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The NMR and EPR spectra of a series of pyridine complexes [(OEC)Fe(L)2]+ (L ) 4-Me2NPy, Py, and 4-CNPy)
have been investigated. The EPR spectra at 4.2 K suggest that, with a decrease of the donor strength of the axial
ligands, the complexes change their ground state from (dxy)2(dxzdyz)3 to (dxzdyz)4(dxy)1. The NMR data from 303 to
183 K show that at any temperature within this range the chemical shifts of pyrrole-8,17-CH2 protons increase with
a decrease in the donor strength of the axial ligands. The full peak assignments of the [(OEC)Fe(L)2]+ complexes
of this study have been made from COSY and NOE difference experiments. The pyrrole-8,17-CH2 and pyrroline
protons show large chemical shifts (hence indicating large π spin density on the adjacent carbons which are part
of the π system), while pyrrole-12,13-CH2 and -7,18-CH2 protons show much smaller chemical shifts, as predicted
by the spin densities obtained from molecular orbital calculations, both Hückel and DFT; the DFT calculations
additionally show close energy spacing of the highest five filled orbitals (of the Fe(II) complex) and strong mixing
of metal and chlorin character in these orbitals that is sensitive to the donor strength of the axial substituents. The
pattern of chemical shifts of the pyrrole-CH2 protons of [(OEC)Fe(t-BuNC)2]+ looks somewhat like that of [(OEC)-
Fe(4-Me2NPy)2]+, while the chemical shifts of the meso-protons are qualitatively similar to those of [(OEP)-
Fe(t-BuNC)2]+. The temperature dependence of the chemical shifts of [(OEC)Fe(t-BuNC)2]+ shows that it has a
mixed (dxzdyz)4(dxy)1 and (dxy)2(dxz,dyz)3 electron configuration that cannot be resolved by temperature-dependent
fitting of the proton chemical shifts, with a S ) 5/2 excited state that lies somewhat more than 2kT at room
temperature above the ground state; the observed pattern of chemical shifts is the approximate average of those
expected for the two S ) 1/2 electronic configurations, which involve the a-symmetry SOMO of a planar chlorin
ring with the unpaired electron predominantly in the dyz orbital and the b-symmetry SOMO of a ruffled chlorin ring
with the unpaired electron predominantly in the dxy orbital. A rapid interconversion between the two, with calculated
vibrational frequency of 22 cm-1, explains the observed pattern of chemical shifts, while a favoring of the ruffled
conformation explains the negative chemical shift (and thus the negative spin density at the R-pyrroline ring carbons),
of the pyrroline-H of [TPCFe(t-BuNC)2]CF3SO3 (Simonneaux, G.; Kobeissi, M. J. Chem. Soc., Dalton Trans. 2001,
1587−1592). Peak assignments for high-spin (OEC)FeCl have been made by saturation transfer techniques that
depend on chemical exchange between this complex and its bis-4-Me2NPy adduct. The contact shifts of the pyrrole-
CH2 and meso protons of the high-spin complex depend on both σ and π spin delocalization due to contributions
from three of the occupied frontier orbitals of the chlorin ring.

Introduction

Among the “green” hemes that catalyze biological reac-
tions are the hemed of the cytochromebd terminal oxidase
of Escherichia coli,1-4 the hemed of the catalase HPII from

E. coli,5-7 and the sulfhemes.8,9 All of these pigments are
iron chlorin complexes which have uniquely different
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structures. There has previously been some confusion regard-
ing the classification of reduced hemes and expectations as
to their electronic properties, and a number of careful
structural investigations were required to elucidate the
geometric and stereoisomerism of these macrocycles,1-9 as
well as the “other” green hemes, including hemed1 (a
dioxoisobacteriochlorin10) and siroheme (an isobacteriochlo-
rin11,12).

There have been a number of previous studies of iron
chlorin and/or isobacteriochlorin complexes by magnetic
resonance techniques, including the seminal paper of Stolzen-
berg, Strauss, and Holm in 198113 and additional papers from
these authors,14-18 as well as other researchers,19-26 but only
one of them has involved investigation of the NMR spectra
of the iron(III) bis(imidazole) or (-pyridine) complexes, and
the chemical shifts reported for the bis(imidazole) complex
of that naturally derived chlorin19 are somewhat different
from those reported herein.

Understanding the electronic properties of the iron(III)
complexes of each of the individual “green” hemes is an
important step in understanding their mechanisms of action.
Hence, we have investigated three bis(pyridine) and the bis-
(tert-butyl isocyanide) complexes of iron(III)trans-octaeth-
ylchlorin (OEC), Chart 1, as models of hemesd. The NMR
and EPR spectra of the octaethylchlorin (OEC) complexes
are compared to those of the corresponding complexes of
octaethylporphyrin (OEP), the bis(imidazole) complexes of
(octaethylchlorinato)iron(III) and (oxooctaethylchlorinato)-
iron(III) (oxo-OEC)27 as well as (pyropheophorbide)iron(III)
(Ppheo),19 and a number of bis(ligand) complexes of (tet-

raphenylchlorinato)iron(III) (TPC)24-26,38and of substituted
(tetraphenylporphyrinato)iron(III) (TPP, TMP, and others).39-41

By comparing and contrasting the electronic properties of
these molecules with those of the others, this work provides
additional information on the factors that control the
electronic properties of all of these systems.

Experimental Section

Materials and Sample Preparation.The (trans-octaethylchlo-
rinato)iron(III) chloride, (OEC)FeCl, was synthesized as described
previously.13,18 Deuterated chemicals, pyridine-d5 (D, 99.5%) and
methylene-d2 chloride (D, 99.5%), were purchased from Cambridge
Isotope Laboratories, and nondeuterated chemicals, 4-(dimethyl-
amino)pyridine, 4-cyanopyridine, andtert-butyl isocyanide from
Aldrich. Approximately 5 mM (octaethylchlorinato)iron(III) samples
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for NMR studies were prepared in 5 mm NMR tubes with
deuterated methylene chloride as solvent. Complexes with axial
ligands were made by directly adding an excess of the desired axial
ligand (iron chlorin:axial ligand 1:4 in moles, or∼20 mM axial
ligand). For complexes with pyridine and 4-cyanopyridine as axial
ligands, an excess of silver trifluoromethanesulfonate (AgOSO2-
CF3, 99%, Alfa) was added and the solution filtered prior to addition
of the axial ligands to remove chloride. To prevent oxidation of
chlorin to porphyrin, [(OEC)Fe(t-BuNC)2]+ was prepared in an
inert-atmosphere bag. An excess of AgOSO2CF3 was added to the
CD2Cl2 solution of (OEC)FeCl in an NMR tube, and the tube was
shaken to remove the chloride ion as AgCl. Then the solution was
filtered into another NMR tube through glass wool and an excess
of t-BuNC was added. All samples were degassed three times with
nitrogen before sealing the NMR tubes.

NMR Spectroscopy.For NMR measurements at low tempera-
ture, the spectra were recorded on a Varian Unity-300 spectrometer
operating at 299.955 MHz with a variable-temperature unit (tem-
perature range from-85 to+30 °C), referenced by the resonance
from residual solvent protons (5.32 ppm relative to TMS). The
temperature was calibrated using the standard Wilmad methanol
and ethylene glycol samples. For other experiments, the spectra
were acquired on a Unity-300, Bruker DRX-500, or DRX-600 NMR
spectrometer. The 1D saturation transfer or NOE difference
experiments were carried out on a DRX-500 or DRX-600 spec-
trometer using the normal NOE difference pulse sequence. A
selective intermediate level pulse (40-45 dB; -6 dB is the
maximum) was irradiated on the specific peaks of the fast-relaxing
(high-spin) species with an irradiation time of 50 ms, followed by
a detection pulse (90°).

EPR Spectroscopy.The low-spin bis(ligand) complexes of
(OEC)FeIII were prepared in dry CD2Cl2 immediately before the
experiments using the same method as for NMR studies and frozen
in liquid nitrogen. The EPR spectra were obtained on a CW EPR
spectrometer ESP-300E (Bruker) operating at X-band using 0.2 mW
microwave power and 100 kHz modulation amplitude of 2 G. A
Systron-Donner microwave counter was used for frequency calibra-
tion. The EPR measurements were performed at 4.2 K using an
Oxford continuous-flow cryostat, ESR 900.

Electronic Structure Calculations. A variety of electronic
structure calculations were carried out as an initial exploration of
the factors contributing to the electronic states and properties of
these molecules. Many of the essential orbital features are apparent
from a Hückel analysis of the interaction of the chlorinπ orbitals
with the metal d orbitals using the program MPORPHw.28 Density
functional calculations using both GAUSSIAN0329 (B3LYP func-
tional) and Amsterdam Density Functional (ADF 2004.01)30-32

(BLYP functional) approaches were utilized to gain additional
insight into the relative orbital energetics and spin density charac-
teristics. Double-ú level (6-31G for C, N, and H; LANL2DZ for
Fe) and triple-ú level (6-311G for C, N, and H; CEP-121G for Fe)
GAUSSIAN calculations were compared, and the results were found
to be very similar. Only the triple-ú level basis calculations are
reported for the GAUSSIAN calculations. Polarization functions
were added to the triple-ú basis for the ADF calculations (standard
TZP basis in the ADF package). As an initial model for examining
the orbital interactions, idealized structures were constructed in
which the pyrrole and pyrroline rings were constrained to the same
plane, and the peripheral ethyl substituents of octaethylchlorin were
modeled with methyl groups. The methyl groups were held toC3V

local symmetry with typical geometric parameters obtained from
other optimizations (CH distance of 1.086 Å and CCH angle of
111°), and the methyl groups were not allowed to rotate. A

frequency calculation was carried out with the GAUSSIAN program
on [(OMC)Fe(MeNC)2] (OMC ) octamethylchlorin), and the only
imaginary frequencies were associated with the methyl group
orientations. Low vibrational frequencies were found for normal
modes associated with ruffling (22 cm-1) and saddling (17 cm-1)

of the chlorin ring, and calculations with these distortions also were
investigated. For the ruffled structure, the methylene carbons were
placed alternately 0.5 Å above and below the mean chlorin plane,
and the twist of the planar pyrrole and pyrroline rings was optimized
along with the rest of the structure as described above, according
to the distorted positions of the methylene groups. For the saddled
structure the planar pyrrole and pyrroline rings are alternately angled
up and down from the metal center by 5°, which places the nitrogen
atoms∼0.18 Å above and below the mean plane, and the remaining
structure was again optimized as above. For [(OMC)Fe(MeNC)2]
the ruffle-distorted structure is calculated to be 4.5 kcal/mol above
the planar structure and the saddle-distorted structure is calculated
to be 7.5 kcal/mol above the planar structure. For calculations on
the [(OMC)Fe(ImH)2] molecule the imidazoles were aligned in
parallel planes that bisect the C2-C3 bond of the pyrroline ring
and the C12-C13 bond of the opposite pyrrole ring. All reported
geometry optimizations and the frequency calculation are for the
neutral molecules with closed-shell singlet electron configurations
to examine the orbital descriptions before the consequences of
unpaired spin. A geometry optimization of the first positive ion
state of the [(OMC)Fe(ImH)2] molecule (unrestricted doublet state)
showed very little change in structure from the neutral molecule,
similar to the small reorganization energies with ionization found
for metalloporphyrins.33 For the spin density calculations of the
cation molecules, the doublet states were calculated in the
unrestricted formalism using the optimized geometries of the neutral
molecules. Orbital and density displays are created with the program
MOLEKEL.34,35Orbital surfaces are displayed with a surface value
of 0.03, and spin density surfaces are displayed with a surface value
of 0.001.

The optimized structures obtained from the GAUSSIAN and
ADF calculations are very similar. For example, geometry opti-
mization of the [(OMC)Fe(MeNC)2] molecule by ADF starting from
the GAUSSIAN coordinates converged in four cycles and the largest
change in Fe-N distance was 0.02 Å. Both methods obtain the
same occupied molecular orbitals for the neutral molecules, and
both place the top five occupied molecular orbitals very close in
energy. For [(OMC)Fe(HIm)2] the GAUSSIAN calculation places
the top five occupied orbitals within 0.5 eV and the ADF calculation
places them within 1 eV. For [(OMC)Fe(MeNC)2] the GAUSSIAN
calculation places the top five occupied orbitals within 1 eV and
the ADF calculation places them within 0.4 eV. The top five orbitals
are mixtures of metal d and chlorinπ character. Due to the small
overlap and close energy match between the metal d and chlorinπ
orbitals, the partitioning of metal and chlorin character within the
final molecular orbitals is very sensitive to the initial relative
energies of the metal d and chlorinπ orbitals. The ADF calculations
tend to place the metal d orbitals slightly less stable relative to the
chlorin π orbitals than the GAUSSIAN calculations, and thus the
ADF calculations place more metal character in the higher occupied
orbitals. Given the sensitivity of the orbital characters to these
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methods and the approximations of structure, lack of solvent effects,
etc., calculations at this level of theory and modeling cannot
confidently determine the spin states of the molecular ions. More
detailed theoretical investigation is called for. Nonetheless, the
orbital interactions and spin densities obtained for different
electronic states provide a framework for interpretation of the
experimental data of this study.

Results and Discussion

Bis(pyridine) Complexes of (OEC)FeIII . Figure 1 shows
the 1D 1H NMR spectrum of the high-spin (OEC)FeCl, to
be discussed in detail below. As is clear from this spectrum,
the molecule has low symmetry (Chart 1) which leads to
almost the maximum number of CH2 resonances, 13 of the
possible 16, whose assignments will be discussed below.
Upon addition of pyridine ligands, the color of the solution
changed to green as the bis(ligand) Fe(III) complexes were
formed; the1H NMR spectra following addition of 4-Me2-
NPy, Py-d5, and 4-CNPy are shown in Figure 2a-c,
respectively. The full peak assignments of the bis(ligand)
complexes were made from COSY, NOESY, and NOE
difference experiments. The peak assignments of the bis-
(imidazole-d4) complex of (OEC)FeIII have been reported in
the accompanying paper, along with those of [(oxo-OEC)-
Fe(Im-d4)2]Cl.27 Here in the text, except for the 1D spectra,
only detailed spectra of [(OEC)Fe(4-Me2NPy)2]Cl and
[(OEC)Fe(t-BuNC)2]SO3CF3 are shown as examples. COSY,
NOESY, and/or NOE difference spectra of the other com-
plexes (bis-Py, bis-4-CNPy) are provided in the Supporting
Information.

The [(OEC)Fe(4-Me2NPy)2]Cl complex has two kinds of
mesoprotons and four kinds of ethyl groups, since it hasC2

symmetry along the axis that passes from the center of the
pyrroline-2,3 bond to the center of the pyrrole-12,13 bond,
Chart 1, with two like axial ligands. For each ethyl group,
the two CH2 protons are not equivalent due to the trans
configuration of the two pyrroline protons, Chart 1. Thus, a
total of eight resonances from CH2 protons and two
resonances from themesoprotons were observed in the NMR
spectra of the low-spin complexes. Partial assignments of
the 1H NMR spectrum of [(OEC)Fe(4-Me2NPy)2]Cl can be
made from COSY (Supporting Information Figure S1) and

NOESY (Figure S2) experiments. In the COSY spectrum,
for each ethyl group there are three pairs of cross-peaks, one
between the two different CH2 protons within the ethyl group
and one each between the two kinds of CH2 protons and the
methyl group. For the pyrroline-2,3 ethyl groups, extra cross-
peaks between the CH2 protons and the pyrroline protons
were also observed. The two resonances around-6 ppm
can be assigned to the pyrroline-2,3-CH2 protons because
of the extra cross-peaks connecting the CH2 and pyrroline-H
resonances (Figure S1). Consistent with this assignment is
the fact that, for pyrrole-CH2 protons, the contact shift from
the π (as well asσ) spin delocalization should be always
positive.36,37 The negative sign of the chemical shift of the
resonances at-6 ppm must result from the sum of a negative
pseudocontact (electron-nuclear dipolar) shift36,37and small
positive contact and diamagnetic shifts. This assignment is
further supported by the NOE difference experiments shown
below. The assignments of the axial ligand resonances were
made from NOESY/EXSY experiments (Figure S2), where
only chemical exchange cross-peaks are observed, between
coordinated and free ligand protons, and NOEs are too weak
to be observed.

The full assignment of the CH2 groups andmesoprotons
of [(OEC)Fe(4-Me2NPy)2]+ was made from NOE difference
experiments (Figure 3). Note that only those positive

Figure 1. 1H spectrum of high-spin (OEC)FeCl in CD2Cl2 at 25 °C.
Insert: Region of the fourmesoprotons.

Figure 2. (a) 1H spectrum of [(OEC)Fe(4-Me2NPy)2]Cl in CD2Cl2 at 30
°C. (b) 1H spectrum of [(OEC)Fe(Py-d5)2]+ in CD2Cl2 at 30 °C. (c) 1H
spectrum of [(OEC)Fe(4-CNPy)2]+ in CD2Cl2 at -20 °C. Key: Me )
methyl of the pyrrole ethyl group; PL) pyrroline protons; B or BL)
bound axial ligand; FL) free axial ligand;m ) metaproton of the bound
ligand;o ) orthoproton of the bound ligand; I) impurity; numbers indicate
the positions of the CH2 groups andmesoprotons (Chart 1).
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absorptive-phase peaks with a line width larger than 30 Hz
are NOE signals; the sharp peaks, which are due to
diamagnetic impurities, and those peaks with dispersive shape
are artifacts. In Figure 3b, one peak of the doublet at 30
ppm (pyrrole-CH2) was irradiated, resulting in two weak
(about 0.1%) NOE signals, one between the peak irradiated
and its adjacent CH2 group at 8.5 ppm and the other one
between it and its adjacentmeso proton at 3.5 ppm.
(Irradiation of the other peak, which is not shown in this
figure, gave the same result.) In addition, much stronger
peaks due to a NOE between the two pyrrole-CH2 protons
and their CH3 partner resonance at 3.5 ppm are also observed.
According to the structure of the chlorin ring, Chart 1, but
with two axial ligands, these two adjacent CH2 should be
on theâ-pyrrole positions 7,18 or 8,17, although the absolute
positional assignments are not defined by this experiment.

In Figure 3c, by irradiation of the othermesoresonance,
at 8 ppm, NOE signals from the pyrroline-2,3-CH2 and the
pyrroline-2,3-H are observed. Thus, this peak must be due
to themeso-5,20 protons. The NOEs betweenmeso-5,20 and
pyrrole-7,18-CH2 protons are obscured by the large envelope
of peaks being irradiated and are thus invisible.

When the othermeso(meso-10,15) proton peak is irradi-
ated (Figure 3d), two NOE signals are observed, one from

pyrrole-8,17-CH2 and the other one from pyrrole-12,13-CH2.
According to the results shown in Figure 3b, the doublet at
30 ppm should thus be assigned to pyrrole-8,17-CH2. By
this means, pyrrole-12,13-CH2 and pyrrole-7,18-CH2 could
also be assigned. In the same way, full assignments for the
bis(imidazole)27 and other bis(pyridine) (Supporting Informa-
tion Figures S3-S6) complexes of (OEC)FeIII were also
made. Curie plots of the 8,17 and pyrroline-CH2 resonances
of the bis(imidazole)27 and the three bis(pyridine) complexes
of (OEC)Fe(III) are shown in Figure 4a,b, respectively.

The chemical shifts, their spread, and their temperature
dependences for [(OEC)Fe(4-Me2NPy)2]Cl indicate that it
is a low-spin Fe(III) complex with a (dxy)2(dxzdyz)3 ground
state; the small observedmeso-H shifts are particularly
diagnostic of this electronic ground state:27,37 The chemical
shifts of the two kinds ofmesoprotons fall in the diamagnetic
region, indicating that there is little spin density on themeso
positions (pseudocontact shifts should be small and negative,
as mentioned above). As shown elsewhere for [(OEC)Fe-
(Im-d4)2]Cl27 and [(TPC)Fe(HIm)2]Cl,38 [(OEC)Fe(4-Me2-
NPy)2]Cl also has large spin density on the pyrrole-8,17 and
pyrroline-H positions and small spin density on the pyrrole-
12,13 and pyrrole-7,18 positions. The NMR spectra of the
bis(imidazole-d4) complex of (OEC)FeIII 27 is fairly similar
to that of the bis-4-Me2NPy complex just discussed; the
NMR spectra of this complex were discussed in the ac-
companying paper in comparison to those of the (oxo-OEC)-
FeIII complex.27 The OECFeIII pyrroline-CH2 shift is some-
what larger (17.9 ppm), while that of the 8,17-CH2 resonances
(26.1 ppm) and the spread of all resonances at 30°C are

Figure 3. NOE difference spectra of [(OEC)Fe(4-Me2NPy)2]Cl at 30°C:
(a) control spectrum; (b-d) difference spectra, where the arrows show the
position of irradiation in each case. The negative peak marked with “L” in
(d) is the N-Me group of the bound axial ligands, which arises from the
chemical exchange between the free and bound axial ligand and is due to
the closeness of the N-Me resonance of the free ligand to the resonance
being irradiated (meso-10,15) and, thus, its partial saturation.

Figure 4. (a) Curie plots of the pyrrole-8,17-CH2 proton chemical shifts
of the complexes [(OEC)Fe(L)2]+ (L ) Im-d4, 4-Me2NPy, Py, and 4-CNPy).
(b) Curie plots of the pyrroline proton chemical shifts of the complexes
[(OEC)Fe(L)2]+ (L ) Im-d4, 4-Me2NPy, Py, and 4-CNPy).

Cai et al.

1894 Inorganic Chemistry, Vol. 44, No. 6, 2005



slightly smaller for the bis(imidazole) complex than they are
for the bis-4-Me2NPy complex shown in Figure 2a.

The chemical shift of the pyrroline-H of [(OEC)Fe(Im-
d4)2]+ at 303 K (+17.9 ppm) is somewhat smaller than those
of bis(imidazole)iron(III) pyropheophorbide methyl ester at
298 K (∼+24, +29.5 ppm),19 while for other (dxy)2(dxz,dyz)3

ground-state chlorin complexes, [(TPC)Fe(val-OMe)2]CF3-
SO3 and [(TPC)Fe(PMe2Ph)2]CF3SO3, the pyrroline protons
are found at very positive chemical shifts,+57.3, 61.3,26

and +64.624 ppm, respectively, both at 283 K. That the
chemical shifts for the pyrroline-H should be positive (rather
than negative) is supported by the fact that the pyrroline-H
are attached to carbons that are not part of theπ system but
are rather alkyl carbons attached to theR-carbons, which
are part of theπ system of the chlorin ring; hence, the
pyrroline-H of low-spin Fe(III) chlorins should always have
positive chemical shifts,36,37 based on this reasoning (how-
ever, see discussion of [(TPC)Fe(t-BuNC)2]+ below). The
extremely positive chemical shifts of the two TPC complexes
mentioned above, however, could suggest the possible
involvement of a high- or intermediate-spin excited state in
each of these latter cases, but the larger chemical shifts
observed for these complexes than for the high-spin TPC-
FeCl38 or OECFeCl (Figure 1) makes it clear that these
mainly low-spin complexes have considerably more spin
density at theR-carbons of the pyrroline ring than might
have been expected on the basis of the bis(imidazole)
complex of (OEC)FeIII and of the pyropheophorbide methyl
ester Fe(III) complex.19 The chemical shifts of the 8,17-CH2

and pyrroline-H of all of the (OEC)FeIII complexes of this
study at-60 °C are summarized in Table 1.

The lower basicity pyridine complexes of (OEC)FeIII show
quite different behavior from those of (TPC)FeIII ,38 (TPP)-
FeIII ,39 and (TMP)FeIII40 complexes with the same axial
ligands. With a decrease of the donor strength of the axial
ligands, an increase instead of decrease38,39-41 of the chemical
shift of the pyrrole-8,17-CH2 protons is observed, as shown
in Figure 2b for the bis(pyridine-d5) complex (assignments
made on the basis of the spectra shown in Supporting
Information Figures S3 and S4) and Figure 2c for the bis-
(4-cyanopyridine) complex (assignments made on the basis
of the spectra shown in Figures S5 and S6). The behavior
of the pyrroline protons is similar, and the order of the
macrocycle chemical shifts for different axial ligands is a
bit different, as summarized for the1H chemical shifts at
-60 °C in Table 1.

The NMR results suggest that, over the temperature range
of the NMR studies, unlike low-spin (TMP)FeIII40,41 and
(TPC)FeIII38 complexes, the low-basicity pyridine complexes
of (OEC)Fe(III) do not change their ground state from (dxy)2-
(dxzdyz)3 to (dxzdyz)4(dxy)1 with a decrease of the donor strength
(pKa(BH+) of the axial ligands. If the larger positive CH2

and pyrroline-H shifts were due to population of a low-spin
(dxy)1(dxz,dyz)4 excited state, themeso-H resonances would
shift to negatiVe chemical shifts at higher temperatures.
Rather, they remain in the diamagnetic region and are
difficult to assign because of signal breadth and overlap at
low temperatures; hence their shifts are presented at+30
°C in Table 1, and they do not change significantly as a
function of temperature. The curved temperature dependence,
Figure 4a,b, discussed below, is consistent with more
intermediate- or high-spin character over the temperature
range of the NMR measurements, as is the fact that the
meso-H resonances remain in or close to the diamagnetic
region throughout the temperature range investigated.

An intermediate-spin ground state has been found in some
â-pyrrole alkyl-substituted porphyrins with weakly basic
pyridine ligands (for example, [(OEP)Fe(3-ClPy)2]Cl42 and
[(OEP)Fe(3,5-Cl2Py)2]Cl43,44). A study of the dependence of
the solution magnetic moment (ranging from 2.0 to 4.4µB)
of a large number of [(P)Fe(3-ClPy)2]ClO4 complexes
indicated that species with more basic porphyrinate ligands
(such as OEP) have higher spin multiplicity.45 As a possible
explanation, it was suggested that the more basic porphyrins
donate more electron density to the FeIII ion and thus decrease
its charge attraction for the axial ligands, which results in a
decrease of the axial ligand field, leading to higher spin
multiplicity.45 Furthermore, NMR studies of the highly
saddled octaethyltetraphenylporphyrin complex [(OETPP)-
Fe(4-CNPy)2]ClO4 showed that this complex has aS) 3/2
spin state,46 while the less-saddled [(OMTPP)Fe(4-CNPy)2]-
ClO4 and [(TC6TPP)Fe(4-CNPy)2]ClO4 complexes showed
“intermediate” behavior, with (dxz,dyz)4(dxy)1 ground states at
4.2 K andS) 3/2 excited states over the temperature range
of the solution NMR investigations.46

For comparison to these (OEC)FeIII complexes, the (OEP)-
FeIII complexes with different axial substituted pyridine

(42) Scheidt, W. R.; Geiger, D. K.; Hayes, R. G.; Lang, G.J. Am. Chem.
Soc. 1983, 105, 2625-2632.

(43) Kintner, E. T.; Dawson, J. H.Inorg. Chem. 1991, 30, 4892-4897.
(44) Scheidt, W. R.; Osvath, S. R.; Lee, Y. J.; Reed, C. A.; Shavez, B.;

Gupta, G. P.Inorg. Chem. 1989, 28, 1591-1595.
(45) Geiger, D. K.; Scheidt, W. R.Inorg. Chem.1984, 23, 1970.
(46) Yatsunyk, L. A.; Walker, F. A.Inorg. Chem. 2004, 43, 757-777.

Table 1. Proton Chemical Shifts of 2,3-Pyrroline, 8,17-CH2, andmesoProtons of [(OEC)Fe(L)2]+ and CH2 andmeso-H Protons of [OEP(L)2]+a

chem shift, ppm

[(OEC)Fe(L)2]+ [OEP(L)2]+

ligand L pyrroline-H 8,17-CH2 12,13-CH2 7,18-CH2 2,3-CH2 meso-5,20 meso-10,15 CH2 meso-H

imidazole 12.0a 37.0a -0.4, 0.0b 6.9, 7.1b -5.0b 8.3b 3.4b 5.3a -1.4a

4-(dimethylamino)pyridine 17.8a 41.5a -2.8,-2.4b 7.9, 8.4b -6.8,-6.5b 7.6b 3.1b 4.3a NAc

pyridine 29.2a 55.0a -0.8,-0.3b 10.4, 10.7b -6.6,-6.4b 8.2b 2.7b 8.3a NAc

4-cyanopyridine 51.3a 64.8, 69.8a NAc NAc -12.3,-11.5a NAc NAc 14.2a NAc

tert-butyl isocyanide 128.3a 40.3, 35.3a NAc 13.9, 14.5b -4.9,-1.8b -71.7a -43.0a 8.0a -70a,d

a Measured in CD2Cl2 at -60 °C (213 K). b Measured in CD2Cl2 at +30 °C (303 K). Temperature dependence of these resonances is very small.c NA
) not assigned.d Taken from ref 62.
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ligands were also studied by1H NMR spectroscopy in this
work. It was found that [(OEP)Fe(4-Me2NPy)2] ClO4 has
the smallest chemical shifts while [(OEP)Fe(4-CNPy)2]ClO4

has the largest over the temperature range of the NMR studies
(303-183 K). The chemical shifts at-60 °C of the pyrrole-
CH2 resonances of the corresponding OEP complexes to
those of the OEC complexes of this study are included in
Table 1. For [(OEP)Fe(4-CNPy)2]ClO4 and [(OEP)Fe(Py)2]-
ClO4, the chemical shifts of the pyrrole-CH2 protons show
anti-Curie behavior, indicating a change of the spin state with
temperature and possibly chemical exchange between mono-
and bis(ligand) complexes at the higher temperatures. With
an increase in temperature, the chemical shifts have more
contribution from the species with high- or intermediate-
spin state, especially for [(OEP)Fe(4-CNPy)2]ClO4, leading
to larger chemical shifts. However, NMR studies detailed
enough to determine which higher spin state (S ) 3/2 or S
) 5/2) is involved were not carried out for these OEP
complexes.

The temperature dependence experiments for the (OEC)-
FeIII complexes (Figure 4a,b) show similar behavior, although
the pyrrole-CH2 shifts of the chlorin complexes show less
strong anti-Curie behavior than the porphyrin analogues. The
Curie plots of [(OEC)Fe(4-Me2NPy)2]Cl and [(OEC)Fe(Im-
d4)2]Cl are almost straight lines, with intercepts approxi-
mately equal to the diamagnetic shift at 1/T ) 0. However,
for [(OEC)Fe(4-CNPy)2]+ and [(OEC)Fe(Py-d5)2]+, the Curie
plots of both pyrrole-8,17-CH2 and pyrroline protons are
curved. With an increase in temperature, the plots bend
upward, to more positive chemical shifts. This suggests that
the observed pyrrole-CH2 shifts have contributions from
high- or intermediate-spin species, as in the case of the
(OEP)FeIII complexes having the same ligands, discussed
above. However, with the limited temperature-dependent
chemical shift data obtained in this work, it is not possible
to tell whether these species are involved in chemical
equilibria with high- or intermediate-spin state species at
room temperature or whether there is a thermally accessible
excited state that is highly populated at elevated temperatures.
The fact that the chemical shifts of the pyrrole-CH2 and
pyrroline-H resonances for the bis(pyridine) complex (Figure
2b) and the bis(4-cyanopyridine) complex (Figure 2c) are
larger than those of the high-spin chloroiron(III) complex at
30 °C (Figure 1) and that themeso-H resonances have
positive chemical shifts suggests that the excited state is
6-coordinate high-spin (S ) 5/2), where the a2u(π)-type
interaction with the dz2 orbital pointed out by Cheng and co-
workers47 no longer contributes to the negativemeso-H shifts
observed in the 5-coordinate high-spin complex, and the
â-pyrrole CH2 shifts are increased by the increasedσ-delo-
calization when the iron is in the mean plane of the
macrocycle.48

EPR Spectra.Although the NMR studies have not fully
defined the nature of the spin state changes over the
temperature range 183-303 K, the EPR spectra, obtained
in frozen CD2Cl2 solutions at 4.2 K and shown in Figure 5,

show that the ground state of all of these complexes isS)
1/2 and that, with a decrease in the donor strength of the
axial ligands, the spectra of (OEC)FeIII complexes become
more axial, with the largestg-value moving to smaller values
as the basicity of the pyridine decreases. For the bis(pyridine)
and bis(4-cyanopyridine) complexes, the smallestg-value is
no longer resolved. All complexes have similar enough
g-values that it is not possible to tell unequivocally, without
pulsed EPR data,49-51 whether there is a switch in ground
state from (dxy)2(dxz,dyz)3 to (dxz,dyz)4(dxy)1 as the basicity of
the pyridine ligands decreases. However, the apparent switch
to axial symmetry for the bis(pyridine) and bis(4-cyanopyri-
dine) complexes and the fact that the largest (and only
resolved) g-value (2.47, 2.37, respectively, Figure 5) is
smaller than that observed for [(TPP)Fe(4-CNPy)2]+ (2.62)52

and [(TMP)Fe(4-CNPy)2]+ (2.53),53 which has been shown
by NMR,53 EPR,53 and MCD54 spectroscopies to have the
(dxz,dyz)4(dxy)1 ground state, strongly suggests this possibility.

(47) Cheng, R.-J.; Chen, P.-Y.; Lovell, T.; Liu, T.; Noodleman, L.; Case,
D. A. J. Am. Chem. Soc.2003, 125, 6774-6783.

(48) As shown in Figure 18 of ref 36, at 294 K the CH2 resonances of
OEPFeCl in CD2Cl2 occur as two peaks at 41.2 and 45 ppm, while
the same resonance of the same complex at the same temperature in
DMSO-d6 (where two DMSO molecules have replaced the chloride
anion on the axial positions) occurs as one peak at 46.4 ppm; thus,
the average chemical shift is about 3.3 ppm larger in this 6-coordinate
complex. The difference could be larger in the complexes of the present
study.

(49) Raitsimring, A. M.; Borbat, P.; Shokhireva, T. Kh.; Walker, F. A.J.
Phys. Chem.1996, 100, 5235-5244.

(50) Schu¨nemann, V.; Raitsimring, A. M.; Benda, R.; Trautwein, A. X.;
Shokhireva, T. Kh.; Walker, F. A.J. Biol. Inorg. Chem.1965, 4, 708-
716.

(51) Astashkin, A. V.; Raitsimring, A. M.; Walker, F. A.J. Am. Chem.
Soc. 2001, 123, 1905-1913.

(52) Safo, M. K.; Walker, F. A.; Raitsimring, A. M.; Walters, W. P.; Dolata,
D. P.; Debrunner, P. G.; Scheidt, W. R.J. Am. Chem. Soc.1994, 116,
7760-7770.

Figure 5. EPR spectra of (a) [(OEC)Fe(Im-d4)2]+, (b) [(OEC)Fe(4-Me2-
NPy)2]+, (c) [(OEC)Fe(Py)2]+, (d) [(OEC)Fe(4-CNPy)2]+, (e) for compari-
son [(oxo-OEC)Fe(Im-d4)2]Cl,27 and (f) [(OEC)Fe(t-BuNC)2]+. The signal
with theg values of 6.02 and 2.00 in (f) comes from the high-spin impurity
(OEP)FeCl; a free radical signal withg ) 2.03 is also observed for this
complex.
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Electronic Structure Calculations. The order of the
average chemical shifts of the three pyrrole-CH2 doublets
of the bis(imidazole)27 and bis(4-dimethylaminopyridine)
(Figure 2a) complexes of OECFeIII is exactly the same as
the order of the spin densities predicted from the character
of the highest occupied molecular orbital, the antisymmetric
dyz-A-2 orbital, obtained from Hu¨ckel calculations using the
program MPORPHw28 (Figure 6). For simplicity, the chlorin
orbitals in Figure 6 are labeled antisymmetric (A) or
symmetric (S) with respect to the mirror plane that is
perpendicular to the chlorin plane and bisects the pyrroline
and opposite pyrrole rings. In theC2 point group of the
molecule with the complete pyrroline ring, the orbitals
labeled as antisymmetric transform asa symmetry and the
orbitals labeled as symmetric transform asb symmetry.

Hence, as for [(OEP)Fe(HIm)2]+ 36,55,56and [(OEP)Fe(4-Me2-
NPy)2]+ (this work), the antisymmetric3e(π)-type orbital
A-2 as combined with the dyz orbital to create thedyz-A-2

orbital shown in Figure 6 appears to be the primary metal-
macrocycle interaction that defines the chemical shifts in the
high-basicity pyridine complex of (OEC)FeIII .

The order of energies shown in Figure 6 is only slightly
different for the DFT calculations on the [(OMC)Fe(ImH)2]
molecule, as shown in Figure 7. Both the ADF and the
GAUSSIAN calculations place the antisymmetricdyz-A-2

orbital as the highest occupied orbital. The five highest
occupied orbitals are close in energy, and the partitioning
of metal and macrocycle character in these orbitals is
sensitive to the energy of the metal d orbitals relative to the
chlorin orbitals. In the ADF calculation the metal d orbitals
are relatively less stable and the highest occupied orbitals
are thus dominated by metal character. In the GAUSSIAN
calculation the metal d orbitals are more stable and the metal
d and chlorinπ orbitals are heavily mixed; thus the dyz orbital
appears to interact almost equally with the two antisymmetric
chlorin orbitalsdyz-A-2 and what we must calldyz-A-1 because
of the heavy mixing, in the calculation for the bis(imidazole)
complex shown in Figure 7. It is clear that the degree of
interaction with one or the other can change significantly
depending on theσ-donor/π-donor/π-acceptor properties of
particular axial ligands. Stabilization of the metal orbitals
favors increasing macrocycle character in the HOMO. This
point will be emphasized in the comparison with the bis-
(isocyanide) complex discussed below. The spin density
calculated for the [(OMC)Fe(HIm)2]+ cation by the ADF
method is shown in Figure 8A, and the similarity to the
character of the HOMO displayed in Figure 6 and Figure 7
is evident.

Because the chlorin ring was constrained to being planar
in the calculations shown in Figure 7, theS-1 and dxy orbitals
cannot interact, although they would be expected to interact
strongly if the chlorin ring were allowed to ruffle,47,52 as
shown in the calculated SOMO of the ruffled bis-t-BuNC
complex, Figure 8C; in analogy to the structures of the bis-
(imidazole) or bis(4-dimethylaminopyridine) complexes of
OEPFeIII ,57,58 we assume that if planar axial ligands are in
parallel planes the macrocycle will not be ruffled. Further-
more, the large positive chemical shift of the pyrroline-H
(17.9 and 15.5 ppm for the bis(imidazole)27 and bis(4-
dimethylaminopyridine) complexes, respectively, at room
temperature) is consistent with the involvement of the dyz

orbital, which has proper symmetry to interact with theA-1

chlorin orbital (Figures 6, 7, and 8A) to lead to spin
delocalization to the pyrroline-H; the higher energy of the
latter chlorin orbital than thedyz-A-2 orbital should make
this interaction highly favorable, and theσ-donor and

(53) Safo, M. K.; Gupta, G. P.; Watson, C. T.; Simonis, U.; Walker, F.
A.; Scheidt, W. R.J. Am. Chem. Soc.1992, 114, 7066-7075.

(54) Cheesman, M. R.; Walker, F. A.J. Am. Chem. Soc.1996, 118, 7373-
7380.

(55) Walker, F. A.; La Mar, G. N.Ann. N. Y. Acad. Sci.1973, 206, 328-
348.

(56) La Mar, G. N.; Walker, F. A.J. Am. Chem. Soc.1973, 95, 1782-
1790.

(57) Mylrajan, M.; Andersson, L. A.; Sun, J.; Loehr, T. M.; Thomas, C.
A.; Sullivan, E. P., Jr.; Thomson, M. A.; Long, K. M.; Anderson, O.
P.; Strauss, S. H.Inorg. Chem.1995, 34, 3953-3963.

(58) Safo, M. K.; Gupta, G. P.; Walker, F. A.; Scheidt, W. R.J. Am. Chem.
Soc.1991, 113, 5497-5510.

Figure 6. Hückel frontier orbitals of the chlorin ring for low-spin Fe(III)
complexes with (dxy)2(dxzdyz)3 ground state. The orbitals are placed vertically
according to their approximate relative energies calculated using the program
MPORPHw,28 and the highest (singly) occupied orbital is the dyz-A-2. The
sizes of the circles stand for the magnitudes of the electron density at each
position; the expectation is that the electron density at each macrocycle
position will be the same as the spin density at that position for orbitals
that have proper symmetry to interact with the unpaired electron(s) of the
metal. A-2 and S-2 are the antisymmetric and symmetric (with respect to
the pseudo mirror plane that bisects the C2-C3 bond of the pyrroline ring
and the C12-C13 bond of the opposite pyrrole ring) analogues of the 3e(π)
orbitals of the porphyrin ring, S-1 is the analogue of the 3a2u(π) orbital of
the porphyrin ring, A-1 is the analogue of the 1a1u(π) orbital of the porphyrin
ring, which for the chlorin has correct symmetry for interaction with one
of the metal dπ orbitals, dyz-A-2 and dxz-S-2 are the analogues of the dπ-
3e(π) orbitals of a metalloporphyrin, which are largely composed of the
metal dπ orbitals, and A1 and S1 are the analogues of the 4e(π*) orbitals of
the porphyrin ring. For each orbital, the approximate relative contribution
of the chlorinπ and metal dπ is indicated by the size of the constituent
orbitals shown.
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π-donor/acceptor characteristics of particular axial ligands
can be expected to modulate this interaction, thus leading to
very different pyrroline-H chemical shifts for different axial
ligand complexes. Hence, as for [(OEP)Fe(HIm)2]+ 59-61 and
[(OEC)Fe(4-Me2NPy)2]+ (this work), the antisymmetric3e-
(π)-type orbitalA-2 as combined with the dyz orbital to create
the dyz-A-2 orbital shown in Figures 6 and 7 appears to be
primarily involved in the metal-macrocycle interactions in
this higher-basicity pyridine complex, with additional con-
tribution from theA-1 orbital.

As for the lower basicity pyridine complexes whose large
positive NMR shifts were discussed above, the ADF calcula-
tions for the bis(imidazole) complex place theR-spin metal
dz2 orbital (the LUMO) only about 1.5 eV higher in energy
than the HOMO, and the dx2-y2 orbital is only 0.5 eV higher

than that; both of these would be even closer in energy to
the HOMO for the lower basicity pyridines. Hence, either a
S ) 3/2 or S ) 5/2 state may be populated at NMR
temperatures; however, an equally acceptable interpretation
of the increasingly positive chemical shifts and curved
temperature dependences of the bis(pyridine) and -(4-
cyanopyridine) complexes would be that theS1 chlorin
orbital, which is calculated to lie at an energy between those
of the dz2 and dx2-y2 orbitals, may also be involved in spin
delocalization at NMR temperatures; this orbital has rela-
tively large density at the 7,18 and 8,17 pyrrole carbons,
the pyrroline-R-carbons, and themeso-carbons. The effects
of different donor abilities of the axial ligands on the orbital
and spin density characters is illustrated by Figure 7A,B,
which compare the calculated characters of thedyz-A-2

orbitals obtained with different stabilities of the metal d
orbitals relative to the chlorin orbitals, and by Figure 8A,B,
which compare the calculated spin densities of the bis-
(imidazole) and “flat” bis(isocyanide) complexes. The strong-
er axial donors (Figures 7A and 8A) lead to the smaller CH2

chemical shifts because of the increased metal character and
decreased macrocycle character in the SOMO.

[(OEC)Fe(t-BuNC)2]+. The NMR spectrum of [(OEC)-
Fe(t-BuNC)2]+ is quite different in some respects from those
of the imidazole and pyridine complexes of (OEC)FeIII .
Figure 9 shows the1H spectrum of [(OEC)Fe(t-BuNC)2]CF3-
SO3 in CD2Cl2 at 30 °C. It is characterized by a strongly
downfield, very broad peak at 132 ppm (pyrroline-H) and
two upfield peaks at-15 (meso-10,15-H) and-30 ppm
(meso-5,20-H). The rest of the spectrum is similar in pattern

(59) Walker, F. A.; La Mar, G. N.Ann. N. Y. Acad. Sci.1973, 206, 328-
348.

(60) La Mar, G. N.; Walker, F. A. InThe Porphyrins; Dolphin, D., Ed.;
Academic Press: New York, 1979; Vol. IV, pp 61-157.

(61) La Mar, G. N.; Walker, F. A.J. Am. Chem. Soc.1973, 95, 1782-
1790.

Figure 7. Molecular orbitals obtained from the (A) ADF and (B) GAUSSIAN calculations on the [(OMC)Fe(ImH)2] molecule. The red and blue colors
emphasize the symmetry properties of the orbitals. The names utilized for the Hu¨ckel orbitals shown in Figure 6 are applied to these orbitals as well, except
that the dxy metal orbital was not shown in Figure 6 and the S-3 orbital (which cannot interact with the d-orbitals) is not shown in Figure 6 because the
Hückel calculation places it at lower energy than those of the S-2 and A-2 orbitals. The dxy orbital cannot interact in the chosen geometry (planar chlorin
ring) but is expected to interact with the S-1 orbital if the chlorin ring is ruffled. In theC2 point group of the molecule with the complete pyrroline ring, the
orbitals labeled as antisymmetric transform as a symmetry and the orbitals labeled as symmetric, along with the dxy orbital, transform as b symmetry.

Figure 8. Calculated spin densities by the ADF method for (A) [(OMC)-
Fe(ImH)2]+ in the planar geometry, (B) [(OMC)Fe(MeNC)2]+ in the planar
geometry, and (C) [(OMC)Fe(MeNC)2]+ in the ruffled geometry. The red
and blue colors represent positive and negative spin density, respectively.
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and chemical shifts to those of the bis(pyridine) and
-imidazole complexes of (OEC)FeIII . The chemical shift of
thetert-butyl group of the bound ligand is uncertain because
this peak is located in the diamagnetic region and not
resolved. The full assignments of the ethyl andmesoprotons
were made from COSY (Figure S7) and NOE difference
experiments (Figure 10). In the COSY spectrum, cross-peaks
between the two inequivalent CH2 protons and between the
CH2 and the CH3 protons within each ethyl group were
observed. Included in the COSY spectrum are the correlations
of the 7,18-CH2 protons with each other and their methyl
group, which are all found in the crowded diamagnetic region
at 4.5, 3.3, and 2.5 ppm, respectively (Supporting Information
Figure S7). However, the peak of the pyrroline-H is so broad
that no cross-peak between the pyrroline protons and the
pyrroline-2,3-CH2 group is detectable in the COSY spectrum.
The pyrroline protons were assigned from NOE difference

experiments. The difference spectrum of Figure 10b shows
that when the peak of the pyrroline-H (at 132 ppm) was
irradiated, the NOE from the pyrroline-2,3-CH2 was detected.
Other assignments were made in the same way as were those
for the bis(pyridine) (this work) and bis(imidazole)27 com-
plexes of (OEC)FeIII . The Curie plots of these peaks are
shown in Figure 11. The temperature dependence of all
resonances is far from that expected for Curie behavior,
except for those resonances with small chemical shifts.

Although the chemical shifts of the three doublets from
the pyrrole-CH2 groups of [(OEC)Fe(t-BuNC)2]+ are similar
to those of the corresponding Im-d4

27 and 4-Me2NPy (Figure
2a) complexes, there are two unique features for [(OEC)-
Fe(t-BuNC)2]+: (i) The pyrroline protons have a very large
positive chemical shift (of opposite sign and much larger in
magnitude than the pyrroline-H of [(TPC)Fe(t-BuNC)2]+ 25),
consistent with the spin density distribution in Figure 8B,
calculated assuming a flat chlorin ring, thus indicating that
the OEC ring system behaves quite differently than the TPC
ring system. (ii) The resonances of themesoprotons are
shifted far upfield to-15.5 and-31 ppm at 298 K. In the
low-spin [(OEP)Fe(t-BuNC)2]+ complex, which has the
(dxzdyz)4(dxy)1 ground state, themeso protons also show
negative chemical shifts (-37 ppm at 303 K).62

In analogy to the [(OEP)Fe(t-BuNC)2]+ complex, the large
π spin density at themesopositions of the corresponding
OEC complex may be due to spin delocalization involving
macrocyclef Fe π donation from theS-1, 3a2u(π)-type
orbital of the ruffled macrocyclic ring to the singly occupied
dxy orbital of the metal center.63-66 Indeed, a number of

(62) Walker, F. A.; Nasri, H.; Turowska-Tyrk, I.; Mohanrao, K.; Watson,
C. T.; Shokhirev, N. V.; Debrunner, P. G.; Scheidt, W. R.J. Am.
Chem. Soc. 1996, 118, 12109-12118.

(63) For iron porphyrinates, the a1u(π) orbital does not have proper
symmetry to interact with the dxz or dyz orbitals, but because of the
lower symmetry of the macrocycle, the A-1 orbital of iron chlorins
does have proper symmetry to interact with the dyz orbital of low-
spin Fe(III), as already pointed out by La Mar and co-workers.64,65

(64) Licoccia, S.; Chatfield, M. J.; LaMar, G. N.; Smith, K. M.; Mansfield,
K. E.; Anderson, R. R.J. Am. Chem. Soc.1989, 111, 6087-6093.

(65) Chatfield, M. J.; LaMar, G. N.; Parker, W. O.; Smith, K. M.; Leung,
H.-K.; Morris, I. K. J. Am. Chem. Soc.1988, 110, 6352-6358.

Figure 9. 1H spectrum of [(OEC)Fe(t-BuNC)2]+ in CD2Cl2 at 25°C. I )
impurity, the high-spin (OEP)FeCl produced by oxidation of (OEC)FeCl
and incomplete replacement of chloride by trifluoromethylsulfonate. The
numbers indicate the positions of the CH2 groups andmesoprotons. Insert:
Pyrroline proton signal (the vertical scale is increased 10-fold).

Figure 10. NOE difference spectra of [(OEC)Fe(t-BuNC)2]+ in CD2Cl2
at 30°C. (a) is the control spectrum; the others are difference spectra. The
arrow in (c)-(e) indicates the position of irradiation in each case. In (b),
the pyrroline proton peak is irradiated (at 132 ppm).

Figure 11. Curie plot of [(OEC)Fe(t-BuNC)2]+: [, pyrroline protons;
2, 1, mesoprotons;O, 0, ], ×, +, 4, pyrrole-CH2 protons. Solid lines
are the fits obtained using the TDFw program,76 with energy separation
between ground and excited stateE21 ) 467 cm-1 and the spin densitiesF1

andF2 given in Table 2.
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crystal structures of metallochlorinates have shown an
increased tendency of the macrocycle to ruffle67-74 than for
the corresponding metalloporphyrinates. The ADF calcula-
tions on the low-spin d6 [(OMC)Fe(MeNC)2] complex show
that, in comparison to the bis(imidazole) complex, the dxz

and dyz orbitals are stabilized relative to the dxy orbital due
to theπ-accepting ability of the isocyanide and the dxy orbital
thus becomes the HOMO of the complex. In the calculation
of [(OMC)Fe(MeNC)2]+ as a planar gas-phase cation, the
positive charge stabilizes the metal orbitals and the d orbital
order reverts to that of the bis(imidazole) complex giving
the similar calculated spin density shown in Figure 8B.
However, the ADF calculations on the ruffled conformation
of [(OMC)Fe(MeNC)2]+ show the creation of a sufficiently
strong interaction between theS-1 orbital and the dxy orbital
that the resulting molecular orbital that represents donation
of an electron from theS-1 orbital to the dxy is the SOMO
and results in the calculated spin density in Figure 8C. And
while this interaction alone would indicate that both types
of meso-H should have approximately the same chemical
shift, rapid interchange between the planar and ruffled
conformations, for which the spin densities are shown in
Figure 8B,C, respectively, could explain different chemical
shifts for the 5,20 and 10,15meso-H. An equilibrium between
the planar and ruffled chlorin ring also explains the sizable
chemical shifts of the pyrrole-CH2 protons, which are very
small in [(OEP)Fe(t-BuNC)2]+.62

The spin density distribution on the chlorin ring of [(OEC)-
Fe(t-BuNC)2]+ in the ground and first excited states can be
obtained from the Curie plot of Figure 11 using the two-
level temperature dependence fitting program, TDFw.75,76

Pseudocontact shifts were considered part of the contact shifts
in this fitting procedure because both have inverse temper-
ature dependence; the Curie factor used for themeso-H
(-496.8 ppm K-1) was opposite in sign and different in
magnitude than that for CH2 groups and the pyrroline-H
(+591.4 ppm K-1),36,37,77 as should be the case for the
opposite-sign isotropic shifts expected for protons directly

bound to the aromatic carbon of the macrocycle and those
one aliphatic bond removed therefrom.36,37 The most con-
sistent fit was found to be that for which the ground state
hasS ) 1/2 with a mixed (dxz,dyz)4(dxy)1 and (dxy)2(dxz,dyz)3

electron configuration (probably an equilibrium between the
two, as discussed in the previous paragraph) and the first
excited state hasS) 5/2, with calculated separation between
the ground and excited state of 467 cm-1, or about 2.2kT at
room temperature. The calculated spin densities on positions
8,17, 12,13, and 2,3, themesopositions and positions 1,4
(where the pyrroline saturated carbons and their methylene
protons are attached) in the ground state (F1) and excited
state (F2), obtained from the fit shown in Figure 10, are given
in Table 2.

As can be seen, for the ground state, there are large spin
densities at the fourmesopositions and smaller spin densities
at pyrrole-8,17 (and yet smaller at the other pyrrole positions,
with the sign of the spin density at the 2,3-CH2 being
negative because the pseudocontact contribution was included
as part of the contact shift in this calculation) but much larger
at the 1,4 carbons. This spin density distribution is qualita-
tively consistent with that predicted for the S-1 orbital (Figure
6) but is more consistent with the average of thedyz-A-2 and
dxy-S-1 SOMO orbitals of a flat and a ruffled chlorin ring,
Figure 8B,C. This average would strongly suggest a rapid
(on the NMR time scale) equilibrium between the two
electronic ground states, with their very different spin density
distributions. In support of this, the frequency of the ruffled-
planar vibration of [(OMC)Fe(MeNC)2], obtained from the
DFT calculations, is found to be 22 cm-1, an extremely low
frequency.

It is interesting to note that the sign and magnitude of the
spin density at themeso-carbons is predicted to be fairly
small andnegatiVe for the flat chlorin ring, Figure 8B, in
which the metal orbital involved is dyz, but quite large and
positiVe for the ruffled chlorin ring, Figure 8C, in which the
metal orbital involved is dxy, while the sign of the spin density
at the 1,4-carbons is predicted to be large and positive for
the flat chlorin ring but smaller and negative for the ruffled
chlorin ring. Although the average of themeso-C spin
densities is not in quantitative agreement with that observed
for [OECFe(t-BuNC)2]+ (larger negative chemical shift for
themeso-5,20-H and smaller negative chemical shift for the
meso-10,15 positions, indicating larger positive spin density

(66) The 3a2u(π) orbital in a planar porphyrin ring does not have proper
symmetry to interact with any d orbital of the metal; it can interact
with the metal dxy orbital if the porphyrin ring is strongly ruffled.52,62

(67) Stolzenberg, A. M.; Stershic, M. T.Inorg. Chem.1987, 26, 1970-
1977.

(68) Andersson, L. A.; Loehr, T. M.; Stershic, M. T.; Stolzenberg, A. M.
Inorg. Chem.1990, 29, 2278-2285.

(69) Renner, M. W.; Furenlid, L. R.; Barkigia, K. M.; Forman, A.; Shim,
H.-K.; Simpson, D. J.; Smith, K. M.; Fajer, J.J. Am. Chem. Soc.1991,
113, 6891-6898.

(70) Senge, M. O.J. Photochem. Photobiol., B: Biol.1992, 16, 3-36.
(71) Connick, P. A.; Haller, K. J.; Macor, K. A.Inorg. Chem.1993, 32,

3256-3264.
(72) Senge, M. O.; Ruhlandt-Senge, K.; Smith, K. M.Z. Naturforsch.1995,

50b, 139-146.
(73) Senge, M. O.; Ruhlandt-Senge, K.; Lee, S.-J. H.; Smith, K. M.Z.

Naturforsch.1995, 50b, 969-981.
(74) Ozawa, S.; Watanabe, Y.; Morishima, I.Tetrahedron Lett.1994, 35,

4141-4144.
(75) Shokhirev, N. V.; Walker, F. A.J. Phys.Chem. 1995, 99, 17795-

17804.
(76) TDFw is a two-level data fitting program for processing of the

temperature dependence of the NMR shifts of paramagnetic com-
plexes, developed by Dr. Nikolai V. Shokhirev.75 See: http://
www.shokhirev.com/nikolai/programs/prgsciedu.html.

(77) Banci, L.; Bertini, I.; Luchinat, C.; Pierattelli, R.; Shokhirev, N. V.;
Walker, F. A.J. Am. Chem. Soc.1998, 120, 8472-8479.

Table 2. Spin Densities Obtained from the Temperature-Dependent Fit
of the 1H NMR Resonances75,76 (Figure 10) on Positions of Interest in
the Ground State (1) and the First Excited State (2) of
[(OEC)Fe(t-BuNC)2]+

posn F1 F2

1,4 0.0154 0.1054
2,3 -0.0002 -0.0033

-0.0015 -0.0051
av -0.0009 -0.0042

8,17 0.0068 0.0279
0.0046 0.0267

av 0.0057 0.0273
12,13 0.0016 0.0099

0.0008 0.0100
av 0.0012 0.0100

10,15 0.0336 -0.0004
5,20 0.0508 0.0023
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at the 5,20-meso-carbons), it is likely that the calculated spin
densities for both ring conformations will be sensitive to a
number of factors that might reverse the order ofmeso-H
shifts.

The large positive pyrroline-H chemical shift of [OECFe-
(t-BuNC)2]+ (+132 ppm at 298 K, Figure 9) indicates major
importance of the flat chlorin ring conformation in producing
an average of large positive spin density at the 1,4-carbons.
In comparison, the pyrroline-H chemical shift of [(TPC)Fe-
(t-BuNC)2]+ is -36 ppm at 298 K.25 As mentioned above,
from a simple point of view the pyrroline-H chemical shift
should not be negative in low-spin Fe(III) chlorinates of
either electronic ground state because they are protons
attached to an aliphatic carbon, for which the predicted
chemical shift is positive.36,37,78Hence, a negative chemical
shift for the pyrroline-H of [(TPC)Fe(t-BuNC)2]+ is indicative
of negatiVe spin density at theR-carbons of the pyrroline
ring of this S ) 1/2 complex78 and, thus, a noninnocent
chlorin macrocycle. Because the bis(isocyanide) complexes
of meso-phenyl-substituted porphyrins62,79(and undoubtedly
chlorins) are more ruffled than are those ofâ-pyrrole-
substituted porphyrins62 (and undoubtedly chlorins), it is
possible that [(TPC)Fe(t-BuNC)2]+ does not participate in
an equilibrium between ruffled and planar ring conformations
as discussed with respect to the OEC analogue, and thus it
has negative spin density at the 1,4-carbons, as shown in
Figure 8C.

For the excited state of [OECFe(t-BuNC)2]+, there is very
large spin density at the pyrroline position (Table 2),
indicating that the A-1 orbital of the chlorin ring (Figures 6,
7) or thedxy-S-1 SOMO of a ruffled chlorin ring (Figure
8C) plays an important role in the spin delocalization of the
S) 5/2 excited state or that theS1 chlorin orbital contributes
to the large spin density of the excited state. The two-level
fitting program predicts negligible spin density on the 10,15-
mesopositions in the excited state but small positive spin
density on the 5,20-mesopositions. This is consistent with
the fact that the high-spin complex should be 6-coordinate,
thus eliminating the possible involvement of delocalization
via the dz2 metal orbital,47 discussed below.

A (dxzdyz)4(dxy)1 ground state for [OECFe(t-BuNC)2]+ is
strongly supported by the EPR spectrum, Figure 9f, which,
although it is rhombic (threeg-values, 2.32, 2.18, 1.93;g⊥

) 2.25,g| ) 1.93), has very small differences between the
g-values and a smallΣg2 ) 13.86, both of which are very
similar to the EPR parameters of [(OEP)Fe(t-BuNC)2]+ and
[(TPP)Fe(t-BuNC)2]+ (g⊥ ) 2.28, 2.21,g| ) 1.83, 1.93,Σg2

) 13.74, 13.49, respectively),62 and thus suggest that it also
very likely has a (dxzdyz)4(dxy)1 ground state, at least at 4.2 K
where the EPR spectrum was recorded.

High-Spin (OEC)FeCl. With two chiral carbons,trans-
(OEC)FeCl has two enantiomers that are mirror images of
each other, Chart 1. These two enantiomers have exactly the
same NMR spectrum, and thus it is not necessary (and would

not be possible) to separate them. The1H spectrum (Figure
1) of high-spintrans-(OEC)FeCl has been reported, and the
assignments of themesoprotons have been made by selective
deuteration.80 Unlike its bis(ligand) complexes, (OEC)FeCl
does not haveC2 symmetry. Thus, there should be a total of
16 different CH2 resonances (12 from pyrrole-CH2 groups
and 4 from the pyrroline-CH2 group) from the eight ethyl
groups, two different pyrroline protons, and four different
mesoprotons. Thus, the claim of slow or no interconversion
between supposed ruffled conformations oftrans-(OEC)-
FeCl,74 as evidenced by the presence of fourmeso-H signals,
relied on the misconception that the 5,20 and 10,15meso-H
could interconvert via ring inversion of the macrocycle when
in a nonplanar conformation. In contrast, the observation of
only two meso-H signals for (cis-3,4-dihydroxyoctaethyl-
chlorinato)iron(III) chloride at room temperature, which split
into four resonances at low temperatures,74 is indeed indica-
tive of macrocycle inversion of this nonplanar chlorin.

Although the types of protons of (OEC)FeCl were assigned
previously,80 the full assignment of the eight ethyl groups
has not previously been reported. In this study, we report
the full resonance assignments for high-spin (OEC)FeCl, as
summarized in Figure 1, obtained using saturation transfer
(ST) techniques. To conduct the ST experiments, an NMR
sample containing a mixture of (OEC)FeCl and its low-spin
complex, [(OEC)Fe(4-Me2NPy)2]Cl, was made by adding
less axial ligand to the solution of (OEC)FeCl than necessary
to fully form the bis(ligand) complex (4-Me2NPy:(OEC)-
FeCl ≈ 1:1). Only the1H NMR resonances of (OEC)FeCl
and [(OEC)Fe(4-Me2NPy)2]+ were observed in this sample,
and thus no mono(ligand) complex was present, due to its
relative instability, which clearly causes it to disproportionate
to the HS chloride and LS bis(ligand) complexes. The
saturation transfer experiments were carried out on this
mixture. Irradiation of the pyrrole-CH2 peaks of the high-
spin (OEC)FeCl form and observation of the saturation
transfer to the corresponding peaks of the low-spin species,
already assigned as described above that arise from chemical
exchange between the two, when recorded as a difference
spectrum, allow the peaks of (OEC)FeCl to be assigned.
Similar procedures have been utilized to assign the heme
resonances of the HS Fe(III) form of Nitrophorin 2, where
1-MeIm was used as the ligand to form the low-spin complex
whose1H NMR spectrum had been assigned previously by
COSY and NOESY techniques.81,82 The control spectrum
(Figure S8a) shows the assignments derived for all the CH2

groups and pyrroline protons from the experiments shown
in Figure S8b-o, except for two peaks from the pyrroline-
2,3-CH2 protons, which are under or very close to the
envelope of resonances of the low-spin [(OEC)Fe(4-Me2-
NPy)2]Cl. Figure 12 shows the saturation transfer experi-
ments that led to the assignments of the fourmesoprotons,

(78) Walker, F. A.Inorg. Chem. 2003, 42, 4526-4544.
(79) Simonneaux, G.; Schu¨nemann, V.; Morice, C.; Carel, L.; Toupet, L.;

Winkler, H.; Trautwein, A. X.;Walker, F. A.J. Am. Chem. Soc.2000,
122, 4366-4377.

(80) Sullivan, E. P., Jr.; Grantham, J.; Thomas, C. S.; Strauss, S. H.J. Am.
Chem. Soc. 1991, 113, 5264-5270.

(81) Shokhireva, T. Kh.; Shokhirev, N. V.; Walker, F. A.Biochemistry
2003, 42, 679-693.

(82) Shokhireva, T. Kh.; Berry, R. E.; Uno, E.; Balfour, C. A.; Zhang, H.;
Walker, F. A.Proc. Natl. Acad. Sci. U.S.A.2003, 100, 3778-3783.
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which are consistent with the assignments in the literature
obtained by selective deuteration of the chlorin ring.80

An interesting finding in the saturation transfer experi-
ments is that when any resonance from one of the pyrrole-
CH2 groups is irradiated, besides the chemical exchange
signal from the corresponding low-spin species, there is
another negative-phase signal observed from the high-spin
(OEC)FeCl. This ST resonance is from the chemical
exchange between two CH2 protons in two different but
symmetry-related (such as positions 12,13 or 7,18 or 8,17)
ethyl groups. This chemical exchange arises from the
binding, loss, and rebinding of chloride ion on the opposite
side of the chlorin ring in the process of exchange with the
4-Me2NPy ligands. For example, for one of the two CH2

protons at position 8, if the chloride ion leaves when 4-Me2-
NPy binds, a different Cl- can bind to the metal center on
the opposite side when 4-Me2NPy leaves, and this proton
will thereby have its chemical environment changed to that
of a CH2 proton at position 17 by virtue of the enantiomeric
relationship shown in Chart 1. This process only occurs in
the mixture of (OEC)FeCl and [(OEC)Fe(4-Me2NPy)2]Cl.
(1-MeIm and HIm bind too tightly and exchange too slowly
to produce saturation transfer signals, while pyridine and
4-CNPy do not bind tightly enough and exchange too rapidly
to allow resolved high-spin resonances to be observed.) As
a result, chemical exchange signals were observed between
two symmetry-related CH2 groups. This chemical exchange
was also observed in the NOESY/EXSY spectrum (Figure
S9) of the mixture of (OEC)FeCl and [(OEC)Fe(4-Me2NPy)2]-
Cl. Since there are a total of 10 pyrrole-CH2 peaks in the
paramagnetically shifted region from 36 to 56 ppm, 5 pairs

of cross-peaks should be and are observed (the 2,3-CH2

resonances are not present in this spectral region).
Interestingly, in the NOESY/EXSY spectrum, only chemi-

cal exchange between the CH2 protons of the high-spin
(OEC)FeCl is observed. Chemical exchange between (OEC)-
FeCl and [(OEC)Fe(4-Me2NPy)2]Cl was not observed in the
NOESY/EXSY spectrum due to the large difference of the
relaxation rates of these two species. Thus, it is clear that if
one wants to observe the chemical exchange or NOE between
a rapidly and a slowly relaxing resonance, the steady-state
experiment is a much better choice than the NOESY/EXSY
experiment. By irradiating the rapidly relaxing peak and
observing the change of the slowly relaxing peak, one can
avoid the disadvantage of the NOESY experiment, the
decrease of the signal during thet1 increment and mixing
time due to the fast relaxation rate of the fast-relaxing species.

Pawlik et al.14 have compared the isotropic shifts of high-
spin (OEP)FeCl, (OEC)FeCl, (TPP)FeCl, and (TPC)FeCl and
studied the spin delocalization on the chlorin ring in detail,
despite the fact that the pyrrole-H and pyrrole-CH2 peaks
were not individually assigned. They found that, for (TPC)-
FeCl, two pyrrole-H resonances are at lower frequency and
one is at higher frequency than the pyrrole-H resonance for
the (TPP)FeCl, while for (OEC)FeCl and (OEP)FeCl the
mirror image of this pattern is observed: two sets of four
pyrrole-CH2 resonances are at higher chemical shift and one
set of four is at lower chemical shift than the average pyrrole-
CH2 resonances for (OEP)FeCl. They thus concluded that,
in both (TPC)FeCl and (OEC)FeCl, theσ contributions to
the contact shifts of the pyrrole-H or pyrrole-CH2 protons
are the same for the three kinds of positions and that the
difference in the isotropic shifts arises from the differentπ
delocalization contributions to the three kinds of positions.
Our assignments, summarized in Table 3, also show that two
average pyrrole-CH2 resonances of (OEC)FeCl are at higher
chemical shift and one average pyrrole-CH2 resonance is at
lower chemical shift than the average pyrrole-CH2 resonance
of (OEP)FeCl. However, the pattern of (OEC)FeCl is not
the mirror image of (TPC)FeCl; the average shift of OEC
pyrrole-7,18-CH2 protons is the smallest (and the shift of
the TPC pyrrole-7,18-H is the largest), but the average shift
of OEC pyrrole-8,17-CH2 is smaller than that of pyrrole-
12,13-CH2, while the shift of pyrrole-8,17-H is also smaller
than the shift of pyrrole-12,13-H in (TPC)FeCl.38 Two
possible factors may contribute to this difference in behavior
of the two chlorins: (i) Each CH2 group has a differentθ
angle (the angle between the C-C-H plane and the pπ axis

Figure 12. Saturation transfer experiment for themeso-protons of the
mixture of [(OEC)Fe(4-Me2NPy)2]Cl and (OEC)FeCl obtained at 30°C in
CD2Cl2. (a) is the control spectrum; the others are difference spectra. The
arrows show the positions of irradiation in each experiment.

Table 3. 1H NMR Shifts of (OEC)FeCla

chem shift, ppm av shift, ppm assgnt

56.5, 51.0, 48.3, 42.4 49.6 12,13-CH2

51.5, 51.0, 46.1, 45.1 48.4 8,17-CH2

39.3, 38.4, 37.9, 35.3 37.7 7,18-CH2

26.0, 19.5, 15.0, 10.3 17.7 2,3-CH2

28.8, 24.7 26.8 2,3-PL
-47,-57 -52 10,15-meso
-84,-94 -89 5,20-meso
39, 43b 41b CH2 of (OEP)FeClb

-56b -56b meso-H of (OEP)FeClb

a Recorded in CD2Cl2 at 30°C. b Recorded in CDCl3 at 29°C.36
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of the chlorin ring), leading to the fact that theπ contact
shift of a pyrrole-CH2 group is not directly proportional to
the spin density on the pyrrole position to which it is
attached.83 (ii) The different dipolar shifts of the lower
symmetry chlorin ring may also play a role in determining
the chemical shifts of pyrrole-CH2 protons.

As in (OEP)FeCl, the contact shifts of themesoprotons
of (OEC)FeCl have contributions from bothσ and π spin
delocalization.9 Themeso-5,20 protons have larger negative
isotropic shifts and, hence, largerπ spin densities (assuming
the contributions from the dipolar shift andσ spin distribution
are the same for the two kinds ofmesopositions) than the
meso-10,15 protons, suggesting that theA1 orbital (Figures
6 and 7, one of the analogues of the4e(π*) orbitals of the
porphyrin) is not involved in thisπ spin delocalization, as
was earlier thought to be the case for (OEP)FeCl and (TPP)-
FeCl.36,37,84Rather, the pattern of spin delocalization to the
mesopositions is most consistent with that expected for the
filled orbital S-1, Figures 6 and 7. It has been shown recently
that, for a five-coordinate metallomacrocyclic complex in
which the metal is markedly out of the plane of the four
nitrogens of the macrocycle, an unpaired electron in the dz2

orbital of the metal can interact with thea2u-type π orbital
of the macrocycle to cause largeπ spin delocalization to
themeso-carbons47 and that this is the major contribution to
the large negative chemical shifts of themeso-H of chlor-
oiron(III) OEP and other porphyrins,47 as well as the OEC
of this study.

Conclusions

Complexes [(OEC)Fe(L)2]+ (L ) Im-d4,27 4-Me2NPy) are
low-spin Fe(III) species. The EPR spectra at 4.2 K suggest
that, with a decrease of the donor strength of the axial
ligands, the complexes change their ground state from (dxy)2-
(dxzdyz)3 to (dxzdyz)4(dxy)1. The NMR data from 303 to 183 K
show that the chemical shifts of pyrrole-8,17 protons increase
with a decrease in the donor strength of the axial ligands
(Py, 4-CNPy). This difference probably comes from the
presence of partial high- or intermediate-spin species in the
solution when the axial ligands are not sufficiently strong
donors, and a contributing factor is the increasing macrocycle
character of the SOMO as the metal orbitals become more
stable with weaker axial donors. From 303 to 183 K, the
(dxy)2(dxzdyz)3 state still dominates the spin delocalization
mechanism to the chlorin ring for the bis-4-Me2NPy (this
work) and -Im-d4

27 complexes. The full peak assignments
of the [(OEC)Fe(L)2]+ complexes of this study have been
made from COSY and NOE difference experiments. The
pyrrole-8,17-CH2 and pyrroline protons show large chemical
shifts (hence indicating largeπ spin density on the adjacent
carbons which are part of theπ system), while pyrrole-12,13-

CH2 and -7,18-CH2 protons show much smaller chemical
shifts. This order is consistent with the results from the
corresponding (TPC)FeIII complexes38 and the spin densities
obtained from molecular orbital calculations.

For [(OEC)Fe(t-BuNC)2]+, the chemical shift pattern of
the pyrrole-CH2 protons looks somewhat like the pattern for
[(OEC)Fe(4-Me2NPy)2]+ or [(OEC)Fe(Im-d4)2]+,27 while the
chemical shifts of themesoprotons are similar to those
of [(OEP)Fe(t-BuNC)2]+.62 The chlorin ring of [(OEC)-
Fe(t-BuNC)2]+ appears to be in rapid equilibrium between
planar and ruffled conformations. [(OEC)Fe(t-BuNC)2]+ has
the (dxzdyz)4(dxy)1 ground state at 4.2 K but appears to have
a mixed (dxzdyz)4(dxy)1 and (dxy)2(dxz,dyz)3 electron configura-
tion over the temperature range of the NMR studies, with a
high-spin (S ) 5/2) excited state lying at somewhat more
than 2kT at room temperature above the averaged orbital
ground state. The pattern of spin delocalization at ambient
temperatures appears to be the average of that expected for
the a-symmetry SOMO of a flat chlorin ring (Figure 8B)
and theb-symmetry SOMO of a ruffled chlorin ring (Figure
8C) that are in rapid equilibrium.

Proton resonance assignments for the high-spin (OEC)-
FeCl have been made by saturation transfer techniques that
depend on chemical exchange between the HS chloride and
LS bis-4-Me2NPy complexes. The contact shifts of the
pyrrole-CH2 protons depend on bothσ andπ spin delocal-
ization. The contact shifts of themesoprotons of (OEC)-
FeCl also have two contributions, one fromσ (positive shift)
and one fromπ (negative shift) spin delocalization. The
meso-5,20 protons have a larger negative chemical shift than
themeso-10,15 protons, suggesting that the antibonding A1

orbital (Figure 6) is not involved in theπ spin delocalization.
Rather, the pattern of spin delocalization to themeso
positions is most consistent with that expected for a
combination of the filledS-1 andA-1 orbitals (Figures 6 and
7). By analogy, the orbital involved in the negative shift of
themeso-H of (OEP)FeCl is the3a2u(π), which can interact
with the dz2 orbital of the metal in these 5-coordinate high-
spin chloroiron(III) complexes.47
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