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A meso-molecular muscle was prepared by capping the [c2]daisy chain based on a mono-functionalized
copillar[5]arene with an imidazolium group in its axle. From its crystal structure, we observed that it
was a cyclic dimer composed of two mirror image subcomponents, a pR- and a pS-copillar[5]arene. Their
conformations were fixed by the doubly interlocked mechanical bond. By comparison of the "H NMR and
COSY spectra, we found that the length of this meso-molecular muscle could be controlled not only by
the solvents, but also by the counter anions.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In natural muscular tissues, fueled by ATP, myosin motors pull
on actin filaments and collectively reduce the micrometric size of
a sarcomere unit [1]. Both hierarchical organization of sarcomeres
in myofibrils and subsequent bundling of the myofibrils in stiffer
muscular fibers lead to macroscopic actuations. To mimic these
efficient motions in biological systems, chemists have now suc-
ceeded in building a number of molecular muscles. One of the
most prolific lines of investigations concerns the supramolecular
control over the molecular topology and the mechanical bond of
interlocked molecules to realize the internal motions of large am-
plitudes [2-7].

Many molecular muscles based on catenanes and rotaxanes
have been reported with programmed intramolecular switching
when stimulated by external triggers [8-14]. In particular, caused
by the well-defined intramolecular sliding actuations, [c2]daisy
chain rotaxanes have been widely applied in this field [15-18],
which is a cyclic dimer has two subcomponents made of one cy-
cle and one axle, with each axle threading the other cycle. Since
the first bistable [c2]daisy chain rotaxane prepared by Sauvage and
co-workers in 2000 [19], molecular muscles with doubly threaded
structures based on different cyclic moieties have been developed
rapidly. For instance, not only the synthetic macrocycles, such
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as crown ethers [20-28], cyclodextrins [29-31], nanohoops [32],
cyclobis(paraquat-p-phenylene) [33-35], and cyclic polymetallic
complexes [36,37], but also bio-originated cyclic-peptides [38] and
cyclic-DNAs [39], have been used extensively as the cycle part.
However, all these reported [c2]daisy chains were formed by two
exactly the same non-chiral (crown ethers, cyclobis(paraquat-p-
phenylene), cyclic polymetallic complexes) or single-chiral (cy-
clodextrins) subcomponents. In contrast, we reported here, an
interlock-induced meso-molecular muscle made up of two copil-
lar[5]arene moieties with opposite planar chirality (a pR and a pS).

Pillararene is a new class of macrocycles composed of hydro-
quinone units linked by methylene bridges at para positions [40-
54]. Different from traditional macrocycles, they all have two most
stable conformations (pR and pS) that are mirror images of each
other (Fig. S1 in Supporting information) [55-60]. By one pot cyclic
co-oligomerization of different monomers, mono-, di- even tetra-
functionalized copillar[5]arene have been prepared and applied as
building blocks in the construction of various supramolecular sys-
tems [61-68]. Because of the selective binding of a pillar[5]arene
cavity to a linear alkyl chain, mono-functionalized copillar[5]arene
became one of the most-accessible model for construction of daisy
chains [69-77]. Especially, when an electron withdrawing group
was introduced at the terminal of the guest part, [c2]daisy chains
could be easily formed by the selective self-assembly process. In-
terestingly, as reported by Liu et al. [71], Wang et al. [72] and
us [69,77], from their crystal structures, we observed that most
of such [c2]daisy chains were composed of two copillar[5]arene
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Scheme 1. Synthesis of the meso-molecular-muscle 3Cl and control compound 4Cl.

molecules with opposite planar chirality conformations, as shown
in Figs. S2-S7 (Supporting information). Therefore, we believed
that if we could cap such a cyclic dimer with a suitable stopper,
a doubly interlock-induced meso-molecular muscle would be pre-
pared.

To verify this deduction, a bistable molecular muscle 3Cl
was synthesized in two steps from a bromo-functionalized
copillar[5]arene 1, which was synthesized by co-oligomerization
of 1,4-dimethoxybenzene and 1-(8-bromooctyloxy)-4-
methoxybenzene [61,69], as shown in Scheme 1. An imidazole
group was introduced by refluxing 1 with tert-butyl(3-(1H-
imidazol-1-yl)propyl)carbamate in acetonitrile. The terminal amino
was released by the following deprotection of Boc-group using
hydrochloric acid. The monomer 2 was then self-assembled and
capped by 3,5-bis(trifluoromethyl)phenyl isocyanate with excess
triethylamine in chloroform at room temperature. After purifi-
cation by column chromatography, the main product 3Cl was
isolated in 45% yield. Using the same method, a control compound
4Cl without the pillar[5]arene cavity was prepared (Scheme 1 and
Scheme S1 in Supporting information).

Evidence for the formation of the desired doubly interlocked
[c2]daisy chain type molecular muscle was firstly obtained by the
electrospray ionization mass spectrometry (ESI-MS) studies. Differ-
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ent from the mass (Fig. S10 in Supporting information) of [2-CI]|*
(m/z 972.54), for 3Cl, peaks were observed corresponding to [3Cl-
2C11%+ (m/z 1228.06), with the intervals were only 0.5 instead of 1
as shown in Fig. 1. These results were all isotopically resolved and
in excellent agreement with their theoretical distributions.

Single crystals of 3Cl were obtained by slow evaporation
of a solution of 3Cl in a chloroform/methanol mixture (CCDC:
2257323). The X-ray crystallographic analysis (Fig. 2) revealed that,
as we expected, a doubly interlocked molecular muscle 3Cl was
formed by two mirror image subcomponents (a pR-copillar[5]arene
shown in blue and a pS-copillar[5]arene). In this cyclic dimer, the
octyl group of each half threaded through the electron-rich cav-
ity of the other half, leaving the imidazolium, propylidene and
urea groups at the outer side. There were four hydrogen atoms on
each of the included linear octyl group with C-H--- plane dis-
tances (A, 2.983; B, 2.872 C, 2.729; D, 2.601) shorter than 3.05A,
implying the existence of multiple C-H--- interactions (green
dotted lines in Fig. 2). This is similar to the cases for the pre-
viously reported mono-substituted copillar[5]arenes in the solid
state [59,67,69,70,75]. Additionally, one C-H---m interaction (E,
2.517A) and one C-H---O interaction (F, 2.352A, 165°) between
the electron-poor imidazolium and the electron-rich pillar[5]arene
cavity were observed, which also should be the driven force of
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Fig. 1. ESI mass spectrum of 3Cl (blue) and its simulated spectrum (red).
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Fig. 2. Stick presentations of 3Cl in the solid state. Hydrogens, except the ones with
CH-mr, CH-O or NH-CI interactions, were omitted for clarity. The pR-conformation
was shown as blue sticks. Lines A-E indicate the multiple CH---7 interactions. Line
F-H indicates the CH---O or NH---Cl interactions. Parameters: C-H:--m distance
(A), A, 2.983; B, 2.872 C, 2.729; D, 2.601; E, 2.517. CH---O distance (A), CH-O angle
(°): F, 2.352, 165. NH---Cl distance (A), NH---Cl angle (°): G, 2.609, 152, H, 2.363,
167.

the contraction of 3Cl in the solid state. Moreover, there are two
N-H---Cl interactions (G, 2.609 A, 152°; H, 2.363A, 167°) between
the urea group and the chloride ion on each half of the molecular
muscle. The crystal structure of 3Cl clearly showed that, indeed,
it is a meso—[c2]daisy chain type molecular muscle composed of a
pPR-copillar[5]arene and a pS-copillar[5]arene, whose conformations
were fixed by the doubly interlocked mechanical bonds.

The internal motions of this meso-molecular muscle were sys-
tematically investigated by NMR spectra afterwards. The proton
NMR spectrum of 3Cl (Fig. 2b and Fig. S11 in Supporting infor-
mation) in chloroform-d showed that, like other host-guest com-
plex of pillar[5]arenes and linear alkyl groups, there were also sev-
eral broad peaks located in the high field, two peaks were even
below zero. Therefore, 3Cl should be a doubly threaded cyclic
dimer with the linear guest moieties threaded in the aromatic pil-
lar[5]arene cavities. Moreover, from 2D 'H-'H COSY experiments
of 3Cl (Fig. S12 in Supporting information) and 4Cl (Fig. S25 in
Supporting information) in chloroform-d, the signals from the lin-
ear guest protons were identified, respectively. By comparison of
TH NMR spectra of them (Figs. 2a and b), the chemical shift
changes of the guest protons caused by threading through the
electron-rich copillar[5]arene cavity can be estimated. The protons
Hg, Hg, Hg and Hyg on the guest moiety showed much larger up-
field chemical shift changes (-1.9, -1.9, -3.9 and -3.3 ppm, respec-
tively) than others (as indicated by the red dotted lines in Fig. 3).
These results proved that, same as its solid state structure shown
in Fig. 2, in chloroform-d, the center of pillar[5]arene cavities were
located on Hg and Hyg of the octyl group. To clarify the influence
of different solvents to the meso-molecular muscle, we performed
the TH NMR and 2D 'H-'H COSY (Fig. S14 in Supporting informa-
tion) experiments of 3Cl in deuterated DMSO. By the comparison
of Figs. 2a—c, we found that Hy, and Hy; showed the largest upfield
chemical shift changes (-2.2 and -2.6 ppm, respectively). It indi-
cated that, in the polar solvent DMSO, the meso-molecular muscle
is somehow extended, with the center of pillar[5]arene cavities lo-
cated on Hy; and Hy; of the linear octyl group.

The impact of the counter ions was studied subsequently. By
mixing with the saturated solution of potassium hexafluorophos-
phate respectively, the meso-molecular muscle 3PF6 and the con-
trol compound 4PF6 were prepared (Scheme S1). From the 2D 'H-
TH COSY NMR spectrum of 3PF6 (Fig. S17 in Supporting informa-
tion) and 4PF6 (Fig. S29 in Supporting information) in chloroform-
d, we assigned all the signals of the linear guest protons respec-
tively. By comparison of "H NMR spectra of them (Figs. 2d and e),
we found that the upfield chemical shifts of protons on the guest
moiety were averaged on some extent, and no peaks below 0ppm
could be found for the 3PF6. Caused by the loose ion pairing of
hexafluorophosphate, Hs, Hg, H7, Hg and Hg on the guest moiety
showed relatively larger upfield chemical shift changes (-2.7, -1.7,
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Fig. 3. Partial '"H NMR (500 MHz, 25 °C) spectra: (a) 4Cl in CDCls; (b) 3Cl in CDCls;
(c) 3Cl in DMSO-dg; (d) 3PF6 in CDCls; (e) 4PF6 in CDCls.

-2.7,-3.5 and -1.9 ppm, respectively), which proved that the center
of pillar[5]arene cavities should located on the electron-poor imi-
dazolium group at these conditions. Therefore, at this time, we can
conclude that the meso-molecular muscle was in a fully contracted
state.

In summary, here we successfully prepared a molecular muscle
3Cl by capping the [c2]daisy chain dimer of a mono-functionalized
copillar[5]arene 2 with an imidazolium group in its axle. From
its crystal structure, we observed that 3Cl was a cyclic dimer
composed of two mirror image subcomponents a pR- and a pS-
copillar[5]arene. Their conformations were fixed by the doubly in-
terlocked mechanical bond. Therefore, we named 3Cl as an inter-
locked induced meso-molecular muscle. By comparison of 'H NMR,
COSY spectra of 3Cl, 4Cl, 3PF6 and 4PF6, its internal motions were
investigated. It demonstrated that the length of this molecular
muscle could be controlled not only by changing the solvents, but
also by changing the counter anions. In DMSO, the molecular mus-
cle was in an extended state with the cavity center on Hy, and Hy;.
In chloroform, the molecular muscle was in a partially contracted
state with the cavity center on Hg and H;y of the linear octyl
group. When the chloride anions were replaced by hexafluorophos-
phates, it will be in a fully contracted state with the cavity center
located on the imidazolium groups. Applying such copillar[5]arene
monomers in the construction of stimuli-responsive mechanically
interlocked polymers or molecular actuators that can mimic the bi-
ologic contraction/stretching process in natural muscular tissues is
another goal.
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