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NMR Titration Protocols

Initial sample volumes were 0.50 mL and concentrations were 2.0 mmol L™ of
host. Solutions (100 mmol L) of anions as their tetrabutylammonium salts
were added in aliquots, the samples thoroughly shaken and spectra recorded.
Spectra were recorded at 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.5, 3.0,
4.0, 5.0, 7.0 and 10 equivalents. Stability constants were obtained by analysis
of the resulting data using the WinEQNMR2®' computer program, following the

triazole or triazolium C-H protons in all cases.
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'H and "*C NMR Spectra of New Compounds
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Phenyl-linked bis-azide 5

"H NMR (300 MHz, 293 K, CDCl;):
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Propyl-linked tetra-triazole macrocycle 1

"H NMR (500 MHz, 293 K, d-DMSO):
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Phenyl-linked tetra-triazole macrocycle 2

"H NMR (300 MHz, 293 K, d-DMSO):
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Pyridyl-linked tetra-triazole macrocycle 3

"H NMR (500 MHz, 293 K, d-DMSO):
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Tetra-triazolium macrocycle tetrafluoroborate 7-4BF4

"H NMR (500 MHz, 293 K, d¢-DMSO):
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Gas Phase Molecular Modelling

The structure of each anion complex was selected through the cluster analysis of a
trajectory file composed of 50000 frames obtained as described below. The structures
of the most populated clusters determined for monoatomic anions display similar
binding arrangements with the anion positioned in the middle of 7, which adopts a
flattened bowl-shaped conformation with four triazolium moieties slightly tilted
relative to the macrocyclic plane, defined by the nitrogen atoms directly linked to the
propyl spacers. In addition, the C-H protons from the four triazolium rings point
towards the anion at average distances of H-F (2.68 A), H--Cl' (2.82 A), H-Br
(292 A) and H-T (3.10 A), consistent with the existence of C-H:+-anion hydrogen
bonding interactions.”> This binding arrangement is illustrated in Figure S1 with

representative structures of fluoride and iodide complexes.

Fig. S1. Representative molecular mechanics structures of 7-F (top) and 7-1 (bottom)
complexes showing the smallest and largest halide anions establishing charge-assisted

C-H:---anion hydrogen bonding interactions with four triazolium rings.

The most populated cluster for the sulfate complex revealed a different binding

scenario than described earlier for the monoatomic anions. As depicted in Figure S2,
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the oxo-anion is entirely inserted into the macrocyclic cavity with two oxygen atoms
bridging to two opposite triazolium rings through two C-H:-O charged assisted
hydrogen bonds with average distances of 2.50 and 247 A. Furthermore, the
remaining two triazolium rings adopt an oblique spatial disposition suggesting the

existence of m-anion interactions at 2.87 and 3.12 A.

Fig. S2. Molecular mechanics structure of sulfate complex showing the anion inserted

into the macrocyclic cavity stabilised by two C-H--O hydrogen-bond bridges.
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Experimental Details for Molecular Modelling

All MD and QM/MM simulations were carried out with the AMBER 11 suite of

programs.”’

The parameters for the classical MD simulations for the macrocycle were taken from
the General Amber Force Field (GAFF).>* The fluoride, chloride, bromide and iodide
anions, with charge of —1, were described with van der Waals parameters taken from
the literature. For the SO,” anion and BF, counter-ion, the atomic point charges
were obtained according to the RESP methodology*® on the electrostatic potential
calculated at the HF/6-31G* level of theory with Gaussian09.>” The force field
parameters for SO,” were taken from the GAFF and for BF, from ref. S8. The DMSO
solvent molecules were described using a full atom model with atomic charges and
force field parameters taken from ref. S9. The TIP3P model was used for the water

molecules.>"

In order to obtain atomic charges less dependent of the molecular conformation or
orientation of macrocycle, the calculation of RESP charges of 7 employed in the MD
simulations was preceded by conformational analysis using AM1-BCC charges *"
and the X-ray structure as a starting conformation. This structure was minimized by
molecular mechanics and subsequently heated in gas phase at 1000 K for 50 ps,
followed by a collection run of 5 ns, using a time step of 1 fs. Frames were saved
every 0.1 ps leading to a trajectory file containing 50000 structures. The high
temperature ensured that all conformational barriers were surmounted, enabling the 7
to cover all the conformational space. Afterwards, all these structures were minimized
by MM using a steepest descendent gradient followed by the conjugate gradient
algorithm, until convergence criteria of 0.0001 kcal mol’ A" were attained. The
optimised structures were energy sorted and four lowest energy ones defined by
different spatial orientations of the successive triazolium protons relative to the
macrocyclic plane (++++, +++-, ++--, +-+-, with + and — meaning that a triazolium
proton is below or above the macrocyclic plane, respectively) plus the X-ray
structure, were appointed for HF/6-31G* geometry optimizations and ESP
calculations as described above. The individual ESP data were extracted from the

corresponding Gaussian 09°” output and then the ESP data of the five conformations
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were concatenated and subsequently used to generate the input files for the two-stage

RESP fitting using identical weights for all conformations.

The docking between the anions and 7 with RESP charges was also carried out in the
gas phase by quenched molecular dynamics using the protocol used for the free

macrocycle.

A representative structure of the more populated cluster determined for each anion
complex was solvated vie PACKMOL®"” with a cubic box containing a random
distribution composed of 458 all atom DMSO and 1800 TIP3P water molecules,
consistent with the v/v DMSO/H,O (1:1) solvent mixture ratio. The charge neutrality
of each system was achieved by addition of an appropriate number of BF, anions.
Subsequently, each system was equilibrated under periodic boundary conditions as
follows. The equilibration process started with the minimization of the solvent
molecules by molecular mechanics keeping the solute fixed with a positional restraint
of 500 kcal mol™ A2 Then, the restraint was removed and the entire system was
allowed to relax. The system was then heated to 300 K for 100 ps with a weak
positional restraint (10 mol" A™) on the solute using the Langevin thermostat with a
collision frequency of 1 ps' in an NVT ensemble. The positional restraint was
definitively removed and the system was allowed to equilibrate in a NPT ensemble at
1 atm for 200 ps using isotropic pressure scaling and a relaxation time of 2 ps. The
simulation was continued for 20.8 ns. Bond lengths involving all bonds to hydrogen
atoms were constrained with the SHAKE algorithm.®"> The Newton equations of
motion were integrated with a 2 fs time step. Particle Mesh Ewald method®"* was
used to treat the long-range electrostatic interactions and the non-bonded van der

Waals interactions were truncated with a 10 A cut-off.

For the QM/MM simulations, each system was divided into two parts. The QM region
comprising the anion complex was treated by the semi-empirical PM3 Hamiltonian
while the DMSO and water solvent molecules together with BF, counter-ions were
treated by a classical MM potential using force field parameters as described earlier.
The starting configuration of a given system was the initial structures used in the
corresponding classical MD simulation. The QM/MM simulations were performed
under periodic boundary conditions using the Sander module of the AMBER 11. A 10
A cut-off was used for both regions. A Particle Mesh Ewald method (PME) modified
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for QM/MM systems was applied to calculate the long- range QM-QM and QM-MM
electrostatic interactions.*”> The SHAKE algorithm was also used in conjugation with
a 2 fs time step. The systems were equilibrated as described for classical MD
simulations. Subsequently, a NPT production run (300 K, 1 atm) was performed over
2 ns and snapshots were saved to a trajectory every 1 ps. The collected data were
analyzed with the PTRAJ module as implemented in the Amber package. Molecular

diagrams were drawn with PyMOL.*'®
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