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[27_TD$DIFF]A B S T R A C T

Four pillar[5]arene based [3]rotaxanes (1-4) involving two 1,4-diethoxypillar[5]arene (DEP5) rings and a
dumbbell-shaped component were successfully synthesized. The dumbbell-shape molecules contain
one longer bridge, two triazole sites and twomulticomponent stoppers. After threadingDEP5 rings with
linear guests (G1-G4) which contain two benzaldehyde units, the base catalyzed three-component
reaction of dimedone, malononitrile and benzaldehyde was performed to construct the stoppers and
connected the pseudorotaxanes with stoppers to generate [28_TD$DIFF]1–4. The structures of [3]rotaxanes and their
self-assembly behaviors were characterized by 1H NMR, 13C NMR, NOESY, HR-ESI-MS, DLS and TEM
technologies. We hope that pillar[5]arene based [3]rotaxanes may have potential applications in drug
delivery systems and molecular devices.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Rotaxane [1], usually constructed from macro-cyclic wheels
and linear axles, have been attracted great interesting due to their
unique interlocked structures and wide application in various
areas such as molecular machines, stimuli-responsive materials,
information storage and supramolecular catalysts [2]. The macro-
cyclic host and its noncovalent interaction are keys for the
construction rotaxanes [3]. During the past decades, crown ethers,
cyclodextrins, calix[n]arenes and cucurbiturils have been used as
wheels to fabricate [n]rotaxanes successfully [4].

Pillar[5]arenes, whichwerefirst prepared by Ogoshi in 2008 [5],
areavery [29_TD$DIFF]“smart” typeofnewlysupramolecularhostsandhavebeen
widely investigated inrecentyears [6,[30_TD$DIFF]7]. Thesymmetricalpillar-like
topology and [31_TD$DIFF]p-electron rich cavity endow pillar[5]arenes as ideal
platforms for host-guest chemistry [ [32_TD$DIFF]8]. Pillar[5]arene-based
[1]rotaxanes and [2]rotaxanes have been attracted much attention
andwidely investigated [9]. Forexample, Prof. Yangand co-workers
synthesizedapillar[5]arene-based [1]rotaxane fromaself-included
pseudo[1]rotaxane direct reacting with a stopper. What [34_TD$DIFF]is more,
this [1]rotaxane proved to be a good catalyst for Knoevenagel
reaction in CHCl3 [ [35_TD$DIFF]9a]. Prof. Huang and co-workers prepared apillar
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[5]arene/imidazolium [2]rotaxane, and found this [2]rotaxane
showed solvent- and thermo-driven molecular motions [ [36_TD$DIFF]9b].

However, higher-ordered [n]rotaxanes (n [37_TD$DIFF]� 3) based on pillar[5]
arene remain rarely studied limited by the poor synthetic yield,
despite their fascinating structure and potential applications in
molecular devices [ [38_TD$DIFF]10]. Herein, in this study, we designed and
conveniently constructed four pillar[5]arene-based [3]rotaxanes
([39_TD$DIFF]1-4) from two pillar[5]arene wheels and a linear guest in high
yields with one-pot multicomponent reaction. As shown in
Scheme1, linear guestsG1-G4 containing twobenzaldehydegroups
were prepared in 3 steps from p-hydroxybenzaldehyde with yields
about [40_TD$DIFF]80%firstly (Figs. S1-S12 inSupporting information). Then,1,4-
diethoxypillar[5]arene (DEP5) and aliphatic chain axelG1-G4were
stirred in chloroform/ethanol mixture at room temperature
overnight, which enable the axel threaded into the cavity of
pillar[5]arene.At last, thebase catalyzed three-component reaction
of dimedone, malononitrile and benzaldehyde was used as the
stopper reaction. The three-component reaction was carried out
in refluxing ethanol in the presence of piperidine for 3 h. After
workup, the expected pillar[5]arene-based [3]rotaxanes 1-4 were
successfully obtained in moderate yields (Figs. S13-S24 in
Supporting information). For comparison, [41_TD$DIFF]“dumbbell” molecule 5
was also prepared in the absence of DEP5 (Scheme 1).

Fig. 1 showed the typical 1H NMR spectra of dumbbell 5, wheel
DEP5 and [3]rotaxane 4. The -CH2- protons Hc, Hd, He, Hf, Hh andHb

in triazole of 4 showed clearly upfield shifts in comparison with
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. A synthetic route to guests G1-G4 and [3]rotaxanes [21_TD$DIFF]1–4.

[(Fig._1)TD$FIG]

Fig. 1. 1H NMR spectra (room temperature, 400MHz, DMSO-d6) of 2.00mmol/L DEP5 (a), 2.00mmol/L 4 (b), and 2.00mmol/L axle 5 (c).
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those of compound 5 due to the encapsulation induced shieling
effects [[42_TD$DIFF]11]. On the other hand, the protons Hi, H[43_TD$DIFF]j and Hk of the
wheel DEP5 shifted downfield compared with free pillar[5]arene,
which was due to the deshielding effects. It should be pointed
that the 1H NMR experiments were investigated in highly polar
DMSO-d6, indicating that the obtained stopper is bulky enough for
the [3]rotaxane.
Furthermore, 2D NOESY spectrum of [3]rotaxane 4 in DMSO-d6
showed clearly NOE correlation signals between protons Hi, H[44_TD$DIFF]j, Hk,
and Hl of thewheel pillar[5]arene and protons Hb, Hc, Hd, He, Hf, Hg,
and Hh of the linear axle (Fig. 2). In addition, mass spectrometry
also confirmed the formation of [3]rotaxane. In the mass spectrum
of [3]rotaxane 4 (Fig. S24), a base peak at m/z 1479.8145 [45_TD$DIFF](100%)
corresponding to [M+2H]2+ was observed. All the above NMR
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Fig. 2. Partial 2D NOESY NMR spectrum of [3]rotaxane 4.
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and mass investigations led us to conclude the formation of
[3]rotaxane. [3][46_TD$DIFF]Rotaxanes 1–3 were also confirmed by the similar
NMR and mass studies (Figs. S13-S21).

Considering the symmetrical pillar-like, rigid architecture
incorporated in [3]rotaxane 4, we wondered the potential self-
assembly behavior of 4 in water. [3][5_TD$DIFF]Rotaxane 4 was dissolved in
DMF firstly (10�3

[47_TD$DIFF] mol/L), then 1.00mL solution of 4 was injected
into 99mL water under vigorous stirring. Dynamic light scattering
(DLS) experiment performed with a [48_TD$DIFF]1.00�10�5 mol/L aqueous
solution of 4 over a scattering angle of [49_TD$DIFF]90� showed a broad size
distribution (Fig. 3a). The average hydrodynamic diameter (Dh) of 4
was observed to be about 500 nm. Then we used transmission
electron microscopy (TEM) to investigate the self-assembly
behaviors of [3]rotaxane in water. As shown in Fig. 3b, 4 self-
assembled into irregular solid particles, whose average diameter
was about 500 nm, much larger than the length of the 4, indicating
[(Fig._3)TD$FIG]

Fig. 3. (a) DLS data of 4-based aggregates in water. (b) TEM image of 4-based
aggregates inwater. (c)Minimize energy structure of 4 (calculated byGaussian 09 B.
01/B3LYP/6�31 G (d,p)). (d) DLSdata of4-based assemblies inwaterafter addition of
H+. (e) TEM image of 4-based assemblies in water after addition of H+. (f) Minimize
energy structure of 4-H (calculated by Gaussian 09 B. 01/B3LYP [20_TD$DIFF]/6�31G (d,p)).
that the particles self-assembled from tremendous molecules
fusing together (Fig. 3c).

Inspired by the amino groups and triazole units can be
protonated by H+, we then investigated the pH-responsive
property of 4 in water. When we added 4 equiv. of HCl into
the particles [50_TD$DIFF]’ solution, DLS showed that average hydrodynamic
diameter (Dh) of 4-H was changed to 40 nm with narrow
distribution (Fig. 3d). TEM confirmed that the large particles
transformed into vesicles with diameter about 40 nm (Fig. 3e).
What [34_TD$DIFF]is more, the thickness of the vesicle[51_TD$DIFF]’ wall is about 10 nm,
indicating its bilayer (Fig. 3f). This transformation is due to that
when 4 were protonated, it became an amphiphilic compound, so
it can self-assemble into regular vesicles through hydrophilic-
hydrophobic interactions.

In conclusion, four pillar[5]arene based [3]rotaxanes (1-4)
involving two pillar[5]arene (P5) rings and a dumbbell-shaped
component were synthesized successfully via multicomponent
reaction. The structures of [3]rotaxanes were characterized and
confirmed by 1H NMR, 13C NMR, NOESY and HR-ESI-MS technolo-
gies. Furthermore, take 4 as example, due to the amino groups and
triazole units incorporated in 4 can be protonated by H+, when
addition of 4 equiv. of HCl into the aqueous solution of 4, well-
defined vesicles with diameter about 40 nm were observed. We
hope that pillar[5]arene based [3]rotaxanes may have potential
applications in drug delivery systems and molecular devices.
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Appendix A. Supplementary data

Supplementarymaterial related tothisarticle canbe found, in the
online version, at doi:https://doi.org/10.1016/j.cclet.2019.11.041.
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