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Materials and methods.

n-Butyl imidazol was commercially available and used as received. Bis(imidazol) derivatives!'! (BImBu,
BImPro, BlmPen, and BImBn) were prepared by literature methods and recrystallized and dried under reduced
pressure before use. AIkP5A hosts'?! (MeP5A, EtP5A, BuP5A and OctP5A) were prepared by condensation of
the corresponding 1,4-dialkoxybenzene with paraformaldehyde and BF3-O(C,Hs), as a catalyst. '"H NMR, "°C

NMR and 2D NOESY spectra were recorded on a Bruker AV500 instrument.

Copies of 'H NMR and **C NMR spectra of hosts and guests.
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Figure S1. "H NMR spectrum (500 MHz) of MeP5A in CDCls.
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Figure S2. >C NMR spectrum (125 MHz) of MeP5A in CDCls.
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Figure S3. 'TH NMR spectrum (500 MHz) of EtP5A in CDCl;.
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Figure S4. >C NMR spectrum (125 MHz) of EtP5A in CDCls.
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Figure S5. "H NMR spectrum (500 MHz) of BuP5A in CDCls.

20.05
10.07 —

S4



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

CS5H-426h4
C13CPD CDC13

o e ]
- &

149.95
8.30

O(CH,)3CH3

H3C(N2C)30

T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 B0 70 60 50 40 30 20 10

Figure S6. °C NMR spectrum (125 MHz) of BuP5A in CDCls.
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Figure S7. "TH NMR spectrum (500 MHz) of OctP5A in CDCls.
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Figure S8. >C NMR spectrum (125 MHz) of OctP5A in CDCl;.
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Figure S9. "H NMR spectrum (500 MHz) of BImBu in CDCls.
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Figure S10. *C NMR spectrum (125 MHz) of BImBu in CDCl;.
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Figure S11. "H NMR spectrum (500 MHz) of BImPro in CDCl;.
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Figure S12. °C NMR spectrum (125 MHz) of BImPro in CDCl;.
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Figure S13. "H NMR spectrum (500 MHz) of BImPen in CDCls.
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Figure S14. °C NMR spectrum (125 MHz) of BImPen in CDCl;.
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Figure S15. "H NMR spectrum (500 MHz) of BImBn in CDCls.
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Figure S16. °C NMR spectrum (125 MHz) of BImBn in CDCl;.
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'H NMR spectra of guests in the absence and presence of AIP5ASs.
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Figure S17. '"H NMR spectra of BImBu (4.2 mM, 500 MHz, CDCls) in the presence of increasing amounts of

MeP5A; from bottom to top: 0.0, 0.6, and 1.3 equivalents. For comparison, the spectrum of the uncomplexed

MeP5A is shown at the top. Italics represent complexed host and guest.

Notice that a new species occurs, in addition to the corresponding signals for the uncomplexed axle and

wheel, indicating slow exchange on the NMR timescale. The peaks for methylene protons (Hq and He) and the

a-protons of the imidazol N; atom (H, and H.) of BImBu exhibit substantial upfield shifts. While the B-protons

(Hp) shifts slightly downfield. The resonances of the new species are consistent with the formation of an

interpenetrated complex.
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Figure S18. '"H NMR spectra of BImBu (4.2 mM, 500 MHz, CDCl5) in the presence of increasing amounts of

BuP5A; from bottom to top: 0.0, 0.6, and 1.2 equivalents. For comparison, the spectrum of the uncomplexed

BuP5A is shown at the top. Italics represent complexed host and guest.

Notice that a new species occurs, in addition to the corresponding signals for the uncomplexed axle and

wheel, indicating slow exchange on the NMR timescale. The peaks for methylene protons (Hgq and He) and the

a-protons of the imidazol N; atom (H, and H.) of BImBu exhibit substantial upfield shifts. While the B-protons

(Hp) shifts slightly downfield. The resonances of the new species are consistent with the formation of an

interpenetrated complex.
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Figure S19. 'H NMR spectra of BImBu (4.2 mM, 500 MHz, CDCls) in the presence of OctP5A; from bottom
to top: 0.0, and 1.2 equivalents. For comparison, the spectrum of the uncomplexed OctP5A is shown at the top.
Italics represent complexed host and guest.

Notice that a new species occurs, in addition to the corresponding signals for the uncomplexed axle and
wheel, indicating slow exchange on the NMR timescale. The peaks for methylene protons (Hg and He) and the
a-protons of the imidazol N; atom (H, and H.) of BImBu exhibit substantial upfield shifts. While the B-protons
(Hp) shifts slightly downfield. The resonances of the new species are consistent with the formation of an

interpenetrated complex.
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Figure S20. '"H NMR spectrum (500 MHz) of Bulm (4.9 mM) in the absence (lower) and presence (upper) of

EtP5A host (5.0 mM) in CDCl;.
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Figure S21. "H NMR spectrum (500 MHz) of BImBu (4.7 mM) in the absence (lower) and presence (upper) of

EtP5A host (5.5 mM) in acetone-dj.

Notice that a new species occurs, in addition to the corresponding signals for the uncomplexed axle and

wheel, indicating slow exchange on the NMR timescale. The peaks for methylene protons (Hy and H.) and the

a-protons of the imidazol N; atom (H, and H.) of BImBu exhibit substantial upfield shifts. While the B-protons

(Hp) shifts slightly downfield. The resonances of the new species are consistent with the formation of an

interpenetrated complex.
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Figure S22. "H NMR spectrum (500 MHz) of BImBn (4.4 mM) in the absence (lower) and presence (upper) of
EtP5A host (5.2 mM) in CDCls.

Notice that a new species occurs, in addition to the corresponding signals for the uncomplexed axle and
wheel, indicating slow exchange on the NMR timescale. The peaks for methylene protons (Hg, He and Hy) and
the a-protons of the imidazol N; atom (H, and H.) of BImBu exhibit substantial upfield shifts. While the
B-protons (Hy) shifts slightly downfield. The resonances of the new species are consistent with the formation of

an interpenetrated complex.
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Figure S23. "H NMR spectrum (500 MHz) of BImBn (5.0 mM) in the absence (lower) and presence (upper) of
EtP5A host (5.3 mM) in CDCIl;. NMR results indicated that EtPSA did not form inclusion complex with the

guest or at least had very weak interactions.

S15



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

| 1 O\~ | | L_

Figure S24. '"H NMR spectra of 1,4-bis(pyridinium)butane bihexafluorophosphate salt (3.2 mM, 500 MHz,
CDCIl;) in the absence and presence of MeP5A host (3.0 mM). For comparison, the spectrum of the

uncomplexed MeP5A is shown at the top. NMR results indicated that MeP5A did not form inclusion complex

with the guest or at least had very weak interactions.
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Figure S25. '"H NMR spectra of N,N’-dioctyl-4,4’-bipyridinium bishexafluorophosphate salt (4.9 mM, 500
MHz, CDCl,) in the absence and presence of MeP5A host (4.4 mM). NMR results indicated that MeP5A did

not form inclusion complex with the guest or at least had very weak interactions.
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Figure S26. 'H NMR spectra of bis(imidazolium)butane bishexafluorophosphate salt (4.8 mM, 500 MHz,

CDCl;) in the absence and presence of MeP5A host (4.0 mM). NMR results indicated that MeP5A did not form

inclusion complex with the guest or at least had very weak interactions.
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Figure S27. "H NMR spectra of BIMBu (4.8 mM, 500 MHz, DMSO-d;) in the absence and presence of parent

T

2

P5A host (5.0 mM). NMR results indicated that parent PSA did not form inclusion complex with the guest in

DMSO-d; or at least had very weak interactions.
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Figure S28."H NMR spectrum (500 MHz) of BImBu (4.7 mM) in the absence (lower) and presence (upper) of
parent PSA (5.1 mM) in 1 : 1 (v : v) acetone-ds : DMSO-ds. NMR results indicated that parent PSA did not

form inclusion complex with the guest in acetone-ds/DMSO-d; or at least had very weak interactions.
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2D NOESY analysis of BImBu with EtP5A.
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Figure S29. 2D NOESY analysis of BImBu with EtP5A in CDCl; with a mixing time of 200 ms. (500 MHz,

298 K, The concentrations of host and guest are 18.0 and 13.8 mM, respectively)
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Figure S30. Partial 2D NOESY analysis of BImBu with EtP5A in CDCIl; with a mixing time of 200 ms. (500

MHz, 298 K, The concentrations of host and guest are 18.0 and 13.8 mM, respectively)
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X-ray crystal data and crystal structures of EtP5A host, and BImBuCEtP5A complex.

X-ray crystal data for EtP5A.

Crystallographic data: colorless, CssH76013, FW 945.16, Triclinic, space group P-1, a = 12.290 (5), b = 14.968
(6), ¢ =21.902 (8), a = 90.837 (5)°, B = 90.985 (5)°, y = 105.028 (6)°, V' = 3889.89(683) A*, Z=8, D. = 0.807
g cm73, T = 2962)K, u = 0.057mm71, 20358 measured reflections, 13554 independent reflections, 623
parameters, 6 restraint, F(000) = 1020, R, = 0.3605, wR, = 0.6369 (all data), R, = 0.2543, wR, = 0.5858 [I >

20(])], max. residual density 1.851 e:A”, and goodness-of-fit (F*) =1.935. CCDC 831702.

X-ray crystal data for BImBu CEtP5A.

Crystallographic data: colorless, CssHgaN4O19, FW 1081.36, Monoclinic, space group P2(1)/n, a = 13.215 (2),
b =22.647 (4), ¢ = 20.966 (4), o =y = 90.00 °, # = 100.064 (3)°, V = 6178.16(378) A*, Z=4, D. = 1.163 g
cm? , T = 2962)K, u = 0.078mm71, 31752 measured reflections, 10924 independent reflections, 699
parameters, 6 restraint, F(000) = 2328, R; = 0.1790, wR, = 0.2895 (all data), R, = 0.0866, wR, = 0.2308 [/ >

20(])], max. residual density 0.528 e-A”, and goodness-of-fit (F)=1.061. CCDC 831701.
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Figure S31. Crystal structure of EtP5A host. Hydrogens have been omitted for clarity. Carbons are green, and

oxygens are red.

Figure S32. Crystal structure of the interpenetrated complex BImBuC EtPSA. Hydrogens of the host have
been omitted for clarity. EtP5A is green, BImBu is blue, oxygens are red, and nitrogens are magenta. Red
dashes represent C—H--O hydrogen bonds, and gray dashes represent C—H--m interactions. C—H:-O
hydrogen-bond parameters: H---O distances (A), C—H---O angles (deg) A, 2.78, 141; B, 2.45, 156; C, 3.01, 152;
D, 2.97, 139; E, 2.86, 149; F, 2.87, 130; G, 2.98, 130. C—H--n parameters: H--ring centre distances (A),

C—H---ring angles (deg) H, 2.68, 137; 1, 2.75, 164; J, 3.06, 127; K, 3.00, 167.
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Figure S33. Crystal structure of the interpenetrated complex BImBuC EtPSA. Hydrogens of the guest have
been omitted for clarity. EtP5SA is green, BImBu is blue, oxygens are red, and nitrogens are magenta. Black
dashes represent weak C—H---N hydrogen bonds or C—H--'n interactions. C—H-*N hydrogen-bond parameters:
H-N distances (A), C-H---N angles (deg) a, 3.28, 127; b, 3.42, 138; c, 3.39, 153; d, 3.44, 127; e, 3.37, 137; f,
3.42, 144; g, 3.66, 136; h, 3.80, 128; C—H--x parameters: H---ring centre distances (A), C—H--ring angles (deg)
1, 3.65, 117; 3, 3.09, 142; k, 3.21, 149; 1, 3.75, 141; m, 3.12, 140. Besides these weak C—H-*N interactions and
C—H:--m interactions, there exist multiple C—H---O hydrogen bonding interactions (A—G), and multiple C—H--'n
interactions (H—K), as shown in Figure 32. These multiple noncovalent interactions certainly play an important

role in the formation of the interpenetrated complex and its strong stability.
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Determination of the association constants.

(1). For BImBu/BImPro/BImPenC AlIkP5A host-guest complexes, chemical exchange is slow on the NMR
time scale and peaks are observed for both complexed and uncomplexed species in the NMR spectra. So
association constants for these complexes could be determined by integration from a 1 : 1 mixture using the 'H

NMR single point method.***! (Table 1)
[PSA-G],
[P5A]uc[Gluc

(2). For Bulm guest, chemical exchange is fast on the NMR time scale. To determine the association constant,
NMR titrations were done with solutions which had a constant concentration of EtP5SA and varying
concentrations of guest. Using the nonlinear curve-fitting method, the association constant was obtained for
each host-guest combination from the following equation'’:

A = (4/[P5A]o) (0.5[G]o + 0.5([P5Ale+1/Ka)—(0.5 ([Glo"+2[Glo(1/K. — [P5AL0)) + (1/Ka + [P5SAL0)) *%))
Where 4 is the chemical shift change of H; on AIkP5A host at [G]o, A is the chemical shift change of H; when

the host is completely complexed, [P5A] is the fixed initial concentration of the EtP5A host, and [G] is the

initial concentration of guest.
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Figure S34. Partial "H NMR spectra (500 MHz, CDCls, 298 K) of EtP5A at a concentration of 1.0 mM upon
addition of BImBu: (a) 0 mM, (b) 0.4 mM, (c) 1.1 mM, (d) 1.7 mM, (e) 2.6 mM, (f) 4.6 mM, (g) 5.4 mM, (h)

7.5 mM, (i) 9.8 mM, (j) 12.0 mM, (k) 14.6 mM, (1) 17.8 mM, and (m) 20.7 mM.
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Figure S35. The non-linear curve-fitting (NMR titrations) for the complexation of EtP5A host (1.0 mM) with

BImBu in CDCl; at 298 K. The concentration of BlmBuwas 0, 0.4, 1.1, 1.7, 2.6, 4.6, 5.4, 7.5, 9.8, 12.0, 14.6,

17.8,20.7 mM.

The corresponding K, values are listed in Table 1 in the manuscript.

(3). The association constant of Bulm with EtP5A have also been determined using the indirect method.® Guest
BImPen (G, see Fig. S22) that exhibits slow exchange kinetics and an excess of Bulm are allowed to
compete for a limiting quantity of EtP5A. The association constants between G.r and EtP5SA are (7.9 £ 0.5) x
10> M in CDCl; (Table 1). The integration of the resonances for the free and bound guest then allow for a

calculation of the association constant. In the three component system:
[PSA-Geglc
[PSA]uc[Gref]uc

aref =

[P5 A'Gref]c

[P5A]ye= ————
[Gref]ucKa ref

So the unknown K, could be determined using the following equation:
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[PSA‘G]C [PSA]O_ [PSA]uc_ [PSA'Gref]c
[PSA]uc[G]uC [PSA]uc([G]O - [PSA'G]C)

[P5SA]o— [PSA]uc_ [PSA'Gref]c
[P5A]uc{[Glo~ ([P5SA]o= [P5A]yc— [PSA-Gieflo)}

As shown in Table S1, the K, values for EtP5A with Bulm system determined using the indirect method are

almost accordant with those from NMR titration.

TABLE S1. Association constant (Ko/M™) for complexation of EtP5A with Bulm in CDCI; at 298 K

using different methods.

K, ® Ky?

(2.5+0.4) x 107 2.8 x 10

“NMR titration. ” The indirect method.
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Determination of thermodynamic parameters.

The association constants of the inclusion complexation of BImBu with four AIkP5A hosts were

determined via NMR single point method at various temperatures ranging from 272.9 K to 313.0 K, which

were listed in Table S2. The complexation thermodynamic parameters (AH® and AS°) were obtained by the

slope and ordinate-intercept of van’t Hoff analysis In K, =~ 1/T plots applying the following equation:

Ko =21 A5
RT R

The free energy (—AG°), enthalpy (—AH®), and entropy changes (7AS°) for the host-guest complexation are

listed in Table 2 in the manuscript.

TABLE S2: Association Constants (log Ky) of Inclusion Complexation of AIkP5A with BImBu Guest in

CDCl; at VVarious Temperature.

Host Temperature (K) log K,
MeP5SA 273.0 4.04
283.0 3.88
298.0 3.67
303.1 3.58
313.0 3.45
EtPSA 273.0 4.86
282.8 4.60
298.0 4.30
303.0 4.19
313.0 3.98
BuP5A 272.9 4.71
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283.0 4.46
298.0 4.18
303.0 4.04
313.0 3.91
Octp5SA 273.0 4.26
283.0 4.08
298.0 3.87
303.1 3.79
313.0 3.61
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Figure S36. The plot of InK, versus 1/T for the complexation of AIkP5As with BImBu guest.
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