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a b s t r a c t

The cross-photodimerization often comes with the formation of undesired and competitive homo-

photodimer as side products. Herein, we report a series of highly selective [4+4] cross-photodimerization

between anthracene and 4a-azoniaanthracene derivatives within a cucurbit[10]uril (CB[10]) host in wa-

ter. Heteroternary inclusion complexes were formed through encapsulation of donor (D1-D2, anthracene

derivative) and acceptor (A1-A3, 4a-azoniaanthracene derivatives) pairs in CB[10]. In the presence of

CB[10] (1.0 equiv.), the [4+4] cross-photodimerization between D1 and A1/A2/A3 efficiently gave a single

racemic cross-photodimer. Furthermore, the cross-photodimerization between 9-substituted anthracene

D2 and A1/A3 was catalyzed by CB[10] (0.1 equiv.) to quantitatively yield a cross-photodimer with high

regioselectivity. Efficient formation of selective cross-photodimers could be attributed to the exclusive en-

capsulation of D-A hetero-guest pairs in CB[10] and the confinement effect of the CB[10] host cavity. Our

study further proves host–guest complexation as a powerful strategy for cross-cycloaddition reactions

with high efficiency.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photochemical reactions involving anthracene and its deriva-

tives, including photodimerization and other reactions, have been

widely investigated over the past 100 years [1]. Furthermore, an-

thracene dimerization has been further used in the design of chi-

ral ligand, carbon nanoring, molecular cage switch and optical ma-

terials/devices [2-4]. However, due to the poor reaction selectivity

and homo-photodimerization as side reaction, till now only few in-

termolecular [4+4] cross-photodimerizations between anthracene

and its derivatives have been reported [5-7]. Inspired by the nat-

ural features of enzymes, supramolecular nanoreactors/catalysts

with confined cavities, often referred to as artificial enzymes, have

been developed and made significant advancements in various

types of organic reactions [8-14]. Supramolecular host working as

nanoreactors/catalysts can profoundly govern reactivity and selec-

tivity [15-17]. By introducing a host–guest complexation strategy,

researchers have achieved enhanced efficiency and even stereose-

lectivity in the homo-photodimerization of anthracene derivatives
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[18]. However, to date, there is no efficient way to improve the

cross-photodimerization between anthracene derivatives.

Cucurbit[n]uril (CB[n], n=5–8, 10), a family of molecular con-

tainers known for their high binding affinity and selectivity to-

ward cationic and neutral guests [19,20], have also been em-

ployed to promote various organic reactions [8,21-23]. CB[10]

(Fig. 1A), which has the largest cavity among CB[n], has shown

its remarkable capacity to accommodate large-sized molecules

or donor-acceptor guest pair to form heteroternary complex by

host-stabilized charge-transfer (HSCT) interaction (charge trans-

fer interaction between a pyridinium and an aromatic ring

is also defined as cation–π interaction [17]) [24-27]. Building

upon our previous research involving CB[10]-catalyzed homo-

photodimerization of anthracene or azaanthracene derivatives

[28,29], we started to investigate the cross-photodimerization be-

tween anthracene and 4a-azoniaanthracene derivatives. We envi-

sioned that by combining the selective encapsulation of the D-A

pair with the pre-orientation of guests within CB[10], the inter-

molecular [4+4] cross-photodimerization between anthracene and

4a-azoniaanthracene derivatives could be accomplished with high

efficiency (Fig. 1B).
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Fig. 1. (A) Chemical structures of CB[10], electron-donor guests (D1-D2) (counte-

rions are Cl–), and electron-acceptor guests (A1-A3) (counterions are Br–) (all an-

ions were omitted for clarity). (B) Schematic illustration of host−guest complexa-

tion strategy for cross-photodimerization of D-A pair.

The synthesis and characterization of donor molecules D1-D2

and acceptor molecules A1-A3 (Fig. 1A) were presented in the sup-

plemental information (Scheme S1 and Figs. S1-S7 in Supporting

information). In order to analyze the products after photoirradi-

ation of D-A pairs, the homo-photodimerization reaction of each

compound was investigated firstly. D1 did not undergo homo-

photodimerization and the photoirradiation of D2 for 12h afforded

head-to-tail (HT) dimer HT-PD2-D2 (structural identification of HT-

PD2-D2 was based on our previous report [28]) (Fig. S8 in Sup-

porting information). A1 underwent homo-photodimerization to

afford four regioisomeric photodimers (anti-HT, syn-HH, rac-anti-

HH, rac-syn-HT) identified by 1H NMR spectra (Fig. S9 in Support-

ing information) [30-32]. Similar to A1, A2-A3 produced four re-

gioisomeric photodimers upon photoirradiation (Figs. S10 and S11

in Supporting information). We also investigated the complexation

of each guest with CB[10]. 1H NMR titration experiments revealed

that the signals for the aromatic protons of D2 and A1-A3 under-

went significant upfield shifts, suggesting that anthracene or 4a-

azoniaanthracene units on guests were encapsulated by CB[10] to

form inclusion complexes. ESI-MS analysis further confirmed that

all guests (D2 and A1-A3) formed 1:2 host−guest homoternary

complexes with CB[10] (Fig. S12-S19 in Supporting information).

The host–guest complexation between the hetero-guest pair

D1-A1 and CB[10] was investigated by 1H NMR, fluorescence, and

ESI-MS spectroscopies. 1H NMR spectra analysis showed that all

proton signals of D1 and A1 in their equimolar mixture in the

absence of CB[10] remained unchanged, implying no obvious in-

teraction between D1 and A1 (Fig. 2a). However, the observation

of shifted proton signals of D1 and A1 in the presence of CB[10]

compared to CB[10]·D1 and CB[10]·A12 confirmed the formation

of the heteroternary inclusion complex CB[10]·D1·A1 (Figs. 2b-d).

Since the binding between CB[10] and D1 displayed slow exchange

kinetics on the 1H NMR time scale [28], and no proton signals

of D1 in CB[10]·D1 were found in the 1H NMR spectra of the

mixture of D1, A1, and CB[10] (compare Fig. 2c with Fig. 2d), it

was highly likely that CB[10]·D1·A1 exclusively formed. Multiple

cross peaks in a ROESY spectrum of the hetero-guest pair and

CB[10] mixture suggested that D1 and A1 were in close proxim-

Fig. 2. 1H NMR spectra (600MHz, D2O, 298K) of (a) an equimolar mixture of D1

and A1 ([D1]= [A1]=2.5mmol/L). (b) A1 with 0.5 equiv. of CB[10], (c) D1 with 1.0

equiv. of CB[10], (d) an equimolar mixture of D1 and A1 with 1.0 equiv. of CB[10].

Photographs of samples in NMR tubes were taken under natural light and photoex-

citation at 365nm.

ity (Fig. S20 in Supporting information). Additionally, the trans-

parent solution of an equimolar mixture of D1 and A1, with a

blue emission at 408nm, turned yellow and displayed a red-shifted

emission at 517nm (yellow-green fluorescence) upon adding 1.0

equiv. of CB[10] (Fig. S21 in Supporting information). This change

indicated the weak CT interaction between electron-rich guest

D1 and electron-deficient guest A1 was significantly enhanced by

the presence of CB[10] [27,33]. ESI-MS also confirmed the exclu-

sive existence of the heteroternary inclusion complex CB[10]·D1·A1
(Fig. S22 in Supporting information): the ion peak at m/z

721.604 corresponded to the 1:1:1 complex CB[10]·D1·A1 ([CB[10]

+D1+A1 – 2H+]3+= 721.601). The exclusive formation of the het-

eroternary complex CB[10]·D1·A1 implied the possibility of effi-

cient cross-photodimerization of D1-A1 pair within the host.

Fig. 3A and Fig. S23A (Supporting information) pre-

sented a schematic of CB[10]-mediated intermolecular cross-

photodimerization between D1 and A1. As depicted in Fig.

S23B(b), after UV irradiation for 3h, the 1H NMR spectrum of

D1 and A1 showed complicated new peaks representing pho-

toproducts, with much unreacted D1 and A1 remaining in the

solution. Further analysis disclosed that only 41% of A1 was con-

verted into four regioisomeric homo-photodimers (anti-HT-PA1-A1,

syn-HH-PA1-A1, rac-anti-HH-PA1-A1, rac-syn-HT-PA1-A1; 36% relative

yield). These products were identified by comparing Fig. S23B(b)

to Fig. S9. Additionally, there was a cross-photodimer, rac-PD1-A1,

formed in 64% relative yield. In contrast, in the presence of 1.0

equiv. of CB[10], the proton signals of bound D1 and A1 gradually

diminished and completely disappeared after 50min, with the

appearance of new peaks representing photoproduct(s) (Figs.

S23B(c) and (d), Fig. S24 in Supporting information). The photo-

product was identified as the pure cross-photodimer rac-PD1-A1 in

nearly quantitative yield (characterization data for rac-PD1-A1 were

showed in Figs. S25-S27 in Supporting information). Notably, the

sample of rac-PD1-A1 used for 1H NMR (Fig. S23B (e)) was obtained

by competitive guest displacement without further purification.

This indicated the exclusive hetero-pairwise selectivity of CB[10]

and highly efficient cross-photodimerization between D1 and A1
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Fig. 3. Schematic illustration of CB[10]-mediated intermolecular [4+4] cross-photodimerization between D1/D2 and A1/A2/A3 (A, B). X-ray crystal structures of the host-

product inclusion complex CB[10]·(±)PD1-A1 (cutaway view of CB[10]) (C) and (±)HH-PD2-A1 (D). Hydrogen atoms, solvent molecules and anions were omitted for clarity.

within CB[10]. Given that “the intra-complex photodimerization

is unimolecular in nature” [34], an apparent rate constant (k1) of

the cross-photodimerization reaction between D1 and A1 with 1.0

equiv. of CB[10] was calculated to be 0.04044±0.00253 min−1

using pseudo-first-order kinetics (Fig. S28 in Supporting informa-

tion). Clearly, all of these data proved that CB[10] functioned as

a supramolecular nanoreactor in this case to accelerate the cross-

photodimerization reaction and improve the reaction selectivity

(avoiding homo-photodimerization).

Single crystals of the inclusion complex CB[10]·(±)PD1-A1 were

obtained through the slow evaporation of an irradiated aqueous

solution containing D1, A1, and CB[10], confirming the structure

of the cross-photodimer rac-PD1-A1 (Fig. 3C). Surprisingly, a pair

of racemic enantiomers, (±)PD1-A1, were co-encapsulated by a sin-

gle CB[10] molecule to form a 1:2 racemic inclusion complex

CB[10]·(±)PD1-A1. This differed from the observation of the co-

existence of homo-chiral and hetero-chiral CB[10]-based ternary

inclusion complexes [35]. Moreover, the 1:2 binding mode in crys-

tal was different from a 1:1 binding mode between CB[10] and

PD1-A1 in aqueous solution (Fig. S29 in Supporting information),

which could be attributed to the crystal packing effect [36]. Crys-

tallographic data, including CCDC number, were listed in Table S2

(Supporting information).

The exclusive formation of heteroternary complexes

CB[10]·D1·A2 and CB[10]·D1·A3 was aslo verified by NMR, ESI-MS,

and fluorence spectroscopies (Figs. S30-S33 in Supporting informa-

tion). Similar to the cross-photodimerization between D1 and A1

in the presence of 1.0 equiv. of CB[10], the photoirradiation of D1

and A2/A3 exclusively yielded rac-PD1-A2/rac-PD1-A3 (Fig. 3A, Figs.

S34-S45 in Supporting information). Single crystals of the inclu-

sion complex CB[10]·(±)PD1-A3 were also obtained, confirming the

structure of the cross-photodimer rac-PD1-A3 (Fig. S46 in Support-

ing information). In comparison, although having an extra methyl

substituent at a different position, A2/A3 reacted with D1 similarly

to A1 in the presence of CB[10]. Detailed cross-photodimerization

data were provided in Table S1 (Supporting information).

The characterization of the heteroternary inclusion complex

CB[10]·D2·A1 was illustrated in Fig. S47 (Supporting information).

The typical chemical shift changes upon the addition of CB[10], the

emission color change from blue (the solution of D2-A1) to vibrant

yellow (the solution of D2-A1 with CB[10]), and ESI-MS confirmed

the encapsulation of the D2-A1 pair in CB[10]. In a similar manner,

we investigated the host–guest complexations of D2 and A2/A3

with CB[10] (Figs. S49-S52 in Supporting information). All of data

verified that the D2-A pairs could be encapsulated by CB[10].

The cross-photodimerization between D2 and A1 with CB[10]

was shown in Fig. 3B. Photoirradiation of the mixture of D2 and

A1 for 6h afforded seven photoproducts: the homo-photodimer

HT-PD2-D2 in a relative yield of 31%, four homo-photodimers from

A1 in 27%, the cross-photodimer rac-HH-PD2-A1 in 29%, and rac-

HT-PD2-A1 in 13%, with a total conversion of 76% (Fig. S53, Table

S1 in Supporting information). Relatively, in the presence of 0.1

equiv. of CB[10], the proton signals of D2 and A1 gradually dis-

appeared under UV irradiation and eventually vanished after 2h,

with appearance of new and sharp proton signals representing the

product(s) (Fig. S54 in Supporting information). After work-up, the

photoproduct was identified to be the pure cross-photodimer rac-

HH-PD2-A1 (Figs. S55-S57 in Supporting information). Single crys-

tals of rac-HH-PD2-A1 unambiguously confirmed its HH configu-

ration (Fig. 3D). An apparent rate constant (k1) for the cross-

photodimerization of the D2 and A1 pair with 0.1 equiv. of CB[10]

was then calculated to be 0.02852±0.00093 min−1 with pseudo-

first-order kinetics (Fig. S58a in Supporting information). To gain

insight into why CB[10] can catalyze this cross-photodimerization

reaction with high regioselectivity, we performed density func-

tional theory (DFT) calculations. As depicted in Fig. 4, the energy of

the heteroternay complex HH–CB[10]·D2·A1 was significant lower,

by 84.1 kcal/mol, than that of HT-CB[10]·D2·A1, accounting for the

exclusive formation of the cross-photodimer rac-HH-PD2-A1. The

energy of CB[10]·rac-HH-PD2-A1 was 31.8 kcal/mol higher than that

of HH–CB[10]·D2·A1, resulting in the occurrence of the catalytic

cycle. Therefore, the cross-photodimerization between D2 and A1

catalyzed by CB[10] with high conversion and regio-selectivity,

could be illustrated as in Fig. S58b (Supporting information).

Unexpectedly, while CB[10] could still catalyze the cross-

photodimerization reaction between D2 and A2, two regioisomeric

cross-photodimers rac-HH-PD2-A2 and rac-HT-PD2-A2 were obtained

with relative yields of 65% and 35%, respectively (Figs. S59-S63,

Table S1 in Supporting information). We speculated that the in-

troduction of a 7-substituted methyl group on A2 led to the for-

mation of both HH and HT arrangements, even though the het-

eroternary complex CB[10]·D2·A2 exclusively formed. Indeed, DFT

calculations suggested that the energies of HH–CB[10]·D2·A2 and

HT-CB[10]·D2·A2 were almost identical (Table S3 in Supporting in-
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Fig. 4. Energy-optimized structures of heteroternary complex HH/HT-CB[10]·D2·A1
and host-photodimer complex CB[10]·HH-PD2-A1 (B3LYP-D3/6–31G∗ level of the-

ory). The lowest energy of the heteroternary complex HH–CB[10]·D2·A1 was set at

0 kcal/mol. C, cyan; N, blue; O, red; H, white.

formation), explaining the low regioselectivity in this case. The

cross-photodimerization between D2 and A3 was catalyzed by

CB[10] to give a single cross-photodimer rac-HH-PD2-A3 (Figs. S64-

S69 and Table S1 in Supporting information).

In summary, we have illustrated unreported examples of

[4+4] cross-photodimerizations between anthracene and 4a-

azoniaanthracene derivatives mediated by a host molecule. The

CB[10] host demonstrated its remarkable ability to selectively en-

capsulate pairs of electron-donor (D) and electron-acceptor (A)

molecules and significantly enhance the charge-transfer interaction

between D and A molecules. The use of CB[10] as a host pro-

vided cross-photodimerization reactions between anthracene and

4a-azoniaanthracene derivatives with high reaction rate, yield, and

selectivity. In the best example, only one single regioisomer as

a cross-photodimer was yielded in the presence of a catalytic

amount of CB[10]. This improvement can be attributed to the ex-

clusive hetero-pairwise selectivity and nanoconfinement effect of

CB[10]. These findings not only contribute to the understanding of

supramolecular host–guest chemistry but also offer practical ap-

plications in the field of organic synthesis, particularly in cross-

photocycloaddition reactions. Our work further paves the way for

the exploration of supramolecular hosts and their potential in con-

trolling and enhancing various chemical reactions. Given the signif-

icance of heteroternary complexes in the design of light-controlled

supramolecular machines or fluorescence switches [37], we antici-

pate that our system could also make valuable contributions in this

area.
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