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Abstract: Crystalline samples of four low-spin Fe(III) octaalkyltetraphenylporphyrinate and two low-spin
Fe(III) tetramesitylporphyrinate complexes, all of which are models of the bis-histidine-coordinated
cytochromes of mitochondrial complexes II, III, and IV and chloroplast complex b6 f, and whose molecular
structures and EPR spectra have been reported previously, have been investigated in detail by Mössbauer
spectroscopy. The six complexes and the dihedral angles between axial ligand planes of each are [(TMP)-
Fe(1-MeIm)2]ClO4 (0°), paral-[(OMTPP)Fe(1-MeIm)2]Cl (19.5°), paral-[(TMP)Fe(5-MeHIm)2]ClO4 (26°, 30°
for two molecules in the unit cell whose EPR spectra overlap), [(OETPP)Fe(4-Me2NPy)2]Cl (70°), perp-
[(OETPP)Fe(1-MeIm)2]Cl (73°), and perp-[(OMTPP)Fe(1-MeIm)2]Cl (90°). Of these, the first three have
been shown to exhibit normal rhombic EPR spectra, each with three clearly resolved g-values, while the
last three have been shown to exhibit “large gmax” EPR spectra at 4.2 K. It is found that the hyperfine
coupling constants of the complexes are consistent with those reported previously for low-spin ferriheme
systems, with the largest-magnitude hyperfine coupling constant, Azz, being considerably smaller for the
“parallel” complexes (400-540 kG) than for the strictly perpendicular complex (902 kG), Axx being negative
for all six complexes, and Azz and Axx being of similar magnitude for the “parallel” complexes (for example,
for [(TMP)Fe(1-MeIm)2]Cl, Azz ) 400 kG, Axx ) -400 kG). In all cases, Ayy is small but difficult to estimate
with accuracy. With results for six structurally characterized model systems, we find for the first time
qualitative correlations of gzz, Azz, and ∆EQ with axial ligand plane dihedral angle ∆æ.

Introduction

Heme-containing electron-transfer proteins are essential to
many biological processes. The two major classes of heme-
based electron-transport proteins, having bis-histidine- and
histidine-methionine-coordinated heme centers, shuttle between
iron(II) and iron(III) oxidation states and are usually called the
cytochromesa, b, andc, based on the differing substituents on
the periphery of the heme. In addition to relatively small
molecular weight heme proteins,1-9 a number of cytochrome-

containing multi-heme protein complexes with bis-histidine
coordination are known. These include the cytochromesb of
mitochondrial Complexes II,10 III, 11-25 and chloroplasts26-29 and
the cytochromea of mitochondrial Complex IV (cytochrome
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oxidase),30 as well as bacterial analogues of these multi-heme
electron-transfer proteins and a number of additional multi-heme
cytochromesc that are involved in electron transfer and/or redox
of the oxides of nitrogen,31-34 sulfur,35 and other main group
elements. Complex III, also called the cytochromebc1 complex
or ubiquinol:cytochromec oxidoreductase, plays an important
role in the electron transfer in mitochondria, chloroplasts, and
many aerobic and photosynthetic bacteria. It transfers electrons
from the lipophilic ubiquinol (a two-electron donor), which was
pre-reduced by mitochondrial Complex II, to soluble cytochrome
c, a one-electron acceptor; this process is coupled to translo-
cation of two protons across the inner mitochondrial membrane
per two electrons passed to cytochromec, which then carries
them, one at a time, to cytochrome oxidase (Complex IV).29

Cytochromeb6 f of photosynthetic bacteria and chloroplasts
transfers electrons from the lipophilic plastoquinol (a two-
electron donor), which was pre-reduced by Photosystem II, to
a hydrophilic one-electron acceptor (ac-type cytochrome for
photosynthetic bacteria or plastocyanin for chloroplasts), which
then reduces Photosystem I, and couples this electron transfer
to translocation of two protons across the chloroplast mem-
brane.36 The characterization and mechanistic understanding of
these high-molecular-weight, membrane-bound, multi-heme
systems continues to be a significant challenge.

One of the first and most useful spectroscopic tools that
provided much insight into the number, properties, and roles
of the heme centers in the cytochromebc1 complex was EPR
spectroscopy. The unusual EPR spectra for the cytochromebc1

complex were first reported by Orme-Johnson, Hansen, and
Beinert37 and later analyzed in detail by Salerno.38 EPR data
for thebc1 complex show that both of theb hemes (as well as
the c1 heme) exhibit the single-feature EPR signals known as
highly anisotropic low-spin (HALS) or, preferably, “large

gmax” 39 type with gmax ) 3.41-3.44 and 3.75-3.78 for high
and low reduction potential hemes,bH and bL, respectively.
Cytochromeb6 f does not yield a resolved EPR signal for the
hemes of cytochromeb6 (except for the high-spin heme
sometimes called hemex40), but theg-values of hemesbl and
bh (also calledbn andbp) have been estimated as 3.6 by magnetic
Mössbauer spectroscopy.41 For the cytochromebc1 complex of
mitochondria and the structurally and functionally related
cytochromeb6 f complex of chloroplasts, these “largegmax” EPR
signals “relax” to normal rhombic EPR signals (withg1, g2, and
g3 values observed, and typically 2.9, 2.25, and 1.54, respec-
tively) when the cytochromeb protein is extracted from the
membrane and the other proteins of the complex.42-44

In earlier work with bis-imidazole-ligated iron(III) porphy-
rinates, we have found that the axial ligand arrangement, i.e.,
the absolute and relative orientations of the two planar axial
ligands, is an important factor in defining the EPR spectroscopic
properties.39,45-48 Ligand orientation is also likely to be a
significant determinant of the reduction potentials of these heme
centers. Studies with synthetic ferriheme complexes have shown
that the coordination of bulky imidazoles (2-methylimidazole,
1,2-dimethylimidazole, etc.) or some pyridines (3,4-dimethy-
lamino-pyridine, pyridine itself, etc.) to iron(III) tetraphenylpor-
phyrin (TPPFe(III))39,45 or hemin itself ((ProtoIX)Fe(III))49,50

leads to a “largegmax” EPR signal similar to that reported for
the bc1 complex.37,38 These signals have oneg value g3.2
(sometimes as large as 3.78) and nearly or completely undetect-
ableg2 andg3, and are observable only at very low temperature
(<10 K in most cases).49 A “large gmax” EPR signal was first
shown by Walker, Scheidt, and their co-workers to occur for
ferriheme complexes with a (dxy)2(dxz,dyz)3 electronic ground
state in which the splitting between the dxz and dyz orbitals is
small (usually less than the value of the spin-orbit coupling
constant,λ, or <400 cm-1).39,47,51,52This is the case where axial
ligands are in perpendicular planes39,51or where ligands without
planes are used (e.g., CN-,46,53 phosphines,51 NH3,51 or alkyl-
amines, as in cytochromef 54). On the other hand, normal
rhombic EPR signals are observed when the splitting between
the dxz and dyz orbitals is larger, on the order of 2-3 times the
spin-orbit coupling constant,λ, or 600-1200 cm-1.39,47,51In
this case, planar axial ligands coordinated to iron are oriented
in parallel planes. Hence, the first correlation of structure with
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EPR spectral type was established: “largegmax” spectra indicate
axial ligands in perpendicular planes, while normal rhombic
spectra indicate axial ligands in parallel planes.48

The systems investigated as models of the bis-histidine-
coordinated cytochromes have all utilized synthetic hemes such
as octaethylporphyrinatoiron(III)/(II), (OEP)Fe, tetraphenylpor-
phyrinatoiron(III)/(II), (TPP)Fe, or other tetraarylporphyrin-type
systems such as tetramesitylporphyrinatoiron(III)/(II),
(TMP)Fe,47,51,55-57 and, more recently, octaalkyltetraphenylpor-
phinatoiron(III), (OETPP)Fe, (OMTPP)Fe, and (TC6TPP)-
Fe,48,58,59 in each case with two imidazole or high-basicity
pyridine axial ligands. Knowledge from these model heme
systems has been applied to the interpretation of the structure
and function of the heme proteins such as the cytochrome-
containing systems of Complexes II and III of inner mitochon-
drial membranes. At the highest resolution obtained thus far
(2.1 Å),60 the bovine cytochromebc1 complex structure has the
two b heme centers with axial histidine imidazole plane dihedral
angles of 86° and 64°; the yeast structure, with highest resolution
2.3 Å,23,24 has those same angles as 84° and 71°. Among 10
recent structures from bovine, avian, yeast, and bacterialbc1

complexes, the average angles are 84° ( 4° and 60° ( 7° for
hemesbL andbH, respectively.13,14,17-19,21,22,24,25,60The larger-
dihedral angle heme center,bL, has been assigned the EPR signal
with gmax ) 3.75-3.78, and the smaller-dihedral angle one,bH,
has been assigned the EPR signal withgmax ) 3.41-3.44 on
the basis of EPR spectra obtained during redox titrations.38,61

Reduction potentials for thebL and bH centers of murine
Complex III are-31 ( 12 and+92 ( 14 mV, respectively,62

and those for other mammalianb heme centers are similar, but
all are affected by the conditions used for measurements,
including detergent or lipid and the electron-transfer mediators
used, as well as the presence of inhibitors that bind to the
quinone sites and the state of oxidation of the quinone near
hemebH.63

Mössbauer spectroscopy is another technique that has been
utilized to characterize some ferriheme protein systems,41,64-70

but no investigations of the mitochondrial Complexes II, III and
IV have yet been reported. The magnetic Mo¨ssbauer spectra of
several multi-heme protein complexes have been reported,41,68,70

although it is very difficult to deconvolute the overlapping Mo¨ss-
bauer spectra of multi-heme complexes when the parameters
of the centers are similar. Therefore, investigations of synthetic
ferriheme models by Mo¨ssbauer spectroscopy can be helpful
in interpreting the complex patterns observed for multi-heme
complexes. The magnetic Mo¨ssbauer spectra of some OEP, TPP,
TMP, and other phenyl-substituted TPP complexes of
Fe(III)39,56,71-73 and Fe(II)74-76 have been reported previously.
These studies have clearly shown that the Mo¨ssbauer quadrupole
splittings in small applied magnetic field are sensitive to the
axial ligand orientation,39,56,71-73 and at least the broad categories
of “parallel” and “perpendicular” relative ligand orientation can
be distinguished. Furthermore, by fitting the magnetic Mo¨ss-
bauer spectra, the two unobservedg-values in the EPR spectra
of “large gmax” centers can be estimated.39,56,71-73 However,
while the largest hyperfine coupling constant,Azz, can be
estimated very accurately from the spread of the magnetic
Mössbauer spectrum, the two smaller-magnitude hyperfine
coupling constants,Ayy and Axx, are usually less accurately
determined by the spectral fits,73 and thus the values of the other
two g-values,gyy andgxx, usually cannot be as well defined as
desired. Furthermore, from magnetic Mo¨ssbauer and EPR
spectra alone, it is sometimes not possible to determine
unambiguously whethergzz or gxx is the largestg-value, and
thus it cannot be stated with certainty whether the unpaired
electron is in the dyz or the dxy orbital, respectively.73 In these
cases (where the rhombicity,V/∆, is greater than 2/3), single-
crystal EPR data or pulsed EPR data on frozen solution samples
are required to determine the orientation of theg-tensor and
thus whether the electron configuration is (dxy)2(dxz,dyz)3 or
(dxz,dyz)4(dxy)1.72,77-81 However, this is not a problem for bis-
histidine-coordinated cytochromes and their models, which
have all long been known to have (dxy)2(dxz,dyz)3 electron
configurations,37-39,46,77,78,80,82-85,89 and thus for all of these
systems the Mo¨ssbauer spectra can be unambiguously inter-
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In previous studies from this laboratory, Mo¨ssbauer spectra
of bis-imidazole or -pyridine complexes of iron(III) porphyri-
nates were obtained for57Fe-enriched frozen solution or rapidly
precipitated polycrystalline samples,71-73 and it was found that
the magnetic Mo¨ssbauer spectra were difficult to fit and
appeared to consist of several overlapping spectra from species
that were in some way different from each other. Thus, in this
study, we have investigated the Mo¨ssbauer spectra of pure
crystalline samples of the same crystalline form as that for which
the crystal structure was determined, to see whether there might
be a direct relationship between the axial ligand plane dihedral
angle∆æ and the Mo¨ssbauer parameters observed for model
ferriheme complexes, and whether crystalline samples might
lead to more precise fitting of the magnetic Mo¨ssbauer spectra.
Accordingly, in this paper we describe the Mo¨ssbauer spectra
of six crystalline complexes, [(OETPP)Fe(4-Me2NPy)2]+, perp-
[(OETPP)Fe(1-MeIm)2]+, [(TMP)Fe(1-MeIm)2]+, paral-[(TMP)-
Fe(5-MeHIm)2]+, and two of [(OMTPP)Fe(1-MeIm)2]+ with
different axial ligand plane dihedral angles,∆æ. Structural data
are available for all of these complexes,56-59 and the crystalline
samples used for the Mo¨ssbauer spectral investigations utilized
exactly the same crystalline form as that used for the earlier
structure determinations. The axial ligand plane dihedral angles
of these six complexes span the entire possible range of∆æ,
from 0° to 90°. Three complexes display normal rhombic EPR
spectra (dihedral angles 0°,56 19.5° 59 and 26°, 30° 57,86); the
remaining three exhibit “largegmax” EPR signals at 4.2 K.58,59

These latter three complexes were the ones we were initially
most interested in studying. As it turns out, all six of the
complexes provided new information that is valuable to our
understanding of the magnetic spectroscopic properties of these
types of ferriheme systems, and the results show us clearly that
the difficulties encountered previously in fitting the Mo¨ssbauer
spectra of ferriheme model complexes in frozen solution or solid
samples that precipitated rapidly from solution71-73 probably
arose from the presence of multiple orientations of the axial
ligands within the two broad classes of ligand orientations
(“parallel” and “perpendicular”). Thus, from the present work,
it is clear for the first time that there are qualitative relationships
between the axial ligand plane dihedral angle∆æ and the largest
EPR g-value, gzz, the largest Mo¨ssbauer hyperfine coupling
constant,Azz, and, to a lesser extent, the quadrupole coupling
constant,∆EQ.

Experimental Section

The crystalline samples ofparal-[(TMP)Fe(5-MeHIm)2]ClO4, [(TMP)-
Fe(1-MeIm)2]ClO4, paral-[(OMTPP)Fe(1-MeIm)2]Cl, perp-[(OMTPP)-
Fe(1-MeIm)2]Cl, perp-[(OETPP)Fe(1-MeIm)2]Cl, and [(OETPP)Fe(4-
Me2NPy)2]Cl, whose crystal and molecular structures are known, were
prepared as described previously.56-59 Polycrystalline natural iron-
containing samples for Mo¨ssbauer spectroscopy were placed in solid
Delrin sample holders and covered with a minimum of mother liquor
for the octaalkyltetraphenylporphyrinates, which contain solvent mol-
ecules of crystallization,58,59 or without mother liquor for the TMP

complexes, which do not.56,57 They were cooled to 233 K during
shipping and then stored at 77 K.

Mössbauer spectra were recorded using a conventional spectrometer
in the constant-acceleration mode. Isomer shifts are given relative to
R-Fe at room temperature. The spectra obtained at 20 mT were
measured in a liquid helium bath cryostat (Oxford MD 306) equipped
with a pair of permanent magnets. For the high-field spectra a cryostat
equipped with a superconducting magnet was used (Oxford Instru-
ments). Magnetically split spectra of paramagnetic samples were
simulated in the spin-Hamiltonian approximation described below;
otherwise, spectra were analyzed by least-squares fits using Lorentzian
line shapes.

The Zeeman interaction of a spin with an applied fieldBB and
describing the electronicg-tensor is given by the Hamiltonian

whereµB denotes the Bohr magneton. Magnetic Mo¨ssbauer spectra were
simulated using eq 1 together with the nuclear Hamiltonian87

Here I denotes the nuclear spin quantum number,Q the nuclear
quadrupole moment of the excited nuclear state,Vzz the z-component
of the electric-field gradient (EFG) tensor andη ) (Vxx - Vyy)/Vzz the
asymmetry parameter of the EFG,gN the nuclearg-factor, 〈SB〉 the
electron spin expectation value, andµN the nuclear magneton. Note
that the axis system being used for the EFG is that of theg- and
A-tensors, i.e., withz along the normal to the porphyrin plane andx
and y axes in the porphyrin plane.47,48,84 The g-tensor normalization
conditiongxx

2 + gyy
2 + gzz

2 ) 1684,88,89was used in this fitting procedure.

Results and Discussion

X-band EPR spectra of all samples of this study have already
been reported56-59 and theg-values are summarized in Table
1, wherex, y, andz axes are defined in terms of the molecular
frame, withz oriented along the heme normal andx andy in
the porphyrin plane in all cases. Field-dependent Mo¨ssbauer
spectra, obtained at 4.2 K, ofperp-[(OMTPP)Fe(1-MeIm)2]Cl
(∆æ ) 90°) are shown in Figure 1. The spectrum ofperp-
[(OMTPP)Fe(1-MeIm)2]Cl, recorded in the presence of a small
magnetic field of 20 mT perpendicular to theγ-beam (Figure
1a) (as well as the 4.0 and 7.0 T spectra, Figure 1b,c), exhibits
a magnetically split six-line pattern. Spectra acquired with the
magnetic field applied parallel to theγ-beam are shown in
Supporting Information Figure S1. Based upon the assumption
that “gmax” ) gzz ) 3.61, the spectra can be simulated with the
following hyperfine coupling tensor elements:Azz) +902 kG,
Axx ) -225 kG, andAyy ) 293 kG (Table 1). Applying the
normalization condition for theg-tensor (∑g2 ) 16) leads to
the best estimates ofgyy andgxx of 1.53 and 0.63, respectively.
These values are thus used to calculate the crystal field
parameters, tetragonality and rhombicity,84 given in Table 1.

The internal magnetic field at the57Fe nucleus is given by
HBint ) -〈SB〉‚SB/gNµN. For the magnetic splitting, the effective
hyperfine field, which is the sum of the external and the internal
fields, must be considered. Nevertheless, the internal field
dominates strongly, and therefore the magnetic splitting of a
ferric low-spin system is effectively determined by the product
〈SB〉‚AB. For S ) 1/2 ferric ion, the symmetry of theg-tensor is
reflected within direction-dependent spin expectation values. The
correspondingg-tensor component determines the sign of the

(86) Two molecules are found in the unit cell, one with an axial ligand plane
dihedral angle of 26° and the other of 30°, but the two have similar angles
æ from the N-Fe-N axes.57 Although there is evidence of two overlapping
EPR spectra, it was not possible to deconvolute the two because of the
similarity of theg-values.57

(87) Trautwein, A. X.; Bill, E.; Bominaar, E. L.; Winkler, H.Struct. Bonding
1991, 78, 1-95.

(88) Oosterhuis, W. T.; Lang, G.Phys. ReV. 1969, 178, 439-456.
(89) Griffith, J. S.Mol. Phys.1971, 21, 135-139.

Ĥel ) µBSBgbBB (1)

ĤN )
eQVzz

4I(2I - 1)
[3Î z

2 - I(I + 1) + η(Î x
2 - Î y

2)] - gNµN IBBB +

〈SB〉AB IB (2)
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corresponding spin expectation value. If the main axis systems
of the g- andA-tensors coincide, then the components of the
internal hyperfine field at the57Fe nucleus are proportional to
〈Si〉‚Aii, with i ) x, y, or z, or, if the reference frames of theg-
and A-tensors are collinear, togii‚Aii. Clearly, for perp-
[(OMTPP)Fe(1-MeIm)2]Cl, both Azz and gzz are the tensor

components with the largest magnitude (Table 1). Therefore,
the magnetic splitting observed in the Mo¨ssbauer spectrum is
determined mainly by the product〈Sz〉‚Azz. Moreover, for all
Type I complexes examined thus far, the magnetic splitting is
proportional togii‚Aii because at least thez-axes of the reference
frames of theg- andA-tensors coincide.73 Both Axx andAyy are
significantly smaller thanAzz. As shown previously,73 |Azz| .
|Ayy|, |Axx| holds for the Mo¨ssbauer spectra of all Type I47

complexes. Thus, forperp-[(OMTPP)Fe(1-MeIm)2]Cl in this
study (Figure 1, Supporting Information Figure S1, and Table
1), Azz is quite large and positive,Ayy is approximately one-
third of Azz, andAxx has approximately the same magnitude as
Ayy and is negative.

In contrast toperp-[(OMTPP)Fe(1-MeIm)2]Cl, the low-field
spectra (20 mT at 4.2 K) ofperp-[(OETPP)Fe(1-MeIm)2]Cl (∆æ
) 73.1°) shown in Figure 2a, and [(OETPP)Fe(4-Me2NPy)2]-
Cl (∆æ ) 70°), shown in Supporting Information Figure S3a,
exhibit broad asymmetric doublets, which indicates that the
electron spin fluctuates with a rate,ω, comparable to the Larmor
frequency of the iron,〈SB〉‚SB/p, which is of the order of 107 s-1.
The quadrupole splitting,∆EQ, is 1.94 mm/s forperp-[(OETPP)-
Fe(1-MeIm)2]Cl (∆æ ) 73.1°) and 2.13 mm/s for [(OETPP)-
Fe(4-Me2NPy)2]Cl (∆æ ) 70°). The application of high
magnetic fields decreases the electronic relaxation rate, and
magnetically split patterns are observed (Figure 2b,c and
Supporting Information Figure S3). This means that in high
magnetic fields the electron spin fluctuates with a rate slower
than the Larmor frequency of the iron nucleus. The magnetic
splittings observed forperp-[(OETPP)Fe(1-MeIm)2]Cl and
[(OETPP)Fe(4-Me2NPy)2]Cl are (as in the case of the 90°
complex,perp-[(OMTPP)Fe(1-MeIm)2]Cl) dominated byAzz.
The values ofAzz ) 712 and 714 kG obtained for these
complexes are about 33% smaller thanAzz of the 90° complex,
perp-[(OMTPP)Fe(1-MeIm)2]Cl. The large values ofAzz and

Table 1. Mössbauer Data for Selected Ferriheme Complexes in This Study

complex δ (mm/s) ∆EQ (mm/s) η Vii
a (mm/s) g-tensorb A/gNµN

c (kG)

perp-[(OMTPP)Fe(1-MeIm)2]+ 0.27( 0.02 1.70( 0.02 -0.87( 0.25 Vxx ) -1.42 gxx ) 0.63d Axx ) -225( 150 (-298)
(90.0°) (4.2 K) Vyy ) -0.10 gyy ) 1.53d Ayy ) 293( 30 (163)

Vzz) 1.52 gzz) 3.61e Azz) 902( 5 (919)
(crystal fieldV/λ ) 0.64,∆/λ ) 3.82,V/∆ ) 0.17)

perp-[(OETPP)Fe(1-MeIm)2]+ 0.26( 0.02 1.94( 0.02 -0.85( 0.25 Vxx ) -1.61 gxx ) 1.14d Axx ) -383( 80 (-358)
(73.1°) (4.2 K) Vyy ) -0.13 gyy ) 2.00d Ayy ) 244( 20 (174)

Vzz) 1.74 gzz) 3.27e Azz) 712( 10 (714)
(crystal fieldV/λ ) 1.16,∆/λ ) 3.44,V/∆ ) 0.34)

[(OETPP)Fe(4-Me2NPy)2]+ 0.26( 0.02 2.13( 0.02 -0.63( 0.20 Vxx ) -1.63 gxx ) 0.99d Axx ) -365( 50 (-351)
(70.0°) (4.2 K) Vyy ) -0.37 gyy ) 1.96d Ayy ) 203( 25 (201)

Vzz) 2.00 gzz) 3.35f Azz) 714( 10 (761)
(crystal fieldV/λ ) 1.02,∆/λ ) 3.12,V/∆ ) 0.33)

paral-[(TMP)Fe(5-MeHIm)2]+ 0.26( 0.02 2.59( 0.02 -2.22( 0.30 Vxx ) -2.57 gxx ) 1.80d Axx) -428( 20 (-455)
(26°, 30°)86 (4.2 K) Vyy ) 0.97 gyy ) 2.30d Ayy ) 202( 15 (124)

Vzz) 1.59 gzz) 2.64g Azz) 489( 10 (314)
(crystal fieldV/λ ) 3.10,∆/λ ) 4.09,V/∆ ) 0.76)

paral-[(OMTPP)Fe(1-MeIm)2]+ 0.28( 0.02 2.78( 0.02 -2.00( 0.20 Vxx ) -2.73 gxx ) 1.54e Axx ) -438( 50 (-420)
(19.5°) (4.2 K) Vyy ) 0.91 gyy ) 2.51e Ayy ) 260( 25 (284)

Vzz) 1.82 gzz) 2.71e Azz) 499( 15 (382)
(crystal fieldV/λ ) 2.44,∆/λ ) 1.87,V/∆ ) 1.31)

[(TMP)Fe(1-MeIm)2]+ 0.27( 0.02 2.24( 0.02 -1.85( 0.20 Vxx ) -2.18 gxx ) 1.571h Axx ) -400( 50 (-417)
(0°) (4.2 K) Vyy ) 0.65 gyy ) 2.325h Ayy ) 100( 15 (187)

Vzz) 1.53 gzz) 2.886h Azz) 400( 10 (465)
(crystal fieldV/λ ) 2.07,∆/λ ) 3.09,V/∆ ) 0.67)

a Axis system of the EFG is taken to be collinear to that of theg- andA-tensors.b g-values are a combination of those measured from EPR spectra and
those obtained from magnetic Mo¨ssbauer spectral fits, as indicated.c Values in parentheses are derived from the crystal field model.84 d g-values from
Mössbauer fit.e g-values from ref 59.f g-value from ref 58.g g-value from ref 55.h g-values from ref 56.

Figure 1. Mössbauer spectra ofperp-[(OMTPP)Fe(1-MeIm)2]Cl (∆æ )
90°) obtained at 4.2 K in the presence of several different magnetic fields
applied perpendicular to theγ-beam (20 mT (a), 4 T (b), and 7 T (c)). The
solid lines are fits performed in the limit ofslow relaxationwith parameters
given in Table 1.
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gzz and the negative values ofAxx are typical of Type I47

complexes. The asymmetry parameterη ≈ -1 means that the
EFG tensor elements for the Type I47 complexes exhibit a small
Vyy, while Vxx and Vzz are of similar magnitude but with a
negative value ofVxx (Table 1).

Figure 3 shows the Mo¨ssbauer spectra ofparal-[(TMP)Fe-
(5-MeHIm)2]ClO4 (∆æ ) 26°, 30°).86 The spectrum obtained
at 20 mT (Figure 3a) shows an asymmetric doublet, which
indicates that the spin relaxation rate is faster than that ofperp-
[(OETPP)Fe(1-MeIm)2]Cl. The application of large external
fields perpendicular (Figure 3b,c) and parallel (Supporting
Information Figure S4) to theγ-beam slows the relaxation, and
the spectral shape could be well reproduced with the parameters
given in Table 1. The quadrupole splitting of this complex is
2.59 mm/s, an increase of approximately 33% as compared to
perp-[(OETPP)Fe(1-MeIm)2]Cl with ∆EQ ) 1.94 mm/s. The
higher value of the quadrupole splitting and the pattern of the
magnetic Mo¨ssbauer spectra induced by the application of large
external fields (Figure 3b,c and Supporting Information Figure
S4) are characteristic of most Type II47 centers.73 Likewise,
[(TMP)Fe(1-MeIm)2]ClO4 (∆æ ) 0°) also shows an asymmetric
doublet at 4.2 K in the presence of a 20 mT field (Figure 4a)
with ∆EQ ) 2.24 mm/s. The application of large external fields
produced the spectra shown in Figure 4b,c and Supporting
Information Figure S6, where the spectral shapes were well
reproduced with the parameters given in Table 1. The magnetic
splitting of the Mössbauer signal of the solid-state, natural-
abundance samples ofparal-[(TMP)Fe(5-MeHIm)2]ClO4 and
[(TMP)Fe(1-MeIm)2]ClO4 is significantly smaller (as for other
Type II centers73) than that of Type I centers (Figure 1 and ref
73). Nevertheless, it is still dominated by〈Sz〉‚Azz, and the value

of Azz (+489 kG) is the same in sign but smaller in magnitude
than that of Type I complexes. In this case, the value ofAxx is
only somewhat smaller in magnitude than that ofAzz, but of
opposite sign, andAyy is much smaller and positive, as observed
previously.73

The magnetic field dependence of the Mo¨ssbauer spectra of
paral-[(OMTPP)Fe(1-MeIm)2]Cl (∆æ ) 19.5°) (Figure 5 and
Supporting Information Figure S5) is comparable overall to
those ofparal-[(TMP)Fe(5-MeHIm)2]ClO4 (∆æ ) 26°, 30°)86

and [(TMP)Fe(1-MeIm)2]ClO4 (∆æ ) 0°) (Figure 4 and
Supporting Information Figure S6) discussed above. In a low
field of 20 mT, no significant magnetic splitting is observed;
in fact, the spectrum ofparal-[(OMTPP)Fe(1-MeIm)2]Cl shows
a symmetrical doublet. The application of large external fields
induces the magnetic splitting characteristic of Type II com-
plexes.47,73As mentioned in the caption to Figure 5, these spectra
were analyzed in thefast-relaxationlimit and yielded a value
of Azz ) 499( 15 kG. Analyzing the 7 T spectra in the slow-
relaxation limit yieldedAzz ) 450 kG, but within that limit it
was not possible to find a unique set of parameters that also fit
the spectra obtained at 4 T. Therefore, we report only the data
obtained from fits in the fast-relaxation limit.

The question arises as to the reason for the different relaxation
behaviors of the complexes in this study. Ferriheme centers in
proteins, such as the low-spin form of cytochrome P450cam,64

several electron-transfer cytochromes,65,66 the cytochromeb6 f
complex,41 and the histamine complexes of nitrophorins 2 and
4,90,91 as well as 57Fe-labeled ferriheme models in frozen
solution, including [(TPP)Fe(NH2PzH)2]Cl71 andperp-[(OMT-
PP)Fe(1-MeIm)2]Cl in this study, exhibit magnetically split

Figure 2. Mössbauer spectra ofperp-[(OETPP)Fe(1-MeIm)2]Cl (∆æ )
73.1°) recorded at 4.2 K in the presence of several different magnetic fields
applied perpendicular to theγ-beam (20 mT (a), 4 T (b), and 7 T (c)). The
solid line in the spectrum recorded at 20 mT (a) is a fit takingspin-spin
relaxation effects(with relaxation rateω ) 0.47× 108 Hz) into account,93

and the other solid lines (4 T (b) and 7 T (c)) are fits performed in the limit
of slow relaxationwith parameters given in Table 1.

Figure 3. Mössbauer spectra ofparal-[(TMP)Fe(5-MeHIm)2]ClO4 (∆æ
) 26°, 30°)86 taken at 4.2 K in the presence of several different magnetic
fields applied perpendicular to theγ-beam as indicated. The solid line in
the spectrum recorded at 20 mT (a) is a fit takingspin-spin relaxation
effects(with ω ) 1.42× 108 Hz) into account,93 while the other solid lines
(b and c) are fits performed in the limit ofslow relaxationwith parameters
given in Table 1.
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Mössbauer spectra at 4.2 K in small applied fields. This indicates
that the intrinsic relaxation rate,ω, of the electron spin of most
of these centers is slower than the Larmor frequency, about 107

s-1. If the molecules are embedded in a crystal lattice, as in
this study, spin-spin relaxation between nearby Fe(III) centers
occurs, which increases the relaxation rate of the electron spin.
This has also been observed for solid samples of the Type III
center [(p-TTP)Fe-(2,6-XylylNC)2]CF3SO3,92 the 4.2 K Möss-
bauer spectra of which have been analyzed in the intermediate
spin-spin-relaxation regime by the dynamic line-shape formal-
ism of Blume and Clauser.93

The slow-relaxing 90° complex,perp-[(OMTPP)Fe(1-MeIm)2]-
Cl, with Type I EPR and Mo¨ssbauer spectra, has a unit cell
with I-43d symmetry, in which every molecule has eight nearest
iron neighbors at a distance of 12.232 Å, four at 14.620 Å, and
eight at 17.906 Å. The fast-relaxing 19.5° complex paral-
[(OMTPP)Fe(1-MeIm)2]Cl, with Type II EPR and magnetic
Mössbauer spectra, has a unit cell withPc symmetry, in which
every molecule has two nearest iron-iron distances of 9.54 Å,
two of 10.128 Å, and two of 12.15 Å. Thus, the much closer
iron-iron distances inparal-[(OMTPP)Fe(1-MeIm)2]Cl as
compared toperp-[(OMTPP)Fe(1-MeIm)2]Cl lead to an increase
in the spin-spin relaxation rate, which manifests itself in the
observation of a symmetrical doublet in the Mo¨ssbauer spectrum
at 4.2 K and 20 mT (Figure 5a). The 73.1° sample,perp-
[(OETPP)Fe(1-MeIm)2]Cl, which exhibits Type I47 EPR and
magnetic Mo¨ssbauer spectra (Figure 2b,c), has a unit cell with
two nearest iron-iron distances of 12.651 Å and two of 12.86
Å, suggesting that this sample might also exhibit in its
Mössbauer spectrum at 4.2 K and 20 mT a relaxation pattern
different from the sharp doublet observed forparal-[(OMTPP)-
Fe(1-MeIm)2]Cl. This is indeed the case; the complex shows
intermediate relaxation (Figure 2a), much slower than observed
for paral-[(OMTPP)Fe(1-MeIm)2]Cl (Figure 5a), but faster than
that forperp-[(OMTPP)Fe(1-MeIm)2]Cl (Figure 1a). The same
is true for the 70° sample, [(OETPP)Fe(4-Me2NPy)2]Cl (Sup-
porting Information Figure S3a), which has two iron-iron
distances of 12.245 Å, two of 13.651 Å, and four of 14.052 Å.
The remaining two complexes, [(TMP)Fe(5-MeHIm)2]ClO4 (∆æ
) 26°, 30°)86 and [(TMP)Fe(1-MeIm)2]ClO4 (∆æ ) 0°), both
exhibit asymmetric doublets at 4.2 K and 20 mT (Figures 3a
and 4a, respectively), but these doublets are much sharper than
those for [(OETPP)Fe(4-Me2NPy)2]Cl (∆æ ) 70°, Supporting
Information Figure S3a) andperp-[(OETPP)Fe(1-MeIm)2]Cl
(∆æ ) 73.1°, Figure 2a). Correspondingly, the nearest iron-
iron distances (two nearest iron neighbors at 10.670 Å and two
at 10.409 Å, respectively) are intermediate between those of
paral-[(OMTPP)Fe(1-MeIm)2]Cl and perp-[(OMTPP)Fe(1-
MeIm)2]Cl, as is their relaxation behavior. The correlation
between the number of iron neighbors, iron-iron distances, and
relaxation behavior of these ferriheme complexes is summarized
in Supporting Information Table S1. In each case, the appear-
ance of the 4.2 K, 20 mT Mo¨ssbauer spectrum is consistent
with a combination of the shortest iron-iron distance and the
number of iron neighbors within slightly more than 14 Å. The
spin-spin relaxation model applied here does not take into
account favorable pathways for electron spin relaxation, which
in some cases may also contribute.

The specific structures ofparal-[(TMP)Fe(5-MeHIm)2]ClO4

(∆æ ) 26°, 30°)57 and of [(TMP)Fe(1-MeIm)2]ClO4 (∆æ )
0°),56 each with two structurally slightly different Fe sites within
the unit cell, also allow an alternative interpretation of the
asymmetry in the line shapes of the doublets at 4.2 K and 20

Figure 4. Mössbauer spectra of [(TMP)Fe(1-MeIm)2]ClO4 (∆æ ) 0°)
recorded at 4.2 K in the presence of several different magnetic fields applied
perpendicular to theγ-beam as indicated. The solid line in the spectrum
recorded at 20 mT (a) is a fit takingspin-spin relaxation effects(with ω
) 0.81× 108 Hz) into account,93 while the other solid lines (b and c) are
fits performed in the limit ofslow relaxationwith parameters given in
Table 1.

Figure 5. Mössbauer spectra ofparal-[(OMTPP)Fe(1-MeIm)2]Cl (∆æ )
19.5°) obtained at 4.2 K in the presence of several different magnetic fields
applied perpendicular to theγ-beam as indicated. The solid lines are fits
performed in the limit offast relaxationwith parameters given in Table 1.
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mT (Figures 3a and 4a, respectively): A superposition of two
slightly different quadrupole splittings, each with symmetric line
intensities and therefore each representing fast relaxation, also
accounts for the observed asymmetric line patterns in Figures
3a and 4a. These fits are shown in Supporting Information
Figures S7 and S8, together with the quadrupole splittings and
isomer shifts of the two components used for the fits. Within
this alternative model for fitting asymmetric quadrupole dou-
blets, the group of complexes with∆æ ) 0°, 19.5° and 26°,
30° exhibit fast relaxation at 4.2 K and 20 mT, the two
complexes with∆æ ) 70° and 73.1° exhibit intermediate
relaxation, and the complex with∆æ ) 90° exhibits slow
relaxation. In summary, we note that, in either of the two fitting
procedures, the relaxation process changes from fast relaxation
for small angles∆æ to intermediate relaxation for intermediate
values of∆æ and to slow relaxation for∆æ ) 90°.

Unlike the observation for previous powdered samples of low-
spin Fe(III) porphyrinates investigated by this group,73 the
magnetic Mo¨ssbauer spectra of ground crystals of bothparal-
andperp-[(OMTPP)-Fe(1-MeIm)2]Cl exhibit no contamination
due to high-spin Fe(III), low-spin Fe(II), or other low-spin Fe-
(III) forms of either complex, and the spectra of each of the six
complexes of this study could be fit with only one component.
This is probably due to the fact that all molecules in the sample
have the same axial ligand plane orientations, whereas the
previous samples,73 including those rapidly precipitated solid
materials of possibly mixed crystalline forms as well as all
frozen solution 57Fe-enriched samples, undoubtedly had a
distribution of axial ligand plane dihedral angles. As shown
below, in this work we find correlations between the axial ligand
plane dihedral angle,∆æ, and the values ofgzz, Azz, and∆EQ,
and thus it is not surprising that the magnetic Mo¨ssbauer spectra
of polycrystalline or frozen solution samples, which probably
have a distribution of axial ligand plane dihedral angles, are
not as easily fit.

The detailed results obtained in this work from the careful
fitting of Mössbauer spectra in low (20 mT) and high (4.0 and
7.0 T) magnetic fields applied parallel and perpendicular to the

direction of theγ-beam for the six bis-imidazole and bis-pyridine
complexes of Fe(III) OETPP, OMTPP, and TMP are given in
Table 1. In Table 2, the results of this study are summarized,
along with EPR and magnetic Mo¨ssbauer data of other model
heme complexes that were also acquired on the same crystalline
form as used for the structure determinations; magnetic Mo¨ss-
bauer data acquired for the histamine complexes of nitrophorins
2 and 490 are also included, as are available EPR and structural
data for cytochromesb5,94-98 cytoglobin,99-101 and neuroglo-
bin99,102and EPR38,41and Mössbauer41 data for thebc1 andb6 f
protein complexes. As can be seen, the three “parallel” model
ferriheme complexes have much larger quadrupole splittings
than do the three “perpendicular” complexes. This result is
consistent with previous studies39,56,73and is expected because
the “parallel” complexes, with large rhombicity, should have
much more asymmetric electron distributions than do the
“perpendicular” complexes. Indeed, the “parallel” complexes
show an asymmetry parameterη ≈ -2, which means that by
far the largest-magnitude component of the EFG,Vxx, is much
larger thanVzz. The “perpendicular” complexes, on the other

(90) Wegner, P.; Benda, R.; Schu¨nemann, V.; Trautwein, A. X.; Berry, R. E.;
Balfour, C. A.; Wert, D.; Walker, F. A.Proceedings of the International
Conference on the Applications of the Mo¨ssbauer Effect (ICAME 2001),
Hyperfine Interact. C2002, 5, 253-256.

(91) Wegner, P. Ph.D. dissertation, Universita¨t zu Lübeck, 2004.
(92) Simonneaux, G.; Schu¨nemann, V.; Morice, C.; Carel, L.; Toupet, L.;

Winkler, H.; Trautwein A. X.; Walker, F. A.J. Am. Chem. Soc.2000,
122, 4366-4377.

(93) Clauser, M. J.; Blume, M.Phys. ReV. B 1971, 3, 583-591.
(94) Bois-Poltoratsky, R.; Eherenberg, A.Eur. J. Biochem.1967, 2, 361-365.
(95) Rivera, M.; Barillas-Mury, C.; Christensen, K. A.; Little, J. W.; Wells, M.

A.; Walker, F. A.Biochemistry1992, 31, 12233-12240.
(96) Durley, R. C. E.; Mathews, F. S.Acta Crystallogr. Sect. D1996, 52, 65.
(97) Rivera, M.; Seetharaman, R.; Girdhar, D.; Wirtz, M.; Zhang, X.; Wang,

X.; White, S.Biochemistry1998, 37, 1485-1494.
(98) Wirtz, M.; Oganesyan, V.; Zhang, X.; Studer, J.; Rivera, M.Faraday

Discuss. Chem. Soc.2001, 116, 221-234.
(99) Vinck, E.; Van Doorslaer, S.; Dewilde, S.; Moens, L.J. Am. Chem. Soc.

2004, 126, 4516-4517.
(100) de Sanctis, D.; Dewilde S.; Pesce, A.; Moens, L.; Ascenzi, P.; Hankeln,

T.; Burmester, T.; Bolognesi, M.J. Mol. Biol. 2004, 336, 917-927.
(101) Sugimoto, H.; Makino, M.; Sawai, H.; Kawada, N.; Yoshizato, K.; Shiro,

Y. J. Mol. Biol. 2004, 339, 873-885.
(102) Vallone, B.; Nienhaus, K.; Brunori, M.; Nienhaus, G. U.Proteins: Struct.,

Funct. Bioinf.2004, 56, 85-94.

Table 2. Mössbauer and EPR Data for Ferriheme Complexes Discussed in This Work and Utilized for Figures 6-8

system
∆æ

(deg)
δ

(mm/s)
∆EQ

(mm/s)
η

(kG) gzz

Axx/gNµN

(kG)
Ayy/gNµN

(kG)
Azz/gNµN

(kG) ref

1 [(OEP)Fe(4-Me2NPy)2]+ 056 2.15 -1.8 2.82 -416 -177 446 56
2 [(TMP)Fe(1-MeIm)2]+ 056 0.27 2.24 -1.85 2.89 -400 100 400 this work
3 bovine cytochromeb5 19.296 3.03 94
4 paral-[(OMTPP)Fe(1-MeIm)2]+ 19.559 0.27 2.78 -2.00 2.71 -438 260 499 this work
5 rat outer mitochond. memb. cytb5 18.2,97 23.698 3.03 95
6 NP2-histamine 22-24108,109 0.22a 2.14 -1.6 3.02 -370 -58 530 90
7 paral-[(TMP)Fe(5-MeHIm)2]+ 26, 3057,86 0.26 2.59 -2.22 2.64 -428 202 489 this work
8 NP4-histamine 32107 0.19a 2.34 -1.6 3.02 -370 -58 540 90
9 murine neuroglobin 59102 3.12 99

10human cytoglobin 60100,101 3.20 99
11 [(OETPP)Fe(4-Me2NPy)2]+ 7058 0.26 2.13 -0.63 3.35 -365 203 714 this work
12perp-[(OETPP)Fe(1-MeIm)2]+ 73.159 0.26 1.94 -0.85 3.27 -383 244 712 this work
13 [(TMP)Fe(4-Me2NPy)2]+ 7956 1.75 -1.0 3.44 -331 168 815 56
14 [(TPP)Fe(2-MeHIm)2]+ 8951 0.21b 1.71 -2.0 3.41 -347 220 810 39
15perp-[(OMTPP)Fe(1-MeIm)2]+ 9059 0.27 1.70 -0.87 3.61 -225 293 902 this work
16bovine cytochromebH 6460 3.41-3.44 38
17bovine cytochromebL 8660 3.75-3.78 38
18cytochromeb6 f hemebh 6726,27 0.30 1.77 0c 3.6 -261 -40 926 41
19cytochromeb6 f hemebl 8326,27 0.30 1.77 0c 3.6 -261 -40 926 41

a Isomer shift measured at 77 K.91 b Isomer shift measured at 150 K.39 c According to Oosterhuis and Lang,88 η ) -1.873 would be expected in Taylor’s
formulation84 for cytochromeb6. The reported value ofη ) 0 suggests an axial EFG tensor, which most probably is not correct. It should be noted that the
quality of the experimental data presented in ref 41 and the presence of at least five different iron species did not allow a more precise determinationof η
by Mössbauer spectroscopy.
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hand, showη ≈ -1, which means that the magnitudes ofVxx

andVzz are similar.
The isomer shifts of the six complexes are within experi-

mental error of each other and equal to 0.27(2) mm/s, as is
expected for low-spin Fe(III) complexes at 4.2 K. The hyperfine
coupling constants of the complexes are also consistent with
those reported previously,39,56,73 with the largest-magnitude
hyperfine coupling constant,Azz, being considerably smaller for
the “parallel” complexes (400-540 kG) than for the strictly
perpendicular complex (902 kG),Axx being negative for all six
complexes and smallest in magnitude for the strictly perpen-
dicular complex (-225 kG), andAyy being small and usually
positive but difficult to estimate with accuracy for all six
complexes.

The structure, EPR, and Mo¨ssbauer data for bis-imidazole-
and bis-pyridine-coordinated OETPP-, OMTPP-, and TMPFe-
(III) complexes under study in this work,39,56,90as well as other
well-characterized systems reported previously, allow us to
establish for the first time some interesting qualitative correla-
tions of the values ofgzz, Azz, or ∆EQ with the dihedral angle
between the axial ligands. In Figure 6 the values ofgzz are
plotted as a function of the dihedral angle,∆æ, and a linear
correlation is observed:gzz increases with increasing∆æ. The
gzz-values of the bovine cytochromebc1 hemesbH andbL and
spinach chloroplast cytochromeb6 f hemesbh and bl are also
included in Figure 6 (data points16-19, respectively). All these
gzz values deviate somewhat from the least-squares fit of the
model heme data points. Part of this deviation might be a result
of the difference between the substituents present on the natural
heme (protohemin IX, hemeb) and those used for the present
study, all of which have phenyl substituents on themeso-
carbons. However, the nitrophorin (5 and 8), cytochromeb5

(3 and6), neuroglobin (9), and cytoglobin (10) data points do
not deviate significantly from the best-fit line, even though they
all also contain hemeb. Preliminary DFT calculations103 indicate
no obvious dependence of Mo¨ssbauer parameters upon heme
substituents. More likely, it should be noted that thegmax signal
for one of theb ferrihemes of thebc1 complex (bH), as well as
those of several of the model ferrihemes (notably13,56 14,51

and to a lesser extent1559), is broad, probably in part as a result
of g-strain104 and in part as a result of a distribution ofg-values
arising from a degree of microheterogeneity in the structures
of these ferriheme centers.38 For thebc1 complex a range of
g-values has been reported for each of theb ferrihemes (3.41-
3.4438 and as high as 3.4863 for ferrihemebH and 3.75-3.78
for ferrihemebL

38); the g-value reported for the twob hemes
of cytochromeb6 f is an estimate based upon Mo¨ssbauer data,41

and it is possible that the individual values differ somewhat
from this average. Therefore, in Figure 6 we have shown
distributions ofgzzvalues for both types of cytochromeb heme
centers and three of the model ferriheme complexes that have
broad “largegmax” signals as well.

The maximum possibleg-value for a low-spin Fe(III) complex
is about 3.8,38 and the ferriheme center of mitochondrial
cytochromebL (17) approaches that limit more closely than any
other bis-imidazole-coordinated ferriheme complex currently
known; at present we do not know why the model ferrihemes
with 89° (14) or 90° (15) dihedral angles do not have larger
gmax values.

One possible difference between the model ferrihemes and
the large protein complexes is the electrostatic nature of the
medium, a concentrated crystal lattice with closely spaced
cations and anions as compared to a generally hydrophobic
intermembrane location for the cytochromeb ferrihemes.
However, the latter do have one arginine guanidinium side chain
hydrogen-bonded to one of the two propionates of each heme
b11-25 (except for yeastbH, where a lysine ammonium side chain
plays this role21-24), thus making the protohemin center neutrally
charged overall, and isolated by nearly 10 Å between the heme
edges ofbL andbH or bl andbh, or 20.2-20.9 Å between Fe-
(III) centers.11-25 As already mentioned above, in the crystalline
model complexes of this study the closest distances between
Fe(III) centers range from 9.5 to 12.7 Å, depending on crystal
form (Supporting Information Table S2). How to evaluate the
possible contributions of the difference in electrostatic medium
and/or greater distances between iron centers to the observed
EPRg-values is not clear at this time.

The two synthetic complexes of the present study whose
values ofgzz deviate the most from the best-fit line of Figure 6
have special structural features that may contribute to the
deviation of theirg-values from the least-squares line for the
other model ferriheme complexes. Complex7, paral-[(TMP)-
Fe(5-MeHIm)2]+, has one 5-MeHIm ligand N-H hydrogen-
bound to a lattice 5-MeHIm, and the other 5-MeHIm ligand
N-H hydrogen-bound to an oxygen of the perchlorate anion,
both of which make the bound ligands more imidazolate-like
(frozen solution samples yieldedg-values of 2.89, 2.31, and
1.58 for an Fe to 5-MeHIm ratio of∼1:2. but 2.64, 2.30, and
1.80 for a ratio of 1:60, where sufficient excess 5-MeHIm is

(103) Teschner, T.; Paulsen, H.; Schuenemann, V.; Walker, F. A.; Trautwein,
A. X. Unpublished work.

(104) De Vries, S.; Albracht, S. P. J.Biochim. Biophys. Acta1979, 546, 334-
340.

Figure 6. Correlation ofgzzwith dihedral angle of the axial ligand planes,
∆æ. Denotation of the complexes is given in Table 2. Normal rhombic
ferriheme signals have fairly sharp EPR signals withgzz measurable to
(0.01, which is within the size of the square data points, while largegmax

ferriheme centers often have broad signals, which are represented in this
figure as a range ofg-values for complexes13, 14, and15. The correlation
line represents the least-squares slope for the model heme complexes, except
for 4 and7, which are not included in the calculation for reasons discussed
in the text. For the bovinebc1 complex, a range ofg-values have been
reported for each of the cytochromeb hemes,37,38,63and a range of dihedral
angles are also observed.13,14,17-19,21,22,24,25,60Hence the data are represented
as large blocks for16 and17. For chloroplast cytochromeb6 hemes (18,
19), Mössbauer spectra yieldedgzz ) 3.6 for bothbh and bl,41 but it is
possible that the two have somewhat differentg-values, and again, a range
of angles is also found,26-29 as indicated by the blocks shown for each.
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available to act as hydrogen bond acceptors from the bound
5-MeHIm ligands).57 Complex4, paral-[(OMTPP)Fe(1-MeIm)2]+,
has one Fe-N axial ligand bond significantly longer than the
other (2.0155(19) as compared to 1.9747(19) Å) and longer than
for other low-spin iron(III) porphyrinates, with the shorter-
bonded ligand being farther off the heme normal (9.1°) than
the longer-bonded ligand (3.2°).59 The g-values of these two
model ferriheme complexes, as well as the cytochromeb and
b6 g-values, have not been included in the calculation of the
least-squares line because of these structural features.

The correlation is better for the plot ofAzzagainst∆æ shown
in Figure 7, except for the cytochromeb6 data points (18, 19);
the deviation of the latter is mainly a consequence of the
difficulty of fitting the magnetic Mo¨ssbauer spectra of complex
systems consisting of overlapping broad spectra (three in the
cytochromeb6 f case). The fact that bothgzz and Azz are
correlated with the dihedral angle∆æ is not surprising, because
a correlation exists betweenAzz and gzz.73 Thus, it is a bit
surprising that point4 does not fall off the best-fit line of the
plot of Azz vs ∆æ, as it does for the plot ofgzz (and also∆EQ,
discussed below) vs∆æ. In the case of4, it is possible that this
discrepancy might be a result of the choice of the fast-relaxation
limit for analysis of the magnetic Mo¨ssbauer data. This choice
is justified by the fact that we observe a symmetric doublet
with no magnetic splitting at 4.2 K in a field of 20 mT (Figure
5a). Nevertheless, we have also analyzed the 7 T spectra of4
in the slow-relaxation limit, which reducesAzz from 499 to
450 kG. However, within this limit of slow relaxation it was
not possible to find a unique parameter set that also fits the
spectra obtained at 4 T. Therefore, we have reported the fast-
relaxation limit fit for 4 in Table 1 and Figure 7. Although the
slow-relaxation limit value of 450 kG would cause this data
point to be off the correlation line, it would still deviate less
than do data points1 and15. Despite the deviations, utilizing
the correlations between∆æ and gzz or Azz, we have a new
method for obtaining structural information. By using Figures
6 and 7, unknown dihedral angles of ferriheme axial ligands

may be roughly estimated by measuringgzzby EPR spectroscopy
and/or (preferably)Azz by Mössbauer spectroscopy.

A linear correlation between∆EQ and ∆æ is less obvious
(Figure 8), although in general Type I47 complexes with∆æ g
70° show∆EQ less than or approximately equal to 2.1 mm/s,
and Type II47 complexes have∆EQ values in the range from
2.2 to as large as 2.8 mm/s. We have checked to see whether
off-axis binding of axial ligands, or small vs large angles
between axial ligands and the N-Fe-N porphyrin axes, may
affect the Mössbauer parameters obtained, but from the data
summarized in Supporting Information Table S2, no dependence
of the parameters on these factors is obvious. The largest
deviations from the plots ofgzz and ∆EQ (there are no large
deviations from the plot ofAzz) vs axial ligand plane dihedral
angle,∆æ, are for4 (paral-[(OMTPP)Fe(1-MeIm)2]+) and 7
(paral-[(TMP)Fe(5-MeHIm)2]+), and while4 does have a large
deviation of one ligand from the heme normal (9.1°), 7 does
not (4.0° and 6.8° for one ligand of each of the two molecules
in the unit cell of7). The largest deviations from the heme
normal (10°, 12°; 10.6°; and 12.2°) are exhibited by8 (NP4-
histamine),14 ([(TPP)Fe(2-MeHIm)2]+, and11 ([(OETPP)Fe-
(4-Me2NPy)2]+), respectively, for which the correlations ofgzz

and∆EQ with ∆æ do not deviate significantly from the least-
squares lines (Figures 6 and 8).

Thus, the Mo¨ssbauer and EPR parameters for bis-imidazole
and bis-pyridine Fe(III) porphyrinates of this study, as well as
those of other (dxy)2(dxz,dyz)3 ground-state systems included in
Table 2 and Figures 6-8, are part of a continuum that appears
to exist for Type I and Type II complexes, except that so far
there are no Mo¨ssbauer data for complexes having axial ligand
plane dihedral angles between 30° and 70°. The recent solution
of three structures of [(OETPP)FeL2]+ complexes, where L)
imidazole, 1-benzylimidazole, and 1-methylimidazole, however,
appears to fill that gap with molecules having ligand plane
dihedral angles ranging from 16.0° to 30.3° to 44.6° to 56.8°
to 57.2° to 59.6° to 88.1°.105 The smallest four dihedral angle
centers give rise to normal rhombic EPR spectra, while the

(105) Yatsunyk, L. A.; Dawson, A.; Carducci, M. D.; Walker, F. A.J. Am.
Chem. Soc., in press.

Figure 7. Correlation ofAzzwith the dihedral angle between the axial ligand
planes,∆æ. In all cases the error in the fitted value ofAzz is 10 kG or less
(Table 1), as represented by the sizes of the square data points. Denotation
of the complexes is given in Table 2. The data points for chloroplast
cytochromeb6 (18, 19) are not included in calculation of the least-squares
line for reasons discussed in the text.

Figure 8. Correlation of∆EQ with dihedral angle of the axial ligand planes.
In all cases the error in the fitted value of∆EQ is (0.02 mm/s (Table 1),
and thus falls within the sizes of the square data points. Denotation of the
complexes is given in Table 2. Data points4, 7, 18, and19are not included
in the calculation of the least-squares line for reasons discussed in the text.
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largest three dihedral angle centers give rise to “largegmax” EPR
spectra.105 From this group of molecular structures, it thus
appears that the transition from normal rhombic to “largegmax”
is sharp and occurs at an axial ligand plane dihedral angle of
57°.105 However, no Mo¨ssbauer spectra have yet been obtained
on these new crystalline forms to allow us to evaluate trends in
Azz and∆EQ.

From the present study, we can reach conclusions about the
extremes in axial ligand plane dihedral angles, from 0° to 30°
and 70° to 90°. The perp-[(OMTPP)Fe(1-MeIm)2]Cl (∆æ )
90°) has a value ofAzz that is among the largest reported thus
far for bis-histidine-coordinated heme centers73 and similar to
those of cytochromeb6 of chloroplasts,41 hemec of Thiobacillus
denitrificanscytochromecd1 nitrite reductase,68 and low-spin
heme c(1) of DesulfoVibrio desulfuricanshexaheme nitrite
reductase70 (926, 910, and 926 kG, respectively).paral-[(TMP)-
Fe(5-MeHIm)2]ClO4, paral-[(OMTPP)Fe(1-MeIm)2]Cl, and
[(TMP)Fe(1-MeIm)2]ClO4 have values ofAzz that are typical
of complexes known to have axial ligands in strictly or at least
nearly parallel planes, including [(OEP)Fe(4-Me2NPy)2]ClO4,56

[(OEP)Fe(1-MeIm)2]ClO4,72 [(((OMe)2)4TPP)Fe(1-MeIm)2]+,73

and [(((OMe)2)4TPP)Fe(4-NMe2Py)2]+ 73 among model hemes
(446, 550, 530, and 500 kG, respectively, all of which represent
best fits to frozen solution57Fe-labeled samples which probably
consisted of distributions of “parallel” ligand planes) and low-
spin hemesc(4) andc(5) of D. desulfuricanshexaheme nitrite
reductase70 (540 and 505 kG, respectively) and nitrophorins 2
and 4 (530 and 540 kG, respectively90)106-109 among heme
proteins. It would be interesting to carry out a magnetic
Mössbauer spectroscopic investigation of mitochondrial Com-
plex III, but because the cytochromebc1 complex contains three
heme centers, all with “largegmax” EPR signals,38 deconvolution
of the three overlapping spectra, likely with similar values of
Azz, would be extremely difficult without using redox poising

of several Mo¨ssbauer samples, as has been done to deconvolute
the EPR signals,38 and even then there would still be spectral
overlap, as was true in the case of the Mo¨ssbauer spectra of
chloroplastb6 f.41

Conclusions

We have shown for the first time that relationships exist
between increasing dihedral angle of the axial ligand planes,
∆æ (from 0° to 90°), and EPR and Mo¨ssbauer spectroscopic
properties.Azzdominates the magnetic splitting of the Mo¨ssbauer
spectra exhibiting “largegmax” EPR signals (Type I complexes).
The values ofgzzandAzz increase with increasing dihedral angle
(Figures 6 and 7), which means that the hyperfine fieldBhf is
greatest for perpendicular ligand plane orientation. In contrast,
the quadrupole splitting behaves oppositely, decreasing with
growing dihedral angle (Figure 8). In general, the “parallel”
complexes show asymmetry parametersη near-2, which means
that the largest-magnitude component of the EFG,Vxx, is much
greater thanVzz, while the “perpendicular” complexes showη
near-1, which means that the magnitudes ofVxx andVzz are
similar. Thus, an increasing dihedral angle of the ligand planes
leads to a smaller distortion of the charge density at the iron
center.
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(106) The crystal structure of nitrophorin 4 (NP4), bound to the imidazole
nitrogens of histidine-59 and exogenous histamine (Hm), has been solved
and shown to have an imidazole plane dihedral angle of 32°.107 Likewise,
detailed1H and13C NMR investigations have shown that the imidazole
plane dihedral angle for the histamine complex of NP2 is 22-24°.108,109
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