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Highly saddle shaped iron(III) porphyrin complex 1 showing a novel
spin crossover process between the S ) 3/2 and S ) 1/2 has
been crystallographically analyzed at 298, 180, and 80 K. As the
temperature is lowered, the lattice contraction has occurred
specifically along the b-axis. Correspondingly, the iron−pyridine
bonds, which tilt slightly from the b-axis, have decreased by 7.3%.
In contrast, the lattice contractions along the a- and c-axes are
much smaller and the iron−porphyrin bonds, which almost coincide
with the a- and c-axes, have shown much smaller contraction, ca.
2.2%. The large contraction of the specific bonds caused by
packing force raises the energy level of the dz2 orbital and induces
the spin transition. The detailed structural and lattice changes in
the single crystal, which may be regarded as a superstructure
parallel to a protein matrix, have been clarified.

One of the challenging projects in chemistry and bio-
chemistry is to monitor the reaction process directly by X-ray
analysis.1 We have recently reported that the six-coordinated
iron(III) complexes with saddle-shaped porphyrin such as
[Fe(OETPP)Py2]ClO4 and [Fe(OETPP)(4-CNPy)2]ClO4 show
a novel spin crossover process from theS ) 3/2 to theS )
1/2 as the temperature is lowered.2,3 Thus, these complexes
are quite suitable to monitor crystallographically how the
coordination structure and the surrounding lattice change
during the spin transition process. Here, we report the X-ray
crystallographic analysis of [Fe(OETPP)Py2]ClO4 (1) at three
different temperatures and explain why the novel spin
transition takes place in this complex from the viewpoint of
crystal structure.

1 was synthesized according to the literature methods.2,4

The solid obtained was recrystallized from CH2Cl2 solution.
A purple prismatic crystal of1 having approximate dimen-
sions of 0.2× 0.2× 0.1 mm was mounted on a glass fiber.
All data sets were collected on a Rigaku RAXIS-RAPID
imaging plate diffractometer with Mo KR radiation (λ )
0.71069 Å). Indexing was performed from 2 oscillations
which were exposed for 1.7 min. The camera radius was
127.40 mm. Readout was performed in the 0.100 mm pixel
mode. The data were collected to a maximum 2θ value of
55°. A total of 110 images, corresponding to 386.5°
oscillation angles, were collected with 3 different goniometer
settings. Exposure time was 2.00 min/deg. Data were
processed by the PROCESS-AUTO program package. A
symmetry-related absorption correction was made using the
program ABSCOR. The structures were solved by direct
methods with the program SIR97 in TEXSAN and expanded
using the program DIRDIF94.5 The structure refinement was
carried out by full-matrix least-squares refinement with
SHELXL-97 againstF2.5 All non-hydrogen atoms were
refined anisotropically. All the hydrogen atoms were gener-
ated geometrically. The positional parameters of the H atoms
were constrained to have C-H distances of 0.96 Å for
primary, 0.97 Å for secondary, and 0.93 Å for aromatic H
atoms. The H-atomU values were constrained to have 1.2
times the equivalent isotropicU value of their attached atoms
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(1.5 for methyl groups). The atomic scattering factors were
taken fromInternational Tables for Crystallography.

Result and Discussion

The X-ray structure analysis has been carried out at 80,
180, and 298 K. The crystal data of1 are listed in Table 1.
The space group is maintained throughout the temperature
range examined. As the temperature is lowered from 298 to
80 K, the volume of the unit cell has decreased by 6.7%.
Figure 1 shows the molecular structure of1 together with
numbering, which clearly exhibits the highly saddled
structure.4,6-8 The maximum deviation within the C20N4Fe
core, 1.312(3) Å, is observed for one of theâ-pyrrole carbon
atoms as shown in Figure 2. Deviation ofmesocarbons from
the least-squares plane of the C20N4Fe core is fairly small,
0.05 Å, showing the considerably pure saddled conformation,
in contrast to that of the analogous [Fe(OETPP)(DMAP)2]+,
0.31 Å, reported recently.8 This is probably because of the
orientation of DMAP ligand due to the short Fe-Nax bond
length of [Fe(OETPP)(DMAP)2]+. Table 2 lists the axial and
equatorial bond lengths at three different temperatures. These
data indicate that most of the bonds contract at lower

temperature. The shortening of the axial bonds is much larger
than that of the equatorial ones. The average axial and
equatorial bonds, Fe-Nax and Fe-Np, have shown 9.5% and
1.4% contraction, respectively, as the temperature is lowered
from 298 to 80 K. The data in Table 2 also demonstrate that
the bond contraction between 298 and 180 K is much larger
than that between 180 and 80 K; the bond contraction for
Fe-Nax is 0.160 and 0.048 Å for each temperature range,
respectively, while that for Fe-Np is 0.031 and<0.01 Å.

Another notable change in structure has been observed in
the rotation angleφ of the pyridine ligand;φ is defined as
the dihedral angle between the coordinated pyridine and Np-
Fe-Nax planes as shown in Figure 2. The pyridine ligands
are placed almost along the diagonal Np-Fe-Np axes
perpendicularly above and below the porphyrin;φ is fairly
small, 3.6°, at 298 K. The rotation angle has increased,
however, from 3.6° to 6.0° (180 K), and then to 9.7° (80
K). The increase in the rotation angle should be ascribed to
the shortening of the Fe-Nax bond at lower temperature.
Because of the bond contraction, the steric repulsion between
the ligand and pyrrole nitrogen atoms would increase. Thus,
the conformation atφ ) 3.6°, which is most stable at 298 K
where Fe-Nax is 2.201 Å, is no longer stable at 80 K where
Fe-Nax is 1.993 Å. To minimize the steric repulsion increase
at lower temperature, the planar ligand must rotate. It should
be noted that, in contrast to the case of Fe-Nax bond length,
the rotation angle has increased to a greater extent as the
temperature is lowered from 180 to 80 K than from 298 to
180 K. The result suggests that the steric repulsion between
the ligand and the pyrrole nitrogen increases to a greater
extent when the Fe-Nax bond shortens from 2.041 Å (180
K) to 1.993 Å (80 K) than it decreases from 2.201 Å (298
K) to 2.041 Å (180 K).
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Figure 1. ORTEP diagram of1 with the atomic numbering. Displacement
ellipsoids are shown at the 30% probability level. (a) Top view. (b) Side
view. Phenyl rings are omitted for clarity.

Table 1. Crystallographic Details for [Fe(OETPP)Py2]ClO4 at Three
Different Temperatures

298 K 180 K 80 K

formula C70H70N6FeClO4‚2CH2Cl2
mol wt 1320.47
cryst syst monoclinic
space group P21/n
Z 4
a (Å) 13.972(1) 13.800(2) 13.857(1)
b (Å) 19.481(1) 17.870(2) 17.764(1)
c (Å) 26.750(3) 26.237(3) 26.184(2)
â (deg) 101.493(3) 101.375(3) 101.411(1)
V (Å3) 6969.0(10) 6343.3(12) 6318.0(6)
R1 0.0759 0.0943 0.0923
wR2 0.2435 0.1958 0.2016
GOF 1.073 0.978 1.010

Figure 2. Formal diagram of porphyrin core of1 showing displacements
of each atom from the least-squares plane of the C20N4 porphyrinato core
at 298 K in units of 0.01 Å. The dihedral angle between the coordinated
pyridine and Np-Fe-Naxial, φ, is 3.6° at this temperature.

Table 2. Fe-N Bond Lengths of [Fe(OETPP)Py2]ClO4

bond lengths (Å)

bonds 298 K 180 K 80 K

Fe1-N1 1.967(2) 1.950(3) 1.960(3)
Fe1-N2 1.997(3) 1.958(3) 1.955(3)
Fe1-N3 1.975(2) 1.953(3) 1.965(3)
Fe1-N4 2.000(3) 1.954(3) 1.947(3)
Fe1-N5 2.197(3) 2.039(4) 2.001(3)
Fe1-N6 2.204(3) 2.042(4) 1.984(3)

Fe-Np
a 1.985(3) 1.954(3) 1.957(3)

Fe-Nax
b 2.201(3) 2.041(4) 1.993(3)

a Average bond length of the equatorial bonds.b Average bond length
of the axial bonds.
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We then examined if the structural data of1 correlate with
the magnetic and spectroscopic data reported in our previous
paper.2 The temperature dependence of the effective magnetic
moment (µeff) determined for a microcrystalline sample by
SQUID magnetometry qualitatively correlates with the
structural data. Theµeff value decreased from 3.43 to 2.69µB

as the temperature was lowered from 298 to 180 K, while it
decreased to a smaller extent, from 2.69 to 2.43µB, as the
temperature was further lowered from 180 to 80 K.9 A similar
tendency was observed in the Mo¨ssbauer parameters; the
quadrupole splitting and isomer shift decreased by 0.43 and
0.07 mm s-1, respectively, on going from 298 to 180 K, while
they exhibited a much smaller decrease, 0.04 and 0.00 mm
s-1, on going from 180 to 80 K. These results clearly indicate
that the contraction of the axial bonds is closely related to
the spin transition fromS ) 3/2 to S ) 1/2.

Let us now consider why the novel spin crossover process
takes place in the crystal. Figure 3 shows the crystal structure
of 1 obtained at 298 K. As the temperature is lowered, the
thermal motion of the molecules, especially that of the
peripheral substituents, is restrained. The low temperature
also decreases the thermal motion of each bond, inducing
the bond contraction. As a result, the void space around the
molecules increases, which requires the realignment of each
molecule to achieve better crystallinity for the contracted
molecules. In fact, the unit cell has decreased by 6.3% in
volume on going from 298 to 180 K, as if it suffers from
the external force, i.e., packing force. It should be noted that

thea- andc-axes almost coincide with the N1-N3 and N2-
N4 axes, respectively. Theb-axis tilts from the N5-N6 axis
by ca. 15°. Close examination of the crystal data in Table 1
reveals that the lattice contraction along thea-, c-, andb-axes
are 1.2%, 1.9%, and 3.3%, respectively, in the temperature
range 298-180 K. Correspondingly, the bond contraction
takes place by 1.0%, 2.2%, and 7.3% for Fe1-N1(N3), Fe1-
N2(N4), and Fe1-N5(N6), respectively. It should be noted
that, as the temperature is lowered from 298 to 180 K, the
largest contraction of the unit cell occurs along theb-axis,
which results in the largest contraction of the Fe-Nax bonds.
This shortening of the axial bonds destabilizes the dz2 orbital
and induces the spin transition fromS ) 3/2 to theS ) 1/2.
The phenomenon observed in the crystal is closely connected
with the functional tuning process of some heme proteins
where the various vectorial interactions such as hydrogen
bonding, dipolar interaction, steric repulsion, etc. are imposed
on the active center. One of these examples is the structural
change of leghemoglobin in the dioxygen binding process.10

Orientation change of the proximal and distal histidine
ligands together with the Fe-N bond contraction induces
the change in the spin state. In this sense, the crystal of1
may be regarded as a superstructure parallel to a protein
matrix in its constraining function (see Supporting Informa-
tion). In summary, we have shown a detailed structural and
lattice change in the single crystal of1 during the novel spin
transition process.
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Figure 3. The crystal structure of1 obtained at 298 K. The light blue
lines show the N5-Fe-N6 axes.
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