the [TMPFe(2-MeImH)2]''" complex'^l, the axial ligand rotation was 

stopped on the 2D NMR timescale by -74°C. Also, the relatively long pyrrole-H T i values 

at this temperature allowed a mixing time of 50 ms, which is long enough for nOe cross-

peak intensity to develop. 

Even though the absolute assignment of the resonances could not be accomplished 

with this technique, using a combination of NOESY and COSY experiments the general 

assignment of the meta-H and para-H resonances was achieved. 

The expansion of the region between 4.3 and 9.7 ppm of the (2,6-Cl2)4TPPFe(2-

MeImH)2 CIO4 spectrum at -82°C is shown in Figure 4.12. This is the region where the 

intense chemical exchange cross-peaks are found. Integration of the ID spectrum revealed 

the possible positions of the meta-H and para-H peaks. For ease of discussion the peaks 

will be labeled in the following maimer. Peak 1 will be the left-most resonance in the 

expanded spectrum at 9.4 ppm. Peak 2 is the next possible para-H or meta-H peak to the 

right at 6.8 ppm. Peak 3 is die next possible peak at 5.25 ppm. Finally, peaks 4-6 are the 

labels for the resonances at 4.6 ppm, which are too close together to be cleanly separated in 

the 2D spectra. While examining the spectra it must be remembered that as the sample 

temperature is changed, the positions of the resonances will also change. However, peaks 

1-3 remain in the same order. The order of the other three peaks, on the other hand, 

appears to change with changing temperature. At -82°C, these resonances are represented 

by a larger peak with an integration of four and a smaller peak with an integration of two 



Figure 4.12 1 -D spectrum of [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4 showing the meta and para peak positions. 
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just downfield of the larger peak. At -55°C, the positions appear reversed, with a small 

shoulder on the upfield side of the larger peak. Although it is difficult to see, it appears 

that the cross-peak between peak 2 and peak 4-6 at -55°C in the NOES Y spectrum (Figures 

4.4 and 4.3) is on the upfield side of the resonances, corresponding to the small shoulder. 

In the -82°C NOESY spectrum this cross-peak appears to be in the middle of the 4-6 peak. 

Due to the proximity of these peaks to each other and their inherent broadness due to the 

paramagnetic metal it was not possible to unambiguously assign the three individual 

resonances as meta-H or para-H at all temperatures. Despite the apparent reordering of 

these three peaks at different temperatures, they will continue to be labeled as peak 4-6 in 

the following discussion. 

To begin the peak assignments the -55°C NOESY (Figure 4.3) is examined. From 

the pyrrole cross-peaks in Figure 4.1 it is known that the axial 2-MeImH ligands are freely 

rotating and the intense cross-peaks are chemical exchange cross-peaks. From the labeling 

scheme in Figure 4.2, the expected chemical exchange cross-peaks include one set between 

parai and para2, and six sets between metai, meta2, metai, and meta4, with each individual 

meta resonance showing three cross-peaks to the other three meta-H resonances. Peak 1 

shows two cross-peaks: one to peak 3 and one to peak 4-6. Since the para-H resonances 

can only show one cross-peak, peak I must be a meta-H resonance. Since meta-H 

resonances can only show chemical exchange cross-peaks with other meta -H resonances, 

peak 3 must be a meta-H resonance, and one component of 4-6 must be a meta-H 

resonance. There is also a cross-peak between peak 3 and peak 4-6, which corresponds 

well to the assignment of peaks 1 and 3 as meta-H resonances. 

At this point it is premamre to assign peak 2 as a para-H resonance. The -55°C 

NOESY spectrum drawn at a lower contour level shows weak cross-peaks between peaks 

2 and 1 and between peaks 2 and 3. The origin of these cross-peaks could be a) chemical 

exchange, which would lead to assigning peak 2 as a meta-H resonance, b) nOe 
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interactions, which would support the assignment of peak 2 as a para-H, or c) J-coupled 

COSY interactions, which would also confirm a para-K assignment for peak 2. 

Comparing the NOESY and COSY pulse sequences, it is found that the COSY sequence 

k/2 -ti-7t/2 - acquire is part of the NOESY sequence. This can give rise to COSY cross-

peaks in a NOESY spectrum where nOe cross-peaks are expected. 

Also, there is the strong cross-peak between peak 2 and peaks 4-6. With close 

inspection it appears that this cross-peak is slightly upfield from both the cross-peak 

between peak 1 and peaks 4-6 and the cross-peak between peak 3 and peaks 4-6. Although 

this suggests that peak 2 and the upfield shoulder of peaks 4-6 are para-H resonances, this 

assignment cannot be made unambiguously. The difference in chemical shifts in peaks 4-6 

is very small: less than a tenth of a ppm. More data are necessary to prove this assignment. 

Switching to the -82° C NOESY spectrum (Figure 4.6), the exchange peaks are still 

present. The cross-peak between peaks 1 and 2 has increased intensity, especially 

compared to the cross-peak between peaks 2 and 3. Since the 2-MeImH hgands are still 

rotating at this temperature, cross-peaks due to nOe or COSY interactions could be buried 

under the intense exchange cross-peaks. 

In the -90° C COSY spectrum in Figure 4.7 there are clear cross-peaks between 

peak 1 and 2, and between peak 2 and peaks 4-6. Since each para-H. resonance is expected 

to show two sets of cross-peaks with the nonequivalent meta-Hs on the same phenyl ring, 

peak 2 can now be confidendy assigned as a para-H resonance. The spectrum also shows 

peak intensity between peak 3 and peaks 4-6. Since peak 3 has been assigned as a meta-H, 

intensity is expected between it and the para-H resonance that must be a component in 

peaks 4-6. The COSY spectra at -80 (Figure 4.8) and -55°C (Figure 4.9) also show the 

cross-peaks between peak 1 (meta-H) and peak 2 (para-H) and between peak 2 and peaks 

4-6 (one component of which is a meta-H resonance). 
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Peaks 4-6, then, are made up of two meta-H resonances and one para-H resonance. 

From the NOESY spectra it appears that the para-K resonance is the upfield shoulder at 

-55°C, while at -82°C it could be either the downfield shoulder or the larger peak. Either 

way, it appears from these experiments that as the temperature of the sample is raised the 

meta-H resonances move downfield more quickly than the para-H resonance. This makes 

sense since at temperatures between +10 and +40°C, the collapsed singlet representing the 

eight meta protons is approximately 0.3 ppm downfield from the collapsed singlet 

representing the four para protons in the ID NMR. 

The -55°C COSY spectrum in Figure 4.9 is drawn at a high contour level to 

illustrate the strongest J-couplings. It must be remembered, however, that at this 

temperature, the axial ligands are rotating on the 2D NMR timescale. Figure 4.11 shows 

the -55°C COSY spectrum drawn at a much lower contour level. Here there are many more 

cross-peaks than expected, including 4 sets of cross-peaks in the pyrrole region where only 

one would be expected. This demonstrates that care must be taken when interpreting 

COSY spectra in exchanging systems. 

As a check of the resonance assignments, the variable temperature ID NMR 

experiments run on [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4 were examined. From the 

integration of the spectra run from +10 to +40°C, the single para and meta resonances were 

assigned. For the data between -90 and -40°C, the four meta-H positions assigned from 

the 2D experiments were averaged at each temperature, as were the two para-H resonances. 

The averaged chemical shift values and the high temperature chemical shift values were 

then plotted versus inverse temperature. This plot, in Figure 4.13, shows that a good 

correlation exists between the high and low temperature para and meta resonance 

assigtmients. The data between -30 and 0°C have been omitted since at these temperatures 

the resonances coalesce and are too broad to get an accurate peak position. 



189 

The broadening of these resonances in this temperature region is one factor 

contributing to the scatter seen in the data m Figure 4.13. In the spectra taken at 

temperatures around the coalescence temperature region, the peaks have broadened 

somewhat, and their positions are not known as accurately as when the peaks are sharp. 

Another factor contributing to the scatter in Figure 4.13 is the ambiguity in peaks 4-6. It is 

not known for certain which peak is the para-R resonance. When the resonances broaden 

at temperatures around -40 and -50°C, peaks 4-6 become one broad peak with no sign of a 

shoulder. 

Figure 4.13 Correlation of die averaged low temperature meta and para peak positions 

based on the 2D assignments with the high temperature positions assigned by 

comparison of integrals. 
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CONCLUSIONS 

The average ID NMR temperature dependence data in Figure 4.13 support the -40 

to -90°C para-ti. and meta-Yi assignments made by the 2D NMR methods, with the only 

ambiguity being in the exact positions of the para-H and meta-H resonances in peaks 4-6 at 

the different temperatures. Even though the cross-peak between peak 1 (meta-H) and peak 

2 (para-H) seen in the -82 and -55°C NOES Y spectra could not be definitely assigned as an 

nOe cross-peak or a COSY cross-peak, in the general assigimient of the resonances this 

does not matter. Whether the cross-peak arises from scalar coupling or from an nOe 

interaction, it tells us that peak 2 is a para-H resonance. 

Although the short Ti values of the pyrrole protons at -82°C and the rotation of the 

2-MeImH ligands at this temperature did not permit the absolute assignment of the ID 

spectrum of [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4, the combination of NOESY and COSY 

spectra at various temperatures was invaluable in the assignment of meta-H and para-H 

resonances. 
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LIQUID HELIUM EPR SPECTROSCOPY OF IRON(III) COMPLEXES OF 

MESO-TETRA-(2,6-DISUBSTITUTEDPHENYL)PORPHYRINS 

INTRODUCTION 

EPR of Proteins 

In the elucidation of the electronic structure of the b cytochromes, several 

researchers have examined the EPR spectra of these proteins. These include Bois-

Poltoratsky and Ehrenberg^^ who reported the frozen solution EPR spectrum of bovine 

liver microsomal cytochrome bs. They found a characteristic low spin iron(III) rhombic 

signal with g-values of 3.03, 2.23, and 1.43. Also in that year Watari, Groudinsky and 

Labeyrie®^ recorded the EPR spectrum of crystalline cytochrome b2 at liquid nitrogen 

temperatures. The three g-values found in this experiment, 2.99, 2.28, and 1.49, are close 

to the liver microsomal bs values.^' Another cytochrome bs was detected in and purified 

from human erthrocytes by Passon, Reed, and Hultquist.83 In 1972 they reported the 36 

K EPR spectrum, which gave the typical low-spin iron(III) signal with g-values 3.03, 

2.21, and 1.39. Later studies of rat microsomal cytochrome bs^^ and rat outer 

mitochondrial membrane cytochrome bs^^ found nearly identical g-values of 3.05, 2.24, 

and 1.46 for microsomal bs, and 3.03, 2.24, and 1.46 for outer mitochondrial bs. In each 

of these cases the axial ligands in the 5 and 6 positions of the heme iron are histidines. A 

tabular synopsis of the g-values of several b cytochromes can be found in reference 86. 
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There are other cytochromes where the typical rhombic signal is not observed even 

though the iron is low-spin d^. These spectra contain only one feature that has a g-value 

greater than 3.3. In 1974 Orme-Johnson, Hansen and Beinert®^ reported EPR spectra of 

ubihydroquinone-cytochrome c oxidoreductase (complex HI) from beef heart mitochondria 

at temperatures < 20 K. The researchers found three resolved resonances at g = 3.33, 

3.44, and 3.78, which they assigned to the heme groups of cytochromes ci, byi (i'sei). and 

bi (^566)- In 1975 Leigh and Erecinska^^ found ±e same one feature per cytochrome in 

succinate-cytochrome c reductase complex, with g for ci at 3.37, g for at 3.41, and g 

for £>566 at 3.78. Salemo^^ reconfirmed the ci, bs^i, and Z>566 g-values at 3.35, 3.45, and 

3.78 using ubiquinol-cytochrome c oxidoreductase. The one feature EPR signal was also 

seen in the low-spin iron(III) 6563 cytochrome.^O Other EPR studies, including those on 

yeast Complex and bovine heart Complex HI (ubiquinol-cytochrome c oxidoreductase 

or cytochrome bc\ complex)35.36 i^ave also shown the gmax signal. 

Several eukaryotic and prokaryotic cytochrome c's have shown rhombic EPR 

signals at neutral pH (horse, mna, and baker's yeast iso-1 having g-values gi = 3.06, g2 = 

2.26, g3 = 1.25; baker's yeast iso-2 and Euglena cytochromes c, Rhodospirillum rubrum 

cytochrome C2, and Paracoccus denitrificans cytochrome C550 having the g-values gi = 3.2, 

g2 = 2.05, and g3 = 1.39).92 However, at higher pH each of these proteins has the large 

gmax spectrum with g = 3.4 or 3.6.^2 xhe large gmax signal has also been found in the 

EPR spec t ra  o f  cy tochrome94  ̂  =  3  43  

In 1984 Widger et a/..95 found that the amino acid sequences of mitochondrial 

cytochromes b from human, bovine, mouse, yeast, and Aspergillus nidulans sources and 

spinach cytochrome b^ show a high degree of homology, with the likely ligands for the 

two hemes being four highly conserved histidines. Based on earlier conclusions from 

work by T'sai and Palmer on highly purified cytochrome b from baker's yeast Complex 

and early model complexes,^^ the authors^S suggest that the large gmax signals in their 
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samples were due to a perpendicular or "strained"^^ orientation of the imidazole moiety of 

the axial histidine ligands. 

EPR OF MODEL COMPLEXES 

Although several studies have shown that the gmax EPR signal can be obtained 

through strong (y-donating groups such as Py-CN* ^8 and Ph*,99 the majority of model 

heme EPR studies have focused on planar axial ligands with donor nitrogen atoms. Early 

work by La Mar and Walker^ 9 showed that the bis(imidazole) complex of 

tetraphenylporphyrin iron(III) chloride, [TPPFe(Im)2] CI, gives a rhombic EPR spectrum 

at liquid helium temperatures, with gi - 2.9, g2 ~ 2.3, and g3 - 1.5. Later, in a fairly 

comprehensive examination of planar nitrogen ring systems. Walker et demonstrated 

that hindered systems, those with bulky groups close to the porphyrins like 2-

methylimidazole (2-MeImH), gave the gmax type EPR spectra. Using the very non-

hindering octaethylporphyrinal(OEP), Gadsby and Thomson^^O demonstrated that while 

bis-imidazole, bis-N-methylimidazole, and bis-4-methylimidazole complexes of 

OEPFe(in) give rhombic low temperature EPR spectra, the spectra of the 1,2-

dimethylimidazole and 2-methylimidazole complexes are large gniax> with gz values of 3.52 

and 3.53 respectively. Further studies of the [TPPFe(2-MeIniH)2l'''^®^ complex led 

researchers to suggest that gmax EPR spectra are due to the perpendicular alignment of 

planar axial ligands with respect to each other. Support for this conclusion was provided 

by Scheldt et when the x-ray crystal structure of [TPPFe(2-MeImH)2] CIO4 was 

published, showing the perpendicular orientation of the axial 2-methylimidazole ligands. 

X-ray crystal structures and single crystal EPR studies by Strouse^03,l04 on less-hindered 

systems showed rhombic EPR spectra associated with parallel axial ligand orientation. 
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In 1991 Hatano et al. ̂ 05 demonstrated that the relatively less-hindering axial ligand, 

1-vinylimidazole, when bound to the more-hindering porphyrin core, tetra(2,6-

dichlorophenyl)pophinato ironCEH), gives a gmax EPR signal. The solid state EPR 

spectrum run at 7 K showed both a large gmax signal and a rhombic signal. This coincided 

nicely with the x-ray crystal structure at 122 ± 3 K in which both perpendicular and parallel 

axial ligand orientations were observed. This opened up the possibility of using large 

groups in the ortho positions of the porphyin phenyls to force the perpendicular axial ligand 

orientation. 

In further studies of the effect of planar axial ligands on the low temperature EPR 

spectra of heme and model heme complexes, Safo et al.^^ obtained the x-ray crystal 

structure and liquid helium EPR spectra of three iron(III) complexes. The complex 

containing a more-hindering porphyrin ring, tetramesitylporphyrin with a non-hindering 

ligand, N-methylimidazole, was found to give a rhombic EPR spectrum. The x-ray crystal 

structure of this complex showed the parallel orientation of the N-methylimidazole axial 

ligands. In the next complex, a less-hindering porphyrin, octaethylporphyrin, was used, 

along with the bulkier bis-4-dimethylaminopyridine (4-NMe2Py) ligation. The 

rhombic EPR spectrum and x-ray crystal structure demonstrated that 4-NMe2Py prefers the 

parallel orientation. However, when the more-hindered 4-NMe2Py ligand is combined 

with the more-hindered TMP, the axial 4-NMe2Py ligands of the resulting [TMPFe(4-

NMe2Py)2]''' complex are forced into the perpendicular orientation, as the x-ray crystal 

structure and gmax EPR spectrum indicate. 

The basicity of 4-NMe2Py is relatively high for a pyridine, with pKa(PyH+) = 

9.70.^06 When the EPR spectrum of a much less basic pyridine, (4-CNPy),l07,l08 

complex of TMPFe(III) was exaniuied,^^ it was found that the signal was axial, with gx = 

2.53 and gn = 1.56. The x-ray crystal structure of [TMPFe(4-CNPy)2] CIO4 showed that 
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the 4-CNPy axial ligands are in the perpendicular orientation, as would be expected for 

bulky ligands with a bulky porphyrin. Clearly, further examination of the effects on the 

EPR spectra of pyridine axial ligands of differing basicities bound to bulky iron(III) 

porphyrins was needed. This is where the EPR portion of this dissertation begins. 

EXPERIMENTAL 

Spectra were recorded on a Bruker ESP-300E EPR spectrometer operating at X-

band. 4.2 Kelvin was achieved using an Oxford helium cryostat. The spectra were 

obtained from frozen methylene chloride (CH2CI2), toluene, or a mixture of the two. 

Samples were run at a concentration of ~ 5 mM in 4mm quartz EPR mbes. Spectra were 

recorded with a modulation frequency of 100.00 kHz and a modulation amplitude ranging 

from 1.011 to 10.115G. Sweep widths ranged from 1,500.20 to 9,018.40G. Microwave 

frequency ranged from 9.33640 to 9.38000GHz, and microwave power ranged from 2.00 

X 10"^ to 2.02 X 10*^ mW. 

RESULTS 

Table 5.1 lists all of the g-values described in the Results section. Please refer to it 

while reading through this section and the subsequent Discussion section. Examples of the 

different types of EPR signals seen in this study can be found in figure 5.1. 
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Table 5.1 g-Values of the iron(III) porphyrinates 

IronCni) Porphyrinate 

Ligand pKa(PyH+) TMP 2,6-Br2 2,6-Cl2 2,6-F2 2,6-(OMe)2 

4-CNPy 1.10 2.53a 
1.56 

2.57 2.51 2.57 2.58 

3-CNPy 1.45 2.59a 2.62 2.62 2.60 

3-ClPy 2.84 2.59 
(3.07)a 

3.01b 
2.57b 

2.63 2.60 

4-HPy 5.22 2.56 2.99 2.90b 
2.20b 

3.41 2.52 

4-MeE^ 6.02 2.49 3.19 3.25 3.48 3.43 
1.90 

3,5-Me2Py 6.15 

4-NMe2Py 9.70 3.48= 3.59 3.49 2.60 
2.29 
1.86 

2.83 
2.30 
1.62 

2-MeImH 7.56 3.17d 3.43 3.42 3.52 3.35 

N-Melm 7.33 2.89C 
2.33 
1.57 

3.36 2.88 
2.30 
1.60 

2.84 
2.29 
1.63 

3.02 
2.28 
1.48 

® from reference 37 

^ indicates the range of g-values covered by the large, broad signal 

from reference 34 

^ from reference 109 
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Figure 5.1 Examples of frozen solution EPR spectra seen in the low-spin iron(III) 

porphyrinates: a) rhombic, [(2,6-F2)4TPPFe(N-MeIm)2] CIO4, b) axial, 

ITMPFe(4-CNPy)2] CIO4, c) axial with gz unobserved, (TMPFe(4-HPy)2] 

CIO4, d) large gmax, [(2,6-F2)4TPPFe(2-MeImH)2] CIO4, and e) broad range 

of g-values, [(2,6-Cl2)4TPPFe(4-HPy)2] CIO4. 
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[TMPFe(L)2]"'" Complexes 

EPR spectra were recorded at liquid helium temperatures for |TMPFe(3-CNPy)2] 

CIO4, [TMPFe(3-ClPy)2] CIO4, [TMPFe(4-HPy)2] CIO4, and |TMPFe(4-MePy)2] CIO4 

in CH2CI2. (TMPFe(3-CNPy)2j CIO4 gives an axial signal with a g± value of 2.59 and the 

gll component being too broad to be determined due to g-strain (see below). The EPR 

spectrum of [TMPFe(3-ClPy)2] CIO4, like the [TMPFe(3-CNPy)2] CIO4, is an axial type 

spectrum, with a gj. value of 2.59. Again, g-strain results in the gn feature being 

unobservable. The spectrum of |TMPFe(4-HPy)2] CIO4 is also axial, with the g± signal at 

2.56. The g_L component of the axial signal in the [TMPFe(4-MePy)2] CIO4 spectrum is at 

2.49, with again no discemable gn signal. 

The EPR spectra of [TMPFe(4-NMe2Py)2] C104,34 [TMPFe(4-CNPy)2] C104,37 

|TMPFe(N-MeIm)2]''',^ and [TMPFe(2-MeImH)2]"'"^^ had been recorded previously. 

G-STRAIN 

g-Strain is a broadening of the frozen solution EPR spectrum by a random 

distribution of conformations at the paramagnetic centers. This leads to a distribution of g-

values, which broaden the features of the spectrum. More, Bertrand and Gayda have 

effectively used g-strain effects to simulate broadening in the rhombic EPR spectra of 

several heme proteins. 110-111 

g-S train has also been used by Salemo^^ to simulate the large gmax components in 

frozen spectra of ubiquinol-cytochrome c oxidoreductase. The formalism used, originally 

proposed by Griffith^^ and later expanded upon by Taylor^®, treats the low-spin iron(III) 

case as having a hole in the t2g set. Using three g-values, the crystal field parameters V and 
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A can be calculated (see Figure 5.2). Looking at this calculation from the opposite 

direction it is realized that random variation in V and A is the cause of g-strain in low-spin 

d5 porphyrin systems. Since large gmax spectra only have one discemable feature, 

simulations were run varying V, the energy difference between the dxz and dyz orbitals. A, 

the energy difference between the average energy of dxz and dyz and the dxy orbital, and 

5V, the random distribution of the dxz, dyz energy difference giving rise to g-strain. 

Salemo found that variations in the value of V did more to change the g-value of the large 

gmax signal than did variations in A, with resonances simulated using smaller V values 

occuring at higher g-values. In simulating the "ramp-like" appearance of the cytochrome 

b566 signal it was found that this peak shape occurs when V=0, or in other words, when 

dxz dyz are degenerate. 

Figure 5.2 Crystal Field Parameters V and A. 
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g-Strain can also occur in low-spin iron(III) systems with the (cixz,ciyz)'^(dxy) ^ 

ground state. In the frozen solution EPR spectra of some of these compounds, especially 

with weakly basic planar axial ligands, the signal is axial with gx -2.5, but gn is not 

resolved. Safo et alJ^ demonstrated that changes in gx and gn as a function of 2g2 result 

in relatively small changes in tetragonality (AA, the field strength of the ligands, where "k is 

the spin-orbital coupling constant). However, they also demonstrated that with a gx value 

near 2.6, small changes in gx such as ligand vibrations that only slightly affect AA, result in 

a large change in gn. This relatively large change in gn leads to uncertainty in the gn 

position and thus broadening in the EPR spectrum. Couple this factor with the inverse 

relationship between g-values and magnetic field, where the smaller g-values are spread 

over a larger magnetic field range, and it is clear why gn in axial systems with g-strain is 

not observed. 

[(2,6-Br2)4TPPFe(L)2] CIO4 Complexes 

The 4.2 K EPR signal for [(2,6-Br2)4TPP(4-CNPy)2] CIO4 is a broad axial type 

signal with a gx value of 2.57. In the liquid helium spectrum of [(2,6-Br2)4TPP(3-ClPy)2] 

CIO4 the single feature is broad enough at the peak maximum that one disceraable g-value 

cannot be determined. Instead, the best interpretation is that the resonance spans a range 

from 3.01 to 2.57. The signal in the spectrum of [(2,6-Br2)4TPPFe(4-HPy)2] CIO4 is not 

as broad as the one in [(2,6-Br2)4TPPFe(3-ClPy)2] CIO4, and has a g-value of 2.99. The 

signal at 3.19 in the [(2,6-Br2)4TPPFe(4-MePy)2] CIO4 spectrum appears to have the 

shape and is close to the position of a gmax type signal. When the spectrum of the highest 

basicity complex, [(2,6-Br2)4TPPFe(4-NMePy)2] CIO4, is examined, it is found that the 
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gmax signal occurs at a g of 3.59, which is more "normal" compared to the large gmax EPR 

signals seen in biological systems and model compounds (see Introduction section of this 

chapter). [(2,6-Br2)4TPPFe(2-MeImH)2] CIO4 also displays a more typical gmax signal at 

3.43. Unlike all other bis-N-Melm model complexes, the [(2,6-Br2)4TPPFe(N-MeIm)2j 

CIO4 complex has a gmax signal. It occurs at a g of 3.36. This indicates that the ortho-

bromine atoms provide enough steric hinderence to force the planes of the 5-membered 

imidazole rings to align perpendicularly with respect to each other. 

[(2,6-Cl2)4TPPFe(L)2] CIO4 Complexes 

The 4.2 K EPR spectra of [(2,6-Cl2)4TPPFe(4-CNPy)2] CIO4 and [(2,6-

Cl2)4TPPFe(3-CNPy)2] CIO4 are axial and similar to those of [(2,6-Br2)4TPPFe(4-

CNPy)2] CIO4 and [(2,6-Br2)4TPPFe(3-CNPy)2] CIO4, with gj. values of 2.51 and 2.62 

respectively. The gj_ signal at 2.63 for [(2,6-Cl2)4TPPFe(3-ClPy)2] CIO4 has a more 

discemable maximum than the feature in the [(2,6-Br2)4TPPFe(3-ClPy)2] CIO4 spectrum. 

In the spectrum of [(2,6-Cl2)4TPPFe(4-HPy)2] CIO4, however, a broad signal which is 

essentially flat on top, spanning a range of g-values from 2.94 to 2.24, is found. The gmax 

signal for [(2,6-Cl2)4TPPFe(4-MePy)2] CIO4 is sharper than the [(2,6-Cl2)4TPPFe(4-

HPy)2] CIO4 signal and has a value of 3.25. The spectrum for [(2,6-Cl2)4TPPFe(4-

NMe2Py)2] CIO4 shows the large gmax type signal at 3.49. Like most bis-N-Melm 

porphyrin complexes, [(2,6-Cl2)4TPPFe(N-MeIm)2] CIO4 shows a rhombic EPR 

spectrum with g-values of 2.88, 2.30, and 1.63. [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4 

gives a gmax EPR signal at 4.2 K, with g = 3.42. 
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In the [(2,6-F2)4TPPFe(4-CNPy)2] CIO4 complex the EPR spectrum at 4.2 K is 

axial with a gj, value of 2.57 and unresolved gii. [(2,6-F2)4TPPFe(3-CNPy)2] CIO4, 

however, gives a high-spin iron(III) signal, even though no high-spin iron is added in 

preparing the sample. Only (2,6-F2)4TPPFe0ClO3 and excess 3-CNPy were used. 

Perchlorate is a very weakly binding Ugand such that (2,6-F2)4TPPFe0C103 is an 

intermediate-spin, s= 3/2 complex. However, no low- or intermediate-spin signal is 

observed. The spectrum of [(2,6-F2)4TPPFe(3-ClPy)2] CIO4 is also unusual, with a high 

spm iron(III) signal and another sharp signal at g > 4. [(2,6-F2)4TPPFe(4-HPy)2] CIO4 

does not show a high-spin signal. The EPR spectrum of this complex is a gmax feature at 

3.41. [(2,6-F2)4TPPFe(4-MePy)2] CIO4 also shows a large gmax type signal at 3.48. The 

4.2 K EPR spectrum of [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 is rather unusual, with three 

discemable features. The first is a small signal at 3.73 that appears to have a gmax "ramp-

like" shape,^^ with a sharp rise on the lower magnetic field side and tapering off on the 

high field side. The second feature is a sharp absorptive shaped signal at 3.50, and the 

third is a smaller, broad dispersive shaped signal at 1.83. It appears that the signals at 3.50 

and 1.83 could be associated with a rhombic spectrum where the third g-value is at a higher 

field and is too broad to be observed. 

The 4.2 K EPR spectrum of [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 was run several 

times in varying mixtures of methylene chloride and toluene to determine the best 

conditions for obtaining sharp spectra. In pure methylene chloride the complex gives a 

rhombic spectrum with comparatively broad signals at 2.77, 2.30, and 1.71. The spectra 

run in 2:1, 1:1, and 1:2 mixtures of methylene chloride:toluene all showed the broad 

rhombic signal at the previously mentioned g-values, along with an even broader signal at 



203 

3.1. The spectra run in straight toluene and a 1:6 mixture of methylene chloride to toluene 

both gave a sharp rhombic signal with g-values at 2.60,2.29, and 1.86. 

The spectrum of [(2,6-F2)4TPPFe(N-MeIm)] CIO4, which was run in methylene 

chloride, gave a clean rhombic signal with g-values at 2.84,2.29, and 1.63. The spectrum 

of [(2,6-F2)4TPPFe(2-MeImH)] CIO4 is a gmax type with a signal at 3.52. 

A 4.2 K EPR spectrum of [(2,6-F2)4TPPFe(0C103)] was also run to try to obtain 

an intermediate spin signal. The first spectrum run with the compound dissolved in 

methylene chloride only showed a high-spin Fe(III) signal at 6.0 and 1.99. The spectrum 

of the compound run in toluene, however, showed something else. There was only a 

small, broad peak at a g of 6, and a rhombic-looking signal with g-values of 4.57, 4.04, 

and 1.99. 

[(2,6-(OMe)2)4TPPFe(L)2] CIO4 Complexes 

The 4 K EPR spectrum of [(2,6-OMe)2)4TPPFe(4-CNPy)2] CIO4 shows an axial 

signal with gx at 2.58 and a gii value that is unobserved. The spectrum of [(2,6-

OMe)2)4TPPFe(3-CN)] CIO4 is similar, with g± at 2.60 and g|( undetermined. A similar 

situation exists for [(2,6-OMe)2)4TPPFe(3-ClPy)] CIO4, with the gj. component at 2.60. 

[(2,6-OMe)2)4TPPFe(4-HPy)2] CIO4 gives a broad, axial-type spectrum with the only 

discemable g-value at 2.52. The spectrum of [(2,6-OMe)2)4TPPFe(4-MePy)2] CIO4 looks 

very similar to the spectrum obtained from [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4. There is 

a small "ramp-like" feature at 3.65, a sharper feature at 3.43, and a broad dispersive-type 

feature at 1.90. As in the [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 complex, it appears as if 

the 3.43 and 1.90 features are components of a rhombic signal where the third g-value is at 

higher field and undetermined. [(2,6-OMe)2)4TPPFe(4-NMe2Py)2] CIO4 was run in 

straight methylene chloride and a 2:1 mixture of methylene chloride and toluene. Both 
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spectra showed a rhombic signal with g-values of 2.83, 2.30, and 1.62. In the methylene 

chloride spectrum there is a signal at lower magnetic field than the rhombic signal, but it is 

so small, broad, and flat that it is impossible to assign a discreet g-value to it. In the 

sample with the methylene chloridertoluene mixture, however, this feature, while still small 

and broad, has sharpened up enough to give a g-value of 3.45. The [(2,6-

OMe)2)4TPPFe(N-MeIm)2] QO4 complex in 2:1 methylene chloridertoluene has a rhombic 

spectrum in the 4.2 K EPR with g-values of 3.02, 2.28, and 1.48. The EPR spectrum of 

[(2,6-OMe)2)4TPPFe(2-MeImH)I CIO4 is of the gmax type with a g-value of 3.35. 

DISCUSSION 

As proposed by Walker^^l and others^^-^^'^^ and as proven by Walker and 

Scheidt,34.37,l02 signal occurs in porphyrin systems where the planar axial 

ligands are aligned perpendicularly with respect to each other. In low-spin iron(III) 

porphyrins with the unpaired electron in a dx2,dy2 orbital, the molecule tries to orient planar 

axial ligands with the planes in a parallel orientation. In these d^ systems, with a 

(dxy)^(dxz.dyz)^ ground state, this removes the degeneracy of the dxz and dyz orbitals by 

having the filled n orbital of both axial ligands interacting with either the dxz or the dyz but 

not both at the same time. However, with enough steric bulk in the ortho positions of the 

porphyrin phenyls, the complex is forced to have the axial ligands oriented such that the 

planes lie in a nearly perpendicular arrangement. In this situation, when the filled iz orbital 

of one ligand is interacting mainly with dxz. the it orbital of the other is interacting mainly 

with dyz, and thus these two metal orbitals are nearly degenerate. Instead of the rhombic 

spectrum seen for complexes with a parallel arrangement of axial ligands where gxx and gyy 

are different, the perpendicularly oriented ligand complexes with the (dxz.dyz)^ ground state 

display a gmax type spectrum, where gn is the only discemable feature. The other two g-
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values cannot be determined because the degeneracy of dxz.dyz causes g-strain, which 

washes out the gj. signal. 

Early work with TMPFe(III) complexes has shown that the position of the gmax 

signal varies with axial ligand basicity. In TMPFe(III) complexes with more basic ligands, 

such as 4-NMe2Py. the gmax signal is found > 3.4.34 jesg basic pyridines, such as 4-

CNPy, the signal is axial,37 with the order of gn and g± reversed. The gn component is 

sometimes not evident, with the gx component - 2.5 to 2.7. This research demonstrated 

that for the TMPFe(III) complexes there is a change in electronic ground state from 

(dyz)^(dxz'dyz)^ for the more basic pyridines to (dxz.dyz)'^(dxy)' for the less basic 

pyridines. As shown in the Results section, this difference in ground states is found not 

only in the TMPFe(in) complexes, but also the (2,6-Br2)4TPPFe(III), (2,6-

Cl2)4TPPFe(III), (2,6-F2)4TPPFe(III), and (2,6-OMe)2)4TPPFe(in) complexes. These 

data have provided valuable insight into the effect of axial ligand basicity on the ground 

state of model hemes. 

As Table 5.1 shows, the g-values for the lower basicity complexes are small. This 

is due to the (dxz.dyz)'^(dxy) ^ ground state found in these complexes. The (dxz,dyz)'^(dxy)' 

ground state for the low basicity pyridine complexes of all of the iron(Iir) porphyrins in 

this study is the same ground state seen in the low temperature EPR spectra of the "green 

hemes", iron chlorins, bacteriochlorins, and isobacteriochlorins.38.112 jhe EPR spectra of 

low-spin green hemes are all near axial.38.39,40,113 

The change in ground state from (dxy)2(dxz,dyz)3 for the higher basicity pyridine 

complexes to (dxz.dyz)'*(dxy)' for the lower basicity pyridine complexes may be explained 

by the bonding properties of the axial ligands. Figure 5.33^ shows the energies of the d-

orbitals of iron(III) and, for the pyridine axial ligands, the energies of the lone pair a 

synmietry orbital, the k* orbital, and the Ks orbital, which has large ampUtude at the donor 
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Figure 5.3 Plot of ionization potentials of the lone-pair a symmetry orbital (squares)^^, 

TCs orbital (circles)33, and k* orbital (crosses) versus pyridine pKaCPyH"""). 

The values of the orbitals were obtained from the 7C - jc* transition 

energy. The cross-hatched region between 7 and 9 eV represents the 

probable iron(III) d orbital energies in tetraphenyl- and octaethyl-

porphyrinates.ll^ 
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nitrogen. From this figure it is seen that the metal d orbitals are likely of similar energy to 

the filled Ttg pyridine orbital for the more basic pyridines. The resulting 7C-symmetry 

molecular orbitals with the largest metal character will be at a higher energy than they 

would have been without this ligand k interaction. This filled interaction, then, destabilizes 

dxz and dyz, and ensures that they will be higher in energy than the dxy orbital. The 

opposite is seen in the lower basicity pyridine complexes. Figure 5.3 shows that the metal 

d-orbitals are more similar in energy to the JC* orbitals of these pyridines. The interaction 

of these empty k* pyridine orbitals with the almost filled dTC orbitals stabilizes the resulting 

molecular orbital with the most metal character. In this situation, dxz and dyz can move to 

an energy lower than that of the dxy orbital, giving the (dxz.dyz)'^(dxy)^ ground state. 

Of great interest in this study are the EPR data from the ligands with basicities 

between the pKa(PyH+) of 1.1 for 4-CNPy and 9.7 for 4-NMe2Py. In comparing these 

complexes, the crossover point from the (dxz)^(dxz.dyz)^ ground state to the 

(dxz,dyz)'*(dxy) ^ ground state is examined. What is found, not surprisingly, can be difficult 

to interpret. As will be discussed below, the relatively small difference between the two 

states leads to unusual EPR spectra for the complexes near the crossing point. 

[TMPFe(L)2] C104 Complexes 

The large gmax EPR specUiim of lTMPFe(4-NMe2Py)2] CIO4 is indicative of the 

unpaired electron being in a dxz.dyz symmetry orbital. This is expected for the higher 

basicity pyridine complexes of iron(III) porphyrins. In these systems with planar axial 

ligands, the ligand planes are found to be in either a parallel or perpendicular orientation 

with respect to each other. In the [(TMP)TPPFe(4-NMe2Py)2] CIO4 complex there is 

enough steric bulk around the axial ligand pockets that the 4-NMe2Py ligands orient 
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themselves such that the ligand planes are perpendicular with respect to each other. The 

porphyrin ring is S4 ruffled^^ to accomodate this orientation of the axial ligands. 

The [TMPFe(4-CNPy)2] CIO4 complex gives a resolved axial spectrum even at 77 

K.37 In this spectrum it is found that gx is 2.53 and gn is 1.56. In this situation, where 

gz<gx,gy, the unpaired electron is in the dxy orbital. The ground state of |TMPFe(4-

CNPy)] CIO4 is therefore (dx2,dyz)'^(dxy)^ The complex still has tetragonal symmetry, 

since the crystal structure of this complex^^ shows that the axial 4-CNPy ligands are 

aligned with their planes in the perpendicular orientation with respect to each other. It is 

clear that somewhere between the high basicity pyridine complex [TMPFe(4-NMe2Py)2] 

CIO4 and the low basicity pyridine complex (TMPFe(4-CNPy)2] CIO4 the ground state 

changes from (dxy)2(dxz,dyz)^ to (dxz,dyz)'^(dxy)^ 

The axial spectrum of ITMPFe(3-CNPy)2]''" CIO4 with gj. 2.59 indicates that like 

[TMPFe(4-CN)2] CIO4, this complex also has the (dxz,dyz)'^(dxy) ^ ground state. In earlier 

work, Safo et found that lTMPFe(3-CNPy)] CIO4 gave an axial spectrum at 77 K 

with a gx value at 2.62 in the solid state. The gn feature for this study was broadened and 

unobserved due to g-strain. In the same pubHcation |TMPFe(3-ClPy)2] CIO4 was reported 

to give a gmax type spectrum with an unusually low g-value of 3.07. In repeating this 

study, however, it is found that at 4.1 K this complex gives an axial EPR spectrum with gi 

occurring at 2.59 and gn unobserved. The explanation for this large difference in the 

measured g-values is not readily apparent. It could be due to problems with the sample or 

interpretation of an inhomogeneous polycrystalline 3.07 sample. The sample was run 

several times at temperatures around 4.2 K, and each time the 2.59 signal was the only 

feature in ±e spectrum. What is clear from the -4.2 K spectra is that both |TMPFe(3-

CNPy)2] C104 and |TMPFe(3-ClPy)2] CIO4 have the (dxz.dyz)'^(dxy) ^ ground state. 

The same situation exists for [TMPFe(4-HPy)2] CIO4, where the gj. value at 2.56 

is prominant and gn is broadened due to g-strain. Interestingly, the spectrum of |TMPFe(4-



209 

Mel*y)2] is also axial, with the signal at 2.49 being much broader than the gj. features of 

the previously discussed spectra. The conclusion is then drawn that the ground state of 

[TMPFe(4-MePy)2] 004 is also (dx2,dyz)4(dxy)i. 

From the ~4.2 K EPR data it becomes apparent that the g-anisotropy (gn^ -

changes sign between the pKa(PyH+) values of [TMPFe(4-NMe2Py)] CIO4 and 

lTMPFe(4-MePy)2] CIO4 for the [TMPFeCHI)] complexes. In other words, somewhere 

between these two points, the ground state changes from (dxy)2(dxz.dy2)3 to 

(dxz,dyz)'^(dxy)^-

Figure 5.4 Largest g-value vs. pKa(PyH+) for the [TMPFe(L)2]''' complexes. 
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Figure 5.4 shows a plot of the observable g-values versus axial ligand pKa(PyH+) 

for the [TMPFe(L)2]"*' complexes featured in this study. This plot demonstrates that there 

is a small range of g± values in the axial spectra (2.49 to 2.59) and that there does not 

appear to be a pKa dependence for the gj. feature in the (dxy)^ ground state complexes. 

With only one (dxz, dyz)^ ground state complex, no possible trends can be determined. 

This, however, is in mild contradiction to the conclusions drawn from a similar 

plot reported in 1992.37 From that data it was indicated that there is a smooth pKa 

dependence. Figure 5.5 shows the g-value data from Figure 5.4 along with the data in 

reference 37. As will be demonstrated in the coming discussion sections of the other 2,6-

Figure 5.5 Largest g-value vs. pKa(PyH+) for the [TMPFe(L)2]''' pyridine and imidazole 
complexes. 
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disubstituted complexes, the (dxz.dyz)^(dxy) ̂  ground state is associated with an axial 

spectrum where gj_ is in the 2.49 to 2.63 range, whereas the (dxy)^(dxz.dyz)^ ground state 

is associated, in the gmax spectra, with a single feature gz with gz > 3.0. So although the gz 

= 3.17 value for |TMPFe(2-MeImH)2]''' seems low, it falls in the acceptable gz ^ 3.0 

range. The one value that does not seem to fit is the gmax = 2.89 reported for lTMPFe(3-

EtPy)2]'''. From Figure 5.4 it is clear that this value is not correlated with the 4-HPy and 4-

MePy values although the latter two have pBCa(PyH+) values (5.22 and 6.02) that straddle 

the pKa(PyH+) value for 3-EtPy (5.56). With a gz value close to 2.9 it appears that the 

best assignment for this compound is that of the (dxy)^(dxz, dyz)^ ground state with an 

extremely low gmax value. 

[(2,6-Br2)4TPPFe(L)2] CIO4 Complexes 

The most obvious difference between the [(2,6-Br2)4TPPFe(L)2] CIO4 spectra and 

the corresponding TMPFe(L)2 spectra is that the signals in the [(2,6-Br2)4TPPFe(L)2] 

CIO4 spectra are much broader. Although the shape of the signal at 2.57 in the [(2,6-

Br2)4TPPFe(4-CNPy)2] CIO4 spectrum has a gmax type look to it, with a g-value of 2.57, 

it is assigned as the gj. signal of an axial spectrum. Again, due to g-strain the gn signal is 

broad and not observed. The ground state of this complex, therefore, is (dxz.dy2)^(dxy)^ 

The broad axial spectrum for [(2,6-Br2)4TPPFe(3-CNPy)2] CIO4 with gz = 2.62 also is 

indicative of the (dxz,dyz)^(dxy)^ ground state. 

The feature in the 4.2 K EPR spectrum of [(2,6-Br2)4TPPFe(3-ClPy)2] CIO4 

suggests that at this point in the pKa(PyH+) series something unusual is going on. The 

peak maximum is quite ambiguous and what can be considered the "top" of the peak covers 

a range of g-values from 3.01 to 2.57. With a single feature that spans the gap from the 
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(dxz.dyz)'^(dxy)^ ground state axial feature around 2.5 to the low end of the (dxy)^(dxz,dyz)^ 

ground state range starting around 3.0, the ground state of the 3-ClPy complex appears to 

be very close to the point where the g-aniosotropy changes sign for the [(2,6-

Br2)4TPPFeG;.)2]''" complexes. 

This unusual feature is also seen in the EPR spectrum of [(2,6-Br2)4TPPFe(4-

HPy)2] CIO4. The signal is not nearly as broad as in the [(2,6-Br2)4TPPFe(3-ClPy)2] 

CIO4 complex, and the peak maximum can be estimated to have a g-value of 2.99. The 

broadness of this feature also suggests that the ground state of this complex is close to the 

ground state crossing point. With a defined peak maximum close to 3.0 however, it 

appears that [(2,6-Br2)4TPPFe(3-ClPy)2] CIO4 does have the (dxy)2(dxz,dyz)^ ground 

state. 

The 4.2 K EPR spectra of [(2,6-Br2)4TPPFe(Py)2] CIO4 and [(2,6-Br2)4TPPFe(3-

ClPy)2] CIO4 seem to suggest that the pKa(PyH)+ at which the g-anisotropy changes sign 

is somewhere between these two ligands for the [(2,6-Br2)4TPPFe(L)2]'*" complexes. The 

[(2,6-Br2)4TPPFe(4-MePy)2] CIO4 complex supports this conclusion. It has an EPR 

spectrum with a single feature at a g of 3.19 and has the ramp-like gmax shape.89 Although 

this g-value is a little low for a gmax type signal (most are >3.4, see introduction) it is 

clearly not in the axial, (dxz.dyz)4(dxy)' ground state range, and in fact is quite close to the 

[TMPFe(2-MeImH)2]+ value of 3.17. 

The [(2,6-Br2)4TPPFe(4-NMe2Py)] CIO4 complex, with a gmax value of 3.59 has 

the (dxy)^(dxz,dyz)^ ground state, just as [TMPFe(4-NMe2Py)2] CIO4. The EPR spectrum 

of [(2,6-Br2)4TPPFe(2-MeImH)2] CIO4 shows a gmax signal at 3.43. This is the typical 

spectrum with higher basicity planar 6-membered ring ligands coordinated to a hindered 

iron(in) porphyrin. The unpaired electron is in the dxz^dyz orbital set, which is nearly 

degenerate due to the perpendicular orientation of the axial ligands. Although the 2-MeImH 

ligand has a smaller 5-membered ring, the methyl group a to the nitrogen bound to the iron 
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provides enough steric bulk with the ortfto-substituents of the porphyrin phenyls to force 

the 2-methylimidazole planes into the perpendicular orientation giving rise to a gmax signal. 

Figure 5.6 g-value vs. pKaCPyH'*') for the [(2,6-Br2)4TPPFe(L)2] CIO4 complexes. 
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compound would want to remove the degeneracy of the dxz.dyz orbitals orienting the N-

Melm ligands parallel. Unfortunately, despite repeated attempts, x-ray crystal structure 

quality crystals of [(2,6-Br2)4TPPFe(N-MeIm)2] CIO4 have yet to be obtained to confirm 

die perpendicular orientation of the axial ligands. 

Figure 5.6 shows the gmax. versus pKa data for the (2,6-Br2)TPPFe(III) 

complexes. Unlike the lTMPFe(L)2]+ complexes there does appear to be a pKa 

dependence on the g-value for the complexes. With so few complexes with axial spectra, 

however, it can be interpreted that EPR signals of complexes with the (dxy)2(dxz,dyz)^ 

ground state show a pKa dependence, while complexes with ±e (dx2,dyz;)'*(dxy)^ ground 

state do not. Still, the gmax signals for (dxy)2(dxz,dyz)^ complexes are > 3.0, while the g-

values for the (dxz,dyz)'^(dxy)^ complexes are < 2.62. 

[(2,6-Cl2)4TPPFe(L2)] CIO4 Complexes 

As in the |TMPFe(L)2)] CIO4 and [(2,6-Br2)4TPPFe(L)2] CIO4 complexes, the 

gmax value of 3.49 for [(2,6-Cl2)4TPPFe(4-NMe2Py)2] CIO4 indicates that this complex 

has the (dxy)2(dxz,dyz)^ ground state, and the axial, g-strained spectrum with a gz of 2.51 

represents the (dxz.dyz)'^(dxy)^ ground state for [(2,6-Cl2)4TPPFe(4-CNPy)2] CIO4. 

Again, the EPR spectra of the intermediate basicity pyridine complexes are examined to 

better determine the ground state crossing point. 

For [(2,6-Cl2)4TPPFe(3-CNPy)2] CIO4, the signal is broad, but with a g-value of 

2.62, it represents the (dxz.dyz)'^(dxy)^ ground state. As in [(2,6-Br2)4TPPFe(3-ClPy)2] 

CIO4, the signal for [(2,6-Cl2)4TPPFe(3-ClPy)2] CIO4 is very broad. However, the 

maximum is better defined and has a value of 2.63. The spectrum of [(2,6-Cl2)4TPPFe(4-

HPy)2] CIO4 suggests that the axial ligand basicity where the change from the 

(dxz.dyz)'^(dxy)^ ground state seen in the lower basicity pyridine complexes to the 
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(dxy)^(dxz4yz)^ ground state seen in the higher basicity pyridine complexes occurs very 

close to 5.22 for the (2,6-Cl2)4TPPFe(III) series of complexes . The main feature in the 

spectrum is a very broad, flat hump where the top of the hump has a g-value range from 

2.94 to 2.24. The sharper gmax type signal at 3.25 in the 4.1 K EPR spectrum of [(2,6-

Cl2)4TPPFe(4-MePy)2] CIO4 indicates that this complex has the (dxy)2(dx2,dyz)3 ground 

state typical for higher basicity axial ligand complexes. In all cases the spectra show 

unresolved g-values due to g-strain indicating that bis-pyridine complexes of [(2,6-

Cl2)4TPPFe(III)] have the planes of the two axial ligands oriented perpendicularly with 

respect to each other. 

The perpendicular orientation of axial ligand planes and (dxy)^(dxz,dyz)3 ground 

state is also evident in the 4.2 K EPR spectrum of the [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4 

complex, which has a very typical large gmax feature at 3.42.. The rhombic spectrum of 

[(2,6-Cl2)4TPPFe(N-MeIm)2] CIO4 with gi = 2.88, g2 = 2.30, g3 = 1.60 is indicative of 

the axial N-methylimidazole ligands lying in parallel planes with respect to each other and 

the complex existing in the (dxy)2(dxz,dyz)^ ground state. For this ligand there is not 

enough steric bulk provided by the orr/zo-chlorines, as there was for the ortho -bromines in 

[(2,6-Br2)4TPPFe(N-MeIm)2] CIO4, to force the imidazoles into the perpendicular 

aligimient. 

The plot of g-value versus axial ligand pKa(PyH+) in Figure 5.7 shows little pKa 

dependence for the (dxz,dyz)'^(dxy) ^ complexes, but some pKa dependence for the 

(dxy)^(dxz.dyz)^ complexes. As with the [(2,6-Br2)4TPPFe(L)2] CIO4 complexes, the 

gmax values for complexes with the (dxy)^(dxz,dyz)^ ground state are > 3.0, while the 

(dxz,dyz)'^(dxy) ^ ground state complexes are < 2.63. 
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Figure 5.7 g-Value vs. pKaCPyH""") for the [(2,6-a2)4TPPFe(L)2] CIO4 complexes. 
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[(2,6-F2)4TPPFe(L)2] CIO4 Complexes 

In the -4.2 K EPR spectra of the [(2,6-F2)4TPPFe(L)2] CIO4 complexes there are, 

not surprisingly, many similarities to the ITMPFe(L)2)] CIO4, [(2,6-Br2)4TPPFe(L)2)] 

CIO4, and [(2,6-Cl2)4TPPFe(L)2] CIO4 complexes, and some major differences. As for 

the similarities, like the other series of complexes, the ground state of [(2,6-F2)4TPPFe(4-

CNPy)2] CIO4 is (dxz.dyz)^(dxy)^ as evidenced by the gx signal at 2.57. As with the 

majority of the (dxz.dyz)^(dxy)^ ground state complexes, gn is unobserved due to extreme 

broadening caused by g-strain. As this study shows, this is the usual case for low basicity 
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pyridines complexed with tetra-(2,6-disubstitutedphenyl)iron(III) porphyrins where the 

planes of the axial ligands are aligned perpendicularly with respect to each other. 

There is a substantial difference between the spectrum of [(2,6-F2)4TPPFe(4-

NMe2Py)2] CIO4 and the previously discussed 4-NMe2Py complexes in that in the [(2,6-

F2)4TPPFe(4-NMe2Py)2] CIO4 case, the EPR signal is rhombic. This indicates that the (4-

NMe2Py) ligands are aligned in the parallel orientation with respect to each other. For 

[TMPFe(4-NMe2Py)2] CIO4, [(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4, and [(2,6-

Cl2)4TPPFe(4-NMe2Py)2] CIO4, the spectra were of the gmax variety, indicating 

perpendicular Ugand orientation. It appears, then, that the orr/io-fluorine atoms on the 

porphyrin phenyls are not large enough to provide the hindrance needed to force even the 

six-membered pyridine rings into the parallel orientation. 

Recall, however, that the EPR spectrum of [(2,6-F2)4TPPFe(4-CNPy)2] CIO4 is 

axial. An axial signal indicates that gxx and gyy are essentially identical. With planar axial 

ligands, this only occurs when the ligands are in the perpendicular orientation. As the 

[(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 complex shows, however, there is not enough 

hindrance to force this perpendicular orientation. This orientation in [(2,6-F2)4TPPFe(4-

C!NPy)2] CIO4 must then be electronic in origin. The electronic effect involved in aligning 

low basicity planar axial ligands in the perpendicular orientation despite the lack of steric 

factors forcing this orientation was examined by Safo et al. in 1994.^^ In these studies the 

perpendicular orientation of 4-CNPy axial ligands was evidenced in both the axial EPR 

spectrum and the x-ray crystal structure of the non-bulky TPPFe(III) complex. The crystal 

structure also showed the S4 ruffled porphyrin ring associated with perpendicular axial 

ligand alignment. In fact, crystal structures show that the porphyin ring of [TPPFe(4-

CNPy)2] CIO4 is even more ruffled than that of the more sterically hindered [TMPFe(4-

CNPy)2] CIO4 complex. 
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What was found for this complex is that the porphyrin ruffles to allow 

delocalization of the unpaired electron from the iron dxy orbital to the a2u(7C) porphyrin 

orbital through electronic donation form the filled SijuW to the "hole" in the dxy orbital. 

Although the metal dxy and porphyrin a2u(JC) orbitals appear to be orthogonal, porphyrin 

ring ruffling twists the nitrogen pz orbitals out of the mean plane of the porphyrin ring. 

The stronger the ruffling, the larger the projection of the pz orbital into the xy plane, which 

allows the overlap of the dxy and a2u(^t) orbitals. This results in the observed (see Chapter 

3) porph Fe backbonding and delocalization of the unpaired electron. This physical 

ruffling of the porphyrin then forces planar axial ligands to adopt the perpendicular 

orientation. This same electronic effect is what must cause the perpendicular orientation of 

the 4-CNPy ligands in [(2,6-F2)4TPPFe(4-CNPy)2] CIO4. 

In examining the low temperature EPR spectra of other [(2,6-F2)4TPPFe(L)2)] 

CIO4 complexes, more unusual behavior is found. [(2,6-F2)4TPPFe(3-CNPy)2] CIO4 and 

[(2,6-F2)4TPPFe(3-ClPy)2] CIO4 give very odd spectra that do not correspond to a low-

spin iron(III) signal. Both spectra also appear to have a high-spin, S = 5/2, component. 

[(2,6-F2)4TPPFe(4-HPy)2] CIO4 and [(2,6-F2)4TPPFe(4-MePy)2] CIO4 have g^ax signals 

at 3.41 and 3.48 respectively, indicating that they both have the (dxy)^(dxz,dy2)^ ground 

state, and the axial ligand orientation is perpendicular in both cases. This seems to confirm 

that weak TC-donors stabilize the perpendicular ligand orientation as found by Strouse et 

a/..' Further studies including x-ray crystal structures are warranted on these issues. 

The spectrum of [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 is also unusual. The 

features at 3.50 and 1.83 appear to be part of a rhombic signal where the other g-value, 

which should be 0.63 assuming Zg2=16, is unobserved. The "extra" signal at 3.73 

appears to have the ramp-like shape of a gmax type signal. It appears, since the spectrum of 

[(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 is rhombic and the spectrum of [(2,6-F2)4TPPFe(4-

MePy)2] CIO4 is gmax. that the spectrum of [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 
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represents the point where removing the degeneracy in the dxz.dyz orbital set takes over 

from the factors holding the axial ligands in the perpendicular orientation in the lower 

basicity pyridine complexes. The crystal structure of [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 

(see Chapter 6) confirms the parallel orientation of the 3,5-Me2Py ligands in the solid state. 

From this, a rhombic EPR signal is expected. 

Figure 5.8 g-Value vs. pKa(PyH+) for the [(2,6-F2)4TPPFe(L)2] CIO4 complexes. 

4 -
•
 •
 1 • 

3-

(A 
3 • 0 
tt 
> • 
• 
01} 

2 -

1 - 1 1 1 1 1 1 
0 2 4 6 8 10 

pKa(PyH+) 



220 

[(2,6-F2)4TPPFe(N-MeIm)2] CIO4 gives the rhombic signal expected for a stronger 

basicity planar ligand bound to a relatively non-hindering porphyrin, indicating that the N-

Melm ligands are aligned in the parallel orientation. The 3.52 gmax spectrum of [(2,6-

F2)4TPPFe(2-MeImH)2] CIO4 indicates the (dxy)^(dxz.dyz)3 ground state and that the axial 

2-MeImH ligands lie in the perpendicular orientation, causing g-strain along gxx and gyy to 

not allow these features to be resolved. It is not surprising that the bulkiness of the 2-

methyl group causes the perpendicular ligand orientation since that is what is observed for 

the [TPPFe(2-MeImH)2]+complex. 101 

As Figure 5.8 shows, there are too few data to determine a pKa dependence for the 

gmax values. What can be said based on the above g-values is that the point at which the 

change in ground state occurs is between the pKa(PyH+) of 4-CNPy and 4-HPy. 

[(2,6-(OMe)2)4TPPFe(L)2] CIO4 Complexes 

The series of -4.2 K EPR spectra for the [(2,6-(OMe)2)4TPPFe(L)2] CIO4 

complexes is similar to those of the [(2,6-F2)4TPPFe(L)2] CIO4 complexes in that [(2,6-

(OMe)2)4TPPFe(4-NMe2Py)2] CIO4 gives a rhombic signal with gi=2.83, g2=2.30, 

g3=1.62 indicating the (dxy)^(dxz,dyz)3 ground state and parallel ligand orientation, and 

[(2,6-(OMe)2)4TPPFe(4-CNPy)2] CIO4 gives an axial signal with gjL = 2.58, indicating the 

(dxz,dyz)'*(dxy)^ ground state and perpendicular axial ligand orientation. From examination 

of the spectra of the complexes with axial pyridine ligand pKa(PyH+) values in between 

these two extremes it becomes clear that the ground state change occurs between the 

pKa(PyH+) of 4-HPy and 4-MePy for the [(2,6-(OMe)2)4TPPFe(L)2] CIO4 complexes. 

Like the [(2,6-(OMe)2)4TPPFe(4-CNPy)2] CIO4 complex, [(2,6-(OMe)2)4TPPFe(3-

CNPy)2] CIO4 and [(2,6-(OMe)2)4TPPFe(3-ClPy)2] CIO4 give relatively sharp axial 

signals, both with gj_ = 2.60 and the gn feature too broad to be seen. For [(2,6-
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(OMe)2)4TPPFe(4-HPy)2] CIO4, the signal is broad, but it is axial with gj. at 2.52. 

Therefore, the latter three complexes have the (dxz,dyz)'^(dxy) ^ ground state and 

perpendicular ligand orientation. 

The spectrum of [(2,6-(OMe)2)4TPPFe(4-MePy)2] CIO4, looks very similar to that 

of [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4. There appears to be a rhombic component at 

3.43 and 1.90, with the third g-value too broad to be determined, and another signal at 

3.65. As in the [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 case this is interpreted as the point 

Figure 5.9 g-Value vs. pKaCPyH"*") for the [(2,6-(OMe)2)4TPPFe(L)2] CIO4 complexes. 
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where the electronic factors of the less basic ligands causing the ligands to align in the 

perpendicular orientation lose their dominance, and with the change in ground state from 

(dxz>dyz)'^(dxy) ^ to (dxy)^(dxz>dyz)^ for the more basic ligand complexes, removing the 

dxz.dyz orbital degeneracy in these relatively unhindered complexes takes over. This is 

different (and more straightforward) from what is seen in the (2,6-F2)2TPPFe(III) 

complexes where the change in ground state appears to take place at an axial ligand 

pKa(PyH+) value that is smaller (between 1.1 and 5.22) than the pKa(PyH+) where the 

ligand orientation change occurs (6.15). 

From the (dxz>dyz)'^(dxy)^ ground state g-values in Figure 5.9, it appears that there 

is no pKa dependence on the axial signals. There are not enough (dxy)2(dxz,dyz)^ data 

points to draw any conclusions about the higher basicity pyridine complexes. 

Methylene Chloride and Toluene as EPR Solvents 

During the course of this research it was found by Dr. Tatjana Shokhireva that quite 

sharp liquid helium EPR spectra of TMPFe(III) complexes were obtained in a solvent 

mixture of two parts toluene to one part methylene chloride. Unlike methylene chloride, 

toluene forms a good glass when frozen, which, due to its amorphous structure, allows for 

a more random arrangement of the solute molecules. This results in a sharper signal in the 

spectrum. Methylene chloride, on the other hand, does not form a good glass when 

frozen. This can lead to the formation of crystallites, where the orientation of the solute 

molecules in the many individual crystallites are ordered. This leads to broadening of the 

EPR lines. The problem in iron(III) porphyrin EPR is that while the bis-pyridme 

complexes are exceedingly soluble in methylene chloride, they are insoluble in toluene. 

The 2:1 toluenermethylene chloride ratio was found to give the sharpest signal with a good 

signal to noise ratio. 
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To examine the solvent effects for other tetra-(2,6-disubstituted phenyl) iron(III) 

porphyrin compounds, several EPR spectra of [(2,6-(F2)4TPPFe(4-NMe2Py)2] CIO4 were 

obtained at various ratios of toluene to methylene chloride. The resulting spectra can be 

found in Figure 5.10. The 4.2 K spectrum was first obtained with CH2CI2 as the sole 

solvent. This gave a rhombic signal with g-values at 2.77, 2.28, and 1.71. However, the 

signals are relatively broad, and there is a significant baseline roll. In the spectra obtained 

with the sample dissolved in mixtures of 1:2, 1:1, and 2:1 toluenermethylene chloride, an 

"extra" feature is seen. The rhombic signal at 2.77,2.28, and 1.71 is still present, as is the 

baseline roll, but there is also a broad feature around a g of 3.1 in the spectra. There is also 

a slight change in the appearance of the g = 2.28 peak. As the percent toluene is increased, 

the high field (below the baseline) side of the dispersive signal becomes smaller, so much 

so that it is not present in the 2:1 toluene:methylene chloride spectrum. At this solvent 

mixture, this minimum has been overtaken by the baseline roll. 

The origin of the g = 3.1 feature has not been conclusively determined, but 

currendy there are two plausible explanations. The first is that like the baseline roll, this is 

an artifact of the lack of a good methylene chloride glass. The other explanation is that this 

feamre represents a percentage of the [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 molecules 

having the perpendicular ahgnment of the axial ligands. The rhombic signal, as previously 

discussed, is due to the axial ligands lying in parallel planes with respect to each other. As 

seen from previous discussions, the factors forcing the perpendicular alignment of the axial 

ligands are still significant at pKa(PyH+) values as large as 6.02. It is believed, therefore, 

that the energy difference between the perpendicular and parallel orientations is not very 

large for this complex, and it is possible that the solvent mixture allows a portion of the 

molecules to have the Ugands in perpendicular planes, resulting in a gmax type signal. This 

could be the origin of the 3.1 feature. 



Figure 5.10 The 4.2 K EPR spectra of [(2,6-(F2)4TPPFe(4-NMe2Py)2j CIO4 in 

a) CH2CI2, b) 2:1 CH2CI2 to toluene, c) 1:1 CH2CI2 to toluene, 

d) 1:2 CH2CI2 to toluene, and e) toluene 
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The spectrum obtained in pure toluene shows that it is not just the toluene but the 

mixture of toluene and methylene chloride that causes the 3.1 feature. In straight toluene, 

[(2,6-(F2)4TPPFe(4-NMe2Py)2] CIO4 gives sharp rhombic spectra with g-values of 2.60, 

2.28, and 1.86, which are slightly different from those obtained in methylene chloride. No 

evidence of the feature at 3.1 is seen. The sharpness of the signal is certainly due to the 

better glass of frozen toluene. However, it should be noted that the intensity of this signal 

is less than in the methylene chloride samples. When the toluene sample is made up, it is 

seen that the majority of the material precipitates out and the solution is only a light red 

color, compared to the deep red normally seen in the methylene chloride complexes. Due 

to fast electronic relaxation or quenching in the soUd phase, it is the small amount of sample 

dissolved in the toluene that gives the rhombic EPR signal. 

Intermediate spin spectra 

Attempts were made to observe the liquid helium EPR spectrum of the intermediate 

spin I = 3/2 (2,6-F2)4TPPFe0C103 complex. Two samples were prepared: one in 

methylene chloride, the other in toluene. The methylene chloride sample gives a high-spin 

signal. Since perchlorate is such a weak axial ligand, any other possible ligand in solvent, 

such as water, will displace perchlorate and cause the complex to go high-spin (I = 5/2). 

The toluene sample, however, gives a different result. Figure 5.11 shows that while there 

appears to be some high-spin complex present, the g = 6 signal is small and very broad. 

The rest of the spectrum is a rhombic signal with g-values of 4.57, 4.04, and 1.99, 

although the 1.99 feature is very broad and the estimated value of 1.99 may not represent 

the true position of this feature. Since this complex is not very soluble in toluene, it is not 

surprising to see that in the sample tube, the solution is only lightly colored, and there is a 



Figure 5.11 Liquid helium EPR spectrum of the intermediate-spin I = 3/2 (2,6-F2)4TPPFe0C103 complex. 
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precipitate. The small amount of [(2,6-(F2)4TPPFe(0C103)] CIO4 dissolved in toluene, 

however, is enough to give the intermediate-spin signal. 

CONCLUSIONS 

The low temperature EPR spectra of the series of complexes have helped in 

determining the ligand pKa(PyH+) at which the ground state changes from (dxz,dyz)'^(dxy)^ 

for the lower basicity pyridine complexes to (dxy)Hdxz,dyzP for the higher basicity 

pyridine complexes. The spectra have also shown that complexes with ligands that are 

close to this "crossover" pKa(PyH+) exhibit extremely broad-topped yet clearly observable 

features that span a range of g-values from the gx range (-2.5) for the (dxz,dyz)'^(dxy) ^ 

ground state to the gii > 3 range for the (dxy)2(dxz,dyz)^ ground state. 

While the plots in Figures 5.6 and 5.7 suggest a smooth linear pKa(PyH+) 

dependence for the gmax signals of the [2,6-Br2)4TPPFe(L)2]''' and [2,6-Cl2)4TPPFeG..)2]''' 

complexes, this trend is not readily apparent in the other complexes. What does appear to 

be the case is that the (dxy)2(dxz.dyz)^ ground state complexes do have a pKa dependence, 

with less basic pyridine complex gmax signals occurring at smaller g-values. For 

complexes with the (dxz,dyz)'^(dxy)^ ground state, there is no pKa dependence, with all g-

values less than 2.63. 

The spectra of [2,6-F2)4TPPFe(L)2] CIO4 and [2,6-OMe)2)4TPPFe(L)2] CIO4 also 

point out the ligand pKa(PyH+) where pyridine L M Jt donation has decreased enough 

for less basic pyridines that the perpendicular orientation is the lower energy alignment. 

For [2,6-F2)4TPPFe(L)2] CIO4 complexes, this pKa(PyH+) is close to that of 3,5-MeE^ 

(6.15). For [2,6-OMe)2)4TPPFe(L)2] CIO4, it is close to that of 4-MePy (6.02). 
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Chapter 6 

X-RAY CRYSTAL STRUCTURE OF 

[(2,6-F2)4TPPFe(3,5.Me2Py)2] CIO4 

INTRODUCTION 

X-ray crystallography has been successfully utilized in the determination of planar 

axial ligand orientation in model heme complexes. This, in turn, has been used to further 

support ±e theory that perpendicular aligrunent of planar axial ligands leads to large gmax 

EPR spectra. 

The x-ray crystal structure of bis(2-methylimida2ole)(mejo-tetraphenylporphinato)-

iron(III) perchlorate determined by Scheldt et in 1987 showed the perpendicular 

orientation of the axial 2-MeImH Ugands. Also evident in this structure is S4 ruffling of the 

porphyrin core, with the phenyl rings trans to each other either both above or both below 

the mean plane of the porphyrin ring. In the <30 K EPR spectrum of this molecule the 

large gmax signal with g = 3.4 is seen.®^ This is the first study to prove that perpendicular 

ligand orientation is associated with large gmax spectra. Studies published at the same time 

employing less bulky 1,5-disubstituted imidazoles 103 show the parallel axial ligand 

orientation, planar porphyrin ring, and rhombic EPR spectra normally associated with non-

hindering axial ligands complexed with TPPFe(III). 

In 1988 Strouse and co-workers^^^ published the crystal structure of [TPPFe(4-

HPy)2] CIO4. In this complex, the axial pyridine ligands are found to lie in perpendicular 
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planes, and the porphyrin core is S4 ruffled. The EPR spectrum of this complex is the 

gmax type, though the term used by ±e authors is "highly anisotropic low-spin" or HALS. 

Scheldt et al. found both the parallel and perpendicular axial ligand orientations 

and evidence of S4 ruffling in the crystal structure determination of the bis(l-

vinylimidazole) complex of [(tetrakis(2,6-dichlorophenyl)porphinato)iron(III)] perchlorate. 

Although the frozen solution EPR spectrum shows only a rhombic signal, in the solid state 

EPR spectrum both rhombic and large gmax signals are seen. 

Later that same year Scheldt et al.^^ published the crystal structures of three more 

model heme complexes to help "drive home" the large gmax EPR signal - perpendicular 

axial ligand orientation theory. The structure of the bis(4-dimethylaminopyridine) complex 

of octaethylporphinato iron(III), which gives a rhombic EPR spectrum, shows parallel 

axial ligand orientation and a flat porphyrin ring. The structure of the bis(N-

methylimidazole) complex of tetramesitylporphinato iron(III), which gives a rhombic EPR 

spectrum, also shows parallel axial ligand orientation and a flat porphyrin ring. The crystal 

structure of the bis(4-dimethyIaminopyridine) complex of tetramesitylporphinato iron(III), 

however, shows the perpendicular axial ligand orientation and S4 ruffling of the porphyrin 

ring. As expected, the EPR spectrum of this complex shows a large gmax signal. 

Further x-ray crystal and EPR studies by Scheldt and co-workers^^'^^ have 

demonstrated that the perpendicular axial ligand orientation is also associated with axial 

EPR spectra for iron(III) porphyrin complexes with low basicity planar axial ligands. 

[TMPFe(4-CNPy)2] C104.37 [TMPFe(3-ClPy)2] C104,37 and [TPPFe(4-CNPy)2] C104''5 

all have axial EPR spectra, indicating the complexes have the (dxz,dyz)^(dxy)^ ground state, 

and x-ray crystallography has determined perpendicular axial ligand orientation and S4 

porphyrin core ruffling for these complexes. The structure of [TMPFe(3-EtPy)2] CIO4 

also shows perpendicular ligand orientation and S4 ruffling of the porphyrin core. In this 
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intermediate basicity pyridine complex the EPR signal is gmax. but at a relatively low g-

value of 2.89. 

The continuing study of g-value and axial ligand plane orientation has led to the 

determination of the x-ray crystal structure of the bis(3,5-dimethylpyridine) complex of 

(tetra(2,6-difluorophenyl)porphinato) iron(III), [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4. 

Recall from Chapter 5 that the 4.2 K EPR spectrum of this sample is unusual, with what 

appears to be a rhombic signal with two observable g-values at 3.49 and 1.83. Also from 

Chapter 5 it was shown that the EPR spectrum of [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 is 

rhombic, indicating parallel axial ligand orientation, and the EPR spectrum of [(2,6-

F2)4TPPFe(4-MePy)2] CIO4 is large gmax. indicating perpendicular axial ligand 

orientation. With the pKa(BH+) of [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4, 6.15, in-

between those of [(2,6-F2)4TPPFe(4-MePy)2] CIO4, 6.02, and [(2,6-F2)4TPPFe(4-

NMe2Py)2] CIO4, 9.70, it is expected that the energy difference between the parallel and 

perpendicular orientations is small. 

EXPERIMENTAL 

Crystals of [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 were obtained by the addition of 

~ 20 mg (2,6-F2)4TPPFe0C103 (synthesis described in Chapter 1) and 0.24 mL 3-ClPy 

(Aldrich) to a small vial containing - 2 mL methylene chloride (Fisher Optima). 2 mL of 

hexane (Aldrich) was then layered on top of the methylene chloride layer. Crystals were 

obtained in one week, and were sealed in a glass capillary to retain mother liquor around 

the crystal. The crystal used for the x-ray characterization was a needle with the 

dimensions 1.33 x 0.33 x 0.30 mm. Data were collected on an Enraf-Nonius 
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Table 6.1 Experimental Details in the Solution of [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4. 

Formula FeC104F8N6C58H38 

F.W. 1126.32 

Space Group P2i 

T(K) 296.3 

a (A) 8.8568(9) 

b(A) 27.3663(21) 

c(A) 11.8456(7) 

P (deg.) 106.374(7) 

V(A2) 2754.67 

Z 2 

Scan Type 0-26 

Diffractometer CAD4 

Crystal Dimensions (mm) 1.33 X 0.33 X 0.30 

20 limits 0to50 

Radiation Mo Ka (0.71073 A) 

Reflections 4070 with Fq ^ 3a(Fo) 
D (calc; g/cm^) 1.36 

Rl 11.0 

Rw 14.2 

CAD4 diffractometer equipped with a rotating anode operating at 50 mA and 50 kV. 

Preliminary examination led to the determination of either the P2i or P2i/m space group. 

Structure refinement in both space groups led to the determination of the P2i space group. 

Cell constants were determined from the least squares refinement of 25 automatically 

centered reflections and are summarized in Table 6.1. Three standard reflections were 

monitored during data collection and showed no decay. The 4070 reflections with intensity 

"Fo ^ 3 cr(Fo) were used in the refinement. The structure was solved using the direct 

methods option in the program SHELXS-86^^^ and refined in full-matrix least-squares. 



232 

where Zw(IFol-IFcl)2 was the function minimized, and the weight w is defined as 

4Fo2/CT2(Fo), using the program MolEN.^^^ Hydrogen atom positions were fixed at 0.95 

A from the corresponding carbon atoms and were constrained to ride on the carbons during 

refinement. Only the iron atom, perchlorate ion, fluorine atoms, and nitrogen atoms could 

be refined anisotropically. The positional parameters for ail non-hydrogen atoms can be 

found in the following table. 

Table 6.2 Positional Parameters and Their Estimated Standard Deviations for 

[(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4. 

Atom X y z B(A2) 

Fe 0.2225(2) 0.000 0.3769(2) 2.09(3) 

01 0.507(2) 0.7443(7) 0.075(3) 25(1) 

02 0.504(3) 0.6686(8) 0.130(2) 14.7(8) 

03 0.319(2) 0.688(1) -0.049(2) 16.6(9) 

04 0.501(4) 0.678(2) -0.089(3) **(1) 

CI 0.4824(6) 0.6958(2) 0.0217(5) 6.3(1) 

F22 0.152(1) -0.0629(6) 0.798(1) 10.6(4) 

F26 0.633(1) -0.1004(6) 0.736(1) 10.4(4) 

F72 0.122(1) 0.1633(5) 0.564(1) 8.8(3) 

F76 0.650(1) 0.1575(4) 0.564(1) 7.6(4) 

F122 0.298(1) 0.0661(5) -0.0443(9) 7.4(3) 

F126 -0.195(1) 0.0904(5) 0.0071(9) 6.5(3) 

F172 0.314(1) -0.1628(4) 0.1892(9) 5.5(2) 

F176 -0.206(1) -0.1583(5) . 0.207(1) 5.9(3) 

NI 0.206(1) -0.0665(4) 0.4372(9) 2.3(2) 

N2 0.336(1) 0.0218(4) 0.5393(9) 2.8(2) 

N3 0.237(1) 0.0665(5) 0.3150(8) 2.6(2) 

N4 0.108(1) -0.0215(4) 0.2171(8) 2.1(2) 

N5 0.018(1) 0.0207(4) 0.4075(9) 2.6(2) 

N6 0.423(1) -0.0230(4) 0.3397(9) 2.4(2) 

CI 0.258(2) -0.0834(6) 0.549(1) 2.8(3)* 



Table 6.2 (continued) 

Atom X y z B(A2) 

C2 0.341(2) -0.0522(6) 0.650(1) 2.9(3)* 

C3 0.377(2) -0.0054(6) 0.646(1) 3.1(3)* 

C4 0.444(2) 0.0249(6) 0.737(1) 3.1(3)* 

C5 0.442(2) 0.0707(6) 0.701(1) 3.4(3)* 

C6 0.373(2) 0.0692(5) 0.576(1) 2.8(3)* 

C7 0.349(2) 0.1106(6) 0.501(1) 3.1(3)* 

C8 0.289(2) 0.1091(5) 0.378(1) 2.6(2)* 

C9 0.280(2) 0.1485(6) 0.305(1) 3.4(3)* 

CIO 0.214(2) 0.1323(6) 0.194(1) 3.6(3)* 

Cll 0.183(1) 0.0824(5) 0.199(1) 2.2(2)* 

C12 0.106(2) 0.0552(5) 0.109(1) 2.7(3)* 

CIS 0.074(1) 0.0066(5) 0.116(1) 2.1(2)* 

C14 -0.002(2) -0.0251(5) 0.013(1) 2.8(3)* 

C15 -0.005(2) -0.0704(6) 0.057(1) 3.1(3)* 

C16 0.067(2) -0.0688(5) 0.185(1) 2.5(2)* 

C17 0.087(2) -0.1085(5) 0.254(1) 2.4(2)* 

C18 0.147(2) -0.1059(5) 0.372(1) 2.8(3)* 

C19 0.174(2) -0.1487(6) 0.448(1) 3.6(3)* 

C20 0.234(2) -0.1358(6) 0.559(1) 3.2(3)* 

C21 0.392(2) -0.0815(6) 0.763(1) 3.4(3)* 

C22 0.290(2) -0.0830(7) 0.831(2) 4.8(4)* 

C23 0.333(2) -0.1116(8) 0.937(2) 6.1(5)* 

C24 0.478(2) -0.1349(8) 0.973(2) 5.2(4)* 

C25 0.575(2) -0.1315(7) 0.904(2) 4.7(4)* 

C26 0.532(2) -0.1050(7) 0.797(2) 4.7(4)* 

C52 -0.008(2) 0.0044(6) 0.514(1) 3.3(3)* 

C53 -0.136(2) 0.0224(6) 0.549(1) 3.2(3)* 

C54 -0.242(2) 0.0568(6) 0.469(1) 3.7(3)* 

C55 -0.210(2) 0.0719(6) 0.363(1) 3.1(3)* 

C56 -0.082(2) 0.0535(6) 0.338(1) 2.8(3)* 

C62 0.520(2) -0.0532(6) 0.410(1) 3.4(3)* 
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Table 6.2 (continued) 

Atom X y z B(A2) 

C63 0.658(2) -0.0707(6) 0.387(1) 3.6(3)* 

C64 0.681(2) -0.0558(6) 0.282(1) 3.3(3)* 

C65 0.592(2) -0.0256(5) 0.216(1) 2.9(3)* 

C66 0.459(1) -0.0097(5) 0.247(1) 2.3(2)* 

C71 0.381(2) 0.1587(7) 0.558(1) 4.3(3)* 

C72 0.261(2) 0.1852(7) 0.583(2) 4.6(4)* 

C73 0.287(3) 0.238(1) 0.625(2) 8.1(6)* 

C74 0.420(2) 0.2539(8) 0.652(2) 6.0(5)* 

C75 0.546(2) 0.2306(8) 0.637(2) 6.1(5)* 

C76 0.532(2) 0.1834(7) 0.588(2) 4.7(4)* 

Ci21 0.053(2) 0.0782(5) -0.014(1) 2.7(3)* 

C122 0.149(2) 0.0860(6) -0.087(1) 3.7(3)* 

C123 0.109(2) 0.1072(7) -0.189(2) 4.5(4)* 

C124 -0.039(2) 0.1265(7) -0.228(1) 4.2(3)* 

C125 -0.147(2) 0.1219(6) -0.166(1) 4.1(3)* 

C126 -0.094(2) 0.0971(5) -0.057(1) 2.8(3)* 

C171 0.056(2) -0.1590(5) 0.199(1) 2.6(2)* 

C172 0.160(2) -0.1843(7) 0.167(1) 4.2(4)* 

C173 0.142(2) -0.2286(7) 0.111(2) 5.3(4)* 

C174 -0.014(2) -0.2492(8) 0.088(2) 5.9(5)* 

C175 -0.127(2) -0.2257(7) 0.126(2) 5.1(4)* 

C176 -0.089(2) -0.1820(6) 0.177(1) 3.8(3)* 

C531 -0.161(2) 0.0084(7) 0.662(1) 4.1(3)* 

C551 -0.313(2) 0.1105(7) 0.282(2) 4.8(4)* 

C631 0.763(2) -0.1059(8) 0.478(2) 5.3(4)* 

C651 0.624(2) -0.0077(7) 0.104(1) 4.2(3)* 

Starred atoms were refined isotropically. Anisotropically refined atoms are given in the 

form of the isotropic equivalent displacement parameter defined as: 

(4/3) * [a2»B(l.l) + b2*B(2,2) + c2»B(3,3) + ab(cosY)*B(1.2)+ ac(cosP)»B(l,3) + bc(cosa)»B(2,3)] 
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RESULTS AND DISCUSSION 

As the Ri value of 0.11 in Table 6.1 indicates, the structure did not refine well. In 

well behaved systems the Ri value can usually be refined down to -0.03, which includes 

the anisotropic refinement of all of the atoms. Only the Fe, O, CI, F, and N atoms could be 

refined anisotropically in this determination. Table 6.3 details the displacement parameters 

for the anisotropically refined atoms. Attempts to refine the carbon atoms anisotropically 

yielded unreasonable results. 

The cause of this lack of good refinement is not completely clear, but there are 

several possibilities. The first is the possibility of a twinned crystal. The method for 

monocrystal determination is rotation of the crystal in polarized light. Since crystals are 

polarizers, the whole crystal should alternately allow then not allow the transmittance of 

polarized light as the crystal is rotated orthogonal to the light source. One part of the crystal 

allowing transmittance while another part remains dark is an indication of a twinned crystal. 

Unfortunately, as is often the case with porphyrin complexes, the crystal used in this 

structure determination is opaque. The constant darkness of the crystal during rotation did 

not offer any information as to whether the crystal was twinned or not. 

Another possibility for the high Ri value is the large size of the needle-like crystal. 

The long axis of the crystal measured 1.33 mm. Although the diameter of the incident x-

ray beam was not recorded, the largest beam diameter available in the x-ray lab is 0.76 mm. 

This indicates that at various points during data collection, the entire crystal was not in the 

x-ray beam. This creates a problem since in solving the structure it is assumed that the 

intensity of the reflections is proportional to the volume, or total electron density, of the 

crystal. To adhere to this assumption, the entire crystal must be within the x-ray beam at all 

times. Although structural data can be obtained from an over-sized crystal, it can lead to 

problems in the refinement. 
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Table 6.3 General Displacement Parameter Expressions - Us - for 

[(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4. 

Atom U(l,l) U(2,2) U(3,3) U(l,2) U(l,3) U(2,3) 

Fe 0.0207(6) 0.0373(8) 0.0246(6) 0.0013(8) 0.0115(4) 0.0029(8) 

01 0.16(1) 0.10(1) 0.74(5) -0.01(1) 0.22(2) 0.01(2) 

02 0.21(2) 0.13(1) 0.22(2) 0.03(1) 0.05(2) 0.03(1) 

03 0.16(2) 0.28(3) 0.18(2) -0.05(2) 0.03(1) 0.04(2) 

04 13.63(2) 0.73(4) 11.78(2) 2.68(2) 12.66(1) 2.44(2) 

CI 0.077(3) 0.085(3) 0.078(3) -0.013(3) 0.023(2) -0.020(3) 

F22 0.093(6) 0.24(1) 0.095(6) 0.100(7) 0.065(4) 0.102(7) 

F26 0.084(7) 0.22(1) 0.105(6) 0.071(8) 0.056(5) 0.105(7) 

F72 0.085(6) 0.114(9) 0.157(8) 0.009(6) 0.070(5) -0.043(7) 

F76 0.045(5) 0.072(7) 0.17(1) -0.015(5) 0.019(6) -0.029(8) 

F122 0.053(4) 0.16(1) 0.085(5) 0.049(6) 0.049(3) 0.060(6) 

F126 0.047(4) 0.118(8) 0.096(6) 0.029(5) 0.046(4) 0.053(6) 

F172 0.067(5) 0.063(6) 0.095(6) 0.012(5) 0.047(4) 0.010(5) 

F176 0.045(5) 0.095(8) 0.091(7) -0.013(5) 0.027(4) -0.016(6) 

N1 0.022(5) 0.030(6) 0.034(6) 0.003(5) 0.006(4) 0.008(5) 

N2 0.029(5) 0.041(7) 0.040(5) 0.005(5) 0.015(4) 0.010(5) 

N3 0.028(5) 0.058(7) 0.018(5) -0.005(5) 0.013(4) -0.009(5) 

N4 0.022(5) 0.039(6) 0.019(5) 0.001(5) 0.006(4) 0.005(5) 

N5 0.022(4) 0.049(7) 0.033(5) -0.008(5) 0.019(3) -0.006(5) 

N6 0.020(5) 0.044(6) 0.021(5) 0.001(5) -0.000(4) 0.001(5) 

The form of the anisotropic displacement parameter is: 

exp[-2PI2{h2a2U(l,l) + k2b2U(2,2) + 12c2U(3,3) + 2hkabU(1.2) + 2hIacU(l,3) + 21dbcU(2,3)}] 

where a,b, and c are reciprocal lattice constants. 
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When long needle-like crystals are found, they can sometimes be cut with a razor 

blade to shorten the long axis. It has been this author's experience, however, that cutting 

crystallized porphyrin derivatives most often leads to the shattering of the crystal, or a 

crystal where the cut end shows "jagged" layers instead of a smooth face. For this reason, 

it was decided to proceed without cutting the over-sized [(2,6-F2)4TPPFe(3,5-Me2Py)2] 

CIO4 crystal. 

The lack of good refinement results in a lack of definite conclusions that can be 

made about the structure of [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 from this crystal. Only 

the global configuration, including axial ligand orientation, can be conclusively determined. 

Figure 6.1 clearly shows the parallel orientation of the 3,5-dimethylpyridine axial 

ligands in [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4. The dihedral angle between the plane of 

the "top" 3,5-dimethylpyridine, plane 3, and the plane of the "bottom" 3,5-dimethyl

pyridine, plane 4, is 2.04 ± 9.78 degrees, indicating that statistically the two are co-planar. 

Table 6.5 summarizes the planarity of the axial pyridines, and Table 6.4 lists the inter-plane 

dihedral angles. This parallel axial ligand orientation indicates that the EPR spectrum of 

this complex is a rhombic signal, although the reason for the unobserved third g-value is 

not known. From the structure, there is no evidence of perpendicular axial ligand 

orientation. If this were the case, the difference map would indicate electron density at 

positions near one axial 3,5-Me2Py ligand. In fact there are no difference peaks in the 

area of the axial ligands, indicating that all of the molecules contain the parallel ligand 

orientation. 

The view in Figure 6.1, with the NI, N2, N3, N4, Fe plane (plane 1, Table 6.6) 

parallel to the plane of the paper, also shows that the axial 3,5-Me2Py ligands are tilted off 

of a plane orthogonal to plane 1, with the dihedral angle between plane 1 of the porphyrin 

and plane 3 of the axial ligands being 98.65 ± 0.37 degrees (see Table 6.4). The plane of 
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Figure 6.1 'Top" view of the porphyrin plane with the Nl-N2-N3-N4-Fe plane set 

parallel to the plane of the paper. Note for the axial 3,5-dimethylpyridine 

planes the parallel orientation with respect to each other, the off-perpendicular 

tilting, and the positioning slighdy off of the m«o-carbons. 
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the phenyl groups on the right side of the porphyrin ring in Figure 6.1 (off carbon C2, 

plane 5, and carbon C17, plane 8; Table 6.7) are perpendicular with the iron-porphyrin 

nitrogen plane, 89.85 ± 0.49 degrees and 90.11 ± 0.47 degrees respectively. The dihedral 

angle between phenyl plane 8 and 3,5-dimethylpyridine plane 3 is 84.06 ± 0.46 degrees, 

showing that the planes of the axial ligands do not lie directly over the meso positions, but 

are roughly six degrees from it. The dihedral angle of 40.85 ± 1.06 degrees between the 

Fe - Nlporph bond and the NSugand - C52iigand vector supports this. This value is roughly 

the same as the 41° ligand plane-porphyrin nitrogen iron bond dihedral angle, (j), found in 

[TMPFe(N-MeIm)2] CIO434, but larger than the 36° value of <|) in [OEPFe(4-NMe2Py)2] 

€104^'^. The poor refinement, however, leads to large standard deviations such that the 

angle 0 is not well-determined. All that can truly be said is that the 3,5-dimethylpyridine 

planes lie near the meso-caibon positions. 

Due to the poor resolution of the structure, the averaged Fe-Nporph bond length of 

1.98 A is not significandy different from the 2.04 A F-Naxial bond length (see Table 6.9). 

A summary of Fe-N bond distances in low-spin six-coordinate pyridine and imidazole iron 

porphyrin complexes can be found in Table X in reference 34. The bond angles for [(2,6-

F2)4TPPFe(3,5-Me2Py)2] CIO4, Table 6.10, are also not very well-defined. 

The side view of the molecule seen in Figure 6.2 shows the relatively flat, definitely 

not S4 ruffled porphyrin plane. This is to be expected in low-spin iron(III) porphyrin 

systems with parallel planar axial ligands.^'^-^OS Although not S4 ruffled, the edge-on view 

of the porphyrin ring in Figure 6.3a shows that it is not completely planar. The meso-

carbon C17 and the 2,6-difluorophenyl ring headed by C171 attached to it are positioned 

below the porphyrin plane, while the meso-carbon and 2,6-difluorophenyl ring trans to it 

are positioned above the porphyrin ring plane. Because of this, the mean plane of the 

porphyrin ring carbon atoms. Table 6.8, is not co-planar with the mean plane of the 
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Figure 6.2 Edge-on view of the porphyrin ring. Note that there is no evidence of S4 

ruffling in the porphyrin core. 
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Table 6.4 Dihedral Angles Between Planes in [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4. 

Plane No. Plane No. Dihedral Angle 

I 2 3.08 +- 1.62 

1 3 98.65 +- 0.37 

1 4 96.61 +- 0.37 

1 5 89.85 +- 0.49 

1 6 83.06 +- 0.53 

1 7 84.12+-0.44 

1 8 90.11 +-0.47 

2 3 101.72 +- 0.32 

2 4 99.69 +- 0.32 

2 5 92.92 +- 0.46 

2 6 83.73 +- 0.50 

2 7 87.16+-0.40 

2 8 90.58 +- 0.43 

3 4 2.04 +- 9.78 

3 5 8.91 +- 2.73 

3 6 81.47+-0.50 

3 7 15.34 +- 1.44 

3 8 84.06 +- 0.46 

4 5 6.88 +- 3.51 

4 6 81.31 +- 0.51 

4 7 13.38 +- 1.65 

4 8 84.17 +-0.47 

5 6 81.66 +- 0.54 

5 7 6.74 +- 3.35 

5 8 85.39 +- 0.50 

6 7 84.52+-0.51 

6 8 8.00 +- 2.37 

7 8 88.96 +- 0.47 
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porphyrin nitrogen atoms. The dihedral angle between the two is 3.08 ± 1.62 degrees 

(Table 6.4). Note that in S4 ruffled porphyrins, franj-phenyl rings are positioned on the 

same face of the porphyrin ring, either both above or both below the porphyrin plane'^^ g^d 

summarized in Table X in reference 34. This opposite dipping of the two trans-2,6-

difluorophenyl and mejo-carbons in [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 mentioned 

above is not seen for the other two me^o-carbon-phenyl groups. A 90° rotation of the 

porphyrin ring in Figure 6.3a results in Figure 6.3b. As this view shows, the phenyl rings 

attached to mejo-carbons C2 and C12 are not positioned above or below the porphyrin 

plane. 

CONCLUSION 

Due to the problem of only being able to obtain an Ri value of 0.11, only the global 

structure of [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 could be obtained. This global 

strucmre, however, does answer the important question of axial ligand orientation. As 

predicted from the rhombic EPR spectrum, the 3,5-dimethylpyridines are oriented such that 

the ligand planes are parallel with respect to each other. 

Less clear, however, is the out-of-plane positioning of two trans-meso-czihor\s, and 

the opposite "dipping" of the attached phenyl rings. Although this and the off-axis tilting 

of the 3,5-dimethylpyridine axial ligands may be real phenomena, they may also be artifacts 

of the problems with the crystal. The large standard deviations, which result from the poor 

quality of the refinement, preclude meaningful conclusions about bond distances and 

angles. The data may be reexamined to try to improve the refinement. 
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Figure 6.3 a. Edge-on view of the porliyrin ring showing the positions of two 

2,6-difluorbphenyI rings above and below the porphyrin plane. 

b. The 90° rotation of the porhyrin ring from Figure 6.3a demonstrating 

that the other two 2,6-difluorophenyl rings are "in line" with the 

porphyrin plane. 

a 

171 

'172 kF76 

•125 

•2S 



Table 6.5 Least-Squares Planes for the 3,5-Dimethylpyriciine Rings in 

[(2,6-F2)4TPPFe(3,5-Me2Py)2J CIO4. 

Plane 3 

Atom X Y Z Distance Esd 

N5 -1.1999 0.5675 4.6309 0.0022 +- 0.0112 

C52 -L7894 0.1200 5.8378 0.0110+- 0.0160 

C53 -3.0343 0.6124 6.2400 -0.0161 +- 0.0153 

C54 -3.7106 1.5532 5.3265 0.0093 +- 0.0166 

C55 -3.0746 1.9682 4.1226 0.0034 +- 0.0150 

C56 -1.8514 1.4632 3.8422 -0.0097 +- 0.0146 

Chi Squared = 2.4 

Plane 4 

Atom X Y Z Distance Esd 

N6 2.6113 -0.6287 3.8603 0.0100 + -0.0113 

C62 3.2413 -1.4569 4.6550 0.0037 + - 0.0158 

C63 4.5330 -1.9350 4.3977 -0.0211 +-0.0161 

C64 5.0943 -1.5283 3.2043 0.0269 +- 0.0158 

C65 4.5182 -0.6993 2.4590 -0.0133 +-- 0.0145 

C66 3.2387 -0.2659 2.8122 -0.0063 + - 0.0127 

Chi Squared = 6.6 
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Table 6.6 Least-Squares Plane for the Fe-Nporph Group in 

[(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4. 

Plane 1 

Atom X Y Z Distance Esd 

Fe 0.7126 0.0000 4.2831 0.0071 +-0.0018 

N1 0.3632 -1.8207 4.9688 0.0014 +- 0.0107 

N2 1.1741 0.5965 6.1287 -0.0049 +-0.0111 

N3 1.0473 1.8209 3.5806 0.0014 +- 0.0108 

N4 0.2335 -0.5873 2.4669 -0.0049 +- 0.0102 

Chi Squared = 0.5 

Table 6.7 Least-Squares Planes for the 2,6-Difluorophenyl Rings in 

[(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4. 

Plane 5 

Atom X Y Z Distance Esd 

C2l 0.9226 -2.2304 8.6746 0.0040 +- 0.0160 

C22 -0.2036 -2.2714 9.4462 -0.0174 +- 0.0195 

C23 -0.1852 -3.0545 10.6532 0.0170+-0.0216 

C24 0.9849 -3.6916 11.0538 -0.0032 +- 0.0204 

C25 2.0720 -3.5995 10.2791 -0.0107 +- 0.0186 

C26 2.0451 -2.8748 9.0619 0.0102 +- 0.0189 

Chi Squared = 2.1 



Table 6.7 (continued) 

Plane 6 

Atom X Y Z Distance Esd 

C71 1.5055 4.3432 6.3473 0.0135 + - 0.0165 

C72 0.3667 5.0691 6.6280 -0.0466 + - 0.0176 

C73 0.4552 6.5136 7.1027 0.0478 + - 0.0245 

C74 1.5453 6.9490 7.4071 -0.0123 + - 0.0207 

C75 2.7077 6.3106 7.2424 -0.0264 -h - 0.0202 

C76 2.7450 5.0198 6.6804 0.0240 + - 0.0180 

Chi Squared = 15.3 

Plane 7 

Atom X Y Z Distance Esd 

C121 0.5130 2.1400 -0.1589 0.0036 + - 0.0144 

C122 1.6084 2.3531 -0.9852 -0.0149 + - 0.0163 

C123 1.5936 2.9327 -2.1490 0.0178 + - 0.0182 

C124 0.4164 3.4617 -2.5932 -0.0101 +- 0.0182 

C125 -0.7458 3.3348 -1.8835 -0.0001 -t--0.0171 

C126 -0.6417 2.6562 -0.6496 0.0036 + - 0.0143 

Chi Squared = 2.2 
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Table 6.7 (continued) 

Plane 8 

Atom X Y Z Distance Esd 

C171 -0.1646 -4.3501 2.2604 0.0190 +- 0.0134 

C172 0.8613 -5.0449 1.8955 -0.0162 +- 0.0166 

C173 0.8914 -6.2551 1.2608 -0.0065 +- 0.0188 

C174 -0.4176 -6.8193 0.9953 0.0252 +- 0.0204 

C175 -1.5490 -6.1776 1.4299 -0.0215 +- 0.0180 

C176 -1.3817 -4.9816 2.0130 0.0000+- 0.0160 

Chi Squared = 6.1 

Table 6.8 Least-Squares Plane for the Porphyrin Ring Carbon Atoms in 

[(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 (Including the distances of the atoms 

in plane 1 from the mean plane of plane 2.) 

Plane 2 

Atom X Y Z Distance Esd 

CI 0.4534 -2.2815 6.2445 -0.0509 +- 0.0145 

C2 0.8520 -1.4293 7.3861 0.0083 + - 0.0150 

C3 1.1846 -0.1477 7.3363 0.0800 + - 0.0141 

C4 1.4759 0.6806 8.3744 0.0541 +- 0.0148 

C5 1.5745 1.9337 7.9642 -0.0461 + - 0.0155 

C6 1.3796 1.8936 6.5504 -0.0338 + - 0.0145 

CI 1.4156 3.0273 5.6980 -0.1102 + -0.0151 

C8 1.2933 2.9850 4.2981 -0.0290 + - 0.0141 



Table 6.8 (continued) 

Atom X Y Z Distance Esd 

C9 1.4580 4.0640 3.4635 0.0280 +- 0.0155 

CIO 1.2480 3.6193 2.2038 0.0859 +- 0.0159 

Cl l  0.9596 2.2540 2.2642 0.0724 +- 0.0132 

C12 0.5718 1.5113 1.2400 -0.0143 H— 0.0145 

C12 0.5718 1.5113 1.2400 -0.0143 +- 0.0145 

C14 -0.0585 -0.6858 0.1522 -0.0351 +- 0.0149 

C15 -0.2326 -1.9272 0.6463 -0.0220 +- 0.0151 

C16 -0.0231 -1.8819 2.1003 -0.0267 H— 0.0140 

C17 -0.0784 -2.9700 2.8875 0.0308 +- 0.0138 

C18 0.0618 -2.8976 4.2334 -0.0318 +- 0.0148 

C19 0.0468 -4.0687 5.0943 0.0714 +- 0.0162 

C20 0.2068 -3.7160 6.3550 -0.0167 +- 0.0150 

Chi Squared = 236.2 

Distance of Other Atoms From Plane 2 

Fe 0.7126 0.0000 4.2831 0.0101 +- 0.0018 

N1 0.3632 -1.8207 4.9688 -0.0566 +- 0.0107 

N2 1.1741 0.5965 6.1287 0.0854+-0.0111 

N3 1.0473 1.8209 3.5806 0.0646 +- 0.0108 

N4 0.2335 -0.5873 2.4669 -0.0882 +- 0.0102 
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Table 6.9 Bond Distances for [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 (In angstroms. 

Numbers in parentheses are estimated standard deviations in the least significant 

digits.) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Fe N1 1.98(1) N4 C16 1.37(2) 

Fe N2 1.99(1) N5 C52 1.42(2) 

Fe N3 1.98(1) N5 C56 1.36(2) 

Fe N4 1.968(9) N6 C62 1.31(2) 

Fe N5 2.03(1) N6 C66 1.27(2) 

Fe N6 2.04(1) CI C2 1.48(2) 

01 CI 1.46(2) CI C20 1.46(2) 

02 CI 1.45(2) C2 C3 1.33(2) 

03 CI 1.47(2) C2 C21 1.52(2) 

04 CI 1.45(4) C3 C4 1.36(2) 

F22 C22 1.30(2) C4 C5 1.32(2) 

F26 C26 1.31(2) C5 C6 1.43(2) 

F72 C72 1.34(2) C6 CI 1.42(2) 

F76 C76 1.36(2) C7 C8 1.41(2) 

F122 C122 1.39(2) CI C71 1.47(2) 

F126 C126 1.34(2) C8 C9 1.37(2) 

F172 C172 1.44(2) C9 CIO 1.35(2) 

F176 C176 1.35(2) CIO Cl l  1.40(2) 

N1 CI 1.36(2) Cl l  C12 1.32(2) 

N1 C18 1.34(2) C12 C13 1.37(2) 

N2 C3 1.42(2) C12 C121 1.53(2) 

N2 C6 1.38(2) C13 C14 1.49(2) 

N3 C8 1.39(2) C14 C15 1.35(2) 

N3 Cl l  1.39(2) C15 C16 1.47(2) 

N4 C13 1.38(2) C16 C17 1.34(2) 

C17 C18 1.36(2) C65 C66 1.40(2) 

C17 C171 1.52(2) C65 C651 1.52(2) 



Table 6.9 (continued) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

C18 C19 1.45(2) C71 C72 1.38(3) 

C19 C20 1.32(2) C71 C76 1.45(2) 

C21 C22 1.37(3) C72 C73 1.52(3) 

C21 C26 1.35(2) C73 C74 1.21(3) 

C22 C23 1.44(3) C74 CIS 1.34(3) 

C23 C24 1.39(3) CIS C76 1.41(3) 

C24 C25 1.34(3) cm C122 1.39(2) 

C25 C26 1.42(3) C121 C126 1.36(2) 

C52 C53 1.40(2) C122 C123 1.30(2) 

C53 C54 1.48(2) C123 C124 1.36(2) 

C53 C531 1.46(2) C124 C125 1.37(3) 

C54 C55 1.42(2) C125 C126 1.41(2) 

C55 C56 1.35(2) C171 C172 1.29(2) 

C55 CSS I 1.54(2) C171 C176 1.39(2) 

C62 C63 1.40(2) C172 C173 1.37(3) 

C63 C64 1.38(2) C173 C174 1.45(3) 

C63 C631 1.54(2) C174 C175 1.37(3) 

C64 C65 1.25(2) C175 C176 1.34(3) 
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Table 6.10 Bond angles for [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 (In degrees. 

Numbers in parentheses are estimated standard deviations in the least 

significant digits.) 

torn 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

N1 Fe N2 89.7(5) Fe N2 C6 126.8(9) 

N1 Fe N3 179.4(3) C3 N2 C6 103.(1) 

N1 Fe N4 90.1(4) Fe N3 C8 128.1(8) 

N1 Fe N5 91.8(5) Fe N3 Cl l  127.8(9) 

N1 Fe N6 87.3(5) C8 N3 Cl l  104.(1) 

N2 Fe N3 90.8(4) Fe N4 C13 126.5(8) 

N2 Fe N4 179.3(5) Fe N4 C16 125.1(8) 

N2 Fe N5 88.6(4) C13 N4 C16 108(1) 

N2 Fe N6 93.9(4) Fe N5 C52 116.8(8) 

N3 Fe N4 89.3(4) Fe N5 C56 123(1) 

N3 Fe N5 87.9(5) C52 N5 C56 120.(1) 

N3 Fe N6 93.0(5) Fe N6 C62 121.(1) 

N4 Fe N5 90.7(4) Fe N6 C66 122.7(8) 

N4 Fe N6 86.8(4) C62 N6 C66 116.(1) 

N5 Fe N6 177.3(4) N1 CI C2 123.(1) 

01 CI 02 97.(2) N1 CI C20 113.(1) 

01 CI 03 113.(1) C2 CI C20 124.(1) 

01 CI 04 131.(3) CI C2 C3 127.(1) 

02 CI 03 107.(1) CI C2 C21 111.(1) 

02 CI 04 128.(2) C3 C2 C21 122.(1) 

03 CI 04 77.(2) N2 C3 C2 123.(1) 

Fe N1 CI 128.8(9) N2 C3 C4 109.(1) 

Fe N1 C18 126.2(9) C2 C3 C4 128.(1) 

CI N1 C18 105.(1) C3 C4 C5 111.(1) 

Fe N2 C3 129.3(9) C4 C5 C6 106.(1) 

N2 C6 C5 110.(1) C16 C17 C18 122.(1) 

N2 C6 C7 125.(1) C16 C17 C171 120.(1) 

C5 C6 C7 125.(1) C18 C17 C171 118.(1) 
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Table 6.10 (continued) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

C6 C7 C8 125.(1) N1 C18 C17 128.(1) 

C6 C7 C71 117.(1) N1 C18 C19 109.(1) 

C8 C7 C71 118.(1) C17 C18 C19 123.(1) 

N3 C8 C7 124.(1) C18 C19 C20 110.(1) 

N3 C8 C9 111.(1) CI C20 C19 102.(1) 

CI C8 C9 125.(1) C2 C21 C22 117.(1) 

C8 C9 CIO 107.(1) C2 C21 C26 122.(2) 

C9 CIO Cl l  108.(1) C22 C21 C26 121.(2) 

N3 Cl l  CIO 109.(1) F22 C22 C21 122.(2) 

N3 Cl l  C12 125.(1) F22 C22 C23 119.(2) 

CIO Cl l  C12 125.(1) C21 C22 C23 119.(2) 

Cl l  C12 C13 124.(1) C22 C23 C24 120.(2) 

Cl l  C12 C121 119.(1) C23 C24 C25 119.(2) 

CI3  C12 C121 116.(1) C24 C25 C26 121.(2) 

N4 C13 C12 127.(1) F26 C26 C21 120.(2) 

N4 C13 C14 109.(1) F26 C26 C25 119.(2) 

C12 C13 C14 125.(1) C21 C26 C25 120.(2) 

C13 C14 C15 106.(1) N5 C52 C53 120.(1) 

C14 CIS C16 108.(1) C52 C53 C54 117.(1) 

N4 C16 C15 109.(1) C52 C53 C531 122.(1) 

N4 C16 C17 128.(1) C54 C53 C531 121.(1) 

C15 C16 C17 123.(1) C53 C54 C55 120.(1) 

C54 C55 C56 118.(1) C12 C121 C122 125.(1) 

C54 C55 C551 121.(1) C12 C121 C126 121.(1) 

C56 C55 C551 121.(1) C122 C121 C126 113.(1) 

N5 C56 C55 124.(1) F122 C122 C121 114.(1) 

N6 C62 C63 123.(1) F122 C122 C123 120.(2) 

C62 C63 C64 116.(1) C121 C122 C123 126.(2) 

C62 C63 C631 118.(2) C122 C123 C124 118.(2) 
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Table 6.10 (continued) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

C64 C63 C631 127.(2) C123 C124 C125 122.(2) 

C63 C64 C65 121.(2) C124 C125 C126 116.(1) 

C64 C65 C66 118.(1) F126 C126 C121 117.(1) 

C64 C65 C651 121.(2) F126 C126 C125 119.(1) 

C66 C65 C651 121.(1) C121 C126 C125 124.(2) 

N6 C66 C65 125.(1) C17 C171 C172 124.(1) 

CI C71 C72 121.(2) C17 C171 C176 122.(1) 

CI C71 C76 125.(2) C172 C171 C176 114.(1) 

C72 C71 C76 114.(2) F172 C172 C171 116.(1) 

¥11 C72 C71 117.(2) F172 C172 C173 115.(2) 

F72 C72 C73 122.(2) C171 C172 C173 129.(2) 

C71 C72 C73 121.(2) C172 C173 C174 114.(2) 

C72 C73 C74 118.(2) cm C174 C175 120.(2) 

C73 C74 C75 125.(2) C174 C175 C176 117.(2) 

C74 CIS C76 121.(2) F176 C176 C171 118.(1) 

F76 C16 C71 115.(2) F176 C176 C175 116.(2) 

F76 C16 CIS 125.(2) C171 C176 C175 126.(2) 

C71 C76 CIS 120.(2) 
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APPENDIX A 

Chemical Shift Data in ppm for the Iron(in) Porphyrinates 

The data tables are ordered as follows: [TMPFe(L)2]''" 

[(2,6-Br2)4TPPFe(L)2] CIO4 

[(2,6-Cl2)4TPPFe(L)2] CIO4 

[(2,6-F2)4TPPFe(L)2] CIO4 

[(2,6-(OMe)2)4TPPFe(L)2] CIO4 

The series of bis-axial ligand complexes within each porphyrin ligand group is ordered 

from lowest basicity pyridine complex to highest basicity pyridine complex, then the N-

Melm complex, then the 2-MeImH complex. 



Variable Temperature ^HNMR Chemical shifts for [TMPFe(4-CNPy)2] CIO4 

Porphyrin Resonances 4-CNPv Resonances 

T(°C) 8 pyrr-H 5 0-CH3 8 ffi-H 8P-CH3 80-H 8 m-H 

-89 3.04 2.81 15.58 3.67 -37.87 -5.72 

-79 2.14 2.73 14.95 3.59 -35.22 -4.41 

-69 1.42 2.65 14.43 3.52 -33.09 -3.36 

-59 0.75 2.58 13.95 3.45 -31.07 -2.39 

-49 0.14 2.52 13.50 3.38 -29.18 -1.49 

-39 -0.41 2.46 13.09 3.33 -27.35 -0.64 

-29 -0.90 2.41 12.73 3.28 -25.64 0.15 

-19 -1.37 2.37 12.38 3.24 -23.86 0.96 

-9 -1.87 2.33 12.04 3.20 -21.94 1.89 

0 -2.44 2.29 11.71 3.16 -19.83 1.95 

10 -3.07 2.25 11.38 3.14 -17.38 2.03 

19 -3.44 2.22 11.13 3.11 

30 -4.01 2.20 10.86 3.09 

40 -4.64 2.18 10.60 3.08 



Variable Temperature ^HNMR Chemical shifts for [TMPFe(3-CNPy)2] CIO4 

Porphyrin Resonances 3-CNPy Resonances 

T(°C) 8 pyrr-H 5 0-CH3 8 ffi-H 8P-CH3 80-H 5o'-H 8 o-H avg 8 m-H 8p-H 

-98 -3.75 2.38 13.94 3.33 -26.10 -50.60 -38.35 -1.11 -4.95 

-88 -4.06 2.34 13.51 3.27 -25.24 -47.71 -36.48 -0.55 -3.88 

-77 -4.37 2.29 13.07 3.21 -24.08 -43.97 -34.03 0.01 -2.81 

-67 -4.61 2.25 12.68 3.16 -22.93 -40.61 -31.77 0.49 -1.86 

-57 -4.83 2.22 12.32 3.12 -21.75 -37.42 -29.59 0.92 -0.94 

-46 -5.03 2.18 12.00 3.08 -20.61 -34.58 -27.60 1.20 -0.10 

-37 -5.23 2.16 11.71 3.05 -19.32 -31.80 -25.56 1.58 0.76 

-25 -5.47 2.13 11.41 3.02 -17.74 -28.83 -23.29 

-16 -5.74 2.11 11.15 3.00 -16.07 -25.96 -21.02 

-5 -6.02 2.08 10.88 2.97 -13.84 -22.70 -18.27 

4 -6.27 2.06 10.69 2.96 

12 -6.55 2.05 10.51 2.95 

20 -6.89 2.04 10.31 2.94 

29 -7.26 2.03 10.12 2.94 

37 -7.68 2.03 9.94 2.94 



Variable Temperature 'HNMR Chemical shifts for [TMPFe(3-ClPy)2] CIO4 

Porphyrin Resonances 3-ClPy Resonances 

T(°C) 8 pyrr-H 8 0-CH3 8 m-H 8/7-CH3 80-H 8o'-H 8 o-H avg 8 ffj-H 8p-H 

-88 -10.34 1.68 11.10 2.75 -45.32 -24.98 -35.15 -1.49 0.26 

-77 -10.01 1.69 10.89 2.74 -41.82 -24.18 -33.00 -0.79 0.66 

-68 -9.71 1.69 10.67 2.72 -38.88 -23.44 -31.16 -0.21 0.98 

-58 -9.41 1.70 10.47 2.71 -36.05 -22.65 -29.35 0.36 1.29 

-47 -9.12 1.70 10.30 2.71 -33.63 -21.86 -27.75 0.85 1.57 

-37 -8.87 1.70 10.15 2.70 -31.53 -21.11 -26.32 1.32 1.70 

-27 -8.59 1.71 9.99 2.69 -25.25 -20.17 -22.71 1.70 1.98 

-17 -8.34 1.71 9.86 2.69 -27.29 -19.24 -23.27 2.17 2.32 

-6 -8.12 1.71 9.74 2.68 -25.44 -18.22 -21.83 2.31 

3 -7.87 1.72 9.60 2.68 -23.27 -16.90 -20.09 

12 -7.69 1.72 9.51 2.68 -21.14 -15.70 -18.42 

20 -7.54 1.73 9.42 2.69 -19.76 -14.59 -17.18 

29 -7.49 1.72 9.37 2.68 

38 -7.40 1.73 9.34 2.69 -18.21 -13.61 -15.91 



Variable Temperature 'HNMR Chemical shifts for [TMPFe(4-HPy)2] CIO4 

Porphyrin Resonances 4-HPy Resonances 

T(°C) 5 pyrr-H 5 0-CH3 8 «i-H 6 P-CH2 60-H 8 ffi-H Sp-H 

-89 -13.56 1.24 9.67 2.41 -34.03 4.01 -0.43 

-78 -13.15 1.27 9.50 2.40 -31.99 4.39 0.00 

-68 -12.76 1.29 9.36 2.40 -30.23 4.69 0.35 

-58 -12.29 1.31 9.20 2.40 -28.35 5.00 0.71 

-48 -11.95 1.33 9.09 2.40 -27.05 5.21 0.96 

-38 -11.55 1.34 8.97 2.40 -25.63 5.40 1.30 

-27 -11.16 1.35 8.87 2.40 -24.40 5.57 1.40 

-17 -10.77 1.37 8.79 2.40 -23.23 5.73 1.65 

-6 -10.38 1.38 8.69 2.41 -22.11 5.89 1.84 

3 -10.05 1.39 8.62 2.41 -21.18 6.00 1.92 

11 -9.72 1.40 8.57 2.42 -20.33 6.11 2.13 

20 -9.42 1.41 8.51 2.42 -19.48 6.23 2.30 

29 -9.04 1.43 8.45 2.43 -18.55 6.39 2.40 

38 -8.71 1.44 8.40 2.44 -17.67 



Variable Temperature 'HNMR Chemical shifts for [TMPFe(3-MePy)2] C104'^9 

Porphyrin Resonances 3-MePy Resonances 

TCO S pyrr-H 8 ni-H 8o-H 6o'-H 

-95.00 -19.28 8.37 -24.96 -37.18 

-90.00 -18.78 8.38 -24.70 -36.19 

-85.00 -18.27 8.38 -24.49 -35.06 

-80.00 -17.78 8.37 -24.21 -34.04 

-75.00 -17.31 8.36 -23.92 -33.04 

-70.00 -16.86 8.35 -23.68 -32.12 

-65.00 -16.42 8.33 -23.39 -31.13 

-60.00 -16.00 8.32 -23.13 -30.26 

-55.00 -15.60 8.31 -22.86 -29.41 

-50.00 -15.20 8.28 -22.54 -28.64 

-45.00 -14.79 8.27 -22.27 -27.77 

-40.00 -14.42 8.27 -21.89 -27.07 

-35.00 -14.06 8.25 -21.69 -26.35 

-30.00 -13.73 8.24 -21.39 -25.65 

-25.00 -13.39 8.23 -21.10 -25.04 

-20.00 -13.06 8.21 -20.81 -24.41 

-15.00 -12.75 8.20 -20.53 -23.83 

-10.00 -12.46 8.19 -20.24 -23.20 

-5.00 -12.16 8.17 -19.96 -22.71 

0.00 -11.86 8.17 -19.66 -22.17 



Variable Temperature 'HNMR Chemical shifts for [TMPFe(4-MePy)2] CIO4 

Porphyrin Resonances 4-MePy Resonances 

T(°C) 8 pyrr-H 8 0-CH3 8 ffi-H 8 /7-CH3 80-H 8 m-H 8 P-CH3 

-88 -18.73 0.97 8.30 2.01 -29.32 16.29 

-77 -17.95 1.01 8.25 2.04 -27.76 15.90 

-68 -17.23 1.05 8.19 2.06 -26.42 15.54 

-58 -16.46 1.08 8.13 2.08 -25.02 15.13 

-47 -15.78 1.10 8.07 2.10 -23.88 14.75 

-37 -15.09 1.13 8.02 2.13 -22.78 14.37 

-27 -14.45 1.15 7.98 2.14 -21.81 8.30 14.02 

-17 -13.80 1.18 7.95 2.16 -20.87 8.23 13.66 

-6 -13.17 1.20 7.92 2.18 -19.97 8.17 13.30 

3 -12.63 1.22 7.89 2.20 -19.21 8.11 13.00 

12 -12.14 1.24 7.87 2.21 -18.52 8.07 12.72 

20 -11.62 1.26 7.85 2.23 -17.80 8.04 12.43 

29 -11.09 1.28 7.84 2.25 -17.06 8.01 12.13 

38 -10.65 1.30 7.83 2.27 -16.42 11.87 



Variable Temperature 'HNMR Chemical shifts for [TMPFe(3,5-Me2Py)2] CIO4 

Porphyrin Resonances S.S-Me-rPy Resonances 

T(°C) 5 pyrr-H 80-CH3 8 m-H 5p-CH3 5o-H 5 m-CHa 8/)-H 

-87 -24.68 0.58 1.58 7.16 -26.47 2.03 3.62 

-77 -22.89 0.67 1.67 7.22 -25.67 1.76 3.37 

-67 -21.15 0.76 1.77 7.33 -24.84 1.54 3.16 

-57 -19.78 0.83 1.84 7.41 -24.09 1.37 3.03 

-46 -18.49 0.89 1.90 7.48 -23.33 1.22 2.92 

-37 -17.36 0.95 1.96 7.53 -22.64 1.10 2.85 

-26 -16.20 1.00 2.01 7.58 -21.87 1.00 2.79 

-16 -15.32 1.05 2.05 7.61 -21.23 0.91 2.76 

-4 -14.32 1.09 2.10 7.64 -20.47 0.83 2.74 

3 -13.62 1.12 2.13 7.66 -19.89 0.78 2.73 

12 -12.96 1.16 2.16 7.68 -19.33 0.74 2.73 

20 -12.32 1.19 2.19 7.70 -18.76 0.70 2.74 

29 -11.64 1.22 2.22 7.72 -18.10 0.67 2.75 

37 -11.09 1.24 2.24 7.73 -17.40 0.64 



Variable Temperature 'HNMR Chemical shifts for [TMPFe(3,4-Me2Py)2l CIO4 

Porphyrin Resonances S^-MeoPy Resonances 

T(°C) 8 pyrr-H 80-CH3 8 ffi-H 8/)-CH3 80-H 8o'-H 8 o-H avg 8 wi-H 8 m-CHa 8/;-CH3 

-88 -22.52 0.73 7.44 1.72 -22.80 -30.69 -26.75 10.11 1.66 19.37 

-77 -21.18 0.79 7.47 1.78 -22.58 -28.93 -25.76 9.75 1.40 18.55 

-68 -20.00 0.84 7.49 1.83 -22.17 -27.36 -24.77 9.42 1.24 17.82 

-56 -18.79 0.90 7.53 1.89 -21.68 -25.79 -23.74 9.12 1.09 17.10 

-47 -17.81 0.93 7.54 1.92 -21.23 -24.56 -22.90 8.86 0.93 16.49 

-37 -16.78 0.98 7.56 1.97 -20.73 -23.25 -21.99 8.61 0.87 15.87 

-27 -15.93 1.01 7.57 2.00 -20.20 -22.24 -21.22 8.40 0.79 15.34 

-17 -14.98 1.05 7.59 2.05 -19.62 -21.16 -20.39 8.25 0.71 14.77 

-6 -14.24 1.09 7.60 2.08 -19.12 -20.27 -19.70 8.03 0.65 14.32 

3 -13.55 1.12 7.60 2.11 -18.62 -19.48 -19.05 7.89 0.61 13.90 

12 -12.93 1.14 7.61 2.13 -18.13 -18.76 -18.45 7.77 0.57 13.52 

20 -12.31 1.17 7.62 2.23 -17.63 -18.04 -17.84 7.67 0.53 13.15 

29 -11.70 1.20 7.63 2.24 -17.10 -17.30 -17.20 7.63 0.51 12.79 

38 -11.14 1.23 7.64 2.26 -16.62 -16.62 -16.62 7.60 0.49 12.45 



Variable Temperature 'HNMR Chemical shifts for [TMPFe(4-NMe2Py)2] CIO4 

Porphyrin Resonances 4-NMe')Pv Resonances 

T(°C) 8 pyrr-H 8 0-CH3 8 m-H 8P-CH3 80-H 8nj-H8p-N(CH3)2 

-88 -33.66 0.27 4.57 0.63 -5.80 16.42 28.50 

-78 -31.22 0.36 4.82 0.78 15.18 26.84 

-69 -29.15 0.44 5.02 0.92 -7.05 14.17 25.43 

-58 -27.11 0.52 5.22 1.05 13.21 24.04 

-48 -25.43 0.58 5.38 1.15 -7.82 12.45 22.91 

-37 -23.80 0.64 5.53 1.25 -8.07 11.73 21.80 

-27 -22.34 0.70 5.66 1.34 -8.20 11.12 20.80 

-18 -20.98 0.75 5.78 1.41 10.55 19.89 

-4 -19.53 0.80 5.90 1.50 9.98 18.91 

3 -18.60 0.84 5.98 1.55 -8.36 9.63 18.29 

12 -17.73 0.87 6.05 1.61 -8.38 9.31 17.70 

20 -16.89 0.90 6.12 1.65 -8.33 9.01 17.14 

29 -15.95 0.94 6.20 1.71 -8.22 8.71 16.52 

37 -15.28 0.97 6.25 1.74 -8.16 8.49 16.08 



Variable Temperature >HNMR Chemical shifts for the pyrrole protons of [TMPFe(N-MeIm)2] C104^9 

T(°C) 5 pyrr-H 

-90 -33.43 
-85 -32.33 
-80 -31.29 
-75 -30.31 
-70 -29.36 
-65 -28.46 
-60 -27.62 
-55 -26.82 
-50 -26.09 
-45 -25.32 
-40 -24.61 
-35 -23.89 
-30 -23.04 
-25 -22.42 
-20 -21.79 
-15 -21.19 
-10 -20.60 

-5 -20.04 
0 -19.52 
5 -18.97 

10 -18.46 
15 -17.96 
20 -17.47 
25 -17.00 
30 -16.54 
35 -16.10 
40 -15.67 



Variable Temperature ^HNMR Chemical shifts for [TMPFe(2-MeImH)2] C104'*9 

Porphyrin Resonances 

CC) 5 pyrr-H 8 pyrr-H 5 pyrr-H 8 pyrr-H 80-CH3 80-CH3 8 0-CH3 8 0-CH3 8/7-CH3 8P-CH3 

-90 -16.43 -21.86 -23.67 -25.70 9.86 4.92 -2.37 -7.72 2.10 0.77 

-85 -15.83 -21.04 -22.84 -24.84 9.69 4.82 -2.05 -7.41 2.10 0.78 

-80 -15.32 -20.23 -22.04 -23.99 9.57 4.76 -1.81 -7.17 2.09 0.78 

-75 -14.81 -19.55 -21.30 -23.26 9.49 4.71 -1.64 -6.92 2.10 0.84 

-70 -14.47 -19.04 -20.78 -22.72 9.45 4.68 -1.56 -6.75 2.09 0.92 

-65 -13.97 -18.35 -20.07 -21.97 9.46 4.66 -1.39 -6.49 2.11 1.01 

-60 -13.46 -17.62 -19.33 -21.20 9.14 4.60 -1.23 -6.26 2.12 1.05 

-55 -13.09 -17.09 -18.79 -20.64 8.82 4.56 -1.19 -6.07 2.14 1.10 

-50 -12.66 -16.50 -18.18 -20.01 8.51 4.54 -1.08 -5.86 2.16 1.15 

-45 -12.27 -15.95 -17.62 -19.42 8.19 4.48 -1.01 -5.68 2.16 1.17 

-40 -11.90 -15.43 -17.09 -18.86 7.92 4.45 -0.92 -5.49 2.17 1.21 

-35 -11.44 -14.81 -16.45 -18.19 7.64 4.44 -0.78 -5.25 2.21 1.29 

-30 -11.18 -14.44 -16.08 -17.79 7.45 4.42 -0.71 -5.12 2.21 1.32 

-25 -10.83 -13.96 -15.56 -17.23 7.09 4.37 -0.63 -4.95 2.19 1.36 

-20 -10.57 -13.58 -15.14 -16.76 4.32 -0.59 -4.83 2.04 1.50 

-15 -10.28 -13.19 -14.64 -16.13 4.42 -0.54 -4.61 



Variable Temperature 'HNMR Chemical shifts for [TMPFe(2-MeImH)2] CIO4 (continued) 

Porphyrin Resonances 2-MelmH Resonances 

(°C) 8m-H 8 m-H 8 m-H 8 m-H 8 2-CH3 84-H 8 5-H 8N-H 

-90 11.38 7.37 6.83 6.83 5.60 41.66 14.82 

-85 11.05 7.28 6.60 6.60 5.38 40.07 14.71 

-80 10.61 6.62 5.32 5.01 4.84 38.44 9.01 14.45 

-75 10.18 6.69 5.54 5.01 4.71 36.53 8.66 14.14 

-70 9.85 6.75 5.89 5.81 4.68 34.95 8.37 13.95 

-65 9.46 6.80 5.98 5.72 4.66 34.24 8.06 13.72 

-60 9.24 6.84 6.03 5.80 4.60 32.97 7.74 13.41 

-55 9.32 6.88 6.07 5.88 4.99 31.79 7.52 13.23 

-50 9.20 6.91 6.11 5.96 5.08 30.59 7.24 13.03 

-45 9.13 6.93 6.13 6.03 5.13 29.50 7.07 12.80 

-40 9.10 6.94 6.14 5.18 28.44 6.94 12.62 

-35 9.07 6.99 6.68 6.22 5.29 27.31 6.73 12.45 

-30 9.03 6.55 6.26 5.29 26.61 6.55 12.34 

-25 8.95 7.09 6.35 5.27 25.60 6.35 12.17 

-20 8.79 5.23 24.73 6.39 12.00 

-15 8.60 6.46 6.07 5.35 23.93 11.91 

-10 23.14 



Variable Temperature ^HNMR Chemical shifts for [(2,6-Br2)4TPPFe(4-CNPy)2] CIO4 

Porphyrin Resonances 4-CNPv Resonances 

T(°C) 5 pvrr-H 8 m-H 5p-H So-H 8 m-H 

-91 -22.81 8.38 6.46 -28.29 10.53 

-81 -21.89 8.34 6.50 -26.85 10.46 

-71 -21.00 8.31 6.53 -25.44 10.38 

-61 -20.13 8.28 6.57 -24.18 10.29 

-50 -19.30 8.25 6.61 -22.97 10.20 

-40 -18.49 8.23 6.64 -21.88 10.10 

-30 -17.72 8.21 6.68 -20.85 10.02 

-21 -16.97 8.20 6.72 -19.84 9.94 

-11 -16.23 8.19 6.75 -18.83 9.88 

-1 -15.52 8.18 6.79 -17.82 9.85 

10 -14.82 8.17 6.83 -16.76 9.86 

19 -14.15 8.17 6.87 -15.66 9.92 

30 -13.44 8.17 6.91 -14.38 10.04 

41 -12.77 8.17 6.95 -12.97 10.29 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Br2)4TPPFe(3-CNPy)2] CIO4 

Porphyrin Resonances 3-CNPy Resonances 

T(°C) 5 pvrr-H 6 m-H 5p-H 80-H 8o'-H 8 o-H avR 8 m-H 8p-H 

-91 -25.72 7.90 6.28 9.73 5.13 

-81 -24.35 7.92 6.35 -15.01 -36.15 -25.58 9.53 5.04 

-71 -23.08 7.94 6.41 -15.24 -33.79 -24.52 9.35 4.97 

-61 -21.90 7.97 6.47 -15.33 -31.62 -23.48 9.20 4.91 

-50 -20.80 7.98 6.52 -15.33 -29.57 -22.45 9.06 4.86 

-40 -19.77 8.00 6.57 -15.24 -27.72 -21.48 8.95 4.82 

-30 -18.81 8.01 6.62 -15.06 -25.99 -20.62 8.86 4.79 

-21 -17.91 8.01 6.67 -14.77 -24.36 -19.57 8.81 4.76 

-11 -17.05 8.03 6.71 -14.37 -22.77 -18.57 8.79 4.74 

-1 -16.23 8.04 6.76 -13.85 -21.22 -17.54 8.82 4.71 

10 -15.43 8.05 6.80 -13.16 -19.62 -16.39 8.91 4.68 

19 -14.68 8.06 6.85 -12.33 -18.01 -15.17 9.06 4.65 

30 -13.91 8.08 6.90 -11.26 -16.24 -13.75 9.32 4.61 

41 -13.17 8.10 6.96 -9.99 -14.34 -12.17 



Variable Temperature ^HNMR Chemical shifts for [(2,6-Br2)4TPPFe(3-ClPy)2] CIO4 

Porphyrin Resonances 3-ClPy Resonances 

T(°C) 5 pyrr-H 8 w)-H 8/;-H 80-H 8o'-H 8 o-H avR 8 w-H 8p-H 

-91 -27.27 7.27 6.03 -20.01 -32.04 -26.03 10.44 5.32 

-81 -25.78 7.33 6.12 -19.86 -29.99 -24.93 10.10 5.19 

-71 -24.41 7.39 6.20 -19.74 -28.19 -23.97 9.77 5.06 

-61 -23.12 7.44 6.27 -19.50 -26.57 -23.04 9.48 4.94 

-50 -21.91 7.49 6.34 -19.21 -25.10 -22.16 9.21 4.84 

-40 -20.81 7.52 6.40 -18.89 -23.78 -21.34 8.97 4.76 

-30 -19.74 7.57 6.46 -18.50 -22.54 -20.52 8.76 4.69 

-21 -18.75 7.60 6.51 -18.08 -21.38 -19.73 8.57 

-11 -17.80 7.63 6.57 -20.28 8.43 4.58 

-1 -16.89 7.66 6.62 -17.05 -19.21 -18.13 8.32 4.53 

10 -16.04 7.69 6.66 -16.45 -18.18 -17.32 8.23 4.48 

19 -15.23 7.71 6.71 -15.78 -17.16 -16.47 8.24 4.44 

30 -14.40 7.74 6.76 -14.96 -16.05 -15.51 8.29 4.39 

41 -13.64 7.77 6.80 -14.08 -14.96 -14.52 8.41 4.35 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Br2)4TPPFe(4-HPy)2] CIO4 

Trc) 

PorDhvrin Resonances 4-HPv Resonances 

Trc) 5 pyrr-H S rn-H 5p-H 80-H 5 m-H 8p-H 

-91 -31.02 6.31 5.57 -20.80 18.15 6.31 

-81 -29.26 6.43 5.69 -20.26 17.27 5.98 

-71 -27.63 6.54 5.80 -19.68 16.47 5.70 

-61 -26.12 6.64 5.90 -19.09 15.75 5.45 

-51 -24.71 6.73 5.99 -18.56 15.09 5.24 

-40 -23.42 6.80 6.08 -18.02 14.50 5.07 

-30 -22.21 6.87 6.15 -17.49 13.96 4.91 

-21 -21.07 6.95 6.22 -16.99 13.47 4.78 

-11 -19.98 7.01 6.30 -16.48 13.01 4.67 

-1 -18.98 7.06 6.36 -15.98 12.60 4.58 

10 -18.03 7.12 6.41 -15.50 12.23 4.50 

19 -17.15 7.16 6.47 -15.02 11.90 4.43 

30 -16.25 7.20 6.52 -14.51 11.58 4.37 

41 -15.45 7.25 6.57 -14.01 11.33 4.32 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Br2)4TPPFe(3-MePy)2] CIO4 

Porphyrin Resonances 3-MePy Resonances 

T(°C) 8 pyrr-H 8 ffi-H 8/>-H 80-H 8o'-H 8 o-H avg 8 m-H 8 W1-CH3 8p-H 

-91 -32.20 6.06 5.43 -18.69 -22.19 -20.44 18.38 4.00 6.73 

-81 -30.20 6.22 5.58 -18.31 -21.74 -20.03 17.33 3.62 6.22 

-71 -28.39 6.36 5.71 -17.91 -21.33 -19.62 16.39 3.30 5.89 

-61 -26.71 6.48 5.82 -17.53 -20.94 -19.24 15.55 3.01 5.55 

-50 -25.16 6.59 5.93 -17.16 -20.48 -18.82 14.79 2.75 5.27 

-40 -23.75 6.69 6.03 -16.72 -20.01 -18.37 14.11 2.53 5.03 

-30 -22.43 6.78 6.11 -16.31 -19.59 -17.95 13.51 2.33 4.82 

-21 -21.19 6.87 6.19 -15.88 -19.13 -17.51 12.95 2.16 4.65 

-11 -20.03 6.94 6.27 -15.48 -18.65 -17.07 12.45 2.00 4.50 

-1 -18.97 7.01 6.33 -15.05 -18.19 -16.62 12.00 1.87 4.37 

10 -17.96 7.07 6.39 -14.65 11.59 1.75 4.27 

19 -17.03 7.13 6.45 -14.25 -17.24 -15.75 11.22 1.64 4.18 

30 -16.10 7.19 6.51 -13.82 -16.77 -15.30 10.88 1.54 4.10 

41 -15.28 7.24 6.56 -13.41 -16.28 -14.85 10.60 1.46 4.04 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Br2)4TPPFe(4-MePy)2] CIO4 

Porphyrin Resonances 4-MePv Resonances 

TCC) 8  pyrr-H 5 m-H 5p-H 5o-H 8  m-H 8 P -CH3 

-91 -35.16 5.52 5.12 -14.84 22.51 29.35 

-81 -33.00 5.70 5.28 -14.95 21.21 27.87 

-71 -31.02 5.87 5.42 -14.90 20.04 26.52 

-61 -29.17 6.02 5.56 -14.78 18.98 25.27 

-50 -27.48 6.16 5.67 -14.63 18.03 24.12 

t 0
 

-25.90 6.28 5.80 -14.47 17.16 23.06 

-30 -24.45 6.40 5.91 -14.28 16.38 22.08 

-21 -23.10 6.50 6.00 -14.07 15.67 21.17 

-11 -21.81 6.59 6.09 -13.84 15.01 20.30 

-1 -20.61 6.68 6.17 -13.57 14.42 19.50 

10 -19.51 6.77 6.24 -13.30 13.87 18.77 

19 -18.48 6.84 6.31 -13.01 13.41 18.09 

30 -17.47 6.91 6.37 -12.70 12.96 17.42 

41 -16.56 6.97 6.43 -12.38 12.58 16.83 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Br2)4TPPFe(3,5-Me2Py)2] CIO4 

Porphyrin Resonances S.S-MeoPy Resonances 

T(°C) 8 pyrr-H 8 ffi-H 8p-H 80-H 8 m-CH3 8p-H 

-91 -33.42 5.82 5.32 -19.60 4.81 7.30 

-81 -31.24 5.99 5.45 -19.51 4.32 6.69 

-71 -29.24 6.16 5.60 -19.29 3.91 6.16 

-61 -27.41 6.31 5.74 -19.05 3.56 5.74 

-50 -25.75 6.44 5.85 -18.77 3.24 5.40 

-40 -24.21 6.56 5.96 -18.48 2.97 5.10 

-30 -22.78 6.67 6.06 -18.14 2.72 4.83 

-21 -21.47 6.77 6.15 -17.80 2.51 4.61 

-11 -20.22 6.86 6.23 -17.44 2.32 4.41 

-1 -19.06 6.94 6.30 -17.06 2.15 4.25 

10 -17.99 7.02 6.37 -16.67 2.00 4.11 

19 -17.01 7.08 6.43 -16.29 1.87 4.00 

30 -16.03 7.14 6.49 -15.89 1.75 3.90 

41 -15.17 7.21 6.54 -15.47 1.65 3.82 



Variable Temperature ^HNMR Chemical shifts for [(2,6-Br2)4TPPFe(3,4-Me2Py)2] CIO4 

Porphyrin Resonances 3.4-Me9Py Resonances 

T(°C) 8 pyrr-H 5 wi-H 6p-H 80-H 5o'-H S o-H avg 5 m-H 5 m-CH3 5p-CH3 

-91 -34.61 5.54 5.14 -12.06 -19.82 -15.94 21.29 4.48 29.55 

-81 -32.41 5.74 5.32 -12.33 -19.52 -15.93 19.97 4.06 28.03 

-71 -30.39 5.90 5.46 -12.55 -19.29 -15.92 18.78 3.66 26.62 

-61 -28.55 6.06 5.59 -12.67 -18.99 -15.83 17.70 3.33 25.33 

-50 -26.84 6.20 5.72 -12.77 -18.62 -15.70 16.76 3.03 24.16 

-40 -25.28 6.32 5.83 -12.82 -18.30 -15.56 15.90 2.77 23.08 

-30 -23.82 6.44 5.93 -12.75 -17.90 -15.33 15.13 2.54 22.07 

-21 -22.49 6.55 6.03 -12.68 -17.52 -15.10 14.43 2.34 21.15 

-11 -21.23 6.64 6.11 -12.56 -17.16 -14.86 13.80 2.16 20.29 

-1 -20.06 6.73 6.19 -12.41 -16.81 -14.61 13.23 2.00 19.49 

10 -18.94 6.81 6.27 -12.25 -16.40 -14.33 12.70 1.85 18.73 

19 -17.92 6.88 6.33 -12.06 -16.00 -14.03 12.24 1.73 18.05 

30 -16.91 6.95 6.40 -11.85 -15.57 -13.71 11.79 1.61 17.36 

41 -16.01 7.02 6.46 -11.62 -15.17 -13.40 11.42 1.51 16.76 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Br2)4TPPFe(4-NMe2Py)2] CIO4 

Porphyrin Resonances 4-NMeoPv Resonances 

T(°C) 5 pyrr-H 8 m-H 8p-H 80-H 8 wj-H 8p-N(CH3)2 

-91 -38.45 4.29 4.29 19.70 35.95 

-81 -35.85 4.57 4.56 18.37 33.80 

-71 -33.46 4.82 4.82 -0.29 17.17 31.84 

-61 -31.28 5.04 4.99 -1.11 16.11 30.07 

-50 -29.32 5.25 5.16 -1.93 15.17 28.47 

-40 -27.50 5.43 -2.65 14.32 27.02 

-30 -25.84 5.59 5.45 -3.11 13.56 25.68 

-21 -24.31 5.75 5.58 -3.57 12.88 24.47 

-11 -22.86 5.89 5.70 -3.98 12.25 23.33 

-1 -21.55 6.01 5.80 -4.31 11.69 22.30 

10 -20.34 6.12 5.90 -4.53 11.19 21.36 

19 -19.21 6.23 5.98 -4.74 10.74 20.50 

30 -18.12 6.33 6.07 -4.91 10.31 19.66 

41 -17.14 6.41 6.14 -5.00 9.94 18.93 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Br2)4TPPFe(N-MeIm)2] CIO4 

Porphyrin Resonances N-Melm Resonances 

T(°C) 8 pyrr-H 8 m-H bp-H 82-H 84-H 85-H 8 N-CH3 

-91 -36.98 4.74 4.74 -1.66 18.46. 16.76 30.77 

-81 -34.55 4.96 4.96 -2.18 16.75 15.53 29.08 

-71 -32.34 5.17 5.12 -2.62 15.16 14.46 27.54 

-61 -30.27 5.40 5.32 -2.92 13.58 26.20 

-50 -28.48 5.51 5.40 -3.28 12.71 24.87 

-40 -26.80 5.66 5.53 -3.50 11.73 11.79 23.71 

-30 -25.25 5.80 5.65 -3.62 10.88 11.38 22.65 

-21 -23.81 5.92 5.75 -3.73 10.13 10.82 21.66 

-11 -22.46 6.04 5.85 -3.80 9.45 10.32 20.74 

-1 -21.21 6.14 5.94 -3.83 8.85 9.88 19.90 

10 -20.06 6.24 6.02 -3.87 8.34 9.49 19.12 

19 -18.97 6.33 6.10 -3.87 7.86 9.15 18.40 

30 -17.92 6.41 6.16 -3.86 7.42 8.83 17.70 

41 -16.99 6.49 6.23 -3.83 7.17 8.57 17.09 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Br2)4TPPFe(2-MeImH)2] CIO4 

Porphyrin Resonances 

(°C) 5 pyrr-H 5 pyrr-H 8 pyrr-H 5 pyrr-H 6 m or p-H 8 m or p-H 8 m or p-H 8 m or p-H 8 m or p-H 

-91 -24.65 -29.75 -31.73 -36.28 

-81 -23.49 -27.97 -29.95 -33.97 9.66 6.63 5.32 4.56 4.28 

-71 -22.00 -26.12 -27.98 -31.76 9.50 6.67 5.44 4.81 4.50 

-61 -20.63 -24.42 -26.17 -29.70 9.38 6.71 5.60 5.04 4.70 

-50 -19.36 -22.85 -24.51 -27.83 9.26 6.75 5.21 4.88 

-40 -18.21 -21,43 -23.00 -26.13 9.16 6.78 5.99 5.41 5.04 

-30 -17.11 -20,09 -21.58 -24.53 9.07 6.81 6.13 5.61 5.20 

-21 -16.08 -18.85 -20.27 -23.05 8.99 6.84 6.27 5.77 5.32 

-11 -15.12 -17.69 -19.06 -21.68 8.92 6.87 6.40 5.90 5.46 

-1 -14.23 -16.62 -17.93 -20.41 8.85 

10 -13.34 -15.56 -16.76 -19.15 8.70 

19 -12.74 -14.72 -15.60 -17.83 

10 
-J 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Br2)4TPPFe(2-MeImH)2] CIO4 (continued) 

2-MeImH Resonances 

T(°C) 82-CH3 S4-H S5-H 8N-H 

-81 13.02 48 15.31 

-71 12.53 44.5 14.20 22.88 

-61 12.00 41.5 13.20 21.70 

-50 11.81 38 12.32 20.62 

0
 

1 11.57 35.5 11.57 19.61 

-30 11.37 33 10.85 18.65 

-21 11.14 31 10.22 17.74 

-11 10.91 28.5 9.67 16.92 

-1 10.68 27 9.17 16.16 

10 10.44 25 8.72 15.43 

19 10.21 23.5 8.32 14.79 

30 9.97 21.93 14.17 

41 9.75 20.69 13.63 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Cl2)4TPPFe(4-CNPy)2] CIO4 

Porphyrin Resonances 4-CNPv Resonances 

T(°C) 8 pyrr-H 8 nt-H 8p-H 80-H 8 ni-H 

-91 -19.89 8.84 6.78 -30.70 8.30 

-81 -19.02 8.78 6.81 -29.05 8.31 

-71 -18.24 8.71 6.84 -27.47 8.35 

-61 -17.51 8.65 6.87 -26.00 8.40 

-50 -16.83 8.54 6.90 -24.63 8.45 

-40 -16.17 8.52 6.92 -23.31 8.52 

-30 -15.55 8.48 6.95 -22.03 8.59 

-21 -14.93 8.43 6.98 -20.74 8.69 

-11 -14.34 8.38 7.01 -19.45 8.81 

-1 -13.74 8.34 7.04 -18.08 8.99 

10 -13.14 8.31 7.08 -16.59 9.23 

19 -12.56 8.28 7.12 -15.02 9.52 

30 -11.93 8.26 7.17 -13.12 9.83 

41 -11.34 8.25 7.22 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Cl2)4TPPFe(3-CNPy)2] CIO4 

Porphyrin Resonances 3-CNPy Resonances 

T(°C) 6 pvrr-H S m-H 8p-H 5o-H 5o'-H 5 o-H avR 8 ni-H 5p-H 

-91 -27.05 7.61 6.34 -9.44 -41.29 -25.37 10.35 5.91 

-81 -25.30 7.69 6.44 -10.40 -38.68 -24.54 9.90 5.63 

-71 -23.73 7.76 6.53 -11.09 -36.18 -23.64 9.55 5.41 

-61 -22.31 7.81 6.60 -11.65 -33.81 -22.73 9.28 5.24 

-50 -21.04 7.85 6.67 -12.00 -31.57 -21.79 9.09 5.10 

-40 -19.88 7.88 6.73 -12.15 -29.43 -20.79 8.97 5.00 

-30 -18.81 7.90 6.79 -12.08 -27.37 -19.73 8.92 4.90 

-21 -17.82 7.92 6.85 -11.79 -25.33 -18.56 8.96 4.83 

-11 -16.88 7.94 6.90 -11.28 -23.25 -17.27 9.09 4.75 

-1 -15.99 7.95 6.96 -10.48 -21.08 -15.78 9.32 4.68 

10 -15.12 7.96 7.02 -9.36 -18.73 -14.05 9.67 4.61 

19 -14.28 7.96 7.08 -8.03 -16.28 -12.16 10.14 4.55 

30 -13.42 8.00 7.16 -6.00 10.73 4.56 

41 -12.62 8.01 7.23 -3.65 -10.43 -7.04 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Cl2)4TPPFe(3-ClPy)2] CIO4 

Porphyrin Resonances 3-ClPv Resonances 

T(°C) 5 pyrr-H 8 ni-H 6p-H 5o-H 5o'-H 5 o-H avR 8 m-H 5p-H 

-91 -28.37 7.00 6.11 -13.64 -35.71 -24.68 10.85 6.01 

-81 -26.65 7.09 6.21 -14.23 -33.62 -23.93 10.35 5.72 

-71 -25.08 7.17 6.31 -14.66 -31.52 -23.09 9.94 5.48 

-61 -23.64 7.24 6.39 -14.95 -29.62 -22.29 9.58 5.32 

-50 -22.33 7.29 6.47 -15.09 -27.88 -21.49 9.28 5.13 

-40 -21.09 7.34 6.54 -15.11 -26.25 -20.68 9.02 5.00 

-30 -19.99 7.38 6.60 -15.06 -24.78 -19.92 8.83 4.89 

-21 -18.93 7.43 6.66 -14.85 -23.35 -19.10 8.68 4.79 

-11 -17.92 7.46 6.72 -14.52 -21.95 -18.24 8.59 4.71 

-1 -16.96 7.49 6.77 -14.05 -20.56 -17.31 8.56 4.62 

10 -16.01 7.53 6.83 -13.43 -19.13 -16.28 8.62 4.54 

19 -15.12 7.56 6.89 -12.66 -17.70 -15.18 8.75 4.46 

30 -14.19 7.60 6.95 -11.63 -16.04 -13.84 9.02 4.37 

41 -13.34 7.63 7.01 -10.30 -14.34 -12.32 9.43 4.36 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Cl2)4TPPFe(4-HPy)2] CIO4 

Porphyrin Resonances 4-HPy Resonances 

T(°C) 5 pyrr-H 8 m-H 5p-H 80-H 5 «i-H 5p-H 

-91 -29.59 6.42 5.58 -22.32 16.88 5.61 

-81 -27.89 6.52 5.97 -21.65 16.06 5.32 

-71 -26.33 6.61 6.07 -20.96 15.34 5.09 

-61 -24.89 6.70 6.16 -20.29 14.69 4.89 

-50 -23.57 6.77 6.25 -19.64 14.12 4.73 

-40 -22.35 6.83 6.32 -19.01 13.60 4.60 

-30 -21.20 6.89 6.39 -18.38 13.13 4.49 

-21 -20.11 6.94 6.46 -17.76 12.70 4.39 

-11 -19.10 6.99 6.52 -17.17 12.32 4.32 

-1 -18.15 7.02 6.58 -16.58 11.97 4.25 

10 -17.25 7.07 6.63 -16.00 11.66 4.20 

19 -16.40 7.11 6.68 -15.42 11.40 4.16 

30 -15.54 7.15 6.73 -14.78 11.16 4.13 

41 -14.76 7.17 6.78 -14.16 10.98 4.10 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Cl2)4TPPFe(3-MePy)2] CIO4 

Porphyrin Resonances 3-MePv Resonances 

T(°C) 8 pyrr-H 8 m-H 8/7-H 80-H 8o'-H 8 o-H avg bm-H 8 //J-CH3 bp-H 

-91 -32.55 5.83 5.55 -15.97 -23.07 -19.52 18.31 4.79 6.98 

-81 -30.54 5.99 5.70 -16.15 -22.38 -19.27 17.25 4.34 6.48 

-71 -28.67 6.13 5.83 -16.34 -21.67 -19.01 16.30 3.94 6.06 

-61 -26.95 6.27 5.95 -16.36 -20.95 -18.66 15.46 3.58 5.70 

-50 -25.39 6.38 6.06 -16.35 -20.28 -18.32 14.72 3.27 5.40 

-40 -23.94 6.48 6.16 -16.26 -19.56 -17.91 14.04 3.00 5.14 

-30 -22.60 6.58 6.25 -16.17 -18.91 -17.54 13.45 2.76 4.93 

-21 -21.36 6.66 6.33 -15.97 -18.23 -17.10 12.91 2.55 4.74 

-11 -20.21 6.73 6.41 -15.80 -17.61 -16.71 12.43 2.37 4.59 

-1 -19.11 6.80 6.47 -15.57 -17.00 -16.29 11.99 2.20 4.45 

10 -18.07 6.86 6.54 -15.27 -16.36 -15.82 11.59 2.05 4.33 

19 -17.10 6.93 6.60 -14.95 -15.80 -15.38 11.25 1.92 4.24 

30 -16.11 6.99 6.66 -14.55 -15.12 -14.84 10.93 1.79 4.15 

41 -15.23 7.04 6.72 -14.14 -14.52 -14.33 10.68 1.69 4.08 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Cl2)4TPPFe(4-MePy)2] CIO4 

Porphyrin Resonances 4-MePy Resonances 

T(°C) 5 pyir-H 5 ni-H 5p-H 5o-H S ni-H 6 P-CH3 

-91 -34.07 5.54 5.32 -16.05 21.51 28.69 

-81 -31.94 5.72 5.55 -15.98 20.25 27.24 

-71 -29.98 5.88 5.70 -15.86 19.12 25.92 

-61 -28.08 6.03 5.83 -15.65 18.06 24.63 

-50 -26.47 6.15 5.95 -15.45 17.18 23.55 

-40 -25.04 6.25 6.05 -15.22 16.41 22.58 

-30 -23.64 6.35 6.14 -14.95 15.69 21.65 

-21 -22.35 6.45 6.23 -14.66 15.04 20.78 

-11 -21.14 6.53 6.31 -14.36 14.45 19.97 

-1 -20.00 6.61 6.39 -14.03 13.91 19.22 

10 -18.91 6.68 6.46 -13.67 13.42 18.50 

19 -17.91 6.74 6.52 -13.31 13.00 17.84 

30 -16.86 6.82 6.59 -12.87 12.59 17.16 

41 -15.95 6.86 6.64 -12.43 12.26 16.57 



Variable Temperature 'HNMR Chemical shifts for[(2,6-Cl2)4TPPFe(3,5-Me2Py)2] CIO4 

Porphyrin Resonances B.S-MoPv Resonances 

T(°C) 8 pyrr-H 8 fti-H 8p-H 80-H 8 ffj-CHa 8/7-H 

-81 -33.35 5.45 5.45 -16.69 5.12 7.83 

-71 -31.21 5.65 5.58 -16.78 4.64 7.22 

-61 -29.21 5.83 5.73 -16.77 4.21 6.70 

-50 -27.38 5.99 5.86 -16.69 3.83 6.24 

-40 -25.70 6.13 5.99 -16.55 3.51 5.85 

1 0
 

-24.16 6.26 6.10 -16.38 3.22 5.52 

-21 -22.74 6.37 6.20 -16.17 2.96 5.23 

-11 -21.41 6.47 6.29 -15.92 2.74 4.98 

-1 -20.18 6.57 6.37 -15.65 2.53 4.77 

10 -19.01 6.66 6.45 -15.34 2.35 4.59 

19 -17.94 6.73 6.52 -15.02 2.20 4.43 

30 -16.83 6.82 6.59 -14.63 2.04 4.28 

41 -15.87 6.88 6.65 -14.23 1.92 4.17 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Cl2)4TPPFe(3,4-Me2Py)2] CIO4 

Porphyrin Resonances 3.4-Me'7Pv Resonances 

T(°C) 6 pyrr-H 5 ni-H 5;7-H 5o-H 5o'-H 8 o-H avg 5 ni-H 5 m-CHj Sp-CHs 

-91 -35.57 5.22 5.43 -13.63 -15.92 -14.78 21.64 5.32 30.49 

-81 -33.24 5.43 -14.05 -15.84 -14.95 20.23 4.88 28.84 

-71 -31.11 5.62 5.56 -14.23 -15.71 -14.97 19.00 4.41 27.35 

-61 -29.15 5.79 5.71 -14.46 -15.56 -15.01 17.89 4.00 25.98 

-50 -27.36 5.94 5.84 -14.53 -15.42 -14.98 16.90 3.64 24.74 

-40 -25.72 6.07 5.96 -14.55 -15.20 -14.88 16.02 3.31 23.60 

-30 -24.22 6.20 6.07 -14.53 -14.94 -14.74 15.24 3.03 22.56 

-21 -22.83 6.31 6.16 -14.47 -14.63 -14.55 14.54 2.78 21.60 

-11 -21.52 6.41 6.26 -14.34 -14.34 -14.34 13.90 2.56 20.70 

-1 -20.31 6.50 6.34 -14.10 -14.10 -14.10 13.32 2.36 19.87 

10 -19.16 6.57 6.41 -13.90 -13.75 -13.83 12.80 2.19 19.08 

19 -18.10 6.66 6.49 -13.68 -13.39 -13.54 12.35 2.04 18.36 

30 -17.02 6.73 6.56 -13.38 -12.98 -13.18 11.91 1.89 17.63 

41 -16.07 6.81 6.62 -13.07 -12.59 -12.83 11.56 1.77 17.00 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Cl2)4TPPFe(4-NMe2Py)2] CIO4 

Porphyrin Resonances 4-NMeoPy Resonances 

TCC) 8 pyrr-H 8 wi-H &P-H 80-H 8 ni-H 8p-N(CH3)2 

-91 -38.22 4.14 4.54 18.84 36.47 

-81 -35.58 4.42 4.79 17.53 34.27 

-71 -33.17 4.68 5.00 -0.68 16.37 32.29 

-61 -30.99 4.90 5.12 -1.65 15.34 30.51 

-50 -29.00 5.11 5.37 -2.39 14.41 28.88 

-40 -27.15 5.32 5.56 -2.98 13.62 27.45 

-30 -25.51 5.45 5.66 -3.51 12.86 26.08 

-21 -23.94 5.60 5.79 -3.91 12.18 24.82 

-11 -22.52 5.74 5.91 -4.24 11.59 23.70 

-1 -21.21 5.86 6.01 -4.53 11.05 22.67 

10 -19.99 5.97 -4.75 10.57 21.71 

19 -18.86 6.08 6.19 -4.91 10.14 20.84 

30 -17.76 6.17 6.28 -5.03 9.74 19.99 

41 -16.80 6.26 6.35 -5.08 9.40 19.27 



Variable Temperature ^HNMR Chemical shifts for [(2,6-Cl2)4TPPFe(N-MeIm)2] CIO4 

Porphyrin Resonances N-Melm Resonances 

T(°C) 8 pyrr-H 8 wi-H 8p-H 82-H 84-H 8 5-H 8 N-CH3 

-91 -35.90 4.71 5.13 17.25 -7.34 11.33 31.65 

-81 -33.55 4.93 5.32 15.92 -7.06 10.79 29.92 

-71 -31.44 5.10 5.45 14.57 -6.93 10.29 28.33 

-61 -29.45 5.32 5.65 13.60 -6.65 9.92 26.96 

-50 -27.76 5.40 5.70 12.66 -6.45 9.48 25.58 

-40 -26.14 5.54 5.82 11.66 -6.31 9.15 24.39 

-30 -24.64 5.67 5.93 10.93 -6.10 8.86 23.30 

-21 -23.27 5.78 6.02 10.25 -5.90 8.59 22.29 

-11 -21.99 5.89 6.11 9.63 -5.71 8.35 21.35 

-1 -20.79 5.98 6.19 9.07 -5.53 8.13 20.48 

10 -19.66 6.08 6.26 8.56 -5.34 7.94 19.66 

19 -18.61 6.13 6.33 8.08 -5.16 7.78 18.92 

30 -17.54 6.24 6.40 -4.98 7.60 18.16 

41 -16.62 6.32 6.50 -4.82 7.48 17.52 



A 

Variable Temperature 'HNMR Chemical shifts for [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4 

Porphyrin Resonances 

(°C) 8 pvrr-H 8 pvrr-H 8 pyrr-H 8 pvrr-H 8 m-H 8ot-H 8ffj.OT.p-H 8p-H 

-81 -23.41 -27.41 -29.94 -32.78 9.33 5.10 4.58 4.58 6.77 

-71 -21.94 -25.65 -27.96 -30.65 9.17 5.32 4.80 4.76 6.79 

-61 -20.55 -23.94 -26.12 -28.67 9.04 5.47 5.02 4.93 6.83 

-50 -19.26 -22.37 -24.43 -26.84 8.94 5.66 5.20 5.12 6.87 

-40 -18.08 -20.94 -22.88 -25.18 8.84 5.84 5.32 5.32 6.91 

-30 8.74 6.00 5.51 5.51 6.95 

-1 6.43 

10 6.73 6.48 

19 -14.92 6.82 6.54 

30 -14.05 6.88 6.59 

41 -13.22 6.93 6.66 

to 00 vo 



Variable Temperature 'HNMR Chemical shifts for [(2,6-Cl2)4TPPFe(2-MeImH)2] CIO4 (continued) 

2-MeImH Resonances 

T(°C) S2-CH3 64-H 6 5-H 8N-H 

-81 13.66 45.5 15.31 24.5 

-71 13.28 41.5 14.14 23.07 

-61 12.85 38 13.10 21.91 

-50 12.61 35.5 12.21 20.87 

-40 12.33 33 11.43 19.89 

-30 12.04 31.5 10.72 18.79 

-21 11.75 28.5 10.09 18 

-11 11.47 26.5 9.54 17.45 

-1 11.19 25 9.04 16.7 

10 10.91 23 8.59 16. 

19 10.62 21.63 8.17 15.7 

30 10.34 20.5 7.81 15 

41 10.08 19 7.50 14.3 



Variable Temperature 'HNMR Chemical shifts for [(2,6-F2)4TPPFe(4-CNPy)2] CIO4 

Porphyrin Resonances 4-CNPv Resonances 

T(°C) 8 pyrr-H 5 m-H 8/)-H 80-H 8 m-H 

-91 -23.83 7.60 6.25 -26.82 11.77 

-81 -22.41 7.62 6.35 -25.51 11.37 

-71 -21.12 7.66 6.44 -24.15 11.09 

-61 -19.94 7.68 6.52 -22.72 10.93 

-50 -18.84 7.68 6.60 -21.18 10.87 

-40 -17.81 7.69 6.68 -19.55 10.93 

-30 -16.83 7.69 6.76 -17.77 11.11 

-21 -15.87 7.70 6.86 11.43 

-11 -14.91 7.71 6.96 -13.46 11.90 

-1 -13.92 7.73 7.06 -10.89 

10 -12.87 7.75 7.17 

19 -11.88 7.78 7.30 

30 -10.80 7.82 7.45 

41 -9.78 7.85 7.58 



Variable Temperature 'HNMR Chemical shifts for [(2,6-F2)4TPPFe(3-CNPy)2] CIO4 

Porphyrin Resonances 3-CNPy Resonances 

T(°C) 5 pyrr-H 8 ffi-H 5/7-H 5o-H 5o'-H 8 o-H avg 8m-H 8p-H 

-91 -33.45 6.04 5.80 -4.06 -30.47 -17.27 16.42 9.48 

-81 -30.88 6.26 5.99 -5.07 -28.41 -16.74 15.50 8.68 

-71 -28.48 6.46 6.16 -5.62 -26.26 -15.94 14.85 7.98 

-61 -26.27 6.63 6.32 -5.64 -23.82 -14.73 14.47 7.37 

-50 -24.24 6.78 6.48 -5.02 -21.14 -13.08 14.37 

-40 -22.34 6.92 6.63 -3.81 -18.08 -10.95 14.54 6.32 

-30 -20.56 7.15 6.81 -2.09 -14.77 -8.43 14.99 

-21 -18.84 7.22 0.22 -10.92 -5.35 

-11 -17.16 7.46 

-1 -15.41 7.60 

10 -13.55 7.76 

19 -12.08 7.88 8.01 

30 -10.63 8.02 8.22 

41 -9.36 8.16 8.37 



Variable Temperature 'HNMR Chemical shifts for [(2,6-F2)4TPPFe(3-ClPy)2] CIO4 

Porphyrin Resonances 3-ClPy Resonances 

T(°C) 8 pyrr-H 8 ffi-H 8p-H 80-H 8o'-H 8 o-H avK 8 m-H 8p-H 

-91 -36.41 5.23 5.47 -1.25 -29.54 -15.40 17.30 10.39 

-81 -33.82 5.46 5.66 -3.12 -27.86 -15.49 16.20 9.56 

-71 -31.46 5.66 5.83 -4.52 -26.17 -15.35 15.31 8.85 

-61 -29.28 5.84 5.99 -5.59 -24.49 -15.04 14.59 8.21 

-50 -27.25 6.00 6.13 -6.18 -22.79 -14.49 14.05 7.68 

-40 -25.34 6.15 6.26 -6.39 -21.03 -13.71 13.69 7.15 

-30 -23.52 6.28 6.39 -6.22 -19.22 -12.72 13.52 6.69 

-21 -21.75 6.41 6.51 -5.67 -17.22 -11.45 13.54 6.26 

-11 -20.02 6.53 6.64 -4.75 -15.00 -9.88 13.77 5.86 

-1 -18.28 6.64 6.76 -3.30 -12.62 -7.96 14.14 5.49 

10 -16.54 6.76 6.88 -1.42 -9.85 -5.64 14.27 

19 -14.89 6.86 7.00 

30 -13.11 6.97 7.13 

41 -11.44 7.07 7.24 



Variable Temperature 'HNMR Chemical shifts for [(2,6-F2)4TPPFe(4-HPy)2] CIO4 

Porphyrin Resonances 4-HPy Resonances 

T(°C) 8 pyrr-H 8 ni-H 8p-H 80-H 8 w-H 8/,-H 

-91 -34.63 5.15 5.42 -16.44 21.42 8.55 

-81 -32.37 5.34 5.60 -16.33 20.10 7.91 

-71 -30.33 5.52 5.75 -16.19 18.93 7.37 

-61 -28.46 5.67 5.89 -16.00 17.90 6.91 

-50 -26.75 5.80 6.01 -15.76 17.00 6.51 

0
 1 -25.17 5.92 6.12 -15.44 16.20 6.17 

-30 -23.71 6.03 6.22 -15.09 15.51 5.88 

-21 -22.33 6.13 6.32 -14.67 14.90 5.63 

-11 -21.02 6.22 6.41 -14.18 14.38 5.41 

-1 -19.79 6.30 6.49 -13.63 13.95 5.22 

10 -18.57 6.38 6.57 -12.97 13.60 5.04 

19 -17.42 6.45 6.64 -12.22 13.35 4.90 

30 -16.18 6.52 6.72 -11.28 13.18 4.78 

41 -15.06 6.59 6.79 -10.26 12.99 



Variable Temperature 'HNMR Chemical shifts for [(2,6-F2)4TPPFe(3-MePy)2] CIO4 

Porphyrin Resonances 3-MePy Resonances 

T(°C) 8 pyrr-H 8 ni-H 8p-H 80-H 8o'-H 8 o-H avg 8 m-H 8 W1-CH3 8p-H 

-91 -40.18 4.16 4.89 -22.44 24.07 8.88 11.35 

-81 -37.45 4.44 5.12 -21.62 22.49 7.98 10.36 

-71 -34.95 4.69 5.32 -1.02 -20.72 -10.87 21.08 7.21 9.52 

-61 -32.65 4.91 5.51 -2.59 -19.93 -11.26 19.83 6.53 8.78 

-50 -30.56 5.11 5.67 -3.86 -19.11 -11.49 18.73 5.93 8.15 

-40 -28.62 5.28 5.82 -4.77 -18.33 -11.55 17.76 5.40 7.60 

-30 -26.83 5.44 5.98 -5.63 -17.57 -11.60 16.92 4.94 7.13 

-21 -25.16 5.59 6.08 -6.19 -16.77 -11.48 16.19 4.54 6.71 

-11 -23.59 5.72 6.19 -6.59 -15.97 -11.28 15.56 4.18 6.34 

-1 -22.09 5.84 6.30 -6.78 -15.15 -10.97 15.03 3.86 6.02 

10 -20.63 5.96 6.40 -6.76 -14.22 -10.49 14.60 3.57 5.73 

19 -19.25 6.06 6.49 -6.60 -13.26 -9.93 14.28 3.32 5.47 

30 -17.81 6.17 6.59 -6.19 -12.16 -9.18 14.06 3.07 

41 -16.49 6.26 6.67 -5.60 -10.90 -8.25 13.96 2.79 



Variable Temperature 'HNMR Chemical shifts for [(2,6-F2)4TPPFe(4-MePy)2] CIO4 

Porphyrin Resonances 4-MePv Resonances 

T(°C) 8 pyrr-H 8 m-H 8p-H 80-H 8 m-H 8 /7-CH3 

-91 -38.21 4.41 5.04 -10.79 25.15 32.35 

-81 -35.61 4.67 5.25 -11.09 23.49 30.56 

-71 -33.27 4.89 5.43 -11.48 22.03 28.94 

-61 -31.12 5.09 5.60 -11.66 20.72 27.46 

-50 -29.16 5.27 5.75 -11.76 19.57 26.12 

-40 -27.36 5.42 5.89 -11.79 18.55 24.89 

-30 -25.71 5.57 6.01 -11.75 17.65 23.77 

-21 -24.17 5.70 6.13 -11.59 16.86 22.73 

-11 -22.72 5.81 6.23 -11.40 16.17 21.75 

-1 -21.35 5.92 6.33 -11.13 15.57 20.85 

10 -20.02 6.02 6.42 -10.76 15.05 19.98 

19 -18.79 6.11 6.50 -10.32 14.63 19.19 

30 -17.47 6.21 6.59 -9.68 14.28 18.36 

41 -16.28 6.29 6.67 -8.96 14.03 17.64 



Variable Temperature ^HNMR Chemical shifts for [(2,6-F2)4TPPFe(3,5-Me2Py)2] CIO4 

Porphyrin Resonances 3.5-MeoPv Resonances 

T(°C) 5 pyrr-H S m-H 8/>-H 80-H 8 W/-CH3 Sp-H 

-91 -43.83 3.43 4.41 -4.73 8.67 12.03 

-81 -40.79 3.76 4.69 -5.91 7.88 11.02 

-71 -38.04 4.06 4.94 -6.79 7.18 10.15 

-61 -35.49 4.33 5.15 -7.50 6.55 9.38 

-50 -33.19 4.56 5.32 -7.99 6.00 8.71 

-40 -31.03 4.78 -8.40 5.52 8.12 

-30 -29.03 4.98 5.70 -8.66 5.08 7.60 

-21 -27.15 5.16 5.85 -8.77 4.69 7.14 

-11 -25.38 5.32 5.99 -8.75 4.34 6.72 

-I -23.71 5.47 6.11 -8.55 4.03 6.35 

10 -22.08 5.62 6.23 -8.27 3.75 6.01 

19 -20.55 5.75 6.34 -7.83 3.50 

30 -18.95 5.88 6.46 -7.20 3.25 

41 -17.48 6.00 6.56 -6.41 3.03 



Variable Temperature 'HNMR Chemical shifts for [(2,6-F2)4TPPFe(3,4-Me2Py)2] CIO4 

Porphyrin Resonances 3.4-MeoPy Resonances 

T(°C) 5 pyrr-H 5 ot-H 5/)-H 80-H 5o'-H 5 o-H avg 8 ffj-H 8 ffi-CH3 8P-CH3 

-91 -41.63 3.73 4.62 -16.68 25.86 9.07 36.39 

-81 -38.78 4.03 4.88 -16.33 24.14 8.16 34.32 

-71 -36.15 4.31 5.12 -15.93 22.59 7.35 32.41 

-61 -33.77 4.55 5.32 -15.51 -0.72 -8.12 21.22 6.65 30.67 

-50. -31.59 4.77 5.49 -15.10 -2.03 -8.57 20.00 6.03 29.08 

-40. -29.60 4.97 5.65 -14.76 -3.08 -8.92 18.93 5.50 27.64 

-30. -27.75 5.14 5.80 -14.32 -3.92 -9.12 17.98 5.03 26.30 

-21 -26.04 5.32 5.94 -13.86 -4.61 -9.24 17.15 4.62 25.08 

-11 -24.43 5.45 6.06 -13.37 -5.10 -9.24 16.41 4.24 23.92 

-1 -22.92 5.58 6.17 -12.80 -5.47 -9.14 15.78 3.92 22.86 

10 -21.46 5.71 6.27 -12.27 -5.64 -8.96 15.23 3.63 21.85 

19 -20.10 5.82 6.37 -11.61 -5.64 -8.63 14.79 3.37 20.92 

30 -18.66 5.93 6.47 -10.85 -5.57 -8.21 14.40 3.13 19.96 

41 -17.37 6.04 6.56 -10.07 -5.27 -7.67 14.13 2.92 19.13 



Variable Temperature 'HNMR Chemical shifts for [(2,6-F2)4TPPFe(4-NMe2Py)2] CIO4 

Porphyrin Resonances 4-NMeoPv Resonances 

T(°C) 8 pyrr-H 8 ffi-H 8p-H 80-H 8 »i-H 8p-N(CH3)2 

-91 -36.31 3.93 4.88 13.46 41.24 

-81 -33.92 4.17 5.08 12.76 38.70 

-71 -31.72 4.39 5.27 -0.58 12.11 36.42 

-61 -29.69 4.59 5.44 -1.23 11.52 34.36 

-50 -27.86 4.77 5.59 -1.75 10.99 32.52 

-40 -26.16 4.94 5.73 -2.22 10.51 30.84 

-30 -24.60 5.09 5.85 -2.63 10.08 29.30 

-21 -23.15 5.22 5.97 -2.95 9.69 27.90 

-11 -21.81 5.34 6.07 -3.20 9.34 26.60 

-1 -20.55 5.46 6.17 -3.38 9.04 25.41 

10 -19.36 5.57 6.23 -3.54 8.76 24.29 

19 -18.26 5.66 6.34 -3.63 8.52 23.27 

30 -17.14 5.76 3.42 -3.66 8.30 22.26 

41 -16.15 5.84 6.49 -3.62 8.14 21.39 



Variable Temperature 'HNMR Chemical shifts for [(2,6-F2)4TPPFe(N-MeIm)2] CIO4 

Porphyrin Resonances N-Melm Resonances 

T(°C) 8pyrr-H 8m-H S£;;H 82-H 85-H 5 N-CH3 

-88 -32.20 4.73 5.65 -14.10 12.51 31.41 

-83 -31.32 4.81 5.70 -13.75 12.11 30.68 

-79 -30.48 4.86 5.75 -13.28 11.82 29.99 

-74 -29.65 4.93 5.79 -12.63 11.73 29.30 

-69 -28.87 4.99 5.82 -12.22 11.48 28.66 

-65 -28.12 5.04 5.86 -11.78 11.37 28.05 

-60 -27.38 5.10 5.93 -11.35 11.12 3.48 27.43 

-56 -26.71 5.15 5.97 -11.04 11.06 3.34 26.87 

-51 -25.86 5.21 6.02 -10.49 10.81 3.16 26.18 

-46 -25.21 5.26 6.06 -10.16 10.69 3.03 25.64 

-37 -23.98 5.36 6.14 -9.54 10.24 2.82 24.64 

t to
 

00
 

-22.84 5.44 6.21 -8.93 9.96 2.65 23.71 

-19 -21.78 5.52 6.27 -8.41 9.64 2.49 22.86 

-10 -20.77 5.59 6.34 -7.92 9.29 2.36 22.05 

0 -19.81 5.67 6.39 -7.52 9.00 2.24 21.29 

9 -18.91 5.74 6.45 -7.13 8.69 2.13 20.58 

18 -18.03 5.80 6.50 -6.75 8.43 2.02 19.89 

27 -17.17 5.87 6.55 -6.42 8.14 1.94 19.23 

36 -16.35 5.93 6.60 -6.11 7.97 1.87 18.62 



Variable Temperature 'HNMR Chemical shifts for [(2,6-F2)4TPPFe(2-MeImH)2] CIO4 

Porphyrin Resonances 2-MeImH Resonances 

T(°C) 8 pyrr-H 8 wj-H 8A>-H 8 2-CH3 84-H 85-H 8N-H 

-88.00 -31.67 4.79 5.32 20.12 40.15 18.12 26.28 

-83.00 -30.61 4.89 5.38 19.70 38.66 17.44 25.52 

-79.00 -29.70 4.97 5.45 19.31 37.27 16.85 24.84 

-74.00 -28.82 5.05 5.51 18.94 36.12 16.31 24.21 

-69.00 -27.93 5.13 5.59 18.57 34.70 15.76 23.57 

-65.00 -27.08 5.20 5.65 18.21 33.54 15.25 22.95 

-60.00 -26.30 5.27 5.71 17.86 32.42 14.78 22.39 

-56.00 -25.48 5.34 5.77 17.51 31.29 14.30 21.80 

-51.00 -24.64 5.42 5.84 17.16 30.14 13.81 21.22 

-46.00 -23.92 5.48 5.90 16.82 29.08 13.40 20.69 

-37.00 -22.61 5.59 6.00 16.24 27.35 12.67 19.78 

-28.00 -21.35 5.70 6.09 15.68 25.72 12.01 18.92 

-19.00 -20.18 5.81 6.17 15.14 24.19 11.41 18.13 

-10.00 -19.06 5.91 6.26 14.62 22.79 10.86 17.36 

0.00 -18.00 6.00 6.33 14.12 21.48 10.37 

9.00 -16.97 6.08 6.40 13.64 20.24 9.92 15.98 

18.00 -15.96 6.17 6.47 13.15 

27.00 -14.96 6.24 6.53 

36.00 -13.96 6.32 6.60 



Variable Temperature 'HNMR Chemical shifts for [(2,6-(OMe)2)4TPPFe(4-CNPy)2] CIO4 

Porphyrin Resonances 4-CNPy Resonances 

T(°C) 8 pyrr-H 8wi-H bp-H 5 0-OCH3 80-H 8 »i-H 

-88 -14.61 9.92 6.57 3.54 -24.74 7.40 

-83 -14.14 9.90 6.60 3.54 -24.03 7.39 

-79 -13.69 9.87 6.64 3.55 -23.26 7.42 

-74 -13.27 9.83 6.68 3.55 -22.42 7.48 

-69 -12.90 9.80 6.72 3.55 -21.58 7.58 

-65 -12.55 9.75 6.75 3.55 -20.68 7.71 

-60 -12.20 9.71 6.79 3.55 -19.60 7.90 

-56 -11.92 9.66 6.83 3.56 -18.63 8.09 

-51 -11.61 9.59 6.87 3.56 -17.36 8.38 

-46 -11.37 9.54 6.90 3.56 -16.32 

-42 -11.16 9.49 6.94 3.57 -15.24 

-37 -10.97 9.44 6.97 3.57 -14.04 

-28 -10.64 9.34 7.04 3.57 -11.54 

-19 -10.36 9.24 7.11 3.58 

-10 -10.14 9.14 7.18 3.58 

0 -9.96 9.04 1.26 3.58 

9 -9.83 8.95 7.33 3.58 

18 -9.74 8.86 7.42 3.58 

27 -9.71 8.77 7.50 3.58 

36 -9.76 8.69 7.59 3.58 



Variable Temperature 'HNMR Chemical shifts for [(2,6-(OMe)2)4TPPFe(3-CNPy)2] CIO4 

Porphyrin Resonances 3-CNPv Resonances 

(°C) 6 pyrr-H 6 m-H 5p-H 8 0-OCH3 5o-H 5o'-H 8 o-H avg 8 m-H 8p-H 

-90 -10.95 10.42 6.88 3.40 -16.32 -40.17 -28.25 1.90 

-85 -11.00 10.34 6.89 3.42 -15.82 -38.30 -27.06 3.18 2.01 

-80 -11.07 10.18 6.90 3.43 -14.98 -35.75 -25.37 2.15 

-75 -11.11 10.07 6.93 3.45 -14.24 -33.54 -23.89 4.40 2.28 

-70 -11.16 9.96 6.95 3.45 -13.44 -31.34 -22.39 2.34 

-65 -11.19 9.86 6.97 3.47 -12.45 -28.98 -20.72 5.66 2.43 

-60 -11.22 9.76 7.01 3.47 -26.70 6.98 2.48 

-55 -11.25 9.67 7.04 3.48 -10.20 -24.44 -17.32 2.53 

-50 -11.27 9.58 7.07 3.49 -8.93 -22.24 -15.59 

-45 -11.29 9.49 7.11 3.50 -7.66 -20.02 -13.84 

-40 -11.25 9.41 7.13 3.50 -6.26 -17.80 -12.03 

-30 -11.26 9.26 7.21 3.51 -3.41 -13.32 -8.37 

-20 -11.27 9.13 7.29 3.52 

-10 -11.30 9.00 7.38 3.53 

0 -11.32 8.88 7.49 3.54 

10 -11.33 8.78 7.56 3.54 

20 -11.34 8.68 7.65 3.54 

30 -11.36 8.59 7.73 3.55 

40 -11.39 8.51 7.82 3.56 



Variable Temperature 'HNMR Chemical shifts for [(2,6-(OMe)2)4TPPFe(3-ClPy)2] CIO4 

Porphyrin Resonances 3-ClPv Resonances 

CO 8 pyrr-H 5m-H 8p-H 5 0-OCH3 80-H 8o'-H 8 o-H avg 

-90 -21.18 7.99 6.34 3.50 -14.40 -37.56 -25.98 

-85 -20.50 8.00 6.38 3.50 -14.49 -35.91 -25.20 

-80 -19.82 8.00 6.43 3.50 -14.44 -34.32 -24.38 

-75 -19.17 8.00 6.47 3.51 -14.34 -32.71 -23.53 

-70 -18.53 8.01 6.51 3.51 -14.18 -31.13 -22.66 

-65 -17.92 8.02 3.51 -13.92 -29.61 -21.77 

-60 -17.33 8.02 6.60 3.51 -13.59 -28.12 -20.86 

-55 -16.77 8.03 6.66 3.51 -13.14 -26.64 -19.89 

-50 -16.21 8.03 6.70 3.52 -12.66 -25.16 -18.91 

-45 -15.68 8.03 6.74 3.52 -12.07 -23.70 -17.89 

-40 -15.18 8.04 6.79 3.52 -11.43 -22.22 -16.83 

-30 -14.22 8.05 6.88 3.53 -9.89 -19.24 -14.57 

-20 -13.33 8.05 6.99 3.53 -7.80 -16.11 -11.96 

-10 -12.43 8.02 7.02 3.53 -5.59 -13.09 -9.34 

0 -11.64 8.02 7.10 3.53 

10 -10.91 8.00 7.18 3.53 

20 -10.22 8.00 7.27 3.53 

30 -9.59 7.98 7.34 3.53 

40 -9.02 7.97 7.42 3.53 



Variable Temperature 'HNMR Chemical shifts for [(2,6-(OMe)2)4TPPFe(4-HPy)2] CIO4 

Porphyrin Resonances 4-HPy Resonances 

T (°C) 5 pyrr-H Sw-H Sp-H 80-OCH3 ao^H Sm-H Sp-H 

-90 -25.07 6.76 6.03 3.58 -23.84 13.62 4.65 

-85 -24.31 6.77 6.07 3.58 -23.44 13.31 4.55 

-80 -23.59 6.78 6.12 3.58 -23.01 13.02 4.48 

-75 -22.89 6.82 6.17 3.58 12.76 4.40 

-70 -22.22 6.84 6.21 3.58 12.52 4.34 

-65 -21.59 6.85 6.22 3.58 12.30 4.28 

-60 -20.99 6.87 6.26 3.58 12.10 4.24 

-55 -20.42 6.88 6.30 3.58 11.92 4.20 

-50 -19.87 6.90 6.33 3.58 -20.28 11.75 4.16 

-45 -19.33 6.90 6.36 3.58 -19.83 11.60 4.13 

-40 -18.83 6.91 6.40 3.58 -19.40 11.47 4.10 

-30 -17.86 6.93 6.48 3.58 -18.51 11.25 4.06 

-20 -16.94 6.97 6.52 3.58 -17.57 11.08 4.03 

-10 6.96 6.60 3.58 -16.58 10.98 

0 -15.20 6.97 6.65 3.57 -15.50 10.92 

10 -14.37 6.98 6.70 3.57 10.82 

20 -13.55 6.99 6.77 3.57 

30 -12.72 7.01 6.81 3.56 

40 -11.90 7.02 6.87 3.55 



Variable Temperature ^HNMR Chemical shifts for [(2,6-(OMe)2)4TPPFe(3-MePy)2] CIO4 

Porphyrin Resonances 3-MePy Resonances 

CO 8 pyrr-H 5 m-H 8 /7-H 8 0-OCH3 80-H 8 (7'-H 8 o-H avg 8 m-H 8 m-CH3 8/j-H 

-83 -28.65 5.78 5.78 3.61 -13.11 -24.96 -19.04 15.78 4.34 6.45 

-78 -28.13 5.82 5.82 3.61 -13.26 -24.64 -18.95 15.52 4.21 6.32 

-74 -26.91 5.93 5.90 3.62 -13.72 -24.10 -18.91 14.95 3.94 6.06 

-69 -26.05 6.00 5.93 3.61 -13.99 -23.71 -18.85 14.54 3.74 5.95 

-64 -25.14 6.07 5.99 3.60 -14.25 -23.37 -18.81 14.12 3.53 5.68 

-60 -24.33 6.13 6.04 3.59 -14.52 -22.82 -18.67 13.76 3.35 5.51 

-55 -23.68 6.20 6.08 3.58 -14.59 -22.31 -18.45 13.47 3.20 5.37 

-51 -22.86 6.24 6.16 3.58 -14.83 -21.95 -18.39 13.11 3.03 5.22 

-46 -22.11 6.32 6.21 3.57 -14.96 -21.52 -18.24 12.82 2.88 5.09 

-36 -20.17 6.39 6.28 3.56 -15.08 -20.71 -17.90 12.28 2.60 4.84 

-26 -19.39 6.48 6.37 3.56 -15.02 -19.39 -17.21 11.82 2.35 4.64 

-16 -18.25 6.55 6.43 3.55 -14.92 -18.25 -16.59 11.47 2.17 4.48 

-8 -17.12 6.62 6.50 3.54 -14.62 -17.14 -15.88 11.17 1.99 4.33 

2 -16.15 6.67 6.57 3.54 -14.31 -16.25 -15.28 10.94 4.22 

13 -15.17 3.53 

o 0\ 



Variable Temperature 'HNMR Chemical shifts for [(2,6-(OMe)2)4TPPFe(4-MePy)2] CIO4 

Porphyrin Resonances 4-MePv Resonances 

(°C) 8 pyn^-H 8 m-H 8p-H 8 0-OCH3 80-H 8 m-H 8P-CH3 

-83 -32.78 5.10 5.41 3.77 -13.47 20.70 27.76 

-78 -31.17 5.26 5.53 3.75 -13.77 19.72 26.58 

-74 -30.14 5.33 5.62 3.74 -14.01 19.10 25.83 

-69 -28.90 5.45 5.70 3.73 -14.27 18.38 24.93 

-64 -27.92 5.57 5.77 3.72 -14.30 17.81 24.21 

-60 -26.96 5.65 5.85 3.72 -14.41 17.27 23.51 

-55 -26.22 5.71 5.90 3.70 -14.43 16.85 22.97 

-51 -25.33 5.79 5.97 3.70 -14.47 16.39 22.33 

-46 -24.51 5.87 6.02 3.69 -14.44 15.96 21.75 

-36 -22.79 6.00 6.14 3.67 -14.32 15.11 20.53 

-26 -21.41 6.11 6.24 3.66 -14.08 14.47 19.56 

-16 -20.08 6.20 6.32 3.64 -13.74 13.91 18.63 

-8 -18.91 6.29 6.39 3.63 -13.35 13.48 17.83 

2 -17.72 6.41 3.62 -12.84 13.11 17.03 

13 -16.62 6.53 3.61 -12.23 12.83 16.26 



Variable Temperature 'HNMR Chemical shifts for [(2,6-(OMe)2)4TPPFe(3,5-Me2Py)2] CIO4 

Porphyrin Resonances 3.5-Me9Pv Resonances 

T(°C) 8 pyrr-H 8 wi-H 8p-H 8 0-OCH3 80-H 8 ni-CH3 8p-H 

-76 -32.04 4.92 5.41 3.57 -14.12 5.11 8.61 

-71 -30.73 5.05 5.50 3.56 -14.47 4.81 8.13 

-65 -29.64 5.17 5.59 3.58 -14.64 4.55 7.86 

-60 -28.50 5.28 5.67 3.56 -14.92 4.29 7.52 

-55 -27.49 5.39 5.74 3.55 -15.09 4.07 7.23 

-48 -26.35 5.51 5.84 3.55 -15.23 3.82 6.89 

-45 -25.41 5.61 5.91 3.55 -15.34 3.63 6.63 

-36 -23.69 5.77 6.03 3.54 -15.45 3.28 6.17 

-27 -21.95 5.93 6.15 3.52 -15.47 2.93 5.72 

-17 -20.49 6.07 6.28 3.51 -15.40 2.66 5.37 

-7 -19.08 6.19 6.35 3.51 -15.21 2.41 

2 -17.84 6.31 6.43 3.51 -14.96 2.27 

11 -16.64 6.51 6.40 3.50 -14.69 2.25 

20 -15.58 6.55 6.49 3.49 -14.24 2.11 



Variable Temperature 'HNMR Chemical shifts for [(2,6-(OMe)2)4TPPFe(3,4-Me2Py)2] CIO4 

Porphyrin Resonances 3.4-Me9Pv Resonances 

T(°C) 5 pyrr-H 8 m-H 8p-H 8 0-OCH3 80-H 8o'-H 8 o-H avg 8 »i-H 8 m-CH3 8P-CH3 

-76 -32.71 4.81 5.38 3.70 -9.10 -14.39 -11.75 20.09 4.95 28.29 

-71 -31.53 4.93 5.47 3.70 -10.11 -13.64 -11.88 19.40 4.71 27.37 

-65 -30.32 5.05 5.56 3.68 -10.34 -13.88 -12.11 18.69 4.45 26.41 

-60 -29.26 5.15 5.64 3.67 -10.81 -14.12 -12.47 18.10 4.23 25.59 

-55 -28.15 5.24 5.72 3.66 -11.05 -14.35 -12.70 17.49 4.01 24.74 

-48 -26.86 5.39 5.82 3.64 -11.45 -14.50 -12.98 16.78 3.74 23.75 

-45 -26.17 5.45 5.87 3.64 -11.64 -14.54 -13.09 16.42 3.64 23.24 

-36 -24.38 5.62 5.99 3.63 -11.98 -14.50 -13.24 15.52 3.26 21.92 

-27 -22.81 5.76 6.10 3.61 -12.17 -14.32 -13.25 14.76 2.97 20.76 

-17 -21.17 5.91 6.22 3.59 -12.28 -14.04 -13.16 14.03 2.67 19.59 

-7 -19.88 6.02 6.30 3.59 -12.22 -13.72 -12.97 13.50 2.46 18.69 

2 -18.58 6.13 6.39 3.57 -12.12 -13.25 -12.69 13.01 2.26 17.78 

11 -17.45 6.23 6.46 3.56 -11.90 -12.78 -12.34 12.63 2.23 17.02 

20 -16.30 6.30 6.53 3.55 16.24 



Variable Temperature 'HNMR Chemical shifts for [(2,6-(OMe)2)4TPPFe(4-NMe2Py)2] CIO4 

Porphyrin Resonances 4-NMe'?Py Resonances 

(°C) 5 pyrr-H 5 wi-H 5p-H 5 0-OCH3 5o-H 5 m-H 5 p-N(CH3)2 

-83 -32.83 4.32 5.32 3.88 -3.31 12.01 35.10 

-79 -31.83 4.41 5.32 3.87 -3.49 11.91 33.91 

-74 -30.83 4.52 5.43 3.87 -4.02 11.77 32.70 

-69 -29.84 4.59 5.51 3.86 -4.41 11.64 31.57 

-65 -28.90 4.69 5.58 3.84 -4.66 11.50 30.49 

-60 -28.06 4.75 5.64 3.83 -4.95 11.36 29.54 

-56 -27.24 4.83 5.70 3.83 -5.11 11.23 28.64 

-51 -26.45 4.91 5.75 3.82 -5.24 11.09 27.78 

-46 -25.69 4.97 5.80 3.81 -5.41 10.95 26.96 

-37 -24.26 5.10 5.91 3.80 -5.67 10.70 25.46 

-28 -22.92 5.21 5.99 3.77 -5.87 10.44 24.09 

-19 -21.67 5.32 6.08 3.76 -5.90 10.20 22.85 

-10 -20.52 5.42 6.16 3.75 -6.00 9.98 21.74 

-0 -19.42 5.51 6.24 3.72 -6.05 9.77 20.71 

9 -18.42 5.59 6.30 3.71 -6.06 9.58 19.78 

18 -17.46 5.66 6.36 3.70 -5.99 9.43 18.93 

27 -16.54 5.74 6.42 3.69 -5.89 9.28 18.15 

36 -15.64 5.80 6.48 3.67 -5.71 9.17 17.40 



Variable Temperature 'HNMR Chemical shifts for [(2,6-(OMe)2)4TPPFe(N-MeIm)2] CIO4 

Porphyrin Resonances N-Melm Resonances 

(°C) 8 pyrr-H 5 m-H 5p-H 80-OCH3 52-H 84-H S5-H 8 N-CH3 

-88 -34.03 4.22 5.32 3.71 -10.25 14.86 8.54 30.07 

t 00
 

-32.90 4.31 5.42 3.70 -10.00 14.13 8.34 29.30 

-79 -31.76 4.40 5.51 3.70 -10.01 13.85 8.14 28.50 

-74 -30.82 4.48 5.57 3.70 -9.74 13.50 7.98 27.84 

-69 -29.92 4.55 5.63 3.70 -9.40 13.16 7.84 27.20 

-65 -29.08 4.63 5.68 3.69 -9.15 12.99 7.70 26.62 

-60 -28.26 4.70 5.74 3.69 -8.95 12.80 7.67 26.04 

-56 -27.49 4.76 5.79 3.69 -8.60 12.74 7.58 25.49 

-51 -26.57 4.83 5.85 3.68 -8.33 12.26 7.49 24.82 

-46 -25.84 4.89 5.90 3.68 -8.21 12.02 7.42 24.29 

-37 -24.54 5.00 5.99 3.68 -7.80 11.63 7.33 23.35 

-28 -23.34 5.09 6.06 3.67 -7.35 11.26 7.25 22.48 

-19 -22.21 5.18 6.13 3.67 -6.88 10.91 7.20 21.65 

-10 -21.13 5.26 6.20 3.66 -6.56 10.44 20.87 

0 -20.14 5.31 6.27 3.66 -6.25 10.18 20.14 

9 -19.19 5.42 6.34 3.65 -5.96 9.82 19.44 

18 -18.27 5.51 6.41 3.65 -5.60 9.48 18.76 

27 -17.38 5.61 6.52 3.65 -5.39 9.19 18.15 

36 -16.50 5.75 6.60 3.65 -5.25 8.74 17.53 



Variable Temperature 'HNMR Chemical shifts for [(2,6-(OMe)2)4TPPFe(2-MeImH)2] CIO4 

Porphyrin Resonances 2-MeImH Resonances 

(°C) 6 pyrr-H 8 «i-H 5p-H 60-OCH3 8 2-CH3 84-H 8 5-H 8N-H 

-88 -26.73 5.43 5.59 3.94 11.82 38.75 14.54 19.21 

-83 -25.81 5.52 5.66 3.92 11.60 37.15 13.97 18.61 

-79 -24.90 5.59 5.73 3.89 11.40 35.73 13.43 18.05 

-74 -24.09 5.67 5.79 3.87 11.19 34.34 12.95 17.52 

-64 -23.27 5.74 5.84 3.85 10.99 33.06 12.48 17.01 

-65 -22.38 5.82 5.92 3.82 10.76 31.75 11.99 16.45 

-60 -21.61 5.89 5.98 3.81 10.56 30.56 11.57 15.98 

-56 -20.84 5.95 6.04 3.79 10.36 29.40 11.17 15.52 

-51 -19.97 6.02 6.07 3.77 10.12 28.11 10.73 14.99 

-46 -19.24 6.08 6.12 3.75 9.93 27.09 10.39 14.58 

-37 -18.01 6.18 6.18 3.73 9.60 25.35 

-28 -16.81 6.28 6.28 3.71 9.21 23.82 

-19 -15.61 6.37 6.37 3.69 

-10 -14.37 6.47 6.47 3.68 

-0 -12.97 6.57 6.57 3.66 

9 -11.42 6.71 6.64 3.65 

18 -9.53 6.88 6.71 3.64 

27 -7.18 7.12 6.81 3.63 

36 -4.23 7.40 6.92 3.63 



APPENDIX B 

The Fitting Program 
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The data fitting program, 2-LeveI Temperature Dependence Fitting, was developed 

by Dr. Nikolai Shokhirev. In this program the isotropic shifts of one or more resonances 

in a paramagnetic molecule are fit to the Curie law, which has been adapted to include a 

thermally accessible excited state. Fitting the temperature dependence data results in an 

estimation of the energy separation, AE, between the ground state and the excited state, and 

an estimation of the spin density coefficients for the positions of the resonances being fit 

for both ground and excited states. To obtain a copy of this program, contact Dr. Nikolai 

Shokhirev. 

Address: 
Department of Chemistry 
University of Arizona 
Tucson AZ 85721 
Phone(520)621 96 97 
Fax (520)621 84 07 
E-mail nikolai@ccit.arizona.edu 

The instructions for using the program are as follows: 

University of Arizona 
Department of Chemistry 

Prof. F.A.Walker Research Group 

« TDF2LVL » 

2 - L E V E L  T E M P E R A T U R E  
D E P E N D E N C E  F I T T I N G  

Version 2,1995 

Dr. Nikolai SHOKHIREV 

Graphic package by E.B.BCrissinel & N. V. Shokhirev 
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INSTRUCTIONS 

1. Introduction 

The program performs the fitting of temperature dependence of 
paramagnetic chemical shifts based on 2-level approach (see: 
N. V. Shokhirev and F.A.Walker. Analysis of Ae temperature 
dependence of the IH contact shifts in low-spin Fe(III) model 
hemes and heme proteins: explanation of "Curie" and "anti-Curie" 
behavior within die same molecule. J. Phys. Chem., in press, 1995): 

1 Wl*Fl(n) + W2*F2(n)*exp(-dT21/T) 
ppm(T, n) = — * 

T Wl+W2*exp(-dT2iyT) 
here 

ppm - chemical shift 
n - NMR line (proton) 
T - temperature 
F1 - Curie factor of the ground state 
F2 - Curie factor of the excited state 
W1 - Statistical weight (multiplicity) of the ground state 
F2 - Statistical weight (multiplicity) of the excited state 
dT2I = dE21/k - Energy gap 

2. Run the program. 

If the program is in the current directory, type TDF2LVL and 
press <Enter>. It is also possible to run the program if it is 
in some other directory/drive, indicating the complete path, e.g. 
a:\tdf\tdf21vl. 

MAIN MENU 
The main menu offers the following variants 
1. Select Input File 
2. View Experiment 3. One-Level Fitting 
4. Manual Fitting 
5. Semi-Automatic Fitting 
g _ jjQj used 
-J USCd 

1. SELECT INPUT FILE 

Press <HOME>, 
Select input file. 
Press <ENTER>, 
Exit. 

This regime can be skipped because in all other variants the 
input file can be printed directly. 
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2. VIEW EXPERIMENT 

The only function of this variant is to plot experimental data. 

3. ONE-LEVEL FTITING 

Curie Law fitting. All options are explained in variant 5. 

4. MANUAL FITTING 

Two-level fitting without automatic choice of energy gap. 
All options are explained in variant 5. 

5. SEMI-AUTOMATIC FITTING 

Two-level fitting with visual control. 

Parameters: 

1. Reference Temperature (Tref) 

2. Axial Dipolar Shift (Axial) 

Correction of data for the axial dipole contribution 

PPM -> PPM - Axial*Tre&T 

3.deltaT2-l, [K/1000] 

Initial guess for energy gap 

4. step for deltaT 2-1 

Initial step for energy gap optimization. 

5. W1/W2 Ground/Excited 

The ratio of statistical weights 

6. Diamagnetic Shift 

Common diamagnetic shift 

7. Spin Density Factor 

(Spin density) = (Curie factor)/(Spin Density Factor) 
Default value -496.8 corresponds to the McConnell parameter -63 MHz 
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8. Left Weight' , W1 

9. Right Weight' ,WN 

Linear dependence of weights 
W(X) = W1 + (WN-Wl)*(X-Xmin)/(Xmax-Xmin) 
X= 1000/T 

10. Weights = TM 

11. Experimental Limits 

= Yes - Plot of experimental and fitted data in experimental limits 
= No - Plot of experimental and fitted data in limits 

Inv T min < lOOOA" < Inv T max 
The experimental data outside experimental limits are displayed as 
horizontal lines. 

Yes or No can be printed direcdy or switched by pressing <ENTER>. 

12. Output in Exp Points 

= Yes - The experimental and fitted data will be written in output 
file at experimental temperatures. 

= No - The experimental and fitted data will be written at equally 
spaced points within Inv T min < lOOO/T < Inv T max. 

13. Smooth 

= Yes - 5-point smoothing formula. 
= No - no smoothing. 

14. Inv T min , Inv T max 

- limits for plot and output, can be change if "Experimental Limits" = No 

15. Input File 

- name of input file, including extension and path (if it is different 
fi-om the path to current directory) 

16. Output File 

- name of output file, including extension and path (if it is different 
from the path to current directory) 

17. EXIT 

- exit without the execution. 



INPUT FILE 

Input (data) file is the text (ASCII) file with the extension "tdf' 
and the following contents. 

Lines 1 to 6: 
Any comments (< 256 symbols per line). 

Line?: 
After "=" Actual number of NMR Lines (< 9). 

Line 8: 
After "=" Rhombic shifts at reference temperature separated 
by several spaces. 

Line 9: 
After "=" Diamagnetic shifts of each NMR line. 

If they are the same, the common shift can be put in the menu. 

Lines 10 .... 
Inverse temperatures and chemical shifts: 

1000/T, spaces, PPMl, spaces, PPM2 

If there is no data for some line at some temperature, 
the value 99.0 must be printed. 

The end of file must be after the last PPM of the last inverse 
temperature. 

Example of the input data (DOS text) for [TMPFe(3-CNPy)2] CIO4: 

Input File: t3cnlt-l.tdf 

Pyrr meta ortho ortho 
Nline=4 

Pyrr 

0.0 0.0 0.0 0.0 
-8.9 -7.21 -1 -1 

4.67e+0 -4.79e+0 1.206e+I -3.802e-i-l -2.199e+I 
4.9e+0 -4.58e+0 1.238e+l -4.087e-i-l -2.304e+l 
5.15e+0 -4.35e+0 1.27 le+1 -4.396e+l -2.403e+I 
5.43e+0 -4.08e+0 1.307e-i-l -4.727e-t-l -2.503e+l 
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File b:\t3ciilt-l.fh7 

Pyrr meta ortho ortho 
Nline = 4 

Initial Values: PPM 
lOOO/r abed 
4.670 -4.790 12.060 -38.020 -21.990 
4.900 -4.580 12.380 -40.870 -23.040 
5.150 -4.350 12.710 -43.960 -24.030 
5.430 -4.080 13.070 -47.270 -25.030 

Corrected Values: PPM + DiaShft + (RefShft+RhmbShft)*TrefiT 
lOOO/r abed 
4.670 -13.690 4.850 -39.020 -22.990 
4.900 -13.480 5.170 -41.870 -24.040 
5.150 -13.250 5.500 -44.960 -25.030 
5.430 -12.980 5.860 -48.270 -26.030 
l=level Dia Shift = 0.0000 
Common Diamagnetic Shift = 0.0000 
Reference Temperature= 243.0000 
Reference Shift = 0.0000 

Rhombic Shifts: 
a  b e d  
0.000 0.000 0.000 0.000 

Diamagnetic Shifts: 
a  b e d  

-8.900 -7.210 -1.000 -1.000 

Fitted Values: 
4.670 -4.790 -4.802 
4.900 -4.580 -4.571 
5.150 -4.350 -4.334 
5.430 -4.080 -4.093 

12.060 12.067 -38.020 
12.380 12.373 -40.870 
12.710 12.705 -43.960 
13.070 13.075 -47.270 

-38.043 -21.990 -22.059 
-40.862 -23.040 -22.972 
-43.912 -24.030 -23.968 
-47.303 -25.030 -25.090 

Variant =5 
Variance = 1.44018140569945E-0003 
InvT_min = 0.000 InvT_max = 5.500 
T*[K] = 545.7 Delta E[l/cm]= 379.264 
W_groungAV_excited = 1.00000 
Left Weight = 1.000 Right Weight = 1.00000 
Fnoise= 102.20 F21 = 15.57 deltaT= 37.61102 
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Curie Factors: 
a -1.2573 -2A3123 
b 1.1645 -0.5528 
c -10.0186 12.8411 
d -4.5261 -10.2000 

Spin Densities*: 
a 0.002531 0.049059 
b -0.002344 0.001113 
c 0.020166 -0.025848 
d 0.009111 0.020531 

* Note: Negative spin densities are not realistic. In this case it would be better to stop the 
fitting proceedure when any spin density values reach zero. 
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