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A bicyclic host molecule 1 consisting of a pillar[5]arene and a 

1,5-dioxynaphthalene-based crown ether unit has been 

synthesized,,,, and the two cyclic subunits in 1 were found to 

recognize two different guest molecules (1,4-dicyanobutane 

and paraquat) selectively or taking up the two guest 

molecules simultaneously.  

The fabrication of elegant supramolecular systems through host-

guest interactions is one of the research focuses in supramolecular 

chemistry.1 Synthetic macrocycles, such as crown ethers,2 

cyclodextrins,3 calixarenes,4 cucurbiturils,5 and cyclophanenes,6 are 

commonly used host components in the construction of such 

supramolecular systems. In these systems, each of these macrocyclic 

receptors possesses specific modes of noncovalent interactions (ion-

dipole, hydrogen bonding, charge-transfer, π-π stacking and van der 

Waals force) toward guests of suitable shape, size and electronic 

constitution. Pillararenes,7 added to the list of macrocyclic hosts in 

2008, have drawn considerable attention from supramolecular 

chemists. The two open ended tubular cavities, as well as the 

regularly positioned alkoxy functionalities in the tubular ends, have 

afforded pillararenes outstanding ability in molecular recognitions 

and in the construction of supramolecular systems. Examples include 

selective binding of different guests,8 formation of supramolecular 

polymers,9 synthesis of mechanically interlocked molecules,10 

construction of artificial transmembrane channels,11 and stimuli-

responding materials.12 

By utilizing selective guest binding ability of different 

macrocyclic host molecules, a number of complex supramolecular 

architectures, such as heterorotaxanes13 and twin-axial 

heterorotaxane,14 have been assembled via multiple host-guest 

interactions. Macrocyclic receptors bearing multiple binding sites for 

recognition of different neutral guests and ion pairs have also been 

reported.15 However, most of the current studied macrocyclic host 

molecules are capable of binding only guests of similar shape, size, 

and electronic constitution. The integration of two macrocyclic host 

moieties of different shape, size and mode of noncovalent binding 

toward substrate into one single host molecule, which could 

potentially be used to: 1) recognize one kind of guest species 

discriminatively over others by a specific macrocyclic domain of the 

host molecule, 2) bind two guest molecules of different shape, size 

and electronic constitution simultaneously, 3) assemble elegant 

topological novel structures, remains less exploited,16 which may be 

due to the difficulty of integrating structures which are different in 

molecular geometry, rigidity and mode of host-guest interaction into 

one host molecule in an appropriate arrangement. The tubular shaped 

pillararenes and flexible crown ethers are two different kinds of 

macrocyclic host molecules and recognize guest species via different 

modes of supramolecular interactions. We envisioned that the easy 

functionalization of pillararenes and crown ethers would provide an 

opportunity to integrate them into a single host molecule with two 

independent guest binding pockets with different functionalized 

surfaces. In such a bicyclic host molecule, the pillararene and crown 

ether host units recognize guest molecules of different shapes, sizes 

and electronic constitutions selectively via different modes of 

supramolecular interactions, taking up two different guest species 

simultaneously. Previously, Huang and coworkers used 

pillar[5]arene and crown ether to construct a dynamic [1]catenane 

with pH-responsiveness.17 Ogoshi and coworkers synthesized a 

pillar[5]arene-based planar chiral pseudo[1]catenane involving two 

macrocyclic units which showed chiral inversion upon addition of 

achiral guest and solvents.18 Herein, we report our results on the 

synthesis of a novel bicyclic host molecule 1 by integration of a 

pillar[5]arene subunit and a crown ether subunit into a single 

molecule and the use of 1 in host-guest interactions. In the molecular 

structure of 1, one 1,4-hydroquinone unit of the pillar[5]arene 

scaffold acts as a functional surface of the crown ether ring (Scheme 

1). The pillar[5]arene binding pocket of 1 was found to form a host-

guest complex with 1,4-dicyanobutane G1, similar to the results of 

pillar[5]arene obtained by Li and coworkers,19 while crown ether 

cavity in 1 was found to selectively interact with paraquat (MV2+) 

G2, a commonly used guest molecule for crown ethers,20 which 

previously was also reported to interact with the π-electron rich 

cavity of pillar[5]arenes,9c-d,12,21 but not the case in 1. Additionally, 

the simultaneous complexation of the two different guest species (G1 

and G2) by the bicyclic host 1 was achieved both in solution and in 

the solid state.  

The synthetic route for the host structure 1 is shown in Scheme 1. 

Benzoquinone-derived pillar[5]arene 2 and the corresponding 

dihydroxylated pillar[5]arene 3 were obtained by following 

Ogoshi’s procedures.22 The bicyclic host 1 was obtained by the 

reaction of dihydroxylated pillar[5]arene 3 with bistosylated 1,5-

dioxynaphthalene-based ethylene glycol 4 in a reasonable yield. The 

Page 2 of 5ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

structure of 1 was characterized by 1H, 13C NMR and MS 

spectroscopies (ESI†).  

 

Scheme 1 Synthesis of the Bicyclic Host 1. G1 and G2 are Guest Species. 

 

Due to the size effect of the naphthalene unit, the naphthalene-

based ethylene glycol chain in 1 cannot be self-included into the 

pillar[5]arene tubular cavity to form a pseudo[1]catenane via rotation 

of the 1,4-hydroquinone units, as the one reported by Ogoshi.18 Thus, 

the two topologically different macrocyclic host units (pillar[5]arene 

and crown ether) in 1 can act as two independent binding pockets to 

interact selectively with guest molecules which are different in shape, 

size and electronic constitution.  

The host-guest interaction between 1 and 1,4-dicyanobutane G1 

was examined in CDCl3. As shown in Fig. 1, upon mixing 1 and G1 

in 1:1 and 1:2 molar ratios in CDCl3, large upfield shifts (∆δ = -2.77 

and -3.30 ppm for Ha and Hb, respectively) in 1H NMR of G1 caused 

by the strong shielding effect of the tubular cyclophane were 

observed, indicating the formation of a threaded host-guest complex 

G1⊂⊂⊂⊂1. The broadening of the G1 methylene proton peaks revealed 

the slow guest exchange on the NMR timescale. A 1:1 stoichiometry 

between the host and the guest in the complex was confirmed by 

integration of all the proton peaks.  

 

Fig. 1 
1
H NMR spectra (400 MHz, CDCl3): a) free 1 (1.0 mM); b) 1 (1.0 mM) + 

G1 (1.0 mM); c) 1 (1.0 mM) + G1 (2.0 mM); d) free G1 (2.0 mM) 

 

The 2D NOESY data (Fig. S3) showed that the NOE correlations 

between the entrapped G1 methylene signals (Ha and Hb) and the 

pillar[5]arene aromatic protons of 1, which supported assignment of 

the threaded structure of the complex. No NOE correlations between 

the G1 methylene signals (Ha and Hb) and the protons of crown ether 

in 1 were observed, indicating no host-guest interaction exists 

between the crown ether of 1 and G1. Since no free guest was 

observed in the 1:1 mixture of 1 and G1, suggesting very strong 

binding affinities between the tubular pillar[5]arene cavity of 1 and 

G1 in CDCl3. It is thus hard to calculate the binding constant for G1 

in CDCl3. The association constant (Ka) between 1 and G1 (G1⊂⊂⊂⊂1) 

in (CD3)2CO was determined to be (6.1 ± 0.2) x 103 M-1 (ESI†). 

Due to the limited solubility of paraquat (MV2+.2PF6) G2 in CDCl3, 

the host-guest interaction between 1 and G2 was thus examined in 

acetone-d6. Mixing the colorless acetone solutions of 1 and G2 

resulted in a clear red solution immediately, indicating the formation 

of a charge-transfer complex. The complexation behavior was 

further explored by 1H NMR spectroscopy in acetone-d6. Addition of 

1.0 equiv of G2 to a solution of 1 in acetone-d6 caused the signals of 

α- and β-pyridinium protons of G2 to shift upfield by 0.37 and 0.69 

ppm, respectively (Fig. 2), indicating the complexation between 1 

and G2 in acetone-d6. Upon complexation between 1 and G2, upfield 

shifts were observed for the signals of the naphthalene protons (Hc, 

Hd and He), protons (Hf) of the hydroquinone unit of the crown ether, 

and the protons (Hg) of pillar[5]arene bridging methylene groups  

 

 

Fig. 2. Partial 
1
H NMR spectra (400 MHz, acetone-d6): a) free G2 (1.0 mM); b) 1 

(1.0 mM) + G2 (1.0 mM); c) free 1 (1.0 mM). 

 

connected to the crown ether hydroquinone unit which possibly 

resulted from face-to-face π-stacking and charge transfer interactions 

between the two electron-rich aromatic rings of the crown ether host 

in 1 and the electron-poor G2 guest. The splitting of the protons Hg 

indicated the changes of the magnetic environments of the two 

methylene protons caused by the rotational restriction of the 

hydroquinone unit upon formation of a threaded complex 1⊃⊃⊃⊃G2. 2D 
1H NMR NOESY spectrum (Fig. S7) clearly showed the correlations 

of the signals of α-pyridinium protons (Ha) and N-methyl protons of 

G2 with those of the oligo-ethylene glycol protons of 1, and the 

correlation between the signals of β-pyridinium protons (Hb) of G2 

and those of the naphthalene protons (Hc, Hd and He), as well as 

those of the crown ether hydroquinone unit of 1. This result provided 

strong evidence for the formation of a threaded complex 1⊃⊃⊃⊃G2. MS 

(ESI) spectrum of an equimolar mixture of 1 and G2 exhibited a peak 

at m/z = 692.35 (Fig. S8), assigned to [1⊃⊃⊃⊃G2 - 2PF6]
2+, indicating the 

formation of a complex between 1 and G2 in a 1:1 stoichiometry. 

The above data are consistent with the 1H NMR spectrum of a mole 
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ratio plot of the naphthalene proton He in host 1 (Fig. S9a), as well 

as the mole ratio plot of the β-pyridinium protons of G2 (Fig. S9b). 

The association constant (Ka) of 1⊃⊃⊃⊃G2 in acetone-d6 was determined 

to be (2.6 ± 0.6) x 104 M-1 with a 1H NMR titration method (Fig. 

S11 and Fig. S12).  

The simultaneous binding of two guest molecules (G1 and G2) by 

the bicyclic host 1 was examined in acetone-d6. A clear red solution 

was immediately formed from mixing equimolar colorless acetone 

solutions of 1, G1 and G2, indicating the formation of a charge-

transfer complex between 1 and G2. The complexation behavior 

between host 1 and guests G1 and G2 was further studied with 1H 

NMR spectroscopy in acetone-d6. 
1H NMR spectra of host 1, guests 

G1 and G2, and an equimolar mixture of 1, G1 and G2 are shown in 

Fig, 3; large upfield shifts for Ha and Hb (∆δ = -2.68 and -3.29 ppm, 

respectively, similar to the 1H NMR spectrum of 1 + G1) of G1 in the 

mixture 1, G1, and G2 are consistent with formation of threaded 

host-guest complex 1⊃⊃⊃⊃G1 The little change indicated the presence of 

G2 did not affect the binding strength between 1 and G1. The upfield 

shifts of signals of the α- and β-pyridinium protons of G2 and those 

of the naphthalene protons (Hc, Hd and He), together with the upfield 

shift and splitting of signal the protons (Hg) of pillar[5]arene 

bridging methylene groups connected to the crown ether 

hydroquinone unit, lead to a conclusion that G2 complexes with the 

crown ether unit of supramolecular complex 1⊃⊃⊃⊃G1. These NMR 

data provided strong evidence of the formation of a 1:1:1 inclusion 

host-guest complex between the bicyclic host 1 and guests G1 and 

G2. In this complex, guests G1 and G2 thread the pillar[5]arene and 

crown ether cavities of 1, respectively. The supramolecular host-

guest complex can be expressed as G1⊂⊂⊂⊂1⊃⊃⊃⊃G2.  

 

 

Fig. 3
 1

H NMR spectra (400 MHz, acetone-d6): a) free G2 (1.0 mM); b) 1 (1.0 mM) 

+ G1 (1.0 mM) + G2 (1.0 mM); c) free 1 (1.0 mM); d) free G1 (1.0 mM). 

 

Further unambiguous evidence of the formation of a 1:1:1 

supramolecular complex between the bicyclic host molecule 1 and 

guests G1 and G2 comes from single crystal X-ray diffraction 

analysis. Deep red single crystals of G1⊂⊂⊂⊂1⊃⊃⊃⊃G2 complex suitable for 

X-ray diffraction analysis were obtained by slow diffusion of 

methanol into an acetone solution of 1, G1 and G2. The crystal 

structure of G1⊂⊂⊂⊂1⊃⊃⊃⊃G2 shows that G1 threads the tubular 

pillar[5]arene cavity of the bicyclic host of 1, and G2 is hosted by the 

1,5-dioxynaphthalene-based crown ether motif of 1, forming an 

inclusion complex of one host binding two guests which are different 

in shape, size and electronic constitution in the solid state, as shown 

in Fig. 4. The host-guest complex was stabilized by multiple 

supramolecular interactions which include: hydrogen bonding and 

C-H…π interactions between 1 and G1,
19 hydrogen bonding, π…π 

stacking and charge-transfer interactions between 1 and G2. The 

solid state structure of the complex is consistent with the structure in 

the solution as was determined by 1H NMR spectroscopy.  

  

Fig. 4 Single crystal structure of G1⊂⊂⊂⊂1⊃⊃⊃⊃G2. Hydrogen atoms and PF6
- 
counterions 

are omitted for clarity. 

Conclusions 
In summary, we have successfully constructed a novel 

pillar[5]arene- and crown ether-based bicyclic host molecule 1. The 

selective recognition of G1 and G2 by the pillar[5]arene and crown 

ether motifs, respectively, of 1 is driven by favorable supramolecular 
interactions between the macrocyclic host motifs and the guests 

which match the host motifs in shape, size and electronic 

constitution. The present work could be particularly useful in 

promoting the development of macrocyclic host molecules 

possessing multiple binding pockets which are different in shape, 

cavity size and flexibility. Such systems hold the potential in many 

applications, such as the construction of complex supramolecular 

systems, the development of sensors for detection of multiple 

substrates, and the development of drug delivery systems for the 

delivery of multiple therapeutic agents in a single formulation. 
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