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Abstract
We report here the efficient synthesis of a series of [3]catenanes featuring the use of cucurbit[6]uril to simultaneously mediate the

mechanical and covalent bond formations. By coupling the mechanical interlocking with covalent macrocyclization, formation of

topological isomers is eliminated and the [3]catenanes are formed exclusively in good yields. The efficient access to these [3]cate-

nanes and the presence of other recognition units render them promising building blocks for the construction of other high-order

interlocked structures.
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Introduction
Catenanes are topologically non-trivial molecules possessing

mechanically interlocked macrocycles. The flexible but strong

mechanical bond between the interlocked macrocycles offers a

unique opportunity for exploiting catenanes as molecular

machines or new materials with unusual mechanical properties

[1-9]. Over the years, different templates and ring-closing reac-

tions to form the interlocked macrocycles have been developed,

but the majority of the reported catenanes is limited to the Hopf

link (i.e., the simplest [2]catenane with two crossings) [9]. Syn-

thesis of other high-order catenanes with more interlocked

macrocycles and/or more crossing points remain challenging

and more general synthetic strategies to catenanes are yet to be

realized [10-12]. A major challenge in [n]catenane synthesis is

the precise spatiotemporal control of the covalent formation of

the macrocycles and their mechanical interlocking. Otherwise,

various topological isomers such as the non-interlocked prod-

ucts or lower-order catenanes will form, which are detrimental

to the synthesis efficiency as well as complicating the purifica-

tion process [13-19].

One strategy to overcome this challenge is to couple the me-

chanical bond and covalent bond formation in a single step. If
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the building block preorganization by reversible interactions

(which will lead to mechanical interlocking) is also necessary

for the covalent bond formation, the covalent trapping of the

non-interlocked precursors will be suppressed and the mechani-

cal interlocking of the macrocycles will be ensured. One exam-

ple is the use of an active metal template, in which the macrocy-

clization is mediated by the metal ion inside the cavity of a

metal-coordinating macrocycle [20]. Cucurbit[6]uril (CB[6])

has also been demonstrated to bind to ammonium-containing

azides and alkynes and to mediate their cycloaddition inside the

CB[6] cavity [21,22]. Yet, these strategies have been largely

limited to the synthesis of rotaxane-based interlocked systems

[23], probably because of the additional challenges associated

with the macrocyclization in catenane synthesis. Previously, we

have reported a preliminary study of a [6]catenane synthesis

featuring the CB[6]-mediated azide–alkyne cycloaddition

(CBAAC) using phenanthroline-based building blocks [24]. To

further explore the applicability and generality of the CBAAC

in the construction of mechanically interlocked molecules, we

report here the efficient synthesis of a series of [3]catenanes

from a combination of different azide and alkyne building

blocks. These [3]catenanes were obtained in good yields

(>85%) with straightforward purification procedures. The good

compatibility of CBAAC with these various building blocks and

the good yields of the [3]catenanes can serve as an entry point

to other high-order [n]catenanes by introducing additional

macrocycles through other non-covalent interactions.

Results and Discussion
Building block design
The bis(aminoalkyne) and bis(aminoazide) building blocks used

in this study are summarized in Scheme 1. The secondary

amines are designed to form ammoniums that will strongly bind

to CB[6] through ion-dipole interactions under aqueous acidic

conditions. Upon formation of the inclusion complex with

CB[6], the azide and alkyne functionalities inside the CB[6]

cavity will be placed in close proximity and their cycloaddition

will be facilitated. As the cycloaddition is preceded by CB[6]

binding, triazole formation will therefore ensure the inter-

locking of the CB[6]. A [1 + 1] macrocyclization of the diazide

and dialkyne will then result in the exclusive formation of the

[3]catenane with no other topological isomers.

The building blocks contain either a central hexaethylene glycol

(HEG) unit or are derived from 1,5-dioxynaphthalene (DN),

naphthalenediimide (NDI), 2,9-phenanthroline (Phen) or 4,4’-

biphenyl (BP) cores which can engage in additional non-cova-

lent interactions, such as metal–ligand coordination,

charge transfer, π-stacking and hydrophobic interactions,

for the later interlocking of additional macrocycles to

give higher-order [n]catenanes. The new building blocks were

synthesized following similar procedures as previously de-

scribed [24].

Catenane synthesis by CBAAC
Synthesis of [3]catenanes
The CBAAC-mediated [3]catenane synthesis was first investi-

gated using the dioxynaphthalene building blocks DN-N3 and

DN-CC. Different from the previously reported [3]catenane

Cat-0 which is derived from DN-N3 and Phen-CC [24], both

DN-N3 and DN-CC contain the flexible ethylene glycol linkers

between the terminal azide and alkyne groups, so that any other

possible preorganization effects, except that of the ammonium

binding to CB[6] could be eliminated to study the efficiency of

CBAAC in the catenane formation. In our first trial, a

1:1:2 mixture of DN-N3, DN-CC and CB[6] in 0.2 M HCl was

heated at 70 °C and the reaction mixture was analyzed by

LC–MS. After heating for 1 hour, although a peak correspond-

ing to the [1 + 1] cyclized product with m/z values consistent

with the [3]catenane Cat-1 could be observed, some unreacted

building blocks and unidentified products were also found.

Further extending the reaction time to 3, 5 or 8 hours resulted in

similar chromatograms with no significant improvement of the

yield of Cat-1. A similar observation has been reported in a

CBAAC-mediated rotaxane synthesis and additional templates

have been used to positively cooperate with the CB[6] binding

to the ammoniums on the building blocks to improve the effi-

ciency of CBAAC [23]. In view of the low solubility of CB[6]

and the possibility of thermal-assisted azide–alkyne cycloaddi-

tion of the unbound building blocks that may lead to the incom-

plete cycloaddition and other side products, we decided to first

assemble a pseudo[3]rotaxane CB[6] complex with either the

azide or alkyne building block, before introducing the other

building block to the reaction mixture. By heating a solution of

DN-N3 in the presence of two equivalents of CB[6] in

0.2 M aq HCl for 2 hours, a clear solution was formed that indi-

cated CB[6] dissolution and formation of the inclusion com-

plex. One equivalent of DN-CC was added and the mixture was

further heated at 70 °C. LC–MS analysis of the reaction mix-

ture showed that the building blocks were completely con-

sumed after one hour of heating, and that the crude mixture

contained the [3]catenane Cat-1 as the major product with

>85% yield (Scheme 2). Using DN-CC to first form the

pseudo[3]rotaxane CB[6] complex did not affect the efficiency

of CBAAC and Cat-1 was obtained in a similar yield. These

results show that the initial formation of the pseudorotaxane

complex helps the CBAAC by avoiding any cycloadditions

outside of the CB[6] cavity and that CBAAC can be an effi-

cient strategy for catenane synthesis.

Cat-1 and its interlocked nature were further characterized by

MS2, 1H and 13C NMR spectroscopy. The PF6
− salt of Cat-1
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Scheme 1: Diazide and dialkyne building blocks used in this study.

was isolated in 69% yield as a white solid by precipitation with

a saturated NH4PF6 solution and simple filtration. The ESIMS

spectrum showed two peaks at m/z = 808.5 and 1076.3, consis-

tent with the 3+ and 4+ ions of Cat-1. Similar to Cat-0, the

MS2 spectrum of Cat-1 revealed CB[6]-bound fragments,

showing the strong CB[6]–ammonium interactions are
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Scheme 2: Synthesis of Cat-1 by CBAAC. aAssembly yield by HPLC; bisolated yield as PF6
− salt.

preserved under the MS conditions. Inclusion of the triazole in

the CB[6] cavity was evidenced by the upfield shifted triazole

resonance from 8.5 ppm to 6.4 ppm when compared with that of

free triazole in non-interlocked system [22,24,25]. NOE cross

peaks between the triazole and CB[6] protons were also ob-

served. The 1H NMR spectrum of Cat-1 showed one set of aro-

matic resonances, suggesting the chemical environments of two

dioxynaphthalene units are highly similar and that Cat-1 is

adopting a symmetrical conformation in solution, consistent

with the tight binding of the diammonium to the CB[6] and the

overall flexibility of the [3]catenane structure.

With the success of CBAAC in the efficient synthesis of Cat-1,

nine other [3]catenanes (Cat-2–Cat-10) were synthesized from

different combinations of the alkyne and azide building blocks

under similar conditions (Scheme 3). In all cases, LC–MS anal-

ysis of the crude reaction mixtures showed the complete

consumption of the building blocks with the [3]catenane as the

only major product with yields >85%. This demonstrates not

only the high efficiency of CBAAC in catenane synthesis, but

also the good compatibility of CBAAC with various types of

building blocks. Because of the high yields of these [3]cate-

nanes, their isolations were all straightforward. Cat-2–Cat-10

were isolated either by precipitation as the PF6
− salts or by

preparative HPLC, and were fully characterized by MS, NMR

and UV–vis spectroscopy. Similar to Cat-1, the upfield shifted

triazole 1H NMR resonances of Cat-2–Cat-10 at ca. 6.4 ppm

are consistent with the inclusion of the triazole in the CB[6]

cavity [22,24,25]. The ESIMS, HRMS and MS2 spectra are all

consistent with the [3]catenanes with a similar fragmentation

behavior as that of Cat-1. The 1H NMR, 13C NMR and ESIMS

spectra of Cat-2–Cat-10 are shown in Figure 1 and Figure 2,

and in Supporting Information File 1, Figures S29–S55 and

S60–S68.

With the different combinations of the additional recognition

units (i.e., DN, NDI, Phen and BP) in these [3]catenanes, other

macrocycles/building blocks that could favorably interact with

these units could be introduced to give higher-order catenanes

with multiple interlocked rings. As a preliminary study of high-

order [n]catenane assembly using this approach, CBAAC of

BP-N3 and DN-CC was repeated in the presence of 10 equiva-
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Scheme 3: Synthesis of [3]catenanes by CBAAC. aAssembly yield by HPLC; bisolated yield by precipitation as PF6
− salt; cisolated yield by prepara-

tive HPLC.

lents of β-cyclodextrin (β-CD), which is known to form a stable

inclusion complex with the BP unit due to hydrophobic effects

(Ka ≈ 7 × 103 M−1 in D2O) [26] (Scheme 4). To our delight, a

[4]catenane (Cat-11) was obtained in 60% yield along with

30% of Cat-3. Of note, due to a much weaker binding between

the 1,5-dioxynaphthalene unit and β-CD [26,27], no [5]cate-

nane was observed. ESIMS and MS2 spectra of Cat-11 are

consistent with the inclusion of one β-CD (and two CB[6]). The
1H NMR spectrum showed a slight upfield shift of the BP

protons to 7.61 and 7.48 ppm when compared with that of

Cat-3 at 7.75 and 7.54 ppm. These observations are all consis-

tent with a [4]catenane structure with the BP unit being

included in the cavity of the β-CD, which is further supported

by the appearance of the BP protons as two broad signals due to

their slightly different chemical environment inside the β-CD

(Supporting Information File 1, Figure S56). Together with our

previous demonstration of the compatibility of CBAAC with

Cu+-phenanthroline coordination in a [6]catenane assembly, the

successful synthesis of Cat-11 shows the feasibility of using

CBAAC with a versatile selection of building blocks and non-
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Figure 1: 1H NMR (500 MHz, D2O, 298 K) of Cat-2. The signal at ca. 8.3 ppm is the residual formate from preparative HPLC.

Figure 2: (a) ESIMS, (b) HRMS, and (c) MS2 spectrum (parent ion at m/z = 887.8) of Cat-2.
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Scheme 4: Synthesis of the [4]catenane Cat-11. aAssembly yield by HPLC; bisolated yield by preparative HPLC.

covalent interactions to construct complex high-order [n]cate-

nanes.

Conclusion
In summary, the use of CBAAC in the efficient [3]catenane

syntheses is described. Ten new [3]catenanes and a [4]catenane

were obtained in a simple one-pot procedure. The key feature of

this strategy is that the use of CB[6] couples the mechanical

interlocking with the covalent macrocycle formation, so that the

catenanes were formed exclusively with no formation of other

topological isomers. This CBAAC strategy is versatile and

building blocks containing various recognition units can be

used, therefore offering a convenient entry point to access more

complex high-order catenanes with multiple interlocked macro-

cycles.

Supporting Information
Supporting Information File 1
Detailed experimental procedures and characterization data

(MS, MS2, 1H and 13C NMR and UV–vis spectra).

[https://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-14-158-S1.pdf]
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