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Macroscopicelectric motors continue to have alarge impact on almost every aspect
of modernsociety. Consequently, the effort towards developing molecular motors'

that can be driven by electricity could not be more timely. Here we describe an electric
molecular motor based on a [3]catenane*?, in which two cyclobis(paraquat-p-
phenylene)® (CBPQT*") rings are powered by electricity in solution to circumrotate
unidirectionally around a 50-membered loop. The constitution of the loop ensures
that both rings undergo highly (85%) unidirectional movement under the guidance

of aflashing energy ratchet’®, whereas the interactions between the two rings give rise
to atwo-dimensional potential energy surface (PES) similar to that shown by F,F, ATP

synthase’. The unidirectionality is powered by an oscillating'® voltage

112 or external

modaulation of the redox potential®. Initially, we focused our attention on the
homologous [2]catenane, only to find that the kinetic asymmetry was insufficient to
support unidirectional movement of the sole ring. Accordingly, weincorporated a
second CBPQT* ring to provide further symmetry breaking by interactions between
the two mobile rings. This demonstration of electrically driven continual
circumrotatory motion of two rings around aloop in a[3]catenane is free from the
production of waste products and represents animportant step towards
surface-bound™ electric molecular motors.

During the past 40 years, the design and synthesis'>' of artificial
molecular machines have fostered the promise” ™ of a technological
revolution similarin magnitude to that arising from the development
of macroscopic motors. To convert energy from an external source
into unidirectional movement on amolecular scale’®?, several artificial
molecular machines, including®>**? rotaxane-based linear motors>*%?%
and catenane-based rotary motors*>?*?°, have been designed, syn-
thesized and shown to work in the presence of light***3°32 and
chemical fuels>****3*, Although it has been demonstrated® ™ that
single-molecule motors can be powered using tunnelling currents
under ultrahigh vacuumonsurfaces, examples of electrically powered
catenanerotary motors operatingin solution are not known to the best
of our knowledge. Here we report the design, synthesis and operation of
aredox-drivenrotary motor based on a[3]catenane in which tworings
canbepowered by electricity to rotate unidirectionally around aloop.

The [3]catenane molecular motor [3]CMM comprises (Fig. 1a)
two CBPQT* (ref. ®) rings encircling a 50-membered loop. A
bis(4-methylenephenyl)methane (BPM) unit separates two viologen
(V*) units, whichare preordained, onreduction to their V' reduced rad-
ical cationic states, to serve as recognition sites®® for reduced CBPQT**”
rings. The remainder of the loop is composed of a chain containing 11

methylene groups and one oxygen atom, intercepted alongits length
by an isopropylphenylene (IPP) steric barrier, a triazole (T) ring,
whichis generated during the final ring closure of the loop to give the
[3]catenane, and a 2,6-dimethylpyridinium (PY*) Coulombic barrier.
Asaconsequence of the redox properties of the V*/* units in the loop
and the two CBPQT*"*” rings, the oxidized state [3]CMM"™* can be
converted (Fig. 1b) into a reduced state [3]CMM”**, accompanied by
movement of the two CBPQT?*” rings, so as to encircle the V" unitsin
theloop by virtue of radical-pairing interactions®. This design received
itsinspiration from previous investigations'>***** on the redox-driven
rotaxane-based molecular pumps, in which a pumping cassette?****,
comprising PY*-V?*-IPP, serves as an active one-way gate to transport
a CBPQT* ring from the bulk solution onto a collecting chain after
every redox cycle. In comparison with these linear rotaxane-based
pumps, catenane-based motors are expected to undergo continuous
unidirectional circumrotation of one ring about the other, as long as
there is a power source. The obvious design in which the two ends of
arotaxane-based pump are linked to form a [2]catenane gives rise to
a constitution in which there is no probe of unidirectionality. Conse-
quently, we developed the loop and the [3]catenane toinvestigate the
interactionsbetween and the unidirectionality of the two mobile rings.
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Fig.1|Design and working mechanism of the [3]catenane molecular motor
[3]1CMM. a, Graphical representations with key structural fragments for the
oxidized state of the [3]catenane molecular motor [3]CMM™*. The cyclobis
(paraquat-p-phenylene) rings, the bisradical dicationic states of cyclobis
(paraquat-p-phenylene), the viologens, the radical cationic states of the
viologens, the bis(4-methylenephenyl)methane, theisopropylphenylene,
thetriazole and the 2,6-dimethypyridiniumunits are labelled as CBPQT*,
CBPQT?*?,V#,v*,BPM,IPP, T and PY*, respectively. b, Graphical representations
for the reduced state of the [3]catenane molecular motor [3]CMM™** with key
superstructural formulas showing the radical-pairinginteractions between
the CBPQT**rings and the V" units. Positive charges are balanced by PF,~
counterions, which are omitted for the sake of clarity. ¢, The redox operation
of [3]CMM®*/7*¢ demonstrating the unidirectional rotary motion of the two

Initially, we studied (Supplementary Scheme 5) the homologous
[2]catenane [2]1C®, in which only one CBPQT** ring encircles the BPM
unitontheloop. No directional motion was observed (Supplementary

[BICMM13+

CBPQT*/CBPQT?*"rings.Instatel, [CBPQT-A]*"and [CBPQT-B]*" are positioned
around the Tand BPM units, respectively. Reduction of the V¥ units and the
CBPQT*'rings by theinjection (step 1) of six electrons in total triggers both
rings toundergo a clockwise rotation, leading to the formation (state II) of the
reduced state [3]CMM”**". Subsequent oxidation by the removal (step 2) of six
electronsrestores the Coulombicrepulsionbetween the tworingsand the
loop, obliging [CBPQT-B]** to thread over (state Ill) the steric barrier (IPP) under
thermal activation and eventually encircle T, whereas [CBPQT-A]* finds itself
threaded around BPM, thus completing a180° positional exchange between
thetworingsshowninstatel’. Asecond redox cycle (steps 3and 4) resets the
systemback to state |l after the accomplishment of another 180° positional
exchangebetween the tworings.

Fig.35) inthe[2]catenane. Instead, the single CBPQT*"**” ring switches
between one of the V>/* units and the BPM unit during a redox cycle.
Togainfurtherinsight into the switching behaviour of the [2]catenane,
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Fig.2|Characterization of the redox state and electrically driven operation
ofthe[3]catenane molecular motor [3]JCMM. a, Structural formula for the
oxidized state [3]CMM™* with an optimized quantum mechanical model
structure (M06-2X/6-31G* basis set, in tubular with superimposed space-filling
representation) and the'HNMR spectrum (500 MHz, CD,COCD;, 298 K), in
whichallthe proton assignments are labelled. b, X-ray single-crystal structure
of thereduced state [3]CMM”*¢" depicted by tubular with superimposed
space-filling representations. Solvent molecules, counterions and hydrogen
atomsare omitted for the sake of clarity. ¢, Vis/NIR spectra of the reduced state

quantum mechanical calculations were undertaken (Supplementary
Information Section 6.1). Several features were shown (Extended Data
Figs.1and 2) inthe calculated PESs of the oxidized and reduced forms
of the [2]catenane. (1) The energy of the electrostatic barriers arising
fromthe PY*and V2/* units, as well as the interaction energies between
the CBPQT*"**ring and the V*"* units, can be modulated simultane-
ously by switching between the oxidized and reduced states of the
[2]catenane. (2) The height of the steric barrierimposed by the IPP unit
isindependent of the redox state and is large enough (AE > 25 kcal mol™)
to preclude the passage of the CBPQT*"2*” ring over the IPP unit. (3) An
energy well, close to the centre of the BPM unit, traps the CBPQT* ring
under oxidizing conditions, thereby preventing directional movement
onrelevant timescales.

Theseresults motivated our investigation of the [3]catenane. When
two CBPQT* rings encircle the loop under oxidizing conditions, one
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[31CMM™*" (purple) and the oxidized state [3]CMM™* (blue) during the
electrically driven operation of the molecular motor. Conditions: [3]CMM

(30 uM), MeCN solution with TBAPF, (0.1 M) asthe supporting electrolyte,
reduction potential -0.5 V (versus Ag/AgCl) for 10 min, oxidation potential
+0.7 V (versus Ag/AgCl) for 15 min. Insets are photographs of the two solutions
inthe oxidized (colourless) and reduced (purple) states.d, Absorption
intensities of [3]CMM”** (purple) and [3]CMM** (blue) at 1,122 nm, showing the
reversible switching between the tworedox statesduringeach cycle. Abs,
absorption; ppm, parts per million.

ring occupies the well provided by the BPM unit, thus requiring the
passage of the other ring over the IPP unit. This combination of two
mechanically interlocked** CBPQT*/2*” rings, a switchable barrier,
associated with the PY* unit, two switchable viologen (V**") recognition
sitesand asteric barrier (IPP) is key toinducing unidirectional motion
(Fig. 1c) of the two rings with respect to the loop. Let us consider the
mechanism of operation (Fig. 1c). To aid the discussion, the CBPQT**
rings are given the descriptors [CBPQT-A]* and [CBPQT-B]** (Fig.1c, I).
At the outset, on account of repulsive Coulombic forces, [CBPQT-A]**
resides around the T unit, whereas [CBPQT-B]* encircles the BPM unit.
On reduction, six electrons are injected (Fig. 1c, step 1) into the
[3]catenane, resultinginboth CBPQT** rings being reduced to CBPQT**”
and the V*" units to V*". The Coulombic interactions are decreased,
allowingtheattractiveradical-radicalinteractionstodominate (Fig.1c,II).
As indicated (Extended Data Fig. 3) by the PESs of the reduced
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Fig.3|Measurement of the unidirectionality. Top: graphical representation
of the positional exchange of the deuterium-labelled CBPQT* and CBPQT*
rings ontheloop after one redox cycle. Bottom: partial'HNMR (600 MHz,

[3]catenane, the relative energy barrier fora CBPQT**” ring to traverse
the PY*unitis muchlower thanthebarrier for the sameringto traverse
the IPP unit. It follows that [CBPQT-A]**" passes over the PY* unit to
thread onto V" ina clockwise direction and [CBPQT-B]**” moves con-
comitantly to occupy the V* unit that neighbours the IPP unit. In this
overall reduced state, the stable [3]CMM”** form is the one in which
both CBPQT**”rings encircle® the V" binding sites. Subsequent oxida-
tion (Fig. 1c, step 2) leads (Extended Data Fig. 4) to a biased Brownian
motion™ (Fig. 1¢, Ill) to install the [CBPQT-A]*" ring on the BPM unit
and the[CBPQT-B]* ring onthe T unit. Overall, one redox cycle triggers
the positional exchange (Fig.1c,I’) between the two CBPQT*' rings and
completes a180° unidirectional rotation. A subsequent redox cycle
(Fig.1c, steps3and 4) brings the rings back to their initial starting posi-
tions and finishes a full360° clockwise circumrotation around the loop.
Steps 3 and 4 are identical to steps 1 and 2, respectively, but with the
roles of the [CBPQT-A]*"2*? and [CBPQT-B]*"**” rings reversed. The use
of the term ‘clockwise’ means that each CBPQT*' ring visits (Extended
Data Fig. 5) the substituents on the loop in the order T/PY'/IPP, rather
than the other way around.

The [3]catenane was synthesized (Supplementary Scheme 6) by
using radical templation*leading, in the first instance, to the formation
of anintermediate pseudo[3]rotaxane before the final loop closure.
The oxidized state [3]CMM™*, which was isolated as its PF,” salt, was
fully characterized (Fig. 2a) by 'H nuclear magnetic resonance (NMR)
spectroscopy. The positions of each CBPQT*' ring on the loop were
identified by changes in the chemical shifts of proton resonances on
the BPM unit (H-13 and H-14) and on the triazole ring (H-28) as aresult
of the strong shielding by the encircling CBPQT** rings. The reduced
state [3]CMM™*¢ of the [3]catenane, which was produced on the addi-
tion of 6.0 molar equivalents of cobaltocene® (Cp,Co), or an excess of
Zn dust?, into an MeCN solution of [3]CMMe+13PF, was accompanied
by an instantaneous change from colourless to dark purple. The for-
mation of [3]CMM™ can also be followed (Supplementary Fig. 48)
by visible/near infrared (Vis/NIR) spectroscopy with a broad absorp-
tion band centred on 1,122 nm, which is characteristic of trisradical
interactions. The solid-state structure of [3]CMM”*® was characterized
by X-ray crystallography (Fig.2b and Supplementary Information Sec-
tion 7), which confirms the presence of the radical-pairing interactions
(Supplementary Fig. 44) between the reduced CBPQT>*” rings and
the V" units. On addition of NOPF,, reoxidation of [3]CMM”**, which
occurs within seconds, is accompanied by the MeCN solution revert-
ing back to being colourless. The reversible switching between the
oxidized and reduced states of the [3]catenane was also investigated
(Extended Data Fig. 6 and Supplementary Information Section 8) by

CD;COCD;, 298 K) spectraof [D,]-[31CMM-13PF, with proton assignments
before (left) and after (right) one electrically driven redox cycle. Numbers
under peaksindicate relative integrals. ppm, parts per million.

cyclic voltammetry, which was carried out on [3]CMM-13PFinan MeCN
solution. These investigations demonstrated that these two stable
states of the [3]catenane can be interconverted using either chemical
or electrochemical stimuli.

With the reversible redox switching of the [3]catenane demon-
strated, we turned our attention to using electricity to power the
molecular motor by controlled potential electrolysis™?**! (CPE).
The electrically driven operation (Supplementary Information
Section 10) of the molecular motor was accomplished in an electro-
chemical cell (Extended Data Fig. 7 and Supplementary Video 1) by
alternating between two constant potentials (-0.5 V for reduction
and +0.7 Vfor oxidation). The Vis/NIR spectrum of the reduced [3]cat-
enane (30 pM) in MeCN was found to be in excellent agreement (Sup-
plementary Fig. 49) with that obtained from the chemically driven
operation with the same concentration (30 pM), confirming the valid-
ity of the CPE protocol. We repeated this protocol on the [3]catenane.
The whole process was monitored (Fig. 2c) by Vis/NIR spectroscopy.
The change in absorbance at 1,122 nm demonstrated (Fig. 2d) that
the continuous operation of the motor can be repeated at least
five times without any substantial loss in reversibility. The'H NMR
spectrum (Supplementary Fig. 51) of the final oxidized motor mol-
ecule demonstrated recovery of more than 95% of the [3]catenane
with negligible degradation, an observation that is commensurate
with robust and reliable operation.

By simply accepting the present design of the [3]catenane, it is not
possibletoinvestigate the unidirectionality of the motor by determin-
ing the positions of the components after one 180° circumrotation
onaccountof the fact that the two CBPQT* rings are constitutionally
identical. Toaddress this conundrum, [D,¢]-CBPQT** (Supplementary
Scheme 7), in which the p-xylylene units are deuterium-labelled, was
introduced (Extended DataFig. 8 and Supplementary Scheme 9) dur-
ing the synthesis of adeuterium-labelled [3]catenane [D,]-[3]1CMM"®*,
As the CBPQT**” ring does not pass over the IPP unit under reducing
conditions, there is only one gate (PY* unit) for the CBPQT?*” rings
threading to form the intermediate pseudo[3]rotaxane. Therefore,
the distribution of undeuterated CBPQT** rings on the T and BPM
units can be influenced by sequentially adding [D,,]-CBPQT?"” and
CBPQT2*), The[3]catenane [D,]-[3]CMM™* was obtained as a mixture
of fourisotopologues, including [D,]-[31CMM** and [D,,]-[3]1CMM"®*,
in addition to two co-constitutional isomers of [D;;]-[3]CMM™*. Their
presence was confirmed by high-resolution electrospray ionization
mass spectrometry (Supplementary Fig. 55) and'H NMR spectroscopy
(Supplementary Fig. 56). According to the integration of probe reso-
nances for the H-phen’ and H-phen” in the 'H NMR spectra, the ratio of
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Fig.4|Metastablestateintheredoxcycle. a, Top, graphical representation
andstructural formula of the metastable state with an optimized quantum
mechanical model structure (M06-2X/6-31G*basis set, in tubular with
superimposed space-filling representation). Bottom, partial'HNMR (600 MHz,
CD;CN, 298 K) spectra of [3]CMM-+13PF, measured over time (0-60 min)
immediately after acycle of reduction (Cp,Co) and reoxidation (NOPF,), with
protonassignments labelled at the top and bottom of the spectra. The proton
resonances attributable to the metastable state are labelled with an asterisk.

b, Top, thermal relaxation associated with the co-conformational rearrangement

theundeuterated CBPQT** rings on the T and BPM units was found to be
biased (Supplementary Figs. 56-59), allowing the system asawhole to
be monitored. The deuterated motor [D,]-[3]CMM™* was subjected to
CPE operationto test for the unidirectionality of circumrotation driven
by electricity. The unidirectional circumrotation of the rings causes
(Fig.3) co-constitutional exchanges after one redox cycle to be quanti-
fied (Extended DataFig.9) on the basis of different ratios of integrated
values of proton resonances (H-phen’ and H-phen”) in the 'H NMR
spectrum. From the 'H NMR integrations (Fig. 3), the directionality
of the molecular motor was calculated (Extended Data Fig. 10 and
Supplementary Information Section 12) to be 85%, that is, 85% of
the molecular motors complete a 180° unidirectional (clockwise)

284 | Nature | Vol 613 | 12 January 2023

fromthe metastable state to the reoxidized state. The activation energy barrier

2
AG* 0f 21.6 kcal mol™ was determined using the Eyring equation (k = k';—re%),
inwhich kisthereactionrate constant, Tis the absolute temperature, Risthe
gas constant, k is the Boltzmann constant and his the Planck constant. Bottom,
plotofthe changesin the normalized integral of protons on the BPM (H-12*and
H-14) and IPP (H-22* and H-25) units with time at 298 K during the transformation
from the metastable to thereoxidized state, as well as the fitting curves of these
dataaccordingtothefirst-orderkinetic model. ppm, parts per million.

rotationin one redox cycle. Several chemically driven operations of the
molecular motor were also performed (Supplementary Figs. 58-61),
each providing comparable unidirectionalities of about 85% after
oneredoxcycle.

A metastable stateis observed (Fig. 4a, Supplementary Section 13
andSupplementaryFig. 66) during the oxidation process, demonstrat-
ing the unidirectional movement of both rings around the loop in the
[3]catenane. Comparison (Supplementary Fig. 65) betweenthe'HNMR
spectrum of [3]CMM-13PF and that of the metastable state shows the
locations ontheloop of two rings. Large upfield shifts are observed
(Supplementary Fig. 65) for the resonances associated with the pro-
tons belonging to the BPM (H-12*) and the IPP (H-22*) units, whereas



resonances for protons H-14* and H-15* are shifted downfield, indicat-
ing (Fig. 4a) that one of the two CBPQT*" rings moves away from the
V* unit and is located asymmetrically on the BPM unit on account
of net Coulombic repulsion, whereas the other ring is poised to
mount the IPP steric barrier. The positions of the two rings on the
loop indicate that the circumrotation towards the metastable state
isin the clockwise direction. The subsequent relaxation by clock-
wise rotation (Extended Data Fig. 10) to the stable oxidized state
is favoured. By contrast, the counterclockwise motion going from
the metastable state Il to the stable oxidized state | would require
both of the CBPQT* rings to pass over the V* units, which is kineti-
cally much less likely. The appearance of the metastable state and
subsequent thermally activated relaxation to the stable oxidized
[3]catenane was monitored (Fig. 4a and Supplementary Fig. 76) by
'HNMR spectroscopy at 298 Kin CD,CN. Kinetic analysis (Fig. 4b and
Supplementary Figs. 77 and 78) shows that this co-conformational
rearrangement follows first-order kinetics at 298 K with an average
rate constant kof (8.6 + 0.4) x10™*s™, corresponding to an energy of
activation (AG*) of 21.6 kcal mol™. These values are in good agreement
with the calculated (Extended Data Fig. 4) value (AE* = 20.1 kcal mol ™).
The nearly identical rate constants (Supplementary Figs. 77 and
78) associated with relaxation of the metastable state of each ring
suggests that, on oxidation, the two rings undergo unidirectional
circumrotation (Supplementary Video 2) on account of the electro-
static interactions arising from the nanoconfinement* presentin the
mechanically interlocked [3]catenane. This mechanism is different
from previously reported*® [3]catenane-based molecular motors
in that our electric molecular motor is driven by a single stimulus,
namely the continuous oscillation of redox potential, that is, an
applied direct current voltage.

We often think hierarchically about components of macroscopic
machines, in which one component serves to drive another. This kind
of hierarchyisimpossible inmolecular machines, inwhich movements
of components obey the principle of microscopicreversibility. By con-
trast, the emergent interactions between the two rings in the electric
molecular motor that allow for directional motion are reciprocal, butin
conjunction with thekineticasymmetry introduced into the structure
ofthe molecule, they provide a mechanism by which time-symmetric
switching between reducing and oxidizing conditions can drive
unidirectional rotation. It may well turn out that these noncovalent
interactions under nanoconfinement play the role of what is described
as ‘gearing’ in macroscopic machines.

This electrically driven molecular motor exhibits several attractive
features that are expected to play animportantrolein the subsequent
development of artificial molecular machines. The [3]catenane can
be synthesized in only four steps based on the previously described
protocols*®*, Moreover, no covalent bonds need to be broken during
the unidirectional circumrotation of the two rings. The timescale
for the completion of two redox cycles involving the unidirectional
circumrotation of the two small rings through 360° with respect to
the loop is only a few minutes. Furthermore, the co-constitution of
the [3]catenane is compatible with attachment to the surface of an
electrode by chemical modification of one of the two small rings,
allowing spatially directed rotation with respect to a fixed frame of
reference, thereby transducing electrical into mechanical energy at
asurface.

The energy ratchet mechanism, on which this electric molecular
motor is based, is powered by redox control of the two-dimensional
potential energy landscape of the [3]catenane. The energy landscape
issculpted by the design of the constitution of the loop such that exter-
nally applied oscillation of the redox potential provides the energy
required to harness Brownian motion of the molecular system to
achieve unidirectionality. Our design represents a chemical rather
than mechanical engineering approach to the development of electric
molecular motors®.
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Methods

Quantum mechanical calculations

To explain the working mechanism of the electric molecular motor,
quantum mechanical calculations were performed at the level of den-
sity functional theory to study the PESs of the [2]catenanes [2]C**/5**
and the [3]catenanes [3]CMM™*/7*% In these calculations, the geom-
etries were optimized in the Poisson-Boltzmann solvation model*®
at the level of the M06-2X/6-31G* basis set (ref. *°) with Jaguar v.10.6
(ref. ). Because of the complexity of the systems, all counterions were
replaced by animplicit continuous dielectric solvent. To compensate
for the effect of counterions, parameters resulting in astronger solva-
tion effect were necessary. The new solvation parameters were obtained
(Supplementary Fig.36) by fitting the experimentally measured barrier
height of the CBPQT** dethreading from amodel pseudorotaxane. The
solvation parameters £ = 75and R, = 1.4 A were chosen for the calcula-
tions performed on [2]C**5** and [3]CMM"*/7*¢",

PESs of [2]catenane

The PESs of [2]C***** were studied (Extended Data Figs. 1and 2) by
scanning the z coordinate from the centre of CBPQT*/?*”, which is
defined as the average position of four methylene carbon atoms
of CBPQT*"2*), passing over the atoms—Ilabelled as positions O to
50—onthe loop. The PESs are periodic because of the cyclic nature
of the loop.

For the oxidized state [2]C®*, the PES (Extended Data Fig.1and Sup-
plementary Table 1) reaches a maximum (position 31) between the
positively charged V** and PY" units, indicating strong electrostatic
repulsion between the CBPQT* ring and the V**/PY* units on the loop.
The other barrier (position2) is provided by the IPP unit because of the
bulky isopropyl group. Whereas the PES shows a minimum (position 0)
positioned around the T unit, the other energy well (position18) is close
to the centre of the BPM unit because of donor-acceptor and van der
Waals interactions between the CBPQT** ring and the BPM unit. The
energy barriers for the CBPQT* ring encircling the BPM unit passing
over the bulky IPP and the positively charged PY" units are 25.5 and
46.7 kcal mol™, respectively.

Forthereduced state [2]C***, the PES (Extended DataFig. 2a) reaches
amaximum (42.2 kcal mol™) when the CBPQT?* ring passes (position 2)
over the bulky IPP unit. All three wells (Extended DataFig. 2a) result from
favourable radical-pairing interactions between the CBPQT?* ring and
the V" units: thefirst (position 10) and the third (position 27) wells cor-
respond to the CBPQT?*” ring encircling the two V* units (Extended
Data Fig. 2d), respectively, whereas the second well (position 21)
has acompacted conformation (Extended DataFig. 2d) because of the
radical-pairing interactions between the V* units and the CBPQT>*?
ring, which are tilted with respect to each other.

PESs of [3]catenane

To describe the movement of the two CBPQT*/**” rings in [3]CMM™®*/7¢*
around the loop, a two-dimensional map was constructed (Extended
Data Fig. 5), in which the x and y axes represent the positions of the
CBPQT*/*) rings on the loop. Note that the map is periodic in both
dimensions. To simplify the calculations, one of the two CBPQT*"%*
rings (ring A or ring B) was moved to its next position, and then the
second ring was allowed to relax to its local minimum. The PESs of
[31CMM®*/*¢* on the two-dimensional map were calculated by scan-
ning the z coordinate from the centre of one CBPQT*2*) ring passing
over the labelled atoms on the loop while letting every other degree
of freedom, including the position of the other CBPQT*"** ring,
relax to the local minimum. Eight hypothetical paths were calculated
(Supplementary Tables 3-10) for redox switchingin the [3]catenanes
[31CMM™*/7*¢" which are identified in Extended Data Figs. 3b and 4b.
In the calculations, it is assumed that all of the reductions and oxida-
tions occur rapidly relative to the ring motion.

Inthe case of the reduction process (Extended DataFig. 3), although
all four paths experience a decrease in energy at the beginning, path
R3 requires passage over the lowest barrier. In path R3, the CBPQT**”
ring Bwas moved first of all to the bottom V* unit, followed by moving
the CBPQT**”ring A to pass (Extended Data Fig. 3e) over the PY* unit to
reach the end pointIl. Incomparison, both paths R2and R4 require the
CBPQT**ring A to pass (Extended Data Fig. 3f) over the bulky IPP unit
frompointItoll’. As aresult, the path-determining energy difference
along path R4 is 4.7 kcal mol™ higher than that along path R3. These
results indicate that, under reducing conditions, the CBPQT**” rings
(1and 2) strongly prefer to move from pointItoll.

The X-ray single-crystal structure (Fig.2b) of the reduced [3]catenane
[31CMM”*¢ clearly shows that two CBPQT2*? rings encircle the two V*
units in the loop. To study the unidirectional movement of the CBPQT**
rings under oxidizing condition, point Il was set to be the starting point.
The single-crystal structure was also used as the initial structure for
optimizing the geometry of the [3]catenane [3]CMM™*. On oxidation,
the two CBPQT*' rings move away from the V?* units. The question s,
which direction is the more favourable one?

Four paths that all start at point Il in two different directions were
examined (Extended Data Fig. 4). Among the four paths, path O1 has
the lowest energy barrier for the CBPQT* rings moving towards the
end pointI’, in which two CBPQT*' rings encircle the T and BPM units.
In path 01, the CBPQT** ring B was first moved to the BPM unit, followed
by moving the CBPQT* ring A to the T unit, so as to lower the overall
energy. By comparison, in path 02, the CBPQT** ring A was first moved
to pass over the PY" unit to its final location at the T unit, followed by
moving the CBPQT* ring A to the BPM unit. The path-determining
energy difference along path 02is 8.1 kcal mol™ higher than that along
path Ol. Therefore, itis far more favourable for the two CBPQT*' rings
to move from point Il to pointI.

In conclusion, the quantum mechanical calculations predict unidi-
rectional movement from pointIto pointIlto pointl’during the redox
cycle of the [3]catenanes [3]CMM™*7*¢" which is consistent with the
experimental result.

Cyclic voltammetry

Togainabetter understanding of the electron-transfer processes dur-
ing the redox cycle undergone by the [3]catenane [3]CMM™", variable
scan-rate cyclic voltammetry experiments (Extended DataFig. 6) were
performed.

The cyclic voltammetry profile shows (Extended DataFig. 6) three
reduction peaks with potentials at —-0.08 V,-0.15Vand -0.25V ata
lowscanrate (0.02 Vs™), corresponding to reduction associated with
radical formation, starting from [3]CMM"" and leading to the produc-
tion of [3]CMM”**. The first two reduction peaks (-0.08 Vand -0.15 V)
account for the stepwise formation of viologen radical pairs asa con-
sequence of the different chemical environments experienced by the
two CBPQT* rings in the [3]catenane [3]CMM™"*, The first reduction
peak at—0.08 V can be assigned to the reduction of one of the V?* units
in the loop and one of the two V?* unitsin the CBPQT* ring encircling
the BPM unit, resulting in a decrease in Coulombic repulsion, while
establishing stabilizing radical-pairing interactions between the
mechanically interlocked components. The following reduction peak
at-0.15V canbeattributed to the reduction of the other V?* unit in the
loop and one of the two V?* unitsin the other CBPQT* ring encircling
the T unit. The third reduction peak observed at-0.25V, correspond-
ing to two simultaneous one-electron reductions, accounts for the
further reduction of both CBPQT?'*” monoradical trication rings to
their diradical dicationic states CBPQT?"". The oxidation of the radi-
cal state [3]CMM”*¢ back to [3]CMM™* occurs in two steps at—0.16 V
and +0.08 V. The first oxidation peak at —0.16 V can be assigned to
two one-electron oxidations of the two unpaired V*" units in the two
CBPQT®" rings (CBPQT**” > CBPQT*'""”), resulting in much weaker
binding interactions and increased Coulombic repulsion between
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the components (V" and CBPQT?*™), that is, [3]CMM™** is oxidized
to [3]CMM**#*, [t is followed by four simultaneous one-electron
oxidations, namely two V* units in the two CBPQT?*“" rings and
two V™ units in the loop are oxidized at the same oxidation poten-
tial (+0.08 V), resulting in the formation of the fully oxidized state
[3ICMM™*, These observations are consistent with previously
published results®.

Thereduction of theradical state [3]CMM”*¢ toits neutral (viologen)
form [3]CMM" involves (Supplementary Fig. 46) three sequential
two-electron reversible processes. The first and less negative one
(=0.77 V, peak potential) can be assigned to the reduction of the two
unpaired V" units in the two CBPQT>*" rings, leading to the forma-
tion of [3]CMM***”, which is stabilized> by both radical-pairing and
donor-acceptor interactions. The following two-electron process
accounts for the reduction of the other two V* unitsin the two CBPQT *”
rings. Finally, the reduction of the remaining two V* units in the loop
occurs at -1.01V, reflecting the presence of mechanical bonding and
the nanoconfined geometry of the [3]catenane.

As the scan rate is increased to 2.0 Vs, only one reduction peak
for the radical state [3]CMM™** is observed, indicating that the
electron-transfer process is much faster than ring movement at this
fastscanrate. This observation suggests that, under the experimental
conditions used during the operation of the [3]catenane motor, the
reduction to the radical state [3]CMM”*¢" and the reoxidation to the
fully oxidized state [3]CMM"* is completed fully and very rapidly.

Electrically driven operation of [3]CMM

Electrically driven operation of the [3]catenane molecular motor
[31CMM was conducted in the N,-filled glovebox. An MeCN (38 ml,
0.1 M TBAPF,) solution of [3]CMM-13PF (30 M) was added to a BASi
bulkelectrolysis cell, which was equipped (Extended Data Fig. 7) with
areticular vitreous carbon working electrode, a coiled platinum-wire
auxiliary electrode within afritted glass chamber and a Ag/AgCl refer-
ence electrode, and connected to a Gamry multipurpose instrument
(Reference 600) interfaced to a PC. The auxiliary electrode chamber
was filled with an excess of Cu(MeCN),PF, dissolvedinMeCN (1 ml,0.1M
TBAPF,). The auxiliary electrode constituted a platinum wire wrapped
witha copper wire (diameter 0.25 mm, 99.999% trace metals basis from
Sigma-Aldrich). The experimental parameters were controlled using
the software of Gamry Framework v.6.30 operating in the chronocou-
lometry mode. A less negative reduction potential (-0.5V) and a less
positive oxidation potential (+0.7 V) were used to limit the degradation
of the [3]catenane. The whole apparatus was subjected to five redox
cycleswith alternate constant potentials of 0.5 V (reduction potential

versus Ag/AgCl) and +0.7 V (oxidation potential versus Ag/AgCl) for
10 and 15 min, respectively.

Data availability

The datathat support the findings of this study are available within the
paper and its Supplementary Information files. Crystallographic data
forthe [3]catenaneinits reduced state [3]CMM’** can be obtained free
of charge from www.ccdc.cam.ac.uk under CCDC deposition number
2168726.
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pathsR3 and R4, respectively.d, Structural formula of the loop with atoms
numbered to define the positions of the CBPQT**” rings. e,f, Quantum mechanical
minimized structures (M06-2X/6-31G* basis set, top-down and side-on views)
for the CBPQT?*’ rings at positions (32,10) and (2, 28), respectively.
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Extended DataFig. 4| Calculated PES of the oxidized [3]catenane [3]CMM™**,
a, Graphical representations of the process experienced by the [3]catenane
ingoing from the oxidized stateI1 (28, 10) to the oxidized state I’ (19, 49).

b, Atwo-dimensional position map describing the movement of the two
oxidized CBPQT* rings (A and B) around the loop. Four hypothetical paths
01-04 during the oxidation process areillustrated by diamond (black), circle
(red), triangle (grey) and square (light red) symbols, respectively. The green
arrowindicates the preferred direction of movement and the red arrow indicates
theless preferred (nearly precluded) direction of movement. The green, blue,
black, blue and magentalines represent the positions of the IPP, V**, BPM, PY*
and T units, respectively. The dashed red diagonal linerepresents abarrier that
cannot be crossed physically because the two CBPQT** rings would occupy the

Side-On Top-Down Side-On

same space. ¢, Structural formula of the loop with atoms numbered to define
the positions of the CBPQT* rings. d, The PESs of the two CBPQT* rings moving
around theloop inthe oxidized state starting from point 11 (28, 10) and following
paths Oland 02, respectively. Thevalue for the energy barrier AE* of 20.1 kcal mol™
was determined from the energy difference between the positions (19, 3) and
(20,1). The position (19, 3) corresponds to the metastable state on path O1.
e,f,Quantum mechanical minimized structures (M06-2X/6-31G* basis set,
top-down and side-on views) for the CBPQT*' rings at positions (20, 1) and
(34,10), respectively. Quantum mechanical minimized structures of the lowest-
energy state (19, 48) and metastable state (21, 3) are presented in Figs. 2a
and4a, respectively.
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Extended DataFig. 5| A two-dimensional positionmap describing the
movement of two CBPQT*"2*” rings around theloop. The xand y axes
represent the positions of the CBPQT*/2*? rings on the loop. The green, black,
blue and magentalinesrepresent the positions of the IPP, BPM, PY*and T units,
respectively. The hypothetical paths involving switching of the [3]catenane
[3ICMM during the redox cycles areillustrated in blue (oxidation) with purple
(reduction) arrows, which are periodic onaccount of the cyclic nature of the
loop. The trajectoriesindicate that, for unidirectional motion, thereisa
Coulombicbarrier (PY") and asteric barrier (IPP) under reducing and oxidizing
conditions, respectively. The dashed red diagonal line represents abarrier that
cannotbe crossed physically for the simple reason that two CBPQT*”>*” rings
would end up occupying the same space.
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Extended DataFig. 6| Scan-rate variation (0.02-2.0 V s™) of cyclic
voltammograms of [3]CMM¢<13PF, (0.5 mM). Asthescanrateisincreased to
2.0 Vs, onlyonereduction peak for the radical state [3]CMM”*" is observed,
indicating that the electron-transfer process is much faster than ring movement

atthis fast scanrate. This observation suggests that, under the experimental
conditions used during the operation of the [3]catenane motor, thereduction
to the radical state [3]CMM** and the reoxidation to the fully oxidized state
[3]1CMM™"* is completed fully and very rapidly.
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Extended DataFig.7|Electrically driven operation of [3]CMM. a, Graphical
illustration of the electrochemical cell used in the repeated controlled
potential electrolysis experiments. CE, counter electrode; RE, reference

electrode; WE, workingelectrode. b, Photographs of the oxidized state (left)
[31CMM™" and the reduced state (right) [3]ICMM”** in the electrochemical cell.
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Extended DataFig. 8|Synthesis of the deuterium-labelled [3]catenane
[D,]-[31CMM. By sequentially adding [D,s]-CBPQT?*? and CBPQT**? during the
synthesis of [D,]-[31CMM, it is able to bias the distribution of the undeuterated
CBPQT* rings onthe Tand BPM units. The [3]catenane [D,]-[3]1CMM"* was

oo -

[D,J-[3]CMM™+ [D-{31CMM "+

32]
Four
Isotopologues

*LM .

[D,(l-[8]CMM*+ [D, -[3ICMM™+

obtained as amixture of four isotopologues, including [D,]-[31CMM**, and
[D5,]-[31CMM™*, in addition to two co-constitutional isomers [D;]-[3]1CMM™*.
CuAAC, copper(l)-catalysed azide-alkyne cycloaddition.
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Extended DataFig. 9| Calculation of the probability of180° rotation for
bothringsontheloop. Distribution of CBPQT* rings on the two positions
(Tand BPM) of the cyclic track according to the'H NMR spectra (Fig. 3) of

T BPM
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[D,]-[31CMM-13PF, before and after oneredox cycle, based on the relevant
integration of protons H-Phen” (I,/1,’) and H-Phen’ (1,/1,’), respectively. n, the
probability of 180° rotation for both rings on the loop.
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CBPQT*/?*’rings during the redox operation of [3]CMM™*, Clockwise
means that each CBPQT*/2*’ ring sees the substituents onthe loop in the order
T->PY' > V*"* > V** 5 PP > T and counterclockwise means that each ring sees
the substituents ontheloopinthe order T~ IPP » V*/** 5 V2/* 5> PY* > T. The
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loop.The ‘p,.’and ‘p,,’ near the arrows are the probability of clockwise motion
ofthetworingsontheloopintheredoxcycle. The K eq 1, Kreq - Kox - and ko, . are
the correspondingrate constants for the probable steps during the redox
cycle, respectively, and the clockwise and counterclockwise steps are also
indicated by +'and ‘~’, respectively. The 180° rotationis represented by '1/2".
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