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The influence of chirality on the packing of solids, and conse-
quently on the magnetic behavior of spin crossover (SCO) materials,
is well documented. Here, we present an exceptional case involving
three iron() complexes [Fe(LN2Ph-OPA-X)-AYy(NCBH;),].0.5 CH3CN
(X = racemic (C1), R (C2), and S (C3)), based on a new 1,3,4-
oxadiazole ligand (LNaPh-OPA-(0-AY ith distinct stereocenters.
These complexes have isostructural crystal lattices and identical
incomplete thermal spin transitions with T;,, ~ 150 K, but unex-
pectedly, single-crystal X-ray diffraction reveals that the presence
and configuration of the stereocenters do not quantifiably impact
the solid-state structure or the spin crossover properties.

Molecular spin crossover (SCO) complexes have long been the
subject of significant interest due to their potential application
in memory devices, sensors and molecular switches, owing to
their ability to reversibly switch between a low spin state (LS) and
a high spin state (HS) in response to external stimuli, such as
temperature, light, or pressure."” Chirality, on the other hand,
serves as a powerful tool employed by nature both to store and to
transmit information.? This is vividly illustrated by the helical
structures of biomolecules such as DNA and proteins, whose
specific handedness is critical to their biological functions. The
chirality of these molecules encodes structural and functional
information, guiding processes such as molecular recognition
and replication. Recently, the convergence of these two phenom-
ena in molecular materials opened avenues for the development
of multifunctional materials, particularly for next-generation
applications in spintronics, quantum sensing, and molecular
logic, where spin and stereochemical control are key.*>
Introducing a chiral element into a SCO active complex
scaffold enables imparting enantioselective properties while,
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to the best of our knowledge, in all the cases known from the
literature, this also modulates the magnetic behavior. Chirality can
be introduced into SCO systems through chiral guests or anions,*”
spontaneous resolution,®® supramolecular assembly,"*'"
tiopure ligands."*™* While ligand-based approaches offer precise
stereochemical control, they are often limited by synthetic chal-
lenges and access to enantiopure precursors. It is well known from
the literature that ligand chirality strongly influences coordination
geometry, solid-state packing, and ultimately, the SCO behavior
such as transition temperature, abruptness, and hysteresis.'>" All
reported SCO systems with inbuilt chirality in the ligand backbone
usually show an enantiomer dependent magnetic response
because of the packing effects caused by the introduction of chiral
substituents.®"

A chirality independent spin switchable molecule enables
these complexes to serve as experimental testbeds for a range of
molecular spintronic phenomena, thereby providing a platform
to investigate chiral-spin interactions in the absence of struc-
tural interference. In quantum devices dual encoding of the
spin state and molecular handedness enables multi-level read/
write operations within a single molecule.

Building on our previous work with asymmetric 1,3,4-
oxadiazole ligands,"®*® we now report a new synthetic strategy
using chiral amino acids to access enantiopure ligands in
fewer steps.

Both enantiomers R- and S-1-(5-(naphthalen-2-yl)-1,3,4-
oxadiazol-2-yl)-N,N-bis(pyridin-2-ylmethyl)ethan-1-amine were
synthesized enantiopure by a two-step synthesis procedure
(Fig. 1), reacting the enantiopure amino acids R- and S-alanine
with pyridinecarboxyaldehyde and sodium trisacetoxyborhydride
in dichloromethane according to a literature known reductive
amination.'® The intermediate products bis(pyridin-2-ylmethyl)-R-
alanine (I-R) and Dbis(pyridin-2-ylmethyl)-S-alanine (I-S) were
obtained in moderate yields of 54% (I-R) and 30% (I-S) after
purification by column chromatography. Both intermediate pro-
ducts were further reacted with carbonyldiimidazole as a coupling
reagent in dry dichloromethane followed by nucleophilic

Oor enan-
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Fig. 1 Multistep ligand synthesis of LNaPh-OPA-(I-Al 515ng with complex synthesis of [Fe(LN2Ph-OPA-X-AlY(NCBH;),].0.5 CH3CN (C1 X = Rac, C2 X = R and

C3X=29).

substitution with naphthohydrazide.*® The dehydrative ring clo-
sure was successfully achieved by using carbon tetrabromide and
triphenylphosphine in a one pot synthesis procedure.*

After purification by column chromatography both enantio-
pure products (R)-1-(5-(naphthalen-2-yl}-1,3,4-oxadiazol-2-yl)-
N,N-bis(pyridin-2-ylmethyl)ethan-1-amine (LN*Ph-OPARNAN 554
(S)-1-(5-(naphthalen-2-yl)-1,3,4-oxadiazol-2-yl)-N,N-bis(pyridin-
2-ylmethyl)ethan-1-amine (LN*PPOPAS)AY) were obtained in mod-
erate yields of 67% (LN*PPOPAMRIAN 4 350, (LNAPH-ODA(S)AN
Both the ligands, LN*PFOPARIAL 4y q [ Naph-ODA(S}AL \were fully
characterized by different analytical methods, including 'H-
NMR-, "*C-NMR-, 2D-NMR-, IR-spectroscopy, and mass spectro-
metry. Chiral HPLC was employed to verify the enantiomeric
purity of the ligands (Fig. S74 and S75, ESIt). The two ligands
were used in a nitrogen atmosphere for complexation reactions
with the known precursor [Fe(py)s(NCBH3),] to obtain the three
complexes [Fe(LN*Ph-OPA-XFAN NCBH;),]-0.5 CH;CN (C1 X = Rac,
C2 X = R, and C3 X = S) in moderate yields as powders
(experimental details are in the ESIt). C1 was obtained using a
racemic mixture of the enantiopure ligands."® The bulk samples
of the complexes were characterized by IR spectroscopy (Fig.
S13-S17, ESI),*' ESI-MS (Fig. S18-S27, ESIt), and elemental
analysis. Phase purity was verified using PXRD (Fig. S68-S70,
ESIt). R- and S-chirality of the obtained complexes was con-
firmed by CD spectroscopy (Fig. S77, ESIT).

Single crystals suitable for X-ray diffraction (XRD) were
obtained by recrystallization from acetonitrile. C1 crystallizes
in the monoclinic crystal system with the space group P2,/n. In
contrast, the enantiopure complexes C2 and C3 crystallize in
the same monoclinic crystal system without the n-mirror plane,
resulting in the chiral space group P2, (Tables S1-S6, ESIt). All
complexes have identical unit cell sizes, parameters and the
same molecule formula per unit cell (Z = 4). The coordination
sphere of the iron(u) centers is completed by two NCBHj; co-
ligands that occupy cis positions relative to each other. VI-SC-
XRD studies reveal that the average Fe-N bond length at 90 K is
2.026 + 0.010 A, consistent with the intermediate or incomplete
spin state. For comparison, a fully low spin (LS) configuration
typically exhibits shorter Fe-N bonds, averaging around
1.97 A.*® The observed distortion parameters (X) range from
53.60° to 62.80° (+ 3.63°). These values are notably higher than
that of the reference low-spin complex [Fe(LN*P"CP4)(NCBH;)]-1.5
CH;0H X(FeNg) = 47.0° confirming that all three complexes are in
an incomplete low-spin state at low temperatures.'®

13390 | Chem. Commun., 2025, 61, 13389-13392

SC-XRD measurements at 220 K reveal a spin state transition, as
indicated by a significant increase in Fe-N bond lengths compared
to 90 K. The average Fe-N bond length at 220 K is 2.167 + 0.022 A
for all three complexes, consistent with a high-spin (HS) state.'®
This assignment is further supported by an increased octahedral
distortion, with values ranging between X(FeNg) 85.90° and 92.41°
(Zo(FeNg) = 89.78 + 3.30°).>* These values are similar to those
reported in the literature for [Fe(LN*P™©P*)(NCBH,;)]-1.5 CH,OH
(Zo(FeNg) = 94.0°% 2.17 A), confirming the full transition to the high-
spin state.'® The spin transition is also confirmed by a 3.5%
increase in the unit cell volume upon heating.

The enantiopure complexes C2 and C3 exhibit distinct point
chirality due to the stereogenic methyl group, while the racemic
complex C1 features a distorted methyl group, indicating a
random distribution of R- and S-enantiomers within the crystal
lattice. In all three complexes C1-C3, the iron(u) center adopts a
meridional coordination geometry with the ligand LNaPh-OPAC)-AL
which itself is achiral apart from the point chirality introduced by
the methyl substitution, as previously noted."®*?

A possible facial coordination isomer would introduce chir-
ality to the iron center, allowing for the formation of either the
A- or A-isomers, by the positioning of the pyridine units,
looking on the triangle area imparting NCBHj;, 1,3,4-
oxadiazole unit and on pyridine unit (Fig. S78, ESIt). A- and
A-isomers refer to the two possible chiral arrangements of
octahedral metal complexes, where the ligands wrap around
the metal center in left-handed (A) or right-handed (A) helicity.
These stereoisomers may exhibit subtle differences in intermo-
lecular packing and lattice interactions that influence the spin
crossover properties (Fig. S78, ESIT).

Since the molecular structures of the complex units in C1-C3
are similar, the impact of chirality on the packing should be
considered. Investigation of the crystal structures along the a-
axis reveals a consistent overall packing arrangement among the
three complexes, as illustrated in Fig. 2. The only difference in
packing arises from the orientation of the chiral methyl group. In
all three complexes, the naphthyl groups from two complex units
interact via n-n interactions, forming pairs. Similar interactions
have been observed in related complexes.®**?*> Within the crystal
lattice, the iron(u) centers of each pair are interlocked, with one
NCBH; co-ligand pointing toward the adjacent complex. This
interlocking arrangement results in a stairlike chain of pairs
(Fig. S67, ESIY), further stabilized by interactions with neighboring
pairs. Key n-n-stacking parameters, such as offset, normal vector,

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Packing diagrams to visualize the similarities in the packing of the complexes [Fe(LN2Ph-OPA-S-A)NCBH,),]-0.5 CHCN (C3) (left), [Fe(LNaPh-ODA-Rack-Al)_
(NCBH3),]-0.5 CHsCN (C1) (middle) and [Fe(LNaPh-OPA-R-AY NCBH4),]-0.5 CHCN (C2) (right). The methyl group is disordered in the case of the racemic mixture.

and centroid—centroid distances, were evaluated (Fig. S32, S37,
S44, S49, S57 and S62 and Table S13, ESIt), revealing consistent
values across the series. This structural similarity reflects the
conserved packing motif among C1-C3. No significant hydrogen
bonding interactions were identified using Mercury software
package, emphasizing the dominant role of n-r interactions in
directing the supramolecular architecture. Notably, these m—n
contacts between naphthyl units are the primary contributors to
the observed cooperativity.'®

To the best of our knowledge, such an identical packing
between racemate and enantiopure complexes has not pre-
viously been reported for chiral spin crossover complexes. In
other cases, the introduction of the chiral centre alters the
packing, which in turn usually changes the SCO behavior. This
identical packing between the racemate and the enantiopure
complexes presented here can be attributed to the minimal
change in the ligand backbone caused be the introduction of a
methyl group.

The temperature-dependent magnetic susceptibility beha-
vior of all three complexes (C1-C3) was determined using pure
microcrystalline samples from 10-300 K in both heating and cooling
modes. A constant value of approximately 3.45 cm® K mol ' is
observed for y\T at temperatures above 200 K for all complexes,
confirming the high spin state concluded from single-crystal X-ray
diffraction data. Upon decreasing the temperature, the y\T values
decrease, showing a gradual spin-state transition with a T3, = 150 K
for all three complexes, leading to a plateau below 75 K with an
average yyT value of 1.06 cm® K mol ™" (Fig. 3). The gradual nature
of the spin-state transition can be attributed to the presence of only
weak or moderate interactions. The persistence of an incomplete
spin transition below 75 K is likely due to solid-state packing
constraints hindering full structural reorganization. This behavior
may also result from a finely balanced ligand field environment
that stabilizes a mixed-spin or intermediate spin state at low
temperatures.”” Further decreasing the temperature results in a
drop in the magnetic moment below 10 K. This can be attributed to
a combination of zero-field splitting and weak antiferromagnetic
coupling effects between the complexes since n—r contacts of 3.4 A
are observed.

This work presents an unprecedented example of introdu-
cing chirality into spin-crossover (SCO) complexes via the
chirality of an amino acid point, with no significant difference

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 ym vs. T measured for powder products of [Fe(LNaPh-OPA-(Rac)-Aly_

(NCBHs),] (C1) (blue), [Fe(LNaPh-OPA-RI-AYNCBH,),] (C2) (green) and
[Fe(LNaPh-OPA-B)-Aly(NCBH;),] (C3) (red) in the form of the resulting ymT
vs.T plot. Magnetic susceptibility was determined between 300 K and 10 K.

in packing between the racemic and enantiopure polymorphs.
Identical powder X-ray diffraction (PXRD) patterns and a
detailed structural analysis using single-crystal X-ray data con-
firm that all three complexes have the same crystal packing.
This highlights the rare phenomenon of enantiomers sharing
an identical packing motif and nearly identical SCO behavior.
All complexes undergo a gradual, incomplete spin-state transi-
tion with a transition temperature (7;,,) of 150 K.

Further investigations are underway to study the circular
dichroism (CD)-light induced spin state transition (LIESST)
phenomenon using polarized light in both racemic and enan-
tiopure complexes. The goal is to elucidate the spin-selective
photoresponse in this system. If successful, this system could
be the first of its kind: a reversible optical handle for reading
and writing spin states with chiral sensitivity.
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the evaluation of the CD data. JGB and ER acknowledge
funding by the Deutsche Forschungsgemeinschaft (DFG, Ger-
man Research Foundation) SFB TRR 173 Spin+X (268565370,
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