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Summary

Artificial molecular motors have attracted significant attention as models of biological machines and
molecular motors. Unlike conventional artificial molecular motors, which rely on covalent bond rotation,
molecular motors with mechanically interlocked molecules (MIM) generate significant rotational motion via
the dynamic shuttling of the macrocyclic components and have thus attracted considerable attention. The
topology of MIM-type molecular motors is currently limited to catenane structures, which require intricate
synthetic procedures that typically produce a low synthetic yield. In this study, we develop a novel class of
MIM-type molecular motors based on a rotaxane-type topology. The switching of the rotaxane
threading/dethreading pathway of the linked rotaxane by protection/deprotection of the bulky stopper group
and changes in solvent polarity enabled unidirectional rotation of the molecular motor. Detailed
spectroscopic investigations provide a quantitative evaluation of the threading/dethreading reaction rates.
Repeated unidirectional rotation and switching of the direction of rotation is achieved by controlling the
reaction rates. Our findings demonstrate that linked rotaxanes can serve as MIM-type molecular motors
whose rotation direction can be switched by controlling the threading/dethreading reactions; these motors

are expected to find applications as a component of molecular machinery.

Introduction

Molecular motors, nanomachines that convert chemical to rotational energy, are ubiquitous in biological
systems."? Artificial molecular motors provide insights into the dynamics of biological systems at the
molecular level, and have attracted significant attention owing to their expected applications in dynamic
functional materials.>7 Molecular motor systems can be constructed using several scaffolds. The earliest
artificial molecular motors relied on light-driven unidirectional rotation around a double bond®-'2 or chemical
fuel-induced unidirectional rotation around a single bond'*-'7 (Figure 1A). Several dynamic materials
incorporating these motors have been developed including actuators.'®2% Conversely, a newer class of
artificial molecular motors consisting of mechanically interlocked molecules (MIMs) undergo large
rotational motion driven by the dynamic shuttling of macrocyclic components.?'-26 Notably, MIM-type
molecular motors are the sole structural motif in which the direction of rotational motion can be switched,??

demonstrating their potential applications in advanced functional molecular machinery. The unidirectional
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rotational motion of MIM-type molecular motors is driven by the ratchet mechanism.32?” The fundamental
unidirectional motion of macrocycles has been thoroughly exploited in molecular pumps, while several
examples of unidirectional motion along the axles of rotaxanes and pseudorotaxanes are known.”-24.28-38
However, the rotational cycle of motion in rotaxanes can only be completed by dethreading of the
macrocycle from the axle owing to the finite axle length(Figure 1B); thus, rotaxanes are unsuitable for
generating rotational motion. This problem can be overcome by connecting the ends of the axle to form a
catenane structure to solve this problem (Figure 1C).2 The cyclic topology of the “rail” component enables
the macrocycle to undergo infinite unidirectional and rotational motion; however, this limits the topology of
such MIM-type molecular motors to catenane-based motifs, which, in turn, limits the application scope of
these motors because catenane-type molecular motors typically have complex structures and require
intricate synthesis procedures owing to the size of the interlocked structures. The development of MIM-

type molecular motors with simple structures is therefore in high demand.
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Figure 1. Schematic illustration of (A) single/double bond-type molecular motor, (B) unidirectional linear
motion of pseudorotaxane macrocycles, and (C) catenane-type molecular motor. (D) Two
threading/dethreading pathways of linked rotaxane with PM a-CD and DPA. (E) Schematic illustration of
linked rotaxane-type molecular motor

Our group has developed numerous linked rotaxanes using permethylated a-cyclodextrin (PM a-CD)
and diphenylacetylene (DPA).3*#7 The linked rotaxane can be switched between the inclusion and
uninclusion structures by adjusting the solvent polarity. 4%48-51 The threading/dethreading processes occur
via two pathways: the head and tail pathways. The threading/dethreading rates of both pathways are

influenced by the size of the substituent on DPA (Figure 1D).#%5" We therefore envisaged that alternating
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between threading via the head pathway and dethreading via the tail pathway in PM a-CD would generate
rotational motion. Thus, we propose a novel MIM-type molecular motor paradigm based on the linked
rotaxane structure (Figure 1E). The dethreading event does not decompose the linked rotaxane structure
into its constituent ring and axle components; hence, unidirectional rotation can be achieved by a
succession of selective threading/dethreading reactions. Protection and deprotection of the linked
rotaxane structure with bulky Fmoc groups is achieved by changing solvent polarity, which instigates
threading through the head pathway and dethreading through the tail pathway, respectively, thereby

achieving rotational motion.

Results and Discussion
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Figure 2. Mechanism of unidirectional rotation in the linked rotaxane-type molecular motor

The structure and rotation mechanisms of linked rotaxane-type molecular motors are shown in Figure 2.
The introduction of a bulky Fmoc group at one end of DPA inhibits threading/dethreading via the tail
pathway; thus, the reaction proceeds via the head pathway at the other side of DPA, which has a small,
inert methyl group. In contrast, removal of the Fmoc protecting group to generate the amino group
increases the rate of threading/dethreading via the tail pathway such that this mechanism is favored over
the head pathway, resulting in threading/dethreading reactions via the tail pathway. The pathways of
threading/dethreading pathway depends on the steric bulk of the tail end of the DPA; hence, the
unidirectional rotation of the PM a-CD ring around the DPA axle can be achieved by insertion and removal
of the Fmoc protecting groups to control the threading/dethreading pathways and alternating the solvent
polarity to control the equilibrium between the inclusion and uninclusion structures (Figure 2)4°5

Unidirectional rotation proceeds via a mechanism involving the following four steps, (i) the self-inclusion
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reaction of un-Fmoc via the head pathway, yielding in-Fmoc; (ii) deprotection of in-Fmoc to yield in; (iii)
dethreading of in via the tail pathway to yield un, and; (iv) protection of un with Fmoc to yield un-Fmoc.
The synthesis of un is depicted in Scheme S1. Williamson ether synthesis using 1 and 6-O-monotosyl PM
a-CD, followed by Sonogashira coupling, yielded 3. The subsequent reduction of the nitro group and
addition of the Fmoc protection group yielded un-Fmoc in four steps in 68% overall yield. To the best of
our knowledge, this is the simplest and highest yielding synthesis of an MIM-type molecular motor (Table
$2).21-26
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Figure 3. (A) Threading/dethreading reactions of un/in-Fmoc. (B) '"H NMR spectra (500 MHz, CDCls)
before and after the self-inclusion reaction in H2O/MeOH (2:1) at 373 K. (C) Rate constants of the self-
inclusion reaction of un/in-Fmoc in CD30OD at 333 K

The first step of unidirectional rotation was achieved using the self-inclusion reaction via the head
pathway by heating un-Fmoc in a mixed solvent of H,O and methanol (Figure 3). The proton signals from
the inner cavity of PM a-CD shifted downfield during the self-inclusion reaction, suggesting the formation
of a linked rotaxane structure (Figure 3B).*5 In addition, the mechanostereochemistry of un-Fmoc and in-
Fmoc was determined from their ROESY spectra (Figure S1). The ROESY spectrum of in-Fmoc showed
the presence of strong nuclear Overhauser effects (NOE) between the protons of DPA and the Hs protons
located in the cavity of PM a-CD. In contrast, the ROESY spectrum of un-Fmoc showed a NOE between
the protons of DPA and the Ha4 protons located outside the cavity of PM a-CD. These results suggest that
in-Fmoc forms a linked rotaxane structure. To investigate the mechanism of the self-inclusion reaction,
the "H NMR spectra of un/in-Fmoc in CD30OD was monitored at 333 K (Figure S2). The kinetic parameters
were evaluated using nonlinear least-squares fitting, assuming a first-order reaction. The threading rate kin
(2.8 x 10 s7" at 333 K) is similar to the expected rate of threading/dethreading via the head pathway.*°
These results therefore indicate that the self-inclusion reactions of un/in-Fmoc proceed through the head

pathway.
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Figure 4. (A) Scheme of deprotection and subsequent dethreading of in-Fmoc. in-Fmoc can be
converted to un via two possible routes. (B) '"H NMR spectra before and after the deprotection and
dethreading reactions in a solution of 10% (v/v) piperidine in THF (500 MHz, 303 K, CDCl3)

To facilitate dethreading via the tail pathway, the Fmoc protecting group was removed from in-Fmoc in
a solution of piperidine in THF (Figure 4A). In-Fmoc was completely converted to un within 10 min using
a solution of 10% (v/v) piperidine in THF (Figure 4B). The estimated kobs in this solution was estimated to
be greater than 7.7 x 1073 s™', assuming that the reaction proceeded to 99% completion within 10 min,
whereas ti2 was less than 1.5 min. To confirm that the conversion of in-Fmoc to un proceeds through the
tail pathway, the reaction rates of each individual step were evaluated (Figures 4, S3, and S4). The
dethreading of in in THF-ds proceeded rapidly, as indicated by the high rate constant (kout > 1.3 x 1072 57",
tiz < 1 min). Rapid dethreading of similar linked rotaxanes has been shown to proceed via the tail
pathway.?"! In contrast, the dethreading of in-Fmoc was very slow (kout = 1.4 x 108 s7" and t,2, = 5.8 d,
Figure S4), indicating that dethreading via the head pathway is associated with a high activation barrier.
The conversion from in-Fmoc to un via the tail pathway was more than 1000 times faster than that through
the head pathway (7.7 x 103 s™' vs. 1.4 x 107® s7', Figure 4A), illustrating that dethreading via the head
pathway dominates under these conditions. This kinetic asymmetry defines the direction of the rotational
motion.

In the final step, the initial state of the molecular motor was established by introducing the bulky Fmoc
protecting group into the tail end of un to yield un-Fmoc (Figure S5). '"H NMR spectroscopy confirmed the
formation of un-Fmoc and revealed that un was fully protected within 60 min. These results demonstrate
that the PM a-CD moiety of the linked rotaxane underwent unidirectional rotation around DPA driven by

successive Fmoc protection/deprotection and threading/dethreading reactions.
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Figure 5. (A) Unidirectional rotation of the PM a-CD of un in a one-pot system and (B) abundance ratio
of un, un-Fmoc and in-Fmoc in each step of the unidirectional rotation process. The error bars represent
s. (C) Unidirectional rotation of the PM a-CD of un in the reverse direction and (D) abundance ratio of un,
un-Fmoc and in-Fmoc in each step. a: FmocClI, DIPEA in THF, 60 °C,1 h; b: THF/MeOH/H20 (1:6:9),
100 °C, 15 min, followed by solvent evaporation; c: piperidine in THF, 25 °C 1 h, followed by solvent
evaporation, extraction by toluene/sat. NH4Cl aq., and further solvent evaporation; a': FmocCl, DIPEA in
ACN/H20 (1:1), 60 °C, 1 h, followed by solvent evaporation, b’: THF, 100 °C, 15 min, c¢’: piperidine in THF,
25 °C, 30 min

Additionally, unidirectional rotation of the linked-rotaxane-type motors was achieved in a one-pot system
(Figure 5A, B). First, un was protected with Fmoc in THF to yield un-Fmoc (step a), followed by the
addition of MeOH/H>0 and heating at 100 °C to afford in-Fmoc (step b). The solvents were then removed
before a solution of 10% (v/v) piperidine in THF was added to remove the Fmoc protecting group, allowing
the dethreading reaction of in to proceed, yielding un, the initial state of the molecular motor (step c).
Several washing procedures were required in the final step to remove trace amounts of piperidine, which
removed Fmoc, resulting in the undesirable deprotection of the rotaxane. The one-pot reactions were
monitored by 'H NMR spectroscopy, which clearly indicated the alternate formation of un, un-Fmoc, and
in-Fmoc in each step. Four full rotations of the a-CD moiety can be performed sustainably (Figure 5B).
These results demonstrate that linked-rotaxane-type molecular motors unambiguously undergo
unidirectional rotation in a one-pot system.

Finally, we demonstrated unidirectional rotation in the reverse direction (Figure 5C, D). The rotation of
linked-rotaxane-type motors occurs via the threading of unin ACN/H>O followed by the protection
of in with Fmoc (step a’), dethreading of in-Fmoc (step b’), and deprotection of un-Fmoc (step c’). While
a non-negligible amount of un and un-Fmoc did not undergo unidirectional rotation, the linked-rotaxane-
type motors primarily underwent unidirectional rotation in the reverse direction (Figure 5D). The presence

of residual un and un-Fmoc was attributed to the low polarity of the ACN/H2O (1:1) solvent system;
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however, this solvent system is considered optimal because further increasing the solvent polarity induces
phase separation that reduces the yield of in-Fmoc. This switching of the unidirectional rotation direction
of MIM-type molecular motors, which is a rare phenomenon,?> demonstrates the advantage of molecular

motors driven by sequential chemical reactions.

Conclusion

A rotaxane-type molecular motor was developed using PM a-CD and DPA. Protection/deprotection of the
rotaxane structure with Fmoc enabled selective threading/dethreading reactions, resulting in unidirectional
rotation of the PM a-CD moiety around DPA. The reaction rates in each step are indicative of the
unidirectional motion of the motor. In addition, unidirectional rotation of the motor was achieved in both
directions in a one-pot process. The structure of the linked-rotaxane-type molecular motor is less complex
than that of conventional catenane-type molecular motors, which facilitates the application of MIM-type

molecular motors in dynamic functional materials.

Experimental Procedures

Unidirectional rotation in a one-pot manner

To a solution of un (14.3 mg, 10.1 umol) in THF (1 mL), DIPEA (3.74 pL, 22.0 umol, 2.2 eq.) and FmocClI
(5.2 mg, 20.1 umol, 2.0 eq.) in a pressure vessel were added and stirred for 1 h at 60 °C. After the mixture
cooled to room temperature, a 50 uL aliquot was taken, and NMR measurements (CDClI3) were conducted
after removing the solvent (un-Fmoc). Next, MeOH (5.7 mL) and H20 (8.55 mL) were added to the mixture
and stirred for 15 min at 100 °C. After cooling, a 50 pL aliquot was taken, and NMR measurements (CDCl5)
were conducted with similar procedures (in-Fmoc). Subsequently, the solvent was removed, followed by
the addition of THF (810 uL) and piperidine (90 uL). The mixture was stirred for 1 h at 25 °C, a 50 uL
aliquot was taken, and NMR measurements (CDCIz) were conducted with similar procedures (un). The
solvent was removed in vacuum, toluene (1 mL) and sat. NH4Cl aq. (1 mL) were added, and the mixture
was extracted with toluene (2 x 1 mL) in the pressure vessel to remove residual piperidine. Removal of
solvent affords crude mixture of un, which was reintroduced into the initial step. The amounts of reagents
were adjusted based on the amount of molecular motor, which decreases due to the sampling for NMR

measurements (Table S1).

Unidirectional rotation in the reverse direction

To a solution of un (8.7 mg, 6.1 umol) in ACN (4 mL) and H>O (4 mL), DIPEA (3.37 uL, 19.8 umol, 3.2 eq.)
and FmocCl (4.6 mg, 17.8 umol, 2.9 eq.) were added, and the mixture was stirred for 1 h at 60 °C. After
the mixture cooled to room temperature, the solvent was evaporated and THF (6 mL) was added. A 50 uL
aliquot was taken, and NMR measurements (CDClI3) were conducted after removing the solvent (in-Fmoc).
The mixture containing in-Fmoc was stirred for 15 min at 100 °C. After cooling, a 50 uL aliquot was taken,
and NMR measurements (CDCIz) were conducted with similar procedures (un-Fmoc). To the mixture,

piperidine (222 uL) was added and the mixture was stirred for 30 min at 25 °C. Again, a 50 ulL aliquot was
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taken, and NMR measurements (CDCI3) were conducted with similar procedures (un).
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