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ABSTRACT: Metallocorroles wherein the metal ion is MnIII and 

formally FeIV are studied here using field- and frequency-domain 

electron paramagnetic resonance techniques. The MnIII corrole, 

Mn(tpfc) (tpfc = 5,10,15-tris(pentafluorophenyl)corrole trianion), 

exhibits the following S = 2 zero-field splitting (zfs) parameters: D = 

−2.67(1) cm−1, |E| = 0.023(5) cm−1. This result and those for other 

MnIII tetrapyrroles indicate that when D ≈− 2.5 ± 0.5 cm−1 for 4- or 

5coordinate and D ≈− 3.5 ± 0.5 cm−1 for 6-coordinate complexes, the 

ground state description is [MnIII(Cor3−)]0 or [MnIII(P2−)]+ (Cor = 

corrole, P = porphyrin). The situation for formally FeIV corroles is 

more complicated, and it has been shown that for Fe(Cor)X, when X 

= Ph (phenyl), the ground state is a spin triplet best described by 

[FeIV(Cor3−)]+, but when X = halide, the ground state corresponds to [FeIII(Cor•2−)]+, wherein an intermediate spin (S = 3/2) 

FeIII is antiferromagnetically coupled to a corrole radical dianion (S = 1/2) to also give an S = 1 ground state. These two 

valence isomers can be distinguished by their zfs parameters, as determined here for Fe(tpc)X, X = Ph, Cl (tpc = 

5,10,15triphenylcorrole trianion). The complex with axial phenyl gives D = 21.1(2) cm−1, while that with axial chloride 

gives D = 14.6(1) cm−1. The D value for Fe(tpc)Ph is in rough agreement with the range of values reported for other FeIV 

complexes. In contrast, the D value for Fe(tpc)Cl is inconsistent with an FeIV description and represents a different type of 

iron center. Computational studies corroborate the zfs for the two types of iron corrole complexes. Thus, the zfs of 

metallocorroles can be diagnostic as to the electronic structure of a formally high oxidation state metallocorrole, and by 

extension to metalloporphyrins, 

although such studies have yet to be performed. 
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■ INTRODUCTION 

Among the many types of tetrapyrrole ligands, corroles are 

of particular interest because of their ability to engender 

formally high-oxidation-state transition metal complexes.1−8 

The key qualifier in the foregoing sentence is “formally”, as 

corroles are also paradigms for the phenomenon of “ligand 

noninnocence”.9 Among the vast number of corrole 

derivatives, iron 

 © 2020 American Chemical Society 

corroles are of particular interest as models for high-

oxidation state intermediates of heme and nonheme iron 

proteins. An important question regarding all these species 

concerns the location of the oxidizing equivalent(s) beyond 

the “standard” 
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FeIII oxidation state: is it (or, are they) localized on the iron 

or partly or fully delocalized to the porphyrin, corrole, or 

other ligand?8,10 For example, cytochrome P450 Compound 

I is best described as FeIV with a delocalized porphyrin-thiyl 

radical rather than as FeV.11 Similar “noninnocent” 

descriptions apply to other Compounds I in heme oxidases 

such as horseradish peroxidase (HRP)12 and 

chloroperoxidase (CPO)13 and in various model compounds 

for these enzymes.14−16 For Fe corrole complexes Fe(Cor)X 

(Cor = generic corrole macrocycle; X = monoanionic ligand 

such as halide), the electronic structure varies from S = 1 FeIV 

with a corrole(3−) ligand to intermediate-spin S = 3/2 FeIII 

antiferromagnetically coupled to a corrole(•2−) radical 

ligand to generate a net spin triplet (S = 1).17−22 These 

electronic-structural variations lead to distinct experimental 

signatures, vis-a-vis 1H NMR, optical, and X-ray absorption 

spectroscopies, subtle bond length alternations in the corrole 

macrocycle, and electrochemistry.10 For S > 1/2 complexes 

such as these, another important electronicstructural probe is 

provided by their zero-field splitting (zfs),23,24 usually given 

by the axial parameter D and the rhombic parameter, E. These 

parameters can be definitively extracted by electron 

paramagnetic resonance (EPR) spectroscopy in both the field 

domain (using high frequencies and fields, HFEPR),25−27 and 

in the frequency domain (FD-FT THz-EPR),28,29 as well as 

by other techniques.30 We describe here the use of both of 

these paramagnetic resonance techniques to extract the 

complete spin Hamiltonian parameters of two 5-coordinate 

formally FeIV corrole complexes, which have spin triplet 

ground states: Fe(tpc)Ph and Fe(tpc)Cl (tpc = 5,10,15-

triphenylcorrole trianion; Ph = phenyl).31 The structures of 

these compounds are shown in Scheme 1 (left). The 

structures of other relevant tetrapyrrole complexes are 

shown in Scheme S1 and of other macrocyclic complexes of 

background interest are shown in Scheme S2 (both in the 

Supporting Information). 

For comparison, we also present HFEPR results on a MnIII 

corrole, Mn(tpfc) (tpfc = 5,10,15-

tris(pentafluorophenyl)corrole trianion; Scheme 1, 

right).6,32,33 As described above for iron, corrole complexes 

of manganese are also of inherent interest,34 especially in 

higher formal oxidation states such as MnIV (3d3)35 and MnV 

(3d2).6,33,36 Indeed, in formally MnIV corroles, 

electrochemistry and optical spectroscopy,18,19 and later 

XANES and computational studies,35 demonstrated that 

these are best described as [MnIII(Cor•2−)]+. However, in the 

Mn 3d4 situation, unlike with either the same element as in 

MnIV or the same formal d electron count as in FeIV, there is 

no ambiguity in the description of MnIII corrole complexes in 

terms of their ground state (i.e., that which one obtains at low 

temperature, T < 10 K ≈ 7 cm−1). At low temperature,37 

trivalent manganese corroles are best described as a metal 

trication with a corrole trianionic macrocyclic ligand, thus 

MnIII in its high-spin (S = 2) ground state. Accordingly, the 

Mn(tpfc) zfs results act as a “control” for comparison with 

the zfs determined for the two different formally FeIV corrole 

complexes. The zfs of Mn(tpfc) is also of interest in its own 

right as a large number of porphyrin (i.e., formally dianionic) 

complexes of MnIII have been investigated by HFEPR,25,38−42 

even in a protein environment,43 as well as by other 

techniques,44−46 but such studies on corroles are relatively 

few.47,48 Moreover, of the two lone prior investigations of 

MnIII corroles by HFEPR, that by Licoccia and coworkers 

involved a differently substituted corrole macrocycle (dehmc 

= 8,12diethyl-2,3,7,13,17,18-hexamethylcorrole),48 and the 

Scheme 1. Chemical Structure Diagrams of the Three Complexes Studied Spectroscopically Here: Fe(tpc)Cl, Fe(tpc)Ph 
(Left), and Mn(tpfc) (Right) 

 

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
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study by Bendix et al., although on a tpfc complex,47 

comprised a Mn(III) center bearing an axial 

triphenylphosphine oxide ligand, i.e., Mn(tpfc)(OPPh3), and 

thus exhibited approximate square pyramidal geometry 

rather than square planar. Furthermore, Licoccia and 

coworkers investigated the HFEPR of their corrole complex 

in a highly concentrated (∼0.2 M) frozen solution of 

pyridine,48 where axial coordination by solvent to give 

monopyridine or perhaps even bis-pyridine adducts is likely. 

The present study is thus the first to investigate by HFEPR 

an unequivocally square planar MnIII corrole complex in 

dilute (∼1 mM) frozen solution of a noncoordinating solvent, 

benzene. 

The electronic structures of the three formally d4 

complexes shown in Scheme 1 are quite different, as 

reflected in the magnitude of their zfs. This difference is a 

consequence of the metallocorrole unit in Fe(tpc)Ph being 

best described as [FeIV(tpc3−)]+, while Fe(tpc)Cl is more 

accurately given as [FeIII(tpc•2−)]+.10 This difference is 

depicted qualitatively in Scheme 2, which is also applicable 

to Mn corroles with 

[MnIII(tpfc3−)]0 being the operative description. 

These results will also be related to studies on Fe corroles 

that address the question of valence description using other 

experimental techniques (e.g., optical and X-ray absorption 

spectroscopies)10 and applied-field Mössbauer 

spectroscopy.20,21 Structural aspects of metallocorroles have 

been summarized in detail by Thomas et al.,3 but we note that 

no X-ray crystallographic structures have been reported for 

Fe(tpc)X (X = Cl, Ph) but have been reported for two close 

analogues, namely Fe(tmc)Cl (tmc = 5,10,15-

trimesitylcorrole trianion; CSD code: ATIXEH),49 and 

Fe(tpfc)Cl (CSD code: MELBOU),50 and one analogue of 

Fe(tpc)Ph, namely 

Fe(ttc)Ph (ttc = 5,10,15-tris(4-methylphenyl)lcorrole 

trianion (= tritolylcorrole); CSD code POGWEP).51 The 

structures of Scheme 2. Qualitative MO Scheme Showing 

the Difference between [FeIV(Cor3−)]+, Comprised of a 

Tetragonal FeIV with S = 1 (Left) and [FeIII(Cor2−•)]+, 

Comprised of an Intermediate Spin FeIII (S = 3/2) 

Antiferromagnetically 

Coupled to a Corrole Dianion Radical to Give a Total Spin 

S = 1a 

 

aThis scheme is also applicable to manganese: [MnIII(Cor3−)]0 (left) 

and [MnII(Cor2−•)]0 (right). 

 

two relevant metallocorroles with alkyl substituents on the 

pyrroles have also been determined: Fe(oec)Cl (oec = 

2,3,7,8,12,13,17,18-octaethylcorrole trianion ; CSD code: 

SUMWUS) and Fe(oec)Ph (CSD code SUMXED).52 

 EXPERIMENTAL SECTION 
Synthesis. The complexes Mn(tpfc),6 Fe(tpc)Cl,53 and 

Fe(tpc)Ph10 were prepared as previously described. 

Mössbauer. Mo ̈ssbauer spectra were recorded in zero-applied 

field for neat powder samples of Fe(tpc)Cl (50 mg) and Fe(tpc)Ph 

(30 mg) at room temperature and at 130 K. These spectra were 

obtained using a spectrometer operated in constant acceleration 

mode equipped with a liquid nitrogen-cooled cryostat. The isomer 

shifts are reported with respect to the center of a spectrum recorded 

for an α-Fe metal foil at room temperature. Reported spectral 

parameters were derived from simulations obtained using the 

WMOSS software (See Co. formerly Web Research Co., Medina, 

MN). 

HFEPR. HFEPR experiments were performed using the 

previously described spectrometer,54 which was modified with a 

Virginia Diodes (Charlottesville, VA) source operating at either 13 

± 1 or 15.5 ± 3 GHz and generating frequencies between 48 and 648 

GHz by a cascade of multipliers. The sample was either a solution 

in benzene in the case of Mn(tpfc) (∼1 mM) or a pure 

microcrystalline solid pressed into a pellet to avoid field-torquing 

effects in case of the Fe(IV) corroles. Benzene, unlike toluene, is 

not a traditionally desirable EPR solvent, as it is not glassing. 

However, we found that in HFEPR, in contrast to conventional 

EPR, high quality glasses are not necessary. The high melting point 

of benzene helped ensure rapid freezing of the solution and 

eliminate the possibility of any solute precipitation. The medium 

stabilizing the pellet was n-eicosane. 

HFEPR spectra were simulated using the program SPIN (by A. 

Ozarowski), which employs a standard spin Hamiltonian for S > 1/2 

systems:55 

 H =βeBgS D Ŝ+ ( ẑ2 − 1
3S S( + +1)) E S( x̂2 − Sŷ

2) (1) 

FD-FT THz-EPR. Frequency domain Fourier transform THz-EPR 

(FD-FT THz-EPR) measurements on pressed pellets Fe(tpc)Cl (28 

mg, with 41 mg polyethylene (PE) powder) and Fe(tpc)Ph (27 mg, 

with 67 mg PE powder) were performed at selected temperatures 

and external magnetic fields using the low-α radiation from the 

BESSY II synchrotron in combination with a pumped He cooled Si 

bolometer detector as described elsewhere.28,29 A 50 μm Mylar 

beamsplitter was used. This configuration is most sensitive in the 

energy range from 7 to 30 cm−1. Experimental resolution was at 

least 0.5 cm−1. 

Absolute EPR-induced THz transmission changes as the ratio of 

the sample spectrum to a reference. The latter can be either the 

empty-cryostat spectrum or a spectrum taken on the same sample, 

albeit at a different temperature or external magnetic field. By 

dividing spectra taken at low temperature by spectra taken at 

elevated temperature, changes in the population of the spin energy 

levels may be recorded as EPR induced transmission changes (FD-

FT THz-EPR absorption spectrum). This method can be used even 

without external magnetic field. However, many nonmagnetic 

absorption processes also depend on temperature and are 

sometimes difficult to distinguish from spin (EPR) transitions. 
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Alternatively, reference spectra may be obtained by taking raw 

spectra at different magnetic fields. Since the application of an 

external magnetic field shifts only the EPR resonance, the division 

of raw spectra taken at different external magnetic fields results in 

negative and positive parts in the spectrum. These spectra are 

referred to as magnetic field division spectra (MDS).28,29 

Computational Studies. The electronic structures of iron corroles 

were investigated via quantum chemical theory calculations 

performed using the ORCA 456 and Gaussian 09 software 

packages.57 While the investigation of Fe(tpfc)Cl, Fe(tmc)Cl, and 

Fe(ttc)Ph (see Schemes 1 and S1) used unabridged structural 

models derived from the experimental crystal structures, that of 

Fe(tpc)Cl and Fe(tpc)Ph employed geometry-optimized structures. 

These geometry optimizations were performed using Gaussian 09 

on both unabridged and simplified structural models. The latter 

structures were obtained by replacing the phenyl substituents that 

decorate the corrole macrocycles with hydrogen atoms (i.e., to give 

what we refer to as Cor). Density functional theory (DFT) 

calculations were performed using the B3LYP, BP86, and TPSSh 

functionals in conjunction with the 6311G basis set.58−60 Theoretical 

estimates of the zfs and g matrices were obtained using the coupled-

perturbed (CP) DFT formalism and the complete active space 

(CAS) self-consistent field (SCF) methods as implemented in 

ORCA 4.2.61−65 The ground state character of the DFT solutions was 

confirmed using time-dependent (TD) DFT calculations for which 

all one-electron excitations were found to be positive. The nature of 

the predicted electronic configuration, whether it corresponds to a 

genuine iron(IV) or to an iron(III) coordinated by a noninnocent 

corrole, was established by inspecting the predicted expectation 

values of the Ŝ2 operator, the atomic Mulliken charges, and the 

Mulliken spin populations. The geometry optimizations, CASSCF, 

TD, and SCF calculations were terminated upon reaching the 

default convergence criteria. The CASSCF calculations used 

simplified structural models obtained from TPSSh/6-311G 

geometry optimizations. These calculations employed the def2-

TZVPP basis set66,67 and def2/JK auxiliary basis sets in conjunction 

with the resolution of identity approximation (RI-JK).68 The quasi-

restricted orbitals spanning active space of the initial guess for the 

CASSCF(4,5) calculations were obtained from single-point DFT 

(BP and TPPSh) calculations. These orbitals included the canonical 

3d orbitals of the iron sites, that is, the nonbonding {xy, xz, yz} and 

the σ*, {x2− y2, z2}-like molecular orbitals.69 The converged 

CASSCF(4,5) results were used as initial guesses for CASSCF(6,6) 

calculations for which the active space was expanded to include the 

b1, HOMO-like of the free corrole. In our case, this ligand-based 

orbital mixes with the iron 3dz2 orbital, yielding a π-like MO 

straddling the pz atomic orbitals of tetrapyrrole nitrogen and meso 

carbon atoms. The active space of the CASSCF(8,7) calculations 

was derived from that of CASSCF(6,6), which was augmented to 

include the σ-bonding, dx2−y2-like orbital. Finally, to evaluate the 

contributions of excited states to the zfs tensors, we performed 

CASSCF calculations that included: ten triplet states, 3(10); ten 

triplets and five quintets, 3(10) 5(5); ten triplets and ten singlets, 

3(10) 1(10); and ten triplets, ten singlets, and five quintets, 3(10) 

1(10) 5(10). 

■ RESULTS AND DISCUSSION 

The results for Mn(tpfc) are relatively straightforward and 

required only field-domain (HFEPR) techniques and are thus 

discussed first. 

Mn(tpfc). Mn(tpfc) in benzene solution produced 

excellent-quality HFEPR spectra at any frequency, 

corresponding to those expected from a high-spin (S = 2) 

MnIII complex. Manganese(III) thus lived up to its reputation, 

described as “the deliciae of HFEPR spectroscopists” by the 

late P. L. W. 

Tregenna-Piggott.70 Figure 1 shows one such spectrum, 

recorded at 326 GHz and accompanied by its simulations, 

 

Figure 1. An EPR spectrum of Mn(tpfc) in benzene solution at 30 

K and 326.4 GHz (black trace) accompanied by simulations 

(colored traces) using spin Hamiltonian parameters as in Table 3. 

Red trace: simulation using a positive D value; blue trace: negative 

D, which better reproduces the experimental spectrum. (The 

simulations were normalized to the amplitude of the experimental 

∼9.7 T turning point.) The doubling of the perpendicular turning 

point at ∼8 T in both experiment and simulations is indicative of a 

symmetry lower than 4-fold. 

 

one using a positive, and the other a negative D value. By 

comparing the intensity of particular turning points between 

experiment and simulations, it becomes obvious that the sign 

of D in Mn(tpfc) is negative, the significance of which is 

discussed below. The doubling of the perpendicular turning 

point at ∼8 T is an effect of lowering the symmetry of the zfs 

tensor from 4-fold as in standard porphyrin to 2-fold in a 

corrole. Two other spectra recorded at different frequencies 

and their simulations are shown in the Supporting 

Information. Despite the high quality of the frozen solution 

spectra, no 55Mn (I = 5/2, 100%) hyperfine coupling was 

observed, which is likely a consequence of the spectral line 

widths originating from field-dependent effects such as D-

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
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strain.71 Hyperfine coupling from 55MnIII has been seen in 

HFEPR only in doped single crystals70 where the line widths 

are very narrow. 

Figure 2 depicts the 2D field versus frequency plot of the 

resonances observed for Mn(tpfc). Most, although not all, of 

the expected transitions were observed so that a tight fit to 

the spectral data could be obtained. In principle, spectra 

could have been recorded at relatively low frequencies (<200 

GHz), but there was no reason to do this, given instrument 

time limitations and the successful determination of the spin 

Hamiltonian parameters from the higher frequency spectra. 

Moreover, Mn(tpfc) does give EPR spectra at X-band using 

parallel mode detection: a signal recorded at 5 K yielded gobs 

= 7.98 with resolved hyperfine splitting (A(55Mn) ≈ 3 mT).36 

Similar X-band parallel mode EPR spectra have been 

reported for other S = 2 MnIII complexes.72−75 

Fe(tpc)X, X = Cl, Ph. In addition to our main focus, namely, 

field- and frequency-dependent magnetic resonance studies, 

discussed below, we also recorded zero-field 

 

Figure 2. A 2D field vs frequency (or energy) map of turning points 

in the HFEPR spectra of Mn(tpfc) in benzene solution. The squares 

are experimental points, while the curves were simulated using spin 

Hamiltonian parameters as in Table 3. Red curves: turning points 

with magnetic field oriented parallel to the x-axis of the zfs tensor, 

blue: B0 || y; black: B0 || z; green: major off-axis turning points. 

The vertical dashed lines represent the frequencies at which spectra 

shown in Figures S2, S1, and S3 (Supporting Information), 

respectively, were recorded. 

 

Mo ̈ssbauer spectra of the two Fe complexes. Mo ̈ssbauer 

spectroscopy has been widely applied to corrole complexes 

of Fe, as it has been to Fe complexes of every possible type. 

Specifically, zero-field Mo ̈ssbauer spectra have been 

recorded for Fe(dmhec)X,20,53 Fe(oec)X52 (X = Cl, Ph), 

Fe(tpc)Cl,53 and Fe(tpfc)Cl,21,76 but to our knowledge, not for 

Fe(tpc)Ph prior to this study. In addition to providing 

information on isomer shift (δ) and quadrupole splitting 

(ΔEQ) for comparison with literature data, the Mo ̈ssbauer 

studies here demonstrate the homogeneity and authenticity 

of the complexes studied. 

The zero-field Mo ̈ssbauer spectra recorded for Fe(tpc)Cl 

and Fe(tpc)Ph consist of well-defined quadrupole doublets, 

see Figure S1 (Supporting Information). The parameters 

describing the spectra recorded at 130 K and at room 

temperature along with those of previous work are given in 

Table 1. Interestingly, the observed resonances are relatively 

narrow with line widths Γ∼ 0.25 mm/s vs Γ = 0.27−0.35 mm/s 

for most species, clearly indicating that not only are the two 

samples investigated analytically pure, but also that these 

compounds are structurally homogeneous and essentially 

free of heterogeneous distortions. 

The substituents decorating the corrole macrocycle have 

relatively little effect on the zero-field Mo ̈ssbauer 

parameters, suggesting that comparisons between tpc and 

tpfc complexes are valid. In contrast, altering the apical 

ligand leads to more substantial changes. For [Fe(tpc)X], 

replacing a chloride with phenyl leads to not only a larger 

quadrupole splitting but also to a leftward shift of the entire 

spectrum (Figure S1). The latter observation demonstrates a 

lower isomer shift (Δδ ∼ −0.28 mm/s), consistent with an 

increase in oxidation state of the iron site. Although the 

isomer shift of Fe(tpc)Cl falls between those observed for 

FeIII (particularly with interTable 1. Zero-Field Mo ̈ssbauer 

Parameters of S = 1, (Formally) FeIV Corrole and Porphyrin 

Complexes 

complex δ (mm s−1)a 

ΔEQ (mm 

s−1)a 

reference 

and 

notes 

Fe(tpc)Cl +0.098(2)b 2.889(3) RT, this work 

 +0.170(1) 2.920(2) 130 K, this work 

 +0.19 2.93 77 K53 

Fe(dmhec)Cl +0.21 3.02 4.2 K20 

Fe(oec)Cl +0.21 2.89 4.2 K20 

 +0.19 2.99 77 K52 

Fe(tpfc)Cl 0.18 +2.93 80 K21 

Fe(tpc)Ph −0.18(1) 3.587(9) RT, this work 

 −0.118(7) 3.641(4) 130 K, this work 

Fe(dmhec)Ph −0.10 3.74 4.2 K20 

Fe(oec)Ph −0.10 3.78 4.2 K20 

 −0.11 3.72 77 K52 

[Fe(oetpp)Ph]SbCl6 0.13 3.21 4.2 K77 

[FeO(tdcpp)] 
CF3SO3c 

0.06 1.48 4.2 K16 

Fe(tpfc)Br 0.17 3.12 80 K21 
aSigns of δ and ΔEQ are given where they have been specifically 

determined/reported. The parameters were determined at either 

zero field or a small applied field (typically, 20 mT). bThe error bars 

were estimated from the combined visual inspection of individual 

simulations and constrained least-squares fitting of the respective 

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
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spectra. cThis species represented 24% of the signal; the major 

species was an oxidized, Compound I analogue, [FeIVO(Por•−)]+. 

 

mediate spin, S = 3/2) and FeIV ions,21 that of Fe(tpc)Ph is 

clearly typical of FeIV ions. Consequently, the metal site of 

Fe(tpc)Ph has a stronger +4 character than that of Fe(tpc)Cl 

for which the iron ion is considered to have an 

intermediatespin FeIII configuration, as discussed in more 

detail below. 

Fe(tpc)Cl showed strong HFEPR signals above ∼300 GHz 

with a near zero-field resonance observed at 4.5 K and 432 

GHz (14.4 cm−1, Figure S4). A spectrum recorded at a higher 

frequency (624 GHz) is shown in Figure 3 (top) and 

demonstrates the positive sign of D. A 2-D map of HFEPR 

resonances (field vs frequency/energy) was compiled and is 

shown in Figure 4 (top). Subsequently, spin Hamiltonian 

parameters were best-fit to that map, with the results shown 

in Table 3. From that map, it became obvious that the near 

zerofield resonance observed at 432 GHz (Figure S4) 

represents the D − E transition in the triplet state manifold. 

The D + E resonance should appear at ∼444 GHz, but there 

was no subTHz source at our disposal to cover that 

frequency. Instead, the doubling of the perpendicular turning 

point observed at 624 GHz (Figure 3, top) indicates a finite 

value of E with the zfs rhombicity factor E/D of about 0.01. 

FD-FT THz-EPR spectra of Fe(tpc)Cl are shown in Figure 

5 (left), with the absorbance (A) measured in zero field shown 

Iref in the 

bottom panel. It is obtained as A= log10 I0 with Iref being a 

spectrum measured at 30 K and I0 the spectrum measured at 

5 K. The spectrum shows a single absorption line at 14.5 

cm−1, which is assigned to the EPR transition between the 

ground state |S, ms⟩ = |1, 0⟩ and excited state |1, ±1⟩. The 

width of the band gives an estimate as to the rhombic zfs, as 

two distinct (D + E and D − E) transitions are not observed. 

With the application of an external field, the Zeeman effect 

 

Figure 3. (Top) HFEPR spectrum (black trace) of Fe(tpc)Cl recorded at 4.5 K and 624 GHz accompanied by its simulations (colored traces) 

using |D| = 14.61 cm−1, |E| = 0.215 cm−1, and g = [2.03, 2.03, 1.95]. Red trace uses D > 0, which reproduces the experiment better than D < 

0 (blue trace). (Bottom) HFEPR spectrum of Fe(tpc)Ph recorded at 4.5 K and 514 GHz (black trace) and its simulation (red trace) using |D| 

= 21.0 cm−1, E = 1.44 cm−1, and gz = 1.984. The sharp resonance at 8.94 T originates from solid molecular oxygen78 and is a very convenient 

field marker. 

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
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Figure 4. (Top) Map of field vs frequency/energy dependence of the EPR turning points in Fe(tpc)Cl at 4.5 K. The squares are experimental 

points, while the curves were simulated using best-fit spin Hamiltonian parameters: |D| = 14.63 cm−1, E = 0.159 cm−1, (E/D = 0.011), and g 

= [2.01, 2.04, 1.99]. Red curves: turning points with magnetic field oriented parallel to the x-axis of the zfs tensor, blue: B0 || y; black: B0 || 

z. (Bottom) Similar map for Fe(tpc)Ph with simulations using |D| = 20.9 cm−1, E = 1.44 cm−1, and g = [2.00, 2.00, 1.984]. The vertical dashed 

lines represent the frequencies at which the spectra shown respectively in Figure 3 (top) and Figure 3 (bottom) were recorded. 

 

Figure 5. Top panels: FD-FT THz-EPR MDS spectra of Fe(tpc)Cl measured at 5 K (left) and Fe(tpc)Ph measured at 2.5 K (right). Magnetic 

fields are indicated on the y-axis. Blue lines depict calculated EPR transition energies with respect to the corresponding ground state for B0 

|| z-axis (solid line) and B0 ⊥ z-axis (dashed line). Bottom panels: FD-FT THz-EPR absorbance spectra of Fe(tpc)Cl (left) and Fe(tpc)Ph 

(right) both measured at zero magnetic field. Dashed red lines correspond to simulations with EasySpin79,80 using S = 1, D = 14.5 cm−1, E = 

0.2 cm−1, and g = [2.03, 2.03, 1.95] for Fe(tpc)Cl (left) and S = 1, D = 21.3 cm−1, E = 1.0 cm−1, and g = [2.125, 2.0, 2.0] for Fe(tpc)Ph (right), 

respectively. 
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causes the transition to split and move with increasing field. 

This behavior is modeled using the following parameter sets: 

D 

= 14.5 cm−1, E = 0.2 cm−1, and g = [2.03, 2.03, 1.95]. 

The field dependent behavior of the magnetic resonance 

signals is more easily seen using an energy level diagram, as 

shown in Figure 6. The lines were calculated using the same 

set of spin Hamiltonian parameters as in Figure 5. 

The exact same sample of Fe(tpc)Ph used for FD-FT 

THzEPR was subsequently used for HFEPR. The HFEPR 

response was about an order of magnitude weaker than that 

of Fe(tpc) Cl measured under identical conditions including 

the same 

 

Figure 6. (Top) Calculated magnetic field dependence of the spin state energies of Fe(tpc)Cl for B0 || z-axis (solid black line) and B0 ⊥ z-axis 

(overlaid dashed red (B0 || x) and blue (B0 || y) lines) with S = 1, D = 14.53 cm−1, E = 0.2 cm−1, and g = [2.03, 2.03, 1.95]. (Bottom) Similar 

plot for Fe(tpc)Ph with S = 1, D = 21.2 cm−1, E = 1.4 cm−1, and g = [2.125, 2.00, 2.00]. In this case, the rhombic zfs is sufficient that the lines 

corresponding to B0 || x (red) and B0 || y (blue) can be distinguished for the higher energy spin manifold, but not in the lower one, in which 

case overlaid dashed lines are used. 

 

Table 2. Spin Hamiltonian Parameters for S = 2 MnIII Corrole and Porphyrin Complexes 

complex  D (cm−1)a |E| (cm−1), |E/D| gb references and notes 

Mn(tpfc) −2.67(1) 0.023(5), 0.009 1.992(3), 2.006(3), 2.002(6) HFEPR, benzene frozen solution, this work 

Mn(dehmc)c −2.64(1) 0.015(5), 0.0057 2.02(1), 2.00(1) HFEPR, immobilized powder48 

Mn(dehmc)(py) −2.78(1) 0.030(5), 0.011 2.00(2), 2.00(2) HFEPR, Mn(dehmc) in pyridine frozen solution48 

Mn(tpfc)(OPPh3) −2.69(2) 0.030(3), 0.011 1.994(4), 1.980(4) HFEPR, powdered solid47 

Mn(tpp)Cld −2.290(5) 0.00(1), 0 2.005(3), 1.98(2) HFEPR, immobilized powder83 

Mn(oep)Cle −2.40(1) 0.02(1), 0 2.00(1) HFEPR, in toluene/dichloro-methane (2:3) frozen solution38 

Mn(oep)Bre −1.07(1) 0.00(3), 0 2.01(1), 1.98(1) HFEPR, powdered solid38 

Mn(tpp)(Me2pyNO)2
f −3.817(4) 0.160(4), 0.042 2.013(5), 2.001(4), 1.994(4) HFEPR, immobilized powder41 

Mn(Nctpp)(py)2
g −3.084(3) 0.608(3), 0.197 2.000(2), 2.000(3), 2.006(4) HFEPR, powdered solid96 

Mn(tsp)h −3.16(2) 0.00(1), 0 2.00(2) HFEPR, frozen aqueous solution40 

MnMbi −3.79(3) 0.08(1), 0.02 2.0 HFEPR, frozen aqueous solution43 



 

 1083 DOI: 10.1021/acs.inorgchem.9b02635 
Inorg. Chem. 2020, 59, 1075−1090 

Inorganic Chemistry Article 

aThe error bars for all spin Hamiltonian parameters obtained by HFEPR in this work (row 1) are standard deviations in the least-squares 
fi

ts 

to the 2D field/frequency maps such as the one shown in Figure 2. bIn the case where all three g matrix components were determined, these 

are given in order gx, gy, gz (or gmin, gmid, gmax); if two values are quoted, they are shown as g⊥ and g||, and if only one value is given, then only 

an isotropic g value was determined. cdehmc is 8,12-diethyl-2,3,7,13,17,18-hexamethylcorrole trianion. dtpp is 5,10,15,20-

tetraphenylporphyrin dianion. eoep is 2,3,7,8,12,13,17,18-octaethylporphryin dianion. The |E| value reported for Mn(oep)Cl in frozen 

solution is an upper limit based on line widths.38 f 

Me2pyNO is 3,5-dimethylpyridine N-oxide, which is bisaxially coordinated. The HFEPR spectral simulations also yielded a fourth order zfs 

term, B4
4 = 20(5) × 10−4 cm−1.41 gNctpp is 5,10,15,20-tetraphenyl-N-confused porphyrin trianion (i.e., a pyrrole has been inverted so that it is 

exo to the macrocycle, 2-aza-21-carbaporphyrin). The complex has biaxial pyridine ligands. htsp is 5,10,15,20-tetra(4-

sulfonatophenyl)porphyrin dianion.97 The solid complex is obtained as the acid form chloride, Mn(tsp)Cl, but the sulfonate groups are 

presumably deprotonated, and the chlorido ligand is aquated, to give primarily [MnIII(tsp6−)(H2O)2]3− in neutral aqueous solution by analogy 

with reported studies on Mn(tsp) and related MnIII complexes of porphyrins with anionic and cationic substituents.98 iMb is myoglobin; in this 

case, manganese(III) protoporphyrin IX reconstituted myoglobin, which has an axial aqua ligand and the proximal histidine (imidazole) 

ligand.99 

 

sample mass. Nevertheless, an agreement with the frequency- value for one g matrix component (gz) could be accurately domain 

results (see below) obtained within 1.5% for |D| plus a determined. 
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Table 3. Spin Hamiltonian Parameters for S = 1 (Formally) FeIV Corrole, Porphyrin, And Related Complexes 

 

complex 

|E| (cm−1), | 

D (cm−1)g E/D| g⊥, g||
h References and notes 

 

Fe(tpc)Cl  +14.63(2) 0.16(2), 0.011 2.007(5), 2.061(8), HFEPR, 

this work 

 +14.5(2) <0.2, 0.01 2.03(5), 1.95(5) FD-FT THz-EPR, this work 

Fe(dmhec)Cl 28 0 2.0, 2.0 magnetic susceptibility20 

Fe(tpfc)Cl 14.1 1.0, 0.07 2.0 applied-field Mössbauer21 

Fe(tpc)Ph +20.9(1) 1.44(5), 0.069 2.00, 1.984(5) HFEPR, this work 

 +21.3(2) 1.0(2), 0.05 2.1(1), 2.0 (1), 2.0(1) FD-FT THz-EPR, this work 

Fe(dmhec)Ph 20 0 2.06, 2.00 magnetic susceptibility20 

[Fe(oetpp)Ph]SbCl6 30.5 0 2.20, 1.98 Mössbauer, solid77 

[FeO(tdcpp)]CF3SO3 25 1.9, 0.075 2.2, 2.24, 1.99 Mössbauer, vacuum-dried solid, subspecies (24%), with major 

species a Compound I analogue 
[Fe(O)(tmc)(MeCN)] 

a 
(CF3SO3)2 

+26.95(5) 0.070(35), 
0.002 

2.10(5), 2.04(1) HFEPR, powdered solid108 

[Fe(O)(tmc)(CF3CO2)] 
b 

(CF3CO2) 

31(2) 0  Mössbauer, solid116 

[Fe(O)(tmcs)]+c 35(3) 0  Mössbauer, frozen MeOH solution117 

[Fe(O)(tmc-py)]2+d 29(2) 0.15, 0.005  Mössbauer, frozen MeCN solution118 

[Fe(O)(cyclam-CH2CO2)]
+e 23(2) 0 2.0 Mössbauer, frozen acetone/water solution119 

[Fe(O)B*]2−f 24(3) 0  Mössbauer, frozen aqueous solution120 

a 

tmc is 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane. It should be noted that a stereoisomer of this complex (studied in frozen 

MeCN solution by Mo ̈ssbauer) in which the macrocycle is “inverted” gave the same zfs parameters as the crystallographically characterized 

stereoisomer studied by HFEPR. The “inverted” complex, however, showed enhanced reactivity in HAT and OAT processes.121 bThis is but 

one of an extensive series of complexes of general formula [Fe(O)(tmc)X]+, where X = CF3CO2
− (31), NCO− (31), NCS− (30), N3

− (29), CN− 

(31), HO− (31), studied by Mössbauer in frozen MeCN solution (except for X = CF3CO2
−, which is a stable solid) to yield D values, which are 

given here in parentheses (in cm−1).116 The uncertainty in D for all of these was 2 cm−1; there was no need to introduce any rhombic zfs, so E 

≈ 0. ctmcs is 2(4,8,11-trimethyl-1,4,8,11-tetraaza-cyclotetradec-1-yl)-ethanethiol monoanion. The ferryl unit thus has an axial thiolato ligand 

directly connected to the macrocycle. dtmc-py is 1-(2-pyridylmethyl)-4,8,11-trimethyl-1,4,8,11-tetraazacyclotetradecane. The ferryl unit thus 

has an axial pyridine ligand directly connected to the macrocycle. The E/D value of 0.15 is taken directly from Table S1 of Thibon et al.,118 

but seems remarkably large in light of the [Fe(O)(tmc)X]2+,+ results.116 ecyclam-CH2CO2 is 1,4,8,11-tetraazacyclotetradecane-1-acetate 

monoanion. The ferryl unit thus has an axial acetato ligand directly connected to the macrocycle. The E value was fixed to 0, and g was fixed 

at 2.0.119 fB* is 7,7,10,10,13,13-hexamethyl5,7,8,12,13,15-hexahydro-5,8,12,15-tetraazabenzocyclotridecene-6,9,11,14-tetraone tetraanion. 

The ferryl unit thus has four amidate nitrogen equatorial donors and no axial ligand. gSigns of D are given where they have been specifically 

determined/reported. The error bars for all spin Hamiltonian parameters obtained by HFEPR in this work are standard deviations in the least-

squares fits to the 2D field/frequency maps such as the one shown in Figure 4. If no error bar is given, then the parameter was fixed in the fits. 
hIn the case of HFEPR, the g values were experimentally determined, in some cases for all three components; in the case of Mo ̈ssbauer 

studies, g values of 2 were assumed. iThe accuracy of zfs values obtained by FD-FT THz-EPR is 0.2 cm−1 for a FTIR resolution of 0.5 cm−1. 

This accuracy can be reached by simultaneous simulation of FD-FT THz-EPR MDS and absorbance spectra with one set of spin Hamiltonian 

parameters. jThis D value for Fe(dmhec)Cl was determined for the FeIII component of an antiferromagnetic exchange coupled two spin system 

(SCor = 1/2; SFe = 3/2) with total S = 120 and is thus not directly comparable to the D value for the total S = 1 system, as was the case for 

Fe(tpfc)Cl.21 Spin-coupling coe
ffi

cients23 indicate that for |DFe| = 28 cm−1, |DS=1| = 42 cm−1; to obtain DS=1 = 14 cm−1, |DFe| = 9.35 cm−1 is 

required. 

 

Figure 3 (bottom) shows the EPR spectrum of Fe(tpc)Ph 

recorded at 514 GHz and 4.5 K. The broad resonance at ∼3.9 

T is a parallel turning point of the triplet powder spectrum 

(the perpendicular turning points situated outside the magnet 

range). The resonance could be followed only in a relatively 

narrow frequency range, from 360 to 530 GHz. In particular, 

it was not possible to detect the resonance near its zero-field 

transition frequency (∼600 GHz) as the available power was 

not sufficient. The 2D field versus frequency map of the sole 

observed turning point is shown in Figure 4 (bottom). 

Frequency-domain EPR spectra of Fe(tpc)Ph are shown in 

Figure 5 (right), with Iref being a spectrum measured at 35 K 

and I0 the spectrum measured at 2 K. In contrast to the results 

for Fe(tpc)Cl, the zero-field spectrum (bottom panel) shows 

two absorption lines at 19.76 cm−1 (line I) and 22.57 cm−1 

(line II). The splitting gives an accurate measure as to the 

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
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rhombic zfs parameter (E), as two distinct (D + E and D − E) 

transitions are observed. With the application of an external 

field, the Zeeman effect causes the transitions to split further 

and move with increasing field. This behavior is modeled 

using the following parameter set: D = 21.2 cm−1, E = 1.0 

cm−1, and g = [2.125, 2.0, 2.0]. 

The spin Hamiltonian parameters obtained from field- and 

frequency-domain magnetic resonance studies for Mn(tpfc) 

and the two Fe corrole complexes, Fe(tpc)Cl and Fe(tpc)Ph, 

are summarized in Tables 2 and 3 for each metal ion, 

respectively. Also included in each table for comparison are 

literature values for related complexes. In the case of 

Mn(tpfc), these include the two MnIII corrole complexes 

studied previously by HFEPR47,48 and representative MnIII 

porphyrin complexes. A recent, extensive tabulation of spin 

Hamiltonian parameters in MnIII complexes is given by 

Tadyszak et al.42 The zfs of high-spin 3d4 ions (e.g., CrII and 

MnIII) in tetragonally distorted octahedral geometries 

(including both square pyramidal−one axial ligand at infinite 

distance, and square planar−both axial ligands at infinite 

distances) is relatively well described by simple ligand-field 

theory (LFT), and has been discussed at length 

elsewhere.42,72,81−85 In-depth computational studies of zfs in 

MnIII species have also been reported.63,86,87 Briefly, a 

negative axial zfs, D < 0, corresponds to a tetragonal 

elongation (“hole” in the dx2−y2 orbital; 5B1 ground state), 

while a positive axial zfs, D > 0, corresponds to a 

compression, which also corresponds to the situation for 

trigonal bipyramidal geometry (“hole” in the dz2 orbital; 5A1 
88,89 

ground state). The former situation applies to most 

6coordinate,90−92 5-coordinate (square pyramidal), and 4- 

III 93−95,38 coordinate 

(square planar) Mn complexes. 

As seen in Table 2, the zfs parameters of the MnIII ion in a 

square planar corrole are essentially the same whether the 

corrole ligand has relatively electron donating alkyl (methyl 

and ethyl) substituents as in the case of Mn(dehmc) or 

relatively electron withdrawing pentafluorophenyl 

substituents as in Mn(tpfc). Also notable is that the effect of 

a single axial ligand, as least when it is OPPh3, is negligible 

based on the comparison between Mn(tpfc) and 

Mn(tpfc)(OPPh3). Even the MnIII porphyrin complexes, 

when in square pyramidal geometry, exhibit zfs parameters 

very close (within ∼15%) to those for the corroles, although 

such species are axially symmetric, as expected from the 4-

fold symmetry of the porphyrins listed. When the 

tetrapyrrole complex is 6coordinate, the zfs approaches the 

larger magnitude seen in 6-coordinate complexes such as 

Mn(acac)3 (acac = 2,4pentanedione monoanion), for which D 

= −4.52 cm−1.72 Although deeper insights can be gained by 

use of sophisticated quantum chemical theory analysis,86 the 

zfs of MnIII in corrole and porphyrin is relatively 

unambiguous. Should a formally MnIII corrole, porphyrin, or 

other such tetrapyrrole complex with only light atom (n = 2, 

3) ligands exhibit zfs deviating significantly from the 

representative situations given in Table 2, (e.g., D ≈− 2.5 ± 

0.5 cm−1 for 4- or 5-coordinate; D ≈− 3.5 

± 0.5 cm−1 for 6-coordinate), then its conventional 

description as [MnIII(Cor3−)]0 or [MnIII(P2−)]+ (Cor = corrole, 

P = porphyrin) is likely suspect. 

The above “rule of thumb” for MnIII corrole and porphyrin 

complexes can be contrasted with the results obtained here 

for the two formally FeIV corrole complexes, Fe(tpc)X, X = 

Cl, Ph. In contrast to the many MnIII examples (see Table 2), 

no FeIV tetrapyrroles had been studied by HFEPR prior to this 

work. However, applied-field Mössbauer has been widely 

applied to a variety of tetrapyrrole complexes of FeIV, 

including a corrole, Fe(tpfc)Cl (see Table 3).21 Applied-field 

Mo ̈ssbauer has provided spin Hamiltonian parameters for 

porphyrins as well, such as [Fe(oetpp)Ph]SbCl6 (oettpp = 

2,3,7,8,12,13,17,18octaethyl-5,10,15,20-

tetraphenylporphyrin dianion) which, like Fe(tpc)Ph, is a 

bona fide FeIV complex and not a coupled radical.77 Most 

Mo ̈ssbauer (and conventional EPR) studies on porphyrins, 

however, have been on Compound I species12−16 which, by 

virtue of being formally FeV, are not germane to this study. 

We note that in the study of the Compound I analog, 

[FeO(tdcpp)]+ (tdcpp = 5,10,15,20-

tetrakis(2,6dichlorophenyl)porphyrin dianion), the reduced 

(Compound II) species, [FeO(tdcpp)], was observed as an 

undesired, minor component (24%), and its parameters are 

given in Table 

3.16 

A difficulty with respect to field- and frequency-domain 

EPR studies of FeIV tetrapyrroles is that [FeIV(P2−)]2+ species 

are unstable in comparison to the “thermodynamic sink” of, 

e.g., Mn(tpp)Cl. However, landmark work by Groves et al. 

in 1985 brought forth the stable complex Fe(tmp)(OMe)2 

(tmp = 5,10,15,20-tetramesitylporphyrin dianion).100 Its 

Mo ̈ssbauer characterization was insufficient (maximum 

applied field of 40 mT) to allow spin Hamiltonian parameters 

to be extracted, but the complex clearly had an S = 1 spin 

ground state.100 Much more recently, Groves and coworkers 

showed that watersoluble versions of H2tmp, namely H2tsmp 

(5,10,15,20tetra(3,5-bis-sulfonatomesityl)porphine) and 

H2tmps (5,10,15,20-tetra(3-sulfonatomesityl)porphine), 

could be used to prepare oxidoiron(IV) ([FeIVO]2+, ferryl) 

complexes Fe(O)(tsmp) and Fe(O)(tmps), which were then 

used for oxygen atom transfer (OAT) reactivity studies.101 

The investigation by HFEPR (including frequency-domain 

techniques) and (high) applied-field Mössbauer 

spectroscopies would be very desirable to help elucidate the 

electronic structure of these complexes. However, the zfs of 

formally FeIV corrole has been determined by applied-field 

Mo ̈ssbauer in one case: Fe(tpfc)Cl (see Table 3).21 

For further comparison, Que and coworkers have reported 

a large number of [FeIVO]2+ complexes with a wide variety 

of ligands.102−107 In most cases, these complexes were 
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analyzed by applied-field Mo ̈ssbauer and in some cases also 

by HFEPR,108−110 so that spin Hamiltonian parameters were 

definitively determined. Of relevance here are the complexes 

that, like the tetrapyrroles, exhibit approximate tetragonal 

symmetry (four equatorial ligands), and these generally have 

S = 1 spin ground states, as do Fe(tpc)X. In contrast, 

[FeIVO]2+ complexes in approximate trigonal symmetry 

(three equatorial ligands) have S = 2 spin ground states, 

which is what is also found in nonheme iron enzyme 

intermediates.107,111 The relevance of the two spin states to 

model compound and enzyme activity is a topic of intense 

interest112,113 but is beyond the scope of the present magnetic 

resonance study. A comprehensive listing of [FeIVO]2+ 

complexes including D values is given by McDonald and 

Que.106 We thus list only those [FeIVO]2+ species most akin 

to the corrole complexes studied herein, namely those with 

macrocyclic ligands. Among these, by far the majority are of 

the venerable tmc (1,4,8,11tetramethyl-1,4,8,11-

tetraazacyclotetradecane)114 (see Scheme S2) and related 

macrocycles.115 However, the D values, as determined by 

Mo ̈ssbauer or in one case by HFEPR,108 for [FeIVO]2+ 

complexes bearing linear, multidentate (usually 

pentadentate) ligands have little difference from those given 

in Table 3, their range being 22 ≤ D < 30 cm−1. 

As can be seen from Table 3, [Fe(O)(tmcs)]+ (2-

(4,8,11trimethyl-1,4,8,11-tetraaza-cyclotetradec-1-yl)-

ethanethiol monoanion) has a D value that is at the upper end 

of those available.106 It differs from the others of this type 

solely by virtue of the axial sulfur donor. As noted by 

Bukowski et al.,117 this complex is the most analogous to 

Compound II in heme oxidases, in which the ferryl heme is 

axially coordinated by cysteine thiolate.122 Otherwise, the 

nature of the axial (i.e., trans to oxido) ligand has little effect 

on the D value of [FeIVO]2+ species, as seen in particular for 

the [Fe(O)(tmc)X]2+/1+ series.116 Even the complex 

[Fe(O)B*]2− has a zfs similar to that of the [Fe(O)(tmc)X]2+/1+ 

series. This correspondence is remarkable given that the 

former complex contains the tetraamidate macrocycle 

(TAML) developed by Collins,123,124 with its 4− charge and 

is lacking an axial ligand, while the latter complex has a 

neutral tetraamine macrocycle that has no ability to be 

noninnocent and has various axial ligands.125 It is then safe 

to assert that, if one is willing to describe the ferryl ion as 

comprising FeIV, then the zfs of bona fide FeIV should be D ≈ 

+27 ± 5 cm−1. This absolute error bar is moderately large, but 

the relative value is ∼20%, which is the same as the relative 

value for MnIII tetrapyrroles. Where then, using this simple 

criterion, do the two formally FeIV corrole complexes studied 

here fit in? Fe(tpc)Ph has D ≈ 21 cm−1,126 which is on the 

lower end of this range but is still reasonable as a complex 

of FeIV. Qualitatively, this lower D value may reflect the 

higher covalency of the unsaturated π-interacting corrole 

macrocycle relative to saturated tetraaza macrocycles, 

disregarding the effect of axial ligand(s). In contrast, 

Fe(tpc)Cl has D ≈ 14.6 cm−1, and Fe(tpfc)Cl likewise has D ≈ 

14.1 cm−1, reliably determined by applied-field Mo ̈ssbauer.21 

This D < 15 cm−1 is far below that of any FeIV species and 

would thus seem not at all to be bona fide FeIV. Both of these 

zfsbased assignments are in agreement with the study by 

Ganguly et al., which employed optical spectroscopy, 

electrochemistry, and most importantly, X-ray absorption 

spectroscopy (XAS; specifically K-edge X-ray absorption 

near-edge spectroscopy, XANES) to probe the nature of 

Fe(tpc)Cl, Fe(tpc)Ph, and related complexes.10 The 1s → 3d 

transition probed by XANES is perhaps the best measure of 

oxidation state in transition metal complexes, and Ganguly 

et al. clearly showed that Fe(tpc)Ph is consistent with an FeIV 

description (i.e., [FeIV(tpc3−)]+), while Fe(tpc)Cl is consistent 

with an FeIII description (i.e., [FeIII(tpc•2−)]+). The contrast 

between these two types of iron corrole is shown 

quantitatively in the results of DFT calculations in Figure S6. 

Qualitatively, it appears that just as the thiolato ligand in 

[Fe(O)(tmcs)]+ led to an anomalous D value (∼30% higher 

than the above proposed “typical” value), the chlorido ligand 

leads to a truly anomalous D value half that seen in typical 

[FeIVO]2+ complexes and 30% lower than that for the 

 

Figure 7. TD-DFT-derived crystal field splitting diagram predicted for Fe(tpc)Ph (left) and Fe(tpc)Cl (right). These plots were obtained for 

the simplified, geometry-optimized structures. Both the TD DFT and geometry optimizations were performed at the TPSSh/6-311G level of 

theory. The surface plots were obtained using an isosurface value of 0.04 e/Bohr.3 The zero energy level corresponds to the S = 1 ground 

state for each complex. 

 

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
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arylcoordinated iron corrole. We suspect that Fe(tpfc)Br21 

would show even more anomalous zfs and add this complex 

to the “wish list” of tetrapyrroles to be studied by field- and 

frequency-domain EPR. A quantitative understanding of the 

effect of axial ligand in metallocorroles to “tempt” the 

corrole from “innocence” to “noninnocence” is beyond the 

scope of this study, as is the origin of the lower magnitude D 

value in such species,127,128 but it is clear that the zfs in 

formally FeIV corroles can be diagnostic as to the true nature 

of the complex. To gain a deeper understanding of the 

observed spectroscopic parameters, we used CP-DFT and 

preliminary CASSCF calculations to derive theoretical 

estimates of iron corrole zfs values and g matrix components 

(see Tables S1, S2, and S5, Supporting Information). 

CASSCF has been previously applied to Fe(tpc)Cl to 

confirm its noninnocent description, but its spin Hamiltonian 

parameters had not been investigated, as such information 

was then unavailable.22 The results obtained here for 

simplified and geometry optimized structures mirror closely 

those obtained for experimental structures. This observation 

implies that, as expected, the meso-carbon substituents 

decorating the corrole rings have little sway on the electronic 

structure of the iron site. Consistent with previous reports,7,22 

we find that the predicted oxidation of the iron sites is 

essentially determined by the apical ligand, changing from a 

genuine FeIV for Fe(tpc)Ph to an FeIII coordinated by a radical 

for Fe(tpc)Cl (see Figure S6 and Table S4, Supporting 

Information). This trend is reproduced not only by our DFT 

calculations but also by CASSCF (see Table S6, Supporting 

Information). The CASSCF-predicted ground state of 

Fe(tpc)Ph is dominated by a single determinant, while that 

of Fe(tpc)Cl originates from the linear combination of 

several configurations that have a different number of 

electrons on the metal site and on the ligand (see Table S9, 

Supporting Information). 

The TD-DFT-derived crystal-field splitting diagram of 

Fe(Cor)L is shown in Figure 7. This orbital splitting is very 

similar to that inferred for oxidoiron(IV) complexes 

supported by macrocyclic ligands, in particular that of 

[FeO(tmc)(MeCN)]2+ and [FeO(tmcs)]+.117 The lowest iron 

3d orbital, xy, is doubly occupied and essentially 

nonbonding. However, unlike oxidoiron(IV) moieties for 

which the singly occupied orbitals of the {xz/yz} quasi-

doublet are involved in strong π covalent interactions with 

the oxido ligand, in both of our cases, the {xz/yz} are not as 

mixed with axial ligand orbitals, and thus are largely 

nonbonding. 

Interestingly, the redox noninnocent behavior of the 

corrole ligand is mediated by the symmetry-allowed 

interaction of the 3dz2 metal orbital with the corrole’s HOMO. 

However, in the case of Fe(tpc)Ph, the mixing of these two 

orbitals is hampered by the very strong σ-type interaction of 

3dz2 with the ipso carbon atom (see Figure S7, Supporting 

Information). The second-order perturbation theory 

expressions derived using the orbital splitting diagram of 

Figure 7, equations S1 and S2, suggest that the smaller D 

value of Fe(tpc)Cl is due to the population of the 3dz2 orbital. 

Thus, the intermediate-spin iron(III) site lacks excited states 

originating from {xy/yz → z2}β excitations. While the CP-

DFT-predicted SOMO → VMO (α→α) contributions to zfs 

listed in Table S3 seem to corroborate this conclusion, the 

SOMO → SOMO (α → β) excitations also contribute 

significantly to the difference between these two zfs values. 

The latter contributions originate from the spin−orbit 

coupling of the ground state with excited singlet states and 

seem to be almost as large as those of the excited triplet 

states. This situation is in stark contrast to that of the 

[FeO(tmc)(MeCN)]2+ and [FeO(tmcs)]+ oxidoiron(IV) 

complexes for which the largest contribution to their zfs 

originates from the spin−orbit coupling of a low-lying 

quintet excited state into the ground state.117 

Among the three functionals considered (B3LYP, BP86, 

and TPSSh), only TPSSh reproduced the correct magnitude 

of the experimental D values. Thus, B3LYP and BP86 

predicted D ≈ 3 cm−1 for both Fe(tpc)Cl and Fe(tpc)Ph. In 

contrast, TPSSh predicted D = +16.28 cm−1 for Fe(tpc)Cl and 

+17.61 cm−1 for Fe(tpc)Ph for their respective simplified, 

geometry-optimized structures. The relative performance of 

these three functionals is markedly different in this case than 

for MnIII complexes, for which BP86 and B3LYP performed 

significantly better than TPSSh.86,129 Our CASSCF 

calculations done for Fe(tpc)Ph on the TPSSh optimized 

structure reproduce the salient features of the DFT 

calculations. Thus, the spin−orbit mixing of excited singlet 

states with the triplet ground state accounts for nearly 40% 

of the predicted D value. However, when quintet states were 

included CASSCF often failed to predict the correct ground 

spin state, yielding a quintet instead of a triplet ground state. 

Perhaps this observation is not surprising considering that 

Hartree−Fock overstabilizes high-spin configurations.130 For 

Fe(tpc)Ph the best agreement between the experimental and 

theoretical D value, +20.9 versus +19.0 cm−1, was obtained 

when singlet states were included and an extended active 

space, CASSCF(8,7), was considered (see Tables S5−S10, 

Supporting Information). Unlike for Fe(tpc)Ph, CASSCF 

performs considerably worse for Fe(tpc)Cl yielding, e.g., for 

CASSCF(6,6), a theoretical value, D = 8.77 cm−1, that is only 

60% of the experimental value, D = 14.63 cm−1. However, 

these calculations clearly demonstrate that the ground state 

of Fe(tpc)Cl cannot be described using a single Slater 

determinant and that including the HOMO of the corrole 

ligand plays a crucial role in the magnetic properties of this 

compound. These calculations also show qualitatively that 

the zfs for such a noninnocent system is lower magnitude 

than that for bona fide FeIV. 

A final comment is warranted on the g values to contrast 

with the zfs. Although magnetic susceptibility and applied-

field Mo ̈ssbauer spectroscopy (for Fe complexes) can 

provide g values, these are best obtained using EPR. In 

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
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transition metal ion S = 1/2 complexes, the g matrix contains 

critical information,55,82,131 especially for systems with large 

SOC interactions such as in low-spin d,5 which leads to large 

g anisotropy.132 In our experience on HFEPR of S > 1/2 

transition metal systems, however, the g values are relatively 

uninformative in that they are typically relatively isotropic, 

although they can be greater than ge in the case of, e.g., S = 
3/2 CoII or S = 1 NiII.24,26,27 But in other cases, particularly for 

S = 2 MnIII complexes, the g values are isotropic and very 

close to ge, as can been seen in Table 2 and elsewhere.42 We 

have also found by HFEPR108 that the g values for ferryl 

complexes are relatively close to ge. This result is in conflict 

with LFT,133 which suggests large deviations from ge in S = 1 

d4 systems.134 In contrast, the LFT model of Oosterhius and 

Lang133 explains reasonably well the large magnitude, 

positive D values of (bona fide) FeIV complexes, so that LFT 

is appropriate to use in such systems. A question arose in the 

study of [Fe(O)(tmc)X]+,2+:108 what about the g values in 

tetrapyrroles? We now see that even in the case of Fe(tpc)Ph, 

the g values are relatively close to ge. This is also true for 

Fe(tpc)Cl, but that finding might qualitatively be ascribed to 

its [FeIII(tpc•2−)]+ description. The CP-DFT calculations done 

here are consistent with this result in that the predicted 

average g value is gavg ≈ 2.04(1), regardless of whether the 

experimental or optimized geometries are used or even 

whether the axial ligand is Cl or Ph (see Tables S1 and S2). 

Ab initio calculations were not used for the g values, only the 

zfs, but given the experimental values, this effort did not 

seem worthwhile. Overall, the zfs is the key spin 

Hamiltonian parameter in S > 1 

/2 transition metal systems in terms of providing information 

on electronic structure. 

■ CONCLUSIONS 

The MnIII (3d4) corrole complex, Mn(tpfc), exhibits high 

quality HFEPR spectra in frozen benzene solution, 

characteristic for S = 2. This spectroscopic result is the first 

for a magnetically dilute and axial ligand-free MnIII corrole, 

so that the spin Hamiltonian parameters accurately obtained 

here from HFEPR are the “purest” available. However, these 

parameters differ minimally from those previously 

determined, even for MnIII porphyrin complexes, indicating 

that all of these authentically MnIII species have 

characteristic zfs (D ≈−2.5 ± 0.5 cm−1 for 4- or 5-coordinate 

tetrapyrroles). Thus, a formally MnIII tetrapyrrole that 

exhibits zfs well outside this range may be one with 

noninnocent behavior, i.e., [MnII(P•−)]+/ [MnII(C•2−)]0. Less 

information is available for isoelectronic FeIV, an ion of 

much greater interest due to its importance in heme and 

nonheme iron enzymes.122 Spin Hamiltonian parameters for 

FeIV in tetrapyrroles are nearly unavailable, but these have S 

= 1 ground states. In contrast, the zfs for a large number of 

saturated N4 macrocyclic and related coordination 

complexes containing the [FeIVO]2+ (ferryl) unit have been 

determined. These complexes have S = 1 ground states and 

the data, chiefly Mo ̈ssbauer but also from HFEPR, suggest 

that D ≈ +27 ± 5 cm−1. Two formally FeIV corrole complexes 

were studied here by field- and frequencydomain magnetic 

resonance techniques, which provided complete spin 

Hamiltonian parameters for their S = 1 ground states. One of 

them, Fe(tpc)Ph, exhibited D ≈ 21 cm−1, which fits into this 

conventional description as [FeIV(Cor3−)]+, but the other, 

Fe(tpc)Cl, had D ≈ 14.6 cm−1, which is far below that for any 

bona fide FeIV complex and suggests the alternate 

description, [FeIII(Cor•2−)]+. These assignments are in full 

agreement with previous detailed spectroscopic (chiefly 

XANES) studies on Fe(tpc)X, X = Cl, Ph10 as well as 

computational work.9,21 Computational studies done here, 

which explicitly addressed the spin Hamiltonian parameters, 

showed concurrence between theory and experiment. The 

calculated D values of Fe(CorR)Ph (R = H or Ph meso 

substituents) were consistently larger, regardless of method 

or functional, than those calculated for Fe(CorR)Cl, although 

an exact match between theory and experiment was not 

obtained. Direct correspondence between calculated and 

experimental D values, even in axially symmetrical 

tetrapyrroles, namely Fe(tpp)X (X = F, Cl, Br, I), has proven 

challenging.135 Other theoretically derived metrics such as 

Mulliken atomic charges and spin population support the 

[FeIV(Cor3−)Ph] and [FeIII(Cor•2−)Cl] formulations, 

consistent with previous work,3,10 and validated the spin 

Hamiltonian parameter calculations. Thus, we suggest that 

the zfs of formally FeIV tetrapyrroles can be used as a 

diagnostic of noninnocent behavior. The present study is 

only a first step in this direction; while the results for MnIII 

tetrapyrroles are based on numerous examples, those for FeIV 

are few. In particular, full determination of zfs FeIV in 

porphyrin complexes, with whatever axial ligation, is sorely 

needed. To complete the FeIII,IV/MnIII,IV tetrapyrrole 

“matrix”, HFEPR and/or FD-FT THz-EPR of such formally 

MnIV complexes would be of interest. The zfs of bona fide 

MnIV coordination complexes has been determined by 

HFEPR,136,137 but that of formally MnIV corroles or 

porphyrins is unknown, although X-band EPR of 

6coordinate Mn(tpp)X2 (X = N3
−, NCO−, CH3O−)138 and of 

5coordinate Mn(ttppc)X (ttppc = tris(2,4,6-triphenylphenyl) 

corrole trianion; X = Cl−, HO−)139 suggests that the zfs is 

rhombic but positive and much larger than the X-band 

microwave quantum energy (∼0.3 cm−1). The zfs in formally 

MnIV tetrapyrroles, as in their FeIV congeners, may also be 

diagnostic of noninnocent behavior. 

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02635/suppl_file/ic9b02635_si_001.pdf
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