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SUMMARY

Among the amazing variety of ingenious molecular machines present in living
organisms, enabling motility, responsiveness and out-of-equilibrium behavior
among others, rotary motors, like the ATPase and bacterial flagellar motors, hold a
special position. While these biological machines are mainly powered by chemical
conversion and artificial light-driven rotary molecular motors have been well
established, genuine chemically-driven rotary motor systems are very limited.
Designing a sequence of highly selective chemical transformations inducing a
perfect unidirectional rotary motion around a carbon-carbon single bond axle has
shown to be particular challenging. Here, we report a chemically powered rotary
molecular motor based on biaryl structures which allows complete unidirectional
rotation i.e. > 99% based on simple esterification chemistry. A chiral lactone has
been designed which shows stepwise movements fueled by chemical energy
completing a full 360° unidirectional rotation. All the stereoisomers involved in the
4-stage rotary process have been characterized using X-ray crystallography
confirming the relative stereochemistry of each isomer in accordance with the
sequential and complete stereoselective operation of the rotary system. The
present molecular motor features a very basic design, powered using fundamental
reactions, operates with relative high efficiency in its steps, and shows exceptional
control of directionality. Having established the basic principles of this novel
molecular rotary motor, it will facilitate the design of more sophisticated future
artificial machine systems driven solely by chemical energy.

Keyword : molecular motor, out-of-equilibrium, chemical energy, biaryl, lactone, dynamic
covalent bond, unidirectional rotation, isomerization, chirality, system chemistry

The Bigger Picture

As the primary molecular machines in nature, biological molecular motors are capable of
performing many complicated mechanical and chemical functions. ATPase, the molecular
rotary motor par excellence of life itself, produces the fuel in our body while on the other hand
biological molecular motors frequently convert chemical energy into mechanical energy, thus
enabling controlled movements. Bringing motion to otherwise mechanical inert materials
represent a major contemporary challenge and the design of artificial molecular motor and
machines is a key step on the route leading from molecules to future dynamic systems.
Compared to biological molecular motors, artificial molecular motors have several
advantages including flexible design, wide range of building blocks and energy sources, high
stability and compatibility, providing great potential to realize novel and sophisticated
functions ultimately well beyond those of natural molecular motors. Despite major success
with light driven molecular motors, the design of artificial molecular motors driven by
chemical energy is still in its infancy. Pertinent challenges include straightforward synthesis,
unidirectionality and simple operating conditions learning from the operational principle of
biological molecular motors. Here, we report the design of a chemically driven rotary
molecular motor, based on biphenyls using dynamic covalent bonds, with perfect
unidirectionality. This study shows proof of concept of chirality induced directionality in a
chemical fueled molecular motor and paves the way for further discoveries towards new
molecular motors with chemically simple operational principles. The ability to control motion
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using molecular machines, in particular rotary motors, provides major opportunities to move
frontiers in areas such as adaptive devices, responsive materials, molecular catalysts and
assemblers and non-invasive regulation of biological functions.

INTRODUCTION

Artificial molecular motors and machines are at the forefront of chemical sciences and
nanotechnology enabling the design of dynamic molecular systems.** Among the variety of
molecular machines5° molecular motors allow directional motion powered by external energy
input and drive a system out-of-equilibrium.*°-3 Unidirectional motion has been realized in a
number of systems, such as rotary motion around a double bond in light-driven molecular
motors,*4*6 rotary or linear motion in mechanically-interlocked molecular architectures (for
instance, rotaxanes** and catenanes*9-2?) and rotation around single C-C bond.?325In
biological systems, protein-based molecular motors are mainly driven by catalysis using
chemical energy especially from the hydrolysis of ATP.2¢ Despite some elegant
examples>+222425 the development of the fundamental motif of a rotary molecular motor
fueled by chemical energy is still in its infancy and offers great perspectives towards advanced
artificial molecular machinery and dynamic functions. One of the major challenges in the
molecular motor field is to achieve high unidirectionality which is crucial to realize ultimately
cooperative and collective action and true nanoscale machinery.?7321n light- driven molecular
motor structures, the unidirectionality is governed by both photoisomerization and thermal
isomerization.3334 The unidirectionality in molecular motor driven by chemical energy is purely
dictated by the stereoselectivity of the reactions employed. In the very few chemically driven
systems reported so far, about 9o% unidirectionality was realized in a biaryl molecular motor2#
and 87% unidirectionality was achieved in a mechanically interlocked molecular motor.2>
Addressing the challenge how to design a chemical powered rotary motor with full control
over directionality, we present a novel biaryl system that operates as a chemically driven
motor. Taking advantage of a stereoselective lactone ring opening-closing cycle, the system
undergoes full 360° rotation around a single C-C bond fueled by chemical energy with
complete unidirectionality.

RESULTS AND DISCUSSION
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Figure 1. Schematic representation of the design and concept of the chemically driven rotary
motor. (A) General design strategy for a chemically fueled rotary molecular motor with biaryl structure. Key
elements include a dynamic covalent bond and point chirality which induces a helical preference. (B) Left: Energy
profile of rotation around the C-C single bond between two atropisomers without fuel; Right: Energy profile of
unidirectional 180° rotation of atropisomers with chemical fuel which undergoes three reaction sequences:
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cyclization step A, helix inversion step B, and ring-opening step C. (C) Structure and key features of molecular
motor (S, S')-M1. (D) Schematic representation of the 360° rotation of molecular motor (S, §')-Ma (top view).

Focusing on the development of new rotary motor with rotation around a biaryl C-C bond
we build on the principle that biaryl rotation i.e. atropisomer interconversion3s3 s facilitated
by bridging (in ortho-positions) both aryl moieties. Previously, we demonstrated atropisomer
selectivity using enantioselective reduction of a lactone with an additional chiral catalyst or
Pd-based redox cycle using a chiral sulfone as bridging (ligand) group.2425 Although showing a
proof of principle, in the first system 8 steps were required with an overall yield of 28% for
one full rotation whereas in the second one, unidirectional rotation of one cycle was realized
in an overall yield of 19% over 5 steps. In contrast, in the novel approach presented here to
direct the biaryl interconversion, the system undergoes a full 360° rotation with complete
(>99%) unidirectionality in an overall yield of 57% in 6 steps based on simple esterification,
ester hydrolysis as the key steps.

The design, structure and key components of a chemically driven molecular motor are shownin
Fig 1A. The following principles are essential to achieve the unidirectional rotary motion: i) the
biaryl unit should have three or four substituents in ortho positions to ensure restricted rotation
about the sp2-sp? aryl bond.3® With a sufficient high barrier of biaryl rotation, thermal
isomerization between distinct atropisomers would be extremely slow and thus random
Brownian motion around the single bond is prohibited. ii) the presence of a chiral element on
one ortho substituent. Point chirality is preferred since it is readily introduced into the side chain
of the compound, which is expected to induce a preferred helicity once two aryl rings are
bridged to give two helical conformers (diastereoisomers eg. S, Mand S, P). iii) finally, the upper
ring with functional group B and the lower ring with two functional group A (Fig 1A) should form
a dynamic covalent bond in a ring structure which can readily cyclize and open on demand. Two
orthogonal protecting groups for group A should be employed to realize selective
protection/deprotection which are crucial to achieve directional motion of the biaryl rotor.

The energy diagram of fueled 180° unidirectional rotation is depicted in figure 1B. The activation
barrier of the atropisomerization process of the biaryl molecular motor without fuel is high (Fig
1B, left panel). Once fueled with chemical energy as shown in figure 1B (right panel), the upper
half and the lower half are cyclized to form a bridge. This provides a thermodynamically less
favored isomer (step A) and meanwhile the energy barrier of thermal helix inversion is
dramatically reduced due to smaller biaryl twist angle approaching a planar transition
state.353%38 Subsequent helix inversion step B gives the thermodynamically favored isomer. The
180° unidirectional rotation is accomplished by the subsequent ring-opening step C. Following
the same mechanism, the next half cycle can be achieved following the same sequence of steps
enabling a full 360° rotary cycle.

This mechanism is reminiscent of the operation of myosins in biological system, which are
responsible for a variety of movements of muscle and non-muscle cells, where myosin binds to
actin and forms a bridge and generate a power stroke by hydrolysis of ATP.4°

The clockwise 360° rotation of the molecular motor is illustrated in Figure 1D. Viewed along the
biaryl C-C bond (the axle of rotation), the rotary process consists of four steps including two
cyclization steps (step 1 and step 3) and two ring-opening steps (step 2 and step 4). Inthe present
system, the upper ring is assigned as the rotor and the lower ring is assigned as the stator. The
chemical fueled cycle starts from station | (top-view). In step 1, the functional group (orange) on
the rotor with a chiral element (green) forms a bridge with the functional group on the left side
(blue) of the stator selectively using a chemical conversion. The cyclization gives a high-energy
intermediate which undergoes further helix inversion to the more stable station Il with the rotor
part flipping from front to back. In step 2, the ring is opened with another transformation
reaching open-chain station Il without back flipping and a net 180° rotation is achieved in a
unidirectional manner. Similarly, the remaining half cycle can be achieved with the same
sequence of steps. The only difference is that the rotor forms a bridge with stator on the right
side (red) in step 3 with the rotor flipping to the front side. After step 4, the rotor returns to its
initial conformation and the whole 360° rotary motion is completed. In all four steps, chemical
energy is directly coupled with movement and force is generated to achieve directional motion.

The structure and key features of molecular motor (S, S')-Ma are given in Fig 1C. As for the
dynamic covalent bond, a lactone was chosen and therefore the upper ring of the biaryl
incorporates a chiral carboxylic ester group in the ortho position while the lower one has two
phenolic groups orthogonal protected with benzyl (Bn) and methoxymethyl (MOM),
respectively. Due to the presence of three bulky ortho functional groups, the molecule exists as
atropisomers, (S, S')-Ma and (5, R')-M3. Here, S and R denote the configuration at the
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stereogenic center, S and R’ are used to define the axial chirality of atropisomers, and P and M
denote the helicities of the lactone (vide infra). It should be noted that the rotation direction in
the present system is dictated by the stereogenic center of the molecular motor, i.e. the (S)-
enantiomer undergoes clockwise rotation around the single bond and the (R)-enantiomer
undergoes anti-clockwise rotation. Hence enantiomerically pure compounds are required in the
present study because if the compound is partially racemized during any of the rotation steps it
would undergo rotation in the opposite direction.

Synthesis of the molecular motor.

Key procedures for synthesis of enantiomeric and diastereomeric pure (S, S')-M1 are given in
Scheme 1. Methyl (S)-2-(2-bromophenyl) propanoate (S)-1 was obtained by asymmetric
synthesis with >99% ee as shown in the Supplemental Information (Figure S1). (5)-1 was
coupled with boronic acid 2 using a Pd catalyzed Suzuki coupling to give (5)-3 in 90% yield
without affecting the stereochemical purity as determined by chiral HPLC analysis.
Subsequently, demethylation was carried out with BBr; and mono-hydroxyl lactone (S, M)-4
was obtained as the exclusive product with >99% ee. Key to our design is the seven-membered
ring lactone formation, since the unidirectionality of the motor is determined in this step by the
preferred helicity that is induced (e.g. S, Mover S, P). To our delight, lactone formation showed
only one set of absorptions at ambient temperature in the *H NMR spectrum of the product
attributed to (S, M)-4. Overlapping of signals from (S, M)-4 and (S, P)-4 due to fast
interconversion was excluded by low temperature NMR studies. The sample showed cleanly one
set of peaks in CDCl, at -50 °C as well as in CD,0D at -go °C without any phase domain
separation, whereas related seven-membered ring lactams have been reported to form another
diastereomer at room temperature.3® Subsequently, (S, M)-M4 was obtained by protection of
the hydroxyl moiety with a methoxymethyl group using NaH and MOMCI in DMF. Again, *H
NMR study of (S, M)-Mg4 in CDCl;, both at ambient temperature and -50 °C, revealed that only
one helical configuration existed in the compound. The relative configuration and helicity of (S,
M)-Mg4 was determined using single crystal X-Ray diffraction of a racemic sample (Figure 3B).
Ring opening of (S, M)-Mg with MeONa in MeOH and THF gave (S, S')-5 in 94 % yield as the
exclusive product. Finally, protection of the hydroxyl in (S, S')-5 with benzylbromide afforded
(S, §")-M1 with 92% yield (99% ee). The relative configuration of (S, S')-M1 was unambiguously
established by single crystal X-Ray diffraction of a racemic crystal. The energy barrier for
atropisomerization was studied using S6, an analogue of (S, S')-Ma obtained after methyl ester
hydrolysis, at elevated temperature (Figure S2). Analysis of the kinetic data provided AG* = 136
kJ/mol at 160 °C and identical ground-state energies (final ratio of atropisomers of S6 ~1:1). The
high energy barrier guarantees its conformational stability during transformations (Figure S4).

o ) MeOOC
—>  Momo OR
0
(511, 99% oo (S,M)-4, R = H, 99% ee (S.5)5,R = H, 99% ee
(S,M)-M4, R= MOM, 99% ee (S,5)-M1, R= Bn, 99% ee

Scheme 1. Synthesis of molecular motor (S, 5’)-M1. (i) K,CO,, PdCl, (dtbpf), (THF: H,O = 1:1), 65 °C, 16 h, 90
%. (i) BBr, DCM, -78 °C overnight and 30 min at rt, 97 %. (iii) NaH, MOMCI, DMF, 5 h, 90 %. (iv) MeONa, MeOH/THF,
0°C, 10 h, 94 %. (v) benzyl bromide, K,CO,, DMF, rt, 12 h, 92 %.

Rotation cycle of the molecular motor.

The 360° rotatory cycle of the molecular motor (5,5)-Ma is shown in Figure 2 and the individual
steps as well as the various isomers studied by NMR, UV/Vis, chiral HPLC, CD spectroscopy and
X-ray analysis. The first half cycle involves unidirectional rotation from (S, S)-Mz to (S, R')-M3.
It should be noted the sequence of deprotection of the protected phenolic hydroxyl groups is
critical. Release of the proper hydroxyl group ensures the formation of thermodynamically less
favored (S, P)-isomer of the lactone primarily, which subsequently isomerizes to the favored
isomer (S, M)-isomer and as a consequence generates unidirectional movement (>99%
stereoselective for M2 after lactonization/isomerization). Selective deprotection of MOM under
acidic conditions and hydrolysis of the methyl ester with NaOH afforded (S, R)-6 in a one-pot
procedure in 95 % yield. This deprotection is highly selective without affecting the benzyl group
and no biaryl rotation is taken place. (S, R)-6 was then lactonized with EDCI, which is the fuel of
rotation. (S, P)-M2 was supposed to form during cyclization as a transient species which rapidly
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isomerized to (S, M)-M2 with the upper ring rotating about go° clockwise. Similar as seen for (S,
M)-Mg, only one diastereomer is observed in the *H NMR spectrum indicating >99%
unidirectionality. DFT calculations of the transient and stable lactones confirm the helix
inversion step and unidirectional rotation of (S,P)-Mz2 to (5,M)-M2.The movement of the methy|
from a pseudo-axial position in (S, P)-M2 to a pseudo-equatorial one in (S,M)-Mz2 drives the
atropisomerization of the biphenyl core (predicted unidirectionality > 97%, see Figure 2, right
insert). The absolute configuration of (S, M)-M2 was unambiguously established by single
crystal X-Ray diffraction as well.

O O _
A B O '
MeOOC HOOC o » O
MOMO O oBn > HO. ] oBn —————— > o ] 0Bn o 0Bn

(8.8)-M1 (S,R)-6 (S,P)-M2 (S, M)-m2

(S,M)-M4 (S.P)-M4 (S.R)-7 (S.R)-M3
Calculations at the SMD-0B97X-D/def2-TZVP level of theory. Gibbs Free energies expressed in kcal mol”!

Figure 2. The 360° rotation of molecular motor (S, S’)-M1. Six steps for 360° rotation of the molecular
motor: (A) HCl, MeOH, rt, overnight, then NaOH aq., 15 h, 95 %. (B) EDCI, Et;N, DCM, 26 °C, 16 h, 97%. (C) MeONa,
MeOH/THF, o °C, 10 h then NaH, MOMCI, DMF, o °C, 5 h, 82%. (D) Pd/C, H,, and then added aq. NaOH, 15 h, 92%.
(E) EDCI, Et;N, DCM, 26 °C, 16 h, 94%. (F) MeONa, 10 h, with following benzyl bromide, DMF, rt, 12 h, 87%. In the
inserts, the calculated energy differences between less stable and stable atropisomers of M2 and Mg and the barriers
for the unidirectional rotation in step B (right side) and E (left side) are shown.

Subsequent ring opening by nucleophilic substitution with MeONa and reprotection of the
phenol moiety with a MOM protecting group gave (S, R')-M3 exclusively without observation of
(S, S")-M1 as confirmed by both *H NMR and HPLC (Figure 3A and 5B). The absolute
configuration of (S, R’)-M3 was also unambiguously confirmed by single crystal X-Ray diffraction
of an optical pure sample. The remaining half cycle was accomplished following the same
principle. The rotary motion from (S, R')-M3 to (S, S')-Ma started from selective debenzylation
with Pd/C and H, and hydrolysis of methyl ester of (S, R")-M3. The corresponding product (S, R')-
7 was cyclized with EDCI to give (S, M)-Mg after a thermal helix inversion of (S, P)-Mg. Also in
this case DFT analysis confirmed the atropisomerization of (S,P)-M4 to (5,M)-M4 and as a
consequence the unidirectionality of the motion (predicted unidirectionality > 97%, see Figure
2, left inset). The obtained product showed exactly the same characteristics as the isomer
obtained from the preparation of (S5, S)-Ma as confirmed by *H NMR and CD spectroscopy.
Similar as shown in Scheme 1, ring opening and benzylation of (5, M)-M4 afforded (S, 5')-M1
exclusively again indicating nearly perfect (>99%) unidirectionality. It is should be mentioned
there is no inversion at stereocentre during the whole cycle of unidirectional rotation as
confirmed by NMR, CD and HPLC (Figure 4C and Figure 5) although it is well known that the a
position of the carbonyl group might enolize under strong acidic or basic conditions.
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Figure 3. 'H NMR spectra and crystal structures of four stations of molecular motor. (A) *H NMR (400
MHz, CDCl,, 298 K) spectra of four stations of the molecular motor: (S, 5')-Mz, (S, M)-M2, (S, R')-M3 and (S, M)-Mg.
(B) Crystal structures of (S, 5)-Ma, (S, M)-M2, (S, R")-M3 and (S, M)-Mg.

Crystal structures of the isomers in the four stations of the molecular motor are given in Figure
3B. They unequivocally confirm the sequence of chemical driven isomerization steps. The twist
angles 8 in (S, $')-M1 and (S, R)-M3 are 75° and 66°, respectively, which are much larger than
the angel of biphenyl (~45°) due to steric repulsions by these ortho groups. On the contrary, the
twist angle 0 in (S, M)-M2 and (S, M)-Mg are very similar with those of biphenyl, 44° and 45°,
respectively .4%4> It is interesting to note that the seven-membered ring in (S, M)-M2 and (S, M)-
M4 adopts a boat conformation with the methyl group in an equatorial position.The ultraviolet
(UV) absorption and circular dichroism (CD) spectra of all isomers of the molecular motor were
also measured as shown in Figure 4. It is known that biaryls and its derivatives without ortho

substituents have intense absorption (Emax > 10,000) around 250 nm, due to extensive
interaction of the electron m system between lower and upper arene rings. As shown in Figure
4A, the open-chainisomers (S, S')-M1 and (S, R')-M3 show very weak absorption around 250 nm.
This can be explained by the fact that ortho substituents severly hinder a planar arrangement of
the two aromatic rings resulting in the diminished 1 orbital overlap and a considerable lower
molecular extinction coefficient of this characteristic band, especially for biaryls with two or
more bulky ortho substituents.434¢ On the contrary,cyclized isomers (S, M)-M2 and (S, M)-Mg4
show considerably more intense absorption around 250 nm as non-substituted biphenyl which
is in agreement with smaller dihedral angle revealed by the crystal structure. In the region of
the n—1t* transition around 275 nm, (S, M)-M2 and (S, M)-Mg show further bathochromic shifts
comparing with (S, S)-M1 and (S, R')-M3 due to increased conjugation. With respect to CD
absorption spectra, (S, S')-M1 and (S, R’)-M3 show distinct CD absorptions as shown in Figure
4C. However, weak CD bands at 280 nm with opposite sign were observed, coincident with
Nn—T* transition in the UV spectra. The CD spectra of (S, M)-M2 and (5, M)-Mg are very similar
which is in consistent with the fact that their stereochemistry is the same. They both show
strong positive Cotton effects at ~250 nm and a less intensive positive absorption band at ~285
nm (Figure 4D).

In summary, as shown in Figure 2, our novel molecular motor (S, 5)-M1 can rotate 180°
clockwise arriving at its diastereomer (S, R')-M3 upon deprotection, cyclization, helix inversion
and reprotection. Inasimilar manner, (S, R')-M3 can rotate 180 ° clockwise realizing overall 360°
rotary cycle with the same sequence of reactions. Each step and isomer are fully characterized
by NMR (Figure 3A), CD (Figure 4), and uniquely X-ray structures of each isomer (Figure 3B),
indicating high selectivity and unidirectionality over the entire 360° rotary cycle.
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Figure 4. UV/Vis and CD spectra of the isomers at the four stations of molecular motor. (A) and (C)
UV-vis (CH,CN, 2.5 x 105 M, 298K) and CD spectra (CH,CN, 2.5 x 10" M, 298K) of (S, 5')-Ma, (black line) and (S, R')-
M3 (red line), respectively. (B) and (D) UV-vis (CH,CN, 5.0 x 105 M, 298K) and CD spectra (CH,CN, 5.0 x 105 M,
298K) of (S, M)-M2, (black line) and (S, M)-Mg (red line).
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(5,5)-M1
Initial state
B
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Figure 5. Chiral HPLC chromatograms of (S, S’)-M1 and (S, R’)-M3 obtained during 360° rotation of
molecular motor. Although (S, S$')-M1 and (S, R’)-M3 are diastereomers and the isomerization cycle can be
monitored by NMR, the rotary cycle was also monitored by chiral HPLC to ensure there is no racemization during
the reaction sequences. (A) Initial state: HPLC trace of enantiopure (S, 5')-Ma (IA column, 25 °C, 1.0 mL/min, n-
hexane/i-propanol = 98/2, A = 254 nm). (B) HPLC trace of (S, R)-M3 after 180° rotation. (IA column, 25°C, 1.0 mL/min,
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n-hexane/i-propanol = 98/2, A = 254 nm). (C) HPLC trace of (S, 5')-Mz1 after 360° rotation (IA column, 25 °C, 1.0
mL/min, n-hexane/i-propanol = 98/2, A = 254 nm). (5, 5')-M1 was obtained with 9gg% ee after a whole cycle rotation.
(D) Overlaid HPLC traces of racemic M1 and M3 as a reference. (IA column, 25 °C, 1.0 mL/min, n-hexane/i-propanol
=98/2, A = 254 nm). The four diastereomers of M1 and M3 could not be separated with any available column.

CONCLUSION

Altogether, these experimental data clearly demonstrate that the molecular motor undergoes
360° unidirectional clockwise rotation driven by sequential addition of chemical fuels. In
principle, the other enantiomer should rotate in the opposite direction under the same reaction
sequences. Within the limits of the measurement using both NMR and chiral HPLC (and
confirmed by DFT calculations) full (>99%) unidirectionality is achieved due to high preference
for a preferred helicity induced by the stereogenic center in the key component seven-
membered ring lactone and the ring opening with a small nucleophile NaOMe. Importantly, for
the first time all the isomers of a molecular motor during the entire rotary process have been
characterized using X-ray analysis providing an unequivocal proof of clockwise unidirectional
rotation of the molecular motor. This molecular motor rotation proceeds through a series of
stepwise movements which are crucial to design new dynamic multistate systems. The present
system might help us to gain a better understanding of the mechanism of molecular machines
and enabling to build more sophisticated artificial systems driven solely by chemical energy or
a combination of light and chemical energy in future.
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EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental Information.
DATA AND SOFTWARE AVAILABILITY

Crystallographic data for the structures reported in this paper have been deposited at the Cambridge Crystallographic
Data Center (CCDC), with accession numbers CCDC: 1914279 (M1), 1914275 (M2), 1914282 (M3) and 1914274 (Mg).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures, 61 figures, and 4 tables and can be found
with this article online at

ACKNOWLEDGMENTS

We are grateful for the support of this work by the National Natural Science Foundation of China (21801260, 21971267),
the 1000-Talent Youth Program of China and the program for Guangdong Introducing Innovative and Enterpreneurial

Teams (2017ZTo7C069). S.C. acknowledges financial support from the Horizon 2020 Framework Programme (Marie
Sktodowska-Curie Grant No. 838280). B.L.F. acknowledges financial support from the Netherlands Ministry of
Education, Culture and Science (Gravitation Program no. 024.001.035).

AUTHOR CONTRIBUTIONS

Y.Z., D.Z. and B.L.F. conceived the project; Y.Z., Z.C., and H.Z. performed the experiments; S.C. performed the DFT
analysis; D.Z. helped with the experiments and analysis; D.Z., B.L.F., Y.Z. and Z.C. wrote the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

REFERENCES

1. Feringa, B. L. (2017). The Art of
Building Small: From Molecular
Switches to Motors (Nobel
Lecture). Angew. Chem. Int. Ed.
56, 11060-11078.

N

. Erbas-Cakmak, S., Leigh, D. A.,
McTernan, C.T., and
Nussbaumer, A. L. (2015).
Artificial Molecular Machines.
Chem. Rev. 115, 10081-10206.

w

. Baroncini, M., Silvi, S., and
Credi, A. (2020). Photo- and
Redox-Driven Artifcial Molecular
Motors. Chem. Rev. 120, 200-
268.

4. Garcia-Lépez, V., Liu, D., and
Tour, J. M. (2019). Light-
Activated Organic Molecular
Motors and Their Applications.
Chem. Rev.120, 79-124.

@]

. Anelli, P. L., Spencer, N., and
Stoddart, J. F. (1991). A
molecular shuttle. J. Am. Chem.
Soc. 113, 5131-5133.

o

Kassem, S., van Leeuwen, T.,
Lubbe, A.S., Wilson, M. R.,
Feringa, B.L., and Leigh, D. A.
(2017). Artificial molecular
motors. Chem. Soc. Rev. 46,
2592-2621.

7. Muraoka, T., Kinbara, K., and
Aida, T. (2006). Mechanical
twisting of a guest by a
photoresponsive host. Nature,
440, 512-515.

(o]

. Chatterjee, M. N., Kay, E. R.,
and Leigh, D. A. (2006). Beyond
Switches: Ratcheting a Particle
Energetically Uphill with a
Compartmentalized Molecular
Machine. J. Am. Chem. Soc.
128, 4058-4073.

O

. Badiji¢, J. D., Balzani, V., Credi,
A., Silvi, S., and Stoddart, J. F.
(2004). A Molecular Elevator.
Science, 303, 1845-1849.

10. Dahl, B. J., and Branchaud, B.
P. (2004). Synthesis and
characterization of a
functionalized chiral biaryl
capable of exhibiting
unidirectional bond rotation.
Tetrahedron Lett. 45, 9599-9602.

11. Greb, L., and Lehn, J-M.
(2014). Light-Driven Molecular
Motors: Imines as Four-Step or
Two-Step Unidirectional Rotors.
J. Am. Chem. Soc. 136, 13114-
13117.

12. Guentner, M., Schildhauer, M.,
Thumser, S., Mayer, P.,
Stephenson, D., Mayer, P.J., et
al. (2015). Sunlight-powered kHz
rotation of a hemithioindigo-
based molecular motor. Nat.
Commun. 6, 8406.

13. Baroncini, M., Canton, M.,
Casimiro, L., Corra, S., Groppi,
J., La Rosa, M., et al. (2018).
Photoactive Molecular-Based
Devices, Machines and
Materials: Recent Advances.
Eur. J. Inorg. Chem. 2018, 4589-
4603.

14. Koumura, N., Zijlstra, R. W. J.,
van Delden, R. A., Harada, N.,
and. Feringa, B. L. (1999). Light-
driven monodirectional
molecular rotor. Nature, 401,
152-155.

15. van Delden, R. A., ter Wiel, M.
K. J., Pollard, M. M., Vicario. J.,
Koumura, N., and Feringa, B. L.
(2005). Unidirectional molecular
motor on a gold surface.
Nature, 437, 1337-1340.

16. Stacko, P., Kistemaker, J. C.
M., van Leeuwen, T., Chang, M-
C., Often, E., and Feringa, B. L.
(2017). Locked synchronous



Chem

rotor motion in a molecular
motor. Science, 356, 964-968.

17. Silvi, S., Venturi, M., and Credi,
A. (2009). Artificial molecular
shuttles: from concepts to
devices. J. Mater. Chem. 19,
2279-2294.

18. Jiménez, M. C., Dietrich-
Buchecker, C., and Sauvage, J-
P. (2000). Towards Synthetic
Molecular Muscles: Confraction
and Stretching of a Linear
Rotaxane Dimer. Angew.
Chem. Int. Ed. 39, 3284-3287.

19. Cardenas, D. J., Livoreil, A.,
and Sauvage, J-P. (1996).
Redox Control of the Ring-
Gliding Motion in a Cu-
Complexed Catenane: A
Process Involving Three Distinct
Geometries. J. Am. Chem. Soc.
118, 11980-11981.

20. Leigh, D. A., Wong, J.K. Y.,
Dehez, F. O. and Zerbetto, F.
(2003). Unidirectional Rotation in
a Mechanically Interlocked
Molecular Rotor. Nature, 424,
174-179.

21. Wilson, M. R., Sola, J., Carlone,
A., Goldup, S. M., Lebrasseur, N.,
and Leigh, D. A. (2016). An
autonomous chemically fuelled
small-molecule motor. Nature,
534, 235-240.

22. Erbas-Cakmak, S., Fielden, S.
D. P., Karaca, U., Leigh, D. A.,
McTernan, C. T. and Tetlow, D.
J., etal. (2017). Rotary and
linear molecular motors driven
by pulses of a chemical fuel.
Science, 358, 340-343.

23. Kelly, T. R., De Silva, H., and
Silva, R. A. (1999). Unidirectional
rotary motion in a molecular
system. Nature, 401, 150-152.

24. Fletcher, S. P., Dumur, F.,
Pollard, M. M., and Feringa, B. L.
(2005). A Reversible,
Unidirectional Molecular Rotary
Motor Driven by Chemical
Energy. Science, 310, 80-82.

25. Collins, B. S. L., Kistemaker, J.
C. M., Otten, E., and Feringa, B.
L. (2016). A chemically powered
unidirectional rotary molecular
motor based on a palladium
redox cycle. Nat. Chem. 8, 860-
866.

26. Hua, W., Chung, J., and
Gelles, J. (2002). Distinguishing
Inchworm and Hand-Over-
Hand Processive Kinesin
Movement by Neck Rotation

Measurements. Science, 295,
844-848.

27. Eelkema, R., Pollard, M. M.,
Vicario, J., Katsonis, N., Ramon,
B.S., Bastiaansen, C. W. M. et al.
(2006). Nanomotor rotates
microscale objects. Nature, 440,
163.

28. Lubbe, A. S., Liu, Q., Smith, S. J.,
de Vries, J. W., Kistemaker, J. C.
M., de Vries, A. H. et al. (2018).
Photoswitching of DNA
Hybridization Using a Molecular
Motor. J. Am. Chem. Soc. 140,
5069-5076.

29. van Dijk, L., Tilby, M. J., Szpera,
R., Smith, O. A., Bunce, H. A. P.,
and Fletcher, S. P. (2018).
Molecular machines for catalysis.
Nat. Rev. Chem. 2, 0117.

30. Wang, J., and Feringa, B. L.
(2011). Dynamic Control of Chiral
Space in a Catalytic Asymmetric
Reaction Using a Molecular
Motor. Science, 331,1429-1432.

31. Wezenberg, S. J., Vlatkovi¢, M.,
Kistemaker, J. C. M., and Feringa,
B. L. (2014). Multi-State Regulation
of the Dihydrogen Phosphate
Binding Affinity to a Light- and
Heat-Responsive Bis-Urea
Receptor. J. Am. Chem. Soc. 136,
16784-16787.

32.Zhao, D., van Leeuwen, T.,
Cheng, J., and Feringa, B. L.
(2016). Dynamic control of
chirality and self-assembly of
double-stranded helicates with
light. Nat. Chem. 9, 250-256.

33. Roke, D., Wezenberg, S. J., and
Feringa, B. L. (2018). Molecular
rotary motors: Unidirectional
motion around double bonds.
Proc. Natl. Acad. Sci. 115, 9423-
9431.

34. Koumura, N., Geertsema, E. M.,
van Gelder, M. B., Meetsma, A.,
and Feringa, B. L. (2002). Second
Generation Light-Driven
Molecular Motors. Unidirectional
Rotation Controlled by a Single
Stereogenic Center with Near-
Perfect Photoequilibria and
Acceleration of the Speed of
Rotation by Structural
Modification. J. Am. Chem. Soc.
124, 5037-5051.

35. Bringmann, G. and Hartung, T.
(1992). First Atropo-
Enantioselective Ring Opening of
Achiral Biaryls Containing Lactone
Bridges with Chiral Hydride-
Transfer Reagents Derived from

Cell

Borane Angew. Chem. Int. Ed., 31,
761-762.

36. Baudoin, O., Cesario, M.,
Guénard, D., and Guéritte, F.
(2002). Application of the
Palladium-Catalyzed
Borylation/Suzuki Coupling (BSC)
Reaction to the Synthesis of
Biologically Active Biaryl Lactams.
J. Org. Chem. 67, 1199-1207.

37. Bringmann, G., Breuning, M.
Pfeifer, R. M., Schenk, W. A.
Kamikawa, K. and Uemura, M.
(2002). The lactone concept—a
novel approach to the metal-
assisted atroposelective
construction of axially chiral biaryl
systems. Organomet. Chem. 661,
31-47.

38. Yu, C., Huang, H., Li, X., Zhang,
Y., and Wang, W. (2016). Dynamic
Kinetic Resolution of Biaryl
Lactones via a Chiral Bifunctional
Amine Thiourea-Catalyzed Highly
Atropo-enantioselective
Transesterification. J. Am. Chem.
Soc. 138, 6956-6959.

39. Bringmann, G., Price Mortimer,
A. J. Keller, P. A., Gresser, M. J.,
Garmer, J., and Breuning, M.
(2005). Atroposelective Synthesis
of Axially Chiral Biaryl
Compounds. Angew. Chem. Int.
Ed. 44, 5384-5427.

40. Spudich, J. A. (2001). The myosin
swinging cross-bridge model. Nat.
Rev. Mol. Cell Biol. 2, 387-392.

41. Grein, F. (2002). Twist Angles
and Rotational Energy Barriers of
Biphenyl and Substituted
Biphenyls. J. Phys. Chem. A. 106,
3823-3827.

42. Bates, B. R., Camou, F. A., Kane,
V. V., Mishra, P. K., Suvannachut,
K. and White, J. J. (1989).
Preparations and reactions of
symmetrical dimethylenebiphenyl
dianions; conformations of [0. n] -
o- cyclophanes. A simple NMR
method for determining twist
angles in biphenyls. J. Org. Chem.
54,311-317.

43. Freedman, L. D. (1955). The
Ultraviolet Absorption Spectra of
Some Biphenyl Derivatives of
Phosphorus and Arsenic. J. Am.
Chem. Soc. 77, 6223-6224.

44, Braunton, P. N., Millar, lan T. and
Tebby, J. C. (1972). The Ultraviolet
Absorption Spectra of 2,2'-
Biphenyls with Bridges con-taining
Ether, Sulphide, and Sulphone
Groups. J. Chem. Soc., Perkin
Trans. 2. 138-142.



- Chem Cell

45. Andersson, P. L., Haglund, P. component analysis. Fresen. J. Coplanarity in o-Fluorobenzidines.
and Tysklind, M. (1996). Ultraviolet Anal. Chem. 357, 1088-1092. J. Am. Chem. Soc. 75, 5312-5314.
absorption spectra of all 209 .
polychlorinated biphenyls 46. Bilbo, A. J., Wyman, G. M.
evaluated by principal (1953). Steric Hindrance to

11



Chem Cell

Lactone formation

and helix inversion

Ring- opening 360° rotation with almost Ring- opening
100% unidirectionality

—
Lactone formation

and helix inversion
A chemically driven molecular motor has been designed which proceeds through stepwise movements

fueled by chemical energy and undergoes full 360° unidirectional rotation. A record, nearly 100%
unidirectionality is realized during the whole rotary process.
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