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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 
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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 
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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 
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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. 
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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. 
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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. 



Table 3.2. Chemical shifts and Ti relaxation times for (OETPP)FeCl in two different 
solvents CD2CI2 and C2D2CI4 at 30 °C. 

Peak 
T = 30 T, CD2CI2 T = 30" C, C2D2CI4 

Peak 
Shift, ppm Ti, ms Shift, ppm T], ms 

CH2(1) 44.42 6.1(1) 48.71 6.1(5) 

CH2(2) 37.88 6.65(7) 36.63 5.5(1) 

CH2(3) 34.87 6.88(7) 31.88 5.6(1) 

CH2(4) 23.85 6.53(6) 20.31 5.5(1) 

mil)  12.96 33.3(1) 11.79 -21(1)® 

m(2) 12.82 33.1(1) 11.60 25(1) 

oil)  10.46 3.8(1) -11.7 Short' 

oil)  8.05 3.85(8) 9.53 3.4(1) 

P 7.00 49.3(1) 7.95 49.4(3) 

m i l )  3.61 3.31(4) 3.31 3.25(4) 

CH3(2) 1.50 Short' 1.91 4.81(5) 

a) Accurate measurements of the relaxation times, TjS, were precluded due to overlap. 
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Figure 3.4. NMR spectra of (OETPP)FeCI in CD2CI2 and C2D2CI4 at +30 "C. A wider 
spread of methylene signals is observed for the complex in the latter solvent. 
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Figure 3.5. Curie plot for methylene resonances in (OETPP)FeCl in CD2CI2 (solid 
symbols) and C2D2CI4 (open symbols). 
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Figure 3.6. Downfield part of the NOESY spectrum for (OETPP)FeCl at 10 °C in CDICIJ. It was acquired 
with a spectral width of 17.8 kHz, 512 x 128 complex points, 16 transients per tj increment, a 12 ms mixing 
time, 29 ms acquisition time and 20 ms relaxation delay. The spectrum was processed after application of 
Gaussian apodization (16 ms and 5 ms). NOE cross-peaks are observed between the pair of geminal CH2 
protons and are of the opposite phase (red) and much weaker in intensity compared to diagonal peaks. 

(F2oOETPP)FeCl was characterized in the temperature range from -10 to +100 

°C in CD2CI2 and C2D2CI4. Peak assignments and T1 values for two temperatures are 

presented in Table 3.3. The Ti relaxation times decrease with decreasing temperature 

and, in general, are shorter than those for the (OETPP)FeCl complex. The I D 'H 

spectrum and the downfield part of the NOESY spectrum at +5 "C are shown in Figure 

3.7. It is interesting to note that the presence of fluoro substituents on all the positions of 

the phenyl rings influences the electron distribution around the porphyrin core, which is 

manifested in a change of the relative positions of methylene protons as compared to the 

(OETPP)FeCl analog. 
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Table 3.3. Chemical shift and Ti relaxation times for (F2oOETPP)FeCl in CD2CI2 at two 
different temperatures. 

Peak 
T = 30 »C II 0

 e n
 

Peak 
Shift, ppm Ti, ms Shift, ppm Ti, ms 

CH2(1) 47.12 3.9(2) 54.92 3.1(1) 

CH2(2) 44.78 3.7(2) 52.15 3.1(1) 

CH2(3) 37.81 3.74(7) 44.51 3.0(1) 

CH2(4) 30.32 3.6(1) 35.08 3.0(2) 

CH3(1) 5.021 Overlapped 6.02 1.4(1) 

CH3(2) 2.02 4.2(6) 2.47 2.2(2) 

While in the NOESY spectra of the latter, CE cross-peaks were observed between CH2(1) 

and CH2(3) as well as between CH2(2) and CH2(4), in the NOESY spectra of 

(F2oOETPP)FeCl, CH2(1) and CH2(4), as well as CH2(2) and CH2(3) are in chemical 

exchange with each other. These cross-peaks carry the information about the ring 

inversion in (F2oOETPP)FeCl discussed below, and the slightly larger cross-peak 

volumes compared with (OETPP)FeCl indicate comparable, but somewhat higher, 

flexibility of the porphyrin core in the fluorinated analog. Such a direct comparison of 

rates based on observed size (volume) of CE cross-peaks is only possible because the 

average difference in the chemical shifts between exchanging methylene protons, Av, is 

almost identical (11.8 ppm) for both complexes. The Curie plot for all the resonances in 

(F2oOETPP)FeCl in CD2CI2 (Figure 3.8) shows linear dependence of all chemical shifts 

• * 1 upon temperature; however, none of them extrapolates to the diamagnetic position at T" 

= 0. The non-Curie behavior is probably due to a combination of hindered rotation of 
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ethyl groups at progressively lower temperatures''^*'"^ and the contribution from the T"" 

dipolar shift term associated with systems in which S > The hindered rotation of 

the ethyl groups was first used to explain non-Curie behavior of methylene signals in 

(OEP)FeCl,'^ for which the methyl and methylene protons coalesce at 65 °C and around 

100 °C, respectively. These temperatures are similar to those observed in 

(OETPP)FeCl.'^^ 

(ppm) 

50 45 40 35 30 25 20 15 10 5 ppm 

Figure 3.7. 'H NMR spectrum of (F2oOETPP)FeCl at 5°C, together with peak 
assignments. The downfield part of the NOESY spectrum at 5 °C is also shown. It was 
acquired with a spectral bandwidth of 7.6 kHz, 512 x 128 complex points, 40 transients 
per tj increment, a 4 ms mixing time, and 40 ms relaxation delay between increments. 
The spectrum was processed after application of Gaussian apodization (33 ms and 9 ms) 
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Figure 3.8. Curie plot for all proton resonances in (F2oOETPP)FeCl in CD2CI2. 

(TC6TPP)FeCL To our knowledge, this is the first detailed NMR 

characterization of the (TC6TPP)FeCl complex. NMR experiments were run in the 

temperature range from +50 to -93 °C. An example 'H NMR spectrum of (TC6TFP)FeCl 

at 25 °C is presented in Figure 3.9 and shows two resonances for all types of protons 

except phenyl-/>Gra. This is consistent with the C2V symmetry of the porphyrin complex 

in solution. Peak assignment was done on the basis of DQF-COSY (imfortunately, only 

the phenyl m-p cross-peaks were observed), and by comparison of the ID spectra with 

the corresponding spectra of (OMTPP)FeCl and (OETPP)FeCl (Table 3.4, with Ti 

values). The chemical shift range is characteristic of a predominantly HS Fe(III) 

porphyrinate complex, with large down field shi fts for CH2(a) protons due to the presence 
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of an impaired electron in the ff-type dx2.y2 orbital. Proton chemical shifts showed a 

strong temperature dependence, displayed on the Curie plot (Figure 3.10), which is 

somewhat non-linear for all protons. 

The CH2(a) protons are diastereotopic and produce two peaks in the ID NMR 

spectra. If ring inversion is frozen on the NMR time scale, four different magnetic 

environments should be resolved. In a simplified way they can be viewed as the 

following: 'up-up' (pyrrole ring and CH2(a) protons point toward the chloride), 'up-

down' (pyrrole ring points toward the chloride and CH2(a) points away from the 

chloride), 'down-up' (pyrrole ring points away fi-om the chloride but CH2(a) points 

toward the chloride) and finally, 'down-down' (pyrrole ring and CH2(a) point away fi-om 

the chloride). This is shown in the ORTEP plot of the crystal structure of (TC6TPP)FeCl 

(Figure 3.11; for details on the structure, see Chapter 4). The only discrepancy between 

the crystal and solution structure is that, while in the crystal (TC6TPP)FeCl adopts a 

geometry with an almost equal mixture (0.6:0.4) of saddled and raffled component, the 

presence of two diastereotopic methylene-a and methylene-/? resonances in the NMR 

spectra clearly indicates either a purely saddled geometry of the porphyrin core in 

solution or rapid interconversion of raffled forms on the NMR timescale. Either way, the 

sjmimetry of the solution stracture is definitely higher than that of the crystals. Since 

only two peaks are observed in the NMR spectram of (TC6TPP)FeCl at room temperature 

(see Figure 3.9), we can conclude that ring inversion of this complex is very fast on the 

NMR time scale. 
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Figure 3.9. NMR spectrum of (TC6TPP)FeCl in CD2CI2 at 25''C and 500 MHz. 



Table 3.4. Chemical shift assignments and Ti for (TC6TPP)FeCl at 30 and -70 "C. 

Peak 

assignment 

T = 30 T T = -70 °C Peak 

assignment Shift, ppm Ti, ms Shift, ppm 

CH2(a)l 54.65 4.07(11) 88.93 

CH2(a)2 53.04 3.75(8) 83.94 

m ( l )  13.19 13.9(3) 16.96 

m{2) 12.80 12.8(3) 16.01 

o(l) 9.21 1.3(3) 14.50 

P 7.55 18.3(2) 8.59 

CH2(P)I 7.00 6.45(8) 10.89 

o(2) 6.70 Overlapped Overlapped 

CH2(P)2 5.61 7.06(12) 7.91 

• CH,(a)l 
• CHj(a)2 

6 

® m(l) 
o m(2) 

M l )  
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Figure 3.10. Curie plot for ail proton resonances in (TCaTPPjFeCl. 
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Figure 3.11. ORTEP plot of the ciystal structure of (TC6TPP)FeCl. Thermal ellipsoids 
are shown at 50 % probability. Phenyl rings are omitted for simplicity. 
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Figure 3.12. EPR spectrum of (TC6TPP)FeCl at 4.2 K in the frozen CD2CI2. 
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However, when the temperature is lowered, slower ring inversion causes broadening 

of the CH2(a) peaks, which coalesce below but close to -93 °C. Unfortunately, it is 

impossible to cool the sample to the temperature where all four resonances for CH2^) 

are resolved. 

The EPR spectrum (X-band, 4.2 K, frozen CD2CI2 solution) of (TC6TPP)FeCl is 

shown in Figure 3.12 and is indicative of a predominantly high (S = 5/2) spin ground 

state. It is characterized by gx = 5.29, gy = 6.60 (gx = (gx + gy)/2 = 5.95), and gz =1.98, 

and is similar to the 77 K EPR signals of (OMTPP)FeCl and (OETPP)FeCl'^'' and almost 

identical to the 4.2 and 10 K EPR signals of (OETPP)FeCl."®''^' As was pointed out 

earlier'the second g value of 5.29 indicates admixture of the intermediate (S = 3/2) 

spin state into the HS ground state. According to Maltemo and Moss,'^^ pure HS and IS 

states are characterized by g± of 6 and 4, respectively. Therefore, the reduction of the gx 

value due to quantum-mechanical S = 5/2, 3/2 mixing can be expressed as a combination 

of these two limiting g values according to the equation: gi = 6(35,2)^ + 4(b3/2)^, where 

(a5/2)^ and {hiaf are the coefficients of HS and IS states, respectively, indicating the 

amount of each in the ground state of the complex, {asaf can be expressed in terms of gi 

by the following expression: (35/2) = (gx - 4)/2, which results in 97.5 % HS for 

(TC6TPP)FeCl. We can conclude that (TC6TPP)FeCl has a quantum-mechanical 

admixture of 97.5 % HS and 2.5 % IS in its ground state. A similar value (4-10 %) was 

obtained for (OETPP)FeCl.'^' 
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Discussion. All five-coordinate (OMTPP)FeCl, (OETPP)FeCl, (F2oOETPP)FeCl 

and (TC6TPP)FeCl complexes have very similar NMR and EPR behavior. The low 

effective symmetry of each, C^v, results in magnetically nonequivalent methylene and 

methyl groups, as well as phsnyX-ortho and -meta protons (two different peaks are also 

observed for o- and m-fluorine resonances in the '^F NMR spectrum of 

(F2oOETPP)FeC 1).'All complexes have relatively high positive shifts for the 

methylene and methyl groups directly attached to the pyrrole jS-Cs (Table 3.5). This is 

indicative of large spin delocalization to the pyrrole /3-C positions. In the case of a pure 

HS state (see Figure 1.3) all five d orbitals of Fe(lII) are half-filled, creating the 

possibility for spin delocalization from both da (dx2-y2) and d,t (dxz, dyz) Fe(III) orbitals. 

Therefore, the observed shifts for methyl and methylene groups directly attached to the 

pyrrole jS-Cs are the balance of the contribution of the d® and d^ unpaired electrons, both 

of which cause downfield shifts for the protons one carbon away from the pyrrole jS-Cs, 

as was discussed in the introduction to this chapter. First, consider the effect of da 

delocalization alone. The pyrrole-H shift in purely HS (TPP)FeCl was estimated to be 

+130 ppm at 25 "C due to the do- unpaired electron alone.This (for protons directly 

bound to the (3-Cs) is much higher than the methyl and methylene shifts of complexes in 

this study (Table 3.5). In fact, the contribution from d^ delocalization in OMTPP, 

OETPP and TCeTPP complexes is even smaller than the shifts in Table 3.5, since the 

contribution from d„ has the same sign, causing a further downfield shift of proton 

resonances of CH3/CH2 groups. These lower values of paramagnetic can be rationalized 

since protons in all the complexes studied are one carbon removed from the pyrrole jS-Cs, 
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and are affected by the dx2.y2 unpaired electron to a lesser extent than the directly attached 

protons in {TPP)FeCl. The average chemical shifts for the methylene protons in 

(OETPP)FeCl, (F2oOETPP)FeCl and (OEP)FeCl'^ are probably similar because of 

similar values of the McConnell parameter Qch2R for all three complexes. Such 

similarity seems reasonable in the case of the two former complexes because we can 

expect similar values of the 8 angle for them, but in the case of (OEP)FeCl, the core 

geometry (planar) and flexibility (much higher) are so different from both OETPPs that 

the similarity in methylene shifts may be coincidental. 

Table 3.5. Chemical shifts for selected resonances in complexes with predominantly HS 
ground state at +30 °C.® 

Complexes ^ b 
Opyr 5p So 5m ~ Sp 5m " 5o 

(TC6TPP)FeCl 53.85 13.00 7.55 7.96 +5.45 +5.04 

(OMTPP)FeCl 49.93 12.92 7.56 8.56 +5.36 +4.36 

(OETPP)FeCl 35.26 12.89 7.00 9.26 +5.89 +3.64 

(F2oOETPP)FeCl 40.01 - - - - -

(OEP)FeCf 37.2 - - - - -

(TPP)FeCf 81.0 12.15 6.20 6.40 +6.0 +5.8 

a) The chemical shift for 5pyr, Sm and 5o are average values. 
b) Opyrr indicates methyl for OMTPP and CHi for OETPP, F20OETPP, and TCeTPP. 
c) Data from Ref. [160] at 29 °C; a somewhat higher value of 41.4 ppm (30 °C) is 
reported in Ref [164]. 
d) Data from Ref. [144] at 25 °C. 
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The weso-phenyl-H shift differences for (OMTPP)FeCl, (OETPP)FeCl, 

(F2oOETPP)FeCl and (TC6TPP)FeCl, 5m - 6p and 6m - 5o, are relatively large and 

positive (see Table 3.5), suggesting some n spin density at the meso-Cs, as expected for 

d:i spin delocalization to the porphyrin 4e(7i*) orbital (Fe P IT* back-bonding). 

However, because an a2u(5i) orbital also has large spin density at the weso-positions, these 

NMR data cannot exclude spin transfer through a dz2 - &2U bonding interaction, as was 

pointed out recently by Cheng. 

Early EPR resultsfor five-coordinate iron(III) porphyrinate chlorides at 77 K 

predicted a quantum-mixed IS state with approximately 60 % S = 5/2 and 40 % S = 3/2 

for (OETPP)FeCl and 65 % S = 5/2 and 35 % S = 3/2 for (OMTPP)FeCl. However later, 

more accurate 10 K and 4 K EPR measurements of (OETPP)FeCl"^''^' resulted in a 

much smaller estimated percentage of the IS state (4-10 %). In accord with this, our EPR 

studies of (TC6TPP)FeCl indicate only 2.5 % of the IS state in its ground state. The 

amount of the IS state in the ground state of the (OMTPP)FeCl complex should be 

between 2 and 10 %. 

In conclusion, NMR and EPR studies of five-coordinate octaalkyltetraphenyl-

porphyrinatoiron(III) chloride complexes of OMTPP, OETPP and TCeTPP indicate that 

all of them have a predominantly HS ground state intermixed with 2-10 % of the IS state. 

II. Spin state and NMR spectroscopy: 6-coordinate LS, (dxy)^(dxz,dyz)' complexes 

[FeOMTPP(4-Me2NPy)2]Cl was prepared by addition of 3 equivalents of 4-

Me2NPy to the (OMTPP)FeCl complex. At relatively high temperatures (from 30 to 10 
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°C) the high-spin, HS, (OMTPP)FeCl complex was detected (the methyl peak was seen in 

the downfield region at 51.5 ppm at 21 °C). However, decreasing the temperature below 

10 °C resulted in an increased binding constant for the ligand and no resonances from the 

5-coordinate complex were detected. Well-resolved and reasonably sharp ID 'H spectra 

of [FeOMTPP(4-Me2NPy)2]Cl can be obtained below -25 °C. The number of peaks 

(only one methyl peak, as well as one peak for each ortho- and meto-phenyl) is consistent 

with Dad symmetry of [FeOMTPP(4-Me2NPy)2]Cl in solution. Because of the high 

symmetry of the complex, a kinetic study of ring inversion was not possible (all eight 

methyl groups are chemically and magnetically equivalent). It is necessary to use an 

unsymmetrical ligand (e.g. 2-MeHIm) to be able to differentiate between the methyl 

groups, pointing up and down, in order to obtain information about the activation 

parameters of ring inversion. 

The ID 'H spectrum of the [FeOMTPP(4-Me2NPy)2]Cl complex in CD2CI2 at -

60 °C is shown in Figure 3.13. The methyl peak is strongly downfield-shifted (20.60 

ppm, -60°C), indicating high spin density on the pyrrole /3-Cs, which is consistent with 

7 -3 
the (dxy) (dxzdyz) electronic ground state of LS iron(lll). Full peak assignment of the 

proton resonances in [FeOMTPP(4-Me2NPy)2]Cl was possible on the basis of ID and 2D 

(DQF-COSY, NOESY, and ROESY) experiments (Figures 3.13, 3.14, and 3.16), and is 

summarized in Table 3.6, together with the relaxation times, Ti. At temperatures below -

25 °C the Curie plot (Figure 3.15) shows a linear dependence for all resonances except L 

2,6-H, with nondiamagnetic shift intercepts at T"' = 0. The axial ligand 2,6-H protons (L 

2,6-H) have very complicated temperature dependence, with different slopes in the low 
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and high temperature regimes due to the effect of ring inversion and ligand exchange 

processes. 

FCH: 
CHj 

TMS 

L 3.5-H 
L 2,6-H 

LCH, 

L3,5-H 

L 2,6-H 

n T T 

20 15 10 5 0 -5 ppm 

Figure 3.13. 'H NMR spectrum for [FeOMTPP(4-Me2NPy)2]Cl at -60°C in CD2CI2. For 
the peak assignment see Table 3.6. s - solvent, d - DMF, * - impurity. 

The- assignment of axial 4-Me2NPy ligand peaks was possible due to ligand 

exchange (dissociation of the axial pyridine ligands and binding of free pyridine to the 

porphyrin) observed in the NOESY experiment (T = -50°C, im = 0.004 s. Figure 3.16). 

The following chemical exchange (CE) cross-peaks are observed between free (F) and 

ligated (L) 4-Me2NPy: L - F 3,5-H, L - F 2,6-H, and L -- F CH3 and allow unambiguous 

assignment of ligand resonances to be made. A short mixing time of the NOESY 

experiment (4 ms) was necessary to observe the L - F 2,6-H cross-peaks. Due to fast 



relaxation of the L 2,6-H resonances, the diagonal peak is not observed, but the cross-

peak (L - F 2,6-H) is clearly seen (Figure 3.16). At -80 °C ligand exchange becomes too 

slow to detect by NMR (no exchange cross-peaks between bound and free 4-Me2NPy 

protons). For the analogous [FeOETPP(4-Me2NPy)2]Cl complex this temperature was 

-60 "C, indicating a more tightly bound ligand. 

NOE cross-peaks in NOESY experiments are seen for phenyl resonances ( p - m ,  and m  -

o)-, free 4-Me2NPy (F 3,5-H - F CH3, F 2,6-H - F 3,5-H); and the axial ligand spin 

system (L 3,5-H - L CH3). There are some very interesting NOEs between porphyrin 

methyl and ortho-phmyl, and porphyrin methyl and meto-phenyl, seen at all 

temperatures. The first set of cross-peaks is more intense, while the second is almost at 

the noise level. This indicates that the distance between the porphyrin methyl and meta-

phenyl is not more than 5 The NOE cross-over point (when NOE cross-peak sign 

changes from negative to positive) occurs at -60 °C. At -70 °C all NOE cross-peaks for 

the porphyrin resonances are positive, but the NOE cross-peaks for the free ligand system 

(F 3,5-H - F CH3, F 2,6-H - 3,5-H) are still negative. This can be attributed to the 

difference in the rotational correlation time (xc) for the small (ligand) and large 

(porphyrin) molecules. For small molecules the NOE (enhancement) is positive (cross-

peaks are negative) and for large molecules, the NOE is negative (cross-peaks are 

positive) for a given solvent and temperature.'^' 
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Figure 3.14. The DQF-COSY spectram of peOMTPP(4-Me2NPy)2]CI at -60 °C CD2CI2. 
Spectral parameters: 512 x 128 complex points, 12 kHz spectral width, 51 ms acquisition 
time, 410 ms relaxation delay time between transients, 40 transients per increment. A 
sine bell apodization function (26 ms and 5 ms) was applied in both dimensions prior to 
FT. 
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Table 3.6. The chemical shifts and Ti relaxation times for [FeOMTPP(4-Me2NPy)2]Cl in 
CD2CI2 at two temperatures. 

Peak T = -40 °C T = -80 T Assignment Peak 

Shift, ppm T i ,  s e c  Shift, ppm T1, sec 

Assignment 

CH3 19.75 0.0603(2) 21.64 0.0547(5) Porphyrin methyl 

LCH3 17.81 0.155(2) 21.85 0.0628(6) Bound ligand methyl 

L 3,5-H 12.27 0.061(2) 14.98 0.0220(5) Bound ligand 3,5-H 

F 2,6-H 8.12 0.0101(3) 8.10 0.162(2) Free ligand 2,6-H 

F 3,5-H 6.50 0.0693(5) 6.44 0.0267(3) Free ligand 3,5-H 

P 6.01 0.389(4) 5.50 0.464(4) Porphyrin />ara-phenyl 

m 5.70 0.310(1) 5.08 0.315(4) Porphyrin me/a-phenyl 

0 3.45 0.0796(3) 2.15 0.077(4) Porphyrin ortho-phmyX 

F C H b  2.98 0.1773(3) 2.94 0.435(10) Free ligand methyl 

L 2,6-H -7.13 0.006(1) -7.25 0.005(1) Bound ligand 2,6-H 
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Figure 3.15. Curie plot of all proton resonances in [FeOMTPP(4-Me2NPy)2]Cl. 
Chemical shifts of the free 4-Me2NPy protons are temperature-independent and are not 
included in the Curie plot. 
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Figure 3.16. The NOESY spectrum of [FeOMTPP(4-Me2NPy)2]Cl at -50 °C in CD2CI2 
acquired with a spectral bandwidth of 10.6 kHz, 512 x 128 complex points, 48 ms 
acquisition time, 48 transients per // increment, a 4 ms mixing time, and 410 ms 
relaxation delay between increments. The spectrum was processed after application of 
Gaussian apodization (28 ms and 7 ms). 

{FeOETPP(4-Me2NPy)2lCl. The detailed analysis of'H ID and 2D NMR data 

for [FeOETPP(4-Me2NPy)2]Cl is presented in the paper: Ogura, H.; Yatsunyk. L.: 

Medforth, C. J.; Smith, K. M.; Barkigia, K. M.; Renner, M. W.; Melamed, D.; Walker, F. 
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A. J. Am. Chem. Soc. 2001, 123, 6564-6578 (Appendix C). The following is a summary 

of the most important findings. 

Proton NMR studies were conducted in the temperature range from -20 to -93 °C. 

Peaks were assigned on the basis of DQF-COSY and NOESY results and integration of 

ID spectra. The relative chemical shifts are consistent with the (dxy)^(dxz,dyz)^ ground 

state of the complex and its symmetry in solution. All protons show non-Curie 

temperatiire dependence of their chemical shits. According to the NOESY/ROES Y 

results, ligand exchange becomes too slow on the NMR time scale to be observed below 

-60 "C, and macrocycle inversion is no longer detectable below -50 °C. The NOE cross

over point is also at about -50 °C. The EPR spectrum of [FeOETPP(4-Me2NPy)2]Cl 

(CD2CI2,4.2 K) shows a "large gmax" signal with g = 3.28, which is consistent with the 

"perpendicular" orientation of the axial ligand planes (actually, a dihedral angle of 70° 

was found in the X-ray crystal structure discussed in that paper and summarized in 

Chapter 4). 

|FeTC6TPP(4-Me2NPy)2lCL The 'H ID spectra of [FeTC6TPP(4-Me2NPy)2]Cl 

at -20 and -90 °C are shown in Figure 3.17. One sharp peak is observed for the porphyrin 

CH2(a) protons which broadens upon temperature decrease, but never becomes resolved 

into two resonances over the accessible temperature range, suggesting a high rate of ring 

inversion even at low temperatures and a saddled shape of the porphyrin core with 

perpendicular arrangement of axial ligands over porphyrin nitrogens. Complete peak 

assignments, and Tj values are presented in Table 3.7. The relative positions of the 

proton resonances in bis-(4-Me2NPy) complexes of iron(lll) OMTPP and TCgTPP are 
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very similar, with the only difference being the order of phenyl-Hs: 5^ > for OMTPP 

and 6m > 8p for TCeTPP. Longitudinal relaxation times in [FeTC6TP(4-Me2NPy)2]Cl are 

fairly long for all peaks except L 2,6- and 3,5-H. The Ti values for the free pyridine 

ligand protons (2,6- and 3,5-H) and porphyrin CHiC/S) increase substantially as the 

temperature is lowered, but Tis of the protons of the boimd ligand, porphyrin phenyl and 

CH2(a) protons decrease with decreasing temperature. 

CHj(a) 

35 30 25 

CHjfp) 
20 "C 

CH,(a) 

L 3,5-H F2,6-H 
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LJJ 

CH,(a) 

CH,(Pl 
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-93 "C LCH, 

L 3,5-H 

Li 

CHj(p) 

L2,6-H 

-5 -10 ppm 

L2,6-H 

20 15 10 -5 -10 -15 

Figure 3.17. 'H NMR spectra of [FeTC6TPP(4-Me2NPy)2]Cl in CD2CI2 recorded at -20 
and -90 °C, together with peak assignments: CHiCa) and CH2(|3) are two sets of 
methylene signals; o, m, p are phenyl peaks; F and L are free and ligated 4-Me2NPy 
peaks. 
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Interesting behavior is observed for the Tj of free 4-Me2NPy methyl-protons: T] 

increases rapidly upon cooling from ambient temperature to -60 °C and then decreases 

linearly as the temperature is lowered further. All resonances except L 2,6-H show linear 

behavior in the Curie plot (Figure 3.18), but only the phenyl protons (m. o, p) extrapolate 

to nearly diamagnetic positions at T"' = 0 (8.13(1), 7.93(2), and 8.32(2) ppm for m, p, and 

o, respectively). Large deviations from the diamagnetic shifts are observed for CH2(a) 

and L 2,6-H intercepts. The L 2,6-H resonance, assigned by the presence of CE cross-

peaks with F 2,6-H in the NOESY spectrum, is very broad, which is consistent with the 

1/r^ dependence of dipolar relaxation by the paramagnetic center. 
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Figure 3.18. Curie plot of all proton resonances of [FeTC6TPP(4-Me2NPy)2]Cl. 
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The NOESY/EXSY spectrum taken at -20 °C with 60 ms mixing time (Figure 

3.19) shows three pairs of significant chemical exchange cross-peaks: F - L CH3, F - L 

3,5-H, and F - L 2,6-H, making the axial ligand peak assignment straightforward. More 

commonly these cross-peaks are very hard to detect and short mixing times are required 

{e.g., for [FeOMTPP(4-Me2NPy)2]Cl Figure 3.16). The NOESY spectrum (Figure 3.19) 

also shows NOE cross-peaks, between the methylene-a and methylene-/? (CH2(a) -

CH2(i3)) and between the methylene-a and phenyl-ortho (CH2(a) - o) protons. The 

phenyl protons were assigned by the cross-peaks in the DQF-COSY spectrum (Figure 

3.20) and the J-coupling pattern observed in the ID spectra. Cross-peaks between 

CH2(a) and CH2(i3) protons are also observed in the DQF-COSY spectra (Figure 3.20). 

According to NOESY/ROESY data that were acquired in the temperature range 

from -20 to -90 °C with 10 °C intervals and mixing time 40-80 ms' the axial ligand 

exchange becomes undetectable on the chemical shift time scale (F - L cross-peaks no 

longer observed) below -60 °C. The macrocycle ring inversion is still very fast even at -

90 ° C. The NOE cross-over point occurs at -50 °C, like in all other bis-ligated 

octaalkyltetraphenyl porphyrins due to similarity in size and solvent. Other NOE cross-

peaks include: phenyl o - w; L CH3 - 3,5-H, F CH3 - 3,5-H, F 2,6-H - 3,5-H (NOE 

cross-peaks were observed only below -60 °C). 

' Mixing times given are for NOESY experiments; Xn, in ROESY experiments was usually set to half of the 
mixing time in NOESY for the same temperature. 
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Figure 3.19. The NOESY spectrum of [FeTCftTPP(4-Me2NPy)2]Cl at -20 °C in CDiCU, acquired with a 
spectral bandwidth of 13.6 kHz, 512 x 128 complex points, 38 ms acquisition time, 32 transients per // 
increment, a 60 ms mixing time, and 360 ms relaxation delay. The time domain data were Fourier 
transformed after application of Gaussian apodization (20 ms and 5 ms). 
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Figre 3.20. The DQF-COSY spectrum of [FeTC6TPP(4-Me2NPy)2]Cl at -20 "C. Spectral 
parameters: 512 x 128 complex points, 13.8 kHz spectral width, 37 ms acquisition time, 
500 ms relaxation delay, 16 transients per ti increment, sine bell apodization function (18 
ms and 5 ms). 

In the EPR spectrum (Figure 3.21), a 'large gmax' signal with g = 3.12 indicates a 

low-spin Fe(II][) complex with (dxy)^(dxz,dyz)^ ground state and perpendicular arrangement 

of axial pyridine ligands. 
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Table 3.7. Chemical shifts and Ti relaxation times for [FeTC6TPP(4-Me2NPy)2]C104 in 
CD2CI2 at two different temperatures. 

Peak T = -40 °C T = -90 °C Assignment Peak 

Shift, ppm Ti, ms Shift, ppm Ti, ms 

Assignment 

CH2(a) 26.73 53.4(1) 30.74 48.6(7) Porphyrin methylene-a 

LCH3 15.59 215(23) 19.86 99.4(3) Bound ligand methyl 

L 3,5-H 8.12 90(7)* 10.10 35.0(1) Bound ligand 3,5-H 

F 2,6-H 8.12 150(1)* 8.08 890(2) Free ligand 2,6-H 

F 3,5-H 6.47 338(10) 6.44 750(7) Free ligand 3,5-H 

m 6.60 462(1) 6.17 384(2) Porphyrin we/a-phenyl 

P 6.38 576(4) 5.97 546(10) Porphyrin /?am-phenyl 

0 4.28 100.9(2) 3.21 147(10) Porphyrin ortAo-phenyl 

FCH3 2.96 594(20) 2.94 668(4) Free ligand methyl 

CH2(/3) -0.15 133.7(2) -0.88 170(2) Porphyrin methylene-jS 

L 2,6-H -14.71 2.3(1) -17.50 1.4(2) Bound ligand 2,6-H 

* Averaged T1 for -30 and -50 °C, since at -40 °C L 3,5-H peak overlaps with that of F 

2,6-H. 
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Figure 3.21. EPR spectrum of [FeTC6TPP(4-Me2NPy)2]Cl in frozen CD2CI2 at 4.2 K. A 
typical "large gmax" signal is observed, indicating a LS (dxy)^(dxz,dyz)^ ground state and 
perpendicular orientation of axial ligands. 4.3 signal is for uncomplexed Fe"^"". 

[FeF2oOETPP(4-Me2NPy)2]CI. ID and 2D NMR data for this complex 

resemble closely the results for [FeOETPP(4-Me2NPy)2]Cl"^ and are, in general, similar 

to the results of other bis-(4-Me2NPy) complexes of OMTPP and TCeTPP. An example 

of the ID spectra is shown in Figure 3.22. Experiments were run in two different 

solvents, CD2CI2 (+30 to -80 °C) and C2D2CI4 (from -t-40 to +80 °C). Peak assignment 

(Table 3.8, including T1 values at -40 and -70 °C) was done in the same way as for the 

bis-(4-Me2NPy) complex of OETPP. The 2,6-H resonance of the ligated 4-Me2NPy 

(expected in the upfield region between -2 and -4 ppm) was not observed even with a 

spectral window extending to -12 ppm. In the future a larger spectral window should be 

tried; searching the downfield region does not seem necessary because in all three other 
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bis-(4-Me2NPy) complexes of OETPPFe"', OMTPPFe'" and TCeTPPFe'" L 2,6-H was 

observed at negative ppm values. 
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Figure 3.22. 'H NMR spectra of [FeF2oOETPP{4-Me2NPy)2]Cl in CD2CI2 recorded at 
10 and -70 °C. 

The Curie plot (Figure 3.23) shows linear dependence for all resonances below 

-10 °C. There are two peaks that correspond to diastereotopic methylene protons below 

this temperature, suggesting slow kinetics of ring inversion. However, at above ambient 

temperature the methylene peaks become so broad that they disappear from the spectrum, 

and close to linear dependence of chemical shifts in the Curie plot is observed only for L 
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CHs, while L 3,5-H and porphyrin CH3 data cn be described by 2"'^ order polynomials. 

As a result of such a fitting, the intercept of all the resonances except L CH3 at T"' = 0 is 

not far from the diamagnetic positions (6.7(1), 7.8(1), 7.1(3), 0.25(1) ppm for CH2(out), 

CH2(in), L 3,5-H and porphyrin CH3, respectively). T1 values decrease linearly for all the 

protons in the [FeF2oOETPP(4-Me2NPy)2]Cl complex and increase for the free ligand 

protons as the temperature is lowered. 
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Figure 3.23. Curie plot for proton resonances in [FeF2oOETPP(4-Me2NPy)2]Cl in 
CD2CI2 (solid symbols) and in C2D2CI4 (open symbols). Temperature dependences of 
chemical shifts for L 3,5-H and porphyrin CH3 were fit with 2"^* order polynomials; linear 
fitting was used for all other protons. 
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It is interesting to note that chemical shifts of the protons of [FeF2oOETPP(4-

Me2NPy)2]Cl in two different solvents, CD2CI2 and C2D2CI4, follow the same temperature 

dependence (see Figure 3.23), in contrast to the solvation effect observed in 

(OETPP)FeCl. 

Some interesting results were obtained in the NOESY spectra acquired in the 

temperature range from -20 to -80 °C with 10 - 70 ms mixing times. Surprisingly, there 

are no chemical exchange cross-peaks due to ligand exchange at any temperature. This, 

coupled with the fact that sharp free pyridine peaks are observed even at room 

temperature in the ID 'H spectra, suggest slow kinetics of ligand exchange and strong 

binding of 4-Me2NPy to F2oOETPPFe{III), at least at any temperature below -20 °C. For 

other bis-(4-Me2NPy) complexes, ligand exchange was detected down to much lower 

temperatures, -80, -60 and -60 °C for OMTPP, OETPP and TCaTPP, respectively. When 

ID 'H spectra were recorded at elevated temperature (from +40 to +80 "C in C2D2CI4), 

free ligand peaks remained relatively sharp and began to broaden only at +70 °C. 

The only CE cross-peak observed in the NOESY spectrum is due to ring inversion 

(between the CH2(out) and CH2(in)). These CE cross-peaks are detected even at -80 °C, 

suggesting relatively fast kinetics of ring inversion, which becomes undetectable by 

NMR around -90 °C. In the analogous OETPP complex, the macrocycle is much less 

flexible and CE cross-peaks between CH2(out) and CH2(in) are not observed below -50 

®C. Based on the 'H NMR results, the [FeF2oOETPP(4-Me2NPy)2]Cl complex has a 

flexible porphyrin core combined with tight binding to the 4-Me2NPy axial ligand, in 

fact, the tightest among the complexes of this study. 
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In the NOESY spectra there are only a few NOE cross-peaks observed: between 

CH2(out) and porphyrin CH3, F 2,6-H and F 3,5-H and L CH3 and L 3,5-H. The NOE 

cross-over point is around -50 °C, which is consistent with the data for similar complexes 

and solvents. 

Table 3.8. Chemical shift and Ti relaxation times for [FeF2oOETPP(4-Me2NPy)2]Cl in 
CD2CI2 at two different temperatures. 

Peak T = -40 °C T =-70°C Assignment Peak 

Shift, ppm TJ, ms Shift, ppm TI, ms 

Assignment 

LCH3 20.53 53.4(3) 23.90 46.1(3) Bound ligand methyl 

L 3,5-H 15.31 17.8(1) 17.68 14.6(9) Bound ligand 3,5-H 

CH2(out) 13.40 56.7(3) 14.31 53.3(1) Methylene-outer 

F 2,6-H 8.12 , 816(4) 8.10 1326(4) Free ligand 2,6-H 

F 3,5-H 6.47 1500(1) 6.45 1420(1) Free ligand 3,5-H 

CH2(in) 2.90 70(4)* 2.20 53.3(6) Methylene-inner 

FCH3 2.96 1730(6) 2.95 1280(1) Free ligand methyl 

CHJ 1.55 37.9(2) 1.843 39.4(2) Porphyrin methyl 

* Data are for -30 °C, since at -40 °C CH2(in) overlaps with F CH3. 

[FeOMTPP(l-MeIin)2lCL The 'H ID NMR spectra of [FeOMTPP(l-MeIm)2]C} in 

CD2CI2 at -60 and -90 °C are shown in Figure 3.24. Complete peak assignments as well 

as Ti values at two different temperatures are presented in Table 3.9. The apparent 

symmetry of the [FeOMTPF(l-MeIm)2]Cl is D2d, despite the unsymmetrical nature of 
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the 1 -methylimidazole ligand. All eight methyl groups are represented by one resonance 

in the NMR spectra indicating high symmetry of the complex; the [FeOETPP(l-

MeIm)2]Cl complex has Dad symmetry as well.'Large positive shifts are observed for 

the methyl resonance (22.45 ppm at -60 °C),moving further downfield as the temperature 

is lowered (positive slope in the Curie plot, Figure 3.25). The methyl protons in 

[FeOMTPP(4-Me2NPy)2]Cl have very similar behavior (Table 3.6). In addition, the 

relative positions of the phenyl {bp > 6m > 5o) and bound ligand resonances for the two 

complexes are very similar (Tables 3.6 and 3.9). These data, along with the EPR results 

(both complexes have a "large gmax" EPR signal at 4.2 K in CD2CI2, with gmax = 3.20 and 

3.12 for [FeOMTPP(4-Me2NPy)2]Cl and [FeOMTPP( 1 -MeIm)2]Cl, respectively), are 

•y "3 
consistent with the (dxy) (dxz, dyz) ground state, for which the spin density is 

concentrated at the pyrrole JS-C positions. 

The temperature dependence of the chemical shifts is presented in the form of a 

Curie plot in Figure 3.25. Above -40 °C, ligand exchange and most likely fast ring 

inversion as well, broadens the proton signals to the extent that no interpretable data can 

be obtained, and temperature dependencies of the chemical shifts are non-linear. Only 

below -40 °C do the chemical shifts show a linear dependence on inverse temperature. 

The resonances belonging to the porphyrin methyl (CH3), and axial ligand methyl (L 

CH3) shift strongly with temperature. Relatively large changes are observed for the axial 

ligand 2H (L 2-H) and porphyrin or//jo-phenyl (o) peaks. All other resonances show 

much smaller temperature dependences. 



160 

The COSY experiment (T = -60 °C, spectral window of 9.7 kHz, 512 x 128 

complex pairs, 350 ms relaxation delay, 32 transients per t| increment was used for the 

a s s i g n m e n t  o f  t h e  p h e n y l  r e s o n a n c e s .  T h e r e  w e r e  c r o s s - p e a k s  b e t w e e n  o - m  a n d  m - p  

phenyl-Hs allowing unambiguous assignment of the w-phenyl resonance, o- and p-

phenyl-Hs were distinguished by integration and Ti values (o- phenyl has much shorter 

Ti). None of the phenyl peaks had resolved J-coupling patterns. 

NOESY/ROESY experiments were run in the temperature range from -60 to -90 

"C witlvl5 - 50 ms mixing times depending on the temperature. At lower temperatures 

shorter mixing times were used, siace the Ti values of all porphyrin and bound ligand 

protons decrease sharply with decreasing temperature (Table 3.9). Only for the free 

ligand protons do the Ti values increase exponentially with decreasing temperature, as a 

result of the decrease in the rate of chemical exchange with the bound ligand. In the 

NOESY/ROESY spectra the following CE cross-peaks due to ligand exchange were 

observed: L - F CH3, L 5H - F 4,5-H, and L - F 2-H. Unfortunately, no CE cross-peaks 

due to the ring inversion could be observed in NOESY or ROESY spectra due to the high 

symmetry of the [FeOMTPP( 1 -MeIm)2]Cl complex. 

The L 5-H and 4-H resonances are the most difficult to assign. One is relatively 

sharp and has a CE cross-peak to free ligand F 4,5-H, the second is very broad with short 

Ti (on the order of 1 ms) and shows no cross-peaks in 2D spectra. By relaxation 

properties only, the first peak was assigned to L 5-H (farther from the paramagnetic 

center) and the second to L 4-H (close proximity to the paramagnetic center). 
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Figure 3.24. 'H NMR spectra of [FeOMTPF(l-MeIm)2]Cl in CD2CI2 recorded at -60 and -90 °C, together with peak ^ 
assignments. 
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The L 2-H, which is approximately as far from the paramagnetic center as L 4-H, has a 

similar peak shape and Ti values, but they have very different chemical shifts because of 

the difference in n orbital coefficients for the two corresponding carbons. A similar 

situation is observed for other 1-MeIm complexes' in fact, the behavior and 

characteristics (position, shape, and Ti) of the 1-MeIm 2-H proton is very similar to the L 

2,6-H of4-Me2NPy coordinated to either OMTPP, TCeTPP or OETPP.'"^ 

Ligand exchange in [FeOMTPP(l-MeIm)2]Cl is relatively fast and can still be 

detected by the presence of CE cross-peaks in 2D NOESY/ROESY maps at -90 °C. On 

the other hand, ligand exchange in the analogous bis-(4-Me2NPy) complex was not 

detectable by NOESY at -80 "C and approximately the same concentration of axial 

ligand. This difference is largely due to the stronger binding properties and higher 

basicity of 4-Me2NPy (pKaCPyH"") = 9.7) as compared to 1-MeIm (pKa(ImH^) = 7.3). 

The following NOE cross-peaks were observed in the NOESY and ROESY 

experiments: o-m, m-p, and o - CH3. At very low temperature (-90 °C) there is a very 

weak NOE between phenyl-weto and the porphyrin methyl (m - CH3) indicating that 

these two protons spend some time within 5 A or less of each other. The NOE cross-over 

point is at -60 °C, which correlates nicely with the temperatures found for other systems 

in this study. 
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Table 3.9. The chemical shifts and Ti relaxation times for [FeOMTPP(l-MeIm)2]Cl in 
CD2CI2 at two temperatures. 

Peak T =-60°C T =-90°C Assignment Peak 

Shift, ppm T i ,  ms Shift, ppm Ti, ms 

Assignment 

CH3 22.75 35(0) 25.21 19.4(1) Porphyrin methyl 

L,CH3 21.34 154(16) 25.65 13.2(1) Bound ligand, methyl 

L 4 - H  12.68 Very short 14.78 Very short Bound ligand, 4-H 

L5-H 11.26 93(16) 11.69 6.2(9) Bound ligand, 5-H 

F, 2-H 7.40 48(0) 7.41 602(1) Free ligand, 2-H 

F 4,5-H 6.93 79(2) 6.92 711(1) Free ligand, 4,5-H 

P 5.85 353(1) 5.43 289(10) Porphyrin pam-phenyl 

m 5.00 222(0) 4.39 126(1) Porphyrin meto-phenyl 

FCH3 3.63 206(2) 3.61 652(2) Free ligand methyl 

0 2.91 36(0) 1.79 19.1(3) Porphyrin or/Ao-phenyl 

L 2 - H  -3.55 3(1) -4.85 Very short Bound ligand, 2-H 
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Figure 3.25. Curie plot of all proton resonances in [FeOMTPP(l-MeIm)2]Cl. 

NaIFeOETPP(CN)2]. ' H NMR spectra at +50 and -30 °C are shown in Figure 

3.26 together with peak assignments obtained from integration, J-coupling patterns and 

COSY spectra. Probably due to the much longer T i values splittings of phenyl 

resonances and the methylene peak are observed almost at nearly all temperatures used 

(from +80 to -57 °C). The presence of one methylene peak in the spectrum of 

Na[FeOETPP(CN)2] which broadens upon temperature decrease suggests a fast rate of 

ring inversion in this complex. 

Nakamura et al.^'' have investigated 'H and '^C NMR and EPR properties of the 

same complex but with a different counterion, [FeOETPP(CN)2]NBu4 in CD2CI2; for 

comparison 'H NMR chemical shifts for Na[FeOETPP(CN)2] in DMF-c?; and 
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[FeOETPP(CN)2]NBxi4 in CD2CI2 are presented in Table 3.10. In general, chemical 

shifts are similar in the two cases; however, the phenyl-weto chemical shift decreases 

with decreasing temperature for Na[FeOETPP(CN)2] but stays almost at the same value 

for [FeOETPP(CN)2]NBu4. The dependence of chemical shifts upon temperature in 

Na[FeOETPP(CN)2] is presented in the form of a Curie plot in Figure 3.27. All the 

peaks, except the porphyrin methyl, have close to linear temperature dependence. 

Among 2D experiments, only the COSY was recorded. It showed cross-peaks for 

the phenyl spin system, o-m and m-p, and a set of cross-peaks for CH2 - CH3 (Figure 

3.26). Neither NOESY nor ROESY were performed since assignments could be made 

using ID 'H and 2D COSY data. 

The EPR spectrum of Na[0ETPP(CN)2] in DMF-rf/ at 4.2 K is shown in Figure 3.28. It 

contains a "large gmax" signal with g = 3.49, indicating the (dxy) (dxz,dyz) ground state of 

the Fe(III) and near degeneracy of the porphyrin n orbitals (dxz and dyz) due to axial 

symmetry of the cyanide ligands. Similar signals with g = 3.31, 3.48 and 3.70 were 

observed for [Fe0ETPP(CN)2]NBu4^^ and [Fe0MTPP(CN)2]NBu4" in CD2CI2 and for 

K[FeTPP(CN)2]^° in DMF-c?;, respectively. In the EPR spectrum of Na[FeOETPP(CN)2] 

there are some additional signals with g = 2.46,2.27 and ~ 2.0 (as well as a free radical). 

The nature of the species giving rise to these signals is unknown. Integration of these and 

the "large gmax" peaks cannot be used for estimation of the amount of each corresponding 

species in solution of Na[FeOETPP(CN)2] due to the short relaxation times of "large 

gmax" signals which makes them appear much smaller than the other signals in the 

spectrum. 
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Figure 3.26. a) 'H NMR spectra for Na[FeOETPP(CN)2] in DMF-J/ at 50 and -30 °C. b) 
The COSY spectrum of Na[FeOETPP(CN)2] at -30 °C. Spectral parameters: 512 x 128 
complex points, 5.848 kHz spectral width, 93 ms acquisition time, 400 ms relaxation 
delay time between transients, 48 transients per f/ increment. A sine bell apodization 
function (47 ms and 11 ms) was applied in both dimensions. 



167 

Table 3.10 The chemical shifts for Na[FeOETPP(CN)2] in DMF-i/; and 
[FCOETPP(CN)2]NBU4 in CD2CI2 at +25 and -50 °C. 

Peak T = 25 °C' T - -50T Assignment Peak 

Shift, ppm Shift, ppm Shift, ppm Shift, ppm'' 

Assignment 

CH2 6.47 6.87 6.95 7.89 Porphyrin methylene 

P 6.50 6.56 5.72 6.30 Porphyrin /?ara-phenyl 

m 6.14 6.48 5.03 6.54 Porphyrin weto-phenyl 

0 4.72 5.39 2.59 3.90 Porphyrin ort/jo-phenyl 

CH3 0.77 0.78 0.89 0.81 Porphyrin methyl 

a) Our data were acquired for + 22 °C due to instrument limitation. 

b) 'H data from Ref [57]. 
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Figure 3.27. Curie plot of all proton resonances in Na[FeOETPP(CN)2]. 
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Figure 3.28. EPR spectrum of Na[FeOETPP(CN)2] in frozen DMF-c// at 4.2 K. A 
typical "large gmax" signal with g - 3.49 indicates the LS (dxy)'(dxz,dy^)^ ground state. 
Additional signals are observed with g - 2.46, 2.27 and ~ 2.0. 

Discussion. Selected 'H NMR chemical shifts, together with "large gmax" EPR g-

values for five bis-coordinated complexes of iron(III) OMTPP, OETPP, and TC^TPP are 

presented in Table 3.11 and indicate the (dxy)^(dxz,dyz)^ ground state for all complexes 

with the impaired electron in one of the d„ orbitals. The large downfield shifts observed 

for the methyl and methylene resonances in these complexes corresponds to the large 

upfield shift of the pyrrole protons in various [Fe(TPP)(L)2]*,''^'^ suggesting that the major 

unpaired electron spin densities are at the /3-pyrrole carbon atoms. The differences 

o b s e r v e d  i n  p h e n y l  p r o t o n  c h e m i c a l  s h i f t s  ( s e e  T a b l e  3 . 1 1 )  a r e  s m a l l  a n d  n e g a t i v e  f o r  d m -

8p (except in the case of [FeTC6TPP(4-Me2NPy)2]Cl) and small and positive for - 8o in 

all complexes, indicating negligible spin density at the porphyrin meso-positions, in 
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agreement with the nodal properties of the 3e(7r) orbitals of the porphyrin (Figure 1.2). 

Thus, the phenyl-H chemical shifts are consistent with the dipolar contribution to the 

hyperfine shift, combined with the ring-current shift difference between -phmyX-ortho and 

-meta protons (for metal-free macrocycle bo is small and negative, -0.54, -0.60 and -

0.42 for H2OMTPP, H2OETP and H2TC6TPP, respectively). Similar patterns of phenyl 

shifts are observed for TPPFe(III) complexes with axial ligands that give rise to the 

(dxy)^(dxz,dyz)^ ground state. 

Detailed discussion of the EPR spectral type for most of the complexes in this 

study will be presented in Chapter 4, together with structural information and 

polycrystalline EPR. Briefly, the "large gmax" type EPR spectra with g = 3.12 - 3.49 

observed for frozen CD2CI2 solutions of all five complexes are direct evidence for the 

(dxy) (dxz,dyz) ground state and supports the conclusions obtained from NMR spectra. It 

should be noted that the EPR method determines the electronic ground state of the low-

spin iron(III) complexes at 4.2 K. Thus, at higher temperatures, where the NMR spectra 

are obtained, the electron configuration might be different, as for the complexes with spin 

cross-over (see Chapter 5). However, in most cases low-spin iron(III) complexes 

preserve their ground state over wide temperature ranges, and NMR and EPR data are in 

good agreement with each other, as in the present study. It appears that, NMR 

spectroscopy is a good method for electronic ground state determination at higher 

temperatures, especially under biologically relevant conditions. In conclusion, large 

positive shifts for the methylene and methyl protons in bis-(CN), bis-(4-Me2NPy), and 

bis-(l-Melm) iron(III) complexes of OETPP, OMTPP and TC^TPP indicate the 
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(dxy)^(dxz,dyz)^ ground state electronic configuration with large spin density at the pyrrole 

jS-positions and zero or small spin delocalization at the porphyrin meio-positions. 

Table 3.11. Chemical shifts for selected resonances together with EPR gmax values for 
six-coordinated OMTPP, OETPP, and TCoTPP Fe(Iir) complexes with the (dxy)^(dxz,dyz)^ 
ground state at -50 "C. 

Complex ^ a 
Opyn- 5p 6m 60 6m " 6p 6m ~ 60 E P R g  

[FeOMTPP{4-Me2NPy)2]^ 20.13 5.92 5.58 3.19 -0.34 +2.39 3.29 

[FeOETPP(4-Me2NPy)2]^ 12.50 5.96 4.89 2.89 -1.07 +2.00 3.28 

[FeTC6TPP(4-Me2NPy)2]^ 27.40 6.31 6.53 4.11 +0.22 +2.42 3.12 

[FeOMTPP(l-MeIm)2]^ 22.15 5.97 5.18 3.23 -0.75 +1.95 -3.12 

[FeOETPP(CN)2]" 6.95 5.77 5.03 2.59 -0.74 +2.44 3.49 

a) Spyrr indicates methyl (for OMTPP) or methylene (CH2(out) for OETPP and CHjCa) for 
TCfeTPP) groups directly attached to pyrrole jS-Cs. 

III. NMR studies of the kinetics of ring inversion in dodecasubstituted iron(III) 

complexes. 

Kinetics studies were done on all five-coordinate non-planar chloroiron(lll) 

complexes of OMTPP, OETPP, TCeTPP and F20OETPP. The presence of the axial 

chloride lowered the symmetry of the complexes and created two different chemical 

environments for methyl or methylene groups, pointing up, toward the chloride and 

down, away from the chloride. When axial ligands are added, the symmetry of the 

complexes is restored and the kinetics of the bis-ligated OMTPPs could not be studied 

due to equivalency of all eight groups. However, OETPP, TCeTPP and F20OETPP 
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porphyrins have diastereotopic methylene protons that can be used as probes for ring 

inversion even in the bis-ligated complexes. 

(OMTPP)FeCl studied by DNMR and 2D NOESY/EXSY methods. Some 

basic studies of ring inversion in (OMTPP)FeCl were done by Cheng,as presented in 

the introduction to this chapter. According to our variable temperature ID 'H NMR 

studies, one methyl resonance, observed at ambient temperature, broadens upon cooling 

and splits into two below the coalescence point, Tc, as is shown in Figure 3.29. In the 

region of the coalescence temperature, spectra were acquired every 2 °C and the precise 

value of Tc obtained, -26 °C, is close to that reported by Cheng,' -30 °C. Such a 

convenient value of Tc presented a unique opportunity to study the ring inversion of 

(OMTPP)FeCl by both DNMR and 2D NOESY/EXSY techniques. 

The rate and free energy of activation can be calculated from the coalescence 

point using Equation 3.9. From the Curie plot (Figure 3.30) the difference in chemical 

shifts for methyl protons extrapolated to -26 °C is calculated to be 7.02 ppm (2107 Hz), 

allowing calculation of the rate constant (kgx - 4678 s"') and free energy of activation 

(AG* = 42.73 kJ mol ") at this temperature. These data are in good agreement with the 

AG*243 value of 42.26 kJ/mol reported by Cheng et al.'^ However, as was pointed out 

earlier, we are interested not only in the values of kex and AG^ at a particular temperature, 

but in the temperature dependence of kex, which is necessary to obtain the activation 

parameters, AH* and AS% for ring inversion. 



172 

(OMTPP)FeCI T = 35°C 

Teoal=-25*'C 

kex = 4678 s ', 
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Figure 3.29. Stacked 'H NMR spectra (downfield region only) that show broadening of 
the methyl signal in (OMTPP)FeCl upon decreasing temperature. 



173 

S 70-

1  6 0 -

£ so
ft a, 

9 0 -

Me(l) 

U 

50-

3.0 3.5 4.0 4.5 5.0 5.5 6.0 

1000/T, K ' 

Figure 3.30. Curie plot for methyl resonances in (OMTPP)FeCl. 

Above the coalescence point, line shape analysis was done according to Equation 

3.10, in which the line width, W*, inherent line width. Wo, as well as the difference in the 

chemical shift between methyl protons, Av, change with temperature. All these changes 

should be taken into account. In the extreme narrowing limit (Xc « l/ojo, where Xc is the 

rotational correlation time and cOo is the tumbling frequency)Wo is proportional to the Xc, 

which in turn is proportional to the viscosity of solution, r|/T, according to the Stokes-

Einstein equation: 

= •  (3.13) 
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where r is the molecular radius (assuming spherical shape), r] is the viscosity of the 

medium, ke is Boltzmarm constant, and T is the temperature in Kelvin. Values of 

viscosity for CD2CI2 were taken from the Chemistry and Physics Handbook and the 

International Critical Tables and were fit with linear dependence, which resulted in the 

following analytical expression: t| = (-0.970 ± 0.011) + (0.419 ± 0.003) 1000/T, R = 

0.9997, where viscosity is expressed in mPaxs and R is the correlation coefficient ( 

Figure 3.31). 
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Figure 3.31. Temperature dependence of viscosity of CD2CI2 and DMF-d/. The values 
of viscosity are expressed in niPa*s and were taken from the International Critical Tables, 
Internet Site'^'^ and the Chemistry and Physics Handbook. 
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In order to estimate Wo the linewidth of the methyl resonance of the (OMTPP)FeCI was 

plotted versus lOOOri/T, as is shown in Figure 3.32. The beginning, nearly flat, high 

temperature part of this plot represents the dependence of the linewidth of the extremely 

fast exchange lines on the 1000ii/T, and can be considered as the inherent linewidth, WQ. 

To get a better estimation of Wo the linewidth of two methyl resonances was measured at 

183 K where ring inversion is no longer detectable on the NMR timescale. Interpolation 

of the data between extremely fast chemical exchange and no chemical exchange regions 

into the regime where chemical exchange becomes measurable on the NMR time scale 

allows us to obtain the analytical expression for Wo; 75.8 + 8200/T, with R = 0.98 and to 

calculate the difference in linewidth, W*- Wo, which indicates how much the line was 

broadened due to the presence of ring inversion only. 
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Figure 3.32. Temperature dependence of the linewidths, W , of the CH3 resonance of 
(OMTPP)FeCl above the coalescence point (-26 °C) showing the extreme broadening of 
the line. 
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Finally, the difference in chemical shifts, Av, has to be determined from the Curie 

plot for the methyl resonances shown in Figure 3.30. By linear fitting, the analytical 

expression for the temperature dependence of the chemical shifts for two methyl 

resonances was found to be: 

5ch3(1) = -3.623 ppm + 17041/T, R = 1.0; 

5ch3(2) = 0.4429 ppm + 14302/T, R = 1.0. 

These dependences were extrapolated to the relatively high temperatures of the DNMR 

studies and Av for each temperature of relatively fast, but measurable, chemical exchange 

was calculated. It is clear from the Curie plot and from the anal5^ical expressions for 

Sch3(i,2) that Av increases upon lowering the temperature. 

Finally, having all the necessary information, the rate of chemical exchange, k^x, 

can be calculated utilizing Equation 3.10 for the ring inversion of (OMTPP)FeCl in the 

temperature range from 10 to -26 °C. This gives the upper part of the Eyring plot shown 

in Figure 3.33. The activation parameters were determined from linear fitting of the data: 

AH* = 48.4(9) kJ mol"' and AS* = 21(3) J mol"' K"'. These values were used to calculate 

the rate of ring inversion in (OMTPP)FeCl and the free energy of activation at 25 °C: kex 

= 2.5x10^ s"' and AG^ = 42(2) kJ mol"'. This means that at room temperature porphyrin 

ring flips over 0.25 million times per second! 

Below the coalescence point the kinetics of ring inversion of (OMTFP)FeCl were 

studied using the 2D NOESY/EXSY data'^^ over the temperature range from -40 °C to -

90 "C. At the lowest temperature, only weak CE cross-peaks were seen in the 2D 
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NOESY spectrum, suggesting that the rate of ring inversion is not detectable on the NMR 

time scale below this temperature at 300 MHz, and probably different techniques (or a 

lower NMR frequency) must be utilized. An expansion of the NOESY spectrum that 

contains only the methyl peaks and the corresponding CE cross-peaks is shown in Figure 

3.34. The mixing times, Xm, in the NOESY experiments were optimized for the methyl 

peaks according to their Ti values (Ti ~ 5 ms in temperature range from -40 to -90 °C, 

see Table 3.1). Values of tm used were on the order of (0.2 - 2)Ti, with shorter mixing 

times (1-5 ms) for higher temperatures (from -40 to -60 °C) and longer mixing times (5 -

10 ms) for lower temperatures (from -65 to -90 °C). At -40 °C the rate of CE was 

estimated (according to Equation 3.11) to be 467 s"', while at -90 °C it is only 1.3 s"'. 

Since ring inversion was so much slower at lower temperatures, longer mixing times 

were required. It should be noted that there are experimental constraints on the mixing 

time itself, based upon the relaxation times, Ti, which become important for investigation 

of paramagnetic complexes, such as the low-spin iron(III) porphyrinates of this study, or 

quadrupolar nuclei such as Crans and co-workers have found that optimum 

mixing times for a four-site exchange "^'V system having unequal abundances and 

multiple rate constants ranged from (0.5 - 1.5)Ti.'^^ So it is possible that reaction rates 

and nuclear Ti values may be incompatible with measurement of rate constants in some 

fast-relaxing systems where extremely short mixing times are required. 

The results from the NOESY/ EXSY spectra were used to obtain peak volumes as 

shown in Figure 3.34, and to calculate the rate constants according to Equation 3.11. The 

second part of the Eyring plot (Figure 3.33) was then constructed and activation 
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parameters were obtained by linear fitting: AH^ = 40(1) kJ mo!"', AS* = -17(4) J mol*' K"', 

AG^298 = 45(2) kJ mol''. Data from both DNMR and NOESY/EXSY experiments are in 

good agreement with each other, so the, activation parameters for (OMTPP)FeCl were 

determined by least-squares linear fitting of both data sets together, and results are 

presented in Table 3.13: AH* = 45.8(6) kJ mol"' and AS* = 11(3)J mol"' K"'. These values 

predict that the Gibbs free energy of activation is 43(1) kJ mol"' and the rate of ring 

inversion is 2.2-10^ s"' at 25 °C. 
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Figure 3.33. Eyring plot of the kinetic data obtained for porphyrin ring inversion in 
(OMTPP)FeCl in CD2CI2 utilizing DNMR and NOESY techniques. 
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Figure 3.34. Downfield part of the NOESY spectrum for (OMTPP)FeCl at -70 "C 
acquired with a spectral width of 15.0 kHz, 512 x 128 complex points, 144 transients per 
ti increment, a 34 ms acquisition time, a 5 ms mixing time, and 15 ms relaxation delay 
between transients. The time domain data were Fourier transformed after application of 
Gaussian apodization (20 ms and 5 ms). 

(OETPP)FeCl studied by NOESY/EXSY techniques. The kinetic studies of 

ring inversion in (OETPP)FeCl were conducted at different magnetic field strengths (300 

and 500 MHz) and in two solvents (CD2CI2 and l,l,2,2-CD2Cl4) utilizing 2D 

NOESY/EXSY techniques. While ring inversion should be field independent, it is hard 

to make any predictions about the influence of solvent on the rate of ring inversion; 

however, as was discussed earlier, there is a dependence of chemical shifts in 

(OETPP)FeCl upon the nature of solvent used (see Table 3.2). 

At room temperature, four resonances are observed for the methylene protons (see 

Figure 3.4), indicating relatively slow ring inversion in the (OETPP)FeCl complex. 
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Heating the system leads to considerable broadening of the four methylene peaks, as well 

as two phenyl-weto signals, which coalesce at 102 "C and around 80'°C, respectively. 

Similar results were obtained by Cheng et and Schiinemann et al}^^ At -5 °C ring 

inversion is too slow on the NOESY time scale at 300 MHz, so that no chemical 

exchange (CE) cross-peaks are observed in the 2D NOESY spectrum. At temperatures 

higher than 70 °C, the diagonal and cross-peaks are too broad for accurate measurements 

of peak volumes. Because of these limitations, NOESY/EXSY NMR studies were 

conducted in the temperature range from -5 to +70 °C with intervals of 5 °C. Most 

experiments were carried out in twice with two different mixing times at the same 

temperature to find out if there is a dependence of the relative peak volume (and the 

calculated rate) on the mixing time. As in the case of (OMTPP)FeCl, mixing times were 

chosen to be on the order of Ti for the porphyrin methylene peaks, and were set in the 

range of (0.2-2)Ti. The Ti values of the methylene protons were estimated to be around 

6 ms for relatively low temperatures (0 - 30 "C, CD2CI2) and 4 ms for the temperature 

range from 40 to 70 °C in C2D2CI4 (see Table 3.2). For this reason Xm in the range of 1 -

12 ms were used, with longer Xm for lower temperatures, where ring inversion is 

relatively slow. 

The volumes of cross- and diagonal-peaks in NOESY/EXSY 2D spectra were 

measured and used to determine the temperature dependence of the rate constant, kex, 

according to Equation 3.11 and to construct the Eyring plot presented in Figure 3.35. The 

results show that the rate constants are both field and solvent independent for the field 

strengths and solvents used, and the data points in the Eyring plot can be described by a 
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single linear dependence. The activation parameters are presented in Table 3.13: AG^298 

= 66.1 kJ mol"', AH^ = 53.7 kJ mol"', AS^ = -41.6 J mol"' K"', and M298) = 16.0 s"', 
% 

(OETPP)FeCl is much less flexible than (OMTPP)FeCl due to the higher steric 

constraints caused by the ethyl substituents. 

(FeOETPP)FeCl 

-23-

P 
JS 

£ 
K 

"s 
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2.8 3.0 3.2 3.4 3.6 3.8 

1000 /T ,  1 /K  

Figure 3.35. Eyring plot of the kinetic data obtained for porphyrin ring inversion in 

(OETPP)FeCl in CD2CI2 and C2D2CI4 utilizing NOESY/EXSY techniques. 

(F2oOETPP)FeCI studied by NOESY/EXSY techniques. (F2oOETPP)FeCl is 

quite similar in NMR behavior and flexibility to the (OETPP)FeCI complex, indicating 

only a small influence of the phenyl-fluorines on the rate of ring inversion of the 

porphyrin core. The observation of four methylene signals at room temperature indicates 

relatively slow ring inversion in this complex. It was studied in the temperature range 
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-26 H 
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• CjD^CI^, 500 MHz 

• CDjClj, 300 MHz 

O CjDjCI^, 300 MHz 

• \ 
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from -10 to +35 °C in CD2CI2 and from +40 to +70 °C in C2D2CI4. Unlike the 

(OETPP)FeCl case, data was acquired at 300 MHz only. An example of the NOESY 

spectrum is shown in Figure 3.7. Mixing times, Xm, in the NOESY experiments (1-7 ms) 

were selected to be on the order the T1 values for the methylene protons. As before, two 

NOESY experiments were conducted at each temperature with different mixing times, 

peak volumes were measured, and rates were calculated using Equation 3.11; the results 

are presented in the form of an Eyring plot (Figure 3.36). For high temperature 

measurements (C2D2CI4), experiments were conducted with Xm of 1-2 ms, but a large 

spread of the data points was observed, most likely due to underestimation of the rate 

when longer mixing times (1.5 and 2 ms) were used; therefore, only rates determined for 

experiments with Xm = 1 ms were used for the linear fit. The activation parameters (AH' 

and AS*) obtained from the Eyring plot (Figure 3.36) differ slightly for CD2CI2 and 

C2D2CI4 solvents (Table 3.12), apparently due to different solvation properties. 

However, the free energies of activation, AG*298> are within experimental error: (62(2) 

and 63(6) kJmol"' for CD2CI2 and C2D2CI4, respectively. On the basis of the least-square 

linear fit, the rate of ring inversion at 298 K was estimated to be 73 and 54 s"' for CD2CI2 

and C2D2CI4, respectively. Activation parameters for (F2oOETPP)FeCl in CD2CI2 are 

presented in Table 3.13 and are similar to the corresponding parameters for the 

(OETPP)FeCl complex. 



Table 3.12. Comparison of kinetics parameters for ring inversion in (F2oOETPP)FeCI 
two different solvents, CD2CI2 and C2D2C14-

CD2CI2 

AH^ = 47(1) kJ mol"' 

AS' = -52(4) J mor' 

AG^298 = 62(2) kJ mor' 

kex(298) = 73 s"' 

C2D2CI4 

AH^ = 39(3) kJ mor' 

AS^ - -80(9) kJ mor' K"' 

AG'298 = 63(6) kJ mor' 

kex(298) = 54 s"' 

(F^OETPP)FeCI 

ah = 39(3) kJ/mol 
AS = -80(9) J/mol*K 
AG^ = 63(6) kJ/mol 

CD,CI, 
c,D,a^ 

AH = 47(1) kJ/mol 
AS = -52(4) J/mo!*K 
AG„. = 62(2) kJ/mol 

2.8 3.0 3.2 3.4 

1000/T, 1/K 

3.6 3.8 

Figure 3.36. Eyring plot of the kinetics data obtained for porphyrin ring inversion in 
(F2oOETPP)FeCl in CD2CI2 and C2D2CI4 utilizing NOESY/EXSY techniques. 



DNMR studies of (TC6TPP)FeCl. There are only two CHaCa) resonances in the 

'H id spectra of (TC6TPP)FeCl, indicating fast ring inversion of the complex at any 

temperature above -93 °C, and even at this temperature the two peaks do not coalesce 

completely but become extremely broad, suggesting that the coalescence point is just 

below -93 °C. If the sample could be cooled even more, 4 resonances are expected for 

the methylene protons, exactly as in the case of (OETPP)FeCl. However, while in the 

(OETPP)FeCl complex the ring inversion is accompanied by the rotation of the ethyl 

group, for (TC6TPP)FeCl the cyclohexene rings (pseudo-chair conformation) bend up or 

down upon ring inversion. Two CH2(a) resonances are attributed to diastereotopic 

methylene protons that point up (toward the chloride) and down (away from the chloride) 

which is shown in Figure 3.11. The rate of ring inversion in (TC6TPP)FeCl was 

estimated by DNMR technique applying line shape analysis according to Equation 3.10. 

Since the procedure of calculation was described in detail for the (OMTPP)FeCl 

complex, only the specific results and differences are discussed here. Since Wo and 

(presumably W*) is proportional to solvent viscosity (only above the NOE crossover) 

according to Equation 3.13, the linevvidth of both CH2(a) resonances of (TC6TPP)FeCl 

was plotted versus lOOOti/T. As the temperature is lowered, the downfield CH2(a)l 

proton signal broadens more than its upfield counterpart, as can be seen in Figure 3.37. 

The nearly flat, high temperature part of this plot (from +30 to -30 °C) reflects the 

dependence of linewidth on the NMR parameters only (rotational correlation time, Xc, 

field inhomogeneity, truncation of FID, etc.), rather than the influence of ring inversion. 

It was fit with a line and extrapolated into the lower temperature regime where the rate of 
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ring inversion can be measured using DNMR technique. The following analytical 

expression resulted from the linear fit: 

CHzCa)!: Wo = 51.6 + 28600ti/T, with R = 0.995 

CH2(a)2: Wo = 40.1 + 38800r|/T, with R = 0.988. 

Only the fit for CH2(a)l is shown in Figure 3.37. The difference between the straight 

line extrapolation and the observed linewidth, W* is attributed to a chemical exchange 

process involving the inversion of the porphyrin ring in (TC6TPP)FeCI. 

4000 n (TCJPP)FeCl 

3000-
• CH^(a)1 

• CH2(a)2 

£ 
5 2000-

c 1000-
• 

0 -

1 2 3 4 5 6 7 8 

Ti 1000/T 

Figure 3.37. Temperature dependence of the linewidths, W*, of the two CH2(a) 
resonances in (TC6TPP)FeCl. The linear fitting for the beginning flat part is shown only 
for CH2(a)l. 
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The other important parameter in Equation 3.10 is the difference in chemical shift, 

Av, between the two types of diastereotopic CH2(a) protons. It could be obtained from 

the Curie plot, but the rate of ring inversion is too fast on the NMR time scale and even at 

-93 "C, the lowest accessible temperature, the four different magnetic environments of 

CH2(a) are not resolved. Instead, we have assumed that the minimum difference in the 

chemical shifts, Av, must be at least as large as the maximum linewidth for the two 

CH2(a) resonances observed, or 3648 Hz for CH2(a)l (-90 °C) and 1833 Hz for CH2(a)2 

(-93 °C). For larger values of Av the calculated rate constant would simply be scaled by 

the factor (Av/3648)^ for CH2(a)l and (Av/1833)" for CH2(a)2 . Thus, our assumption 

will not affect the calculated AH^, though it will affect AS* and kex-

With the above assumptions kex for the ring inversion of (TC6TPP)FeCl was 

calculated in the temperature range from -40 to -90 °C and the Eyring plot shown in 

Figure 3.38 was constructed. Above -40 °C the rate of ring inversion is too fast on the 

chemical shift time scale to be detected. Data obtained for both CH2(a) resonances are in 

good agreement with each other and can be described using a single line yielding the 

following activation parameters: AH* = 34(1) kJ mol"' and AS* - 16(5) J mof'K"'. These 

values predict that the minimum rate of ring inversion in (TC6TPP)FeCl at 25 °C is 

4.4x10^ s"' which means that at room temperature the porphyrin ring flips over at least 44 

million times per second! Using larger values of Av, for example 7000 Hz and 3500 Hz 

for CH2(a) 1 and 2, respectively, would lead to a slightly higher AS* of 26(5) J mol"' K"' 

and 3.6 times higher value of kex(298) = 1.6x10^. Based on these results we can conclude 
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that the flexibility of the porphyrin core in (TC6TPP)FeCl is the highest of all the five-

coordinate non-planar octaalkyltetraphenylporphyrins of this study. This difference can 

be rationalized by comparing the degree of non-planarity in the crystal structures of 

(TC6TPP)FeCl, (OMTPP)FeCl and (OETPP)FeCl (see Table 3.14). 
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3.5 4.0 4.5 5.0 

1000/T, 1/K 
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Figure 3.38. Eyring plot of the kinetic data for porphyrin ring inversion of 
(TC6TPP)FeCl in CD2CI2. The calculated values of AH^ and AS^ are 34(1) kJ mof' and 
16(5) kJ mo!"' K"', respectively. The extrapolated minimum value of the rate constant at 
25 "C is 4.4x10'^ s"'. (These values of AS^and kex are based upon the assumption that Av 
= 3648 Hz for CH2(a)l and 1833 Hz for CH2(a)2, as discussed in the text.) 

NOESY/EXSY studies of [FeOETPP(4-Me2NPy)2lCL Methylene protons of 

ethyl groups are good probes for studying the ring inversion process in complexes with 

the OETPP porphyrin core. There are two diastereotopic methylene resonances, 
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CHaCout) and CH2(in), in the ID spectra of [FeOETPP(4-Me2NPy)2]Cl at any 

temperature below 0 °C, indicating that ring inversion is relatively slow and 

NOESY/EXSY techniques will be required for kinetic studies. NOESY experiments 

were conducted in the temperature range from -10 to -60 °C with 5 °C intervals and 5 -

80 ms mixing times. Ring invereion becomes undetectable (by EXSY time scale) below 

-60 °C and only NOE cross-peaks between geminal pairs of methylene protons are 

observed. These could be confused with chemical exchange, CE, cross-peaks at this low 

temperature (below the NOE cross-over point NOE cross-peaks have the same sign as CE 

cross-peaks) and lead to overestimation of the rates of ring inversion. In Figure 3.39 the 

ratio of the volumes of cross-peaks to the volumes of the diagonal peaks is plotted versus 

temperature. 
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Figure 3.39. Temperature dependence of the ratio of the volume of cross-peaks to the 
volume of CHaCout) diagonal peaks in the NOESY experiments for [FeOETPP(4-
Me2NPy)2]CL The CH2(in) resonance had considerable overlap with neighboring 
resonances. 
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The value of the ratio V{cross-peak:)A^(diagonal peak) decreases as the 

temperature is lowered due to the decrease in kex, but below -60 °C the ratio begins to 

increase as temperature is further reduced, indicating the presence of NOE effects only. 

The rate of ring inversion was calculated according to Equation 3.11 utilizing only the 

data above -60 °C and the results are plotted in the form of an Eyring plot (Figure 3.42). 

Least-square linear fitting resulted in the following activation parameters: AH^ = 49(1) kJ 

mor' and AS' = -22(5) J mol"' K"' (Table 3.13). 

{FeF2oOETPP(4-Me2NPy)2]Cl studied by NOESY/EXSY techniques. At +40 

°C no peak(s) for methylene protons are observed in the ID 'H NMR spectra. However, 

when the temperature is lowered below 10 °C, two broad peaks that sharpen upon 

decreasing temperature appear. The downfield peak was assigned to CH2(out) and the 

upfield peak to CH2(in) by analogy to the [FeOETPP(4-Me2NPy)2]Cl complex. From 

these data we can conclude that the coalescence temperature for the methylene protons in 

[FeF2oOETPP(4-Me2NPy)2]Cl should be around 40 °C and ring inversion can be studied 

by 2D NOESY/EXSY technique below this temperature. The rate and free energy of 

activation can be calculated from the coalescence temperature using Equation 3.9. From 

the Curie plot (Figure 3.23) the difference in chemical shifts for methylene protons 

extrapolated to +40 °C is calculated to be 2256 Hz and therefore, kex = 5012 s"' and AG^ = 

54.6 kJ mof' at this temperature. NOESY experiments were conducted in the 

temperature range from -20 to -80 °C with 10 °C intervals and 10-70 ms mixing times 

(shorter mixing times were used for higher temperatures). Peak volumes were measured 
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and used for calculation of rates of ring inversion according to Equation 3.11. Data for -

80 "C were not used in the linear fitting of Eyring plot, because of significant 

contributions of NOE intensity to the cross-peak volume. Above -70 °C the intensity of 

CE cross-peaks is substantially higher than the intensity of NOE cross-peaks so the 

overestimation of volume is insignificant. For the data at -70 "C the volume of the 

averaged NOE cross-peak in the spectrum was subtracted from the volume of CE cross-

peaks to prevent overestimation of kex-

The Eyring plot for [FeF2oOETPP(4-Me2NPy)2]Cl is shown in Figure 3.42. The 

rate constant of ring inversion at 25 °C, along with activation parameters for this complex 

and other complexes under study, is listed in Table 3.13. 

There was an attempt to go to higher temperatures in order to look at ring 

inversion by DNMR (by doing line shape analysis on the averaged methylene peak). 

Accordingly, [FeF2oOETPP(4-Me2NPy)2]Cl was dissolved in l,l,2,2-C2D2Cl4 and ID 

experiments were carried out at temperatures up to +80 °C. At this temperature all peaks 

become broad and no methylene peak appeared due to rapid ligand exchange and, 

probably, fast spin equilibrium between the HS and LS states of this complex. 

[FeTC6TPP(4-Me2NPy)2]CI studied by DNMR methods. Ring inversion in 

[FeTC6TPP(4-Me2NPy)2]Cl is fast on the NMR time scale and, as a result, one sharp 

peak for the two chemically inequivalent CH2(a) protons is observed at temperatures as 

low as -50 "C (Figure 3.17). X-ray crystal structure of (TC6TPP)FeCl (Figure 3.11) 

shows the nature of these two types of CH2 in [FeTC6TPP(4-Me2NPy)2]Cl: methylene 

protons that were denoted as 'up-up' and 'down-down' in the (TC6TPP)FeCl complex 
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become equivalent in [FeTC6TPP(4-Me2NPy)2]Cl due to the presence of two axial 

ligands and can be denoted as CH2(axial); the other pair of methylene protons that were 
% 

'up-down' and 'down-up' in (TC6TPP)FeCl are equivalent as well and can be denoted as 

CHiCequatorial). However, even at low temperatures the ring inversion process is 

relatively fast and only broadening of the single CH2(a) peak is observed. At -93 °C the 

signle methylene peak is 960 Hz wide, so the coalescence temperature should be below 

-93 "C. 

Lineshape analysis was utilized in order to estimate the activation parameters of 

ring inversion in [FeTC6TPP(4-Me2NPy)2]Cl. As before, the width at half height of the 

CH2(a) peak was plotted against 1000r|/T (Figure 3.40) and the analytical expression for 

the inherent line width, W,,, was obtained from linear fitting of the nearly flat, high 

temperature part of the graph (-10 to -60 °C): Wo = -17.19 +12370r|/T, R = 0.925. 

Extrapolation of this line into the regime where ring inversion becomes observable on the 

NMR time scale (below -60 °C) allows us to calculate the increase in linewidth, W* - Wo, 

that is the due to the chemical exchange only. Since we cannot cool the sample down to 

a temperature where two different resonances for CH2(a) are observed, the difference in 

chemical shift, Av, cannot be measured. Again it is assumed that the minimum Av must 

be at least as large as the maximum linewidth (960 Hz) at the lowest achievable 

temperature, -93 °C. If larger values of AP are considered, the calculated rate constant 

would simply be increased by the factor {Avl960f. This assumption will not affect AH% 

though it will affect AS* and kex- It should be remembered, though, that there is one more 
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hidden error in this assumption: as was seen for other complexes where two different 

environments of protons are resolved due to slow exchange, the value of Ay is not 

constant, but changes with temperature. Due to the lack of of Av data a constant value of 

Aj' was assumed; the only justification for is the fact that the temperature range used is 

very narrow (-70 to -93 °C). 
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Figure 3.40. Temperature dependence of the linewidth, W , of the CH2(a) resonance of 
[FeTC6TPP(4-Me2NPy)2]Cl showing significant broadening of the line. The difference 
between the straight line extrapolation and the observed linewidth of the CH2(a) 
resonance is attributed to chemical exchange involving the inversion of the porphyrin 
ring. 

The rate of ring inversion was calculated using Equation 3.10 and results are 

presented in the form of an Eyring plot (Figure 3.42), together with the results for other 
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complexes in this study. The activation enthalpy and entropy obtained by linear fitting of 

the data are 35(1) kj mol"' and 16(7) J niol"' K"', respectively. These values predict that 

at ambient temperature the minimum rate of ring inversion is 2.8x10^ s"'. Using a larger 

value of Ai', for example 1500 Hz, would lead to a 2.4 times higher rate constant, 

6.8x10"' s'\ and only slightly higher AS% 23(7) J mol"' K"'. It is interesting to note that 

the activation parameters obtained for [FeTC6TPP(4-Me2NPy)2]Cl are within 

experimental error of the activation parameters of its 5-coordinate analog, (TC6TPF)FeCl. 

Na[FeOETPP(CN)2l studied by DNMR techniques. Unlike other bis-ligated 

iron(III) complexes of OETPP there is only one methylene peak in the NMR spectra of 

Na[FeOETPP(CN)2] (Figure 3.26), suggesting relatively fast rates of ring inversion in 

this complex. Data were acquired in the temperature range from +80 to -57 "C with 2-5 

°C intervals. Lower temperatures could not be achieved due to freezing of the DMF 

solvent. The methylene peak is sharp at high temperatures but when the temperature is 

lowered it becomes broader until it disappears almost completely at -57 "C, which can be 

considered as the coalescence point. Line shape analysis was done according to Equation 

3.10. First the dependence of viscosity of DMF upon temperature must be determined. 

Values of viscosity for DMF were taken from the Chemistry and Physics Handbook and 

Internet Site"'^ and fit with 3'"'^ order polynomial (y = A + B|X + + B3X"') with the 

following coefficients: A - -7.09 ± 1.07; Bi = 7.53 ± 1.00; B2 = -2.66 ±0.31, and B3 = 

0.33 ± 0.03 with R = 0.9994 (see Figure 3.31). In order to estimate the inherent 

linewidth. Wo, the linewidth of the methylene resonance was plotted versus lOOOq/T, as 

presented in Figure 3.41. The analytical expression for Wo was obtained (10.09 + 
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3677T|/T) after linear fitting of the beginning, flat part of the plot. The line was 

extrapolated to low temperatures, and the difference W'-Wq that indicates how much the 

NMR line was broadened due to ring inversion only, was calculated. Here again it was 

assumed that the minimum difference in chemical shift, Av, should be at least as high as 

the maximum linewidth, 490 Hz. With this assumption, the rate of ring inversion in the 

temperature range from 10 to -53 "C was calculated according Equation 3.10 and the 

results were included in the Eyring plot. Figure 3.42. Least-squares linear fitting of the 

data resulted in the following activation parameters; AH* = 58(1) kJ mol"' and AS* = 

73(6) J mol"' K"', which in turn gives an estimate of the minimum rate of ring inversion at 

room temperature: 2.73x10^ s"' (Table 3.13). If larger Av is assumed then the rate scales 

as (Aj'/490 HZ)^. For example, if we assume AP of 1000 Hz the rate constant kex at +25 °C 

FT 
becomes 11.4x10 (increases by a factor of ~4) and AS* increases slightly to 85(6) J mol" 

K"'. However, our assumption will not affect the value of AH\ 

Ring inversion in [Fe0ETPP(4-CNPy)2]C104 and [Fe0ETPP(/-BuNC)2]C104 was 

studied by both DNMR and NOESY/EXSY techniques. These experiments and their 

conclusions are presented in detail in Chapters 5 and 6, respectively, but for completeness 

the kinetics parameters are included in Table 3.13. 
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Figure 3.41. Temperature dependence of the linewidth, W*, of the methylene protons in 
Na[FeOETPP(CN)2] above the coalescence point (-57 "C). 

Discussion. 

The activation enthalpies, AH% entropies, AS* and free energies, AG*298 and ring 

inversion rates at 298 K for eight complexes of this study are presented in Table 3.13 

together with the data for [Fe0ETPP(4-CNPy)2]C104, [Fe0ETPP(/-BuNC)2]C104 from 

Chapters 5 and 6, respectively, and [FeOETPP(l-MeIm)2]Cl.'^^ The kinetic parameters 

may be interpreted as follows: AH* indicates the rigidity of the macrocycle against 

inversion, and AS* indicates the degree of order of the transition state for ring inversion 

NaIFeOETPP(CN)J in DMF 
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relative to the ground state. The Eyring plots for all systems under investigation are 

shown in Figure 3.42. The rates of ring inversion of different porphyrin cores at 298 K 

are in the range from 10 to 10^ s"' indicating a large range of porphyrin core flexibilities. 

According to the data from the Eyring plot, all complexes in this study can be placed in 

one of the three groups; 1) five and six-coordinate TC(,TPP with kex ~ 10's"'; 2) 

(OMTPP)FeCl and six-coordinate OETPPFe'" with small cylindrical ligands (CN- and t-

BuNC) with kex ~ 10^ - 10^ s"'; and 3) (OETPP)FeCl, (F2oOETPP)FeCl and their six-

coordinate analogs with planar aromatic axial ligands (4-Me2NPy, 1-MeIm and 4-CNPy) 

with kex ~ 10 - 10^ s"'. The deviation of the porphyrin core from planarity, the position of 

the Fe atom (relative to the porphyrin mean plane) and the barrier to axial ligand rotation 

dictates the placement of a given complex in a particular group. 

First, Iconsider only five-coordinate complexes, (OMTPP)FeCl, (TC6TPP)FeCl, 

(OETPP)FeCl and (F2oOETPP)FeCl in order to investigate the influence of porphyrin 

non-planarity on the rates of ring inversion. It was proposed'that the rates of this 

process are likely to be very sensitive to the degree of steric interactions between the 

peripheral substituents, and thereby, provide indirect measurements of the degree of non-

planarity of the porphyrin core: a more non-planar conformation should be accompanied 

by an increase in the free energy of activation (AG^) for inversion if entropy 

considerations are neglected. All complexes in this category adopt saddled geometries 

with different degrees of ruffling and non-planarity (Table 3.14). 
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Figure 3.42. Eyring plot of the kinetic data obtained for porphyrin ring inversion in 
eleven octaalkyltetraphenyliron(III) five- and six-coordinate porphyrins. 

They can be placed in the following order according to decreasing distortion of their 

cores: OETPP > OMTPP > TCeTPP (as is seen by the deviation of pyrrole P-Cs), and in 

the same order the free energy of activation decreases and the rate of ring inversion 

increases from 16 and 73 s"^ for (OETPP)FeCl and (F2oOETPP)FeCl, respectively, to 

4.4x10^ s'' for (TC6TPP)FeCl at ambient temperature. As was mentioned, AH* indicates 

the barrier to ring inversion of the porphyrin core and is higher for (OETPP)FeCl and 
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lower for (TC6TPP)FeCl due to substantial non-planarity of the former. The activation 

entropy, AS% decreases in the order TCeTPP > OMTPP > OETPP (16(5), 11(3) and 

-42(7) J mor'K"', respectively). The reason for this might be in the following: it is 

expected that the transition state for ring inversion in saddled porphyrin core resembles a 

ruffled geometry and TCeTPP, being the most ruffled (~ 40%), has a positive value of 

AS\ However, one may argue that AS* for both OMTPP and TCeTPP are within 

experimental error of each other in spite of the striking difference in their geometry; in 

any case, these AS^ values are quite small. In short, porphyrin core geometry defines the 

kinetics of ring inversion with the most planar porphyrin cores being the most flexible. 

Secondly, the influence of axial ligand on the kinetics of ring inversion will be 

discussed by comparing different bis-ligated complexes of OETPP. As was already 

mentioned, they fall into two different groups, with fast rate of ring inversion for bis-

(CN) and bis-(l-BuNC) complexes of OETPPFe'" and relatively slower ring inversion (at 

least by a factor of 10^) for complexes with planar aromatic ligands (4-Me2NPy, 4-CNPy 

and 1-Melm). AG*298 is 36 and -60 kJ mol"' for the first and second group, respectively. 

The entropy of activation is positive for both complexes in the first group, but is negative 

or close to zero for all complexes in the second group. Negative entropies indicate that 

[FeOETPP(L)2]" with planar axial ligands are more ordered in the transition state. Ring 

inversion requires rotation of the planar axial ligands that occupy the cavities formed 

above and below the porphyrin core. Therefore, in the case of bis-ligated OETPPFe'" 

with planar aromatic axial ligands, the kinetics parameters include contributions from 
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both porphyrin inversion and axial ligand rotation, hi contrast, the kinetics data for bis-

(CN) and bis-(r-BiiNC) complexes reflect pure inversion of the porphyrin core. 

Comparing the free energy of activation for the two types of complexes, we can estimate 

the free energy of axial ligand rotation alone to be ~24 kJ mol"' for pyridines and 

unhindered imidazoles. 

Table 3.13. Comparison of activation enthalpies, entropies, room temperature free 
energies, and rate constants obtained from the Eyring plots for non-planar five and six 
coordinate complexes of iron(III) TCeTPP, OMTPP, OETPP and F20OETPP. 

Complex AH\ 

kJ/mol 

AS% 

J/(K mol) 

AG* 298 , 

kJ/mol 

K298, S T range, K 

(TC6TPP)FeCl 34 ± 1 16±5 29 ±2 4.4*10^ 233 - 180 

(OMTPP)FeCl 46 ± 1 11 ±3 43 ± 1 2*10^ 233 - 183 

(OETPP)FeCl 54 ±2 -42 ±7 66 ±4 16 343 -273 

(F2oOETPP)FeCf 47 ± 1 -52 + 4 62 + 2 73 263 -303 

[FeTC6TPP(4-Me2NPy)2]Cl 35 ± 1 16±7 31 ±2 2.8*10^ 213 - 180 

[FeF2oOETPP(4-Me2NPy)2]Cl 39 ± 1 -56 ±5 55 ±3 1.22*10^ 213 -253 

[FeOETPP(4-Me2NPy)2]Cl 49 ± 1 -22 ±5 56 ±3 970 263 -223 

[FeOETPP(l -MeIm)2]Cl' 59 ± 1 -3± 1  60 ± 1 174 283 -243 

[FeOETPP(4-CNPy)2]Cl'' 32 ± 1 -104 ±3 63 ±2 59 308 -263 

[Fe0ETPP(t-BuNC)2]C104^ 40 ± 0.4 1 3 ± 2  36 ± 1 2.6*10^ 260 - 180 

Na[FeOETPP(CN)2]' 58 ± 1 73 ±6 36 ±3 2.7*10^ 283 -220 

a) Data for CD2CI2 solution only. 
b) Detailed results are presented in Chapters 5 and 6. 
c) Solution in DMF. 
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Finally, as five- and six-coordinate complexes of the same porphyrin are 

compared, there is a similarity between the activation parameters for'five-coordinate 

chlorides and the corresponding bis-(pyridine) or bis-(imidazoie) analogs (see Table 

3.13) with five-coordinate complexes being slightly less flexible (higher AG*298 and lower 

rates for ring inversion). The Fe atom in five-coordinated complexes is significantly out 

of the mean porphyrin plane, by 0.43, 0.51, and 0.53 A for OETPP, OMTPP, and 

TCeTPP, respectively (see Table 3.14). This imposes steric hindrance to ring inversion by 

raising the energy necessary for porphyrin ring rearrangement, and therefore, results in 

slower inversion rates. In all 6-coordinate complexes, on the other hand, the Fe atom is 

exactly in the porphyrin mean plane, and does not interfere with the ring inversion 

process. 

Table 3.14. Average displacement of selected atoms from the mean porphyrin plane in 
five-coordinate octaalkyltetraphenyliron(lll) chlorides. 

Complex Av |ACp|, A Av |ACm|, A iAFe|, A® Ref. 

(OETPP)FeCI ± 1.15 ±0.19 0.43 134 

± 1.13 ±0.22 0.48 161 

(OMTPP)FeCl ± 1.05 ±0.14 0.51 134 

(TC6TPP)FeCl ± 1.32 ±0.26 0.53 TW 

a) The deviation of Fe from the mean plane of the 24-atom core. 

The final issue to address is the solvation effect. While activation parameters for 

(OETPP)FeCl are field and solvent independent, the activation parameters of ring 

inversion in (F2oOETPP)FeCl and [FeOETPP(4-CNPy)2]"^ (see discussion in Chapter 5) 
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depend slightly on the nature of the solvent. Solvation effects can be explained by the 

difference in coordination and solvation abilities of CD2CI2 as compared to C2D2CI4. To 
% 

us it is more surprising that solvation effects are not present in the (OETPP)FeCl case 

rather than their presence in the (F2oOETPP)FeCl and [FeOETPP(4-CNPy)2]'^ cases. 

Conclusion 

Combined analysis of the 'H NMR and EPR data have revealed that highly non-

planar five-coordinate iron(III) porphyrins adopt the high spin (S = 5/2) state with 2-10 % 

of the IS (S = 3/2) state mixed in. Spin delocalization to the pyrrole P-positions results in 

large downfield shifts of the protons of methyl and methylene groups directly attached to 

the pyrrole rings. The pattern of phenyl shifts indicates some amount of spin 

delocalization to the porphyrin m&vo-positions due to Fe(d„) porphyrin 4e(7t*) and 

3a2u(7i) interactions. Six-coordinate octalkyltetraphenylporphyrinatoiron(lll) complexes 

with 4-Me2NPy, 1-MeIm and CN" are low spin with the common (dxy)^(dxz,dyx)^ ground 

state. The chemical shift pattern in 'H NMR spectra suggests large spin delocalization to 

the pyrrole p-positions and little or no spin delocalization to the porphyrin meso-

positions. 

Octaalkyltetraphenylporphyrins provide a unique opportunity to study the kinetics 

of ring inversion utilizing 'H NMR ID (DNMR) and 2D NOESY/EXSY techniques. The 

rate of ring inversion for all complexes in this study at 298 K is in the range of 10 to 10^ 

s"', indicating a large range of porphyrin core flexibilities. These are related to the 



amount of porphyrin core distortion and the barrier to axial ligand rotation, and can be 

used as an indirect measurement of the degree of non-planarity, with the most flexible 

porphyrin rings being the most planar. 
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Chapter 4 

Low-Spin Ferriheme Models of the Cytochromes; 
Correlation of Molecular Structure with EPR Spectral Type 

Introduction 

The literature review in Chapter 1 is a good introduction to this chapter. All 

presented work was done in order to establish a firm correlation between structural 

parameters and EPR properties of model octaalkyltetraphenylporphyrins, namely 

2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetraphenylporphyrinatoiron(III), 

Fe(III)OETPP, 2,3,7,8,12,13,17,18-octamethyl-5,10,15,20-tetraphenylporphyrinato-

iron(IIi), Fe(III)OMTPP, and tetra-/3,/3'-tetramethylene-5,10,15,20-

tetrapheylporphyrinato-iron(III), Fe(lll)TC6TPP complexes with strong basicity pyridines 

and imidazoles: sterically unhindered 1 -methylimidazole, 1 -Melm, hindered 2-

methylimidazole, 2-MeHIm, and 4-diniethylaminopyridine, 4-Me2NPy (see Figure 1.8). 

These complexes are believed to be good models for cytochrome bci heme b centers that 

are bis-histidine ligated."*' 

The project started with the structure of [FeOETPP(4-Me2NPy)2]Cl"^ solved 

during a Cheni 517 course taught by Dr. Enemark. It had a saddled porphyrin core with a 

substantial degree of ruffling, a 70° dihedral angle between axial ligand planes, A0, the 

smallest angle yet observed for a bis-pyridine complex having a "large gmax" EPR signal, 

and two different <j> angles of 9 and 29° between the axial ligand planes and the closest 

Np-Fe-Np. Such interesting findings encouraged us to start looking more deeply into 

the structure-property relationship for model heme complexes. Determining how much 
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smaller than 70° the dihedral angle could be and yet give rise to a "large gmax" EPR signal 

was one of the primary goals of this work. 

In this chapter the crystal structures and EPR spectra of nine crystalline forms of 

bis-ligated octaalkyltetraphenylporphyrinatoiron(III) complexes will be described. We 

find that this class of synthetic porphyrinates is exceptionally rich in stabilizing a variety 

of axial ligand orientations, dihedral angles, and porphyrin core conformations. The 

structure of (TC6TPP)FeCl is included as well, because it is the first characterization of 

this complex and is very helpful in discussing the structure of its bis-imidazole analog. 

The overall goal of this project is to determine the limits on the axial ligand plane 

dihedral angle for each type of EPR and Mossbauer signal, and to see if there is any 

correlation between g-values or Mossbauer spectral parameters observed and ligand plane 

dihedral angles. The Mossbauer experiments were done in collaboration with Professor 

Alfred X. Trautwein's lab in Germany, Institut fur Physik, Universitat zu Liibeck, by Dr. 

Volker Schilnemann and his graduate student Thomas Teschner.'^^ 

Experimental 

1 -Methylimidazole (1-MeIm), 4-dimethylaminopyridine (4-Me2NPy), and 2-

methylimidazole (2-MeHlm) complexes of (OMTPP)FeCl, (OETPP)FeCl and 

(TC(,TPP)FeCl were obtained by simply placing 3-6 equivalents of the chosen axial 

ligand in a methylene chloride solution of the chosen porphyrinatoiron(III) chloride. 

Crystals were grown by liquid diffusion methods. In most cases two solvent systems 

were used: 1) methylene chloride and dodecane; 2) chloroform and cyclohexane. Usually 
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deuturated methylene chloride and chloroform were used due to their high purity and 

dryness. Other solvent systems were tried as well, but these two were used most 

frequently and successfully. EPR spectra were recorded on a Bruker ESP-300E EPR 

spectrometer (operating at 9.4GHz with 100 kHz field modulation) equipped with Oxford 

Instruments ESR 900 continuous flow helium cryostat. Spectra were obtained for 

crystalline samples at 4.2 °K. Microwave frequencies were measured using a Systron-

Donner frequency counter. Typical values for microwave power, modulation frequency 

and modulation amplitude are 0.2 mW, 100 kHz and 1.011 G, respectively. 

Computational methods {ah inito DFT calculations with the unrestricted hybrid 

method B3LYP and relatively small 3-210 basis set) were applied to study the optimal 

ligand orientation in the nonplanar porphyrin molecules. The calculations were carried 

out using the commercial program package Gaussian 98'™ and models were generated 

using Spartan 5.1. All coordinates were taken from the crystal structures of 

[FeOETPP(4-Me2NPy)2]Cl,''^ and [FeOMTPP(4-Me2NPy)2]Cl (structures A and B) 

discussed below. No geometry optimization was performed; single point calculations 

were done in all cases. First, porphyrin core models for all three complexes were 

generated from the crystal structures by removing axial 4-Me2NPy ligands and 

substituting peripheral groups. Me, Et, and Ph with H. In each case we obtained the 

following porphyrin core - FeN4C2oHi2. Then two pyridine ligands were added to each 

model (first they were oriented in the same way as in the crystal structures, see Table 4.2 

below, and then both of them were constrained to be at 0° to the closest Np-Fe-Np vector) 

and the single point energies were calculated again. For the B:[FeOMTPP(4-
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Me2NPy)2]Cl complex, stractures with various axial ligand orientation were generated. 

The angle between the two ligand planes was fixed to 88.5° and both ligands were rotated 

simultaneously in steps of 15". The example of input file for DFT calculation is shown in 

Apendix D. 

Structure determination. General. Crystals of each complex were mounted on 

glass fibers in random orientation and examined on a Bruker SMART 1000 CCD detector 

X-ray diffractometer at 100(2) K forparal- and perp-[FeOMTPP(l-Melm)2]Cl, at 170(2) 

K for [FeOETPP(l-Melm)2]Cl, (FeTC6TPP)FeCl, [FeTC6TPP(l-Melm)2]Cl, 

[FeOMTPP(2-Melm)2]Cl (molecule C and D), [FeOETPP(4-Me2NPy)2]CI, and 

[FeOMTPP(4-Me2NPy)2]Cl (molecule B), and at 200(2) K for [FeOMTPP(4-

Me2NPy)2]Cl, molecule A. All measurements utilized graphite monochromated Mo Ka 

radiation (X= 0.71073 A) with a power setting of 50 kV, 40 mA. Final cell constants and 

complete details of the intensity collection and least squares refinement parameters for all 

complexes are summarized in Table 4.1. 

In most cases, a total of 3736 frames at 1 detector setting covering 0 < 20 < 60° 

were collected, having an omega scan width of 0.2 " and an exposure time of 20 seconds 

per frame. In the case of A:[FeOMTPP(4-Me2NPy)2]Cl, [FeOETPP( 1 -Melm)2]Cl, 

(TC6TPP)FeCl and [FeOMTPP(2-MeHlm)2]Cl (C and D) the exposure time was 10, 10, 

10, 60, and 60 seconds, respectively. The frames were integrated using the Bruker 

SAINT software package's narrow frame algorithm.'^' Initial cell constants and an 

orientation matrix for integration were determined from reflections obtained in three 

orthogonal 5° wedges of reciprocal space. 
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Table 4.1. Summary of Crystal Data and Intensity Collection Parameters. 

Molecule Para/-[OMTPPFe(l-
MelmjlCl^CH^Clz 

/'er/7-[OMTPPFe(l-
Melm:]Cl*2.43CHCl3 

[OETPPFe(l-
MeIm)2]Cl*2CDCl3*Q,H,2 

[FeTC6TPP(l-
MeIm)2]Cl*2CH2Cl2 

Empirical formula Cfii H58 CI3 Fe Ng C62.43 H58,43 ClgJ FC Ng C7,lV,Cl7FeNH CyoHsgClsFe Ng 
Formula weight 1065.35 1270.89 1415.53 1244.34 
Temperature, K 100(2) 100(2) 170(2) 170(2) 
Crystal system Monoclinic Cubic Monoclinic Tetragonal 
Space group Pc l-43d P2, 14,/a 
a, A 13.8856(10) 26.153(2) 12.860(2) 19.8263(17) 
b, A 10.1279(7) 26.153(2) 22.101(3) 19.8263(17) 
c, A 18.5327(13) 26.153(2) 13.791(2) 15.230(3) 
a, p, y, deg 90, 95.925(2). 90 90, 90, 90 90, 107.936(2), 90 90, 90, 90 
Volume, A' 2592.4(3) 17887(3) 3729.2(8) 5986.8(13) 

Z 2 12 2 4 
Density (calc), g/cm' 1.365 1.416 1.261 1.381 
Absorption coeff., mm ' 0.495 0.673 0.500 0.526 
F(OOO) 1 1 1 4  7874 1486 2580 
Crystal dimension, mm 0.46 X 0.25 X 0.06 0.49 X 0.48 X 0.37 0.49 X 0.33 X 0.20 0.26x0.20x0.12 
0 limits 2.01 to 33.26 1.91 to 24.93 1.55 to 27.55 1.69 to 25.07 
Limiting Indices -21 <h<21, -15<k< 15, -30<h<30, -30<k<30, -16<h< 16, -28<h<28 -23 < h < 23, -23 < k < 23, 

-28 < 1 < 28 -30 < 1 < 30 -17<h< 17 -18<1< 18 
Reflections utilized 48078 93819 46562 27945 
Independent reflections 18847 [Rin,= 0.0367, R<,= 2578 [Ri„, = 0.0725, R„ = 17070 [Ri„, = 0.0446, R„ = 2647 [Ri„, = 0.1287, R„ = 

0.059] 0.022J 0.063] 0.090] 
Redundancy 2.55 36.4 2.73 10.6 
Reflection with l>2a(I) 15443 (81.9%) 2544 (98.7 %) 13710(80.3 %) 1389 (52.5 %) 
Completeness, % 96.6 99.1 99.6 99.7 
Max. and min. transmission 0.9709, 0.8042 0.7889, 0.7340 0.9066, 0.7918 0.999, 0.808 
Data/restraints/parameters 18847/5 /683 2578/ 106/ 182 17070/49/829 2647/201/253 

GoF on F 1.039 1.281 1.014 0.924 

Final R indices [l>2cr(I)] R, =0.0481, WR2 = 0.1109 R, = 0.0926, WR2 = 0.2256 R, =0.0563, wR,-0.1338 Rl -0.0565, wR2 = 0.1458 
R indices (all data) R, =0.0666, WR2 = 0.1229 R, ---- 0.0935, wR,-0.2261 Ri 0.0754, wR, - 0.1445 Rl = 0.1219, wR2-0.1731 
Largest diff. peak and hole. 0.764 and - 0.731 e/A'' 0.250 and -0.204 e/A^ 0.676 and -0.410 e/A^ 0.488 and -0.474 e/A' 
RMS diff. Density, e/A^ 0.081 0.054 0.071 0.062 
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Table 4.1, continued. Summary of Crystal Data and Intensity Collection Parameters. 

Molecule A: [FeOMTPP(4-
Me2NPy)2lCl*4CH2Cl2 

B; [FeOMTPP(4-
Me2NPy)2]Cl*4CHCl, 

[FeOETPP(4-
Me2NPy)2lCl*4CH2Cl2 

Empirical formula C70H72 ClsFeNg C7oH,8Cl„FeNg Cvg Hij4 Cln Fe Ng 
Formula weight 1400.26 1538.02 1650.23 
Temperature, K 200(2) 170(2) K 170(2) 
Crystal system Monoclinic Monoclinic Orthorhombic 
Space group C2/c P2,/c Pna21 
a, A 21.766(5) 15.9507(13) 34.849(3) 
b, A 22.069(5) 23.2709(19) 13.6506(13) 
c, A 17.816(4) 19.5217(16) 17.1170(16) 

a, P, Y, deg 90, 127.096(3), 90 90, 94.396(2), 90 90, 90, 90 
Volume, A' 6826(3) 7224.9(10) 8142.6(13) 
Z 4 4 4 
Density (calc), g/cm^ 1.363 1.414 1.346 
Absorption coeff., mm ' 0.621 0.737 0.659 
F(OOO) 2908 3164 3420 
Crystal dimension, mm 0.55 X 0.40 X 0.28 0.55 X 0.25 X 0.25 0.26x0.20x0.10 
0 limits, deg 1.85 to 27.70° 1.55 to 27.80 1.60 to 24.74° 
I.imiting Indices -27 < h < 26, -28 < k < 28, -20 < h < 20, -29 < k < 30, -40<h<40,-16<k< 16, 

-23 < 1 < 22 -25 < 1 < 24 -20 < 1 < 20 
Reflections utilized 37026 77824 77014 
Independent reflections 7569 [Ri„,= 0.0214, R^ = 0.019] 15968 [Ri,„ = 0.1010, R„ = 0.097] 13836 fR,„, = 0.1185, R„ = 0.1271] 
Redundancy 4.96 4.87 5.6 
Reflection with l>2a(l) 5827 (77.0 %) 8572 (53.4 %) 7585 (58.4 %) 
Completeness, % 94.4 93.5 99.7 
Max. and min. transmission 0.8429, 0.7271 0.8372, 0.6874 0.982816. 0.841408 
Data/restraints/para meters 7569/3 / 455 15968/ 168/946 13836/91/956 

GoF on F 1.031 1.036 0.960 

Final R indices [I>2o(I)] Ri =0.0535, WR2 = 0.1404 R, =0.0739, wR,- 0.1882 R, =0.0582, WR2 = 0.13241 
R indices (all data) R, =0.0725, WR2 = 0.1606 R, = 0.1504, WR2 = 0.2456 R, =0.1380 wR, - 0.1683 
Largest difT. peak and hole 0.682 and-0.412 e/A^ 0.674 and -0.766 e/A' 0.838 and -0.705 e/A^ 
RMS dif. density, e/A' 0.075 0.097 0.087 
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Table 4.1, continued. Summary of Crystal Data and Intensity Collection Parameters. 

Molecule (TC6TPP)FeCl*2CH2Ci2*4H20 C: [FeOMTPP(2- D: [FeOMTPP(2-
MeHIm)2lCl*2CHCl3 MeHIm)2lCP3CH2Cl2 

Empirical formula C„ H64Cl5Fe N4O4 C58 H70 CI7 Fe Ng €63 CI7 Fe Ns 
Formula weight 1162.27 1303.32 1235.21 
Temperature, K 170(2) K 170(2) 170(2) 
Crystal system Monoclinic Monoclinic Triclinic 
Space group C2/c P2,/c p T 

a, A 16.247(2) 14.0780(14) 13.800(6) 
b, A 14.0010(18) 26.710(3) 15.151(7) 
c, A 25.376(3) 17.2488(18) 16.566(8) 
a, P, y, deg 90, 99.236(4), 90 90, 96.765(2), 90 66.513(14), 71.841(13), 88.719(12) 
Volume, A' 5697.4(13) 6440.8(11) 2998(2) 
Z 4 4 2 
Density (calc), g/cm' 1.355 1.344 1.368 
Absorption coeff., mm ' 0.551 0.573 0.611 
F(OOO) 2428 2716 1282 
Crystal dimension, mm 0.47x0.23 x0.14 0.28 X 0.06 X 0.02 0.20 X 0.08 X 0.08 
0 limits, deg 1.63 to 26.74 1.41 to 25.77 1.42 to 20.80 
Limiting Indices - i 9 < h < 2 0 , - 1 7 < k <  1 7 ,  - 1 7 < h <  1 7 .  - 3 2  < k  < 3 2 ,  - 1 3  < h <  1 3 ,  - 1 5  < k <  1 5 ,  

- 3 1  < 1  < 3 1  -21 < 1 <21 - 1 6 < 1 <  1 6  
Reflections utilized 29073 64028 17070 
Independent reflections 5871 [Ri„, = 0.0536, R„ = 0.055] 12312 [Rj„, = 0.1866, R„ = 0.238] 6254 [Rta = 0.1192, R^ = 0.141] 
Redundancy 4.95 5.20 2.73 
Reflection with ]>2a(I) 4190(71.4%) 4824 (39.2 %) 3563 (57.0 %) 
Completeness, % 96.7 99.6 99.8 
Max. and min. transmission 0.9269, 0.7819 0.9886, 0.8561 0.9528, 0.8897 
Data/restraints/parameters 5871/0/310 1 2 3 1 2 / 0 / 7 8 5  6254 /234/ 721 
GoF on F 1.036 0.930 1.024 

Final R indices [I>2o(I)] Ri =0.0640, wR2 = 0.1376 Ri =0.0759, WR2 = 0.1558 Ri 0.0806, wR,, - 0.1621 
R indices (all data) R, =0.1026, WR2 = 0.1528 R, =0.1997, wR2=0.1895 R, 0.1555. wR, - 0.1897 
Largest diff. peak and hole 0.567 and -0.319 e/A' 0.582 and -0.567 e/A'^ 0.749 and -0.664 e/A' 
RMS dif density, e/A' 0.053 0.085 0.075 
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All structures were solved using SHELXS in the Bruker SHELXTL (Version 6.0) 

172 ' software package. Refinements were performed using SHELXL and illustrations were 

1T) • 
made using XP. Solution was achieved utilizing direct (or m some cases Patterson) 

methods followed by Fourier synthesis. Hydrogen atoms were added at idealized 

positions, constrained to ride on the atom to which they are bonded, and were given 

thermal parameters equal to 1.2 or 1.5 times Uiso of that bonded atom. Empirical 

absorption and decay corrections were applied using the program SADABS.''^^ 

Scattering factors and anomalous dispersion were taken from International Tables (Vol C 

Tables 4.2.6.8 and 6.1.1.4.). 

Para/-[FeOMTPP(l-MeIin)2]Cl. A purple block of FeN4C52H44-2(N2C4H6) (Cl) 

•(CH2CI2) (0.06 X 0.25 X 0.46 mm^) crystallized from methylene chloride-c^j/dodecane in 

space group Pc with the following cell parameters; a = 13.8856(10) A, b= 10.1279(7) A, 

c = 18.5327(13) A, a = Y = 90°, p = 95.925(2), V = 2592.4(3) Aand Z = 2. Data were 

collected in the range of 2.294 < 0 < 32.914°. A total of 48078 reflections (18847 

unique, <redundancy> = 2.55, Rim = 3.7%, Rs,g = 5.9%) were integrated and retained. Of 

the unique reflections, 15443 (81.94 %) were observed with I > 2a(I). Refinement with 

SHELX v.5.0''^ yielded Ri = 0.0505 and WR2 = 0.1200 for 15443 reflections. The final 

anisotropic full matrix least-squares refinement based on of all reflections converged 

at R, = 0.0690, wRa = 0.1331, and GoF = 1.034. 

The asymmetric unit contains one porphyrin molecule, one solvent (CH2CI2), and 

chloride as a counterion, each of them on the general positions. Both solvent and the 

chloride ion were modeled by splitting them into two pieces. The population of each part 
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was refined to 0.85:0.15 and 0.77:0.23 for methylene chloride and chloride, respectively. 

Solvent disorder is due to a solvent rocking motion. 

Per/;-|FeOMTPP(l-MeIm)2]Cl. A dark red tetrahedron of 

FeN4C52H44-2{N2C4H6)-(Cl) •2.43(CHCl3) (0.37 x 0.48 x 0.49 mm^) crystallized from 

chloroform-i//cyclohexane in space group I AM with the following cell parameters a = b 

= c- 26.153(2) A, a = p = y = 90°, V = 17887(3) A^, and Z = 12. Data were collected 

in the range of 2.4625 < 0 < 24°. A total of 93819 reflections were integrated and 

retained of which 2578 were unique (<redundancy> = 36.4, Rim = 7.3%, Rsig - 2.2%). Of 

the unique reflections, 2544 (99 %) were observed with I > 2cr(I). Refinement with 

SHELX v.5.0'^^ yielded Ri = 0.0926 and wRz = 0.2256 for 2544 reflections. The final 

anisotropic fiill matrix least-squares refinement based on F' of all reflections converged 

at R, = 0.0935, wRj = 0.2261, and GoF = 1.281. 

The unit cell of/?erp-[FeOMTPP( 1 -MeIm)2]Cl contains 12 porphyrin molecules 

that occupy 4 positions. After completing the initial structure solution it was found that 

25 % of the cell volume was filled with disordered solvent. First, solvent was modeled as 

discrete molecules. There were 32 chloroform molecules that occupy two different C3 

positions, and 12 chloride ions, which sit on C3 positions. There are 16 Cj special 

positions in the 143d group, but only % of them are occupied with chloride anion, giving 

12 chlorides, which balances the charge of 12 porphyrins. Chloroform molecules and 

chlorides occupy distinct channels in the crystal; therefore, they were highly disordered. 

Analysis of solvent voids using Platon'^"* gave a volume of 4376.1 A^/cell. From this 

point on, atoms in the solvent region including counterion (CI ) were removed and the 
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solvent region was refined as a diffiise contribution v^^ithout specific atom positions using 

the Platon module SQUEEZE.''"^ Four voids with volume of 1085-1086 were found in 

the unit cell. Each void contained 477-479 electrons giving a total of 1913 electrons/cell. 

The given electron count and volume can be accounted for by 12 CI" and 29.2 CHCI3 per 

unit cell. While not part of the atom list, these are included in the formulas, FOGO, 

density and absorption coefficient. An improvement was observed in all refinement 

parameters and indices except GoF which increased by 0.2. 

As was already mentioned, the porphyrin molecules occupy 4 positions; 

therefore, only Vi of the porphyrin is present in the asymmetric unit. Due to the 

symmetry of the crystal, the 1-MeIm ligands are two-fold disordered. Each of them was 

modeled using two parts: one contains three nitrogens in positions 1, 3, 4 and two methyl 

groups attached to nitrogens in positions 3 and 4. The second molecule has only one 

nitrogen in position 1 and no methyl group. Both parts of the 1 -Melm molecule were 

assigned half occupancy giving on average one 'normal' 1-MeIm molecule. 

\ / 
4 N N 3 f. A 

K} • 'Q • 
0.5 0.5 

All distances in 1-MeIm molecules were fixed with appropriate values for ordered 

1 -Melm (data taken from the structure for/)flra/-[FeOMTPP( 1 -MeIm)2]Cl) and the 

coordinates and anisotropic parameters for N2 and N4 (nitrogens that are coordinated to 

iron) were forced to be the same. 
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[FeOETPP(l-Melin)2]CI. A dark purple block of FeN4C6oH6o-2(N2C4H6)-(Cl)-

2(CDCl3) -(CeHn) (0.20 x 0.33 x 0.49 mm^) crystallized from chloroform-J/cyclohexane 

in space group P2i with the following cell parameters: a = 12.8602(15) A, 6 = 22.101(3) 

A,c= 13.7910(16) A,a=y = 90°, (3 = 107.936(2)°, V = 3729.2(8) k\ and Z = 2. Data 

were collected in the range of 2.41 < 0 < 21.22°. A total of 46562 reflections were 

integrated and retained, of which 17070 were unique (<redundancy> = 2.73, Rjnt - 4.5%, 

Rsig = 6.3%). Of the unique reflections, 13710 (80.3 %) were observed I > 2cr(I). 

Refinement with SHELX v.6.0'^^ yielded Ri = 0.0563 and WR2 = 0.1338 for 13710 

reflections. The final anisotropic full-matrix least squares refinement based on of all 

reflections converged at Ri = 0.0754, WR2 = 0.1445, and GoF = 1.014. 

The asymmetric unit contains one porphyrin, one chloride, a cyclohexane and two 

chloroform molecules, all on general positions. Distances and angles in cyclohexane 

were fixed to idealize values. There is no disorder present. 

(TC6TPP)FeCl A dark blue oblique hexagon of FeN4C6oH52-2(Cl)-(CH2Cl2)-

2(H20) (0.14 X 0.23 X 0.47 mm^) crystallized from methylene chloride-J^^dodecane in 

space group C2/c with the following cell parameters: a = 16.247(2) A,h- 14.0010(18) 

A,c = 25.376(3) A,a = y= 90", /3 - 99.236(4)°, V = 5697.4(13) A\ and Z = 4. A total of 

3736 frames at one detector setting, covering 0" < 0 < 26° and 3636 frames at second 

detector setting covering, 12° <8 < 38° were collected. The SADABS'^^ absorption 

correction of the data collected at the second detector setting gave higher Rjnt and R^ than 

before the correction indicating some problems. Therefore, only the data collected with 

the first detector setting were used for further refinements. A total of 29073 reflections 
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were integrated and retained of which 5871 were unique (<redimdancy> = 4.95, Rint = 5.4 

%, = 5.5 %). Of the unique reflections, 4190 (71.4 %) were observed with 1 > 2o{\). 

Refinement with SHELX v.6.0'^" yielded Ri = 0.0640 and wRj = 0.1376 for 4190 

reflections. The final anisotropic full-matrix least squares refinement based on of all 

reflections converged at Ri = 0.1026, wRi = 0.1528, and GoF = 1.035. 

After completing the initial structure solution it was found that 25 % of the cell 

volume was filled with disordered solvent that could not be modeled as discrete 

molecules. According to NMR spectra, the crystals contained both water and methylene 

chloride incorporated into the crystal lattice (see Figure 3.9). Analysis of solvent voids 

using Platon'^'* gave volume of 1442.5 A Vcell. From this point on, atoms in the solvent 

region were removed and the solvent region was refined as a diffuse contribution without 

specific atom positions using the Platon module SQUEEZE.'^" Eight discrete voids with 

177-180 volumes were found in the unit cell. Each void contained 64-67 electrons 

yielding total of 519 electrons per cell. The given electron count and volume can be 

accounted for by 8 H2O molecules and 4 CD2CI2 per unit cell. While not part of the atom 

list, these are included in the formulas, FOOO, density and absorption coefficients. A 

dramatic improvement was observed in all refinement parameters and indices. 

(TCeTPPjFeCl molecule was disordered between two positions due to the 

presence of two different orientations of the macrocycle: there are some porphyrin 

molecules with Fe-Cl bond "up" and some with this bond "down" on the very same 

crystallographic position in different unit cells. The population of both parts was refined 

to 85 and 15 %, respectively. The only difference between the two parts is in the 
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orientation and length of the Fe-Cl bond, but all other bond lengths, angles, and geometry 

are exactly the same. 

[FeTC6TPP(l-MeIin)2]CL A dark blue block of FeN4C6oH52-2(N2C4H6)-(Cl)-

2(CH2Cl2) (0.12 X 0.20 x 0.26 mm^) crystallized from methylene chloride-Ji/dodecane in 

space group I4i/a with the following cell parameters: a = b= 19.8263(17) A, c = 

15.230(3) A, a = P = y = 90°, V = 5986.8(13) A^, and Z = 4. Data were collected in the 

range of 2.6580 < 0 < 20.1875°. A total of 27945 reflections were integrated and 

retained, of which 2647 were unique (<redundancy> == 10.6, Rjnt = 12.9 %, Rjjg = 9.0 %). 

Of the unique reflections, 1389 (52.5 %) were observed I > 2a(I). Refinement with 

SHELX v.5.0'^^ yielded Ri = 0.0565 and WR2 = 0.1458 for 1389 reflections. The final 

anisotropic full-matrix least squares refinement based on of all reflections converged 

at Ri - 0.1219, wR2 = 0.173, and GoF = 0.924. 

The unit cell contains 4 porphyrin molecules that occupy 4 positions, 8 CH2CI2 

that sit on general positions around the 1 position, and 4 chloride ions, which sit on 

general positions around 4. Due to the symmetry found in the molecule, the ligands are 

two-fold disordered. They were modeled in the same way as in the case of perp-

[FeOMTPP(l-MeIm)2]Cl. The tetra-/S,iS'-tetramethylene substituents (namely C8, C9, 

and CIO) on p-carbons were disordered between two sites; the population of each part 

was refined to 0.83: 0.17. The CH2CI2 is disordered between two sites. As was already 

mentioned, the solvent sits on a general position, and there are 16 of them in I4i/a space 

group; however in a given unit cell CH2CI2 molecules occupy only 8 positions and in a 

different unit cell they occupy the other 8, giving on average all 16 positions occupied 
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with 0.5 occupancy. These two sites are related by an inversion center. The chloride 

anion was disordered between 4 sites with each having Ya occupancy. 

A: [FeOMTPP(4-Me2NPy)2]CL A dark red irregular block of FeN4C52H44 

•2(N2C7Hio)-(Cl)-4(CH2Cl2) (0.28 x 0.40 x 0.55 mm^) crystallized jfrom methylene 

chlor ide-J^/dodecane in  space  group C2/c  wi th  the  fol lowing cel l  parameters ;  a -

21.766(5)A, b = 22.069(5) A,c= 17.816(4) A, a = y = 90°, p = 127.096(3)°, V - 6826(3) 

A", and Z = 4. Data were collected in the range of 2.337 < 0 < 27.659°. A total of 37581 

reflections were integrated and retained of which 7569 were unique (<redundancy> = 

4.96, Rint = 2.1%, Rsig = 1.9%). Of the unique reflections, 5827 (77 %) were observed I > 

2a(I). Refinement with SHELX v.5.0''^ yielded Ri = 0.0535 and wRa = 0.1404 for 5827 

reflections. The final anisotropic full-matrix least squares refinement based on of all 

reflections converged at Ri - 0.0725, WR2 = 0.1606, and GoF = 1.031. 

The porphyrin molecule, as well as the chloride anion, sit on the twofold axis, 

and solvent molecules (CH2CI2) are on general positions. That is why the asymmetric 

unit contains only half of the porphyrin molecule, 2 solvent molecules and half of the 

chloride anion for charge balance. Both methylene chloride molecules are disordered 

between two sites with relative population 0.5 due to a rocking motion. 

B: [FeOMTPP(4-Me2NPy)2]CL A dark red distorted parallelepiped of 

FeN4C52H44-2(N2C7Hio)-(Cl)-4(CHCl3) (0.25 x 0.25 x 0.55 mm^) crystallized from 

chloroform-tf/cyclohexane in space group P2i/c with the following cell parameters: a -

15.9507(13) k,b = 23.2709(19) A,c= 19.5217(16) A, a = y = 90°, (5 - 94.396(2), V = 

7224.9(10) A^, and Z = 4. Data were collected in the range of 2.2675 < 6 < 24.9355°. 
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Many crystals were tried but all of them were non-merohedral twins, however data were 

still acquired. Only the major component of the data was integrated, using GEMINI 

1 " I f s  
Twinning Solution Program Suite. Overlaps were ignored but retained. A total of 

77824 reflections were integrated and retained of which 15968 were unique 

(<redundancy> = 4.87, Rint= 10.1 %, Rs,g = 9.7 %). Of the unique reflections, 8572 

(53.40 %) were observed with I > 2a(I). Refinement with SHELX v.5.0'^^ yielded Rj = 

0.0739 and WR2 = 0.1882 for 8572 reflections. The final anisotropic full-matrix least 

squares refinement based on of all reflections converged at Rj = 0.1504, wRa = 

0.2456, and GoF= 1.036. 

The asymmetric unit contains one porphyrin molecule, 4 solvent molecules and 

the chloride anion. All the molecules sit on the general positions. Three of the CHCI3 

molecules form H-bonds to the chloride anion. Three out of four CHCI3 molecules are 

disordered between two sites with equal population (0.5) and the same coordinates and 

anisotropy parameters for the carbon atoms. This disorder is due to rotational motion of 

the CHCI3 molecule. The fourth CHCI3 molecule is disordered between two sites with 

equal population and the same coordinates and anisotropic parameters for all CI atoms. 

This disorder is due to an "umbrella-in-the-wind" inversion motion of the CHCI3. 

[FeOETPP(4-Me2NPy)2]Cl. A dark purple block of FeN4C6oH6o-2(N2C7H,o)-

(Cl)4(CHCl3) (0.026 X 0.20 x 0.10 mm") crystallized from chloroform-J/cyclohexane in 

space group Pna2i with the following cell parameters; a - 34.849(3) A,b= 13.6506(13) 

A,c= 17.1170(16) A, a = = y = 90°, V = 8142.6(13) A"', and Z = 4. Data were 

collected in the range of 3.20 < 0 < 49.48°. A total of 77014 reflections were integrated 
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and retained of which 13836 were unique (<redundancy> = 5.6, Rjm = 11.85 %, Rsig = 

12.71 %). Of the unique reflections, 7583 (54.8 %) were observed with I > 2a(I). 

Refinement with SHELX v.5.0''^ yielded Ri - 0.0582 and WR2 - 0.1341 for 7583 

reflections. The final anisotropic full-matrix least squares refinement based on of all 

reflections converged at Ri = 0.1380, WR2 = 0.1683, and GoF = 0.960. 

The asymmetric unit contains one porphyrin molecule, one chloride ion and 4 

chloroform molecules. All of them occupy general positions. Three of the four CHCI3 

molecules with C200, C300, and C600 are hydrogen bonded to the chloride anion. One 

of the chloroform molecules, C600, experiences a severe disorder due to rotational 

motion. Rotational disorder is common for the free solvent with C3 (or other rotation 

axis) symmetry. The disordered chloroform molecule was modeled by dividing it into 

three separate parts (C600, C601, and C602) with equal population (0.33) and 

maintaining the same coordinates and anisotropy parameters for all three carbon atoms 

(exyz and eadp commands were inserted into the instruction file for XL least square 

refinement). The geometries (distances, and angles) of all chloroform molecules were 

fixed to the geometry of the best described chloroform with C400. 

C: IFeOMTPP(2-MeHIm)2jCl. A violet plate of FeN4C52H44-2(N2C4H6)-(Cl) 

•2(CHCl3)-(C6Hi2) (0.02 X 0.06 x 0.28 mm") crystallized from chloroform-J/cyclohexane 

i n  s p a c e  g r o u p  P 2 | / c  w i t h  t h e  f o l l o w i n g  c e l l  p a r a m e t e r s ;  a  =  1 4 . 0 7 8 0 ( 1 4 )  k , b  =  

26.710(3) A, c = 17.2488(18) A,  a - y - 90°, p = 96.765(2)°, V = 6440.8(11) k\ and Z = 

2. Data were collected in the range of 2.336 < 0 < 25.6185°. A total of 64028 reflections 

were integrated and retained of which 12312 were unique (<redundancy> = 5.2, Rjm = 
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18.7 %, Rsig = 23.8 %). Of the unique reflections, 4824 (39.2 %) were observed with I > 

2a(I). Refinement with SHELX v.5.0'^^ yielded R, - 0.0759 and wRj = 0.1558 for 4824 

reflections. The final anisotropic full-matrix least squares refinement based on of all 

reflections converged at R] = 0.1997, wR2 = 0.1895, and GoF = 0.930. Empirical 

absorption and decay corrections were applied using the program SADABS.'^^ The 

obtained g value (correction parameter) was 0.4739, Tmin = 0.883598 and Tmax = 1 • The g 

value does not seem reasonable (too high) and the Tmin/Tmax ratio does not agree well 

with the one predicted based upon crystal dimension and absorbtion parameters of the 

atoms (from the .cif file); therefore, uncorrected data were used for crystal refinement. 

The asymmetric unit contains one porphyrin molecule, one CI", two CHCI3 and a 

cyclohexane molecule on general positions. One of the chloroform molecules (C600) is 

disordered between two sites due to rotational motion around its carbon. Therefore, the 

coordinates and anisotropic parameters of the carbon atoms from the two parts were fixed 

to be the same. The population was refined to 0.62:0.38 (C600:C700). All other solvent 

molecules are relatively well ordered. There are hydrogen bonds between the chloride 

and Nl-H of the axial ligands and C-H of chloroform molecules. 

D: (FeOMTPP(2-MeHlm)2]CI. A dark blue parallelepiped of FeN4C52H44-

2(N2C4H6)-(Cl)-3(CH2Cl2) (0.08 x 0.08 x 0.20 mm^) crystallized from methylene 

chloride-Jydodecane in space group P\ with the following cell parameters: a = 

13.800(6) K h =  15.151(7) A,c= 16.566(8) A,  a  = 66.513(14)°, p = 71.841(13)°, y = 

88.719(12)°, V = 2998(2) A\ and Z = 2. Data were collected in the range of 1.42 < 0 < 

20.80°. A total of 17070 reflections were integrated and retained of which 6254 were 
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unique (<redundaiicy> = 2.7, Rint= 11-9 %, Rsig =14.1 %). Of the unique reflections, 

3563 (57 %) were observed with I > 2cy(I). Refinement with SHELX v.S.O'^^ yielded Rj 

= 0.0806 and wRa = 0.1621 for 3563 reflections. The final anisotropic fiill-matrix least 

squares refinement based on of all reflections converged at Ri = 0.1555, wRa = 

0.1897, and GoF = 1.024 

The asymmetric unit contains one porphyrin molecule, three CH2CI2 and the 

chloride ion on general positions. There is no disorder present in this crystal. There are 

hydrogen bonds between the chloride and Nl-H of the axial ligands and C-H of CH2CI2 

molecules. 

Results and Discussion 

[FeOMTPP(L)2]Cl with 1 -methylimidazole, 4-(N,N-dimethyl)aminopyridine, and 

2-methylimidazole were each obtained in two different crystalline forms, from methylene 

chloride/dodecane and chloroform/cyclohexane solvent systems. In addition, 

[FeOETPP(l-MeIm)2]Cl, [FeOETPP(4-Me2NPy)2]Cl, (TC6TPP)FeCl, and [FeTC6TPP(l-

MeIm)2]Cl were each obtained in one crystalline form. Tables of final fi-actional atomic 

coordinates and anisotropic thermal parameters for the non-hydrogen atoms are listed in 

Appendix E. Selected bond lengths, angles and dihedral angles, as well as the deviations 

of meso- and /3-Cs from planarity for various complexes of this study and for those, 

reported in literature, are presented in Table 4.2. 

Before going into the results some definitions have to be made. First of all, the 

mean porphyrin plane can be defined in three different ways: by 4 nitrogens only, by 24 



221 

core atoms, or by 25 core atoms (including Fe). All three cases result in fairly similar 

planes (the deviation between them is not more then < 2®) and are used depending on 

what kind of information is required. To get a plane equation and deviation of an atom 

from the plane (this can be done for the atoms that are used to define the plane, as well 

as, for any other atom in the structure) mpla command followed by the number of atoms 

that are used to define a plane and then by atom names is used in an instruction file and 

the resulting values can be found in listing file of SHELXS program. 

There are two important dihedral angles and <f> discussed in this Chapter. A(j> 

is defined as the dihedral angle between the planes of the axial pyridine or imidazole 

ligands. If A(j> = 0° the axial ligands are parallel to each other and if A(f> = 90", the axial 

ligands are in perpendicular planes, (f) angle is defined as an angle between the projection 

of planar axial ligand onto the porphyrin mean plane and the closest Np-Fe-Np vector. Or 

it can be defined as the dihedral angle between the axial ligand plane and the plane 

defined by Fe, two opposite porphyrin nitrogen and at least one N (coordinated to the Fe) 

from the axial ligand. It is expected to be close to 45° for ideal ruffled geometry of the 

porphyrin core and 0-10° for ideal saddled porphyrin core with perpendicular orientation 

of axial ligands in both cases. 

In order to quantify the contribution from different types of distortion (saddled, 

ruffled, etc) into nonplanar geometry of the porphyrin core and, in this way, to make the 

comparison of different structures easier the program of Shelnutt, available on the 

OQ 1 77 
web, ' (Normal-Coordinate Structural Decomposition (NSD) method) was used for all 

complexes of this study and the results are presented in Table 4.3. 
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Table 4.2. Comparison of Structural Parameters for Complexes of this Study and Related Complexes. 

Compound Fe-Np, A Fe-Nax, A Av |ACm|, 
A 

Av |ACp|, 
A 

Angle 0, ° Dihedral 
angle, A(f>, 

0 

Av 
dihedral 
angle of 

phenyls, ° 

Rcf. 

Paral-[FeOMTPP(l-
MeIni)2]ClCH2Cl2 

1.990(2) 1.975(2) 
2.016(2) 

± 0.01 ±0.96 
± 1.05 

-12.6; 6.9 19.5 47.0 TW 

Perp-[FeOMTPP(l-
MeIm)2]Cl-2.43CHCl3 

1.969(7) 1.982(10) ±0.10 ± 0.99 
± 0.95 

29.3; 
60.7 

90.0 46.3 TW 

[FeOETPP(l-
MeIm)2]Cl-2CDCl3-C6H,2 

1.970(7) 1.976(3) 
1.978(3) 

± 0.03 ± 1.22 
± 1.25 

+9.6, 
+82.7 

73.1 40.0 TW 

(TC(,TPP)FeCl-2CH2Cl2-
4H2O 

2.053(2) N/A ± 0.47 ± 0.46 
±0.86 

N/A N/A 67.9 TW 

(TC6TPP)Ni(II) 1.914(9) N/A ± 0.02 ± 1.08 

± 1.08 
N/A N/A 50 178 

[FeTC6TPP(l-
Melm)2]Cl-CH2Cl2 

2.005(3) 2.005(8) ± 0.26 ± 0.35 
±0.65 

-15.3; 
74.7 

90.0 71.8 TW 

[FeOETPP(4-
Me2NPy)2]Cl-CHCl3 

1.951(5) 1.984(5) 
2.099(12) 

± 0.28 ± 1.34 
± 1.11 

-9.0; 61.0 70.0 37.4 118 
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Table 4.2, continued. Comparison of Structural Parameters for Complexes of this Study and Related Complexes. 

Compound Fe-Np, A Fe-Nax, A Av |ACm|, Av |ACp|, Angle (j>. Dihedral Av 
A A O angle, 

A</),° 
dihedral 
angle of 

phenyls, ° 

Ref. 

A: [FeOMTPP(4- 1.981(2) 2.018(3) ± 0.35 ±0.61 0.8; 78.8 57.5 TW 
Me2NPy)2]Cl-4CH2Cl2 2.021(3) ±0.90 78.0 

B: [FeOMTPP(4- 1.983(3) 2.000(4) ±0.07 ± 0.93 - 1.0; 88.5 55.8 TW 
Me2NPy)2]Cl-4CHCl3 2.003(4) ±0.88 87.5 

C: [FeOMTPP(2- 1.977(4) 2.006(5) ±0.21 ±0.86 -13.1; 82.1 53.9 TW 
MeHIm)2]Cl-2CHCl3 2.032(5) ± 1.04 71.0 

D: [FeOMTPP(2- 1.979(7) 2.007(7) ±0.13 ±0.97 -11.2; 80.7 49.5 TW 
MeHIm)2]Cl-3CH2Cl2 2.010(7) ± 1.08 69.5 

[FeOETPP(2- 1.974(9) 2.09(2) ±0.09 ± 1.20 -14;76 90 42 118 
MeIm)2]^(SbF6', CI") ± 1.23 

[FeTPP(2-MeHIm)2]C104 1.971(4) 2.015(4) 
2.010(4) 

± 0.40 ±0.17 -32;57 89 76 79 

[FeTMP(4-Me2NPy)2]C104 1.964(10) 1.989(4) + 0.51 + 0.20 -37; 42 79 79 73 
1.978(4) 
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Table 4.2, continued. Comparison of Structural Parameters for Complexes of this Study and Related Complexes. 

Compound Fe-Np, A Fe-Nax, A Av |ACm|, Av |ACp|, Angle 0, Dihedral Av 
A A ° angle, dihedral 

A(j>, ° angle of 
phenyls, 

Ref. 

[FeTMP(l,2-Me2lm)2]C104 1.937(12) 2.004(5) 
2.004(5) 

± 0.72 ± 0.23 
± 0.24 

^5; 45 90 87 85 

i'er/?-[FeTMP(5-
MeHIm)2]C104 

1.981(7) 1.957(6) 
1.973(6) 

± 0.32 ±0.13 -30; 46 76 82.9 84 

Para/-[FeTMP(5- 1 1.983(4) 
MeHIm)2]C104 2 1.981(5) 

[FeTMP(l-Me][m)2]C104 1 1.988(20) 
2 1.987(1) 

1.978(6); 
1.961(5) 
1.980(5); 
1.985(5) 
1.975(3) 
1.965(3) 

±0.11 
±0.05 

±0.01 

±0.08 

±0.16  
±0.07 

± 0.02 
± 0.07 

-10; 20 
-14; 12 

23 
41 

30 
26 

0 
0 

83.2 
85.2 

81 

81 

84 

73 



225 

Table 4.3. Normal-Coordinate Structural Decomposition (NSD)'" of Distortion Modes of the Complexes in This Study. 

Compound B.,,, B,u, A,„. Eg(x), Eg(y) A,„, 

Saddle Ruffle Dome Wave(x) Wave(y) Propeller 

Sum av av Sad/Sum 

|AC„,|. A lACpl, % 
A 

Para/-[FeOMTPP(l-
MeIm)2]Ci-CH2Cl2 
Fer/j-[FeOMTPP(l-
MeIm)2]Cl-CHCl3 
[FeOETPF(l-
MeIm)2]CI-2CDCl3-C6H,2 
(TC6TPP)FeCl-CH2Cl2-
2H2O 
[FeTCeTPPCl-
MeIm)2]Cl-CH2Cl2 
A:[FeOMTPP(4-
Me2NPy)2]Cl-CH2Cl2 
B:[FeOMTPP(4-
Me2NPy)2]Cl-CHCi3 
[FeOETPP(4-
Me2NPy)2]Cl-CHCl3 
C:[FeOMTPP(2-
MeIm)2]Cl-2CHCl3 
D:[FeOMTPP(2-
MeIm)2]Cl-3CH2Cl2 

3.0449 0.0192 0.1793 0.0367 0.0393 0.0314 3.3508 ±0.01 

2.9400 0.3035 0.0006 0.0000 0.0000 0.0007 3.2448 ±0.10 

3.7320 0.0792 0.0360 0.1054 0.0315 0.0108 3.9949 ±0.03 

1.9985 1.3508 0.1457 0.0000 0.0000 0.0095 3.5045 ±0.47 

1.6073 0.7463 0.001 0.0000 0.0000 0.0007 2.3553 ±0.26 

2.3007 1.0067 0.0813 0.0000 0.0000 0.0094 3.3981 ±0.35 

2.7554 0.1748 0.0019 0.0593 0.0148 0.0200 3.0262 ± 0.07 

3.7289 0.8024 0.0494 0.0363 0.0367 0.0027 4.6564 ± 0.28 

2.8971 0.5964 0.0058 0.0682 0.0661 0.0010 3.6346 ±0.21 

3.1513 0.3786 0.0441 0.1035 0.0697 0.0245 3.7717 ±0.13 

- 0.96 
+ 1.05 

± 0.99 
±0.95 
±1.22 

±1.25 
±0.46 
±0.86 
± 0.35 
± 0.65 
±0.61 

± 0.90 
±0.93 
±0.88 
± 1.34 
±  1 . 1 1  
± 0.86 
± 1.04 
± 0.97 
± 1.08 

91 

91 

93 

57 

68 

68 

91 
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The nonplanarity of the porphyrin core can be described in terms of displacements 

along the lowest-frequency normal coordinates of the porphyrin macrocycle. The B2u 

vibrational mode corresponds to Saddled distortion, Biu - Ruffled, A2u - Domed, Eg(x) -

Waved along x, Eg(y) - Waved along and Aiu reflects Propeller distortion of the 

porphyrin core. Moreover, the sum of all the coefficients of the vibrational modes can be 

used to compare the degree of nonplanarity between different porphyrins: a larger sum of 

the vibrational coefficients correlates with a higher degree of nonplanar distortion. For 

all the complexes of this study, except /7ara/-[FeOMTPP( 1 -MeIm)2]Cl, only two types of 

nonplanar distortion are of major importance: B2u(Sad) and Biu(Ruf). The contributions 

from the other types are either small or absent. In the case of/7ara/-[FeOMTPP( 1 -

MeIm)2]Cl the major contribution to the geometry of the porphyrin core comes from 

B2u(Saddle) and A2u(Dome) (the coefficients are 3.0449 and 0.1793, respectively). This 

might be due to the near parallel ligand orientation in this complex (see later discussion). 

/'ara/-IFeOMTPP(l-MeIm)2]CI. The molecular structure ofparal-

[FeOMTPP( 1 -MeIm)2]Cl together with the numbering scheme for crystallographically 

unique atoms is displayed in the ORTEP diagram of Figure 4.1. The molecule is 

nonplanar and adopts an almost purely saddled conformation with axial ligands in near 

parallel planes. This is evident from Figures 4.1 and 4.2. Figure 4.2 displays the 

deviation of all the atoms from the mean porphyrin plane together with the arrangement 

of the axial ligands. The average deviations of the P-Cs (1.05 A for two opposite pyrrole 

rings and 0.96 A for the other pair), as well as the average deviations of the meso-Cs (± 
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0.01 A), from the 25-atom mean porphyrin plane are consistent with the pure saddled 

conformation of the porphyrin core. 

The saddled porphyrin core together with the peripheral substituents form two 

mutually perpendicular pockets, one above and one below the porphyrin mean plane. 

They are expected to orient two axial ligands perpendicular to each other. However, the 

actual dihedral angle between the planes of the axial ligands in /?ara/-[FeOMTPP(l-

MeIm)2]Cl is 19.5°, far from being perpendicular! This is the unique feature of the 

structure which is, to our knowledge, the only example of a stronglv saddled porphyrin 

core with nearly parallel axial ligand arrangement. Both axial ligands are oriented above 

the Nl-Fe-N3 vector (see Figure 4.1) with ligand 1, LI, (having N5 and N6) being in 

'correct' position (in the cavity formed by the porphyrin core and peripheral 

substituents), and ligand 2,12, (having N7 and N8) in non-optimal, 'wrong' orientation 

(almost perpendicular to the porphyrin cavity). In spite of the 'wrong' orientation, L2 is 

closer to the Nl-Fe-N3 vector than is LI: the projections of the two imidazole ligand 

planes onto the 25-atom mean porphyrin plane makes angles of -6.9 and 12.6® to the same 

Nl-Fe-N3 vector for L2 and LI, respectively. Molecular mechanics calculations on 

[COOETFF(L)2]'^ (where L is 1 -Melm or 1 -Phlm)^^ have shown that constraining the 

plane of one axial ligand to be 90° to the cavity formed by the porphyrin macrocycle 

increased the energy of the molecule by 72-79 kJ/mol compared to the energy minimized 

structure; this value should be considerably smaller for analogous 0MTPPML2"^ 

complexes that are not forced to have as large a saddled distortion, as shown by some 

DFT calculations on [FeOMTPP(L)2]"^ and [FeOETPP(L)2]"^ complexes discussed below. 
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Figure 4.1. a) ORTEP diagram of the porphyrin macrocycle of /?ara/-[FeOMTPP( 1 -
MeIm)2]Cl with the numbering scheme for the crystallographically unique atoms. 
Thermal ellipsoids are shown at 50% probability. Near-parallel orientation of the axial 
ligands can be clearly seen, b) ORTEP plot showing numbering scheme and arrangement 
of axial ligands. Both methyl groups are above N3 of the porphyrin core. Hydrogen 
atoms have been omitted for clarity. 
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The question is, how, geometrically, does the purely saddled structure accommodate axial 

ligands in near-parallel planes? From Figure 4.2 one can see uneven deviations of the P-

pyrrole carbons. One pair of opposite pyrrole rings deviates more from the mean 

porphyrin plane than does the other pair. The average deviation of the p-Cs is 0.96 and 

1 .05  A fo r  the  f i r s t  and  the  second  pa i r ,  r e spec t ive ly ,  c rea t ing  a  d i f fe rence  o f  0 .09  A.  

Both axial ligands are oriented along the Nl-Fe-N3 axis with those two pyrrole rings 

(N1-C1-C2-C3-C4 and N3-C11-C12-C13-C14) having smaller deviation from planarity. 

In addition, Nl, N3, and Fe are not in the mean porphyrin plane, but slightly out of it, in 

the direction opposite to the side having the non-optimally oriented ligand, L2, (the 

deviation for the nitrogens is -0.15 A and for Fe is -0.07 A). 

Figure 4.2. Formal diagram of/7ara/-[FeOMTPP(l-MeIm)2]Cl showing the displacement 
of the atoms in units of 0.01 A from the mean plane of the 25-atom core. The 
orientations of the axial ligands with the closest Fe-Np vector and selected bond angles 
and lengths are also shown. 

CIO 

C20 
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On the other hand, N2 and N4 are almost in the porphyrin mean plane. These, together 

with one longer Fe-Nax distance (2.0155(19) A for the non-optimally'oriented ligand vs. 

1.9747(19) A for the 'correctly' positioned ligand) provide the room for two axial ligands 

along the Nl-Fe-N3 bond and the "parallel" (19.5°) orientation to be possible. The axial 

ligands are tilted with respect to the mean porphyrin plane: the dihedral angles between 

each imidazole ligand and the porphyrin mean plane are 80.9 and 86.8° for LI and L2, 

respectively. As commonly found in saddled octaalkyltetraphenylporphyrins,' the 

phenyl rings rotate toward the porphyrin plane to minimize unfavorable contacts with the 

substituents. The dihedral angles of the phenyl rings with the macrocycle plane are 

45.5°, 46.0°, 50.3°, and 46.3°. This correlates with the degree of saddled distortion in the 

molecule: the steeper saddled distortion results in more acute dihedral angles for the 

phenyl rings.The bonds between the meso-Cs and phenyl rings are 1.492(3) A. This 

indicates some degree of conjugation between the porphyrin and phenyl rings. Such 

conjugation is only possible if the phenyl rings rotate toward the porphyrin plane. For 

planar or ruffled structures with phenyl rings perpendicular to the porphyrin mean plane, 

the dihedral angles of the phenyl are usually close to 90° (see Table 4.2) and the distance 

between the meso-C and phenyl ring is the typical single bond distance between two sp^ 

hybridized carbons (1.50 A). 

Other examples of Fe(III) porphyrinates with parallel imidazole ligands include 

[FeTMP( 1 -MeIm)2]C104'"^ and [FeTMP(5-MeHIm)2]C104.^ There are two independent 

molecules with planar cores and parallel ligand orientations in the asymmetric units of 

both structures. In the structure of [FeTMP( 1 -MeIm)2]C104 the parallel imidazole planes 
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(A<^ = 0°) form dihedral angles of 23° and 41° to the closest Np-Fe-Np axis for molecule 1 

and 2, respectively. The imidazole planes do not lie strictly along the normal to the 
% 

porphyrin core, but form angles of 83.7° and 88.8° to the mean porphyrin plane. 

In comparison in the molecular structure of [FeTMP(5-MeHIm)2]C104^'' the axial 

ligand planes are not strictly parallel; dihedral angles between the two axial ligands, A0, 

are 26° and 30° for molecule 1 and 2, respectively. The imidazole planes are tilted 

somewhat with respect to the mean porphyrin plane by 86.0 and 88.3° in molecule 1 and 

83.2 and 86.6° in molecule 2. Near-parallel orientation of the imidazole ligands in the 

structures of [FeTMP(l-MeIm)2]C104^^ and [FeTMP(5-MeHIm)2]C104®''is accompanied 

with the nearly planar porphyrin core. Therefore, the structure of paraZ-fFeOMTPPf 1 -

MeIm)7lCl with a nonplanar. saddled porphyrin core and nearly parallel axial ligands is 

the first of its kind to be described in the literature. 

The average Fe-Np distance in/7ara/-[FeOMTPP(l-MeIm)2]Cl is 1.990(2) A.  It is 

slightly longer than the same distance in other porphyrins of this study (see Table 4.2). 

The interesting fact is that two adjacent Fe-Np distances, Fe-Nl and Fe-N2, are similar to 

each other (1.9783(18) A and 1.9788(17) A) and shorter than the other pair (1.9886(17) 

A and 2.0016(17) A), Fe-N3 and Fe-N4, meaning that the Fe atom is not in the center of 

the porphyrin. Such arrangement seems to be inconsistent with the orientation of the 

axial ligands above Nl-Fe-N3 vector: we would expect Fe-Nl and Fe-N3 bonds that are 

almost eclipsed with the axial ligand planes, not Fe-N3 and Fe-N4 bonds, to be longer. 

However, similar situations, where the Fe(III) atom is not in the center of the porphyrin 

core, have been found for other LS Fe(III) porphyrinates.^^'®^ The average Fe-Np distance 
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in [FeTMP(l-MeIm)2]C104 of 1.995(3) A is longer than the same distance in any of the 

1-methylimidazole complexes of this study. This is due to the planarity of the porphyrin 

core in the TMP case. Again, it is commonly observed that a planar porphyrin core 

correlates with longer Fe-Np distance. 

Per|j-[FeOMTPP(l-MeIm)2]CL The molecular structure of/>er/7-[FeOMTPP(l-

MeIm)2]C! is displayed in Figure 4.3. Both the perpendicular orientation of the axial 

ligands and the saddled conformation of the porphyrin core are clear. The deviation of 

each unique atom from the 25-atom mean plane, together with the arrangement of axial 

ligands and typical bond lengths and angles are shown in Figure 4.4. The molecule 

adopts a saddled conformation with some ruffling admixture. The ruffling component 

can be seen in the deviation of both the meso-Cs and the P-Cs from the porphyrin mean 

plane. The positions of two adjacent P-C are alternately displaced by ± 0.95 and ± 0.99 

A from the 25-atom mean plane, and the meso-Cs lie ± 0.10 A out of this plane. An 

unexpectedly large angle between the axial ligand plane and the closest Np-Fe-Np axis 

(29°) is observed in this structure, as shown in Figure 4.4. This large angle is likely 

responsible for the ruffling component of the core geometry. 

Because the Fe atom in the crystal of/7er/»-[FeOMTPP(l-MeIm)2]Cl occupies a 4 

position, the asymmetric unit contains only % of the porphyrin molecule, which requires 

two-fold disorder of the axial ligands and an exact 90° angle between their planes. The 

axial ligands were modeled by splitting them into two parts and constraining only the 

nitrogens coordinated to Fe to have the same anisotropic parameters and coordinates (see 

experimental part). 
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C(5) 

'04} 
C(2) C(3) 

Figure 4.3. a) ORTEP diagram and atom names for the macrocycle of/?er/7-[FeOMTP(l-
MeIm)2]CL b) ORTEP plot showing saddled conformation of the porphyrin core. 
Thermal ellipsoids enclose 30% probability, and hydrogens are omitted for clarity. 
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Figure 4.4 Formal diagram of/?erp-[FeOMTPP(l-MeIm)2]Cl showing the displacement 
of the atoms in units 0.01 A, from the mean plane of the 25-atom core. The orientations 
of the axial ligands with the closest Fe-Np vector are also drawn. 

After final refinement, the angle between the projection of the two parts of the axial 

iigand and the closest Np-Fe-Np vector is 21.6 and 36.9° for the N4-C8-C9 and N2-C6-

N3 parts, respectively. In other words, the measured angle between the two parts of the 

imidazole Iigand is 15.3°. This means that either the axial Iigand moves during data 

acquisition or there is a low barrier to axial Iigand rotation and the axial Iigand adopts 

slightly different positions in different molecules. 

As was shown for saddled metalloporphyrins with 5-membered aromatic axial 

ligands (using molecular mechanics calculations with a force-field that has been applied 

with considerable success to the prediction of crystal structure for many highly non-
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planar porphyrins),the axial ligand planes are expected to be almost eclipsed with the 

closest Np-Fe-Np bond (the minimum energy angle is 2-3°). But this'does not hold true in 

the case of/>er/)-[FeOMTPP(l-MeIm)2]Cl where the dihedral angle between the averaged 

imidazole planes and the closest Np-Fe-Np vector are much larger (29.3°), probably 

because of the presence of the ruffling component in the molecular structure. Due to the 

symmetry found in this crystal, both ligands lie along the normal to the porphyrin mean 

plane. Both the average angle between the phenyl ring and the mean porphyrin plane and 

the distance from the meso-Cs to the phenyl rings are close to the corresponding values in 

/?ara/-[FeOMTPP(l-MeIm)2]Cl (46.3° vs. 47.0°; and 1.470(8) vs. 1.492(3) A forperp-

[FeOMTPP( 1 -MeIm)2]Cl and /jara/-[FeOMTPP( 1 -Melm)2]Cl, respectively) and indicate 

some conjugation between the phenyl rings and the porphyrin core. 

1.5n 
-•— paral 
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< 
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.3 
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-1.5 J 

Figure 4.5. Linear representation of the deviation of /7ara/-[FeOMTPP(l-Melm)2]Cl and 
/>er/?-[FeOMTPP(l-MeIm)2]Cl from the mean porphyrin plane. 
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The linear deviation of each unique atom from the mean porphyrin plane in both 

/?ara/-[FeOMTPP(l-MeIm)2]Cl and/jer/?-[FeOMTPP(l-MeIm)2]Cl structures is shown in 

Figure 4.5. It is important to note that both complexes have extremely similar geometry 

of the porphyrin cores, regardless of the striking difference in the axial ligand orientations 

(close to parallel vs. perpendicular). 

[FeOETPP(l-MeIm)2]CL The molecular structure of [FeOETPP(l-MeIm)2]Cl 

together with the numbering scheme for crystallographically unique atoms is displayed in 

Figure 4.6. The molecule is nonplanar and adopts an almost purely saddled conformation 

with axial ligands in near perpendicular planes. This is evident in Figures 4.6 and 4.7 as 

well as in the linear display of the core deviation shown in Figure 4.8. Figure 4.7 

displays the deviation of all the atoms from the mean porphyrin plane together with the 

a r rangement  o f  the  ax ia l  l igands .  The  average  dev ia t ions  o f  the  ad jacen t  p -Cs  (±  1 .22  A 

and ± 1.25 A) as well as the average deviations of the meso-Cs (± 0.03 A) from the 25-

atom mean porphyrin plane is consistent with the purely saddled conformation of the 

porphyrin core. 

The actual dihedral angle between the planes of the axial ligands in [FeOETPP(l-

MeIm)2]Cl is 73.1°, close to the minimum angle of 70° observed thus far for iron(IIl) 

1 1 S 
porphyrinates that have "large gmax" EPR spectra. The projection of the two miidazole 

ligand planes onto the 25-atom mean porphyrin plane makes angles of 9.6 and 82.7° to 

the same Nl-Fe-N3 vector. 
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Figure 4.6. a) ORTEP diagram for [FeOETPP(l-MeIm)2]Cl. CH3 groups of 1-MeIm are 
above N2 and N3. b) Edge-on view of the complex and atom names for the axial ligands. 
Thermal ellipsoids enclose 50% probability, and hydrogens are omitted for clarity. 
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Figure 4.7. Formal diagram of [FeOETPP(l-MeIm)2]Cl showing the displacement of the 
atoms, in units 0.01 A, from the mean plane of the 25-atom core. The orientations of the 
axial ligands with the closest Fe-Np vector and selected bond lengths and angles are also 
shown. The numbers in parentheses following each averaged value are the estimated 
standard deviations. 
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Figure 4.8. Linear representation of the deviation from the mean porphyrin plane for 
[FeOETPP( 1 -MeIm)2]Cl. Alternative pyrrole rings are displaced above and below the 
porphyrin mean plane indicating pure saddled geometry. 
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The nitrogens of the poiphyrinate ring are not in the mean plane, but rather Nl, N3 are 

slightly above (0.10 A) while the other two are below it (-0.09 A). The axial ligands 

deviate insignificantly from the normal to the mean plane of the porphyrin ring, with LI 

(N5, N6) being at a dihedral angle of 86.68° and 12 (N7, N8) having a dihedral angle of 

87.51° to the porphyrin mean plane. The average Fe-Np bond length is 1.970(7) A, very 

similar to that for j7er/j-[FeOMTPP(l-MeIm)2]Cl, but longer than that for the other 

OETPP structure, [FeOETPP(4-Me2NPy)2]Cl."*^ The average Fe-Nax bond length is 

1.977(3) A, again similar to that of/7er/?-[FeOMTPP(l-MeIm)2]Cl and shorter than that 

of [FeOETPP(4-Me2NPy)2]Cl"® (see Table 4.2). 

The average dihedral angle of the phenyls in [FeOETPP(l-MeIm)2]Cl of 40.0° 

(the individual values are 41.7°, 38.8°, 37.1°, and 42.3°) is quite a bit smaller than the 

46.3 and 47.0" angles observed inperp- andpara/-[FeOMTPP( 1 -MeIm)2]Cl, and is in 

accord with the higher saddled distortion of the former complex. The average value of 

the  bonds  be tween  the  m e s o - C s  and  pheny l  r ings  i s  1 .498(4)  A.  

(TC6TPP)FeCl. The molecule structure of (TC6TPP)FeCl is presented in the 

ORTEP plot of Figure 4.9. The molecule is nonplanar and adopts an admixture of 

saddled and ruffled conformations, reflected in the deviation of jS- and meso-Cs (Figure 

4.10 and 4.11). Figures 4.10 and 4.11 present the displacement of skeletal atoms from 

the plane defined by 24 core atoms of the macrocycle in planar and linear form. The 

structure of (TQTPP)FeCl is unique because it combines almost equal amount of saddled 

and ruffled distortion. To our knowledge, this is the first structure with such interesting 

core geometry. In order to quantify the contribution from saddled and ruffled deviations 
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into the porphyrin conformation NSD calculationshave been done (see Table 4.3). 

They resulted in the following lowest energy modes: B2u(Sad) = 1.9985 and Biu(ruff) = 

1.3508 and close to zero values for all the others. This indicates an admixture of saddled 

and ruffled conformations with approximate ratio of 0.6:0.4. On the other hand, 

[FeTC6TPP(l-MeIm)2]Cl core is characterized by smaller values of B2u(Sad), 1.6073, and 

Biu(ruff), 0.7463, implying that the macrocycle is less distorted overall but has 

approximately the same relative amount of saddling and ruffling in its structure. 

C(105) 

C(103) 

C(102) 

Figure 4.9. ORTEP diagram of the porphyrin macrocycle of (TCf,TPP)FeCl with the 

numbering scheme for crystallographically unique atoms. Thermal ellipsoids are shown 

at 50% probability. H-atoms are omitted for simplicity. 
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Figure 4.10. Deviation of the 24 core atoms from the mean porphyrin plain in units of 

0.01 A for (TC6TPP)FeCL Selected bond lengths and angles are shown only for major 

component (85 % populated). 

Having 0.6:0.4 ratio of saddled to ruffled components, the core conformation of 

(TC6TPP)FeCl combines the characteristic feature of both distortions (Figure 4.10, 4.11) 

As in the saddled conformation, alternate pyrrole rings are displaced above and below the 

porphyrin mean plane, and at the same time, like in a ruffled conformation, the meso-Cs 

are not in the porphyrin mean plane but are displaced above and below it by 0.47 A. The 

high deviation of the meso-Cs is in accord with a strong twist of adjacent pyrrole rings 

that results in an uneven deviation of adjacent jS-Cs (± 0.86 A and ± 0.46 A). However, 

in a typical ruffled structure the adjacent jS-Cs are on the opposite sides of the porphyrin 

mean plane. Unlike (TC6TPP)FeCl, (TC6TPP)Ni(II)'''^ is purely saddled (the average 

deviation of the meso-Cs, A|Cm| = ± 1.08 A, and A|Q1 = ± 0.02 A) and more distorted 
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from planarity. Since the saddled distortion is less pronounced in (TC6TPP)FeCl as 

compared to (TC6TPP)Ni(II), the angles between adjacent and opposite pyrrole rings are 

also smaller than the same angles in Ni(II) analog. For adjacent rings they average 

29.4(1) and 34.5° for (TC6TPP)FeCl and (TC6TPP)Ni(II),'''^ respectively, and for 

opposite pyrrole rings 41.2(1) and 49.6°. Individually, each pyrrole ring is nearly planar. 

Further evidence of the planarity of the pyrroles comes from the small CsrC^C^Ca 

dihedral angles whose values ranges from 4.6(3) to 5.8(3)°. 

The average dihedral angles of the phenyl rings with the mean macrocycle plane 

are 67.9(1), 50(2), 47.1 and 44.9° for (TC6TPP)FeCl and (TC6TPP)Ni(II),'^^ 

(OMTPP)FeCl'^'^and (OETPP)FeCl,'^'^ respectively and thus correlate with an increasing 

degree of saddled distortion in these complexes in the order listed. The higher dihedral 

angle of the phenyls in (TC6TPP)FeCl results in a longer average bond between the meso-

Cs and phenyl rings (1.504(4) A). In the purely saddled structure of (TC6TPP)Ni(II) the 

same bond is only 1.488(6) A, in accord with a lower dihedral angle,indicating a 

substantial degree of conjugation between the porphyrin and the phenyl rings. 

An average Fe-Np distance of 2.052(2) A is slightly longer than in the case of 

[FeTC6TPP(l-Melm)2]Cl (2.005(3) A, see later discussion) but is significantly longer 

than in the (TC6TPP)Ni(II) macrocycle (1.914(9) A).'"'^ This means that both 

TC6TPPFe(III) complexes are more planar than the Ni(ll) analog. 

As was already discussed in the Experimental section, the porphyrin macrocycle 

in (TC6TPP)FeCl was modeled as having two orientations, with CI atoms pointing in 

opposite directions, occupying the same crystal lographic positions in different unit cells. 
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Figure 4.11. The linear representation of the deviation of core atoms from the mean 
porphyrin plane for a) (OETPP)FeCl, b) (OMTPP)FeCl, and c)(TC6TPP)FeCl. In the 
case of (TC6TPP)FeCl deviation is shown only for major component. 
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The populations of the two parts were refined to 85 and 15 %. All data presented so far 

were for the major component only. Unlike in the six-coordinate Fe(III) porphyrins, 

where the central metal atom sits in the porphyrin mean plane, in (TCeTPPjFeCl the iron 

atom is significantly out of the porphyrin mean plane by 0.5296(12) A for the main part 

and -0.5754(51) A for the low populated part. The axial Fe-Cl bond distance in the main 

part is 2.2344(16) A. The displacement of the Fe atom from the porphyrin mean plane 

and the Fe-Cl bond distance are close to the same values in two structures of (OEP)FeCl 

(0.53 A for displacement of Fe in both cases, and 2.235(1) and 2.231 A for Fe-Cl 

179 180 
bond). • However, a substantially smaller deviation of Fe from the mean 24-atom 

core is observed in (OETPP)FeCl (0.43 and 0.48 A) and only somewhat smaller in 

(OMTPP)FeCl (0.51 A).'^'* 

Theoretical calculations on the effect of non-planarity indicate that in highly 

distorted porphyrins the highest occupied molecular orbital should be destabilized with 

respect to the lowest unoccupied molecular orbital, resulting in a red shift of the first 

visible absorption band as well as the Soret band.' "^"^ When the molecular structures of 

(TC6TPP)FeCl, (OMTPP)FeCl,' ̂ ^ and (OETPP)FeCl'^'' are compared (see Figure 4.11) 

the former has the smallest and the latter has the largest deviation from planarity. For 

example, the highest deviations observed in (TC6TPP)FeCl, (OMTPP)FeCl, and 

(OETPP)FeCl are 0.9, 1.2, and 1.3 A, respectively for one of the jS-Cs.'^'^ For all 

complexes, the Soret band is split and appears at 397 and 427, 398 and 436, and 399 and 

442 nm for (TC6TPP)FeCl, (OMTPP)FeCl, and (OETPP)FeCl, respectively (See Table 

4.4). The degree of nonplanar distortion correlates well with the position of the Soret 



245 

band: (TC6TPP)FeCl being the most planar, has a blue shifted second Soret maximum as 

compared to Soret bands in (OMTPP)FeCl, and (OETPP)FeCl. Therefore, UV/vis data 

can be very useful in prediction (estimation) of the relative degree of nonplanar distortion 

in similar porphyrin complexes. Crystaliographic and UV/vis data are in good agreement 

with the kinetics studies of the ring inversion process in (TC6TPP)FeCl, (OMTPP)FeCl, 

and (OETPP)FeCl complexes, presented in Chapter 3. 

Table 4.4 Kinetic and UV-vis parameters for (TC6TPP)FeCl, (OMTPP)FeCl, and 
(OETPP)FeCl.' 

Molecule Tc°C AG'c, kcal/mol X Soret, nm 

(OETPP)FeCl 100(100)' 16.6(15.8) 399; 442 (396; 444) 

(OMTPP)FeCl -26 (-30) 10.2(10.1) 398; 436 (396; 436) 

(TC6TPP)FeCl <-93 >7.4 397;427 

a) For detailed explanation of the meaning of Tc, and AG^c see Chapter 3. 
b) Data in parenthesis are taken from Ref [134]. 

(FeTC6TPP(l -MeIm)2]Cl. First, it should be noted that this is the only one of 

the [FeTC(,TPP(L)2]Cl complex that was crystallized. It turned out that in all other 

crystallization attempts the mixture did not produce any crystals but rather turned into an 

oil, even though two successful attempts, the [FeTCaTPPjCl and [FeTCeTPPCl-

MeIm)2]Cl, produced crystals of much better quality than any other crystals in this 

research. The molecular structure and numbering scheme for the crystallographically 

unique atoms of [FeTC6TPP( 1 -Mehn)2]Cl are shown in the ORTEP diagram of Figure 

4.12. According to the symmetry of the porphyrin molecule that sits on the 4 position, 

the planes of the axial ligands are mutually perpendicular. For the same reason they each 
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lie along the normal to the porphyrin mean plane. Since only % of the molecule is 

present in the asymmetric unit, the axial ligands are two-fold disordered. They were 

modeled in the same way as in the case of/>er/)-[FeOMTPP(l-MeIm)2]Cl by using two 

different molecules with half occupancy. Both parts of the imidazole model were 

allowed to rotate freely and only the nitrogens coordinated to iron were constrained to 

have the same anisotropic parameters and coordinates. In the final model, the dihedral 

angle between the two parts of the imidazole is 11.3°. Again as in the case of perp-

[FeOMTPP(l-MeIm)2]Cl, this may be due to either movement of the axial ligand during 

data acquisition (which is not likely since data were collected at 170 K) or to a slight 

random difference in the axial ligand arrangement throughout the crystal. The projection 

of the planes of the two imidazole parts on the porphyrin mean plane forms angles of 9.6 

and 20.9° to the same Np-Fe-Np vector, producing the average angle of 15.3°. 

The deviations of all the porphyrin atoms from the mean plane, as well as axial 

ligand orientations and selected bond lengths and angles are shown in the formal diagram 

of Figure 4.13. From Figure 4.13 and the linear diagram of the porphyrin deviation from 

planarity (Figure 4.14) one can clearly see that the porphyrin adopts an admixture of 

ruffled and saddled conformations. As in the saddled conformation, the pyrrole rings are 

displaced above and below the porphyrin mean plane. But, as in the ruffled 

conformation, the meso-Cs are no longer in the porphyrin mean plane but rather are 

displaced by ± 0.26 A above and below it; the pyrrole rings are twisted clockwise and 

counterclockwise, causing a non-even deviation for adjacent pyrrole p-Cs (± 0.42 and ± 

0.65 A). 
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Figure 4.12. ORTEP diagram of the porphyrin macrocycle of [FeTC6TPP(l-MeIm)2]Cl. 

Thermal ellipsoids enclose 50% probability, and hydrogens are omitted for clarity. 

Figure 4.13. Formal diagram of [FeTCaTPPCl-MeIm)2]Cl showing the displacement of 

the atoms, in units 0.01 A, from the mean 25-atom plane. The orientation of 1-MeIm 

relative to the Np-Fe-Np vectors and selected bond lengths and angles are also shown. 
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Figure 4.14. Linear display of the core conformation in [FeTC6TPP(l-MeIm)2]Cl and 
(TC6TPP)FeCl. An admixture of saddled and ruffled geometry of the macrocycle is 
clearly seen. 

In order to get a more quantitative picture of the degree of saddled and ruffled distortion 

in the structure of [FeTC6TPP(l-MeIm)2]Cl the NSD parameters were calculated (see 

Table 4.3). BauCsad) is equal to 1.6073 and Biu(ruf) to 0.7463. The contribution from the 

other vibrational modes is negligible. From the numbers obtained, the conclusion can be 

drawn that molecular structure of [FeTC6TPP( 1 -Melm)2]Cl consists of saddled and 

ruffled components in the approximate ratio 0.68:0.32. This is one of the few examples 

of the dodecasubstituted metalloporphyrins having a substantial degree of ruffling 

distortion in the overall saddled structure. The other cases are (TC6TPP)FeCI (38 %), 

[FeOMTPP(4-Me2NPy)2]Cl (30 %), [FeOETPP(4-Me2NPy)2]Cl (17%), and 

[Fe0MTPP(4-CNPy)2]C104 (17 %). Moreover, the contribution from the ruffling 
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component into the porphyrin core deviation is comparable to that of [FeOMTPP(4-

Me2NPy)2]Cl and the largest of all the bis-ligated complexes in this study. On the other 

hand, the angle between the imidazole ligand planes and the nearest Np-Fe-Np axis {<j> = 

15.3°) is not the largest as expected. When the sum of NSD parameters for 

[FeTC6TPP(l-MeIm)2]Cl is compared to the same numbers for both the [FeOMTPF(l-

MeIm)2]Cl and [FeOETPF(l-MeIm)2]Cl structures, one can clearly see that the former is 

the most planar of the three (See Table 4.2). The same is true for the five-coordinate 

Fe(III) chlorides of TCeTPP, OMTPP and OETPP (see Figure 4.11). 

According to molecular mechanics calculations on [CoOETPP(l-MeIm)2],^^ the 

angle of minimum energy between the projection of the axial ligand plane and closest Np-

Fe-Np vector is 2-3° for the saddled and 45" for the ruffled conformation for 5-membered, 

aromatic, sterically non-hindered axial ligands. In the structure of [FeTC6TPP(l-

MeIm)2]Cl the angle is 15.3°, which is close to that calculated (around 4° smaller) for the 

admixture of saddled and ruffled conformation of the porphyrin core observed. 

The Fe-Np distance in [FeTC6TPP(l-Melm)2]Cl is 2.005(3) A, the longest among 

Fe-Np distances for nonplanar bis-imidazole complexes with OMTPP and OETPP 

porphyrin cores of this study (Table 4.2). For the two crystalline forms of [FeOMTPP(l-

MeIm)2]Cl and for [FeOETPP( 1 -MeIm)2]Cl the average Fe-Np distances are 1.969(7), 

1.990(2), and 1.970(7) A, respectively. This is in accord with molecular mechanics 

calculations involving [CoOETPP(L)2]^ and [COT'BUP(L)2]^ with various axial ligands,^^ 

where shorter Co(III)-Np distances are normally observed for more distorted porphyrins. 
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The average Fe-Nax bond is 1.984(4) A and is similar to Fe-Nax distances in many other 

nonplanar porphyrins with the same type of axial ligands (Table 4.2)^ 

[FeOMTPP(4-Me2NPy)2]CI. The molecular structures of the two complexes are 

shown in the ORTEP diagrams for A:[FeOMTPF(4-Me2NPy)2]Cl (Figure 4.15) and 

B:[FeOMTPF(4-Me2NPy)2]Cl (Figure 4.16) together with the numbering scheme for 

crystallographically unique atoms. Figure 4.17 shows the perpendicular displacement of 

the core atoms from the mean porphyrin plane (in units of 0.01 A) and the arrangement of 

the axial ligands. Both porphyrin molecules are nonplanar and adopt predominantly 

saddled conformations with similar degrees of non-planarity. The major difference in the 

core geometry of A and B is the amount of ruffling present in their molecular structures 

(29.6 % in the case of A and 5.8 % for B molecule, estimated using the coefficients of the 

lowest-frequency vibrational modes'" (see Table 4.3)). The average deviations of 

adjacent P-Cs are ± 0.90, ± 0.61 A and ± 0.88, ± 0.93 A for molecule A and B, 

respectively (see Table 4.2). One can see that the pyrrole rings in A are twisted, causing 

strongly uneven deviation of the adjacent jS-Cs, which is characteristic of a ruffled 

geometry. Another indication of the presence of a ruffling component in a molecular 

structure is a high deviation of the meso-Cs from the mean plane. While in A the meso-

Cs are ± 0.36 A above and below the porphyrin mean plane, B has its meso-Cs almost in 

the porphyrin mean plane (the deviation is only ± 0.05 A). Both the twisting of the 

pyrrole rings and the alternation in the displacements of the meso-Cs of the porphyrin 

ring are indications of significant ruffling (30 %) in the overall saddled structure of A 

(see Table 4.3). 
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Figure 4.15. a) ORTEP diagram for A:[FeOMTPP(4-Me2NPy)2]Cl: top view, b) Edge-
on view of the complex and atom names for the axial ligands. Thermal ellipsoids enclose 
50% probability, and hydrogens are omitted for clarity. 
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Figure 4.16 a) ORTEP diagram for B:[FeOMTPP(4-Me2NPy)2]CI; top view, b) Edge-on 
view, showing numbering scheme and arrangement of the axial ligands. Thermal 
eUipsoids enclose 50% probability, and hydrogens are omitted for clarity. 
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Figure 4.17. Formal diagram of the porphyrinate core in [FeOMTPP(4-Me2NPy)2]Cl for 
molecule A and B showing the displacement of the atoms, in units 0.01 A, from the mean 
plane of the 25-atom core. The orientation of the axial ligands with the closest Np-Fe-Np 
vector and selected bond lengths and angles are also shown. 
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A:lFeONnPP(4-Me,Nl\),|CI*CH,CK 
B: [FeOMTPP(4-MejNPy)JCl'^ CHCI3" 

Figure 4.18. Linear display of the core conformation in [ FeOMTPP(4-Me2NPy)2]Cl. 

On the other hand, the structure of B is close to purely saddled, with alternating pyrrole 

rings tilted up and down (adjacent P-Cs have almost even deviation) and meso-Cs in the 

porphyrin mean plane. Clear difference in core geometry can be seen in a superposition 

of the linear displays of A and B macrocycles (Figure 4.18). 

Different geometries of the porphyrin core are observed for [FeTMP(4-

Me2NPy)2]C104 and |Fe0EP(4-Me2NPy)2]C104.'' The [FeTMP(4-Me2NPy)2]C104 

complex is strongly ruffled, with an average displacement of the meso-Cs equal to ± 

0.51(5) A and the axial ligands in perpendicular planes. The same geometry of the 

FeTMP core is observed in the cases of other bis-pyridine complexes.^ ' as well as the 

complexes with sterically hindered 1,2-dimethylimidazole ligands.^^'^^ In comparison, 

[Fe0EP(4-Me2NPy)2]C104 is essentially planar; in this case, the axial ligands are in 
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parallel planes. Again, planar geometries of the FeOEP core are observed for complexes 

with various axial ligands and may be a property of the porphyrin core itself 

The ORTEP diagrams (Figures 4.15,4.16) show that the axial 4-(N,N-

dimethyl)aminopyridine ligand planes are nearly perpendicular to each other in both 

structures of [FeOMTPP(4-Me2NPy)2]Cl. The actual dihedral angles, A0, between the 

axial ligand planes are 78.8 and 88.5° for molecules A and B, respectively. In the case of 

A, the dihedral angle between the axial ligands differs significantly from the expected 90° 

value. For the saddled [FeOETPP(4-Me2NPy)2]Cl complex,"^ perpendicular orientation 

of the axial ligands was also expected. However, the observed angle is 70°, the smallest 

among the dihedral angles observed for complexes with "large gmax" EPR signals."^ 

Significant deviation of axial ligand planes from the predicted perpendicular orientation, 

with respect to each other, is also observed in the structure of the ruffled complex 

[FeTMP(4-Me2NPy)2]C104 {79°).'"' In comparison, for the case of planar [FeOEP(4-

Me2NPy)2]C104, parallel orientation of the axial ligands is observed.'" 

According to molecular mechanics calculations involving [CoOETPP(L)2] the 

expected angle between the projection of the six-membered aromatic axial ligands {i.e., 

pyridines) onto the mean plane and the closest Np-Fe-Np vector of the saddled porphyrin 

core is -10° due to repulsion between the 2,6-H on the pyridine ligands and the nitrogens 

of the porphyrin. In the complexes under study, the projection of the two axial ligand 

planes onto the porphyrin mean plane form 0.8, 12.0° and 1.0, 2.5° angles to the closest 

Np-Fe-Np vector for molecules A and B, respectively. In the molecular structure of A, 

one of the axial ligands has close to the predicted orientation (</)i = 12°) and the second is 
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essentially eclipsed with the closest Np-Fe-Np vector (<fe = 0.8°). However, the measured 

contact distances between the 2,6-H on the pyridine and the closest nitrogens in A are 

similar for both axial ligands (2.397 and 2.382 A), as are the Fe-Nax bond lengths 

(2.018(3) and 2.021(3) A). Even though one ligand is nearly eclipsed with the Np-Fe-Np 

axis, the geometry of the complex allows it to avoid repulsion by alternating nitrogens 

above and below the porphyrin mean plane by ±0.11 A. In the case of B both axial 

ligand planes are essentially eclipsed with the closest Np-Fe-Np vector. This still results 

in long enough distances between the 2,6-H of pyridine and nitrogen atoms of the 

porphyrin ring (2.386, 2.355, 2.341, and 2.408 A) to allow them to avoid steric repulsion. 

This is in good agreement with the molecular mechanics calculation involving 

[CoOETPP(Py)2]^ that showed only a very small increase in the calculated energy of the 

complex when the structure was energy-minimized with one ligand constrained to lie 

exactly parallel to the Co-Np bond (AE*^ = 0.2 kJ/mol).''^ 

Different orientations of the axial ligand planes with respect to the Np-Fe-Np axis 

are observed in [FeOETPP(4-Me2NPy)2]Cl: they form 9° and 29° angles with respect to 

the closest Np-Fe-Np vector."® The fact that this large angle of 29° occurs in spite of the 

presence of mutually perpendicular pockets (this is true for both saddled and ruffled 

geometries) confirms the observation of Medforth et ah, that the potential energy curve 

for axial ligand rotation is fairly flat. The dihedral angles between the projection of axial 

ligand onto porphyrin mean plane and Np-Fe-Np vector of 37° and 42° observed in 

[FeTMP(4-Me2NPy)2]C104 are typical for a predominantly ruffled geometry.''^ 
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The axiai ligand planes in [FeOMTPP(4-Me2NPy)2]Cl (molecule A) and 

[Fe0EP(4-Me2NPy)2]C104''^ are not tilted, but rather lie along the normal to the 

porphyrin mean plane, as is required by the symmetry present in the molecules (in A the 

porphyrin iron(III) occupies the C2 axis and in [Fe0EP(4-Me2NPy)2]C104 the inversion 

center). In other structures the dihedral angles between the pyridine planes and the core 

show substantial deviation from perpendicular arrangement: 88.5 and 86.6°; 88.3 and 

82.4°; 90 and 81.4° for [FeOMTPP(4-Me2NPy)2]Cl (molecule B), [FeTMP(4-

Me2NPy)2]^^^ and [FeOETPP(4-Me2NPy)2]^,' respectively. This deviation from 

orthogonality may be due to crystal packing forces. 

The angles between the planes of the phenyl rings and the mean porphyrin plane 

are 57.5, 55.1, and 57.3, 54.4, 54.8, 56.6° for the A and B molecules, respectively. They 

are smaller compared to the same angles in [FeTMP(4-Me2NPy)2]" (78.7° average).^^ 

This is consistent with the common observation that in the saddled porphyrins the phenyl 

rings rotate into the porphyrin mean plane in order to avoid steric interaction with the 

substituents on the P-carbons.'"^ On the other hand, in planar or ruffled porphyrins the 

orientation of the phenyl rings is close to perpendicular with respect to the porphyrin 

core. Therefore, the dihedral angle of the phenyls can be used as another measure of the 

degree of ruffling. 

The average Fe-Np distances in A and B are very similar to each other (1.9813(19) 

A and 1.983(3) A) and to the distance in [FeOEP(4-Me2NPy)2]'^ (1.986(2) A)'"^ but are 

much longer then the same distances in both [FeTMP(4-Me2NPy)2]'^ (1.964(10) A)^^ and 

[FeOETPP(4-Me2NPy)2]^ (1.951(5) A)."^ This agrees with the common fact that both 
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ruffled (TMP) and the more saddled (OETPP) porphyrins have shorter Fe-Np distances 

compared to the more planar complexes. The average Fe-Nax distances in [FeOMTPP(4-

Me2NPy)2]^ (molecule A and B) differ substantially (2.020(3) A and 2.002(4) A, 

respectively). The same distances in all other complexes studied are shorter: 1.984(5), 

2.015(6) A; 1.989(4), 1.978(4) A; 1.995(3) A for [FeOETPF(4-Me2NPy)2]","® 

[FeTMP(4-Me2NPy)2]',^^ and [FeOEP(4-Me2NPy)2] respectively. 

In general, the structures of A and B have similar axial ligand orientation (the 

dihedral angles between the axial ligand planes are 78.8° and 88.5°, both close to 

perpendicular), but strikingly different porphyrin core geometries (see Table 4.2 and 

Figure 4.18). This is opposite to what is observed in the structure of [FeOMTPP(l-

MeIm)2]Cl complexes, where the porphyrin cores have the same geometry but the 

orientation of the axial ligands is substantially different. 

[FeOETPP(4~Me2NPy)2lCL The results and conclusions of the X-ray crystal 

structure determination of [FeOETPP(4-Me2NPy)2]Cl are presented in the paper (Ogura, 

H.; Yatsunyk, L.; Medforth, C. J.; Smith, K. M.; Barkigia, K. M.; Renner, M. W.; 

Melamed, D.; Walker, F. A. J. Am. Chem. Soc. 2001,123, 6564-6578)"® appended to 

this thesis (see Appendix C). The following are the most important findings in this paper. 

The porphyrin core of [FeOETPP(4-Me2NPy)2]Cl adopts saddled geometry with 

20 % of ruffling component. The axial 4-Me2NPy ligands are not in perpendicular planes 

but rather have a much smaller than expected dihedral angle of 70®. Yet a "large gmax" 

signal is observed for both frozen solution (CD2CI2, g = 3.35) and in a polycrystalline 

sample obtained by crystallization from CDCb/cyclohexane (g - 3.35) (Figure 4.19). 
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Figure 4.19. EPR spectrum of polycrystalline sample of [FeOETPP(4-Me2NPy)2]Cl 

(CDCls/cyclohexane). Crystals were ground finely before running EPR. In order to see 

no high-spin signal (to prevent ligand loss from the surface molecules) polycrystalline 

sample was kept in mother liquor before and during EPR experiments. Make sure that 

mother liquor is almost transparent (all [FeOETPP(4-Me2NPy)2]Cl is in crystalline form), 

otherwise signals from both crystalline and solution samples would appear in the EPR 

spectrum. There are two shoulders with g = 3.53 and 3.25 due to difference in orientation 

of [FeOETPP(4-Me2NPy)2]Cl molecules in crystallites. 

In the EPR spectrum. Figure 5 in the paper (appendix C, Ref. 118), a large high-spin 

Fe(III) signal is also present due to loss of one ligand from molecules on the surface of 

the crystallites. Keeping the polycrystalline sample in the mother liquor prevented the 

surface molecules from losing the sixth ligand and no high-spin signal is seen in the new 

EPR spectrum (Figure 4.19). We want to note that the EPR spectrum shown in Figure 

4.19 was obtained for the sample that was submitted for the Mossbauer studies. 

In conclusion, the 70° dihedral angle between the axial ligands in [FeOMTPP(4-

Me2NPy)2]Cl is the smallest angle known that correlates with "large gmax" EPR signal. 



[FeOMTPP(2-MeHIin)2]CL The molecular structures of [FeOMTPP(2-

MeHIm)2]Cl, molecules C and D, together with the numbering scheme for 

crystallographically unique atoms are displayed in Figure 4.20 and 4.21, respectively. 

Figure 4.22 displays the value of the perpendicular displacements of the unique atoms, in 

units of 0.01 A, from the mean plane of the 24-atom porphyrin core, together with the 

relative orientation of the axial ligands. In both cases (molecule C and D) the porphyrin 

molecule is nonplanar and adopts a strongly saddled conformation with a small admixture 

of ruffling. The average deviations of the adjacent P-carbons from the mean plane are ± 

0.86 A, ± 1.04 A and ± 0.97 A, ± 1.08 A for molecules C and D, respectively (see Table 

4.2). This uneven deviation of the P-Cs is due to a slight twisting of the pyrrole rings as a 

result of the ruffling. The me^o-carbons are on average ±0.21 A and ± 0.13 A above and 

below the porphyrin mean plane, for C and D, respectively. All of the above data, 

together with the parameters from NSD calculation (Table 4.3), indicate that both 

structures have saddled geometries, but molecule D is more distorted overall (the sum of 

all the coefficients of the vibrational modes is 3.7717, higher than for C, 3.6346), yet has 

a smaller ruffling component (16 % vs. 20 %) in comparison to molecule C. The 

similarity of C and D porphyrin cores in [FeOMTPP(2-MeHIm)2]Cl is clearly seen in the 

superposition of the linear diagrams of the core deviations in shown Figure 4.23. Other 

complexes with 2-MeHIm and other sterically hindered ligands such as 1,2-Me2lm have 

been studied and reported in the literature.'^^'^^'^^'"^ Ail of them can be divided into three 

groups: those with predominantly saddled, those with predominantly ruffled non-planar 

core, and those with planar porphyrin core. [FeOETPP(2-MeHIm)2]",' as well as 
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[FeOMTPP(2-MeH][m)2]Cl (C and D), which each have a small ruffled component in an 

overall saddled structure, belong to the first group. However, the former is more 

118 distorted from planarity overall, but has a smaller degree of ruffling present. The 

adjacent Cp of each pyrrole ring in [FeOETPP(2-MeHIm)2]Cl are alternately displaced by 

± 1.23 A, and ± 1.20 A from the 24-atom mean plane, and the meso-Cs lie ± 0.09 A out 

of plane. On the other hand, the porphyrin cores in the [FeTPP(2-MeHIm)2]C104™ and 

[FeTMP(l,2-Me2lm)2]C104®^'^^are S4 ruffled with the latter having the meso-C ± 0.72 A 

out of the porphyrin mean plane. This is the largest deviation observed so far in an 

iron(III) porphyrinate complex. And finally, the porphyrin core of [FeOEP(2-

MeHIm)2]C10/"^ is essentially planar; however, this complex contains high-spin, HS, 

Fe(III), with Fe-Nax bond lengths of 2.275 A. The ~0.24-0.27 A increase in the axial 

bond distance compared to other Fe(IIl) porphyrinates (see Table 4.2) with hindered axial 

ligands is due to the change in spin state from low-spin, LS, (in [FeOMTPP(2-

MeHIm)2]Cl (C andD), [FeOETPP(2-MeHIm)2]\"^ [FeTPP(2-MeHlm)2]C104,^'' and 

[FeTMP(l ,2-Me2lm)2]C104^^ ''^) to HS in [Fe0EP(2-MeHlm)2]C104 ̂ - Therefore, the 

structure of this complex is not comparable to those of the LS Fe(IIl) complexes of this 

study, and it will not be considered further. 

The angles between the phenyl planes and the porphyrin mean plane for the two 

complexes of this study are 55.2, 53.7, 52.0, 54.9 and 50.2, 47.8, 49.6, 50.5° for C and D, 

respectively. 
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Figure 4.20. a) Molecular structure and atom names for the macrocycle of 
C:[FeOMTPP(2-MeHIm)2]Cl. Methyl groups are above the N3 and N4. b) Edge-on 
view of the complex and numbering scheme for the axial ligands. Thermal ellipsoids 
enclose 50% probability, and hydrogens are omitted for clarity. 
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Figure 4.21. a) ORTEP diagram and numbering scheme for the macrocycle of 

D:[FeOMTPP(2-MeHIm)2]Cl. Methyl groups are above N2 and N3. b) Edge-on view of 

the complex, showing slight distortion of the porphyrin core from pure saddled geometry. 

Thermal ellipsoids are shown at 50% probability. Hydrogens are omitted for clarity. 
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Figure 4.22. Formal diagrams of the porphyrinato core in [FeOMTPP(2-MeHIm)2]Cl, C 
and D. All displacements are given in units of 0.01 A. The orientations of the axial 
ligands with the closest Fe-Np vector and selected bond lengths and angles are also 
shown. 
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[FeOMTPP(2-MeHIm)JCl*CH,Cl, 
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Figure 4.23. Superposition of the Hnear display of core deformation in [FeOMTPP(2-

MeHIm)2]Cl for molecules C and D. 

The average dihedral angle of the phenyls from the mean plane of the porphyrin of 54° 

and 50° for C and D, respectively, are smaller compared to the same values in [FeTPP(2-

MeHIm)2]C104 (76°) and [FeTMP(l,2-Me2lm)2]C104 (87°), and are in good agreement 

with the earlier finding that the phenyl dihedral angles of saddled porphyrins are all 

01 ] "ysi 1 "^9 
smaller than those for ruffled porphyrins. ' ' When predominantly saddled complexes 

are compared ([FeOMTPP(2-MeHIm)2]Cl (C and D) and [FeOETPP(2-MeHIm)2]Cl"^) 

the dihedral angles of phenyls decrease in the order C (54°) > D (50°) > [FeOETPP(2-

MeHIm)2]Cl (42°) and in the same order the degree of nonplanarity and absolute value of 

saddled distortion increases (judged by B2u coefficient): C (2.8971) < D (3.1513) < 
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OETPP (3.7320). Therefore, the average value of the dihedral angles of the phenyls can 

be used as an indication of the degree of saddledness: the more acute dihedral angle of 

the phenyls correlates with the higher degree of saddled distortion. 

The average Fe-Np bond distances of 1.977(4) A and 1.979(7) A for molecules C 

and D, respectively, are typical for other OMTPPFe'" complexes with various axial 

ligands (Table 4.2), close to the same distance in [FeOETPP(2-MeHIm)2]Cl, 1.974(9) 

A,"^ and slightly longer than the same distance in [FeTPP(2-MeHIm)2]C104 (1.970(4) 

A),^^ since the latter macrocycle is less distorted from planarity than the two 

[FeOMTPP(2-MeHIm)2]Cl complexes. However, the average Fe-Np distance in 

[FeTMP( 1,2-Me2lm)2]C104, 1.937(12) is much shorter than the same distances in 

the OETPP and OMTPP saddled and TPP ruffled analogs, and is the shortest reported for 

Fe(III) porphyrinates. This is due to the severe ruffling of the TMP porphyrin core that is 

usually associated with short Fe-Np distances. 

The bond distances, angles, and displacements from the mean porphyrin plane 

(Figure 4.22) in [FeOMTPP(2-MeHIm)2]Cl (molecules C and D) are typical for six-

coordinate OMTPP complexes, as well as for other nonplanar six-coordinate porphyrin 

systems (OETPP, TMP, OEP). The axial Fe-N5 and Fe-N7 bond distances are 2.006(5), 

2.032(5) and 2.007(7), 2.010(7) A for C and D, respectively. These distances are very 

close to those in [FeTPP(2-MeHIm)2]C104 (2.015(4) and 2.010(4) A)'^ and in 

[FeTMP(l,2-Me2lm)2]C104 (2.004(5) A),^^'^^ but are shorter than 2.09(2) A in 

[FeOETPP(2-MeHIm)2]Cl."*^ 
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Not all axial ligand planes lie strictly along the normal to the porphyrin mean 

plane. They form 81 and 85® dihedral angles with the mean porphyrin plane in 

[FeOMTPP(2-MeHIm)2]^, molecule C and 86 and 90° in molecule D. With this 

information, and with the data from Figure 4.22 one can see that the metal in the D 

molecule is in a symmetrical tetragonal environment. 

The orientation of the axial ligand planes in complexes with highly hindered 

ligands is strongly influenced by the conformation of the porphyrin macrocycle. The 

planes of the axial ligands in most OMTPP complexes are oriented nearly parallel to the 

mutually perpendicular cavities formed by the nonplanar porphyrin macrocycle and the 

methyl groups on the pyrrole rings. The dihedral angles between the axial ligand planes 

are very similar and equal to 82.1° and 80.5° for C and D, respectively. The same angles 

in [FeOETPP(2-MeHIm)2]Cl,'[FeTPP(2-MeHIm)2]C104/^ and [FeTMP(l,2-

Me2lm)2]C104^"'^^ are much close to perpendicular and equal 90, 89.3, and 89.4°, 

respectively. 

In the case of sterically hindered axial ligands (2-MeHIm, and 1,2-Me2lm) their 

orientation is determined not only by the geometry of the pockets, but also by the steric 

interaction between the ligands and the pyrrole N atoms. In [FeOMTPP(2-MeHIm)2]Cl 

and [FeOETPP(2-MeHIm)2]Cl (both mainly saddled with some ruffling) the ligands are 

rotated away from the Np-Fe-Np bond by 13.1, 19.0°; 11.2, 20.5°; and 14, 14° for C, D, 

and [FeOETPP(2-MeHIm)2]Cl,"^ respectively. The observed angles can be explained 

mainly by steric repulsion between the methyl group of the axial ligand and the Ns of the 

porphyrin core and also to some extent by the presence of the ruffling component in the 
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crystal structures of the complexes discussed. Nevertheless, the /?er/>-[FeOMTPP(l-

MeIm)2]Cl complex has a much larger 0 angle of 29® than do the 2-MeHIm complexes of 
% 

either OMTPP of OETPP, supporting the suggestion that the energy profile for 

orientation of unhindered 5-membered axial ligands is fairly flat in these saddled 

Q7 
porphynnates. In the ruffled porphyrins, the projections of the imidazole planes onto 

the porphyrinato core make angles of 32° and 45° to the closest Np-Fe-N? vector in 

[FeTPP(2-MeHIm)2]C10/^ and [FeTMP(l,2-Me2lm)2]C104,^^'^^ respectively. These are 

expected values for ruffled iron porphyrinates. 

The N6 and N8 atoms of the two 2-MeHIm ligands in each C and D structure, as 

well as C500, C600, and C700 of the CHCI3 and C500 and C700 of CH2CI2 molecules in 

C and D, respectively, are hydrogen bonded to Cll and another symmetry generated 

chloride. Hydrogen bond distances and angles are presented in Table 4.5 and 4.6 for the 

C and D molecules, respectively. They form an extended network through the entire 

crystal along the a axis, shown in Figures 4.24 and 4.25. In both cases the hydrogen 

bonds are shorter between the chloride and NH (2.30, 2.35 and 2.21, 2.30 A, for C and D, 

respectively) and longer between the chloride and C-H of the solvents (2.48, 2.55, 2.58 

and 2.59,2.61 A for C and D, respectively). 
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Table 4.5. Hydrogen bonds for C:[FeOMTPP(2-MeHIm)2]Cl, [A and °]. 

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

N(6)-H(6A)...C1(1) 0.86 2.35 3.166(5) 159.3 

C(500)-H(50H)...C1(1) 0.98 2.55 3.459(8) 153.8 

C(600)-H(60A)...C1(1) 0.98 2.58 3.460(10) 149.8 

C(700)-H(70A)...C1(1) 0.98 2.48 3.460(10) 176.4 

N(8)-H(8A)...C1(1)#1 0.86 2.30 3.145(5) 169.8 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+1, y-1/2, -z+3/2 

Figure 4.24. Hydrogen bonding network along the a axis in the molecular structure of C. 
Hydrogen bonds are shown between the chloride and NH of the axial ligands. 
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Table 4.6. Hydrogen bonds for D:[FeOMTPP(2-MeHIm)2]Cl, [A and °]. 

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

N(8)-H(8A)...C1(1) 0.88 2.30 3.142(8) 160.0 

N(6)-H(6A)...C1(1)#1 0.88 2.21 3.093(8) 179.3 

C(500)-H(50B)...C1(1) 0.99 2.61 3.555(14) 158.7 

C(700)-H(70B)...C1{1) 0.99 2.59 3.531(12) 158.4 

Symmetry transformations used to generate equivalent atoms: 
#1 x-1, y, z 

C(50A) 
OA) 

N(6Ar 

Figure 4.25. Hydrogen bonding in the cr>'Stal structure of D. Hydrogen bonds are 
formed between the chloride and NH of the axial ligands and CH of CH2CI2 molecules. 



Calculation of Energy Barriers. Utilizing ab initio DFT calculations (B3LYP, 

3-21G), the relative single point energies of the porphyrin cores of FeOETPP" and two 

FeOMTPP^ were calculated to be 0.00, -61.57, and -40.84 kJ/mol. Cores were 

generated from the crystal structure data for [FeOETPP(4-Me2NPy)2]Cl and two 

structures of [FeOMTPP(4-Me2Py)2]Cl, A and B, by substituting all the groups. Me, Et, 

and Ph with H and removing the axial ligands. No geometry optimization was 

performed. It is found that, the FeOMTPP^ cores have lower energy than their 

FeOETPP"*" counterpart and between the two FeOMTPP^ cores, the one with admixture of 

saddled and ruffled geometry (see Table 4.2), is stabilized by more than 20 kJ/mol. 

Electronic potential surfaces were calculated. The main electron density is on the 

porphyrin nitrogens, while the metal ion is electron deficient. Thus it can react readily 

with the electron pairs of donor ligands: addition of the axial ligands (pyridines), 

stabilizes the structures by -10^ kJ/mol. From the electron potential surface, the Fe atom 

in FeOETPP^ is the least electron deficient; therefore, the addition of the pyridines gives 

the structure with the highest relative energy, 0.00 vs. -123.45, and -118.57 kJ/mol for 

FeOMTPP^ A and B, respectively. The orientation of the pyridine ligands was set to be 

the same as in the crystal structures (see Table 4.2). Then the positions of both pyridine 

ligands were constrained to be 0° to the nearest Np-Fe-Np vector. This caused the energy 

of the molecules to increase by only 0.79 and 0.93 kJ/mol for FeOMTPP^ A and B, 

respectively. Similar results were obtained using molecular mechanics calculations 

involving [CoOETPP(Py)2]^: the increase in the energy of the molecule, where one ligand 

was constrained to lie exactly parallel to the Co(lII)-Np bonds was only 0.2 kJ/mol 
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relative to the energy of minimized stracture.^^ The increase in energy is due to the close 

contact between the ligand a-protons (H2 and H6 in the case of pyridine; these protons 

point toward the porphyrin core) and the porphyrin nitrogens. 

Finally, a detailed analysis was performed on the core of B:[FeOMTPP(Py)2]" in 

order to find the potential energy of axial ligand rotation. It was proposed from the 

molecular mechanics calculations for [CoOETPP(L)2]^ that this energy surface is fairly 

flat.^" Constraining one ligand to lie 90° to the cavity formed by the porphyrin core (in 

other words, constraining both Iigands to be parallel to each other) resulted in a 123-131 

kJ/mol increase in energy compared to the energy of minimized structure. In our DFT 

calculations the Iigands were constrained to having a dihedral angle of 88.5 ± 0.2° (the 

same as in the crystal structure, Table 4.2) and were rotated simultaneously in steps of 

15°. The result of a series of calculations is shown in Figure 4.26. The highest energy 

(107.83 kJ/mol) was observed when both Iigands were rotated by 90° from their crystal 

structure position, i.e., to positions opposing the shape of the saddled porphyrinate ring. 

The energy increased by 63.30 and 142.57 kJ/mol for A:[FeOMTPP(Py)2]^ and 

[FeOETPP(Py)2]^, respectively, when both pyridine Iigands were rotated by 90° from 

their original positions. It is reasonable to speculate that in the case of 5-membered 

aromatic non-hindered Iigands (for example, 1-MeIm) and the OMTPP porphyrin core, 

the increase in potential energy upon rotation of one or both of the axial Iigands is 

expected to be much smaller. These small increases in energy can be readily offset by 

the stabilization expected from the Jahn-Teller effect for these low-spin d^ complexes 

when axial Iigands are not in perpendicular planes.^^ This energy offset justifies the facts 
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that in the crystal structures reported herein so many different angles between the axial 

ligand planes are obtained and that in many cases the ligands are not in the optimized 

positions. 
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Figure 4.26. Calculated energy of the structure of the [FeOMTPP(Py)2]^ as a function of 
axial ligands orientation. The dihedral angle between the axial ligand planes was 
constrained to be the same as in the structure of B:[FeOMTPP(4-Me2NPy)2]Cl (88.5 ± 
0.2°) and was maintained throughout the calculation. Both ligands were rotated 
simultaneously. The highest energy structure resulted from the 90° rotation of both axial 
ligands. 

EPR Studies of polycrystaliine and frozen solution samples of the complexes 

of this study. The X-band EPR spectra for the polycrystaliine and solution samples of 

both/?er/>-[FeOMTPP(l-MeIm)2]Cl and /?ara/-[FeOMTPF(l-Melm)2]Cl were recorded 

at 4.2 K and are shown in Figure 4.27. The sample with near-parallel ligand planes 

shows a rhombic EPR spectrum with the following g values: 2.71, 2.51, and 1.54; I! g^ = 

16.02. The rhombic signal is indicative of the low spin (LS) iron(III) heme center having 

"parallel" ligand orientation. It was observed previously^"*'^^'^^ that even for an axial 
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ligand plane dihedral angle, A<j>, as large as 30° a rhombic EPR signal is still observed. 

For the /?a/*a/-[OMTPPFe(III)(l-MeIm)2]Cl complex, the small tetragonal splitting A/A,^^ 

11R 
(1.82, compared to 2.79 for the analogous OETPP complex and especially compared to 

values of 3-3.2 usually observed for bis-(imidazole) complexes of hemins®^) may be a 

result of a longer Fe-Nax bond in /?ara/-[0MTPPFe(l-MeIm)2]Cl, since one ligand 

occupies a non-optimal position. The rhombic splitting, V/A,, is 2.44, yielding the value 

of the rhombicity, V/A, of 1.34. The latter is twice as large as the limiting value of 0.67 

for the ideal rhombic case.^^ However, other similarly large values of the rhombicity 

1 O 1 I QO 
have been reported, ' two of which involved Fe(III) porphyrinate complexes with 

pyrazoles,'®'''^^ which are significantly weaker a-donors than imidazoles. Hence, it is 

tempting to suggest that such large values of V/A may occur when the axial ligands are 

weak ff-donors. 

The rhombic splitting, V/X= 2.44, for j7ara/-[OMTPPFe(l-MeIm)2]Cl complex is 

on the order of 700-1000 cm"', depending on the value taken for the spin-orbit coupling 

constant X (300-400 cm"') for low-spin Fe(III),^^ or about 8.4-12 kJ/mol. While these 

values are much smaller in magnitude than the energy destabilization of axial pyridine 

ligands when rotated by 90° against the saddled macrocycle, found in the DFT 

calculations discussed above, the fact that 1-MeIm is a much less sterically demanding 

ligand may still suggest that these energies can offset each other. 
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a) />erp-|FeOMTPP(l-MeIni)JCI 

b) /jara/-|FeOMTPP(l-MeIm)j)CI 

c) solution in CD^CIj 
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Figure 4.27. X-band EPR spectrum at 4.2 K for a) /jer/7-[FeOMTPP(l-Me][m)2]Cl 
crystals grown from chloroform/cyclohexane mixture. This spectrum is of the "large 
gmax" type with g = 3.61. As usual, other g-values are not resolved, b)paral-
[FeOMTPP(l-Melm)2]Cl crystals grown from methylene chloride/dodecane mixture. 
This spectrum is clearly rhombic with three g values 2.71, 2.51, and 1.54; E g' = 16.02. c) 
Solution of [FeOMTPP(l-MeIm)2]Cl in CD2CI2. Two types of EPR signals are observed; 
a "large gmax" signal with g = 3.12, and a normal rhombic signal with g = 2.84, 2.32, and 
approximately 1.6. 

The EPR spectrum of the polycrystalline sample of _per/?-[OMTPPFe(l-

Melm)2]Cl displays a single-feature signal with gmax = 3.61. The "large gmax" signal is 

consistent with near-degeneracy of the dxz and dyz orbitals (near-axial electronic 

symmetry) and perpendicular orientation of the axial hgands.^^"'^"^ In the polycrystalline 

sample of/7e;p-[OMTPPFe(l-MeIm)2]Cl several minor impurity signals are also present 

near the g values 3.0 and 2.1. Such signals are usually observed for "large gmax" 
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s p e c t r a , a n d ,  a l t h o u g h  t h e y  a p p e a r  s i g n i f i c a n t  i n  t h e  d e r i v a t i v e  m o d e  s p e c t r a ,  t h e y  

reflect only small integrated signal areas relative to those of the large gmax species, and 

thus, there is only a small percentage of the sample with this "impurity" EPR signal. 

From the fits of the magnetic Mossbauer spectra reported elsewhere,the values of gxx 

and gyy were estimated (0.63 and 1.53, respectively) and the crystal field parameters 

calculated. They show that the splitting between the dxz and dyz orbitals, V, is indeed 

small (0.67A, where X is the spin-orbit coupling constant). 

The solution sample of [FeOMTPP(l-MeIm)2]Cl in CD2CI2 (Figure 4.27c) has 

rhombic (g = 2.83, 2.32, and -1.59, Zg^ = 15.92) and "large gmax" (g ~ 3.12) signals 

present in the EPR spectrum, as observed previously for the solution sample of 

[FeOETPP( 1 -MeIm)2]Cl.' In the case of the rhombic signal the tetragonal splitting, 

A/X, is 3.10 and the rhombic splitting, V/A,, is 2.18, yielding the value of the rhombicity, 

V/A, of 0.70, which is close to the ideal value of 0.67.'^ The EPR g values are not the 

same as for the polycrystalline samples, probably because the angles in the crystal are not 

the same as the average angles in solution. Apparently, in the solution, both parallel and 

perpendicular orientations of the axial ligands are possible, which is reflected in the 

presence ofboth signals in the EPR spectrum. "Large gmax" signals usually appear to be 

weak in the derivative mode because of weak transition probabilities compared to those 

of rhombic low-spin Fe(III) species.This fact makes it difficult to quantify the relative 

amounts of species with parallel (rhombic EPR signal) and perpendicular ("large gmax" 

EPR signal) ligand arrangement present in the frozen solution sample of [FeOMTPP(l-

MeIm)2]Cl. 
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Crystals of [FeOETPP(l-Me][m)2]Cl exhibited a clean "large gmax" EPR signal 

immediately following isolation from the mother liquor, but with two resolved g-values 

(3.27, 1.90), as shown in Figure 4,28a. From these two, the third g-value could be 

9 CQ 
calculated (1.30), assuming Eg - 1 6 .  These values lead to calculated crystal field 

parameters of V/X= 1.22, A/X= 5.09 and V/A = 0.24. However, fits of the magnetic 

Mossbauer spectra'^^ led to a smaller value of g2 = 2.00, yielding g3 = 1.14 and indicating 

that the second g-value measured from the spectrum in Figure 4.28a probably results 

from a non-random orientation of crystallites. These g-values give V/X = 1.16, A/X = 

3.44 and V/A = 0.34; the value of the tetragonality, A/X, obtained from these g-values is 

much more reasonable for a complex in which the axial ligand bond lengths are equal and 

typical of these low-spin ferriheme complexes. It thus appears that only the largest g-

value can be reliably measured from the EPR spectra of these "large gmax" complexes, 

and that the other two g-values must be estimated from the fits of magnetic Mossbauer 

spectra. 

If the polycrystalline sample of [FeOETPP(l-MeIm)2]Cl, from which the EPR 

spectrum of Figure 29a was obtained, was allowed to sit in air at room temperature for an 

extended period of time (allowing the loss of solvent molecules), the appearance changed 

from crystallites to powder, and a second recording of the EPR spectrum showed that the 

"large gmax" signal had decreased in intensity and shifted to g = 3.14, and a new rhombic 

signal had appeared (g = 2.75, 2.36,1.62; V/X = 2.41, A/X =2.82, V/A = 0.85), Figure 

4.28b. The EPR spectrum of the powdered material is very similar to that of the frozen 

solution of [FeOETPP(l-MeIm)2]Cl,"^ and most probably has the same origin. It is thus 
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due to the presence of some complex ions with axial ligand plane orientations that are 

close to perpendicular and others that are close to parallel. We have obtained crystals of 
is 

[FeOETPP( 1 -MeIm)2]Cl with 50° dihedral angle between the axial ligand planes that give 

rise to a very similar rhombic signal (g = 2.75, 2.34, 1.54),'^^ but unfortunately, there is a 

serious problem with this crystal structure (the crystals are probably mirohedral triplets) 

and we have not as yet been able to solve correctly the structure of this "parallel" form. 

a) crystals in mother liquor 
b) dry powder 

—I ' i ' 1 ' 1 ' 1— 
1000 2000 3000 4000 5000 

[G] 

Figure 4.28. X-band EPR spectrum at 4.2 K of a) [FeOETPP(l-MeIm)2]Cl crystallites 
immediately after isolation from the mother liquor; b) of the same sample after one week 
at ambient temperature without the mother liquor. 

The EPR spectrum of the frozen solution of [FeTC6TPP( 1 -MeIm)2]Cl in CD2CI2 

is very similar to that of [FeOMTPP(l-MeIm)2]Cl (Figure 4.29). It contains both "large 

gmax" (gmax = 3.14) and normal rhombic (g = 2.86, 2.39 and 1.45; the third feature is 

unresolved and was calculated from the sum of g' = 16^^) types. From the rhombic signal 
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g values the tetragonal splitting, A/A,, was calculated to be 2.33 and the rhombic splitting, 

V/A, is 1.97, yielding the value of the rhombicity, V/A, of 0.85, that is slightly higher than 

the ideal value of 0.67.^^ 
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Figure 4.29. EPR spectrum of frozen solution of [FeTC6TPP(l-Melm)2]Cl in CD2CI2 at 
4.2 K. Combination of "large gmax" and normal rhombic signal is present. 

The EPR spectra of frozen solutions of [FeOMTPP(4-Me2NPy)2]Cl and 

[FeOMTPP(2-MeHIm)2]Cl in CD2CI2 have "large gmax" signals with g = 3.29 and 3.27, 

respectively (Figure 4.30). For the bis-(4-Me2NPy) complexes this signal is observed in 

the polycrystalline samples of A and B as well (g = 3.29). The "large gmax" signal is also 

observed for the bis-(4-Me2NPy) and bis-(2-MeHlm) complexes of OETPPFe'"."^ The 

difference in the "large gmax" g-values of the bis-{4-Me2NPy) and bis-(2-MeHlm) 

complexes of both OMTPP and OETPP is less than experimental error, while the 

difference between these g-values and those of the bis-(l-Melm) complexes of OMTPP 
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and TCeTPP is considerable. Thus, it appears that while solution EPR spectra of the 

more sterically-demanding axial ligand complexes of the octaalkyltetraphenyl-

porphyrinatoiron(III) systems do reflect the same g-values as observed in the solid state, 

less sterically-demanding axial ligand complexes produce somewhat different g-values in 

fi-ozen solution than in the solid state. This likely means that solid state EPR data are 

more reliable for understanding the relationship between g-values and molecular 

structure, and suggests that the EPR parameters of the polycrystailine sample ofparal-

[FeTMP(5-MeHIm)2]C104 may be more characteristic of that particular structure than are 

the parameters obtained from the frozen solution of the complex.^'* 

A) [FeOMTPP(2-McIm),]Cl 

B) [FeOMTPP(4-Me,NPv),]CI 

3.20 

B) 
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Figure 4.30. The EPR spectra of fi"ozen solutions of a) [FeOMTPP(2-MeHIm)2]Cl and b) 
[FeOMTPP(4-Me2NPy)2]Cl in CD2CI2 at 4.2 K. EPR spectra are characterized by of 
"large gmax" signal due to perpendicular ligand orientation. In the case of [FeOMTPP(4-
Me2NPy)2]Cl the attempt to get a better glass was made using DMF:acetonitrile (2:1) 
solvent system, which resulted however, in a high-spin signal due to coordinating 
abilities of DMF. 
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Conclusions, As a result of the present research, the crystal structures of ten 

different complexes of dodecasubstituted (OMTPP, OETPP and TCeTPF) iron(III) 

porphyrinates with chloride, imidazole and pyridine axial ligands have been obtained. 

These structures provide excellent models for the cytochrome b heme centers. From the 

point of view of structural diversity, the most interesting complex is [FeOMTPP(l-

MeIm)2]Cl, which has been obtained in two crystalline forms with distinctly different 

axial ligand orientation, yet strikingly similar porphyrin core geometry. One form, perp-

[FeOMTPP(l-MeIm)2]Cl, has axial ligands in strictly perpendicular planes; the second 

form, j3ara/-[FeOMTPP(l-MeIm)2]Cl, has the particularly unusual (for a saddled 

porphyrinate) axial ligand dihedral angle of 19.5°, and may demonstrate the energy 

stabilization available due to Jahn-Teller distortion of these low-spin d' complexes. The 

molecular structures of both [FeOMTPP( 1 -Melm)2]Cl complexes correlate nicely with 

the type of EPR spectra observed. Ah initio DFT calculations indicate that both 

perpendicular and parallel orientation of the axial ligands are possible, especially in the 

case of 5-membered aromatic non-hindered ligands. 

[FeOMTPP(4-Me2NPy)2]Cl and [FeOMTPP(2-MeImH)2]Cl have each been 

obtained in two crystalline forms with slightly different axial ligand orientations and 

porphyrin core geometries. In all four cases, the orientation of the axial ligands is very 

close to perpendicular and corresponds to the original expectation for these porphyrinate 

complexes. Cavities formed above and below the porphyrin cores force axial ligands 

(hindered imidazoles or pyridines) to adopt close to perpendicular orientation. Quite 

different geometries of the porphyrin cores (from purely saddled to saddled with 30 % 
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ruffling) are observed, reflecting high flexibility of these systems. In all cases the 

expected "large gmax" signal (g = 3.29, 3.27), previously shown to be indicative of 

perpendicular ligand orientation,is observed. 

[FeTC6TPP(l-Me][m)2]Cl is the only bis-ligated complex of [FeTC6TPP(L)2]CI 

that could be crystallized. It has a much more planar porphyrin core than in the case of 

either OETPP or OMTPP with 0.68:0.32 admixture of saddled and ruffled components. 

Axial ligands are in perpendicular orientation, as required by the symmetry of the crystal, 

but probably other orientations are possible as well (as is indicated by the presence of 

both normal rhombic and "large gmax" EFR signals in the frozen solution sample). On the 

other hand, this system is found to be too flexible for the purposes of the present research. 

[FeOETPP( 1 -MeIm)2]Cl was obtained in two crystalline forms, only one of which 

has, thus far, given rise to a solved crystal structure. In this case the axial ligand dihedral 

angle is found to be 73.1°, and the porphyrinate core is essentially purely saddled. A 

"large gmax" EPR signal (g = 3.27) is also observed for this complex. 

For the case of [FeOETPP(4-Me2NPy)2]Cl we showed that a "large gmax" EPR 

signal is obtained when the dihedral angle between axial ligand planes is as small as 

70°.'"^ This, coupled with the finding that a normal rhombic signal can be observed 

when the dihedral angle between planar axial ligands is as large as 30°,^^'^^ has narrowed 

the range of angles over which the type of EPR signal must switch from normal rhombic 

to "large gmax", and has modified our understanding of what "perpendicular" may actually 

mean in the structures of the bis-histidine-coordinated cytochromes of mitochondrial 

Complexes II and III. The complexes of the present study add significantly to our 
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understanding of the flexibility of the porphyrin ring and the multiple ways in which 

particular axial ligand dihedral angles can be accommodated. Although we have looked 
% 

carefully at the EPR data for the complexes of this study, we can find no correlation 

between structural features (bond lengths, axial ligand plane dihedral angles, out-of-plane 

distortions of porphyrin nitrogens) and the "large gmax" value. However, it is clear that 

for complexes that have a wide range of dihedral axial ligand plane angles possible, the 

frozen solution EPR spectrum has a smaller "large gmax" value than that observed for the 

polycrystalline sample. Hence, it is as yet unclear how a "large gmax" value as large as 

3.756-3.78^ arises for heme bn of mitochondrial complex III, particularly when the 

current structural model for that heme has the imidazole plane dihedral angle of 38®.^ 

It should be emphasized that although we have utilized saddled Fe(III) 

porphyrinates for the present attempts to model the bis-histidine-ligated cytochromes, we 

are not proposing that the membrane-bound proteins have highly saddled hemes. Rather, 

we have used these Fe(III) octaalkyltetraphenylporphyrinates because they allow the 

possibility, in model heme complexes that are unconstrained with respect to their 

surroundings (in contrast to the heme centers in membrane-bound proteins), for axial 

ligands to be trapped lying close to the Np-Fe-Np axes in perpendicular planes, which 

may stabilize Fe(II) complexes with this axial ligand arrangement. It remains to be found 

whether this will in fact be the case; attempts to prepare samples of the Fe(II) analogs of 

several of the Fe(lII) complexes of the present study were not yet successful but more 

efforts should be applied toward this. In the present work, we have found that Fe(III) 

octaalkyltetraphenylporphyrinatoiron(III) complexes provide a rich variety of axial ligand 



orientations and porphyrin core conformations, among which are several that lead to 

important insights into the possibilities for axial ligand orientations in the membrane-

bound heme proteins. In fact, it can certainly be said that we have learned something 

important from each of the ten structures of this study. 
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Chapter 5 

X-ray Crystallography, NMR and EPR Studies of Low-Spin 
(dxz»dyz)^(dxy)^ and Intermediate-Spin Fe(lII) bis-(4-Cyanopyridine) 

Dodecasubstituted Porphyrin Complexes 

Introduction 

In the previous chapters it was shown that iron(III) porphyrinate complexes with 

strongly basic pyridines and imidazoles adopt the common (dxy)^(dxz,dyz)^ ground state. 

In this chapter we will turn our attention to the complexes with weakly basic pyridines, 

namely 4-CNPy. These iron(III) porphyrins have been investigated for some time, and a 

variety of magnetic and structural behavior has been reported. Based on previous studies 

of [FeOEP(L)2]^ with various pyridines it was found that complexes with very weakly 

basic pyridine ligands (pKa(BH^) < 3) have an admixed intermediate-spin, IS, state (S = 

3/2, 5/2),'^^ and even in one case, a thermal spin equilibrium, S = 1 /2 <-> S = 5/2.'^' On 

the other hand, [FeTMP(L)2]^ and [FeTPP(L)2]^ complexes with weakly basic pyridines 

are LS (S = 1/2) with the (dxz,dyz)'*(dxy)' electronic ground state.''*^"^"^ 

The molecular structures of [FeTPP(4-CNPy)2]C104 and [FeTMP(4-CNPy)2]C104 

complexes have strongly S4-ruffled distortion of the porphyrin core.^^'^'* The axial 

ligands are held in perpendicular planes over the meso positions (the observed 0 angle 

between the axial ligands and the closest Np-Fe-Np vector ranges from 29 to 48°).^^'^'^ It 

is interesting to note that [FeTPP(4-CNPy)2]C104 has the most extensively ruffled 
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porphyrin core among any of the bis-(pyridine) iron(III) porphyrinates, which is 

manifested by a large deviation of the meso-carbons from the mean plane (0.55 A), and 

by strong twisting of the pyrrole rings.^^ EPR spectra of the bis-(4-CNPy) iron(III) 

complexes with various porphyrin ligands (IMP, TPP, T"PrP, T'^PrP, and T'PrP) are of 

58 69 74 188 axial type with gi > 2 > gy (see Figure 1.4). ' ' ' The analysis of these g values in the 

"proper axis system" of Taylor^^ (Equation 1.1-1.3) indicates a shift in electronic ground 

state from (dxy)^(dxz,dyz)^ to a predominantly (dxz,dyz)'*(dxy)' configuration. This change in 

electronic ground state was attributed to the stabilization of the filled dxz, dyz orbitals of 

the iron by Fe(d^) -» L(TC*) back-donation due to the ir-acceptor ability of the 4-CNPy 

ligand.^^ In addition, and probably more important, the low basicity of this pyridine 

(pKa(BH^) makes it an extremely weak a-donor to Fe(lII) as compared to the 

porphyrin ring, which can also stabilize the dxz, dyz orbitals relative to the in-plane dxy 

metal orbital. 

Octaalkyltetraphenylporphyrins such as OETPP are of great interest because they 

combine the peripheral substituents from both OEP and TPP, which results in a new-

geometry (Fe(III)0EPL2^ complexes are usually close to planar, the TPP analogs are S4-

ruffled and the OETPP analogs, as was shown in Chapter 4, are for the most part 

saddled'*^), and therefore, different spectroscopic properties. Investigation of highly 

nonplanar S4-saddled (OETPP) and S4-ruffled (T'PrP) iron(III) porphyrin complexes with 

weakly coordinated axial ligands (THF, 4-CNPy, Py) has resulted in three recent 

communications by Nakamura et that show that some of these complexes have 

very pure intermediate spin states. The major reasons were suggested to be 1) the short 
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Fe-Np bond length commonly observed in highly deformed porphyrin complexes; and 2) 

the weak coordinating ability of the axial ligands. In 'H NMR specti-oscopic studies, the 

IS state is reflected in fairly large downfield shifts of the pyrrole-jS protons (or methylene 

protons in the case of the OETPP porphyrin core), indicating considerable 7x-symmetry 

spin density at the /S-pj^rrole carbons. In the EPR spectra, the signals around g ~ 4 and 2 

also indicate the presence of the IS state. Further, the IS state can be confirmed by the 

magnetic moment determined by liquid (Evans) and solid state (SQUID) methods. The 

latter resulted in an almost constant magnetic moment of 3.80 ± 0.09 fiB and 3.90 ±0.10 

^Bat 50-300 K for [Fe0ETPP(THF)2]C104''^^ and [FeT'Pr(THF)2]C104,''" respectively. 

When a stronger-coordinating ligand is considered, namely, 4-CNPy, a novel spin 

crossover LS (S = 1/2) IS (S = 3/2) is observed for [Fe0ETPP(4-CNPy)2]C104 and a 

pure LS state with a (dxz,dyz)'^(dxy)' electron configuration for [FeT'Pr(4-CNPy)2]C104, 

even though in both cases short Fe-Np distances are expected.It follows that the 

binding ability of the axial ligand is an important factor in tuning the ground state of 

strongly distorted porphyrins. 4-CNPy is an interesting ligand because when combined 

with various porphyrin cores it can result in LS, IS and possibly HS complexes. 

We have further investigated the NMR, EPR, and solution magnetic susceptibility 

of [FeOETPP(4-CNPy)2]C104 and related compounds with different S4-saddled 

porphyrin cores, namely [Fe0MTPP(4-CNPy)2]C104 and [FeTC6TPP(4-CNPy)2]CIO4, in 

order to gain a better understanding of the factors that influence the ground state and 

electronic properties of these complexes. The major focus of this research is the 

correlation of solution spectroscopic data with the structural parameters obtained from X-
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ray crystallography. The kinetics of ring inversion of the saddled porphyrinate 

complexes have also been investigated by NMR spectroscopy. 
& 

Experimental 

Syethesis and sample preparation for NMR. The synthesis of 

(0ETPP)FeC104, (0MTPP)FeC104, and (TC6TPP)FeC104 was done as described in 

Chapter 2. Two samples of (TC6TPP)C104 were obtained and the one with weak binding 

of CIO4' was used in this study. 'H NMR (CD2CI2, 23 "C, 300 MHz) 8, ppm, 89.8 (16, 

CHzia)), 11.4 (8H, o), 9.2 (4H,/»), 7.7 (8H, m), 1.7 (16H, CHZCJS)). ESI: [FeTCeTPP]^ 

m/z = 884, [^^C104]"m/z = 99, and [-''CIO4]" m/z = 101). 

[Fe0ETPP(4-CNPy)2]C104 samples were prepared by adding a solution of 5 mg 

(0.005 mmol) of (0ETPP)FeC104 in 0.5 mL of CD2CI2 to 1.6 mg (0.015 mmol) of 4-

cyanopyridine in a 5 mm NMR tube to produce a complex concentration of 10 mM. The 

mixture was heated in a warm water bath for 5 min. There was no evident color change 

in the greenish-brown solution. Since no free (F) 4-CNPy peaks were observed in the 

proton NMR spectra at temperatures as low as -70 °C, another 0.0015 mmol of 4-CNPy 

was added. With this amount of axial ligand (total [4-CNPy] = 60 mM), free 4-CNPy 

peaks were observed below -30°, indicating that ligand exchange (dissociation of 

coordinated ligand and binding of free 4-CNPy) is fast at higher temperatures. NMR data 

were acquired over 5" temperature intervals from -30 to -90 "C, and at the end a greater 

than 10-fold excess of axial ligand was added and the 'H ID NMR experiments were 

repeated over the same temperature range. This was done in order to assure that the 
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amount of axial ligand in the sample was high enough for foil complexation and that the 

chemical shifts and ligand exchange observed were due only to the specific binding 

properties of the 4-CNPy and not to its concentration. Chemical shifts, relaxation times, 

Ti, of all resonances and temperature at which free and bound 4-CNPy peaks appeared in 

the spectra were essentially the same with excess ligand. 

In the same manner [Fe0MTPP(4-CNPy)2]C104 was prepared starting from 

(0MTFP)FeC104. The color of the complex changed from greenish-brown to cherry red 

upon addition of 4-CNPy. All 'H ID experiments were repeated 3 times with increasing 

ligand concentration: 29, 48, and 82 mM 4-CNPy. The chemical shift of the porphyrin 

CH3 at 22 °C changed from 65.9 to 62.6 ppm upon going from the lowest to highest 

ligand concentration. Chemical shifts of all other resonances also changed slightly. 

However, when the temperature was lowered below -60 °C, all three samples showed 

very similar chemical shifts for all resonances. Finally, [TC6TPP(4-CNPy)2]C104 was 

prepared by dissolving 2 mg of (TC6TPP)FeC104 and 2 mg of 4-CNPy in 0.3 mL of 

CD2CI2 to produce a sample having [TC6TPPFeC104] = 6.7 mM and [4-CNPy] = 21 mM. 

Free ligand peaks appeared below -60 ®C, indicating fast ligand exchange above this 

temperature. After NMR data were acquired a 10-fold excess of axial ligand was added 

and the 'H ID experiments were repeated again. Relaxation times were measured again 

and showed no dependence upon axial ligand concentration for all peaks except for free 

4-CNPy, for which Ti increased, as expected. In this case, the free ligand peaks appeared 

at -50 °C and below. All the chemical shifts were the same for both samples at 

temperatures below -40 °C. 
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Based upon the differential effect of ligand concentration, the binding constants of 

4-CNPy to the three iron(III) porphyrinates decrease in the order OETPP > TCeTPP > 

OMTPP; however, no attempt was made to accurately measure the binding constants. 

Spectroscopy. EPR spectra were recorded on a Bruker ESP-300E EPR 

spectrometer operating at 9.4 GHz, with 100 kHz field modulation and equipped with an 

Oxford Instruments ESR 900 continuous flow helium cryostat. Spectra were obtained in 

frozen CD2CI2 solutions and as crystalline samples at 4.2 ° K. Microwave frequencies 

were measured using a Systron-Donner frequency counter. 

'H NMR spectra were acquired using a Varian Unity-300 spectrometer operating 

at a 'H frequency of 299.957 MHz and equipped with a broad-band inverse probe and 

variable-temperature unit. All spectra were recorded in CD2CI2 in the temperature range 

of -93° to +35 °C and referenced to the residual solvent peak at 5.32 ppm. In the case of 

[Fe0ETPP{4-CNPy)2]C104 other solvents were used as well: CDCI3 (5r = 7.24 ppm) in 

the temperature range from +30 to +57 °C and C2D2CI4 (6r = 5.91 ppm) in the range from 

+30 to +90 °C. 2D spectra (COSY, DQF-COSY, NOESY, and ROESY) were acquired at 

a number of temperatures between -90 and +60 °C using the standard pulse sequences. 

In NOESY spectra the peak volumes for kinetic studies were measured using the standard 

Varian VNMR software. Fitting of the data for the Curie plots was done using the 

standard Origin® program. For more details on NMR experiments see the experimental 

part of Chapter 3 and Appendix B. 

Solution magnetic susceptibilities were determined as a function of temperature 

by the method of Evans'^"*''^^ in the range from +35 to -93 °C with 5 °C increments in 
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specially-constructed Wilmad coaxial tubes. Measurements were carried out on 10-14 

mM porphyrin solutions in CD2CI2 that contained approximately 1 % of Me4Si and 150 

to 250 mM 4-CNPy and the same concentration of Me4Si and 4-CNPy in the reference 

(outer) tube. The molar magnetic susceptibility, XM, for a long cylindrical sample 

oriented parallel to the magnetic field, B, is calculated according to the equation' 

where xo is the diamagnetic molar susceptibility of the pure solvent (-46.6x10"'' for 

CD2CI2), Vois the spectrometer frequency in Hz; Ap is the difference in chemical shifts 

between the Me4Si signals in inner and outer tubes of the sample, in Hz; and C is the 

concentration of porphyrin in mol/L. The value of XM obtained is then corrected for 

diamagnetic contributions from the porphyrin anion, axial ligands and iron using Pascal's 

constants"'"' and finally the effective magnetic moment, Hem is calculated according to; 

where XM' is the corrected molar susceptibility. The accuracy of the results obtained 

depends on the accurate knowledge of concentration and the accurate determination of Ap 

and is never better than 5 %. The total diamagnetic corrections for [FeOETPP(4-

CNPy)2]\ [FeOMTPP(4-CNPy)2]\ and [FeTC6TPP(4-CNPy)2]^ are -618.3x10"®, -

523.4x10"**, and -591.7x10"^ respectively. 

Structure determination. General. Crystals were grown by liquid diffusion 

methods starting from the NMR samples. In all cases two solvent systems were used: 1) 

methylene chloride and dodecane; 2) chloroform and cyclohexane. Crystals of each 

Zo • MW(solute) 

MW {solvent) 
(5.1), 

(5.2), 
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complex were mounted on glass fibers in random orientation and examined on a Broker 

SMART 1000 CCD detector X-ray dif3fractometer at 170(2) K. All measurements 

utilized graphite monochromated Mo Ko! radiation (X= 0.71073 A) with a power setting 

of 50 kV and 40 mA. Final cell constants and complete details of the intensity collection 

and least squares refinement parameters for all complexes are summarized in Table 5.1. 

In two cases, a^otal of 3736 frames at 1 detector setting covering 0 < 20 < 60° 

were collected, having an omega scan width of 0.2 ° and an exposure time of 20 seconds 

per frame. In the case of [Fe0ETPP(4-CNPy)2]C104 from methylene 

chloride/cyclohexane, a total of 7372 frames at two detector settings with 20 = -17.50 and 

-33.5°, covering 0 < 20 < 51°, were collected having an omega scan width of 0.2° and an 

exposure time of 20 seconds per frame. The frames were integrated using the Bruker 

SAINT software package's narrow frame algorithm.'^' Initial cell constants and an 

orientation matrix for integration were determined from reflections obtained in three 

orthogonal 5° wedges of reciprocal space. 

All structures were solved using SHELXS in the Bruker SHELXTL (Version 6.0) 

software package.''^ Refinements were performed using SHELXL and illustrations were 

1TJ • 
made using XP. The solution was achieved utilizing direct (or m some cases Patterson) 

methods followed by Fourier synthesis. 
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Table 5.1. Experimental details together with crystal data for [0MTPPFe(4-CNPy)2]C1045 and [0ETPPFe(4-CNPy)2]C104. 

molecule [Fe0MTPP(4-CNPy)2]C104 • 
CHCI3 

[FeOETPP(4-
CNPy)2]C104 I.5CH2CI2 

[FeOETPP(4-
CNPy)2]C104-2CHCl3 

Empirical formula FeN8C65H5304Cl4 FeN8C„.5H7,04Cl4 FeNgC74 H70 O4CI7 
Formula weight 1207.80 1328.03 1439,38 
Temperature, K 170(2) 170(2) 170(2) K 

Wavelength, A 0.71073 0.71073 0.71073 A 
Crystal system Monoclinic Monoclinic Triclinic 
Space group P2i/n P2, p T 
a, A 14.7529(16) 13.5691(10) 14.3386(4) 
b, A 23.115(3) 42.461(3) 21.7212(5) 
c, A 17.3580(19) 24.0093(18) 24.1113(6) 
a, P, Y, deg 90, 98.505(3), 90 90, 100.699(2), 90 101.250(1); 99.050(1), 97.391(1) 
Volume, A ' 
7 

5854.2(11) 
A 

13592.6(17) 
0 

7174.4(3) 
A / • 

Density (calc), g/cm^ 1.370 
0 

1.298 1.333 
Absorption coeff., mm' 0.497 0.434 0.525 
F(OOO) 2500 5552 2988 
Crystal dimension, mm' 0.33 x 0.25 x0.15 0.37 X 0.30 X 0.20 0.27x0.20x0.17 
9 limits 1.48 to 27.03° 1.29 to 22.01° 1.15 to 23.50". 
Limiting Indices -18<h<18, -29<k<29, -22<1<22 -14<h<14, -44<k<44, -25<1<25 -!6<h<16, -24<k<24, -27<1<27 
Reflections utilized 68928 106355 103862 
Independent reflections 12736 [R(int)=0.0925] 33209 [R(int)=0.1154] 103862 [R(int) = N/AJ 
Completeness 99.6 % 99.54 % 98.3 % 
Absorption correction SADABS SADABS TWINABS 
Max. and min. transmission 0.9292 and 8532 0.9182 and 0.8558 0.9160 and 0.8712 
Data / restraints / parameters 12736/12/773 33209/355/3350 103862/2270/ 1750 

Goodness-of-fit on 1.007 1.026 0.650 

Final R indices [I>2(j(l)] R1 =0.0555, wR2 = 0.1207 R1 =0.0707, wR2 = 0.1675 R1 = 0.0660, wR2 = 0.0956 
R indices (all data) R1 =0.1142, wR2 = 0.1458 R1 = 0.1452, wR2 = 0.2106 R1 =0.2480, wR2 = 0.1519 
Largest diff. peak and hole 0.562; -0.426 e/A'' 0.973; -0.583 e/A^ 0.690 and -0.608 e/A' 
RMS difference density 0.071 e/A-' 0.078 e/A' 0.101 e/A^ 



294 

Hydrogen atoms were added at idealized positions, constrained to ride on the atom to 

which they are bonded and given thermal parameters equal to 1.2 or 1.5 times Uiso of that 

bonded atom. Empirical absorption and decay corrections were applied using the 

1 7"^ 
program SADABS. Scattering factors and anomalous dispersion were taken from 

International Tables (Vol C Tables 4.2.6.8 and 6.1.1.4.). 

[Fe0MTPP(4-CNPy)2|C104. Crystals of [Fe0MTPP(4-CNPy);]C104 were 

grown by the liquid diffusion method from a chloroform-J/cycIohexane mixture in an 

EPR-sized tube. After layering the chloroform solution of the complex with 

cyclohexane, the tube was placed in the refrigerator and in two days parallelepiped and 

plate-like crystals were formed. They were stable in paraton oil and did not break upon 

touching or removing them from the solution. A dark purple block of 

FeN4C52H44-2(N2C6H4)-(C104)-(CHCl3) (0.15 x 0.25 x 0.33 mm^) crystallized in space 

group P2i/n with the following cell parameters: a - 14.7529(16) A,h = 23.115(3) A, c = 

17.3580(19) A,a=y= 90°, 13 = 98.505(3)°, V = 5854.2(11) A\ and Z-4. Data were 

collected in the range of 1.48 < 0 < 27.03°. A total of 68928 reflections (12736 unique, 

<redundancy> = 5.4, Rjni = 9.3 %, Rs,g = 7.8 %) were integrated and retained. Of the 

unique reflections, 7641 (60 %) were observed with I > 2a(I). Refinement with SHELX 

v.6.0'^* yielded Ri = 0.0555 and WR2 = 0.1207 for 7641 reflections. The final anisotropic 

full matrix least-square refinement, based on of all reflections, converged at Ri = 

0.1142, WR2 = 0.1458, and GoF = 1.007. 

The asymmetric unit contains one porphyrin, one perchlorate and one chloroform 

molecule on general positions. The chloroform molecule is disordered between two sites 



with populations refined to 0.77:0.23. The coordinates and anisotropic parameters for 

C13 and C17 that belong to two different chloroform parts were assigned to be the same. 

The C-Cl distances and Cl-Cl distances (which define the Cl-C-Cl angle) in the 

chloroform molecule were fixed to 1.74 A and 2.88 A, respectively. 

[0ETPPFe(4-CNPy)2]C104 from methylene chloride/dodecane. A dark 

purple, irregular block of FeN4C6oH6o-2(N2C6H4)-(C104)-1.5(CH2Cl2) (0.20 x 0.30 x 0.37 

mm^) crystallized from methylene chloride-jydodecane in space group P2i with the 

f o l l o w i n g  c e l l  p a r a m e t e r s :  a  =  1 3 . 5 6 9 1 ( 1 0 )  A , b  =  4 2 . 4 6 1 ( 3 )  A ,  c  -  2 4 . 0 0 9 3 ( 1 8 )  A , a ~ y  

= 90°, jS = 100.699(2)°, V = 13592.6(17) A and Z = 8. Data were collected in the range 

of 1.29 < 0 < 22.01°. A total of 106355 reflections (33209 unique, <redundancy> - 3.2, 

Rint = 11.5%, Rsig = 13.5%) were integrated and retained. Of the unique reflections, 

19624 (59 %) were observed with I > 2a (I). Refinement with SHELX v.6.0'^^ yielded 

R] = 0.0707, wRi = 0.1675 for 19624 reflections. The final anisotropic full matrix least-

square refinement based on of all reflections converged at Ri = 0.1452, WR2 = 0.2106, 

and GoF= 1.026. 

The crystalline samples of this material were extremely fi-agile. Crystals would 

turn into powder or a polycrystalline sample (consisting of many thin sheets) in a few 

seconds when removed from the solvent or when touched. While the data were collected 

to a 0.8 A resolution, significant diffraction did not extend beyond 0.95 A and data 

beyond that limit were rejected. Experimental details are presented in Table 1. 

The structure consists of 4 porphyrin molecules, 4 perchlorate and 6 methylene 

chlorides in the asymmetric unit. The porphyrin molecules were numbered according to 



the number of the Fe atom, 1,2,3, and 4, respectively. Structure solution was 

straightforward except for some disorder present in the solvent system, perchlorates and 

porphyrin molecules 2 and 3. The phenyl ring (c321-c326) in 3 was disordered over 2 

sites with atomic occupancies of 0.5. Each part was described as a rigid body (ideal 

hexagon). An ethyl group (C35a-C36a; C35Z)-C36Z>, a and b were used to denote two 

different parts of the same ethyl group) in 3, and an ethyl group (C25a-C26a; C25b-

C26b) in 2 were also disordered over two sites. The population of both sites was refined 

and then assigned to the refined values. In the first case, it was 0.4:0.6 and in the second, 

0.36:0.64. One methylene chloride molecule was also disordered between two sites. One 

part was very close (2.2 A) to C26a of the disordered ethyl group, so it was assumed that 

this part of the methylene chloride was occupied only when C25a-C26a was not, i.e, it 

was occupied together with the C25b-C26h part of the ethyl group in molecule 2; 

therefore it was assigned the same population, 0.36. On the other hand, ethyl C25a-C26a 

was occupied together with the more distal part of this methylene chloride molecule, so 

both were assigned 0.64 of the total population. Both parts of the disordered ethyl groups 

were refined as rigid bodies using the C157-C158 ethyl group's distances and angles 

from molecule 1, which was the best described molecule. Finally, one of the perchlorates 

was disordered between two sites due to rotation around the central chlorine atom. 

Again, the population of both parts was refined and then assigned to the refined value; in 

this case both parts are equally populated. The geometry of the perchlorate anions was 

fixed to the geometry of the well defined Cll -01,2, 3, and 4 perchlorate; the same was 
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done to all methylene chloride molecules. These geometries were fixed to the geometry 

of the molecule that contains C502-C121, and C122. 

[0ETPPFe(4-CNPy)2]C104 from chloroform/cyclohexane. A dark purple 

block of FeN4C6oH6o-2(N2C6H4)-(C104)-2(CHCl3) (0.17 x 0.20 x 0.27 mm^) crystallized 

f r o m  c h l o r o f o r m / c y c l o h e x a n e  i n  s p a c e  g r o u p  P I  w i t h  t h e  f o l l o w i n g  c e l l  p a r a m e t e r s :  a  =  

14.3386(4) A,b = 21.7212(5) A, c = 24.1113(6) A, a = 101.250(1)°, p = 99.050(1)°, y = 

97.391(1)°, V = 7174.4(3) A^, and Z = 4. Data were collected in the range of 1.15 < 0 < 

23.50°. A total of 103862 reflections were integrated but not averaged due to the 

presence of twinned components. Of the 103862 reflections, 26940 (26 %) were 

observed with I >2a(I). Refinement with SHELX v.6.0'"^ yielded Ri = 0.0660, WR2 = 

0.0956 for 26940 reflections. The final anisotropic full-matrix least squares refinement 

based on F' of all reflections converged at Rj = 0.2480, WR2 = 0.1519, and GoF = 0.650. 

There are 2 porphyrin molecules (numbered 5 and 6), 2 perchlorate counterions 

and 4 chloroform molecules in the asymmetric unit. There is no disorder present in the 

porphyrin molecules, but both perchlorates are disordered between two sites due to 

rotational motion around the central chlorine. For this reason, the chlorine atoms from 

two different parts were assigned the same thermal parameters and the same coordinates. 

The population of each site was refined to 0.78:0.22 and 0.85:0.15 in the case of Cll, 

Cll' and C12, C12', respectively. In both cases the larger components were refined 

anisotropically and the smaller ones were left with isotropic oxygens whose thermal 

parameters were set to twice those of the chlorines. All parts were constrained to have 

the same distances and angles as the well defined CI 1 -04 part. Out of 4 chloroforms. 
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only one was split into two parts with relative populations of 0.80:0.20 for C400 and 

C401, respectively. Again, the larger component, C400, was refined anisotropically, 

while the smaller component was left isotropic with the thermal parameter of C401 being 

refined to 0.28521 and the thermal parameters of chlorines set to twice the thermal 

parameter of C401. Both parts of this chloroform, as well as two other chloroform 

molecules (with C500 and C600), were constrained to have the same bond distances and 

angles as the well defined chloroform C300-C15. 

There are hydrogen bonds between the three chloroform hydrogens on C300. 

C400, and C500 and perchlorate C11-04, as well as a hydrogen bond between the 

hydrogen on C600 and oxygens on the C12-08 perchlorate molecule. 

Results 

[Fe0MTPP(4-CNPy)2]C104 was obtained in one crystalline form from the 

CDCb/cyclohexane solvent system. [Fe0ETPP(4-CNPy)2]C104 was obtained in two 

different crystalline forms, from CD2Cl2/dodecane and CDCl^/cyclohexane. We were not 

successful in obtaining crystals of [FeTC(,TPP(4-CNPy)2]C104: two attempts of growing 

crystals of this complex resulted in two structures of 5-coordinate (TC6TPP)Fe" with 

CIO4 and NO3 as axial ligands. These structures are not discussed here. Tables of final 

fractional atomic coordinates and anisotropic thermal parameters for the non-hydrogen 

atoms are listed in Appendix E. Selected bond lengths, angles, dihedral angles as well as 

deviation of meso- and /3-Cs are presented in Table 5.2. 
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Table 5.2. Comparison of Structural Parameters for Complexes in this Study. 

Compound Fe-Np, A Fe-Nligands 
A 

Av lACml, 
A 

Av lACpl, 
A 

Angle 
between N-Fe-
N axis and 
ligand planes, ° 

Dihedral 
angle, 
A</), ° 

Average 
dihedral 
angle of -
phenyls, ° 

[Fe0MTPP(4-CNPy)2]C104 • 
CHCI3 1.973(2) 

2.215(2) 
2.282(3) 

± 0.240 
±1.16; 
±0.96 -10.4; 54.6 64.3(1) 48.0 

[Fe0ETPP(4-CNPy)2]C104 • 
CHCI3,1 1.966(8) 

2.191(9) 
2.199(9) 

± 0.078 
± 1.23; 
± 1.31 

-5.4; 74.0 79.4(4) 40.1 

[Fe0ETPP(4-CNPy)2]C104 • 
CHCI3, 2 1.967(8) 

2.167(9) 
2.214(11) 

±0.150 
± 1.25; 
± 1.27 

+15.2; 79.9 67.1(4) 40.6 

[Fe0ETPP(4-CNPy)2]C104 • 
CHCI3, 3 1.961(8) 

2.228(8) 
2.240(9) 

± 0.225 
± 1.16; 
± 1.34 

-22.0; 67.6 84.2(3) 41.1 

[Fe0ETPP(4-CNPy)2]C104 • 
CHCI3, 4 1.958(8) 

2.175(9) 
2.214(10) 

±0.103 
± 1.23; 
± 1.30 

-15.6; 75.5 87.3(5) 42.2 

[Fe0ETPP(4-CNPy)2]C104 • 
CH2CI2, 5 1. 975(4) 

2.203(4) 
2.269(5) 

± 0.233 
± 1.16;  
± 1.34 

-14.5; 67.4 78.6(2) 42.9 

[Fe0ETPP(4-CNPy)2]C104 • 
CH2CI2, 6 1.976(4) 

2.262(4) 
2.267(5) 

± 0.088 ± 1.18;  
± 1.26 

t l .7;  89.9 88.2(2) 42.2 



Molecular structure of [FeOMTPP(4-CNPjOa]CIO4. The molecular structure 

of [Fe0MTPP(4-CNPy)2]C104 is displayed in Figures 5.1 and 5.2, together with the 

numbering scheme for the crystallographically unique atoms. The porphyrin is nonplanar 

and adopts a predominantly saddled conformation with some ruffling admixture. This 

conclusion was drawn upon close examination of the formal diagram and the linear 

deviation of the porphyrinato core (Figure 5.3). The average deviations for adjacent P-Cs 

from the 24-atom mean plane are ± 1.16 and ± 0.96 A, indicating some twisting of the 

pyrrole rings which, in turn, suggests a small ruffling component in the molecular 

structure. This is supported by the deviation of the meso-Cs, which are above and below 

the porphyrin mean plane by ± 0.24 A. The dihedral angle, A(j), between the axial ligand 

planes is 64.3(1)°. However, it should be taken into account that one ligand is severely 

tilted by 24.4° with respect to the normal to the porphyrin plane, and this interferes with 

measurements of A0. This is, probably, one of the largest deviations of axial ligands 

from the porphyrin normal observed in bis-(pyridine or imidazole) iron(lll) porphyrinate 

complexes, and it appears to be due to crystal packing forces. In contrast, the tilt of the 

other ligand is only 1.6°. The dihedral angles (j) between the axial ligand plane and the 

plane defined by the closest Np-Fe-Np vector and N5 and N7 (nitrogens coordinated to 

Fe) of the axial ligands are 10.4(1) and 43.5(1)° for two ligands, respectively. While the 

first angle is typical for saddled porphyrins with perpendicular orientation of axial 

pyridine ligands, the second angle shows substantial deviation, and is more typical for 

ruffled structures. The dihedral angles between the phenyl ring planes and the porphyrin 

mean plane are 44.6, 53.7, 44.2, and 49.53°. In saddled porphyrins the phenyl rings are 
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rotated toward the porphyrin mean plane in order to avoid steric interactions with the P-

pyrrole substituents. Therefore, the value of the dihedral angle between the phenyl ring 

planes and porphyrin mean plane can be used as indication of the degree of saddled 

distortion; the smaller the dihedral angle between the phenyl planes and the porphyrin 

mean plane the greater the saddled distortion. The high degree of saddled conformation 

is associated with the large dihedral angles between a pair of the adjacent pyrrole rings 

(38.6°) and between a pair of opposite pyrrole rings (56.5°). However, these are smaller 

than the same angles for either of the [Fe0ETPP(4-CNPy)2]C104 structures discussed 

below. 

0(155! C(181) C(20^^C(204) 

^ _/ aCf205) 
f Ma202)/ 

V«-^C(206) 
. XC(201I 

C(154l 

C(152)( 

C(106) 

Figure 5.1. ORTEP diagram of the porphyrin macrocycle of [0MTPPFe(4-CNPy)2]C104 
with the numbering scheme for the unique atoms: top view. Strong tilting of one of the 
axial ligands can be seen. 
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The average values for chemically equivalent bond distances and angles with 

estimated standard deviations are shown in Figure 5.3. The average Fe-Np distance is 

1.973(2) A and the two Fe-Nax distances are 2.215(3) and 2.282(3) A. The short Fe-N? 

distance is an indication of the strong non-planar distortion of the porphyrin core, and the 

long Fe-Nax distance is consistent with the IS state of the complex observed in solution 

for [Fe0MTPP(4-CNPy)2]C104(see below). 

C(306) 

4C!303) 
C(304)tfac(302) 

C(305)^^C(301I 
1^15) 

:7MC(405! C(401) 

C(4021^ 

C(403) 

C(404) 

C(406) 

Figure 5.2. ORTEP plot of [0MTPPFe(4-CNPy)2]C104 showing arrangement and 
numbering scheme for axial ligands: edge-on view. Porphyrin core geometry is saddled 
with a substantial (17 %) degree of ruffling reflected in the twisting of pyrrole rings. 
Thermal ellipsoids are shown at 50% probability. Hydrogen atoms have been omitted for 
clarity. 
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Figure 5.3. a) Formal diagram of [0MTPPFe(4-CNPy)2]C104, showing the displacement 
of the atoms in units of 0.01 A, from the mean plane of the 24-atom core. The 
orientations of the axial ligands with the closest Fe-Np vector and selected bond lengths 
and angles are also shown. The numbers given in parenthesis are the estimated standard 
deviations, b) Linear representation of the deviation of the macrocycle atoms from the 
mean porphyrin plane. 
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Structure of [Fe0ETPP(4-CNPy)2]C104 from CDiCh/dodecane. There are 4 

unique molecules in the asymmetric unit. The molecular structure of 1 is shown as an 

ORTEP diagram (Figures 5.4 and 5.5) along with the numbering scheme for the 

crystallographically unique atoms; all other porphyrins have similar basic features. The 

numbering schemes start with 2, 3, and 4 for porphyrins 2, 3, and 4, respectively. In 

Figure 5.6 the deviation of the core atoms from the 25-atom mean porphyrin plane for all 

four molecules is displayed, together with the axial ligand orientations. The linear 

representation of the same deviations is shown in Figure 5.7. All four molecules adopt a 

predominantly saddled conformation, with alternating pyrrole rings pointing up and down 

and meso-Cs being close to or in the porphyrin mean plane. There are some important 

differences in the molecular structures of the four porphyrin molecules. Molecule 2 is 

purely saddled with an average deviation of the meso-Cs from the porphyrin mean plane 

of 0.015 A (see Table 5.2), while for all other complexes the average deviations of the 

meso-Cs are more substantial: 0.078(9), 0.225(11), and 0.103(11) A for 1, 3, and 4, 

respectively. One can see that molecule 3 has the highest ruffling component of all four 

molecules. Normal-Coordinate Structural Decomposition, NSD, calculations were 

carried out'^""'^' using the core coordinates of the four porphyrin molecules in 

[0ETPPFe(4-CNPy)2]C104 and the results are displayed in Table 5.3. According to the 

NSD method, the nonplanarity of the porphyrin core can be described in terms of 

displacements along the lowest-frequency normal coordinates of the porphyrin 

macrocycle in order to quantify the contribution from different types of distortion 

(saddled, ruffled, etc). There are six out-of-plane displacements along the lowest 
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frequency vibrational modes of the porphyrin core; B2u(Saddle), Biu(Ruffle), A2u(Dome), 

Eg(x) (Wave(x)), Eg(y) (Wave(y)), and Aiu(Propeller).'As seen from the results in 

Table 5.3, all molecules display predominantly saddled conformations with large B2u 

parameters. The Biu parameter (ruffling) is small for all molecules except 3, where it is 

equal to 0.6489. This results in a 14 % ruffling component in the overall saddled 

structure of 3. The ruffling contribution is still not as high as in the structure of 

[Fe0MTPP(4-CNPy)2]C104, where it is equal to 17 %. The contributions from the other 

types of nonplanar distortion are either small or absent. 
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Nn4C(112» CC157) 
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C1110) 
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01136) 
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0(127) 

0(129) 0(134) 
0(125) 
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Figure 5.4. ORTEP diagram of porphyrin macrocycle in [Fe0ETPP(4-CNPy)2]C104: top 
view. Only porphyrin molecule 1 is shown. All the other porphyrins have similar 
molecular structures and numbering schemes except that all numbers start with 2, 3, and 
4 for porphyrins 2, 3, and 4, respectively. 
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Table 5.3. Normal-Coordinate Structural Decomposition (NSD) of Distortion Modes of the Complexes in This Study. 

Compound B2U> B !u9 Kg(x), Eg{y), A,, 

Saddle Ruffle Dome Wave(x) Wave(y) Propeller 

Sum av 1AC„!, av |ACp|, Ruf/Sum 
A A % 

[Fe0MTPP(4-CNPy)2]C104 • 
CHCI3 

[Fe0ETPP(4-CNPy)2]C104 • 
CHCI3,1 

[Fe0ETPP(4-CNPy)2]C104 • 
CHCI3, 2 

[Fe0ETPP(4-CNPy)2]C104 • 
CHCI3,3 

[Fe0ETPP(4-CNPy)2]C104 • 
CHCI3, 4 

[Fe0ETFP(4-CNPy)2]C104 • 
CH2CI2, 5 

[Fe0ETFP(4-CNPy)2]C104 • 
CH2CI2, 6 

3.2044 0.6815 0.0442 0.0580 0.0683 0.0206 4.077 ±0.24 

3.8142 0.2236 0.0299 0.0355 0.0440 0.0218 4.1690 ±0.078 

3.8141 0.0296 0.0180 0.0251 0.0431 0.0338 3.9637 ±0.15 

3.7623 0.6489 0.0425 0.1324 0.0632 0.0276 4.6769 ±0.225 

3.8204 0.2806 0.1003 0.0551 0.0410 0.0226 4.3200 ± 0.103 

3.7632 0.6603 0.0045 0.0706 0.0211 0.0066 4.5263 ±0.233 

3.6813 0.2555 0.1079 0.0266 0.0929 0.0084 4.1726 + 0.088 

±1.16; 
± 0.96 

± 1.23; 
± 1.31 

± 1.25; 
± 1.27 

± 1.16; 
± 1.34 

± 1.23; 
± 1.30 

± 1.16; 

± 1.34 

± 1.18; 
± 1.26 

17 

0.7 

14 

6.5 

14.6 

9 



In molecules 3 and 4 the axial ligands are in close to perpendicular planes (see 

Figure 5.6), with actual dihedral angles, A<^, of 84 and 87°, respectively. But molecules 1 

and 2 have substantially smaller dihedral angles of 79 and 67° between the axial ligand 

planes. The latter is one of the smallest angles observed for saddled iron porphyrinates 

with planar aromatic ligands, with the notable exception of paral-[FeOMTPP(l-

Melm)2]^, in which the ligand plane dihedral angle is 19.5°.'^ In comparison, 

[FeTMP(4-CNPy)2]C104^^ and [FeTPP(4-CNPy)2]C104^^ complexes adopt a ruffled 

geometry, are much less distorted from planarity, and have axial ligands in close to 

perpendicular planes located over the meso carbons. This also holds true for Fe(III)TMP 

structures with other weakly basic pyridines such as 3-ClPy.'^ In the case of all four 

molecules, 1-4, the axial ligand planes are fairly close to eclipsing the Np-Fe-Np axis. 

The (j) angles are 16 and 5° in 1, 10 and 15° in 2, 22 and 22° in 3, and 16 and 15° in 4. 

Only in the case of 3 are the angles between the Np-Fe-Np axis and the projection of the 

axial ligands onto the porphyrin mean plane somewhat large. This larger angle 

contributes to the fact that the molecular structure of 3 has a substantial degree of 

ruffling. 

The 4-CNPy ligands in 1 and 2 are nearly perpendicular to the porphyrin core 

with the dihedral angles between the ligand planes and porphyrin mean plane equal to 

88.8 and 87.8° in 1, and 84.0 and 83.0° in 2. But in the molecular structure of 3 and 4 

substantial deviation occurs: the corresponding dihedral angles are 84.2 and 74.0 in 3 and 

87.0 and 78.5° in 4. Similar values to those in 3 are observed in [FeTMP(4-

CNPy)2]C104.'^ 
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The average dihedral angles between the porphyrinato core and the phenyl rings 

are relatively small, 40.1, 40.6, 41.1, and 42.2° in 1, 2, 3, and 4, respectively and indicate 

a high degree of saddled distortion, in the case of the ruffled conformation of [FeTPP(4-

CNPy)2]C104 these angles are much higher, with the average value being 61.8°.^^ 

C(173)i 

C(172l(1 
iC(174) 

0(165), 

'C!162) 

Ci163l 

iC(166) 

Figure 5.5. ORTEP diagram of the porphyrin 1 together with the numbering scheme for 
the axial ligands: edge-on view. The porphyrin core in 1 adopts close to ideal saddled 
geometry. Thermal ellipsoids enclose 50% probability and hydrogens are omitted for 
clarity. 

The other evidence for the highly saddled distortion in all molecules 1-4 is the 

angle between adjacent and opposite pyrrole rings. The saddled conformation is 

associated with a large dihedral angle between the opposite pyrrole rings. 67.0, 66.0, 

68.1, and 66.1° angles are observed for 1, 2, 3, and 4, respectively. Angles between 
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adjacent pyrrole rings are also large; 46.0, 44.8, 46.9, and 45.0° for 1, 2, 3, and 4, 

respectively. 

The average values for selected bond distances and angles with estimated 

standard deviation for 1-4 as well as for 5-6 ([Fe0ETPP(4-CNPy)2]C104 from 

CD2Cl2/dodecane) are included in Figure 5.6. Average Fe-Np distances are relatively 

short: 1.966(8), 1.967(8), 1.961(8) and 1.958(8) A for 1, 2,3 and 4, respectively, 

indicating a large deformation of the porphyrin core. In contrast, the Fe-Nax distances are 

long, 2.191(9) and 2.199(9), 2.167(9) and 2.214(11), 2.228(8) and 2.240(9), and 2.175(9) 

and 2.214(10) A for 1, 2, 3, and 4, respectively. These distances correlate well with the 

same distances in [Fe0MTPP(4-CNPy)2]C104 and 5, and 6 and are typical for IS 

porphyrinatoiron(III) complexes. 

Fel: Fe2: 

»J)08.0t9> 
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Fe3: Fe4: 
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Figure 5.6. Formal diagram of [Fe0ETPP(4-CNPy)2]C104 molecules 1-6 showing the 
displacement of the atoms, in units of 0.01 A, from the mean plane of the 2 5-atom core of 
each. The orientations of the axial ligands with the closest Np-Fe-Np vector and selected 
bond lengths and angles are also shown. 
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Figure 5.7. Linear representation of the deviation from the mean porphyrin plane for 1-4 
porphyrin molecules in the structure of [0ETPPFe(4-CNPy)2]C104. 

Structure of [Fe0ETPP(4-CNPy)2|C104 from CDCb/cyclohexane. There are 

two independent molecules. 5 and 6, on general positions in the asymmetric unit. The 

molecular structure of 5 is displayed in the ORTEP diagram, Figure 5.8 and 5.9, together 

with the numbering scheme for crystallographically unique atoms. The relative 

orientation of the axial 4-CNPy ligands is close to perpendicular, as observed in 

molecules 1-4 of the other [FeOEl'PP(4-CNPy)2]' structure. One of the eight ethyl 

groups points in the direction opposite from expected, suggesting a low barrier for ethyl 

group rotation. Apart from that, structures 5 and 6 share all the basic features of 

structures 1-4. Average values for the chemically equivalent bond distances and angles, 

deviations of the core atoms from the porphyrin mean plane and orientation of the axial 

pyridine ligands arc shown in the formal diagram (Figure 5.6). From Figure 5.6 and also 

from the linear display of the core atom deviations (Figure 5.10) one can see that both 5 
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and 6 adopt close to purely saddled conformations with a small ruffling admixture, which 

is reflected in the slight twisting of the pyrrole rings and in the deviation of the meso-Cs 

from the mean plane (0.233(5) A and 0.088(5) A, for 5 and 6, respectively). However, 5 

is more distorted from pure saddled geometry than 6. Adjacent pyrrole P-Cs are above 

and below the porphjrin mean plane by ± 1.156(5), ± 1.337(5) A, and ± 1.183(5), ± 

1.257(5) A, with a difference of 0.181 A and 0.074 A, for 5 and 6, respectively. An NSD 

calculation''" (Table 5.3) showed that 5 is overall somewhat more distorted from 

planarity (the sum of all vibrational coefficients, 4.5263, is larger than the corresponding 

sum for complex 6, 4.1726) and has a higher degree of ruffled distortion; 15 % for 5 vs. 6 

% for 6. 
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Figure 5.8. Molecular structure and atom names for the macrocycle of [FeOETPP(4-
CNPy)2]C104, molecule 5. Strong tilting of one of the axial ligands can be seen. In both 
5 and 6 one of the ethyl groups points in the opposite from expected direction. The same 
was observ ed in the crystal structure of [FeOETPP(4-Me2NPy)2]Cl.' 
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Axial ligand plane orientations in both 5 and 6 are close to perpendicular. In 5 the 

dihedral angle between axial ligand planes, is 78.6(2)°, forming 14.5(2)° and 22.7(2)° 

angles to the closest Np-Fe-N? vector for ligand 1, LI, (N15) and ligand 2, L2, (N17), 

respectively. Similar values are observed for the stracture of 6, which has A<j> of 88.2(2)°. 

In this case, the ligands are only 1.7(2)° and 0.01(2)° away from the closest Np-Fe-Np 

bond for LI (N25) and L2 (N27), respectively. These, together with the small tilt of the 

axial ligands (89.7(1)° and 85.7(2)° for LI and L2, respectively), create a very 

symmetrical environment for the Fe atom in 6. In 5 the axial ligands are more tilted with 

respect to the porphyrin mean plane, forming 82.3(1)° and 78.3(1)° dihedral angles for 

LI and L2, respectively. 

In the structures of 5 and 6, as in the structures of 1-4, the phenyl rings rotate 

toward the porphyrin mean plane leading to smaller dihedral angles of phenyl and shorter 

Cporph-Cph distances. The observed average dihedral angles of the phenyls are 42.9° and 

42.2° for 5 and 6, respectively. The acute dihedral angles of phenyls are an indication of 

a severe saddled distortion of the porphyrin core. Due to rotation of the phenyl groups 

toward the porphyrin plane, some conjugation occurs between the aromatic systems of 

the phenyl rings and that of the porphyrin. This is reflected in the length of the Cporph-Cph 

bonds, which are shorter than C-C single bonds. The average Cporph-Cph distances are 

1.483(7) and 1.485(7) A for 5 and 6, respectively. 

The average dihedral angle between the planes of adjacent pyrrole rings and the 

average dihedral angle between the opposite pyrrole rings are higher for 5 as compared to 

6 (47.06° vs 43.67° for adjacent and 68.03° and 64.45°, for opposite) reflecting a higher 
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degree of saddle distortion in 5. In fact, 6 has the smallest saddled distortion compared to 

all other structures of [FeOETPP(4-CNPy)2]^. 

The average Fe-Np bond distances for 5 and 6 (1.975(4) and 1.976(4) A, 

respectively) are slightly longer than in any of the 1-4 structures. The Fe-Nax distances, 

2.203(4), 2.269(5) and 2.262(4), 2.267(5) A for 5 and 6, respectively, are similar to each 

other and to the same distances in the molecular structures of 1-4 (see Table 5.2). 
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Figure 5.9. ORTEP diagram of the porphyrin 5 together with the numbering scheme for 
the axial ligands: edge-on view. The 50% probability surface is shown and H-atoms are 
omitted for clarity. 
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Figure 5.10. Linear representation of the deviation from the mean porphyrin plane for 5 
and 6. Clearly saddled geometry with different degrees of ruffling is observed for both 
molecules. The slight twisting of the pyrrole rings is indicative of the ruffling 
component. 

Solution magnetic susceptibility studies for all complexes were done using the 

Evans methodin CD2CI2 in the temperature range from -1-35 to -93 °C with 

increments of 5 °C. The results (Figure 5.11) reveal that [Fe0ETPP(4-CNPy)2]C104 has 

the intermediate spin state, S = 3/2 throughout this range. SQUID data''^" above 200 K 

support this observation. The effective magnetic moment, ).icfr, of a methylene chloride 

solution of [Fe0ETPP(4-CNPy)2]C104 changes slightly with temperature according to 

the following linear dependence: jJ-eff = (3.87 ± 0.01) - (1.8 ± 0.1) x lO'^T; R = 99.0 %, 

where R is the correlation coefficient. On the other hand, the effective magnetic 

moments of both [Fe0MTPP(4-CNPy)2]C104 and | Fel C6TPP(4-CNPy)2 ICIO4 change 
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drastically with temperature. In the case of [Fe0MTPP(4-CNPy)2]C104, at all 

temperatures above 260 K, |ieff= 3.56 ± 0.04 hb, characteristic of the IS (S = 3/2) state. 

At lower temperatures the spin state decreases but a pure LS state cannot be reached over 

the temperature range accessible to liquid state magnetic susceptibility measurements 

(>180 K). In the case of [FeTC6TPP(4-CNPy)2]C104, above 230 K the complex is in 

transition from the IS to the LS state, and below 230 K the pure LS state is observed with 

its characteristic FIEFF of 1.95 ± 0.05 |J,B. 
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Figure 5.11. Temperature dependence of the effective magnetic moments, fieff, and 
inverse of molar magnetic susceptibility, 1/xm, for [Fe0MTPP(4-CNPy)2]C104 in CD2CI2 
by the Evans method. 
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Figure 5.11-continued. Temperature dependence of the effective magnetic moments, fieff, 
and inverse of molar magnetic susceptibility, 1/xm, for [Fe0ETPP(4-CNPy)2]C104 and 
[FeTC6TPP(4-CNPy)2]C104 in CD2CI2 by the Evans method. In the case of 
[Fe0ETPP(4-CNPy)2]C104 the results are shown for experiments that were run on two 
different days. Slight inconsistency of data can be explained by some evaporation of the 
solvent during storage. 
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'H NMR studies of [Fe0MTPP(4-CNPy)2]C104. An example of the ID 'H 

spectrum of [FeOMTPP(4-CNPy)2]C104, at -70 °C, is shown in Figure 5.12, together 

with the spectra for two other complexes of this study. Note that the spectra of the three 

complexes have different chemical shift scales due to the large difference in chemical 

shift ranges among the complexes. NMR experiments were carried out in the 

temperature range from +22 to -93 °C. The stability of the bis-(4-CNPy) complex of 

(0MTPP)FeC104 is extremely low, even in the presence of a large excess of 4-CNPy, and 

the kinetics of ligand exchange are extremely rapid. Thus there are no free (F) or bound 

(L) 4-CNPy peaks in its NMR spectrum at -70 °C, and the large downfield shift of the 

methyl resonances indicates that the majority of the molecules are in the IS state. At all 

temperatures above -75 °C no substantial ligand binding occurs and the temperature 

dependence of the chemical shifts for all protons is not linear (Figure 5.13). Only below -

75 °C do broad free and bound 4-CNPy peaks begin to appear. Below that point the 

temperature dependence of the chemical shifts becomes linear but does not extrapolates 

to the diamagnetic values at T' = 0 for all resonances. In 2D NOESY experiments 

carried out at -90 °C (20 ms mixing time), strong chemical exchange cross-peaks between 

F and L 3,5-H are observed (Figure 5.14), implying a high rate of ligand exchange 

(dissociation of bound ligand and binding of free 4-CNPy to OMTPPFe(III)) even at this 

temperature. This is an unusual result, because in most iron(IIl) dodecasubstituted 

complexes with various pyridines and imidazoles, ligand exchange was undetectable on 

the NMR time scale below -70 °C' (see also Chapter 3). 
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Figure 5.12. Proton NMR spectra of a) [Fe0ETPP(4-CNPy)2]C104, b) [Fe0MTPP(4-CNPy)2]C104, and c) 
[FeTC6TPP(4-CNPy)2]C104 obtained in CD2CI2 at -70 °C. Note, that each spectrum has different scale 
since large differences in chemical shifts are observed for the three complexes. No free or bound 4-CNPy 
peaks are observed in the case of [Fe0MTPP(4-CNPy)2]C104 due to the rapid kinetics of ligand exchange. 
[Fe0ETPP(4-CNPy)2]C104 is in the IS state with high downfield shifts for both ligand and CH2(out) 
resonances and following order of phenyl-H - ba > b,, > 5„-, [Fe0MTPP(4-CNPy)2]C104 is in transition 
from IS to LS with IS being predominant and is characterized by a large downfield shift of CH3 (though 
smaller than for CH2(out)) and the same order of phenyl resonances as in [Fe0ETPP(4-CNPy)2]C104; 
[FeTCftTPP(4-CNTy)2]C104 is in the LS state with up field shifts for L 2,6 and 3,5-H and d„ > dp > 60 order 
of phenyl resonances. Signal assignment: o, m, p- ortho-, meta-, and para-phenyl-H; F, L - free and 
bound ligand peaks; s - CH2CI2. 
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In the same NOESY experiment NOE cross peaks between phenyl protons are observed 

{o-m and m -p). Peak assignment was based on 2D COSY and NOESY results as well 

as on the integration of peaks in the ID spectra and proton Ti values. Peak assignments 

for two different temperatures, -80 and -93 °C, together with relaxation times, T i at -93 

"C are presented in Table 5.4. All Tjs are very short due to rapid chemical exchange 

between the spin states and the ligand on-off (dissociation/ association) process. 

Table 5.4. Chemical shifts and Ti relaxation times for [Fe0MTPP(4-CNPy)2]C104 in 
CD2CI2. 

Peak T - -80 °C T = -93 T Peak 

Shift, ppm Shift, ppm T], ms 

CH3 39.02 29.06 16.40(3) 

L 3,5-H 23.48 12.38 22(1) 

L2,6-H 20.14 -2.61 0.60(8) 

F 2,6-H Too broad 8.87 5.5(1) 

F 3,5-H Too broad 7.65 30.3(8) 

m-E 9.37 10.63 89.1(3) 

o-H 8.28 6.40 12.8(1) 

P-H 8.11 7.28 148(1) 
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Figure 5.13. Curie plot for the proton resonances of [FeOMTPP(4-CNPy)2] (CDiCb, 
from +35 to -93 °C). 
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Figure 5.14. The NOESY spectrum of [FeOMTPP(4-CNPy)2]Cl at -90 T in CD2CI2, 
acquired with a spectral width of 9.0 kHz, 512 x 128 complex points, 64 transients per tj 
increment, a 57 ms acquisition time, a 20 ms mixing time, and 40 ms relaxation delay 
between scans. The time domain data were Fourier transformed after application of 
Gaussian apodization (30 ms and 7 ms). CE - chemical exchange cross-peaks, noe - noe 
cross-peaks. 
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'H NMR studies of (Fe0ETPP(4-CNPy)2)C104. Proton NMR studies were 

carried out in CD2CI2 (from -93 to +30 °C), CDCI3 (from +30 to +57 °C), and C2D2CI4 

(from +30 to +90 °C). Results are presented for [Fe0ETPP(4-CNPy)2]C104 in CD2CI2 

unless otherwise stated. An example of the ID 'H spectrum at -70 °C is shown in Figure 

5.12. Peak assignment was based on COSY and NOESY results and integration of ID 'H 

spectra. Chemical shifts and relaxation times at -^0 and -80 °C are presented in Table 

5.5. The temperature dependence of chemical shifts is displayed as a Curie plot in Figure 

5.15. 
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Figure 5.15. Curie plot for the proton resonances in [Fe0ETPP(4-CNPy)2]C104 (CD2CI2, 
temperature range from +35 to -93 °C). 



Because of rapid ligand exchange kinetics, the free (F) and bound ligand (L) 

peaks can be found only below -25 °C. Even so, all resonances except CH2(in) show 

linear temperature behavior on the Curie plot up to +57 "C (in CD2CI2 and CDCI3), 

leading us to believe that at higher temperatures (from -30 to +57 °C), in spite of rapid 

ligand exchange, the porphyrin complex is bis-(4-CNPy) ligated. Intercepts at T"' = 0 are 

close to diamagnetic values for the porphyrin CH3 and phenyl (o, m, andp) resonances. 

Measurements of spin-lattice relaxation times, Ti, were done at all temperatures. All 

resonances fit into one of two groups according to their T|S. Protons of CH2(out), 

CH2(in), porphyrin CH3, phenyl-o, L 3,5-H, and L 2,6-H belong to the first group, with 

very short Ti values (1-10 ms). In fact, the T| of L 2,6-H was too short to obtain accurate 

measurements. Protons of phenyl-w and -p belong to the second group, with 

substantially longer T)S (17-75 ms). In both groups, Ti decreases either linearly or nearly 

so with decreasing temperature, except in the case of L 3,5-H, where a strongly curved 

decrease of Ti is observed (see Figure 5.16). Relaxation times for F 2,6-H and F 3,5-H 

increase with decreasing temperature due to the common fact that in the absence of 

chemical exchange the Tis of small molecules increase as the temperature is lowered. 

Even at high temperatures two distinct resonances can be observed for the 

methylene protons of the ethyl groups. For an adjacent pair of ethyl groups one 

resonance, CH2(out), is due to the methylene protons that point away from each other and 

toward the phenyl rings, and the other, CH2(in), is due to the protons that point toward 

each other. 
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Figure 5.16. Temperature dependence of Ti relaxation times for proton resonances in 
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Figure 5.16-continued. Temperature dependence of Ti relaxation times for proton 
resonances in [Fe0ETPP(4-CNPy)2]C104. T| of L 3,5-H is fit with a 1®' order 
exponential decay, and Tis of F 2,6-H and F 3,5-H grow exponentially as the 
tempearature is lowered. 

These peaks are good probes for studying ring inversion in [FeOETPP(4-

CNPy)2]C104 using NOESY/EXSY techniques by measuring the volumes of diagonal 

and cross-peaks between these two methylene resonances. An example of the downfield 

part of the NOESY spectrum (15 °C, 3 ms mixing time) is shown in Figure 5.17. Ring 

inversion is detectable on the NMR time scale only above -30 °C and becomes very slow 

below this temperature. NOESY data was obtained experiments were run on the complex 



containing the highest concentration of 4-CNPy, 82 mM, from -30 to + 57 °C in intervals 

of 5 °C in CD2CI2 and in CDCI3. The diagonal- and cross-peak volumes of the 

methylene peaks were used to obtain rates and activation parameters for ring inversion 

(see Introduction of Chapter 3). Apart from CE cross-peaks, strong NOE cross-peaks of 

negative phase (opposite to the phase of both diagonal peaks and CE cross-peaks) were 

observed between diastereotopic methylene protons over the temperature range of the 

NOESY experiments. This negative intensity decreases the volume of CE cross-peaks 

substantially in the case of slow ring inversion and results in underestimated rates of ring 

inversion. For this reason, points obtained for -30 and -20 °C were not used for the 

calculation of kinetic parameters. Using peak volumes the rate of ring inversion was 

calculated according to Equation 3.11 and the results are presented in the form of an 

Eyring plot in Figure 5.18. Data obtained for two different solvents, CD2CI2 and CDCI3, 

show a small solvation effect. This is unlike the case of (OETPP)FeCl (see Chapter 3), 

where no solvation effect was observed and data for two different solvents were 

described by one linear fit. However, the influence of solvent (CD2CI2 vs. C2D2CI4) on 

ring inversion activation parameters was observed for (F2oOETPP)FeCl (Chapter 3). 

According to the results obtained for [Fe0ETPP(4-CNPy)2]C104 in CD2CI2 solution, the 

following activation parameters were determined: enthalpy, AH^ = 32.0(8) kJ mol"', 

entropy, AS* = -104(3) J mol"' K"', the free energy of activation, AG*298 = 63(2) kJ mol"', 

and the rate of ring inversion at 298 K, kex(298) = 59 s"'. The same parameters for CDCI3 

solvent are slightly different: AH* = 35(4) kJ mol"', AS* = -110(12) J mol"' K"', AG*298 = 

68(7) kJ mol"', and kex(298) = 8.6 s"'. 
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Figure 5.17. The downfield part of NOES Y/EXS Y spectrum of [Fe0ETPP(4-CNPy)2]C104 at +15 °C in 
CD2CI2. It was acquired with a spectral width of 20 kHz, 512 x 128 complex points, 80 transients per t, 
increment, a 3 ms mixing time, and 50 ms relaxation delay between scans. The spectrum was processed 
after application of Gaussian apodization (14 ms and 3 ms in the 1" and the 2"*' dimension, respectively). 
Note that the spectral window is substantially broader than required by the spread of the proton resonances; 
this is due to the fact that the CHjCout) peak is at the edge of the spectral window, it is attenuated due to 
resonance offset effect and no accurate measurements of its volume can be obtained. Therefore, the 
spectral width was increased and transmitter offset was set to the position exactly in between the two 
methylene peaks to assure their equal excitation by the 90° 'H pulse. Volumes of cross-peaks were 
measured within the boxes shown and the average of the two equivalent cross-peaks was used. 

The free energy of activation is similar to that of other OETPPFe(IIl) complexes 

(discussed in Chapter 3) with planar aromatic axial ligands (55(3), 60(1), and 56(3) kJ 

mol"' at 298 K for [FeF2oOETPP(4-Me2NPy)2]Cl, [FeOETPP(l-MeIm)2]Cl, and for 

[FeOETPP(4-Me2NPy)2]Cl, respectively). But the entropy and enthalpy of activation 

differ substantially. AH* is lower than that for any other OETPPFe(III) complex, which 
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might be due to the long Fe-Nax bonds (2.167-2.240 A) in [Fe0ETPP(4-CNPy)2]C104 as 

compared to those in [FeOETPP(l-Me][m)2]Cl, (1.976(3) and 1.978(3) and 

[FeOETPP(4-Me2NPy)2]Cl (1.984(5) and 2.099(12) A)."^ MM2 calculations of the 

barrier of porphyrin ring inversion would be required in order to rationalize the results 

obtained. 

The solvation effect is reflected not only in the activation parameters, but also in 

the relaxation times of protons and their chemical shifts in the different solvents, CD2CI2, 

CDCI3, and C2D2CI4 (see Table 5.6.). The latter solvent was used in an attempt to obtain 

the rates of ring inversion at high temperatures, but due to weak binding of 4-CNPy, and 

therefore extremely short relaxation times, Ti, NOESY results were not meaningful under 

these conditions. Ti relaxation times for protons in [Fe0ETPP(4-CNPy)2]C104 decrease 

with an increasing number of CI atoms in the solvent molecule. However, there is no 

direct dependence of chemical shifts on the nature of the solvent; the values of chemical 

shifts differ by < 2.5 ppm among the different solvents. 

From 2D data'^^ it was found that ligand exchange becomes slow on the NMR 

(EXSY) timescale below -70°. The NOE cross-over point for the NOESY spectra occurs 

at -50°: below this temperature the NOE cross-peaks are positive (in phase with the 

diagonal peaks). As the temperature decreases the NOE intensity increases; for example, 

for methylene protons at -70° the average volume of the NOE cross-peaks is 1.2 % of the 

volume of the diagonal peak, while at -90° it is 3.7 
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Figure 5.18. Eyring plot of the kinetic data obtained for the porphyrin ring inversion 
process in [Fe0ETPP(4-CNPy)2]C104 in CD2CI2 and CDCI3. Calculated values of AH* = 
32 and 35 kJ mol"' and AS^ = -104 and -110 J mol"' K"' were determined for the ring 
inversion process in CD2CI2 and CDCI3, respectively. 

Table 5.5. Chemical shifts and Ti relaxation times for [Fe0ETPP(4-CNPy)2]C104 in 
CD2CI2 at two different temperatures. 

Peak T = -40 °C T =-80°C Peak 

Shift, ppm T|, ms Shift, ppm T], ms 

L 2,6-H 108.27 > 1 130.11 > 1 

L 3,5-H 68.69 10.7(21) 82.30 1.2(2) 

CH2(out) 52.92 4.24(3) 63.06 3.06(8) 

o-H 18.75 2.99(2) 20.73 2.22(5) 

CH2(in) 14.31 4.99(2) 14.69 4.4(3) 

p-H 13.39 52.8(1) 14.51 33.5(13) 

F 2,6-H 8.77 2.66(3) 8.75 333(1) 

F 3,5-H 7.55 13.2(3) 7.57 433(2) 

m-H 4.40 25.75(5) 3.59 19.54(8) 

CH3 -1.57 3.63(1) -2.17 5.50(2) 
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Table 5.6. Chemical shift and Ti relaxation times for [Fe0ETPP(4-CNPy)2]C104 in 
CD2CI2, CDCI3, and C2D2CI4 at 30 "C. 

Chemical Shift, ppm Ti,ms 

Peak CD2CI2 CDCI3 C2D2CI4 CD2CI2 CDCI3 C2D2CI4' 

CH2(out) 41.83 45.17 46.80 5.9(1) 3.1(1) 2.9(4) 

Ph-o 16.11 13.93 14.48 4.66(4) 2.72(4) 2.10(6) 

CH2(in) 13.90 15.64 15.20 6.6(1) 4.52(5) 3.9(1) 

Ph-p 11.92 10.35 10.78 74.6(2) 40.9(3) 29.2(1) 

Ph-m 5.48 6.66 6.31 37.3(1) 20.7(1) 13.1(1) 

CH3 -0.67 0.08 0.00 6.00(1) 4.36(4) 4.1(1) 

a) T1 was measured at 40 "C. 

'H NMR studies of [FeTC6TPP(4-CNPy)2]Ci04 were carried out over the 

temperature range from +22 to -93 "C. It was found that the stability of the bis-(4-CNPy) 

complex is relatively low and chemical exchange of ligands is rapid, so free (F) and 

ligated (L) 4-CNPy peaks appear only below -50 °C in the presence of 7.6 mM excess 4-

CNPy. As the temperature is lowered, binding of 4-CNPy to (TC6TPP)FeC104 becomes 

more favorable and the exchange rate decreases. Finally, at -90 °C, ligand exchange 

becomes undetectable on the NMR time scale in the NOESY experiments (there are no 

exchange cross-peaks between the bound and free ligand). Even at -90 "C, however all 

peaks in the spectra remain fairly broad. 

An example of the ID 'H spectra for [FeTC6TPP(4-CNPy)2]C104 is shown in 

Figure 5.12. Peak assignment was based on the DQF-COSY and NOESY spectra; 

integration of ID spectra and measurement of the T| values also assisted in peak 

assignment. Chemical shifts and relaxation times for all peaks at -60 and -90° C are 
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presented in Table 5.7. The temperature dependence of the chemical shifts is displayed 

in the form of Curie plot (Figure 5.19). Due to low complex stability, at relatively high 

temperatures all lines in the Curie plot are curved. Only the low temperature part of the 

graph (below -70 °C), when the axial ligand is fully bound, is described by a straight line 

in all cases except for CH2(a). Even so, diamagnetic intercepts (T"' == 0) are only 

observed for the CH2(i3) and phenyl-p protons. 
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Figure 5.19. Curie plot for the proton peaks of [FeTC6TPP(4-CNPy)2]C104 (CD2CI2, 
from +35 to -93 °C). 
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Figure 5.20. The NOESY spectrum of [FeTC6TPP(4-CNPy)2]Cl at -80 °C in CD2CI2, 
acquired with a spectral width of 7.7 kHz, 512 x 128 complex points, 40 transients per // 
increment, a 67 ms acquisition time, a 30 ms mixing time, and 170 ms relaxation delay 
between scans. The time domain data were Fourier transformed after application of 
Gaussian apodization (32 ms and 8 ms). 
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The spin-lattice relaxation times, Ti, were measured at all temperatures below -

10° C. From -10 to -70° Ti increased for all peaks due to stronger ligand binding, and 

then, from -70 to -90°, T i decreased for all peaks that are close to the paramagnetic 

center (see Table 5.7). The latter is the usual behavior for protons in paramagnetic 

complexes in the absence of chemical exchange. 

2D experiments were done in the temperature range from -40 to -90 °C. In the 

NOESY spectra at all temperatures two sets of CE cross-peaks are observed: F - L 3,5-H 

and F - L 2,6-H indicating fast ligand exchange, which becomes NMR-undetectable 

below -90 °C. This temperature is much lower than in the case of [FeTC6TPP(4-

Me2NPy)]Cl complex (see Chapter 3), where ligand exchange becomes too slow to detect 

on the NMR time scale at -60 "C. Such a difference can be attributed to weaker basicity 

and the binding ability of 4-CNPy as compared to 4-Me2NPy. NOE cross-peaks are 

observed in the NOESY spectra between the phenyl-m and -p, and between CHaCa) and 

CH2(P) (see Figure 5.20). Only weak NOE cross-peaks are observed between the 

phenyl-w and -o due to the extremely short relaxation time, T], of the phenyl-o protons 

(see Table 5.7). 

Besides rapid ligand exchange, [FeTC6TPP(4-CNPy)2]C104 undergoes fast ring 

inversion that is accompanied by ligand rotation in solution. The presence of one CH2(a) 

peak in all NMR spectra indicates that ring inversion is very rapid at all temperatures. In 

the limiting case of slow ring inversion, two resonances are expected for the 

diastereotopic CH2(a) protons of this porphyrinate complex (CH2(a)-up for methylene 

protons that point toward the axial ligand and CH2(a)-down for the protons that point 



away from the axial ligand and toward each other). However, lowering the temperature 

results only in broadening of the CH2(a) peak: at -55° C the width of this peak is 31 Hz 

but at -93° C it has broadened to 74 Hz. NMR spectra were taken every 3-5 °C between 

these two temperature points. The data obtained can be used only for rough estimation of 

the rate of ring inversion, since usually the CH2(a) peak broadens to thousands of Hz as 

in the case of (TC6TPP)FeCl and [FeTC6TPP(4-Me2NPy)2]Cl (see Chapter 3). 

Temperature dependence of the rate of ring inversion in [FeTC6TPP(4-CNPy)2]C104 was 

estimated using the standard procedure of line shape analysis according to Equation 

1 1') 
3.10. The temperature dependences of each component in Equation 3.10, Av, W*, and 

Wo, have to be taken into account. Since Wo is proportional to the rotational correlation 

time of the molecule (Tc), which is in turn proportional to solvent viscosity (rj/T) the 

linewidth of the CH2(a) resonance was plotted against IGOOrj/T and the analytical 

expression for the inherent line width, Wo, (line width not influenced by chemical 

exchange) was obtained from linear fitting of the nearly flat, higher temperature part of 

the plot (from -55 to -73 °C); Wo = 24.66 +2380ri/T. Extrapolation of this line into the 

regime where ring inversion becomes measurable on the NMR time scale (below -75 "C) 

allows us to calculate the increase in linewidth, W* - Wo, that is due to the chemical 

exchange only, excluding the effect of increased solvent viscosity which slows molecular 

motion and also contributes to line broadening. However, since we cannot cool the 

sample down to the temperature where two different resonances for CH2(a) are observed, 

the difference in chemical shift, tsv, cannot be measured. We have assumed that the 

minimum tsv must be at least as large as the maximum linewidth (74 Hz) at -93 "C (in 



reality the values of Av are expected to be at least as high as 1000 Hz). If larger values of 

AP are considered, the calculated rate constant would simply be scaled by the constant 

quantity of (Av/lAf and as a result, our assumption would not affect AH% though it will 

affect AS* and kex-

Table 5.7. Chemical shifts and Ti relaxation times for [FeTC6TPP(4-CNPy)2]C104 in 
CD2CI2 at two different temperatures. 

Peak T = -60 T T =-90°C Peak 

Shift, ppm T|, ms Shift, ppm T1, ms 

m 12.49 166(1) 13.71 126(1) 

CH2(a) 10.40 35.5(1) 6.81 25.5(4) 

F 2,6-H 8.78 13.6(3) 8.76 81.6(1) 

F 3,5-H 7.58 139(1) 7.58 376(1) 

P 7.07 262(1) 7.01 166(7) 

0 3.91 29.5(1) 2.94" Too short 

CH2(P) 3.01 86.4(1) 3.44 75.8(2) 

L 3,5-H -5.60 134(5) -9.87 26.1(2) 

L 2,6-H -27.79 4.0(9)® -35.53 1.05(7)' 

a) This value was obtained at -55° C. 
b) This value was calculated from the Curie plot. Phenyl-o peak is too broad to be 
observed at this temperature. 
c) This value was obtained at -86° C. 

With the assumption that Av = 74 Hz, the temperature dependence of kex was 

obtained in the range from -80 to -93 ®C, and an Eyring plot was constructed. Linear 

fitting of the data resulted in the following kinetic parameters: AH^ = 24(4) kJ mol ', AS* 

= -20(21) J mol'" K"', AG'298 - 30(10) kJ mol"' and the minimum rate, kex, of 3.8x10^ s"' 
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at 298 K. For comparison, ambient temperature rates of ring inversion in (TC6TPP)FeCl 

and [FeTC6TPP(4-Me2NPy)2]Cl are 4.4x10"' and 2.8x10^ s"', respectively (see Chapter 3). 

Substantially smaller broadening of the CH2(a) peak in [FeTC6TPP(4-CNPy)2]C104 as 

compared to the same peak for the chloride or bis-(4-Me2NPy) analogs indicates that the 

rate of ring inversion in the former should be at least as high as 4.4x10^ s"'. 

EPR studies of poIycrystalHne and solution samples of [FeOETPP(4-

CNPy)2|CI04, [Fe0MTPP(4-CNPy)2lCI04, and 1 FeTC6TPP(4-CNP>OzlCIO4. The 

EPR spectra of the frozen solution and two polycrystalline samples of the [FeOETPP(4-

CNPy)2]C104 are shown in Figure 5.21. All three spectra have the same basic features, 

with g - 5.21, 4.25, 3.03, and 2.07. The signals with the g values larger then 4, plus the 

value near 2.0, are characteristic of the intermediate (S = 3/2) spin state, while the g = 

3.03 peak is typical of low-spin (LS) ferrihemes. However, it is not accompanied by any 

other features indicative of LS Fe(IIl), and thus may indicate a single feature "large gmax" 

signal similar to those observed for other lower-basicity pyridine complexes of 

TMPFe(III) with unusually low gmax values.^^ 

[Fe0MTPP(4-CNPy)2]C104 and [FeTC6TPP(4-CNPy)2]C04, have typical axial-

type EPR spectra with gi = 2.49, and gy = 1.6 that are characteristic of the LS Fe(III) 

(dxz,dyz)'*(dxy)' ground state. 
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Figure 5.21. 4.2 K EPR spectra of [Fe0ETPP(4-CNPy)2]C104 a) in a frozen CD2CI2 
solution; b) polycrystalline sample obtained from CD2Cl2/dodecane, and c) 
polycrystalline sample obtained from the CDCla/cyclohexane. The g values of 5.21, 
4.25, and 2.07 are characteristic of the intermediate spin state, S = 3/2, while g = 3.03 
suggests LS with (dxy)^(dxz,dyz)^ configuration. All spectra have the same basic features 
with different intensity of signals. 

Discussion 
Spin state of the complexes. The EPR data indicate that at 4.2 K both 

[Fe0MTPP(4-CNPy)2]C104 and [FeTC6TPP(4-CNPy)2]C104 complexes are low-spin 

(LS) with axial EPR signals (gi = 2.49, and g|| = 1.6) characteristic of the (dxz,dyz)^(dxy)' 

electronic ground state. Similar EPR spectra are observed for bis-(4-cyanopyridine) 

iron(III) complexes with various porphyrinates, TMP.(gx= 2.53, and gj| = 1.56),^"^ TPP 

(gi> 2.62, and g|| < 0.92),"" T"PrP (gj.= 2.46, and g|j = 1.68),"^'^ T'PrP (gi= 2.49, and gj| 

= 1.58),'^^ and T'PrP (gj = 2.41, and g|| = 1.79).'^^ Iron (III) porphyrinate complexes 



with other weak cj-donor or 7t-acceptor axial ligands (Py, 3-CNPy, CN", ^BuNC) also 

CO HA I go CC 
display axial EPR spectra. ' ' Utilizing the proper axis definition of Taylor (gzz= 

-g||, and gyy = -gxx = gi) the energy parameters for bis-(4-cyanopyridine)iron(III) 

complexes were calculated from the EPR data. The rhombicity, V/X, is always 0.0 due to 

degeneracy of the filled dxz, dyz orbitals, and the tetragonality, A/X, is -3.12, -3.12, -2.92, -

1.72, -3.50, -3.05, and -4.26 for OMTPP, TCeTPP, TMP,^^ TPP,^'' T"PrP,'^^ rPrP,'^® and 

T'PrP,'®^ respectively. The absolute value of the tetragonality, )A/Xj, for representative 

bis-(f-BuNC) (a good 7r-acceptor) complexes is substantially higher (6.93 - 11.3).^^ The 

relatively small values of the tetragonality for bis-(4-CNPy) complexes indicates a much 

smaller splitting of the former tjg orbitals (the dxy orbital is only 2.9-4.3 X higher than 

7 -J 

dxz,dyz) and a possible switch to the other LS electron configuration, (dxy) (dxz,dyz) • On 

the other hand, the large difference in the energy between the dxy and dxz, dyz orbitals of 

the bis-(/-BuNC) porphyrin complexes ensures the (dxz,dyz)'^(dxy)' ground state at all 

temperatures. Based on the EPR data for [Fe0MTPP(4-CNPy)2]C104 and [FeTC6TPP(4-

CNPy)2]C104 we have also calculated the values of the mixing coefficients a, h, and c for 

the wave functions dxz, dyz, and dxy, respectively; a = h = 0.1712, and c = 0.9577; thus c~ 

- 0.9172 and a~ + = 0.9758, indicating the need for an orbital reduction factor, k, 

of 1.025. As a result, the ground states of [FeOMTPP(4-CNPy)2]CIO4 and 

[FeTC6TPP(4-CNPy)2]C104 have 94 % dxy character at 4.2 K. It is noteworthy that the 

Eg^ for bis-(4-CNPy) iron(lll) porphyrin complexes (14.58 - 15.2)^^'^^''^'^ is far from the 

theoretical value of 16, indicating partial quenching of orbital angular momentum in the 

(dxz,dyz,)\dxy)' ground state configuration. 
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The solution magnetic susceptibility data for [Fe0MTPP(4-CNPy)2]C104 and 

[FeTC6TPP(4-CNPy)2]C104 at the lowest temperatures accessible in the liquid state are in 

good agreement with the EPR results. In the case of [FeTC6TPP(4-CNPy)2]CI04 a pure 

LS, S = 1/2, state occurs below 240 K with /Xgff = 1.95 ± 0.05 indicative of little 

orbital contribution and consistent with the (dxzjdyzO'^Cdxy)' ground state detected in the 

4.2 K EPR spectra. Even though in the [Fe0MTPP(4-CNPy)2]CI04 case the pure LS 

state cannot be achieved over the temperature range accessible to the solution magnetic 

measurements, based on the magnetic data (Figure 5.11) we can predict that this complex 

adopts a predominantly LS state at temperatures below 150-140 K, and as a result, 

exhibits an axial EPR signal at 4.2 K. As the temperature is raised the population of the 

intermediate-spin state, S = 3/2, increases, and above 260 K [Fe0MTPP(4-CNPy)2]C104 

exists exclusively in the IS state with 3.56 ± 0.04 ^b- A pure IS state for 

[FeTC6TPP(4-CNPy)2]C104, however, is never achieved and even at 320 K this complex 

is still in spin transition (S = 1 /2 S = 3/2). Transition from the LS to the IS state is 

attributed to the weak ligand field strength of the 4-CNPy ligand, which places both 

[FeOMTPP(4-CNPy)2]CIO4 and [FeTC6TPP(4-CNPy)2]C104 very close to the spin 

crossover point (S = 3/2 S = 1/2). 

On the other hand, [Fe0ETPP(4-CNPy)2]C104 has a completely different type of 

EPR spectrum, with the following g values; 5.21, 4.25, 3.03 and 2.07. Both the CD2CI2 

frozen solution and polycrystalline samples display the same type of EPR signal, but with 

different relative intensities of the peaks (see Figure 5.21). The EPR spectrum for 

[Fe0ETPP(4-CNPy)2]C104 was reported previously with somewhat different g values of 
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4.28, 3.80, and 2.08.'^^ Nevertheless, the EPR signals with g larger than 4 and around 2 

point to the intermediate spin state (IS) with S = 3/2, but g = 3.03 is likely a "large gmax" 
% 

signal characteristic for the LS (dxy)^(dxz,dyz,)^ ground state, which is different from the 

LS electronic ground state of either the OMTPP or TCeTPP complexes. There are 

several arguments that support this suggestion. First, the g = 3.03 value is very similar to 

the unusually low gmax values of 2.89, 3.07, and 3.17 observed in the EPR spectra of 

[FeTMP(3-EtPy)2]C104, [FeTMP{3-ClPy)2]C104, and [FeTMP(2-MeIm):]C104, 

respectively.^'* Therefore, there must be, especially in the frozen solution where the g -

3.03 signal is the most intense, some molecules of [Fe0ETPP(4-CNPy)2]C104 in the LS 

state. The absence of any sign of the LS species in the solution magnetic susceptibility 

measurements is due to the fact that the experiment was run at relatively high 

temperatures (from 35 to -93 °C), where only the S = 3/2 state is populated. However, 

low temperature SQUID measurements do indicate that [Fe0ETPP(4-CNPy)2]C104 is a 

mixture of the S = 1/2 and 3/2 states below 200 K and that the population of the LS (S = 

1/2) state increases as the temperature is lowered.Therefore, it is not surprising that in 

frozen solution at 4.2 K a detectable amount of LS (S =1/2) molecules of [FeOETPP(4-

CNPy)2]C104 are observed in the EPR spectra. Secondly, the presence of the g = 3.03 

signal in the EPR spectra of the polycrystalline sample can be justified by the fact that 

[Fe0ETPP(Py)2]C104 undergoes spin transition upon lowering the temperature from 298 

to 180 K and then to 80 K.'^^ Therefore, it is possible that freezing the IS polycrystalline 

sample of [Fe0ETPP(4-CNPy)2]C104 in an EPR tube to 4.2 K leads to spin change for 

some molecules and as a result, a "large gmax" signal, especially, taking into account that 
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no other geometry changes, except shortening of Fe-Nax bonds, is required. Of course, 

one would have expected that the LS state of [Fe0ETPP(4-CNPy)2]C104 should have the 

(dxz,dyz,)''(dxy)' lather than the (dxy)^(dxz,dyz,)^ electronic configuration; however, neither 

we nor others'^^ observed an axial signal (gx ~ 2.5, and g|| ~ 1.6) in the EPR spectrum of 

[Fe0ETPP(4-CNPy)2]C104 but rather we observed the "large gmax" signal. Finally, 

7 -J 
another argument in support of the (dxy) (dxz,dyz,) ground state is that the saddled 

deviation of [Fe0ETPP(4-CNPy)2]C104 is the highest among OETPP, OMTPP and 

TCeTPP complexes and probably one of the highest observed, and as was pointed out 

earlier,saddled complexes appear to resist switching to the (dxz,dyz,)'^(dxy)' ground state. 

To summarize, it is shown in this work and by others^^'^^'^"* that the contribution of 

the (dxz,dyx)'^(dxy)' state in bis-(4-CNPy) iron(III) complexes increases in the order; 

OETPP < TPP < TMP ^MTPP, TCbTPP, T'PrP < T"PrP < T'PrP 

Based on 4.2 K EPR spectra we also suggested that the LS ground state in [FeOETPP(4-

I 2 3 CNPy)2] has the (dxy) (dxz,dyx) configuration. Hence, EPR and solution magnetic 

susceptibility measurements are in good agreement with each other. 

'H NMR Studies of [Fe0ETPP(4-CNPy)2]C104, (Fe0MTPP(4-CNPy)2jCI04 

and IFeTC6TPP(4-CNPy)2lCI04. The first observation made in the NMR studies was 

that the binding constant of 4-CNPy decreases in the order OETPP > TCeTPP > OMTPP. 

Free ligand peaks are observed below -30, -50 and -75 °C for OETPP, TCgTPP, and 

OMTPP, respectively, at a high molar excess of 4-CNPy. In accord with that, ligand 

exchange becomes slow on the NMR time scale at -70, -90, and much below -93 °C for 

OETPP, TCeTPP and OMTPP, respectively. In spite of this, we were able to obtain 
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crystals of [FeOMTPP(4-CNPy)2]C104 but any attempts to obtain crystals of 

[FeTC6TPP(4-CNPy)2]C104 resulted in the five-coordinate perchlorate or nitrate 

complexes. This is probably due to the nature of the porphyrin core. In general, we 

found it difficult to obtain crystals of [FeTC6TPP(L)2]" with any of the axial ligands, and 

only one structure of [FeTC6TPP(l-MeIm)2]Cl has been reported.'^® 

NMR and solution magnetic susceptibility data were acquired over the same 

temperature range and the results correlate extremely well. As discussed above, 

[Fe0ETPP(4-CNPy)2]C104 is in IS at all temperatures from ambient down to 180 K, 

[Fe0MTPP(4-CNPy)2]C104 is in the IS from ambient temperature to 240 K and then the 

LS state becomes populated as the temperature decreases, and finally, [FeTC6TPP(4-

CNPy)2]C104 is in the LS state at any temperature below 230 K. 

In the case of the (dxz,dyz)''(dxy)' electronic ground state, the d, orbitals are filled, 

but the dxy unpaired electron can be engaged in spin delocalization to the porphyrinate 

ring if it is ruffled, and such ruffling is quite extreme in most of the complexes with the 

(dxz,dyz)'^(dxy)' clectron configuration. Such spin delocalization results in a large 

positive spin density at the meso-Cs, which leads to a large and positive difference in the 

chemical shifts of the phenyl protons (protons attached directly to the phenyl rings), 8m -

8p, and 8„ - 8o, or to the following order 8„,> 8p> In the case of saddled 

porphyrins, meso-phenyl shifts become much smaller because of the reduced possibility 

of ruffling of the porphyrinate ring, and therefore, smaller spin delocalization to the 

meso-caxbons. When [Fe0MTPP(4-CNPy)2]C104 is considered, 8m - 8p and 8„ - 8,, are 

equal to -1.7 and -3.6 ppm at -60 °C; and +2.9 and +3.5 ppm at -90 °C (see Table 5.8). In 
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comparison, the highly ruffled [TPPFe(4-CNPy)2]" complex has much larger values of 5,„ 

- dp and - 80 of +5.7 and +14.2 ppm at -60 °C.Smaller 8„ - 8p and 8m - 80 as 

compared to the same values in complexes with the (dxz,dyz)'^(dxy)' ground state stabilized 

by a ruffled porphyrin core are indicative of poor spin delocalization to the meso-Cs due 

to the purely saddled conformation expected for [Fe0MTPP(4-CNPy)2]C104 in solution 

on the basis of its crystal structure. A substantial degree of ruffling is required for good 

interaction of the dxy orbital with the porphyrin a2u('^) orbital.*''' In the case of 

[FeTC6TPP(4-CNPy)2]C104 8„ - 8p and 8„ - 6,, are equal to +5.4 and +9.5 ppm at -60 °C 

and +6.7 and +10.8 ppm at -90 °C. These differences are larger than in the case of 

[Fe0MTPP(4-CNPy)2]C104, pointing to higher (+) spin density at the meso-Cs, probably 

due to a significant ruffling of the TCeTPP core. Although we were not able to obtain the 

structure of [FeTC6TPP(4-CNPy)2]C104, structures of other complexes, [FeTC6TPP(l-

Me][m)2]Cl'^ and [FeTCeTPPJCl (Chapter 4) suggest -0.6:0.4 of saddled vs. ruffled 

components in the core geometry. In comparison, for [Fe0ETPP(4-CNPy)2]C104 at any 

temperature the order of the phenyl peaks is the following: 8o> 8p> 8m- This is the same 

order as for [Fe0MTPP(4-CNPy)2]C104 at temperatures higher than -75 °C (see Figure 

5.12). The phenyl shift differences 8,„ - 8p and 8,„ - 80 are large and negative at all 

temperatures (see Table 5.8), indicating a large negative spin density at the meso-C {i.e., 

the opposite sign as compared to the spin density on the metal). 

The pure IS state is characterized by large downfield shifts for protons of methyl 

or methylene groups directly attached to pyrrole /3-Cs,''^^ which is demonstrated in the 

case of the [Fe0ETPP(4-CNPy)2]C104 complex by a positive slope of the temperature 
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dependence of its CHaCout) chemical shift on the Curie plot (the CH2(out) peak shifts into 

the downfield region of the NMR spectrum as the temperature is lowered). However, the 

chemical shift for the methyl and a-methylene protons in OMTPP and TC6TPP 

complexes have a strong negative temperature dependence, which indicates the change 

from IS state to LS as the temperature is lowered. In the pure LS state with 

(dxz,dyz)'^(dxy)' configuration spin delocalization to the pyrrole-j8 position is 

negligible,and as a result, the chemical shift of CHaCa) in [FeTC6TPP(4-

CNPy)2]C104 is in the diamagnetic region at low temperatures (6.81 ppm at -90 °C). The 

peak for methyl groups in [Fe0MTPP(4-CNPy)2]C104 is still shifted downfield (6 = 

31.39 ppm at -90 °C) indicating significant population of the IS state even at this 

temperature. Although we could have analyzed the temperature dependences of the 

resonances using our fitting program that includes the contributions of one or more 

thermally-accessible excited states,the complications due to other temperature-

dependent processes going on in the solution (ligand exchange kinetics, porphyrin ring 

inversion kinetics, hindered ethyl rotation at low temperatures) preclude obtaining 

meaningful results. 

In the pure IS state [Fe0ETPP(4-CNPy)2]C104 complex both L 3,5 and L 2,6 

resonances are characterized by large downfield shifts of 86.4 and 137.0 ppm at -90 °C, 

respectively, while in the pure LS [FeTC6TPP(4-CNPy)2]C104 they are shifted strongly 

upfield (-9.9 and -35.5 ppm at -90 °C for L 3,5 and L 2,6, respectively). The NMR 

results obtained for [Fe0MTPP(4-CNPy)2]C104 are in good agreement with the above 

data: L 3,5-H and 2,6-H have strong negative slope in the Curie plot (Figure 5.13) 
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indicating transition from IS (with downfield shifts) to LS (with upfield shifts for L) 

groimd states as the temperature decreases. 

Table 5.8. Chemical shifts for selected resonances in [Fe0ETPP(4-CNPy)2]C104, 
[Fe0MTPP(4-CNPy)2]C104, and [FeTC6TPP(4-CNPy)2]C104. 

T. "C Porph. Opyrr 5L3,5-H 8L 2,6-H 5m 5p 5o 5m- So 

-30 OETPP 50.88 65.95 103.42 4.59 13.17 18.33 -8.58 -13.74 

OMTPP 65.76 - - 6.66 10.44 13.57 -3.78 -6.91 

TCsTPP 21.46 - - 11.13 7.33 5.29 +3.8 +5.84 

-60 OETPP 57.54 74.93 117.9 4.09 13.90 19.67 -9.81 -15.58 

OMTPP 53.94 38.14" 49.38" 7.72 9.45 11.28 -1.73 -3.56 

TCftTPP 10.40 -5.60 -27.79 12.49 7.07 3.91 +5.42 +8.58 

-90 OETPP 66.15 86.35 137.02 3.34 14.83 21.31 -11.49 -17.97 

OMTPP 31.39 14.89 -0.99' 10.34 7.46 6.81 +2.88 +3.53 

TCsTPP 6.81 -9.87 -35.53 13.71 7.01 2.94 +6.70 +10.77 

a) Spyrr indicates CH2(out) for OETPP, CH2(a) for TCeTPF and CH3 for OMTPP; 
b) Calculated from the Curie plot (Figure 5.13); 
c) This data point was acquired at -92 °C; 2.9 ppm value was calculated from the Curie 
plot for -90 °C. 

In siraimary, the IS state can be characterized in NMR by i) large downfield shifts 

of methyl or methylene groups directly attached to the pyrrole ring /3-Cs; ii) large and 

negative values for the phenyl shift differences 5^ - 8p and 8m - 80; and iii) large 

downfield shifts for both L resonances. The LS state with (dxz,dyz)''(dxy)' electron 
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configuration is characterized by large and positive values of the phenyl-H shift 

differences 5m - dp and 8„ - 5„ due to large (+)7t spin density at the meso-Cs. A small 

spin density at the pyrrole-jS positions, on the other hand, results in chemical shifts for 

methyl or methylene protons in ORTPP complexes that are usually in the diamagnetic 

region. Ligated 4-CNPy has large upfield shifts for both of its proton resonances. 

Therefore, while EPR spectroscopy is a good probe for the electronic ground state at low 

temperatures, NMR spectroscopy is very useful in defining the spin state of the complex 

at ambient conditions. 

Structures of the Complexes. The crystal structure data for [FeOMTPP(4-

CNPy)2]C104 and [Fe0ETPP(4-CNPy)2]C104 were obtained at 170 K. According to the 

solution magnetic measurements at this temperature, [Fe0ETPP(4-CNPy)2]C104 exists as 

an IS state complex but [Fe0MTPP(4-CNPy)2]C104 is largely LS with the (dxz, dyz)'^(dxy)' 

electronic ground state; however, in the structures of all three complexes the Fe-Nax 

distances of about 2.2 A are indicative of the IS state (see Table 5.2). For the LS 

complexes of OMTPP and OETPP with various strong basicity pyridines and imidazoles 

(4-Me2NPy, 1-MeIm, and 2-MeHIm)"^"''^ (also see Table 4.2) the Fe-Nax distances are 

on average 2.0 A, about 0.2 A shorter than in the present case. For the admixed S = 3/2, 

5/2 spin state of [Fe0EP(3,5-Cl2Py)2]C104 the average Fe-N'ax distance is even longer 

(2.347(4) A) than for pure IS complexes.Thus, there appears to be a correlation 

between the axial ligand bond length and the spin state of the complex; axial bond length 

increases as the spin state changes from LS (Fe-Nax ~ 2.0 A) through IS (Fe-Nax ~ 2.2 A) 

to the HS state (Fe-Nax > 2.3 A). 



348 

The question arises as to why the [Fe0MTPP(4-CNPy)2]C104 complex is in the 

IS rather than the LS state in the crystal. It should be noted that all three sets of crystals 

were grown at room temperature where [Fe0MTPP(4-CNPy)2]C104 and [FeOETPP{4-

CNPy)2]C104 complexes exist in the pure IS spin state (see Figure 5.11). Freezing of the 

samples on the diffractometer was done in a cold stream of nitrogen over the course of a 

few seconds; therefore, it is quite likely that the room temperature geometry was 

preserved at 170 K. In the case of [Fe0MTPP(4-CNPy)2]C104, it is possible that a spin 

transition may be seen if the sample is cooled to lower temperatures. A spin transition 

was detected in [Fe0ETPP(Py)2]C104 by cooling the sample from 298 to 180 and then to 

80 Most of the bonds contracted at lower temperatures but the shortening of the 

axial bonds was the most prominent. The average Fe-Nax bond length decreased from 

2.201(3) to 2.041 and then to 1.993(3) A.''" This indicates that the spin state changed 

from IS to LS in the course of the X-ray experiments. In the solution magnetic 

susceptibility experiments [Fe0MTPP(4-CNPy)2]C104 behaves in the same manner as 

observed for [Fe0ETPP(Py)2]C104 in the solid state: the magnetic moment of both 

complexes decreases from ~ 3.6 [Ib at 300 K to ~ 2.8 (in at 200 K.'^' It would therefore 

be interesting to try the variable temperature X-ray experiments on [FeOMTPP(4-

CNPy)2]C104. In contrast, [Fe0ETPP(4-CNPy)2]C104 is in the IS state at all 

temperatures achievable by X-ray experiments. 

All complexes studied in this research have a predominantly saddled porphyrin 

core with estimated ruffling admixture ranging from 1 to 17 % (see Table 5.3). Of 

course, the saddled distortion is stronger in any OETPP complex as compared to OMTPP 
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because the former has bulkier groups on the pyrrole /3 positions. Stronger saddling is 

reflected in smaller dihedral angles of phenyls, and a larger deviation of pyrrole /3-Cs 

from the mean porphyrin plane. In the structure of [Fe0MTPP(4-CNPy)2]C104 the 

average dihedral angle of the phenyls is 48.0°, while in any of the [FeOETPP(4-

CNPy)2]C104 structures it is not higher then 43°. The highest deviation of the porphyrin 

core atoms in [Fe0MTPP(4-CNPy)2]C104 is 1.21 A, which is substantially smaller than 

the highest deviation in[Fe0ETPP(4-CNPy)2]C104, 3, 1.40 A. A saddled distortion of the 

porphyrin core should require perpendicular orientation of the axial ligands; however in 

the case of [Fe0MTPP(4-CNPy)2]C104 and [Fe0ETPP(4-CNPy)2]C104, 2, much smaller 

dihedral angles are observed, 64.3 and 67.1°, respectively. To our knowledge these are 

the smallest observed "perpendicular" angles in octaalkyltetraphenylporphyrins with 

pyridine axial ligands, but these small angles are probably made possible by the much 

longer Fe-Nax bond lengths. 

Due to the strong saddled distortions the Fe-Np distances are short (see Table 5.2). 

In general, OMTPP complexes should have longer distances than OETPP but shorter than 

TCcTPP (see Table 4.2).'^ In this case, the Fe-Np distances in [FeOMTPP(4-

CNPy)2]C104 are longer than the same distances in [Fe0ETPP(4-CNPy)2]C104 strucutres 

1-4 but almost the same as the Fe-Np distances in 5 and 6. 
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Conclusions 

[FeOETPP(4-CNPy)2]CIO4 exists as an intermediate spin complex with S = 3/2 at 

any temperature above 200 K and below this temperature it adopts a mixture of 

intermediate (S = 3/2) and low spin (S = 1/2) states. This is reflected in NMR, EPR and 

magnetic susceptibility measurements. On the other hand, [Fe0MTPP(4-CNPy)2]C104 

and [FeTC6TPP(4-CNPy)2]C104 complexes exist as a mixture of IS and LS spin states 

above 180 and 240 K, respectively, and at lower temperatures they adopt a primarily low 

spin (dxz, dyz)'^(dxy)' configuration. M the solid state, the [Fe0ETPP(4-CNPy)2]C104 and 

[Fe0MTPP(4-CNPy)2]C104 complexes are saddled with close to perpendicular ligand 

orientation. Fe-Nax bond lengths (~2.2 A) indicate the IS state in both cases. In order to 

reach the spin transition for the [Fe0MTPP(4-CNPy)2]C104 case, lower temperatures are 

required than were used for X-ray crystallography (170 K). 
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Chapter 6 

X-ray Crystallography, NMR and EPR Studies of Low-Spin,^ 
(dx2,dyz)'*(dxy)' Ground State Fe(III) biS"(teit-Butylisocyanide) 

Dodecasubstituted Porphyrin Complexes. 

Introduction 

M5ssbauer, EPR, and NMR studies of the ter?-butylisocyanide complexes, 

[FeTPP(/-BuCN)2]C104 and [Fe0EP(/-BuCN)2]C104,̂ '' have shown that their g values (gx 

= 2.20 - 2.28, g|| = 1.94 - 1.83) are consistent with the purest (dxz.dyz)'^(dxy)' ground state 

observed so far, with high quenching of orbital momentum (Zg" of 13.5 is substantially 

smaller than the theoretical value of 16) due to the weak a-donating and strong it-

accepting properties of the axial /-BuNC ligand and ruffled geometry of the porphyrin 

cores. Octaethyltetraphenylporphyrinato iron (111) systems, (OETPP)Fe'", can be viewed 

as a geometrical hybrid of TPPFe'" and OEPFe'" porphyrins and so are predicted to have 

the (dxz dyz)'^(dxy)' ground state once bound to weak a-donor, strong 7i-acceptor axial 

ligands like r-BuNC. The same can be said for the analogous OMTPPFe"" and 

TCeTPPFe'" complexes. 

In this chapter X-ray crystallographic structural data, polycrystalline and frozen 

solution EPR, variable temperature ID- and 2D-NMR spectroscopic and ring inversion 

kinetic studies of the low-spin Fe(III) highly distorted complexes of [FeOMTPP(/-

BUNC)2]C104, [Fe0ETPP(r-BuNC)2]C104, and [FeTCr,TPP(r-BuNC)2]C104, (see Figure 

1.8) are presented. As was shown in Chapter 4, the degree of non-planar distortion and 



saddled character decreases in the order OETPP > OMTPP > TCeTPP, with the latter 

core having 30-40 % ruffled character. Recent searches of Shelnutt and coworkers have 

revealed that nonplanar distortion of porphyrins is fi*equently observed in naturally 

occurring proteins'^'^'^^'^®' and such distortions may play an important role in "tuning" 

their redox and spectroscopic properties. Therefore, the major goal of the present 

research was to explore how the electron configuration is affected by the type and degree 

of deformation of the porphyrin ring. It is already well known that a raffled porphyrin 

core stabilizes the (dxz,dyz)'*(dxy)' electronic ground state for Fe(III) porphyrinates by 

strengthening the porphyrin a2u(Tc) - dxy iron interaction. This interaction is only possible 

for the ruffled geometry of the porphyrin core where the twist of pyrrole rings creates a 

-15° tilt in the orientation of the porphyrin nitrogen pz orbitals, producing a projection of 

the nitrogen pz orbitals in the xy plane. The geometry of saddle-shaped porphyrins, 

however, does not have proper Np symmetry for overlap with the dxy orbital of Fe(III). 

The question arises then, can a porphyrin core with a saddled shape stabilize (and if yes, 

how) the novel (dxz,dyz)'^(dxy)' ground state, or would the typically saddled porphyrins 

adopt a ruffled geometry when bound to n-accepting axial ligands such as /-BuNC, in 

order to stabilize (dxz,dyz)'^(dxy)' state of LS Fe(III)? The work presented in this chapter 

was done in attempt to answer these questions and was encouraged by the interesting 

work of Ibers, et al.,^°^ Simonneaux et al, Nakamura et al.,^^ Scheldt et al. and our 

laboratory^^ on the properties and structure of various Fe(III) bis-(f-BuNC) porphyrin 

complexes. First, EPR spectra of all three bis-(r-BuNC) complexes will be presented. 
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followed by the results of single crystal X-ray experiments for two crystalline forms of 

[Fe0MTPP(r-BuNC)2]C104, and these will be followed by the NMR studies. 

Experimental 

Sample preparation. The NMR sample of [Fe0MTPP(r-BuNC)2]C!04 was 

prepared by addition of 3-6 equivalents of ?-BuNC to 3 mg of (0MTPP)FeC104 in 0.2-0.3 

mL of CD2CI2 in an NMR sample tube. The color changed immediately jfrom the red-

brown of (0MTPP)FeC104 to a green-brown, indicating the formation of [FeOMTPP(r-

BuNC)2]C104. After all NMR experiments were completed, the NMR sample was 

divided into two equal portions, which were concentrated to 0.05 mL by evaporation at 

atmospheric pressure. One of the concentrated CD2CI2 solutions of [FeOMTPP(/-

BuNC)2]C104 was layered carefully with o-xylene and the other with dodecane. The 

tubes were capped, sealed with parafilm and protected from light with aluminum foil. X-

ray quality crystals appeared in both tubes after 7-10 days. NMR samples of 

[Fe0ETPP{/-BuNC)2]C104 and [FeTC6TPP(/-BuNC)2]C104 were prepared in the same 

manner. Many attempts were made to obtain crystals of these complexes by liquid 

diffusion methods using the following solvent systems: toluene alone, 

chlorobenzene/dodecane, chloroform/cyclohexane, methylene chloride/o-xylene and 

methylene chloride/dodecane. However, all of them were unsuccessful and in the best 

case (methylene chloride/dodecane) yielded crystals of [Fe0ETPP(r-BuNC)2]C104 that 

were merohedral twins. Structure solution was never achieved because there is no way to 

separate the perfectly overlapped diffractions from the two parts of the merohedral twins. 
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As for [FeTC6TPP(/-BuNC)2]C104, instead of producing crystals or even solids, the 

sample turned into a dark-brown oil. This was not surprising, because many other 

attempts to obtaine crystals of TCeTPPFe"' with various pyridine and imidazole ligands 

were also unsuccessful. 

Spectroscopy. EPR spectra were recorded on a Bruker ESP-300E spectrometer 

(operating at 9.4GHz with 100 kHz field modulation), equipped with an Oxford 

Instruments ESR 900 continuous flow helium cryostat, at 4.2 °K. Spectra were obtained 

for samples in frozen CD2CI2 solutions and as crystalline samples. 

For more details on 'H NMR experiments see the experimental part of Chapter 3 

and Appendix B. Data for the Curie plots presented in this chapter are collected in 

Appendix A. 

Structure Determination. General. Two crystalline forms of [FeOMTPP(/-

BuNC)2]C104 grown from CD2Cl2/dodecane (denoted as molecule E, for convenience) 

and CD2Cl2/o-xylene (molecule F) were mounted on glass fibers in random orientations 

and examined on a Bruker SMART 1000 CCD detector X-ray diffractometer at 100(2) K 

and 170(2) K, respectively. All measurements utilized graphite monochromated Mo Ka 

radiation (k= 0.71073 A) with a power setting of 50 kV, 40 mA. Final cell constants and 

complete details of the intensity collection and least squares refinement parameters for all 

complexes are summarized in Table 6.1. 

In both cases, a total of 3736 frames at 1 detector setting covering 0 < 20 < 60° 

were collected, having an omega scan width of 0.2° (molecule E) and 0.3° (molecule F) 

and an exposure time of 20 seconds per frame. The frames were integrated using the 
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Bruker SAINT software package's narrow frame algorithm.''''' Initial cell constants and 

an orientation matrix for integration were determined from reflections obtained in three 

orthogonal 5° wedges of reciprocal space. 

Both structures were solved using SHELXS in the Bruker SHELXTL (Version 

1 79 6.0) software package. Refinements were performed using SHELXL and illustrations 

were made using XP.'^^ The solution was achieved utilizing direct methods followed by 

Fourier synthesis. Hydrogen atoms were added at idealized positions, constrained to ride 

on the atom to which they are bonded and given thermal parameters equal to 1.2 or 1.5 

times Uiso of that bonded atom. Scattering factors and anomalous dispersion were taken 

from International Tables (Vol. C Tables 4.2.6.8 and 6.1.1.4.). 

Tables of final fractional atomic coordinates and anisotropic thermal parameters 

for the non-hydrogen atoms in [Fe0MTPP(/-BuNC)2]C104 (E and F) are listed in 

Appendix E. 

Molecule E:{Fe0MTPP(t-BuNC)2]CI04 from CDaCIa/dodecane. A purple 

irregular plate of FeN4C52H44- 2(NC5H9)-(C104)-(CH2Cl2)T.4(Ci2H26) (0.06 x 0.25 x 0.36 

mm ) was crystallized from methylene chloride-tfi/dodecane in space group ^nma with 

the following cell parameters: a = 29.311(4) A, b = 29.311 (4) A, c = 14.0209(19) A, a = 

jS = 7 = 90°, V = 7014.5(16) A^, and Z = 4. Data were collected in the range of 1.61 °< 0 

< 20.84°. Many crystals were tried, but all of them were non-merohedral twins with one 

fragment much larger than the other but data were still acquired. 
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Table 6.1. Experimental details together with crystal data for [Fe0MTPP(f-BuNC)2]C104, 
molecules E and F. 

molecule E;[FeOMTPP(/- F;[FeOMTPP(/-
BuNC)2]C104-CH2Cl2- BuNC)2]C104-CH2Cl2 
i.4Ci2H26 

Empirical formula FeN(,Ci<oHc><)04Cl3 FeN6C63H6404Cl3 
Formula weight 1370.85 1131.40 
Temperature, K 100(2) 170(2) 
Crystal system Orthorombic Monoclinic 
Space group Fnma P2,/m 
a, A 29.311(4) 12.302(6) 
b, A 17.068(2) 17.698(8) 
c, A 14.0209(19) 14.257(7) 
p 90" 114.873(5)° 
Volume, A" 7014.5(16) 2816(2) 
Z 4 2 
Density (calc), g/cm^ 1.298 1.334 
Absorption coeff, mm"' 0.385 0.464 
F(OOO) 2920 1186 
Crystal dimension, mm ' 0.36 X 0.25 X 0.06 0.39 X 0.26 X 0.2 
0 limits 1.61 to 20.84° 1.82 to 25.64° 
Limiting Indices -29<h<29, -17<k<17, -14<h<14, -21<k<21, 

-14<1<14 -17<1<17 
Reflections utilized 43978 25342 
Independent reflections 3834 [R,n,=0.1344] 5481 [Rint=0.1570] 
Completeness 99.8 99.4 
Absorption correction None Psi-scan 
Max./min. transmission 0.9773/0.8738 0.9464/0.8397 
Data/restraints/param. 3834/10/475 5481/0/374 

Goodness-of-fit on F^ 1.061 0.877 

Final R indices [I>2a(I)] R, = 0.0637, WR2 = 0.1504 R, = 0.0535, wR2= 0.0912 

R indices (all data) Ri = 0.1413, WR2 = 0.2041 R,-0.1206, wR2 = 0.1042 
Largest diff. peak and hole 0.634 and -0.524 e/A" 0.460 and -0.392 e/A^ 
RMS difference density 0.079 e/A-' 0.058 e/A-' 

Reflections from the two components of the twinned structure were separated, overlaps 

were ignored, and the major component of the data was integrated, using the GEMINI 
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Twinning Solution Program Suite.'^^ A total of 43978 reflections were integrated and 

retained, of which 3834 were unique (<redundancy> = 11.47, Rim = 13.4 %, Rsig = 8.1 

%). Of the unique reflections, 2194 (57.22 %) were observed with I > 2<j(I). Refinement 

with SHELX ¥.6.0'"^^ yielded Ri = 0.0637, WR2 = 0.1504 for 2194 reflections. The final 

anisotropic full matrix least-square refinement based on F of all reflections converged at 

Ri = 0.1413, WR2 = 0.2041, and GoF = 1.061. There were 19 correlation coefficients 

greater than 0.50. The highest peak on the final difference map was 0.634 e/A^ located 

1.62 A from 03. The lowest peak on the final difference map was -0.524 e/A^ located 

0.95 A from C604. 

No empirical absorption and decay corrections were applied because of multiple 

reflections due to the presence of a second crystal fragment. The orientation matrix was 

determined from peaks assigned to the larger crystal component and fixed during the 

integration. Refinement against SADABS'^" corrected data did not produce any 

significant change in structure but resulted in higher R values (Ri = 0.072, wR: = 0.235), 

higher difference electron densities (the highest peak on the final difference map was 

0.71 e/A' located 1.60 A from 03; the lowest peak on the final difference map was -0.62 

e/A^ located 1.04 A from C604) and higher GoF of 1.13. 

There are 4 porphyrin ions, 4 perchlorates to balance the charge, 4 methylene 

chlorides and 5.6 dodecanes in a unit cell of the molecule E. Porphyrin molecules, as 

well as all other molecules in the unit cell, occupy mirror planes; therefore, the 

asymmetric unit contains only half of each molecule. CD2CI2 was disordered between 

two sites with relative population refined to 0.70 : 0.30. In the region of the dodecane 



molecules, the electron density is smeared out due to the presence of channels formed by 

the porphyrin molecules. Dodecane forms infinite chains that occupy these channels 

(Figure 6.1). Some distances and angles in dodecane were fixed to standard values for 

saturated hydrocarbons. There are 10 C atoms of dodecane (C601-C610) in an 

asymmetric unit. Three of them, C601 and its hydrogens, C609 and terminal C610 

occupy the mirror plane. They have been automatically assigned the populations of 0.5 

because the other halves can be generated by symmetry operations. Thus there are a total 

of 8.5 Cs per asymmetric unit, which, due to the presence of the mirror plane, makes 19 

C of dodecane in total. Making the sum of populations of 19 carbon atoms in the 

dodecane chain to be 12 was attempted, but this results in a structure with higher R 

values (wR2 = 0.24, R| = 0.0687) and higher difference electron densities (the highest 

peak on the final difference map was 0.91 e/A"'). As a result, this solution was not used; 

instead 19/12 = 1.4 dodecane was assumed per each porphyrin molecule. Another 

problem was the hydrogen atoms on C609 and C610 (both these Cs are on the mirror 

plane) that were not on the mirror plane and the symmetry operation generated 4H and 

6H for C609 (CH2 group) and C610 (CH3 group), respectively. To account for this 

discrepancy, hydrogens were assigned the population of 0.5 manually, making them total 

2H and 3H. No other disorder was present in the crystal. 
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Figure 6.1. Crystal packing of dodecane molecules in E: [Fe0MTPP(f-BuNC)2]C104 
using pbox 45 18 and then pack commands in XP. Dodecane forms infinite chains in the 
channels created by the porphyrin molecules. Therefore, the electron density is smeared 
out and the degree of disorder is high. CH2CI2 as well as CIO4' are present in this Figure 
as well. The unit cell is shown. 

Molecule F:[Fe0MTPP(t-BuNC)2|C104 from CD2Cl2/<?-xylene. A dark-blue 

regular-shaped block of FeN4C52H44- ICNCsHc,)- (C104)- (CH2CI2) (0.12 x 0.26 x 0.39 

mm ) was crystallized from methylene chloride-i^^/o-xylene in space group P2i/m with 

t h e  f o l l o w i n g  c e l l  p a r a m e t e r s :  a  =  1 2 . 3 0 2 ( 6 )  A ,  b  =  1 7 . 6 9 8 ( 8 )  A ,  c  =  1 4 . 2 5 7 ( 7 )  A , a - y -

90°, p - 114.873(5)°, V = 2816(2) A'\ Z = 2. Data were collected in the range of 1.82 < 0 

< 25.64°. A total of 25342 reflections were integrated and retained, of which 5481 were 



unique (<redundancy> = 4.6, Rim = 15.7 %, Rs,g = 14.3 %). Of the unique reflections, 

2995 (54,6 %) were observed with I > 2a(I). Empirical absorption (l^si-scans) and decay 

corrections were applied using the program SHELXTL.'^^ Refinement with SHELX 

v.6.0''^ yielded Ri = 0.0535, WR2 = 0.0912 for 2995 reflections. The final anisotropic 

full-matrix least squares refinement based on of all reflections converged at Ri -

0.1206, WR2 = 0.1042, and GoF = 0.877. There were 24 correlation coefficients greater 

than 0.534. The highest peak on the final difference map was 0.460 e/A^ located 0.03 A 

from Fel. The lowest peak on the final difference map was -0.392 e/A^ located 0.45 A 

fi-om C12. 

There are 2 porphyrin molecules, 2 perchlorates, and 2 methylene chlorides in the 

unit cell. All molecules occupy two different mirror planes so that an asymmetric unit 

contains only half of each molecule. There is no solvent or porphyrin disorder. 

Results and Discussion 

EPR Spectroscopy. The EPR spectra of [Fe0MTPP(/-BuNC)2]C104, 

[Fe0ETPP(?-BuNC)2]C104, and [FeTC6TPP(/-BuNC)2]C104 were recorded at 4.2 K in 

frozen solutions of CD2CI2, and are shown in Figure 6.2. These complexes exhibit axial 

EPR spectra with gi= 2.19, gy = 1.94, gj,- 2.24, gy = 1.93, and gi= 2.20, gy = 1.94 for 

[Fe0MTPP(/-BuNC)2]C104, [Fe0ETPP(/-BuNC)2]C104, and [FeTCoTPPC?-

BuNC)2]C104, respectively. In addition, the EPR spectra of polycrystalline 

[Fe0MTPP(/-BuNC)2]C104 from toluene at different rotation angles were obtained, and 

one of them is presented in Figure 6.3. It was impossible to solve the crystal structure for 



this sample because crystals were of poor quality and did not diffract far enough. Due to 

the presence of multiple orientations of porphyrin molecules in the crystals the EPR 

spectra contain numerous signals, but all of them are in the range from 2.19 to 1.96, 

consistent with the g values of the axial type of EPR signal observed for a frozen CD2CI2 

solution of [Fe0MTPP(r-BuNC)2]C104. Nakamura et al.^^ have reported a very similar 

EPR spectrum for [Fe0ETPP(/-BuNC)2]C104 and a much broader spectrum for 

[Fe0MTPP(/-BuNC)2]C104 with almost unresolved gy. Since broad axial EPR spectra 

can be potentially viewed as rhombic type spectra with similar gi and g2 values; therefore 

the EPR spectra of both [Fe0MTPP(f-BuNC)2]C104 and [Fe0ETPP(/-BuNC)2]C104 were 

fit with three g values, gi = 2.20, g2 = 2.17, and g3 = 1.95; and gi = 2.29, g2 = 2.25, and gj 

= 1.92, respectively.^® Our EPR spectrum for [Fe0MTPP(/-BuNC)2]C104 in frozen 

CD2CI2 solution looks much sharper and both g values (gi = 2.19 and gy = 1.94) can be 

easily determined (see Figure 6.2). Axial EPR spectra with very similar g values have 

been obtained for other bis-(l-BuNC) Fe(III) porphyrinates; [FeTPP(r-BuNC)2]C104 (gi = 

2.21 and g,, = 1.93), [Fe0EP(/-BuNC)2]C104 (g± = 2.28 and g,) = 1.83), 

[FeProtoIXMe2(/-BuNC)2]C104 (gi = 2.30 and gy = 1.86),^^ and bis-(/-BuNC) complexes 

ofT'PrP, T^PrP, and T"PrP (gi = 2.16 and gj, = 1.95).^^ All these complexes are highly 

ruffled and have very pure (dxz,dyz)''(dxy)' ground states according to their EPR, 'H and 

NMR spectroscopic and X-ray crystallography results. 
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Figure 6.2. The jfrozen solution EPR spectra of [Fe0MTPP(?-BuNC)2]C104, 
[Fe0ETPP(/-BuNC)2]C104, and [FeTC6TPP(r-BuNC)2]C104 at 4.2 K in CD2CI2. All 
three EPR spectra are very similar and are of the axial type characteristic for the 
(dxz,dyz)'^(dxy)' ground state. 

Up to now, all known structurally characterized complexes with (dxz,dy2)'^(dxy)' 

ground states have ruffled porphyrin cores. The S4-ruffling of the porphyrin core brings 

the nitrogen orbitals partially into the xy plane, and therefore, strengthens the 

a2u(porph)-dxy(iron) interaction. This destabilizes the iron dxy orbital, resulting in the 

stabilization of (dxz,dyz)^(dxy)' ground state relative to the (dxy)^(dxz,dyz)^ state. As the S4-

rufiling of the porphyrin macrocycle increases, the (dxz,dyz)^(dxy)' state is further 

stabilized. However, two crystal structures of [Fe0MTPP(t-BuNC)2]C104 at 170 K and 

100 K (see later discussion) showed very pure saddled porphyrin cores, despite a 



substantial degree of ruffliag observed in the crystal structures of other OMTPP 

complexes ([Fe0MTPP(4-CNPy)2]C104,17 % of raffling, see Chapter 5; 

A:[FeOMTPP(4-Me2NPy)2]Cl, 30 %, see Chapter 4). Nevertheless EPR spectroscopic 

results at 4.2 K for [Fe0MTPP(t-BuNC)2]C104, as well as for the OETPP and TC6TPP 

analogs, indicated the presence of pure (dxz,dyz/(dxy)^ ground states. The crystal field 

parameters for the three bis-(/-BuNC) complexes, of OMTPP, OETPP, and TC^TPP, 

presented in Table 6.2, were calculated following the procedure described in great detail 

by Walker et al.^'' 

Table 6.2. EPR data for [Fe0ETPP(r-BuNC)2]C104, [Fe0MTPP(/-BuNC)2]C104, and 
[FeTC6TPP(r-BuNC)2]C104. 

Parameter [FeOETPP{/-BuNC)2,r [FeOMTPP(/-BuNC)2]^ [FeTC6TPP(/-BuNC)2]' 

gi 2.235 2.192 2.199 

g|| 1.928 1.942 1.939 

Sg' 13.707 13.380 13.388 

0.000 0.000 0.000 

A/X^ -7.712 -9.211 -8.552 

V/A' 0.000 0.000 0.000 

a, b 0.068 0.057 0.061 

c 0.991 0.992 0.989 

a'+b'+c' 0.992 0.990 0.986 

e 1.008 1.010 1.014 

%dx/ 99.1% 99.4% 99.3% 

a) All crystal field parameters were calculated assuming Taylor's "proper axis system", 
with gy= -gx = g±and gz = - g||; 

b) k is the orbital reduction parameter defined as \l{c^+b^+c\ 
c) The effective % of dxy character was calculated as c^*i 
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Figure 6.3. 4.2 K EPR spectra of a polycrystalline sample of [Fe0MTPP(?-BuNC)2]C104 
obtained by crystallization from toluene. 

The crystal field parameters indicate a very pure (dxz,dyz)'*(dxy)' ground state with 

99 % of dxy character and little spin-orbit mixing with the dxz and dyz orbitals (the a and b 

coefficients are very small) for all three porphyrin complexes. The rhombic splitting, 

y/X, is 0.0 due to degeneracy of the dxz and dyz orbitals; the negative sign of the 

tetragonality parameter, A/A., indicates that the dxy orbital is higher in energy than the dxz 

and dyz orbitals, and the values of A/A, of 7.71, 8.52 and 9.21 X indicate the gap between 

dxy and n orbitals of low-spin Fe(III) in [Fe0MTPP(/-BuNC)2]C104, [FeTCoTPPC/-

BuNC)2]C104, and [Fe0ETPP(/-BuNC)2]C104, respectively. A large deviation of the Lg' 

from the ideal value of 16 indicates that a substantial amount of orbital angular 



momentum is quenched, yet the g-values clearly identify the unpaired electron as 

occupying predominately a metal d orbital, rather than a porphyrin n molecular orbital 

composed of C and N pz orbitals. Similar crystal field parameters were obtained for 

[FeTPP(f-BuNC)2]C104 and [Fe0EP(?-BuNC)2]C104.^® The tetragonality, A/X, of bis-(4-

CNPy) iron(III) porphyrin complexes is substantially lower®^ (see also Chapter 5), 

indicating poorer 7t-accepting properties of the 4-CNPy ligand as compared to /-BuNC. 

Structures of {Fe0MTPP(/-BuNC)2lCI04. The molecular structure of 

[Fe0MTPP(r-BuNC)2]C104, molecule E, is shown in the ORTEP diagram (Figures 6.4 

and 6.5) along with the numbering scheme for the crystallographically unique atoms 

which reflects the presence of the mirror plane along the Nl-Fe-N3 vector. 

[Fe0MTPP(?-BuNC)2]C104, molecule F, has the same basic features and numbering 

scheme. The deviation of nonplanar porphyrin cores was plotted in Figures 6.6 and 6.7 

as a formal diagram and as a linear representation in order to get a quantitative estimation 

of the degree and type of non-planar distortion. The unique feature of both [FeOMTPP(/-

BuNC)2]C104 structures is their strongly saddled porphyrin core, which can be clearly 

seen in Figures 6.5 - 6.7. Yet, NMR (discussed later) and EPR spectroscopic results both 

clearly indicate a pure (dxz dyz)'*(dxy)' electronic ground state. To our knowledge, this is 

the first structurally characterized molecule where the (dxz dyz)'*(dxy)' ground state is 

stabilized in the presence of a saddled porphyrin core. Other structurally characterized 

57 bis-(f-BuNC) complexes of OEP and TPP adopt almost pure S4-ruffled conformations. 

Based on their ID 'H and '^C NMR and EPR spectroscopic results, Nakamura and 

coworkers^^ have predicted saddle-shaped structures with ruffled deformation (for both 
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[Fe0MTPP(?-BuNC)2]C104, and [Fe0ETPPFe(^-BuNC)2]C104) with more ruffling in the 

former complex. At the beginning we believed that the (dxz dyz)'^(dxy)' ground state 

should be stabilized both by 7t-accepting ligands and by a ruffled conformation of the 

porphyrin core because extreme ruffling of the porphyrinate ring facilitates extensive 

delocalization of the dxy unpaired electron into the porphyrinate 3a2u(7r) orbital. After 

obtaining the first saddled structure of [Fe0MTPP(/-BuNC)2]C104 (molecule E) we 

hypothesized that this complex is ruffled (or at least has a substantial degree of ruffling) 

in solution but by crystallization we managed to trap the transition state of the ring 

inversion, which is purely saddled, hi order to test this hypothesis we needed the crystal 

structures of bis-(/-BuCN) OETPP or TCeTPP complexes or the [FeOMTPP(/-

BUNC)2]C104 strucutre from different solvent systems. The only successful attempt 

resulted in crystals of [Fe0MTPP(?-BuNC)2]C104 (molecule F), which again showed a 

purely saddled conformation. In fact, the porphyrin cores are remarkably similar (see 

Figure 6.7). The average deviation of the P-Cs from the mean plane is ± 1.1 A for both 

[Fe0MTPP(?-BuNC)2]C104 molecules. The mej'o-Cs are almost in the porphyrin mean 

plane (the deviation is only 0.03 and 0.06 A for E and F, respectively). The average Fe-

Np bond distance of 1.981(7) A (molecule E) is typical for the other OMTPP complexes 

with various axial ligands,'^ and longer compared to the same distance in ruffled 

porphyrins.^' The average Fe-Np distance in molecule F is only 1.968(3) A and is 0.013 

A shorter than the same distance in E. Slight ruffling of molecule F compared to E can 

account for some shortening of the Fe - Np bond length of the former. 
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Figure 6.4. ORTEP diagram and atom labels for the macrocycle of [FeOMTPP(r-

BUNC)2]C104, molecule E. Thermal ellipsoids enclose 50% probability, and hydrogens 

are omitted for clarity. The mirror plane contains the Nl-Fe-N3 axis and is perpendicular 

to the mean plane. 

The lack of ideal geometry around the Fe(III) atom in [Fe0MTPP(/-BuNC)2]C104 

is evident from Figure 6.5. Axial ligands are not exactly perpendicular to the mean 

porphyrin plane, but rather are tilted, forming CAL-FC-NP* angles between 81 and 100" in 

both molecules of [FeOMTPP(r-BuNC)2]C104. It is interesting to note that the axial 

ligands are tilted in opposite directions, making the CAi.-Fe-CAi. (C201 - Fel - C301) 

angle close to linear (177.60" for molecule E and 179" for molecule F). The FC-CAL-NAL 

groups are also not quite linear with angles of around 170° for both complexes. The lack 

of ideal geometry around the Fe(III) atom was observed in [FeOEP{r-BuNC)2]^ and 

* C AI. is the C atom of Axial Ligand (t-BuNC) that is coordinated to Fe 
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[FeTPP(f-BuNC)2]'^,^''' but in these complexes both axial iigands were tilted in the same 

direction producing a smaller CAL-Fc-CAL angle of-174°. The Fc-CAL distances differ 

significantly for the two Iigands - 1.909(12) and 1.947(13) A for C301 and C201, 

respectively, in the structure of molecule E and 1.932(5) and 1.965(5) A, for C301 and 

C201, respectively for the structure of molecule F. On average, the Fc-CAL distances are 

significantly longer in molecule F and are comparable to the FC-CAL distances in OEP 

and TP?.-" 

Figure 6.5. Edge-on view of [Fe0MTPP(/-BuNC)2]C104, molecule E together with the 
numbering scheme for the axial Iigands. Thermal ellipsoids enclose 50% probability. 
The porphyrin core is purely saddled. 

In conclusion, both crystalline forms of [Fe0MTPP(r-BuNC)2]C104, obtained 

from CDiCh/dodecane (molecule E) and CD2Cl2/o-xylene (molecule F) have similar 

geometries, with purely saddled porphyrin cores, an unsymmetrical environment about 

CI204) 

CQOA) 

iC(202l 
C(203l 

C(304l 

C(302)| 

C(303| i  
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the Fe atoms and tilted axial ligands. There are, however, some differences between the 

molecular structures of E and F. Molecule F has a higher deviation of the meso-Cs from 

the porphyrin mean plane, and therefore, shorter Fe - Np distances and the CAL-FC 

distances are considerably longer in F as compared to the same distances in E. 

CI 

108 

-40' 
-115 

-45 
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CIO 109 

C! 

,-l!7 107 

-45 '46 

-37 

CIO 103 

Figure 6.6. Formal diagram of the porphyrinate core in [FeOMTPP(/-BuNC)2]^ a) for 
molecule E and b) for molecule F, showing the displacement of the atoms in units of 0.01 
A, from the mean plane of the 25-atom porphyrin core. 
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Figure 6,7. Linear display of the deviation of the macrocycle atoms from the mean 
porphyrin plane for two crystalline forms of [FeOMTPP(?-BuNC)2]^. Clearly, a saddled 
geometry with alternating pyrrole rings displaced above and below the porphyrin mean 
plane is observed for both samples. The geometries of the porphyrin cores are 
remarkably similar. 

NMR studies. Proton NMR spectra of [FeTPPfr-BuNC)2]C104^'^^ and [FeOEP(/-

BuNC)]2]C104"" in CD2CI2 as a function of temperature have been reported previously. 

Octaalkyltetraphenylporphyrin complexes can be considered a structural hybrid of TPP 

and OEP or, in a general sense, octaalkylporphyrins, so it is useful to compare the 

electronic properties of bis-(/-BuNC) complexes of OMTPP, OETPP, and TQTPP to 

those of the OEP and TPP systems. In particular the detailed investigations by 

Nakamura^^''^® of the 'H NMR properties and spin delocalization in the Fe(III) 

complexes of various meso- tetraalkyl porphyrins (T"PrP, T'PrP, and T^PrP), as well as 

OETPP and OMTPP with 7i-accepting axial ligands, are very useful for comparison with 

our results. In the present study, extensive ID and 2D NMR investigations of 

correlations between the chemical shifts and electronic properties of bis-(7-BuNC) Fe(III) 
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complexes of OMTPP, OETPP and TCeTPP, as well as determination of kinetic 

parameters for ring inversion for OETPP have been carried out. No 2D NMR data have 

been reported pervious to this study. 

'H ID and 2D NMR studies of [Fe0ETPP(/-BuNC)2jCI04. Proton NMR 

spectra of [Fe0ETPP(r-BuNC)2]C104 at 15, -40 and -93 °C are shown in Figures 6.8 and 

6.9. In addition to ethyl and phenyl resonances, free (F) and ligated (L) /-BuNC 

resonances are seen. Chemical shifts and relaxation times for -20 and -90° C are 

presented in Table 6.3. The temperature dependence of the chemical shifts is displayed 

as a Curie plot in Figure 6.10. Binding of /-BuNC is relatively unfavorable at any 

temperature above -20 °C, and an averaged signal for ?-Bu resonances can be seen in ID 

spectra (e.g.. Figure 6.8, at 15 °C). However, upon lowering the temperature this signal 

broadens and separates into free (F) and ligated (L) /-BuNC peaks below -20 °C (e.g.. 

Figure 6.8, at —40 °C). Measurements of spin-lattice relaxation times, T], were done at 

all temperatures. Overall the Ti values for [Fe0ETPP(/-BuNC)2]C104 are much longer 

than for either the OMTPP or TCoTPP analogs (see Tables 6.3, 6.4 , and 6.5). Ti 

decreases linearly with decreasing temperature for all peaks except the free ligand, for 

which it grows exponentially. Due to relatively long Ti values at all temperatures, and a 

fairly narrow chemical shift dispersion NOESY, ROESY and DQF-COSY experiments 

were chosen for the characterization of [Fe0ETPP(/-BuNC)2]C104. 

From the Curie plot (Figure 6.10) one can see that the dependence of chemical 

shift upon inverse temperature is biphasic, with two different linear regions: one for 

relatively high temperature (from -20 when /-BuNC binds relatively strongly, to -55 °C, 
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the coalescence temperature for the methylene peaks) and one for relatively low 

temperatures (where we have tight binding of the axial ligands and slow (on NMR 

chemical shift time scale) rate of ring inversion. 

CH, 

T = 15 °C 

T = -40 "C 

Figure 6.8. 'H NMR spectra of [Fe0ETPP(/-BuNC)2]C104 in CD2CI2 recorded at +15 
and -40 °C, together with peak assignment: o, m, p - phenyl resonances; F and L - free 

and ligated /-Bu protons; CH2(out) and CH2(in) - outer and inner methylene protons; CH3 
- methyl group of ethyl substituents on the jS-Cs; s - solvent, and * - impurities. 
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Figure 6.9. 'H ID and corresponding 2D NOESY/EXSY NMR spectra of [FeOETPP(/-
BuNC)2]C104 in CD2CI2 at -93 °C. The NOESY spectrum was acquired with a spectral 

width of 8.405 kHz, 512 x 128 complex points, 32 transients per tj increment, a 10 ms 

mixing time, and 125 ms relaxation delay. The spectrum was processed after application 
of a Gaussian apodization (32 ms and 8 ms). Note the large CE cross-peak between 
CH2(in) and CH2(out) even at such a low temperature. The drawing shows the definition 
of CH2(in) and CH2(out). 
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Table 6.3. The chemical shifts and Ti relaxation times for [Fe0ETPP(/-BuNC)2]C104 in 
CD2CI2 at two temperatures. 

Peak T - -20°C T =-90°C Assignment Peak 

Shift, ppm Ti, ms Shift, ppm T], ms 

Assignment 

L -2.11 198(2) -4.41 62.3(1) Bound ligand, r-Bu 

F 1.37 too broad 1.36 810(3) Free ligand, t-Bu 

CH3 1.24 110(1) 1.72 55.2(1) Porphyrin methyl 

CH2(in) n/a n/a 5.83 51.3(5) Methylene inner 

0 5.54 61.9(3) 6.96 < 37.4(2)" Porphyrin ortho-phenyl 

P 6.30 357(3) 6.94 < 244(4)" Porphyrin /jara-phenyl 

m 11.41 292(1) 11.31 196(1) Porphyrin meto-phenyl 

CH2(out) n/a n/a 19.42 48.5(7) Methylene outer 

CH2 8.33 67.9(2) n/a n/a Methylene oute/inner® 

a) Above Tc (-55 °C) there is only one CH2 peak that is the average between CH2(in) and 
CH2(out), due to the high rate of ring inversion. As the temperature is lowered ring 
inversion slows down and two different chemical environments for CH2 are detected. 
b) At -90 °C phenyl-o and -p are considerably overlapped, precluding accurate 
measurement of Ti, therefore, reported here are the values of Ti at -80 °C. Because Ti 
decreases as the temperature is lowered we expect phenyl-o and -p to have shorter Ti at -
90 °C. 

In general, there are two different chemical exchange processes occurring in a 

solution of non-planar saddled-shape porphyrins: ring inversion and ligand exchange 

(ligand dissociation from the complex and binding of free /-BuCN to the porphyrin core). 

Ligand exchange can be detected in ID experiments only by the presence of broad lines 

for free and ligated /-Bu signals. However, a semiquantitative way of studying the ligand 

exchange process is provided by 2D experiments (NOESY/EXSY and ROESY). For 

[Fe0ETPP(/-BuNC)2]C104, CE cross-peaks are observed between free and ligated t-

BuNC resonances at all temperatures above -70 °C, until finally, below -70 °C the ligand 
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exchange process becomes too slow to be detected by the EXSY method. This 

contradicts the conclusion of Nakamura, that the ligand exchange process is frozen below 

-40 and emphasizes the importance of 2D NMR techniques. 
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Figure 6.10. Curie plot of all proton resonances in [Fe0ETPP(/-BuNC)2]C104. 

The second important chemical exchange process in solutions of non-planar 

porphyrins is ring inversion. NMR spectroscopy is an excellent tool for obtaining 

quantitative information about the kinetics of this process. The methylene protons in 

[Fe0ETPP(f-BuNC)2]C104 appear as a single peak with increasing width as the 

temperature is lowered from RT to -55 °C (Figure 6.8). However, when temperature is 

lowered even further, this peak separates into two: CH2(out) and CH2(in) (see scheme on 
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Figure 6.9). The assignment was made by comparing the position of the methylene peaks 

in [Fe0ETPP(r-BuCN)2]C104 with those in [FeOETPP(l-MeIm)2]Cl,"^ [FeOETPP(4-
0s 

Me2NPy)2]Cl"® and [Fe0ETPP(4-CNPy)2]C104'^^(see also Chapter 5). Unfortunately, 

no NOE cross-peaks were observed between CH2(out) and the phenyl-ortho 

protons,which would make the assignment unambiguous. At a high rate of ring inversion 

the two chemical environments of the CH2 protons are averaged and only one peak is 

observed. However, at lower temperatures the rate of ring inversion is slow and two 

different chemical environments result in two chemical shifts for the CH2 protons in the 

NMR spectra (Figure 6.9). For these reasons, diastereotopic methylene protons can be 

used as an excellent probe of the rate of ring inversion in OETPP complexes. Results 

obtained for (OETPP)FeCl and various bis-ligated complexes are presented in great detail 

in Chapter 3. Low temperature 'H ID studies showed that the coalescence point, Tc, for 

the methylene signals in [Fe0ETPP(/-BuNC)2]C104 is -55 °C, making it possible to study 

the ring inversion of this complex by both DNMR (above Tc) and 2D NOESY/EXSY 

techniques (below Tc). From 2D NOESY data at -93 °C (the lowest accessible 

temperature) it is clear that the rate of ring inversion is still relatively high, since strong 

CE cross-peaks between CH2(in) and CH2(out) are observed (Figure 6.9). Again, this 

contradicts the statement by Nakamura that the ring inversion process is frozen on the 'H 

1 SR 
NMR time scale at any temperature below -80 "C, judging from ID spectra only. It 

100 , , 
should be noted that in this case the direct comparison of Nakamura's data with ours is 

possible only because we used the same magnetic field strength, 300 MHz. Otherwise, 

any increase in magnetic field increases Av, the difference in chemical shift in Hz, and 
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thereby makes the NMR time scale shorter (corresponds to lowering the temperature). 

Detailed analysis of kinetic data for ring inversion in [Fe0ETPP(/-BuNC)2]C104 will be 

discussed later. 

'H id and 2D NMR studies of |Fe0MTPP(^-BiiNC)2|C104. When /-BuNC was 

added to (OMTPP)FeCl only the peaks of five-coordinate (OMTPP)FeCI were observed 

down to -70 °C (porphyrin methyl peaks at 71 and 81 ppm), even in the presence of a 

1.5-fold excess of the axial ligand. This shows that the binding of r-BuNC to iron in 

(OMTPP)FeCl is relatively weak and comparable with the binding of CI". To overcome 

this, [Fe0MTPP(/-BuNC)2]C104, with the weakly-coordinating CIO4' that does not 

compete well with /-BuNC, was prepared. 'H spectra at -10 and -90 °C are shown in 

Figure 6.11. The Curie plot of the data for [Fe0MTPP(/-BuNC)2]C104, obtained over the 

temperature range 179-293 K, is shown inFigure 6.12; peak assignments, together with 

T] relaxation times, are presented in Table 6.4. In the Curie plot all resonances except 

the porphyrin CH3 have linear temperature dependence with intercepts (0.89(6), 8.6(1), 

7.71(4) and 6.70(7) ppm for L f-Bu, o, p, m, respectively) at nearly the diamagnetic 

values at T"' = 0. The Ti values (Table 6.4) of all protons in [Fe0MTPP(?-BuNC)2]C104 

are relatively short (15-100 ms) and decrease even further as the temperature is lowered. 

In contrast, the T1 of free /-BuNC increases exponentially with decreasing temperature. 

'H 2D experiments (COSY, NOESY and ROESY) were carried out in the 

temperature range from 0 to -50 °C and at -90 °C. Due to the short relaxation times 

(Table 6.3), experiments with more pulses and delays, like DQF-COSY, result in spectra 

with diminished cross-peak intensity or even in the loss of cross-peaks. For this reason, a 
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simple magnitude-mode COSY spectrum was obtained at -10 °C. It was possible to 

a s s i g n  t h e  p o r p h y r i n  p h e n y l  r e s o n a n c e s  d u e  t o m - p  a n d  m - o  c r o s s  p e a k s .  T h e  m -  o  

cross-peak was very weak, because the Tj of the phenyl-ortho peak is only 0.014 s at this 

temperature. 
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Figure 6.11. IH NMR spectra of [Fe0MTPP(f-BuNC)2]C104 in CD2CI2 recorded at-10 
and -90 °C together with peak assignment: o, m, p - phenyl resonances; F and L - free 
and ligated /-Bu protons; CH3 - methyl group on the pyrrole /3-Cs; s - solvent, and * -
impurities. 
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Table 6.4. The chemical shifts and Ti relaxation times for [Fe0MTPP(f-BuNC)2]C104 in 
CD2CI2 at two temperatures. 

Peak 1 0
 0 n
 

T = -90"C Assignment Peak 

Shift, ppm Ti ,  ms Shift, ppm T], ms 

Assignment 

L -1.723 106(9) -3.387 3.7(1) Bound ligand, /-Bu 

CH3 0.936 22.6(1) -4.373 5.7(3) Porphyrin methyl 

F 1.406 160(3) 1.425 454(2) Free ligand, /-Bu 

0 2.809 14(2) -0.502 1.0(3) Porphyrin orrAo-phenyl 

P 5.070 98.8(7) 3.559 17.8(10) Porphyrin /jara-phenyl 

m 13.128 69.5(2) 16.670 11.0(2) Porphyrin meta-phenyX 

20 n 
(FeOMTPP(f-BuNC) 
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1 0 -

m 

5 -

.5 -

^  1  J  ^  1  ^ ^  
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Figure 6.12. Curie plot of all proton resonances in [Fe0MTPP(^-BuNC)2]C104. 



At -50 °C there is only one cross peak, m - p, in the COSY spectrum. The T| relaxation 

time of phenyl-o becomes too short at this temperature for the m - o cross-peak to be 

observed. 

In both NOESY and ROESY experiments the following cross-peaks were seen: 

NOE between phenyl m - p at all temperatures, due to the close proximity of these 

protons; NOE between phenyl m-o only at 0 and -10 °C; chemical exchange (CE) cross-

peaks between ligated (L) and free (F) /-Bu group, indicating a fast ligand exchange 

process. Below -50 °C this process becomes too slow for the F - L cross-peaks to be 

observed in the EXSY experiments. 

ID and 2D NMR studies of |FeTC6TPP(/-BuNC)2]C104. NMR 

experiments for the [FeTCV, l PP(^BuNC)2]C104 complex were done in the temperature 

range from +30 to -90 °C and two example spectra, at -10 and -80 "C. together with the 

peak assignments are shown in Figure 6.13. Unlike in the case of [FeOETPP(/-

BUNC)2]C104 and fFe0MTPP(/-BuNC)2]CI04, binding of r-BuNC is much stronger, and 

relatively sharp peaks for free and ligated t-Bu protons are observed, even at high 

temperatures (see Figure 6.13, 1D NMR spectrum at -10 °C). Peak assignment was based 

on COSY results and is presented in Table 6.5, together with the corresponding 

relaxation times, Ti. From this table one can see that all resonances of [FeTC6TPP(/-

BUNC)02]C104 have very short Ti values that decrease upon lowering the temperature. 

For peaks that are close to the paramagnetic center (CH2(a) and phenyl-orf/jo) the TI, 

even at room temperature, is on the order of 10 ms. As the temperature decreases, the Ti 

and T2 values bccome too short for these peaks to be observed even in simple ID 



dependencies of the chemical shifts on the Curie plot (Figure 6.14) were extrapolated to 

infinite temperature (T"' = 0), and the chemical shifts obtained were compared to those 
% 

for the free porphyrin, H2TC6TPP (for peak assignment of H2TC6TPP see Chapter 2). 

For all peaks, except CH2(a), the paramagnetic shifts at infinite temperature matched 

fairly well with the diamagnetic shifts. For CH2(a) the extrapolated shift was much 

higher compared to the diamagnetic shift (6.99 vs 2.33 ppm). The COSY experiment 

was the first choice for peak assignment, because it has fewer pulses and delays 

compared to DQF-COSY. The values of relaxation times, predicted chemical shifts and 

integrations of ID spectra also assisted in peak assignment. NOESY and ROESY 

experiments (the spectral window is narrow enough for ROESY spin-lock experiment to 

be used in peak assignment) were applied to support the assignments from COSY data 

and to assign the free and ligated f-Bu resonances. Both techniques were used only down 

to -70 °C, since at lower temperatures all peaks had extremely short TiS and were not 

observed (or were very broad) in the 2D spectrum. From NOESY and ROESY 

experiments we have learned that ligand exchange is detectable in solutions of 

[FeTC6TPP(r-BuNC)2]C104 only above -20 °C which is a much higher temperature as 

compared to OMTPP or OETPP complexes. Ring inversion is too fast on the NMR time 

scale at any temperature, so that even the CH2(a) resonance does not show any 

broadening. The apparent width of CH2(a) peak can be explained by its extremely short 

T2 rather than by the presence of a slow ring inversion process. This is not surprising, 

because it was already shown in Chapter 3 that the porphyrin core in TCgTPP is very 

flexible compared to either OMTPP or OETPP. While ring inversion in (TC6TPP)FeCl is 
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already close to the detection limit of NMR, based on the fact that free energy of 

activation, AG% in five-coordinate (OETPP)FeCl is almost twice as high as AG* in six-

coordinate [Fe0ETPP(?-BuNC)2]C104 (66(4) vs. 36(1) kJ mol"'), a much faster rate of 

ring inversion beyond the detection limit of NMR for [FeTC6TPP(/-BuNC)2]C104 is 

predicted. 
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Figure 6.13. 'H NMR spectra of [FeTC6TPP(?-BuNC)2]C104 in CD2CI2, recorded at -10 
and -80 °C, together with peak assignments: o, m,p- phenyl resonances; F and L - free 

and ligated /-Bu protons; CH2(a) and CH2(P) - methylene protons in a and P positions 
with respect to the pyrrole /3-Cs; s - solvent, and * - impurities. 
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Figure 6.14. Curie plot of all proton resonances in [FeTC6TPP(^-BuNC)2]C104 

At relatively high temperatures, the following NOE cross-peaks can be observed 

in NOESY and ROESY spectra: m -p\ m-L /-Bu; CH2(a) - CH2(P). NOE cross peaks 

between phenyl-w and L r-Bu is interesting because it tells us something about the 

orientation of the phenyl rings with respect to the porphyrin core; as commonly found in 

saddled porphyrins, the phenyl rings rotate into the porphyrin plane to minimize 

unfavorable contacts with the substituents on the P-pyrrole carbons. In general, the 

orientation of the phenyl ring correlates with the degree of saddled distortion in the 

molecule; more pronounced saddled distortion results in smaller phenyl dihedral angle. 

On the other hand, in ruffled or planar porphyrins, the phenyl dihedral angles are much 

closer to perpendicular, bringing phenyl-w close to the methyl groups of the /-BuNC 

ligand. Thus, from the NMR spectra (NOEs) we can make some suggestions about the 
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geometry of the porphyrin core in [FeTC6TPP(f-BuNC)2]C104: it is partially ruffled, 

resulting in the phenyl m - L r-Bu NOE cross-peaks in the 2D NOESY, and much less 

distorted from planarity compared to [Fe0ETPP(/-BuNC)2]C104 and [FeOMTPP(/-

BuNC)2]C104, because the rate of ring inversion is very fast on the NMR time scale. 

Table 6.5. The chemical shifts and Ti relaxation times for [FeTC6TPP(?-BuNC)2]C104 in 
CD2CI2 at two temperatures. 

Peak H
 

II 
i 

0
 

0
 

0
 

T = -80T Assignment Peak 

Shift, ppm Ti,  ms Shift, ppm T|, ms 

Assignment 

L -2.093 13.4(3) -2.989 3.0(1) Bound ligand, /-Bu 

CH2(a) -1.446 8.3(1) -4.353 1.7(2) Methylene (a) 

F 1.410 739(5) 1.491 595(2) Free ligand, /-Bu 

CH2{|3) 1.655 26.4(3) 1.629 11.8(3)' Methylene (P) 

0 2.646 4.2(2) 0.796" Too short Porphyrin ort/jo-phenyl 

P 5.784 60.0(4) 5.208 12.8(1) Porphyrin para-phenyl 

m 13.649 36.8(1) 15.944 9.2(1) Porphyrin we/a-phenyl 

a) Obtained at -50 °C. At lower temperatures the CH2(P) peak is overlapped with some 
impurities which preclude accurate measurement of T]. Because Tj decreases upon 

lowering temperature, its value at -80 °C should be smaller than shown. 
b) Calculated from the Curie plot (Figure 6.14) by extrapolating the line for porphyrin 
phenyl-o to low temperatures, where this peak is extremely broad. 

The NMR conclusions are supported by the structural data for (OETPP)FeCl, 

(OMTPP)FeCl'^'^, and (TC6TPP)FeCl presented in Chapter 4. The latter complex is the 

least non-planar and the most ruffled of the three. The same can be said when comparing 
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the geometry of [FeOETPP(l-MeIm)2]Cl, [FeOMTPP(l-MeIm)2]Cl and [FeTCeTPPCl-

MeIm)2]C104 (see Chapter 4). 

NMR and Spin State of S4-Sad(Iled Porphyrins. 

In 2D solution NMR studies of bis-(f-BuNC) iron(III) complexes of OETPP, 

OMTPP and TCeTPP, .two chemical exchange processes have been detected: ligand 

exchange and ring inversion. The lignad exchange process becomes undetectable on the 

NMR time scale at -70, -50, and -20 °C for OETPP, OMTPP and TC6TPP, respectively, 

indicating that the binding abiUties of these porphyrins to ?-BuNC increase in the 

following order: OETPP < OMTPP < TCcTPP. 

The difference in orbital interaction in the (dxy)*(dx/ dyz)^ and (dxz,dy2)''(dxy)' type 

complexes could induce a large change in spin densities at the porphyrin carbon and 

nitrogen atoms. As was shown by DPT calculation in the case of the common ground 

2 3 • state, (dxy) (dxz,dyz) , there is a large spin density at the pyrrole p positions, whereas in the 

case of the less common ground state, (dxzdyzAdxy)', negligible spin delocalization 

occurs to the pyrrole p position and large spin delocalization occurs to the porphyrin 

meso positions.^^ The difference in spin distribution results in extremely different NMR 

spectra. Therefore, NMR is an extremely useful technique to probe the electronic 

configuration of paramagnetic porphyrins. 

For the novel (dxzdyz/(dxy)' ground state, the d^ orbitals of Fe(III) are filled, but 

the dxy unpaired electron can engage in spin delocalization to the porphyrinate ring if it is 

r u f f l e d ,  a n d  s u c h  r u f f l i n g  i s  q u i t e  e x t r e m e  i n  m a n y  o f  t h e  r e p o r t e d  c o m p l e x e s " I n  
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line with this, the pyrrole-H paramagnetic shift for the bis-(?-BuNC) and bis-(4-CNPy) 

complexes of TPP and for the bis-(2,6-Xyly!NC) complex of p-TMP is close to its 

diamagnetic value, indicating no spin density at the jS-Cs, while the meso-phenyl-H shift 

differences, 5m - 5p, and 6m - 8o, are both large and positive (+12 to +19 ppm at ambient 

temperatures),''^ indicating a large positive spin density at the meso-Cs. In the saddled 

bis-(f-BuNC) complexes of OETPP, OMTPP, and TCeTPF a similar trend is observed: 

the weso-phenyl-H chemical shift differences, 6m - 6p, and 6m - 6o are both large and 

positive (+5 to +11 at -20 °C) but somewhat smaller (~ 50 %) than the same values in 

ruffled porphyrins (see Table 6.6). Therefore, spin delocalization to the meso-Cs is 

reduced in saddled porphyrins, where the mechanism of stabilization of the (dxzdyz)'*(dxy)' 

ground state by porphyrin 3a2u(7r) -• dxy Fe delocalization is absent or greately reduced. 

Low spin delocalization into porphyrin /S-Cs in the bis-(/-BuNC) porphyrin complexes of 

this study is reflected in the diamagnetic positions of methyl (OMTPP) and methylene 

(OETPP and TCeTPP) resonances(see Table 6.6). 

The phenyl proton chemical shifts in NMR, as well as g values in the EPR 

spectra, for [Fe0MTPP(/-BuNC)2]C104 and [FeTC6TPP(/-BuNC)2]C104 are very similar 

to each other and to the corresponding values in [FeTPP(/-BuNC)2]C104, which is known 

to be strongly ruffled. This suggests that all three complexes have a comparable 

contribution of the (dxz.dyz)'^(dxy)' electron configuration to the porphyrin ground state and 

as a result, similar spin distributions around the porphyrin core and, which would lead to 

similar NMR and EPR behavior. On the other hand, '^C results^® as well as smaller 

positive values of the meso-phenyl chemical shift differences, 6m - 6p and 6m - 6o, for 
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[Fe0ETPP(?-BuNC)2]C104 suggest that the spin densities at the meso-Cs are smaller than 

those of analogous OMTPP and TCeTPP. Thus, the contribution of the (dx2,dyz)'^(dxy)' 

state decreases in the order; TPP > OMTPP, TCeTPP > OETPP. 

Table 6.6. Chemical shifts for selected resonances in complexes with (dxzdyz)'*(dxy)' 
ground state. 

Porphyrin T,K Spyrr' 5p 60 5m- Op 6m - 60 

[FeOETPP(r-BuNC)2]^ 253 +8.33 + 11.41 +6.30 +5.54 +5.11 +5.87 

[FeOMTPP(/-BuNC)2]' 263 +0.94 +13.13 +5.07 +2.81 +8.06 + 10.32 

[FeTC6TPP(/-BuNC)2]^ 263 -1.45 +13.65 +5.78 +2.65 +7.87 + 11.00 

[FeTPP(r-BuNC)2]^*' 298 +9.7 + 13.8 +3.2 + 1.0 +10.6 + 12.8 

[Fe(p-TPP)(2,6- 297 + 10.7 +16.5 +2.4' -3.4 H l g f  + 19.9 

XylylNC)2]^'' 

a) 6pyn- CH3 group for OMTPP, CHjCouter) for OETPP and CH2(a) for TCeTPP. 
b) Results are taken from Ref. [144] 
c) Methyl-H shift 
d) Expected positive and large difference 

This somewhat contradicts the structural results that predict pure saddled 

conformation for [Fe0ETPP(r-BuNC)2]C104 and [Fe0MTPP(/-BuNC)2]C104 complexes, 

close to equal mixture of saddled and ruffled geometry for [FeTC6TPP(/-BuNC)2]C104 

(on the basis of (TC6TPP)FeCl and [FeTCfX 1 -MeIm)2]Cl structures), and ruffled 

geometry for [FeTPP(/-BuNC)2]C104 cores. On this basis (increase in saddled and 

decrease in ruffled distortion) the above order should be as follows: 
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TPP > TCeTPP > OMTPP > OETPP. 

From these it is apparent that the geometry of the porphyrin core is important but not the 

crucial factor in defining the ground state of iron(III) porphyrin complexes. 

Kinetic Studies of Ring Inversion in [Fe0ETPP(r-BuNC)2]C104. 

Above the coalescence temperature: ID dynamic NMR. DNMR. The ring 

inversion in [Fe0ETPP(?-BuNC)2]C104 was studied by DNMR at temperatures above Tc 

= -55 °C, and the rate constants were calculated using equations 3.10. As before, the 

linewidth of the averaged methylene signal, CH2, in [Fe0ETPP(?-BuNC)2]C104 was 

plotted versus lOOOri/T and is displayed in Figure 6.15. The beginning, nearly flat, high 

temperature (extremely fast ring inversion) part of this plot (jfrom +25 to -10° C) 

represents the dependence of the inherent linewidth Wo upon viscosity and temperature, 

lOOOri/T, without the influence of ring inversion. Linear extrapolation fi^om this region 

to the lower temperature regime allows us to obtain Wo at any necessary temperature (the 

equation for the extrapolated line is Wo = -17.9 + 25909r|/T, with R = 0.96) and to 

calculate the difference in linewidth, W*-Wo, the portion of the linewidth, which is due 

only to the presence of chemical exchange. 

By linear fitting of the data ii-om the Curie plot (Figure 6.16), the analytical 

expression for the temperature dependence of the chemical shift of CH2(in) and CH2(out) 

was found to be: 

CH2(out): 5 = (-15.31 ± 0.03) ppm + (6.35 ± 0.06)1000/T, R= 1.0 (6.1) 

CH2(in): 5 = (1.06 ± 0.38) ppm + (0.88 ± 0.07)1000/T, R= 1.0 (6.2) 
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These dependences were extrapolated to relatively high temperatures where only 

the average methylene signal is observed. This was used to calculate the difference in 

chemical shifts between the two methylene signals, Av, and then the rate of ring 

inversion, kex, in [Fe0ETPP(f-BuNC)2]C104 in the temperature rage from -10 to -50 °C 

using Equation 3.10. Based on these results part of the Eyring plot (Figure 6.17) was 

constructed. 
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Figure 6.15. Temperature dependence of the linewidth, W*, of the methylene protons in 
[Fe0ETPP(/-BuNC)2]C104 above the coalescence point (-55 °C), showing extreme line 
broadening upon cooling. The difference between the straight line extrapolation of the 
beginning flat part and W* is attributed to the chemical exchange process involving the 
inversion of the porphyrin ring. 

At the coalescence temperature. The coalescence temperature, Tc, can be used to 

estimate the rate of ring inversion and the free energy of activation according to standard 
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Equation 3.9. By extrapolating the linear dependences of methylene chemical shifts from 

the Curie plot (Figure 6.16) to the Tc (-55 °C) the difference between them was found to 

be 8.76 ppm or 2.62 kHz at this temperature. This allowed us to calculate the values of 

the rate of ring inversion and free energy of activation at -55 "C to be 5.83-10^ s"' and 

37.1 kJmol"'. 
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Figure 6.16. Curie plot for methylene resonances in [Fe0ETPP(/-BuNC)2]C104 below -
60 °C. Points were fit with linear dependences in order to obtain the Av value for 
calculation ofkex of ring inversion. 

Below the coalescence temperature: NOESY/EXSY. Below the coalescence 

point the kinetics of ring inversion of [Fe0ETPP(/-BuNC)2]C104 was studied using the 

2D NOESY/EXSY experiment over the temperature range from -75 to -93 °C. The 

mixing time was set to 1-10 ms which is much shorter than the relaxation time, Ti, of the 

methylene protons, because even at low temperatures the ring inversion process is very 
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fast, and longer mixing times lead to saturation of the signals and loss of the rate 

information. It should be remembered that there are experimental constraints on the 

mixing time itself, based upon the relaxation times, Ti, which become important for 

paramagnetic complexes, such as the low-spin iron(III) porphyrinates of this study. 

Crans and co-workers have found that optimum mixing times should ranged from (0.5 -

1.5)Ti in their studies of a four-site exchange system having unequal abundances and 

multiple rate constants.So it is possible that reaction rates and nuclear TjS may be 

incompatible with measurement of rate constants in some fast-relaxing systems. The fact 

that the CE for [Fe0ETPP(/-BuNC)2]C104 is observed even at low temperatures indicates 

relatively high flexibility of this complex due to low steric constraints of /-BuNC ligand. 

Therefore, short mixing times of only 0.02-0.2 Ti were used. By repeating the 

measurements at 3-4 different mixing times it was shown that such short mixing times 

still result in reproducible data. 

The NOESY/ EXSY spectra were used to obtain the volumes of diagonal and 

cross-peaks for CH2(in) and CHiCout). With this information, the rates of ring inversion 

at low temperatures were calculated using Equation 3.11, and the second half of the 

Eyring plot was constructed (Figure 6.17). Data obtained for both DNMR and 

NOESY/EXSY are in good agreement with each other, and can be described using one 

linear dependence, the slope of which corresponds to the enthalpy of activation, AH% and 

the intercept to the entropy of activation, AS^. Therefore, the activation parameters for 

[Fe0ETPP(/-BuNC)2]C104 were determined from linear fitting of both data sets together: 

AH* = 40.4(4) kJ mol"' and AS* = 13(2)J mol"' K"'. These values predict that the free 
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energy of activation, AG % is 36(1) kJ mol"' and rate of ring inversion is 2.6-10^ s"' at 25 

°C. These data are close to the values obtained for Na[FeOETPP(CN)2] (see Chapter 3) 

and reflect the pure process of ring inversion of the OETPP core. On the other hand, 

OETPP complexes with planar aromatic axial ligands have substantially higher AG' (on 

the order of 60 kJ mol"') that include both ring inversion and ligand rotation activation 

contributions. 
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Figure 6.17. Eyring plot of the kinetic data obtained for porphyrin ring inversion in 
[Fe0ETPP(f-BuNC)2]Ci04 in CD2CI2 above (from DNMR) and below (NOESY) the 
coalescence temperature. 
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Conclusion 

Two crystal structures of [Fe0MTPP(7-BuNC)2]Cl04 were obtained with purely 

saddled porphyrin cores and an asymmetrical environment around Fe(IIl). To our 

knowledge, this is the first example of a porphyrin complex with purely saddled 

conformation that stabilizes the (dxz dyz)'^(dxy)' ground state. Usually a ruffled geometry is 

required because twisting of the pyrrole rings creates xy component of nitrogens pz 

orbitals, and therefore, proper symmetry for interaction of porphyrin a2u orbital with an 

unpaired electron in dxy orbital of Fe(III). It then follows that, all complexes with 

(dxzdyz)^(dxy)' grouud state, which structures have been reported, adopt ruffled 

57,200 geometnes. 

On the basis ofNMR and EPR results, the following points can be made: (i) the 

ground state of bis-(/-BuNC) complexes of OETPP, OMTPP and TC^TPP are represented 

mainly (91-94 %) as the (dxzdyz)^(dxy)' state; (ii) the contribution of the (dxz dyz)'*(dxy)' 

state to the electronic ground state is equal in the OMTPP and TC6TPP complexes but 

somewhat smaller in the OETPP complex, probably due to a higher degree of saddled 

distortion in the latter; (iii) while EPR is an excellent technique for determination of 

porphyrin ground states it is limited to low temperatures only; 'H NMR chemical shifts 

can be a good indication of the ground state of a porphyrin complex at biologically 

relevant conditions; (dxz dyz)'^(dxy)' ground state with a high spin delocalization into 

porphyrin meso-positions and low into /3-Cs is characterized by large and positive meso-

phenyl-H shift differences, - Oo, and dm - 5p, and close to diamagnetic shifts of groups 

(CH3 or CHi) directly attached to P-Cs. The flexibility of the porphyrin cores decreases 



with increasing non-planar distortion in the order TCaTPP > OMTPP > OETPP and, in 

the same order, decreases the binding ability to r-BuNC ligand. 

To summarize, we conclude that ruffled geometry stabilizes the (d>7 dy7 

ground state, but is not necessary for its presence; therefore the ground state of the 

porphyrin complexes is defined mainly by the number and nature of axial ligands. 
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Chapter 7 

Conclusions and Future Directions 

The goal of the work presented in this dissertation was to find structure-property 

relationships for synthetic models of the heme h centers in the cytochrome bci complex 

in a way that by doing spectroscopic experiments, structural information can be gained, 

especially taking into account that it is difficult to get high resolution structure of large 

protein complexes. The findings from this work can be summarized as follows: 

1. Five-coordinate octaalkyltetraphenyliron(III) porphyrins are predominantly HS 

(S = 5/2) with 2-10 % of IS (S = 3/2) mixed in the ground state as is indicated by the EPR 

studies. NMR chemical shifts (methyl and methylene groups are in the downfield region; 

the meso-phenyl-H shift differences, 5„, - bp and 5m - are relatively large and positive) 

suggest high a (dx2-y2) and n (dxz. dyz) spin delocalization in the pyrrole jS positions and 

some K spin delocalization in the me^o-phenyl positions (Fe(d;i) P 4e(7x*) or 3a2u(7t)), 

which is consistent with the predicted electron distribution around the porphyrin core. 

2. Bis-(4-CNPy) complexes of OMTPPFe'" and TC{,TPPFe"' at relatively high 

temperatures and OETPPFe'" at any temperature are IS. A pure IS state is characterized 

by g > 4 and around 2 in the EPR spectra, large downfield shifts of methyl or methylene 

resonances, and large and negative values for 8^ - 8p and 8m - 8o in the 'H NMR spectra. 

3. Six-coordinate pyridine, imidazole and cyanide complexes are all LS (S = 1/2) 

with (dxy)^(dxz,dyz)^ ground states that are characterized by high downfield shifts of 

methyl or methylene groups on the pyrrole-^ positions (however, much smaller than in 
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the case of HS complexes), and "large gmax" EPR spectra in the case of cyanide or planar 

aromatic ligands in perpendicular (70-90°) planes, or normal rhombic EPR for parallel (0-

30°) ligand orientation. The range of angles over which the EPR signal type must switch 

from normal rhombic to "large gmax" has been narrowed to 30-70° and it may be true as 

well that an angle as low as 38° (observed for the heme bn) produces a "large gmax" EPR 

signal. Unfortunately, the structure of [0ETPP(l-MeIm)2]Cl with a 50" angle seems to 

have serious problems, therefore nothing certain can be concluded about the spectroscopy 

of the complex with such a small 'perpendicular' angle. In the future, more efforts 

should be put into investigation of various complexes in hope to find some with the angle 

between the axial ligands in the range of 30 to70". In this regard 1 -Melm, ImH, 4-

MeHIm, and 1-Bzyllm complexes are the most promising. 

4. Bis-{4-CNPy) complexes at low temperatures, as well as bis-(/-BuNC) 

complexes, are LS and have the novel (dxy,dyz)^(dxy)' ground state with axial EPR signal 

(gi > 2 > g||), high spin delocalization to the porphyrin /new-positions and small or zero 

spin delocalization to the pyrrole-/? positions. The ruffled geometry of the porphyrin core 

helps in the stabilization of this ground state, but the present work shows that it is not 

necessary for its presence. We believe that the nature of the axial ligands (weak a-donor 

and/or strong n acceptor) is the primary factor that defines the electronic ground state. 

To our knowledge, [FeOMTPP(/-BuNC)2]" is the first complex shown to have a purely 

saddled porphyrin core that stabilizes the (dxz,dyz)'*(dxy)' ground state. 

5. In terms of crystal structures, all complexes are predominantly saddled with 

different degrees of non-planarity that decrease in the order OETPP > OMTPP > 



TCeTPP. The ruffled component in the crystal structures increases in the same order and 

reaches a maximum of 17, 30, and 39% for OETPP (with 4-Me2NPy), OMTPP (with 4-

McaNPy) and TCgTPP (with CI"), respectively. 

6. Preliminary results from cyclic voltammetry not mentioned above show 

positive shifts in the reduction potentials for iron complexes with hindered (2-MeHlm) as 

compared to complexes with non-hindered (Him) ligands by +172, +133, and +88 mV 

for OETPP, OMTPP, and TCeTPP, respectively, indicating a higher relative stability of 

Fe(II) with perpendicular ligand orientation than is observed with me^o-only substituted 

porphyrinates. This is exactly what we are looking for! It seems that there is a direct 

correlation between the degree of non-planar saddled distortion and the stability of the 

Fe(II) complexes: the higher the distortion the larger the absolute value of the difference 

in reduction potentials for bis-(2-MeHIm) and bis-(HIm) complexes, and therefore, the 

higher the stability of the Fe(II) complex. However, these are only preliminary results 

and more detailed analysis, as well as more accurate repeated measurements, are needed. 

After full characterization of the dodecasubstituted iron(III) complexes the 

synthesis and characterization of their Fe(II) analogs is the next natural step. Ideally, X-

ray crystallography would be an excellent technique to demonstrate that the geometry of 

the porphyrin core and relative orientation of the axial ligands are preserved in the Fe(II) 

systems; however, this would require single crystals of Fe(II) compounds which might be 

hard to obtain. In that case, different spectroscopies can be used to study the stability, 

geometry and ground state of Fe(II) complexes. Unfortunately, LS Fe(II) systems are 

EPR silent and have diamagnetic NMR spectra (the information from the isotropic shift is 
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lost); however, NMR kinetic studies can provide information about the core flexibilities, 

and Mossbauer spectroscopy is an extremely useful tool for the determination of the 

ground state of ^'^Fe(II) and the geometry of heme centers. 

The work presented in this dissertation has shown the importance of the 

octaaalkyltetraphenylporphyrinato iron(II][) model system for better understanding of the 

structure and role of heme centers in the cytochrome bcj complexes and in heme proteins 

in general. 
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APPENDIX A 

Selected NMR Spectra and Data for the Curie Plots for Complexes in this Study 
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All chemical shifts are for the complexes in CDiClj, unless otherwise stated. 

Table Al. Chemical shifts for free base porphyrins of this study. 

Porphyrin 0 m/p CH(a)" CH((5)" NH 
H2OMTPP 8.27 7.73 1.84 N/A 
HjTCsTPP 8.13 7.71 2.31 1.49 -2.42 
H2OETPP 8.32 7.72 2.61;1.90 0.43 -2.0 
atOETPP"  ̂ 8.48 7.82 2.33:2.04 0.34 -2.0 

a) CH(a) refers to CH3 group in the case of H-OMTPP, CH2 in the case of H2OETPP and CH2(a) in 
the case of H2TC6TPP. 

b) CH(P) refers to CHj in the case of H2OETPP and CH2(P) in the case of H2TC6TPP. 

Table A2. Chemical shifts of proton resonances in (OMTPP)FeCl (Figure 3.3). 

1000/T CH, CH3(1) CH3(1) m{l} m{2) 0(1) 0(2) P 
3.247 49.11 ~ ~ 12.967 12.7 9.943 7.509 6.967 
3.3 49.927 ~ — 13.058 12.78 10.116 7.557 7.003 
3.408 51.526 ~ — 13.233 12.933 10.397 7.734 7.071 
3.534 53.577 — — 13.463 13.132 10.855 8.08 7.18 
3.663 55.631 — ~ 13.689 13.327 11.348 8.349 7.295 
3.802 57.84 — — 13.931 13.533 11.867 8.686 7.43 
3.925 60.48 ~ ~ 14.193 13.754 12.472 9.06 7.585 
4.115 65.73 60.36 14.475 13.99 13.173 9.503 7.768 
4.292 69.411 62.02 14.781 14.24 13.938 9.969 1.913 
4.484 72.803 64.586 15.11 14.511 14.781 10.513 8.108 
4.695 76.371 67.584 15.468 14.8 15.722 11.086 8.452 
4.926 80.314 70.873 15.865 15.116 16.809 11.753 8.742 
5.181 84.69 74.551 16.311 15.471 18.043 12.53! 9.071 
5.464 89.485 78.592 16.812 15.862 19.427 13.388 9.438 

Table A3. Chemical shifts of proton resonances in (OETPP)FeCl (Figure 3.5). 

1000/T CH2(1) CH2(2) CH2(3) CH2(4) o(1) 
3.24675 43.708 37.33 34.335 23.614 10.296 
3.30033 44.417 37.877 34.87 23.845 10.46 
3.40832 45.95 38.89 35.94 24.29 10.84 
3.59712 48.633 40.717 37.781 24.943 11.592 
3.663 49.6 41.4 38.46 25.22 11.861 
3.73134 50.548 41.965 39.053 25.379 12.141 
3.95257 53.43 43.89 41 26.06 12.944 
4.29185 58.22 47.14 44.12 27.05 14.28 
4.69484 63.95 50.95 47.7 28.08 16.219 
5 68.66 53.88 50.308 28.7 17.754 

Table A4. Chemical shifts of proton resonances in (OETPP)FeCl in C2D2CI4 (Figure 3.5). 

1000/T CH2(1) CH2(2) CH2(3) CH2(4) oil)  
3.40368 49.889 36.925 32.687 20.396 11.674 
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3.30033 48.21 36.179 32.073 20.381 11.173 
3.19489 46.531 35.424 31.417 20.339 10.761 
3.09598 44.916 34.677 30.727 20.263 • 10.333 
3.003 43.42 33.966 30.056 20.175 9.985 
2.959 42.662 33.601 29.789 20.093 9.832 
2.915 42.034 33.303 29.392 20.002 9.696 
3.3 47.571 35.921 31.881 20.43 11 
3.195 45.206 34.824 30,873 20.291 10.41 
3.096 43.197 33.881 29.97 20.133 9.942 
3 41.382 33 29.135 19.975 9.53 
2.915 39.909 32.149 28.414 19.849 9.216 
2.832 38.169 31.306 27.882 19.5 8.696 

Table A5. Chemical shifts of proton resonances in (F2oOETPP)FeCl (Figure 3.8). 

1000/T CH.(1) CH2(2) CH2(3) CH2(4) CHJCD CH,(2) 
3.80228 54.916 52.145 44.512 35.075 6.018 2.469 
3.73134 53.801 51.083 43.542 34.3% 5.889 2.482 
3.663 52.725 50.041 42.62 33.74 5.773 2.473 
3.59712 51.739 49.113 41,766 33.138 5.615 2.484 
3.53357 50.728 48.158 40.887 32.527 5.4 2.495 
3.47222 49.796 47.272 40.106 31.958 .. 2.507 
3.41297 48.879 46.436 39.332 31.389 — 2.498 
3.3 47.118 44.776 37.812 30.322 5.021 2.602 
3.246 46.313 43.993 37.143 29.82 5.021 2,629 

Table A6. Chemical shifts of proton resonances in (TC6TPP)FeCl (Figure 3.10). 

T,C 1000/T CH2(a)l CH2(a)2 mil)  m(2) o(l) 0(2) CH2(P)I P CH2(P)2 
25 3.3557 55.12 53,55 13.25 12.84 9.4 6.85 7.043 7.56 5.61 
21.4 3.39674 56.46 54.7 13.397 12.977 — — 7.194 7.607 5.719 
0 3.663 61.732 59.506 13.833 13.314 10.28 6.997 - 7,576 5.947 
-10 3.80228 64.527 62.019 14.148 13.588 10.54 7.156 7.98 7,662 6.142 
-20 3.95257 67.64 64.845 14.508 13.901 10.976 7.331 8.345 7,774 6.369 
-25 4.03226 69.402 66.43 14.706 14.073 11.169 7,54 8.543 7.839 6.489 
-30 4.11523 71.167 68.023 14.915 14.258 11.539 7.55 8.76 7.912 6.625 
-40 4.29185 74.833 71.319 15.327 14.61 12.05 7.8 9.179 8.04 6.88 
-50 4.4843 79.229 75.277 15.835 15.047 12.79 ~ 9.702 8.208 7.186 
-60 4.69484 83.595 79.157 16.338 15.477 13.549 ~ 10.23 8.385 7.507 
-65 4.80769 86.329 81.634 16.655 15.751 14.029 — 10.566 8.489 7.711 
-70 4.92611 88.929 83.939 16.955 16.01 14.504 — 10.89 8,594 7.908 
-75 5.05051 91.6 86.385 17.271 16.28 15.01 11.228 8.701 8.126 
-80 5.18135 94,675 88.916 17.601 16.561 15.6 11.584 8.814 8.4 
-90 5.46448 94.632 18.396 17,25 12.463 9.109 ~ 

Table A7. Chemical shifts of proton resonances in (0MTPP)FeC104 (Figure AI). 

T/C 1000/T CHj CHsd) CH3(2) 0 m P 
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30 3.30033 59.4 11.878 9.363 7.559 
21 3.40136 61.363 11.992 9.415 — 

10 3.53357 64.4 — — 12.163 9.494 7.495 
0 3.663 67.2 — — 12.346 ~ 7,443 
-10 3.80228 69.916 ~ ~ 12.535 9.644 7.394 
-20 3.95257 72.963 ~ — 12.723 9.722 7.348 
-30 4.11523 75.985 ~ 12.902 9.81 7.306 
-40 4.29185 79.217 — 13.143 9.901 7.27 
-50 4.4843 83.03 — 13.391 9.998 
-60 4.69484 87.85 — 13.64 10.101 — 

-70 4.92611 92 ~ ~ 13.939 10.216 7.127 
-80 5.18135 92 102 14.229 10.346 ~ 

-85.3 5.32765 91.654 107.693 14.391 10.422 — 

-90 5.46448 93.23 111.07 14.642 10.5 — 

-93.3 5.56483 94.357 114 14.848 10.554 -

Table A8. Chemical shifts of proton resonances in (0ETPP)FeC104 (Figure A2). 

T , T  1000/T 0 P m CHj CH2(2) CHjd) 
23 3.37838 12.97 9.783 7.234 0.5% 
0 3.663 13.56 10.036 7.05 0.488 
-10 3.80228 13.76 10.15 6.96 0.447 
-20 3.95257 14.068 10.274 6.884 0.383 
-30 4.11523 14.359 10.394 6.809 0.279 
-40 4.29185 14.701 10.509 6.747 0.231 
-50 4.4843 14.99 10.65 6.673 0.19 
-60 4.69484 15.37 10.803 6.583 0.1 — ~ 

-70 4.92611 10.992 6.484 ~ 45.21 83.41 
-80 5.18135 ~ 11.193 6.366 -1.385 47.19 87.96 
-90 5.46448 — 11.432 - -2.046 49.55 92.62 

Table A9. Chemical shifts of proton resonances in {TC6TPP)FeC104, sample with CIO4" coordinated to 
Fe(III) (Figure A3). 

O
H

 

1000/T CH2(a) 
1 

CH2(a) 
2 

oil)  0(2} mil)  m (2)  P CHaCP) 
1 

CHzCp) 
2 

30 3.3003 72.581 67.77 11.676 9.934 8.681 4.992 2.069 
23 3.3783 74.469 69.413 11.824 — 9.819 8.726 5.02 1.988 
10 3.5335 78.826 73.313 12.177 — 9.821 8.841 5.078 1.825 
0 3.663 82.619 76.695 12.479 _ 10.174 9.759 8.933 5.132 1.679 
-10 3.8022 86.124 79.813 12.723 10.2 9.714 9.01 5.168 1.532 
-20 3.9525 90.219 83.462 13.023 10.4 10.193 9.669 9.093 5.2 1.369 
-30 4.1152 94.691 87.44 13.258 10.58 10.168 9.626 9.177 5.25 1.2 
-40 4.2918 99.477 91.71 13.682 10.741 10.17 9.588 9.264 5.3 0.993 
-60 4.6948 110.39 101.46 14.396 11.047 10.153 9.453 9.453 5.4 0.543 
-70 4.9261 117 107.34 14.778 11.199 10.142 9.44 9.545 5.43 0.277 
-80 5.1813 123.71 113.70 15.179 11.35 10.125 9.363 9.641 5.613 0.056 
-90 5.4644 15.596 11.492 10.151 9.282 9.733 -0.292 
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Table AlO. Chemical shifts of proton resonances in pFeOMTPP(4-Me2NPy)2]Cl (Figure 3.15). 

T, C 1000/T CH, LCHs L 3.5-H P m 0 L 2.6-H 
0 3.663 18.689 — 6.473 6.146 4.478 
-5 3.73134 18.739 14.71 — 6.379 6.085 4.348 
-10 3.80228 18.821 14.92 - 6.328 6.044 4.232 
-15 3.87597 18.923 15.292 — 6.277 5.988 4.098 
-20 3.95257 19.048 15.788 — 6.203 5.933 3.982 6.11 
-25 4.03226 19.19 16.05 11.35 6.154 5.881 3.848 
-30 4.11523 19.351 16.85 11.75 6.124 5.821 3.728 6.68 
-35 4.20168 19.532 17.45 11.964 6.072 5.761 3.597 6.968 
-40 4.29185 19.715 17.705 12.219 6.023 5.702 3.466 7.02 
-45 4.38596 19.911 18.148 12.464 5.967 5.643 3.332 7.225 
-50 4.4843 20.13 18.612 12.752 5.912 5.577 3.189 7.35 
-55 4.58716 20.339 19.062 13.027 5.852 5.506 3.04 7.36 
-60 4.69484 20.595 19.607 13.39 5.783 5.443 2.9 7.399 
-70 4.92611 21.1 20.678 14.121 5.646 ~ 2.534 7.36 
-80 5.18135 21.641 21.85 14.977 5.496 5.076 2.146 7.25 
-90 5.46448 22.222 23.154 15.973 5.325 4.866 1.716 7.116 

Table All. Chemical shifts of proton resonances in pFeTC6TPP(4-Me2NPy)2|Cl (Figure 3.18). 

1000/T CH2(a) LCHj L 3.5-H m P 0 CH2(P) L 2.6-H 
5.55556 — 20.192 10.265 6.1.34 5.939 3.12 -0.939 -17.8 
5.46448 30.74 19.862 10.1 6.167 5.969 3.209 -0.88 -17.5 
5.37634 30.508 19.558 9.948 6.197 5.995 3.279 -0.828 -17.36 
5.29101 30.2 19.247 9.794 6.228 6.024 3.355 -0.774 -17.2 
5.18135 29.756 18.843 9.5% 6.271 6.063 3.459 -0.702 -16.93 
5.10204 29.48 18.55 — 6.302 — 3.533 -0.65 -16.74 
5.02513 29.23 18.268 9.314 6.33 6.141 3.604 -0.602 -16.56 
4.92611 28.8893 17.892 9.133 6.369 6.152 3.7 -0.537 -16.37 
4.69484 28.099 17.032 8.734 6.454 6.234 3.917 -0.389 -15.78 
4.4843 27.395 16.287 8.406 6.532 6.308 4.11 -0.261 -15.27 
4.29185 26.728 15.59 8.117 6.599 6.375 4.277 -0.146 -14.71 
4.11523 26.075 14.917 7.872 6.662 6.467 4.456 -0.033 -14.11 
3.95257 25.504 14.319 7.676 6.716 6.501 4.617 0.067 -13.50 
3.80228 25.006 13.764 6.764 6.558 4.764 0,158 -12.85 
3.663 24.602 13.19 6.805 6.632 4.902 0.24 -12.19 

Table A12. Chemical shifts of proton resonances in pFeF2oOETPP(4-Me2NPy)2|Cl (Figure 3.23). 

CD2CI2 
1000/T LCHj L 3,5-H CH;(OUt) CH2(in) CH3 
3.38983 15.466 12.25 — ~ 1.15 
3.53357 16.56 12.65 ~ — 1.24 
3.663 17.218 13.068 12.32 3.62 1.29 
3.80228 17.94 13.54 12.62 3.45 1.34 
3.95257 18.73 14.08 12.85 3.28 1.4 
4.11523 19.59 14.66 13.12 3.187 1.474 
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4.29185 20.525 15.313 13.395 2.895 1.55 
4.4843 21.54 16.02 13.69 2.705 1.637 
4.69484 22.67 16.811 13.997 2.47 1.736 
4.92611 23.9 17.68 14.31 2.204 1.843 

C2D2CI4 
3.19489 14.596 11.71 - - 1.08 
3.09598 14.11 11.431 - - 1.04 
3.003 13.65 11.21 - - 1.02 
2.91545 13.22 11.013 - - 0.99 
2.83286 12.77 10.84 - - 0.98 

Table A13. Chemical shifts of proton resonances in [FeOETPP(4-Me2NPy)2|Cl (Figure A4). 

1000/T T, 
°C 

LCH3 L 3,5-H CH2(out) P m CH2(in) 0 CH3 L 2,6-H 

3.80228 10 14.522 14.07 12.257 6.466 5.485 4.275 4.275 1.02 1.4 
3.95257 20 15.209 14.26 12.251 6.347 5.357 4.101 3.952 1.083 1.91 
4.03226 25 15.613 14.412 12.264 6.283 5.307 4 3.775 1.119 2.14 
4.11523 30 15.961 14.566 12.282 6.227 5.219 3.908 3.621 1.149 2.345 
4.20168 35 16.395 14.785 12.323 6.157 5.137 3.8 3.42 1.185 2.5 
4.29185 40 16.752 14.983 12.361 6.104 5.071 3.71 3.27 1.214 2.6 
4.38596 45 17.151 15.223 12.41 6.045 5.018 3.611 3.119 1.249 2.72 
4.69484 60 18.633 16.221 12.626 5.833 4.723 3.24 2.947 1.376 2.88 

Table A14. Chemical shifts of proton resonances in [FeOMTPP(l-McIm)2]Cl (Figure 3.25). 

1000/T CHj L CH, L 4.5-H P m 0 L2-H 
3.41297 21.2 6.916 6.774 4.361 
3.53357 20.891 6.778 6.543 4.676 
3.663 20.78 6.954 6.387 4.905 
3.80228 20.81 6.455 5.804 4.433 
3.95257 20.975 6.317 5.656 4.134 
4.11523 21.26 6.201 5.499 3.841 
4.29185 21.65 19 6.087 5.342 3.54 
4.4843 22.15 20.18 11.19 5.967 5.176 3.23 -3.24 
4.69484 22.745 21.34 11.26 5.845 5.003 2.905 -3.55 
4.92611 23.44 22.61 11.48 5.718 4.817 2.565 -3.98 
5.18135 24.27 24.08 11.54 5.579 4.609 2.192 -4.42 

Table A15. Chemical shifts of proton resonances in Na|[FeOETPP(CN)2| in DMF-rf/ (Figure 3.27). 

T . C  1000/T P m 0 CHj CH2 
-57 4.62963 5.669 4.883 2.285 0.903 
-53 4.54545 5.729 4.97 2.46 0.894 7.06 
-50 4.4843 .. 5.034 2.587 0.887 6.95 
-47 4.42478 5.817 5.098 2.689 0.882 6.87 
-40 4.29185 5.91 5.236 2.984 0.868 6.795 
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o
 1 4.11523 6.038 5.424 3.39 0.848 6.752 

-20 3.95257 6.148 5.591 3.663 0.829 6.695 
-10 3.80228 6.243 5,741 3.954 0.816 6.634 
0 3.663 6.334 5.881 4.215 0.801 6.569 
10 3.53357 6.412 6.003 4.451 0.789 6.503 
22 3.38983 6.498 6.143 4.715 0.773 6.474 
30 3.30033 6.545 6.219 4.861 — 6.361 
40 3.19489 6.607 6.317 5.049 0.758 6.317 
50 3.09598 6.664 6.405 5.217 0.751 6.221 
60 3.003 6.712 6.484 5.379 — 6.16 
70 2.91545 6.755 6.553 5.52 0.737 6.008 
80 2.83286 6.803 6.624 5.655 - -

Table A16. Chemical shifts of proton resonances in p^e0MTPP(4-CNPy)2|C104 (Figure 5.13). 

T, T lOOO/T CH, 0 P m L 3,5-H L 2,6-H 
0 3.663 67.787 13.466 10.302 6.761 
-10 3.80228 67.861 13.657 10.419 6.664 
-30 4.11523 65.76 13.568 10.442 6.659 
-50 4.4843 59.261 12.375 9.938 7.186 
-70 4.92611 46.93 9.986 8.816 8.473 
-75 5.0505] 42.855 9.036 8.454 8.912 27.7 
-80 5.18135 39.023 8.283 8.108 9.374 23.478 20.14 
-82 5.2356 ~ ~ ~ — 21.888 16.615 
-83 5.26316 36.618 ~ 7.901 9.673 20.883 13.229 
-85 5.31915 35.041 7.514 7.768 9.869 19.069 
-87 5.37634 33.56 7.229 7.641 10.052 17.375 
-90 5.46448 31.386 6.809 7.458 10.335 14.888 — 

-92 5.52486 29.908 6.522 7.331 10.533 13.102 -0.99 
-93 5.55556 29.059 6.402 7.277 10.625 12.375 -2.61 
-94 5.58659 28.56 6.265 7.219 10.721 11.502 -4.238 

Table A17. Chemical shifts of proton resonances in P'e0ETPP(4-CNPy)2]C104 (Figure 5.15). 

1000/T T,°C CHiCout o CH2(in) P m CHs L 3,5-H L 2,6-H 
3.24675 35 41.284 15.924 13.921 11.809 5.56 0.608 
3.30033 30 41.827 16.11 13.904 11.917 5.482 0.67 
3.367 24 42.571 16.312 13.904 12.034 5.388 0.753 
3.73134 -5 46.432 17.358 14.006 12.624 4.964 1.092 
3.80228 -10 47.27 17.549 14.041 12.735 4.89 1.155 
3.87597 -15 48.051 17.743 14.086 12.832 4.821 1.203 
3.95257 -20 49.014 17.939 14.129 12.949 4.739 1.277 
3.47222 15 43.608 16.631 13.915 12.22 5.257 0.856 
3.53357 10 44.258 16.808 13.929 12.325 5.186 0.913 — 

3.59712 5 44.973 17.002 13.944 12.428 5.106 0.981 
3.663 0 45.705 17.198 13.955 12.539 5.024 1.044 
4.03226 -25 49,917 18.123 14.19 13.047 4.669 1.339 64.64 101.77 
4.11523 -30 50.884 18.327 14.226 13.166 4.585 1.409 65.95 103.42 
4.20168 -35 51.883 18.519 14.273 13.278 4.501 1.484 67.265 105.72 



414 

4.29185 -4-0 52.921 18.746 14.311 13.388 4.402 1.565 68.741 108.27 
4.38596 -45 54.015 18.978 14.376 13.523 4.33 1.621 70.208 110.74 
4.4843 -50 55.218 19.219 14.425 13.656 4.229 1.699 71.655 112.56 
4.58716 -55 56,297 19.43 14.471 13.773 4.14 1.765 73.251 115.42 
4.69484 -60 57.541 19.669 14.511 13.904 4.092 1.859 74.928 117.9 
4.80769 -65 58.805 19.929 14.562 14.049 3.938 1.925 76.577 120.7 
4.92611 -70 60.092 20.168 14.608 14.189 3.835 2.004 78.32 122.994 
5.05051 -75 61.552 20.453 14.665 14.346 3.713 2.093 80.253 127.1 
5.18135 1 iO©

 
:0

 

63.0622 20.7341 14.69 14.507 3.591 2.169 82.3 130.11 
5.46448 -90 66.146 21.312 14.827 14.827 3.337 2.3% 86.354 137.02 

Table A18. Chemical shifts of proton resonances in fFeTC6TPP(4-CNP>)2]C104 (Figure 5.19). 

1000/T T, T CH2(a) o P m CH:(|3) L 3,5-H L 2,6-H 
3.38983 22 — — — 1.793 
3.663 0 51.308 — .. ~ 2.101 
3.80228 -10 39.065 7.102 7.832 9.88 2.265 
3.95257 -20 28.815 6.092 7.545 10.54 2.43 
4.11523 -30 21.246 5.291 7.334 11.133 2.586 
4.29185 -40 16.067 4.694 7.195 11.637 2.733 
4.4843 -50 12.626 4.251 7.112 12.079 2.871 3.54 24.34 
4.58716 -55 11.38 4.068 7.084 12.283 2.937 4.68 26.29 
4.69484 -60 10.395 3.912 7.066 12.486 3.007 5.599 27.79 
4.80769 -65 9.527 3.754 7.048 12.686 3.074 6.448 29.36 
4.92611 -70 8.779 3.619 7.04 12.89 3.145 7.186 30.75 
5 -73 8.448 3.511 7.034 13.009 3.187 7.619 31.44 
5.07614 -76 8.109 — 7.028 13.127 3.228 8.031 32.22 
5.18135 -80 7.701 3.286 7.026 13.287 3.286 8.548 33.12 
5.26316 -83 7.394 ~ 7.02 13.42 3.331 8.982 33.92 
5.34759 -86 7.129 7.016 13.547 3.377 9.371 34.59 
5.46448 -90 6.813 ~ 7.013 13.714 3.436 9.873 35.53 
5.55556 -93 6.591 ~ 7.009 13.845 3.484 10.254 36.25 

Table A19. Chemical shifts of proton resonances in p<'e0ETPP(/-BiiNC)2]C104 (Figure 6.10). 

1000/T T,°C CH2(out) CH2(in) m P o CH3 L /-Bu 
5.55556 -93 20.1 5.91 11.262 7.006 7.153 1.769 -4.607 
5.46448 -90 19.42 5.828 11.313 6.939 6.939 1.721 -4.414 
5.37634 -87 18.812 5.767 11.36 6.871 6.871 1.686 -4.252 
5.26316 -83 18.11 5.684 11.412 6.793 6.678 1.636 -4.037 
5.18135 -80 17.53 5.63 11.445 6.739 6.548 1.598 -3.88 
5.05051 -75 16.81 5.44 11.494 6.659 6.374 1.55 -3.653 
4.92611 -70 15.92 11.527 6.585 6.204 1.4% -3.431 
4.80769 -65 15.23 _ 11.551 6.528 6.084 1.458 -3.254 
4.69484 -60 — 11.562 6.477 5.961 1.416 -3.073 
4.58716 -55 ~ .. 11.564 6.435 5.871 1.378 -2.922 
4.4843 -50 „ 11.56 6.401 5.787 1.374 -2.771 
4.42478 -47 ~ „ 11.551 6.381 5.752 1.341 -2.696 
4.385% -45 ~ - 11.549 6.375 5.733 1.335 -2.65 
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4.34783 -43 ~ 9.19 11.54 6.361 5.704 1.32 -2.596 
4.29185 -40 ~ ~ 11.529 6.349 5.672 1.305 -2.522 
4.23729 -37 „ 8.85 11.516 6.338 5.648 1.2% -2.446 
4.16667 -33 8.75 11.497 6.325 5.618 1.281 -2.357 
4.11523 -30 ~ 8.56 11.477 6.316 5.588 1.268 -2.301 
4.06504 -27 ~ 8.555 11.462 6.31 5.583 1 262 -2.236 
4 -23 ~ 8.421 11.434 6.303 5.55 1.294 -2.157 
3.95257 -20 ~ 8.329 11.412 6.298 5.541 1.236 -2.109 
3.90625 -17 ~ 8.247 11.393 6.295 5.536 1.231 -2.038 
3.84615 -13 — 8.15 11.373 6292 5.528 1.222 -1.951 
3.80228 -10 — 8.078 11.36 6.292 5.523 1.216 -1.875 
3.7594 -7 ~ 8.015 11.328 6.292 5.52 1.212 -1.765 
3.7037 -3 ~ 7.937 11.284 6.292 5.52 1,203 -1.53 
3.663 0 ~ 7.883 11.258 6.295 5.522 1.199 ~ 

3.62319 3 ~ 7.835 11.232 6.297 5.527 1.192 -0.64 
3.58423 6 ~ 7.792 11.204 6.301 5.538 1,188 -0.3 
3.53357 10 ~ 7.742 11.169 6.308 5.546 1,181 -0.2 
3.47222 15 7.698 11.124 6.319 5.564 1,175 0.179 

Table A20. Chemical shifts of proton resonances in |TFe0MTPP(/-BuNC)2]C104 (Figure 6.12). 

1000/T L f-Bu CH, o P m 
3.40136 — 3.134 5.3 12.791 
3.534 -1.723 0.936 2.809 5.07 13.128 
3.663 -1.943 0.465 2.551 4.944 13.36 
3.80228 -2.083 0.006 2.299 4.831 13.621 
3,95257 -2.217 -0.483 2.016 4.707 13.908 
4.11523 -2.354 -0.983 1.654 4.581 14.207 
4.29185 -2.5 -1.488 ~ 4,431 14.605 
4.4843 -2.658 -2.036 — 4.276 14.943 
4.69484 -2.823 -2.614 0.805 4.109 15,313 
4.92611 -3.006 -3.2 0.339 3.969 15,7 
5.18135 -3.182 -3.738 -0.1 3.772 16.173 
5.46448 -3.387 -4.373 -0.502 3.559 16.67 
5.58659 -3.46 -4.623 -0.633 3.479 16.872 

Table A21. Chemical shifts of proton resonances in p^eTC6TPP(f-BuNC)2]C104 (Figure 6.14). 

O o
 

1000/T m P 0 CHaCP) CHsCa) L f-Bu 
10 3.53357 13.212 5.885 3.01 1.679 0.705 1.901 
0 3.663 13.423 5.836 2.833 1.661 1.077 1.996 
-10 3.80228 13.649 5,784 2.646 1.655 1.446 2.093 
-20 3.95257 13.914 5,714 2.402 1.648 1.858 2.209 
-30 4.11523 14.177 5.65 2.25 1.645 2.316 2.316 
-40 4.29185 14.464 5.579 — 1.642 2.63 2.444 
-50 4.4843 14.781 5.497 1.639 3.073 2.576 
-60 4.69484 15.116 5.408 1.638 3.478 2.694 
-70 4.92611 15.503 5.32 1.631 3.955 2.851 
-80 5.18135 15.944 5.208 1.629 4.353 2.989 
-90 5.46448 16.584 5.086 1.619 3.181 



Figure Al. Curie plot of protoH resonances in (0MTPP)FeC104. 

Figure A2. Curie plots of proton resonances in (0ETPP)FeC104. 
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Figure A3. Curie plot of proton resonances in (TC6TPP)FeC104, sample with CIO4" coordinated to Fe(III). 
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APPENDIX B 

Examples ofNMR Settings for NOESY, ROESY, COSY, and DQF-COSY 'H 2D 
Experiments and Measurements of Pulse Width,/w, and Relaxation Times, Tt. 

Measurements of pulse widMi. pw. on Varian Unitv300. 

Run a 'H ID NMR with standard settings. If you are using the inverse probe (with 'H as 

an inner coil) it should be tuned to the proton frequency. Move the cursor to some sharp peak 

(not solvent) and type movetof * Set nt=l, rerun the ID experiment, expand the selected peak 

and phase correct it. Then enter pw=5.6 (the best estimate of 90° pulse), 21, 22, 23, 24, 25 (the 

values of 360° pulse); set dl=5, gain='y' and run the experiment again. Remember that, while 

pw values are in fis, all the delay values are in seconds. Because it is hard to detect the highest 

point of the signal that results from a 90° pulse, look for a null point of the 360° pulse. To process 

the FIDs obtained enter wft (weighted Fourier transform) followed by ai (absolute intensity 

necessary for the fair comparison of peak intensities) and finally, dssh (display stacked spectra 

horizontally). Look for a 'null' point. Let's say it is close to pw = 23. Repeat the experiment 

setting pw=22.2, 22.6, 23.0, 23.4, 23.8. Find 'null' point. Set pw to half of this value (180° 

pulse) and repeat the experiment. The signal should be near null. The value for the 'null' point 

obtained for 360° pulse should be divided by 4 to get the value of the 90° pulse. Smaller 

increments of arrayed data for the pw measurements arc not necessary because the highest 

precision for the measured pw is O .l^is 

Measurement of the relaxation time. Ti. 

* Everything in bold should be typed at the prompt; things in italic are NMR parameters 
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Set up a standard 'H ID experiment with the proper spectral width (w) and transmitter 

oflfeet {toj). Measure 90° pw according to the above procedure and set it to the measured value 

(for example, pw=5.6). Enter the name of the macro - dotl. It will ask you about the shortest Ti 

(usually I set it to 0.001 s) and the longest Ti (1 s) and finally, about the experiment time (0.2 

hours). Then enter go. To process the data enter wft and then dssh. Make sure that the first 

spectra are upside-down, then null, and the last spectra are right-side-up. If you set the wrong 

value for pw the spectra will not look that way, so you can easily spot an error in your acquisition 

parameters. Display the last spectrum, ds(#) (where # is the number of spectra after the dssh) 

followed by fd (full display) or wc=256 and vp=0 (to bring the spectrum down). Expand the 

pcak(s) of interest, set the threshold (Th), enter nil followed by fp (find peak) and finally tl. The 

displayed values of Ti are in seconds. 

Setting up and processing the NOESY and ROESY experiments. 

Set up for a standard proton acquisition, shim, tune and acquire a 'H ID spectrum. 

Narrow the spectral window (movesw) to include peaks of the interest and reacquire the spectrum 

to make sure that all your peaks are included. Enter noesy or roesy. This will call up the setup 

macro with standard NOESY or ROESY parameters. Unfortunately, for paramagnetic molecules 

most of these must be adjusted. Set np=1024 (this is the number of points in the directly detected 

dimension) and ni=128 (this is number of increments in the indirectly detected, low resolution, 

dimension). In the NOESY experiment pw should be set to a 90° pulse, measured according to 

the above procedure. The mixing time, mix, should be set to the average Ti of the fest relaxing 

protons and usually it is on the order of 50 ms. However, for the EXSY experiments (which are, 

basically, NOESY experiments with adjusted mixing times) mix should be set to 0.2Ti-2Ti for the 

exchanging protons and usually it is on the order of 1-10 ms. The relaxation delay, dl, should be 

set to the following value: dl >Ti-at - mix. where Ti is the value of relaxation time of the 
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slowest relaxiing proton, ~100-500 ms, and at is the acquisition time defina! by w. Set nt to the 

multiple of 8 that will give the amount of time you have plaimed to run your experiment. This 

number is imposed by the phase cycle used to eliminate artifects in a 2D spectrum. In the case of 

a ROESY experiment pw should be set to a 30° pulse (measure the pulse width of 360° pulse and 

divide it by 12 to get the duration of 30° pulse) and /?i to a 90° pulse. The parameter for spin 

lock, ratio, should be set according to the following equation: 

ratio = 1 , where pw(360°) is the 360° pulse width in seconds. 
J7W(360°)5W 

As one can see, a wide spectral window will result in a small value of ratio, which can be 

dangerous by causing the sample to overheat and even damage the probe. To avoid this, try to 

keep ratio < 8. Because of the possibility of sample overheating, set sspul='y' and the number of 

dummy scans (when pulses are delivered but no data are recorded) to a large number (ss=128). 

For the NOESY experiment sspul can be set to sspul='n' and ss can be kept low (ss=8). Also use 

interleave mode, il='y', and bs=4, so that you can take a look at your data while the experiment is 

still running. Set double precision, dp='y', homospoil, hs='n', and gain='y', which will disable 

autogain and set the gain to the value obtained from the ID spectrum. 

To process the data, set up the following processing parameters: 

fn = 2-np - number of points in the second dimension, Fi, after zero-filling; 

fnl = 4-ni - number of points in the first dimension, Fi, after zero-filling; 

wft(l) - process the first FID; phase it and do the baseline correction by integrating every 

peak in the spectrum and typing be (baseline correction) afterwards. 

wti - adjust the weighting function (for both NOESY and ROESY the Gaussian 

apodization function is used. Make sure that it ends at the end of your FID); 

wftlda - performs the Fourier transform in the first dimension. 
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b£('f2') - does the baseline correction in the second dimension (F2). 

Then select with the cursor one horizontal row corresponding to a peak and enter wti -

this adjusts the weighting (apodization ftinction) in the second dimension. 

wft2cla - performs the Fourier transform in the second dimension. 

trace='f2' sets the F2 dimension along the horizontal axis. 

If the Gaussian function is not set as the defeult, before processing your data enter Ib='n', 

lbl='ii', g^at and gll=at/2. You nay need to adjust the last two parameters by using wti 

command. To make the 2D spectrum square enter wc= 156 and wc2=156. wc is the width of the 

spectrum and it ranges from 0 to 256. 

Setting up and processing the COSY and DOF-COSY experiments. 

Shim, tune, acquire a 'H ID spectrum and adjust the spectral window to fit ail the peaks 

of interest. Enter cosy or dqcosy to call up the setup macro for these experiments. Set np=1024 

(or to 2048), iii=128, make sure Aat w and swl are both equal to the spectral window of the 

narrowed 'H ID spectrum. Setpw to the 90° pulse, set the relaxation delay, dl, on the order of T, 

of the slow relaxing protons (0.3-0.5 s), presat =0, check phase (should be an array of two 

integers (1,2) for the States mode), il='y', dp='y', hs='n', sspiil='0', and set nt to a multiple of 8. 

Turn off sample spinning by typing spia='n' and also by going into the acqi mode and changing 

the spin setting from 20 to 0. Go will start data acquisition. Set the following processing 

parameters; fiti=2-0p, fiBl=4-nl, pmo«Ie='fiill' (this is a processing mode which will allow phase 

corrections in both dimension after the 2D transform), gf='n', sb=at/2, sbs=§, gfl='n\ 

sbl=ni/(2-swl), sbsl=0 (with these commands we are turning off the Gaussian apodization 

fimction and turning on an unshifted sine-bell function in both dimensions), lp=§ and rp=fl. 

Then follow the standard procedure for processing 2D data. While processing COSY enter wftld 

and wftld instead of wftlda and wfl2da. 
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Abstract: Three bis-axially iigated complexes of iron(lll) octaethyltetraphenylporphyrin, (OETPP)Fe"', have 
been prepared, which are low-spin complexes, each with two axial nitrogen-donor ligands (TV-methylimidazole 
(W-Melm), 4-(dimethylamino)pyridine (4-NMe2Py), and 2-methylimidazole (2-MelmH)). The crystal and 
molecular stracture of the bis-(2-MeImH) complex shows the macrocycle to be in a saddled conformation, 
with the ligands in perpendicular planes aligned at 14° to the porphyrin nitrogens so as to relieve the steric 
interaction between the 2-methy! groups and the porphyrin. The Fe—N(por) bond lengths are typical of nonplanar 
six-coordinate low-spin Fe®^' complexes, while the axial Fe—N(ax) bond lengths are substantially longer than 
those of [(TFP)Fe(2-MeImH)2]"'" (2.09(2) A as compared to 2.015(4) and 2.010(4) A). The crystal and molecular 
structure of the bis-(4-NMe2Py) complex also shows the macrocycle to be in a mainly saddled conformation, 
but with a significant ruffled component. As a result, the average Fe—N(por) bonds are significantly shorter 
(1.951 A as compared to 1.974 A) than those of the bis-(2-MelmH) complex. One ligand is aligned at 9° to 
two trans porphyrin nitrogens, while the other is at 79° to the same porphyrin nitrogens, producing a dihedral 
angle of 70° between the ligand planes. The EPR spectrum of this complex, like that of the bis-(2-MeImH) 
complex, is of the "large gmax" type, with gniax = 3.29 and 3.26, respectively. However, in frozen CD2CI2, 
t(OETPP)Fe(yV-MeIm)2]'*' exhibits both "large gam" and normal rhombic signals, suggesting the presence of 
both "perpendicular" and "parallel" ligand orientations. The 1- and 2D 'H NMR spectra of each of these 
complexes, as well as the chloroiron(III) starting material, were investigated as a function of temperature. The 
COSY and NOESY/EXSY spectra of the chloride complex are consistent with the expected ^-coupling and 
saddle inversion dynamics, respectively. Complete spectral assignments for the bis-(//-MeIm) and -(4-NMe2-
Py) complexes have been made using 2D 'H NMR techniques. In each case, the number of resonances due to 
methylene (two) and phenyl protons (one each) is consistent with D2d symmetry, and therefore an effective 
perpendicular orientation of the axial ligands on the time scale of the NMR experiments. The temperature 
dependences of the 'H resonances of these complexes show significant deviations from Curie behavior, and 
also evidence of extensive ligand exchange and rotation. Spectral assignment of the eight methylene resonances 
of the bis-(2-MeImH) complex to the four ethyl groups was possible through the use of 2D 'H NMR techniques. 
The complex is fluxional, even at —90 °C, and ROESY data suggest that the predominant process is saddle 
inversion accompanied by simultaneous rotation of the axial ligands. Saddle inversion becomes slow on the 
2D NMR time scale as the temperature is lowered in the ligand order of A'-Melm > 4-NMe2Py > 2-MelmH, 
probably due mainly to progressive destabilization of the ground state rather than progressive stabilization of 
the transition state of the increasingly "hindered" bis-ligand complexes. 

Introduction 

Porphyrins and metalloporphyrins are confomiationally flex
ible, and multiple macrocycle conformations have been observed 
crystallograpMcally. In biological systems, distortions from 
planarity have been observed in photosynthetic reaction cen
ters,'-- light-harvesting complexes,'" heme proteins.-"* and 
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distortions from planarity in vivo that could modulate their 
physical and chemical properties. In model compounds, non-
planar distortions of the macrocycle can be induced by steric 
interactions between the peripheral substituents""" or between 
porphyrin and axial ligands,̂ "® by protonation and N-
substitution,*' by bridging the macrocycle with short-chain alkyi 
groups,by insertion of a metal or nonmetal whose radius 
does not match the size of the porphyrin hole,'*'^"^  ̂or by partial 
saturation of the macrocycle.'-"-^ Distortions may also be 
induced by electronic factors such as bonding interactions with 
It-acid ligands that stabilize the oibitals of the metal, which, 
for low-spin Fc(III), produce the (dx-,d»j)'*(d;^)' ground state in 
which the djy—porphyrin ar-interaction can occur only if the 
porphyrin ring ruffles.^'^^-^® 
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and symmetry of the molecular orbitals," which in turn can 
modify the electronic structure,"'^"-^-^''"'  ̂reduction poten
tials, and magnetic'^-®-^*-^' and vibrational proper
ties"-^' of various ncmplanar pcxphyrins. Macnx;ycle distortion 
also causes the formation of cavities that can orient planar axial 
ligands. Recent crystallographic^'-^^-^"^^"^® and NMR spec
troscopic studies'^""-^-''"^-^''-'''*  ̂of highly substituted met-
alloporphyrins indicate that the macrocycle adopts a predomi
nantly S4 (saddled or ruffled)'- geometry, although having and 
doming contributions are also frequently observed."" The 
ruffling and saddling distortions result in each case in the 
formation of mutually perpendicular cavities above and below 
the macrocycle plane;^-^' these cavities are capable of orienting 
planar axial ligands over the mesa caitens for raffled distortions, 
or above the pyrrole nitrogens for saddled distortions. This has 
been confirmed by crystallographic-'-^"^*"^^'"'* and magnetic 
resonance studics'^""^-^"^-^*-''"'^ of nonplanar metallopor-
phyrins with planar axial ligands, and has also been investigated 
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model hemes, it is expected that for heme proteins, the axial 
ligands and tteir relative orientation can alter the electronic and 
magnetic properties,as well as the reduction potentials.®'^ 

For ferriheme complexes with (d;(y)2(d«,dyt)^ electronic ground 
states (the most common electron configuration for low-spin 
ferrihemes in biological systems), rhombic EPR spectra have 
been associated with mutually parallel orientation of the axial 
ligand planes, and "large gmm" EPR spectra with mutually 
perpendicular iigand planes.^-^' However, how perfectly per
pendicular the axial ligands must be to give rise to a "large 
gma" EPR spectrum, or how nearly degenerate the d„ and dy. 
orbitais of the heme must be,^ has remained a question. On 
the basis of their "large gmax" EPR spectra,^-^^"^^^ ®' the 
membrane-bound bis-histidine-coordinated b cytochromes®®"®' 
are believed to have their imidazole rings in perpendicular 
planes. However, when model heme complexes with perpen
dicular ligand planes are reduced to low-spin iron(II), the axial 
ligands are found to be in parallel planes and the macrocycles 
are not ruffled, but rather are strictly planar.®^ Although one 
crystal structure has been reported of a strongly saddled 
perhalogenated iron(II) porphyrinate bound to two pyridine 
ligands in perpendicular planes,^® for macrocycles such as 
tetramesitylporphyrin that have the possibility of being either 
planar or ruffled, it was only possible to stabilize a ruffled 
macrocycle with axial ligands in perpendicular planes for low-
spin Fe(II) at extremely low temperatures (—70 to —90 °C) using 
sterically bulky axial ligands (1,2-Me2lm).® Thus, if given the 
choice, low-spin Fe(II) porphyrinates appear to prefer axial 
ligands in parallel planes. At the present time, the resolutions 
of the stractures of the cytochrome bcj complexes reported thus 
far™'" are just beginning to reach the point where the axial 
ligand orientations can be estimated.®' Therefore, the preparation 
and investigation of model heme complexes that can test 
hypotheses regarding the relationship between easily obtainable 
spectroscopic data and actual predictions of axial ligand plane 
orientations is still very much needed. 

The membrane-bound bis-histidine-coordinated cytochromes 
of mitochondrial complexes II and III and the similar cyto
chromes of chloroplasts do not lose their axial ligands upon 
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redox.®"®' In the oxidized state, we know from the "large gaax" 
EPR spectra that the imidazole planes of the histidine ligands 
have "near-perpendiculaf' dihedral angles, yet we also know 
that low-spin Fe(Il) porphyrinates pref^er not to have perpen
dicular ligand planes with a ruffled ring conformation.®-®^ This, 
plus the expected rigidity of the axial iigand orientation in a 
membrane-bound protein, makes it unlikely that the membrane-
bound cytochromes that exhibit "large gmm" EPR signals have 
their axial ligands lying over the meso positions in perpendicular 
planes. On the other hand, it has also become clear that perfect 
alignment of axial ligands in either strictly parallel or perpen
dicular planes is not required to produce normal rhombic vs 
"large gmas" EPR signals, respectively. This is because a study 
of two bis-(5-methylimidazole) complexes of (TMP)Fe'" has 
shown that a normal rhombic EPR spectrum is observed when 
the axial iigand plane dihedral angle is as large as 30°, while a 
"large gmax" EPR spectrum is observed when the dihedral angle 
is as small as 78°.®^ In an attempt to detemiine how much closer 
to each other these dihedral angles might be pushed without 
interconverting the EPR spectral type, as well as to determine 
whether alignment of the axial ligands near the N(por)—Fe— 
N(por) axes in near-peipendicular planes would provide a means 
for stabilizing the same ligand orientations for both low-spin 
Fe(III) and low-spin Fe(ll), the present investigations of bis-
ligand complexes of (Otl'HP)Fe(III) were initiated. 

In this woii, we present X-ray crystallographic stmctural data, 
polycrystalline and frozen solution EPR, and variable-temper
ature 1- and 2D NMR spectroscopic studies of iron(III) 
complexes of octaethyltetraphenylporphyrin (OETPP), a highly 
substituted porphyrin that maintains a saddle shape in both the 
solid state and solution. A series of metal complexes of OETPP 
have been shown by X-ray crystallography to have steric 
interactions between the peripheral substituents that cause the 
porphyrin to distort in a saddled conformation.'^'®'^^®^ This 
porphyrin is used for two purposes: First, OETPP is used for 
modeling the structural and dynamic properties of nonplanar 
biological hemes. X-ray crystallographic and detailed dynamic 
NMR studies were carried out for this purpose. Second, OETPP 
is used for modeling the EPR properties of bis-histidine-ligated 
biological ferrihemes,®^"®' by using the cavities to orient the 
axial ligands in near-perpendicular planes, but not over the meso 
positions, where ruffling is encouraged. 

Experimental Section 

Synthesis. Octaethyltetraphenylporphyrin (OETPPH2) and its irofl-
(111) complex were synthesized by the previously reported methods.'"' 
Iron insertion for the sample utilized for NMR spectroscopy was carried 
out by slight modification of the method described previously." The 
porphyrin (17 mg) was reacted with 80 mg of FeCl2*4H20 in 23 iliL 
of refluxing DMF in the presence of air and absence of light. The 
reaction was monitored spectrophotometrically and was complete within 
30 min. The resulting iron(III) porphyrinate was chromatographed on 
a column of neutral alumina, using 10:1 CHCiyCHjOH as eluant. The 
solvent was removed, and the solid was dissolved in 25 tnL of CHjCh 
and treated with 100 mL of 1 M NaCl/0.2 M HCi in order to replace 
any adventitious anions such as hydroxide with chloride.®' The organic 
phase was dried repeatedly over NaC!, and the solvent was removed 
using a rotary evaporator. The yield of the metallopoiphyrin was nearly 
quantitative. 

X-ray Crysta&gr^y. (a) i:(OErPP)Fe<2-MeIiiiH>jJ+ FeN4C«fto-
2(C«N2H6)*0.33(SbF6)*0.667(Cl) crystallized from 2-chlorobutane/ 
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figure 1. (A) Molecular stmctuie and atom names for the macrocycle of [(OETPP)Fe(2-MeImH)23"'". The thermal ellipsoids enclose 50% probability, 
and hydrogens are omitted for clarity. (B) Edge-on view of [(OETPP)Fe(2-MeImH)2]^ and atom names for the axial Mgands. 

2-prDpanol in space group F43c with the following cell parameters: 
a = b = c = 34.363(2) A, a = ̂  = y = 90°, V = 40576.4(41) A', 
Z = 24. Data were collected at Brookhaven National I-aboratoiy at 
200 K on an Enraf-Nonius CAD4 diffractometer with Cu Ka radiation 
in the range 5.14 < 20 < 129.4°. A total of 1753 reflections (0 < /i < 
i < I < oa) were measured, with 1527 remaining after the hid extinctions 
were removed. Refinement with SHELXL93'' yielded /fl = 0.093. 
wR2 = 0.176 for / > 2a(/) and Rl = 0.257 and wR2 = 0.358 for 
1523 reflections. The high value of wRZ stems from disorder of the 
axial 2-methyliinidazoles and partial occupancies of the counterions, 
which leave only 816 of 1527 reflections observed. Due to incomplete 
metathesis of the CI" precursor with SbFe", the counterions are a 
mixture of SbFj" and Cr. 

(b) [(OETPP)Fe(4-NMe2Py)j]+. FeN4C«,H«o-2(C7N2Hio)-(Cl)-
4(CDCl3) crystallized from chlorofonn-<i/cyclohexane in space group 
Pna2i with the following cell parameters: a = 34.849(3) K, b — 
13.6506(13) A, c= 17.1170(16) k,a = p = y = 90P.V = 8142.6-
(13) A', Z = 4. Data were collected at the University of Arizona at 
170 K on a CCD-equipped Broker SMART1(X)0 diffractometer with 
Mo Ka radiation in the range 3.20 < 20 < 49.48°. A total of 77 014 
reflections (13 836 unique) were integrated and retained. Of the unique 
reflections, 7583 were found to fulfill the condition I > 20(1). 
Refinement with SHELX v. 5.0®® yielded Rl = 0.0582 and wR2 = 
0.1341 for 7583 reflections. The final anisotropic full-matrix least-
squares refinement based on f of all reflections converged at /fl = 
0.1380, V/R2 = 0.1683, and GoF = 0.960. 

EPR Spectroscopy. EPR spectra were recorded on a Broker ESP-
300E spectrometer (operating at 9.4 GHz with 1(X) kHz field modula
tion) equipped with an Oxford Instroments HSR 900 continuous-flow 
liquid helium cryostat. The EPR spectra of the bis-(2-MeimH) and bis-
(4-NMe2Py) complexes were obtained both as polycrystalline solids 
and as frozen solutions in CD2CI2, while the spectra of [(OETPP)-
FeCl] and the bis-(iV-MeIm) complex were obtained only in frozen 
CD2CI2 solution. The microwave power was 2 mW for the bis-(2-
MelmH) complex, 0.5 mW for the bis-(4-NMe2Py) complex, and 0.2 
mW for the bis-(N-MeIm) complex, each with a modulation amplitude 
of 3-4 G. 

NMR Spectrwcopy. The NMR samples of the bis-(/V-MeIm) and 
bis-(4-NMe2Py) complexes were prepared by adding 3—4 equiv of the 
ligand to 3 rag of (OETPP)FeCl in 0.3 mL of CD2CI2 in an NMR 
sample tube. For preparation of the 2-MeImH complex, 3 mg of the 
chloride complex was dissolved in 0.3 mL of CD2CI2, and a batch of 
preweighed 2-MeImH (6 equiv relative to 1 equiv of the poiphyrin 
complex) was transferred quantitatively into the NMR tube. All NMR 
samples were degassed with argon. 

(86) Sheldrick, G. M. SHELXTU Version 5.0; Siemens Analytical X-ray 
Instniments, Inc.: Madison, WI, 1995. 

The 'H NMR data were collected at the University of Arizona on a 
Varian Unity-300 spectrometer operating at 299.956 MHz and equipped 
with an inverse probe. TTie temperature was calibrated using a methanol 
sample (Wilmad WGH-09) and the standard Varian calibration curve.®' 
Tt relaxation times were measured by first obtaining spectra using the 
inversion -recovery pulse sequence, and then fitting the data to an 
exponential. For ie magnitude-mode COSY-45, DQF-COSY, and 
phase-sensitive NOESY/EXSY experiments, the standard pulse se
quences were used.®' A standard pulse sequence was used also for the 
phase-sensitive ROESY experiments." 

The Felix 95 and 2000 software packages (Molecular Simulatioas) 
were used for processing the 2D data. For the COSY data, squared 
sine bell function apodization or Lorentz—Gaussian traJisfomiation was 
applied before each of the two Fourier transformations. For the NOESY 
and ROESY data, linear prediction was applied to twice the original 
data size of both dimensions, and then Gaussian function apodization 
(parameters included in the figure captions) was applied. Baseline 
correction was applied to each segment of both dimensions, by 
determining the baseline points by FLATT'° and then fitting these points 
to a fourth-order polynomial. 

Results and Discussion 

Structure of the Bis-(2-methy]iim!dasole) Complex, 
[(OETPP)Fe(2-MeImH)2]' .̂ Experimental crystallogfaphic de
tails for this complex are provided in Table SI of the Supporting 
Information. Because the Fe atom in [(0ETPP)Fe(2-MeliiiH)j]^ 
sits on a 4 position, only one-fourth of the porphyrin is unique: 
this is reflected in the nomenclature of the atoms (Figure 1). 
Also, due to the symmetry found for the crystal, the ligands 
are  two- fo ld  d i sordered;  i . e . ,  ha l f  of  the  methyl  group  s i te  CIS 
is occupied by a hydrogen, and half of N17 is occupied by a 
carbon, and the asymmetric unit thus consists of only one-half 
of a 2-methylimidazole moiety. The 4- and 2-fold axes are 
coincident. 

The saddle shape of the macrocycle of I{OETPP)Pe(2-
MeImH)2l^ is evident in Figures I and 2, as well as in the linear 
display shown in Figure SI of the Supporting information. The 
Cfi positions of each pyrrole ring are alternately displaced by 
±1.23 and ±1.20 A from the 24-atom mem plane, and the meso 

(87) Variable Temperature Systems: InstallatisHi and Maintenance. (Pub. 
No. 87-195402-00, Rev. D0393); Varian Associates; Palo Alto, CA, 1993; 
p43. 
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Table 1. Comparisons of Stnictaral Parameters for (OETPP)Fe"' and Related Complexes 

Ogura el al. 

av dihedral angle between 
angle of N—Fe-N axis dihedral angle 

M-N(por), phenyls av lAQi, av lACmi, Fe—N(ax), and ligand between axial 
compound (counterion) A (deg) 0.01 A° 0.01 A» A planes (deg) ligands (deg) 

[(OETPP)Fe(2-MeImH)2]" 1.974(9) 42 120, 123 9 2.09(2) 14,14 90 
(0.33SbF6-, 0.67Crf 

l(OErPP)Fe(4-NMe2Py)2l* 1.951(5) 66 111(3). 134(5) 28(2) 1.984<5) 9,29 70 
(CI-)" 2.015(6) 

[(TPP)Fe(2-MeImH)2]+ 1.971(4) 76 17(16) 40(1) 2.015(4) 32.32 89 
(C104-)2' 2.010(4) 

[(TMP)Fe(l,2-Me2lm)2]+ 1.937(12) 87 23.24 68 2.004(5) 45.45 90 
(CI04-)2» 2.004(5) 

[(TMP)Fe(4-NMe2Py)2)+ 1.964(10) 79 20(13) 51(5) 1.989(4) 37.42 79 
(CIO,-)™ 1.978(4) 

[(TMP)Fe(A'-Melm)2]+ 1.988(20) 81 2(2) 1(1) 1.975(3) 23 0 
(CI04-)^ 1.987(1) 81 7(2) 8(1) 1.965(3) 41 0 

(OETPP)Fea" 2.031(5) 45 108. 123 19 
(OETFP)FeCr 2.027(6) 

2.053(5) 
46 103, 124 22 

(OETPP)Co(lI)5' 1.929(3) 46 117 5.3 
(OBrpp)Ni(n)'* 1.906(2) 43 123 5 
(OETPP)Cu(n)" 1.977(5) 47 113 4.1 
{OETPP)Zn(MeOH)'2 2.063(5) 46 108 5.0 
OETPPHj" 43 117 4 

123 

" Deviation from the mean plane of the 24-atom poiphyrinate ring.' This work. 

carbons lie ±0.09 A out of plane, causing a slight ruffle, which 
is, however, much smaller than that observed in the high-spin 
complex, t(OETPP)FcCl ], or the bis-(4-NMe2Py) complex 
discussed below (Table 1). In comparison to [(OETPP)Fe(2-
MeImH)2]'^. the porphyrin skeleton of [(TPP)Fe(2-MeImH)2]'^ 
is more ruffled but less distorted overall.̂ ' As a consequence 
of the steep saddle distottion, the dihedral angles of the phenyl 
rings at the Cm positions shrink to 42° from 62, 78, 75, and 90° 
in [(TPP)Fe{2-MeImH)2]' .̂̂ ' This does not necessarily mean 
that there is increased interaction between the phenyl rings and 
the Ca of the porphyrin, however. The phenyl dihedral angles 
of purely saddled porphyrins are all smaller than those of purely 
ruffled porphyrins, as suggested by the data of Table 1. 
However, although phenyl—porphyrin plane angles decrease 
significantly for the saddling distortion, the dihedral angle 
between the phenyl and the Ca—N—Ca planes (which control 
the :!t—n interactions) do not decrease nearly as much. 

The bond distances and displacements from the mean plane 
of the atoms of the macrocycle (Figure 2) fall within the spread 
of literature values observed for low-spin iron(III) porphyrinates 
(Table 1). For example, the Fe—N! distance of 1.974(9) A is 
shorter than the canonical value of 1.990 A for hexacoordinated 
planar low-spin iron(III) porphyrinates," but is typical of 
nojplanar six-coondinate low-spin iiDn(III) poiphyrinates.̂ '-^"  ̂
The elongation of the axial Fe—N2 bond (2.09(2) A, compared 
with 2.015(4) and 2.010(4) A in [(TPP)Fe(2-MeImH)2r 2') 
provides a means for alleviating steric contacts between the 
methyl groups and the porphyrin. In [(TPP)Fe<2-MeImH)2]"^,^' 
the axial ligand methyl group and the porphyrin are separated 
from each other by an alternative mechanism, namely tipping 
of the Fe—N bonds from the mean plane normal by 4°. In both 
structures, the closest contacts of the methyl groups to the atoms 
of the porphyrin are similar, 3.07 and 3.08 A in [(TPP)Fe(2-
MeImH)2]+2' vs 3.12 A for [(OETPP)Fe(2-MeImH)2]+ (this 
work). 

In the case of [(TPP)Fe(2-MeImH)2]+ and [(TMP)Fe(l,2-
Me2lm)2l'*',® the average Fe—N(por) distances are 1.971(4) and 
1.937(12) A, respectively, and they both have ruffled macrocycle 

1.38A 

\l4* 1.974JI 

V 10 \ 

V 

•irY 

-120 ^ ' -123 

(91)CoUins, D. M.; Countryman, R.; Hoard, J. L. J. Am. Chem. Soc. 
1972, 94. 2066-2072. 

Figure 2. Average bond distances in [(OETPP)Fe(2-MeIinH)2]"'', 
displacements A from the average of the 24-atom porphyrin core in 
units of 0.0! A, and axial ligand plane orientations. 

cores. Even though the macrocycle core is more distorted in 
[(OETPP)Fe(2-MeimH)2]+ than in f(TMP)Fe(l,2-Me2lm)2]+,̂  
the Fe—N(por) distances are much shorter in the latter (1.974-
(9) vs 1.937(12) A. respectively. Table 1). This again suggests 
that Fe—N(por) distances are sensitive to the distortion mode, 
i.e., saddled versus ruffled; as pointed out previously, ruffling 
tends to contract the porphyrin core more than other distortion 
modes (saddling, doming, waving).'^ Atomic coordinates, 
complete bond lengths and angles, anisotropic thermal param
eters, and hydrogen coordinates are listed in Tables S2—S5, 
respectively, in the Supporting Infonnation. 

The saddle distortion and the average positioning of the ethyls 
give rise to two mutually perpendicular pockets that control the 

(92) Song, X.-Z.; Jaquinod, L.; Jentzen, W.; Nurco, D. J,; Jin, S.-L,; 
Khoury, R. G.; Ma, J.-G.; Medforth, C. J.; Smith, K. M.; Shelnutt, J. A. 
Inorg. Chem. 1998. 37, 2009-2019. 
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Figure 3. (A) Molecular structure and atom names for the macrocycle of [(OETPP)Fe(4-NMe2Py)2]"'". (B) Edge-on view of the complex and atom 
names for the axial ligands. The theimal ellipsoids enclose 50% probability, and hydrogens are omitted for clarity. 

orientation of the axial ligands. Thus, the 2-inethyliniidazoles 
are oriented at 90° to each other. The orientation, however, is 
determined not only by the pockets, but also by the steric 
interaction between the ligands and the pyrrole N atoms, as is 
illustrated by the 14° rotation of the ligand planes to the 
ferriheme N—Fe—N axes (Table 1). For comparison, the ligands 
are poised at 89 and 82° for the two molecules in the unit cell 
of [(OETPP)Fe(ImH)2]+," at 78° in [(OETPP)Fe(Py)2]-',® and 
at 70° in [(OETPP)Fe(4-NMe2Py)2]'*' (vide infra); also, in the 
ruffled t(TPP)Fe(2-MeImH)2]*.̂ " the ligands are oriented at 32° 
to the N—Fe—N axes and are also perpendicular (89.3°) to each 
other. This shape-selective feature is also seen in other (OET-
PP)M complexes, including axially hgated Co"," Ni",'^ and 
Cu"^® complexes. 

Structure of the Bis-(4-(diiinethylaiiiino)pyridiiie) Com
plex, t(OETPP)Fe(4-NMe2Py)2]'^. Experimental crystallo-
graphic details for this complex are provided in Table S6 in 
the Supporting Information. As shown in Figures 3 and 4, the 
porphyrin macrocycle of [(OETPP)Fe(4-NMe2Py)2]'^ adopts an 
overall saddled conformation with the average displacement of 
the ^-pyrrole C atoms from the mean plane being 1.23 A. 
However, more raffling is present than in the case of the bis-
(2-MeImH) complex, as indicated by the pronounced displace
ment of the meso-C atoms (±0.28 A), the large dihedral angle 
of the m^jo-phenyl rings (60°), and the short Fe—N(por) 
distances (1.951(5) A), which are more similar to those reported 
previously for the highly ruffled [(TMP)Fe(4-NMe2Py)2]''" 
complex.̂  (Comparisons are summarized in Table 1.) While 
seven of the eight ethyl groups adopt the commonly observed 
axial conformaticm, the remaining ethyl {C71—C72) adopts the 
equatorial conformation. This suggests that the energy difference 
between axial and equatorial ethyl orientations is small,®" and 
may in part be controlled by crystal packing interactions. 

One of the axial ligands (N7, N8) is oriented at 9° to the 
N2—N4 axis. This offset ftom the orientation parallel to the 
macrocycle ix)cket appears to be caused by the steric repulsion 
between two porphyrin N atoms (N2, N4) and the pyridine 2,6-H 

(93) Baikigia, K. M.; Melamed, D.; Renner, M. W.: Smith, K. M.; Fajer, 
J. Unpublished results. 

139 ,-110 

L /  

Figure 4. EHsplacements A from the average of the 24-atom pofphytia 
core of [(OETPP)Fe(4-NMe2Py>2]''^, in units of 0.01 A, and axial ligand 
plane orientations. 

atoms, and is smaller than that for the 2-MelmH ligands of the 
structure just discussed. The plane of the other axial ligand (N5, 
N6) forms a 29° angle with the Nl—N3 axis. The resulting 
dihedral angle between the two axial ligands is 70®. The 
deviation of this angle from 90° may be caused by the Jahfl*" 
Teller effect®* within the {dxy)\dxadyzy ground-state system, 
which produces a static difference in energy of the d^ and dy^ 
orbitals when the dihedral angle between axial ligand planes is 
less than 90°.® '* The fact that the deviation occurs despite the 
presence of the mutually perpendicular pockets confirms the 
observation of Medforth et al.,'® that the potential energy curve 
for ligand rotation is fairly flat for a range of pyridine dihedral 
angles somewhat larger than the minimum-energy angle of 
±10—14° from the N(por)—Fe—N(por) axes. For example, the 
potential eneigy for pyridine ligand orientations of 22.5° from 

(94) (a) Jahn. H. A.; Teller, E. Proc. R. Soc. 1937, AI6I. 220. (b) 
Ballhausen, C. J. Introduction to Ugand Field Theory, McGraw-Hill: New 
York, 1962; p 193. 

(95) Shokhirev, N. V.; Walker, F. A. J. Biol Inorg. Chem. 1998, 3,581-
594, especially Figure 7. 
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that axis is only 2.1 kJ/mol higher than the minimum, but at 
larger angles the potential energy rises more steeply, reaching 
a Tnaximmn at 90° (123-133 kJ/mol).'® The potential energy 
of the complexed six-membened ring pyridine at any angle is 

higher than that of the imidazole complex at the same angle, 
since the five-membered imidazole ring has a much smaller 
minimum-energy dihedral angle (2-3°) and rises more gently 
to a maximum at 90° (72—79 kJ/rao)).'  ̂Furthermore, the driving 
force for small dihedral angles for axial ligands in a low-spin 
Fe(III) porphyrinate due to the unsymmetrical d;r electron 
configuration has been shown to be of similar magnitude to 
that for minimizing the potential energy by placing axial ligands 
in bulky porphyrinates in perpendicular planes.*** 

The degree of ruffling (ACm = 0.28) found for the [(Oh" 1FP)-
Fe(4-NMe2Py)2]'^ complex is significantly greater than that for 
the bis-(2-MeImH) complex, and also much greater than those 
for the four-coordinate Co(Il), Ni(II), and Cu(ll) and five-
coordinate Zn(II) complexes (0.053, 0.05,0.041, and 0.050 A, 
respectively).'^'-^ Thus, while the OETPP ring system can be 
essentially purely saddled, strongly ruffled ring conformations 
that retain almost the same amount of saddle distortion as the 
purely saddled conformation are also possible, and thus provide 
a potential mechanism for macrocycle inversion. The large 
observed ligand plane angle of 29° for one of the 4-NMe2Py 
ligands in this complex likewise suggests a close approach to 
the intermediate or transition state in the process of concurrent 
ligand rotation. 

The two iron—axial ligand nitrogen bond distances of the 
bis-(4-NMe2Py) complex are substantially different from each 
other: 2.015 A for Fe—N7, and 1.984 A for Fe—N5. The longer 
distance for the former reflects the steric interaction of the ligand 
with the porphyrin nitrogen atoms, while the shorter distance 
of the latter is made possible by the 29° rotation of the axial 
ligand from the N(por)—Fe—N(por) axis. Atomic coordinates, 
complete bond lengths and angles, anisotropic thermal param
eters, and hydrogen coordinates are listed in Tables S7-S10 in 
the Supporting Information. 

EPR Studies of [(OETPP)Fe(iV-MeIm)2]+, [(OETPP)Fe. 
(4-NMe2Py)]+, and [(OETPP)Fe(2-MeIiiiH)d+. The X-band 
EPR spectrum of l(OETPP)Fe(//-MeIm)2]CI (CD2CI2, 4.1 K, 
Figure 5, top panel) shows both rhombic (g = 2.72, 2.38, 1.66) 
and "large gnsa" signals (g — 3.12). The "large gmax" signal is 
indicative of low-spin d' heme centers having axial ligands in 
"perpendicular" orientation^-^® and is the expected type of EPR 
signal, based on the large dihedral angle expected due to the 
perpendicular "pockets". On the other hand, the rtiombic signal 
is indicative of low-spin d' heme centers having axial ligand 
planes in "parallel" orientation, which, in its zero-degree dihedral 
angle limit, is difficult to rationalize with the presence of 
perpendicular ligand-binding pockets in (OErPP)Fe"'. For the 
bis-(W-Melm) complex, the small tetragonal splitting A/A"® 
(2.79, compared to the values of 3—3.2 usually observed for 
bis-(imida2ole) complexes of hemins^) may be a result of longer 
Fe—Nax ligand bonds in [(OETPP)Fe(yV-MeIm)2]"'" compared to 
those of other bis-(Ar-MeIm) iron porphyrinate complexes.'  ̂The 
rhombic splitting, V/X, is 2.58, yielding a value of the rhom-
bicity, V/A, of 0.92, somewhat larger than the limiting value of 
0.67 for the ideal case."® However, other larger values of the 
rhombicity have been reported recently. 

(96) Taylor. C. P. S. Biochim. Biophys. Acta 1977, 491, 137- 148. 
(97) Raitsitiring. A. M.; Borbat, P.; Sbokhireva, T. Kh.; Walker, F. A. 

J. Phys. Chem. 1996, JOO, 5235-5244. 
(98) SchUnemann, V.; Raitsimring, A. M.; Benda, R.; Trautwein, A. X.; 

Shokhireva, T. Kh.; Walker, F. A. J. Biol Inorg. Chem. im 4, 708-
716. 

|(OET?P)F«<N-Melm)J> 

t(OETPP)Fe(4-NMe^)J* 

|(C®TPP)Fe(2-Mel!nH)jr 

SOOO 1000 2000 3000 4000 
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Figure 5. EPR spectra of [(OETPP)Fe(Af-MeIm)2]"  ̂ (top) in frozen 
CD2CI2 (g = 3.12 for the "large gnm" signal and g = 2.72, 2.38, and 
1.66 for the normal rhombic signal), [(OETPP)Fe(4-NMe2Py)2]"'' 
(middle) in the solid state (g = 3.29 for the major peak near 2000 G), 
and [(OETPP)Fe(2-MeIiiiH>2]'^ (bottom) in methylene chloride at 4.2 
K (g = 3.26 for the major peak near 2000 G). For [(OETFP)Fe(4-
NMe2Py>2]^ (middle), a large high-spin Fe(ni) signal is also observed 
at g = 6 and 2, while for both frozen solution spectra, free radical 
impurity signals are seen at g = 2. All spectra were recorded at 4.2 K. 

The EPR spectra of polycrystalline [(OETPP)Fe(4-NMe2-
Py)2] '*' and of a frozen solution of [(OETPP)Fe(2-NMeImH)2]Cl 
in CH2CI2 (4.1 K, Figure 5, middle and bottom spectra, 
respectively) show "large gam" signals. For the bis-(4-NMe2Py) 
complex, this "large gam\" signal is also seen not only in the 
solid state {g = 3.29, Figure 5, middle) but also in frozen 
solution (CD2CI2, g — 3.28, not shown), and was reported 
recently in CH2CI2 for the perchlorate salt, g = 3.24,"® but 
accompanied in all three media by no rhombic signal. The 
difference in the "large ga^x" g-values of the bis-(4-NMe2Py) 
and bis-(2-MelmH) complexes is less than experimental error 
(a magnetic field difference of 19 G for signals that are relatively 
broad), while the difference between these two gam. values and 
that of the bis-(A'-Melm) complex is greater than experimental 
error (a magnetic field difference of 90 G). The reason for the 
slightly smaller gmax value for the bis-(Af-Melm) complex is not 
known. For both the frozen solution spectrum of the bis-(2-
MelmH) complex shown in Figure 5, and also that of the 
polycrystalline sample, several minor impurity signals (as well 
as a free radical signal) are also present near g = 2. Such signals 
a r e  u s u a l l y  o b s e r v e d  f o r  " l a r g e  g m a s "  t y p e  s p e c t r a , a n d  
although they appear large in the derivative mode spectra, they 
represent only very small integrated signal areas relative to those 
of the "large ^max" species, and thus there is only a small 
percentage of sample with this type of EPR signal. Furthermore, 
"large gmax" species usually appear to be fairly weak in 
derivative mode because of short relaxation times compared to 
those of rhombic low-spin Fe(III) species. This fact also makes 
it difficult to quantify the relative amounts of "large and 
normal rhombic species present for the bis-(iV-Melm) complex, 
but it is estimated that the concentrations of the two species 
are at least similar (within a factor of 1.5—2.0). 

A large high-spin Fe(III) signal is also present for the bis-
(4-NMe2Py) complex, probably due to loss of one ligand from 
molecules on the surface of the crystallites. This high-spin signal 

(99) Astashkin, A. V.; Raitsimring, A. M.; Walker, F. A. J. Am. Chem. 
Soc. 2001, J23, 1905-1913. 

(100) Ikue. T,; Yamaguchi, T.; Ohgo, Y.; Nakamura, M. Chem. Lett. 
(Jpn.) 2000. 342- 343. 
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disappeared when the crystallites were dissolved io CD2CI2 and 
a smdl amount of excess 4-NMc2Py was added to the sample 
before fteezing (not shown). 

As indicated above, the EPR spectram of [(OETPP)Fe(A'-
MeIm)2)Cl indicates the presence of two species, one with the 
axial ligands in nonperpendicular ("parallel") planes and the 
other with "perpendiculaf' orientations.®'^^"^'  ̂TTie rtiombic 
signal cannot arise from perfectly parallel orientation of the axial 
ligands, considering the steric constraint of mutually perpen
dicular pockets in the porphyrin. On the other hand, although 
these pockets appear to favor the perpendicular orientation that 
gives rise to a "large ^niax" spectram, the crystal structure of 
the bis-(4-NMe2Py) complex and molecular mechanics calcula
tions on the bis-(imidazole) complex'® indicate that the ligand 
orientations may deviate significantly from 90° dihedral angles 
with little increase in potential energy. One of the most important 
questions that arises from this work is the following; What is 
the dihedral angle of axial ligands that marks the transition 
between the two types of EPR spectra? A recent study of two 
crystalline forms of the bis-(5-methylimidazole) complex of 
(TMP)Fe'" indicates that the transition angle must be between 
30 and 78°,̂  while the structure of [(OETPP)Fe(4-NMe2Py)2]"*' 
(vide supra) reduces the high angle limit to 70°. However, for 
the bis-(A'-Melm) complex in homogeneous solution, the axial 
ligands may have the choice of rotating in the same direction 
or in opposite directions because of the reduced steric hindrance 
of the N-Melm ligand, thus producing two different dihedral 
angles, 90° and a much smaller dihedral angle. Based upon the 
14° offset of the 2-MeImH ligands from the N(por)—Fe—N(por) 
axes, rotation of two less-hindered A'-Melm ligands in opposite 
directions could give a dihedral angle of 62° or less. 

As mentioned above, molecular mechanics calculations on a 
number of bis-(pyridine) and -(imidazole) complexes of (OET-
PP)Co"' further suggest that the barrier to rotation of the axial 
ligands by up to 22.5° is fairly flat,'® which could easily allow 
a dihedral angle of 45° for the two A^-methylimidazole ligands. 
if they rotated in opposite directions. Whether the dihedral angle 
is as small as 45° or as large as 60°, and whether dihedral angles 
as large as the latter are still able to produce a normal rhombic 
EPR signal, are questions that will be addressed in future 
research. In any case, it is clear that the Jahn—Teller effect*  ̂
exerts an important influence on the stracture of these highly 
distorted low-spin iron(lll) porphyrinates, in that it causes the 
complex to distort to the extent necessary to create a resultant 
ligand plane orientation that lifts the degeneracy of the d„ and 
d,. orbitals to the extent that the EPR spectral type can switch 
from "large fmax" to normal rhombic for some of the molecules 
in the frozen solution of [(OETPP)Fe(A^-MeIm)2]"'". 

The membrane-bound bis-histidine-coordinated b cyto
chromes of mitochondrial complex III (also known as cyto
chrome bc\ or ubiquinone-cytochrome c oxidoreductase) have 
heme centers by{ and b\, with very different reduction potentials 
(105,-70 or 70,—110 mV, respectively, vs NHE, depending 
on preparation,® for the bovine heart protein), yet both give 
rise to "large gmax" EPR signals {gm  ̂ — 3.44 and 3.78, 
respectively®'-®). The stracture of this protein complex has now 
been refined to 2.5 k,^ which allows the first estimates to be 
made of the orientations of the axial imidazole planes of the 
two histidine ligands of each heme. At this stage of refinement, 
for heme &L, these angles appear to 36 and —47° to the Nn— 
Niv (Nc—NA crystallographic) axis, yielding a dihedral angle 
of ligand planes of 83° (with ligands lying near the meso 
positions, although Fe(II) complexes do not favor this config-
uration^®^). Because of the large angles to the porphyrin 
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nitrogens, it may be expected that when refined to higher 
resolution, heme bh will have a ruffled conformation similar to 
that of [(TMP)Fe(4-NMe2Py)2]'*".^ although undoubtedly not 
nearly as ruffled. In contrast, for heme bu, these angles appear 
to be 29 and —9° to the same axis of this heme, a dihedral 
angle of only 38°. Because of the small angles to the porphyrin 
nitrogens, it may be expected that when refined to higher 
resolution, heme bn will have a conformation similar to that of 
the OETPP structures of this work, although probably not nearly 
as saddled because of the nonhindered imidazole (histidine) 
ligands. The dihedral angle of 38° for the axial imidazole planes 
seems small for a "large .gnm" heme, and this is indeed the 
dihedral angle of the His-59 and histamine imidazole planes 
observed for nitrophorin 1-histamine.'®' which has a normal 
rhombic EPR signal.Additional model heme complexes 
with axial ligand dihedral angles of greater than 30° but less 
than 70° are being prepared in order to determine whether the 
38° angle is close to that where the EPR spectral type switches 
from normal rhombic to "large gnrnx" or, if not, what that angle 
is. It is hoped that the present and continuing work in our 
laboratories will be helpful to protein crystallographers in 
modeling the heme centers of large protein complexes. 

Proton NMR and EPR Studies of tbe Chloride Complex, 
[(OETPF)FeCl]. The ID 'H NMR spectrum at 22 °C (Figure 
6, top; listing of resonance assignments in Table 2) contains 
two methyl and four downfield-shifted methylene peaks and is 
consistent with both the Czv symmetry of the molecule and the 
apparent stability of the axial conformation of the ethyl groups 
(i.e., pointing above the parts of the macrocycle that are saddled 
upward and below the parts that are saddled downward for a 
significantly greater fraction of the time than is spent on all 
other possible angular orientations).® The chemical shifts of 
the methylene protons found in the present study are essentially 
identical to those reported previously,"-'®' and the differences 
between the chemical shifts of this study and those reported by 
Cheng et al. are due to differences in the solvation properties 
of the solvents used (C2D2CI4'' and CD2CI2'®*). 

The methylene resonances for ((OErPP)FeCl] have a large 
spread, 21.3 ppm (CD2CI2, 22 °C) compared to 3.6 ppm for 
[(OEP)FeCl]'® (CDCI3,29 °C). This spread is caused by either 
or both of the following; (1) The conformational freedom of 
the methylene group is low and therefore the McConnell Q 
values are more disparate for each individual proton; (2) the 
low symmetry (C2„) removes tbe degeneracy between d« and 
dy, and also between what would have been the two degenerate 
LUMOs in This causes asymmetry in the metal-to-
porphyrin back-bonding and thus the spin density at the pyrrole 

(101) Weichsel, A.; Andersen, J. F.; Chan^gne, D. E.; Walker, F. A.j 
Montfort, W. R. Nature Struct. Biol 1998. 5, 304-309. 

(102) Astashkin, A. V.; Raitsimring, A. M.; Walker, F. A. Chem, Phys, 
Lett. 1999. 306, 9-17. 

(103) The low-temperature (200 K) spectra of this complex feported 
previously, with chemical shifts of 61.8, 57.0.29.6, and 22.5 ppm,* agree 
with those of this study at somewhat lower temperature (181 K), if the 
most shifted methylene proton signal (79 ppm), which is quite broad, is 
ignored, with the fourth peak reported (at 22.5 ppm) being due to ofle of 
the ortho-phenyl resonances, 

(104) Yatsunyk, L.; Shokhirev, N. V.; Walker, F. A. Manuscript 111 
preparation. 

(105) Walker, F. A.; La Mar, 0. N. Ann. N. Y. Acad. Sri. 1973, 206, 
328-348, 

(106) La Mar, G, N.; Walker, F. A, fa Ute Porphyrins', Dolphin, D., 
Ed.; Academic Press: New York, 1979; Vol. IV, pp 61-157, 

(107) Walker. F, A,; Sinwnis, U. In Biological Magnetic Resonance-, 
Berliner, L, J,, Reuben, J,, Eds.; Plenum Press: New YoA, 1993; Vol. 12, 
pp 133-274. 

(108) Walker, F. A, In The Porphyrin Handbook', Kadish, K, M,, Smith. 
K. M., Guilard, R., Eds.; Academic Press: San Diego, CA, 2000; Vol, 5, 
Chapter 36, pp 81-183, 
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Figure 6. (Top) ID spectrum of [(OETPP)FeCl] al 22 "C. (Above 
the diagonal) The magnitude-mode COSY-45 spectram of [(OETPP)-
FeCi] at 22 °C. Spectral parameters: 512 x 128 real points, 400 
transients/increment, 31 ms acquisition time, 250 ms delay, 16.5 kHz 
spectral width (only 15.0 kHz region shown). Processed with squared 
sine bell apodization (10 ms for the first dimension, 4 ms for the 
second). (Below the diagonal) The NOESY spectrum of [(OETPP)-
FeCl] at 22 °C. 256 x 80 complex points, 48 transients/increment. 10 
ms mixing time, 15 ms acquisition time, 5£X) ms delay, 16.6 kHz 
spectral width (only 15.0 kHz region shown). Processed with Gaussian 
apodization (17 ms, 8 ms). The cross-peaks are of positive phase and 
therefore are due to chemical exchange. The cross-peak pattern for the 
methylene resonances is different from that of the COSY spectrum. 

Table 2. Chemical Shifts of Proton Resonances of 
[(OErPP)FeCl], RecwJed in CD2CI2 at 22 "C 

chemical shift chemical shift 
(ppm) assignment (ppm) assignment 

45.69 methylene a 10.77 ortho-phenyl 
38.85 methylene b 8.21 ortho-phenyl 
35.85 methylene c 7.06 para-phenyl 
24.31 methylene d 3.75 methyl 
13.15 meta-phenyl 1.28 methyl 
13.00 meta-phenyl 

jS-carbons. Other possible explanations were also considered, 
and found to be inapplicable to this case. The increased 
porphyrin-to-metal a contribution, which causes the increased 
paramagnetic shift and spread of the methylene signals in low-
symmetry (Ci) high-spin iron(IIl) chlorins,"® is expected to 

(109) La Mar, G. N.; Eaton. G. R.; Holm, R. H.; Walker, F. A. J. Am. 
Chem. Soc. 1973, 95, 63-75. 

(110) Pawlick. M. J.; MUler, P. K.; Sullivan, E. P., Jr.; Levstik, M. A.; 
Almond. D. A.; Strauss, S. H. J. Am. Chem. Soc. 1988. IJO, 3007-3012. 

Ogura et al. 

HX 

Figure 7. Schematic drawing of the chloride complex showing the 
four different types of methylene protons (marked Hi—H4). (The 
phenyls are omitted for clari^.) The ring inversion results in exchange 
between methylene protons. Note that the "innef protons become 
"outer" with the inversion, and vice versa. 

cause an increased shift, but not spread, in the more syitmietrical 
(Czv) OETPP complexes. The mixing of the and d/-/ 
orbitals (both ai in Czb) and the subsequent breaking of the axial 
symmetry, reported by Cheng and Chen,"' does not influence 
the spin density at the pyrrole /3 position, because neither of 
these metal orbitals matches in symmetry the porphyrin au (Dai,) 
(C2 in C21) or (D^) {b\ and bi in CiJ, which are the only 
frontier orbitals with significant electron density at the pyrrole 
^-carbons. 

The Curie plots (spectra recorded over the range 207—298 
K) for the methylene protons a and d (Figure S2, Supporting 
Information) are significantly nonlinear. The methyletie c 
resonance, although it appears to have only small curvature, 
extrapolates to a nondiamagnetic position at F"' = 0. Only the 
plot for the methylene b resonance shows Curie behavior. The 
non-Curie behavior is probably due to a combination of (1) the 
restricted rotation of the ethyl groups at progressively lower 
temperatures""'"®'"  ̂ and (2) the contribution from the T~'  ̂
dipolar shift term associated with systems in which S > '/a.'" 
The geminal pair, resonances b,c (determined by COSY, vide 
iofra), show very similar slopes. The other geminal pair, 
resonances a,d, on the other hand, have completely different 
slopes, although they do appear to converge at temperatures 
higher than those of the NMR measurements. 

The cross-peaks in the COSY spectmm (Figure 6, above the 
diagonal) arise from ^-coupling between geminal methylene 
protons. In contrast, the positive-phase cross-peaks in the 
NOESY/EXSY spectnmi (Figure 6, below the diagonal) arise 
from chemical exchange between the "inner-up" and "outer-
down" and also the "outer-up" and "inner-down" methylene 
protons (Figure 7). Molecular mechanics calculations"'* indicate 

( H I )  C h e n g ,  R .  J . ;  C h e n ,  P .  Y .  Chem. Eur. J. 1999, 5, 1708-I7I5. 
(112) Isaac, M. F.; Lin, Q.; Simonis, U.; Suffian, D. J.; Wilson, D. L.; 

Walker. F. A. Inorg. Chem. 1993, 32, 4030-4041. 
(113) Kmiand. R. J.; McGarvey. B. R. J. Magn. Reson. 1970, 2, 286-

301. 
(114) Medforth. C. J.; Shelnutt, J. A. Unpublished results. 
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that ethyl rotation is much faster than macrocycle inversion, 
and therefore the true rates of these two processes are not 
coincident. Nevertheless, because the equatorial species (i.e. 
ethyls pointing below the upward-saddled parts of the macro-
cycle'®) are too short-lived to be detected by NMR, the only 
cisserved ethyl rotation process in the NOESY/EXSY spectra 
is that of an axial ethyl (i.e.. ethyl pointing above the upward-
saddled parts of the macrocycle®®) converting to another axial 
ethyl of the inverted macrocycle. This is to say that the detected 
ethyl rotation correlates with macrocycle inversion. All proton 
resonance assignments are listed in Table 2. 

The EPR spectrum (X-band, 4 K in CH2CI2, Figure S3 in 
the Supporting Information) contains signals at g = 6.27. 5.26, 
and 1.99. The g = 5.26 peak is indicative of some admixture 
of the intermediate (5 = ^Ij) spin state into the high (5 = 
spin state, as shown first by Cheng et al.," albeit at much smaller 
percentage than originally reported. The g value found in this 
study is more consistent with an admixture of 4—10%, as 
reported by Weiss et al."*' 

Proton NIMR Studies of the Bis-igand Complexes, 
[(OETPP)FeL2]Cl. The low-spin bis-ligand complexes of 
(OETPP)FeCl were prepared by addition of an excess (1—2 
equiv for TV-Melm and 4-NMe2Py and 4—5 equiv for 2-MeImH) 
of the desired ligand to the starting material. The crystallographic 
data discussed above indicate that the peripheral substituents 
form cavities which can orient the planar axial ligands along 
or near the N{por)—Fe—N(por) axes. Assuming that macrocycle 
inversion is slow on the NMR time scale, the number of 
methylene resonances can be used to determine the effective 
symmetry of the bis-ligand complexes in solution. The number 
of methylene resonances observed increases as the symmetry 
is lowered; two (D2d), four (Cj,), and eight (C2). The idealized 
symmetries from the crystallographic data for the five- and six-
coordinate (OETPP)Fe'" complexes, presented above, are C^. 
and D2d, respectively. Depending on the symmetry of the axial 
ligands, the low-spin Fe(lll) porphyrinate symmetry can be 
lowered to C2. Similar symmetry arguments were invoked for 
the highly ruffled, six-coordinate low-spin Fe(IlI) chiroporphy-
rins." The resonance assignments were made on the basis of 
relative areas, 2D NMR data, temperature dependence, and 
relaxation times. 

At least two general types of dynamic processes are expected 
and observed in six-coondinate [(OETPP)FeL2]"^ complexes: (1) 
ligand exchange, in which a coordinated ligand dissociates and 
is rapidly replaced by a formerly free ligand molecule 

[(OErPP)FeLJ"  ̂~ [(OErPP)FeL]'  ̂+ L 
iL* 

[(OETPP)Fe(L)(L*)]+ (1) 

and (2) macrocycle inversion, where the saddled porphyrinate 
ring inverts, such that the two pyrrole rings that were originally 
displaced above the mean plane of the macrocycle become 
displaced below, and those that were originally displaced below 
become displaced above the mean plane of the macrocycle.'^-"® 
Macrocycle inversion has been suggested to occur via a ruffled 
transition state,"* and it has been possible in this work to 
observe, by X-ray crystallography, a partially saddled, partially 
iBffled conformation of [(OEWP)Fe(4-NMe2Py)2]"  ̂ that may 
be on the reaction coordinate for ring inversion (vide supra). 

(115) La Mar, G. N.; Walker, F. A. J. Am. Chem. Soc. 1972. 94, 8607-
8608. 

(116) Medforth, C. J. In Jite Porphyrin Handboot, Kadish, K. M., Smith, 
K. M., Guilaid, R., Eds.; Academic Press: San Diego, 2000; Vol. 5, Chapter 
35. pp 70-73 and references therein. 
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Two additional chemical exchange processes are known or 
expected to occur in these highly saddled porphyrinate com
plexes: (3) axial ligand rotation, which, as we will show, occurs 
in concert with macrocycle inversion, and (4) substituent (ethyl, 
as in the present case, and phenyl)"^-"* rotation. Substituent 
rotational barriers in sterically crowded porphyrins can be 
significantly lower than expected if the type of distortion 
facilitates rotation by moving the substituent out-of-plane. 
Previous crystallographic studies on dodecaphenylporphyrins"® 
(DPPs) have suggested that they are more conformationally 
flexible than other sterically crowded porphyrins, and therefore 
are more susceptible to macrocycle inversion. Molecular 
mechanics calculations suggest that the saddle inversion occurs 
through a ruffled intermediate."* Also, molecular mechanics 
calculations"* have previously suggested that in the saddled 
OETPPH2 and its metal complexes, as well as in OEPHj and 
its metal complexes,"' ethyl rotation has a low energy barrier. 
Thus, for OErPPH2 and its metal complexes, ethyl substituents 
may interchange fh)m axial to equatorial and back to axial again 
a number of times® before inversion of a saddled porphyrin. 
While this is quite likely the case, it could not be proven by 
the NMR techniques utilized in this study; it is found in the 
present work that the ethyl groups spend at least the majority 
of their time in axial positions so that separate resonances are 
observed for "inner" and "outer" methylene protons, but not 
for axial and equatorial ethyl groups. Upon macrocycle inver
sion. the "inner" protons become "outer" and vice versa, 
suggesting rapid ethyl rotation but slower macrocycle inversion. 

Proton NMR Studies of tbe Bls-(iV-inethy!iiii!dazole) 
Complex, [(OETPP)Fe{N-MeIm)2]CI. The ID 'H spectra of 
the bis-(iV-MeIm) complex at —30 and —80 °C are shown in 
Figure 8. In addition to ethyl and phenyl resonances, free and 
ligated imida2Mle proton resonances are seen. The two methylene 
peaks, identified using 2D NMR experiments (vide infra), are 
found in the shift range of 6—14 ppm and indicate effective 
D2d symmetry, despite the unsymmetrical nature of the N-Melm 
ligand. It thus appears that, as observed previously for other 
bis-{A'-MeIm) complexes,"-'® the A'-methyl group is far enough 
finom the binding site that it does not influence the NMR-detected 
symmetry. The large separation between the methylene reso
nances, and their similar average chemical shift to that of 
[0EPFe(NMeIm)2l'^,'®-' '* are consistent with the (d;,y)^djsd^)^ 
ground state of iron(ni),"*-"- for which the spin density is 
concentrated at the pyrrole yS positions. They are inconsistent 
with the (dxj,dyj)*(d„.)' state, for which the methylene peaks arc 
found narrowly spaced in the diamagnetic region because of 
the concentration of the spin density at the meso positions.̂ ' 
Thus, we find that the saddled macrocycle conformation tends 
to favor the (d„)^(djcd,i)-' state for low-spin ferrihemes, rather 
than the (dij,d,-)*(d„)' state, which has often been observed in 
highly ruffled porphyrins. This conclusion is thus totally 
consistent with that based on the EPR data shown in Figure 5. 

The resonances belonging to the protons of [(OETPP)Fe(/V-
Melm)2]"  ̂ shift significantly with temperature. Peak k (which 
is obscured by a strong impurity signal at 2.25 ppm at —30 °C, 

(117) Senge, M. O.; Medforth, C. J.; Forsyth, T. P.; Lee, D. A.; Olmstead, 
M. M.; Jentzen, W.; Pandey, R. K.; Shelnutt, J. A.; Smith, K. M. Inorg. 
Chem. 1997, 36. 1149-1163. 

(118) Muzzi, C. M.; Medforth, C. J.; Voss, L.; Cancilla, M.; Lebiilla, 
C.; Ma, J.-G.; Shelnutt, J. A.; Smith, K. M. Tetrahedron Lett. 1999, 40, 
6159-6162. 

(119) Medforth, C. J. In 77w Porphyrin Handbook-. Kadish, K. M., Smith, 
K. M., Guilard, R., Eds.; Academic Press; San Diego, CA, 20(K): Vol. 5, 
Chapter 35, pp 67—68. 

(120) Shokhirev, N. V.; Walker, F. A. J. Phys. Chem. 1995,99, 17795-
17084. 
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Figure 8. ID 'H NMR spectra of [(OErPP)Fe(A'-MeIm)2]C! at -30 
and -80 °C. The resonances of the poiphyrin and complexed (c) and 
free (f) ligand are labeled a—I and the assignments given; resonances 
of She solvent (CHDCla) and impurity peaks are marked (*). Note the 
change in chemical shift vifith change in temperature of all the peaks 
except for those of the solvent, impurities, and the free ligand. 

but is detected by a strong chemical exchange cross-peak with 
the 2-H resonance of free Af-Melm in the NOESY/EXSY 
spectrum of Figure 9, above the diagonal), is seen as a shoulder 
at 2.1 ppm at —40 °C. At this temperature, the (now weak) 
chemical exchange cross-peak clearly shows that this shoulder 
is the bound 2-H resonance (Rgure S4, Supporting Information). 
This 2-H resonance shifts to higher shielding as the temperature 
is lowered, but cannot be detected at —60 °C due to overlap 
with other peaks, and probable extreme broadening. Both the 
2-H and 4-H resonances of the coordinated A^-Melm ligands 
are typically very broad.The Ti relaxation times (—30 
and —80 °C, Table 4) may be categorized into two groups: short 
(about 50 ms, poiphyrin methylene and coordinated ligand 
protons) and long (about 3(Xj ms, porphyrin phenyl and methyl, 
and free imidazole protons). The average Ti of the "short" group 
was used as the mixing time for the NOESY/EXSY experiments 
(vide infra). 

The negative-phase (i.e.. opposite that of the diagonal peaks) 
cross-peaks in Ae NOESY^XSY spectra taken at —30 °C 
(Figure 9, above the diagonal) indicate that at this temperature 
the complex is in the small-molecule (positive NOE) regime. 
The chemical exchange cross-peaks a-j, c-e, and d-k, together 
with the previously assigned free A^-Melm peaks (d, e,J) from 
the ID spectrum in CD2CI2 (not shown), allow the assignment 
of a, c, and k to the coordinated axial ligand iV-methyl, 5-H, 
and 2-H protons. As discussed above, the signal from the axial 
ligand 2-H is at 2.25 ppm at —30 °C (buried under the more 

bis-{N-Melm) 
complex Free II 
»30'C 

NOESY 

D1 (ppm) 

Figure 9. (Above the diagonal) NOESY/EXSY spectrum of [(OETPPV 
Fe(/V-MeIm)2]C! at —30 °C in CD3CI2. Acquisition parameters: 512 x 
64 complex points, 80 transients/increment, 50 ms mixing time, 85 ms 
acquisition time, 335 ms delay, 6.0 kHz spectral width (only 5.7 kHz 
region shown). Processed with Gaussian apodization (25 ms for the 
first dimension, 13 ms for the second). The negative-phase cross-peaks 
are shown as solid spots. (Below the diagonal) The DQF-COSY 
spectrum of [(0ETPP)Fe(//-MeIm)2)C! at -30 °C. Acquisition param
eters; 512 X 64 complex points, 6.6 kHz spectra! width (only 5.7 kHz 
region shown), 78 ms acquisition time, 4000 ms delay time between 
transients, 16 transients per increment Gauss—Lorenzian transformatiai 
was applied before each Fourier transformation. (First dimension: 100 
ms line narrowing, 33 ms Gaussian. Second dimension: 30 ms line 
narrowing, 10 ms Gaussian.) The small unlabeled spots in the NOESY 
spectrum are believed to be due to noise or other artifacts, because 
they are not present on the other side of the diagonal (not shown). 

intense impurity resonance at that chemical shift) and shifts to 
higher shielding as .the temperature is decreased. The 4-H peak 
was not positively identified, although an extremely broad signal 
(>1000 Hz line width) whose shift is temperature-dependent 
(12.0 ppm at —30 °C, 15.0 ppm at —80 °C, not marked) might 
be that of the ligand 4-H. All resonances at —30 and —80 °C 

are listed, together with their T\ values and assignments, in 
Table 3. 

The NOE cross-peaks h-l in the NOESY/EXSY spectrum are 
also found in the COSY spectrum (—30 °C, Figure 9, below 
the diagonal). The peak I is assigned to the potphyrin methyl 
protons because of its position, 7"i, and behavior (1.2 ppm, small 
temperature dependence of its chemical shift). Therefore, 
resonance h is assigned to one of the porphyrin methylene 
protons. On the basis of the COSY spectrum, resonance b is 
assigned to its geminal partner. The positive-phase cross-peaks 
between the two methylene protons {b—h) in the NOES Y/KSY 



Six-Coordinate Lew-Spin Fe(lH) Porphyrinate Complexes J. Am. Chem. See.. Vol. 123, No. 27, 2001 6575 

Tabic 3. Chemical Shifts and T, Relaxation Times for 
[(OETPP)Fe<Af-Melmh]Cl in CD2C12 at Two Temperatures 

-30 "C -80 "C 

shift shift 
peak (ppm) T,(s) (ppm) r,(s) assignment 

a 17.18 0.178(8) 22.53 0.0235(3) axial ligand A'-Me 
b 12.58 0.0619(4) 14.15 0.0386(3) porphyrin 

methylene, 
outer 

c 12.38 0.099(8) 14.15 hidden 
behind b 

axial ligand 5-H 

~12.0 very 
broad 

-15.0 very 
broad 

axial ligand 4-H? 

d 7.39 0.045(2) 7.39 0.436(1) ftee imidazole 2-H 
e 6.92 0.055(2) 6.92 0.686(3) free imidazole 

4,5-H 
f 6.38 0.492(3) 5.80 0.367(3) porphyrin 

para-phenyl 
S 5.21 0.351(2) 4.35 0.226(1) porphyrin 

meta-phenyl 
h 4.39 0.0667(2) 3.49 0.046(1) porphyrin 

methylene, 
inner 

i 3.83 0.0768(3) 2.16 0.041(1) porphyrin 
ortho-phenyl 

j 3.65 0.195(2) 3.62 0.804(8) free imidazole 
A?-Me 

k 2.25 not 
observed 

axial ligand 2-H 

I 1.21 0.057(2) 1.15 0.0277(6) porphyrin methyl 

Table 4. Chemical Shifts and Ti Relaxation Times for 
[(OETPP)Fe(4-NMe2Py)2]Cl in CEhClj at Two Temperatures 

-20 °C -70 °C 

shift r, shift Ti 
peak (ppm) (S) (ppm) (s) assigimient 

a 15.17 0.170(5) 19.71 0.0671(4) bound ligand N—CH3 
b 14.27 0.041(2) 17.04 0.0201(1) bound ligand 3.5-H 
c 12.24 0.0698(5) 12.80 0.0619(2) porphyrin methylene. 

outer 
d 8.15 0.0088(2) 8.07 0.0766(2) free ligand 2,6-H 
e 6.52 0.0470(2) 6.47 0.2074(5) free ligand 3,5-H 
f 6.34 0.32(3) 5.69 0.449(5) porphyrin para-phenyl 
S 5.36 0.46(2) 4.53 0.309(1) porphyrin meta-phenyl 
h 4.14 overlapped 2.96 0.11(2) porphyrin methylene, 

with inner 
impurity 
peak 

k 3.95 0.093(3) 2.11 0.076(4) porphyrin ortho-phenyl 
I 2.98 0.1874(3) 2.% 0.336(3) ftee ligand N-CHj 
m 1.07 0.100(9) 1.47 0.046(2) porphyrin methyl 
n -1.89 very short -2.79 0.0025(7) bound ligand 2,6-H 

spectrum indicate that these methylene protoos are in chemical 
exchange. (In the NOESY/EXSY spectrum taken at —40 °C 
(not shown), the cross-peaks from the b-h set are of negative 
phase, indicating that at this temperature only NOEs are 
detected, and the chemical exchange has become immeasurably 
slow on the NMR time scale.) 

The sign of the NOE crosses from positive to negative at 
approximately —60 °C. The NOESY/EXSY spectrum taken at 
this temperature contains no interpretable NOE cross-peaks 
above the noise level, and is not shown herein. At -80 °C, the 
NOE is negative, and therefore the dipolar cross-peaks have 
the same phase (positive) as the diagonal and chemical exchange 
peaks,'^' as observed in the NOESY/EXSY spectrum at this 
temperature (not shown). 

(121) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G., ID; Skelton, N. J. 
Proton NMR Spectroscopy: Principles and Practice', Acaiemcftess: San 
Diego, 1996; pp 394-402. 

The cross-peak pattern between /, g, and i, seen in both 
NOESY and COSY spectra, indicates that these three signals 
originate from the phenyl protons, in which the ortho—meta 
and meta—para pairs, but not the ortho—para pair, are expected 
to give rise to both scalar and NOE cross-peaks. Since peak i 
is approximately twice as large as peak/, the former is assigned 
to the ortho and the latter to the para protons. TTie dipolar-
coupling cross-peak b—i results from the proximity of one type 
of methylene protons to the ortho-phenyl protons. THis through-
space interaction indicates that b arises from the "outer" 
methylene protons, and consequently, h arises from the "inner" 
methylene protons (assignments and chemical shifts at two 
temperatures listed in Table 3). 

The number of methylene resonances of [OETPPFe(A'-
MeIm)2]'^Cl~ is consistent with the idealized DM symmetry of 
the complex, in which the average orientation of the axial ligands 
is mutually perpendicular and positioned over the nitrogens. TTiis 
idealized DM symmetry, however, still permits the axial ligands 
to take a wide range of rotational positions in solution; only 
the average chemical shift (which represents the average 
position) over the time scale of the NMR measurements can be 
observed. It is clear that at —30 °C ligand rotation and the 
associated porphyrin ring inversion are slow on the NMR time 
scale, and thus the "inner" and "outer" methylene-H resonances 
are separate, yet have strong chemical exchange (EXSY) cross-
peaks (Figure 9, above the diagonal); although A'-Melm is the 
least hindered ligand investigated herein, we do not believe that 
it can rotate freely without porphyrin ring inversion. 

The NMR data obtained herein do not preclude a lower 
symmetry being observed in the crystalline state. Also, the 
number of methylene signals is consistent with the detection of 
only the axial conformation of the ethyl groups, even though • 
they are believed to rotate rapidly,"* and therefore the correla
tion of the observed ethyl rotation with macrocyclc inversion 
(vide supra). 

The Curie plot for [(OETPP)Fe(A'-Melm)2]Cl (Figure SS, 
Supporting Information) shows significant curvature for most 
resonances, with nondiamagnetic shift intercepts. Previous 
studies of ferrihemes with axial imidazole ligands show non
diamagnetic shift intercepts and/or curved temperature depend
ences of the Curie plots due to the following factors: (1) 
hindered rotation of ethyl groups at lower temperatures;"^ (2) 
axial ligand alignment that deviates from perpendicularity due 
to the Jahn—Teller distortion;^-'* and (3) thermal excitation from 
the (djtj,)^(dxodj,z)^ to the (dij,d>-)*(d;,y)' state.-^''-' Because these 
factors cannot be deconvoluted in this case, the Curie plot cantiot 
be used here as a reliable indicator for the orientatiotl of the 
ligands, or of possible thermal excitation from the ground state 
to an excited state. 

Proton NMR Studies of the Bls-(4-(diinet!i^laiiiliio)-
pyridine) Complex, I(OETPP)Fe(4.NMe2Py)2]CL The ID 
NMR spectra of the bis-(4-NMe2Py) con^lex were well resolved 
below —20 °C (Figure 10). The two n^thylene peaks, identified 
using the COSY spectrum (vide infra), are found in the 4.1 — 
12.2 ppm region at —20 °C (assignments and chemical shifts 
given in Table 4). As for the bis-(A'-Melm) complex, their 
positions are consistent with the (d,y)^(d«,dyj)^ ground state of 
low-spin Fe(III). The number of methylene proton signals (two) 
is again consistent with D211 symmetiy in solution. The protons 
not corresponding to the free pyridine or to impurities show 
non-Curie temperature dependence for their chemical shifts 
(Figure S6, Supporting Information). The non-Curie behavior 
has many potential contributions that cannot be deconvoluted, 
as already discussed above for the bis-(Af-Melm) complex. Peak 
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Figure 10. ID 'H NMR spectra of [(OETPP)Fe(4-NMejPy)2]CI at 
—20 and —70 °C in CDaCfc. The solvent and TMS resonances, and 
those of impurities (*), are marked. Resonances of the porphyrin and 
complexed (c) and free (f) ligand are marked and labeled a-n. 

n corresponding to the axial ligand 2,6-H (assigned by analogy 
to those of the corresponding (TMP)Fe"' bis-(pyridine) com
plexes^-"") is very broad, which is consistent with dipolar 
relaxation that has a llr^ dependence on the proximity of these 
protons to the iron.'^' As in the bis-(#-Melm) complex, the 7"i 
relaxation times for the bis-(4-NMe2Py) complex (Table 4) can 
be divided into two groups: short (about 50 ms for methylene, 
phenyl ortho-, and free pyridine 2,6- and 3,5-protons) and long 
(200—450 ms for methyl, phenyl meta- and para-, and free 
pyridine N-Ms protons). The Ti values of the free pyridine 
protons (Table 4) substantially increase as the temperature is 
lowered; those of the ligated molecules, on the other hand, 
decrease with decreasing teiqperature. 

The NOESY/EXSY spectrum taken at —20 °C (Figure 11, 
above the diagonal) shows three pairs of significant chemical 
exchange cross-peaks. Two of them, a-l and b-e, are from the 
chemical exchange between the free and ligated 4-NMe2Py 
molecules. The third (c-A) is from chemical exchange between 
the methylene protons resulting from macrocycle ring inversion/ 
ligand rotation/ethyl rotation. Also, the spectrum shows NOE 
cross-peaks which are caused by the interactions among the 
phenyl protons, f-g (para—meta) and g-k (meta—ortho). The 
phenyl protons were also identified by the cross-peaks that 
appear in the corresponding positions in the DQF-COSY 
spectmm (Figure 11 below the diagonal) and the /-coupling 
patterns observed in the ID spectra. The other NOE peaks are 
h-m (inner methylene—methyl), c-k (outer methylene—phenyl 
ortho), and c-m (outer methylene—methyl). Because of the c-k 
cross-peak, it is possible to assign the "outef and "inner" 

(122) Unger, S. W.; Jue, T.; La Mar. G. N. J. Mann. Reson. 1985, 61. 
448-456. 
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Figure 11. (Above the diagonal) NOESY spectrum of [(OETPP)Fe-
(4-NMe2Py)2]Cl in CDaClj at -20 °C. The spectnim was acquired with 
a spectral bandwidth of 6.44 kHz, with 512 x 128 complex points, 32 
transients per <i increment, a 79 ms mixing time, and 320 ms relaxation 
delay between increments. The spectrum was processed after application 
of Gaussian window functions (17 ms, 8 ms). (Below the diagonal) 
DQF-COSY spectrum of [(OETPP)Fe(4-NMe2Py)2]CI at -20 "C. The 
spectrum was acquired with a spectral bandwidth of 6.44 kHz, with 
512 X 128 complex points, 32 transients per increment, 79 ms 
acquisition time, and 380 ms relaxation delay between transients. Th® 
spectrum was processed after application of sine bell window functions 
(39 ms for the first dimension and 10 ms for the second). See Figure 
10 and Table 4 for complete assignments. 

methylene protons. The ROESY spectra of the bis-(4-NMe2-
Py) complex at —60 °C (Figure S7, Supporting Information), 
unlike those of the bis-(iV-Melm) complex, were contaminated 
with TOCSY cross-peaks. This spectrum contained a pair of 
NOE cross-peaks from the interaction between the methyl 
protons of the ethyl groups and the phenyl ortho protons (k-m). 
According to the NOESY and ROESY data, the axial ligaad 
exchange becomes too slow on the NMR time scale to be 
observed below —60 °C, and macrocycle inversion is no longer 
observed below about —50 °C. The NOE crossover point is 
also at about —50 °C. 

Proloii NMR Studies of the Bls-(2-inethyliiiilda»}k) 
Complex, [(0ETPP)Fe(2-MeImH)2]O. Because of ligand 
exchange and macrocycle inversion, both of which were evident 
to extremely low temperatures, inteipretable NMR spectra of 
the bis-(2-Mc!mH) complex could be obtained only below -70 
°C, even when an exc^s of ligand (1:6 (0ETPP)Fe"'/2-MelmH) 
was used. The ID NMR spectnim (Figure 12, top) exhibits nxwe 
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Figure 12. (Top) ID NMR spectnuH of [{OETPP)Fe(2-MeIinH)2]Cl 
at —85 °C in CD2CI2. (Bottom) ROESY spectrum of [(0ETPP)Fe(2-
MeIniH)2lCl at —85 °C. 512 x 160 compiex points, 96 transients per 
increment, 10 ms mixing time, 49 ms acquisition time, 150 ms delay, 
10.5 kHz spectral width, 10.5 kHz spin lock field. Processed with 
Gaussian ^odization (17 ms for the first dimension, 8 ms for the 
second). 

proton resonances (eight methylene resonances, for example) 
than those of the bis-(iV-MeIm) and bis-(4-NMe2Py) complexes 
(Figures 8 and 10), because of the proximity of the axial ligand 
2-Me to the porphyrin ring, which lowers the symmetry to C2. 
The Ti values, which are short even at —90 °C, indicate that 
chemical exchange (both ligand exchange and macrocycle 
inversion) is significant even near the freezing point of the 
solvent. 

The ROESY spectrum at —85 °C (Figure 12), taken using a 
short mixing tin  ̂(10 ms), is relatively easy to interpret because 
of the following: (1) the two types of cross-peaks (NOE and 
chemical exchange) have different phase'^' and (2) only a few 
chemical exchange cross-peaks are present, because only the 
faster of the slow chemical exchange processes are detected at 
the short mixing time. For the ROESY spectrum, the transverse 
field Bi was set at about 10 kHz, a typic  ̂value for the spectral 
bandwidth of low-spin ferrihemes at 300 MHz. Although the 
existing literature warns that TOCSY peaks could contaminate 
the ROESY spectrum if the Bi field is set too high,'^' we found 
no significant problem in some previous studies'  ̂or the present 

(123) Shokhireva, T. Kh.; Nesset, M. J. M.; Walker, F. A. Inorg. Chim. 
Acta 272, 204-210. 
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Figure 13. Schematic drawing of [(OiETPP)Fe(2-MeImH)2]^, depicting 
the methylene protons. Depending on their distance to one of the 2-Me 
groups of the axial ligands, the methylene protons can be classified 
into eight different types. 

Table 5. Chemical Shifts of Proton Resonances of 
[(OErPP)Fe(2-MeImH)2]Cl in CD2CI2 at -85 °C 

shift 
(ppm) assignment 

shift 
(ppm) assignment 

25.49 axial ligand NH 6.02 
19.21 axial ligand 5-H 5.68 
19.10 porphyrin methylene a 4.68 
16.67 porphyrin phenyl 3.76 
16.11 porphyrin methylene £> 3.53 
not observed axii ligand 4-H 2,91 
13.34 free imidazole NH 1.10 
11.98 axial Hgand 2-CH3 1.00 
11.87 porphyrin methylene c 0.42 
10.24 porphyrin methylene d —0.38 
7.48 free imidazole 4-H,5-H -1.31 
6.84 porphyrin phenyl -1.49 

porphyrin methylene e 
porphyrin phenyl 
porphyrin methyl 
porphyrin methylene/ 
porphyrin methyl 
free imidazole 2-CH3 
porphyrin phenyl 
porphyrin methylene g 
porphyrin methylene h 
porphyrin methyl 
porphyrin phenyl 
porphyrin methyl 

studies of the bis-(2-MeImH) complex, whereas TOCSY cross-
peaks were clearly present in the ROESY spectra of the bis-
(4-NMe2Py) complex (vide supra). From the RO^Y spectniffl, 
we may identify the peaks correspwnding to eight types of 
methylene protons (consistent with the C2 molecular syiumetfy, 
see Figure 13), and find that the geminal partners are a-f, b-e, 
c-h, and d-g. The dipolar coupling pattern of the itiethylefle 
protons, as well as the Curie plot (—73 to —90 °C) for the 
methylene proton resonances (Figure S8, Supporting Infomia-
tion), are consistent with assignment of the peaks a, b, c, and 
d to the "outer" and e, f, g, and h to the "inner" prototis. 
Unfortunately, no methylene—phenyl NOE cross-peaks wet® 
observed for this compiex, and thus further assignment of the 
methylene resonances is precluded. The 2-methyl, N—H, and 
5-H resonances of the 2-methylimidazole ligands were idetitified 
by chemical exchange with free 2-MeIniH (listed iti Table 5). 
The 4-H resonance could not be located. As for the other two 
bis-(nitrogen-donor ligand) complexes of this study, the cheiliical 
shifts of the methylene and axial ligand resonances ate consistent 
with the (d; .̂)^(d«,dyj' ground state, unlike the results from 
highly ruffled low-spin ferrihemes with hindered axial imid
azoles, whose electronic states have been shown to be a mixture 
of the (d^)^(djo,dyi)' and (dxt,dj,i)''(djy)' configurations.® 

The dominance of the ROESY spectrum of [(0EnrPP)Fe(2-
MeImH)2]"'" (Figure 12) by chemical exchange cross-peaks at 
—85 °C is in sharp contrast to the fact that the NOESY/EXSY 
spectra of [(OETPP)Fe(iV-MeIm)2]+ and [(0ETPP)Fe(4-NMer 
Py)2]'  ̂ lose essentially all chemical exchange cross-peaks 
between —40 and —60 °C. This indicates that the barrier to 
inversion/ligand rotation decreases in the ligand order Af-Melm 
> 4-NMe2Py > 2-MeIinH. This order probably reflects to a 
greater extent the destabilization of the ground state as the 
bulkiness of the axial ligand increases, rather than a stabilization 
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of the transition state in that order.̂ -'  ̂A similar situation was 
found in molecular meclianics calculations for [(TMP)Fe{4-
CNPy)2]+ as compared to (CrPP)Fe(4-CNPy)2]~.̂  

The chemical exchange cross-peaks in the ROESY spectram 
at —85 °C (Figure 12) suggest that an "outer" proton is 
converted predominantly'  ̂ to an "inner" proton instead of 
another type of "outef' proton. Therefore, the dominant dynamic 
process involves macrocycle inversion with concurrent ethyl 
rotation. The number of methylene peaks indicates that the 
equatorial species are short-lived, and therefore the observed 
ethyl rotation is correlated with the inversion, as observed for 
the other two bis-ligand complexes (vide supra). In addition, 
each "outer" proton exchanges with only two of the possible 
four "inner" protons, which suggests that the inversion and the 
axial ligand rotation are at least partially crarclated, and therefore 
in the dominant dynamic process the random dissociation/ 
reassociation of both axial ligands is precluded.'  ̂One possible 
mechanism involves the inversion of the saddled macrocycle, 
accompanied by the simultaneous rotation of both axial ligands 
in the same direction (synchronous), which was shown to be 
the lowest-energy path for highly ruffled porphyrins,̂ - and is 
undoubtedly so also for highly saddled porphyrins. On the basis 
of Figure 13, the simultaneous inversion/rotation would con
vert protons 1 to 3 or 6, 2 to 5 or 4, 3 to 8 or 1. 4 to 7 or 2, 
5 to 2 or 7, 6 to 1 or 8,7 to 4 or 5, and 8 to 6 or 3. The inability 
to observe NOE cross-peaks between methylene and phenyl 
protons precludes more detailed assignment of methylene 
resonances a—h to proton types 1—8. The assignments that were 
possible are listed in Table 5. 

Condusions 

The molecular structure of [(OETPP)Fe(2-MelmH)2]''' shows 
that the axial ligands are in perpendicular planes, and that the 
ligand planes are rotated by 14° to the porphyrin N—Fe—N axes, 
while Ae structure of ((OETPP)Fe(4-NMe2Py)2]"*' shows that 
the axial ligands are not in perpendicular planes, but rather have 
a much smaller dihedral angle of 70°. Such flexibility in the 
dihedral angle between axial ligand planes for the bis-(4-NMe2-
Py) complex may help to explain the existence of both "large 
SHIM" and normal rhombic EPR signals for the presumably less-
hindered (more flexible) [(OETPP)Fe(A'-Melm)2]'  ̂complex in 

(124) Baridgia, K. M.; Nmro, D. J.; Renner, M. W.; Melamed, D.; Smith, 
K. M.; Fajer, J. J. Phys. Chem. B 1998. 102, 322-326. 

(125) Tlse ROESY spectrum does contain very small "outer" -"outef 
chemical exctonge peaks and aiso the axial iigand-firee imidazole exchange 
peaks (except for 1-H). This indicates that some dissociation/reassociation 
does occur. However, this occurs independently and apart from the 
maCTOcycle inversion. 
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frozen solution (since five-membered imidazole rings are 
expected to have greater rotational fireedom in these saddled 
porphyrin complexes than six-membered pyridine rings), and 
demonstrates the power of the Jahn—Teller effect in determining 
axial ligand dihedral angles in the latter low-spin iron(III) 
porphyrinate. The variable-temperature 1- and 2D NMR data 
for the (OETPP)Fe"' complexes give insights into the stereo
chemistry and the fluxional properties of these complex ions. 
The 2D spectra of the five-coordinate (OETPP)FeCl show cross-
peaks consistent with the expected fluxional motion in solution. 
Complete peak assignments of the six-coordinate [(OETFP)-
Fe(A?-MeIm)2]'  ̂ and [(OETPP)Fe(4-NMe2Py)2l''" complexes 
were possible by a combination of NOESY/KSY and COSY 
experiments. The bis-(/V-MeIm) and bis-(4-NMe2Py) complexes 
are fluxional at —40 °C and above, but their fluxionality 
becomes undetectable on the NMR time scale at —80 °C. The 
2D NMR data indicate that the relative axial ligand orientation 
is, on average, perpendicular in these dynamic complexes. The 
Curie plots are affected by many factors, and the contributions 
from these cannot be deconvoluted. The six-coordinate [(OET-
PP)Fe(2-MeImH)2]"*" shows a much more complicated peak 
pattern than either of the other two six-coordinate complexes, 
due to the lower symmetry created by the unsymmetrical 
2-MeImH ligands. A partial assignment of the methylene peaks 
is possible by use of ROESY spectra. The NMR spectrum of 
the complex is resolved only at very low temperatures (—70 to 
—90 °C), and the complex is fluxional over this temperature 
range. 
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APPENDIX D 

An Example of a DFT Input File 

#B3LYP/3-21G gfprint pop=fuli IOP(99/14=l) 

7bl 

1 2 
Fe 13.07600021 19.61499977 22.88400078 
N 13.01799965 17.63999939 22.81299973 
C 11.87399960 16.88999939 22.45000076 
C 12.32900047 15.63799953 21.90999985 
C 13.69400024 15.57800007 21.91699982 
C 14.09300041 16.81200027 22.57699966 
C 15.42800045 17.14299965 23.00600052 
H 8.239999771 18.36199951 24.24799919 
C 14.27900028 22.33900070 22.45000076 
C 13.82299995 23.59099960 21.90999985 
H 11.71199989 14.86100006 21.44499969 
C 12.06000042 22.41699982 22.57699966 
C 10.72399998 22.08600044 23.00600052 
H 17.91300011 20.86700058 24.24799919 
C 10.72399998 22.08600044 23.00600052 
H 17.91300011 20.86700058 24.24799919 
H 14.32900047 14.77799988 21.52000046 
H 16.15299988 16.32299995 23,05699921 
N 13.13399982 21.58900070 22.81299973 
C 17.11300087 20.23200035 23.85000038 
N 11.10200024 19.67200089 22.95400047 
H 11.82400036 24.45100021 21.52000046 
H 14.44099998 24.36800003 21.44499969 
H 8.322999954 20.97900009 24.32200050 
C 15.87899971 20.63100052 23.19099998 
C 15.54800034 21.96699905 22.76099968 
C 10.35200024 20.81699944 23.31699944 
H 16.36800003 22.69199944 22.70999908 
N 15.05099964 19.55699921 22.95400047 
C 15.80099964 18.41200066 23.31699944 
C 17.05299950 18.86700058 23.85700035 



H 9.998999596 22.90600014 23.05699921 
C 9.100000381 20.36199951 23.85700035 

C 10.72399998 22.08600044 23.00600052 
H 17.91300011 20.86700058 24.24799919 
H 14.32900047 14.77799988 21.52000046 
H 16.15299988 16.32299995 23.05699921 
N 13.13399982 21.58900070 22.81299973 
C 17.11300087 20.23200035 23.85000038 
N 11.10200024 19.67200089 22.95400047 
H 11.82400036 24.45100021 21.52000046 
H 14.44099998 24.36800003 21.44499969 
H 8.322999954 20.97900009 24.32200050 
C 15.87899971 20.63100052 23.19099998 
C 15.54800034 21.96699905 22.76099968 
C 10.35200024 20.81699944 23.31699944 
H 16.36800003 22.69199944 22.70999908 
N 15.05099964 19.55699921 22.95400047 
C 15.80099964 18.41200066 23.31699944 
C 17.05299950 18.86700058 23.85700035 
H 9.998999596 22.90600014 23.05699921 
C 9.100000381 20.36199951 23.85700035 
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APPENDIX E 

Crystallographic Tables 

Table El. Atomic coordinates (x 10"^) and equivalent isotropic displacement parameters (A^x 10^) forparal-

[FeOMTPP(l-MeIm)2]CI. U(ec|) is defined as one third of the trace of the orthogonalized uy tensor. 

X y z U(eq) 

Fe(l) -9897(1) -6120(1) -1752(1) 14(1) 
N(l) -11311(1) -5894(2) -1982(1) 17(1) 
N(2) -9855(1) -4568(2) -1103(1) 16(1) 
N(3) -8462(1) -6256(2) -1583(1) 14(1) 
N(4) -9950(1) -7807(2) -2319(1) 16(1) 
N(5) -10101(1) -7240(2) -909(1) 17(1) 
N(6) -9848(2) -8767(2) -78(1) 25(1) 
N(7) -9722(1) -5028(2) -2639(1) 15(1) 
N(8) -9024(2) -4001(2) -3494(1) 18(1) 
C(l) -11890(2) -6613(2) -2491(1) 18(1) 
C(2) -12749(2) -5849(2) -2731(1) 21(1) 
C(3) -12707(2) -4709(2) -2331(1) 21(1) 
C(4) -11829(2) -4784(2) -1836(1) 17(1) 
C(5) -11574(2) -3967(2) -1233(1) 18(1) 
C(6) -10656(2) -4022(2) -837(1) 16(1) 
C(7) -10383(2) -3440(2) -128(1) 17(1) 
C(8) -9397(2) -3563(2) 7(1) 17(1) 
C(9) -9065(2) -4223(2) -615(1) 16(1) 
C(10) -8101(2) -4421(2) -757(1) 15(1) 
C(ll) -7842(2) -5303(2) -1280(1) 15(1) 
C(I2) -6897(2) -5443(2) -1544(1) 17(1) 
C(I3) -6937(2) -6555(2) -1961(1) 17(1) 
C(14) -7905(2) -7096(2) -1949(1) 16(1) 
C(15) -8220(2) -8342(2) -2200(1) 16(1) 
C(16) -9202(2) -8712(2) -2277(1) 17(1) 
C(17) -9584(2) -10029(2) -2376(1) 19(1) 
C(18) -10566(2) -9914(2) -2531(1) 18(1) 
C(19) -10787(2) -8516(2) -2509(1) 16(1) 
C(20) -11699(2) -7919(2) -2670(1) 18(1) 
C(2I) -13505(2) -6165(3) -3349(2) 28(1) 
C(31) -13417(2) -3585(3) -2454(2) 29(1) 
C(40) -10972(2) -7529(3) -649(1) 23(1) 
C(41) -10817(2) -8485(3) -128(2) 28(1) 
C(42) -9438(2) -8002(2) -556(1) 20(1) 
C(43) -9347(2) -9792(3) 376(2) 38(1) 
C(51) -12321(2) -3067(2) -992(1) 21(1) 
C(52) -13168(2) -3586(3) -754(2) 34(1) 
C(53) -13884(2) -2739(4) -545(2) 46(1) 
C(54) -13760(2) -1391(4) -585(2) 48(1) 
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C(55) -12925(2) -867(3) -807(2) 38(1) 
C(56) -12198(2) -1704(3) -1004(2) 27(1) 
C(60) -10428(2) -4591(2) -3167(1) 21(1) 
C(61) -10005(2) -3960(2) -3696(1) 21(1) 
C(62) -8883(2) -4641(2) -2861(1) 17(1) 
C(63) -8276(2) -3449(3) -3903(1) 24(1) 
C(71) -11032(2) -2899(3) 399(1) 23(1) 
C(81) -8818(2) -3166(2) 708(1) 19(1) 
C(lOl) -7323(2) -3705(2) -297(1) 17(1) 
C(102) -7268(2) -2330(2) -307(1) 20(1) 
C(103) -6556(2) -1667(3) 140(1) 25(1) 
C(104) -5911(2) -2381(3) 608(2) 27(1) 
C(105) -5953(2) -3756(3) 617(1) 25(1) 
C(106) -6648(2) -4417(2) 162(1) 20(1) 
C<121) -6053(2) -4516(2) -1436(1) 23(1) 
C(131) -6153(2) -7044(3) -2391(2) 26(1) 
C(I51) -7475(2) -9356(2) -2335(1) 17(1) 
C(i52) -6868(2) -9853(2) -1748(1) 20(1) 
C(I53) -6219(2) -10864(2) -1861(1) 23(1) 
C(154) -6165(2) -11358(2) -2554(2) 23(1) 
C(155) -6738(2) -10832(2) -3141(1) 23(1) 
C(156) -7395(2) -9837(2) -3030(1) 21(1) 
C(171) -9053(2) -11327(2) -2268(2) 24(1) 
C(I81) -11242(2) -11077(2) -2654(2) 25(1) 
C(201) -12529(2) -8745(2) -2986(1) 19(1) 
C(202) -12559(2) -9325(3) -3668(1) 28(1) 
C(203) -13344(2) -10119(3) -3926(2) 32(1) 
C(204) -14097(2) -10324(3) -3512(2) 34(1) 
C(205) -14072(2) -9742(3) -2834(2) 34(1) 
C(206) -13293(2) -8959(3) -2573(2) 27(1) 
C(90) -4833(3) -7445(4) -370(3) 42(1) 
Cl(3) -4408(1) -6566(1) 400(1) 64(1) 
Cl(4) -4014(1) -7273(1) -1026(1) 68(1) 
C(91) -3971(9) -6702(14) -38(7) 42(1) 
€1(5) -2886(4) -6580(5) 505(2) 64(1) 
Cl(6) -4014(1) -7273(1) -1026(1) 68(1) 
Cl(l) -7019(2) -8141(2) -22(1) 22(1) 
Cl(2) -6810(30) -8168(12) -19(7) 76(4) 

Table E2. Anisotropic displacement parameters (A^xlO^) for/7«jra/-[FeOMTPP(l-MeIm)2|Cl. The 

anisotropic displacement factor exponent takes the form: -20^1 h^ ^ + ... + 2 h k a* b* |. 

y l l  U22 U33 U23 U l 3  U l 2  

Fed) 14(1) 13(1) 14(1) 0(1) -1(1) -1(1) 
N(l) 16(1) 17(1) 17(1) 1(1) 0(1) -2(1) 
N(2) 14(1) 15(1) 18(1) -1(1) 0(1) 0(1) 
N(3) 11(1) 15(1) 15(1) 0(1) -1(1) -1(1) 
N(4) 18(1) 13(1) 16(1) -2(1) -2(1) 0(1) 
N(5) 17(1) 15(1) 17(1) 1(1) -1(1) -1(1) 
N(6) 30(1) 22(1) 24(1) 5(1) -2(1) -3(1) 



N(7) 16(1) 14(1) 15(1) -1(1) 1(1) 1(1) 
N(8) 22(1) 15(1) 18(1) 1(1) 2(1) -2(1) 
C(l) 16(1) 19(1) 18(1) 2(1) -2(1) -3(1) 
C{2) 16(1) 21(1) 24(1) 1(1) -5(1) -2(1) 
C(3) 15(1) 25(1) 24(1) 5(1) -1(1) 1(1) 
C(4) 12(1) 20(1) 18(1) 2(1) -1(1) -1(1) 
C(5) 17(1) 17(1) 19(1) 0(1) 1(1) 2(1) 
C(6) 16(1) 17(1) 15(1) 2(1) 1(1) -1(1) 
C(7) 21(1) 13(1) 17(1) -1(1) 2(1) 1(1) 
C(8) 20(1) 14(1) 16(1) 0(1) 0(1) 1(1) 
C(9) 18(1) 11(1) 16(1) 1(1) -2(1) -1(1) 
C(IO) 14(1) 13(1) 17(1) 1(1) -2(1) 0(1) 
C(ll) 15(1) 14(1) 16(1) 1(1) -1(1) -1(1) 
C(12) 17(1) 15(1) 19(1) 0(1) -1(1) 0(1) 
C(13) 17(1) 16(1) 17(1) -1(1) -1(1) 0(1) 
C(14) 17(1) 16(1) 14(1) 0(1) -1(1) -1(1) 
C(15) 15(1) 15(1) 17(1) -2(1) 0(1) 2(1) 
C(16) 19(1) 16(1) 15(1) -2(1) 1(1) -1(1) 
C(17) 21(1) 17(1) 18(1) -2(1) -1(1) -1(1) 
C(18) 22(1) 16(1) 18(1) -2(1) 2(1) -5(1) 
C(19) 18(1) 15(1) 16(1) 0(1) 1(1) -3(1) 
C(20) 16(1) 18(1) 18(1) -1(1) -1(1) -4(1) 
C(21) 22(1) 24(1) 36(1) 0(1) -14(1) 1(1) 
C(31) 22(1) 28(1) 34(1) -4(1) -10(1) 9(1) 
C(40) 21(1) 25(1) 23(1) 3(1) 1(1) -4(1) 
C(41) 29(1) 27(1) 26(1) 7(1) -1(1) -7(1) 
C(42) 24(1) 16(1) 19(1) 2(1) 0(1) 1(1) 
C(43) 39(2) 29(1) 43(2) 19(1) -7(1) 0(1) 
C(51) 17(1) 25(1) 22(1) -6(1) -2(1) 4(1) 
C(52) 19(1) 44(2) 39(2) -17(1) 6(1) -4(1) 
C(53) 16(1) 70(2) 53(2) -34(2) 3(1) 1(1) 
C(54) 24(1) 65(2) 52(2) -36(2) -13(1) 23(1) 
C(55) 46(2) 34(2) 33(1) -9(1) -10(1) 20(1) 
C(56) 30(1) 25(1) 25(1) -2(1) 0(1) 7(1) 
C(60) 20(1) 21(1) 21(1) 3(1) -2(1) 0(1) 
C(61) 22(1) 22(1) 20(1) 6(1) -1(1) 1(1) 
C(62) 19(1) 16(1) 17(1) 1(1) 1(1) -2(1) 
C(63) 28(1) 23(1) 22(1) 2(1) 6(1) -5(1) 
C(71) 23(1) 27(1) 19(1) -4(1) 4(1) 4(1) 
C(81) 23(1) 17(1) 16(1) -2(1) -3(1) 1(1) 
C(lOl) 16(1) 17(1) 18(1) -2(1) -1(1) -2(1) 
C(102) 22(1) 16(1) 20(1) -1(1) 0(1) 0(1) 
C(103) 28(1) 21(1) 25(1) -6(1) 2(1) -9(1) 
C(104) 24(1) 31(1) 26(1) -10(1) -2(1) -7(1) 
C(105) 19(1) 31(1) 23(1) -5(1) -4(1) -2(1) 
C(106) 19(1) 19(1) 22(1) -1(1) -1(1) 0(1) 
C(121) 17(1) 21(1) 30(1) -6(1) 4(1) -5(1) 
C(131) 25(1) 22(1) 34(1) -7(1) 11(1) -4(1) 
C(151) 17(1) 13(1) 20(1) -3(1) 1(1) -1(1) 
C(152) 21(1) 19(1) 19(1) -2(1) 0(1) 0(1) 
C(153) 21(1) 21(1) 27(1) 3(1) -1(1) 1(1) 
C(154) 19(1) 19(1) 32(1) -4(1) 4(1) 1(1) 
C(155) 24(1) 21(1) 24(1) -7(1) 5(1) -4(1) 
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C(156) 22(1) 23(1) 18(1) -2(1) 0(1) -2(1) 
C(171) 23(1) 15(1) 34(1) -3(1) 2(1) 0(1) 
C(181) 22(1) 16(1) 36(1) -4(1) 3(1) -6(1) 
C(201) 16(1) 20(1) 20(1) 2(1) -4(1) -5(1) 
C(202) 30(1) 29(1) 23(1) 1(1) 0(1) -12(1) 
C(203) 41(2) 31(1) 22(1) 2(1) -10(1) -13(1) 
C(204) 24(1) 28(1) 48(2) 1(1) -7(1) -10(1) 
C(205) 20(1) 29(1) 53(2) -5(1) 8(1) -6(1) 
C{206) 20(1) 24(1) 36(1) -4(1) 4(1) -4(1) 
C(90) 40(2) 37(2) 50(2) 3(2) 7(2) 4(2) 
Cl(3) 98(1) 51(1) 40(1) -9(1) -2(1) 14(1) 
a(4) 59(1) 78(1) 70(1) -17(1) 21(1) 10(1) 
C(91) 40(2) 37(2) 50(2) 3(2) 7(2) 4(2) 
a(5) 98(1) 51(1) 40(1) -9(1) -2(1) 14(1) 
Cl(6) 59(1) 78(1) 70(1) -17(1) 21(1) 10(1) 
ci(l) 29(1) 20(1) 17(1) -1(1) 1(1) 7(1) 
Cl(2) 123(9) 63(6) 47(4) 14(3) 34(5) 51(6) 

Table E3. Atomic coordinates (x 10'') and equivalent isotropic displacement parameters (A^x 10^) forperp-
tFeOMTPP(l-MeIm)2]CL 

X y z U(eq) 

Fed) 5000 7500 8750 55(1) 
N(l) 4978(3) 6748(3) 8718(2) 55(2) 
C(l) 4552(4) 6457(4) 8587(4) 62(2) 
C(2) 4715(4) 5976(4) 8372(4) 64(3) 
C(3) 5239(4) 5957(4) 8388(4) 61(2) 
C(4) 5397(4) 6434(3) 8620(3) 59(2) 
C(5) 5897(4) 6551(4) 8787(4) 62(2) 
C(21) 4386(4) 5571(4) 8124(4) 67(3) 
C(31) 5561(4) 5545(4) 8177(4) 69(3) 
C(51) 6279(4) 6137(4) 8815(4) 64(3) 
C(52) 6225(5) 5744(4) 9153(4) 76(3) 
C(53) 6586(6) 5345(5) 9183(6) 91(4) 
C(54) 6998(5) 5347(6) 8870(7) 101(5) 
C(55) 7073(5) 5737(7) 8535(7) 104(5) 
C(56) 6701(4) 6137(5) 8485(5) 88(3) 
N(2) 5000 7500 9508(4) 62(2) 
N(3) 4824(6) 7306(5) 10324(10) 82(4) 
C(6) 4758(12) 7178(10) 9833(9) 76(4) 
C(7) 4711(10) 7114(11) 10782(10) 95(6) 
N(4) 5000 7500 9508(4) 62(2) 
C(9) 4916(10) 7250(4) 10273(12) 83(4) 
C(8) 4818(12) 7107(9) 9779(10) 75(4) 
Cl(l) 5924(5) 4076(5) 9076(5) 202(8) 
C(42) 5242(8) 4758(8) 9758(8) 49(12) 
CI(2) 4983(9) 5250(9) 9393(8) 164(16) 
C(43) 4870(9) 5130(9) 10130(9) 93(11) 
Cl(3) 5173(7) 5103(5) 10711(5) 225(10) 
C(44) 3827(10) 6173(10) 11173(10) 142(19) 
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270(9) 
290(50) 
690(30) 

84(16) 
112(10) 

Table E4. Anisotropic dispiacement parameters (A 10^) for /?erj7-p='eOMTPP(l-MeIm)2]Cl. 

u i i  U22 U33 U23 U l 2  

Fed) 58(1) 58(1) 48(1) 0 0 0 
N(l) 56(4) 66(4) 43(3) 5(3) 2(4) 0(4) 
C{1) 68(6) 64(6) 54(5) 6(4) 3(4) -3(5) 
C(2) 76(7) 54(5) 63(6) -5(4) -10(5) -4(5) 
C(3) 69(6) 58(5) 56(5) 9(4) 7(4) -3(4) 
C(4) 65(6) 56(5) 55(5) 6(4) 5(4) -2(4) 
C(5) 63(5) 58(5) 64(5) 5(4) 10(4) 6(4) 
C(21) 82(7) 66(6) 53(5) 0(4) 0(5) -13(5) 
C(31) 78(7) 64(6) 65(6) -4(5) 7(5) -10(5) 
C(51) 51(5) 77(7) 63(6) -17(5) 2(4) 9(4) 
C(52) 82(7) 69(6) 76(7) 0(5) -23(6) 11(5) 
C(53) 100(10) 69(7) 105(10) -14(6) -31(8) 16(6) 
C(54) 79(9) 104(10) 122(12) -44(9) -30(9) 25(8) 
C(55) 53(6) 128(13) 131(13) -49(11) -12(7) 4(8) 
C(56) 66(7) 111(9) 86(8) -32(7) 5(6) 4(6) 
N(2) 51(4) 81(5) 55(4) 0 0 14(5) 
N(3) 77(6) 112(6) 57(6) 1(5) 11(5) 29(5) 
C(6) 66(6) 104(6) 57(5) 4(5) 8(5) 19(5) 
C(7) 89(9) 111(9) 83(9) 5(8) 3(7) 17(8) 
N(4) 51(4) 81(5) 55(4) 0 0 14(5) 
C(9) 75(6) 116(6) 58(6) 5(5) 12(5) 21(5) 
C(8) 65(6) 104(6) 56(5) 6(5) 9(5) 19(5) 
Cl(l) 202(8) 202(8) 202(8) 73(10) -73(10) -73(10) 
C(42) 49(12) , 49(12) 49(12) -23(10) 23(10) 23(10) 
Cl(2) 112(18) 270(30) 109(15) -21(17) 4(14) -110(20) 
C(43) 93(11) 93(11) 93(11) 18(12) -18(12) -18(12) 
Cl(3) 217(16) 133(10) 320(20) -109(13) -129(16) 68(11) 
C(44) 142(19) 142(19) 142(19) -18(19) 18(19) 18(19) 
Cl(4) 236(14) 380(20) 192(12) -106(13) 2(11) -106(16) 
C(45) 290(50) 290(50) 290(50) 100(50) -100(50) -100(50) 
Cl(5) 410(30) 1090(70) 570(60) 470(60) -160(30) -500 
C(46) 84(16) 84(16) 84(16) 8(16) -8(16) -8(16) 
Cl(6) 82(14) 106(17) 150(20) -24(16) -55(16) 40(13) 

Table E5. Atomic coordinates (xlO") and equivalent isotropic displacement parameters (A^xlO^) for 
[FeOETPP(i-MeIm)2|CL 

X y z U(eq) 

Cl(4) 4355(4) 6391(9) 11483(6) 
C(45) 4369(10) 5631(10) 10631(10) 
Cl(5) 4740(9) 5871(18) 11130(9) 
C(46) 5131(11) 4869(11) 9869(11) 
Cl(6) 5482(10) 5084(13) 10394(12) 

Fed) 2497(1) 430(1) 4510(1) 19(1) 



N(l) 1050(2) 168(1) 4586(2) 21(1) 
N(2) 1990(2) 354(1) 3018(2) 24(1) 
N(3) 3980(2) 600(1) 4447(2) 20(1) 
N(4) 2977(2) 583(1) 5982(2) 21(1) 
N(5) 2949(2) -427(1) 4707(2) 24(1) 
N(6) 3418(3) -1341(1) 4403(2) 38(1) 
N(7) 2079(2) 1294(1) 4335(2) 24(1) 
N(8) 2175(3) 2273(1) 4136(3) 41(1) 
C(l) 863(2) -13(1) 5478(2) 24(1) 
C(2) 32(3) -485(2) 5243(3) 28(1) 
C(3) -314(3) -552(2) 4220(3) 30(1) 
C(4) 282(3) -124(1) 3799(2) 25(1) 
C(5) 125(2) 29(2) 2784(2) 26(1) 
C(6) 895(2) 356(2) 2467(2) 26(1) 
C(7) 736(3) 683(2) 1523(2) 30(1) 
C{8) 1748(3) 841(2) 1479(2) 29(1) 
C(9) 2536(3) 601(1) 2388(2) 26(1) 
C(10) 3673(3) 555(1) 2628(2) 25(1) 
C(ll) 4334(2) 456(2) 3627(2) 23(1) 
C(12) 5471(2) 265(1) 3994(2) 25(1) 
C(13) 5818(2) 349(2) 5022(2) 25(1) 
C(14) 4887(2) 594(1) 5293(2) 22(1) 
C(15) 4862(2) 845(1) 6216(2) 23(1) 
C(16) 3898(3) 924(1) 6454(2) 23(1) 
C(17) 3707(3) 1275(1) 7275(2) 26(1) 
C(18) 2720(3) 1092(2) 7359(2) 25(1) 
C(19) 2282(2) 647(1) 6561(2) 22(1) 
C(20) 1352(2) 279(1) 6401(2) 23(1) 
C(21) -242(3) -906(2) 5993(3) 38(1) 
C(22) 668(4) -1362(2) 6455(3) 52(1) 
C(31) -1031(4) -1064(2) 3636(3) 53(1) 
C(32) -345(6) -1547(2) 3347(4) 93(2) 
G(51) -896(3) -171(2) 1979(2) 32(1) 
C(52) -1923(3) 42(2) 1967(3) 42(1) 
C(53) -2840(3) -151(3) 1197(3) 56(1) 
C(54) -2753(4) -543(3) 463(3) 60(1) 
C(55) -1749(4) -749(2) 465(3) 55(1) 
C(56) -816(3) -558(2) 1211(3) 40(1) 
C(7i) -335(3) 913(2) 839(3) 39(1) 
C(72) -824(4) 1391(2) 1371(4) 57(1) 
C(81) 1%9(3) 1278(2) 724(3) 41(1) 
C{82) 2182(5) 1916(3) 1175(5) 77(2) 
C(lOl) 4168(3) 631(2) 1789(2) 31(1) 
C(i02) 3869(3) 238(2) 946(3) 43(1) 
C(103) 4257(3) 341(3) 122(3) 54(1) 
C(104) 4928(4) 828(3) 138(3) 58(1) 
C(105) 5238(4) 1203(2) 959(3) 55(1) 
C(106) 4870(3) 1104(2) 1795(3) 38(1) 
C(121) 6089(3) -51(2) 3378(3) 32(1) 
C(122) 5676(4) -695(2) 3090(4) 53(1) 
C(131) 6884(3) 135(2) 5755(3) 32(1) 
C(132) 6724(3) -429(2) 6334(4) 50(1) 
C(151) 5910(2) 1046(2) 6976(2) 25(1) 
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C(152) 6544(3) 1495(2) 6721(3) 30(1) 
C(153) 7489(3) 1697(2) 7449(3) 40(1) 
C(154) 7797(3) 1452(2) 8424(3) 46(1) 
C(155) 7177(3) 1008(2) 8669(3) 40(1) 
C(156) 6242(3) 802(2) 7948(3) 32(1) 
C{171) 4344(3) 1820(2) 7794(3) 34(1) 
C(172) 4127(4) 2363(2) 7066(4) 60(1) 
C(181) 2135(3) 1368(2) 8048(3) 36(1) 
C(182) 1234(5) 1794(2) 7476(5) 70(2) 
C(201) 911(3) 179(2) 7275(2) 29(1) 
C(202) 1550(3) -106(2) 8149(3) 36(1) 
C(203) 1136(4) -207(2) 8959(3) 53(1) 
C(204) 105(4) -28(2) 8896(3) 55(1) 
C(205) -537(4) 266(2) 8025(4) 54(1) 
C(206) -132(3) 370(2) 7228(3) 39(1) 
C(301) 3030(3) -809(2) 3999(3) 37(1) 
C(302) 3593(4) -1308(2) 5419(3) 48(1) 
C(303) 3299(4) -748(2) 5596(3) 48(1) 
C(304) 3633(6) -1877(2) 3862(4) 72(2) 
C(40I) 2688(3) 1744(2) 4174(3) 31(1) 
C(4()2) 1185(3) 2158(2) 4278(4) 51(1) 
C(403) 1131(3) 1554(2) 4394(3) 42(1) 
C(404) 2601(4) 2863(2) 3976(5) 72(2) 
Cl(l) 5185(1) 2218(1) 3881(1) 40(1) 
C(500) 4820(6) 3097(3) 1717(5) 81(2) 
€1(2) 5%9(2) 3567(1) 1878(2) 141(1) 
Cl(3) 4416(2) 2808(1) 484(1) 99(1) 
Cl(4) 3758(2) 3516(1) 1931(1) 117(1) 
C(600) -2252(4) 1801(2) 4165(3) 48(1) 
CI(5) -2186(1) 2105(1) 3028(1) 78(1) 
Cl(6) -1495(1) 2251(1) 5192(1) 72(1) 
Cl(7) -1717(1) 1056(1) 4336(1) 67(1) 
C(701) 794(15) -1893(7) -503(13) 376(17) 
C(702) 926(11) -1951(4) 691(12) 189(7) 
C(703) 1730(9) -1448(6) 1204(6) 158(6) 
C(704) 2950(12) -1490(5) 1084(6) 232(9) 
C(705) 2824(12) -1813(9) 155(12) 420(20) 
C(706) 1882(9) -1998(4) -727(5) 123(4) 

Table E6. Anisotropic displacement parameters (A^xlO^) for |FeOETPP(l-MeIm)2]Cl. 

u" U22 U33 U23 1)13 Ul2 

Fed) 18(1) 23(1) 16(1) -1(1) 4(1) 1(1) 
N(l) 19(1) 26(1) 18(1) 0(1) 5(1) 3(1) 
N(2) 22(1) 30(1) 18(1) 1(1) 6(1) 3(1) 
N(3) 18(1) 23(1) 18(1) -1(1) 5(1) 1(1) 
N(4) 19(1) 26(1) 17(1) 0(1) 5(1) -1(1) 
N(5) 26(1) 24(1) 22(1) -3(1) 8(1) -1(1) 
N(6) 54(2) 24(2) 37(2) -4(1) 18(2) 1(1) 
N(7) 20(1) 27(1) 24(1) 0(1) 6(1) 3(1) 



N{8) 40(2) 29(2) 62(2) 9(2) 26(2) 4(1) 
C(l) 19(2) 26(2) 29(2) -1(1) 10(1) 2(1) 
C(2) 24(2) 30(2) 30(2) -1(1) 9(1) -1(1) 
C(3) 25(2) 34(2) 31(2) -5(1) 8(1) -4(1) 
C(4) 22(2) 26(2) 26(2) -2(1) 6(1) 2(1) 
C(5) 20(2) 37(2) 22(2) -7(1) 7(1) -1(1) 
C(6) 23(1) 36(2) 17(1) -3(1) 4(1) 2(1) 
C(7) 29(2) 42(2) 20(2) 0(1) 7(1) 3(2) 
C(8) 30(2) 39(2) 19(2) -2(1) 8(1) 2(1) 
C(9) 29(2) 30(2) 20(2) -3(1) 9(1) -1(1) 
C(10) 26(2) 30(2) 21(2) -4(1) 10(1) -3(1) 
C(ll) 21(1) 25(1) 23(1) -2(1) 8(1) -2(1) 
C(12) 19(1) 31(2) 26(2) -4(1) 10(1) -3(1) 
C(I3) 20(1) 29(2) 26(2) 3(1) 9(1) 0(1) 
C(14) 21(1) 24(2) 21(1) 5(1) 5(1) 0(1) 
C(15) 22(2) 26(2) 20(2) 3(1) 3(1) -1(1) 
C(16) 24(2) 24(2) 19(2) 1(1) 4(1) -1(1) 
C(17) 29(2) 25(2) 20(2) 1(1) 2(1) 0(1) 
C(18) 26(2) 28(2) 20(2) 2(1) 5(1) 2(1) 
C(19) 23(2) 28(2) 17(1) 0(1) 8(1) 0(1) 
C(20) 21(1) 28(2) 20(2) 3(1) 7(1) 4(1) 
C(21) 40(2) 37(2) 41(2) 2(2) 16(2) -16(2) 
C{22) 73(3) 37(2) 45(2) 8(2) 17(2) -5(2) 
C(31) 58(3) 57(3) 39(2) ^(2) 6(2) -32(2) 
C(32) 164(7) 33(2) 66(4) -18(2) 11(4) -11(3) 
C(51) 24(2) 50(2) 18(2) -3(1) 1(1) -6(2) 
C(52) 27(2) 71(3) 28(2) -10(2) 9(2) -2(2) 
C(53) 25(2) 105(4) 34(2) -8(2) 3(2) -6(2) 
C(54) 36(2) 99(4) 37(2) -17(2) 2(2) -21(2) 
C(55) 50(3) 80(3) 32(2) -22(2) 9(2) -16(2) 
C(56) 33(2) 56(2) 31(2) -15(2) 9(2) -8(2) 
C(71) 33(2) 60(2) 22(2) 4(2) 5(2) 9(2) 
C(72) 45(3) 68(3) 50(3) 3(2) 5(2) 25(2) 
C(8I) 34(2) 59(3) 30(2) 16(2) 10(2) 4(2) 
C(82) 90(4) 64(3) 79(4) 29(3) 31(3) -1(3) 
C(lOl) 26(2) 46(2) 22(2) 1(1) 10(1) 2(1) 
C(102) 30(2) 73(3) 26(2) -11(2) 10(2) -1(2) 
C(103) 36(2) 103(4) 24(2) -15(2) 9(2) 6(2) 
C(104) 51(3) 98(4) 35(2) 18(2) 27(2) 16(3) 
C(105) 54(3) 70(3) 51(3) 17(2) 34(2) 3(2) 
C(106) 38(2) 45(2) 37(2) 3(2) 19(2) -1(2) 
C(121) 24(2) 42(2) 33(2) -6(2) 15(1) 2(1) 
C(122) 50(2) 44(2) 72(3) -24(2) 28(2) -4(2) 
C(131) 21(2) 39(2) 34(2) 5(2) 5(1) 5(1) 
C(132) 36(2) 51(2) 61(3) 19(2) 11(2) 11(2) 
C(151) 20(2) 31(2) 24(2) 0(1) 5(1) 1(1) 
C(152) 27(2) 28(2) 30(2) 2(1) 4(1) -2(1) 
C(153) 30(2) 37(2) 46(2) 2(2) 0(2) -9(2) 
C(154) 31(2) 52(2) 39(2) -5(2) -12(2) -7(2) 
C(155) 34(2) 47(2) 29(2) 2(2) -5(2) 4(2) 
C(156) 24(2) 42(2) 26(2) 3(1) 4(1) 1(1) 
C(171) 36(2) 34(2) 34(2) -9(2) 14(2) -7(2) 
C(172) 76(3) 32(2) 68(3) 1(2) 16(3) -18(2) 
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C(181) 43(2) 36(2) 38(2) -9(2) 23(2) -3(2) 
C(182) 85(4) 56(3) 90(4) 9(3) 59(3) 32(3) 
C(201) 26(2) 38(2) 25(2) -4(1) 11(1) , -8(1) 
C(202) 35(2) 46(2) 24(2) -1(2) 3(2) -7(2) 
C(203) 63(3) 69(3) 24(2) 6(2) 9(2) -17(2) 
C(204) 67(3) 76(3) 33(2) -12(2) 31(2) -26(3) 
C(205) 44(2) 75(3) 57(3) -17(2) 35(2) -7(2) 
C(206) 31(2) 52(2) 37(2) -4(2) 14(1) 0(2) 
C(301) 52(2) 30(2) 29(2) -4(1) 13(2) 4(2) 
C(302) 78(3) 29(2) 35(2) 3(2) 12(2) 11(2) 
C(303) 77(3) 42(2) 23(2) 3(2) 11(2) 21(2) 
C(304) 130(5) 31(2) 66(3) -6(2) 48(3) 19(3) 
C(401) 27(2) 27(2) 40(2) 5(1) 13(2) 6(1) 
C(402) 36(2) 35(2) 89(3) 12(2) 30(2) 13(2) 
C(403) 34(2) 37(2) 64(3) 8(2) 26(2) 7(2) 
C(404) 66(3) 24(2) 140(5) 13(3) 55(3) 7(2) 
Cl(l) 35(1) 35(1) 53(1) -4(1) 17(1) -4(1) 
C(500) 115(5) 65(3) 65(3) 8(3) 31(3) 4(3) 
€1(2) 177(2) 168(2) 76(1) -22(1) 36(1) -84(2) 
Cl(3) 134(2) 86(1) 82(1) -24(1) 41(1) -20(1) 
Cl(4) 182(2) 103(1) 82(1) 35(1) 64(1) 71(1) 
C(600) 42(2) 56(3) 49(2) -8(2) 19(2) -5(2) 
Cl(5) 82(1) 102(1) 58(1) 14(1) 33(1) 6(1) 
Cl(6) 78(1) 73(1) 65(1) -24(1) 23(1) -19(1) 
Cl(7) 61(1) 49(1) 97(1) -5(1) 32(1) -11(1) 
C(701) 680(50) 183(16) 290(20) -98(16) 180(30) -260(20) 
C(702) 276(17) 100(7) 245(15) 62(8) 161(14) 129(10) 
C(703) 181(10) 240(13) 69(5) 45(6) 64(6) 170(10) 
C(704) 420(20) 113(7) 51(5) -2(5) -88(9) 22(11) 
C(705) 470(40) 440(40) 500(40) 280(30) 380(30) 350(30) 
C(706) 230(11) 80(5) 68(4) -32(4) 59(6) -83(7) 

Table E7. Atomic coordinates (x 10'^) and equivalent isotropic displacement parameters (X^x 10^) for 
FeTCfiTPPCl.. 

X y z U(eq) 

Fed) 0 2543(1) 7500 29(1) 
Cld) 0 4139(1) 7500 43(1) 
Fe(2) 0 1754(4) 7500 32(1) 
Cl(2) 0 331(6) 7500 82(4) 
C(6) -1392(2) 1796(2) 6611(1) 31(1) 
C(7) -1510(2) 1521(2) 6050(1) 34(1) 
N(2) -591(1) 2147(2) 6752(1) 34(1) 
C(l) -1205(2) 2551(2) 8274(1) 32(1) 
C(3) -2500(2) 2465(2) 7784(1) 37(1) 
N(l) -1091(1) 2248(2) 7772(1) 32(1) 
C(10) 574(2) 2503(2) 6276(1) 33(1) 
C(24) -3432(2) 2518(3) 7637(1) 46(1) 
C(51) -2875(2) 1547(2) 6704(1) 35(1) 
C(4) -1866(2) 2158(2) 7471(1) 32(1) 



C(8) -835(2) 1816(2) 5847(1) 35(1) 
C(103) 1444(2) 2292(2) 4978(1) 40(1) 
C(5) -2001(2) 1832(2) 6941(1) 33(1) 
C(lOl) 810(2) 2732(2) 5741(1) 33(1) 
C(74) -743(2) 1686(2) 5265(1) - 45(1) 
C(21) -2504(2) 3226(2) 8688(1) 42(1) 
C(9) -243(2) 2193(2) 6289(1) 34(1) 
C(52) -3386(2) 2160(2) 6367(1) 40(1) 
C(2) -2078(2) 2752(2) 8271(1) 36(1) 
C(102) 1228(2) 2068(2) 5474(1) 36(1) 
C(106) 615(2) 3617(2) 5513(1) 37(1) 
C(104) 1261(2) 3179(3) 4761(1) 45(1) 
C(54) -4495(2) 1009(3) 6285(1) 53(1) 
C(71) -2211(2) 940(2) 5734(1) 40(1) 
C(53) -4192(2) 1888(3) 6158(1) 48(1) 
C(22) -3375(2) 3563(3) 8444(1) 52(1) 
C(105) 847(2) 3849(2) 5023(1) 45(1) 
C(56) -3178(2) 665(2) 6825(1) 42(1) 
C(23) -3843(2) 2779(3) 8116(1) 55(1) 
C(55) -3984(2) 395(3) 6618(1) 50(1) 
C(73) -1545(2) 1304(3) 4938(1) 53(1) 
CUD -1910(2) 517(2) 5240(1) 47(1) 

Table E8. Anisotropic displacement parameters (X^x 10^) for FeTCcTPPCl. 

uii U22 U33 U23 Ul3 Ul2 

Fe(l) 27(1) 45(1) 15(1) 0 4(1) 0 
Cl(l) 56(1) 44(1) 33(1) 0 15(1) 0 
Fe(2) 31(2) 38(3) 25(2) 0 0(2) 0 
Cl(2) 87(7) 27(4) 135(10) 0 27(7) 0 
C(6) 31(2) 41(2) 21(1) 2(1) 3(1) -5(1) 
C(7) 34(2) 43(2) 23(1) 1(1) 3(1) -3(1) 
N(2) 32(1) 54(2) 18(1) -2(1) 8(1) -3(1) 
C(l) 34(2) 44(2) 21(1) 2(1) 8(1) 4(1) 
C(3) 34(2) 52(2) 25(1) 5(1) 8(1) -2(1) 
N(l) 29(1) 50(2) 18(1) 2(1) 3(1) 0(1) 
C(10) 31(2) 47(2) 20(1) -2(1) 7(1) -2(1) 
C(24) 31(2) 77(2) 31(2) -3(2) 6(1) 1(2) 
C(51) 32(2) 54(2) 20(1) -2(1) 7(1) -5(1) 
C(4) 30(2) 44(2) 24(1) 4(1) 8(1) -3(1) 
C(8) 36(2) 46(2) 21(1) 0(1) 4(1) -4(1) 
C(103) 36(2) 63(2) 23(1) -8(1) 10(1) -8(1) 
C(5) 33(2) 41(2) 25(1) 3(1) 5(1) -5(1) 
C(lOl) 28(1) 55(2) 18(1) -2(1) 5(1) -8(1) 
C(74) 45(2) 67(2) 23(1) -3(1) 11(1) -14(2) 
C(21) 40(2) 62(2) 25(1) -1(1) 8(1) 7(2) 
C(9) 37(2) 46(2) 19(1) -1(1) 8(1) -2(1) 
C(52) 37(2) 53(2) 31(2) 2(1) 5(1) -6(1) 
C(2) 30(2) 54(2) 23(1) 3(1) 5(1) 3(1) 
C(102) 32(2) 51(2) 27(1) 0(1) 7(1) -5(1) 



449 

C(106) 33(2) 54(2) 23(1) -4(1) 3(1) -3(1) 
C(104) 38(2) 77(2) 22(1) 1(1) 9(1) -6(2) 
C(54) 37(2) 78(3) 43(2) -13(2) 6(2) -16(2) 
C(71) 43(2) 51(2) 26(1) -4(1) 6(1) -14(1) 
C(53) 41(2) 66(2) 35(2) -2(2) -2(1) -2(2) 
C(22) 31(2) 91(3) 35(2) -9(2) 7(1) 12(2) 
C(105) 46(2) 62(2) 27(1) 8(1) 7(1) -6(2) 
C(56) 45(2) 51(2) 30(2) 2(1) 11(1) -7(2) 
C(23) 34(2) 93(3) 38(2) -4(2) 10(1) 3(2) 
C(55) 55(2) 58(2) 39(2) -6(2) 15(2) -23(2) 
C(73) 59(2) 78(2) 21(1) -10(2) 7(1) -22(2) 
C(72) 50(2) 59(2) 31(2) -11(1) 4(1) -19(2) 

Table E9. Atomic coordinates (x 10'') and equivalent isotropic displacement parameters (A^x 10^) for 
[FeTC6TPP(l-MeIm)2]Cl. 

X y z U(eq) 

Fed) 5000 7500 1250 37(1) 
N(3) 4732(10) 7311(11) -1453(16) 54(4) 
N(2) 5000 7500 -53(3) 43(1) 
C(12) 4507(5) 7036(5) -2216(6) 58(2) 
C(ll) 4589(12) 7184(11) -606(14) 48(4) 
C(14) 4783(13) 7245(13) -1440(20) 59(6) 
N(4) 5000 7500 -53(3) 43(1) 
C(13) 4621(13) 7083(12) -595(16) 60(5) 
N(l) 5465(2) 6602(2) 1276(2) 39(1) 
C(4) 5166(2) 5988(2) 1479(2) 38(1) 
C(3) 5688(2) 5495(2) 1675(3) 42(1) 
C(2) 6291(2) 5795(2) 1524(3) 41(1) 
C(l) 6153(2) 6493(2) 1281(2) 38(1) 
C(7) 6956(2) 5438(2) 1661(3) 52(1) 
C(8) 6851(5) 4714(4) 1913(8) 79(3) 
C(9) 6300(3) 4590(3) 2485(4) 63(2) 
C(10) 5634(3) 4800(5) 2064(5) 53(2) 
C(8B) 6940(30) 4667(10) 1840(30) 50(7) 
C(9B) 6279(10) 4352(10) 1603(19) 49(6) 
C(IOB) 5589(17) 4700(20) 1690(30) 66(11) 
C(5) 4478(2) 5865(2) 1420(3) 40(1) 
C{51) 4241(2) 5154(2) 1566(3) 42(1) 
C(52) 3978(2) 4957(2) 2365(3) 48(1) 
C(53) 3779(2) 4299(2) 2509(3) 55(1) 
C(54) 3830(2) 3829(2) 1837(3) 59(1) 
C(55) 4084(2) 4020(2) 1044(3) 58(1) 
C(56) 4292(2) 4675(2) 901(3) 49(1) 
Cl(2) 5342(1) 5243(1) 4248(2) 145(1) 
C(IOO) 4731(6) 4718(6) 4582(6) 83(3) 
Cl(l) 4541(4) 6775(3) -3633(4) 106(2) 

Table ElO. Anisotropic displacement parameters (A^xlO')for [FeTC6TPP{i-MeIm)2]Cl. 
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U22 U33 U23 Ul3 Ul2 

Fed) 34(1) 34(1) 43(1) 0 0 0 
N(3) 57(6) 58(6) 47(4) -3(4) -4(4) 16(4) 
N(2) 38(2) 45(3) 47(3) 0 0 5(2) 
C(12) 63(4) 57(4) 55(4) -1(3) -8(4) -3(4) 
C(ll) 49(5) 47(6) 46(5) -2(4) 2(4) 10(4) 
C(14) 60(7) 63(7) 54(6) -5(4) -4(4) 12(4) 
N(4) 38(2) 45(3) 47(3) 0 0 5(2) 
C(13) 62(6) 63(7) 55(6) -1(4) -2(4) 6(5) 
N(l) 36(2) 36(2) 44(2) 1(2) -2(2) -3(2) 
C(4) 36(2) 34(2) 44(2) -2(2) 0(2) 0(2) 
C(3) 40(2) 32(2) 54(3) -2(2) -2(2) 0(2) 
C(2) 41(2) 38(2) 46(2) -6(2) -3(2) 5(2) 
C(l) 34(2) 35(2) 44(2) -2(2) -6(2) 1(2) 
C(7) 40(3) 45(2) 71(3) 5(2) -6(2) 6(2) 
C(8) 42(4) 52(4) 144(8) 34(5) -10(4) 7(4) 
C(9) 59(4) 43(3) 87(5) 15(3) -10(3) 9(3) 
C(10) 45(3) 36(4) 79(6) 3(4) -9(3) -4(3) 
C(8B) 61(12) 38(9) 51(15) -30(12) 17(13) -13(12) 
C(9B) 49(12) 23(9) 76(16) -7(11) -20(11) 15(7) 
C(IOB) 64(13) 42(19) 90(30) 16(19) -24(17) 37(14) 
C(5) 38(2) 34(2) 47(3) -3(2) 1(2) -2(2) 
C(51) 32(2) 38(2) 54(3) -4(2) 1(2) 0(2) 
C(52) 46(3) 42(3) 54(3) -1(2) 4(2) 3(2) 
C(53) 46(3) 49(3) 71(3) 16(3) 8(2) 0(2) 
C(54) 47(3) 35(3) 94(4) 3(3) 4(3) -6(2) 
C(55) 44(3) 43(3) 85(4) -17(2) 4(3) -1(2) 
C(56) 39(2) 43(3) 66(3) -7(2) 10(2) 0(2) 
Cl(2) 94(1) 183(2) 158(2) -20(2) 7(1) 4(1) 
C(IOO) 98(9) 92(8) 58(7) -15(6) -29(6) 10(7) 
Cld) 147(6) 97(5) 73(4) -9(3) -39(4) -39(4) 

Table Ell. Atomic coordinates (xlO") and equivalent isotropic displacement parameters (A^x 10^) for 
A; tFeOMTPP(4-Me2NPy)2}Cl. 

X y z U(eq) 

Fed) 10000 -8645(1) 7500 24(1) 
N(l) 8866(1) -8603(1) 6555(1) 26(1) 
N(2) 9887(1) -8697(1) 8522(1) 26(1) 
N(3) 10000 -7730(1) 7500 28(1) 
N(4) 10000 -5831(2) 7500 46(1) 
N(5) 10000 -9561(1) 7500 27(1) 
N(6) 10000 -11459(2) 7500 52(1) 
C(l) 7625(1) -8261(1) 5856(2) 31(1) 
C(2) 8352(1) -8426(1) 6733(2) 28(1) 
C(3) 8502(1) -8499(1) 7608(2) 29(1) 
C(4) 9208(1) -8705(1) 8418(2) 28(1) 
C(5) 9345(1) -8945(1) 9266(2) 32(1) 



C(6) 10110(1) -9079(1) 9878(2) 30(1) 
C(7) 10455(1) -8887(1) 9429(2) 27(1) 
C(8) 11245(1) -8819(1) 9867(2) 27(1) 
C(9) 11543(1) -8614(1) 9406(2) 27(1) 
C(10) 12324(1) -8397(1) 9849(2) 30(1) 
C(11) 6926(1) -7973(1) 5694(2) 41(1) 
C(31) 7867(1) -8387(1) 7689(2) 33(1) 
C(32) 7252(2) -8784(1) 7303(2) 40(1) 
C(33) 6682(2) -8685(1) 7413(2) 49(1) 
C(34) 6722(2) -8195(2) 7910(3) 56(1) 
C(35) 7328(2) -7792(2) 8295(3) 56(1) 
C(36) 7901(2) -7884(1) 8182(2) 44(1) 
C(51) 8782(2) -9063(2) 9475(2) 44(1) 
C(61) 10471(2) -9394(1) 10803(2) 40(1) 
C(81) 11807(1) -8973(1) 10891(2) 31(1) 
C(82) 11892(2) -8613(1) 11588(2) 40(1) 
C(83) 12425(2) -8774(2) 12529(2) 56(1) 
C(84) 12864(2) -9287(2) 12774(2) 65(1) 
C(85) 12786(2) -9644(2) 12086(2) 55(1) 
C(86) 12259(2) -9487(1) 11145(2) 40(1) 
C(lOl) 12978(1) -8309(1) 10878(2) 40(1) 
C(201) 10053(1) -7404(1) 6901(2) 35(1) 
C(202) 10061(2) -6787(1) 6883(2) 39(1) 
C(203) 10000 -6445(2) 7500 36(1) 
C(204) 9914(2) -5499(2) 8138(3) 67(1) 
C(301) 10651(1) -9885(1) 7904(2) 35(1) 
C(302) 10681(1) -10505(1) 7933(2) 38(1) 
C(303) 10000 -10846(2) 7500 36(1) 
C(304) 10712(2) -11797(2) 7970(3) 68(1) 
Cl(l) 10000 -3828(1) 7500 45(1) 
C(41) 9813(14) -13098(11) 5623(16) 134(10) 
Cl(21) 10017(5) -12546(4) 5345(6) 117(2) 
Cl(22) 9859(3) -13832(4) 5086(4) 128(3) 
C(42) 9626(9) -13172(11) 5518(10) 91(7) 
Cl(31) 9522(4) -13640(4) 4860(4) 150(3) 
Cl(32) 10003(6) -12407(3) 5476(7) 117(3) 
C(61) 6641(11) -9484(8) 9537(14) 97(6) 
Cl(41) 7010(6) -10102(4) 10233(6) 96(2) 
Cl(42) 7248(5) -8831(4) 10107(4) 114(2) 
C(62) 6837(10) -9263(8) 9444(11) 81(5) 
CI(51) 7238(5) -8646(4) 10137(4) 105(2) 
Cl(52) 7004(6) -9923(4) 10116(7) 118(3) 

Table E12. Anisotropic displacement parameters (A^xlO^)for A:p^eOMTPP(4-Me2NPy)2]Cl. 

uii U22 U33 U23 Ul3 Ul2 

Fed) 19(1) 32(1) 21(1) 0 12(1) 0 
N(l) 21(1) 33(1) 24(1) 1(1) 14(1) 1(1) 
N(2) 22(1) 34(1) 24(1) -1(1) 14(1) -1(1) 
N(3) 21(1) 34(1) 26(1) 0 13(1) 0 
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N(4) 42(2) 36(2) 56(2) 0 28(2) 0 
N(5) 25(1) 35(1) 23(1) 0 14(1) 0 
N(6) 44(2) 34(2) 73(3) 0 32(2) 0 
C(l) 23(1) 34(1) 32(1) 4(1) 15(1) 2(1) 
C(2) 21(1) 33(1) 29(1) 0(1) 15(1) 1(1) 
C(3) 25(1) 34(1) 31(1) -1(1) 18(1) 0(1) 
C(4) 27(1) 33(1) 28(1) -2(1) 19(1) -2(1) 
C(5) 31(1) 37(1) 30(1) -2(1) 21(1) -2(1) 
C(6) 33(1) 34(1) 27(1) -1(1) 20(1) -3(1) 
C(7) 27(1) 29(1) 25(1) -1(1) 16(1) 0(1) 
C(8) 27(1) 30(1) 24(1) 0(1) 14(1) 2(1) 
C(9) 23(1) 31(1) 24(1) -1(1) 12(1) 1(1) 
C(10) 23(1) 34(1) 29(1) -2(1) 14(1) -1(1) 
C(ll) 30(1) 49(2) 42(1) 9(1) 21(1) 12(1) 
C(31) 27(1) 43(1) 34(1) 4(1) 21(1) 4(1) 
C(32) 30(1) 45(2) 46(2) 4(1) 24(1) 2(1) 
C(33) 32(1) 56(2) 66(2) 15(1) 33(1) 4(1) 
C(34) 52(2) 60(2) 83(2) 18(2) 55(2) 17(2) 
C(35) 62(2) 57(2) 74(2) -1(2) 54(2) 12(2) 
C(36) 41(2) 50(2) 52(2) -3(1) 34(1) 0(1) 
C(51) 36(1) 64(2) 40(1) 9(1) 27(1) 0(1) 
C(61) 42(1) 50(2) 34(1) 6(1) 25(1) -2(1) 
C(81) 28(1) 37(1) 26(1) 2(1) 14(1) -4(1) 
C(82) 43(1) 44(2) 30(1) -4(1) 19(1) -7(1) 
C(83) 60(2) 69(2) 28(1) -8(1) 21(1) -17(2) 
C(84) 52(2) 82(3) 30(2) 16(2) 9(1) -9(2) 
C{85) 42(2) 53(2) 50(2) 21(1) 18(1) 7(1) 
C(86) 34(1) 40(1) 39(1) 5(1) 18(1) 1(1) 
C(lOl) 26(1) 54(2) 29(1) -4(1) 12(1) -8(1) 
C(201) 35(1) 40(1) 33(1) 3(1) 22(1) 3(1) 
C(202) 40(1) 40(1) 38(1) 8(1) 24(1) 5(1) 
C(203) 21(2) 38(2) 38(2) 0 12(1) 0 
C(204) 83(3) 38(2) 93(3) -11(2) 61(2) -4(2) 
C(301) 26(1) 41(1) 36(1) -3(1) 18(1) 0(1) 
C(302) 29(1) 37(1) 44(1) 0(1) 20(1) 5(1) 
C(303) 37(2) 35(2) 38(2) 0 23(2) 0 
C(304) 59(2) 38(2) 97(3) 5(2) 42(2) 10(1) 
Cl(l) 36(1) 60(1) 40(1) 0 24(1) 0 
C(41) 150(20) 97(11) 104(11) -9(9) 50(12) -48(13) 
Cl(21) 89(3) 185(7) 83(3) 51(4) 55(3) 8(4) 
Cl(22) 116(4) 195(5) 53(2) -10(2) 41(2) -63(3) 
C(42) 59(5) 151(17) 65(8) 46(10) 38(6) -13(7) 
Cl(31) 192(7) 193(6) 111(5) -85(5) 115(5) -124(6) 
Cl(32) 103(4) 85(2) 114(5) 34(2) 39(3) -28(2) 
C(61) 83(11) 108(13) 63(8) 0(7) 25(7) 41(9) 
€1(41) 100(3) 118(3) 67(3) 6(2) 48(2) 43(3) 
Cl(42) 68(2) 176(5) 73(4) 50(4) 29(3) 6(3) 
C(62) 71(9) 119(13) 32(4) -6(7) 19(5) 30(8) 
Cl(51) 76(3) 182(5) 53(3) -48(3) 36(2) -24(3) 
Cl(52) 88(3) 200(8) 81(3) 31(4) 59(2) 30(4) 
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Table E13. Atomic coordinates (x 10'') and equivalent isotropic displacement parameters (A^xlO^) for 
B:[FeOMTPP(4-Me2NP\)2jCl. 

X y z U(eq) 

Ci(l) 2467(1) 8148(1) 8590(1) 48(1) 
Fed) 7420(1) 6453(1) 9897(1) 26(1) 
N(l) 6896(2) 7072(2) 10415(2) 28(1) 
N(2) 7888(2) 7034(2) 9291(2) 27(1) 
N(3) 8054(2) 5834(2) 9463(2) 28(1) 
N(4) 6831(2) 5866(2) 10422(2) 27(1) 
N(5) 6463(2) 6408(2) 9175(2) 28(1) 
N(6) 4482(3) 6341(2) 7638(2) 49(1) 
N(7) 8407(2) 6511(2) 10592(2) 28(1) 
N(8) 10513(3) 6590(2) 12003(2) 43(1) 
C(l) 6481(3) 6993(2) 11009(2) 30(1) 
C(2) 6506(3) 7528(2) 11404(2) 34(1) 
C(3) 6884(3) 7930(2) 11023(2) 35(1) 
C(4) 7103(3) 7648(2) 10392(2) 31(1) 
C(5) 7383(3) 7912(2) 9815(2) 32(1) 
C(6) 7670(3) 7609(2) 9258(2) 28(1) 
C(7) 7861(3) 7839(2) 8596(2) 33(1) 
C(8) 8228(3) 7415(2) 8251(2) 32(1) 
C(9) 8277(3) 6914(2) 8701(2) 29(1) 
C(10) 8722(3) 6409(2) 8606(2) 32(1) 
C(ll) 8676(3) 5919(2) 9021(2) 29(1) 
C(12) 9195(3) 5410(2) 9007(2) 33(1) 
C(13) 8856(3) 5012(2) 9414(2) 31(1) 
C(14) 8117(3) 5269(2) 9679(2) 28(1) 
C(15) 7507(3) 4994(2) 10031(2) 28(1) 
C(16) 6841(3) 5282(2) 10313(2) 28(1) 
C(17) 6119(3) 5018(2) 10596(2) 32(1) 
C(18) 5688(3) 5445(2) 10896(2) 31(1) 
C(19) 6165(3) 5975(2) 10814(2) 28(1) 
C(20) 6049(3) 6491(2) 11147(2) 30(1) 
C(21) 6219(4) 7633(2) 12106(3) 47(1) 
C{31) 7092(4) 8529(2) 11268(3) 55(2) 
C(51) 7369(3) 8557(2) 9787(3) 39(1) 
C(52) 6621(4) 8848(2) 9694(3) 52(1) 
C(53) 6608(5) 9449(3) 9688(4) 70(2) 
C(54) 7350(5) 9749(2) 9773(3) 72(2) 
C(55) 8096(5) 9466(2) 9848(3) 64(2) 
C(56) 8117(4) 8863(2) 9861(3) 49(1) 
C(71) 7678(4) 8430(2) 8314(3) 48(1) 
C(81) 8487(4) 7468(2) 7528(3) 45(1) 
C(lOl) 9284(4) 6392(2) 8031(3) 47(1) 
C(102) 10030(4) 6687(3) 8066(4) 77(2) 
C(103) 10528(6) 6678(5) 7495(6) 115(4) 
C(104) 10256(9) 6388(6) 6913(6) 143(6) 
C(105) 9531(8) 6087(5) 6882(4) 114(4) 
C(106) 9043(5) 6078(3) 7439(3) 72(2) 
C(121) 9992(3) 5321(2) 8651(3) 50(1) 
C(131) 9222(3) 4423(2) 9555(3) 41(1) 



C(151) 7548(3) 4350(2) 10118(2) 32(1) 
C(152) 7330(3) 3986(2) 9565(3) 38(1) 
C(153) 7337(4) 3397(2) 9668(3) 54(2) 
C(154) 7583(4) 3166(2) 10301(4) 58(2) 
C(155) 7806(4) 3523(2) 10840(3) 55(2) 
C(156) 7789(3) 4119(2) 10757(3) 42(1) 
C(171) 5821(3) 4406(2) 10557(3) 43(1) 
C(18I) 4864(3) 5377(2) 11204(3) 45(1) 
C(201) 5456(3) 6506(2) 11707(3) 37(1) 
C(202) 5665(4) 6237(2) 12334(3) 48(1) 
C(203) 5136(5) 6263(3) 12857(3) 68(2) 
C(204) 4385(5) 6550(3) 12764(4) 76(2) 
C(205) 4156(4) 6805(3) 12138(4) 69(2) 
C(206) 4693(3) 6795(2) 11608(3) 48(1) 
C(401) 6458(3) 6042(2) 8637(2) 36(1) 
C(402) 5835(3) 6010(2) 8124(3) 42(1) 
C(403) 5127(3) 6371(2) 8125(2) 36(1) 
C(404) 5140(3) 6764(2) 8673(3) 41(1) 
C(405) 5796(3) 6763(2) 9165(3) 41(1) 
C(406) 3727(4) 6679(3) 7689(3) 62(2) 
C(407) 4510(4) 5920(4) 7083(3) 80(2) 
C(501) 8460(3) 6208(2) 11180(2) 35(1) 
C(502) 9133(3) 6220(2) 11652(3) 40(1) 
C(503) 9835(3) 6571(2) 11550(2) 34(1) 
C(504) 9770(3) 6886(2) 10941(3) 48(1) 
C(505) 9075(3) 6844(2) 10497(3) 48(1) 
C(506) 10564(4) 6227(3) 12603(3) 70(2) 
C(507) 11263(3) 6905(3) 11844(3) 53(1) 
C(IOO) 3817(12) 8298(7) 10028(9) 51(7) 
Cl(lO) 4150(10) 9016(5) 10043(8) 104(4) 
Cl(ll) 3463(5) 8120(3) 10817(4) 74(2) 
C!(12) 4629(9) 7842(6) 9836(6) 92(3) 
C(200) 3868(13) 8324(8) 9930(11) 65(9) 
a(20) 3213(5) 8264(4) 10607(4) 112(3) 
01(21) 4725(9) 7874(5) 10079(7) 101(4) 
Cl(22) 4203(8) 9025(5) 9834(8) 96(3) 
C(300) 839(9) 8408(5) 9558(8) 49(7) 
Cl(30) 1261(6) 8108(3) 10336(4) 87(3) 
C!(31) 560(9) 9127(5) 9579(11) 153(7) 
a(32) -12(9) 7997(7) 9260(8) 106(4) 
C(400) 768(12) 8428(7) 9522(9) 92(12) 
Cl(40) -68(8) 8030(7) 9143(8) 93(4) 
€1(41) 498(6) 9125(4) 9712(9) 92(3) 
Cl(42) 1044(8) 8103(5) 10314(5) 137(4) 
C(500) 2815(15) 9519(11) 8134(10) 70(8) 
Cl(51) 2568(19) 9634(11) 7249(8) 112(5) 
CI(52) 1991(13) 9775(7) 8589(8) 91(4) 
Cl(53) 3712(13) 9916(11) 8409(12) 84(4) 
C(600) 2725(14) 9605(9) 7998(10) 53(6) 
Cl(60) 1936(12) 9897(7) 8478(8) 81(3) 
Cl(61) 3709(13) 9882(11) 8255(12) 100(5) 
€1(62) 2463(16) 9715(10) 7129(7) 89(3) 
C(700) 2066(6) 9990(4) 11857(5) 52(3) 



Cl(70) 2180(1) 9279(1) 11548(1) 80(1) 
Cl(71) 973(2) 10151(1) 11814(1) 98(1) 
Cl(72) 2521(2) 10069(1) 12678(1) 106(1) 
C(800) 1714(8) 9692(6) 12176(7) 96(5) 
Cl(80) 2180(1) 9279(1) 11548(1) 80(1) 
Cl{81) 973(2) 10151(1) 11814(1) 98(1) 
Ci(82) 2521(2) 10069(1) 12678(1) 106(1) 

Table E14. Anisotropic displacement parameters (A10^) for B:[FeOMrPP(4-Me2NMPy)2]Cl. 

u" U22 U33 U23 Ul3 

Cl(l) 43(1) 55(1) 46(1) 12(1) 6(1) 1(1) 
Fe(l) 27(1) 19(1) 32(1) -1(1) 6(1) 0(1) 
N(l) 28(2) 21(2) 34(2) -2(2) 4(2) 2(2) 
N(2) 30(2) 19(2) 34(2) 0(2) 6(2) 1(1) 
N(3) 31(2) 21(2) 32(2) 1(2) 6(2) -1(2) 
N(4) 28(2) 20(2) 33(2) 3(2) 7(2) -1(1) 
N(5) 33(2) 19(2) 34(2) -1(2) 6(2) -2(2) 
N(6) 42(2) 59(3) 46(3) -8(2) -8(2) 4(2) 
N(7) 28(2) 20(2) 37(2) -2(2) 7(2) 1(1) 
N(8) 36(2) 47(3) 45(3) 1(2) -1(2) -1(2) 
C(l) 28(2) 28(2) 34(2) -4(2) 5(2) 5(2) 
C(2) 36(3) 31(2) 36(3) -7(2) 5(2) 1(2) 
C(3) 37(3) 28(2) 41(3) -8(2) 4(2) 3(2) 
C(4) 28(2) 24(2) 40(3) -2(2) 1(2) 1(2) 
C(5) 36(2) 19(2) 40(3) -1(2) 1(2) 1(2) 
C(6) 26(2) 20(2) 37(2) 2(2) 2(2) -2(2) 
C(7) 36(2) 22(2) 39(3) 3(2) 1(2) -4(2) 
C(8) 33(2) 24(2) 40(3) 4(2) 6(2) -3(2) 
C(9) 30(2) 26(2) 32(2) 0(2) 7(2) -1(2) 
C(10) 34(2) 28(2) 36(2) 1(2) 10(2) -1(2) 
C(ll) 30(2) 23(2) 36(2) 0(2) 8(2) 2(2) 
C(12) 34(2) 26(2) 41(3) -5(2) 12(2) 2(2) 
C(13) 31(2) 22(2) 39(3) -2(2) 5(2) 3(2) 
C(14) 28(2) 19(2) 36(2) -3(2) 6(2) 1(2) 
C(I5) 33(2) 20(2) 33(2) 2(2) 6(2) -2(2) 
C(16) 32(2) 20(2) 31(2) 0(2) 5(2) -2(2) 
C(I7) 34(2) 25(2) 37(3) 2(2) 7(2) -1(2) 
C(18) 29(2) 29(2) 36(3) 3(2) 6(2) -1(2) 
C(19) 28(2) 24(2) 33(2) 4(2) 6(2) 1(2) 
C(20) 27(2) 31(2) 33(2) 2(2) 8(2) 2(2) 
C(21) 57(3) 40(3) 48(3) -16(2) 19(3) -5(2) 
C(31) 79(4) 33(3) 53(3) -14(2) 14(3) -7(3) 
C(51) 54(3) 21(2) 43(3) -3(2) 13(2) -1(2) 
C(52) 62(4) 32(3) 62(4) 2(3) 10(3) 5(3) 
C(53) 106(6) 31(3) 76(5) -1(3) 22(4) 25(4) 
C(54) 127(7) 19(3) 73(4) -3(3) 41(4) 2(4) 
C(55) 95(5) 33(3) 69(4) -16(3) 29(4) -26(3) 
C(56) 61(3) 29(3) 57(3) -9(2) 15(3) -11(2) 



C{71) 73(4) 27(3) 45(3) 10(2) 11(3) 7(2) 
C(81) 59(3) 34(3) 42(3) 6(2) 7(3) 0(2) 
C(lOl) 55(3) 37(3) 52(3) 13(2) 27(3) 16(2) 
C(102) 60(4) 71(5) 104(6) 43(4) 46(4) 15(3) 
C(103) 72(5) 126(8) 156(9) 88(8) 72(6) 37(5) 
C(104) 156(11) 176(12) 111(8) 88(9) 103(9) 101(10) 
C(105) 163(10) 131(8) 57(5) 27(5) 60(6) 85(8) 
C(106) 103(5) 62(4) 56(4) 13(3) 38(4) 28(4) 
C(121) 46(3) 36(3) 70(4) 8(3) 30(3) 10(2) 
C(131) 39(3) 32(3) 54(3) 3(2) 14(2) 8(2) 
C(151) 35(2) 21(2) 42(3) 2(2) 12(2) 3(2) 
C(152) 44(3) 24(2) 47(3) -1(2) 8(2) -2(2) 
C(153) 61(4) 26(3) 77(4) -10(3) 23(3) -5(2) 
C(154) 61(4) 22(3) 94(5) 9(3) 29(4) 1(2) 
C(155) 53(3) 42(3) 71(4) 29(3) 19(3) 11(3) 
C(156) 44(3) 38(3) 45(3) 9(2) 10(2) 3(2) 
C(171) 43(3) 27(3) 60(3) 1(2) 13(2) -6(2) 
C{181) 39(3) 40(3) 57(3) -4(2) 18(2) -11(2) 
C(201) 34(2) 35(3) 45(3) -8(2) 14(2) -2(2) 
C(202) 52(3) 50(3) 42(3) -5(3) 11(3) -7(3) 
C(203) 78(5) 84(5) 45(3) -4(3) 24(3) -25(4) 
C(204) 67(5) 89(5) 77(5) -27(4) 45(4) -24(4) 
C(205) 43(3) 73(5) 96(6) -30(4) 37(4) -2(3) 
C(206) 41(3) 42(3) 64(4) -6(3) 17(3) 1(2) 
C(401) 35(3) 32(3) 43(3) -1(2) 6(2) 0(2) 
C(402) 43(3) 42(3) 40(3) -15(2) 2(2) -2(2) 
C(403) 34(3) 36(3) 37(3) 8(2) 4(2) -4(2) 
C(404) 38(3) 35(3) 49(3) -7(2) -3(2) 6(2) 
C(405) 38(3) 34(3) 51(3) -10(2) -2(2) 7(2) 
C(406) 48(3) 68(4) 67(4) -6(3) -16(3) 9(3) 
C(407) 66(4) 110(6) 60(4) -35(4) -21(3) 18(4) 
C(501) 34(2) 34(3) 37(3) 2(2) 6(2) -1(2) 
C(502) 41(3) 42(3) 38(3) 3(2) 1(2) -2(2) 
C(503) 32(2) 32(3) 39(3) -10(2) 5(2) 3(2) 
C(504) 37(3) 49(3) 58(3) 14(3) -2(3) -12(2) 
C(505) 40(3) 48(3) 54(3) 20(3) -3(2) -12(2) 
C(506) 61(4) 88(5) 57(4) 17(4) -25(3) -19(4) 
C(507) 39(3) 57(4) 62(4) -1(3) -9(3) -7(3) 
C(IOO) 45(13) 46(14) 60(12) -10(9) -8(9) 3(10) 
Cl(lO) 167(8) 45(3) 106(7) 4(3) 46(5) 6(3) 
CKII) 100(5) 58(3) 66(3) -5(2) 9(3) 6(3) 
Cl(12) 81(5) 78(4) 119(7) -36(5) 13(4) 32(3) 
C(200) 75(18) 63(18) 58(12) -13(11) 6(12) 32(13) 
Cl(20) 99(5) 139(8) 103(6) -55(5) 49(5) -21(4) 
Cl(21) 69(4) 67(5) 169(11) 32(6) 18(6) 28(4) 
Cl(22) 97(5) 56(4) 135(10) 18(4) 15(5) 25(3) 
C(300) 38(10) 30(8) 84(17) 2(9) 30(10) -26(7) 
Cl(30) 92(4) 98(5) 72(4) -29(3) 7(3) 31(4) 
Cl(31) 157(9) 72(6) 243(13) -42(6) 109(8) -30(5) 
Cl(32) 99(9) 88(6) 135(8) -4(5) 45(6) -37(6) 
C(400) 65(16) 150(30) 60(16) -38(14) 5(12) 33(15) 
€1(40) 52(4) 108(8) 115(6) -47(5) -9(4) -22(4) 
Ci(41) 58(3) 50(4) 169(7) -2(4) 20(4) -7(3) 
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Cl(42) 149(8) 147(7) 113(6) 49(5) -2(5) -66(6) 
C(500) 133(18) 43(12) 38(10) 26(8) 29(10) 21(10) 
Cl(51) 217(12) 83(9) 38(5) 9(5) 13(6) • -6(7) 
Cl(52) 144(6) 72(8) 61(5) 8(4) 38(4) 16(5) 
Cl(53) 123(7) 51(5) 80(7) -7(5) 17(5) -9(4) 
C(600) 113(14) 18(7) 30(8) 9(7) 13(8) -8(8) 
Cl(60) 134(6) 55(5) 57(5) -3(4) 19(4) ^(4) 
Cl(61) 132(8) 68(10) 98(11) 29(7) 2(6) -24(6) 
Cl(62) 172(7) 64(5) 31(4) 10(4) 16(5) 3(4) 
C(700) 83(8) 26(5) 50(7) 5(5) 33(6) -7(5) 
Cl(70) 95(1) 53(1) 95(1) -9(1) 22(1) 8(1) 
Cl(71) 101(2) 58(1) 141(2) -14(1) 46(1) 4(1) 
Cl(72) 167(2) .82(1) 70(1) -1(1) 13(1) -20(1) 
C(800) 129(15) 83(12) 76(11) 5(9) 8(10) -6(11) 
Cl(80) 95(1) 53(1) 95(1) -9(1) 22(1) 8(1) 
Cl(81) 101(2) 58(1) 141(2) -14(1) 46(1) 4(1) 
Cl(82) 167(2) 82(1) 70(1) -1(1) 13(1) -20(1) 

Table E15. Atomic coordinates (x lO"*) and equivalent isotropic displacement parameters (A"x 10^) for 
C;[FeOMTPP(2-MeImH)2]Cl 

X y z U(eq) 

Fe(l) 4559(1) 3663(1) 8396(1) 18(1) 
N(l) 3181(3) 3745(2) 8514(3) 21(1) 
N(3) 5931(3) 3678(2) 8261(2) 18(1) 
N(5) 4601(3) 4412(2) 8312(3) 20(1) 
N(4) 4246(3) 3539(2) 7266(3) 20(1) 
N(2) 4890(3) 3705(2) 9537(2) 19(1) 
N(6) 4753(3) 5189(2) 7%0(3) 35(1) 
N(7) 4432(3) 2909(2) 8492(2) 22(1) 
N(8) 4636(4) 2101(2) 8465(3) 30(1) 
C(l) 2475(4) 3831(2) 7913(3) 20(1) 
C(2) 1651(4) 4058(2) 8227(3) 25(2) 
C(3) 1861(4) 4064(2) 9011(3) 25(1) 
C(4) 2809(4) 3855(2) 9200(3) 21(1) 
C(5) 3275(4) 3744(2) 9933(3) 23(1) 
C(6) 4256(4) 3622(2) 10082(3) 21(1) 
C(7) 4786(4) 3483(2) 10824(3) 20(1) 
C(8) 5725(4) 3533(2) 10745(3) 19(1) 
C(9) 5793(4) 3682(2) 9938(3) 19(1) 
C(10) 6605(4) 3831(2) 9610(3) 22(1) 
C(ll) 6635(4) 3874(2) 8805(3) 22(1) 
C(12) 7431(4) 4046(2) 8414(3) 25(2) 
C(13) 7249(4) 3907(2) 7648(3) 24(2) 
C(14) 6313(4) 3670(2) 7562(3) 21(1) 
C(15) 5856(4) 3436(2) 6893(3) 20(1) 
C(16) 4873(4) 3337(2) 6791(3) 19(1) 
C(17) 4347(4) 3083(2) 6135(3) 21(1) 
C(18) 3394(4) 3165(2) 6189(3) 25(2) 
C(19) 3347(4) 3458(2) 6891(3) 23(1) 



C(20) 2513(4) 3658(2) 7153(3) 24(1) 
C(21) 737(4) 4259(2) 7790(4) 38(2) 
C(31) 1209(4) 4279(2) 9567(4) 39(2) 
C(51) 2733(4) 3784(2) 10638(3) 27(2) 
C(52) 2081(4) 3420(3) 10783(4) 39(2) 
C(53) 1646(5) 3446(3) 11464(4) 55(2) 
C(54) 1809(6) 3834(4) 11973(5) 66(3) 
C(55) 2451(5) 4203(3) 11819(4) 58(2) 
C(56) 2916(4) 4175(3) 11156(4) 39(2) 
C(71) 4406(4) 3287(2) 11548(3) 33(2) 
C(81) 6520(4) 3437(2) 11397(3) 34(2) 
C(lOl) 7515(4) 3920(2) 10146(3) 28(2) 
C(102) 7624(5) 4338(3) 10611(4) 41(2) 
C(103) 8463(6) 4419(3) 11095(4) 59(2) 
C(104) 9188(5) 4065(3) 11115(4) 58(2) 
C(i05) 9093(4) 3653(3) 10659(4) 49(2) 
C(106) 8256(4) 3576(3) 10175(3) 36(2) 
C(121) 8278(4) 4353(2) 8742(4) 39(2) 
C(131) 7889(4) 4018(2) 7039(3) 39(2) 
C(151) 6467(4) 3292(2) 6265(3) 24(1) 
C(152) 7125(4) 2907(2) 6411(3) 30(2) 
C(153) 7680(4) 2776(2) 5839(4) 37(2) 
C(154) 7613(5) 3016(3) 5137(4) 42(2) 
C(155) 6969(5) 3403(3) 4995(4) 40(2) 
C(156) 6378(4) 3534(2) 5561(3) 34(2) 
C{171) 4730(4) 2776(2) 5511(3) 32(2) 
C(181) 2593(5) 2955(3) 5631(4) 47(2) 
C(201) 1611(4) 3654(2) 6593(3) 26(1) 
C(202) 1487(4) 3985(3) 5970(4) 38(2) 
C(203) 658(5) 3974(3) 5464(4) 49(2) 
C(204) -69(5) 3647(3) 5574(4) 52(2) 
C(205) 60(5) 3312(3) 6180(4) 50(2) 
C(206) 888(4) 3320(3) 6689(4) 40(2) 
C(303) 4541(4) 4721(2) 8945(4) 31(2) 
C(302) 4649(4) 5198(2) 8733(4) 36(2) 
C(301) 4707(4) 4714(2) 7728(4) 30(2) 
C(304) 4759(7) 4604(3) 6900(4) 81(3) 
C(403) 3541(4) 2674(2) 8412(4) 34(2) 
C(402) 3674(5) 2175(2) 8393(4) 39(2) 
C(401) 5089(4) 2543(2) 8518(3) 27(2) 
C(404) 6131(4) 2579(2) 8607(4) 44(2) 
C(501) 9958(8) 2871(5) 8973(9) 167(7) 
C(502) 10798(7) 2619(5) 8940(6) 109(4) 
C(503) 10740(8) 2136(5) 8526(6) 115(4) 
C(504) 9942(8) 2050(4) 7973(8) 139(5) 
C(505) 9093(7) 2341(4) 8005(6) 100(3) 
C(506) 9135(7) 2816(4) 8395(5) 79(3) 
C(500) 2276(6) 5562(3) 6416(4) 64(2) 
Cl(l) 4607(1) 5996(1) 6607(1) 48(1) 
Cl(2) 1778(2) 6084(1) 6784(2) 122(1) 
Cl(3) 2433(2) 5080(1) 7102(1) 76(1) 
Cl(4) 1612(2) 5364(1) 5558(2) 120(1) 
C(600) 6465(7) 5502(4) 5704(6) 97(4) 
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Cl(5) 6215(3) 4894(1) 5192(3) 92(2) 
Cl(6) 6268(4) 5953(2) 4996(3) 62(1) 
Cl(7) 7660(3) 5468(2) 6110(2) 98(2) 
C{700) 6465(7) 5502(4) 5704(6) 97(4) 
Cl(8) 6733(10) 5023(4) 6133(8) 206(7) 
Cl(9) 7493(11) 5958(5) 5945(7) 217(7) 
Cl(lO) 6117(11) 5612(9) 4844(11) 258(11) 

Table E16. Anisotropic displacement parameters (A 10^) for C; [FeOMTPP(2-MeIinH)2]Cl. 

u" 1)22 U33 U23 Ul3 1]12 

Fe(l) 19(1) 16(1) 18(1) 0(1) 3(1) 0(1) 
N(l) 19(3) 21(3) 22(3) -1(2) 1(2) ^(2) 
N(3) 23(3) 14(3) 17(3) -1(2) 5(2) -2(2) 
N(5) 18(3) 25(3) 18(3) -3(3) 2(2) 4(2) 
N(4) 25(3) 13(3) 22(3) 0(2) 3(2) 1(2) 
N(2) 21(3) 16(3) 19(3) -1(2) 5(2) 0(2) 
N(6) 36(3) 17(3) 51(4) 12(3) 3(3) -4(3) 
N(7) 22(3) 26(3) 20(3) 0(2) 5(2) 0(2) 
N(8) 48(4) 15(3) 27(3) 1(2) 6(3) 7(3) 
C(l) 13(3) 20(3) 26(4) -1(3) 3(3) -2(3) 
C(2) 26(4) 19(4) 32(4) -1(3) 7(3) -5(3) 
C(3) 23(4) 26(4) 25(4) -2(3) 5(3) -2(3) 
C(4) 19(3) 25(4) 19(3) 0(3) 5(3) -2(3) 
C(5) 27(4) 22(4) 20(3) -4(3) 11(3) -4(3) 
C(6) 30(4) 14(3) 20(3) 0(3) 5(3) -5(3) 
C(7) 30(4) 14(3) 15(3) 1(3) 5(3) -3(3) 
C(8) 24(3) 18(4) 15(3) -2(3) 1(3) 3(3) 
C(9) 21(3) 12(3) 24(3) -8(3) 2(3) 0(3) 
C(10) 20(3) 21(4) 25(4) -6(3) 0(3) -2(3) 
C(ll) 21(3) 17(3) 29(4) -7(3) 8(3) 2(3) 
C(12) 20(3) 19(4) 36(4) 3(3) 7(3) -1(3) 
C(13) 28(4) 27(4) 18(3) 4(3) 4(3) 12(3) 
C(14) 19(3) 21(3) 22(3) 3(3) 5(3) -2(3) 
C(15) 24(3) 20(3) 16(3) -2(3) 6(3) -2(3) 
C(16) 23(3) 18(3) 17(3) -1(3) 6(3) 1(3) 
C(17) 28(4) 20(4) 17(3) -2(3) 6(3) -4(3) 
C(18) 31(4) 24(4) 19(3) -1(3) 5(3) -10(3) 
C(19) 25(4) 17(3) 27(4) 0(3) 3(3) -4(3) 
C{20) 25(3) 29(4) 17(3) -2(3) 1(3) -4(3) 
C(21) 27(4) 48(5) 40(4) -1(4) 4(3) 12(3) 
C(31) 26(4) 52(5) 40(4) -1(4) 9(3) 9(3) 
C(51) 23(3) 37(4) 23(4) 3(3) 8(3) 2(3) 
C(52) 25(4) 67(5) 25(4) 12(4) 4(3) -7(4) 
C(53) 39(5) 87(7) 42(5) 21(5) 15(4) 4(4) 
C(54) 51(6) 111(8) 38(5) 3(5) 18(4) 18(5) 
C(55) 48(5) 91(7) 37(5) -18(4) 7(4) 8(5) 
C(56) 35(4) 57(5) 26(4) -12(4) 7(3) 2(3) 
C(71) 36(4) 35(4) 29(4) 9(3) 7(3) -2(3) 
C(81) 39(4) 42(4) 20(4) 4(3) 4(3) 5(3) 
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C(lOl) 24(4) 38(4) 23(4) -5(3) 7(3) -7(3) 
C(102) 33(4) 47(5) 42(4) -20(4) 6(3) -2(3) 
C(103) 58(6) 70(6) 49(5) -32(4) 9(4) -35(5) 
C(104) 35(5) 97(7) 39(5) -1(5) -15(4) -12(5) 
C(105) 25(4) 76(6) 44(5) -1(5) -3(3) 6(4) 
C(106) 21(4) 51(5) 35(4) 2(3) 4(3) 2(3) 
C(121) 31(4) 41(4) 45(4) 0(4) 8(3) -9(3) 
C(131) 29(4) 59(5) 31(4) -3(4) 10(3) -13(4) 
C(151) 24(4) 30(4) 18(3) -1(3) 5(3) -2(3) 
C(152) 31(4) 31(4) 26(4) -5(3) 1(3) -1(3) 
C(153) 29(4) 39(5) 42(5) -16(4) 5(3) 4(3) 
C(154) 31(4) 62(5) 34(5) -20(4) 16(3) -11(4) 
C(155) 44(5) 59(5) 19(4) 4(4) 10(3) -17(4) 
C(156) 39(4) 39(4) 23(4) -5(3) 6(3) -3(3) 
C(171) 36(4) 30(4) 30(4) -5(3) 7(3) -1(3) 
C(181) 47(5) 50(5) 42(4) -25(4) 4(4) -11(4) 
C(201) 23(3) 36(4) 20(3) -3(3) 3(3) -3(3) 
C(2()2) 24(4) 50(5) 40(4) 7(4) 0(3) -1(3) 
C(203) 39(5) 70(6) 36(4) 16(4) -6(4) 11(4) 
C(204) 30(4) 75(6) 46(5) 0(5) -16(4) -2(4) 
C(205) 34(4) 63(6) 52(5) -5(4) 1(4) -20(4) 
C(206) 28(4) 57(5) 36(4) -1(4) 6(3) -10(4) 
C(303) 46(4) 21(4) 30(4) -5(3) 15(3) 1(3) 
C(302) 37(4) 23(4) 48(5) -8(3) 5(3) -1(3) 
C(301) 38(4) 30(4) 22(4) 7(3) 1(3) -5(3) 
C(304) 145(9) 40(5) 62(6) 9(4) 31(6) 14(5) 
C{403) 26(4) 21(4) 52(5) 4(3) -1(3) 0(3) 
C(402) 38(5) 26(4) 53(5) -3(4) 4(4) -10(3) 
C(401) 33(4) 30(4) 18(4) 1(3) 7(3) 1(3) 
C(404) 33(4) 37(4) 63(5) 14(4) 15(4) 10(3) 
C(501) 76(9) 163(13) 266(18) -159(12) 34(10) -10(8) 
C(502) 75(8) 135(11) 109(9) -16(8) -20(7) -14(7) 
C(503) 106(10) 141(12) 92(8) -11(8) -18(7) 55(9) 
C(504) 66(8) 115(10) 245(16) -111(10) 54(9) -30(7) 
C(505) 76(8) 116(10) 99(8) 29(7) -29(6) -8(7) 
C(506) 84(7) 77(7) 75(7) -16(6) 9(6) 37(6) 
C(500) 72(6) 52(6) 65(6) 6(5) 1(5) 1(4) 
C1(I) 66(1) 29(1) 48(1) 6(1) 6(1) -13(1) 
CI(2) 160(3) 96(2) 114(2) 0(2) 38(2) 46(2) 
Cl(3) 72(2) 73(2) 79(2) 17(1) -2(1) -^(1) 
CI(4) 165(3) 87(2) 96(2) 7(2) -36(2) -5(2) 
C(600) 104(9) 86(8) 107(9) 56(7) 41(7) 31(7) 
Cl(5) 117(4) 51(3) 113(4) 4(2) 32(3) -10(2) 
Cl(6) 77(3) 55(3) 58(3) 23(2) 26(2) 6(2) 
CK?) 107(4) 135(5) 47(2) -16(3) -13(2) 18(3) 
C(700) 104(9) 86(8) 107(9) 56(7) 41(7) 31(7) 
Cl(8) 289(17) 109(9) 230(15) 54(9) 76(12) 75(10) 
Cl{9) 348(19) 154(12) 177(11) -46(9) 142(12) -42(12) 
Cl(lO) 124(11) 430(30) 225(17) 120(20) 26(10) 67(17) 



461 

Table E17. Atomic coordinates (xlO") and equivalent isotropic displacement parameters (A^xlO^) for 
D; peOMTPP(2.MeImH)2]CL 

X y z U(eq) 

Fc(l) 7414(1) 7901(1) 7130(1) 21(1) 
N(l) 7538(5) 8790(5) 5835(5) 21(2) 
N(2) 7025(5) 8952(5) 7542(5) 21(2) 
N(3) 7127(5) 6956(5) 8438(5) 20(2) 
N(4) 8000(5) 6904(5) 6687(5) 22(2) 
N(5) 6000(5) 7475(5) 7221(5) 25(2) 
N(6) 4363(6) 7298(5) 7388(5) 34(2) 
N{7) 8857(5) 8332(5) 6957(5) 23(2) 
N(8) 10413(6) 8485(6) 7015(5) 32(2) 
CI(1) 12038(2) 7491(2) 7956(2) 45(1) 
Cl(2) 10771(4) 4191(4) 9281(4) 161(2) 
Cl(3) 12568(3) 4814(3) 7671(3) 100(1) 
Cl(4) 5063(8) 4697(7) 6026(7) 316(5) 
CI(5) 7124(5) 4517(5) 6032(4) 198(3) 
Cl(6) 9741(3) 8725(3) 9423(3) 129(2) 
Cl(7) 11528(3) 9942(2) 9064(3) 104(1) 
C(l) 7699(6) 8511(6) 5099(5) 19(2) 
C(2) 7232(6) 9150(6) 4437(6) 24(2) 
C(3) 6856(6) 9839(6) 4746(6) 24(2) 
C(4) 7090(6) 9644(6) 5592(6) 20(2) 
C(5) 6992(6) 10247(6) 6070(6) 23(2) 
C(6) 7116(6) 9929(6) 6952(6) 23(2) 
C(7) 7258(6) 10517(6) 7409(6) 24(2) 
C(8) 7209(6) 9909(6) 8285(6) 25(2) 
C(9) 6998(6) 8934(6) 8376(6) 23(2) 
C(10) 6726(6) 8071(6) 9213(6) 22(2) 
C(ll) 6665(6) 7141(6) 9212(6) 21(2) 
C(12) 6209(6) 6232(6) 10010(6) 24(2) 
C(13) 6453(6) 5516(6) 9718(6) 24(2) 
C(14) 7071(6) 5960(6) 8731(6) 22(2) 
C(15) 7651(7) 5513(6) 8181(6) 25(2) 
C(16) 8210(7) 6011(6) 7237(6) 23(2) 
C(17) 9022(7) 5697(6) 6659(6) 29(2) 
C(18) 9246(7) 6354(7) 5755(6) 29(2) 
C(19) 8555(6) 7089(6) 5770(6) 23(2) 
C(20) 8318(6) 7772(6) 5017(6) 23(2) 
C(21) 7088(7) 9008(7) 3632(6) 43(3) 
C(31) 6244(7) 10624(7) 4292(6) 38(3) 
CC51) 6807(7) 11273(6) 5594(6) 31(2) 
C(52) 7566(8) 11927(7) 4817(6) 40(3) 
C(53) 7392(9) 12887(7) 4389(7) 59(3) 
C(54) 6467(10) 13177(8) 4740(8) 58(3) 
C(55) 5711(9) 12535(8) 5509(8) 60(3) 
C(56) 5885(8) 11583(7) 5948(7) 42(3) 
C(71) 7519(7) 11598(6) 6998(6) 40(3) 
C(81) 7403(7) 10223(7) 8987(6) 39(3) 
C(lOl) 6449(7) 8156(6) 10124(6) 27(2) 
C(102) 5584(7) 8596(6) 10415(6) 34(2) 
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C(103) 5343(8) 8694(7) 11256(7) 45(3) 
C(104) 5973(9) 8362(8) 11790(7) 55(3) 
C(105) 6819(8) 7923(7) 11519(7) • 46(3) 
C(106) 7062(7) 7821(6) 10683(6) 34(2) 
C(121) 5524(7) 6088(7) 10971(6) 38(3) 
C(131) 6076(7) 4450(6) 10323(6) 33(2) 
C(151) 7706(7) 4449(6) 8623(6) 28(2) 
C(152) 8215(7) 4049(7) 9267(6) 38(2) 
C(153) 8255(9) 3068(7) 9653(7) 56(3) 
C(154) 7791(10) 2454(8) 9415(8) 65(3) 
C(155) 7286(9) 2845(7) 8779(7) 52(3) 
C(156) 7257(7) 3845(7) 8372(6) 38(3) 
C(171) 9597(8) 4833(7) 6963(7) 48(3) 
C(181) 10107(7) 6360(7) 4930(6) 37(3) 
C(201) 8696(7) 7699(6) 4103(6) 27(2) 
C(202) 8269(8) 6948(7) 4004(7) 42(3) 
C(203) 8583(10) 6869(9) 3149(8) 62(3) 
C(204) 9341(11) 7538(10) 2405(8) 67(4) 
C(205) 9781(9) 8299(9) 2481(7) 59(3) 
C(206) 9456(8) 8389(7) 3334(6) 42(3) 
C(301) 9503(7) 7923(6) 7418(6) 24(2) 
C(302) 10346(7) 9291(7) 6285(7) 35(2) 
C(303) 9407(7) 9187(6) 6263(6) 26(2) 
C(304) 9347(8) 7031(8) 8269(7) 62(3) 
C(401) 5074(7) 7725(6) 7561(6) 27(2) 
C(402) 4838(8) 6766(7) 6914(7) 42(3) 
C(403) 5833(7) 6864(7) 6819(6) 37(2) 
C(404) 4757(7) 8337(7) 8097(7) 45(3) 
C(500) 11864(11) 4933(10) 8709(10) 103(4) 
C(600) 5796(15) 4047(18) 6654(14) 192(9) 
C(700) 10932(9) 9294(8) 8672(8) 73(3) 

Table E18. Anisotropic displacement parameters (A^xlO^) for D:pFeOMTPP(2-MeIiHH)2]Cl. 

u" U22 U33 U23 Ul3 Ul2 

Fed) 21(1) 20(1) 23(1) -7(1) -10(1) 7(1) 
N(l) 22(4) 20(4) 20(4) -5(3) -10(3) 9(3) 
N(2) 23(4) 18(4) 18(4) -6(3) -5(3) 4(3) 
N(3) 22(4) 21(4) 20(3) -9(3) -11(3) 3(3) 
N(4) 27(4) 18(4) 20(4) -5(3) -7(3) 6(3) 
N(5) 24(4) 16(4) 27(5) -2(3) -8(3) 3(3) 
N(6) 27(4) 38(5) 33(5) -7(4) -15(4) 2(4) 
N(7) 20(4) 18(4) 27(4) -5(3) -9(3) 8(3) 
N(8) 21(4) 52(5) 35(5) -23(4) -18(4) 14(4) 
Cl(l) 32(2) 65(2) 42(2) -22(2) -18(1) 17(1) 
Cl(2) 92(3) 147(4) 180(5) -14(4) -29(3) 0(3) 
Cl(3) 139(4) 73(3) 96(3) -24(2) -63(3) 14(2) 
Cl(4) 413(11) 368(11) 392(12) -295(11) -262(10) 306(10) 
Cl(5) 239(6) 206(6) 109(4) -46(4) -23(4) -73(5) 
Cl(6) 90(3) 105(3) 155(4) -52(3) 6(3) 13(2) 



Cl(7) 175(4) 68(3) 100(3) -33(2) -91(3) 26(2) 
C(l) 13(5) 23(5) 13(4) -2(4) 0(4) -5(4) 
C(2) 25(6) 21(5) 23(5) -4(4) -11(4) -2(4) 
C(3) 23(6) 19(5) 25(5) -1(4) -12(4) -1(4) 
C(4) 18(5) 15(5) 15(5) 1(4) 0(4) 0(4) 
C(5) 19(5) 23(5) 23(5) -7(4) -7(4) 9(4) 
C(6) 22(5) 20(4) 24(5) -7(4) -6(4) 6(4) 
C(7) 24(6) 19(4) 30(5) -11(4) -10(5) 12(4) 
C(8) 21(6) 26(4) 29(5) -12(4) -7(5) 4(4) 
C(9) 21(5) 25(4) 28(4) -16(4) -8(5) 12(4) 
C(10) 23(5) 28(4) 27(5) -16(4) -20(4) 14(4) 
C(ll) 24(6) 24(4) 20(4) -11(4) -13(4) 8(4) 
C(12) 12(5) 28(4) 28(5) -8(4) -5(4) 9(4) 
C(13) 24(6) 20(4) 25(5) -5(4) -13(4) 8(4) 
C(14) 24(6) 13(4) 24(4) -3(3) -10(4) 0(4) 
C(15) 26(6) 25(4) 27(5) -10(4) -15(4) 14(4) 
C(16) 39(6) 17(5) 22(4) -12(4) -17(4) 12(4) 
C(17) 34(6) 24(5) 33(5) -15(4) -14(4) 12(4) 
C(18) 24(6) 36(6) 31(5) -18(4) -10(4) 12(4) 
C(19) 24(6) 29(5) 17(4) -8(4) -9(4) 8(4) 
C(20) 25(6) 26(5) 23(4) -11(4) -13(4) 4(4) 
C(21) 46(7) 53(7) 43(6) -23(6) -29(6) 18(6) 
C(31) 37(6) 43(6) 35(6) -10(5) -20(5) 14(5) 
C(51) 48(6) 21(5) 24(5) -8(4) -15(4) 13(4) 
C(52) 51(7) 29(5) 28(6) -7(4) -4(5) 15(5) 
C(53) 93(8) 26(6) 42(7) -3(5) -16(6) 11(6) 
C(54) 93(8) 29(6) 57(7) -11(5) -43(6) 37(5) 
C(55) 83(8) 50(7) 50(8) -21(6) -27(6) 46(6) 
C(56) 44(6) 36(5) 33(6) -9(5) -4(5) 19(5) 
C(71) 48(7) 32(5) 42(6) -18(5) -14(5) 5(5) 
C(81) 53(7) 30(6) 40(6) -12(5) -24(5) 7(5) 
C(lOl) 39(6) 22(5) 25(5) -15(4) -12(4) 10(5) 
C(102) 43(6) 36(6) 31(6) -19(5) -15(5) 15(5) 
C(103) 52(7) 46(7) 33(6) -23(6) 1(5) 13(6) 
C(104) 85(9) 63(8) 29(7) -33(6) -17(6) 24(7) 
C(105) 61(7) 49(7) 34(6) -18(6) -23(6) 10(6) 
C(106) 40(6) 35(6) 30(6) -14(5) -14(5) 12(5) 
C(121) 47(7) 32(6) 28(5) -8(5) -9(5) 7(5) 
C(131) 50(7) 25(5) 25(6) -8(4) -15(5) 6(5) 
C(151) 43(6) 21(4) 20(5) -8(4) -12(5) 16(4) 
C(152) 56(7) 30(5) 26(6) -9(5) -16(5) 17(5) 
C(153) 96(10) 37(6) 41(7) -14(6) -34(6) 34(7) 
C(154) 112(11) 22(6) 59(8) -20(6) -24(7) 21(6) 
C(155) 74(9) 29(5) 48(7) -20(6) -7(6) 0(6) 
C(156) 50(7) 30(5) 36(6) -16(5) -13(5) 4(5) 
C(171) 53(7) 51(7) 39(7) -18(5) -18(6) 32(6) 
C(181) 33(6) 43(7) 34(6) -16(5) -9(4) 18(5) 
C(201) 39(6) 30(6) 20(4) -14(4) -14(4) 17(4) 
C(202) 72(8) 31(6) 44(6) -19(5) -45(5) 23(5) 
C(203) 97(10) 71(9) 67(8) -53(7) -61(7) 42(6) 
C(204) 98(11) 91(10) 46(7) -46(7) -50(6) 70(7) 
C(205) 64(8) 75(8) 23(6) -14(6) -5(5) 39(6) 
C(206) 53(7) 38(6) 32(5) -12(5) -13(5) 17(5) 
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C(301) 26(5) 25(5) 27(5) -14(4) -14(4) 16(4) 
C(302) 30(6) 34(6) 47(7) -17(5) -19(5) 2(5) 
C(303) 28(5) 23(5) 26(6) -8(4) -14(4) 7(4) 
C(304) 59(8) 58(7) 58(8) -2(5) -33(6) 2(6) 
C(401) 22(5) 26(6) 27(6) -5(4) -7(5) -1(4) 
C(402) 35(6) 52(7) 53(7) -32(6) -22(6) 6(5) 
C(403) 35(6) 38(6) 47(7) -25(5) -17(5) 11(5) 
C(404) 35(7) 60(8) 53(7) -33(6) -17(6) 10(5) 
C(500) 105(11) 81(11) 127(11) -42(10) -45(8) 7(8) 
C(600) 157(13) 290(30) 140(19) -86(19) -62(11) 26(15) 
C(700) 82(8) 62(9) 74(9) -24(7) -32(6) 9(6) 

Table E19. Atomic coordinates (xlO"') and equivalent isotropic displacement parameters (A^x lO') for 
[Fe0MTPP(4-CNPy)2]C104. 

X y z U(eq) 

Fed) 6122(1) 3664(1) 7558(1) 20(1) 
N(l) 5978(2) 3629(1) 8673(1) 21(1) 
N(2) 6992(2) 4309(1) 7766(1) 23(1) 
N(3) 6195(2) 3722(1) 6433(1) 22(1) 
N(4) 5350(2) 2968(1) 7358(1) 21(1) 
N(5) 4901(2) 4233(1) 7385(1) 26(1) 
N(6) 1967(3) 5608(2) 6829(2) 79(1) 
N(7) 7317(2) 3028(1) 7674(1) 30(1) 
N(8) 9174(3) 1121(2) 7131(3) 103(2) 
C(l) 5226(2) 3375(1) 8935(2) 22(1) 
C(2) 5020(2) 3684(1) 9618(2) 27(1) 
C(3) 5691(2) 4086(1) 9802(2) 27(1) 
C(4) 6295(2) 4049(1) 9213(2) 24(1) 
C(5) 7098(2) 4362(1) 9178(2) 26(1) 
C(6) 7484(2) 4426(1) 8497(2) 25(1) 
C(7) 8349(2) 4687(1) 8407(2) 28(1) 
C(8) 8344(2) 4781(1) 7631(2) 30(1) 
C(9) 7488(2) 4552(1) 7229(2) 25(1) 
C(10) 7156(2) 4579(1) 6435(2) 26(1) 
C(1I) 6459(2) 4219(1) 6074(2) 25(1) 
C(12) 6015(2) 4233(1) 5277(2) 28(1) 
C(13) 5543(2) 3727(1) 5135(2) 27(1) 
C(I4) 5680(2) 3399(1) 5854(2) 23(1) 
C(15) 5417(2) 2827(1) 5976(2) 23(1) 
C(16) 5377(2) 2606(1) 6723(2) 21(1) 
C(I7) 5215(2) 2018(1) 6934(2) 24(1) 
C(18) 4986(2) 2033(1) 7672(2) 23(1) 
C(19) 5055(2) 2628(1) 7927(2) 21(1) 
C(20) 4839(2) 2860(1) 8623(2) 23(1) 
C(21) 4210(2) 3590(2) 10034(2) 40(1) 
C(31) 5745(2) 4495(1) 10479(2) 37(1) 
C(51) 7541(2) 4674(1) 9894(2) 32(1) 
C(52) 7898(2) 4365(2) 10559(2) 42(1) 
C(53) 8281(3) 4652(2) 11224(2) 59(1) 
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C(54) 8309(3) 5248(2) 11237(3) 71(2) 
C(55) 7967(3) 5558(2) 10580(3) 65(1) 
C(56) 7588(2) 5271(2) 9909(2) 45(1) 
C(71) 9155(2) 4798(2) 9034(2) 39(1) 
C(81) 9131(2) 5028(2) 7277(2) 44(1) 
C(lOl) 7586(2) 5002(1) 5943(2) 32(1) 
C(102) 7420(3) 5586(1) 5997(2) 45(1) 
C(103) 7812(3) 5978(2) 5538(2) 61(1) 
C(104) 8375(3) 5792(2) 5032(2) 63(1) 
C(105) 8544(3) 5211(2) 4971(2) 57(1) 
C(106) 8149(2) 4815(2) 5420(2) 43(1) 
C(121) 6016(3) 4716(2) 4694(2) 41(1) 
C(131) 4951(2) 3571(2) 4383(2) 41(1) 
C(151) 5136(2) 2447(1) 5290(2) 28(1) 
C{152) 5755(2) 2290(1) 4799(2) 36(1) 
0(153) 5480(3) 1943(2) 4154(2) 48(1) 
C(154) 4592(3) 1748(2) 4004(2) 53(1) 
C(155) 3974(3) 1894(2) 4484(2) 50(1) 
C(156) 4239(2) 2244(2) 5126(2) 40(1) 
C(171) 5344(2) 1480(1) 6480(2) 36(1) 
C(181) 4781(2) 1513(1) 8139(2) 34(1) 
C(201) 4156(2) 2533(1) 9015(2) 26(1) 
C(202) 3253(2) 2507(1) 8649(2) 33(1) 
C(203) 2615(2) 2170(2) 8954(2) 44(1) 
C(204) 2881(2) 1859(2) 9630(2) 45(1) 
C(205) 3764(3) 1886(2) 10000(2) 41(1) 
C(206) 4400(2) 2225(1) 9691(2) 32(1) 
C(301) 4951(2) 4792(1) 7557(2) 36(1) 
C(302) 4211(3) 5156(2) 7453(2) 42(1) 
C(303) 3362(2) 4935(2) 7152(2) 36(1) 
C(304) 3293(2) 4358(2) 6974(2) 51(1) 
C(305) 4077(2) 4025(2) 7100(2) 49(1) 
C(306) 2579(3) 5312(2) 6981(2) 48(1) 
C(401) 7938(2) 3045(2) 7186(2) 39(1) 
C(402) 8471(2) 2580(2) 7050(2) 46(1) 
C(403) 8349(3) 2067(2) 7426(2) 48(1) 
C(404) 7736(3) 2048(2) 7949(2) 48(1) 
C(405) 7251(2) 2537(2) 8066(2) 35(1) 
C(406) 8826(3) 1544(2) 7258(3) 73(1) 
Cl(l) 732(1) 3649(1) 6949(1) 48(1) 
0(1) 1457(2) 3389(2) 7478(2) 82(1) 
0(2) -85(2) 3683(2) 7280(2) 100(1) 
0(3) 592(3) 3334(1) 6243(2) 91(1) 
0(4) 1011(2) 4226(1) 6782(2) 67(1) 
C(22) 1849(5) 2258(4) 6361(4) 63(2) 
Cl(2) 962(1) 1838(1) 6646(1) 73(1) 
Cl(3) 1806(1) 2269(1) 5325(1) 70(1) 
Cl(4) 2915(1) 2003(2) 6798(1) 113(1) 
C(23) 1997(18) 2430(9) 6314(11) 120(20) 
Cl(5) 2301(9) 1788(3) 6802(5) 119(4) 
Cl(6) 2906(3) 2913(2) 6432(3) 76(2) 
Cl(7) 1806(1) 2269(1) 5325(1) 70(1) 
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Table E20. Anisotropic displacement parameters (A 10^) for [Fe0MTPP(4-CNPy)2]C104. 

Ull U22 U33 U23 U13 U12 

Fe(l) 21(1) 18(1) 20(1) 0(1) 3(1) 0(1) 
N(l) 21(1) 22(1) 21(1) 1(1) 3(1) 1(1) 
N(2) 23(1) 23(1) 24(1) 1(1) 5(1) -2(1) 
N(3) 26(1) 19(1) 22(1) 0(1) 6(1) -1(1) 
N(4) 22(1) 20(1) 20(1) 0(1) 3(1) -1(1) 
N{5) 29(1) 26(1) 22(1) 1(1) 4(1) -3(1) 
N(6) 71(3) 83(3) 83(3) 2(2) 17(2) 39(2) 
N(7) 32(2) 33(2) 25(1) -2(1) 4(1) -6(1) 
N(8) 125(4) 84(3) 109(4) 39(3) 50(3) 62(3) 
C(l) 20(2) 23(2) 21(2) 4(1) 1(1) 5(1) 
C(2) 28(2) 29(2) 24(2) 1(1) 5(1) 4(1) 
C(3) 32(2) 25(2) 23(2) 0(1) 2(1) 4(1) 
C(4) 27(2) 23(2) 20(2) 2(1) 1(1) 1(1) 
C(5) 28(2) 21(2) 26(2) 1(1) -2(1) 3(1) 
C(6) 25(2) 20(2) 30(2) 0(1) 1(1) -1(1) 
C(7) 26(2) 22(2) 37(2) ^(1) 2(1) -2(1) 
C(8) 30(2) 18(2) 42(2) •4(1) 10(2) -2(1) 
C(9) 27(2) 16(2) 34(2) -2(1) 11(1) -4(1) 
C(10) 30(2) 21(2) 31(2) 0(1) 13(1) 1(1) 
C(I1) 31(2) 20(2) 26(2) 2(1) 11(1) 2(1) 
C(12) 33(2) 26(2) 26(2) 6(1) 10(1) 4(1) 
C(13) 28(2) 29(2) 24(2) 2(1) 6(1) 5(1) 
C(14) 21(2) 26(2) 22(2) -1(1) 5(1) 1(1) 
C(15) 20(2) 25(2) 24(2) -1(1) 4(1) 0(1) 
C(16) 18(1) 21(2) 22(2) -4(1) 2(1) -1(1) 
C(17) 22(2) 23(2) 28(2) -2(1) 3(1) -1(1) 
C(18) 23(2) 19(2) 29(2) 1(1) 4(1) -3(1) 
C(19) 18(1) 21(2) 25(2) 2(1) 2(1) 0(1) 
C(20) 22(2) 23(2) 25(2) 4(1) 3(1) 5(1) 
C(21) 39(2) 48(2) 38(2) -11(2) 16(2) -5(2) 
C(31) 45(2) 39(2) 28(2) -9(2) 10(2) •3(2) 
C(51) 26(2) 38(2) 33(2) -11(2) 1(1) -2(1) 
C(52) 37(2) 58(2) 30(2) -7(2) -3(2) 5(2) 
C(53) 39(2) 99(4) 37(2) -23(2) -5(2) 9(2) 
C(54) 37(2) 108(4) 65(3) -56(3) -6(2) -1(2) 
C(55) 42(2) 61(3) 91(4) -45(3) 3(2) -7(2) 
C(56) 35(2) . 38(2) 60(3) -15(2) 3(2) -5(2) 
C(71) 27(2) 39(2) 50(2) -4(2) 2(2) -5(2) 
C(81) 36(2) 42(2) 56(2) -7(2) 18(2) -18(2) 
C(lOl) 43(2) 28(2) 26(2) -1(1) 13(2) -11(1) 
C(102) 75(3) 30(2) 36(2) -2(2) 25(2) -9(2) 
C(103) 115(4) 31(2) 42(2) -2(2) 27(2) -22(2) 
C(104) 98(4) 52(3) 44(2) 1(2) 27(2) •40(2) 
C(l()5) 67(3) 70(3) 43(2) -10(2) 34(2) -27(2) 
C(106) 53(2) 38(2) 44(2) -9(2) 26(2) -11(2) 
C(121) 54(2) 39(2) 31(2) 13(2) 6(2) -3(2) 
C(131) 50(2) 42(2) 27(2) 5(2) -7(2) -2(2) 
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C(151) 36(2) 27(2) 21(2) -1(1) 4(1) -3(1) 
C(152) 44(2) 35(2) 30(2) -4(2) 9(2) 0(2) 
C(153) 79(3) 39(2) 29(2) -8(2) 16(2) • 10(2) 
C(154) 93(3) 31(2) 28(2) -6(2) -9(2) -6(2) 
C(155) 61(3) 46(2) 37(2) -3(2) -12(2) -17(2) 
C(156) 43(2) 41(2) 34(2) -2(2) -1(2) -6(2) 
C(171) 48(2) 22(2) 39(2) -7(1) 10(2) -1(1) 
C(181) 41(2) 19(2) 43(2) 2(1) 12(2) -1(1) 
C(201) 30(2) 25(2) 26(2) -3(1) 10(1) -1(1) 
C(202) 28(2) 40(2) 33(2) 0(2) 10(1) 1(1) 
C(203) 28(2) 55(2) 49(2) -1(2) 12(2) -6(2) 
C(204) 42(2) 43(2) 56(3) 1(2) 25(2) -13(2) 
C(205) 52(2) 37(2) 39(2) 10(2) 18(2) -3(2) 
C(206) 30(2) 36(2) 30(2) 3(2) 6(1) -3(1) 
C(301) 40(2) 32(2) 33(2) -10(2) 1(2) -1(2) 
C(302) 53(2) 34(2) 40(2) -9(2) 7(2) 6(2) 
C(303) 40(2) 39(2) 31(2) 6(2) 13(2) 12(2) 
C(304) 29(2) 36(2) 86(3) 9(2) -2(2) 3(2) 
C(305) 36(2) 28(2) 78(3) 1(2) -6(2) -2(2) 
C(306) 53(2) 51(2) 42(2) 2(2) 13(2) 17(2) 
C(401) 39(2) 41(2) 39(2) 6(2) 14(2) -3(2) 
C(402) 41(2) 58(2) 44(2) 9(2) 20(2) 14(2) 
C(403) 50(2) 52(2) 42(2) 16(2) 10(2) 20(2) 
C(404) 51(2) 47(2) 46(2) 24(2) 12(2) 17(2) 
C(405) 33(2) 46(2) 27(2) 9(2) 7(1) 2(2) 
C(406) 87(3) 69(3) 68(3) 28(2) 36(3) 41(3) 
Cl(l) 54(1) 54(1) 36(1) -3(1) 11(1) -7(1) 
0(1) 87(2) 98(3) 54(2) 6(2) -11(2) 12(2) 
0(2) 78(2) 101(3) 136(3) 41(2) 64(2) 0(2) 
0(3) 135(3) 71(2) 54(2) -22(2) -27(2) 1(2) 
0(4) 71(2) 52(2) 84(2) -3(2) 30(2) -14(2) 
C(22) 37(4) 74(5) 71(5) -43(4) -13(3) 16(4) 
Cl(2) 73(1) 64(1) 82(1) -6(1) 9(1) -7(1) 
Cl(3) 41(1) 81(1) 81(1) -19(1) -10(1) -1(1) 
Cl(4) 53(1) 226(3) 54(1) -55(2) -14(1) 47(1) 
C(23) 70(20) 80(20) 210(40) -110(20) 10(20) -20(16) 
Cl(5) 196(11) 71(4) 102(6) -38(4) 62(7) -40(6) 
Cl(6) 51(3) 89(4) 87(4) -t8(3) 2(2) -12(3) 
Ci(7) 41(1) 81(1) 81(1) -19(1) -10(1) -1(1) 

Table E21. Atomic coordinates (xlO'') and equivalent isotropic displacement parameters (A^xlO^) for 
P''e0ETPP(4-CNPy)2]C104 from CDaClj/dodecane. 

X y z U(ecD 

Fed) -11212(1) 5310(1) 1019(1) 29(1) 
N(ll) -10988(6) 5136(2) 1791(3) 31(2) 
N(12) -12639(5) 5195(2) 923(3) 27(2) 
N(13) -11416(6) 5455(2) 229(3) 25(2) 
N(14) -9813(6) 5457(2) 1138(3) 29(2) 



N(15) -11616(6) 5766(2) 1351(4) 40(2) 
N(16) -12694(13) 6875(3) 2159(6) 117(6) 
N(17) -10805(6) 4848(2) 726(3) 30(2) 
N(18) -9909(7) 3731(3) -106(5) 59(3) 
C(lOl) -11622(8) 4915(2) 1971(4) 26(2) 
C(102) -12653(8) 4941(2) 1823(4) 32(3) 
C(103) -13125(8) 5134(2) 1373(4) 33(3) 
C(104) -14122(7) 5257(2) 1268(4) 31(3) 
C(105) -14279(7) 5378(2) 731(5) 38(3) 
C(106) -13389(7) 5329(2) 495(4) 28(2) 
C(107) -13215(8) 5355(2) -60(4) 33(3) 
C(108) -12244(8) 5362(2) -175(4) 30(3) 
C(109) -11924(7) 5312(2) -715(4) 29(2) 
C(llO) -10922(8) 5382(2) -647(4) 34(3) 
C(lll) -10643(8) 5493(2) -57(4) 33(3) 
C(112) -9756(7) 5649(2) 186(4) 29(3) 
C(113) -9479(7) 5665(2) 783(5) 35(3) 
C(114) -8781(8) 5885(3) 1116(5) 44(3) 
C{115) -8676(7) 5792(2) 1654(5) 36(3) 
C(116) -9248(8) 5510(2) 1676(4) 33(3) 
C(117) -9268(8) 5296(3) 2113(5) 41(3) 
C(118) -10050(8) 5081(2) 2107(4) 31(3) 
C(119) -10078(8) 4796(2) 2437(4) 32(3) 
C(120) -11026(8) 4689(2) 2341(4) 34(3) 
C(121) -13310(8) 4782(2) 2167(4) 34(3) 
C(122) -13263(7) 4856(2) 2728(4) 35(3) 
C(123) -13941(9) 4731(3) 3039(5) 41(3) 
C(124) -14682(9) 4532(3) 2775(5) 45(3) 
C(125) -14717(8) 4442(3) 2237(6) 47(3) 
C(126) -14070(8) 4575(3) 1900(4) 42(3) 
C(127) -14807(8) 5301(3) 1678(5) 47(3) 
C(128) -14429(11) 5569(3) 2116(5) 69(4) 
C(129) -15176(8) 5575(2) 451(5) 41(3) 
C(130) -14991(10) 5928(3) 535(7) 81(5) 
C(131) -14102(7) 5389(3) -527(4) 33(3) 
C(132) -14784(8) 5136(3) -651(5) 46(3) 
C(133) -15556(9) 5164(3) -1096(6) 60(4) 
C(134) -15700(9) 5429(4) -1412(6) 67(4) 
C(135) -15074(9) 5681(3) -1289(6) 70(4) 
C(136) -14247(9) 5660(3) -847(5) 51(3) 
C(137) -12529(8) 5145(2) -1226(4) 33(3) 
C(138) -12541(9) 4793(3) -1144(5) 57(4) 
C(139) -10229(7) 5311(3) -1041(4) 44(3) 
C(140) -9520(9) 5044(3) -809(5) 54(3) 
C(141) -9151(8) 5792(2) -196(4) 32(3) 
C(142) -9561(9) 6021(3) -574(4) 44(3) 
C(143) -8983(9) 6160(3) -954(5) 50(3) 
C(144) -8013(11) 6068(3) -919(5) 59(4) 
C(145) -7581(8) 5833(3) -537(5) 53(3) 
C(146) -8154(8) 5702(3) -182(5) 42(3) 
C(147) -8428(10) 6200(3) 902(5) 57(4) 
C(148) -9271(11) 6434(3) 716(6) 77(4) 
C(149) -8158(10) 5982(3) 2166(5) 63(4) 



C(150) -8943(13) 6128(4) 2464(7) 101(6) 
C(151) -8377(8) 5299(2) 2607(5) 39(3) 
C(152) -7435(9) 5231(3) 2538(6) 64(4) 
C(153) -6640(11) 5245(4) 2981(8) 85(5) 
C(154) -6825(16) 5345(4) 3520(8) 105(7) 
C(155) -7774(14) 5408(3) 3602(6) 85(5) 
C(156) -8557(10) 5390(3) 3147(5) 56(3) 
C(157) -9186(7) 4619(2) 2767(4) 38(3) 
C(158) -8561(9) 4437(3) 2354(5) 60(4) 
C(159) -11407(8) 4372(2) 2481(4) 36(3) 
C(160) -11670(8) 4165(3) 1959(5) 48(3) 
C(161) -11815(10) 6020(3) 1018(5) 57(4) 
C(162) -12098(11) 6319(3) 1205(6) 71(4) 
C(163) -12177(10) 6340(3) 1771(5) 55(3) 
C(164) -11974(10) «)92(3) 2114(5) 58(4) 
C(165) -11702(10) 5800(3) 1898(5) 62(4) 
C(166) -12483(12) 6644(4) 1973(6) 81(4) 
C(171) -9860(9) 4746(3) 799(5) 50(3) 
C(172) -9563(8) 4456(3) 610(5) 46(3) 
C(173) -10297(8) 4266(2) 310(4) 32(3) 
C(174) -11320(8) 4365(3) 213(5) 49(3) 
C(175) -11505(8) 4652(3) 435(5) 39(3) 
C(176) -10065(8) 3970(3) 76(5) 42(3) 
Fe(2) -603(1) 5198(1) 6079(1) 30(1) 
N{21) 127(6) 4792(2) 6179(3) 30(2) 
N(22) -150(6) 5257(2) 5356(3) 34(2) 
N(23) -1210(6) 5623(2) 6014(3) 34(2) 
N(24) -1114(6) 5125(2) 6773(3) 30(2) 
N(25) 761(8) 5416(2) 6578(4) 56(3) 
N(26) 3765(12) 6129(3) 7702(7) 127(6) 
N(27) -1948(7) 4987(2) 5594(4) 37(2) 
N(28) -5096(8) 4497(3) 4161(4) 56(3) 
C(201) 881(8) 4708(3) 5895(4) 38(3) 
C(202) 809(7) 4783(2) 5316(4) 28(3) 
C(203) 157(7) 5015(2) 5046(4) 31(3) 
C(204) -200(8) 5058(3) 4454(4) 37(3) 
C(205) -661(8) 5357(2) 4388(4) 38(3) 
C(206) -589(7) 5477(2) 4945(4) 31(3) 
C(207) -784(8) 5783(2) 5128(4) 35(3) 
C(208) -921(8) 5858(2) 5666(5) 40(3) 
C(209) -893(8) 6165(2) 5946(5) 40(3) 
C(210) -1281(8) 6117(2) 6420(5) 40(3) 
C(211) -1462(8) 5779(2) 6477(4) 33(3) 
C{212) -1974(8) 5620(2) 6853(4) 36(3) 
C(213) -1901(7) 5291(2) 6919(4) 29(3) 
C(214) -2538(8) 5089(3) 7183(4) 36(3) 
C(215) -2086(8) 4802(2) 7232(4) 32(3) 
C(216) -1176(7) 4826(2) 7005(4) 27(2) 
C(217) -371(7) 4613(2) 7049(4) 32(3) 
C(218) 350(7) 4642(2) 6707(4) 27(2) 
C(219) 1324(7) 4502(2) 6765(4) 34(3) 
C(220) 1665(8) 4540(2) 6266(4) 35(3) 
C(221) 1448(8) 4612(3) 4972(4) 31(3) 



C(222) 1364(8) 4294(3) 4881(4) 39(3) 
C(223) 1944(9) 4143(3) 4536(5) 51(3) 
C(224) 2585(9) 4312(3) 4283(5) 50(3) 
C(225) 2678(8) 4632(3) 4368(5) 48(3) 
C(226) 2107(8) 4785(3) 4711(5) 47(3) 
C(227) -209(8) 4819(3) 4002(5) 44(3) 
C(228) -985(10) 4571(3) 4020(5) 56(4) 
C(229) -1305(8) 5478(3) 3861(5) 45(3) 
C(230) -2408(8) 5452(3) 3873(5) 63(4) 
C(231) -868(10) 6046(3) 4685(5) 51(3) 
C(232) -48(11) 6108(3) 4430(5) 66(4) 
C(233) -163(15) 6349(3) 3996(6) 83(5) 
C(234) -1088(17) 6489(3) 3831(7) 88(5) 
C(235) -1860(13) 6418(3) 4073(6) 73(4) 
C(236) -1792(11) 6193(3) 4509(5) 61(4) 
C(237) -456(9) 6461(3) 5765(5) 52(3) 
C(238) 668(10) 6441(3) 5876(6) 77(4) 
C(239) -1303(9) 6363(3) 6877(5) 54(3) 
C(240) -398(11) 6360(3) 7367(6) 81(5) 
C(241) -2503(8) 5805(2) 7240(5) 35(3) 
C(242) -3390(8) 5967(3) 6999(6) 53(3) 
C(243) -3874(10) 6145(3) 7364(6) 57(3) 
C(244) -3444(14) 6159(3) 7946(7) 84(5) 
C{245) -2589(10) 5991(3) 8154(5) 54(3) 
C(246) -2118(9) 5819(2) 7823(5) 40(3) 
C(247) -3568(7) 5167(2) 7290(4) 31(3) 
C(248) -4364(8) 5178(3) 6763(5) 60(4) 
C(249) -2527(8) 4495(2) 7388(4) 34(3) 
C(250) -2860(8) 4285(3) 6868(5) 51(3) 
C(251) -253(7) 4356(3) 7474(5) 34(3) 
C(252) -100(8) 4428(3) 8052(5) 47(3) 
C(253) 42(8) 4201(3) 8455(5) 47(3) 
C(254) 39(8) 3883(3) 8284(5) 44(3) 
C(255) -99(8) 3804(3) 7711(5) 46(3) 
C(256) -245(7) 4044(3) 7309(5) 38(3) 
C(257) 1961(8) 4387(3) 7306(5) 45(3) 
C(258) 2306(9) 4654(3) 7732(5) 57(3) 
C(25A) 2684(8) 4438(3) 6170(5) 59(4) 
C(26A) 2695(12) 4040(3) 6129(7) 40(4) 
C(25B) 2684(8) 4438(3) 6170(5) 59(4) 
C(26B) 3140(30) 4813(6) 6206(17) 86(13) 
C(261) 800(12) 5511(3) 7117(7) 78(4) 
C(262) 1578(11) 5678(4) 7410(6) 71(4) 
C(263) 2338(11) 5747(3) 7145(7) 68(4) 
C(264) 2375(11) 5639(4) 6609(7) 85(5) 
C(265) 1544(11) 5480(4) 6359(6) 81(4) 
C(266) 3147(13) 5954(4) 7463(6) 81(4) 
C(271) -1940(9) 4690(3) 5397(5) 46(3) 
C{272) -2729(9) 4559(3) 5030(5) 52(3) 
C(273) -3601(8) 4729(3) 4882(5) 42(3) 
C(274) -3622(9) 5035(3) 5088(5) 52(3) 
C(275) -2813(9) 5149(3) 5426(6) 58(4) 
C(276) -4465(9) 4599(3) 4482(5) 41(3) 



Fe(3) 4303(1) -2068(1) 342(1) 28(1) 
N(31) 4578(6) -2127(2) -425(3) 26(2) 
N(32) 3585(6) -2472(2) 285(3) 28(2) 
N(33) 3962(5) -19%(2) 1093(3) 26(2) 
N(34) 5085(6) -1680(2) 433(3) 23(2) 
N(35) 5701(6) -2336(2) 698(4) 37(2) 
N(36) 9253(11) -2891(3) 1406(6) 110(5) 
N(37) 2907(6) -1820(2) -65(3) 32(2) 
N(38) -181(8) -1367(3) -1588(5) 73(4) 
C(301) 3955(8) -2316(2) -840(4) 34(3) 
C(302) 3610(9) -2602(3) -695(5) 50(3) 
C(303) 3597(8) -2692(2) -128(5) 42(3) 
C(304) 3585(8) -3009(2) 100(5) 41(3) 
C(305) 3555(8) -2971(2) 666(5) 34(3) 
C(306) 3470(7) -2643(2) 761(5) 36(3) 
C{307) 3159(7) -2492(2) 1219(4) 30(3) 
C(3()8) 3207(7) -2167(3) 1288(4) 35(3) 
C(309) 2610(7) -1952(2) 1568(4) 32(3) 
C(310) 3032(7) -1658(2) 1559(4) 28(3) 
C(311) 3900(7) -1686(2) 1295(4) 25(2) 
C(312) 4704(7) -1477(2) 1310(4) 29(3) 
C(313) 5367(7) -1519(2) 937(4) 29(3) 
C(314) 6391(8) -1398(2) 993(5) 35(3) 
C(315) 6698(7) -1476(2) 490(5) 32(3) 
C(316) 5861(7) -1631(2) 145(4) 27(2) 
C(317) 5718(8) -1693(2) -459(4) 33(3) 
C(318) 4963(8) -1891(2) -720(4) 33(3) 
C(319) 4530(7) -1912(2) -1324(4) 30(3) 
C(320) 3903(8) -2166(3) -1389(4) 42(3) 
C(321) 3437(17) -2862(6) -1155(11) 60(5) 
C(322) 2439(16) -2954(6) -1302(10) 71(11) 
C(323) 2147(15) -3164(6) -1746(10) 89(7) 
C(324) 2850(20) -3283(5) -2042(9) 83(7) 
C(325) 3851(19) -3192(6) -1894(11) 99(14) 
C(326) 4143(15) -2982(6) -1450(13) 90(12) 
C(32A) 3022(16) -2806(7) -1145(12) 60(5) 
C(32B) 3609(13) -2950(6) -1489(12) 67(7) 
C(32C) 3170(17) -3150(6) -1923(11) 81(6) 
C(32D) 2143(18) -3206(6) -2014(10) 90(7) 
C(32E) 1556(14) -3062(6) -1671(10) 89(7) 
C(32F) 1995(16) -2862(7) -1236(11) 85(14) 
C(327) 3739(11) -3319(3) -208(6) 66(4) 
C(328) 4789(13) -3356(3) -279(7) 99(6) 
C(329) 3779(9) -3240(3) 1093(5) 47(3) 
C(330) 4846(9) -3221(3) 1440(6) 72(4) 
C(331) 2807(8) -2683(2) 1673(5) 35(3) 
C{332) 1928(8) -2861(2) 1547(5) 38(3) 
C(333) 1655(8) -3044(3) 1985(5) 43(3) 
C(334) 2212(10) -3045(3) 2515(5) 51(3) 
C(335) 3066(9) -2867(3) 2632(5) 46(3) 
C(336) 3366(8) -2682(3) 2211(5) 42(3) 
C(337) 1618(7) -2034(3) 1713(4) 35(3) 
C(338) 776(7) -2062(3) 1170(4) 48(3) 



C(339) 2563(8) -1352(2) 1688(4) 39(3) 
C(340) 2275(9) -1145(3) 1154(5) 49(3) 
C(341) 4823(8) -1204(2) 1703(5) 35(3) 
C(342) 4960(8) -1251(3) 2278(5) 44(3) 
C(343) 5135(8) -999(3) 2672(5) 47(3) 
C(344) 5135(8) -697(3) 2463(6) 47(3) 
C(345) 4964(8) -642(3) 1887(5) 44(3) 
C(346) 4844(7) -895(2) 1505(5) 36(3) 
C(347) 7023(8) -1259(3) 1503(5) 44(3) 
C(348) 7413(9) -1509(3) 1954(5) 56(3) 
C(349) 7744(7) -1455(2) 376(5) 34(3) 
C(350) 8219(8) -1794(3) 403(6) 64(4) 
C(351) 6353(8) -1516(2) -792(4) 36(3) 
C(352) 6307(7) -1185(3) -809(4) 37(3) 
C{353) 6882(8) -1022(3) -1138(5) 42(3) 
C(354) 7498(9) -1185(3) -1439(5) 53(3) 
C(355) 7538(8) -1505(3) -1429(5) 49(3) 
C(356) 6966(8) -1673(3) -1107(5) 48(3) 
C(357) 4595(9) -1671(3) -1765(4) 42(3) 
C(358) 3921(9) -1383(3) -1697(5) 56(4) 
C(35A) 3175(9) -2247(3) -1925(5) 50(3) 
C(36A) 2117(18) -2203(7) -1828(11) 47(8) 
C(35B) 3175(9) -2247(3) -1925(5) 50(3) 
C(36B) 3638(14) -2348(6) -2389(8) 64(6) 
C(361) 6178(8) -2296(3) 1236(5) 43(3) 
C(362) 7078(9) -2437(3) 1431(5) 55(3) 
C(363) 7492(9) -2628(3) 1051(5) 49(3) 
C(364) 6991(9) -2677(3) 531(5) 52(3) 
C(365) 6087(9) -2528(3) 354(5) 48(3) 
C(366) 8477(11) -2778(3) 1273(7) 74(4) 
C(371) 2013(8) -1973(3) -182(5) 44(3) 
C(372) 1180(8) -1865(2) -541(5) 43(3) 
C(373) 1285(8) -1579(3) -824(5) 39(3) 
C(374) 2174(8) -1415(3) -696(5) 41(3) 
C(375) 2939(8) -1544(3) -322(4) 35(3) 
C(376) 443(9) -1463(3) -1236(6) 48(3) 
Fe(4) 6076(1) 2826(1) 4693(1) 34(1) 
N(41) 7512(6) 2905(2) 4814(3) 27(2) 
N(42) 6234(7) 2698(2) 5486(3) 37(2) 
N(43) 4648(6) 2707(2) 4561(3) 32(2) 
N(44) 5908(6) 2991(2) 3918(3) 34(2) 
N(45) 6337(7) 2344(2) 4400(4) 52(3) 
N(46) 6257(19) 1180(4) 3678(8) 193(10) 
N(47) 5713(7) 3294(2) 4964(3) 39(2) 
N(48) 4847(8) 4441(3) 5728(5) 74(3) 
C(401) 8212(8) 2774(2) 5234(4) 35(3) 
C(402) 8033(8) 2754(2) 5784(4) 31(3) 
C(403) 7067(9) 2775(2) 5901(4) 37(3) 
C(404) 6740(8) 2856(3) 6423(4) 38(3) 
C(405) 5748(9) 2805(3) 6340(4) 43(3) 
C(406) 5438(9) 2679(3) 5777(4) 38(3) 
C(407) 4514(9) 2544(3) 5510(5) 48(3) 
C(408) 4231(8) 2510(3) 4924(5) 49(3) 



C(409) 3451(10) 2314(3) 4594(5) 59(4) 
C(410) 3369(8) 2401(3) 4048(5) 47(3) 
C(411) 4077(8) 2656(3) 4019(5) 44(3) 
C{412) 4121(8) 2868(2) 3573(4) 36(3) 
C(413) 4977(8) 3058(2) 3589(4) 32(3) 
C(414) 5030(8) 3351(2) 3261(4) 31(3) 
C(415) 6027(9) 3440(2) 3383(4) 37(3) 
C(416) 6583(8) 3206(2) 3770(4) 33(3) 
C(417) 7611(8) 3163(2) 3926(4) 31(3) 
C(418) 8030(7) 2962(3) 4367(5) 37(3) 
C(419) 9031(8) 2825(3) 4497(5) 37(3) 
C(420) 9133(8) 2708(2) 5028(5) 35(3) 
C(421) 8854(9) 2730(3) 6276(5) 47(3) 
C(422) 9571(8) 2966(3) 6406(5) 50(3) 
C(423) 10341(10) 2959(4) 6888(5) 71(4) 
C(424) 10384(11) 2701(5) 7237(6) 85(5) 
C(425) 9743(12) 2448(4) 7108(6) 83(5) 
C(426) 9006(9) 2467(3) 6643(6) 60(4) 
C(427) 7352(9) 3018(3) 6930(5) 48(3) 
C(428) 7471(10) 3365(3) 6800(5) 60(4) 
C(429) 5039(9) 2901(3) 6725(5) 55(3) 
C(430) 4439(10) 3193(3) 6483(5) 66(4) 
C(431) • 3850(9) 2425(3) 5881(5) 58(4) 
C{432) 4183(11) 2191(3) 6293(6) 72(4) 
C(433) 3619(14) 2096(4) 6678(6) 89(5) 
C(434) 2716(14) 2236(4) 6692(6) 85(5) 
C(435) 2364(11) 2461(5) 6320(6) 96(6) 
C(436) 2958(11) 2555(4) 5888(5) 81(5) 
C(437) 2952(11) 2038(4) 4807(6) 86(5) 
C(438) 3671(19) 1747(4) 4918(9) 157(10) 
C(439) 2746(9) 2232(3) 3549(5) 48(3) 
C(440) 3397(14) 2012(4) 3297(7) 115(7) 
C(441) 3277(8) 2874(3) 3097(5) 47(3) 
C(442) 2343(9) 2976(3) 3190(6) 64(4) 
C(443) 1537(16) 2971(5) 2805(11) 122(7) 
C(444) 1579(12) 2850(4) 2269(11) 110(8) 
C(445) 2507(16) 2746(4) 2138(6) 97(6) 
C(446) 3376(10) 2767(3) 2569(5) 57(4) 
C(447) 4207(8) 3532(2) 2923(4) 37(3) 
C(448) 3668(9) 3723(3) 3310(5) 51(3) 
C(449) 6454(8) 3759(2) 3254(4) 40(3) 
C(450) 6739(9) 3960(2) 3786(5) 51(3) 
C(451) 8338(7) 3335(2) 3621(4) 25(2) 
C(452) 8328(8) 3272(3) 3046(5) 41(3) 
C(453) 9022(10) 3415(3) 2785(5) 55(3) 
C(454) 9729(10) 3620(3) 3076(7) 63(4) 
C(455) 9709(9) 3690(3) 3638(6) 45(3) 
C(456) 9047(7) 3544(2) 3909(5) 36(3) 
C(457) 9730(8) 2768(3) 4085(5) 47(3) 
C(458) 9345(10) 2535(3) 3628(6) 74(4) 
C(459) 9983(10) 2509(3) 5296(5) 65(4) 
C(460) 9749(15) 2156(4) 5207(8) 132(8) 
C(461) 6420(12) 2284(4) 3883(7) 86(5) 



C(462) 6420(14) 1986(5) 3680(7) 109(6) 
C(463) 6352(12) 1730(4) 4031(8) 86(5) 
C(464) 6261(15) 1791(4) 4548(7) 112(6) 
C{465) 6307(14) 2111(3) 4743(6) 103(6) 
C(466) 6278(19) 1430(5) 3801(8) 143(9) 
C(471) 6404(8) 3490(3) 5251(5) 43(3) 
C(472) 6214(8) 3783(3) 5454(5) 41(3) 
C(473) 5248(9) 3886(3) 5365(4) 40(3) 
C(474) 4507(8) 3697(3) 5070(5) 49(3) 
C(475) 4781(8) 3410(3) 4890(5) 50(3) 
C(476) 5004(9) 4186(3) 5571(5) 48(3) 
CUD 854(2) 8834(1) 4432(1) 40(1) 
0(1) 1072(6) 8520(2) 4616(3) 62(2) 
0(2) 1505(6) 8939(2) 4068(4) 77(3) 
0(3) -145(5) 8850(2) 4142(4) 78(3) 
0(4) 958(7) 9033(2) 4928(3) 73(3) 
Cl(2) 7782(3) -3482(1) -464(1) 65(1) 
0(5) 8007(7) -3304(2) 43(3) 80(3) 
0(6) 8485(7) -3411(2) -815(4) 76(3) 
0(7) 6801(8) -3442(5) -735(6) 211(9) 
0(8) 7885(11) -3808(2) -309(4) 147(6) 
Cl(3) 5857(2) 4302(1) 224(1) 39(1) 
0(9) 6293(18) 4467(4) -183(9) 53(7) 
0(10) 5395(12) 4011(3) 9(7) 45(5) 
0(11) 5183(12) 4498(4) 450(9) 62(7) 
0(12) 6690(12) 4234(5) 676(8) 49(6) 
C1(3A) 5857(2) 4302(1) 224(1) 39(1) 
0(9A) 5740(30) 4611(3) 395(10) 168(19) 
0(10A) 6260(20) 4113(5) 696(8) 109(11) 
0(11 A) 4876(12) 4194(6) -73(8) 95(7) 
0(12A) 6465(17) 4271(8) -203(9) 119(14) 
Cl(4) 7182(7) 1510(2) 5938(4) 212(4) 
0(13) 7330(30) 1315(6) 6432(9) 440(30) 
0(14) 7780(30) 1775(6) 6027(14) 540(40) 
0(15) 7290(20) 1314(6) 5461(8) 480(30) 
0(16) 6151(11) 1570(5) 5875(12) 272(13) 
C(502) 9628(9) -2809(3) -202(9) 134(8) 
Cl(21) 10911(3) -2756(1) -68(2) 116(2) 
Cl(22) 9033(5) -2466(2) -412(4) 215(4) 
C(501) 1510(20) 3420(11) 5295(12) 76(11) 
Cl(ll) 2010(4) 3234(1) 4742(3) 148(2) 
Cl(12) 2343(12) 3590(5) 5866(7) 185(9) 
C(50A) 1106(12) 3316(5) 5178(6) 52(6) 
Cl(14) 2010(4) 3234(1) 4742(3) 148(2) 
€1(13) 1710(7) 3263(2) 5864(4) 137(3) 
C(503) 13151(12) 4799(4) 52(7) 120(7) 
Cl(31) 12764(3) 4910(1) 673(2) 109(2) 
Cl(32) 12528(4) 4489(2) -280(2) 137(2) 
C(504) 4273(16) 5869(6) 4975(16) 310(20) 
Cl(41) 5556(7) 5894(2) 5228(4) 204(3) 
Cl(42) 3903(9) 5496(3) 5196(4) 269(5) 
C(505) 4400(17) -3797(8) 3406(13) 330(30) 
Cl(52) 5424(9) -4047(4) 3668(7) 439(12) 



475 

CI(51) 
C(506) 
Cl(62) 
Ci(61) 

4737(16) 
6630(30) 
6228(9) 
5793(12) 

-3652(3) 
-2961(8) 
-2619(3) 
-3021(3) 

2804(8) 
-1501(14) 
-1173(5) 
-2138(6) 

462(12) 
370(30) 
279(5) 
344(7) 

Table E22. Anisotropic displacement parameters (A "x 10^) for [Fe0ETPP(4-CNP>')2]C104 from 
CD2Cl2/dodecane. 

Ull U22 U33 U23 U13 U12 

Fed) 33(1) 23(1) 33(1) 0(1) 8(1) -1(1) 
N(ll) 32(5) 23(5) 36(5) 6(4) -1(4) 5(4) 
N(12) 25(5) 31(5) 25(5) 1(4) 2(4) 0(4) 
N(13) 25(5) 16(5) 35(5) -2(4) 8(4) -3(4) 
N(14) 38(5) 24(5) 25(5) 0(4) 9(4) -11(4) 
N(15) 43(6) 38(6) 39(6) 3(5) 11(5) -8(5) 
N(16) 199(16) 68(10) 96(11) -26(8) 59(10) 35(10) 
N(17) 22(5) 41(6) 27(5) 2(4) 4(4) -2(5) 
N(18) 40(6) 49(7) 92(9) -10(6) 19(6) 13(5) 
C(lOl) 37(7) 14(6) 27(6) 5(5) 9(5) 12(5) 
C(102) 39(7) 23(6) 31(7) -4(5) 2(5) -6(5) 
C(103) 52(8) 24(6) 29(7) -11(5) 21(6) -5(6) 
C(I04) 32(6) 21(6) 37(7) 4(5) 3(5) 3(5) 
C(105) 29(7) 24(6) 61(8) -2(6) 6(6) 3(5) 
C(106) 30(6) 23(6) 36(7) -6(5) 13(5) 1(5) 
C(107) 38(7) 21(6) 39(7) 2(5) 8(6) 3(5) 
C(108) 32(7) 23(6) 35(7) 1(5) 7(5) 2(5) 
C(109) 33(7) 36(6) 17(6) 0(5) 0(5) -3(5) 
C(llO) 33(7) 40(7) 34(7) 1(5) 13(5) -9(5) 
C(lll) 39(7) 30(6) 27(7) -2(5) 3(6) -2(5) 
C(112) 25(6) 29(6) 30(7) -5(5) 0(5) 3(5) 
C(113) 29(6) 32(7) 45(8) -11(6) 5(6) -3(5) 
C(114) 36(7) 65(9) 35(7) 2(6) 13(6) -16(6) 
C(115) 40(7) 31(7) 37(7) 3(5) 9(5) -5(5) 
C(116) 45(7) 24(6) 34(7) -1(5) 12(6) -11(5) 
C(117) 42(7) 30(7) 55(8) 1(6) 17(6) -2(6) 
C(118) 36(7) 26(7) 33(7) -4(5) 15(6) -1(5) 
C(119) 43(7) 27(7) 23(6) -4(5) -2(5) -2(6) 
C(120) 40(7) 27(7) 42(7) -7(6) 22(6) 6(6) 
C(121) 37(7) 32(7) 34(7) -1(6) 9(5) -5(5) 
C(122) 35(7) 36(7) 38(7) -8(6) 18(5) •6(5) 
C(123) 55(8) 41(7) 31(7) 3(6) 19(6) 2(6) 
C(124) 53(8) 38(8) 50(9) 4(6) 26(7) -4(6) 
C(125) 46(7) 25(7) 76(10) 5(7) 23(7) -5(6) 
C(126) 50(8) 51(8) 24(6) -2(6) 7(6) 0(6) 
C(127) 49(7) 35(7) 65(8) 1(6) 29(6) 12(6) 
C(128) 113(12) 42(8) 63(9) -16(7) 44(9) 9(8) 
C(129) 25(6) 40(7) 55(8) -1(6) 1(5) 14(5) 
C(130) 68(10) 35(8) 127(14) 14(8) -16(9) 20(7) 
CX131) 25(6) 41(7) 31(7) 13(6) 2(5) 2(5) 
C(132) 30(7) 48(8) 59(8) 4(6) 7(6) -3(6) 



C(133) 45(8) 62(9) 69(10) 5(8) 1(7) -7(7) 
C(134) 22(7) 114(13) 55(9) 14(9) -19(6) 2(8) 
C(135) 46(8) 79(11) 67(10) 32(8) -33(7) -12(8) 
C(136) 51(8) 51(8) 53(8) 12(7) 15(7) -10(6) 
C(137) 44(7) 34(7) 21(6) -10(5) 8(5) -11(5) 
C(138) 55(8) 67(10) 42(8) -17(7) -8(6) -5(7) 
C(139) 31(6) 64(8) 40(7) -12(6) 10(5) 0(6) 
C(140) 55(8) 59(8) 49(8) -9(6) 15(6) 18(7) 
C(141) 42(7) 30(6) 22(6) 2(5) 3(5) -4(5) 
C(142) 51(7) 52(8) 27(7) -10(6) 2(6) -10(6) 
C(143) 46(8) 58(8) 47(8) 5(6) 10(6) 3(6) 
C(144) 79(11) 62(9) 42(8) 6(7) 25(7) -31(8) 
C(145) 30(7) 80(10) 49(8) -13(8) 6(6) -8(7) 
C(146) 36(7) 39(7) 52(8) 12(6) 7(6) 1(6) 
C(147) 92(10) 30(7) 46(8) -4(6) 7(7) -23(7) 
C(148) 129(13) 29(8) 76(10) -6(7) 25(9) -6(8) 
C(149) 68(9) 73(10) 42(8) 2(7) -8(7) -24(8) 
C(150) 157(16) 67(11) 91(12) 0(9) 53(12) -8(11) 
C(151) 41(8) 31(7) 38(7) -3(6) -9(6) -7(6) 
C(152) 39(8) 74(10) 72(10) 26(8) -7(7) 0(7) 
C(153) 57(10) 84(12) 108(14) 25(11) 3(10) -19(8) 
C(154) 99(15) 100(14) 96(15) 45(12) -40(12) -50(12) 
C(155) 105(14) 79(11) 58(10) 29(8) -21(10) -55(11) 
C(156) 69(9) 36(8) 56(9) 3(7) -4(8) -23(6) 
C(157) 30(6) 40(7) 41(7) -2(6) -2(5) 2(5) 
C(158) 72(9) 52(8) 56(8) 4(7) 14(7) 20(7) 
C(159) 54(7) 9(6) 46(7) 3(5) 13(6) -3(5) 
C(160) 48(7) 36(7) 60(8) -1(6) 9(6) -5(6) 
C(161) 93(10) 38(8) 46(8) -9(7) 26(7) -3(7) 
C{162) 113(12) 29(8) 69(10) 11(7) 11(9) 20(7) 
C(163) 100(10) 32(8) 39(8) -15(6) 23(7) 1(7) 
C(164) 106(11) 39(8) 33(7) -5(7) 19(7) 16(7) 
C(165) 99(11) 51(9) 39(8) 2(7) 21(7) 13(8) 
C(166) 113(13) 86(13) 47(9) 15(9) 24(9) 7(10) 
C(171) 51(9) 48(9) 50(8) -10(7) 6(7) -25(7) 
C(172) 22(6) 44(8) 72(9) 1(7) 11(6) -1(6) 
C(173) 39(7) 30(7) 30(6) -6(5) 15(5) 5(6) 
C(174) 44(8) 48(9) 56(8) -10(7) 13(6) -13(6) 
C(175) 28(7) 40(8) 50(8) -3(6) 6(6) 0(6) 
C(176) 29(7) 46(8) 54(8) 16(7) 15(6) 17(6) 
Fe(2) 35(1) 25(1) 32(1) -3(1) 8(1) 1(1) 
N(21) 25(5) 33(5) 34(6) -7(4) 9(4) 0(4) 
N(22) 44(5) 28(5) 35(5) -5(5) 19(4) -2(4) 
N(23) 51(6) 17(5) 36(6) -8(4) 14(5) 3(4) 
N(24) 38(5) 32(6) 24(5) 2(4) 12(4) 9(4) 
N(25) 72(8) 54(7) 45(7) -6(5) 21(6) 9(6) 
N(26) 121(13) 93(11) 133(14) -1(9) -62(10) -24(9) 
N(27) 52(6) 28(6) 31(5) 1(4) 14(5) 10(5) 
N(28) 41(7) 78(8) 50(7) -12(6) 5(5) -11(6) 
C(201) 36(7) 41(7) 34(7) -16(6) 2(6) 6(6) 
C(202) 28(6) 32(7) 25(7) -1(5) 7(5) -5(5) 
C(203) 26(6) 33(7) 34(7) -8(6) 9(5) 1(5) 
C(204) 35(7) 48(8) 30(7) -13(6) 17(5) -5(6) 



C(205) 62(8) 21(6) 34(7) 3(5) 17(6) 0(6) 
C(206) 44(7) 32(7) 22(6) -2(5) 16(5) -1(5) 
C(207) 47(7) 22(6) 39(7) 6(5) 11(6) 1(5) 
C(208) 52(7) 31(7) 35(7) 5(6) 4(6) 7(6) 
C(209) 56(8) 30(7) 36(7) -2(5) 11(6) 5(6) 
C(210) 49(7) 26(7) 42(7) 3(6) 1(6) 9(5) 
C(211) 46(7) 23(7) 29(7) 2(5) 8(6) 8(5) 
C(212) 47(7) 25(7) 34(7) -10(5) 1(6) 8(5) 
C(213) 35(6) 38(7) 12(5) -5(5) 3(5) -9(6) 
C(214) 45(7) 32(7) 31(7) -8(5) 6(6) -2(6) 
C(215) 37(7) 29(7) 29(6) -13(5) 1(5) -13(6) 
C(216) 34(6) 24(6) 26(6) -7(5) 11(5) -5(5) 
C(217) 31(6) 33(7) 34(7) -8(5) 9(5) 7(5) 
C(218) 22(6) 30(6) 29(7) 3(5) 6(5) 4(5) 
C(219) 35(7) 30(7) . 34(7) -1(5) 0(5) 1(5) 
C(220) 36(7) 39(7) 30(7) -8(5) 5(6) 3(5) 
C(221) 37(7) 34(7) 26(6) -7(5) 12(5) 2(5) 
C(222) 42(7) 37(7) 42(7) 10(6) 23(6) 8(6) 
C(223) 46(8) 55(8) 52(8) -11(7) 13(7) 2(6) 
C(224) 55(8) 61(10) 41(8) 1(7) 28(6) 25(7) 
C(225) 34(7) 64(10) 52(8) 9(7) 20(6) 21(6) 
C(226) 47(8) 52(8) 45(7) -5(6) 14(6) -3(6) 
C(227) 38(7) 55(8) 37(7) -18(6) 3(5) 4(6) 
C(228) 88(10) 34(7) 36(7) -5(6) -13(7) -16(7) 
C(229) 51(8) 43(7) 41(7) 4(6) 9(6) 11(6) 
C(230) 45(8) 89(11) 50(8) -10(7) -6(6) 2(7) 
C(231) 81(10) 24(7) 49(8) -2(6) 17(7) -3(7) 
C(232) 94(11) 50(9) 60(9) -12(7) 32(8) -8(8) 
C(233) 156(17) 32(9) 67(11) -3(8) 36(11) -14(10) 
C(234) 165(19) 34(9) 63(11) 6(8) 13(12) -11(11) 
C(235) 119(14) 38(9) 58(10) 8(7) 4(9) 12(9) 
C(236) 87(11) 49(8) 45(8) 5(7) 6(7) 10(8) 
C(237) 67(9) 36(7) 55(8) -4(6) 20(7) -8(6) 
C(238) 86(11) 47(9) 101(12) 26(8) 26(9) -15(8) 
C(239) 65(9) 30(7) 68(9) -10(6) 16(7) 6(6) 
C(240) 97(11) 76(11) 62(9) -36(8) -5(8) -13(9) 
C(241) 40(7) 28(6) 42(8) -6(5) 17(6) 7(5) 
C(242) 50(8) 44(8) 70(9) -2(7) 23(7) 19(6) 
C(243) 71(9) 37(7) 67(10) -5(7) 24(8) 3(6) 
C(244) 155(16) 34(8) 83(12) -15(8) 73(12) -10(10) 
C(245) 79(10) 30(7) 57(9) 5(7) 22(8) 8(7) 
C(246) 67(8) 27(6) 33(7) -6(5) 24(6) 3(6) 
C(247) 45(7) 18(6) 31(6) -2(5) 6(5) 2(5) 
C(248) 25(6) 80(10) 73(9) -27(8) 4(6) 12(6) 
C(249) 37(6) 39(7) 27(6) -4(5) 9(5) 18(6) 
C(250) 38(7) 52(8) 65(9) -7(7) 17(6) -11(6) 
C(251) 25(6) 35(8) 42(8) 3(6) 3(5) 0(5) 
C(252) 50(8) 39(8) 50(9) -4(7) 4(6) -4(6) 
C(253) 31(7) 61(9) 49(8) 8(7) 7(6) -7(6) 
C(254) 43(7) 34(8) 54(9) 22(6) 7(6) -1(6) 
C(255) 39(7) 41(8) 55(9) 0(7) 2(6) -2(6) 
C(256) 32(7) 41(8) 45(7) -1(6) 14(6) 6(5) 
C(257) 35(7) 44(8) 52(8) 3(6) 2(6) -1(6) 



C(258) 55(8) 59(9) 54(8) -7(7) 6(7) 6(7) 
C(25A) 25(7) 104(11) 52(8) 19(8) 19(6) 8(7) 
C(26A) 36(7) 31(8) 49(8) -7(7) 3(7) 10(6) 
C(25B) 25(7) 104(11) 52(8) 19(8) 19(6) 8(7) 
C(261) 91(12) 68(10) 78(12) -20(9) 27(9) 1(9) 
C(262) 68(10) 95(12) 45(9) -8(8) 0(8) -10(9) 
C(263) 59(10) 68(10) 64(11) 5(8) -17(8) -16(8) 
C(264) 72(11) 107(13) 83(12) -13(10) 27(9) -42(10) 
C{265) 63(10) 111(13) 69(10) -10(9) 14(9) -24(9) 
C(266) 97(13) 89(12) 62(10) 4(9) 26(10) 2(10) 
C(271) 51(8) 41(8) 45(8) -12(6) 10(6) -3(6) 
C(272) 56(9) 34(7) 66(9) -10(7) 11(7) 6(7) 
C(273) 37(7) 44(8) 48(8) -10(6) 15(6) -9(6) 
C(274) 31(7) 52(8) 70(9) -15(7) 3(7) 10(6) 
C(275) 47(8) 41(8) 85(10) -14(7) 8(8) 6(7) 
C(276) 29(7) 50(8) 51(8) -1(7) 27(7) -2(6) 
Fe(3) 32(1) 22(1) 31(1) 2(1) 5(1) -2(1) 
N(31) 35(5) 22(5) 21(5) 0(4) 4(4) -3(4) 
N(32) 34(5) 27(5) 22(5) 1(4) -1(4) -7(4) 
N(33) 24(5) 29(5) 25(5) -1(4) 3(4) 0(4) 
N(34) 27(5) 20(5) 21(5) 1(4) 3(4) -2(4) 
N(35) 37(5) 36(6) 37(6) 2(5) 8(5) -10(5) 
N(36) 79(10) 97(11) 146(14) -7(9) -2(9) 17(9) 
N(37) 34(6) 27(5) 35(5) -1(4) 7(4) -9(4) 
N(38) 36(7) 90(9) 94(10) 35(8) 19(7) 8(6) 
C(301) 43(7) 28(7) 32(7) -4(5) 11(5) -6(5) 
C(302) 74(9) 37(8) 40(8) 3(6) 12(6) -20(6) 
C(303) 61(8) 19(6) 40(8) 8(6) -4(6) -7(6) 
C(304) 52(8) 24(7) 46(8) -6(6) 9(6) ^(5) 
C(305) 39(7) 25(7) 38(7) 7(5) 5(5) -9(5) 
C(306) 25(6) 28(7) 51(8) 12(6) -2(6) -3(5) 
C(307) 33(6) 24(7) 32(7) 3(5) 1(5) 3(5) 
C(308) 35(6) 36(7) 35(7) -4(5) 9(5) -5(6) 
C(309) 34(7) 31(7) 31(6) 4(5) 3(5) -4(5) 
C(310) 32(6) 29(7) 25(6) 1(5) 8(5) 1(5) 
C(311) 21(6) 33(7) 19(6) 6(5) 1(5) 1(5) 
C(312) 28(6) 28(6) 33(6) -4(5) 15(5) 2(5) 
C(313) 26(6) 17(6) 40(7) 13(5) -5(5) -2(5) 
C(314) 38(7) 28(7) 42(7) -1(6) 17(6) 1(5) 
C(315) 26(6) 18(6) 51(8) 3(5) 6(6) 1(5) 
C(316) 25(6) 16(6) 39(7) -3(5) 4(5) -6(5) 
C(317) 37(7) 30(6) 36(7) 8(5) 15(6) -1(5) 
C(318) 33(6) 32(7) 35(7) -5(6) 10(5) 10(5) 
C(319) 28(6) 19(6) 42(7) 6(5) 7(5) -8(5) 
C(320) 51(7) 38(7) 37(7) 9(6) 13(6) 8(6) 
C(321) 106(13) 28(9) 44(8) -4(7) 5(10) -26(10) 
C(322) 120(30) 40(20) 40(19) 24(14) -17(18) -10(20) 
C(323) 127(15) 62(12) 74(12) -20(10) 6(12) -38(12) 
C{324) 122(16) 50(13) 73(12) -22(10) 3(13) -46(13) 
C(325) 200(40) 60(20) 60(20) 13(17) 70(30) -30(30) 
C(326) 180(40) 50(20) 50(20) -12(16) 40(30) 30(20) 
C(32A) 106(13) 28(9) 44(8) -4(7) 5(10) -26(10) 
C(32B) 121(14) 30(12) 45(12) -15(9) 2(11) -19(11) 
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N(41) 30(5) 29(5) 23(5) 5(4) 4(4) 0(4) 
N(42) 59(6) 26(5) 26(5) -3(4) 2(5) -8(5) 
N(43) 30(5) 29(5) 32(5) 3(4) -2(4) -3(4) 
N(44) 34(5) 34(6) 33(5) 1(4) 3(4) -7(5) 
N(45) 68(7) 49(7) 34(6) 13(6) -8(5) -5(5) 
N(46) 360(30) 70(12) 135(16) -16(11) 10(17) 56(16) 
N(47) 28(6) 54(6) 33(6) -2(5) 1(4) -14(5) 
N(48) 64(8) 67(9) 96(10) -17(7) 29(7) -17(7) 
C(401) 45(7) 29(6) 31(7) 10(5) 1(6) 4(5) 
C(402) 31(7) 24(6) 37(7) 5(5) 3(5) 1(5) 
C(403) 55(8) 22(6) 31(7) 6(5) -1(6) -4(5) 
C(404) 46(7) 41(7) 25(6) 5(5) 1(5) -6(6) 
C(405) 50(8) 54(8) 24(7) 6(6) 3(6) -3(6) 
C(406) 53(8) 45(7) 18(7) 8(5) 11(6) -2(6) 
C(407) 44(8) 62(9) 41(8) 11(6) 13(6) -15(6) 
C(408) 52(8) 60(8) 31(7) 6(6) -1(6) -35(7) 
C(409) 82(10) 51(8) 42(8) 2(7) 2(7) -34(8) 
C(410) 52(8) 42(8) 44(8) 6(6) 3(6) -11(6) 
C(411) 47(7) 39(7) 43(8) -8(6) 0(6) -20(6) 
C(412) 45(7) 28(7) 35(7) -4(6) 7(6) -12(6) 
C(413) 48(7) 28(7) 17(6) -2(5) -2(5) 3(6) 
C(414) 28(7) 34(7) 31(6) -13(5) 6(5) -3(5) 
C(415) 55(8) 30(7) 23(6) -3(5) 4(6) 5(6) 
C(416) 36(7) 35(7) 28(6) -1(5) 6(5) -13(6) 
C(417) 31(7) 33(7) 31(7) -18(5) 9(5) 1(5) 
C(418) 23(6) 36(7) 48(7) 2(6) -5(5) 1(5) 
C{419) 32(7) 39(7) 40(7) 0(6) 6(5) -1(5) 
C(420) 39(7) 30(7) 33(7) -5(6) -4(5) 5(5) 
C(421) 51(8) 49(8) 37(7) 11(6) 0(6) 0(6) 
C(422) 54(8) 63(9) 32(7) -3(6) 6(6) -1(7) 
C(423) 74(10) 97(12) 39(8) -5(9) 2(7) -23(9) 
C(424) 55(10) 161(17) 31(8) 26(10) -10(7) -3(11) 
C(425) 70(11) 120(14) 53(10) 44(9) -2(8) 21(10) 
C(426) 47(8) 71(10) 62(9) 20(8) 6(7) 6(7) 
C(427) 53(8) 61(9) 29(7) 0(6) 1(6) -11(7) 
C(428) 78(10) 36(8) 57(9) -13(6) -7(7) -15(7) 
C(429) 63(8) 68(9) 30(7) 8(7) 0(6) -3(7) 
C(430) 62(9) 76(10) 57(9) -12(8) 1(7) 13(8) 
C(431) 29(8) 96(11) 49(9) 1(8) 2(6) -22(7) 
C(432) 87(11) 79(11) 44(9) 15(8) -1(8) -45(9) 
C(433) 97(14) 99(13) 62(11) 22(9) -5(10) -49(12) 
C(434) 97(14) 117(15) 37(9) 25(9) 5(9) -53(12) 
C{435) 53(10) 182(19) 54(10) -23(12) 13(8) -59(11) 
C(436) 53(10) 136(14) 51(9) 20(9) 3(7) -50(10) 
C(437) 93(12) 113(14) 54(9) -8(9) 20(8) -69(11) 
C(438) 280(30) 47(11) 146(19) 33(12) 56(19) -18(15) 
C(439) 65(8) 44(8) 32(7) -15(6) . -1(6) -28(6) 
C(440) 159(18) 93(14) 83(13) -37(11) -4(12) -55(13) 
C(441) 44(8) 42(8) 41(8) 1(6) -23(6) -15(6) 
C(442) 15(7) 92(11) 79(10) 7(8) -5(7) -15(7) 
C(443) 99(17) 126(18) 141(19) 13(16) 23(16) -29(13) 
C(444) 39(10) 90(14) 180(20) 69(15) -29(12) -27(10) 
C(445) 145(17) 79(12) 54(10) 5(8) -13(11) -65(12) 



C(446) 76(9) 52(8) 33(8) 5(6) -11(7) -25(7) 
C(447) 51(7) 25(6) 32(7) 0(5) 5(6) 12(6) 
C(448) 58(8) 48(8) 49(8) 1(6) 19(6) 11(6) 
C(449) 36(7) 44(8) 37(7) 14(6) 2(5) 5(6) 
C(450) 59(8) 24(7) 67(9) -11(6) 2(7) 9(6) 
C(451) 16(5) 31(6) 25(6) -8(5) -5(5) 7(5) 
C(452) 29(7) 52(8) 42(8) -10(6) 5(6) -7(6) 
C(453) 64(9) 67(9) 37(8) 13(7) 17(7) 0(8) 
C(454) 59(9) 34(8) 98(12) 29(8) 20(9) 1(7) 
C(455) 41(8) 31(7) 61(9) -10(6) 5(7) -2(6) 
C(456) 26(6) 27(7) 56(8) -8(6) 10(6) 6(5) 
C(457) 58(8) 33(7) 53(8) 2(6) 19(6) -2(6) 
C(458) 73(10) 80(11) 73(10) -21(9) 24(8) 1(8) 
C(459) 78(10) 65(10) 48(9) 1(7) -4(7) 27(8) 
C(460) 183(19) 54(11) 138(17) 2(11) -23(14) 55(12) 
C(461) 130(14) 60(11) 73(12) 9(9) 35(10) 11(9) 
C(462> 160(17) 92(14) 71(12) -36(12) 10(11) 55(13) 
C(463) 122(14) 49(10) 84(13) -5(10) 11(11) 14(9) 
C(464) 180(20) 84(14) 60(12) 3(10) 5(12) 2(13) 
C(465) 220(20) 38(9) 41(9) -3(8) 5(11) -7(11) 
C(466) 250(30) 63(13) 99(15) -14(12) -4(15) 57(15) 
C(471) 30(7) 50(8) 45(8) 4(6) 1(6) 0(6) 
C(472) 27(7) 45(8) 48(8) -5(6) 0(5) •6(6} 
C(473) 44(8) 51(8) 27(7) 7(6) 9(6) -12(7) 
C(474) 25(7) 63(9) 58(8) -24(7) 9(6) -15(6) 
C(475) 22(7) 67(10) 60(9) 2(7) 3(6) -11(6) 
C(476) 43(8) 46(9) 56(9) -7(7) 9(6) -3(7) 
C1{1) 33(2) 47(2) 40(2) 7(2) 7(1) 0(1) 
0(1) 94(7) 21(5) 68(6) 7(4) 6(5) 12(4) 
0(2) 52(5) 122(8) 65(6) 31(6) 33(5) 14(5) 
0(3) 31(5) 122(8) 83(7) 33(6) 12(5) 1(5) 
0(4) 124(8) 44(5) 53(6) -13(5) 24(5) -20(5) 
Cl(2) 61(2) 79(3) 57(2) -13(2) 13(2) -4(2) 
0(5) 125(8) 69(6) 55(6) -26(5) 42(6) -16(6) 
0(6) 92(7) 61(6) 84(7) 1(5) 42(6) -7(5) 
0(7) 67(9) 420(30) 136(12) -22(15) -11(8) 74(13) 
0(8) 304(18) 58(7) 83(8) -14(6) 49(10) -72(9) 
Cl(3) 38(2) 37(2) 43(2) 3(2) 10(2) 0(1) 
0(9) 51(14) 59(13) 46(14) 29(11) -3(9) -41(11) 
0(10) 57(12) 3(8) 77(12) -10(8) 20(10) -11(7) 
0(il) 42(10) 57(15) 90(16) -6(13) 23(10) 32(10) 
0(12) 45(11) 51(14) 43(12) 30(9) -13(9) -2(9) 
C1(3A) 38(2) 37(2) 43(2) 3(2) 10(2) 0(1) 
0(9A) 440(60) 7(12) 36(14) -7(10) -20(30) 20(20) 
0(10A) 200(30) 68(19) 64(16) 35(13) 45(18) 91(19) 
O(llA) 51(13) 180(20) 52(11) -17(15) 0(10) -80(13) 
0(12A) 32(13) 290(40) 42(15) -20(20) 14(11) -50(20) 
Cl(4) 232(9) 181(8) 181(8) 17(7) -68(7) -60(7) 
0(13) 730(70) 330(40) 250(30) 190(30) 80(40) 120(40) 
0(14) 920(100) 260(30) 430(50) 0(30) 90(50) -330(50) 
0(15) 810(80) 280(30) 230(30) -130(30) -220(40) 60(40) 
0(16) 90(12) 260(20) 490(40) 50(20) 121(18) 18(14) 
C(502) 82(12) 79(12) 260(30) 62(14) 81(14) 7(10) 



482 

Cl(21) 105(3) 99(3) 125(4) 32(3) -29(3) -45(3) 
Cl(22) 108(5) 131(5) 407(12) 45(6) 48(6) 10(4) 
C(501) 80(20) 70(20) 56(17) -26(16) -48(17) ' 17(17) 
CKil) 104(4) 101(4) 231(7) 1(4) 15(4) 1(3) 
CiC12) 121(13) 250(20) 200(19) 82(17) 64(13) 90(15) 
C(50A) 46(11) 48(12) 51(11) -26(9) -22(10) 22(10) 
Cl(14) 104(4) 101(4) 231(7) 1(4) 15(4) 1(3) 
Cl(13) 129(7) 135(7) 149(8) 24(6) 28(6) 41(6) 
C(503) 122(15) 98(14) 165(19) 23(14) 92(14) 18(12) 
Cl(31) 88(3) 79(3) 160(4) 33(3) 27(3) -17(2) 
Cl(32) 133(4) 146(5) 136(5) 22(4) 31(4) 65(4) 
C(504) 360(40) 280(40) 270(30) 120(30) 20(30) -30(30) 
CI(41) 273(9) 111(5) 246(9) 10(5) 92(7) 16(5) 
Cl(42) 332(13) 239(10) 228(10) 12(8) 32(9) 19(9) 
C(505) 100(20) 330(50) 530(80) 120(50) 10(30) 0(30) 
Cl(52) 211(11) 460(20) 580(30) -190(20) -96(13) 100(13) 
Ci(51) 660(30) 165(10) 520(30) 44(13) 10(20) -87(14) 
C(506) 380(40) 370(40) 300(40) -220(30) -90(30) 100(30) 
a(62) 353(14) 244(11) 266(11) 10(9) 127(10) 7(9) 
Cl(61) 445(19) 269(13) 319(14) -48(11) 70(13) 147(13) 

Table E23. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Alx 103) for 
|[Fe0ETPP(4-CNPy)2]C104 firom chloroform/cyclohexane. 

X y z U(eq) 

Fed) 2572(1) 7294(1) 3724(1) 19(1) 
N(ll) 3019(3) 7429(2) 3013(2) 16(1) 
N(12) 2129(3) 8126(2) 3820(2) 16(1) 
N(13) 2068(3) 7137(2) 4412(2) 19(1) 
N(14) 3122(3) 6508(2) 3673(2) 19(1) 
N(15) 4005(3) 7821(2) 4248(2) 38(1) 
N(16) 7595(4) 8743(3) 5366(3) 63(2) 
N(17) 1181(3) 6829(2) 3181(2) 26(1) 
N(18) -2026(4) 5993(3) 1580(2) 45(2) 
C(101) 2591(4) 7804(3) 2674(2) 20(2) 
C(102) 2405(4) 8405(3) 2920(2) 18(1) 
C(103) 2360(4) 8582(3) 3509(2) 21(1) 
C(104) 2507(4) 9200(3) 3880(2) 23(2) 
C(105) 2314(4) 9130(3) 4398(2) 25(2) 
C(106) 2021(4) 8474(3) 4354(2) 17(1) 
C(107) 1559(4) 8148(3) 4715(2) 18(1) 
C(108) 1440(4) 7493(3) 4657(2) 16(1) 
C(109) 715(4) 7066(3) 4824(2) 19(1) 
C(llO) 951(4) 6473(3) 4707(2) 19(1) 
C(lll) 1842(4) 6526(3) 4489(2) 17(1) 
C(112) 2475(4) 6087(3) 4431(2) 16(1) 
C(113) 3205(4) 6165(3) 4111(2) 18(1) 
C(114) 4110(4) 5928(3) 4147(2) 19(2) 
C(115) 4526(4) 6086(3) 3713(2) 20(2) 
C(116) 3884(4) 6403(2) 3406(2) 16(1) 
C(117) 3911(4) 6548(3) 2855(2) 19(2) 
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C(175) 416(4) 7104(3) 3190(2) 27(2) 
C(176) -1349(4) 6158(3) 1927(2) 26(2) 
Fe(2) -7887(1) 7448(1) -1387(1) 20(1) 
N(21) -9290(3) 7320(2) -1501(2) 22(1) 
N(22) -7833(3) 7067(2) -701(2) 14(1) 
N(23) -6464(3) 7633(2) -1251(2) 19(1) 
N(24) -7942(3) 7760(2) -2101(2) 24(1) 
N(25) -7904(3) 6460(2) -1916(2) 21(1) 
N(26) -7868(4) 4141(3) -3205(2) 44(2) 
N(27) -7879(3) 8426(2) -848(2) 24(1) 
N(28) -8095(5) 10690(3) 455(3) %(3) 
C(201) -9810(4) 7239(3) -1078(2) 20(1) 
C(202) -9549(4) 6855(3) -691(2) 22(2) 
C(203) -8617(4) 6698(3) -588(2) 20(1) 
C(204) -8316(4) 6190(2) -350(2) 14(1) 
C(205) -7345(4) 6262(3) -269(2) 18(1) 
C(206) -7031(4) 6831(3) -463(2) 14(1) 
C(207) -6108(4) 7157(3) -421(2) 23(2) 
C(208) -5890(4) 7622(3) -739(2) 25(2) 
C(209) -5042(4) 8105(3) -631(2) 28(2) 
C(210) -5100(4) 8394(3) -1094(2) 26(2) 
C(211) -5961(4) 8066(3) -1498(2) 21(1) 
C(212) -6216(4) 8082(3) -2074(2) 27(2) 
C(213) -7154(4) 7824(3) -2387(2) 23(2) 
C(214) -7483(4) 7608(3) -3007(2) 26(2) 
C(215) -8435(4) 7463(3) -3093(2) 27(2) 
C(216) -8745(4) 7587(3) -2547(2) 26(2) 
C(217) -9662(4) 7623(3) -2411(2) 30(2) 
C(218) -9855(4) 7590(3) -1875(2) 22(2) 
C(219) -10684(4) 7763(3) -1631(2) 31(2) 
C(220) -10646(4) 7550(3) -1142(2) 22(2) 
C(221) -10246(4) 6604(3) -373(2) 20(2) 
C(222) -11056(4) 6166(3) -675(2) 25(2) 
C(223) -11694(4) 5884(3) -384(2) 28(2) 
C{224) -11529(4) 6046(3) 221(3) 28(2) 
C(225) -10757(4) 6475(3) 514(2) 28(2) 
C(226) -10121(4) 6744(3) 218(2) 31(2) 
C(227) -8944(4) 5599(2) -281(2) 24(2) 
C(228) -9402(4) 5159(3) -871(2) 39(2) 
C(229) -6740(4) 5793(3) -85(2) 27(2) 
C(230) -6466(4) 5374(3) -616(3) 44(2) 
C(231) -5296(4) 6986(3) -51(2) 28(2) 
C(232) -5211(4) 7111(3) 543(2) 37(2) 
C(233) -4475(5) 6936(3) 891(3) 54(2) 
C(234) -3810(5) 6627(4) 636(3) 61(2) 
C(235) -3878(4) 6511(3) 52(3) 53(2) 
C(236) -4600(4) 6693(3) -281(2) 34(2) 
C(237) -4276(4) 8316(3) -93(2) 38(2) 
C(238) -4596(5) 8732(3) 389(3) 66(2) 
C(239) -4457(4) 8990(3) -1125(3) 42(2) 
C(240) -4889(6) 9563(3) -959(3) 97(3) 
C(241) -5529(4) 8369(3) -2393(2) 25(2) 
C(242) -4662(4) 8132(3) -2425(2) 36(2) 



C(243) -4038(4) 8392(3) -2724(3) 46(2) 
C(244) -4228(5) 8876(3) -2975(3) 57(2) 
C(245) -5068(5) 9115(3) -2943(3) 65(2) 
C(246) -5718(4) 8858(3) -2656(2) 35(2) 
C(247) -6857(4) 7435(3) -3441(2) 37(2) 
C(248) -6361(4) 6880(3) -3352(2) 41(2) 
C(249) -9096(4) 7114(3) -3666(2) 42(2) 
C(250) -9389(4) 6415(3) -3682(2) 49(2) 
C(251) -10455(4) 7673(3) -2878(3) 36(2) 
C(252) -10407(5) 8201(3) -3127(3) 57(2) 
C(253) -11122(5) 8247(4) -3570(3) 72(2) 
C(254) -11859(5) 7727(4) -3770(3) 71(2) 
C(255) -11919(5) 7188(4) -3556(3) 71(3) 
C(256) -11218(5) 7176(4) -3089(3) 57(2) 
C(257) -11280(5) 8221(3) -1832(3) 56(2) 
C(258) -10741(5) 8880(3) -1729(3) 87(3) 
C(259) -11318(4) 7671(3) -721(2) 31(2) 
C(260) -12351(4) 7313(3) -973(3) 44(2) 
C(261) -8718(4) 6059(3) -2171(2) 35(2) 
C(262) -8761(4) 5456(3) -2497(2) 29(2) 
C(263) -7896(4) 5251(3) -2577(2) 23(2) 
C(264) -7089(4) 5648(3) -2312(2) 31(2) 
C(265) -7099(4) 6244(3) -1997(3) 34(2) 
C(266) -7901(4) 4621(3) -2921(3) 27(2) 
C(271) -7871(5) 8520(3) -286(3) 51(2) 
C(272) -7913(6) 9087(3) 55(3) 79(3) 
C(273) -8003(5) 9597(3) -186(3) 54(2) 
C(274) -7993(5) 9525(3) -766(3) 62(2) 
C(275) -7933(5) 8938(3) -1063(3) 50(2) 
C(276) -8059(6) 10209(4) 173(3) 64(3) 
Cl(l) -1699(2) 9935(1) 2254(1) 56(1) 
o(i) -1662(6) 10596(3) 2281(3) 93(3) 
0(2) -2242(4) 9788(3) 2693(2) 61(2) 
0(3) -2219(5) 9561(3) 1711(2) 70(3) 
0(4) -801(5) 9769(4) 2401(3) 122(4) 
CKD -1699(2) 9935(1) 2254(1) 56(1) 
0(1') -2080(20) 10494(11) 2291(17) 113 
0(2') -2050(20) 9408(10) 2455(13) 113 
0(3') -1300(20) 9788(13) 1732(8) 113 
0(4') -749(13) 10100(14) 2635(12) 113 
Cl(2) 1600(1) 4535(1) 2505(1) 40(1) 
0(5) 1044(4) 4407(4) 2919(2) 84(2) 
0(6) 2414(4) 4983(3) 2788(3) 80(2) 
0(7) 1008(5) 4780(3) 2090(2) 67(2) 
0(8) 1865(5) 3978(3) 2223(2) 93(3) 
Cl(2') 1600(1) 4535(1) 2505(1) 40(1) 
0(5') 1040(20) 4864(16) 2880(12) 80 
0(6') 2426(17) 4443(18) 2874(11) 80 
(XT) 1790(30) 4951(13) 2138(12) 80 
0(8') 1060(20) 3942(10) 2219(13) 80 
C(300) -1571(4) 8772(3) 3422(2) 47(2) 
Cl(3) -2291(2) 8079(1) 3022(1) 124(1) 
Cl(4) -1825(1) 8980(1) 4098(1) 72(1) 
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Cl(5) -355(1) 8721(1) 3446(1) 65(1) 
C(400) -1024(6) 8390(5) 1272(4) 102(3) 
Cl(6) -603(2) 7938(2) 1754(1) 78(1) 
Cl(7) -2077(2) 8036(2) 827(2) 150(2) 
Cl(8) -133(3) 8526(2) 877(1) 126(2) 
C(401) -1410(30) 8320(20) 1481(18) 290(60) 
cm -470(30) 7950(30) 1700(20) 570 
Cl(T) -1490(40) 8400(30) 783(19) 570 
CICS-) -2470(30) 7980(20) 1610(20) 570 
C(500) -4134(5) 8904(3) 2348(2) 46(2) 
Cl(9) -4573(1) 9411(1) 1927(1) 65(1) 
Cl(lO) -4828(2) 8160(1) 2144(1) 116(1) 
ci(ll) -4139(2) 9217(1) 3074(1) 97(1) 
C(600) 4068(4) 3866(3) 2602(3) 56(2) 
C!(12) 4950(2) 4399(1) 3125(1) 77(1) 
Cl(13) 4548(1) 3566(1) 1997(1) 63(1) 
Cl(14) 3594(2) 3257(1) 2886(1) 106(1) 

Table E24. Anisotropic displacement parameters (A 10^) for p='e0ETPP(4-CNPy)2]C104 from 
chlorofonn/cyclohexane. 

Ull U22 U33 U23 U13 U12 

Fed) 19(1) 24(1) 17(1) 6(1) 5(1) 5(1) 
N(ll) 15(3) 23(3) 11(2) 7(2) 3(2) 3(2) 
N(12) 15(3) 19(3) 14(3) 0(2) 3(2) 5(2) 
N(13) 24(3) 23(3) 18(3) 14(3) 8(2) 11(2) 
N(14) 21(3) 29(3) 10(3) 5(2) 8(2) 11(2) 
N(15) 36(3) 46(4) 29(3) 13(3) -4(3) -1(3) 
N(16) 49(4) 67(5) 65(5) 15(4) -11(4) 6(4) 
N(17) 23(3) 30(3) 26(3) 0(3) 14(2) 7(3) 
N(18) 34(4) 74(5) 23(4) 1(3) -3(3) 18(3) 
C(lOl) 15(4) 33(4) 21(3) 18(3) 5(3) 10(3) 
C(102) 14(4) 31(4) 15(3) 15(3) 3(3) 2(3) 
C(103) 23(4) 16(3) 22(3) 8(3) 4(3) -8(3) 
C(104) 35(4) 10(3) 28(4) 7(3) 12(3) 4(3) 
C(105) 17(4) 24(4) 30(4) -2(3) 12(3) -3(3) 
C(106) 14(4) 20(4) 19(3) 5(3) 6(3) 4(3) 
C(107) 17(4) 25(4) 12(3) 3(3) -1(3) 5(3) 
C(108) 11(4) 15(3) 20(4) -1(3) 1(3) 6(3) 
C(109) 21(4) 25(4) 11(3) 5(3) 4(3) 3(3) 
C(llO) 19(4) 30(4) 14(3) 18(3) 4(3) 6(3) 
C(lll) 22(4) 17(4) 9(3) 4(3) -7(3) 1(3) 
C(112) 7(3) 20(4) 21(4) 5(3) 1(3) -4(3) 
C(113) 5(3) 26(4) 19(4) 4(3) -5(3) -3(3) 
C(114) 9(3) 17(4) 35(4) 20(3) -1(3) 1(3) 
C(115) 9(3) 23(4) 29(4) 12(3) -1(3) -1(3) 
C(116) 25(3) 11(3) 16(3) 4(2) 10(2) 6(2) 
C(117) 13(4) 27(4) 19(3) 2(3) 4(3) 11(3) 
C(118) 27(4) 17(4) 10(3) 4(3) 5(3) -5(3) 
C(119) 38(4) 30(4) 22(3) 20(3) 14(3) 19(3) 



C(i20) 13(4) 29(4) 17(3) 10(3) 6(3) -1(3) 
C(121) 37(4) 33(4) 13(4) 14(3) 8(3) 13(3) 
C{122) 46(5) 31(5) 55(5) 27(4) 20(4) • 24(4) 
C(123) 46(5) 61(6) 75(6) 48(5) 28(4) 21(4) 
C(124) 56(6) 60(6) 83(6) 57(5) 25(5) 20(4) 
C(125) 45(5) 46(5) 70(5) 51(4) 17(4) 14(4) 
C(126) 27(4) 41(5) 47(5) 23(4) 18(4) 6(3) 
C(127) 57(5) 24(4) 48(5) 1(4) 25(4) -14(4) 
C(128) 63(5) 105(8) 129(8) 56(6) 32(6) -30(5) 
C(129) 51(5) 25(4) 52(5) -5(4) 20(4) 1(4) 
C(130) 47(5) 94(7) 30(4) -2(4) -12(4) -12(5) 
C(131) 24(4) 14(4) 26(3) 0(3) 17(3) -1(3) 
C(132) 44(5) .57(6) 33(4) 11(4) 17(4) 24(4) 
C(133) 44(5) 31(5) 58(5) 17(4) 35(4) 18(4) 
C(134) 59(5) 17(4) 38(4) -1(4) 25(4) -1(4) 
C(135) 46(4) 43(4) 24(3) -5(3) 11(3) 2(3) 
C(136) 46(5) 26(4) 29(4) 9(3) 11(3) 6(3) 
C(137) 23(4) 33(5) 24(4) 5(3) 12(3) 2(3) 
C(138) 24(4) 44(5) 51(5) 9(4) 5(3) 0(4) 
C(139) 19(4) 31(4) 30(4) 16(3) 3(3) 12(3) 
C(140) 30(4) 66(5) 38(4) 15(4) -3(3) 10(4) 
C(141) 14(4) 30(4) 28(4) 11(3) 9(3) 4(3) 
C(142) 33(4) 29(4) 28(4) 14(3) 7(3) 6(3) 
C(143) 29(4) 43(5) 46(4) 32(4) 13(4) 9(4) 
C(144) 48(4) 42(4) 55(4) 30(3) 1(3) 8(3) 
C(145) 37(5) 22(4) 55(4) 19(4) -2(4) -12(4) 
C(146) 43(5) 29(4) 43(4) 9(3) 0(4) 13(4) 
C(147) 16(4) 44(5) 30(4) 18(3) 5(3) 5(3) 
C(148) 55(4) 48(4) 32(3) 20(3) -6(3) 13(3) 
C(149) 32(4) 33(4) 25(4) 6(3) 1(3) 11(3) 
C(150) 20(4) 57(5) 46(5) 16(4) 15(3) 0(3) 
C(151) 18(3) 29(3) 13(3) 10(3) -4(2) 7(3) 
C(152) 38(4) 34(4) 28(4) 15(3) 15(3) 10(3) 
C(153) 65(6) 54(5) 49(5) 17(4) 26(4) 32(4) 
C(154) 80(6) 69(6) 71(6) 43(5) 56(5) 52(5) 
C(155) 52(5) 72(5) 72(6) 59(5) 47(4) 39(5) 
C(156) 22(3) 28(3) 23(3) 16(3) 8(2) 17(3) 
C(157) 47(5) 31(4) 17(3) 3(3) 5(3) 17(3) 
C(158) 74(6) 46(5) 36(5) -3(4) 15(4) 4(4) 
C(159) 44(5) 26(4) 29(4) 6(3) -4(3) 20(3) 
C(160) 48(5) 101(7) 27(4) 34(4) 26(4) 34(5) 
C(161) 47(5) 52(5) 27(4) 6(4) 13(3) -2(4) 
C(162) 61(5) 61(6) 29(4) 26(4) -14(4) -12(4) 
C(163) 29(4) 38(5) 41(4) 16(4) -2(3) 7(4) 
C(164) 40(4) 52(5) 38(4) 26(4) 1(3) 0(4) 
C(165) 27(4) 44(5) 49(5) 21(4) 8(3) -9(4) 
C(166) 53(5) 28(5) 48(5) 28(4) -7(4) 6(4) 
C(171) 23(4) 36(5) 39(4) 10(3) 3(3) 12(3) 
C(172) 35(3) 30(3) 30(3) -3(3) 4(3) 17(3) 
C(173) 11(3) 21(4) 32(4) 2(3) 10(3) -1(3) 
C(174) 29(4) 23(4) 39(4) -7(3) 4(3) 14(3) 
C(175) 23(4) 31(5) 21(4) -10(3) 4(3) 3(3) 
C(176) 36(4) 25(4) 16(4) 4(3) 6(3) 7(4) 



Fe(2) 23(1) 23(1) 19(1) 9(1) 7(1) 8(1) 
N(21) 20(3) 27(3) 24(3) 11(3) 7(2) 6(2) 
N(22) 14(2) 16(2) 15(2) 4(2) 4(2) 9(2) 
N(23) 30(3) 19(3) 12(3) 3(2) 11(2) 7(2) 
N(24) 16(3) 39(4) 20(3) 16(3) 1(2) 5(3) 
N(25) 15(3) 28(3) 19(3) 10(2) -3(2) -2(2) 
N(26) 43(4) 38(4) 41(4) -13(3) 0(3) 11(3) 
N(27) 37(3) 24(3) 17(2) 16(2) 8(2) 10(2) 
N(28) 148(7) 44(5) 94(6) -5(4) 24(5) 36(5) 
C(201) 22(4) 16(4) 18(4) -1(3) 6(3) -1(3) 
C(202) 23(4) 30(4) 17(4) 8(3) 9(3) 7(3) 
C(203) 31(4) 16(4) 17(4) 6(3) 11(3) 12(3) 
C(204) 17(2) 16(2) 11(2) 5(2) 4(2) 2(2) 
C(205) 26(4) 16(4) 18(4) 6(3) 11(3) 12(3) 
C(206) 17(3) 21(3) 9(3) 4(2) 7(2) 10(2) 
C(207) 18(3) 28(3) 28(3) 12(3) 7(2) 13(2) 
C(208) 25(4) 30(4) 24(4) 11(3) 9(3) 3(3) 
C(209) 28(4) 36(5) 21(3) 15(3) -2(3) 1(3) 
C(210) 33(4) 21(4) 28(4) 19(3) 0(3) 6(3) 
C(211) 19(4) 22(4) 27(3) 13(3) 7(3) 12(3) 
C(212) 32(4) 22(4) 31(4) 19(3) 7(3) 1(3) 
C(213) 35(4) 20(4) 19(3) 9(3) 12(3) 2(3) 
C(214) 33(4) 31(5) 20(3) 8(3) 13(3) 9(3) 
C(215) 36(4) 27(4) 20(3) 9(3) 4(3) 10(3) 
C(216) 29(4) 32(4) 17(3) 12(3) -1(3) 5(3) 
C(217) 25(4) 30(4) 41(4) 21(4) 9(3) 6(3) 
C(218) 22(4) 27(4) 22(3) 14(3) 5(3) 2(3) 
C(219) 26(4) 42(5) 36(4) 18(4) 11(3) 27(3) 
C(220) 27(4) 19(4) 24(4) 5(3) 12(3) 7(3) 
C(221) 20(4) 23(4) 15(3) 5(3) 2(3) 0(3) 
C(222) 34(4) 15(4) 33(4) 9(3) 15(3) 10(3) 
C(223) 29(4) 21(4) 40(4) 16(3) 9(3) 11(3) 
C(224) 25(4) 28(5) 37(4) 14(4) 13(3) 12(3) 
C(225) 33(4) 31(5) 26(4) 12(3) 10(3) 12(3) 
C(226) 36(4) 37(5) 23(4) 14(3) 6(3) 11(3) 
C(227) 16(4) 22(4) 42(4) 13(3) 19(3) 11(3) 
C(228) 33(4) 29(4) 48(4) «^(4) 5(3) 6(3) 
C(229) 31(4) 21(4) 39(4) 21(3) 15(3) 10(3) 
C(230) 39(5) 24(5) 75(5) 13(4) 13(4) 23(4) 
C(231) 31(4) 29(4) 25(4) 10(3) -1(3) 14(3) 
C(232) 45(5) 60(5) 18(4) 20(4) 16(3) 19(4) 
C(233) 55(6) 81(7) 31(4) 21(4) 0(4) 24(5) 
C(234) 44(5) 90(7) 61(5) 38(5) 2(4) 36(5) 
C(235) 30(5) 78(6) 54(5) 16(5) -3(4) 28(4) 
C(236) 19(4) 56(5) 26(4) 3(4) 2(3) 15(4) 
C(237) 27(4) 58(5) 30(4) 14(4) 5(3) 8(4) 
C(238) 83(6) 61(6) 44(5) -9(4) 0(4) 26(5) 
C(239) 41(5) 49(5) 34(4) 24(4) -7(4) -10(4) 
C(240) 169(9) 30(5) 110(8) 30(5) 60(7) 21(6) 
C(241) 26(4) 38(5) 14(4) 9(3) 11(3) 3(3) 
C(242) 45(5) 47(5) 29(4) 28(4) 18(3) 12(4) 
C(243) 25(4) 54(6) 65(5) 16(4) 29(4) 1(4) 
C(244) 58(6) 45(6) 81(6) 30(5) 36(5) 1(4) 



C(245) 82(6) 67(6) 71(6) 53(5) 31(5) 22(5) 
C(246) 47(5) 22(4) 38(4) 19(3) 3(3) 0(4) 
C(247) 40(4) 52(5) 21(4) 12(4) 2(3) 14(4) 
C(248) 50(5) 42(5) 27(4) -9(4) 11(4) 9(4) 
C(249) 48(5) 58(5) 17(4) 10(4) 5(3) -4(4) 
C(250) 47(5) 61(5) 25(4) -5(4) -7(4) -5(4) 
C(251) 35(4) 44(5) 38(4) 29(4) 11(3) 5(3) 
C(252) 37(5) 92(6) 59(5) 64(5) 4(4) 8(4) 
C(253) 80(4) 74(4) 70(4) 54(4) -3(3) 11(3) 
C(254) 67(4) 81(4) 71(4) 49(4) -5(3) 10(3) 
C<255) 31(5) 115(7) 80(6) 76(6) -7(4) -8(5) 
C(256) 44(5) 91(6) 43(5) 41(5) 2(4) 4(4) 
C{257) 60(6) 50(5) 74(6) 28(5) 27(4) 36(4) 
C(258) 95(5) 74(4) 112(5) 38(4) 39(4) 30(4) 
C(259) 24(4) 38(5) 38(4) 15(4) 7(3) 22(3) 
C(260) 45(4) 45(5) 61(5) 31(4) 33(4) 27(4) 
C(261) 20(4) 45(5) 41(5) -5(4) 15(3) 15(3) 
C(262) 19(4) 33(4) 30(4) -4(3) 1(3) 8(3) 
C(263) 26(4) 27(4) 21(4) 9(3) 12(3) 3(3) 
C(264) 20(3) 33(3) 41(3) 4(3) 6(3) 14(3) 
C{265) 22(4) 20(4) 54(5) -7(3) 9(4) -2(3) 
C(266) 18(4) 38(5) 25(4) -3(3) 10(3) 11(4) 
C(271) 108(7) 30(5) 28(4) 11(3) 29(4) 33(5) 
C(272) 188(9) 30(5) 24(4) 0(4) 25(5) 37(6) 
C(273) 70(6) 36(5) 56(5) 7(4) 8(5) 15(5) 
C(274) 119(7) 23(5) 50(5) 11(4) 20(5) 24(5) 
C(275) 100(6) 18(4) 40(4) 12(4) 27(4) 8(4) 
C(276) 100(7) 46(5) 51(5) 5(4) 13(5) 45(6) 
Cl(l) 71(2) 55(2) 40(1) 11(1) 9(1) 0(1) 
0(1) 163(10) 61(5) 60(5) 33(4) 32(6) -3(5) 
Oil) 72(5) 67(6) 31(4) 9(4) 5(3) -25(4) 
0(3) 85(6) 81(5) 24(4) -12(3) -1(3) -6(4) 
0(4) 49(5) 183(10) 116(8) -21(6) 17(4) 33(6) 
CKD 71(2) 55(2) 40(1) 11(1) 9(1) 0(1) 
Cl(2) 37(1) 44(1) 41(1) 11(1) 9(1) 10(1) 
0(5) 55(4) 148(7) 56(4) 56(5) 11(3) -6(4) 
0(6) 36(4) 88(6) 89(5) 3(4) -8(3) -33(4) 
0(7) 76(5) 97(5) 51(4) 45(4) 10(3) 52(4) 
0(8) 110(7) 74(5) 74(5) -36(4) -20(4) 71(4) 
Cl(2') 37(1) 44(1) 41(1) 11(1) 9(1) 10(1) 
C(3(X)) 53(5) 41(5) 46(5) 12(4) 2(4) 7(4) 
Cl(3) 75(2) 104(2) 151(2) -54(2) -19(2) 34(2) 
Cl(4) 47(1) 117(2) 52(1) 10(1) 15(1) 25(1) 
Cl(5) 61(1) 98(2) 54(1) 34(1) 27(1) 31(1) 
C(400) 46(7) 78(9) 155(11) -36(6) -20(5) 44(6) 
Cl(6) 75(2) 72(2) 72(2) -6(2) 7(2) 1(2) 
Cl(7) 68(3) 154(4) 168(4) -50(3) -59(2) 28(2) 
Cl(8) 156(4) 126(3) 80(2) 6(2) 10(2) 3(3) 
C(500) 61(5) 26(4) 51(4) 4(4) 9(4) 12(4) 
Cl(9) 64(2) 84(2) 54(1) 28(1) 14(1) 20(1) 
Cl(lO) 81(2) 52(2) 199(3) 21(2) -4(2) 1(1) 
Cl(ll) 123(2) 137(2) 53(2) 39(2) 23(1) 62(2) 
C(600) 28(5) 55(5) 100(6) 35(4) 29(4) 14(4) 



Cl(12) 97(2) 68(2) 69(2) 11(1) 21(1) 24(1) 
Cl(13) 56(1) 62(2) 64(1) 13(1) 8(1) -7(1) 
Cl(14) 92(2) 91(2) 177(3) 70(2) 83(2) 32(2) 

Table E25. Atomic coordinates ( x 10^) and equivalent isotropic displacement parameters (A^x 10^) for 
E: (Fe0MTPP(/-BuNC)2]Cl04 (CDjCVdodecane). 

X y z U(eq) 

Fe(l) 6637(1) 7500 5124(1) 26(1) 
0(1) 4106(4) 7500 5931(9) 131(5) 
0(2) 4247(2) 8184(4) 7308(6) 83(2) 
0(3) 4835(3) 7500 6538(8) 72(3) 
N(l) 7129(3) 7500 4137(6) 25(2) 
N(2) 6609(2) 6342(3) 5090(4) 21(2) 
N(3) 6199(3) 7500 6185(6) 29(2) 
N(4) 5748(3) 7500 3994(6) 31(2) 
N(5) 7507(3) 7500 6385(7) 32(2) 
Cl(l) 4379(1) 7500 6826(2) 40(1) 
C(l) 7849(2) 7100(4) 3670(5) 27(2) 
C(2) 7392(2) 6849(4) 3927(5) 27(2) 
C(3) 7214(3) 6095(4) 3929(5) 29(2) 
C(4) 6803(3) 5895(4) 4365(5) 28(2) 
C(5) 6526(2) 5206(4) 4215(6) 30(2) 
C(6) 6184(2) 5212(4) 4877(5) 26(2) 
C(7) 6248(2) 5906(4) 5446(5) 27(2) 
C(8) 6033(2) 6114(4) 6313(6) 31(2) 
C(9) 6070(2) 6859(4) 6718(5) 25(2) 
C(10) 5925(2) 7097(4) 7660(5) 30(2) 
C(ll) 8262(2) 6597(4) 3493(6) 37(2) 
C(31) 7475(2) 5445(4) 3444(6) 31(2) 
C(32) 7562(3) 5472(5) 2470(6) 36(2) 
C(33) 7790(3) 4858(5) 2026(6) 42(2) 
C(34) 7936(3) 4235(5) 2557(7) 48(2) 
C(35) 7861(3) 4208(5) 3529(7) 43(2) 
C(36) 7626(2) 4810(4) 3970(6) 35(2) 
C{51) 6572(3) 4608(4) 3425(6) 43(2) 
C(61) 5798(2) 4637(4) 4933(6) 37(2) 
C(81) 5735(2) 5529(4) 6803(5) 28(2) 
C(82) 5918(3) 4835(4) 7191(6) 36(2) 
C(83) 5641(3) 4333(5) 7706(6) 43(2) 
C(84) 5188(3) 4510(5) 7846(6) 43(2) 
C(85) 5003(3) 5179(5) 7457(6) 40(2) 
C(86) 5276(3) 5687(5) 6938(6) 37(2) 
C(lOl) 5826(3) 6591(4) 8516(6) 41(2) 
C(201) 7162(4) 7500 5976(8) 26(3) 
C(202) 7976(4) 7500 6772(8) 31(3) 
C(203) 8207(3) 6758(5) 6401(6) 44(2) 
C(204) 7934(4) 7500 7863(7) 34(3) 
C(301) 6107(4) 7500 4334(8) 25(3) 
C(302) 5256(4) 7500 3753(8) 33(3) 
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C(303) 5224(4) 7500 2660(8) 38(3) 
C(304) 5056(3) 8237(5) 4194(6) 47(2) 
C(601) 3130(11) 2500 8318(17) 173(12) 
C(602) 3283(9) 3156(9) 9019(16) 460(40) 
C(603) 3654(8) 3539(15) 8460(20) 300(20) 
C(604) 3594(6) 4300(20) 9303(18) 480(40) 
C(605) 4002(6) 4656(11) 9133(12) 161(9) 
C(606) 4051(8) 5416(16) 9718(13) 190(11) 
C(607) 4471(8) 6080(20) 9624(12) 210(13) 
C(608) 4454(10) 6832(13) 10032(11) 251(16) 
C(609) 4720(11) 7500 9470(40) 340(30) 
C(610) 5071(6) 7500 10280(10) 90(6) 
C(500) 3421(10) 7500 4340(30) 108(11) 
Cl(2) 3132(2) 6645(2) 4438(3) 88(2) 
C(400) 3441(13) 7500 4740(30) 360(150) 
Cl(3) 3775(6) 7500 3691(11) 95(7) 
Cl(4) 2849(11) 7500 4520(20) 410(50) 

Table E26. Anisotropic displacement parameters (A^x 10^)forE;[FeOMTPP(/-BuNC)2]ClO4 
(CD2Cl2/dodecane). 

uii U22 U33 U23 Ul3 Ul2 

Fe(l) 23(1) 18(1) 37(1) 0 0(1) 0 
0(1) 119(11) 165(13) 110(10) 0 -56(9) 0 
0(2) 82(5) 41(4) 126(6) -17(4) 43(5) 7(4) 
0(3) 41(6) 40(5) 135(9) 0 36(6) 0 
N(l) 19(5) 20(5) 36(6) 0 3(4) 0 
N(2) 17(3) 17(3) 31(4) -1(3) 1(3) -3(3) 
N(3) 27(5) 18(6) 42(6) 0 -3(5) 0 
N(4) 35(7) 22(6) 38(6) 0 -2(5) 0 
N(5) 34(7) 22(6) 39(6) 0 3(5) 0 
Cl(l) 30(2) 32(2) 59(2) 0 5(2) 0 
C(l) 22(5) 28(4) 31(5) -2(4) 0(4) 6(3) 
C(2) 27(5) 20(5) 35(5) -3(4) 2(4) 1(4) 
C(3) 34(5) 22(5) 30(5) -1(4) -2(4) 0(4) 
C(4) 31(5) 16(4) 38(5) -4(4) 4(4) 7(4) 
C(5) 28(5) 21(5) 42(5) -2(4) -1(4) -4(4) 
C(6) 28(5) 16(4) 33(5) -4(4) -2(4) -1(4) 
C(7) 21(5) 19(5) 42(5) 3(4) -1(4) 7(4) 
C(8) 19(4) 25(5) 48(6) 6(4) -6(4) 4(4) 
C(9) 19(4) 15(5) 39(5) 6(4) 0(4) 1(3) 
C(10) 27(5) 30(4) 33(5) 0(4) 4(4) 1(3) 
C(ll) 26(5) 32(5) 55(6) -5(4) 4(4) -1(4) 
C(31) 27(5) 18(5) 48(6) -4(4) 7(4) -10(4) 
C(32) 31(5) 32(5) 45(6) -3(4) 0(4) -5(4) 
C(33) 32(5) 44(6) 50(6) -20(5) 6(5) •6(5) 
C(34) 34(5) 35(6) 74(8) -26(6) 10(5) -6(4) 
C(35) 35(5) 27(5) 66(7) -7(5) 2(5) 0(4) 
C(36) 34(5) 22(5) 49(6) -4(5) 8(4) -1(4) 
C(51) 34(5) 33(5) 62(6) -11(5) 3(5) -11(4) 
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C{61) 33(5) 27(5) 52(6) -5(4) 8(4) -7(4) 
C(81) 27(5) 19(5) 39(5) -2(4) 1(4) 2(4) 
C(82) 30(5) 23(5) 56(6) 6(4) -2(4) • 0(4) 
C(83) 42(6) 20(5) 67(7) 8(5) -5(5) -7(4) 
C(84) 45(6) 27(5) 57(6) 11(5) 9(5) -9(4) 
C(85) 31(5) 36(6) 54(6) 1(5) 9(5) 2(5) 
C(86) 39(6) 24(5) 47(6) 2(4) -1(4) -2(4) 
C(lOl) 56(6) 30(5) 38(5) 3(4) 4(4) 6(4) 
C(201) 32(8) 10(6) 35(7) 0 5(6) 0 
C(202) 22(7) 35(7) 37(8) 0 -7(6) 0 
C{203) 30(5) 51(6) 51(6) -8(5) -6(4) 14(4) 
C{204) 31(7) 31(7) 40(8) 0 -1(6) 0 
C(301) 25(7) 12(6) 38(7) 0 0(6) 0 
C(302) 23(7) 41(8) 36(8) 0 3(6) 0 
C(303) 31(7) 37(7) 47(8) 0 -2(6) 0 
C(304) 37(5) 47(6) 58(6) -3(5) 7(5) 15(4) 
C(601) 240(30) 210(30) 69(15) 0 -66(19) 0 
C(602) 470(50) 790(110) 130(20) 10(30) -40(30) 500(60) 
C(603) 270(30) 390(40) 240(30) 80(30) 120(30) 250(30) 
C(604) 53(11) 1040(100) 340(40) 540(60) 33(18) 0(30) 
C(605) 220(20) 154(16) 108(13) 41(12) 69(13) 131(16) 
C(606) 180(20) 270(30) 122(16) 57(18) 57(15) 160(20) 
C(607) 190(20) 380(40) 64(12) 14(18) 31(13) 100(30) 
C(608) 530(50) 169(19) 58(11) 35(12) 80(18) -110(30) 
C(609) 120(30) 350(60) 560(90) 0 120(40) 0 
C(610) 101(15) 120(16) 49(10) 0 40(10) 0 
C(500) 80(20) 100(20) 140(30) 0 40(20) 0 
Cl(2) 113(5) 56(3) 96(4) -1(2) -32(3) -11(2) 
C(400) 400(300) 600(400) 180(150) 0 -40(170) 0 
Cl(3) 101(14) 120(14) 65(11) 0 -17(10) 0 
Cl(4) 150(30) 950(160) 120(20) 0 40(20) 0 

Table E27. Atomic coordinates (x 10'^) and equivalent isotropic displacement parameters (X^x 10^) for 
F: pFe0MTPP(/-BuNC)2lC104 (CDaClj/o-xylene). 

X y z U(eq) 

Fed) 20434(1) 2500 13407(1) 20(1) 
N(l) 18925(3) 2500 12151(2) 21(1) 
N(2) 20463(2) 3607(1) 13346(2) 20(1) 
N(3) 21866(3) 2500 14754(3) 19(1) 
N(4) 19353(3) 2500 15001(3) 27(1) 
N(5) 21473(3) 2500 11793(3) 30(1) 
C(l) 17006(3) 2882(2) 11112(2) 23(1) 
C(2) 18225(3) 3120(2) 11714(2) 23(1) 
C(3) 18726(3) 3835(2) 11741(2) 23(1) 
C(4) 19873(3) 4028(2) 12454(2) 21(1) 
C(5) 20569(3) 4689(2) 12478(2) 24(1) 
C(6) 21533(3) 4691(2) 13411(2) 24(1) 
C(7) 21437(3) 4035(2) 13973(2) 22(1) 
C(8) 22139(3) 3855(2) 15010(2) 21(1) 
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C(9) 22242(3) 3125(2) 15395(2) 22(1) 
C(10) 22819(3) 2879(2) 16466(2) 22(1) 
C(ll) 15898(3) 3355(2) 10591(2) 33(1) 
C(31) 17988(3) 4380(2) 10931(2) 25(1) 
C(32) 17642(3) 4205(2) 9897(2) 30(1) 
C(33) 16875(3) 4675(2) 9134(2) 36(1) 
C(34) 16461(3) 5328(2) 9401(3) 40(1) 
C(35) 16810(3) 5511(2) 10419(3) 38(1) 
C(36) 17582(3) 5042(2) 11184(2) 29(1) 
C(51) 20356(3) 5229(2) 11617(2) 35(1) 
C(61) 22576(3) 5228(2) 13753(2) 31(1) 
C{81) 22717(3) 4510(2) 15694(2) 23(1) 
C(82) 21986(3) 5059(2) 15824(2) 29(1) 
C(83) 22481(4) 5700(2) 16400(2) 36(1) 
C(84) 23703(3) 5798(2) 16846(2) 36(1) 
C(85) 24428(3) 5250(2) 16727(2) 34(1) 
C(86) 23942(3) 4608(2) 16164(2) 29(1) 
C(lOl) 23300(3) 3361(2) 17417(2) 35(1) 
C(201) 19633(4) 2500 14334(4) 24(1) 
C(202) 19065(4) 2500 15891(4) 34(1) 
C(203) 17704(4) 2500 15482(4) 51(2) 
C(204) 19611(4) 1792(2) 16510(3) 57(1) 
C(301) 21202(4) 2500 12473(3) 22(1) 
C(302) 21661(5) 2500 10861(4) 40(1) 
C(303) 21065(4) 3210(2) 10263(3) 74(2) 
C(304) 22996(5) 2500 11162(4) 61(2) 
C(IOO) 25399(5) 7500 15113(4) 48(2) 
Cl(2) 25427(1) 6690(1) 15797(1) 83(1) 
Cl(l) 16832(1) 2500 7891(1) 49(1) 
0(1) 18067(5) 2500 8448(5) 142(2) 
0(2) 16300(4) 2500 8587(3) 80(1) 
0(3) 16473(3) 3148(2) 7266(2) 90(1) 

Table E28. Anisotropic displacement parameters (X^x 10^) for F;P^e0MTPP(i-BuNC)2]C104 (CD2CI2/0-
xylene). 

uii  U22 U-33 U23 Ul2 

Fed) 20(1) 16(1) 24(1) 0 8(1) 0 
N(l) 23(2) 19(2) 23(2) 0 12(2) 0 
N(2) 21(2) 15(1) 22(1) 1(1) 7(1) 1(1) 
N(3) 18(2) 14(2) 24(2) 0 9(2) 0 
N(4) 29(3) 25(2) 26(2) 0 11(2) 0 
N(5) 33(3) 28(2) 31(2) 0 18(2) 0 
C(l) 18(2) 29(2) 22(2) 4(1) 7(2) 3(1) 
C(2) 24(2) 24(2) 20(2) 2(1) 8(2) 5(2) 
C(3) 27(2) 22(2) 21(2) 0(1) 10(2) 8(2) 
C(4) 24(2) 20(2) 21(2) 0(1) 10(2) 6(2) 
C(5) 27(2) 16(2) 31(2) 1(1) 14(2) -1(2) 
C(6) 22(2) 17(2) 32(2) 1(2) 11(2) 1(2) 
C(7) 23(2) 18(2) 25(2) 0(1) 11(2) 2(2) 
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C(8) 20(2) 18(2) 25(2) -2(1) 9(2) -1(2) 
C{9) 16(2) 24(2) 24(2) -1(2) 7(2) 1(2) 
C(10) 23(2) 20(2) 23(2) 0(1) 9(2) 1(1) 
C( l l )  21(2) 35(2) 37(2) -3(2) 7(2) 3(2) 
C(31) 25(2) 22(2) 25(2) 2(2) 8(2) 2(2) 
C(32) 34(2) 23(2) 31(2) 0(2) 12(2) 7(2) 
C(33) 43(2) 37(2) 22(2) -1(2) 7(2) 9(2) 
C(34) 44(2) 33(2) 30(2) 6(2) 3(2) 13(2) 
C{35) 41(2) 30(2) 38(2) 1(2) 10(2) 16(2) 
C(36) 30(2) 26(2) 25(2) -2(2) 4(2) 6(2) 
C(51) 39(2) 29(2) 33(2) 4(2) 12(2) -7(2) 
C(61) 34(2) 24(2) 35(2) 5(2) 15(2) -2(2) 
C(81) 24(2) 18(2) 24(2) 3(1) 7(2) 1(2) 
C(82) 31(2) 23(2) 31(2) 0(2) 11(2) -3(2) 
C(83) 58(3) 19(2) 36(2) -1(2) 22(2) 4(2) 
C(84) 53(3) 20(2) 28(2) -6(2) 11(2) -10(2) 
C(85) 34(2) 29(2) 31(2) -3(2) 5(2) -10(2) 
C(86) 30(2) 21(2) 33(2) -1(2) 9(2) 2(2) 
C(lOl) 52(3) 24(2) 25(2) 1(2) 11(2) 3(2) 
C(201) 24(3) 14(3) 25(3) 0 1(2) 0 
C(202) 29(3) 47(3) 32(3) 0 19(3) 0 
C(203) 34(4) 73(4) 49(4) 0 22(3) 0 
C(204) 59(3) 67(3) 53(2) 24(2) 30(2) 6(2) 
C(301) 13(3) 21(3) 23(3) 0 -1(2) 0 
C(302) 42(4) 53(4) 31(3) 0 21(3) 0 
C(303) 79(4) 91(4) 66(3) 40(3) 43(3) 21(3) 
C(304) 51(4) 82(5) 70(4) 0 46(4) 0 
C{100) 46(4) 42(4) 69(4) 0 38(3) 0 
Cl(2) 124(1) 41(1) 113(1) 17(1) 77(1) 10(1) 
Cl(l) 67(1) 41(1) 45(1) 0 31(1) 0 
CXD 41(3) 183(6) 170(6) 0 11(4) 0 
0(2) 134(4) 68(3) 72(3) 0 76(3) 0 
0(3) 167(4) 40(2) 75(2) 16(2) 64(2) 6(2) 
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