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We report a new class of sequence-defined peptidomimetic
macrocycles, termed squaratides, that integrates squaramide units
directly into a tunable peptide backbone. These modular receptors
exhibit preferential binding of acetate and chloride, with affinity
and stoichiometry precisely modulated by sidechain functionality.
Comprehensive spectroscopic, crystallographic and density
functional theory analyses reveal that conformational
preorganisation amplifies recognition, establishing squaratides as a
versatile platform for programmable anion binding.

Designed artificial receptors that mimic natural systems in their
ability to bind selectively to a target ion'* provide molecular
connectivity for supramolecular assemblies for diverse applications
ranging from sustainable electronics to molecular medicine.> 6
Nature’s modular protein construction enables exquisite anion
recognition through complementary hydrogen-bonding interactions
(e.g., the hydroxymethyl and guanidino sidechains of Ser and Arg,
respectively) reinforced by backbone amides, creating preorganised
cavities that bind anions with remarkable affinity and selectivity.”?

Several groups have reported sequence-defined scaffolds that
incorporate abiotic elements to enhance molecular recognition. For
example, Jolliffe and co-workers designed cyclic and linear peptide
based receptors for sulphate recognition”. 8 10 11 while Kubik et al.
incorporated 3-aminobenzoic acids and 6-aminopicolinic acids into
peptidomimetic macrocycles for cation and anion recognition.114
Knipe et al. synthesised a-helical and B-strand peptidomimetics
based on pyrimidines, while Meisel and Hamilton reported cavitand-
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aminomethylbenzoic acid (MAMBA) monomers.’> Alfonso et al.

molecular containers derived from 2,4-dialkoxy-meta-
synthesised a family of tris-pyridine-decorated cyclic peptides that
self-assemble to carry out chloride recognition and transport.16: 17
The common feature among these examples is the judicious
incorporation of abiotic building blocks into peptide scaffolds to

expand the chemical design space.” 12

However, few sequence-defined scaffolds integrate additional
hydrogen-bonding capacity directly into the peptide backbone,
even though doing so could improve anion affinity and
selectivity.’820 Here, we report a first in class family of
sequence-defined macrocyclic peptidomimetics (Figure 1(i)),
termed “squaratides”. These modular receptors embed
squaramide units directly within the peptidomimetic backbone
while allowing programmable sidechain functionality. Our
design rationale was to couple the strong, directional hydrogen-
bond donating properties of squaramides with the structural
preorganisation imposed by macrocyclisation, while retaining
amino acid sidechains to tune the platforms chemical
properties systematically. We present a general synthetic route
to create squaratides and comprehensively characterise their
structures and anion-binding behaviour using NMR, IR and CD
spectroscopy, X-ray crystallography, and DFT calculations. We
demonstrate that macrocyclisation enhances preorganisation
and thus binding selectivity toward biologically relevant anions
such as acetate and chloride, and that amino acid sidechain
identity profoundly influences both binding affinity and
stoichiometry. Together, these findings establish squaratides as
a versatile new platform for programmable anion recognition.

The synthesis of cyclic squaratides is outlined in Figure 1(ii) where a
modular, convergent strategy was employed in which diethyl
squarate was sequentially functionalised with ethylenediamine and
amino acid building blocks, followed by intramolecular
macrocyclisation to afford a series of the sequence-defined
peptidomimetic receptors. Briefly, reaction of diethyl squarate with
N-Boc-ethylenediamine the

intermediate A, which was subsequently reacted with the desired

furnished monosubstituted
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Figure 1: (i). Chemical structures of target cyclic squaratides. (ii) General synthetic strategy towards cyclic squaratides. (iii) Crystal structure of Sq-2-Ala

amino acid before TFA initiated Boc deprotection yielded monomer
the benzotriazol-1-
yloxytripyrrolidinophosphonium  hexafluorophosphate  (PyBOP),
afforded a series of cyclic squaratides C in yields from 25 — 54%.

B. Dimerisation in presence  of

Single crystals of Sq-2-Ala grown from dilute DMSO-dg confirmed the
cyclic structure by X-ray crystallography. The structure was solved in
the chiral monoclinic space group P2; as a bis-DMSO solvate. As
shown in Figure 1(iii), the squaramide units adopt a syn
conformation with both N-H donor pairs (N1, N2 and N4, N5)
oriented in the same direction. Macrocycle puckering offsets the
cyclobutene rings such that each functions independently as a bis-
bidentate, rather than tetradentate, hydrogen-bond donor toward a
single oxygen acceptor. The alanine methyl groups project towards
the macrocycle periphery which suggests that side chain
functionalisation may not sterically hinder anion binding.

To provide a molecular-level framework for the anion-binding
behaviour of the cyclic squaratide platform, DFT calculations were
performed on host—guest complexes of Sq-2-Ala with CI~, Br-, I, and
NOs3~. Geometries were optimised in the gas phase from the
experimental XRD structure, (CP)
correction for basis set superposition error (BSSE) (see ESI). The

followed by counterpoise

resulting BSSE-corrected binding energies (AEping) enable comparison
across the anion series. The calculated energies follow the order CI~
> Br~ > 1" >> NOs~, with AEping values of -3.30, -3.08, -2.44, and -0.53
eV, respectively (Figure 2e). It should be noted that these binding
energies are calculated for gas-phase complexes and therefore
represent an upper theoretical limit to host—guest interactions in the
absence of solvent. In solution, competition with solvent molecules,
particularly strongly coordinating solvents such as DMSQ, is expected
the binding
experimentally. This affinity trend reflects progressively weaker

to weaken effective interactions observed
binding with increasing halide size and decreasing basicity, while
NOs~ binds
complementarity with the preorganised hydrogen-bond donor array

of Sq-2-Ala. Analysis of the optimised geometries provides further

much more weakly due to poor geometric

2| J. Name., 2012, 00, 1-3

insight into this selectivity (Figure 2a—d). In the halide complexes, CI~
and Br~ form multiple short N-H---X~ contacts, several <2.5 A (bold in
Figure 2), consistent with strong directional hydrogen bonding. In
contrast, I~ shows fewer short contacts and more elongated N—H--I-
interactions, consistent with its weaker binding energy. For NOs~, the
anion remains offset from the macrocyclic cavity centre, forming
only one or two short N—H--:O contacts while the remaining donors
remain uncoordinated, resulting in much weaker stabilisation. Side-
view representations (Figure $S100, ESI) show that halides sit close to
the squaramide core of Sg-2-Ala, whereas NO;~ resides significantly
above the hydrogen-bond donor plane. This separation limits
cooperative binding and accounts for the predicted energetic penalty
for NOs~ relative to the halides. Although absolute binding energies
are likely overestimated in the gas phase, the BSSE-corrected
calculations reproduce the experimentally relevant relative anion
preference of Sg-2-Ala for monovalent anions reported below. These
calculations provide a structural and energetic framework for
interpreting the NMR titration data, supporting a model in which
strong directional squaramide hydrogen bonding underpins chloride
recognition, whereas larger or geometrically mismatched anions
interact only weakly and are not selectively bound. Additional
computational studies of competing solvent binding and alternative
guest species, including DMSO, fluoride (with possible deprotonation
pathways), and hydroxide, are underway and will be reported in
future work. Guided by the structural analysis and modelling, the
binding behaviour of Sq-2-Ala was investigated in DMSO-ds by 'H
NMR
tetrabutylammonium (TBA) salts of halides and oxoanions (F~, CI-,
Br-, I, S04%7, AcO~, H,PO,~, NOs™) revealed varying responses as a

spectroscopy. Initial screening against eight

function of anion concentration. Deprotonation occurred upon
addition of F-, evidenced by a downfield triplet at ca. 16 ppm
characteristic of hydrogen difluoride (HF,~) formation and consistent
with fluoride-induced deprotonation of the squaramide NH groups.?!
In contrast, minimal shifts were observed for I-, Br- and NOs",
indicating negligible binding consistent with previous reports of weak
iodide and nitrate binding.2% 23 Although gas-phase DFT calculations

This journal is © The Royal Society of Chemistry 20xx
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predict moderate Br~ binding relative to CI-, the negligible
experimental binding likely reflects solvent competition and reduced
hydrogen-bond directionality in solution, highlighting the tendency

of gas-phase calculations to overestimate absolute binding energies.
Distances (b) ‘\ Distances
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NH3-~Cl':3.151 A
NH4---Br:2.428 A
NHS5--Br : 2.510 A
NHE-—-Br : 2,980 A

NH4--Cl: 2372 A
NH5--Cl: 2301 A
NH6---Cl: 4,646 A

Distances

NH1--01:1.962 A
NH2--01" 2.663 A
NH3--01":5.398 A
NH4--01:3332A
NH5--01:2.783 A
NH6--01:2.527 A
NH1--02:3.389 A
NH2—--027:1.942 A
NH3--02':3.535 A
NH4--02':2.528 A
NH5--02':3.714 A
NH6--02':4.122 A
938 A
:3.831A
NH3--03':5.119 A
NH3--03:1.975 A
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Figure 2: DFT analysis of anion binding to Sq-2-Ala. (a—d) Optimised gas-phase
geometries of Sg-2-Ala in complex with ClI-, Br~, I5, and NOs~, respectively,
with key N-H---anion distances annotated. Hydrogen-bond contacts shorter
than 2.5 A are highlighted in bold. (e) BSSE-corrected binding energies (AEping)
for Sg-2-Ala with the anion series, showing a clear preference for smaller,
more basic halides and poor affinity for nitrate.

The weak responses observed for the larger halides and NO;™ are
consistent with the reduced directional hydrogen bonding and
geometric mismatch identified in the DFT calculations. Minor
perturbations were observed in the presence of S0,27, contrasting
with the high sulfate affinity reported for other cyclic squaramides?*
and suggesting steric or geometric constraints within the squaratide
cavity that hinder optimal sulfate coordination. Upon incremental
addition of AcO~, the amide NH signal shifted upfield then downfield,
while the squaramide NH signals shifted downfield (Appm = 1.5 for
both). This behaviour suggests a concentration-dependent process in
which weak, transient interactions at low AcO~ concentrations—
likely involving conformational rearrangement and steric fit of the
small methyl group (vdW radius ~0.2 nm, similar to the halide series,
Figure 2e)—are followed by direct hydrogen bonding at higher anion
concentrations (Figure 3a). Upon CI~ addition, the NH signals
exhibited similar but smaller shifts than for AcO~ (Appm = 0.6 and
0.9). Association constants for ClI~ and AcO~ were determined by

This journal is © The Royal Society of Chemistry 20xx
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fitting the squaramide NH chemical shift changes as, a function of

anion concentration using BindFit..2> DOI: 10.1039/D6CC0O0836D
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Figure 3: (a) *H NMR Titration of Sg-2-Ala in DMSO-ds with TBACI (b) Fitted

data of the chemical shift change of the NHs of Sq-2-Ala against molar
equivalents of TBACI. (c) Jobs plot analysis of squaramide NHs of Sq-2-Ala.

Sg-2-Ala exhibited 1:1 binding stoichiometry toward both anions,
with higher affinity for ClI~ (K, = 692 M™") than AcO™ (K, = 227 M™).
This chloride affinity is comparable to highly electron-deficient diaryl
squaramides and suggests that macrocyclic preorganisation, rather
than increased intrinsic hydrogen-bond donor strength, underpins
the observed binding enhancement.?® The 1:1 binding model was
supported by Job-plot analyses showing maxima at 0.5 mole fraction
(Figure 3b,c) and by independent fitting using Musketeer,?” which
yielded comparable association constants. Variation of side-chain
functionality  significantly modulates binding affinity and
stoichiometry across the receptor series. For example, Sq-2-Phe
displayed a 2:1 (host:guest) binding mode (K1 = 8.3 x 103 M™", K»; =3
x 10°* M™"), supported by Job-plot analysis. However, deviations in the
fitting residuals suggest coexisting equilibria or multiple binding
geometries, and the extracted constants should be interpreted with
caution. This behaviour likely arises from hydrophobic effects and n—
Tt interactions that complicate anion binding. Nevertheless, all
receptors show significant ClI~ and AcO~ binding under these
conditions, underscoring the role of side-chain polarity and steric
profile in tuning anion recognition (Table 1).

Table 1: Summary of Cl-and AcO" binding of cyclic squaratides. Association
constants derived from Bindfit.

Receptor Cl-(M-?) Jobs AcO (M 1) Jobs
Plot Plot
Sqg-2-Ala Ka = 692 (+ 6) 1:1 a=227 (x3)M? 1:1
Sq-2-Phe Ka =366 (+4) 1:1 K11 = 8.3 x 103 (£ 69) 2:1
Ko1=3x 103 (i 68)

Sq-2-Leu Ka =558 (% 2) 1:1 Ky > 104 2:1
Sq-2-Lys K11 =1.8x103 ( 2:1 1:1

3) Ka=333(+12)

K21 =703 (1 9)

Sq-2-Asp(Bzl) | Kz >10* 2:1 | Ku>10 2:1

J. Name., 2013, 00, 1-3 | 3
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To further investigate the complex binding behaviour observed
during anion titrations, a concentration-dependent '"H NMR study of
Sqg-2-Phe was conducted over 0.25-20 mM (Figure S95, ESI). The 'H
NMR spectra of these squaratides were previously noted to be poorly
resolved in DMSO-ds despite LCMS evidence of compound purity,
suggesting that conformational heterogeneity and/or molecular self-
assembly may contribute to the observed behaviour. For Sq-2-Phe,
broad concentration-dependent changes were observed, particularly
in the
concentration led to (i) chemical shift changes, (ii) significant signal
broadening, particularly for NH resonances, and (iii) the appearance

aromatic and squaramide NH regions. Increasing

of new signals. These features are characteristic of supramolecular
self-association, with squaramide
hydrogen bonding and n—nt stacking of phenylalanine side chains. In

consistent intermolecular
contrast, while Sq-2-Ala also displayed poorly resolved 'H NMR
spectra, chemical shifts were largely concentration-invariant across
the same range (Figure S96, ESI), suggesting that this receptor does
not engage in aggregation to the same extent but conformational
isomerism (including cis—trans amide isomerism as well as anti/anti-
and anti/syn- conformations of bis-secondary squaramides) is likely
to be a contributor. This observation further highlights the role of
amino-acid identity in governing supramolecular behaviour.

To assess the influence of macrocyclisation, the acyclic analogue
ASq-2-Phe was synthesised (Scheme S2, ESI). Although its '"H NMR
spectra indicated conformational heterogeneity typical of acyclic
peptidomimetics and foldamers,?® 2° concentration-dependent
studies showed minimal aggregation, with resonances remaining
relatively sharp across 0.25-20 mM (Figure S97, ESI). This contrast
indicates that cyclisation in Sq-2-Phe enforces preorganisation and
spatial proximity between squaramide and aromatic units,
promoting ordered aggregation, whereas the greater flexibility of
ASq-2-Phe suppresses this behaviour. 'TH NMR titration of ASq-2-Phe
with TBA AcO~ revealed complex, multi-site binding behaviour.
Larger downfield shifts at the methyl ester terminus relative to the
Boc-protected end indicate uneven binding along the flexible
scaffold. Up to one equivalent of AcO~, binding occurs mainly at the
squaramide units, with backbone amide NHs engaging only at higher
anion loadings. No satisfactory single binding model could be fitted,
underscoring the impact of reduced preorganisation. Nevertheless,
although less rigid and therefore less discriminating, the acyclic
squaratide dimers retain binding ability and provide a platform that,
with appropriate modification, may yield useful conformationally
adaptable receptor systems.

In summary, we report a new peptidomimetic platform, termed
squaratides, that embed squaramide hydrogen-bond donors within
a peptide-inspired backbone. Variation of side-chain functionality
strongly influences both supramolecular self-assembly and anion
binding behaviour, modulating affinity and stoichiometry and
shaping anion selectivity, with notable preference for AcO~ and
unexpectedly strong affinity for Cl~ across the series. The modularity
of this scaffold provides a flexible platform for the development of
bioinspired therapeutic peptidomimetics, including prospective
antimicrobial agents, as well as for the design of synthetic anion
transport systems.
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