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Abstract

This review describes the effects of highly deformed porphyrin ring on the electronic structures of iron(IIl) porphyrinates, which includes (i)
the electron configurations in low-spin (S = 1/2) ruffled complexes, (ii) the contribution of the intermediate-spin (S =3/2) state in the spin-admixed
(§=5/2, 3/2) complexes with ruffled and saddled porphyrin ring, and (iii) the novel spin crossover (S=1/2, S=3/2) phenomenon in saddled
complexes, with a special emphasis on the use of 'H NMR, *C NMR, and EPR spectroscopy.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Elucidation of the electronic structures of iron porphyrin
complexes is quite important to understand the function and
catalytic processes of naturally occurring heme proteins. A
number of techniques have been used to solve this problem,
which include UV-vis, NMR, EPR, resonance Raman, MCD,
Mossbauer, EXAFS, SQUID, X-ray crystallography, etc. [1].
Among these techniques, 'H NMR is particularly useful because
it serves a detailed information on the electronic structures of
the complexes in solution at various temperatures [2-9]. This
is because the iron d orbital with an unpaired electron interacts
with the specific  molecular orbitals of porphyrin and increases
the m spin density at the specific carbon and nitrogen atoms
of the complex. Consequently, the NMR signals of the protons
directly attached to, or attached by two bonds, to the carbon atom
exhibit upfield or downfield shifts, respectively. In addition, the
unpaired electrons in the d,>_ > and d > orbitals can be delocal-
ized through o bonds to the protons and induce downfield shifts
of the proton signals. Thus, we can determine which d orbital
has unpaired electron by the analysis of the observed 'H NMR
chemical shifts. In other words, the chemical shift can be a good
probe to reveal the electronic structure of iron(IIl) porphyrin
complexes. Through the extensive studies using 'H NMR spec-
troscopy, it is now clear that the spin states of iron(III) porphyrin
complexes are controlled by the nature and number of the axial
ligands. While the six-coordinate complexes carrying axial lig-
ands with strong field strength such as imidazole and cyanide
exhibit a low-spin (§ = 1/2) state, the five-coordinate complexes
carrying an anionic ligand such as halide and acetate show a
high-spin (§'=5/2) state. If the field strengths of anionic ligands
become fairly weak, the complexes adopt a rare intermediate-
spin (S =3/2) state as shown in Fig. 1.

dxz\.J .
B T e A2
--_”-""‘-‘—T— d,z
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dy gy,
S=1/2 S=52 S=382 %

Fig. 1. Spin states of iron(IIT) porphyrin complexes.

In addition to the field strength of the axial ligands, defor-
mation of the porphyrin ring [10,11] also affects the electronic
structures of the iron(IIl) porphyrin complexes. This is because
some specific interactions, which are forbidden in planar com-
plexes, are allowed if the porphyrin ring is deformed [12—-15].
Consequently, the energy levels of the five d orbitals are per-
turbed to give a unique electronic structure. Since the porphyrin
deformation is commonly observed in naturally occurring heme
proteins [16-20], it is very important to elucidate the effect of
porphyrin deformation on the physicochemical properties of the
complexes. Because many good review articles describing the
electronic structures of hemes and model heme complexes have
been published [2-9,21-23], this review article focuses on how
the porphyrin deformation, especially the ruffling or saddling,
affects the spin states and electron configurations of iron(IIl)
porphyrin complexes with an emphasis on the use of 'H NMR,
13C NMR, and EPR spectroscopy. As shown in Fig. 2, the ruf-
fling of the porphyrin core indicates that the meso carbon atoms
deviate from the mean porphyrin plane up and down alternately
[24-27], while the saddling of the porphyrin core indicates that
the B carbon atoms deviate similarly [28-30].

2. Electron configurations of low-spin complexes
2.1. General consideration

There are two types of electronic ground state in low-spin
iron(IIT) porphyrin complexes. One is the commonly observed
ground state with the (dxy)z(dxz, dyz)3 electron configuration

(a) (b)

Fig. 2. Major deformation modes of porphyrin: (a) ruffle and (b) saddle. Open
circles represent atoms above the least-squares plane, and the filled circles cor-
respond to atoms below the plane.
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Fig. 3. Electron configurations of low spin iron(III) complexes.

and the other is the less common ground state with the (d,,
dyz)4(dxy)1 electron configuration as shown in Fig. 3 [3]. Recent
studies have revealed that the ground state of low-spin com-
plexes is controlled by the electronic nature of axial ligands
[3]. Although the complexes carrying axial ligands with strong
o-donating ability such as imidazole and cyanide adopt the com-
mon (dxy)z(dxz, dyz)3 state, the complexes carrying axial ligands
with weak o-donating and strong r-accepting ability such as
tert-BuNC and 4-CNPy prefer the less common (d;, dyz)4 (dxy)1
state. Walker, Scheidt and others explained that the d; orbitals
of these complexes are stabilized by the interaction with the low-
lying p.., orbital of the ligand to the point where they lie lower
than the dy, orbital [31-33]. As a result, the unpaired electron
occupies the d,, orbital to form the (d,., dyz)“(dxy)l electron
configuration. Depending on the energy difference between the
dyy and d; orbitals, the excited state with the different electron
configurations contributes to the electronic state of the complex.
If the d,y orbital is located far above the d; orbitals in energy
diagram, then the complex has a quite pure (d,, dyz)“(dxy)1
ground state. If, on the other hand, the energy difference is
rather small, then the contribution of the excited state increases.
The spectroscopic properties of the complex, therefore, change
depending on the energy difference between the d,, and dr
orbitals.

Electron configuration of the low-spin complexes causes
tremendous influence on the 'H NMR spectra. In the case of the
(dxy)z(dxz, dyz)3 type complexes, the unpaired electron in the iron
d;; orbitals delocalizes to the porphyrin ring through the inter-
action with the porphyrin(3e,) orbitals. Because the 3e, orbital
has sizable coefficients on the B-pyrrole carbon and nitrogen
atoms and zero coefficient on the meso carbon atoms as shown
in Fig. 4, the interaction shifts the pyrrole-H signal to the upfield
position [2-9]. Typical example is [Fe(TPP)(CN),]~ where the
pyrrole-H, o-, m-, and p-H signals appear at —16.55, 4.55, 6.36,
and 6.08 ppm in CD,Cl; at 298 K, respectively [34]. For many
years, the presence of the upfield shifted pyrrole-H signal was
considered to be the condition that all the TPP type low-spin
complexes must satisfy. In 1989, Simonneaux et al. reported
that low-spin [Fe(TPP)('BuNC),]* shows a completely differ-
ent 'H NMR spectrum [35,36]. The pyrrole-H, o-, m-, and p-H
signals appear at 9.73, 0.96, 13.75, and 3.21 ppm, respectively,
in CD,Cl, at 298 K. Later, the complex was characterized as

dey(n*)

agy(m)

ayy(m)

3ey(m)

Fig. 4. Frontier orbitals of porphyrin.

the first example of the low-spin complex with the unusual (d,;,
dyz)4(dxy)l electron configuration [31-33].

In the (d,;, dyz)“(dxy)1 type complexes, the unpaired electron
is in the dy, orbital. Since the d,, orbital is orthogonal to any of
the porphyrin orbitals in the planar complexes with D4 symme-
try, the delocalization of the unpaired electron to the porphyrin
ring is supposed to be quite small as far as the porphyrin main-
tains the planar structure. X-ray crystallographic studies of the
(dyz, dyz)“(dxy)1 type complexes have revealed, however, that the
porphyrin core of these complexes commonly exhibits the highly
ruffled structure [32,37-39]. Typical example is [Fe(TPP)(4-
CNPy);2]C104 whose molecular structure is given in Fig. 5 [32].
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Fig. 5. ORTEP diagram of [Fe(TPP)(4-CNPy),]ClO4. Labels assigned to the
crystallographycally unique atoms are displayed. Fifty percent probability sur-
faces are shown. Adapted from Ref. [32].

The porphyrin ring is significantly ruffled. The equatorial Fe—N
bond distances average to 1.952 A, which is quite short for low-
spin complex [40—42]. The average deviation of the meso carbon
atoms from the mean porphyrin plane is 0.55 A. Upon ruffling
deformation, the symmetry of six-coordinate metalloporphyrin
will be lowered from Dy to Dyg [13—15]. As shown in Table 1
[14], both the iron d,y and porphyrin ay, orbitals are represented
as by in ruffled D4 complex and therefore they can interact [32].
In other word, the complex is stabilized due to the dyy—ay, inter-
action by ruffling the porphyrin core. As a result, the unpaired
electron in the d,y orbital delocalizes to the porphyrin ring espe-
cially on the meso carbon and pyrrole nitrogen atoms because
the ap, orbital has large coefficients at these atoms as shown
in Fig. 4. The upfield shift of the o- and p-H signals and the
downfield shift of the m-H signal in the (dy., dy;)*(dy)! type
complexes are therefore ascribed to the delocalization of the
unpaired electron to the meso carbon atoms [4]. Small down-
field isotropic shift of the pyrrole-H signal is explained in terms
of the dipolar contribution since the contact shift is supposed

Table 1
Correlation table for the molecular orbitals of metalloporphyrin®
Dyp Dy, Doy Cyy
Metal
dxz,yz big ag by (by) by
d2 ajg ag aj aj
dzy, dy; €g bag, bag e e
dxy b2g blg b1 (b2) b2
Porphyrin
LUMO €g bag, bag e e
HOMO aly ay b 1 az
au bIu by aj
HOMO-1 €g bag, bag e e

% Symmetry representation for ruffle-shaped deformation are given in paren-
theses. Adapted from Ref. [14].

Table 2
13C NMR chemical shifts of [Fe(TArP)(CN), ]~ taken in CD»Cl, and in CD30D,
where Ar is 2,4,6-triethylphenyl group [44]

X op CD,Cl, CD;CD
meso o B meso a B

—OCH3 —0.28 94.4 40.2 89.8 203.9 ca. 21 88.3
—CH; —0.14 93.5 40.3 89.9 195.8 224 88.6
—H 0.00 89.0 41.3 90.3 183.8 26.6 89.4
—F 0.15 84.2 424 90.6 173.2 30.7 90.2
—Cl 0.24 81.1 429 90.9 163.7 333 90.8
—COOCH3 0.44 79.2 43.6 914 152.8 36.5 91.7
—CF3; 0.53 74.8 439 91.6 145.8 385 924
—CN 0.70 74.3 47.3 92.9 136.5 41.3 933

to be quite small due to the zero coefficients at the 3-pyrrole
carbons in the ay, orbital [43].

In addition to the field strengths of axial ligands, electron
configuration can also be affected by the electronic effect of the
peripheral substituents. The 'H and '3C NMR data of a series of
[Fe(TArP)(CN),]™ are instructive, where Ar’s are p-substituted
phenyl groups [44]. Table 2 shows the '>*C NMR chemical shifts
of these complexes taken in CD,Cl, and CD30OD solutions. The
isotropic shift of the meso carbon in each complex, which is
defined as djso = dobs — ddia, is plotted against the Hammett o
value, where §gi, is the chemical shift of the meso carbon signal
of the corresponding diamagnetic [Co(TArP)(CN),]~. Fig. 6
shows the Hammett plots for the complexes obtained in (a)
CD;Cl, and (b) CD30OD solutions. In CD,Cl, solution, the Ham-
mett plots yield a good linearity with a slope of —21.8 ppm. In

100!llllllllllllllllllllll

50 - 1

Isotropic shift(ppm)

-0.4 -0.2 0 0.2 0.4 0.6 0.8
Hammett Gp

Fig. 6. Plots of the meso carbon isotropic shifts of [Fe(TArP)(CN),]~ against
Hammett op. The symbols (O) and (0) are isotropic shifts obtained in CD,Cl,
and CD3OD solutions, respectively. Adapted from Ref. [44].
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CD3OD solution, the Hammett plots again show a good lin-
earity with a slope of —69.5 ppm, which is more than three
times as much as that in CD,Cl, solution. As mentioned later,
the downfield shift of the meso carbon signal in low-spin com-
plexes is a good measure to elucidate the contribution of the
(dyz, dyz)“(dxy)1 state. Thus, the results indicate that the contri-
bution of the (d,;, dyz)“(dxy)1 state is much larger in CD30D
solution, and that it increases as the electron-donating ability
of the p-substituents increases. Since the steric effect of the
p-substituent on the porphyrin structure is considered to be negli-
gibly small, it is concluded that the electron-donating meso sub-
stituent stabilizes the (dy., dyz)“(dxy)1 state while the electron-
withdrawing substituent stabilizes the (dxy)z(dxz, dyz)3 state
[44].

2.2. Spectroscopic studies on the effect of porphyrin
deformation

The complexes with the less common (d,;, dyz)“(dxy)1 ground
state exhibit a ruffled structure even if they have the usually
planar porphyrin ring such as TPP, OEP, or TMP. Important
problem here is if the reverse is true. Do the low-spin complexes
carrying imidazole or cyanide exhibit the less common (d,,
dyz)4(dxy)1 ground state if the complexes are forced to ruffle
for steric reasons? In order to answer this question, Ikeue et
al. have examined the electronic structures of a series of six-
coordinate [Fe(TRP)(L),]*, where R’s are H, Me, Et, "Pr, “Pr,
and 'Pr groups [43,45-47] under the assumption that the ruffling
of the porphyrin core is controlled by the bulkiness of meso-
alkyl substituents [24-27]. In the following sections, the use of
various spectroscopic methods such as 'H NMR, '*C NMR, and
EPR to reveal the electronic ground state of low-spin iron(III)
porphyrinates will be described [43,45-50].

2.2.1. 'H NMR spectroscopy

Table 3 shows the chemical shifts of the pyrrole-H and meso-
CH,, signals of [Fe(TRP)(L),]* [43,47], where axial ligands are
nitrogen bases, CN~, and 'BuNC. The axial ligands are arranged
in descending order of the CH,, chemical shifts, which almost
coincides with the order of the pyrrole-H chemical shifts. The
datain Table 3 clearly indicate that both the pyrrole-H and meso-
CH,, signals move downfield in each series of [Fe(TRP)(L),]*

Table 3
'H NMR chemical shifts of [Fe(TRP)L,]* in CD,Cl, at 223K
L Py-H meso-CHo

"Pr “Pr Pr "Pr “Pr Pr
HIm —21.5 —18.7 0.1 1.7 10.9 16.1
DMAP —16.7 —14.3 4.0 9.7 26.4 19.8
2-Melm —-8.2 -8.5 5.6 21.3 434 21.2
CN™ -3.5 4.3 12.3 30.9 91.9 28.7
3-MePy 4.5 7.3 14.7 514 115.3 33.2
Py 7.1 8.4 14.9 57.9 121.4 34.0
4-CNPy 13.0 14.9 15.6 88.5 189.5 41.6
"BuNC 12.7 14.7 12.9 118.5 a 50.8

Adapted from Refs. [43,47].
2 Not observed.

as the field strength of the nitrogen base weakens, which in turn
indicates that the electron configuration changes from (dxy)z(dxz,
dyz)? 10 (g, dyr)*(diy)'

Interestingly, the pyrrole-H signal also shows a downfield
shift as the meso "Pr group is replaced by much bulkier “Pr, and
then by ‘Pr group. Thus, it is reasonable to conclude that the
contribution of the (d,;, dyz)“(dxy)1 ground state increases as the
ruffling of the porphyrin core increases. Although the molecular
structures of these complexes have not been reported, the cor-
responding high-spin Fe(TRP)CI actually exhibits the increase
in ruffling as the meso substituent(R) changes from "Pr [51] to
€Pr [52], and then to ‘Pr [53]. The ruffling dihedral angle, which
is defined as the dihedral angle between two diagonal pyrrole
rings, increases from 21.7° to 29.0°, and then to 38.2°. The aver-
age equatorial Fe—N bond decreases from 2.063 to 2.044, and
then to 2.038 A for the same change in the meso substituents.
The short equatorial Fe-N bond is one of the characteristic fea-
tures of the highly ruffled iron(III) porphyrin complexes. Latos-
Grazynski, Marchon and others reported similar results using
[Fe(TMCP)Lz]jE and [Fe(TCHP)Lz]i having bulky cycloalkyl
groups such as substituted cyclopropyl and cyclohexyl groups,
respectively [48,49].

Another interesting datum in Table 3 is the difference in
chemical shifts between [Fe(TRP)(HIm),]* and [Fe(TRP)(2-
Melm);]*. Both the pyrrole-H and meso-CH,, signals exhibit
large downfield shift as the axial ligand changes from HIm
to much bulkier 2-Melm. The result is again ascribed to
the increase in the (d,, dyz)“(dxy)1 contribution due to the
strongly ruffled porphyrin core in [Fe(TRP)(2-Melm);]* caused
by the steric repulsion between bulky 2-Melm and the TRP
core. In fact, the X-ray crystallographic analysis of analogous
[Fe(TEtP)(2-Melm),]* exhibits the presence of highly ruffled
porphyrin core as shown in Fig. 7 [54]. The average devia-
tion of the meso carbon atoms from the mean porphyrin plane
reaches as much as 0.72 A, indicating that the complex is
one of the most severely ruffled low-spin iron(IIl) porphyri-
nates. The average equatorial Fe—N bond length is quite short
1.932 A, which should be compared with 1.993 A in analo-
gous [Fe(TPP)(HIm);]* [55]. The short equatorial Fe—N bond is
observed in [Fe(TMP)(1,2-Me,Im),]*, which also has strongly
ruffled porphyrin core caused by the steric repulsion between
bulky 1,2-Me;Im and the TMP core [56]. The average equato-
rial bond length and the average deviation of the meso carbon
atoms from the mean porphyrin plane are 1.937 and 0.72 A,
respectively. Thus, the degree of ruffling is nearly the same as
that of [Fe(TEtP)(2-Melm),]*. Since the pyrrole-H chemical
shifts of [Fe(TEtP)(2-Melm);]* and [Fe(TMP)(1,2-Me,Im),]*
are —9.0 and —13.1 ppm, respectively, at 223 K [57], the meso
ethyl group stabilizes the (d,;, dyz)“(dxy)1 state more effectively
than the meso mesityl group, which should be ascribed to the
difference in electron donating ability between alkyl and aryl
groups. Probably, 2-MeBzIm is the bulkiest imidazole ligand
that can coordinate to iron(Ill) porphyrinates. Thus, the low-
spin [Fe(TMP)(2-MeBzIm),]* is expected to show the most
severely ruffled porphyrin core though the structural data are not
available at present. The pyrrole-H of [Fe(TMP)(2-MeBzIm),]*
shows four signals around +1 ppm at 223 K, suggesting that
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Fig. 7. ORTEP diagram of [Fe(TEtP)(2-Melm),]Cl: (a) side view and (b) top view. Adapted from Ref. [54].

the complex adopts the (d,;, dyz)“(dxy)l ground state in spite
of the coordination of imidazole derivative [58]. Determination
of the electronic ground state of analogous low-spin [Fe(TPP)(2-
MeBzIm),]* has been hampered due to the facile formation of
the p-oxo dimer in the presence of hindered base [59].

The difference in electron configuration in low-spin com-
plexes should affect the chemical shifts of the axial ligands. If
the coordination atom in the axial ligand constitutes a part of
double or triple bond as in the case of imidazoles, pyridines,
or cyanide, the dz—py or dg—p,, interaction is possible in the
(dxy)z(dxz, dyz)3 type complexes. As a result, we can expect the
presence of isotropically shifted ligand signals. In contrast, the
isotropic shift must be much smaller in the (d,., dyz)“(dxy)1 type
complexes since the dy, orbital is orthogonal to any of the lig-
and T orbitals. Thus, the chemical shift of the axial ligands
can also be a good probe to elucidate the electron configura-
tion. Fig. 8 shows the correlation of the chemical shifts between
pyrrole and imidazole methyl protons in [Fe(TRP)(2-Melm);]*
(1a—1d) and [Fe(TRP)(2-Melm)(CN)] (2a-2d), where R = H(a),
Me(b), Et(c), and ‘Pr(d) [46]. As the pyrrole signal moves down-
field from —22.5 in [Fe(THP)(2-Melm);]* (1a) to 12.4 ppm
in [Fe(T'PrP)(2-MeIm)(CN)] (2d), the imidazole methyl signal
shifts upfield from 21.4 to —6.0 ppm. The results indicate that
the spin density at the C-2 of the coordinated 2-Melm ligand
decreases in both systems on going from R = H to R = Pr, which
in turn indicates the switch of the electron configuration from
(dey)?(dyz, dy2)? to (dyz, dyz)*(dyy)! [46]. The dipolar shift also
contributes to some extent because the methyl signal is expected
to move upfield in the (dy;, dy;)*(dyy)! type, and downfield in the
(dyz, dyz)“(dxy)1 complexes [43]. In Fig. 8, the complexes (1d)
and (2b-2d), all of which are located at lower right of the graph,
are confirmed to adopt the (d,;, dyz)“(dxy)1 ground state on the
basis of the EPR g values [46].

2.2.2. 13C NMR spectra

13C NMR chemical shift is also a good probe to elu-
cidate the electronic structure of the low spin complexes
[43,45-47,60-64]. The isotropic shifts (8is,) of the carbon sig-
nals are given by
Siso = obs — Sdia = S5’ + Sy + Scon
where SMPC, 8'51?), and §¢on represent the metal centered dipolar
shift, ligand centered dipolar shift, and contact shift, respec-
tively. The metal centered dipolar shift in the complexes with

axial symmetry is defined as follows:

1 3cos’6 — 1
MC _
Sdip = E(XH - XL)T

where x’s are the molecular susceptibilities, 6 the angle between
the nucleus—metal vector and the z-axis, r the length of this vec-
tor, and term (3 cos? @ — 1)/1° is referred to as the axial geometric
factor. The 8]5% is assumed to be proportional to the spin density
p” at the observed carbon atom and is given by

Slai% = Dp"

Carbon contact shifts originate from unpairing of carbon 1s
electrons and unpairing of the three carbon sp> bonding pairs.
Thus, the contact shift for the meso carbon in [Fe(TRP)L,]*
can be written by the Karplus and Frankel equation [65], where

Imidazole Methyl( 8, ppm)

-30 -20 -10 0 10 20
Pyrrole-H( &, ppm)

Fig. 8. Correlation of the chemical shifts between pyrrole-H and imida-
zole methyl signals in a series of [Fe(TRP)(2-Melm),]* () (1la-1d) and
[Fe(TRP)(2-Melm)(CN)] (@) (2a-2d)at 238 K, where R =H(a), Me(b), Et(c),
and Pr(d). The line has no mathematical meaning. Adapted from Ref. [46].
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FC={2mgupS(S+ 1)}/ (3yckT):
Scon(meso) = [(S€ + 305 pmeso + (209)pT 1 FC

The SC term indicates polarization of the 1s orbital, the QSC,

term reflects polarization of the three sp?> bonds by m-spin den-
sity at the observed carbon atom, and the QS,C term represents
polarization of the C—C bond by 7 spin densities centered on
the neighboring carbon atoms. The S€, Qgc,, and Qg,c are esti-
mated to be —35.5, 40.3, and —39.0 MHz, respectively [65,66].
The (8con + 8{1‘1%) values for the meso carbon, which can be

obtained by (8jso — Sg/i[pc), are expressed by

LC MC
5con + ‘Sdip = 5iso - adip

= [(SC + 3Q€C’)pr1:1eso + 2Q€’CPZ]FC + DplqlTleSO

The meso-'3C chemical shift is particularly useful to deter-
mine the electron configuration [43,47,67]. This is because the
spin densities on the meso carbon atoms are quite dependent
on the electron configuration. The 3e, orbital, which interacts
with the half-occupied d orbital in the (dy)*(dy., dy;)® type
complexes, has node at the meso carbon atom. Thus, the meso
carbon isotropic shift, §iso(meso), is approximated by Eq. (1)
assuming that the o, is negligibly small:

Siso(meso) = 206, FCpT + 8yis 1)
Since both terms in Eq. (1) are negative, the meso signal appears
more upfield than the corresponding signal in diamagnetic com-
plexes; 82?5 is negative because of the positive (x| — x) value
in the (dyy)?(dys, dyz)3 type complexes. By contrast, the com-
plexes with the (d,, dyz)“(dxy)1 ground state have large spin
density at the meso and negligibly small spin density at the o
carbon atoms due to the az,—dy, interaction. Thus, the meso
carbon isotropic shift for the (d,,, dyz)4(dxy)l type complexes is
approximated by Eq. (2) assuming that the o] is negligibly small:

8iso(meso) = [D + (SC + 3Q8C/)Fc]pgleso + 83/1[15: (2)

Since the D, (SC + SQSC,), and (SMPC values are all positive,

the meso carbon isotropic shift is positive and increases lin-
early with the  spin density at the meso carbon; 82’{5 is positive

because ()| — x_1) is negative in the (dy, dyz)“(dxy)] type com-
plexes. Thus, the complex with a quite pure (dy;, dyz)“(dxy)1
ground state with a highly ruffled porphyrin core should exhibit
the meso carbon signal at a fairly downfield position due to the
strong d,y—apy interaction.

The 13C NMR chemical shifts of the meso, o, and B3 signals of
a series of [Fe(TRP)L,]* are listed in Table 4 [43,47]. The data
indicate that the meso signal moves downfield as the axial ligand
has much weaker o-donating and stronger m-accepting ability;
the chemical shifts of the meso signals in [Fe(T"PrP)L;]* are
73.1 and 814.7 ppm for L = HIm and 4-CNPy, respectively. The
data in Table 4 also indicate that the (d,, dyz)“(dxy)1 charac-
ter increases with increasing bulkiness of the meso alkyl group;
the meso carbon signals in [Fe(TRP)(HIm),]* are 73.1, 97.1,
and 331.6 ppm for R ="Pr, “Pr, and ipr, respectively. Thus, the
chemical shift of meso carbon is as good a probe as that of
pyrrole-H in determining the electron configuration of the low
spin complexes. Since the meso carbon chemical shifts of the
corresponding diamagnetic complexes [Co(TRP)L,]* are ca.
125 ppm, it is clear from Egs. (1) and (2) that the ground state
electron configuration of [Fe(T"PrP)(HIm),]* is different from
that of [Fe(T'PrP)(HIm),]*; the former adopts the (dxy)z(dxz,
dyz)3 while the latter adopts the (d,., dyz)“(dxy)1 electron con-
figuration. Highly ruffled complex carrying the axial ligand
with low-lying 7" orbital, i.e. [Fe(T’PrP)(4-CNPy),]*, shows
the meso signal at an extremely downfield position, 917.5 ppm
at 223 K, indicating that the complex is in a quite pure (d,,
dyz)“(dx,)1 ground state. The complex with the purest (d,,
dyz)“(dxy)1 ground state, where the dy, orbital is located far above
the d orbitals, must be [Fe(T'PrP)('BuNC),]* as is revealed
from the extraordinary downfield shifted CH,, signal shown in
Table 3 [47]. Observation of the meso signal of this complex is,
however, not successful at this point.

As mentioned, the characteristic NMR features in the (d,.,
d Z)4(dxy)1 type complexes are the downfield shift of the meso-
l3yC and the downfield shift of the pyrrole-H signals. Fig. 9
shows the correlation between pyrrole-H and meso-'3C chemi-
cal shifts of a series of Fe(TRP)L,* (R ="Pr, °Pr, and 'Pr) and
Fe(TArP)L,* (Ar=phenyl and mesityl groups) determined in
CD,Cl, solution at 298K [67]. As the (dy;, dy;)*(dy)! char-
acter increases, both the pyrrole-H and meso-'3C signals move
downfield, showing a semi-parabolic curve with a positive slope.

Table 4
13C NMR chemical shifts of low-spin Fe(TRP)L,* in CD,Cl, at 223K
L meso o B

"Pr “Pr pr "Pr “Pr Pr "Pr “Pr Pr
HIm 73.1 97.1 331.6 0.0 11.8 —28.3 73.6 79.6 76.5
DMAP 130.5 127.4 402.2 —22 8.5 —47.2 84.3 88.0 81.1
2-Melm n.d. 190.4 434.0 n.d. —20.6 —69.9 n.d. n.d. 74.8
CN- 336.1 386.7 639.6 —72.7 —84.2 —186.0 61.2 61.2 54.7
3-MePy 470.0 431.6 702.5 —88.5 —71.1 —165.2 77.0 79.6 71.6
Py 526.5 448.9 728.6 —108.2 —81.3 —179.3 74.3 78.7 71.4
4-CNPy 814.7 680.1 917.5 —267.2 —211.9 —293.5 66.0 71.7 74.8
"BuNC B a B a a a 84.7 91.0 98.8

Adapted from Ref. [43,47].
2 Not observed.
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Fig. 9. Corelation of chemical shifts between pyrrole-H and meso-13C signals
at 298 K in [Fe(TArP)Ly 1% (), [Fe(T"PrP)Ly]* (A), [Fe(TPrP)L,]* (@), and
[Fe(T'PrP)L;]* (O). The line has no mathematical meaning. Adapted from Ref.
[67].

The correlation curve is quite useful to elucidate the contribu-
tion of the (dy, dyz)“(dxy)1 in naturally occurring heme proteins
since the hemes have no pyrrole-H.

The '3C NMR chemical shift of iron-bound cyanide can
also be a probe to elucidate the electronic structure of iron(III)
porphyrinates and naturally occurring heme proteins [6,68].
The iron-bound cyanide signals are observed fairly upfield, ca.
—2500 ppm, mainly due to the contact shift caused by the spin
polarization effect; the unpaired electron in iron polarizes the
Fe—C o-bond and induces the negative spin at the CN car-
bon atom [69]. Since the cyanide chemical shift is affected by
various factors including solvents, hydrogen bonding, trans lig-
and, etc., it must be difficult to extract the effect of electron
configuration from the observed chemical shifts [70]. In the
case of [Fe(TRP)(CN),], the cyanide signal moves downfield
as the electron configuration switches from (dxy)z(dxz, dyz)3 to
(dxz» dy)*(dyy)!; they are —2973 ppm (H), —1840 ppm (Me),
—2054 ppm (Et), and —1530 ppm (‘Pr) in CD,Cl, at 248 K [45].

Once the 'H and 13C NMR chemical shifts are determined, it
is possible to calculate the spin densities on the porphyrin carbon
and nitrogen atoms. Fig. 10 shows the spin distribution in low-
spin [Fe(TPP)(1-Melm),]* and [Fe(T'PrP)(4-CNPy),]*, which
adopt the (dyy)*(dyz, dy,)® and (dy, dy;)*(dyy)! ground state,
respectively. In the case of [Fe(TPP)(1-Melm);]*, the unpaired
electron delocalizes from the iron d; orbital to the pyrrole nitro-
gen and 3 carbon atoms [63]. In contrast, a large amount of spin is
on the pyrrole nitrogen and meso carbon atoms in [Fe(T'PrP)(4-
CNPy),]* [43]. The total spin delocalized to the porphyrin ring
reaches as much as 0.48 in [Fe(TiPrP)(4-CNPy)2]+, while it is

-0.00026
-0.00026

(@) L=1-Melm (b) L=4-CNPy

Fig. 10. Spin distribution in low-spin (a) [Fe(TPP)(I-Melm);]* and (b)
[Fe(T'PrP)(4-CNPy),]*. Adapted from Ref. [43].

only 0.17 in [Fe(TPP)(1-MeIm);]*. Thus, the porphyrin ring in
[Fe(T'PrP)(4-CNPy),]* has significant ay, type radical charac-
ter due to the strong as,—dyy interaction [43], which is supported
by the theoretical calculation [71].

2.2.3. EPR spectra

EPR spectroscopy is a good method to elucidate the electron
configuration of the low spin complexes at an extremely low tem-
perature [3-5,72-74]. The complexes with the (dy;, dy;)*(dy)"
ground state exhibit axial type spectra where g, and gy, are
nearly the same and they are larger than g... The complexes with
the (dxy)z(dxz, dyz)3 ground state show either rhombic or “large
gmax  type spectra. Extensive studies by Walker, Scheidt et al.
have revealed that the relative orientation of planar axial ligands
determines the spectral type of the low-spin complexes [5,75].
Complexes carrying parallel aligned ligands exhibit the rhombic
type spectra, where three signals are observed at g; =1.5-1.9,
g2=2.2-2.4, and g3 =2.5-2.9. In contrast, the complexes carry-
ing perpendicularly aligned ligands give large gmax type spectra,
where a single strong signal appears at g=3.2-3.7. The com-
plexes with linear ligands such as cyanide also exhibit the large
Zgmax type spectra. It is possible that the low-spin complex has
two isomers with different ligand orientation; one has paral-
lel aligned and the other has perpendicularly aligned ligands.
In such a case, both rhombic and large gmax type signals can
be observed even in frozen solution if the interconversion is
slow on the EPR timescale. Fig. 11 shows the EPR spectra of
the DMAP complexes taken in frozen CH,Cl, solution at 4.2 K
[76]. As shown in Fig. 11(b), [Fe(OEP)(DMAP),]* gives a typ-
ical rhombic spectrum with three signals at g=2.81, 2.38, and
1.64, suggesting that the two DMAP molecules take a mutually
parallel orientation above and below the porphyrin ring in frozen
CH,Cl; solution. The parallel alignment of the two DMAP lig-
ands is confirmed in the solid by the X-ray crystallographic anal-
ysis [75]. By contrast, [Fe(OETPP)(DMAP),]* exhibits a large
gmax type signal at g=3.24 as shown in Fig. 11(c). The result
suggests that the two DMAP molecules are aligned perpendicu-
larly in frozen CH,Cl, solution at 4.2 K. Structural analyses of
this complex reveal that the dihedral angle between two axial lig-
ands is 53.2° in one report [77] and 70° in another report [78]. In
the case of [Fe(TMTMP)(DMAP);]*, both rhombic and large
gmax signals coexist as shown in Fig. 11(a), which indicates
the existence of two isomers with different ligand orientation.
If the equilibrium constant between two isomers is ca. 10 in
favor of the perpendicular isomer, the AG® is calculated to be
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Fig. 11. EPR spectra of (a) [Fe(TMTMP)(DMAP),]*, (b) [Fe(OEP)-
(DMAP),]*, and (c) [Fe(OETPP)(DMAP);]* taken in frozen CH,Cl; solution
at 4.2 K. Adapted from Ref. [76].

80 J/mol at4.2 K. Thus, this phenomenon is observable when the
difference in thermodynamic stability of the isomers is fairly
small. More recently, Walker et al. reported the formation of
two isomeric [Fe(OMTPP)(1-Melm),]C1 with different ligand
orientation [79]. One is paral-[Fe(OMTPP)(1-Melm);]Cl and
the other is perp-[Fe(OMTPP)(1-Melm),]Cl, where the dihe-
dral angles of the ligands are 19.5° and 90.0°, respectively. In
the solid, the former exhibits a rhombic signal with g; =1.54,
g2=2.51, and g3 =2.71, while the latter shows a large gmax Sig-
nal at g =3.61. It has been proposed that the spectral switch from
the large gmax type to the rhombic type EPR signal takes place
when the dihedral angles between two axial planar ligands are
in the range of 30-70° [79].

Fig. 12 shows the EPR spectra of (a) [Fe(T'PrP)(4-CNPy),]",
(b) [Fe(T°PrP)(Py),2]*, and (c) [Fe(T"PrP)(HIm);]" taken in
frozen CH,Cl, solution at 4.2 K. As expected, [Fe(T'PrP)(4-
CNPy),;]" and [Fe(T“PrP)(Py),]* with a ruffled porphyrin core
exhibit the axial type spectra. The g, and g values are 2.41
and 1.79 for the former, and 2.56 and (1.3) for the latter com-
plexes [43]; the value in parenthesis is a speculated one. A
slightly smaller g; value in [Fe(T"PrP)(4—CNPy)2]Jr indicates
that the energy gap between the d,, and d; orbitals is larger
in [Fe(T'PrP)(4-CNPy),]* than in [Fe(T°PrP)(Py)2]*. In con-
trast to these spectra, [Fe(T"PrP)(HIm),]* shows the rhombic
type spectrum with g1 =2.90, g =2.35, g3 =(1.45). Thus, the
complex adopts the (dxy)z(dxz, dyz)3 ground state with parallel
aligned imidazole ligands [47].

2.3. Electron configurational isomers

In principle, a low spin complex should adopt either the (d,,
dyz)d'(dxy)1 or the (dxy)z(dxz, dyz)3 ground state depending on
the d orbital ordering determined by the electronic nature of

(b)

I 1 1 T T Ll 1

150 200 250 300 350 400 450
H/mT

Fig. 12. EPR spectra of (a) [Fe(TiPrP)(4—CNPy)2]+, (b) [Fe(T“PrP)(Py)>]*, and
[Fe(T"PrP)(HIm),]*taken in frozen CH,Cl, solution at 4.2 K. Adapted from
Ref. [47].

axial ligands, deformation of porphyrin ring, electronic effects of
peripheral substituents, interaction with the solvent molecules,
etc. It is possible, however, that a complex exists as the equilib-
rium mixture of the two isomers with different electronic ground
states; one has the (d,;, dyz)“(dxy)1 ground state while the other
has the (dxy)z(dxz, dyz)3 ground state as shown in Eq. (3). Here,
we define the electron configurational isomers, which indicate
that the isomers adopting the same spin state differ in electron
configuration.

(dyz, dyp)*(diy)! 2 (diy)*(dyz, dye)? 3)

It must be very difficult, however, to directly observe the entities
of such isomers because of the low energy barrier separating the
isomers. In addition, two isomers must exist in a comparable
ratio at an extremely low temperature for the direct observation.
One possible way to find such complexes is to finely modulate
the electronic nature of the axial ligands by means of intermolec-
ular interactions with solvent molecules so that the two isomers
exist in a comparable ratio at an extremely low temperature.
Ikezaki and Nakamura [80] found that [Fe(TArP)(CN),]~ meets
the requirements if Ar is 2,4,6-triethylphenyl. The contribution
of the (d,, dyz)“(dxy)1 electron configuration in this complex
changes depending on the nature of the solvents used. Table 5
shows the 13C NMR shifts of [Fe(TArP)(CN),]~ taken in var-
ious solvents at 253 K. In general, the isotropic shifts of the
meso-13C signals are negative (upfield shift) in the complexes
with the (dxy)z(dxz, dyz)3 ground state as shown in Eq. (1), while
they are positive (downfield shift) in the complexes with the (d,;,
dyz)“(dxy)1 ground state as shown in Eq. (2). Thus, the electronic
ground state can be deduced on the basis of the signs of the meso
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Table 5
13C NMR chemical shifts of [Fe(TArP)(CN),]~ determined in various solvents
at 253 K, where Ar is 2,4,6-triethylphenyl

Solvents meso o B ipso o m P

CD3;0D 2754 —17.0 76.6 68.8 2365 1300 1465
CDCl3 191.4 93 762 91.8 2020 125.6 1425
CD,Cl, 1723 104 785 97.0 1932 1253  143.1
DMF-d; 134.9 186 780 1069 1784 1250 143.1

DMSO-d¢®  130.8 162 785 107.0 1764 1245 1424
(CD3),CO 1233 207 772 1099 1742 1244 1426

CD3CN 100.3 204  81.1 1134 165.1 1234 142.6
CD5CD3 96.1 252 803 1167 1649 1239 1422
CeDg? 95.5 238 79.6 116.1 164.5 123.7 142.1
CCly 79.6 256 822 119.1 1582  122.6  140.8

Adapted from Ref. [80].
2 The value is extrapolated from high temperature.

carbon isotropic shifts; Siso = Sobs — ddia- Since the meso carbon
shifts of diamagnetic [Co(TArP)(CN),]~ are 115.54+0.6 ppm
in the solvents listed in Table 5, the border line that separates
the (dy, dyz)4(dx),)] type from the (dxy)z(dxz, dyz)3 type com-
plex lies between acetone and acetonitrile. In other words, the
isomer with the (d,, dyz)“(dxy)l ground state predominates over
that with the (dxy)z(dxz, dyz)3 ground state in the solvents ranging
from methanol to acetone.

To directly observe the electron configurational isomers,
spectroscopic measurement at an extremely low temperature is
necessary. Fig. 13 shows the EPR spectra of [Fe(TArP)(CN), ]~
taken in a series of frozen solutions at 4.2 K. In consistent with
the 13C NMR results, the complex exhibits the axial type spec-
trum in the solvents ranging from methanol to acetone. How-
ever, in the solvents that stabilizes the (dxy)z(dxz, dyz)3 ground
state such as acetonitrile, toluene, and benzene, the EPR spec-
tra exhibit both large gmax and axial type signals. The result
strongly indicates that two isomers with the different ground
states actually exist in frozen solution at 4.2 K and that the mutual
exchange between these two isomers is slow on the EPR time
scale at this temperature. Since the complexes with the (dy,,
dyz)“(dxy)l ground state always exhibit the ruffled porphyrin ring
in [Fe(TRP)L,]* and [Fe(TArP)L,]*, the observation of the two
isomers is ascribed to the slow interconversion between the ruf-
fled complex with the (d,;, dyz)4 (dxy)1 ground state and, possibly,
the planar (or nearly planar) complex with the (dxy)z(dxz, dyz)3
ground state as shown in Fig. 14. Rivera et al. also proposed

4
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CD50D
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3.65 |
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Fig. 13. EPR spectra of [Fe(TArP)(CN),]~ taken in frozen solutions at 4.2 K,
where Ar is 2,4,6-triethylphenyl. Adapted from Ref. [80].

the presence of the equilibrium between the planar (dxy)2(dxz,
dy.)* and ruffled (dy., dy;)*(dyy)! to explain the Curie plots of
the meso signal in [Fe(TPP)(OCH3)(OO'Bu)]~ [81,82].

3. Mixed high-spin and intermediate-spin state
3.1. General Consideration

Five-coordinate iron(II) porphyrin complexes with anionic
axial ligands such as chloride and acetate usually show the high-

spin (§=5/2) state [40-42]. This is because the iron(IIl) ion
deviates from the porphyrin plane in these complexes to stabi-

(dy Pyl

Fig. 14. Interconversion between the ruffled isomer with the (d,;, dyz)“(du,(y)1 ground state and the planar or nearly planar isomer with the (dxy)z(dxz, dyz)3 ground

state. Adapted from Ref. [80].
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lize the d,>_ > orbitals [40-42]. If the axial chloride or acetate
is replaced by a fairly weak anionic ligand, then the d> orbital
is stabilized and the d,>_» orbital is destabilized. The destabi-
lization of the d,»_,» orbital is ascribed to the interaction with
the nitrogen lone pair; the interaction is strengthened due to
the decrease in the out-of-plane distance of iron. As a result,
the complex is expected to adopt an intermediate-spin (S =3/2)
state. Actually however, the complex with weak axial ligand
shows not a pure S=3/2 but a mixed §=3/2, 5/2 spin state.
The mixed spin state is considered to be a quantum mechan-
ical admixture caused by the spin—orbit coupling between the
high- and intermediate-spin states, and not a thermal equilib-
rium between two spin states [83,84]. In fact, no clear example
has ever been reported even at very low temperatures to show
the presence of the two species.

"H NMR spectroscopy is a good method to determine the
contribution of the S =3/2 in the mixed spin state [3-8,85]. This
is because the pure high-spin complex exhibits the pyrrole-H sig-
nal fairly downfield because of the presence of unpaired electron
at the dxzfyz orbital; the unpaired electron in this orbital delo-
calizes to the pyrrole-H position through o bonds and induces
the large downfield shift of the pyrrole-H signal. In contrast,
the d,>_ > orbital is depopulated in the pure intermediate-spin
complexes. Thus, the pyrrole-H signal should appear fairly
upfield due to the spin polarization effect caused by the unpaired
electron at the 3 carbon atoms. On the basis of the pyrrole-
H chemical shifts, Reed and Guiset succeeded in ranking the
weakness of anionic ligands (X) in five-coordinate Fe(TPP)X
and called the hierarchy given in Eq. (4) as magnetochemical
series [86,87]. The weakest anionic ligand is determined to be
[Ag(BrgCB11Hg)2]~ since the pyrrole-H signal is observed at
the most upfield position:

[Ag(BreCB11He)2]™ < CB11Hi2~ < SbFe™
< Co(CyBgH 1), < AsFg~ < ClO4~ < C(CN)3~
< CF3S037 < BF4~ < ONC(CN),™ < ReO4™
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The magnetochemical series is also applicable to porphyrin
isomers such as porphycene [88-90]. The pyrrole signal of
(TPrPc)FeX moves upfield as the axial ligand (X) changes from
PhO~, CI7, Br—, I7, and then to ClO4~, which corresponds to
the spin state change from S=5/2 to §=3/2 [88].

The six-coordinate iron(IIl) complexes with nitrogen bases
usually show the low-spin state. However, the complex can adopt
arare high-spin state if the oxygen containing neutral compound
such as DMSO is used [91]. As in the case of the five-coordinate
complexes, the high-spin state is converted to the intermediate-
spin state if the field strength of the oxygen ligand is weakened.
Table 6 lists the 'H and '3C NMR chemical shifts as well as EPR
g values of a series of Fe(TPP)L,* where L’s are oxygen ligands
[92,93]. The pyrrole-H signal moves upfield from 71 to 3 ppm
as the axial ligand changes from 4-MePyNO to THF, indicat-
ing the increase in the S=3/2 contribution. In Table 6, the axial
ligands are arranged in descending order of the pyrrole-H chem-
ical shifts, which therefore corresponds to the magnetochemical
series for oxygen ligands. The order of the field strengths of
some ligands such as PyNO, substituted PyNO’s, and DMSO
are difficult to determine from the data in Table 6 because
of the similarity of the chemical shifts. The magnetochemical
series shown in Eq. (5) has been determined on the basis of
the pyrrole-H chemical shifts of both planar [Fe(TPP)L,]* and
ruffled [Fe(TiPrP)Lg]’r which will be mentioned later [92,93].

4-MePyNO, 3, 5-Me;PyNO > PyNO > 4-CIPyNO
> DMSO > DMF > MeOH > ExpNNO > THF  (5)

Although there is no example showing an essentially
pure intermediate-spin state in [Fe(TPP)L;]*, the analogous
[Fe(TArP)(THF);]" reported by Gold et al., where Ar is 2,4,6-
trimethoxyphenyl, is in a quite pure intermediate-spin state on
the basis of the spectroscopic and magnetic data [94-96]: 'H
NMR (CDCl3, room temp, §), —28.0 (Py-H), 9.2 (m-H); EPR
(CHCI3,77K) g1 =4.2, g1 =2.0; perr=4.7 up. Since the chem-
ical shift of the pyrrole-H signal of Fe(TPP)(THF)," is 3.1 ppm,
the contribution of the high-spin state in [Fe(TPP)(THF),]" is

< OTeF;3 < I” < Br < CI™ @ still not small.

Table 6

'H NMR, '3C NMR, and EPR data of [Fe(TPP)L,]*

Ligands (L) 'H NMR*? 13C NMRP EPR®

Py-H 0 m p a B meso g-Values

4-MePyNO 70.7 12.7 9.4 9.7 1625 1248 26 6.11 5.82 2.00

3,5-Me, PyNO 71.0 12.8 9.4 9.7 1636 1249 29 5.85 2.00

PyNO 68.9 13.3 9.5 9.8 1617 1240 27 6.00 2.00

4-CIPyNO 67.2 13.2 9.7 9.9 1594 1218 25 5.85 2.00

DMSO 67.2 13.0 9.6 9.7 1538 1226 10 5.85 2.01

DMF 60.2 13.5 9.9 99 1474 1179 13 5.85 2.00

CH3;0H 48.1 13.8 10.1 10.0 1261 1024 37 5.69 2.00

THF 3.1 14.1 10.1 10.3 547 518 60 4.59 5.48 2.00
6.03 5.48 2.00

Adapted from Refs. [92,93].
2 CD,Cly, 298 K.
b CDyCly, 298 K.
¢ CH,Cl,, 4.2K.
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Table 7

'H NMR and EPR data of [Fe(TEtPrP)X] and [Fe(T'PrP)X]

Complexes X 'H NMR (CD,Cl,, 298 K) Int* (%) EPR (CD;,Cl,, 4.2K) Int® (%)

Py-H CHq g-Values

[Fe(TEtrPr)X]
F 97.0 15.8 0 5.92 5.92 1.99 4
Cl 93.1 20.5 3 6.11 5.90 2.00 0
Br 85.2 22.2 9 5.95 5.93 1.99 3
I 60.4 22.7 28 5.50 3.02 1.80 87
I¢ 85.1 23.5 9 5.94 5.94 2.01 3
ClO4 —-339 10.2 100 4.09 4.09 1.98 97

[Fe(T'PrP)X]
F 97.1 22.3 0 5.95 5.95 2.00 3
Cl 90.4 28.3 5 6.16 5.71 2.00 3
Br 73.9 28.8 18 5.92 5.92 1.99 4
I 20.7 22.8 60 5.34 3.02 1.85 91
ClO4 —-31.2 13.8 100 4.90 3.50 1.90 90

Adapted from Ref. [97].
2 Determined on the basis of the pyrrole-H chemical shifts at 298 K.
b Determined on the basis of the EPR g values at 4.2 K.
¢ In toluene-dg solution.

3.2. Effect of ruffled porphyrin ring on the spin state

3.2.1. Five-coordinate complexes

Ruffling of the porphyrin ring affects the energy levels of
the iron d orbitals. As mentioned in the previous section, the
dyy orbital is destabilized by the interaction with the porphyrin
(apy) orbital. In addition, the dxz_yz orbital is also destabi-
lized due to the contraction of the equatorial Fe—N bonds,
which is commonly observed in highly ruffled iron(II) por-
phyrin complexes [32,38,39,54]. Because of the destabilization
of the dx27y2 orbital, the ruffled complexes tend to stabilize the
intermediate-spin state. Table 7 a pure high-spin state. By con-
trast, the pyrrole signals of the ClO4~ complexes appear at the
most upfield positions, —34 and —31ppm, and move further
upfield almost linearly against 1/7. Thus, the C1O4~ complexes
are considered to be in an essentially pure intermediate-spin
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state. The pyrrole signals of the Br~ and I” complexes appear
between those of the corresponding F~ and Cl104™~ complexes,
suggesting that they are in the mixed spin state of the S =3/2 and
§=5/2 with a sizable contribution of the §=5/2. shows the 'H
NMR and EPR data of a series of five-coordinate [Fe(TEtPrP)X]
and [Fe(T'PrP)X] [97]. Fig. 15 shows the Curie plots of the pyr-
role signals of these complexes [97]. The Curie lines are drawn
so that they intercept the axis of ordinate at the chemical shifts of
the corresponding diamagnetic complexes, ca. 9.5 ppm. In both
[Fe(TEtPrP)X] and [Fe(T'PrP)X], the pyrrole signals of the F~
complexes appear in the most downfield position, § =ca. 97 ppm
at 298 K, and move further downfield linearly against 1/7. The
pyrrole signals of the C1~ complexes show similar temperature
dependence. These results suggest that the F~ and CI™ com-
plexes in both systems are in Thus, in the ruffled complexes,
even the iodide complexes exhibit a considerable contribution
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Fig. 15. Curie plots of the pyrrole-H signals of (a) Fe(TEtPrP)X and (b) Fe(T'PrP)X taken in CD,Cl, solution where X =F (x), Cl (O), Br (), I (@), and ClO,

(). Adapted from Ref. [97].
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of the §=3/2. If we assume that the F~ and the ClO4~ com-
plexes are in a pure S=5/2 and S=3/2 spin state, respectively,
then the contribution of the S =3/2, which is signified as Int(%),
can be estimated on the basis of the pyrrole-H chemical shifts
by Eq. (6), where dF, dcio,, and dx are the pyrrole-H chemical
shifts of the F~, Cl04~, and X~ complexes, respectively [97]:
Int (%) = FTX 00 (6)
8F — dci0,

The data in Table 7 also indicate that the Int(%) value of five-
coordinate [Fe(TEtPrP)I] is very much dependent on the solvent
used. While the Int(%) is 28% at 298 K in CD,Cl, solution, it
is only 9% in toluene-dg solution at the same temperature.

The EPR g values of [Fe(TEtPrP)X] and [Fe(T'PrP)X] are
also listed in Table 7. Once the EPR g values are determined, it
is possible to estimate the Int(%) values by Eq. (7) [74]:

6.0 —
Int (%) = % x

100 (N
Thus, the complexes are in a pure high-spin state if g is 6.0,
while they are in a pure intermediate-spin state if g  is 4.0.
The data in Table 7 suggest that, while the F~, C1~, and Br™
complexes are essentially in the high spin state, the I~ com-
plexes such as [Fe(TEtPrP)I] and [Fe(T!PrP)I] are mainly in the
intermediate-spin state with the Int(%) of 87 and 91%, respec-
tively. Since the Int(%) values of [Fe(TEtPrP)I] and [Fe(T'PrP)I]
are estimated by the "H NMR method to be 28 and 60% at 298 K,
respectively, they increase as the temperature is lowered from
298 to 4.2 K. In contrast, the Int(%) values of the Br~ com-
plexes decrease with decreasing the temperature. The data in
Table 7 also indicate that the Int(%) of [Fe(TEtPrP)I] varies
depending on the conditions. Although the complex exhibits
a mixed spin state in CH;Cl, solution, it shows a quite pure
high-spin state both in toluene solution and in the solid; the
g1 and g values are 5.94 and 2.01 in toluene solution and
5.98 and 2.05 (not shown in Table 7) in the solid, respectively.
The difference in spin states of [Fe(TEtPrP)I] in solution and
in the solid is not a very unusual phenomenon. For example,
iodo(etiohemiporphycenato)iron(IIl) exhibits the S=3/2 with

minor contribution of the $=5/2 in solution [98]. The same
complex shows, however, a quite pure S =5/2 state in the solid.
The difference is ascribed to the extraordinarily labile nature
of the iodide ion in iodo(etiohemiporphycenato)iron(Ill). Thus,
the iron is dragged toward the N4 cavity in solution and, conse-
quently, the complex adopts the intermediate-spin state. In the
crystal lattice, however, the packing force could contract the
labile Fe-I bond. Thus, the iron is lifted from the N4 cavity
toward the iodide, resulting in the formation of a typical high-
spin five-coordinate structure. The difference in spin states of
[Fe(TEtPrP)I] in solution and in the solid could be explained
similarly. The labile nature of the spin state mentioned above is
one of the characteristic features of the five-coordinate iron(III)
porphyrin complexes, because similar ambiguity in the spin
state has been observed in the five-coordinated iron(IIl) por-
phyrin complexes in the biological system such as cytochromes
¢ [99-101].

3.2.2. Six-coordinate complexes

The 'H and '3C NMR chemical shifts as well as EPR g values
of a series of six-coordinate [Fe(T!PrP)L,]* are listed in Table 8
[92,93]. The axial ligands are arranged according to the mag-
netochemical series for oxygen ligands shown in Eq. (5). Com-
parison of the 'H NMR chemical shifts between [Fe(TPP)L,]*
and [Fe(T'PrP)L,* listed in Tables 6 and 8, respectively, reveals
that each pyrrole-H signal shifts upfield to a different extent on
going from planar [Fe(TPP)L;]* to ruffled [Fe(T'PrP)L,]*. Con-
sequently, the difference in pyrrole-H chemical shifts increases
among the 4-MePyNO, PyNO, 4-CIPyNO, and DMSO com-
plexes, which enables us to rank the field strength for oxygen
ligands as shown in Eq. (5). The '3C NMR chemical shifts of
the o and B signals correlate well with those of the pyrrole-H
chemical shifts, suggesting that these signals can also be good
probes to determine the contribution of the S = 3/2 spin state. In
contras, the chemical shifts of the meso carbon signals exhibit a
poor correlation. Combination of highly ruffled porphyrin ring
and a fairly weak oxygen ligand leads to the formation of an
essentially pure intermediate-spin complex. Typical examples
are [Fe(TMCP)(EtOH),]* and [Fe(T'PrP)(THF),]* [102-104].

Table 8
"H NMR, 13C NMR, and EPR data of [Fe(T'PrP)L,]*
Ligands (L) 'H NMR? 13C NMRP EPR®

Py-H CH CH3 a B meso g-Values
4-MePyNO 58.5 10.8 6.2 1262 1038 97 5.85 2.00
3,5-Me,PyNO 57.6 10.9 6.3 1239 1015 97 5.70 2.00
PyNO 41.7 9.9 6.1 1031 865 110 5.70 2.00
4-CIPyNO 35.2 10.7 5.8 889 756 114 5.75 1.99
DMSO 7.7 8.0 4.6 226 290 126 4.2 2.00
DMF —215 7.3 4.2 24 138 145 42,41 2.00, 2 00
CH;0H -283 73 n.d. —47 86 142 4.0 1.97
THF -355 5.7 49 —122 22 115 4.1 2.00
Dioxane -39.8 5.9 n.d. —156 9 118 4.1 2.00

Adapted from Ref. [93].
4 CD,Cly, 298 K.
b CD,Cl,, 298 K.
¢ CH,Cl,, 4.2K.
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Fig. 16. ORTEP diagram of [Fe(T'PrP)(THF),]C10;. Adapted from Ref. [105].

InFig. 16is given the molecular structure of [Fe(T'PrP)(THF),]*
[105]. The average equatorial Fe—N bond is very short, 1.967 A,
due to the highly ruffled structure, which should be compared
with 1.999 and 2.040 A in analogous [Fe(OEP)(THF);]* and
[Fe(TPP)(THF),]* [106,107]. The average deviation of the meso
carbon atoms from the mean porphyrin plane is 0.629 A, which
is smaller than the corresponding value, 0.72 A, in low-spin
[Fe(TEtP)(2-MelIm),]* shown in Fig. 7 [54].

3.3. Effect of saddled porphyrin ring on the spin state

3.3.1. Five-coordinate complexes

Saddling of the porphyrin core also affects the d orbital energy
levels. Although the saddled deformation decreases the overlap
between the iron d,>_ > and nitrogen lone pair because of the
geometrical reason, it should enhance the interaction between
the dxz_yz and the porphyrin ap, orbital [15,108,109]; the lat-
ter interaction is possible in the saddled complexes as shown
in Table 1. In addition, the interaction should be strengthened
because the Fe—N bonds in OETPP complexes are in general
much shorter than those of the corresponding TPP complexes.
The most explicit example showing the d,>_,2—a3, interaction
is radical cationic [Cu(II)(OETPP)]** reported by Fajer et al.
[110]. The complex exhibits sharp '"H NMR lines, indicative
of diamagnetic species ascribed to the strong antiferromagnetic
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coupling between the unpaired electron in the d,>_ > orbital and
the 7 radical in the ap, orbital. Thus, the d,>_ > orbital can be
destabilized in highly saddled complexes to increase the contri-
bution of the intermediate-spin state. Table 9 shows the 'H NMR
and EPR data of a series of five-coordinate [Fe(OETPP)X],
where X=F~, Cl7,Br—, 17, and C1O4~ [111,112]. The Int(%)
values estimated at 4.2 K by Eq. (7) clearly indicates that, while
the F~ and C1~ complexes are in the §=15/2 with a minor con-
tribution of the S=3/2, the Br~ and I~ complexes adopt the
S§'=3/2 with a minor contribution of the S=5/2. In the case of
the ClO4 complex, it exhibits an essentially pure S=3/2 spin
state. The Int(%) values of ruffled [Fe(TEtPrP)Br] and saddled
[Fe(OETPP)Br] are 4 and 89%, respectively, at 4.2 K. Thus, the
saddled OETPP core stabilizes the S =3/2 state more effectively
than the corresponding ruffled T'PrP core for the same axial
ligand. The possibility that the saddled porphyrin ring would
stabilize the intermediate-spin state was first proposed by Cheng
et al. in a discussion of the spin state of [Fe(OETPP)CI] [113].
Although the Int(%) of [Fe(OETPP)CI] is not so high as pro-
posed [114], the saddled complexes such as [Fe(OETPP)]C104
and [Fe(OETPP)I] are certainly in a quite pure intermediate spin
state [111,112].

3.3.2. Six-coordinate complexes

The 'H NMR, '*C NMR, and EPR data of a series of six-
coordinate [Fe(OETPP)L,]" are listed in Table 10 [93]. The
complexes with weak axial ligands such as THF, MeOH, DMF,
and DMSO exhibit the g signals at 4.04.2, suggesting that
the complexes are in an essentially pure intermediate-spin state.
These complexes commonly exhibit the meso signals fairly
upfield, which should be ascribed to the interaction between
the filled ap, and empty d,2_ > orbital in saddle shaped com-
plexes [15]. This interaction induces the negative spin to the
ap, orbital by the spin polarization mechanism and shifts the
meso carbon signal to the upfield position [15]. In addition,
the d; — 3eg interaction should also contribute to the upfield
shift of the meso carbon signals as shown in Eq. (1), especially
when the complexes adopt the (dxy)z(dxz, dyz)z(dzz)l electron
configuration because of the presence of two unpaired elec-
trons in the d orbitals [93,104]. The electron configuration
of the saddle shaped complexes showing the §=3/2 spin state
such as [Fe(OETPP)(THF),]* is, however, quite controversial.
Nakamura et al. reported that the complex adopts the (dxy)z(dx ,
dyz)2(dzz)1 electron configuration on the basis of the 'H NMR,

Table 9

'H NMR and EPR Data of Fe(OETPP)X

Complexes 'H NMR (CD,Cl, 298 K) EPR (CH,Cl;, 4.2K) Int* (%)
CH, CH3 0 m P g-Values

Fe(OETPP)F 24.1,38.4 35.4,45.0 1.6,3.7 8.1, 10.6 12.9,13.1 7.0 6.50 5.30 2.00 5

Fe(OETPP)C1 20.1,34.8 32.1,49.0 1.8,3.2 9.1, 11.5 12.2, 124 7.5 6.56 5.27 1.97 4

Fe(OETPP)Br 18.1,34.3 32.6,45.8 1.0,2.3 10.4,13.5 11.7,12.2 8.4 4.95 3.50 1.95 89

Fe(OETPP)I 11.9, 32.1 29.3,47.3 04,0.9 12.6,15.8 10.3, 10.8 9.6 4.14 4.14 2.00 93

Fe(OETPP)ClO4 13.0 42.7 0.7 13.4 7.1 9.8 4.05 4.05 2.1 98

Adapted from Refs. [111,112].
2 Determined on the basis of the EPR g values at 4.2 K.
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Table 10
'H and '*C NMR chemical shifts of [Fe(OETPP)L;]*
Ligand 'H NMR? 13C NMR EPR®

CH, CH3 o m P a B meso g-Values

4-MePyNO 21.0 442 24 14.7 8.7 10.3 598 601 -19 5.54 2.00
3,5-Me,PyNO 18.6 438 24 14.7 8.4 10.4 504 498 —40 5.69 2.00
PyNO 20.0 43.8 22 15.3 7.4 10.6 555 512 —63 5.73 435 2.00
DMSO 15.4 39.2 0.9 17.2 7.4 10.6 485 398 —139 42 2.01
DMF 11.6 37.7 —0.1 15.8 6.1 11.4 419 250 —221 42 2.00
MeOH 11.7 37.0 0.3 15.8 5.9 11.5 409 239 —211 4.1 1.97
THF 11.14 38.7 0.3 15.84 5.6 11.5 394 215 —2694 4.0 2.00

Adapted from Ref. [93].
2 CD,Clp, 298 K.
5 CD,Cl,, 298 K.
¢ CH,Cl, 4.2K.
d Values are revised from the original ones [118].

13C NMR, and EPR data [93,104]. By contrast, Cheng et al.
proposed on the basis of the DFT calculation that the complex
should adopt the (d,;, dyz)‘g(d)cy)l(dzz)1 electron configuration
since the dy, orbital of iron is destabilized due to the d,—aiy
interaction to the point that is higher than the d; orbitals; the
dy—ajy interaction is possible in saddle shaped complex as
shown in Table 1 [15]. Obviously, more experimental and theo-
retical studies are necessary to describe the real electronic nature
of saddle shaped intermediate-spin complexes.

4. Spin-crossover in saddled complexes
4.1. General consideration

In iron(IIT) porphyrinates, the five d orbitals can be formally
arranged into three possible spin states. They are the high-spin
S§=5/2, the low-spin S=1/2, and the intermediate-spin S =3/2
state. Some complexes exhibit the spin crossover phenomenon
between two states caused by the temperature, pressure, pho-
toirradiation, etc. as shown in Fig. 17. The spin crossover
between the S=5/2 and § = 1/2 has been most extensively stud-
ied in six-coordinated complexes such as [Fe(OEP)(3-CIPy),]*,
[Fe(TPP)(N3)2], and [Fe(OEP)(N3)(1-Melm)] [115-118]. On

S=3/252 | ——— | S=512
Spin admixture high-spin
“ SC
S=3/2 — S=1/2
: : ; SC ;
intermediate-spin low-spin

Fig. 17. Spin crossover (SC) between two states.

the other hand, the spin crossover between the S =5/2 and S =3/2
has never been observed, because the mixed S=5/2, 3/2 spin
state is considered to be a quantum mechanical spin admix-
ture caused by the spin—orbit coupling between the $=5/2 and
S§'=3/2 spin states [83], and not a thermal equilibrium between
the S=3/2 and S=5/2 spin states. In fact, no clear example
has ever been reported showing that the complex exists as a
mixture of the $=3/2 and §=5/2. The spin crossover between
the $=3/2 and S=1/2 is quite rare because of the instability of
the intermediate-spin complex. Quite recently, it was found that
saddle shaped [Fe(OETPP)Py;]* exhibits such a phenomenon
both in solution and in the solid [119]. Understanding this phe-
nomenon is quite important since recent studies have revealed
that the similar spin crossover process could be taking place in
ferric heme in heme oxygenase [60,61,82]. In this chapter, a
novel spin crossover process between the S=3/2 and S=1/2 in
saddle shaped [Fe(OETPP)L;]* and [Fe(OMTPP)L,]" is con-
sidered.

4.2. Magnetic behavior in solution

4.2.1. [Fe(OETPP)L,]*

Six-coordinate complexes with nitrogen base such as imi-
dazole or pyridine usually show the low-spin state [40]. As
mentioned in the previous chapter, the saddle shaped complexes
tend to stabilize the intermediate-spin state. Typical examples
are [Fe(OETPP)I] and [Fe(OETPP)(THF),]* [103,111]. The
Int(%) values of these complexes are determined to be 93 and
100% at4.2 K, respectively. Itis then expected that even the com-
plexes carrying nitrogen bases with weak field strength should
exhibit a quite pure S=3/2 spin state if the porphyrin is highly
saddled; [Fe(OEP)(3,5-Cl;Py);]" is known to show a mixed spin
state [120]. Table 11 lists the 'H and '*C NMR chemical shifts of
[Fe(OETPP)L;,]* and [Fe(OMTPP)L;]* where L’s are nitrogen
bases [93,121]. The chemical shifts of [Fe(OETPP)('BuNC),]",
which is well characterized as the S=1/2 complex adopting
the (dy, dyz)“(dxy)l ground state, are also listed for compari-
son [47,103]. As the axial ligand changes from HIm to 4-CNPy
in Table 11, the CHg, o-H, and p-H signals of [Fe(OETPP)L;]*
exhibit a large downfield shift and approach to the corresponding
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Table 11

'H NMR chemical shifts of [Fe(OETPP)L>]* and [Fe(OMTPP)L,]* taken in CD,Cl, solution at 298 K

Complexes L "HNMR 3CNMR

CHq o-H m-H p-H meso o B

[Fe(OETPP)L,]*
HIm 4.4 10.3 5.8 5.8 6.7 7 163 167
DMAP 4.8 11.8 54 5.9 6.9 3 168 176
Py 11.1 32.3 13.0 5.8 10.4 —186 384 244
4-CNPy 13.7% 41.8 16.5% 53 12.1 —295% 470 266
"BuNC 7.5 5.5 11.1 6.3 419 —4 144

[Fe(OMTPP)L,]*
HIm 19.8 54 6.2 6.8 30 128 173
DMAP 19.7 53 6.4 6.7 48 110 164
Py 48.6 10.8 7.2 9.1 -9 205 214
4-CNPy 63.9 13.2 6.8 10.2 —68 243 242
"BuNC 14 3.1 12.8 5.2 701 —207 113

Adapted from Ref. [121].
? Values are revised from the original ones.

signals of [Fe(OETPP)(THF),]* listed in Table 10. In addition,
the large upfield shift of the meso and the downfield shift of the
o carbon signals of [Fe(OETPP)(4-CNPy),]* resemble those
of [Fe(OETPP)(THF);]*. These NMR results suggest that the
spin state actually changes from the $=1/2 in the HIm and
DMAP complexes to the S=3/2 in the 4-CNPy complex. In
fact, the solution magnetic moment of [Fe(OETPP)(4-CNPy),1*
determined by the Evans method [122] in CD,Cl, solution
is 4.2+ 0.1 up at 193-298 K, which is close to the spin only
value expected for the S=3/2 complexes. It is interesting to
compare the electronic structures of saddled [Fe(OETPP)L;]*
carrying nitrogen bases with those of corresponding ruffled
[Fe(T'PrP)L,]*. In the case of ruffled [Fe(T‘PrP)L,]", all the
complexes maintain the low-spin state although the electron con-
figuration changes from (dyy)*(dxz, dyz)? to (dyz, dy2)*(dyy)! as
the field-strengths of the axial ligands are weakened; axial lig-
ands with strong o donating ability such as HIm and DMAP
stabilize the (dxy)z(dxz, dyz)3 ground state while those with
weak o donating and strong m accepting ligands such as 4-
CNPy stabilize the (dy, dy;)*(dy,)! ground state [43]. In the
case of saddled Fe(OETPP)L,*, however, it is the spin state that
changes depending on the field strength of the axial ligands.
While the strong o donating ligands give the low-spin com-
plex with the (dxy)z(dxz, dyz)3 ground state, the weak o donating
and strong m-accepting ligands form the intermediate-spin com-
plexes. Fig. 18 summarizes the difference in electronic structures
between ruffled [Fe(T’PrP)Lﬂ+ and saddled [Fe(OETPP)L,]*
carrying axially coordinating nitrogen bases.

The data in Table 11 indicate that the "H and '3C signals
of [Fe(OETPP)Py,]" are located between those of low-spin
[Fe(OETPP)(DMAP);]* and intermediate-spin [Fe(OETPP)(4-
CNPy),]*, suggesting that both the low-spin and intermediate-
spin [Fe(OETPP)Py;]* coexist as an equilibrium mixture in
CD;Cl; solution at 298 K [119]. Fig. 19(a) shows the Curie
plots of the CH, signals of [Fe(OETPP)L;]*, where L’s are
DMAP, Py, and 4-CNPy. While the Curie lines of the DMAP
and 4-CNPy complexes are linear, the Curie line of the Py
complex exhibits a considerable curvature. Similar tendency is

observed in the Curie plots of the meso carbon signals shown in
Fig. 19(b). Although both the CH; and meso-'3C signals of the
Py complex appear close to the corresponding signals of the 4-
CNPy complex at ambient temperature, they approach to those
of the DMAP complex at lower temperature. The curvature of
the Curie lines of [Fe(OETPP)Py;]* clearly indicate that the spin
crossover takes place between the S =3/2 and S = 1/2. In contrast,
[Fe(OETPP)(DMAP);]* and [Fe(OETPP)(4-CNPy);]" main-
tain the S = 1/2 and S = 3/2 spin state, respectively, in the temper-
ature range examined. The equilibrium constant (Ksc) for the
spin crossover process in CD,Cl solution is determined at sev-
eral temperatures on the basis of the chemical shifts according to
Eq. (8), where dpmaP, dpy, and d4.cNpy are the meso-13C chemi-
cal shifts of the DM AP, Py, and 4-CNPy complexes, respectively.
The plots of log(Ksc) versus 1/T shows:

[S=3/2] _ [Spmap — dpy]
[S=1/2] [épy — da—cNpyl

a good linearity from which the thermodynamic param-
eters are determined as follows: AH°=17kImol~!' and

®)

Ksc =

S=3/2
5
g
w0
£l (che)?(dhezs 9y
# Electron c{o'nfiguration
S=1/2 (dyy )4 (dy)!
cak -— Field _ y O
weal strength strong

Fig. 18. Schematic diagram on the change in electronic structures of (a) ruffled
[Fe(T'PrP)L,]* and (b) saddled [Fe(OETPP)L,]* as the axial ligand changes
from strong Him to weak 4-CNPy. While the electron configuration changes
from (duy)?(dxz, dy2)® t0 (daz, dye)*(dyy)! in the case of ruffled [Fe(T'PrP)L 1",
the spin state changes from the S=1/2 to the S=3/2 in the case of saddled
[Fe(OETPP)L,]*.
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Fig. 19. Curie plots of the (a) CH; and (b) meso-'3C signals of [Fe(OETPP)(DMAP),1* (O), [Fe(OETPP)(Py),]* (@), and [Fe(OETPP)(4-CNPy),]* (0). Adapted

from Ref. [119].

AS°=67Tmol~! K~! [119]. Although the spin-crossover pro-
cess between the S=1/2 and S =3/2 states is not unprecedented
in Fe(IIl) complexes [123,124], [Fe(OETPP)Py,]" is actually
the first example in the porphyrin complexes. It should be noted
that [Fe(OETPP)Py,]* adopts the (dyy)?(dy., dy;)* ground state
at lower temperature on the basis of the 'H and '>C NMR chem-
ical shifts [121].

4.2.2. Fe(OMTPP)L,*

Fig. 20 shows the Curie plots of the CH3 and meso-
13C signals of [Fe(OMTPP)L,]* where L’s are DMAP, Py,
4-CNPy, THF, and ‘BuNC [121]. Among these complexes,
[Fe(OMTPP)(THF),]* is in a quite pure intermediate-spin state
while [Fe(OMTPP)(DMAP),]* and [Fe(OMTPP)('BuNC),]*
adopt the low-spin state with the (dy)*(dy, dy;)® and
(dyz, dyz)4(dx),)] electron configuration, respectively [47,121].
The Curie lines of [Fe(OMTPP)Py,;]" and [Fe(OMTPP)(4-
CNPy),]" shown in Fig. 20(a) exhibit a curvature, suggest-
ing that the spin crossover takes place in both of these com-
plexes between S=3/2 and S=1/2. Inspection of the Curie
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lines for the meso-13C signals shown in Fig. 20(b) reveals,
however, that the magnetic behaviors of [Fe(OMTPP)L,]*
(L=Py and 4-CNPy) are quite different form those of
[Fe(OETPP)L,]* (L=Py). As the temperature is lowered, the
Curie line of [Fe(OMTPP)(4-CNPy),]* moves away from that
of [Fe(OMTPP)(DMAP),;]*, and rather approaches that of
[Fe(OMTPP)('"BuNC);]*. Similar temperature dependence is
observed for [Fe(OMTPP)Py,]* though the deviation from the
Curie line of [Fe(OMTPP)(DMAP),]" is much smaller. These
results suggest that the spin crossover pathways are different
between the OETPP and OMTPP complexes. In contrast to the
case of the OETPP complex, the OMTPP complexes approach
the S=1/2 state with the (d,., d),z)‘*(dxy)1 ground state as the
temperature is lowered [121,125].

4.3. Magnetic behavior in the solid
4.3.1. Fe(OETPP)L,™*

Table 12 lists the Mossbauer parameters of a series of
[Fe(OETPP)L;,]* measured at ambient and liquid nitrogen tem-
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Fig. 20. Curie plots of the (a) CH3 and (b) meso-13C signals of [Fe(OMTPP)(DMAP),]* (O), [Fe(OMTPP)(Py);]* (@), [Fe(OMTPP)(4-CNPy),]* (OJ),
[Fe(OMTPP)(THF),]* (M), and [Fe(OMTPP)(‘BuNC),]* (A). Adapted from Ref. [121].
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Table 12
Magssbauer parameters and spin states of [Fe(OETPP)L],* and [Fe(OMTPP)L,]*
Complexes L T (K) IS (mms~1) QS (mms~!) 'y (mms™!) ', (mms™!) S
[Fe(OETPP)L,]*
DMAP 290 0.19 2.21 0.27 0.32 12
80 0.26 2.31 0.55 0.89 172
Py 290 0.32 2.76 0.27 0.29 3/2,1/2
80 0.25 2.29 0.47 0.64 12
4-CNPy
Site A 295 0.37 3.26 0.32 0.33 372
Site A 80 0.57 3.03 0.47 0.47 3/2
Site B 80 0.20 2.70 0.64 0.64 12
THF 290 0.41 3.65 0.32 0.26 3/2
80 0.50 3.50 0.77 0.49 372
[Fe(OMTPP)L,|*
DMAP 290 0.16 1.86 0.30 0.33 172
70 0.23 1.89 0.38 0.54 172
Py 299 0.19 2.18 0.23 0.26 12
78 0.25 2.18 0.33 0.42 172

Adapted from Refs. [77,119].

peratures [77,119]. At ambient temperature, the quadrupole
splitting (QS) value of Fe(OETPP)(DMAP),* is 2.21 mms~!,
which is within the range of low-spin state [126—128]. In con-
trast, the QS value of [Fe(OETPP)(4-CNPy),]* is quite large,
3.26 mms~! and is close to that of [Fe(OETPP)(THF),]*, sug-
gesting that the complex adopts the intermediate-spin state.
The QS value of [Fe(OETPP)Py,]* is 2.76 mms~!, which is
just between the QS values of [Fe(OETPP)(DMAP),]* and
[Fe(OETPP)(4-CNPy),]*. Thus, the Py complex exists as the
mixture of the §=3/2 and the S=1/2 spin states at ambient tem-
perature in the solid. As the temperature is lowered to 80 K, the
QS value of the DMAP complex is maintained while that of
the Py complex decreases to 2.26 mms~!. The results indicate
that the Py complex adopts predominantly the low-spin state at
80 K. In the case of the 4-CNPy complex, two doublets (Sites
A and B) appear below 230 K. Since the IS and QS values for
sites A and B are in the range of intermediate-spin and low-
spin states, respectively, the complexes with the different spin
states coexist at low temperature. This implies that a novel spin
crossover occurs also in [Fe(OETPP)(4-CNPy);]* in the solid
state.

Fig. 21 shows the effective magnetic moments (fteff) mea-
sured on microcrystalline samples with a SQUID magnetometer
over 2-300K [119]. The results confirm that the DMAP com-
plex is in the low-spin state while the THF complex is in the
quite pure intermediate-spin state over wide range of tempera-
tures. Fig. 21 also indicates that a major part of the Py complex
isin the S =1/2 below 150 K though the population of the S =3/2
considerably increases above this temperature. Similarly, the 4-
CNPy complex is a mixture of the S=1/2 and S=3/2 below
200K though it exists almost exclusively as the S=3/2 above
200 K. On the basis of the Mdssbauer and SQUID results, it is
clear that not only [Fe(OETPP)Py,]* but also [Fe(OETPP)(4-
CNPy),]" exhibits the spin crossover process in the solid.

4.3.2. Fe(OMTPP)L,*

Table 12 also shows the Maossbauer parameters of
[Fe(OMTPP)(DMAP),]* and [Fe(OMTPP)Py,]* [77].
The IS values increase from 0.16 to 0.23mms~! in
[Fe(OMTPP)(DMAP),]* and from 0.19 to 0.25mms~!
in [Fe(OMTPP)(Py);]" as the temperature is lowered from
290 to 77K. In contrast, the QS values are almost con-
stant in this temperature range; they are 1.86-1.90mms~!
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Fig. 21. Temperature dependence of the effective magnetic moments of
[Fe(OETPP)L;,]*. L=DMAP (Q); Py (@); 4-CNPy (O); THF (A). Adapted
from Ref. [119].
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for [Fe(OMTPP)(DMAP),]* and 2.13-2.18mm s™! for
[Fe(OMTPP)Py;]*. Thus, these complexes maintain the
low-spin state over a wide range of temperature. The low spin
state of [Fe(OMTPP)(DMAP),;]* and [Fe(OMTPP)Py;,]* is
further supported by the effective magnetic moments deter-
mined by SQUID magnetometry; they are 2.1-2.8 up in the
temperature range 50 to 300 K. Thus, the magnetic behaviors of
[Fe(OETPP)Py;]* and [Fe(OMTPP)Py,]* are quite different
in the solid. While [Fe(OETPP)Py;]* shows a spin crossover
between the S=3/2 and S=1/2, [Fe(OMTPP)Py;]* maintains
the S'=1/2 spin state [77].

4.3.3. Structural consequences of spin crossover

[Fe(OETPP)Py,]* is a complex which shows a novel spin
crossover both in solution and in the solid. It is quite interesting
to know how the coordination structure and the surrounding
lattice change during the spin transition process in the solid
state. To solve this question, Ohgo et al. have examined the
temperature dependence of the crystal and molecular structures
of [Fe(OETPP)Py;]* and [Fe(OMTPP)Py,]* by the X-ray crys-
tallographic analysis [77,129]. Fig. 22 shows molecular struc-
tures of [Fe(OETPP)Py,]* and [Fe(OMTPP)Py;]* determined
at 298 K together with the perpendicular displacements of the
peripheral atoms from the least-squares plane. The maximum
deviation among the CoN4Fe core is observed for one of the B
carbon atoms, whichis 1.31 A for [Fe(OETPP)Py;]* and 1.10 A
for [Fe(OMTPP)Py;]*. Deviation of the meso carbon from
the least-squares plane is at most 0.05 Ain [Fe(OETPP)Py,]*
while it is as much as 0.19A in [Fe(OMTPP)Py>]*. Thus,
the OETPP complex adopts a quite pure saddled structure
while the OMTPP core includes some ruffling. This does not
mean that the saddled OMTPP core is much easier to ruf-
fle than the corresponding OETPP core. Structural analysis
of [Fe(OMTPP)("BuNC);]ClO4 reveals that the OMTPP core
shows a quite pure saddled structure in spite of the coordination
of ‘BuNC which usually induces the ruffled deformation of the
porphyrin core [125].

Fig. 23 shows the crystal structure of [Fe(OETPP)Py,]C104
obtained at 298 K. As the temperature is lowered, the thermal
motion of the molecules, especially that of the peripheral sub-
stituents, is restrained. The low temperature also decreases the
thermal motion of each bond, inducing the bond contraction. As
a result, the void space around the molecules increases, which
requires the realignment of each molecule to achieve better crys-
tallinity for the contracted molecules. Table 13 lists the crystal
and structural data of [Fe(OETPP)Py,]* together with those of
[Fe(OMTPP)Py,]*. The data in Table 13 indicate that the unit
cell decreases by 9.3% in volume on going from 298 to 80K
because of the packing force. It should be noted that the a-, c-,
and b-axes almost coincide with the N1-N3, N2-N4, and N5-N6
axes, respectively; N1-N4 are porphyrin nitrogen atoms while
N5 and N6 are pyridine nitrogen atoms. Close examination of
the crystal data in Table 13 reveals that the lattice contraction
along the a-, c-, and b-axes are 0.8, 2.1, and 8.8%, respectively,
in the temperature range 298-80 K. Correspondingly, the bond
contraction takes place by 1.4 and 9.4% for the Fe-N, and
Fe—Naxial, respectively. The largest contraction of the unit cell
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. i | |
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Fig. 22. ORTEP diagrams of (a) [Fe(OETPP)Py,]* and (b) [Fe(OMTPP)Py;]*.

(c) Perpendicular displacement of the core atoms from the mean plane for
[Fe(OETPP)Py,]* and [Fe(OMTPP)Py,]*. Adapted from Refs. [77,129].
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Fig. 23. The crystal structure of [Fe(OETPP)Py,]ClO4 obtained at 298 K. The
dotted lines show the N(5)-Fe-N(6) axes. Adapted from Ref. [129].

occurs along the b-axis, which induces the largest contraction
to the Fe—N,xia1 bonds. It is this shortening of the axial bonds at
lower temperature that destabilizes the d,> orbital and induces
the spin transition from the $=3/2 to the S=1/2 [129].

Table 13
Crystal and structural data for [Fe(OETPP)Py;]ClO4 and [Fe(OMTPP)Py;]-
ClO4?

298 (K) 80 (K)
[Fe(OETPP)Py,]ClO,4
Crystal system Monoclinic Monoclinic
Space group P2y/n P2y/n
z 4 4
a(A) 13.972(1) 13.857(1)
b(A) 19.481(1) 17.764(1)
cA) 26.750(3) 26.184(2)
B©) 101.493(3) 101.411(1)
V(A% 6969.0(10) 6318.0(6)
ave Fe-N,, (A) 1.985(3) 1.957(3)
ave Fe-Nyyial (A) 2.201(3) 1.993(3)
¢ ©) 1.1,3.6 6.3,11.6
6) 82.3 85.1
Cavity (A%) 28.88, 32.08 23.19
[Fe(OMTPP)Py,]CIO,
Crystal system Cubic Cubic
Space group 143d (#220) 143d (#220)
z 12 12
a(A) 25.937(1) 25.609(1)
b (A) 25.937(1) 25.609(1)
cA) 25.937(3) 25.609(2)
a ) 90 90
BC) 90 90
Y (©) 90 90
V(A%) 17448(3) 16795.5(9)
ave Fe-N,, (A) 1.963(3) 1.973(3)
ave Fe-Nyial (A) 2.058(6) 2.024(4)
() 24.8 23.4
Q) 90 90
Cavity (A%) 19.81 18.77

Adapted from Ref. [77].
 Values in parenthesis are the % ratios relative to the values at 298 K.

(a)

(b)

Fig. 24. Crystal packing diagrams of (a) monoclinic [Fe(OETPP)Py,]* and
(b)cubic [Fe(OMTPP)Py,]* viewing along the a-axis. Adapted from Ref. [77].

4.3.4. Importance of crystal packing

The absence of the spin crossover process in
[Fe(OMTPP)Py;]* in the solid is ascribed to the crystal
and molecular structures of this complex. The structural
parameters listed in Table 13 indicate that the temperature
dependent structural changes are fairly small in all respects
including bond lengths and dihedral angles. For example,
the Fe—Nyxix bond in [Fe(OMTPP)Py;]* shows only a slight
decrease, 0.034 A, as the temperature is lowered from 298
to 80K in contrast to the case of [Fe(OETPP)Py;]" where
the decrease reaches as much as 0.208 A. Similarly, rotation
of the pyridine ligands is only 1.4° in [Fe(OMTPP)Py,]*
as compared with 6.6° (ave) in [Fe(OETPP)Py,]*. Fig. 24
shows the crystal packing diagrams of [Fe(OETPP)Py;]* and
[Fe(OMTPP)Py,]"; the former adopts a monoclinic while the
latter shows a cubic crystal system. The monoclinic system is
a less condensed packing form than cubic system [77]. In fact,
the density of [Fe(OMTPP)Py,]* with cubic crystal system is
1.406gcm_3, while that of monoclinic [Fe(OETPP)Py;]* is
only 1.296 g cm~3 at 298 K. In other words, the Fe—N,i, bond
contraction in [Fe(OMTPP)Py,]* at lower temperature is more
difficult than that in [Fe(OETPP)Py,]* since each molecule of
[Fe(OMTPP)Py,]* is placed in a densely packed crystal lattice
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Fig. 25. The spatial environment around the axial ligands. (a) and (b) [Fe(OETPP)Py,]* viewed along the heme normal and along the N2-N4 axis, respectively, (c)
and (d) [Fe(OMTPP)Py,]* viewed along the normal to the average plane and along the N2-N4 axis, respectively. Coordinated pyridine is drawn by the red bald

lines. Adapted from Ref. [77].

even at ambient temperature. As a result, the spin crossover
process, which requires the decrease in the Fe—N,yi, bond
length caused by the contraction of the unit cell, takes place
only in [Fe(OETPP)Py,]* [77,129].

Fig. 25 shows the spatial environment around the axial lig-
ands of [Fe(OETPP)Py,]* and [Fe(OMTPP)Py,]* at 298 and
80 K determined by CAVITY calculation developed by Ohashi
et al. [130,131]. The cavity sizes around the pyridine ligand
listed in Table 13 are quite different between two complexes.
The OETPP complex showing a spin-crossover phenomenon

has cavities of 32.08 and 28.88 A3 at 298 K, while the OMTPP
complex has much smaller cavity, 19.81 A3. Thus, the cavity
around the pyridine ligand in [Fe(OMTPP)Py,]* is only 65%
of that in [Fe(OETPP)Py,]*. Close inspection of the cavities in
Fig. 25(a) and (b) reveals that the pyridine ligand in the OETPP
complex, signified as a red bold line, aligns along the diagonal
N1-N3 axis and makes contact with a convex surface created by
the neighboring atoms at 298 K. When the temperature is low-
ered to 80 K, the Fe—Nyxiq bond contracts. Concomitantly, the
pyridine ligand rotates toward the diagonal Cpeso—Ceso axis to
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minimize the repulsion with the porphyrin core until it makes
contact with another convex surface. In other words, each pyri-
dine ligand of [Fe(OETPP)Py,]* has a room for rotation, which
in turn enables the contraction of the Fe—N,yi,; bond and makes
the spin crossover possible. In contrast, the pyridine ligand in
[Fe(OMTPP)Py,]* is placed in a densely packed crystal lattice
even at room temperature and that the axial ligands are confined
in the narrow cavities as shown in Fig. 25(c) and (d). In other
words, the loosely packed crystal system and the wide cavities
around the axial ligands to allow their displacement and rotation
are the important requirements for the spin transition to occur
in the solid state [80].

5. Conclusions

Effects of porphyrin deformation on the electronic struc-
tures of iron(IIl) porphyrinates have been reviewed. In the
case of low-spin (S=1/2) complexes with ruffled porphyrin
ring, the interaction between the iron dy, and porphyrin ay,
orbitals raises the energy level of the iron d,, orbital. As a
result, the low-spin complexes tend to adopt the less com-
mon (d,;, d},z)“(dxy)] ground state. Deformation of the por-
phyrin ring also affects the spin state of iron(III) porphyrinates.
Thus, the complexes with a highly deformed porphyrin ring
tend to stabilize the intermediate-spin (S=3/2) state if they
have axial ligands with weak field strengths. In fact, highly
ruffled Fe(T'PrP)C104 and [Fe(T'PrP)(THF);]ClO4 as well as
highly saddled Fe(OETPP)ClO4 and [Fe(OETPP)(THF);]C104
adopt an essentially pure intermediate-spin (S =3/2) state. The
results are in sharp contrast to the case of Fe(TPP)ClO4 and
[Fe(TPP)(THF),]*, which adopt not a pure S=3/2 but the spin
admixture of the S=5/2 and §=3/2. Ruffled T'PrP and sad-
dled OETPP cores exhibit, however, a sharp difference if the
axial ligands are nitrogen bases with weak field strength. While
ruffled [I:e(T"PrP)(4-CNPy)2]Jr shows the low-spin state with a
quite pure (d,, dyz)4(dx ) ground state, saddled [Fe(OETPP)(4-
CNPy);]* adopts an essentially pure intermediate-spin state.
Thus, the spin state of [Fe(OETPP)L,]* changes from the S = 1/2
to the §=3/2 as the field strengths of nitrogen bases are weak-
ened, i.e. from DMAP to Py, and then to 4-CNPy. The com-
plex carrying axial ligand with medium field strength such as
[Fe(OETPP)Py;]*, therefore, shows a spin crossover from the
S§=3/2 to the S=1/2 both in solution and in the solid as the
temperature is lowered.
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