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Phosphate selective binding and sensing by
halogen bonding tripodal copper(i) metallo-

receptors in aqueous mediat
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Mark R. Sambrook {2 ® and Paul D. Beer () *?

Combining the potency of non-covalent halogen bonding (XB) with metal ion coordination, the synthesis
and characterisation of a series of hydrophilic XB tripodal Cu(i) metallo-receptors, strategically designed
for tetrahedral anion guest binding and sensing in aqueous media is described. The reported metallo-
hosts contain a tripodal Cs-symmetric tris-iodotriazole XB donor anion recognition motif terminally func-
tionalised with tri(ethylene glycol) and permethylated p-cyclodextrin functionalities to impart agqueous
solubility. Optical UV-vis anion binding studies in combination with unprecedented quantitative EPR anion
titration investigations reveal the XB Cu(i) metallo-receptors exhibit strong and selective phosphate reco-
gnition over a range of other monocharged anionic species in competitive aqueous solution containing
40% water, notably outperforming a hydrogen bonding (HB) Cu(i) metallo-receptor counterpart.
Electrochemical studies demonstrate further the capability of the metallo-receptors to sense anions via
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Introduction

The supramolecular recognition of anions in organic and
aqueous media, lies key to the development of artificial recep-
tors for their selective detection, sequestration and transport.’
Such hosts find important applications in a plethora of biologi-
cal, medical and environmental fields, for example in the devel-
opment of bioimmunoassays,”” in drug delivery systems®® and
in the remediation of contaminated water.®” Overcoming com-
petitive anion hydration is however one of the main challenges
in receptor design, with this problem being especially acute for
very hydrophilic anions positioned low in the Hofmeister series
such as phosphate.® Leading effective strategies so far have
centred on the use of highly positively charged hosts, in the
form of either organic, biologically inspired molecules, which
establish multiple strong electrostatic and hydrogen bonding
(HB) interactions to bind selectively the target tetrahedral guest
via topological complementarity,>® or inorganic metallo-com-
plexes, usually transition metal or lanthanide based, in which
the ‘hard’ metal cation serves as a strong anchoring point for
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significant cathodic perturbations of the respective Cu(i)/Cu(i) redox couple.

the similarly ‘hard’ target phosphate oxoanionic species.'®""

The synergetic combination of these two strategies has also
been exploited, although to a lesser extent, in the design of
mixed metallo-receptors,'>** with Anslyn’s phosphate-selective
Cs-symmetrical HB Cu(u) tripods being particularly elegant
representative examples."®

Defined as the attractive non-covalent interaction between
an electron-deficient halogen atom and a Lewis base, halogen
bonding (XB), has come to the fore in recent years as a remark-
ably powerful addition to the anion binding supramolecular
tool-box.'® Its stringent directionality requirements compared
to traditional HB interactions, coupled with greater hydropho-
bicity and lower solvent and pH dependency have led to XB
host systems often outperforming their more prominent HB
host analogues in terms of the strength and selectivity of
anion binding."”'® While these factors have also advanta-
geously facilitated XB-mediated anion recognition in aqueous
solvent media,'® impressively including in pure water,>*?
only a handful of XB receptors are known to be capable of
selectively recognising phosphate, especially in aqueous con-
taining environments.>*>® Motivated by this paucity, we
recently showed a series of tris(iodotriazole)-containing XB Zn
(u) tripodal metallo-receptors to be effective at preferentially
binding inorganic phosphate over other more basic oxoanions
and the halides in a competitive aqueous-acetonitrile mixture
containing 10% water.>’

With the aim of achieving selective phosphate recognition
in an aqueous solution with increased water content, and

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 General design of the ‘Cz-symmetric’ XB anion recognition
motif?® integrated into hydrophilic functionalised tripodal Cu(i)-receptor
frameworks 11-20Tf and 131-:20Tf with the proposed anion binding
mode. A~ = anion. (For the full chemical structure of the blue pmpCD
‘cone’ see Scheme 2.)

anion sensing capability, herein we describe the synthesis of a
series of tripodal C;-symmetrical tris-iodotriazole XB copper(u)
metallo-receptor analogues containing hydrophilic polyether
and permethylated f-cyclodextrin (pmpCD) functionalities
(Fig. 1). Extensive optical UV-vis and unprecedented EPR
anion titration investigations reveal the XB metallo-receptors
to strongly and selectively bind phosphate over a range of
anions in competitive 40% aqueous-containing solvent media.
In addition, preliminary electrochemical anion sensing studies
demonstrate significant cathodic perturbations of the respect-
ive metallo-receptors’ Cu(u)/(f) redox couple upon anion
binding.

Results and discussion
Synthesis of XB tripodal Cu(u) metallo-receptors

The target XB Cu(u) tripod 1I-20Tf with hydrophilic solubil-
ising tri(ethylene glycol) (TEG) groups was initially prepared in
conjunction with its tris(prototriazole)-containing HB Cu(u)
counterpart 1H-20Tf. The modification of the tripodal termini
of 1I-20Tf with alternative, permethylated p-cyclodextrin
(pmpCD) functionalities enabled further systematic investi-
gation into whether changing the solubilising functionalities
played any role on the anion recognition capability of receptor
131-20TH.

The first target tris(TEG)-appended XB pyridyl trimer ligand
61 was synthesised following the multistep synthetic route
shown in Scheme 1. TEG-based terminal alkyne 3 was pre-
pared by treating commercially-available TEG monomethyl
ether with propargyl bromide under basic conditions using
modified literature procedures®® and subsequently reacted
with 6-azidomethyl pyridyl methanol 23' employing Zhu’s

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Synthesis of XB and HB receptors 11-20Tf and 1H-20Tf. @ For
X = I: Cu(ClO4),:6H,0, TBTA (cat.), DBU, Nal, MeCN/THF (1:1), r.t., 16 h;
for X = H: [Cu(MeCN)4]PF¢, DIPEA, DCM, r.t., 48 h.

one-pot ‘iodo-click’ copper(i)-catalysed azide-alkyne cyclo-
addition (CuAAC) reaction protocol®> to afford the XB synthon
41 in good 64% yield after chromatographic purification.
Chlorination with thionyl chloride generated 5I which was
reacted under basic ammonia conditions using an excess of
20 molar equivalents of ammonium acetate, together with an
equimolar amount of sodium carbonate to produce the
desired XB trimer 61 in 60% yield. Upon conversion of 5I to 61
a pronounced upfield chemical shift change in the "H NMR
spectrum of the crude reaction mixture in CDCl; was observed
for the H, methylene protons from 4.66 ppm to 3.84 ppm,
characteristic of the tertiary N-amine region (Fig. S37 ESI}); a
single peak at m/z = 1440.2 [M + H]' in the electrospray ionis-
ation (ESI) mass spectrum of the compound provided further
confirmation of tripodal ligand formation (see Fig. S227).
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Complexation of 6I with a stoichiometric quantity of copper
(u) triflate afforded the XB Cu(u)-host 1I-20Tf. A UV-vis spec-
troscopy titration experiment revealed the addition of aliquots
of the copper salt to an acetonitrile solution of 6I led to the
appearance of a broad peak Aypsmax (¢/M~' cm™") at 640 nm
(161) and shoulder peak at 766 nm (98) as well as a visible
colour change of the sample solution from colourless to light
blue attributed to arise from chelated metal complexation
(Fig. 2A).>® Monitoring the change in absorbance at 640 nm
upon addition of increasing equivalents of copper(u) triflate
verified the expected 1:1 stoichiometry for ligand to metal
binding (Fig. 2B). Qualitative analysis of the binding isotherm
indicated very strong Cu®** binding affinity, which was too
high for quantitative association constant determination in
the organic acetonitrile solvent medium. Thus, an Isothermal
titration calorimetry (ITC) titration was conducted in
unbuffered water, with aliquots of the copper(u) triflate metal
salt added to an aqueous solution of 6I determining an associ-
ation constant of K, = 1.55 x 10° M, as well as the relevant
thermodynamic parameters revealing metal complexation to
be both enthalpically (AH = —29.8 k] mol™') and entropically
(=TAS = —5.56 kJ mol ") driven (see the ESI for full ITC details
and Fig. S457).

The counterpart tris(prototriazole)-containing HB Cu(u)-
tripod 1H-20Tf was also prepared via analogous procedures
(Scheme 1) and both isolated paramagnetic metallo-receptors
characterised via UV-vis, EPR, HR-MS as well as by electro-
chemical methods (vide infra).

The second XB Cu(u) tripod 13I-20Tf was prepared via
adaptation of the synthetic methodology used to construct
11-20Tf (Scheme 2). The pmpCD-derived terminal alkyne was
first prepared via reaction of the activated ester succinimidyl-3-
propiolate 7 ** with amine 8 '° and a catalytic amount of 4-di-
methylaminopyridine (DMAP) overnight to afford 9 in 70%
yield after chromatographic purification. An iodo-mediated
one-pot CuAAC reaction between 2 and 9 afforded compound
101, which was followed by chlorination with thionyl chloride
to generate 111. Reaction with a large excess of 30 molar
equivalents of ammonium acetate and sodium carbonate pro-
duced 12I in 53% yield after purification via preparative TLC.}
A diagnostic, significant upfield shift of the singlet signal
(4.64 ppm) of the key H,» methylene protons of monomer 111

(A) ]

Absorbance

400 500 600 700 800 900
Wavelength/ nm

Fig. 2
corresponding mole ratio plot.
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(A) UV-vis spectra of 6l upon addition of increments of Cu(OTf), up to 2.0 molar equiv. ([host] = 2 mM, CH3CN, T = 293 K), and (B) the
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Fig. 3 Stacked H NMR spectra of (A) 121 and (B) synthon 111 in CDClz
(500 MHz, T = 298 K). See Scheme 2 for proton assignment. (The
methylene H, protons of both compounds are diastereotopic and hence
appear as an AB quartet signal.)

to the main pmpCD region was evidenced in the comparative
"H NMR of trimer 121 in CDCl, (see Fig. 3 and S38 ESIt) which
along with ESI-MS analysis (m/z = 2627.9 [M + Na + HJ*")
affirmed the successful transformation to the XB tripodal
assembly (Fig. S361). Complexation of 12I with copper(u) tri-
flate quantitatively afforded XB Cu(u)-host 13I-20Tf. Using an
analogous ITC titration protocol to 6l, the Cu(u)-binding pro-
perties of 12I were studied in unbuffered water, determining
an association constant of K, = 1.26 x 10° M~ where metal
complexation is predominantly enthalpically favoured (AH =
—-28.9 k] mol™"; —TAS = —0.27 kJ mol™). 131-20Tf was also
characterised by UV-vis, EPR and HR-MS methods. The elec-
tronic spectrum of 13I-20Tf in CH3;CN/H,O 6:4 v/v (red
dashed line, Fig. 5A) displays a pronounced maximum absorp-
tion peak Amax (/M ecm™) at 645 nm (182) with a much
broader shoulder peak at ca. 770 nm (119) attributed to arise
again from the relevant d-d transitions of the XB ligand che-
lated to the Cu(u) center.>

UV-vis anion binding studies

Quantitative UV-vis titration experiments were performed by
adding increasing quantities of anions as their tetrabutyl-
ammonium (TBA) salts to separate solutions of 1I-20Tf and
1H-20Tf in the CH3;CN/H,0 6:4 v/v solvent mixture (buffered
with 10 mM HEPES at pH 6.3). Both receptors exhibited very
similar molar extinction coefficients and peak absorption
wavelengths Aaps max (/M ™" em™") at 647 nm (117) and 775 nm
(91) (shoulder) for 11-20Tf and 639 nm (125) and 760 nm (98)
(shoulder) for 1H-20Tf, suggesting that the more electron-
deficient, iodotriazole encompassing tripodal ligand frame-
work of 1I-20Tf did not significantly affect the electronic
energy levels of the respective Cu(u) core in mixed aqueous-
organic media (Fig. S39 and S417).

The interactions of Br~, CI~, OAc™ and H,PO,~ anions with
the Cu(u) center of 1I-20Tf and 1H-20Tf led to naked-eye
visible colour changes of the host solution from light blue to
green, with the presence of an isosbestic point in each of their

1The usual 20 equivalents of NH,OAc utilised in previous tripodal ligand for-
mation procedures (see Scheme 1) was increased to 30 equivalents given the pro-
pensity of reagents to form inclusion complexes with the f-cyclodextrin ‘cone’.
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corresponding UV-vis titration spectra. In each case, a decrease
in intensity of the absorption band at ca. 640 nm concomitant
with an increase in intensity of the broad shoulder peak at ca.
770 nm was observed, presumably due to ligand field effects
and further implying a similar mode of anion binding within
the XB/HB tripodal host interior (Fig. S47t). With the halides,
the spectral changes of the latter lower energy band were
greater than the former, higher energy band (Fig. 4A) whereas
upon addition of oxoanions, both absorption bands exhibited
comparable spectral perturbations (Fig. 4B). In contrast, negli-
gible spectral changes were seen during the titrations of NO;~
indicating that the anion was not interacting appreciably with
either receptor.

Global spectral fitting of the UV-vis titration data using the
BindFit*® software monitoring the change in absorbance as a
function of anion concentration determined anion association
constants summarised in Table 1 (for the corresponding iso-
therms see Fig. S48 and S497). All anions were found to bind
predominantly via a 1:2 host: guest stoichiometry with the
second binding constant (K;,) being of much lower magnitude
than the first (K;,) suggesting weak peripheral association of
the second anion, likely driven by the electrostatic attraction of
the host’s divalent Cu(u)-metallocentre. Notably, 1I-20Tf dis-
plays strong and selective recognition for H,PO, ,§ with an
affinity over six times greater than weakest bound Cl~. Given
that the hydration energy of phosphate is the largest of all the
anions tested (Table 1), the observed selectivity thus attests to
the favourable size and shape match of the TEG-appended XB
metallo-tripodal receptor’s binding pocket with the target
tetrahedral guest (Fig. 4B). In addition 1I-20Tf exhibited a dis-
tinct Hofmeister preference for Br~ > CI™. Importantly, the HB
receptor 1H-20Tf although also being phosphate selective, dis-
played attenuated anion binding in all cases, with very modest
discrimination between Br~ and Cl™. The large difference
between the magnitudes of the phosphate association con-
stants of the two receptors in particular, with the value calcu-
lated for 1I-20Tf over three-times greater than 1H-20Tf, pro-
vides a very rare demonstration of the superior ability of XB to
enhance hard oxoanion recognition in highly competitive 40%
aqueous-organic solvent mixtures. Compared to the current
cadre of reported XB phosphate receptors,”*>? 11-20Tf there-
fore constitutes a very potent XB host capable of discriminat-
ing phosphate in aqueous media.

The demonstration of selective inorganic monophosphate
binding by both XB 1I-20Tf and HB 1H-20Tf receptors
prompted us to also investigate their ability to bind a simple
phosphate-ester and a higher-order polyphosphate species,
specifically pinacolyl methyl phosphonate (PMP), the innocu-
ous hydrolysis product of the ‘G-series’ chemical warfare nerve
agent soman (GD)*®* and inorganic pyrophosphate (PPi),

§ It should be noted that at the working pH 6.3 maintained in the UV-vis experi-
ments, inorganic phosphate exists about 88% as H,PO,~ and 12% as HPO,*~
(calculated using the HyperQuad®” software), hence here we have referred to the
former dominant diprotic form as representative of the total monophosphate
species.

Dalton Trans., 2024, 53,12338-12348 | 12341
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Fig. 4 UV-vis anion titration spectra of 11-20Tf in the presence of up to
2 mM, CH3CN/H,O 6 : 4 buffered with 10 mM HEPES at pH 6.3, T = 293 K).

Table 1 Anion association constants (K,/M™) of 11-20Tf and 1H-20Tf

Anion AGpyq® (k) mol™)  1I-20Tf 1H-20Tf

cl -340 Kqy =379 (15) 121 (3)
Kip = 16

Br~ -315 Ky1 =834 (38) K1 =108 (2)
Ky =23 Ky, =7

. -275 — —

NO;~ —300 NBY NB?

OAc™ -365 Ky = 435 (20) —
Kqp =21

H,PO,~  —465 K1 =2816 (309) Ky = 745 (25)
K, =3 Kip=1

PMP™ n/a Kq1 = 1094 (68) Kyy =772 (63)
Kqp =73 Ky, =11

“A 1:2 host-guest binding model, unless otherwise stated, was used
to determine K, values from global fitting of the UV-vis titration
spectra, monitoring the change in absorption from 800-850 nm, using
BindFit;*> anions added as their TBA salts; ([host] = 2 mM, CH;CN/
H,0 6: 4, T =293 K); errors (+) in parenthesis (<11%). ? Values reported
by Marcus.*® ¢ Titration not performed as I~ is easily oxidised in the
presence of Cu(u). “ NB: no binding. Spectral changes too little to accu-
rately determine association constants. ® Multiple complex binding
equilibria. Unable to fit data to 1:1, 1:2 or 2: 1 host-guest models.

respectively. Upon the addition of TBA PMP, pronounced
optical perturbations analogous to those elicited with H,PO,~
were evidenced in the individual absorption spectra of 11-20Tf
(Fig. 4C) and 1H-20Tf (Fig. S471) and the organophosphonate
found to associate with the host similarly with a 1:2 host-
guest stoichiometry (Table 1). Yet again, the XB receptor

12342 | Dalton Trans., 2024, 53,12338-12348

100 equivalents of (A) TBA Br, (B) TBA H,PO, and (C) TBA PMP ([host] =

proved to be the stronger complexant, binding PMP~ with a
larger affinity than the protic counterpart thus highlighting
the applicability of XB as a potent supramolecular interaction
to further exploit for the enhanced recognition of its parent
GD compound as well as other, more toxic ‘G-series’ sub-
stances.’® The lower association constant value of PMP~ with
11-20Tf compared to H,PO,~ is unsurprising given the steric
demands of the much larger aliphatic group functionalised
phosphonate, resulting in a less complementary fit within the
XB host’s tetrahedral cavity: possibly, the alkyl substituent
protons of the organophosphonate’s phosphate ‘head’ might
impose a steric clash with one of the voluminous iodine atoms
of a convergent iodotriazole binding unit (red lines, Fig. 4C).

In contrast, the addition of aliquots of TBA; PPi to 1I-20Tf
elicited explicitly larger spectral changes with a dramatic
intensity decrease in both of the absorption bands of the XB
Cu(n)-host (Fig. S471). Compared to the other anions tested,
only unidirectional changes were observed with PPi*~
suggesting that it was being bound via a different coordination
stoichiometry perhaps simultaneously ‘bridging’ the metal
centers of two individual XB hosts, in a similar manner as
when coordinating to the structurally related bimetallic Zn(u)-
dipicolylamine compounds and/or di-nuclear Cu(u) tripodal
amine complexes.’®™* Attempts to fit the titration data to
various binding models of 2:1 as well as 1:1 and 1:2 host-
guest stoichiometries unfortunately failed to determine quan-
titative association constant data.

This journal is © The Royal Society of Chemistry 2024
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(A) UV-vis titration spectra of 131-20Tf (red dashed line) with up to 100 equivalents of TBA H,PO,4 ([host] = 2 mM, CHsCN/H,O 6 : 4 buffered

with 10 mM HEPES at pH 6.3, T = 293 K), (B) the corresponding isotherm monitoring the change in absorbance from 800—-850 nm vs. equivalents of

anion.

Similar spectral perturbations of the host’s d-d bands were
observed upon the addition of aliquots of TBA H,PO, to
131-20Tf as 1I-20Tf, with the progressive decrease in intensity
of the initial higher energy absorption band (at 645 nm) and
comparable increase in intensity of the initial lower energy
shoulder peak (at ca. 770 nm) suggestive of a similar mode of
anion binding within the tripodal XB cavity (Fig. 5A). Global
spectral fitting of the UV-vis titration data using the BindFit*®
software notably revealed an enhancement in the binding of
H,PO,~ with 13I-20Tf (Fig. 5B), with the determined 1:2 stoi-
chiometric association constants of Ky, = 9442 + 944 M~* and
Ky, = 40 + 2 M~ " being ca. thrice as large in magnitude com-
pared to 1I-20Tf (¢f Table 1). The observed increased phos-
phate anion affinity may arise from the donor ability of the XB
iodotriazoles being augmented via intramolecular N-H---I1 HB
interactions from the neighbouring amide functionalities of
the host’s pmpCD-derived ‘arms’ which promote the synergis-
tic binding of the target tetrahedral guest via multiple ‘hydro-
gen bonding-enhanced halogen bonding’ (HBeXB) interactions
(Fig. 6).43*

EPR anion binding studies with 1I/H-20Tf

To complement the UV-vis anion titration experiments, the
host-guest properties of 1I/H-20Tf towards Br~ and H,PO,”
were also investigated via EPR spectroscopy. The X-band con-
tinuous wave (CW) EPR spectra of both ‘free’ receptors 11-20Tf
and 1H-20Tf were first recorded in the frozen buffered
CH;3CN/H,0 6: 4 v/v solvent mixture at 85 K (see Fig. 7A and B,
bold red lines and Fig. S39 and S41, ESIf). The XB host dis-
played an axial signature characterised by the principal g
values of g; = 2.225 and g, = 2.056 (4; = 183.0 x 10~* cm™")
with the classic four-line splitting pattern in the parallel
region arising from the hyperfine interactions between the
unpaired Cu(u) electron and the two principle ®*Cu and ®>Cu
paramagnetic nuclei.j Notably, these g, > g, values are quite
unusual for tris-(2-pyridylmethyl)amine (TPMA) based Cu(u)-

§(2NI + 1 = 4, where N is the number of nuclei felt by the unpaired electron and
I is the nuclear spin quantum number, which for a Cu(u) nucleus is I = 3/2).

This journal is © The Royal Society of Chemistry 2024

Fig. 6 The envisioned binding mode of XB receptor 131-20Tf with
H,PO,4~ (intramolecular N-H---I HB indicated by orange dashed lines;
N-H HBeXB interactions indicated by green dashed lines).

complexes which typically present g, > g; values that denote a
5-coordinate Cu(u) environment, where the metal cation is
ligated by four nitrogen atoms of the tetradentate TPMA
subunit and also one solvent molecule (either CH;CN or H,0),
predominantly in a trigonal bipyramidal (TBP) geometry.*>*’
The obtained A4 value is also much larger than the ones classi-
cally encountered for TBP Cu(i)-centers (4, < 80 x 10~* em™").*®
With these observations in mind and having previously evi-
denced the additional N*-coordination of two of the iodotria-
zoles to the Zn(u) center in the X-ray crystallographic solid state
structure of the tris(ferrocene) receptor analogue,® a similar
6-coordinate Cu(u) centre of 1I-20Tf in frozen solution thus
seems likely.|| Due to the lack of spectroscopic characterisation

|| The very fast relaxation times of the two dynamic T1 (spin-lattice) and T2
(spin-spin) relaxation processes often observed at room temperature (e.g. for
transition-metal complexes) and crucial in the EPR experiment, inevitably lead
to extensive broadening of the acquired spectrum such that effectively no EPR
signal is observed (half linewidth = 1/T2 + 1/2T1, as also dictated by
Heisenberg’s uncertainty principle).*” Consequently, EPR measurements are rou-
tinely undertaken at cryogenic temperatures (i.e. in frozen solution) to increase
the T1 and T2 times of such ‘fast relaxing systems’ thus leading to better-
resolved EPR spectra.
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Fig. 7 CW EPR titration spectra of receptors (A) 11-20Tf and (B) 1H-20Tf in the presence of increasing quantities of anions ([host] = 2 mM, CH3CN/
H,0 6 : 4 buffered with 10 mM HEPES at pH 6.3, T = 85 K). EPR signature changes specifically in the perpendicular region of the titration spectra are

indicated by the arrows.

of such ‘4 + 2’ coordinated Cu(u)-TPMA complexes in the litera-
ture however, the unambiguous assignment of an octahedral
coordination geometry is rather complicated. Receptor 1H-20Tf
exhibited virtually identical EPR parameters of g = 2.285 and g,
= 2.055 apart from a very small difference of the 4 value (4; =
180.0 x 10~ cm™") suggesting, similarly to the UV-vis character-
isation data, little influence of the iodotriazoles on the hyper-
fine coupling and hence degree of delocalisation of the unpaired
d-electron from the respective paramagnetic Cu(u) center.

EPR anion titration investigations were performed by
adding increasing aliquots of anions (up to 100 equivalents) as
their TBA salts to separate solutions of the XB and HB Cu(u)-
tripodal receptors and the CW EPR spectra recorded at 85 K
(full experimental details of the EPR titration protocol are
included in the ESIT). Characteristic changes in the EPR spec-
tral signatures and intensities of 1I-20Tf and 1H-20Tf were
afforded upon addition of the Br~ and H,PO," guests (Fig. 7).
Firstly, in all cases, the original quadruple line-splitting
pattern contained multiple overlapping contributions in both

12344 | Dalton Trans., 2024, 53,12338-12348

parallel and perpendicular regions (i.e. >four-line splitting)
thus indicative of a ‘mixed’ equilibrium species (presumably
the ‘free’ host and ‘bound’ host-guest adduct) present in
frozen aqueous-organic solution. A pronounced overall
reduction in intensity of the g, contribution of both 1I-20Tf
and 1H-20Tf with both anions was further qualitatively
observed upon signal saturation - this is particularly evident
in the perpendicular region of the XB receptor with Br~
(Fig. 7A, red arrows). Indeed whilst these qualitative differ-
ences show that it is possible to detect anion binding through
form of a simple ligand-exchange at the metal center using
EPR spectroscopy, the complex signatures of the titration
spectra require further extensive simulation work (beyond the
scope of this study) to separate the overlapping contributions
and hence extract the corresponding g values and hyperfine
EPR parameters giving insight to the exact nature of the anion
interaction and axial Cu(u) coordination site.

For this reason, a global spectral fitting strategy of the EPR
titration data was adopted, monitoring the changes in EPR

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 EPR anion titration isotherms of receptor (A) 11-20Tf and (B) 1H-20Tf, monitoring the change in signal intensity from 280-290 mT vs. equiva-
lents of anion added ([host] = 2 mM, CH3CN/H,0 6 : 4 buffered with 10 mM HEPES at pH 6.3, T = 85 K).

intensity (within the limits of the A, and g extrema) as a func-
tion of anion concentration (Fig. 8) which allowed for the
determination of association constants of 1:2 stoichiometry
using the BindFit>> software as summarised in Table 2.
Pleasingly, these EPR titration binding constants are in align-
ment with the results obtained from the corresponding UV-vis
anion titrations: the XB receptor once more, not only exhibited
preferential binding of H,PO,~ over Br~ but importantly also
superior binding of anions than the HB counterpart in both
cases (c¢f. Table 1). To the best of our knowledge, quantitative
anion titrations with small artificial receptors such as these via
EPR spectroscopy remain unprecedented in the literature —
only calixarene-based azacryptand Cu(u) funnel complexes
have been reported by Reinaud and co-workers for the quanti-
tative EPR detection of neutral alcohol, amine and nitrile
guests.””™*” This experimental data thus serves to highlight the
applicability of EPR as a detection tool for the sensing of
anionic guests as well as the determination of their association
constants.

Preliminary electrochemical anion sensing studies with
1I/H-20Tf

The success of 1I/H-20Tf as effective optical sensors and EPR
probes for H,PO,~ encouraged us to explore the possibility of
exploiting the hosts’ cupric metal centre further for electro-
chemical phosphate sensing via the Cu™/Cu' redox couple. The
redox properties of 1I-20Tf and 1H-20Tf were initially investi-
gated via cyclic voltammetry (CV) in anhydrous CH;CN (0.1 M
TBACIO, supporting electrolyte solution) and pure water (0.05
M KPF, supporting electrolyte solution) solvents as well as in
various intermediate CH3CN/H,O mixtures, using a Ag/AgCl
reference electrode (see ESIT for full reversibility details). Both
receptors were found to display explicit solvent dependent
redox behaviour.

In anhydrous CH;CN, both 1I-20Tf and 1H-20Tf were elec-
trochemically-active and displayed a well-defined, single quasi-
reversible one-electron wave attributed to the Cu'/Cu' redox
couple, with the more anodic E;/, value of +74 mV of the XB
host versus —179 mV of the HB counterpart (both vs. Fc/Fc')

This journal is © The Royal Society of Chemistry 2024

Table 2 Anion association constants (K.,/M™%) of 11-20Tf and 1H-20Tf
from EPR titrations?

Anion 1I-20Tf 1H-20Tf

Br~ Ky1 =369 (22) Kyy =101 (7)
Kiz =55 Ki, =16

H,PO,~ Kyy = 1641 (102) Kyy =743 (65)
K, =36 Kip =59

%A 1:2 host-guest binding model unless otherwise stated, was used to
determine K, values from global fitting of the EPR titration spectra,
monitoring the change in signature intensity from 280-290 mT, using
BindFit;** anions added as their TBA salts; ([host] = 2 mM, CH;CN/
H,0 6:4, T = 85 K); errors (+) in parenthesis (<11%).

consistent with the increased electron-withdrawing nature of
the iodotriazoles disfavouring oxidation of the Cu center
(Fig. S50 and S52%). The marked 253 mV difference between
the two E;, values is particularly noteworthy and as previously
suggested by the EPR characterisation data, indicates the N*-
coordination of the XB/HB-triazoles to the metal core, which
are thus able to directly exert their electronic influences on the
redox properties of the Cu center in organic media.
Contrastingly, whilst the XB and HB Cu(u)-receptors retained
redox quasi-reversibility in various CH3;CN/H,O solvent mix-
tures, a significantly distorted anodic peak was observed in
each case particularly at higher scan rates. This was exacer-
bated in pure water (see Fig. S54 and S561) and postulated to
arise from the ‘static’ N*-ligation of the XB/HB-triazoles to the
Cu center, as strongly suggested by the earlier investigative
EPR data. Indeed, the more anodic E;,, values of +174 mV of
the XB host and +89 mV of the HB counterpart (both vs. Ag/
AgCl) in pure water compared to those in CH3;CN (where the
triazole coordination is ‘dynamic’) lend credence to this
hypothesis. Additionally, the much smaller 85 mV discrepancy
between these E;, values likely results from the better stabilis-
ation of the dicationic vs. monocationic Cu state due to the
increased polarity of the all-aqueous solvent medium.

Owing to the complex voltammetric behaviour exhibited by
1I/H-20Tf in aqueous containing media, their redox anion

Dalton Trans., 2024, 53,12338-12348 | 12345
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Fig. 9 Square wave voltammograms of receptors (A) 11-20Tf and (B) 1H-20Tf with incremental quantities of TBA Br ([host] = 0.5 mM, electrolyte:
0.1 M TBACIOy, in anhydrous CHsCN, T = 293 K). All potentials taken in reference to the Ag/AgCl reference electrode (leak free). (The distorted red
baseline in (A) arises from the need of having to adjust the potential range during the titration to prevent Br~ oxidation.)

sensing properties were probed only in anhydrous CH;CN
(containing 0.1 M TBACIO, as supporting electrolyte) using
square-wave voltammetry (SWV). Due to precipitation pro-
blems with phosphate, preliminary electrochemical anion
titrations were restricted to bromide. The addition of excess
TBA Br (up to 100 equivalents) induced significant cathodic
perturbations of the respective Cu"/Cu' redox couples of both
XB and HB receptors arising from halide anion binding stabi-
lising the Cu(u) oxidation state (Fig. 9). In both cases, a swift
plateauing of the voltammetric response was observed further
indicative of strong binding (Fig. 10). Notably however, the XB
host exhibited a much larger magnitude of cathodic shift
(=140 + 5 mV) at saturation compared to the protic analogue
(—80 = 5 mV) clearly highlighting the dominant role played by
the XB donor groups for redox anion sensing. The very large
magnitudes of these cathodic shifts further enabled the quan-
titative analysis of the respective titration isotherms according
to the established 1 :1 host-guest stoichiometric Nernst model

(eqn (1))

RT
nF

(1 +Knx[A])

AE= M Kea[A)

(1)

which revealed that the anion association constant of the oxi-
dised metallo-receptor (K,x) with the halide was, as expected,
larger than the reduced form (K, > Keq) and that indeed, the
XB receptor demonstrated a magnified switching on of Br~
binding (Kox/Kreqa = 65 074/289 M) compared to the HB ana-
logue (Koyx/Krea = 15 734/581 M™"). In particular, these ampli-
fied halide anion-induced voltammetric responses of 11-20Tf
and 1H-20Tf compared to those observed with their electro-
chemically active tris(ferrocene) Zn(u)-receptor counterparts>’
convey not only the efficacy of the Cu"/Cu' redox couple as an
electrochemical transduction entity but also the potency of
utilising the host’s metal epitope as a direct probe for the

12346 | Dalton Trans., 2024, 53,12338-12348

20 4

-20 -

404

>
E 0
a
ny
< -804 e . e HB
-100 o
L)
-120 o
° XB
———e——— o
-140
T T T T T T
0 20 40 60 80 100

Equivalents of Br

Fig. 10 Electrochemical anion titration isotherms. Shift of the half-
wave potential (AE;/,) of the Cu'"/Cu' redox couple of 11-20Tf (blue) and
1H-20Tf (red) in the presence of Br™.

anion binding event (Fig. 4A) - which for self-evident reasons,
exhibits a greater sensitivity to the recognition process as
opposed to the through-bond communicative pathways between
the anion binding cavity and redox reporter group.>’

Conclusions

In conclusion, a series of strategically designed, hydrophilic
XB tripodal Cu(u) metallo-receptors 11-20Tf and 13I-20Tf were
synthesised and demonstrated to be effective at selectively
recognising and sensing inorganic monophosphate over a
range of other monoanionic species in aqueous media con-
taining 40% water. Extensive UV-vis spectrophotometric anion
titration studies, notably accompanied by a naked-eye colour
change response, revealed that 1I-20Tf bound H,PO,~ strongly
(K, = 2816 M ") with an affinity over six times greater than the

This journal is © The Royal Society of Chemistry 2024
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weakest bound Cl~, which was attributed to the complemen-
tary size and shape match between the tetrahedral anion and
the XB tripodal cavity. Importantly, the phosphate association
constant value for 1I-20Tf was notably of a significantly larger
magnitude than that obtained with the HB receptor counter-
part 1H-20Tf further championing and advancing XB as a
more effective interaction than HB for hard oxoanion binding
in aqueous environments. Similarly augmented binding of the
monophosphate-ester PMP~ was evidenced with 1I-20Tf com-
pared to 1H-20Tf thus also highlighting the applicability of XB
as a worthwhile supramolecular interaction to potentially
exploit for the enhanced recognition of toxic ‘G-series’ sub-
stances as well as their innocuous hydrolysis products.
Furthermore, an impressive ca. three-fold enhancement in
phosphate binding affinity was achieved with 131-20Tf com-
pared to 1I-20Tf, with the presence of the host’'s XB donor
iodotriazole and conjugated HB donor NH amide functional-
ities bringing to light the synergistic interplay of these two,
often competing, interactions in the binding process.

Importantly both XB/HB Cu(u) receptors 1I/H-20Tf were
also demonstrated to be highly sensitive EPR anion sensing
probes, wherein the determination of quantitative anion
binding constant data was achieved for the first time. The Cu
(n) metallo-receptors also proved to be effective electro-
chemical anion sensors capable of sensing Br~ via cathodic
shift perturbations of their respective Cu"/Cu’ redox couples.
Further exploitation of the ‘C;-symmetric’ XB motif*® for XB-
mediated oxoanion recognition and sensing applications in
aqueous media is continuing in our laboratories.
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