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ABSTRACT: A 3-fold completive self-sorted library of dynamic motifs was integrated into the design of the pseudorotaxane-based
rotor [Zn(2·H+)(3)(4)]2+ operating at k298 = 15.4 kHz. The rotational motion in the five-component device is based on association/
dissociation of the pyridyl head of the pseudorotaxane rotator arm between two zinc(II) porphyrin stations. Addition of TFA or 2-
cyano-2-phenylpropanoic acid as a chemical fuel to a zinc release system and the loose rotor components 2−4 enabled the liberated
zinc(II) ions and protons to act in unison, setting up the rotor through the formation of a heteroleptic zinc complex and a
pseudorotaxane linkage. With chemical fuel, the dissipative system was reproducibly pulsed three times without a problem. Due to
the double role of the fuel acid, two kinetically distinct processes played a role in both the out-of-equilibrium assembly and
disassembly of the rotor, highlighting the complex issues in multitasking of chemical fuels.

Chemical fuels play a central role in setting up dissipative
systems on the molecular level, e.g., in host−guest

systems,1−3 transient switching,4−6 ratcheted directional
motion,7,8 catalysis using molecular machines,9 and the
generation of supramolecular materials10−14 and self-replica-
tors.15 However, to achieve feedback control as in living
organisms, it would be desirable to have man-made functional
multicomponent devices be dissipatively generated to perform
vital tasks and to disappear after completion of their work.16−19

Here, we demonstrate the out-of-equilibrium self-assembly and
operation of a five-component rotor by a single chemical fuel. In
contrast to fueled homo-oligomeric aggregation,10 multitasking
of the fuel is required, as distinct binding events need to be set up
for the assembly of five components.
While the potential of synthetic molecular machines has been

widely recognized,20−24 most of them are covalently assembled,
whereas biological machines are typically composed of different
components.25,26 Except for a limited amount of cases,27−34

artificial multicomponent machinery remains rare, due to a lack
of tools for controlling their dynamics parallel in space and
time.35 Capitalizing on a small number of dynamic orthogonal
metal−ligand interactions, our group has started to prepare
diverse multicomponent stand-alone devices36 and functional
multicomponent networks.37,38 Thus, fueling metal ion release
would open a multitude of opportunities due to the broad
availability of metal-ion dependent devices.20

To date, the only artificial multicomponent system
commanded by chemical metal-ion pulses is a lithium(I)-
based AND gate39 designed as a communicating network. For
the present project we envisaged that acid 6, developed by Di
Stefano et al.,40 as chemical fuel should initiate two out of three
binding events in the dissipative formation of the five-
component pseudorotaxane-based rotor 5 = [Zn(2·H+)(3)-
(4)]2+ from its constituents by (i) protonating ligand 2 (for
pseudorotaxane formation) and (ii) liberating zinc(II) ions from
[Zn(1)]2+ (Figure 1).

Self-sorting41,42 as a key technology to assemble multi-
component devices27−34 is based on the use of multiple
orthogonal dynamic interactions. Lately, we have shown that
the HETTAP43 (Heteroleptic Terpyridine and Phenanthroline)
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Figure 1. Chemical communication generates a transient rotor.
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linkage is fully orthogonal to the pyridine→zinc(II) porphyrin
(Npy→ZnPor) binding but never in combination with a
pseudorotaxane-type complexation motif.44 Whereas the
pseudorotaxane unit has been the basis of many intricate
assemblies45 and interlockedmolecular machines,46−48 its utility
in multicomponent molecular devices is still unexplored. Here,
the pseudorotaxane motif serves not only as a dynamic corner of
the five-component rotor along with the HETTAP and Npy→
ZnPor complexation but also as an anchor point for its out-of-
equilibrium formation.
Prior to designing detailed components of the rotor, three

fully orthogonal binding motifs were required with at least one
being responsive to an acid fuel. In this regard, we identified
complexes C1, C2, and C3 as promising candidates (Figure 2)

due to their interference-free self-sorting. As shown in Figure 2,
mixing of stoichiometric amounts of (7·H+)PF6

−, 8−12, and
Zn(OTf)2 (1:1:1:1:1:1:1) generated the pseudorotaxane C1 =
[(7·H+)(11)]PF6

− (log K = 4.74 ± 0.20, Supporting Informa-
tion, Figure S68) and the strong HETTAP complex C2 =
[Zn(8)(10)]2+ (log β ≈ 15.0, Supporting Information, Figure
S70) together with the well-established Npy→ZnPor complex-
ation motif C3 = [(9)(12)] (log K = 4.31 ± 0.12).49

On the basis of this insight, we designed the five components
of the rotor: protons, ligands 2, 3, and 4, and zinc(II) ions
(Figure 1). First, ligand 4 that contains two zinc(II) porphyrin
stations at both terminals and a phenanthroline station in the
middle was synthesized according to a known procedure.50 The
dibenzo-24-crown-8 and terpyridyl motifs were combined in
ligand 3, which acts as an axis of rotor 5. The rotator arm 2 was
conceived as a secondary amine with an anthracene stopper
carrying additionally a pyridine terminal. For the full synthesis of
2 and 3, see Schemes S1 and S2 in the Supporting Information.
When ligands 2, 3, and TFA were mixed (1:1:1) in DCM, the

ammoniummoiety of the linear component 2·H+ (referred to as
thread) slid into the macrocycle of ligand 3. As expected, the 1H
NMR spectrum showed the typical upfield shifts of the crown’s
aromatic proton signals m-H, l-H, and n-H, while the peak at
6.89 ppm corresponding to o-H and p-H split in two sets
(Supporting Information, Figure S51). The signals of
anthracenyl and benzyl protons 21-H and 20-H, adjacent to

the ammonium moiety, shifted downfield from 4.95 and 4.00 to
5.51 and 5.27 ppm, respectively. The threading was also
confirmed by the emergence of multiple sets of cyclic ether
protons in the aliphatic region. UV−vis, fluorescence, and ESI-
MS (Supporting Information, Figures S67, S72, and S63)
further proved the formation of pseudorotaxane [(2·H+)(3)]
(log K = 5.58 ± 0.03, Supporting Information, Figure S69).
The bent geometry of [(2·H+)(3)] with its terpyridyl and

pyridyl terminals allowed two connections to ligand 4 after
addition of Zn(OTf)2, one via a HETTAP linkage and the other
via Npy→ZnPor binding. The zinc(II) ion set up a strong
HETTAP43 complex between the central phenanthroline of 4
and the terpyridyl unit of the pseudorotaxane, whereas the
pyridine terminal of rotator [(2·H+)(3)] formed anNpy→ZnPor
coordination. The pyridine was expected to move quickly
between the two identical ZnPor binding sites, giving rise to
rotor 5 (Figure 3a). As expected from the clean self-sorting of

the basic building blocks, rotor 5was furnished quantitatively, as
evident from 1H NMR, 1H−1H COSY, DOSY, and electrospray
mass spectroscopy (ESI-MS). For instance, ESI-MS peaks atm/
z = 1908.4 (doubly charged) and 1222.7 (triply charged)
attested the formation of [Zn(2·H+)(3)(4)]2+ (Supporting
Information, Figure S65). 1H NMR analysis showed the
characteristic upfield shifts of proton signals 10-H from 10.34
to 10.21 ppm and 15-H from 6.38 to 5.78 ppm, proving the
existence of both Npy→ZnPor and HETTAP complexation
(Figure 3b). Similarly, the pyridyl protons a′/b′-H were
characteristically shifted upfield from 8.54/7.25 ppm to 2.21/
5.36 ppm due to coordination at the ZnPor. The pseudorotax-
ane linkage was indicated by the signals of protons 21-H and 20-
H, adjacent to the ammoniummoiety, that appeared at 5.43 and
5.15 ppm. Finally, a single set of 1H-DOSY signals (D = 4.5 ×
10−10 m2 s−1, r = 11.8 Å, in CD2Cl2) supported the formation of
the assembly (Supporting Information, Figure S47).
To measure the exchange frequency in rotor 5, we analyzed

the signal (Figure 4a) of proton 10-H, which showed up as a
sharp singlet (10.21 ppm) at 25 °C in the variable temperature
1H NMR. The single set of protons for both porphyrin units
attested fast rotation on the 1H NMR time scale. Diagnostically,
at−50 °C, it separated into two singlets (1:1) at 10.30 and 10.19
ppm. The signal at 10.19 ppm was assigned to the pyridine-
coordinated ZnPor station, whereas the upfield signal at 10.30
ppm referred to the freely rotating ZnPor. The kinetic analysis
provided the exchange frequency k at different temperatures,
with k298 = 15.4 kHz. From the Eyring equation, the activation

Figure 2. Complexation motifs used in the five-component
pseudorotaxane rotor.

Figure 3. (a) Synthesis of rotor 5. (b) Comparison of partial 1H NMR
spectra (CD2Cl2, 400 MHz) of pseudorotaxane [(2·H+)(3)], 4, and
rotor 5.
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parameters were calculated asΔH⧧ = 53.1± 1.8 kJ mol−1,ΔS⧧ =
14.6 ± 7.4 J mol−1 K−1, and ΔG⧧

298 = 48.7 ± 0.4 kJ mol−1

(Figure 4b).
After setting up a five-component rotor, our next vision was to

generate and operate it in an out-of-equilibrium fashion. On the
basis of the rotor components, we combined ligands 2−4 and
zinc(II) (Figure 1) with hexacyclen (1), expecting that, in a
clean self-sorting reaction, Zn2+ would coordinate exclusively to
hexacyclen (NetState I). Now the consequential idea was to add
an acid (2 equiv) to protonate the complex [Zn(1)]2+, thus
liberating Zn2+ to join ligands 3 and 4 in a HETTAP43 complex
and simultaneously to protonate the amine of ligand 2 to create a
pseudorotaxane linkage with ligand 3. Eventually, the combina-
tion of both these complexes was expected to furnish NetState-II
composed of [H(1)]+ and rotor [Zn(2·H+)(3)(4)]2+.
As planned, self-sorting of zinc(II) in the presence of 1−4 in a

1:1:1:1:1 ratio cleanly delivered [Zn(1)]2+ with all other ligands
in NetState-I left unassociated, as indicated by 1H NMR
spectroscopy (in dichloromethane-d2). Upon addition of 2
equiv of TFA, the 1H NMR spectrum (Supporting Information,
Figure S55) showed complete translocation of Zn2+ from
hexacyclen to ligand 3 and 4 and simultaneous formation of the
pseudorotaxane, which eventually generated the rotor (Net-
State-II). The ESI-MS showed the presence of both complexes
[Zn(2·H+)(3)(4)]2+ and [H(1)]+ by peaks at m/z = 1908.0
(doubly charged) and a signal at m/z = 259.7 (singly charged)
(Supporting Information, Figure S66). Reverse translocation of
zinc(II) from rotor 5 back to hexacyclen was readily achieved
after addition of 2 equiv of DBU.
When NetState-I was titrated with TFA, from the beginning it

showed formation of prerotor [Zn(2)(3)(4)]2+ and only
thereafter rotor 5 (Figure 5a). Formation of the assemblies
was followed by the distinct 1H NMR signals of protons 10-H in
ligand 4, prerotor, and rotor. Upon addition of 0.3 equiv of acid,
21% of prerotor and 9% of rotor were generated, which
furthermore turned into 57% of prerotor and 39% of rotor upon
addition of 1.2 equiv of acid and eventually the rotor was fully
afforded upon addition of overall 2 equiv of TFA (Figure 5b).
This finding suggested that TFA first liberated zinc(II), whereas
formation of the pseudorotaxane rotator was rate-limiting.
Eventually, rotor formation was fueled by acid 6, which is

expected to initially provide the required protons for the self-
assembly of rotor 5. However, after decarboxylation, the strong
base 6A reclaimed the protons, enforcing disassembly of 5
(equation 1).
The fueled process was conveniently traceable by fluores-

cence spectroscopy (Figure 6a). Upon addition of one equiv of
fuel 6 to prerotor [Zn(2)(3)(4)]2+ (showing a weak emission at
λem = 579 nm), the fluorescence intensity increased continu-

ously for the first 14 min, suggesting a slow threading of 2·H+

into the prerotor (Figure 6b). Over the course of ca. 70 min, the
fluorescence intensity then decreased constantly (rotor →
prerotor), a process that was reproduced over five fuel cycles.
The full transformation NetState-I ⇆ NetState-II was first

followed by fluorescence spectrometry. After 2 equiv of acid 6
had been added to NetState-I (λem = 582 nm), the emission
intensity decreased drastically within the first minute (Figure
6c) suggesting rapid prerotor formation. Thereafter the

Figure 4. (a) Experimental (right) and simulated (left) variable
temperature 1H NMR spectra of rotor 5 (signal of proton 10-H) and
the exchange frequency k. (b) Eyring plot.

Figure 5. Transformation of NetState-I → NetState-II with TFA. (a)
The proton 10-H signal (1H NMR) shows formation of rotor via the
intermediate prerotor assembly. (b) The prerotor/rotor is shown at
different amounts of TFA.

Figure 6. (a) Fluorescence spectra of prerotor, rotor, NetState-I and -II
(c = 1.1 × 10−5 M, CH2Cl2, λexc = 350 nm). (b) Off-equilibrium
transformation of prerotor [Zn(2)(3)(4)]2+ → rotor followed by
fluorescence changes at 579 nm vs time upon addition (red arrow) of
fuel 6. (c) Out-of-equilibrium transformation of NetState-I →
NetState-II documented by fluorescence changes at 579 nm vs time
upon addition (red arrow) of fuel 6. (d) Two fueled cycles of NetState-I
→ NetState-II → NetState-I monitored by 1H NMR.
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fluorescence intensity increased (1−20 min). In the beginning,
the increase may be explained by formation of the more
fluorescent rotor from the less fluorescent prerotor, whereas the
intermediate drop in the fluorescence intensity (20−75 min)
suggests decomposition of the rotor to prerotor. The ensuing
slow enhancement of the fluorescence intensity (75−342 min)
reflects the decomposition of the prerotor to NetState-I. Three
fuel cycles showed the high reproducibility (Figure 6c).
To get direct structural information about the fueled

NetState-I ⇆ NetState-II transformation, the process was
followed by 1H NMR using the signal of proton 10-H. The
spectra revealed rapid formation of the rotor with a maximum
(31%) reached after 6 min (Figure 6d); then the rotor amount
decreased. After 60min, the rotor had fully decomposed into the
prerotor that over 300 min converted to free ligand 4 in
NetState-I. Clearly, the reverse Zn2+ translocation is much
slower than the initial zinc liberation after deprotonation of
ligand 2. Thus, in the forward direction, pseudorotaxane
formation was the slow step whereas in the reverse direction
the Zn2+ transport was slowest.
In conclusion, we demonstrate that the pseudorotaxane motif

is orthogonal to the HETTAP and Npy→ZnPor linkages,
allowing the integrative use of all these binding motifs to
generate a five-component rotor with an exchange frequency of
15.4 kHz (at room temperature). In contrast to fueled homo-
oligomeric assembly,10 the chemical fueling was instructed for
multitasking, instigating two kinetically distinct assembly and
disassembly steps in the dissipative rotor formation. Further
synchronization of fueled steps constitutes a vital challenge so
that complex molecular networks and machinery are efficiently
operated in an out-of-equilibrium manner using a single fuel.
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