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a b s t r a c t

The preparation, functionalization, and investigations in host-guest properties of high-level pillararene

macrocycles have long been a big challenge because of the lack of efficient synthetic methods. Herein, a

novel type of pillararene derivative, namely desymmetrized pillar[8]arene (DP[8]A), has been successfully

synthesized via a facile two-step strategy with high yield. Compared with its pillar[8]arene counterpart,

DP[8]A is composed of four alkoxy-substituted benzene units and four bare benzene rings. Single crystal

analysis has been performed in order to unveil the molecular conformation and packing mode of DP[8]A,

which indicated that DP[8]A possesses a unique chair-like structure and much smaller steric hindrance.

Density functional theory (DFT) calculations and electrostatic potential map suggested the inhomoge-

neous electronic distribution in the DP[8]A cavity. Water-soluble carboxylate-modified DP[8]A, that is,

CDP[8]A, was also prepared to investigate the host-guest properties in aqueous solution with methyl vi-

ologen (MV), where the binding constant and morphologies of the formed host-guest complexes have

been studied. In all, this new version of eight-membered pillararene derivative might potentially serve as

a powerful macrocycle candidate for further applications in supramolecular chemistry.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The design and synthesis of new macrocycles with well-defined

conformations and distinct properties has been one of the cutting-

edge topics in supramolecular chemistry. Macrocyclic hosts with

more aromatic moieties and larger cavity sizes have attracted

tremendous attention due to their appealing topological archi-

tectures and selective molecular recognition properties. More re-

cently, several newly designed large-scale supramolecular macro-

cycles, including quaterphen[n]arenes [1], ExnBox cyclophanes [2],

elongated geminiarene [3], pagoda[5]arene [4], and many others

[5–7] with particular recognition abilities have been widely inves-

tigated.

Pillar[n]arenes, first synthesized by Ogoshi and co-workers in

2008, have attracted much attention in recent years owing to

their stable and symmetric columnar conformations, facile mod-

ification, unique host-guest properties, and relatively high yields

[8–18]. Notably, the high-level pillar[n]arenes (n≥7, HLPAs) are im-

portant parts of pillararenes, and their investigation is closely re-

lated to the evolvement of pillararenes and supramolecular macro-

cyclic fields. However, the research progress of HLPAs lags far be-
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hind pillar[5,6]arenes because of the lack of proper synthetic meth-

ods, low synthetic yields, and difficulties in post-synthetic modifi-

cation. Compared with the significant advances and extensive ap-

plications in pillar[5,6]arenes, there were only a few reports on

the HLPAs and their functionalized derivatives [19–22]. Therefore,

it is highly urgent to explore the preparation of new HLPAs to en-

rich the pillararene’s toolbox and expand the application prospects

of their research systems. In addition, the nanosized cavities, low

steric hindrance, and flexible skeletons of HLPAs endow them with

the capability of structural changes and conformational adaptabil-

ity induced by guests [23]. Nonetheless, although increasing the

number of monomers and building blocks can facilely obtain high-

level macrocyclic hosts, the steric hindrance would also be dramat-

ically increased at the same time. For instance, most of the repre-

sentative high-level supramolecular macrocycles such as calix[8–

10]arenes [24–27], cucurbit[13–15]urils [28–30], pillar[8–10]arenes

[10,31-35], and asar[8–11]arenes [36] exhibit complex conforma-

tions, which strongly indicate that the preparation of large-sized

macrocycles with low steric hindrance remains a significant chal-

lenge.

Inspired by the synthetic methodology of cyclophanes and pil-

lararenes, our group developed a two-step strategy for the prepa-

ration of [2]biphenyl-extended pillar[6]arene [37–40], which is
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considered as an elongated version of pillar[6]arene homolog,

which pre-connected 1,4-dimethoxybenzene with diphenyl blocks

through Friedel-Crafts alkylation reaction to obtain an intermediate

molecule (MDM) and then reacted the MDM with paraformalde-

hyde under the catalysis of BF3·OEt2. Subsequently, we synthesized

leaning tower[6]arenes via the two-step strategy [41–44], which

possessed enhanced cavity adaptability, decreased steric hindrance,

and improved synthetic versatility compared with the traditional

pillar[6]arene. Impressed by the procedure of structuring extended

and desymmetrized macrocyclic arenes, we envision that taking

advantage of the two-step strategy will hopefully lead to selec-

tively defunctionalized HLPAs with fascinating structural features

and higher yields, further promoting the evolution of pillararene

family. Particularly, gram-scale synthesis of pillar[8]arene is hard

to accomplish due to the harsh reaction conditions, low yields,

multiple by-products, and complicated post-treatment procedures

[45]. Since the pillar[8]arene was synthesized with a low yield

of 1%, there has been no further research on its functionaliza-

tion and applications over the past decade. Notably, to the best

of our knowledge, no examples of functionalized pillar[8]arenes

have been reported yet. Herein, directed by the two-step strat-

egy, we present the synthesis of a newly designed desymmetrized

pillar[8]arene analog, which bears four dealkoxylated benzene-

bridged units, namely desymmetrized pillar[8]arene (DP[8]A). The

synthetic yield of DP[8]A can reach 37%, providing opportunities

for further functionalization.

The synthetic route to DP[8]A via the facile two-step strat-

egy was successfully implemented, as shown in Fig. 1. First, com-

pound 1 was substituted with 1,4-dimethoxybenzene in the pres-

ence of AlCl3 through a Friedel–Crafts alkylation reaction, giving a

synthetic intermediate, namely MDM-DP[8]A (40.2% yield, Fig. S1

in Supporting information). The obtained MDM-DP[8]A was then

reacted with paraformaldehyde in various solvents with different

catalysts (Tables S1 and S2 in Supporting information) to select

the most appropriate conditions, whereby the catalysis of CF3COOH

in 1,2-dichloroethane was proved to be most efficient in the syn-

thesis of DP[8]A (37% yield, Figs. S2-S4 in Supporting informa-

tion). Compared with the traditional method that can only ob-

tain a trace amount of pillar[8]arene as the by-product of pil-

lar[5,6]arene, this two-step strategy demonstrates a dramatic leap

in terms of synthetic methodology, which provides a proficient ap-

proach for gram-scale preparation of eight-membered pillararene

analogs, thus allowing for in-depth studies on DP[8]A derivatives

and their potential applications.

The single crystals of DP[8]A were grown via a solvent diffu-

sion method in the mixed solvent of dichloromethane and hexane,

and the single crystal data was shown in Table S1. Compared with

the well-defined pillar-shaped P[8]A, DP[8]A possesses a twisted

macrocyclic structure attributing to the absence of alkoxy groups

on the four benzenes located on the two extended sides of the

macrocycle (Figs. 2a and b). According to the single crystal anal-

ysis results, the dihedral angle between the unsubstituted benzene

rings is 51.72°, while the angle between the methoxy–substituted

benzene rings is 65.25° (Figs. S5 and S6 in Supporting information).

Besides, the angle between the unsubstituted rings and their adja-

cent methylene carbon atom-based plane is 72.66°, and the angle

Fig. 1. The synthetic route to DP[8]A and its functionalization.
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Fig. 2. Crystal structures and cavity sizes of (a) P[8]A and (b) DP[8]A (top view and side view). Packing mode of DP[8]A viewed along the (c) [100], (d) [010], and (e) [001]

directions. Hydrogen atoms were omitted for clarity. Oxygen atoms are shown in red and carbon atoms are shown in grey. (f) HOMO and LUMO orbitals of DP[8]A. (g)

Electrostatic potential map of DP[8]A.

between the unsubstituted ring and the methoxy substituted ring-

based plane is 7.51° (Fig. S7 in Supporting information). Hence,

with the opposite benzenes parallel to each other and the neigh-

boring phenyl units arranged in a tilted manner, DP[8]A is en-

dowed with a chair conformation instead of the rigid columnar ar-

chitecture. In addition, the packing mode of DP[8]A in the single

crystal was also investigated. An AB-typed layer-by-layer stacking

structure can be spotted from the (1,0,0) direction, whereby the

DP[8]A molecules in two adjoining layers are arranged in the op-

posite direction (Fig. 2c). As a result, the elongation of this pack-

ing mode leads to the formation of 1D cavity channels that over-

lap with each other (Fig. 2d). Interestingly, along the (0,0,1) di-

rection, the opposite arrangement of adjacent layers can be ob-

served more clearly, showing a resemblance of rows of chairs (Fig.

2e). This unique stacking pattern has been highly stabilized due

to the multiple C–H···O interactions and π-π interactions that ex-

ist among the layers (Fig. S8 in Supporting information). Besides

single crystal analysis, density functional theory (DFT) calculations

were also performed to better understand the electronic proper-

ties of DP[8]A cavity. As shown in Fig. 2f, the highest occupied

molecular orbital (HOMO) and lowest unoccupied molecular or-

bital (LUMO) are separated, indicating the inhomogeneous elec-

tronic distribution within the cavity, where HOMO occupies the

methoxy–substituted region, while LUMO is mainly located at the

unsubstituted benzene rings. Similar evidence was provided by the

electrostatic potential map of DP[8]A, signifying the higher elec-

tron density of substituted phenyl groups compared with the bare

benzenes (Fig. 2g).

Subsequently, in order to further functionalize this new type

of macrocycle, water-soluble carboxylate-functionalized DP[8]A

(CDP[8]A) was successfully prepared with high yield (Fig. 1). To re-

alize the perfunctionalization of the substituent group in DP[8]A,

we first conducted a demethylation reaction of DP[8]A with an ex-

cessive amount of BBr3 to afford the hydroxy version of DP[8]A

(OH-DP[8]A, Figs. S9-S11 in Supporting information). Subsequently,

ES-DP[8]A was obtained with a satisfactory yield through nucle-

ophilic substitution on OH-DP[8]A with excess ethyl bromoacetate

(Figs. S12-S14 in Supporting information), and the hydrolysis of

ES-DP[8]A was performed under basic conditions followed by the

treatment of HCl, generating carboxylic acid-substituted DP[8]A

(COOH-DP[8]A) with a high yield of 90% (Figs. S5-S17 in Support-

ing information). Finally, CDP[8]A was facilely obtained by treating

COOH-DP[8]A with sodium hydroxide (Figs. S18-S20 in Supporting

information).

Inspired by the efficient capture or antagonism of highly toxic

molecules by supramolecular macrocycles [46,47], the host-guest

binding mode between CDP[8]A and the positively charged guest

molecule, methyl viologen (MV, one of the most widely used her-

bicides in the world), was investigated in aqueous solutions. Ac-

cording to the 1H NMR spectra, the signals of protons (H1, H2, and
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Fig. 3. (a) Partial 1H NMR spectra (400MHz, D2O, 298K) of (i) MV (5mmol/L), (ii) CDP[8]A and MV (5mmol/L each), and (iii) CDP[8]A (5mmol/L). (b) 1H NMR spectra of

different ratios of CDP[8]A and MV (from top to bottom: CDP[8]A: MV=10:0, 9:1, 8:2, 7:3, 6:4, 5:5; 4:6, 3:7, 2:8, 1:9 and 0:10). (c) Job’s plot analysis of CDP[8]A and MV.

(d) Changes in the chemical shift of MV (0.5mmol/L) upon gradual addition of CDP[8]A (0–1mmol/L) and the non-linear fitting curve of the plot. (e) UV–vis spectra of MV

(1mmol/L), CDP[8]A (1mmol/L), and MV⊂CDP[8]A (1mmol/L). Inset: photographs of (i) MV (5mmol/L), (ii) CDP[8]A (5mmol/L), and (iii) MV⊂CDP[8]A (5mmol/L).

H3) on MV undergo observable upfield shifts (�δ =−0.67, −0.751,

and −0.457ppm, respectively) upon the addition of CDP[8]A in

D2O, which suggests the shielding effect caused by the encapsu-

lation of MV into CDP[8]A cavity (Fig. 3a). Changes in the chem-

ical shifts can also be spotted for the protons of CDP[8]A. In

addition, 2D DOSY NMR spectra of MV alone and MV⊂CDP[8]A

were also collected (Fig. S21 in Supporting information), indicat-

ing that the diffusion coefficient (D) of the mixture (3.16×10−10

m2/s) was lower than that of MV (5.69×10−10 m2/s). To de-

termine the stoichiometry and binding constant (Ka) between

CDP[8]A and MV, NMR titration experiments were carried out.

The binding stoichiometry was 1:1 according to the Job’s plot

method (Figs. 3b and c), and the Ka value was calculated to

be (3.41±0.6)×104 L/mol by the non-linear curve-fitting method

(Fig. 3d and Fig. S22 in the Supporting information), which was

carefully compared with other reported water-soluble pillararene

derivatives for better understanding (Table S4 in the Supporting

information). Interestingly, as MV was encapsulated by CDP[8]A,

its transparent colorless solution immediately turned yellow. Ac-

cording to the UV–vis absorption spectra, this color change can be

ascribed to the charge transfer behavior between CDP[8]A cavity

and electron-deficient MV (Fig. 3e), demonstrating that the elec-

tronic interaction has significantly contributed to the host-guest

complexation.

Moreover, the assembly morphology of MV⊂CDP[8]A in aque-

ous solution was also investigated. Scanning electron microscopy

(SEM) images of MV, CDP[8]A, and MV⊂CDP[8]A were collected.

Distinct from the bulky CDP[8]A aggregates and amorphous MV

assemblies (Figs. 4a and b), MV⊂CDP[8]A adopted a well-defined

bundle-shaped structure (Figs. 4c and d), which suggests that the

formation of host-guest complexes has led to the ordered assem-

bly in a linear pattern. This exciting phenomenon demonstrates the

possibilities of CDP[8]A in forming propagated, well-ordered struc-

tures with the assistance of host-guest and electrostatic interac-

tions, indicating application potentials in functional supramolecu-

lar assemblies for mimicking biological macromolecules.
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Fig. 4. SEM images of (a) CDP[8]A (5mmol/L), (b) MV (5mmol/L), and (c, d)

MV⊂CDP[8]A (5mmol/L each) in aqueous solution.

In conclusion, a novel type of high-level pillararenes denoted

as DP[8]A has been designed and synthesized with high yield

via a convenient two-step strategy. Its unique chair-like conforma-

tion, layer-by-layer stacking mode, and inner-cavity electron dis-

tribution were investigated by single-crystal analysis and DFT cal-

culations. The water-soluble version of DP[8]A, namely CDP[8]A,

was obtained by percarboxylation, and the host-guest interactions

between CDP[8]A and MV have been studied in aqueous media,

of which a 1:1 binding stoichiometry was confirmed by NMR

measurements. Notably, the supramolecular assembly formed by

the host-guest complexes adopted a well-defined bundle-shaped

morphology, suggesting a regulated aggregating pattern. We be-

lieve that the creation of DP[8]A would contribute to expanding

the pillararene family and spur the development of novel high-

level supramolecular macrocycles. In addition, we envision that

the new macrocycle can be applied in the fabrication of vari-

ous supramolecular materials after further functionalization on its

rims, such as supramolecular polymers, drug-loading vesicles, and

even organic-inorganic hybrid nanocomposites by integrating with

metallic nanomaterials, taking advantage of its high yield, conve-

nient modification, and host-guest properties.
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