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ABSTRACT: A common structural motif in heme proteins is a five-coordinate species in

which the iron is coordinated by a histidyl residue. The widely distributed heme proteins

with this motif are essential for the well being of humans and other organisms. We detail

the di↵erences in molecular structures and physical properties of high-spin iron(II) porphyrin

derivatives ligated by neutral imidazole, hydrogen bonded imidazole, and imidazolate or other

anions. Two distinct (high spin) electronic states are observed that have di↵ering d-orbital oc-

cupancies and discernibly di↵erent five-coordinate square-pyramidal coordination groups. The

doubly occupied orbital in the imidazole species is a low symmetry orbital oblique to the heme

plane whereas in the imidazolate species the doubly occupied orbital is a high symmetry orbital

in the heme plane, i.e., the primary doubly-occupied d-orbital is di↵erent. Methods that can

be used to classify a particular complex into one or the other state includes X-ray structure

determinations, high-field Mössbauer spectroscopy, vibrational spectroscopy, magnetic circular

dichroism, and even-spin EPR spectroscopy. The possible functional significance of the ground

state di↵erences has not been established for heme proteins, but is likely found in the pathways

for oxygen transport vs. oxygen utilization.
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I. INTRODUCTION

Heme proteins carry out a wide range of physiological functions using the same prosthetic

group, iron protoporphyrin IX; a large number of these hemoproteins are important for human

health. A common structural motif is the coordination of a single axial histidine, usually called

the proximal ligand, to form high-spin five-coordinate species. Functions carried out by heme

proteins with this structural motif include oxygen transport and storage, oxygen utilization

and oxidations in the peroxidases, dioxygenases, cyclooxygenases, and heme catabolism (heme

oxygenase), NO reductases, NO signaling, and NO transport, to name some important systems.

Control of the heme environment is one path to accomplishing this variety of functions. Hydro-

gen bonding to the histidine has long been suggested as an important component1, 2 and weak

hydrogen bonds are found in the crystal structures of the globins but strong hydrogen bonds

in the peroxidases.3, 4

In this Perspective, we describe our characterization of high-spin iron(II) porphyrinates

ligated by imidazole species. Scheme 1 illustrates the framework of three important iron(II)

porphyrinates and Figure 1 shows a schematic of the five-coordinate imidazole complex. Their

complete description requires recognizing two distinct electronic states; these have distinctly

di↵erent orbital symmetries. High-spin iron(II) porphyrinates (S = 2) should, in principle, be

easy to describe. The d6 configuration and square-pyramidal geometry means that the electronic

configuration can be specified by which one of the three d-orbital d
xy

, d
xz

, or d
yz

is the doubly

occupied one.

N

N N

NN

N N

N N

N N

N

Ph

Ph

Ph

O OHO OH

Fe FePh

Fe(TPP) Fe(OEP) Fe(protoporphyrin IX)

Fe

Scheme 1. Diagrams of three important four-coordinate iron(II) porphyrinates.
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Figure 1. Diagram of 2-methylimidazole coordinated to an iron porphyrinate. The two Fe–Np bonds to the
right (closest) to the axial ligand are typically slightly shorter than the other two Fe–Np bonds. Atom types are
labeled: Np, porphyrin nitrogen atoms, Ca, ↵ carbon atoms, Cm, methine carbon atoms, Cb, � carbon atoms.

The preparation of five-coordinate high-spin iron(II) porphyrinates requires appropriate

precursors, the most useful are four-coordinate iron(II) porphyrinates. Since most iron por-

phyrinate systems have the stable oxidation state of 3+, reduction, preferably one that yields

four-coordinate species, is required. Three useful methods are: inner electron transfer,5 zinc

amalgam,6 or ethanethiol reduction.7 We have found the last procedure to be general and most

convenient for preparing four-coordinate species.

II. IMIDAZOLE LIGANDS

The five-coordinate iron(II) porphyrinate, [Fe(TPP)(2-MeHIm)] reported by Collman and Reed,5

was the first synthetic model for the deoxy site of myoglobin and hemoglobin.8 The sterically

demanding 2-methylimidazole inhibits the addition of a sixth ligand and a low-spin state, while

still yielding an unconstrained five-coordinate complex. The X-ray structure was determined

in the laboratory of J.L. Hoard and first results were reported at a National ACS meeting.9

Complete results were never published, but some of the metrical data was published in a

Scheidt/Hoard PNAS article.10 Prof. Hoard also gave one of us (WRS) the complete set of

atomic coordinates and other details. A notable structural feature was the substantial C
4v

doming of the porphyrin core described by the large (0.13 Å) separation between the plane of

the four nitrogen atoms and the 24-atom mean plane. In an idealized C
4v

domed core, the iron
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is displaced above the plane of the four nitrogen atoms with the planes of the eight C
a

carbons,

the four methine carbon atoms and the eight C
b

carbons successively further below (see Figure

1 for atom naming). A common quantitative measure of doming is the perpendicular distance

between the four nitrogen plane and the average plane of all 24 atoms of the porphyrin ring.

The Fe–N
p

bond distances (2.086(8) Å) are longer than those found for the five-coordinate

iron(III) species. The iron(II) center is displaced by 0.42 Å from the N
4

plane; all features are

consistent with the expected large size of high-spin iron(II). These structural features were long

assumed to be typical of high-spin iron(II) coordinated to the porphyrin ligand. In their 1981

review of spin state/stereochemical relationships,11 Scheidt and Reed described all high-spin

iron(II) species as having the (d
xy

)2(d
xz

,d
yz

)2(d
z

2)1(d
x

2
�y

2)1 configuration, consistent with the

large displacement of iron in the five-coordinate species. It is now clear that the configuration

assignment and other assumptions must be more complex; this Perspective traces our path to-

wards a better understanding of high-spin iron(II) hemes, which began with the unanticipated

result below.

In the course of other studies we obtained a second crystalline form of [Fe(TPP)(2-MeHIm)];12

this unexpected new phase intrigued us su�ciently to carry out detailed characterization.13 Dur-

ing the initial X-ray structure determination, it was clear that for this form, unlike the earlier

form, crystallographic disorder of the axial ligand was not required. The structure determina-

tion further revealed that iron(II) porphyrinates display substantial structural pliability with

variations in core conformation, iron atom displacements, porphyrin core hole size, and axial

and equatorial Fe–N bond distances. The almost completely ordered axial imidazole is tilted

o↵-axis because of the bulky 2-methyl substituent. This leads to a small asymmetry in the

equatorial Fe–N
p

distances with the two equatorial bonds closer to the ligand shorter than the

other two. The di↵erent core conformation of the two forms led us to synthesize and character-

ize several additional tetraarylporphyrin derivatives that further demonstrated the structural

diversity;14 the then commonly held view that only domed cores would be observed for high-spin

iron(II) is clearly incorrect.
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We also characterized two octaethylporphyrinato derivatives, [Fe(OEP)(2-MeHIm)] and

[Fe(OEP)(1,2-Me
2

Im)]; only one has a moderately domed core.15 A final derivative, a mod-

ified picket fence porphyrin, [Fe(Piv
2

C
8

)((1-MeIm)], has an unhindered axial imidazole.16 But

the necessary straps and pickets needed to block one face of the porphyrin lead to a severely

constrained and saddled core. Thus, the core conformations are widely variable as seen in

Figure 2, and core-domed species are not dominant. The displacement of the iron center from
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Figure 2. “Shoestring” diagrams illustrating the core conformation and iron displacement for nine known

imidazole-ligated high-spin iron(II) porphyrinates. The mean plane defined by the four porphyrin nitrogens

is the horizontal line and the cyclic porphyrin molecule is displayed in a linear fashion. The perpendicular

displacement of the iron and other atoms of the core are shown from this four nitrogen plane. Bonds from the

iron to the nitrogens are shown and the position of the imidazole ligand with respect to directions defined by the

Fe–Np directions is shown by the vertical line (or lines when the imidazole has two positions).

the N
4

plane rather than the full 24-atom mean plane is the more appropriate measure of the

out-of-plane displacement of iron because the varying core conformations lead to large variance

in the latter.

At this point, a total of nine di↵erent five-coordinate high-spin imidazole-ligated porphyrin

derivatives had been structurally characterized: seven with tetraarylporphyrins and two with
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octaethylporphyrin. The structural parameters for these are found to be very tightly clustered.

A complete listing of individual values can be found in Table 3 of Ref. 15 and we provide only

a summary here. In all values that follow, the number in parentheses following the averaged

value is the estimated standard deviation (esd) calculated on the assumption that all values are

drawn from the same population. The average distance from the iron to the porphyrin nitrogens

(N
p

) is 2.080 (5) Å, and the distance to the axial ligand is 2.147 (16) Å. The displacement of

iron from the N
4

plane cluster around 0.36 (3) Å, whereas the displacement from the 24 atom

plane is larger with more variability at 0.44 (6) Å. A final parameter of interest is the o↵-axis

tilt of the Fe–N(Im) vector from the normal to the heme plane, which is 7.8 (24)�. The o↵-axis

tilt is the result of the bulky 2-substituent of all imidazoles with variability the result of core

conformation di↵erences.

Along with detailed structure determinations, we sought to fully characterize the elec-

tronic structure of these new derivatives. Many of the spectroscopic probes useful for iron(III)

derivatives are not useful for iron(II). One probe that does provide substantial information is

Mössbauer spectroscopy. We have carried out measurements on many species in high magnetic

field (up to 9T) and over a wide range of temperatures. The quadrupole splitting constants

(�E
q

) range from 1.93 to 2.44 mm/s with isomer shifts of 0.86 to 0.95 mm/s and relatively large

values of the asymmetry parameter ⌘. These values are wholly consistent with earlier high field

measurements of Lang and coworkers17, 18 on deoxymyoglobin and deoxyhemoglobin and on

two small molecule species prepared by Reed and Collman.5 Importantly, the high field spectra

allows the determination of the sign of electric field gradients and the quadrupole splitting con-

stant, which is negative. Equally important, the maximum electric field gradient component is

not along the heme normal, but oblique to it. In other words, the electronic structure is one of

low symmetry.

We have tabulated Mössbauer study values for the high-spin iron(II) porphyrinates in Table

1, that we place at the end of the Perspective. We give for all possible species, the signed value

of the quadrupole splitting, the isomer shift, and the asymmetry parameter, ⌘.
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Although there are modest di↵erences in detail, all �E
q

values show a significant T-depend-

ence with decreasing values as the temperature is increased. This is the result of low-lying

excited states of the same or lower spin multiplicity (within ⇠300 cm�1) above the ground state

for all species, both protein and small molecule. One parameter that did show variation was the

zero field splitting parameter. Although the experimental uncertainties of the determination of

the zero field splitting by Mössbauer spectroscopy are large, it seems certain that the sign can

be either + or � with some range in the values as well. This suggests that the ground state in

all species is not exactly the same, but is sensitive to small variations in structure, including

variation in core conformation and core doming, axial ligand tilting, and axial ligand orientation.

This sensitivity of the crystal field parameters to small structural changes is supported by DFT

calculations which showed that the energy minimized structure and the experimentally observed

structure yield zero field splitting values di↵ering in sign.19 Most of the Mössbauer spectra in

high field show di↵use features including both deoxyMb and -Hb. Sharp spectra were observed

for [Fe(TPP)(2-MeHIm)] and to a lesser extent for [Fe(OEP)(2-MeHIm)] and [Fe(OEP)(1,2-

Me
2

Im)]. Nonetheless, the negative sign of the quadrupole splitting, similar large values of

the asymmetry parameter, ⌘, and isomer shifts do require that the basic features of the low-

symmetry, doubly occupied d orbital are similar in deoxymyoglobin, deoxyhemoglobin, and all

the imidazole-ligated synthetic models.

Two pyrazole-ligated iron(II) derivatives were also characterized, [Fe(TPP)(Hdmpz)] and

[Fe(TpOCH
3

PP)(Hdmpz)].20 The change in the axial nitrogen ligand does not lead to significant

di↵erences in either the molecular or electronic structure compared to the imidazole derivatives

as shown by X-ray and Mössbauer studies.

III. ANIONIC LIGANDS

There are, interestingly enough, several high-spin iron(II) derivatives that are distinctly di↵erent

from the N-ligated species. These are porphyrinates in which the iron(II) is coordinated to an

axial anionic ligand such as a halide or an anionic oxygen ligand.21�29 These species have

coordination group geometries in which all structural features that are expected to be sensitive

8
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to the “size” of the central iron have values consistent with a larger iron(II) center compared

to the imidazole-ligated complexes.

A comparison is shown in Figure 3. The structural and other physical properties of the two

classes are seen to be substantially di↵erent but the origins of the di↵erences between the two

Fe
Fe

Np

Np

N
X

Np

Np

Np

Np

Np

Np

2.147 Å

0.54 Å0.36 Å

N

2.080 Å
2.107 Å

H

Figure 3. Diagrams illustrating the structural di↵erences between high-spin iron porphyrinates coordinated to

imidazole vs. axial anions (right). The number to the left in each diagram is the average Fe–Np distance, the

middle number is the iron displacement from the four nitrogen plane and the top number is the value of the axial

bond distance.

was not originally completely elucidated. A key observation is found in the Mössbauer spectra.

The magnitude of the quadrupole splitting was immediately noted as being extremely large

(>4 mm/s) and comparable to that seen in cytochrome P460 (hydroxylamine oxidase).30 The

�E
q

values are temperature independent indicating a well-isolated ground state. Values of the

isomer shift were seen to be modestly larger than those of the imidazoles.

A key study was by Lang and coworkers25 who carried out high field Mössbauer measure-

ments on the phenoxide derivative, [Fe(TPP)(OC
6

H
5

)]�. This study showed that this class of

high-spin iron(II) derivatives not only had much higher values of the quadrupole splitting, but

the sign was positive with an asymmetry parameter of ⇠0. The sign of �E
q

is only available

from high field measurements. Importantly, as the review by Debrunner31 illustrates, the sign

of �E
q

provides important information about d-orbital occupation. For high-spin d6 iron, only

the doubly occupied d
xy

or d
x

2
�y

2 orbital leads to a positive value, all other d-orbitals lead to

negative values of �E
q

. Thus this positive sign of �E
q

must result from the doubly occupied

9
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orbital being a high symmetry orbital, namely the d
xy

orbital. This analysis was confirmed by

two additional studies.27, 29 The nature of the low-symmetry orbital of the imidazole derivatives

is very di↵erent from that of a doubly occupied d
xy

orbital and will be further discussed shortly.

The di↵erences between the imidazole derivatives and halide or oxygen anionic species sug-

gest that converting imidazole to an anionic imidazolate would lead to new species having

interesting properties. This question was partly answered by a study of Mandon et al.32 who

prepared a picket fence porphyrin derivative with imidazolate as the sole axial ligand. In addi-

tion to a crystal structure, a zero-field Mössbauer study showed a relatively large quadrupole

split doublet of 3.51 mm/s at 77 K. The sign of �E
q

was not defined in this study. In a later

study, Hu et al.33 reported the structures and high-field Mössbauer characterization of two

imidazolate derivatives, [Fe(TPP)(2-MeIm�)]� and [Fe(OEP)(2-MeIm�)]�, the values of �E
q

were +3.60 and +3.71 mm/s, respectively, with a modest temperature-dependent change in

the quadrupole splitting. The structures of the five-coordinate imidazolate species were quite

di↵erent from that of the imidazoles. The Fe–N
p

bond distances and iron atom displacement

are significantly larger in the imidazolate species while the axial bond is substantially shorter.

A comparison of the coordination group geometries of imidazoles vs. imidazolates is given in

Figure 4. Thus the removal of the N–H proton of imidazole leads to dramatic change in both

the molecular and electronic structure of the five-coordinate high-spin iron(II) complex.

IV. DISTINGUISHING THE TWO STATES

The large structural di↵erences between the imidazole and imidazolate shown in Figure 4 should

be readily observed in the vibrational spectra. Nuclear resonance vibrational spectroscopy34

measurements have been carried out for both imidazole35 and imidazolate36 species. Oriented

crystal spectra for [Fe(TPP)(2-MeHIm)] and [Fe(OEP)(2-MeHIm)] could be measured in two

orthogonal directions, but only in-plane spectra could be measured for the corresponding im-

idazolates. However, this provides su�cient information to allow for a confident assessment

of the vibrational di↵erences. As expected, the in-plane motions of iron are shifted to lower

frequency in the imidazolate derivatives. A single out-of-plane mode with simultaneous iron

10
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Figure 4. Diagram illustrating the di↵erences in the coordination group structure and the five-membered ring

geometry between imidazole and imidazolate species. The number to the left in each diagram is the average

Fe–Np distance, the middle number is the iron displacement from the four nitrogen plane and the top number is

the value of the axial bond distance. Distances and angles for the ligand ring are also displayed.

and imidazole(ate) motion is found in the two sets of complexes. The imidazolate derivatives

display higher frequencies than the analogous imidazoles consistent with the shorter axial bond.

Thus the general pattern of vibrations of the imidazoles and imidazolates are very similar, but

with substantial di↵erences in the frequencies that accurately reflect bond distance di↵erences.

To summarize, both the Mössbauer spectra and the molecular structures clearly show that

the anionic species including the imidazolates have a high symmetry doubly occupied orbital

(d
xy

) whereas the imidazoles have a low symmetry doubly occupied orbital. Can these two

states of high-spin iron(II) be distinguished in other ways? We describe other methods that

have been successfully used in the following sections.

We explored the application of even-spin electron paramagnetic resonance (EPR), variable

magnetic field and variable temperature magnetic circular dichroism spectroscopy (MCD) and

DFT calculations to distinguish the two classes.19 Although the imidazole and imidazolate

derivatives both show g-values at ⇠9, the di↵erences in the even spin EPR are consistent with

large di↵erences in the value of D and probably the sign of D. There are also di↵erences in the

T-dependent spectra (2–30K) that clearly show that the two systems have di↵erent electronic

states. See Ref 19 for further details.
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Magnetic circular dichroism (MCD) spectra have also been found to be useful. The MCD

distinctions for the two electronic structures are found in substantial di↵erences in the absolute

molarC-term intensities that should allow for clear distinctions to be made and has, in addition,

the advantage of requiring small amounts of material.

DFT calculations have been used to obtain fully optimized structures for both [Fe(TPP)(2-

MeHIm)] and [Fe(TPP)(2-MeIm�)]� using BP86/TZVP without any simplifications. Good

agreement between the experimental and predicted molecular structures was obtained with

excellent predictions for the di↵erences in the values of Fe–N
p

, Fe–N(Im), and the iron �N
4

out-of-plane displacement.

The key test of DFT is the correct prediction of the physical parameters that distinguish

the two electronic states, in particular, the sign of �E
q

and the asymmetry parameter, ⌘.

Calculations using the optimized structures of [Fe(TPP)(2-MeHIm)] and [Fe(TPP)(2-MeIm�)]�

with either BP86/TZVP or BP86/TZVP + CP(PPP) predict the correct signs of �E
q

and the

qualitative values of ⌘. Interestingly, using the experimental structural values rather than the

optimized structures (although the di↵erences are small) also improved the agreement of ⌘ and

now gave the correct signs for the zero field splitting constants D. The latter suggests that

small di↵erences in structures are especially significant for the calculation of the excited state

energies. However, the importance of the choice of functionals for DFT predictions is shown by

calculations with B3LYP/TZVP (with CP(PPP) on iron). These calculation failed to predict

the di↵ering signs of �E
q

for the two states.

These BP86 calculations have also provided insight into the nature of the two electronic

states. Given the strong accord of the DFT results with the Mössbauer results, we believe

that the two methods combined represent the best description available.19 For the imidazole

complexes, the highest doubly occupied MO is based on a doubly occupied d
xz

orbital in the

plane of the imidazole. This MO is strongly mixed with a porphyrin E
(g)

orbital with the final

MO having 65% d
xz

character. The Mössbauer results, from the determination of the electric

field gradient (EFG), requires that this orbital to be oblique to the heme plane. This is possible

12
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because the MO is not a pure d
xz

orbital. The energy of the singly occupied d
yz

orbital is

about 2200 cm�1 above d
xz

, with the d
xy

orbital higher still. A qualitative diagram showing

the d-orbital energy ordering is given on the left-hand side of Figure 5.

dx2-y2

dz2

dxy

dxz

dyz

dx2-y2

dz2

dxy

dxz

dyz

5-coordinated square pyramidal
Class N: Crystal f ield : Nax < or = Np

5-coordinated square pyramidal
Class A: Crystal f ield : Nax > NpFigure 5. Diagram illustrating the approximate d-orbital energies for the two distinct states of high-spin iron(II)

hemes. The diagram on the left-hand side is that for imidazole derivatives, whereas that on the right is for the

imidazolates and other anions. Note that the doubly occupied orbital for both, but especially that for the

imidazoles, is not a pure d-orbital but has significant porphyrin orbital character.

For the imidazolate species, the doubly occupied MO has as its principal component the

d
xy

orbital, which is parallel to and in the porphyrin plane. The population of this orbital is

consistent with the larger displacement of iron out-of-plane in the anionic species, along with

the longer Fe–N
p

bond distance compared to the imidazole derivatives. The ⇡-donation of the

imidazolate pushes up the energy of the singly occupied d
yz

orbital and both it and the d
xz

are much higher in energy than the d
xy

. A qualitative d-orbital energy ordering is given on

the right-hand side of Figure 5. Figure 6 provides DFT-calculated frontier orbitals for the two

distinct systems.

V. HYDROGEN BONDING EFFECTS

Although there have been many Mössbauer studies of globins (hemoglobin and myoglobin),

to our knowledge there is only a single study of a peroxidase (horseradish peroxidase, HRP),

which in the reduced iron(II) state is five-coordinate with a histidyl axial ligand. The study of

Champion et al.37 found the isomer shift to be 0.90 mm/s and the quadrupole splitting constant
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[Fe(TPP)(2-MeHIm)]  [Fe(TPP)(2-MeIm)―]― 

Figure 6. Frontier �-MO diagrams for [Fe(TPP)(2-MeHIm)] (left) and [Fe(TPP)(2-MeIm�)]� (right) calculated
with BP86/TZVP. The coordinate system has x and y located in the porphyrin plane, and z orthogonal to the
porphyrin ring in the direction of the axial ligand. E(g) refers to the LUMO of the porphyrin (the index g is put
in brackets because of the low symmetry of the porphyrin core). The nomenclature a b indicates that orbital a
interacts with b and that a has a larger contribution to the resulting MO. Reprinted with permission from J.

Am. Chem. Soc. 2010, 132, 3737. Copyright 2010 American Chemical Society.

2.70 mm/s but that the sign is opposite to that of the globins (i.e. positive). It has long been

postulated the histidine residue in HRP is strongly hydrogen bonded to a conserved aspartic

acid that stabilizes higher oxidation states of iron and distinctly alters the chemical behavior

of the peroxidases relative to the globins. The limit of a strong hydrogen bond would be the

complete transfer of the hydrogen from histidine (or an imidazole). The crystal structures

of heme proteins show that the appearance of a hydrogen bond to coordinated histidine is

widespread. What is the e↵ect of a coordinated, hydrogen-bonded imidazole on the electronic

structure?

Several studies have shown that hydrogen bonding to imidazole increased the binding con-

stant to form six-coordinate iron(III) complexes.38�40 The hydrogen bond acceptors included

imidazole itself, 1,10-phenanthroline, and substituted pyridines. A more recent study demon-

strated that hydrogen bonding to a coordinated chloride in iron(III) porphyrinates could lead
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to a spin state change.41 In our first study of hydrogen bonding e↵ects in iron(II) porphyri-

nates, we obtained crystals that X-ray analysis showed contains two molecules of [Fe(TPP)(2-

MeHIm)] and one additional molecule of 2-MeHIm.42 The crystallization experiment was done

in chlorobenzene with excess 2-MeHIm and 2,4,6-collidine. Interestingly, we obtained crystals

of this same two-site species in the presence of several other hydrogen bond acceptors includ-

ing 2-methylpyridine, triethylamine, and 2,20-bipyridine whereas no crystalline products were

isolated with DBU and proton sponge. The two molecules of [Fe(TPP)(2-MeHIm)] were found

to have substantially di↵erent structures: site 1 looked very much like other imidazole deriva-

tives whereas site 2 looked “imidazolate-like.” The “imidazolate-like” site is strongly hydrogen

bonded to the solvate 2-methylimidazole with an N· · ·N distance 2.824 Å. The structural pa-

rameters of this site are shown in the middle of Figure 7. The N–H of the coordinated imidazole

was located in both X-ray and neutron di↵raction studies and the 2-MeIm�/2-MeH
2

Im+ case

could be ruled out as the N–H distances is not perturbed substantially.42 Mössbauer studies

were attempted to define the e↵ects of the hydrogen bonded and coordinated imidazole on the

electronic structure. Measurements in zero field revealed a pair of quadrupole doublets with one

doublet having quadrupole splitting values (2.40 mm/s, 4.2 K) consistent with values expected

for imidazole derivatives and a second set of quadrupole splitting values (2.90 mm/s 4.2 K)

close to, but somewhat smaller, than those seen for imidazolate. The value is very similar to

that observed reduced HRP (2.70 mm/s, 4.2 K) with its known hydrogen-bonded histidine.37

Defining the sign of the quadrupole splitting of the two components requires the measure-

ment in applied high magnetic field with attendant di�culties in deconvoluting the spectra.

Simultaneous fits of 6 and 9 T measurements at various temperatures could lead to fits with a

positive sign for the larger quadrupole doublet and a negative sign for the smaller quadrupole

split doublet, i.e., imidazolate and imidazole value types. Although the fit was quite plausible,

it is likely not the only possible fit to the data.

We also obtained several hydrogen-bonded species with 1,10-phenanthroline as the hydrogen

bond acceptor.43 In all crystalline species the porphyrin to 1,10-phen ratio is 1:1 and the two
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Figure 7. Diagrams illustrating the structural parameters of four possible groups of five-coordinate high-spin

iron(II) porphyrinates. The number to the left in each diagram is the average Fe–Np distance, the middle number

is the iron displacement from the four nitrogen plane and the top number is the value of the axial bond distance.

nitrogen atoms of the phenanthroline form two not quite equal hydrogen bonds. A total of five

examples have been found in three di↵erent crystalline forms with the short N· · ·N distance

range of 2.95 to 3.00 Å and the longer N· · ·N distance of 3.03 to 3.11 Å. Thus all structures are

nearly equivalent. Mössbauer studies for both [Fe(TPP)(2-MeHim)]·1,10-phen and [Fe(OEP)(2-

MeHIm)]·1,10-phen have negative quadrupole splitting constants similar to imidazoles.

There is an interesting progression of coordination group geometry parameters as shown

in Figure 7 that displays from left to right imidazole ligation, small hydrogen bonding e↵ects,

large hydrogen bonding e↵ects, and complete deprotonation. Two parameters (Fe–N
p

bond

distances and iron displacement, �N
4

) increase in the series of four types from left to right,

wheres the Fe–N
Ax

bond distance decreases. These must reflect the combined influences of

the “size” of the iron(II) center and changes in the bonding with di↵ering interactions at the

N–H of the coordinated imidazole. However, the e↵ects of hydrogen bonding on the electronic

structure are somewhat di�cult to predict with a relatively large gradation of possible e↵ects

from hydrogen bonding.

The thiolate-bound porphyrinate and hemoproteins appear to form a third group of high-

spin iron derivatives as can be seen from the Mössbauer data. Since our main thrust in this

work has been to understand the varying nature of imidazole-ligated hemes, we will not discuss
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that system further.

VI. CONCLUSIONS and OUTLOOK

There are clearly two distinct electronic states for high-spin iron porphyrinates that can be

distinguished by structural di↵erences and by physical methods, most prominently by the dif-

ferences in the sign of the quadrupole splitting constant determined by Mössbauer spectroscopy.

The end states are characterized by coordination of neutral imidazole or by imidazolate or

other anions. There is a progression of modest changes in the molecular structure of the five-

coordinate imidazole-ligated complexes as the the environment of the imidazole N–H is changed;

the e↵ects of hydrogen bonding can be seen. It is not completely clear where on this progres-

sion the electronic structure change would occur. The dichotomy of states has not been as

well established in the hemes of the heme proteins. The possible biological functional signifi-

cance for this di↵erence has not been definitively established. The most likely scenario is that

this distinction is reflected in the pathways for oxygen transport vs. oxygen utilization by the

hemoproteins.
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2

Im, 1,2-

dimethylimidazole; Hdmpz, 3,5-dimethylpyrazole.
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Table 1. Mössbauer Parameters for Five-Coordinate, High-Spin

Iron(II) porphyrinates and proteins at 4.2 K

Complex �E
Q

a �
Fe

a ⌘ ref.

[Fe(TPP)(2-MeHIm)(2-fold) �2.28 0.93 0.8 18

[Fe(TPP)(1,2-Me
2

Im)] �2.16 0.92 0.7 18

[Fe(TPP)(2-MeHIm)] �2.40 0.92 0.8 13

[Fe(TpOCH
3

PP)(1,2-Me
2

Im)] �2.44 0.95 0.6 14

[Fe(TpOCH
3

PP)(2-MeHIm)] �2.18 0.94 0.58 14

[Fe(TPP)(1,2-Me
2

Im)] �1.93 0.92 0.53 14

[Fe(TTP)(1,2-Me
2

Im)] �2.06 0.86 0.58 14

[Fe(OEP)(1,2-Me
2

Im)] �2.23 0.92 0.50 15

[Fe(OEP)(2-MeHIm)] �1.96 0.90 0.48 15

[Fe((Piv
2

C
8

P)(1-MeIm)] �2.3b 0.88 – 16

[Fe(TPP)(Hdmpz)] �2.54 0.91 0.74 20

[Fe(TPP)(2-MeHIm)]
2

·(2-MeHIm) (site 1)c �2.40 0.92 0.90 42

[Fe(TPP)(2-MeHIm)]
2

·(2-MeHIm) (site 2)d +2.94 0.97 0.71 42

[Fe(TPP)(2-MeHIm)]·(1,10-phen) �2.12b,e 0.90 43

[Fe(OEP)(2-MeHIm)]·(1,10-phen) �1.93 0.94 0.76 43

[Fe(OEP)(2-MeIm�)] +3.71 1.00 0.22 33

[Fe(TPP)(2-MeIm�)] +3.60 1.00 0.02 33

[Fe(T
piv

PP)(2-MeIm)]� +3.51f,g 0.97 32

[Fe(TPP)(OC
6

H
5

)]� +4.01 1.03 0.25 25

[Fe(T
piv

PP)(O
2

CCH
3

)]� +4.25 1.05 0.30 27

[Fe(T
piv

PP)Cl]� +4.36f,g 1.01 26

[Fe(T
piv

PP)(OCH
3

)]� +3.67f 1.03 28

[Fe(T
piv

P)(OC
6

H
5

)]� +3.90f 1.06 28

[Fe(T
piv

PP)ONO
2

]� +3.59f,g 0.98 29

[Fe(T
piv

P)(SC
6

HF
4

)][NaC
12

H
24

O
6

] +2.38f 0.84 27

[Fe(T
piv

PP)(SC
6

HF
4

)][Na⇢222] +2.38f 0.83 26

[Fe(T
piv

PP)(SC
2

H
5

)]� +2.18 0.83 0.80 27

deoxyHb �2.40 0.92 0.7 18

deoxyMb �2.22 0.92 0.7 18

Reduced HRP +2.70 0.90 37

P-460 +4.21 0.96 30

cyt P-450 +2.42 0.82 0.8 44

CPO +2.50 0.85 1.0 37
a mm/s. b Sign not determined experimentally, presumed negative.
c No hydrogen bond. d Hydrogen bond to 2-MeHIm solvate. e 20K.
f Sign not determined experimentally, presumed positive. g 77K.

20

Page 20 of 25Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



References and Notes

1 J. Peisach, W. E. Blumberg and A. Adler, Ann. N.Y. Acad. Sci., 1973, 206, 310–327.

2 J. S. Valentine, R. P. Sheridan, L. C. Allen and P. C. Kahn, Proc. Nat. Acad Sci., 1979,

76, 1009–1013.

3 G. I. Berglund, G. H. Carlsson, A. T. Smith, H. Szöke, A. Henriksen and J. Hajdu, Nature,
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Are they alike? Why not?

N

N

H

N

N

Fe Fe

N

N

H

FeVS VS

hydrogen bonds

High spin iron(II) porphyrinates ligated by imidazole, hydrogen-bonded imidazole, and imida-
zolate are found to display two distinct electronic structures.
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