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a b s t r a c t

Actinide metallacycles are an emerging class of functional coordination assemblies, but multi-level as-

sembly from metallacycle units toward hierarchical supramolecular structures are still rarely investigated.

In this work, we put forward a novel supramolecular inclusion-based method through introducing two

macrocyclic hosts, cucurbit[7]uril (CB[7]) and cucurbit[8]uril (CB[8]) to facilitate hierarchical assembly

of uranyl metallacycles with higher complexity, and successfully prepare two different kinds of uranyl

metallacycle-based complexes with intriguing hierarchical structures, a CB[7]-based four-member molec-

ular necklace ([4]MN) and a CB[8]-involved ring-in-ring supramolecular polymer chain. The results ob-

tained here prove the feasibility of supramolecular inclusion for regulating coordination assembly of

uranyl metallacycles and related hierarchical structures. It is believed that this method can be used to

achieve the construction of actinide coordination assemblies with higher structural complexity.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metallacycles and metallacages, of which the synthesis always

relies on coordination-driven self-assembly of metal centers with

elegantly tailored angular ligands [1–4], are typical supramolecu-

lar coordination complexes (SCCs) [5–10] featuring discrete closed

structures with well-defined shapes and dimensions [6,7,11]. These

finite supramolecular architectures can be used in different fields

such as biomedical sensor [12], electrochemistry [13] or “smart”

soft materials [14–16]. Up to now, metal nodes used in metallacy-

cles or metallacages with different degrees of structural complexity

are mainly transition metals [2,7,9,10] and lanthanides [17–21]. Re-

cently, actinide ions are introduced as an emerging class of metal

nodes for the construction of supramolecular metallacycles. For ex-

ample, uranium, a most-studied actinide element that exists in na-

ture as a stable uranyl ion with two axial oxygens, are employed in

many discrete architectures with closed structures such as metal-

coordinated macrocycles [22–24], and nanocages [25–27]. It should

be mentioned that, although the rich coordination chemistry of

actinide nodes (e.g., uranyl sphere could be tetragonal bipyramid,

pentagonal bipyramid or hexagonal bipyramid) has facilitated the

preparation of various discrete coordination assemblies, most of
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the current work is still mainly touch upon coordination-based pri-

mary assembly, while further multi-level assembly of these build-

ing blocks toward hierarchical supramolecular structures are still

rarely investigated.

Multi-level assembly of complex hierarchical structures from

well-defined supramolecular units has attracted the interest of

supramolecular chemists and material specialists [16,17,28–31].

Many elegant examples of complex hierarchical structures are ob-

served in biological systems, such as molecular knots, links, and

entanglements found in the helix of DNA, the folding of RNA, and

the multi-level assembly of proteins in natural organisms [32].

These exquisite artificial assemblies can help us better understand

the mechanisms of self-assembly in nature, and also offer valu-

able hints to make complex biomimetic materials with desirable

structures and functionality. The hierarchical assembly is always

facilitated by non-covalent interactions [33–35], including electro-

static interactions, hydrophobic interactions, hydrogen bonds and

π-π interactions etc., which play important role in linking differ-

ent subunits together. Compared with covalent interactions, non-

covalent interactions fall into the range of weak intermolecular in-

teractions that is intrinsically flexible and dynamic. With the aid of

these weak interactions, those independent but interacting discrete

supramolecular motifs can aggerate together and assemble to form

final hierarchical assemblies.

https://doi.org/10.1016/j.cclet.2022.03.092
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Scheme. 1. Self-assembly processes between uranyl node and the flexible L linker

without or with macrocyclic cucurbituril hosts: (a) dinuclear uranyl-sealed metal-

lacycle U-RC formed from coordination assembly of L and dimeric uranyl node; (b)

CB[7]-enabled formation of uranyl-based [4]MN, U-[4]MN-CB[7], through a L@CB[7]

pseudorotaxane linker; (c) CB[8]-enabled formation of ring-in-ring supramolecular

polymer chain (U-RRC–CB[8]) through a 2L@CB[8] pseudorotaxane linker.

In pursuit of coordination-driven self-assembly of actinide

metallacycles, we have used a flexible ‘U’-shape o-xylene-

derived dicarboxylate ligand (L: 1,1′-(1,3-phenylenebis(methylene))

bis(pyridin-1-ium-4-carboxylate)) to construct a binuclear uranyl-

sealed metallacycle, U-RC (Scheme 1a) [23]. Herein, we further

explore the multi-level assembly of this two-component metal-

ligand (uranyl-L) system. A novel supramolecular inclusion-based

method through introducing two different kinds of macrocyclic

hosts, cucurbit[7]uril (CB[7]) and cucurbit[8]uril (CB[8]) are pro-

posed to facilitate possible interactions of uranyl-L system with

a third component toward induced formation of hierarchical as-

sembly structures with higher complexity. The results reveal that,

both supramolecular inclusions by macrocyclic CB[7] and CB[8] of

L with a flexible skeleton exert a significant effect on its molecu-

lar conformation, as well as its coordination assembly with uranyl.

It should be noted that, due to the difference in supramolecular

inclusion behavior between the guest L and CB[7]/CB[8] macro-

cycles, two completely different assembly pathways can be ob-

served (Schemes 1b and c). As a consequence, the final topo-

logic structures of the resulting uranyl metallacycles and their

secondary assembly with macrocyclic motifs are totally different,

where the involvement of CB[7] leads to the formation of a four-

member [4]MN, U-[4]MN–CB[7], through a L@CB[7] pseudorotax-

ane linker (Scheme 1b), while CB[8] facilitates the assembly of a

ring-in-ring supramolecular polymer chain (U-RRC-CB[8]) through

a 2L@CB[8] pseudorotaxane linker, among which a pair of adja-

cent figure-8 monomeric uranyl-based metallacycles are welded by

CB[8] (Scheme 1c).

The supramolecular inclusion between the starting reactant

LOETBr2 [23], the ethyl ester of L linker, and two cucurbituril

macrocycles were first investigated. 1H NMR analysis (Fig. 1a and

Fig. S5 in Supporting information) shows that chemical environ-

ments of the guest hydrogen atoms undergo changes upon mixing

with CB[7]. Besides a small amount of signals assigned to residual

non-encapsulated LOETBr2, a new set of CB[7]-encapsulated species

can be observed, indicating that the transformation between the

threading and unthreading processes for LOETBr2 and CB[7] under-

goes a slow kinetic on the NMR time scale. Detailed assignation

of these NMR signals shows that the chemical shifts of four hy-

drogen atoms (Ha, Hb, Hc and Hd) of the 1,3-xylenyl group at the

center of LOETBr2 move upfield, while both Hg and Hh of the ethyl

group have minor downfield shifts, indicating that CB[7] is likely

to bind at the 1,3-xylene site in the form of a pseudorotaxane.

The pseudorotaxane structure between LOETBr2 and CB[7] can be

Fig. 1. Supramolecular inclusion between L and two cucurbituril macrocycles, CB[7]

and CB[8], and crystal structures of the corresponding pseudorotaxane, L@CB7 and

2L@CB8. (a) 1H NMR spectra (500MHz, D2O, 298K) of a mixture of CB[7] and an

equimolar amount of LOETBr2 with that of CB[7] and LOETBr2 as a comparison; (b)

Crystal structure of L@CB[7]; (c) The structure of individual L in L@CB[7], showing

the characteristic angles; (d) 1H NMR spectra (500MHz, D2O, 298K) of 2L@CB[8]

with that of CB[8] and [H2L]Br2 as a comparison; (e) Crystal structure of 2L@CB[8];

(f) The structure of individual L in 2L@CB[8], showing the characteristic angles. Sol-

vent molecules have been omitted for the sake of clarity. C sky blue, O red, N dark

blue.

further confirmed by single-crystal structure analysis given below,

though NOE signals between LOETBr2 and CB[7] can hardly be ob-

served due to the long distance between the hydrogen atoms on

the benzene ring of LOETBr2 in the middle of the guest are far away

from the hydrogen atoms on CB[7] (Fig. S6 in Supporting informa-

tion, the precise molecular structure is extracted from the crystal

structure discussed below). Furthermore, Job-plot (Fig. S7 in Sup-

porting information) reveal that the stoichiometric ratio in a pseu-

dorotaxane of LOETBr2 and CB[7] is 1:1, which is consistent with

the results of mass spectrometry analysis (Fig. S8 in Supporting

information). The corresponding pseudorotaxane crystals are pre-

pared hydrothermally, and subject to X-ray crystallographic analy-

sis (Fig. 1b, Fig. S9 and Table S1 in Supporting information). The

result reveals that, as expected, each L guest is encapsulated by

one CB[7] at the central site of 1,3-xylenyl to form a L@CB[7]-type

pseudototaxane. A similar inclusion complex has been reported in

a CB[7]-based pseudorotaxane with a 1,4-xylenyl analogue as the

guest molecule [36], though the 1,3-substitution isomerization en-

ables L to stretch out in the shape of letter ‘M’ with an opening an-

gle (the dihedral angle between plane β and plane γ ) of 296.359°
(Fig. 1c).

The binding affinity of L to CB[8] was also investigated using
1H NMR (Fig. 1d). Hydrogen atoms of 1,3-xylenyl group (Ha, Hb,

Hc and Hd) show upfield shifts similar to that in L@CB[7] pseu-

dorotaxane, while both the signals of He and Hf are split into two

independent peaks. This splitting phenomenon suggests that the

space around each terminal pyridinium may be interfered by other

groups, resulting in a change in its chemical environment, which

finally causes all the hydrogen atoms on the pyridinium ring to no

longer be chemically equivalent. A plausible explanation is that the

inclusion between L and CB[8] with a larger cavity takes a different

pattern than the case involving CB[7]. X-ray crystallographic anal-
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ysis of crystals based on both components of CB[8] and L shows

that, the L guest adopts a ‘U’-shaped folded configuration with

an opening angle (the dihedral angle between plane β and plane

γ ) of 15.562° in CB[8] macrocycle with a larger cavity than CB[7]

(Figs. 1e and f, Fig. S10 in Supporting information), where both ter-

minal pyridinium groups are close to each other and show a cer-

tain degree of mutual interactions. This special conformation of L

is consistent with the above 1H NMR results. Moreover, the large

cavity of CB[8] macrocycle can accommodate two U-shaped guests

at the same time, which are partially pushed out to the outer space

of the overcrowded CB[8] cavity in this 2L@CB[8] pseudorotaxane

(Fig. 1e). The relatively less endocytosis of L guest into the cavity

of CB[8] makes intermolecular interactions between them more or

less weakened, which can be confirmed from the reduced magni-

tude of chemical shift change (Ha, Hb and Hc) compared to that of

L@CB[7] and mass spectrometry (only low-intensity partially de-

composed fragments of 2L@CB[8] can be observed in Fig. S11 in

Supporting information). Another interesting phenomenon is the

deformation of CB[8] (7.9 Å and 10.4 Å, Fig. S12 in Supporting in-

formation) compared to CB[7], which might be originated from the

unique inclusion behavior of CB[8].

The above results on supramolecular inclusion of L with CB[7]

and CB[8] demonstrate that, due to distinct cavity sizes of CB[7]

and CB[8], their inclusion behaviors with the flexible guest L are

different, thus resulting in significant difference in assembly pat-

tern and molecular conformation of as-formed pseudorotaxanes,

L@CB[7] and 2L@CB[8]. It can be expected that this interesting

macrocycle-based regulation method will greatly affect the coor-

dination mode and supramolecular assembly of the pseudorotax-

ane linker. Therefore, the coordination assembly of L@CB[7] or

2L@CB[8] with uranyl is further explored.

Hydrothermal reaction of L@CB[7] and uranyl, or alternately, a

direct one-pot reaction of uranyl, LOETBr2 and CB[7], produces yel-

low block crystals of U-[4]MN-CB[7], which are subject to single-

crystal determination. Crystallographic analysis (Tables S2-S4 in

Supporting information) shows that, in the asymmetric unit of U-

[4]MN-CB[7], there are three L@CB[7] linkers that are connected in

a monodentate mode by three monomeric uranyl centers to form

a cationic molecular loop with three threaded CB[7] macrocycles,

thus being namely as [4]-MN (Figs. 2a-d and Fig. S13 in Support-

ing information). Interestingly, since the introduction of CB[7], the

topological structure of U-[4]MN-CB[7] is totally different from that

of U-RC without CB[7] involved. It is no doubt that the increase

of opening angle of flexible L linker (the dihedral angle between

plane β and plane γ is 289.763° in U-[4]MN-CB[7], Fig. 2c) driven

by CB[7] is crucial to promote the formation of this large closed

metallacycle (U-U distances: 18.718, 19.165 and 19.056 Å). In spite

of a minor deviation of experimental PXRD pattern from the simu-

lated one relevant to partial solvent loss in the loosely-packing lat-

tice of uranyl metallacycle of U-MN-CB[7] (Fig. S13 in Supporting

information), the phase purity of U-[4]MN-CB[7] can still be ver-

ified (Fig. S14 in Supporting information). Characterization on its

physico-chemical properties is also conducted (Figs. S15 and S16

in Supporting information).

The coordination assembly of uranyl with a mixture of LOETBr2
and CB[8] or directly with 2L@CB[8] affords yellow flake cluster

crystals of U-RRC-CB[8]. Crystallographic analysis reveals that the

CB[8]-involving pseudorotaxane motifs retains the same molecular

conformation as that in 2L@CB[8], i.e., with a pair of ‘U’-shaped L

linker trapped in the cavity of CB[8]. An array of such 2L@CB[8] are

further connected by monomeric uranyl nodes to form a ring-in-

ring cationic supramolecular polymer chain (Figs. 2e-h and Fig. S17

in Supporting information), among which each ‘U’-shaped L linker

bites the same uranyl center through two terminal monodentate

carboxylate group. Characterization of physico-chemical properties

were also conducted to prove its identity (Figs. S18-S20 in Support-

Fig. 2. Crystal structures of U-[4]MN-CB[7] and U-RRC-CB[8]. Capped-stick (a) and

space-filling (b) representation of U-[4]MN-CB[7]. (c) The structure of individual

ring in U-[4]MN–CB[7], showing the characteristic angles. (d) Stacked structure of

U-[4]MN-CB[7]. Capped-stick (e) and space-filling (f) representation of U-RCC-CB[8].

(g) The structure of individual ring in U-RRC-CB[8], showing the characteristic an-

gles. (h) Stacked structure of U-RRC-CB[8]. Solvent molecules have been omitted for

the sake of clarity. U yellow, C sky blue, O red, N dark blue (the phenyl group is

defined as plane α, while the pyridinium rings are plane β and γ , see Tables S5-S6

in Supporting information for details).

ing information). The coordination pattern of L linker with uranyl

in U-RRC-CB[8] is very similar to that observed in U-RC, and the

only difference is the nuclearity of uranyl node, which evolutes

from dimeric uranyl in U-RC to monomeric U-RRC-CB[8] Similar to

2L@CB8, a exacerbated folding of ‘U’-shaped L linker enforced by

the surrounding CB[8] macrocycle through supramolecular inclu-

sion plays an important role, where the opening angle in U-RRC-

CB[8] is reduced to −18.621° (the minus signal means the direction

of opening angle is reversed) accompanied with two terminal car-

boxyl groups getting closer.

A further detailed comparison of L linkers in L@CB[7], U-[4]MN-

CB[7], 2L@CB[8], U-RRC-CB[8] and U-RC are conducted to unveil

the effect of supramolecular inclusion on hierarchical assembly of

uranyl metallacycles and the minor structural changes of L linkers

after uranyl coordination (Table S5 and S6 in Supporting informa-

tion). First, it can be seen that, the introduction of macrocyclic host

for supramolecular inclusion of the L linker, compared to U-RC,

greatly alters the coordination assembly process of uranyl metalla-

cycles. More importantly, the nature of macrocycles, such as CB[7]

and CB[8] used here with different dimensions and supramolec-

ular inclusion behaviors, also has a significant impact and would

lead to different outcomes of metallacycle-based hierarchical as-

semblies. As demonstrated above, CB[7] with a smaller cavity is

threaded by one guest molecule, while CB[8] with a larger cav-
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Fig. 3. (a) The removal rate of U with different ratios of ligand and uranyl ion (I

represent LOETBr2:CB[7]:U=1:1:1, II represent LOETBr2:CB[7]:U=2:2:1 and Ⅲ rep-

resent LOETBr2:CB[7]:U=3:3:1). (b) separation results of U/M crystallization experi-

ment when LOETBr2:CB[7]:U=3:3:1 (I, II and III columns represent the molar distri-

bution of U/M in the starting material, crystals and wash solutions, respectively).

ity can contains two folded guest molecules at the same time.

Along this line, the degree of macrocycle-induced conformational

restriction of each guest molecule varies with the type of macro-

cycles. As a result, the bipyridinium guest in the pseudorotaxane

formed by supramolecular inclusion of CB[7] has a large opening

angle, and it can assemble with uranyl ion to obtain a [4]MN; on

the other hand, the opening angle of the guest linker after en-

capsulated by CB[8] is further restrained, and it can only accom-

modates a mononuclear uranyl ion to obtain a uranyl metallacy-

cle. Furthermore, metal coordination will also exert impact on lig-

and conformation. For example, after coordination with uranyl, the

opening angle and distance between two end carboxyl of the L

linker in 2L@CB[8] are also significantly reduced (before coordina-

tion, 15.562° and 6.076 Å; after coordination, −18.621° and 4.296 Å,

Table S6), which is related to the structural adjustment of flexible

L linker so as to meet the requirement of metal coordination.

Finally, we explore the crystallization separation of uranyl ions

based on the fact that U-[4]MN-CB[7] tends to crystallize out from

the solution. The primary separation experiment shows that the

removal rate of uranyl increases with the ratio of ligand-to-uranyl

and reaches to ca. 40% when the ratio is over 2:2:1 (Fig. 3a). The

removal rate of U here should be restrained by relatively high equi-

librium concentrations of U and L@CB7, which might be originated

from the modest binding affinity between uranyl and the carboxyl

group of L@CB7. The selective separation of uranyl is further eval-

uated. Control experiments reveal that L@CB[7] does not interact

with other metal centers when using other metal sources such

as typical lanthanide ions. Therefore, this coordination assembly

method is expected to be used for the selective crystallization sep-

aration of uranyl ions from lanthanide ions. A competitive experi-

ment shows that the crystallization of high-purity U-[4]MN-CB[7]

crystals can still proceed smoothly even in the presence of other

lanthanide ions from La3+ to Yb3+ (Fig. 3b, Figs. S21 and S22 in

Supporting information).

In summary, we introduce two different kinds of macrocyclic

hosts to facilitate supramolecular inclusion of a flexible organic

linker and thus regulate the hierarchical self-assembly of uranyl

metallacycles. Ultimately, the encapsulation of CB[7] makes the

guest linker to stretch out with a large opening angle and leads to

the formation of a [4]MN, while CB[8] restrains the guest linker to

be ‘U’-shaped with a smaller opening angle, and promotes the as-

sembly of a ring-in-ring supramolecular polymer chain. This work

provides a feasible method for the construction of actinide metal-

lacycles with higher structural complexity, and enriches the library

of actinide coordination assemblies. More work on the applications

of coordination-driven assemblies in crystallization separation of

actinide will be conducted in future.
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