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A series of halogen bonding and chalcogen bonding phenanthroline
containing heteroditopic macrocyclic receptors exhibit cooperative
recognition of lithium halide (LiX) ion-pairs. Quantitative *H NMR ion-
pair titration experiments in CDClz : CDzCN (1:1, v/v) reveal a co-bound
lithium cation switches on halide anion binding, most notably with the
halogen bonding host system. The employment of bis- iodo- and
telluromethyl-triazole sigma—hole donor motifs endows contrasting
halide anion selectivity and binding affinity, with the halogen bonding
ditopic host capable of exclusively binding lithium chloride whereas the
chalcogen bonding ditopic receptor displays notable selectivity for
lithium iodide over lithium bromide. Preliminary solid-liquid extraction
experiments demonstrate the potential of sigma—hole mediated ion-
pair recognition as a promising strategy for lithium salt recovery.

Lithium constitutes a crucial element in modern life. Its
pervasive application in energy storage materials, polymer
manufacture and pharmacology have stimulated an ever-
increasing demand for the requisite lithium precursors. Con-
temporary methods of obtaining lithium typically rely on
mineral reserves, such as brine and ore deposits, which by
virtue of their accessibility and low processing costs have
continued to dominate the global supply of lithium." Whilst
the abundance of these natural resources presents no immedi-
ate threat, the continued exploitation of primary sources cur-
rently employed to meet this ever-growing demand raises
significant environmental and ecological concerns.>™ Indeed,
despite the evident motivation for developing strategies reco-
vering lithium from extant non-natural sources (e.g. disposed
electrical devices),”” only <5% of lithium-ion batteries are
recycled.® The judicious exploitation of heteroditopic molecular
receptors, capable of simultaneously binding cationic and
anionic species, has demonstrated enormous potential in
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facilitating the extraction and recovery of a range of transition-*
and alkali-metal salts."*"® However, reports of employing this
strategy towards extracting lithium salts, in particular, remain
scarce."” In general, heteroditopic receptor design typically relies
on crown ether-based cation recognition sites and convergent
hydrogen bond donor arrays as anion binding sites.***> Over the
last decade the emergence of sigma-hole interactions, such as
halogen bonding (XB) and chalcogen bonding (ChB), have gained
increasing attention in the field of anion recognition.”* Despite
the noteworthy enhancements in anion affinity and marked con-
trasting selectivity behaviour frequently observed relative to hydro-
gen bonding (HB) analogues, the strategic integration of sigma-hole
donors in heteroditopic ion-pair receptor design is extremely
rare.>*™!

Herein, we report a series of novel XB, ChB and HB 1,
10-phenanthroline-based macrocycles, that serve as heterodi-
topic ion-pair hosts for the cooperative recognition and solid-
liquid extraction of lithium halide salts (Fig. 1). Importantly,
the incorporation of a bidentate XB donor motif dramatically
increases the potency of the ditopic receptor for lithium halide

Fig. 1 Structure of target phenanthroline-based heteroditopic macro-
cycles incorporated with sigma—-hole donors designed for ion-pair recog-
nition of lithium salts. A~ = anion.
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recognition, remarkably facilitating the challenging stabilisation
of LiCl ion-pairs in organic solvent media. In stark contrast, the
ChB heteroditopic receptor displays a pronounced selectivity
preference towards the ‘softer’ Lil ion-pair.

The synthesis of the target heteroditopic macrocyclic hosts
is outlined in Scheme 1. The bis-triazole anion binding sites
were constructed via a CuAAC*>*? ‘click’ reaction between the
appropriately appended alkyne precursors 2°** and two
equivalents of azide 3 which gave the corresponding methox-
ymethyl (MOM) acetal protected precursors 4, in excellent
yields in the range of 77-95%. Acidic deprotection afforded
the bis-phenols 5 in quantitative yields. The target ditopic
receptors 1-XB, 1-ChB and 1-HB were prepared via macrocycli-
zation reactions between 1,10-phenanthroline bis-tosylate 6*°
and respective bis-phenols 5 in the presence of Cs,CO; in dry
DMF under high-dilution conditions in yields of up to 54%
after chromatographic purification. All novel macrocycles were
characterised by 'H, "*C and '**Te NMR (where relevant) and
high-resolution ESI mass spectrometry.

Crystals suitable for X-ray diffraction analysis were obtained by
slow evaporation of a solution of 1-XB in chloroform/methanol
mixture and by vapour diffusion of pentane into a chloroform
solution of 1-HB (Fig. 2).*® Inspection of the two structures reveals
that the two iodo-triazole groups in 1-XB are significantly more
twisted out of the plane relative to the central aromatic aryl spacer
compared to the proto-triazoles in 1-HB. Notably, the potency of
the XB-donor was revealed by the observation of a I---O short
contact between the iodo-triazole donor and a methanol solvate
molecule, exhibiting a distance significantly shorter than the sum
of the van der Waals radii (87%).

To assess the ion-pair binding properties of the macrocycles,
preliminary qualitative '"H NMR binding investigations were
undertaken in 1:1 CDCl;: CD;CN. Initial halide anion titration
experiments conducted on the free macrocycles indicated no
halide binding in this mixed solvent system.

The addition of one equivalent of LiClO,, followed by the
sequential addition of one, two and five equivalents of tetrabuty-
lammonium (TBA) halide salts, however, provided evidence for
macrocycle phenanthroline-bound Li" switching on halide anion
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Fig. 2 Crystal structures of 1.-XB (left) and 1-HB (right). XB interaction between
an iodine atom (purple) and a methanol solvate is shown in 1-XB. Hydrogen
atoms are omitted for clarity. Gray = carbon, blue = nitrogen, and red = oxygen.

binding. A representative example with 1-XB is shown in Fig. 3a.
Upon addition of LiClO,, downfield shifts of phenanthroline
proton signals 5-7 were indicative of Li" complexation. Subse-
quent addition of TBACI caused a gradual downfield shift of
internal benzene proton 2. This is consistent with the endotopic
binding of Cl™ occurring in the vicinity of the XB anion binding
cavity of the macrocycle. Analogous experiments with TBABr and
TBAI elicited similar chemical shift perturbations, indicating the
concomitant binding of ion-pairs (Fig. S4-5 and S4-6, ESIt). In the
case of 1-ChB-LiClO4 and 1-HB-LiClOy, the addition of TBABr and
TBAI caused significant perturbations of the respective TeCH; and
triazole protons suggesting LiBr and Lil ion-pair binding. However,
adding TBACI to both receptor lithium metal complex solutions
resulted in LiCl salt precipitation (Fig. S4-7-54-10, ESIf).

Analogous qualitative "H NMR titrations of 1-XB with one
equivalent of NaClO, or KCIO, gave similar perturbations in the
phenanthroline signals indicative of successful metal cation
complexation. Subsequent addition of TBACI, however, caused
salt precipitation and recovery of the free macrocycle, high-
lighting the preference for the Li" cation which is particularly
impressive considering the sizeable lattice enthalpy of LiCl
(834 kJ mol ') driving salt recombination (Fig. S4-11 and
S4-12, ESIt)."
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Scheme 1 Synthesis of heteroditopic macrocycles 1:XB, 1.ChB and 1-HB.
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Fig. 3 Left: Truncated *H NMR spectra in 1:1 CDCls: CDsCN showing the aromatic regions of free receptor 1-XB, upon addition of 1 equivalent LiClO4 and
subsequent addition of 1, 2 and 5 equivalents of TBACL Right: Anion binding isotherms of 1.XB in the presence of one equivalent of LiClO4 monitoring the
chemical shift of internal benzene proton 2 as a function of halide anion concentration, [host] = 1 mM and [guest] = 50 mM (298 K, 1:1 CDClz: CD3CN).

Quantitative analysis of the lithium halide ion-pair binding
properties of the ditopic receptors was carried out in the same
solvent system by monitoring the proton chemical shift pertur-
bation of the Li* complexed macrocycles as a function of halide
anion concentration (Fig. 3b and Fig. S4-13-S4-18, ESIY). Bind-
fit analysis of the titration binding isotherm data determined
1:1 stoichiometric anion association constants (Table 1).*®
Importantly, Table 1 reveals a significant lithium cation-
halide anion ion-pair binding cooperativity effect via a combi-
nation of favourable co-bound metal cation-anion electrostatic
attractions and macrocycle preorganisation resulting from Li"
complexation. Comparing the halide anion association con-
stant data, 1-XB is the most potent ion-pair receptor for all
halides investigated, exhibiting two- to seven-fold enhance-
ments in Br and I affinities relative to ChB and HB analo-
gues. Notably, the potency of the XB donor motif is further
illustrated by the ability of 1-XB to simultaneously complex the
‘hard’ LiCl ion-pair, while analogous experiments with 1-ChB
and 1-HB resulted in LiCl salt precipitation. This may be
rationalised by the strong XB-driven complexation of Cl-,
thereby inhibiting its recombination with the co-bound Li'.
Interestingly, 1-XB demonstrates similar strong ion-pair bind-
ing for both the heavier halides with a modest preference over
chloride. By stark contrast, the ChB macrocyclic receptor,
1-ChB, displays significant selectivity for the ‘softer’ Lil ion-
pair over LiBr (K,(I")/Ky(Br~) = 3.5) which may be attributed to a
combination of factors including heteroditopic host-ion-pair
guest size complementarity and favourable ChB interactions
between the Te atoms and the larger I anion.**°

The ability for the heteroditopic macrocycles to solubilise
inorganic lithium halide salts into organic solvent media was
investigated by preliminary solid-liquid extraction studies. In a
typical experiment, excess solid lithium halide salt was added
to a solution of macrocycle 1-XB in CDCl; (600 pL) and the
mixture was vigorously sonicated for 1 hour. The excess salt was

4952 | Chem. Commun., 2021, 57, 4950-4953

Table 1 Anion association constants (Ka/M ™) for 1-XB, 1.ChB and 1-HB in
the presence of 1 equivalent of LiClO4 in 1:1 CDCls: CD3sCN?

Anion Cation 1-XB 1-ChB 1-HB
cl- Li* 1147 (3) —b —b
Br- Lit 1214 (3) 186 (6) 211 (6)
I Li* 1236 (13) 662 (10) 121 (6)

“ K, values calculated using Bindfit software using a 1:1 host-guest
binding model. Errors (%) are in parenthesis. Lithium cation added as
LiClO,. All anions added as their TBA salts. Solvent = 1:1 CDCl;:
CD;CN. T = 298 K. ” Salt recombination.

subsequently filtered off and CD;CN (200 pL) was added to
improve the resolution of the post-extraction "H NMR spectra.
Inspection of the 'H NMR spectra (Fig. 4) confirmed the
solubilisation of all three lithium halides by 1-XB as evidenced
by significant downfield perturbations of the macrocycle’s
phenanthroline aromatic protons 5-7 and internal benzene
proton 2, analogous to the 'H NMR spectra obtained from
sequential addition of equimolar of LiClO, and TBA halide salt
(Fig. 2). Likewise, 1-ChB and 1-HB solubilised all three lithium
halides as revealed by similar downfield proton chemical shifts
in the respective "H NMR spectra (Fig. S5-2 and 3, ESIt). These
preliminary observations highlight the real potential for sigma-
hole heteroditopic macrocycles to act as solid-liquid extrac-
tants for lithium salts.

In conclusion, a series of XB, ChB and HB heteroditopic
macrocyclic receptors consisting of a 1,10-phenanthroline
cation binding site and XB/ChB/HB donors for binding anions
were synthesised for lithium halide salt ion-pair recogni-
tion. Extensive 'H NMR titration experiments reveal the co-
complexation of lithium cation switches on sigma-hole XB and
ChB halide recognition. The XB heteroditopic macrocycle proved
to be the most potent LiX ion-pair receptor, impressively facilitat-
ing the binding of the ‘hard’ LiCl ion-pair species. Furthermore
the incorporation of ChB donors significantly enhanced selectivity

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Comparative pre- and post-extraction H NMR spectra of 1.-XB
with excess solid LiCl, LiBr and Lil (500 MHz, 298 K, 3:1 CDCls: CDzCN).

towards the ‘softer’ lithium halide salts namely LiI over LiBr. In
general, the HB heteroditopic macrocycle analogue demonstrated
inferior affinity for LiBr and Lil halide ion pairs relative to the
sigma-hole hosts. Preliminary lithium halide solid-liquid extrac-
tion studies revealed the potential for these heteroditopic macro-
cycles to solubilise solid lithium halide salts into organic solvent
mixtures. Importantly, these results demonstrate the exciting
potential of sigma-hole mediated ion-pair recognition for mod-
ulating both ion-pair affinity and selectivity.
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