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S1 Supplementary Methods

S1.1 Chemical synthesis of the molecular shuttle

The chemical structure of the shuttle comprises a strong binding station, namely fumaramide
(green in Fig. 1a), which is known to be the best fit for a tetraamide macrocycle, because its two
amide carbonyls are held by the trans double bond in the correct geometry to form four strong
hydrogen bonds with the macrocycle. Separated by an oligoethyleneglycol spacer of
approximately 15 nm in length (see below) we placed a succinic amide-ester station, (orange in
Fig. 1a). This station shows less affinity for the macrocycle than the fumaramide station, due to
its flexibility and the substitution of one of the amides with an ester, which is a significantly
weaker H-bond acceptor. At the ends of the polar spacer two bulky diphenylethyl groups serve as
stoppers to prevent unthreading of the macrocycle. One of the stopper ends is branched to
include a biotin group. The synthesis of the axle for the shuttle was carried out in 12 steps (see
below). Macrocyclization around the fumaramide station was performed using a purposely
synthesized U-shape (compound 14) The macrocycle contains an azide-decorated isophthalic
acid chloride derivative (compound 13) at a single position for the covalent attachment of a

polydT oligonucleotide.

General. All solvents were dried according to standard procedures. Reagents were used as
purchased. All air-sensitive reactions were carried out under argon atmosphere. Flash
chromatography was performed using silica gel (Merck, Kieselgel 60, 230-240 mesh, or
Scharlau 60, 230-240 mesh). Analytical thin layer chromatographies (TLC) were performed
using aluminium-coated Merck Kieselgel 60 F254 plates. NMR spectra were recorded on a
BrukerAvance 400 (*H: 400 MHz; *C: 100 MHz; COSY: 400 MHz; HSQC: 400 MHz),
spectrometer at 298 K, unless otherwise stated, using partially deuterated solvents as internal
standards. Coupling constants (J) are denoted in Hz and chemical shifts (8) in ppm. Multiplicities
are denoted as follows: s = singlet, d = doublet, t = triplet, m = multiplet, br = broad. Fast Atom
Bombardment (FAB) and Matrix-assisted Laser desorption ionization (coupled to a Time-Of-
Flight analyzer) experiments (MALDI-TOF) were recorded on a VS AutoSpec spectrometer and
a Bruker ULTRAFLEX |11 spectrometer, respectively.



Scheme of the rotaxane synthesis
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N-Hydroxysuccinimidobiotin

O
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Compound 1

To a solution of p-biotin (75 mg, 0.31 mmol) and N-hydroxysuccinimide (39 mg, 0.34 mmol) in
DMF, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI) was added (71
mg, 0.37 mmol). After being stirred for 24h at room temperature, the reaction solution was
concentrated to obtain a white solid. The white solid was washed by methanol several times to
furnish compound 1 in a 90% yield (96mg, 0.28mmol). *H NMR ([D6]dimethyl sulfoxide): & =
6.41 (s, 1H, Hy), 6.35 (s, 1H, Hy), 4.30 (m, 1H, Hc), 4.15 (m, 1H, Hg), 3.10 (m, 1H, Hy), 2.83 (dd,
J=5.1, 12.5 Hz, 1H, H. or He), 2.81 (s, 4H, succinimida-H), 2.67 (t, J = 7.36 Hz, 2H, H;), 2.58
(d, J =12.4 Hz, 1H, He or He), 1.55 (m, 6H, Hy, Hi, H;); **C NMR ([D6]dimethyl sulfoxide): & =
173.3 (3C), 168.9, 162.7, 61.0, 59.2, 55.2, 30.0, 27.8, 27.6, 25.4 (2C), 24.3 ppm. These data is in
concordance with J. Med. Chem. 52, 2009, 7003-7013.
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2,2-diphenylethyl 6-([((9H-fluoren-9-ylYmethoxy)carbonyl]amino)-2-[(tert-butoxy-
carbonyl)amino)]hexanoate

Ak
O?O /\/\/\fﬁph

Compound 2

Boc-b-Lys(Fmoc)-OH (900 mg, 1.92 mmol) was dissolved in DCM (19 mL) and the solution
was cooled to 0°C, EDCI (732 mg, 3.84 mmol), 4-dimetylaminopyridine (DMAP) (catalytic
amount) were added at 0°C. The reaction mixture was allowed to stir at room temperature for 30
min, and then a solution of 2,2-diphenylethanol (457 mg, 2.3 mmol) in DCM (7.7 mL) was
added to the activated acid. The reaction mixture was stirred overnight, concentrated under
reduced pressure and then diluted with DCM. The organic layer was washed with 1M HCI, with
NaHCOs (sat. ag.), then further washed with brine (sat. ag.), dried over Na,SO, and concentrated
under reduced pressure. The crude material was purified by column chromatography (eluent:
hexane/AcOEt 3:1) to furnish the desired product as a colorless oil, 1.12g (quantitative yield). *H
NMR (CDCls): 6 =7.77 (d, J = 7.5 Hz, 2H, Fmoc-H), 7.60 (d, J = 7.4 Hz, 2H, Fmoc-H), 7.40 (t,
J=8Hz, 2H, Fmoc-H), 7.30 (m, 6 H, Ar-H), 7.22 (m, 6 H, Ar-H, Fmoc-H), 4.97 (m, 1 H, Fmoc-
H), 4.80 (m, 1 H, Hq or Hy), 4.68 (m, 1 H, NH), 4.58 (m, 1 H, Hq or Hy), 4.41 (m, 3 H, H,, CH»-
Fmoc), 4.22 (m, 2 H, Hp, NH), 3.05 (m, 2 H, H,), 1.50 (m, 2H, Hp), 1.42 (s, 9 H, Boc-H), 1.07
(m, 2H, Hy); *C NMR (CDCly): 8= 172.5, 156.4, 155.3, 144.0 (2C), 141.3 (2C), 140.8, 140.6,
128.6 (2C), 128.6 (2C), 128.2 (2C), 128.1 (2C), 127.7 (2C), 127.0 (2C), 126.9 (2C), 125.0 (2C),
120.0 (2C), 79.9, 67.3, 66.4, 53.1, 49.8, 47.3, 40.6, 32.2, 29.7, 28.3, 22.1 (3C) ppm. MS m/z:
calculated for C4oH44N20s [M+Na]* 671.4 found MALDI-TOF 671.3.
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2,2-diphenylethyl 6-([((9H-fluoren-9-ylYmethoxy)carbonyllamino)-2-aminohexanoate
)
oo
“__0O

HZN/WY Ph
O\)\Ph

Compound 3

90mg (0.14 mmol) of compound 2 was dissolved in 1% piperidine and 1% DBU in DMF (2.8
mL). The reaction mixture was stirred for three hours at room temperature until the reaction was
completed (TLC). The solvent was removed under reduced pressure to give compound 3 as
yellowish oil (quantitative yield) and the crude material was used directly in the next step
reaction.



2,2-diphenylethyl 2-[(tert-butoxycarbonyl)amino)-6-(biotinylamino] hexanoate
0
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Compound 4 Ph

Compounds 3 (46 mg, 0.110 mmol) and 1 (25 mg, 0.073 mmol) were dissolved in DMF, and
then EtzN (20 uL, 0.144 mmol) was added. The reaction mixture was stirred overnight; then was
concentrated in vacuum; the resulting residue was diluted in DCM and washed with water. The
crude material was then purified by flash chromatography (using a gradient elution, from CH;CI
to CH3CI/MeOH 9:1) to furnish 4 as a colorless oil, 45 mg, 96 %. *H NMR (CDCly): & = 7.23
(m, 4 H, Ar-H), 7.14 (m, 6 H, Ar-H), 6.47 (br s, 1 H, Hy), 6.28 (br s, 1 H, Hp), 5.04 (br s, 1 H,
NH), 4.71 (m, 1 H, , Hq or Hy), 452 (dd, J = 7.3, 11.0 Hz, 1 H, Hy or Hg), 4.45 (dd, J = 4.8, 7.1
Hz, 1 H, Hc), 4.32 (t, J = 7.7 Hz, 1 H, H,), 4.25 (dd, J = 4.5, 7.2 Hz, 1 H, Hy), 4.09 (br s, 1 H,
Hp), 3.07 (M, 3 H, Hy, Hy), 2.83 (dd, J = 4.7, 12.9 Hz, 1 H, H. or He), 2.69 (d, J = 12.8 Hz, 1 H,
He or He), 2.17 (t, J = 6.8 Hz, 2 H, H;j), 1.61 (m, 4 H, Hg, Hi), 1.34 (s, 9 H, Boc-H), 1.11 (m, 8
H, Hh, Hn, Hm, Ho); 3C NMR (CDCls): 8= 173.4, 172.6, 163.9, 155.5, 140.8, 140.6, 128.6 (2C),
128.6 (2C), 128.2 (2C), 128.1 (2C), 126.9 (2C), 79.9, 67.3, 61.9, 60.3, 55.6, 53.2, 49.8, 40.4,
39.1, 35.8, 32.2, 28.8, 28.3 (3C), 28.1, 28.0, 25.7, 22.4 ppm. MS m/z: calculated for
C3sH4sN406S [M+Na]" 675.3 found MALDI-TOF 675.4.
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HSQC (CDCly)
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1-(2,2-diphenylethoxy)-1-ox0-6-(biotinylamido)hexan-2-aminium 2,2, 2-trifluoroacetate

O
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Ph

Compound 5 Ph

To a solution of compound 4 (58 mg, 0.09 mmol) in DCM (1.5 mL) TFA was added (0.1 mL) at
0°C. The reaction was stirred at room temperature for 3h until it was completed (followed by
TLC). The reaction mixture was concentrated under reduced pressure, then DCM was added and
the organic layer was washed with aqueous NaHCOs, further washed with brine, dried over
Na,SO, and concentrated under reduced pressure to give compound 5 as yellowish oil in
quantitative yield. The crude material was used directly in the next reaction.

4-[(1-(2,2-diphenylethoxy)-6-(biotinylamino)-1-oxohexan-2-yl)amino]-4-oxobut-2-enoic acid

0
aHN"™ *NHp
cH H o ,
e e d H m o a,q

» i p Ph
/ .
St n T 0 Y,

HN_ <t Ph
o)

Compound 6 O~ "OH

A solution of compound 5 (49 mg, 0.09 mmol) and EtsN (12 uL, 0.093 mmol) in anhydrous THF
(1 mL), was cooled to 0°C, then maleic anhydride (9 mg, 0.093 mmol) dissolved in THF (0.4
mL) was added dropwise under nitrogen atmosphere. The solution was allowed to warm up to
room temperature and stirred overnight. The solvent was then removed under reduced pressure
and the crude material was purified by flash chromatography (using a gradient elution, starting
DCM/MeOH 9:1 and then DCM/MeOH/NH3; 4:1:0.01), to furnish a yellow oil (59 mg 90%
yield). *H NMR ([D6]dimethyl sulfoxide): & = 11.09 (br s, 1H, OH), 7.91 (m, 1H, NH), 7.30 (m,
8H,, Ar-H), 7.21 (m, 2 H, , Ar-H), 6.45 (br s, 1 H, H,), 6.35 (br s, 1 H, Hy), 6.19 (d, J = 13.0 Hz,
1H, Hy), 5.84 (d, J = 12.8 Hz, 1H, Hy), 4.73 (dd, J = 7.9, 10.8 Hz, 1 H, Hq or Hy), 4.53 (dd, J =

12



7.2,10.9 Hz, 1 H, Hy or H), 4.36 (t, J = 7.6 Hz, 1H, H)), 4.29 (m, 1 H, Hc), 4.10 (m, 2 H, Hy,
Hp), 3.08 (M, 1 H, Hy), 2.92 (m, 2 H, H)), 2.81 (dd, J = 4.7, 12.9 Hz, 1 H, He or He), 2.56 (d, J =
12.8 Hz, 1 H, He or He), 2.07 (t, J = 6.8 Hz, 2 H, H;)), 1.44 (m, 12 H, Hg, Hi, Hn, Hy, Him, Ho); ©°C
NMR ([D6]dimethyl sulfoxide): & = 172.0, 171.7, 167.2, 165.3, 162.7, 141.3, 141.2, 136.2, 128.5
(2C), 128.5 (2C), 128.2, 128.0 (4C), 126.7 (2C), 66.3, 61.1, 59.2, 55.4, 52.3, 49.3, 39.9, 37.7,
35.2, 30.2, 28.6, 28.2, 28.0, 25.4, 22.2 ppm. MS m/z: calculated for C34H42N40-S [M+H]" 650.8
found FAB 651.3.
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HSQC ([D6]dimethyl sulfoxide)
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2,2-Diphenylethyl succinic acid mono ester

X \%

Ph OH
-~
0w
Ph
Compound 7

To a stirred solution of 2,2,-diphenylethanol (1 g, 5.26 mmol) in DCM (53mL) was added one
drop of EtsN and a solution of succinic anhydride (584 mg, 5.83 mmol) in 15 mL DCM, added
slowly over 30 min. The reaction mixture was stirred overnight. Once the reaction was
completed (follow by TLC), the solvent was removed under reduced pressure and the crude
material was purified by column chromatography, eluent: Hexane/AcOEt 2:1, to afford 1.2 g of
compound 7 as a white solid (76%). *H NMR (CDCls): & = 7.28 (m, 4H, , Ar-H), 7.21 (m, 6H,
Ar-H), 4.65 (d, J = 7.6 Hz, 2H, Hy), 4.36 (t, J = 7.6 Hz, 1H, H,), 2.55 (m, 4 H, Hy, Hy) ppm.
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tert-Butyl (2-(2-(2-aminoethyl) hexacosaethylenoxy)ethyl carbamate

@)
HZN/\/Ov\eo/\%z(z\/\”)]\oT<

Compound 8

The reaction was carried out under anhydrous conditions. To 490mg (0.4 mmol) O,0"-bis (2-
aminoethyl) hexacosaethylene glycol (EG26) in DCM at 0°C was added di-tert-butyl dicarbonate
(44mg, 0.2 mmol). The solution was stirred overnight, then the solvent was removed in vacuo
and the crude material purified via column chromatography using a gradient elution, starting
with CHCI3/MeOH 10:1 to 4:1 and finally 1:1, to give a yellowish oil, 165 mg, 61%. 'H NMR
(CDCl3): 6 =7.91 (br s 3H, 3NH), 3.92 (m, 2H), 3.63 (m, 106H, EG26-H), 3.52 (t, J = 5.1, 2H),
3.29 (t, J = 5.2, 2H), 3.17 (m, 2H), 1.43 (s, 9H, Boc-H); **C NMR (CDCls): & = 154.9, 79.0, 70.5
(51C), 70.3, 70.0, 69.8, 40.4, 29.7, 40.4 (3C) ppm. MS m/z: calculated for Cg1H124N2029
[M+Na]* 1371.8 found MALDI-TOF 1371.8.
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2,2-diphenylethyl 2 2-dimethyl-4,18-diox0-3,8,11,14-tetraoxa-5,17-diazahenicosan-21-oate
Ph 0
y w e

X \

Compound 9

40 mg (0.13 mmol) of compound 7 was dissolved in DCM (2 mL) and the solution was cooled
down to 0°C. Then EDCI (38 mg, 0.2 mmol) and DMAP (24 mg, 0.2 mmol) were added at 0°C
and the reaction mixture was allowed to stir at room temperature for 30 min. A solution of
compound 8 (165 mg, 0.12 mmol), in DCM (1.5 mL) was added to the activated acid. The
reaction mixture was stirred for 24h, concentrated under reduced pressure and then diluted with
DCM and washed with 1M HCI, with NaHCOg (sat. aq.). The organic layer was further washed
with brine (sat.), dried over Na,SO,4 and concentrated under reduced pressure. The crude material
was purified by column chromatography using CHCIl3/MeOH 15:1 as eluent, to give compound 9
as a colorless oil, 180mg, 92%. *H NMR (CDCls): & = 7.28 (m, 4H, Ar-H), 7.21 (m, 6H, Ar-H),
6.23 (br s, 1H, NH), 5.03 (br s, 1H, NH), 4.62 (d, J = 7.6 Hz, 2H, H,), 4.35 (t, J = 7.6 Hz, 1H,
Hy), 3.81 (m, 1H), 3.63 (m, 103H, EG26-H), 3.53 (m, 4H), 3.40 (m, 2H), 3.30 (m, 2H), 2.57 (t,
2H, J = 7.2 Hz, Hy), 2.37 (t, 2H, J = 7.0 Hz, H,),1.43 (s, 9H, Boc-H); **C NMR (CDCls): & =
172.7,171.5, 156.0, 141.1 (2C), 128.5 (4C), 128.2 (4C), 126.8 (2C), 79.2, 70.6 (51C), 70.2, 70.2,
69.7, 66.8, 49.8, 40.5, 39.4, 30.6, 29.7, 28.4 (3C) ppm. MS m/z: calculated for C;9H1490N2O3,
[M+Na]" 1651.9 found MALDI-TOF 1651.9.
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Compound 10 was synthetized following the same procedure described for compound 5.
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Compound 11

Compound 6 (85 mg, 0.13 mmol) was dissolved in DCM (3 mL) and the solution was cooled to
0°C, EDCI (23 mg, 0.19 mmol), DMAP (37 mg, 0.19 mmol) were added at 0°C. The reaction
mixture was allowed to stir at room temperature for 30 min, and then a solution of compound 10
(180 mg, 0.12 mmol) in DCM (7.7 mL) was added to the activated acid. The reaction mixture
was stirred overnight, concentrated under reduced pressure and then diluted with DCM. The
organic layer was washed with 1M HCI, with NaHCO3 (sat. aq.), then further washed with brine
(sat. aq.), dried over Na,SO,4 and concentrated under reduced pressure. The crude material was
purified by column chromatography (gradient elution: DCM/MeOH 30:1 to 9:1) to furnish the
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desired product as a colorless oil, 166mg, 0.077 mmol (64%)."H NMR ([D6]dimethyl sulfoxide):
8 =8.65(d,J=7.2 Hz, 1H, NH), 8.50 (t, J = 5.6 Hz, 1H, NH), 7.86 (t, J = 5,5 Hz, 1H, NH), 7.70
(t, J=5,5Hz, 1H, NH), 7.27 (m, 16 H, Ar-H), 7.21 (m, 4 H, Ar-H), 6.87 (d, J = 15.5 Hz, 0.4 H,
H; or Hs of E-isomer), 6.82 (d, J = 15.5 Hz, 0.4 H, H, or Hs of E-isomer), 6.40 (br s, 1 H, H,), 6.34
(brs, 0.5 H, Hyp), 6.21 (d, J = 13.1 Hz, 0.5 H, H, or H; of Z-isomer), 6.08 (d, J = 13.1 Hz, 1H, H;
or H of Z-isomer), 4.72 (dd, J = 8.1, 10.9 Hz, 1 H, Hqor Hy), 4.55 (m, 3H, Hy or Hq, Hy), 4.33
(m, 3H, He, Hy, Hy), 4.12 (m, 2H, Hq, Hp), 3.68 (m, 1H, EG26-H), 3.50 (m, 107H, EG26-H), 3.37
(t, J=6.0 Hz, 2H, EG26-H), 3.17 (dd, J = 5.8, 11.5 Hz, 2H, EG26-H), 3.08 (m, 1H, Hy), 2.91 (m,
2H,H),281(dd,J=4.7,129 Hz, 1 H, HeorHe"), 2.54 (d, J = 12.8 Hz, 1 H, He- 0or Hg), 2.37 (t, J
= 6.9 Hz, 2 H, Hy), 2.27 (t, J = 6.6 Hz, 2 H, H,), 2.04 (t, J = 6.8 Hz, 2 H, H)), 1.44 (m, 12 H, Hy,
Hi, Hn, Hn, Hm, Ho) (400 MHz, DMSO) ppm. MS m/z: calculated for CysH172NsQ036S [M+Na]*
2185.1 found MALDI-TOF 2185.1.
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Compound 12

A solution of compound 11 (115 mg, 0.052mmol) and piperidine (4 ng, 0.006 mmol) in DCM (3
mL) was stirred for 48 h. Then DCM was added and the organic layer was washed twice with
1M HCI. The organic layer was concentrated under reduced pressure to furnish compound 12 as
yellowish oil (112 mg, 97%). *H NMR ([D6]dimethyl sulfoxide): & = 8.65 (d, J = 7.2 Hz, 1H,
NH), 8.50 (t, J = 5.6 Hz, 1H, NH), 7.86 (t, J = 5,5 Hz, 1H, NH), 7.70 (t, J = 5,5 Hz, 1H, NH),
7.27 (m, 16 H, Ar-H), 7.21 (m, 4 H, Ar-H), 6.87 (d, J = 15.5 Hz, 1H, Hs or H,), 6.82 (d, J = 15.5
Hz, 1H, Hs or Hy), 6.40 (br s, 1 H, Ha), 6.34 (br s, 1 H, Hp), 4.72 (dd, J = 8.1, 10.9 Hz, 1 H, H or
Hy), 4.55 (M, 3H, Hy or Hq, Hy), 4.33 (M, 3H, Hc, Hy, H)), 4.12 (m, 2H, Hg, Hy), 3.68 (m, 1H,
EG26-H), 3.50 (m, 107H, EG26-H), 3.37 (t, J = 6.0 Hz, 2H, EG26-H), 3.17 (dd, J = 5.8, 11.5
Hz, 2H, EG26-H), 3.08 (m, 1H, Hy), 2.91 (m, 2 H, Hy), 2.81 (dd, J = 4.7, 12.9 Hz, 1 H, He or He"),
2.54 (d, J =12.8 Hz, 1 H, He- or He), 2.37 (t, J = 6.9 Hz, 2 H, Hy), 2.27 (t, J = 6.6 Hz, 2 H, H,),
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2.04 (t, J = 6.8 Hz, 2 H, H;), 1.44 (m, 12 H, Hg, Hi, Hn, Hn, Hm, Ho); °C NMR ([D6]dimethyl
sulfoxide): 6 = 173.4, 172.7, 171.9, 171.2, 165.4, 164.6, 163.6, 141.1 (2C), 140.8, 140.8, 140.6,
140.5, 133.4, 132.4, 129.7, 128.6 (2C), 128.6 (2C), 128.5 (4C), 128.3, 128.2 (4C), 128.1 (2C),
126.9 (2C), 126.7(2C), 70.5 (50C), 70.5, 70.2, 69.8, 69.6, 67.3, 66.7, 55.5, 52.3, 49.7, 49.7, 40.4,
39.6, 39.3, 38.3, 35.7, 30.9, 30.7, 29.6, 29.4, 28.7, 28.0, 25.5, 22.6, 21.9 ppm. MS m/z:
calculated for CyogH172NsO36S [M+Na]* 2184.0 found FAB 2184.1.
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5-azidoisophthaloyl dichloride

Cl
B 0]
N3 A
0]

Cl

Compound 13

Step i) 5-aminoisophalic acid (2.5 g, 27.6 mmol) was placed in a flash with water (39 mL), 3 mL
of 12M HCI was added dropwise. The mixture was cooled in a ice bath at 0°C. NaNO;, was
dissolved in water and added dropwise to the mixture, which was stirred for 30 min. Then, NaN3
dissolved in water was added dropwise to the mixture. A yellow solid was formed and gas
evolution was observed, making it difficult to keep stirring. The mixture was stirred until gas
evolution was no longer detected. The product was then filtered, washed with distilled water and
dried under vacuum (3.4g, 60%). *H NMR ([D6]dimethyl sulfoxide): & = 13.49 (br s, 2H, OH),
8.22 (t, J = 1.4 Hz, 1H, Ar-H, Ha), 7.73 (d, J = 1.4 Hz, 1H, Ar-H, Hg) ppm.

Step ii) To a stirred suspension of 5-azido-isophthalic acid (100 mg, 0.48 mmol) in DCM (2 mL)
two drops of anhydrous DMF and oxalyl chloride (0.15 mL, 1.95 mmol) were added. The
reaction mixture was stirred until the product was totally solubilized. The solvent was removed
under reduced pressure and the sample was kept 3 h under vacuum to remove oxalyl chloride.
The crude product was then used directly in the next reaction step.
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Scheme for the synthesis of compound 14

_Boc
+* Boc,O —> H,N
HoN 2 Ar, r.t. 2
17(90%)
| X
EtN, Cl N s
CHClI; 0 0
Ar, 0°C to r.t.
C E F C
H,N Boc—NH R G
L< >—§ o} ¥< >ﬁ o]
D HN J i) TFA, DCM D HN J
' — 0°C tort. | =
Ny /K Ny /K

i) Amberlyst A-21

HN MeOH : DCM 1:1 HN
— H— 0] — >— (@)
H-N Boc—N
H

2
14

(quantitative yield) 18 (90%)

N2.N®-bis(4-(aminomethyl)benzyl)pyridine-2,6-dicarboxamide
C EF

H,oN C
D HN

[ J

N\/K

C HN
O
H,N

Compound 14
Step i). To a solution of p-xylylenediamine (515 mg, 3.78 mmol) in chloroform (60 mL) at 0 °C,
a solution of di-tert-butyl carbonate (413 mg, 1.89 mmol) in CHCI; (45 mL) was added dropwise
over a period of 4h. The mixture was stirred at room temperature overnight under Ar. A white
solid was filtered from the solution and washed with cold CHCI3. The filtrate was concentrated
under reduced pressure. To the remaining oil, DCM and water was added. The layers were
separated and the aqueous layer was extracted with DCM (x3). The extracts were combined and
dried over Na,SO,4. The crude material was purified using a gradient elution (DCM/MeOH 15:1
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to 6:1) to give compound 17 as yellowish solid (400 mg, 90%) *H NMR (CDCls): & = 7.26 (m,
4H, Ar-H), 4.28 (m, 2H), 3.84 (s, 2H) ppm.

Step ii) 2,6-Pyridinedicarboxylic acid (234 mg, 1.4 mmol) was suspended in anhydrous DCM,
the mixture was cooled to 0°C, then oxalyl chloride was added dropwise followed by the addition
of 2 drops of DMF. The reaction mixture was stirred until the product was totally solubilized.
The solvent was removed and the crude solid was dried under vacuum for 2 h. The acid chloride
(221 mg, 1.1 mmol) dissolved in CH3Cl, was added dropwise to a solution of compound 14 and
EtsN in CH3CI. The reaction mixture was stirred overnight. The solvent was removed under
reduced pressure. To the remaining oil, DCM and water were added. The layers were separated
and the aqueous layer was extracted with DCM (x3). The extracts were combined and dried over
Na,SO,. The crude material was purified using column chromatography, with a gradient elution
(DCM/MeOH 15:1 to 6:1) to give compound 18 as yellowish solid (400 mg, 90%) *H NMR
(CDCl3): 6 =8.90 (brs, 2H, NH, Hy), 8.27 (d, J = 7.8 Hz, 2H, Ar-H, H;), 7.95 (t, J = 7.8 Hz, 1H,
Ar-H, Hy), 7.03 (m, 4H, Hg), 6.97 (m, 4H, Hg), 5.28 (br s, 2H, NH, Hc), 4.31 (br d, J = 5.5 Hz,
4H, Hg), 4.09 (br d, J = 5.9 Hz, 4H, Hp), 1.40 (s, 18H, Boc-H); *C NMR (CDCls): & = 163.8,
156.2, 148.8, 138.7, 138.1, 137.2, 127.7, 127.2, 125.0, 79.5, 44.1, 43.0, 28.4 ppm.

Step iii) Compound 18 was dissolved in DCM, the solution was cooled to 0 °C and TFA was
added dropwise until the reaction was completed (TLC). Solvent was removed under vacuum.
The crude material was dissolved in DCM/MeOH 1/1 v/v ratio and was stirred with Amberlyst
A-21 resin for 1h. The solvent was removed under reduced pressure to yield compound 14 as a
hygroscopic powder (quantitative yield). '"H NMR ([D6]dimethyl sulfoxide): & = 9.92 (br t, J =
6.4 Hz, 2H, NH, H)), 8.22 (m, 3H, Ar-H, Hj, Hx), 7.37 (m, 4H, Hg), 7.33 (m, 4H, He), 4.31 (br d,
J=6.4Hz, 4H, Hg), 4.09 (br s, 4H, Hp).
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Compound 15

Thread 12 (16 mg, 7.3 x 10 mmol), was dissolved in 1.5 mL CHCI; (stabilized with
amylenes), EtsN (30 uL, 0.22 mmol) was added and the reaction mixture were stirred vigorously
while solutions of the diamine, compound 14, (36 mg, 0.09 mmol) in CHCI3 (0.7 mL) and the
acid chloride, compound 13 (21 mg, 0.09 mmol) in CHCI3 (0.7 mL) were simultaneously added
over a period of 3h using motor-driven syringe pumps. After 24h the resulting suspension was
filtered and the solvent removed under reduced pressure. The crude material was purified by
column chromatography (gradient elution: DCM/ MeOH 25:1 to 18:1) to furnish rotaxane 15 as
a colorless oil (7 mg, 35%); *H NMR ([D6]dimethyl sulfoxide): & = 9.83 (m, 1H, NH), 9.56 (m,
2H, NH), 9.18 M (m, 1H, NH), 8.72 (d, J = 7.1 Hz, 1H, NH;or NH,), 8.52 (t, J = 5.7 Hz, 1H,
NH; or NHz,), 8.31 (m, 1H, Ar-H), 8.22 (m, 2H, Ar-H), 8.11 (m, 1H, NH), 7.82 (m, 1H, NH),
7.70 (m, 1H, NH), 7.63 (m, 2H, Ar-H), 7.28 (m, 16 H, Ar-H), 7.21 (m, 8H, Ar-H), 7.13 (m, 4 H,
Ar-H), 6.51 (m, 2H, Hs Hy), 6.41 (brs, 1 H, H,), 6.35 (brs, 1 H, Hp), 4.72 (dd, J = 8.1, 10.9 Hz, 1
H, Hqor Hy), 4.56 (m, 7H, Hy or Hg, Hy, Hy and Hp or Hg), 4.37 (m, 7H, Hc, Hy, H, and Hp or
Hg), 4.11 (m, 2H, Hg, Hp), 3.50 (m, 14H, EG26-H), 3.40 (m, 90H, EG26-H), 3.17 (m, 2H, EG26-
H), 3.08 (m, 1H, H), 2.91 (m, 2 H, H)), 2.81 (m, 1 H, Heor He'), 2.54 (d, J = 12.8 Hz, 1 H, He or
He), 2.32 (m, 2 H, Hy), 2.21 (t, J = 6.6 Hz, 2 H, H,), 2.03 (t, J = 6.8 Hz, 2 H, H)), 1.44 (m, 12 H,
Hg, Hi, Hn, Ha, Hm, Ho) MS m/z: calculated for C1ogH172N6O36S [M+Na]* 2759.4 found MALDI-
TOF 2763.3.
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Position of the macrocycle in solution

Comparison of the 'H NMR spectra of axle, compound 12, and [2]rotaxane compound 15
(depicted in the next two figures) in [D6]dimethyl sulfoxide (400 MHz, 298K) indicates that the
macrocycle predominantly resides over the fumaramide station. The Hs and H; protons of the
fumaramide group are strongly shielded in the rotaxane compared to the axle evidenced by a
shift in their peak positions by 0.34 ppm, whereas the chemical shifts of the H, and H,, protons

of the succinic amide-ester group are only slightly shifted by 0.05 ppm.

O\\‘Y/ NH H (@] u
HN / ~ \/\,M\N . 0O o Y A\T,Ph
H s H 2 v Ph
W
|
| r | ‘ 1 | J« |
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The figure above compares compound 12, (E)-t(r:);)e;d, (top spectrum) and compound 15, rotaxane
molecule, (bottom spectrum) Showing in green the protons corresponding to the fumaramide
double bond, which are shifted in 0.34 ppm in the rotaxane molecule; in orange we can find the
protons of the succinic-amide ester group, which are shifted only by 0.05 ppm in the rotaxane

molecule. Finally we can find the protons corresponding to the macrocycle highlighted in blue.
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S2 Supplementary figures

Supplementary figure 1: Distance between stations in the gas phase. Energy-minimized
(MMF94s) structure of the axle, marking the distance (11.2 nm) between the N atom of the fum

station and the O atom of the succ station.
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Supplementary figure 2: Consecutive force-extension curves of a single rotaxane. The figure
shows 48 consecutive pull (green)-relax (orange) cycles of a representative rotaxane-DNA
construct (pulling rate 200 nm s™). Each pull-relax cycle is shown in an independent plot for
clarity of display. The robustness of our method allowed us to obtain up to 120 pull-relax curves
from a single molecule. The bi-stability of the molecule can be seen clearly in several curves as
rapid oscillations of distance at forces close to fy,.
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Supplementary figure 3: Determination of the free energy of stretching of the rotaxane-DNA
hybrid. The force-extension curve of the rotaxane-DNA hybrid after shuttling, when the
macrocycle is at the succ station, results from the elastic properties of the dsDNA (spacer and
handle, 3615 bp) and those of the rotaxane. The Worm-Like-Chain model (WLC) of polymer
elasticity is known to predict well both, the extension of dsSDNA? and the extension of a linear
polymer, like PEG?, as a function of the applied force. In fact, the force-extension curve of the
rotaxane-DNA hybrid after shuttling is well fit by an expression including the sum of two WLC
models; one for the dSDNA, with persistence and contour lengths of L, =50 nm and L. = 0.34 nm
bp™, respectively®, and another for the rotaxane, with L, = 0.9 = 0.2 nm and L = 21.6 = 1 nm,
under our experimental conditions. The figure shows the force-extension curve of the rotaxane
according to a WLC model including the L, and L values determined from the fits. As expected,
a length of 14.96 nm (indicated by a line) for the fully extended rotaxane at the coexistence force
(8.61 pN) is predicted, which is fully compatible with the shuttling distance measured
experimentally, ~15 nm. The free energy of stretching of the rotaxane (AGstretcn) Was calculated

by integrating the area under the curve from 0 pN to the coexistence force, AGgretcn= 11.8 kgT.
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Supplementary figure 4: Examples of the shuttling dynamics for independent rotaxane-DNA
constructs at different constant forces. Green and orange lines represent the extension of the
DNA handles when the fum and succ stations, respectively, are active.
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Supplementary figure 5: Distributions of residence times. a Real-time extension changes vs.
time of a molecular shuttle hold at a constant force of 9.2 pN. For clarity of display only the first
150 seconds are shown (total recording time for this molecular shuttle was 240 s). Green and
orange boxes represent the extension of the dsDNA handles when the fum and succ stations,
respectively, are active. b The residence time distribution at the fum station for molecule shown
in (A) fits well to a single exponential (black line). ¢ Residence time distribution at the succ
station for molecule shown in (A) fitted to a single exponential (black line). As expected at force

higher that f;,, the macrocycle spends longer times at the succ station.
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Supplementary figure 6: Scheme of the copper-free “click” reaction for the initial step of

coupling of the macrocycle with dsDNA.
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