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ABSTRACT: Two different methods for the regioselective nitration of different meso-
triarylcorroles leading to the corresponding β-substituted nitrocorrole iron complexes have
been developed. A two-step procedure affords three Fe(III) nitrosyl productsthe
unsubstituted corrole, the 3-nitrocorrole, and the 3,17-dinitrocorrole. In contrast, a one-pot
synthetic approach drives the reaction almost exclusively to formation of the iron nitrosyl 3,17-
dinitrocorrole. Electron-releasing substituents on the meso-aryl groups of the triarylcorroles
induce higher yields and longer reaction times than what is observed for the synthesis of
similar triarylcorroles with electron-withdrawing functionalities, and these results can be
confidently attributed to the facile formation and stabilization of an intermediate iron corrole
π-cation radical. Electron-withdrawing substituents on the meso-aryl groups of triarylcorrole
also seem to labilize the axial nitrosyl group which, in the case of the pentafluorophenylcorrole
derivative, results in the direct formation of a disubstituted iron μ-oxo dimer complex. The
influence of meso-aryl substituents on the progress and products of the nitration reaction was
investigated. In addition, to elucidate the most important factors which influence the redox reactivity of these different iron
nitrosyl complexes, selected compounds were examined by cyclic voltammetry and thin-layer UV−visible or FTIR
spectroelectrochemistry in CH2Cl2.

■ INTRODUCTION
Among the earliest examples of synthetic porphyrinoid
macrocycles to be compared to the parent porphyrins are the
corroles (Scheme 1), which were reported for the first time in
the 1960s by Johnson and Kay.1 Although these macrocycles
have been studied for many decades, it is only recently that
several research groups have focused their attention on these
compounds,2,3 taking advantage of the significant advances
achieved with respect to new synthetic protocols leading to
triarylcorroles in high yield.4,7

One reason for this recent interest in corroles and
metallocorroles is the peculiar behavior exhibited by these
macrocycles,4−6,8 which are endowed with an interesting
reactivity profile due in large part to the lower symmetry of
the contracted ring which, in the case of peripheral
functionalization, may lead to unexpected products4 and
unexpected regioselectivity.4,9 In addition to this synthetic
aspect, there is also the corrole’s intriguing coordination
chemistry, characterized by the so-called “non-innocent”
behavior of the macrocyclic ligand.10,11

Many features particular to the corroles can be largely
attributed to the structure of the macrocycle, which is a
trianionic ligand, having three inner core amine protons within
a contracted tetrapyrrolic ring. These characteristics lead, on
one hand, to a stabilization of the central metal ion in a formally
higher oxidation state than for similar porphyrins and, on the

other hand, to a facile oxidation of the macrocyclic ring, giving
π-cation radical species that exhibits an intramolecular ligand-
to-metal charge transfer band. This feature sometimes makes it
difficult to elucidate the electronic structure of metallocorroles,
but at the same time it opens up interesting opportunities for
both the functionalization and the further exploitation of
metallocorrole derivatives.
In this regard, we have recently shown that a nitration

reaction carried out on an iron triarylcorrolate12 confirmed the
noninnocence10,11 of the macrocyclic ligand in these complexes.
With this and previous results in mind, we decided to extend
our initial study of the nitration reaction to other iron
triarylcorrolates in order to investigate the scope of the
synthetic method. Since our hypothesis was based on
involvement of a corrole π-cation radical substrate11−13 which
would undergo nucleophilic attack by the nitrite ion, we wished
to evaluate how different meso-aryl substituents would effect
formation of the reactive species and also the yield of the
reaction. For this reason, both electron-withdrawing and
electron-donating groups were introduced onto the substrates
of the nitration reaction (Scheme 1).
A second important aspect of this project was to understand

how nitro substituents introduced at the β-pyrrole and/or meso-
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phenyl positions of the macrocycle would influence both the
redox potentials and the site of electron transfer in the
synthethized compounds. This is examined in the present study
where we report electrochemical and spectroscopic character-
ization of the synthesized iron nitro complexes in CH2Cl2.

■ EXPERIMENTAL SECTION
Materials. Silica gel 60 (70−230 mesh, Sigma Aldrich) or neutral

alumina oxide (Grade III, Merck) were used for column chromatog-
raphy. Reagents and solvents for syntheses (Aldrich, Merck or Fluka)
were of the highest grade available and were used without further
purification. 1H NMR spectra were recorded on a Bruker AV300 (300
MHz) spectrometer. Chemical shifts are given in ppm relative to
residual CHCl3 (7.25 ppm). UV−vis spectra were measured on a Cary
50 spectrophotometer. Mass spectra (FAB mode) were recorded on a
VGQuattro spectrometer in the positive-ion mode using m-nitrobenzyl
alcohol (Aldrich) as a matrix.
Absolute dichloromethane (CH2Cl2, 99.8%, EMD Chemicals Inc.)

was used for electrochemistry without further purification. Tetra-n-
butylammonium perchlorate (TBAP), used as supporting electrolyte,
was purchased from Sigma Chemical or Fluka Chemika Co.,
recrystallized from ethyl alcohol, and dried under vacuum at 40 °C
for at least one week prior to use.
Electrochemistry. Cyclic voltammetry was carried out with an

EG&G Model 173 potentiostat/galvanostat. A homemade three-

electrode electrochemistry cell was used and consisted of a platinum
button or glassy carbon working electrode, a platinum wire counter
electrode, and a saturated calomel reference electrode (SCE). The
SCE was separated from the bulk of the solution by a fritted-glass
bridge of low porosity, which contained the solvent/supporting
electrolyte mixture. All potentials are referenced to the SCE.

Thin-layer UV−visible spectroelectrochemical experiments were
performed with a home-built thin-layer cell which has a light
transparent platinum net working electrode. Potentials were applied
and monitored with an EG&G PAR Model 173 potentiostat. Time-
resolved UV−visible spectra were recorded with a Hewlett-Packard
Model 8453 diode array spectrophotometer. High purity N2 from
Trigas was used to deoxygenate the solution and kept over the
solution during each electrochemical and spectroelectrochemical
experiment.

Thin-layer FTIR spectroelectrochemical measurements were
obtained using a Nicolet 6700 FTIR spectrometer along with an
EG&G model 173 potentiostat and a specially constructed light-
transparent three-electrode cell.14 The measured background consists
of a combination of the IR spectrum of the compound, that of the
supporting electrolyte, and that of the solvent saturated with N2 (or
other gases as noted). Therefore, the spectra of the reduced and
oxidized complexes are displayed as difference spectra with respect to
the initial compound. A negative peak corresponds to a disappearance
of the reactant IR band, and a positive peak corresponds to an IR band
of the electrogenerated product.

Scheme 1. Nitration of Triarylcorroles

Table 1. Yields of Products

H3TArC method time (min) TArCFe-NO (yield %) (NO2)TArCFeNO (yield %) (NO2)2TArCFeNO (yield %) [(NO2)2TArCFe]2O (yield %)

1 A 120 10% 12% 27.8%
B 45 trace 27.5%

2 A 120 9% 11% 26%
B 45 28%

3 A 120 14% 17% 27%
B 45 _ _ 36%

4 A 75 10.7% 12% 17.2%
B 40 5% _

5 A 90 5% Mixture 9.2%
B 90 5.8% 9%

6 A 45 trace 32.6%
B 25 22.6%
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Syntheses. The free-base triarylcorroles (H3TArC) 1−6 were
prepared according to published procedures.4,6,15−17 The iron
complexes were then prepared following two similar procedures,
referred to as Method A and Method B, which differ from each other
by the amount of iron chloride in the nitration reaction medium.
Method A. H3TArC (1 mmol) and FeCl2 (20 mmol) were

dissolved in DMF (30 mL), and the resulting mixture was heated to
reflux; water was added to precipitate the product after formation of
the complex was evidenced by UV−vis spectrophotometry and TLC.
The precipitate was then filtered, dissolved in CH2Cl2, and dried over
anhydrous Na2SO4, and after evaporating the solvent under vacuum,
the residue was used without further purification for the nitration
reaction. For this purpose, the iron complex was dissolved in DMF,
and NaNO2 (150 mmol) was added. The progress of the reaction was
monitored by TLC and UV−vis spectrophotometry, following the
disappearance of the starting material. After precipitation by addition
of water and filtration, the crude mixture was dissolved in CH2Cl2 and
dried over anhydrous Na2SO4, and the solvent was evaporated.
Purification by chromatography on a silica gel column using CH2Cl2
(or CHCl3 for TNPC and TF5PC) as eluant, followed by
recrystallization from CH2Cl2/MeOH (1:2), afforded the desired
compounds.
Method B. H3TArC (1 mmol) was dissolved in DMF (30 mL);

FeCl2 (5 mmol) was added, and the resulting solution was refluxed for
90 min. During this period the color changed from purple to brown,
indicating formation of the corresponding iron complex, which was
confirmed by UV−vis spectrophotometry. NaNO2 (150 mmol) was
then added to the hot solution and the progress of the reaction
monitored by TLC and UV−vis spectrophotometry. After allowing the
reaction to proceed for 45 to 120 min (the exact time depending on
the specific starting corrole), water was added and the precipitate was
collected after filtration. The subsequent reaction workup was
performed as described in Method A.
The yields of the products, for each of the two described methods,

are listed in Table 1.
(TArPC)FeNO. 7, 8, 9, 10, and 11 were characterized by comparison

with an authentic sample prepared according to literature methods,18

while 12 was isolated in trace amounts and identified by comparison
with literature UV−vis data.19 Spectroscopic data for 13, 14, 17, and
18 were in agreement with data reported earlier in the literature.12

3-NO2-(TMOPC)FeNO 15. 1H NMR (300 MHz, CDCl3, J [Hz]): δ
= 8.47 (s, 1H, β-pyrrole), 7.98 (d, 1H, J = 4.6, β-pyrrole), 7.89 (d, 1H,
J = 4.5, β-pyrrole), 7.82 (d, 2H, J = 8.5, phenyl), 7.68 (m, 7H, β-
pyrrole and phenyl), 7.55 (d, 1H, J = 4.9, β-pyrrole), 7.15 (m, 6H,
phenyl), 4.01 (s, 3H, −OCH3), 3.99 (s, 3H, −OCH3) 3.97 (s, 3H,
−OCH3). UV−vis (CH2Cl2): λmax (log ε) = 431 (4.8), 568 nm (4.3).
MS (FAB): m/z 714 (M+ − NO). Anal. Calcd for C40H28FeN6O6: C,
64.53; H, 3.79; N, 11.29. Found: C, 64.44; H, 3.84; N, 11.18.
3-NO2-(TNPC)FeNO 16. 1H NMR (300 MHz, CDCl3, J [Hz]): δ =

8.71 (s, 1H, β-pyrrole), 8.53 (m, 6H, phenyl), 8.19 (d, 1H, J = 4.65, β-
pyrrole), 8.08 (d, 2H, J = 7.74, phenyl), 8.00 (d, 1H, J =8.1, phenyl),
7.91 (m, 4H, phenyl), 7.70 (d, 1H, J = 4.8, β-pyrrole), 7.63 (d, 1H, J =
4.9, β-pyrrole), 7.55 (d, 1H, J = 4.8, β-pyrrole), 7.49 (d, 1H, J = 5, β-
pyrrole). UV−vis (CH2Cl2): λmax (log ε) = 423 (4.9), 588 nm (4.5).
MS (FAB): m/z 759 (M+ − NO). Anal. Calcd for C37H19FeN9O9: C,
56.29; H, 2.43; N, 15.97. Found: C, 56.18; H, 2.61; N, 16.01.
3,17-(NO2)2 -(TMOPC)FeNO 19. 1H NMR (300 MHz, CDCl3, J

[Hz]): δ = 8.48 (s, 2H, β-pyrrole), 7.89 (d, 2H, J = 5, β-pyrrole), 7.70
(m, 8H, β-pyrrole and phenyl), 7.15 (m, 6H, phenyl), 4.00 (s, 3H,
−OCH3), 3.98 (s, 6H, −OCH3). UV−vis (CH2Cl2): λmax (log ε) = 370
(4.6), 437 (4.6), 593 nm (4.4). MS (FAB): m/z 759 (M+ − NO).
Anal. Calcd for C40H27FeN7O8: C, 60.85; H, 3.45; N, 12.42. Found: C,
60.78; H, 3.61; N, 12.39.
3,17-(NO2)2-(TNPC)FeNO 20. 1H NMR (300 MHz, CDCl3, J [Hz]):

δ = 8.75 (s, 2H, β-pyrrole), 8.56 (m, 6H, phenyl), 7.96 (m, 6H,
phenyl), 7.78 (d, 2H, J = 5.0, β-pyrrole), 7.63 (d, 2H, J = 5.0, β-
pyrrole). UV−vis (CH2Cl2): λmax (log ε) = 402 (4.9), 609 nm (4.6).
MS (FAB): m/z 804 (M+ − NO). Anal. Calcd for C37H18FeN10O11: C,
53.26; H, 2.17; N, 16.79. Found: C, 53.22; H, 2.21; N, 16.68.

3,17-(NO2)2-(TF5PC)FeNO 21. 1H NMR (300 MHz, CDCl3, J
[Hz]): δ = 8.98, (s, 2H, β-pyrrole), 7.86 (d, 2H, J = 4.8, β-pyrrole),
7.75 (d, 2H, J = 4.8, β-pyrrole). UV−vis CH2Cl2): λmax = 396, 613 nm.
MS (FAB): m/z 939 (M+ − NO). Anal. Calcd for C37H6F15FeN7O5:
C, 45.85; H, 0.62; N, 10.12. Found: C, 45.79; H, 0.68; N, 10.15.

3,17-(NO2)2-(TCl2PC)FeNO 22. 1H NMR (300 MHz, CDCl3, J
[Hz]): δ = 8.79, (s, 2H, β-pyrrole), 7.66−7.61 (m, 11H, phenyl and β-
pyrrole), 7.49 (d, 2H, J = 5.0 β-pyrrole). UV−vis (CH2Cl2): λmax (log
ε) = 393 (4.7), 620 nm (4.5). MS (FAB): m/z 876 (M+ − NO). Anal.
Calcd for C37H15Cl6FeN7O5: C, 49.04; H, 1.67; N, 10.82. Found: C,
48.97; H, 1.62; N, 10.78.

[3,17-(NO2)2-(TTC)Fe]2O 23. 1H NMR (300 MHz, CDCl3, J [Hz]):
δ = 7.87 (s, 2H, β-pyrrole), 7.55−7.22 (m, 12H, phenyl and β-
pyrrole), 7.10 (d, 2H, J = 4.60, β-pyrrole), 6.84 (br d, 1 H, J = 6.9,
phenyl), 6.61 (br d, 1H, J = 7.0 phenyl), 2.59 (s, 6H, −CH3), 2.43 (s,
3H, −CH3). Anal. Calcd for C80H54Fe2N12O9: C, 66.77; H, 3.78; N,
11.68. Found: C, 66.73; H, 3.81; N, 11.62.

[3,17-(NO2)2-(TF5PC)Fe]2O 24. 1H NMR (300 MHz, CDCl3, J
[Hz]): δ = 7.95, (s, 2H, β-pyrrole), 6.96 (d, 2H, J = 4.8, β-pyrrole),
6.88 (d, 2H, J = 4.8, β-pyrrole). UV−vis CH2Cl2): λmax (log ε) = 416
(4.8), 579 (4.6), 646 nm (4.3). MS (FAB): m/z 939 (M+-3,17-
(NO2)2-(TF5PC)FeO). Anal. Calcd for C74H12F30Fe2N12O9: C, 46.91;
H, 0.64; N, 8.87. Found: C, 46.87; H, 0.57; N, 8.93.

Crystal Data for 3,17-(NO2)2-(TPC)FeNO 17. Crystals were grown
by slow diffusion of methanol in a concentrated dichloromethane
solution. Single crystal X-ray diffraction data was collected on a Nonius
KappaCCD diffractometer with a Mo Kα radiation source (λ =
0.71073 Å), graphite monochromator, and Oxford Cryosystems liquid
nitrogen cryostream cooler. The structure was solved by direct
methods using SIR9720 and refined using SHELXL97.21 All non-
hydrogen atoms were refined anisotropically for the two independent
Fe corroles in the unit cell, with H atoms in idealized positions with a
C−H bond length of 0.95 Å. Missing symmetry was sought using the
ADDSYM algorithm within the PLATON single-crystal structure
validation program.22 Crystal data: C37H21FeN7O5, Mr = 699.46 g
mol−1, triclinic, space group P1 ̅, a = 10.4813 (15) Å, b = 14.3141 (15)
Å, c = 21.830 (3) Å, α = 74.161 (5)°, β = 77.960 (4)°, γ = 80.100 (5)°,
V = 3058.5 (6) Å3, Z = 4, F(000) = 1432, Dx = 1.519 g cm−3, μ = 0.55
mm−1, T = 100 K, 35466 measured reflections, 17810 independent
reflections, 9725 reflections with I > 2σ(I), Rint = 0.064, θmax = 30.0°,
θmin = 2.8°, full-matrix least-squares refinement on F2, R1[F

2 > 2σ(F2)]
= 0.058, wR2(F

2) = 0.161, S = 1.03, 901 parameters, 0 restraints, w =
1/[ σ2(Fo

2) + (0.0765P)2], Δρmax = 0.94 e Å−3, and Δρmin = −0.34 e
Å−3.

■ RESULTS AND DISCUSSION

In a previous communication, we reported the nitration of
(TTC)FeCl in DMF by using an excess of NaNO2; in
particular, we observed the formation of three types of Fe(III)
nitrosyl corroles using a 1:100 molar ratio of corrole vs
NaNO2those with an unsubstituted macrocycle, those with
one β-pyrrole NO2 substituent, and those with two β-pyrrole
NO2 substituents (Scheme 1). Upon increasing the amount of
NaNO2 (1:500), the dinitro-substituted corrole became the
major product of the reaction (60% yield), and the other
corroles were formed in only trace amounts.
Syntheses of the desired products were achieved using a

1:150 molar ratio of (TArPC)FeNO/NaNO2. We have now
modified the initially reported protocol,12 with the aim of using
the free-base corrole as starting material, thus avoiding the need
for purification of an intermediate iron corrole complex.
Following the procedure described in Method A, we obtained
all three products indicated in Scheme 1, while with Method B
synthesis of the dinitrocorrole was optimized as a unique
reaction product.
The reaction yields, calculated with respect to the starting

free-base corrole, are comparable with those obtained from the
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published protocol. Method A, which allowed for isolation of
the three different reaction products (Scheme 1), enabled the
possibility to carry out an electrochemical and spectroscopic
characterization of these derivatives, thus providing additional
information on the mechanism for the nitration reaction.
Although the reaction yields depend on the method used (A

or B), some general trends can be observed from Table 1:
electron-releasing groups present on the meso-phenyl rings of
triarylcorroles (2 and 3) induced higher yields of β-nitro
substituted derivatives than those obtained with corroles
bearing electron-withdrawing substituents (4 and 5), probably
due to the more facile formation of a corrole π-cation radical,
which is the proposed intermediate necessary for the success of
the reaction. Furthermore, for the nitration of 2 and 3 we were
able to isolate all three nitrosyl complexes, while with corroles
bearing electron-withdrawing substituents (4 and 5), we
observed a more rapid disappearance of the starting material,
and only in the case of 4 all the complete product series was
obtained. A different behavior was observed in the case of 6,
because for this corrole the reaction always led to the isolation
of a unique product, the difunctionalized corrole 22, which was
isolated in 32.6% yield in the case of Method A.
The difference in reactivity is even more evident in the case

of 5, where formation of the μ-oxo dimer 24 was observed as
the major reaction product. Labilization of the nitrosyl ligand
with consequent formation of the μ-oxo dimer was earlier
observed in the formation of 2312 upon slow crystallization of
18. The process is faster in the case of the pentafluorophe-
nylcorrole than for the triphenylcorrole complex, and the
Fe(III) nitrosyl mono- and dinitrocorroles were isolated in only
trace amounts.
A plausible explanation for this behavior can lie in how the

meso aromatic ring substituents affect the lability of the axial
Fe−NO bond; this labilization can facilitate formation of a
corrole π-cation radical, which then undergoes nucleophilic
attack by a nitrite ion. Electron-withdrawing groups have been
reported to increase the NO stretching frequencies, νNO, of the
coordinated ligand,23 evidencing a slight reduction of the bond
strength between the metal center and the nitrosyl ligand and
consequently supporting a labilization of the coordinated
nitrosyl group.

1H NMR characterization of 24 confirmed the proposed
structure. The 1H NMR spectrum of 21 exhibits a characteristic
singlet (2H) at 8.98 ppm and two doublets at 7.86 and 7.75
ppm (two protons each); in the spectrum of the μ-oxo dimer,
the two doublets at 6.88 and 6.96 ppm are identified as the
proton signals of the pyrroles B and C, while the singlet at 7.94
ppm is attributed to β-pyrrolic protons at the 2- and 18-
positions vicinal to the nitro groups. The overall shielding of
the macrocycle signals associated with μ-oxo dimer formation is
in good agreement with data reported for the unsubstituted
iron complexes of 5.24 Similar spectral behavior is observed for
23, which was prepared by stirring 18 in a CH2Cl2/CH3OH
solution.
Crystals suitable for X-ray characterization of 17 were

obtained, thereby allowing an elucidation of the structure,
which is illustrated in Figure 1.
There are two independent Fe corroles in the crystal

structure (Figure 1), each with an almost identical corrole
framework (in terms of bond lengths and angles) and angles of
the linear nitrosyl group located at the axial position of the
corrole, which had a 5-coordinate square pyramid environment.
All of the respective Fe−Nnitrosyl bond lengths, 1.651 (2) Å and
1.652 (2) Å; N−O bond lengths for each nitrosyl ligand, 1.165
(3) Å and 1.160 (3) Å; Fe−NO bond angles, 178.9 (2)° and
177.9 (2)°; and the average NnitrosylFe−Npyrrole bond angle,
103.6°, which ranges between 102.4 (1)° and 104.5 (1)°, are
comparable to other previously reported crystal structures for
nitrosyl iron corrole complexes.18,19,25,26 Similarities can also be
observed with crystallographic data published for other iron−
metalated complexes of triarylcorroles12,18,19,24,26−28 in regards
to the “domed conformation” and the Fe−Npyrrole bond length,
with a minimum of 1.903 (2) Å, a maximum of 1.931 (2) Å,
and an average of 1.915 Å, of this square pyramidal compound.
The planarities of the four pyrrole nitrogen atoms in the two

independent molecules in the crystal structure of 17 are not
quite identical (the root-mean-square deviation of least-squares
planes for N1, N2, N3, N4 and N8, N9, N10, N11 are 0.0061 Å
and 0.0243 Å, respectively). Out of these respective planes of
the pyrrole nitrogens, the Fe atomic sites deviate toward the
axial nitrosyl ligand by approximately the same distance (i.e., a
deviation of 0.456 (1) Å for Fe1 and 0.444 (1) Å for Fe2). The

Figure 1. Two independent Fe corroles 17, (a) Fe1 complex and (b) Fe2 complex, in the unit cell are shown in approximately the same orientation
to illustrate how the respective substituents differ in orientation.
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characteristic tilt of the pyrrole subunits is also noted with the
deviations of the pyrrolic nitrogen atoms which buckle on the
same side as the axial nitrosyl ligand and are located above a
fitted plane of the β-pyrrole carbons (average nitrogen atomic
site deviation of 0.17 Å from the two respective least-squares
planes of C2, C3, C7, C8, C12, C13, C17, C18 and C39, C40,
C44, C45, C49, C50, C54, C55). Using the standard A, B, C, D
labels for identification of the corrole five-membered rings (as
shown in Figure 1), a range of dihedral angles between
neighboring pyrrole groups, 1.5(2)−14.4(2)°, is observed in
the calculations based on the refined model, with the largest
dihedral angle occurring for both independent iron corroles
between pyrrole A and B.
The most interesting packing relationship in the crystal

structure is between the two different Fe complexes, Fe1
corrole and Fe2 corrole (shown in Figure 2), where the closest

Fe2 corrole is located in the adjacent unit cell and related by
the symmetry code (i) −x + 1, −y, −z + 1. The reason for this
interest lies in the orientation of the axial nitrosyl ligands of
each complex, which are pointed toward each other and have a
short intermolecular O1···O6i distance of 2.897 (3) Å without
any traces of residual electron densities in between the two
oxygen atomic sites. The authors are unaware of any other
reported examples of axial nitrosyl ligands with such a short
O···O distance. For more information on this contact and other
packing relationships refer to the Supporting Information.
Method B was shown to be more selective from a preparative

point of view, leading to the isolation of a 3,17-dinitrated
compound as the major product. In no case did we observe
formation of the unsubstituted nitrosyl iron corrole complex,
while only trace amounts of the mononitro derivative 13 was
obtained. In particular, for 1 and 3, along with the 3,17-
dinitrocorrole major product, it was possible to collect traces of
the 2,17-dinitro compound, together with small amounts of a

compound compatible with an asymmetrical trinitrocorrole as
characterized by the presence of three singlets (1H each) in the
1H NMR spectrum; however, the small amount of product
obtained did not allow us to completely characterize this
product.
It is interesting to note that a similar one-pot method has

already been published for the preparation of an iron nitrosyl
octaalkylcorrole;25 the authors reported the formation of this
complex by adding the required amount of sodium nitrite to a
refluxing pyridine/MeOH mixture of the corrole and iron
chloride. In this case, the failure to observe formation of β-nitro
derivatives can be attributed to the presence of pyridine as the
reaction solvent; pyridine leads to the formation of a Fe(III)−
bispyridinium complex having no π-cation radical character and
thereby making the complex unreactive toward nucleophilic
attack and further avoiding the β-functionalization observed
when DMF is used as the solvent.

Electrochemistry and Spectroelectrochemistry. Six
iron corroles were chosen as representative to electrochemically
investigate the effect of nitration on the overall oxidation/
reduction mechanisms and site of each electron transfer. The
addition of a NO2 group at one or two β-pyrrole positions of
the corrole macrocycle or on the three meso-phenyl groups of
the triarylcorrole would be expected to shift all redox potentials
toward more positive values (easier reductions and harder
oxidations),29,30 but it was not clear what would be the
magnitude of the potential shift for each added electron-
withdrawing NO2 group in the case of the iron nitrosyl
derivatives, nor was it clear how the addition of multiple NO2
groups to a given corrole might effect the site of electron
transfer which could occur at the central metal ion, at the
conjugated π-ring system of the macrocycle, and/or at the
C6H4NO2 groups of the triarylcorrole in the case of compounds
10, 16, and 20.
In order to elucidate these points, two series of corroles were

selected for electrochemical and spectroelectrochemical char-
acterization in the nonbonding solvent CH2Cl2. The first,
labeled as Group A in Chart 1, is comprised of compounds 9,
15, and 19 and represents triarylcorroles having a para-
methoxyphenyl substituent at the three meso-positions of the
corrole and zero, one, and two NO2 groups at the β-pyrrole
position of the macrocycle; the second group of corroles which
were electrochemically characterized is labeled as Group B in
Chart 1 and possesses three (10), four (16), or five electron-
withdrawing NO2 (20) substituents, three on the meso-phenyl
groups of the triarylcorrole and 0, 1, or 2 at the β-pyrrole
positions of the macrocycle. Thus, the six compounds in Chart
1 have 0, 1, 2, 3, 4, or 5 NO2 substituents, respectively.
Cyclic voltammograms for five of the six corroles in Chart 1

are shown in Figures 3 and 4, and a summary of measured half-
wave and peak potentials is given in Table 2. The reductions
and oxidations of compounds 9, 15, and 19 are both illustrated
in Figure 3, while only the reductions are shown for the two
Group B compounds in Figure 4.
As seen from the cyclic voltammograms and table of

potentials, the addition of one or two nitro substituents to
the β-pyrrole positions of the macrocycle leads to similar
positive shifts in E1/2 for the first metal centered reduction and
the first oxidation. For example, the FeIII/II transition of
(NO2)x(TMOPC)FeNO is located at E1/2 = −0.35 V for
compound 9 (x = 0), while 15 (x = 1) is reduced at at E1/2 =
−0.16 V and 19 (x = 2) at E1/2 = +0.04 V. A plot of E1/2 vs the
number of NO2 groups on the macrocycle is linear with a slope

Figure 2. Packing relationship between Fe1 corrole and Fe2i corrole
related by the symmetry code (i) −x + 1, −y, −z + 1. The orientation
of the axial nitrosyl ligand in each complex is pointed toward each
other with a short intermolecular O1···O6i distance of 2.897 (3) Å.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic3002459 | Inorg. Chem. 2012, 51, 3910−39203914



of 0.02 V and a correlation coefficient of 0.996. A linear
relationship between E1/2 and the number of NO2 groups on
the macrocycle is also seen for the metal-centered reductions of
(NO2)x(TNPC)FeNO, and exactly the same magnitude of shift
in E1/2 with added NO2 groups (200 mV/group) is obtained for
the Fe(III)/Fe(II) reactions of compounds 10, 16, and 20. This
linear free energy relationship is shown in Figure 5 and is
identical to that reported for three Cu(III) corroles having
almost the same structures as compounds 9, 15, and 19.32

Figure 5, which compares substituent effects for the Fe(III)
and Cu(III) corroles containing NO2 substituents at the 3 and
17 positions of the macrocycle, also includes data on a series of
Ge(IV) corroles,33 which are structurally similar to the Group A
compounds in Chart 1. For this series of compounds, only
macrocycle-centered reactions occur, and the first reduction
and first oxidation generate the Ge(IV) corrole π-anion and π-
cation radicals, respectively. For the compounds in Chart 1, the
∼200 mV shift in E1/2 per each nitro group at the 3 and 17
positions of the macrocycle is larger than the 70−80 mV shift in
E1/2 for each nitro group at the meso-phenyl position of the

triarylcorroles. This difference in substituent effect can best be
seen by comparisons of the FeIII/II reduction potentials for 9
and 10 (ΔE1/2 = 0.21 V), 15 and 16 (ΔE1/2 = 0.21 V), and 19
and 20 (ΔE1/2 = 0.23 V). This decreased substituent effect for
meso-phenyl substituents is as expected and consistent with data
in the literature for other porphyrins, corroles, and related
macrocycles.29,30,32,34−37 In summary, the largest substituent
effect occurs for NO2 groups at the β-pyrrole positions of the
corrole macrocycle and the smallest for NO2 substituents at the
para-phenyl groups of the triarylcorrole.
In contrast to what is seen for the Group A compounds, the

redox behavior of the Group B compounds differs substantially.
This is because the electrode reactions of 10, 16, and 20 involve
not only the central metal ion and conjugated macrocycle but
also the electroactive C6H4NO2 group

38 on each meso-position
of the triarylcorrole. The reduction of nitrobenzene in CH2Cl2
is located at E1/2 = −1.08 V,31 and exactly the same half-wave
potential is seen for reduction of the meso-C6H4NO2 groups on
(TNPC)FeNO 10 where the current is approximately three
times that of the preceding Fe(III)/Fe(II) reaction (see

Chart 1. Structures of the Electrochemically Investigated Compounds
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voltammogram in Figure 4a). This result is consistent with a

one electron addition in the first step and three overlapping

one-electron transfers in the second where the overall reduction

processes can be described as shown by eqs 1 and 2. A single
multielectron reduction of meso-C6H4NO2 groups has
previously been reported for copper triarylcorroles39 as well
as for tetraphenylporphyrins having the same electroactive
substituents at the four meso-positions of the macrocycle.34,35

+ ⇌

= −

−

E

(TNPC)Fe (NO) e [(TNPC)Fe (NO)]

0.14 V

III II

1/2 (1)

+ ⇌

= −

− −

E

[(TNPC)Fe (NO)] 3e [(TNPC)Fe )(NO)]

1.08 V

II II 4

1/2 (2)

The fact that only a single reduction peak is seen for the
overall three electron conversion of [(TNPC)FeII(NO)]− to
[(TNPC)FeII)(NO)]4− (eq 2) is consistent with a lack of any
interaction between the three meso-C6H4NO2 groups of the
corrole, each of which is reduced by one electron at the same
potential of E1/2 = −1.08 V vs SCE. This is not the case for 16
and 20 where the three one-electron reductions of C6H4NO2
each occur at separate half wave potentials as illustrated in
Figure 4b for the case of 3,17-(NO2)2-(TNPC)FeNO 20. For
this compound, three reversible one electron reductions are
seen at E1/2 = −0.78, −1.05, and −1.21 V and the first four
reductions can be described by eqs 3−6.

+

⇌ =− E

(NO ) (TNPC)Fe (NO) e

[(NO ) (TNPC)Fe (NO)] 0.27 V
2 2

III

2 2
II

1/2
(3)

+

⇌

= −

−

−

E

[(NO ) (TNPC)Fe (NO)] e

[(NO ) (TNPC)Fe )(NO)]

0.78 V

2 2
II

2 2
II 2

1/2 (4)

+

⇌

= −

−

−

E

[(NO ) (TNPC)Fe (NO)] e

[(NO ) (TNPC)Fe )(NO)]

1.05 V

2 2
II 2

2 2
II 3

1/2 (5)

+

⇌

= −

−

−

E

[(NO ) (TNPC)Fe (NO)] e

[(NO ) (TNPC)Fe )(NO)]

1.21 V

2 2
II 3

2 2
II 4

1/2 (6)

The site of the electron transfer for each redox reaction can
be assigned on the basis of thin-layer UV−vis and FT-IR
spectroelectrochemistry. For example, the first oxidation of 15
involves an FeIII/FeIII π-cation radical process as confirmed by
thin-layer UV−vis spectroelectrochemistry. As shown in Figure
6a, the controlled potential reduction of 15 at 1.10 V in CH2Cl2
results in a loss of the Soret band intensity at 431 nm and the
appearance of absorptions between 600 and 900 nm, which are
characteristic of a corrole π-cation radical. Shifting the applied
potential from 1.10 to 1.25 V then leads to a species, the UV−
visible spectrum of which has a broad band at 650−900 nm and
a weak band in the Soret region at 380 nm (see Figure 6b).
Electrogenerated FeIV corroles have been characterized by a
Soret band at 372−381 nm,40 and the second oxidation of 15 is
assigned as a metal-centered process to give an FeIV π-corrole
radical.

Figure 3. Cyclic voltammograms of (TMOPC)FeNO 9, 3-NO2-
(TMOPC)FeNO 15, and 3,17-(NO2)2-(TMOPC)FeNO 19 in
CH2Cl2 containing 0.1 M TBAP. The reduction peaks of 19 marked
by asterisks are mostly likely due to Fe species with an unknown sixth
axial ligand.

Figure 4. Cyclic voltammograms of (TNPC)FeNO 10 and 3,17-
(NO2)2-(TNPC)FeNO 20 in CH2Cl2 containing 0.1 M TBAP.
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UV−visible spectral changes monitored during the first one-
electron reduction of the six corroles in Chart 1 are illustrated
in Figure 7. A previous spectroelectrochemical study of Cu(III)
corroles with Group A type structures showed the presence of
quite distinctive absorption bands for the singly reduced,
formally Cu(II), forms of the compound containing one or two
NO2 substituents on the macrocycle, and this is also the case
for the four examined iron-nitrosyl corroles bearing the same
substitution pattern (15, 16, 19, and 20).
The UV−visible spectra of the neutral corroles in Group A

all possess a split Soret band at 366−431 nm and a weak
intensity visible band at 531−591 nm. The Soret band is
located at 366 and 416 nm for 9, at 359 and 431 nm for 15, and
at 347 and 423 nm for 19. This contrasts with spectra for the
neutral Group B corroles, which have a single Soret band at 383

to 403 nm and one or two visible bands at 540−611 nm (see
Figure S3, Supporting Information, and Figure 7).
A comparison of spectra for the singly reduced iron nitrosyl

corroles in CH2Cl2 (Figure 7) with those of related singly
reduced Cu(III) corroles in PhCN (Figure 5 in ref 32) shows
almost the same evolution of spectral shape upon going from
the corroles with no nitro substituents at the β-pyrrole position
(compounds 9 and 10) to derivatives with one or two NO2

groups at the 3 or 3,17 positions of the macrocycle
(compounds 15, 16, 19, and 20). The spectrum of singly
reduced 9 and 10 suggests formation of an Fe(II) nitrosyl
corrole product, and this assignment may also be true for the
other four compounds, each of which possess two strong
absorptions between 600 and 750 nm.
It should be noted that the spectrum of singly reduced 15 has

bands at 475, 618, and 728 nm as compared to 463, 637, and
714 nm for singly reduced 16, with both species lacking a major
absorption in the Soret region of the spectrum. A similar
spectral shape is also seen for singly reduced 19 and 20.
Compound 19, after reduction, has bands at 490, 630, and 740
nm, as compared to singly reduced 20, which has bands at 483,
652, and 722 nm. Again, the overall shapes of the UV−visible
spectra are quite similar to those for singly reduced Cu(III)
corroles having nitro groups at the same β-pyrrole positions of
corrole macrocycle.
To further investigate the site of electron transfer, FT-IR

spectroelectrochemistry was used to monitor the NO stretching
vibrational bands during the first reduction of compounds 15

Table 2. Half-Wave or Peak Potentials (V vs. SCE) of Investigated Ion Corroles in CH2Cl2, 0.1 M TBAP

oxidation reduction

compound no. 2nd 1st metal (Fe3+/Fe2+) macrocycle

group A 9 0.82a 0.82a −0.35 −1.74b

15 1.19 1.01 −0.16 −1.22 −1.89b

19 1.18a 1.18a 0.04 −0.95 −1.43
group B 10 1.18b 0.97 −0.14 −1.08a −1.76b

16 1.48b 1.18 0.05 −1.05 −1.38
20 1.46b 1.32 0.27 −0.78 −1.05 −1.21 −1.73

C6H5NO2 −1.08c
aOverlapping. bPeak potential at a scan rate of 0.1 V/s. cData taken from ref 31.

Figure 5. Correlation between the number of nitro groups on the
corrole macrocycle and E1/2 for the first reduction and the first
oxidation in CH2Cl2, 0.1 M TBAP of (a) (NO2)xTNPCFe

IIINO (10,
16, and 20) and (NO2)xTMOPCFeIIINO (9, 15, and 19), (b)
(NO2)xTtBuPCorrCu

III, and (c) (NO2)xTPCorrGe
IV(OCH3). Data

for the Cu(III) and Ge(IV) compounds were taken form refs 32 and
33.

Figure 6. Thin-layer UV−vis spectral changes of 15 during the first
and the second oxidation in CH2Cl2, 0.2 M TBAP.
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and 19 in CH2Cl2. The relevant spectroelectrochemical data are

shown in Figure 8 before and after reduction at an applied

potential of −0.4 V. As seen in the Figure, the neutral corroles

exhibit well-defined NO bands at 1786 (15) cm−1 and 1802

(19), while the singly reduced forms of the compounds have

bands at 1619 (15) and 1630 (19) cm−1. The latter is

consistent with what has been reported for other FeII corroles

that exhibit a NO band at 1585−1760 cm−1.41

Figure 7. UV−visible changes recorded during the first reduction of (a) (NO2)x(TMOPC)FeNO (Goup A) and (b) (NO2)x(TNPC)FeNO (Group
B) in CH2Cl2, 0.1 M TBAP.

Figure 8. Thin-layer IR spectral changes during the first one-electron reduction of (a) 15 and (b) 19 in CH2Cl2, 0.1 M TBAP upon the indicated
potentials.
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Attempts to determine the NO stretching frequencies of the
singly oxidized corroles were less successful due to the rapid
loss of NO, which occurs after conversion to the Fe(IV) form
of the compounds. When an oxidizing potential of 1.1 V was
applied to a solution of 15, a new weak transient band appeared
at 1813 nm−1, consistent with the initial formation of an Fe(III)
corrole π-cation radical,41 but when an oxidizing potential of
1.25 V was applied to the solution, the 1813 cm−1 band
disappeared, indicating complete loss of the nitrosyl axial ligand
during the second oxidation of 15. Compound 19 undergoes an
overlapping two electron abstraction in the first oxidation (see
Figure 3), and the NO seems to be lost during this process.

■ CONCLUSIONS
We report here an efficient synthetic protocol for the
preparation of β-nitro substituted iron corroles, obtained by
reaction of the starting triarylcorrole iron chloride complex with
NaNO2 in DMF. By tuning the reaction conditions, it is
possible to obtain both the 3-nitro and the 3,17-dinitro
derivatives in satisfying yields. The scope of the reaction is quite
general, and nitro substituted iron corroles can be obtained
with a wide range of triarylcorroles, although in some cases the
corresponding μ-oxo dimer, instead the nitrosyl iron complex,
is obtained as the reaction side product. The π-cation radical
nature of the iron corrole complex can be confidently assigned
considering the reactive species, which undergoes nucleophilic
attack by nitrite ion, leading to the β-nitro functionalized
product.
A detailed study of electrochemistry and spectroelectrochem-

istry of β-nitro substituted iron corroles is also presented,
elucidating the site of electron transfer and the influence of the
peripheral nitro groups. The results obtained provide novel
insights on these species, showing that the effect of the nitro
substituents on the redox behavior is similar to what is observed
for analogous copper(III) corroles having the same substitution
pattern.
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