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Mononuclear [Fe(H2L2-Et-5-Me)2]2+ and dinuclear [Fe2(H2L2-Et-5-Me)3]4+ complexes, where H2L2-Et-5-Me denotes
2-ethyl-5-methylimidazole-4-carbaldehyde azine, were prepared and isolated as the perchlorate salts, and their structures
and magnetic properties were studied. In the mononuclear complex, the ligand acts as an unsymmetrical tridentate ligand
with two imidazole nitrogen atoms and one azine nitrogen atom. The complex was in the HS state above 50K. In the
dinuclear complex, each ligand acts as a dinucleating ligand employing four nitrogen atoms to form a triple helicate
structure. Two types of crystals, plates and blocks, were isolated for the dinuclear complex. The plate crystals exhibited a
sharp spin transition, [LS­HS] § [HS­HS], with no [LS­LS] state being observed. The block crystals remained in the
[HS­HS] state above 50K.

The phenomenon of spin crossover (SCO) is a spectacular
example of molecular bistability. SCO can be brought about
not only by variation in temperature but also by other external
perturbations such as variation in the pressure, or by counter
ions or even solvent molecule exchange, light irradiation,
a magnetic field, or soft or hard X-ray irradiation.1 Much
attention is being paid to SCO because it can be used to
produce molecular memories and switches in electronic
devices.2

As early as 1958, Busch and Stratton reported that the
pyridine-2-carbaldehyde azine ligand, PAA (Scheme 1), could
form two types of metal complexes, mononuclear [M(PAA)2]2+

(MII = Fe and Ni) and dinuclear [M2(PAA)3]4+ (Scheme 2).3

An iron(II) complex having a 3d6 electron configuration can
exist in two different ground states, the high-spin (HS) and
low-spin (LS) states, depending on the magnitude of the ligand-

field strength. Both of the iron(II) complexes, [Fe(PAA)2]2+

and [Fe2(PAA)3]4+, are reported to be in the LS state. Because
an imidazole nitrogen atom usually exhibits a weaker ligand-
field strength than a pyridine nitrogen atom exhibits, we
expected that the imidazole analog of PAA, imidazole-4-
carbaldehyde azine (=H2LH, Scheme 1), would have the
necessary ligand-field strength to form SCO FeII complexes.
The incorporation of imidazole groups has another advantage
because the uncoordinated NH groups can be involved in
hydrogen-bond formation to increase cooperativity. For exam-
ple, we have reported that Fe complexes with a tripodal ligand
involving three imidazole groups have a 2-dimensional (2-D)
extended network structure based on imidazole­imidazolate
hydrogen bonds and that they exhibit steep and multistep SCO
behavior.4

Switching from PAA to H2LH, we were able to obtain the
SCO dinuclear triple helicate complex, [Fe2(H2LH)3](ClO4)4.5

The complex exhibited a sharp spin transition, [LS­HS] §
[HS­HS], at ca. 240K. The 2-methyl derivative of the ligand,
H2L2-Me, also afforded the dinuclear complex, [Fe2(H2L2-Me)3]-
(ClO4)4. The complex was in the LS state over the 5­300K

Scheme 1. Ligands, PAA, H2LH, H2L2-Me, H2L5-Me, and
H2L2-Et-5-Me. Scheme 2. Two coordination modes adopted by PAA.
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temperature range, and the ligand-field strength of H2L2-Me with
electron-donating methyl groups was greater than that of H2LH,
in accordance with our expectation. The spin states were
retained in solution.

However, in the mononuclear [Fe(H2LH)2](ClO4)2 and
[Fe(H2L2-Me)2](ClO4)2 complexes, a different order of ligand-
field strengths, H2LH > H2L2-Me, was observed because [Fe-
(H2LH)2](ClO4)2 was in the LS state while [Fe(H2L2-Me)2]-
(ClO4)2 was in the HS state at room temperature, both in the
solid state and in solution.5 This unexpected result was
explained in terms of interligand steric repulsion between
a methyl group of an H2L2-Me ligand and the other ligand
in [Fe(H2L2-Me)2]2+. In this case, the steric effect out-
weighs the electron-donating effect of the methyl group. The
[Fe(H2L5-Me)2](ClO4)2 complex does not involve such a steric
congestion, and the complex stayed in the LS state over the
5­300K temperature range.

Here we report the synthesis, characterization, structure, and
magnetic properties of the mononuclear [Fe(H2L2-Et-5-Me)2]2+

and the dinuclear [Fe2(H2L2-Et-5-Me)3]4+ complexes, where
H2L2-Et-5-Me denotes 2-ethyl-5-methylimidazole-4-carbaldehyde
azine. Because the ligand involves two electron-donating
groups on each imidazole moiety, it is interesting to examine
how the substituents affect the spin states of the complexes.

Results and Discussion

Synthesis and Characterization. The synthetic procedures
yielding the H2L2-Et-5-Me ligand and the FeII complexes are
shown schematically in Figure 1. The ligand was prepared by
condensation of 2-ethyl-4-methyl-5-formylimidazole with hy-
drazine in a 2:1 mol ratio in methanol. The red mononuclear
complex with the H2L2-Et-5-Me ligand, [Fe(H2L2-Et-5-Me)2]-
(ClO4)2¢CH3OH (1), was prepared by the reaction of
H2L2-Et-5-Me and Fe(ClO4)2¢6H2O in a 2:1 mol ratio in metha-
nol. The perchlorate of the dinuclear [Fe2(H2L2-Et-5-Me)3]4+

complex was prepared by the reaction of the ligand and
Fe(ClO4)2¢6H2O in a 3:2 mol ratio in acetonitrile. The yellow

product was a mixture of plate crystals, [Fe2(H2L2-Et-5-Me)3]-
(ClO4)4¢0.5H2O¢3CH3CN (2-plate), and block crystals,
[Fe2(H2L2-Et-5-Me)3](ClO4)4¢2CH3CN (2-block). They were
separated manually under a microscope. The dinuclear complex
is stable only in such solvents as nitromethane and acetonitrile.
Crystals of 2-plate used for the X-ray diffraction study
involved three acetonitrile molecules in addition to one half
water molecule as crystal solvents, but the acetonitrile
molecules were easily lost on standing in air, and such
samples, [Fe2(H2L2-Et-5-Me)3](ClO4)4¢H2O (2-plate¤), were used
for measurements other than the X-ray analysis. The 2-block
complex also loses some acetonitrile molecules, and the
sample we used for the magnetic study had the formula
[Fe2(H2L2-Et-5-Me)3](ClO4)4¢0.5CH3CN (2-block¤).

The IR spectrum of the free H2L2-Et-5-Me ligand showed a
strong characteristic absorption at 1625 cm¹1, assignable to the
C=N stretching vibration.6 The dinuclear complexes showed
one ¯(C=N) band at 1628 cm¹1, while the mononuclear com-
plex showed two bands at 1559 cm¹1 and at ca. 1634 cm¹1. The
number of ¯(C=N) bands, one for the dinuclear complexes and
two for the mononuclear complex, is in accordance with the
symmetry of the complexes, because in the mononuclear
complex, the H2L2-Et-5-Me ligand functions as an unsymmetrical
tridentate ligand, and the two imine moieties are nonequivalent.
The electron density on the C=N moiety is donated to a metal
upon coordination, and the double-bond character decreases, so
that the position of the ¯(C=N) band should shift to the lower
wavenumber region. Thus, the band in the lower wavenumber
region of the mononuclear complex (1559 cm¹1) can be
assigned to the coordinated C=N moiety. The band in the
higher wavenumber region (1634 cm¹1) was observed near to
that of the free ligand (1625 cm¹1), and it can be safely
assigned to the uncoordinated C=N moiety.

The UV­vis spectra of the mononuclear (1) and the
dinuclear (2) complexes in acetonitrile are shown in Figure 2.
Both complexes have an intense absorption band attributable to
the metal-to-ligand charge-transfer transition in the visible

Figure 1. Synthetic procedures yielding the H2L2-Et-5-Me ligand and the mononuclear and dinuclear FeII complexes.
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region,7 which is responsible for the deep color, and thus weak
d­d bands are obscured. Both complexes have an intense band
at 315­350 nm assignable to the imine ³­³* transition of the
ligands.8

Magnetic Properties of the Mononuclear Complex. The
magnetic behavior of [Fe(H2L2-Et-5-Me)2](ClO4)2¢CH3OH (1) is
shown in Figure 3 in the form of »MT versus T plots, where »M

is the molar magnetic susceptibility and T is the absolute
temperature. Complex 1 remains in the HS state above 50K.
The »MT value of 3.65 cm3Kmol¹1 at 300K is within the
range of expected values for a paramagnetic FeII in its HS state
with some orbital contribution. The drop in »MT below 50K
may be due to the zero-field splitting (ZFS) of FeII in the HS
state. We have shown in a previous paper that the mononuclear
iron(II) complex of H2LH, [Fe(H2LH)2]2+, is in the LS state

while the complex with H2L2-Me ligands, [Fe(H2L2-Me)2]2+,
remains in the HS state in the 50­300K range, and the results
were explained in terms of the intramolecular steric effect.5 It
should be noted that the difference in the spin states was also
observed in solution, as evidenced by the UV­vis spectra. The
fact that 1 is in the HS state above 50K shows that the steric
effect outweighs the electronic effect; we discuss this feature in
more detail in the section on the X-ray structures. A substituent
effect on the spin equilibrium has also been observed for FeII

complexes with hexadentate ligands.9

Magnetic Properties of the Dinuclear Complexes. In
a previous paper, we studied the magnetic properties of
the related dinuclear complexes, [Fe2(H2LH)3]X4 and
[Fe2(H2L2-Me)3]X4 (X¹ = ClO4

¹ and BF4¹).5 [Fe2(H2LH)3]X4

showed an SCO behavior between the [LS­HS] and [HS­HS]
states. On the other hand, [Fe2(H2L2-Me)3]X4, involving
electron-donating methyl groups on the ligand, did not show
an SCO and stayed in the [LS­LS] state in the 5­300K range.
These results were explained in terms of the electronic effect of
the substituent (H or CH3) on the ligand. Thus, we expected
that the H2L2-Et-5-Me ligand is not suited for constructing SCO
complexes because the ligand has two electron-donating groups
on each imidazole ring and the magnitude of the ligand-field
strength is too large to cause SCO. In reality, the dinuclear
[Fe2(H2L2-Et-5-Me)3]4+ complexes have a ligand-field strength at
around the SCO point.

As described above, 2 was obtained in two crystal
forms, plates and blocks. The magnetic behaviors of [Fe2-
(H2L2-Et-5-Me)3](ClO4)4¢H2O (2-plate¤) and [Fe2(H2L2-Et-5-Me)3]-
(ClO4)4¢0.5CH3CN (2-block¤) are shown in Figure 4 in the
form of a »MT versus T plot. The block crystals (2-block¤)
stayed in the HS state at least above 50K, and the profile
suggests that the magnetic interaction between the Fe sites
would be quite small. The plate crystals (2-plate¤) exhibited an
abrupt spin transition at ca. 120K (Figure 4). Above 125K, the
»MT value was nearly constant at 7.53 cm3Kmol¹1, which is

Figure 2. UV­vis spectra for the mononuclear
[Fe(H2L2-Et-5-Me)2](ClO4)2 (1, - - -) and dinuclear
[Fe2(H2L2-Et-5-Me)3](ClO4)4 (2, ®) complexes in aceto-
nitrile.

Figure 3. Magnetic behavior of [Fe(H2L2-Et-5-Me)2](ClO4)2¢
CH3OH (1, and ) in the form of »MT versus T plots.
The sample was quickly cooled from 300 to 5K and »M

was successively measured in the heating (5­300K, ) and
cooling (300­5K, ) modes, at a sweep rate of 2Kmin¹1.

Figure 4. Magnetic behavior of [Fe2(H2L2-Et-5-Me)3]-
(ClO4)4¢H2O (2-plate¤, and ) and [Fe2-
(H2L2-Et-5-Me)3](ClO4)4¢0.5CH3CN (2-block¤, and ) in
the form of »MT versus T plots.
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larger than the calculated spin-only value for the [HS­HS]
system (»MT = 6.0 cm3Kmol¹1) but in the range of the
[HS­HS] systems reported so far.10 In the temperature range
50­100K, the value of »MT was nearly constant at
3.85 cm3Kmol¹1, indicating that 50% of the FeII sites were
in the HS state. The half-SCO state was trapped and the
complex was locked into it, and it did not change into the
[LS­LS] state on further reducing the temperature. The
decrease in »MT observed below ca. 50K is probably due to
the ZFS effect. Three different spin-pair states are possible in
diiron(II) complexes: [LS­LS], [LS­HS], and [HS­HS]. Ac-
tually, some complexes exhibit a two-step SCO phenomenon,
[LS­LS] § “[LS­HS]” § [HS­HS].11 The half-SCO species,
“[LS­HS],” can consist of either a 1:1 mixture of [LS­LS] and
[HS­HS] complexes or a distinct [LS­HS] complex. Kaizaki
and co-workers reported that the “[LS­HS]” species of their
doubly pyrazolate-bridged two-step SCO diiron(II) complex is
a mixture of [LS­LS] and [HS­HS] complexes.11f Recently,
Murray and co-workers confirmed for the first time the
existence of the mixed-spin state [LS­HS] from X-ray crystal-
lographic data of the doubly 1,2,4-triazole-bridged complex.12

Amoore et al. structurally characterized the three spin states,
[LS­LS], [LS­HS], and [HS­HS], for the first time.11g

The X-ray crystal structure analysis verified that the half-
SCO species of 2-plate assumes a mixed-spin state, [LS­HS]
(see below). The correlation between the structure and
magnetic properties of the two forms of 2 is discussed in the
section on X-ray structures.

X-ray Crystal Structures. Structure of the H2L2-Et-5-Me

Ligand: Crystals of H2L2-Et-5-Me suitable for an X-ray crystal
structure analysis were grown from a methanol solution. The
ligand crystallizes in the space group P21/a (No. 14) with
Z = 2. The crystallographic data are collated in Table 1,
and selected bond lengths and angles are listed in Table S1.
Figure 5 shows the molecular structure with an atom number-
ing scheme. There is a crystallographic inversion center at the
midpoint of N3 and N3*. The molecule is the E­E isomer. The

nitrogen­nitrogen bond N3­N3* (1.4057(18)¡, *: ¹x + 1, ¹y,
¹z + 1) can be formally defined as a single bond but shorter
than the N­N bond in hydrazine (1.45¡). The C­N bond
C7­N3 (1.284(2)¡) is considered to have full double-bond
character. N2 rather than N1 is protonated. Obviously, upon
coordination, the proton is transferred from N2 to N1.
Figure S1 shows the packing diagram as viewed down
the ab-plane. Imidazole N2­H6 is hydrogen bonded to N1
of the neighboring molecule, N2­H6£N1** (N2£N1** =
2.9053(16)¡, **: ¹1/2 + x, 1/2 ¹ y, +z), to form a 2-D sheet
structure in the ab-plane.

Structure of [Fe(H2L2-Et-5-Me)2](ClO4)2¢CH3OH (1): The
crystal structure of 1 was determined at 193K. The asymmetric
unit consists of two [Fe(H2L2-Et-5-Me)2]2+ cations, four ClO4

¹

anions, and two methanol molecules. The molecular structure
of 1 is shown in Figure 6. Each FeII ion binds two H2L2-Et-5-Me

ligands and has a pseudo-octahedral coordination geometry.
Each ligand in the Z­E form serves as a tridentate ligand and
coordinates meridionally to the metal ion with two imidazole
nitrogen atoms and one azine nitrogen atom, and the other
azine nitrogen atom remains uncoordinated (Figure 1). Thus,
the H2L2-Et-5-Me ligand becomes unsymmetrical upon coordi-
nation to form a five-membered and a six-membered chelate.
This creates disorder in the moieties involving azine. In the
complex containing Fe1, the occupancy (Occ) values for

Table 1. X-ray Crystallographic Data for H2L2-Et-5-Me, [Fe(H2L2-Et-5-Me)2](ClO4)2¢CH3OH (1), [Fe2(H2L2-Et-5-Me)3]-
(ClO4)4¢2CH3CN (2-block), and [Fe2(H2L2-Et-5-Me)3](ClO4)4¢0.5H2O¢3CH3CN (2-plate)

H2L2-Et-5-Me 1 2-block 2-plate

Formula C14H20N6 C29H44Cl2FeN12O9 C46H66Cl4Fe2N20O16 C96H140Cl8Fe4N42O33

Formula weight 272.35 831.49 1408.66 2917.44
Crystal system monoclinic orthorhombic orthorhombic orthorhombic
Space group P21/a (No. 14) P212121 (No. 19) Pca21 (No. 29) Pbca (No. 61)
a/¡ 9.242(2) 12.3001(6) 16.6701(4) 15.4434(5)
b/¡ 8.3388(19) 17.2610(9) 17.6058(5) 21.1318(8)
c/¡ 10.186(2) 36.6951(15) 21.3414(6) 41.4394(14)
¡/° 90 90 90 90
¢/° 97.241(6) 90 90 90
£/° 90 90 90 90
V/¡3 778.7(3) 7790.8(6) 6263.5(3) 13523.6(8)
T/K 193 193 113 163
Z 2 8 4 4
Dcalcd/g cm¹3 1.161 1.418 1.494 1.433
®/cm¹1 0.748 5.877 7.128 6.649
R1

a) [I > 2·(I)] 0.0557 0.0684 0.0407 0.0787
wR2

b) [all data] 0.1775 0.2111 0.1115 0.2369

a) R1 = ­««Fo« ¹ «Fc««/­«Fo«. b) wR2 = [­w(«Fo
2« ¹ «Fc

2«)2/­w«Fo
2«2]1/2.

Figure 5. ORTEP drawing of the H2L2-Et-5-Me ligand with
atom numbering scheme showing 50% probability ellip-
soids. Symmetry operator *: ¹x + 1, ¹y, ¹z + 1.
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C21­N9­N10­C22 and C23­N11­N12­C24 were 0.60 and
0.40, respectively, and in the other complex containing Fe2, the
Occ values for C37­N17­N18­C38, C39­N19­N20­C40,
C53­N25­N26­C54, and C55­N27­N28­C56 were 0.64,
0.36, 0.50, and 0.50, respectively. Selected bond lengths and
angles are listed in Table 2. All of the Fe­N coordinate bond
lengths (2.142(5)­2.246(15)¡) are typical for HS FeII,13 in
agreement with the magnetic study. The crystal structure is
shown in Figure S2. Four imidazole hydrogen atoms, N1­H6,
N6­H15, N7­H26, and N14­H37 of the complex involving
Fe1, are linked to O10, O17, and O9 of ClO4

¹, and azine N18
of the adjacent cation involving Fe2, respectively, by hydrogen
bonds with distances of N1£O10 = 2.951(8), N6£O17 =
2.910(9), N7£O9 = 2.849(9), and N14£N18 = 2.896(7)¡.
The imidazole hydrogen atoms, N15­H48, N22­H59, N23­
H70, and N30­H81 of the complex involving Fe2, are
linked to O1, O7, O4, and O12 of ClO4

¹, by hydrogen bonds
with distances of N15£O1 = 2.764(9), N22£O7 = 2.832(9),
N23£O4 = 3.059(12), and N30£O12 = 2.890(9)¡. A three-
dimensional (3-D) structure is formed by these hydrogen
bonds.

Figure 7 compares the intramolecular steric interaction in 1
and [Fe(H2LH)2](ClO4)2¢2CH3CN. In Figure 7, one of the
ligands of each complex cation is in the plane of the paper,
and the other ligand is perpendicular to the paper. The N2­
Fe1­N7 bond of [Fe(H2LH)2](ClO4)2¢2CH3CN is almost linear

Figure 6. Molecular structure of [Fe(H2L2-Et-5-Me)2](ClO4)2¢
CH3OH (1) with an atom numbering scheme showing
the 30% probability ellipsoids. The hydrogen atoms and
methanol molecule have been omitted for clarity. Color
code: orange: HS Fe, blue: N, black: C, yellow: Cl, and
red: O. The structure suffers from disorder at the azine
moieties and perchlorate ions (Cl2 and Cl3).

Table 2. Relevant Bond Lengths (¡) and Angles (°) with
Their Estimated Standard Deviations in Parentheses for
[Fe(H2L2-Et-5-Me)2](ClO4)2¢CH3OH (1)

Bond distances/¡

Fe1­N2 2.244(4) Fe1­N3 2.205(4)
Fe1­N5 2.162(4) Fe1­N8 2.158(4)
Fe1­N9 2.237(7) Fe1­N12 2.147(17)
Fe1­N13 2.168(3)
Fe2­N16 2.159(4) Fe2­N17 2.240(10)
Fe2­N20 2.246(15) Fe2­N21 2.142(5)
Fe2­N24 2.177(4) Fe2­N25 2.235(14)
Fe2­N28 2.165(18) Fe2­N29 2.167(4)

Bond angles/°

N2­Fe1­N3 76.60(17) N2­Fe1­N5 160.89(16)
N2­Fe1­N8 89.54(16) N2­Fe1­N9 89.4(2)
N2­Fe1­N12 95.6(4) N2­Fe1­N13 91.04(14)
N3­Fe1­N5 84.33(16) N3­Fe1­N8 97.79(17)
N3­Fe1­N9 164.2(3) N3­Fe1­N12 170.0(4)
N3­Fe1­N13 101.79(16) N5­Fe1­N8 94.44(16)
N5­Fe1­N9 109.7(2) N5­Fe1­N12 103.2(4)
N5­Fe1­N13 91.53(15) N8­Fe1­N9 74.6(3)
N8­Fe1­N12 88.3(5) N8­Fe1­N13 160.00(18)
N9­Fe1­N13 85.4(3) N12­Fe1­N13 71.7(5)
N16­Fe2­N17 72.2(4) N16­Fe2­N20 89.6(7)
N16­Fe2­N21 160.07(19) N16­Fe2­N24 93.48(19)
N16­Fe2­N25 97.4(4) N16­Fe2­N28 99.5(5)
N16­Fe2­N29 88.74(18) N17­Fe2­N21 88.2(4)
N17­Fe2­N24 100.4(3) N17­Fe2­N25 168.0(6)
N17­Fe2­N28 168.9(5) N17­Fe2­N29 99.1(3)
N20­Fe2­N21 70.7(7) N20­Fe2­N24 100.9(4)
N20­Fe2­N25 171.3(6) N20­Fe2­N28 167.5(8)
N20­Fe2­N29 98.9(4) N21­Fe2­N24 93.61(18)
N21­Fe2­N25 102.4(4) N21­Fe2­N28 99.5(4)
N21­Fe2­N29 90.89(17) N24­Fe2­N25 73.7(4)
N24­Fe2­N28 87.1(5) N24­Fe2­N29 160.10(17)
N25­Fe2­N29 86.4(4) N28­Fe2­N29 73.0(5)

Figure 7. Comparison of the intramolecular steric interactions in (a) [Fe(H2LH)2](ClO4)2¢2CH3CN and (b) [Fe(H2L2-Et-5-Me)2]-
(ClO4)2¢CH3OH (1). Severe steric repulsion exists between an ethyl group of an H2L2-Et-5-Me ligand and the other H2L2-Et-5-Me ligand
in 1.
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(172.71(9)°), while the corresponding bond of 1 is bent
(160.89(16)°), and the latter is attributable to the steric effect of
the ethyl group. The least-squares plane (PL) of the H2L2-Et-5-Me

ligand (or the H2LH ligand), which is perpendicular to the
paper, and the angles between PL and Fe1­N2, Fe­N5, or Fe1­
N7 are defined as in Figure 7. The angle between PL and Fe1­
N5 for 1 (106(3)°) is much larger than that for [Fe(H2LH)2]-
(ClO4)2¢2CH3CN (91.5(4)°) because of the steric effect. To
cope with the steric crowding, the H2L2-Et-5-Me ligand tilts and
deviates from planarity, as shown by Figure 7b. Such steric
crowding will lengthen the Fe­N bond, resulting in the HS
state. It is to be noted that [Fe(H2LH)2](ClO4)2¢2CH3CN is
in the LS state while 1, which contains H2L2-Et-5-Me ligands
with electron-donating methyl and ethyl groups, is in the HS
state. The unusual order in the ligand-field strength, H2LH >
H2L2-Et-5-Me, in the mononuclear complexes can be accounted
for by steric effects.

Structure of [Fe2(H2L2-Et-5-Me)3](ClO4)4¢0.5H2O¢3CH3CN
(2-plate): The X-ray crystal structure analysis was carried out
at 163K. Figure 8 shows the molecular structure of 2-plate at
163K, with the atom numbering scheme. Selected bond lengths
and angles are collated in Table 3. The Fe1­N bond lengths
(2.154(3)­2.210(3)¡) and Fe2­N bond lengths (1.969(3)­
2.036(3)¡) are typical for HS FeII and LS FeII, respectively.13

The complex assumes a mixed-spin [LS­HS] state at 163K, in
contrast to the conclusions of the magnetic study. The magnetic
study revealed that the complex exhibited an abrupt spin
transition at ca. 120K, and thus we expected the [HS­HS]
state at 163K. This inconsistency seems to be related to the
efflorescent nature of the crystals. The acetonitrile molecules
involved in the crystals of [Fe2(H2L2-Et-5-Me)3](ClO4)4¢0.5H2O¢
3CH3CN (2-plate) are easily lost on standing in air, and
the sample thus obtained ([Fe2(H2L2-Et-5-Me)3](ClO4)4¢H2O
(2-plate¤)) was used for the magnetic measurements. It has
been pointed out that solvent molecules play an important role

in the SCO behavior.1e

The N(imidazole)­Fe1­N(azine) five-membered chelate an-
gles (74.50(12)­75.03(12)°) are smaller than the N(imidazole)­
Fe2­N(azine) angles (79.52(13)­79.80(14)°), and the octa-
hedron is markedly more distorted at the HS Fe1 site than
at the LS Fe2 site. The crystal-packing diagrams (Figure S3)
of 2-plate show that all six imidazole N­H groups of
a [Fe2(H2L2-Et-5-Me)3]4+ complex cation, N1­H6, N7­H26,
N12­H35, N13­H46, N18­H55, and N6­H15, are connected
to the ClO4

¹ anions and acetonitrile molecules by hydrogen

Figure 8. X-ray molecular structure of the cation of
[Fe2(H2L2-Et-5-Me)3](ClO4)4¢0.5H2O¢3CH3CN (2-plate) at
163K with an atom numbering scheme showing the 50%
probability ellipsoids. The hydrogen atoms, the ClO4

anions, and solvent molecules have been omitted for
clarity. Color code: purple: LS Fe, orange: HS Fe, blue: N,
and black: C.

Table 3. Relevant Bond Lengths (¡) and Angles (°) with Their Estimated Standard Deviations in Parentheses for
[Fe2(H2L2-Et-5-Me)3](ClO4)4¢0.5H2O¢3CH3CN (2-plate) at 163K

Plate Block Plate Block

Bond distances/¡

Fe1­N2 2.198(3) 2.126(2) Fe2­N4 1.969(3) 2.248(2)
Fe1­N3 2.205(3) 2.302(2) Fe2­N5 2.029(3) 2.157(2)
Fe1­N8 2.156(3) 2.205(2) Fe2­N10 1.991(3) 2.277(2)
Fe1­N9 2.206(3) 2.208(2) Fe2­N11 2.036(3) 2.156(2)
Fe1­N14 2.154(3) 2.169(2) Fe2­N16 1.992(3) 2.220(2)
Fe1­N15 2.210(3) 2.205(2) Fe2­N17 2.010(3) 2.169(2)
Fe1£Fe2 3.8450(7) 4.1783(4)

Bond angles/°

N2­Fe1­N3 74.53(13) 74.01(8) N4­Fe2­N5 79.80(14) 74.80(8)
N8­Fe1­N9 74.50(12) 74.99(8) N10­Fe2­N11 79.59(14) 74.64(8)
N14­Fe1­N15 75.03(12) 75.31(8) N16­Fe2­N17 79.52(13) 75.08(8)

Torsion angles/°

C7­N3­N4­C8 64.3(5) 85.9(3)
C21­N9­N10­C22 58.5(5) 66.6(2)
C35­N15­N16­C36 55.6(5) 77.3(3)
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bonds with distances of N1£O4* = 2.830(11)¡, N7£O6³ =
2.844(5)¡, N12£O13‡ = 3.196(10)¡, N12£O14‡ = 2.941(8)
¡, N13£O10* = 2.940(4)¡, N18£O10# = 2.844(4)¡, and
N6£N20¤¤ = 3.058(15)¡ (symmetry codes *: +x, 1/2 ¹ y,
1/2 + z; ³: ¹1/2 + x, +y, 1/2 ¹ z; ‡: 1/2 + x, 1/2 ¹ y, ¹z;
#: 1/2 + x, +y, 1/2 ¹ z; ¤¤: 1/2 ¹ x, ¹1/2 + y, +z). A one-
dimensional network structure is constructed by N13£O10 and
N18£O10 hydrogen bonds. Each chain consists of molecules
having the same chirality; that is, the ª­ª pair chain and the
¦­¦ pair chain coexist in the crystal. The N7£O6, N12£O14,
and N6£N20 hydrogen bonds do not participate in the
formation of dimensionality.

Structure of [Fe2(H2L2-Et-5-Me)3](ClO4)4¢2CH3CN (2-
block) and Comparison with Other Dinuclear Complexes:
The X-ray crystal structure analysis of 2-block was carried out
at 113K. The molecular structure is shown in Figure S4. The
Fe­N bond lengths are in the range of 2.126(2)­2.302(2)¡,
demonstrating that the complex is in the [HS­HS] state. The
crystal-packing diagram (Figure S5) shows that the hydrogen
bonds and CH­³ interactions form a 3-D structure. Because of
these intermolecular interactions, the complex is severely
distorted. Figure 9 compares the distortion of the dinuclear
complex cations, 2-block, 2-plate, [Fe2(H2LH)3](BF4)4¢
6.5CH3NO2¢0.5H2O, and [Fe2(H2L2-Me)3](ClO4)4 as projected
down the approximate threefold axis. Uncoordinated imidazole
nitrogen atoms of each ligand are connected by red lines.
Figure 9 clearly shows that the dinuclear complexes with
H2L2-Et-5-Me (2-block and 2-plate) have less symmetric struc-
tures about the pseudo-C3 axis of the molecule than those of the
related complexes of [Fe2(H2LH)3](BF4)4¢6.5CH3NO2¢0.5H2O,
and [Fe2(H2L2-Me)3](ClO4)4. The average torsion angles around
the azine N­N bonds for dinuclear complexes 2 ([LS­HS] state:

60(2)° for 2-plate and [HS­HS] state: 77(6)° for 2-block) are
larger than those of [Fe2(H2LH)3]X4 and [Fe2(H2L2-Me)3]X4

([LS­HS] state: 56(1)° for [Fe2(H2LH)3](BF4)4¢6.5CH3NO2¢
0.5H2O, 57(4)° for [Fe2(H2L2-Me)3](ClO4)4 at 103K and [HS­
HS] state: 59(4)° for [Fe2(H2L2-Me)3](ClO4)4 at 293K). Because
of these distortions, the average Fe­N bond lengths of 2 (2.20¡
for the HS site and 2.01¡ for the LS site) are slightly larger
than those of [Fe2(H2LH)3](BF4)4¢6.5CH3NO2¢0.5H2O (2.18¡
for the HS site and 1.98¡ for the LS site). This fact indicates
that the electronic effect of the substituent is outweighed by the
steric effect and the ligand-field strength of H2L2-Et-5-Me is
weakened. In the two forms of complex 2, 2-block is clearly
more distorted from C3 symmetry, probably because of the
hydrogen bonds and CH­³ interactions in the crystal structure.
Such a distortion lengthens the Fe­N bond, resulting in the HS
state being favored.

Conclusion

The H2L2-Et-5-Me ligand, 2-ethyl-5-methylimidazole-4-
carbaldehyde azine, was prepared by condensation of 2-
ethyl-4-methyl-5-formylimidazole with hydrazine in a 2:1
mol ratio in methanol. The ligand afforded mononuclear
[Fe(H2L2-Et-5-Me)2]2+ and dinuclear triple helicate [Fe2-
(H2L2-Et-5-Me)3]4+ complexes, and their magnetic behaviors
were compared with each other and with those of [Fe-
(H2LH)2]2+ and [Fe2(H2LH)3]4+. Because the H2L2-Et-5-Me ligand
involves electron-donating methyl and ethyl groups, the order
of the ligand-field strength was expected to be H2L2-Et-5-Me >
H2LH. However, in the mononuclear [Fe(H2LH)2](ClO4)2
and [Fe(H2L2-Et-5-Me)2](ClO4)2 complexes, the opposite order,
H2LH > H2L2-Et-5-Me, was observed because [Fe(H2LH)2]-
(ClO4)2 was in the LS state while [Fe(H2L2-Et-5-Me)2](ClO4)2
was in the HS state at room temperature. These spin states were
retained in solution. X-ray structural studies revealed that
the interligand steric repulsion between an ethyl group of an
H2L2-Et-5-Me ligand and the other ligand in [Fe(H2L2-Et-5-Me)2]2+

is responsible for the observed change in the spin state. In this
case, the steric effect outweighs the electron-donating effect of
the alkyl groups.

A variety of magnetic behaviors were observed in the
dinuclear complexes. For example, 2-block stayed in the HS
state at least above 50K, while 2-plate exhibited an abrupt spin
transition, [LS­HS] § [HS­HS], and the existence of the
mixed-spin state [LS­HS] was confirmed from X-ray crystallo-
graphic data. The different magnetic behaviors were accounted
for by the different molecular structures resulting from
intermolecular interactions.

The uncoordinated NH groups of the imidazole moiety of
[Fe2(H2L2-Et-5-Me)3]4+ can be partly deprotonated to form
intermolecular N­H£N hydrogen bonds. Because the dinuclear
complexes have a homochiral structure, ¦­¦ or ª­ª,
controlled deprotonation of [Fe2(H2L2-Et-5-Me)3]4+ may form a
homochiral SCO complex with high dimensionality. Studies
along this line are in progress in our laboratories.

Experimental

Caution! Perchlorate salts of metal complexes are potentially
explosive. Only small quantities of material should be prepared,
and the samples should be handled with care.

Figure 9. Comparison of the dinuclear complex cations
as projected down the approximate threefold axis. (a)
[Fe2(H2L2-Et-5-Me)3](ClO4)4¢2CH3CN (2-block) at 113K,
(b) [Fe2(H2L2-Et-5-Me)3](ClO4)4¢0.5H2O¢3CH3CN (2-
plate), (c) [Fe2(H2LH)3](BF4)4¢6.5CH3NO2¢0.5H2O at
173K, and (d) [Fe2(H2L2-Me)3](ClO4)4 at 293K. Color
code: purple: LS Fe, orange: HS Fe, blue: N, light blue: H,
and gray: C.

Y. Sunatsuki et al. Bull. Chem. Soc. Jpn. Vol. 82, No. 12 (2009) 1503



Materials. All reagents and solvents used in the syntheses
were of reagent grade, and they were used without further
purification.

Ligand, H2L2-Et-5-Me. A methanol solution (10mL) of
hydrazine monohydrate (1.01 g, 20mmol) was added to a warm
methanol solution (20mL) of 2-ethyl-4-methyl-5-formylimidazole
(5.52 g, 40mmol). The mixture was stirred at room temperature
for 1 h, and a yellow precipitate was collected by filtration. Yield:
4.74 g (87%). Anal. Found: C, 61.88; H, 7.31; N, 30.95%. Calcd
for C14H20N6: C, 61.74; H, 7.40; N, 30.85%. IR (KBr disk):
¯C=N (imine) 1625 cm¹1. Crystals suitable for the X-ray structure
analysis were obtained by slow evaporation of the filtrate.

[Fe(H2L2-Et-5-Me)2](ClO4)2¢CH3OH (1). Fe(ClO4)2¢6H2O
(0.363 g, 1.0mmol) was added to a suspension of H2L2-Et-5-Me

(0.544 g, 2.0mmol) in methanol (20mL). The mixture was heated
at 60 °C for 1 h. The solution was filtered, and diethyl ether
(100mL) was added to the filtrate. Red crystals that deposited on
standing were collected by filtration. Yield: 0.658 g (79%). Anal.
Found: C, 41.38; H, 4.97; N, 20.44%. Calcd for C29H44Cl2-
FeN12O9: C, 41.89; H, 5.33; N, 20.21%. IR (KBr disk): ¯C=N

(imine) 1634, 1559 cm¹1; ¯Cl­O (ClO4
¹) 1121 cm¹1. UV­vis

(CH3CN): 350 (51600), 446 nm (987M¹1 cm¹1). Crystals suitable
for the X-ray structure analysis were obtained by recrystallization
of the complex from methanol­diisopropyl ether.

[Fe2(H2L2-Et-5-Me)3](ClO4)4¢H2O (2-plate¤) and [Fe2-
(H2L2-Et-5-Me)3](ClO4)4¢0.5CH3CN (2-block¤). H2L2-Et-5-Me

(0.082 g, 0.3mmol) was added to a solution of Fe(ClO4)2¢6H2O
(0.072 g, 0.2mmol) in acetonitrile (15mL), and the mixture was
stirred in an ice bath for 10min. The reaction mixture was filtered
to remove any undissolved substance, and diisopropyl ether
(35mL) was added to the filtrate to form a mixture of yellow plate
and block crystals. Yield: 0.045 g (17%). They were separated
manually. Elemental analyses were carried out after drying. Anal.
(plate crystals). Found: C, 37.63; H, 4.38; N, 18.50%. Calcd for
C42H62Cl4Fe2N18O17: C, 37.51; H, 4.64; N, 18.75%. Anal. (block
crystals). Found: C, 38.52; H, 4.48; N, 19.09%. Calcd for
C43H61.5Cl4Fe2N18.5O16: C, 38.33; H, 4.60; N, 19.23%. IR (KBr
disk): ¯C=N (imine) 1628 cm¹1; ¯Cl­O (ClO4

¹) 1111 cm¹1. UV­vis
(CH3CN): 315 (59800), 460 (sh, 1100), 600 nm (sh, 70M¹1 cm¹1).

Physical Measurements. IR spectra were recorded on a
JASCO FT/IR FT-550 spectrophotometer with the samples
prepared as KBr disks. UV­vis absorption spectra were recorded
with a JASCO Ubest-550 spectrophotometer. Magnetic suscepti-
bilities were measured with a Quantum Design MPMS SQUID
magnetometer in the 5­300K temperature range at 2Kmin¹1

sweep rate under an applied magnetic field of 1T. Corrections
for diamagnetism were applied using Pascal’s constants.

X-ray Data Collection, Reduction, and Structure Determi-
nation. The X-ray diffraction data were collected using a Rigaku
RAXIS RAPID II imaging plate area detector employing graphite-
monochromated MoK¡ radiation (­ = 0.71073¡). The structures
were determined by direct methods (SHELXS 97 or SIR9714) and
expanded using Fourier techniques15 and successive Fourier
difference methods with refinement of full-matrix least-squares
analysis on F2. The nonhydrogen atoms were refined anisotropi-
cally. The hydrogen atom on the imidazole nitrogen of the ligand
H2L2-Et-5-Me was found from the Fourier map and its position was
corrected to the ideal position. Other hydrogen atoms were
introduced by calculations on the ideal positions. All hydrogen
atoms were treated using the riding model. All calculations were
performed using the Crystal Structure 3.8 software package.16

Crystallographic data have been deposited with Cambridge

Crystallographic Centre: Deposition numbers CCDC 538557,
538558, 538561, and 538562 for compounds, H2L2-Et-5-Me, 1,
2-block, and 2-plate, respectively. Copies of the data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge, CB2 1EZ, U.K.; Fax: +44
1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

This work was supported by a Grant-in-Aid for Scientific
Research (Nos. 16205010, 17350028, and 20550064) from the
Ministry of Education, Culture, Sports, Science and Technol-
ogy of Japan.

Supporting Information

Selected bond lengths and angles for H2L2-Et-5-Me, X-ray
molecular structures of 2-block, and crystal packing diagrams of
H2L2-Et-5-Me, 1, 2-block, and 2-plate. This material is available free
of charge on the Web at: http://www.csj.jp/journals/bcsj/.
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