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The NMR and EPR spectra of a series of pyridine complexes [(OEC)Fe(L),]* (L = 4-Me,NPy, 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 (dy)?(dx.d,2)® to (d.dy,)*(dx)*. The NMR data from 303 to
183 K show that at any temperature within this range the chemical shifts of pyrrole-8,17-CH, protons increase with
a decrease in the donor strength of the axial ligands. The full peak assignments of the [(OEC)Fe(L),]* complexes
of this study have been made from COSY and NOE difference experiments. The pyrrole-8,17-CH, and pyrroline
protons show large chemical shifts (hence indicating large s spin density on the adjacent carbons which are part
of the sz system), while pyrrole-12,13-CH, and -7,18-CH, protons show much smaller chemical shifts, as predicted
by the spin densities obtained from molecular orbital calculations, both Hiickel and DFT; the DFT calculations
additionally show close energy spacing of the highest five filled orbitals (of the Fe(ll) 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-CH, protons of [(OEC)Fe(BUNC),]* looks somewhat like that of [(OEC)-
Fe(4-Me,NPy),]*, while the chemical shifts of the meso-protons are qualitatively similar to those of [(OEP)-
Fe(t-BuNC),]*. The temperature dependence of the chemical shifts of [(OEC)Fe(t-BuNC),]* shows that it has a
mixed (dyd,z)*(dx)* and (dy)?(dxdy,)* 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 dy, orbital and the b-symmetry SOMO of a ruffled chlorin ring
with the unpaired electron predominantly in the dy, orbital. A rapid interconversion between the two, with calculated
vibrational frequency of 22 cm™, 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 a-pyrroline ring carbons),
of the pyrroline-H of [TPCFe(t-BUNC),]CF3;SO3 (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-Me,NPy adduct. The contact shifts of the pyrrole-
CH, and meso protons of the high-spin complex depend on both ¢ and sz spin delocalization due to contributions
from three of the occupied frontier orbitals of the chlorin ring.
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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 macrocycfeas
well as the “other” green hemes, including heme (a
dioxoisobacteriochlorif) and siroheme (an isobacteriochlo-
rintt13,

There have been a number of previous studies of iron
chlorin and/or isobacteriochlorin complexes by magnetic

Chart 1
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Et

Et

resonance techniques, including the seminal paper of Stolzenraphenylchlorinato)iron(lll) (TPCG}2638and of substituted

berg, Strauss, and Holm in 198&nd additional papers from
these author¥; 8 as well as other researché?s? but only
one of them has involved investigation of the NMR spectra
of the iron(lll) bis(imidazole) or (-pyridine) complexes, and
the chemical shifts reported for the bis(imidazole) complex
of that naturally derived chlorifi are somewhat different
from those reported herein.

Understanding the electronic properties of the iron(lll)
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(lltjans-octaeth-
ylchlorin (OEC), Chart 1, as models of hengsThe NMR
and EPR spectra of the octaethylchlorin (OEC) complexes

(tetraphenylporphyrinato)iron(lll) (TPP, TMP, and othéfsj!

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(lIl) chloride, (OEC)FeCl, was synthesized as described
previously!318 Deuterated chemicals, pyriding-(D, 99.5%) and
methylened, chloride (D, 99.5%), were purchased from Cambridge
Isotope Laboratories, and nondeuterated chemicals, 4-(dimethyl-
amino)pyridine, 4-cyanopyridine, artért-butyl isocyanide from
Aldrich. Approximately 5 mM (octaethylchlorinato)iron(lll) samples

are compared to those of the corresponding complexes of(2g) http:/mww.shokhirev.com/nikolai/programs/prgsciedu. htm.
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(octaethylchlorinato)iron(lll) and (oxooctaethylchlorinato)-
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for NMR studies were prepared in 5 mm NMR tubes with frequency calculation was carried out with the GAUSSIAN program
deuterated methylene chloride as solvent. Complexes with axial on [[OMC)Fe(MeNC)] (OMC = octamethylchlorin), and the only
ligands were made by directly adding an excess of the desired axialimaginary frequencies were associated with the methyl group
ligand (iron chlorin:axial ligand 1:4 in moles, o¥20 mM axial orientations. Low vibrational frequencies were found for normal
ligand). For complexes with pyridine and 4-cyanopyridine as axial modes associated with ruffling (22 c#) and saddling (17 cni)
ligands, an excess of silver trifluoromethanesulfonate (Ag9@SO
CFs;, 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)F&{BUNC),]™ was prepared in an
inert-atmosphere bag. An excess of AgQE6; was added to the
CD,Cl; solution of (OEC)FeCl in an NMR tube, and the tube was
shaken to remove the chloride ion as AgCI. 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,, estigated. For the ruffled structure, the methylene carbons were
nitrogen before sealing the NMR tubes. placed alternately 0.5 A above and below the mean chlorin plane,
NMR Spectroscopy.For NMR measurements at low tempera-  and the twist of the planar pyrrole and pyrroline rings was optimized
ture, the spectra were recorded on a Varian Unity-300 spectrometerg|ong with the rest of the structure as described above, according
operating at 299.955 MHz with a variable-temperature unit (tem- {5 the distorted positions of the methylene groups. For the saddled
perature range from-85 to+30 °C), referenced by the resonance  strycture the planar pyrrole and pyrroline rings are alternately angled
from residual solvent protons (5.32 ppm relative to TMS). The yp and down from the metal center b3; Shich places the nitrogen
temperature was calibrated using the standard Wilmad methanolgioms~0.18 A above and below the mean plane, and the remaining
and ethylene glycol samples. For other experiments, the spectragtyycture was again optimized as above. For [[OMC)Fe(MeNC)
were acquired on a Unity-300, Bruker DRX-500, or DRX-600 NMR e ruffle-distorted structure is calculated to be 4.5 kcal/mol above
spectrometer. The 1D saturation transfer or NOE difference the planar structure and the saddle-distorted structure is calculated
experiments were carried out on a DRX-500 or DRX-600 spec- to pe 7.5 kcal/mol above the planar structure. For calculations on
trometer using the normal NOE difference pulse sequence. A the [(OMC)Fe(ImH)] molecule the imidazoles were aligned in
selective intermediate level pulse (485 dB; —6 dB is the parallel planes that bisect the,€C; bond of the pyrroline ring
maximum) was irradiated on the specific peaks of the fast-relaxing gng the G,—Cys bond of the opposite pyrrole ring. All reported
(high-spin) species with an irradiation time of 50 ms, followed by geometry optimizations and the frequency calculation are for the
a detection pulse (SQ. neutral molecules with closed-shell singlet electron configurations
EPR Spectroscopy.The low-spin bis(ligand) complexes of to examine the orbital descriptions before the consequences of
(OEC)Fe!' were prepared in dry CfCl, immediately before the  unpaired spin. A geometry optimization of the first positive ion
experiments using the same method as for NMR studies and frozenstate of the [(OMC)Fe(ImH) molecule (unrestricted doublet state)
in liquid nitrogen. The EPR spectra were obtained on a CW EPR showed very little change in structure from the neutral molecule,
spectrometer ESP-300E (Bruker) operating at X-band using 0.2 mW similar to the small reorganization energies with ionization found
microwave power and 100 kHz modulation amplitude of 2 G. A for metalloporphyring?® For the spin density calculations of the
Systron-Donner microwave counter was used for frequency calibra- cation molecules, the doublet states were calculated in the
tion. The EPR measurements were performed at 4.2 K using anunrestricted formalism using the optimized geometries of the neutral
Oxford continuous-flow cryostat, ESR 900. molecules. Orbital and density displays are created with the program
Electronic Structure Calculations. A variety of electronic MOLEKEL.3435Orbital surfaces are displayed with a surface value
structure calculations were carried out as an initial exploration of of 0.03, and spin density surfaces are displayed with a surface value
the factors contributing to the electronic states and properties of of 0.001.
these molecules. Many of the essential orbital features are apparent The optimized structures obtained from the GAUSSIAN and

of the chlorin ring, and calculations with these distortions also were

from a Hickel analysis of the interaction of the chlorinorbitals ADF calculations are very similar. For example, geometry opti-
with the metal d orbitals using the program MPORPPRensity mization of the [([OMC)Fe(MeNG) molecule by ADF starting from
functional calculations using both GAUSSIANYOZB3LYP func- the GAUSSIAN coordinates converged in four cycles and the largest

tional) and Amsterdam Density Functional (ADF 200431% change in FeN distance was 0.02 A. Both methods obtain the
(BLYP functional) approaches were utilized to gain additional same occupied molecular orbitals for the neutral molecules, and
insight into the relative orbital energetics and spin density charac- both place the top five occupied molecular orbitals very close in
teristics. Doublég level (6-31G for C, N, and H; LANL2DZ for energy. For [[OMC)Fe(HIm) the GAUSSIAN calculation places
Fe) and tripleg level (6-311G for C, N, and H; CEP-121G for Fe) the top five occupied orbitals within 0.5 eV and the ADF calculation
GAUSSIAN calculations were compared, and the results were found places them within 1 eV. For [[OMC)Fe(MeNgjhe GAUSSIAN

to be very similar. Only the triplé-level basis calculations are  calculation places the top five occupied orbitals within 1 eV and
reported for the GAUSSIAN calculations. Polarization functions the ADF calculation places them within 0.4 eV. The top five orbitals
were added to the triplé-basis for the ADF calculations (standard are mixtures of metal d and chlorin character. Due to the small
TZP basis in the ADF package). As an initial model for examining overlap and close energy match between the metal d and chilorin
the orbital interactions, idealized structures were constructed in orbitals, the partitioning of metal and chlorin character within the
which the pyrrole and pyrroline rings were constrained to the same final molecular orbitals is very sensitive to the initial relative
plane, and the peripheral ethyl substituents of octaethylchlorin were energies of the metal d and chlorirorbitals. The ADF calculations
modeled with methyl groups. The methyl groups were hel@40 tend to place the metal d orbitals slightly less stable relative to the
local symmetry with typical geometric parameters obtained from chlorin z orbitals than the GAUSSIAN calculations, and thus the
other optimizations (CH distance of 1.086 A and CCH angle of ADF calculations place more metal character in the higher occupied
117°), and the methyl groups were not allowed to rotate. A orbitals. Given the sensitivity of the orbital characters to these
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methods and the approximations of structure, lack of solvent effects, i I-UJ JL
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 o 23
_ o - 8,178, oL BL J L_LJBL
Bis(pyridine) Complexes of (OEC)Fd'. Figure 1 shows A A N

the 1D*H NMR spectrum of the high-spin (OEC)FeCl, to 60 50 40 30 20 1o 0 10 pem
be discussed in detail below. As is clear from this spectrum, fiCQJU(fg) %H éa)(;"t'rsgegtfrlf(rg) Efc [)('%E(S&F)e](f-mbéé?/)éllcgp ?%QzCCIz( éi)tl3HO
the molecule hgs low symmetry (Chart 1) which leads to spectrum ofp[(OEC)Fe(4-CNP33)+ in EZDZUZ at fzé °C. Key: Me =
almost the maximum number of Giesonances, 13 of the  methyl of the pyrrole ethyl group; PE pyrroline protons; B or BL=
possible 16, whose assignments will be discussed below.Pound axial ligand; Fl= free axial ligandm = metaproton of the bound
Upon addition of pyridine Iigands, the color of the solution Itlﬁ]and;o__= ortho proton of the bound ligand;+ impurity; numbers indicate
o e positions of the Clgroups andnesoprotons (Chart 1).

changed to green as the bis(ligand) Fe(lll) complexes were
formed; the'H NMR spectra following addition of 4-Me NOESY (Figure S2) experiments. In the COSY spectrum,
NPy, Pyds, and 4-CNPy are shown in Figure 2q, for each ethyl group there are three pairs of cross-peaks, one
respectively. The full peak assignments of the bis(ligand) between the two different GHbrotons within the ethyl group
complexes were made from COSY, NOESY, and NOE and one each between the two kinds of Qitbtons and the
difference experiments. The peak assignments of the bis-methyl group. For the pyrroline-2,3 ethyl groups, extra cross-
(imidazoled,) complex of (OEC)F# have been reported in  peaks between the GHbrotons and the pyrroline protons
the accompanying paper, along with those of [(oxo-OEC)- were also observed. The two resonances arodidopm
Fe(Im-d,),]Cl.?" Here in the text, except for the 1D spectra, can be assigned to the pyrroline-2,3-Cptotons because
only detailed spectra of [(OEC)Fe(4-MéPy)]Cl and of the extra cross-peaks connecting the,@Hhd pyrroline-H
[(OEC)Fe(t-BUNC)|SOsCF; are shown as examples. COSY, resonances (Figure S1). Consistent with this assignment is
NOESY, and/or NOE difference spectra of the other com- the fact that, for pyrrole-Chlprotons, the contact shift from
plexes (bis-Py, bis-4-CNPy) are provided in the Supporting the 7z (as well aso) spin delocalization should be always
Information. positive383” The negative sign of the chemical shift of the

The [(OEC)Fe(4-Mg\NPy)]Cl complex has two kinds of  resonances at6 ppm must result from the sum of a negative
mesoprotons and four kinds of ethyl groups, since it s pseudocontact (electremuclear dipolar) shi#f*”and small
symmetry along the axis that passes from the center of thepositive contact and diamagnetic shifts. This assignment is
pyrroline-2,3 bond to the center of the pyrrole-12,13 bond, further supported by the NOE difference experiments shown
Chart 1, with two like axial ligands. For each ethyl group, below. The assignments of the axial ligand resonances were
the two CH protons are not equivalent due to the trans made from NOESY/EXSY experiments (Figure S2), where
configuration of the two pyrroline protons, Chart 1. Thus, a only chemical exchange cross-peaks are observed, between
total of eight resonances from GHorotons and two  coordinated and free ligand protons, and NOEs are too weak
resonances from theesqgorotons were observed in the NMR  to be observed.
spectra of the low-spin complexes. Partial assignments of The full assignment of the CHyroups andnesoprotons
the'H NMR spectrum of [(OEC)Fe(4-M&IPy)]CI can be of [(OEC)Fe(4-MgNPy),]* was made from NOE difference
made from COSY (Supporting Information Figure S1) and experiments (Figure 3). Note that only those positive
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Figure 4. (a) Curie plots of the pyrrole-8,17-GHbroton chemical shifts

of the complexes [(OEC)Fe(®])" (L = Im-ds, 4-MeNPy, Py, and 4-CNPy).
(b) Curie plots of the pyrroline proton chemical shifts of the complexes
[(OEC)Fe(Ly]* (L = Im-ds4, 4-MeNPy, Py, and 4-CNPy).

pyrrole-8,17-CH and the other one from pyrrole-12,13-&H
According to the results shown in Figure 3b, the doublet at
30 ppm should thus be assigned to pyrrole-8,17-.CBY

chemical exchange between the free and bound axial ligand and is due tothis means pyrrole-12 13-Gkind pyrrole-? 18-CHcould

the closeness of the \Me resonance of the free ligand to the resonance

being irradiated hese10,15) and, thus, its partial saturation.

also be assigned. In the same way, full assignments for the
bis(imidazoled” and other bis(pyridine) (Supporting Informa-

absorptive-phase peaks with a line width larger than 30 Hz tion Figures S3-S6) complexes of (OEC)tewere also
are NOE signals; the sharp peaks, which are due tomade. Curie plots of the 8,17 and pyrroline-Qidsonances
diamagnetic impurities, and those peaks with dispersive shapeof the bis(imidazoley and the three bis(pyridine) complexes
are artifacts. In Figure 3b, one peak of the doublet at 30 of (OEC)Fe(lll) are shown in Figure 4a,b, respectively.

ppm (pyrrole-CH) was irradiated, resulting in two weak

The chemical shifts, their spread, and their temperature

(about 0.1%) NOE signals, one between the peak irradiateddependences for [(OEC)Fe(4-MPy)]Cl indicate that it

and its adjacent CHgroup at 8.5 ppm and the other one
between it and its adjacenneso proton at 3.5 ppm.
(Irradiation of the other peak, which is not shown in this

is a low-spin Fe(lll) complex with a (g?(dxdy,)* ground
state; the small observecheseH shifts are particularly
diagnostic of this electronic ground st&teé” The chemical

figure, gave the same result.) In addition, much stronger shifts of the two kinds omesaprotons fall in the diamagnetic

peaks due to a NOE between the two pyrrole,@irbtons

region, indicating that there is little spin density on theso

and their CH partner resonance at 3.5 ppm are also observed.positions (pseudocontact shifts should be small and negative,
According to the structure of the chlorin ring, Chart 1, but as mentioned above). As shown elsewhere for [(OEC)Fe-
with two axial ligands, these two adjacent £should be (Im-dy),]JCI?” and [(TPC)Fe(HInyCl,38 [(OEC)Fe(4-Me-

on theS-pyrrole positions 7,18 or 8,17, although the absolute NPy)]Cl also has large spin density on the pyrrole-8,17 and

positional assignments are not defined by this experiment. pyrroline-H positions and small spin density on the pyrrole-

In Figure 3c, by irradiation of the othenesoresonance,
at 8 ppm, NOE signals from the pyrroline-2,3-g&hd the

12,13 and pyrrole-7,18 positions. The NMR spectra of the
bis(imidazoled,) complex of (OEC)F& 27 is fairly similar

pyrroline-2,3-H are observed. Thus, this peak must be dueto that of the bis-4-MgNPy complex just discussed; the

to themeseb,20 protons. The NOEs betwestese5,20 and

NMR spectra of this complex were discussed in the ac-

pyrrole-7,18-CH protons are obscured by the large envelope companying paper in comparison to those of the (oxo-OEC)-

of peaks being irradiated and are thus invisible.
When the othemeso(mesel10,15) proton peak is irradi-

Fe' complex?” The OECF# pyrroline-CH shift is some-
what larger (17.9 ppm), while that of the 8,17-Qidsonances

ated (Figure 3d), two NOE signals are observed, one from (26.1 ppm) and the spread of all resonances at@@re
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Table 1. Proton Chemical Shifts of 2,3-Pyrroline, 8,17-gndmesoProtons of [(OEC)Fe(lz) " and CH andmeseH Protons of [OEP(L]*?2

chem shift, ppm

[(OEC)Fe(LY]" [OEP(L)]"
ligand L pyrroline-H  8,17-CH 12,13-Ch 7,18-CH 2,3-CH, mese5,20 mesel0,15 CH  meseH
imidazole 12.8 37.0¢ -0.4,0.0 6.9,7.% —5.00 8.2 3.8 53 14
4-(dimethylamino)pyridine 178 41.3 —2.8,—24 79,84 —6.8,—6.5° 7.6 3.1p 4.3 NAc
pyridine 29.2 55. -0.8,—-0.3 10.4,10.7 —6.6,—6.4 8.2 2.7 8.3 NA®
4-cyanopyridine 513 64.8,69.8 NA° NA¢® —-12.3,-11.% NAC¢ NAc¢ 14.2 NAc°
tert-butyl isocyanide 1283 40.3,35.3 NA° 139,148 —4.9,-1.8 —71.7 —43.0¢ 8.0 —7(rd

aMeasured in CBCl, at —60 °C (213 K).P Measured in CBCl, at +30 °C (303 K). Temperature dependence of these resonances is very SN7all.

= not assigned? Taken from ref 62.

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

The chemical shift of the pyrroline-H of [(OEC)Fe(Im-
ds)2]* at 303 K (+17.9 ppm) is somewhat smaller than those
of bis(imidazole)iron(lll) pyropheophorbide methyl ester at
298 K (~+24,+29.5 ppm):° while for other (d,)?(dy»0y,)°
ground-state chlorin complexes, [(TPC)Fe(val-ONEl-
SG; and [(TPC)Fe(PMgh)]CFsSOs, the pyrroline protons
are found at very positive chemical shift$57.3, 61.3°
and +64.6* 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 ofttsystem but
are rather alkyl carbons attached to thearbons, which
are part of ther system of the chlorin ring; hence, the
pyrroline-H of low-spin Fe(lll) chlorins should always have
positive chemical shift3%3” based on this reasoning (how-
ever, see discussion of [(TPC)E&UNC)]" 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

The NMR results suggest that, over the temperature range
of the NMR studies, unlike low-spin (TMP)E#&4! and
(TPC)Fd'38 complexes, the low-basicity pyridine complexes
of (OEC)Fe(lll) do not change their ground state frorg)¢d
(dydy,)® to (didy,)*(d)! with a decrease of the donor strength
(pKa(BHT) of the axial ligands. If the larger positive GH
and pyrroline-H shifts were due to population of a low-spin
(dxy)}(dys0y)* excited state, theneseH resonances would
shift to negatve 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 presentett3t
°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
meseH resonances remain in or close to the diamagnetic
region throughout the temperature range investigated.

An intermediate-spin ground state has been found in some
pB-pyrrole alkyl-substituted porphyrins with weakly basic

each of these latter cases, but the larger chemical shiftsPYridine ligands (for example, [(OEP)Fe(3-CIE)I** and

observed for these complexes than for the high-spin TPC-
FeCP® or OECFeCl (Figure 1) makes it clear that these
mainly low-spin complexes have considerably more spin
density at theoi-carbons of the pyrroline ring than might
have been expected on the basis of the bis(imidazole
complex of (OEC)F¢ and of the pyropheophorbide methyl
ester Fe(lll) compleX? The chemical shifts of the 8,17-GH
and pyrroline-H of all of the (OEC)Fecomplexes of this
study at—60 °C are summarized in Table 1.

The lower basicity pyridine complexes of (OEC)Fshow
quite different behavior from those of (TPC)E& (TPP)-
Fe' 3 and (TMP)F&4 complexes with the same axial
ligands. With a decrease of the donor strength of the axial
ligands, an increase instead of decré&a®e*! of the chemical
shift of the pyrrole-8,17-Ckprotons is observed, as shown
in Figure 2b for the bis(pyridinels) complex (assignments
made on the basis of the spectra shown in Supporting
Information Figures S3 and S4) and Figure 2c for the bis-

)

[(OEP)Fe(3,5-GPy)]Cl*49. A study of the dependence of
the solution magnetic moment (ranging from 2.0 to 4g}
of a large number of [(P)Fe(3-CIPYEIO, complexes
indicated that species with more basic porphyrinate ligands
(such as OEP) have higher spin multiplicttyAs a possible
explanation, it was suggested that the more basic porphyrins
donate more electron density to thé"Hen 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.*®> Furthermore, NMR studies of the highly
saddled octaethyltetraphenylporphyrin complex [(OETPP)-
Fe(4-CNPy)ICIO,4 showed that this complex hasSa= 3/2
spin stateéfS while the less-saddled [(OMTPP)Fe(4-CNRy)
ClO,4 and [(TGTPP)Fe(4-CNPy]CIO, complexes showed
“intermediate” behavior, with (dd,)*(dx,)* ground states at
4.2 K andS= 3/2 excited states over the temperature range
of the solution NMR investigation.

For comparison to these (OEC)Feomplexes, the (OEP)-

Fé" complexes with different axial substituted pyridine

(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 thél chemical shifts at
—60°C in Table 1.

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

(43) Kintner, E. T.; Dawson, J. Hnorg. Chem 1991 30, 4892-4897.

(44) Scheidt, W. R.; Osvath, S. R.; Lee, Y. J.; Reed, C. A.; Shavez, B,;
Gupta, G. Plnorg. Chem 1989 28, 1591-1595.

(45) Geiger, D. K.; Scheidt, W. Rnorg. Chem.1984 23, 1970.

(46) Yatsunyk, L. A.; Walker, F. Alnorg. Chem 2004 43, 757-777.
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ligands were also studied Bi# NMR spectroscopy in this
work. It was found that [(OEP)Fe(4-MEPy),] CIO4 has 6.02 23
the smallest chemical shifts while [(OEP)Fe(4-CNJ$O4

has the largest over the temperature range of the NMR studies

(303—-183 K). The chemical shifts at60 °C of the pyrrole- 255 °
CH, resonances of the corresponding OEP complexes to

those of the OEC complexes of this study are included in = 37
Table 1. For [(OEP)Fe(4-CNPYTIO, and [(OEP)Fe(Py)- ar
ClO,, the chemical shifts of the pyrrole-GHbrotons show (d) /\/ 2,00
anti-Curie behavior, indicating a change of the spin state with

temperature and possibly chemical exchange between mono- 247
and bis(ligand) complexes at the higher temperatures. With () M

an increase in temperature, the chemical shifts have more 265

contribution from the species with high- or intermediate-
spin state, especially for [[OEP)Fe(4-CNRZIO,, leading
to larger chemical shifts. However, NMR studies detailed
enough to determine which higher spin stefe=3/2 or S
= 5/2) is involved were not carried out for these OEP

complexes. . . ) ) L
The temperature dependence experiments for the (OEC)- 0 1000 2000 3000 4000 5000 6000
Féd'' complexes (Figure 4a,b) show similar behavior, although B/Gauss

the pyrrole-CH shifts of the chlorin complexes show less Figure 5. EPR spectra of (a) [(OEC)Fe(lu)]™, (b) [(OEC)Fe(4-Me-
strong anti-Curie behavior than the porphyrin analogues. The'S“;Y%Z(EX'O(CC))Eg)i?(’:%‘;ﬁgvzgdggécigc[()gg(é)'ge’:';%];'C()‘:])jo;rfgr;‘ipﬁg'l
Curie plots of [(OEC)Fe(4-M&Py)|Cl and [(OEC)Fe(Im- with theg values of 6.042 and 2.00 in (f) comes from the hig.h-spin i?npurity
ds)2]Cl are almost straight lines, with intercepts approxi- (OEP)FeCl; a free radical signal with= 2.03 is also observed for this
mately equal to the diamagnetic shift aT + 0. However, complex.

for [[OEC)Fe(4-CNPyJ ™ and [(OEC)Fe(Pyk),] , the Curie
plots of both pyrrole-8,17-Ciand pyrroline protons are
curved. With an increase in temperature, the plots bend
upward, to more positive chemical shifts. This suggests that
the observed pyrrole-CHshifts have contributions from
high- or intermediate-spin species, as in the case of the
(OEP)Fd' complexes having the same ligands, discussed

above. However, with the limited temperature-dependent g-values that it is not possible to tell unequivocally, without
chemical shift data obtained in this work, it is not possible pulsed EPR dat#-51 whether there is a switch in ground

to t_e_II _vvhther _these :_;pecies are in\{olved in chgmical state from (&)%(stha)® 10 (dhetha)* (k)" @s the basicity of
equilibria with high- or intermediate-spin state species at yho by ridine ligands decreases. However, the apparent switch

room temperature or whether there is a thermally accessible, o i symmetry for the bis(pyridine) and bis(4-cyanopyri-
excited state that is highly populated at elevated temperaturesdine) complexes and the fact that the largest (and only

The ff”‘Ct that the chemical shifts of.the pyrrole-gibch(_j resolved) g-value (2.47, 2.37, respectively, Figure 5) is
pyrroline-H resonances for the_ bis(pyridine) complex (Figure ghaller than that observed for [(TPP)Fe(4-CNPyJ2.62F2
2b) and the bls(4-cyanopyr|d|n_e) comp_lex (Figure 2c) are and [(TMP)Fe(4-CNPy]* (2.53)5% which has been shown
larger than those of the high-spin chloroiron(lll) complex at by NMR 52 EPRS® and MCD* spectroscopies to have the

30 °C (Figure 1) and that theneseH resonances have (chasOh)*(chy)* ground state, strongly suggests this possibility.
positive chemical shifts suggests that the excited state is

show that the ground state of all of these complex&sas

1/2 and that, with a decrease in the donor strength of the
axial ligands, the spectra of (OEC)feomplexes become
more axial, with the largegi-value moving to smaller values
as the basicity of the pyridine decreases. For the bis(pyridine)
and bis(4-cyanopyridine) complexes, the smalipgalue is

no longer resolved. All complexes have similar enough

6-coordinate high-spin§ = 5/2), where the &(r)-type (48) As shown in Figure 18 of ref 36, at 294 K the £teésonances of

interaction with the d orbital pointed out by Cheng and co- OEPFeCl in CRCI; occur as two peaks at 41.2 and 45 ppm, while
47 | tributes to th ti H shift the same resonance of the same complex at the same temperature in

workers’ no longer contributes to the negativeeseH shifts DMSO-ds (where two DMSO molecules have replaced the chloride

observed in the 5-coordinate high-spin complex, and the ?nion on the ﬁxial_ p?sirt_]i%n_S) %Ccurg gs Onel peak at ;1_6-2 |O|0mc;}I thus,
~ ; ; ; _ the average chemical shift is about 3.3 ppm larger in this 6-coordinate
B p.yrr(?le Ch shifts ar? mcrgaspd by the increagedelo complex. The difference could be larger in the complexes of the present
calization when the iron is in the mean plane of the study.
macrocyclé‘:a (49) Raitsimring, A. M.; Borbat, P.; Shokhireva, T. Kh.; Walker, F.JA.
. Phys. Chem1996 100, 5235-5244.
EPR Spectra.Although the NMR studies have not fully  (50) schinemann, V.; Raitsimring, A. M.; Benda, R.; Trautwein, A. X.;

defined the nature of the spin state changes over the %‘gkhireva. T. Kh.; Walker, F. Al Biol. Inorg. Chem1965 4, 708~

_temperature range 1_8303 K, the EPR spectr_a, O_btamed (51) Astashkin, A. V.; Raitsimring, A. M.; Walker, F. Al. Am. Chem.
in frozen CDCI; solutions at 4.2 K and shown in Figure 5, Soc 2001, 123 1905-1913.
(52) Safo, M. K.; Walker, F. A.; Raitsimring, A. M.; Walters, W. P.; Dolata,
(47) Cheng, R.-J.; Chen, P.-Y.; Lovell, T.; Liu, T.; Noodleman, L.; Case, D. P.; Debrunner, P. G.; Scheidt, W. R.Am. Chem. S04994 116,

D. A. J. Am. Chem. So@003 125 6774-6783. 7760-7770.
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Figure 6. Huckel frontier orbitals of the chlorin ring for low-spin Fe(lll)
complexes with (d)?(dy.dy,)® ground state. The orbitals are placed vertically
according to their approximate relative energies calculated using the program
MPORPHw?8 and the highest (singly) occupied orbital is theAl—». 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, and S are the antisymmetric and symmetric (with respect to
the pseudo mirror plane that bisects the-C3 bond of the pyrroline ring

and the G,—Cy3 bond of the opposite pyrrole ring) analogues of thetde(
orbitals of the porphyrin ring, S is the analogue of the 3d) orbital of

the porphyrin ring, A1 is the analogue of the 1) orbital of the porphyrin

ring, which for the chlorin has correct symmetry for interaction with one
of the metal d orbitals, §-A-2 and d-S- are the analogues of the-d
3e(r) orbitals of a metalloporphyrin, which are largely composed of the
metal d, orbitals, and A and S are the analogues of the 4&J orbitals of

the porphyrin ring. For each orbital, the approximate relative contribution
of the chlorinz and metal d is indicated by the size of the constituent
orbitals shown.

Electronic Structure Calculations. The order of the
average chemical shifts of the three pyrrole-Gtdublets
of the his(imidazoleé¥ and bis(4-dimethylaminopyridine)
(Figure 2a) complexes of OECHds exactly the same as
the order of the spin densities predicted from the character
of the highest occupied molecular orbital, the antisymmetric
d,~A_, orbital, obtained from Hckel calculations using the
program MPORPH¥# (Figure 6). For simplicity, the chlorin
orbitals in Figure 6 are labeled antisymmetrid) (or
symmetric § with respect to the mirror plane that is
perpendicular to the chlorin plane and bisects the pyrroline
and opposite pyrrole rings. In th@, point group of the

Hence, as for [(OEP)Fe(HInj) 26:555¢and [(OEP)Fe(4-Me
NPy)]* (this work), the antisymmetriBe(r)-type orbital
A, as combined with thegorbital to create thal, A,
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)He

The order of energies shown in Figure 6 is only slightly
different for the DFT calculations on the [([OMC)Fe(ImH)
molecule, as shown in Figure 7. Both the ADF and the
GAUSSIAN calculations place the antisymmetdg A,
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 chlorinz orbitals are heavily mixed; thus thg,drbital
appears to interact almost equally with the two antisymmetric
chlorin orbitalsd,~A, and what we must catl, A, 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 the-donorfz-donorér-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(HIng)" 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, t8e; and g, orbitals
cannot interact, although they would be expected to interact
strongly if the chlorin ring were allowed to rufffé;>? as
shown in the calculated SOMO of the ruffled H8UNC
complex, Figure 8C; in analogy to the structures of the bis-
(imidazole) or bis(4-dimethylaminopyridine) complexes of
OEPF#' 5758 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(imidazdle)and bis(4-
dimethylaminopyridine) complexes, respectively, at room
temperature) is consistent with the involvement of the d
orbital, which has proper symmetry to interact with the
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 the,-A_, orbital should make
this interaction highly favorable, and the-donor and

molecule with the complete pyrroline ring, the orbitals
labeled as antisymmetric transform asymmetry and the
orbitals labeled as symmetric transform lassymmetry.

(53) Safo, M. K.; Gupta, G. P.; Watson, C. T.; Simonis, U.; Walker, F.
A.; Scheidt, W. RJ. Am. Chem. S0d.992 114, 7066-7075.

(54) Cheesman, M. R.; Walker, F. A. Am. Chem. S04996 118 7373~
7380.

(55) Walker, F. A; La Mar, G. N.Ann. N. Y. Acad. Scl973 206, 328—
348.

(56) La Mar, G. N.; Walker, F. AJ. Am. Chem. Sod 973 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. Hnorg. Chem.1995 34, 3953-3963.

(58) Safo, M. K.; Gupta, G. P.; Walker, F. A.; Scheidt, W.JRAmM. Chem.
Soc.1991, 113 5497-5510.
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Figure 7. Molecular orbitals obtained from the (A) ADF and (B) GAUSSIAN calculations on the [(OMC)Fe@#Hdlecule. The red and blue colors
emphasize the symmetry properties of the orbitals. The names utilized for tielHubitals shown in Figure 6 are applied to these orbitals as well, except
that the ¢y metal orbital was not shown in Figure 6 and the; ®rbital (which cannot interact with the d-orbitals) is not shown in Figure 6 because the
Huckel calculation places it at lower energy than those of thee®id A-; orbitals. The ¢, orbital cannot interact in the chosen geometry (planar chlorin
ring) but is expected to interact with the Sorbital if the chlorin ring is ruffled. In theZ; 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 wjtbriiitaldtransform as b symmetry.

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-
Figure 8. Calculated spin densities by the ADF method for (A) [(OMC)-  Cyanopyridine) complexes would be that ti$e chlorin
Fe(ImH)] " in éhecplanoal\r/l %ﬁgr&i}lgf\lg}? Egcilr\]/lfr)gf%g\gel\é%*)njgttrhe %I]aen?erd orbital, which is calculated to lie at an energy between those
eglﬁgnt;ﬁ;y’cgﬂ)rs(r(e)[)[r(esent positive and negative spig densit))//,. respectively.Of the CP a_nd Ge-y2 orbitals, may also be_ '”VO"_’ed In Spin
delocalization at NMR temperatures; this orbital has rela-
n-donor/acceptor characteristics of particular axial ligands tively large density at the 7,18 and 8,17 pyrrole carbons,
can be expected to modulate this interaction, thus leading tothe pyrrolinee-carbons, and theesecarbons. The effects
very different pyrroline-H chemical shifts for different axial ~ of different donor abilities of the axial ligands on the orbital
ligand complexes. Hence, as for [(OEP)Fe(Hfh$°¢and and spin density characters is illustrated by Figure 7A,B,
[(OEC)Fe(4-MeNPy)] ™ (this work), the antisymmetri8e- which compare the calculated characters of theA
(7)-type orbitalA_, as combined with the,dorbital to create ~ orbitals obtained with different stabilities of the metal d
the d,~A_ orbital shown in Figures 6 and 7 appears to be orbitals relative to the chlorin orbitals, and by Figure 8A,B,
primarily involved in the metatmacrocycle interactions in ~ which compare the calculated spin densities of the bis-
this higher-basicity pyridine complex, with additional con- (imidazole) and “flat” bis(isocyanide) complexes. The strong-
tribution from theA_; orbital. er axial donors (Figures 7A and 8A) lead to the smallepr CH
As for the lower basicity pyridine complexes whose large chemical shifts because of the increased metal character and
positive NMR shifts were discussed above, the ADF calcula- decreased macrocycle character in the SOMO.
tions for the bis(imidazole) complex place thespin metal [(OEC)Fe(t-BuNC),]*. The NMR spectrum of [(OEC)-
dz orbital (the LUMO) only about 1.5 eV higher in energy  Fe¢-BuNC),]* is quite different in some respects from those
than the HOMO, and the. orbital is only 0.5 eV higher  of the imidazole and pyridine complexes of (OEC)Fe
Figure 9 shows théH spectrum of [(OEC)F&BUNC)]CFs-

(59) Walker, F. A; La Mar, G. N.Ann. N. Y. Acad. Scl973 206, 328—

348, SG; in CD.Cl, at 30°C. It is characterized by a strongly
(60) La Mar, G. N.; Walker, F. A. IThe Porphyrins Dolphin, D., Ed.; downfield, very broad peak at 132 ppm (pyrroline-H) and
(61) ’E?&ZT'CG.PR??SWQE&Yéf'ﬁfg/zrﬁ’. \é?]'ér'r\f.’é’&fé%?és, 1782~ two upfield peaks at-15 (mese10,15-H) and—30 ppm

1790. (mese5,20-H). The rest of the spectrum is similar in pattern
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Figure 9. 1H spectrum of [(OEC)F&BUNC)] " in CD.Cl, at 25°C. | =

impurity, the high-spin (OEP)FeCl produced by oxidation of (OEC)FeCl Figure 11. Curie plot of [(OEC)FetBuNC)]*: #, pyrroline protons;

and incomplete replacement of chloride by trifluoromethylsulfonate. The 4, ¥, mesoprotons;O, O, <, x, +, A, pyrrole-Ch protons. Solid lines

numbers indicate the positions of the €ffoups andnesaprotons. Insert: are the fits obtained using the TDFw progréhyith energy separation

Pyrroline proton signal (the vertical scale is increased 10-fold). between ground and excited stég = 467 cn! and the spin densitigs
and p; given in Table 2.

R experiments. The difference spectrum of Figure 10b shows
© f i {l\ that when the peak of the pyrroline-H (at 132 ppm) was
irradiated, the NOE from the pyrroline-2,3-Gitas detected.

1000/T (K1

1213 Other assignments were made in the same way as were those
@ 4y ) for the bis(pyridine) (this work) and bis(imidazotéxom-
o plexes of (OEC)P&. The Curie plots of these peaks are
© 817 L‘MJM shown in Figure 11. The temperature dependence of all
¢/J__ 105 resonances is far from that expected for Curie behavior,
N LI o — except for those resonances with small chemical shifts.
Although the chemical shifts of the three doublets from
®) A the pyrrole-CH groups of [[OEC)Fe&{BuNC),]* are similar
—— r”l y.(l N — to those of the corresponding Ich?” and 4-MeNPy (Figure
2a) complexes, there are two unique features for [(OEC)-
Fet-BuNC)]™: (i) The pyrroline protons have a very large
23 positive chemical shift (of opposite sign and much larger in
o W 121 J s magnitude than the pyrroline-H of [(TPC)E&UNC),] " %),
530 consistent with the spin density distribution in Figure 8B,
A At e At et s A AR MO MR MRS bt calculated assuming a flat chlorin ring, thus indicating that
=5 =10 -15 -20 - ppm

Figure 10. NOE difference spectra of [[OEC)ReBUNC),]" in CD.Cl, t.he OEC ring S.YStem behaves quite differently than the TPC
at 30°C. () is the control spectrum; the others are difference spectra. The NG System. (ii) The resonances of theesoprotons are
arrow in (c}-(e) indicates the position of irradiation in each case. In (b), shifted far upfield to—15.5 and—31 ppm at 298 K. In the
the pyrroline proton peak is irradiated (at 132 ppm). low-spin [(OEP)FetBuNC),]* complex, which has the
(dk0y)*(dxy)? ground state, themeso protons also show
negative chemical shifts{37 ppm at 303 K}?

In analogy to the [(OEP)FeBUNC)]* complex, the large
st spin density at thenesopositions of the corresponding
OEC complex may be due to spin delocalization involving
macrocycle— Fe & donation from theS_;, 3a(7)-type
orbital of the ruffled macrocyclic ring to the singly occupied
dy, orbital of the metal centé? ¢ Indeed, a number of

and chemical shifts to those of the bis(pyridine) and
-imidazole complexes of (OEC)Me 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 anesoprotons
were made from COSY (Figure S7) and NOE difference
experiments (Figure 10). In the COSY spectrum, cross-peaks
between the two inequivalent Glgrotons and between the
CH; and the CH protons within each ethyl group were  (52) walker, F. A.; Nasri, H.; Turowska-Tyrk, I.; Mohanrao, K.; Watson,
observed. Included in the COSY spectrum are the correlations  C. T.; Shokhirev, N. V.; Debrunner, P. G.; Scheidt, W. R.Am.
of the 7,18-CH protons with each other and their methyl g5, 0" RO 0o 0 Crtital does ot have. proper
group, which are all found in the crowded diamagnetic region symmetry to interact with the.gor d,, orbitals, but because of the
at4.5, 3.3, and 2.5 ppm, respectively (Supporting Information lower symmetry of the macrocycle, theporbital of iron chlorins

. . . does have proper symmetry to interact with the atbital of low-
Figure S7). However, the peak of the pyrroline-H is so broad spin Fe(lll), as already pointed out by La Mar and co-workéfs.
that no cross-peak between the pyrroline protons and the(64) Licoccia, S.; Chatfield, M. J.; LaMar, G. N.; Smith, K. M.; Mansfield,
pyrroline-2,3-CH group is detectable in the COSY spectrum. K. E.. Anderson, R. RJ. Am. Chem. Sod989 111, 60876093,

k . g (65) Chatfield, M. J.; LaMar, G. N.; Parker, W. O.; Smith, K. M.; Leung,
The pyrroline protons were assigned from NOE difference H.-K.; Morris, I. K. J. Am. Chem. S0d.988 110, 6352-6358.
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crystal structures of metallochlorinates have shown an
increased tendency of the macrocycle to riffié than for

the corresponding metalloporphyrinates. The ADF calcula-
tions on the low-spin t[(OMC)Fe(MeNC}] complex show
that, in comparison to the bis(imidazole) complex, the d
and d, orbitals are stabilized relative to theyarbital due

to thesr-accepting ability of the isocyanide and thg arbital
thus becomes the HOMO of the complex. In the calculation
of [[OMC)Fe(MeNC)]" 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})]* show the creation of a sufficiently
strong interaction between ti$e; orbital and the ¢ orbital

Cai et al.

Table 2. Spin Densities Obtained from the Temperature-Dependent Fit
of the 'TH NMR Resonancé&® (Figure 10) on Positions of Interest in

the Ground State (1) and the First Excited State (2) of
[(OEC)Fe(-BuNC),]*

posn P1 P2
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

bound to the aromatic carbon of the macrocycle and those

that the resulting molecular orbital that represents donation one aliphatic bond removed therefréf#’ The most con-

of an electron from thé&_; orbital to the ¢, is the SOMO
and results in the calculated spin density in Figure 8C. And
while this interaction alone would indicate that both types
of meseH 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,feseH. An equilibrium between
the planar and ruffled chlorin ring also explains the sizable
chemical shifts of the pyrrole-CHprotons, which are very
small in [(OEP)FefBuUNC),]".52

The spin density distribution on the chlorin ring of [(OEC)-
Fet-BuNC)] ™ 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, TOR.

sistent fit was found to be that for which the ground state
hasS = 1/2 with a mixed (g,d,)*(dy)* and (dy)?(dx»0y,)*
electron configuration (probably an equilibrium between the
two, as discussed in the previous paragraph) and the first
excited state haS= 5/2, with calculated separation between
the ground and excited state of 467 C¢por about 2.RT at
room temperature. The calculated spin densities on positions
8,17, 12,13, and 2,3, thmesopositions and positions 1,4
(where the pyrroline saturated carbons and their methylene
protons are attached) in the ground statg énd excited
state p,), 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 foumesaopositions and smaller spin densities
at pyrrole-8,17 (and yet smaller at the other pyrrole positions,

Pseudocontact shifts were considered part of the contact shiftsyith the sign of the spin density at the 2,3-CHeing

in this fitting procedure because both have inverse temper-

ature dependence; the Curie factor used for reseH
(—496.8 ppm K1) was opposite in sign and different in
magnitude than that for CHgroups and the pyrroline-H
(+591.4 ppm K1),%83777 as should be the case for the
opposite-sign isotropic shifts expected for protons directly

(66) The 3a,(r) 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 g, orbital if the porphyrin ring is strongly rufflee?-62

(67) Stolzenberg, A. M.; Stershic, M. Tnorg. Chem.1987, 26, 1970~
1977.

(68) Andersson, L. A.; Loehr, T. M.; Stershic, M. T.; Stolzenberg, A. M.
Inorg. Chem.199Q 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. Am. Chem. So¢991
113 6891-6898.

(70) Senge, M. AQ. Photochem. Photobiol., B: Biol992 16, 3—36.

(71) Connick, P. A.; Haller, K. J.; Macor, K. Anorg. Chem.1993 32,
3256-3264.

(72) Senge, M. O.; Ruhlandt-Senge, K.; Smith, K.A1Naturforsch1995
50b, 139-146.

(73) Senge, M. O.; Ruhlandt-Senge, K.; Lee, S.-J. H.; Smith, KZM.
Naturforsch.1995 50b, 969-981.

(74) Ozawa, S.; Watanabe, Y.; MorishimaTketrahedron Lett1994 35,
4141-4144.

(75) Shokhirev, N. V.; Walker, F. AJ. Phys.Chem1995 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. Shokhirév.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. S0d.998 120, 8472-8479.
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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 Srbital (Figure

6) but is more consistent with the average ofdheA_, and
dyy-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(MeNG), obtained from the
DFT calculations, is found to be 22 cf an extremely low
frequency.

It is interesting to note that the sign and magnitude of the
spin density at thanesecarbons is predicted to be fairly
small andnegatie for the flat chlorin ring, Figure 8B, in
which the metal orbital involved isyg but quite large and
positive for the ruffled chlorin ring, Figure 8C, in which the
metal orbital involved is g, 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 thmeseC spin
densities is not in quantitative agreement with that observed
for [OECFe(t-BuNC)]* (larger negative chemical shift for
themese5,20-H and smaller negative chemical shift for the
mesel10,15 positions, indicating larger positive spin density
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at the 5,20-meso-carbons), it is likely that the calculated spin not be possible) to separate them. THespectrum (Figure

densities for both ring conformations will be sensitive to a
number of factors that might reverse the ordemu#seH
shifts.

The large positive pyrroline-H chemical shift of [OECFe-
(t-BUNC)] " (+132 ppm at 298 K, Figure 9) indicates major
importance of the flat chlorin ring conformation in producing

1) of high-spintrans-(OEC)FeCl has been reported, and the
assignments of themesgprotons have been made by selective
deuteratior?® Unlike its bis(ligand) complexes, (OEC)FeCl
does not hav€, symmetry. Thus, there should be a total of
16 different CH resonances (12 from pyrrole-Glgroups
and 4 from the pyrroline-Ckgroup) from the eight ethyl

an average of large positive spin density at the 1,4-carbons.groups, two different pyrroline protons, and four different

In comparison, the pyrroline-H chemical shift of [(TPC)Fe-
(t-BuNC)] " is —36 ppm at 298 K> As mentioned above,

from a simple point of view the pyrroline-H chemical shift
should not be negative in low-spin Fe(lll) chlorinates of

mesaoprotons. Thus, the claim of slow or no interconversion
between supposed ruffled conformationsti@ns-(OEC)-
FeCl/4as evidenced by the presence of fmaseH signals,
relied on the misconception that the 5,20 and 10nESeH

either electronic ground state because they are protonscould interconvert via ring inversion of the macrocycle when

attached to an aliphatic carbon, for which the predicted
chemical shift is positivé®3”-78Hence, a negative chemical
shift for the pyrroline-H of [(TPC)F&{BuNC),] " is indicative

of negatve spin density at thex-carbons of the pyrroline
ring of this S = 1/2 complex® and, thus, a noninnocent

in a nonplanar conformation. In contrast, the observation of
only two meseH signals for €is-3,4-dihydroxyoctaethyl-
chlorinato)iron(lll) chloride at room temperature, which split
into four resonances at low temperatuféis, indeed indica-
tive of macrocycle inversion of this nonplanar chlorin.

chlorin macrocycle. Because the bis(isocyanide) complexes  athough the types of protons of (OEC)FeCl were assigned

of mesephenyl-substituted porphyrif&s® (and undoubtedly
chlorins) are more ruffled than are those @fpyrrole-

substituted porphyri§d (and undoubtedly chlorins), it is
possible that [(TPC)FeBUNC)]* does not participate in

previously® 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

an equilibrium between ruffled and planar ring conformations (ST) techniques. To conduct the ST experiments, an NMR
as discussed with respect to the OEC analogue, and thus isample containing a mixture of (OEC)FeCl and its low-spin
has negative spin density at the 1,4-carbons, as shown INcomplex, [(OEC)Fe(4-M@Py)]Cl, was made by adding

Figure 8C.

For the excited state of [OECReBuNC),]*, there is very
large spin density at the pyrroline position (Table 2),
indicating that the A; orbital of the chlorin ring (Figures 6,

7) or thedyS-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 tt& 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 5,2@resopositions. This is consistent with
the fact that the high-spin complex should be 6-coordinate,
thus eliminating the possible involvement of delocalization
via the d2 metal orbitalt” discussed below.

A (dygdy)*(dyy)* ground state for [OECFeBUNC),] " is
strongly supported by the EPR spectrum, Figure 9f, which,
although it is rhombic (threg-values, 2.32, 2.18, 1.93
= 2.25,g, = 1.93), has very small differences between the
g-values and a smallg? = 13.86, both of which are very
similar to the EPR parameters of [[OEP)FB(UNC),]" and
[(TPP)Fe{-BuNC),] " (gn = 2.28, 2.21g, = 1.83, 1.933g?
= 13.74, 13.49, respectivel§j,and thus suggest that it also
very likely has a (ddy,)*(dy)* ground state, at least at 4.2 K
where the EPR spectrum was recorded.

High-Spin (OEC)FeCl. With two chiral carbonstrans

(OEC)FeCl has two enantiomers that are mirror images of

less axial ligand to the solution of (OEC)FeCl than necessary
to fully form the bis(ligand) complex (4-M&lPy:(OEC)-
FeCl~ 1:1). Only the'H NMR resonances of (OEC)FeCl
and [(OEC)Fe(4-MaNPy)]t 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-CHpeaks 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(lll) form of Nitrophorin 2, where
1-Melm was used as the ligand to form the low-spin complex
whose'H NMR spectrum had been assigned previously by
COSY and NOESY techniqué8 The control spectrum
(Figure S8a) shows the assignments derived for all the CH
groups and pyrroline protons from the experiments shown
in Figure S8b-o0, except for two peaks from the pyrroline-
2,3-CH protons, which are under or very close to the
envelope of resonances of the low-spin [(OEC)Fe(4-Me
NPy)]Cl. Figure 12 shows the saturation transfer experi-
ments that led to the assignments of the fowgsoprotons,

each other, Chart 1. These two enantiomers have exactly the

same NMR spectrum, and thus it is not necessary (and would

(78) Walker, F. A.lnorg. Chem 2003 42, 4526-4544.

(79) Simonneaux, G.; S€hemann, V.; Morice, C.; Carel, L.; Toupet, L.;
Winkler, H.; Trautwein, A. X.;Walker, F. AJ. Am. Chem. So200Q
122 4366-4377.

(80) Sullivan, E. P., Jr.; Grantham, J.; Thomas, C. S.; Strauss, B Atn.
Chem. Soc1991 113 5264-5270.

(81) Shokhireva, T. Kh.; Shokhirev, N. V.; Walker, F. 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.£2003 100, 3778-3783.
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Table 3. H NMR Shifts of (OEC)FeCl

(e) . chem shift, ppm av shift, ppm assgnt
Y 56.5,51.0,48.3, 42.4 49.6 12,13-gH
a0 51.5,51.0,46.1, 45.1 48.4 8,17-gH
39.3,38.4,37.9, 35.3 37.7 7,18-H
@ 26.0,19.5,15.0,10.3 17.7 2,3-GH
\ 28.8,24.7 26.8 2,3-PL
\ ( —47,—-57 —52 10,15meso
—84,—-94 —89 5,20meso
20 39, 4% 41> CH, of (OEP)FeCi
—56° —56° meseH of (OEP)FeCt
©) i aRecorded in CBCl, at 30°C. ? Recorded in CDGlat 29°C.36
I \r
1015 of cross-peaks should be and are observed (the 23-CH

resonances are not present in this spectral region).
Interestingly, in the NOESY/EXSY spectrum, only chemi-
cal exchange between the glgrotons of the high-spin

s (OEC)FeCl is observed. Chemical exchange between (OEC)-

10,15

FeCl and [(OEC)Fe(4-M&IPy),]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

@

00 0 2w 4 % % w4 % pm experiment. By irradiating the rapidly relaxing peak and
Figure 12. Saturation transfer experiment for theeseprotons of the observing the change of the slowly relaxing peak, one can
mixture of [(OEC)Fe(4-MgNPy)]Cl and (OEC)FeCl obtained at 3€ in avoid the disadvantage of the NOESY experiment, the

CO:Cl (8 i he contol speciu e olers are diference spectia. Te ecrease of the signal during theincrement and mixing.
time due to the fast relaxation rate of the fast-relaxing species.
which are consistent with the assignments in the literature Pawlik et al** have compared the isotropic shifts of high-
obtained by selective deuteration of the chlorin rifg. spin (OEP)FeCl, (OEC)FeCl, (TPP)FeCl, and (TPC)FeCl and
An interesting finding in the saturation transfer experi- studied the spin delocalization on the chlorin ring in detail,
ments is that when any resonance from one of the pyrrole- despite the fact that the pyrrole-H and pyrrole-Qp¢aks
CH, groups is irradiated, besides the chemical exchangewere not individually assigned. They found that, for (TPC)-
signal from the corresponding low-spin species, there is FeCl, two pyrrole-H resonances are at lower frequency and
another negative-phase signal observed from the high-spinone is at higher frequency than the pyrrole-H resonance for
(OEC)FeCl. This ST resonance is from the chemical the (TPP)FeCl, while for (OEC)FeCl and (OEP)FeCl the
exchange between two GhHbrotons in two different but ~ mirror image of this pattern is observed: two sets of four
symmetry-related (such as positions 12,13 or 7,18 or 8,17) pyrrole-CH resonances are at higher chemical shift and one
ethyl groups. This chemical exchange arises from the set of four is at lower chemical shift than the average pyrrole-
binding, loss, and rebinding of chloride ion on the opposite CH, resonances for (OEP)FeCl. They thus concluded that,
side of the chlorin ring in the process of exchange with the in both (TPC)FeCl and (OEC)FeCl, tlecontributions to
4-Me,NPy ligands. For example, for one of the two £€H the contact shifts of the pyrrole-H or pyrrole-gidrotons
protons at position 8, if the chloride ion leaves when 4,Me are the same for the three kinds of positions and that the
NPy binds, a different Cl can bind to the metal center on difference in the isotropic shifts arises from the differant
the opposite side when 4-M¥Py leaves, and this proton delocalization contributions to the three kinds of positions.
will thereby have its chemical environment changed to that Our assignments, summarized in Table 3, also show that two
of a CH; proton at position 17 by virtue of the enantiomeric average pyrrole-Ckresonances of (OEC)FeCl are at higher
relationship shown in Chart 1. This process only occurs in chemical shift and one average pyrrole-Jsonance is at
the mixture of (OEC)FeCl and [(OEC)Fe(4-MPy)]Cl. lower chemical shift than the average pyrrole-Cesonance
(2-Melm and HIm bind too tightly and exchange too slowly of (OEP)FeCl. However, the pattern of (OEC)FeCl is not
to produce saturation transfer signals, while pyridine and the mirror image of (TPC)FeCl; the average shift of OEC
4-CNPy do not bind tightly enough and exchange too rapidly pyrrole-7,18-CH protons is the smallest (and the shift of
to allow resolved high-spin resonances to be observed.) Asthe TPC pyrrole-7,18-H is the largest), but the average shift
a result, chemical exchange signals were observed betweemf OEC pyrrole-8,17-Chlis smaller than that of pyrrole-
two symmetry-related Cygroups. This chemical exchange 12,13-CH, while the shift of pyrrole-8,17-H is also smaller
was also observed in the NOESY/EXSY spectrum (Figure than the shift of pyrrole-12,13-H in (TPC)Fe&l.Two
S9) of the mixture of (OEC)FeCl and [(OEC)Fe(4-M@y),]- possible factors may contribute to this difference in behavior
Cl. Since there are a total of 10 pyrrole-g€peaks in the of the two chlorins: (i) Each CHgroup has a different
paramagnetically shifted region from 36 to 56 ppm, 5 pairs angle (the angle between the-C—H plane and the paxis
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of the chlorin ring), leading to the fact that the contact CH, and -7,18-CH protons show much smaller chemical
shift of a pyrrole-CH group is not directly proportional to  shifts. This order is consistent with the results from the
the spin density on the pyrrole position to which it is corresponding (TPC)Mecomplexe® and the spin densities
attached® (ii) The different dipolar shifts of the lower obtained from molecular orbital calculations.

symmetry chlorin ring may also play a role in determining o [(OEC)Fet-BuNC)]*, the chemical shift pattern of

the chemical shifts of pyrrole-Ciprotons. the pyrrole-CH protons looks somewhat like the pattern for
As in (OEP)FeCl, the contact shifts of tineesoprotons [(OEC)Fe(4-MeNPy)]* or [(OEC)Fe(Iméls),]*,2” while the
of (OEC)FeCl have contributions from bothandz spin  ¢chemical shifts of themesoprotons are similar to those

delocalizatior?. The mese5,20 protons have larger negative of [(OEP)Fe{-BuNC),]*.62 The chlorin ring of [(OEC)-
isotropic shifts and, hence, largeispin densities (assuming Fet-BUNC),]* appears to be in rapid equilibrium between

the contributions from the dipolar shift ands'p.in distribution planar and ruffled conformations. [(OEC)E&UNC),]* has
are the same for the two km_ds m‘esoposmo_ns) th_an the e (deh)*(chy)* ground state at 4.2 K but appears to have
mesel0,15 protons, suggesting that theorbital (Figures a mixed (6,)*(chy)* and (c)?(ches0)? electron configura-
* 1 ]
6 and 7, one of the analogues of the(r) orbitals of the tion over the temperature range of the NMR studies, with a

porphyrin) is not involved in thigr spin delocalization, as hi . _ . .
. igh-spin & = 5/2) excited state lying at somewhat more
was earlier thought to be the case for (OEP)FeCl and (TPP)'thgn Z?T a? room 2temperature ab)(;veg the averaged orbital

36,37,84 i i i
FeCl. Rather, the pattern of spin delocalization to the ground state. The pattern of spin delocalization at ambient

mesopositions is most consistent with that expected for the
filled orbital S_;, Figures 6 and 7. It has been shown recently temperatures appears to be the average of that expected for
' the a-symmetry SOMO of a flat chlorin ring (Figure 8B)

that, for a five-coordinate metallomacrocyclic complex in hal .
which the metal is markedly out of the p%ane of tr?e four and theb-symmetry SOMO of a ruffled chlorin ring (Figure
8C) that are in rapid equilibrium.

nitrogens of the macrocycle, an unpaired electron in the d ) ] .
orbital of the metal can interact with the,-type 7 orbital Proton resonance assignments for the high-spin (OEC)-
of the macrocycle to cause largespin delocalization to FeCl have been made by saturation transfer techniques that
themesecarbond’ and that this is the major contribution to  depend on chemical exchange between the HS chloride and

the large negative chemical shifts of theeseH of chlor- LS bis-4-MeNPy complexes. The contact shifts of the
oiron(lll) OEP and other porphyrirt,as well as the OEC ~ pyrrole-Ch protons depend on both and spin delocal-
of this study. ization. The contact shifts of themesoprotons of (OEC)-
FeCl also have two contributions, one franfpositive shift)
Conclusions and one fromz (negative shift) spin delocalization. The

Complexes [(OEC)Fe(k)* (L = Im-ds2’ 4-Me,NPy) are meseb,20 protons have a larger negative chemical shift than
low-spin Fe(lll) species. The EPR spectra at 4.2 K suggest the mesel0,15 protons, suggesting that the antibonding A
that, with a decrease of the donor strength of the axial Orbital (Figure 6) is not involved in the spin delocalization.
ligands, the complexes change their ground state frgjt{d ~ Rather, the pattern of spin delocalization to theeso
(0ktly)® to (ddy)*(dxy)t. The NMR data from 303 to 183 K positions is most consistent with that expected for a
show that the chemical shifts of pyrrole-8,17 protons increase combination of the filledS-, andA- orbitals (Figures 6 and
with a decrease in the donor strength of the axial ligands 7). By analogy, the orbital involved in the negative shift of
(Py, 4-CNPy). This difference probably comes from the themeseH of (OEP)FeCl is thay, (), which can interact
presence of partial high- or intermediate-spin species in thewith the dz orbital of the metal in these 5-coordinate high-
solution when the axial ligands are not sufficiently strong spin chloroiron(lll) complexe$’
donors, and a contributing factor is the increasing macrocycle

character of the SOMO as the metal orbitals become more Acknowledgment. The National Institutes of Health,
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