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Despite the increasing number of spin-crossover Fe'-based cages, the interplay between ligand modifi-
cations (e.g. coordination motif substituents and linker) is not well-understood in these multinuclear
systems, limiting rational design. Here, we report a family of Fe[{LG spin-crossover cages based on 2,2'-
pyridylbenzimidazoles where subtle ligand modifications lowered the spin crossover temperature in
CD3CN by up to 186 K. Comparing pairs of cages, CHsz substituents on either the coordination motif or
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effects, steric effects and a combination of both, respectively. The understanding of the interplay between
ligand modifications gained from this study could be harnessed on the path towards the improved rational
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Introduction

Most known spin-crossover complexes are based on Fe" ions."™
These complexes can be switched between paramagnetic high-
and diamagnetic low-spin states by external stimuli like
light,°** pressure®™*'* or temperature®'®'>2° if their spin-
pairing and ligand field splitting energies are similar.>*?!
Despite extensive studies, there are still limitations to the predic-
tion of spin-crossover properties®* but methods have been estab-
lished for predicting the spin state®®** and tuning the spin-
crossover properties.”>> For example, steric bulk proximal to the
coordination site is known to stabilize the high-spin state
through lengthening the metal-ligands bonds.*®*” However,
rationalisation of electronic effects on the spin-crossover temp-
erature (T},,) is more difficult, especially since most studies were
performed in the solid state where intermolecular interactions
also need to be considered.'®*® Halcrow’s systematic solution
study on 2,6-di(pyrazol-1-yl)pyridine-based complexes revealed
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that electron-donating p-pyridine substituents lower T, while
m-pyrazole substituents raise it,'® attributed to differing ¢ and
bonding contributions.'®>*

Spin-crossover cages consist of multiple Fe" ions and
organic ligands with two or more coordination motifs connected
via linkers. They are an interesting emerging class of spin-cross-
over materials® since multiple avenues exist for tuning the spin-
crossover properties. These include modifications to the coordi-
nation motif,**® guest encapsulation,’®***> linker modifi-
cations®® and cooperative effects. Furthermore, the potential to
access multiple spin-states with distinct optical and magnetic
properties makes cages appealing for applications as sensors,
electronic switches and in information storage.'”

However, spin-crossover cage examples, especially those
studied in solution,>****33%38 are limited and they are usually
comprising imidazolimine ligands that form cubic®?%363839
or tetrahedral®**?*® cages. The rational design of a cage with
predictable spin-crossover properties is also challenging and
the effect of modifications to the coordination motif and
linker has not been extensively studied in Fe'-based cages.

Motivated to improve the rational design of spin-crossover
cages, we studied a family of FellLy cages (1-11, Fig. 1) and
varied the coordination motif and linker to determine their
influence on T;,,. These subtle ligand modifications tuned the
Ty, values, determined using the ideal solution model,
from >430 K to 244 K in CD;CN; Ty, decreased by 48 K from
introducing CH; groups on the pyridine motifs (cage 6 vs. 10),
91 K from increasing the steric bulk of the linker with CHj,
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Fig. 1 Fejle cages 1-11 for investigating the effect of ligand modifi-
cations within the coordination motif (represented by the changes in
green) and linker (represented in blue) on the spin-crossover properties.
The chemical shift changes of the proton in red were used for fitting to
the ideal solution model.

groups (cage 7 vs. 9) and 186 K for a combination of electronic
and steric effects (cage 7 vs. 11).

Results and discussion

Complexes and helicates based on 2,2'-pyridyl(benz)imidazole
ligands exhibit a range of ligand field strengths, resulting in
low-spin*® complexes and those showing spin-crossover*"*?
depending on the ligand substitution. We decided to focus on
FellL, cages to probe the interplay of coordination site modifi-
cations and linker on Ty, since: (i) there are relatively few
spin-crossover examples;*'**?7 (ii) a variety of linkers can be
introduced into the bis-bidentate ligand design with relative
synthetic ease; (iii) the guest binding (e.g. solvent or countera-
nion) influence on Ty, is likely minimised by the more open
faces of the cages as compared to the more enclosed faces of
an Fel'L, cage. The studies were performed in solution rather
than the solid state to disentangle these intramolecular ligand
field strength changes from intermolecular interactions.
Furthermore, the structure and spin-state changes of individ-
ual species with temperature could be probed by NMR
spectroscopy.

A family of FellL¢ cages was designed based on four related
coordination motifs with the modifications highlighted in green
(Fig. 1): (i) imidazole-based 1 and benzimidazole-based (ii) 2-4
with N-benzyl substituents; (iii) 5-9 with N-methyl substituents;
(iv) 10-11 with N-methyl substituents and CH; groups on the
pyridine ring. Furthermore, the linker (Fig. 1, blue) was also
varied from no spacer to an alkyne and phenylene derivatives.
Edge-bridged FellL, cages 1-11 (ESI, section 4}) were self-
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assembled at room temperature in anhydrous acetonitrile in a
glovebox using four equivalents of Fe(OTf), and six equivalents
of the appropriate ligand (preparations in ESI, section 21 using
our recently reported one-pot Sonogashira-type procedure*® or
via Suzuki couplings). The corresponding Zn!'Ls cages were also
prepared using Zn(OTf), to serve as diamagnetic analogues.
However, a discrete cage species did not form with the imid-
azole ligand (ESI, section 3.1%).

The formation of M,L¢ cages was confirmed by ESI mass
spectrometry, the observation of one set of signals in the NMR
spectra and in the case of cages 5 and 7, by X-ray crystallogra-
phy (Fig. 2 and ESI, section 67). Although the diffraction data
were of limited quality due to poor diffraction and disorder, as
is commonly observed for metallosupramolecular cages,** they
were sufficient to establish the cages’ connectivity. In both
cages, an anti ligand conformation was adopted resulting in a
T-symmetric cage with the same stereochemistry at each metal
center (Fig. 2). Cage 5 was also observed to bind a triflate coun-
terion in its cavity.

While the FellLs cages were obtained as the only species, a
second minor species was also observed in some self-assem-
blies with Zn" (ESI, sections 3.7, 3.8 and 3.107). Analysis by "H
and DOSY NMR spectroscopy and ESI mass spectrometry
revealed the formation of Zn,L; helicates. Lusby and co-
workers have reported a helicate/tetrahedron equilibrium with
the Co(u) and Co(m) analogues of cage 7.*> We attribute the
formation of Zn,L; but not Fe,L; helicates to a combination of
the metal’s ionic radius and ligand’s steric bulk increasing the
energy of the Fe,L; relative to the Fe,Ls self-assembly, as has
been observed in related systems.*®*”

The spin-crossover properties of cages 1-11 were investi-
gated in solution between 248 K and 348 K in CD;CN. While
the Evans method*® can determine the magnetic susceptibility
from variable-temperature (VI) NMR experiments, preliminary

Fig. 2 X-ray crystal structure of cage 7.

This journal is © The Royal Society of Chemistry 2023
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studies with cage 6 showed the NMR signals shifted upon
addition of the p-xylene standard, suggesting possible guest
binding (Fig. S2397). In addition, the magnetic susceptibility
is dependent on accurate determination of the paramagnetic
species concentration and influenced by the presence of other
paramagnetic species, leading to large sources of error and
inaccurate T;,, values.*® Therefore, the ideal solution model®®
was used since the spin-crossover properties of a single species
can be determined even in the presence of other paramagnetic
impurities. In addition, our recent report of a paramagnetic
NMR toolbox would enable the detailed characterisation of the
cages in the high-spin state.® The chemical shift change of
proton H (Fig. 1, red) was fitted using Origin (eqn (1)) to
obtain AH, AS and Ty, values.§

¢ (1)
AH — TAS
RT

6 =015 +

T+T~exp(

Only small chemical shift changes were observed for cages
1 and 2, indicating that these cages are predominantly low
spin over the measured temperature range (Fig. 3). For the
other cages, initial fitting of all four parameters (C, AH, AS,
8ys) resulted in large errors or the fitting did not converge (ESI,
section 5t). Therefore, 5.5 was fixed to the chemical shift of
the diamagnetic Zn'Ls cage analogue, yielding AH, AS and
Ty, values for cages 6-11 (Table 1). The fitting for cages 3-5
still did not converge, likely attributable to an insufficient
change in the spin-state populations within the temperature
range available for the solvent CD;CN.{ Since cages 1-7 were
predominantly low spin at 248 K, the magnitude of A§ was
used as a measure for T;, in comparisons between cages
where thermodynamic data could not be obtained.

One influence of the coordination motif on the spin-state
can be delineated by comparing cages 1, 3 and 6 (Fig. 3a). The
increased Aé values for benzimidazole-based cages 3 and 6 vs.
diamagnetic imidazole-based cage 1 indicated the stabilization
of the high-spin state, attributed to lengthening of the M-L
bonds by the benzimidazole’s steric bulk in 3 and 6 (Table 1).*

For benzimidazole-based cages 2-7 (Fig. 3b), the effect of
N-benzylation was compared to N-methylation for three
different linkers (alkyne, phenylene or no linker). Comparing
cages with the same linker (e.g. 2 and 5), larger As values were
observed for the N-methylated cages 5-7 than the N-benzylated
analogues 2-4, suggesting cages 5-7 have lower T;,, values.

§ This proton was chosen to allow comparison over the family of cages and for
its proximity to the paramagnetic Fe' centres, resulting in large chemical shift
changes without significant line broadening (relative to other protons) over the
temperature range. For cages 9 and 11, similar T}/, values were determined from
fitting the chemical shift data for other protons close to the metal centre (ESI,
sections 5.11 & 5.137).

9In the Evans method, it is often possible to obtain T/, values from data where
there is a relatively small change of the spin-state fraction within the measured
temperature range. This is because the maximum y,,T value can be fixed to
values reported in the literature for Fe(u) complexes during the fitting to the
regular solution model. This is not possible in fitting data to the ideal solution
model since the chemical shift of the high spin state (§ys) is not known.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Comparison of the chemical shift changes between 248 K and
348 K for cages: (a) 1, 3 and 6; (b) 2—7. The symbol shading represents
the change to the coordination motif: imidazole (X); N-benzylated ben-
zimidazole (unfilled); N-methylated benzimidazole (filled). The symbol
color and shape represent the linker: alkyne linker (black square); pheny-
lene linker (red circle); no linker (blue triangle).

Table 1 Chemical shift changes and thermodynamic data from variable
temperature NMR experiments

Cage AS8* (ppm) AH (k] mol™) AS (J mol™ K™) T12 (K)
1 0.58 c c c

2 1.89 b b d

3 10.2 b b d

4 8.26 b b d

5 13.0 b b d

6 21.1 24.46 £ 0.58 60.94 + 3.00 401
7 17.7 27.71+0.91 64.48 + 5.78 430
8 30.1 27.22 £ 0.93 72.61 + 4.00 375
9 31.4 21.79 % 0.48 64.32  2.00 339
10 27.8 27.44 £1.12 77.65 + 4.40 353
11 12.5 20.78 + 0.22 85.05 = 0.93 244

“Based on the chemical shift change of proton H (red, Fig. 1) between
248 K and 348 K. ? Could not be determined since fitting did not con-
verge. “ Low spin cage. ¢ Proposed to be >430 K.

The linker’s influence on the spin-crossover properties was
also investigated. For both the N-methylated (5-7) and
N-benzylated series (2-4), the largest AS values were observed
for an alkyne followed by the phenylene and no linker

Dalton Trans., 2023, 52,12789-12795 | 12791
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(Table 1). This was also reflected by the increasing T, values
for the N-methylated cages: 401 K for cage 6 (alkyne linker),
430 K for cage 7 (phenylene linker) and >430 K for cage 5 (no
linker).

Different factors were considered to explain the influence of
the linker on Ty,,. First, the electronic effect of the linker was
estimated using the Hammett parameter o, for C=CH (0.21),
C¢Hs (0.06) and 3-pyridine (0.23).>> However, their trend does
not correlate with the observed T, trend. The Hammett para-
meters do not take into account electronic effects from metal
complexation and these will be particularly significant for the
cages without a linker as the 3-pyridine is part of the coordi-
nation motif.

The ligand conformation and mechanical coupling between
the Fe"" centers could also play a role since the linkers’ steric
bulk dictates twisting within the ligand in order to adopt the
required anti ligand conformation. Dihedral angles of approx.
10-22° for the phenylene linker and 50-65° for no linker were
observed in the X-ray structures of cages 5, 7 and related
cages.”>”? No cooperativity and weaker mechanical coupling is
likely in cages with alkyne and phenylene linkers (3-4, 6-7)
given the large Fe"'-Fe' distances (>13 A in cage 7) and ligand
twisting, thus making spin-crossover more favorable.*® In con-
trast, cages with no linkers (2, 5) likely exhibit stronger
mechanical coupling and cooperative effects cannot be
excluded.

Finally, the cavity size as dictated by the ligand length
could also influence T/, via host-guest chemistry. While the
same counteranion OTf~ was used for all cages to minimize
guest binding effects, the smallest cages 3 and 5 were observed
to bind the counterion in slow exchange by '’F NMR spec-
troscopy (Fig. S174 and S195%) and in the case of 5, in the
X-ray crystal structure (Fig. S2937).

While these different factors were considered, it was not
possible to rationalize the observed Ty, trend as a function of
the linker. Therefore, to gain further insight into coordination
site and linker modifications on T, sets of cages (6 and 10,
7-9, 7 and 11) with the same ligand scaffold but minor modifi-
cations (e.g. a F or CH; substituent) were compared. Given the
larger size of cages 7-11 and the observation of fast exchange
of the counterion OTf™ in the "F NMR spectra at room temp-
erature (Fig. S208, S215, S223, S230 and S236%), it was hypoth-
esised that ligand field strength effects would dominate over
solvent, guest binding and ion-pairing effects enabling the
determination of trends based on steric and electronic effects.

As a control, anion binding experiments (ESI, section 77)
were carried out with cages 7 and 11 since this set of cages dis-
played the largest 7y, change within this study (Table 1). To
probe guest binding within the cavity, 8 equivalents (relative to
the cage) of the smaller counterion BF,” were added to each
cage and the broad '°F signals for BF,” indicated fast guest
exchange (Fig. $296 and S$2997). Small chemical shift changes
(AS < 0.2 ppm) were observed in the "H NMR spectra and the
insignificant changes of the phenylene protons (A§ <
0.05 ppm) suggested counteranion binding in the cavity has a
minimal effect (Fig. S295 and S2977).

12792 | Dalton Trans., 2023, 52,12789-12795
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Further experiments with cage 7 focused on ion-pairing.
NTf,” was chosen as a counterion since the sharp signal in the
F NMR spectrum suggested that it is too large to fit in the
cavity (Fig. S3037). Again, small '"H chemical shift changes
were observed, meaning ion-pairing likely has an insignificant
effect on Ty,,. Finally, VI NMR experiments with cages 7 and
11 in the presence and absence of competing counteranions
showed no evidence of a change from fast to slow countera-
nion exchange upon cooling to 248 K due to increased popu-
lation of the low spin state with a smaller cavity (Fig. S297-
S3047). Based on these control experiment results, the effect of
ion-pairing or guest binding on the spin-crossover properties
is proposed to be negligible for comparisons within a set of
cages.

Cages 7-9 were compared where F or CH; substituents were
introduced on the phenylene linker to increase the steric bulk
without changing the ligand length. T/, decreased from 430 K
(cage 7) to 375 K for cage 8 with F substituents and to 339 K
for cage 9 with CH; substituents (Table 1). While the high-spin
fraction of cage 7 at 298 K is 3%, increasing high-spin-state
populations of 10% and 26% were obtained for cages 8-9,
respectively (Fig. 4). Thus, Ty, decreases with increasing sub-
stituent size on the linker, attributed to increased dihedral
angles between the coordination motif and the linker, as
observed in crystal structures of related cages.*> However, con-
tributions from electronic effects cannot be completely neg-
lected since CH; groups are electron-donating, while F is elec-
tron-withdrawing.

Thermodynamic data analysis revealed cages 7 and 8 have
similar enthalpies but cage 8 has an increased entropy
(Table 1). In contrast, cage 9 had a lower enthalpy compared to
cage 7, but the entropy values were similar. Thus, the spin-
transition of cage 9 is enthalpically driven, while for cage 8 it
is entropically controlled. It is difficult to draw conclusions
from these data since the relationship between both energies

1,04
s
é 0,8 8HS
8]
o
“= 0,64
2 Tys
©
204 Tis
.c%
0.2 85
*,/0/’ 9s
e il

350 400

Temperature [K]

300

Fig. 4 High (filled diamonds) and low (unfilled diamonds) spin-state
fractions of cages 7 (black), 8 (blue) and 9 (red) from VT NMR measure-
ments between 248 K and 348 K. Data above 348 K (dashed lines) was
extrapolated.

This journal is © The Royal Society of Chemistry 2023
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on spin-crossover properties has not been systematically
studied.>® However, we attribute stabilization of the high-spin
state for cage 9 vs. cage 7 to the increased dihedral angles
from the steric bulk of the CH; groups and the required adop-
tion of an anti-conformation, leading to weakened M-L bonds.
Thus, modifications through CH; substituents on the pheny-
lene linker tuned T,, by 91 K.

Further coordination site modifications were introduced to
investigate the influence of interactions between these and the
linker on Ty,. For example, Halcrow and co-workers have
shown that electron-donating groups on para-substituted pyri-
dines in Fe"" mononuclear complexes based on 2,6-bis( pyrazol-
1-yl)pyridines can stabilize the high-spin state.'® Therefore,
CH; groups were introduced on the pyridine motif in cages 10
and 11 in an attempt to decrease T;,, towards room tempera-
ture. Comparing cages 6 and 10, the introduction of the CH;,
groups decreased T;,, from 401 K to 353 K (Table 1), resulting
in an increase of the high-spin state fraction at 298 K from 7%
to 15% (Fig. 5). We propose the stabilization of the high-spin
state by 48 K is largely due to electronic effects since steric
effects from the alkyne linker are minimized.

a)
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Fig. 5 High (filled diamonds) and low (unfilled diamonds) spin-state
fractions of cages: (a) 6 (red) and 10 (blue); (b) 7 (grey) and 11 (blue)
from VT NMR measurements between 248 K and 348 K. Data above
348 K (dashed lines) was extrapolated.
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Surprisingly, Ty, decreased by 186 K from 430 K to 244 K
for cage 7 vs. 11 (Table 1). The introduction of a CH; group in
cage 11 yields a largely high-spin cage (86% high-spin state
fraction) at 298 K, while cage 7 is almost completely low-spin
(3% high-spin state fraction) (Fig. 5). We attribute this large
change to electronic effects, and moreover, to strong steric
clashes between the CHj substituents and the phenylene
linker in cage 11, increasing the dihedral angles between the
linker and the pyridine rings as observed in crystal structures
of related cages.>® Comparing thermodynamic data (Table 1),
both the enthalpy and entropy increased for cage 10 vs. 6.
Although the increased entropy favors the high-spin state, this
is partly counteracted by the increased enthalpy stabilizing the
low-spin state, resulting in a smaller Ty, difference. In con-
trast, the decrease of the enthalpy and increase of the entropy
for cage 11 vs. 7 both favor the high-spin state, leading to the
larger T, change of 186 K.

Conclusions

This study demonstrates the power of solution-based spin-
crossover studies using the ideal solution model for quantify-
ing ligand field strength modifications in the absence of inter-
molecular interactions, as exemplified in this family of FellLq
cages. Furthermore, information about the cage’s structure
and spin-state can be obtained from VT NMR experiments
independently of other paramagnetic species.

Imidazole-based cage 1 was low-spin over the measured
temperature range. However, the steric bulk of the benzimida-
zole motif in cages 2-11 stabilized the high-spin state.

While substitution of the coordination motif is known to
influence T, in spin-crossover complexes, this systematic
study reveals that the linker can also have a profound effect,
despite the increased distance from the metal centers.
Importantly, the interplay of coordination site and linker
modification effects was quantified and minor modifications
like the introduction of CH; groups tuned T/, by up to 186 K.
p-CH; substituents on the pyridine motif decreased T, by
48 K for cage 10 vs. 6 with alkyne linkers, attributed to predo-
minantly electronic effects. CH; substituents on the phenylene
linker decreased T;,, by 91 K for cage 9 vs. 7, largely attributed
to steric clashes. Finally, a combination of both effects is pro-
posed to result in the 186 K Ty, decrease in cage 11 vs. 7 due
to both electronic effects from the p-CH; substituents on the
pyridine and a steric clash with the phenylene linker.

Thus, this study demonstrates how seemingly subtle modi-
fications (i.e. substitution of H for CH;) can significantly
impact the spin-crossover properties of multinuclear Fe'-
based cages in solution, resulting in large T;, changes of
almost 200 K and altering the spin state from predominantly
low spin to high spin at room temperature. Future work will
investigate how this understanding of the interplay between
ligand modifications can be applied to the design of spin-
crossover cages with more predictable spin-crossover pro-

Dalton Trans., 2023, 52,12789-12795 | 12793
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perties. This would facilitate the tailored application of spin-
crossover cages, e.g. as Sensors.
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