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A combined theoretical and experimental
approach to determine the right choice of
co-ligand to impart spin crossover in Fe(II)
complexes based on 1,3,4-oxadiazole ligands†

Sriram Sundaresan, a Julian Eppelsheimer,a Esha Gera,b Lukas Wiener,a

Luca M. Carrella, a Kuduva R. Vignesh *b and Eva Rentschler *a

We present the synthesis of two new novel tetradentate ligands based on 1,3,4-oxadiazole, 2-(2-pyridyl)-

5-[N,N-bis(2-pyridylmethyl)aminomethyl]-1,3,4-oxadiazole (LTetraPy–ODA) and 2-(2-phenyl)-5-[N,N-bis(2-

pyridylmethyl)aminomethyl]-1,3,4-oxadiazole (LTetraPh–ODA). The ligands were used to prepare six mono-

nuclear complexes [FeII(LTetraPy–ODA)(NCE)] (C1–C3) and [FeII(LTetraPh–ODA)(NCE)] (C4–C6) where E = S, Se

or BH3. In addition, the ligand LTetraPy–ODA was employed in the synthesis of a new di-nuclear complex

[FeII2(L
TetraPh)](ClO4)4·1 CH3NO2·1.5 H2O (C7). Characterization of all complexes was carried out using

single-crystal X-ray crystallography, elemental analysis, and infrared spectroscopy. Magnetic susceptibility

measurements, performed in the temperature range of 2–300 K using a SQUID magnetometer, revealed

spin crossover behaviour exclusively in the mononuclear complexes C3 and C6, in which two monoden-

tate NCBH3
− co-ligands coordinate. The presence of the lattice solvent was found to be crucial to the

spin transition property, with complex C3 exhibiting a switching temperature (T1/2) of approximately 165 K

and C6 approximately 194 K. The other four mononuclear complexes C1, C2, C4, C5, as well as the

dinuclear complex C7 are locked in the high spin state over the measured temperature range. Density

Functional Theory (DFT) calculations were performed on complexes C1–C6 to rationalise the observed

magnetic behaviour, demonstrating the significant effect of the NCS−, NCSe− and NCBH3
− co-ligands

ligands on the spin-crossover behaviour of the [FeII(L)(NCE)] complexes.

Introduction

Iron chemistry is captivating in many ways from its abundance
on Earth in the form of iron oxides, to its significant role in
biology, where iron ions are essential for oxygen or electron trans-
port processes in metalloproteins.1,2 As scientists continue to
explore its properties and applications, iron promises to remain a
vital element in shaping our world. Its ready accessibility in the
oxidation states +2 and +3, coupled with its ability to access
higher oxidation states such as +6 and +7 through appropriate
ligand selection, makes the iron ion an interesting candidate for
diverse applications including catalysis and magnetism.3,4

One particularly fascinating phenomenon exhibited by iron
ions in oxidation states +2 and +3 is spin-crossover (SCO),
where electrons undergo an internal rearrangement of the
orbital occupation in response to the external stimuli, allowing
the metal ion to switch between two states.5–8 This phenom-
enon, initially observed by Cambi and co-workers in Fe(III), has
been more widely studied for Fe(II), due to the change in the
electronic arrangement between a diamagnetic low spin state
LS (S = 0) and a paramagnetic high spin state HS (S = 2).5,9,10

Spin crossover is also observed for other 3d metals such as
Co(II), Mn(III) and Cr(II).11–14 This bi-stability makes these
candidates promising for various applications such as sensors,
memory and displays.15–19

Fe(II) complexes based on 1,3,4-oxadiazoles are rarely
reported in the literature for spin crossover. Some of us
reported the first dinuclear Fe(II) complex based on 1,3,4-oxa-
diazole and successfully investigated the effect of the counter-
ion ions.20 In contrast, all attempts to further vary the ligand
field strength by choosing different heterocyclic sidearms
remained unsuccessful in observing the spin crossover
behaviour. In all cases, the complex remained in the HS state
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irrespective of the counterions chosen.21 Klingele, Letard and co-
workers in 2013 reported a mononuclear Fe(II) complex based on
a bis-bidentate oxadiazole ligand and two NCS− co-ligands.
However, the complex remained in the HS state over the
measured temperature window.22 Later, in 2022, Herchel and co-
workers further modified the bis-bidentate ligand to tune the
ligand field strength and reported another mononuclear complex
with two NCS− co-ligands. Unfortunately, this complex also
remained in the HS state over the measured temperature
window.23 Finally, some of us could recently report the first
mononuclear Fe(II) spin crossover complex based on a tetraden-
tate 1,3,4 oxadiazole ligand with two monodentate NCBH3

− co-
ligands [Fe(LTetra–ODA)(NCBH3)2]·1.5 CH3OH, where LTetra–ODA is
the tetradentate 2-(naphthalen-2-yl)-5-[N,N-bis(2-pyridylmethyl)
aminomethyl]-1,3,4-oxadiazole ligand.24 Given the extended pi
system of the naphthalic substituent, which is known to be an
antenna component in photoactive systems, the luminescence
property of the complex, along with the synergistic effects of
luminescence and spin crossover behaviour was investigated for
this compound.24 In the present manuscript, the tetradentate
binding pocket of the previously reported ligand is kept constant,
but the naphthalene moiety of the previously reported analogue
is changed to pyridine and phenyl to investigate in more detail
the effect of it on the SCO behaviour. The incorporation of pyri-
dine in the ligand backbone also facilitated the synthesis of a
new dinuclear Fe(II) complex based on 1,3,4-oxadiazole. Finally,
the effect of other NCE (E = S and Se) co-ligand in tuning the
spin crossover behaviour is also explored in the current study.

Results and discussion
Ligand synthesis

The two ligands 2-(2-pyridyl)-5-[N,N-bis(2-pyridylmethyl)ami-
nomethyl]-1,3,4-oxadiazole (LTetraPy–ODA) and 2-phenyl-5-[N,N-

bis(2-pyridylmethyl)aminomethyl]-1,3,4-oxadiazole
(LTetraPh–ODA) were synthesised in high yields according to the
ligand synthesis of LTetra–ODA, reported previously by some of
us.24 The main modification to the procedure was the use of
appropriate pyridine-2-carboxylic acid hydrazide in the case of
LTetraPy–ODA and phenyl-2-carboxylic acid hydrazide in the case
of LTetraPh–ODA (Scheme 1). Both ligands were obtained in high
yields 67% and 78%. The ligands obtained in both cases are
fully characterized by 1H NMR, 13C NMR, COSY, HSQC and
HMBC, infrared spectroscopy (Fig. S1–S12†).

Complex synthesis

All six mononuclear complexes C1–C6 were prepared in a glo-
vebox due to the air sensitivity of the precursor complexes
used in this synthesis. Complexes C1–C6 were prepared by dis-
solving equimolar ratios of the ligand with the corresponding
NCE precursor complex in acetonitrile (C1–C6). Complex C7 is
prepared under aerobic conditions by dissolving one equi-
valent of the ligand with two equivalents of Fe(ClO4)2 salt in
nitromethane. The complexes in all seven cases are obtained
as crystals suitable for X-ray diffraction. The X-ray data for all
seven complexes were collected from single crystals carefully
picked from the mother liquor, whereas magnetic data were
collected from the pure bulk powder, which was filtered and
dried in air unless otherwise indicated. In all the cases, the
complexes obtained are air-stable and have been characterized
using a range of techniques including X-ray crystallography,
elemental analysis, and infrared spectroscopy (Fig. S13–18†).
Detailed information on the synthesis of each complex is given
in the experimental section.

Structural description

Mononuclear complexes C1–C6. In all six cases, the coordi-
nation sphere is satisfied by a tetradentate 1,3,4-oxadiazole-
based ligand with two NCE co-ligands where E = S, Se and BH3.

Scheme 1 Synthetic scheme of tetradentate ligand LTetraPy/Ph–ODA and complexes C1–C7.
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In all the cases the two monodentate co-ligands are coordinated
in the cis fashion similar to the [Fe(LTetra–ODA)(NCBH3)2]·1.5
CH3OH complex reported by some of us earlier.24

Complexes C1 and C2 both crystallise as yellow block-
shaped single crystals from acetonitrile by slow evaporation.
Crystallographic data was recorded at 120 K in both cases
revealing that the complexes crystalise in the space group P21/c
in a monoclinic crystal system with four formula units in the
unit cell. Crystallographic data are given in Table S1.† The
asymmetric unit comprises a complex molecule with one mole-
cule of acetonitrile in the case of C1 (Fig. 1) and three aceto-
nitrile in the case of C2 (Fig. 1). The average metal-to-ligand
bond distance in both cases is around 2.18 Å which is in the
typical range for HS Iron(II) from the literature.8,20,25,26 The
octahedral distortion calculated for both complexes C1 and C2
are ΣO(FeN6) = 102.3° and ΣO(FeN6) = 100.3°, respectively. Both
complexes exhibit π–π stacking between the aromatic rings of
the 2-picolylamine sidearms of adjacent molecules. The inter-
planar distance ranges from 3.94 Å to 4.03 Å and the interpla-
nar angle ranges from θ = 15.8° to 23.9° (Fig. S22–S24† for C1
and S27–32† for C2). The packing diagram of both C1 and C2
shows that due to the π-π stacking interaction between the aro-
matic rings, in both cases the complexes are packed in a 1-D
chain-like structure along the b-axis. In the case of complex
C2, a second π–π interaction is also observed between the pyri-
dine bound to the oxadiazole and the 2-picolyl bound to the
amine nitrogen of the neighbouring complex molecule by a
T-shaped intramolecular interaction (Fig. S32†). This, in com-
bination with the other π–π interaction (1-D chain formation),
forms a cross-linked 2-D network in the case of C2 (Fig. S27†).

Complex C3 crystallises from acetonitrile in the space group
C2/c with eight formula units per unit cell. The asymmetric
unit comprises one molecule of the complex and one aceto-
nitrile as in the case of C1 (Fig. 1). The molecule is completed
via symmetry operations. The average central metal donor dis-
tances measured at 173 K are around 2.18 Å, indicating HS Fe
(II).8,20,25,26 The crystallography parameters are tabulated in
Table S2.† A low temperature structure measurement for
complex C3 was not possible.

Complexes C4 and C5 formed from the LTetraPh–ODA ligand
with NCS− and NCSe− co-ligands crystallised from acetonitrile
in the C2/c space group in the monoclinic crystal system with
eight formula units in the unit cell. The crystallographic data
for both complexes and metal–ligand bond distances are tabu-
lated in Table S3.† The asymmetric unit comprises one
complex molecule with two solvent molecules. The X-ray crys-
tallography data for both complexes are collected at 173 K
(Fig. 2). The average metal-to-ligand bond distance is around
2.15 Å indicating the iron(II) to be in the HS state. The complex
distortion from the ideal octahedral environment is calculated
by the octahedral distortion parameter which is calculated for
both complex C4 and C5 as 105.1° and 101°, respectively. Two
different modes of π–π interactions are observed for complexes
C4 and C5. Intramolecular interaction can be seen between
two picoline rings of the two neighbouring molecules can be
observed which in turn forms a 1-D chain along the b-axis
similar to the case of the C2 discussed earlier (Fig. S37†). In
addition to this, as seen in C2 and C3, the complexes show a
2-D network formed by π–π interactions.

Complex C6 is isolated from acetonitrile in the form of
block-shaped single crystals by slow evaporation. The X-ray
crystallography data for the complex were collected at two
different temperatures of 120 K and 240 K. The X-ray data
revealed that the complex crystallised in the C2/c space group
(Fig. 2). The crystallographic data, along with the bond length
for both temperatures, are summarized in Table S4.† The
average metal-to-ligand bond length at 120 K is around 1.97 Å
vs. 2.18 Å at 220 K, as shown in Fig. 3. The changes in the
bond length, as well as an increase in the cell volume by 7%,
indicate the complex undergoes a spin transition. The π–π
interaction is very similar to the analogous compounds C4 and
C5, where a 1-D chain-like structure is formed along the c-axis,
as well as the T-shape π–π interaction between two molecules
can be found. It is worth noting that with the decrease in the
volume at the lower temperature (120 K) the intermolecular
distance became shorter. For example, the iron-iron distances
in the 1-D chain along the c-axis are reduced from 13.191 Å to
12.271 Å by a change in the temperature (Fig. S48 and 49†).

Fig. 1 Crystal structure of the complex [FeII2(L
TetraPy–ODA)(NCS)2]·H2O, C1 (left) and [FeII2(L

TetraPy–ODA)(NCSe)2]·0.15 CH3CN·1.5 H2O, C2 (middle) at
120 K and [FeII2(L

TetraPy–ODA)(NCBH3)2]·2H2O, C3 measured at 173 K . Hydrogen atom and solvent molecules are omitted for clarity.
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Di-nuclear complex [FeII2 (L
TetraPy)](ClO4)4·1 CH3NO2·1.5 H2O

(C7). The ability of the ligand LPy–ODA to form dimer success-
fully similar to our dimers reported with 1,3,4-Oxadiazole ligand
was also explored.20,21 Complex 7 was obtained as orange block-
shaped crystals from nitromethane. The X-ray data recorded at
150 K reveals that the complex crystallises in the space group P21/
n in the monoclinic crystal system. All crystal data parameters are
listed in Table S5.† The asymmetric unit comprises one ligand
molecule coordinated to one iron centre and two perchlorate
counterions (Fig. 4). The remaining excess electron density in the
lattice is modelled as one nitromethane molecule in the crystal
lattice. Both perchlorate molecules are disordered. As the remain-
ing complex molecule is generated by symmetry just the coordi-
nation sphere of Fe1 is discussed in detail. The average metal-to-
ligand bond length in the case of complex C7 is 2.20 Å, which is
in agreement with the values for HS Fe(II).20,21,25 The octahedral
distortion value is calculated to be ΣO(FeN6) = 153.7°. This is a
very high deviation from the ideal octahedral coordination and
can be explained by the N4–Fe1–N1 cis-angle (125.72(4) °) and the
N5–Fe1–N6 trans-angle (143.83(5) °), which differ very much from
90° and 180°, respectively. This distortion is consequently
reflected in all cis-angles to the apical pyridine rings, which
results in the high value octahedral distortion which also leads to
stabilize the complexes in HS state.

Similar distortions were observed in the earlier reported
dimeric thiadiazole and oxadiazole-based iron(II)
complexes.20,21,27,28

Solid state magnetic data. The temperature-dependent mag-
netic susceptibility behaviour for all seven complexes (C1–C7)
was determined with pure microcrystalline samples in all
cases from 2–400 K, in both heating and cooling modes.

Fig. 2 Crystal structure of the complex [FeII2(L
TetraPh–ODA)(NCS)2]·1.75 H2O, C5 (left) and [FeII2(L

TetraPh–ODA)(NCSe)2]·0.4Et2O·H2O, C6 (middle) at 173 K
and [FeII2(L

TetraPh–ODA)(NCBH3)2]·1.5 H2O, C7 measured at 120 K . Hydrogen atom and solvent molecules are omitted for clarity.

Fig. 3 Metal donor distances at 120–220 K for [FeII2(L
TetraPh–ODA)(NCBH3)]·1.5 H2O.

Fig. 4 Crystal structure of the complex [FeII2(L
TetraPy)]

(ClO4)4·CH3NO2·1.5 H2O at 150 K. Hydrogen atom and counter ions and
solvent molecules are omitted for clarity.
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Complexes C1, C2, C4, and C5 show a high spin state down to
low temperatures with χMT values of 3.5–3.8 cm3 mol−1 K, as
shown in Fig. 5. The determined magnetic moments are in
agreement with the literature values for high spin mono-
nuclear Fe(II) complex ranging from 3–4 cm3 mol−1 K.6,7,29

This finding nicely agrees with the analysis of the bond
lengths determined from the X-ray data for Fe(II) HS in all
cases showing an average bond length of 2.18 Å. When
the temperature is lowered, the χMT values remain almost con-
stant down to 50 K. The drop below 50 K is attributed to the
combination of weak intermolecular dipolar interaction and
weak zero-field splitting of the Fe(II) centre in all the above
cases.

In contrast, complexes C3 and C6 show a temperature-
dependent spin crossover behaviour as can be seen in Fig. 5.
Complex C3 shows an abrupt change in magnetic moment,
expressed in χMT, around 165 K, while complex C6 abruptly
changes its magnetic behaviour just below 200 K. When the
magnetic data was collected in the cooling mode from 300–2 K
in the polycrystalline air-dried sample, the χMT value remained
constant at 3.85 cm3 mol−1 K until 200 K. Thereafter a drop in
the χMT value to 2.68 cm3 mol−1 K at 140 K is seen. This behav-
iour can be attributed to an incomplete SCO where approxi-
mately only 50% of the sample is switched to the LS state.
Further cooling below 40 K leads to a further sharp drop in the
χMT value to 0.95 cm3 mol−1 K at 2 K, attributed to the combi-
nation of weak intermolecular dipolar interaction and zero-
field splitting of the HS iron centre. Structural elucidation at
low temperature of 100 K would have been very beneficial but
unfortunately this was not possible. For the cooling mode the
T1/2 is estimated to be 160 K. When the magnetic data was col-
lected in the heating mode from 2–300 K the χMT-curve profile
remained the same with a slight shift in the T1/2(up) to 170 K.
This change in T1/2 shows a small thermal hysteresis of
approximately 5 K centred around 165 K, as seen in Fig. 5.

The effect of the lattice solvent in tuning the spin transition
temperature in the solid state is well investigated in the SCO

literature.25,28,30 In many cases the spin transition is depen-
dent on the presence of the lattice solvent, and when removed,
the complex is locked in one spin state or the T1/2 of the com-
plexes is shifted. In the case of the complex C3 the lattice
solvent of the bulk is water. Since complex C3 exhibited an
incomplete spin transition with a small hysteresis, the effect of
the lattice solvent in tuning the spin transition temperature
was investigated using a freshly prepared microcrystalline
sample from the mother liquor (acetonitrile) with no exposure
to air (Fig. S57†). The χMT data was first recorded in the
cooling mode from 300–70 K, followed by 70–400 K, and then
from 400–2 K. In the first cooling cycle, the χMT value stayed
constant at 3.8 cm3 mol−1 K from 300–200 K with a sudden
sharp decrease to 0.24 cm3 mol−1 K at 150 K. In the sub-
sequent warming mode, the magnetic behaviour was unaltered
until 400 K with a T1/2 of 165 K (Fig. S57†). However, when the
lattice solvent acetonitrile was evaporated at 400 K and the
sample was cooled to 2 K, the SCO behaviour of the complex
was lost and complex C3 was locked in HS state over the
measured temperature range until 30 K. A small rise in the
χMT around 30 K is due to the crystal orientation effects at low
temperature.

Complex C6 shows the spin transition, as indicated by
bond length changes observed by variable temperature X-ray
measurements. A T1/2 temperature of 194 K is estimated from
the abrupt change in the magnetic moment upon lowering the
temperature (Fig. 5). The lattice solvent of the bulk sample was
water. To obtain the effects of the lattice solvent, a freshly pre-
pared sample from the mother liquor with no exposure to air
was used for the magnetic measurements. The χMT data were
recorded in the temperature sequence 300–130–400–2 K.
When measured in the cooling mode the χMT value at 300 K
was 3.72 cm3 mol−1 K and remained constant down to 250 K.
Below 250 K, a very abrupt drop in the magnetic moment to a
value of 0.04 cm3 mol−1 K at 130 K was observed. The mag-
netic profile was the same when the data was recorded in the
warming mode. However, after the lattice solvent acetonitrile

Fig. 5 χMT vs. T for complexes C1–C3 (left) C4–C6 (right). The dots are the data points, and the line is just a guide for the eye.
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was removed at 400 K, the complex was locked in HS over the
measured temperature window (Fig. S56†).

Finally, the magnetic data collected for the complex C7
from 300–2 K revealed that the complex stays in the HS state
over the entire measured temperature window (Fig. S58†). This
was also shown by the temperature independent metal ligand
bond distances for both iron centres as observed by X-ray crys-
tallography. The χMT value for complex C7 at 300 K is 7.43 cm3

mol−1 K slightly decreasing to 7.26 cm3 mol−1 K at 40 K. Below
40 K a drop in the magnetic moment to 4.14 cm3 mol−1 K can
be attributed to a combination the combination of weak inter-
molecular dipolar interaction and zero-field splitting as well as
possible weak anti-ferro magnetic coupling effects between the
iron centres.

By changing the naphthalene side group in the previously
reported complex with the naphthalene ligand [Fe(LTetra–ODA)
(NCBH3)2]·1.5 CH3OH to pyridine or phenyl groups, the T1/2
value of complexes C3 and C6 changed as expected. In the
case of C3 with the pyridine ligand backbone, the T1/2 is
around 165 K which is a change in T1/2 of about 42 K to lower
temperatures. In the phenyl complex C6, which is a closer ana-
logue to the previously reported naphthalene complex, the
shift of T1/2 is only 13 K towards lower temperatures. The shift
in the T1/2 indicates the tuning of the ligand field strength by
choice of different aromatic rings.

In addition to the changes made to the ligand backbone,
the co-ligands were varied. Besides the NCBH3

− ligand the
monodentate co-ligands NCSe− and NCS− were used to fine-
tune the spin transition temperature. All NCE co-ligands are
frequently studied in spin crossover research to tune the
ligand field strength.25,26,31,32 Of these three monodentate co-
ligands, NCS− has the strongest coordination ability with an
index a™ of 1.6, as shown by Alvarez’s careful data mining of
the CCDC database. In comparison, NCSe− has 1.4 and
NCBH3

− has 1.0.33 The ligand field strength decreases with the
increase in the coordination ability as nicely shown in the
recent work by Cirera and Paesani.34 Unfortunately, in the
present study, all complexes except C3 and C6 were invariant
in the HS state over the measured temperature range regard-
less of the change in NCE ligands. The complex C3 and C6
showed solvent-dependent SCO behaviour as discussed earlier.
The two other mononuclear complexes reported in the litera-
ture with 1,3,4-oxadiazole-based ligands stay in the HS state.
In both cases the co-ligand was NCS−.22,23

From the current work and the previously reported [Fe
(LTetra–ODA)(NCBH3)2]·1.5 CH3OH complex, it is clear that the
1,3,4-oxadiazole based ligand in combination with the
NCBH3

− co-ligand creates appropriate ligand field for the spin
transition to occur.

It should be noted that comparisons with the previously
reported naphthalene complex [Fe(LTetra–ODA)(NCBH3)2]·1.5
CH3OH and other literature complexes should be made with
caution as it is well-known from the literature that the crystal
packing effects play a key role in determining the spin tran-
sition temperature in the solid state.25,28,30 The role of the
lattice solvent in spin crossover materials influences various

aspects of the SCO behaviour including cooperative
effects.24,25,28,30 Interactions between the solvent and the spin
crossover complexes may facilitate or hinder the structural
rearrangements required for spin state switching.
Understanding and controlling these interactions are essential
for the design and optimization of spin crossover materials.
The previously reported [Fe(LTetra–ODA)(NCBH3)2]·1.5 CH3OH
complex had methanol as the lattice solvent whereas the newly
prepared analogues complexes C3 and C6 have acetonitrile as
the lattice solvent. The crucial role of the lattice solvent in
imparting the SCO behaviour in the solid state is also
thoroughly investigated, since in both cases C3 and C6 the
complexes lose their spin transition ability and are locked in
the HS state, but in the analogues [Fe(LTetra–ODA)(NCBH3)2]·1.5
CH3OH complex reported earlier there is only a slight shift in
the T1/2 from 207 to 210 K (the slight shift might also be due
to residual solvent still present in the crystal lattice).24 The
effect of ligand substituents and co-ligands in tuning the SCO
behaviour is further probed by DFT calculations.

Predicting the SCO behaviour of C1–C6 using exchange–cor-
relation functionals. Density Functional Theory (DFT) calcu-
lations were performed to predict the ground state of C1–C6
complexes and to understand their spin-crossover character.
The crystallographic geometries of all six iron(II) complexes
were optimized followed by frequency calculations to predict
the DFT computed thermodynamic parameters and the tran-
sition temperature (T1/2) values. The performed DFT calcu-
lations are limited to gaseous phase species and do not
account for crystalline, solvent, or packing effects; nonetheless,
the computed values yield the exact spin ground states as well
as support the electronic structure of the complexes. The
optimization calculations using DFT methods are highly func-
tional dependent according to the percentage of Hartree–Fock
exchange. Thus, we performed calculations using two different
hybrid functionals, such as B3LYP and B3LYP* where the exact
exchange is 20% and 15% respectively. The choice of these two
particular functionals is based on the following reasons: (a)
B3LYP provides structures that exhibit good agreement with
X-ray structure findings, making it the preferred functional for
spectroscopic parameter computation; (b) B3LYP* hybrid func-
tional is better for predicting both the exact ground state and
the energy gap between the two spin states (ΔEHS–LS).

35,36

For the X-ray structures of complexes that were acquired at
various temperatures, we did geometry optimization to under-
stand the influence of spin-states on the geometrical para-
meters. It’s important to clarify that optimised geometries are
more symmetrical than X-ray structures. For instance, the opti-
mised HS and LS structures are actually modelled at particular
spin states, not the temperature-dependent ones. The DFT-
optimised structures of C1–C6 using both B3LYP and B3LYP*
hybrid functionals are shown in Fig. 6, S59 and S60† with
some of the selected bond parameters of the first coordination
environment. Tables 1 and S6† summarise the X-ray structural
parameters and the computed structural parameters for C1–C6
using B3LYP* and B3LYP, respectively. The structural para-
meters of the optimized structures using both functionals are

Paper Dalton Transactions

10308 | Dalton Trans., 2024, 53, 10303–10317 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 7
:4

7:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt01141d


Fig. 6 Optimized structure with B3LYP & B3LYP* hybrid functional along with some selected bond parameters for complexes C3 and C6. Colour
code: Orange = Fe (Iron), Purple = N (Nitrogen), Red = O (Oxygen), Grey = C (Carbon), Pink = B (Boron), and hydrogen atoms are omitted for clarity.

Table 1 X-ray structural parameters with the B3LYP* computed parameters for complexes C1, C2, C3, C4, C5 and C6 (see Fig. 1 and 2 for atom
numbering)

Structural parameter
C1

Structural parameter
C2

Structural parameter
C3

EXP HS LS EXP HS LS EXP HS LS

Fe–N1 2.227 2.129 1.966 Fe–N3 2.204 2.133 1.964 Fe–N1 2.217 2.120 1.932
Fe–N4 2.295 2.321 2.066 Fe–N4 2.311 2.369 2.065 Fe–N4 2.281 2.359 1.899
Fe–N5 2.220 2.161 2.011 Fe–N5 2.170 2.167 2.013 Fe–N5 2.163 2.152 1.657
Fe–N6 2.204 2.039 1.859 Fe–N6 2.176 2.166 2.013 Fe–N6 2.173 2.152 2.145
Fe–N7 2.101 2.161 2.011 Fe–N7 2.062 1.891 1.896 Fe–N7 2.071 1.912 2.054
Fe–N8 2.030 1.954 1.880 Fe–N8 2.105 2.195 1.881 Fe–N8 2.137 2.179 2.115
Angle N6–Fe–N8 97.94 96.08 97.80 Angle N7–Fe–N8 95.41 95.01 91.38 Angle N7–Fe–N8 92.97 93.08 92.45
Structural parameter C4 Structural parameter C5 Structural parameter C6

EXP HS LS EXP HS LS EXP HS LS
Fe–N2 2.184 2.152 1.980 Fe–N2 2.171 1.962 1.961 Fe–N2 1.965 2.009 1.955
Fe–N3 2.303 2.373 2.076 Fe–N3 2.294 2.349 2.064 Fe–N3 2.035 2.301 2.044
Fe–N4 2.210 2.170 2.013 Fe–N4 2.207 2.139 2.013 Fe–N5 1.970 2.037 2.004
Fe–N5 2.217 2.171 2.016 Fe–N5 2.205 2.139 2.013 Fe–N6 1.936 2.176 1.943
Fe–N6 2.058 1.874 1.835 Fe–N6 2.065 1.917 1.896 Fe–N7 1.952 2.301 1.876
Fe–N7 2.095 2.109 1.845 Fe–N7 2.091 1.843 1.882 Fe–N8 1.967 2.038 2.004
Angle N7–Fe–N6 96.34 92.21 92.80 Angle N6–Fe–N7 95.03 93.73 91.33 Angle N6–Fe–N7 89.85 94.08 88.78
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in good agreement with the X-ray structural parameters,
especially the B3LYP computed parameters are much closer.37

The computed structural parameters of the high-spin (HS; S =
2) state of C1, C2, C4, and C5 are in close resemblance with
the X-ray structural parameters, whereas the mix of both Low-
spin (LS; S = 0) state and HS state parameters of C3 and C6 are
matching with the X-ray structural parameters. This indicates
that the complexes C1, C2, C4, and C5 possess the HS ground
state (Fig. S61†) and are unlikely to show SCO behaviour, and
the C3 and C6 complexes are likely to show SCO behaviour if
the energy gap between HS–LS is going to be in the expected
range of SCO behaviour.38 The computed bond parameters
indicate how the distortion in the coordination sphere in the
real structure is partly caused by solid-state processes.38

The DFT computed energies of the Fe(II) centre in the high-
spin (S = 2) quintet state and the low-spin (S = 0) singlet state
using B3LYP and B3LYP* functionals for all the complexes are
shown in Fig. S61 and 7,† respectively. The B3LYP functional
predicts HS as the ground state for C1, C2, C4, and C5 and LS
as the ground state for C3 and C6 complexes. The B3LYP com-
puted energy gap between the HS–LS is found to be 82.9, 20.2,
−242.1, 83.1, 85.7 and −280.9 kJ mol−1, respectively, for com-
plexes C1, C2, C3, C4, C5 and C6 (Fig. S61†). These energy
gaps confirm that the NCS− and NCSe− ligated complexes C1,
C2, C4, and C5 possess HS as the ground state and are unlikely
to show spin-crossover, whereas the NCBH3

− ligated C3 and C6
are likely to show SCO behaviour since they possess LS as the
ground state. This is in line with the experimental prediction
of SCO behaviour for complexes C3 and C6. However, the HS
states of C3 and C6 are not in the thermally accessible region
from the ground LS state (−242.1 and −280.9 kJ mol−1) to
facilitate the SCO phenomenon to occur, and this gap is
expected to be in the −33 to 0 kJ mol−1 (−8 to 0 kcal mol−1)
range.38 Though the B3LYP hybrid functional predicts the
expected ground state for all these complexes, the energy gap
between the HS–LS states is overestimated for the SCO com-
plexes C3 and C6. We assume that the amount of Hartree–
Fock exchange (20%) in the B3LYP hybrid functional is large
for predicting the correct energy gap between the HS–LS. The
spin-state splitting is highly influenced by the percentage of
HF exchange in hybrid functionals and it was evident from the
previous study that the alteration in the %HF exchange in
B3LYP helped them to comprehend the impact this had on the
SCO properties of [Fe(bik)2(NCX)2] (bik = bis(1-methylimidazol-
2-yl)ketone); (X = S and Se) complexes.36 It was mentioned that
the reduction in the percentage of HF exchange in hybrid func-
tional would help in attaining the exact ground state as well as
the reasonable HS–LS energy gap; especially the B3LYP* (15%)
is found to be an excellent one in predicting the SCO
behaviour.39–41

Thus, we also optimised the geometry of all the complexes
using B3LYP* functional which predicts HS as the ground spin
state for NCS− ligated complexes C1 and C4, and LS as the
ground state for NCSe− and NCBH3

− ligated complexes C2, C3,
C5 and C6. The B3LYP* functional predicts the following HS–
LS energy gap: 9.8, −6.5, −15.2, 45.5, −28.2 and −43.8 kJ

mol−1 for complexes C1, C2, C3, C4, C5 and C6, respectively
(Fig. 7). These energy gaps indicate that the NCS− ligated com-
plexes C1 and C4 do not show spin transition characteristics,
whereas the NCSe− and NCBH3

− ligated C2, C3, C5 and C6 are
likely to show SCO behaviour. This computational observation
is in accordance with the experimental observation which pre-
dicts SCO behaviour for NCBH3

− ligated C3 and C6 complexes,
whereas it is absent for NCS− ligated C1 and C4 complexes.
The B3LYP* computed energy difference of the HS–LS states
for complexes C2 and C5 indicates that these complexes could
also exhibit SCO behaviour, which contradicts the experi-
mental observations suggesting no SCO behaviour. The discre-
pancy was attributed to the fact that the calculations were per-
formed in the gas phase, exclusion of intermolecular inter-
actions and lattice effects which are known to significantly
influence the spin-state energetics.42 Unlike B3LYP, the
B3LYP* predicts the reasonable HS–LS energy gap for the
NCBH3

− ligated C3 and C6 complexes which is in the ideal
energy gap of −33 to 0 kJ mol−1 for C3, but it slightly falls
outside the expected range for C6 for the SCO behaviour to
occur. Finally, the B3LYP* is found to be better compared to
the B3LYP in predicting the ground state values as well as the
SCO behaviour in the studied complexes. Thus, we further
attempted to calculate the transition temperature (T1/2) using
only the B3LYP* functional for the SCO C3 and C6 complexes
and compared them with the experimentally measured tran-
sition temperature (T1/2). Still, this must be taken with caution
as we are aware from the experimental data C3 and C6 for
which B3LYP* predicts a LS ground state in the absence of
lattice solvent in both cases, are also stabilised in the HS state.
The predicted results B3LYP* must be validated with appropri-
ate experimental data to know the role of intramolecular inter-
actions, such as lattice solvent and packing effects. These play
a very crucial role in SCO and cannot be accounted for in gas
phase calculations.

To estimate the transition temperature (T1/2), we calculated
the thermodynamic parameters such as ΔH (HHS–HLS) and ΔS
(SHS–SLS) based on the frequency calculations over the opti-
mized coordinates and Table 2 summarises these values.

Fig. 7 Energy difference in kJ mol−1 between two spin states computed
with B3LYP* for all six complexes.

Paper Dalton Transactions

10310 | Dalton Trans., 2024, 53, 10303–10317 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 7
:4

7:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt01141d


These computed values align with the experimental findings
for the reported FeII spin crossover compounds.7,32,43 Vibronic
entropy always favours the high-spin state; strong field ligands
that energetically favour the low-spin state lose more to vibro-
nic entropy. These estimated entropy and enthalpy values are
highly dependent on the π-acceptor abilities, where these
values are more pronounced for the complexes C3 and C6
which possess the moderate field NCBH3

− ligands and smaller
for the complexes C1 and C4 which possess comparatively
weaker field NCS− ligand. This indicates that the π-acceptor
abilities and the ligand field strength in comparison to the
NCX (X = S/Se) ligand are comparatively better for the NCBH3

−

ligated which imposes the SCO behaviour. Furthermore, the
T1/2 is estimated using these thermodynamic parameters and
the formula T1/2 = ΔH/ΔS for C3 and C6.35 The computed tran-
sition temperature (T1/2) of 166K and 164 K for complexes C3
and C6, respectively are in good agreement with the experi-
mentally determined T1/2 value of 165 K and 194 K. These
results further support that the B3LYP* is a useful functional
in determining the SCO behaviour.38–41

The π-acceptor abilities of these ligands are also reflected in
the spin-density calculations. A spin-density value of ca.
4.038–4.168 has been found on the Fe(II) centres of C1, C2, C3
and C4 complexes in their high-spin structures which indi-
cates the Fe(II) centres gain spins from the first coordinated
atoms of the 1,3,4-oxadiazole ligand due to ligand-to-metal
donor ability. Whereas a spin density value of ca.
2.60–2.82 has been found on the Fe(II) centres of C5 and C6
complexes which suggests that the metal-to-ligand spin deloca-
lisation occurring to the first coordinated atoms of the 1,3,4-
oxadiazole ligand and the NCE ligand. The net spin densities

of the coordinated nitrogen atoms of NCS−, NCSe−, and
NCBH3

− have spin densities of ca. −0.11 to 0.002 and −0.232
to 0.17 for complexes C1 and C4, −0.196 to 0.160 and
0.135–0.194, for complexes C2 and C5, 0.085–0.120 and −0.008
to 0.225 for complexes C3 and C6, respectively. Similarly, the E
donor atoms of NCE have spin densities of ca. −0.36 to −0.2
for the S atom, −0.78 to 0.6 for the Se atom, and −0.9 to 0.2
for the S atoms in their respective complexes. These small spin
values of the first coordination sphere and the predominant
spin values of the E donor atoms suggest a more pronounced
π-acceptor ability for these −NCE ligands towards the metal
centre. The B3LYP* computed spin-density plots of C3 and C6
are shown in Fig. 8 and spin-density plots of the remaining
complexes are shown in Fig. S62.† Moreover, these spin
density values indicate that the two sets of complexes with
three different −NCE ligands can vary significantly in terms of
structural and electronic alteration resulting in different SCO
properties.7,40

The orbital splitting and the spin pairing energy can highly
influence the spin ground state.7,40 Thus, to get further
insights into the possibility of spin-pairing energy in C3 and
C6, the d-based orbitals at their respective high-spin states
have been computed and the eigenvalue plot with their ener-
gies is shown in Fig. 9. The B3LYP* calculated electronic con-
figurations for the complexes C3 and C6 are as follows
(dxy)

2(dxz)
1(dyz)

1(dz2)
1(dx2–y2)

1 and (dyz)
2(dxy)

1(dxz)
1(dz2)

1(dx2–y2)
1,

respectively. The red arrow represents the spin-up (α) electrons
whereas the green arrow represents the spin-down (β) elec-
trons. For C3, the energy difference between the t2g-like and eg-
like orbitals is around 168.74 kJ mol−1, while it is approxi-
mately 33.28 kJ mol−1 for C6. The spins in the dxz and dyz orbi-
tals must couple to generate the low-spin complex. The NCBH3

coordination has a significant impact on both orbitals since
these t2g-like and eg-like orbitals energy gap is extremely small
which leads to the SCO behaviour in C3 and C6. This results
credence to the hypothesis that ligands with weak π-type inter-
actions are the best choices for ligands for tuning the SCO
characteristic.37

Stronger delocalization is facilitated by the C-atom of the
phenyl ring near the oxalate ring (LTetraPh–ODA) which pos-

Table 2 B3LYP* calculated thermodynamic parameters with the tran-
sition temperature (T1/2) in Kelvin for C3 and C6

Thermodynamic
parameters C1 C2 C3 C4 C5 C6

ΔH (HS–LS) kJ mol−1 −4.6 9.6 45.6 −6.2 −4.2 26.3
ΔS (HS–LS) J mol−1 K−1 33.4 51.8 274.2 63.1 −43.5 160.1
T1/2 (K) = ΔH/ΔS — — 166 — — 164

Fig. 8 Spin density diagram for complex C3 and C6 in High Spin state with B3LYP* optimised geometry.
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sesses a spin value of 0.0033 in C6, whereas the N-atom of
pyridine (LTetraPy–ODA) possesses a spin value of 0.0016 in
C3, which also specifically disturb the energies of the dxz
and dyz orbitals. The dxz/dyz orbitals in the case of C6 are
considerably destabilized compared to C3, resulting in a
narrower t2g-eg gap. Strong delocalization of LTetraPh–ODA to
the Fe centre (Fig. 9) also enhances the pairing energy com-
pared to the LTetraPy–ODA analogues, which compensates for
the lower t2g-eg gap leads to the observation of SCO at a
relatively higher temperature. This is because the SCO pro-
perties are correlated with both the crystal-field splitting
and the pairing energy.

Conclusion

In conclusion, we have prepared two new tetradentate ligands
LTetraPy–ODA and LTetraPh–ODA based on 1,3,4-Oxadiazole. We
have also prepared six mononuclear complexes C1–C6 with
three different NCE co ligands where E = S (C1, C4), Se (C2,
C5) and BH3 (C3, C6). Complexes with NCBH3

− co-ligands with
both the ligands (C3 and C6) exhibit SCO behaviour. The SCO
behaviour is dependent on the lattice solvent in both the cases
which is thoroughly investigated. In comparison to the pre-
viously reported analogues complex with NCBH3

− co-ligand,
the change from the naphthalene to phenyl did not affect the

Fig. 9 Eigenvalue plot computed for C3 and C6. Here, α and β represent spin-up and spin-down configurations. The energies are scaled to the
lowest spin-up orbitals in each case.

Paper Dalton Transactions

10312 | Dalton Trans., 2024, 53, 10303–10317 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 7
:4

7:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt01141d


ligand as much as expected and the T1/2 remains close to each
other but in the case of ligand LTetraPy–ODA the T1/2 values indi-
cate the ligand field is well reduced. This comparison has to
be also taken with caution as the small changes in the crystal
lattice and packing might affect the SCO behaviour. In
addition to this, the di-nuclear complex C7 prepared stays in
the HS state over the measured temperature window. The exist-
ence of a spin transition in C3 and C6 is supported by DFT cal-
culations performed on the electronic structures of both the
low-spin and high-spin structures. To precisely replicate the
HS–LS gap for all the complexes, two different functionals
such as B3LYP and B3LYP* having different percentages of HF
exchange were utilized for the calculations. The computed
energy gap values using the B3LYP* functional, the one with a
smaller percentage of HF exchange, yielded better results that
are also in excellent agreement with the experimental obser-
vations. Furthermore, in the NCBH3

− ligated complexes,
because of its poor π-donor abilities which in turn results in a
greater ligand field, and these effects support a higher spin-
transition temperature in the NCBH3 derivative.

7,35,44

Experimental

All chemicals were purchased from Alfa Aesar, Deutero, Fisher
Chemicals, TCI, Sigma-Aldrich, and Acros Organics and used
without further purification. Solvents were dried according to
the literature-known procedures and used freshly distilled.45

Dry DMF was purchased from Sigma Aldrich. NMR spectra
were recorded at room temperature with a Bruker Avance DSX
400 and analysed with the program MestReNova.46 Magnetic
susceptibility measurements were performed on a Quantum
Design SQUID magnetometer MPMSXL in a temperature range
between 2 and 400 K with an applied field of 1 kOe. All
elemental analysis (Elementar vario EL Cube: C, H, and N)
were measured at the microanalytical laboratories of the
Johannes Gutenberg University Mainz. X-ray diffraction data
were collected with STOE STADIVARI at Johannes Gutenberg
University Mainz. The structures were solved with ShelXT47

and refined with ShelXL48,49 implemented in the program
Olex2.50 The X-ray cif file data are deposited on the Cambridge
CCDC database with identification numbers
2348659–2348666.† DFT calculations have been performed
using the Gaussian 16 program,51 using two-hybrid func-
tionals B3LYP and B3LYP*,44 and the Ahlrichs TZVP basis set52

for all the atoms present in the complexes.

Ligand synthesis

Synthesis of pyridine-2-carboxylic acid hydrazide. The syn-
thesis procedure was adapted from literature.24 To a solution
of ethyl 2-pyridine carboxylate (13.82 g, 91.43 mmol, 1 eq.) in
125 ml methanol was added hydrazine monohydrate (13.73 g,
274.27 mmol, 3 eq.). The reaction was stirred for 16 hours at
room temperature. Afterwards, the mixture was taken to
dryness under reduced pressure yielding the desired product
as a pale beige white solid in high yields (12.24 g, 89.25 mmol,

98%). 1H NMR (400 MHz, DMSO, δ (ppm)): 9.86 (s, 1H, NH),
8.61–8.60 (m, 1H, pyCH), 7.98–7.97 (m, 2H, pyCH), 7.58–7.55
(m, 1H, pyCH), 4.61 (s, 2H, NH2).

Synthesis of benzoic acid hydrazide. The synthesis pro-
cedure was adapted from literature.24 To a solution of ethyl
benzoate (30.00 g, 0.2 mol, 1.0 eq.) in 200 ml methanol was
added hydrazine monohydrate (50.00 ml, 51.50 g, 1.03 mol,
5.1 eq.). The reaction was stirred for 16 hours at 80 °C.
Afterwards, the mixture was taken to dryness under reduced
pressure and the residual of water was co-evaporated with
toluene. The pale-yellow solid was then suspended in 200 ml
of diethyl ether and stirred for 30 minutes. The solid was fil-
tered, washed with cold diethyl ether and dried on air to yield
the desired product as a pale beige solid (23.65 g, 0.17 mol,
85%). 1H NMR (400 MHz, DMSO, δ (ppm)): 9.78 (s, 1H, NH),
7.83–7.80 (m, 2H, PhCH), 7.53–7.42 (m, 3H, PhCH), 3.69 (s,
8H, NH2 + H2O).

Synthesis of N′-(2-chloroacetyl)benzohydrazide. The syn-
thesis procedure was adapted from literature.24 Benzoic acid
hydrazide (23.50 g, 172.57 mmol, 1 eq.) was suspended in
600 ml diethyl ether and cooled to 0 °C. To this solution was
added chloroacetyl chloride (23.38 g, 16.47 ml, 207.08 mmol,
1.2 eq.), dissolved in 150 ml diethyl ether, dropwise keeping
the temperature below 34 °C. The reaction mixture was stirred
for 16 hours at room temperature. The colourless solid was fil-
tered and washed with cold diethyl ether to yield the desired
product as colourless solid (35.09 g, 165.80 mmol, 96%). The
product was proceeded to the next step without further
characterization.

Synthesis of N′-(chloroacetyl)-2-pyridinecarboxylic acid
hydrazide hydrochloride. The synthesis procedure was adapted
from literature.24 Pyridine-2-carboxylic acid hydrazide (12.24 g,
89.25 mmol, 1 eq.) was suspended in 500 ml diethyl ether and
cooled to 0 °C. To this solution was added chloroacetyl chlor-
ide (11.08 g, 7.90 ml, 98.18 mmol, 1.1 eq.) dropwise keeping
the temperature below 34 °C. The reaction mixture was stirred
for 16 hours at room temperature. The colourless solid was fil-
tered and washed with cold diethyl ether to yield the desired
product as colourless solid in high yields (21.65 g, 86.5 mmol,
97%). 1H NMR (400 MHz, DMSO, δ (ppm)): 9.86 (s, 1H, NH),
8.61–8.60 (m, 1H, pyCH), 7.98–7.97 (m, 2H, pyCH), 7.58–7.55
(m, 1H, pyCH), 4.61 (s, 2H, NH2).

Synthesis of 2-(chloromethyl)-5-(pyridine-2-yl)-1,3,4-oxadia-
zole. The synthesis procedure was adapted from
literature.20,21,24 N′-(Chloroacetyl)-2-pyridinecarboxylic acid
hydrazide hydrochloride (10.00 g, 39.98 mmol, 1 eq.) was dis-
solved in 500 ml acetonitrile under an inert atmosphere. To
this solution triphenylphosphine (20.97 g, 79.99 mmol, 2 eq.),
triethylamine (12.14 g, 16.63 ml, 119.94 mmol, 3 eq.) and
carbon tetrachloride (24.61 g, 15.48 ml, 159.95 mmol, 4 eq.)
were added simultaneously. The reaction was stirred for
16 hours keeping the inert atmosphere. The solvent was
removed completely to yield a black solid as crude product.
Column chromatography (SiO2, chloroform) afforded 23.66 g
of a mixture of the desired product 2-(chloromethyl)-5-(pyri-
dine-2-yl)-1,3,4-oxadiazole and triphenylphosphine oxide
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(TPPO) as beige solid which was used without any more purifi-
cation for further reactions. 1H NMR (400 MHz, CDCl3, δ

(ppm)): 8.80 (d, 1H, pyCH), 8.27 (d, 1H, pyCH), 7.93–7.89 (m,
1H, pyCH), 7.93–7.44 (m, 37H, pyCH + TPPO), 4.81 (s, 2H,
CH2).

Synthesis of 2-(chloromethyl)-5-phenyl-1,3,4-oxadiazole. The
synthesis procedure was adapted from literature.24 N′-(2-
Chloroacetyl)benzohydrazide (15.00 g, 70.88 mmol, 1 eq.) was
dissolved in 500 ml acetonitrile under an inert atmosphere. To
this solution triphenylphosphine (37.18 g, 141.76 mmol, 2
eq.), triethylamine (21.51 g, 29.47 ml, 212.64 mmol, 3 eq.) and
carbon tetrachloride (43.61 g, 27.43 ml, 283.52 mmol, 4 eq.)
were added simultaneously. The reaction was stirred for
16 hours keeping the inert atmosphere. The solvent was
removed completely to yield a black solid as crude product.
Column chromatography (SiO2, chloroform) afforded 30.33 g
of a mixture of the desired product and triphenylphosphine
oxide (TPPO) as beige solid which was used without any more
purification for further reactions. 1H NMR (400 MHz, CDCl3, δ
(ppm)): 8.08 (d, 2H, PhCH), 7.69–7.44 (m, 46H, 3PhCH +
TPPO), 4.78 (s, 2H, CH2).

Synthesis of Bis[(2-pyridyl)methyl]amine. This product was
synthesized as reported in the literature.24 Pyridine-2-carboxal-
dehyde (3.21 g, 30.00 mmol, 1.0 eq.) and 2-aminomethyl-
pyridine (3.24 g, 30.00 mmol, 1.0 eq.) were dissolved in 200 ml
methanol and stirred at room temperature for 4 hours. After
cooling the mixture to 0 °C, sodium borohydride (3.03 g,
80.10 mmol, 2.67 eq.) was added portion wise and the reaction
mixture stirred for 16 hours at room temperature. The solvent
was removed under reduced pressure. The residue was taken
up in 100 ml of water and extracted four times with 60 ml
chloroform. The combined organic extracts were dried over
magnesium sulphate and taken to dryness to afford the
desired product as orange oil in high yields (5.85 g,
29.34 mmol, 98%). 1H NMR (400 MHz, CDCl3, δ (ppm)): 8.54
(d, 2H, pyCH), 7.65–7.61 (m, 2H, pyCH), 7.34 (d, 2H, pyCH),
7.16–7.13 (m, 2H, pyCH), 3.97 (s, 4H, CH2).

Synthesis of 2-(2-pyridyl)-5-[N,N-bis(2-pyridylmethyl)amino-
methyl]-1,3,4-oxadiazole (LTetraPy–ODA). The synthesis procedure
was adapted from literature.24 Bis[(2-pyridyl)methyl]amine
(6.03 g, 30.27 mmol, 1.5 eq.) and potassium carbonate (6.98 g,
50.45 mmol, 2.5 eq.) were suspended in 400 ml acetonitrile
under an inert atmosphere and heated to 70 °C. To this solu-
tion was added 2-(chloromethyl)-5-(pyridin-2-yl)-1,3,4-oxadia-
zole (3.95 g, 20.18 mmol, 1 eq.), dissolved in 250 ml of aceto-
nitrile. The reaction mixture was stirred vigorously at 70 °C for
16 hours. The solid was filtered and the excess solvent was
removed from the filtrate under reduced pressure to afford a
brown solid as crude product. Column chromatography (SiO2,
chloroform/methanol (29 : 1)) yielded LTetraPy–ODA as an orange
oil which crystallizes after several days (4.87 g, 19.93 mmol,
67%). 1H NMR (400 MHz, CDCl3, COSY, δ (ppm)): 8.77 (d, 1H,
pyCH), 8.53 (d, 2H, pyCH), 8.22 (d, 1H, pyCH), 7.88 (td, 1H,
pyCH), 7.68–7.63 (m, 2H, pyCH), 7.58 (d, 2H, pyCH), 7.46 (dd,
1H, pyCH), 7.17–7.14 (m, 2H, pyCH), 4.19 (s, 2H, ODA-CH2),
4.04 (s, 4H, Py–CH2).

13C NMR (101 MHz, CDCl3, HSQC,

HMBC, δ (ppm)): 165.00, 164.28, 158.22, 150.25, 149.20,
143.42, 137.25, 136.64, 125.87, 123.30, 123.13, 122.30, 59.76
(CH2), 47.97 (CH2). FT-IR: υ̃ (cm−1) = 3055, 3008, 2984, 2946,
2917, 2887, 2838, 1675, 1587, 1567, 1557, 1545, 1515, 1473,
1456, 1431, 1375, 1365, 1360, 1340, 1323, 1308, 1297, 1286,
1247, 1220, 1148, 1100, 1087, 1045, 1022, 1012, 994, 974, 959,
894, 868, 856, 844, 797, 787, 777, 753, 743, 708, 659, 640, 632,
617, 610, 506, 487, 477, 461.

Synthesis of 2-phenyl-5-[N,N-bis(2-pyridylmethyl)amino-
methyl]-1,3,4-oxadiazole (LTetraPh–ODA). The synthesis pro-
cedure was adapted from literature.24 Bis[(2-phenyl)methyl]
amine (9.12 g, 45.77 mmol, 1.5 eq.) and potassium carbonate
(10.56 g, 76.28 mmol, 2.5 eq.) were suspended in 250 ml aceto-
nitrile under an inert atmosphere and heated to 70 °C. To this
solution was added 28 (5.97 g, 30.51 mmol, 1 eq.), together
with its side product triphenylphosphine oxide (24.36 g,
87.56 mmol) (see Chapter 6.3.26), dissolved in 400 ml of aceto-
nitrile. The reaction mixture was stirred vigorously at 70 °C for
16 hours. The solid was filtered and the excess solvent from
the filtrate was removed under reduced pressure to afford a
brown solid as crude product. Column chromatography (SiO2,
chloroform/methanol (49 : 1)) yielded LTetraPh–ODA as bright
brown oil which crystallizes after several days (7.94 g,
22.21 mmol, 78%). 1H NMR (400 MHz, CDCl3, δ (ppm)):
8.56–8.54 (m, 2H, pyCH), 8.05–8.03 (m, 2H, pyCH), 8.69 (dt,
2H, pyCH), 7.60–7.48 (m, 5H, PhCH + pyCH), 7.20–7.16 (m, 2H,
pyCH), 4.15 (s, 2H, ODA-CH2), 4.06 (s, 4H, Py–CH2).

13C NMR
(101 MHz, CDCl3, δ (ppm)): 165.11, 164.02, 158.22, 149.18,
136.62, 131.70, 129.00, 126.89, 123.75, 123.19, 122.30, 59.90
(CH2), 47.95 (CH2). FT-IR: υ̃ (cm−1) = 3061, 3009, 2948, 2932,
2900, 2853, 1673, 1607, 1589, 1561, 1548, 1490, 1473, 1447,
1433, 1412, 1393, 1367, 1355, 1326, 1311, 1287, 1249, 1206,
1150, 1128, 1085, 1070, 1044, 1007, 994, 984, 975, 958, 942,
919, 896, 877, 831, 771, 755, 744, 706, 685, 652, 641, 631, 612,
514, 488, 471, 445, 403.

Complexes synthesis

[FeII2 (L
TetraPy–ODA)(NCS)]·H2O (C1). The complex synthesis

was carried out in inert gas atmosphere. The precursor
complex [Fe(py)4(NCS)2] (49 mg, 0.1 mmol, 1 eq.) was dissolved
in 3 mL acetonitrile and LTetraPy–ODA (36 mg, 0.1 mmol, 1 eq.)
was dissolved in 2 ml acetonitrile. The solution was mixed and
stirred together for 30 minutes. The solution was filtered using
a syringe filter and left undisturbed for slow evaporation. After
three days, yellow block shaped orange crystals suitable for
X-ray were obtained. The crystals obtained were collected by fil-
tration, washed with diethyl ether and dried in air (13.45 mg,
0.025 mmol, 25%). FT-IR: υ̃ (cm−1) = 3471, 3063, 2062, 2030,
1605, 1546, 1487, 1440, 1292, 1084, 1057, 1025, 977, 879, 778,
761, 737, 708, 646, 522, 478, 424, 411. Elemental analysis cal-
culated for C22H18FeN8OS2·H2O: C, 48.18; H, 3.68; N, 20.43;
Found, C, 48.37; H, 3.46; N, 20.74.

[FeII2 (L
TetraPy–ODA)(NCSe)]·0.15 CH3CN·1.5 H2O (C2). The

complex synthesis was carried out in inert gas atmosphere.
The precursor complex [Fe(py)4(NCSe)2] (58 mg, 0.1 mmol, 1
eq.) was dissolved in 3 ml acetonitrile and LTetraPy–ODA (36 mg,
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0.1 mmol, 1 eq.) was dissolved in 2 ml acetonitrile. The solu-
tion was mixed and stirred together for 30 minutes. The solu-
tion was filtered using a syringe filter and left undisturbed for
slow evaporation. After one week, red block-shaped crystals
suitable for X-ray were obtained. The crystals obtained were
collected by filtration, washed with diethyl ether and dried in
air (29.54 mg, 0.047 mmol, 47%). FT-IR: υ̃ (cm−1) = 3054, 2904,
2846, 2684, 2307, 2198, 2163, 2059, 1946, 1601, 1569, 1552,
1475, 1457, 1440, 1425, 1410, 1386, 1350, 1332, 1301, 1280,
1247, 1153, 1118, 1097, 1048, 1017, 992, 972, 957, 899, 882,
852, 817, 795, 757, 737, 705, 640, 619, 532, 509, 480, 418.
Elemental analysis calculated for C22H18FeN8OSe2·0.15
CH3CN·1.5 H2O: C, 41.21; H, 3.31; N, 17.22. Found, C, 41.49;
H, 3.54; N, 16.82.

[FeII2 (L
TetraPy–ODA)(NCBH3)]·2H2O (C3). The complex synthesis

was carried out in an inert gas atmosphere. The precursor
complex [Fe(py)4(NCBH3)2] (45 mg, 0.1 mmol, 1 eq.) was dis-
solved in 3 ml acetonitrile and LTetraPy–ODA (36 mg, 0.1 mmol, 1
eq.) was dissolved in 2 ml acetonitrile. The solution was mixed
and stirred together for 30 minutes. The solution was filtered
using a syringe filter and left undisturbed for slow evaporation.
After one week, green block-shaped crystals suitable for X-ray
were obtained. The crystals obtained were collected by fil-
tration, washed with diethyl ether and dried in air (16.98 mg,
0.034 mmol, 34%). FT-IR: υ̃ (cm−1) = 3489, 3073, 2060, 1709,
1666, 1603, 1568, 1474, 1445, 1336, 1289, 1258, 1240, 1160,
1093, 1047, 1023, 853, 787, 763, 707, 694, 647, 541, 481, 448,
416. Elemental analysis calculated for C22H24B2FeN8O·2H2O:
C, 49.86; H, 5.33; N, 21.14. Found, C, 49.83; H, 5.03; N, 21.40.

[FeII2 (L
TetraPh–ODA)(NCS)]·1.75H2O (C4). The following reac-

tion was carried out in a glovebox under an inert atmosphere.
The precursor complex [Fe(py)4(NCS)2] (49 mg, 0.1 mmol, 1
eq.) was dissolved in 3 mL acetonitrile and LTetraPh–ODA (36 mg,
0.1 mmol, 1 eq.) was dissolved in 2 ml acetonitrile. The solu-
tion was mixed and stirred together for 30 minutes. The solu-
tion was filtered using a syringe filter and left undisturbed for
slow evaporation. After three days, orange block-shaped crys-
tals suitable for X-ray were obtained. The crystals obtained
were collected by filtration, washed with diethyl ether and
dried in air (27.91 mg, 0.053 mmol, 53%). FT-IR: υ̃ (cm−1) =
3061, 3008, 2906, 2849, 2059, 1971, 1602, 1590, 1570, 1554,
1479, 1439, 1387, 1368, 1351, 1333, 1314, 1300, 1285, 1247,
1224, 1152, 1121, 1099, 1069, 1047, 1018, 993, 974, 956, 927,
898, 881, 853, 798, 778, 756, 736, 707, 690, 640, 614, 510, 477,
435, 418, 404. Elemental analysis calculated for
C23H19FeN7OS2·1.75 H2O: C, 49.25; H, 4.04; N, 17.48. Found,
C, 49.22; H, 3.62; N, 17.06.

[FeII2 (L
TetraPh–ODA)(NCSe)]·0.4Et2O·H2O (C5). The complex

synthesis was carried out in inert gas atmosphere. The precur-
sor complex [Fe(py)4(NCSe)2] (58 mg, 0.1 mmol, 1 eq.) was dis-
solved in 3 ml acetonitrile and LTetraPh–ODA (36 mg, 0.1 mmol,
1 eq.) was dissolved in 2 ml acetonitrile. The solution was
mixed and stirred together for 30 minutes. The solution was
filtered using a syringe filter and left undisturbed for slow
evaporation. After one-week, red block shaped crystals suitable
for X-ray were obtained. The crystals obtained were collected

by filtration, washed with diethyl ether and dried in air
(45.63 mg, 0.073 mmol, 73%). FT-IR: υ̃ (cm−1) = 2945, 2903,
2847, 2060, 1970, 1944, 1602, 1579, 1572, 1555, 1480, 1450,
1439, 1386, 1350, 1333, 1313, 1300, 1283, 1248, 1224, 1152,
1120, 1113, 1099, 1069, 1047, 1034, 1019, 992, 974, 966, 956,
898, 880, 850, 817, 779, 756, 736, 707, 690, 640, 511, 479, 418.
Elemental analysis calculated for
C23H19FeN7OSe2·0.4C4H10O·H2O: C, 44.04; H, 3.76; N, 14.61.
Found, C, 43.62; H, 3.53; N, 14.29.

[FeII2 (L
TetraPh–ODA)(NCBH3)]·1.5H2O (C6). The complex syn-

thesis was carried out in an inert gas atmosphere. The precur-
sor complex [Fe(py)4(NCBH3)2] (45 mg, 0.1 mmol, 1 eq.) was
dissolved in 3 ml acetonitrile and LTetraPh–ODA (36 mg,
0.1 mmol, 1 eq.) was dissolved in 2 ml acetonitrile. The solu-
tion was mixed and stirred together for 30 minutes. The solu-
tion was filtered using a syringe filter and left undisturbed for
slow evaporation. After one week, green block-shaped crystals
suitable for X-ray were obtained. The crystals obtained were
collected by filtration, washed with diethyl ether and dried in
air (27.38 mg, 0.056 mmol, 56%). FT-IR: υ̃ (cm−1) = 3030, 2958,
2919, 2352, 2328, 2177, 1604, 1584, 1574, 1557, 1481, 1440,
1427, 1390, 1355, 1333, 1320, 1304, 1287, 1250, 1223, 1153,
1118, 1112, 1098, 1052, 1044, 1021, 988, 960, 892, 883, 855,
817, 776, 764, 735, 704, 686, 642, 510, 480, 418. Elemental ana-
lysis calculated for C23H25B2FeN7O·1.5H2O: C, 53.13; H, 5.43;
N, 18.86. Found, C, 52.75; H, 5.08; N, 18.60.

[FeII2 (L
TetraPh)](ClO4)4·CH3NO2·1.5 H2O (C7). The reaction was

carried out under aerobic conditions. The ligand LTetraPh–ODA

(36 mg, 0,1 mmol, 1 eq.) was dissolved in 5 ml of nitro-
methane. To this solution Fe(ClO4)2·nH2O (27 mg, 0,1 mmol, 1
eq.) was added as a solid. The reaction solution changed
instantaneously to yellow. The reaction mixture was stirred for
30 minutes and filtered. The filtrate was set undisturbed for
slow evaporation. Yellow crystalline product suitable for X-ray
was obtained after one week in very low yields (5.01 mg,
0.004 mmol, 5%). FT-IR: υ̃ (cm−1) = 3079, 2961, 2935, 2005,
1652, 1636, 1609, 1587, 1572, 1555, 1517, 1506, 1487, 1459,
1443, 1430, 1375, 1362, 1319, 1312, 1292, 1253, 1224, 1163,
1151, 1072, 1021, 1003, 962, 948, 930, 897, 886, 878, 835, 799,
761, 748, 716, 706, 665, 648, 620, 511, 485, 458, 419, 409.
Elemental analysis calculated for
C40H36Cl4Fe2N12O18·CH3NO2·1.5H2O: C, 37.47; H, 3.22; N,
13.85. Found, C, 37.19; H, 3.32; N, 13.99.
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