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Three FeII complexes, [Fe(HLR)2](BPh4)2‚solvent (R ) H, Me, Ph), were synthesized, where BPh4
- )

tetraphenylborate and HLR ) 2-substituted-imidazol-4-yl-methylideneamino-2-ethylpyridine. The magnetic susceptibility
measurements in 5−300 K revealed that [Fe(HLH)2](BPh4)2‚H2O (1), [Fe(HLMe)2](BPh4)2‚2CH3CN (2), and [Fe-
(HLPh)2](BPh4)2‚CH3CN (3) are low-spin (LS), spin-crossover (SC), and high-spin (HS) FeII complexes, respectively,
indicating that the spin state can be effectively tuned by the bulkiness of the substituent. Complex 2 shows a steep
SC around 250 K, where it assumes a cyclic structure of {[Fe(HLMe)2]BPh4}2 constructed by four NH/π bonds
between the imidazole group and the phenyl ring of BPh4

- in the HS state and a deformed structure with NH/π
bonds and linear CH3CN‚‚‚HN hydrogen bonds at the terminals in the LS state.

Introduction

Linear hydrogen bonds between-OH or-NH groups and
proton acceptors with highly electronegative atoms are one
of the most important interactions in modern chemistry from
molecular biology to material design.1 The weaker CH/π and
NH/π interactions also play important roles in supramolecular
chemistry and protein biochemistry.2 The NH/π interaction
has been found in several proteins and in hemoglobin-drug
complexes.3 The investigation of crystal databases revealed
that there are NH/π or CH/π interactions in a number of
crystal structures.4 Tsuzuki et al. and others evaluated the
amplitude of the CH/π and NH/π interactions by high-level
ab initio calculations and demonstrated that the calculated
interaction energy (i.e.,-2.22 kcal/mol for a benzene-

ammonia complex) is about half of the linear hydrogen-bond
energy.5

Spin crossover (SC) between the low-spin (LS) and high-
spin (HS) states is induced by an external perturbation, such
as temperature, pressure, or light irradiation.6 It is now well
established that the interactions between SC sites govern the
SC properties such as steepness, hysteresis, and the LIESST
(light-induced excited spin-state trapping) effect. Such SC
behaviors have been found in polymeric SC compounds with
bridging ligands7 and mononuclear SC compounds exhibiting
intermolecular interactions such as hydrogen bonding8 and
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π-π stacking.9 Reger et al. synthesized FeII complexes with
alkyne coupled poly(pyrazoyl)borate ligands and demon-
strated that the long-range interaction from the CH/π
interaction at the rather terminal part is effective to control
the SC behavior.10 Combination between SC and liquid
crystalline properties has been also investigated recently.11

The investigation of NH/π interaction in the SC phenomenon
should be important because the NH/π interaction has been
found in several proteins and in hemoglobin-drug com-
plexes. Here, we report the SC complex [FeII(HLMe)2]-
(BPh4)2‚2CH3CN (2) (BPh4

- ) tetraphenylborate; HLMe )
2-methylimidazol-4-yl-methylideneamino-2-ethylpyridine), in
which NH/π interactions play a role in causing a steep SC
behavior.

Results and Discussion

Synthesis and Characterization of [Fe(HLH)2](BPh4)2‚
H2O (1), [Fe(HLMe)2](BPh4)2‚2CH3CN (2), and [Fe(HLPh)2]-
(BPh4)2‚CH3CN (3). It should be noted that the FeII

complexes were synthesized in air. The tridentate ligand was
prepared by the 1:1 condensation reaction of 2-substituted-
4-formylimidazole and 2-(2-aminoethyl)pyridine in methanol
(substituent) H, Me, and Ph), and the resulting ligand
solution was used for the syntheses of the FeII complexes.
The FeII complexes were prepared by mixing the methanol
solution of the tridentate ligand, FeIICl2‚4H2O, and NaBPh4
with 2:1:2 molar ratios, where crude products immediately
precipitated and were collected by suction filtration. Crude
products were recrystallized from acetonitrile in air. Well-
grown crystals involving solvent molecules were obtained
from slow crystallization at room temperature. The formulas
for [Fe(HLH)2](BPh4)2‚H2O (1), [Fe(HLMe)2](BPh4)2‚2CH3-
CN (2), and [Fe(HLPh)2](BPh4)2‚CH3CN (3) were confirmed
by the elemental and crystal-structure analyses. Compounds
[Fe(HLH)2](BPh4)2‚H2O (1) and [Fe(HLPh)2](BPh4)2‚CH3CN
(3) show no thermochromism and assume red-brown and
yellow colors, respectively, at ambient temperature. Com-
pound [Fe(HLMe)2](BPh4)2‚2CH3CN (2) show a thermo-
chromism from yellow-brown at ambient temperature to deep
red at liquid nitrogen temperature. The infrared spectra show
two characteristic intense bands at ca. 1605 and 1630 cm-1,12

assignable to the CdN stretching vibration of the Schiff-
base ligands whose relative intensity depends on the size of
substituents. For the H substituent, the band at ca. 1605 cm-1

assumes a stronger absorption than that at ca. 1630 cm-1,
while for substituents Me and Ph, the band at ca. 1605 cm-1

assumes a weaker absorption than that at ca. 1630 cm-1.
Magnetic Properties.The magnetic susceptibilities of the

crystalline samples were measured in the temperature range

of 5-300 K at the 1 K min-1 sweeping mode under an
applied magnetic field of 0.5 T. The sample was quickly
cooled to 5 K from room temperature, and the magnetic
susceptibility was measured while the temperature was
increased from 5 to 300 K in the first run. Subsequently,
the magnetic susceptibility was measured while the temper-
ature was lowered from 300 to 5 K as thesecond run. The
magnetic behaviors of the first and second runs are nearly
the same, indicating that there is no frozen-in effect and no
hysteresis. Figure 1 shows theøMT versusT plots for the
crystal samples of1-3. The øMT value of 1 is 0.6 cm3 K
mol-1 at 300 K and decreases moderately from 0.6 cm3 K
mol-1 at 300 K to 0 cm3 K mol-1 at 5 K, indicating that1
is a LS FeII complex (S) 0). TheøMT value of3 is constant
in the 300-50 K temperature range at ca. 3.8 cm3 K mol-1

and decreases steeply in the lowest-temperature region,
indicating that3 is a HS FeII complex (S ) 2). The øMT
value of 2 changes abruptly from the HS value to the LS
value around 250 K, indicating that2 is a SC complex. The
above results demonstrate that the spin state can be tuned
effectively by the selection of the substituent at the 2-sub-
stituted-4-formylimidazole moiety. The order of the sub-
stituent of H, methyl, and phenyl groups is not the order of
the electron reduction effect but the order of the bulkiness.

The magnetic behavior of2 is described in more detail.
When the temperature is decreased from 300 K, theøMT
value is constant in the temperature range of 300-250 K at
ca. 3.2 cm3 K mol-1, then decreases steeply between 250
and 230 K to ca. 0.5 cm3 K mol-1 at 220 K, and finally
decreases moderately to ca. 0.0 cm3 K mol-1 at 5 K. The
constantøMT value of ca. 3.2 cm3 K mol-1 at 250-300 K is
close to that expected for HS FeII (S ) 2) complexes. The
minimum value of 0 cm3 K mol-1 at 5 K iscompatible with
that reported for LS FeII (S ) 0) complexes. The most
striking feature is the steepness of the present SC behavior
around 250 K, which most likely results from some coopera-
tive effects between SC FeII sites. Another interesting point
is that the SC behavior depends on the condition of the
sample. When the crystals were ground to yield a powder,
the øMT value did not show a steep trend but showed a
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Figure 1. Magnetic behavior of crystalline samples for [FeII(HLH)2]-
(BPh4)2‚H2O (1), [FeII(HLMe)2](BPh4)2‚2CH3CN (2), and [FeII(HLPh)2]-
(BPh4)2‚CH3CN (3), in the form of øMT versusT plots on the warming
mode. The samples were quickly cooled from 300 to 5 K, andøMT was
successively measured upon warming from 5 to 300 K and upon cooling
from 300 to 5 K. For three complexes, the magnetic behaviors on the cooling
and warming modes are not different. The crystalline samples were used
without grinding for the measurements.
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gradual and incomplete SC behavior, suggesting that the
cooperative interaction is weak.

Crystal Structures. The molecular structures of the
cationic part of1-3 are shown in Figure 2, together with
the selected atom numbering schemes. Relevant bond
distances and angles as well as the intermolecular hydrogen
bond distances are given in Table 1. Since the magnetic
susceptibility data demonstrate that1 and 3 are in the LS
and HS states in the whole temperature range, respectively,
the single-crystal X-ray analyses of1 and3 were performed
only at 293 K. Each FeII ion is in an octahedral coordination
environment and coordinated by N6 donor atoms of two
tridentate Schiff-base ligands. The Fe-N distances of1 are
in the range of 1.937(1)-2.005(1) Å, which are typical for
LS FeII complexes with similar nitrogen donor atoms. On

the other hand, those of3 are in the range of 2.150(1)-
2.244(1) Å, which are typical for HS FeII complexes. The
average Fe-N distances of1 and3 are 1.969 and 2.199 Å,
respectively. The N-Fe-N bond angles of1 are much closer
to those of a regular octahedron than those of3, as given in
Table 1. In the crystal structure of1, one of the two imidazole
groups per complex cation is hydrogen bonded to the crystal
water O(1) with a hydrogen-bond distance of N(1)‚‚‚O(1)
) 2.984(2) Å and another imidazole group contacts incom-
pletely to a phenyl group through a NH/π interaction. There
are no further intermolecular contacts. In the crystal structure
of 3, one of two imidazole groups per complex cation is
hydrogen bonded to the acetonitrile molecule with a hydrogen-
bond distance of N(1)‚‚‚N(9) ) 3.056(3) Å and another
imidazole group contacts to a phenyl group through a NH/π
interaction. There are no further intermolecular contacts. It
should be noted that there are no intermolecular interactions
between the Fe sites in both complexes1 and3.

Since the magnetic susceptibility data of2 show an abrupt
SC around 250 K, the crystal structures were solved at 260
and 110 K, to reveal the detailed structures in the HS and
LS FeII states. The crystallographic data in the HS and LS
states are similar to each other, and no crystallographic phase
transition occurs during the spin transition. The unit cell
volume of 3247.1(5) Å3 at 260 K is reduced to 3137.4(4)
Å3 at 110 K. The reduction of 3.4% is slightly smaller than
the values reported for other SC FeII complexes with similar
N6 donor atoms (ca. 5%). The FeII ion is coordinated by two
tridentate HLMe ligands and assumes an octahedral coordina-
tion environment. On the basis of the Fe-N bond distances
and N-Fe-N bond angles, the spin state can be well
identified. At 260 K, the Fe-N distances are in the range of
2.143(2)-2.210(2) Å, typical for HS FeII bound to imine
and imidazole nitrogen atoms. At 110 K, the Fe-N distances
are in the range of 1.988(2)-2.037(1) Å, typical for LS FeII.
The average Fe-N distance decreases from 2.184 Å at 260
K to 1.993 Å at 110 K by 0.19 Å, which is comparable to
previously reported values (ca. 0.2 Å). The N-Fe-N bond

Figure 2. The molecular structures of the cationic part of1 (LS state at 293 K),2 (HS state at 260 K), and3 (HS state at 293 K) with the selected atom
numbering schemes.

Table 1. Selected Bond Lengths (Å) and Angles (deg) for
[FeII(HLH)2](BPh4)2·H2O (1), [FeII(HLPh)2](BPh4)2·CH3CN (3), and
[FeII(HLMe)2](BPh4)2·2CH3CN at 260 K (2a) and 110 K (2b)

1 3 2a 2b

Fe-N(2) 1.9644(13) 2.2252(15) 2.1948(19) 1.9880(15)
Fe-N(3) 1.9395(13) 2.1501(16) 2.1764(19) 1.9641(14)
Fe-N(4) 1.9973(13) 2.2149(17) 2.2100(18) 2.0366(14)
Fe-N(6) 1.9705(12) 2.2439(16) 2.1950(17) 1.9978(14)
Fe-N(7) 1.9372(12) 2.1718(16) 2.1425(17) 1.9470(13)
Fe-N(8) 2.0050(13) 2.1903(17) 2.1892(19) 2.0275(13)

N(2)-Fe-N(3) 79.86(6) 76.53(7) 80.39(6) 76.22(6)
N(2)-Fe-N(4) 171.51(5) 161.47(7) 169.25(6) 160.80(6)
N(2)-Fe-N(6) 91.91(5) 86.00(7) 86.02(6) 81.76(6)
N(2)-Fe-N(7) 90.64(5) 101.01(7) 95.82(6) 101.78(6)
N(2)-Fe-N(8) 89.85(5) 91.60(7) 91.54(6) 93.94(6)
N(3)-Fe-N(4) 91.77(6) 85.33(7) 89.85(6) 85.79(6)
N(3)-Fe-N(6) 91.53(5) 98.72(7) 95.09(5) 100.83(6)
N(3)-Fe-N(7) 167.61(5) 174.62(7) 174.84(6) 176.98(7)
N(3)-Fe-N(8) 97.04(5) 99.12(7) 93.79(5) 97.64(6)
N(4)-Fe-N(6) 89.67(5) 93.13(7) 90.41(6) 95.31(6)
N(4)-Fe-N(7) 97.84(5) 96.74(7) 93.64(6) 95.92(6)
N(4)-Fe-N(8) 89.83(5) 95.03(7) 93.60(6) 95.07(6)
N(6)-Fe-N(7) 80.78(5) 76.24(7) 81.10(6) 76.56(6)
N(6)-Fe-N(8) 171.43(5) 160.91(7) 170.27(6) 159.39(6)
N(7)-Fe-N(8) 90.82(5) 85.67(7) 89.79(6) 84.70(6)

N(1)‚‚‚X 2.984(2)a 3.056(3)b - 3.117(2)c

a N(1)‚‚‚O(1). b N(1)‚‚‚N(9). c N(1)‚‚‚N(10).
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angles change drastically during the spin transition, and are
getting closer to those of a regular octahedron in the LS state,
as shown in Table 1.

Figure 3 shows a cyclic structure of2a at 260 and the
deformed structure2b at 110 K, respectively. The cyclic
structure at 260 K consists of two [FeII(HLMe)2]2+ cations
and two BPh4- anions. The structure is constructed by an
NH/π interaction between the imidazole NH group of [FeII-
(HLMe)2]2+ and a phenyl group of one BPh4

- anion. Two
imidazole groups per [FeII(HLMe)2]2+ and two phenyl rings
per BPh4- participate in the formation of the cyclic structure
because of the NH/π bonds, where the distances of the
imidazole nitrogen and central position of the phenyl ring
are 3.125 and 3.287 Å for N(1)‚‚‚PA and N(5)‚‚‚PB,
respectively. One of two crystallographically unique BPh4

-

anions is involved in the cyclic structure. The two acetonitrile
molecules show no significant intermolecular contact in the
HS state. A careful crystallographic investigation demon-
strated that there are no other intermolecular interactions but
the NH/π ones. At 110 K, one of the two NH/π bonds per
cationic molecule, N(5)‚‚‚PB, is shortened to 3.151 Å at 110
K from 3.287 Å at 260 K, but the N(1)‚‚‚PA distance is
elongated from 3.125 Å at 260 K to 3.675 Å at 110 K,
suggesting a rupture of N(1)H/π bond. Instead of the
N(1)H/π bond, the imidazole group N(1) becomes closer to
an acetonitrile molecule with a slightly longer hydrogen bond
distance of N(1)‚‚‚N(10)) 3.117(2) Å. Consequently, at 110
K the cyclic structure constructed by four NH/π bonds is
disrupted to give a deformed structure with two NH/π bonds
and two CH3CN‚‚‚HN hydrogen bonds at the terminals, as
shown in Figure 3.

Concluding Remarks. A combination of SC and NH/π
interactions has been considered to play an important role
in the light of its biological relevance, since both properties
are simultaneously observed in numerous heme proteins. The
present result gives an example that NH/π interactions may
play a significant role in the SC phenomenon.

Experimental Section

General and Materials. The synthesis of the FeII complexes
was carried out in air. All chemicals and solvents were reagent
grade and were obtained from Tokyo Kasei Co. Ltd. and Wako
Pure Chemical Industries Ltd. They were used for the synthesis
without further purification.

[Fe(HLH)2](BPh4)2‚H2O (1). A solution of 2-(2-aminoethyl)-
pyridine (0.245 g, 2 mmol) in 5 mL of methanol was added to a
solution of 4-formylimidazole (0.195 g, 2 mmol) in 10 mL of
methanol. The resulting solution was stirred on a hot plate at 50
°C for 15 min. The ligand solution was used for the synthesis of
the FeII complex without isolation of the ligand. A solution of FeII-
Cl2‚4H2O (0.200 g, 1 mmol) in 10 mL of methanol was added to
the ligand solution (2 mmol). A solution of tetraphenylborate (0.684
g, 2 mmol) in 10 mL of methanol was added to the mixture. The
resulting solution was stirred on a hot plate at 50°C for 10 min
and then left overnight. An orange powder was collected and
recrystallized from a minimum amount of acetonitrile. Red brown
crystals were collected by suction filtration. Yield: 0.938 g (84%).
Anal. Calcd for [FeII(HLH)2](BPh4)2‚H2O: C, 74.35; H, 6.06; N,
9.91. Found: C, 74.19; H, 5.95; N, 10.00. IR (KBr):νCdN 1607.1,
1633.2 cm-1.

[FeII (HL Me)2](BPh4)2‚2CH3CN (2). The complex was prepared
in a manner similar to that used to prepare1 using 2-methyl-4-
formylimidazole instead of 4-formylimidazole. Yellow-brown
crystals were collected by suction filtration. Yield: 0.527 g (44%).
Anal. Calcd for [FeII(HLMe)2](BPh4)2‚2CH3CN: C, 75.76; H, 6.19;
N, 11.62. Found: C, 75.87; H. 6.04; N, 11.70. IR(KBr):νCdN

1605.7, 1629.9 cm-1.
[Fe(HLPh)2](BPh4)2‚CH3CN (3). The complex was prepared in

a manner similar to that used to prepare1 using 2-phenyl-4-
formylimidazole instead of 4-formylimidazole. Yellow crystals were
collected by suction filtration. Yield: 1.01 g (78%). Anal. Calcd
for [Fe(HLPh)2](BPh4)2‚CH3CN: C, 78.33; H, 5.87; N, 9.79.
Found: C, 78.13; H, 5.81; N, 9.96. IR(KBr):νCdN 1605.2, 1633.4
cm-1.

Physical Measurements.Elemental C, H, and N analyses were
carried out at the Center for Instrumental Analysis of Kumamoto
University. Infrared spectra were recorded on a Perkin-Elmer FT-
IR PARAGON 1000 spectrometer using KBr disks at ambient
temperature. Magnetic susceptibilities were measured using a
MPMS5 SQUID (Quantum Design) in the 5-300 K temperature

Figure 3. Aggregated structures of [Fe(HLMe)2](BPh4)2‚2CH3CN (2) at 260 K (left) and 110 K (right). The cyclic structure at 260 K results from NH/π
bonds between the imidazole NH group of [FeII(HLMe)2]2+ and a phenyl group of BPh4

- anion. At 110 K, the linear hydrogen bond between CH3CN‚‚‚
HN(imidazole group) appears instead of one NH/π bond to produce a deformed structure.
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range at the 1 K/min sweeping mode under an applied magnetic
field of 0.5 T. The calibration was done with palladium metal.
Corrections for diamagnetism were made using Pascal’s constants.13

Crystallographic Data Collection and Structure Analyses.A
crystal of 1 (red square plate, 0.20× 0.20 × 0.05 mm3) and a
crystal of3 (yellow block, 0.40× 0.35 × 0.30 mm3) were used
for the single-crystal X-ray diffraction study at 293 K. Each crystal
was mounted on a Stoe Imaging Plate Diffractometer System (IPDS)
using a graphite monochromated Mo KR radiation (λ ) 0.71073
Å). The crystal-to-detector distance was 70 mm (max 2θ value
52.1°). Numerical absorption corrections were applied for1
(Tmin-max ) 0.5136-0.7298) and3 (Tmin-max ) 0.5594-0.6743).

A crystal of 2 (yellow-brown plate, 0.50× 0.20× 0.10 mm3)
was mounted on an Oxford-Diffraction Xcalibur diffractometer14

using graphite monochromated Mo KR radiation (λ ) 0.71073 Å)
and equipped with an Oxford Instruments Cryojet cooler device.
Data were collected at 260 and 110 K. Gaussian absorption
corrections could be applied (Tmin-max ) 0.6478-0.8524 at 260 K
andTmin-max ) 0.6647-0.8258 at 110 K).

The structures were solved using SHELXS-9715 and refined on
F2 by full-matrix least-squares using SHELXL-9716 with anisotropic

displacement parameters for all non-hydrogen atoms except the
disordered acetonitrile molecule in2 at 260 K. Refinement was
achieved with H atoms introduced in calculations using the riding
model, except those bonded to O(1) in1 which were not found.
IsotropicUH values were 1.1 times higher than those of the atom
to which they are bonded. The atomic scattering factors and
anomalous dispersion terms were taken from the standard compila-
tion.17 Crystal data collection and refinement parameters are given
in Table 2.

Acknowledgment. This work was supported in part by
a Grant-in-Aid for Science Research (No. 16205010) from
the Ministry of Education, Science, Sports, and Culture,
Japan.

Note Added after ASAP Publication. This article was
released ASAP on November 5, 2005, with a bar missing
over the 1 inP1 in the fourth column of Table 2. The correct
version was posted on November 9, 2005.

Supporting Information Available: X-ray crystallographic file
in CIF format for 1, 2, and 3. This material is available free of
charge via the Internet at http://pubs.acs.org.

IC051215I(13) Kahn, O.Molecular Magnetism; VCH: Weinheim, Germany, 1993.
(14) (a) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; Betteridge, P. W.

CRYSTALS, issue 10; Chemical Crystallography Laboratory: Oxford,
U.K. (b) CRYSALIS, version 170; Oxford-Diffraction: Oxford, U.K.,
2002.

(15) Sheldrick, G, M,SHELXS-97. Program for Crystal Structure Solution;
University of Göttingen: Göttingen, Germany, 1990.

(16) Sheldrick, G. M.SHELXL-97. Program for the Refinement of Crystal
Structures from Diffraction Data; University of Göttingen: Göttingen,
Germany, 1997.

(17) International Tables for Crystallography; Kluwer Academic Publish-
ers: Dordrecht, The Netherlands, 1992; Vol. C.

Table 2. X-ray Crystallographic Data for [FeII(HLH)2](BPh4)2·H2O (1), [FeII(HLPh)2](BPh4)2·CH3CN (3), [FeII(HLMe)2](BPh4)2·2CH3CN at 260 K (2a)
and at 110 K (2b)

1 3 2a 2b

formula C70H66B2FeN8O C84H75B2FeN9 C76H74B2FeN10 C76H74B2FeN10

fw 1112.78 1288.00 1204.92 1204.92
cryst syst monoclinic monoclinic triclinic triclinic
space group P21/c (No. 14) P21/c (No. 14) P1h (No. 2) P1h (No. 2)
a (Å) 19.7613(18) 20.4076(14) 12.9932(13) 12.9678(12)
b (Å) 13.7470(10) 17.5345(17) 22.873(2) 22.231(2)
c (Å) 22.652(2) 20.0717(13) 11.5710(7) 11.3416(7)
R (deg) 90 90 96.821(10) 95.260(9)
â (deg) 98.622(10) 102.204(8) 105.182(10) 103.596(10)
γ (deg) 90 90 97.599(12) 96.039(12)
V (Å3) 6084.2(9) 7020.1(9) 3247.1(5) 3137.4(4)
Z 4 4 2 2
T (K) 293 293 260 110
Dcalcd(Mg m-3) 1.215 1.219 1.232 1.275
µ(Mo KR) (mm-1) 0.298 0.267 0.285 0.294
no. collected 49203 55310 27966 26819
no. unique 11917 13553 15692 15118
no. of obsd reflnsa 6124 7559 5801 8007
R1b obsd, all 0.0376, 0.0572 0.0379, 0.0732 0.0366, 0.0632 0.0349, 0.0603
wR2c obsd, all 0.0542, 0.0584 0.0759, 0.0853 0.0528, 0.0924 0.0485, 0.0615
S 0.814 0.814 0.771 0.784
(∆/F) min,max (e Å-3) 0.295,-0.366 0.201,-0.333 0.429,-0.336 0.379,-0.293

a Data withFo > 4σ(Fo). b R1 ) ∑||Fo| - |Fc||/∑|Fo|. c wR2 ) [∑w(|Fo
2| - |Fc

2|)2/∑w|Fo
2|2]1/2.
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