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ABSTRACT: The motions of biomolecular machines are usually multistep processes, and are involved in a series of
conformational changes. In this paper, a novel triply interlocked [2](3)catenane composed of a tris(crown ether) host eTC and a
circular ditopic guest with three dibenzyl ammonium (DBA) sites and three N-methyltriazolium (MTA) sites was reported. Due
to the multivalency nature of the catenane, the acid−base triggered motion was performed by a stepwise manner. The
coconformations of the four related stable states have been directly identified and quantified which confirmed the multistep
process. In order to quantify the dynamics with environmental acidity changes, the values of the three levels of dissociation
constant pKa have been determined. The special interlocked topology of the [2](3)catenane also endows the motion of each
crown ether ring in the host with unexpected selectivity for the MTA sites. This study provides clues to comprehend the
underlying motion mechanism of intricate biological molecular machines, and further design artificial molecular machine with
excellent mechanochemistry properties.

■ INTRODUCTION

Biomolecular machines are extremely complex assemblies in
cells, and they execute exquisitely controlled rotary, sliding, or
walking motion governed by noncovalent interactions, to
underlie their function and regulation, such as cell signaling,
energy transduction, and cargo delivery.1 These diversified
motions are usually composed of multiple substeps and
involved several sequential, well-defined conformational
changes,2 and usually fulfilled in a cooperative or coupled
manner by their subunits.3 During the motion of β subunit in
F1-ATPase, its conformation changes from an open to a closed
form upon ATP binding, providing driving force for rotation of
the γ-shaft.4 Also, at least three conformational states of myosin
corresponding to different steps in the actomyosin cycle have
been identified.5 The conformational dynamics6 of these large,
intricate complexes, however, remain horrible challenges to
characterize.
Since catenane- and rotaxane-based molecular machine

prototypes were proposed, elementary types of motions,
which are based on the interconversion between different

coconformations of mechanically interlocked molecules
(MIMs)7 under proper stimulation, have already been
successfully fulfilled at the molecular level.8 Intimate knowledge
of dynamic parameters of stable state coconformations can offer
a key to understand mechanisms of the mechanical motion, and
depict one piece of the blueprint for programming a MIM to fit
the demands of a given function, such as processive catalysis,9

information storage,10 and directional motion.11

With the desire to build more elaborate nanosystems
analogous to nature’s examples, multivalency12 is likely to
play an increasingly significant role. Multivalent interactions
offer the advantage of multiple and sequential binding13 within
the host−guest systems over the monovalent receptor−ligand
interaction. The controllability of noncovalent interaction by
either a chemical or physical manner suggests that the number
of defined binding sites in a multivalent assembly can be
variant.14 As a result, the introduction of the multivalency
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concept into a switchable artificial system may allow us to break
up the whole molecular motion into several parts by forming
partly binding conformations.15 Excavating the details in
complex molecular motion is thus feasible. However, studies
about the switchable MIM systems that benefit from multi-
valency are rare.16

In this paper, we report the synthesis, structure, and motion
mechanism of a novel triply interlocked17 [2](3)catenane C-
H3·6PF6 featuring a pyrazine-extended triptycene-derived
tris(crown ether) host eTC triply penetrated by a circular
ditopic guest with three DBA sites and three MTA18 sites. The
multivalency nature of the catenane rendered a stepwise motion
by gradually destroying the DBA-crown ether interaction and
facilitating the MTA-crown ether interaction during its three-
step deprotonation process. This multistep process was
unambiguously confirmed by identifying and quantifying the
coconformations of the four stable states. To evaluate the
thermodynamic feature with the acidity change in environment,
the values of the three levels of dissociation constant pKa of C-
H3·6PF6 were measured by an indicator method. Moreover,
due to the special interlocked structure of the [2](3)catenane,
after each deprotonation of the DBA group, one crown ether
ring of the host preferentially resided on one of two MTA sites
with closer distance to form a more stable coconformation.
This selectivity for sites generally without discriminating
affinities is unprecedented in known MIM systems.

■ RESULTS AND DISCUSSION

Molecular Design and Synthesis. Our group has
previously reported a D3h symmetrical triptycene tris(crown
ether) host.19 Its three dibenzo-24-crown-8 (DB24C8) rings
are positioned in three orientations, which not only allow three
dibenzylammonium guests to thread in, but also can
accommodate a bent linear trisdialkylammonium strand to
facilitate highly efficient synthesis of a [4]pseudocatenane.20 To
introduce more recognition stations into the guest component
for the construction of functional catenanes, we proposed that a

host with more free volume between the adjacent DB24C8
rings would better meet the requirement of the steric
hindrance. Thus, a pyrazine-extended triptycene-derived tris-
(crown ether) host eTC was designed. Hexahydroxytriptycene
1 was subjected in thionyl chloride to give hexachlorotriptycene
2. Then the reaction of 2 with diol 3 under the presence of
Cs2CO3 using benzyltriethylammonium chloride (TEBAC) as
catalyst generated the product eTC in a satisfying isolated yield
of 61% (Scheme 1a). The single crystal structure of eTC shows
that a D3h symmetrical conformation was adopted in the solid
state, and a 120° fan shaped zone with r = 11.4 Å was wedged
between the adjacent benzo-24-crown-8 (B24C8) rings
(Scheme 1b).
Having grasped the structural features of host eTC, we

further designed and synthesized the linear guest L with two
alkenyl ends by a modular splicing strategy (see Supporting
Information for details). Three DBA and MTA recognition
sites for DB24C8 are regularly aligned in L. The complexation
between host eTC and guest strand L was then investigated in
solution. The 1H NMR spectrum (see Figure S1 in Supporting
Information) of the equimolar mixture of eTC and L in a
solvent of CD2Cl2/acetone-d6 (v/v = 2:1) showed that the
formation of the desired triply interlocked pseudorotaxane 3in-
[eTC⊃L] was rather complete. Treatment of the mixture in
CH2Cl2/acetone (v/v = 2:1, 1.0 mM) with a catalytic amount
of Grubbs second-generation catalyst at 45 °C for 48 h resulted
in the [2](3)catenane in a reasonably high yield of 83% after
hydrogenation and purification (Scheme 1c). This high yield
should be attributed to the good efficiency of multivalency
directed self-assembly and the dynamic ring-closing olefin
metathesis allowing the formation of the thermodynamically
stable product by error correction.

Structure Characterization and Acid−Base Triggered
Molecular Switching. The concise 1H NMR spectra (Figure
1a and Figure S2 in Supporting Information) of C-H3·6PF6
indicated that an averaged D3h symmetrical coconformation was
adopted in solution. By utilizing COSY, HSQC, and ROESY

Scheme 1. (a) Synthetic Route to the Pyrazine-Extended Triptycene-Based Tris(crown ether) Host eTC, (b) Single Crystal
Structure of eTC, and (c) Synthesis of the [2](3)Catenane C-H3·6PF6 and the Labels of Protons
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experiments, the vast majority of the 1H signals have been
assigned (Supporting Information Figures S4−S6). In C-H3·
6PF6, all the three crown ether rings preferentially resided on
the DBA sites because they have higher affinities with the
crown ether ring than MTA sites. The ROESY spectrum
(Figure S6 in Supporting Information) gave clear cross peaks of
Hb, Hc, and ethylene glycol protons, providing direct evidence
for the interactions between DBA sites and B24C8 rings. The
MTA sites located at one side of the B24C8 rings are nearly six
atoms further from the bound DBA sites than those at the
other side. After the DBA sites were deprotonated by 3.2 equiv
of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), all of the crown
ether rings migrated to MTA sites to produce the catenane C·
3PF6, which could be isolated and purified by simple procedure
in 91% yield (see Supporting Information). As shown in Figure
1b, the resonances of protons Hf were shifted significantly
downfield with a Δδ = 0.91 ppm, as a consequence of
interaction of MTA recognition site with the B24C8 ring which
were further affirmed by the ROESY spectrum. Like C-H3·
6PF6, C·3PF6 also has a highly symmetrical coconformation in
solution revealed by the 1H NMR spectrum. Further addition
of a slight excess (3.4 equiv) of trifluoroacetic acid (TFA)
restored the location of the crown ether rings to DBA sites
(Figure 1c). The clear-cut reversible acid−base triggered
switching between C-H3·6PF6 and C·3PF6 went smoothly
with efficiency degradation <25% after 6 complete cycles, as

proved by 1H NMR spectroscopic investigations (Figure 1d
and Supporting Information Figure S14).

Stepwise Molecular Motion. The presence of multiple
nondegenerate recognition sites in C-H3·6PF6 inspired us to
consider whether the coconformations, in which one or two
crown ether rings binds to DBA site(s) and the rest to MTA
site(s), would appear during the acid−base triggered switching
(Figure 2a). Elucidating the dynamics of these coconformations
will undoubtedly provide fundamental information for
uncovering the motion mechanism. Consequently, a series of
titration experiments were performed. It was found that the
continuous addition of DBU (<3.0 equiv) to C-H3·6PF6
resulted in very complicated 1H NMR spectra (Supporting
Information Figure S16a), which is a sign of the coexistence of
different coconformations due to the incomplete deprotonation
of DBA sites. Interestingly, the chemical shifts of protons Hf
were found to be single peaks and clearly resolved, which could
thus provide ideal probes to trace the whole evolution process.
In C-H3·6PF6 or C·3PF6, the protons Hf showed only a single
peak at a relative upfield of 8.22 ppm and a relative downfield of
9.13 ppm, respectively. With the addition of <0.5 equiv of
DBU, one set of Hf signals with three peaks, one at the relative
downfield and two at the relative upfield, gradually emerged in
a integral ratio of 1:1:1 (Figure 2b). This implied that, after the
deprotonation of one DBA group, the species C-H2·5PF6 which
has a coconformation with one of the three crown ether rings
binding at MTA sites generated. The subsequent addition of
DBU (>0.75 equiv) generated another new set of Hf signals
with three peaks, still in a ratio of 1:1:1; however, two were at
the relative downfield and one at the relative upfield. Thus, a
coconformation with two crown ether rings surrounding the
MTA sites could be easily deduced for C-H1·4PF6. The
sequential content changes of different species in C-H3·6PF6
solution upon the addition of DBU were also reflected in the
fluorescent spectrum, although the absorbance of C-H3·6PF6
and C·3PF6 showed only negligible difference (Figure 2d).
Obvious emission quenching at 369 nm was observed upon the
addition of DBU to C-H3·6PF6, which might have resulted from
a photoinduced electron transfer effect between the dibenzyl-
amine electron donor and the quinoxaline fluorophore.21

Fluorometric titrations depicted in Figure 2e showed that the
fluorescence intensity was steadily decreased to 20% of the
initial by the addition of DBU to 3.2 equiv, while nearly 3-fold
fluorescence enhancement was finally obtained upon the
titration of TFA to C·3PF6 (Figure 2f).
The contents of the four species C-H3·6PF6, C-H2·5PF6, C-

H1·4PF6, and C·3PF6 could be easily quantified by integration
of Hf signals in

1H NMR spectra. As shown in Figure 2c, the
addition of 1 or 2 equiv of base to C-H3·6PF6 did not
exclusively lead to C-H2·5PF6 or C-H1·4PF6, but mixtures of
differently deprotonated species. This phenomenon is a
consequence of the ternary Brønsted acid characteristic of C-
H3·6PF6. Distributions of the four species were determined by
the amount of the base added (the acidity of the environment)
and the three levels of dissociation constants (Ka).
Considering their Brønsted acid or base nature, for any acid−

base triggered molecular switch or machine with definite
chemical structure, pKa should be a critically important
parameter to quantitatively judge its acidic (basic) strength
and dynamic under the environment of different acidities.
However, at present no acid−base switchable MIM systems22

have given the related thermodynamic constants. We found
that the methyl red with pKa of 10.2 in acetonitrile23 could be a

Figure 1. Partial 1H NMR spectra (500 MHz, 298 K, CD3CN, c = 4.0
mM) of (a) C-H3·6PF6; (b) the solution obtained after adding 3.2
equiv of DBU to C-H3·6PF6; (c) the solution obtained after adding 3.4
equiv of TFA to the solution in part (b). * denotes TFA. (d) Acid−
base switching of [2](3)catenane C-H3·6PF6 monitored by 1H NMR
spectroscopy. The chemical shifts of Hf were recorded.
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proper indicator to monitor the acidity change in the UV−vis
titration experiments. Thus, with a combination of the above
NMR titration results under the same condition, the pKa1, pKa2,
and pKa3 values of C-H3·6PF6 could be calculated by the
following equation (see Supporting Information for details):
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In this equation, [HIn]/[In−] is the concentration ratio of the
acid and base form of the indicator, calculated from the UV−vis
titration results. The ratios of the conjugate acid−base pairs of
the four species were figured out by the NMR titrations (Figure
2c). According to the equation, the pKa values with good
precision up to ±0.2 pKa units were obtained, and listed in

Table 1. The ΔpKa1,2, ΔpKa2,3, ΔpKa1,3 values were 0.57, 0.98,
and 1.55, respectively, implying that non-negligible divergences
of the ionization abilities of the three DBA sites existed.
Although the ΔpKa values were not large enough to form
discrete partly deprotonated spieces (C-H2·5PF6 and C-H1·

Figure 2. (a) Scheme representation of the acid−base triggered motion. The three crown ether rings are labeled with A, B, and C for the
convenience of discussion. After the catenanes were triggered by acid or base, thermodynamically favorable pathways for B24C8 rings of the host
molecule are designated arrows with green or pink color, respectively. (b) 1H NMR spectra (500 MHz, 298 K, CD3CN, c = 4.0 × 10−3 M) for MTA
aromatic protons (Hf) of C-H3·6PF6 (■), C-H2·5PF6 (●), C-H1·4PF6 (▲), and C·3PF6 (▼) during the titration. (c) Distributions of the four
species versus the amount of DBU added. (d) UV−vis absorption of C-H3·6PF6 and C·3PF6 recorded in MeCN (c = 4.0 × 10−5 M). The
fluorescence spectral changes upon (e) the successive addition of DUB to a solution of C-H3·6PF6 in MeCN, and (f) the successive addition of TFA
to a solution of C·3PF6 in MeCN (c = 4.0 × 10−5 M, λex = 335 nm, λem = 369 nm).

Table 1. Thermodynamic Data of Dissociation Equilibria for
C-H3·6PF6 at 298 K in Acetonitrile

equilibrium pKa ΔG/(kJ mol−1)a

‐ ⇌ ‐ ++ + +C C[ H ] [ H ] H3
6

2
5 9.78 ± 0.16 55.8 ± 0.9

‐ ⇌ ‐ ++ + +C C[ H ] [ H ] H2
5

1
4 10.35 ± 0.05 59.0 ± 0.3

‐ ⇌ ++ + +C C[ H ] [ ] H1
4 3 11.33 ± 0.10 64.6 ± 0.6

aThe free energies of dissociation (ΔG) were calculated from the Ka
values by using the expression ΔG = −RT ln Ka.
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4PF6) in acetonitrile, the whole switching process was still
performed in a palpable order. The present data also suggested
in theory that bases such as tributylamine and 1,4-diazabicyclo-
[2,2,2]octane may be suitable chemical sources to drive the
molecular motion of catenane C-H3·6PF6 and the related MIM
systems, but 2,6-lutidine, quinuclinide, and N-ethyldiisopropyl-
amine do not work.24

The above results illustrated that the motion of the three
crown ether rings from DBA to MTA sites after the addition of
base was in a stepwise manner (Figure 2a). With the
deprotonation of the DBA sites, one of three crown ether
rings in C-H3·6PF6 began to move to the MTA site, then two,
and finally all three rings reached the MTA sites. The 1H NMR
titration experiments pointed out that reverse acid triggered
motion starting from C·3PF6 also followed a stepwise fashion
(see Supporting Information Figure S19).
Selectivity in the Stepwise Motion. Theoretically

speaking, after deprotonation of one DBA group in C-H3·
6PF6, B24C8 ring A may choose one of the two possible paths
to occupy either the nearer or the further MTA site to produce
C-H2·5PF6, or quickly oscillate between the two quasidegen-
erate MTA sites. In the next step, either the DBA site binding
to ring B or ring C in C-H2·5PF6 may be deprotonated, causing
the corresponding ring to migrate. Considering the equivalent
situation involved, these two circumstances could be simplified
as discussing ring B’s possible locations in C-H1·4PF6.
We first turned to variable-temperature (VT) 1H NMR

spectroscopy to evaluate the dynamics of C-H2·5PF6 and C-H1·
4PF6. Even though the temperatures have been raised to 348 K,
no significant changes were observed for all the proton signals
of C-H2·5PF6 and C-H1·4PF6 (see Supporting Information
Figures S21, S22), indicating their relatively stable coconfor-
mations within the range of tested temperatures. Importantly,
there is no trend of the coalescence of Hf in different regions
for both of them as shown in Figure 3. This is quite different
from that in a degenerate [2]rotaxane, whose aromatic proton
signals of twoMTA sites coalesced at 338 K in CD3CN because
of the DB24C8 ring’s rapid vibration.25 The lack of coalescence
indicated that in C-H2·5PF6 the crown ether ring A (ring B for
C-H1·4PF6) had special dynamic features, and was inclined to
sit on one of the two MTA sites beside the newly generated
dibenzylamine group. Nevertheless, it seems to be counter-
intuitive considering that the two MTA groups have no
discriminating affinities for the crown ether ring.
Calculations based on B3LYP/3-21G were then carried out

to gain further insights into stabilities and structural character-
istics of the four species. As depicted in Figure 4, both C-H3·
6PF6 and C·3PF6 adopted pseudo-D3h symmetrical coconfor-
mation. For the two possible coconformations of C-H2·5PF6
(Figure 4b) and C-H1·4PF6 (Figure 4c), the coconformers i
were more favorable by 4.8, 18.026 kcal mol−1 than cocon-
formers ii, respectively. On the basis of the Boltzmann
distribution law, distribution ratios for the coconformers i
and ii were much higher than 1000:1 at 298 K. For the less
stable coconformations ii, both of the host and guest
components possessed very distorted structures, which should
cause considerable enthalpy loss. In the coconformer i of C-H2·
5PF6 or C-H1·4PF6, a C6 linker (Figure 2a) was clamped by
B24C8 ring A and C with very close distance. It coincides with
their 1H NMR spectroscopy in which the signals of the protons
Ho,p,q are all at higher frequencies (see Supporting Information
Figure S16d) compared with those of C-H3·6PF6 and C·3PF6
due to the shielding effect of the two B24C8 rings.

In sharp contrast to [2]rotaxane analogues with linear
structure, the parts of the guest between two B24C8 rings of
these four species are seriously bent due to the structural
restrictions from the host molecule. Meanwhile, because the
three crown ether rings are covalently linked by the rigid
triptycene core, the freedom for one B24C8 ring’s migration on
the guest component is limited when the other two rings are
tethered by the recognition sites. Due to these mutual
influences of the topologically linked components, oscillation
of ring A between the two MTA sites was very likely prohibited
when one of the DBA site was deprotonated in C-H3·6PF6.
Similarly, ring B’s shuttling in C-H1·4PF6 was also extremely
stunted. That is why, even at 348 K, we could not observe any
trend of the coalescence of Hf signals. The binding of the
B24C8 ring at the closer MTA site (C-H3·6PF6 → C-H2·5PF6-i
or C-H2·5PF6-i → C-H1·4PF6-i) beside the deprotonated DBA
group did not involve such a large amplitude coconformational
adjustment of the whole interlocked structure as binding at the
further one (C-H3·6PF6 → C-H2·5PF6-ii or C-H2·5PF6-i → C-
H1·4PF6-ii), which presaged a much faster kinetic for the
former.

■ CONCLUSIONS
In this work, we have demonstrated the design and highly
efficient synthesis of a novel two-component, triply interlocked
[2](3)catenane C-H3·6PF6 using a pyrazine-extended tripty-
cene-derived tris(crown ether) host eTC by a dynamic covalent
chemistry approach.27 The nondegenerate multivalent inter-
actions in the catenane allow us to gradually destroy or restore
one of the two modes of intercations by acid−base stimuli.
Thus, a controlled stepwise motion was generated, which has
been simply and definitely confirmed with the four stable states
identified and quantified by the 1H NMR titration experiments.

Figure 3. VT 1H NMR spectra (500 MHz, CD3CN, c = 4.0 mM) for
Hf after the addition of 0.5 (a) and 2.5 (b) equiv of DBU in C-H3·
6PF6. The labels are the same as those in Figure 2b.
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By an indicator method, we for the first time determined
thermodynamic data (pKa) of dissociation equilibria for an
acid−base switchable MIM system, which made a quantitative
and accurate estimate for its dynamic with environmental
acidity change become practicable.
Harnessing the multivalency, we have drawn a clear picture

of the motion mechanism at the present MIM system by
elucidating the stepwise coconformational evolution through
NMR techniques and quantum chemistry calculations. After the
deprotonation of DBA sites, the so-liberated rings preferentially
moved to the spatially closer MTA sites to form thermody-
namically stable coconformations rather than migrating to the
further ones, in a clockwise or counterclockwise sequence. The
selectivity is exotic because a single DB24C8 ring would show
no discriminating recognition abilities for the two MTA sites.
This phenomenon indicated that a fundamental relationship
exists between structure topology and mechanical proper-
ties.7b,28

As all the experimental and calculated data implied that the
paths of the B24C8 ring to nearer recognition sites are also
probably kinetically favorable, by introducing other functional
spacer in the [2](3)catenane,29 an all-around mechanoster-
eoselectivity30 control would be realized to fulfill unidirectional
360° rotation. The present system thus laid a foundation for
constructing molecular motors31 with superior structural and
mechanical properties. Our study also provides enlightenment
to understand the operation mechanism of the intricate
biological molecular machines, for example, the proton gradient
powered rotary motion of ATP synthase.
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