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Facial- and meridional-isomers of tris[benzyl(2-methylimi-
dazol-4-ylmethylidene)amine]iron(II) chloride hexafluorophos-
phate with the formulas of fac-[Fe(HLMe-Benz)3]Cl¢PF6¢EtOH¢
H2O (1) and mer-[Fe(HLMe-Benz)3]Cl¢PF6¢1.5H2O (2) were
selectively crystallized in ethanol and methanol, respectively.
All three imidazole groups in both the fac- and mer-
[Fe(HLMe-Benz)3]2+ cations are hydrogen-bonded to neighboring
Cl¹ ions and give the assembly structures. The compounds
differ, however, in that 1 has a discrete cubane-like tetranuclear
cluster, while 2 forms a two-dimensional (2D) network structure.
The magnetic susceptibilities data revealed that 1 and 2 are spin
crossover complexes.

Spin crossover (SCO) iron(II) complex exhibits a molecular
bistablity in which the electronic configuration changes between
high-spin (S = 2) and low-spin (S = 0) states by external
perturbations, such as temperature, light, and pressure, leading
to distinctive changes in molecular geometry, color, and
magnetism.1 While SCO is a phenomenon of a single molecule,
the forms of the SCO properties such as steep, multistep SCO,
hysteresis, and LIESST (light-induced excited spin state trap-
ping) are brought from the cooperative effect among SCO
molecules. Therefore SCO complexes exhibiting intermolecular
interaction or/and network structure have attracted much
attention. The latest SCO studies demonstrate that strong
covalent bonding between SCO sites does not always afford
cooperative switching, while weak intermolecular interactions
such as hydrogen bond and ³­³ stacking often provide
“effective cooperatives” to afford valuable SCO properties in a
crystalline lattice.2

We have shown that metal complexes of polydentate ligands
involving imidazole groups give a variety of aggregated
assembly structures due to the imidazole­imidazolate and
imidazole­halogen hydrogen bonds.3 Further iron compounds
exhibit interesting SCO properties such as steep, multistep SCO,
hysteresis, chiral aggregation, and mixed-valence states.4 These
studies demonstrate that iron complexes of imidazole-containing
ligands have advantages in designing the assembly structures
and in tuning the spin crossover region of the ligand field
strength. In this study, we studied the FeII complex of new
bidentate ligand benzyl(2-methylimidazol-4-ylmethylidene)-
amine, where the bidentate ligand abbreviated as HLMe-Benz is
the 1:1 condensation product of 2-methyl-4-formylimidazole
and benzylamine. By using the different reaction solvents, we
obtained two types of crystals, facial- and meridional-forms
of tris[benzyl(2-methylimidazol-4-ylmethylidene)amine]iron(II)

chloride hexafluorophosphate, fac-[Fe(HLMe-Benz)3]Cl¢PF6¢
EtOH¢H2O (1) and mer-[Fe(HLMe-Benz)3]Cl¢PF6¢1.5H2O (2).
The X-ray analyses of 1 and 2 revealed not only the facial and
meridional isomerism but also two different assembly structures
generated from the same motif of the imidazole­chloride
hydrogen bond, that is, a cubane-like tetranuclear structure in
1 and a 2D network structure in 2. We report here their
syntheses, their interesting assembly structures, and spin cross-
over behavior.

The reaction solvent is the key for the selective syntheses of
fac- and mer-isomers 1 and 2. All the synthetic procedures were
performed in air. The complex fac-[Fe(HLMe-Benz)3]Cl¢PF6¢
EtOH¢H2O (1) was prepared in ethanol.5 The ligand was
prepared by the 1:1 condensation reaction of 2-methyl-4-
formylimidazole and benzylamine in ethanol. To the resultant
ethanol solution of the ligand was added an ethanol solution of
FeCl2¢4H2O, and then that ofNaPF6 with a 3:1:1 molar ratio. The
mixture was stirred for 1 h at room temperature, and then filtered.
The filtrate was left to stand for a few days in a refrigerator,
during which time large pale yellow cubic crystals precipitated.
The complex mer-[Fe(HLMe-Benz)3]Cl¢PF6¢1.5H2O (2) was pre-
pared by a similar way to 1, where methanol instead of ethanol
was used as the reaction solvent.6 During the crystallization of 2
in methanol, yellow colored crystals of 2 with a very small
amount of red crystals precipitated. Red crystals were removed
manually and the yellow crystals were subjected to physical
measurements. The yellow complex was later confirmed to be
mer-[Fe(HLMe-Benz)3]Cl¢PF6¢1.5H2O (2).

The C, H, and N elemental analyses of 1 and 2 suggested the
existence of lattice solvents. The presence of such solvent was
examined by TGA (thermogravimetric analysis). The samples
were heated from room temperature to 160 °C and then cooled
from 160 °C to room temperature at the heating rate of
2 °Cmin¹1. A continuous weight loss of 7.1% corresponding
to EtOH + H2O for 1 was observed in the heating mode. A
weight loss of 3.1% corresponding to 1.5H2O for 2 was
observed in heating mode and a weight increase of 0.5H2O was
observed in the subsequent cooling mode measurement. Both
complexes showed a thermochromism in the solid states from
yellow at ambient temperature to dark red at liquid nitrogen
temperature, suggesting SCO.

The crystal structures of 1 and 2 were determined by single-
crystal X-ray diffraction analyses at 296K.5,6 Complex 1
crystallizes in a cubic space group P�43n (no. 218) with the
general positions of Z = 24. The unit cell contains eight formula
units [Fe(HLMe-Benz)3]Cl¢PF6¢EtOH¢H2O so that one third of the
formula is a crystallographic unique unit, consisting of one
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ligand HLMe-Benz at the general position, Fe and Cl atoms
positioned at their threefold rotation axis, and two crystallo-
graphically different PF6¹ ions. One of the two PF6¹ ions is
positioned at the fourfold rotation axis and the other spans
threefold and twofold rotation axes. Complex 2 crystallizes in
a monoclinic space group P21/c (no. 14) with Z = 4. The
crystallographic unique unit consists of one complex cation
[Fe(HLMe-Benz)3]2+, one chloride ion, one hexafluorophosphate
ion, and 1.5H2O.

Figures 1a and 1b show the molecular structures of the
complex-cation parts [Fe(HLMe-Benz)3]2+ and three neighboring
hydrogen-bonded Cl¹ ions of 1 and 2 with their selected atom
numbering schemes, respectively. Each FeII ion for both
complexes is octahedrally coordinated by the N6 donor atoms
of three bidentate HLMe-Benz ligands. Of the two possible
geometrical isomers, the complexes 1 and 2 take the fac- and
mer-isomer, respectively. On the basis of the Fe­N bond
distances and N­Fe­N bond angles, the spin state of the
complexes at 296K can be identified. At 296K, the Fe­N
distances are in the range of 2.194(3)­2.221(3) and 2.136(5)­
2.242(5)¡ for 1 and 2, respectively, which is typical for HS FeII

bound to N6 donors.
All three imidazole groups in both the fac- and mer-

[Fe(HLMe-Benz)3]2+ cations in 1 and 2 are hydrogen-bonded to
neighboring Cl¹ ions. For 1, the three imidazole­chloride
hydrogen bonds are equivalent, and the hydrogen bond distance
is N(1)£Cl¹ = 3.123(5)¡. For 2, three hydrogen bond dis-
tances are N(1)£Cl¹ = 3.162(7)¡, N(4)£Cl¹ = 3.067(8)¡, and
N(7)£Cl¹ = 3.182(9)¡. Although imidazole­chloride hydrogen
bonding is a common motif for the construction of assembly
structures, very different structures are generated for 1 and 2,
as easily imagined by the directions of the three NH£Cl¹

interactions in Figure 1.
Complex 1 forms a tetrameric cubane-like structure.

Figure 2a shows the cubane structure of {fac-
[Fe(HLMe-Benz)3]2+£Cl¹}4 constructed from twelve NH£Cl¹

hydrogen bonds. The cubane encapsulates a PF6¹ anion which
is subjected to a disorder probably due to free rotation at 296K.
Another PF6¹ ion occupies the space among the cubane-like
molecules and shows no disorder even at 296K. The fac-
[Fe(HLMe-Benz)3]2+ cation is a chiral species with two enantio-
morphs fac-¦-[Fe(HLMe-Benz)3]2+ and fac-ª-[Fe(HLMe-Benz)3]2+.

It should be noted that a cubane-like tetranuclear structure is built
up by homochiral four fac-¦-[Fe(HLMe-Benz)3]2+ or four fac-ª-
[Fe(HLMe-Benz)3]2+. Figure 2b shows a homochiral tetranuclear
structure, where the red colored molecule indicates the fac-ª-
[Fe(HLMe-Benz)3]2+ isomer. In the crystal lattice, homochiral
cubane-like tetramers with the opposite chiralities (red fac-ª-
[Fe(HLMe-Benz)3]2+ isomer and green fac-¦-[Fe(HLMe-Benz)3]2+)
are arrayed alternately, as shown in Figure 2c.

As shown in Figure 3a, the three imidazole nitrogen atoms
of the mer-[Fe(HLMe-Benz)3]2+ cation in 2 are hydrogen-bonded
to their three neighboring Cl¹ ions to form a two-dimensional
network structure, in which the repeating unit is a cyclic trimer
{[Fe(HLMe-Benz)3]2+£Cl¹}3. Figure 3b shows a side view of the
adjacent layers, presenting that the layer is not undulated and
PF6¹ counter anions occupy the space between the layers. The
mer-[Fe(HLMe-Benz)3]2+ cation is also a chiral species with two
possible enantiomorphs mer-¦-[Fe(HLMe-Benz)3]2+ and mer-ª-
[Fe(HLMe-Benz)3]2+. As shown in Figure 3c, each layer in 2
consists of two enantiomorphs, giving a hetero-chiral 2D
network structure.

The magnetic susceptibilities for the ground samples were
measured upon cooling from 300 to 5K and then remeasured
upon warming from 5 to 300K at 2Kmin¹1 under a 0.5 T
applied magnetic field by the use of a SQUID magnetometer.
The »MT vs. T plots are shown in Figure 4, where »M is the

Figure 1. (a) Molecular structure of the complex cation of 1 with
the selected atom numbering scheme viewed along C3 axis, showing
fac-[Fe(HLMe-Benz)3]2+ isomer. (b) Molecular structure of the
complex cation of 2 with the selected atom numbering scheme,
showing mer-[Fe(HLMe-Benz)3]2+ isomer. Three imidazole groups per
complex cation in both compounds are hydrogen-bonded to three
neighboring Cl¹ ions (green).

Figure 2. (a) The cubane-like tetranuclear structure of 1 con-
structed from twelve NH£Cl¹ hydrogen bonds, where a PF6¹ anion
is encapsulated in the center of the cubane. The encapsulated PF6¹

ion is subjected to disorder probably due to free rotation at 296K.
(b) Homochiral cubane-like tetranuclear cluster of 1, consisting of
four fac-ª-[Fe(HLMe-Benz)3]2+ species (red colored). (c) Packing
diagram of 1. In a crystal lattice, homochiral cubane-like tetramers
with the opposite chiralities (red fac-ª-[Fe(HLMe-Benz)3]2+ and green
fac-¦-[Fe(HLMe-Benz)3]2+) are arrayed alternately.

Figure 3. (a) Three imidazole groups per a complex-cation of
mer-[Fe(HLMe-Benz)3]2+ are hydrogen-bonded to three neighboring
Cl¹ ions by NH£Cl¹ hydrogen-bonds to produce a hydrogen-
bonded two-dimensional network structure, in which the net unit is a
cyclic trimer {mer-[Fe(HLMe-Benz)3]2+£Cl¹}3. (b) Side view of the
adjacent layers, showing the layer is not undulated and PF6¹ counter
anions occupy the space between the layers. (c) Hetero-chiral 2D
layer. The mer-[Fe(HLMe-Benz)3]2+ cation is also a chiral species with
two possible optical isomers mer-¦-[Fe(HLMe-Benz)3]2+ and mer-ª-
[Fe(HLMe-Benz)3]2+. Two enantiomorphs are drawn by red and green
colors.
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molar magnetic susceptibility per Fe and T is the absolute
temperature.

The »MT vs. T plots of fac-[Fe(HLMe-Benz)3]Cl¢PF6¢EtOH¢
H2O (1) showed an incomplete SCO behavior. At temperatures
higher than 120K, the constant »MT value of ca. 4.2
cm3Kmol¹1 per iron atom is a little higher than the spin-only
HS FeII value and is compatible with reported HS FeII (S = 2)
complexes. On lowering the temperature, the »MT value
decreases from the constant value of 4.2 to 2.1 cm3Kmol¹1 at
50K, which is half the HS value. This indicates that the spin
transition occurs from 4HS state of tetrameric Fe4 molecule to
2HS + 2LS. Calculation of the derivative of d(»MT)/dT vs. T
evaluated the spin transition temperature T1/2 = 80K between
4HS state and 2HS + 2LS state.

The »MT vs. T plots of mer-[Fe(HLMe-Benz)3]Cl¢PF6¢1.5H2O
(2) showed SCO behavior. At temperatures higher than 200K, the
constant »MT value of ca. 4.0 cm3Kmol¹1 is the value reported
for the HS FeII (S = 2) complexes. At temperatures lower than
50K, a plateau value of nearly 0.3 cm3Kmol¹1 is a little larger
than the theoretical value of LS FeII (S = 0) and is compatible
with the reported values for LS FeII (S = 0) complexes. In the
wide temperature region of 60­180K, the »MT value changes
gradually between the HS and LS values. The SCO curve is a
little shifted from the ideal one-step SCO behavior.

In this study, facial and meridional isomers fac-
[Fe(HLMe-Benz)3]Cl¢PF6¢EtOH¢H2O (1) and mer-[Fe-
(HLMe-Benz)3]Cl¢PF6¢1.5H2O (2) have been selectively synthe-
sized by using different reaction solvents, tris[benzyl(2-methyl-
imidazol-4-ylmethylidene)amine]iron(II) complex can give not
only fac- and mer-geometric isomers but also ¦- and ª-optical
isomers. Further, the imidazole groups of a complex-cation can
act as a functional group to form assembly structures by
hydrogen bonding. In fact, all three imidazole groups per
complex are hydrogen-bonded to three neighboring Cl¹ ions to
form a discrete cubane-like tetranuclear structure in 1 and a two-
dimensional (2D) network structure in 2. In addition to the
assembly structures as well as the geometric and optical
isomerism, 1 and 2 showed different SCO properties. SCO
properties are affected by the cooperative effect, in which the
assembling manner from the building blocks involving geo-
metrical and optical isomerism plays a crucial role for the SCO
properties. In particular studies on tetranuclear clusters building
up hydrogen bonds like 1 are interesting in making multistep
SCO material with thermal hysteresis and in elucidation of SCO
mechanisms.
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5 fac-[Fe(HLMe-Benz)3]Cl¢PF6¢EtOH¢H2O (1). To a solution of 2-
methyl-4-formylimidazole (0.165 g, 1.5mmol) in 10mL of ethanol
was added a solution of benzylamine (0.161 g, 1.5mmol) in 5mL of
ethanol at room temperature. The resulting solution was warmed at
50 °C under stirring for 30min and then cooled to room temperature.
To the ligand solution (1.5mmol) was added a solution of
FeIICl2¢4H2O (0.099 g, 0.5mmol) in 10mL of ethanol. To the
mixture was added a solution of NaPF6 (0.105 g, 0.5mmol) in 10mL
of ethanol. The resulting solution was stirred at room temperature for
1 h and filtered. The filtrate was kept for a few days in a refrigerator,
during which time large golden-yellow crystals precipitated. They
were collected. Yield: 0.22 g. Anal. Calcd for fac-[Fe(HLMe-Benz)3]-
Cl¢PF6¢EtOH¢H2O = C36H39FeN9ClPF6¢EtOH¢H2O: C, 50.82; H,
5.27; N, 14.03%. Found: C, 50.74; H, 5.29; N, 13.85%. TGA: 7.1%
weight loss was observed. Crystal data: C38H47FeN9ClPF6O, fw
898.11, cubic, P�43n (no. 218), a = 20.871(3)¡, V = 9091.9(21)¡3,
Z = 8, T = 296K, Dcalcd = 1.312 g cm¹3, ®(MoK¡) = 4.92 cm¹1,
R = 0.040 (I > 2·(I)), Rw = 0.112.

6 mer-[Fe(HLMe-Benz)3]Cl¢PF6¢1.5H2O (2). The ligand was prepared
in methanol. To the ligand solution (1.5mmol) was added a solution
of FeIICl2¢4H2O (0.099 g, 0.5mmol) in 10mL of methanol. To the
mixture was added a solution of NaPF6 (0.105 g, 0.5mmol) in 10mL
of methanol. The resulting solution was stirred at room temperature
for 1 h and filtered. The filtrate was kept for a few days for slow
evaporation in air, during which time yellow crystals with small
amounts of red crystals precipitated. They were collected by suction
filtration. The red crystals were removed by manually and yellow
large crystals were collected. Yield: 0.25 g. Anal. Calcd for mer-
[Fe(HLMe-Benz)3]Cl¢PF6¢1.5H2O = C36H39FeN9ClPF6¢1.5H2O: C,
50.22; H, 4.92; N, 14.64%. Found: C, 50.10; H, 4.86; N, 14.54%.
TGA: 3.1% weight loss was observed. Crystal data: C36H42FeN9-
ClPF6O1.5, fw 861.05, monoclinic, P21/c (no. 14), a = 10.121(3)¡,
b = 20.175(6)¡, c = 20.022(5)¡, ¢ = 91.023(12)°, V =
4087.6(19)¡3, Z = 4, T = 296K, Dcalcd = 1.399 g cm¹3,
®(MoK¡) = 0.543 cm¹1, R = 0.080 (I > 2·(I)), Rw = 2.28. Crys-
tallographic data in the CIF format have been deposited with
Cambridge Crystallographic Data Centre: Deposition numbers
CCDC-798453 for 1 and CCDC-798454 for 2.

Figure 4. SCO behaviors of fac-[Fe(HLMe-Benz)3]Cl¢PF6¢EtOH¢
H2O (1) and mer-[Fe(HLMe-Benz)3]Cl¢PF6¢1.5H2O (2), in the form of
»MT per Fe versus T plots.
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