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ABSTRACT: We have reported here the synthesis, structure,
and properties of low-spin bis-imidazole-coordinated Fe(III)
and Fe( I I ) comp l e x e s o f 5 , 10 , 15 , 20 - t e t r a k i s -
(pentafluorophenyl)-2,3,7,8,12,13,17,18-octachloroporphyrin,
[FeIII(TFPPCl8)(L)2]ClO4 and FeII(TFPPCl8)(L)2 (L = 1-
methylimidazole, 4-methylimidazole, imidazole). The X-ray
structure of FeII(TFPPCl8)(1-MeIm)2 is reported here, which
demonstrated the near-perpendicular axial ligand orientation
(dihedral angle between two 1-methylimidazoles is 80.7°) for
Fe(II) porphyrins in a highly saddle-distorted macrocyclic
environment. Oxidation of FeII(TFPPCl8)(L)2 using thianthrenium perchlorate produces [FeIII(TFPPCl8)(L)2]ClO4, which was
also isolated in the solid state and characterized spectroscopically. The complex gives rhombic EPR spectra in both solid and
solution phases at 77 K and thus represents a rare example of nearly parallel axial ligand orientations for the unhindered
imidazoles in a saddle-distorted porphyrin macrocycle. Geometry optimization using DFT also converged to the parallel axial
alignment when 1-methylimidazole was used as the axial ligand (the dihedral angle between two axial ligands is 8.6°). The
potential energy surface (PES) scan results also show that the relatively parallel axial orientations are energetically preferred for
Fe(III), while perpendicular orientations are preferred for the Fe(II) complexes reported here. Bulk oxidation of
FeII(TFPPCl8)(L)2 in dichloromethane at a constant potential under nitrogen converts it to [FeIII(TFPPCl8)(L)2]ClO4,
which gives identical EPR spectra at 77 K and which upon reduction regenerates FeII(TFPPCl8)(L)2 again. Thus, we have
demonstrated here very rare examples of Fe porphyrins in which the relative axial imidazole orientations switch between parallel
and perpendicular just upon changing the oxidation states of iron from +3 to +2, respectively, in a nonplanar porphyrinic
environment. These observations could be immensely important for understanding the possible effects of axial histidine
orientations on similar macrocyclic deformations observed in various heme proteins.

■ INTRODUCTION
Heme-containing electron-transfer proteins are essential to
many biological processes. Bis-histidine coordinated heme
centers are well-known to be involved in electron transfer in a
number of cytochrome-containing systems which shuttle
between iron(II) and iron(III) oxidation states. In addition to
relatively small molecular weight heme proteins,1,2 a number of
cytochrome-containing multiheme proteins with bis-histidine
coordination are also known3−7 which include the cytochrome
b of mitochondrial complexes II,4 III,5 and chloroplasts,6

cytochrome a of mitochondrial complex IV,7e and a number of
multiheme cytochromes c.7a−d,f Crystallographic investigation
of hemoproteins with two imidazole (histidine) axial ligands
showed that a number of hemoproteins have relative parallel
oriented ligands which include cytochromes b5,

1b three of the
heme centers of cytochromes c3,

8a−d
flavocytochrome b2,

8e and
the heme a of cytochrome oxidase.8f In contrast, structural
characterizations of several other hemoproteins such as b
hemes of cytochrome b6 f of chloroplasts

6c,d and one of the c-
type hemes of cytochrome c3

8a−d have been found to have a
relative perpendicular arrangement of two imidazole ligands.

On the basis of EPR and NMR spectroscopic data of the
oxidized (Fe(III)) forms, two axial imidazole planes of many
heme proteins can also be identified oriented either parallel
(such as the b hemes of sulfite oxidase9a) or perpendicular
(such as b hemes of mitochondrial complex III, also known as
cytochrome bc1,

9b−d and the c-type heme of cytochrome c″ of
Methylophilus methylotrophus9e−g). It is believed that the
arrangement of the axial ligands plays an important role in
defining the spectroscopic properties and also the reduction
potentials of these heme centers. For example, at the highest
resolution obtained thus far (2.1 Å),10a the bovine cytochrome
bc1 complex structure has the two b heme centers having axial
histidine (imidazole) plane dihedral angles of 64 and 86°; the
yeast structure, with highest resolution 2.3 Å,5b,d has those
angles as 71 and 84°. The reduction potentials of former (bH)
and latter (bL) heme centers of murine Complex III are +92 ±
14 and −31 ± 12 mV,10b respectively, and for other mammalian
b heme centers, the values are similar. Depending on the
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character of the electronic ground state, the complexes with
parallel and perpendicular orientations of the axial ligands have
different spectroscopic properties. Model systems have been
great aids in correlating the structure of heme centers with their
spectroscopic properties.
The heme cofactor is an aromatic, highly conjugated

macrocycle that adopts a planar conformation when free in
solution. However, evidence from high-resolution crystal
structures and spectroscopic studies has shown that the heme
macrocycle displays a range of distorted nonplanar shapes,
which are presumably caused by proteins.11−17 Importantly,
modes of porphyrin distortion, while energetically unfavor-
able,15 are conserved within hemoproteins, suggesting that such
distortions are likely to be important for protein function. We
have presented earlier a family of five- and six-coordinated high-
spin Fe(III) porphyrins in a distorted macrocyclic environment
which enable us to scrutinize the effects of axial ligand
coordination and macrocycle deformations on metal ion
displacement, as a part of our ongoing research on nonplanar
heme.18,19 It has also been suggested that the displacements of
iron in proteins are the consequences of nonequivalent axial
coordination as well as protein-induced deformation at
heme.19a It would be thus interesting to investigate the axial
ligand orientations on the nonplanar porphyrinic environment
in order to understand the effects of similar distortions
observed in various heme proteins. It is expected that the
axial ligands and their relative orientation can alter the
electronic and magnetic properties as well as the reduction
potentials in various heme proteins.
The influence of interaction of axially coordinated ligands

with an Fe−porphyrin core (planar porphyrin without
substituent) has been studied by quantum chemical calcu-
lations. Density functional theory (DFT) calculations on
Fe(por)(Im)2 and Fe(por)(Im)2

+ (por = porphyrin, Im =
imidazole) showed that there is no difference in the preference
for parallel or orthogonal orientations of imidazoles for both
Fe(II) and Fe(III) complexes, since they almost have identical
energies,20 which is also in agreement with the experimental
data.21,22 However, experimental and theoretical studies on
heme model systems have shown that the orientations of axial
ligands have an influence on porphyrin ring conformations. In
complexes with a parallel orientation of two planar axial ligands,
the porphyrin ring remains planar. On the other hand,in
porphyrin complexes that have two planar axial ligands in a
perpendicular orientation, the porphyrin ring is almost
invariably distorted from planarity.23,24 Previous studies
indicate that the orientation (and hence rotation) of axial
ligands may be closely related to how much the porphyrin ring
can be distorted from planarity.21a,c,25 This suggests that
studying the orientation and rotation of axial ligands in model
hemes can provide information about the shape of the
metalloporphyrin core, which eventually can be correlated to
how much the porphyrin ring may be distorted from planarity
in analogous heme proteins.
Previously, it was demonstrated by us that the parallel axial

orientations are preferred for unhindered imidazoles in a
distorted Fe(III) tetranitrooctaethylporphyrin, while perpen-
dicular axial orientations are preferred for the corresponding
Fe(II) complex.18 It was still unclear what factors have a
dominant influence on such preferential orientation of axial
ligands. Since it was demonstrated that substituents on the
porphyrin ring (propionic groups) have an influence on the
orientation of imidazoles in heme proteins,16b,c one can assume

a similar influence of substituents in iron−porphyrinato
complexes. This has prompted us to investigate further,
whether or not the orientation preference of axial ligand on
oxidation states of iron is also observed for the nonplanar TPP-
type (TPP = tetraphenylporphyrin) porphyrinic systems as
well. An ideal model system would allow the metal oxidation
states to be varied without altering the native heme. Therefore,
a series of bis-imidazole-coordinated Fe(II) and Fe(III)
porphyrins containing highly nonplanar TPP-type ligands
have been synthesized and their axial ligand orientations have
been scrutinized.
The macrocycles can be distorted by introducing sterically

demanding substituents in the porphyrin periphery. This
objective has been achieved successfully by taking the
5,10,15,20-tetrakis(pentafluorophenyl)-2,3,7,8,12,13,17,18-octa-
chloroporphyrin (H2TFPPCl8) macrocycle, in which the
presence of eight electron-withdrawing bulky chloro groups at
the β-positions severely distorts the porphyrin geometry. We
have reported here the parallel and perpendicular orientation
preferences of two unhindered imidazoles as axial ligands while
coordinated to Fe(III) and Fe(II) porphyrins, respectively, in a
nonplanar porphyrinic environment.

■ RESULTS AND DISCUSSION
The free ligand 5,10,15,20-tetrakis(pentafluorophenyl)-
2,3,7,8,12,13,17,18-octachloroporphyrin (H2TFPPCl8) was syn-
thesized by using the literature method.26 Iron was then
inserted into the macrocycle by refluxing the free ligand in
DMF with FeCl2 under nitrogen for nearly 2.5 h followed by
chromatographic separation in silica gel using chloroform as
eluent, which produce FeIII(TFPPCl8)Cl (1) in excellent yields.
The UV−vis spectrum of the complex shows one broad Soret
band at 430 nm and a Q band at 594 nm. The Soret band of the
compound 1 is red-shifted by 14 and 12 nm compared to those
of FeIII(TPP)Cl and FeIII(TFPP)Cl, respectively.27 The bath-
ochromic shift and broadening of the Soret band, as observed
in 1, are due to macrocyclic distortion. The EPR spectral
measurements carried out at 77 K of the sample show similar
spectral features in both the solid and solution phase. The
spectra are axially symmetric with g⊥ = 5.96 and g∥ = 2.01 for
the frozen toluene solution and g⊥ = 5.98 and g∥ = 2.01 for the
powder. These results provide unequivocal evidence for the
high-spin nature of the complex in both solid and solution
phases.
Addition of axial ligand L (L= 1-methylimidazole, 4-

methylimidazole, imidazole) to the benzene solution of 1
results in spontaneous autoreduction to produce air-stable
FeII(TFPPCl8)(L)2 in quantitative yield; Figure 1 shows time
evaluation spectral changes of 1 in the presence of excess 1-
methylimidazole, in which peaks at 430 and 594 nm correspond
to FeIII(TFPPCl8)Cl (1) transformed to peaks at 350, 446, 552,
and 582 nm that are characteristic of FeII(TFPPCl8)(1-MeIm)2
(2). Similar results are also obtained with other imidazoles as
axial ligands.
The autoreduction of iron(III) porphyrins has long been

known,28 and generally, two types of mechanisms have been
reported for such autoreduction. One is base-catalyzed
autoreduction using piperidine, alkoxide, cyanides, etc. in
which the reduction of iron is accompanied by one-electron
oxidation of the substrates.28d,e The electron-transfer step is
facilitated by the deprotonation of coordinated base by free
base. In another mechanism, the iron atom ligated to an
electron-deficient macrocycle has strong Lewis acidity that
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results in autoreduction to Fe(II) porphyrin in the presence of
an axial ligand such as pyridine and imidazoles.28a,c For
example, ferric complexes of dioxoporphodimethene and
tetranitrooctaethylporphyrin, in the presence of pyridine,
autoreduce spontaneously to diamagnetic bis(pyridine)iron(II)
complexes, while the corresponding Fe(III) octaethylporphyr-
ins do not.19e,28c The ease of reduction is likely a result of the
increased Lewis acidity of the iron center due to the large
number of electronegative substituents on the porphyrin
macrocycles. Scheme 1 shows the synthetic outline of the
complexes reported here and their abbreviations.
Crystallographic Characterization of FeII(TFPPCl8)(1-

MeIm)2 (2). Dark red crystals of 2 were grown by slow
diffusion of n-hexanes into tetrahydrofuran solutions of

FeIII(TFPPCl8)Cl containing 1-methylimidazole (1/10) at
room temperature in air. The complex crystallizes in the
tetragonal crystal system with I41/a space group. Perspective
views of the molecule are shown in Figure 2. Selected bond

Figure 1. Time-evolution spectral changes (at 298 K) of
FeIII(TFPPCl8)Cl in benzene (∼10−6 M) in the presence of excess
1-methylimidazole, which produces FeII(TFPPCl8)(1-MeIm)2 (2).
The arrows indicate an increase or decrease of band intensity with
time. Spectra were recorded over the span of 30 min. Isosbestic points
(nm): 363, 431, 465, 536, and 597.

Scheme 1

Figure 2. Two perspective views (A, side view; B, top view) of
FeII(TFPPCl8)(1-MeIm)2 (2) showing 50% thermal contours for all
non-hydrogen atoms at 100 K. Hydrogen atoms have been omitted for
clarity.
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distances and angles are shown in Table 1, while crystal data
and data collection parameters are given in Table 2. As seen

from Table 1, Fe−Np distances are in the narrow range of
1.968−1.996 Å, while the two Fe−Nax distances are 1.999(5)
and 1.997(5) Å. These distances fall within the spread of
literature values observed for low-spin iron(II) porphyrinates
containing two imidazoles as axial ligands.18,19,27,29 Two 1-
methylimidazole axial ligands in 2 make an 80.7° angle with
each other and also form 20.9 and 14.8° dihedral angles
between the plane of the closest Np−Fe−Nax and the axial
ligand plane. The X-ray structure clearly demonstrates nearly
perpendicular axial ligand orientations with unhindered 1-
methylimidazole as an axial ligand in a distorted macrocyclic
environment. A diagram illustrating the molecular packing in
the unit cell is shown in Figure S1 (see the Supporting
Information), which does not show any unusual interactions

between the molecules in the crystal lattice. The porphyrin ring
is highly distorted in the complex and is best appreciated by
turning to Figure 3, where the out-of-plane displacements in

units of 0.01 Å of the porphyrin core atoms are compared. As
can be seen, the ring distortions of the complex can be
described as saddle-type with alternating displacement of the
pyrrole rings below and above the mean porphyrin plane, while
the pyrrole nitrogen and meso carbons are placed near the
plane.
Table 3 describes selected structural parameters of Fe(II)

porphyrins reported here and elsewhere that contain
imidazole/substituted imidazole as an axial ligand. It was
found that, for low-spin Fe(II) centers,18,29 parallel orientations
of axial imidazole ligands are exclusively observed when planar
porphyrins are used. As can be seen, complexes such as
FeII(TPP)(1-VinIm)2, Fe

II(TPP)(1-BzylIm)2, and FeII(TPP)-
(1-MeIm)2 have a nearly planar porphyrin core as well as
unhindered imidazoles as axial ligand and thus stabilize a nearly
parallel orientation of axial ligands. Complexes such as
FeII(TpivPP)(1-MeIm)2, FeII(TpivPP)(1-EtIm)2, and
FeII(TpivPP)(1-VinIm)2 have a nearly perpendicular axial
orientation, even though they all have a nearly planar porphyrin
core and unhindered axial imidazole ligands (TpivPP =
R,R,R,R-tetrakis(o-pivalamidophenyl)porphyrin).29a Here, the
“picket fence” environment provides strong steric interactions
that force the axial ligands to arrange in perpendicular
orientations. For FeII(TMP)(2-MeIm)2, however, a near-
perpendicular ligand orientation results due to bulky 2-
methylimidazole as axial ligand (TMP = tetramesitylporphyr-
in).29c In sharp contrast, FeII(TFPPCl8)(1-MeIm)2 demon-
strates a near-perpendicular axial ligand orientation even with
unhindered imidazoles but in a highly nonplanar TPP-type
macrocyclic environment. As can be seen in Table 3, the
porphyrin ring distorted most (Δ24) in FeII(TFPPCl8)(1-
MeIm)2 (2) while the dihedral angles between the planes of the
closest Np−Fe−Nax and the axial imidazole are also lowest in
FeII(TFPPCl8)(1-MeIm)2, except for “picket fence” porphyri-
nates, where the axial ligands are forced to have certain
arrangements. Earlier, we have also observed nearly perpen-
dicular axial ligand orientations in FeII(tn-OEP)(1-MeIm)2
where a distorted OEP-type macrocycle has been used (tn-
OEP = 5,10,15,20-tetranitrooctaethylporphyrin).18 It would be
interesting to compare with low-spin bis-pyridine-coordinated
Fe(II) porphyrins. For the structurally characterized bis-
pyridine complexes reported so far, parallel orientations of
two unhindered pyridines are exclusively observed for planar
porphyrin while perpendicular orientations are observed for
nonplanar porphyrins.19e,27,30 For example, two axial pyridine
ligands are perpendicularly oriented in FeII(tn-OEP)(L)2 (L =

Table 1. Selected Bond Lengths (Å) and Angles (deg) for
FeII(TFPPCl8)(1-MeIm)2 (2)

Fe−N1 1.984(5) Fe−N4 1.968(5)
Fe−N2 1.996(5) Fe−N5 1.999(5)
Fe−N3 1.976(5) Fe−N7 1.997(5)

N1−Fe−N2 90.4(2) N3−Fe−N5 92.5(2)
N1−Fe−N3 173.9(2) N4−Fe−N5 89.1(2)
N1−Fe−N4 90.24(19) N1−Fe−N7 86.38(19)
N2−Fe−N3 89.91(19) N2−Fe−N7 93.3(2)
N2−Fe−N4 173.3(2) N3−Fe−N7 87.55(19)
N3−Fe−N4 90.19(19) N4−Fe−N7 93.4(2)
N1−Fe−N5 93.6(2) N5−Fe−N7 177.5(2)
N2−Fe−N5 84.2(2)

Table 2. Crystal Data and Data Collection Parameters of
FeII(TFPPCl8)(1-MeIm)2 (2)

formula C52H12Cl8F20FeN8

T, K 100(2)
formula wt 1468.15
cryst syst tetragonal
space group I41/a
a, Å 28.611(4)
b, Å 28.611(4)
c, Å 25.302(6)
α, deg 90
β, deg 90
γ, deg 90
V, Å3 20 713(6)
radiation (λ, Å) Mo Kα (0.710 73)
Z 16
dcalcd, g.cm

−3 1.883
F(000) 11552
cryst size (mm3) 0.18 × 0.14 × 0.10
μ, mm−1 0.827
no. of unique data 11300
no. of restraints 0
no. of params refined 804
GOF on F2 1.011
R1a (I>2σ(I)) 0.0692
R1a (all data) 0.1386
wR2b (all data) 0.1841

aR1 = (∑||Fo| − |Fc||)/∑|Fo|.
bwR2 = ((∑[w(Fo

2 − Fc
2)2])/

(∑[w(Fo
2))2]1/2.

Figure 3. Out-of-plane displacements (in units of 0.01 Å) of the
porphyrin core atoms of FeII(TFPPCl8)(1-MeIm)2 (2) from the least-
squares plane of the C20N4 porphyrinato core.
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pyr id ine , 3 - ch lo ropyr id ine , 4 - cyanopyr id ine) , 1 9 e

FeII{(COOMe)8TPBP}(py)2,
30b and FeII(TFPPBr8)(py)2,

27d

in which the porphyrins are highly nonplanar (TFPPBr8 =
2 ,3 ,7 ,8 ,12 ,13 ,17 ,18-oc tabromo-5 ,10 ,15 ,20- te t rak i s -
(pentafluorophenyl)porphyrin, py = pyridine). These results
clearly demonstrated that the perpendicular orientation of
unhindered axial ligands in Fe(II) porphyrin is due to the
highly nonplanar geometry of the porphyrin, irrespective of its
nature.
To investigate the axial ligand orientation for Fe(III)

porphyrins in detail, imidazole ligated six-coordinated
[FeIII(TFPPCl8)(L)2]

+ has been synthesized by the oxidation
of the corresponding FeII(TFPPCl8)(L)2 complex using
thianthrenium perchlorate as an oxidizing agent. Scheme 2

represents the synthetic outline of bis-imidazole-coordinated
Fe(III) porphyrins reported here along with their abbreviations.
In spite of several attempts, we were unable to get X-ray-quality
crystals of [FeIII(TFPPCl8)(L)2]ClO4 suitable for structure
determination but the electronic and molecular structures have
been determined using various spectroscopic techniques and
DFT investigations.
The EPR spectral measurements have been carried out for

[FeIII(TFPPCl8)(L)2]ClO4 at 77 K which show similar rhombic
type spectral features both in solid and solution; Figure 4 shows
the X-band EPR spectra in dichloromethane. The spectra were
then carefully simulated (a representative simulated spectrum is
shown in Figure S2; see the Supporting Information), which
provided the following g values: g3 = 2.87, g2 = 2.28, and g1 =

Table 3. Selected Geometrical Parameters for FeII(por)(L)2 (L = Imidazoles)a

compd Fe−Np
b Fe−Nax Φc θd Δ24

e ref

FeII(TFPPCl8)(1-MeIm)2 1.981(5) 1.999(5) 20.9 80.7 0.48 this work
1.997(5) 14.8

FeII(tn-OEP)(1-MeIm)2 1.982(2) 2.000(2) 32.2 80.9 0.46 18
2.007(2) 23.8

FeII(tn-OEP)(1-MeIm)2.THF 1.985(3) 1.999(3) 30.0 89.8 0.44 18
2.002(3) 30.3

FeII(TMP)(2-MeIm)2 mol-1 1.964(5) 2.030(3) 41.1 82.4 0.25 29c
2.047(3) 41.4

FeII(TMP)(2-MeIm)2 mol-2 1.961(7) 2.032(3) 44.8 84.4 0.25 29c
2.028(3) 37.9

FeII(TPP)(4-MeIm)2 1.9952(8) 2.0154(8) 0.7 0 nearly planar 29b
FeII(TPP)(1-VinIm)2 2.001(2) 2.004(2) 14 0 nearly planar 29d
FeII(TPP)(1-BzylIm)2 1.993(9) 2.017(4) 26 0 nearly planar 29d
FeII(TPP)(1-MeIm)2 1.997(6) 2.014(5) 15 0 nearly planar 29c
FeII(TpivPP)(1-MeIm)2 1.992(3) 1.9958(19) 8.5 77.2 nearly planar 29a

1.9921(18) 21.1
FeII(TpivPP)(1-EtIm)2 1.993(6) 2.0244(18) 6.6 62.4 nearly planar 29a

1.9940(19) 20.7
FeII(TpivPP)(1-VinIm)2 1.988(5) 1.9979(19) 11.2 78.5 nearly planar 29a

1.9866(18) 24.5
aAbbreviations: 1-VinIm, 1-vinylimidazole; 1-BzylIm, 1-benzylimidazole; 1-MeIm, 1-methylimidazole; 2-MeIm, 2-methylimidazole; 4-MeIm, 4-
methylimidazole; 5-MeIm, 5-methylimidazole; 1,2-Me2Im, 1,2-dimethylimidazole

bAverage value in Å. cDihedral angle (deg) between the plane of
the closest Np−Fe−Nax and the axial ligand plane. dDihedral angle (deg) between two axial ligands. eAverage displacement of atoms in Å from the
least-squares plane of the C20N4 pophyrinato core.

Scheme 2
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1.56 (∑g2=15.87) for 5; g3 = 2.85, g2 = 2.28, and g1 = 1.59
(∑g2 = 15.85) for 6; g3 = 2.88, g2 = 2.30, and g1 = 1.57 (∑g2 =
16.04) for 7. Such a smaller spread of g values has also been
observed in various low-spin ferrihemes in CH2Cl2/CHCl3
such as [FeIII(OMTPP)(Im)2]ClO4 (g3 = 2.84, g2 = 2.31, and g1
= 1.58),31a [FeIII(OETPP)(Im)2]ClO4 (g3 = 2.72, g2 = 2.37, and
g1 = 1.64),31a [FeIII(tn-OEP)(1-MeIm)2]ClO4 (g3 = 2.79, g2 =
2.32, and g1 = 1.69),18 [FeIII(TMP(1-MeIm)2]ClO4 (g3 = 2.89,
g2 = 2.33, and g1 = 1.57),31b and [FeIII(TPP(1-MeIm)2]Cl (g3 =
2.876, g2 = 2.289, and g1 = 1.553),31c in which the electronic
natures of the peripheral substituent vary widely (OMTPP =
octamethyltetraphenylporphyrin, OETPP = octaethyltetraphe-
nylporphyrin). Such types of spectra are typical for low-spin (S
= 1/2) iron(III) porphyrins with a (dxy)

2(dxz,dyz)
3 electronic

configuration. For ferriheme complexes with a (dxy)
2(dxz,dyz)

3

electronic ground state, rhombic EPR spectra have been
associated with a mutually parallel orientation of the axial ligand
planes and the “large gmax” type EPR spectra with a mutually
perpendicular ligand plane.13 For example, similar rhombic
EPR spectra have also been observed for [FeIII(OMTPP)(1-
MeIm)2]Cl, which has a saddle-distorted porphyrin core with
1-methylimidazole as the axial ligand; the X-ray structure of the
molecule shows a nearly parallel axial ligand orientation
(dihedral angle of 19.5°).32a

It has been shown earlier that, for the structurally
characterized low-spin Fe(III) porphyrins for which the EPR
spectra have been recorded, a plot of the largest g value
(independent of whether it is a “large gmax” or “normal
rhombic” signal) vs the imidazole dihedral angle provides a
fairly linear correlation with no break between complexes with
these two types of EPR signals.32b,c,33 The signal type of model

hemes appears to change from the “large gmax” to “normal
rhombic” at ∼57° with continuous changes in the largest g
value upon changing the dihedral angle between the axial ligand
planes from 90° to 0°.32b,c Judging by the size of the largest g
values obtained for all three saddle-distorted complexes
reported here, dihedral angles close to 10° are obtained from
the average correlation line of model hemes ,which are also in
close agreement with the value obtained from geometry
optimization of the complex by DFT (vide infra).
The d-orbital splitting pattern observed for low-spin d5

systems is qualitatively presented in Scheme 3. The crystal

field splitting between the three lowest energy and the two
highest energy d orbitals is in reality much larger in all cases
than the splitting within the lower and higher energy subsets.
For these ferriheme systems, the porphyrin ring is of somewhat
lower crystal field than that of the axial imidazole ligands, which
leads to a tetragonal distortion of the complex.16a Perpendic-
ularly oriented planar axial ligands give rise to this tetragonal
splitting pattern, in which the dxz, dyz set (also called the dπ set)
is degenerate. With five electrons in the three low-lying d
orbitals (dxy, dxz, and dyz), there is an odd electron in the dπ set
that results in an unstable situation for the complex because of
the Jahn−Teller effect.16a However, if the planar axial ligands
are in parallel planes, a rhombic distortion is introduced, where
the degeneracy of the dxz and dyz orbitals is lifted.16a The
rhombic splitting pattern is thus lower in overall energy than
the tetragonal or octahedral splitting patterns, which leads to
stabilization of the parallel orientation of the axial ligand. In
heme proteins, however, axial ligands can be placed in a
particular orientation by the design of the protein.
However, the “large gmax” EPR signal was shown 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).13 The structures of [FeIII(OETPP)(1-MeIm)2]Cl
and [FeIII(OMTPP)(1-MeIm)2]Cl, crystallized from chloro-
form-d/cyclohexane, were characterized by dihedral angles of
73.1 and 90°, respectively, between two axial imidazole planes.
The porphyrin cores were found mostly saddle-distorted, while
the crystals exhibited “large gmax” type EPR signals with gmax =
3.27 and 3.61, respectively.32a The EPR spectra of frozen
solut ions of [FeI I I (OMTPP)(4-Me2NPy)2]Cl and
[FeIII(OMTPP)(2-MeIm)2]Cl in CD2Cl2 also have “large
gmax” type signals with gmax = 3.29 and 3.27, respectively,

Figure 4. X-band EPR spectra of (A) [FeIII(TFPPCl8)(1-MeIm)2]-
ClO4 (5), (B) [FeIII(TFPPCl8)(4-MeIm)2]ClO4 (6), and (C)
[FeIII(TFPPCl8)(Im)2]ClO4 (7) in dichloromethane at 77 K.

Scheme 3
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while the porphyrin cores are mostly saddle-distorted (4-
Me2NPy = 4-N,N-dimethylpyridine).32e

The orientations of planar axial ligands in bis-imidazole-
ligated iron(III) porphyrins have been investigated for quite
some time.32 It was observed that a highly nonplanar porphyrin
geometry is required to force the relative perpendicular
orientation of planar axial ligands. Another set of strategies
used for synthesizing complexes with relative perpendicular
axial orientations is the use of sterically hindered imidazoles
such as 2-methylimidazole. The presence of both parallel and
perpendicular axial ligand orientations for the [FeIII(OEP)(2-
MeIm)2]

+ core are interesting. The elongation of the Fe−Np
and Fe−Nax bond distances in [FeIII(OEP)(2-MeIm)2]ClO4
provides a means for alleviating steric contacts, and the nearly
planar porphyrin core also leads to a parallel orientation of the
axial ligands.32h On the other hand, short Fe−Np and Fe−Nax
distances for [FeIII(OEP)(2-MeIm)2]Cl result in a highly
nonplanar porphyrin core, which along with hindered 2-
methylimidazole leads to nearly perpendicular axial orienta-
tions.32d Two crystalline forms with distinctly different axial
ligand orientations, yet strikingly similar porphyrin core
geometries, have been reported for [FeIII(OMTPP)(1-
MeIm)2]Cl. One form, perp-[FeIII(OMTPP)(1-MeIm)2]Cl,
has axial ligands in strictly perpendicular planes, while the
second form, paral-[FeIII(OMTPP)(1-MeIm)2]Cl, has the
nearly parallel axial ligand orientation with a dihedral angle of
19.5°.32a Another interesting example was [FeIII(TMP)(5-
MeIm)2]ClO4, which exists in two crystalline forms with
distinctly different molecular structures. The structures differ in
the relative orientation of the axial ligands. One form, perp-
[FeIII(TMP)(5-MeIm)2]ClO4, has the axial ligands in a relative
perpendicular orientation (the dihedral angle between the axial
ligands is 76°), and the second form paral-[FeIII(TMP)(5-
MeIm)2]ClO4 has the axial ligands in a relative parallel
orientation (the dihedral angles between the axial ligands are
30 and 26° for the two different molecules in the unit cell). The
porphyrin core in perp-[FeIII(TMP)(5-MeIm)2]ClO4 is found
to be more distorted in comparison to that in paral-
[FeIII(TMP)(5-MeIm)2]ClO4.

32g

Computational Studies. Density functional calculations
have been carried out for Fe(III) porphyrins, in which the atom
coordinates are taken directly from the single-crystal X-ray data
of the corresponding Fe(II) complex. Full geometry
optimization has been obtained with 1-methylimidazole, as
shown in Figure 5, using DFT, specifically the Becke three-
parameter exchange functional (B3)34 and the Lee−Yang−Parr
correlation functional (LYP).35 These B3LYP calculations have
been carried out with the Gaussian 03, revision B.04, package.36

The energy minimum occurs at the geometry where the two 1-
methylimidazoles are oriented nearly parallel with an 8.6°
dihedral angle (Figure 5), which is also in agreement with
experiment (vide supra). The selected bond distances and
angles for the optimized geometry are given in Table S1 (see
the Supporting Information). The observation demonstrates
the nearly parallel orientations of unhindered imidazoles in a
highly saddle-distorted Fe(III) octachloropentafluorophenyl-
porphyrin.
1D potential energy surface (PES) scans on both Fe(II) and

Fe(III) six-coordinated complexes 2 and 5 have also been done
by DFT; coordinates have been taken directly from the X-ray
and optimized structures of the complexes, respectively. One
axial ligand was then rotated in steps of 10°, keeping the other
axial ligand intact in its position. The energy of the molecule

was then plotted against the dihedral angle, as shown in Figure
6. For 5, the lowest energy was observed when the dihedral
angle between the axial ligands is ∼10°, and for 2, the lowest
energy was observed when the dihedral angle between the axial
ligands is ∼80°, which is also in close agreement with the angle
observed in the X-ray structure of the complex. For Fe(III)
porphyrin with two axial 1-methylimidazoles, the energy
minimum observed is nearly 10° because of the stabilization
of the rhombic geometry. When the two axial ligands are in a
parallel orientation, then the degeneracy of dxz and dyz orbitals
is removed and the system gains extra stability (vide supra).
However, in the case of Fe(II) porphyrin with two axial 1-
methylimidazoles, the energy minimum observed is around 80°
in order to relieve the steric strain. Thus, potential energy
surface (PES) scan results for both Fe(II) and Fe(III)
porphyrins show that the energy minimum is observed in
one case due to steric reasons, while it is due to electronic
reasons for the other case. Thus, the PES scan results further
established the fact that the relatively parallel axial orientation is
energetically preferred for Fe(III) tetrakis(pentafluorophenyl)-
octachloroporphyrin, while a perpendicular orientation is
preferred for the Fe(II) complex of the same porphyrin. We
have also done the 1D potential energy surface (PES) scan on
both Fe(II) and Fe(III) tetranitrooctaethylporphyrins, FeII(tn-
OEP)(1-MeIm)2 and [FeIII(tn-OEP)(1-MeIm)2]

+ (Figures S3

Figure 5. Two perspective views (A, side view; B, top view) of
[FeIII(TFPPCl8)(1-MeIm)2]

+ obtained from full geometry optimiza-
tion. Hydrogen atoms have been omitted for clarity.
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and S4; see the Supporting Information), which show very
similar results and are also in close agreement with experiment.
Cyclic Voltammetric Study. Cyclic voltammetric experi-

ments for 1 were done at 25 °C under N2 in CH2Cl2 using 0.1
M tetrabutylammonium perchlorate (TBAP) as the supporting
electrolyte. E1/2 of the FeIII/FeII reduction process of 1 is
observed at 0.42 V (ΔEp, 70 mV), a considerably more positive
value than those of FeIII(TPP)Cl, FeIII(TFPP)Cl, and
FeIII(TFPPBr8)Cl, which were reported to be −0.29, −0.08,
and 0.31 V, respectively.27d The ring-centered oxidation of 1
was not observed within the solvent limit (∼1.8 V), whereas
oxidations of FeIII(TFPP)Cl and FeIII(TPP)Cl occur at 1.50
and 1.30 V, respectively. Thus, complex 1 is much easier to
reduce compared to FeIII(TPP)Cl by almost 700 mV, while
oxidations are extremely difficult. The addition of 20 fluorines
at meso phenyl groups and 8 chlorines at β-positions in the
porphyrin macrocycle serves to both protect the reactive meso
position from rapid oxidative attack and also stabilize both
porphyrin and metal against any oxidative degradation during
catalysis. Further, there are no carbon−hydrogen bonds to be
oxidatively cleaved, as in TFPP and TPP. Thus, complex 1 can
remain catalytically active in a highly oxidizing environment.27

Bulk reduction of a dichloromethane solution of 1 at a
constant potential of 0.22 V under a nitrogen atmosphere
changes the color from brown to green due to the formation of
iron(II) complex, which shows a reversible oxidative response
at the same potential. Unlike most other iron(II) porphyrins,
the electrochemically generated solution of [FeII(TFPPCl8)-
Cl]− autoxidizes very slowly (days) at 1 atm O2 pressure and
298 K. In contrast, both FeII(TFPP) and FeII(TPP) autoxidize
rapidly in the presence of oxygen. Moreover, the electronic
spectra observed upon bulk oxidation of [FeII(TFPPCl8)Cl]

−

species at 0.62 V (generated upon bulk reduction of
FeIII(TFPPCl8)Cl (1)) exactly overlap with those of
FeIII(TFPPCl8)Cl (Figure 7). Thus, it appears that the iron
species remains five-coordinate with chloride in the axial
position in the reduced species and there is no loss of chloride
ion in the process; otherwise, the autoxidation could show
nonisosbestic behavior. Similar results are also observed for
FeIII(tn-OEP)Cl and FeIII(TFPPBr8)Cl.

19a,27d

Cyclic voltammetry of FeII(TFPPCl8)(L)2 was also carried
out, and a representative spectrum is shown for FeII(TFPPCl8)-
(1-MeIm)2 (2) in Figure 8A. The E1/2 value of the FeII/FeIII

oxidation process is observed at a considerably higher positive
value of 0.74 V when 1-methylimidazole is used as the axial
ligand. Complexes with imidazole and 4-methylimidazole axial

ligands also behave similarly. The observed oxidations at such
high positive potentials for FeII(TFPPCl8)(L)2 readily explain
why the complexes are so stable in air. Moreover, metal-
centered redox processes are also found to be dependent on the
basicity of the axial ligand L in FeII(TFPPCl8)(L)2, in which the
potential decreases with increasing pKa values of L.
Bulk oxidation of FeII(TFPPCl8)(1-MeIm)2 (2) in dichloro-

methane at a constant potential of 0.94 V using 0.1 M TBAP as
supporting electrolyte under nitrogen changes the color from
green to brown, and the progress of the reaction was monitored
by UV−visible spectral changes, as shown in Figure 8B. The
oxidized product is identified as [FeIII(TFPPCl8)(1-MeIm)2]-
ClO4, which shows identical UV−vis (at 298 K) and EPR
spectra (at 77 K). The species on reduction at 0.54 V
regenerates the green solution of 2 again. Similar behavior is
also observed when imidazole or 4-methylimidazole is used as
the axial ligand. Thus, the axial ligand orientations (parallel and
perpendicular) change upon changing the Fe oxidation state of
the complexes, as demonstrated in Scheme 4.
On the basis of theoretical and experimental data obtained

from model hemes with planar porphyrins which do not
possess bulky substituents, there is practically no difference in
the preference for parallel or orthogonal orientations of
imidazoles for both the Fe(II) and Fe(III) complexes, since
they almost have the same energy. For axial ligands to
successfully rotate, the ring has to assume a planar
conformation in order to allow the ligands to pass over the
Fe−Np bonds and then has to change the direction of its

Figure 6. Plots showing the relative energy upon changing dihedral angles between two 1-methylimidazoles as axial ligand for (A) FeII(TFPPCl8)(1-
MeIm)2 (2) and (B) [FeIII(TFPPCl8)(1-MeIm)2]

+.

Figure 7. Spectral changes upon bulk oxidation of [FeII(TFPPCl8)-
Cl]− in dichloromethane at 0.62 V, forming FeIII(TFPPCl8)Cl (1).
Arrows indicate an increase or decrease of band intensity. Isosbestic
points (nm): 437, 585, 602.
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distortion by 90°. When the energy difference between parallel
and perpendicular forms is very large (due to a highly distorted
and dodecasubstituted porphyrin core), the rotation of the axial
ligands will be restricted, as observed here.
Even though we have utilized saddle-distorted Fe(III)

porphyrinates for the present investigation in order to model
the bis-histidine-ligated cytochromes, we are not proposing that
the membrane-bound proteins also have highly saddled hemes.
Rather, we have used Fe(III) tetrakis(pentafluorophenyl)-
octachloroporphyrins because they allow investigating the
model heme complexes that are unconstrained by surrounding
proteins (in contrast to the membrane-bound heme proteins).
Model systems have been very useful in correlating the
structures of heme centers with their spectroscopic properties.
We have demonstrated here that the iron(II) and iron(III)

porphyrinates with two planar and unhindered axial ligands
have different orientation preferences in a nonplanar
porphyrinic environment. In both FeII(TFPPCl8)(L)2 and
[FeIII(TFPPCl8)(L)2]

+, the peripheral substituents are all the
same and the substituent effects are thus expected to be similar.
However, the conformation and electronic effects should be
operative, leading to two different axial orientations.

■ CONCLUSIONS

The synthesis, structure, and properties of low-spin bis-
imidazole-coordinated Fe(III) and Fe(II) complexes of
5,10,15,20-tetrakis(pentafluorophenyl)-2,3,7,8,12,13,17,18-octa-
chloroporphyrin have been reported here. The X-ray structure
of FeII(TFPPCl8)(1-MeIm)2 shows near-perpendicular axial
ligand orientation (dihedral angles of 80.7°) in a saddle-
distorted macrocyclic environment. The experimental result is
also supported by a 1D potential energy surface (PES) scan,
which shows the lowest energy when the dihedral angle
between two axial 1-methylimidazoles is ∼80°. Our observa-
tions thus demonstrate conclusively that the relatively
perpendicular axial orientation is preferred for unhindered
imidazoles as axial ligands in the highly saddle-distorted
porphyrin.
Oxidation of FeII(TFPPCl8)(L)2 using thianthrenium per-

chlorate as an oxidizing agent produces [FeIII(TFPPCl8)(L)2]-
ClO4, which was then isolated and characterized spectroscopi-
cally. The complex gives rhombic EPR spectra in both the solid
state and solution at 77 K and thus represents a rare example of
nearly parallel axial ligand orientations for the unhindered
imidazoles in a saddle-distorted porphyrin macrocycle.
Geometry optimization using DFT converged to the parallel
axial alignment with an 8.6° dihedral angle when 1-
methylimidazole was used as the axial ligand, which is further
supported by a 1D potential surface energy scan. Our
observations thus demonstrate that the relatively parallel axial
orientation is preferred for unhindered imidazoles as axial
ligands in the highly saddle distorted porphyrin.
Electrochemical data obtained from the cyclic voltammetric

study of FeII(TFPPCl8)(L)2 reveals the one-electron oxidations
at very high positive potential, which readily explains why the
complex is so stable in air. Moreover, the metal-centered redox
process is also found to be dependent on the basicity of the
axial ligand L. Bulk oxidation of FeII(TFPPCl8)(L)2 in
dichloromethane at a constant potential under nitrogen
changes the color from green to brown; the oxidized product
is then identified as [FeIII(TFPPCl8)(L)2]ClO4, which also
shows identical EPR spectra at 77 K. The species, upon
reduction at a constant potential, regenerates the green solution
of FeII(TFPPCl8)(L)2 again. Thus, the axial ligand orientations

Figure 8. (A) Portion of the cyclic voltammogram for FeII(TFPPCl8)-
(1-MeIm)2 (2) in CH2Cl2 (scan rate 100 mV/s) with 0.1 M tetra-n-
butylammonium perchlorate as supporting electrolyte. The reference
electrode was Ag/AgCl. (B) Spectral changes upon oxidation of
FeII(TFPPCl8)(1-MeIm)2 (2) in dichloromethane at a constant
potential of 0.94 V under nitrogen at 298 K, forming [FeIII(TFPPCl8)-
(1-MeIm)2]

+. Arrows indicate an increase or decrease of band
intensity.

Scheme 4
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switch between parallel and perpendicular just by changing the
Fe oxidation state of the complexes.
We have reported here the parallel and perpendicular

orientation preferences of two unhindered imidazoles as axial
ligands (L) while coordinated to Fe(III) and Fe(II) porphyrins,
respectively, in a saddle-distorted porphyrinic environment.
Studying the orientation and rotation of axial ligands in model
hemes will be extremely useful in understanding the possible
effects of various axial ligand orientations that have been
observed in analogous heme proteins.

■ EXPERIMENTAL SECTION
Reagents and solvents were purchased from commercial sources and
purified by standard procedures before use. 5,10,15,20-Tetrakis-
(pentafluorophenyl)-2,3,7,8,12,13,17,18-octachloroporphyrin
(H2TFPPCl8) was prepared by using literature methods.26 Thian-
threne perchlorate was prepared using a method reported earlier.37

Preparation of FeIII(TFPPCl8)Cl (1). A 80 mg portion of
5,10,15,20-tetrakis(pentafluorophenyl)-2,3,7,8,12,13,17,18-octachloro-
porphyrin (H2TFPPCl8; 0.064 mmol) was dissolved in 80 mL of N,N-
dimethylformamide. Excess FeCl2 was added to the solution, and the
mixture was refluxed for 2.5 h under nitrogen. After the mixture was
cooled to room temperature, 100 mL dichloromethane was added to
it, which was then washed well with 0.2 N HCl (2 × 100 mL). The
organic layer was separated and dried over anhydrous Na2SO4. The
resulting solution was then evaporated to complete dryness and
purified by column chromatography using silica gel. The major fraction
eluted with chloroform was collected and vacuum-dried to give a dark
brown solid of the complex. Yield: 64 mg, 75%. Anal. Calcd (found):
C, 39.59 (39.48); H, 0.00 (0.12); N, 4.19 (4.30). UV−vis
(chloroform) [λmax, nm (ε, M−1 cm−1)]: 430 (2.53 × 105), 594
(1.22 × 103). EPR data: in solid (77 K), g⊥ = 5.98 and g∥ = 2.01; in
toluene (77 K), g⊥ = 5.96 and g∥ = 2.01. E1/2 (Fe

2+/Fe3+), V (ΔEp,
mV): 0.42 (70).
The complex FeII(TFPPCl8)(L)2 was prepared using the general

procedure; details are given below for one representative case.
Preparation of FeII(TFPPCl8)(1-MeIm)2 (2). FeIII(TFPPCl8)Cl

(1; 50 mg, 0.037 mmol) was dissolved in 10 mL of dichloromethane.
A 30 mg portion of 1-methylimidazole (0.37 mmol) was added to it,
and the mixture was stirred for 30 min. The initially brown solution
turned red during the progress of the reaction. The resulting solution
was then filtered to remove any solid residue and carefully layered with
n-hexanes. Upon standing for 7−8 days, a dark red crystalline solid was
formed, which was collected by filtration, washed well with n-hexanes,
and dried under vacuum. Yield: 46 mg, 85%. Anal. Calcd (found): C,
42.55 (42.64); H, 0.82 (0.95); N, 7.63 (7.55). UV−vis (chloroform)
[λmax, nm (ε, M−1 cm−1)]: 380 (2.7 × 104), 446 (1.9 × 105), 552 (6.5
× 103), 582 (6.7 × 103). 1H NMR (CDCl3, 295 K): 1-
methylimidazole, 2-H, 0.98; 4-H, 1.25; 5-H, 4.68; 1-CH3, 2.56 ppm.
E1/2 (Fe

2+/Fe3+), V (ΔEp, mV): 0.74 (70).
FeII(TFPPCl8)(4-MeIm)2 (3). Yield: 41 mg, 75%. Anal. Calcd

(found): C, 42.55 (42.47); H, 0.82 (0.99); N, 7.63 (7.71). UV−vis
(chloroform) [λmax, nm (ε, M−1 cm−1)]: 389 (2.3 × 104), 441 (2.2 ×
105), 546 (2 × 103), 576 (4.8 × 103). 1H NMR (CDCl3, 295 K): 4-
methylimidazole, 2-H, 1.08; 5-H, 4.68; 4-CH3, 3.56 ppm. E1/2 (Fe

2+/
Fe3+), V (ΔEp, mV): 0.68 (80)
FeII(TFPPCl8)(Im)2 (4). Yield: 43 mg, 80%. Anal. Calcd (found): C,

41.70 (41.81); H, 0.56 (0.69); N, 7.78 (7.88). UV−vis (chloroform)
[λmax, nm (ε, M−1 cm−1)]: 388 (1.9 × 104), 447 (2.8 × 105), 545 (4.5
× 103), 575 (4.7 × 103). 1H NMR (CDCl3, 295 K): 1-
methylimidazole, 2-H, 1.28; 4-H, 1.85; 5-H, 4.68 ppm. E1/2 (Fe2+/
Fe3+), V (ΔEp, mV): 0.78 (70).
The complex [FeIII(TFPPCl8)(L)2]ClO4 was prepared using the

general procedure; details are given below for one representative case.
Preparation of [FeIII(TFPPCl8)(1-MeIm)2]ClO4 (5). A 50 mg

portion of FeII(TFPPCl8)(1-MeIm)2 (2; 0.034 mmol) was dissolved in
10 mL of dry dichloromethane. A 13 mg portion (0.042 mmol) of
thianthrenium perchlorate was added to the solution, which was then

stirred for 2 h under an N2 atmosphere and evaporated to complete
dryness. The resultant dark brown solid was dissolved in a minimum
volume of dichloromethane and carefully layered with n-hexanes which
was then kept for 1/2 h at a constant temperature of 5 °C, during
which time the crystalline solid of the complex precipitated out. The
dark solid was collected by filtration, washed well with n-hexanes, and
dried under vacuum. Yield: 24 mg, 45%. Anal. Calcd (found): C, 39.84
(39.95); H, 0.77 (0.89); N, 7.15 (7.03). UV−vis (chloroform) [λmax,
nm (ε, M−1 cm−1)]: 393 sh (2.8 × 105), 428 (3.2 × 105). EPR data: in
solid (77 K), g1 = 1.56, g2 = 2.27, g3 = 2.88; in dichloromethane (77
K), g1 = 1.56, g2 = 2.28, g3 = 2.87.

[FeIII(TFPPCl8)(4-MeIm)2]ClO4 (6). Yield: 27 mg, 52%. Anal. Calcd
(found): C, 39.84 (39.73); H, 0.77 (0.91); N, 7.15 (7.24). UV−vis
(chloroform) [λmax, nm (ε, M−1 cm−1)]: 391 sh (2.6 × 105), 426 (3.1
× 105). EPR data: in solid (77 K), g1 = 1.58, g2 = 2.29, g3 = 2.85; in
dichloromethane (77 K), g1 = 1.59, g2 = 2.28, g3 = 2.85.

[FeIII(TFPPCl8)(Im)2]ClO4 (7). Yield: 22 mg, 42%. Anal. Calcd
(found): C, 39.01 (38.90); H, 0.52 (0.64); N, 7.28 (7.19). UV−vis
(chloroform) [λmax, nm (ε, M−1 cm−1)]: 392 sh (2.4 × 105), 428 (2.8
× 105). EPR data: in solid (77 K), g1 = 1.57, g2 = 2.29, g3 = 2.89; in
dichloromethane (77 K), g1 = 1.57, g2 = 2.30, g3 = 2.88.

Instrumentation. UV−vis spectra were recorded on a PerkinElm-
er UV−vis spectrometer. Elemental (C, H, and N) analyses were
performed on a CE-440 elemental analyzer. Electron paramagnetic
resonance (EPR) spectra were obtained on a Bruker EMX EPR
spectrometer. Cyclic voltammetric studies were performed on a BAS
Epsilon electrochemical workstation in dichloromethane with 0.1 M
tetrabutylammonium perchlorate (TBAP) as supporting electrolyte,
Ag/AgCl as the reference electrode, and Pt wire as the the auxiliary
electrode. The concentration of the complex was on the order of 10−3

M. The ferrocene/ferrocenium couple occurs at E1/2 = +0.45(65) V
versus Ag/AgCl under the same experimental conditions. 1H NMR
spectra were recorded on a JEOL 500 MHz instrument. The residual
1H resonances of the solvents were used as a secondary reference.

X-ray Structure Solution and Refinement. Crystals were coated
with light hydrocarbon oil and mounted in the 100 K dinitrogen
stream of a Bruker SMART APEX CCD diffractometer equipped with
a CRYO Industries low-temperature apparatus, and intensity data were
collected using graphite-monochromated Mo Kα radiation (λ= 0.710
73 Å). The data integration and reduction were processed using
SAINT software,38 and an absorption correction was applied.39

Structures were solved by the direct method using SHELXS-97 and
refined on F2 by full-matrix least-squares techniques using the
SHELXL-9740 program package. Non-hydrogen atoms were refined
anisotropically. In the refinement, hydrogens were treated as riding
atoms using SHELXL default parameters.

Computational Details. DFT calculations have been carried out
by employing a B3LYP hybrid functional using the Gaussian 03,
revision B.04, package.36 The method used was Becke’s three-
parameter hybrid exchange functional,34 the nonlocal correlation
provided by the Lee, Yang, and Parr expression,35 and Vosko, Wilk,
and Nussair 1980 correlation functional (III) for local correction. The
basis set was LANL2DZ for the iron atom and 6-31G** for C, N, O,
and H. The coordinates are taken directly from the single-crystal X-ray
data of 2. Geometry optimization of [FeIII(TFPPCl8)(1-MeIm)2]

+ was
then performed, keeping the spin state (low spin) constant. For the
1D potential energy surface (PES) scan, the coordinates were taken
directly from the X-ray structure and the optimized geometries of
Fe(II) and Fe(III) complexes, respectively. For the PES scan on
FeII(TFPPCl8)(1-MeIm)2 and [FeIII(TFPPCl8)(1-MeIm)2]

+, one axial
ligand was allowed to rotate in steps of 10°, keeping the other axial
ligand intact in its position.
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*S Supporting Information
Selected bond distances and angles of X-ray and geometrically
optimized structures of FeII(TFPPCl8)(1-MeIm)2 and
[FeIII(TFPPCl8)(1-MeIm)2]
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of FeII(TFPPCl8)(1-MeIm)2 (2) (Figure S1), X-band EPR and
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simulated spectra of 5 (Figure S2), 1D PES scan for bis(1-
methylimidazole) complexes of Fe(III) and Fe(II) tetrani-
trooctaethylporphyrin (Figures S3 and S4), and a CIF file
giving X-ray crystallographic details. This material is available
free of charge via the Internet at http://pubs.acs.org.
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Kröger, A.; Huber, R.; Kroneck, P. M. H. J. Biol. Chem. 2000, 275,
39608. (c) Jafferji, A.; Allen, J. W. A.; Ferguson, J. J.; Fülöp, V. J. Biol.
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