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MOLECULAR MACHINES

Locked synchronous rotor motion
in a molecular motor
Peter Štacko, Jos C. M. Kistemaker, Thomas van Leeuwen, Mu-Chieh Chang,
Edwin Otten, Ben L. Feringa*

Biological molecular motors translate their local directional motion into ordered movement
of other parts of the system to empower controlled mechanical functions.The design of
analogous geared systems that couple motion in a directional manner, which is pivotal for
molecular machinery operating at the nanoscale, remains highly challenging. Here, we report
a molecular rotary motor that translates light-driven unidirectional rotary motion to controlled
movement of a connected biaryl rotor. Achieving coupled motion of the distinct parts of this
multicomponent mechanical system required precise control of multiple kinetic barriers for
isomerization and synchronous motion, resulting in sliding and rotation during a full rotary
cycle, with the motor always facing the same face of the rotor.

A
rtificial molecular motors (1–5) have en-
abled movement at the nanoscale (6–10)
as well as dynamic control of assembly and
mechanical, electronic, catalytic, and transport
properties (11–20). Adenosine triphosphatase

(ATPase)–mediated transport (21), flagella-based
bacterial movement (22), and protein transloca-
tion performed by living organisms are just a few
examples demonstrating that transmission and
directionality of motion is of fundamental impor-
tance for the functioning of biological nanoscale
machines. Amplification, propagation, and inpartic-
ular coupling of the motor movement to other
components,which iskey to thesebiological systems,
also constitute the basis for geared wheels and
sprockets inmacroscopicmachines, but these com-
plex functions continue to be largely unexplored
inmolecular systems. Pioneering synthetic studies
toward coupled rotors (23, 24) resulted in the cog-
wheeling motion of two triptycene units arising
from complementary steric interactions between
tightly fitting rotors (25), bevel-gear–shaped rotors
based on double-decker porphyrin complexes (26),
and caterpillar track complexes (27). Although they
exhibit geared movement, none of these systems
display directional behavior controlled and power-
ed by a molecular motor, which is essential to
achieving more complex mechanical tasks. Here,
we demonstrate controlled rotary and transla-
tional motion in a geared system that is driven
by a unidirectional rotary motor.
Our design was based on a second-generation

molecular motor comprising an upper and lower
half connected by a central olefinic bond, which
serves as the axle of rotation (Fig. 1A) (28). The
combination of helical structure, stereogenic center,
stilbene type photochemical E–Z (PEZ) isomeriza-
tion, and thermal helix inversion (THI) allows
unidirectional light-driven rotary motion (2). We

envisioned that introducing a naphthalene sub-
stituent as rotor (Fig. 1A, red) would result in
synchronous biarylmotion governedby the photo-
chemically induced unidirectional rotation of the
overcrowded alkene. The four-step rotary cycle of
the motor, the sliding motion, and conforma-
tional changes of the naphthalene rotor are sche-
matically depicted in Fig. 1, B and C. During the
360° rotation of the motor (Fig. 1B, rotation of
blue component), one side of the aryl rotor (Fig. 1B,
red) continuously faces the lower half (Fig. 1B,
black) of the molecular motor, akin to the locked
synchronous rotation of the moon, in which
only one side of it faces the earth (movies S1
and S2).
To ensure such a synchronous rotation, random

thermal biaryl rotation (BR) has to be suppressed
by providing a barrier for theBR sufficiently higher
than the barrier for thermal helix inversion (THI)
of themotor during its rotary process (Fig. 1C). On
the other hand, the aryl moiety (Fig. 1C, red) will
slide along the lower half of the motor (Fig. 1C,
black) in the course of the PEZ isomerization, ad-
justing the dihedral angle around the biaryl single
bond and simultaneously minimizing steric repul-
sion between itself and the fluorenemoiety in the
photochemically generatedmetastable form of the
molecular motor (Fig. 1B, step 1). A subsequent
THI (Fig. 1B, step 2) proceeds unidirectionally
because of the unfavorable pseudoequatorial ori-
entation of the methyl group at the stereogenic
center in the indane component of themotor (28).
As in the photochemical step, the dihedral angle
of the biaryl rotor is adjusted, but full BR is blocked
(Fig. 1C). Subsequent photochemical (Fig. 1B, step 3)
and thermal (Fig. 1B, step 4) steps complete a
360° cycle while the naphthalene rotates around
the lower half in a synchronous manner, keeping
the same side of the naphthalene unit facing the
fluorene part of the motor during the entire
rotational cycle.
To achieve locked synchronousmotion in such

a coupled motor-rotor system, three require-
ments have to be fulfilled: (i) retention of the
absolute stereochemistry (Ra/Sa) of the biaryl bond

during the PEZ isomerization andTHI steps of the
motor unit, both of which feature a (P–M) helix
inversion; (ii) an operating temperature at which
the THI takes place at an appreciable rate while
the rate of full BR is negligibly low (Fig. 1C); and
(iii) sufficient conformational flexibility in the
biaryl unit to adjust the dihedral angle during
the sliding motions, generating distinct biaryl
helical (P,M) conformations (Fig. 1B). In our de-
sign, we expected only the conformation inwhich
the biaryl is parallel to the fluorene because the
other conformations with the biaryl oriented per-
pendicular would induce substantial steric strain
(Fig. 1C and supplementary text). The choice of
naphthalene as substituent fulfills a final critical
design element because it ensures two distin-
guishable atropisomers. The steric hindrance of
the naphthalene rotor is expected to provide a
high barrier for BR in structure “B” in Fig. 1C,
whereas the methoxy group serves as a simple
“brake” moiety to ensure steric hindrance and
a concomitant high barrier in structure “D” to
prevent BR. On the basis of the combination of
all these structural and dynamic features, molec-
ular motor 1was designed in pursuit of a viable
candidate for further theoretical and experi-
mental investigation (Fig. 2).
A computational study was undertaken a priori

in order to verify our design, both for stable and
metastable motor isomers obtained during the
rotary cycle, especially with respect to the del-
icate balance between the barrier for thermal
BR and THI and to establish suitable estimated
temperature ranges in which the thermal pro-
cesses would occur at detectable rates (supple-
mentary text). Several featureswere revealed in the
metastable state of themotor (S,P,Ra)-1with respect
to the corresponding stable state [(S,M,Ra)-1]: (i)
The helicity of the overcrowded alkene is in-
verted, (ii) the absolute chirality of the biaryl is
preserved, and (iii) the clinal orientation of the
naphthalene moiety is inverted [for example,
stable-(S,M,Ra,synclinal)-1 givesmetastable-(S,
P,Ra,anticlinal)-1]. A single transition state con-
nects each local minimum to its corresponding
global minimum, during which the naphthalene
group slides around the fluorene stator through
a 90° torsion angle of the biaryl (inverting syn- or
anticlinal conformation). This process allows the
overcrowded alkene to invert its helicity and is
therefore identified as the THI. The barriers for
THI were found to be very low compared with
those forBRandwould result inpredictedhalf-lives
of ~10 min at −50°C, which is a suitable tem-
perature for kinetic analysis. Under these conditions,
the lifetimeof the stable state (S,P,Ra)-1withrespect
to atropisomerization of the biaryl moiety is pre-
dicted to exceed thousands of years, which renders
this undesired BR process completely negligible.
The molecular motor 1 was obtained (supple-

mentary text) as a mixture of two atropisomers
in their thermodynamic ratio (3:1) according to
1H nuclear magnetic resonance (NMR) spectro-
scopy, assigned as (S*,M*,Ra*)-1 and (S*,M*,Sa*)-
1 (29). Column chromatography followed by three
consecutive crystallizations from ethanol afford-
ed the pure major isomer (S*,M*,Ra*)-1 [<5% of
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Fig. 1. Design of locked
synchronous rotation in a
molecular motor. (A) Structure
of the molecular motor with
appending biaryl rotor. Blue,
indanyl upper half ; black,
fluorene lower half; and
red, naphthalene moiety.
(B) Schematic representation
of the photochemically driven
rotatory cycle as viewed from the
top along the axis given by the
double bond. (C) Depiction of
the four possible conformations
of the R-substituted biaryl
moiety as viewed from the top
along the central double bond.
(D) Energy diagram showing that
the two conformers with the
naphthalene group perpendicular
to the fluorene are disfavored
because of steric hindrance.

Fig. 2. Rotational cycle of the molecular motor 1. Ra, rotational cycle of (S,M,Ra)-1. The naphthalene moiety slides along the fluorene lower half during
the PEZ isomerization [from stable (S,M,Ra)-1 to metastable (S,P,Ra)-1], followed by rotation around the fluorene in a synchronous fashion during the THI [from
metastable (S,P,Ra)-1 to stable (S,M,Ra)-1]. Sa, rotational cycle of (S,M,Sa)-1. The naphthalene moiety slides along the fluorene lower half during the PEZ
isomerization [from stable (S,M,Sa)-1 tometastable (S,P,Sa)-1], followed by rotation around the fluorene in a synchronous fashion during the THI [frommetastable
(S,P,Sa)-1 to stable (S,M,Sa)-1]. (S,M,Ra)-1 and (S,M,Ra)-1′ are the same structures, as are (S,M,Sa)-1 and (S,M,Sa)-1′. . t½BR >> t½THI.
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(S*,M*,Sa*)-1]. On the basis of the density func-
tional theory calculations,we expected two isomers:
one with the naphthyl in a synclinal orientation
[(S*,M*,Ra*)-1] and another with the naphthyl in
ananticlinalorientation [(S*,M*,Sa*)-1] (Fig. 2).Com-
parison of the experimental 1HNMR spectrumof
the major isomer and the calculated spectrum
[wB97XD/6-31+G(d,p)//mPW1PW91/6-311+G(2d,p)/
SMD=CHCl3] of 1 shows amuch stronger correla-
tionwith(S*,M*,Ra*)-1 thanwith(S*,M*,Sa*)-1 (sup-
plementary text). This correlation is especially
obvious for H15 and H16, which experience the
ring current of the adjacent naphthalene in the
synclinal orientation, shifting the signals upfield
to 5.90 and 6.61 parts per million (ppm), respec-
tively (Fig. 3A). The minor isomer exhibits a 1H
NMR spectrumwithout resonances in this char-
acteristic range and is assigned as (S*,M*,Sa*)-1.
Unequivocal proof of the structure of the major
isomer 1 and the synclinal biaryl conformation
was based on the x-ray structure of the major
isomer (Fig. 3B). The dihedral angle of the biaryl
determined from the x-ray analysis was found to
be 62.4°, which is in very good agreement with
the calculated value of 60.5°. Subsequently, the
barrier for BR of (S*,M*,Ra*)-1 in d8-toluene was
determined by using 1H NMR spectroscopy at
elevated temperatures (75 to 95°C) (fig. S23). An
Eyring analysis (fig. S24) provided the kinetic
parameters [BR enthalpy of activation (D‡H°BR)
101.1 ± 0.6 kJ mol−1, BR entropy of activation
(D‡S°BR) −33.0 ± 1.6 J K−1 mol−1, BR Gibbs free

energy of activation (D‡G°BR) 110.8 ± 0.7 kJ mol−1,
and BR half-life (t½BR) (363 K) 28.3 ± 0.3 min],
which are in good agreement with the calculated
values (D‡G°BR-calc = 111.6 kJmol−1), showing that
the half-life for this process at room temper-
ature corresponds to about 75 days.
Irradiation of (S*,M*,Ra*)-1 in heptane (Fig. 2)

with ultraviolet (UV) light (365 nm) at −60°C re-
sulted in the emergence of a bathochromically
shifted absorption band in the UV–visible (vis)
spectrum that is consistent with the behavior
of other second-generationmotors and indicative
of an increase in alkene strain, as is expected for
the metastable form (S*,P*,Ra*)-1 (Fig. 3C) (30).
Full reversal to the original UV-vis spectrum was
observed at room temperature, indicating that THI
was taking place and the rotary motor function
was uncompromised (Fig. 3C and supplementary
text). Eyring analysis provided the kinetic param-
eters [D‡H°THI 34.5 ± 0.5 kJ mol−1, D‡S°THI

−143.3 ± 2.3 J K−1 mol−1, D‡G°THI 76.6 ± 0.8 kJ
mol−1, and t½THI (rt) 5.4 ± 1.8 s] (fig. S25),
which are in good agreement with those of the
calculated barrier [D‡GTHI (−50°C) = 66.5 kJmol−1,
D‡GTHI-calc (−50°C) = 65.9 kJ mol−1]. The experi-
mental values of the barriers for both the BR
and THI confirmed that the essential condition
(D‡G°BR >> D‡G°THI) for synchronousmotion had
been fulfilled as predicted with calculations.
Irradiation (365 nm, d8-toluene) of (S*,M*,Ra*)-

1 at −80°C to photostationary state (PSS) pro-
duces a new species that lacks 1HNMRresonances

at 6.09, 6.53, 8.00, and 7.86 ppm (belonging toH15,
H16

, H
7, and H21, respectively) and instead exhibits

two new resonances at 7.60 and 7.73 ppm (Fig.
3D, ii). These data are consistent with formation
of metastable (S*,P*,Ra*)-1 (38%), in which the
naphthalenemoiety adopts an anticlinal orienta-
tion, thus moving away from the vicinity of the
H15 and H16 (fig. S2). The original 1H NMR spec-
trum of (S*,M*,Ra*)-1 is completely recovered
upon heating to room temperature, demonstrating
that the conformation of the biaryl is indeed fully
retained after one-half of the rotational cycle
(Fig. 3D, iii). The efficacy of this synchronous mo-
tionhas been further probedby irradiation (365nm)
of a sample of racemic (S*,M*,Ra/Sa*)-1 in CD2Cl2
at room temperature for 24 hours. The ratio of
(S*,M*,Ra*)-1 and (S*,M*,Sa*)-1 remained un-
changed in the process, manifesting the efficacy
of the process acrossmultiple photochemical cycles
(fig. S26). To gain additional insight in the dynamic
behavior of the naphthalene rotor moiety, the ro-
tational cycle was followed by means of circular
dichroism (CD) spectroscopy (Fig. 4).
For this purpose, a single enantiomer (R,P or

S,M) of each atropisomer (Ra and Sa) of motor
1 was isolated by using preparative supercritical
fluid chromatography (SFC) on a chiral stationary
phase [Chiralpak IB (Daicel, Japan), 18% MeOH
in CO2, 3.0mlmin−1, temperature (T) = 40°C, 180
bar] (supplementary text).The experimental CD-
spectra of the two isolated enantiomers were com-
pared with the calculated spectra, which revealed
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Fig. 3. Characterization of intermediates in the rotation cycle.
(A) Comparison of the calculated and experimental 1H NMR spectra. (Top)
Calculated spectrum of the (S*,M*,Sa*)-1. (Middle) Calculated spectrum
of the (S*,M*,Ra*)-1. (Bottom) 1H NMR (CDCl3, 400 MHz) experimental
spectrum of (S*,M*,Ra*)-1. A small amount (<4%) of minor (S*,M*,Sa*)-1 is
present. (B) X-ray structure of (S*,M*,Ra*)-1. (C) UV-vis absorption spectrum
of (S*,M*,Ra*)-1 in heptane at −60°C (black solid line); after irradiation

(365 nm) to PSS at −60°C (dotted blue line); and after warming to room
temperature measured at −60°C (dashed red line). (D) (Top) Irradiation
of (S*,M*,Ra*)-1 at −80°C to produce metastable (S*,P*,Ra*)-1. (Bottom)
1H NMR spectra (d8-toluene, 400 MHz, −55°C). (i) (S*,M*,Ra*)-1 with proton
assignments (Fig. 3B) labeled above; (ii) after irradiation (365 nm) at
−80°C for 3 hours, appearance of the metastable (S*,P*,Ra*)-1 denoted by
arrows; and (iii) after warming to room temperature for 10 min.
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a strong correlationwith (R,P,Sa)-1 in Fig. 4A and
with (R,P,Ra)-1 in Fig. 4C, providing the absolute
stereochemical assignment of the isolated iso-
mers. The experimental CD spectrum of (R,P,Sa,
synclinal)-1 possesses distinct absorption bands
with maxima at 299 and 399 nm, whereas the ex-
perimental CD spectrum of (R,P,Ra,anticlinal)-
1 showsabsorptionsbands at 299, 332, and386nm
(Fig. 4 and supplementary text). Irradiation of
separate samplesof (R,P,Sa)-1and (R,P,Ra)-1with
UV light (365 nm) at −80°C provided the CD
spectra of their respective PSS mixtures (Fig. 4,
B and D), which exhibit significant changes with
respect to their initial configurations. In particular,
an overall slight bathochromic shift was observed,
which is common for thesemetastable forms (30).
The new absorption bands bear resemblance to
inverted CD-spectra of the diastereoisomers of
their initial stable configurations with opposite
axial chirality. For example, the CD-spectrum of
the PSS mixture of (R,P,Sa)-1 (Fig. 4B) resembles
that of a mirror image of (R,P,Ra)-1 (Fig. 4C); the
exactmirror image of theCD-spectrumof (R,P,Ra)-
1 belongs to its enantiomer (S,M,Sa)-1. This is to
be expected from a synchronously locked rotor
system, inwhich thehelicities of the chromophores,
which provide the major absorption bands, invert
during the PEZ isomerization while retaining their
absolute point and axial chirality; for example,
stable-(R,P,Sa)-1 (Fig. 4A) is expected to photo-
isomerize tometastable-(R,M,Sa)-1 (Fig. 4B), of
which the helicities of the chromophores corre-
spond to those of stable-(S,M,Sa)-1 (Figs. 2 and
4 and supplementary text).
The formation of (R,M,Sa)-1 upon irradiation

of (R,P,Sa)-1 observed in CD spectra (Fig. 4, A to B)
is consistent with the behavior of (S*,M*,Ra*)-
1 observed with 1H NMR spectroscopy (Fig. 3D,

i and ii), for which the loss of the characteristic
signals of H15 and H16 confirmed movement of
the naphthalene orientation from synclinal to
anticlinal and thus the formation of (S*,P*,Ra*)-1.
In conjunction, these observations establish that
the suggested mode of action—sliding motion of
the aryl rotor and helical change in torsion angle—
during the PEZ isomerization is taking place. The
samples containing the PSS mixtures were then
allowed towarm to room temperature, providing
CD-spectra identical to those of their respective
startingmaterials (Fig. 4, A and C), in accordance
with recovery of the original 1H NMR spectra
upon heating (Fig. 3D). These findings unequiv-
ocally confirm the proposed mode of rotation for
the thermal isomerization (Figs. 1 and 2), during
which a second helicity inversion (M/P) of the
motor takes place with retention of the biaryl
axial chirality (Ra/Sa). During the THI, the naph-
thalene group rotates around the fluorene moiety
while keeping a single face of the naphthalene
faced toward the lower half. This study clearly
demonstrates that upon irradiation, the molec-
ular motor exhibits a four-stage unidirectional
rotationwith concomitant coupled sliding/rotation
that keeps the same side of the rotor facing the
motor during the entire process.
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Fig. 4. CD spectra (heptane, −80°C). (A) Stable (R,P,Sa)-1 (black); calculated stable (R,P,Sa)-1 (blue). (B) Stable (R,P,Sa)-1 irradiated (365 nm) to PSS
(black); calculated metastable (R,M,Sa)-1 (blue). (C) Stable (R,P,Ra)-1 (black); calculated stable (R,P,Ra)-1 (blue). (D) Stable (R,P,Ra)-1 irradiated (365 nm) to
PSS (black); calculated metastable (R,M,Ra)-1.
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synchronized motion in an assembly of molecular machines.
rotor, so that it continuously exposes the same face to the bottom. The design paves the way toward more complex
bond. At the same time, steric constraints modulate the motion of a third component that is tethered to the top of the 
molecular scaffold in which light absorption drives the rotation of upper and lower fragments around a connecting double
type of coupled motion at the molecular scale (see the Perspective by Baroncini and Credi). They constructed a 

 demonstrate an analogouset al.Macroscopic motors rely on gears to keep components in synchrony. Stacko 
Coupled motion in a light-activated rotor
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