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EPR Sensing of a Cation Species by Aza-Crown Ethers

Incorporating a Persistent Nitroxidic Radical Unit

Cecilia Poderi,” lago Neira,” Paola Franchi,”” Elisabetta Mezzina,” Ilario Bau,”

Paolo Neviani,'™ and Marco Lucarini*®

Dedicated to Prof. Maurizio Prato in occasion of his retirement

New nitroxides based on aza-crown ethers were prepared and
employed as selective sensors for the detection of inorganic
and organic cations by EPR analysis of the corresponding host-
guest complexes. The nitroxide unit behaves as a sensitive
probe for a number of alkali and alkaline earth metal cations
affording EPR spectra differing in the value of nitrogen hyper-
fine constants and in the appearance of splitted signals due to
the non-zero nuclear spin of some metal cation upon complex-
ation. Owing to the remarkable EPR spectral differences
between the host and the corresponding cation complex the

Introduction

Crown ethers" have been widely applied as sensors for ions
and molecular scaffolds in the design of materials and bio-
logical models®® owing to strong binding with various metal
ions and chemical species. As an example, suitable chemo-
sensors for metal ions obtained covalently linking fluorophores
to crown ether macrocycles afford a platform to monitor
relevant biological process in vivo.®!

An alternative approach consists in introducing radical
probes as side substituent of a crown ether moiety. In these
systems, EPR spectroscopy™ acquires a key role in the detection
and monitoring of binding events, association/dissociation
processes, conformational and dynamic motions affecting the
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new macrocycles are likely to act as multitasking tools to
recognize several cationic species. EPR behaviour of the larger
nitroxide azacrown 1° when acting as a wheel in a radical
synthetic bistable [2]rotaxane containing both secondary dia-
Ikylammonium and 1,2-bis(pyridinium) molecular stations, was
also investigated. Reversible movements of the macrocycle
between the two recognition sites in the rotaxane were
promptly revealed by EPR, which shows significant changes
either in nitrogen coupling constant values (ay) or in the
spectral shape in the two rotaxane co-conformations.

substrates, thanks to its high sensitivity to the chemical environ-
ment surrounding the paramagnetic units.”!

Some years ago we reported the synthesis and the
characterization of dialkyl nitroxide radicals bound through a
methylene bridge to a dibenzo-24-crown-8-ether (DB24C8)
group which were able to probe complexation of metal and
organic cations by EPR spectroscopy.” In those assemblies we
could prove that benzyl protons EPR hyperfine coupling
constants were affected by binding in a measure depending on
the nature of the cation guests, although the proposed nitro-
xide framework was characterized by a reduced lifetime if
compared to sterically hindered nitroxides."”’

An interesting development in the field of molecular
machines (MIM) was the introduction of a stable nitroxide”
radical (2,2,6,6-tetramethylpiperidine-1-oxyl, TEMPO) both in
DB24C8 wheel and in the axle components of paramagnetic
MIMs.® In these chemical assemblies the reversible shuttling
motion of the paramagnetic wheel was investigated monitoring
the distance between the two spin centers both by CW EPR
spectroscopy and pulsed EPR tecniques.”

Possibility to extend spin probe methodology in azacrown
ethers by oxidation of the nitrogen to a stable nitroxide
macrocycle makes the radical behaving as a recognizing unit
for the guest hosted inside. Nitroxyl groups (N-O°) are known
to accept halogen and hydrogen bonds and in general to act as
non-covalent interaction reporters.*'” Thus, the conversion of
the inner nitrogen of an azacrown ether into a nitroxyl radical
enables larger exposition to non-covalent interactions with
included guests, potentially enhancing the complexing ability
of these compounds. Their incorporation in crown ether
structures could be a powerful tool for the preparation of novel

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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multi-featured ionophores, to be used in the fields of
biochemistry and radical molecular machinery.

This was recently achieved by inserting a dialkyl nitroxide
functionality in a crown ether-like frame containing seven
ethereal oxygen atoms (C*, Figure 1)."" The shuttling process of
the new paramagnetic wheel C* along a diamagnetic dumbbell
composed of dialkylammonium and 4,4"-bipyridinium recogni-
tion sites, was also demonstrated by detecting a significant
change of the nitrogen coupling constant in the EPR spectra
after addition of a base to the rotaxane."”

In an effort to design new stable paramagnetic hosts we
decided to further explore the use of aliphatic azacrown ether
as spin probe precursor. In 1985, the synthesis of novel aliphatic
monoazacrown macrocycles (3°, see Figure 1) containing 5
ethereal oxygen atoms was reported."? Complexation toward
Na® and K" cations was also investigated by EPR. Quite
surprisingly, the authors did not detect any EPR evidence of
complexation. We decided to re-investigate in details the
binding properties of this heterocycle family by preparing also
novel larger member containing 6 and 7 oxygen atoms (1° and
2°, see Figure 1). EPR spectroscopy was employed to study the
host properties of the target ligands and to calculate the
association equilibrium constants (K,) of complexes formed with
different inorganic and organic cationic guests.

In addition, nitroxide crown ether 1° was tested as the
wheel in a bistable [2]rotaxane, containing dialkylammonium
and 4,4’-bipyridinium recognition sites.

Results and Discussion

Scheme 1 reports the synthetic steps to obtain the nitroxyl
radical (1°) derived by tetramethyl-24-azacrown-7-O ether 1.
The azacrown was prepared adapting the procedure described
by Lai and co-workers."?

In detail, 3,3,5,5-tetramethylmorpholin-2-one 5 was ob-
tained by the multicomponent Bargellini reaction using amino-
alcohol 4 with chloroform and acetone in NaOH solution.
Aminodiol 6 was afforded after reduction of 5.
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Figure 1. Molecular structures of the investigated nitroxyl crown ethers 1°-
3* and of the macrocycle C* described in Ref. [11].
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Scheme 1. Synthetic pathway of macrocycle 1°.
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The cyclization step was promoted by NaH/BuOH in the
presence of a bis-tosylated glycol chain 7 c. Finally, oxidation of
amine 1 to nitroxide was performed using 3-chloroperbenzoic
acid (m-CPBA), and affording the final radical macrocycle (1°) in
30% yield. The low yield (30%) of the cyclic radical is due to a
partial over-oxidation of the cyclic nitroxide to a nitroso-
derivative with m-CPBA leading to the formation of a ring-
opened bright blue by-product. The by-product (Scheme S2,
Supporting Information) is prevailing in presence of an excess
of peracid. To minimize the nitroso formation, we employed a
smaller amount of peracid (0.7 eq) and followed the progressive
formation of nitroxide 1° by EPR, monitoring the signal intensity
of the radical until a plateau. Thus, the reaction was quenched
by addition of 1 equivalent of Ba(OH), and purified by
chromatography column.

Similar procedure was employed for the synthesis of 2° and
3° (see Supporting Information).

EPR studies
Metal cations with |=0.

When Ca’", Mg?*, Ba®" or Sr** cations are added in acetonitrile
(ACN) to ligands 1°, 2* or 3°, generically indicated as L°®, the
corresponding EPR spectra show additional signals which were
assigned to the complexed radical L*@M"" in equilibrium with
the free nitroxide (Scheme 2).

As an example, Figure 2 reports the spectral lines of free 1°
and 1°@Ca”" nitroxides displaying a difference of 1.5 G between
the coupling constants values (ay) of the two species in
equilibrium in ACN. When the concentration of metal cations is
increased until a threshold value that depends on the affinity of
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Scheme 2. Complexation equilibrium between 1° and metal cation guest
(M"+).
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Figure 2. Spectrum EPR of 1° (5x107° M) in acetonitrile (ACN) in the presence
of calcium picrate 0.058 mM.
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Table 1. EPR spectroscopic parameters of 1°@M"" and calculated K, for the association between 1° and different guests in acetonitrile,”’ acetonitrile/H,O
99/1,*' and acetone."”
Entry Salt Cation Ky/M™' (T=294 K) a/G ay""'G lonic radius (A) Cation Nuclear spin (/)
1 LiClO,® Lit 536 16.05 137 0.76 32
2 NaClo,¥ Na* 9000 15.45 2,53 1.02 312
3 Na picrate Na* 9000 15.46 249 1.02 3/2
4 K picrate® K* 11000 15.52 138 0
5 RbClO,>" ¥Rb* (27.88%) Not determined 15.65 481 1.52 3/2
8Rb* (72.12%) 15.59 1.41 5/2
6 Cs picrate® Cs* 5042 15.75 2.66 1.67 7/2
7 Mg(ClO,),® Mg** 2921 17.22 0.72 0
8 Ca(picrate),” Ca** 59600 16.75 1.00 0
9 Sr(picrate),” st 100000 16.50 1.18 0
10 RbCI®! 8Rb* (27.88 %) 6374 15.66 4.63 1.52 3/2
8Rb* (72.12%) 15.65 1.35 5/2
1 Ba(CH,C00),"” Ba’* 2405 16.28 1.35 0
12 NH,PF® NH,* 12334 15.88 14 0
13 (PhCH,),NH,PF® (PhCH,),NH, * 117 16.01 0
14 Na picrate™ Na* 613 15.27 232 1.02 3/2
15 Cs picrate Cs* 1570 15.76 2.63 1.67 7/2
16 Ca(picrate),"” Ca** 61 16.53 1.00 0
17 (PhCH,),NH,PF (PhCH,),NH, " 21 16.04 0
[a] The hyperfine coupling constant (ay) of 1°is 15.24 G in acetonitrile. [b] The hyperfine coupling constant (ay) of 1°*is 15.34 G in acetonitrile/H,0 99:1. [c]
The hyperfine coupling constant (ay) of 1°is 15.06 G in acetone. [d] Two different salts of the same cation were examined to prove that different anions do
not affect complexation. [e] K, was determined indirectly, by displacement of the Ca’* from 1°, as explained in the text. [f] RbClO, is almost insoluble in
acetonitrile.

the metal examined for the macrocycle, the spectrum of the
radical crown binding the cation, 1°@M"* becomes dominant
allowing the measurement of the spectroscopic parameters of
the bound nitroxide (see Table 1).

The increase of ay is a clear indication that presence of the
metal induces a rather remarkable gain in the odd-electron
(spin) population at the nitrogen center. At the same time, the
g-factor shows an opposite trend, decreasing when passing
from the free to the complexed nitroxide. Since the hyperfine
splittings and g-factors of EPR spectra are known to be sensitive
to environmental perturbations, the reported behaviour is
expected for nitroxide molecules forming a coordination
complex with a metal cation in close contact with the oxygen
atom of the nitroxide group.

The metal cation acting as a Lewis acid site causes a shift of
charge towards the oxygen atom and consequently a shift of
spin density towards the nitrogen atom (see Scheme 3). As
expected, this behaviour is more pronounced in the case of
dication guests or smaller monocations.

jO e
70 0 "0 0

Scheme 3. Resonance structures of dialkyl nitroxide radicals.

Chem. Eur. J. 2023, €202301508 (3 of 9)

Metal cations with 1+ 0.

In addition to the increase of ay, complexation of metal cations
with non-zero nuclear spins (**Cs*, ®Na®™ and ’Li") also
produces line splitting deriving from the coupling of the
unpaired electron of 1°* with the complexed spin active nuclei,
ay'", according to the relationship Njnes= (24l + 1)(2Ngl5 +
1)...2n\ly+1). Moreover, complexation of metal cations of
different isotopic forms, as in the case of *Rb* and ¥Rb",
resulted in an EPR spectrum reflecting the interaction of the
unpaired electron with both isotopes of Rb cations and
enabling to distinguish each isotopic contribution. For example,
Figure 3 shows some experimental spectra and the relative
theoretical simulation.

Calculated equilibrium association constants (K,) of L'@M"* by
EPR measurements

The analysis was carried out using constant concentrations of L*
(0.5-1.0x10"* M) in the presence of variable amounts of each
guest, and extrapolating the ratio between the concentrations

of bound and free form of L* ([L ?LM]{]) by using EPR spectra

simulation. The K, values were obtained considering the angular
coefficient of the linear regression plots reporting the calculated
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Figure 3. EPR spectra of 1° (5x107° M) in ACN at 298 K in the presence of a)
1.0 mM of NaClO, (*Na, |=3/2, 100%), b) 2.5 mM of Cs picrate, ('**Cs, 1=7/2,
100%), ) traces of RbClO, (*Rb, |=5/2, 72%, ¥Rb, |=3/2, 28 %). The
corresponding theoretical simulations (in red) are obtained by employing
the spectroscopic parameters of Table 1.

Lam" . .
values of [ T } as a function of guest concentration. In the

presence of a large excess of guest, the value of K, was
approximated according to the following equation:

_Lram™]  [ram]
T LM T M, (1)

Ka

Alternatively, when using concentrations of guest compara-
ble to those of 1° the K, were obtained considering the
complete mathematical treatment (see Supporting Informa-
tion).
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Concerning the complexation of K* cation, for which no
significant spectral variations were observed in the presence of
ligand 1°, the K™ was indirectly calculated thanks to compet-
itive titrations performed by adding different concentrations of
a K* salt to samples containing known and fixed amounts of
macrocycle 1° and Ca’". (see Supporting Information)

Results obtained for 1°@M"* by EPR measurements

Data of Table 1 have been obtained by measuring sufficiently
intense signals of free and complexed species in concentrations
of host macrocycle and cations up to 1x10~” M and 2x10°® M in
acetonitrile (ACN), respectively.

More specifically, data reported in Table 1 show that the
association constants K, of 1° increases with the ionic radius of
the guest in the series Li", Na* and K™ (Entries 1-4); Mg**" Ca®*
and Sr*”, (Entries 7-9) and, for cations of the same size, with the
charge density (i.e. Na* vs Ca’", Entries 2 and 8). An exception
was noticed for K cation (Entry 4), in which the corresponding
K¢ was estimated over twice larger than K™ (Entry 6). In this
case we suppose that the conformation adopted by 1° is more
favourable when binding K™ than Cs™*.

It is important to note that the affinities of the alkali cations
for 1° are very similar to the reported values in ACN for the
closely related diamagnetic macrocycle dibenzo[24]crown-8 (i.e.
with Na* K,=12590 M™", K* (K,=6310 M"").("¥

This suggests that the presence of the nitroxide unit does
not reduce the complexing capacity of the crown ether moiety.

In order to complete the analysis of the complexation of
alkaline and alkaline-earth metal cations, supplementary experi-
ments in ACN/H,0 99/1 were performed using salts not soluble
in pure acetonitrile, i.e. RbCl and Ba(CH;COO),, (Entries 10 and
11), for which the obtained affinities values reflect the cation-
diameter-hole-size relationship.

In addition, the affinity of organic dibenzylammonium
cation (DBA) in ACN was found significantly lower than that
obtained by the corresponding inorganic NH, ™ (Entry 13 vs. 12),
but sufficiently high to propose the synthesized macrocycle 1°
as a wheel of a multi-station rotaxane, including one based on
the DBA.

Entries 14-17 report the binding constants of some salts
obtained in acetone. In general, we observe a sensitive decrease
of the values relatively to those measured in ACN for the same
cations, presumably because the solvation enthalpies and
entropies of the cations and ligand are unfavourable to
complexation. Calcium dication feels the solvent change even
more, displaying a dramatic inhibition to the complexation
(compare entries 8 and 16), probably because of the larger
charge density which results in a more efficiently solvation in
acetone than in acetonitrile.
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Table 2. EPR spectroscopic parameters and calculated K, for the complexation between 2°® or 3°* ! and selected guests in ACN."
Salt Cation (Iy) Crown ether 2* Crown ether 3° ay/G ay'* /G ay/G ay'* /G lonic radius
K/M™! K/M™ 2° 2° 3° 3° (A
(T=294K) (T=294K)
LiClo, Li* (3/2) 1381 1219 16.20 1.14 16.25 1.97 0.76
NacClo, Na™ (3/2) 22656 41630 15.48 2.68 15.99 2.30 1.02
K picrate K™ (0) 26398 58603 15.70 / 16.26 / 1.38
Cs picrate Cs™ (7/2) - 3346 - - 16.54 3.29 1.67
Mg(ClO,), Mg**(0) 14059 - 17.42 / - 0.72
Cal(picrate), Ca’* (0) 53208 59370 16.81 / 16.70 / 1.00
Sr(picrate), Sr?* (0) 94660 - 16.32 / - 1.18
[a] [2°]1=[3"1=4-8x10"° M. [b] The hyperfine coupling constants (a,) in ACN of 2°* and 3* are 15.36 and 15.42 G, respectively. [c] This value refers to the
formation of a 1:2 complex between Sr** cation and two crown ether 2° molecules.

Results obtained for 2°@M"* and of 3*@M"* by EPR
measurements

Table 2 reports the estimated complexation parameters of
selected cations in ACN using smaller sized radical macrocycles
2°* and 3°, synthesized in the present study, in order to evaluate
the host fitting of the metal guest. In general, spectral behavior
of radicals 2* and 3* towards examined metals resembles that
already observed in 1°@M"" complexes: once again the spectral
lines of free and bound crown nitroxides display a difference in
the ay value and in the splitting of signals in the case of metal
cation with non-zero nuclear spin. The increase of ay value is
more evident in the case of small and dications species (i.e. 2°@
Mg”*). However, a high value of ay is observed also in the case
of complexes of 3* with alkaline low charge density Cs* and K*
cations; in this case a closer distance between the complexed
ion and nitroxide function in smaller macrocycle may justify the
obtained large ay value.

For what concerns the relationship between the ionic radius
size and the association constants of the three ligands, Figure 4
further summarizes the obtained results in graphic form.

~e-Ligand 1+

log Ka (M*)

1 12 13 14 15 16
lonic Radius (&)

Figure 4. Graphical representation of the relationship between the ionic
radius of the metal cations examined and the logK, of the three proposed
ligands. The black, blue, and red lines and dots refer to the results found for
macrocycle 1°, macrocycle 2°, and macrocycle 3°, respectively.
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In analogy with literature data™ obtained by potentiomet-

ric techniques for conventional crown ethers, Na* and K*
cations proportionally increase their affinity towards the smaller
paramagnetic macrocycles, which become more suited to
accommodate them. In line with these results, the small Li*
forms complexes with radicals 2* and 3° of similar stability,
however relatively low compared to the other cations consid-
ered, while the affinity values halves when the host is the
largest macrocycle 1°. On the other hand, the large Cs™ is best
fitted in 1° than in the smaller sized 2* and 3°. Large and very
similar K, values are calculated in complexes of all the radical
macrocycles with Ca** ion.

This result might be explained in terms of similar peculiar
electrostatic interactions that occur between the calcium ion
and the nitroxide function in the various macrocycles, regard-
less of the number and proximity of the ether oxygen donors
present in the different crowns. Finally, a complex having a
metal to ligand ratios of 1:2 between Sr*™ and macrocycle 2°
could be proposed on the basis of the irregular variation of the
ratio between the bound and free form of the radical in
function of the cation concentration (see Supporting Informa-
tion). In this case a “sandwich” structure in which the metal ion
is located between two crown radical molecule is suggested."

It is worth noting that the designed host systems are so
sensitive that the presence of different metal ions in the same
sample can be detected in the EPR spectrum by the appearance
of distinct signals for each formed coordination complex. The
relative amounts of the single species can be calculated by
simulating the experimental spectrum using Equation (1) and
the determined association constant values of each complex. As
an example, Figure 5 shows the spectrum of macrocycle 3° in
ACN in presence of Cs* and Na*, along with the related
theoretical simulation that made possible to identify and
quantify both cations.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. EPR spectra of 3° (5x10~° M) in ACN in the presence of NaClO,
0.024 mM and Cs picrate 0.28 mM, as derived from the theoretical simulation
(in red) obtained by employing the spectroscopic parameters reported in
Table 2 and the following relative percentages of the present species:
3*@Na“~34%, 3°@Cs* ~32%, 3°=34%.

Calculated association constants (K,) of 1°@M"*, 2°@M"* and
3*@M"* in acetonitrile/H,0 mixtures by EPR measurements

Given the sensitivity of the method developed and the results
obtained in organic solvent, we evaluated whether the
complexing properties of the new radical ligands were main-

tained increasing the water content of the organic solution of
salts. Table 3 shows the results obtained in the presence of
some representative cations in ACN/H,O mixtures (Further
results are reported in the Supporting Information). In order to
increase the range of cationic concentrations that can be
studied and assess how the polarity of the medium affects the
complexation process, mixtures starting from ACN/H,O 99/1
(i.e. 1-100 mg/L) was employed, and subsequently higher water
content and higher concentrations of cations were explored
(i.e. 50-500 mg/L for ACN/H,0 95/5, and >500 mg/L for ACN/
H,0 90/10)." Spectroscopic parameters of free and occupied
radical ligands remain significantly distinct in the mixtures
tested and the simulation of the obtained spectra allows their
quantification. The results indicate that the proposed macro-
cycles still preserve the capacity to capture cations. In
comparison to what is seen in pure ACN, the presence of 1%
H,O causes a small but significant decrease of the affinity of
Mg** for macrocycle 1°, whereas a more contained reduction in
the Na™ association constant with macrocycles 2°* and 3° is
observed. Also in these conditions the three ligands show the
same affinity toward Ca*" ions, which is about one third of that
observed in acetonitrile while the affinity of Na™ for the three
macrocycles continues to decrease proportionally and slowly as
the percentage of water present increases, remaining surpris-
ingly high, for the tested macrocycle 2°, even when water is
added up to 10%. The K™ appears to follow a similar behavior
with macrocycle 3°. In contrast, the affinity of Ca’* swiftly

Table 3. EPR spectroscopic parameters and calculated K, for the association between 1°, 2° and 3* and different cations® in mixtures ACN/H,0.®!

Cation™ Mixture Crown ether 1° Crown ether 2° Crown ether 3° alG a/G alG
ACN/H,0 K/M™" K/M™ K/M™' 1° bound 2°* bound 3* bound

Na™ 99/1 765 5116 11215 ay=15.46 ay=1545 ay=16.09

(1=3/2) ay, " =2.38 an,” =2.60 ay," =2.10

(r=1.02 A)

K* 99/1 8975 ay=16.26

(1=0)

(r=1.38A)

Mg?* 99/1 270 467 1850 ay=16.74 ay=16.87 ay=16.76

(1=0)

(r=072A)

Ca** 99/1 18985 17776 19818 ay=16.78 ay=16.82 ay=16.70

(I=0)

(r=1.00 A)

Na* 95/5 135 539 2108 ay=15.68 ay=15.63 ay=16.08

(1=3/2) +_ +_ +_

=102 & ay =211 Ay =231 ay," =1.98

K* 95/5 2597 ay=16.34

(1=0)

(r=1.384)

Ca?* 95/5 219 618 ay=16.53 ay=16.69

(1=0)

(r=1.00 A)

Na™ 90/10 294 ay=15.66

(1=3/2) .

(r=1.02 A) Ay =210

[a] Two different salts (chlorides and perchlorates) of the same cation were examined, obtaining the same results. [b] The hyperfine coupling constants (ay)
of 1%, 2° and 3° are 15.34 G, 15.45 G and 15.50 G in ACN/H,0 99:1, respectively. The hyperfine coupling constants (a,) of 1°, 2° and 3° are 1548 G, 15.57 G
and 15.65 G in ACN/H,0 95:5, respectively. The hyperfine coupling constants (a,) of 3* is 15.72 G, in ACN/H,0 90:10
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decreases when the water content of the mixture rises, this
time more dramatically for macrocycle 1° than for 3°.

We can conclude that the proposed ligands are so sensitive
that, even when dissolved in mixtures containing small
amounts of water, they can still sense the presence of different
metal cations in a single sample, producing separate signals for
each generated complex that are identifiable and quantifiable
after spectral simulation.

Synthesis and shuttling of a radical molecular machine based
on 1%

In order to investigate the possible applications of 1%in the field
of radical MIMs, its complexing behaviour was applied also to
the organic dibenzylammonium cation (DBA), which represents
a recognition station present in many linear components of
rotaxanes."" Actually, the EPR spectrum of 1° shows a
significant increase of ay constant after DBA salt addition (from
15.24 to 16.01 G, Table 1) (Figure 6a), indicating a considerable
affinity of the macrocycle towards this organic species. In
addition, the spectral shape of the complex changes too,
leading to an apparent broadening of the external lines as a
consequence of the increased rotational correlation time of the
complex. Similar variations are detected when the dication half
thread (8H?") precursor of many bistable rotaxane structures, is

3275 3285 3295 3305 3315
Field (G)

Figure 6. Comparison of the EPR spectra in acetonitrile of 1°* (blue line) and
a) 1° after addition of excess of DBA (red line); b) 1° after addition of excess
of 8H?" (red line) indicating hosting of the organic cations.
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Scheme 4. Reaction scheme for the preparation of the rotaxane RH*** and
switching process between RH*>* and R*?".
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hosted by the radical macrocycle (Figure 6b). Thanks to these
spectral features we decided to undertake the synthesis of
[2]rotaxane RH*** (Scheme 4) containing dialkylammonium and
4,4"-bipyridinium recognition sites. The MIM was assembled by
applying the well known threading-stoppering approach which
consists in the formation of the pseudorotaxane (1°@8H"), and
in the subsequent trapping with 3,5-di-‘butylbenzylbromide in
methylene chloride."" As described above evidence of thread-
ing of the dicationic rod into the radical macrocycle was
detected following ay coupling constant increase by EPR. In
detail, adding discrete amounts of 8H** (up to 1.5 eq) to a
known concentration solution of 1° in CH,Cl,, we monitored the
shift of EPR spectrum lines until reaching of a constant value.
Once formation of 1°@8H?> was complete, the stopper was
added and the reaction refluxed for 5 days (see Supporting
Information). RH*3* was isolated with a not yet optimized yield
of 20% after chromatographic separation.

The rotaxane structure was confirmed by ESI-MS (see
Supporting Information) and EPR spectroscopy. '’

Figure 7 (red line) shows the EPR spectrum of rotaxane
RH*** recorded in acetonitrile at 298 K, exhibiting typical
nitroxide EPR signals with the high field line broadening due to
restricted tumbling. The value of ay=16.08 G is sensitively
larger than that observed for the free macrocycle (15.24 G),
indicating a specific non-covalent interaction between macro-
cycle N-O* and the ammonium station of the dumbbell. This
feature, which is correlated to the spin density modification on
the nitrogen atom and the minor conformational degree of the
radical due to complexation, confirm the solution structure of
the rotaxane. An in-depth EPR analysis of free and complexed
macrocycle consisted in decreasing amplitude modulation (AM)
in order to acquire more resolved spectra. In this case, the low
field line of the rotaxane displays a further splitting due to the
coupling of the unpaired electron with y-protons (Figure 7b)
which is not detected in the free macrocycle (Figure 7a).

Also base-induced movement of the macrocycle towards
the bis-pyridinium station (Scheme 4) was followed by acquir-
ing EPR spectra. Addition of increasing amounts of i-Pr,EtN
(DIPEA) to the rotaxane solution produces an increase in the
EPR nitrogen coupling value of 0.2 G. Furthermore, more
resolved spectral EPR (modulation amplitude 0.1 mT) of the two
MIM co-conformations revealed distinct splitting patterns (Fig-
ure 8, spectra a and b),

a5 s wme w1 ams wms v w0
Field (6)

‘/ %0 3270 3280 3200 3300 3310 3320 3330 33
\ Field (G)

Figure 7. In the right side EPR spectra (amplitude modulation 1 mT) of
macrocycle 1° (blue line) and rotaxanes RH*** (red line) in ACN at room T

and in the left side insets displaying the low field line measured at amplitude
modulation 0.1 mT of a) radical crown ether 1% b) rotaxane RH***.
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I

3270 3280 3290 3300 3310 3320
Field (G)

b)

3270 3280 3290 3300 3310 3320
Field (G)

Figure 8. EPR spectra in ACN a 298 K of a) RH**"; b) RH*** in the presence of
DIPEA (3 eq).

In principle, the variation of the coupling constant could
simply be due to the deprotonation of the ammonium site and
the consequent complexation of the secondary amino group.
However, this possibility was rejected for the following reasons:
i) we expect that the complexation of a neutral group results

in a decrease of the nitrogen coupling constant and not in

its increase as experimentally observed;
ii) no EPR spectral changes were observed on mixing the
dibenzylamine model compound with the macrocycle.

On these bases, the observed spectral variation were
attributed to the translational movement of the macrocycle
along the dumbbell.

The subsequent addition of a stoichiometric amount of
trifluoroacetic acid (TFA) to the same solution caused the
quantitative recovery of the initial EPR spectrum as a conse-
quence of the macrocycle returning to the preferred
ammonium station (see Supporting Information).

Conclusions

In summary, the inclusion properties of paramagnetic aza-
crown ether macrocycles 1°-3° towards alkaline, alkaline earth
metals and few organic guests were tested. Evidence of the
complexation was provided by remarkable changes of the
spectral parameters (multiplicity and hyperfine constants)
comparing the EPR spectra of the associated and non-
associated forms. Thanks to these spectroscopic features, the
association equilibrium constants (K,), were calculated by
theoretical simulations of the EPR spectra. The novel macro-
cycles showed a large affinity towards a variety of guest
inorganic cations, as well as an excellent ability to distinguish
them when present simultaneously, either in pure acetonitrile
or acetonitrile-water mixtures. For these reasons, they could be

Chem. Eur. J. 2023, €202301508 (8 of 9)

suitable for the identification, measurement, extraction, and/or
transport of cations in organic and mixed matrices.

Use of the largest radical macrocycle 1° in the formation of
radical MIMs allowed to obtain a [2]rotaxane, whose dumbbell
includes ammonium and bis-pyridinium stations. In the molec-
ular machine, pH change produces the typical reversible trans-
lational forth and back movement, which was quickly moni-
tored by EPR without an appreciable loss of signal. This
favourable feature in combination with the presence of redox-
active persistent nitroxide radical makes the proposed rotaxane
a suitable candidate for preparing molecular machines able to
perform repetitive back and forth motion triggered by a
catalytic oxidation cycle, which is maintained until a fuel is
present.
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generating peculiar EPR spectral
pattern also depending on non-zero
nuclear spin of the metal cation. The
wheel was employed also in the prep-
aration of a rotaxane structure.
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