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Non-Symmetrical Tetradentate Mixed Halogen
Bonding-Hydrogen Bonding Macrocycles for Anion
Recognitionin Aqueous-Organic Media

Somjutar Opascharoenboon,?! Sutthipoj Vigromsitdet,®! Norraset Cheevathanomsak,?!

Inkarat Atirojwanich,@! Jonggol Tantirungrotechai,’ Mongkol Sukwattanasinitt,

(bl

Panida Surawatanawong,?! Paul D. Beer,[) and Thanthapatra Bunchuay*™

The prevalence of anions in biological systems, the environ-
ment, and industrial processes has driven the development of
synthetic receptors capable of their selective recognition and
detection. As a result of high hydration energy, the diversity in
shape, and the pH-dependent nature of anions, such receptors
require a highly preorganized binding site decorated with com-
plementary multiple noncovalent interactions to stabilize anion-
receptor complexation. In this study, a series of charge-neutral
tetradentate macrocycles with non-symmetrical structures con-
taining both halogen bonding (XB) iodotriazole and hydrogen
bonding (HB) triazole donors were prepared via a stepwise
CuAAC macrocyclization reaction. The non-symmetrical XB/HB
macrocycles displayed increased anion binding affinities and

1. Introduction

The versatility of anions in biological processes, industry, and the
environment has continuously stimulated the development and
synthesis of novel artificial anion receptors capable of function-
ing in aqueous media under physiological conditions.!! Anions
are crucial in biological systems, playing vital roles in the regu-
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contrasting anion selectivities in comparison to a symmetrical
all HB macrocycle analogue, even in the presence of water, but
still exhibited halide binding less strongly than the analogous
all XB macrocycle. As a result of the macrocyclic effect and the
number and nature of donor groups, the non-symmetrical XB/HB
macrocycles exhibited the largest enhancement of Cl~ binding
compared to their acyclic XB analogues. DFT computational
studies revealed the preferential binding geometry where the
halide anion was primarily bound to the XB binding site
through two o-hole interactions at two adjacent iodine sites and
supplemented by one H—bond interaction at one of the C—H
triazole sites.

lation of enzyme and protein functions; hence, anion receptors
must exhibit robust interactions with excellent selectivity for the
target anionic species. Malfunctions of anion receptors can lead
to serious pathological conditions; for instance, dysregulation
of the chloride membrane transport protein results in cystic
fibrosis and is also linked to Alzheimer’s disease,!! while iodide
is essential for the biosynthesis of tyrosine-based hormones by
the thyroid gland.’®! The excessive use of phosphate and nitrate
fertilizers has resulted in the eutrophication of natural water
bodies and the disruption of ecosystems.!*]

In nature, biotic anion receptors, such as phosphate binding
protein (PBP) and sulfate binding protein (SBP), employ a com-
plementary arrangement of multiple hydrogen bonding nonco-
valent interactions within distinct hydrophobic binding pockets
to overcome hydration enthalpies of highly hydrated phosphate
and sulfate anions, leading to strong and selective binding of
such oxoanions despite the presence of other interferences.'”’
In recent decades, chemists have drawn inspiration from
nature to create synthetic receptors for diverse anionic species,
establishing anion recognition as a principal research focus
in supramolecular host-guest chemistry.®) Hydrogen bonding
(HB) donor motifs have been integrated into a broad range
of anion receptors that function in highly competitive solvent
media.”! Versatile NH bond donors, in particular, are represented
in contemporary anion receptors in various forms, including
ammonium, guanidinium, amide, urea, and thiourea./®*#) In more
recent years, anion binding has been achieved utilizing preor-
ganized C—H donors, especially as an alternative motif for the
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Figure 1. A cartoon represents a series of non-symmetrical tetradentate XB iodotriazole and HB triazole macrocycles.

binding of more hydrophobic anions.®! The synthetic feasibility
of the 1,2,3-triazole heterocycles through a copper(l) catalyzed
alkyne-azide cycloaddition (CuAAC) reaction has allowed the
facile accessibility to prepare a broad range of triazole rings with
different electronic properties and made the C—H triazole HB
donor become a potent candidate in anion recognition.'®l In
addition, with iodoalkyne starting materials, the novel halogen
bonding (XB) donor 5-iodo-1,2,3-triazole motif can be readily
synthesized.'" The high polarizability of the iodine atom with
the stringent linear directionality of the XB interaction by virtue
of the localized electropositive region (6-hole) has facilitated the
XB formation with various anionic Lewis bases.[™!

Beer and coworkers have utilized the iodotriazole and iodo-
triazolium XB donor motifs incorporated into preorganized host
molecules with significant structural diversity, including acyclic,
macrocyclic, and mechanically interlocked structures, to demon-
strate enhanced anion binding, especially for halides, in aqueous
environments compared to their HB host counterparts.™ In
addition, XB donor strength can be tuned to achieve aug-
mented anion binding affinities by covalent modifications with
electron-withdrawing groups and/or incorporation of positive
charge component to the receptors.>! Recently, Beer and
Bunchuay designed a series of charge-neutral halogen-bonding
macrocycles containing a tetradentate-iodotriazole binding site
separated by different spacer units (meta-xylyl, para-xylyl, and
naphthyl).™! The size of the aryl spacer units was shown to
strongly influence anion binding affinity through macrocyclic
cavity size variation, as evidenced by halide binding affinities
of the regio-isomeric xylyl-substituted macrocycles and the
meta-xylyl substituted macrocycle displaying remarkable halide
binding in highly competitive 40% aqueous-organic D,0/ds-
acetone (40:60, v/v) solvent mixtures.

In this study, through the construction of a series of
charge-neutral non-symmetrical mixed XB/HB and all XB
and HB tetradentate triazole macrocycles, we investigate
the effect of the XB and HB triazole donor groups on anion
recognition in pure organic and water-containing organic
solvents. The non-symmetrical XB/HB tetradentate triazole
macrocycles containing the 3,5-bis-iodotriazole benzene XB
donor supplemented with various bis-triazole HB donors were
synthesized via stepwise sequential CuAAC macrocyclization
reactions (Figure 1). Subsequently, the anion recognition
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properties of each macrocycle were examined through 'H-
NMR spectroscopic titrations, and the results were compared to
those of acyclic receptors and the symmetrical all XB and HB
tetradentate triazole macrocycles. Notably, the symmetrical HB
macrocycle displayed significantly lower halide binding affinities
in comparison to the XB analogue and showed favorable binding
to Cl~ despite the presence of water. The presence of XB donors
in the series of non-symmetrical macrocycles significantly
improved halide binding affinities and modulated selectivity
toward larger halide anions Br~ and I~. Importantly, analysis of
the anion binding data of the bis-iodotriazole pyridine mixed
XB/HB macrocycle revealed a 7-, 5-, and 2-fold increase in
the association constants for ClI~, Br~ and I, respectively,
in comparison to an acyclic XB receptor analogue. DFT
computational investigations revealed the most favorable halide
anion-macrocycle complexed structures, with the estimated
binding energies consistent with experimental results.

2. Results and Discussion
2.1. Synthesis of Acyclic Receptors

Having demonstrated that the strength of XB donors is highly
sensitive to covalent functionalization with electron-withdrawing
groups,I®'°! we sought to explore the effect of electron-deficient
aromatic units in the 1,3-bis-iodotriazole anion receptors on their
anion binding properties. We initially synthesized a series of 1,3-
bis-iodotriazole XB acyclic receptors from the copper(l) catalyzed
azide-alkyne cycloaddition (CUAAC) reaction. An excess of 13-
bis(azidomethyl) benzene 2 was reacted with one equivalent of
the selected bis-iodoalkyne in the presence of a catalytic amount
Cul and TBTA, affording the target XB receptors containing the
phenyl spacer (1-XB), the phenyl-substituted with amide spacer
(2-XB), and the pyridyl spacer (3-XB) with an isolated yield in the
range of 70%-80% (Scheme 1). In addition, the HB analogous
receptors (1-HB, 2:HB, and 3:HB) were also synthesized for
comparisons. All products were fully characterized by "H-NMR,
BC-NMR, and HRMS to confirm the structure of receptors.
Comparative 'H-NMR spectra of the XB acyclic receptors
revealed that the chemical shifts of the internal aromatic
proton (H,), proton associated with the anion binding site, are
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Scheme 1. Synthesis of XB and HB acyclic receptors containing different arene spacer units via the CuAAC reaction.
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Figure 2. Stacking of truncated '"H-NMR spectra of XB and HB acyclic receptors (dg-acetone, 298 K, 400 MHz).

significantly influenced by the local electronic characteristics
of the aromatic spacer groups originating from the bis-alkyne
(Figure 2). When compared to 1-XB, the chemical shift of H,
in 2:XB, and 3-XB is located in further downfield regions as
a result of the electron-withdrawing effect from the amide
and pyridyl groups, respectively. These similar effects were also
observed in HB analogues. In addition, the iodine substituent
in the bis-iodotriazole motifs of XB receptors also induced
downfield perturbations of proton signals encircling the binding
site (H, and Hy). These evidences proved the potency of utilizing
covalent modification to incorporate electron-drawing groups to
the receptors for modulating electronic properties of the anion
binding site.

Chem Asian J. 2025, 0, €202401833 (3 of 10)

2.2. Synthesis of Macrocyclic Receptors

Given the findings of our earlier report,™ the stepwise macro-
cyclization methodology based on the CuAAC reaction not only
improves the effectiveness of macrocyclization reaction, but also
allows for the synthesis of a series of non-symmetrical macro-
cycles including mixed XB and HB ditopic binding sites.[81>"]
The bis-azide appended HB acyclic receptors (1-HB, 2-HB, and
3-HB) are reactive precursors for the macrocyclization reaction
undertaken by reacting with an equimolar amount of the bis-
iodoalkyne 3 in the presence of Cu(MeCN),PFs and TBTA in a
dilute solution (5 mM in DCM). The reactions gave the target
non-symmetrical macrocyclic products 2M, 3M, and 4M with
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Scheme 2. Synthesis of macrocyclic receptors (1IMxg, TMug, 2M, 3M, and 4M) containing the HB or XB donors and different arene spacer units.

isolated yields of 30%, 30%, and 21%, respectively (Scheme 2).
Similar to the cases of both HB and XB acyclic receptors,
the electronic characteristics of the aromatic spacer groups
influenced the chemical shift of H, and H, in the "H-NMR spectra
of 2M, 3M, and 4M (Figure 3). For comparative anion binding
studies, the tetradentate triazole all XB and HB macrocycles 1Myg
and MMy were also synthesized.!!

2.3. Anion Binding Studies
2.3.1. Anion Binding in Ds-Acetone

The halide anion recognition properties of acyclic XB receptors
(1-XB, 2:XB, and 3-XB) and their respective HB analogues (1-HB,
2.HB, and 3-HB) were initially studied in the d¢-acetone via 'H-
NMR anion titration experiments. Upon addition of chloride,
bromide, and iodide, as their tetrabutylammonium (TBA) salts
to solutions of the acyclic receptors, significant downfield
perturbations of the internal aromatic proton (H,) signal, the
proton signal associated with the anion binding cleft, were
observed. Furthermore, HB receptors exhibited notable shifts of
triazole protons (H;) to downfield regions (Figure S25-S48). By
monitoring the shifts of H, in the acyclic XB and HB receptors
as a function of anion concentrations, binding isotherms were
obtained, which from the nonlinear regression analysis via
Bindfit,"®! determined 1:1 stoichiometric host-guest association
constants (Table 1). The acyclic HB receptors bound halides
weakly in d¢-acetone and displayed an anion binding trend

Chem Asian J. 2025, 0, €202401833 (4 of 10)

mirroring anion basicity (CI= > Br~ > |7). Importantly, the
analogous acyclic XB receptors demonstrated significantly aug-
mented halide binding affinities of approximately up to two-
orders of magnitude enhancement compared to HB analogues,
particularly for the 2-XB and 3-XB receptors, which contain the
amide and pyridyl electron-withdrawing units, respectively.

The incorporation of 2:HB into the macrocyclic scaffold
produced the tetradentate HB triazole macrocycle 1Myg. The
determined K, values in dg-acetone for CI* (4601 M), Br
(2991 M), and I (296 M~") correspond to a 50-, 75-, and 99-
fold respective enhancement of halide association constants in
comparison to acyclic analogue 2-HB, even though they exhibit
the same halide binding trend (Table 1). These results indicate
that integration of the bis-triazole 2:HB into the macrocyclic
scaffold results in significantly augmented binding affinities
for all halides by virtue of the macrocyclic effect and double
the number of preorganized polarized triazole C—H bonds.
Importantly, 1My and Flood’s triazolophane share a common
characteristic, since both macrocycles comprise four units of HB
triazole groups for anion binding. In acetone, 1Mz demonstrated
approximately two-order of magnitude lower K, value for CI
binding. This considerable difference can be elucidated by the
size-complementarity of the anion binding cavity and chloride.
The aromatic electron-withdrawing groups directly attached to
the triazole unit in Flood’s triazolophane enhance the polariza-
tion of the triazole binding unit, making it a potent hydrogen
bond donor,™! whereas the methylene link in 1M,z diminishes
this effect. It is noteworthy to mention that the acyclic XB
analogue 2-XB demonstrated superior halide binding affinities to

© 2025 The Author(s). Chemistry - An Asian Journal published by Wiley-VCH GmbH
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Figure 3. Stacking of truncated 'H-NMR spectra of 1Myg, 2M, 3M, and 4M macrocyclic receptor (CDCls, 298 K, 400 MHz).

Table 1. Halide anion association constants (K,, M~') of XB and HB acyclic receptors (1 mM) with tetrabutylammonium halide salts titration in dg-acetone
at 298 K, % error exhibited in parenthesis.
Anion Association Constants (K, M™') in dg-Acetone
Phenyl Spacer Amide Spacer Pyridyl Spacer Macrocycles
1-HB 1-XB 2-HB 2:XB 3.HB 3-XB Myg My 2M 3m 4M
cl- 77 (1) 5075 (3) 92 (1) 7684 (4) 72 (1) >10* >10* 4601 (6) >10* >10% >10*
Br~ 48 (1) 3087 (2) 40 (2) 4382 (4) 66 (1) >10* >10* 2991 (3) >10* 5799 (5) >10*
I~ 922 193 (1) 3(1) 1256 (2) 7 (2) 3450 (1) >10* 296 (1) 3027 (5) 2157 (1) 4747 (13)

the HB macrocycle TMyg. Not surprisingly, IMyg, the tetradentate
all XB iodotriazole macrocyclic analogue of 2:XB, exhibited the
highest affinities with K, values >10* M~ for all halides. The
integration of both HB triazole and XB iodotriazole donor groups
into a macrocyclic scaffold produces the mixed XB/HB non-

Chem Asian J. 2025, 0, 202401833 (5 of 10)

symmetrical macrocycle 2M that has separate bidentate XB and
HB binding sites. Additions of TBA halide salts to a solution of 2M
induced chemical shift changes of proton signals encircling the
binding site including the internal aromatic protons (H, and H,,),
the triazole protons (H;), and the xylyl proton (H.) to downfield

© 2025 The Author(s). Chemistry - An Asian Journal published by Wiley-VCH GmbH
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perturbations (Figure S53-S55). Additionally, other proton signals
derived from the m-xylyl spacer unit (H¢ and Hg) shift to upfield
region, suggesting a conformational change of 2M upon anion
coordination. Bindfit analysis of chemical shift as a function
of anion concentration determined 1:1 stoichiometric host-guest
association constants of 2M, where the receptor exhibited K,
> 10* M~ for CI" and Br" complexation and K, = 3027 M~ for
I=. In the case of 3M, the trend of K, values follows the anion
basicity while 4M exhibited K, values for CI~ and Br~ >10* M~
and for |~ of 4747 M~. The results highlighted the fact that
incorporations of the pyridyl electron-withdrawing substituent
could enhance anion binding properties of the non-symmetrical
XB/HB macrocyclic receptors as obviously observed in the case
of iodide binding (Table 1).

2.3.2. Anion Binding in 5% D,0/Ds-Acetone

The presence of water in polar organic media typically results
in diminished anion binding affinities, and this effect is highly
pronounced, especially for highly hydrated anions.[®#21 Qur
attention subsequently turned to investigate the halide binding
affinities of both the acyclic and macrocyclic receptors in the
more competitive solvent mixture, 5% v/v D,0/ds-acetone, via
analogous 'H-NMR titration experiments. As expected, all the
acyclic XB receptors revealed substantial attenuations in halide
binding affinities and switching of halide selectivity to the pref-
erential complexation of binding the larger halides, reflecting the
Hofmeister bias trend K;: |~ >Br~ >Cl~.!*"! Indeed, the determined
K, values of XB acyclic receptors for iodide binding (in the range
of 273-371 M~") are comparable to the K, value derived from
the tetradentate XB iodotriazole @rotaxane (K, = 562 M~").[20
Under the same titration conditions, with all halides, negligible
perturbations of the proton signals in HB acyclic receptors were
noted, indicating no binding in the wet organic solvent.

Halide binding studies in 5% v/v D,0/ds-acetone were also
carried out with the macrocyclic receptors. The chemical shift
changes of the internal aromatic proton (H,) upon anion com-
plexation were monitored, and binding isotherms analyzed via
BindFit determined the 1:1 stoichiometric host-guest association
constants. The tetradentate triazole HB receptor 1TMyg exhibited
downfield perturbation of proton signals encircling the binding
site in the presence of TBABr (0-10 equiv), where AS§ of triazole-
proton (H;), aromatic-proton arene spacer (H,), and amide-
proton dendrimer (H.) = 0.7, 0.3, and 0.07 ppm, respectively.
Despite titrations carried out in the media containing water 1My
displayed chloride binding with K, = 182 M~', comparable to
bromide (K, = 132 M~") and bound iodide weakly (K, = 44 M)
notably following the anti-Hofmeister binding trend, whereas
the HB acyclic analogue 2:HB did not bind halides. The XB
analogue 1Myg, the reference macrocyclic receptor, exhibited
anion association constants with K, > 10° M~ for all halides
in 5% v/v D,0/ds-acetone, suggesting that the tetradentate XB
donors are potent and capable of enhancing halide binding
affinities in aqueous media.

According to the binding properties of 1M,z and TMyg, it was
quite intriguing to see the effect of using macrocycles containing
both HB and XB binding sites within the same molecules for
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anion binding studies. Upon additions of anion solutions to the
non-symmetrical mixed XB-HB macrocycle 2M, proton signals
surrounding the binding cavity including an internal aromatic
proton of the XB site (H,,), an internal aromatic proton of the
HB site (H,), triazole protons (H;), aromatic spacer protons (H.)
display notable downfield shifts (Figure 4). In addition, both Hs¢
and Hy display notable upfield shifts upon anion complexations
as a result of the shielding effect and conformational changes of
the macrocycle. In addition, the degree of signal perturbations
from the XB and HB binding sites are similar (Figure S81-583),
implying anion complexations occurred at the central cavity
between both bidentate binding sites. The convergence of
proton signals (Hg) and (Hy) indicated macrocycle conformation
changes induced by anion bindings. Bindfit analysis of 1:1 host-
guest stoichiometric binding isotherms determined association
constants derived from 2M in which the receptor showed the
highest binding affinity for Br~ with K, = 328 M~! followed by
I~ (K, =232 M7") and CI~ (K, = 39 M), whereas 2-XB showed
the highest K, value for I~ with K, = 273 M~ followed by Br~
(K, = 72 M7") and CI- (K, = 26 M7"). Importantly, the results
indicate the possibility of tuning halide anion binding selectivity
by adjusting the electronic and steric properties of the binding
site, as well as strategically combining XB/HB donors within a
host structural framework. Even though the non-symmetrical
XB/HB macrocycles exhibit lower K, values for halide bindings
compared to the symmetrical XB macrocyclic analogue 1Myg, the
results indicated that the non-symmetrical XB/HB macrocycles
can be employed for the selective recognition of various anions,
hence enhancing the diversity of complexation interactions.
For instance, 2M exhibited enhanced binding affinity for Br~
compared to a significantly hydrated ClI~ and a highly polarized
I~. Replacing the aromatic spacer of the HB donor site in 2M
with benzene and pyridyl produced 3M and 4M, respectively.
The pyridyl substituted receptor 4M displayed notable downfield
shifts of triazole protons (H;) with A§ = 0.45 ppm in the
presence of 0-10 equiv TBABr (Figure S90, Table S19), while such
proton in 2M and 3M showed a smaller A§ = 0.40 and 0.37,
respectively (Figure S82 and S86, Table S19). Not surprisingly,
4M formed the relatively strongest halide complexes among
the non-symmetrical XB/HB macrocyclic receptors displaying
the Hofmeister selectivity trend (Table 2). The superior halide
binding of 4M highlighted the effect of the pyridyl electron-
withdrawing group on the enhancement of anion recognition
in aqueous media. Impressively, 4M displayed a 7-, 5-, and 2-
fold enhancement for CI-, Br—, and I~ association constants
compared to 2-XB, an acyclic XB analogue.

2.4. Computational Study
2.4.1. Density Functional Calculations (DFT)

Density functional calculation was performed in order to gain
insights into the electronic structures related to the binding
of chloride to symmetrical XB and non-symmetrical HB-XB
receptors (Figure 5). We calculated the truncated structures of
the XB macrocycle 1My and the non-symmetrical macrocycle

© 2025 The Author(s). Chemistry - An Asian Journal published by Wiley-VCH GmbH
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Figure 4. Stacking of 'H-NMR spectra of macrocyclic receptor 2M in 5% v/v D,0/ds-acetone (298 K, 400 MHz) in the presence of TBA chloride (0-10 equiv)

Table 2. Halide anion association constants (K,

M
D,0/dg-acetone at 298 K, % error exhibited in parenthesis
Anion

~") of XB and HB acyclic receptors (1 mM) with tetrabutylammonium halide salts titration in 5% v/v
Association Constants (K;, M~

) in 5% v/v D,0/ds-Acetone
Acyclic Receptors Macrocyclic Receptors
1-XB 2:XB 3-XB Myg™! Mg 2M 3M am
- 75 (3) 26 (12) 68 (1) >10° 182 (1) 39 (1) 16 (2) 177 (2)
Br- 360 (1) 72 (4) 251 (2) >10° 132 (2) 328 (3) 145 (2) 367 (2)
I~ 371 (4) 273 (2) 350 (1) >10° 44 (1) 232 (1) 294 (4) 618 (3)
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Figure 5. Optimized structure of a) 5Myg, b) 6M, c) 5Mxg-Cl~, d) 6M-CI~, e) 5Myg-Cla~, f) 5M-Clb~, and g) 6M-Cla—.

Table 3. Solvent-corrected relative free energies in water for the binding
of chloride to the XB and HB receptors.

Reactions AG (kJ/mol)
5Myxp + [CI(H20)4]7 — 5Myg-CI~ + (H,0), —56.0

5Myg + [CI(H,0)4]1- — 5Myg-Cla™ + (H,0), —22.7

5Myg + [CI(H,0)4]1- — 5Myg-Clb~ + (H;0)4 —55.9

6M + [CI(H,0)4]- — 6M-ClI~ + (H,0)4 —19.2

6M + [CI(H,0)4]- — 6M-Cla~ + (H,0)4 —16.6

2M with ethyl group on the amide substituents, that is, 5Myg
and 6M, respectively. The optimal conformations for initial
structures were obtained from CREST conformational search./?!
The initial position of chloride was assigned at the center
of the macrocycle 5Myg with distances between chloride and
iodides approximately 2.9-3.1 A based on the previously related
crystal structures.!”! The lowest energy structure and selected
structures with distinct chloride to C—I interactions from CREST
were further optimized using DFT for 5Myg-Cl". The halide-water
clusters® [CI(H,0),4]1~ were considered for the calculation of the
binding energy of chloride in water.

For 5Myg, three possible binding modes of chloride were
considered. The binding energy of chloride to all four C—l
bonds (5Myg-Cl~) (—56.0 kJ/mol) is comparable to the binding
of chloride to three C—l bonds (5Myg-Clb™) (—55.9 kJ/mol); these
two modes are more favorable than the binding of chloride to
two opposite C—l bonds (5Myg-Cla™) (—22.7 kJ/mol) (Figure 5
and Table 3). In 5Myg-Cl~ with all four o-hole interactions, the
C—I---Cl distances are 31-3.2 A (Figure S95). In 5Myg-Clb~, there
are only three o-hole interactions with the C—l- - -Cl distances of
3.1 A (Figure 595). According to the second-order perturbation
energy, AE?, from natural bond orbital (NBO) analysis, the
electron donation from the lone pair orbital (LP) of chloride
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(CI7) to the o* orbital of the receptor (C—I) was found (Table 4).
The AE@ for the LP(CI~) donation to o*(C—l) is related to the
extent of the o-hole interaction.>?] Here, the chloride o-hole
receptors for XB are at all four C—l sites for 5Myz-Cl~; the AE?
values for the LP(CI™) donation to all four o*(C—l) are similar
(33.9-38.6 kJ/mol) (Table 4). For 5Myz-Clb—, among the chloride
interactions with three C—I sites, the LP(CI") donation to two
o*(C-l) (AE? = 522 and 53.8 kJ/mol) are slightly stronger than
the other o*(C—l) (AE? = 47.1 kJ/mol) (Table 4). These suggest
that chloride binds to all four o-holes at the iodine sites in 5Myg-
Cl~ while chloride binding to three o-holes at the iodine sites in
5Mys-Clb~ cannot be disregarded.

For 6M, two possible binding modes were obtained. The
chloride binding to C—I' and C—I?, located at the adjacent sites
(6M-CI~) (—19.2 kJ/mol), was found slightly more favorable than
the chloride binding to C—?> and C—H? located at the opposite
sites (6M-Cla~) (—16.6 kJ/mol) (Figure 5 and Table 3). In 6M-
Cl~, in addition to two o-hole interactions with two C-I---Cl
distances of 3.0-3.1 A, one H-bond interaction was found with
C—H---Cl distance of 2.427 A (Figure $96). These interactions
correspond with the second-order perturbation energy, AE@.
The AE@? values for the LP(CI") donation to o*(C—I') and
the LP(CI") donation to o*(C—?) are 49.7 and 53.1 kJ/mol,
respectively, while the AE@ for the LP(CI~) donation to o *(C—H?)
is 32.8 kJ/mol. This suggests the chloride binding with two
o-hole interactions at two adjacent iodine sites and one HB
interaction at one of the C—H sites in 6M-Cl~.

Overall, the binding of chloride to 5Myg to form 5Myg-Cl~
(—56.0 kJ/mol) is more favorable than the binding of chloride
to 6M to form 6M-Cl~ (—19.2 kJ/mol) (Table 3). This showed
that the chloride ion binds to 5Myg stronger than to 6M,
which is in good agreement with the chloride association
constant (K,) for IMyg and 2M (>10° and 39 M~, respectively)
(Table 2).
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Table 4. Second-order perturbation energy, AE?, (in kJ/mol) for the orbital interactions from the lone pair of chloride, LP(CI-), to o*(C-I) and o*(C-H) of
SMXB and 6M.

Donor Acceptor 5Myg-ClI 5Myg-Cla™ 5Myg-Clb™ 6M-Cl~ 6M-Cla~

LP (CI7) o *(C-I") 38.6 86.9 47.1 49.7 -

LP (CI7) o *(C-1?) 377 - 53.8 531 107.6

LP (€M) o*(C-P) 339 727 522 - -

LP (C7) o*(C-I1) 381 - - - -

LP (CI") o*(C-H) - - - 9.5 -

LP (CI7) o*(C-H?) - - - 328 39.5

3. Conclusion

In summary, non-symmetrical tetradentate macrocycles featur-
ing mixed halogen bonding (XB) iodotriazole and hydrogen
bonding (HB) triazole donor groups were successfully synthe-
sized via sequential CuAAC-mediated macrocyclization. These
macrocycles displayed significant enhancements in anion bind-
ing affinities, particularly for halides, when compared to a
symmetrical all HB macrocycle or acyclic analogues, but bound
halides less strongly than the previously-reported all-XB system.
The presence of both XB and HB donors within a macrocyclic
framework allowed for synergistic interactions that amplified
binding strengths, especially for chloride, while maintaining
adaptability across different anion targets. In aqueous-organic
media, the binding affinities were attenuated due to anion
hydration and competition from water molecules, with the effect
more pronounced for smaller, highly hydrated anions such as
chloride. Nonetheless, the mixed XB/HB macrocycles retained
notable binding capabilities, particularly for larger halides like
bromide and iodide, aligning with Hofmeister bias trends. Com-
putational studies further revealed that halides were stabilized
within the binding cavity by a combination of two o-hole XB
interactions at adjacent iodine sites and one HB interaction at
a triazole C—H donor, emphasizing the role of donor diversity
in overcoming water’s disruptive effects. These findings high-
light the potential of mixed XB/HB macrocycles as versatile
and robust anion receptors, capable of selective recognition
in challenging environments. Their tunable binding properties
facilitate the design of advanced anion recognition systems,
with future research focusing on enhancing performance in
water-rich conditions through structural modifications, such as
hydrophobic shielding or optimized cavity design.
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