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Et4N[L′′FeIII]‚3DCM (1) is directly synthesized by adding ferric
chloride into a solution of a lithium salt of tetrakis(cyclohexyl)-
porphyrinogen (L′′). [L′′]4- is a good chelating ligand for both Fe-
(III) and Fe(II) ions. It is an avid proton scavenger but not a
reducing agent. 1 showed a magnetic moment (µeff) of 4.3 µB in
the solid, which changed to 6.0 µB in solution. This change in
spin state is common for all iron porphrinogens. 1 showed
polymorphism, and with pyridine in the lattice, it changed to Et4N-
[L′′FeIII]‚DCM0.5Py1.5 (2), possessing two different conformers.
Calculation of these conformers at the density functional theory
level showed the relative energies of all d orbital changes in three
conformers, highlighting the influence of the disposition of a
peripheral ligand. Iodine oxidation of 1 yielded [L′′∆∆FeIII][I3‚I2+‚I3-]
(3) with the introduction of two CR−CR bonds with concomitant
reduction of Fe(III) to Fe(II). Its µeff (5.4 µB) in the solid changed
to 4.8 µB in solution, suggesting a high spin state (S ) 2) for
Fe(II).

Ferrous is known to be the effective oxidation state of
iron for its incorporation in the biosynthesis of heme.1a In
the synthesis of iron porphyrin, it was shown that it is Fe-
(II) that is incorporated into porphyrin to make room for
introduction of Fe(III).1b The metalation ofmeso-octaalky-
lporphyrinogen has been shown to follow a similar trend.2a

The introduction of iron into the core ofmeso-octaalkylpor-
phyrinogen has been carried out several times, and in each
case, it was stated that an excess of ferrous ions would lead
to the formation of iron(III) porphyrinogen.

The synthesis of Li2(THF)4LFeII has been reported by the
reaction between FeCl2 and Li4L‚4THF (L ) meso-octaeth-

ylporphyringen) in 80% yield.3 The use of an excess of FeCl2

led to the isolation of themeso-octaethyliron(III) porphy-
rinogen complex3 similar to the structurally characterized [Li-
(MeCN)][L′FeIII ] (L ′ ) meso-octamethylporphyrinogen)
complex, where the stoichiometry between L′ and FeCl2 as
1:2 was used.4 This was thought to be a disproportionation-
type reaction and has recently been shown to be due to the
oxidation of [L′Fe(II)]2- by an excess of FeCl2 present in
the reaction mixture with the precipitation of elemental iron.5

It is reported that direct incorporation of a trivalent late-
transition-metal ion like Fe(III) into the porphyrinogen core
is not possible.2b

In contrast to the behavior of iron porphyrin1b and the
earlier prediction on the direct nonincorporation of Fe(III)
into the porphyrinogen core,2 we report, herein, the synthesis
of Et4N[L ′′FeIII ]‚3DCM (1) by directly using a Fe(III) ion.
On the basis of the electrochemistry of1, its irreversible ring
oxidation was followed using elemental iodine, resulting in
the isolation of [L′′∆∆FeIII][I 3‚I2

+‚I3
-] (3).

1 was synthesized by adding a stoichiometric amount of
anhydrous FeCl3 into a solution of a lithium salt of tetrakis-
(cyclohexyl)porphyrinogen (L′′) in a THF medium.6 X-ray
structure analysis of1 revealed that Fe(III) has been
incorporated into this porphyrinogen core.7 Its room-tem-
perature magnetic moment in the solid state has been found
to be 4.3µB at 298 K (3.8µB at 6 K). When magnetic
measurement was carried out in DMF or in a DCM medium
by NMR,8 the spin state ofS ) 3/2 changed toS ) 5/2,
yielding µeff ) 6.0 µB. This change in the spin state ofS )
3/2 (in solid) toS) 5/2 (in solution) is a general phenomenon
observed in all characterized iron(III) porphyrinogen sys-
tems.9 The space-filling model of1 showed no room for
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solvent coordination, which could have been responsible for
altering the energy of the dx2-y2 orbital, resulting in the change
in the spin state. Recrystallization of1 in DCM in the
presence of pyridine retained the molecular structure of1
with the presence of pyridine in the lattice to yield Et4N-
[L ′′FeIII ]‚DCM0.5Py1.5 (2). However, the conformational
orientation of the molecules in2 differed in comparison to
that found in1. In the asymmetric unit of2, the orientations
of the two molecules (see Figure 1, top, conformers b and

c) were different from each other and from that of the
molecule present in1 (Figure 1, top, conformer a). Density
functional theory (DFT) calculation of these conformers
showed an interesting perturbation in the molecular orbital
energy level (Figure 2). The relative energy levels of all d
orbitals change drastically in the three conformers, highlight-
ing the influence of the disposition of a peripheral ligand
(flipping of the cyclohexyl ring). The electrostatic surface
potentials of all three conformers differ,10 suggesting the
possibility of solvent interaction with1, which may affect
the conformation of the molecule in such a way as to lower
the energy of the dx2-y2 orbital, resulting in the change in
the spin state in solution. Iron incorporation in porphyrin
and porphyrinogen does not follow the same chemistry. For
porphyrin, its deviation from planarity with out-of-plane
displacement of Fe(III) in pentacoordination and planar
tetracoordination of Fe(II) and their relative stability even
in an aqueous medium suggested that protonated porphyrin
does not possess any extra stability. The metalation and
demetalation of porphyrin are generally reversible and pH-
dependent. In contrast, for porphyrinogen its ligational role
toward metal ions is centered on likelihood of the extremely
basic tetralithiated [L′′]4- ion, which is an avid proton
scavenger, to change to the stable H4L′′. [L ′′]4- is not
reducing but a good chelating ligand. The addition of 1 equiv
of anhydrous FeCl2 or FeCl3 to it resulted in immediate
complexation to generate the respective complex anion. The
addition of 2,2′-bipyridine or [Bu4N]3[Fe(III)(CN)6] into a
solution of [L′′FeII]2- did not show any color changes,
confirming the absence of any free or dissociable Fe(II) ion.
Similarly, in the case of [L′′FeIII ]2-, the addition of [Bu4N]3H-
[FeII(CN)6] did not produce any prussian blue precipitate,
suggesting that the complexed Fe(III) is not dissociated
readily. However, both of the anions are susceptible to
hydrolysis (Scheme 1). For the formation of [L′′FeIII ]- in
the presence of excess FeCl2, the reaction involves two redox
couples. In THF, the cyclic voltammetric response of the
[L ′′FeIII ]-/[L ′′FeII]2- couple is irreversible with Epa at
-1.05V vs Ag/AgCl. In the same solvent, the electrochemi-
cal response of FeCl2 showed an irreversible redox response
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data for [L′′∆∆FeIII][I 3‚I2

+‚I3
-] (3): a ) 11.742(5) Å,b ) 13.001(5)

Å, c ) 17.686(5) Å,R ) 85.904(5)°, â ) 72.965(5)°, γ ) 72.100-
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rinogen, Floriani et al. reported a solid-state magnetic moment value
of 4.35µB at 293 K.3 The same complex synthesized by the present
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identical to that. However, in DMF, its magnetic behavior changed to
that of high-spin Fe(III), showingµeff ) 6.2 µB. For iron(III)
butylporphyrinogen, the solid-state magnetic moment value wasµeff
) 4.05µB (SQUID measurement), which followed Curie-Weiss law
(µeff ) 3.8 µB at 6 K). Upon measurement in DMF, it changes to a
high-spin type, showingµeff ) 6.1 µB.
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Figure 1. Conformer of the anion of1 (top, a), conformers of the anion
of 2 (top, b and c), and the structure of the anion of3 (bottom) (see the
Supporting Information for ORTEP plots). Color code: C, gray; N, blue;
Fe, brown; I, pink.

Figure 2. Comparison of molecular orbital energy level diagrams (a-c
numbering is identical with that in Figure 1; only d orbitals are shown).
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around-0.05 V vs Ag/AgCl along with the deposition of
the reduced metallic iron on the electrode. The small excess
of free Fe(II) in the THF solution of [L′′FeII]2- thus responds
to oxidize the complex anion to the relatively more stable
Fe(III) species. Because of the difference in the ligational
nature between [L′′FeII]2- and the THF-coordinated Fe(II)
ion, the observed redox reaction between them may not be
classified as the “normal” disproportionation reaction of the
transition-metal ions.

1 in other solvents responded with a reversible reduction
of Fe(III) in its cyclic voltammetric study followed by an
irreversible oxidation of coordinated porphyrinogen. In DCM,
the oxidation process is easier (+0.43 V vs Ag/AgCl) than
that in DMF (+0.59 V vs Ag/AgCl). Interestingly, in DCM,
two irreversible oxidation processes were observed, and the
second one is rather ill-defined and appeared at+1.2 V vs
Ag/AgCl. It is known that metalated porphyrinogen is
capable of oxidation involving CR-CR bond formation with
apparent two- and four-electron dehydrogenase-type reac-
tions.11 To follow the predicted oxidation of1 by an
electrochemical study, we oxidized1 in DCM by iodine to
isolate the oxidized product3. Its X-ray structure confirmed
that the porphyrinogen has been oxidized with the introduc-
tion of two CR-CR bond formations (instead of one) with
concomitant reduction of the coordinated Fe(III) to Fe(II),
which, in turn, ligated with one iodide ion, resulting in
pentacoordination of Fe(II) (Figure 1, bottom).7 Oxidation
by transition-metal ions such as Cu(II) has extensively been
done where the copper cluster anions formed as the byprod-
uct in such a reaction invariably trap the oxidized cationic
species.2a A cleaner oxidation was reported with the [Fe-
(cp)2]+ cation.5 The isolation of 3 suggested that the
irreversible redox chemistry must be a complex process. Its
room-temperature magnetic moment in the solid showedµeff

) 5.4µB, which is higher than that expected for a high spin
Fe(II) state (S ) 2), but in solution (DMF or DCM), its
magnetic moment showed a value (µeff ) 4.8 µB) expected
for Fe(II) in a high spin state (S ) 2). The lattice of3
possesses a DCM molecule and one I2 unit along with two
I3 units. In the solid state at room temperature, this compound
showed an EPR signal withg value) 〈2.03〉, which could
have originated from an ion pair like I2

+I3
-. The reduction

of the magnetic moment and the loss of the EPR signal in
solution are consistent with the disappearance of ion pair

I2
+I3

- interaction.12 The frontier molecular orbital analysis
(Figure 3) showed the population of four unpaired electrons
essentially in four d orbitals.13,14A thermogravimetric study
of 3 showed that at 164°C it loses one molecule of DCM
and one molecule of I2 under Ar and above that temperature
it is not thermally stable. Oxidation of1 by iodine in other
solvents or by other halogens such as Br2 or other oxidants
behaved differently, and details for these will be published
later.
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Scheme 1

Figure 3. Molecular orbital energy level diagram and frontier molecular
orbital plot of d orbitals for3.
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