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The first heteroditopic [2]rotaxane host systems capable of strong and selective binding of lithium chloride
ion-pair species are described. Importantly, a cooperative ‘switch on” mechanism was found to operate,
in which complexation of a lithium metal cation enhances the halide anion affinity of the rotaxanes via a
combination of favourable proximal electrostatic and preorganised allosteric effects. The mechanically
bonded rotaxane host design features a macrocycle component possessing a 2,6-dialkoxy pyridyl cation
binding motif and an isophthalamide anion binding group, as well as an axle component functionalised
with either a halogen bonding (XB) iodotriazole or hydrogen bonding (HB) prototriazole moiety. Extensive
quantitative *H NMR titration studies in CDsCN/CDCls solvent mixtures determined enhanced ion-pair
binding affinities for lithium halides over the corresponding sodium or potassium halide salts, with the
axle prototriazole-containing HB rotaxane in particular demonstrating a marked selectivity for lithium
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chloride. Solid-state X-ray crystallographic studies and computational DFT investigations provide evidence
for a [2]rotaxane host axle-separated ion-pair binding mode, in which complementary cation and anion
binding motifs from both the macrocycle and axle components act convergently to recognise each of
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Introduction

The ubiquity and importance of charged species in a myriad
of chemical, biological, industrial and environmental
processes’ ® has stimulated ever increasing interest in the
development of molecular receptors for their selective reco-
gnition. In particular, heteroditopic receptors capable of sim-
ultaneously binding cations and anions have demonstrated
considerable advantages over their monotopic counterparts
due to favourable allosteric and electrostatic effects associated
with ion-pair binding.” > The use of mechanically interlocked
molecules (MIMs) as molecular receptors has been effective in
enhancing guest binding by exploiting the size and shape of
their unique topological 3D binding cavities for complemen-
tary target guest recognition."®” Surprisingly, efforts to
combine the advantages of MIMs and heteroditopicity are
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rare,"® 2> with the majority of examples utilising hydrogen

bonding (HB) donor motifs for anion binding, while the poten-
tial of halogen bonding (XB)-mediated anion recognition
remains underexplored.>***

There is a growing need for receptors capable of recognising
lithium salts due to the widespread use of lithium ion batteries®
and the potentially toxic effects of high concentrations of lithium
in water sources.**”” However, selective binding of lithium salts
is challenging due to their high lattice enthalpies, with only a
handful of acyclic and macrocyclic receptors capable of binding
lithium chloride (LiCl) ion-pairs.? 324143

We have recently reported a family of halogen bonding (XB)
heteroditopic rotaxanes which selectively bind lithium
bromide and iodide ion-pairs.*® However, the interlocked
hosts were unable to recognise LiCl. Building on this work,
herein, we present the synthesis and ion-pair binding pro-
perties of two new XB and HB heteroditopic rotaxanes (Fig. 1),
wherein the integration of an isophthalamide anion binding
motif into a dialkoxypyridyl containing macrocycle component
and an XB iodotriazole or HB protic triazole axle facilitates the
strong binding of lithium halide ion-pairs, notably including
LiCl. The combination of extensive "H NMR titration experi-
ments, single-crystal X-ray structure analysis and compu-
tational DFT theoretical calculations provides substantial evi-
dence for an axle-separated lithium halide ion-pair rotaxane
binding mode (Fig. 1). Both rotaxanes display strong LiX
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Binding affinity: LiCl > LiBr >> Lil

Fig. 1 Cartoon representation of heteroditopic [2]rotaxanes for selec-
tive LiCl binding.

(X = Cl, Br, I) binding, making them the first interlocked struc-
tures capable of selectively binding LiCl ion-pairs. Importantly,
the HB axle rotaxane 9 showed notable selectivity for LiCl with
respect to lithium halides and alkali metal chlorides, includ-
ing NaCl and KCl.

Results and discussion
Synthesis and characterisation of [2]rotaxanes

The target isophthalamide-functionalised macrocycle 6 was
prepared (Scheme 1a), and subsequently employed in a Cu(1)-
catalysed azide-alkyne cycloaddition active metal template
(CuAAC-AMT) [2]rotaxane synthetic reaction®**> in conjunction
with azide- and (iodo)alkyne-functionalised stopper precursors
7 and 8 to afford the heteroditopic [2]rotaxanes 9 and 10 in
excellent yields of 77% and 74% respectively (Scheme 1b).
Evidence for the interlocked nature of the [2]rotaxanes was
obtained by comparing their '"H NMR spectra to those of the
non-interlocked components (Fig. 2 and $1.10f), which
revealed proton movements indicative of mechanical bond for-
mation. The internal isophthalamide proton H, and amide
proton Hj of the macrocycle shifted downfield in the "H NMR
spectrum of the rotaxane relative to the free macrocycle, pre-
sumably due to HB interactions with the basic nitrogen atoms
of the triazole axle. In addition, diagnostic upfield shifts were
observed for the macrocycle aryl protons Hs and H;, indicative
of aromatic donor-acceptor interactions between the electron-
rich macrocycle aryl groups and the relatively electron-deficient
axle triazole unit. Interestingly, the signal for methylene
protons Hg, which appeared as a singlet in the macrocycle,
splits into a multiplet in the rotaxane spectrum, which was
attributed to the loss of symmetry of the methylene protons
upon formation of the interlocked structure. Further confir-
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Scheme 1 Synthesis of (a) macrocycle 6; (b) HB and XB [2]rotaxanes 9
and 10.

mation of the interlocked topology of the products was
obtained by 'H-'H ROESY spectroscopy experiments, which
showed cross-peaks arising from through-space interactions
between the interlocked axle and the macrocycle components
(Fig. S1.157). Notably, weak cross-peaks were observed between
triazole proton Hy, of the axle and methylene proton signals Hg
and Hy of the axle, which further supports the notion that the
triazole moiety of the axle is oriented in a manner that facili-
tates intercomponent hydrogen bonding interactions between
the triazole nitrogen atoms and isophthalamide NH donors of
the macrocycle.

'H NMR binding studies

The alkali metal cation binding properties of rotaxane 9 were
first studied by "H NMR titration experiments in 3:7 CD;CN/
CDCl; (section S3.271). LiClO, was used as the Li* cation source
while for Na" and K' tetrakis[3,5-bis(trifluoromethyl)phenyl]
borate (BAr®") salts were employed due to the poor solubility
of NaClO, and KClO,. In a typical titration experiment, ali-
quots of the alkali metal salt were progressively added to a
solution of the rotaxane. The addition of LiClO, and NaBAr"
induced a notable downfield shift in macrocycle pyridyl proton
H,,, as well as pyridyl-proximal methylene protons Hy and Hg,
indicative of metal cation coordinating to the 2,6-dialkoxypyri-
dyl motif. In addition, the axle methylene proton H. under-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Stacked 'H NMR spectra of prototriazole axle (top), rotaxane 9 (middle) and macrocycle 6 (bottom) (CDClz, 500 MHz, 298 K).

goes an upfield shift, suggesting participation of the triazole
nitrogen and adjacent oxygen atom in binding to the metal
cation (Fig. $3.10%). In contrast, no significant changes were
observed upon addition of KBAr®, suggesting no binding of
the larger potassium cation. Importantly, the protons near the
anion binding site did not exhibit any significant pertur-
bations, indicating that both BAr*~ and ClO,~ are non-coordi-
nating anions.

The association constants for Li" and Na* were determined
via a global Bindfit*® analysis of the binding isotherms gener-
ated by monitoring the movements of multiple proton signals
proximal to the cation binding site, highlighting a notable pre-
ference for Li" over weakly bound Na' (Ki) = 312 M™", Kina) =
69 M. This was attributed to the higher charge density and
better size complementarity of the smaller lithium cation for
the interlocked binding site.

The halide anion binding properties of rotaxanes 9 and 10
were subsequently investigated in the same solvent mixture
3:7 CD3;CN/CDCl;. Addition of the halide anions as their tetra-
butylammonium (TBA) salts did not induce any significant
proton perturbations, suggesting that the interlocked receptors
were incapable of binding halides in this solvent system. The
weak halide binding of the neutral rotaxanes was attributed to
the strong intercomponent HB interactions between the iso-
phthalamide group and the triazole nitrogen atoms outcom-
peting intermolecular host-guest HB interactions.

Attention then turned to investigating the ion-pair binding
properties of the heteroditopic rotaxanes. To this end, the

This journal is © The Royal Society of Chemistry 2024

rotaxanes were pre-complexed with 1 equivalent of LiClO, in
3:7 CD3;CN/CDCl;, to which increasing equivalents of TBAX
salts (X = Cl, Br, I) were administered. The formation of a Li'-
bound rotaxane complex (9/10-Li*) was evidenced by pertur-
bations in the proton signals proximal to the cation binding
site (Hy4, Ho, He), which are consistent with the observed peak
movements in the lithium cation titrations of the rotaxanes. In
stark contrast to the anion binding studies conducted on the
metal free neutral rotaxanes, addition of TBA halide salts to 9/
10-Li" caused protons in the vicinity of the respective rotax-
ane’s macrocycle component isophthalamide anion binding
site H,, Hz, Hy, Hs to undergo significant perturbations indica-
tive of halide complexation (Fig. 3, S3.1 and S3.5%).
Additionally, the axle triazole proton Hy, in 9-Li* broadens and
shifts progressively downfield with increasing anion concen-
tration, providing evidence for participation of the axle triazole
HB donor group in anion binding.

The notable "H NMR perturbations observed in the ion-pair
titrations of 9/10-Li" indicate that the halide binding affinities
of both rotaxanes are ‘switched on’ by pre-complexation to Li",
likely due to favourable proximal electrostatic interactions
between the co-bound ions as well as a co-conformational
change in the mechanically interlocked host upon Li" com-
plexation, as cation coordination by the nitrogen atoms of the
triazole conceivably disrupts their intramolecular HB inter-
actions with the macrocycle isophthalamide NH groups, allow-
ing the latter to participate in halide anion binding.
Importantly, the proton signals perturbed by Li* binding did

Dalton Trans., 2024, 53,14219-14225 | 14221
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Fig. 3 (a) lon-pair binding studies of rotaxane 9, showing: (a) stacked *H NMR spectra of rotaxane 9 in the absence of guest ions (bottom), after
addition of 1 eq. Li* (middle) and 10 eq. Br~ (3:7 CDsCN/CDCls, 500 MHz, 298 K); (b) binding isotherms of 9-Li* (top) and macrocycle 6 (bottom),
upon progressive addition of halide anions, constructed by monitoring chemical shift perturbations of isophthalamide proton H,.

not return to their original peak positions upon addition of
the halide anions, confirming that LiX ion-pair binding to the
receptor outcompetes salt recombination.

The apparent halide anion association constants of 9 and
10 in the presence of 1 eq. LiClO, were determined by a global
Bindfit*® analysis of monitoring the "H NMR signals (H;, Hs,
Hy, H.) near the anion binding site with increasing halide con-
centration (Table 1). It is noteworthy that due to the modest
Li" binding affinity (K, = 312 M) of the rotaxanes, only a frac-
tion of the rotaxanes (approx. 20%, see ESI section 3.27 for
details) exists as the Li'-bound complexes 9-Li" and 10-Li* at

Table 1 Anion association constants (K,/M™) for rotaxanes 9, 10 and
macrocycles 6 in the presence of 1 equivalent of LiClO4/HBF4 in
CD3CN/CDCl;3 solvent mixtures®

R9 R10 R9 R-10 M-6
Cation  Anion  3:7 CD;CN/CDCl, 4:6 CD;CN/CDCl,

Li" cl” >10* >10* >10* 5081(8)  289(7)
Li* Br~ 9291(10)  7496(10)  2144(3) 2480(4)  439(5)
Li* . 1408(3)  1117(3) b b

H' cl- ¢ ¢ 8011(7) >10* ¢

H* Br~ ¢ ¢ 3291(2) >10" ¢

H' I ¢ ¢ 725(2)  3712(7) ¢

%K, values were calculated using Bindfit software using 1:1 binding
model. Errors (%) are in parenthesis. All anions were added as their
TBA salts. [Receptor] = 1 mM, T = 298 K. ”'H NMR perturbations too
small to reliably determine K, values (<0.05 ppm). ‘Binding studies
not conducted.

14222 | Dalton Trans., 2024, 53, 14219-14225

the beginning of the titration, therefore the determined K,
values necessarily underestimate the ‘true’ anion association
constant of the rotaxane-Li* complexes. Nonetheless, the deter-
mined K,p,, values of both rotaxanes indicated high affinities
for lithium halide ion-pair binding in 3:7 CD;CN/CDCl;. The
apparent association constants for LiCl and LiBr in 3:7
CD;CN/CDCl; are >6-fold higher than that of Lil, attributed to
the lower basicity of iodide as well as size complementarity
between the rotaxanes’ anion binding cavity and the smaller
halides. As the LiCl binding constants were too high to be
reliably determined by "H NMR (>10* M™") in 3:7 CD;CN/
CDCl3;, the binding studies were repeated in a more competi-
tive 4 : 6 CD3CN/CDCl; solvent system (Fig. S3.2 and S3.671). In
this solvent system, HB rotaxane 9-Li" displayed >4-fold selecti-
vity for LiCl over LiBr, and even greater selectivity over Lil. The
marked preference for LiCl ion-pairs is particularly impressive
given its high lattice energy, which typically favours salt recom-
bination over ion-pair binding. Analogous "H NMR ion-pair
binding studies conducted on 9-Na" in 4:6 CD;CN/CDCl;
showed no binding of NaCl (Fig. S3.3%), crucially demonstrat-
ing a remarkable selectivity of the rotaxane for binding LiCl
over other alkali metal halide ion-pairs.

Macrocycle 6 displayed significantly diminished lithium
halide association constants relative to rotaxanes 9 and 10,
alongside a slight preference for LiBr over LiCl binding
(Table 1 and Fig. S3.97), highlighting the salient role of the
interlocked rotaxane topology in enhancing the ion-pair
binding affinities and dictating the LiCl selectivity of the
receptors.

This journal is © The Royal Society of Chemistry 2024
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The lithium precomplexed XB rotaxane 10-Li" displayed
lower anion association constant values relative to the HB
rotaxane 9-Li* in 3: 7 CD;CN/CDCl; solvent mixtures, and also
with chloride in 4:6 CD;CN/CDCl; (Table 1). This contrasts
with previous comparative anion binding studies conducted
on monotopic XB iodotriazole donor versus HB prototriazole-
containing acyclic, macrocyclic and MIM receptor systems,
which commonly display stronger XB-mediated halide anion
recognition.”” To investigate whether MIM lithium cation com-
plexation involving the nitrogen donor atom of the iodotriazole
axle component of rotaxane 10-Li* may be responsible, studies
were conducted on protonated rotaxanes 9-H'/10-H' using
HBF, as the proton source, in which the small H' cation is
expected to interact primarily with the pyridyl nitrogen donor
over the less basic triazole nitrogen donor.

Addition of 1 eq. of HBF, to the rotaxanes in 4:6 CD;CN/
CDCl; caused significant downfield shifts in the macrocycle
protons (H;4, Hyo, Hg, and Hy) indicative of protonation occur-
ring at the pyridyl motif as anticipated. The subsequent
addition of TBA halide salts led to shifts in macrocycle aryl
and amide protons H, and Hj;, as well as axle triazole proton
Hj, in rotaxane 9, indicating the involvement of both the axle
and the macrocycle in halide binding (Fig. S3.4 and S3.77).

Halide anion binding constants determined by fitting the
chemical shifts of protons H, and H; to a global 1:1 stoichio-
metric host-guest binding model in Bindfit (Table 1) revealed
protonated XB rotaxane 10-H' displayed significantly larger
halide binding constant magnitudes than HB rotaxane 9-H'.
This observation, which displays the opposite trend to that
observed in the lithium ion-precomplexed rotaxanes, indicates
the lithium cation coordination binding mode of 10-Li* indeed
affects XB donor capability. The ion-pair binding modes of the
protonated and lithium-complexed rotaxanes were therefore
investigated in greater detail via solid state crystallographic
analysis and computational study (vide infra).

Solid-state X-ray crystallographic structural analysis§

Single crystal X-ray diffraction analysis of 10-H'CI™ obtained
from the chloride anion "H NMR titration investigation pro-
vided solid state evidence for an axle-separated ion-pair
binding mode. Analysis of the structure (Fig. 4a) shows a
1:1:1 stoichiometric host-cation-anion complex. The Cl~
guest is located in the predicted rotaxane’s anion binding site,
where it forms HB interactions with amide groups of the
macrocycle component. Importantly, the axle iodotriazole XB
donor is oriented in a suitable conformation to form a strong
XB interaction with the chloride guest, as demonstrated by a
C-I---Cl” bond angle of 173° (consistent with the stringent

§Low temperature single crystals X-ray diffraction data were collected using an

and
S39

Oxford Diffraction Supernova X-ray diffractometer reduced using
CrysAlisPro. The structures were solved using SHELX and refined using
SHELXL.’. Full details are included in the accompanying ESI (CIF). The data
can be obtained from the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service https:/www.cede.
cam.ac.uk/structures with deposition number 2164638.}

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

W ‘l

, y
Concerted XB/HB &/ 1
interactions with CI’

b) 10-LiCl

XB donor is not
accessible for CI

Fig. 4 Structures of ion-pair bound rotaxane 10; (a) crystal structures
of axle-separated HCl-bound 10 (b) front view and side view of DFT
optimised LiCl-bound rotaxane 10, colour code of atoms: H (white), O
(red), N (blue), | (purple), Cl (green), Li (pink), Ciaxie (teal), Cimc) (grey).
Non-covalent host—guest interactions are shown in yellow.

linear directionality of XB interactions)®® and a short I---CI dis-
tance (79% of the sum of the van der Waals radii of chloride
and iodine).

Computational studies

Density Functional Theory (DFT) studies of the lithium com-
plexed rotaxanes reveal that in addition to macrocycle pyridyl
coordination, Li" interacts with both the triazole nitrogen and
oxygen in the respective rotaxane’s axle component, restricting
the rotation of the axle triazole moiety (Fig. 4b, section S47).
Therefore, in the geometry-optimised structure of 10-Li*, the
XB iodine donor atom of the axle is unable to adopt the
optimal linear geometry required to form XB interactions with
the halide guest. In contrast, in the optimised structure of
LiCl-bound HB rotaxane 9, an overlap of the ionic and van der
Waals radii of the anion and the triazole HB donor was
observed (Fig. S4.2t). This is due in part to the reduced steric
bulk of the HB donor atom, as well as the less stringent
requirement for a linear donor-acceptor binding geometry in
HB interactions relative to XB. This enables the HB donor in
the axle of rotaxane 9 to participate in Cl~ binding despite the
sub-optimal non-linear binding geometry. However, no overlap
of van der Waals and ionic radii of the triazole HB donor and
Br/I” was observed, which may be attributed to the steric
inaccessibility of the larger halide anions to the interlocked
binding cavity (Fig. S4.1/S4.2 and Table S4.1}). These findings

Dalton Trans., 2024, 53,14219-14225 | 14223
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are consistent with the experimental "H NMR binding studies,
where LiCl binding to the HB rotaxane 9 was significantly
stronger than the XB rotaxane 10, compared to LiBr and Lil
binding, making rotaxane 9 highly selective for LiCl.

In the case of the protonated rotaxanes, DFT studies pre-
dicted the H' cation to interact primarily with the basic pyridyl
nitrogen of the macrocycle. Hence, unlike 10-Li*, the triazole
group of the axle in 10-H' is able to adopt the geometry
required to form linear XB interactions with anionic guests, as
shown in the crystal structure 10-HCI (Fig. 3a, S4.3 and S4.47).
This is concordant with the solution-state '"H NMR titrations,
which indicate stronger halide anion binding to protonated XB
rotaxane 10-H" compared to HB rotaxane 9-H".

Electrostatic potential maps were used to investigate the
role of electrostatic interactions in the ‘switching on’ of the
anion binding affinities of the rotaxanes by pre-complexation
of a Li" and H' cation (Fig. S4.61). Binding of Li" and H' was
found to increase the electrostatic potential of axle HB/XB
donors, demonstrating the potential of cation complexation to
augment the anion binding potency of the HB/XB motifs via
electrostatic effects.

Conclusions

In conclusion, XB and HB heteroditopic rotaxanes 9 and 10
were synthesised and their cation, anion and ion-pair binding
properties studied via "H NMR titrations, X-ray crystallography
and computational studies. Binding of Li* was found to
‘switch on’ the halide anion binding affinities of both rotax-
anes, making rotaxanes 9 and 10, to the best of our knowledge,
the first reported heteroditopic MIMs capable of overcoming
the high lattice enthalpy of LiCl. In particular, rotaxane 9
demonstrated remarkable selectivity for LiCl ion-pairs with
respect to other lithium halides and group I metal chlorides,
highlighting the potential efficacy of exploiting the confined
environments of interlocked binding cavities to engineer
selectivity for smaller cationic and anionic guests. The differ-
ences in the ion-pair binding affinities of rotaxanes 9 and 10
were rationalised by computational and crystallographic
studies, which revealed that Li" complexation to 10 rendered
the axle iodotriazole XB donor motif unable to optimally par-
ticipate in a linear XB---X~ anion binding fashion, whereas
protonation of the pyridyl group in 10 facilitated the formation
of concerted XB/HB-anion interactions involving both the
macrocycle and axle anion binding motifs. This was consistent
with the significantly enhanced halide anion binding affinities
of the protonated XB rotaxane 10-H" relative to both 9-H" and
10-Li*, which may serve to inform the design of future inter-
locked heteroditopic receptors.
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