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Heme proteins carry out a phenomenal range of biological processes with a common prosthetic
group and a relatively small variety of axial ligands. In this paper, we report the effects on the
molecular and electronic structure when the imidazole ligand is deprotonated in five-coordinate
iron(II) [Fe(Por)(2-MeHIm)] derivatives. 1 Although imidazole- and imidazolate-ligated iron
(II) porphyrinates both exhibit an S = 2 (quintet) state, the coordination group geometries are
distinctly different with axial and equatorial bond distance differences and large changes in
the displacement of iron from the porphyrin plane. The Mössbauer spectra obtained in strong
magnetic fields clearly indicate a difference between the two classes in the d orbital that is
doubly occupied. This change in the d-electron configuration is clearly consistent with all
observed differing features and may provide control of reactivity for different classes of heme
proteins.

We have recently reported the synthesis, molecular and electronic structure characterization
of several five-coordinate imidazole-ligated iron(II) porphyrinates.2-4 The structural features
showed a strong consistency. The displacement of the iron atom from the four nitrogen atom
plane is effectively constant at 0.36 Å, although there is a range of core doming due to core
conformation change.5 The axial and equatorial Fe-N bond distances of six derivatives vary
over a very narrow range. Moreover, the Mössbauer spectra of nine different derivatives in
small and strong applied magnetic field were found to have quadrupole splittings that are
strongly temperature dependent and with a negative value of the quadrupole splitting. Values
of the quadrupole splitting at 4.2 K ranged from -1.93 to -2.44 44 mm/s.

We have now prepared and characterized two new fivecoordinate iron(II) complexes in which
the axial ligand is 2-methylimidazolate, i.e., the deprotonated ligand. Deprotonation leads to
a series of remarkable differences in properties of the new derivatives compared to the neutral
imidazole complexes. The structure of the anion in [K(222)][Fe(OEP)(2-MeIm-)] is shown in
Figure 1. An illustration of the full molecule is given in Figure S1. The structure of [K(222)]
[Fe(TPP)(2-MeIm-)] has also been determined (Figure S2). The metrical features of the
imidazole-vs. the imidazolate-ligated complexes are compared in Figure 2.6

Some structural differences shown in Figure 2 are expected and readily accounted for. First,
the differences in the bond angles and distances in the five-membered rings are as expected
for increased bond delocalization for the imidazolate ring. Thus, bond distances and angles
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involving the two nitrogen atoms are similar in imidazolate and different in imidazole. Second,
the imidazolate ligand is known7 to be a stronger field ligand than imidazole and is also
expected to be a better s donor; that these effects lead to an ∼0.09 Å axial Fe-N bond distance
shortening, favoring imidazolate, is sensible. The reasons for the differences in the iron
equatorial parameters are less obvious. Why should the displacement of iron(II) be much larger
(0.20 Å) when imidazolate is the axial ligand than when imidazole is the axial ligand since the
iron has a high-spin state in both? Concomitantly, why should the equatorial Fe-NP distances
be almost 0.04 Å longer in the imidazolate system? Otherwise put, why does the size of the
high-spin iron(II) ion appear to be larger in the imidazolate complexes?

An analysis of electronic structure in the two systems by the application of Mössbauer
spectroscopy, especially in strong magnetic fields, furnishes the answers. The isomer shift for
the imidazolate complexes is very large, about 1.00 mm/s at 4.2 K, consistent with a high-spin
iron(II) state, and similar to that observed for the imidazole complexes. The two imidazolate
complexes both display a quadrupole doublet with a modest temperature dependence over the
range of 4.2 to 298 K (about 15% change), whereas the temperature variation observed for the
imidazole complexes is much larger (up to ∼55% change).

The magnitude of the quadrupole splitting value is substantially larger for the imidazolates at
3.60-3.71 mm/s (4.2 K). Most telling, the experimentally determined sign of the quadrupole
splitting for the imidazolates is positive, not negative as seen for the imidazoles2 and strongly
implying that the d electron configuration has changed upon deprotonation of imidazole. An
illustration of the fit to the high field (9T) spectrum for [Fe(OEP)(2-MeIm-)] is given in Figure
3; information on all fits are found in the SI. In addition to the positive sign of the quadrupole
splitting, a positive value of the zero field splitting constant, and significant rhombicity were
seen to be needed for good fits to the data.

As outlined earlier,2 the negative sign for the quadrupole splitting value led to the conclusion
that the doubly occupied d orbital for the imidazole complexes is a dπ orbital, i.e., the doubly
occupied orbital is perpendicular to the heme plane.8 Following the discussion of Debrunner,
11 a large positive quadrupole splitting with a small asymmetry parameter for the imidazolate
derivatives is consistent only with the doubly occupied d orbital being in the heme plane, i.e.,
the orbital must be either dxy or dx2-y2.11

The dxz and dyz orbitals, on the other hand, have an EFG with a negative component Vzz along
the heme normal. So if the doublyoccupied d orbital is, (due to low-symmetry ligand fields) a
mixture of the dxz, dyz, and dxy orbitals, the sign of QS can be negative, and ? can be relatively
large. In this model, when the QS is negative, the largest component of the EFG will no longer
lie near the heme normal. Indeed, single crystal Mössbauer data have shown that for
deoxymyoglobin, Vzz is negative and far from the heme normal, within 22° of the heme plane.
12 Why the QS has a consistently smaller magnitude when it is negative does not follow
immediately from the mixed nature of the ground state. Possible causes of the smaller QS
include greater p donation into one of the two remaining singly-occupied hybrid orbitals, and
a greater ligand contribution to the EFG with a negative Vzz.

For the imidazolates, with more dxy character, spin-orbit coupling will mix in dx2-y2 character
more strongly into the doubly occupied orbital than for the imidazoles. The electrostatic
repulsion of the in-plane orbital by the negative charge of the pyrrole nitrogens is thus expected
to increase the magnitude of the iron atom displacement from the porphyrin plane with a
concomitant increase in the value of the Fe-Np bond distances in comparison to the imidazole-
ligated systems.
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The (dxy)2(dxz)1(dyz)1(dz2)1(dx2-y2)1 ground state has also been assigned for [Fe(TPP)
(OPh)]-13 and Na(222)[Fe(OAc)(TpivPP)].14 Indeed, we believe that the
(dxy)2(dxz)1(dyz)1(dz2)1(dx2-y

2)1 state is the usual one for high-spin iron(II) porphyrinates; the
“unusually large” quadrupole split doublet signal from high-spin iron(II) should be regarded
as normal.15 We believe that it is the lowsymmetry mixed-d-orbital configuration with a QS
that is smaller and negative, as found for deoxymyoglobin, deoxyhemoglobin and the
imidazole-ligated iron(II) porphyrinates that is the unusual electronic state for high-spin iron
(II) porphyrinates. It seems likely that this electronic state is important for the biological
function of these heme proteins, which is to reversibly bind the diatomic molecule O2. A doubly
occupied state with a strong admixture of a dπ orbital may facilitate the spin-forbidden binding
of the dioxygen molecule. Reversibility may be facilitated if the axial ligation and/or ligand
binding pocket state allow the subsequent oxy derivative to return to this (dπ)2 electron
configuration upon release of O2. This might explain the differences between the oxygen
binding of myoglobin and reduced HRP.16 Clearly this relates to the question of how hydrogen
bonding to the N-H group of a coordinated imidazole of a high-spin iron(II) porphyrinate might
affect the electronic structure, a point that is under active investigation in these laboratories.
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Figure 1.
ORTEP diagram of [K(222)][Fe(OEP)(2-MeIm−)] illustrating 50% probability ellipsoids. The
atom labeling scheme for the porphyrin core is shown. Only the imidazolate hydrogen atoms
are shown.
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Figure 2.
Formal diagrams displaying the average coordination group parameters in four imidazole-
ligated [Fe(Por)(L)] complexes (left) and the analogous 2-methylimidazolate species (right).
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Figure 3.
Fit of 9T spectrum for [K(222)][Fe(OEP)(2-MeIm−)]. 15% change), whereas the temperature
variation observed for the imidazole complexes is much larger (up to ∼55% change).
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