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Abstract: Using 4-(4-pyridyl)aniline as a simple organic
building block in combination with three different aldehyde
components together with metal(Il) salts gave three different
FegPts-cubes and their corresponding ZngPt; analogues by
employing the subcomponent self-assembly approach. Where-
as the use of zinc(Il) salts gave rise to diamagnetic cages,
iron(Il) salts yielded metallosupramolecular cages that show
spin-crossover behaviour in solution. The spin-transition
temperature T,, depends on the incorporated aldehyde com-
ponent, giving a construction kit for the deliberate synthesis of
spin-crossover compounds with tailored transition properties.
Incorporation of 4-thiazolecarbaldehyde or N-methyl-2-imi-
dazole-carbaldehyde yielded cages that undergo spin-cross-
over around room temperature whereas the cage obtained
using 1H-4-imidazolecarbaldehyde shows a spin-transition at
low temperatures. Three new structures were characterized by
synchrotron X-ray diffraction and all structures were charac-
terized by mass spectrometry, NMR and UV/Vis spectroscopy.

Introduction

Metallosupramolecular chemistry! is a rapidly develop-
ing field which has produced numerous coordination cages
with various geometries and architectures.”) As structural
diversity and complexity is increasingly difficult to achieve
using monometallic approaches,’! new strategies have been
developed that aim to construct heterobimetallic complexes.
This includes the implementation of new designs like the
complex-as-a-ligand strategy,” leading to more and more

studies towards heterobimetallic cages with different shapes
and geometries that can be found in the literature.*!
Moreover, on the search for new functional materials,
heterobimetallic aggregates offer the exciting chance to
combine properties of two different metal centres within
one discrete structure, potentially expanding its electrochem-
ical ¥l photophysical”! or magnetic properties.!®!

One prominent magnetic property that has attracted the
interest of many researchers is the spin-crossover phenom-
enon in which a system switches between distinguishable
high- and low-spin states upon external stimuli like temper-
ature,"” light™! or pressure."! Particularly iron(II) based
systems have been intensively investigated towards their spin-
crossover properties,'*'3 as iron(IT) switches between a para-
magnetic (high-spin) and a diamagnetic (low-spin) state. This
offers the possibility to easily distinguish between both states
based on their magnetism and often even their optical
properties. Due to this behaviour, spin-crossover systems
are interesting materials for several applications that depend
on molecular switching.'"¥l However, low transition temper-
atures often limit the applicability of spin-crossover systems,
and therefore, the search for systems that undergo spin
transition near room temperature is a desirable goal. For the
development of new spin-crossover materials, supramolecular
chemistry has become increasingly important, as supramolec-
ular architectures offer the possibility to mechanically con-
nect several spin-crossover centres in multinuclear complexes
like squares and grids, ™ helicates,'® or tetrahedrons."®!" To
date, however, only very few examples of spin-crossover cages

[*] Dr. M. Hardy, Dr. N. Struch, Priv.-Doz. Dr. M. Engeser,
Prof. Dr. A. Liitzen
Rheinische Friedrich-Wilhelms-Universitit Bonn, Kekulé-Institut fiir
Organische Chemie und Biochemie
Gerhard-Domagk-Str. 1, 53121 Bonn (Germany)
E-mail: arne.luetzen@uni-bonn.de
Dr. ). Tessarolo, Dr. ). ). Holstein, Prof. S. Horiuchi,
Prof. Dr. G. H. Clever
Technische Universitat Dortmund
Otto-Hahn-Str. 6, 44227 Dortmund (Germany)

N. Wagner, Dr. R. Weisbarth, Prof. Dr. J. Beck

Rheinische Friedrich-Wilhelms-Universitdt Bonn, Institut fiir Anor-
ganische Chemie

Gerhard-Domagk-Str. 1, 53121 Bonn (Germany)

Prof. S. Horiuchi

Division of Chemistry and Materials Science, Graduate School of
Engineering, Nagasaki University

Bunkyo-machi, Nagasaki, 852-8521 (Japan)

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

Dr. M. Hardy

Current address: BASF SE

Speyerer Str. 2, 67117 Limburgerhof (Germany)

Dr. N. Struch

Current address: Arlanxeo (Deutschland) GmbH
Alte Heerstrafle 2, 41540 Dormagen (Germany)

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.202108792.

© 2021 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

% eoe

Angew. Chem. Int. Ed. 2021, 60, 22562 —22569


http://orcid.org/0000-0002-1540-4900
http://orcid.org/0000-0002-1540-4900
http://orcid.org/0000-0002-8385-7805
http://orcid.org/0000-0002-8385-7805
http://orcid.org/0000-0002-8385-7805
http://orcid.org/0000-0001-6987-4126
http://orcid.org/0000-0001-6987-4126
http://orcid.org/0000-0003-3624-0535
http://orcid.org/0000-0003-3624-0535
http://orcid.org/0000-0002-5692-6377
http://orcid.org/0000-0002-5692-6377
http://orcid.org/0000-0001-8458-3060
http://orcid.org/0000-0001-8458-3060
http://orcid.org/0000-0001-8458-3060
http://orcid.org/0000-0003-4429-0823
https://doi.org/10.1002/anie.202108792
http://dx.doi.org/10.1002/anie.202108792
http://dx.doi.org/10.1002/ange.202108792
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202108792&domain=pdf&date_stamp=2021-09-06

GDCh
~~

with a nuclearity higher than tetranuclear are known in the
literature."" ¥ This might be due to the fact that classic
covalent ligand syntheses to achieve the formation of such
structures are often challenging, and therefore, limit the
possibility to investigate the influence of different ligands on
spin-crossover centres. For this reason, the search for systems
that show a spin-transition near room temperature stays
demanding.

In 2012 Nitschke et al. presented an impressive hetero-
bimetallic cubic cage with the overall formula [Feg(PtL,),]*".
This cage contained eight iron(II) centres, coordinated by
pyridylimine binding sites with iron centers in the diamag-
netic low-spin state. The iron cations were bridged by face-
capping tetravalent [PtL,] building blocks. Making use of the
subcomponent self-assembly approach, the synthesis of this
cage was rather easily achieved, by combining the precursor
platinum(II) building block with 2-formyl pyridine as an azine
component together with an iron(II) salt.>®

In this work, we want to extend the concept previously
established by Nitschke, in order to use this approach for the
synthesis of switchable spin-crossover cages. It is known from
literature that the exchange of azine building blocks in the
final subcomponent self-assembly step with suitable azole
building blocks gives the chance to reduce ligand field
strength. This reduction of ligand field strength can ultimately
result in the stabilization of the paramagnetic high-spin state
in iron(II) cations and if carefully performed, can also allow
for spin crossover processes,10¢:16.17ab.18.19]

Here, we present three new metallosupramolecular spin-
crossover cages, two of which show spin-transition centred
near room temperature and one at low temperatures. All
three ligands are directly related to each other and can easily
be obtained from the same starting material, employing
a simple subcomponent self-assembly strategy.””! We also
describe the diamagnetic zinc(II) analogues of all spin-
crossover cubes.

Results and Discussion
Synthesis and Characterization

The subcomponent self-assembly approach is a well
implemented and powerful tool, not only to simplify ligand
(and cage) synthesis, but also to screen a variety of ligand
structures in a modular fashion.”” As this approach already
proved useful for the assembly to heterobimetallic structur-
es,l*" we chose to use the robust D, symmetric metalloligand
[Pt] previously introduced by Nitschkel™ as its tetrafluor-
oborate salt in order to synthesize the targeted heterobime-
tallic structures. This precursor can easily be obtained by the
assembly of four equivalents 4-(4'-pyridyl)aniline, synthesized
according to known literature procedure,*!! with one equiv-
alent of bis(acetonitrile) platinum(II) chloride in the presence
of two equivalents of silver(I) tetrafluoroborate.™ Since the
Pt—N bond is remarkably strong,” the metalloligand [Pt]
proved to be stable under ambient conditions for several
weeks. Six equivalents of [Pt] together with 24 equivalents of
aldehyde components 1H-4-imidazolecarbaldehyde 1, N-

Angew. Chem. Int. Ed. 2021, 60, 22562—22569 © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH www.angewandte.org 22563

Research Articles

Internati

methyl-2-imidazolecarbaldehyde 2 or 4-thiazolecarbaldehyde
3 and 8 equivalents of iron(II) tetrafluoroborate hexahydrate
or zinc(IT) tetrafluoroborate, respectively, yielded a variety of
six tetradecanuclear heterobimetallic cubes [Mg(PtL,)s]-
(BF,),s M =Fe or Zn, L=1-(1H-imidazol-4-yl)-N-(4-(pyr-
idin-4-yl)phenyl)methanimine, 1-(1-methyl-1H-imidazol-2-
yl)-N-(4-(pyridin-4-yl)phenyl)methanimine) or N-(4-(pyri-
din-4-yl)phenyl)-1-(thiazol-4-yl)methanimine) [Fel-3] and
[Zn1-3], respectively (Scheme 1).

The reversible formation of imine bonds in situ and the
rather labile character of the iron(II)-nitrogen and zinc(II)-
nitrogen bonds ensured rapid cage formation within 12 hours
at 65°C and the isolation of all cubic cages in 87-95% yield
(see SI). The zinc(IT) based cages [Zn1-3] are fully diamag-
netic, and therefore, allowed for comprehensive NMR
spectroscopic investigations (see SI). The 'H and “C NMR
spectra of all cages showed one defined set of signals that
indicates the presence of O symmetric complexes in solution.
'"H 2D-DOSY NMR spectra confirmed the formation of
discrete structures with solvodynamic radii of 1.58-1.60 nm
(Figure 1). The 'HNMR spectra of cubes [Znl-3] also
revealed that small amounts of the corresponding aldehydes
were present in the samples, even after repeated crystalliza-
tion and extraction of the complexes. We also found an
increasing amount of the free aldehydes and corresponding
acids in the ESI MS spectra over several weeks, therefore, the
cages [Zn1-3] might disintegrate very slowly in solution. The
identity of the zinc(I) cubes was further confirmed by
electrospray ionization mass spectrometry (ESI MS) and UV/
Vis spectroscopy (see SI). The cages containing iron(II)
cations could also be identified using 'H NMR™! and UV/Vis
spectroscopy and ESI-MS. [Fel-3] were found to show only
one set of signals in the '"H NMR spectra, again indicating O
symmetric aggregates in solution.

We were able to additionally characterize three of the
presented cages in their solid states.?!! [Fe2] and [Fe3] were
crystallized by the slow diffusion of diethyl ether vapour into
acetonitrile solutions of the cages, followed by collection of
the formed precipitate, extraction with acetonitrile and
subsequent slow diffusion of tert-butylmethyl ether into the
acetonitrile solutions (for details see SI). This procedure gave
rise to red blocks of [Fe2] and dark red plates of [Fe3]. The
combination of cryogenic crystal handling and synchrotron
radiation™! allowed for single-crystal structure determination
(Figure 2).

In both aggregates the platinum(II) cations occupy the
centres of the surfaces of cubic assemblies, coordinated by
four 4-pyridyl donors in a square-planar fashion. [Fe2]
crystallizes in tetragonal space group P4/n with one fourth
of the cube in the asymmetric unit and both homochiral
enantiomers (all-A and all-A) were found in the unit cell. The
iron(II) cations are coordinated by three N-methyl-2-imida-
zolylimine units in a coordination sphere which is best
described as octahedral. The Fe—N bond length at 80 K
ranges in between 1.85(3) and 2.20(3) A. The space diagonal
measured as Fe-Fe is 2.88 nm and the Pt-Pt distance of two
opposite platinum(II) cations is 1.60 nm. Most likely, the large
cavity is filled with disordered solvent molecules and counter
anions. [Fe3] crystallizes in triclinic space group P1, with two
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Scheme 1. Synthetic strategy for the preparation of heterobimetallic cubes [Fe1}-{Fe3] and [Zn1]-[Zn3] from the same platinum(ll) precursor [Pt].
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Figure 1. "H 2D-DOSY spectra (700 MHz, [D;]acetonitrile, 298 K) of
[Zn1] (r,=1.60 nm, top spectrum); [Zn2] (r,=1.58 nm, spectrum in
the middle) and [Zn3] (r,=1.58 nm, bottom spectrum).

cubes in the asymmetric unit. Analysis was hampered as one
of the two cubes is fully disordered and was modelled with

22564 www.angewandte.org © 2021 The Authors. Angewandte Chemie International

two discrete positions. Both homochiral enantiomers are
present in the unit cell. Tron(Il) cations in [Fe3] are
coordinated by three 4-thiazolylimine chelating ligands in
a similar manner as found with [Fe2]. The Fe—N bond length
at 80 K ranges between 1.89(2) and 2.06(2) A. Overall, a very
similar dimension of this cage is observed, as already found
for [Fe2] (Fe-Feggs; =2.85 nm; Pt-Ptjgs = 1.65 nm).

One cycle of slow diffusion of tert-butylmethyl ether into
an acetonitrile solution of [Zn3] followed by extraction with
acetonitrile yielded transparent yellow plates, which were also
suitable to determine its single crystal structure using
synchrotron radiation (Figure 2).

[Zn3] crystallizes in triclinic space group P1 with one full
cube in the asymmetric unit and a racemic mixture of the
homochiral aggregates. As already found for [Fe2] and [Fe3]
the platinum(II) cations occupy the C, symmetry axis of an
overall (approximately) O symmetric cubic cage, while zinc-
(IT) cations build up the C; symmetric corners. Each zinc
cation is coordinated by three 4-thiazolylimine donors with
Zn-N distances ranging between 2.12(3)-2.26(2) A. Again
similar dimensions were found for the space-diagonal Zn-Zn-
distances and the distance between two opposite Pt centres
(Zn-Znyg,3=2.88 nm; Pt-Pt;4,3=1.66 nm) which are also in
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Figure 2. Solid state structures of [Fe2] (left), [Fe3] (middle) and [Zn3] (right) as determined by single crystal X-ray diffraction using synchrotron
radiation. Hydrogen atoms, counter anions and solvate molecules are omitted for clarity. Colour code: grey—carbon, red—iron, white—platinum,
orange—zinc, blue—nitrogen, yellow—sulphur.

very good agreement to the distances derived from the DOSY
NMR experiments.

Magnetic properties of cages [Fel], [Fe2] and [Fe3]

NMR spectroscopic investigations of the iron(II) contain-
ing heterobimetallic cages [Fel-3] showed 'H NMR signals
that could not be assigned to purely diamagnetic compounds.
While [Fel] showed broadened signals in a range from —9 to
+156 ppm which is expected for paramagnetic high-spin
iron(IT) complexes,”! cages [Fe2] and [Fe3] showed signals
that suggest the presence of both, high- and low-spin state
iron(II) ions at room temperature. The '"H NMR signals of
[Fe2] were significantly downfield shifted, with chemical
shifts up to 88 ppm, whereas the signals of [Fe3] showed a less
pronounced downfield shift of up to only 45 ppm at room
temperature. The observed chemical shifts indicate that the
fraction of iron(II) cations in the high-spin state at room
temperature follows the order [Fel] > [Fe2] > [Fe3], in
accordance with the observed downfield shifts. To further
investigate the magnetic properties of these cages in aceto-
nitrile solutions, in particular their spin-crossover properties,
we performed temperature-dependent Evans’ experiments®”
and also used the ideal solution model® %172 to evaluate
our results (Figure 3, ST).[

The 4-imidazolylimine cage [Fel] was found to be purely
paramagnetic at room temperature,’!! showing a molar
magnetic susceptibility multiplied with temperature of
nTaosk =24.9 cm®Kmol ™' (ideal solution model) and
smToosk =24.9 £ 1.2 cm®* Kmol™! (Evans’ method), respec-
tively. The high-spin state was found to be stable down to
a temperature of approximately 245 K. By lowering the
temperature even further, we observed the beginning of
a spin-crossover process and at 233 K we observed magnetic
susceptibilities of yyThsx =20.8 cm®*Kmol ! (ideal solution
model) and yy T3k =20.840.9 cm*Kmol ™" (Evans’ meth-
od), which translates to roughly 85 % iron(II) centres still in
the paramagnetic high-spin state. Due to the limitation set by

the freezing point of acetonitrile we could not follow the spin-
crossover to lower temperatures, however, non-linear regres-
sion based on the ideal solution model (SI) predicts that the
spin transition of [Fel] should be centred at 7,,=215K
(Figure 3a).

The 'HNMR spectrum of the N-methyl-2-imidazolyli-
mine cage [Fe2] at room temperature already indicated the
presence of both, iron(II) centres in the high- as well as in the
low-spin state. This observation was confirmed by our experi-
ments, which revealed a magnetic susceptibility at room
temperature of yyThsx =153 cm®Kmol ™! (ideal solution
model) and yy Tk =15.1+12 cm*Kmol ™' (Evans’ meth-
od). This value corresponds to 63 % of the iron(II) centres in
their paramagnetic high-spin state. In accordance to that
finding the spin transition temperature of this cage is slightly
below room temperature at 7;, =281 K (Figure 3b).

Within the temperature-limitations set by the solvent we
could not observe a purely paramagnetic or diamagnetic
situation of the complex. At 343 K the magnetic susceptibility
is yuTsnx=20.5cm’Kmol™" (ideal solution model) and
Tk =203+13cm’Kmol™ (Evans’ method) (~84%
high-spin iron(II) centres) and at 233K it is yyTouk=
0.8 cm*Kmol ™' (ideal solution model). However, at 233 K
the situation is very close to fully diamagnetic, and therefore,
employing the Evans’ method becomes prone to errors in
measurements (discussion in SI).

The 4-thiazolylimine cage [Fe3] showed the less pro-
nounced downfield shift of 'H-NMR signals at room temper-
ature, indicating the highest fraction of low-spin iron(II)
centres at this temperature within the investigated complexes.
Indeed, the magnetic susceptibility at room temperature
turned out to be only yyThsx = 5.6 cm? Kmol ' (ideal solution
model) and yyThsk =5.9 £ 1.1 cm?’ Kmol ' (Evans’ method),
which translates to 77 % iron(II) centres in the diamagnetic
low-spin state. At 233 K even no magnetic susceptibility could
be measured using the Evans’ method, whereas the ideal
solution model yielded the very small value yy7Tx=
0.1 cm*Kmol™'. At high temperatures, on the other hand,
the fraction of high-spin centres becomes significantly larger
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Figure 3. Calculated molar magnetic susceptibilities multiplied with temperature y,,T based on the ideal solution model (left column, squares are
values obtained from the Evans method with calculated error bars and the lines are the non-linear regressions following the ideal solution model.)
for a) [Fel], b) [Fe2] and c) [Fe3] and the corresponding temperature-dependent 'H NMR shifts of selected protons in [D;]acetonitrile (black
squares, lines correspond to the non-linear regressions following the ideal solution model in the right column). The boxes summarize
thermodynamic data based on the ideal solution model. Please note: For [Fe3] we chose a 'H-NMR signal with a more pronounced downfield
shift, compared to [Fe1] and [Fe2]. This was done for sake of precision, by choosing signals that were easy to follow and could be located
precisely. However, the overall NMR spectra show that the downfield shift is less pronounced for [Fe3].

and at 343 K we determined the magnetic susceptibility as
Tk =159 cm’Kmol ' (ideal solution model) and
Tk =155+1.3 cm’Kmol™! (Evans’ method), showing

spin state is actually the favoured state at 300 K, while AGy,
for [Fe3] is positive, and therefore, indicates that the high-spin
state is less favoured than the low-spin state for this cage at

that [Fe3] shows the highest spin transition temperature of
the investigated cages. The spin-crossover of this complex is
located at T),=324K, slightly above room temperature
(Figure 3c¢).

The ideal solution model does not only yield magnetic
susceptibilities, but also can be used to obtain thermodynamic
data from temperature-dependent 'H NMR experiments
(Figure 3, details SI). As the spin-crossover phenomenon is
a mainly entropically driven process®! the calculated tran-
sition entropies AS increase with decreasing transition
temperatures. In other words, the transition entropy of the
system is high, when the stabilization of the paramagnetic
high-spin state is high. Accordingly, we observed AS([Fel]) >
AS([Fe2]) > AS([Fe3]). Furthermore, the calculated transi-
tion enthalpies AH and transition entropies AS suggest that
AGyy, for [Fel] and [Fe2] is negative, meaning that the high-

300 K. These findings are in accordance with the determined
transition temperatures, which are below 300 K for [Fel] and
[Fe2], but above 300 K for [Fe3]. In addition, this finding is in
line with results obtained from other studies, investigating the
influence of different azole building blocks on the spin-
crossover behaviour of iron(IT) cations, where thiazoles are
regularly found to yield the strongest ligand field amongst
azoles and consequently result in the highest spin transition
temperatures.!'*¢160<1%]

Conclusion

In this work we presented the modular synthesis of six
heterobimetallic cubic cages, all starting from the same D,
symmetric platinum(IT) metalloligand [Pt]. The final chelat-
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ing units were readily assembled through subcomponent self-
assembly, which allowed for the easy synthesis of three
directly related ligands by using 1H-4-imidazolecarbaldehyde
1, N-methyl-2-imidazolecarbaldehyde 2 or 4-thiazolecarbal-
dehyde 3 as subcomponents. The use of zinc(II) salts yielded
the diamagnetic cages [Zn1-3], which allowed for compre-
hensive NMR spectroscopic investigations of these com-
plexes. Instead, the use of iron(Il) salts gave rise to cages
[Fel-3], which showed spin-crossover properties in solution.
We also could characterize three of these large tetradecanu-
clear cages in their solid states.

We further investigated the magnetic behaviour of the
iron(IT) containing spin-crossover cages in acetonitrile sol-
utions, employing both, the Evans’ method and the ideal
solution model. While [Fel] showed a spin transition temper-
ature at a low temperature (7,([Fel]) =215 K), the cages
[Fe2] and [Fe3] showed transition temperatures around room
temperature (7;,([Fe2]) =281 K; T;,([Fe3]) =324 K), which
is much more beneficial for potential applications centred
around room temperature. Metallosupramolecular chemistry,
especially the subcomponent self-assembly approach, proved
to be an easy-to-use tool to tune the complex properties, by
simply exchanging ligand building blocks. Anyway, the cages
[Fel-3] expand the number of known octanuclear iron(II)
spin-crossover cages, which are rarely found in the literature
so far.'"1% These cages might also show the huge potential
of iron(IT) cages with high nuclearities as molecular switches
that can be easily obtained by also including platinum(II) as
a second type of metal cation, ensuring the rapid assembly
from small and simple building blocks. The large cavities of
the presented assemblies might also allow for guest uptake,
which may be an additional chance to manipulate the spin-
crossover process and will be explored in future works.
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