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Experimental Section

General Notes

NMR spectra were recorded on Varian Mercury 300 and Unity Plus 500, and Bruker
AVII 500 (with *C Cryoprobe) spectrometers. Mass spectrometry was carried out on a
Micromass LCT Premier XE spectrometer and accurate masses were obtained to 4
decimal places using Bruker microTOF and Micromass GCT spectrometers. Melting
points were recorded on a Gallenkamp capillary melting point apparatus and are
uncorrected. Elemental analyses were performed by the service at the Inorganic
Chemistry Laboratory, University of Oxford.

All commercialy available solvents and chemicals were used as obtained, without further
purification, unless otherwise stated. Triethylamine was dried and stored over potassium
hydroxide. (TBA),SO, was prepared by concentrating a commercially available aqueous
solution, then azeotroping the residue with dry THF with the resulting solid being dried
and stored over P,Os in adesiccator. Grubbs' 1% and 2™ Generation Catalysts, AgPFs and
tetrabutylammonium (TBA) salts were stored prior to use in a desiccator, under vacuum,
that contained P,Os and self-indicating silica. Deionised water was used in al cases.
When stated as dry, solvents were prepared by degassing with N, then drying by passing
through an MBraun MPSP-800 column and used immediately.

3, 5-bis-chloro-carbonyl pyridine and 5-tert-butylisophthaloyl dichloride were prepared
by refluxing the appropriate commercially available diacid in excess SOCI, under an
atmosphere of N, until no solid remained. The reaction mixture was allowed to cool to
room temperature and excess SOCIl, was removed in vacuo. The product was
immediately used, with the reaction assumed to have occurred in quantitative yield.

Synthetic Procedures & Characterization

The preparation and characterization of compounds 1°(X),* 2*(X),? 4> 5> 3% 7! 82
10 (X)(Y)! and 15%(Cl)* where X', Y™ = ClI" or PFg (and I, for 1" and 2*) have all been
reported previously.

Synthesis and characterization of catenanes 112" (X)(Y"):

Procedure

[2]Catenanes 11%*(X)(Y") were prepared by stirring one equivalent of precursor X*(X)
(0.038 mmol) and one equivalent of precursor X*(Y") (0.038 mmol) in dry CH.Cl,
(25 mL) for 20 minutes. Grubbs' catalyst (10% by wt) was then added, and the reaction
mixture was stirred under an atmosphere of N, for 16 h. Purification by silica gel
preparatory TLC (CH,Cl,/CH30H 92:8 or CH,Cl,/CH30OH 88:12), gave the [2]catenanes
as yellow filmswith yields as stated in Table 1 of the main article.

[2]Catenane 11%(PF), was also prepared by washing a solution of 11*(Cl"), (13 mg,
0.010 mmoal) dissolved in CHCl3 (10 mL) with 0.1 M NH4PFgs (15 x 2 mL), then H,O
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(10 x 10 mL). The organic layer was then separated, dried over MgSO, and solvent
removed in vacuo to give the product as a yellow solid (15 mg, quant.).

Characterization

[2]Catenane 11%(Cl),

Mt. pt. = 146°C (dec.); 6n(300 MHz; CD3CN): 9.54 (2H, s, para-pyridinium ArH), 9.14
(4H, s, ortho-pyridinium ArH), 8.79 (4H, t, °J=3.7 Hz, NH), 6.57 (8H, d, *J=8.9 Hz,
hydroquinone ArH) 6.31 (8H, d, *J=89Hz, hydroquinone ArH), 6.04 (4H, dt,
3)=2.7Hz, 3J=14Hz, CH,CH=CH), 4.44 (6H, s, N'CHs), 4.054.11 (16H, m,
CH,CH=CH & OCH,), 3.78-3.81 (8H, m, OCH,), 3.64-3.74 (16H, m, OCH, &
NHCHy); 8¢(75.5 MHz; CD3CN): 161.5, 153.8, 153.4, 147.5, 140.2, 133.6, 130.8, 115.8,
115.4, 71.5, 70.0, 68.9, 66.4, 42.0 (one aliphatic C missing); m/z (ES): 592.2643 ([M —
2Cl]?%*, CeaH76NeO16 requires 592.2653).

[2]Catenane 11%(CI")(PF¢)

Mt. pt. = 126-134°C; 64(300 MHz; CD3CN): 9.17 (2H, br. s, para-pyridinium ArH), 8.85
(4H, br. s, ortho-pyridinium ArH), 7.98 (4H, br. s, NH), 6.56 (8H, d, *J=8.6 Hz,
hydroquinone ArH), 6.36 (8H, d, 3J=8.6Hz, hydroquinone ArH), 6.04 (4H, t,
3) = 2.8 Hz, CH=CH), 4.45 (6H, s, N"CHs), 4.04-4.10 (16H, m, CH,CH=CH & OCH,),
3.86 (8H, br. s, OCH,), 3.68-3.75 (16H, m, OCH; & NHCH); 6c(75.5 MHz; CD3CN):
161.5, 153.7, 153.5, 146.8, 140.8, 134.1, 131.0, 115.9, 115.7, 71.5, 70.0, 69.1, 66.9, 50.5,
41.2; 8¢(282.4 MHz; CD3CN): —72.8 (d, *J = 707 Hz, PF¢); m/z (ES): 592.2652 ([M]*,
CesH76NsO16 I'GQUi res 5922653)

[2]Catenane 11% (PF¢),

Mt. pt. = 126°C; d4(300 MHz; CD3CN): 9.07 (2H, s, para-pyridinium ArH), 8.76 (4H, s,
ortho-pyridinium ArH), 7.85 (4H, br. s, NH), 6.55 (8H, d, %J=8.2 Hz, hydroquinone
ArH), 6.40 (8H, d, 3J = 8.2 Hz, hydroquinone ArH), 6.03 (4H, app. s, CH=CH), 4.45 (6H,
s, N"CH3), 4.03-4.09 (16H, m, CH,CH=CH & OCHy), 3.90 (8H, br. s, OCH,), 3.71-3.76
(16H, m, OCH; & NHCH,); 6c(125.8 MHz; CD3CN): 161.5, 153.7, 153.6, 146.5, 141.2,
134.4, 131.0, 115.9, 115.8, 71.5, 70.0, 69.2, 67.1, 50.7, 41.0; 6¢(282.4 MHz; CD3CN): -
72.9 (d, 2J=706 Hz, PFg); 8:(282.4 MHz; CD3CN): -72.9 (d, 1J= 706 Hz, PF¢); m/z
(ES): 592.2649 ([M]*, CeH7NeO1s requires 592.2653); Elemental analysis found:
C51.1; H5.3; N 5.4. CesH76NO16(PFs)220.5(CH2Cl>) requires C 51.0; H 5.1; N 5.5.
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Figure S1: Spectral characterization of [2]catenane 11%(Cl),.



Electronic Supplementary Material (ESI) for RSC Advances
This journal is © The Royal Society of Chemistry 2011

'H NMR (CD,CN, 300 MHz, 293 K)

H,O0
solvent
T I S Y N T R S
Chemical Shift (ppm)
“C NMR (CD.CN, 75.5 MHz, 293 K)
solvent
solvent
180 160 140 120 100 80 60 40 20
Chemical Shift (ppm)
“F NMR (CD,CN, 75.5 MHz, 293 K) HRMS (ES +ve)
592.2652
5927666
593 2685
Actual /\ N 593.7702
Spectrum I
CB4H
502 2653
592.7670
593.2687
Isotope
" Model 5937704 s5g40720
ARAS RARLEERARELERAE RS T T T T T
-60 -80 592.0 5925 593.0 Fil 593.5 594.0 594.5

Chemical Shift (ppm)

Figure S2: Spectral characterization of [2]catenane 11%(Cl")(PFg).
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Figure S3: Spectral characterization of [2]catenane 11 (PF),.
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Synthesis of compounds 6, 7, 3°(X) X =1, CI', PFs, 13°(Cl), 14 & 15

2-(4-(Allyloxy)phenoxy)acetonitrile (S-1) was prepared by literature procedures.”

C C
(] 9]
LiAlH,

Et,0
9] A o

r 88%
CN NH;
S-1 6

Scheme S1: Synthesis of compound 6.

Compound 6

A solution of 2-(4-(allyloxy)phenoxy)acetonitrile S-1° (1.20 g, 6.31 mmol) in dry Et,O
(30 mL) was slowly added to a suspension of LiAlH4 (0.36 g, 9.47 mmal) in dry Et,O
(20 mL) and the mixture was then heated under reflux for 1 h under a N, atmosphere. The
reaction was allowed to cool to RT and H,O (0.36 mL) was added dropwise (CAUTION!
— highly exothermic) followed by 15% NaOHy (0.36 mL) and then further H>O
(1.08 mL). The white precipitate was then filtered and washed with Et,O (100 mL). All
organics were combined, dried over MgSO, and the solvent removed in vacuo to give a
golden oil which on standing solidified into a white waxy solid (1.07 g, 88%).
84(300 MHz; CDCls): 6.85 (4H, s, ArH), 6.01-6.10 (1H, m, CH=CH,), 5.26-5.44 (2H,
m, CH=CH,), 449 (2H, dt, ®J=53Hz, “J=13Hz, CH,CH=CH,), 3.94 (2H, t,
3) = 5.1 Hz, CH,CH,NH,), 3.06 (2H, t, J = 5.1 Hz, CH,CH,NH,), 1.48 (2H, br. s, NH.);
dc(75.5 MHz; CDCl3): 153.1, 152.8, 133.5, 117.4, 115.6, 115.3, 70.7, 69.4, 41.6; m/z
(F|): 193.1101 ([M.]+, C11H1sNO> requires 1931103)

Compound 9

Compound 6 (1.05g, 5.43 mmol) was dissolved in dry CH,Cl, (100 mL) with excess
NEts (4 mL) and the mixture cooled to 0°C. A solution of pyridine-3,5-biscarbonyl
dichloride (0.55 g, 2.72 mmol) in dry CH,Cl, (50 mL) was added dropwise to the reaction
which was then stirred at RT for 1 h under a N, atmosphere. The product precipitated out
during the course of the reaction and was filtered from the reaction mixture as a white
solid (1.00 g, 71%). Mt. pt. = 188°C; 81(300 MHz; ds-DMS0): 9.11 (2H, d, “J=2.1 Hz,
ortho-pyridyl ArH), 9.05 (2H, t, J=5.4 Hz, NHCH,), 8.63 (1H, t, *J=2.1 Hz, para-
pyridyl ArH), 6.88 (8H, d, ®J=1.8Hz, hydroquinone ArH), 5.94-6.07 (2H, m,
CH=CH,), 5.20-5.39 (4H, m, CH=CH,), 4.48 (4H, dt, 3J=51Hz, “J=1.7Hz
CH,CH=CH,), 4.07 (4H, t, 3J=5.7 Hz, NHCH,CH,), 3.61-3.66 (4H, app. quartet,
NHCH,CHy); 6c(75.5 MHz; de-DMSO): 164.6, 152.5, 152.4, 150.5, 134.1, 134.0, 129.5,
117.2, 115.6, 115.4, 68.6, 66.4, 39.2; m/z (ES): 540.2101 ([M + Na]*, CoHzN3sNaOsg
requires 540.2105).
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Compound 37(1)

Compound 9 (1.00 g, 1.93 mmol) and Mel (5 mL) were dissolved in acetone (25 mL) and
heated under reflux for 60 h. The reaction was then cooled to RT and the solvent was
removed in vacuo to give the product as a bright yellow oily solid (1.25g, 98%).
d1(300 MHz; CDCl3): 9.86 (1H, s, para-pyridinium ArH), 9.35 (2H, s, ortho-pyridinium
ArH), 8.84 (2H, t, 3J=5.6 Hz, NH), 6.73-6.83 (8H, m, hydroquinone ArH), 5.95-6.08
(2H, m, CH=CH,), 5.24-5.42 (4H, m, CH=CH,), 4.43-4.44 (7TH, m, N'CH; and
OCH,CH=CHy), 4.16 (4H, t, 3J=5.4Hz, NHCH,CH,), 3.79-3.85 (4H, app. quartet,
NHCH,CH,); 6c(75.5 MHz; CDCl3): 160.7, 152.9, 152.5, 146.2, 141.4, 133.6, 133.3,
117.6, 115.8, 115.6, 69.4, 66.5, 49.4, 40.1; m/z (ES): 532.2457 (M — I]*, C3oHz4N3O¢
requires 532.2442).

Compound 3*(Cl")

A solution of 3*(1") (1.22 g, 1.85 mmol) in CHCI3 (150 mL) was shaken vigorously in a
separating funnel with 1M NH4Cl 4 (8 x 150 mL). The organic layer was then washed
with H,O (2 x 75 mL), dried over MgSO, and the solvent removed to give an oily yellow
solid (0.90 g, 86%). Mt. pt.= 147°C; 64(300 MHz; CDCl3): 1043 (1H, s, para-
pyridinium ArH), 9.56 (2H, t, 3J = 5.4 Hz, NHCH,), 9.35 (2H, s, ortho-pyridinium ArH),
6.74—6.87 (8H, m, hydroquinone ArH), 5.96-6.09 (2H, m, CH=CH,), 5.25-5.42 (4H, m,
CH=CH,), 4.44 (4H, dt, *J=5.3Hz, “J= 1.5 Hz, OCH,CH=CH,), 4.39 (3H, s, NCH3),
4.16 (4H, t, 3J=5.6Hz, NHCH,CH,), 3.78-3.83 (4H, app. quartet, NHCH,CH.);
dc(75.5MHz; CDCl3): 160.4, 153.0, 152.7, 146.3, 141.7, 133.9, 133.4, 117.6, 115.9,
115.6, 69.4, 66.7, 49.2, 40.3; m/z (ES): 532.2428 (IM — CI]*, CzoH3sN30s requires
532.2442).

Compound 3*(PFg)

3*(Cl") (150 mg, 0.26 mmol) was dissolved in dry CH,Cl, (50 mL) in a round bottom
flask protected from light. AgPFs (267 mg, 1.06 mmol) was then added, with the
resulting mixture being stirred at RT in the absence of light under a N, atmosphere for 2
h. The solid residue was triturated with CH3CN, filtered and the filtrate was concentrated
in vacuo to give a yellow solid. This solid was then redissolved in CH,Cl, (20 mL) and
stirred with H,O (20 mL) upon which the product precipitated out. The precipitate was
collected by filtration and redissolved in CH3CN. After removal of the solvent in vacuo
the product was obtained as a yellow solid (170 mg, 95%). Mt. pt. = 148-152°C;
81(300 MHz; CDsCN): 9.11 (2H, d, “J=1.3 Hz, ortho-pyridinium ArH), 9.03 (1H, t,
3= 1.3 Hz, para-pyridinium ArH), 7.67-7.70 (2H, m, NH), 6.87 (8H, s, hydroquinone
ArH), 598-6.10 (2H, m, CH=CH,), 5.21-5.41 (4H, m, CH=CH,), 4.48 (4H, dt,
3)=5.1Hz, *J= 1.7 Hz, OCH,CH=CH,), 4.38 (3H, s, N*CHa), 4.12 (4H, t, 3J=5.3 Hz,
NHCH,CH,), 3.75-3.81 (4H, app. quartet, NHCH,CH>); 8(75.5 MHz; CD3sCN): 161.9,
154.0, 153.8, 147.7, 142.1, 135.3, 135.0, 117.7, 116.7, 116.6, 70.0, 67.5, 49.4, 41.0;
8:(282.4 MHz; CD3CN): —72.9 (d, J = 709 Hz, PF¢); m/z (ES): 532.2438 ([M — PFg]",
C3oH3z4N306 eri res 5322442)
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Compound 137(Cl")

RCM precursor 3°Cl (20 mg, 0.035 mmol) was dissolved in dry CH,Cl, (10 mL), and
then Grubbs 1% generation catalyst (2.0 mg, 10% by wt.) was added, with the resulting
reaction mixture being stirred for 16 h under a constant flow of Nyg). During the course
of the reaction, a yellow solid precipitated out. After solvent was removed in vacuo it was
possible to identify the macrocyclic product in electrospray MS. However, the severe
insolubility of the macrocyclic product prevented purification by either crystallisation or
chromatographic methods. m/z (ES): 504.2127 (M - C1]+, CasH3oN3Os  requires
504.2129).

o

O/\/ HN

N/

Grubbs' |l catalyst,

E e [ 3

0
NH (
6

Scheme S2: Synthesis of macrocycle 14.

7/

\\j@

14

Compound S-2. Compound 6 (0.87 g, 4.50 mmol) was dissolved in dry CH,Cl, (100 mL)
with excess NEtz (1.5mL) and the mixture cooled to 0°C. A solution of 5-tert-
butylisophthaloyl dichloride (0.58 g, 2.25 mmol) in dry CH,Cl, (50 mL) was added
dropwise to the reaction which was then stirred at RT for 16 h under a N, atmosphere.
The reaction mixture was subsequently washed with 1 M HCI (3 x 100 mL) and brine (3
x 100 mL), dried over MgSO, and the solvent removed in vacuo to give the crude
product which was purified using silica gel chromatography (CH.Cl,/CH3OH 98.5:1.5) to
give the product as a white solid (0.73 g, 56%). Mt. pt. = 88°C; 61(300 MHz; CDCl3):
7.96 (2H, d, *J = 1.5 Hz, ortho-isophthalamide ArH), 7.92-7.93 (1H, t, “J = 1.5 Hz, para-
isophthalamide ArH), 6.85 (8H, s, hydroquinone ArH), 6.67 (2H, t, J=5.4 Hz, NH),
5.98-6.11 (2H, m, CH=CH,), 5.25-5.44 (4H, m, CH=CH,), 4.49 (4H, dt, *J=5.3 Hz,
3 = 1.6 Hz, OCH,CH=CH,), 4.12 (4H, t, °J = 5.0 Hz, NHCH,CH.), 3.84-3.89 (4H, app.
quartet, NHCH,CH.), 1.36 (9H, s, CH(CHs)s); 8c(75.5 MHz; CDCls): 167.3, 153.1,
152.6, 152.5, 134.5, 133.4, 127.4, 122.2, 117.5, 115.7, 115.4, 69.4, 67.2, 39.8, 35.0, 31.1;
m/z (ES): 595.2774 ([M + Na]*, CasHoN2NaOg requires 595.2779).

S10
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Marcocycle 14

Compound S-2 (75 mg, 0.13 mmol) and TBACI (36 mg, 0.13 mmol) were dissolved in
dry CH,Cl, (50mL) and stirred under a N, atmosphere for 20 min. Grubbs 2™
generation catalyst (7.5 mg, 10% by wt) was then added and the reaction stirred at under
a constant flow of Ny for 16 h. The solvent was removed in vacuo and the product
purified using silica gel prep TLC (CH,Cl,/CH3OH 98:2) to give the product as a white
solid (27 mg, 36%). Mt. pt. = 238°C; 54(300 MHz; CDCls): 8.17 (2H, d, “J=1.5Hz,
ortho-isophthalamide ArH), 7.70 (1H, t, “J=1.5 Hz, para-isophthalamide ArH), 6.71—
6.77 (10H, m, hydroquinone ArH & NH), 5.85-5.86 (2H, m, CH=CH), 4.62 (4H, dd,
3)=2.4Hz, *J=1.2Hz, OCH,CH=CH), 4.08 (4H, t, %J=4.9 Hz, NHCH,CH,), 3.85—
3.90 (4H, app. quartet, NHCH,), 1.37 (9H, s, CH(CHs)3); 8c(75.5 MHz; CDCls): 167.1,
153.2, 152.8, 152.6, 134.3, 130.0, 128.7, 119.8, 117.1, 115.6, 68.8, 67.6, 39.4, 35.1, 31.1;
m/z (ES) 567.2463 ([M + Na]+, C3oH3sN>NaOg requires 5672466)

S11
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Figure $4: Spectral characterization of compound 6.
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Figure S5: Spectral characterization of compound 9.
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Figure S6: Spectral characterization of compound 3°(1°).
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Figure S7: Spectral characterization of compound 3*(CI).
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Figure S8: Spectral characterization of compound 3" (PFg).
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Figure S9: HRMS of compound 13*(CI).
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Figure S10: Spectral characterization of compound S-2.
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Figure S11: Spectral characterization of compound 14.
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Additional Spectral Comparisons
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Figure S12: 'H NMR spectra of (a) RCM precursor 1*(PFs), (b) 1*(PFs) + 0.5 eq. TBACI and (c) 17(PFe)
+ 1.0 eq. TBACI. Solvent: CDCl3, T = 293 K.
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Figure S13: *H NMR spectra of (a) macrocycle 14, (b) N-methyl pyridinium thread 15°(Cl") and (c) 1 eq.
14 + 1 eq. 15°(CI"). Solvent: CD.Cl,, T = 293 K.
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Crystallography
Crystal Structure of Catenane 117*(Cl),

Crystals were grown by slow diffusion of di-isopropyl ether into a CHCI3/CH3;OH
solution of catenane 11%(Cl"),. Single crystal X-ray diffraction data were collected using
silicon double crystal monochromated synchrotron radiation (A = 0.68890 A) at Diamond
Light Source beamline 119 using a custom-built Rigaku diffractometer equipped with a
Cryostream N, open-flow cooling device.® The data were collected at 150(2) K via a
series of w-scans were performed in such a way as to cover a sphere of data to a
maximum resolution of 0.77 A. Cell parameters and intensity data (including inter-frame
scaling) were processed using the CrystalClear package.” The structure was solved by
charge flipping using SuperFlip® and refined using al data against F? within the
CRYSTALS suite.’

The sample diffracted very weakly, and at high angles the reflections were completely
absent, even when subjected to synchrotron radiation. This is ascribed to the large cavity
containing disordered solvent. After structure solution, the entire main residue could be
modeled but no further structure could be resolved in the solvent cavity, and PLATON
SQUEEZE™ was therefore used to model this diffuse electron density.

Thermal restraints were applied where appropriate to the main residue. Hydrogen atoms
were placed geometrically and subsequently constrained using rides. Absent high angle
data were omitted from the refinement using the Wilson plot.

Figure S14: X-ray crystal structure of [2]catenane 11%*(Cl),. Thermal ellipsoids displayed at 50%
probability.
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Table S1 Selected crystallographic data for [2]catenane 11%*(Cl"),

Compound reference 11%(Cl),
Chemical formula 2(C32H38N308)'2C|
Formula Mass 1256.24
Crystal system Monoclinic
alA 17.303(6)
b/A 9.051(3)
c/A 43.048(16)
al® 90

pl° 95.680(3)
yl° 90

Unit cell volume/A® 6709(4)
Temperature/K 150

Space group P2/n

No. of formula units per unit cell, Z 4

No. of reflections measured 22082

No. of independent reflections 22082

Rint 0.163

Fina R; values (I > 24(1)) 0.1122
Final WR(F?) values (I > 24(1)) 0.2568
Final R; values (all data) 0.1401

Final wR(F?) values (al data) 0.2862
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Crystal Structure of Catenane 11**(Cl")(PFs)

Crystals of 11%*(Cl")(PFs) were grown by the slow evaporation of a CDCly/CDsOD
solution of 11%*(PFg), and excess TBACI. A single crystal having dimensions of
approximately 0.24 x 0.36 x 058 mm was mounted on a glass fibre using
perfluoropolyether oil and cooled rapidly to 150 K in astream of cold N, using an Oxford
Cryosystems CRYOSTREAM unit. Diffraction data were measured using an
Enraf-Nonius KappaCCD diffractometer (graphite-monochromated MoKa radiation,
A =0.71073 A). Intensity data were processed using the DENZO-SMN package.™*

Examination of the systematic absences of the intensity data showed the space group to
be either P n a 2; or P n a m. The structure was solved in the space group P n a 2; using
the direct-methods program SIR92,"? which located all non-hydrogen atoms. Subsequent
full-matrix least-squares refinement was carried out using the CRYSTALS program
suite.® Coordinates and anisotropic thermal parameters of al non-hydrogen atoms were
refined. The NH hydrogen atoms were located in a difference Fourier map and their
coordinates and isotropic thermal parameters subsequently refined. Other hydrogen atoms
were positioned geometrically after each cycle of refinement. A 3-term Chebychev
polynomial weighting scheme was applied. Refinement converged satisfactorily to give R
= 0.0407, wR = 0.0459.

Figure S15: X-ray crystal structure of [2]catenane 11%*(Cl")(PFs). Thermal ellipsoids displayed at 50%
probability.
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Table S2 Selected crystallographic data for [2]catenane 11%*(Cl)(PFs).

Compound reference 11%(Cl)(PF)
Chemical formula 2(C32H38N308)’C| PFg
Formula Mass 1365.75
Crystal system Orthorhombic
alA 30.0276(3)
b/A 23.8378(3)
c/A 8.9679(2)

al® 90

pl° 90

yl° 90

Unit cell volume/A® 6419.15(18)
Temperature/K 150

Space group Pna2

No. of formula units per unit cell, Z 4

No. of reflections measured 35133

No. of independent reflections 12903

Rint 0.045

Fina R; values (I > 24(1)) 0.0407

Final WR(F?) values (I > 24(1)) 0.0459

Final R; values (all data) 0.0702

Final wR(F?) values (al data) 0.0459
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Crystal Structure of Catenane 11%*(SO,%)

Crystals were grown by dow diffusion of diisopropyl ether into a
dichloromethane/methanol solution of 11%*(PF¢), and excess TBA,SO,. Single crystal
X-ray diffraction data were collected using silicon double crystal monochromated
synchrotron radiation (A = 0.68890 A) at Diamond Light Source beamline 119 using a
custom-built Rigaku diffractometer equipped with a Cryostream N, open-flow cooling
device.® The data were collected at 150(2) K via a series of w-scans were performed in
such a way as to cover a half sphere of data to a maximum resolution of 0.77 A. Cell
parameters and intensity data (including inter-frame scaling) were processed using the
Crystal Clear package.”

&
Figure S16: Packing of the [2]catenane mixed sulphate salt showing the 3-fold axes at water (0,0,z) and
sulfate (1/3,1/3,2)

The structure could be solved in a variety of space groups, but it was found that P-3cl
(solved using SHELXS 86!*%) yielded a single macrocycle which was related to its
catenated partner by symmetry (Figure S16) and gave ghysically reasonable thermal
ellipsoids. Refinement was conducted against all data on F* using the CRY STALS suite.”
The entire macrocycle and the sul phate anions were obtained from the initial solution, but
the co-crystallised water and the hydrogen sulphate anion required iterative cycles of
Fourier refinement.

S26



Electronic Supplementary Material (ESI) for RSC Advances
This journal is © The Royal Society of Chemistry 2011

Figure S17: Catenane structure illustrating the inversion-symmetry of the two components and
intramolecular amide-amide hydrogen bonding

Due the high level of symmetry in the structure, the precise orientation of hydrogen
bonds in the water cluster could not be determined and had to be modelled using partial
occupancies. The hydrogen sulfate anion was more complex still. The pseudo-tetrahedron
is disordered up/down with respect to the three-fold axis on which it sits (Figure S17).
Additionally, one of the components at a slight angle to the axis, producing another level
of disorder. Finally, because of the three-fold axis the location of the protonated oxygen
(required to balance charge) is also disordered. Restraints were applied to the disordered
hydrogensul phate to produce a physically reasonable model, and the hydrogen atom was
located to prevent unfavourable charge interactions. This produced a pseudo-cube
geometry comprised of the two interpenetrated tetrahedra, consistent with the
experimental charge density (Figure S18).

Figure S18: Experimental charge density at the hydrogensulfate anin.

Hydrogen atoms on the main residue were located geometrically and refined against the
data using restraints, after which they were constrained using rides.
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Figure S19: X-ray crystal structure of the mixed sulfate catenane. Thermal ellipsoids displayed at 50%
probability. Disordered oxygen atoms in the hydrogensulfate anion shown in red and orange.

Table S3 Selected crystallographic data for [2]catenane 117*(SO,%).

Compound reference 11%(S04%)
Chemical formula C96H131N904082
Formula Mass 2115.17
Crystal system Trigona
alA 19.6106(4)
b/A 19.6106(4)
c/A 31.5616(8)
al® 90

pl° 90

yl° 120

Unit cell volume/A® 10511.7(4)
Temperature/K 150

Space group P3cl

No. of formula units per unit cell, Z 4

No. of reflections measured 132460
No. of independent reflections 12709

Rint 0.135
Fina Ry values (I > 24(1)) 0.1447
Final wR(F?) values (I > 24(1)) 0.3511
Fina Ry values (al data) 0.1488

Final wR(F?) values (al data) 0.3538
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'H NMR Titration Protocol

NMR spectrawere recorded on aVarian Unity Plus 500 spectrometer. A solution of guest
(concentration = 0.0750 moldm™>) was added to a 0.5 mL solution of the host
(concentration = 0.0015 moldm™®) at 293 K. The chemical shifts of specific protons of the
host were monitored for seventeen titration points (for 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 10.0 equivalents of added guest). The resulting
data were analysed using the WinEQNMR(2) computer program™ as the association of
guest and host was fast on the NMR timescale.

Anion binding titration experiments were carried out using salts of the non-complexing
tetrabutylammonium (TBA) cation as the guest species which were titrated into the host
species catenane 11%(PFg ), (in 50:50 CDCl3:CDsOD and 70:30 CD3CN:D,0).

The values of the observed chemical shift and the guest concentration were entered for
every titration point in the WinEQNMR(2) computer program and estimates for the
binding constant, limiting chemical shifts and binding stoichiometry were made. The
parameters were refined using non-linear least squares analysis to obtain the best fit
between observed and calculated chemical shifts; the program plots the observed shift
versus the guest concentration, revealing the accuracy of the experimental data and the
suitability of the model used. The input parameters were varied until the best-fit values of
the stability constants, together with their errors, converged.
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Computational Section:

Computational Details

Molecular mechanics calculations (MM) and molecular dynamics (MD) simulations were
performed with Amber11.™! Parameters for 11%* and 10°* with CH3sCO, and H.PO, were
taken from the Genera AMBER Force Field (GAFF).”? Their atomic charges were
obtained by optimizing the structure (for 11** and 10" we optimized its individual
component 2" and 1%) at the HF/6-31G* level of theory using Gaussian03!® followed by
the fitting of the atomic charges to the electrostatic potential (RESP procedure). The
[PFg]” counter ion was described with parameters and charges taken form the work of
Wang et al.l Methanol and chloroform solvent molecules were described using a full
atom model with parameters and charges taken from refs [5] and [6] respectively, while
for acetonitrile we used the parameters and charges proposed by Jaime et al.[”? Water was
described with the standard TIP3P model'® whereas van der Waals parameters for CI°
were taken from reference [9] and assigning a-1 partial charge.

As starting geometries for the simulations, the X-ray structure of 11%*(Cl")(PFs) and
10**(CI")(PFs) were used. For 11%*(X") and 10%*(X’) with X~ = CH3CO,, H.PO,, where
no X-ray structure was available, a gas-phase quenched dynamics simulation™® was
performed consisting on heating of the models up to 2000 K, followed by a 2ns
collection run, thus generating 20000 conformations. These were minimized by
molecular mechanics (MM) through 1000 steps of steepest descent method, followed by
the conjugate gradient method until a convergence criterion of 0.0001 kcal mol™ was
achieved. The energies were sorted by MM energy and the lowest energy co-
conformations were used.

All binding arrangements were solvated in individual cubic boxes of CHCI3:CH3;OH and
CH3CN:H,0O mixtures in the appropriate proportions (50:50 or 70:30, respectively) using
PACKMOLM™ (typically ca. 50 A in size after equilibration). For 11%*(X") and 10%*(X))
with X” = CH3CO,, H,POy, the [PFg]” counter ion was randomly placed around the
pyridinium moiety. In all simulations, this counter ion rapidly dissociates, so the initial
position of [PFg]” does not appear to be important.

The explicit solvent MD simulations started with an initial MM solvent and solute
relaxation, followed by 50 ps of NVT heating to 300 K using the Langevin thermostat
with a collision frequency of 1 ps™. The system was then equilibrated for 1 nsin NPT
ensemble at 1 atm with isotropic pressure scaling and a relaxation time of 2 ps. The
collection of data was performed at 300 K in a NVT ensemble during 25 ns taking
advantage of the new AMBER ability to use NVIDIA GPUS™ to accelerate explicit
solvent Particle Mesh Ewald (PME) calculations®® The SHAKE™ algorithm was
employed in al solution simulations to constrain all bonds involving hydrogens, thus
allowing the usage of 2 fs time steps. The non-bonded van der Waals interactions were
truncated with a 12 A cutoff while PME was used to describe the long range el ectrostatic
interactions. The analysis of the trajectories was performed with the PTRAJ utility of
AmberToolsl.4. The MD tragectories were clustered by RMSd similarity (catenane and
anion) using the average-linkage clustering agorithm.*® The representative co-
conformations for all associations were taken as the representative snapshot of the cluster
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with larger population. The hydrogen bond analysis between the anions and the catenane
binding pocket was monitored considering a N--O/Cl~ distance cutoff of 4 A and an N-
H---O/Cl angle cutoff of 120°. The molecular diagrams were drawn with PyMOL!® while
graphics were plotted with Gnuplot.[*”

Additional Data and Discussion

Tables of the hydrogen bond analyses (% occupancy) performed for 11%(X), X = CI,
OAc, H,POy,.

Table S$4 — Hydrogen bond analysis (% occupancy)? performed for 11%*(Cl"). The acceptors were taken as
the four N-H binding sites and the donor is the chloride anion. The N---CI” distance cutoff was 4 A, and the
N-H--- ClI" angle cutoff was 120°.

N1 N2 N3 N4
ClI"'[CHCI35:CH30H; 1:1] 94.02 9248 9292 91.81
ClI'[CH3CN:H,0; 70:30] 30.60 31.55 32.02 32.44
#9b occupancy is the percent of time the hydrogen bond is formed over the trajectory.

Table S5 — Hydrogen bond analysis (% occupancy) performed for 112 (OAC) in CHCl3:CH3OH (1:1). The
acceptors were taken as the four N-H binding sites and the donors are the acetate oxygen atoms. The N---O
distance cutoff was 4 A, and the N-H---O angle cutoff was 120°.

N1 N2 N3 N4
Ol 2510 87.04 83.64 88.87
02 8012 47.60 2324 21.90

Table S6 — Hydrogen bond analysis (% occupancy) performed for 11%(H,PO,) in CHCl5:CHLOH (1:1).
The acceptors were taken as the four N-H binding sites and the donors are the H,PO, oxygen atoms. The
N---O distance cutoff was 4 A, and the N-H---O angle cutoff was 120°.

N1 N2 N3 N4
O 3409 2017 7010 4234
O 6857 6325 3825 6526
OH 278 3310 981 1188
OH 10.61 1937 1822 6.74

Notes on Modelling of 10%*(X), X = CI", OAc,, H,POy in 50:50 CHCl3: CH;OH.

In order to provide further insights into the anion recognition properties of the catenane
10%*(PFg),, molecular dynamics (MD) simulations were performed on 10%*(PFs); in its
association with CI-, OAc and H,PO4.

Using the X-ray structure of 10%*(Cl")(PFs) as a starting geometry, the catenane was
immersed in cubic solvent boxes containing a 1:1 chloroform-methanol mixture, with
structural data being collected during a 25 ns simulation. For the associations of the
oxoanions OAc and H,PO, with the catenane, structures obtained from gas-phase
guenched dynamic simulations were used. The experimental details of these simulations
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are given below. The representative co-conformations for anion catenane 10%
associations obtained from clustering the MD trajectories are represented in Figure S19.

Figure S19: Representative co-conformations of (a) 10*(Cl"), (b) 10*(OAc), and (c) 10*(H,PO,) in 1:1
chloroform-methanol solution. The solvent molecules and PFs counter ion were omitted for clarity.
Relevant hydrogen bonds are represented in dark blue dashed lines. The C-H hydrogen atoms have been
omitted apart the N-methyl pyridinium ones.

The representative snapshot of catenane 10°*(Cl") in solution (Figure 19a) shows the
chloride anion residing in the tetrahedral binding cavity (defined by the four amide
binding sites), establishing four N-H---Cl hydrogen bonds and presenting a remarkable
similarity with the X-ray structure. The N-methyl pyridinium rings are sandwiched
between the hydroquinone rings of the other macrocycle establishing n-n interactions
which are consistent with the experimental structura findings. The replacement of the
monoatomic chloride anion by the polyatomic acetate (Figure 19b) resultsin a distortion
of the tetrahedral binding cavity in order to accommodate the carboxylate group of the
anion, however this distortion is less than in 11%*(OAC), owing to the larger size of 10**.
It is dso noted in this case, both carboxylate oxygen atoms hydrogen bond
simultaneously to two N-H protons of a pyridinium cleft. In 10**(H,POy) the distortion
of the tetrahedral arrangement is much less than for 11%*(H.POy) (Figure 19¢).

The stability of the binding arrangements in this solution mixture were evaluated by
monitoring the intermolecular distances between the centre of mass of the binding pocket
defined by the four nitrogen atoms of the N-H binding sites (Ciec) and CI, or the centre of
mass (excluding the hydrogen atoms) of polyatomic anions OAc and H,PO4 (Caiion),
over the duration of the ssmulation. The evolution of (Cre*Canion) distances during the
course of MD simulations is plotted in Figure S20 and the corresponding average
distances are givenin Table S7.
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Figure S20: Variations in Cree***Cynion intermolecular distances during the 25 ns of simulation for the

binding associations of 10" with Cl” (green), H,PO, (blue) and OAC (red) anions. The data was smoothed
using a cubic spline interpolation.

Cl H>PO4 OAC

10%* 1.04+0.30 1.73+0.25 1.59+0.20

Table S7: CgeeeC, average intermolecular distances (A) for the binding associations of Cl', OAc, H,PO,
with and 10%*, obtained from 25 ns of MD simulations. Standard deviations calculated with n = 25000.

As can be seen in Figure S20, the binding associations of 10** with chloride, acetate and
dihydrogen phosphate are stable during the 25 ns of simulation, the anions being kept

hydrogen-bonded, having only short periods during which some of these bonds were
interrupted.
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