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The syntheses of [Fe(L1H)2]X2 (L
1H = 2,6-di(pyrazol-1-yl)pyridine [L1H]; X� = BF4

�, PF6
�) are described.

Solvent-free [Fe(L1H)2][BF4]2 shows an approximately D2d-symmetric metal centre in the crystal, and undergoes an
unusual abrupt spin-state transition centered at 261 K in the solid, or at 248 K in acetone solution. A solvated phase
[Fe(L1H)2][BF4]2�2.9CH3NO2�0.25H2O can be grown at 240 K, which undergoes an irreversible spin-state transition
between 260 and 265 K. In contrast, solid [Fe(L1H)2][PF6]2 adopts an unusual C2-symmetric coordination geometry,
reflecting a ca. 28� twist of one L1H ligand with respect to each other. This salt is high-spin in the range 10–330 K.
DFT calculations have rationalised this unusual structure as a Jahn–Teller distortion of the 5E ground state of the
six-coordinate Fe() ion. This distortion is favoured by the restricted bite-angle of the L1H ligands.

We have recently described that substitution at the 3- and 3�-
positions of the 2,6-di(pyrazol-1-yl)pyridine skeleton leads to
a change in electronic ground state for [Cu(L1R)2]

2�, from
the usual {dx2 � y2}1 ground state when R = H to {dz2}1 when
R = Pri, Ph or Mes (Mes = mesityl).1–4 We were interested
to extend these studies to other metal ions,5 and particularly to
[Fe(L1R)2]

2� complexes, to examine how the L1R substituents
perturb the spin-cross-over behaviour exhibited by many
[FeL2]

2� complexes, where L is a meridional tris-imine.6,7 We
noted in particular that salts of [Fe(L2)2]

2� [L2 = 2,6-di(pyrazol-
3-yl)pyridine, a structural isomer of L1H] can be isolated in
both high-spin or low-spin forms, depending on the anion
employed and/or the degree of hydration in the solid.8,9 Many
of these salts exhibit both thermally-, pressure- or light-induced
spin-crossover transitions, whose physics has been extensively
studied.9,10

We have previously communicated that [Fe(L1H)2][BF4]2

undergoes an abrupt spin-state transition at 261 K, exhibiting a
small hysteresis loop.11 We now present a more detailed study
of the chemistry of [Fe(L1H)2]

2�. A report of the synthesis,
room-temperature solution magnetic moment and voltammetry
of [Fe(L1H)2][PF6]2 (1[PF6]2) appeared during the course of this
work.12

Results and discussion

Syntheses and magnetochemical characterisation of [Fe(L1H)2]
2�

salts

Complexation of Fe[BF4]2�6H2O by 2 molar equivalents of
L1H 13 in warm acetone affords a brown solution. Filtration and
concentration of this solution yields [Fe(L1H)2][BF4]2 (1[BF4]2)
as a mustard-coloured microcrystalline solid. Reaction of
FeCl2�6H2O with 2 molar equivalents of L1H in refluxing
MeOH again affords a brown solution. Addition of 2.2 molar

equivalents of NH4PF6 gives a bright yellow microcrystalline
precipitate of [Fe(L1H)2][PF6]2 (1[PF6]2).

For powdered 1[BF4]2, the χMT  vs. T  curve shows an abrupt
transition centred at 259 K, from a high-spin state at higher
temperature (χMT  = 3.6–3.7 cm3 K mol�1 14) to a low-spin state
(χMT  ≤ 0.3 cm3 K mol�1 14); Fig. 1.11 This transition has a width
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of 3 K and a 3 K hysteresis loop. In contrast, χMT  for powdered
1[PF6]2 is constant at 3.2–3.3 cm3 K mol�1, before decreasing
slightly below 25 K (Fig. 1). This implies that this compound
is high-spin over the complete temperature range, with an S = 2
quintet ground state that shows zero-field splitting at low
temperature. Fitting of these data to the appropriate spin-
Hamiltonian 14 afforded values of g = 2.09 and D = 4.9 cm�1.

The 1H NMR spectrum of 1[BF4]2 in CD3CN is broadened
and contact shifted, and displays the number of resonances
expected from a single C2- or m-symmetric L1H environment.
Unfortunately, with the exception of the pyridine H4 protons
which resonate at 2.6 ppm, it is impossible to assign each
resonance definitively from the L1H backbone. However, these
spectra clearly demonstrate that the Fe() centres in solutions
of 1[BF4]2 are paramagnetic, and so predominantly high-spin.
The 1H NMR spectra of this complex in CD3NO2 and
{CD3}3CO showed the same number of peaks as in CD3CN,
with chemical shifts that varied by <3 ppm between solvents.
This shows that the [Fe(L1H)2]

2� dication does not undergo
solvolysis upon dissolution, and that its magnetic structures in
these three solvents are the same.

Variable temperature magnetic susceptibilities of 1[BF4]2

were determined in 99 : 1 {CD3}3CO : Si(CH3)4. χMT  for 1[BF4]2

decreases steadily upon cooling, from 3.7 cm3 mol�1 K at 325 K
to 0.2 cm3 mol�1 K at 185 K [Fig. 2(a)]. This demonstrates
that the compound undergoes an almost complete spin-state
transition over this temperature range, centred at 248(1) K.
Since the L1H ligands do not dissociate significantly in solution,
the shift of this equilibrium to lower temperature in solution
compared with the solid state must reflect changes in the
intermolecular interactions in these two phases.15 A van’t Hoff
analysis 16 of this equilibrium afforded ∆H = 24.1(2) kJ mol�1

[Fig. 2(b)], leading to ∆S = 101(1) J mol�1 K�1.† These are both
higher than the values of ∆H = 17.2(2) kJ mol�1 and ∆S = 66.2(8)
J mol�1 K�1 exhibited by this transition in the solid state.11

The UV/vis/NIR spectra of 1[BF4]2 in MeCN at 298 K show
a weak near-IR absorption envelope centred at νmax = 10.4 × 103

cm�1 (εmax = 8.4 M�1 cm�1), that can be assigned to a spin-
allowed 5T2g  5Eg transition of an S = 2 Fe() ion in Oh

notation.17 This band is clearly split into two components,
which can be attributed to splitting of the pseudo-Jahn–Teller-
active 5Eg excited state.17 The spectrum also contains two
MLCT transitions lying in the range νmax = 23.9 and 26.3 × 103

cm�1 (εmax = 1400 M�1 cm�1). These three spectra closely
resemble that of solid [Fe(L2)2][BF4]2 in its high-spin state,8 and
support the NMR data in showing that 1[BF4]2 is completely

Fig. 1 Plots of χMT  vs. T  for polycrystalline 1[BF4]2 and 1[PF6]2. Data
for 1[BF4]2 are shown in both cooling (�) and warming (�) modes. The
solid line through the 1[PF6]2 data shows the fit to the zero-field
splitting Hamiltonian; details are given in the text.

† The deviation of the experimental data in Fig. 2(b) from linearity
arises because ∆H varies slightly with temperature.16 Hence, ∆H and ∆S
derived by this analysis correspond to average values over the wide
temperature range of the experiment.

high-spin in solution at 298 K. These d–d bands discussed
below occur at essentially identical energies in MeNO2, again
demonstrating that the complex does not undergo solvolysis
upon dissolution. In addition to the peaks discussed below, the
spectra contain intense ligand-based π  π* transitions in the
UV region.

Crystallography

Vapour diffusion of Et2O into solutions of 1[BF4]2 in acetone,
MeNO2 or MeCN at 290 K affords isomorphous, air-stable
crystals which do not contain solvent by microanalysis. These
crystals undergo a sharp colour change from yellow to dark
brown at 261 ± 1 K, corresponding to the spin-state transition
exhibited by this compound (Fig. 1). The temperature of this
transition was confirmed by determining the crystallographic
unit cell between 240 and 300 K, which demonstrated an abrupt
discontinuity within the range 259–261 K in both cooling and
warming modes (Fig. 3). This transition does not involve a
change in space group, but is characterised by a decrease of
0.55 Å in the crystallographic c-direction, an increase of 0.05 Å
in b, and an increase of 2.0� in β as the temperature is lowered.
The decrease in unit cell volume associated with the phase
transition (ignoring thermal contraction effects) is 35 ± 5 Å3 or
2.6%, which is a typical value for a spin-state transition in an
Fe() complex.18–20 The mosaicity of the crystal increases
sharply below the transition temperature, which leads to greatly
increased esds on the cell parameters and can be attributed to
increased lattice strain associated with the changing unit cell
volume. This problem is alleviated upon further cooling of the
crystal.

As we have previously described,11 the [Fe(L1H)2]
2� dications

in crystalline 1[BF4]2 have approximate local D2d symmetry
(Fig. 4). The Fe–N bond lengths in the crystal at 290 K are
consistent with a high-spin Fe() ion, lying within the range

Fig. 2 (a) Plot of χMT  vs. T  for 1[BF4]2 in 99 : 1 {CD3}3CO : Si(CH3)4.
(b) van’t Hoff plot of the spin-state equilibrium for 1[BF4]2 from the
data in Fig. 2(a), showing the line of best fit.
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2.1248(19)–2.185(3) Å. In contrast, at 240 K the Fe–N bond
lengths have shortened to 1.893(3)–1.981(4) Å, and are char-
acteristic of a low-spin Fe() centre.11 The difference between
the average Fe–N distances at 290 and 240 K in 1[BF4]2 is
0.215(10) Å, which is a typical value for a spin-state transition
involving an Fe() complex with a hexa-nitrogen donor set.6,7

The relative ligand field strengths at the Fe ion in the
high- and low-spin forms of 1[BF4]2 can be estimated from
the crystallographic data using eqn. (1), where rHS and rLS are,

respectively, the average Fe–N bond lengths in the high-spin
and low-spin forms of the complex.7

From the X-ray data at 290 and 240 K, this equation gives
a ratio of 1.87(1) for 1[BF4]2, which is substantially greater

Fig. 3 Plot of the variation of the unit cell parameters of 1[BF4]2 with
temperature.

(1)

than the value of 1.74 that is typically observed for spin-
crossover compounds.7 Discrepancies from this formula can
arise if a sample contains mixtures of high- and low-spin Fe
ions at the temperatures examined.21 This cannot be true here,
since the magnetic measurements described above demonstrate
that at both temperatures essentially all Fe ions in the sample
will be in the same spin-state.11 We therefore suggest that this
anomalous ratio might reflect the strongly axial nature of the
coordination sphere in this complex, so that that the averaged
Fe–N bond lengths do not provide an accurate description
of 10Dq.

Dark brown crystals of 1[BF4]2 can also be grown from
MeCN/Et2O at 240 K (i.e. below the spin-crossover temper-
ature). These low-temperature crystals are isomorphous with
those grown at 290 K, and also undergo the same spin-state
transition upon warming to 260 ± 1 K. Unexpectedly, however,
vapor diffusion of Et2O into MeNO2 solutions of the complex
at 240 K afforded a new solvated phase of this material, of
formula 1[BF4]2�2.9CH3NO2�0.25H2O. A structure determin-
ation of this new polymorph revealed two independent complex
cations in the asymmetric unit, both containing low-spin Fe()
centres with metric parameters that closely resemble those of
the low-spin unsolvated phase of 1[BF4]2 (Table 1).11 While one
of these (molecule 2 in Table 1) has almost perfect D2d

symmetry within experimental error, one L1H ligand in the
other molecule (molecule 1) is coordinated asymmetrically, the
bond Fe(1)–N(25) being 0.040(4) Å longer than Fe(1)–N(30)
(Table 1, Fig. 4).

Interestingly, dark brown crystals of this low-temperature
solvate that are encapsulated in mineral oil decompose to a
yellow powder upon warming over the range 260–265 K,
consistent with a spin-state transition that involves a change
in space group. That two different polymorphs of 1[BF4]2

should undergo spin-crossover at virtually the same temper-
ature is unexpected, in that it is well known that the degree of
solvation,7 or simply the intermolecular packing,22 within a
crystal can have a profound effect on its spin-crossover proper-
ties. We suggest that these results imply that, in the absence of
any strongly directional intermolecular hydrogen-bonding or
π–π interactions, the magnetic behaviour of 1[BF4]2 is governed
primarily by the electrostatic interaction between the anions
and cations. Since the distance between neighbouring cations
and anions in a molecular crystal will be similar in the presence
or absence of lattice solvent, the thermodynamics of the
spin-state transition of 1[BF4]2 would then be almost identical
for both polymorphs of this material, as is observed.

Fig. 4 Views of the crystallographically independent complex dications of [Fe(L1H)2](BF4)2�2.9CH3NO2�0.25H2O [1(BF4)2�2.9CH3NO2�0.25H2O]
at 150 K, showing the atom numbering scheme employed. For clarity, all H atoms have been omitted. Thermal ellipsoids are at the 50% probability
level. The molecular structures of the complex dication in solvent-free 1[BF4]2 at all the temperatures examined are visually indistinguishable from
those here. In the latter compound, the atom numbering scheme is identical to that given for molecule 1 of this structure [i.e. Fe(1)–C(33)].
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A single crystal X-ray analysis of 1[PF6]2 was undertaken at
120 K. The asymmetric unit of this compound contains half a
complex cation with Fe(1) lying on a crystallographic C2 axis,
and one PF6

� anion. The Fe(1)–N bond lengths are typical of a
high-spin Fe() centre (Table 2, Fig. 5).6,7 However, in contrast
to 1[BF4]2, the Fe(1) atom in 1[PF6]2 is strongly distorted away
from a D2d structure. This difference is manifest most obviously
in the ‘trans’ angle N(2)–Fe(1)–N(2�) = 154.18(7)�, and in the
dihedral angle of 62.64(1)� between the least-squares planes of
the two ligands in the cation. This unusual coordination geom-
etry is similar to those exhibited by high-spin [Fe(L3Ph)2][ClO4]2

and [Fe(L4)2][ClO4]2 in the crystal,23 but has not been observed
otherwise in Fe()/tris-imine chemistry.

Calculations

Density functional (DF) and cellular ligand field (CLF) calcu-
lations were carried out using the crystal structure coordinates
of 1[BF4]2 at 290 and 150 K, and of 1[PF6]2 at 150 K. The DF
calculations demonstrate the following ordering of electronic
stability in the gas phase at 0 K (Table 3):

Low-spin > High-spin (C2) > High-spin (D2d)

This ordering cannot be used to predict the relative energies
of the spin-states of 12� in condensed media, however, since
these will also depend on their vibrational energies and,
possibly, on intermolecular interactions,24,25 both of which were
not included in this study. The higher Lewis acidity of low-spin
Fe() is demonstrated by the Mulliken charge at Fe (Table 3).

Table 1 Selected bond lengths (Å) and angles (�) in the single crystal
X-ray structure of [Fe(L1H)2](BF4)2�2.9CH3NO2�0.25H2O [1(BF4)2�
2.9CH3NO2�0.25H2O]

Molecule 1 Molecule 2

Fe(1)–N(2) 1.902(3) Fe(34)–N(35) 1.899(3)
Fe(1)–N(9) 1.975(3) Fe(34)–N(42) 1.977(3)
Fe(1)–N(14) 1.972(3) Fe(34)–N(47) 1.974(3)
Fe(1)–N(18) 1.903(3) Fe(34)–N(51) 1.903(3)
Fe(1)–N(25) 1.991(3) Fe(34)–N(58) 1.983(3)
Fe(1)–N(30) 1.951(3) Fe(34)–N(63) 1.976(3)
 
N(2)–Fe(1)–N(9) 80.40(12) N(35)–Fe(34)–N(42) 80.35(12)
N(2)–Fe(1)–N(14) 79.95(12) N(35)–Fe(34)–N(47) 79.91(12)
N(2)–Fe(1)–N(18) 178.26(13) N(35)–Fe(34)–N(51) 177.53(13)
N(2)–Fe(1)–N(25) 101.40(12) N(35)–Fe(34)–N(58) 102.40(13)
N(2)–Fe(1)–N(30) 98.27(12) N(35)–Fe(34)–N(63) 97.69(13)
N(9)–Fe(1)–N(14) 160.13(12) N(42)–Fe(34)–N(47) 160.24(12)
N(9)–Fe(1)–N(18) 98.47(12) N(42)–Fe(34)–N(51) 99.64(13)
N(9)–Fe(1)–N(25) 95.55(12) N(42)–Fe(34)–N(58) 91.79(12)
N(9)–Fe(1)–N(30) 88.08(12) N(42)–Fe(34)–N(63) 91.18(12)
N(14)–Fe(1)–N(18) 101.11(12) N(47)–Fe(34)–N(51) 100.12(12)
N(14)–Fe(1)–N(25) 91.15(12) N(47)–Fe(34)–N(58) 91.64(12)
N(14)–Fe(1)–N(30) 91.88(12) N(47)–Fe(34)–N(63) 92.25(12)
N(18)–Fe(1)–N(25) 80.00(12) N(51)–Fe(34)–N(58) 80.07(13)
N(18)–Fe(1)–N(30) 80.35(12) N(51)–Fe(34)–N(63) 79.85(13)
N(25)–Fe(1)–N(30) 160.33(12) N(58)–Fe(34)–N(63) 159.91(13)

Table 2 Selected bond lengths (Å) and angles (�) in the single crystal
X-ray structures of [Fe(L1H)2](PF6)2 [1(PF6)2]. Primed atoms are related
to unprimed atoms by the relation 1 � x, y, 1/2 � z

Fe(1)–N(2) 2.1723(13)
Fe(1)–N(9) 2.1987(14)
Fe(1)–N(14) 2.2182(14)
 
N(2)–Fe(1)–N(2�) 154.18(7)
N(2)–Fe(1)–N(9) 72.00(5)
N(2)–Fe(1)–N(9�) 129.52(5)
N(2)–Fe(1)–N(14) 71.76(5)
N(2)–Fe(1)–N(14�) 89.08(5)
N(9)–Fe(1)–N(9�) 85.80(7)
N(9)–Fe(1)–N(14) 141.31(5)
N(9)–Fe(1)–N(14�) 107.38(5)
N(14)–Fe(1)–N(14�) 85.10(7)

This is effectively zero for the low-spin complex but ca. �0.6 for
the high-spin forms. The bond lengths are much shorter, and
the Fe–N bond orders considerably larger, in the low-spin form.
This demonstrates the antibonding character of the octahedral
eg orbitals, which are both half-occupied in high-spin 12�

(Table 3). The Fe–N{pyridine} bond orders are smaller than
those for the Fe–N{pyrazole} bonds (Table 3), as the shorter
bonds increase this antibonding interaction.

In all three species, the shorter axial Fe–N{pyridine} bonds
lead to splitting of the octahedral eg levels, into a1 (dz2) > b1

(dx2 � y2). The octahedral t2g levels are also antibonding, owing
to the π-donor nature of the L1H ligand.2 In D2d symmetry,
these orbitals split into e (dxz, dyz) � b2 (dxy) because of two
perturbations. Firstly, L1H is only a π-donor perpendicular to
the ligand plane. With an octahedral ligand bite angle (α = 90�,
Scheme 1), the b2 orbital interacts with the pπ orbitals of

the four pyrazole groups and the e-orbitals interact with
one pyridine pπ function. In the CLF model, the antibonding
shifts are:

ε (dxz, dyz) = eπ (pyridine)
ε (dxy) = 4eπ (pyrazole)

Hence, relative energies of b2 > e might be expected unless the
two types of base are very different. Secondly, the stiffness of
the L1H ligand results in ligand bite angles of <90� (α ≈ 73�,
Scheme 1). This leads to an antibonding interaction between
the pyrazole lone pairs and the dxz and dyz orbitals. On a σ-only
or crystal-field model, e > b2 is expected from this second
distortion. The DF calculations on all three compounds give
e > b2, due to the balance of these effects.

Hence, the ground configuration of the high-spin (D2d) form
is (e)3(b2)

1(b1)
1(a1)

1, affording a Jahn–Teller-unstable 5E ground
term. This is analogous to the 5T2g ground term shown by
high-spin, strictly octahedral Fe() complexes. These latter do
not commonly exhibit large Jahn–Teller distortions, however,

Fig. 5 View of the complex dication in the structure of [Fe(L1H)2]-
[PF6]2 [1[PF6]2], showing the atom numbering scheme employed. The
molecule lies on a crystallographic C2 axis passing through Fe(1). For
clarity, all H atoms have been omitted. Thermal ellipsoids are at the
50% probability level.

Scheme 1 Angles referred to in the discussion of the Jahn–Teller
distortion in high-spin [Fe(L1H)2]

2�.
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Table 3 Calculated bond orders, Mulliken charges, energies and magnetic properties for the three forms of [Fe(L1H)2]
2�. The atom numbering

scheme is the same as that used for the crystal structures of these compounds in this work or in ref. 11, while the bond lengths are taken from X-ray
crystallographic data

 Low-spin (D2d) High-spin (D2d) High-spin (C2)

Bond length/Å (bond order)
Fe(1)–N(2){pyridine} 1.900 (0.53) 2.128 (0.22) 2.172 (0.27)
Fe(1)–N(9){pyrazole} 1.986 (0.56) 2.202 (0.37) 2.199 (0.31)
Fe(1)–N(14){pyrazole} 1.968 (0.57) 2.181 (0.38) 2.218 (0.42)
Fe(1)–N(18){pyridine} 1.902 (0.53) 2.130 (0.21) 2.172 (0.27)
Fe(1)–N(25){pyrazole} 1.989 (0.56) 2.191 (0.37) 2.199 (0.31)
Fe(1)–N(30){pyrazole} 1.970 (0.59) 2.190 (0.39) 2.218 (0.42)

Mulliken charges
Fe(1) �0.04 �0.67 �0.60
N(2){pyridine} �0.06 �0.04 �0.07
N(9){pyrazole} �0.12 �0.06 �0.08
N(14){pyrazole} �0.14 �0.07 �0.05
N(18){pyridine} �0.06 �0.03 �0.07
N(25){pyrazole} �0.11 �0.08 �0.08
N(30){pyrazole} �0.22 �0.05 �0.05

 
Calculated (measured) χMT  at 298 K/BM — 3.8 (3.7) 3.3 (3.3)
Calculated (measured) D/cm�1 — 30 3.0 (4.9)
Relative energy/kJ mol�1 0 180 90

presumably due to the approximately non-bonding character
of the t2g orbitals. The large structural distortion evident in
high-spin (C2) 1

2� is therefore unusual. This distortion is made
up of two components: a twisting of the plane of one ligand
relative to the other about the N{pyridine}–Fe–N{pyridine}
vector (i.e. θ < 90�, Scheme 1) and a motion of one ligand about
the Fe ion, so that φ < 180� (Scheme 1). These will now be
considered in turn.

Twisting the plane of one L1H ligand relative to the other
lowers θ, reduces the symmetry from D2d to D2 and removes the
degeneracy between the e-orbitals. This has two consequences
for Fe–L1H bonding. First, the antibonding interaction
between the pyridine pπ orbitals and these two d-orbitals is
reduced for one d function and increased for the other. The
limit of this distortion has the two ligands coplanar with D2h

symmetry (i.e. θ = 0). In this symmetry and with octahedral bite
angles, the antibonding shifts are:

ε (b2{dxz}) = 0
ε (b3{dyz}) = 2eπ (pyridine)

Distortion along this coordinate thus affords a (b2)
2(b3)

1

configuration and a reduced antibonding interaction between
the metal d-electrons and the π-electrons on the ligand pyridine
groups. Second, this same twist also leads to changes in the
repulsive interaction of the e-orbitals with the pyrazole σ-lone
pairs (see above). This repulsion is increased in the b2 orbital,
and decreased in the b3 function, as θ is lowered, but is only
present for α ≠ 90�. The importance of this additional anti-
bonding interaction is clear from Fig. 6(a), which shows the
variation in LFSE with decreasing twist angle. It is clear that
the twist angle θ has a much greater influence on the LFSE
when α = 73� than when α = 90�. Hence, it would appear that the
unusual Jahn–Teller distortion exhibited by 1[PF6]2 is favoured
by the narrow bite angle of the L1H ligand.

The second type of distortion, motion of one L1H ligand
about the Fe ion so that φ < 180�, has the effect of tilting
the pyrazole lone pairs of that ligand away from one of the
e-orbitals but of tilting the pyridine lone pair towards
the other. This also leads to a net increase in the LFSE of the
system [Fig. 6(b)]. Combining the two distortions, CLF calcu-
lations predict a gain in LFSE of ca. 400 cm�1 for the high-spin
(C2) isomer compared to the high-spin (D2d) form, and that the
room-temperature magnetic susceptibility χMT  and zero-field
splitting constant D will be smaller for the high-spin (C2) isomer
than for the high-spin (D2d). The agreement between these latter
parameters and the experimental values is excellent (Table 3).

Concluding remarks
This study emphasises that the solid state magnetic properties
of [Fe(L1R)2]

2� and similar Fe() compounds must be inter-
preted with care in the absence of structural data. A good illus-
tration of this is [Fe(L4)2][ClO4]2, which is a spin-crossover
complex in solution and can be crystallised in both high-spin
and low-spin forms at 290 K.23 However, solid high-spin
[Fe(L4)2][ClO4]2 has a very distorted ‘C2’ geometry, and is

Fig. 6 (a) Calculated variation in LFSE of 12� with increasing twist
angle between the L1H ligands (see text). The solid line refers to with
the experimentally observed ligand bite angle (α, Scheme 1) of 73�,
whereas the dashed line refers to a model compound with α = 90�. (b)
Calculated variation of LFSE with N{pyridine}–Fe–N{pyridine} angle
(Φ, Scheme 1).
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Table 4 Experimental details for the new single crystal structure determinations in this study

 [Fe(L1H)2][BF4]2�2.9CH3NO2�0.25H2O [Fe(L1H)2][PF6]2

 (1[BF4]2�2.9CH3NO2�0.25H2O) (1[PF6]2)

Formula C24.9H27.2B2F8FeN12.9O6.05 C22H18F12FeN10P2

Mr 833.43 768.25
Crystal class Orthorhombic Monoclinic
Space group P212121 C2/c
a/Å 13.8129(2) 14.2478(4)
b/Å 13.8303(1) 9.4974(3)
c/Å 36.4266(4) 20.5607(5)
β/� — 99.3180(19)
U/Å3 6958.81(14) 2745.50(13)
Z 8 4
µ(Mo-Kα)/mm�1 0.538 0.761
T /K 150(2) 120(2)
Measured reflections 65933 10414
Independent reflections 15894 3141
Rint 0.070 0.049
R(F ) a 0.051 0.034
wR(F 2) b 0.162 0.090
S 1.100 1.045
Flack parameter �0.006(12) —

a R = Σ[|Fo| � |Fc|]/Σ|Fo|. b wR = [Σw(Fo
2 � Fc

2)/ΣwFo
4]1/2. 

high-spin between 4 and 290 K. Hence, solution data are a
better guide to the ligand field experienced by an Fe() complex
than its solid state magnetic properties. This is because the
lability of high-spin Fe() centres would allow the rapid
interconversion of the D2d and C2 isomers of these compounds
in solution.

There are inconsistencies in the magnetochemistry of dif-
ferent salts of other [FeL2]

2� (L = a meridional tridentate imine)
complexes in the solid state and/or solution, in addition to the
terpyridyl derivatives in the previous paragraph. Examples we
are aware of include: [Fe(L5H)2]Cl2 which is a spin-crossover
complex, whereas salts of [Fe(L5Me)2]

2� are high-spin over the
entire temperature range, even though the latter compound
experiences a slightly greater ligand field;26 different solid salts
of [Fe(L6Me)2]

2� which are either low-spin or high-spin in the
range 10–330 K;27 and the spin-crossover complex [Fe(L6H)2]-
[BPh4]2�4H2O which reverts to a high-spin form upon dehydra-
tion.28 Differences in lattice hydrogen bonding may account for
many of these observations.7 However, this work has suggested
an alternative explanation: that the high-spin forms of these
solid compounds are ‘trapped’ as a C2-symmetric isomer, which
is unable to undergo spin-crossover. This is particularly relevant
to the above compounds, since our calculations show that the
C2 form is stabilised by the use of constrained chelating ligands
with acute bite angles.

Experimental
Unless stated otherwise, all manipulations were performed
in air using commercial grade solvents. 2,6-Di(pyrazol-1-yl)-
pyridine (L1H) 13 was prepared by the literature procedures.
FeCl2 (Avocado), Fe[BF4]2�6H2O and NH4PF6 (Aldrich) were
used as supplied.

Syntheses

Synthesis of [Fe(L1H)2][BF4]2 (1[BF4]2). A solution of
Fe[BF4]2�6H2O (0.20 g, 5.92 × 10�4 mol) and L1H (0.25 g,
1.18 × 10�3 mol) in acetone (50 cm3) was stirred at room tem-
perature for 15 min. The resultant brown solution was filtered
and concentrated to ca. 1/3 of its original volume, whereupon a
mustard-coloured precipitate formed. Following overnight
storage at �30 �C, the product was filtered and washed sequen-
tially with cold MeOH and Et2O. Recrystallisation from
MeNO2/Et2O yielded golden platelets. Yield 0.24 g, 62%
(Found: C, 40.7; H, 2.0; N, 22.0. Calc. for C22H18B2F8FeN10: C,
40.5; H, 2.8; N, 21.5%). FAB MS: m/z 478 [56Fe(L1H)2]

�, 266

[56Fe(L1H–H]�. 1H NMR sepectrum (CD3CN, 298 K): δ 61.7,
56.9, 36.6, 34.6 (all 4H, Py H3/5 � Pz H3–H5), 2.6 (2H, Py H4)
ppm. UV/vis spectrum (MeCN, 298 K): νmax/103 cm�1 (εmax/M

�1

cm�1) 9.7 (8.4), 11.1 (sh), 23.9 (1400), 26.3 (sh), 33.3 (41300),
37.5 (39800), 40.9 (69000), 41.8 (54000), 47.2 (17300). UV/vis
spectrum (MeNO2, 298 K): νmax/103 cm�1 (εmax/M

�1 cm�1) 9.6
(8.6), 11.1 (sh), 23.8 (2000), 25.6 (1900).

Synthesis of [Fe(L1H)2][PF6]2 (1[PF6]2). A mixture of FeCl2�
4H2O (0.12 g, 5.92 × 10�4 mol) and L1H (0.25 g, 1.18 × 10�3 mol)
was refluxed in MeOH (25 cm3) until all of the solid had dis-
solved (ca. 1 h). After addition of NH4PF6 (0.19 g, 1.18 × 10�3

mol), the deep yellow solution was refluxed for a further 15 min.
The hot solution was filtered, cooled and concentrated to
approximately half volume, whereupon a yellow solid began to
precipitate. Following overnight storage at �30 �C, the product
was filtered and washed sequentially with MeOH and Et2O.
Recrystallisation from acetone/Et2O afforded yellow micro-
crystals. Yield 0.33 g, 73% (Found: C, 34.5; H, 2.3; N, 18.2.
Calc. for C22H18F12FeP2F10: C, 34.4; H, 2.4; N, 18.2%).

Single crystal X-ray structure determinations

Single crystals of X-ray quality of 1[BF4]2 and 1[PF6]2 and were
grown by diffusion of diethyl ether vapour into solutions of the
complexes in acetone at 290 K. Single crystals of 1[BF4]2�
2.9CH3NO2�0.25H2O were obtained by slow diffusion of Et2O
into a MeNO2 solution of the complex at 240 K; these crystals
were cooled over solid CO2 during mounting, to avoid decom-
position. Full details of the structure determinations of 1[BF4]2

have been published previously.11 Experimental details for
the other structure determinations are given in Table 4. All
structures were solved by direct methods (SHELXS 97) 29 and
refined by full matrix least-squares on F 2 (SHELXL 97) 30 with
H atoms placed in calculated positions.

CCDC reference numbers 171144 and 171145.
See http://www.rsc.org/suppdata/dt/b1/b108468m/ for crys-

tallographic data in CIF or other electronic format.

X-Ray structure determination of [Fe(L1H)2][BF4]2�
2.9CH3NO2�0.25H2O (1[BF4]2�2.9CH3NO2�0.25H2O). The
asymmetric unit contains two complex cations, four anions,
six CH3NO2 molecules and one feature that was not bonded
to any other atom, and was modelled as half a molecule of
water. The F atoms of one of the BF4

� anions were disordered
over three orientations in a 0.5 : 0.3 : 0.2 occupancy ratio.
Another BF4

� moiety was modelled over two orientations in a

J. Chem. Soc., Dalton Trans., 2002, 548–554 553



0.6 : 0.4 occupancy ratio. All B–F bonds within the disordered
anions were restrained to 1.38(2) Å, and the corresponding
non-bonded F � � � F contacts within a given disorder orient-
ation to 2.25(2) Å. Four of the CH3NO2 molecules were wholly
occupied and ordered; one was wholly occupied but disordered
over two orientations in a 0.6 : 0.4 occupancy ratio; and
one had a total occupancy of 0.8, spread between two equally
occupied orientations with a central shared N atom. All non-H
atoms with an occupancy ≥0.5 were refined anisotropically.

X-Ray structure determinations of [Fe(L1H)2][PF6]2 (1[PF6]2).
During refinement, the F atoms of the PF6

� anion were found
to be disordered over two equally occupied orientations. All
P–F bonds were restrained to 1.60(2) Å during the final
least-squares cycles, and all non-H atoms were modelled
anisotropically.

Other measurements

Infra-red spectra were obtained as Nujol mulls pressed between
KBr windows over 400–4000 cm�1 using a Nicolet Avatar 360
spectrophotometer. UV/visible spectra were obtained with a
Perkin-Elmer Lambda 900 spectrophotometer operating over
3300–200 nm, using 1 cm quartz cells. All 1H NMR spectra
were run on a Bruker DPX250 spectrometer, operating at 250.1
MHz. Positive ion fast atom bombardment mass spectra were
performed on a Kratos MS50 spectrometer, employing a
3-NOBA matrix. CHN microanalyses were performed by the
University of Leeds School of Chemistry microanalytical
service.

Room-temperature magnetic moments were measured using
a Sherwood Scientific susceptibility balance. Variable temper-
ature magnetic susceptibility measurements were obtained in
the solid state using a Quantum Design SQUID magnetometer
operating at 1000 G. Diamagnetic corrections for the sample
and the sample holder were applied. Observed and calculated
data were refined using SIGMAPLOT.31 Magnetic susceptibil-
ity measurements in solution were obtained by Evans’s
method 32 using a Bruker DRX500 spectrometer operating at
500.13 MHz. A diamagnetic correction for the sample was
applied to these data. Diamagnetic corrections were estimated
from Pascal’s constants.14

All density functional (DF) calculations were performed
using the ‘DeFT’ code written by St-Amant 33 in the linear
combination of Gaussian-type orbitals framework. Calcu-
lations were performed using the Vosko–Wilk–Nusair 34 local
spin density approximation of the correlation part of the
exchange-correlation potential, with non-local corrections
using the Becke functional for exchange 35 and the Perdew
functional for correlation.36 The all-electron calculations used
triple-ζ basis sets for all the elements except iron, for which
basis functions of double-ζ quality were used. Bond orders
were calculated according to the prescription suggested by
Mayer.37 Cellular ligand field calculations 38,39 were performed
using the parameters eσ (pyridine) = 6100 cm�1, eσ (pyrazole) =
4400 cm�1 and eπ⊥ = 0.25eσ, to characterise the σ-donor strength
and any π-bonding perpendicular to the plane of the nitrogen
ligands. The parameters B = 550 cm�1, ζ = 400 cm�1 and the
orbital reduction factor k = 0.8 were also employed.
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