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Three tetra-triazole macrocycles were synthesized in good yields by the copper(i)-catalysed cycloaddition
of bis-triazole azides and bis-alkynes. One of these was alkylated to give a cyclic tetra-triazolium
receptor, which complexes anions strongly in competitive DMSO—water mixtures. In 1 : 1 DMSO-water,
the tetracationic receptor exhibits a preference for the larger halides, bromide and iodide, with all halides
associating more strongly than the oxoanion, acetate. The sulfate dianion is complexed far more strongly
than any of the monobasic anions (K, > 10* M™"). Quantum mechanics/molecular mechanics simulations
corroborate the experimentally determined anion binding selectivity trends.

Introduction

Since initial reports of the regioselective synthesis of the 1,2,3-
triazole motif by copper(i)-catalysed cycloaddition of azides and
alkynes (CuAAC)," this heterocycle has found widespread use
across many areas of chemistry. In 2008, Flood,** Craig,® and
Hecht® demonstrated that oligomeric or macrocyclic poly-tria-
zole systems are capable of interacting with halide anions
through C—H---anion interactions alone in organic solvents, and
in subsequent years the triazole functionality has been incorpo-
rated into a variety of acyclic’ "> and macrocyclic anion
receptors. 3414721

With a few notable exceptions, the design of anion recep-
tors that function in competitive aqueous media has relied on the
integration of positive charge into the host structural
framework.?* % For example, several years ago we reported
alkyl-linked tetra-imidazolium and -benzimidazolium macro-
cycles which exhibit selectivity for fluoride over the other
halides in 9 : 1 CD;CN-D,O solvent mixtures (Fig. 1).**

In spite of the current interest in triazole-based systems, the
exploitation of the triazolium motif for anion recognition appli-
cations has remained largely unexplored.>*™*° This is surprising
given that the additional positive charge, resulting from alkyl-
ation, further polarises the heterocycle’s C—H bond, as well as
increasing electrostatic interactions with the anion. Herein we
describe the synthesis of a tetra-triazolium macrocycle, which
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Fig. 1 Previously reported tetra-imidazolium and -benzimidazolium
macrocyclic anion hosts that bind fluoride selectively in 9:1 CD;CN—
D,0.”

binds anionic guest species in competitive aqueous solvent mix-
tures through charge-assisted C—H---anion hydrogen bonding.

Results and discussion
Receptor synthesis

We reasoned that rigid tetra-triazole aryl macrocycles, such as
those reported by Flood,>*'> would be a challenge to fully
alkylate, both in terms of the difficulty of completely alkylating
a highly conjugated system, and of the possibility of yielding
highly insoluble products. Therefore we targeted the less rigid
macrocycles, 1, 2 and 3 (Scheme 1), in the hope that anion
binding affinity lost by the diminished degree of preorganisation
would be compensated by the increased binding strength result-
ing from greater electrostatic interactions.

The receptors were synthesized using a general strategy, which
allows access to a wide range of symmetric or non-symmetric
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Scheme 1 Synthesis of tetra-triazole macrocycles, 1, 2 and 3. Con-
ditions and reagents: (ia) 1,6-heptadiyne, [Cu'(CH;CN)4](PFs), TBTA,
DIPEA, CH,Cl,, (ib) NaN;, DMSO, 60 °C, 30% from 1,6-heptadiyne;
(ii) 1,6-heptadiyne, [Cu'(CH;CN),](PF¢), TBTA, DIPEA, CH,Cl,, 49%;
(iiia) 1,3-diethynylbenzene, [Cu'(CH;CN),](PFs), TBTA, DIPEA,
CH,Cl,, (iiib) NaN;, DMSO, 76% from 1,3-diethynylbenzene; (iv)
1,3-diethynylbenzene or 3,5-diethynylpyridine, [Cu'(CH3;CN),](PFs),
TBTA, DIPEA, CH,Cl,, 67% for 2, 59% for 3.

tetra-triazole macrocycles. The commercially available bis-
alkynes, 1,6-heptadiyne and 1,3-diethynylbenzene were reacted
with 3-azidopropoxytosylate, 4,*' under CuAAC conditions to
give the bis-triazole tosylates. Reacting these with sodium azide
in DMSO gave the bis-triazolyl azides, 5 and 6. The CuAAC
cyclisation reaction of these bis-azides and one equivalent of a
bis-alkyne under pseudo high dilution conditions (1.0 mmol L™
in dichloromethane) gave the desired macrocycles, 1, 2 and 3 in
good yields (49-67%) after purification by column chromato-
graphy (Scheme 1).

Attempts to alkylate 2 and 3 were hampered by their low solu-
bility in common solvents, which ruled out the use of (Me;0)-
(BF,). Partial alkylation of 2 was possible using benzyl bromide
in the microwave at 120 °C, giving a mixture of mono- and di-
cationic species along with unreacted starting material, as evi-
denced by TLC and ESI-MS. Attempts to alkylate further using
higher temperatures caused decomposition of the triazole groups.
It was possible to selectively alkylate 3 at the pyridine group
using methyl iodide or bromohexadecane, but initial

()| 54%

(BF4)a
7.BF,

Scheme 2 Synthesis of 7-BF,4. Conditions and reagents: (i) (Me3;0)-
(BF,4), CH,Cl,, 54%.

investigations showed that these alkylated compounds were
poorly soluble, hampering chromatographic purification
procedures.

Pleasingly, 1 has good solubility in a range of organic sol-
vents. A solution of 1 in dry dichloromethane containing five
equivalents (i.e. 1.25 equivalents per triazole group) of (Me;O)-
(BF4) was stirred for two days at room temperature. The resulting
crude solid was recrystallised from ethanol-acetonitrile (6 : 1) to
give the tetra-cationic product, 7-BF,, as white crystals in 54%
yield (Scheme 2).

X-ray crystallography

Crystals of 2 suitable for single crystal X-ray structural analysis
were obtained from two different solvent systems. Slow vapour
diffusion of dichloromethane into a dg-DMSO solution of the
macrocycle gave solventless crystals, while the slow evaporation
of a very dilute solution of 2 in 3 : 1 methanol-water gave crys-
tals of the trihydrate 2-3(H,O). The two structures are shown in
Fig. 2. Interestingly, in the solventless crystal, the macrocycle
has a very open structure, while 2-3(H,O) exhibits a folded struc-
ture, presumably due to solvophobic effects. The single crystal
structures of the propyl-linked macrocycles, 1 and 7-BF, were
also obtained—the neutral macrocycle crystallizes without
solvent, the tetracationic receptor as the acetonitrile adduct
(Fig. 3). No significant hydrogen bonding or anion—r contacts
are observed between the tetrafluoroborate anions and the host.
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Fig. 2 Solid state structures of 2 when grown from DMSO-CH,Cl,
(top) and methanol-water (bottom). Ellipsoids shown at 50% prob-
ability; solvent molecules and some hydrogen atoms are omitted for
clarity.

Anion binding studies
Neutral tetra-triazole macrocycles

Receptors 2 and 3 are insoluble in common organic solvents, but
have sufficient solubility in dg-DMSO to allow investigation of
their anion binding properties via "H NMR titration experiments.
Addition of aliquots of TBA-Cl to a solution of either 2 or 3
caused perturbation in the triazole signals, as well as smaller
shifts in the phenylene and/or pyridyl protons. Job Plot analysis
indicated 1:1  stoichiometric  binding in  solution.
WINEQNMR2** analysis of the titration data, monitoring the
triazole proton enabled association constants to be determined.
As shown in Table 1, both macrocycles, 2 and 3 bind chloride
weakly in this competitive solvent with the bis-phenylene recep-
tor, 2, displaying relatively stronger halide association than the
pyridyl-substituted host, 3. Association of cyclic tetra-alkyl
receptor 1 and chloride was negligible in dg-DMSO, and in less
competitive 1:1 CDCl;—CD;CN. Even in CD,Cl,, the affinity
of 1 for a range of anions (CI~, I", CqHsCO, ™, SO42_) was
extremely weak (K, < 60 M~").%#*

Tetra-triazolium macrocycle

Unfortunately, 7-BF, is insoluble in the 9:1 CD;CN-D,O
solvent mixture used in our previous studies of tetra-imidazolium
macrocycles.*® Fluoride and chloride binding studies were
instead conducted in 9:1 dg-DMSO-D,0, monitoring the four
equivalent triazolium protons. Analysis of the titration data using

Fig. 3 Solid state structures of 1 (top) and 7-BF, (bottom). Ellipsoids
shown at 50% probability; some hydrogen atoms are omitted for clarity.

Table 1 Association constants, K, (M™") for tetra-triazole macrocycles
with chloride anion; “ estimated standard errors are given in parentheses

Solvent 1 2 3

d¢—DMSO <10 77 (5) 37 (3)
1:1 CDCl;-CDs;CN <10 — —
CD,Cl, 31 (3) — —

“Chloride added as tetrabutylammonium salt. Association constants
calculated at 293 K, using WINEQNMR2.*?

WINEQNMR2** showed very strong 1:1 stoichiometric
binding of both halides (K, > 10* M™"), and so further titration
experiments were undertaken in the more competitive 1:1
ds-DMSO-D,0 aqueous mixture. As shown in Table 2 and Fig. 4,
the macrocycle displays a preference for the larger halides,
bromide and iodide, with all halides associating more strongly
than the acetate oxoanion. The sulfate dianion is bound extre-
mely strongly, presumably due to its doubly negative charge.
Interestingly, the anion binding trend displayed by 7-BF,
(sulfate > iodide > bromide > other monobasic anions) is
similar to the trends reported by Kubik er al. for their
neutral cyclic pseudo-peptide systems in methanol-water
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Table 2 Association constants, K, (M_l) for 7-BF; and various
anions; “ estimated standard errors are given in parentheses

Anion 9:1 ds-DMSO-D,O 1:1 dg-DMSO-D,0O
F~ >10* 226 (28)

CI- >10* 228 (5)

Br~ — 388 (29)

I — 463 (24)

OAc™ — 148 (30)

S0,%~ — >10*

“ Anions added as tetrabutylammonium salts. Association constants
calculated at 293 K, using WINEQNMR2.*?
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Fig. 4 Experimental titration data (solid points) and fitted binding iso-
therms (lines) for addition of TBA-anion to 1:1 dg-DMSO-D,0O solu-
tions of 7-BF,. Sulfate binding was too strong to allow determination of
a binding constant using WINEQNMR2*? (K, > 10* M~ 1).

mixtures,”>?*>> where the observed selectivity is attributed to

complementary host/guest size.

It is noteworthy that amongst the halides, the selectivity trend
of 7-BF, is different from that of tetra-imidazolium and tetra-
benzimidazolium analogues.>® These receptors exhibit a pro-
nounced selectivity for fluoride in 9 : 1 CD;CN-D,0, with other
anions being bound only weakly, whereas 7-BF, preferentially
binds bromide and iodide.**

Molecular modelling

The binding affinity of 7 for halide and sulfate anions in the
competitive 1: 1 DMSO-H,O solvent mixture was also investi-
gated by classical molecular dynamics (MD) simulations fol-
lowed by quantum mechanics/molecular mechanics (QM/MM)
simulations. These theoretical studies were performed with the
AMBER 11 software package®® as described in the ESL{ The
starting binding arrangements of the sulfate and halide com-
plexes were obtained in the gas phase by quenched MD simu-
lations with 7 and the polyatomic anion described with the
general amber force field (GAFF) parameters*® and restrained
electrostatic potential (RESP) atomic charges.*” The monoatomic
anions, with atomic charge set to —1, were described with van der
Waals force field parameters developed for the transferable inter-
molecular potential three point (TIP3P) water model (See ESIT).**

The structures of the halide (F~, C17, Br™, and 17 and SO~
complexes determined from gas phase MD simulations (see

ESIt) were immersed in cubic boxes of a DMSO-H,O (1:1)
solvent mixture composed of 458 all atom DMSO molecules®
and 1800 TIP3P water molecules.’® The number of these mol-
ecules were calculated considering an equal volume of water and
DMSO with densities of 1.00 and 1.10 g cm ™, respectively. Fur-
thermore, this total number of molecules led to equilibrated
cubic boxes with side lengths (~47.7 A), large enough to simu-
late the solvated complexes using a 10 A cut-off for long-range
electrostatic interactions and non-bonded van der Waals inter-
actions. The complexes in these solvent boxes were subjected to
classical MD simulation runs at room temperature (300 K) under
periodic conditions following the multistage protocol described
in the ESI.T However, all five anions were quickly solvated by
the water molecules leaving irreversibly the macrocyle during
the first 100 ps of the equilibration runs. In other words, these
results show that the interaction of 7 with different anions is not
appropriately described in this competitive solvent mixture using
only electrostatic and van der Waals force field parameters.
Hence, in an effort to understand the experimental binding data
of 7 summarised in Table 2, we decided to investigate the anion
complexes in the aqueous solvent mixture by QM/MM simu-
lations using the same starting configurations, but with 7 and the
anions described at the PM3 theory level and solvent molecules
with classical force field parameters. The dynamical behaviours
of the halide and sulfate anion complexes were evaluated for 2
ns using the previously equilibrated structures. Two extra repli-
cates were carried out for fluoride and iodide complexes and
equivalent sequences of events were observed as reported below.
Representative snapshots taken from the QM/MM simulations of
chloride, bromide and iodide complexes showing the anions sur-
rounded by solvent molecules are presented in Fig. 5.

In these complexes the macrocycle almost preserves the
flattened conformation (see ESIY), establishing with the anion
(A) four intermittent C—H---A™ hydrogen bonds with average
distances and standard deviations described in Table 3. The

Fig. 5 Illustrative snapshots (QM/MD) of 7-Cl (top, left), 7-Br (top,
right) and 7-1 (bottom) complexes showing the secondary anion solvent
shell.
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larger standard deviations estimated for H---I" distances indicate
the charged assisted hydrogen bonding interactions were more
often interrupted in the iodide complex than in the chloride and
bromide complexes. They also reflect the prominent exposition
of the largest halide anion to the water solvent molecules derived
from the positions occupied by the anion, recurrently outside of
the macrocyclic cavity, throughout the course of the QM/MM
simulation. This structural feature will be further discussed
below. In contrast, the smaller standard deviations for H---Br™
distances suggest that among these three monoatomic anions,
bromide is the more tightly bonded to 7. Therefore, the under-
standing of the experimental binding preference of macrocycle
for iodide requires the evaluation of other structural parameters
as demonstrated below.

Conformational changes in the macrocycle 7 were also ascer-
tained by measuring the distances between opposite triazolium
C—H protons (Hy---H,) on the macrocyclic backbone during the
course of the QM/MM simulations. The corresponding average
values are listed in Table 4 together with the distances of the
anions to the mass centre of the macrocycle (A---Cy) defined
here by all non-hydrogen atoms excluding the methyl substitu-
ents on the triazolium motifs.

In contrast with the chloride, bromide and iodide complexes,
in which small variations in both H---H; distances were

Table 3 Average H---A distances (A) with their standard deviations”
between the anions and the four C—H triazolium groups

H,--A H, A H;--A H, A
F* 1.71+£0.08  1.69+0.06 4.40+0.587 1.71+0.07

1.73+0.07 1.72+0.06 1.73+0.08 1.73+0.07
cl- 2224052 217+038 228+048 2.36+0.55
Br~ 264+027 268+031 2.64+028 2.63+0.25
I 331075 331+0.79 3.12+0.53  3.18+0.76
SO, 0, 340+£075 371+1.16 3.32+084 2.94+0.97
S0,.%,0,° 3.13+1.00 297+1.18 320+1.01 3.74+0.47
SO,%, 05 3.46+095 3.90+0.96 3.69+0.68 3.36+0.99
S0,%, 0,5 3.15+097 320+1.04 3.00+1.00 3.11+0.98

“The standard deviations were calculated for N = 2000 with the
exception of the values quoted for 7-F, which were calculated with N =
898 for the first 898 ps of simulation and N = 1102 for the remaining
simulation length. ” The values in italics are for the folded binding
arrangement. “ The H---O distances listed for sulfate were calculated
between each C—H triazolium group and the four oxygen atoms. ¢ The
large standard deviation for this measurement indicates that H; is not
involved in hydrogen bonding interactions.

Table 4 Average H---H, and A---Cy distances (A) with their standard
deviations”

H,---H; H,---H, A--Cy
7 6.18 £0.78 6.59 +0.86 —
F?* 5.96 +0.63 2.96 +0.20 1.29+0.25

3.30+£0.19 3.37+0.11 0.39+0.25
I 5.84 £0.65 5.88 +0.73 1.66 = 0.72
S04 5.29 +0.34 535+0.62 227 +0.29

“The standard deviations were calculated for N = 2000 with the
exception of the values quoted for 7-F, which were calculated with N =
898 for the first 898 ps of simulation and N = 1102 for the remaining
simulation length. ” The values in italics are for the folded binding
arrangement.

Distance/ A

T T
0.0 0.5 1.0 15 2.0
Time/ ns

Fig. 6 Evolution of C-H:--F~ hydrogen bond (blue) distances and
He--H, (magenta) distances along the QM/MM simulation of the
fluoride complex.

monitored, the fluoride complex has a drastic change in one of
these distances as shown in Fig. 6 where they are plotted
together with the four C-H.--F~ distances. During the first
898 ps of QM/MM simulation, the macrocycle exhibits an
almost flattened conformation forming three uninterrupted
hydrogen bonds with fluoride with identical average distances of
1.71, 1.69 and 1.71 A (Table 3 first row). Subsequently, the
complex undergoes a significant conformational change with 7
wrapping the fluoride anion in a folded fashion until the end of
the simulation. This binding event is accompanied by a decrease
of one H;---H; distance (Table 4) and concomitant increase of the
number of C—H---F~ hydrogen bonding interactions from three
to four. These structural findings show that the cavity provided
by the flattened macrocyclic conformation is too large to accom-
modate the fluoride anion. Accordingly, 7 undertakes a confor-
mational change with a substantial decrease of the macrocyclic
cavity size in order to bind the smallest halide anion efficiently
in a binding arrangement composed of four H---F~ distances
with small standard deviations (see Table 3). This conformation-
al rearrangement is illustrated in Fig. 7 with three sequential
snapshots taken from the QM/MM simulation.

Further understanding of the binding selectivity of 7 for halide
anions can be acquired by the comparison of the H---H; dis-
tances for the tetra-triazolium macrocycle in complexes and in
free form. Hence, the free macrocycle was also submitted to a
QM/MM run using the same simulation protocol. The Hi---H;
average values listed in Table 4 for the free macrocycle are far
from those reported for chloride and fluoride complexes. This is
particularly evident for the latter complex, in which the macro-
cycle adopts a folded conformation to accommodate the smallest
anion. In contrast, in the iodide complex, H---H; distances are
much closer to the distances reported for the free macrocycle.
This comparison suggests that the energetic cost associated with
the conformational change of the macrocycle to bind the iodide is
less than for the other halides, leading to a more stable complex.

The binding arrangement determined in the gas phase for the
S0,* complex (see ESIT) was not maintained in solution as can
be seen from the snapshot taken at the beginning of the data col-
lection run presented in Fig. 8. In fact, during the equilibration
stage, the SO4°~ left the macrocyclic cavity to form, with the

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 Three representative snapshots of fluoride complex taken at the
simulation times 0.160 (top-left), 0.899 (top-right) and 2 (bottom) ns
showing the different binding arrangements observed throughout the
course of the QM/MM simulation length.

Fig. 8 Snapshot of 7-:SO4 complex taken at the beginning of the pro-
duction run illustrating the binding pose adopted by the sulphate anion
along the QM/MM simulation. The anion is exposed to the solvent mo-
lecules establishing O—H---O hydrogen bonds with several waters,
drawn as blue dashed lines.

four C-H triazolium protons, multiple C-H---O hydrogen
bonding interactions based on the intermittent swapping of all
oxygen atoms, as evident by the large standard deviations deter-
mined for H---O distances measured along the simulation length
(see Table 3).

The average A---Cy; distances listed in Table 4 for 7-Cl, 7-Br
and 7-1 complexes reflect the anion size order (I > Br~ > CI")
being determined by the fitting between the size of each anion
and the cavity size of the flattened macrocyclic conformation.
Thus, the larger anions I (1.66 A) and SO,*~ (2.27 A) are
clearly positioned outside of the macrocycle whereas the smaller
anions Br~ (0.55 A) and CI~ (0.49 A) are barely out of 7.

Table 5 Average number of solvent molecules enclosing the anions
within the 1st and 2nd shells with radii of 3.4 and 5.0 A respectively”

DMSO H,0

Ist 2nd Ist 2nd
F~ 0.6 (0-3) 2.1 0.5 (0-3) 3.6
Cl™ 0.8 (0-3) 2.1 0.7 (0-3) 3.8
Br- 0.7 (0-3) 2.5 1.7 (0-4) 4.7
I~ 0.7 (0-3) 3.0 1.5 (0-5) 3.8
S0, 0.5 (0-3) 1.6 5.9 (2-10) 9.3

“The maximum and minimum number found in both coordination
spheres are given in parentheses.

However, the smaller standard deviations obtained for
C-H---Br~ hydrogen interactions indicate that the strength of the
interaction between Br~ and the macrocycle is stronger than with
CI™, which is agreement with experimental binding data for
these two anions. The average F~---Cy distance during the first
898 ps where the macrocycle also adopts a flattened confor-
mation is 1.29 A in agreement with existence of three C-H.--F~
interactions only.

Solvent effects

The impact of the competitive 1 : 1 DMSO-H,O solvent mixture
on the binding affinity of 7 for halides and sulfate anions was
ascertained by calculating the number of water and DMSO mo-
lecules around each anion along the QM/MM simulations
(see Table 5).

It is clear that in 7-Br, 7-1, and 7-SO,4 complexes, the anion is
preferentially solvated by water molecules in the first solvation
shell while in 7-F and 7-Cl complexes, the anion is surrounded
by an equivalent smaller number of water and DMSO solvent
molecules. This fact is understandable considering that the two
smaller anions are sheltered from both solvent molecules by the
macrocycle. Indeed, the chloride anion is barely outside of the
flattened macrocyclic conformation while the fluoride anion is
wrapped by the folded macrocyclic conformation during most of
the simulation time. In contrast, I" and SO42_ anions, as shown
above, are positioned outside of the macrocycle exposed to the
competitive water molecules, in particular the polyatomic anion.
Nonetheless, the average number of water molecules within the
first solvation shell of bromide (1.7) is slightly higher than in the
iodide (1.5) not reflecting the Br---Cy; and I---Cy, distances, as
would be expected. This surprising result corroborates the
experimental binding data of 7-Br and 7-1 complexes (see
Table 2), when they are compared alone.

As expected, in all complexes the extent of anion solvation
increases in the second coordination sphere, which is preferen-
tially composed of water molecules. This is consistent with the
cubic box used to simulate the 1:1 DMSO-H,O competitive
solvent mixture, which contained predominantly water mole-
cules, and with the cut-off used to compute the number of both
solvent molecules in the second shell of 5.0 A, which is proxi-
mal to the bulk solvent. The significant number of DMSO mole-
cules surrounding the anions, in particular in the case of halide
complexes, reflects the solvation of the tetra-triazolium
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macrocyle by a large number of DMSO molecules. This is par-
ticularly evident for the iodide complex with an average of three
DMSO molecules protecting the iodide from extensive solvation
by coordinating water molecules.

The sulfate anion is widely solvated by water molecules in
both solvation shells and consequently, the experimental binding
preference of 7 for the sulfate anion seems to be dictated by the
net charges of both partners, in other words, by the strength of
the electrostatic interactions between charged tetra-imidazolium
macrocycle (+4) and SO4>~.

In conclusion the modelling studies show that the affinity of 7
for the different anions is governed by multiple charged assisted
C-H---A™ interactions in which the steric requirements imposed
by the apparently rigid macrocyclic backbone together with sol-
vation effects seem to have an important role.

Conclusions

We have prepared three tetra-triazole macrocycles in good yield
using a CuAAC cyclisation of triazole bis-azides and bis-
alkynes. One of these macrocycles was successfully alkylated to
give the tetra-triazolium host, 7-BF,4. This receptor binds anions
strongly by charge-assisted C—H---anion hydrogen bonding,
even in the competitive 1:1 dg-DMSO-D,0O aqueous solvent
mixture. Among the halides, iodide and bromide associate more
strongly than chloride and fluoride, and all halides form stronger
complexes than acetate. The sulfate dianion is bound extremely
strongly, with an association constant greater than 10* M~'. The
observed solution anion binding trends are supported by exten-
sive molecular modelling analysis, which suggest macrocycle
cavity size, solvation effects and strength of electrostatic inter-
actions significantly influence the observed anion recognition
processes. Hence, this paper demonstrates that the incorporation
of multiple triazolium motifs into a cyclic host framework pro-
duces a potent anion receptor that functions in aqueous solvent
mixtures.

Experimental
General remarks

CAUTION: Low molecular weight organic azides are poten-
tially explosive. While no problems were encountered in the
course of this work, they should be handled in small quantities
and with appropriate care.

TBTA>' and 3-azidopropoxytosylate, 4,*' were prepared as
previously described. 3,5-Diethynylpyridine was prepared by
deprotecting ~ 3,5-bis(trimethylsilylethynyl)-pyridine™®  using
KOH in methanol.”® Other chemicals were available commer-
cially and used as received. Where solvents are specified as
“dry”, they were purged with nitrogen and passed through an
MBraun MPSP-800 column. Water was de-ionised and microfil-
tered using a Milli-Q Millipore machine. Tetrabutylammonium
salts were stored in a vacuum dessicator. All chromatography
was performed on silica gel (particle size: 40—63 um).

Routine NMR spectra were recorded on a Varian Mercury 300
spectrometer with 1H NMR operating at 300 MHz, 13 °C at
75.5 MHz. Spectra for 1H NMR titrations were recorded on a
Varian Unity Plus 500 spectrometer with 1H operating at

500 MHz. Mass spectra were recorded on a Bruker microTOF
spectrometer. Copies of NMR spectra and titration protocols are
detailed in the ESL

Phenyl bis-triazolyl azide, 5. 1,3-Diethylnyl benzene
(0.359 mL, 0.341 g, 2.70 mmol) and tosyl-protected azide, 4,
(1.45 g, 5.67 mmol, 2.1 equiv) were dissolved in dry dichloro-
methane (60 mL). DIPEA (1.1 mL, 0.78 g, 6.0 mmol), TBTA
(0.287 g, 0.540 mmol) and [Cu'(CH’CN)*(PF®) (0.202 g,
0.540 mmol) were added and the resulting pale yellow solution
stirred at room temperature under a nitrogen atmosphere for 4
days. It was taken to dryness under reduced pressure and purified
by column chromatography (3% methanol in dichloromethane)
to give a pale yellow foam, which was used immediately to
prepare S.

"H NMR (CDCls): 8.20 (s, 2H, 2 x trz-H), 7.75-7.83 (m, 7H,
4 x Ts-H, 3 x Ph-H), 7.50 (t, *J = 7.7 Hz, 1H, Ph-H), 7.33 (d,
3] = 8.0 Hz, 4H, 4 x Ts-H), 4.51 (t, °J = 6.6 Hz, 4H, 4 x
CHy-trz), 4.06 (t, >J = 5.7 Hz, 4H, 4 x TsO-CH,), 2.31-2.43 (m,
10H, 6 x CHj;, 4 x CH,-CH,-CH,). LRESI-MS (pos.): 659.26,
calc. for [C30H32N60682~Na]+ =659.17.

The ditosylate, was dissolved in DMSO (25 mL). Sodium
azide (0.478 g, 7.35 mmol, 2.50 equiv) was added and the
mixture heated at 60 °C under a nitrogen atmosphere over the
weekend. It was cooled to room temperature, and partitioned
between water and (100 mL each). The organic layer was taken
and the aqueous layer extracted further with (100 mL). The com-
bined organic fractions were washed with water (100 mL), satu-
rated brine (100 mL) and dried (magnesium sulfate), taken to
dryness under reduced pressure and purified by column
chromatography (2% methanol in dichloromethane) to give 5
as a pale yellow foamy solid. Yield: 0.773 g (76% from
1,3-diethynylbenzene).

"H NMR (CDCls): 8.29 (s, 2H, 2 x 2 x trz-H), 7.82—7.87 (m,
3H, 3 x Ph-H), 7.51 (t, °J = 7.7 Hz, 1H, Ph-H), 4.53 (t, °J =
6.7 Hz, 4H, 4 x CH,-trz), 3.41 (t, >°J = 6.3 Hz, 4H, 4 x CH,-N3),
2.17-2.31 (m, 4H, CH,-CH,-CH,). *C NMR (CDCl;): 147.3,
131.1, 129.5, 125.3, 122.8, 120.4, 48.0, 47.3, 29.4. LRESI-MS
(pos.): 401.18, calc. for [C,¢H,sN»-Na]" = 401.17; 779.38,
calc. for [C3,H36N,4'Na]’, ie. [My'Na]™ = 779.35. HRESI-MS
(pos.): 401.1667, calc for [C;¢H;sN;»-Na]" = 401.1670.

Propyl bis-triazolyl azide, 6. 1,6-Heptadiyne (0.103 mL,
0.083 g, 0.90 mmol) and tosyl-protected azide, 4, (0.482 g,
1.89 mmol, 2.1 equiv.) were dissolved in dichloromethane
(25 mL). DIPEA (0.35 mL, 0.26 g, 2.00 mmol), TBTA (0.096 g,
0.18 mmol) and [Cu'(CH;CN)4(PF) (0.067 g, 0.18 mmol) were
added and the resulting pale yellow solution stirred at room
temperature under a nitrogen atmosphere overnight. It was taken
to dryness under reduced pressure and purified by column
chromatography (2% methanol in chloroform) to give a yellow
oil. This was used immediately to prepare 6.

"H NMR (CDCly): 7.75-7.79 (m, 4H, 4 x Ts-H), 7.33-7.37
(m, 4H, 4 x Ts-H), 7.29 (s, 2H, 2 x trz-H), 4.40 (t, 37=6.7 Hz,
4H, 4 x trzN-CH,), 4.00 (t, °J = 5.7 Hz, 4H, 4 x TsO-CH,),
2.73 (t, °J = 7.5 Hz, 4H, 4 x trzC-CH,), 2.44 (s, 6H, 6 x CHS),
2.23-2.32 (m, 4H, 4 x TsO-CH,-CH,), 1.97-2.07 (m, 2H,
2 x trzC-CH,-CH,). LRESI-MS (pos.): 625.23, calc. for
[C57H34N06S,Na]" = 625.19.
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The ditosylate, was dissolved in dimethylsulfoxide (10 mL).
Sodium azide (0.234 g, 3.60 mmol) was added and the mixture
heated at 60 °C under a nitrogen atmosphere over the weekend.
It was cooled to room temperature, and partitioned between
water and diethyl ether (100 mL each). The organic layer was
taken and the aqueous layer extracted further with diethyl ether
(100 mL). The combined organic fractions were dried (mag-
nesium sulfate), taken to dryness under reduced pressure and
purified by column chromatography (1.5% methanol in dichloro-
methane) to give 6 as a pale yellow oil. Yield: 0.093 g (30%
from 1,6-heptadiyne).

'"H NMR (CDCls): 7.37 (s, 2H, 2 x trz-H), 4.47 (t, °J = 6.6
Hz, 4H, 4 x trzN-CH>), 3.41 (t, °J = 6.4 Hz, 4H, 4 x CH,-N;),
2.73 (t, 3J = 8.8 Hz, 4H, 4 x trzC-CH,), 1.95-2.25 (m, 6H,
4 x N3-CH,-CH,, 2 x trzC-CH,-CH,). '*C NMR (CDCl,):
147.8, 121.5, 48.2, 47.1, 29.6, 29.2, 25.0. LRESI-MS (pos.):
367.19, calc. for [Cy3H,0Nj,-Na]"™ = 367.18; 711.40, calc. for
[Co6HuoNo4'Na]', ie. [MyNa]® = 711.38. HRESI-MS (pos.):
367.1826, calc. for [C3H,0N - Na]" = 367.1826.

Phenyl-linked tetra-triazole macrocycle, 2. The bis-azide, 5,
(0.151 g, 0.400 mmol) and 1,3-diethynylbenzene (0.0532 mL,
0.0505 g, 0.400 mmol) were dissolved in dichloromethane
(400 mL). DIPEA (0.17 mL, 0.13 g, 1.0 mmol), TBTA (0.042 g,
0.080 mmol) and [Cu'(CH;CN),](PEs) (0.030 g, 0.080 mmol)
were added and the pale yellow solution stirred for 4 days under
a nitrogen atmosphere, during which time a fluffy yellow precipi-
tate developed. The reaction mixture was taken to dryness under
reduced pressure and purified by column chromatography (gradi-
ent: 5-10% methanol in dichloromethane) to give 2 as a white
powder. Yield: 0.136 g (67%).

'"H NMR (dg-DMSO): 8.11 (s, 4H, 4 x trz-H), 7.98 (t, *J =
1.4 Hz, 2H, 2 x Ph-H), 7.56 (dd, °J = 7.5 Hz, *J = 1.4 Hz, 4H,
4 x Ph-H), 7.30 (t, °J = 7.5 Hz, 2H, 2 x Ph-H), 4.53 (t, °J =
5.3 Hz, 8H, 8 x trz-CH,), 2.68 (qn, *J = 5.3 Hz, 4H, 4 x CH,-
CH,). *C NMR (ds-DMSO): 146.1, 130.8, 128.9, 123.9, 122.4,
121.3, 479, 29.2. LRESI-MS (neg.): 539.18, calc. for
[Co6Ho4N > Cl]™ = 539.19. HRESI-MS (neg.): 539.1936, calc.
for [C26H24N12'C1]_ =539.1941.

Pyridyl-linked tetra-triazole macrocycle, 3. The bis-azide, 5,
(0.265 g, 0.700 mmol) and 3,5-diethynylpyridine (0.0890 g,
0.700 mmol) were dissolved in dichloromethane (700 mL).
DIPEA (0.31 mL, 0.24 g, 1.0 mmol), TBTA (0.074 g,
0.14 mmol) and [Cu'(CH3CN),](PF¢) (0.052 g, 0.14 mmol)
were added and the pale yellow solution stirred for three days
under a nitrogen atmosphere at room temperature, during which
time a pale precipitate developed. It was taken to dryness under
reduced pressure and purified by column chromatography (gradi-
ent: 10-15% dichloromethane in methanol) to give 3 as a white
powder. Yield: 0.208 g (59%).

"H NMR (dg-DMSO): 8.56 (br. s, 2H, 2 x py-H, ), 8.10 (t,
i7=19 Hz, 1H, py-H,), 8.05 (s, 2H, 2 x trz-H), 7.91 (s, 2H,
2 x trz-H), 7.84 (t, *J = 1.5 Hz, 1H, Ph-H), 7.36 (dd, *J =
7.7 Hz, *J = 1.5 Hz, 2H, 2 x Ph-H), 7.20 (t, °J = 7.7 Hz, 2 x
Ph-H), 4.58-4.64 (m, 8H, 8 x trz-CH,, 4 x H,), 2.66-2.76 (m,
4H, 4 x trz-CH,-CH,). '3C NMR (de-DMSO): 146.0, 144.8,
143.2, 130.6, 128.7, 128.3, 126.2, 124.0, 121.6, 121.3, 120.9,
48.8, 48.6, 28.8. LRESI-MS (pos.): 528.25, calc. for

[C,sH»3N 3 Na]" = 528.21; 1033.55, calc. for [CsoHusNa6'Na]",
ie. [MyNa]® = 1033.43. LRESI-MS (neg.): 540.19, calc. for
[C25H23N13'C1]_ = 54019, 104542, calc. for [C50H46N26'C1]_,
i.e. [MCl]™ = 1045.41. HRESI-MS (pos.): 528.2081, calc. for
|:C25I_123I\I13'1\13]4r = 528.2092.

Propyl-linked tetra-triazole macrocycle, 1. The bis-azide, 6
(0.069 g, 0.20 mmol) and 1,6-heptadiyne (0.023 mL, 0.018 g,
0.20 mmol) were dissolved in dichloromethane (200 mL).
DIPEA (0.035 mL, 0.026 g, 0.20 mmol), TBTA (0.021 g,
0.040 mmol) and [Cu'(CH;CN)4](PFs) (0.015 g, 0.040 mmol)
were added and the yellow solution stirred at room temperature
under a nitrogen atmosphere for 3 days. It was concentrated to
~50 mL under reduced pressure and filtered, with the precipitate
washed thoroughly with 10% methanol in dichloromethane. The
combined filtrates were taken to dryness under reduced pressure
and purified by column chromatography (gradient: 5-15%
methanol in chloroform) to give 1 as a white powder. Yield:
0.043 g (49%).

"H NMR (CDCly): 7.41 (s, 4H, 4 x trz-H), 429 (t, °J =
6.2 Hz, 8H, 8 x trzN-CH,), 2.64-2.73 (m, 12H, 8 x trzC-CH,,
4 x trzZN-CH,), 2.09 (qn, *J = 6.9 Hz, 4H, 4 x trzC-CH,). "°C
NMR (CDCl5): 147.3, 122.9, 46.5, 29.5, 28.3, 23.9. LRESI-MS
(pos.): 459.28, cale. for [C,oH,gN;»'Na]® = 459.25; 895.59,
calc. for [C4oHseNosNa], i.e. [MyNa]® = 895.50. LRESI-MS
(neg): 471.23, calc. for [CooH,gN»-Cl]™ = 471.23. HRESI-MS
(pos.): 459.2455, calc. for [CooHogN - Na]™ = 459.2452.

Propyl-linked tetra-triazolium macrocycle, 7 (BF,)s. The
neutral macrocycle, 1 (0.022 g, 0.050 mmol) was dissolved in
dry dichloromethane (20 mL). Trimethyloxonium tetrafluoro-
borate (0.037 g, 0.25 mmol) was added and the mixture stirred at
room temperature under a nitrogen atmosphere for 2 days.
Methanol (1 mL) was added and the solution taken to dryness
under reduced pressure. The crude solid was stirred in dichloro-
methane (15 mL); the supernatant fluid was decanted and the
resulting white powder washed with further dichloromethane
(10 mL). The solid was recrystallised from boiling 6 : 1 ethanol—
acetonitrile to give 7-4(BF,), as large white needle crystals.
Yield: 0.023 g (54%).

"H NMR (de-DMSO): 8.47 (s, 4H, 4 x trz"-H), 4.69 (t, °J =
7.0 Hz, 8H, 8 x trzZN-CH,), 4.22 (s, 12H, 12 x CHj3), 2.96 (4,
3J =70 Hz, 8H, 8 x trzC-CH,), 2.48-2.54 (m, obscured by
DMSO solvent peak, 4 x trzN-CH,-CH,), 2.02-2.08 (m, 4H,
4 x trzC-C,-CH,). "F NMR (dg-DMSO): —148.4 (m).
3C NMR (de-DMSO): 143.8, 128.0, 49.5, 37.5, 28.8, 23.8,
21.6. LRESI-MS (pos.): 335.18, calc. for [(Cp4H4oNj2)-2
(]31:4)]2+ = 33518, 75738, calc. for [((324H40N12)'3(}31:4)]+ =
757.36. HRESI-MS (pos.): 757.3593, calc. for [(Co4H4oN2)
3(BF,)]" = 757.3581.

X-ray crystallography

Single crystal X-ray diffraction data for 2 from DMSO-CH,Cl,
and from methanol-water were collected using graphite mono-
chromated Mo Ko radiation (A = 0.71073 A) on a Nonius Kappa
CCD diffractometer equipped with a Cryostream N2 open-flow
cooling device,”* and the data were collected at 150(2) K. Series
of w-scans were performed in such a way as to collect all unique
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reflections to a maximum of 0.80 A. Cell parameters and inten-
sity data (including inter-frame scaling) were processed using the
DENZO-SMN package.’® Single crystal X-ray diffraction data
for 1 and 7-BF4 were collected using graphite monochromated
Cu Ko radiation (4 = 1.54184 A) on an Oxford Diffraction
SuperNova diffractometer. The diffractometer was equipped with
a Cryostream N2 open-flow cooling device,”* and the data were
collected at 150(2) K. Series of w-scans were performed in such
a way as to collect all unique reflections to a maximum of
0.80 A. Cell parameters and intensity data (including inter-frame
scaling) were processed using CrysAlis Pro.’® The structures
were solved by charge-flipping methods using SUPERFLIP®’
and refined using full-matrix least-squares on F° within the
CRYSTALS suite.”® All non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were
generally visible in the difference map and their positions and
displacement parameters were refined using restraints prior to
inclusion into the model using riding constraints.® Crystallo-
graphic data for the structures have been deposited with
the Cambridge Crystallographic Data Centre, CCDC:
881646-881649.F
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