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Abstract Interaction between the normal cucurbit[n]urils

(n = 6,7,8; Q[6], Q[7], Q[8]) and a sym-tetramethyl-substi-

tuted cucurbit[6]uril derivative (TMeQ[6]) with the

hydrochloride salts of some imidazole derivatives N-(4-hy-

droxylphenyl)imidazole (g1), N-(4-aminophenyl)imidazole

(g2), 2-phenylimidazole (g3) in aqueous solution was inves-

tigated by using 1H NMR spectroscopy, electronic absorption

spectroscopy and fluorescence spectroscopy, as well as by

using a single crystal X-ray diffraction determination. The 1H

NMR spectra analysis established a basic interaction model in

which inclusion complexes with a host:guest ratio of 1:1 forms

for the Q[6]s and Q[7] cases, while with a host:guest ratio of

1:2 form for the Q[8] cases. It was common that the hosts

selectively bound the phenyl moiety of the guests. Absorption

spectrophotometric and fluorescence spectroscopic analysis

in aqueous solution defined the stability of the host–guest

inclusion complexes at pH 5.8 with a host:guest ratio of 1:1

form quantitatively as logK values between 4 and 5 for the

smaller hosts Q[6 or 7]s, while with a host:guest ratio of 1:2

form quantitatively as logK values between 11 and 12 for the

host Q[8]. Two single crystal X-ray structures of the inclusion

complexes TMeQ[6]-g2 � HCl and TMeQ[6]-g3 � HCl

showed the phenyl moiety of these two guests inserted into the

host cavity, which supported particularly the 1H NMR spec-

troscopic study in solution.
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Introduction

A hydrophobic cavity and polar carbonyl groups sur-

rounding the opening portals are common characteristic

features for a relatively new receptor family—the cucur-

bit[n]uril (Q[n]) compounds. Amongst known examples,

the structure of cucurbit[6]uril (Q[6]) was first determined

and reported by Mock and coworkers in 1981 [1]. About

two decades later, homologues cucurbit[n = 5,7,8]urils

(Q[5], Q[7], Q[8]) were synthesized and reported by two

groups in 2000 [2, 3], while cucurbit[10]uril (Q[10]),

formed along with Q[5], was reported in 2002 [4]. The

varying cavity and portal sizes available in Q[n] molecules,

and particularly their ability to form inclusion or exclusion

complexes with organic species or inorganic ions, led to

quite a few researchers focusing on this area and uncovering

the remarkable molecular recognition properties that pro-

vide a building block for supramolecular chemistry [5–11].

Recently, a series of Q[n] derivatives such as fully

substituted cyclohexane Q[5] and Q[6] [12], a diphenyl

Q[6] [13] and perhydroxycucurbit[6]uril ((OH)12Q[6]) [14]

were synthesized and reported to overcome the poor sol-

ubility of the general Q[n] family in common solvents.

Using the dimer of glycoluril [15] synthesized in our lab-

oratories and the diether of alkylglycoluril, we were able to

synthesize a series of new symmetrical and unsymmetrical

substituted cucurbit[n]urils [16–22]. Some Q[n] molecules

show surprising water solubility, which allows us to

investigate host-guest chemistry in water.

In this work, we report a series of host–guest interaction

systems in which the hosts are the normal cucurbit[n]urils
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(n = 6,7,8, marked Q[6], Q[7], Q[8]) and a water solu-

ble symmetrically tetramethyl-substituted cucurbit[6]uril

(marked TMeQ[6]) [16] and the guests are the hydro-

chloride salts of N-(4-hydroxylphenyl)imidazole (g1),

N-(4-aminophenyl)imidazole (g2), 2-phenylimidazole (g3)

(referring to Fig. 1). These guests are composed of two

unsaturated moieties—phenyl and imidazole rings—both

of which are sufficiently small that they could be included

in the cavity of the selected hosts or its substituted deriv-

atives [23–27]. 1H NMR spectroscopy and a single crystal

X-ray diffraction determination reveal that the inclusion

complex formed has an unsymmetrical configuration with

the phenyl moiety being the included moiety of the guests,

and the imidazole moiety of the guests being the excluded

moieties, the configurations proved recently exhibiting

efficient cleavage of some DNA in physiological environ-

ment [28]. The stability of this complex has been estimated

by using electronic absorption spectroscopy and fluores-

cence spectroscopy methods. Results of this study are

reported herein.

Experimental

Materials

Cucurbit[6–8]uril were prepared and purified in our labora-

tories according to the literature method [2, 3]. TMeQ[6] was

prepared and purified according to the method developed in

our laboratories [16]. N-(4-hydroxylphenyl)imidazole (g1),

N-(4-aminophenyl)imidazole (g2), 2-phenylimidazole (g3)

was obtained from Aldrich and used without further purifi-

cation. The corresponding HCl salts were prepared by

dissolving the related guests in 5 M HCl followed by crys-

tallization after ethanol addition, collecting the crystals by

filtration and drying in air, respectively.

The single crystals of TMeQ[6] adduct with g2 � HCl

and g3 � HCl were obtained by dissolving TMeQ[6]

(0.20 g, 0.19 mmol) in a solution of g2 or g3 � HCl (0.046

and 0.036 g, 0.20 mmol) in water (5 mL). The final solu-

tion was mixed thoroughly and allowed to stand at room

temperature; crystals formed after several days, and were

collected.

Host–guest complexation

For the study of host-guest complexation of the related host

Q[n] or TMeQ[6] and the guests, 2.0–2.5 9 10-3 mmol

samples of Q[n] in 0.5–0.7 g D2O with guest: Q[7] or

TMeQ[6] ratios ranging between 1 and 100 were prepared.

The 1H NMR spectra were recorded at 20 �C on a Varian

INOVA-400 spectrometer. The pD of the solution was*5.7.

Absorption spectra of the host–guest complex were

recorded on a HP8453 UV-visible spectrophotometer and

fluorescence spectra of the host–guest complexes were

recorded on a Varian RF-540 fluorescence spectropho-

tometer at room temperature. For absorption and

fluorescence studies, aqueous solutions of the guest � HCl

were prepared with a fixed concentration of 3.20 9 10-5

mol L-1, and the samples of these solutions were com-

bined with Q[n]s or TMeQ[6] to give solutions with a guest

: Q[n] ratio of 0:10, 1:9, 2:8, …, 9:1, 10:0, respectively.

The pH of the solution was *5.7.

X-ray crystallography

A Bruker SMART ApexII CCD diffractometer employing

graphite monochromated MoKa radiation was used for the

data collection. A suitable crystal of TMeQ[6]-g2 or

g3 � HCl were selected and mounted at the end of a glass

fiber. Data were collected at 223(2) Kelvin with / and x
scans. No crystal decay was observed. Data integration and

reduction and subsequent computations were carried out

with the Bruker ApexII package, including Lorentz polar-

ization and absorption correction. The structure was solved

by direct methods with SHELXS-97, and extended and

refined with SHELEL-97 [29]. Hydrogen atoms were

added at calculated positions and refined using a riding

model; solvent H-atoms were not usually located. Aniso-

tropic displacement parameters were used for all non-H

atoms; H-atoms were given isotropic displacement

parameters equal to 1.2 (or 1.5 for methyl hydrogen atoms)

times the equivalent isotropic displacement parameter of

the atom to which the H-atom is attached. Residuals are

defined as R1 = R||Fo| - |Fc||/R|Fo| for Fo [ 2r(Fo) and

wR2 = [Rw(Fo
2 - Fc

2)2/R(wFc
2)2]1/2 for all reflections, with

w = 1/[r2(Fo
2) ? (AP)2 ? BP] where P = (Fo

2 ? 2Fc
2)/3

and A and B are given below.

TMeQ[6]-g2 � HCl. Formula C49H89ClN27O30, M =

1571.92, monoclinic, space group P/(C2/m), a = 14.678(3)

Å, b = 18.795(3) Å, c = 12.977(2) Å, a = 90.00�,

Fig. 1 Structures of cucurbit[n]urils and the related guests
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b = 95.846�, c = 90.00�, V = 3561.5 Å3, Dc = 1.466 g

cm-3, Z = 2, crystal size 0.10 by 0.11 by 0.18 mm, col-

ourless, prism, temperature 223(2) Kelvin, k(MoKa)

0.71073 Å, l(MoKa) 0.1587 mm-1, F000 = 1658, R1 =

0.1305, Rw = 0.3721, Tmin, max 0.9722; 0.9844. Range of h
1.77–25.00̊. hkl range -17 17, -22 21, -15 15, N 3206, Nind

2337 (Rint 0.0283), restraints 21, parameters 305, Nobs 3206

(I [ 2r(I)). Residuals R1(F) [for 3206 reflections with

I [ 2r(I)] 0.1523, wR2(F2) 0.4003 for A = 0.2000 and

B = 0.0000. GoF(all) 1.738, Dqmin, max -1.123, 1.294

e- Å-3.

TMeQ[6]-g3 � HCl. Formula C49H99ClN26O35, M =

1647.99, triclinic, space group P - 1, a = 12.1844(13) Å,

b = 12.8088(14) Å, c = 23.441(3) Å, a = 90.016�, b =

102.2460�, c = 91.9840�, V = 3572.9 Å3, Dc = 1.532 g

cm-3, Z = 2, crystal size 0.15 by 0.13 by 0.16 mm, col-

ourless, prism, temperature 223(2) Kelvin, k(MoKa)

0.71073 Å, l(MoKa) 0.165 mm-1, F000 = 1744, R1 =

0.0787, Rw = 0.2350, Tmin, max 0.9741; 0.9788. Range of h
0.89–25.00̊. hkl range -14 14, -15 14, -27 27, N 12194,

Nind 9351(Rint 0.0207), restraints 0, parameters 1008, Nobs

12194 (I [ 2r(I)). Residuals R1(F) [for 12194 reflections

with I [ 2r(I)] 0.0955, wR2(F2) 0.2469 for A = 0.1378

and B = 5.7558. GoF(all) 1.054, Dqmin, max -0.880, 0.821

e- Å-3.

Views of the complexes appear in Fig. 10a, b and c, d.

Crystallographic data (excluding structure factors) for the

structure reported have been deposited with the Cambridge

Crystallographic Data Centre as supplementary publication

no. CCDC-707624 and CCDC-707625. Copies of the data can

be obtained free of charge on application to CCDC, 12 Union

Road, Cambridge CB2 1EZ, UK [Fax: (internat. ? 44-1223/

336-033; E-mail: deposit@ccdc.cam.ac.uk].

Results and discussion

The interaction of a host and guest to form an inclusion

complex commonly causes a change in the environment of

the guest that is sufficient to be monitored by spectroscopic

methods. Often, water solubility of one or both species is

problematical, such as in the cases involving with Q[6] or

Q[8], in which the solubility of the hosts was limited. Thus,

the water soluble TMeQ[6] was used for replacing the

normal Q[6] in 1H NMR determination, and electronic

absorption spectroscopy or fluorescence spectroscopy was

used for studying host–guest complexation.

1H NMR spectra analysis of the interaction

between the Q[n]s with g1 � HCl

Figure 2 shows the 1H NMR spectra of g1 � HCl recorded

in the absence and in the presence of 0.25 equivalent of

Q[6], 1.10 equivalent of Q[7] and 0.44 equivalent of Q[8].

One can see that the guest shows broadening of the proton

signals, indicating average to fast exchange, and the proton

signals of the water insoluble host Q[6] suggest that the

host Q[6] interacts with the guest g1 � HCl (Fig. 2a, b).

However, it is hard to decide the interaction details due to

no obvious upfield or downfield shifts of the guest proton.

Signals corresponding to the bound g1 � HCl are present

after addition of 1.1 equivalents of Q[7] (Fig. 2c). All guest

resonances are shifted upfield by 0.21 (for H5), 0.16 (for

H4) and 0.02 ppm (for H3), particularly, significant upfield

by 0.96 (for H1) and 0.99 ppm (for H2). This suggests that

the whole guest molecule is in the shielding zone in the

cavity of the host and the phenyl ring of the guest is much

deeper in the cavity of the host. The sharp peaks of the

bound g1 � HCl indicate that exchange between the inclu-

ded and excluded guest is slow on the NMR time scale.

Both signals corresponding to the bound g1 � HCl and the

water insoluble host Q[8] are present after addition of 0.45

equivalents of Q[8] (Fig. 1d). Similar to the Q[7]-g1 sys-

tem, all guest resonances are shifted upfield by 0.33 (for

H5), 0.26 (for H4) and 0.10 ppm (for H3), particularly,

significant upfield by 1.12 (for H1) and 1.06 ppm (for H2).

This suggests that the whole guest molecule also is in the

shielding zone in the cavity of the host and the phenyl ring

of the guest is much deeper in the cavity of the host.

However, the significant broadening peaks of the bound

g1 � HCl indicate that exchange between the included and

excluded guest is much faster on the NMR time scale.

Moreover, a comparison of the integrals of the protons of

the bound g1 � HCl with the protons of Q[8] revealed to be

1:2 of host : guest.

To understand the interaction details between Q[6] with

g1 � HCl, a water soluble host, TMeQ[6] was used for

investigating the interaction with the guest g1 � HCl. Fig-

ure 3 shows the 1H NMR spectra of g1 � HCl recorded in

Fig. 2 The 1H NMR spectra of g1 � HCl recorded a in the absence

and b in the presence of 0.25 equivalent of Q[6], c 1.10 equivalent of

Q[7] and d 0.44 equivalent of Q[8]
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the absence and in the presence of up to 2.1 equivalents of

TMeQ[6], as well as that of neat TMeQ[6]. Signals cor-

responding to the unbound and bound g1 � HCl are present

after addition of 1.2 equivalents of TMeQ[6] (Fig. 3a, b),

with the signals of the unbound guest almost disappearing

when the concentration of TMeQ[6] reaches 2.1 equiva-

lents (Fig. 3c). Two phenyl ring resonances are shifted

significantly upfield by 1.08 (for H10), 0.56 (for H20), while

two of imidazole ring resonances are shifted significantly

downfield by 0.95 (for H50), 0.82 (for H30). This suggests

that the phenyl ring of the guest is in the shielding zone in

the cavity of the host, while the imidazole ring is in the

deshielding zone at the portal of the host. The broadening

peaks of the bound g1 � HCl indicate that exchange

between the included and excluded guest is fast on the

NMR time scale.

For the TMeQ[6] host, the resonances of the protons

H(1), H(2) and H(7) in the inclusion complex show no

obvious shift, whereas the resonances of the protons H(3),

H(4), H(5), and H(6) experience not only an upfield shift,

but also split into two sets compared to the free TMeQ[6]

(Fig. 2c, d). The overlapped resonances of the protons

H(3), H(4) are displaced by an upfield shift by *0.2 ppm

(marked H(3)0) and *0.4 ppm (marked H(4)0), respec-

tively, and both H(5) and H(6) are broaden and shifted

upfield with splitting by 0.2–0.3 ppm (marked H(5)0 and

H(6)0), and 0.4–0.5 ppm (marked H(5)00 and H(6)00) for

each pair. The two sets of split doublet resonances of H(5)

and H(6) show that the two protons on the portal methyl-

enes of the TMeQ[6] lie in different magnetic

environments, caused by a preferential orientation of the

protruding imidazole of the guest g1 � HCl towards one

portal of TMeQ[6]. Thus, the 1H NMR study strongly

implies that TMeQ[6] exhibits a pronounced preference

towards including the phenyl moiety rather than the imid-

azole moiety of g1 � HCl [22], with the structure of the

inclusion complex being unsymmetrical.

1H NMR spectra analysis of the interaction

between the Q[n]s with g2 � HCl

Figure 4 shows the 1H NMR spectra of g2 � HCl recorded

in the absence and in the presence of 0.30 equivalent of

Q[6], 0.25 equivalent of TMeQ[6], 1.10 equivalent of

TMeQ[6], 0.94 equivalent of Q[7] and 0.48 equivalent of

Q[8]. For the cases of Q[6]-g2 � HCl and TMeQ[6]-

g2 � HCl, the 1H NMR spectra present similar results that

the signals of the bound g2 � HCl are present besides the

excess unbound guest (Fig. 4a, b, c). Two phenyl ring

resonances are shifted significantly upfield by 0.94 (for

H10), 0.71 (for H20), and a resonance of imidazole proton,

which can be observed clearly in Fig. 4d, is also shifted

upfield by 0.21 (for H40), while the rest two of imidazole

ring resonances are shifted significantly downfield by 0.81

(for H50), 0.83 (for H30). This suggests that the phenyl ring

of the guest is in the shielding zone in the cavity of the

host, while the imidazole ring is in the deshielding zone at

the portal of the host. This conclusion was further proved

by the crystal structure of the inclusion complex of

TMeQ[6]-g2 � HCl.

Signals corresponding to the bound g2 � HCl are present

after addition of 0.94 equivalents of Q[7] (Fig. 4e). The

upfield shifts of the guest resonances of the guest indicate

that the whole guest is in the shielding zone. The signifi-

cant upfield shift of the phenyl proton by 0.70 (for H10) and

0.90 ppm (for H20) compared to the moderate upfield shift

Fig. 3 1H NMR spectra of

g1 � HCl recorded a in the

absence and b, c in the presence

of 0.7, 2.1 equivalents of

TMeQ[6], as well as that of d
neat TMeQ[6]
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of imidazole protons by 0.51 (for H50), 0.18 (for H40) and

0.18 ppm (for H30) suggest that the phenyl ring of the guest

is much deeper in the cavity of the host.

It is noticeable that the two sets of split doublet resonances

of the portal methylene protons, for Q[6], the proton H2 and

H3 referring to Fig. 1, and for TMeQ[6], the protons H(5)

and H(6) referring to Fig. 3, reveal that the protons on the

portal methylenes of these hosts lie in different magnetic

environments, caused by a preferential orientation of the

imidazole moiety of the guest g2 � HCl towards one portal of

the above mentioned hosts. For the bound Q[6], the doublet

resonance of H2 split obviously into two sets broadening

doublet resonances, while the doublet resonances of H3 split

slightly, and give a triplet resonances (referring to Fig. 4b).

For the bound TMeQ[6], the situation similar to the

TMeQ[6]-g1 � HCl system, both H(5) and H(6) are broaden

and shifted upfield with splitting by 0.15–0.25 ppm (H(5)0

and H(6)0), and 0.45 ppm (H(5)00 and H(6)00) for each pair.

Moreover, the overlapped resonances of the protons H(3),

H(4) are displaced by an upfield shift by *0.2 ppm (H(3)0)
and *0.4 ppm (H(4)0), respectively. A comparison of the

integrals of the shifted protons of the bound g2 � HCl with

the shifted protons of the hosts revealed the inclusion com-

plex to be a 1:1 host:guest species. Thus, the 1H NMR study

also strongly implies that Q[6] and TMeQ[6] exhibit a

preference towards including the phenyl moiety rather than

the imidazole moiety of g2 � HCl, with the structure of the

inclusion complex being unsymmetrical.

Both signals corresponding to the bound g2 � HCl and

Q[7] or the water insoluble host Q[8] are present after

addition of 0.48 equivalents of Q[8] (Fig. 4e, f), and the

different upfield shifts of protons of the included guest

(imidazole protons by 0.32–0.43 ppm; phenyl protons by

1.22–1.29 ppm) suggest that the phenyl ring of the guest is

much deeper in the cavity of the host. A comparison of the

integrals of the protons of the bound g2 � HCl with the

protons of Q[7] and Q[8] revealed to be 1:1 and 1:2 of

host:guest species, respectively.

Unlike the other three Q[n]-g2 � HCl systems, the two

sets of doublet resonances of the portal methylene protons

H2 and H3 do not split, except the resonance of H2 become

broaden in the Q[8]-g2 � HCl system. In our previous

work, we have demonstrated some samples that Q[8]

included two small organic molecules in two typical styles:

the guest pair protrudes from the same portal of the host

Q[8] to form an unsymmetrical inclusion complex [30, 31]

or from the opposite portals of the host to form a sym-

metrical inclusion complex [32]. Above 1H NMR study for

the Q[8]-g2 � HCl system implies that Q[8] includes the

phenyl moiety much deeper than the imidazole moiety of

two g2 � HCl guest, and the protruding pyrazole moieties

of the two bound guest g2 � HCl towards both portals of

Q[8] with the structure of the inclusion complex being

symmetrical.

1H NMR spectra analysis of the interaction

between the Q[n]s with g3 � HCl

The Q[n]s-g3 � HCl systems presented similar host-guest

interaction results to the Q[n]s-g1 or g2 � HCl systems. The

upfield shifts (between 0.38 and 0.9 ppm) of the phenyl

proton resonances of the bound g3 � HCl and the downfield

shifts (about 0.3 ppm) of imidazole protons resonances of

the bound g3 � HCl in Q[6]-g3 � HCl, TMeQ[6]-g3 � HCl

and Q[7]-g3 � HCl systems (Fig. 5b, c, d) revealed that the

hosts showed a preference towards including the phenyl

moiety of g3 � HCl, also the split doublet of H2 of the portal

methylene protons of the host Q[6] or Q[7], as well the split

doublet of H(5) and H(6) of the portal methylene protons of

the host TMeQ[6] further confirmed the structure of the

inclusion complex being unsymmetrical. For the Q[8]-

g3 � HCl system, although the resonances of the host Q[8]

was observed, the resonances of the bound guest were too

vaguer to be observed, even the ratio of guest:host was up to

20:1(Fig. 5e). The solubility of the host and the host–guest

inclusion complex could be the reason, and the interaction

between Q[8] and g3 � HCl will be discussed late.

Spectrophotometric analysis on the interaction

between Q[n]s and g � HCl

To further quantify the interaction between the Q[n]s

and g1–3 � HCl, a ratio-dependent study was pursued by

Fig. 4 The 1H NMR spectra of g2 � HCl recorded a in the absence

and b in the presence of 0.30 equivalent of Q[6], c and d 0.25 and

1.05 equivalent of TMeQ[6], e 0.94 equivalent of Q[7] and f 0.48

equivalent of Q[8]
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electronic absorption and fluorescence spectra at pH 5.8.

Usually, all four free hosts Q[n]s show no absorbance at

k[ 210 nm, and the three free g1–3 � HCl show the

maximum absorption at kmax 239 nm for g1 � HCl, 255 nm

for g2 � HCl, 262 nm for g3 � HCl, respectively.

Figure 6a–c show the variation in the UV spectra

obtained with aqueous solutions containing a fixed con-

centration of g1–3 � HCl (32 mM) and variable

concentrations of Q[6], respectively. The absorption band

of the guests exhibits a progressively lower absorbance

with a red shift as the ratio of NQ[6]/Ng�HCl is increased. The

absorbance (A) vs ratio of moles of the host Q[6] and

guests (NQ[6]/Ng�HCl) data can be fitted to a 1:1 binding

model for all the three Q[6]-g � HCl systems at kmax,

respectively (Fig. 6d). This behaviour is consistent with the

results from the 1H NMR study.

For the three TMeQ[6]-g1–3 � HCl systems, The

absorption band of the guests exhibits a progressively

lower absorbance with a red shift as the ratio of NTMeQ[6]/

Ng�HCl is increased, and a sharp isosbestic point at 249 nm

for TMeQ[6]-g1 � HCl system, and 262 nm for TMeQ[6]-

g2 � HCl system further confirms a simple interaction

between TMeQ[6] and the selected guests, respectively

(referring to Fig. 7a–c). The absorbance (A) versus ratio of

moles of the host TMeQ[6] and guests (NTMeQ[6]/Ng�HCl)

data can be fitted to a 1:1 binding model for all the three

TMeQ[6]-g � HCl systems at kmax, respectively (Fig. 7d).

For the three Q[7]-g � HCl and Q[8]-g � HCl systems,

the absorption bands of the guests show a similar tendency

and exhibit a progressively lower absorbance as the ratio of

NQ[n]/Ng�HCl is increased (Fig. 8a–c and e–g), however, the

absorbance (A) versus ratio of moles of the host Q[7] and

guests (NQ[7]/Ng�HCl) data can be fitted to a 1:1 binding

model at the corresponding kmax, while the absorbance (A)

versus ratio of moles of the host Q[8] and guests (NQ[8]/

Ng�HCl) data can be fitted to a 1:2 binding model at the

corresponding kmax (Fig. 8d, h). The absorbance change

Fig. 5 The 1H NMR spectra of g3 � HCl recorded a in the absence

and b in the presence of 0.10 equivalent of Q[6], c 1.25 equivalent

TMeQ[6], d 1.10 equivalent of Q[7] and e 0.05 equivalent of Q[8]

Fig. 6 Electronic absorption spectra and corresponding A * NQ[6]/Ng1–3 curves

Fig. 7 Electronic absorption spectrum and corresponding A * NTMe[6]/Ng1,2,3 curves
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(DA) vs ratio of [NTMeQ[6]/(NTMeQ[6] ? Ng�HCl)] data also

confirm that the interaction between Q[8] with the selected

guests can be fitted to a 1:2 binding model.

Fluorescence spectroscopy, similar experiments were

performed. All four free hosts Q[n]s were non-fluorescence

materials and the maximum fluorescence emission wave-

length of the three selected guests g1–3 � HCl were 321,

365 and 321 nm, respectively. The fluorescence of the

guests g1 � HCl and g2 � HCl was found to increase with

the increase in the two Q[6]s (Q[6] and TMeQ[6])

concentration at 398, 424 nm, respectively, while the

fluorescence of these two guests were almost completely

quenched with the increase in the host Q[7] or Q[8] con-

centration. For the g3 � HCl, its fluorescence intensity was

always decreased with the increase in the hosts concen-

tration (referring to Fig. 9). For the nine Q[6]-g1–3 � HCl,

TMeQ[6]-g1–3 � HCl and Q[7]-g1–3 � HCl systems, the all

curves of fluorescence intensity (If) vs NQ[n]/Ng�HCl can be

fitted to a 1:1 binding model. For the three Q[8]-g1–

3 � HCl systems, the curves of fluorescence intensity (If) vs

NQ[n]/Ng�HCl and DIf versus [NTMeQ[6]/(NTMeQ[6] ? Ng�-

HCl)] can be fitted to a 1:2 binding model (Fig. 9).

The measured data from both absorption spectrophoto-

metric analysis (ASA) and fluorescence spectroscopy

analysis (FSA) for the twelve inclusion host–guest systems

yielded calculated binding constants (K), the corresponding

logKs are listed in Table 1.

Crystal structure determination of the inclusion

complex TMeQ[6]-g2 and g3 � HCl

Based on the solution studies, one can conclude that the

hosts prefer to include the phenyl moiety rather than the

imdazole moiety of the guests. The crystal structures of the

inclusion complexes could give more details on the inter-

action between the Q[n]s hosts and the g � HCl guests. In

this work, only two single crystal X-ray structures of the

inclusion complexes TMeQ[6]-g2 and TMeQ[6]-g3 were

obtained, both of them showed the phenyl moiety of these

two guests inserted into the host cavity, which supports

particularly the 1H NMR spectroscopic study in solution.

Figure 10 shows the views of the TMeQ[6]-g2 � HCl

and TMeQ[6]-g3 � HCl adducts. In the solid state, the

phenyl moiety of the guest has clearly intruded into the

cavity center of the host, whereas the imidazole moiety lies

in a portal zone of the host. Thus, the phenyl ring in the

cavity will undergo a shielding effect, and the corre-

sponding proton resonances will experience a significant

upfield shift (as observed in the 1H NMR spectra discussed

above). Moreover, the portal hydrogen bonds of the pro-

tonated imidazole moiety of the guests with the rimmed

carbonyls of TMeQ[6] increased the stability of the title

inclusion complexes (although it is unclear which N of the

imidazole moiety is protonated in solution).

It is notable that a preferential orientation of g2 � HCl or

g3 � HCl protruding from the portal of TMeQ[6] will cause

a significant chemical shift difference for the protons H(5)/

H(6) and H(1)/H(2). This preferential orientation favors

C–H���p interaction between the phenyl ring and the pro-

tons H(5)/H(6) [33–35], which leads to an obvious upfield

shift of the H(5) and H(6) signals. In addition, the loca-

tion of the bound g2 � HCl or g3 � HCl favours C–H���p
interaction between not only the phenyl ring but also the

imidazole ring and the protons H(5)00 or H(6)00 (upper

fringe of the TMeQ[6]), while the H(5)0 or H(6)0 (lower

fringe of the TMeQ[6]) experience interaction with the

phenyl ring only. Consequently, the H(5) and H(6) signals

are further split into two sets (H(5)0/H(5)00 and H(6)0/

Fig. 8 Electronic absorption spectrum and corresponding A * NQ[7]/Ng1,2,3curves
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H(6)00) due to their experiencing different shielding

effects.

In the solid state of TMeQ[6]-g2 � HCl, the guest is

inserted to the extent that the aromatic ring sits exactly in

line with opposite sets of the portal carbonyl oxygens O3

and O4. The closest contacts are between the amine cation

(N30) of the imidazole ring and carbonyl atoms (O1, O2,

O3 and O4) of the cucurbituril, with N30…O1, N30…O2,

N30…O3 and N30…O4 of 3.318, 3.465, 3.888 and 3.868

Å, respectively (Fig. 10a, b); In the solid state of TMeQ[6]-

Fig. 9 Fluorescence emission spectra and corresponding If-NQ[n]/Ng curves and DIf * Ng/(NQ[8] ? Ng) curves

Table 1 The binding constants (K) of the Q[n]-gn systems

Host–guest

interaction ratio

Host g1 � HCl g2 � HCl g3 � HCl

logKASA ± error logKFSA ± error logKASA ± error logKFSA ± error logKASA ± error logKFSA ± error

1:1 Q[6] 4.1 ± 0.1 4.3 ± 0.1 5.0 ± 0.1 4.9 ± 0.1 4.8 ± 0.1 4.6 ± 0.2

1:1 TMeQ[6] 4.9 ± 0.1 4.3 ± 0.2 4.6 ± 0.1 4.1 ± 0.1 4.8 ± 0.1 4.8 ± 0.3

1:1 Q[7] 4.9 ± 0.2 4.9 ± 0.2 4.9 ± 0.1 4.9 ± 0.1 4.7 ± 0.1 4.7 ± 0.1

1:2 Q[8] 11.8 ± 0.1 12.0 ± 0.2 11.8 ± 0.1 11.9 ± 0.1 11.1 ± 0.1 12.4 ± 0.2
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g3 � HCl, the guest is also inserted to the extent that the

phenyl ring sits essentially in line with opposite sets of the

portal carbonyl oxygens O1 and O4, but is twisted away

from linearity by 11.09�, while the phenyl is exactly in line

with opposite sets of the portal carbonyl oxygens O1 and

O4. The closest contacts are between the protonated sec-

ondary amine of the imidazole ring (N25 or N26) and

carbonyl atoms (O1, O2, O3, O4, O5, O6) of the host

TMeQ[6], with N25…O1, N25…O2, N25…O6, N26…O3,

N26…O4 and N26…O5 of 2.800, 3.011, 3.082, 2.925,

2.826 and 2.958 Å; N82…O3, N82…O4 and N82…O5 of

2.923, 2.827 and 2.958 Å; respectively. The H25…O1,

H25…O2, H25…O6, H26…O3, H26…O4 and H26…O5

distances are 1.940, 2.888, 2.853, 2.707, 1.969, 2.840 Å,

respectively (Fig. 10c, d), for example, indicative of the

strong hydrogen bonding assisting to locate the guest in the

host.

The close contacts between the phenyl moiety of the

guest g2 or g3 � HCl and the opening ring of the host

TMeQ[6] show that the aromatic ring fits reasonably

tightly in the cavity of the host. For example, carbon atoms

of the benzene ring for both host-guest inclusion com-

plexes lie between 3.34 Å and 4.50 Å from nearest-

neighbour atoms in the host ring, with space-filling models

showing that the ring fits reasonably tightly in the cavity.

Thus, a combination of a hydrophobic interaction between

the cavity of the TMeQ[6] and the phenyl moiety of g2 or

g3 � HCl together with the hydrophilic interactions

between a polar carbonyl portal group of TMeQ[6] and the

positively charged imidazole of the guest was observed in

these two inclusion complexes.

Conclusion

The 1H NMR spectra analysis of the interaction of the four

hosts cucurbit[n]urils Q[6–8] and a Q[6] derivative

TMeQ[6] with three imidazole derivatives N-(4-hydroxyl-

phenyl)imidazole (g1), N-(4-aminophenyl)imidazole (g2),

and 2-phenylimidazole (g3) hydrochloride established two

basic interaction models in which the host selectively binds

the phenyl moiety of the title guests, forming inclusion

complexes with a host:guest ratio of 1:1 for Q[6] or

TMeQ[6] or Q[7] and a host:guest ratio of 1:2 for Q[8].

Relatively high formation constants in aqueous solution at

pH 5.8 of logK values between 4 and 5 for the smaller Q[6

or 7]s, while logK values between 11 and 12 for Q[8] were

determined through absorption and fluorescence spectro-

scopic analysis. The single crystal structure of the inclusion

complex supports the solution studies, the inclusion com-

plex assembled as identified in the solution 1H NMR

studies. The strength of the interaction determined here

reflects the ability of cucurbit[n]urils to act as a host for

suitably shaped guests, even in aqueous solution.

Fig. 10 Crystal structure of the

inclusion complexes TMeQ[6]-

g2 � HCl a side view, b top

view; TMeQ[6]-g3 � HCl: c side

view, d top view
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