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1. General information and instruments

Reagents were obtained from commercial suppliers and used without further purification unless
otherwise stated. All solvents were commercially obtained and used without further purification except
pyrrole which was distilled and freshly used. Dry solvents were either obtained from commercial
suppliers or taken from a solvent system MB SPS 800 and freshly distilled. THF, EtsN, toluene, and i-PrNH
were dried, distilled, and degassed by three freeze-pump-thaw cycles before being used in the cross-
coupling reactions. *H NMR and *3C{*H} NMR spectra were recorded on a Bruker Avance 300 (300 MHz
for 'H NMR and 75 MHz for 3C NMR), Bruker Avance 400 (400 MHz for 'H NMR and 100 MHz for 13C
NMR), Bruker Avance 500 (500 MHz for *H NMR and 125 MHz for 3C NMR) or Bruker Avance 500 with
cryoprobe (500 MHz for 'H NMR and 125 MHz for 3C NMR). Deuterated solvents from Eurisotop are
indicated in the characterization and chemical shifts are reported in ppm. 1 H NMR splitting patterns are
designated as singlet (s), doublet (d), or triplet (t). Splitting patterns that could not be easily interpreted
are designated as multiplet (m) or broad (br). All NMR J values are given in Hz. COSY, NOESY, ROESY,
HMQC, and HMBC experiments were recorded to help with the assignment of H and *3C signals. Column
chromatography was performed with silica gel technical grade (Sigma-Aldrich), pore size 60 A, 230-400
mesh particle size, 40-63 um particle size, and Thin Layer Chromatography (TLC) analysis on silica gel 60
F254

High-resolution mass spectra (HRMS) were obtained on a Bruker HPLC-TOF using ESI as ionization mode.
IR spectra were recorded on a Bruker Optics FTIR Alpha spectrometer equipped with a DTGS detector,
KBr beam splitter at 4 cm™ resolution using a one bounce ATR accessory with diamonds windows.

1H NMR Titrations. *H NMR titrations of [2]rotaxane 2 with alkylammonium salts 7a-7d were carried out
through the gradual addition of a solution of the alkylammonium salt (~10 mM) to a ~1 mM solution of
[2]rotaxane 2 in the same solvent (CDCls or (CD3),CO) (see Supporting Information S6-S9 and $12-515).
The concentration of 2 was maintained constant throughout the titration and a '*H NMR spectrum was
registered after each addition followed by hand shacking of the NMR tube for a few seconds.

Isothermal titration calorimetry (ITC). ITC experiments were performed using a Microcal VP-ITC
Microcalorimeter. HPLC grade solvents from Scharlab, SL were used. Titrations of rotaxane 2 with
different alkylammonium salts in the different solvents were carried out by adding small aliquots (7-10
pL) of a solution of alkylammonium salts 7a-7d into a solution of the host in the same solvent. The
concentration of the guest was approximately 7-10 times more concentrated than the receptor solutions
([2] =10* — 103 M). The apparent association constants (Kapp), TAS and AH values for the binding
processes were determined from the fit of the titration data to a 1 to 1 theoretical binding model (one
set of sites model implemented in Microcal software). Error values are reported as standard deviations
and accurately propagated.

Computational methods. DFT calculations were performed at the RI¥%3-BP86'-D3BJ*>/def2-SVP®7 |evel
of theory using Turbomole v7.08°. Calculations of ion-paired complexes (chloroform) were performed in
the gas phase. Calculations of the anionic complexes (acetone) were performed both in the gas phase
and using an implicit solvation model (COSMO) (€acetone = 20.7, r = 3.08 A) as implemented in Turbomole
7.0. All dataset collection of computational results of this manuscript is available in the ioChem-BD™
repository and can be accessed through this link https://iochem-bd.icig.es/browse/review-
collection/100/69776/ccd6424184a3802e1a8c031e
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2. Synthesis and characterization of Rotaxane 2

Macrocycle 4, pyridine N-oxide axle 5, and stopper 6 (Scheme S1) were synthesized following
previously reported procedures in the literature*!2,

a) C,-symmetry isomer b) C,,-symmetry isomer

Figure S 1. X-ray structures of the 1:1 complex of macrocycle 4 with MTOA-Cl 7b (a) and 2:1
complex of macrocycle 4 with TBAeCl 7a (b) reported in ref. 2. The structures show the two
possible conformations that macrocycle 4 can adopt featuring C; and C,, symmetry. Macrocycle 4,
included CI" anions and MTOA* cation are shown as ellipsoids at 50% probability level and
hydrogens as fixed-size spheres with a radius of 0.15 A. Cations were omitted for clarity.
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Scheme S1. Synthesis of rotaxane 2. Reaction conditions: 1 equiv. of 4, 2 equiv. 5 and 4 equiv. of
6.

In a Schlenk flask, Macrocycle 4 (80.0 mg, 65.0 umol, 1 equiv.), axle 5 (52.0 mg, 130 umol, 2 equiv.),
and stopper 6 (200 mg, 260 umol, 4 equiv.) were dissolved in 10 mL of dry and degassed DCM
under Argon atmosphere. [Cu(CH3CN)4]PFs (12 mg, 30 umol, 0.5 equiv.), TBTA (17 mg, 32 umol,
0.5 equiv.), and 0.5 mL of freshly distilled diisopropylamine were added. The reaction was stirred
at room temperature for 4 h. After that, 50 mL of DCM were added to the reaction crude and the
mixture was washed three times with 10 mL of water. The organic layer was dried (Na;SO,),
filtered, and concentrated under reduced pressure to give a brown solid. The crude was purified
by column chromatography on silica gel (3 g, 100:0 = 70:30 DCM:EtOAc) to afford the final product
as a brown solid (20.0 mg, 13.0 umol, 10% yield). Rf=0.4 (70:30 DCM:EtOAc).
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14 NMR (500 MHz, CDCls, 298 K) 6 9.15 (br, 8H, NH), 7.98 (s, 2H), 7.53 (d, 12H, J = 8.5 Hz), 7.49 (d,
12H, J = 8.5 Hz), 7.44 (d, 12H, J = 8.5 Hz), 7.39 (br, 8H), 7.29 (d, 12H, J = 8.5 Hz), 7.20 (d, 4H, J = 9.0
Hz), 7.07 (br, 8H), 6.80 (d, 4H, J = 9.0 Hz), 5.91 (m, 16H), 5.02 (br, 4H), 4.29 (br, 4H), 3.14 (br, 4H),
1.94 (br, 4H), 1.60 (br, 4H), 1.43 (br, 4H), 1.34 (s, 54 H) .13C {*H} NMR (125 MHz, CDCls, 298 K) &
156.1, 150.2, 145.7, 138.4, 137.6, 137.5, 132.3, 132.1, 132.0, 131.41, 128.6, 114.3, 113.4, 67.1,
63.6, 53.5, 29.7, 29.4, 25.3, 22.3, 19.8, 14.1, 13.5, 13.4. FTIR (ATR): T max (cm™) = 3443 (amine N-
H stretching), 2965 (C—H stretching), 1676 (C=N stretching), 1508 (N-O stretching), 1220 (amine C-
N stretching), 1039 (C=C bending), 829 (C=C bending) and 768 (C=C bending). HR-MS (ESI-TOF-
MS) m/z calculated for Cai3H219N230s [M — 2H]™ 1588.3721, found 1588.3784. mp > 190 °C

(decomp).
15,16
13,14
12 b,h
e RE 10 8 75
NHa,i e 4
: : ‘ ‘ ‘ ‘ .
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Figure S2. 'H NMR spectrum (500 MHz, 298 K, CDCls) of 2. See Scheme S1 for proton assignment.
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Figure S3. 13C NMR spectrum (125 MHz, 298 K, CDCls) of 2.
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Figure S4. (left) 'H pseudo 2D plot of DOSY (500 MHz, 298K, CDCl3) of [2]rotaxane 2 (D20 = 0.15 s,
P30 = 1 ms ). (right) Fit of the decay of the signal of proton He to a mono-exponential function
using Dynamics Center software from Bruker. Error is indicated as standard deviation.
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Figure S5. Experimental (a) and theoretical (b) isotopic distribution for [2-2H]2.

H

NO° - Macrocycle-C,  NO" - Macrocycle-C, NO"- Macrocycle-C, NO° - Macrocycle-C,

Figure S6. Equilibria between different isomers of rotaxane 2 featuring the macrocycle in two
different conformations (C, and C, symmetries) and the lineal axle bound in the two chemically
non-equivalent hemispheres. The alkyl chains of the axle were pruned the methyl groups for
clarity.
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3. NMR experiments

3.1. CDCl;
3.1.1 NMR titration of rotaxane with TBA-Cl 7a in CDCls
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Figure S7. Selected region of the 'H NMR spectra (500 MHz, 298 K, CDCls) acquired during the
titration experiment of 2 (a) with incremental additions of TBA-Cl 7a, 0.5 equiv. (b), 1 equiv. (c),
1.5 equiv. (d), and 5 equiv. (e).
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Figure S8. Selected region of the 'H NMR spectra (500 MHz, 298 K, CDCls) acquired during the
titration experiment of 2 (a) with incremental additions of MTOA-Cl 7b, 0.5 equiv. (b), 1 equiv. (c)

and 2 equiv. (d). * Signals related to 2:1 complex.

3.1.2 NMR titration of rotaxane with TBA-NOs 7c in CDCl3
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Figure S9. Selected region of the *H NMR spectra (500 MHz, 298 K, CDCls) acquired during the
titration experiment of 2 (a) with incremental additions of TBA-NOs 7c, 1 equiv. (b), 1.5 equiv. (c),
and 2 equiv. (d).



3.1.3 NMR titration of rotaxane with TBA:OCN 7d in CDCl;3
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Figure S10. Selected region of the 'H NMR spectra (500 MHz, 298 K, CDCls) acquired during the
titration experiment of 2 (a) with incremental additions of TBA-OCN 7d, 1 equiv. (b), 1.5 equiv. (c),
2 equiv. (d).

3.1.4. Pairwise competitive experiment in CDCl3
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Figure S11. Selected region of the 'H NMR spectra (500 MHz, 298 K, CDCls) acquired during the
pairwise competitive experiment 2 with 7a and 7c. Rotaxane 2 with 1 equiv. of TBA-Cl 7a (a), 1
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equiv. of TBA-Cl 7a and 1 equiv. of TBANOs3 7c (b), 1 equiv. of TBA-Cl 7a and 3 equiv. of TBA:NOs
7c (c) and 1 equiv. of TBA-Cl 7a and 5 equiv. of TBA-NOs 7c (d). Pyrrole NH signals of the 7acC2
and 7cC2 complexes are highlighted in green and red, respectively.
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Figure S 12. Speciation profile derived using the overall concentrations of the three free
components (2, 7a and 7c) used in the pair-wise experiment and the values of the association
constants determined from the ITC experiments. Starting point is an equimolar solution of 2, 7a
and 7c.
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3.2. d¢-acetone

3.2.1. NMR titration of rotaxane with TBA-Cl 7a in ds-acetone
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Figure S13. Selected region of the 'H NMR spectra (500 MHz, 298 K, de-acetone) acquired during
the titration experiment of 2 (a) with incremental additions of TBA-Cl 7a, 1 equiv. (b), 2 equiv. (c),
and 10 equiv. (d).

3.2.2. NMR titration of rotaxane with MTOA-Cl 7b in ds-acetone
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Figure S14. Selected region of the 'H NMR spectra (500 MHz, 298 K, ds-acetone) acquired during
the titration experiment of 2 (a) with incremental additions of MTOA-Cl 7b, 1 equiv. (b), 2 equiv.
(c), 3 equiv. (d).

3.2.3. NMR titration of rotaxane with TBA:NOs 7c in ds-acetone
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Figure S15. Selected region of the 'H NMR spectra (500 MHz, 298 K, de-acetone) acquired during
the titration experiment of 2 (a) with incremental additions of TBA-NOs 7¢, 1 equiv. (b), 2 equiv.

(c).
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3.2.4. NMR titration of rotaxane with TBA:OCN 7d in de-acetone
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Figure S16. Selected region of the 'H NMR spectra (500 MHz, 298 K, de-acetone) acquired during
the titration experiment of 2 (a) with incremental additions of TBA-OCN 7d, 1 equiv. (b), 2 equiv.
(c).

S12



4,

ITC experiments

4.1. Chloroform

4.1.1 ITC experiments of rotaxane with TBA-Cl 7a in chloroform

a) time (min) b) time (min)
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Figure S17. Top — Traces of the raw data of the titration experiment of 1.5 x 10 M solution of
[2]rotaxane 2, with TBA-Cl 7a solution 1.5 x 103 M (a) and 1.4 x 10 M (b) in chloroform. Bottom
— binding isotherms of the calorimetric titration shown on top. To determine the values of the

thermodynamic variables the ITC data was fitted to a 1:1 binding model (red line).
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4.1.2 ITC experiment of rotaxane with MTOAeCl 7b in chloroform
a) b)
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Figure S18. Top — Traces of the raw data of the titration experiment of 1.5 x 10 M (a) and 1.2 x
10 M (b) solution of [2]rotaxane 2, with MTOA-Cl 7b solution 1.2 x 10 M (a) and 1.0 x 103 M (b)
in chloroform. Bottom — binding isotherms of the calorimetric titration shown on top. To
determine the values of the thermodynamic variables the ITC data was fitted to a 1:1 binding

model (red line).
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4.1.3 ITC experiment of rotaxane with TBA-NOs 7c in chloroform

a) time (min b) time (min)
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Figure S19. a ) Top — Traces of the raw data of the titration experiment of 1.3 x 10* M (a) and 1.1
x 10* M (b) solution of [2]rotaxane 2, with TBA-NOs 7¢ solution 1.8 x 103 M (a) and 0.9 x 103 M
(b) in chloroform. Bottom — binding isotherms of the calorimetric titration shown on top. To
determine the values of the thermodynamic variables the ITC data was fitted to a 1:1 binding

model (red line). b)
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4.1.4 ITC experiment of rotaxane with TBA:OCN 7d in chloroform
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Figure $20. Top — Traces of the raw data of the titration experiment of 1.3 x 10 M solution of
[2]rotaxane 2, with TBA-OCN 7d solution 1.1 x 103 M (a) and 1.3 x 10 M (b) in chloroform. Bottom

— binding isotherms of the calorimetric titration shown on top. To determine the values of the

thermodynamic variables the ITC data was fitted to a 1:1 binding model (red line).
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4.2. Acetone

4.2.1. ITC experiment of rotaxane with TBA-Cl 7a in acetone
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Figure S21. Top — Traces of the raw data of the titration experiment of 1.2 x 10 M solution of
[2]rotaxane 2, with TBA-Cl solution 1.1 x 10 M in acetone. Bottom — binding isotherms of the
calorimetric titration shown on top. To determine the values of the thermodynamic variables the

ITC data was fitted to a 1:1 binding model (red line).
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4.2.2. ITC experiment of rotaxane with TBA-NOs 7c in acetone
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Figure $22. Top — Traces of the raw data of the titration experiment of 1.5 x 10 M solution of
[2]rotaxane 2, with TBA-NOs 7c¢ solution 1.2 x 103 M in acetone. Bottom — binding isotherms of
the calorimetric titration shown on top. To determine the values of the thermodynamic variables

the ITC data was fitted to a 1:1 binding model (red line).
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4.2.3. ITC experiment of rotaxane with TBA-:OCN 7d in acetone
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Figure $23. Top — Traces of the raw data of the titration experiment of 1.2 x 10 M solution of
[2]rotaxane 2, with TBA-OCN 7d solution 1.1 x 10 M in acetone. Bottom — binding isotherms of
the calorimetric titration shown on top. To determine the values of the thermodynamic variables

the ITC data was fitted to a 1:1 binding model (red line).
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5. DFT Calculations

All dataset collection of computational results of this manuscript is available in the ioChem-BD*3
repository and can be accessed through this link https://iochem-bd.icig.es/browse/review-
collection/100/69776/ccd6424184a3802e1a8c031e.

The binding equilibria considered for the calculation of the electronic energies of the binding

processes tabulated in Table S1 are depicted below.

(CHCl)c2 + A~ = [A‘c2] +CHCIz (1)
(CHCl)c2+ A" = [ANC2] +CHCls  (2)
(CHCls)c2 + ATEA* = [ACC2eTEA] +CHCls  (3)
(CHCls)c2 + ATEA* = [ANC2eTEA]+CHCls  (4)

Table S 1. Computed electronic energies (E) of each component involved in the binding processes
of equilibria 1-4 (see above) calculated using DFT calculations (gas phase) at the BP861“-
D3BJ16/def2-SVP1718 |evel of theory using Turbomole v7.0. The electronic energy of the binding
processes (AE), the differences in electronic energies between the complexes featuring the anion
in the C-substituted or N-substituted hemisphere AE(C-N), and the AAE of the binding processes

of the different studied anions are depicted.

E (kcal-mol?) AE (kcal-mol?) AE(C-N) AAE (A-NOs)
(kcal-mol?) (kcal-mol?)

[CIfc2) -3187371.758 -74.52 -0.2¢ -9,8¢
[CINc2) -3187371.603 -74.32 -9,7¢
[NOs‘c2] -3073990.774 -64.72 -0.1¢ o
INOsNC2] -3073990.606 | -64.6° o
[OCN¢c2) -3003323.402 -67.0° -0.1°¢ -2.3d
[OCNNC2] -3003323.289 | -66.9° -2,3¢
[CICC2TEA] -3421317.213 | -52.8% -4.8¢ 3.1
[CINC2eTEA] -3421312.502 | -48.0° 3.2
[NOsCC2eTEA] | -3307933.487 | -55.9° 4.7 0¢
[NOsNC2eTEA] | -3307928.814 | -51.2° 0¢
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[OCNCC2eTEA] | -3237267.979 | -60.7° 5.6 4.8
[OCNNC2eTEA] | -3237262.360 | -55.1° 3.9
(CHCl3)c2 -3791381.700 | - - i

cr -289881.375 | - ] i
NOs -176510.106 | - - i
oCN- -105840.485

TEA«CI -523848.526

TEA*NO; -410461.705

TEA*OCN -339791.338

TEA" -233852.837

CHCl; -893965.770

aAE = (E([ANc2]7) + E(CHCI3)) — (E((CHClz)c2) + E(AY)); PAE = (E([ANc2eTEA]) + E(CHCI3)).—
(E((CHCl3)c2) + E(TEAA));¢ AE = E([A°c2]) - E([ANC2]); ¢ AE = E([ASc2eTEA]) - E(INOsNcC2eTEA]).

Table S 2. Computed electronic energies (E) calculated using DFT calculations using an implicit
solvation model (COSMO) at the same level of theory used before in Table S1. The AAE of the

binding processes of the different studied anionic complexes are depicted.

E (kcal-mol?) AE? AAE® (kcal-mol?)
[CIfc2) -3187411.457 -2897455.45 0
[NOstc2) -3074029.327 -2897455.49 -0.04
[OCN¢c2) -3003362.828 -2897456.28 -0.83
cr -289956.0068
NOs -176573.8397
OCN- -105906.5461

3 AE = (E([ASC2]) - E(AY)); ® AAE = AE([ACC2]) — AE([CIC2])
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Figure S 24. Calculated ESP values for the model system of N- and C- substituted meso phenyls
defining the two aromatic hemispheres of the macrocycle. ESP cubes were mapped at an

electron density value of 0.001 a.u using Gaussian 09.1°

Figure $25. Energy-minimized structure of the 1:1 complex Clc2. The macrocycle and the axle

are shown in stick representation. The chloride is shown as CPK model.
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Figure $26. Energy-minimized structure of the 2:1 complex (Cl),€2. The macrocycle and the axle

are shown in stick representation. The chloride is shown as CPK model.
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