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Carbaporphyrinoids provide a suitable macrocyclic platform
for organometallic investigations that provide unique oppor-
tunities for modifying a macrocyclic structure. Alteration of a
coordination core is a route of choice for stabilizing unusual
metal ion oxidation states and coordination geometries. This
microreview presents the general characteristic of paramag-
netic metallocarbaporphyrinoids, with a focus on NMR stud-
ies. NMR spectroscopy of paramagnetic molecules can be
considered as a powerful probe of several intriguing aspects
of the molecular and electronic structures, structural re-
arrangements, and reactivity, including oxidation and oxy-
genation, of this fascinating class of compounds. The chosen

Introduction
1H NMR spectroscopy has been extensively applied to

paramagnetic molecules including a variety of paramag-
netic metalloproteins. The fundamental theoretical descrip-
tion of the electron–nucleus interaction, as reflected by the
NMR parameters, illustrated by appropriate examples of
applications has been presented in several monographic
works.[1–10] In particular, the amount of NMR information
provided by the contact shift and dipolar shift, and their
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examples address paramagnetic organometallic nickel(II)
and nickel(III) complexes of N-confused porphyrins, the re-
actions of nickel(II) dimethylated N-confused porphyrins
with organometallic reagents, the stabilization of rare orga-
nocopper(II) species, the investigation of weak intramolecu-
lar metal–arene interactions, and the conformational flexibil-
ity of nickel(II) benziporphyrin and vacataporphyrin. Particu-
lar emphasis is placed on NMR studies as an efficient way of
detecting intermediate species formed in the course of oxi-
dation and oxygenation of iron(n) carbaporphyrinoids.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

temperature dependency, have been addressed. Relaxation
phenomena related to the presence of unpaired electrons
have also been a topic of some interest. Amongst others,
the following subjects have been investigated: spin density
delocalization correlated to the electronic structure, struc-
tural and electronic equilibria, the dynamics of intramolec-
ular rearrangements, stereochemistry, solvation, and the
structure of the second coordination sphere.

1H NMR spectroscopy has been found to be a particu-
larly useful method for detecting and characterizing iron
complexes of porphyrins,[7] N-substituted porphyrins,[11–15]

heteroporphyrins,[16–19] and hemoproteins in different coor-
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dination/oxidation states.[8,20] These studies have yielded an
insight into the mechanisms of spin-density transfer in
paramagnetic metalloporphyrins. In particular, it has been
found that this technique is extremely sensitive toward fine
structural effects such as substitution, electronic asym-
metry, axial ligation (steric hindrance and basicity), or
puckering of an equatorial macrocycle. Exchange and rota-
tion of the molecular fragments have also been a subject of
interest, and the intermediate iron porphyrin species that
act in dioxygen activation or oxygen-atom transfer have
been “trapped” by NMR spectroscopy.[21–23] Recently, octa-
ethylporphyrin degradation (coupled oxidation) has been
explored in order to establish the reactivity of iron com-
plexes in various stages of heme degradation.[24–35] For in-
stance, the paramagnetic shift patterns for the model iron
octaethylbiliverdin-related radical complexes present several
useful probes for detecting analogous species in hemo-
proteins by 1H NMR spectroscopy.[35]

Recent progress in the 1H NMR spectroscopic charac-
terization of paramagnetic hemoproteins is related to the
search for suitable spectroscopic models that involve the
synthesis of fine-tuned iron porphyrins. These models
mimic the spectroscopic properties encountered in hemo-
proteins for a given electronic state.[7] The application of
two-dimensional techniques initially afforded an unambigu-
ous assignment of resonances related to the active hemo-
protein site and eventually yielded three-dimensional hemo-
protein structures in solution.[8,20]

In light of the format of a microreview, here we intend
to present an overview centered on our most recent efforts
in the field of paramagnetic metallocarbaporphyrinoids,
with a focus on the application of 1H NMR spectroscopy
to this unique class of compounds. Thus, variations of the
porphyrin core involving the introduction of a hydrocarbon
unit in place of one of pyrrolic nitrogens have led to a new
class of macrocycles � carbaporphyrinoids (Scheme 1) �
that have interesting properties both in terms of their aro-
matic character and their potential ability to bind metal
ions.[36,37]

Scheme 1. A carbaporphyrinoid.

Such a replacement preserves three regular pyrrole moie-
ties while the (CnNNN) core determines the monocarba-
porphyrinoid structure.[38–45] The internal carbon atom(s)
belong(s) to the carbo- or heterocycles that replace(s) the
original pyrrole ring of the porphyrin. In general, carbapor-
phyrinoids provide a unique molecular platform that is suit-
able for exploring organometallic chemistry in a peculiar
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macrocyclic environment and forcing an unusual coordina-
tion geometry and/or oxidation state of the metal
ions.[39–41,44,45] Systematic, comprehensive summaries of the
current state-of-the-art in carbaporphyrinoid chemistry are
contained in several review articles.[38–46]

Carbaporphyrinoids

The synthesis of 2-aza-21-carba-5,10,15,20-tetraarylpor-
phyrin (“inverted porphyrin”, “N-confused porphyrin”,
“mutant porphyrin”, “carbaporphyrin”) was seminal for
the field of cabaporphyrinoids.[36,37] An inverted porphyrin
is a constitutional isomer of a porphyrin which preserves
its general structural framework.[46,47] The synthesis of this
molecule prompted intense synthetic work to generate a
whole class of carbaporphyrinoids.[36–40,43–45,48–50]

Here, we have gathered together the representative struc-
tures of two tautomers of this N-confused porphyrin,
namely (CPH)H2 and (HCPH)H,[36,37] and the alkylated N-
confused porphyrins (RCPH)H, (CPR)H2 and (RCPR1)-
H,[44,51–55] m-benziporphyrin (mBPH)H,[56] m-benziporpho-
dimethene (mBDMH)H,[57] p-benziporphyrin (pBPH2)H,[57]

vacataporphyrin (VPH2)H,[58] and N-confused pyriporphy-
rin (NPyPH)H (3-aza-m-benziporphyrin)[59] that have been
used in our laboratory to synthesize paramagnetic com-
pounds for subsequent NMR investigation (Scheme 2).

We will use the symbol CP to denote the trianion ob-
tained from the inverted porphyrin by abstraction of all
pyrrolic NH protons and the C-bound H(21) hydrogen. The
groups attached to the N(2) atom are indicated by a prefix
in italics and the group attached to C(21) as a suffix in
italics. A similar method is used to form acronyms for other
carbaporphynoids, as shown above.

Paramagnetic Organometallic Nickel(II)
N-Confused Porphyrin Derivatives

Methylation of a diamagnetic nickel(II) complex of
[(HCP)NiII] with methyl iodide yields stable organonickel-
(II) complexes (Scheme 3), namely diamagnetic [(CPMe)-
NiII] and the two paramagnetic species [(HCPMe)NiIIX]
(X = Cl, I) and [(MeCPMe)NiIII].[52]

The mechanism of this methylation involves oxidative
addition of the methyl cation to the carbaporphyrin C(21),
which is activated due to Ni–C coordination. The concerted
reversible addition of HX converts diamagnetic [(CPMe)-
NiII] into paramagnetic [(HCPMe)NiIIX]. The axial coordi-
nation step is accompanied by protonation of the peripheral
nitrogen. The 1H and 2H NMR spectra of paramagnetic
[(HCPMe)NiIIX] and [(MeCPMe)NiIII] were analyzed by
considering their C1 symmetry (Figure 1). There are seven
distinct pyrrole C-H positions for [(HCPMe)NiIIX], an
NH(2) position analogous to the CH(2) of the regular por-
phyrin, and four inequivalent meso-aryl rings. The reso-
nances were assigned by making use of selective deuteration
and 2D COSY experiments. Thus, the characteristic pattern
of six downfield-shifted pyrrole resonances accompanied by
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Scheme 2. Carbaporphyrinoids applied as ligands of paramagnetic complexes (partial numbering included).

Scheme 3. Methylation of [(HCP)NiII] (X = Cl, I).
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upfield-shifted H(3) and NH(2) resonances is diagnostic of
C-methylation. The most characteristic feature, namely the
broad downfield resonance (linewidth: 1320 Hz) at δ =
109.7 ppm, was assigned to the 21-Me group.

Figure 1. 1H NMR spectra (CDCl3, 293 K) of paramagnetic mono-
and dimethylated nickel(II) carbaporphyrins [(HCPMe)NiIICl] (A)
and [(MeCPMe)NiIII] (B). The peak labels follow systematic num-
bering of the porphyrin ring or denote proton groups; pyrr: regular
pyrrole ring protons. Reproduced, with permission, from ref.[52]

Copyright 1996 American Chemical Society.

As in the case of methylation, the reaction of [(HCP)-
NiII] with haloalkanes in the presence of proton scavengers
yielded the C(21)-alkylated complexes [(CPCH2R)NiII].
Protonation of the external nitrogen of the inverted pyrrole
during HX addition (X = Cl, I) combines with coordination
of the apical ligand and leads to paramagnetic nickel(II)
complexes. A very strong differentiation of the isotropic
shift for the diastereotopic methylene protons was observed
in the 1H NMR spectra of the protonated paramagnetic
species [(HCPCH2R)NiIIX].[54]

The downfield shift of the pyrrolic and C-methyl reso-
nances of [(MeCPMe)NiIIX] indicates a σ-delocalization of
the spin density. This is consistent with the ground state of
NiII, which has two unpaired electrons in the σ-symmetry
orbitals (dx2–y2)1(dz2)1. The large differences in β-H contact
shifts result from the π-spin density delocalized into the
porphyrin framework, which originates from the peculiar
spin-density transfer within the inverted pyrrole ring. The
isotropic shift of the inverted C-methylated pyrrole ring is
of significance with respect to the nature of the Ni–inverted
pyrrole interaction in this paramagnetic organonickel(II)
complex. The considerable downfield C(21)-CH3 shift can
be accounted for by direct σ-delocalization over three single
bonds in the Ni–C(21)–C(methyl)–H fragment. The tilt of the
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inverted C-methylated ring changes the geometry of the
spin-density delocalization path as compared to regular
pyrrole rings. The unpaired spin density is localized on the
molecular orbital dominated by the pz component, which
can transfer the σ-spin density but simultaneously contrib-
utes to π-orbitals of the inverted pyrrole ring. Such an over-
lap within the inverted ring will permit direct transfer of
the unpaired spin density of the C(21) pz into the π system
without any π M–L bonding.

Organometallic NiIII Complexes

The one-electron oxidation of [(HCP)NiII] and [(MeCP)-
NiII] results in the formation of extremely rare organo-
nickel(III) derivatives.[60] The EPR spectral patterns of the
one-electron-oxidized species depend on the axial ligand in-
troduced by the oxidant or by metathesis. In each case the
spin-Hamiltonian parameters [gav � 2.1 (77 K) or giso �
2.1 (298 K)] reveal a metal-centered oxidation rather than
formation of a radical cation (giso ≈ 2.002). The localization
of the one-electron oxidation on the nickel ion was sup-
ported by analysis of the observed 61Ni hyperfine splitting.
2H NMR spectroscopy was used as an independent probe
to determine the electronic structure of the nickel(III). Such
an approach can be complementary to the EPR studies and
allows a direct observation of the spin-density delocaliza-
tion on the macrocycle.

In light of the EPR results two representative species,
namely [(D7-HCP)NiIIIBr] and [(D7-HCP)NiIII(NO3)] were
selected for 2H NMR investigation [(D7-HCP)H has all β-
positions substituted with deuterium]. The well-resolved
EPR spectra of this complex suggest that its 1H NMR reso-
nances could be beyond detection due to the relatively long
electron spin-lattice relaxation time T1e.[9] Line widths for
deuterium resonances are theoretically predicted to be 42
times smaller than the corresponding proton resonances
due to the different electron-nuclear dipolar relaxation.[61]

This narrowing has been observed experimentally for many
paramagnetic species and renders 2H NMR spectroscopy
particularly useful in detecting those paramagnetically
broadened resonances that are visible in the 1H NMR spec-
trum.

In the case of [(D7-HCP)NiIIIBr], all resonance peaks as-
signed to the pyrrole deuterons are located within the re-
gion δ = 2–8 ppm that is consistent with the (dz2)1 formula-
tion of the electronic ground state (Figure 2, trace A). No
spin density is present in the β-pyrrole positions since there
is no overlap of the metal out-of-plane orbital with the li-
gand orbital. On the contrary, all but one pyrrole reso-
nances of [(D7-HCP)NiIII(NO3)] are shifted downfield and
are widely spread, covering the δ = 0–50 ppm region (Fig-
ure 2, trace B). This downfield shift of the pyrrole reso-
nances is indicative of σ-delocalization of the spin density
and requires a considerable dx2–y2 metal orbital contribution
to the SOMO, as determined previously by EPR spec-
troscopy.
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Figure 2. 2H NMR spectra (298 K in CH2Cl2) of [(D7-HCP)-
NiIIIBr] (A) and [(D7-HCP)NiIII(NO3)] (B); s: solvent. Reproduced,
with permission, from ref.[60] Copyright 1997 American Chemical
Society.

Reactions of [(MeCPMe)NiIICl] with
Organometallic Reagents

Addition of phenylmagnesium iodide to a toluene solu-
tion of the nickel(II) chloride complex of dimethylated in-
verted porphyrin [(MeCPMe)NiIICl] at 203 K results in the
formation of a rare paramagnetic σ-phenylnickel(II) species
[(MeCPMe)NiIIPh], which contains both equatorial and
apical NiII–C bonds.[62] The coordination of the σ-phenyl
group was determined by the unique pattern of three σ-
phenyl resonances (ortho: δ = 361.3 ppm; meta: δ =
103.2 ppm; para: δ = 34.8 ppm at 273 K) in the 1H and 2H
NMR spectra (Figure 3).

Predictably, the first step in the titration with phenyllith-
ium results in the formation of [(MeCPMe)NiIIPh] and the
subsequent one-electron reduction with excess PhLi yields
[(MeCPMe)NiIIPh]–, which can also be generated by an in-
dependent route, namely by reduction of [(MeCPMe)-
NiIIPh] with lithium triethylborohydride or tetrabutylam-
monium borohydride. The spectroscopic data (Figure 3,
trace B) indicate that [(MeCPMe)NiIIPh] undergoes a one-
electron reduction without a substantial disruption of the
molecular geometry. The presence of two paramagnetic cen-
ters in [(MeCPMe)NiIIPh]–, namely the high-spin nickel(II)
and the carbaporphyrin radical anion, produces a remark-
able variation in the spectral pattern, such as upfield and
downfield positions of the pyrrole resonances and a sign
alternation of the meso-phenyl resonances.

A single species was detected in the 1H NMR titration
of [(MeCPMe)NiIICl] with n-butyllithium. The formation
of the one- or two-electron-reduced species {[(MeCPMe)-
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Figure 3. 1H NMR spectra of [(MeCPMe)NiIIPh] (A; 293 K, C7D8)
and [(MeCPMe)NiIIPh]– (B; C7D8, 253 K) formed by treating
[(MeCPMe)NiIICl] with phenyllithium in toluene at 203 K. The
peaks of the Ni-coordinated phenyl group are marked by circles.
Reproduced, with permission, from ref.[62] Copyright 2000 Ameri-
can Chemical Society.

NiIIBu]– or [(MeCPMe)NiIIBu]2–, respectively} can be con-
sidered to account for the peculiar spectroscopic properties
[pyrrole: δ = 17.33, 15.45, –5.79, –7.74, –14.62, –58.14 ppm;
CH3(21): δ = 3 ppm at 203 K]. The temperature dependen-
cies of the hyperfine shifts demonstrate the pronounced
anti-Curie behavior, which was interpreted in terms of a
temperature-dependent spin equilibrium.

Organocopper(II) N-Confused Porphyrin and Its
Methylated Derivatives

The inverted porphyrin and its methylated derivatives
stabilize the rare organocopper(II) complexes [(HCP)CuII],
[(MeCP)CuII], [(HCPH)CuIIX], [(MeCPH)CuIIX] (X = Cl–,
CF3CO2

–), and [(MeCPMe)CuIICl].[63] The EPR spectra of
these complexes reveal typical features that are diagnostic
of the copper(II) electronic structure.[63] In particular, the
superhyperfine coupling pattern indicates the presence of
three nitrogen donors in the first coordination sphere.[63,64]

Addition of an acid (HX) to [(HCP)CuII] and [(MeCP)CuII]
yields [(HCPH)CuIIX] and [(MeCPH)CuIIX], respectively.
The mechanism of this reaction includes protonation of the
inner C(21) accompanied by an axial coordination of the
anion. The 2H NMR investigations (Figure 4) carried out
for the pyrrole deuterated derivatives [(D7-CP)CuII] and
[(D7-MeCPMe)CuIICl] and the methyl deuterated complex
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[(CH3CPCD3)CuIICl] independently confirmed the cop-
per(II) electronic structure, which has a considerable dx2–y2

metal orbital contribution to the SOMO.

Figure 4. 2H NMR spectrum of [(D7-HCP)CuII] (333 K, toluene);
s: solvent. Reproduced, with permission, from ref.[63] Copyright
2000 American Chemical Society.

Nickel(II) Complexes of Benziporphyrins �
A Study of Weak Intramolecular Metal–Arene
Interactions

Owing to the nonplanar coordination geometry of the
metal ion the nickel complexes [(mBPH)NiIICl] and
[(pBPH2)NiIICl] are all paramagnetic, with S = 1.[65] The
1H NMR spectra shown in Figure 5 correspond to effective
Cs symmetry of the molecules. The observed pattern of
chemical shifts is typical for high-spin NiII complexes of
porphyrins and porphyrin analogues, with most of the β-H
pyrrole resonances in the downfield region (δ = 10–60 ppm)
and the meso-aryl peaks in the range δ = 0–10 ppm.[39] A
similar spectroscopic pattern has been observed for
[(mBPOAc)NiIICl].[66] Almost complete assignment of these
signals was achieved from the 2D COSY spectrum.

The shifts of the m-phenylene protons of [(mBPH)NiIICl]
are of special interest. The signals for H(2,4) and H(3) show
evident sign alteration (δ = 22.5 and –40.8 ppm at 298 K,
respectively). The broadened signal, which is shifted to δ
= 386 ppm in the spectrum of [(mBPH)NiIICl] (298 K), is
assigned to the inner H(22). This is easily verified by acid-
ifying a solution of ([mBP)NiII] with DCl rather than HCl.
The resulting species, [(mBPD)NiIICl], is selectively deuter-
ated at position 22 and no low-field signal is observed. The
above assignment also relied on the significant broadening
of the H(22) signal relative to H(2,4), which is caused by
the proximity of the paramagnetic NiII center. This argu-
ment was reinforced by a quantitative analysis of relaxation
times, which yielded approximate distances between the
nickel ion and certain protons in the molecule (Fig-
ure 6).[2,5,65] The 1H NMR spectrum of [(pBPH2)NiIICl] ap-
pears to be similar to the preceding spectrum of [(mBPH)-
NiIICl] except that the p-phenylene resonances H(2,3) and
H(21,22) are located at δ = –10.5 and 0.0 ppm, respectively
(298 K), rather than in the far downfield region.
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Figure 5. 1H NMR spectra (CDCl3, 298 K) of [(mBPH)NiIICl] (A)
and [(pBPH2)NiIICl] (B). Reproduced, with permission, from ref.[65]

Copyright 2004 American Chemical Society.

Figure 6. Relaxation plots for [(mBPH)NiIICl]. The dependence be-
tween T1 (CDCl3, 298 K) and r (crystal structure averages) is linear
in bilogarithmic axes.[65] Reproduced, with permission, from ref.[65]

Copyright 2004 American Chemical Society.

X-ray studies performed on [(mBPH)NiIICl] show that
the arene fragment approaches the metal ion at a distance
much shorter than the sum of the van der Waals radii,
which corresponds to the formation of a weak agostic
bond. Consequently, an agostic mechanism of spin-density
transfer was proposed to explain the enormous H(22) shift
as a result of electron donation from the CH bond to the
metal. To account for the shifts of protons H(2,4) and H(3)
it is necessary to assume π delocalization into the arene
ring, which may result either from direct interaction with
the metal center or from σ-π polarization.

Conformational Flexibility of Nickel(II)
Benziporphyrins

The linewidths of certain signals for [(mBPH)NiIICl] and
[(pBPH2)NiIICl] exhibit an unusual temperature depen-
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dence that is characteristic of a dynamic process.[67] This
was interpreted in terms of an equilibrium wherein one of
the forms is present at a very small concentration and can-
not be observed directly. The two exchanging forms are
only present at comparable concentrations, and therefore
yield separate signals in the slow exchange limit, for the
nickel(II) benziporphodimethene complex [(mBDMH)-
NiIICl]. A mechanism involving motion of the phenylene
moiety was proposed to account for the observed exchange
process (Scheme 4).

Scheme 4. Conformational equilibria in [(mBDMH)NiIICl].

The temperature-dependence of the linewidths in the 1H
NMR spectrum of [(mBPH)NiIICl] is shown in Figure 7 for
the m-phenylene H(2,4) signal. The logarithm of ν1/2 is plot-
ted against T–1 as this has often been found to yield a linear
plot for a paramagnetic species in the absence of chemical
exchange.[68,69]

Figure 7. Temperature dependence of the linewidths in the 1H
NMR spectrum for H(2,4) of [(mBPH)NiIICl] (CDCl3, 213–333 K).
The continuous line is for illustrative purposes only. Reproduced,
with permission, from ref.[67] Copyright 2004 American Chemical
Society.

The temperature profile (regions I–III) corresponds to an
exchange process between two paramagnetic species A and
B, one of which is significantly less populated (PA �� PB)
and thus impossible to observe directly.[5,61,68] The dynamic
process is slow in region I and the observed dependence
may therefore be attributed solely to paramagnetic broad-
ening and extrapolated into regions II and III.[68] The
analysis concentrated on region II, which corresponds to
the slow-exchange limit between A and B. The pre-exchange
lifetime for A (τA) was obtained experimentally by de-
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termining line widths, ν1/2,A,i, over a wide temperature
range, and an Eyring plot of the [(mBPH)NiIICl] data for
region II collected in deuterated chloroform yielded the ac-
tivation parameters. The values ∆H‡ = 63 kJmol–1 and ∆S‡

= 20 J/molK yield a ∆G‡ of 57 kJmol–1 (298 K). These val-
ues are in the range found for various dynamic processes
observed in porphyrins, including rotation of meso-aryl
substituents and macrocycle inversion.[70–72]

Benziporphyrin macrocycles are generally more flexible
than regular porphyrins, as can be judged from the puck-
ered structures observed in the solid state for free bases and
their complexes.[56,57,65,66] This is a result of the loss (or de-
crease) of macrocyclic aromaticity combined with the steric
constraints generated by the introduction of a phenylene
ring into the macrocyclic structure. Conformational dynam-
ics involves puckering of the benziporphyrin macrocycle, ro-
tation of meso-aryl rings, or both. The preferred conforma-
tion of the macrocycle in the metal complexes [(mBPH)-
NiIICl] and [(pBPH2)NiIICl] has the phenylene ring tilted
away from the metal center with the inner CH bonds and
the axial MX bond in an anti orientation (Scheme 4), as
confirmed by their respective X-ray structures.[57,65] How-
ever, it is possible that minute amounts of syn conformers
may be present in solution and rapidly equilibrate with the
respective anti forms. Actually the DFT modeling, carried
out for benziporphyrin complexes of zinc(II) and cad-
mium(II), indicates that the postulated syn conformers are
thermally accessible.

Two Coordination Modes of Vacataporphyrin

5,10,15,20-Tetraaryl-21-vacataporphyrin (butadienepor-
phyrin, annulene-porphyrin hybrid),[58] which contains a
vacant space instead of a heteroatomic bridge, forms para-
magnetic nickel(II) complexes where a metal ion is bound
in the macrocyclic cavity by three pyrrolic nitrogens.[73] Co-
ordination imposes a steric constraint on the geometry of
the ligand and leads to two directly detectable stereoisomers
with the butadiene fragment oriented towards [(VPH2)-
NiIICl-i] or away from [(VPH2)NiIICl-o] the macrocyclic
center (Scheme 5).

The specific assignment of two sets of resonances to
[(VPH2)NiIICl-o] and [(VPH2)NiIICl-i] (Figure 8) was based
on the notion that the butadiene fragment in the folded
conformation of [(VPH2)NiIICl-i] blocks the coordination
of the second axial ligand, which contrasts with the behav-
ior of [(VPH2)NiIICl-o].

The H(2,3) signals of [(VPH2)NiIICl-o] or [(VPH2)-
NiIICl-i] have chemical shifts that are typical for the β-H
pyrrolic positions of nickel(II) 21-heteroporphyrins in spite
of the vacancy.[39] The extremely broad H(1,4) signal of
[(VPH2)NiIICl-o] was detected by 2H NMR spectroscopy at
δ = –3.5 ppm (298 K).

A plot of logν1/2 against T–1 yields a straight line for
[(VPH2)NiIICl-i], which suggests the absence of any chemi-
cal exchange.[18,19,39,52,67–69,74] On the other hand, the line
widths of certain signals of [(VPH2)NiIICl-o] exhibit an un-
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Scheme 5. Stereoisomers of [(VPH2)NiIICl]. Reproduced, with permission, from ref.[73] Copyright 2005 American Chemical Society.

Figure 8. 1H NMR spectra of [(VPH2)NiIICl] (CDCl3, 298 K). The
resonances of the different stereoisomers are marked. Reproduced,
with permission, from ref.[73] Copyright 2005 American Chemical
Society.

usual temperature dependence that is characteristic of a dy-
namic process.[67–69] This behavior can be interpreted in
terms of a conformational equilibrium in which one of the
forms is present at a very low concentration.[5,61,68] The
conformational equilibrium presented in Scheme 5 may
contribute to this mechanism providing that the concentra-
tion of [(VPH2)NiIICl-o] is much greater than that of
[(VPH2)NiIICl-o�] and that the process is in the slow-ex-
change limit. Thus, two co-existing stereoisomers reveal a
different conformational flexibility in the same solution.

The markedly different spectra of [(VPH2)NiIICl-i] in
[D4]MeOH or [D3]acetonitrile as compared to chlorinated
solvents are attributed to an axial coordination of two sol-
vent molecules and formation of a single species, namely
[(VPH2)NiII(CD3OD)2]+ or [(VPH2)NiII(CD3CN)2]+. Simi-
larly, the addition of two equivalents of imidazole converts
[(VPH2)NiIICl-o] and [(VPH2)NiIICl-i] into [(VPH2)-
NiII(Im)2]+ (Figure 9). All resonances of the coordinated
imidazole are clearly discernible and have been assigned by
line width analysis and selective deuteration. Their posi-
tions are similar to those determined for other imidazole
adducts of nickel(II) heteroporphyrins.[75]
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Figure 9. 1H NMR (CDCl3, 298 K) spectra of [(VPH2)NiIICl] in
the presence of imidazole. The molar ratio (VPH2)NiIICl/imidazole
is 1:2.5. Reproduced, with permission, from ref.[73] Copyright 2005
American Chemical Society.

Iron(II) Complexes of Benziporphyrins

The molecular structure of [(mBPH)FeIIBr] resembles
that of [(mBPH)NiIICl].[65,76] The distances between iron
and the pyrrolic nitrogens are in the range for high-spin FeII

porphyrin complexes and the tripyrrolic fragment arranges
in a dome-shaped geometry. The distances from iron to the
inner C atom [C(22)] and inner hydrogen [H(22)] are
2.579(4) and 2.439(36) Å, respectively. Nevertheless, these
values are small compared to the van der Waals contact
and suggest the formation of a weak agostic bond.

The β-pyrrolic signals in the 1H NMR spectrum of
[(mBPH)FeIIBr] (Figure 10) are located at δ = 49.4, 21.1,
and 6.5 ppm at 298 K, as shown by 2H NMR spectroscopy
for [(D6-mBPH)FeIIBr].[76] These values are close to those
reported for the high-spin nickel(II) complexes [(mBPOAc)-
NiIICl] and [(mBPH)NiIICl].[65,66] The hydrogens on the m-
phenylene ring were identified at δ = 440 [H(22)], 65.8
[H(2,4)], and –33.2 [H(3)] ppm (298 K). An agostic mecha-
nism of spin-density transfer, as described previously for
[(mBPH)NiIICl], explains the shifts of [(mBPH)FeIIBr] as
resulting from electron donation from the C–H bond to the
metal.
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Figure 10. 1H NMR spectrum of [(mBPH)FeIIBr] (1H NMR,
CD2Cl2, 298 K). The inset shows the downfield region containing
the 22-H resonance. Reproduced, with permission, from ref.[76]

Copyright 2004 American Chemical Society.

High-Spin Iron Complexes of N-Confused
Pyriporphyrin

Insertion of iron(II) into N-confused pyriporphyrin,
which is the simplest homologue of N-confused 5,10,15,20-
tetraarylporphyrin, yields the high-spin iron(II) complex
[(NPyPH)FeIIBr] and the diiron species [(Br2LFeII-NPyPH)
FeIIBr] (L = coordinating solvent) where the second iron(II)
coordinates to the perimeter nitrogen atom (Scheme 6).[77]

Scheme 6. Synthesis of iron(II) N-confused pyriporphyrin com-
plexes. Reproduced, with permission, from ref.[77] Copyright 2006
American Chemical Society.

The characteristic patterns of the pyrrole and pyridine
resonances in the 1H NMR spectra were found to be diag-
nostic of the ground electronic state of iron and the donor
properties of C(22)–H and N(3) centers (Figure 11). The
downfield H(22) resonances, which are found for iron(II)
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N-confused pyriporphyrin in a very unusual spectroscopic
window (δ = 350–800 ppm) for a range of axial ligands, can
be considered as a diagnostic sign of an agostic FeII–
{C(22)-H} interaction.[76]

Figure 11. (A) 1H NMR spectrum of [(Br2LFeII-NPyPH)FeIIBr];
(B) conversion of [(Br2LFeII-NPyP)FeIIBr] into [(NPyP)FeIIBr]
during titration with Br2; (C) [(NPyP)FeIIBr]. All spectra were re-
corded in CD2Cl2 at 298 K; L = thf. Reproduced, with permission,
from ref.[77] Copyright 2006 American Chemical Society.

To probe the ability of the perimeter nitrogen to bind
iron(II) a systematic titration of [(NPyPH)FeIICl] in [D3]-
acetonitrile or [D8]THF was carried out. Smooth changes
of the chemical shifts of the pyridine moiety directly en-
gaged in coordination were observed during the course of
the titration of [(NPyPH)FeIICl] with FeIICl2, which was
explained by an equilibrium involving a diiron species.

The spectroscopic pattern of [(Br2LFeII-NPyPH)FeIIBr]
in non-coordinating solvents resembles that of the
monoiron species [(NPyPH)FeIIBr], although the H(2,4)
resonance is remarkably shifted to δ = 201 ppm (298 K;
Figure 11). [(Br2LFeII-NPyP)FeIIBr] can be easily converted
into [(NPyP)FeIIBr] by addition of competing ligands (pyr-
idine) or by an external iron(II)-directed oxidation, which
promotes dissociation. In spite of the enormous line widths
the far downfield shifted resonances provide an analytically
valuable pattern that is unique for the N-confused diiron
species. The downfield position of the H(2,4) resonance for
[(Br2LFeII-NPyP)FeIIBr] is consistent with coordination to
the high-spin iron(II) assuming that the spin-delocalization
pathways are identical to that determined for nickel(II)
thiaporphyrin.[78]

Addition of Br2 to a solution of [(NPyPH)FeIIBr] in the
absence of dioxygen results in a one-electron oxidation that
yields the high-spin iron(III) N-confused pyriporpyrin
[(NPyPH)FeIIIBr]+ (Scheme 7). The high-spin complex pre-
serves the side-on interaction between the inverted pyridine
ring and iron(III) as in [(NPyPH)FeIIBr]. The characteristic
set of three pyrrole resonances at δ = 122.4, 79.6 and
70.4 ppm ([D2]dichloromethane, 298 K) can be readily as-
signed to [(NPyP)FeIIIBr]+. The reaction of [(NPyPH)-
FeIIBr] with dioxygen results in the formation of five-coor-
dinate [(NPyPO)FeIIIBr] [(NPyPOH)H = 3-aza-22-hydroxy-
m-benziporphyrin; Scheme 7].
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Scheme 7. Oxidation and oxygenation of [(NPyPH)FeIIBr]. Reproduced, with permission, from ref.[77] Copyright 2006 American Chemical
Society.

Low-Spin Organoiron(III) N-Confused
Pyriporphyrin

The one-electron oxidation of [(NPyPH)FeIIBr] with di-
oxygen in pyridine, which is accompanied by deprotonation
of a C(22)H fragment and formation of an Fe–C(22) bond,
produces the low-spin, six-coordinate iron(III) complex
[(NPyP)FeIII(py)2]+ (Scheme 8), as confirmed by a combi-
nation of 1H NMR, EPR and structural data.[79]

Scheme 8. [(NPyP)FeIII(py)2]+.

The cationic complex involves a six-coordinate iron atom
bound to the N-confused pyriporphyrin through its three
pyrrolic nitrogens and the trigonal pyridyl C(22) atom. The
porphyrin is strongly ruffled, defining two deep grooves
along the Cmeso–Cmeso axes that are at right angles to each
other. The 1H NMR spectrum of [(PyP)FeIII(D5-py)2]+ is
clearly distinct from that of any known low-spin iron(III)
porphyrin [β-H: δ = 21.3, 16.2, and 4.1 ppm (CD2Cl2,
298 K)]. In fact, only the recently described low-spin
iron(III) complex of the “true” pyriporphyrin reveals a sim-
ilar 1H NMR spectrum.[80] Still, the spectroscopic pattern
of the pyrrole and meso-aryl resonances is consistent with
the features assigned to the less common (dxzdyz)4(dxy)1

low-spin ground electronic state.[7,81–83] This unique spec-
troscopic feature can be related to the extensive ruffling of
the macrocycle,[82,84–86] equatorial C-coordination, and/or
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axial pyridine coordination.[7] A conformational rearrange-
ment process was detected which involves two structures
differentiated by macrocyclic ruffling.

Remarkable Paramagnetically Shifted 1H and
2H NMR Spectra of Iron(II) 2-Aza-21-carba-
porphyrin

An uncommon type of metal ion–inverted pyrrole ring
interaction detected in the solid-state structure of iron(II)
2-aza-21-carbaporphyrin [(HCPH)FeIIBr] has raised the
question of its impact on the 1H NMR spectroscopic fea-
tures.[87,88] [(HCPH)FeIIBr] has a conformation where the
iron is side-on with respect to the inverted pyrrole plane[87]

and the inverted pyrrole ring is sharply bent from the por-
phyrin plane. The Fe···C(21) distance (2.361 Å) is longer
than a regular Fe–C bond but shorter than the sum of the
van der Waals radii.

The solid-state geometry of the FeII···{C(21)–H(21)}
fragment in [(HCPH)FeIIBr] is within the range of an agos-
tic interaction [Fe···H(21) = 1.971 Å].[87] The 1H NMR
spectrum of [(HCPH)FeIIBr] is substantially similar to the
spectra of high-spin iron(II) core-modified porphy-
rins.[14,16,89] Five pyrrole resonances of [(HCPH)FeIIBr] are
spread over the low-field region from δ = 30 to 50 ppm, and
two other β-H resonances occur at δ = 8.4 and 0.78 ppm.
The resonance at δ = –8.0 ppm (293 K) was assigned to the
N(2)H hydrogen. The most characteristic 1H NMR (2H
NMR) feature of [(HCPH)FeIIBr], namely the downfield
shifted resonance at δ = 812 ppm (linewidth of 6200 Hz at
293 K in [D2]dichloromethane), was unambiguously as-
signed to the internal H(21) hydrogen.[88] The 2H NMR
spectrum of [(D7-HCPD)FeIIBr], which stretches over a
window of almost 900 ppm, shows the remarkably large
paramagnetic shift of C(21)D, as the 2H NMR spectrum
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combines simultaneously all pyrrole resonances, including
the C(21)D one (Figure 12). Variable-temperature NMR
measurements for the C(21)H resonance of [(HCPH)FeIIBr]
revealed remarkable changes of the chemical shifts, which
fall in a window of 1244 ppm at 208 K. Addition of 2-
methylimidazole to a [D2]dichloromethane solution of
[(HCPH)FeIIBr] results in the formation of the high-spin
five-coordinate species [(HCPH)FeII(2-MeIm)]+, which was
identified by the unique chemical shift of the C(21)H reso-
nance (δ = 1090 ppm). To the best of our knowledge these
are the largest chemical shifts reported thus far for iron
porphyrins or iron porphyrin derivatives[7,90,91] and are even
larger than the extreme chemical shifts determined for para-
magnetic compounds, including σ-aryl complexes of
nickel(II) heteroporphyrins (e.g. ortho-H: δ = 568 ppm at
203 K).[6,39,78,92] Extreme contact shifts have been reported
for the β-CH2 hydrogens of cysteines that ligate iron in oxi-
dized ruberodoxin (δ = 300–900 ppm, 303 K)[93] and cop-
per(II) in azurin (δ = 800, 850 ppm at 278 K).[94]

Figure 12. (A) 2H NMR spectrum of [(D7-HCPD)FeIIBr] (CH2Cl2,
298 K). (B) 1H NMR spectrum of [(HCPH)FeIIBr] (CD2Cl2,
298 K); s: solvent. The inset in (B) shows the H(21) resonance. Re-
produced, with permission, from ref.[88] Copyright 2003 American
Chemical Society.

The 1H NMR spectra of iron(II) 2-aza-21-carbaporphyr-
ins display the spread of regular β-H resonances, which is
markedly larger than for their more symmetrical counter-
parts.[11,89,95] The paramagnetic shifts of [(HCPH)FeIIBr]
can be explained by a model that is typically applied to
high-spin iron(II) porphyrins and iron(II) N-substituted
porphyrins. In the case of a high-spin iron(II) center
[(dxy)2(dxzdyz)2(dz2)1(dx2–y2)1] both σ and π routes of spin
density delocalization can operate. The contact shift pre-
dominates for the regular pyrrole resonances, which deter-
mines their downfield positions.[7,14,16] The typical delocal-
ization pathways involve delocalization through a σ-frame-
work by way of σ-donation to the half occupied dx2–y2

iron(II) orbital.[14] Actually, the variation of the β-H posi-
tions in the 1H NMR spectrum may be accounted for by
specific π-delocalization mechanisms that have been dis-
cussed in detail for iron(III) porphyrins.[96,97] One pyrrole
3-H and the 2-NH resonance are evidently different from
the other six and show upfield shifts. Thus, the side-on loca-
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tion of the iron(II) with respect to the pyrrole ring primarily
affects spin transfer to the modified pyrrole ring. An analo-
gous effect has been observed for paramagnetic nickel(II)
2-aza-21-carbaporphyrin and metalloheteroporphyr-
ins.[39,52] Significantly, the peculiar metal ion–inverted pyr-
role ring interaction detected in the solid-state structure of
[(HCPH)FeIIBr] is clearly reflected by an unprecedented
isotropic shift of the H(21) atom that is involved in an agos-
tic interaction [FeII–C(21)H] in solution.

Oxidation and Oxygenation of Iron(II) 2-Aza-
21-carbaporphyrin

Dioxygen reacts cleanly with iron(II) 2-aza-21-carbapor-
phyrin to form the corresponding five-coordinate interme-
diate-spin iron(III) complexes and, eventually, the 2-aza-21-
carbaporphyrin gains an oxo functionality.[98] Generally
speaking insertion of an oxygen atom into an M–C bond
(a carbon atom built into the aromatic moiety) is quite
rare,[99–109] and no direct evidence for the formation of in-
termediates in the oxygenation process has been found.

Scheme 9. Reaction of [(HCPH)FeIIBr] with dioxygen. Repro-
duced, with permission, from ref.[98] Copyright 2004 American
Chemical Society.
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The oxidation and oxygenation of [(HCPH)FeIIBr] have

been followed by 1H and 2H NMR spectroscopy.[98] Thus,
addition of dioxygen to [(HCPH)FeIIBr] in dichlorometh-
ane yields a series of iron(III) complexes in consecutive re-
actions (Scheme 9).

One-electron oxidation with dioxygen, which is ac-
companied by deprotonation of a C(21)H fragment and for-
mation of an Fe–C(21) bond, produces the intermediate-
spin, five-coordinate iron(III) complex [(HCP)FeIIIBr]
(Scheme 10). Insertion of an oxygen atom into the pre-
formed FeIII–C(21) bond in the subsequent step yields
[(HCPO)FeIIIBr]. Protonation at the oxygen atom then af-
fords [(HCPOH)FeIIIBr]+. The considered mechanism of
[(HCP)FeIIIBr] oxygenation involves the insertion of di-
oxygen into the Fe–C bond. The O–O bond of the transient
species cleaves rapidly and 2-aza-carbaporphyrin acquires
an oxo functionality [C(21)O] in the coordination core.

Addition of I2 or Br2 to a solution of [(HCPH)FeIIBr] in
the absence of dioxygen results in a one-electron oxidation
that yields [(HCPH)FeIIIBr]+. This iron(III) compound has
also been obtained by titration of [(HCP)FeIIIBr] with acids
due to protonation at C(21). Addition of Br2 to a solution
containing [(HCP)FeIIIBr] or [(HCPH)FeIIIBr]+ results in
bromination at C(21) to yield [(HCPBr)FeIIIBr]+, in agree-
ment with the typical reactivity of inverted porphy-
rins.[51,110] Subsequent reaction with water results finally in
formation of the C=O fragment in [(HCPO)FeIIIBr]. This
complex contains a ligand which is a 2-aza-21-carbapor-
phyrin derivative with the oxygen atom located on the inner
carbon, in other words N-confused porphyrin C-oxide.
Such a ligand was first detected in the dimeric product of
[{(CPH)FeII}2] oxygenation, although in a different tauto-

Scheme 10. Oxidation of [(HCPH)FeIIBr]. Reproduced, with permission, from ref.[98] Copyright 2004 American Chemical Society.
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meric form,[111] and in the oxidation of [(HCPH)NiII] with
OsO4.[112]

Selected spectra that emphasize the utility of 1H NMR
spectroscopy for observing oxidation/oxygenation transfor-
mations of [(HCPH)FeIIBr] are presented in Figure 13. The
characteristic patterns of pyrrole and N(2)H resonances are
diagnostic of the ground electronic state of iron and the
donor character of C(21).

The average chemical shift of the perimeter resonances
(δav) at 298 K was considered here as a suitable parameter
for characterizing the ground electronic/spin state of iron(n)
inverted porphyrins. Thus, the value of δav for six regular
pyrroles was examined for [(HCPH)FeIIBr], [(HCPH)-
FeIIIBr]+, and [(HCPBr)FeIIIBr]+, where a side-on location
of the metal ion with respect to the N-confused pyrrole ring
has been determined. The values of δav for [(HCPO)-
FeIIIBr], [(HCPOH)FeIIIBr]+, [(HCPH)FeIIIBr]+, and
[(HCPBr)FeIIIBr]+ approach those found for high-spin
iron(III) tetraarylporphyrins,[7] iron(III) β-substituted tetra-
arylporphyrin,[96] and iron(III) N-methyltetraarylporphyrin
(δav for regular pyrrole rings),[13] and the average chemical
shift of [(HCPH)FeIIBr] is consistent with that found for
high-spin iron(II) tetraarylporphyrins, iron(II) N-methyl-
tetraarylporphyrin, and iron(II) 21-thiatetraarylporphy-
rin.[7,14,89] Finally, the upfield β-H positions seen for
[(HCP)FeIIIBr] and [(HCP)FeIII(1-MeIm)]2+ are clearly
consistent with intermediate- and low-spin states, respec-
tively, considering the asymmetric iron(III) porphyrins as
reference molecules.[7,11,95,113,114]

The isotropic shift pattern for the β-H pyrrole of [(HCP)-
FeIIIBr] and [(HCP)FeIII(1-MeIm)]2+ reflects the extensive
spin delocalization into the π molecular orbitals of the in-
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Figure 13. Oxidation and oxygenation of iron inverted porphyrins
as followed by 1H NMR spectroscopy (CD2Cl2, 298 K): (A)
[(HCPH)FeIIBr]; (B) [(HCP)FeIIIBr]; (C) ([HCPO)FeIIIBr]; (D)
[(HCPH)FeIIIBr]+. Reproduced, with permission, from ref.[98]

Copyright 2004, American Chemical Society.

verted porphyrin. The dominance of the π-spin transfer
mechanism has been taken as direct evidence that dx2–y2 is
not populated in [(HCP)FeIIIBr] and [(HCP)FeIII-
(1-MeIm)]2+. Thus, the ground state can be related to the
following models of the electronic configuration: intermedi-
ate-spin (dxy)2(dxz)1(dyz)1(dz2)1(dx2–y2)0 for [(HCP)FeIIIBr]
and low-spin (dxy)2(dxzdyz)3(dz2)0(dx2–y2)0 for [(HCP)FeIII-
(1-MeIm)]2+. The β-H shifts of [(HCP)FeIIIBr] are larger as
there are two π-symmetry unpaired electrons in the S =
3/2 state in comparison to one π electron in [(HCP)FeIII-
(1-MeIm)]2+ (S = 1/2).[113]

An extension of these investigations to N- and C-methyl-
ated iron porphyrins allowed the similarities of iron(n) N-
confused and C- and N-methylated N-confused porphyrin
complexes for a given oxidation/spin state to be estab-
lished.[115] There are considerable similarities in the 1H
NMR properties within each of these pairs. The analytically
useful hyperfine shift patterns determined previously for
iron(II) and iron(III) N-confused porphyrin provided useful
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and potentially unique probes for detecting the analogous
species by 1H NMR spectroscopy. This spectroscopic means
of identification has gained an additional advantage,
namely the characteristic large downfield C-Me contact
shift provides a well-defined signal in a unique window (δ
= 420–520 ppm) for iron(III) C-methylated N-confused
porphyrins, which contrasts with the relatively small values
for iron(II) C-methylated derivatives (δ = 50–80 ppm). The
most characteristic 1H NMR features of [(HCPMe)-
FeIIIBr]+ and [(MeCPMe)FeIIIBr]+, namely the broad reso-
nances at δ = 498 or 432 ppm, can be assigned to the in-
ternal C-Me groups. The directions and magnitudes of
these shifts resemble those reported for the N-Me group of
the [(MeTPP)FeIIICl]+ complex.[13]

Dioxygen reacts cleanly with the carbaporphyrin com-
plex [(MeCPH)FeIIBr] to form the corresponding five-coor-
dinate intermediate-spin iron(III) complex [(MeCP)FeIIIBr]
although, contrary to 2-aza-21-carbaporphyrin, the N-
methylated derivative does not acquire an oxo functionality.
Similarly, the C-Me group, which is positioned near the cen-
ter of the carbaporphyrin, presents a serious steric barrier
that plays an essential role in governing the reactivity of
this iron C-methylated N-confused porphyrin. For instance,
[(MeCPMe)FeIIBr] undergoes only one-electron oxidation.
Further investigations of the iron carbaporphyrinoid com-
plexes are expected to afford a unique insight into the reac-
tivity of a metal–C bond as specifically tuned carbaporphy-
rins can be expected to influence feasible pathways of oxy-
genation processes.

Conclusions

In a sense, in this microreview we have intended to re-
mind the community of inorganic chemists that NMR of
paramagnetic molecules can be considered as a powerful
spectroscopic probe of intriguing aspects of molecular and
electronic structures, structural rearrangements, and reac-
tivity. The chosen examples address the chemistry of a new
class of carbaporphyrinoid complexes that has recently
been explored in our laboratory. As presented, the entrap-
ment of metal ions in the coordination core of carbapor-
phyrinoids creates a very efficient protection of the metal–
C bond and allows the stabilization of extremely rare or
virtually unknown oxidation/electronic states of metal ions
in an organometallic environment, such as cop-
per(II),[63,116,117] silver(III),[118,119] iron(III),[98] or paramag-
netic nickel(II).[44,52] Extensive studies on the NMR of
paramagnetic metallocarbaporphyrinoids (reviewed above)
have established a general relationship between the isotropic
shift pattern of these porphyrin-like macrocycles and their
electronic and molecular structures. In particular, we have
found that the restraints introduced by incorporating the
carbocyclic moiety into an appropriately sized carbapor-
phyrinoid allow the creation of a geometry that affords
metal–carbocyclic ring distances that can be classified as
intermediate between a regular chemical bond and a van
der Waals interaction.[57,65,67,76] The proximity of a dia-
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magnetic metal ion and an arene gives rise to observable
1H-M and 13C-M scalar couplings in the NMR spectra (M
= NMR-active metal ion). Such couplings are usually clas-
sified as “through-space” or “nonbonding” because their
magnitude cannot be rationalized in terms of the network
of regular bonds in the molecule.[57,65,120] The metal–arene
interactions of nickel(II), iron(II), and iron(III) have been
probed in complementary investigations using their para-
magnetically shifted 1H NMR spectra.[52,65,76,88,98] NMR
spectroscopy provides a uniquely useful probe for studying
this type of interaction. Apart from purely structural con-
siderations, the understanding of such a “borderline”
M···C–H interaction is fundamental for the exploration of
transient states that might be active in organometallic catal-
ysis.
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St. Claire, E. P. Zovinka, Inorg. Chem. 1997, 36, 3892.
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[45] M. Stępień, L. Latos-Grażyński, Acc. Chem. Res. 2005, 38, 88.
[46] F.-P. Monforts, M. Glasenapp-Breiling, D. Kusch, Porphyrins

and Related Compounds, in Hetarenes, Thieme, Stuttgart, New
York, 1998, p. 577.

[47] J. L. Sessler, A. Gebauer, E. Vogel, Porphyrin Isomers, in The
Porphyrin Handbook (Eds.: K. M. Kadish, K. M. Smith, R.
Guilard), Academic Press, San Diego, CA, 2000, p. 1.

[48] K. Berlin, E. Breitmaier, Angew. Chem. Int. Ed. Engl. 1994, 33,
1246.

[49] T. D. Lash, Angew. Chem. Int. Ed. Engl. 1995, 34, 2533.
[50] T. D. Lash, Syntheses of Novel Porphyrinoid Chromophores, in

The Porphyrin Handbook (Eds.: K. M. Kadish, K. M. Smith,
R. Guilard), Academic Press, San Diego, CA, 2000, p. 125.

[51] P. J. Chmielewski, L. Latos-Grażyński, J. Chem. Soc., Perkin
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[67] M. Stępień, L. Latos-Grażyński, L. Szterenberg, Inorg. Chem.

2004, 43, 6654.
[68] J. D. Satterlee, G. N. La Mar, T. J. Bold, J. Am. Chem. Soc.

1977, 99, 1088.
[69] G. N. La Mar, E. O. Sherman, J. Am. Chem. Soc. 1970, 92,

2691.
[70] K. M. Barkigia, M. D. Berber, C. J. Medforth, M. W. Renner,

K. M. Smith, J. Am. Chem. Soc. 1990, 112, 8851.
[71] C. J. Medforth, NMR Spectroscopy of Diamagnetic Porphyrins,

in The Porphyrin Handbook (Eds.: K. M. Kadish, K. M. Smith,
R. Guilard), Academic Press, San Diego, CA, 2000, p. 1.

[72] C. J. Medforth, M. D. Berber, K. M. Smith, J. A. Shelnutt, Tet-
rahedron Lett. 1990, 31, 3719.

[73] E. Pacholska-Dudziak, J. Skonieczny, M. Pawlicki, L. Latos-
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[77] R. Myśliborski, K. Rachlewicz, L. Latos-Grażyński, Inorg.
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