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The molecular structure of the formal iron(IV) porphyrinate derivative,{[Fe(TTP)]2N}SbCl6 (TTP )
tetratolylporphyrinate), is reported. The structural parameters are compared to the previously reported species
[Fe(TPP)]2N, in which the iron oxidation state is+3.5. Both the equatorial and axial bond distances in{[Fe-
(TTP)]2N}SbCl6 are slightly shortened and consistent with an increased formal charge on iron. The value for the
axial Fe-N distance is 1.6280(7) Å, and the average value of the equatorial Fe-Np distances is 1.979(5) Å. The
Mössbauer isomer shift decreases upon oxidation, again consistent with an increase in formal charge. Values for
the isomer shift at room temperature are-0.13 mm/s for{[Fe(TTP)]2N}SbCl6 and 0.04 mm/s for [Fe(TTP)]2N.
Crystal data for{[Fe(TTP)]2N}SbCl6 are as follows: orthorhombic, space groupFddd, Z ) 8, a ) 23.689(2) Å,
b ) 31.056(3) Å,c ) 22.7788(18) Å.

Introduction

Highly oxidized porphyrin complexes have been proposed
as intermediates in a number of heme proteins, including
catalase,1 peroxidase,2 and cytochrome P-450.3 Because of the
unusual electronic properties and the novel reactivities that these
intermediates demonstrate, there is current interest in the
preparation and characterization of synthetic analogues of
(porphyrinato)iron complexes oxidized beyond the Fe(III)
state.4-7 One of the first such higher-oxidation-state porphyrin
species prepared was [Fe(TPP)]2N.8,9 These dinuclearµ-nitri-
dodiiron complexes have been characterized by XPS;10 by
Mössbauer,9,11 EPR,12 and resonance Raman spectroscopies;13

and by determination of molecular structures.14 The species
contain a symmetric, linear [FedNdFe]4+ moiety, in which both
iron ions are formally in the oxidation state+3.5. These
complexes can be electrochemically and chemically oxidized
to yield the Fe(IV) species based on Mo¨ssbauer spectra15 but
have not yet been structurally characterized.

There have been several structurally characterized examples
of iron(IV) complexes that utilize phthalocyanine or octaeth-
ylcorrole (H3OEC) macrocycles. Examples include [(N3)(Pc)-
Fe-N-Fe(Pc)(N3)]-,16 [(THF)(TPP)Fe-N-Fe(Pc)(H2O)]+,17

[Fe(Pc)(Br)]2N,18 [Fe(OEC)(Cl)],19 and [FeIV(OEC‚)C6H5]+.20

In addition, Fe(IV) complexes with a tetraamido macrocycle,
H4[MAC*], have been characterized by the Collins' group.21,22

In the present work, we report the X-ray structure determination
and infrared spectrum of{[Fe(TTP)]2N}SbCl6. The structural
information for this iron(IV) species is compared with that of
neutral [Fe(TPP)]2N and analogous complexes.

Experimental Section

General Information. All manipulations were carried out under
argon using a double manifold vacuum line, Schlenkware, and cannula
techniques. Dichloromethane was distilled over CaH2, and hexanes were
distilled over sodium benzophenone. All other chemicals were used as
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received from Aldrich or Fisher. [Fe(TTP)Cl] and [Fe(TTP)N3] were
synthesized by literature methods.23,24 UV-vis spectra were recorded
on a Perkin-Elmer Lambda 19 spectrometer and IR spectra on a Perkin-
Elmer model 883 as KBr pellets. EPR spectra were obtained at 77 K
on a Varian E-12 spectrometer operating at X-band. The solid-state
Mössbauer samples were immobilized in Apiezon grease in a zero field.

Synthesis ofµ-Nitrido-bis(5,10,15,20-tetratolylporphyrinato)-
iron. [Fe(TTP)]2N was prepared by the method of Summerville and
Cohen.9 UV-vis (CH2Cl2 solution)λmax (log ε): 386 (5.35), 410 (5.35),
534 (4.56), 625 (4.38) nm. IR(KBr):ν (Fe-N-Fe) 910(s), 884(m)
cm-1. EPR (frozen CH2Cl2, 77K) g⊥ ) 2.14, g| ) 2.01.

Preparation of {[Fe(TTP)]2N}SbCl6. [Fe(TTP)]2N (20 mg, 0.017
mmol) and tris(p-bromophenyl)aminium hexachloroantimonate (17 mg,
0.020 mmol) were placed in a 100 mL Schlenk flask, and dichlo-
romethane (∼20 mL) was added. The solution was stirred for 1 h and
transferred into two 10-mL beakers which were inside crystallizing
bottles; the bottles were then placed in a refrigerator (4°C). Hexane
was used to induce crystallization by slow vapor diffusion. Dark-purple
crystals formed after∼5 days. UV-vis, IR, and Mössbauer spectra
were measured on samples comprised of selected crystals. UV-vis
(CH2Cl2 solution)λmax (log ε): 398 (5.18), 534 (4.03) nm. IR(KBr):ν
(Sb-Cl) 343 cm-1.

X-ray Structure Determination of {[Fe(TTP)]2N}SbCl6. Single-
crystal experiments were carried out on a Nonius FAST area-detector
diffractometer with a Mo rotating anode source (λh ) 0.71073 Å). Our
detailed methods and procedures for small molecular X-ray data
collection have been described previously.25 A total of 26 164 reflections
were collected, of which 4920 were unique, and intensities of 3487
unique reflections were larger than 2σ(I). All reflections were reduced

using Lorentz-polarization factors. The structure of{[Fe(TTP)]2N}-
SbCl6 was solved by direct methods. The SbCl6

- ion and its neighboring
CH2Cl2 solvent molecules were disordered around an intersection of
three 2-fold axes.(see Figure S1) After all non-hydrogen atoms were
refined to converge anisotropically,26 a difference Fourier map showed
most of the hydrogen atoms. However, these hydrogen atoms were
included in the final refinement only as idealized riding atoms along
with the remaining hydrogen atoms, whose positional parameters were
generated theoretically (C-H ) 0.95 Å). The structure was refined
againstF2 by the SHELXL-93 program.27 The refinement converged
to final values ofR1 ) 0.0702 and wR2 ) 0.1367 for observed unique
reflections (I> 2σ(I)) andR1 ) 0.1092, wR2 ) 0.1538 for all unique
reflections, including those with negative intensities. The weighted R
factors, wR, are based onF2 and conventional R factors, R, on F, with
F set to zero for negative intensities. All reflections, including those
with negative intensities, were included in the refinement, and the I>
2σ(I) criterion was used only for calculatingR1. The maximum and
minimum residual electron densities on the final difference Fourier map
were 0.38 and 0.66 e/Å3, respectively. A brief summary of determined
parameters is listed in Table 1.

Results and Discussion

The X-ray structure of the one-electron oxidation product
of [Fe(TTP)]2N was determined. ORTEP diagrams of the
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Figure 1. ORTEP diagrams of the structure{[Fe(TTP)]2N}SbCl6.
Thermal ellipsoids of atoms are contoured at the 50% probability level.
Hydrogen atoms have been omitted for clarity. Only one position of
the disordered [SbCl6]- anion is shown.

Table 1. Crystallographic Details

formula C96H72Cl6Fe2N9Sb‚CH2Cl2
FW, amu 1882.70
a, Å 23.689(2)
b, Å 31.056(3)
c, Å 22.7788(18)
V, Å3 16758(2)
space group Fddd
Z 8
Dc, g/cm3 1.492
F(000) 7664
µ, mm-1 0.972
crystal dimensions, mm 0.30× 0.12× 0.10
radiation Mo KR, λh ) 0.71073 Å
goodness-of-fit (based onF2) 1.068
final R indices [I>2σ(I)] R1 ) 0.0702, wR2 ) 0.1367
final R indices (all data) R1) 0.1092, wR2 ) 0.1538

Figure 2. Topview of {[Fe(TTP)]2N}+. Thermal ellipsoids of atoms
are contoured at the 50% probability level.

Table 2. Comparison of Average Distances (Å) and Angles (deg)
for the µ-Nitrido Speciesa

{[Fe(TTP)]2N}SbCl6 [Fe(TPP)]2N

Fe-Np 1.979(5) 1.991(3)
Fe-Nax 1.6280(7) 1.661(7)
Np-Ca 1.384(4) 1.381(5)
Cb-Cb 1.347(3) 1.348(9)
Ca-Cb 1.429(4) 1.434(2)
Ca-Cm 1.385(4) 1.387(8)
Cm-Cph 1.492(5) 1.495(5)
Np-Fe-Np 88.7(9) 88.7(3)
Fe-N-Ca 127.0(8) 127.0(10)
Ca-N-Ca 105.0(3) 105.6(3)
N-Ca-Cb 110.2(3) 110.0(4)
N-Ca-Cm 125.2(5) 125.5(3)
Ca-Cb-Cb 107.2(3) 107.2(3)
Ca-Cm-Ca 122.5(8) 122.7(6)
Cb-Ca-Cm 124.4(4) 124.4(3)

a The numbers in parentheses are the esd’s of the average.
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{[Fe(TTP)]2N}+ unit are shown in Figures 1 and 2. The presence
of the hexachloroantimonate anion clearly indicates that
{[Fe(TTP)]2N}+ is a cation. All physical data are consistent
with the metals as the site of oxidation. The infrared spectrum
of {[Fe(TTP)]2N}SbCl6 (KBr pellet) shows no major bands in
the 1270-1290 cm-1 region; a strong absorption in this region
has been associated withπ-cation radical character in a variety
of metallotetraarylporphyrin complexes.28 The absence of these
bands and the very intense band at 910 cm-1 (assigned as
asymmetricνFe-N-Fe) are consistent with the hypothesis that
the oxidation of [Fe(TTP)]2N occurs at the metals rather than
at the porphyrin rings. Although an EPR spectrum is observed
for the nitrido bridged species, upon oxidation the complex
becomes EPR-silent. Further support for this comes from
Mössbauer spectra. The isomer shift value at room temperature
(-0.13 mm/s) in{[Fe(TTP)]2N}SbCl6 is much lower than that
observed in [Fe(TTP)]2N (0.04 mm/s) and is in the range
expected for an iron(IV) species.29 Further, the quadrupole
splitting values are 2.04 and 1.15 mm/s for{[Fe(TTP)]2N}-
SbCl6 and [Fe(TTP)]2N, respectively. These observations are
definitely consistent with an increased oxidation state for iron
in {[Fe(TTP)]2N}SbCl6.

The structural differences between [Fe(TPP)]2N and the
{[Fe(TTP)]2N}+ cation are also consistent with an increased
formal charge on iron in the latter. The two iron centers in both

complexes are crystallographically equivalent with only one-
fourth of the molecule unique. In{[Fe(TTP)]2N}+, the two
unique Fe-Np bond distances are 1.974(3) and 1.983(3) Å,
whereas the corresponding distances in neutral [Fe(TPP)]2N are
1.990(3) and 1.992(3) Å.14 The former are significantly shorter
than the latter but are almost identical to the distances found in
the isoelectronic species [Fe(TPP)]2C,30 which are 1.974 and
1.986 Å. Another important difference between the neutral and
cationic complexes is that the bridging Fe-N distance of
1.6280(7) Å in{[Fe(TTP)]2N}SbCl6 is considerably shorter than
the 1.661(7) Å Fe-N distance observed in [Fe(TPP)]2N. The
required crystallographic symmetry in the two nitrido bridged
species means that the Fe-N-Fe unit is required to be exactly
linear in both derivatives. Although a direct comparison of an
oxidized TPP derivative would clearly be desirable, we were
unable to obtain acceptable crystals of{[Fe(TPP)]2N}SbCl6.

Table 2 compares the average bond distances and angles
of several chemical classes in{[Fe(TTP)]2N}SbCl6 and
[Fe(TPP)]2N; complete bond distance and angle tabulations for
{[Fe(TTP)]2N}SbCl6 are given in the Supporting Information.
It should be noted that all bond lengths and angles in the
porphyrin skeleton are effectively identical in the two deriva-
tives. Differences are seen only in the Fe-Np and Fe-Nax

distances of the two coordination groups. Thus, the structural
features are convincing evidence for metal-centered oxidation
and argue against the presence of porphyrinπ-cation radical
formation.

Figure 3 shows the perpendicular displacements of each atom
from the mean plane of the 24-atom core for the twoµ-nitrido
species,{[Fe(TTP)]2N}SbCl6 (top) and [Fe(TPP)]2N (bottom).
The core conformation in the{[Fe(TTP)]2N}+ cation is slightly
less saddled than that in [Fe(TPP)]2N. The displacement of the
iron atoms is clearly a response to the steric effects of bringing
the two porphyrin rings of the binuclear species in close prox-
imity. In both nitrido derivatives, the displacement of the iron
atom from the mean plane of the four nitrogen atoms is signif-
icantly smaller (Table 3) than that from the 24-atom mean plane.
Although domed porphinato cores might be expected to better
alleviate core interactions, the saddling in both complexes is
the apparent result of the necessity of maintaining short Fe-
Np bonds. Also given in Table 3 are values for other single-
atom bridged metalloporphyrins. Saddled cores are observed
in all derivatives except the high-spinµ-oxo complex with its
much longer Fe-Np bonds and large out-of-plane displacement.

The separation between the two porphyrin mean planes in
[Fe(TTP)]2N}SbCl6 is 4.00 Å, distinctly shorter than that found
in [Fe(TPP)]2N, as shown in Table 3. The decreased interplanar
spacing leads to relatively small dihedral angles between the
plane of the porphinato core and the two structurally unique
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Eds.; VCH Publishers Inc.: New York, 1989; Vol. 3, pp 139-227.
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Table 3. Selected Structural Features for Monobridged Binuclear Porphinato Complexes

compound Fe-Np,a Å Fe-Y,b Å Fe-Y-Fe, deg ∆,c Å ∆ (Np), dÅ
mean plane

sepn,e Å
interplanar
angle,f deg

twist angle,g

deg ref

{[Fe(TTP)]2N}SbCl6 1.979(5) 1.6280(7) 180 0.37 0.34 4.00 0.0 30.3 this work
[Fe(TPP)]2N 1.991(3) 1.661(7) 180 0.41 0.32 4.15 0.0 31.7 14
[Fe(TPP)]2C 1.980(8) 1.675 180 0.26 3.87 0.0 31.7 30
[Fe(OEP)]2C 1.986(5) 1.6638(9) 179.5 0.19 21.0 31
[Fe(TPP)]2O 2.087(3) 1.763(1) 174.5(1) 0.54 0.50 4.58 3.7 35.4 32

a Np refers to the pyrrole nitrogen atom in the porphyrin ring.b Y is the bridging atom.c The average displacement of the metal centers from the
mean 24-atom core. A positive value indicates that the metal is displaced toward ring center.d 4-nitrogen atom plane.e The average separation of
the individual atom from the other 24-atom core is given.f The dihedral angle of two mean planes of the 24-atom core within a dimeric molecule.
g Average of the four N-M-M′-N′ dihedral angles.

Figure 3. Formal diagram of the porphinato core of{[Fe(TTP)]2N}+

and [Fe(TPP)]2N displaying values of the perpendicular displacements
of each atom (in units of 0.01 Å) from the mean plane of the 24-atom
porphyrinato core; the upper value of the pair is that for{[Fe-
(TTP)]2N}+, whereas the lower value is that for [Fe(TPP)]2N. A positive
value is a displacement toward the bridging nitrogen atom.
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phenyl groups (53.4 and 60.0°). As was noted previously,33 there
is a correlation between the phenyl ring-phenyl ring orientation
and the phenyl center-center distance for the closest phenyl
groups on each porphyrin ring of the dimer. Thus, as the center-
center distance between a pair of phenyl rings becomes smaller,
the two rings adopt a geometry in which they become nearly
perpendicular in order to minimize the phenyl-phenyl non-
bonded interaction. In accord with this expectation, the phenyl
center-center distance in{[Fe(TTP)]2N}+ is 5.54 Å, and the
Ph-Ph dihedral angle is 73.3°; the corresponding values are
5.77 Å and 65.3° in [Fe(TPP)]2N, respectively.

Finally, we note that there are two Fe(IV) species with six-
coordinate iron centers and smaller (but not zero) displacements
of iron toward the bridging ligand. Some of the steric problems
are alleviated by the presence of two different macrocycles. The
iron displacements from the porphyrin ligand in [(THF)(TPP)-
Fe-N-Fe(Pc)(H2O)]+ 17 and [(THF)(TPP)Fe-C-FePc(THF)]34

are both 0.12 Å (∆ (Np)).

Summary. We have reported the molecular structure of
{[Fe(TTP)]2N}SbCl6. Compared to neutral [Fe(TPP)]2N, the
Fe-Np and bridging Fe-N distances appear to change signifi-
cantly. The EPR, Mo¨ssbauer and infrared spectra of{[Fe-
(TTP)]2N}SbCl6 are in accord with the proposal that oxidation
is centered in the iron atom rather than the porphyrin ring.
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