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A dynamic zinc(i) metalloporphyrin axle-containing [2]rotaxane with a heteroditopic macrocycle com-
ponent is shown to selectively recognise and optically sense lithium halide (LiX) ion-pair species. *H NMR
and UV-visible absorption experiments demonstrate a strong macrocycle pyridyl---Zn(i) metalloporphyrin
axle interaction which results in a marked co-conformational bias in the free [2]rotaxane host system.
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Extensive *H NMR cation, anion and ion-pair titration experiments demonstrate the binding of lithium
halide ion-pairs disrupts the inter-component mechanical bond interaction, wherein dynamic macrocycle
shuttling to an axle triazole station enables co-operative axle-separated LiX ion-pair recognition and the
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Introduction

The key technological roles played by simple alkali metal salts
have led to significant interest in the development of supramo-
lecular systems for their selective recognition and sensing.' In
particular, lithium halide (LiX) salts are of significant indus-
trial interest, in no small part due to growing global demand
arising from advances in battery technology.” In addition, mis-
regulation of lithium salts is implicated in a number of degen-
erative neurological conditions, such as Parkinson’s and
Alzheimer’s diseases.>*

Within the field of ion-pair recognition, lithium halide salts
remain a particular challenge on account of the large electrostatic
penalty associated with separating the small, charge dense, Li"
cation from its associated halide counterion.” To overcome this
challenge, supramolecular chemists have employed heteroditopic
receptors,® > which contain separate cation and anion binding
motifs, to give rise to both favourable electrostatic and allosteric
effects to stabilise the co-bound ion-pair."*™"” Indeed, the chal-
lenges associated with the selective recognition of lithium halides
consequently translates to difficulty in the construction of
systems capable of their selective sensing. We were therefore
motivated by the opportunity to explore novel receptor designs
and sensory mechanisms to meet this demand.

Given their superior binding selectivities and affinities over
their non-interlocked host analogues,'® utilising mechanically
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selective optical sensing of lithium halide salts.

interlocked molecules (MIMs) in heteroditopic host design for
ion-pair recognition has a number of advantages.'® In particu-
lar, their unique topologies facilitate highly preorganised con-
vergent binding sites, while the inherent relative motion
between interlocked components, known as co-conformational
dynamism, can give rise to favourable allosteric effects. Such
inherent dynamic motion has previously been exploited as an
innovative mechanism for enhanced ion-pair binding, wherein
binding of one species preorganises the host for a second,
counterion, binding event, enhancing binding affinities.
Furthermore, incorporation of optical reporter groups into a
dynamic rotaxane can serve as an innovative optical signalling
mechanism for ion-pair binding.*>*' However, despite this,
examples of heteroditopic MIMs remain rare.>”

While metalloporphyrins have a range of advantageous pro-
perties for ion sensing, with a Lewis acidic metal centre which
displays marked photochemical and electrochemical shifts
upon the binding of neutral and anionic Lewis bases,**°
there have been to date very few examples of metallopor-
phyrin-containing rotaxanes capable of exhibiting such a
response to a guest binding event.””*°

Herein, we report a novel dynamic Zn(u) metalloporphyrin
[2]rotaxane molecular shuttle, containing a heteroditopic
pyridyl/isophthalamide macrocycle, wherein strong co-ordina-
tion of the macrocycle pyridyl to the metalloporphyrin axle
component results in a marked co-conformational bias of the
rotaxane in the absence of guest ions. Extensive cation, anion
and ion-pair "H NMR binding studies demonstrate that the
binding of a LiX ion-pair induces macrocycle shuttling to the
[2]rotaxane triazole axle station, unmasking the vacant Zn(u)
axial co-ordination site and switching-on anion recognition
and sensing at the photo-active porphyrin, achieving a marked
optical response (Fig. 1). This dynamic MIM allosteric effect in
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Fig. 1 Schematic depiction of ion-pair binding-induced macrocycle
shuttling and anion optical response.

the presence of a co-bound LiX salt serves as a novel signalling
mechanism for the detection of ion-pairs.

Results and discussion
Rotaxane synthesis

We have recently reported a series of Zn(u) metalloporphyrin
rotaxanes,’® in which a significant inter-component co-ordina-
tion interaction between the Zn(u) centre and a pyridyl macro-
cycle dramatically reduces the affinity of the metalloporphyrin-
centre to bind a Lewis base (i.e. a negative allosteric effect),
greatly diminishing anion binding affinity relative to non-inter-
locked analogues.

Building on this work, the design strategy for the target ion-
pair binding rotaxane incorporated heteroditopic macrocycle
1, containing an isophthalamide HB-donor anion binding site,
previously reported for the strong binding of anions,*' and a
pyridyl group capable of both endotopic co-ordination of the
axle Zn(i1) metalloporphyrin centre,** and binding of a Li* cat-
ionic guest species.*® Macrocycle 1 was prepared in accordance
with a literature procedure,' and used in an active-metal tem-
plated (AMT) reaction using a copper(i)-catalysed alkyne-azide
click (CuAAC) methodology to generate the target rotaxane
(Scheme 1).*>**” Such a methodology further affords the facile
incorporation of two axle triazole motifs which have the poten-
tial to coordinate the guest Li" cation.?*"*®

One equivalent of macrocycle 1, precomplexed with Cu(i),
was heated with 3 equivalents of Zn(u) metalloporphyrin bis-
azide 2-Zn*° and six equivalents of terphenyl functionalised
stopper alkyne 3, in 1,2-dichloroethane at 60 °C for 3 days
(Scheme 1a). Following purification by preparative thin layer
chromatography, the target metalloporphyrin [2]rotaxane 4-Zn
was isolated in high yield (73%), in addition to the non-inter-
locked axle 5-Zn. The rotaxane was characterised by 'H and "*C
{"H} NMR spectroscopy, and high-resolution electrospray ion-
isation mass spectrometry (see ESIt).

To confirm the mechanically interlocked nature of 4-Zn, the
"H NMR spectrum of the [2]rotaxane was compared to the
non-interlocked macrocycle 1 and axle 5-Zn components
(Fig. 2). In particular, the macrocycle resonances e and f and
axle protons 4 and 5 displayed marked upfield shifts, likely
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due to the mutual effects of ring currents from the aromatic
rings of both interlocked components.

Investigation of rotaxane co-conformational bias

In addition to the aforementioned diagnostic shifts, the room
temperature "H NMR spectrum of 4-Zn in CDCl; also demon-
strated significant broadening suggesting slow translocation of
the macrocycle along the axle relative to the NMR timescale
with the system approaching the coalescence point under the
conditions of Fig. 2,*" strongly indicating a significant kinetic
barrier to shuttling arising through a strong pyridyl---Zn inter-
component interaction. To aid "H NMR assignment, a vari-
able-temperature NMR study was conducted. Pleasingly, upon
heating, the proton resonances of 4-Zn became increasingly
resolved (Fig. 3), due to an increase in the rate of macrocycle
shuttling. Eyring analysis determined the activation para-
meters for macrocycle translocation AH* = 65 k] mol™ and
AS* =45 ] K™ mol™.** The calculated enthalpy of activation is
significantly more endothermic than that calculated in our
previously reported Zn(u) metalloporphyrin shuttles,*® wherein
macrocycle translocation is retarded by a pyridyl---Zn inter-
component interaction (Fig. 4). These results strongly suggest
4-Zn exhibits a similar co-conformational bias for a ‘resting
state’ co-conformation, in which the dynamic shuttling behav-
iour of the macrocycle along the axle is modulated such that
the macrocycle is significantly co-conformationally biased to
reside over the axle metalloporphyrin group, maximising the
favourable pyridyl---Zn interactions (vide infra). Such slowing
of macrocycle translocation likely accounts for the significant
broadening of the 'H NMR spectrum of 4-Zn in Fig. 2.

To confirm the significant barrier to macrocycle translocation
arises through a pyridyl---Zn inter-component interaction, and
not due to other effects such as the steric demand of the macro-
cycle passing over the porphyrin ring, the free-base rotaxane 4-H,
was prepared. Stirring a CH,Cl, solution of 4-Zn with trifluoroace-
tic acid (TFA) afforded the free-base rotaxane 4-H, in 92% yield
(Scheme 1b). As predicted, the room temperature "H NMR spec-
trum of 4-H, was well-resolved (ESI, Fig. S5), demonstrating the
macrocycle is able to freely translocate along the axle at room
temperature, confirming the origin of the barrier to macrocycle
translocation as the pyridyl---Zn interaction.

Given the significant energetic barrier to shuttling in 4-Zn,
it was of interest to calculate the percentage occupancy of the
‘resting state’ co-conformation. To this end, a UV-visible absor-
bance titration of 4-Zn and pyridine was performed. Upon suc-
cessive addition of pyridine to a CHCI; solution of 4-Zn, a
marked bathochromic shift was observed (ESI, Fig. S117), con-
sistent with binding of pyridine at the rotaxane’s Zn(u)
centre,”** which is known to result in displacement of the
macrocycle from the metalloporphyrin core.>® Fitting of the
bathochromic shift titration data determined a 1: 1 host: guest
binding stoichiometry, with a pyridine binding constant, K. =
645 M, which is significantly lower than for the non-inter-
locked axle, K, = 7630 M~".*° From this quantitative data, a
93% occupancy of the ‘resting state’ co-conformation was cal-
culated (Table 1, see ESIt),>* demonstrating a very high co-con-

This journal is © The Royal Society of Chemistry 2025
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Scheme 1

formational bias arises from the significant pyridyl---Zn(u)
metalloporphyrin interaction.

'H NMR anion, cation and ion-pair binding studies

Initially, the ability of 4-Zn to bind halide anions and Li" was
probed by a 'H NMR titration study in 7:3 v/v
CDCl;: CD;CN.7 This organic solvent mixture ratio was
selected to ensure adequate solubility of rotaxane 4-Zn, tetra-n-

1'H NMR binding titrations in acetone-d, were attempted, however the "H NMR
resonances were not well-resolved which precluded accurate fitting. Adding
CD3;CN weakens the inter-component interactions (see ref. 50) and thus
increases the resolution of the 'H NMR spectra making them suitable for
binding constant determination.

This journal is © The Royal Society of Chemistry 2025

4H,
92%

(a) Synthesis of Zn(i) metalloporphyrin-containing [2]rotaxane 4-Zn. (b) Synthesis of free-base porphyrin-containing [2]rotaxane 4-H,.

butyl ammonium halide (TBAX) salts and LiClO, salts at NMR
concentrations.

Upon addition of increasing equivalents of TBAX (X = Cl, Br)
salts to 4-Zn, marked upfield shifts were observed in porphyrin
proton resonances 1, 2 and 3, whilst no significant perturbation
was observed in triazole proton 7 or the macrocycle isophthala-
mide NH proton, revealing that, in the absence of co-bound Li",
the halide anions bind exclusively at the rotaxane’s Lewis acidic
Zn(u) metalloporphyrin axle recognition site.

Monitoring proton 3, Bindfit analysis of the titration iso-
therms determined 1:1 stoichiometric host-guest association
constants (Table 2),*>*® where halide Lewis basicity and
charge density dictates that the chloride anion is preferentially
bound.

Dalton Trans., 2025, 54,1425-1432 | 1427
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Fig. 2 Stacked *H NMR (400 MHz, 298 K, CDCl;) spectra of 1, 4-Zn and 5-Zn.
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Fig. 3 Variable temperature *H NMR (500 MHz, CDCls) spectra of [2]rotaxane 4-Zn.
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Fig. 4 Schematic depiction of the equilibria probed by optical pyridine
binding studies.

Table 1 Calculated binding constants and %self-inclusion calculated
from UV-visible absorbance titration of 25 mM pyridine with 7.5 pM 4-Zn
or 5:Zn in CHCls. Errors <10%

Kiot M1 Kyt (M) Kis % ‘resting state’ co-conformation

645 7630 10.8 93

“Taken from a previous report.>

Table 2 Apparent halide anion binding constants for 4-Zn in the
absence and presence of one equivalent of LiClO4 (500 MHz, 298 K,
7:3 v/v CDClz: CD3zCN). Errors <5% SR Salt recombination observed at
higher [TBACI]. NB No binding observed

Kapp (M)
Anion 0eq. Li" 1eq. Li"
Ccl™ 340 SR
Br~ 200 >10*
I NB 1750

The 'H NMR titration study between LiClO, and 4-Zn
showed the macrocycle methylene proton i shifted sharply
downfield upon Li" addition, consistent with the binding of a
Li" cation in the macrocycle pyridyl binding pocket (Fig. 5).
Significant perturbations were also observed in the adjacent
ethylene protons g and /4. Notably, a marked shift was also
observed in the triazole proton 7, strongly suggesting the
macrocycle had shuttled to one of the axle triazole groups of
4-Zn to facilitate co-operative Li" binding between the macro-
cycle pyridyl and a triazole N donor atom. Bindfit analysis of
the resulting binding isotherm, fitting to a 1:1 host guest
binding stoichiometry, determined K, = 285 M.

Having elucidated 4-Zn was capable of binding the Li'
cation via a mechanical bond-enabled inter-component macro-
cycle pyridyl-axle triazole nitrogen coordination mode, atten-
tion turned to investigating the potential for the rotaxane to
bind a lithium halide ion-pair. '"H NMR ion-pair titration

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Truncated 'H NMR (500 MHz, 298 K, 7:3 v/v CDClz: CDsCN)
spectra upon successive addition of an LiClO,4 solution to 4-Zn.

binding studies were performed by successive addition of
TBAX solutions to an equimolar 1 mM solution of 4-Zn and
LiClO,. It is noteworthy that, given the modest Li" cation
association constant (K, = 285 M "), only approximately 20%
of the Li" is bound by the rotaxane host at the starting point of
these experiments.

Upon addition of the respective TBAX salt, significant shifts
were observed in the "H NMR spectra: the internal macrocycle
phenyl proton b and isophthalamide NH proton both displayed
marked downfield shifts, consistent with anion binding occur-
ring within the isophthalamide cavity of the macrocycle.
Furthermore, the axle triazole proton 7 also demonstrated sig-
nificant perturbations, while only minimal changes were
observed for the metalloporphyrin protons 1, 2 and 3, confirm-
ing that the halide binding event occurs at the axle triazole
group. Bindfit analysis of the resultant binding isotherms
(Fig. 6) enabled calculation of the apparent 1:1 stoichiometric
halide binding constants, demonstrating very strong binding of
chloride and bromide (K,p, > 10* M), while a significant
enhancement in binding of the less Lewis basic I" anion was
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Equivalents of Halide

Fig. 6 H NMR (500 MHz, 298 K, 7:3 v/v CDCls : CDsCN) binding iso-
therms, mapping phenyl proton b in an equimolar solution of 4-Zn and
LiClO4 upon successive additions of TBAX (X = C, Br, I).
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also observed (Table 2). Unfortunately, at higher concentrations
of CI” the "H NMR resonances returned to their original shift
values and the formation of LiCl solid was observed in the 'H
NMR sample, indicating ion-pair binding was unable to over-
come salt recombination, driven by the high lattice enthalpy of
LiCl. Such salt recombination was not observed for LiBr or Lil,
likely on account of their lower lattice enthalpies, and hence
reduced driving force for salt recombination (Fig. 6).*°*”

This observed near-quantitative LiBr ion-pair binding by
rotaxane 4-Zn evidences the high degree of co-operativity facili-
tated by the mechanical bond effect. Initial Li" binding dis-
rupts the Zn(n)---pyridyl inter-component interaction, preorga-
nises the macrocycle into a favourable co-conformation (allo-
steric effect) and polarises the axle triazole to enhance halide
binding through proximal coulombic electrostatic attraction.®

Further evidence that halide binding enhances Li" binding
can be observed from the continued downfield shifts of the
macrocycle external pyridyl proton k and ethylene proton 7
upon successive Br~ addition. The significant enhancement in
both Li" and Br~ binding occurring only when both com-
ponents are present functions akin to a Boolean AND logic
gate,*®*° in which the presence of both components of the
ion-pair is required to induce significant binding, resulting in
macrocycle shuttling to the triazole station.

Absorbance

T T
400 450 500 550
Wavelength / nm

Fig. 7 UV-visible absorption spectra (2 pM, acetone) of the Soret and Q
band absorptions of 4:Zn, upon successive additions of 100 mM TBACL.
Black arrows indicate directions of change.
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Table 3 Calculated binding constants from UV-visible absorbance

titrations of 100 mM TBAX salt with 2 pM 4-Zn, 5-Zn and equimolar 4-Zn,
LiTFSI and TBAX (4-Zn-Li*X") in acetone. Errors <10%

K, (M)
Anion 47n 5.Zn° 4-Zn-Li'X~
cl- 190 910 910
Br~ <20 40 45
I NB NB NB

“Taken from a previous report.>** NB No binding observed.

Optical anion and ion-pair binding studies

Preliminary optical UV-visible absorption titrations were per-
formed with TBAX (X = Cl, Br, I) in acetone, on account of the
low solubility of TBAX salts in CHCl;. Upon successive
additions of 100 mM solutions of TBACI or TBABr to a 2 pM
solution of 4-Zn, bathochromic shifts were observed in both
the Soret and Q-band absorptions of the metalloporphyrin
centre (Fig. 7). Fitting of the resulting isotherms confirmed a
1:1 host:guest binding stoichiometry with halide anion
binding constants of significantly lower magnitude than those
for the non-interlocked axle 5-Zn (Table 3),*° wherein the guest
anion does not compete with the macrocycle pyridyl for the
single vacant axial co-ordination site of the Zn(u) Lewis acidic
metalloporphyrin centre. The calculated binding constants
follow halide basicity trends such that K,(Cl™) > K,(Br"), with
no binding observed for 1~.%°

Given the earlier "H NMR studies demonstrated binding of
Li'/X~ (X = Cl, Br) ion-pairs induces macrocycle shuttling away
from the metalloporphyrin, removing the competing inter-
component interaction, it was expected ion-pair binding would
give rise to a positive allosteric effect (Fig. 8), recovering anion
binding affinities at the porphyrin site close to those of the
non-interlocked axle 5-Zn. To this end, optical anion binding
studies were performed on 4-Zn in the presence of a co-bound
ion-pair. Due to the known propensity of acetonitrile to inter-
act with Zn(u) metalloporphyrins, perturbing the metallopor-
phyrin optical spectra,”® these studies were conducted in
acetone, using the acetone soluble Li" source lithium bis(tri-
fluoromethane)sulfonimide (LiTFSI).

Pleasingly, the UV-visible absorption spectrum of an equi-
molar acetone solution of 4-Zn, LiTFSI and TBACI demon-

@ 2n(11) metalloporphyrin - () Triazole () Li* cation ) Halide anion

Fig. 8 Schematic depiction of ion-pair binding-induced macrocycle shuttling, removing the Zn(u)---pyridyl inter-component interaction, enhancing

subsequent anion sensing by a positive allosteric effect.
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strated a 2 nm hypsochromic shift in the Zn(u) metallopor-
phyrin Soret band absorption from 413 nm to 411 nm, consist-
ent with that seen for the non-interlocked axle 5-Zn, strongly
evidencing Li* binding was inducing macrocycle translocation
away from the Zn(u) centre, removing the pyridyl---Zn(u) inter-
component interaction in 4-Zn-Li*. Based on the earlier 'H
NMR data, it would be expected that this interaction would be
almost completely removed upon addition of CI™ or Br~, due
to near-quantitative binding of an axle-separated ion-pair in
the heteroditopic macrocycle (Fig. 8).

Upon successive additions of 100 mM solutions of TBAX
(X =Cl, Br, I) to a 2 uM solution of 4-Zn-Li'X™ in acetone, a
marked bathochromic shift in the Soret band was observed,
consistent with a second halide anion binding at the Zn(u)
metalloporphyrin site (Fig. 8). As for 5-Zn, no such shift was
observed upon TBAI addition, on account of the low Lewis
basicity of the iodide anion. Fitting of the binding iso-
therms for TBACI and TBABr revealed a six- and four-fold
enhancement of the Zn(u)---halide binding constant for
4-Zn-Li'X~ over 4-Zn respectively (Table 3). Impressively, the
measured anion binding constants for 4-Zn-Li'X~ are
approximately equal to those for the axle 5-Zn. Importantly,
this demonstrates the introduction of a heteroditopic macro-
cycle provides an effective mechanism for the gating of an
anion binding site. Ion-pair binding disrupts the competing
macrocycle-axle inter-component interaction, inducing co-
conformational dynamism to facilitate translocation of the
macrocycle away from the Zn(u) centre which results in com-
plete recovery of anion binding affinity at the metallopor-
phyrin axle station.

Conclusions

In conclusion, a novel dynamic [2]rotaxane, 4-Zn, containing a
Zn(u) metalloporphyrin axle and a heteroditopic macrocycle
was synthesised in high yield via AMT mechanical bond for-
mation. Importantly, the mechanically interlocked topology of
4-Zn enables a marked inter-component interaction between
the macrocycle pyridyl nitrogen atom and the vacant axial co-
ordination site of the Zn(u) metalloporphyrin, resulting in a
significant ‘resting state’ co-conformational bias (>90%) in
which the macrocycle resides over the metalloporphyrin core.
Such high co-conformational fidelity serves to ‘gate’ the Lewis
acidic axial co-ordination site of the Zn(u) metalloporphyrin,
leading to significantly reduced halide anion binding affinities
for 4-Zn over the non-interlocked axle 5-Zn.

Detailed "H NMR binding studies reveal that lithium cation
and lithium cation-halide anion ion-pair complexation dis-
rupts the inter-component mechanical bond interaction,
resulting in the shuttling of the macrocycle to the axle’s tri-
azole group station.

While 4-Zn binds the individual Li* cation or halide
anions relatively weakly, axle-separated lithium-halide LiX
ion-pair complex formation through convergent binding
between the rotaxane’s heteroditopic macrocycle and the

This journal is © The Royal Society of Chemistry 2025
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axle triazole motif is very strong. Thus, in the presence of a
co-bound ion-pair, the Zn(u) metalloporphyrin axle co-ordi-
nation site is left vacant for the subsequent binding of an
anionic guest, and hence facilitates anion sensing.
Impressively, in the case of the strongly bound lithium
chloride ion pair, this positive allosteric effect leads to com-
plete recovery of rotaxane anion binding affinity to that of
the non-interlocked axle 5-Zn. Such an AND logic mecha-
nism demonstrates the potential application of molecular
shuttles for the selective detection of ionic salts only where
both components are present, with clear future applications
for industrial and healthcare sensing.
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