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ABSTRACT 

Models of the heme b centers in the cytochrome bci complex based on 

octaalkyltetraphenyliron(lII) porphyrins (OETPP, OMTPP, and TCeTPP) with various 

axial ligands (4-Me2NPy, 4-CNPy, 1-MeIm, 2-MeImH, CN" and /-BuNC) have been 

synthesized and explored via NMR and EPR spectroscopy and X-ray crystallography. 

The electron spin distributions and the electronic ground states of the complexes 

were determined based on the NMR and EPR results. The type of ground state of Fe(III) 

is defined by the number and nature of the axial ligands and peripheral substituents. 

Five-coordinate complexes with CI" are high-spin (HS, S = 5/2) with-10 % of 

intermediate spin (IS, S = 3/2) mixed in. Bis-(4-CNPy) porphyrins at relatively high 

temperatures, as well as five-coordinate perchlorates, have the IS state. Finally, six-

coordinate complexes with pyridines, imidazoles, cyanides and isocyanides are all low-

spin (LS, S = 1/2), with the (dxy)^(dxz,dyz)^ ground state in the case of strongly and 

moderately basic axial ligands, and the (dxz,dyz)'^(dxy)' ground state when bound to weak 

c-donors and/or strong Jt-acceptors like l-BuNC or 4-CNPy (at low temperatures only). 

Crystal structures of more than 15 complexes have been obtained in order to 

establish structure-property relationships in the systems studied. All of them adopt a 

saddled conformation with different degrees of ruffling and non-planarity and a wide 

range of dihedral angles between the axial ligands. Non-planar distortion of the 

macrocycle induced by the steric interaction between the peripheral substituents increases 



26 

in the order TCcTPP < OMTPP < OETPP. The rate of ring inversion of the porphyrin 

cores decreases in the same order, as shown by NMR spectroscopy. While all bis-ligated 

iron(in) porphyrinate of this study with pyridine or hindered imidazole ligands have 

close to perpendicular axial ligand orientations, bis-(l-Melm) complexes have 

perpendicular as well as close to parallel ligand arrangements both in crystals and in 

solutions as observed by EPR and Mossbauer spectroscopy and X-ray crystallography. 

Preliminary Mossbauer studies of four of the complexes of this study have been carried 

out in the laboratory of Professor A. X. Trautwein, Institute of Physics, University of 

Lubeck, Germany. 

The results of the work presented in this dissertation suggest that 

octaalkyltetraphenylporphyrinatoiron(III) complexes are promising models for the heme 

h centers in the cytochrome bcj complex. 
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Chapter 1 

Introduction 

Cytochrome b% occurrence, structure, and role in organisms. 

The cytochromes b, the redox proteins that contain heme b (also called protoheme 

or iron protoporphyrin IX), are foimd in the bc} complex of mitochondrial inner 

membranes of animals,'"^ yeast,®'^ bacteria,algae, photosynthetic bacteria,""'^ the b^ 

complex of chloroplasts,''"^"'^ as well as in liver microsomes,'^ outer mitochondrial 

membranes'^ and erythrocytes,'^ and in certain enzymes, such as sulfite oxidase, 

T 1 '̂ '3 A /̂I 
sulfite, " nitrite ' and nitrate ' reductases, lactate dehydrogenase flavocytochrome 

succinate:quinone oxidoreductase (SQR, also known as succinate dehydrogenase, 

and, for eukaryotes, as mitochondrial Complex II; not all of the SQR enzymes contain 

heme), the related enzyme for the backwards reaction, quinohfumarate reductase (QFR, 

not all of which contain heme^^),^"^"^^ and formate dehydrogenase-N. "^ A number of the 

1 7 
electron-transferring cytochromes, including cytochrome bs (found in liver microsomes, 

outer mitochondrial membranes,'^ and erythrocytes'"^), bacterial cytochromes 6c;'° and 

mitochondrial cytochromes bci (contains bs^i and bs66, or bn and 6i),''^ chloroplast 

cytochrome be^ and yeast flavocytochrome bj^^ the b heme of sulfite 

oxidase^®'"^^ heme-containing SQR,^^ heme-containing QFR,'^^'^^ formate dehydrogenase-

"Kl "Jn "70 » 
N and four of the five c hemes of cytochrome c nitrite reductases ' have two axial 

histidines bound to the heme center. 



Cytochrome bci, also called complex III or ubiquinolxytochrome c 

oxidoreductase, is one of the central components of the electron-transfer chain of the 

mitochondria of eukaryotic organisms. It catalyzes electron transfer from ubiquinol to 

soluble cytochrome c. This process is coupled to translocation of two protons across the 

inner mitochondrial membrane from the matrix space (negative or N side) to the 

in t e rmembrane  space  (pos i t i ve  o r  P  s ide )  pe r  qu ino l  ox id i zed .  Thus ,  cy toch rome  bc j  

contributes to the electrochemical proton gradient that drives adenosine triphosphate 

(ATP) synthesis. The complex isolated from beef heart consists of 11 polypeptides, 2165 

amino acid residues and four prosthetic groups with a total molecular mass of 248 

kD.47'4^ The amino acid sequence of all subunits are known either from peptide 

sequencing or deduced from the nucleotide sequence. There are four redox centers in the 

cytochrome bci complex: two hemes in cytochrome b, the low potential heme bi (also 

called bsds) and the high potential heme, bn {bsei), one heme in cytochrome c/ and a high-

po ten t i a l  i r on - su l fu r  c lu s t e r  (2Fe -2S)  i n  t he  R ie ske  p ro t e in .  As  a  mode l  fo r  t he  bc j  

complex function, the proton-motive Q cycle of Mitchell is favored (Figure 1.1)."*^ 

According to this model, there are two separate ubiquinol or ubiquinone binding sites: 

ubiquinol is oxidized at the Qo site, near the P side of the inner mitochondrial membrane, 

and ubiquinone is reduced at site Q„ near the N side of the membrane. First, one electron 

is transferred from ubiquinol to the iron-sulfur cluster of the Rieske protein, and 

subsequently to cytochrome c/ and on to soluble cytochrome c. The newly generated, 

highly reactive ubisemiquinone then reduces hi, which, in turn, rapidly transfers an 

electron to the bn center located near the opposite side of the membrane. A ubiquinone 
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or ubisemiquinone at the Qj site then reoxidizes the reduced bn- Electron transfer is 

coupled to proton translocation due to deprotonation of ubiquinol at the site Qo and 

protonation of the reduced ubiquinone at the site Q,. To close the cycle, ubiquinol 

generated at the Q, site is reoxidized at the Qo site. 

If; 

2QH 

4H \ 
X e 

p0 # # iv # •'4^ 

Figure 1.1. Proton-motive Q-cycle as a model of the cytochrome bc] complex function. 
Figure taken from the www://metallo.scripps.cdu/PROMISE/CYTBCl.html 



During one complete Q-cycle, for each molecule of ubiquinol oxidized to 

ubiquinone, two molecules of cytochrome c are reduced, are consumed on the N side 

of the membrane and 4H"^ are released on the P side of the membrane (see Figure 1.1): 

QH2" + 2cyt c(Fe-'") + 2H^ (N side) - Q + 2 cyt c(Fe^^) + 4H'' (P side) 

Several crystal structures of the bci complex have been obtained^"''in order to 

better understand its architecture and the reaction mechanism. In all crystals, the bci 

complex exists as a dimer with two monomers related by a two-fold axis. The protein 

extends from the membrane 79 a into the matrix space and 31 a into the intermembrane 

region on the two sides of a transmembrane region 40 a thick, giving a total length of 

150 A perpendicular to the membrane.^ The distance of 21 A between the two b-type 

heme centers inside the membrane ' is in good agreement with the prediction of 22 a 

obtained from the spin relaxation of bn and bi in EPR studies.^" Based on the reported 

structures it was proposed that the reaction mechanism for electron transfer in the 

cytochrome bci complex requires a dramatic conformational change involving movement 

of the iron-sulfur Rieske protein.^ 

Electronic ground states and EPR spectra of Fe(lII) porphyrins. 

One of the first and most useful spectroscopic tools that provided much insight 

into the number, structure, ligation, properties and roles of the heme centers in proteins is 

EPR spectroscopy. This is largely due to the fact that the EPR g values can be used to 

calculate the relative energies of the d orbitals (dxy, dxz and dyz) of a metal using the 

theory first developed by Griffith and then elaborated by Kotani, Weissbluth, 



Bohan/"* and Taylor. Before going into the details of this theory a short introduction to 

the molecular orbitals of the porphyrin and electronic ground stale of its iron center is 

required. 

The five d-orbitals of the metal center consist of three types: (1) dx'.y- and dj.; have 

o symmetry and interact with the a orbitals of the porphyrin nitrogens and axial ligands, 

respectively. When dx'.y- is half filled, spin delocalization through a bonds to /3-pyrrole-

and mejo-carbons is observed. (2) The dxz and dyz orbitals can interact through n-

bonding with both filled and empty 7t-symmetry orbitals of the porphyrin and axial 

ligands. They are also known as d,t orbitals. (3) The dxy orbital has no symmetry for 

overlap with any porphyrin or axial ligand orbitals as long as the porphyrin core adopts 

planar geometry, and is nonbonding. If the porphyrin core is ruffled, then the dxy orbital 

may interact with the n system of the macrocycle and cause n spin delocalization to the 

aromatic carbons of the heme. 

The frontier molecular orbitals of the porphyrin ring, calculated using the program 

MPORPH,^^ are shown in Figure 1.2. They are labeled in order of increasing energy, 

3e(7r) < la)u(7r) ~ 3a2u(jt) < 4e(7r)*. The 3e(7r), laiu(Tc), 3a2u(K) orbitals are filled, while 

4e(7i)*, the LUMOs, are empty. Taking into account orbital symmetry, the 3e(ii) and 

4e(7i)* orbitals of the macrocycle can interact with the d^ orbitals of the iron by metal-to-

ligand or ligand-to-metal n donation, while the 3a2u(7x) filled orbital can interact with the 

metal dxy orbital if the porphyrin core is ruffled. The d^ - e(7r) combination orbitals, 

mainly metal in character, are also included in the figure. 
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4e(7t'') 

% ^xz>^yz~e(n) 
(mainly metal) 

3a2u(n) 

3e(Ti) 

Figure 1.2. I-rontier molecular orbital s of the porphyrin ring, including the mainly metal 
dn-ef/rj combination orbitals. The relative sizes of the circles at each atom represent the 
relative orbital electron density coefficients, c}, which should be closely related to spin 
density coefficients, pc- Calculated using the program MPORPII.^^ 



][ron(III), d^, metalloporphyrins have a rich variety of potential electron 

configurations starting from high-spin (HS, S = 5/2), with all 5 metal d-orbitals bei^g 

occupied with an unpaired electron, then going to intermediate spin (IS, S = 3/2) and 

finally to the low-spin state (LS, S = 1/2) with one unpaired electron in either the d,t 

((dxy)^(dxz,dy2)^ electron configuration) or dxy ((dxz,dyz)'^(dxy)' electron configuration) 

orbital (see Figure 1.3). Porphyrins, having 4 nitrogen donors, are strong field ligands, 

but whether their complexes will have the maximum, minimum, or an intermediate 

number of unpaired electrons depends on the nature and number of axial ligands. 

Usually, 5-coordinate iron(III) porphyrin systems (with one axial ligand) are HS with 5 

unpaired electrons, 6-coordinate (two axial ligands) are LS and 4-coordinate (no axial 

ligand or axial ligand(s) with very weak coordinating abilities, like CIO4" or THF) are 

predominantly IS. As was already explained, the cytochrome hci heme centers are bis-

histidine ligated and therefore, in this chapter we will concentrate our attention on the LS 

iron(III) complexes. The question of high- and intermediate-spin iron(lll) complexes will 

be addressed in Chapters 5 and 6. 

There are two quite distinct electronic ground states for low spin Fe(IlI) 

porphyrinates; the generally-observed (dxy)'(dxz,dyz)' and the novel (dxzdyz)'^(dxy)' (see 

Figure 1.3). The former is characteristic of Fe(III) complexes with strongly and 

moderately basic pyridines and imidazoles. The latter exists if one (or both) of the 

following conditions is satisfied: the axial ligands have strong Ti-accepting properties 

(e.g., /-BuNC and 4-CNPy, which are weak a-donors, moderate 7i-acceptors and not 7t-

donors) or the porphyrin ring is strongly ruffled.In the case of K-accepting ligands 



the dxz and dyz orbitals are stabilized to the extent that the dxy orbital is higher in energy, 

and therefore, contains the unpaired electron. 

Iron(III) 

f dz2 t dy2 dx2.y2 dz2 

^ t d^ytdyT; t t dyytdyy ^ __£_^XZ?dyz t dyy 

t dxy U dvv tl dvv _fi__U_dxz,dyz 

S = 5/2 S = 3/2 S = l/2 S = l/2 

(d,y)'(d„,d,«)' (d.z.dyj'Cdxy)' 

Figure 1.3. Possible electron configurations for Fe{III). 



In raffled porphyrin cores, twisting of the pyrrole rings creates an xy component of 

porphyrin nitrogen p^ orbitals which contributes strongly to the a.2u orbital of the 

macrocycle, and therefore, assures porphyrin (a2u(7t)) -* Fe (dxy) interaction that leads to 

stabilization of the (dxz,dyz)'^(dxy)' ground state. The two different ground states result in 

different spin delocalization: in the case of the common ground state, (dxy)^(dxzdyz)^, 

there is large spin density at the pyrrole P-positions and little or no spin density at the 

meso-Cs. On the other hand, the (dxz,dyz)'*(dxy)' ground state is characterized by large n 

spin delocalization to the porphyrin weso-positions and the nitrogens.This results in 

different NMR, EPR and Mossbauer properties for the two types of LS Fe(III) 

complexes. 

Three types of EPR spectra, characteristic for low-spin Fe(III), are shown in 

Figure 1.4 for TMP complexes with various axial ligands.^* The first type is a "large 

Smax (g > 3.2), observed only below 10 K for low-spin Fe(III) complexes with the 

(dxy) (dxz,dyz) ground state and perpendicular arrangement of axial ligands (hindered 

pyridines and imidazoles, to be discussed below) as in the case of [FeTMP(4-

Me2NPy)2]^. The other two g values are usually unresolved. A single feature EPR 

spectrum is due to degeneracy of the Fe(III) d^ orbitals, as in the case of axial ligands in 

perpendicular planes or ligands with axial symmetry (e.g., CN", phosphines or NH3). For 

" 7  ' X  . . .  

complexes with the (dxy) (dxz,dyz) ground state and parallel orientation of axial ligands 

(e.g., [FeTMP(l-MeIm)2]"^) the degeneracy of the dxz and dyz orbitals is lifted and a 

rhombic signal with three resolved g values is observed. Finally, in the case of low-spin 

iron(III) porphyrin complexes that have rc-accepting (e.g.. /-BuNC) or weak a-donating 
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{e.g., 4-CNPy) axial ligands and/or a ruflled porphyrin core (e.g., [FeTMP(t-BuNC)2j" 

and [FeTMP(4-CNPy)2]^), axial EPR spectra (g±> 2 > g||) are observed due to the 

presence of the (dx/,,dyx)^(dxy)' ground state. 

e - w  

2.90, 

U2 

0 m ST-

rrMFPe(?«Bi#C>j,f 

a im 300 

Figure 1.4. Three different types of EPR spectra for low-spin Fe(lll) TMP complexes 
with various axial ligands; a) "large gmax", b) rhombic, c) and d) axial. Reprinted from 
Ref. [82] by permission of the author. 

The wave function of the unpaired electron can be described as a linear 

combination of the three non-a-bonding d-orbitals of the metal, d^z, dyz, and dxy, with 



mixing coefficients a, b, and c. When the axis system of Taylor" is used, it can be 

shown that these coefficients can be calculated from the EPR g-values: 

a = (& + gy)/4K 

6 = (gz-gx)/4K 

C = (gy-gx)/4K (1.1) 

where 4K = [8(gz+ gy- gx)]' '^. From the values of a, h, and c obtained the relative 

energies of the three d orbitals can be determined, as well as the population of each, by 

taking the squares of orbital coefficients. It is understandable that the sum (a^ + + c^) 

should be equal to 1 for the presence of 1 unpaired electron in the absence of covalency. 

In cases where this sum is smaller than 1, an orbital reduction factor k (k = l/(a" + + 

c^)) is required to find the effective population of the d orbitals. From the relative 

energies of the d^, dyz and dxy orbitals the tetragonal (A/X, a measure of ligand donor 

strength) and rhombic (V/X, the energy separation between the dxz and dyz orbitals) 

splitting parameters (see Figure 1.5) may be calculated from the following expressions;^" 

A/X = Eyz - Exy - VW/X = gxx/(gzz + gyy) + gzz/(gyy " gxx) " ViV/X (1.2) 

V/X = Eyz - Exz = gxx/(gzz + gyy) + gyy/(gzz " gxx) (13) 

A useful analysis of the crystal field parameters (Tetragonality, Afk, and 

Rhombicity, V/A, a purely geometric factor) obtained from the g-values of rhombic EPR 

spectra was demonstrated by Blumberg and Peisach.'^'^' This analysis allowed them to 

classify low-spin ferriheme proteins in terms of their ligation. 
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Figure 1.5. Orbital splitting pattern for low-spin Fe(III) heme centers. 

Proteins with similar Tetragonality and Rhombicity values fall in the same class; any new 

heme protein with an unknown axial ligand bound could be classified according to its 

Tetragonality and Rhombicity values, and in such a way the nature of the axial ligands 

could be identified. This worked very well for proteins that had rhombic EPR signals 

with all three g values resolved. However, the cytochrome bci complex gave unusual 

EPR spectra that were first reported by Orme-Johnson^^ and later analyzed in detail by 

Leeuwerik,^" Salemo,^'^^ and other researchers (see Figure 1.6). EPR data for the bcj 

complex show that both of the b hemes (as well as the a heme) exhibit single feature 

EPR signals described as the "large gmax"^^ or "HALS" (highly anisotropic low-spin) 
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type.^^ For the cytochrome bcj complex of mitochondria and the related cytochrome baf 

complex of chloroplasts. these signals "relax" to normal rhombic EPR signals when the 

cytochrome h protein is extracted from the mitochondrial membrane and the other 

Figure 1.6. EPR spectra of the cytochrome bc] complex at 7 K. A. cytochromes hn, bi, 
and C] (fully oxidized by ferricyanide); B. cytochromes bn, bj. (ascorbate reduced); C, 
cytochrome c; (A - B); D, isolated cytochrome Cj. Reprinted from J. Biol. Chem., Vol. 
259, Salerno, J. C.. "Cytochrome electron spin resonance line shapes, ligand fields, and 
components stoichiometry in ubiquinol-cytochrome c oxidoreductase", 2331-2336,1984, 

with permission from Elsevier) 

In the case of "large gmax" signals ((dxy)"(dxz.dyx)^ ground state, perpendicular 

orientation of axial ligands), with only one g value resolved calculation of the energy of 

proteins of the complex. 

Complex ni + KjFetCN)® 

Isoloted Cyt. c 

1.4 1.6 1.8 20 2,2 
H. (xlQ-'Teslo) 



the d orbital energies is impossible. However, the two other g values can be estimated 

from the prediction of Griffith^' that the theoretical maximum of Eg^ should be equal to 

16 if it is assumed that the tetragonality should always be similar for a given axial ligand: 

values of A/X = 3.0-3.3 are very common for bis-imidazole complexed hemes. Large 

deviations of Eg^ from the theoretical limit are indicative of partial quenching of orbital 

angular momentum in the ground state electron configuration of complexes having 

increased dxy character of the orbital with the unpaired electron. In the limit of a "pure" 

(dxz,dyx)'^(dxy)' ground state (a = 0, b = 0, and c = 1) an isotropic EPR signal (gx = gy = gz 

= 2) is expected with Eg^ =12. On the other hand, the two unresolved g values of a 

"large gmax" EPR signal can be obtained from single crystal EPR measurements, as well 

as from the fitting of Mossbauer spectra at 4.2 K in the presence of an applied magnetic 

field.^^'™ 

Mossbauer spectroscopy. 

Mossbauer spectroscopy has, for many years, been an important tool that provides 

valuable information about electronic ground states, the geometry of ^^Fe centers and the 

number and nature of axial ligands in hemoproteins and model hemins. This 

spectroscopic technique measures the nuclear energy levels of the I = 3/2 excited state as 

they are perturbed by the external fields of ligands, as well as by applied magnetic fields 

and the h>perfine interaction. It involves the absorption of a y-ray by a suitable nucleus. 

The energy separation between the ground and excited nuclear energy level is usually 

high and it is difficult to find a y-ray source of the correct energy. The most commonly 



studied nucleus is ̂ Te, with a 14.4 keV energy gap between ground (I = 1/2) and excited 

C*7 
(I = 3/2) nuclear states. The usual source of radiation is Co, which emits a y-rays by 

radioactive decay (electron capture). The emitted radiation has a single frequency so the 

Doppler effect is used to get an energy sweep: the y-ray source (attached to microphone 

coil) moves relative to the absorber, which causes a Doppler shift in frequency of the 

emitted radiation (higher frequency if the source moves toward the absorber, lower if it 

moves away from it). It is thus possible to obtain a spectrum by recording the 

transmission of y-rays through an absorbing sample as a function of the Doppler velocity. 

At 77 K in the absence of an external magnetic field a quadrupole doublet is 

observed in the Mossbauer spectra of iron complexes. It is characterized by two 

parameters: the position, 8, which is also known as the isotropic or chemical shift, and the 

quadrupole splitting, A Eg. The isotropic shift reflects the oxidation state and electron 

configuration of the iron; 8 of -0.2 mm/s indicates low-spin iron(lll) systems with a 

(dxy)^(dxz,dyz)^ ground state; 5 of-0.4 mm/s is characteristic for Fe(II) complexes. The 

quadrupole splitting, A Eg, in low-spin hemins is related to the electronic asymmetry 

about the ^^Fe nucleus. The electric field gradient (QVzz) and asymmetry parameter r\ are 

given by^' 

QVJA = (fl^ /2 + b^ll- /)(1.5 mm/s) (1.4) 

T1 = (Fxx - Fyy)/F,z = -(3/2)( a" - h") / (a' 12 + b^l2- c") (1.5) 



where a. h, and c are the orbital coefficients defined above by Equation 1.1. If the single 

electron were equally distributed among three orbitals {a^ = b^ = c^ - 0.33) then equations 

1.4 and 1.5 would predict zero values for the electric field gradient and the asymmetry 

parameters, as well as the quadrupole splitting: 

AEq = (0F,,/2)(14-TI'/3)''' (1.6) 

In the case of the highly symmetrical octahedral Fe(CN)6^', the quadrupole splitting is 

-0.46 mm/s at 77 K and is strongly temperature dependent.^* One can see from Equation 

1.5 that as long as the a and h coefficients are equal (as in the case of (dxy)^(dxz,dyz)^ 

ground state complexes with perpendicular ligand orientation or in the case of the 

(dxz,dyz)'^(dxy)' ground state) the asymmetry parameter will remain zero. 

As was discussed earlier, for Fe(III) complexes with (dxy) (dxz,dyx) ground states 

there is a direct correlation between the type of EPR spectrum observed ("large gmax" vs. 

normal rhombic) and the relative orientation of planar axial ligands (perpendicular vs. 

parallel). However, as was shown by Scheldt, Walker and coworkers^"^'^"* as well as 

Silver,^'' the effects of perpendicular versus parallel ligand arrangements are also 

manifested in the quadrupole splitting, AEQ, of Mossbauer spectra in zero field at 77 K. 

2 3 AllFe(III)(dxy)^(dx.,d yz) complexes with known parallel axial ligand orientation have 

AEQ values of > 2.1 mm/s, while AEQ < 2.0 mm/s suggests ligands in perpendicular 

planes. Therefore, zero-field Mossbauer spectra along with EPR spectra can be used as a 

diagnostic test for the relative arrangement of planar axial ligands. 



For low temperature Mossbauer spectra acquired in the presence of an external 

magnetic field (2-6 T), where the magnetic hyperfine interaction is well-resolved, 

theoretical fits can provide the sign and magnitude of AEQ as well as the hyperfine 

coupling constants A^x, A^y and A^^. The magnetic Mossbauer spectra are fit by setting the 

quadmpole splitting, isomer shift and linewidth at values found in zero field and then the 

asymmetry parameter, r|, and the hyperfine coupling constants Ajc, Ay and A^ are adjusted. 

From the best fit values of r| and A tensor, values of the orbital coefficients, a, b and c 

can be calculated according to the expressions of Oosterhuis-Lang:'^ 

A, = -?[-Abc - ( 1  + k ) { a ' - b ~  -  c " )  +  y i { a ^  -  2 > h '  -  3 c ^ )  +  6 n a ( h  +  c )  

Ay = +P[-4ac-(l+k){ b" ~a' - c) + 3/7(Z>^- 3a-- 3c^) + 611 b(a + c) 

A, = +?[-4ab - (\+k){c^~a- - b') + 3/7(c^- 3b^- 3a') + 6/7c(a + b) (1.7) 

where P = 620 kG and k (the Fermi contact covalency factor) = 0.35.^^ Finally, the g 

values can be calculated using equation 1.1-1.3. This is especially useful for complexes 

with "large gmax" EPR spectra, where only one g value is resolved. 

In summary, Mossbauer spectroscopy can clearly differentiate between the 

(dxz,dyz)'*(dxy)' and (dxy)^(dxz4yz)^ ground states. For systems having the latter pure 

electronic ground states, AEQ is positive and >2.1 mm/s in the case of perpendicular 

ligand orientation, and positive and smaller than 2.0 mm/s in the case of parallel ligand 

orientation. On the other hand, large and negative values of AEQ {e.g., -1.89 mm/s for 

[FeTPF(r-BuNC)2]^)^' are characteristic for complexes with pure (dxz,dyz)'^(dxy)' ground 



states. By providing the size and sign of the quadrapole splitting, magnetic Mossbauer 

spectroscopy is one of the most sensitive techniques for determining the nature of the 

electronic ground state of low-spin Fe(III) complexes. 

Early models of cytochrome b heme centers. 

Crystal structures of the cytochrome bci complex do not have a high enough 

resolution to obtain the precise structure of the heme center with regard to the orientation 

of the axial ligands. At the highest resolution obtained thus far (2.2 the cytochrome 

bcj structure has been modeled with the two b heme centers having axial histidine 

dihedral angles of 84° and 38° between the two imidazole planes. Based on redox 

titrations, the former heme center, called hu was assigned the EPR signal with gmax = 

3.41-3.44 and the latter one, called ba, was assigned the EPR signal with gmax = 3.75-

3.78.^ Typical reduction potentials for the bn and bi centers of bovine heart Complex II 

are 105 and -5 mV, respectively. Lacking precise structural data for heme centers m the 

protein complexes, researchers have turned their attention to model systems. 

Synthetic models have been great aids in correlating the structure of heme centers 

with their spectroscopic properties. In the early 1980s it was shown that the "large gmax" 

EPR signal observed for hemes in cytochromes b can be created for model ferrihemes by 

binding bulky imidazoles (2-methylimidazole, 1,2-dimethylimidazole, etc.) or some 

pyridines (3,4-dimethylpyridine, pyridine itself, etc.) to iron(III) tetraphenylporphyrin 

(TPPFe(III))^^ or ProtoIXFe(III).^^"^*^ Later, Walker, Scheldt, and their coworkers showed 

2 3 that the "large gmax" signal occurs for ferriheme complexes with the (dxy) (dxz,dyz) 

electronic ground state when the axial ligands are in perpendicular planes,and hence 



established the first correlation of structure with EPR spectral type: "large gmax" -> axial 

ligands in perpendicular planes. It was already known that a normal rhombic EPR 

correlates with axial ligands in parallel planes.^® "Large gmax" signals are observed for 

ferriheme complexes in which the dxz and dyz orbitals are degenerate or the splitting 

between them is very small (less than the value of the spin-orbit coupling constant, X, or 

« 400 i.e., the case where axial ligands are in perpendicular planes or where 

ligands without planes are used (e.g., CN", phosphines or On the other hand, 

normal rhombic EPR signals are observ ed when the splitting between these two orbitals 

is larger, on the order of 2-3 times Xor 600-1000 cm"',^^'®^ i.e., when planar axial ligands 

are oriented in parallel planes. It is interesting to note that the smaller of the dihedral 

angles of the h hemes of the cytochrome bc/ complex (38°) does not appear to be 

consistent with the fact that a "large gmax" signal is observed for both b hemes. However, 

the minimum dihedral angle that gives rise to a "large gmax" EPR signal is not yet known. 

An excellent review by Walker, which covers all achievements in the field of 

structure-properties relationship for models of cytochrome bc/ heme b centers has been 

submitted for publication. Early systems investigated intensively as models of these 

bis-histidine-coordinated cytochromes b have utilized synthetic hemes that contain 

substituents on the meso-Cs, namely, tetraphenylporphyrinatoiron(III)/(II) 

(FeTPP),^"'^^'*^"^''^'*'"^ and other tetraarylporphyrin-type systems such as 

tetramesitylporphyrinatoiron(III)/(II) (FeTMP).'""''*'*^'''^'^ These systems were chosen 

because of the relatively simple synthetic route that leads to them. Another type of 



system that has been studied extensively is octaethylporphyrinatoiron(III)/(II) 

In ternis of axial ligands, various pyridines and imidazoles were used in order to 

mimic the bis-(histidine) coordination of heme b centers in the cytochrome bci complex. 

The a-donating properties of an axial aromatic ligand are defined by the energy of the 

coordinating nitrogens lone pair which, in the case of the pyridines, depends linearly 

upon the basicity of the molecule. The energy of the a-donating orbital of various 

pyridines, therefore, decreases in the order 4-Me2NPy > 4-NH2Py > 2,4,6-Me3Py > 3,4-

Me2Py > 3-EtPy > 3-ClPy > 3-CNPy > 4-CNPy.^^'^" There are two possible n 

interactions of aromatic nitrogen donors with low-spin Fe(III): n donation from the filled 

7i-symmetry orbital of the axial ligand having large electron density at the bonding 

nitrogen to the singly occupied d^ orbital of Fe(IlI), L Fe(III), or n back-donation from 

the filled d,i orbital of Fe(lll) to empty n* orbital of the axial ligand, Fe(IlI) -> L. 

Depending on the nature of the axial ligand one of these two mechanisms will be favored. 

Structurally, most of the complexes studied (except FeOEP) adopt non-planar 

porphyrin ring conformations that result from the steric interaction between the 

peripheral substituents or between the porphyrin and the axial ligands, or due to 

electronic effects. Before going into details about the structure and geometry of 

porphyrins, a brief introduction into the possible nonplanar distortions of 

metalloporphyrins is needed. 

Saddled vs. Ruffled. In general, there are four major types of nonplanarity -

saddled, ruffled, domed and waived,^^'®^ with saddled and ruffled distortions being the 



most commonly observed in model systems. In the saddled conformation, adjacent 

pyrrole rings, and hence, metal-porphyrin nitrogen bonds are tilted up and down with 

respect to the porphyrin mean plane to create a pseudo-tetrahedral distortion in the metal 

coordination; the meso-carbons lie in the mean plane (Figure 1.7). In the ruffled 

conformation, the adjacent pyrrole rings are counterrotated about the metal-nitrogen bond 

such that the metal and four nitrogens are in plane but the meso- and /3-carbons are 

displaced from this plane in an up and down alternating fashion (See Figure 1.7). 

P-Cs 

+ meso-Cs 

+ 

0 

4-

Saddled Ruffled 

Figure 1.7. Idealized saddled and raffled distortion of the porphyrin macrocycle. 
Displacement of the atoms with respect to the porphyrin mean plane are shown as + = 
above the plane, - = below the plane and 0 = in the plane. 

Both ruffled and saddled distortions result in the formation of two mutually 

perpendicular cavities, one above and one below the macrocycle plane;^^'^' these cavities 

are thus capable of orienting the planar aromatic axial ligands perpendicular to each 

other. In the case of the saddled conformation, the axial ligands are expected to be above 



the porphyrin nitrogens or nearly eclipsed with the Np-Fe-Np vectors (the actual angle is 

-10° for substituted pyridines and -2-3" for substituted imidazoles).'^' In the ruffle^ 

conformation, the axial ligands are oriented above the porphyrin meso-Cs or, in other 

words, form an angle of approximately 45° with the closest Np-Fe-Np vector. The 

distortion of the porphyrin core from planarity causes contraction of the Fe-Np bonds as 

compared to planar cores. 

Iron(III) tetraphenylporphyrin, TPP, systems. The EPR spectra of a wide 

range of Fe(IlI)TPP complexes with various axial ligands were reported in the early 

1980s as a function of solvent, ligand type, ligand basicity, porphyrin substituents, and 

mixed axial ligand coordination.^^ A major attempt was made to find if there was a 

correlation between the orientation of the axial ligands and the EPR spectral type. It was 

found then that spectra with "large gmax" signals of > 3.2 are characteristic for 

FeTPP(L)2^ complexes with hindered imidazoles or high-basicity pyridines and was 

believed to be a result of perpendicular ligand orientation. This was soon proved by the 

structure of [FeTPP(2-MeImH)2]C104 with a "large gmax" EPR signal where the axial 

ligands, indeed, adopt perpendicular geometry.The structure of [FeTPP(lmH)2]CI with 

parallel ligand orientation and rhombic EPR spectra appeared in the same issue of the 

journal.[FeTPP(2-MelmH)2]C104 has a significantly S4-ruffled core with short Fe-Np 

(average bond length of 1.970(4) A) and high deviation of the meso-Cs from the 24-atom 

mean plane, |ACm| - 0.39 The two Fe-Nax bond lengths of 2.010(4) and 2.015(4) are 

characteristic of a LS Fe(III) complex. The axial ligands are mutually perpendicular and 

their projections form angles of0 ~ 32° to the closest Np-Fe-Np vector. The angle (f), first 



used by Hoard et is defined as the dihedral angle between the axial ligand plane and 

a coordinate plane that includes the metal, two opposite nitrogens of the porphyrin core 

and two (or one) donor atom (in this case nitrogen) of the axial ligand. An S4-ruffled 

core and the mutually perpendicular alignment of the two imidazoles in combination with 

the ~ 32° angle allow both the coordination of the two 2-methylimidazoles and 

formation of a low-spin complex. It was suggested by Scheldt^'' that the perpendicular 

orientation of the axial ligands in [FeTPP(2-MeHIm)2]C104 is related to the novel "large 

gmax" EPR spectrum observed earlier (gmax = 3.41).^^ Thus, [FeTPP(2-MeHIm)2]C104 

became the first imidazole-ligated Fe(IlI) porphyrin of known structure that displayed the 

"large gmax" EPR signal. The reason for this EPR behavior is because of the 

perpendicular alignment of the axial ligands in [FeTPP(2-MeHlm)2]C104 that leads to 

near-axial symmetry (near-degeneracy) of the dxz and dyz orbitals, and hence to the "large 

gmax" signal. The requirement of near-axial symmetry for observation of a "large gmax" 

EPR signal was confirmed by the findings of Strouse that the [FeTPP(CN)7]"' ̂  complex 

also exhibits a "large gmax" signal. In this complex, near-degeneracy of the dxz and dyz 

orbitals arises from the cylindrically symmetrical ligands. 

One way of accommodating two bulky 2-MeHIm ligands is found in the structure 

of [FeTPP(2-MeHlm)2]C104, by ruffling the porphyrin core, a perpendicular ligand 

arrangement, and as a result, a low-spin Fe(III) center with short Fe-Nax bonds. A second 

stereochemical solution for the coordination of two bulky 2-MeH Im ligands is manifested 

in the structure of [Fe0EP(2-MeHIm)2]C104: a planar porphyrin core, parallel ligand 

orientation, and most important, long Fe-Nax bonds of 2.275(1) A.^' Such a species can 



be either high- or intermediate-spin, but not low-spin. The high-spin state of [FeOEP(2-

MeHIm)2]C104 crystals was confirmed by EPR spectroscopy {g± > 6) and magnetic 

susceptibilitymeasurements (fieff = 5.55 p,Bat 298 K). However, the same complex, 

dissolved and fi-ozen in methylene chloride, yields a "large gmax" EPR signal (g = 3.56) 

indicative of a low-spin Fe(III).^^ The low-spin complex has not been crystallized yet (it 

is stable in frozen solution, but it is probably unstable at room temperature where 

crystallization is usually done), but the suggestion can be made that in solution the axial 

ligands rotate away from the parallel orientation to a nearly perpendicular arrangement, 

and probably a ruffled porphyrin core results. 

The structure of [FeTPP(HIm)2]Cl was first reported by Hoard in 1971.'^"* This 

structure, to date, is considered the most interesting and the most useful model of the b 

heme centers of cytochrome bc/, not only because it was the first structure of a low-spin 

iron(III) porphyrinate, but also due to its unique axial ligand orientation. It was reported 

that the angle between the axial ligand planes, Ac/), is 57°, with two <j> angles of-18 and 

39°. 57° is the smallest reported "perpendicular" angle observed so far. The porphyrin 

core adopts a modestly ruffled geometry with an average deviation of the meso-Cs, |ACm|, 

of 0.32 A and relatively short average Fe-Np bonds of 1.989(5) A.^'' The two distinct 

orientations of the axial ligand planes were correlated with difference in the Fe-Nax bond 

lengths of 1.957(4) and 1.991(5) a such that the longer bond length was associated with 

the less sterically hindered imidazole (0 = 39°). Nothing was known at that time about 

"large gmax" EPR signals, and no attempts to obtain EPR spectra of this polycrystalline 

sample were made. Later, when the correlation between the "large gmax" signal and 



perpendicular orientation of the axial ligands appeared, everyone understood the great 

importance of the complex with 57° angle between the axial ligand planes: would it still 

give a "large gmax" signal or a normal rhombic? Many researchers, including some in our 

laboratory, have tried to reproduce the results of Hoard, but all attempts resulted in no 

crystals or crystals of different stoichiometry and geometry.There are two independent 

ions of [FeTPP(HIm)2]^ in the structure of Scheidt,^^ each with an almost planar 

porphyrin core (with weak ruffled distortion) and parallel axial ligand planes imposed by 

the presence of an inversion center at the iron atom. The most significant difference 

between the two ions is the orientation of the imidazole rings with respect to the 

porphinato core. One of these ions has its imidazole ligands almost eclipsed with the Fe-

Np vector {<f> angle 5.7°) and the second almost bisects the Np-Fe-Np angle (0 = 41.4°). 

In concert with this there are two overlapping normal rhombic signals in the EPR 

spectrum of a crystalline sample of [FeTPP(HIm)2]Cl: gz = 3.00, gy « 2.2, and gx = 1.47 

(for the ion with large (f>) and gz = 2.84, gy « 2.32, and gx = 1.59 (for the ion with (f) = 

5.7°), which correlates nicely with a parallel ligand orientation in both species.'" The 

average Fe-Np bond lengths in both ions (1.993(7) a) are typical for low-spin Fe(III) 

complexes. However, in the porphyrin with the smaller 0 angle the two 

crystallographical 1 y unique Fe-Np bond distances, 1.985(3) and 2.002(3) a. differ 

significantly. The longer distance corresponds to the Fe-Np bond that is almost eclipsed 

with the imidazole planes. In the other [FeTPP(Hlm)2]" ion with (f> = 41.4° neither Fe-Np 

bond is eclipsed with the axial ligand plane and, as a result, both Fe-Np distances are 

experimentally indistinguishable (1.995(3) and 1.990(3) a). The difference in 0 for these 



ions is also reflected in the Fe-Nax bond length. The average Fe-Nax bond length is 

1.977(3) A for the ion with 0 = 5.7° and 1.964(3) a for the ion with 4> = 41.4°. It was 

pointed out by Hoard first,'^ that an imidazole ligand with a smaller 0 has a more 

significant nonbonded interaction (L -> Fe TX) between the axial ligand p^ orbital of the 

bonding nitrogen and the half-filled d^ orbital of the core oriented perpendicular to the 

imidazole plane, and hence, a longer axial bond distance is expected. This effect is 

known as a pseudo-Jahn-Teller distortion.^'*' Just to get a complete picture of the 

geometry of [FeTPP(HIm)2]Cl it is worth mentioning that the imidazole planes are not 

strictly perpendicular to the porphyrin mean plane forming dihedral angles of 86.4° and 

87.0°;^ the dihedral angles between the phenyls and the porphyrin mean plane are 68.9° 

and 81.9° for the ion with small <j) and 72.6 and 85.7° for the ion with large 

The low-spin complex of bis(cw-methylurocanate)(tetraphenylporphinato) 

iron(III), [FeTPP(cMU)2]SbF6, also has two different orientations of parallel substituted-

imidazole planes with 0 = 15 and 29° and two overlapping normal rhombic EPR 

spectra.™ The signal with gz = 3.00, gy = 2.26, and gx = 1.48 was assigned to the 

molecule with the larger 0 angle, the second signal with gz = 2.96, gy = 2.30, and gx = 

1.49 was assigned to the molecule with 0= 15°. For the molecule with the smaller 0 

angle, the rhombicity of the Fe-Np bond due to pseudo-Jahn-Teller distortion was 

observed. The Fe-Np bond that is close to being eclipsed with the axial ligands is longer 

(2.007(6) a), while the other bond is only 1.983(7) a.™ The case of 

[FeTPP(cMU)2]SbF(7" is remarkably similar to that of [FeTPP(HIm)2]Cl.''' In d^ 

complexes of this type, pseudo-Jahn-Teller distortion of the porphyrin ligand can 



contribute to the rhombicity of Fe-Np bonds. A big distortion, characterized by a 

shortening of two inversion-related Fe-Np bonds and a lengthening of the other twQ, is 

observed in the structures of FeTPP complexes,^®'^^ in which the Fe-Np bonds closer to 

the plane containing the partially filled d orbital are shorter by ~ 0.02 A than those more 

perpendicular to this plane. In contrast the two conformer of each [FeTPP(cMU)2]SbF6^'' 

and [FeTPP(HIm)2]Cf" with high 0 values (close to 45°) give indistinguishable Fe-Np 

distances. 

Iron(III) tetramesitylporhyrinates, TMP: the role of macrocycle ruffling on the 

axial ligand orientation. An extensive study of the low-spin Fe(III) and Fe(ll) complexes 

of tetramesitylporphyrins was done by Martin Safo as his Ph.D. work at the University of 

Notre Dame under the supervision of Dr. W. Robert Scheldt, in order to develop an iron 

porphyrinate/axial ligand system that leads to control of the relative and absolute axial 

ligand orientations. Two structures of [FeTMP{L)2]CI04 with 4-(N,N-

dimethyl)aminopyridine (4-Me2Npy) and 1 -methylimidazole (1-Melm) axial ligands'"^ 

were shown to have remarkably different axial ligand orientation and porphyrin core 

conformation. The first structure, [FeTMP(4-Me2NPy)2]C104, is strongly S4-ruffled with 

large deviation of meso-Cs (|ACm| = 0.51 A), and axial ligands in close to perpendicular 

planes (A<f> = 79°) due to a combination of the steric effect of the pyridine ligands and the 

bulky ortho-msthyl phenyl substituents that must be fulfilled to achieve the low-spin 

Fe(III) complex. The ligand planes make dihedral angles (j> of 37 and 42° to the closest 

Np-Fe-Np vector. As a consequence of the ruffled porphyrin core, the Fe-Np bond length 

of 1.964(10) A in [FeTMP(4-Me2NPy)2]C104 is shorter than the Fe-Np bond in any planar 



derivative of TMPFe(III). Close to perpendicular axial ligand orientation is consistent 

with the observed "large gmax" EPR signal, g = 3.48, for [FeTMP{4-Me2NPy)2]C104. The 

same type of signal (g = 3.41) was observed for [FeTPP(2-MeHIm)2]Cl^^ with a 

perpendicular arrangement of the two hindered imidazoles. Therefore, the correlation 

between the "large gmax" EPR signal and perpendicular axial ligand orientation was 

further supported, and even more, the boundaries for the presence of "large gmax" EPR 

signals were extended from strictly 90° to the range from 90° to 79° in A0. It is worth 

mentioning that [FeTMP{4-Me2NPy)2]Cl was the first TMP derivative found to have S4-

ruffled core; the three previously reported TMP complexes, [Cu(TMP')],^^ 

[Zn(TMP)(H20)],^^ and [Ru(TMP)(THF)(N2)],^^ all have planar porphyrin cores. 

The possibility of controlling axial ligand orientation in [FeTMP(4-Me2NPy)2]Cl 

by combining a sterically hindered porphyrin core with highly basic pyridine axial 

ligands was confirmed by the structures of two "control" molecules: a complex with a 

"nonhindered" porphyrin core and pyridine axial ligands, [Fe0EP{4-Me2NPy)2]C104, and 

a complex with a "hindered" porphyrin core but nonhindered axial imidazole ligand, 

[FeTMP(l-MeIm)2]C104. If no steric effect is present in either of the structures they 

should favor a planar porphyrin core, axial ligands in parallel orientation, and hence a 

normal rhombic EPR signal. As it turned out, this is exactly the case. There are two 

independent molecules in the crystal structure of [FeTMP( 1 -Melm)2]C104 (1, 2) and one 

molecule in the crystal structure of [Fe0EP(4-Me2NPy)2]CI04, each with an 

insignificantly distorted porphyrin core and parallel orientation of the axial ligand planes, 

as required by the inversion symmetry of the central iron( IIl). The dihedral angles 4> are 



23, 36, and 41° for molecule 1 and 2 of [FeTMP(l-MeIm)2]C104, and for [FeOEP(4-

Me2NPy)2]CI04, respectively. As was already discussed, for molecules with parallel 

arrangement of axial ligands over the meso-Cs, where the angle (p is close to 45°, Fe-Np 

bonds should be essentially the same: 2.005(3) and 1.999(3) A in molecule 2, and 

1.986(2) and 1.987(2) A in[Fe0EP(4-Me2NPy)2]C104; however, for smaller angles a 

rhombicity of the Fe-Np bonds is observed (2.002(3) A for the Fe-Np bond that is 

approximately parallel to the projected imidazole planes, and 1.974(2) A for the Fe-N? 

bond that is close to being perpendicular) in molecule 1 of [FeTMP(l-MeIm)2]C104. 

The anisotropy of the Fe-Np bonds in the latter case can be explained by the effect of 

pseudo-Jahn-Teller distortion that results in lifting of the degeneracy of the d, (dxz, dyz) 

iron(III) orbitals that hold the unpaired electron. The axial ligand and porphyrin can both 

donate to the half-filled d^ orbital that is approximately perpendicular to the imidazole 

planes, which leads to a shorter Fe-Np bond length. The other d^ orbital is filled, and 

hence no porphyrin -> Fe 7x-donation can occur, which results in a longer Fe-Np bond 

length. It was also noticed that the axial metal-imidazole distances are somewhat shorter, 

in general, than the axial metal-pyridine values due to the smaller size of five-membered 

aromatic ligands compared to six-membered ones. For example, the average Fe-Ngx 

distances in 4-Me2NPy complexes of TMP and OEP are 1.984(4) and 1.995(3) a, 

respectively. The same distances in the 1-MeIm complex of TMP are only 1.975(3) and 

1.965(3), for 1 and 2, respectively.^^ 

Both crystalline and CH2CI2 frozen solution samples of [FeTMP( 1 -MeIm)2]C104 

and [Fe0EP(4-Me2NPy)2]C104 have normal rhombic EPR spectra at 4.2 K with very 
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similar g values, gi = 2.84, g2 = 2.32, g3 = 1.57, and gi = 2.82, g2 = 2.28, g3 = 1.63, 

respectively, which are in agreement with parallel orientation of the axial ligands.'^ In 

the 4.2 K Mossbauer spectra in the absence of a magnetic field both crystalline samples 

display wide quadrupole doublets with 2.31 and 2.15 mm/s quadrupole splitting, AEQ, 

TK 
respectively. For the first time, the correlation between axial ligand orientation and 

Mossbauer parameters was established: all complexes with known perpendicular (or 

close to perpendicular) axial ligand orientation have AEQ< 1.8 mm/s, while those with 

parallel orientation of axial ligand planes have AEQ > 2.1 mm/s. Thus, a simple 

Mossbauer experiment (liquid nitrogen, absence of magnetic field) has the potential of 

providing a diagnostic test for relative ligand plane orientation. 

Encouraged by interesting crystallographic and spectroscopic results for 

[FeTMP(4-Me2NPy)2]C104, and in an attempt to find a correlation of structure and 

electronic properties of porphyrins with the basicity of pyridine axial ligands, other 

Fe(III)TMP complexes with 4-NH2Py, 3-EtPy, 3-CIPy, 3- and 4-CNPy have been fully 

characterized in terms of EPR, NMR, and Mossbauer spectroscopies and single crystal X-

ray diffraction.^'' The molecular structures of [FeTMP(3-EtPy)2]C104 (ligand pKg (BH*^) 

= 5.56), [FeTMP(3-ClPy)2]C104(pKa= 2.84), and [FeTMP(4-CNPy)2]C104 (pKa = 1.1) 

are very similar to the structure of [FeTMP(4-Me2NPy)2] CIO4 (pKa = 9.70) in spite of 

large difference in axial ligand basicity. In all three cases, the porphyrin core adopts a 

strongly S4-ruffled geometry (|ACm| - 0.36 - 0.43 A) and nearly perpendicular axial 

ligand arrangement (the dihedral angles between the axial ligand planes, A</), are 77 -

90°). The angles (j) between the projection of the axial ligand plane onto the porphyrin 



core and the closest Np-Fe-Np vector are 44 and 44° in [FeTMP(3-EtPy)2]C104,29 and 

42° in [FeTMP(3-ClPy)2]C104 and 43 and 44° in [FeTMP(4-CNPy)2]C104, close to the 

predicted value of 45° for ruffled porphyrins in all three cases/"* It has been suggested"' 

that the ruffled porphyrin core, and the relative perpendicular arrangement of axial 

ligands above the meso-Cs, are results of the most favorable solution to the steric 

problems involved in the formation of low-spin bis-ligated complexes of iron(lll) 

hindered porphyrinates with pyridine ligands. The average Fe-Np bonds of 1.961(6), 

1.964(4) and 1.968(7) a in [FeTMP(4-CNPy)2]C104, [FeTMP(3-EtPy)2]C104 and 

[FeTMP(3-ClPy)2]C104, respectively,^"* are very close to each other and to the same value 

in [FeTMP(4-Me2NPy)2]C104^"' demonstrating the shortening of the Fe-Np bond length in 

ruffled structures as compared to planar analogs. 

The NMR, EPR and Mossbauer spectra of TMPFe'" with different basicity 

pyridines (but similar molecular structures) vary in a smooth manner with the basicity of 

the axial ligands, which is indicative of a change in the electronic ground state from the 

common (dxy)^(dxz,dyz)^ to the novel (dxz,dyz)^(dxy)'. The EPR spectrum of [FeTMP(4-

NH2Py)2]C104 is that of the "normal" "large gmax" type with g = 3.40, but the EPR spectra 

of [FeTMP(3-EtPy)2]C104, [FeTMP(3-ClPy)2]C104 and [FeTMP(2-MeHIm)2]C104 were 

unique in the sense that their "large gmax" signals were characterized by unusually low 

gmax values of 2.89, 3.07, and 3.17, respectively.^'* When the TMPFe'" complexes of even 

lower basicity pyridines are considered, [FeTMP(4-CNPy)2]C104, and [FeTMP(3-

CNPy)2]C104, axial type EPR spectra are observed with gi = 2.53, gy = 1.56, and g± = 2.62 

and unresolved gy, respectively. The analysis of these g values in the "proper axis 



system" of Taylor/^ indicates for the [FeTMP(4-CNPy)2]C104 complex a shift in 

electronic ground state from (dxy)^(dxz,dyz)^ to a predominantly (dxz,dyz)''(dxy)' election 

configuration with ~93% dxy character. The change in electronic ground state can be 

attributed to the weak ff-donating properties of 4-CNPy, lowering the Fe(III) dxz, dyz 

orbitals relative to dxy. 

For complexes of TMPFe'" with moderate and weak basicity pyridines the 

quadrapole splittings, AEQ, of their Mossbauer spectra are extremely small, 1.4 > AEQ > 

0.97 at 77 First of all, AEQ < 2.0 mm/s indicates perpendicular axial ligand 

orientation, as observed in the crystal structures of the reported complexes. Secondly, the 

EPR g-values and Mossbauer AEQ values can be linearly correlated with the basicity of 

the axial ligand: both parameters decrease with decreasing pKa(BH^). For example, AEQ 

= 1.74, 1.25, 1.36, 0.97 for Fe(III)TMP complexes with 4-Me2NPy, 3-EtPy, 3-ClPy, and 

4-CNPy, respectively.* The reason for the deviation of the 3-ClPy complex from the 

linear correlation may be due to the relatively large deviation of the [FeTMP(3-

ClPy)2]C104 structure from ideal ruffled geometry. The unusually small AEQ and g 

values for the complexes with low basicity pyridines are explained in terms of smooth 

increase of (dxz,dyz)'^(dxy)' character in their electronic ground state. 

After detailed analysis of TMPFe'" with various pyridines, the complexes with 

imidazoles drew the attention of researchers. Again, the question of interest was how to 

control, and what defines the geometry (orientation of the axial ligands, extent and type 

of distortion of the porphyrin core) and electronic ground state of model porphyrin 

' pK,(BH') = 9.70, 5.56, 2.84, and 1.1 for 4-Me2NPy, 3-EtPy, 3-ClPy, and 4-CNPy, respectively. 
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systems. It was already knowB that complexes with unhindered imidazoles (like 1 -

Melm) produce a planar porphyrin core with parallel axial ligand orientation and normal 

rhombic EPR spectra.^'^ Therefore, in the mid and late 1990s the structures of TMPFe"' 

with highly hindered imidazoles, like 1,2-dimethylimidazole (1,2-Me2lm) were fully 

OC 
investigated. [FeTMP(l ,2-Me2lm)2]C104 has by far the strongest ruffled core observed 

for any of the TMPFe"' structures, with the shortest Fe-Np distance (1.937(12) A) and the 

largest deviation of meso-Cs (0.72 A).®^ Axial ligands are in perpendicular planes with 

ideal orientation above and below porphyrin core, forming 45° (j> angles to the closest Np-

Fe-Np vector. The strong ruffling is explained in terms of steric interaction of the 

imidazole methyl groups and core atoms. The Mossbauer spectra of [FeTMP(l ,2-

Me2][m)2]C104 are very broad at 4.2 K due to intermediate spin relaxation effects; so data 

were obtained at higher temperatures. In zero magnetic field the complex displays a 

quadrupole doublet with AEQ = 1.25 mm/s and an isomer shift of 0.14 mm/s at 250 K. 

The low value of AEQ is consistent with the previous observation^^that AEQ values less 

than 2.0 mm/s suggest a perpendicular relative orientation of axial ligands or, in other 

words, degeneracy of the DXZ and DYZ orbitals. The 1.25 mm/s value of AEQ is somewhat 

smaller than the 1.48 and 1.77 mm/s values observed for [FeTMP(2-MeHIm)2]C104^^ and 

[FeTPP(2-MeHIm)2]C104,^"^ respectively, but is within the range of AEQ for TMPFe'" 

complexes with pyridines. 

Using available crystallographic information for [FeTMP(L)2]^^^'^'*and 

[FeTPP(L)2]'^'°''^'®°'^^'^'^the molecular mechanics, MM2, force field was newly 

parameterized for bond stretching, angle bending, and torsional deformation involving 



the iroii(III), the axial ligands, and the porphyrin core.^^ The primary goal of MM 

calculations was to explore the collective influence of nonbonded interactions between a 

series of axial ligands (pyridines and imidazoles) of increasing steric bulk, the peripheral 

phenyl (or mesityl) groups, and the porphyrin core on the overall molecular conformation 

of six-coordinate iron(III) complexes of TPP and TMP. It was suggested earlier'^ that the 

raffled conformation of [FeTMP(4-Me2NPy)2]^ results from purely steric effects: in order 

to avoid steric interaction between the pyridine o-protons (2,6-H) and the porphyrin 

nitrogens, the projection of the pyridine plane onto the porphyrin mean plane requires the 

(j> angle to be close to 45° from an Np-Fe-Np vector; this in turn, brings axial pyridines 

and porphyrin mesityl groups in close contact, and the only way to avoid it results in 

tipping of the mesityl groups away from the axial ligand, which leads to an S4-ruffled 

porphyrin core and mutually perpendicular binding pockets on the two sides of the 

porphyrin. The MM calculations showed that the S4-ruffling of the porphyrin core 

depends upon the relative perpendicular orientation of the axial ligands and the 

magnitude of distortion increases with increasing ligand bulk (4(5)-MeHIm < Py < 1,2-

Me2lm < BzHIm < 2-MeBzHIm) and increasing size of the meso-aryl groups of the 

porphyrin core (phenyl « 2,6-dichlorophenyl < mesityl).Using MM calculations and 

crystallographic data, it was demonstrated that only a perpendicular orientation of the 

axial ligands can induce non-planarity of the porphyrin core, mediated primarily by 

ligand-porphyrin nonbonded interactions. In the case of a parallel ligand orientation of 

Fe(III) or Fe(II) complexes, the porphyrin cores are usually planar.Thus some 

other factors, such as the electron configuration in the case of Fe(II), are crucial as well. 



In order to find the effects of steric interactions between the axial ligand and mesityl 

substituents on the molecular conformation of the TMP core, the trans mesityl groups 

were counterrotated in increments of 5°; structures were energy minimized before 

proceeding to the next point and an energy surface was generated. These results suggest 

that the changes in strain energy arising from distortion of the porphyrin core as the meso 

substituents are rotated from 40 to 140° depend only slightly on the size of the 

coordinated axial ligand and therefore, ligand-peripheral group steric interactions control 

only the finer aspects of molecular conformation. 

As with other bis-imidazole TMPFe"' complexes, the structure and spectroscopic 

properties of [FeTMP(5-MeHIm)2]C104 were reported.^"^ This complex is unique in that 

two distinctly different forms of [FeTMP(5-MeHIm)2]C104 were obtained, one with 

"perpendicular" axial ligand arrangement (A0 = 76°) over a considerably S4-ruffled 

porphyrin core, and another with "parallel" ligand orientations (A<^ = 26 and 30° for two 

independent molecules in the unit cell) and only slightly ruffled porphyrin macrocycles. 

The complex with perpendicular ligand orientation is believed to have arisen from co-

crystallization of a tiny amount of a hindered complex (with 4-CNPy) that controlled the 

parameters of the unit cell. It is interesting to note that all of these dihedral angles, A<^, 

between the axial ligand planes, are markedly different from the ideal values of 90" or 0°. 

The two crystalline forms of [FeTMP(5-MeHlm)2]C104 have distinctly different 

Mossbauer and EPR spectra and follow the earlier finding of a definite correlation of 

electronic structure of the Fe(III) with the relative orientation of the axial imidazole 

ligands. The importance of the [FeTMP(5-MeHIm)2]C104 structures is in the fact that 
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they represent one of the first examples of two different conformations of the same low-

spin Fe(IIl) porphyrin with identical axial ligands. 

In the structure of /)er/?-[FeTMP(5-MeHIni)2]C104 the projections of the two 

imidazole planes onto the 24-atom porphyrin core form 46° (4>i) and -30° (<fc) angles to 

the same Np-Fe-Np vector, yielding a dihedral angle A(j} - 76°.®** The value of this angle 

is on the lower side of observed "perpendicular" angles that define the lower boundary of 

dihedral angles for complexes where the "large gmax" signal in EPR is observed. The 

interesting fact is that 5-MeHIm is not a bulky axial ligand. The conformation ofperp-

[FeTMP(5-MeHIm)2]C104 is therefore similar to Hoard's [FeTPP(HIm)2]Cl structure 

with 57° between axial ligands.'^ In accord with perpendicular ligand orientation, the 

porphyrinato core inperp-[FeTMP(5-MeHIm)2]C104 is modestly ruffled with an average 

deviation of meso-Cs, |ACml, of 0.32 A, and an average Fe-Np bond of 1.981(7) 

|ACm| for [FeTPP(HIm)2]Cl is slightly smaller, 0.31 A, and the averaged Fe-Np distance 

of 1.989(5) A^"* is longer, indicating an altogether lower degree of ruffling in the structure 

of [FeTPP(HIm)2]Cl as compared to perp-[FeTMP(5-MeHIm)2]C104. The anisotropy of 

the axial Fe-Nax bonds, 1.973(6) and 1.957(6) A, observed in the structure ofperp-

[FeTMP(5-MeHIm)2]C104, is the result of a difference in 0 angles (46 vs. 30°) for the 

two ligands, with the longer Fe-Nax correlated with the smaller (j). This was observed 

earlier for complexes with parallel axial ligands and was attributed to the pseudo-Jahn-

Teller distortion. However, it is noteworthy that the value of <f> is not a quantitative 

predictor of axial bond length. In contrast to [FeTPP(Hlm)2]Cl,^ the axial ligands in 

/?er/7-[FeTMP(5-MeHIm)2]C104 are not strictly perpendicular to the heme mean plane. 



but rather are tilted by 7.6 and 12.5° away from the normal for the two ligands.®'^ Off-

axis binding of imidazole and histidine ligands is not unusual; it is observed in other low-

spin iron(ril) porphyrins ([FeTMP(l -MeIm)2]C104 (1.2 and 6.3°)/^ [FeTPP(tMU)2]SbF6 

(4°)™ and [FeTPP(HIm)2]Cl (3.0 and 3.6°)^^), in many low-spin iron(lll) porphyrins 

whose structures are reported in this dissertation, and in a number of heme protein 

derivatives including the h heme of the cytochrome bci complex.^"^'^ The main reasons 

for axial ligand tilt are believed to be crystal packing forces and hydrogen-bonding to the 

N-H protons of coordinated imidazoles. 

The crystal structure of /?ara/-[FeTMP(5-MeHIm)2]C104 consists of two 

independent molecules, A and B, both with relative parallel orientation of the axial ligand 

and similar geometry of the porphyrin core. The angle between the projection of the 

axial ligand onto the porphyrin mean plane and the closest Np-Fe-Np vector, (t>\, is equal 

to 10° and <j>2 is equal to 20°, yielding A</> = 30° for the A molecule.^"* Similar values are 

observed for the B molecule, <j>\ - 14° and <j>2 = 12°, yielding A<t> = 26°.^'* It is interesting 

to note that neither of the molecules has strict parallel orientation of the axial ligands, but 

rather the axial ligands are somewhat staggered. A small staggering of near parallel axial 

ligands occurs in other low-spin iron{lII) porphyrinates where an inversion symmetry of 

the iron is not crystallographically required. For example, A(j) is 11° in the structure of 

[FeTPP(l-Melm)2]C104,'®° 6° in [FeT-2,6-Cl2PP( 1 -VinIm)2]C104'°' and 13° in 

[FeProtoIX(l-MeIm)2].'°^ As was observed for FeTMP and FeTPP structures with planar 

orientation of the axial ligands,the porphyrin cores in /?ara/-[FeTMP(5-

MeHIm)2]C104 are, for the most part, planar with slight ruffling observed for A. 



Surprisingly, the average Fe-Np distances are within experimental error in all three 

(paral-A, B, andperp-) complexes (1.981-1.983 A), inconsistent with the common 

observation that stronger ruffling correlates with shorter Fe-Np bond length. There is, 

however, the consistency with the correlation between the degree of ruffling and the 

tipping of mesityl groups; it was calculated that for pure planar geometry the dihedral 

angle of the mesityl group is equal to 90° but for ruffled structures it is substantially 

smaller;®^ the same is true for the dihedral angle of phenyls in TPP or related structures. 

The degree of ruffling increases going from /}ara/-[FeTMP(5-MeHIm)2]C104, molecule 

B, to molecule A of the same crystal and finally to />er/?-[FeTMP(5-MeHhn)2]C104, as 

can be seen from the average deviation of meso-Cs, jACml = 0.07, 0.16 and 0.32, 

respectively. In the same order, the average dihedral angle of the mesityl groups 

decreases: 85.2, 84.7 and 82.9°,^ although it may be argued that the first two values are 

almost within experimental error of each other. Anisotropy of the Fe-Nax bonds is 

observed for molecule A, (1.978(6) A vs. 1.961(5) A), but not for molecule B, where the 

two independent axial Fe-Nax bonds are similar, 1.980(5) and 1.985(5) A.^"^ 

The difference in axial ligand orientation in the two structures of [FeTMP(5-

MeHIm)2]C104 is reflected in their EPR and Mossbauer spectra. Perp-[FeTMP(5-

MeHIm)2]C104 has a single featured EPR spectrum with large gmax - 3.43 at 4.2 K and 

small quadrupole doublet in the Mossbauer spectrum (AEQ = 1.78 mm/s at 120 K).®^ 

Both parameters, g and AEQ, are consistent with perpendicular orientation of highly basic 

axial ligands and are close to the same parameters observed for [FeTMP(4-

Me2NPy)2]C104, [FeTMP(4-NH2Py)2]C104, and [FeTPP(2-MeHIm)2]C104.^^'^'^'^' The 



65 

Mossbauer spectrum of/?ara/-[FeTMP(5-MeHIm)2]C104 reveals a quadrupole doublet 

with large splitting, AEQ = 2.56 mm/s at 120 K, and the EPR spectrum shows a rhombic g 

tensor (gi = 2.69, g2 = 2.34-2.43, and ga = 1.75) at 4.2 K, consistent with parallel 

orientation of axial ligands and non-degeneracy of the dxz and dyz orbitals.^'' The spread 

in g2 is due to a non-random orientation of the molecules in the crystalline EPR sample. 

To avoid this, the solution measurements (in DMF:acetonitrile 3:1 glasses at 4.2 K) were 

performed: surprisingly, two different normal rhombic EPR signals were detected at 

different imidazole-to-iron ratios. A signal similar to that of the polycrystalline sample (g 

= 2.64, 2.30, and 1.80),®'' was detected at a high imidazole-to-iron ratio of ~60;1. The 

calculated tetragonality of 4.09 is typical for porphyrin complexes with mixed 

imidazole/imidazolate ligands (tetragonality = 4.44),'®^ and smaller than the tetragonality 

of the complexes with two imidazolate ligands, for example, K(K222)[FeTPP(4-Melm)2], 

with a tetragonality of 4.94.'*^ Also, the g values themselves for the polycrystalline 

• 1• • 
sample are very similar to those of imidazole/ imidazolate complexes. It is interesting 

to note that in the crystal structure there are hydrogen bonds between one of the axial 

ligands of j9ara/-[FeTMP(5-MeHlm)2]C104 and free 5-MeHIm molecules that are present 

in the unit cell. This imposes partial imidazolate character on one of the axial ligands and 

could be the cause of the observed EPR parameters. At low imidazole concentration 

(imidazole-to-Fe ratio of -2:1) a larger spread of the normal rhombic EPR signal was 

observed (2.89, 2.31, and 1.58), yielding rhombicity of 0.64, and tetragonality of 3.22.^ 

These parameters are very typical for the iron(III) center bound to two neutral imidazole 

ligands. 
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After detailed analysis of the spectroscopic and structural results for [FeTMP(5-

MeH][m)2]Ci04 there are two questions left. First, why was it possible to isolate two 

different crystalline forms of [FeTMP(5-MeHIm)2]C104? In order to find an answer to 

this question, MM calculations were performed.®"^ The conformation observed in the X-

ray structure of/?er/j-[FeTMP(5-MeHIm)2]C104 lies only ~0.4 kcal/mol from the global 

minimum, while that of/>ara/-[FeTMP(5-MeHIm)2]C104 is ~2.6 kcal/mol higher than the 

energy of the global minimum and is located close to the local maximum that has the 

imidazole planes parallel to each other and eclipsed with Np-Fe-Np. The global minimum 

structure has a ruffled porphyrin core and a perpendicular ligand arrangement over the 

porphyrin meso-Cs (<^i = ^ = 45° and A0 = 90°). The appearance, in the crystalline state, 

of iron(III) porphyrin complexes with two limiting axial ligand orientations indicates a 

near energetic equivalence of these conformational isomers. The energy balance between 

the two conformers is the result of the crystal field stabilization effect (Jahn-Teller effect) 

favoring parallel ligand orientation, and the steric effect favoring perpendicular 

arrangement of the axial ligands. 

The second question is of a more general nature. The three structures from two 

crystalline forms of [FeTMP(5-MeHIm)2]C104 have dihedral angles between the axial 

ligand planes (A0 = 30, 26 and 76°), which deviate significantly from the ideal limiting 

values of 0 and 90°. However, all of the complexes show one of the limiting types of 

EPR spectra, with a "large gmax" spectrum for pe/77-[FeTMP(5-MeHhn)2]C104 and a 

normal rhombic EPR spectrum for parG/-[FeTMP(5-MeHIm)2]C104. This leads to the 

question of where the dividing line in the EPR spectral type as a function of the ligand 



orientation is to be found, or whether there is any new kind of EPR spectral type in 

between the "large gmax" and normal rhombic. Answering this question will provide 

researchers with a simple and reliable way of determining the axial ligand orientation in 

heme proteins by studying only their EPR spectral behavior. At the end of 1999, it was 

known that "large gmax" EPR signals correlate with the axial ligands in "perpendicular" 

planes, where is in the range from 90° to 76°; and rhombic EPR signals are observed 

when the axial ligands are in "parallel" planes with A<f) changing from 0° to as large as 

30°.®'' The region of dihedral angles from 30° to 76° was still unexplored, and it is 

particularly unfortunate that the EPR spectrum of the first low-spin iron(lll) complex, 

[FeTPP(HIm)2]Cl,'" with 57° imidazole dihedral angle was not reported. In general, the 

complexes with "perpendicular" axial ligand arrangement are invariably ruffled for 

TMPFe'", TPPFe'" and other me^o-substituted model ferrihemes including those having 

alkyl substituents on the we5o-carbons.'But, as we shall see later, ruffling is a 

problem if these complexes are to be used as models of cytochrome b heme centers since 

ruffled Fe(Il) complexes are not stable under biologically relevant conditions. For a 

complex to be a good model of a redox center, both oxidation states (in our case Fe(IlI) 

and Fe(II)) should be relatively stable and the geometry should not change much upon 

oxidation-reduction. Otherwise, redox processes that are accompanied by major 

geometry changes would require a large reorganization energy and one oxidation state 

would be strongly favored over the other, i.e., the system would not undergo redox over 

the biologically relevant potential range. Thus, extensive studies on the Fe(ll) analogs of 

low-spin Fe(IIl) complexes were needed. 
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Fe(II) model systems: geometry and stability. At the beginning it was assumed 

that for the closed subshell configuration of low-spin iron(ll) (d*") complexes, plan^ axial 

ligands would prefer perpendicular orientation in order to maximize the u-bonding 

interaction between the two filled d^ orbitals of Fe(II) and empty n* orbitals of axial 

ligands. However, the extensive studies of Walker, Scheldt, et al.'"^'"'^ on the series of 

bis-pyridine and bis-imidazole complexes of iron(II) TMP, which involved structural, 

spectroscopic, and thermodynamic measurements, clearly indicate the preference of low-

spin iron(Il) for parallel axial ligand arrangement and a planar porphyrin core with 

minimal n-bonding interaction between Fe(II) and the axial ligands. 

The Mossbauer spectra of crystalline samples of Fe(ll)TMP with l-Melm,'"^ 4-

1 ns 
Me2NPy, 4-CNPy, 4-MePy, Py and 3-ClPy are characterized by narrow quadrupole 

doublets with an isomer shift, 5, of 0.36-0.47 mm/s and quadrupole splitting, A Eg, of 

1.09-1.27 mm/s at 120 K in the absence of a magnetic field indicating parallel ligand 

arrangement. Unlike the corresponding Fe(lII) complexes, the Mossbauer spectroscopic 

parameters for Fe{II)TMPs are essentially independent of the basicity and n 

donor/acceptor properties of the axial pyridine ligands.^'* When complexes with bulky 

axial ligands are considered, those of Fe(II)TMP complexes with 2-MeHlm, 1,2-Me2lm, 

as well as [FeOEP(2-MeHIm)2], much larger quadrupole splittings of 1.64-1.73 mm/s (in 

dimethylacetamide solution at 77 K) are observed. These large quadrupole splittings 

could be explained using molecular orbital Self-Consistent-Charge-Xa calculations in the 

Local Density Approximation'on/y if very ruffled cores for [FeTMP(2-MeHIm)2], 

[FeTMP(l ,2-Me2lm)2], and [FeOEP(2-MeHIm)2], are assumed. Such ruffled complexes 
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(stable only at very low temperatures) have their axial ligands in perpendicular planes, as 

was also proven by NMR spectroscopy for [FeTMP( 1,2-Me2lm )2]."''" ̂ Because of the 

instability of these and related complexes at ambient temperatures, it is not surprising that 

no structure of Fe(II)TMP (or any other raeso-only-substituted porphyrins) with hindered 

imidazole axial ligands has yet been reported. 

On the other hand, the molecular structures of [Fe"TMP(4-CNPy)2], [Fe"TMP(3-

CNPy)2], and [Fe"TMP(4-MePy)2] with weak and moderate basicity pyridines all show 

essentially planar porphyrin cores and parallel orientation of the axial ligands, due to 

crystallographically required inversion symmetry of the Fe(II) atoms. Hence, it appears 

that pyridine ligands are capable of binding to iron(II) porphyrinates without ruffling of 

the porphyrin ring. The angles (j) between the projections of pyridine planes and Np-Fe-

Np vector are very similar for all complexes, in the range of 40-42°."^^ The values of (f) 

close to 45° and A(j> - 0° (parallel ligand orientation over meso-Cs) correlate nicely with 

the isotropy of orthogonal Fe-Np distances (they deviate only by ^.002 A from each 

other). In addition, in all three complexes, the average Fe-Np distances are very similar 

to each other (1.988(2)-1.993(2) A).'°® Unlike in the Fe(IlI) case, where the increasing 

basicity of axial ligands caused lengthening of the Fe-Nax bonds, there is no clear trend in 

Fe-Nax values of Fe(II)TMP complexes; Fe-Nax is 1.996(2) A in [FeTMP(4-CNPy )2], 

2.026(2) A in [FeTMP(3-CNPy)2], and 2.010(2) A in [FeTMP(4-MePy)2]. In general, 

only a slight increase in Fe-Nax distances is observed in iron(ll) complexes'®®'"^ as 

compared to iron(IlI).^°'^"^'^^'"^^ Slight tilt (-5°) of pyridine ligands away from the normal 
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to the porphyrin core is observed in all three structures. This is a common 

phenomenon in iron(III/II)TPP/TMP structures. 

The molecular structures of three bis-imidazole iron(II) complexes of TPP, 

[FeTPP(l-VinIm)2],"^ [FeTPP(l-BzylIm)2],"^ and [FeTPP(l-MeIm)2] and two 

pyridine complexes, [FeTPP(Py)2]'and [FeTPP(Py)2]-2Py' all have planar porphyrin 

cores, parallel ligand orientations, and close average Fe-Np and Fe-Nax bond lengths to 

those of Fe{II)TMP complexes. 

Analyzing all structural information available for Fe(II) complexes, a general 

conclusion can be made: iron(II) prefers planar geometry and parallel axial ligand 

orientation and only steric reasons can lead to ruffled porphyrin cores. Apparently, only 

with extremely bulky porphyrinates (as in the case the [FeTFPPBr8(Py)2]"^) and/or 

ligands (as in the [FeTMP(l ,2-Me2lm)2]'°^"' ) can perpendicular orientation of axial 

ligands and a ruffled core be stabilized in iron(II) porphyrinates. Electronically, 

however, stabilization of a raffled conformation is impossible, because the dxy orbital of 

iron(Il), d^, is filled; therefore, it cannot take part in porphyrin —> Fe 7t donation. 

Electrochemistry: relative stability of Fe(III)/Fe(II). In order to gain insight 

into the ligand binding properties and stabilities of Fe(ll) complexes in the absence of 

crystallographic data, electrochemical experiments were conducted on a series of 

FeTMP/TPP and other related complexes (2,6-disubstituted TPPs with F, CI, Br, and 

1 n7 
OCH3 on the ort^o-positions of phenyl rings) with various pyridines and imidazoles. 

Taking into account that the experiments were done in DMF, the complex formation 

reaction and corresponding binding constant for the TMP case are: 
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[Fe"TMP(DMF)] + 2L<^ [Fe"TMP(L)2] + DMF ft" 

ft" = [Fe"TMP(L)2]/[Fe"TMP(DMF)][L]^ (1.8) 

[Fe"'TMP(DMF)2]^C104" + 2L [Fe"'TMP(L)2]"C104" + DMF ft"" 

ft"" = [Fe"'TMP(L)2]V[Fe""TMP(DMF)2]''[L]' (1.9) 

The important finding is that the values of log(ft") for a given porphyrin with all 

the substituted pyridines studied (4-CNPy, Py, 3,4-Me2Py, 4-Me2NPy) are within 

experimental error of each other, and equal to 8.9-9.1, 7.8-8.4, 7.3-7.9, 6.0-7.2, and 5.6-

6.7 for [Fe(2,6-Br2)4TPP(L)2], [Fe(2,6-Cl2)4TPP(L)2] [FeTMP(L)2] [Fe(2,6-F2)4TPP(L)2], 

and [FeTPP(L)2], respectively, even though the basicities of the pyridines, pKa(PyH^), 

range from -1.1 (4-CNPy) to 9.7 (4-Me2NPy). This indicates the absence of any 

sensitivity of Fe(II) to the a-donating or n-donating/accepting properties of axial 

pyridines as was found earlier from the Mossbauer experiments.^'' In line with this 

finding is the fact that all bis-(pyridine) Fe(II)TMP/TPP complexes have very similar 

geometry of the porphyrin core, orientation of axial ligands, and the length of Fe-Np and 

In contrast to the common belief that bulky imidazoles do not bind to Fe(II) since 

only perpendicular orientation of axial ligands is possible and Fe(II) prefers ligands in 

parallel planes, 2-MeHIm forms bis-ligated complexes with hindered Fe(II) porphyrins 

(TMP and TPPs with bulky substituents, Br, CI, on the phenyl-ortAo positions). 

However, forcing the ligands to be in perpendicular planes reduces the values of the 

Fe-Nax bonds. 108,113-116 



72 

binding constants 182" by two orders of magnitude over those for 1-MeIm, where parallel 

or ientat ion of  axial  l igands is  expected ( logjSa" -7 .4  vs  ~  5.4,  respect ively) .The 

formation of other TMP complexes with hindered imidazoles, e.g., [Fe"TMP(l,2-

Me2lm)2], was observed at low temperatures by NMR spectroscopy.' ^' The number, 

chemical shifts, and linewidths of the proton peaks strongly suggest a ruffled porphyrin 

core, perpendicular axial ligand arrangement and low stability of the [FeTMP(l,2-

Me2lm)2] complex (it is stable only below 200 K)."' These, together with the fact that 

less-hindered poiphyrins (TPP itself and TPP with -F and -OCH3 at phenyl-ort/20 

positions) do not form bis-(2-MeHIm) complexes at room temperature and ligand 

concentration less than 1M,'°^ supports the crystallographic findings that complexes of 

Fe(ll) with perpendicular orientation of axial ligands are disfavored. 

It was observed in the electrochemical studies that while the iron(II) binding 

constants, ^2^, have little or no dependence on the base strength of the various pyridines, 

the equilibrium constants for binding the ligands to the Fe(III) porphyrins, depend 

strongly upon the nature of the axial ligand (their a-donating, T-accepting/donating 

properties) and are linearly related to the pKa(BH'^) of the pyridines as are the EPR and 

Mossbauer parameters.The same is true for the Fe(III)/Fe(II) reduction potentials, 

(£1/2)0 since they are defined by the ratio of the equilibrium constants, 02^^) 

according to the Nemst equation: 

(E| 2 )c ~ (^1/2)5 
2.303RT 

nF 

2.303RT 

nF 
logiLY-' (1.10) 



where (E 1/2)0 is the reduction potential of the porphyrin in the presence of a particular 

concentration of axial ligand, (£1/2)5 is the reduction potential of the ligand-free iron 

porphyrinate, andp and q are defined as the number of axial ligands and may be 0, 1, or 2 

for these metalloporphyrins. 

When different porphyrin ligands are considered, the ordering of the initial 

reduction potential as well as, for the most part, the reduction potential of the bis-ligated 

complexes, from the most easily reduced to the most difficult, is 2,6-F2TPP> 2,6-Cl2TPP 

> 2,6-Br2TPP > (H)TPP > ((CH3)2)TMP > 2,6-(OCH3)2TPP. This (except for the 2,6-

F2TPP) follows the order of electron-donating/withdrawing properties of the phenyl-

ortho substituents: electron donating groups stabilize the formation of the cationic 

product of bis-ligated porphyrin complexes. 

Along with the lack of structural data on Fe(II) porphyrinates with perpendicular 

axial ligands and a ruffled core, redox data strongly indicate that bulky ligands that would 

have to bind in perpendicular orientation over the meso positions {i.e., just the right 

situation to encourage ruffling) have very negative reduction potentials compared to 

those having non-bulky ligands that can bind in parallel planes and maintain a planar 

porphyrin ring (-212 mV as compared to -130 mV V5. SCE for 2-MeHIm and N-Melm, 

respectively, for TMPFe).'®^ The more negative reduction potential means that the Fe(III) 

state is strongly stabilized over the Fe(Il) state when hindered imidazoles are bound to the 

metal. The derived binding constants support this (log fe"' = 7.4 and 7.9, respectively, 

while log ft" = 5.5 and 7.3, respectively, for TMPFc complexes with 2-MeHIm and N-

Melm).'°^ However, in our search for good models of the heme centers in the 



cytochrome bci we are looking for positive shifts\ The values of log(i82"') and log(j82") 

obtained from electrochemical experiments indicate that stronger a-donors stabilize the 

Fe(III) complexes much more than the Fe(II) complexes. Thus substituted pyridines will 

serve as poor axial ligands for heme models of the cytochrome redox centers, since the 

difference in equilibrium constants between the Fe(III) and Fe(II) forms is large and only 

one oxidation state would be favored.On the other hand, 1-MeIm, being closely 

related to histidine and having small differences between Fe(III) and Fe(II) equilibrium 

constants, would be an appropriate ligand for the heme model. 

Summary and outlook. To summarize, then, for meso-only substituted Fe(III) 

(LS, d^) porphyrinates (TPP, TMP, etc), the preferred geometry is with axial ligands in 

perpendicular planes and a ruffled porphyrin core, while their Fe(II) (LS d^) analogs 

adopt planar geometry with axial ligands in parallel planes. The fact that hindered 

imidazoles cannot bind to Fe porphyrinates of either oxidation state unless they are 

placed in perpendicular planes (because of the bulky substituents in the 2-position), along 

with the fact that bis-(hindered imidazole) complexes of Fe(II) can only be formed and 

studied at low temperatures"®'"' indicates that Fe(II) porphyrinates having a ruffled core 

are thermodynamically unstable. 

Cytochromes b are redox proteins, so both oxidation states must be structurally 

stable, and little reorganizational energy must be involved in the redox process. In this 

regard, it is unreasonable to think that the ligands can change geometry (from 

perpendicular for Fe(III) to parallel for Fe(ll) and vice versa) upon reduction/oxidation. 

Hence, to model the bis-histidine-coordinated heme centers of the bci complex, in which 



it appears that at least one of the hemes has the histidine ligands in perpendicular planes,^' 

7,9 xpp/TMP-derived iron porphyrinates do not appear to reproduce the structures and 

properties of both the Fe(III) and Fe(II) oxidation states. Thus model hemes must be 

found that will support perpendicular ligand planes for both oxidation states of iron. 

Therefore, in the late 1990s some laboratories, including ours, turned to an investigation 

of the octaalkyltetraphenylporphyrin complexes of iron. Since all of these complexes 

adopt predominantly saddled conformations due to a steric interaction of peripheral 

substituents, it v^as expected that the axial ligand planes would be perpendicular and 

oriented above the porphyrin nitrogens for both oxidation states, and that this geometry 

might be more favorable for Fe(II) because it does not require ruffling. 

1 1 S 
In our first publication on bis-ligated complexes of Fe(III)OETPP we found 

that [FeOETPP(2-MeHIm)2]'^ has a saddled porphyrin core that induces perpendicular 

ligand arrangement, offset from the Np-Fe-Np axes by 14°, while the bis-(4-Me2NPy) 

analog, with a small ruffled component in its predominantly saddled macrocycle 

structure, has a 70° dihedral angle between axial ligand planes, the smallest angle yet 

observed for bis-pyridine complexes, offset by 9 and 79" from the same Np-Fe-Np axis. 

1 1 Q 
Yet both of these complexes produce "large gmax" EPR signals, indicating that an axial 

ligand plane dihedral angle of 70° is sufficiently large to yield a "large gmax" EPR signal. 

This is a very important finding with respect to the membrane-bound cytochromes b for it 

indicates that the observed "large gmax" EPR signals^ could be expected if the dihedral 

angles between histidine ligand planes were as small as 70° (or possibly smaller). 



Determining how much smaller than 70" this dihedral angle could be and still give rise to 

a "large gmax" EPR signal was one of the goals of this work. 

Encouraged by interesting results for [FeOETPP(2-MeHIm)2]^ and [FeOETPP(4-

Me2NPy)2]"', we decided to investigate the series of dodecasubstituted iron complexes 

with different alkyl groups on the pyrrole ^-positions such as 2,3,7,8,12,13,17,18-

octaethyl(methyl)-5,10,15,20-tetraphenylporphyrins (OETPP and OMTPP) and tetra-

iS,)S'-tetramethylene-5,10,15,20-tetraphenylporphyrin (TCeTPP) whose schematic 

drawings are presented in Figure 1.8. Different alkyl substituents were used in order to 

sample a wide range of saddled distortion of the porphyrin core with different degrees of 

non-planarity and ruffling component. To mimic bis-histidine ligation of the heme 

centers in the cytochrome hci the following pyridines and imidazoles were used as axial 

ligands: 1-methylimidazole, 2-methylimidazole and 4-(N,N-dimethyl)aminopyridine. To 

get a complete picture of different ground states of Fe(III), other ligands were used in this 

study, including chloride, cyanide, tert-butylisocyanide and 4-cyanopyridine (Figure 1.8). 

The main focus of this work will be X-ray crystallographic, polycrystalline and solution 

EPR, and 1- and 2D NMR spectroscopic studies of iron(III) dodecasubstituted porphyrins 

with various axial ligands, in an attempt to find factors that control core conformation, 

axial ligand orientation and structure-property relationships. All these are important for 

understanding the structure, properties, and role of heme centers in biological systems. 
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Figure 1.8. Schematic drawing of the complexes under investigation and their axial ligands 
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Chapter 2 

Synthesis of Non-Planar Dodecasubstituted Porphyrins 

Synthesis of 3,4-disubstituted pyrroles. 

3,4-Disubstituted pyrroles were synthesized by the Michael reaction, involving 

addition of a nucleophilic enolate ion (donor) to the P-carbon of an a,P-unsaturated 

carbonyl (acceptor) in the presence of a strong base. The base catalyst (in our case NaH 

or guanidine) removes an acidic a-proton from the starting p-keto (or sulfonyl) nitrile ip-

toluenesulfonylmethylisocyanide, TOSMIC, or ethylisocyanoacetate) to generate a 

stabilized enolate ion nucleophile. Then the nucleophile adds to an a,P-unsaturated 

ketone electrophile (ethyl crotonate, 3-hexen-2-one, and 1 -nitrocyclohexene) in a 

Michael reaction to generate a new enolate as a product. Further cyclization and double 

bond rearrangement results in the 3,4-disubstituted pyrroles. 

Synthesis of 3,4-diniethylpyrrole. 

NaH/EtjO/DMSO O 

59% 

Red-Al 

Toluene, N2 

40% 

H 
.N, 



Synthesis of 3-carboethoxv-4-methvlpvrrole. 3-Carboethoxy-4-methylpyiTole 

was synthesized according to literature procedures"^ with some modifications. A 

solution of 5.93 g (50 mmol, MW = 114) of ethyl crotonate and 9.75 g (50 mmol, MW = 

195) of TOSMIC in 250 mL of a 2:1 ether/dimethylsulfoxide (DMSO) mixture was 

added dropwise in a nitrogen atmosphere to a stirred suspension of 4 g of NaH in 50 mL 

of ether. The reaction mixture was stirred then for 15 min. Dilution with 400 mL of 

distilled water (as specified in the literature procedure) resulted in boiling olf of the 

solvent and loss of product, so the order was reversed: the reaction mixture was added to 

distilled water in a separatory funnel. This was done under a nitrogen flow in order to 

avoid any oxidation or decomposition of the product. The mixture was extracted with 5 x 

50 mL of ether and the solvent was removed under reduced pressure. The product, 

dissolved in a minimum of benzene, was deposited onto a chromatography column (3 x 

25 cm^ alumina, Brockman, Grade 111;^ packed by the wet method with CH2CI2) and first 

eluted with 1:1 mixture of benzene and CH2CI2. After elution of impurities and 

unreacted TOSMIC, the pure product, 3-carboethoxy-4-methylpyrrole, was collected. 

Further elution with CH2CI2 (or if necessary 2% MeOH in CH2CI2) removed the rest of 

the product from the column. Removal of solvent yielded white-yellow star-like crystals. 

NMR (CDCb, 200 MHz, 22 T): 5 1.30 (t, J = 7.2 Hz, 3H), 2.22 (s, 3H), 4.20 ppm (q, 

J = 7.2 Hz, 2H), 6.40 (m, IH), and 7.21 (m, IH). Yield; 59 % (lit."^ 70%). 

^ Alumina Brockman grade III was prepared from alumina Brockman grade I by addition 
of 6% of water; mixture was shaken vigorously and left overnight to come to equilibrium. 



Synthesis of 3.4-dimethvlpviTole. 3,4-DimethylpyiTole was synthesized 

according to literature procedures^with some modifications. A solution of 5 g (34 

mmol, MW = 153) of 3-carboethoxy-4-methylp3nToIe in 50 mL of toluene was added 

very slowly, dropwise, to a solution of 23 g (80 mmol, MW = 202) of sodium 

dihydrobis(2-methoxyethoxy)aluminate (Red-Al, 65 % in toluene) in 118 mL of toluene 

at 25 °C under a nitrogen atmosphere. After stirring for 18 hours, the reaction mixture 

was poured under nitrogen into a separatory funnel with 100 mL of water. (The reverse 

order of addition would boil off the solvent, since the remaining Red-AI reacts vigorously 

with water). The toluene layer was separated, washed with 2 x 200 mL of water and 

dried over anhydrous Na2S04 for 2 hours. The solvent was removed under reduced 

pressure and the residual oil, which contained some starting material, was purified by 

vacuum distillation (2.3 Torr, 80-130 °C). A higher temperature results in the 

decomposition of the product and distillation of the starting material. The temperature of 

the accepting flask was -77 °C (acetone/C02(s)). The pure distillate (transparent white 

solid or liquid) was obtained in 40 % yield. 'H NMR (CDCb, 200 MHz): 5 2.06 (s, 6H), 

6.53 (d, J = 2.4 Hz, 2H), 7.95 (s, broad, NH). 
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Synthesis of 3,4-butanopyrrole 

NaOH 
• 

ethane-l,2-diol 
THF, propan-2-ol, RT :OOEt 30inin, 

H leflux 32% H 

Central to this method is the strong ability of a nitro group to activate an olefin 

towards Michael addition as well as its propensity to act as a leaving group in situations 

where El type eliminations are favorable. Base-catalyzed Michael addition of an a-

isocyanoacetate to a nitroalkene (1 -nitrocyclohexene), followed by cyclization of the 

nitronate anion onto the isocyano group leads to the pyrroline. Expulsion of nitrite from 

the pyrroline in the presence of base and double bond rearrangement finally gives the 

pyrrole. The strong guanidine base was used for this synthesis since commercially 

available bases, for example, DBU (l,8-Diazabicyclo[5.4.0]undec-7-ene) resulted in 

lower yields and longer reaction times. 

Synthesis of guanidine base: 2-/-butvl-1.1.3.3-tetramethvl|guanidine. 

Toluene, 0 C acetonitrile 
73% 



The synthesis was carried out according to the procedure developed by 

Barton.Fresh 1,1,3,3-tetramethyl urea (1.25 g, 1.292 mL, 0.01075 mol) in 5 mL of 

dry toluene was added dropwise to a stirred toluene solution of phosgene (CCI2O, 11.1 

mL of a 20 % solution of phosgene in toluene, Aldrich, 2.078 g, 0.021 mol of phosgene) 

at 0 °C. Handle the phosgene solution with a great care! The reaction mixture (a 

suspension of white precipitate) was kept at room temperature for 1 hour and solvent and 

excess phosgene were removed under reduced pressure using two wet NaOH traps. The 

resulting white crystalline hygroscopic residue was dissolved in 3 mL of acetonitrile and 

cooled to 0 T and r-butylamine (3.76 mL, 0.03575 mol) was added dropwise to this 

stirred solution. The mixture was then heated at reflux for 2 hours and cooled to room 

temperature. Solvent was removed under reduced pressure yielding a dirty-white viscous 

solid. It was triturated (mixed completely) with ether (4x15 mL) in order to extract the 

product. The solid residue was dissolved cautiously in 10 mL of 25 % aqueous NaOH 

and further extracted with 2 x 30 mL of ether. The combined ether extracts were dried 

over Na2S04 for 3 hours. Removal of the solvent yielded a light-yellow oil in 73 % 

yield. 'H NMR (CDCI3, 300 MHz): 6 L22 (9 H, s, 'Bu), 2.67 (12 H, s, 4 Me). The NMR 

spectrum also suggested that there was 4 % unreacted 1,1,3,3-tetramethylurea. 

Synthesis of ethyl 3.4-butanopvrrole-2-carboxylate. Synthesis of ethyl 3,4-

butanopyrrole-2-carboxylate was performed according to the modified procedure of 

Zard.^^^'^^"* 1 -Nitrocyclohexene (1 g, 7.86 mmol) was added very slowly dropwise to a 

solution of the guanidine base (1.34 g, 7.82 mmol) and ethylisocyanoacetate (0.884 g. 



7.82 mmol) in a 1:1 mixture of dry tetrahydrofiiran (THF) and propan-2-oi (10 mL) at 

room temperature. The color of the reaction mixture changed gradually from browjj to 

red-orange. Progress of the reaction was checked by TLC. The reaction was completed 

in two hours by TLC. After 3 more hours at room temperature and 18 hours at 5 °C 

under a nitrogen atmosphere, the solvent was evaporated to yield a dark-orange solid 

product, which was carried on without ftirther purification to the next step. 'H NMR 

(CDCI3, 300 MHz) 5 1.34 (t, J = 7.2 Hz, 3H, CH3 from 0-Et), 1.73 (m, 4H, CH2(B)), 2.54 

(t, J = 6.0 Hz, 2H, CH2(a)), 2.81 (t, J = 6.0 Hz, 2H, CHzCa)), 4.29 (q, J = 7.2 Hz, 2H, 

CHa from 0-Et), 6.64 (s, IH, CH), 8.79 (broad s, IH, NH). 

Other procedures were considered as well; 

Literature procedure for ethyl 3-(p-benzyloxy-phenyl)-4-methylpyrrole-2-carboxilate: 

To a solution of nitroolefin (258 mg) and isocyanide (170 mg) in a 1:1 mixture of THF 

and 2-propanol (4 mL) was added the guanidine base (250 mg). The resulting solution 

was kept at room temperature for 2 hours then concentrated in vacuo, and the residue 

purified by column chromatography on silica gel (eluent: ether-hexane 1:1) to give the 

desired pyrrole carboxylate as a white crystalline solid (320 mg; 91 %); m.p. 126-128 °C 

(from methanol); Vmax 3250, 1640 cm"'. 

Literature procedure for butyi tetramethylenepyrrole 2-carboxylate:^'^^ 

l,8-Diazacyclo[5.4.0]undec-7-ene (commercially available strong base, DBU) (3.550 g) 

was added dropwise to a stirred solution of 1-nitrocyclohexene (1.257 g) and butyl 



isocyanoacetate (1.10 g) in THF (8mL), maintaining the temperature of the reaction 

mixture between 20° and 30° C throughout. The reaction mixture was stirred under 

reflux for 16 hours. The mixture was diluted with chloroform and washed with 5 % 

hydrochloric acid (25 mL). The aqueous phase was extracted with 20 mL of chloroform, 

the combined organic phases were evaporated under reduced pressure, and the residue 

was chromatographed on silica gel eluting with toluene. The product fractions were 

ciystallized from hexane to yield the butyl tetramethylenepyrrole 2-carboxylate (1.25 g, 

74 % from butyl isocyanoacetate, 46 % from glycine) as white crystals, mp70-80 °C. 

Synthesis of 3.4-tetramethvlenepvrrole. According to the procedure by Barton et 

al}'^^ the hydrolysis and decarboxylation of ethyl-3,4-tetramethylenepyrrole-2-

carboxylate were carried out in two independent steps. We failed to hydrolyze ethyl-3,4-

butanopyrrole-2-carboxylate by the proposed steam distillation method (it yielded very 

pure starting material); therefore, a different procedure was used:'^"^ both hydrolysis and 

decarboxylation were done in a single step in the presence of strong base, resulting in a 

pure reaction product. 

EthyI-3,4-tetramethylenepyrrole-2-carboxylate (840 mg, 4.35 mmol) was heated 

with 4 g of sodium hydroxide and 40 mL of ethylene glycol at reflux for 30 min. As the 

mixture was diluted with 50 mL of water the color turned from light yellow to brown. 

The mixture was extracted with hexane (5 x 30 mL) and the combined extracts were 

dried over unhydrous sodium sulfate. Solvent was removed under reduced pressure to 

yield 300 mg (32 % overall yield from 1 -nitrocyclohexene) of dark-gray crystals. 'H 
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NMR (CDCls, 300 MHz) 6, 1.70 (m, CHaO)), 2.56 (m, CHzCa)), 6.43 (d, J = 2.7 Hz, H-

pyrrole), 7.95 (broad s, NH). 

Synthesis of 3,4-diethylpyrrole. 

Synthesis of 3-hexen-2-one. The synthesis followed established literature 

procedures.To a nitrogen-purged solution of 1 -(triphenylphosphoranylidene)-2-

propanone (25 g, 78.5 mmol, MW = 318.35) in 100 mL of freshly distilled CH2CI2 was 

added all at once 6.25 niL (86.6 mmol, MW = 58.08, d = 0.805 g/mL) of 

propionaldehyde from an addition funnel. After 96 h of stirring at room temperature, the 

yellow reaction mixture was concentrated under reduced pressure and the resulting white 

precipitate of triphenylphosphine oxide (PhsP^O), was removed by filtration and washed 

several times with «-pentane. The bulk of pentane was removed from the filtrate under 

reduced pressure and further white precipitates of Ph3P=0 removed by filtration. In place 

of the recommended vacuum distillation, column chromatography^^^ was utilized for 

further purification of the product. The column (6 x 4.5 cm^) was packed with an ether 

slurry of silica gel and eluted with either. The first two fractions resulted in very pure 

LiAlH, 

NaH/EtjO/DMSO 

54% 



product, while the remaining fractions contained product with small amounts of 

triphenylphosphine oxide. 'H NMR (CDCI3, 300 MHz) 5, 6.79 (dt, J = 6 Hz and 16 

Hz,lH, 4-CH), 6.00(dt, J = 2 Hz and 16 Hz, IH, 3-CH), 2.22-2.16 (m, 5H, I-CH3 and 5-

CH2), 1.06 (t, J = 7.4 Hz, 6-CH3). Yield 6.3 g, 82 %. 

Synthesis of 3-acetvl-4-ethylpyrrole. In a dry one-necked round bottom (RB) 

flask under N2, 1.75 g (72.90 mmol, MW = 24.00) ofNaH and 50 mL of ether were 

placed. A solution of 3-hexene-2-one (2.0 g, 20.37 mmol, MW = 98.14) and 3.98 g of 

TOSMIC (20.38 mmol, MW = 195.24) in 120 mL of 2.1 etheriDMSO was prepared in 

another flask under Na and was slowly added via cannula to the NaH slurry over a period 

of 1.5 h to 2 h. Evolution of gas, heating of the reaction mixture, and formation of a tan 

solid were observed during the addition. The reaction mixture was stirred for another 1.5 

h at room temperature, cooled in an ice bath, and slowly quenched with 100 mL of water 

added via an additional funnel under N2. The aqueous layer (containing DMSO, some 

trapped product and impurities) was removed and extracted with (5 x 50 mL) ether and 

the combined ether extracts were washed with NaCl(aq) and dried over anhydrous 

Na2S04 for 2 h. After removal of solvent, the residue was taken up in CH2CI2 and 

purified by column chromatography (alumina, Brockman grade I, packed by the wet 

method with CH2CI2) eluting with CH2CI2. The first fractions contained mainly 

TOSMIC and the middle fractions contained pure product, which, upon removal of the 

solvent yielded 1.47 g of white-yellow crystals (54 %). \H NMR (CDCI3, 300 MHz) 6, 



ppm 8.98 (s, br, IH, NH), 7.36 (t, J = 3 Hz, IH, 5-CH), 6.56 (m, IH, 2-CH), 2.78 (q, J = 

7 Hz, 2H, CHj), 2.38 (s, 3H, COCH3), 1.17 (t, J = 7 Hz, 3H, CH2CH3). 

Synthesis of 3.4-diethvlpvrrole.To a stirred mixture of lithium aluminum 

hydride (LAH) (2.27 g, 60 mmol, MW = 37.95) in 70 mL of THF under N2 at room 

temperature was added a solution of 3-acetyl-4-ethyIpyrrole (1.47 g, 10.7 mmol, MW = 

137.3) in 45 mL of THF via cannula over a period of 3 h. The reaction mixture was 

allowed to stir at room temperature for another 22 hours and heated at reflux for 2 hours. 

The solution was cooled to 0 °C and the reaction was quenched by the sequential addition 

of 2.7 mL of H2O, 2.7 mL of 15 % NaOH(aq), and finally 8.1 mL of H2O via an 

additional funnel. The first portion of water must be added very slowly to avoid boiling 

the reaction mixture. After all additions were completed, stirring was continued at 0 °C 

for 30 min, anhydrous MgS04 was added, and stirring was continued at room 

temperature for another 30 min. The solids were removed by suction filtration and 

washed repeatedly with THF yielding a pale pink-yellow filtrate, which was concentrated 

to about 15 mL and kept for 18 hours overnight under an inert atmosphere at 5 °C. After 

addition of 50 mL of ether and 50 mL of saturated aqueous NaCl the aqueous layer was 

further extracted with ether (3 x 50 mL), and the combined ether extracts were washed 

with 100 mL of aqueous NaCl and dried over anhydrous Na2S04 for 2 h. Removal of the 

solvent at reduced pressure and briefly at high vacuum yielded 1.053 g, 80 % of 3,4-

diethylpyrrole. 'H NMR (CDCI3, 300 MHz) 6, 7.82 (s, br, IH, NH), 6.52 (d, J = 2 Hz, 

2H, 2-CH and 5-CH), 2.45 (q, J = 7 Hz, 4H, CHj), 1.19 (t, J = 7 Hz, 6H, CH3). 



Synthesis of free base porphyrins. 

H 

2. DDQ, CH2CI2 
40 °C, 20 - 40 % 

1. 
H 

O 
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Synthesis of dodecasubstituted porphyrins was done by the Lindsey procedure. 

Reaction of 3,4-disubstituted pyrrole with commercially available benzaldehyde in the 

presence of a Lewis acid (BFs-OjEt) yields porphyrinogen in a self-assembly process 

involving construction of 8 C-C bonds. In order to avoid further polymerization, high 

dilution conditions are used. The highest yields are usually obtained with 0.01 M 

reactants. Oxidation of porphyrinogen by 2,3-dichloro-5,6-dicyano-1,4-benzoquuione 

(DDQ) yields the free base porphyrin in 20 to 40 % yield, depending on the pyrrole 

substituents. 

Synthesis of H2OMTPP. Synthesis of H2OMTPP was done according to earlier 

reported procedures^with some modifications, namely, both cyclization and 

oxidation steps were done in one flask. A 0.5-L, three-necked RB flask fitted with a 

reflux condenser and N2 inlet port was filled with 0.2 L of freshly distilled CH2CI2. 

Benzaldehyde (0.177 mL, 1.74 mmol, MW = 106, d = 1.044 g/mL) was added all at once 

and then 3,4-dimethylpyrrole (0.165 g, 1.74 mmol, MW = 95); the resulting solution was 



stirred at room temperature under a slow steady stream of Na for 15 min. The reaction 

vessel was then sealed with a septum and fresh! (freshly opened or redistilled) BF3-OEt2 

(22 |uL, 0.174 mmol) was added via syringe. The clear colorless solution turned yellow 

momentarily. The reaction mixture was shielded from ambient light and stirred at room 

temperature, gaining a pink color. After 1 hour DDQ (395 mg, 1.74 mmol,^ MW = 227) 

was added all at once and the reaction mixture instantly turned dark pink. After heating 

at reflux under N2 for 30 minutes, the resuitunt pink-green solution concentrated to 

dryness under reduced pressure and the residue was taken up in CH2CI2 and purified by 

column chromatography (3 x 30 cm^, Alumina, Brockman grade III; packed by the wet 

method with 1; 1 CHaCbiCeHe). Elution first with 1; 1 CH2Cl2:C6H6, next with CH2CI2 

and finally with 2 % MeOH in CH2CI2 yielded the desired porphyrin, which eluted as a 

very narrow dark green band (probably in the form of ttjOMTPP^") in a final step. 

Solvent was removed under reduced pressure and the residue was redissolved in a small 

quantity of CH2CI2 and crystallized from 0.2% KOH in EtOH. The crystals were washed 

with a minimum amount of cold methanol and dried in a vacuum oven for 6 hours at 80 

°C yielding 81 mg (26 % yield based on starting pyrrole) of shimmering-blue needlelike 

crystals. UV-vis, A^CH2Cl2), nm (ex 10"^): 446 (2.338), 547.2 (0.147), 595 (0.102), 634 

* In this case the pyrrole to DDQ ratio was 1:1. In different papers, different amounts of 
DDQ were used: Medforth, et al, Barkigia, et al.: the ratio pyrrole : aldehyde : BF30Et2; 
DDQ = 1 : 1 : 0.1 : 1.128,129 Lindsey, J. S.: The same ratio = 1 ; 1 : 0.1 ; 0.75.'" The 
value of 0.75 is used 1 mol of pyrrole makes 0.25 moles of porphyrinogen. Each 
molecule of DDQ can remove 2H, and one porphyrinogen has 6 H to be oxidized (2 from 
N and 4 from the four »iew-positions). 



(0.061), 688 (0.041). 'H NMR (CDCI3, 600 MHz, RT) 6, 8.27 (d, J = 6.6 Hz, 8H, Ph-o), 

7.73 (m, 12H, Ph-w and Ph-p), 1.84 (broad s, 24H, CH3). 

Synthesis of H^TCsTPP. Synthesis of this porphyrin was done in a way similar 

to the synthesis ofH20MTPP. Benzaldehyde (0.13 g, 0.125 mL, 1.2 mmol, MW = 106) 

and 3,4-tetramethyIenepyrrole (0.15 g, 1.2 mol, MW = 95) were added to 150 mL of 

freshly-distilled CH2CI2, and the solution was stirred at RT under a slow steady stream of 

nitrogen gas. After 15 tmx, fresh! BFa-OEti (0.01735 g, 0.12mmol, 16 fiL) was added. 

The transparent, dark brown-gray solution turned dark pink immediately. The reaction 

vessel was shielded from ambient light, and the mixture was stirred at room temperature 

for Ih. DDQ (544.8 mg, 2.4 mmol, MW = 227, DDQ to porphyrinogen molar ratio is 

2:1) was in one portion to the reaction mixture and the solution was heated at reflux 

under nitrogen for 30 minutes, yielding a dark-green product (solution). The solvent was 

evaporated to dryness and the residue was taken up in CH2CI2. The free-base porphyrin 

solution was applied to a column of alumina (3 x 30cm^, alumina Brockman Grade III, 

packed by the wet method with 1; 1 CH2CI2/C6H6 mixture) and eluted with CeH^, 1; 1 

C6H6;CH2Cl2, pure CH2CI2, and finally, 2 % methanol in CH2CI2. The desired porphyrin 

eluted as a narrow dark brown-green band with 2 % methanol in CH2CI2. The crude 

product was dissolved in a small amount of hot CH2CI2 and recrystallized from hot 0.2% 

KOH in ethanol. By cooling slowly and letting the solution stand at 5 "C, large crystals 

formed. The product was collected by filtration and dried in a vacuum oven for 4 hours 

at 80 °C to afford 53 mg of blue needlelike crystals (21 % yield). UV-vis, Atnax(CH2Cl2), 

nm(8xlO"^): 334.0 (0.221), 442.9 (2.458, Soret band), 549.2 (0.193), 596.1 (0.082), 631.5 



(0.080), 702.4 (0.049). NMR(CDCl3, 600 MHz, 25 T) 5, ppm: 8.152 (d, 8H, Ph-o), 7.73 

(m, 12H, Pb-m, Ph-p), 2.327 (br. s, 16H, CH2(a)), 1.485 (br. s, 16H, CH2((3)), -2.415 (br. 

s, 2H, NH). 

Synthesis of H2OETPP. The porphyrinogen and porphyrin were prepared as 

reported earlier^^^ without modification. A solution ofbenzaJdehyde (0.91 g, 8.6 mmol, 

0.94 mL) and 3,4-diethylpyrrole (1.053 g, 8.6 mmol, MW = 122.4) in 0.8 L of freshly 

distilled CH2CI2 was stirred for 15 min at room temperature under a nitrogen atmosphere. 

Fresh BFs-OEta (120 mg, 108 |iL, 0.86 mmol) was added to a reaction vessel that was 

shielded from the light. After 1 hour the dark purple mixture was concentrated under 

reduced pressure and a small volume of methanol was added, leading to a formation of 

white solids on the side of the flask. The white-pink precipitate was filtered, redissolved 

in small amount of CH2CI2, and recrystallized from methanol yielding 853 mg (48 % 

yield) of pure porphyrinogen. 

To a solution of porphyrinogen (210 mg, 0.25 mmol, MW = 841.16) in 35 mL of 

CH2CI2 was added 4 equivalents of DDQ (227 mg, Immol). The pink solution became 

dark green almost immediately, and the reaction mixture was heated to reflux under a 

nitrogen atmosphere for 30 min, cooled down and the solvent was removed under 

reduced pressure. The residue was applied to a column of alumina (Brockman grade HI, 

2.5 X 15 cm^ column) eluted with CH2CI2, 2 % methanol in CH2CI2, and 2:1 CH2CI2: 

methanol) and recrystallized from 0.2 % ofKOH in ethanol. The resulting blue needle­

like crystals of H4OETPPCI2 were dried in a vacuum oven for 4 h at 70 °C. Additional 

0.2 % KOH/ethanol was added to the mother liquor and the mixture stored at 5 °C. The 
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resulting small crystals were of H2OETPP. The combined yield was 144 mg, 67 % 

(based on porphyrinogen). NMR for H2OETPP (CD2CI2, 500 MHz, 25 °C) 5, 8.32 (m, 

8H, Ph-o), 7.72 (m, 12H, Ph-m, and Ph-/?), 2.61 and 1.90 (m, br, 16H, CH2), 0.43 (br, 

24H, CH3), -2.0 (s, br, 2H, NH). NMR for TTIOETPFCFE (CD2CI2, 500 MHz, 25 °C) 5, 

8.48 (m, 8H, Ph-o), 7.82 (m, 12H, Ph-OT, and Ph-p), 2.33 and 2.04 (q, J = 7.3, 16H, CH2), 

0.34 (t, J = 7.3, 24H, CH3), -2.0 (s, br, 2H, NH). 

Note; When the cyclization and oxidation are carried out with isolation of the 

intermediate porphyrinogen the purification of the final product is mush easier. 

Fe insertion into free base porphyrins. 

Fe is inserted into the porphyrin using a very large excess of anhydrous iron(II) 

chloride or bromide salt in DMF. This solvent was chosen for its ability to dissolve both 

free base porphyrin and the iron(II) salt and as well as for its high boiling point. The 

reaction is carried out in an oxygen atmosphere to oxidize Fe(II) to Feflll), after iron is 

DMF / O2 

HCI/H2O 

quantitative 



inserted into the porphyrin. The resulting metallated porphyrin is purified by 

recrystallization since column chromatography usually results in the formation of 

oxodimer, which must be broken by washing with diluted HQ. The j^elds of the 

metallated porphyrins are usually quantitative, but after recrystallization drops to around 

80 %. 

Fe insertion into HiOMTPP/^ 191 mg (0.26 mmol, MW = 726) of H2OMTPP 

was dissolved in 191 mL of dimethylformamide (DMF) (the rule is; 1 mL of DMF per 1 

mg of porphyrin) and the mixture was deoxygenated by heating at reflux under a flow of 

nitrogen for 15 min. A solution of anhydrous Fe(II) chloride (668 mg, 5.26 mmol, MW = 

127, 20-fold excess) was dissolved in 133 mL of DMF (the rule is; 1 g of Fe(II) salt per 

0.2 L of DMF) and added to the reaction vessel all at once (Fe(II) acetate or bromide can 

be used in place ofFe(II) chloride, as long as they are anhydrous). The reaction mixture 

rapidly changed from the dark green color of the porphyrin dication, RjOMTPP^' , to the 

red-brown color of the iron complex, (OMTPP)FeCl. The reaction vessel was opened to 

the atmosphere and heated at reflux for 25 min, although the reaction was completed in 5 

min. by both TLC and UV/vis. The mixture was cooled to room temperature, combined 

with 150 mL of CH2CI2 and poured very gently into 200 mL of distilled water in a 

separatory funnel, separating and repeating with fresh water three times. Shaking with 

water must be avoided as it will produce an emulsion. The organic layer was washed 

three times with water without shaking, 4 to 8 times by shaking with 0.02 M HCl(aq) 

solution, and finally shaking three times with 0.02M HCl saturated with NaCl. Washing 

with a weak solution of HCl and drying over NaCl was done in order to assure formation 



of (OMTPP)FeCl and to prevent the formation of the p~oxo dimer, (OMTPP)Fe-O-

Fe(OMTPP). The CH2CI2 layer was dried over NaCl(s) for at least 12 hours and the 

solvent was removed under reduced pressure. The optical spectrum of the product, 

(OMTPP)FeCl, shows a split Soret band (398 nm (0.893), and 435.3 nm (0.888)) and 

several poorly resolved bands in the 500-650 nm region of spectrum. 'H NMR (CD2CI2, 

600 MHz, 25 T): 6, 49.71(s, 24H, CH3), 13.05, 12.77 (s, 4H each, Ph-w), 10.06, 7.58 

(br, 4H each, Ph-o), 7.00 (s, 4H, Ph-/?). Yield 215 mg, quantitative. 

The purity of the product obtained was relatively high, but a portion was further 

purified by recrystallization from ether: the crude product was dissolved in a small 

amount of hot CH2CI2, a large excess of ether was added, and the mixture was slowly 

cooled to room temperature and held at 5 °C overnight. Small black crystals obtained 

were collected by filtration, repeatedly washed with cold ether, and dried in a vacuum 

oven for 4 h at 60-70 °C. 

Note: 

'Z During the workup of the reaction, always make sure that the organic layer was 

washed enough times with water and a dilute HCl(aq) solution; otherwise, the 

remaining Fe(II) salt will cause significant broadening of the NMR spectra. 

V In the purification step, if, instead of recrystallization, one chooses chromatography, 

it usually results in the formation of |i-oxo dimer, which gives two characteristic 

NMR peaks at 39.3 ppm and 11.8 ppm. In order to break the n-oxo dimer formed, 

washing with a 0.02M HCl solution saturated with NaCl is necessary (3-4 times). 



Never use HCl gas to assure that your porphyrin is in the chloride and not in the 

hydroxy or |j.-oxo dimer form. HCl will push iron out of your porph5mn! 

The porphyrin can be easily washed off the column with pure CH2CI2 as a very wide 

brown-yellow fraction. If the second brown band is observed, it is a sign of fi-oxo 

dimer; therefore, do not discard this band. 

Fe insertion into H2TC6TPP.^' Fe insertion into HaTCeTPP was done as 

described above. 53 mg of HjTCeTPP (0.064 mmol, MW = 830) were dissolved in 53 

mL of DMF, and the mixture was deoxygenated by stirring at 150 °C under a flow of 

nitrogen for 15 min. Anhydrous Fe(II) chloride, 168 mg (1.325 mmol, MW = 127, 20-

fold excess), was dissolved in 34 mL of DMF and added to the reaction vessel all at once. 

The reaction mixture rapidly changed from the dark green to brown color of the iron 

complex. The reaction flask was opened to the atmosphere, refluxed for 10 min and then 

allowed to cool. Progress of the reaction was checked by TLC and UV/vis. After the 

same workup and recrystallization as described above, very big dark blue crystals were 

formed. They were filtered, washed with cold ether and dried at 60-70 °C under vacuum. 

Other successful crystallization systems are CH2Cl2/dodecane, hexanes alone, 

CHCI3/cyclohexane, but CHaC^/ether is the most successful. The optical spectrum of 

(TC6TPP)FeCl shows a split Soret band - 397.3 nm (1.054), and 427.7 nm (0.967) and 

several poorly resolved bands in the 500-650 nm region of the spectrum, namely 530.2 

nm (0.177), 572.0 nm (0.135), and 707.5 nm (0.070). NMR (CD2CI2, 600 MHz, RT, 

referenced to residual solvent peak at 5.32 ppm); 5 ppm, 55.20, and 53.55 ppm (s, 8H 

each, CH2(a)), 13.25, and 12.84 ppm (s, 4H each, Ph-/w), 9.40, and 6.85 ppm (br, 4H 



each, Ph-o), 7.56 (s, 4H, Ph-p), 7.04, and 5.61 ppm (s, 8H each, CHaCP)). Crystals were 

suitable for X-ray structure determination. The results will be presented in Chapter 4. 

Yield; 37 mg, 63 %. 

Fe insertion into H2OETPP. Iron insertion was carried out as described above. 

177 mg (0.211 mmol) ofHaOETPP was dissolved in 177 mL of THF and heated up to 

150 °C for 15 min in a 3-necked RB flask; 0.536g (4.218 mmol, 20-fold excess) of FeCb 

in 110 mL of DMF was then added all at once, and the mixture was refluxed for 20 min. 

Solution was cooled to RT and diluted with 300 mL of CH2CI2. Workup of the reaction 

is done in the same way as described above. An excellent method of purification of 

(OETPP)FeCl was discovered: after removal of the solvent, the dry residue was washed 

with pentane, yielding, after filtration, a dark brown powder of very pure (OETPP)FeCl. 

It was washed repeatedly with cold pentane and dried in the vacuum oven for 4 h at 70 

°C. NMR (CD2CI2, 600 MHz, RT): 5 ppm, 45.11, 38.41, 35.42, 24.12 (s, 2H each, 

CH2), 13.08, 12.94 (s, 4H each, Ph-w), 10.65, 8.16 (s, 4H each, Ph-o), 7.04 (s, 4H, Ph-/?), 

3.74, 1.39(s, 12H each, CH3). MS (ESI) [FeOETPP]^ m/z = 928. Yield 149 mg, 76 %. 

Conversion of porphyrinatoiron(in) chlorides into perchlorates. 

For the reaction ofiron(III) porphyrin with weak basicity ligands (/-BuCN, 4-

CNPy ...) iron chlorides are not suitable starting materials. The chloride will compete 

with these chosen ligands. The same is true for electrochemical experiments; therefore, 

the chloride has to be substituted with an anion that has weaker coordinating abilities, for 

example, perchlorate. 



The conversion of (OMTPP)FeCl to (0MTPP)FeC104 was done by the procedure 

developed earlier in this laboratorynamely, 72 nag (0.088 mmol) of (OMTPP)FeCl 

was dissolved in a small amount of freshly distilled THF (~ 5 mL) and heated. Before 

reflux started, 7.3 mL of 0.012 M solution of AgC104 in THF (0.088 mmol) was added at 

one time. The amount of added AgCI04 was exactly, or slightly higher, than 1 equivalent 

per 1 equivalent of porphyrin. Caution! Perchlorate salts are potentially explosive when 

heated or shocked. Handle them in milligram quantities with care. The mixture was 

refluxed for 15 min, cooled to ambient temperature and filtered using a fine or medium 

fiit filter. An equal amount of freshly distilled toluene was added then and solvents were 

removed under vacuum at 50 °C. The residue was dissolved in a small amount of boiling 

toluene and an equal volume of boiling heptane was added. Mixture was cooled to an 

ambient temperature and then placed in a refrigerator. After one day, star-like crystals 

were formed; they were filtered, washed with cold heptane and dried under vacuum at 60 

"C for 4 hours. (0ETPP)FeC104 and (TC6TPP)FeC104 were prepared in a similar 

fashion. In all three cases the crystalline material contained a large amount of toluene. 

Therefore, before NMR samples were prepared, the crystals were dissolved in large 

amount of CH2CI2, solvent was removed under reduced pressure, and the residue was 

kept under vacuum overnight in order to remove any traces of toluene. 

(0ETPP)FeC104 'H NMR (CD2CI2, 23 °C, 300 MHz, 6, ppm) 13.0 (8H, o), 

9.8(4H, p), 7.2 (8H, m), 0.6 (24H, CH3); the methylene protons are too broad to be 

detected at ambient temperatures but are expected in the downfield region. 



(0MTPP)F€CI04. 'H NMR (CD2CI2, 22 °C, 300 MHz, S, ppm) 60.6 (24H, CH3), 

12.0 (8H, o), 9.44 (4H, p), 7.6 (8H, m). In both samples CIO4' is not bound to Fe{lJJ), 

therefore, only one peak is observed for each phenyl-ortho, and -meta as well as CH3 

groups. 

However, the above procedure of conversion of a chloride into perchlorate 

starting from the same (TC6TPP)FeCl sample in two separate trials resulted in two 

different products. The number and positions of resonances in one resemble closely 

corresponding data for both (0ETPP)FeC104 and (0MTPP)FeC104, indicating that 

perchlorate is not bound to Fe(III). The first sample of (TC6TPP)FeC104 (^H NMR, 

CD2CI2, 23 °C, 300 MHz, 5, ppm) 89.8 (16, CH2(a)), 11.4 (8H, o), 9.2 (4H, p), 7.7 (8H, 

m), 1.7 (16H, CH2(P)). Mass Spec. (ESI); [FeTCsTPP]' m/z = 884, f ̂ C104]"m/z = 99, 

and p^C104]' m/z = 101. On the other hand, in the second sample of (TC6TPP)FeC104 

two phenyl-ortAo and -meta peaks were resolved indicating C2v symmetry as a result of 

perchlorate coordination to the central iron. In this case, the number and position of 

resonances resembled five-coordinate chloride complexes of TCeTPPFe"', OMTPPFe™ 

and OETPPFe"', however, with much higher downfield shifts for CH2(a). The second 

sample of (TC6TPP)FeCI04 (CD2CI2, -20 °C, 300 MHz, 6, ppm) 90.22 (8, CH2(a)I), 

83.46 (8, CH2(a)2), 13.02 (4H, o(l)), 10.4 (4H, o(2)), 10.19 (4H, m(l)), 9.67 (4H, m(2)), 

9.09 (4H,p), 5.2 (8H, CH2(p)), and 1.37 (8H, CH2(P)). 

Conversion of chloride into perchlorate under milder conditions was reported in 

the literature^** and can be used in the case when porphyrins decompose or oxidize during 

the above procedure. A THF solution (5 mL) of AgC104 (3.5x10"^ mol) was added to a 
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THF solution (20 mL) of (Porphyrin)FeCl (3 .5 x 10'^ mmol). The resulting mixture was 

stirred for a minute at room temperature and then evaporated. CD2CI2 (20 mL) was then 

added to the residue and the resultant suspension was filtered to remove AgCl. After the 

evaporation of the filtrate, 20 mL of THF was added to dissolve the solid and then 

layered with 20 mL of heptane. The solution was allowed to stand overnight. The purple 

crystals thus formed were collected by filtration, washed with cold hexane, and dried in 

vacuo for 10 min at 25 °C. The resulting porphyrin is bis-(THF) coordinated. 

The Curie plots for perchlorate complexes as well as selected NMR spectra are 

presented in Appendix A. 



100 

Chapter 3 

NMR Spectroscopy as a Probe of Electronic Ground State and Kinetics 
of Ring Inversion in Strongly Non-Planar Porphyrins 

Introduction 

Complexes based on Fe(II)/(III) non-planar dodecasubstituted porphyrins have 

been utilized widely as potential models of heme centers in proteins. While rotation and 

the exact orientation of axial ligands in heme proteins are tightly controlled by covalent 

and hydrogen bonding as well as by nonbonded interactions within the heme binding 

pocket, the desired orientation in the model hemes is often achieved by utilizing different 

substituents around the porphyrin core. It is commonly observed that 

octaalkyltetraphenyl porphyrins adopt mainly saddled conformations due to steric 

interaction between adjacent phenyl and alkyi substituents. Even though the orientation 

of axial ligands can be controlled in model heme complexes by the geometry of the 

porphyrin core, it is very difficult to control ligand rotation. In both saddled and ruffled 

heme complexes, ligand rotation must be accompanied by saddle or ruffle "inversion" of 

the porphyrin core itself, where the atoms displaced above the mean porphyrin plane 

become displaced below it upon inversion and vice versa. If we want to understand the 

model systems to the fullest extent, this dynamic process, which has no counterpart in 

heme proteins, must be studied and fully characterized. Saddle- and ruffle-distorted 

porphyrins invert in a manner that is analogous to cyclohexane chair-chair inversion. 

Such inversion has been observed in free-base H2OMTPP, HiOETPP,'^^ H20PTPP,'^^ in 
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the H4TC5TPP^'^ dication,'^^ in different Ni(II) complexes,'" in (OMTPP)FeCl and 

(OETPP)FeCl,'^'^ and also in metal complexes of tetraarylporphjrins'with appropriate 

electronic or steric factors for distorting the macrocycle.®^"'^^''^^ The saddle inversion of 

[FeOETPP(l-MeIm)2]"*" and [FeOETPP(4-Me2NPy)2]"*" has been observed in a qualitative 

manner,"^ but quantitative measurements of the rate constants and kinetic parameters of 

these complexes had not yet been explored when this work was undertaken. 

The goal of the work presented in this chapter is to investigate thoroughly the 

kinetics of ring inversion and find factors that influence this process and its rate. The 

ultimate goal is to find correlations between chemical shifts and the electronic ground 

state for model heme systems in order to investigate further the possibility of utilizing 

NMR spectroscopy as a probe for electronic ground state under biologically relevant 

conditions. For this purpose, various Fe(III) chlorides and bis-ligated (bis-(4-

dimethylaminopyridine), bis-( 1 -methylimidazole), bis-(?ert-butylisocyanide), bis-

(cyanide), and bis-(4-cyanopyridine)) complexes of (OMTPP)Fe"', (OETPP)Fe'", 

(F2oOETPP)Fe'", and (TC6TPP)Fe'" were prepared and characterized in terms of peak 

assignment and porphyrin ring dynamics. Complexes with 4-CNPy and /-BuNC will be 

discussed separately in Chapters 5 and 6, respectively. The ID and 2D 'H NMR spectra 

of all complexes were initially investigated as a function of temperature. Complete 

spectral assignments have been made using ID and some 2D techniques (DQF-COSY, 

ROESY and NOESY). Both ID dynamic NMR (DNMR) and 2D NOESY/EXSY 

experiments were utilized to measure the rate of ring inversion. The activation parameters 

AH% AS% and AG^298 as well as the extrapolated rate constants at 298 K for four 
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chlorides, (OMTPP)FeCl, (OETPP)FeCl, (F2oOETPP)FeCl, (TC6TPP)FeCl, three bis-(4-

MeiNPy) complexes of OETPPFe'", FzoOETPPFe"' and TCgTPPFe'" as well as 

Na[FeOETPP(CN)2] have been determined. EPR measurements were done on frozen 

CD2CI2 solutions of all complexes, but most of these results will be discussed in Chapter 

4 together with the EPR spectra of the polycrystalline samples. 

'H NMR studies of paramagnetic compounds. Paramagnetic compounds have 

at least one unpaired electron, and in many cases more than one. The unpaired 

electron(s) of paramagnetic molecules makes NMR studies more difficult for the 

following reasons: (1) fast spin-spin relaxation which broadens peaks, sometimes beyond 

the detection limits; (2) a large spread of chemical shifts leading to large spectral width 

and poor spectral baseline. However, the presence of (an) unpaired electron(s) in the 

molecule can provide useful information about the electronic structure and ground state 

of the metal center, the properties of metal-ligand bonds. 

The observed chemical shifts of protons in paramagnetic molecules are due to a 

combination of diamagnetic and paramagnetic contributions: 

The diamagnetic part, 6d,a, is what would be observed for the analogous complex in the 

absence of an unpaired electron(s). The paramagnetic contribution, Spare, also known as 

the hyperfine or isotropic shift, consists of two components, the contact (through bond) 

and dipolar (through space) terms; 

Sobs S(jja + 5para (3.1) 

(3.2) 
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The dipolar term is also known as the pseudocontact shift. Each of these contributions to 

138 139 the paramagnetic shift can be estimated with high accuracy. ' 

1. ContacT shift. 

The contact shift, 5con, arises from scalar coupling between the nuclear spin and 

the electron spin delocalized to the nucleus. It can be expressed in terms of the hyperfme 

coupling constant. A. and molecular magnetic susceptibility, Xa, according to the 

equation; 

^COIl — 

gxx gyy gzz J 3pihj3 
(3.3) 

where yn is the magnetogyric ratio of the nucleus, fi is the Bohr magneton, x,, is the 

magnetic susceptibility tensor along the three principal magnetic axes, g„ is the g tensor 

along the same three axes, and A is the Fermi hyperfme (contact) coupling constant. If a 

single spin state with isotropic g-tensor is populated and the Curie law is valid, Equation 

3.3 simplifies to the expression which is usually applicable to metalloporphyrins: 

Scon = A<g>pS(S+])/3ysMT (3.4) 

where <g> is the average g value, S is the total electron spin quantum number, and k is 

the Boltzmann constant. Taking into account that all values except T are constant, one 

can clearly see the inverse temperature dependence of Scon, which is known as the Curie 

law or Curie behavior. Once the hyperfme coupling constant for each individual proton. 



104 

Ah, (or other nuclei) is determined from Equations 3.3 or 3.4, it can be related to spin 

densities by the McCormell equation:'"*'' 

Ah = QhPC/2S (3.5) 

where Qh is an empirical constant for a given type of proton, and pc is the spin density of 

the electron at the carbon to which the proton is attached. For the case of spin 

delocalization to a n orbital on the carbon, Qh = -63.0 MHz, and the contact shifts are 

negative.'^' If the proton directly bound to the carbon that has spin density in a orbital 

is replaced by a methyl group, the Fermi contact coupling constant of the methyl protons 

is comparable in magnitude to the coupling constant of the C-H fragment proton, but with 

positive sign. Achs, or in a more general sense Achzr, can be obtained according to 

Equation 3.5 using the proper McConnell constants, Qch2R. For methyl protons 

McConnell constants are taken as +70 to +75 MHz, and are 0 to +100 MHz for 

methylene protons.'^^''""^ QchjR depends on the angle <9between the C-C-H plane and the 

Pre axis of the aromatic system:''*"'''^ 

Qch2R - BQ + BJCOS^9 (3.6) 

Both B q and B j  are positive, with B q- I I  MHz and B j  = 140 MHz. Although Q chjR  

varies, it is always positive. 

Thus, if 7t spin delocalization occurs to a particular carbon atom, a proton directly 

bonded to it will a have negative contact shift (upfield), while replacement of that proton 

with an aliphatic group will produce a positive contact shift (downfield). This is 

important to remember for future discussions in the present study, since the contact shifts 

of the protons in octaalkyltetraphenylporphyrin systems (where protons are at least one 
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carbon away from the aromatic carbons of the porphyrin ring) will be compared with 

TPP/TMP and OEP systems, each of which have protons directly attached to porphyrin 

ring carbons. 

2. Dipolar Shift 

The other component of the paramagnetic shift is the dipolar, 5dip, or 

pseudocontact shift, 5pc, which arises from a through-space dipolar interaction of the 

nuclear spin with the electronic spin, and the interaction between the nuclear magnetic 

moment and the electron orbital angular momentum. This term can be separated into two 

contributions, one from the unpaired electron spin centered on the ligand nucleus and the 

other from the unpaired electron spin centered on the metal center."^' The first term is 

only important for nuclei other than protons so it will not be discussed any further. The 

pseudocontact contribution to the paramagnetic or hyperfme shift of protons is given 

by''^ 

5d,p = 5pc = (///2;7){iZzz - ('/2 )(Xxx + 2»')(3COS^0- 1)//} + 

(3/2) {[A. - 2'>;v](sin'^cos2Q/'/)} (3.7) 

where jji are the principal components of the molecular susceptibility tensor (per mole) in 

SI units, 0is the angle between the proton-metal vector and the z molecular axis, r is the 

length of this vector, and Q is the angle between the x axis and the projection of this 

vector on the xy plane. The terms (3cos^0- 1)// and sin^^cos2Q/r"' are known as the 

axial and rhombic geometric factors and can be calculated if the structure of the complex 

and magnetic susceptibilities along the three principal axes are known. The first and the 
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second terms in the Equation 3.7 are called the axial and the rhombic contributions to the 

dipolar or pseudocontact shift, respectively. If a single spin state with isotropic g-tensor 

is populated and the Curie law is valid. Equation 3.7 simplifies to the following 

expression: 

= [iJk̂ S(S+J)/72T^kJ]{[2gJ - (gj + gyy')](3cos'd - l)r' + 

. 3(gJ - gyy )(sin^dcos2U)T^} (3.8) 

where /^o is the permittivity of free space and all other symbols are defined above. 

For all the spin states of Fe(III), the contact contribution to the paramagnetic shift 

dominates, and thus, for rough estimates of the meaning of the paramagnetic shifts the 

dipolar contribution can be neglected. A short and very clear review of the relationship 

between the sign of the contact shift, bcom and the spin density has been written by F. A. 

Walker."*^ Here we present briefly a few important points valuable to the present study. 

1. A clear sign of n spin delocalization to a particular carbon atom of the 

porphyrin ring is that a proton, directly attached to this carbon, will have a negative 

(upfield) hyperfine shift.If an aliphatic carbon is inserted between this carbon and the 

proton, then the sign of the hyperfine shift of the proton will reverse and the proton 

resonance will be shifted downfield. 

2. For we.so-phenyl-substituted porphyrin complexes such as tetraphenyl- or 

octaalkyltetraphenylporphyrins with the (dxz,dyz)'*(dxy)' electron configuration, which 

produces large amounts of positive spin density at the meso-Cs (i.e., the same sign as the 

spin on the metal), the difference in the chemical shifts of the protons directly attached to 

the phenyl ring 5^ - bp and bm - bo, are both large and positive. In other words, the a and 
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p resonances will be shifted upfield relative to the ra-H resonance. In contrast, for the 

same wie^o-substituted complexes with little or no spin density at the meso-Cs (e.g., in the 

2 3 case of the (dxy) (dxz,dyz) electron configuration), 8m - 8p, and dm - 5o, are small, with 8m 

- positive and 8m - 8o usually negative. This is because there is no contact shift, and 

the chemical shifts follow the expectation of the dipolar contribution to the paramagnetic 

shift and the ring-current effect. 

3. When positive spin density is delocalized from the metal d^ orbitals (i.e., dx2.y2) 

to the macrocycle protons, the hyperfine shifts of such protons are large and positive. 

Insertion of an aliphatic carbon reduces the size of the positive shift. The cases of pure a 

spin delocalization in the absence of n spin delocalization are rare. 

Before finishing this part of the introduction it should be emphasized that in the 

case of either a or 7t spin delocalization the observed chemical shifts are very 

temperature-dependent. For this reason, it is important that the temperature of the 

measurements of NMR spectra of paramagnetic molecules be reported, since resonances 

can move dramatically as a function of temperature. Furthermore, the temperature 

dependence may be different from simple Curie behavior (8 <x C/T, where C is a 

constant) due to the presence of a thermally accessible excited state.It should also 

be mentioned that the presence of the unpaired electron(s) shortens the relaxation times, 

T| and Tj, of the porphyrin protons and a short T2 causes the resonances to be 

considerably broader than what is typically observed for diamagnetic compounds. T1 and 

T2 are extremely important for determination of the distance between a given proton and 

the paramagnetic center and this will be demonstrated later in the discussion. 



Ring inversion in saddled porphyrins. A major part of the present study 

involves the kinetics of ring inversion in strongly saddled porphyrin complexes. Ring 

inversion in saddled octaalkyltetraphenylporphyrinatoiron(III) complexes i.e., of 

OMTPP, OETPP, TCeTPP is a sjrametrical two-site exchange with equal population of 

the two sites (Figure 3.1). In such a case, the rate of ring inversion is comparable to the 

NMR timescale and can be studied by dynamic ID 'H NMR (DNMR) above the 

coalescence temperature of the resonances of the two exchanging species or by 2D 

NOESY/EXSY at lower temperatures. Two complexes related to this study, 

(OMTPP)FeCl and (OETPP)FeCl, have already been characterized to some extent by 

Cheng et alP'^ In the case of five-coordinate (OMTPP)FeCl a single methyl resonance is 

observed near room temperature and two below the coalescence point, -30 They 

correspond to methyl groups syn- and anti- to the CI' coordinated to the iron. This 

temperature dependence suggests that (OMTPP)FeCl undergoes fast ring inversion with 

an estimated free energy of activation, AG*243, of 10.1 kcal/mol.'^'^ Unfortunately, when 

two axial ligands are present, the symmetry of the complex is raised and no information 

about ring inversion can be acquired since all eight methyl groups are chemically and 

magnetically equivalent. In this sense, both OETPP and TCeTPP represent much more 

interesting cases where, due to the presence of diastereotopic geminal methylene protons, 

ring inversion can be studied for both five-coordinate chlorides and six-coordinate bis-

ligated complexes. 
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(b) 

Figure 3.1. Representation of the macrocycle inversion process for the saddle structure of 
a porphyrin, (a) Displacement of the atoms with respect to the porphyrin mean plane are 
shown as + = above the plane, - = below the plane, and 0 = in the plane, (b) The ring 
inversion approximated using the ORTEP plot generated from the crystal structure of 
[FeOMTPP(2-MeIm)2]Cl. Phenyl ring and axial ligands have been omitted for clarity. 
Ring inversion results in exchange between methyl (in OMTPP) or methylene (in OETPP 
and TCeTFP) protons. 
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Due to the higher distortion of the porphyrin core in OETPP as compared to 

OMTPP,'^"* the flexibility of the former is lower, and even at room temperature there are 

four peaks corresponding to the methylene protons of the ethyl substituents. 

Diastereotopic methylene protons in five-coordinate iron octaalkyltetraphenyl porphyrins 

with saddled geometry should give two sets of resonances corresponding to "up" (toward 

the ligand) and "down" (away from the ligand) positions of the methylene groups. 

Limited ring inversion of the saddle-shaped porphyrin at relatively low temperatures 

imposes extra low symmetry on the system, and doubles the number of peaks. In the case 

of (OETPP)FeCl these are "inner-up", "inner-down", "outer-up", and "outer-down" 

(inner and outer for an adjacent pair of ethyl groups, designates methylene protons that 

point toward each other and away from each other toward the phenyl rings, respectively). 

Ring inversion leads to rotation of ethyl groups and as a consequence to the interchange 

between "inner-up" and "outer-down" and between "inner-down" and "outer-up". Upon 

warming, these four methylene peaks become broader, and coalesce at about 100 °C. The 

coalescence temperature, Tc, can be used to estimate the rate of ring inversion and the 

free energy at that temperature according to the standard equations''*^ 

" V2 

^ = 22.96 +In ̂  (3.9) 
RTc Ak 

where hv is the difference in chemical shift between the exchanging species in Hz, 

extrapolated to Tc, which can be obtained easily from the corresponding Curie plot. The 

calculated value of AGS73 for saddled (OETPP)FeCl is 15.8 kcal/niol,'^ very close to the 
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value obtained for five-coordinated (OETPP)Zn(Py),'^^ and significantly higher than the 

value for (OMTPP)FeCL However, utilizing only the value of the coalescence 

temperature, the kinetic parameters (AH^ and AS*) cannot be obtained; therefore, more 

detailed analysis of the NMR data is required. 

For a two-site chemical exchange that is fast on the NMR time scale (above the 

coalescence temperature, where only the averaged chemical environment of two 

exchanging species can be detected) the modified Bloch equations can be simplified to 

the expression''' 

z(Av)— (3.10) 
" 2(r -wj 

where Av is the difference in the chemical shift (in Hz) between the two exchanging 

species extrapolated to temperatures above Tc, W* is the width at half-height of the 

exchange-broadened line, and Wo is the inherent line width at half-height, measured at 

high temperatures where chemical exchange is extremely fast on the NMR time scale or 

at very low temperatures in the absence of chemical exchange. The difference in the 

denominator indicates how much the NMR line was broadened due to the presence of 

chemical exchange only, eliminating the influence of NMR parameters like (1) window 

(multiplier) function, (2) field inhomogeneity, (3) truncation of the FID and others. In 

the case of diamagnetic molecules all values in Equation 3.10, except W*, remain 

constant with temperature (however, for paramagnetic molecules not only W* but also Wo 

and Av change with temperature, and all these changes must be taken into account). This 

method of line shape analysis is called ID dynamic NMR, or simply DNMR. 
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Below the coalescence temperature, where two different chemical environments 

are clearly resolved into two NMR resonances, 2D NOESY experiments (also knov^Ti as 

EXSY, Exchange Spectroscopy, when NOESY mixing times are adjusted to correspond 

to the rate of the exchange process) can be utilized to obtain information about ring 

inversion in molecular systems, including iron(III) porphyrins. The rate constants, which 

are proportional to the volumes of the cross-peaks can be calculated from the following 

equation: 

K ' . J  (3.11) 
\ cross diag )^m 

where Idiag, hwss are intensities (volumes) of diagonal and cross-peaks, respectively, and 

Tm is the mixing time used in the NOESY experiment, in seconds. 

The rate constants thus obtained from either DNMR or NOESY/EXSY 

experiments were used for the determination of the ring inversion activation parameters, 

AH* and from the Eyring plot (In^^ vs. 1000/T). The dependences of In-^^ 
k j  k j  

on the inverse temperature were plotted using the Origin® software package, and least 

squares linear regression fitting was applied. The slope and intercept of the linear fit were 

assigned to AH^ and AS% respectively, according to the equation: 

kgT RT R 

where h is Planck's constant, kg is the Boltzmann constant, T is absolute temperature, and 

R represents the gas constant. From these parameters the free energy of activation, AG% 

as well as the rate of ring inversion, can be obtained at any temperature. 
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NOESY versus ROESY. NOESY and ROESY experiments were utilized for 

porphyrin systems for peak assignment and kinetics studies. There are two types of 

cross-peaks in each experiment: NOE cross-peaks (between protons that are close in 

space, within ~5 A), and chemical exchange (CE) cross-peaks (between the pair of 

exchanging protons). NOE cross-peaks are due to dipole-dipole interaction, and the 

magnetization transfer is inefficient, leading to 1-10 % intensity of the cross-peaks 

relative to the intensity of the diagonal peaks. In phase-sensitive NOESY experiments, 

NOE cross-peaks are negative (have the opposite phase compared to the phase of the 

diagonal peaks) for small molecules at relatively high temperatures and positive (in phase 

with the diagonal) at lower temperatures where isotropic molecular tumbling is slower in 

solutions. The temperature at which the NOEs pass through zero and change sign is 

known as the NOE cross-over point. It depends on the size and the shape of the molecule 

and the viscosity of the solvent and occurs at about ~ -50 °C for the metalloporphyrins 

under study. On the other hand, in ROESY experiments NOE cross-paks are always 

negative, and thus can never be mistaken for weak CE cross-peaks. CE cross peaks are 

always in phase with the diagonal in both NOESY and ROESY experiments and are 

usually much greater in intensity than NOEs due to efficient magnetization transfer in the 

case of chemical exchange. As chemical exchange becomes slower, the intensities of CE 

cross-peaks decrease and can provide us with quantitative information about the kinetics 

of the chemical exchange process. Although they supply the same information about 

dipole-dipole coupling between nuclear spins, NOESY and ROESY have completely 

different pulse sequences and are used sometimes under different circumstances. A 



detailed description of NOES Y and ROESY pulse sequences can be found elsewhere; 

here, only a short outline will be presented. The main difference between NOESY and 

ROESY pulse sequences is in the mixing (polarization transfer) scheme: in NOESY the 

magnetization is inverted and then transferred via NOE and Chemical Exchange during 

the mixing time, Xm (the mixing time is a simple delay). However, in ROESY the mixing 

time consists of a continuous low-power pulse of a train of high-power pulses known as a 

spin-lock, which, due to instrument limitations, can uniformly excite only a relatively 

narrow chemical shift range. Therefore, in spite of many advantages, the ROESY 

experiment can be applied only to systems with a relatively narrow spread of proton 

resonances, which is often not the case in paramagnetic systems. Also, although its 

purpose is completely different, the ROESY pulse sequence is similar to that of the 

TOCSY experiment and TOCSY artifacts (usually directly J-coupled or COSY-type 

peaks) are often observed in ROESY spectra. 

Experimental 

EPR Spectroscopy. EPR spectra were recorded on a Broker ESP-300E EPR 

spectrometer (operating at 9.4GHz with 100 kHz field modulation) equipped with an 

Oxford Instruments ESR 900 continuous flow heliimi cryostat. Microwave frequencies 

were measured using a Systron-Donner frequency counter. Spectra were obtained for 

samples in frozen CD2CI2 and DMF-t// solutions. 
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Synthesis and sample preparation for NMR spectroscopy. The synthesis of 

(OMTPP)FeCl, (OETPP)FeCl and (TC6TPP)FeCI were carried out as described in 

Chapter 2; (F2oOETPP)FeCl was a gift from Dr. Craig Medforth. 

Samples of Fe(in) chlorides of OMTPP, OETPP, F20OETPP and TCeTPP were 

prepared by dissolving 2-5 mg of each compound, after purification, in 0.3 mL of CD2CI2 

in a 5-mm NMR tube (Wilmad WGH-07). Bis-ligated complexes were prepared by 

dissolving 3-5 mg of (OMTPP)FeCl, (OETPP)FeCl, (F2oOETPP)FeCl, and 

(TC6TPP)FeCl in 0.3 mL of CD2CI2 (or other solvent) and adding 3-6 equivalents of the 

desired ligand. Only in some cases were higher amoimts of the axial ligand necessary. 

The Na[FeOETPP(CN)2] sample was prepared by dissolving 3-5 mg of 

(OETPP)FeCl in 0.3 mL of DMF-J7 in an NMR tube and adding 2 drops of D2O 

saturated with NaCN. 

NMR Spectroscopy. Most of the work presented here was done using a Varian 

Unity-300 spectrometer operating at 299.957 MHz 'H frequency and equipped with a 

broad-band inverse probe ('H inner coil and X ('^C) outer coil) and a Varian variable-

temperature unit. A Bruker DRX-500 or 600 NMR spectrometers was used only for 

ambient to high temperature experiments, since the gradient probes cannot be cooled 

lower than -20 °C. Several different solvents were used for NMR experiments: CD2CI2 

(residual 'H: S, 5 5.32; '^C: 5 54.00; bp = 40 T, mp = - 95 °C, d - 1.35 g/mL), DMF-J; 

(residual 'H: S, 5 8.02; m, 2.97; m, 2.88; '^C: t, 5 162.60; m, 36.43; m, 31.30; bp = 153 

"C, mp = -61 T, d = 1.04 g/mL), CDCI3 (residual 'H: S, 5 7.24; '^C: t, 6 77.0; bp = 62 °C , 

mp = -64 °C, d = 1.50 g/mL) and l,l,2,2-tetrachloroethane-cf2. C2D2CI4 (Aldrich, FW = 
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168.87, bp = 145-146 °C at 737 mm, mp - -36 °C, d = 1.620 g/mL, '^C: s, 74.20 ppm; 

residual 'H: S, 5 5.91).'^^ On the Unity300, the temperature was controlled by the 
% 

variable temperature accessory and was calibrated using the standard Wilmad methanol 

standard. 'HID spectra were referenced to the residual solvent peak (CD2CI2, 5.32 ppm, 

CDCI3, 7.24 ppm, C2D2CI4, 5.91 ppm, and DMF-cf/, 8.02 ppm). All 2D spectra were 

referenced to specific signals in the ID spectra. Tables of the temperature dependence of 

the 'H chemical shifts for the porphyrin complexes in this study are presented in 

Appendix A. 

Homonuclear 'H 2D spectra were acquired at a number of temperatures between 

-90 and +20 °C depending on the sample, using standard pulse sequences. The sample 

was shimmed, the probe coil was tuned to the proton frequency, and the pulse width (pw) 

of the 90° proton pulse and the relaxation time, Tj, of each proton signal in a ID 'H 

spectrum were determined at each temperature before running the 2D experiments. 

Procedures for measuring the 90° pw, T1 s, and parameters for typical 2D experiments are 

presented in Appendix B. T\ was measured using the standard VNMR macro 

The mixing time in the NOESY/ROESY experiments was set to the average T1 of the 

protons that are close to the paramagnetic center i.e., the fast-relaxing protons (usually 

or/Ao-phenyls, some bound ligand protons, methylene protons in OETPP and TCGTPP or 

methyl protons in OMTPP). The relaxation delays in 2D experiments were set so that the 

total recycle time was larger or equal to the T1 of the phenyl-para protons, which were 

typically the slowest-relaxing protons of the complex, or to the average of the T1 

relaxation times of the free ligand protons. All COSY, DQF-COSY and phase-sensitive 
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NOESY and ROESY spectra were acquired with 512 complex points in the directly-

detected dimension, and 128 ti increments in the indirectly-detected dimension (States 

reference mode - simultaneous acquisition of complex pairs). 

All 2D NMR data acquired on the Unity 300 were processed, with the exception 

of COSY and DQF-COSY data, using the Felix 2000 software package (Accelerys). 

Data were zero-filled to twice the original data size in both dimensions before applying 

Gaussian apodization. After Fourier transformation in both dimensions, baseline 

correction was applied to each row along the F2 dimension, by detecting the baseline 

points using the FLATT procedure.COSY and DQF-COSY data were processed 

using the VNMR software package, with zero-filling and squared sine-bell apodization 

before each of the two Fourier transforms followed by baseline correction. The 

procedures for processing of 2D-experiments are described in Appendix B. Data 

acquired on the Bruker DRX-500 and 600 was processed using the Xwinnmr software 

package. An excellent description and explanation of all 2D pulse sequences, data 

acquisition and processing is presented by Dr. N. Jacobsen.'^^ 

For determination of the rates of ring inversion by NOESY/EXSY techniques the 

volumes of the diagonal and cross-peaks were measured using the Felix, Bruker Xwinnmr 

or Varian VNMR software. The volumes of both cross-peaks and both diagonal peaks of 

the exchanging pair were averaged. If one of symmetry-related pair of diagonal peaks 

has considerable overlap with nearby peaks it was not used for calculations. Almost all 

experiments were performed two or three times at a given temperature with different 

mixing times. Selection of the correct mixing times was crucial ; Xm-kex was in the range 
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0.1-1,  typical ly  0.4. '^^  The Origin® software package was used for  plot t ing and f i t t ing 

the kinetic data as well as for plotting Curie plots. 

Results and Discussion. 

As was discussed in Chapter 1, saddle-shaped porphyrin complexes are very 

promising models of the heme centers in the cytochrome bcj complex and other heme 

proteins. For this reason, a detailed investigation of their NMR and EPR properties, 

structural characteristics, and most importantly, finding structure-property correlations, is 

highly desirable. The following Fe(III) porphyrin systems have been investigated in this 

work: OETPP, F20OETPP (all H positions of the phenyl rings are replaced with F), 

OMTPP, and TCeTPP (Figure 1.8). Depending on the nature of the axial ligands, the 

complexes can adopt different ground state electron configurations: either predominantly 

high-spin (five-coordinate chloride complexes); low-spin with the (dxy)^(dxz,dy2)^ 

configuration (six-coordinate porphyrins with basic pyridines and imidazoles as well as 

with cyanide); low-spin complexes with the (dxz,dyz)^(dxy)' ground state (porphyrins with 

/-BuNC and 4-CNPy axial ligands), or intermediate-state complexes, S = 3/2 (OETPP 

with 4-CNPy, THF or other weakly coordinating ligands). The last three of these groups 

of complexes will be discussed in great detail in Chapters 5 and 6. 

There are some common features of all complexes in this study which should be 

outlined first. The assignment of proton resonances for all complexes was done in the 

same way. First, a DQF-COSY (or magnitude mode COSY)'^^ spectrum was recorded at 

a temperature where all peaks are reasonably sharp and well resolved, and phenyl 
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resonances were assigned on the basis of the presence of phenyl m - o  and m ~ p  cross-

peaks (e. g., Figure 3.14 below). In the case of the various OETPPFe'" and TCoTPPFe'" 

complexes, methylene and methyl protons can be assigned unambiguously from the same 

COSY spectra. There are cross-peaks between geminal diastereotopic methylene 

protons, as well as between each of them and CH3 (for OETPP) or (for TCbTPP) 

groups. For bis-ligated complexes, NOESY and/or ROESY experiments are utilized to 

assign the bound ligand peaks. Due to the presence of ligand exchange above certain 

temperatures, chemical exchange (CE) cross-peaks are observed between free (F) and 

bound ligand (L) resonances. Since the free ligand assignment is known, the CE cross-

peaks allow unambiguous assignment of the bound ligand resonances. Utilizing NOE 

cross-peaks in NOESY/ROESY experiments assignments based on COSY data can be 

confirmed. The importance of ID 'H spectra should not be underestimated and their 

accurate integration also contributes to peak assignments. For example, phenyl-para and 

-ortho protons can be distinguished by integration and by their splitting pattern in the ID 

spectra if resolved. Another important source of information about the nature of proton 

resonances is the spin-lattice relaxation times, T1. The dipolar relaxation rate is inversely 

proportional to sixth power of the distance (r) between the proton and the paramagnetic 

center (1/T oc 1/r^);'^ so T] will decrease drastically upon even a small decrease of r. 

Protons attached to carbons that carry a high spin density (such as /3-Cs for the HS or LS 

-y -I 
(dxy) (dxz,dyz) ground state) and ligand protons right above the porphyrin core (2,6-H in 

4-Me2NPy, 2 and 4-H in 1-MeIm) have very short Ti relaxation times, on the order of 1-

10 ms. Protons that are farther from the electron density of the porphyrin core have 
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longer Ti, (50 - 150 ms) and finally, protons of free ligands and solvents have Ti on the 

order of 0.5-1 s, or sometimes even longer. In accord with these, the' spin-spin relaxation 

times, T2, for the protons that are close to the paramagnetic center is very short and due to 

the inverse relationship between T2 and the linewidth, these protons (phenyl-orf/io, 2,6-H 

of bound pyridine ligands, and methyl or methylene groups on pyrrole-j8 Cs) are broad or 

at least much broader than the other peaks in the spectrum. 

I. Spin state and 'H NMR spectroscopy: 5-coordinate predominantly HS complexes. 

(OMTPP)FeCl was studied in the temperature range from +35 to -93 °C, and an 

example of ID 'H spectra at 21 and -80 °C are shown in Figure 3.2. They are consistent 

with the Cjy symmetry of the complex in solution. Peak assignments were made on the 

basis of DQF-COSY, integration of ID spectra, and comparison of the chemical shifts of 

proton resonances to those in the (OETPP)FeCl complex and are presented in Table 3.1, 

together with the 'H Tis. The chemical shifts found in the present study are essentially 

identical to those reported previously.'^"* The Curie plots shown in Figures 3.3 and 3.30 

show the temperature dependence of chemical shifts for all resonances in (OMTPP)FeCl. 

Methyl protons, both at high temperatures where only the averaged signal is detected, and 

at low temperatures where two different chemical environments are resolved, show a 

linear chemical shift dependence, as do both phenyl-meto resonances. The CH3(2), 

phenyl m{\) and ni{2) extrapolate to diamagnetic positions (1.00, 7.35, and 8.10 ppm, 

respectively), while CH3(1) extrapolates to a much lower value of -3.94 ppm at T"' = 0. 

Both phenyl-or//»o, and surprisingly phenyl-para, have slightly non-linear temperature 
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dependences and extrapolate to lower than diamagnetic values (3.27, 3.34, and 5.40 ppm, 

respectively). 
% 

The two methyl signals show significantly different chemical shifts of 80.3 and 

70.9 ppm, a difference of 9.4 ppm, at -70 °C. As the temperature is lowered the 

difference in the chemical shifts of the two methyl signals increases and reaches 10.9 

ppm at -90 °C. The two different chemical shifts are mainly caused by the difference in 

dipolar shifts, due to the "up" (toward the CI") and "down" (away from CI") position of 

the methyl groups (the temperature dependence of the difference in shifts is due to a 

thermally-accessible excited state, or maybe jut to the difference in slope of the Curie 

plot).'^^. 

Table 3.1. Chemical shift assignments and Ti for (OMTPP)FeCl at 30 °C and -70 °C. 

Peak* 
T = 30 °C T - -70" C 

Peak* 
Shift, ppm Shift, ppm T], ms 

CH3(1) 
49.93 

80.31 4.77(4) 

CH3(2) 
49.93 

70.87 5.46(5) 

IH(1) 13.06 15.87 24.8(1) 

mil) 12.78 15.11 24.1(2) 

oil) 10.12 16.81 2.5(2) 

P 7.56 11.75 38.4(4) 

oil) 7.00 8.74 2.9(1) 

* CH3 (1,2) - methyl groups that point 'up' and 'down' with respect to CI; m, o, p, -
phenyl protons 
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Figure 3.2. NMR spectra of (OMTPP)FeCi at 21 and -80 °C, together with the downfield 
part of the NOESY/EXSY spectrum at -80 °C, with 5 ms mixing time. * - impurities 
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Figure 3.3. Curie plot of phenyl resonances in (OMTPP)FeCl in the temperature range 
from +35 to -93 °C. A curie plot for the methyl signals is shown in Figure 3.30 below. 

(OETPP)FeCl was investigated to the fullest extent by Cheng,Schiinemann,'^' 

and our laboratory."*^ Here we want to compare the data for two different solvents, 

CD2CI2 and C2D2CI4, used for the kinetic studies described later. CD2CI2 was used in the 

temperature range from -90 to +35 "C and C2D2CI4 from ambient temperature to + 70 °C. 

No dependence of kinetic parameters on the nature of the solvent (for these two solvents 

only) was observed (but see later discussion); however, the chemical shifts are solvent 

dependent, especially in the case of the methylene resonances. The 'H NMR spectra of 

(OETPP)FeCl in two different solvents at +30 °C are shown in Figure 3.4. Peak 
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assignments and Ti values are presented in Table 3.2. For (OETPP)FeCl in C2D2CI4 a 

wider dispersion of methylene resonances is clearly observed. The rest of the peaks have 

only slightly different chemical shifts. Curie plots for the methylene protons are 

presented in Figure 3.5, and clearly the relative positions of the methylene resonances in 

the two different solvents. Despite the difference in chemical shifts, the relaxation times 

are solvent independent (Table 3.2). Short relaxation times are observed for the 

methylene as well as for the phenyl-ortAo protons. Relaxation times for protons at the 

same position in both (OETPP)FeCl and (OMTPP)FeCl complexes are very similar 

(Table 3.1 and 3.2). 

In (OETPP)FeCl, CH2(1) and CH2(4) represent one geminal pair, and CH2(2) and 

l is  
CH2(3) the other, as was demonstrated by the 2-bond cross-peaks in the COSY spectra. 

In accord with this we were able to detect two sets of NOE cross-peaks between the 

protons from the same geminal pair in the NOESY spectra at 10, 5, and 0 °C (Figure 3.6, 

weak cross-peaks of opposite phase from the diagonal peaks); these NOEs were not 

observed previously.NOE cross-peaks are stronger at the lower temperatures and with 

longer mixing times. The pattem ofNOE cross-peaks is the same as the COSY pattem, 

where cross-peaks are seen only between the geminal (CH2) and vicinal (phenyl) protons. 

Besides the NOEs, there are two sets of CE cross-peaks in the NOESY spectra at all 

temperatures above 0 °C. They arise from chemical exchange between the "inner-up" 

and "outer-down" and "outer-up" and "inner-down" methylene protons and characterize 

ring inversion in (OETPP)FeCl. 


