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a b s t r a c t

Here, Friedel–Crafts (FC) reaction is used to synthesize a purely organic cage in a one-pot manner. The

trigonal prismatic cage is composed of two trisfuran platforms, bridged by three phenanthrene pillars

each bearing two methoxy (OMe) units. The organic cage exhibited good kinetic inertness, allowing for a

synthetic post-functionalization. During this transforming process, the electron-donating methoxy (OMe)

groups were converted into electron-withdrawing carbonyl groups without any degradation on the cage

framework. The cage exhibits multiple guest recognition modes. The oxygen atoms as the Lewis base

present in either methoxy or carbonyl before and after post-functionalization, endow the cage with the

ability to recognize Lewis acidic guests such as alkali cations. The OMe and carbonyl units grated on the

phenanthrene pillars endow the cage with an π-electron-rich and π-electron-deficient cavity, respec-

tively, where π-electron-deficient and π-electron-rich guests can be accommodated.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The advent of macrocyclic molecules marks an outstanding

milestone in the history of supramolecular chemistry [1–3]. This is

because these hosts can take advantage of their inherent cavities

to encapsulate guest molecules, altering their properties without

disturbing their own covalent structures [4–8]. As a consequence,

a variety of tasks could be accomplished in a supramolecular man-

ner, such as stabilizing guests or reaction intermediates [9–15],

molecular sensing [16–19], separating guests [20–28]. Thus the

design and synthesis of macrocyclic hosts have become one of

the major focuses in the field of supramolecular chemistry. The

traditionally approaches rely on irreversible organic reactions, such

as SN2 reactions in the synthesis of crown ethers [29]. However,

"errors" often occur in covalent bond connections, leading to

the formation of oligomeric and polymeric byproducts, making

irreversible reactions not suitable for synthesizing more complex

target molecules during which multiple chemical bonds (number

of bonds >2) are formed. Using reversible reactions including the

formation of coordinative [30–32] and dynamic covalent bonds
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[33–42] allows error checking. Hence, the target molecules repre-

senting the thermodynamic minima can often be self-assembled

in high or close to quantitative yield. The drawback of self-

assembly, however, is also remarkable. That is, the molecules

containing dynamic bonds often or always undergo degradation

via bond exchange or cleavage [43]. In addition, the labile na-

ture of dynamic molecules also jeopardizes the opportunity of

post-functionalization of these self-assembled molecules.

Here, by taking advantage of the dynamic nature of Friedel–

Crafts (FC) reaction [44–49] between furan and olefin in the

presence of Lewis acid catalyst, a triangular prismatic molecular

cage was obtained in a one-pot manner in a modest (i.e., 25 %)

but satisfactory yield, when considering the fact that six C–C

bonds were formed during ring closure step. The cage framework

contains two trisfuran platforms bridged by three phenanthrene

pillars each bearing two electron-donating methoxy units. Con-

sequently, the cage can accommodate planar π-electron deficient

guests by utilizing two of its three phenanthrene pillars. Notably,

in the absence of any Lewis acid catalysts in FC reaction, this cage

is kinetically inert. This advantage affords an opportunity for post-

functionalization without degradation of cage framework. After

removing all methoxy units and the following oxidation process,

all the methoxy units in the cage framework were transferred into
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Fig. 1. Synthesis of 1a by performing Friedel–Crafts reaction to a 3:2 mixture of 2 and 3, following by the post-functionalization to obtain 1b.

carbonyl units that are rather electron deficient, which altered

the guest recognition preference of the cage. As a consequence,

the cage can recognize π-electron rich guests such as pyrene.

In both forms, the cage can utilize the oxygen atoms in either

methoxy or carbonyl units as Lewis basic binding sites to grab

alkali cations. Upon the recognition of alkali cationic guests, a dra-

matic conformational switch occurred in the cage framework. This

binding process yields a well-established concept reminiscence

of the enzymes functional process which undergoing induced-fit

behaviour when accommodating target substrates.

The synthesis of cage 1a was carried out by performing FC re-

action on a 2:3 mixture of a trisfuran precursor 2 and a phenan-

threne derivative 3 in 1,2-dichloroethane (DCE), using Ca(NTf2)2
as a Lewis acid catalyst. NBu4PF6 was added into the reaction

mixture to enhance the solubility or reactivity of Ca2+ [50]. Af-

ter heating the mixture for 3 h, the crude product was puri-

fied via column chromatography, yielding the compound 1a as

a pure product with a 25 % yield (Fig. 1). Cage 1a exhibits

good solubility in many commonly-used solvents such as chlo-

roform, dichloromethane (DCM), toluene and dimethylformamide

(DMF). The structure of cage 1a was fully characterized via nuclear

magnetic resonance spectroscopy (NMR) and high-resolution mass

spectrometry (HRMS) (Figs. S2-S8 in Supporting information).

Upon removal of calcium catalyst during purification, the cage

framework of 1a is demonstrated rather stable and kinetically in-

ert. For example, no observable degradation occurred after heating

1a in either solid form or in a toluene solution for at least 3 days.

This stability encouraged us to perform post-functionalization on

1a. The addition of boron tribromide (BBr3) into a DCM solution

of 1a deprotected all the methoxy (MeO) groups and converted

them into hydroxyl (OH) groups. Hydroxyl (OH) groups were sub-

sequently oxidized within a few hours into carbonyl units, yielding

cage 1b, which bears six carbonyl units. Cage 1b was isolated in a

91 % yield after purification via precipitation after the addition of

methanol (Fig. 1).

The abilities of both cage 1a and 1b to encapsulate guests were

then investigated. Cage 1a, containing electron donating methoxy

units, encouraged us to explore the recognition of electron de-

ficient guests, by taking advantage of either π-electron donor-

acceptor interactions or dipole-dipole forces. Upon addition of

octafluoronaphthalene (4) into a CDCl3 solution of 1a, the reso-

nances corresponding to the protons d and f in the phenanthrene

pillars underwent upfield shifts (-0.20 ppm and -0.10 ppm re-

spectively), while other protons exhibited minimal shifts (Fig. 2c).

This observation indicates that guest 4 is recognized within the

cavity of the cage 1a, by interacting with the phenanthrene pil-

lars (Figs. S22 and S23 in Supporting information). In comparison,

cage 1a utilizes the trisfuran platforms to recognize both 1,2,4,5-

tetracyanobenzene (5) and tetracyanoquinodimethane (6), as indi-

cated by the observation that addition of these two guests led to

modest upfield shifts of the phenyl units in the central part of

the trisfuran platforms (Figs. S24 and S26 in Supporting informa-

tion). The addition of electron rich guests, including pyrene (7),

7H-dibenzo[c,g]carbazole (8), and perylene (9), into the solution

of 1a, led to no observable shifts, indicating that cage 1a bearing

methoxy groups has an electron rich cavity, incapable of recogniz-

ing electron rich substrates due to the absence of supramolecular

driving forces such as dipole-dipole or donor-acceptor interactions

(Fig. S28 in Supporting information).

In the case of cage 1b, as a comparison, it binds well with the

electron rich guests 7, 8 and 9, by taking advantage of the elec-

tron deficiency of the pillars bearing carbonyl units. This is con-

firmed by the observation that upon the addition of each of these

guests, the resonances corresponding to the protons e and f in

the phenanthrene pillars underwent upfield shifts (Figs. S30, S32

and S34 in Supporting information). Conversely, the addition of the

electron-deficient guests 4, 5 and 6 into the solution of 1b, led

no observable shifts in the 1H NMR spectra (Fig. S35 in Support-

ing information), confirming that 1b can only recognize electron-

rich guests. This implies that switching the electronic properties of

the phenanthrene pillars altered the guest recognition preference

of the cage.

Each phenanthrene pillar, contains two oxygen atoms in the

form of either methoxy or carbonyl in cage 1a and 1b respec-

tively. These oxygen atoms are typical Lewis basic binding sites.

This encourages us to investigate the potential of using the cage

in both forms to accommodate alkali cations, which are typ-

ical Lewis acidic guests. The addition of sodium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (Na+·BArF–) into a solution of 1a

in CDCl3 led to remarkable shifts of the protons in the phenan-

threne pillars. The resonances corresponding to e and f shifted

downfield (+0.26 ppm and +0.19 ppm respectively), while those

corresponding to proton d and proton of methyl apparently shifted

upfield (-0.40 ppm and -0.64 ppm respectively) (Fig. 2e). The dif-

ferences result from the guest induced conformational change of

the cage 1a. In the absence of cationic guest each the phenan-

threne pillar undergoes a pivoting motion within the cage frame-

work. On the one hand, upon recognition of Na+, all the methoxy

units reorient inward, to form dipole-cation interactions in the

form of O–Na+. Protons d located next to methoxy units are thus

shaded inside the cage cavity, experiencing a shielded magnetic

environment. On the other hand, protons e and f are forced to

point outward, thus, experiencing a de-shielded magnetic environ-

ment (Fig. S41 in Supporting information). By performing 1H NMR

titration experiments, the binding constant of the complex Na+⊂1a

was measured to be (2.7 ± 0.3)×103 L/mol. The addition of ei-

ther smaller cationic guest such as Li+, or larger counterparts like

K+ and Cs+, resulted in minimal shifts of the corresponding reso-

nances in the 1H NMR spectra (Fig. S40 in Supporting information),

indicating these cations do not possess complementary sizes to fit

within the cage cavity. The cationic guest in the complex Na+⊂1a

can be removed by adding 18-crown-6, after which the 1H NMR

spectrum was restored (Fig. 2f, Figs. S56 and S57 in Supporting

information), indicating the pivoting motion of the phenanthrene
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Fig. 2. (a) Schematic representation of two typical strategies of recognition. Left: recognition of planar guests by platforms. Right: recognition of alkali cations by basic

binding sites. (b) Left: a series of planar guests 4-9. Right: association constants (Ka) of 1a and 1b towards guests. Partial 1H NMR spectra (500 MHz, CDCl3, 298 K) of (c)

4⊂1a, (d) 1a, (e) Na+⊂1a and (f) addition 1 equiv. 18-crown-6 to Na+⊂1a (∗ represents the peak of BArF− in solution).

units was reactivated upon removing the Na+ guest. In the case of

cage 1b, both Na+ and K+ were recognized within the cage cav-

ity, as inferred from the corresponding 1H NMR spectra. The bind-

ing constants of Na+⊂1b and K+⊂1b were measured to be (2.0 ±
0.2)×103 and (1.3 ± 0.2)×104 L/mol, respectively. Apparently, the

removal of the methyl units from 1a increases the effective vol-

umes of the intrinsic cavity of the cage 1b, making the size of its

cavity complementary to K+. The addition of crown ether led to

similar observations that the conformation of the free cage 1b was

recovered (Figs. S60 and S61 in Supporting information).

To further elucidate the structures of both the cage and its

complexes, diffraction grade single crystals of 1a were obtained

by the slow vapor diffusion of methanol into its solution in DCM

(CCDC: 2414758). The single crystals of 1b and 4⊂1a were obtained

by vapor diffusion of methyl t-butyl ether into their solutions in

chloroform (CCDC: 2414759 and 2414760). These solid-state struc-

tures provided unambiguous evidence of their configurations. As

expected, both 1a and 1b exhibit triangular prism-shaped frame-

work in solid-state. In the case of 1a, all the methoxy units point

inward (Fig. 3a and Figs. S15-S18 in Supporting information), while

in 1b, all the carbonyl units point outward (Fig. 3b and Figs. S19-

S21 in Supporting information). In the framework of 4⊂1a, guest

4 inserts into the gap between two of the three phenanthrene pil-

lars, forming a sandwich-shaped structure. The distance between

guest 4 and each of the two adjacent phenanthrene pillars was

Fig. 3. Single crystal X-ray diffraction structures of the cage (a) 1a, (b) 1b. (c) Sin-

gle crystal X-ray diffraction structures of the host-guest complex 4⊂1a. Optimized

structure of (d) Na+⊂1a, (e) Na+⊂1b, and (f) K+⊂1b obtained by DFT calculations.

Color code: C gray, O red, H white, Na purple, K orange. disordered counterions,

solvent molecules have been omitted for clarity.

measured to be approximately 3.6 Å (Fig. 3c), a typical π-π in-

teraction distance which is well consistent with 1H NMR spectro-

scopic results, indicating the cage 1a utilizes its pillars to recognize

guest 4.

3
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Attempts to obtain the diffraction grade single crystals of com-

plexes containing alkali cations were turned to be unsuccessful.

Therefore, density functional theory (DFT) calculations were per-

formed to elucidate the structures of these complexes. As expected,

in the optimized structures of Na+⊂1a, Na+⊂1b and K+⊂1b, all

the Lewis basic binding sites, namely the oxygen atoms in either

methoxy or carbonyl units, point inward to coordinate with the

cationic alkali guests (Figs. 3d-f). The MeO–Na+ distance was de-

termined to be approximately 2.5 Å, indicating chelated dipole–

cation interactions in 1a. it was observed that the coordination of

Na+, which drives the cation from an outward to an inward posi-

tion, is a highly favorable process. The Gibbs free energy change

(�G) was calculated to be −77.2 kcal/mol using DFT (Fig. S63

in Supporting information). Similarly, upon the addition of Na+

or K+ to 1b, the calculated �G values were −56.4 kcal/mol and

−48.3 kcal/mol, respectively, indicating spontaneous recognition of

Na+⊂1b and K+⊂1b (Figs. S65 and S67 in Supporting information).

In summary, by leveraging the Friedel–Crafts (FC) reaction, a

triangular prismatic cage was synthesized with a modest yield.

Upon removal of the Lewis acidic catalyst during purification,

the cage exhibited significant kinetic inertness, allowing for post-

functionalization without degradation of the cage framework. The

methoxy groups were thus transformed into carbonyl units, by re-

moving the methyl during which oxidation occurred.

The cage, in both forms, demonstrates multiple guest binding

modes with conformational adaptive capability. For example, both

pre- and post-functionalized cages can utilize their oxygen atoms

in either methoxy or carbonyl units to recognize Lewis acidic

guests, namely Na+ and K+. A remarkable conformation switching

was observed upon guest accommodation, whereby the cage can

rotate its phenanthrene pillars to direct its oxygen binding sites

to point inwards, forming cation-dipole interactions with the alkali

guests. Post-functionalization also alters the guest accommodation

preference of the cage in recognition of π-electron rich and defi-

cient guests. Specifically, the cages bearing methoxy and carbonyl

units can preferentially accommodate π-electron deficient and rich

guests respectively.
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