
Coordination Chemistry Reviews 250 (2006) 2271–2294

Review

Electronic structures of highly deformed iron(III)
porphyrin complexes

Mikio Nakamura a,b,c,∗
a Department of Chemistry, School of Medicine, Toho University, Ota-ku, Tokyo 143-8540, Japan

b Division of Chemistry, Graduate School of Science, Toho University, Funabashi 274-8510, Japan
c Research Center for Materials with Integrated Properties, Toho University, Funabashi 274-8510, Japan

Received 12 September 2005; accepted 2 March 2006
Available online 17 April 2006

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2272
2. Electron configurations of low-spin complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2272

2.1. General consideration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2272
2.2. Spectroscopic studies on the effect of porphyrin deformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2275

2.2.1. 1H NMR spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2275
2.2.2. 13C NMR spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2276
2.2.3. EPR spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2278

2.3. Electron configurational isomers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2279
3. Mixed high-spin and intermediate-spin state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2280

3.1. General Consideration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2280
3.2. Effect of ruffled porphyrin ring on the spin state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2282

3.2.1. Five-coordinate complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2282
3.2.2. Six-coordinate complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2283

3.3. Effect of saddled porphyrin ring on the spin state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2284
3.3.1. Five-coordinate complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2284
3.3.2. Six-coordinate complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2284

4. Spin-crossover in saddled complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2285
4.1. General consideration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2285
4.2. Magnetic behavior in solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2285

4.2.1. [Fe(OETPP)L2]+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2285
4.2.2. Fe(OMTPP)L2

+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2287
4.3. Magnetic behavior in the solid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2287

4.3.1. Fe(OETPP)L2
+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2287

4.3.2. Fe(OMTPP)L2
+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2288

4.3.3. Structural consequences of spin crossover . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2289

4.3.4. Importance of crystal packing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2290

5. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2292
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2292
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2292

Abbreviations: TPP, 5,10,15,20-tetraphenylporphyrin; TMP, 5,10,15,20-tetramesitylpoprhyrin; THP, porphin; TEtP, 5,10,15,20-tetraethylporphyrin;
TnPrP, 5,10,15,20-tetrapropylporphyrin; TcPrP, 5,10,15,20-tetracyclopropylporphyrin; TiPrP, 5,10,15,20-tetraisopropylporphyrin; TEtPrP, 5,10,15,20-tetrakis(1-
ethylpropyl)porphyrin; TMCP, 5,10,15,20-tetramethylchiroporphyrin; TCHP, 5,10,15,20-tetracyclohexylporphyrin; TRP, 5,10,15,20-tetraalkylporphyrin; TArP,
5,10,15,20-tetraarylporphyrin; OMTPP, 2,3,7,8,12,13,17,18-octamethyl-5,10,15,20-tetraphenylporphyrin; OETPP, 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-
tetraphenylporphyrin; TMTMP, 3,8,13,18-tetramesityl-2,7,12,17-tetramethylporphyrin; TPrPc, 2,7,12,17-tetrapropylporphycene; HIm, imidazole; 2-MeIm, 2-
methylimidazole; 2-MeBzIm, 2-methylbenzimidazole; DMAP, 4-(N,N-dimethylamino)pyridine; Py, pyridine; 3-CNPy, 3-cyanopyridine; 4-CNPy, 4-cyanopyridine;
tBuNC, tert-butylisocyanide

∗ Tel.: +81 337624151; fax: +81 354935430.
E-mail address: mnakamu@med.toho-u.ac.jp.

0010-8545/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2006.03.001

mailto:mnakamu@med.toho-u.ac.jp
dx.doi.org/10.1016/j.ccr.2006.03.001


© 2006 Elsevier B.V. All rights reserved.

Keywords: Porphyrin; Iron(III); Deformation; Electronic structures; NMR; EPR; Spin crossover

1

c
c
n
w
M
A
i
t
i
w
t
o
d
e
u
i
o
h
c
p
c
t
c
l
a
e
c
h
b
s

m
s
s
p
C
t
d
p
p
c
e
b
t
a
p
1

fl
d
[
t

2

2

There are two types of electronic ground state in low-spin
iron(III) porphyrin complexes. One is the commonly observed
ground state with the (dxy)2(dxz, dyz)3 electron configuration
. Introduction

Elucidation of the electronic structures of iron porphyrin
omplexes is quite important to understand the function and
atalytic processes of naturally occurring heme proteins. A
umber of techniques have been used to solve this problem,
hich include UV–vis, NMR, EPR, resonance Raman, MCD,
össbauer, EXAFS, SQUID, X-ray crystallography, etc. [1].
mong these techniques, 1H NMR is particularly useful because

t serves a detailed information on the electronic structures of
he complexes in solution at various temperatures [2–9]. This
s because the iron d orbital with an unpaired electron interacts
ith the specific � molecular orbitals of porphyrin and increases

he � spin density at the specific carbon and nitrogen atoms
f the complex. Consequently, the NMR signals of the protons
irectly attached to, or attached by two bonds, to the carbon atom
xhibit upfield or downfield shifts, respectively. In addition, the
npaired electrons in the dx2−y2 and dz2 orbitals can be delocal-
zed through � bonds to the protons and induce downfield shifts
f the proton signals. Thus, we can determine which d orbital
as unpaired electron by the analysis of the observed 1H NMR
hemical shifts. In other words, the chemical shift can be a good
robe to reveal the electronic structure of iron(III) porphyrin
omplexes. Through the extensive studies using 1H NMR spec-
roscopy, it is now clear that the spin states of iron(III) porphyrin
omplexes are controlled by the nature and number of the axial
igands. While the six-coordinate complexes carrying axial lig-
nds with strong field strength such as imidazole and cyanide
xhibit a low-spin (S = 1/2) state, the five-coordinate complexes
arrying an anionic ligand such as halide and acetate show a

igh-spin (S = 5/2) state. If the field strengths of anionic ligands
ecome fairly weak, the complexes adopt a rare intermediate-
pin (S = 3/2) state as shown in Fig. 1.

Fig. 1. Spin states of iron(III) porphyrin complexes.
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In addition to the field strength of the axial ligands, defor-
ation of the porphyrin ring [10,11] also affects the electronic

tructures of the iron(III) porphyrin complexes. This is because
ome specific interactions, which are forbidden in planar com-
lexes, are allowed if the porphyrin ring is deformed [12–15].
onsequently, the energy levels of the five d orbitals are per-

urbed to give a unique electronic structure. Since the porphyrin
eformation is commonly observed in naturally occurring heme
roteins [16–20], it is very important to elucidate the effect of
orphyrin deformation on the physicochemical properties of the
omplexes. Because many good review articles describing the
lectronic structures of hemes and model heme complexes have
een published [2–9,21–23], this review article focuses on how
he porphyrin deformation, especially the ruffling or saddling,
ffects the spin states and electron configurations of iron(III)
orphyrin complexes with an emphasis on the use of 1H NMR,
3C NMR, and EPR spectroscopy. As shown in Fig. 2, the ruf-
ing of the porphyrin core indicates that the meso carbon atoms
eviate from the mean porphyrin plane up and down alternately
24–27], while the saddling of the porphyrin core indicates that
he � carbon atoms deviate similarly [28–30].

. Electron configurations of low-spin complexes

.1. General consideration
2272 M. Nakamura / Coordination Chemistry Reviews 250 (2006) 2271–2294

Abstract

This review describes the effects of highly deformed porphyrin ring on the electronic structures of iron(III) 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
(S = 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 1H NMR, 13C NMR, and EPR spectroscopy.
ig. 2. Major deformation modes of porphyrin: (a) ruffle and (b) saddle. Open
ircles represent atoms above the least-squares plane, and the filled circles cor-
espond to atoms below the plane.
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Fig. 3. Electron configurations of low spin iron(III) complexes.

nd the other is the less common ground state with the (dxz,
yz)4(dxy)1 electron configuration as shown in Fig. 3 [3]. Recent
tudies have revealed that the ground state of low-spin com-
lexes is controlled by the electronic nature of axial ligands
3]. Although the complexes carrying axial ligands with strong
-donating ability such as imidazole and cyanide adopt the com-
on (dxy)2(dxz, dyz)3 state, the complexes carrying axial ligands
ith weak �-donating and strong �-accepting ability such as

ert-BuNC and 4-CNPy prefer the less common (dxz, dyz)4(dxy)1

tate. Walker, Scheidt and others explained that the d� orbitals
f these complexes are stabilized by the interaction with the low-
ying p�∗ orbital of the ligand to the point where they lie lower
han the dxy orbital [31–33]. As a result, the unpaired electron
ccupies the dxy orbital to form the (dxz, dyz)4(dxy)1 electron
onfiguration. Depending on the energy difference between the
xy and d� orbitals, the excited state with the different electron
onfigurations contributes to the electronic state of the complex.
f the dxy orbital is located far above the d� orbitals in energy
iagram, then the complex has a quite pure (dxz, dyz)4(dxy)1

round state. If, on the other hand, the energy difference is
ather small, then the contribution of the excited state increases.
he spectroscopic properties of the complex, therefore, change
epending on the energy difference between the dxy and d�

rbitals.
Electron configuration of the low-spin complexes causes

remendous influence on the 1H NMR spectra. In the case of the
dxy)2(dxz, dyz)3 type complexes, the unpaired electron in the iron
� orbitals delocalizes to the porphyrin ring through the inter-
ction with the porphyrin(3eg) orbitals. Because the 3eg orbital
as sizable coefficients on the �-pyrrole carbon and nitrogen
toms and zero coefficient on the meso carbon atoms as shown
n Fig. 4, the interaction shifts the pyrrole-H signal to the upfield
osition [2–9]. Typical example is [Fe(TPP)(CN)2]− where the
yrrole-H, o-, m-, and p-H signals appear at −16.55, 4.55, 6.36,
nd 6.08 ppm in CD2Cl2 at 298 K, respectively [34]. For many
ears, the presence of the upfield shifted pyrrole-H signal was
onsidered to be the condition that all the TPP type low-spin
omplexes must satisfy. In 1989, Simonneaux et al. reported

t +
hat low-spin [Fe(TPP)( BuNC)2] shows a completely differ-
nt 1H NMR spectrum [35,36]. The pyrrole-H, o-, m-, and p-H
ignals appear at 9.73, 0.96, 13.75, and 3.21 ppm, respectively,
n CD2Cl2 at 298 K. Later, the complex was characterized as

(
p
r
C

Fig. 4. Frontier orbitals of porphyrin.

he first example of the low-spin complex with the unusual (dxz,
yz)4(dxy)1 electron configuration [31–33].

In the (dxz, dyz)4(dxy)1 type complexes, the unpaired electron
s in the dxy orbital. Since the dxy orbital is orthogonal to any of
he porphyrin orbitals in the planar complexes with D4h symme-
ry, the delocalization of the unpaired electron to the porphyrin
ing is supposed to be quite small as far as the porphyrin main-
ains the planar structure. X-ray crystallographic studies of the

dxz, dyz) (dxy) type complexes have revealed, however, that the
orphyrin core of these complexes commonly exhibits the highly
uffled structure [32,37–39]. Typical example is [Fe(TPP)(4-
NPy)2]ClO4 whose molecular structure is given in Fig. 5 [32].
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Table 2
13C NMR chemical shifts of [Fe(TArP)(CN)2]− taken in CD2Cl2 and in CD3OD,
where Ar is 2,4,6-triethylphenyl group [44]

X σp CD2Cl2 CD3CD

meso � � meso � �

OCH3 −0.28 94.4 40.2 89.8 203.9 ca. 21 88.3
CH3 −0.14 93.5 40.3 89.9 195.8 22.4 88.6
H 0.00 89.0 41.3 90.3 183.8 26.6 89.4
F 0.15 84.2 42.4 90.6 173.2 30.7 90.2
Cl 0.24 81.1 42.9 90.9 163.7 33.3 90.8
COOCH3 0.44 79.2 43.6 91.4 152.8 36.5 91.7

t
c

c
p
[
p
o
i
d
v
o
shows the Hammett plots for the complexes obtained in (a)
CD2Cl2 and (b) CD3OD solutions. In CD2Cl2 solution, the Ham-
mett plots yield a good linearity with a slope of −21.8 ppm. In
ig. 5. ORTEP diagram of [Fe(TPP)(4-CNPy)2]ClO4. Labels assigned to the
rystallographycally unique atoms are displayed. Fifty percent probability sur-
aces are shown. Adapted from Ref. [32].

he porphyrin ring is significantly ruffled. The equatorial Fe–N
ond distances average to 1.952 Å, which is quite short for low-
pin complex [40–42]. The average deviation of the meso carbon
toms from the mean porphyrin plane is 0.55 Å. Upon ruffling
eformation, the symmetry of six-coordinate metalloporphyrin
ill be lowered from D4h to D2d [13–15]. As shown in Table 1

14], both the iron dxy and porphyrin a2u orbitals are represented
s b2 in ruffled D2d complex and therefore they can interact [32].
n other word, the complex is stabilized due to the dxy–a2u inter-
ction by ruffling the porphyrin core. As a result, the unpaired
lectron in the dxy orbital delocalizes to the porphyrin ring espe-
ially on the meso carbon and pyrrole nitrogen atoms because
he a2u orbital has large coefficients at these atoms as shown
n Fig. 4. The upfield shift of the o- and p-H signals and the
ownfield shift of the m-H signal in the (dxz, dyz)4(dxy)1 type

omplexes are therefore ascribed to the delocalization of the
npaired electron to the meso carbon atoms [4]. Small down-
eld isotropic shift of the pyrrole-H signal is explained in terms
f the dipolar contribution since the contact shift is supposed

able 1
orrelation table for the molecular orbitals of metalloporphyrina

D4h D2h D2d C4v

etal
dx2−y2 b1g ag b2 (b1) b1

dz2 a1g ag a1 a1

dzx, dyz eg b2g, b3g e e
dxy b2g b1g b1 (b2) b2

orphyrin
LUMO eg b2g, b3g e e
HOMO a1u au b1 a2

a2u b1u b2 a1

HOMO-1 eg b2g, b3g e e

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

F
H
a

CF3 0.53 74.8 43.9 91.6 145.8 38.5 92.4
CN 0.70 74.3 47.3 92.9 136.5 41.3 93.3

o be quite small due to the zero coefficients at the �-pyrrole
arbons in the a2u orbital [43].

In addition to the field strengths of axial ligands, electron
onfiguration can also be affected by the electronic effect of the
eripheral substituents. The 1H and 13C NMR data of a series of
Fe(TArP)(CN)2]− are instructive, where Ar’s are p-substituted
henyl groups [44]. Table 2 shows the 13C NMR chemical shifts
f these complexes taken in CD2Cl2 and CD3OD solutions. The
sotropic shift of the meso carbon in each complex, which is
efined as δiso = δobs − δdia, is plotted against the Hammett σp
alue, where δdia is the chemical shift of the meso carbon signal
f the corresponding diamagnetic [Co(TArP)(CN)2]−. Fig. 6
ig. 6. Plots of the meso carbon isotropic shifts of [Fe(TArP)(CN)2]− against
ammett σp. The symbols (©) and (�) are isotropic shifts obtained in CD2Cl2

nd CD3OD solutions, respectively. Adapted from Ref. [44].
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D3OD solution, the Hammett plots again show a good lin-
arity with a slope of −69.5 ppm, which is more than three
imes as much as that in CD2Cl2 solution. As mentioned later,
he downfield shift of the meso carbon signal in low-spin com-
lexes is a good measure to elucidate the contribution of the
dxz, dyz)4(dxy)1 state. Thus, the results indicate that the contri-
ution of the (dxz, dyz)4(dxy)1 state is much larger in CD3OD
olution, and that it increases as the electron-donating ability
f the p-substituents increases. Since the steric effect of the
-substituent on the porphyrin structure is considered to be negli-
ibly small, it is concluded that the electron-donating meso sub-
tituent stabilizes the (dxz, dyz)4(dxy)1 state while the electron-
ithdrawing substituent stabilizes the (dxy)2(dxz, dyz)3 state

44].

.2. Spectroscopic studies on the effect of porphyrin
eformation

The complexes with the less common (dxz, dyz)4(dxy)1 ground
tate exhibit a ruffled structure even if they have the usually
lanar porphyrin ring such as TPP, OEP, or TMP. Important
roblem here is if the reverse is true. Do the low-spin complexes
arrying imidazole or cyanide exhibit the less common (dxz,
yz)4(dxy)1 ground state if the complexes are forced to ruffle
or steric reasons? In order to answer this question, Ikeue et
l. have examined the electronic structures of a series of six-
oordinate [Fe(TRP)(L)2]+, where R’s are H, Me, Et, nPr, cPr,
nd iPr groups [43,45–47] under the assumption that the ruffling
f the porphyrin core is controlled by the bulkiness of meso-
lkyl substituents [24–27]. In the following sections, the use of
arious spectroscopic methods such as 1H NMR, 13C NMR, and
PR to reveal the electronic ground state of low-spin iron(III)
orphyrinates will be described [43,45–50].

.2.1. 1H NMR spectroscopy
Table 3 shows the chemical shifts of the pyrrole-H and meso-

H� signals of [Fe(TRP)(L)2]+ [43,47], where axial ligands are
itrogen bases, CN−, and tBuNC. The axial ligands are arranged

n descending order of the CH� chemical shifts, which almost
oincides with the order of the pyrrole-H chemical shifts. The
ata in Table 3 clearly indicate that both the pyrrole-H and meso-
H� signals move downfield in each series of [Fe(TRP)(L)2]+

able 3
H NMR chemical shifts of [Fe(TRP)L2]± in CD2Cl2 at 223 K

Py-H meso-CH�

nPr cPr iPr nPr cPr iPr

Im −21.5 −18.7 0.1 1.7 10.9 16.1
MAP −16.7 −14.3 4.0 9.7 26.4 19.8
-MeIm −8.2 −8.5 5.6 21.3 43.4 21.2
N− −3.5 4.3 12.3 30.9 91.9 28.7
-MePy 4.5 7.3 14.7 51.4 115.3 33.2
y 7.1 8.4 14.9 57.9 121.4 34.0
-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

dapted from Refs. [43,47].
a Not observed.
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s the field strength of the nitrogen base weakens, which in turn
ndicates that the electron configuration changes from (dxy)2(dxz,
yz)3 to (dxz, dyz)4(dxy)1.

Interestingly, the pyrrole-H signal also shows a downfield
hift as the meso nPr group is replaced by much bulkier cPr, and
hen by iPr group. Thus, it is reasonable to conclude that the
ontribution of the (dxz, dyz)4(dxy)1 ground state increases as the
uffling of the porphyrin core increases. Although the molecular
tructures of these complexes have not been reported, the cor-
esponding high-spin Fe(TRP)Cl actually exhibits the increase
n ruffling as the meso substituent(R) changes from nPr [51] to
Pr [52], and then to iPr [53]. The ruffling dihedral angle, which
s defined as the dihedral angle between two diagonal pyrrole
ings, increases from 21.7◦ to 29.0◦, and then to 38.2◦. The aver-
ge equatorial Fe–N bond decreases from 2.063 to 2.044, and
hen to 2.038 Å for the same change in the meso substituents.
he short equatorial Fe-N bond is one of the characteristic fea-

ures of the highly ruffled iron(III) porphyrin complexes. Latos-
razynski, Marchon and others reported similar results using

Fe(TMCP)L2]± and [Fe(TCHP)L2]± having bulky cycloalkyl
roups such as substituted cyclopropyl and cyclohexyl groups,
espectively [48,49].

Another interesting datum in Table 3 is the difference in
hemical shifts between [Fe(TRP)(HIm)2]+ and [Fe(TRP)(2-
eIm)2]+. Both the pyrrole-H and meso-CH� signals exhibit

arge downfield shift as the axial ligand changes from HIm
o much bulkier 2-MeIm. The result is again ascribed to
he increase in the (dxz, dyz)4(dxy)1 contribution due to the
trongly ruffled porphyrin core in [Fe(TRP)(2-MeIm)2]+ caused
y the steric repulsion between bulky 2-MeIm and the TRP
ore. In fact, the X-ray crystallographic analysis of analogous
Fe(TEtP)(2-MeIm)2]+ exhibits the presence of highly ruffled
orphyrin core as shown in Fig. 7 [54]. The average devia-
ion of the meso carbon atoms from the mean porphyrin plane
eaches as much as 0.72 Å, indicating that the complex is
ne of the most severely ruffled low-spin iron(III) porphyri-
ates. The average equatorial Fe–N bond length is quite short
.932 Å, which should be compared with 1.993 Å in analo-
ous [Fe(TPP)(HIm)2]+ [55]. The short equatorial Fe–N bond is
bserved in [Fe(TMP)(1,2-Me2Im)2]+, which also has strongly
uffled porphyrin core caused by the steric repulsion between
ulky 1,2-Me2Im and the TMP core [56]. The average equato-
ial bond length and the average deviation of the meso carbon
toms from the mean porphyrin plane are 1.937 and 0.72 Å,
espectively. Thus, the degree of ruffling is nearly the same as
hat of [Fe(TEtP)(2-MeIm)2]+. Since the pyrrole-H chemical
hifts of [Fe(TEtP)(2-MeIm)2]+ and [Fe(TMP)(1,2-Me2Im)2]+

re −9.0 and −13.1 ppm, respectively, at 223 K [57], the meso
thyl group stabilizes the (dxz, dyz)4(dxy)1 state more effectively
han the meso mesityl group, which should be ascribed to the
ifference in electron donating ability between alkyl and aryl
roups. Probably, 2-MeBzIm is the bulkiest imidazole ligand
hat can coordinate to iron(III) porphyrinates. Thus, the low-

pin [Fe(TMP)(2-MeBzIm)2]+ is expected to show the most
everely ruffled porphyrin core though the structural data are not
vailable at present. The pyrrole-H of [Fe(TMP)(2-MeBzIm)2]+

hows four signals around +1 ppm at 223 K, suggesting that
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Carbon contact shifts originate from unpairing of carbon 1s
electrons and unpairing of the three carbon sp2 bonding pairs.
Thus, the contact shift for the meso carbon in [Fe(TRP)L2]±
can be written by the Karplus and Frankel equation [65], where
Fig. 7. ORTEP diagram of [Fe(TEtP)(2-MeIm)2]Cl

he complex adopts the (dxz, dyz)4(dxy)1 ground state in spite
f the coordination of imidazole derivative [58]. Determination
f the electronic ground state of analogous low-spin [Fe(TPP)(2-
eBzIm)2]+ has been hampered due to the facile formation of

he �-oxo dimer in the presence of hindered base [59].
The difference in electron configuration in low-spin com-

lexes should affect the chemical shifts of the axial ligands. If
he coordination atom in the axial ligand constitutes a part of
ouble or triple bond as in the case of imidazoles, pyridines,
r cyanide, the d�–p� or d�–p�∗ interaction is possible in the
dxy)2(dxz, dyz)3 type complexes. As a result, we can expect the
resence of isotropically shifted ligand signals. In contrast, the
sotropic shift must be much smaller in the (dxz, dyz)4(dxy)1 type
omplexes since the dxy orbital is orthogonal to any of the lig-
nd � orbitals. Thus, the chemical shift of the axial ligands
an also be a good probe to elucidate the electron configura-
ion. Fig. 8 shows the correlation of the chemical shifts between
yrrole and imidazole methyl protons in [Fe(TRP)(2-MeIm)2]+

1a–1d) and [Fe(TRP)(2-MeIm)(CN)] (2a–2d), where R = H(a),
e(b), Et(c), and iPr(d) [46]. As the pyrrole signal moves down-

eld from −22.5 in [Fe(THP)(2-MeIm)2]+ (1a) to 12.4 ppm
n [Fe(TiPrP)(2-MeIm)(CN)] (2d), the imidazole methyl signal
hifts upfield from 21.4 to −6.0 ppm. The results indicate that
he spin density at the C-2 of the coordinated 2-MeIm ligand
ecreases in both systems on going from R = H to R = iPr, which
n turn indicates the switch of the electron configuration from
dxy)2(dxz, dyz)3 to (dxz, dyz)4(dxy)1 [46]. The dipolar shift also
ontributes to some extent because the methyl signal is expected
o move upfield in the (dxz, dyz)4(dxy)1 type, and downfield in the
dxz, dyz)4(dxy)1 complexes [43]. In Fig. 8, the complexes (1d)
nd (2b–2d), all of which are located at lower right of the graph,
re confirmed to adopt the (dxz, dyz)4(dxy)1 ground state on the
asis of the EPR g values [46].

.2.2. 13C NMR spectra
13C NMR chemical shift is also a good probe to elu-

idate the electronic structure of the low spin complexes
43,45–47,60–64]. The isotropic shifts (δiso) of the carbon sig-
als are given by

iso = δobs − δdia = δMC + δLC + δcon
dip dip

here δMC
dip , δLC

dip, and δcon represent the metal centered dipolar
hift, ligand centered dipolar shift, and contact shift, respec-
ively. The metal centered dipolar shift in the complexes with

F
z
[
a

ide view and (b) top view. Adapted from Ref. [54].

xial symmetry is defined as follows:

MC
dip = 1

12π
(χ|| − χ⊥)

3 cos2 θ − 1

r3

here χ’s are the molecular susceptibilities, θ the angle between
he nucleus–metal vector and the z-axis, r the length of this vec-
or, and term (3 cos2 θ − 1)/r3 is referred to as the axial geometric
actor. The δLC

dip is assumed to be proportional to the spin density
π at the observed carbon atom and is given by

LC
dip = Dρ�
ig. 8. Correlation of the chemical shifts between pyrrole-H and imida-
ole methyl signals in a series of [Fe(TRP)(2-MeIm)2]+ (©) (1a–1d) and
Fe(TRP)(2-MeIm)(CN)] (�) (2a–2d)at 238 K, where R = H(a), Me(b), Et(c),
nd iPr(d). The line has no mathematical meaning. Adapted from Ref. [46].
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C = {2πgµBS(S + 1)}/(3γCkT):

con(meso) = [(SC + 3QC
CC′ )ρ�

meso + (2QC)ρ�
� ]FC

he SC term indicates polarization of the 1s orbital, the QC
CC′

erm reflects polarization of the three sp2 bonds by �-spin den-
ity at the observed carbon atom, and the QC

C′C term represents
olarization of the C–C bond by � spin densities centered on
he neighboring carbon atoms. The SC, QC

CC′ , and QC
C′C are esti-

ated to be −35.5, 40.3, and −39.0 MHz, respectively [65,66].
he (δcon + δLC

dip) values for the meso carbon, which can be

btained by (δiso − δMC
dip ), are expressed by

con + δLC
dip = δiso − δMC

dip

= [(SC + 3QC
CC′ )ρ�

meso + 2QC
C′Cρ�

� ]FC + Dρ�
meso

The meso-13C chemical shift is particularly useful to deter-
ine the electron configuration [43,47,67]. This is because the

pin densities on the meso carbon atoms are quite dependent
n the electron configuration. The 3eg orbital, which interacts
ith the half-occupied d� orbital in the (dxy)2(dxz, dyz)3 type

omplexes, has node at the meso carbon atom. Thus, the meso
arbon isotropic shift, δiso(meso), is approximated by Eq. (1)
ssuming that the ρ�

meso is negligibly small:

iso(meso) = 2QC
C′CFCρ�

� + δMC
dip (1)

ince both terms in Eq. (1) are negative, the meso signal appears
ore upfield than the corresponding signal in diamagnetic com-

lexes; δMC
dip is negative because of the positive (χ|| − χ⊥) value

n the (dxy)2(dxz, dyz)3 type complexes. By contrast, the com-
lexes with the (dxz, dyz)4(dxy)1 ground state have large spin
ensity at the meso and negligibly small spin density at the �
arbon atoms due to the a2u–dxy interaction. Thus, the meso
arbon isotropic shift for the (dxz, dyz)4(dxy)1 type complexes is
pproximated by Eq. (2) assuming that theρ�

� is negligibly small:

(meso) = [D + (SC + 3QC ′ )FC]ρ� + δMC (2)
iso CC meso dip

Since the D, (SC + 3QC
CC′ ), and δMC

dip values are all positive,
he meso carbon isotropic shift is positive and increases lin-
arly with the � spin density at the meso carbon; δMC

dip is positive

F
C
a
d

able 4
3C NMR chemical shifts of low-spin Fe(TRP)L2

+ in CD2Cl2 at 223 K

meso �

nPr cPr iPr nPr

Im 73.1 97.1 331.6 0.0
MAP 130.5 127.4 402.2 −2.2
-MeIm n.d. 190.4 434.0 n.d.
N− 336.1 386.7 639.6 −72.7
-MePy 470.0 431.6 702.5 −88.5
y 526.5 448.9 728.6 −108.2
-CNPy 814.7 680.1 917.5 −267.2
BuNC a a a a

dapted from Ref. [43,47].
a Not observed.
Reviews 250 (2006) 2271–2294 2277

ecause (χ|| − χ⊥) is negative in the (dxz, dyz)4(dxy)1 type com-
lexes. Thus, the complex with a quite pure (dxz, dyz)4(dxy)1

round state with a highly ruffled porphyrin core should exhibit
he meso carbon signal at a fairly downfield position due to the
trong dxy–a2u interaction.

The 13C NMR chemical shifts of the meso, �, and � signals of
series of [Fe(TRP)L2]± are listed in Table 4 [43,47]. The data

ndicate that the meso signal moves downfield as the axial ligand
as much weaker �-donating and stronger �-accepting ability;
he chemical shifts of the meso signals in [Fe(TnPrP)L2]+ are
3.1 and 814.7 ppm for L = HIm and 4-CNPy, respectively. The
ata in Table 4 also indicate that the (dxz, dyz)4(dxy)1 charac-
er increases with increasing bulkiness of the meso alkyl group;
he meso carbon signals in [Fe(TRP)(HIm)2]+ are 73.1, 97.1,
nd 331.6 ppm for R = nPr, cPr, and iPr, respectively. Thus, the
hemical shift of meso carbon is as good a probe as that of
yrrole-H in determining the electron configuration of the low
pin complexes. Since the meso carbon chemical shifts of the
orresponding diamagnetic complexes [Co(TRP)L2]+ are ca.
25 ppm, it is clear from Eqs. (1) and (2) that the ground state
lectron configuration of [Fe(TnPrP)(HIm)2]+ is different from
hat of [Fe(TiPrP)(HIm)2]+; the former adopts the (dxy)2(dxz,
yz)3 while the latter adopts the (dxz, dyz)4(dxy)1 electron con-
guration. Highly ruffled complex carrying the axial ligand
ith low-lying �* orbital, i.e. [Fe(TiPrP)(4-CNPy)2]+, shows

he meso signal at an extremely downfield position, 917.5 ppm
t 223 K, indicating that the complex is in a quite pure (dxz,
yz)4(dxy)1 ground state. The complex with the purest (dxz,
yz)4(dxy)1 ground state, where the dxy orbital is located far above
he d� orbitals, must be [Fe(TiPrP)(tBuNC)2]+ as is revealed
rom the extraordinary downfield shifted CH� signal shown in
able 3 [47]. Observation of the meso signal of this complex is,
owever, not successful at this point.

As mentioned, the characteristic NMR features in the (dxz,
yz)4(dxy)1 type complexes are the downfield shift of the meso-
3C and the downfield shift of the pyrrole-H signals. Fig. 9
hows the correlation between pyrrole-H and meso-13C chemi-
al shifts of a series of Fe(TRP)L2

+ (R = nPr, cPr, and iPr) and

e(TArP)L2

+ (Ar = phenyl and mesityl groups) determined in
D2Cl2 solution at 298 K [67]. As the (dxz, dyz)4(dxy)1 char-
cter increases, both the pyrrole-H and meso-13C signals move
ownfield, showing a semi-parabolic curve with a positive slope.

�

cPr iPr nPr cPr iPr

11.8 −28.3 73.6 79.6 76.5
8.5 −47.2 84.3 88.0 81.1
−20.6 −69.9 n.d. n.d. 74.8
−84.2 −186.0 61.2 61.2 54.7
−71.1 −165.2 77.0 79.6 71.6
−81.3 −179.3 74.3 78.7 71.4
−211.9 −293.5 66.0 71.7 74.8
a a 84.7 91.0 98.8
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Fig. 9. Corelation of chemical shifts between pyrrole-H and meso-13C signals
a ± n ± c ±
[
[

T
t
s

a
p
T
−
p
F
b
v
a
c
c
a
(
−

i
a
s
a
r
e
g
o
C
r

F
[

o
[
t
b

2

c
p
g
n
t
g
h
d
C
t
g
i
w
p
g
t
l
I
b
s
t
[
i
1
p
C
a
y
g
s
l
t
a
t

t 298 K in [Fe(TArP)L2] (©), [Fe(T PrP)L2] (�), [Fe(T PrP)L2] (�), and
Fe(TiPrP)L2]± (�). The line has no mathematical meaning. Adapted from Ref.
67].

he correlation curve is quite useful to elucidate the contribu-
ion of the (dxz, dyz)4(dxy)1 in naturally occurring heme proteins
ince the hemes have no pyrrole-H.

The 13C NMR chemical shift of iron-bound cyanide can
lso be a probe to elucidate the electronic structure of iron(III)
orphyrinates and naturally occurring heme proteins [6,68].
he iron-bound cyanide signals are observed fairly upfield, ca.
2500 ppm, mainly due to the contact shift caused by the spin

olarization effect; the unpaired electron in iron polarizes the
e–C �-bond and induces the negative spin at the CN car-
on atom [69]. Since the cyanide chemical shift is affected by
arious factors including solvents, hydrogen bonding, trans lig-
nd, etc., it must be difficult to extract the effect of electron
onfiguration from the observed chemical shifts [70]. In the
ase of [Fe(TRP)(CN)2], the cyanide signal moves downfield
s the electron configuration switches from (dxy)2(dxz, dyz)3 to
dxz, dyz)4(dxy)1; they are −2973 ppm (H), −1840 ppm (Me),
2054 ppm (Et), and −1530 ppm (iPr) in CD2Cl2 at 248 K [45].
Once the 1H and 13C NMR chemical shifts are determined, it

s possible to calculate the spin densities on the porphyrin carbon
nd nitrogen atoms. Fig. 10 shows the spin distribution in low-
pin [Fe(TPP)(1-MeIm)2]+ and [Fe(TiPrP)(4-CNPy)2]+, which
dopt the (dxy)2(dxz, dyz)3 and (dxz, dyz)4(dxy)1 ground state,
espectively. In the case of [Fe(TPP)(1-MeIm)2]+, the unpaired
lectron delocalizes from the iron d� orbital to the pyrrole nitro-

en and � carbon atoms [63]. In contrast, a large amount of spin is
n the pyrrole nitrogen and meso carbon atoms in [Fe(TiPrP)(4-
NPy)2]+ [43]. The total spin delocalized to the porphyrin ring

eaches as much as 0.48 in [Fe(TiPrP)(4-CNPy)2]+, while it is

g
t
I
f

ig. 10. Spin distribution in low-spin (a) [Fe(TPP)(l-MeIm)2]+ and (b)
Fe(TiPrP)(4-CNPy)2]+. Adapted from Ref. [43].

nly 0.17 in [Fe(TPP)(1-MeIm)2]+. Thus, the porphyrin ring in
Fe(TiPrP)(4-CNPy)2]+ has significant a2u type radical charac-
er due to the strong a2u–dxy interaction [43], which is supported
y the theoretical calculation [71].

.2.3. EPR spectra
EPR spectroscopy is a good method to elucidate the electron

onfiguration of the low spin complexes at an extremely low tem-
erature [3–5,72–74]. The complexes with the (dxz, dyz)4(dxy)1

round state exhibit axial type spectra where gxx and gyy are
early the same and they are larger than gzz. The complexes with
he (dxy)2(dxz, dyz)3 ground state show either rhombic or “large
max” type spectra. Extensive studies by Walker, Scheidt et al.
ave revealed that the relative orientation of planar axial ligands
etermines the spectral type of the low-spin complexes [5,75].
omplexes carrying parallel aligned ligands exhibit the rhombic

ype spectra, where three signals are observed at g1 = 1.5–1.9,
2 = 2.2–2.4, and g3 = 2.5–2.9. In contrast, the complexes carry-
ng perpendicularly aligned ligands give large gmax type spectra,
here a single strong signal appears at g = 3.2–3.7. The com-
lexes with linear ligands such as cyanide also exhibit the large
max type spectra. It is possible that the low-spin complex has
wo isomers with different ligand orientation; one has paral-
el aligned and the other has perpendicularly aligned ligands.
n such a case, both rhombic and large gmax type signals can
e observed even in frozen solution if the interconversion is
low on the EPR timescale. Fig. 11 shows the EPR spectra of
he DMAP complexes taken in frozen CH2Cl2 solution at 4.2 K
76]. As shown in Fig. 11(b), [Fe(OEP)(DMAP)2]+ gives a typ-
cal rhombic spectrum with three signals at g = 2.81, 2.38, and
.64, suggesting that the two DMAP molecules take a mutually
arallel orientation above and below the porphyrin ring in frozen
H2Cl2 solution. The parallel alignment of the two DMAP lig-
nds is confirmed in the solid by the X-ray crystallographic anal-
sis [75]. By contrast, [Fe(OETPP)(DMAP)2]+ exhibits a large
max type signal at g = 3.24 as shown in Fig. 11(c). The result
uggests that the two DMAP molecules are aligned perpendicu-
arly in frozen CH2Cl2 solution at 4.2 K. Structural analyses of
his complex reveal that the dihedral angle between two axial lig-
nds is 53.2◦ in one report [77] and 70◦ in another report [78]. In
he case of [Fe(TMTMP)(DMAP)2]+, both rhombic and large

max signals coexist as shown in Fig. 11(a), which indicates
he existence of two isomers with different ligand orientation.
f the equilibrium constant between two isomers is ca. 10 in
avor of the perpendicular isomer, the �G◦ is calculated to be
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ig. 11. EPR spectra of (a) [Fe(TMTMP)(DMAP)2]+, (b) [Fe(OEP)-
DMAP)2]+, and (c) [Fe(OETPP)(DMAP)2]+ taken in frozen CH2Cl2 solution
t 4.2 K. Adapted from Ref. [76].

0 J/mol at 4.2 K. Thus, this phenomenon is observable when the
ifference in thermodynamic stability of the isomers is fairly
mall. More recently, Walker et al. reported the formation of
wo isomeric [Fe(OMTPP)(1-MeIm)2]Cl with different ligand
rientation [79]. One is paral-[Fe(OMTPP)(1-MeIm)2]Cl and
he other is perp-[Fe(OMTPP)(1-MeIm)2]Cl, where the dihe-
ral angles of the ligands are 19.5◦ and 90.0◦, respectively. In
he solid, the former exhibits a rhombic signal with g1 = 1.54,
2 = 2.51, and g3 = 2.71, while the latter shows a large gmax sig-
al at g = 3.61. It has been proposed that the spectral switch from
he large gmax type to the rhombic type EPR signal takes place
hen the dihedral angles between two axial planar ligands are

n the range of 30–70◦ [79].
Fig. 12 shows the EPR spectra of (a) [Fe(TiPrP)(4-CNPy)2]+,

b) [Fe(TcPrP)(Py)2]+, and (c) [Fe(TnPrP)(HIm)2]+ taken in
rozen CH2Cl2 solution at 4.2 K. As expected, [Fe(TiPrP)(4-
NPy)2]+ and [Fe(TcPrP)(Py)2]+ with a ruffled porphyrin core
xhibit the axial type spectra. The g⊥ and g|| values are 2.41
nd 1.79 for the former, and 2.56 and (1.3) for the latter com-
lexes [43]; the value in parenthesis is a speculated one. A
lightly smaller g⊥ value in [Fe(TiPrP)(4-CNPy)2]+ indicates
hat the energy gap between the dxy and d� orbitals is larger
n [Fe(TiPrP)(4-CNPy)2]+ than in [Fe(TcPrP)(Py)2]+. In con-
rast to these spectra, [Fe(TnPrP)(HIm)2]+ shows the rhombic
ype spectrum with g1 = 2.90, g2 = 2.35, g3 = (1.45). Thus, the
omplex adopts the (dxy)2(dxz, dyz)3 ground state with parallel
ligned imidazole ligands [47].

.3. Electron configurational isomers
In principle, a low spin complex should adopt either the (dxz,
yz)4(dxy)1 or the (dxy)2(dxz, dyz)3 ground state depending on
he d orbital ordering determined by the electronic nature of

w
t
d
g

ig. 12. EPR spectra of (a) [Fe(TiPrP)(4-CNPy)2]+, (b) [Fe(TcPrP)(Py)2]+, and
Fe(TnPrP)(HIm)2]+taken in frozen CH2Cl2 solution at 4.2 K. Adapted from
ef. [47].

xial ligands, deformation of porphyrin ring, electronic effects of
eripheral substituents, interaction with the solvent molecules,
tc. It is possible, however, that a complex exists as the equilib-
ium mixture of the two isomers with different electronic ground
tates; one has the (dxz, dyz)4(dxy)1 ground state while the other
as the (dxy)2(dxz, dyz)3 ground state as shown in Eq. (3). Here,
e define the electron configurational isomers, which indicate

hat the isomers adopting the same spin state differ in electron
onfiguration.

dxz, dyz)4(dxy)1 � (dxy)2(dxz, dyz)3 (3)

t must be very difficult, however, to directly observe the entities
f such isomers because of the low energy barrier separating the
somers. In addition, two isomers must exist in a comparable
atio at an extremely low temperature for the direct observation.
ne possible way to find such complexes is to finely modulate

he electronic nature of the axial ligands by means of intermolec-
lar interactions with solvent molecules so that the two isomers
xist in a comparable ratio at an extremely low temperature.
kezaki and Nakamura [80] found that [Fe(TArP)(CN)2]− meets
he requirements if Ar is 2,4,6-triethylphenyl. The contribution
f the (dxz, dyz)4(dxy)1 electron configuration in this complex
hanges depending on the nature of the solvents used. Table 5
hows the 13C NMR shifts of [Fe(TArP)(CN)2]− taken in var-
ous solvents at 253 K. In general, the isotropic shifts of the
eso-13C signals are negative (upfield shift) in the complexes

ith the (dxy) (dxz, dyz) ground state as shown in Eq. (1), while

hey are positive (downfield shift) in the complexes with the (dxz,
yz)4(dxy)1 ground state as shown in Eq. (2). Thus, the electronic
round 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)2]− determined in various solvents
at 253 K, where Ar is 2,4,6-triethylphenyl

Solvents meso � � ipso o m p

CD3OD 275.4 −17.0 76.6 68.8 236.5 130.0 146.5
CDCl3 191.4 9.3 76.2 91.8 202.0 125.6 142.5
CD2Cl2 172.3 10.4 78.5 97.0 193.2 125.3 143.1
DMF-d7 134.9 18.6 78.0 106.9 178.4 125.0 143.1
DMSO-d6

a 130.8 16.2 78.5 107.0 176.4 124.5 142.4
(CD3)2CO 123.3 20.7 77.2 109.9 174.2 124.4 142.6
CD3CN 100.3 20.4 81.1 113.4 165.1 123.4 142.6
C6D5CD3 96.1 25.2 80.3 116.7 164.9 123.9 142.2
C6D6

a 95.5 23.8 79.6 116.1 164.5 123.7 142.1
CCl 79.6 25.6 82.2 119.1 158.2 122.6 140.8
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dapted from Ref. [80].
a The value is extrapolated from high temperature.

arbon isotropic shifts; δiso = δobs − δdia. Since the meso carbon
hifts of diamagnetic [Co(TArP)(CN)2]− are 115.5 ± 0.6 ppm
n the solvents listed in Table 5, the border line that separates
he (dxz, dyz)4(dxy)1 type from the (dxy)2(dxz, dyz)3 type com-
lex lies between acetone and acetonitrile. In other words, the
somer with the (dxz, dyz)4(dxy)1 ground state predominates over
hat with the (dxy)2(dxz, dyz)3 ground state in the solvents ranging
rom methanol to acetone.

To directly observe the electron configurational isomers,
pectroscopic measurement at an extremely low temperature is
ecessary. Fig. 13 shows the EPR spectra of [Fe(TArP)(CN)2]−
aken in a series of frozen solutions at 4.2 K. In consistent with
he 13C NMR results, the complex exhibits the axial type spec-
rum in the solvents ranging from methanol to acetone. How-
ver, in the solvents that stabilizes the (dxy)2(dxz, dyz)3 ground
tate such as acetonitrile, toluene, and benzene, the EPR spec-
ra exhibit both large gmax and axial type signals. The result
trongly indicates that two isomers with the different ground
tates actually exist in frozen solution at 4.2 K and that the mutual
xchange between these two isomers is slow on the EPR time
cale at this temperature. Since the complexes with the (dxz,
yz)4(dxy)1 ground state always exhibit the ruffled porphyrin ring
n [Fe(TRP)L2]+ and [Fe(TArP)L2]+, the observation of the two

somers is ascribed to the slow interconversion between the ruf-
ed complex with the (dxz, dyz)4(dxy)1 ground state and, possibly,

he planar (or nearly planar) complex with the (dxy)2(dxz, dyz)3

round state as shown in Fig. 14. Rivera et al. also proposed

a
s
d

ig. 14. Interconversion between the ruffled isomer with the (dxz, dyz)4(dxy)1 ground
tate. Adapted from Ref. [80].
ig. 13. EPR spectra of [Fe(TArP)(CN)2]− taken in frozen solutions at 4.2 K,
here Ar is 2,4,6-triethylphenyl. Adapted from Ref. [80].

he presence of the equilibrium between the planar (dxy)2(dxz,
yz)3 and ruffled (dxz, dyz)4(dxy)1 to explain the Curie plots of
he meso signal in [Fe(TPP)(OCH3)(OOtBu)]− [81,82].

. Mixed high-spin and intermediate-spin state

.1. General Consideration
Five-coordinate iron(III) porphyrin complexes with anionic
xial ligands such as chloride and acetate usually show the high-
pin (S = 5/2) state [40–42]. This is because the iron(III) ion
eviates from the porphyrin plane in these complexes to stabi-

state and the planar or nearly planar isomer with the (dxy)2(dxz, dyz)3 ground
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ize the dx2−y2 orbitals [40–42]. If the axial chloride or acetate
s replaced by a fairly weak anionic ligand, then the dz2 orbital
s stabilized and the dx2−y2 orbital is destabilized. The destabi-
ization of the dx2−y2 orbital is ascribed to the interaction with
he nitrogen lone pair; the interaction is strengthened due to
he decrease in the out-of-plane distance of iron. As a result,
he complex is expected to adopt an intermediate-spin (S = 3/2)
tate. Actually however, the complex with weak axial ligand
hows not a pure S = 3/2 but a mixed S = 3/2, 5/2 spin state.
he mixed spin state is considered to be a quantum mechan-

cal admixture caused by the spin–orbit coupling between the
igh- and intermediate-spin states, and not a thermal equilib-
ium between two spin states [83,84]. In fact, no clear example
as ever been reported even at very low temperatures to show
he presence of the two species.

1H NMR spectroscopy is a good method to determine the
ontribution of the S = 3/2 in the mixed spin state [3–8,85]. This
s because the pure high-spin complex exhibits the pyrrole-H sig-
al fairly downfield because of the presence of unpaired electron
t the dx2−y2 orbital; the unpaired electron in this orbital delo-
alizes to the pyrrole-H position through � bonds and induces
he large downfield shift of the pyrrole-H signal. In contrast,
he dx2−y2 orbital is depopulated in the pure intermediate-spin
omplexes. Thus, the pyrrole-H signal should appear fairly
pfield due to the spin polarization effect caused by the unpaired
lectron at the � carbon atoms. On the basis of the pyrrole-

chemical shifts, Reed and Guiset succeeded in ranking the
eakness of anionic ligands (X) in five-coordinate Fe(TPP)X

nd called the hierarchy given in Eq. (4) as magnetochemical
eries [86,87]. The weakest anionic ligand is determined to be
Ag(Br6CB11H6)2]− since the pyrrole-H signal is observed at
he most upfield position:

[Ag(Br6CB11H6)2]− < CB11H12
− < SbF6

−

< Co(C2B9H11)2
− < AsF6

− < ClO4
− < C(CN)3

−

< CF3SO3
− < BF4

− < ONC(CN)2
− < ReO4

−

< OTeF3
− < I− < Br− < Cl− (4)

(
i
t
s

able 6
H NMR, 13C NMR, and EPR data of [Fe(TPP)L2]+

igands (L) 1H NMRa 13C

Py-H o m p �

-MePyNO 70.7 12.7 9.4 9.7 16
,5-Me2PyNO 71.0 12.8 9.4 9.7 16
yNO 68.9 13.3 9.5 9.8 16
-ClPyNO 67.2 13.2 9.7 9.9 15
MSO 67.2 13.0 9.6 9.7 15
MF 60.2 13.5 9.9 9.9 14
H3OH 48.1 13.8 10.1 10.0 12
HF 3.1 14.1 10.1 10.3 5

dapted from Refs. [92,93].
a CD2Cl2, 298 K.
b CD2Cl2, 298 K.
c CH2Cl2, 4.2 K.
Reviews 250 (2006) 2271–2294 2281

he magnetochemical series is also applicable to porphyrin
somers such as porphycene [88–90]. The pyrrole signal of
TPrPc)FeX moves upfield as the axial ligand (X) changes from
hO−, Cl−, Br−, I−, and then to ClO4

−, which corresponds to
he spin state change from S = 5/2 to S = 3/2 [88].

The six-coordinate iron(III) complexes with nitrogen bases
sually show the low-spin state. However, the complex can adopt
rare high-spin state if the oxygen containing neutral compound
uch as DMSO is used [91]. As in the case of the five-coordinate
omplexes, the high-spin state is converted to the intermediate-
pin state if the field strength of the oxygen ligand is weakened.
able 6 lists the 1H and 13C NMR chemical shifts as well as EPR
values of a series of Fe(TPP)L2

+ where L’s are oxygen ligands
92,93]. The pyrrole-H signal moves upfield from 71 to 3 ppm
s the axial ligand changes from 4-MePyNO to THF, indicat-
ng the increase in the S = 3/2 contribution. In Table 6, the axial
igands are arranged in descending order of the pyrrole-H chem-
cal shifts, which therefore corresponds to the magnetochemical
eries for oxygen ligands. The order of the field strengths of
ome ligands such as PyNO, substituted PyNO’s, and DMSO
re difficult to determine from the data in Table 6 because
f the similarity of the chemical shifts. The magnetochemical
eries shown in Eq. (5) has been determined on the basis of
he pyrrole-H chemical shifts of both planar [Fe(TPP)L2]+ and
uffled [Fe(TiPrP)L2]+ which will be mentioned later [92,93].

4-MePyNO, 3, 5-Me2PyNO > PyNO > 4-ClPyNO

> DMSO > DMF > MeOH > Et2NNO > THF (5)

lthough there is no example showing an essentially
ure intermediate-spin state in [Fe(TPP)L2]+, the analogous
Fe(TArP)(THF)2]+ reported by Gold et al., where Ar is 2,4,6-
rimethoxyphenyl, is in a quite pure intermediate-spin state on
he basis of the spectroscopic and magnetic data [94–96]: 1H
MR (CDCl3, room temp, δ), −28.0 (Py-H), 9.2 (m-H); EPR
CHCl3, 77 K) g⊥ = 4.2, g|| = 2.0; µeff = 4.7 µB. Since the chem-
cal shift of the pyrrole-H signal of Fe(TPP)(THF)2

+ is 3.1 ppm,
he contribution of the high-spin state in [Fe(TPP)(THF)2]+ is
till not small.

NMRb EPRc

� meso g-Values

25 1248 26 6.11 5.82 2.00
36 1249 29 5.85 2.00
17 1240 27 6.00 2.00
94 1218 25 5.85 2.00
38 1226 10 5.85 2.01
74 1179 13 5.85 2.00
61 1024 37 5.69 2.00
47 518 60 4.59 5.48 2.00

6.03 5.48 2.00
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Table 7
1H NMR and EPR data of [Fe(TEtPrP)X] and [Fe(TiPrP)X]

Complexes X 1H NMR (CD2Cl2, 298 K) Inta (%) EPR (CD2Cl2, 4.2 K) Intb (%)

Py-H CH� 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
Ic 85.1 23.5 9 5.94 5.94 2.01 3
ClO4 −33.9 10.2 100 4.09 4.09 1.98 97

[Fe(TiPrP)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].
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a 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.
c In toluene-d8 solution.

.2. Effect of ruffled porphyrin ring on the spin state

.2.1. Five-coordinate complexes
Ruffling of the porphyrin ring affects the energy levels of

he iron d orbitals. As mentioned in the previous section, the
xy orbital is destabilized by the interaction with the porphyrin
a2u) orbital. In addition, the dx2−y2 orbital is also destabi-
ized due to the contraction of the equatorial Fe–N bonds,
hich is commonly observed in highly ruffled iron(III) por-
hyrin complexes [32,38,39,54]. Because of the destabilization
f the dx2−y2 orbital, the ruffled complexes tend to stabilize the
ntermediate-spin state. Table 7 a pure high-spin state. By con-

−
rast, the pyrrole signals of the ClO4 complexes appear at the
ost upfield positions, −34 and −31 ppm, and move further

pfield almost linearly against 1/T. Thus, the ClO4
− complexes

re considered to be in an essentially pure intermediate-spin

p
d
p
e

ig. 15. Curie plots of the pyrrole-H signals of (a) Fe(TEtPrP)X and (b) Fe(TiPrP)X
�). Adapted from Ref. [97].
tate. The pyrrole signals of the Br− and I− complexes appear
etween those of the corresponding F− and ClO4

− complexes,
uggesting that they are in the mixed spin state of the S = 3/2 and
= 5/2 with a sizable contribution of the S = 5/2. shows the 1H
MR and EPR data of a series of five-coordinate [Fe(TEtPrP)X]

nd [Fe(TiPrP)X] [97]. Fig. 15 shows the Curie plots of the pyr-
ole signals of these complexes [97]. The Curie lines are drawn
o that they intercept the axis of ordinate at the chemical shifts of
he corresponding diamagnetic complexes, ca. 9.5 ppm. In both
Fe(TEtPrP)X] and [Fe(TiPrP)X], the pyrrole signals of the F−
omplexes appear in the most downfield position, δ = ca. 97 ppm
t 298 K, and move further downfield linearly against 1/T. The

−
yrrole signals of the Cl complexes show similar temperature
ependence. These results suggest that the F− and Cl− com-
lexes in both systems are in Thus, in the ruffled complexes,
ven the iodide complexes exhibit a considerable contribution

taken in CD2Cl2 solution where X = F (×), Cl (©), Br (�), I (�), and ClO4
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f the S = 3/2. If we assume that the F− and the ClO4
− com-

lexes are in a pure S = 5/2 and S = 3/2 spin state, respectively,
hen the contribution of the S = 3/2, which is signified as Int(%),
an be estimated on the basis of the pyrrole-H chemical shifts
y Eq. (6), where δF, δClO4 , and δX are the pyrrole-H chemical
hifts of the F−, ClO4

−, and X− complexes, respectively [97]:

nt (%) = δF − δX

δF − δClO4

× 100 (6)

he data in Table 7 also indicate that the Int(%) value of five-
oordinate [Fe(TEtPrP)I] is very much dependent on the solvent
sed. While the Int(%) is 28% at 298 K in CD2Cl2 solution, it
s only 9% in toluene-d8 solution at the same temperature.

The EPR g values of [Fe(TEtPrP)X] and [Fe(TiPrP)X] are
lso listed in Table 7. Once the EPR g values are determined, it
s possible to estimate the Int(%) values by Eq. (7) [74]:

nt (%) = 6.0 − g⊥
2

× 100 (7)

hus, the complexes are in a pure high-spin state if g⊥ is 6.0,
hile they are in a pure intermediate-spin state if g⊥ is 4.0.
he data in Table 7 suggest that, while the F−, Cl−, and Br−
omplexes are essentially in the high spin state, the I− com-
lexes such as [Fe(TEtPrP)I] and [Fe(TiPrP)I] are mainly in the
ntermediate-spin state with the Int(%) of 87 and 91%, respec-
ively. Since the Int(%) values of [Fe(TEtPrP)I] and [Fe(TiPrP)I]
re estimated by the 1H NMR method to be 28 and 60% at 298 K,
espectively, they increase as the temperature is lowered from
98 to 4.2 K. In contrast, the Int(%) values of the Br− com-
lexes decrease with decreasing the temperature. The data in
able 7 also indicate that the Int(%) of [Fe(TEtPrP)I] varies
epending on the conditions. Although the complex exhibits
mixed spin state in CH2Cl2 solution, it shows a quite pure

igh-spin state both in toluene solution and in the solid; the
⊥ and g|| values are 5.94 and 2.01 in toluene solution and

.98 and 2.05 (not shown in Table 7) in the solid, respectively.
he difference in spin states of [Fe(TEtPrP)I] in solution and

n the solid is not a very unusual phenomenon. For example,
odo(etiohemiporphycenato)iron(III) exhibits the S = 3/2 with

p
a
e
a

able 8
H NMR, 13C NMR, and EPR data of [Fe(TiPrP)L2]+

igands (L) 1H NMRa 13C NM

Py-H CH CH3 �

-MePyNO 58.5 10.8 6.2 1262
,5-Me2PyNO 57.6 10.9 6.3 1239
yNO 41.7 9.9 6.1 1031
-ClPyNO 35.2 10.7 5.8 889
MSO −7.7 8.0 4.6 226
MF −21.5 7.3 4.2 24
H3OH −28.3 7.3 n.d. −47
HF −35.5 5.7 4.9 −122
ioxane −39.8 5.9 n.d. −156

dapted from Ref. [93].
a CD2Cl2, 298 K.
b CD2Cl2, 298 K.
c CH2Cl2, 4.2 K.
Reviews 250 (2006) 2271–2294 2283

inor contribution of the S = 5/2 in solution [98]. The same
omplex shows, however, a quite pure S = 5/2 state in the solid.
he difference is ascribed to the extraordinarily labile nature
f the iodide ion in iodo(etiohemiporphycenato)iron(III). Thus,
he iron is dragged toward the N4 cavity in solution and, conse-
uently, the complex adopts the intermediate-spin state. In the
rystal lattice, however, the packing force could contract the
abile Fe–I bond. Thus, the iron is lifted from the N4 cavity
oward the iodide, resulting in the formation of a typical high-
pin five-coordinate structure. The difference in spin states of
Fe(TEtPrP)I] in solution and in the solid could be explained
imilarly. The labile nature of the spin state mentioned above is
ne of the characteristic features of the five-coordinate iron(III)
orphyrin complexes, because similar ambiguity in the spin
tate has been observed in the five-coordinated iron(III) por-
hyrin complexes in the biological system such as cytochromes
′ [99–101].

.2.2. Six-coordinate complexes
The 1H and 13C NMR chemical shifts as well as EPR g values

f a series of six-coordinate [Fe(TiPrP)L2]+ are listed in Table 8
92,93]. The axial ligands are arranged according to the mag-
etochemical series for oxygen ligands shown in Eq. (5). Com-
arison of the 1H NMR chemical shifts between [Fe(TPP)L2]+

nd [Fe(TiPrP)L2]+ listed in Tables 6 and 8, respectively, reveals
hat each pyrrole-H signal shifts upfield to a different extent on
oing from planar [Fe(TPP)L2]+ to ruffled [Fe(TiPrP)L2]+. Con-
equently, the difference in pyrrole-H chemical shifts increases
mong the 4-MePyNO, PyNO, 4-ClPyNO, and DMSO com-
lexes, which enables us to rank the field strength for oxygen
igands as shown in Eq. (5). The 13C NMR chemical shifts of
he � and � signals correlate well with those of the pyrrole-H
hemical shifts, suggesting that these signals can also be good
robes to determine the contribution of the S = 3/2 spin state. In
ontras, the chemical shifts of the meso carbon signals exhibit a

oor correlation. Combination of highly ruffled porphyrin ring
nd a fairly weak oxygen ligand leads to the formation of an
ssentially pure intermediate-spin complex. Typical examples
re [Fe(TMCP)(EtOH)2]+ and [Fe(TiPrP)(THF)2]+ [102–104].

Rb EPRc

� meso g-Values

1038 97 5.85 2.00
1015 97 5.70 2.00

865 110 5.70 2.00
756 114 5.75 1.99
290 126 4.2 2.00
138 145 4.2, 4.1 2.00, 2 00

86 142 4.0 1.97
22 115 4.1 2.00

9 118 4.1 2.00
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ig. 16. ORTEP diagram of [Fe(TiPrP)(THF)2]ClO4. Adapted from Ref. [105].

n Fig. 16 is given the molecular structure of [Fe(TiPrP)(THF)2]+

105]. The average equatorial Fe–N bond is very short, 1.967 Å,
ue to the highly ruffled structure, which should be compared
ith 1.999 and 2.040 Å in analogous [Fe(OEP)(THF)2]+ and

Fe(TPP)(THF)2]+ [106,107]. The average deviation of the meso
arbon atoms from the mean porphyrin plane is 0.629 Å, which
s smaller than the corresponding value, 0.72 Å, in low-spin
Fe(TEtP)(2-MeIm)2]+ shown in Fig. 7 [54].

.3. Effect of saddled porphyrin ring on the spin state

.3.1. Five-coordinate complexes
Saddling of the porphyrin core also affects the d orbital energy

evels. Although the saddled deformation decreases the overlap
etween the iron dx2−y2 and nitrogen lone pair because of the
eometrical reason, it should enhance the interaction between
he dx2−y2 and the porphyrin a2u orbital [15,108,109]; the lat-
er interaction is possible in the saddled complexes as shown
n Table 1. In addition, the interaction should be strengthened
ecause the Fe–N bonds in OETPP complexes are in general
uch shorter than those of the corresponding TPP complexes.

he most explicit example showing the dx2−y2 –a2u interaction

s radical cationic [Cu(II)(OETPP)]•+ reported by Fajer et al.
110]. The complex exhibits sharp 1H NMR lines, indicative
f diamagnetic species ascribed to the strong antiferromagnetic

o
s
N
d

able 9
H NMR and EPR Data of Fe(OETPP)X

omplexes 1H NMR (CD2Cl2, 298 K)

CH2 CH3 o

e(OETPP)F 24.1, 38.4 35.4, 45.0 1.6, 3.7 8.1, 10.6
e(OETPP)Cl 20.1, 34.8 32.1, 49.0 1.8, 3.2 9.1, 11.5
e(OETPP)Br 18.1, 34.3 32.6, 45.8 1.0, 2.3 10.4, 13.5
e(OETPP)I 11.9, 32.1 29.3, 47.3 0.4, 0.9 12.6, 15.8
e(OETPP)ClO4 13.0 42.7 0.7 13.4

dapted from Refs. [111,112].
a Determined on the basis of the EPR g values at 4.2 K.
Reviews 250 (2006) 2271–2294

oupling between the unpaired electron in the dx2−y2 orbital and
he � radical in the a2u orbital. Thus, the dx2−y2 orbital can be
estabilized in highly saddled complexes to increase the contri-
ution of the intermediate-spin state. Table 9 shows the 1H NMR
nd EPR data of a series of five-coordinate [Fe(OETPP)X],
here X = F−, Cl−, Br−, I−, and ClO4

− [111,112]. The Int(%)
alues estimated at 4.2 K by Eq. (7) clearly indicates that, while
he F− and Cl− complexes are in the S = 5/2 with a minor con-
ribution of the S = 3/2, the Br− and I− complexes adopt the
= 3/2 with a minor contribution of the S = 5/2. In the case of

he ClO4 complex, it exhibits an essentially pure S = 3/2 spin
tate. The Int(%) values of ruffled [Fe(TEtPrP)Br] and saddled
Fe(OETPP)Br] are 4 and 89%, respectively, at 4.2 K. Thus, the
addled OETPP core stabilizes the S = 3/2 state more effectively
han the corresponding ruffled TiPrP core for the same axial
igand. The possibility that the saddled porphyrin ring would
tabilize the intermediate-spin state was first proposed by Cheng
t al. in a discussion of the spin state of [Fe(OETPP)Cl] [113].
lthough the Int(%) of [Fe(OETPP)Cl] is not so high as pro-
osed [114], the saddled complexes such as [Fe(OETPP)]ClO4
nd [Fe(OETPP)I] are certainly in a quite pure intermediate spin
tate [111,112].

.3.2. Six-coordinate complexes
The 1H NMR, 13C NMR, and EPR data of a series of six-

oordinate [Fe(OETPP)L2]+ are listed in Table 10 [93]. The
omplexes with weak axial ligands such as THF, MeOH, DMF,
nd DMSO exhibit the g⊥ signals at 4.0–4.2, suggesting that
he complexes are in an essentially pure intermediate-spin state.
hese complexes commonly exhibit the meso signals fairly
pfield, which should be ascribed to the interaction between
he filled a2u and empty dx2−y2 orbital in saddle shaped com-
lexes [15]. This interaction induces the negative spin to the
2u orbital by the spin polarization mechanism and shifts the
eso carbon signal to the upfield position [15]. In addition,

he d� − 3eg interaction should also contribute to the upfield
hift of the meso carbon signals as shown in Eq. (1), especially
hen the complexes adopt the (dxy)2(dxz, dyz)2(dz2 )1 electron

onfiguration because of the presence of two unpaired elec-
rons in the d� orbitals [93,104]. The electron configuration

f the saddle shaped complexes showing the S = 3/2 spin state
uch as [Fe(OETPP)(THF)2]+ is, however, quite controversial.
akamura et al. reported that the complex adopts the (dxy)2(dxz,

yz)2(dz2 )1 electron configuration on the basis of the 1H NMR,

EPR (CH2Cl2, 4.2 K) Inta (%)

m p g-Values

12.9, 13.1 7.0 6.50 5.30 2.00 5
12.2, 12.4 7.5 6.56 5.27 1.97 4
11.7, 12.2 8.4 4.95 3.50 1.95 89
10.3, 10.8 9.6 4.14 4.14 2.00 93
7.1 9.8 4.05 4.05 2.1 98
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Table 10
1H and 13C NMR chemical shifts of [Fe(OETPP)L2]+

Ligand 1H NMRa 13C NMRb EPRc

CH2 CH3 o m p � � meso g-Values

4-MePyNO 21.0 44.2 2.4 14.7 8.7 10.3 598 601 −19 5.54 2.00
3,5-Me2PyNO 18.6 43.8 2.4 14.7 8.4 10.4 504 498 −40 5.69 2.00
PyNO 20.0 43.8 2.2 15.3 7.4 10.6 555 512 −63 5.73 4.35 2.00
DMSO 15.4 39.2 0.9 17.2 7.4 10.6 485 398 −139 4.2 2.01
DMF 11.6 37.7 −0.1 15.8 6.1 11.4 419 250 −221 4.2 2.00
MeOH 11.7 37.0 0.3 15.8 5.9 11.5 409 239 −211 4.1 1.97
THF 11.1d 38.7 0.3 15.8d 5.6 11.5 394 215 −269d 4.0 2.00

Adapted from Ref. [93].
a CD2Cl2, 298 K.

1

p
s
s
i
d
s
r
o

4

4

a
S
s
b
t
b
i
[

t
h
s
t
S
t
h
m
t
t
s
b
n
t
f
n
s
s

b CD2Cl2, 298 K.
c CH2Cl2, 4.2 K.
d Values are revised from the original ones [118].

3C NMR, and EPR data [93,104]. By contrast, Cheng et al.
roposed on the basis of the DFT calculation that the complex
hould adopt the (dxz, dyz)3(dxy)1(dz2 )1 electron configuration
ince the dxy orbital of iron is destabilized due to the dxy–a1u
nteraction to the point that is higher than the d� orbitals; the
xy–a1u interaction is possible in saddle shaped complex as
hown in Table 1 [15]. Obviously, more experimental and theo-
etical studies are necessary to describe the real electronic nature
f saddle shaped intermediate-spin complexes.

. Spin-crossover in saddled complexes

.1. General consideration

In iron(III) porphyrinates, the five d orbitals can be formally
rranged into three possible spin states. They are the high-spin
= 5/2, the low-spin S = 1/2, and the intermediate-spin S = 3/2

tate. Some complexes exhibit the spin crossover phenomenon
etween two states caused by the temperature, pressure, pho-

oirradiation, etc. as shown in Fig. 17. The spin crossover
etween the S = 5/2 and S = 1/2 has been most extensively stud-
ed in six-coordinated complexes such as [Fe(OEP)(3-ClPy)2]+,
Fe(TPP)(N3)2], and [Fe(OEP)(N3)(1-MeIm)] [115–118]. On

Fig. 17. Spin crossover (SC) between two states.
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he other hand, the spin crossover between the S = 5/2 and S = 3/2
as never been observed, because the mixed S = 5/2, 3/2 spin
tate is considered to be a quantum mechanical spin admix-
ure caused by the spin–orbit coupling between the S = 5/2 and
= 3/2 spin states [83], and not a thermal equilibrium between

he S = 3/2 and S = 5/2 spin states. In fact, no clear example
as ever been reported showing that the complex exists as a
ixture of the S = 3/2 and S = 5/2. The spin crossover between

he S = 3/2 and S = 1/2 is quite rare because of the instability of
he intermediate-spin complex. Quite recently, it was found that
addle shaped [Fe(OETPP)Py2]+ exhibits such a phenomenon
oth in solution and in the solid [119]. Understanding this phe-
omenon is quite important since recent studies have revealed
hat the similar spin crossover process could be taking place in
erric heme in heme oxygenase [60,61,82]. In this chapter, a
ovel spin crossover process between the S = 3/2 and S = 1/2 in
addle shaped [Fe(OETPP)L2]+ and [Fe(OMTPP)L2]+ is con-
idered.

.2. Magnetic behavior in solution

.2.1. [Fe(OETPP)L2]+

Six-coordinate complexes with nitrogen base such as imi-
azole or pyridine usually show the low-spin state [40]. As
entioned in the previous chapter, the saddle shaped complexes

end to stabilize the intermediate-spin state. Typical examples
re [Fe(OETPP)I] and [Fe(OETPP)(THF)2]+ [103,111]. The
nt(%) values of these complexes are determined to be 93 and
00% at 4.2 K, respectively. It is then expected that even the com-
lexes carrying nitrogen bases with weak field strength should
xhibit a quite pure S = 3/2 spin state if the porphyrin is highly
addled; [Fe(OEP)(3,5-Cl2Py)2]+ is known to show a mixed spin
tate [120]. Table 11 lists the 1H and 13C NMR chemical shifts of
Fe(OETPP)L2]+ and [Fe(OMTPP)L2]+ where L’s are nitrogen
ases [93,121]. The chemical shifts of [Fe(OETPP)(tBuNC)2]+,
hich is well characterized as the S = 1/2 complex adopting
he (dxz, dyz)4(dxy)1 ground state, are also listed for compari-
on [47,103]. As the axial ligand changes from HIm to 4-CNPy
n Table 11, the CH�, o-H, and p-H signals of [Fe(OETPP)L2]+

xhibit a large downfield shift and approach to the corresponding
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Table 11
1H NMR chemical shifts of [Fe(OETPP)L2]+ and [Fe(OMTPP)L2]+ taken in CD2Cl2 solution at 298 K

Complexes L 1H NMR 13C NMR

CH� o-H m-H p-H meso � �

[Fe(OETPP)L2]+

HIm 4.4 10.3 5.8 5.8 6.7 7 163 167
DMAP 4.8 11.8 5.4 5.9 6.9 3 168 176
Py 11.1 32.3 13.0 5.8 10.4 −186 384 244
4-CNPy 13.7a 41.8 16.5a 5.3 12.1 −295a 470 266
tBuNC 7.5 5.5 11.1 6.3 419 −4 144

[Fe(OMTPP)L2]+

HIm 19.8 5.4 6.2 6.8 30 128 173
DMAP 19.7 5.3 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
tBuNC 1.4 3.1 12.8 5.2 701 −207 113
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KSC =
[S = 1/2]

= DMAP Py

[δPy − δ4−CNPy]
(8)

a good linearity from which the thermodynamic param-
eters are determined as follows: �H◦ = 17 kJ mol−1 and

Fig. 18. Schematic diagram on the change in electronic structures of (a) ruffled
dapted from Ref. [121].
a Values are revised from the original ones.

ignals of [Fe(OETPP)(THF)2]+ listed in Table 10. In addition,
he large upfield shift of the meso and the downfield shift of the

carbon signals of [Fe(OETPP)(4-CNPy)2]+ resemble those
f [Fe(OETPP)(THF)2]+. These NMR results suggest that the
pin state actually changes from the S = 1/2 in the HIm and
MAP complexes to the S = 3/2 in the 4-CNPy complex. In

act, the solution magnetic moment of [Fe(OETPP)(4-CNPy)2]+

etermined by the Evans method [122] in CD2Cl2 solution
s 4.2 ± 0.1 µB at 193–298 K, which is close to the spin only
alue expected for the S = 3/2 complexes. It is interesting to
ompare the electronic structures of saddled [Fe(OETPP)L2]+

arrying nitrogen bases with those of corresponding ruffled
Fe(TiPrP)L2]+. In the case of ruffled [Fe(TiPrP)L2]+, all the
omplexes maintain the low-spin state although the electron con-
guration changes from (dxy)2(dxz, dyz)3 to (dxz, dyz)4(dxy)1 as

he field-strengths of the axial ligands are weakened; axial lig-
nds with strong � donating ability such as HIm and DMAP
tabilize the (dxy)2(dxz, dyz)3 ground state while those with
eak � donating and strong � accepting ligands such as 4-
NPy stabilize the (dxz, dyz)4(dxy)1 ground state [43]. In the
ase of saddled Fe(OETPP)L2

+, however, it is the spin state that
hanges depending on the field strength of the axial ligands.

hile the strong � donating ligands give the low-spin com-
lex with the (dxy)2(dxz, dyz)3 ground state, the weak � donating
nd strong �-accepting ligands form the intermediate-spin com-
lexes. Fig. 18 summarizes the difference in electronic structures
etween ruffled [Fe(TiPrP)L2]+ and saddled [Fe(OETPP)L2]+

arrying axially coordinating nitrogen bases.
The data in Table 11 indicate that the 1H and 13C signals

f [Fe(OETPP)Py2]+ are located between those of low-spin
Fe(OETPP)(DMAP)2]+ and intermediate-spin [Fe(OETPP)(4-
NPy)2]+, suggesting that both the low-spin and intermediate-

pin [Fe(OETPP)Py2]+ coexist as an equilibrium mixture in
D2Cl2 solution at 298 K [119]. Fig. 19(a) shows the Curie

lots of the CH2 signals of [Fe(OETPP)L2]+, where L’s are
MAP, Py, and 4-CNPy. While the Curie lines of the DMAP

nd 4-CNPy complexes are linear, the Curie line of the Py
omplex exhibits a considerable curvature. Similar tendency is

[
f
f
t
[

bserved in the Curie plots of the meso carbon signals shown in
ig. 19(b). Although both the CH2 and meso-13C signals of the
y complex appear close to the corresponding signals of the 4-
NPy complex at ambient temperature, they approach to those
f the DMAP complex at lower temperature. The curvature of
he Curie lines of [Fe(OETPP)Py2]+ clearly indicate that the spin
rossover takes place between the S = 3/2 and S = 1/2. In contrast,
Fe(OETPP)(DMAP)2]+ and [Fe(OETPP)(4-CNPy)2]+ main-
ain the S = 1/2 and S = 3/2 spin state, respectively, in the temper-
ture range examined. The equilibrium constant (KSC) for the
pin crossover process in CD2Cl2 solution is determined at sev-
ral temperatures on the basis of the chemical shifts according to
q. (8), where δDMAP, δPy, and δ4-CNPy are the meso-13C chemi-
al shifts of the DMAP, Py, and 4-CNPy complexes, respectively.
he plots of log(KSC) versus 1/T shows:

[S = 3/2] [δ − δ ]
Fe(TiPrP)L2]+ and (b) saddled [Fe(OETPP)L2]+ as the axial ligand changes
rom strong Him to weak 4-CNPy. While the electron configuration changes
rom (dxy)2(dxz, dyz)3 to (dxz, dyz)4(dxy)1 in the case of ruffled [Fe(TiPrP)L2]+,
he spin state changes from the S = 1/2 to the S = 3/2 in the case of saddled
Fe(OETPP)L2]+.
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ig. 19. Curie plots of the (a) CH2 and (b) meso-13C signals of [Fe(OETPP)(DM
rom Ref. [119].

S◦ = 67 J mol−1 K−1 [119]. Although the spin-crossover pro-
ess between the S = 1/2 and S = 3/2 states is not unprecedented
n Fe(III) complexes [123,124], [Fe(OETPP)Py2]+ is actually
he first example in the porphyrin complexes. It should be noted
hat [Fe(OETPP)Py2]+ adopts the (dxy)2(dxz, dyz)3 ground state
t lower temperature on the basis of the 1H and 13C NMR chem-
cal shifts [121].

.2.2. Fe(OMTPP)L2
+

Fig. 20 shows the Curie plots of the CH3 and meso-
3C signals of [Fe(OMTPP)L2]+ where L’s are DMAP, Py,
-CNPy, THF, and tBuNC [121]. Among these complexes,
Fe(OMTPP)(THF)2]+ is in a quite pure intermediate-spin state
hile [Fe(OMTPP)(DMAP)2]+ and [Fe(OMTPP)(tBuNC)2]+

dopt the low-spin state with the (dxy)2(dxz, dyz)3 and
dxz, dyz)4(dxy)1 electron configuration, respectively [47,121].

he Curie lines of [Fe(OMTPP)Py2]+ and [Fe(OMTPP)(4-
NPy)2]+ shown in Fig. 20(a) exhibit a curvature, suggest-

ng that the spin crossover takes place in both of these com-
lexes between S = 3/2 and S = 1/2. Inspection of the Curie

4

[

ig. 20. Curie plots of the (a) CH3 and (b) meso-13C signals of [Fe(OMTPP)(
Fe(OMTPP)(THF)2]+ (�), and [Fe(OMTPP)(tBuNC)2]+ (�). Adapted from Ref. [1
2]+ (©), [Fe(OETPP)(Py)2]+ (�), and [Fe(OETPP)(4-CNPy)2]+ (�). Adapted

ines for the meso-13C signals shown in Fig. 20(b) reveals,
owever, that the magnetic behaviors of [Fe(OMTPP)L2]+

L = Py and 4-CNPy) are quite different form those of
Fe(OETPP)L2]+ (L = Py). As the temperature is lowered, the
urie line of [Fe(OMTPP)(4-CNPy)2]+ moves away from that
f [Fe(OMTPP)(DMAP)2]+, and rather approaches that of
Fe(OMTPP)(tBuNC)2]+. Similar temperature dependence is
bserved for [Fe(OMTPP)Py2]+ though the deviation from the
urie line of [Fe(OMTPP)(DMAP)2]+ is much smaller. These

esults suggest that the spin crossover pathways are different
etween the OETPP and OMTPP complexes. In contrast to the
ase of the OETPP complex, the OMTPP complexes approach
he S = 1/2 state with the (dxz, dyz)4(dxy)1 ground state as the
emperature is lowered [121,125].

.3. Magnetic behavior in the solid
.3.1. Fe(OETPP)L2
+

Table 12 lists the Mössbauer parameters of a series of
Fe(OETPP)L2]+ measured at ambient and liquid nitrogen tem-

DMAP)2]+ (©), [Fe(OMTPP)(Py)2]+ (�), [Fe(OMTPP)(4-CNPy)2]+ (�),
21].
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Table 12
Mössbauer parameters and spin states of [Fe(OETPP)L]2

+ and [Fe(OMTPP)L2]+

Complexes L T (K) IS (mm s−1) QS (mm s−1) Γ 1 (mm s−1) Γ 2 (mm s−1) S

[Fe(OETPP)L2]+

DMAP 290 0.19 2.21 0.27 0.32 1/2
80 0.26 2.31 0.55 0.89 1/2

Py 290 0.32 2.76 0.27 0.29 3/2, 1/2
80 0.25 2.29 0.47 0.64 1/2

4-CNPy
Site A 295 0.37 3.26 0.32 0.33 3/2
Site A 80 0.57 3.03 0.47 0.47 3/2
Site B 80 0.20 2.70 0.64 0.64 1/2

THF 290 0.41 3.65 0.32 0.26 3/2
80 0.50 3.50 0.77 0.49 3/2

[Fe(OMTPP)L2]+

DMAP 290 0.16 1.86 0.30 0.33 1/2
70 0.23 1.89 0.38 0.54 1/2

Py 299 0.19 2.18 0.23 0.26 1/2
78 0.25 2.18 0.33 0.42 1/2
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[Fe(OMTPP)(DMAP)2] and from 0.19 to 0.25 mm s
in [Fe(OMTPP)(Py)2]+ as the temperature is lowered from
290 to 77 K. In contrast, the QS values are almost con-
stant in this temperature range; they are 1.86–1.90 mm s−1
dapted from Refs. [77,119].

eratures [77,119]. At ambient temperature, the quadrupole
plitting (QS) value of Fe(OETPP)(DMAP)2

+ is 2.21 mm s−1,
hich is within the range of low-spin state [126–128]. In con-

rast, the QS value of [Fe(OETPP)(4-CNPy)2]+ is quite large,
.26 mm s−1 and is close to that of [Fe(OETPP)(THF)2]+, sug-
esting that the complex adopts the intermediate-spin state.
he QS value of [Fe(OETPP)Py2]+ is 2.76 mm s−1, which is

ust between the QS values of [Fe(OETPP)(DMAP)2]+ and
Fe(OETPP)(4-CNPy)2]+. Thus, the Py complex exists as the
ixture of the S = 3/2 and the S = 1/2 spin states at ambient tem-

erature in the solid. As the temperature is lowered to 80 K, the
S value of the DMAP complex is maintained while that of

he Py complex decreases to 2.26 mm s−1. The results indicate
hat the Py complex adopts predominantly the low-spin state at
0 K. In the case of the 4-CNPy complex, two doublets (Sites

and B) appear below 230 K. Since the IS and QS values for
ites A and B are in the range of intermediate-spin and low-
pin states, respectively, the complexes with the different spin
tates coexist at low temperature. This implies that a novel spin
rossover occurs also in [Fe(OETPP)(4-CNPy)2]+ in the solid
tate.

Fig. 21 shows the effective magnetic moments (µeff) mea-
ured on microcrystalline samples with a SQUID magnetometer
ver 2–300 K [119]. The results confirm that the DMAP com-
lex is in the low-spin state while the THF complex is in the
uite pure intermediate-spin state over wide range of tempera-
ures. Fig. 21 also indicates that a major part of the Py complex
s in the S = 1/2 below 150 K though the population of the S = 3/2
onsiderably increases above this temperature. Similarly, the 4-
NPy complex is a mixture of the S = 1/2 and S = 3/2 below

00 K though it exists almost exclusively as the S = 3/2 above
00 K. On the basis of the Mössbauer and SQUID results, it is
lear that not only [Fe(OETPP)Py2]+ but also [Fe(OETPP)(4-
NPy)2]+ exhibits the spin crossover process in the solid.

F
[
f

.3.2. Fe(OMTPP)L2
+

Table 12 also shows the Mössbauer parameters of
Fe(OMTPP)(DMAP)2]+ and [Fe(OMTPP)Py2]+ [77].
he IS values increase from 0.16 to 0.23 mm s−1 in

+ −1
ig. 21. Temperature dependence of the effective magnetic moments of
Fe(OETPP)L2]+. L = DMAP (©); Py (�); 4-CNPy (�); THF (�). Adapted
rom Ref. [119].
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Fig. 22. ORTEP diagrams of (a) [Fe(OETPP)Py2]+ and (b) [Fe(OMTPP)Py2]+.
M. Nakamura / Coordination Che

or [Fe(OMTPP)(DMAP)2]+ and 2.13–2.18 mm s−1 for
Fe(OMTPP)Py2]+. Thus, these complexes maintain the
ow-spin state over a wide range of temperature. The low spin
tate of [Fe(OMTPP)(DMAP)2]+ and [Fe(OMTPP)Py2]+ is
urther supported by the effective magnetic moments deter-
ined by SQUID magnetometry; they are 2.1–2.8 µB in the

emperature range 50 to 300 K. Thus, the magnetic behaviors of
Fe(OETPP)Py2]+ and [Fe(OMTPP)Py2]+ are quite different
n the solid. While [Fe(OETPP)Py2]+ shows a spin crossover
etween the S = 3/2 and S = 1/2, [Fe(OMTPP)Py2]+ maintains
he S = 1/2 spin state [77].

.3.3. Structural consequences of spin crossover
[Fe(OETPP)Py2]+ is a complex which shows a novel spin

rossover both in solution and in the solid. It is quite interesting
o know how the coordination structure and the surrounding
attice change during the spin transition process in the solid
tate. To solve this question, Ohgo et al. have examined the
emperature dependence of the crystal and molecular structures
f [Fe(OETPP)Py2]+ and [Fe(OMTPP)Py2]+ by the X-ray crys-
allographic analysis [77,129]. Fig. 22 shows molecular struc-
ures of [Fe(OETPP)Py2]+ and [Fe(OMTPP)Py2]+ determined
t 298 K together with the perpendicular displacements of the
eripheral atoms from the least-squares plane. The maximum
eviation among the C20N4Fe core is observed for one of the �
arbon atoms, which is 1.31 Å for [Fe(OETPP)Py2]+ and 1.10 Å
or [Fe(OMTPP)Py2]+. Deviation of the meso carbon from
he least-squares plane is at most 0.05 Å in [Fe(OETPP)Py2]+

hile it is as much as 0.19 Å in [Fe(OMTPP)Py2]+. Thus,
he OETPP complex adopts a quite pure saddled structure
hile the OMTPP core includes some ruffling. This does not
ean that the saddled OMTPP core is much easier to ruf-
e than the corresponding OETPP core. Structural analysis
f [Fe(OMTPP)(tBuNC)2]ClO4 reveals that the OMTPP core
hows a quite pure saddled structure in spite of the coordination
f tBuNC which usually induces the ruffled deformation of the
orphyrin core [125].

Fig. 23 shows the crystal structure of [Fe(OETPP)Py2]ClO4
btained at 298 K. As the temperature is lowered, the thermal
otion of the molecules, especially that of the peripheral sub-

tituents, is restrained. The low temperature also decreases the
hermal motion of each bond, inducing the bond contraction. As
result, the void space around the molecules increases, which

equires the realignment of each molecule to achieve better crys-
allinity for the contracted molecules. Table 13 lists the crystal
nd structural data of [Fe(OETPP)Py2]+ together with those of
Fe(OMTPP)Py2]+. The data in Table 13 indicate that the unit
ell decreases by 9.3% in volume on going from 298 to 80 K
ecause of the packing force. It should be noted that the a-, c-,
nd b-axes almost coincide with the N1–N3, N2–N4, and N5–N6
xes, respectively; N1–N4 are porphyrin nitrogen atoms while
5 and N6 are pyridine nitrogen atoms. Close examination of

he crystal data in Table 13 reveals that the lattice contraction

long the a-, c-, and b-axes are 0.8, 2.1, and 8.8%, respectively,
n the temperature range 298–80 K. Correspondingly, the bond
ontraction takes place by 1.4 and 9.4% for the Fe–Np and
e–Naxial, respectively. The largest contraction of the unit cell

(c) Perpendicular displacement of the core atoms from the mean plane for
[Fe(OETPP)Py2]+ and [Fe(OMTPP)Py2]+. Adapted from Refs. [77,129].
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ig. 23. The crystal structure of [Fe(OETPP)Py2]ClO4 obtained at 298 K. The
otted lines show the N(5)–Fe–N(6) axes. Adapted from Ref. [129].

ccurs along the b-axis, which induces the largest contraction
o the Fe–Naxial bonds. It is this shortening of the axial bonds at

ower temperature that destabilizes the dz2 orbital and induces
he spin transition from the S = 3/2 to the S = 1/2 [129].

able 13
rystal and structural data for [Fe(OETPP)Py2]ClO4 and [Fe(OMTPP)Py2]-
lO4

a

298 (K) 80 (K)

Fe(OETPP)Py2]ClO4

Crystal system Monoclinic Monoclinic
Space group P21/n P21/n
Z 4 4
a (Å) 13.972(1) 13.857(1)
b (Å) 19.481(1) 17.764(1)
c (Å) 26.750(3) 26.184(2)
β (◦) 101.493(3) 101.411(1)
V (Å3) 6969.0(10) 6318.0(6)
ave Fe–Np (Å) 1.985(3) 1.957(3)
ave Fe–Naxial (Å) 2.201(3) 1.993(3)
φ (◦) 1.1, 3.6 6.3, 11.6
θ (◦) 82.3 85.1
Cavity (Å3) 28.88, 32.08 23.19

Fe(OMTPP)Py2]ClO4

Crystal system Cubic Cubic
Space group I43d (#220) I43d (#220)
Z 12 12
a (Å) 25.937(1) 25.609(1)
b (Å) 25.937(1) 25.609(1)
c (Å) 25.937(3) 25.609(2)
α (◦) 90 90
β (◦) 90 90
γ (◦) 90 90
V (Å3) 17448(3) 16795.5(9)
ave Fe–Np (Å) 1.963(3) 1.973(3)
ave Fe–Naxial (Å) 2.058(6) 2.024(4)
φ (◦) 24.8 23.4
θ (◦) 90 90
Cavity (Å3) 19.81 18.77

dapted from Ref. [77].
a Values in parenthesis are the % ratios relative to the values at 298 K.
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ig. 24. Crystal packing diagrams of (a) monoclinic [Fe(OETPP)Py2]+ and
b)cubic [Fe(OMTPP)Py2]+ viewing along the a-axis. Adapted from Ref. [77].

.3.4. Importance of crystal packing
The absence of the spin crossover process in

Fe(OMTPP)Py2]+ in the solid is ascribed to the crystal
nd molecular structures of this complex. The structural
arameters listed in Table 13 indicate that the temperature
ependent structural changes are fairly small in all respects
ncluding bond lengths and dihedral angles. For example,
he Fe–Naxial bond in [Fe(OMTPP)Py2]+ shows only a slight
ecrease, 0.034 Å, as the temperature is lowered from 298
o 80 K in contrast to the case of [Fe(OETPP)Py2]+ where
he decrease reaches as much as 0.208 Å. Similarly, rotation
f the pyridine ligands is only 1.4◦ in [Fe(OMTPP)Py2]+

s compared with 6.6◦ (ave) in [Fe(OETPP)Py2]+. Fig. 24
hows the crystal packing diagrams of [Fe(OETPP)Py2]+ and
Fe(OMTPP)Py2]+; the former adopts a monoclinic while the
atter shows a cubic crystal system. The monoclinic system is
less condensed packing form than cubic system [77]. In fact,

he density of [Fe(OMTPP)Py2]+ with cubic crystal system is
.406 g cm−3, while that of monoclinic [Fe(OETPP)Py2]+ is
nly 1.296 g cm−3 at 298 K. In other words, the Fe–Naxial bond

ontraction in [Fe(OMTPP)Py2]+ at lower temperature is more
ifficult than that in [Fe(OETPP)Py2]+ since each molecule of
Fe(OMTPP)Py2]+ 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)
a along
l

e
p
l
o

a
8
e
l
T

h
c
a
o
F
c

nd (d) [Fe(OMTPP)Py2]+ viewed along the normal to the average plane and
ines. Adapted from Ref. [77].

ven at ambient temperature. As a result, the spin crossover
rocess, which requires the decrease in the Fe–Naxial bond
ength caused by the contraction of the unit cell, takes place
nly in [Fe(OETPP)Py2]+ [77,129].

Fig. 25 shows the spatial environment around the axial lig-
nds of [Fe(OETPP)Py2]+ and [Fe(OMTPP)Py2]+ at 298 and

0 K determined by CAVITY calculation developed by Ohashi
t al. [130,131]. The cavity sizes around the pyridine ligand
isted in Table 13 are quite different between two complexes.
he OETPP complex showing a spin-crossover phenomenon

N
t
e
p

2

the N2–N4 axis, respectively. Coordinated pyridine is drawn by the red bald

as cavities of 32.08 and 28.88 Å3 at 298 K, while the OMTPP
omplex has much smaller cavity, 19.81 Å3. Thus, the cavity
round the pyridine ligand in [Fe(OMTPP)Py2]+ is only 65%
f that in [Fe(OETPP)Py2]+. Close inspection of the cavities in
ig. 25(a) and (b) reveals that the pyridine ligand in the OETPP
omplex, signified as a red bold line, aligns along the diagonal

1–N3 axis and makes contact with a convex surface created by

he neighboring atoms at 298 K. When the temperature is low-
red to 80 K, the Fe–Naxial bond contracts. Concomitantly, the
yridine ligand rotates toward the diagonal Cmeso–Cmeso axis to
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inimize the repulsion with the porphyrin core until it makes
ontact with another convex surface. In other words, each pyri-
ine ligand of [Fe(OETPP)Py2]+ has a room for rotation, which
n turn enables the contraction of the Fe–Naxial bond and makes
he spin crossover possible. In contrast, the pyridine ligand in
Fe(OMTPP)Py2]+ is placed in a densely packed crystal lattice
ven at room temperature and that the axial ligands are confined
n the narrow cavities as shown in Fig. 25(c) and (d). In other
ords, the loosely packed crystal system and the wide cavities

round the axial ligands to allow their displacement and rotation
re the important requirements for the spin transition to occur
n the solid state [80].

. Conclusions

Effects of porphyrin deformation on the electronic struc-
ures of iron(III) porphyrinates have been reviewed. In the
ase of low-spin (S = 1/2) complexes with ruffled porphyrin
ing, the interaction between the iron dxy and porphyrin a2u
rbitals raises the energy level of the iron dxy orbital. As a
esult, the low-spin complexes tend to adopt the less com-
on (dxz, dyz)4(dxy)1 ground state. Deformation of the por-

hyrin ring also affects the spin state of iron(III) porphyrinates.
hus, the complexes with a highly deformed porphyrin ring

end to stabilize the intermediate-spin (S = 3/2) state if they
ave axial ligands with weak field strengths. In fact, highly
uffled Fe(TiPrP)ClO4 and [Fe(TiPrP)(THF)2]ClO4 as well as
ighly saddled Fe(OETPP)ClO4 and [Fe(OETPP)(THF)2]ClO4
dopt an essentially pure intermediate-spin (S = 3/2) state. The
esults are in sharp contrast to the case of Fe(TPP)ClO4 and
Fe(TPP)(THF)2]+, which adopt not a pure S = 3/2 but the spin
dmixture of the S = 5/2 and S = 3/2. Ruffled TiPrP and sad-
led OETPP cores exhibit, however, a sharp difference if the
xial ligands are nitrogen bases with weak field strength. While
uffled [Fe(TiPrP)(4-CNPy)2]+ shows the low-spin state with a
uite pure (dxz, dyz)4(dxy)1 ground state, saddled [Fe(OETPP)(4-
NPy)2]+ adopts an essentially pure intermediate-spin state.
hus, the spin state of [Fe(OETPP)L2]+ changes from the S = 1/2

o the S = 3/2 as the field strengths of nitrogen bases are weak-
ned, i.e. from DMAP to Py, and then to 4-CNPy. The com-
lex carrying axial ligand with medium field strength such as
Fe(OETPP)Py2]+, therefore, shows a spin crossover from the
= 3/2 to the S = 1/2 both in solution and in the solid as the

emperature is lowered.
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össbauer spectra, to Prof. Saburo Neya of Chiba University

nd Prof. M. Graça H. Vicente of Louisiana State University for
Reviews 250 (2006) 2271–2294

ynthetic assistance, to Prof. Gérard Simonneaux of Université
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