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Spin states of the iron(III) complexes of porphyrin, porphycene,
hemiporphycene, and corrphycene bearing both 1-methylimidazole
and azide as axial ligands were analyzed with infrared (IR)
spectroscopy at 20 °C. The IR stretching band of coordinating
azide split into two peaks around 2047 and 2017 cm-1 reflecting
an equilibrium between the high- (S ) 5/2) and low- (S ) 1/2)
spin states. The high-spin fraction changed over a 0−90% range
among the macrocycles, demonstrating that the tetrapyrrole array
is essential to control the equilibrium.

Axial ligand and porphyrin substituent affect the energy
level of the 3d electrons of heme iron. The spin-state
equilibrium between theS) 5/2 and 1/2 states is frequently
found in the six-coordinate azide (N3

-) complex of hemo-
proteins1 and in the model heme systems2 of bis(3-chloro-
pyridinato)(octaethylporphyrinato)iron(III) and bis(azido)-
(tetraphenyl-porphyrinato)iron(III). Ikeue et al.3 recently
revealed a novel type of equilibrium between theS ) 1/2
and 3/2 states for the saddle-shaped (porphyrinato)iron(III)
derivatives. The ferric heme in heme oxygenase4 is suggested
to be a mixture of theS ) 3/2 and 1/2 states.

Model complexes for azide hemoprotein have been analyz-
ed to evaluate the role of globin. We have reported the for-

mation of a mixed-ligand complex, (protoporphyrinato)iron-
(III)N 3

-OS(CH3)2, a model for catalase with the proximal
tyrosinate, and suggested that the high-spin bias of the equil-
ibrium in azide catalase comes from the coordination of the
oxygen atom.5a We have also prepared a (protoporphyrinato)-
iron(III) coordinated with both N3- and 1-methylimidazole
(1-MeIm)5b as a model for azide myoglobin (Mb), and found
that the spin equilibrium profiles of the heme inside and
outside of the protein matrix are quite similar. The crystal
structure of (tetraphenylporphyrinato)iron(III)N3

-(1-MeIm)
was resolved by Zhan et al.5c to provide the model coordina-
tion structure for azide Mb. All of these analyses were carried
out for the iron atom placed in a square N4-core formed by
the four pyrrole rings of porphyrin (P).

Diverse variations of the coordination core of porphyrin
are now feasible owing to the recent advances in the syn-
thesis.6 In porphycene (Pc), corrphycene (Cn), and hemipor-
phycene (Hpc), the N4-core is rectangular, trapezoidal, and
irregular quadrate, respectively, as illustrated in Figure 1.
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Figure 1. Structure of the Fe(III) complexes of etioporphyrin and the
isomeric porphyrinoids. Axial ligand is omitted for clarity.
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These macrocycles provide a unique opportunity to perturb
directly the equatorial ligand-field of heme iron. We report
here the first IR investigation of molecular shape of porphyri-
noids on the spin-state equilibrium of azide hemoprotein
models. Since the heme in protein is apt to be deformed by
globin,7 the infrared (IR) band of the coordinating azide could
monitor the globin effect.

Structures of etioporphyrin and the isomeric porphyrinoids8

are shown in Figure 1. The five-coordinate iron(III) azide
derivative, prepared from acid cleavage of theµ-oxo-dimer
in the presence of a saturating amount of aqueous sodium
azide,9 was purified on an alumina column with dichlo-
romethane. Visible absorption spectra were recorded on a
Shimadzu spectrophotometer. IR spectra at 2 cm-1 resolution
were measured on JASCO FT-IR spectrometer. Curve fitting
was performed with Lorentzian function.

The six-coordinate iron(III) complex with N3- and 1-MeIm
as axial ligands was prepared by titrating sodium azide to the
bis-1-MeIm species in dimethyl sulfoxide. Figure 2, part A,
shows the Soret absorption changes of the hemiporphycene
(Hpc) compound with clear isosbestic points at 391 and 415
nm. The transition was analyzed according to the following
scheme:

The formation constantK ) [HpcFe(III)N3
-(1-MeIm)][1-

MeIm]/[HpcFe(III)(1-MeIm)2][N3
-] ) 4.67( 0.12 (Figure

2, part B) of the mixed-ligand species was evaluated from
the plots of (1/∆A, 1/[N3

-]) (Figure 2). The calculated limit-
ing spectrum for HpcFe(III)N3-(1-MeIm) in Figure 2 closely
resembles that of the Mb containing HpcFe(III).10 Spectropho-
tometric titrations for other macrocycles were similarly carr-
ied out, and the optical changes conformed to the above

equilibrium scheme. The formation constants and limiting
spectra are summarized in Table 1.

IR spectroscopy has been used to monitor the spin-state
equilibrium in the azide complexes of hemes2b,5b and
hemoproteins.12 Figure 3 shows the absorption spectra for
asymmetric stretching vibration modes of the iron-bound
azide; the mixed-ligand complexes for the IR measurements
were prepared after adding a stoichiometric amount of
1-MeIm to the five-coordinate azide iron(III). PFe(III)N3

--
(1-MeIm) in part A exhibits two peaks at 2049 and 2016
cm-1. The peak positions are different from the 2060 cm-1

band of the five-coordinate PFe(III)N3- (result not shown),
but similar to 2046 and 2023 cm-1 of native Mb.12

The isomeric porphyrins caused remarkable IR changes.
In the spectrum of CnFe(III)N3-(1-MeIm) (Figure 3, part D),
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Figure 2. Formation of the mixed-ligand complex. (A) Soret absorption
changes of 7µM HpcFe(III)(1-MeIm)2 with addition of 0.5-6.0 mM NaN3

in dimethyl sulfoxide at [1-MeIm]) 25 mM and 20°C. (B) Analysis of
the absorption decrease at 404 nm. (C) Calculated limiting spectrum for
HpcFe(III)N3

-(1-MeIm).

HpcFe(III)(1-MeIm)2 + N3
- h

HpcFe(III)N3
-(1-MeIm) + 1-MeIm

Figure 3. IR absorption spectra for the coordinating azide of mixed-ligand
complex MFe(III)N3

-(1-MeIm) in chloroform at 20°C. Macrocycle M is
(A) P, (B) Pc, (C) Hpc, or (D) Cn. Broken curves represent the fitted bands.
The small 2061-cm-1 peak in C is from residual HpcFe(III)N3-. The vertical
scale stands for∆A ) 0.01.

Table 1. Visible Absorption Spectra of MFe(III)N3-(1-MeIm) in
Dimethyl Sulfoxide at 20°C and Mb

λmax, nm (ε, mΜ-1 cm-1)
Ma Kb

P 406 (120) 528 (9.6) 562 (6.3) 615 (2.5) 9.4( 0.2
Pc 388 (103) 572 (18.4) 624 (49.5) 3.3( 0.1
Hpc 406 (91) 510 (6.2) 580 (15.3) 4.7( 0.2
Cn 418 (88) 521 (8.3) 638 (2.9) 30.8( 0.8
Hpc-Mbc 409 (92) 510 (6.3) 580 (13.8)

a M, macrocycle in Figure 1.b Formation constant of the mixed-ligand
complex defined in the text.c Mb containing Hpc. See ref 10.
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the two signals appeared at 2048 and 2016 cm-1. The band
positionsarealmost identicalwith thosefoundinPFe(III)N3

-(1-
MeIm) in part A. However, the two peaks in CnFe(III)N3

-(1-
MeIm) have almost the same intensities. The 2048-cm-1 band
of CnFe(III)N3

-(1-MeIm) is more intense as compared with
the corresponding peak in PFe(III)N3

-(1-MeIm). The Pc and
Hpc macrocycles also caused an anomaly. HpcFe(III)N3

-(1-
MeIm) in part C and PcFe(III)N3-(1-MeIm) in part B exhibit
single peaks at 2017 cm-1 without an additional signal around
2048 cm-1. These IR results are compiled in Table 2.

The appearance of the two IR bands from the azide in the
porphyrin complex PFe(III)N3-(1-MeIm) demonstrates that
the iron(III) atom is in an equilibrium between theS ) 1/2
and 5/2 states. On the basis of the reported results,5b,12 we
assigned the two bands around 2017 and 2048 cm-1 in Figure
3 to the low-spin and high-spin forms, respectively. The spin
equilibrium constantKs ) [high spin]/[low spin] in Table 2
was estimated from the integrated intensity ratio of the two
bands because the extinction coefficients of these peaks are
essentially the same.12 Table 2 shows that high spin fraction
varies over a 0-92% range. Consistent results were obtained
from the magnetic moment with the Evans method.13

It is notable that PcFe(III)N3-(1-MeIm) exhibits a single
IR band at 2017 cm-1. The result suggests a pure low-spin
state for PcFe(III)N3-(1-MeIm), in contrast with PFe(III)N3--
(1-MeIm) that exhibits spin equilibrium. According to X-ray
analysis, the N4-core in Pc (7.647 Å2)6 is narrower than that
in P (8.503 Å2).6 The core contraction in Pc results in a
shorter Fe-N(pyrrole) bond and stronger equatorial ligand-
field of the iron. A stronger equatorial field subsequently
raises the energy level of the 3dx2-y2 orbital to destabilize
the high-spin electron configuration. It is thus likely that the
narrower N4-core of Pc induces a pure low-spin state for
PcFe(III)N3

-(1-MeIm). HpcFe(III)N3
-(1-MeIm) also exhibits

a single IR band at 2017 cm-1 to indicate a pure low-spin

state as well. Although the N4-core of Hpc is larger (8.246
Å2)7d than that of Pc (7.647 Å2),6 the Hpc core is still slightly
smaller than the P core (8.503 Å2).6 The slight but appreciable
core contraction in Hpc seems sufficient to tip completely
the equilibrium toward the low spin.

The IR analysis reveals another intriguing result for the Cn
complex. Table 2 shows that CnFe(III)N3

-(1-MeIm) is in
spin equilibrium like PFe(III)N3-(1-MeIm). However, the
high-spin fraction 52% in the Cn complex is significantly
larger than 10% in the P derivative. The N4-cavity area12 of
Cn, 8.273 Å2, is almost identical with 8.246 Å2 of Hpc.7d

Despite their comparable core sizes, CnFe(III)N3
-(1-MeIm)

is much more high-spin. What is the origin of this difference?
From the structures of Cn, it is evident that two of the four
N(pyrrole)-Fe-N(pyrrole) bond angles in CnFe(III)Cl, i.e.,
74° and 104°,14adeviate significantly from 90°. Such a large
angular distortion is not found in the Hpc macrocycle.15

Deviation from the orthogonality for the Fe-N(pyrrole)
bonds in Cn tends to destabilize the in-plane configuration
of iron atom.16,17This is consistent with the observation that
the formation constant of the mixed-ligand complex of Cn
is 1 order of magnitude larger than that of other macrocycles
(Table 1). This observation may be interpreted to indicate
the iron is more easily displaced by azide from the aromatic
plane. It is thus likely that the high-spin bias in CnFe(III)-
N3

-(1-MeIm) is caused by the trapezoidal N4-core which
facilitates out-of-plane displacement of the iron atom.

We have already reported a 92% high-spin population for
another CnFe(III)N3-(1-MeIm)11 bearing di(ethoxycarbonyl)
substituents. The high-spin content 52% in the present etio-
CnFe(III)N3

-(1-MeIm) is smaller than the 92% found in di-
(ethoxycarbonyl)CnFe(III)N3-(1-MeIm).11 The strongly elec-
tron-withdrawing ethoxycarbonyl groups place more positive
charge on the central iron and increase its charge attraction
to axial azide. Removal of the ester side chains could weaken
the axial ligand field and shift the spin equilibrium to high
spin. Thus, etio-CnFe(III)N3-(1-MeIm) is expected to have
a larger high-spin fraction than di(ethoxycarbonyl)-CnFe-
(III)N 3

-(1-MeIm) does. However, etio-CnFe(III)N3-(1-
MeIm) is actually more low-spin, as shown in Table 2. The
unexpected result suggests participation of a factor other than
the inductive effect of the ester groups. A structural
comparison between the two CnFe(III)I complexes indicates
that the etio-Cn compound has a smaller N4-core (7.897 Å2)14

than the di(ethoxycarbonyl)-Cn derivative (8.015 Å2).18 Thus,
an increase in the low-spin fraction of the etio-Cn complex
is interpreted to reflect the core contraction that exceeds
electron withdrawal by the ester substituents.

In summary, our IR analysis disclosed that the spin-state
of the six-coordinate azide heme is a function of theN4-core
geometry, demonstrating that iron-bound azide is a promising
probe to evaluate the subtle deformations7 in heme by the
protein matrix.
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Table 2. Position (Half-Height Width) of the Azide Stretching Bands
in cm-1 for MFe(III)N3

-(1-MeIm) and Mb

Ma high-spin low-spin Ks
b ref

P 2049 (13) 2017 (19) 10/90 this work
Pc 2017 (19) 0 this work
Hpc 2017 (19) 0 this work
Cn 2048 (14) 2016 (19) 52/48 this work
Cnc 2046 (15) 2020 (18) 92/8 11
Mb 2046 (8) 2023 (9-10) 11/89 12b

a M, macrocycle in Figure 1.b Ks ) [high spin]/[low spin] as calculated
from the intensity ratio of the two azide bands.c Di(ethoxycarbonyl)-Cn.
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