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Abstract: The precise operation of molecular motion for constructing complicated mechanically
interlocked molecules has received considerable attention and is still an energetic field of supramolec-
ular chemistry. Herein, we reported the construction of two tris[2]pseudorotaxanes metallacycles
with acid–base controllable molecular motion through self-sorting strategy and host–guest inter-
action. Firstly, two hexagonal Pt(II) metallacycles M1 and M2 decorated with different host–guest
recognition sites have been constructed via coordination-driven self-assembly strategy. The binding
of metallacycles M1 and M2 with dibenzo-24-crown-8 (DB24C8) to form tris[2]pseudorotaxanes
complexes TPRM1 and TPRM2 have been investigated. Furthermore, by taking advantage of the
strong binding affinity between the protonated metallacycle M2 and DB24C8, the addition of trifluo-
roacetic acid (TFA) as a stimulus successfully induces an acid-activated motion switching of DB24C8
between the discrete metallacycles M1 and M2. This research not only affords a highly efficient way
to construct stimuli-responsive smart supramolecular systems but also offers prospects for precisely
control multicomponent cooperative motion.

Keywords: pseudorotaxanes; metallacycle; self-sorting; host–guest interaction; molecular motion

1. Introduction

Molecular machines in living systems have long been in widespread use and played a
critical role in life’s activities [1,2]. Inspired by this, chemists have devoted time to design-
ing, synthesizing and assembling molecules in laboratory conditions to obtain man-made
molecular machines with amusing processes and attractive functions [3–7]. As a result,
during the past few decades, varieties of man-made molecular machines such as molecular
pumps [8,9], molecular muscles [10–13], molecular shuttles [14–17], and others [18–20]
have been successfully fabricated. Mechanically interlocked molecules (MIMs) [21,22], with
intriguing topologies and unique dynamic features, have been considered as a versatile
platform in developing molecular machines.

Pseudorotaxanes, a type of MIMs which consist of axles encircled by ring components,
have received widespread attention in the fields of supramolecular chemistry and materials
science [23–27]. Up to now, the most common strategy to prepare pseudorotaxanes is
to use macrocylic hosts including crown ethers, cyclodextrins, calixarenes, pillararenes,
cucurbiturils etc. encircling the linear guest molecules [28–34]. In addition, it is worth
noting that pseudorotaxanes were usually used as precursors toward the construction of
rotaxanes, catenanes and molecular switches [35–42]. As a consequence, the design and
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preparation of pseudorotaxanes, especially with intriguing and novel topologies, have
been raising more interest and are still greatly challenging.

The coordination-driven self-assembly strategy is one of the major developments in
supramolecular chemistry during the past few decades [43,44]. To date, by taking advan-
tage of highly directional and relatively strong metal–ligand bonds, massive numbers of
discrete supramolecular coordination complexes (SCCs) including two-dimensional (2-D)
metallacycles and three-dimensional (3-D) metallacages have been prepared [45–48]. The
constructed supramolecular coordination architectures have shown aesthetical features
with well-defined shapes, sizes, and geometries and enabled a range of functions including
sensing, drug delivery, liquid crystal, control of optical properties, and so on [49–59].
For example, our group have reported the construction of complex multicomponent
systems based on metallacycles through orthogonal self-assembly and the self-sorting
strategy, in which eighteen precursors could efficiently self-assemble into two discrete
tris[2]pseudorotaxanes in one pot [60]. Due to the straightforward and efficient prepara-
tion method, the fabrication of novel pseudorotaxane systems based on SCCs assumes
outstanding advantage and offers a great possibility to achieve cooperative motion.

Toward this goal, herein, we designed and synthesized two 120◦ dipyridyl donors
(1 and 2) decorated with bipyridinium (BIPY2+) and dibenzylamine (R1NHR2), respec-
tively (Scheme 1). When the 120◦ diplatinum(II) acceptor was combined with different 120◦

dipyridyl donors, two hexagonal Pt(II) metallacycles modified by bipyridinium (BIPY2+) or
dibenzylamine (R1NHR2) on the periphery were successfully formed through coordination-
driven self-assembly. In addition, due to the difference of molecular size between two
120◦ dipyridyl donors, the prepared metallacycles could coexist in one pot and exhibited
great self-sorting properties. Furthermore, DB24C8 was carefully employed to bind differ-
ent metallacycles to form tris[2] pseudorotaxanes through host–guest interaction. More
interestingly, owing to the binding ability of DB24C8 with the protonated recognition
sites of R1NHR2 (R1NH2

+R2), which is stronger than that of BIPY2+ [11], an acid activated
process could be implemented to induce motion switching of DB24C8 between discrete
metallacycles M1 and M2. This research provides a novel strategy to fabricate multicom-
ponent cooperative motion switching in complex systems and exhibits the potential for
constructing stimuli-responsive smart materials.
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Scheme 1. Self-assembly of 120◦ donor ligand 1 or 2 and the 120◦ diplatinum (II) acceptor 3 into discrete hexagonal
metallacycle M1 or M2.
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2. Results and Discussion
2.1. Synthesis and Characterization

The Zinke reaction of compound S1 with compound S2 yielded the 120◦ dipyridyl
donor ligand 1 in a moderate yield as shown in Scheme S1. Moreover, the 120◦ dipyridyl
donor ligand 2 was easily synthesized through an esterification reaction between com-
pounds S3 and S4 (Scheme S2). Stirring the mixtures of 120◦ donor ligand 1 or 2 with 120◦

di-Pt(II) acceptor 3 in the stoichiometric ratio in acetone led to the formation of metalla-
cycle M1 or M2 guided by the coordination-driven self-assembly approach, respectively
(Scheme 1). Multinuclear NMR 31P {1H} and 1H spectra analysis of the metallacycles M1
and M2 revealed the formation of discrete metallacycles with highly symmetric structures
(Figure 1). For instance, both the 31P {1H} NMR spectra of M1 and M2 displayed a sharp
singlet (ca. 14.20 ppm for M1 and 14.54 ppm for M2). The two singlets have been shifted up-
field from the starting 120◦ di-Pt(II) acceptor 3, which appears at approximately 19.82 ppm
(Figure 1e–g). This change, as well as the decrease in coupling of the flanking 195Pt satellites
(ca. ∆JPPt = −143.06 Hz for M1 and ∆JPPt = −149.12 Hz for M2), was consistent with the
electron back-donation from the platinum atoms. Moreover, as shown in Figure 1a–d, the
1H NMR spectrum of metallacycle M1 or M2 displayed the downfield shifts of the pyridyl
proton signals compared with the 120◦ dipyridyl donor 1 or 2 (ca. ∆δ = 0.38 or 0.44 ppm of
Hα or Hβ for M1; ∆δ = 0.44 or 0.44 ppm of Hα or Hβ for M2). All these phenomena were
attributed to the loss of electron density upon coordination by the nitrogen lone pair to
platinum metal centers, which indicated the formation of platinum-nitrogen (Pt-N) bonds
as well.
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Figure 1. Partial 1H NMR spectra (500 M, d-acetone, 298 K) of (a) metallacycle M1, (b) ligand 1, (c) metallacycle M2,
(d) ligand 2. 31P NMR spectra (202 MHz, 298 K) of (e) metallacycle M1 (d-acetone), (f) 120◦ acceptor 3 (CD2Cl2), (g) metalla-
cycle M2 (d-acetone). Theoretical (red) and experimental (blue) electrospray ionization time-of-flight mass spectrometry
(ESI-TOF-MS) spectra of (h) metallacycle M1 and (i) metallacycle M2.
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Further characterization by two-dimensional (2-D) spectroscopic techniques (1H-1H
COSY, NOESY and DOSY) agreed with the formation of the metallacycles M1 and M2
(Figures S1–S6). The results showed that the presence of cross-peaks between the signals
of the pyridine protons (α-H and β-H) and the PEt3 protons (-CH2 and -CH3) in the 2-D
NOESY spectrum, which supported the formation of Pt-N bonds (Figures S2 and S5).
Moreover, 2-D diffusion-ordered spectroscopy (DOSY) was also employed to evaluate
the discrete metallacycles M1 and M2. All DOSY spectra of M1 and M2 presented one
set of signals that indicated the existence of discrete metallacycles M1 or M2, respec-
tively (Figures S3 and S6). Mass spectrometric studies of metallacycles M1 and M2 were
performed by using electrospray ionization time-of-flight mass spectrometry (ESI-TOF-
MS), which provided further strong support for metallacycles M1 and M2. For instance,
the ESI-TOF-MS spectrum of M1 or M2 revealed peaks at m/z = 1373.9945, 1070.2709,
1233.9489, 958.2781, corresponding to the [M1−4PF6

−]4+, [M1−5PF6
−]5+, [M2−4PF6

−]4+

and [M2–5PF6
−]5+ species, respectively. These peaks were isotopically resolved (Figure 1h–j)

and agreed very well with their theoretical distribution.

2.2. Self-Sorting Process of Metallacycles M1 and M2

Upon stirring the mixture of 120◦ donor ligands 1 and 2 with 120◦ diplatinum-(II)
acceptor 3 in a ratio of 1:1:2 in d6-acetone at room temperature for 2 h, two discrete met-
allacycles M1 and M2 with different sizes were constructed by the coordination-driven
self-assembly and self-sorting one-pot method. The self-sorting process has been demon-
strated by 31P {1H} NMR and 1H NMR spectra (Figure 2). For example, two sets of sharp
signal peaks were found in 31P NMR, 12.88 and 12.79 ppm, respectively, which indicate
the successful preparation of two different dominant platinum containing assemblies
(Figure 2e). Moreover, as shown in Figure S19, superimposed 31P NMR and 1H NMR
spectra of two individual metallacycles M1 and M2 with the self-sorting system highly
matched signal peaks, providing further evidence to confirm the self-sorting process. The
self-sorting system that was controlled by the size of different 120◦ donor ligands pro-
vided discrete, different sized metallacycles M1 and M2 modified with different host–guest
recognition sites.
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Figure 2. The partial 1H NMR spectra (500 MHz, 298 K, d-acetone) (left) of the ligand 1 (a); the size-controlled self-sorting
system (b); and the ligand 2 (c). The partial 31P NMR spectra (202 MHz, 298 K) (right) of the individual metallacycle M1 (d);
the size-controlled self-sorting system (e); and the individual metallacycle M2 (f).
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2.3. Tris[2]pseudorotaxanes Metallacycles TPRM1 and TPRM2

The highly efficient coordination-driven self-assembly of multiple recognition sites-
containing derivatives provides the possibility to generate higher-order [2]pseudorotaxanes
such as tris[2]pseudorotaxanes. Tris-recognition sitescontaining derivatives M1 or M2
(BIPY2+ units for M1 and R1NHR2 units for M2) was selected to thread compound 4
(DB24C8) to form two different tris[2]pseudorotaxanes metallacycles TPRM1 or TPRM2,
respectively (Figures 3 and 4). The 1H NMR spectra of a 1:3 mixtures of metallacycle
M1 and compound 4 in CD2Cl2/CD3NO2 (1/1, v/v) showed significant shifts due to the
complexation of BIPY2+ units and compound 4 (Figure 3). For instance, it was found
that protons H4 and H5 on BIPY2+ units of metallacycle M1 shifted upfield from 8.67 to
8.25 ppm and 8.54 to 8.00 ppm, respectively, and all proton signals on BIPY2+ recognition
sites became broad. Moreover, the aryl protons on compound 4 were found to shift upfield
from 6.84 to 6.75 ppm. Further characterization with 2-D spectroscopic techniques (1H-1H
COSY and NOESY) proved the formation of tris[2]pseudorotaxanes metallacycle TPRM1.
For example, the 2-D NOESY spectrum of TPRM1 clearly exhibited the presence of through-
space interactions between the Hc proton of the complexed compound 4 and the BIPY2+

protons H6 (Figure S10). All obtained results supported that the metallacycle M1 with
three recognition sites was threaded through the cavity of compound 4 to form host–guest
complexation tris[2]pseudorotaxanes metallacycle TPRM1 in the solution.
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Figure 4. The 1H NMR spectra (500 MHz, 298 K) in CD2Cl2/CD3NO2 (1:1, v/v) of the tris[2]pseudorotaxanes TPRM2
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As shown in Figure 4, the host–guest interaction of metallacycle M2 and compound 4
have also been investigated for forming host–guest complexation tris[2]pseudorotaxanes
metallacycle TPRM2 by 1H NMR, 2-D spectroscopic techniques (1H-1H COSY and NOESY).
The R1NHR2 units on the metallacycle M2 exposed to 3.0 eq. trifluoroacetic acid (TFA)
could be protonated and formed the metallacycle M2’ with three R1NH2

+R2 units. The pro-
tons on R1NH2

+R2 exhibited downfield shifts (ca. ∆δ = 0.55 ppm of H9’ + 10’; ∆δ = 0.13 ppm
of H3’ + 4’) in the 1H NMR spectra of M2 and 3.0 eq. TFA in a mixed solution of
CD2Cl2/CD3NO2 (Figure 4c,d). Then the metallacycle M2’ and compound 4 combined
with 1:3 ratio in CD2Cl2/CD3NO2 (1/1, v/v), as shown in Figure 4b, and the observation
of three sets of peaks in the 1H NMR spectra was attributed to uncomplexed metalla-
cycle M2’, uncomplexed compound 4, and the complex between metallacycle M2’ and
compound 4. For example, the partial proton signals of H8’ that take place downfield
shifted from 5.19 to 5.00 ppm, and the partial aryl protons of compound 4 also shifted
to 6.92 from 6.84 ppm. Notably, the above-mentioned processes also characterized by
2-D 1H-1H COSY and NOESY (Figures S13–S17), which provided further support for the
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formation of tris[2]pseudorotaxanes metallacycle TPRM2 through host–guest interaction
with metallacycle M2’ and compound 4. As a result, the addition of acid as stimulus
endows metallacycle M2 a switchable feature that controlling the host–guest property via
chemical stimulus. In addition, 1H NMR titration experiments were investigated for two
tris[2]pseudorotaxanes metallacycles TPRM1 and TPRM2 (Figures S12 and S18).

2.4. Acid-Activated Motion Switching of DB24C8

Owing to the following advantages: (i) different sizes of metallacycles M1 and M2
could coexist in one pot via self-sorting strategy; (ii) different recognition sites of two
metallacycles (BIPY2+ for M1 and R1NHR2 for M2) could bond identical compound 4 to
construct tris[2]pseudorotaxanes through host–guest interaction, respectively; (iii) the host–
guest property of metallacycle M2 with compound 4 could control activate or degenerate
by acid or base stimulus. Meanwhile, as an additional benefit, BIPY2+ and R1NH2

+R2
units exhibited different binding ability with compound 4 according to previous literature
reports. Thus, acid-activated motion switching of compound 4 between two discrete
metallacycles M1 and M2 were tried to investigated.

Firstly, as an acid–base controlled experiments, metallacycle M2 and compound 4
combined with TFA and DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) to characterize the for-
mation and degradation of the tris[2]pseudorotaxanes TPRM2. The 1H NMR spectra
of the mixtures of metallacycle M2 and compound 4 with 1:3 ratio in CD2Cl2/CD3NO2
(1/1, v/v) exhibited that the proton H8’ split into two peaks in which the CD3NO2 had
weak acidity and caused the protonation of R1NHR2 units to form the small amounts
of TPRM2 (Figure S21b). Subsequently, 0.75 eq. DBU was added to the mixed system
to neutralize the acid in the solution, which caused the proton H8’ to return to its orig-
inal position (Figure S21c). Then TFA was added to this system, giving rise to form
tris[2]pseudorotaxanes TPRM2. The proton H8’ split into two peaks proved the complex
between metallacycle M2′ and DB24C8. Therefore, the addition of DBU to neutralize the
acid in the solution before all studies of molecular motion was quite necessary. Subse-
quently, acid-activated motion switching of compound 4 between two discrete metalla-
cycles M1 and M2 were investigated by 1H NMR (Figure 5). When mixing the mixture
of metallacycles M1 and M2 with the base of DBU in a 1:1:0.75 ratio in CD2Cl2/CD3NO2
(1/1, v/v), three sets of signals were observed (Figure 5b). After the addition of 3.0 eq. of
compound 4 into the mixtures, as indicated in 1H NMR spectra (Figure 5c), the proton H4
or H5 on M1 shifted upfield from 7.150 to 7.192 ppm or 6.987 to 7.013 ppm, respectively,
both accompanied with a slight broadening effect, and as a comparison the protons on
M2 remained unchanged, indicating the formation of the self-sorting system containing
tris[2]pseudorotaxanes TPRM1 and metallacycle M2. Then, upon adding 3.0 eq. TFA into
the system, the protons’ signal on BIPY2+ of metallacycle M1 returned to the initial position
and the partial protons’ signal of R1NH2

+R2 on M2′ shifted upfield, which was attributed
to the stronger binding ability between compound 4 and R1NH2

+R2 than that of the BIPY2+

units (Figure 5d). Thus, a new self-sorting system was established, accompanied by the
motion of multiple compound 4 molecules from metallacycle M1 to metallacycle M2. More
interestingly, addition of 3.0 eq. DBU to deprotonate of R1NH2

+R2 units on metallacycle
M2′ to the R1NHR2, the 1H NMR spectrum showed signals corresponding to the com-
pound 4 threaded BIPY2+ on the metallacycle M1 (Figure 5e). Therefore, acid-activated
motion switching of compound 4 between two discrete metallacycles M1 and M2 was
successfully fabricated through host–guest interaction and the self-sorting strategy.
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1 

 

 

Figure 5. The partial 1H NMR spectra (500 MHz, 298 K) in CD2Cl2/CD3NO2 (1:1, v/v) of the acid-activated motion switching
system (a) the self-sorting system of metallacycles M1 and M2; (b) addition of 0.75 eq DBU to sample a; (c) addition of 3.0
eq compound 4 to sample b; (d) addition of 3.0 eq TFA to sample c; (e) addition of 3.0 eq DBU to sample d.

3. Materials and Methods

All reagents were commercially available and used as supplied without further pu-
rification. Compounds S1, S2, S3, S4 and 3 were prepared according to the published
procedures. Deuterated solvents were purchased from Cambridge Isotope Laboratory
(Andover, MA, USA).

All solvents were dried according to standard procedures and all of them were de-
gassed under N2 for 30 min before use. All air-sensitive reactions were carried out under
inert N2 atmosphere. 1H NMR, 13C NMR and 31P NMR spectra were recorded on Bruker
300 MHz Spectrometer (1H: 300 MHz; 31P: 122 MHz), Bruker 400 MHz Spectrometer (1H:
400 MHz; 13C: 101 MHz, 31P: 162 MHz) and Bruker 500 MHz Spectrometer (1H: 500 MHz;
13C: 126 MHz, 31P: 202 MHz) at 298 K. The 1H and 13C NMR chemical shifts are reported
relative to residual solvent signals, and 31P {1H} NMR chemical shifts are referenced to an
external unlocked sample of 85% H3PO4 (δ 0.0). 2D NMR spectra (1H-1H COSY, NOESY
and DOSY) were recorded on Bruker 500 MHz Spectrometer (1H: 500 MHz) at 298 K. The
MALDI MS experiments were carried out on a Bruker UltrafleXtreme MALDI TOF/TOF
Mass Spectrometer (Bruker Daltonics, Billerica, MA, USA), equipped with smartbeam-II
laser. All spectra were measured in positive reflectron or linear mode.
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4. Conclusions

In summary, two hexagonal Pt(II) metallacycles M1 and M2 decorated with different
recognition sites were successfully constructed and exhibited great self-sorting properties.
Both of metallacycles M1 and M2 could bind identical compound of DB24C8 via host–guest
interaction to form different tris[2]pseudorotaxanes TPRM1 and TPRM2, respectively. The
constructed tris[2]pseudorotaxanes TPRM2 systems could suffer from the chemical stimuli
of DBU to induce DB24C8 to leave from the binding sites of the metallacycle M2, which
successfully demonstrated the motion of DB24C8. Based on the host–guest interaction and
the self-sorting strategy, the discrete metallacycles M1 and M2 have been employed as a
unique motion platform for DB24C8 to realize acid-activated motion switching through
acid–base stimuli. This study provided a new insight into the design of multiple molecular
motion under the influence of chemical stimuli and exhibited potential for constructing
stimuli-responsive smart materials.

Supplementary Materials: The following are available online. Schemes S1–S2: the synthesis of
compounds 1 and 2, Schemes S3–S4: the construction of metallacycles M1 and M2, Figures S1–S6:
the 2D NMR spectrum, Figures S7–S18: the characterization of tris[2]pseudorotaxanes TPRM1 and
TPRM2, Figures S19–S21: the characterization of acid-activated motion switching, Figures S22–S31:
the 1H, 31P, 13C NMR and MS spectra of new compounds. References [61–65] are cited in the
supplementary materials.

Author Contributions: Conceptualization, Y.-X.H., L.X. and H.-B.Y.; formal analysis, Y.-X.H. and
G.-Y.W.; investigation, Y.-X.H. and G.-Y.W.; resources, X.-Q.W., C.-W.Z., G.-Q.Y. and X.L.; writing—
original draft preparation, Y.-X.H. and G.-Y.W.; writing—review and editing, Y.-X.H., L.X. and H.-B.Y.;
supervision, L.X. and H.-B.Y.; funding acquisition, H.-B.Y. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Opening Projects of Shanghai Key Laboratory of Green
Chemistry and Chemical Processes.

Data Availability Statement: Not available.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Berg, J.M.; Tymoczko, J.L.; Stryer, L. Biochemsitry, 5th ed.; W.H. Freeman: New York, NY, USA, 2003; Volume 34.
2. Karagiannis, P.; Ishii, Y.; Yanagida, T. Molecular machines like myosin use randomness to behave predictably. Chem. Rev. 2014,

114, 3318–3334. [CrossRef] [PubMed]
3. Kinbara, K.; Aida, T. Toward intelligent molecular machines: Directed motions of biological and artificial molecules and

assemblies. Chem. Rev. 2005, 105, 1377–1400. [CrossRef]
4. Sluysmans, D.; Stoddart, J.F. Growing community of artificial molecular machinists. Proc. Natl. Acad. Sci. USA 2018, 115,

9359–9361. [CrossRef]
5. van Leeuwen, T.; Lubbe, A.S.; Štacko, P.; Wezenberg, S.J.; Feringa, B.L. Dynamic control of function by light-driven molecular

motors. Nat. Rev. Chem. 2017, 1, 1–7. [CrossRef]
6. Dietrich-Buchecker, C.; Jimenez-Molero, M.C.; Sartor, V.; Sauvage, J.P. Rotaxanes and catenanes as prototypes of molecular

machines and motors. Pure Appl. Chem. 2003, 75, 1383–1393. [CrossRef]
7. Erbas-Cakmak, S.; Leigh, D.A.; McTernan, C.T.; Nussbaumer, A.L. Artificial Molecular Machines. Chem. Rev. 2015, 115,

10081–10206. [CrossRef]
8. Cheng, C.; McGonigal, P.R.; Schneebeli, S.T.; Li, H.; Vermeulen, N.A.; Ke, C.; Stoddart, J.F. An artificial molecular pump. Nat.

Nanotechnol. 2015, 10, 547–553. [CrossRef] [PubMed]
9. Qiu, Y.; Zhang, L.; Pezzato, C.; Feng, Y.; Li, W.; Nguyen, M.T.; Cheng, C.; Shen, D.; Guo, Q.-H.; Shi, Y.; et al. A molecular dual

pump. J. Am. Chem. Soc. 2019, 141, 17472–17476. [CrossRef]
10. Collin, J.-P.; Dietrich-Buchecker, C.; Gaviña, P.; Jimenez-Molero, M.C.; Sauvage, J.-P. Shuttles and muscles: Linear molecular

machines based on transition metals. Acc. Chem. Res. 2001, 34, 477–487. [CrossRef]
11. Fang, L.; Hmadeh, M.; Wu, J.; Olson, M.A.; Spruell, J.M.; Trabolsi, A.; Yang, Y.-W.; Elhabiri, M.; Albrecht-Gary, A.-M.; Stoddart, J.F.

Acid-base actuation of [c2]daisy chains. J. Am. Chem. Soc. 2009, 131, 7126–7134. [CrossRef]
12. Iwaso, K.; Takashima, Y.; Harada, A. Fast response dry-type artificial molecular muscles with [c2]daisy chains. Nat. Chem. 2016, 8,

625–632. [CrossRef] [PubMed]

http://doi.org/10.1021/cr400344n
http://www.ncbi.nlm.nih.gov/pubmed/24484383
http://doi.org/10.1021/cr030071r
http://doi.org/10.1073/pnas.1813973115
http://doi.org/10.1038/s41570-017-0096
http://doi.org/10.1351/pac200375101383
http://doi.org/10.1021/acs.chemrev.5b00146
http://doi.org/10.1038/nnano.2015.96
http://www.ncbi.nlm.nih.gov/pubmed/25984834
http://doi.org/10.1021/jacs.9b08927
http://doi.org/10.1021/ar0001766
http://doi.org/10.1021/ja900859d
http://doi.org/10.1038/nchem.2513
http://www.ncbi.nlm.nih.gov/pubmed/27219709


Molecules 2021, 26, 716 10 of 11

13. Li, W.-J.; Wang, W.; Wang, X.-Q.; Li, M.; Ke, Y.; Yao, R.; Wen, J.; Yin, G.-Q.; Jiang, B.; Li, X.; et al. Daisy chain dendrimers:
Integrated mechanically interlocked molecules with stimuli-induced dimension modulation feature. J. Am. Chem. Soc. 2020, 142,
8473–8482. [CrossRef] [PubMed]

14. Anelli, P.L.; Spencer, N.; Stoddart, J.F. A molecular shuttle. J. Am. Chem. Soc. 1991, 113, 5131–5133. [CrossRef] [PubMed]
15. Vukotic, V.N.; Zhu, K.; Baggi, G.; Loeb, S.J. Optical distinction between ”slow” and ”fast” translational motion in degenerate

molecular shuttles. Angew. Chem. Int. Ed. 2017, 56, 6136–6141. [CrossRef]
16. Goldup, S.M. Molecular machines swap rings. Nature 2018, 557, 39–40. [CrossRef]
17. Wang, X.-Q.; Li, W.-J.; Wang, W.; Wen, J.; Zhang, Y.; Tan, H.; Yang, H.-B. Construction of type III-C rotaxane-branched dendrimers

and their anion-induced dimension modulation feature. J. Am. Chem. Soc. 2019, 141, 13923–13930. [CrossRef]
18. Lewandowski, B.; De Bo, G.; Ward, J.W.; Papmeyer, M.; Kuschel, S.; Aldegunde, M.J.; Gramlich, P.M.E.; Heckmann, D.;

Goldup, S.M.; D’Souza, D.M.; et al. Sequence-specific peptide synthesis by an artificial small-molecule machine. Science 2013, 339,
189–193. [CrossRef]

19. Badjic, J.D.; Balzani, V.; Credi, A.; Silvi, S.; Stoddart, J.F. A molecular elevator. Science 2004, 303, 1845–1849. [CrossRef]
20. Wang, W.; Chen, L.-J.; Wang, X.-Q.; Sun, B.; Li, X.; Zhang, Y.; Shi, J.; Yu, Y.; Zhang, L.; Liu, M.; et al. Organometallic rotaxane

dendrimers with fourth-generation mechanically interlocked branches. Proc. Natl. Acad. Sci. USA 2015, 112, 5597–5601. [CrossRef]
21. Stoddart, J.F. The chemistry of the mechanical bond. Chem. Soc. Rev. 2009, 38, 1802–1820. [CrossRef]
22. Fang, L.; Olson, M.A.; Benitez, D.; Tkatchouk, E.; Goddard, W.A., III; Stoddart, J.F. Mechanically bonded macromolecules. Chem.

Soc. Rev. 2010, 39, 17–29. [CrossRef] [PubMed]
23. Zhang, M.; Yan, X.; Huang, F.; Niu, Z.; Gibson, H.W. Stimuli-responsive host-guest systems based on the recognition of cryptands

by organic guests. Acc. Chem. Res. 2014, 47, 1995–2005. [CrossRef] [PubMed]
24. Zheng, B.; Wang, F.; Dong, S.Y.; Huang, F. Supramolecular polymers constructed by crown ether-based molecular recognition.

Chem. Soc. Rev. 2012, 41, 1621–1636. [CrossRef]
25. Qu, D.-H.; Wang, Q.-C.; Zhang, Q.-W.; Ma, X.; Tian, H. Photoresponsive host-guest functional systems. Chem. Rev. 2015, 115,

7543–7588. [CrossRef] [PubMed]
26. He, Z.; Jiang, W.; Schalley, C. Integrative self-sorting: A versatile strategy for the construction of complex supramolecular

architecture. Chem. Soc. Rev. 2015, 44, 779–789. [CrossRef]
27. Zhou, H.-Y.; Han, Y.; Chen, C.-F. pH-Controlled motions in mechanically interlocked molecules. Mater. Chem. Front. 2020, 4,

12–28. [CrossRef]
28. Kim, K. Mechanically interlocked molecules incorporating cucurbituril and their supramolecular assemblies. Chem. Soc. Rev.

2002, 31, 96–107. [CrossRef]
29. Pazos, E.; Novo, P.; Peinador, C.; Kaifer, A.E.; García, M.D. Cucurbit[8]uril (CB[8])-based supramolecular switches. Angew. Chem.

Int. Ed. 2019, 58, 403–416. [CrossRef]
30. Yang, H.-B.; Ghosh, K.; Northrop, B.H.; Zheng, Y.-R.; Lyndon, M.M.; Muddiman, D.C.; Stang, P.J. A highly efficient approach to the

self-assembly of hexagonal cavity-cored tris[2]pseudorotaxanes from several components via multiple noncovalent interactions.
J. Am. Chem. Soc. 2007, 129, 14187–14189. [CrossRef]

31. Price, T.L.; Gibson, H.W. Supramolecular pseudorotaxane polymers from biscryptands and bisparaquats. J. Am. Chem. Soc. 2018,
140, 4455–4465. [CrossRef]

32. Wang, J.; Zhang, H.-Y.; Zhang, X.-J.; Song, Z.-H.; Zhao, X.-J.; Liu, Y. Light-controlled reversible formation and dissociation of
nanorods via interconversion of pseudorotaxanes. Chem. Commun. 2015, 51, 7329–7332. [CrossRef] [PubMed]

33. Chen, X.M.; Chen, Y.; Huo, X.F.; Wu, X.; Gu, B.H.; Liu, Y. Sulfonato-β-cyclodextrin mediated supramolecular nanoparticle for
controlled release of berberine. ACS Appl. Mater Interfaces 2018, 10, 24987–24992. [CrossRef] [PubMed]

34. Xue, M.; Yang, Y.; Chi, X.; Zhang, Z.; Huang, F. Pillararenes, a new class of macrocycles for supramolecular chemistry. Acc. Chem.
Res. 2012, 45, 1294–1308. [CrossRef] [PubMed]

35. Xue, M.; Yang, Y.; Chi, X.; Yan, X.; Huang, F. Development of pseudorotaxanes and rotaxanes: From synthesis to stimuliresponsive
motions to applications. Chem. Rev. 2015, 115, 7398–7501. [CrossRef] [PubMed]

36. Wang, X.-Q.; Li, W.-J.; Wang, W.; Yang, H.-B. Heterorotaxanes. Chem. Commun. 2018, 54, 13303–13308. [CrossRef]
37. Li, Z.-Y.; Zhang, Y.; Zhang, C.-W.; Chen, L.-J.; Wang, C.; Tan, H.; Yu, Y.; Li, X.; Yang, H.-B. Cross-linked supramolecular polymer

gels constructed from discrete multi-pillar[5]arene metallacycles and their multiple stimuli-responsive behavior. J. Am. Chem. Soc.
2014, 136, 8577–8589. [CrossRef]

38. Yamamoto, K.; Nameki, R.; Sogawa, H.; Takata, T. Macrocyclic dinuclear palladium complex as a novel doubly threaded
[3]rotaxane scaffold and its application as a rotaxane cross-linker. Angew. Chem. Int. Ed. 2020, 59, 18023–18028. [CrossRef]

39. Hwang, W.; Yoo, J.; Hwang, I.-C.; Lee, J.; Ko, Y.H.; Kim, H.W.; Kim, Y.; Lee, Y.; Hur, M.Y.; Parl, K.M.; et al. Hierarchical
self-assembly of poly-pseudorotaxanes into artificial microtubules. Angew. Chem. Int. Ed. 2020, 59, 3460–3464. [CrossRef]

40. Meng, Z.; Xiang, J.-F.; Chen, C.-F. Directional molecular transportation based on a catalytic stopper-leaving rotaxane system. J.
Am. Chem. Soc. 2016, 138, 5652–5658. [CrossRef]

41. Shi, Z.-T.; Yu, J.-J.; Zhang, Q.; Li, M.-M.; Liang, W.-J.; Zhao, C.-X.; Qu, D.-H. Controlling interfacial interactions of supramolecular
assemblies by light-responsive overcrowded alkenes. Chem. Commun. 2019, 55, 10292–10295. [CrossRef]

42. Wu, G.-Y.; Shi, X.L.; Phan, H.; Qu, H.; Hu, Y.-X.; Yin, G.-Q.; Zhao, X.-L.Z.; Li, X.; Xu, L.; Yu, Q.L.; et al. Efficient self-assembly of
heterometallic triangular necklace with strong antibacterial activity. Nat. Commun. 2020, 11, 3178. [CrossRef] [PubMed]

http://doi.org/10.1021/jacs.0c02475
http://www.ncbi.nlm.nih.gov/pubmed/32302108
http://doi.org/10.1021/ja00013a096
http://www.ncbi.nlm.nih.gov/pubmed/27715028
http://doi.org/10.1002/anie.201612549
http://doi.org/10.1038/d41586-018-02732-5
http://doi.org/10.1021/jacs.9b06739
http://doi.org/10.1126/science.1229753
http://doi.org/10.1126/science.1094791
http://doi.org/10.1073/pnas.1500489112
http://doi.org/10.1039/b819333a
http://doi.org/10.1039/B917901A
http://www.ncbi.nlm.nih.gov/pubmed/20023833
http://doi.org/10.1021/ar500046r
http://www.ncbi.nlm.nih.gov/pubmed/24804805
http://doi.org/10.1039/C1CS15220C
http://doi.org/10.1021/cr5006342
http://www.ncbi.nlm.nih.gov/pubmed/25697681
http://doi.org/10.1039/C4CS00305E
http://doi.org/10.1039/C9QM00546C
http://doi.org/10.1039/a900939f
http://doi.org/10.1002/anie.201806575
http://doi.org/10.1021/ja073744m
http://doi.org/10.1021/jacs.8b01480
http://doi.org/10.1039/C5CC01372K
http://www.ncbi.nlm.nih.gov/pubmed/25819834
http://doi.org/10.1021/acsami.8b08651
http://www.ncbi.nlm.nih.gov/pubmed/30010314
http://doi.org/10.1021/ar2003418
http://www.ncbi.nlm.nih.gov/pubmed/22551015
http://doi.org/10.1021/cr5005869
http://www.ncbi.nlm.nih.gov/pubmed/25734835
http://doi.org/10.1039/C8CC07283C
http://doi.org/10.1021/ja413047r
http://doi.org/10.1002/anie.202007866
http://doi.org/10.1002/anie.201913384
http://doi.org/10.1021/jacs.6b01852
http://doi.org/10.1039/C9CC05023J
http://doi.org/10.1038/s41467-020-16940-z
http://www.ncbi.nlm.nih.gov/pubmed/32576814


Molecules 2021, 26, 716 11 of 11

43. Chakrabarty, R.; Mukherjee, P.S.; Stang, P.J. Supramolecular coordination: Self-assembly of finite two- and three-dimensional
ensembles. Chem. Rev. 2011, 111, 6810–6918. [CrossRef] [PubMed]

44. Fujita, M.; Tominaga, M.; Hori, A.; Therrien, B. Coordination assemblies from a Pd(II)-cornered square complex. Acc. Chem. Res.
2005, 38, 369–378. [CrossRef] [PubMed]

45. Chakraborty, S.; Newkome, G.R. Terpyridine-based metallosupramolecular constructs: Tailored monomers to precise 2D-motifs
and 3D-metallocages. Chem. Soc. Rev. 2018, 47, 3991–4016. [CrossRef] [PubMed]

46. Cook, T.R.; Stang, P.J. Recent developments in the preparation and chemistry of metallacycles and metallacages via coordination.
Chem. Rev. 2015, 115, 7001–7045. [CrossRef]

47. McConnell, A.J.; Wood, C.S.; Neelakandan, P.P.; Nitschke, J.R. Stimuli-responsive metal−ligand assemblies. Chem. Rev. 2015, 115,
7729–7793. [CrossRef]

48. Chen, L.-J.; Yang, H.-B. Construction of stimuli-responsive functional materials via hierarchical self-assembly involving coordina-
tion interactions. Acc. Chem. Res. 2018, 51, 2699–2710. [CrossRef]

49. Shanmugaraju, S.; Mukherjee, P.S. Self-assembled discrete molecules for sensing nitroaromatics. Chem. Eur. J. 2015, 21, 6656–6666.
[CrossRef]

50. Chang, X.; Zhou, Z.; Shang, C.; Wang, G.; Wang, Z.; Qi, Y.; Li, Z.-Y.; Wang, H.; Cao, L.; Li, X.; et al. Coordination-driven
self-assembled metallacycles incorporating pyrene: Fluorescence mutability, tunability, and aromatic amine sensing. J. Am. Chem.
Soc. 2019, 141, 1757–1765. [CrossRef]

51. Datta, S.; Misra, S.K.; Saha, M.L.; Lahiri, N.; Louie, J.; Pan, D.; Stang, P.J. Orthogonal self-assembly of an organoplatinum(II)
metallacycle and cucurbit[8]uril that delivers curcumin to cancer cells. Proc. Natl. Acad. Sci. USA 2018, 115, 8087–8092. [CrossRef]

52. Li, R.-J.; Holstein, J.J.; Hiller, W.G.; Andréasson, J.; Clever, G.H. Mechanistic interplay between light switching and guest binding
in photochromic [Pd2Dithienylethene4] coordination cages. J. Am. Chem. Soc. 2019, 141, 2097–2103. [CrossRef] [PubMed]

53. Huang, C.-B.; Xu, L.; Zhu, J.-L.; Wang, Y.-X.; Sun, B.; Li, X.; Yang, H.-B. Real-time monitoring the dynamics of coordination-driven
self-assembly by fluorescence-resonance energy transfer. J. Am. Chem. Soc. 2017, 139, 9459–9462. [CrossRef] [PubMed]

54. Yamashina, M.; Sartin, M.M.; Sei, Y.; Akita, M.; Takeuchi, S.; Tahara, T.; Yoshizawa, M. Preparation of highly fluorescent host-guest
complexes with tunable color upon encapsulation. J. Am. Chem. Soc. 2015, 137, 9266–9269. [CrossRef] [PubMed]

55. Zhu, H.; Li, Q.; Shi, B.; Xing, H.; Sun, Y.; Lu, S.; Shangguan, L.; Li, X.; Huang, F.; Stang, P.J. Formation of planar chiral platinum
triangles via pillar[5]arene for circularly polarized luminescence. J. Am. Chem. Soc. 2020, 142, 17340–17345. [CrossRef]

56. Hong, C.M.; Bergman, R.G.; Raymond, K.N.; Toste, F.D. Self-assembled tetrahedral hosts as supramolecular catalysts. Acc. Chem.
Res. 2018, 51, 2447–2455. [CrossRef]

57. Chen, L.-J.; Chen, S.; Qin, Y.; Xu, L.; Yin, G.-Q.; Zhu, J.-L.; Zhu, F.-F.; Zheng, W.; Li, X.; Yang, H.-B. Construction of porphyrin-
containing metallacycle with improved stability and activity within mesoporous carbon. J. Am. Chem. Soc. 2018, 140, 5049–5052.
[CrossRef]

58. Hu, Y.-X.; Hao, X.; Xu, L.; Xie, X.; Xiong, B.; Hu, Z.; Sun, H.; Yin, G.-Q.; Li, X.; Peng, H.; et al. Construction of supramolecular
liquid-crystalline metallacycles for holographic storage of colored images. J. Am. Chem. Soc. 2020, 142, 6285–6294. [CrossRef]

59. Chen, L.; Chen, C.; Sun, Y.; Lu, S.; Huo, H.; Tan, T.; Li, A.; Li, X.; Ungar, G.; Liu, F.; et al. Luminescent metallacycle-cored liquid
crystals induced by metal coordination. Angew. Chem. Int. Ed. 2020, 59, 10143–10150. [CrossRef]

60. Wang, W.; Zhang, Y.; Sun, B.; Chen, L.-J.; Xu, X.-D.; Wang, M.; Li, X.; Yu, Y.; Jiang, W.; Yang, H.-B. The construction of complex
multicomponent supramolecular systems via the combination of orthogonal self-assembly and the self-sorting approach. Chem.
Sci. 2014, 5, 4554–4560. [CrossRef]

61. Yin, H.; Rosas, R.; Gigmes, D.; Ouari, O.; Wang, R.; Kermagoret, A.; Bardelang, D. Metal actuated ring translocation switches in
water. Org. Lett. 2018, 20, 3187–3191. [CrossRef]

62. Samanta, S.K.; Moncelet, D.; Briken, V.; Isaacs, L. Metal–organic polyhedron capped with cucurbit[8]uril delivers doxorubicin to
cancer cells J. Am. Chem. Soc. 2016, 138, 14488–14496. [CrossRef] [PubMed]

63. Yang, H.-B.; Hawkridge, A.M.; Huang, S.D.; Das, N.; Bunge, S.D.; Muddiman, D.C.; Stang, P.J. Coordination-driven self-assembly
of metallodendrimers possessing well-defined and controllable cavities as cores J. Am. Chem. Soc. 2007, 129, 2120–2129. [CrossRef]
[PubMed]

64. Amirsakis, D.G.; Elizarov, A.M.; Garcia-Garibay, M.A.; Glink, P.T.; Stoddart, J.F.; White, A.J.; Williams, D.J.; Amirsakis, D.G.;
Elizarov, A.M.; Garcia-Garibay, M.A.; et al. Diastereospecific Photochemical Dimerization of a Stilbene-Containing Daisy Chain
Monomer in Solution as well as in the Solid State. Angew. Chem. Int. Ed. 2003, 42, 1126–1132. [CrossRef] [PubMed]

65. Ghosh, K.; Yang, H.-B.; Northrop, B.H.; Lyndon, M.M.; Zheng, Y.-R.; Muddiman, D.C.; Stang, P.J. Coordination-driven self-
assembly of cavity-cored multiple crown ether derivatives and poly[2]pseudorotaxanes. J. Am. Chem. Soc. 2008, 130, 5320–5334.
[CrossRef]

http://doi.org/10.1021/cr200077m
http://www.ncbi.nlm.nih.gov/pubmed/21863792
http://doi.org/10.1021/ar040153h
http://www.ncbi.nlm.nih.gov/pubmed/15835883
http://doi.org/10.1039/C8CS00030A
http://www.ncbi.nlm.nih.gov/pubmed/29594272
http://doi.org/10.1021/cr5005666
http://doi.org/10.1021/cr500632f
http://doi.org/10.1021/acs.accounts.8b00317
http://doi.org/10.1002/chem.201406092
http://doi.org/10.1021/jacs.8b12749
http://doi.org/10.1073/pnas.1803800115
http://doi.org/10.1021/jacs.8b11872
http://www.ncbi.nlm.nih.gov/pubmed/30620873
http://doi.org/10.1021/jacs.7b04659
http://www.ncbi.nlm.nih.gov/pubmed/28661660
http://doi.org/10.1021/jacs.5b06195
http://www.ncbi.nlm.nih.gov/pubmed/26166243
http://doi.org/10.1021/jacs.0c09598
http://doi.org/10.1021/acs.accounts.8b00328
http://doi.org/10.1021/jacs.8b02386
http://doi.org/10.1021/jacs.0c00698
http://doi.org/10.1002/anie.201915055
http://doi.org/10.1039/C4SC01550A
http://doi.org/10.1021/acs.orglett.8b01019
http://doi.org/10.1021/jacs.6b09504
http://www.ncbi.nlm.nih.gov/pubmed/27723965
http://doi.org/10.1021/ja066804h
http://www.ncbi.nlm.nih.gov/pubmed/17256935
http://doi.org/10.1002/anie.200390296
http://www.ncbi.nlm.nih.gov/pubmed/12640640
http://doi.org/10.1021/ja711502t

	Introduction 
	Results and Discussion 
	Synthesis and Characterization 
	Self-Sorting Process of Metallacycles M1 and M2 
	Tris[2]pseudorotaxanes Metallacycles TPRM1 and TPRM2 
	Acid-Activated Motion Switching of DB24C8 

	Materials and Methods 
	Conclusions 
	References

