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Although a variety of Russian doll-styled non-inter-

twined box-in-box complexes have been reported,

the utilization of this unique complexation pattern

for the improvement of a specific property or func-

tion remains a challenging target. Herein, we report

the construction of a box-in-cage assembly in aque-

ous solution from an anionic arenecage (ArCage) and

the tetracationic little blue box (LBB) originally de-

veloped by Stoddart. Driven by both ion-pairing and

donor–acceptor interactions, box-in-cage complex

ArCage•LBB affords extremely high binding con-

stant (Ka) of 6.35 × 107 M−1. Stabilized by donor–

acceptor interaction and hydrophobicity, LBB

includes a variety of naphthalene derivative guests

in water, with Ka values ranging from 9.80 × 104 M−1 to

2.81 × 107 M−1. In the presence ofArCage, theKa values

for the complexation of LBB with naphthalenediols,

naphthols, and naphthalene increases significantly,

by up to 4.87 times, through exclusive encapsulation

of the complexes by ArCage with the Russian doll

mechanism. Enhancement of the hydrophobic cavity

of LBB facilitated by ArCage has been proposed to

account for the increased stability of the complexes

formed between LBB and the naphthalene guests.

Caging enhances
complexation

Keywords: molecular cage, host–guest chemistry,

Russian doll, microenvironmental effect, inclusion

enhancement

Introduction
The development of new strategies for enhancing

host–guest complexation is of paramount importance

in supramolecular chemistry.1–11 Preorganization,12,13 mul-

tivalency,14,15 and structural adaptability16–18 have been

well-established as efficient strategies for the design of

hosts that are able to exhibit high-affinity guest binding.

Host–guest recognition between two macrocycles can

lead to the formation of non-intertwined ring-in-ring

superstructures,19–25 while Russian doll-styled hierarchical

host-in-host complexes have been used to construct

higher-order mechanically interlocked Borromean

rings26–28 and spin crossover materials.29 In principle, the

outside host can provide a microenvironment that is

different from the macroscopic medium to enable the
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inside host to achieve enhanced binding affinity for spe-

cific guests. Suchmicroenvironment effect has beenmax-

imized by natural enzymes for the catalysis of various

organic reactions that are vitally important for life.30–32

Actually a number of large hosts have been demonstrated

to include two or more guests to realize stable multicom-

ponent complexation or improved reactivity.33–43 Howev-

er, for host-in-host systems, the utilization of the outside

host-created microenvironment by the inside host for

improving host–guest binding remains an interesting and

challenging target.

Molecular cages feature three-dimensional spaces for

efficient encapsulation of size-matching guests.42,44–48

Water-soluble molecular cages can produce a hydropho-

bic cavity for including hydrophobic guests,49–55 which

may be further enhanced by additional ion-pair interac-

tions. Compared to two-dimensional macrocycles, three-

dimensional molecular cages possess superior structural

confinement, which enhances the ability to precisely

modulate the properties of encapsulated guest mole-

cules. For example, a tetrahedral cage has been utilized

to form an isolated water droplet in aqueous solution.56

Giant cages are expected to encapsulate a large macro-

cyclic host to form host-in-host complexes in a Russian

doll-like binding mechanism. It was envisioned that

when the outside cage is able to produce a more closed

hydrophobic space, the cage would be able to improve

the stability of an included host–guest complex. The

tetracationic cyclobis(paraquat-p-phenylene) cyclo-

phane,57 also known as little blue box (LBB), constitutes

a modular electron-deficient receptor for the construc-

tion of a variety of host–guest complexes and mechani-

cally interlocked supermolecules.6,58–60 Although most

investigations associated with this macrocycle have been

performed in polar organic solvents with hexafluoropho-

sphate as the counter ion, its tetrachloride salt is soluble in

water and able to include catechols in water.61 Herein, we

report that water-soluble arenecage (ArCage) can pro-

duce a giant hydrophobic cavity to include LBB to form a

highly stable host-in-host complex ArCage•LBB. We

demonstrate that ArCage exhibits a pronounced micro-

environment effect in both water and binary water/

dimethyl sulfoxide (DMSO) medium, which enhances the

affinity of the encapsulated LBB towards discrete

naphthalenediols and naphthalenols via a Russian doll-

like mechanism.

Experimental Methods

General methods
1H and 13C nuclear magnetic resonance (NMR) spectra

were recorded with a Bruker AVANCE III HD 400 MHz

spectrometer (101 MHz for 13C NMR) in the indicated

solvents at 25 °C. Chemical shifts were referenced to the

signals of the residual nondeuterated solvent (CDCl3:

δH = 7.26 ppm, δC = 77.16 ppm; D2O: δH = 4.79 ppm,

DMSO-d6: δH = 2.50 ppm, δC = 39.52 ppm, DMSO in

D2O: δC = 39.39 ppm). High-resolution mass spectromet-

ric measurement was conducted on a Bruker McriOTOF11

(Billerica, Massachusetts, United States) or Waters G2-XS

TOF spectrometer (Milford, Massachusetts, United

States) coupled with an electrospray ionization (ESI)

source, using a 0.5 mg/mL solution of sample in DMSO

or deionized water. UV–vis absorption spectra were

recorded on an Agilent Cary 100 UV–vis spectrophotom-

eter (Cary, North Carolina, United States). Fluorescence

spectra were recorded on a VARIAN CARY Eclipse Fluo-

rescence Spectrophotometer (Cary, North Carolina, Unit-

ed States). UV–vis absorption and fluorescence emission

spectra were measured at 25 °C using a 1 cm × 1 cm

rectangular quartz cuvette on a spectrophotometer.

Determination of association constants

The binding constantswasmeasured by fitting theUV–vis

absorbance or fluorescence change to a 1:1 bindingmodel

using Origin 2025b. For direct host–guest titrations, the

concentrated solution of a host was titrated into the

solution of a guest. The equation of complexation be-

tween the host and the guest is expressed according to a

1:1 binding stoichiometry. The detailed methods are de-

scribed in the Supporting Information.

Density functional theory calculations

Density functional theory (DFT) calculations were per-

formed using DMol3 code in Materials Studio software

7.0 (Accelrys Inc, San Diego, California, United States).

The exchange–correlation energy was calculated within

the generalized gradient approximation using a Perdew–

Burke–Ernzerhof (PBE) functional. As the PBE energy

functional cannot describe the van der Waals dispersion

interactions, a Grimme custom method for DFT-D cor-

rection was employed. The valence electron functions

were expanded into a set of numerical atomic orbitals

by a double numerical basis with polarization func-

tions (DNP), all-electron core treatment. The conver-

gence criteria of energy, displacement and force were

2 × 10−5 Ha, 5 × 10−3 Å, and 4 × 10−3 Ha/Å. The detailed

procedures are described in Supporting Information.

Synthesis of compound 3

Compound 1 (4.55 g, 24.1 mmol) was dissolved in acetone

(30 mL). To the solution, potassium carbonate (20.0 g,

144 mmol) was added. The suspended solution was stir-

red at 60 °C for 1 h, and then compound 2 (10.5 g,

57.8 mmol) was added. The mixture was stirred at

60 °C for 12 h and then cooled to room temperature. The

solid was removed by filtration and washed with acetone

(10 mL). The filtrate was concentrated with a rotavapor.

The resulting residue was washed with water (2 mL × 3),
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dried in vacuo and then subjected to column chromatog-

raphy on silica gel, using petroleum ether and ethyl

acetate (10:1, v/v) as eluent, to give compound 3

as colorless oil (7.60 g, 81%). 1H NMR (CDCl3, δ): 7.09
(d, J = 2.79 Hz, 1H), 6.82 (d, J = 8.94 Hz, 1H), 6.77

(dd, J = 8.94, 2.80 Hz, 1H), 4.00 (t, J = 6.01 Hz, 2H),

3.94 (t, J = 6.09 Hz, 2H), 3.69 (s, 6H), 2.59

(t, J = 7.30 Hz, 2H), 2.51 (t, J = 7.26 Hz, 2H), 2.16–2.04

(m, 4H). 13C NMR (CDCl3, δ): 173.81, 173.69, 153.57,

149.74, 119.74, 115.55, 114.89, 114.48, 112.99, 68.97, 67.63,

51.77, 51.72, 30.58, 24.75, 24.72. High-resolution mass

spectrometry (HRMS) (ESI) (m/z): [M + Na]+ calcd for

C16H21BrO6Na, 411.0419; found, 411.0420.

Synthesis of compound 5

Compounds 3 (5.00 g, 12.8 mmol) and 4 (6.52 g,

25.7 mmol) were dissolved in 100 mL of toluene. To the

solution were added potassium acetate (7.56 g,

77.1 mmol) and [1,1′-Bis(diphenylphosphino)-ferrocene]

palladium(II) dichloride (Pd(dppf)Cl2, 0.47 g, 5 mol %).

The solution was stirred at 90 °C for 24 h and then cooled

to room temperature. The precipitate formed was re-

moved by filtration. The filtrate was concentrated with

a rotavapor. The resulting residue was subjected to col-

umn chromatography on silica gel, using petroleum ether

and ethyl acetate (5:1, v/v) as eluent to give compound 5

as light yellow oil. This compound was unstable at room

temperature and used directly for the next step.

Synthesis of compound 7

Compounds 5 (4.47 g, 10.2 mmol) and 662 (1.00 g,

1.71 mmol) were dissolved in 1,4-dioxane (40 mL). To the

solution was added a solution of potassium carbonate

(3.54 g, 25.6 mmol) in water. Catalyst Pd(PPh3)4 (20 mg,

5 mol %) was then added, and the mixture was stirred at

90 °C for 12 h. After cooling to room temperature, the

solvent was removed with a rotavapor and the residue

was treated with dichloromethane (100mL). The solution

was washed with washed (25mL × 3), saline (25 mL), and

dried over sodium sulfate. Upon removal of the solvent

with a rotavapor, the resulting residue was subjected to

column chromatography on silica gel, using petroleum

ether and ethyl acetate (2:1, v/v) as eluent, to afford

compound 7 as a white solid (1.30 g, 64%). 1H NMR

(CDCl3, δ): 7.71 (d, J = 2.56 Hz, 3H), 7.58 (d, J = 7.68 Hz,

6H), 7.28 (d, J = 8.32 Hz, 6H), 6.80–6.65 (m, 9H), 4.01–3.88

(m, 18H), 3.67 (s, 9H), 3.62 (s, 9H), 2.50 (t, J = 7.35 Hz, 6H),

2.42 (t, J = 7.40 Hz, 6H), 2.03–2.09 (m, 12H). 13C NMR

(CDCl3, δ): 173.86, 152.90, 150.99, 142.19, 140.37, 138.96,
130.94, 129.40, 127.33, 124.75, 117.77, 112.37, 112.28, 67.47,

67.29, 51.72, 51.68, 36.14, 30.71, 30.66, 24.91, 24.85. HRMS

(ESI) (m/z): [M + H]+ calcd for C75H85O18, 1273.5736;

found, 1273.5737.

Synthesis of compound 8

Compound 7 (0.45 g, 0.36 mmol) was dissolved in

dichloromethane (45 mL). Polyoxymethylene (36 mg,

1.17 μmol) was then added. The reaction mixture was

stirred at room temperature for 10 min, and then boron

trifluoride diethyl etherate (3 mL) was added slowly. The

mixture was stirred at 35 °C for 1 h and then poured onto

ice (30 g). The organic phase was separated, washed

with water (15 mL × 3), saline (15 mL), dried over sodium

sulfate, and concentrated with a rotavapor. The resulting

residue was subjected to column chromatography on

silica gel, using petroleum ether and ethyl acetate (1:1,

v/v) as eluent, to give compound 8 as yellow solid

(0.12 g, 30%). 1H NMR (CDCl3 δ): 7.49 (s, 6H), 7.38

(d, J = 8.12 Hz, 12H), 7.20 (d, J = 7.91 Hz, 12H), 6.77

(s, 6H), 6.64 (s, 6H), 3.92–3.83 (m, 42H), 3.68 (s, 18H),

3.58 (s, 18H), 2.51 (t, J = 7.44 Hz, 12H), 2.43 (t, J = 7.39 Hz,

12H), 2.41–2.33 (m, 24H). 13C NMR (CDCl3, δ): 173.72,

173.64, 150.37, 150.20, 141.94, 140.53, 138.82, 129.11,

128.52, 127.83, 127.03, 124.53, 114.97, 114.39, 67.57,

67.33, 51.63, 51.52, 36.29, 30.78, 30.63, 25.08, 24.91.

HRMS (ESI) (m/z): [M + 2Na]2+ calcd for C153H168O36Na2,

1314.0573; found, 1314.0571.

Synthesis of ArCage

Compound 8 (0.10 g, 0.039 mmol) was dispersed in

methanol (10 mL). To the solution was added aqueous

solution of sodium hydroxide (40%, 10 mL). The mixture

was stirred at 80 °C for 12 h, then cooled to room tem-

perature, and then concentration with a rotavapor to

about 10 mL. Aqueous hydrochloric acid solution was

added dropwise to pH = 3. The solid formed was filtrated

off and then dispersed in water (3 mL). To the solution

was added aqueous solution of sodium hydroxide (2 M),

dropwise, to pH = 9. The solution was concentratedwith a

rotavapor to about 1 mL and then loaded into a dialysis

bag (molecular weight cutting-off: 1000 Da). The bag was

put into stirred water (1 L) for dialysis for 12 h. The solution

was then concentrated with a rotavapor, washed with

acetone (0.5 mL × 3), and dried in vacuo to affordArCage

as a white solid (67 mg, 64%). 1H NMR (CD3OD, δ): 7.49 (s,

6H), 7.41 (d, J = 7.84 Hz, 12H), 7.22 (d, J = 7.96 Hz, 12H),

6.92 (s, 6H), 6.72 (s, 6H), 3.91–3.84 (m, 42H), 2.41–2.33 (m,

24H), 2.12–2.00 (m, 24H). 13C NMR (CD3OD, δ): 180.45,
180.31, 150.67, 150.42, 142.06, 140.75, 138.61, 128.84, 128.70,

127.86, 126.62, 123.92, 115.02, 114.44, 68.45, 68.32, 48.10,

47.89, 47.67, 47.45, 35.59, 33.78, 26.35, 26.25. HRMS (ma-

trix assisted laser desorption ionization-time of flight

(MALDI-TOF)) was recorded for the corresponding car-

boxylic aci. HRMS (MALDI-Tof) (m/z): [M + Na]+ calcd for

C141H144O36Na, 2435.934; found, 2435.967.

Synthesis of compound NP-a

Compound NP-c (2.00 g, 12.5 mmol) was added to a

stirred solution of sodium hydroxide (10%) in water
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(16 mL). Then a solution of 1,3-propanesultone (3.80 g,

31.2 mmol) in dioxane (24 mL) was added under stirring.

The solution was stirred at room temperature for 12 h.

The precipitate formed was collected by filtration and

then recrystallized from dioxane and water (1:1) to afford

compound NP-a as a white solid (3.03 g, 54%). 1H NMR

(DMSO-d6, δ): 7.71 (d, J = 8.37 Hz, 2H), 7.39 (t, J = 8.03 Hz,

2H), 6.96 (d, J = 7.66 Hz, 2H), 4.23 (t, J = 6.37 Hz, 4H), 2.70

(t, J = 7.08 Hz, 4H), 2.19–2.12 (m, 4H). 13C NMR

(D2O, δ): 126.21, 126.01, 114.14, 106.98, 48.12, 24.38. HRMS

(ESI) (m/z): [M + H]+ calcd for C16H19O8Na2S2, 449.0317;

found, 449.0317.

Synthesis of compound NP-b

This compound was synthesized as a white solid accord-

ing to a reported method.63 1H NMR (CDCl3, δ): 7.85

(d, J = 8.43 Hz, 2H), 7.34 (t, J = 8.06 Hz, 2H), 6.84

(d, J = 7.63 Hz, 2H), 4.30 (t, J = 4.93 Hz, 4H), 3.99

(t, J = 4.85 Hz, 4H), 3.81 (dd, J = 5.96, 3.52 Hz, 4H),

3.72–3.61 (m, 24H), 3.60–3.54 (m, 4H). 13C NMR (CDCl3,

δ): 154.35, 126.79, 125.09, 114.63, 105.70, 72.53, 71.01,

70.68, 70.59, 70.29, 69.83, 67.93, 61.74. HRMS (ESI)

(m/z): [M + H]+ calcd for C30H49O12, 601.3224; found,

601.3206.

Results and Discussion
Scheme 1a provides the structures of the compounds

used in this study. The preparation of ArCage is shown

in Scheme 1b. Thus, compound 1 was first reacted with 2

in acetone in the presence of potassium carbonate to

afford compound 3 in 81% yield. Palladium-catalyzed

coupling of compounds 3 and 4 in toluene afforded

compound 5 in 54% yield. Further palladium-catalyzed

coupling of 5 and tribromide 654 in dioxane and water

produced compound 7 in 64% yield. This intermediate

was then treated with paraformaldehyde in dichloro-

methane in the presence of boron trifluoride to afford

neutral molecular cage 8 in 30% yield, which followed the

method reported for the preparation of the prototypical

neutral molecular cage that bears twelve methoxy

groups.55 Finally, compound 8 was hydrolyzed with so-

dium hydroxide in methanol and water to give rise to

ArCage in 64% yield. The solubility of ArCage in water

was determined to be 107 mg/mL.

The crystal structure of the prototypical neutral molec-

ular cage that bears 12 methoxy groups showed that the

two 1,3,5-triphenylbenzene units have a spatial separation

of 8.4Å,56 which is larger than thewidth of LBB (averagely

7.0 Å).57 We thus first evaluated the binding affinity of

ArCage to LBB using 1H NMR spectroscopy by gradually

adding ArCage to the solution of LBB (0.8 mM) in D2O.

Adding 0.5 equiv of ArCage caused the four signals of

LBB to vanish completely (Figure 1a,b and Supporting

Information Figure S1), which indicated that the free and

ArCage-included LBB molecules underwent slow ex-

change on the 1H NMR timescale. Upon further addition

of 0.5 equiv of ArCage, LBB displayed a new set of NMR

signals, wherein the H-a–d signals (Scheme 1a) exhibited

significant shifting from 9.13 to 7.98 ppm, 8.30 to

7.73 ppm, 7.65 to 8.18 & 7.68 ppm, 5.87 to 3.96 ppm,

respectively. The H-a,b,d signals shifted upfield remark-

ably, supporting that these protons were located in the

cavity of ArCage and thus underwent important shield-

ing. It is noteworthy that H-c exhibited two isolated

signals, which were downfield compared with that of the

free H-c, suggesting that two benzene rings of LBB were

orientated at different positions outside the cavity of

ArCage, thus underwent deshielding effect of the cavity,

and could not exchange rapidly. The fact that the ex-

change of the free and included LBB molecules in the

presence of ArCage was slow on the 1H NMR timescale

provided the first evidence supporting the high stability

of the complex. 1H nuclear Overhauser effect spectrosco-

py of the 1:1 mixture of ArCage and LBB in D2O showed

intermolecular connection between the H-a–c signals of

LBB and the signals of the aromatic units of ArCage

(Supporting Information Figure S2), further confirming

the inclusion of LBB in the cavity of ArCage (Figure 2a).

The binding constant (Ka) of complex ArCage•LBB in

waterwas thenmeasured. For this aim,we first performed

direct UV–vis titration of rhodamine B (RhB) withArCage

(Supporting Information Figure S3). Fitting the change in

UV–vis absorbance at 555 nm to a standard 1:1 binding

model, which was confirmed by Job plot (Supporting

Information Figure S3), allowed the determination of Ka

for complexArCage•RhB ((9.98±0.35) × 106 M−1, Table 1).

We then performed competitive binding assays by

treating solutions containing fixed concentrations ofArC-

age and RhB with increasing concentrations of LBB and

measuring the UV–vis response (Figure 3a). By fitting the

change of the UV–vis absorbance at 575 nm (Figure 3a)

to a competitive binding model and using the known Ka

value of complexArCage•RhB as input, we determine the

Ka value of complex ArCage•LBB [(6.35 ± 0.22) × 107 M−1,

Table 1].

We then investigated the binding affinity of LBB for

discreteNP-a–h as electron-rich guests. Extensive studies

have illustrated that naphthalene derivatives form 1:1 do-

nor–acceptor complexes with LBB.57,58 Gradually adding

LBB to the solution of dianionic NP-a in D2O caused

continuous weakening of the H-2–4 signals, which were

at 7.11 (d), 7.52 (dd), and 7.94 (d) ppm, respectively, of

NP-a in the 1H NMR spectrum (Supporting Information

Figure S4).64 When the amount of LBB increased to

higher than 0.5 equiv, these three signals vanished

completely, and a new set of signals at 2.46, 6.18, and

6.46 ppm, respectively, appeared (Figure 1a and Support-

ing Information Figure S4), which were assigned by com-

paring with those of related compounds.56,57 This

observation clearly showed that two compounds formed
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stable 1:1 donor–acceptor complex LBB•NP-a (Figure 2a)

and the exchange between the free and LBB-included

NP-a molecules was slow on the 1H NMR timescale. To

determine the Ka of the complex, we first performed a

direct UV–vis titration of sunset yellow food color forming

(SY) with LBB (Supporting Information Figure S5), which

gave rise to Ka of (1.27 ± 0.16) × 106 M−1, Table 1) for

complex LBB•SY. We further performed competitive

binding assays using UV–vis absorption spectroscopy

by treating solutions containing fixed concentrations of

LBB and SY with increasing concentrations of NP-a

(Figure 3b). By fitting the change of the UV–vis absor-

bance at 479 nm to a competitive binding model and

using the known Ka value of complex LBB•SY as input,

we determine the Ka value of complex LBB•NP-a

((2.81 ± 0.24) × 107 M−1, Table 1).

We further evaluated the binding affinity of LBB for

discrete neutral naphthalene guests. 1H NMR in D2O

showed that NP-b and LBB also formed a stable 1:1

complex (Figure 2b), which exhibited a new set of signals

in the upfield area for the aromatic protons of the com-

plexed NP-b (Supporting Information Figure S6), as ob-

served for the 1:1 mixture of NP-a and LBB. Compound

NP-b exhibited strong fluorescence centered around

329 nm, which was strongly quenched by LBB. We thus

performed direct fluorescence titration of NP-bwith LBB
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(Supporting Information Figure S7). Fitting of the change

of the fluorescence of NP-b at 329 nm to a 1:1 binding

model led to the determination of Ka for complex

LBB•NP-b [(4.39 ± 0.22) × 105 M−1, Table 1]. In a similar

manner, we determined the Ka values of the complexes

formed between LBB and naphthalenediols NP-c∼ f as

well as naphthols, that is, NP-g and NP-h (Figure 3c and

Supporting Information Figures S8–S13). Among all the

naphthalene guests, NP-a exhibited the highest binding

affinity, which indicated that, in addition to donor–

acceptor interactions between its naphthalene unit and

the 4,4′-bipyridinium units of LBB, there existed

important ion-pair electrostatic attraction between its

two sulfonate groups and the pyridinium units of LBB.

The naphthalene unit is hydrophobic and thus may be

included into the hydrophobic cavity of ArCage in water.

We thus further evaluated the binding affinity of ArCage

for all the naphthalene derivatives. Addition of up to

1.2 equiv of ArCage to a solution of NP-a in D2O did not

cause observable shifting of the signals corresponding to

the aromatic protons of NP-a in the 1H NMR spectra

(Figure 1a and Supporting Information Figure S14). This

result indicated that no significant binding occurred be-

tween the two anionic compounds reasonably due to

Figure 1 | 1H NMR spectra (400 MHz at 25 °C): (a) ArCage, LBB, NP-a, and their di- and tri-component mixtures in

D2O. (b) LBB in D2O and NP-c and di- and tri-component mixtures in D2O and DMSO-d6 (95%:5%, v/v)

([ArCage] = [LBB] = [NB-a] = [NP-c] = 0.8 mM).
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electrostatic repulsion of their anionic ions. Adding ArC-

age to the solution of neutral, but water-soluble NP-b in

D2O led to rapid decrease of the resolution of the signals

of NP-b in the 1H NMR spectra (Supporting Information

Figure S15). Moreover, the resonance signals for all aro-

matic protons in NP-b exhibited consistent upfield shift-

ing. With the addition of 1.0 equiv of ArCage, the signals

shifted from 7.10, 7.53, and 7.93 ppm to 5.46, 6.44, and

6.83 ppm, respectively, supporting that its naphthalene

unit was encapsulated by the cavity of ArCage driven by

hydrophobicity and thereby experienced important

shielding effect from the triphenylbenzene units of ArC-

age. Adding ArCage to the solution of NP-b in water also

resulted in the quenching of the fluorescence of NP-b

(Supporting Information Figure S16). Fitting of the

change of the fluorescence at 333 nm to a 1:1 binding

model allowed for the determination of Ka for complex

ArCage•NP-b [(4.17 ± 0.20) × 105 M−1, Table 1]. Using the

same method, the Ka of complex ArCage•NP-c was

determined to be (1.16 ± 0.20) × 105 M−1 (Table 1,

Figure 3d). Owing to fluorescence spectral overlap, the

Ka values of the complexes betweenArCage andNP-d∼ h

could not be determined by the same method.

The influence of ArCage on the binding affinity of LBB

for the naphthalene guests was then studied. The com-

plexation of LBB with NP-a led to an almost complete

quenching of the fluorescence ofNP-a in water (Support-

ing Information Figure S17). Adding ArCage to their 1:1

solution could result in the recovery of the fluorescence

(Supporting Information Figure S18), indicating thatNP-a

was expelled from the cavity of LBB. 1H NMR spectra

further confirmed that adding ArCage to a 1:1 mixture of

LBB and NP-a in D2O prompted the release of the naph-

thalene unit ofNP-a from the cavity of LBB (Figure 1a and

Table 1 | Binding Constants (Ka) Determined by Direct and Competitive UV–vis and Fluorescence Assays for Com-

plexes Formed by ArCage, LBB, and Naphthalene Derivatives at 25 °Ca

ArCage LBB ArCage⊂LBB
Ka1 Ka2 Ka3 Ka2/Ka3

(×105 M−1, in H2O)

RhB 99.8 ± 3.5

LBB 635 ± 22b

SY 12.7 ± 1.6

NP-a no 281 ± 24c no

NP-b 4.17 ± 0.20 4.39 ± 0.22 2.96 ± 0.15 0.67

NP-c 1.16 ± 0.20 8.46 ± 0.20 21.4 ± 0.70 2.53

NP-d 0.98 ± 0.06 4.76 ± 0.40 4.87

NP-e 1.40 ± 0.15 3.11 ± 0.08 2.22

NP-f 4.01 ± 0.10 5.14 ± 0.28 1.28

NP-g 3.27 ± 0.10 9.29 ± 0.09 2.84

NP-h 1.72 ± 0.03 3.50 ± 0.30 2.03

(×105 M−1, in H2O/DMSO (95%/5%, v/v))

NP-b 4.56 ± 0.21 3.43 ± 0.08 0.75

NP-c 9.76 ± 0.62 20.2 ± 0.60 2.07

NP-d 1.70 ± 0.24 3.50 ± 0.18 2.06

NP-e 1.58 ± 0.13 2.40 ± 0.06 1.52

NP-f 3.44 ± 0.10 5.40 ± 0.45 1.57

NP-g 2.53 ± 0.17 5.84 ± 0.25 2.31

NP-h 0.97 ± 0.06 2.52 ± 0.19 2.59

[×105 M−1, in H2O/DMSO (90%/10%, v/v)]

NP 2.71 ± 0.08 4.78 ± 0.15 1.76

NP-b 3.04 ± 0.18 2.00 ± 0.10 0.66

NP-c 6.75 ± 0.14 11.3 ± 1.30 1.67

NP-d 1.07 ± 0.05 1.80 ± 0.13 1.68

NP-e 1.15 ± 0.02 1.89 ± 0.20 1.64

NP-f 2.17 ± 0.12 2.80 ± 0.06 1.29

NP-g 1.66 ± 0.03 2.60 ± 0.17 1.57

NP-h 0.74 ± 0.05 1.53 ± 0.06 2.06
a All data are the average of three repetitive determinations.
b Using UV–vis competitive assays with RhB as dye.
c Using UV–vis competitive assays with SY as dye.
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Supporting Information Figure S19). This was evidenced

by the fact that, in the three-component solution, NP-a

existed primarily in a free, uncomplexed state, while

ArCage and LBB formed a 1:1 complex. These observa-

tions confirmed that ArCage included LBB and extruded

NP-a from the cavity of LBB. Given the rigidity of LBB, the

encapsulation ofArCage for LBB should not suppress the

donor–acceptor interaction between LBB and the naph-

thalene unit of NP-a. Thus, it is reasonable to propose

that the electrostatic repulsion between the carboxylate

groups of ArCage and the sulfonate groups of NP-a was

stronger than the donor–acceptor interaction, thereby

expelling the naphthalene unit of NP-a from the cavity of

LBB.

TheKa value of complexArCage•LBBwas substantially

higher than that of ArCage•NP-b, suggesting that in the

1:1:1 solution of ArCage, LBB, and NP-b, complex ArCa-

ge•LBB was formed preferentially. Adding LBB to the 1:1

solution of ArCage and NP-b in water caused remarkable

quenching of the fluorescence of both compounds (Sup-

porting Information Figure S20). Adding the mixture of

ArCage and LBB (1:1) to the solution ofNP-b in water also

caused the quenching of the fluorescence of NP-b (Sup-

porting Information Figure S7). Both observations sup-

ported the formation of three-component complex

ArCage⊂LBB•NP-b in the Russian doll-styled manner

(Figure 2b). Upon addition of ArCage to the 1:1 mixture

of LBB and NP-b in D2O, the 1H NMR signals correspond-

ing to H-a–c of LBB, which originally appeared at 8.97,

8.05, and 7.50 ppm, respectively, exhibited further upfield

shifting (Supporting Information Figure S21). When

1.0 equiv of ArCage was added to the 1:1 mixture of LBB

andNP-b in D2O, the H-2 and H-3 signals ofNP-b in the 1H

NMR spectrum shifted upfield from 6.16 and 6.44 ppm to

5.84 and 6.07 ppm, respectively. This observation further

supports the formation of a three-component complex, in

which the naphthalene ring of NP-b experienced dual

shielding effects from the bipyridinium units of LBB and

the triphenylbenzene units of ArCage. By fitting the

change in the emission of NP-b at 344 nm (Supporting

Information Figure S7) to a standard 1:1 bindingmodel, we

could determine the Ka for complex ArCage⊂LBB•NP-b

to be (2.96 ± 0.15) × 105 M−1 (Table 1). The value was

discernibly lower than that observed in the absence of

ArCage, suggesting that ArCage imposed little spatial

repulsion for the inclusion of LBB for NP-b (Figure 2b).

Molecular modeling showed that, for the lowest-energy

structure of the ternary complex ArCage⊂LBB⊂NP-b

(Figure 2b), the two glycol chains extruded from the

cavity of ArCage (Figure 4a). Given the rigidity of both

LBB and ArCage in the ternary complex, it is reasonable

to propose that the flexibility of the two hydrophilic

glycol chains of NP-b was restricted by both of them,

which disfavored the inclusion of LBB for NP-b.

The binding affinity (Ka3) of LBB for NP-c–h in the

presence of ArCage was then investigated in water by

adding LBB and ArCage (1:1) to the aqueous solutions of

NP-c∼ h and recording the quenching of the fluorescence

of the naphthalene guests (Figure 3e,f and Supporting

Information Figures S7–S13). By fitting the change in

emission at a specific wavelength to a 1:1 binding model,

we determined the Ka3 values for LBB•NP-c–h complexes

in the six ternary complexes ArCage⊂LBB•NP-c–h
(Figure 2c, Table 1). These values were 2.53, 4.87, 2.22,

1.28, 2.84, and 2.03 times that of the same complex in the

absence of ArCage. All the values were substantially

lower than that of complex ArCage•LBB, which meant

that, when the binding of LBB for the naphthalene guests

occurred, LBB existed mainly in the form of complex

ArCage•LBB. For all the titrations, the two compounds

were added at the same molar concentrations to the

solution of the naphthalene guests. Thus, these Ka3 values

may be considered as apparent ones. All the goodness-

of-fit (R2) values of the nonlinear regressions were ≥0.99,
which confirmed the feasibility of the treatment. Adding

NP-c (0.3–2.5 equiv) to the solution of LBB and ArCage
(1:1) in D2O and DMSO-d6 (95%/5% v/v) did not cause the

appearance of the signals of the free NP-c in the 1H NMR

spectra (Supporting Information Figure S22). Instead, the

spectra only gave rise to the signals of the encapsulated

species. Moreover, their chemical shifts were nearly un-

changed with the increase of NP-c. The addition of

DMSO-d6 was used to improve the solubility of NP-c,
which has limited solubility in pure water. Thus, the ex-

change of the encapsulatedNP-c and the unencapsulated

P-c was slow on the NMR timescale, even though the

unencapsulated species did not afford observable signals.

The addition of DMSO to the solution diminished the

enhancing effect of ArCage on the stability of the com-

plexes. When DMSO concentration was increased from 5

to 10 vol % (Table 1, Supporting Information Figures S23–

S36 and Tables S1–S7), the enhancement effect remained

observable, but was less pronounced. Therefore, we at-

tributed the enhancement effect in pure water to the

increased hydrophobicity of ArCage. In the binary media,

ArCage should cause more generalized solvophobic ef-

fect, which, together with the donor–acceptor interaction

formed between naphthalene guests and LBB, accounted

for the less pronounced, but observable stability en-

hancement. 1H NMR analysis in D2O and DMSO-d6

(95%/5% v/v) further demonstrated that the addition of

ArCage to the LBB•NP-c complex resulted in a significant

upfield shifting of one signal of NP-c, even though anoth-

er two signals were not observed (Scheme 1a and

Figure 1b). The assignment of the signals of NP-c of the

tricomponent complex was assigned by comparing with

those of the reported related compound.64,65

The addition of 5% DMSO-d6 enabled good solubility

for NP-c for the 1H NMR experiments. The signals of NP-c

were assigned by comparing with those of NP-a. In the

presence of 1.0 equiv of LBB, the H-3 signal underwent

0.80 ppmof upfield shifting.With the addition of 1.0 equiv

ofArCage, the signal further suffered another 0.15 ppmof
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upfield shifting. Molecular modeling for the ternary com-

plex of NP-c revealed that complex LBB•NP-c adopted

two distinct binding orientations within the ArCage cavi-

ty. In one case, the bipyridinium units of LBB formed

stacking interactions with the two triphenylbenzene units

of ArCage (Figure 4b). In another one, the bipyridinium

units are stacked loosely with two diphenylmethane lin-

kers of ArCage (Figure 4c). In both cases, NP-c was

largely enveloped by the backbones of LBB, ArCage, as

well as the appendant side chains of ArCage. This sug-

gests that ArCage and LBB collaboratively form a more

enclosed and solvaphobic cavity, which exhibits en-

hanced inclusion capability toward smaller guest mole-

cules such as naphthalene diols and mono-naphthols.

The binding constants of complex LBB•NP-c in water

and the two binary solvents were all substantially higher

than that (up to 1.5 × 103 M−1) of the complex in acetoni-

trile.66,67 For 1,5-dioxynaphthalene derivatives that bear

two (OCH2CH2)nOH (n = 1, 2, 3), the binding constant of

their complexes with LBB in water was also significantly

higher than that obtained in acetonitrile, which has been

attributed to the hydrophobicity in water.66 Naphtha-

lene diols and their ether derivatives are typical elec-

tron-rich aromatic compounds.66 We thus further

investigated the binding of LBB for less electron-rich

naphthalene (NP) in the absence and presence of ArC-

age. Since NP was insoluble in water, we conducted

fluorescence titration experiments in binary water and
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DMSO (90%/10%, v/v) (Table 1 and Supporting Informa-

tion Table S8 and Figure S37), which revealed that Ka of

complex LBB•NP in the presence of ArCage was 1.76

times that of the complex in the absence of the cage.

Moreover, in both cases, the Ka value was comparable

with the corresponding one of different naphthalene

diols, but higher than that of the complexes formed

between LBB and NP-c or its ether derivatives in aceto-

nitrile.66,67 These results also supported that solvophobic

effect might be the main driving force for all the above

Figure 3 | UV–vis and fluorescence titration assays in water: (a) spectra of the solution of RhB (10 μM) and ArCage
(10 μM) with the addition of LBB (0–100 μM). Inset: plot of the absorbance of RhB at 575 nm vs [LBB]. (b) UV–vis

spectra of the solution of SY (20 μM) and LBB (20 μM) with the addition of NP-a (0–60 μM). Inset: plot of the

absorbance of SY at 505 nm vs [NP-a]. (c) Fluorescence spectra of NP-c (2 μM, λex = 290 nm) with the addition of LBB
(0-20 μM). Inset: plot of fluorescence intensity of NP-c at 336 nm vs [LBB]. (d) Fluorescence spectra of NP-c (2 μM,

λex = 290 nm) with the addition of ArCage (0-30 μM). Inset: plot of fluorescence intensity of NP-c at 336 nm vs

[ArCage]. (e) Fluorescence spectra of (e)NP-c (2 μM, λex = 290 nm) and (f)NP-g (2 μM, λex = 310 nm) with the addition

of LBB (0-11 μM) and ArCage (1:1) (0-12 μM). Inset: plot of fluorescence intensity of (e) NP-c at 344 nm and (f) NP-g at

456 nm vs [LBB] = [ArCage]. Figures c,e,f represent one of three repetitive titration results.
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complexes in water or the binary solvents, which was

further enhanced by ArCage.

The above results demonstrated that the presence of

ArCage led to three different influences on the binding of

LBB for naphthalene guests. For dianionic naphthalene

guest NP-a, electrostatic repulsion between its sulfonate

groups and the carboxylate groups of ArCage was large

enough to surpass the donor–acceptor and hydrophobic

interactions formed between it and LBB, leading to com-

plete suppression of their complexation. For neutralNP-b

that bears two long (OCH2CH2)5OH chains, the two

chains imposed spatial repulsion to weaken the binding

of LBB for it due to the encapsulation of LBB by ArCage.

For smaller guests NP and NP-c–h, similar spatial repul-

sion was very weak or did not exist. The encapsulation of

ArCage for LBB increased the closure and hydrophobic-

ity of its cavity. As a result, LBB could realize enhanced

binding affinity for these smaller guests in both water and

the binary solvents through the cage-in-cagemechanism.

Conclusion
We have prepared a highly water-soluble dodecaanionic

molecular cage that incorporates a tetracationic LBB in

water with Ka value of 6.35 × 107 M−1. The anionic molecu-

lar cage produces a giant hydrophobic cavity to include

blue box driven by donor–acceptor and ion-pair electro-

static interactions. This inclusion increases the hydropho-

bicity of the cavity of LBB and reduces the exposure of

the included naphthalene guests to the highly polar

macroenvironment. As a result, its binding affinity for

naphthalenediols and naphthols can be enhanced signifi-

cantly. The result illustrates the potential of the Russian

doll inclusion pattern to create a microenvironment ca-

pable of enhanced encapsulation efficiency for specific

guest molecules. The molecular cage has a D3h-symmet-

ric backbone. In principle, a tritopic cationic cage can be

designed to feature a more enclosed and size-matched

cavity, whichmay facilitate unprecedented levels of guest

inclusion and enhanced dynamic behavior.

Supporting Information
Supporting Information is available and includes com-

pound synthesis and characterization (Figures S38–S49),

theoretical computational detail, photophysical

properties.

Conflict of Interest
The authors declare no conflict of interest.

Funding Information
This work was financially supported by the National

Natural Science Foundation of China (grant nos.

22271059 and 22531011) for financial support.

References
1. Kyba, E. P.; Helgeson, R. C.; Madan, K.; Gokel, G. W.;

Tarnowski, T. L.; Moore, S. S.; Cram, D. J. Host–Guest Com-

plexation. 1. Concept and Illustration. J. Am. Chem. Soc. 1977,

99, 2564–2571.

2. Liu, P.; Fang, F.; Wang, H.; Khashab, N. M. Smart Materi-

als Based on Synthetic Host Molecules: The Role of Host–

Guest Chemistry in the Fabrication and Application. Angew.

Chem. Int. Ed. 2023, 62, e202218706.

3. Sarkar, S.; Ballester, P.; Spektor, M.; Kataev, E. A. Micro-

molar Affinity and Higher: Synthetic Host–Guest Complexes

with High Stabilities. Angew. Chem. Int. Ed. 2023, 62,

e202214705.

4. Han, X.-N.; Han, Y.; Chen, C.-F. Recent Advances in the

Synthesis and Applications of Macrocyclic Arenes. Chem.

Soc. Rev. 2023, 52, 3265–3298.

Figure 4 | DFT-optimized low-energy structures of ternary complexes (a) ArCage⊂LBB•NP-b and (b, c) ArCa-
ge⊂LBB•NP-c (The bipyridinium units of LBB are roughly stacked with the triphenylbenzene units or the diphenyl-

methane linkers of ArCage). For simplification, the (OCH2CH2)5OH groups of NP-b were replaced with the shorter

(OCH2CH2)2OH groups.

RESEARCH ARTICLE

DOI: 10.31635/ccschem.025.202506895
Citation: CCS Chem. 2026, 8, 3971–3984
Link toVoR:https://doi.org/10.31635/ccschem.025.202506895

3981

https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.025.202506895
https://doi.org/10.31635/ccschem.025.202506895
https://doi.org/10.31635/ccschem.025.202506895


5. Ma, Y.-L.; Yan, S.; Xu, X.-J.; Cao, H.; Wang, R. Synthetic

Host–Guest Pairs as Novel Bioorthogonal Tools for Pre-

targeting. Chin. Chem. Lett. 2024, 35, 108645.

6. Feng, Y.; Zhao, X.; Appleton Daniel, A.; Han, H.; Young

Ryan, M.; Liu, W.; Lee Christopher, K.; Li, W.; Liu, B.-T.; Wu, Y.;

Tang, C.; Chen Aspen, X. Y.; Stern Charlotte, L.; Kim Dong, J.;

Wasielewski Michael, R.; Qiu, Y.; Stoddart, J. F. Chalcogen-

oviologen Enhanced Host–Guest Recognition. CCS Chem.

2024, 6, 2679–2691.

7. Li, G.; Lewis Reece, W.; Eelkema, R. Out-of-Equilibrium

Assembly Based on Host–Guest Interactions. CCS Chem.

2023, 6, 27–40.

8. Hong, Q.-Y.; Huang, B.; Wu, M.-X.; Xu, L.; Zhao, X.-L.; Shi,

X.; Yang, H.-B. Redox-Active Dihydrophenazine-Based

Macrocycle: Synthesis, Conformation-Adaptive Behavior

and Host–Guest Complexation with Tetracyanoquinodi-

methane. Chin. J. Chem. 2024, 42, 1895–1900.

9. Chen, F.-Y.; Fu, R.; Gong, Z.; Li, C.; Guo, D.-S.; Cai, K.

Ultrahigh-Affinity Molecular Recognition in Water and Bio-

medical Applications. Angew. Chem. Int. Ed. 2025, 64,

e202500916.

10. Yang, J.; Lou, X.-Y.; Dai, D.; Shi, J.; Yang, Y.-W. Desym-

metrized Pillar[8]arenes: High-Yield Synthesis, Functionali-

zation, and Host–Guest Chemistry. Chin. Chem. Lett. 2025,

36, 109818.

11. Zhou, W.; He, Q. Redefining Host–Guest Chemistry

Through Amphoteric Chalcogen and Halogen Bonding. Sci.

Chin. Chem. 2025, 68, 3909–3911.

12. Van Eerden, J.; Grootenhuis, P. D. J.; Dijkstra, P. J.;

Van Staveren, C. J.; Harkema, S.; Reinhoudt, D. N. Effect

of Preorganization of Macrocyclic Hosts on the Complexa-

tion of Neutral Molecules. J. Org. Chem. 1986, 51, 3918–

3920.

13. Yu, H.-M.; Yu, X.-Y.; Chen, Y. Preorganized Cationic

Pillararene as Efficient Carriers for Intracellularly Delivering

Native Proteins. Chin. Chem. Lett. 2023, 34, 108037.

14. Huskens, J.; Mulder, A.; Auletta, T.; Nijhuis, C. A.; Ludden,

M. J. W.; Reinhoudt, D. N. A Model for Describing the Ther-

modynamics of Multivalent Host–Guest Interactions at Inter-

faces. J. Am. Chem. Soc. 2004, 126, 6784–6797.
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