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Bis-Squaramide-Based [2]Rotaxane Hosts for Anion

Recognition

Arya Arun,” Andrew Docker,” and Paul D. Beer*™

The first examples of bis-squaramide axle containing
[2]rotaxanes linked via rigid aryl and flexible alkyl spacers
synthesised using copper(l) catalysed active metal template
methodology are reported. The halide and oxoanion binding
properties of the [2]rotaxanes in aqueous-organic solvent media
are examined through extensive 'H-NMR titration experiments
to investigate the impact of integrating multiple squaramide
motifs on the anion binding capabilities of the interlocked
receptors. These studies reveal that the bis-squaramide rotax-
ane host systems exhibit enhanced halide anion binding
capabilities relative to a mono-squaramide axle functionalised

Introduction

Anions are ubiquitous in nature and are involved across a
myriad of chemical and biological processes,™™ providing
strong impetus for the design of molecular host systems
capable of strong and selective recognition. However, anions
possess intrinsic properties such as pH-dependence and high
free energies of solvation which make their recognition a
formidable task,“® especially in aqueous containing media.”""
Whilst the introduction of multiple positive charges has been
commonly utilised as a potential strategy to overcome the
effects of anion solvation in competitive protic aqueous solvent
media, this is often to the detriment of selectivity."? Efforts
directed towards the construction of host architectures capable
of achieving anion recognition in aqueous media have identi-
fied mechanically interlocked molecules (MIMs) such as rotax-
anes and catenanes as potent host systems."'” The unique
topological three dimensional encapsulating binding cavities
afforded by the mechanical bond resemble biotic host systems
which achieve strong and selective recognition of anionic
species through the concerted action of multiple hydrogen
bonding (HB) donor motifs."52*

Taking inspiration from this approach we sought to
integrate the prodigious anion recognition capabilities of
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rotaxane, demonstrating a rare anti-Hofmeister bias halide
anion selectivity trend in aqueous-organic mixtures and high-
lighting the efficacy of the potent solvent shielded hydrophobic
interlocked binding pocket created upon mechanical bond
formation. Notably, employing a rigid aryl linker between the
two squaramide motifs in the axle component enables the
rotaxane host to exhibit strong and selective binding of
tetrahedral oxoanions. Conversely, a flexible alkyl spacer
facilitates trigonal oxoanion selective recognition by the bis-
squaramide [2]rotaxane.

squaramide HB donor units into interlocked [2]rotaxane host
structures for the purposes of anion recognition in aqueous
containing media. While there are numerous examples of
squaramide-based acyclic and macrocyclic host systems,?%
MIMs containing a squaramide motif are rare.®*>¢ Herein, we
report a series of unprecedented bis-squaramide functionalised
axle component containing [2]rotaxanes, wherein the two
squaramide units are linked via an aryl or aliphatic spacer
(Figure 1). Extensive 'H-NMR binding investigations reveal
notable enhanced anion binding affinities relative to a mono-
squaramide axle functionalised [2]rotaxane analogue, with the
bis-squaramide-based [2]rotaxanes exhibiting rare anti-Hofmeis-
ter bias halide anion selectivity trends in aqueous-organic
mixtures. Furthermore, the rigidity of the alkyl/aryl linker
between the squaramide units markedly influences binding
strength and importantly oxoanion selectivity.

Figure 1. Cartoon representation of the target bis-squaramide-axle based
[2]rotaxane host systems.
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Results and Discussion
Synthesis and Characterisation

The synthesis of the target [2]Jrotaxanes began with the
preparation of the bis-azide functionalised bis-squaramide axle
precursors, 4 and 5, via modified literature procedures.”’®

Thereafter, active metal template methodology”” was
employed to synthesise the bis-squaramide-based [2]rotaxanes.
In a typical reaction, an equimolar mixture of macrocycle 1“”
and Cu(CH,;CN),PF, in dichloroethane was combined with six
and three equivalents of stopper alkyne 2" and bis-azide
precursor (4 or 5) respectively (Scheme 1). The reaction mixture
was left to stir at 80 °C for three days following which the crude
mixture was subjected to an aqueous workup with EDTA/
NH,OH. Purification by preparative TLC afforded the target
[2]rotaxanes 7 and 8 in 15% and 22 % yields respectively. Both
novel [2]rotaxanes were characterised via 'H-NMR, "*C-NMR,
'H-"H ROESY NMR and ESI-HRMS.

Evidence of [2]rotaxane formation was obtained by compar-
ison of the 'H-NMR spectra of the interlocked product,
representative example [2]rotaxane 7, and separate macrocycle
and axle components in CDCl; (Figure 2). Noteworthy upfield
shifts and splitting of the rotaxane’s hydroquinone protons Hg,
as a result of donor-acceptor interactions between the axle
electron deficient squaramide and electron-rich macrocycle
hydroquinone components were indicative of successful me-
chanical bond formation. Furthermore, the downfield shifts of
the macrocycle protons H, and H, and upfield shifts of the axle
protons H, and H, were attributed to shielding effects arising
from the macrocycle residing in the vicinity of the two
squaramide motifs, a co-conformation presumably stabilised by
extensive intercomponent HB interactions. Similar diagnostic
'H-NMR shifts were observed in the case of [2]rotaxane 8 as
well. Additionally, ESI-MS analysis of the sample mixtures
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Figure 2. Truncated stacked 'H-NMR spectra of i) macrocycle 1 ii) [2]rotaxane
7 and iii) axle component 7a (CDCl;, 500 MHz, 298 K).
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revealed m/z peaks at 2382 and 2348 Da, corresponding to the
target [2]rotaxanes.

A 'H-'H ROESY NMR study revealed further evidence for
mechanical bond formation. In the case of both [2]rotaxanes 7
and 8, through-space interactions were evinced between the
axle squaramide protons and the protons of the macrocycle,
while none were observed between the axle triazole and the
macrocycle protons, consistent with the macrocycle preferen-
tially residing at the respective bis-squaramide station of the
axle (Figure 3 and S18).

Having characterised the target bis-squaramide containing
[2]rotaxanes, the synthesis of previously reported mono-squar-
amide [2]rotaxane 9%Y was undertaken for the purposes of
anion binding comparison with this bis-squaramide rotaxane
systems. Formerly prepared by employing a CuAAC stoppering
MIM procedure of a NaBArf, templated [2]pseudorotaxane
assembly between a bis-azide functionalised polyether squar-
amide axle precursor and macrocycle, [2]rotaxane 9 was
synthesised again in an improved yield of 30% using AMT
methodology (Scheme 1).

Anion Binding Studies

The anion recognition properties of bis-squaramide axle
containing rotaxanes 7 and 8, together with mono-squaramide
axle rotaxane 9 for comparison, were investigated via 'H-NMR
titration studies in aqueous-acetone solvent mixtures. A variety
of anions were selected including halides and a range of
oxoanions to investigate the role of anion geometry on binding
affinity and selectivity. In a typical experiment, aliquots of TBA
salts were sequentially added to a 1 mM solution of each
rotaxane in 5:95 D,0/d¢-acetone solvent media.

In the case of the aryl-linked [2]rotaxane 7, the addition of
the majority of anions led to downfield shifts in the proton
signals corresponding to the chemical environments adjacent
to the NH HB donors, namely macrocycle proton H, and axle
spacer proton H, indicative of binding occurring within the
interlocked cavity of the [2]rotaxane (Figure 4a). Intriguingly,
upon addition of oxoanions, OAc”, HSO,” and H,PO,” the
proton signals corresponding to environments proximal to the
anion binding site initially moved downfield until 0.8-1 equiv-
alents before shifting upfield upon subsequent anion addition
of up to 10 equivalents (Figure 4b) alluding to the existence of
complex binding equilibria in the system.

Alternatively, in the case of alkyl-linked bis-squaramide
[2lrotaxane 8 and mono-squaramide [2]rotaxane 9, upon
increasing anion concentration downfield shifts in the internal
benzene proton of the macrocycle H, and the axle spacer
proton H, were observed for all anions. Additionally, notable
perturbations in the proton resonances of the axle triazole
motifs and neighbouring methylene protons were also seen for
rotaxane 8, suggesting their proximity to the binding cavity and
potential assistance in anion recognition.

Bindfit“? analysis of the rotaxane isotherm titration data
(Figure 5, S51, S52 and S53) determined association constant
values shown in Table 1, using a 1:1 stoichiometric host-guest
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Scheme 1. Synthesis of bis-squaramide [2]rotaxanes 7, 8 and mono-squaramide [2]rotaxane 9 using active metal template methodology.

binding model for all anions, with the exception of a 1:2
stoichiometric host-guest binding model for [2]rotaxane 7 and
oxoanions, OAc”, HSO,” and H,PO,". This difference in the
stoichiometric OAc™, HSO,~ and H,PO, oxoanion binding modes
by the bis-squaramide rotaxanes may be attributed to the
relatively more rigid aryl spacer motif between the squaramide

Chem. Eur. J. 2024, €202402731 (3 of 7)

motifs in [2]rotaxane 7 compared to the flexible propyl alkyl
linking group of [2]rotaxane 8.

Analysis of the binding data in Table 1 reveals a consid-
erable amplification in anion binding affinities across the board
for the bis-squaramide hosts relative to the mono-squaramide
[2]rotaxane 9, highlighting the advantages of incorporating

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. Truncated 'H-"H ROESY NMR spectrum of [2]rotaxane 7 in CDCl,

potent multi-squaramide HB donor binding sites into MIM host
design. Amongst the halides, both bis-squaramide rotaxane
receptors exhibit selectivity for chloride, with a 6-7-fold
enhancement observed in the case of chloride and bromide
association constant values relative to the mono-squaramide
axle containing rotaxane 9. Furthermore, the halide binding
data is also indicative of a notable anti-Hofmeister trend (CI~ >
Br >1") in the aqueous containing organic solvent mixture,
attributable to the effective hydrophobic interlocked host cavity
created upon mechanical bond formation.

In the case of the oxoanions, receptor 7 exhibits much
stronger binding of tetrahedral shaped anions namely HSO,~
and H,PO,~, displaying remarkable 25-fold and 95-fold enhance-
ments in their K; binding constant magnitudes in comparison
to rotaxane 9. An oxoanion selectivity trend of HSO,” >
H,PO,” > OAc™ > 0Bz  >NO;  >NO, is observed, indicative of

Chem. Eur. J. 2024, €202402731 (4 of 7)
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augmented MIM host-guest complementarity for tetrahedral
anion guest species. By contrast rotaxane 8 exhibits a modest
preference for the trigonally shaped basic OBz /OAc™ oxoan-
ions. Notably, NO;~ and NO,™ are relatively weakly bound by
both bis-squaramide rotaxanes.

Conclusions

In an effort to enhance anion recognition capability, two novel
bis-squaramide functionalised axle containing [2]rotaxanes
were designed and constructed using active metal template
mechanical bond synthetic methodology. Extensive 'H-NMR
anion titration studies in aqueous-organic mixtures demon-
strated the introduction of a second squaramide HB donor
motif into the respective rotaxane’s axle component resulted in

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. 'H-NMR spectra of [2]rotaxane 7 upon addition of 1, 5 and 10 equivalents of a) TBACI and b) TBAOAc (500 MHz, 298 K, 5:95-D,0-ds-acetone). The

amide resonances of the macrocycle and axle components were not observed in this protic solvent medium due to hydrogen-deuterium exchange.
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Figure 5. Binding isotherms of [2]rotaxane 8, showing changes in chemical shift of internal benzene proton b upon increasing equivalents of various anions

significant amplification in halide and oxoanion anion binding  squaramide rotaxane host systems displayed an anti-Hofmeister
affinity as compared to a mono-squaramide axle functionalised  bias halide anion selectivity for chloride, a rare phenomenon
[2]rotaxane host analogue. In the case of halides, the bis-  brought into effect by a combination of the MIM hydrophobic
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Table 1. Anion association constants K, (M™') for [2]rotaxane 7,8 and 9 [1.0 mM] in 95:5-ds-acetone-D,0 at 298 K.
Anion [2]Rot. 7 [2]Rot. 8 [2]Rot. 9

Binding mode K, K, Binding mode K, Binding mode K,

(M) (M) (M) M)

- 1:1 574 - 1:1 621 1:1 90
Br~ 1:1 225 - 1:1 226 1:1 34
I 1:1 35 - 1:1 58 1:1 =
NO, 1:1 42 - 1:1 130 1:1 o
NO,~ 1:1 124 - 1:1 160 1:1 -
OBz~ 1:1 701 - 1:1 916 1:1 46
OAc™ 1:2 3279 (10) 232 1:1 668 1:1 317
HSO,~ 1:2 5533 (23) 1383 1:1 224 1:1 223
H,PO,~ 1:2 3627 906 1:1 451 1:1 38
[a] K, values calculated using Bindfit*? software using a 1:1 and 1:2 host-guest binding models by monitoring internal benzene proton H,. All anions
added as their TBA salts. Error percentages less than 10% unless specified. [b] No binding.

cavity and strong HB donor binding capabilities of the bis-
squaramide axle components. The contrasting rigidity of the
alkyl/aryl linker between the two squaramide motifs of the axle
component of the respective [2]rotaxane, notably influences
oxoanion binding strength and selectivity. The aryl spacer
functionalised bis-squaramide rotaxane (7) selectively bound
tetrahedral anions such as H,PO,”~ and HSO,”, while the
incorporation of flexible propyl alkyl linker in bis-squaramide
rotaxane (8) resulted in a preference for trigonally shaped basic
oxoanions OBz~ and OAc™. These observations serve to high-
light the advantages of integrating multiple potent HB donor
squaramide motifs into future MIM host structural design to
achieve enhanced anion binding strength and influence
selectivity.
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Incorporating two squaramide motifs
into the axle component of
[2]rotaxanes dramatically enhances
their anion binding affinities and se-
lectivity properties compared to a
mono-squaramide axle containing
[2]rotaxane, revealing a rare anti-Hof-
meister halide anion binding trend in
aqueous-organic solvent media.
Varying the rigidity of the linker con-
necting the axle squaramides results
in the rotaxanes displaying strong and
selective binding of tetrahedral and
trigonal oxoanions.
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