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1. Materials and methods

General materials. All reagents and chemicals were purchased from Sigma-Aldrich or VWR
international and used as received unless otherwise stated. Flash column chromatography was
performed using Sigma Aldrich Silica 40 (230-400 mesh size or 40-63 pm) as the stationary phase.
Size exclusion chromatography was performed using Biorad Biobeads SX-3 as the stationary
phase. Thin layer chromatography was performed on TLC Silica gel 60 F254 coated aluminum

plates from Merck.

NMR Spectroscopy. NMR spectra were recorded on an Agilent DD2 spectrometer operating at
500 MHz. Chemical shifts are quoted in parts per million (ppm) relative to tetramethylsilane using
the residual solvent peak as a reference standard and all coupling constants (J) are expressed in
Hertz (Hz).

Mass spectrometry. High resolution mass spectrometry (HRMS) measurements were performed
on a Waters Xevo G2-XS instrument equipped with an ESI source and a Q-TOF ion analyzer.
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2. Synthetic procedures
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Scheme S1. Synthetic route for the preparation of rotaxanes 1aH2* and 1bH?2*,

Compounds S1 and S2 were prepared according to previously reported procedures.>? Analytical
data were in line with those reported in literature. Compound S3 was prepared adapting a

previously reported protocol.t
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Compounds S1 (2.5 g, 6 mmol) and S2 (2.5 g, 6.6 mmol) and Cs,CO3 (5.6 g, 18 mmoal) were
suspended in dry MeCN (50 mL) under a nitrogen atmosphere. The reaction mixture was refluxed
overnight under vigorous stirring. The mixture was concentrated, suspended in diethyl ether
(200 mL) and washed with water (3 x 200 mL). The crude product was purified by flash
chromatography (SiO., hexane/ethyl acetate 9:1) to afford the N-Boc protected intermediate as a
yellow oil (2.68 g, 4.3 mmol, 70%).

'H NMR (500 MHz, CDCls, 298 K) & (ppm) 7.32 (s, 1H), 7.19 — 7.00 (m, 4H), 6.84 (d, J = 8.3 Hz,
2H), 4.32 (m, 4H), 4.14 (d, J = 2.4 Hz, 2H), 3.94 (t, J = 6.6 Hz, 2H), 2.42 (t, J = 2.4 Hz, 1H), 1.78

(t, J = 7.4 Hz, 2H), 1.65 — 1.22 (m, 14H), 1.31 (s, 18H).
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A portion of the intermediate (1.5 g, 2.4 mmol) was then dissolved in dioxane/HCI conc. (2:1 v/v)
and stirred for 1h. The volatiles were removed under vacuum, and the mixture was redissolved in
CH.CI,. Saturated aqueous solution of NHsPFs was added and the biphasic mixture was stirred
overnight. Layers were separated and the organic layer was washed with aqueous NHiPFg
(1 x 50 mL) and water (3 x 100 mL), and concentrated to afford the product (800 mg, 1.2 mmol,
50%) as a yellow oil which was used in crude purity.
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S3 (800 mg, 1.2 mmol), DB24C8 (1.08 g, 2.4 mmol), and 3,5-di(tertbutyl)benzyl azide (470 mg,
2 mmol) were dissolved in CH2Cl, (10 mL). The solution was stirred for 30 min to ensure complete
formation of the complex. The mixture was degassed by nitrogen purging for 20 min, then
Cu(CH3CN)4 (450 mg, 1.2 mmol) was added and the reaction was stirred overnight under a
nitrogen atmosphere.

The vessel was opened to air and an aqueous solution of EDTA (1 M, 10 mL) was added. The
organic layer was washed further with aqueous EDTA (1 M, 3 x 50 mL) and water (3 x 50 mL).
The combined organic layers were dried over MgSO,4 and concentrated under vacuum. The crude
product was purified by size-exclusion chromatography (Biobeads SX-3, CH.Cl,) to afford the
[2]rotaxane 2H*-PF¢™ as a colourless foam (600 mg, 0.44 mmol, 40%).

H NMR (500 MHz, CD-Cl,, 298 K) & (ppm) 7.49 (s, 2H, H7), 7.46 (s, 1H, His), 7.42 (d, J = 1.9 Hz,
1H, Hig), 7.40 (d, J = 2.0 Hz, 1H, Hs), 7.30 (d, J = 1.8 Hz, 2H, Ha), 7.11 (d, J = 1.8 Hz, 2H, Hag),
7.08 (d, J = 8.4 Hz, 2H, H10), 6.93 — 6.86 (m, 8H, Hx), 6.83 — 6.76 (m, 8H, Hz), 6.50 (d, J = 8.4 Hz,
2H, Hi1), 5.47 (s, 2H, Hie), 4.75 — 4.69 (m, 2H, Hg), 4.53 (s, 2H, His), 4.52 — 4.48 (m, 2H, He),
4.14 — 4.05 (m, 8H, Hc), 3.83 — 3.68 (m, 10H, Hc +C10 spacer), 3.63 — 3.53 (m, 4H, Hg),
3.50 — 3.42 (m, 6H, He + C10 spacer), 1.71 (p, J = 6.8 Hz, 2H, C10 spacer), 1.53 (s, 6H, C10
spacer), 1.42 (s, 8H, C10 spacer), 1.29 (s, 18H, Hz), 1.20 (s, 18H, Hi). *C NMR (126 MHz,
CDCl;, 298 K) 6 (ppm) 152.0, 147.9, 131.1, 124.0, 122.8, 122.0, 114.5, 112.9, 71.0, 70.6, 68.4,
64.5, 35.2, 31.5, 30.1, 29.9, 29.8. HRMS (ESI+) m/z calculated for C74H109N4O10" [M]* 1213.8143;
found: 1213.8143.

3H*-PF¢
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In a screw-capped vessel, under a nitrogen atmosphere, rotaxane 2H*-PFs~ (300 mg, 0.22 mmol,
1 equiv.), paraformaldehyde (20 equiv.), and NaBH(OAc): (20 equiv.) were dissolved in
N-methyl-2-pyrrolidone (2 mL) and the reaction mixture was stirred overnight at 70°C. The mixture
was allowed to cool to room temperature and then precipitated by addition of water (100 mL). The
white solid was filtered and washed with water. The solid was dissolved in EtOAc and washed
with aqueous NH4PFs (3 x 50 mL) and with H,O (3 x 50 mL). The combined organic layers were
dried over MgSOa, concentrated under vacuum, and purified by size-exclusion chromatography
(Biobeads SX-3, CH2Cl,) to afford 3H":PFs~ as a white foam (230 mg, 0.17 mmol, 75%).

H NMR (500 MHz, CD.Cl;, 298 K) & (ppm) 7.59 (s, 1H, Hy), 7.51 (d, J = 8.6 Hz, 2H, Hio), 7.49 —
7.45 (m, 2H, Hs + His), 7.42 (t, J = 2.0 Hz, 1H, Hig), 7.25 (dd, J = 1.8, 0.9 Hz, 2H, H.), 7.12 (dd, J
= 1.8, 0.9 Hz, 2H, His), 6.93 — 6.87 (m, 8H, Hx), 6.87 — 6.75 (m, 8H, Hg), 6.51 (d, J = 8.4 Hz, 2H,
Hi1), 5.47 (s, 2H, Hie), 5.19 — 5.10 (m, 2H, Hss’), 4.60 — 4.54 (m, 1H, Hs), 4.53 (S, 2H, His), 4.30 —
4.20 (m, 3H, He + Hc), 4.17 — 4.09 (m, 6H, Hc), 3.89 — 3.57 (m, 18H, Hp + He + C10 spacer), 3.45
(t, J=6.7 Hz, 2H, C10 spacer), 2.95 (d, J = 5.3 Hz, 3H, H»1), 1.66 (p, J = 6.7 Hz, 2H, C10 spacer),
1.59 — 1.50 (m, 6H, C10 spacer), 1.44 — 1.24 (m, 44H, H; + Hy + C10 spacer). *C NMR (126
MHz, CD.Cl,, 298 K) 6 (ppm) 160.2, 152.4, 152.2, 147.8, 147.6, 146.0, 134.6, 133.7, 130.4, 125.3,
124.2,123.1, 122.9, 122.8, 122.7, 121.7, 121.6, 114.1, 112.2, 112.1, 72.2, 72.1, 71.3, 71.0, 70.9,
68.5, 68.2, 68.1, 64.5, 61.5, 61.4, 55.0, 39.9, 35.2, 35.1, 31.6, 31.5, 31.4, 30.1, 29.9, 29.8, 29.5,
26.5, 26.4. HRMS (ESI+) m/z calculated for C7sH111N4O10" [M]* 1227.8301; found: 1227.8301.
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Rotaxane 3H"-PFs~ (210 mg, 0.15 mmol) was dissolved in the minimum amount of CHsl (5 mL)
and the solution was stirred for three days. Volatiles were removed under vacuum, the residue
was dissolved in CH2Cl, and washed with aqueous NH4PF¢ (3 x 50 mL). The organic layer was
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dried over MgS0O4 and concentrated under vacuum. The crude product was purified by size-
exclusion chromatography (Biobeads SX-3, CH.Cl,) to afford 1H?"-2PFs~ as a glassy solid
(173 mg, 0.11 mmol, 75%). The compound exists as a mixture of two co-conformers in a 95:5
relative ratio in CD,Cl..

H NMR (500 MHz, CD,Cl;, 298 K, major coconformer “a”) 6 (ppm) 8.19 (s, 1H, His), 7.60 (s,
1H, Hy), 7.54 (t, J = 1.8 Hz, 1H, Has), 7.51 (d, J = 8.1 Hz, 2H, Hag), 7.49 — 7.47 (m, 1H, Hio), 7.30
(s, 2H, Ha), 7.25 (d, J = 1.7 Hz, 2H, His), 6.93 — 6.86 (m, 8H, Ha), 6.84 — 6.77 (m, 8H, Hgr), 6.51
(d, 3 =8.1 Hz, 2H, H11), 5.65 (s, 2H, His), 5.23 — 5.04 (m, 2H, Hsge), 4.68 (s, 2H, Hi3), 4.62 — 4.49
(m, 1H, Hg), 4.32 — 4.18 (m, 6H, He + Hz, + Hcie), 4.17 — 4.07 (m, 6H, Hcie), 3.91 — 3.48 (m, 20H,
Hp + He + C10 spacer), 2.94 (s, 2H, H21), 1.73 — 1.48 (m, 8H), 1.45 — 1.22 (m, 44H, Hi + Hy +
C10 spacer). *C NMR (126 MHz, CD.Cl,, 298 K, major coconformer “a”) & (ppm) 152.36,
147.77, 133.71, 125.34, 124.88, 124.24, 121.68, 121.60, 114.09, 112.14, 72.57, 72.10, 71.34,
70.88, 68.55, 68.25, 39.89, 35.29, 35.21, 31.55, 31.50, 31.42, 29.85, 29.81, 29.74, 29.69, 29.50,
26.32, 26.26. HRMS (ESI+) m/z calculated for C76H114N4O10" [M]?* 622.4346; found: 622.4346.
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3. NMR characterization of rotaxane 3H*-PFs~

Upon methylation, the symmetry plane which contains the axle is lost, and several signals, which
were enantiotopic in the sec-ammonium rotaxane, become diastereotopic.®>* In particular, the
benzylic protons Hes and Hg, split into three distinct sets of resonances, displaying scalar coupling,
which correspond to the diastereotopic protons Hs/He and Hs/Hg (Figure S1b). Because of the
constrains of the mechanical bond, which does not allow the DB24CS8 ring to rotate about the axle
contained by the symmetry plane of the axle, the protons of the macrocycle also become
diastereotopic. This is particularly evident for protons Hgs and Hc which display two sets of
resonances (Hs/Hg' and Hc/Hce), syn and anti with respect to the NMe group (Figure S1b and
Figure S2). Similar stereochemical considerations can be done for the final rotaxane 1aH*-PFs.
These effects are not generally observed in the NMR spectra of tertiary ammonium salts because
of the fast nitrogen inversion kinetics on the NMR timescale. However, pyramidal inversion in
rotaxane 3H*-PFsis slow on the NMR timescale due to the presence of a hydrogen bond between

the NH proton and the oxygen atoms of the DB24C8 ring which slows the kinetics of proton

transfer.®
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Figure S1. Partial *H NMR spectra (500 MHz, CD2Clz, 298 K) of a) 2H*-PFs~, b) 3H*-PFs-, c) the same
sample as in (b) after addition of resin-bound BEMP. The numbering and colour coding of significant proton

signals is the same of scheme S1. The signal of the residual solvent is indicated in grey.

S7



a) top view b) top view: c) side view:
broken broken
Y simmetry plane simmetry plane

: o» Ha_|_Hs- (‘0 0’»
L J axle H—N—Me (H,,)
66" © O g _I_ ~
i H H,
N
| C

. . tBu H_*
side view ---» N’“‘@\ - H " Me
| O ) 0 0
) (o o)
crown ether H, —————H_ 0 0

tBu -

1aH"PF,” or 3H"PF, |/ 5

Figure S2. a) Projections of the encircled tertiary ammonium station in rotaxane 1aH*-PFsor 3H*-PFe. b)

Top view (fischer’s projection) of the axle and DB24C8. c) Side view (along the axle) of DB24C8.

m 11 (m | Lo L AN
— f«" JULJL\ Jl.._ _J;UI |u‘ L_MVJILﬁ‘___________HJJL;J‘ 'LJHkf______ﬁ_}u"l.k_ﬁj-‘ '_-" l-wF J l\ J”L_M JJ‘”L
Hy -~ - s = -
W H4_H21
|
JJ H10'HC,D,E .
B I—_!4_HC,D,E Hll_HE
He = & 0 8
= E o . How o
1
o & . .
L M
) . - ﬁ o
rar
P 5.0

.
e
H
6.0
‘_‘ﬂ
ao 65
of o®
° o0
-7.0
.
- - com = -
u @ ® (1T I ! r7-s
—— e e e [ A e e e e e e e B B e e e IR S — —
ppm 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0

Figure S3. ROESY spectrum of 3H*-PFe~ (500 MHz, CD2Cl2, 298 K, tmix 300 ms). Relevant NOE cross-

peaks are indicated.

ROESY data (Figure S3) of rotaxane 3H*-PF¢~ in CD,Cl; indicate that the DB24C8 macrocycle is

located to the ammonium-portion of the molecule but not directly bound to the tert-ammonium
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cation, similarly to what is normally observed in the case in sec-ammonium rotaxanes. The ring,
in fact, is shifted towards the flanking aromatic rings most likely to accommodate the bulky methyl
group. Strong NOE cross-peaks are visible between Hio and the aliphatic signals of the DB24C8
ring (Hc, Ho, He). Considering the NOE interactions along with the variations in chemical shifts of
protons associated with the dumbbell and ring components, it is reasonable that the aliphatic
portion of DB24C8 interacts strongly with Hio, probably via H-bond. Conversely, Hee and Hgs,
which typically are involved in H-bonding with the ring in sec-ammonium stations, display weaker
(Hse) or no (Hes) NOE signals with aliphatic protons of the ring. Specifically, only the cross-peak
between Hgg and Hp could be detected clearly. Such a preferred conformation is also in line with
downfield shift observed for Hip and Hs (A = 0.44 ppm and 0.07 ppm, respectively), while Ha
shifted upfield of 0.05 ppm (Figure S1b).

To test the operation of rotaxane 3H*-PF¢~ as a pH-controlled molecular switch, resin-bound
2-tertbutylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine  (BEMP)  was
added to a solution in CD2Cl, (Figure S1c). Clean deprotonation of the ammonium station was
achieved immediately, as evidenced by the upfield shift of Hx: from 2.93 ppm to 2.13 ppm.
Additionally, all the signals related to the triazole portion of the molecule (His, His and His.) exhibit
large chemical shift variations. In particular, the sharp resonance at 7.98 ppm is associated with
His in the complexed triazole.® The variation in chemical shift is also accompanied by the change
in multiplicity, from a doublet to a singlet, due to the loss of scalar coupling with the NH proton. All
diastereotopic signals resolved because of the slow N-inversion (Hese, Hse', He/g and Hec)) become
isochronous again, indicating a fast process of nitrogen inversion of the uncomplexed tertiary

amine on the NMR timescale.
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4. Coconformational equilibria

4.2. Effect of the solvent
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Figure S4. Partial 'H NMR spectra (500 MHz) of a) 1H?*-2PFs~ in acetone-ds at 298 K, b) the same sample
at 223 K showing slow exchange dynamics in the NMR timescale, ¢) 1H?*-2PFe¢~ in CD2Cl2 at 298 K.
Diagnostic signals of coconformers laH?*-2PFe- and 1bH2*-2PFe~ are highlighted in purple and green
respectively. The relative molar ratio of the coconformers is indicated in panels (b) and (c) as 1aH?*:1bH2*.

Signals of the residual solvent and H20 are indicated in grey.

4.2. Effect of the ion pairing
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Figure S5. 'H NMR spectra (500 MHz, CD2Cl2, 298 K) of 1H?"-2PFe¢~ upon titration with TBACI. The

equivalents of TBACI added are reported on the left.
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Figure S6. Partial *H NMR spectra (500 MHz, CD2Clz, 298 K) of 1H?*-2PFs~ upon titration with TBACI in the
regions of a) NH (Hv), b) triazolium (Hzs), c) Hie and d) NMe (Hz1) protons. The equivalents of TBACI added

are reported on the left.
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Figure S7. 'H NMR spectra (500 MHz, CD2Cl2, 298 K) of 1H?*-2PF¢~ at different amounts of TBAOTSs. The
equivalents of TBAOTs added are reported on the left along with the coconformers ratio 1aH2*:1bH?2*.

Signals of the residual solvent and TBAOTSs are indicated in grey.

4.3 Deprotonation of 1H?*-2PFs"

Rotaxane 1H?"-2PFs~ in CD.Cl, was deprotonated in situ by adding resin-bound BEMP to
deactivate the ammonium station. *H NMR spectra recorded after deprotonation showed the
appearance of a singlet at 9.34 ppm confirming that rings quantitatively moved to the triazolium
station. In figure S8 a comparison of rotaxanes 1H?*-2CI- and deprotonated 1*-PFs~ is shown to

demonstrate the chloride induced ring shuttling.
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Figure S8. 'H NMR spectra (500 MHz, CD2Cl2, 298 K) of 1H?*-2CI- (a) and 1*-PFs~ (b). Signals of the
residual solvent and TBACI are indicated in grey. The signals marked with a * belong to an impurity which

formed upon deprotonation.

4.4 Ring shuttling kinetics

To prove the chemical exchange between the two coconformers, induced by ring shuttling,
exchange spectroscopy (EXSY) was used. The EXSY spectrum showed in Figure 3b of the
manuscript was acquired on a solution of 1H?*"-2PFs~ in CD.Cl, where tetrabutylammonium
chloride was added to reach a 50:50 relative population of the two coconformers (Kec = 1) in order

to maximize the signal-to-noise ratio for both coconformers.

The intermediate exchange on the NMR timescale between the coconformers observed in acetone
was confirmed by variable temperature (VT) NMR. *H NMR spectra were acquired every 10 K in
the range 223-303 K (Figure S9).
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Figure S9. Variable temperature 'H NMR spectra (500 MHz, acetone-ds) of 1H?*-2PFe¢~.
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Figure S10. *H NMR spectrum of 2H*-PFs~ (500 MHz, CD2Cl2, 298 K).

Figure S11. 13C NMR spectrum of 2H*-PFs~ (125 MHz, CD2Cl2, 298 K).
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Figure S12. TOCSY spectrum of 2H*-PFe~ (500 MHz, CD2Cl2, 298 K, spinlock 80 ms).
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Figure S13. *H-3C HSQC spectrum of 2H*-PFe~ (125 MHz, CD2Cl2, 298 K).
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Figure S14. 'H NMR spectrum of 3H*-PFs~ (500 MHz, CD2Cl2, 298 K).
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Figure S15. 3C NMR spectrum of 3H*-PFe~ (125 MHz, CD2Cl2, 298 K).
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Figure S16. TOCSY spectrum of 3H*-PFs~ (500 MHz, CD2Clz, 298 K, spinlock 80 ms).
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Figure S17. ROESY spectrum of 3H*-PFes~ (500 MHz, CD2Clz2, 298 K, tmix 300 ms).
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Figure S18. *H-13C HSQC spectrum of 3H*-PFs~ (125 MHz, CD2Cl2, 298 K).
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Figure S19. 'H NMR spectrum of 1H2*-2PFs~ (500 MHz, CD2Cl2, 298 K).
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Figure S20. 13C NMR spectrum of 1H*-PFs~ (125 MHz, CD2Cl2, 298 K).
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Figure S21. TOCSY spectrum of 1H2*-2PFs~ (500 MHz, CD2Cl2, 298 K, spinlock 80 ms).
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Figure S22. *H-3C HSQC spectrum of 1H?*-2PFe¢~ (125 MHz, CD2Cl2, 298 K).
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