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The reactions of heme, [OEPFeCl] where OEP is the dianion of octaethylporphyrin, with phenylcyanamide
(pcyd) ligands have been studied. Four new porphyrin complexes, [OEPFe(L)] (L = pcyd (2), 2-Clpcyd (3),
2-Mepcyd (4), 2,4-Me,pcyd (5)), have been isolated and characterized by spectroscopic methods. "H NMR
spectroscopy reveals that the species [OEPFe(L)] are paramagnetic and iron is five-coordinate. The struc-
ture of [OEPFe(pcyd)] (2) has been determined by X-ray diffraction analysis. The four Fe-N, bond dis-
tances have average values of 2.062 A. The average displacement of the iron(Ill) atom from the mean
porphinato core is 0.45 A. Electrochemical of [OEPFe(L)] (L = pcyd (2), 2-Clpcyd (3), 2-Mepcyd (4), 2,4-
Me,pcyd (5)) have been studied by cyclic voltammetry.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The coordination chemistry of iron porphyrins has been exten-
sively investigated in order to understand the ability of this macro-
cyclic to sustain a variety of biological functions including the
transport and storage of dioxygen, and in the activation of dioxy-
gen towards reduction [1,2]. Moreover, the biological and chemical
importance of iron porphyrins makes the nature of the metals-li-
gand linkage in these complexes of considerable interest. Numer-
ous structural and physical characterizations of iron porphyrin
with different axial groups have been reported during the last dec-
ades [3-6].

Phenylcyanamide ligands (pcyd) are interesting ligands from
the synthetic and magnetic point of view. An extensive 1 conjuga-
tion between the cyanamide group and the phenyl ring provides an
energetically favorable means by which a metal ion can couple into
a conjugated organic m system. The evident relationship with other
pseudohalide ligands which in the last few years have provided a
great variety of structural topologies and magnetic properties,
including ferro, antiferro, (homogeneous or alternating) or in some
few cases, ferrimagnetic systems [7-9].

Here we report the synthesis of four new heme analogues with
phenylcyanamide ligands, [OEPFe(L)] (L = pcyd (2), 2-Clpcyd (3), 2-
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Mepcyd (4), 2,4-Me,pcyd (5)). Complexes 2-5 have been charac-
terized with vibrational and NMR spectroscopes as well as elemen-
tal analyses. These phenylcyanamide ligands could stabilize five-
coordinate iron (III) with a high-spin electronic configuration.
[OEPFe(L)] (L = pcyd (2), 2-Clpcyd (3), 2-Mepcyd (4), 2,4-Me,pcyd
(5)) are stable in air, and these complexes react with HCl and
produce [OEPFeCl] (1). The electrochemistry of dichloromethane
solution of [OEPFe(L)] (L= pcyd (2), 2-Clpcyd (3), 2-Mepcyd (4),
2,4-Me,pcyd (5)) have been studied by cyclic voltammetry.

2. Experimental

All solvents were dried by refluxing for several days over Na and
benzophenone under Ar and distilled immediately before use. Puri-
fied N; (99.99%) was used without further treatment. All reagents
and solvents used in this study were obtained from Merck or Al-
drich Chem. Co. All phenylcyanamide derivatives and their thal-
lium salts were synthesized following the general synthetic
procedure described by Crutchley and Naklicki [10]. Caution! Thal-
lium is extremely toxic.

IR spectra were recorded using KBr disks on a Shimatzu IR
instrument. UV-Vis spectra were recorded on an analytikjena SPE-
CORD S100 spectrometer with photodiode array detector. NMR
experiments were recorded at room temperature in CDCl; on a
Bruker AV-500 spectrometer using an internal deuterated solvent
lock.
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2.1. Synthesis of [OEPFe(L]) (L = pcyd (2), 2-Clpcyd (3), 2-Mepcyd (4),
2,4-Meypcyd (5))

The four compounds were prepared as following procedure:
Thallium phenylcyanamide salt (0.80 mmol) was added to dichlo-
romethane solution of [OEPFeCl] (1) (25 mg, 0.04 mmol) under N,
atmosphere. The reaction mixture was stirred for 1 h to produce
brown-red solution. The mixture was filtered and the resulting
clear solution was evaporated to dryness under vacuum to give a
brown-red residue. The resulting solid was recrystallized by dis-
solving it in a minimum volume of dichloromethane and slowly
adding n-hexane to precipitate the product as dark red crystals.
Yields for the five compounds are around 85%. Elemental Anal. Calc.
for C43H49NgFe (2): C, 73.17; H, 6.99; N, 11.91. Found: C, 73.02; H,
6.85; N, 11.79%. UV-Vis absorption: Amax, nm (&, cm~! M™1), 373
(5.4 x 10%), 397 (6.2 x 10%), 509 (7.1 x 103), 538 (7.3 x 10°), 634
(5.3 x 10%). IR (KBr): v (NCN)=2195 cm~!. Elemental Anal. Calc.
for C43H4gNgFeCl (3): C, 69.76; H, 6.53; N, 11.35. Found: C, 69.63;
H, 6.42; N, 11.27%. UV-Vis absorption: /ma., nm (¢, cm™'M™1),
375 (5.6 x 10%), 396 (6.3 x 10%), 507(7.1 x 10°), 540 (7.1 x 10%),
629 (5.4 x 10%). IR (KBr): w(NCN)=2114cm™'. Elemental Anal.
Calc. for C44Hs1NgFe (4): C, 73.41; H, 7.14; N, 11.67. Found: C,
73.34; H, 7.07; N, 11.54%. UV-Vis absorption: Jmax, nm (g,
cm ' M), 371 (5.6 x 10%), 397 (6.4 x 10%), 505 (7.2 x 10%), 537
(7.3 x 10%), 639 (5.3 x 10%). IR (KBr): ¥(NCN) = 2106 cm~". Elemen-
tal Anal. Calc. for C45Hs3NgFe (5): C, 73.64; H, 7.27; N, 11.45. Found:
C, 7347; H, 7.09; N, 11.32%. UV-Vis absorption: /max nm (g,
cm ' M™1), 373 (5.5 x 10%), 397 (6.1 x 10%), 509 (7.1 x 10%), 540
(7.2 x 10%), 636 (5.2 x 10°). IR (KBr): ¥(NCN)=2090 cm .

2.2. Crystallography

Crystallization of [OEPFe(pcyd)] (2) at room temperature by dif-
fusion of n-hexane into its saturated dichloromethane solutions
yielded black, tablet-shaped crystals. Measurements were made
on a Bruker X8 APEX diffractometer with graphite monochromated
Mo Ko radiation (4 =0.71073). The data were collected at a tem-
perature of —100+0.1°C to a maximum 260 value of 55.7°. The
structures were solved by direct methods [11] and expanded using
Fourier techniques [12]. The non-H-atoms were refined anisotrop-
ically. All hydrogen atoms were included in calculated positions
but were not refined. The standard deviation of an observation of
unit weight was 1.00. The weighting scheme was based on count-
ing statistics. The maximum and minimum peaks on the final dif-
ference Fourier map corresponded to 0.37 and —0.32e/A3,
respectively.

A perspective view of complex 2 is shown in Fig. 3. Some details
of the collection are given in Table 2. Selected interaction distances
and angles are given in Table 3.

2.3. Electrochemical measurement

Cyclic voltammograms were recorded on a Electroanalyzer sys-
tem Model Sama 500 (Sama research center, Esfahan, Iran) in a
three electrode cell. The working electrode was a platinum disk
with a diameter of 2 mm. Before each experiment the electrode
was polished with fine carborundum paper and 0.5 mm alumina
slurry in sequence. The electrode was then sonicated in order to re-
move the trace of alumina from the surface, washed with water
and dried. A SCE served as the reference electrode. The auxiliary
electrode was a platinum electrode. An initial background scan
was run to check the purity of the reagents and to establish the sol-
vent anodic potential range. The electrochemical measurements
were carried out at a thermostated temperature of 25.0 + 0.1 °C.
Tetrabutylammonium perchlorate was used as supporting
electrolyte.

3. Results and discussion

3.1. Formation of [OEPFe(L]) (L = pcyd (2), 2-Clpcyd (3), 2-Mepcyd (4),
2,4-Mespcyd (5))

The results presented here show that phenylcyanamide anions
react with heme, [OEPFe""'CI] (1), in air to produce five-coordinate
products, [OEPFe(L)] (L = pcyd (2), 2-Clpcyd (3), 2-Mepcyd (4), 2,4-
Me;,pcyd (5)) (Scheme 1). The solutions and solids of 2-5 com-
plexes are air stable, and these complexes react with HCI and pro-
duce [OEPFeCl] (1).

[OEPFe(L)] (L = pcyd (2), 2-Clpcyd (3), 2-Mepcyd (4), 2,4-Me,p-
cyd (5)) are soluble in a the range of solvents: chloroform, dichlo-
romethane, hexane, pyridine. Their behavior in non-coordinating
solvents, particularly dichloromethane and chloroform, are similar.
The UV-Vis spectra of dichloromethane solutions of 2-5 show typ-
ical heme features [13,14] with intense Soret bands in the range of
370-397 nm and Q-bands, low energy absorption, in the range of
505-640 nm. The electronic absorption spectra obtained from
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Fig. 1. The UV-Vis absorption spectra of a dichloromethane solution of [OEPFe!'Cl]
(blue line) and [OEPFe(2,4-Me,pcyd)] (5) (purple line). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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dichloromethane solutions of [OEPFe(L)] (L= pcyd (2), 2-Clpcyd
(3), 2-Mepcyd (4), 2,4-Me,pcyd (5)) are similar to electronic
absorption spectra of the known high-spin iron (III) porphyrins
such as, [OEPFeCl] and [TPPFeCl] [13,14] but Soret bands were
found to be broadened and split. Fig. 1 shows the electronic
absorption spectra of [OEPFe(2,4-Me,pcyd)] and [OEPFeCl] in
dichloromethane for comparison. The arrangement of macrocycles
in aggregates generally fall into two types, “J” (edge-to-edge) and
“H” (face-to-face). Each type, ] and H, have distinctive spectral fea-
tures that can be exploited or utilized [15]. The split Soret band to-
gether with the broadened in the optical spectra suggest both
types of interaction in the dichloromethane solution [15,16].

The [OEPFe(L)] (L = pcyd (2), 2-Clpcyd (3), 2-Mepcyd (4), 2,4-
Me,pcyd (5)) were characterized also by infrared spectroscopy.

IR spectroscopy is a proper tool for characterization of phenylcya-
namide metal complexes. It can differentiate nitrile versus amine
coordination in both anionic and natural form of phenylcyanamide.
Neutral phenylcyanamide (pcyH) has shown C=N stretch in the
range of 2225-2249 cm™!, where coordination of anionic phenylc-
yanamide ligands seems to occur via nitrile nitrogen and produce a
strong bond in the frequency lower than 2150 cm™' [10]. Infrared
data for 2 show one strong absorption band at 2195 cm™! that is
close to absorption band of CN triple bond (resonance form A),
but for 3-5 v(CN) are 2090, 2106, 2114 cm™}, respectively, that is
consistent with the presence of the resonance form B (Eq. (1)).
All resonances in the 'H NMR spectra of [OEPFe(L)] (L = pcyd (2),
2-Clpcyd (3), 2-Mepcyd (4), 2,4-Me,pcyd (5)) species are well
spread out and were assigned on the basis of their intensities, line
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T T T T T T
o =10 -20 =30 -40 =50 Ppm

Fig. 2. Paramagnetic '"H NMR (500 MHz) in CDCl; at room temperature of (a) [OEPFe(2-Clpcyd)], (b) [OEPFe(2-Mepcyd)], (c) [OEPFe(pcyd)], (d) [OEPFe(2,4-Me,pcyd)].
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Table 1
'H NMR data for 2-5 complexes
Complex CH, CH, CHs3 Meso H,? Hs Hy Hs Hg
[OEPFe(pcyd)] (2) 4225 39.94 6.22 ~51.57 —47.47 33.09 —46.04 33.09 —47.47
[OEPFe(2-Clpcyd)] (3) 43.82 39.63 6.42 —52.00 - 35.85 —42.60 23.82 —47.30
[OEPFe(2-Mepcyd)] (4) 4139 38.39 6.15 —55.00 40.50° 25.74 —47.23 25.74 —47.23
[OEPFe(2,4-Me,pcyd)] (5) 40.71 38.13 6.04 ~56.10 43.46° 39.96 61.37° 26.95 —47.20
a
3 2
4 NCN.
5 6
> Me.

widths, and chemical shifts at room temperature. The paramag-
netic shifts of protons are the same as typical paramagnetic shifts
of protons for high-spin five-coordinate ferric porphyrin, OEPFeCl
[17]. Fig. 2 shows, the 'H NMR spectra of [OEPFe(L)] (L = pcyd
(2), 2-Clpcyd (3), 2-Mepcyd (4), 2,4-Me,pcyd (5)) species in CDCl3
at 25 °C.

The methylene and methyl protons (eight ethyl groups in OEP)
show strong paramagnetic shifts that place them in the downfield
region. A special feature is the doubling of the methylene peak for
example at 38.13, 40.71 ppm for [OEPFe(2,4-Me,pcyd)] (5). One
broad methyl resonance is seen in the range of 5.8-6.22 ppm. In
the case of the natural porphyrins, the broad lines generally do
not permit resolution of the nonequivalent methyls resonances.
One meso (four methine hydrogens in porphyrin ring) resonance
in the high field region (about —51 to —57 ppm) observed in the
spectrum of each of these complexes which is consistent with
the fact that they are the protons closest to the iron center and
hence that they are the most affected by dipolar relaxation. Worth
mentioning also is that the line widths increase in the order
methyl > methylene > meso. This is consistent with a dominant
dipolar contribution to the line width [18] since the distance be-
tween the porphyrin protons and the iron center follow an inverse
order. These spectra are consistent with the structure shown in
Scheme 1, in which the iron is five-coordinate and each of the
two methylene protons of the eight unique ethyl groups is chemi-
cally distinct and hence there are two methylene resonances.
In addition, based on comparison of the pattern of signals in

Table 2

Crystallographic Data for [OEPFe(pcyd)] (2)

Empirical formula C43H49NgFe
Fw 705.73
Crystal color, habit black, tablet
Crystal system monoclinic

Dimension (mm)
Space group

0.15 x 0.30 x 0.50
P 24/c (#14)

a(A) 12.6428(7)
b (A) 13.5119(7)
c(A) 22.0756(12)
B(°) 102.923(2)
V (A3) 1949.4(2)
V4 4

T (K) 173.0(1)
Dearc (g/em®) 1275
F(000) 1500.00
w(cm™) 4.50

Total data collected 37493

Number of unique data (Rjn)
Final R indices (I > 2a(I)]
Final R indices (for all data)
Goodness-of-fit

8696 (0.042)

Ry =0.042; wR; = 0.094
R; =0.075; wR, =0.109

1.00

Ry = Z||F| — |Fll/ZIFol, Ry = / S (W(F3 — F2)*)/ S w(F3 ).

phenylcyanamide complex 2-5, assignment of 'H NMR signals
for 2-5 complexes are shown in Table 1.

The [OEPFe(L)] (L = pcyd (2), 2-Clpcyd (3), 2-Mepcyd (4), 2,4-
Me;pcyd (5)) species are paramagnetic. In chloroform solution at
25 °C, as measured by the Evans technique [19], 2, 3, 4 and 5 have
magnetic moment of 5.65, 5.52, 5.61, 5.58 ug, respectively. This is
consistent with a high-spin (S=5/2) electronic configuration of
iron in these species.

3.2. Molecular structure

The structure of [OEPFe(pcyd)] (2) has been determined by
X-ray crystallography and some of the crystallographic data are
summarized in Table 2. ORTEP diagrams of the monoclinic [OEP-
Fe(pcyd)] (2) is shown in Fig. 3. Fig. 4 shows the molecular packing
of 2. Selected bond distances and angles [OEPFe(pcyd)] (2) are gi-
ven in Table 3.

The Fe-N¢q bond distances have average value of 2.062 A which
is close to that observed for OEPFeCl (2.071 A). The displacement of
the iron(Ill) atom from the mean porphinato core is 0.45 A and
shorter than that of OEPFeCl (0.494 A) [20]. These structural
parameters are typical for five-coordinate, high-spin, iron(III) por-
phyrins [2].

Fig. 3. Perspective view of [OEPFe(pcyd)] (2). Porphyrin hydrogen atoms are
omitted for clarity. The atoms were drawn with 50% probability ellipsoids.
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Fig. 4. An overview of the molecular packing in the crystal structure of
[OEPFe(pcyd)] (2).

Table 3
Selected bond lengths (A) and angles (°) for [OEPFe(pcyd)] (2)

Bond length

N(1)-Fe(1) 2.0626(17)
N(2)-Fe(1) 2.0592(17)
N(3)-Fe(1) 2.0665(17)
N(4)-Fe(1) 2.0597(17)
N(5)-Fe(1) 1.9678(17)
C(37)-N(5) 1.139(3)
C(37)-N(6) 1.268(3)
C(38)-N(6) 1.407(3)
C(1)-C(20) 1.377(3)
C(1)-N(1) 1.382(3)
Bond angle

N(1)-Fe(1)-N(3) 154.45(7)
N(4)-Fe(1)-N(3) 87.44(7)
N(2)-Fe(1)-N(3) 87.21(7)
N(5)-Fe(1)-N(3) 102.44(7)
N(4)-Fe(1)-N(1) 87.33(7)
N(2)-Fe(1)-N(1) 87.28(7)
N(5)-Fe(1)-N(1) 103.11(7)
N(2)-Fe(1)-N(4) 155.52(7)
N(5)-Fe(1)-N(4) 101.08(7)
N(5)-Fe(1)-N(2) 103.40(7)
C(37)-N(5)-Fe(1) 168.53(18)
C(37)-N(6)-C(38) 124.9(2)

N(5)-C(37)-N(6) 171.7(3)
C(39)-C(38)-N(6) 123.6(2)
C(43)-C(38)-N(6) 117.3(2)

Cyanamide ligands have a coordination configuration that de-
pends primarily on the nature and oxidation state of the metal
atoms. The bond angle between a cyanamide group and a metal
ion is largely determined by resonance:

of 180°. Coordination of resonance structure B to a metal ion ought
to result in an ideal bond angle of 120°. Coordination of the anionic
cyanamide group to a strongly polarizing metal ion should increase
the contribution of resonance structure B, and if the metal ion has
significant 7 acceptor properties, the preferred bond angle will be
close to 180°. In this regards, Ru(Ill), a strong 7 acceptor, has been
shown to coordinate to 2,3-Cl,pcyd™ with a bond angle 171° and
Cu(Il) has far weaker T acceptor properties has Cu(Il)-cyanamide
bond angles between 141° and 165° [21]. Here, the bond between
the anionic cyanamide group and Fe(Ill) is almost linear, having
an angle of C(37)-N(5)-Fe(1)=168.53° and is shorter, with Fe-
Nax = 1.9678(17) A. This indicates a significant degree of m-donation
to Fe(III).

By reference to the Cambridge Structural Database, the C(37)-
N(5) bond length of 1.139(3) A is very close to that of a CN triple
bond [22]. There is conformity between X-ray and Infrared data:
Infrared data show one strong absorption band at 2195 cm™! that
is close to absorption band of CN triple bond. This bond lengths
are 1.183 and 1.171A for [TPPFe(2,4-Cl,pcyd)] [23] and
[TPPMn(4-Mepcyd)] [24], respectively, with non linear bond be-
tween the anionic cyanamide group and M(III).

Free anionic phenylcyanamide ligands are expected to be planar
in the absence of the steric effects due to the strong coupling of the
cyanamide group with the phenyl ring system. This interaction is
apparently maintained upon coordination to Fe(IIl), the torsion an-
gle C(37)-N(6)-C(38)-C(39), 4.3°, shows that the phenyl ring is
approximately planar with cyanamide to optimize the interaction
between the phenyl ring and cyanamide group. NCN is almost lin-
ear, having an angle of N(5)-C(37)-N(6)=171.7(3)°.

The relative (inward/outward) orientations of the eight ethyl
groups are different; two consecutive ethyl groups on each por-
phyrin are directed outwards relative to the cyanamide, whereas
the remaining six ethyl groups are directed inwards.

The molecular packing in the crystal structure of [OEPFe(pcyd)]
(2) is shown in Fig. 4. It is worth noticing that, the angle between
the phenyl mean planes of two neighboring molecules is zero and
two phenyl groups are exactly parallel.

The porphyrins macrocycle with Fe(Il) is nearly planar [25], in
distinct contrast as seen in Fig. 5 of Ref. [26], the Fe(lll) porphyrin
complexes have highly distorted, ruffled macrocyclic cores with
atomic displacements up to 0.68 A away from the porphyrin mean
plane. However, here for Fe(Ill) porphyrins, [OEPFe(pcyd)] (2), the
maximum of out-of plane displacements of the porphyrin core
atoms is 0.103 A.

3.3. Electrochemical measurements

The electron transfer properties of porphyrin complexes have
been extensively reported in the literature [27]. Electrochemical
of [OEPFeCl] was studied in nonaqueous media by Kadish et al.
[28,29], they reported that Fe(Ill)/Fe(Il) couple was obtained as
an irreversible wave at —0.42 V versus SCE in dichloromethane.

</\ o=

If only sigma bonding interaction to the terminal cyanamide nitro-
gen are considered, resonance structure A (Eq. (1)) will coordinate
to a metal via the nitrile lone pair, resulting in an ideal bond angle

#</ Ny —c—n"

A B

We have reported previously, electrochemical of [OEPFeL]
(L = BF,4, SbFg, AsFg) [30]. Here, electrochemical of dichlorometh-
ane solution of [OEPFe(L)] (L=pcyd (2), 2-Clpcyd (3),
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Fig. 5. Cyclic voltammograms of [OEPFe(2,4-Me,pcyd)] (5) on platinum electrode at various scan rates; (a) 25, (b) 100, (c) 200, (d) 500, (e) 1000, (f) 2000 mV s~ . Inset, the

correlation between the cathodic and anodic currents with v!/.

Table 4
Half-wave potentials (mV) for the first reduction of [OEPFeL] in dichloromethane at
scan rate 100 mV/s

L Fe(III)/Fe(Il)
2,4-Me;pcyd (5) -300
2-Mepcyd (4) -290
peyd (2) -270
2-Clpcyd (3) —240

2-Mepcyd (4), 2,4-Me;,pcyd (5)) have been studied on platinum
electrode.

Each porphyrin undergoes two reductions and two oxidations
at potentials between —1.50 and 2.00 V. One of the two one elec-
tron oxidation is being assigned to an Fe(IIl)/Fe(IV) couple and
the other one to an oxidation of the conjugated porphyrin macro-
cycle [31].

Here, we concentrate on the first reduction waves. Half-wave
potentials for the first reduction, Fe(Ill)/Fe(Il), of [OEPFe(L)] have
been reported in Table 4. Fig. 5 shows the first reduction of
[OEPFe(2,4-Me,pcyd)] (5) on platinum electrode at various scan
rates in the range of 0.00 to —1.00 V. As is seen from Fig. 5, there
is a linear correlation between the cathodic current and v'/?, sug-
gesting that the kinetics of the overall process is controlled by
mass-transport. Fe(Ill)/Fe(Il) couple for [OEPFe(L)] (L= pcyd (2),
2-Clpcyd (3), 2-Mepcyd (4), 2,4-Me,pcyd (5)), was obtained as a
quasi-reversible wave at (—300) to (—240) mV in dichloromethane.
As seen in Table 4 the reduction of [OEPFe(L)] becomes more
difficult by 60 mV as electron-donating substituents replace elec-
tron-withdrawing groups on the phenylcyanamides. Kadish et al.
reported that the shift of the potential for the first reduction ob-

served in CH,Cl, of iron porphyrins depends on the binding
strength of anionic ligands in OEPFe-L. Here, half wave potential
of Fe(IlI)/Fe(Il) couple is close to the potential for the first one elec-
tron reduction of metal center of high-spin porphyrin complexes,
[OEPFeX] (X = Br—, Cl7). This is consistent with similar binding abil-
ity of cyanamide derivatives (pseudo halides) with Br—, CI~ anions
[28].
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