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The first iron complexes of the tetracationic 2,3,7,8,12,13,17,18-
octaethyl-5,10,15,20-tetra- N-pyridiniumylporphyrin, (OE-
Py,P)**, in which four pyridine molecules are attached to the
meso-carbon atoms through their nitrogen atoms, were syn-
thesized in three steps starting from Zn(OEP) (Zn-B-octa-
ethylporphyrin) with an overall yield of ca. 30 %. The X-ray
structure of [Fe(OEPy4P)(pyridine),](CF3SO3);(Br) estab-
lished that the molecule adopts a severely distorted non-
planar saddle conformation. 'H NMR spectroscopy showed
that the [Fe''(OEPy,P)(B),]** ligated complexes, B = pyridine
(Py) or imidazole (Im), are low-spin, Fe!', S = 0. These com-
plexes exhibit redox potentials for the Fe'/Fe!' couple that
range between 0.62 and 0.38 V (vs. Ag/AgCl) and are shifted
by as much as +0.7 V relative to those of the corresponding

planar iron complexes of OEP and of the nonplanar com-
plexes of OETPP. Such highly positive redox potentials ex-
plain the stability of these iron(Il) porphyrins in air. As pre-
viously found for dodecasubstituted iron porphyrins bearing
electron-withdrawing groups, the UV/Vis spectra of the
[Fe''(OEPy,P)(B),]** complexes exhibit Soret and visible
bands which are redshifted by ca. 40 nm relative to those of
Fe(OEP)(Py),. These metallo-OEPy,P**complexes offer
promising synthetic avenues to novel classes of highly
charged porphyrins and multiporphyrin arrays, which are
soluble in aqueous and polar organic solvents.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Many porphyrin cofactors that are present in living sys-
tems, such as photosynthetic reaction centers, light harvest-
ing antenna complexes, and heme proteins, exhibit non-
planar macrocycles.l Such macrocycle distortions are be-
lieved to influence the biological functions of these cofac-
tors. In vivo, the scaffolding, hydrogen bonding, macrocycle
saturation, and axial ligation modulate the porphyrin con-
formations. In model porphyrins, specific macrocycle con-
figurations have been generated by introduction of bulky
and multiple peripheral substituents. By varying the macro-
cycle modes and degrees of distortion, as well as the nature
of the metal, the chemical and physical properties of the
tetrapyrroles can thus be fine-tuned. Indeed, such non-
planar distortions have been shown to alter the redox, mag-
netic, electronic, ligand binding, and excited-state proper-
ties of metalloporphyrins.[!-?]
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In some cytochromes, the heme iron is coordinated by
two axial histidine residues whose relative orientation with
respect to each other can alter both their spectroscopic and
redox properties.!*] In model studies of bis-ligated iron
porphyrins, the relative and absolute orientation of the axial
ligands have also been shown to modulate the electronic
structure, and the magnetic and redox properties of the
hemes.’! In the numerous crystal structures of bis-ligated
iron porphyrins reported so far, the relative orientations of
the axial ligands are preferentially perpendicular in Fe!™
and parallel in Fe'' porphyrins.»#* However, structures of
iron(IT) porphyrins with perpendicular axial pyridine or
imidazole orientations have been reported in which this ori-
entation was controlled by steric interactions imposed by
the porphyrin and its substituents.>* As well, crystallo-
graphic studies of highly saddled metalloporphyrins have
further shown that the combination of macrocycle distor-
tion and peripheral substituents forms trenches which tend
to orient the axial ligands perpendicular to each other.]

Many dodecasubstituted porphyrins have been synthe-
sized, most of which exhibit nonplanar, highly distorted
structures.l'*?! Iron and manganese porphyrins bearing up
to twelve electron-withdrawing substituents are especially
interesting because of their significantly altered redox po-
tentials and their catalytic properties.[':*-?1 Dodecasubsti-
tuted metalloporphyrins bearing multiple charges should be
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of particular interest because of their solubility in water and
their possible interactions with various biological targets
such as proteins and nucleic acids. Water-soluble metall-
oporphyrins exhibit interesting properties as photosensitiz-
ers for photodynamic therapy of cancer,['" and as antima-
larial,""! antibacterial,l'?! anti-HIV,!'>!¥ and antiprion!'?!
agents. Moreover, cationic metalloporphyrins have been ex-
plored for the treatment of pathologies in which the super-
oxide radical and its progeny are suspected of playing im-
portant roles.['® 'l N-methylpyridiniumyl-meso-substituted
metalloporphyrins have been used very often for this pur-
pose. This is indeed the case for the first reported dodeca-
substituted tetracationic metalloporphyrins that were de-
rived from B-octabromo-meso-tetra(N-methylpyridinium-
yl)porphyrin.l®!

Recently, a polycationic porphyrin bearing 20 positive
charges was obtained by nucleophilic substitution of the F
substituents of meso-tetra(pentafluorophenyl)porphyrin
(H,TFPP) with 4-dimethylaminopyridine in the presence of
trimethysilyl triflate.*”) Moreover, a tetracationic Zn!!
dodecasubstituted porphyrin, Zn(OEPy,P)** (OEPy,P: B-oc-
taethyl-meso-tetra-(pyridiniumyl-1)porphyrinato) (Scheme 1),
bearing four pyridinium groups bound at the meso position
through their nitrogen atom, was reported.?! It was the
first representative of a new class of dodecasubstituted,
nonplanar metalloporphyrins bearing four positive charges
less than 5 A from the metal center. Even more recently, the
corresponding free-base porphyrin H,OEPy,P**, and its
Mn complexes, were synthesized.[>?l The latter are new bio-
mimetic hydroxylation catalysts that exhibit good solubility
in both polar aprotic solvents and water.??!

-e

Zn(OEP) — (PFg ),
Py, Et,NPF,
Zn(OEPy,P)(PFq),

CH,CN,
CF;SOsH

FeB

- (H,0EPY,PYCF;S0y),
MeOH, Im
iron powder

[Fe(OEPy,P)(Im), ]+

Scheme 1. Synthesis of [Fe(OEPy,P)(Im),]** in three steps from
Zn(OEP).

We report here the synthesis and the spectral and electro-
chemical properties of iron complexes of H,OEPy,P*", and
the first X-ray structure of a bis(pyridine)Fe" complex of
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this novel class of tetracationic dodecasubstituted porphy-
rins. These metallo-OEPy,P*" complexes offer promising
synthetic avenues to additional novel classes of highly
charged porphyrins and multiporphyrin arrays that are sol-
uble in aqueous and polar organic solvents.*?!

Results and Discussion

Synthesis of [Fe(OEPy,P)(Im),]**

The iron complex of OEPy,P was prepared in three steps
starting from Zn(OEP) (OEP: B-octaethylporphyrinato)
(Scheme 1). The first step that led to [Zn(OEPy4P)](PF¢)4
was done according to published procedures®! (Scheme 1).
Demetallation of this Zn complex involved its treatment
with excess CF3SO5;H,?*231 which led to the CF;SO5 salt
of [HLOEPy,P]** in a 80% yield.[>?1 The last step, the inser-
tion of iron, was done under an atmosphere of argon by
using 2.5 equiv. of FeBr, in the presence of imidazole (Im)
and iron powder. The resulting complex was found to be a
diamagnetic Fe!' complex of OEPy,P including two axial
imidazole ligands as shown by '"H NMR spectroscopy. Its
'"H NMR spectrum exhibits all the signals expected for the
pyridinium (in the 8.5-10.5 ppm region) and ethyl (in the
0.5-2.6 ppm region) substituents of the porphyrin ring, and
for the imidazole ligands (signals at 6 = 3.05, 3.83, and
5.20 ppm) (see Experimental Section). Integration of these
signals is consistent with two imidazole ligands per porphy-
rin. In the presence of excess imidazole, the signals of the
free and bound imidazole coexist in the '"H NMR spectra,
which indicates that the exchange between free and bound
imidazole is slow on the NMR time scale. Temperature-
dependent 'H NMR spectroscopic studies performed in
CD;OD in the presence of either 5 or 50 equiv. of imid-
azole, between 300 and 200 K, did not show significant
changes in the shape of the peaks, and only showed small
variations in the chemical shifts.

A high resolution mass spectrometry (HRMS) analysis
of the [Fe(OEPy,P)(Im),]** complex, with the use of nanoe-
lectrospray ionization and Fourier transform mass spec-
trometry (nano-ESI-FTMS), showed a molecular ion at
ml/z = 1496.2405, which corresponds to [Fe(OEPy,P)-
(CF5S03)4]" (monoisotopic  m/z  calculated  for
C60H60Ngs4012F12Fe = 14962368, iSOtOpiC distribution of
the peaks cluster identical to that calculated for the above
formula). This molecular ion should derive from the
[Fe(OEPy,4P)(Im),](CF5S03), complex having lost its two
axial ligands under the MS conditions, as usually found for
such Fe(porphyrin)(Im), complexes. A smaller peak at m/z
=1426.1999, which corresponds to [Fe(OEPy4P)(CF5S053);-
(Br)]* (theoretical monoisotopic m/z = 1426.2033; isotopic
distribution  in  agreement  with the formula
CsoHgoNgS309FoBrFe), was also observed. This peak
should come from the [Fe(OEPy,P)(Im),]J(CF3;SOs3);(Br)
complex, which was present in the analyzed sample as a
result of the exchange of a CF3SO; counterion of [Fe(OE-
Py4P)(Im),](CF3S0O3), by Br coming from FeBr, in the me-
tallation step. The presence of such a [Fe(OEPy,P)(Im),]**
2427
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complex associated with three CF;SO; counterions and
one Br counterion is in agreement with the X-ray study
performed on the complex obtained by replacement of the
Im ligands with pyridine. This X-ray study definitely estab-
lished a [Fe(OEPy,4P)(Py),]J(CF3SO53)5(Br) structure for the
latter complex (see below). Obviously, the nature of the
counterions of these [Fe(OEPy,P)(B),]** complexes, with B
= Im or Py, should greatly depend on the synthesis protocol
and on the medium in which they are studied. Therefore,
these complexes will simply be called [Fe(OEPy,P)(B),]** in
the following sections.

The UV/Vis spectra of [Fe(OEPy,P)(B),]**, with B = Im
or Py, exhibit Soret and visible bands that are all redshifted
ca. 40 nm relative to Fe''(OEP)(Py), (Table 1). These UV/
Vis spectra are similar to those of the previously reported
low-spin bispyridine dodecasubstituted Fe™ porphyrins
bearing electron-withdrawing groups [see Fe(F,,DPP)(Py),
in Table 1, F,,DPP: B-octaphenyl-meso-tetrapentafluor-
ophenylporphyrinato], whereas they clearly differ from the
spectra of [Fe(porphyrin)(Py),]* and Fe'(porphyrin)
complexes (Table 1). The redshifted optical spectra of
[Fe(OEPy,P)(B),]** are likely due to the presence of the
four electron-withdrawing pyridinium substituents and to
the distorted structure of the porphyrin macrocycle (see be-
low), relative to that of Fe''(OEP)(Py), which is planar.[*l
In distorted porphyrins, the highest occupied molecular or-
bital (HOMO) is destabilized more than the lowest unoccu-
pied orbital (LUMO), which results in a decrease in the
HOMO to LUMO energy gap and a redshift in the absorp-
tion bands.[26-28]

Table 1. UV/Vis characteristics of the [Fe(OEPy,P)(B),]** com-
plexes and related iron porphyrins.[l

Compound Solvent Amax [nmM, Soret]
Fe(F,,DPP)17] benzonitrile 327, 432, 534, 586
Fe(F2oDPP)(Py),371  pyridine 351, 447, 551, 588
[Fe(Brs TEPP)(Py),]*33 CH,Cl, 454, 556, 588
[Fe(OEP)(Py),|CI38  pyridine 396, 510, 529, 625
Fe(OEP)B! CH,Cl, 405, 531, 556
Fe(OEP)(Py),! pyridine 408, 517, 546
[Fe(OEPy,P)(Py),]**[1  MeCN, Py 366, 439, 458, 556, 588
[Fe(OEPy,P)(Im),J**  MeCN, Im 366, 458, 568, 601

[a] This work, spectra in MeCN containing 5% Py or 100 pm Im.

Electrochemical Properties of [Fe(OEPy,P)(B),]**

The redox chemistry of these iron complexes was studied
by cyclic voltammetry (Figure 1 and Table 2). The E;/, val-
ues for [Fe(OEPy,P)(Im),]** and [Fe(OEPy,P)(Py),]** are
+0.38 and +0.62 V respectively, vs. Ag/AgCl in MeCN. The
E\» peak potential separations for these complexes are 100
and 60 mV, respectively. The Fe''V!! couple is obviously sen-
sitive to the axial ligands and shifts — 240 mV upon re-
placement of the pyridine groups with imidazole moieties.
For bis-ligated Fe''! porphyrins, the Fe'''I' E,, potential
undergoes a negative shift as the pKa of the axial ligands
increases.!) The electron-withdrawing meso-pyridinium
substituents on the porphyrin shift the Fe'™!IT couple anodi-
2428
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cally, which stabilizes the iron(II) oxidation state. The redox
potentials of iron porphyrins with a varying number of elec-
tron-withdrawing substituents have been reported, and the
Fe"I redox couple undergoes a positive shift with an in-
creasing number of electron-withdrawing groups.[>>°! Com-
parison of the E;, of Fe(OETPP)(B), (OETPP: B-octa-
ethyl-meso-tetraphenylporphyrinato) and [Fe(OEPy,P)-
(B),]** shows a large positive shift in the metal redox poten-
tials upon replacing the meso-phenyl with meso-pyridinium
groups (+730 mV and +870 mV for B = Im and Py, respec-
tively, Table 2). Because these compounds have similar non-
planar conformations (see below), electronic, rather than
structural, factors seem to cause this large positive shift.

/
/ //

° oy
— _/

0 01

02 03 04 05 06 07 08
V vs Ag/AgCl

Figure 1. Cyclic voltammograms of [Fe(OEPy,P)(Im),]** (A) and
[Fe(OEPy,4P)(Py),]** (B) in MeCN containing 0.1 M TBAP. Scan
rate: 100 mVs!.

Table 2. Electrochemical data for the [Fe(OEPy,P)(B),]** com-
plexes and related iron porphyrins.

Compound Fe!l!/Fe!! Conditions(?!

[V]
[Fe(OEP)(Py),]*14!] 0.02 PrCN, TBAP, SCE
[Fe(OEP)(1-Melm),]*#1  ~0.39 CH,Cl,, TBAP, SCE
[Fe(F,,DPP)(Py),]#11  +0.53 Pyr, TBAP, SCE
[Fe(Brg TEPP)(Py),'33  +0.82 CH,Cl,, TBAP, Ag/AgCl
[Fe(OETPP)(Im),] 1P 031 PrCN, TBAP, SCE
[Fe(OETPP)(Py),] 1" 021 PrCN, TBAP, SCE
[Fe(OEPy,P)(Py),]**¢! +0.62 MeCN, TBAP, Ag/AgCl
[Fe(OEPy,P)(Im),J**¥l  +0.38 MeCN, TBAP, Ag/AgCl

[a] Redox potentials were measured in the indicated solvent con-
taining 0.1 M TBAP (tetrabutylammonium perchlorate). Values are
in V relative either to the saturated calomel electrode (SCE) or to
the Ag/AgCl electrode. [b] M. W. Renner and J. Fajer, unpublished
results. [c] This work.

Two electronic structures are theoretically possible for S
= 0 Fe(porphyrin)(L), complexes, a low-spin d6 Fe'' por-
phyrin structure and a structure involving a low-spin d5
Fe''' ion antiferromagnetically coupled to a porphyrin radi-
cal. However, presently, there is no indication in favor of
the latter structure for all the S = 0 Fe(porphyrin)(L), com-
plexes published so far in the literature. An electronic struc-
ture resulting from an intramolecular electron transfer from
Fe!' to the porphyrin should be favored by the presence
of porphyrin electron withdrawing substituents. However,
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Mossbauer data of the B-octanitrated Fe[TDCP(NO,)sP]-
(EtOH), complex, which exhibits the highest redox poten-
tial described so far for a Fe(porphyrin)(L), complex
(1030 mV vs. SCEPY), clearly showed that it is a Fe! com-
plex.13% Moreover, metal(porphyrin radical) complexes usu-
ally exhibit a characteristic porphyrin radical absorption in
the 700-1000 nm region; for instance Zn'[TDCP(NO,);-
P]~ and Ni"[TDCP(NO,),P]~ complexes show bands at
900 and 770 nm, respectively.?'l However, the UV/Vis spec-
tra of [Fe(OEPy,P)(Im),]** and [Fe(OEPy,P)(Py),]** failed
to show any band in the 700-1000 nm region. Finally, the
'H NMR spectra of [Fe(OEPy,P)(B),]** complexes exhibit
peaks, whose shapes and chemical shifts are highly similar
to those of Zn[(OEPy,P)|** and H,[(OEPy,P)]*" in which
the porphyrin ligand does not involve any radical species.
All these data are in favor of the low-spin d6 Fe'! porphyrin
electronic structure, as the one proposed for all the pre-
viously described S = 0 Fe(porphyrin)(L), complexes.!*!

Structural Studies

Owing to the small crystal size (0.6 X 0.4 X 0.1 mm) and
quality, the X-ray diffraction experiments were performed
with the use of high intensity X-rays from the National Syn-
chrotron Light Source at Brookhaven National Laboratory
beamline X26C. The molecular structure of [Fe(OE-
Py4P)(Py),]J(CF3S03);(Br) (1) and the atom numbering
scheme are displayed in Figures 2 and 3. Selected bond
lengths and angles are listed in Table 3. [Fe(OEPy,P)-
(Py),]** crystallizes with four anions, three CF5SO;~, and
one Br-, which are located between adjacent meso-pyridi-
nium groups and above the pyrrole rings (Figure 2). One of
the original CF3SO;™ ions of the free base must therefore
have been replaced by a Br~ during the metal insertion reac-
tion with FeBr,. The molecular structure of 1 exhibits a S,
saddle-shape distortion with an absolute displacement of
1.22 A for the pyrrole Cg atoms relative to the 24-atom
plane; an edge-on view of 1 is shown in Figure 3. The dis-
placements of the porphyrin atoms from the 24-atom core,
the axial ligand plane orientations, and a “clothesline” rep-
resentation of the macrocycle distortions are shown in Fig-
ure 4.

The trenches formed by the nonplanar porphyrin confor-
mation and the B-ethyl groups align the axial pyridines per-
pendicular to each other and along the N —Fe—-N,, axes. The
dihedral angle between the axial pyridine and the closest
N,—Fe-N, plane (¢) are 11.2 and 13.3° for pyridine N9
and N10, respectively. The pyridines are effectively orthogo-
nal to each other with a dihedral angle between the two
axial pyridine planes of 87°. A comparison of the structural
parameters of 1 and other related bispyridine iron porphy-
rins are listed in Table 4. As with other bispyridine iron(II)
porphyrins,* the iron atom resides in the 4N, plane, dis-
placed 0.01 A toward the axial pyridine N10. The axial pyr-
idines are approximately perpendicular to the macrocycle
plane with dihedral angles of 81.1° and 89.3° for pyridine
N9 and N10, respectively. Pyridine NO is tilted ca. 9° rela-
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Figure 2. ORTEP diagram of 1 with the anions included. The ther-
mal ellipsoids are drawn at the 30% probability level.

Figure 3. Molecular structure and numbering scheme for 1, ther-
mal ellipsoids drawn at the 30% probability level; the hydrogen
atoms and the counterions are removed for clarity.

tive to the 4N,, plane which could be a result of hydrogen
bonding between the pyridine C-H and the oxygen atom of
a nearby CF;SO; anion; the C59--O distance is 3.33 A.
Typically, for bis-ligated low-spin iron(II) porphyrins®
the equatorial Fe-N,, distances are ca. 2.00 A. The average
equatorial Fe-N,, distance in complex 1 [1.953(3) A] is
slightly shorter than in the dodecasubstituted complexes
[Fe"(OETPP)(Py),]ClO, at 80 K [1.957(3) A] and Fe'-

2429

www.eurjic.org



FULL PAPER

M. W. Renner, C. Bochot, A. Héroux, D. Mansuy, P. Battioni

Table 3. Selected bond lengths and bond angles for [Fe''(OE-
Py P)(Py)2](CF3805)3(Br) ().

Bond Distance [A] Bond Distance [A]
Fe-N1 1.955(3) Fe-N4 1.958(3)
Fe-N2 1.949(3) Fe-N5 2.028(3)
Fe-N3 1.951(3) Fe-N6 2.027(3)
NI1-Cl 1.382(4) N2-C6 1.380(4)
NI1-C4 1.372(4) N2-C9 1.375(4)
Cl-C2 1.453(5) C6-C7 1.455(5)
C2-C3 1.366(5) C7-C8 1.359(5)
C3-C4 1.459(5) C8-C9 1.457(5)
C4-C5 1.392(5) C9-C10 1.389(5)
C5-C6 1.390(5) Cl10-Cl11 1.393(5)
C5-N5 1.463(5) C20-N8 1.463(4)
Angle Value [°] Angle Value [°]
NI1-Fe-N2 89.79(12) N1-C4-C5 119.1(3)
N2-Fe-N3 91.46(12) N1-C1-C20 118.7(3)
N3-Fe-N4 90.29(12) CI-NI1-C4 105.2(3)
NI1-Fe-N4 89.99(12) C2-NI1-C20 130.6(3)
NI1-Fe-N3 169.98(13) Cl-C2-C3 106.4(3)
N2-Fe-N4 171.11(13) C2-C3-C4 106.3(3)
NI1-Fe-N9 85.99(12) C3-C4-C5 130.3(3)
NI1-Fe-N10 97.20(12) C4-C5-C6 126.6(3)
NI1-Cl-C2 110.4(3) C4-C5-N6 115.9(3)
N1-C4-C3 110.6(3) CI1-C20-N8 115.7(3)

(BrgTFPP)(Py), (BrgTFPP: B-octabromo-meso-tetrapenta-
fluorophenylporphyrinato) [1.963(7) A].32-33 The increased
distortion in 1 relative to Fe''(BrgTFPP)(Py),, (see below),
could account for the decreased Fe-N,, distance. In planar
porphyrins, the Fe-N,, bond lengths are longer in Fe!! than
in Fe' porphyrinst and this trend is maintained in 1
[2.028(3) A] when compared to [Fe(OETPP)(Py),]ClO,
[1.993(3) A].B2 As a result of the limited structural data
available for highly saddled bis-ligated low-spin Fe!' and
Fe! porphyrins, no meaningful conclusions can be made
regarding any relationship between the Fe-N,, or Fe-N,
distances and the oxidation state of the metal.

A normal-coordinate structural decomposition (NSD)34
analysis of the macrocycle distortions in 1 and several re-
lated iron porphyrins are listed in Table 5. The results from
the analysis indicate that the predominant distortion in 1 is
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Figure 4. Top: Displacements of the 24-atom core in units of 0.01 A
and the orientation of the axial pyridine ligand planes of 1. Bot-
tom: Linear display of the out-of-plane displacements of the core
atoms of 1 from the average plane of the 24 atoms (the horizontal
axis is not to scale).

sad with a small ruf contribution. Recently, Scheidt et al.
reported a correlation between the Fe-N,, distance and the
absolute meso-carbon displacement in ruffled Fe'™ and Fe'™
porphyrins.®3 This correlation does not appear to hold for
porphyrins with a saddled conformation within the limited
data available.

In saddled porphyrins there is a significant increase in
the C,,—C,—Cg angle and a decrease in the N-C,—Cg and
N-C,—C,, angles relative to planar porphyrins. This trend
holds for 1 and, in addition, there is a ca. 3° increase in the

Table 4. Average bond lengths [A] and angles [°] for 1 and related complexes.

Complex Fe-N, Fe-Nyu, Cyld C, ot Relative orientation!!]
Fe!l(Bry TEPP)(Py),3! 1.963(7) 2.012(7) 0.97 0.11 07,217 67.8
Fell[T(C5F)P](Py),l4 1.958(6) 2.002(6) 0.24 0.62 41.3, 46.0 87.5
1] 1.953(3) 2.028(3) 1.22 0.08 11.2, 13.3 87
[Fe'(OETPP)(Py),]CIO, 22 1.957(3) 1.993(3) 121 0.05 6.3, 11.6 85.1
Complex C,-N-C, Fe-N-C, N-CyCpn  CnCyCp  CuCuC,

17 sad 105.5 125.0 118.9 130.4 126.7
Fe''(BrsTFPP)(Py),33 sad 106.1 125.9 122.5 128.1 123.9

Fell [T(C5F;)P](Py),42] yyf 105.4 127.3 122.4 128.6 125.5

Fe!l(TPP)(Py),™! planar 105.1 127.2 125.9 123.4 123.4
[Fe'(OETPP)(Py),]CIO,5 sad 106.6 123.7 121.8 128.4 121.8

[a] T(C3F;)P is the dianion of meso-tetraheptafluoropropylporphyrin. [b] This work. [c] Cg = Average absolute value of the displacement
of the pyrrole B carbons from the 24-atom mean plane. [d] C,, = Average absolute value of the displacement of the methine carbons
from the 24-atom mean plane. [e] ¢ = Dihedral angle between the plane defined by the closest N,—-Fe-N,,, and the pyridine plane. [f]

Relative orientation: dihedral angle between two axial ligands.

2430
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Table 5. Out-of-plane displacements (in A) for the crystal structures of distorted Fe porphyrin complexes from normal-coordinate struc-

tural decomposition.34

Porphyrin Total distortion B,, B, Ay, Eqx Eqq) Al
dobsd. dcalcd. dsad druf ddom wav(x) wav(y) pro
Fe(OETPP)Cl43-441 3.537 3.520 3.478 0.527 0.090 0.020 0.032 0.010
[Fe(OETPP)(Py),]Cl0,32! 3.682 3.666 3.657 0.147 0.190 0.070 0.031 0.002
Fe(BrgTFPP)CIP3 3.322 3.304 3.272 0.408 0.022 0.163 0.112 0.009
Fe(BrgTFPP)(Py),133! 3.005 3.000 2.981 0.313 0.046 0.099 0.029 0.017
16 3.752 3.743 3.731 0.237 0.150 0.075 0.067 0.005

[a] This work.

Cy—C—C, angle (Table 4).*1 Another consequence of the
increased saddle distortion in 1 is a decrease in the dihedral
angle of the meso-pyridinum rings relative to the 4N, plane,
47.3°. However, the average C,-meso-N,, distance
[1.462(4) A] does not suggest any significant increased m—m
overlap. Similar observations were noted in highly saddled
OETPP porphyrins, again without any indication of in-
creased porphyrin—phenyl ©t overlap.!!-36]

Conclusions

A procedure was developed for the synthesis of iron com-
plexes of [H,OEPy,P](CF3S03),, in three steps starting
from Zn(OEP) with an overall yield of ca. 30%. The molec-
ular structure of [Fe(OEPy,P)(Py),](CF3S0O5)3(Br) was de-
termined by X-ray crystallography. The molecule was
shown to adopt a severely nonplanar distorted saddle con-
formation, and the nonplanar macrocycle and its substitu-
ents form cavities that orient the axial ligands orthogonally
to each other and along the Np—Fe—Np axes. [Fe(OEPy,P)-
(B),]*", B = Py or Im, are the first iron complexes of a
dodecasubstituted porphyrin bearing four positive charges
close to the metal (<5 A). The Fe'"/Fe!' redox potentials
of +0.62 (B = Py) and +0.38 V (B = Im) (relative to Ag/
AgCl) are shifted by as much as ca. +0.7 V when compared
to the redox potentials of the corresponding planar com-
plexes of OEP and of the nonplanar, saddle-shaped, com-
plexes of OETPP. These highly positive redox potentials
values, that are comparable to those previously reported for
dodecasubstituted iron porphyrins bearing electron-
withdrawing groups, such as Fe(BrgTFPP)(Py), or
Fe(F,,DPP)(Py),,33371 explain the stability of these Fe!l
porphyrins in air. As previously reported for other iron do-
decasubstituted porphyrins bearing electron-withdrawing
groups,?>33371 the UV/Vis absorption spectra of the
[Fe(OEPy,P)(B),]** complexes exhibit Soret and visible
bands greatly redshifted relative to Fe(OEP)(Py),. Potential
applications in biomedicine, catalysis, and material sciences
of these novel iron porphyrins that offer the advantage of
being stable in air and also soluble in polar organic solvents
as well as in water are currently being pursued.

Experimental Section

Materials and Methods: Methanol (MeOH), diethyl ether (Et,0)
and Celite 545 were purchased from SDS and used without further
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purification. Trifluoromethanesulfonic acid, Zn(B-octaethylpor-
phyrin = OEP), dichloromethane (CH,Cl,), [D,]dichloromethane
(CD,(Cl,), pyridine (Py), [Ds]pyridine, imidazole (Im), tetraethyl-
ammonium hexafluorophosphate (EtyNPF¢), acetonitrile (MeCN),
and Sephadex LH20 were purchased from Aldrich. Tetrabutylam-
monium perchlorate (BuyNCIO,4) was obtained from Alfa, pyridine
(Py) (extra dry, water <50 ppm) from Acros, and anhydrous FeBr,
and iron powder from Alfa-Ventron.

At BNL, UV/Vis absorption spectra were recorded with a Cary
500 spectrophotometer. Cyclic voltammetry was carried out with a
Voltalab 80 electrochemical analyzer. A three-electrode system was
used and consisted of a glassy carbon working electrode (GCE,
3.0 mm diameter, BAS), a Pt wire counter electrode, and a Ag/
AgCl reference electrode. The solvent was MeCN with 0.1 M BuyN-
ClO, as the supporting electrolyte and they were purified by stan-
dard techniques. '"H NMR spectra were recorded with a Bruker
DRX-400 spectrophotometer operating at 400.132 MHz 'H fre-
quency. The NMR spectra were referenced to the residual CD,Cl,
solvent peak (0 =5.32 ppm). The DQF-COSY data were recorded
at 296 K and processed by using the Xwinnmr software package.

At Paris 5, UV/Vis absorption spectra were recorded with a SAFAS
mc2 spectrophotometer operating at room temperature and 'H
NMR spectra were recorded at 300 K with a Bruker WR250 spec-
trometer. Electrochemical experiments were carried out with an
EGG-PAR model 173 potentiostat, or with a Tacussel PJT 120-1
potentiostat controlled by a PC computer by a Tacussel IMT-1
interface.

HRMS analyses were carried out at Ecole Polytechnique, Palai-
seau, France with a 7-T APEX III FT-ICR mass spectrometer
(Bruker Daltonik, Bremen, Germany) equipped with a 7 Tesla ac-
tively shielded superconducting magnet and an infinity cell. Nanoe-
lectrospray was used as the ionization source, and nanoelectrospray
needles were purchased from Proxeon (Odense, Denmark) and
filled with 2 uL of a solution of complex (20 pmolL™! in 50%
MeOH/water/0.2% formic acid). Mass spectra were acquired from
m/z 500 to 3000 with 256k data points. MS analysis were performed
at “Laboratoire de spectrométrie de masse bio-organique” ECPM,
Strasbourg, France with a MicroTof apparatus (Bruker, Wissem-
bourg France) (electrospray).

[Fe(OEPy P)(Im),]**: The preparation of Zn(OEPy,P)(PF), from
Zn(OEP) was performed as described previously.”!l This complex
was demetallated by treatment with CF5SO3H.[??l Iron was inserted
into the free base porphyrin as follows: H,OEPy,P(CF;SO3),
(100 mg, 0.069 mmol) was dissolved in MeOH (3 mL) in the pres-
ence of imidazole (5 equiv.). The solution was deoxygenated, anhy-
drous FeBr, (36.6 mg, 2.5 equiv.) and Fe powder were added, and
the solution was heated at reflux under an argon atmosphere for
18 h. Iron powder was added to reduce the ferric impurities present
in FeBr,. After cooling to room temperature, the solution was
passed through a short celite column (to remove iron salts). After
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evaporation of the solvent, the resulting product was washed with
Et;,O (300 mL). Yield: 50 mg (48% assuming a [Fe(OEPy,P)-
(Im),]** structure with 4 CF;SO; counterions as suggested by
HRMS). 'H NMR (250 MHz, CD;OD, of [Fe!'(OEPy,P)(Im),]**
in the presence of 5 equiv. of Im, 300 K): 6 = 10.45 (d, / = 6 Hz, 8
H, o-H of Py"), 9.21 (t, J = 7.5 Hz, 4 H, p-H of Py"), 8.65 (dd, J
= 6.8 Hz, 8 H, m-H of Py*), 8.18-7.29 (free Im), 5.20 (2 H, bound
Im), 3.83 (2 H, bound Im), 3.06 (2 H, bound Im), 2.58 (m, 8 H,
CH, of CH,CHs), 1.15 (m, 8 H, CH, of CH,CH3), 0.41 (m, 24 H,
CHs3) ppm. UV/Vis (CH;CN containing 100 pm Im, under Ar): 1
(e, Mem™) = 366 (70530), 458 (88280), 568 (23250), 601(24170)
nm. MS (electrospray, TOF): m/z = 1347.4 [Fe(OEPy4P)(CF3SOs);]",
1279.3  [Fe(OEPy,P)(CF3SO0;),(Br)]*,  599.3  [Fe(OEPy,P)-
(CF3S03),]*", 349.9 [Fe(OEPy,P)(CF5S03)]**, 326.8 [Fe(OEPy,P)-
(Br)I**, 225.7 [Fe(OEPy,P)**.

|Fe(OEPyP)(Py),]**: A dichloromethane solution of the above
[Fe"(OEPy,P)(Im),]** complex was treated with an excess of pyr-
idine (5% vol). The NMR sample was prepared directly in the
NMR tube by adding an excess of [Ds]pyridine to a CD,Cl, solu-
tion of the [Fe!'(OEPy,P)(Im),]** complex. 'H NMR [400 MHz,
CD,Cl, containing 5% (vol) of CsDsN, 296 K]: 6 = 10.46 (d, J =
6 Hz, 8 H, o-H of Py™), 8.99 (t, / = 7.5 Hz, 4 H, p-H of Py"), 8.45
(t, J = 6.8 Hz, m-H of Py*), 2.48 (m, 16 H, CH, of CH,CHy3), 0.22
(t, J=17.1 Hz, 24 H, CH3). The peaks assignments were made from
the DQF-COSY spectrum. UV/Vis (CH3CN): 1 = 366, 439, 458,
556, 588 nm.

Crystallography: Selected crystallographic experimental data are
presented in Table 6. Crystals of [Fe(OEPy4P)(Py),](CF3SO5);(Br)
were grown by vapor diffusion of pentane into a solution of the
complex in CH,Cl,. A crystalline sample was placed in Paratone-
N, the single crystal was suspended in a nylon loop and transferred
to the liquid nitrogen cold stream of the diffractometer. Crystallo-
graphic data were collected at beamline X26C of the National Syn-
chrotron Light Source at Brookhaven National Laboratory. 360°
of data were collected by the rotation method on an ADSC Quan-
tum 4 area detector and processed with Denzo/Scalepack. Lattice
parameters for the synchrotron data were determined separately for
each recorded image and are mean values derived from the repro-
ducibility of the determinations. The structures were solved by di-
rect methods and refined against 2 by using SHELXL-97 in the
SHELXTL version 5 package. Hydrogens were included in ideal-
ized positions by using a riding model. CCDC-630557 contains the
supplementary crystallographic data for this paper. These data can

Table 6. Crystallographic details for [Fe(OEPy,P)(Py),](CF3S03);-
(Br) (1).

Empirical formula

C69H70BrF9FeN 1 ()Og S3

Formula mass [gmol ] 1586.28
Space group P2/,

T [K] 103(2)
a[A] 14.261(3)
b[A] 26.501(5)
¢ [A] 21.202(4)
a[°] 90.00
B0 107.52(3)
7] 90.00

v [A3] 7641(3)
V4 4

J[A] 0.8950
Dcalcd. [ng 3] 1.435

# [mm!] 0.890

R, [F,>46(F,)] 0.0686
wR, (all data) 0.2021
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be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): "TH NMR spectrum of the [Fe(OEPy4P)(Im),]*" complex and
a figure illustrating the hydrogen bond between the pyridine
C59---H and a triflate anion oxygen atom.
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