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The Electronic Structure of Iron Corroles: A Combined Experimental and

Quantum Chemical Study
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Walter Thiel,*™ and Frank Neese*!"

Abstract: There is a longstanding
debate in the literature on the electron-
ic structure of chloroiron corroles, es-
pecially for those containing the highly
electron-withdrawing meso-tris(penta-
fluorophenyl)corrole (TPFC) ligand.
Two alternative electronic structures
were proposed for this and the related
[FeCl(tdcc)] (TDCC = meso-tris(2,6-di-
chlorophenyl)corrole) complex, namely
a high-valent ferryl species chelated by
a trianionic corrolato ligand ([Fe™-
(Cor)*]*) or an intermediate-spin (IS)
ferric ion that is antiferromagnetically
coupled to a dianionic m-radical corrole

Cor =TPFC, TDCC) have been investi-
gated by a combined experimental
(Mossbauer spectroscopy) and compu-
tational (DFT) approach in order to
differentiate between the two possible
electronic-structure descriptions. The
experimentally calibrated conclusions
were reached by a detailed analysis of
the Kohn-Sham solutions, which suc-
cessfully reproduce the experimental
structures and spectroscopic parame-
ters: the electronic structures of
[Fe(L)(Cor)] (L=F, Cl, Br, I, Cor=
TPFC, TDCC) are best formulated as
([1S-Fe™(Cor)?7]F), similar to chloro-

iron corrole complexes containing elec-
tron-rich corrole ligands. The antiferro-
magnetic pathway is composed of
singly occupied Fe d.. and corrole a,,-
like 7 orbitals, with coupling constants
that exceed those of analogous porphy-
rin systems by a factor of 2-3. In the
corroles, the combination of lower sym-
metry, extra negative charge, and
smaller cavity size (relative to the por-
phyrins) leads to exceptionally strong
iron—corrole o bonds. Hence, the Fe
d._-based molecular orbital is un-
available in the corrole complexes
(contrary to the porphyrin case), and

([Fe™(Cor)*7]*) yielding an overall
triplet ground state. Two series of cor-
role-based iron complexes ([Fe(L)-
(Cor)], in which L=F, Cl, Br, I, and
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the local spin states are Sg,=3/2 in the
corroles versus Sk, =5/2 in the porphyr-
ins. The consequences of this qualita-
tive difference are discussed for spin
distributions and magnetic properties.

Introduction

Characterization of reactive intermediates involved in the
various processes catalyzed by heme enzymes continues to
inspire the research of synthetic analogues, from both the
experimental and computational points of view.!! This may
be appreciated by the structures depicted in Scheme 1, rep-
resenting intensely investigated iron porphyrin complexes,
in which the overall oxidation state is higher by one (1-3)
and two (4) units relative to the iron(III) resting state of the
enzymes. Insight into the metal versus porphyrin oxidation
dilemma, arising from similar redox potentials of the metal
and the porphyrin ligand, has previously been obtained
from the combination of various spectroscopic methods,
electrochemistry, X-ray crystallography, and computational
methods.?

The unpaired electrons in 1a are all of identical spin,
while the spin of the single electron from the porphyrin rad-
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Scheme 1. Electronic configurations of high-valent iron porphyrins: 1-3
are one oxidation state above iron(III) porphyrins; 3 represents Com-
pound II; and 4 represents Compound I, which is one oxidation state
above 3.

ical in 2 is opposite to those on iron. These two cases are
commonly referred to as ferromagnetic and antiferromag-
netic coupling, respectively, adopting the term from bulk
magnetic material for describing intramolecular interactions.
The influence of the type of axial ligands may be appreciat-
ed by the comparison of 1a with 1b and of 2 with 3. Metal
rather than porphyrin oxidation as in 1b and 3 was found to
be favored only when the ligands are m-donating (e.g., F,
CH,O-, 0*). Such ligands are known to stabilize high oxi-
dation states of transition metals. A different effect is evi-
dent in the doubly oxidized complex 4, which represents the
most important intermediate in catalysis by heme enzymes
(Compound 1)."! Possible interactions of the two unpaired
electrons in the dm orbitals with the single porphyrin-based
electron were classified as either: strongly ferromagnetic
(e.g., in synthetic complexes with L=CI", ClO,”, MeOH),"!
exceedingly weak (e.g., in horseradish peroxidase, HRP, L=
histidine)® and moderately strong antiferromagnetic (e.g.,
in chloroperoxidase, CPO, L =cysteinate).'! In the last case,
DFT calculations have provided significant insight into the
underlying principles that govern the type and strength of
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intramolecular interactions between the paramagnetic cen-
ters.”] The last few years have witnessed an enormous in-
crease in the research activities dealing with transition-metal
complexes of corroles, the one-carbon-atom-short analogues
of porphyrins.®! The main cause for this renaissance (cor-
roles have been known since 1965) is the simple synthetic
access to corroles now available,”) which in turn triggered
their exploration in the many applications that are dominat-
ed by porphyrins and related macrocycles. Particularly,
metal complexes of tris(pentafluorophenyl)corrole (TPFC)
were shown to be promising catalysts,'” to display unique
photophysical properties,"' and to have significant potential
for medical applications.!'?

From the chemical property point of view, iron corroles
are quite different from iron porphyrins. This may be exem-
plified by the oxygenation of iron(III) corroles to binuclear
p-oxoiron(IV) derivatives,'™ a reaction that takes place
with iron(II), but not iron(III), porphyrins. [FeCl(tpfc)] is
also the only iron complex that catalyzes the aziridination of
olefins by Chloramine-T, a feature that was attributed to a
dramatic change in the polarity of the nitrogen atom of the
latter upon its coordination to the high valent metal ion.!*!
One apparently unresolved issue, however, is the assignment
of the electronic states in corrole-metal complexes, the
stable oxidation states of which are almost invariably higher
by one unit than those of analogous metalloporphyrins.*!”
A particularly intense debate has centered around com-
plexes with the general formula of [FeCl(Cor)], (5a-8a;
Scheme 2).

Experimental data exists for complexes 6a—c,'® 7a—¢,1"
and 8ab,'%!¥ including the X-ray structures of 6a—c and
8a,b,[1%1%18] and computational investigations were reported
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Scheme 2. Formal drawing of five and six-coordinate iron corroles and
the two electronic configurations that are consistent with experimental
magnetic data.
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for 5a-¢[? 6a,c, and 7a,c.l'? This led to a consensus
about the electronic structures of the phenyl- and oxo-ligat-
ed iron complexes: a low-spin iron(IV) (Sg,=1) that is che-
lated by the closed-shell corrolato tri-anion and is further
charge-balanced by the mono-anionic axial ligand. An iden-
tical view was first proposed for the chloro-ligated complex
6a by Vogel and co-workers,' based on the observation of
only two unpaired electrons (S,=1, as expected for low-spin
iron(IV)) by means of magnetic susceptibility measure-
ments. Gross and co-workers proposed the same description
for complex 8a and provided further support from X-ray
crystallography, electrochemistry, and NMR spectrosco-
py.1%18211 The groups of Ghosh and Walker favored an al-
ternative electronic structure description for complexes Sa—
7a: an intermediate-spin iron(III) (Sg. =3/2) that is strongly
coupled to an open-shell corrole (S.,=1/2) in an antiferro-
magnetic fashion.!"”:12!

The strongest experimental support for the iron(III) cor-
role radical formulation in the case of the chloro-ligated
complexes [Fe™Cl(MeyCor)] and [Fe™Cl(7,13-Me,Et,Cor)]
comes from the unusually positive '"H NMR chemical shifts
(+187 and +174 ppm at 300 K) of their meso-hydrogen res-
onances, analyzed as reflecting large negative spin densities
at the meso-carbon atoms.'”d This is consistent with DFT
calculations on complexes Sa-7a that revealed large calcu-
lated spin densities on the meso-carbon atoms for an open-
shell corrole ligand.'™*'! The F NMR spectroscopic inves-
tigations of 8a containing a strongly electron-deficient cor-
role ligand, were not unambiguous in differentiating the two
possible electronic configurations,'*1"< but the very large
effects of axial ligands in the [Fe(L)(Cor)] series, in which
L=F, Cl, Br, I, and Cor=TPFC, TDCC, on the 'HNMR
chemical shifts were analyzed in terms of [Fe"(Cor)*"]. The
difference in meso-phenyl-H (8, 5;—0,4) chemical shifts was
proposed as a spectroscopic marker in these mole-
cules."’*<2® However, this difference shows the same sign
and approximately the same magnitude in a quintet chloro-
iron corrolate complex [Fe™CI(OMTPCor)] (OMTP=
2,3,7,8,12,13,17,18-octamethyl-5,10,15-triplhenylcorrolate), in
which an intermediate-spin ferric center is ferromagnetically
coupled to a corrolate radical ligand, and in [Fe™Cl(7,13-
Me,Et,Cor)] in which these two paramagnetic fragments are
antiferromagnetically coupled.!'’

Potentially, *C NMR spectroscopy could provide addi-
tional strong support for ligand radicals, since it also directly
probes the spin populations at the ligand nuclei, in particu-
lar for the meso-carbon atoms in the substituted corrolate
complexes 7a-9a. However, the signals of meso-carbon res-
onances were too broad to be detected due to unfavorable
relaxation rates."’” It was also pointed out in the literature
that even if such signals could be observed they may not be
easily interpreted in terms of spin populations, since “in
cases in which the amount of spin density on the macrocycle
and axial ligand is found to be too large for simple metal—
ligand spin delocalization, a macrocycle radical may be sus-
pected” ['’¢)
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The electrochemistry of iron corroles is also distinctively
different from that of iron porphyrins.'*! The oxidation
potentials of [Fe™Cl(tpp)] and [Ga™Cl(tpp)] (TPP =meso-
tetraphenylporphinato) are almost identical (E;,=1.13 and
1.19 V vs. SCE, respectively),?? consistent with porphyrin
oxidation in both cases. On the other hand, [FeCl(tpfc)] dis-
plays two redox couples with E;, values of 0.44 V for [FeCl-
(tpfe)]/[FeCl(tpfc)]” and 124V for [FeCl(tpfc)]/[FeCl-
(tpfc)]*. The second process is consistent with corrole-based
oxidation of an iron(IV)-chelated complex, as may be ap-
preciated by the E;, values of [Ge"YOH(tpfc)] and [Sn"CI-
(tpfc)] (1.13 and 1.20 V, respectively),'* while the first one
might be taken as evidence for a metal-based reduction of
[FeCl(tpfc)], since it occurs at a lower potential than that of
the [Ga(tpfc)]/[Ga(tpfc)]* redox couple (0.74 V).l How-
ever, the difference between chloro-coordinated [FeCl(tpfc)]
and pyridine-coordinated [Ga(py)(tpfc)] certainly compli-
cates the comparison.

In summary, there is a longstanding controversy concern-
ing the electronic structures of complexes 8a and the related
92.[170¢20] pPresumably Mossbauer spectroscopy is the best
technique to investigate the question of the most consistent
electronic-structure description. The experimental isomer
shifts of 5a and 6a (0 =0.19-0.21 mms~'1"*1")) are, however,
at the very high end of what is expected for genuine triplet
iron(IV) species. We have therefore decided to re-investi-
gate this issue by a combination of quantum chemistry and
Mossbauer spectroscopy, utilizing a variety of halogenoiron
corroles rather than just the chloroiron derivatives as in all
previous studies. The aim of the current investigation is to
provide new theoretical and experimental data in order to
reliably determine the complex spin-coupling patterns of
these complexes. Specifically, experimental Mossbauer data
for two series of corrole-based iron complexes were ac-
quired and DFT calculations were performed. Mossbauer
parameters were computed for all structures. Following the
reproduction of the experimental geometries and spectro-
scopic data, the analysis of the obtained Kohn-Sham solu-
tions allows us to draw experimentally calibrated conclu-
sions about the electron and spin distributions in the investi-
gated series of iron corroles and porphyrins.

Results

Mossbauer data and magnetic properties: Mossbauer isomer
shifts and quadrupole splittings were measured at 80 K with-
out applied field for the iron complexes of meso-tris(penta-
fluorophenyl)corrole (TPFC) 8a, 8d, 8f, and the iron com-
plexes of meso-tris(o-dichlorophenyl)corrole (TDCC) 9a,
9d-f in the solid state. The results are summarized in
Table 1. Each series is composed of three complexes with a
single axial halide ligand (L=Cl, Br, I) and one complex
with two axial pyridine ligands (L=L'=py). The computa-
tional investigation covers all these systems and includes, for
comparison, the [FeF(tpfc)] (8g) with an axial fluorine
ligand and three porphyrin-based iron complexes [Fe-
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Table 1. Mossbauer parameters (0 [mms™'] and AE, [mms™']): Experi-
mental data and B3LYP values computed at optimized B3LYP and BP86
structures.!

8. Octed  Oexpt AEqeaca AEqexpu Electronic DF
structure!®
la 3 0418 048 4091 177  [HS-Fe"P]** (F)  B3LYP
30422 +0.78 [HS-Fe"P >+ (F)  BP86
2a 2 0405 041 4016 0.50  [HS-Fe"P** (AF) B3LYP
20388 +0.28 [HS-Fe"P-]** (AF) BP86
2b 2 0.408 +0.16 [HS-FeP >+ (AF) B3LYP
20295 +2.12 [HS-Fe!VP> >+ BP86
8g 1 019 +2.03 [IS-Fe"(Cor)?]*  B3LYP
1 0141 +2.14 [IS-Fe"™(Cor)2]*  BPS86
8a 1 0181 018 +245 4293 [IS-Fe(Cor)?"]*  B3LYP
1 0125 +2.53 [IS-Fe"(Cor)>]*  BPS6
8d 1 0175 017 4261 3.12  [IS-Fe"(Cor)>]*  B3LYP
1 0123 +2.69 [IS-Fe"™(Cor)2]*  BPS86
8f !4 0163 012 +4.02 358  [LS-Fe(Cor)*] B3LYP
', 0118 +3.80 [LS-Fe™(Cor)*"] BP86
9a 1 0185 019 +248 2.88  [IS-Fe"(Cor)>]*  B3LYP
1 0132 +2.51 [IS-Fe"™(Cor)>]*  BPS6
9d 1 0180 0.18 4263 3.08 [IS-Fe"(Cor)*]*  B3LYP
1 0131 +2.67 [IS-Fe"(Cor)>]*  BPS6
9e¢ 1 0125 015 +2.99 335  [IS-Fe"(Cor)*]*  B3LYP
1 0076 +3.04 [IS-Fe™(Cor)>]*  BPS6
9f !4 0162 0.15 +4.04 370  [LS-Fe(Cor)*] B3LYP
', 0117 +3.81 [LS-Fe™(Cor)*"] BPS6

[a] For each complex, the last column indicates the density functional em-
ployed in the geometry optimizations. Experimental data of the porphy-
rin complexes [Fe(OClO;),(tpp)] (1a) and [FeCl(tpp)]*™ (2a) were taken
from the literature.”’! [b] HS =high spin, LS =low spin, IS =intermediate
spin; P=porphyrin, F=ferromagnetic, AF=antiferromagnetic. [c] The
signs of the experimental values for AE, and 5 are not known, except for
complex 8a.

(OCI0s),(tpp)] (1a; TPP: meso-tetraphenylporphinato) with
perchlorato ligands, [FeCl(tpp)]* (2a) and [FeCl(ttp)]* (2b;
TTP: meso-tetra-p-tolylporphinato), which is isoelectronic
with 2a. Experimental Mossbauer parameters are known for
the first two of these porphyrin-based complexes,” but not
for the third one.

To determine the sign and the asymmetry parameter # of
the electric quadrupole interaction, as well as the paramag-
netic properties for one example of the corrole complexes,
magnetic Mossbauer spectra of the chloride complex 8a
were measured at liquid helium temperature with applied
fields of 1, 4, and 7 T. The appearance of the spectra shown
in Figure 1 is typical of a system with an energetically well-
isolated integer-spin ground state with large positive zero-
field splitting. In this situation the internal field at the Moss-
bauer nucleus is weak, because of a low-lying electronic
M,=0 sublevel, and increasing applied fields induce increas-
ing magnetic moments by mixing of M, levels. This is reflect-
ed in the spectra by the relatively weak overall magnetic
splitting and the strong field dependence of the hyperfine
pattern. These features are consistent with a putative
[FeVCl(Cor)*7] low-spin complex with Sg.=1 involving the
high-valent iron center. However, they could also reflect the
alternative [Fe™Cl(Cor)?"] system containing a corrolato -
radical dianion, with a fotal spin S;=1 in the ground state,
due to strong antiferromagnetic coupling of the intermedi-
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Figure 1. Magnetic Mgssbauer spectra of [FeCl(tpfc)] (8a) recorded at
4.2 K and 18 K with fields of 1, 4, and 7 T applied perpendicular to the y-
rays. The black lines are the result of a global spin Hamiltonian simula-
tion with S=1 and D,=141cm™, E/D,=0.07, g=2, AE,=
+294mms™!, =02, AlgyBn=(-241, —262, +05)T, and 6=

0.18 mms™".

ate-spin iron (Sg.=3/2) with the corrole-based radical
(Scor=1/2). If the spin coupling is strong, Mdssbauer spec-
troscopy as a ground-state method cannot easily discrimi-
nate the two alternatives, because in both cases the ground
state is a well-defined spin triplet with basically similar mag-
netic properties. Conclusions might be drawn only from de-
tailed interpretation of the spin Hamiltonian and Mossbauer
parameters.

Given this situation, we tried to simulate the magnetic
Maossbauer spectra of 8a for a low-spin iron(IV) complex
with an effective spin S=1. This yields a nice fit with zero-
field parameters D=14(1) cm™', E/D=0.07(5) and the hy-
perfine coupling tensor A/gySn=-24.1, —262, +05T
(black lines in Figure 1). Moreover, the quadrupole interac-
tion is clearly found to be positive with a small asymmetry
parameter 7=0.2(1). We note that no rotations of the elec-
tric field gradient (efg) tensor or the A tensor had to be in-
voked with respect to the principle axes of the zero-field in-
teraction, in contrast to what was reported recently for
[Fe''Cl(7,13-Me,Et,Cor)].l"7d

The values can be directly compared with those reported
for genuine low-spin iron(IV) species with local spin Sg.=1
at the metal ion. For instance, porphyrin Fe'V—oxo complex-
es,1*t? chlorines™ and porpholactones exhibit axial zero-
field splitting in the range 19 < Dg, <36 cm™; the value for
the non-oxo cation [Fe'(Ph)porphyrin]*, D=31cm '™ is
also in the same regime, which is slightly higher than the
value for 8a. In contrast, the magnetic hyperfine coupling
constant for 8a is at the lower limit of values found for the
same reference compounds, —25 < Ap. /gnOn<—16 T (here
only Ag, , =0.5[Ag, +Ap,] is taken, since usually Ag,, is
not very well determined due to the magnetic anisotropy of
the spin system).

Chem. Eur. J. 2008, 14, 10839 -10851
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For the alternative interpretation of 8a as an [Fe™ClI-
(Cor)?7]* radical complex, the spin Hamiltonian parameters
have to be converted to local values referring to the iron
spin Sg.=3/2. The corresponding relations obtained from
spin projection! yield ag,=4/5A; Dg,=2/3 D. The result
for 8a is ap/g\By=—19.3, —21.0, +-0.4 T, and D, =9.3 cm™".
To our knowledge there are no D and A parameters known
for a genuine ferric intermediate-spin porphyrin.” The
values obtained for 8a compare rather well with those
found for the penta-coordinate Nj,-macrocyclic complex®
[Fe™Cl(ns-MAC)]*™ (H,[MAC]=1,4.8,11-tetraaza-13,13-di-
ethyl-2,2,5,5,7,7,10,10-octamethyl-3,6,9,12,14-pentaoxocyclo-
tetradecane) and the iodoiron(II) [N ]macrocycle of
Jager? with —3.7<Dp<13cm™ and —12.7<ag, ,/gBn<
—22 T. An example of a non-porphyrin monoradical system
is the intermediate-spin complex [Fe™(L"?)(L"")(BuPhCH-
py)] with N-phenyl-o-diiminobenzosemiquinonate (L")
and o-iminothionebenzosemiquinonate (L'S?) ligands.® It
also has a total spin S=1 ground state with large zero-field
parameters D=48 cm™!, E/D=0.2, and a magnetic hyper-
fine coupling tensor A/gyfn=—13.4, —39.6, +0 T. The very
large D value in the last example is quite remarkable, but in
spite of the very different ligand system, the basic features
of large zero-field splitting and anisotropic A tensor resem-
ble those of our compound [FeCl(tpfc)] (8a).

In summary, neither the iron(IV) nor the alternative iron-
(IIT)-radical interpretation can be clearly ruled out from the
spin-Hamiltonian parameters obtained for 8a without ex-
plicit quantum chemical calculations. However, temperature
and field-dependent magnetization measurements, as shown
in Figure 2, not only corroborate the zero-field splitting of
the electronic ground state of 8a, but also provide strong
evidence for the presence of a spin-coupled iron(I1T)-radical
system. Global simulation of the curves for the effective
magnetic moment u.(7) and the multifield data recorded
for the molar magnetization, M(gup(kT)™") with two ex-
change-coupled spins Sg.=3/2, Sco,=1/2 vyields Dg=

=-272cm’

7T

4T

MmoI/(Ng H B)
°
o

ol
N

D;,=9.5cm"
0.1 1T

14% poq T ‘ ?,5 1,1‘)”55,kr 1.5! 2.0 |
50 100 150 200 250
TIK

Figure 2. Effective magnetic moment u.(7) of [FeCl(tpfc)] (8a) recorded
with B=1T and multifield measurement of the molar magnetization
(inset). The solid lines are the result of a global spin Hamiltonian simula-
tion with Sg.=3/2, S;,q=1/2, Dg.=9.5 cm™', E/Dg, =0, gp=2.058, gra=1/
2, and J=—-272 cm™'. The grey dotted line marks the limit of strong anti-
ferromagnetic exchange with J—oo0.
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95(2)cm™,  E/Dp=0(0.05), gmr=2.058, and J=
—272(10) cm™". The last value is obtained from the small but
distinct increase of u.(7T) above 200 K, which indicates ther-
mal population of the excited, total-spin quintet state that
must exist for a [Fe™CI(Cor)? ]* system. We emphasize
that the particular rise of the experimental data cannot be
attributed to temperature-independent paramagnetism
(TTP), since subtraction of TIP will lead to a wrong (nega-
tive) slope for the data in the range 50-200 K. To our knowl-
edge this is the first time that such an increase of the effec-
tive magnetic moment has been observed for an iron corrole
complex. We take it as a direct probe for the corrolate -
radical.

Note that the increase in the magnetic moment could not
be explained by thermal population of an excited electronic
(quintet) state in the alternative model of a [Fe'V(Cor)* ]*
species. The presence of a low-lying S=2 state of
(d,'d.;'d,.'d. .") type in thermal contact with the ground
state would lead to very large spin-orbit coupling between
the ground S=1 state and this excited S=2 state, which
would, in turn, give rise to an exceedingly large D value;
this has been discussed in some detail in the case of non-
heme iron(IV) sites.” For an excited S=2 state of
(d,'d..'d,.'d>") type within 500 cm™" of the ground state,
one would still expect a D value significantly larger than the
present estimate of 9.5(2) cm™ (see above). Alternatively,
other low-lying S=1 states cannot explain the data, since
their population at elevated temperatures would not in-
crease the magnetic moment as has been observed in the ex-
periments.

The small Méssbauer isomer shifts (6 =0.15-0.19 mms™!,)
and large quadrupole splitting (AEq=+2.88-3.58 mms™") of
the corrolate complexes (Table 1) are at the very high end
of what is expected for genuine triplet iron(IV) species, but
also consistent with the assignment of the electronic struc-
ture as [Fe™CI(Cor)*"]. They are in the range found for
other iron(III) compounds with unambiguously approved in-
termediate-spin state, like the archetypical
dithiooxalatoiron(III) halides (6=0.25-0.30 mms™', AE,=
+3.25-3.60 mms "), the iodoiron(IIT) [N,]macrocycle®®”!
(6=0.18 mms™!, AEq=+43.56 mms™"), and the macrocyclic
dianion  [Fe™Cl(n-MAC)]"™ (6=025mms™, AE,=
+3.60 mms ™), but also with diradical iron(III) halide
complexes of the type [Fe(L'?),(L)] (L=Cl, Br, or I) with
N,S-coordinating o-iminothionebenzosemiquinonate (L'S?)
ligands and total spin S,=1/2 (6=0.15-0.17 mms™', AEy=
+2.97-3.09 mms™"),” and the monoradical complex [Fe'-
(LS)(LPP)(BuPhCH-py)] (0=0.20 mms™, AEy=
+3.06 mms ™). These all compare quite well with com-
pound 8a.

Geometries: Table 2 lists selected structural parameters
from the B3LYP and BP86 optimized geometries and from
the available X-ray data. In general, the B3LYP and BP86
calculations converge to the same electronic configuration
and yield rather similar geometries. The only exception is
[FeCl(ttp)]*, for which the two density functionals predict
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Table 2. Comparison of the optimized structural parameters with avail-
able X-ray data.

S, Fe—N10 Fe—N2W! Fe—L Al Source

1a 3 2.04 2.05 2.13 exptl®
3 2.073 2.085 2.084 0 B3LYP
3 2.077 2.092 2.076 0 BPS86

2a 2 2.102 2.104 2.208 0.498 B3LYP
2 2.098 2.068 2.203 0.464 BPS86
2b 2 2.09 2.05 2.168 exptl®
2 2.103 2.100 2.210 0.498 B3LYP
2 1.991 1.992 2258 0.291 BPS6

8g 1 1.917 1.948 1.817 0.417 B3LYP
1 1.900 1.927 1.783 0.396 BPS86

8a 1 1.881 1.921 2238 0.367 exptl!®
1 1.913 1.944 2252 0.416 B3LYP
1 1.897 1.924 2.185 0.389 BPS86

8d 1 1.910 1.941 2412 0.402 B3LYP
1 1.895 1.922 2.338 0.379 BPS6

Se 1 1.896 1.926 2.624 0.372 B3LYP
1 1.881 1.909 2.526 0.353 BPS6

8t A 1.865 1.923 2.030 0.001 exptlli%!
A 1.891 1.931 2.100 0.065 B3LYP
', 1.883 1.924 2.045 0.064 BP86

9a 1 1.914 1.943 2264 0.418 B3LYP
1.898 1.926 2.192 0.398 BP86

9d 1 1.911 1.940 2.424 0.407 B3LYP
1 1.896 1.923 2.346 0.388 BP86

9e 1 1.896 1.925 2.639 0.374 B3LYP
1 1.883 1.909 2.536 0.358 BP86

9f ', 1.892 1.931 2.098 0.067 B3LYP
', 1.883 1.925 2.040 0.065 BP86

[a] Fe—N1 and Fe—N2 are the average bond lengths of two Fe—N bonds
in A. [b] Distances of the iron center out of the plane defined by N4
core.

qualitatively different electronic structure (vide infra) and
therefore also very different geometries, with deviations of
about 0.1 A in the iron-ligand distances and about 0.2 A in
the out-of-plane coordinate of iron. If the special case of
[FeCl(ttp)]* is excluded, the discrepancies between the
B3LYP and BP86 bond lengths become much smaller, espe-
cially in the case of the remaining two porphyrins. Com-
pared to BP86, the B3LYP functional tends to predict some-
what larger iron-ligand distances for the corroles, with dif-
ferences of 0.03 A for the equatorial Fe—N bonds and typi-
cally 0.05-0.10 A for the axial Fe—L bonds.

The better match with the experimental X-ray structure
indicates that B3LYP identifies the correct electronic config-
uration for [FeCl(ttp)]*. In the case of the porphyrin com-
plex [Fe(OClO;),(tpp)], the B3ALYP and BP86 geometries
are almost identical, but both differ appreciably from the X-
ray structure: the equatorial Fe—N bonds are elongated by
about 0.04 A, while the axial Fe—O bonds are contracted by
0.05 A. For the two currently studied corrole complexes
with known X-ray structures (8a, 8f), both B3LYP and
BP86 reproduce the experimental Fe—N bond distances
quite well, but there are larger deviations from experiment
for the axial iron-ligand bonds (up to 0.07 A for [Fe(py),-
(tpfc)] in B3LYP, see Table 2).
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Calculation of the Mossbauer parameters: The computed
isomer shifts (0) and quadrupole splittings (AE,) are given
in Table 1 and are compared to the experimentally available
data. The theoretical values are known to have method spe-
cific uncertainties of typically up to <0.1 mms™'*Y and
<0.5mms™ ' respectively. The calculated isomer shifts
thus agree reasonably well with experiment, since all devia-
tions are well below 0.1 mms~'. In the case of quadrupole
splittings, most of the deviations from experiment also
remain within the expected limits. However, a large discrep-
ancy is found for [Fe(OClOs;),(tpp)], in which the difference
between calculated (B3LYP geometry) and experimental
AE, is 0.86 mms'. This may be due to the fact that per-
chlorate is a very weak ligand, and it is thus difficult to pre-
dict its bonding interaction with the iron center accurately.
This is also evidenced in the geometric parameters for this
complex (Table 2): Experimentally, the Fe—L bond (2.13 A)
is significantly longer than the Fe—N bonds (2.04-2.05 A),
whereas these bonds are essentially equidistant in the calcu-
lations. Clearly any disorder in the structure of such weakly
coordinating anions will affect the quadrupole splitting
more strongly than the isomer shift.

In the halogenoiron corrole complexes, the Mossbauer pa-
rameters computed at the B3LYP geometries are generally
close to experiment, whereas those computed at the BP86
geometries exhibit slightly larger deviations from experi-
ment. In the former case (B3LYP geometries) the isomer
shifts are typically within 0.02 mms~' of the experimental
values, while the quadrupole splittings are underestimated
by ~0.4-0.5 mms™', but show the right variation within each
halide series (see Table 1). These results give us confidence
that the calculations have converged to the correct electron-
ic states, since the spectroscopic parameters are more sensi-
tive to the electronic structure than the total energy itself.™!

To investigate the influence of the employed Hamiltoni-
ans (non-relativistic vs. relativistic) on the calculated Moss-
bauer parameters, a test calculation on [FeBr(tpfc)] was per-
formed by using the ZORA Hamiltonian. However, it
turned out that essentially identical results were obtained
between the relativistic and non-relativistic calculations (6=
0.157 vs. 0.175 mms™, AEq=2.69 vs. 2.6l mms' and 5=
0.04 vs. 0.03). Hence, the remaining calculations were done
without relativistic corrections.

Electronic structure—orbital analysis

[Fe(OClO;),(tpp)] (1a) (S,=3): The molecular orbital dia-
gram for 1a (Figure 3) shows that there are five singly occu-
pied MOs that are all metal-centered, while the sixth spin-
up SOMO is a porphyrin & orbital. This pattern results in a
septet ground state with ferromagnetic coupling between
the high-spin ferric metal center (Sg.=5/2) and a porphyrin
anion radical (Sp=1/2) in agreement with the local effective
D,, symmetry of the iron center.*

[FeCl(tpp)]* (2a) (S,=2): The electronic structure of 2a
may be described either as a high-spin ferric ion (Sg, =5/2)
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| Fe3d,, .

{%’%“ SRS

Figure 3. Schematic MO diagram for [Fe(OClO;),(tpp)] (1a); quasi-re-
stricted orbitals were used.

% |Fe3d)\2";2
[

% Fe 3d“¥ } Fe3d, %
{ Fe3d,,
b) Spin density

Figure 4. a) Schematic MO diagram and spin density for [FeCl(tpp)]*
(2a); the spin-coupled pair represents unrestricted corresponding orbi-
tals, whereas for the remaining orbitals quasi-restricted orbitals were em-
ployed. b) Spin density plot of [FeCl(tpp)]*.

antiferromagnetically coupled to a porphyrin radical anion
(Sp=1/2) (BS(5,1)); or as a high-spin iron(IV) center chelat-
ed by a porphyrin dianion (BS(4,0)). Both initial guesses
eventually converged to the BS(5,1) solution for both densi-
ty functionals. The MOs of 2a (Figure 4) from this solution
closely resemble those of 1a except that an electron with
opposite spin resides in the porphyrin m orbital. This forms
a spin-coupled pair with the Fe d,. orbital by means of a &
pathway with a considerable mutual spatial overlap of S=
0.41. This situation is best described as antiferromagnetic
coupling between high-spin iron(IIT) and a porphyrin radi-
cal.

[FeCI(TTP)]* (2b) (S,=2): In analogy to 2a, two possible

electronic solutions BS(5,1) and BS(4,0) for 2b were evalu-
ated. We found that, using the B3LYP functional the elec-

Chem. Eur. J. 2008, 14, 10839 -10851

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

tronic structure converged to the BS(5,1) solution while
using the BP86 functional the BS(4,0) solution was ob-
tained. The BS(4,0) spin state was calculated by the B3LYP
functional, at the BP86 geometry, and found to be slightly
higher in energy (6.3 kcalmol ™) than the broken-symmetry
state BS(5,1).

A qualitative molecular orbital diagram computed from
the BS(5,1) and BS(4,0) solutions is presented in Figure 5.
The BS(5,1) configuration for 2b is similar to that for 2a,

a)
| Fe3d, %

g.‘. 2 Feszl—s'“'u—[:mwM
S g e

Fe 3d,

3

Figure 5. Schematic MO diagram for [FeCl(ttp)]* (2b) derived from a)
BS(5,1) and b) BS(4,0); the spin-coupled pair represents corresponding
orbitals, whereas for the remaining orbitals quasi-restricted orbitals were
employed.

best described as a high-spin ferric center (Sg.=5/2) antifer-
romagnetically coupled to a porphyrin radical ligand (Sp=1/
2). For the BS(4,0) solution, the unpaired electrons reside in
four metal-based d orbitals with the strongly o-antibonding
d.._,» orbital being unoccupied to yield a quintet state. Thus
it should be best interpreted as a high-valent high-spin ferryl
species.

The clear difference in the isomer shift and quadrupole
splitting values for these two distinct electronic configura-
tions implies that these parameters are able to clearly distin-
guish between the different electronic states. A Mossbauer
experiment on 2b should thus allow the assignment of the
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ground state through comparison with the computed Moss-
bauer parameters. We note in this context that the isomer
shift is a more critical discriminator of the electronic struc-
ture, because it can be calculated more reliably. We antici-
pate a BS(5,1) electronic structure for this species because
the B3LYP geometry for this configuration is much closer to
the experimental geometry than the BP86 geometry for the
BS(4,0) configuration.

[Fe(L)(tpfc)] (8a, 8d, 8e, 8g) and [Fe(L)(tdcc)] (9a, 9d,
9e) (L=F CI, Br, I) (S,=1): These complexes attracted in-
tense interest in the bioinorganic chemistry community, be-
cause they may serve as the model compounds for com-
pound II in porphyrin chemistry. The electronic structure of
these complexes may be assigned either as a high-valent
ferryl species with trianionic corrole ligand, like compound
II, or a ferric species antiferromagnetically coupled to a di-
anionic radical ligand. Therefore, two different initial esti-
mates for the electronic structure, namely BS(2,0) ([LS-Fe™-
(Cor)*"]*) and BS(3,1) ([IS-Fe™(Cor)?"]*) were tested
(LS=Ilow spin; IS=intermediate spin). However, the BS-
(2,0) structure always converged to the BS(3,1) solution.

A molecular orbital diagram obtained from the optimized
structure of 8a by using the B3LYP functional is presented
in Figure 6a. Analogous results were obtained with the
BP86 functional. In the upper valence region one can identi-
fy one doubly occupied and three singly occupied metal-
based d orbitals in the spin-up manifold and one corrole a,,-
like 7 orbital in the spin-down manifold. Spin coupling is ex-
hibited through a m pathway involving the Fe d.. and corrole
7t orbitals with a substantial mutual spatial overlap of S=
0.52. This orbital occupation pattern is best interpreted as
an intermediate-spin ferric center (Sg.=3/2) antiferromag-
netically coupled to a dianionic radical ligand (S, =1/2).
The oxidation of the corrole ring is also observable in the

FEdez-yz
a)
%m—l—d’z i @g ;

b)
Spin density

Figure 6. a) Schematic MO diagram and spin density for [FeCl(tpfc)]
(8a); the spin-coupled pair represents unrestricted corresponding orbi-
tals, whereas for the remaining orbitals quasi-restricted orbitals were em-
ployed. b) Spin density plot of 8a.
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spin-density plot (Figure 6b). The sum of the spin popula-
tions on the corrole ligand amounts to ~0.8 unpaired elec-
trons, while 2.7 unpaired electrons reside on the iron halide
core, which is in agreement with previous DFT calculations
employing the same density functional.'’¥ Similar results
were obtained for fluoro-, bromo- and iodo-analogues indi-
cating that these three complexes have analogous electronic
structures as is also indicated by the similar Mdssbauer pa-
rameters.

[Fe(py)s(ipfe)] (8) and [Fe(py)s(idec)] (9f) (S,=1/2): Simi-
lar to 8a, two different solutions, namely, BS(1,0) ([LS-Fe™-
(Cor)*7]) and BS(2,1) ([LS-Fe"(Cor)?7]) were attempted.
However, all calculations converged to the “pure” spin solu-
tion BS(1,0) irrespective of the adopted density functional.
A qualitative molecular-orbital diagram computed from the
BS(1,0) approach is presented in Figure 7. Two metal-based
t,, orbitals, d,, and d,,, are doubly occupied, while one is
singly occupied; the two antibonding e, orbitals are unoccu-
pied. This leads to a doublet ground state with a low-spin
iron(IIT) atom coordinated to a fully reduced corrole ligand.

Figure 7. Schematic MO diagram for [Fe(py),(tpfc)] (8 f); quasi-restricted
orbitals were employed.

Discussion

In this work we have presented a combined experimental
(Mossbauer) and theoretical (DFT) approach to differenti-
ate between the two possible electronic structure descrip-
tions for halogenoiron corroles, particularly for those con-
taining electron-withdrawing corroles. The reasonable agree-
ment of the predicted Mossbauer parameters with the exper-
imental spectroscopic data implies that the calculations have
converged to electronic states compatible with the actual
molecular ground states. Further detailed analysis of the ob-
tained Kohn—-Sham solutions then allows for a more detailed
insight into the electronic structure. Before presenting our
conclusions, previous work on these two aspects will be
briefly discussed.
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Mossbauer data: Mossbauer spectroscopy has been em-
ployed in the past to investigate chloroiron corroles.!*!"
While the observed isomer shifts are very different from the
high-spin iron(II) porphyrin radical complexes (Table 1),
they fall into the region that is intermediate between those
typical for intermediate-spin iron(IIl) (S=3/2) and low-spin
iron(IV) (S=1). This prevented definitive electronic struc-
ture conclusions to be drawn.

DFT calculation and electronic structure: DFT calculations
on chloroiron corroles (5a, 6a, 7a) favored the formulation
as [IS-Fe™(Cor)*"]* due to the large negative spin popula-
tion calculated on the meso-carbon atoms. The calculated
spin populations on iron varied between 2.0°® and 2.6 in
different reports,”’! which is intermediate between the
values expected for triplet iron(IV) and quartet iron(III).
The apparent differences may be ascribed to the employed
density functional: pure GGA density functionals like PW91
used by Ghosh et al.?®! tend to overestimate metal-ligand
covalency, leading to reduced spin populations on the metal
center, while hybrid density functionals such as B3LYP em-
ployed by Walker, Trautwein, and co-workers!'’¥ provide
more ionic bonds. More importantly, however, individual
atomic or orbital spin and charge populations are not ob-
servables in the strict quantum mechanical sense. Thus deci-
phering the electronic structure from the spin density profile
and/or spin population may not be fully reliable. Moreover,
the question whether the correct electronic solution for a
given compound was obtained cannot be addressed by such
calculations without seeking experimental feedback. Ac-
cording to our experience, spectroscopic properties are
more sensitive to the electronic structure than total energies
(e.g., see reference [36]). Thus, comparison of the calculated
spectroscopic parameters with those derived from experi-
ment is essential for the assignment of the electronic struc-
ture in the investigated systems.

Exchange coupling: For the analysis of the obtained Kohn—
Sham solutions in terms of more familiar chemical terms,
the corresponding orbital transformation was used in this
work. As discussed elsewhere,*"! pairs of corresponding or-
bitals with spatial overlap close to 1 represent doubly occu-
pied orbitals; those with spatial overlap significantly less
than 1 correspond to “magnetic orbitals”. This allows a pic-
torial approach to antiferromagnetic coupling pathways.
Moreover, the spatial overlap of the magnetic corresponding
orbital pairs provides a measure for the strength of the anti-
ferromagnetic interaction as demonstrated in Table 3.

One outcome of the current investigations is that the ex-
change interaction in the corrole systems is much stronger
than that in the porphyrin analogues (first two entries in
Table 3). Inspection of the magnetic orbitals in the corrole
and porphyrin systems shows that they have analogous
nodal structures; hence symmetry-based arguments are un-
likely to be responsible for the differences. However, the ab-
sence of one meso-carbon atom renders the corrole cavity
rather small, as evidenced by the shorter Fe—N bond lengths
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Table 3. Calculated exchange coupling constants and mutual spatial over-
laps in the spin coupled pair (B3LYP values at optimized B3LYP geome-
tries).

J [em™] Spatial J[em™] Spatial
overlap overlap
2a —263 0.41 8g —580 0.46
2b —267 0.42 9a —665 0.51
8a —664 0.52 9d —687 0.54
8d —691 0.54 9e -739 0.60
8e —766 0.61

in the corrole systems, which could be responsible for the
stronger metal-macrocycle interactions. The Fe d.. orbital
contributions are nearly identical in the spin-up magnetic or-
bital for both systems, but the contributions from the four
coordinating nitrogen atoms are slightly larger in the corrole
system than those in the corresponding porphyrin system
(18 % vs. 12%) in the spin-down magnetic orbital.

The question of how reliable the calculated exchange cou-
plings are is difficult to answer. For [Fe(tpp)Cl], our calcula-
tions are consistent with the experimental estimate (| —2J|
>500 cm ™). In the present work, we have observed fea-
tures in the susceptibility of [FeCl(tpfc)] which suggest that
the calculated exchange coupling constant is overestimated
by about a factor of two. This arises from the fact that based
on the calculated exchange coupling constant we should not
have been able to observe an excited quintet state as we did
experimentally. However, a more focused experimental in-
vestigation of a series of complexes appears to be necessary
in order to settle this point convincingly. Although this is
outside the scope of the present work, we note that there
are indeed many indications that the binding of metal ions
by corroles is much more covalent than by porphyrins.'™ A
chemical indication for the less ionic bonding of metal ions
by corroles is that acid-induced demetalation is a rare phe-
nomenon in corrole chemistry.

Comparison of corrole and porphyrin systems: To gain fur-
ther insight into the exchange interaction, a rigid surface
scan of the out-of-plane distance of the iron center relative
to the macrocyclic plane was carried out for [FeCl(Cor)]
and [FeCl(Por)]*. The results (Figure 8) indicate that the
overlap of the magnetic orbitals increases up to a maximum
and then decreases again with increasing out-of-plane dis-
tance. The trend in the fragment—fragment overlap is consis-
tent with the calculated potential-energy surface curve, since
the minimum occurs very close to the position of maximum
iron-ligand overlap. For the porphyrin system, it is known
that the HOMO and HOMO-1 are nearly (accidentally)
degenerate and transform under a,, and a,, in D, symmetry,
while the iron d,. orbital transforms as a;,. For the five-coor-
dinate complexes that we studied here the relevant point
groups are C,, (porphyrin) and C, (corrole). In this case
there are no symmetry restrictions for the mixing of the iron
d.. and at least one of the high-lying corrole or porphyrin or-
bitals (a group theoretical analysis of the fragment-orbital
interactions is contained in the Supporting Information).
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Figure 8. Evolution of the ligand—metal exchange coupling, the metal-ligand fragment—fragment overlap, the
corresponding orbital overlap, and the total broken-symmetry DFT energy for hypothetical planar [FeCl-
(corrole)] (left) and [FeCl(porphyrin)]* (right) as function of the iron out-of-plane distance.

Nevertheless, if the iron is in the plane of the hypothetical
ligands, the fragment—fragment overlap is still zero due to
the nodal structure of the orbitals that are involved. Howev-
er, even at this point there is still kinetic exchange that
leads to antiferromagnetic coupling. Upon moving the iron
out of the plane, the HOMO and HOMO-1 of the porphy-
rin transform as a; and a,, respectively, while the iron d.
transforms as a;. Hence, if the magnetic orbital on the por-
phyrin is a; there is a nonzero fragment—fragment overlap
and the antiferromagnetic coupling increases (in magnitude)
up to a certain point at which it passes through a maximum.
This just mirrors the behavior of the fragment—fragment
overlap.

For the corrole system the situation is quite similar, al-
though the metal-ligand overlap is always allowed. Here,
the iron and the magnetic corrole orbital have a nonzero
overlap throughout and the overall interaction between the
ring and the iron is much stronger than in the porphyrin
case with J maximizing (in magnitude) at a similar out-of-
plane distance.

There is, however, another very important difference be-
tween the corrole and porphyrin systems: in the porphyrin,
the iron is locally in a high-spin state (Sg,=5/2), while in the
corrole the iron has intermediate spin (Sg, =3/2). The reason
for this is the much stronger o-interaction in the corrole that
makes the d,._,. orbital energetically unavailable. As a result
of the high-spin configuration, the occupied spin-up orbitals
in the iron porphyrin are much more strongly stabilized by
spin polarization than the corresponding corrole orbitals
(note that the energy difference of the metal d and the high-
est occupied macrocyclic & orbitals is ~3 eV in the corrole
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on the four meso-carbon atoms
and only a very small fraction
(—0.04) resides on the coordi-
nating N atoms. This can be
traced back to the exceptional-
ly strong metal-ligand o inter-
actions in corrole systems."!! They render the Fe d,._, orbi-
tal too high in energy to be occupied and thus yield an inter-
mediate-spin state for the iron center (Sg.=3/2) in the elec-
tronic ground state. By contrast, this orbital is singly occu-
pied in the corresponding porphyrin system in which the
iron center locally exists in a high-spin state (Sg.=5/2). The
strongly antibonding d. .-based orbital induces positive
spin density in the o system of the porphyrin ring that coun-
teracts the negative spin density that resides in the x system
due to the open-shell nature of the porphyrin ligand. Since a
similar compensation does not take place in the corrole
system, it has more negative unpaired spin population resid-
ing on the coordinating nitrogen atoms.

Conclusion

In this work a combined experimental and theoretical ap-
proach was employed to investigate [Fe(L)(Cor)] (L=F, Cl,
Br, I, Cor=TPFC, TDCC) complexes 8a, 8d—f, 9a, and 9d-
f containing strongly electron-deficient corrole ligands. Al-
though these substituents significantly change the redox
properties of the complexes, our results indicate that the
electronic structures are analogous to those calculated for
the unsubstituted chloroiron corroles with electron-rich cor-
role ligands, in line with the studies on the chloroiron (3-oc-
tafluorocorrole complex.® Massbauer spectroscopy alone is
not able to unambiguously discriminate between the two al-
ternative formulations: low-spin iron(IV) chelated by a
closed-shell corrolato trianion versus intermediate-spin
iron(III), which is strongly antiferromagnetic coupled with a

Chem. Eur. J. 2008, 14, 10839 -10851


www.chemeurj.org

Iron Corroles

corrolato m-radical dianion. However, the combination of
the Mossbauer data with electronic structure calculations
provides strong evidence for preferring the latter intermedi-
ate-spin iron(III) description. We have provided additional
support for this formulation by the detailed interpretation
of the spin Hamiltonian and Mossbauer parameters that
were obtained in this work. Further experimental evidence
for a spin-coupled iron(IIl)-radical system was provided by
temperature and field-dependent magnetization measure-
ments that revealed a small but distinct increase of uu(7)
above 200 K, indicative of thermal population of the excited
total spin quintet state.

After establishing that the DFT calculations are in agree-
ment with the available experimental data, a detailed analy-
sis of the obtained Kohn-Sham solutions in terms of corre-
sponding orbitals provided insight into the electronic struc-
tures of the investigated systems. The analysis revealed that
similar orbitals (Fe d, orbital and the highest occupied a,,-
like 7 orbital of the ring) are involved in magnetic coupling
in the iron porphyrin- and corrole-based systems, and that
the coupling in the latter case is much stronger. A key dif-
ference between the porphyrin- and corrole-based systems is
that in the former the iron is locally in a high-spin Sg.=5/2
state, while in the latter the macrocycle-iron ¢ bonds
become so strong that the iron is forced into an intermedi-
ate-spin Sg,=3/2 configuration. The resulting consequences
for the magnetic properties of these systems have been ex-
plored in some detail in this work. Possible implications for
their reactivity will be addressed in future studies.

Experimental Section

Magnetic susceptibility data were measured from powder samples of
solid material in the temperature range 2-300 K using a SQUID suscep-
tometer (MPMS-7, Quantum Design) with a field of 1.0 T. Multiple-field
variable-temperature magnetization magnetization equidistantly sampled
on a T~' temperature scale. The experimental data were corrected for un-
derlying diamagnetism by use of tabulated Pascal’s constants, as well as
for temperature-independent paramagnetism. The susceptibility and mag-
netization data were simulated with our own package julX for exchange-
coupled systems written by E.B. The simulations are based on the usual
spin-Hamilton operator for exchange-coupled paramagnetic systems of
intermediate-spin iron(III) and a ligand radical with spins Sg,=3/2 and
S.a=1/2 [Eq. (1)].

- = — - =
H==2]Sg S +”B(gFe Sk + 8raa Srad)B+
Ere 'y o 1)
(St

Fex

Dre[Sge .~ '/5Sre (Sre +1) +

In Equation (1) g; is the local electronic g value, and Dy, and Eg/Dp, are
the axial zero-field splitting and rhombicity parameters of the ferric ion.
The magnetic moments were obtained from the first-order derivative of
the eigenvalues of Equation (1). Powder summations were done by using
a 16-point Lebedev grid.

Mossbauer data were recorded on a spectrometer with alternating con-
stant acceleration. The minimum experimental line width was
0.24 mms™' (full width at half-height). The sample temperature was
maintained constant either in an Oxford Instruments Variox or an
Oxford Instruments Mdssbauer-Spectromag cryostat, which is a split-pair
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super-conducting magnet system for applied fields up to 8 T in which the
temperature of the sample can be varied in the range 1.5 to 250 K. The
field at the sample is perpendicular to the y-beam. The *’Co/Rh source
(1.8 GBq) was positioned at room temperature inside the gap of the
magnet system at a zero-field position. Isomer shifts are quoted relative
to iron metal at 300 K.

Magnetic Mossbauer spectra were simulated by using the electronic spin-
Hamiltonian for the total spin S,=1 of the system [Eq. (2)] together with
the usual nuclear Hamiltonian for the hyperfine interactions of the *’Fe
nuclei [Eq. (3)], for which TATS . is the magnetic hyperfine coupling that
connects S, and the nuclear spin I, and A is the hyperfine coupling
tensor.

H=gBS, B +DJS’,~2/3+E/D,(S,~S)] )
— . — ——
Hyoe=TAS —gB1 B +Hg A3)

The nuclear quadrupole interaction is given by Equation (4) in which Q
is the quadrupole moment, and V,, and 5 are the main component and
the asymmetry parameter of the electric field gradient tensor, respective-
ly.

eqQV ..

Ho =101

BE-I* +y(I-1)] Q)

The corresponding quadrupole splitting as observed in zero-field spectra
is given by Equation (4). The isomer shift 0 was just added to the M&ss-
bauer transition energies.

Computational methods: All computations in this work were carried out
with the ORCA program package.” Geometry optimizations for all the
complexes were performed with the BP86/*! and B3LYP*!! density func-
tional. The TZVP*! (Fe, O, N and the halide atoms in the first coordina-
tion sphere), and SV(P) (other elements) basis sets®’! were applied in
combination with the auxiliary basis sets TZV/J (Fe, O, N, and coordinat-
ing halide atoms) and SV/I.* The RI**! and RIJONX"! approxima-
tions were used to accelerate the calculations. Because several broken
symmetry solutions to the spin-unrestricted Kohn—Sham equations may
be obtained for many of the compounds in this work, the general nota-
tion BS(m,7)!*"! has been adopted, in which m (1) denotes the number of
unpaired spin-up (spin-down) electrons at the two interacting fragments.
Spectroscopic parameters: The spectroscopic data were obtained from ad-
ditional single-point calculations. For that purpose, the B3LYP hybrid
density functional was applied in combination with the CP(PPP)P basis
set for Fe, and the TZVP basis set for the nitrogen, oxygen, and halide
atoms in the first coordination sphere. The SV(P) basis set was used for
the remaining atoms. The nature of the solution was investigated by the
corresponding orbital transformation,*”) which, through the correspond-
ing orbital overlaps, demonstrates whether the system is to be described
as a spin-coupled or a normal almost spin-pure Kohn-Sham determinant.

Quadrupole splittings (AE;) were obtained from electric field gradients
V; (i=x, y, z) by employing a nuclear quadrupole moment, Q(*’Fe), of
0.16 barn [Eq. (5)]:

AEq ="/eQV 1+ (3)

Here, n=(V,,—V,,)/V_, is the asymmetry parameter of the nuclear quad-
rupole tensor. Isomer shifts (0) were calculated from the electron densi-
ties at the Fe nuclei (p,) by employing the fit equation [Eq. (6)] in which
C is a constant of 11800au>, and a=-0.367 ac’'mms~' and b=
+6.55 mms~! are the fit parameters from our previous work.“*!

6 =a(p,—C)+b (6)

For iodine complexes, the scalar relativistic zero’th order regular approxi-
mation (ZORA) Hamiltonian was employed for geometry optimizations
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and Mossbauer parameter calculations in conjunction with newly con-
tracted ZORA basis sets.[*! For ZORA calculations, a new calibration
curve for isomer shifts was established (C=13770au>, a=
—0.307 a’mms~!, b=+4.05 mms™').

Heisenberg exchange coupling constants J were obtained from the adia-
batic energy differences of the high-spin state and broken symmetry state
[Eq. (7)].*" in which the spin-Hamiltonian H=—2J S S nq Was em-
ployed.

Eys—Es
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