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Selective rotation in either direction was achieved in
[2]catenane rotary motor 25 (Scheme 8) which comprises a
benzylic amide macrocycle locked onto a large macrocycle
bearing a fumaramide residue together with a succinamide
group flanked by two orthogonally removable bulky groups: a
base-labile t-butyl-dimethylsilyl group and an acid-labile trityl
group.64 The direction in which the benzylic amide macrocycle
is transported is determined by the order in which the bulky

Fig. 9 Oxidation state controlled switching of [2]catenate 23 between three distinct co-conformations.62

Scheme 7 Directional circumrotation in sequentially operated [3]cate-
nane rotary motor 24: (I) hn (350 nm); (II) hn (254 nm); (III) D, or D with
catalytic ethylenediamine, or catalytic Br, hn (400–670 nm).

Scheme 8 Reversible 3601 rotation in sequentially operated [2]catenane rotary
motor 25: (I) E - Z hn (254 nm); (II) TBAF; (III) TBDMSOTf; (IV) Me2S!BCl3;
(V) TrOTf; (VI) Z - E piperidine.

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 2
0 

A
pr

il 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f I
lli

no
is

 - 
U

rb
an

a 
on

 0
3/

10
/2

01
7 

18
:3

4:
02

. 

View Article Online

ARTICLES

θ

1 mm

Ultraviolet light

1 mm

1 mm

1 mm

a

b

c

d

Figure 5 Lateral photographs of light-driven directional transport of a 1.25 µl
diiodomethane drop across the surface of a E-1.11-MUA.Au(111) substrate on
glass. The direction of transportation was controlled by irradiation with a
perpendicular beam of 240–400 nm light focused on one side of the drop and the
adjacent surface. The irradiation time required for transport and the distance the
droplet travels depends on the precise position of the lamp. a, Before irradiation
(pristine E-1.11-MUA.Au(111)), contact angle 35±2◦. Immediately after this image
was taken, the ultraviolet light beam positioned as indicated was switched on.
b, After 900 s of irradiation, contact angle 13±2◦ (illuminated side), 15±2◦

(non-illuminated side). The diiodomethane drop has spread from the high E/Z-1
ratio area in the direction of the low E/Z-1 ratio region, increasing the total wetted
area, and is about to be transported. c, After 1,010 s of irradiation (just after
transport), contact angle 13±2◦. d, After 1,110 s of irradiation (at the
photostationary state), contact angle 12±2◦. Evaporation of the 1.25 µl drop of
diiodomethane becomes significant after about 1 h. (See the ‘Droplet on flat
1.11-MUA.Au(111).glass’ video available as Supplementary Information.)

flat 1.11-MUA.AU(111).mica’ video for the movement of a smaller
droplet). Indeed, the rear end of the droplet could be transported
more than 1.5 mm (compared with 0.8 mm using Au(111) on glass,
Fig. 5) on the new photo-responsive surface (Fig. 6d).
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Figure 6 Lateral photographs of light-driven directional transport of a 1.25 µl
diiodomethane drop across the surface of a E-1.11-MUA.Au(111) substrate on
mica. a, Before irradiation (pristine E-1). b, After 215 s of irradiation (20 s before
transport). c, After 370 s of irradiation (just after transport). d, After 580 s of
irradiation (at the photostationary state). (See the ‘Droplet on flat
1.11-MUA.Au(111).mica’ video and the related ‘0.6 Microlitre droplet on flat
1.11-MUA.Au(111).mica’ video, both available as Supplementary Information.)

Finally, we investigated the ability of the monolayer of
molecular shuttles to do macroscopic work against gravity by
driving a droplet up a 12◦ incline using E-1.11-MUA.Au(111)
on mica (Fig. 7 and the ‘Droplet uphill 12 degree 1.11-
MUA.Au(111).mica’ video in the Supplementary Information)45.

The capillary length, κ− 1 =
√

γ/ρg (where γ is the surface
tension of the liquid, ρ is its density, and g is gravity), above
which gravity effects should appear is 1.25 mm for CH2I2 and
the influence of gravity is clearly seen in the Fig. 7 photographs
(for example, the directional wetting of the surface and downhill
movement of the droplet between Fig. 7c and d). However,
even moving uphill, photo-induced wetting and subsequent
transport using E-1.11-MUA.Au(111) on mica proved much more
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proximating the 36-nm helical pitch of the actin
filament at every hydrolysis event of an ATP mol-
ecule. The processive motion of myosin V has also
been supported by an observation that myosin V
(fluorescently labeled) continuously moves over a long
distance (several microns) unidirectionally.53 If the
dissociation/reassociation occurs frequently, myosin
V could stop in a shorter walking distance or go back
and forth between short distances. For this move-
ment, the “hand-over-hand” mechanism has been
proposed.54,55 Figure 8 schematically shows a cur-
rently accepted mechanism for the processive move-
ment of myosin V along the actin filament.56 The first
step involves a two-head-bound state, where the
leading and trailing heads, conjugated with ADP, are
both attached to the actin filament (Figure 8A). A
possible unbalanced tension between the two at-
tached heads promotes the selective release of ADP
from the trailing head. After the release of ADP, ATP
is bound to the resulting vacant site and triggers the
dissociation of the trailing head from the actin
filament (Figure 8B). At this stage, the leading head
swings its neck domain (lever arm) to throw the
trailing head in front. The new leading head, thus
formed, hydrolyzes ATP to become an ADP‚Pi con-
jugate, which then rebounds preferentially to an actin
subunit in front of the partner head (Figure 8C).
Subsequently, the resultant actin-bound ADP‚Pi
conjugate releases phosphate Pi and returns to the
initial two-head-bound state (Figure 8A). In this way,
the myosin V dimer moves in a “hand-over-hand”
manner along the actin filament. Current mechanis-
tic studies on the motility of myosin V have focused
on its structural dynamics at the individual steps.57

The processive motion of myosin V has the poten-
tial for the fabrication of artificial cargo-carrying
systems similar to those with kinesins described in
the following section. However, such applications
require tricks to align actomyosin. Superfine and co-
workers have reported two-dimensional manipulation
and orientation of actin filaments by means of di-

electrophoresis,58 where actin filaments can be aligned
along electric field gradients using quadruple elec-
trodes fabricated on a glass surface.

2.2. Kinesins
Kinesins are molecular motors that move along

microtubules and were discovered in 1985.59 They are
involved in the intracellular transport of organelles,
protein complexes, and mRNAs, and they also par-
ticipate in chromosomal and spindle movements
during mitosis and meiosis. While myosins move
along actin filaments, kinesins walk along microtu-
bules, which are hollow tubular assemblies having a
diameter of 24 nm and an 8-nm structural periodic-
ity, and are larger than the actin filaments. Micro-
tubules are assemblies of protofilaments, which are
formed by the head-to-tail self-assembly of a het-
erodimer of two different protein subunits called R-
and !-tubulins (Figure 9).1,60,61 Microtubules have a
polarity with fast-growing (plus) and slow-growing
(minus) ends, and kinesins are allowed to move
unidirectionally using their motor domain on the
microtubules.62 Kinesins compose a superfamily
(KIFs). While the superfamily is categorized into 14
taxonomic groups,63 it is classified into three major
types. that is, N-terminal (11 classes), middle motor
domain (2 classes), and C-terminal kinesins (1 class),
depending on the topology of the motor domain.

2.2.1. Structural Aspects of Kinesins
Conventional kinesin and kinesin heavy chain

(KHC) both belong to the N-1 class and have been
studied most extensively. Conventional kinesin is
ubiquitous and expressed in many tissues,64 and it
consists of two 80-nm long heavy chains (120 kDa),
which are connected at their C-termini to two light
chains (64 kDa). Each heavy chain has a rodlike
structure composed of two globular heads, a stalk,
and fanlike ends (Figure 10)1,65,66 and carries at the
N-terminus a motor domain bearing ATP- and mi-

Figure 8. Schematic representation of the ATPase cycle
of myosin V moving along an actin filament. In the two-
head-bound state (A), the leading and trailing heads, both
conjugated with ADP, are attached to the actin filament.
The cycle is initiated by the replacement of one of the two
ADP molecules with ATP.

Figure 9. Schematic representations of the hierarchical
structure of microtubules. Microtubules are assemblies of
protofilaments, which are formed by the head-to-tail self-
assembly of a heterodimer of two different protein subunits
called R- and !-tubulins (orange and purple segments,
respectively).
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a ring. This structural feature is conserved in all
dyneins, from axonemal to cytoplasmic ones, at their
heavy chains. Dyneins possess two additional do-
mains, projected out of the hexameric ring, which
play an essential role in the function. One of these
domains is called a “stalk”, which is 15-nm long and
emerges between AAA4 and AAA5. The stalk carries
an ATP-sensitive microtubule-binding site at its tip.
The N-terminal region of the hexameric ring is
connected to the other projecting object, which is
larger and referred to as the “stem”, capable of
docking with a cargo.

Recently, Burgess, Knight, and co-workers have
reported an electron micrograph of a dynein, which
is informative of the in vitro motion of this huge
protein conjugate.104,105 In a cycle of ATP hydrolysis,
release of ADP and phosphate from dynein results
in the power stroke motion. On hydrolysis of ATP to
ADP, a part of the stem closest to the AAA ring likely
folds up and lies against one face of the ring. A
change in the interaction between the stem and the
hexameric ring has been suggested to play a crucial
role in force generation. The structural visualization
of the motor domain is awaited for better under-
standing of the mechanism of the power stroke.

2.4. Bacterial Flagella
Many species of bacteria such as E. coli swim using

rotary motors attached to helical filaments called
flagella.1,106 The highly organized motor exists at the
cell envelope and is driven by a flux of ions across
the cytoplasmic membrane. Thus, flagellar motors
are different from linear motors of eukaryotes, which
are powered by the hydrolysis of ATP. A flagellar
motor can rotate its filaments in both clockwise and
counterclockwise directions.

The bacterial flagellar motor is one of the most
complicated objects found in bacteria and contains
more than 40 different proteins. It is 45 nm in
diameter, having a 10-15 µm long filament, and
consists of numerous protein subunits. Figure 13
shows a schematic structure of the bacterial flagellar
motor, which is composed of several fundamental

parts such as filament, hook, bushing, rod, stator, and
rotor, each consisting of one or more protein subunits.
The filament and hook jointly work as a propeller for
driving cells. The motor is composed of a rotor and a
stator, and the flagellum is connected to the motor
through a rod embedded in a bushing. The essential
part of the machinery is called the “basal-body”,
which involves L-, P-, and C-rings along with the
above-mentioned stator, rotor, and rod. The torque-
generating part of the machine involves five pro-
teins: MotA, MotB, FliG, FliM, and FliN.107 The
latter three proteins are referred to as the “switch
complexes”, as the switching function of the rota-
tional direction is disabled upon mutation of these
proteins.108,109 The C-ring, composed of 34-35 mol-
ecules of assembled FliM and FliN,110,111 is capped
by a conjugate of the M- and S-rings called the MS-
ring, which consists of 26 molecules of FliF.112 The
MS-ring is bound to the C-ring via a ring-shaped
assembly of FliG located on the cytoplasmic surface.
The rotor (FliG) transfers its torque to the MS-ring
and then to the filament. The stator is composed of
MotA and MotB, which are embedded in a mem-
brane. Studies with electron microscopy have re-
vealed that eight MotA and MotB molecules are
assembled together to surround the rotor to form the
“studs”.113 The MotA-MotB conjugate serves as a
proton channel and generates a torque. Mutation
studies114 on MotA and MotB have shown that the
torque is generated through protonation and depro-
tonation at Asp32 in MotB. Consequently, a confor-
mational motion takes place in MotA and triggers the
rotary motion of the rotor part (FliG) by changing
the electrostatic interaction of the cytoplasmic do-
main of MotA with the C-terminal domain of FliG
(Figure 14).115 The mismatch in the numbers of
protein molecules between the C-ring (34-35) and
the MS-ring (26) has also been considered responsible
for the torque generation. Recently, a part of FliG
has been crystallographically defined by Lloyd and
co-workers.116 The structure is informative of the
mechanism of the torque generation. The rod in-
cluded in the basal body consists of five different

Figure 12. Schematic structure of dynein (left) and crystal
structure of the ATPase domain (right) of AAA protein
NSF.

Figure 13. Schematic structure of the bacterial flagellar
motor, composed of several fundamental parts such as
filament, hook, bushing, rod, stator, and rotor, each
consisting of one or more protein subunits.
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proteins (FliE, FlgB, FlgC, FlgF, and FlgG), while
the bushing part in the cellular membrane is com-
posed of L- and P-rings and threaded by the rod. The
hook and filament parts are polymers of hook protein
(FlgE) and flagellin (FliC, 25-60 kDa), respectively,
which further assemble with three other proteins
(FlgK, FlgL, and FliD) to form the propeller. The rod
connects the propeller to the motor in the cell
exterior.

The filament is composed of more than 10 000
copies of flagellin. Namba and co-workers have shown
by cryo-electron microscopy that the filament is
composed of 11 protofilaments of FliC. The protofila-
ment is denoted as either R or L depending on the
twisting direction.117 When the 11 protofilaments are
all R or L, the resulting filament adopts a right- or
left-handed helical form with a straight shape. When
there is a mixture of R- and L-protofilaments, the
filament can adopt several different helical wave-
forms. The left-handed normal waveform propels cells
during a run.

Although the bacterial flagellar motor is more
powerful than other molecular motors,118 devices that
utilize the bacterial flagellar motor have not been
developed. This fact is due to the difficulty in isolat-
ing functioning motors outside of the cell, since the
motor components span the cell membrane. Darnton
and co-workers119 have demonstrated that bacterial
cells can adhere to much larger objects (such as 10-
µm beads or larger pieces of poly(dimethylsiloxane))
and propel them. The transport of smaller cargo on
single cells may also be possible. The strategy of
utilizing the existing motor machinery within swim-
ming cells for the transport of cargo could lead to
new, hybrid biodevices.

2.5. ATP Synthases
ATP synthases are one of the most sophisticated

molecular machines in biological systems. ATP syn-
thases are ubiquitous in all kinds of mammalian cells
and require a proton gradient for the synthesis of
ATP. On the contrary, if ATP is supplied, ATP
synthases generate an ion gradient. The structure of
the most essential part of ATP synthases is conserved
throughout the evolution, although there are some
variations in the number of subunits. In the following
section structural and mechanistic aspects of bacte-

rial and mitochondrial ATP synthases are high-
lighted.

2.5.1. Structure of ATP Synthases
Bacterial and mitochondrial ATP synthases are

large protein complexes consisting of two domains
called F0 and F1 (Figure 15). Both F0 and F1 act as
motors, which are driven by protons and ATP,
respectively. The crystal structures of F1 and a part
of F0 have been solved by Walker, Leslie, and co-
workers120,121 and are informative with regard to the
conformational changes associated with the hydroly-
sis of ATP and the proton flux. F1 represents the shaft
part, which rotates relative to the surrounding por-
tion (F0). Due to their unique motions, F0 and F1 are
called rotor and motor, respectively. Since F0 and F1
can reversibly be dissociated and associated in re-
sponse to a change in [Mg2+], their motions have been
studied independently.

2.5.2. Chemomechanical Properties of the F1-Motor
The rotary motion of ATP synthases was first

suggested by Boyer122 and later supported by the
crystal structure of the major part reported by
Walkers and co-workers (Figure 16).123 In 1997, Noji,
Yoshida, and co-workers succeeded in direct observa-
tion of the rotation of the F1-motor by means of a
microprobe technique.124 F1 is a water-soluble protein
conjugate, consisting of five different subunits called
R, !, γ, δ, and ϵ. In bovine mitochondrial F1, every
three R- and !-subunits are arranged alternately to
form a cylindrical heterohexamer having a cavity at
its center, which accommodates the γ-subunit, adopt-
ing a coiled-coil structure. The conjugate of the R-,
!-, and γ-subunits is called a “motor part”. F1 is
connected to F0 via a strap attached to the δ-subunit
located in proximity to the motor part. F1 involves
the ϵ-subunit, which guides the γ-subunit into the
cavity of F0. The crystal structure of native bovine
mitochondrial F1, solved in the form of an AMP-PNP
(ATP analogue) adduct,120,123 indicates that all the
R-subunits adopt a nearly identical conformation to
one another. In contrast, the three !-subunits adopt
different conformations depending on the nucleotide-
binding mode. The crystal structure also shows that
the first !-subunit called !TP bears AMP-PNP in its
ATP-binding site, while the second one (!DP) has
ADP. The third one (!E) does not carry nucleotides.
The structure of native F1 is considered a snapshot

Figure 14. One of the proposed mechanisms for the rotary
motion of the bacterial flagellar motor. Through protona-
tion and deprotonation at Asp32 in MotB, a conformational
motion takes place in MotA and triggers the rotary motion
of the rotor part (FliG).

Figure 15. Schematic structure of ATP synthase com-
posed of F1 (R-ϵ) and F0 (a-c). Both F0 and F1 act as
motors, which are driven by protons and ATP, respectively.

Directed Motions of Molecules and Assemblies Chemical Reviews, 2005, Vol. 105, No. 4 1385
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ATP	synthase	

Kinbara,	K.,	Aida,	T.,	Chem	Rev.,	2005,	105,	1377.		
Yoshida	lab,	https://www.youtube.com/watch?v=0y7n-vK1AJE	
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•  Biological	motors	are	complex	multi-protein	assemblies,	optimized	over	millions	of	years	of	

evolution.	

•  Although	the	exact	mechanisms	by	which	interacting	components	harness	chemical	energy	
and	convert	it	into	net	macroscopic	movement	remain	enigmatic,	the	ability	of	proteins	to	
convert	binding	events	and	substrate	reactions	to	changes	in	backbone	conformation	is	
central	to	the	workings	of	complex	biological	machines.	

		
•  Indeed,	stimuli	induced	conformational	control	is	a	hallmark	of	proteins	and	is	utilized	in	all	

aspects	of	biochemical	function.	

•  The	field	of	molecular	machines	seems	to	have	arisen	from	this	desire	to	achieve	controlled	
changes	in	the	geometrical	structure	of	designed	compounds,	especially	with	allostery.	

•  This	would	(ostensibly)	be	the	first	step	towards	building	more	complex	structures	which	are	
structurally	responsive	to	stimuli	and	exhibit	machine-like	or	motor-like	properties.	
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Photoresponsive	
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S.	Shinkai,	1985	
‘tail-biting’	crown	
ether	
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tion and internal motion around several bonds. Such
“induced fit” mechanisms are the basis of many
allosteric systems, whereby recognition of one species
affects the binding properties or enzymatic activity at a
remote site in the same molecule. Allosterism, cooper-
ativity, and feedback are central to many functional
biological systems[98] and synthetic approaches towards
achieving similar effects have been extensively reviewed
elsewhere.[84, 99] Here we are interested primarily in the
dynamic processes themselves and, therefore, in many
cases where the conformational changes are rather small
or poorly defined, such systems do not fall under our
definition of molecular machines. However, certain
examples do exhibit impressive control over the molec-
ular shape or conformation and merit discussion here in
their own right, together with other examples of stimuli-
induced conformational changes around several bonds.

Some of the first and most elegant examples of
synthetic allosteric receptors were introduced by Rebek
et al. (Scheme 9).[99a, 100] In 25, the binding of a metal ion
such as tungsten to the bipyridyl ligand forces copla-
narity of this unit, thus distorting the crown ether
conformation and diminishing its ability to bind potas-

sium ions—a negative heterotropic allosteric effect. The same
research group later developed this concept to create positive,
homotropic allosteric receptor 26, in which binding one
molecule of Hg(CN)2 preorganizes the remaining binding site
for a second binding event.[101] These strategies have since
either directly spawned or indirectly inspired an extraordi-
narily wide range of increasingly sophisticated synthetic
allosteric receptors.[84, 99]

Binding to molecular tweezer and clip receptors
(Figure 15) can result in significant conformational changes
in the host, as favorable interactions with the guest are
maximized. In 27, for example, the distance between the
sidewalls decreases from 14.5 to 6.5! on binding to aromatic
guests,[102] while diphenylglycouril-based clips such as 28 do

not principally adopt the anti,anti (aa)
binding conformation, only doing so in
the presence of a suitable guest.[103]

Similar structures can incorporate two
conformationally coupled binding sites
and exhibit allosteric effects. Glycouril-
based clip 29 bears two crown ether
substituents and binds potassium ions
to form a complex with 1:2 stoichiom-
etry. The binding event stabilizes the
aa conformation, preorganizing the
electron-rich naphthalene units in a
pseudoparallel arrangement, thus
increasing the binding affinity for
simple electron-poor aromatic com-
pounds such as 1,3-dinitrobenzene.[104]

In atropoisomeric host molecules, an
induced-fit binding process at elevated
temperatures can be used to dynam-
ically select the single optimal binding
conformation for a particular guest,

which can then be “saved” by cooling the system to ambient
temperature and removal of the templating guest.[105]

The addition of an external ligand or guest can also be
used to disrupt a preexisting intramolecular interaction and
cause a change in conformation. This is the case for 4,4’-
bipyridyl-capped zinc porphyrin 30 in which the pyridyl and
porphyrin planes are switched from perpendicular to mutu-
ally parallel on addition of pyridine (Scheme10).[106]

It is well known that the relative stabilities of the two
different chair forms of six-membered alicyclic rings can be
manipulated by covalent substitutions.[107, 108] However, in
trisaccharide 31 this conformational change can be achieved
by adding and removing metal ions (Scheme 11).[109] In the
absence of metal ions, the 4C1 conformation is preferred for

Scheme 9. a) Negative heterotropic allosteric receptor 25 binds alkali metal ions, with selectivity
for K+.[100] Chelation of tungsten to the bipyridyl moiety forces this unit to adopt a rigid
conformation in which the 3 and 3’ substituents are brought close together. The resulting
conformation of the crown ether does not favor binding through all the oxygen atoms and so
affinity for K+ ions is reduced. In fact [W(CO)3(25)] shows a preference for binding the smaller
Na+ ion. b) Positive homotropic allosteric receptor 26.[101]

Figure 15. Binding-induced conformational changes in molecular clips. a) Dimethylene-
bridged aromatic clip 27 in which binding to 1,2,4,5-tetracyanobenzene results in a
large-amplitude induced-fit conformational change (motion indicated by arrows).[102]

b) The three accessible conformations of the diphenylglycouril-based clips illustrated
for simple derivative 28 (methoxy substituents are not shown on the space-filling
models).[103] The syn,anti (sa) form dominates in solution, but only the anti,anti form is
able to bind aromatic guests—in an induced-fit mechanism. c) Glycouril-based clip 29
in which an additional binding site (a crown ether) can control the conformation of the
clip molecule, preorganizing the p-electron-rich binding site and resulting in a positive,
heterotropic allosteric effect.[104] The space-filling representations are reprinted with
permission from Ref. [103a].
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Angewandte

Chemie

91Angew. Chem. Int. Ed. 2007, 46, 72 – 191 ! 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

muscle contraction; nomechanical task occurs through simple
“on”/“off” binding to the track by myosin molecules from the
bulk.[170] In other words, simple host–guest/supramolecular
systems cannot function as nanoscale mechanical machines
unless restrictions on the motion of the unbound species apply
or the binding event causes a mechanical (that is, conforma-
tional) change in one of the molecular components. A stimuli-
inducedmolecular recognition event is neither a sufficient nor
necessary condition for the construction of a molecular-level
machine.

3.1. Switchable Host–Guest Systems

Whilst the requirement for kinetic association during the
operation of the machine means that many switchable host–
guest systems do not have the potential to act as mechanical
machines, many still do. We have already seen that certain
synthetic allosteric systems transmit binding at one site to a
remote receptor through binding-induced conformational
motions (see Sections 2.1.3 and 2.1.4). In other conforma-
tion-switching molecular machines, intermolecular binding
events are both the stimulus and outcome of the molecular-
level motion. An early example of a switchable host–guest
system which demonstrates molecular-machine-like charac-
teristics is (E)/(Z)-52 (Scheme 25a) developed by Shinkai
et al.[171] These photoresponsive “molecular tweezers” exhibit
high selectivity for binding large cations such as Rb+ when in
the cis form and selectivity for small cations such as Na+ in the
trans form. Furthermore, the presence of Rb+ ions in solution
increases the proportion of (Z)-52 at the photostationary state
and decreases the rate of the thermal Z!E transformation.
Subsequently, the same research group developed the “tail-
biting” crown ether switchable receptor (E)/(Z)-53·H+

(Scheme 25b).[172] In the (Z)-53·H+ form, intramolecular
binding of the ammonium ion to the crown ether prevents
recognition of other cations in the medium, while thermal
isomerization to give (E)-53·H+ restores the properties of the
crown ether necessary for binding alkali metal cations. It is
also observed that the rate of Z!E isomerization is lowered
(by 1.6–2.2 fold) for (Z)-53·H+ relative to the deprotonated
control compound (Z)-53. Crucially, the rate of this reaction
increases as the concentration of K+ ions in solution increases.
Both these systems can therefore be viewed as primitive
molecular machines in which a bind-
ing event at the crown ether unit(s)
affects the isomerization processes of
the azobenzene moiety with which it is
kinetically associated.

3.2. Intramachine Ion Translocation

Metal–ligand binding interactions
are often relatively kinetically inert
and careful structural design has pro-
duced systems in which intramolecu-
lar motions are significantly favored
over intermolecular exchange.[173]

System 544+ (Scheme 26) consists of a coordinatively unsatu-
rated CuII center covalently linked to a redox-active NiII–
cyclam unit.[174] In this form, chloride anions bind strongly to
the copper center, filling the vacant coordination site
([54(Cl)]3+). Electrochemical oxidation of the nickel center
to NiIII dramatically increases its affinity for anions so that the
chloride translocates to this new, more energetically favorable
site. The motion is completely reversible on reduction of the
nickel ion. In principle, the switching of the anion position
could be an intermolecular process involving either free
anions in solution or more than one molecule of 54. However,
the anion translocation was demonstrated experimentally not
to be concentration-dependent, in contrast to an analogous
three-component system (Cu receptor + Ni receptor + Cl!)
which exhibited strongly concentration-dependent behavior.
Thermodynamic comparisons of the two systems suggest that
the dominant mechanism in 54 is an intramolecular translo-
cation, brought about by folding of the ditopic receptor.[175]

Scheme 25. Two of the earliest molecular machines. a) Photorespon-
sive molecular tweezers (E)/(Z)-52.[171] b) “Tail-biting” crown ether
(E)/(Z)-53.[172]

Scheme 26. Redox-driven intramolecular anion translocation.[174]

D. A. Leigh, F. Zerbetto, and E. R. KayReviews
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bulk.[170] In other words, simple host–guest/supramolecular
systems cannot function as nanoscale mechanical machines
unless restrictions on the motion of the unbound species apply
or the binding event causes a mechanical (that is, conforma-
tional) change in one of the molecular components. A stimuli-
inducedmolecular recognition event is neither a sufficient nor
necessary condition for the construction of a molecular-level
machine.

3.1. Switchable Host–Guest Systems

Whilst the requirement for kinetic association during the
operation of the machine means that many switchable host–
guest systems do not have the potential to act as mechanical
machines, many still do. We have already seen that certain
synthetic allosteric systems transmit binding at one site to a
remote receptor through binding-induced conformational
motions (see Sections 2.1.3 and 2.1.4). In other conforma-
tion-switching molecular machines, intermolecular binding
events are both the stimulus and outcome of the molecular-
level motion. An early example of a switchable host–guest
system which demonstrates molecular-machine-like charac-
teristics is (E)/(Z)-52 (Scheme 25a) developed by Shinkai
et al.[171] These photoresponsive “molecular tweezers” exhibit
high selectivity for binding large cations such as Rb+ when in
the cis form and selectivity for small cations such as Na+ in the
trans form. Furthermore, the presence of Rb+ ions in solution
increases the proportion of (Z)-52 at the photostationary state
and decreases the rate of the thermal Z!E transformation.
Subsequently, the same research group developed the “tail-
biting” crown ether switchable receptor (E)/(Z)-53·H+

(Scheme 25b).[172] In the (Z)-53·H+ form, intramolecular
binding of the ammonium ion to the crown ether prevents
recognition of other cations in the medium, while thermal
isomerization to give (E)-53·H+ restores the properties of the
crown ether necessary for binding alkali metal cations. It is
also observed that the rate of Z!E isomerization is lowered
(by 1.6–2.2 fold) for (Z)-53·H+ relative to the deprotonated
control compound (Z)-53. Crucially, the rate of this reaction
increases as the concentration of K+ ions in solution increases.
Both these systems can therefore be viewed as primitive
molecular machines in which a bind-
ing event at the crown ether unit(s)
affects the isomerization processes of
the azobenzene moiety with which it is
kinetically associated.

3.2. Intramachine Ion Translocation

Metal–ligand binding interactions
are often relatively kinetically inert
and careful structural design has pro-
duced systems in which intramolecu-
lar motions are significantly favored
over intermolecular exchange.[173]

System 544+ (Scheme 26) consists of a coordinatively unsatu-
rated CuII center covalently linked to a redox-active NiII–
cyclam unit.[174] In this form, chloride anions bind strongly to
the copper center, filling the vacant coordination site
([54(Cl)]3+). Electrochemical oxidation of the nickel center
to NiIII dramatically increases its affinity for anions so that the
chloride translocates to this new, more energetically favorable
site. The motion is completely reversible on reduction of the
nickel ion. In principle, the switching of the anion position
could be an intermolecular process involving either free
anions in solution or more than one molecule of 54. However,
the anion translocation was demonstrated experimentally not
to be concentration-dependent, in contrast to an analogous
three-component system (Cu receptor + Ni receptor + Cl!)
which exhibited strongly concentration-dependent behavior.
Thermodynamic comparisons of the two systems suggest that
the dominant mechanism in 54 is an intramolecular translo-
cation, brought about by folding of the ditopic receptor.[175]

Scheme 25. Two of the earliest molecular machines. a) Photorespon-
sive molecular tweezers (E)/(Z)-52.[171] b) “Tail-biting” crown ether
(E)/(Z)-53.[172]

Scheme 26. Redox-driven intramolecular anion translocation.[174]
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the central “hinge” pyranose unit, in which all the substituents
are equatorial and both ends of the molecule are far apart. On
addition of PtII ions, however, a ring flip to the 1C4 form is
observed so that the amine units can chelate to the metal ion
and results in a major change in the shape of the oligosac-
charide. Removal of the metal ions with NaCN returns the
trisaccharide to its original extended conformation. Such
stimuli-induced conformational switching has been achieved
in a variety of cyclic systems through binding of metal ions[110]

and variation of the pH value.[111] In addition to having
significance for the control and modeling of biologically
relevant oligosaccharides,[112] such systems have served as
inspiration for the development of synthetic conformational
switches (see Section 8.2.1).

Well-defined large amplitude (sometimes very large
amplitude; see Section 8.2.1) conformational changes can be
induced in cavitands derived from resorcin[4]arenes (for
example, 32, Scheme 12).[113] These molecules can exist in
either an open “kite” conformation or a narrower “vase”
form. As a result of solvation effects, the kite form is generally
favored at low temperatures and the vase form at high
temperatures.[114] Recently, it has been demonstrated that
reversible switching between the two can also be achieved at
room temperature through protonation of the quinoxaline
nitrogen atoms,[115] or coordination of metal ions to these
same atoms,[116] while the switching can also be highly
dependent on the solvent.[115b, c] In a related series of cavitands
bearing amide substituents around the rim, the kite form is
stabilized by dimerization (so-called “velcrands” forming
“velcraplexes”), which is driven by intermolecular hydrogen-

bonding, van der Waals, and solvophobic forces. Increasing
the temperature or solvent polarity, as well as the introduction
of suitable guest species, can induce switching to the mono-
meric vase forms.[117] Conversely, the use of amide substitu-
ents that are able to stabilize the vase form through intra-
molecular hydrogen bonding results in kinetically stable
inclusion complexes in the presence of a suitable guest.[118]

Incorporation of metal-ligating carboxymethylphosphonate
groups into these structures allows switching of the preferred
conformation from vase to kite, along with concomitant
release of any encapsulated guest, on addition of lanthanum
ions.[119] The reverse process occurs on addition of a compet-
ing ligand for the metal ion. The calixarene family, in general,
clearly share this potential for interesting conformational
dynamics,[120] and in certain cases significant degrees of
control over these can be achieved, thus resulting in a
number of induced-fit and allosteric receptor systems.[121]

Rather than adding an external species to induce a
conformational change on binding, intramolecular interac-
tions between two parts of the same molecule can be
controlled remotely to bring about changes in the geometry.
Macrocyclic compound 334+ preferentially adopts the self-
complexed conformation shown in Scheme 13, which is
stabilized both by p–p charge-transfer interactions and by
hydrogen bonds.[122] Electrochemical reduction of the cyclo-
phane, however, “switches off” these interactions and the
molecule adopts a (poorly defined) conformation in which the
dioxynaphthalene unit is no longer encapsulated by the
macrocycle.[123]

The formation of excimers or exciplexes between two
chromophores in the same molecule is another way by which
intramolecular interactions may be remotely controlled so as
to effect a conformational change. Most examples, however,
involve flexible, linear ground states with poorly defined
geometries.[124] In certain donor–bridge–acceptor systems, a
conformational change does not occur in the initial photo-
chemically excited state, rather, electron transfer occurs to
give an “extended charge transfer” species. Depending on the

Scheme 10. Conformational switching in capped porphyrin 30.[106]

Scheme 11. Chelation-induced conformational control in a
trisaccharide.[109b]

Scheme 12. Conformational bistability in resorcin[4]arene cavitands 32.
Reversible switching between the two forms can be achieved with a
number of stimuli: a) by changing the temperature; for example, for
R=Me in CDCl3/CS2: 1) T<211 K; 2) T>318 K;[114] b) by changing the
pH value; for example, for R=3,5-di(tert-butyl)phenylmethyl in CDCl3
at T=298 K: 1) CF3COOH; 2) K2CO3;

[115] c) by adding metal ions; for
example, for R=n-Hex in CDCl3 at 295 K: 1) ZnI2 in [D4]methanol;
2) excess [D4]methanol.[116]

D. A. Leigh, F. Zerbetto, and E. R. KayReviews

92 www.angewandte.org ! 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 72 – 191

rigidity of the structure, electrostatic attraction
can then drive a conformational change to a
“compact charge transfer” state. Such systems
are often referred to as “molecular har-
poons”.[125]

In recent years, a number of oligomeric
synthetic systems have been investigated in
solution for their ability to adopt well-defined
conformations with interesting and tunable
secondary and tertiary structures, particularly
those of a helical nature.[126] Oligomeric phe-
nylacetylenes, for example, form helical struc-
tures in polar solvents as a result of solvopho-
bic interactions and thus exhibit solvent- and
temperature-sensitive secondary struc-
tures.[127, 128] Aromatic oligoamide foldamers,
on the other hand, adopt helical conformations
in nonpolar solutions, and in the solid state,
given suitably arranged hydrogen-bonding
substituents.[126h-j] For heptamer 34, helix for-
mation is driven by intramolecular hydrogen
bonding between the amide groups and pyri-
dine units (Figure 16a).[129] Under certain con-
ditions, double helices (in which two strands of
the same oligomeric monomer are inter-
twined) are formed. This structure is mainly
stabilized through intermolecular p–p stacking
interactions, with hydrogen bonding determin-
ing the helical conformation of each strand.
The double-helix structure is asymmetric, with
each end of a strand in different environments. Interconver-
sion of two equivalent forms occurs by a rotational corkscrew
motion of one strand relative to the other. Significant heating
is required to cause the much larger conformational changes
required to bring the system into the single-helix regime
(Figure 16b).[129a,c]

In closely related heptamer, 35, the single-helix secondary
structure is disrupted upon protonation of the four diamino-
pyridine units, thus giving an extended linear conformation
(35·(H+)4, Scheme 14).[130] Further protonation of the three
remaining dicarboxypyridine moieties yields a second helical
arrangement (35·(H+)7), which on deprotonation can be
returned through the linear tetraprotonated form back to
the neutral helix. A pentadecamer analogue has recently been
shown to undergo a similar reversible uncoiling/coiling trans-
formation, which results in a remarkable change in the overall

length from 12.5 to 57!.[131] Using
the same principles of altering
hydrogen-bonding arrangements,
conformational switching can be
achieved in a different aromatic
oligoamide system in which the
protonation state of a repeating
phenol functionality is control-
led.[132]

Oligoheterocyclic strands con-
sisting of alternating a,a’-con-
nected pyridine and pyrimidine

subunits adopt coiled structures because of the preferred
transoid conformation at each heterocycle linkage.[133] How-
ever, the binding of a metal cation stabilizes the cisoid
arrangement of the terpyridine-like coordination sites. In the
presence of PbII ions, for example, helix 36 is converted into
an extended linear arrangement (a “[5]-rack” complex,
Scheme 15). Again this process results in an enormous
change in the molecular length, from 7.5 to 38 !, and can
be carried out reversibly and repeatedly by employing
cryptand 37 to sequester and release PbII ions depending on
the pH value of the environment.[134] By contrast, a,a’-linked
pyridine units naturally form linear arrangements. Although
oligomers of this type are challenging to prepare, hydrazones
can be used as isosteric replacements for alternate pyridine
units, thus allowing preparation of linear pyridine–hydrazone
sequences. These systems undergo the reverse process to that

Scheme 13. Electrochemically induced conformational motion based on remote control of intra-
molecular interactions.[122]

Figure 16. a) Chemical structure and folding of heptameric aromatic polyamide 34 (see
Scheme 14 for representation of the hydrogen-bonding arrangement responsible for the fold-
ing).[129] b) In concentrated solutions, 34 dimerizes to form double helices. The double-helix
structure is dissymmetrical and interconversion between the two equivalent forms occurs through
a relative corkscrew motion of the two monomers. Exchange with the monomeric species is slow,
as dissociation of the dimer involves unwinding of the helix structure. The ribbon representations
are reprinted with permission from Ref. [129a].
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illustrated for 36, namely, they form linear chains in solution
which can be reversibly coiled around divalent metal ions.[135]

Oligoheterocyclic systems such as 36 can also form
double-helix structures. Whereas single/double helix inter-
conversion for the aromatic oligoamide systems in Figure 16

is controlled by the solvent, concentration, and temperature,
pyrimidine–pyridine oligomers can be made to form double
helices by complexation to metal ions. Addition of AgI ions to
helical compound 38, for example, results in the formation of
double-helical dimers of formula [(AgI)2(38)2]2+, with the two
metal ions bound at opposite ends of the chain and extensive
intermolecular p–p stacking between the intertwined strands
(Figure 17).[136] The single/double helix interconversion pro-
cess can be achieved reversibly in a manner analogous to that
in Scheme 15.

Scheme 14. pH-controlled helix formation for aromatic polyamide
heptamer 35. The insets show the hydrogen-bonding arrangements
responsible for the helical structures.[130]

Scheme 15. pH-switched helix formation using a metal-ion template.[134] Counterions (CF3SO3
!) and solvent (CH3CN), which complete the PbII

coordination sphere in the [5]-rack complex [(PbII)5(36)]
10+, are omitted for clarity, as have the SPr substituents in the space-filling models. The

space-filling representations are reprinted with permission from Ref. [134].

Figure 17. pH-switched contraction and extension by metal ion trig-
gered single/double helix interconversion.[136] On models of 38 and
[(AgI)2(38)2]

2+, SPr substituents have been omitted for clarity. The
model structures are reprinted with permission from Ref. [136].
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the central “hinge” pyranose unit, in which all the substituents
are equatorial and both ends of the molecule are far apart. On
addition of PtII ions, however, a ring flip to the 1C4 form is
observed so that the amine units can chelate to the metal ion
and results in a major change in the shape of the oligosac-
charide. Removal of the metal ions with NaCN returns the
trisaccharide to its original extended conformation. Such
stimuli-induced conformational switching has been achieved
in a variety of cyclic systems through binding of metal ions[110]

and variation of the pH value.[111] In addition to having
significance for the control and modeling of biologically
relevant oligosaccharides,[112] such systems have served as
inspiration for the development of synthetic conformational
switches (see Section 8.2.1).

Well-defined large amplitude (sometimes very large
amplitude; see Section 8.2.1) conformational changes can be
induced in cavitands derived from resorcin[4]arenes (for
example, 32, Scheme 12).[113] These molecules can exist in
either an open “kite” conformation or a narrower “vase”
form. As a result of solvation effects, the kite form is generally
favored at low temperatures and the vase form at high
temperatures.[114] Recently, it has been demonstrated that
reversible switching between the two can also be achieved at
room temperature through protonation of the quinoxaline
nitrogen atoms,[115] or coordination of metal ions to these
same atoms,[116] while the switching can also be highly
dependent on the solvent.[115b, c] In a related series of cavitands
bearing amide substituents around the rim, the kite form is
stabilized by dimerization (so-called “velcrands” forming
“velcraplexes”), which is driven by intermolecular hydrogen-

bonding, van der Waals, and solvophobic forces. Increasing
the temperature or solvent polarity, as well as the introduction
of suitable guest species, can induce switching to the mono-
meric vase forms.[117] Conversely, the use of amide substitu-
ents that are able to stabilize the vase form through intra-
molecular hydrogen bonding results in kinetically stable
inclusion complexes in the presence of a suitable guest.[118]

Incorporation of metal-ligating carboxymethylphosphonate
groups into these structures allows switching of the preferred
conformation from vase to kite, along with concomitant
release of any encapsulated guest, on addition of lanthanum
ions.[119] The reverse process occurs on addition of a compet-
ing ligand for the metal ion. The calixarene family, in general,
clearly share this potential for interesting conformational
dynamics,[120] and in certain cases significant degrees of
control over these can be achieved, thus resulting in a
number of induced-fit and allosteric receptor systems.[121]

Rather than adding an external species to induce a
conformational change on binding, intramolecular interac-
tions between two parts of the same molecule can be
controlled remotely to bring about changes in the geometry.
Macrocyclic compound 334+ preferentially adopts the self-
complexed conformation shown in Scheme 13, which is
stabilized both by p–p charge-transfer interactions and by
hydrogen bonds.[122] Electrochemical reduction of the cyclo-
phane, however, “switches off” these interactions and the
molecule adopts a (poorly defined) conformation in which the
dioxynaphthalene unit is no longer encapsulated by the
macrocycle.[123]

The formation of excimers or exciplexes between two
chromophores in the same molecule is another way by which
intramolecular interactions may be remotely controlled so as
to effect a conformational change. Most examples, however,
involve flexible, linear ground states with poorly defined
geometries.[124] In certain donor–bridge–acceptor systems, a
conformational change does not occur in the initial photo-
chemically excited state, rather, electron transfer occurs to
give an “extended charge transfer” species. Depending on the

Scheme 10. Conformational switching in capped porphyrin 30.[106]

Scheme 11. Chelation-induced conformational control in a
trisaccharide.[109b]

Scheme 12. Conformational bistability in resorcin[4]arene cavitands 32.
Reversible switching between the two forms can be achieved with a
number of stimuli: a) by changing the temperature; for example, for
R=Me in CDCl3/CS2: 1) T<211 K; 2) T>318 K;[114] b) by changing the
pH value; for example, for R=3,5-di(tert-butyl)phenylmethyl in CDCl3
at T=298 K: 1) CF3COOH; 2) K2CO3;

[115] c) by adding metal ions; for
example, for R=n-Hex in CDCl3 at 295 K: 1) ZnI2 in [D4]methanol;
2) excess [D4]methanol.[116]
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A similar mechanism applies to 39, in which the two
anthracene groups are held in a parallel arrangement, thereby
creating a molecular tweezerlike cavity in which electron-
poor guests such as 2,4,7-trinitro-9-fluorenone (TNF) can be
bound (Scheme 16a).[137] Addition of cuprous ions, however,
results in a cisoid–cisoid arrangement of the triheterocyclic
unit so as to provide bipyridyl-like ligand environments for
the metal ions. This separates the tweezer arms and releases
the bound guest. Conversely, in 40, the oligoheterocyclic
portion is designed so that the electron-rich binding cavity is
only set up on ion binding (ZnII is used in this case,
Scheme 16b).

Salen/salophen ligand 41 is not intrinsically helical, but it
forms helical structures on coordination to tetradentate metal
ions such as CuII or NiII.[138] Electrochemical reduction of the
CuII-templated helix in a coordinating environment causes a
reversible disruption of the helical secondary structure as the
CuI center prefers to adopt a pentacoordinate geometry in the
absence of any tetrahedral ligand (Scheme 17).

Finally, significant stimuli-induced conformational
changes have also been achieved in a number of truly
polymeric systems. More often than not, these are accom-
panied by detectable macroscopic changes in the material and
will be discussed further in Section 8.3.3.

Scheme 16. Cation-induced substrate release and binding as a result of large-amplitude conformational changes.[137] a) On binding cuprous ions,
U-shaped tweezerlike receptor 39 is forced to adopt a cisoid conformation at the pyridyl–pyrimidine linkages, thus separating the electron-rich
tweezer “arms” and releasing the electron-poor guest. Dicuprous W-shaped derivative [(CuI)2(39)]

2+ is only formed on addition of large excesses
of [Cu(MeCN)4]

+ (>8 equiv). b) On binding zinc ions, W-shaped terpyridine 40 adopts a U shape, thus aligning the electron-rich anthracene
moieties so that electron-poor guests can be intercalated in the cavity.

Scheme 17. Formation of a helical complex ([CuII(41)]) from a nonhelical ligand and electrochemically induced reversible unfolding of the helix.[138]
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variable-tint spectacles and optical recording media.[151] Most
of these applications simply rely on the intrinsic electronic
and spectroscopic changes on interconversion between the
two species. There are some cases, however, in which small
configurational changes can be harnessed in a more mechan-
ical fashion and the resulting devices can be considered to be
like molecular machines.

Various configurational changes (in particular, photo-
isomerization of azobenzene) have been employed to alter
peptide structures, thereby creating semisynthetic biomateri-
als whose activity can be controlled photonically.[97n–u] These
systems, which amplify the small configurational change of
the synthetic unit to cause a significant change in the peptide
secondary structure, mimic to some extent the role of proline
and peptidylprolyl cis–trans isomerases[152] in controlling
protein activity in cells. Recently, it has been shown that the
effective helix length can be controlled by photoisomerization
in synthetic oligomers similar to those discussed in Sec-
tion 2.1.4 but composed of alternating 2,6-dicarboxamide and
m-(phenylazo)azobenzene units.[153] Incorporation of azoben-
zene or stilbene chromophores into dendritic molecules can
result in interesting photochemical effects, as well as allowing
amplification of the configurational change into large ampli-
tude changes in molecular conformation or other proper-
ties.[154] These strategies are somewhat similar to the use of
azobenzene units as phototriggers in polymeric synthetic
materials (see Section 8.3.3).

In small-molecule systems, converting a configurational
change around a double bond into significant mechanical
motion requires considerable ingenuity. Combining the
reversible photoisomerization of an azobenzene with the
“molecular-bearing” attributes of metallocene complexes
(see Section 2.1.3), Aida and co-workers have created a pair
of “molecular scissors” 43 (Scheme 20a).[155] The optically
triggered change in the double-bond configuration brings
about an angular change of position about the ferrocene
“pivot” (green) and results in an opening and closing of the
phenyl “blades” (red). Reversible switching is possible over a
number of cycles, with the bite angle between the blades

altered from approximately 98 when closed to more than 588
when open.

The concerted action of two azobenzene configurational
switches[156] has been used to alter the angle between two
planar moieties in a so-called “molecular hinge” 44 (Scheme
20b).[157] In trans,trans-44, the two xanthene units are virtually
coplanar. Photoisomerization to the cis,cis isomer occurs
upon irradiation at 366 nm, thus resulting in an angle of
almost 908 between the two aromatic ring systems. The high
energy of the strained trans,cis form renders cis,cis-44
remarkably thermally stable, but reisomerization can be
achieved by irradiation at 436 nm.

While investigating the use of overcrowded alkenes as
chiroptical molecular switches,[150] Feringa et al. created a
molecular brake, 45, in which the speed of rotation around an
arene–arene single bond can be varied by changing the alkene
configuration (Scheme 21).[158] Counterintuitively from the

two-dimensional representations in Scheme 21, the rate of
rotation around the indicated bond is actually faster in cis-45
than in trans-45 (demonstrated by 1H NMR spectroscopy)—
the naphthalene unit is flexible enough to bend away from the
phenyl rotator unit, while the methylene protons on the other
side of the double bond are rigidly held in equatorial and axial
positions and present a significant steric barrier to the rotator.
Unfortunately, the photochemical interconversion between
the cis and trans forms is not efficient for this molecule,
although the system stands as proof (see also rotaxanes 87–89,
Scheme 51) that a change in configuration can alter not just
the optical properties or bulk orientations, but can also
control aspects of large amplitude submolecular motions.

The chiral helicity in molecules such as 45 causes the
photochemically induced trans–cis isomerization to occur
unidirectionally according to the handedness of the helix.
Accordingly, this system already possesses some of the
features necessary for a unidirectional rotor and, indeed,
the incorporation of one further chiral element[159] allowed
the realization of the first synthetic molecular rotor capable of
achieving a full and repetitive 3608 unidirectional rotation
(Figure 18a).[160,161] Irradiation (l> 280 nm) of this extraordi-
nary molecule, (3R,3’R)-(P,P)-trans-46, causes chiral helicity-
directed clockwise rotation of the upper half relative to the
lower portion (as drawn), at the same time switching the
configuration of the double bond and inverting the helicity to
give (3R,3’R)-(M,M)-cis-46. However, this form is not stable

Scheme 20. a) “Molecular scissors” 43, in which photoisomerization
of an azobenzene is converted into a 498 rotary motion around a
metallocene bearing.[155] b) “Molecular hinge” 44, in which concerted
configurational change of the two azobenzene units results in a
change of approximately 908 in the angle between the planar xanthene
units.[157]

Scheme 21. Counterintuitive variation of kinetic barrier to rotation
around an aryl–aryl bond by isomerization of the double bond in an
overcrowded alkene.[158] Values for the free energy of activation (DG!)
for the rotary motion in each configuration are shown.
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variable-tint spectacles and optical recording media.[151] Most
of these applications simply rely on the intrinsic electronic
and spectroscopic changes on interconversion between the
two species. There are some cases, however, in which small
configurational changes can be harnessed in a more mechan-
ical fashion and the resulting devices can be considered to be
like molecular machines.

Various configurational changes (in particular, photo-
isomerization of azobenzene) have been employed to alter
peptide structures, thereby creating semisynthetic biomateri-
als whose activity can be controlled photonically.[97n–u] These
systems, which amplify the small configurational change of
the synthetic unit to cause a significant change in the peptide
secondary structure, mimic to some extent the role of proline
and peptidylprolyl cis–trans isomerases[152] in controlling
protein activity in cells. Recently, it has been shown that the
effective helix length can be controlled by photoisomerization
in synthetic oligomers similar to those discussed in Sec-
tion 2.1.4 but composed of alternating 2,6-dicarboxamide and
m-(phenylazo)azobenzene units.[153] Incorporation of azoben-
zene or stilbene chromophores into dendritic molecules can
result in interesting photochemical effects, as well as allowing
amplification of the configurational change into large ampli-
tude changes in molecular conformation or other proper-
ties.[154] These strategies are somewhat similar to the use of
azobenzene units as phototriggers in polymeric synthetic
materials (see Section 8.3.3).

In small-molecule systems, converting a configurational
change around a double bond into significant mechanical
motion requires considerable ingenuity. Combining the
reversible photoisomerization of an azobenzene with the
“molecular-bearing” attributes of metallocene complexes
(see Section 2.1.3), Aida and co-workers have created a pair
of “molecular scissors” 43 (Scheme 20a).[155] The optically
triggered change in the double-bond configuration brings
about an angular change of position about the ferrocene
“pivot” (green) and results in an opening and closing of the
phenyl “blades” (red). Reversible switching is possible over a
number of cycles, with the bite angle between the blades

altered from approximately 98 when closed to more than 588
when open.

The concerted action of two azobenzene configurational
switches[156] has been used to alter the angle between two
planar moieties in a so-called “molecular hinge” 44 (Scheme
20b).[157] In trans,trans-44, the two xanthene units are virtually
coplanar. Photoisomerization to the cis,cis isomer occurs
upon irradiation at 366 nm, thus resulting in an angle of
almost 908 between the two aromatic ring systems. The high
energy of the strained trans,cis form renders cis,cis-44
remarkably thermally stable, but reisomerization can be
achieved by irradiation at 436 nm.

While investigating the use of overcrowded alkenes as
chiroptical molecular switches,[150] Feringa et al. created a
molecular brake, 45, in which the speed of rotation around an
arene–arene single bond can be varied by changing the alkene
configuration (Scheme 21).[158] Counterintuitively from the

two-dimensional representations in Scheme 21, the rate of
rotation around the indicated bond is actually faster in cis-45
than in trans-45 (demonstrated by 1H NMR spectroscopy)—
the naphthalene unit is flexible enough to bend away from the
phenyl rotator unit, while the methylene protons on the other
side of the double bond are rigidly held in equatorial and axial
positions and present a significant steric barrier to the rotator.
Unfortunately, the photochemical interconversion between
the cis and trans forms is not efficient for this molecule,
although the system stands as proof (see also rotaxanes 87–89,
Scheme 51) that a change in configuration can alter not just
the optical properties or bulk orientations, but can also
control aspects of large amplitude submolecular motions.

The chiral helicity in molecules such as 45 causes the
photochemically induced trans–cis isomerization to occur
unidirectionally according to the handedness of the helix.
Accordingly, this system already possesses some of the
features necessary for a unidirectional rotor and, indeed,
the incorporation of one further chiral element[159] allowed
the realization of the first synthetic molecular rotor capable of
achieving a full and repetitive 3608 unidirectional rotation
(Figure 18a).[160,161] Irradiation (l> 280 nm) of this extraordi-
nary molecule, (3R,3’R)-(P,P)-trans-46, causes chiral helicity-
directed clockwise rotation of the upper half relative to the
lower portion (as drawn), at the same time switching the
configuration of the double bond and inverting the helicity to
give (3R,3’R)-(M,M)-cis-46. However, this form is not stable

Scheme 20. a) “Molecular scissors” 43, in which photoisomerization
of an azobenzene is converted into a 498 rotary motion around a
metallocene bearing.[155] b) “Molecular hinge” 44, in which concerted
configurational change of the two azobenzene units results in a
change of approximately 908 in the angle between the planar xanthene
units.[157]

Scheme 21. Counterintuitive variation of kinetic barrier to rotation
around an aryl–aryl bond by isomerization of the double bond in an
overcrowded alkene.[158] Values for the free energy of activation (DG!)
for the rotary motion in each configuration are shown.
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muscle contraction; nomechanical task occurs through simple
“on”/“off” binding to the track by myosin molecules from the
bulk.[170] In other words, simple host–guest/supramolecular
systems cannot function as nanoscale mechanical machines
unless restrictions on the motion of the unbound species apply
or the binding event causes a mechanical (that is, conforma-
tional) change in one of the molecular components. A stimuli-
inducedmolecular recognition event is neither a sufficient nor
necessary condition for the construction of a molecular-level
machine.

3.1. Switchable Host–Guest Systems

Whilst the requirement for kinetic association during the
operation of the machine means that many switchable host–
guest systems do not have the potential to act as mechanical
machines, many still do. We have already seen that certain
synthetic allosteric systems transmit binding at one site to a
remote receptor through binding-induced conformational
motions (see Sections 2.1.3 and 2.1.4). In other conforma-
tion-switching molecular machines, intermolecular binding
events are both the stimulus and outcome of the molecular-
level motion. An early example of a switchable host–guest
system which demonstrates molecular-machine-like charac-
teristics is (E)/(Z)-52 (Scheme 25a) developed by Shinkai
et al.[171] These photoresponsive “molecular tweezers” exhibit
high selectivity for binding large cations such as Rb+ when in
the cis form and selectivity for small cations such as Na+ in the
trans form. Furthermore, the presence of Rb+ ions in solution
increases the proportion of (Z)-52 at the photostationary state
and decreases the rate of the thermal Z!E transformation.
Subsequently, the same research group developed the “tail-
biting” crown ether switchable receptor (E)/(Z)-53·H+

(Scheme 25b).[172] In the (Z)-53·H+ form, intramolecular
binding of the ammonium ion to the crown ether prevents
recognition of other cations in the medium, while thermal
isomerization to give (E)-53·H+ restores the properties of the
crown ether necessary for binding alkali metal cations. It is
also observed that the rate of Z!E isomerization is lowered
(by 1.6–2.2 fold) for (Z)-53·H+ relative to the deprotonated
control compound (Z)-53. Crucially, the rate of this reaction
increases as the concentration of K+ ions in solution increases.
Both these systems can therefore be viewed as primitive
molecular machines in which a bind-
ing event at the crown ether unit(s)
affects the isomerization processes of
the azobenzene moiety with which it is
kinetically associated.

3.2. Intramachine Ion Translocation

Metal–ligand binding interactions
are often relatively kinetically inert
and careful structural design has pro-
duced systems in which intramolecu-
lar motions are significantly favored
over intermolecular exchange.[173]

System 544+ (Scheme 26) consists of a coordinatively unsatu-
rated CuII center covalently linked to a redox-active NiII–
cyclam unit.[174] In this form, chloride anions bind strongly to
the copper center, filling the vacant coordination site
([54(Cl)]3+). Electrochemical oxidation of the nickel center
to NiIII dramatically increases its affinity for anions so that the
chloride translocates to this new, more energetically favorable
site. The motion is completely reversible on reduction of the
nickel ion. In principle, the switching of the anion position
could be an intermolecular process involving either free
anions in solution or more than one molecule of 54. However,
the anion translocation was demonstrated experimentally not
to be concentration-dependent, in contrast to an analogous
three-component system (Cu receptor + Ni receptor + Cl!)
which exhibited strongly concentration-dependent behavior.
Thermodynamic comparisons of the two systems suggest that
the dominant mechanism in 54 is an intramolecular translo-
cation, brought about by folding of the ditopic receptor.[175]

Scheme 25. Two of the earliest molecular machines. a) Photorespon-
sive molecular tweezers (E)/(Z)-52.[171] b) “Tail-biting” crown ether
(E)/(Z)-53.[172]

Scheme 26. Redox-driven intramolecular anion translocation.[174]
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•  Since	the	1970s,	imaginatively	designed	molecules	incorporating	binding	motifs	from	
supramolecular	chemistry	or	isomerically	labile	groups	has	resulted	in	a	plethora	of	
compounds	that	can	undergo	a	change	in	structure	upon	a	specific	stimulus.	

•  All	of	these	are	collectively	and	loosely	referred	to	as	molecular	machines.		

•  Formally,	a	molecular	machine	‘is	a	system	in	which	a	stimulus	triggers	the	controlled	
motion	of	one	molecule	or	submolecular	component	relative	to	another,	potentially	
resulting	in	a	net	task	being	performed’.		

•  A	molecular	switch	‘is	a	type	of	machine	in	which	the	change	in	relative	positions	of	the	
components	influences	a	system	as	a	function	of	the	state	of	the	switch.’	(when	the	switch	is	
returned	to	its	original	state,	any	mechanical	work	performed	by	the	earlier	switching	will	be	
undone)	

•  A	molecular	motor	‘is	a	machine	in	which	the	change	in	relative	positions	of	the	components	
influences	a	system	as	a	function	of	the	trajectory	of	its	components.’	Such	machines	can	be	
used	to	progressively	drive	systems	away	from	equilibrium	and	perform	work.	

•  Most	molecular	machines	are	molecular	switches	and	not	motors.	



Molecular motors

10	Chatterjee	M.	N.,	Kay	E.	R.,	Leigh	D.	A.,	J.	Am.	Chem	Soc.,	2006,	128,	4058.		
Feringa,	B.	L.,	Leigh,	D.	A.	et	al.,	Chem.	Soc.	Rev.,	2017,	46,	2592.		

•  A	true	molecular	motor	should	have	fuelled,	directional	and	repetitive	motion	without	
undoing	any	mechanical	work	that	has	been	performed.	

•  For	this,	the	system	must	work	away	from	equilibrium.	

•  “The	challenge	of	designing	molecular	motors	lies	not	with	producing	motion	at	the	
molecular	level,	but	in	controlling	the	directionality	of	movement.”	
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Selective rotation in either direction was achieved in
[2]catenane rotary motor 25 (Scheme 8) which comprises a
benzylic amide macrocycle locked onto a large macrocycle
bearing a fumaramide residue together with a succinamide
group flanked by two orthogonally removable bulky groups: a
base-labile t-butyl-dimethylsilyl group and an acid-labile trityl
group.64 The direction in which the benzylic amide macrocycle
is transported is determined by the order in which the bulky

Fig. 9 Oxidation state controlled switching of [2]catenate 23 between three distinct co-conformations.62

Scheme 7 Directional circumrotation in sequentially operated [3]cate-
nane rotary motor 24: (I) hn (350 nm); (II) hn (254 nm); (III) D, or D with
catalytic ethylenediamine, or catalytic Br, hn (400–670 nm).

Scheme 8 Reversible 3601 rotation in sequentially operated [2]catenane rotary
motor 25: (I) E - Z hn (254 nm); (II) TBAF; (III) TBDMSOTf; (IV) Me2S!BCl3;
(V) TrOTf; (VI) Z - E piperidine.
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•  Catenane	23	consists	of	a	bpy	and	terpy	sites	and	a	bound	Cu(I)	ion	with	a	preferred	
coordination	number	of	4>5>6	

•  Electrochemical	oxidation	to	Cu(II)	results	in	a	change	in	preferred	coordination	(6>5>4)	to	
give	octahedral,	terpy	binding.		

•  Intermediate	Cu(I)N5	and	Cu(II)N5	species	were	detected	by	UV-vis	spectroscopy.	CV	traces	
showed	transitions	consistent	with	the	proposed	pathway.	
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Redox Control of the Ring-Gliding Motion in a
Cu-Complexed Catenane: A Process Involving
Three Distinct Geometries
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Molecules whose shape and physical properties can be
controlled and modified at will by using an external signal are
fascinating. Electrochemical triggering of molecular motions
between two forms has recently been reported for synthetic
systems, either on transition metal complexes whose oxidation
states are varied1-3 or using rotaxanes incorporating a control-
lable acceptor-donor complex.4 Proteins have also afforded
interesting examples of redox-controlled molecular motions, the
folding-unfolding process being switched by reducing or
oxidizing the heme moiety of the enzyme.5

Multistage systems seem to be uncommon, although they are
particularly challenging and promising in relation to photo- and
electrochemical devices aimed at important electronic functions
and information storage.6 We would like now to report that a
Cu-complexed [2]-catenane represents an example of such a
compound, with three distinct geometries, each stage corre-
sponding to a different coordination number (CN) of the central
complex (CN ) 4, 5, or 6). The principle of the three-stage
electrocontrollable catenate is represented in Figure 1.

It relies on the important differences of stereochemical
requirements for coordination of Cu(I) and Cu(II). For the
monovalent state the stability sequence is CN ) 4 > CN ) 5
> CN ) 6. On the contrary, divalent Cu is known to form
stable hexacoordinate complexes, with pentacoordinate systems
being less stable and tetrahedral Cu(II) species being even more
strongly disfavored.

The synthesis of the key catenate Cu(I)N4+PF6- derives from
the general three-dimensional template strategy which has been
proposed by our group some time ago for making catenanes.7
In this case, a one-pot two-ring formation approach was
employed. The starting fragments, the entwined Cu(I) complex
precursor, and the catenate formation reaction are depicted in
Figure 2. The reaction between complex Cu(1)2+BF4- 8 and
5,5′′-di(3-bromo-1-propyl)-2,2′:6′,2′′-terpyridine (2) in DMF in
the presence of Cs2CO3 under high dilution conditions gave the

desired complex which was isolated as the PF6- salt in 21%
yield after chromatographic purification.9 The visible spectrum
of this deep red complex shows a metal-to-ligand charge transfer
(MLCT) absorption band Ïmax ) 439 nm (✏ ) 2570 mol-1 L
cm-1, MeCN). Cyclic voltammetry (CV) of a MeCN solution
shows a reversible redox process at +0.63 V (vs SCE). Both
the CV data and the UV-vis spectrum are similar to those of
other related species.2,7 The reaction of Cu(I)N4+PF6- with
KCN in MeCN/H2O afforded the free catenand, which was
subsequently reacted with Cu(BF4)2 to give Cu(II)N62+(BF4-)2
as a very pale green complex (Figure 2). The hexacoordinate
structure of this species was evidenced by UV-vis spectroscopy
and electrochemistry. A weak absorption appears at Ïmax )
687 nm (✏ ) 100 mol-1 L cm-1, MeCN). The cyclic
voltammogram shows an irreversible reduction at -0.43 V (vs
SCE, MeCN). These data are similar to the ones obtained for

(1) Tomita, A.; Sano, M. Inorg. Chem. 1994, 33, 5825. Sano, M.; Taube,
H. J. Am. Chem. Soc. 1991, 113, 2327. Sano, M.; Taube, H. Inorg. Chem.
1994, 33, 705.

(2) Livoreil, A.; Dietrich-Buchecker, C. O.; Sauvage, J.-P. J. Am. Chem.
Soc. 1994, 116, 9399.

(3) Zelikovich, L.; Libman, J.; Shanzer, A. Nature 1995, 374, 790.
(4) Bissell, R. A.; Córdova, E.; Kaifer, A. E.; Stoddart, J. F. Nature 1994,

369, 133. Benniston, A. C.; Harriman, A. Angew. Chem., Int. Ed. Engl.
1993, 32, 1459. Benniston, A. C.; Harriman, A.; Lynch, V. M. Tetrahedron
Lett. 1994, 35, 1473.

(5) Bixler, J.; Bakker, G.; McLendon, G. J. Am. Chem. Soc. 1992, 114,
6938. Pascher, T.; Chesick, J. P.; Winkler, J. R.; Gray, H. Science 1996,
271, 1558.

(6) Parthenopoulos, D. A.; Rentzepis, P. M. Science 1989, 245, 843.
Willner, I.; Blonder, R.; Dagan, A. J. Am. Chem. Soc. 1994, 116, 3121.
Irie, M.; Miyatake, O.; Uchida, K. J. Am. Chem. Soc. 1992, 114, 8715.
Gilat, S. L.; Kawai, S. H.; Lehn, J. M. J. Chem. Soc., Chem. Commun.
1993, 1439.

(7) Dietrich-Buchecker, C. O.; Sauvage, J.-P. Bioorganic Chemistry
Frontiers; Springer-Verlag: Berlin, 1991; Vol. 2, pp 197-248. Dietrich-
Buchecker, C.; Sauvage, J.-P. Tetrahedron 1990, 46, 503. Dietrich-
Buchecker, C. O.; Sauvage, J.-P. Tetrahedron Lett. 1983, 24, 5091. Dietrich-
Buchecker, C. O.; Sauvage, J.-P.; Kintzinger, J.-P. Tetrahedron Lett. 1983,
24, 5098.

(8) Cu(1)2+BF4- was prepared in quantitative yield by reaction of
Cu(MeCN)4BF4 with 1 (2 equiv) in MeCN/CH2Cl2 at 23 °C.

(9) Experimental data for Cu(I)N4+PF6-: MS (FAB, m/z) 1418.4 (M
- PF6). Anal. Calcd: C, 69.12; H, 4.52; N, 8.96. Found: C, 69.13; H,
4.59; N, 9.21. See text for CV and UV-vis data.

Figure 1. A three-configuration Cu(I) catenate whose general molec-
ular shape can be dramatically modified by oxidizing the central metal
(Cu(I) to Cu(II)) or reducing it back to the monovalent state. Each
ring of the [2]-catenate incorporates two different coordinating units:
the bidentate dpp unit (dpp ) 2,9-diphenyl-1,10-phenanthroline) is
symbolized by a U whereas the terpy fragment (2,2′:6′,2′′-terpyridine)
is indicated by a stylized W. Starting from the tetracoordinate
monovalent Cu complex (Cu(I)N4

+; top left) and oxidizing it to the
divalent state (Cu(II)N4

2+), a thermodynamically unstable species is
obtained which should first rearrange to the pentacoordinate complex
Cu(II)N5

2+ by gliding of one ring (left) within the other and, finally,
to the hexacoordinate stage Cu(II)N6

2+ by rotation of the second cycle
(right) within the first one. Cu(II)N6

2+ is expected to be the thermo-
dynamically stable divalent complex. The double ring-gliding motion
following oxidation of Cu(I)N4

+ can be inverted by reducing Cu(II)-
N6

2+ to the monovalent state (Cu(I)N6
+; top right), as represented on

the top line of the Figure.

Figure 2. Synthesis of the catenates Cu(I)N4
+PF6

- and Cu(II)-
N6

2+(BF4
-)2.

11980 J. Am. Chem. Soc. 1996, 118, 11980-11981
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Thus,	Sauvage’s	catenane	showed	rotary	movement,	albeit	non-directional	upon	a	reversible	
redox	transformation.		
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Selective rotation in either direction was achieved in
[2]catenane rotary motor 25 (Scheme 8) which comprises a
benzylic amide macrocycle locked onto a large macrocycle
bearing a fumaramide residue together with a succinamide
group flanked by two orthogonally removable bulky groups: a
base-labile t-butyl-dimethylsilyl group and an acid-labile trityl
group.64 The direction in which the benzylic amide macrocycle
is transported is determined by the order in which the bulky

Fig. 9 Oxidation state controlled switching of [2]catenate 23 between three distinct co-conformations.62

Scheme 7 Directional circumrotation in sequentially operated [3]cate-
nane rotary motor 24: (I) hn (350 nm); (II) hn (254 nm); (III) D, or D with
catalytic ethylenediamine, or catalytic Br, hn (400–670 nm).

Scheme 8 Reversible 3601 rotation in sequentially operated [2]catenane rotary
motor 25: (I) E - Z hn (254 nm); (II) TBAF; (III) TBDMSOTf; (IV) Me2S!BCl3;
(V) TrOTf; (VI) Z - E piperidine.
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•  Binding	stations	A,	B,	C	and	D	with	relative	affinities	for	the	benzylic	amide	macrocycles	A>B>C>D	
•  Aplication	of	stimuli	I,	II	and	III	in	this	order	results	in	a	net	clockwise	movement	of	the	macrocycles	
•  I:	350nm,	DCM,	5	min,	67%.	II:	254nm,	20	min,	50%.	III:	heat,	100	oC,	24	h,	quant	OR	cat	ethylenediamine,	50	

oC,	48h,	65%	OR	cat	Br2,	400-670nm,	-78	oC,	10	min,	quant			
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Studies on model [2]rotaxanes showed that (1) the benzylic amide
macrocycle exhibits excellent positional discrimination between
various pairs of binding sites12, (2) the strong binding affinity of
the fumaramide stations is greatly reduced upon photoisomeriza-
tion to the corresponding maleamides (Z-olefins)11, and (3) the
difference in distances between the benzophenone and the two
fumaramide groups in 1 is sufficient to allow complete discrimi-
nation between the sites in the sensitized photoisomerization
reaction.

Interconversion of the diastereomers for each of the three
structures—the macrocycle (2), the [2]catenane (1) and the [3]cate-
nane (3)—was carried out in the following sequence (with reaction
conditions in parentheses): E,E ! Z,E (350 nm, CH2Cl2, 5min, 65–
67%) ! Z,Z (254 nm, CH2Cl2, 20min, 48–51%) ! E,E (heat,
100 8C, C2H2Cl4, 24 h, ,100% or catalytic ethylene diamine,
50 8C, 48 h, 50–74%). To be sure of the location of the rings after
each olefin isomerization reaction, authentic samples of each
diastereomer of 1–3 were isolated at each stage. Since the xylylene
rings of the benzylic amide macrocycle shield the part of the larger
macrocycle on which it sits, its position could be unambiguously
determined by comparison of the 1H NMR spectra (Fig. 3B and
Fig. 4) of the catenanes with the corresponding diastereomer of 2.
The resulting structures are shown next to each spectrum.

The 1H NMR spectra show that the benzylic amide macrocycle
in [2]catenane 1 does, indeed, move with excellent positional
integrity from A ! B ! C ! A during the chemical transform-
ation E,E-1 ! Z,E-1 ! Z,Z-1 ! E,E-1. This is the first example of
a catenane in which a ring can be switched between three different
stations, but the rotation is not unidirectional. Although the
benzylic amide macrocycle changes its position in response to the

external stimuli in discrete steps, the route it takes to get there is not
directionally biased. Over the complete sequence of reactions an
equal number of macrocycles go from A through B and C and back
to A in each direction.
To bias the direction the macrocycle takes from station to station,

barriers must exist to prevent brownian motion in a particular
direction. The barriers must be transient, however, to allow 3608
rotation of the macrocycle. Such a situation is inherently present in
a [3]catenane if each ring is able to block the passage of the other one
in a particular direction (Fig. 5 and Methods). Thus irradiation at
350 nm of E,E-3 causes counter-clockwise (as drawn in Fig. 5)
rotation of the blue macrocycle to the succinic amide ester (orange)
station to give Z,E-3. Isomerization (254 nm) of the remaining
fumaramide group causes the other (purple) macrocycle to relocate
to the single amide (dark green) station (Z,Z-3) and, again, this
occurs counter-clockwise because the clockwise route is blocked by
the other (blue) macrocycle. This ‘follow-the-leader’ process, each
macrocycle in turn moving and then blocking a direction of passage
for the other macrocycle, is repeated throughout the sequence of
transformations shown in Fig. 5. After three diastereomer inter-
conversions E,E-3 is again formed but 3608 rotation of each of the
small rings has not yet occurred, they have only swapped places.
Complete unidirectional rotation of both small rings occurs only
after the synthetic sequence (1)–(3) has been completed twice.
Somewhat counter-intuitively, the small macrocycles in the [2]- and
[3]catenanes move from station to station in opposite directions in
response to the same series of chemical reactions.
Unlike the directionally rotating systems designed by Kelly3,4 and

Feringa5–8, neither 1 nor 3 are three-dimensionally chiral, but they
are chiral in the two dimensions in which the rotation occurs.

Figure 2 Ring-closing reactions to form macrocycle E,E-2, [2]catenane E,E-1 and
[3]catenane E,E-3. Closure of the large macrocycle, E,E-2, proceeds via ring-closing
metathesis with the first-generation Grubbs catalyst PhCH ¼ Ru(PCy3)2Cl2 (ref. 19). The

remarkable yield (59%) for the formation of the 63-membered ring is probably a result of

intramolecular hydrogen bonding folding the open-chain precursor. The coloured letters

indicate 1H assignments in Figs 3B and 4.

letters to nature
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Leigh,	D.	A.,	Wong,	J.,	Dehez,	F.,	Zerbetto,	F.,	Nature,	2003,	424,	174		Figure 3 Structural characterization of E,E-1-3 and model compounds. A, X-ray
structures of single binding site [2]rotaxanes showing solid-state hydrogen-bonding

motifs of various stations in order of predicted macrocycle binding affinity.

A, a, Fumaramide; A, b, N,N 0 -dimethylfumaramide; A, c, succinic amide ester;
A, d, single amide; A, e, N,N 0 -dimethylmaleamide. B, 600MHz 1H NMR spectra (298 K,

CD2Cl2) of the following molecules. B, a, Macrocycle E,E-2; B, b, [2]catenane E,E-1

(DG ‡
pirouette 14.2 ^ 0.2 kcal mol21); B, c, [3]catenane E,E-3 (DG ‡

pirouette 14.2 ^ 0.2

and ,9.7 kcal mol21). The chemical structures show the positions of the macrocycles

indicated by the 1H NMR chemical shifts. Activation energy barriers (DG ‡
pirouette) for the

pirouetting of the benzylic amide macrocycles about each station were determined by the

coalescence method and the rates extrapolated to 298 K.

letters to nature

NATURE |VOL 424 | 10 JULY 2003 | www.nature.com/nature176 © 2003        Nature  Publishing Group

•  Binding	is	characterized	by	the	signature	shielding	of	the	station	protons	
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Leigh,	D.	A.,	Wong,	J.,	Dehez,	F.,	Zerbetto,	F.,	Nature,	2003,	424,	174		

•  Binding	is	characterized	by	the	signature	shielding	of	the	station	protons	
Figure 4 Structural characterization of photoisomerized macrocycles and catenanes
Z,E-1-3 and Z,Z-1-3. 600MHz 1H NMR spectra (298 K, CD2Cl2). A, a, Macrocycle Z,E-2,
A, b, [2]catenane Z,E-1 (DG ‡

pirouette 13.0 ^ 0.2 kcal mol21), A, c, [3]catenane Z,E-3
(DG ‡

pirouette ¼ 13.0 ^ 0.2 and ,9.7 kcal mol21). B, a, Macrocycle Z,Z-2;
B, b, [2]catenane Z,Z-1 (DG ‡

pirouette , 9.7 kcal mol21); B, c, [3]catenane Z,Z-3
(DG ‡

pirouette both ,9.7 kcal mol21). Grey indicates residual macrocycle; blue and pink

diamonds indicate minor 38 amide rotamers. The isolation of the individual macrocycle

and catenane isomers was technically challenging: both E and Z isomers are present at

the steady state in each photochemical reaction (the wavelengths for the reactions

have not yet been optimized) requiring the separation of compounds of 1–2.5 kDa

molecular weight, which differ only in the stereochemistry of one double bond.

letters to nature
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Leigh,	D.	A.,	Wong,	J.,	Dehez,	F.,	Zerbetto,	F.,	Nature,	2003,	424,	174		

•  Binding	kinetics	guarantees	unidirectional	motion	

•  Model,	symmetrical	2-station	[2]-rotoxanes	with	
separation	of	12	carbon	atoms	were	synthesized	and	
energy	barriers	for	shuttling	determined	by	VT-NMR	

•  Barriers	were:	A,B:	16	kcal,	C:	11	kcal,	D:<8	kcal	and	
A’,B’	<<	8kcal	

•  Thus,	at	298	K,	movement	from	A/B	to	another	station	
is	4000	times	slower	than	movement	from	C,	and	106	
times	slower	than	movement	from	D.	

•  The	catenane	motor	thus,	ultimately	harnesses	
Brownian	motion	of	the	macrocycles	on	the	track	to	
direct	net	unidirectional	motion.	

2602 | Chem. Soc. Rev., 2017, 46, 2592--2621 This journal is©The Royal Society of Chemistry 2017

Selective rotation in either direction was achieved in
[2]catenane rotary motor 25 (Scheme 8) which comprises a
benzylic amide macrocycle locked onto a large macrocycle
bearing a fumaramide residue together with a succinamide
group flanked by two orthogonally removable bulky groups: a
base-labile t-butyl-dimethylsilyl group and an acid-labile trityl
group.64 The direction in which the benzylic amide macrocycle
is transported is determined by the order in which the bulky

Fig. 9 Oxidation state controlled switching of [2]catenate 23 between three distinct co-conformations.62

Scheme 7 Directional circumrotation in sequentially operated [3]cate-
nane rotary motor 24: (I) hn (350 nm); (II) hn (254 nm); (III) D, or D with
catalytic ethylenediamine, or catalytic Br, hn (400–670 nm).

Scheme 8 Reversible 3601 rotation in sequentially operated [2]catenane rotary
motor 25: (I) E - Z hn (254 nm); (II) TBAF; (III) TBDMSOTf; (IV) Me2S!BCl3;
(V) TrOTf; (VI) Z - E piperidine.

Chem Soc Rev Review Article
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Anelli,	P.	L.,	Spencer,	N.,	Stoddart,	J.F,	J.	Am.	Chem	Soc.,	1991,	113,	5131.	
Bissell,	R.,	Cordova,	E.,	Kaifer,	A.,	Stoddart,	J.	F.,	Nature,	1994,	369,	133.	
Feringa,	B.	L.,	Leigh,	D.	A.	et	al.,	Chem.	Soc.	Rev.,	2017,	46,	2592.	

•  First	molecular	shuttle	by	
Stoddart	with	the	remark	
“insofar	as	it	becomes	possible	
to	control	the	movement	of	one	
molecular	component	with	
respect	to	the	other	in	a	[2]-
rotoxane,	the	technology	for	
building	‘molecular	machines’	
will	emerge.”	

•  Incorporation	of	two	distinct	
stations	allows	stimuli	induced	
shuttling	of	the	macrocycle.	

•  To	extract	useful	work	however,	
the	shuttle	should	operate	in	a	
far-from-equilibrium	state.	

This journal is©The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 2592--2621 | 2597

The first stimuli-responsive molecular shuttle 4 was also
reported by the Stoddart group, exploiting variations in pH to
switch the preferred position of the macrocycle on the thread
between two sites (Fig. 4b).55 Since then, rotaxane-based
switches of various types have been developed by many groups
and the relative position of the ring biased through the use of a
variety of external stimuli, including redox processes, pH, light,
and microenvironment (temperature, solvent, etc.).27e

Although these rotaxane switches have been utilised in a
variety of tasks, in order to make motors (i.e. machines capable
of progressively building on the work done each cycle and to
drive systems away from equilibrium) it is necessary to incor-
porate ratchet mechanisms into the molecular design.

Rotaxane 5, developed by the Leigh group, was the first
rotaxane to incorporate a ratchet mechanism (Fig. 5).18 It
combines the ability to alter relative binding affinities (thermo-
dynamics) with the ability to control exchange between the two
stations (kinetics) to create and maintain non-equilibrium

macrocycle distributions. The thread of 5 contains fumaramide
and succinamide groups separated by a bulky silyl ether,
which prevents the macrocycle from shuttling between the
two binding sites. The machine can be statistically balanced
(85 : 15 fum : succ), and the ‘compartments’ then unlinked,
by simply cleaving and reattaching the silyl blocking group.
Next, a balance-breaking stimulus is applied (photoisomerisa-
tion at 312 nm, Fig. 5, I), which generates a 49 : 51 E :Z
photostationary state. This is followed by removal of the kinetic
barrier (linking stimulus, II) which allows balance to be
restored through biased Brownian motion of the macrocycle
to the new equilibrium distribution. Reinstating the barrier
(unlinking stimulus, III) unlinks the compartments, meaning
that they are no longer in equilibrium although they remain
statistically balanced. The final step (Z-to-E olefin isomerisa-
tion, IV) resets the machine, making it statistically unbalanced,
unlinked and not in equilibrium.

After one operational cycle 56% of the macrocycles in 5 are
positioned on the succinamide station compared to 15% at
equilibrium. The ratcheting operation pumps the macrocycle
energetically uphill, while returning the thread to its initial
state. The mechanism is an energy ratchet.

Fig. 4 (a) The first molecular shuttle 3 exhibited temperature dependent
shuttling between the two degenerate hydroquinone binding sites;
(b) rotaxane switch 4. At neutral pH the positively charged cyclophane
resides over the benzidine station (84 : 16 distribution), stabilised by p–p
stacking. Protonation of the benzidine station creates a driving force for
the macrocycle to shuttle to the biphenol site with high positional
discrimination (2 : 98).

Fig. 5 Operation of compartmentalised molecular machine 5: (I) desilyla-
tion; (II) E - Z photoisomerisation; (III) resilylation; (IV) Z - E thermal
isomerisation. Numbers on the cartoon representations indicate macro-
cycle distribution.18
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•  First	molecular	shuttle	by	
Stoddart	with	the	remark	
“insofar	as	it	becomes	possible	
to	control	the	movement	of	one	
molecular	component	with	
respect	to	the	other	in	a	[2]-
rotoxane,	the	technology	for	
building	‘molecular	machines’	
will	emerge.”	

•  Incorporation	of	two	distinct	
stations	allows	stimuli	induced	
shuttling	of	the	macrocycle.	

•  To	extract	useful	work	however,	
the	shuttle	should	operate	in	a	
far-from-equilibrium	state.	

This journal is©The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 2592--2621 | 2597

The first stimuli-responsive molecular shuttle 4 was also
reported by the Stoddart group, exploiting variations in pH to
switch the preferred position of the macrocycle on the thread
between two sites (Fig. 4b).55 Since then, rotaxane-based
switches of various types have been developed by many groups
and the relative position of the ring biased through the use of a
variety of external stimuli, including redox processes, pH, light,
and microenvironment (temperature, solvent, etc.).27e

Although these rotaxane switches have been utilised in a
variety of tasks, in order to make motors (i.e. machines capable
of progressively building on the work done each cycle and to
drive systems away from equilibrium) it is necessary to incor-
porate ratchet mechanisms into the molecular design.

Rotaxane 5, developed by the Leigh group, was the first
rotaxane to incorporate a ratchet mechanism (Fig. 5).18 It
combines the ability to alter relative binding affinities (thermo-
dynamics) with the ability to control exchange between the two
stations (kinetics) to create and maintain non-equilibrium

macrocycle distributions. The thread of 5 contains fumaramide
and succinamide groups separated by a bulky silyl ether,
which prevents the macrocycle from shuttling between the
two binding sites. The machine can be statistically balanced
(85 : 15 fum : succ), and the ‘compartments’ then unlinked,
by simply cleaving and reattaching the silyl blocking group.
Next, a balance-breaking stimulus is applied (photoisomerisa-
tion at 312 nm, Fig. 5, I), which generates a 49 : 51 E :Z
photostationary state. This is followed by removal of the kinetic
barrier (linking stimulus, II) which allows balance to be
restored through biased Brownian motion of the macrocycle
to the new equilibrium distribution. Reinstating the barrier
(unlinking stimulus, III) unlinks the compartments, meaning
that they are no longer in equilibrium although they remain
statistically balanced. The final step (Z-to-E olefin isomerisa-
tion, IV) resets the machine, making it statistically unbalanced,
unlinked and not in equilibrium.

After one operational cycle 56% of the macrocycles in 5 are
positioned on the succinamide station compared to 15% at
equilibrium. The ratcheting operation pumps the macrocycle
energetically uphill, while returning the thread to its initial
state. The mechanism is an energy ratchet.

Fig. 4 (a) The first molecular shuttle 3 exhibited temperature dependent
shuttling between the two degenerate hydroquinone binding sites;
(b) rotaxane switch 4. At neutral pH the positively charged cyclophane
resides over the benzidine station (84 : 16 distribution), stabilised by p–p
stacking. Protonation of the benzidine station creates a driving force for
the macrocycle to shuttle to the biphenol site with high positional
discrimination (2 : 98).

Fig. 5 Operation of compartmentalised molecular machine 5: (I) desilyla-
tion; (II) E - Z photoisomerisation; (III) resilylation; (IV) Z - E thermal
isomerisation. Numbers on the cartoon representations indicate macro-
cycle distribution.18
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The first stimuli-responsive molecular shuttle 4 was also
reported by the Stoddart group, exploiting variations in pH to
switch the preferred position of the macrocycle on the thread
between two sites (Fig. 4b).55 Since then, rotaxane-based
switches of various types have been developed by many groups
and the relative position of the ring biased through the use of a
variety of external stimuli, including redox processes, pH, light,
and microenvironment (temperature, solvent, etc.).27e

Although these rotaxane switches have been utilised in a
variety of tasks, in order to make motors (i.e. machines capable
of progressively building on the work done each cycle and to
drive systems away from equilibrium) it is necessary to incor-
porate ratchet mechanisms into the molecular design.

Rotaxane 5, developed by the Leigh group, was the first
rotaxane to incorporate a ratchet mechanism (Fig. 5).18 It
combines the ability to alter relative binding affinities (thermo-
dynamics) with the ability to control exchange between the two
stations (kinetics) to create and maintain non-equilibrium

macrocycle distributions. The thread of 5 contains fumaramide
and succinamide groups separated by a bulky silyl ether,
which prevents the macrocycle from shuttling between the
two binding sites. The machine can be statistically balanced
(85 : 15 fum : succ), and the ‘compartments’ then unlinked,
by simply cleaving and reattaching the silyl blocking group.
Next, a balance-breaking stimulus is applied (photoisomerisa-
tion at 312 nm, Fig. 5, I), which generates a 49 : 51 E :Z
photostationary state. This is followed by removal of the kinetic
barrier (linking stimulus, II) which allows balance to be
restored through biased Brownian motion of the macrocycle
to the new equilibrium distribution. Reinstating the barrier
(unlinking stimulus, III) unlinks the compartments, meaning
that they are no longer in equilibrium although they remain
statistically balanced. The final step (Z-to-E olefin isomerisa-
tion, IV) resets the machine, making it statistically unbalanced,
unlinked and not in equilibrium.

After one operational cycle 56% of the macrocycles in 5 are
positioned on the succinamide station compared to 15% at
equilibrium. The ratcheting operation pumps the macrocycle
energetically uphill, while returning the thread to its initial
state. The mechanism is an energy ratchet.

Fig. 4 (a) The first molecular shuttle 3 exhibited temperature dependent
shuttling between the two degenerate hydroquinone binding sites;
(b) rotaxane switch 4. At neutral pH the positively charged cyclophane
resides over the benzidine station (84 : 16 distribution), stabilised by p–p
stacking. Protonation of the benzidine station creates a driving force for
the macrocycle to shuttle to the biphenol site with high positional
discrimination (2 : 98).

Fig. 5 Operation of compartmentalised molecular machine 5: (I) desilyla-
tion; (II) E - Z photoisomerisation; (III) resilylation; (IV) Z - E thermal
isomerisation. Numbers on the cartoon representations indicate macro-
cycle distribution.18
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Chatterjee,	M.,	Kay,	E.,	Leigh,	D	.A,	J.	Am.	Chem	Soc.,	2006,	128,	4058.	

•  Leigh	reported	the	first	rotoxane	
incorporating	a	ratchet	mechanism	to	
maintain	a	non-equilibrium	occupancy	
of	the	macrocycle	on	the	two	stations.		

•  I:	desilylation	
•  II:	E	to	Z	photoisomerization	
•  III:	resilylation	
•  IV:	Z	to	E	thermal	isomerization	

•  The	machine	is	not	a	simple	switch	but	
also	not	quite	a	molecular	motor,	
since	repetitive	cycles	are	not	
possible.	

This journal is©The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 2592--2621 | 2597

The first stimuli-responsive molecular shuttle 4 was also
reported by the Stoddart group, exploiting variations in pH to
switch the preferred position of the macrocycle on the thread
between two sites (Fig. 4b).55 Since then, rotaxane-based
switches of various types have been developed by many groups
and the relative position of the ring biased through the use of a
variety of external stimuli, including redox processes, pH, light,
and microenvironment (temperature, solvent, etc.).27e

Although these rotaxane switches have been utilised in a
variety of tasks, in order to make motors (i.e. machines capable
of progressively building on the work done each cycle and to
drive systems away from equilibrium) it is necessary to incor-
porate ratchet mechanisms into the molecular design.

Rotaxane 5, developed by the Leigh group, was the first
rotaxane to incorporate a ratchet mechanism (Fig. 5).18 It
combines the ability to alter relative binding affinities (thermo-
dynamics) with the ability to control exchange between the two
stations (kinetics) to create and maintain non-equilibrium

macrocycle distributions. The thread of 5 contains fumaramide
and succinamide groups separated by a bulky silyl ether,
which prevents the macrocycle from shuttling between the
two binding sites. The machine can be statistically balanced
(85 : 15 fum : succ), and the ‘compartments’ then unlinked,
by simply cleaving and reattaching the silyl blocking group.
Next, a balance-breaking stimulus is applied (photoisomerisa-
tion at 312 nm, Fig. 5, I), which generates a 49 : 51 E :Z
photostationary state. This is followed by removal of the kinetic
barrier (linking stimulus, II) which allows balance to be
restored through biased Brownian motion of the macrocycle
to the new equilibrium distribution. Reinstating the barrier
(unlinking stimulus, III) unlinks the compartments, meaning
that they are no longer in equilibrium although they remain
statistically balanced. The final step (Z-to-E olefin isomerisa-
tion, IV) resets the machine, making it statistically unbalanced,
unlinked and not in equilibrium.

After one operational cycle 56% of the macrocycles in 5 are
positioned on the succinamide station compared to 15% at
equilibrium. The ratcheting operation pumps the macrocycle
energetically uphill, while returning the thread to its initial
state. The mechanism is an energy ratchet.

Fig. 4 (a) The first molecular shuttle 3 exhibited temperature dependent
shuttling between the two degenerate hydroquinone binding sites;
(b) rotaxane switch 4. At neutral pH the positively charged cyclophane
resides over the benzidine station (84 : 16 distribution), stabilised by p–p
stacking. Protonation of the benzidine station creates a driving force for
the macrocycle to shuttle to the biphenol site with high positional
discrimination (2 : 98).

Fig. 5 Operation of compartmentalised molecular machine 5: (I) desilyla-
tion; (II) E - Z photoisomerisation; (III) resilylation; (IV) Z - E thermal
isomerisation. Numbers on the cartoon representations indicate macro-
cycle distribution.18
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Alvarez-Perez,	M.,	Goldup,	S.,	Leigh,	D	.A,	Slawin,	A.,		J.	Am.	Chem	Soc.,	2008,	130,	1836.	

•  The	two	stations	on	the	rotoxane	can	be	
desymmetrized	by	using	a	chiral	amine	for	
benzoylation.	

•  Essentially	a	DKR.	

•  The	free	energy	difference	in	the	two	
diastereomeric	transition	states	is	translated	to	a	
non-equilibrium	Brownian	distribution	of	the	
macrocycle	on	the	two	stations.	

	

This journal is©The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 2592--2621 | 2599

macrocycle in either compartment. An achiral acylation catalyst
DMAP results in an equal distribution of products. However,
the chiral DMAP-based acylation catalyst (S)-8 results in an
unequal distribution of 33 : 67 FumH2 : FumD2 in favour of the
pro-(S) fumaramide station (Scheme 4). A reverse in bias was
obtained with catalyst (R)-8. The directional transport results
from the ability of the chiral acylation catalyst to use informa-
tion regarding the position of the macrocycle to preferentially
raise the kinetic barrier to shuttling behind the macrocycle. It is
effectively a kinetic resolution, with the shuttling of the macro-
cycle between the two fumaramide sites interconverting
two enantiomers.

A similar ratchet mechanism was applied to a rotaxane with
three compartments, allowing cumulative directional pumping
of the macrocycle (Scheme 5).21 Rotaxane 10 consists of
three compartments each containing a fumaramide station
separated by hydroxyl groups (Scheme 5). Benzoylation of the

hydroxyl groups in the presence of chiral acylation catalyst
(S)-11 results in efficient pumping of the macrocycle to the
right-hand compartment in a o1 : 21 : 79 distribution. The bias
is reversed when using catalyst (R)-11, now favouring a
75 : 25 :o 1 macrocycle distribution. When both catalysts are
employed simultaneously the macrocycle is trapped in the
central compartment in a 10 : 77 : 13 distribution. As with the
two-compartment chiral information ratchet (Scheme 4),
the mechanism of the three-compartment information ratchet
(Scheme 5) relies on the position of the macrocycle influencing
the rate of benzoylation, with acylation taking place preferen-
tially far from the macrocycle.

In 2012 Credi described an energy ratchet featuring the direc-
tional threading of an asymmetric axle through a macrocycle in
response to photochemical and chemical stimuli (Scheme 6).56

Scheme 4 Molecular information ratchet 7 and its distribution after
acylation under different conditions: (a) with an achiral catalyst DMAP,
(b) with chiral catalyst (S)-8, (c) with the catalyst’s enantiomer, (R)-8.

Scheme 5 Molecular information ratchet 10 and its distribution after
acylation under different conditions: (a) with a chiral catalyst, (S)-11,
(b) with the catalyst’s enantiomer, (R)-11, (c) with an achiral catalyst,
(d) with a racemic mixture of the chiral catalyst.
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macrocycle in either compartment. An achiral acylation catalyst
DMAP results in an equal distribution of products. However,
the chiral DMAP-based acylation catalyst (S)-8 results in an
unequal distribution of 33 : 67 FumH2 : FumD2 in favour of the
pro-(S) fumaramide station (Scheme 4). A reverse in bias was
obtained with catalyst (R)-8. The directional transport results
from the ability of the chiral acylation catalyst to use informa-
tion regarding the position of the macrocycle to preferentially
raise the kinetic barrier to shuttling behind the macrocycle. It is
effectively a kinetic resolution, with the shuttling of the macro-
cycle between the two fumaramide sites interconverting
two enantiomers.

A similar ratchet mechanism was applied to a rotaxane with
three compartments, allowing cumulative directional pumping
of the macrocycle (Scheme 5).21 Rotaxane 10 consists of
three compartments each containing a fumaramide station
separated by hydroxyl groups (Scheme 5). Benzoylation of the

hydroxyl groups in the presence of chiral acylation catalyst
(S)-11 results in efficient pumping of the macrocycle to the
right-hand compartment in a o1 : 21 : 79 distribution. The bias
is reversed when using catalyst (R)-11, now favouring a
75 : 25 :o 1 macrocycle distribution. When both catalysts are
employed simultaneously the macrocycle is trapped in the
central compartment in a 10 : 77 : 13 distribution. As with the
two-compartment chiral information ratchet (Scheme 4),
the mechanism of the three-compartment information ratchet
(Scheme 5) relies on the position of the macrocycle influencing
the rate of benzoylation, with acylation taking place preferen-
tially far from the macrocycle.

In 2012 Credi described an energy ratchet featuring the direc-
tional threading of an asymmetric axle through a macrocycle in
response to photochemical and chemical stimuli (Scheme 6).56

Scheme 4 Molecular information ratchet 7 and its distribution after
acylation under different conditions: (a) with an achiral catalyst DMAP,
(b) with chiral catalyst (S)-8, (c) with the catalyst’s enantiomer, (R)-8.

Scheme 5 Molecular information ratchet 10 and its distribution after
acylation under different conditions: (a) with a chiral catalyst, (S)-11,
(b) with the catalyst’s enantiomer, (R)-11, (c) with an achiral catalyst,
(d) with a racemic mixture of the chiral catalyst.
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macrocycle in either compartment. An achiral acylation catalyst
DMAP results in an equal distribution of products. However,
the chiral DMAP-based acylation catalyst (S)-8 results in an
unequal distribution of 33 : 67 FumH2 : FumD2 in favour of the
pro-(S) fumaramide station (Scheme 4). A reverse in bias was
obtained with catalyst (R)-8. The directional transport results
from the ability of the chiral acylation catalyst to use informa-
tion regarding the position of the macrocycle to preferentially
raise the kinetic barrier to shuttling behind the macrocycle. It is
effectively a kinetic resolution, with the shuttling of the macro-
cycle between the two fumaramide sites interconverting
two enantiomers.

A similar ratchet mechanism was applied to a rotaxane with
three compartments, allowing cumulative directional pumping
of the macrocycle (Scheme 5).21 Rotaxane 10 consists of
three compartments each containing a fumaramide station
separated by hydroxyl groups (Scheme 5). Benzoylation of the

hydroxyl groups in the presence of chiral acylation catalyst
(S)-11 results in efficient pumping of the macrocycle to the
right-hand compartment in a o1 : 21 : 79 distribution. The bias
is reversed when using catalyst (R)-11, now favouring a
75 : 25 :o 1 macrocycle distribution. When both catalysts are
employed simultaneously the macrocycle is trapped in the
central compartment in a 10 : 77 : 13 distribution. As with the
two-compartment chiral information ratchet (Scheme 4),
the mechanism of the three-compartment information ratchet
(Scheme 5) relies on the position of the macrocycle influencing
the rate of benzoylation, with acylation taking place preferen-
tially far from the macrocycle.

In 2012 Credi described an energy ratchet featuring the direc-
tional threading of an asymmetric axle through a macrocycle in
response to photochemical and chemical stimuli (Scheme 6).56

Scheme 4 Molecular information ratchet 7 and its distribution after
acylation under different conditions: (a) with an achiral catalyst DMAP,
(b) with chiral catalyst (S)-8, (c) with the catalyst’s enantiomer, (R)-8.

Scheme 5 Molecular information ratchet 10 and its distribution after
acylation under different conditions: (a) with a chiral catalyst, (S)-11,
(b) with the catalyst’s enantiomer, (R)-11, (c) with an achiral catalyst,
(d) with a racemic mixture of the chiral catalyst.
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•  A	molecular	machine	‘is	a	system	in	which	a	stimulus	triggers	the	controlled	motion	of	one	
molecule	or	submolecular	component	relative	to	another,	potentially	resulting	in	a	net	task	
being	performed’.		

•  The	chemical	literature	has	extensive	examples	wherein	a	binding	or	isomerization	event	
results	in	a	conformational/geometrical	change	in	the	molecular	components.	

•  To	make	a	bonafide	molecular	motor,	a	repetitive,	fuelled	movement	away	from	equilibrium	
is	necessary.	Attaining	unidirectional	motion	is	the	critical	challenge	to	achieve	this	objective.	

•  Such	motion	has	been	demonstrated	in	the	ingenious	design	of	catenanes	and	some	
rotoxanes	by	a	partitioning	of	random	Brownian	motion	by	chemical	or	physical	constraints.	

•  Although	fascinating,	these	systems	remain	highly	engineered.	

Recap
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•  Rotation	around	a	single	bond	is	the	most	conceptually	simple,	repetitive	circular	motion.	

•  Although	direct	control	over	such	a	rotation	is	not	possible,	restricted	rotation	around	
hindered	single	bonds	can	lead	to	correlated	movement.	

•  Disrotatory	movement	in	triptycene	derivatives	(a	molecular	bevel	gear)	was	first	explored	by	
Mislow	and	Iwamura.	
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n-toothed wheel

Figure 2. Labeling the cogs of a bevel gear.

propriate labeling of—or, in the chemical sense, sub-
stitution on—the basic molecular framework.2 What
are the appropriate substitution patterns in molecular
bevel gears? An answer to this question may be ap-
proached in several ways: the analogy to mechanical
gears may be usefully employed, or an exhaustive enu-
meration of substitution patterns in Tp2X molecules
may be used as the basis for judging the suitability of
these patterns in the design of molecules capable of
exhibiting stereoisomerism under dynamic gearing but
in the absence of gear slippage.

Phase Isomerism.50 The bevel gear analogy can be
generalized and extended to allow determination of the
isomer count in labeled two-rotor systems. Consider
a smoothly rotating mechanical bevel gear system that
consists of a pair of m- and n-toothed cogwheels, and
in which one of the cogs in each wheel is labeled so as
to differentiate it from all the others (Figure 2). The
labeling of one cog on each wheel establishes a unique
phase relationship between the labeled cogs; this rela-
tionship remains fixed and invariant regardless of the
rate of rotation or the number of revolutions. The
number of labeled gear systems with different phase
relationships depends on the parity of the greatest
common divisor (AO of m and n. Expressed in terms
of the chemical systems represented by this model,
there are N/2 pairs of enantiomers and no achiral iso-
mers when N is even, and there are (N - l)/2 pairs of
enantiomers and one achiral isomer when N is odd.
Derivatives of Tp2CH2 and Tp20 with one substituted
ring in each Tp unit (m =  = N = 3) thus form one

pair of enantiomers and one achiral isomer.
The intimate connection between the phase rela-

tionship of labeled cogs and that of substituted benzene
rings in Tp2X systems suggests the term “phase
isomerism” as a description for this type of stereoisom-
erism. The term “residual stereoisomers”, though ori-
ginally introduced in connection with molecular pro-
pellers,2 has no specific mechanistic connotations: it
refers more generally to closed subsets of intercon-
verting isomers that are generated from the full set at
a particular time scale of observation and under the
operation of a particular stereoisomerization mode.
Phase isomerism is thus recognized to be a special case
of residual stereoisomerism, i.e., residual stereoisom-
erism generated under the operation of correlated ro-
tation. Accordingly, any residual stereoisomerism in
molecular propellers that depends on a fixed phase
relationship among the aryl rings undergoing correlated
rotation, i.e., that is generated under the operation of
one of the flip mechanisms, may also be characterized

Table I
Classes of Residual Stereoisomers for All Substitution Patterns

of Tp2X under the Full Operation of the Gearing Mode

residual isomer or species

class

isomer count0

gear gear
slippage slippage

disallowed allowed substitution pattern6
pattern

no.

I 1/0 1/0 a = b, 1 = 2 = 3 = 4 = 5 = 6 1

1/0 1/0 a = b, 1 = 2 = 3f¿4 = 5 = 6 2
1/0 1/0 a = b, 1 = 2 = 3; 4 = 5f¿6 3
1/0 1/0 a b, 1 = 2 = 3 = 4 = 5 = 6 4

II 0/1 o/i a = b, 1 = 2 = 3;4^5? 6 5
0/1 0/1 a *b, 1 = 2 = 3?¿4 = 5 = 6 6
0/1 0/1 a ^b, 1 = 2 = 3; 4 = 5;¿6 7
0/2 0/2 a b, 1 = 2 = 3; 4?¡5?!6 8

III 1/1 1/0 a = b, 1 = 2 = 4 = 5*3 = 6 9
1/1 1/0 a = b, 1 = 2;¿ 3; 4 = 5*6 10
1/1 1/0 a = b, 1 = 4*2 = 5?!3 = 6 11
1/1 1/0 a F¿b, 1 = 2 = 4 = 5f¿3 = 6 12
2/2 2/0 a ?¿b, 1=4?¿2 = 5Z3 = 6 13

IV 0/3 0/1 a = b, 1 = 2^3; 4^5*6 14
0/3 0/1 a = b, 1 = 4?¿2 = 6?¿3 = 5 15
0/3 0/1 a b, 1 = 2 * 3; 4 = 5 6 16
0/3 0/1 a ;¿b, 1 = 4?¿2 = 6f¿3 = 5 17
0/6 0/2 a = b, 1f¿2f¿3;4^5?!6 18
0/6 0/2 a ?¿b, 1 = 2?¿3;4?!5f¿6 19
0/12 0/4 a ^ b, 1 ?! 2 ?! 3; 4 ?! 5 ?! 6 20

“For each entry (x/y), x = number of meso (achiral) isomers, and y
- number of racemic pairs. The isomer count refers to achiral ensem-
bles observed under achiral conditions. 6 A semicolon between sets |1,
2, 3| and (4, 5, 6} signifies that the two sets may share some, but not all,
of their elements.

as phase isomerism. The diastereomeric triaryl-
methanes discussed at the beginning of this Account
therefore fully qualify as phase isomers.

Enumeration and Classification of Substitution
Patterns.4a,e,f A group-theoretical (permutational)
analysis of isomers and isomerization shows that there
are no more than 20 possible substitution patterns for
Tp2X, provided the substituents are nonstereogenic.
These patterns are listed in Table I. The symmetry
of the central frame to which the two Tp rotors are
attached is either C2l) (a = b; e.g., X = CH2, CO, 0) or
Cs (a b; e.g., X = CHOH). The 20 patterns may be
partitioned into four classes. The characteristic prop-
erty of each class is the isomer count under two con-
ditions: disallowed and allowed gear slippage, corre-

sponding to gearing without and with gear slippage,
respectively. Isomers under the constraint of the first
condition are phase isomers. The eight patterns that
constitute classes I and II are unsuitable for our pur-
poses since the isomer count is the same whether gear
slippage takes place or not. The 12 patterns that con-
stitute classes III and IV are suitable for an experi-
mental demonstration of phase isomerism. Class III is
characterized by systems that consist of n residual meso

phase isomers and n racemic pairs of phase isomers
under the operation of gearing and in the absence of
gear slippage, and that reduce to n residual meso (but
not phase) isomers under the full operation of gear
slippage. Class IV contains systems in which 3n racemic
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Furthermore, optical resolution of the DL isomers of the
chloro-substituted methanes and ethers could be ef-
fected by means of HPLC on a column of microsilica
coated with (+)-poly(triphenylmethyl methacrylate).
The separation of the diastereomeric phase isomers and
the optical resolution of dl pairs is compelling evidence
that gear slippage does not take place in these com-

pounds under normal conditions of laboratory manip-
ulation.
In Tp2NH and its derivatives, pyramidal inversion

at nitrogen is extremely fast on the time scale of gear
slippage, so that the isomer count conforms to patterns
with a = b rather than a ^ b. Bis(2-chloro-9-
triptycyl)amine therefore conforms to pattern 9 rather
than 12, and (2-chloro-9-triptycyl)(3-chloro-9-
triptycyl)amine to pattern 10 rather than 16. The phase
isomers of the latter were separated by HPLC and
identified by observation of most of the 24 and 36
aromatic carbon NMR signals theoretically predicted
for the meso and DL isomers, respectively.
Bis(2,3-dimethyl-9-triptycyl)carbinol conforms to

pattern 12. The meso and DL phase isomers were sep-
arated by column chromatography and identified by
NMR. The meso isomer, like Tp2CHOH itself, though
chemically achiral, is an ensemble of chiral molecules
that enantiomerize exclusively through a chiral gearing
pathway so long as gear slippage is disallowed. That
is, all structures in the gearing circuit of the meso isomer
(see Figure 3) are pairwise related as mirror images, and
none are achiral. The two 2,3-dimethyl-9-triptycyl
groups are pairwise enantiotopic by external compari-
son, and three sets of pairwise equivalent rings are

produced under conditions of rapid gearing. The meso

isomer therefore features 18 aromatic carbon NMR
signals. In the D or L phase isomer all conformations
are symmetry nonequivalent (see Figure 4) and all six
rings remain nonequivalent under conditions of rapid
gearing. The dl isomer therefore features 36 aromatic
carbon signals. Note that transposition of H and OH
on the central carbon atom does not interconvert D and
L isomers; that is, the central carbon atom is not ster-
eogenic.
The three rings in each triptycyl unit of bis(2,6-di-

chloro-9-triptycyl)methane differ in constitution, and
the bridgehead atoms are therefore stereogenic. Under
conditions of gear slippage this compound exists as a

conventional set of diastereomers, a meso form (RS) and
a racemic pair (RR/SS). But, as we saw, gear slippage
does not take place under normal laboratory conditions.
The RS compound conforms to pattern 11 and is
therefore expected to give rise to meso and DL phase
isomers (Figures 5 and 6). .The phase isomers bear a
certain resemblance to those of bis(2,3-dimethyl-9-
triptycyl) carbinol: all conformations in the gearing
circuits are chiral, all are pairwise related as mirror
images in the meso form, and all are symmetry non-

equivalent in the D and L forms. In contrast, the RR/SS
compound conforms to pattern 15 and yields three
diastereomeric DL pairs under the constraint of gear
meshing. In accord with these expectations, five frac-
tions were isolated by HPLC on microsilica. Two of
these were unambiguously identified as the meso and
DL phase isomers derived from the RS compound: one

fraction (meso), on heating in o-dichlorobenzene under
reflux for 5 h, i.e., under conditions conducive to gear

Figure 5. Conformational gearing circuit for the meso phase
isomer of (9fi,9'S)-bis(2,6-dichloro-9-triptycyl)methane (pattern
11, Table I). Schematic projections follow the convention in Figure
1 (a = b). The filled and open circles denote 2- and 6-chloro
substituents, respectively.

Figure 6. Same as Figure 5 but for the D or L phase isomer.

slippage (see below), yielded a mixture of meso and DL
fractions in an intensity ratio of ca. 1:2; the two fractions
were identified as such by the number of quaternary
aromatic carbon NMR signals, 8 and 16 for the meso

and DL phase isomer, respectively. The remaining three
fractions, derived from the RR/SS compound, could
each be resolved by HPLC on chiral packing material.

Torsional Barriers in Tp2X Derivatives: An
Experimental Approach
In harmony with the prediction of EFF calculations,

the observation that phase isomers can be separated
and are stable at room temperature clearly shows that
gear slippage is slow on the laboratory time scale. What
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•  Direct	rotation	in	2	has	a	barrier	of	~25kcal/mol	and	is	slow	at	
room	temperature	(several	days).	

•  The	chemical	energy	of	carbonyl	dichloride	is	utilized	to	
reduce	the	energy	barrier	for	clockwise	rotation.	A	non-
repeatable,	directional	120o	rotation	is	achieved.	

•  Treatment	of	7	with	COCl2	leads	rapidly	to	6		but	not	to	5.	
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Directional Rotation Along Single Bonds

•  If	the	nucleophilic	lactone	opening	of	1	is	diastereospecific,	subsequent	relactonization	to	give	3	must	
inherently	proceed	through	a	directional	rotation	of	the	biaryl.	

•  Studies	with	the	racemate	1	are	consistent	with	this	hypothesis.			

that has achieved 120° net directed bond rotation using purely
chemical transformations, rotating about a single bond in a
triptycene.7 We have reported an achiral biaryl lactone system
capable of 180° directed bond rotation in two steps about
an aryl-aryl bond using two different chiral nucleophilic
lactone cleavages and relactonizations.8

In this paper, we report an original design of a totally
synthetic rotary molecular motor based on a chiral biaryl
lactone structure. The design and synthesis of a similar
monofunctional system has been reported.9 However, direct
characterization of the rotation in that system was not
possible due to rapid equilibration of diastereomeric inter-
mediates, scrambling information about the direction of bond
rotation. Herein, we report the synthesis of the proposed
bifunctional motor and preliminary results of an experimen-
tally determined 180° directed bond rotation about the aryl-
aryl bond. Under the appropriate reaction conditions, this
system should be capable of a 360° unidirectional bond
rotation in six steps, which would be the most efficient purely
chemically driven motor system to date.

Tri-ortho-substituted chiral biaryl lactone (S)-1 should
undergo diastereoselective ring cleavage via nucleophilic
attack at the lactone to afford either (M,S)-2 or (P,S)-2 in
excess, resulting in a 90° directed aryl-aryl bond rotation
(Scheme 1). Unless one of the ortho substituents is small,

tri-ortho-substituted biaryls are stable atropisomers that do
not interconvert,10 and thus the intermediates (M,S)-2 and
(P,S)-2 should be amenable to characterization by simple

analysis of diastereomer ratios. The absolute direction of the
initial 90° rotation can be controlled completely through the
chirality of (S)-1 and the kinetics of the atroposelective
lactone ring opening. Through chemoselective carboxylic
acid activation, relactonization should occur to afford (S)-3.
This would result in another 1/4 turn about the aryl-aryl bond
from (M,S)-2 or (P,S)-2 to (S)-3 resulting in a 180°
unidirectional rotation relative to (S)-1. The directionality
of this step is completely dependent on the orthogonal
reactivity of the carboxyl moiety relative to the opposing
CdO(Nu) functionality in the lactonization process. There-
fore, regardless of the initial atropisomer formed in excess,
(M,S)-2 or (P,S)-2, unidirectional rotation at the relacton-
ization step is inherent. To achieve iterative directed bond
rotation, lactone (S)-1must be reformed by selective cleavage
of the CdO(Nu) moiety on (S)-3 in the presence of the
lactone moiety.11

Racemic lactone 1 was synthesized in 11 steps in a 6.6%
overall yield (Scheme 2). Xylene 4 was oxidized and

esterified to afford dimethyl ester 6. This was then reacted
under Leadbeater Suzuki coupling conditions12 with boronic

(6) (a) Leigh, D. A.; Wong, J. K. Y.; Dehez, F.; Zerbetto, F. Nature
2003, 424, 174-179. (b) Hernandez, J. V.; Kay, E. R.; Leigh, D. A. Science
2004, 306, 1532-1537.

(7) (a) Kelly, T. R.; De Silva, H.; Silva, R. A. Nature 1999, 401, 150-
152. (b) Kelly, T. R.; Silva, R. A.; De Silva, H.; Jasmin, S.; Zhao, Y. J.
Am. Chem. Soc. 2000, 122, 6935-6949.

(8) Lin, Y.; Dahl, B. J.; Branchaud, B. P. Tetrahedron Lett. 2005, 46,
8359-8362.

Scheme 1. Proposed Iterative Directed Aryl-Aryl Bond
Rotation

Scheme 2. Racemic Synthesis of Proposed Motor 1
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acid 7 resulting in biaryl 8. Grignard addition of 4-bromo-
1-butene to the aldehyde moiety was followed by a trieth-
ylsilane reduction of the resulting benzyl alcohol functionality
to afford 10. An oxidative alkene cleavage with catalytic
OsO4 and excess oxone13 afforded 11 which then underwent
an intramolecular Friedel-Crafts acylation sequence resulting
in tetralone 12. The ester functionalities were then hydro-
lyzed. The tetralone was reduced with NaBH4, and two
functionalities were lactonized in the presence of neat
trifluoroacetic acid to afford the proposed biaryl lactone
motor (S)-1/(R)-1 as a racemic mixture.

Attempts to reduce the sterically hindered tetralone moiety
on 12 to afford enantiomerically enriched samples of (S)-1
or (R)-1 using conventional chiral reducing agents were
unsuccessful. However, proof of concept of unidirectional
bond rotation is inherent as characterization of the racemic
mixture vs an enantiomerically pure sample would be
equivalent via NMR spectroscopy.14

Racemic motor (S)-1/(R)-1 was subjected to lactone
cleavage under Weinreb conditions15 in the presence of
cumylamine and AlMe3 to afford the ring-opened amide
(M,S)-13/(P,R)-13 with very high diastereoselectivity (Scheme
3). Following this, a portion of the crude mixture was

immediately lactonized under Keck conditions16 to afford
biaryl lactone (S)-14/(R)-14, thus achieving 180° aryl-aryl
bond rotation with very high rotational selectivity.

Because of the poor solubility and difficulty purifying the
intermediates (M,S)-13/(P,R)-13 following ring cleavage of
(S)-1/(R)-1, a portion of the crude mixture was directly
derivatized to the more soluble allyl ester (M,S)-15/(P,R)-
15. NMR analysis of the purified products and side products
in the allyl ester formation indicated only one racemic
component, (M,S)-15/(P,R)-15, and thus very high rotational
selectivity for the lactone cleavage step.17

To confirm the relative axial stereochemistry of the ring-
opened intermediates (M,S)-13/(P,R)-13, a sample of (M,S)-
15/(P,R)-15 was studied by qualitative transient 1H NOESY-
1D. The irradiated amide hydrogen exhibited no NOE
interactions with the benzyl hydrogen ipso to the hydroxyl
on the lower ring but did have NOE interactions with the
hydroxyl hydrogen (Figure 1). To obtain a sample with the

opposite axial chirality, lactone (S)-14/(R)-14 was hydrolyzed
to afford (P,S)-13/(M,R)-13 and was directly converted to
allyl ester (P,S)-15/(M,R)-15 and studied by qualitative
transient 1H NOESY-1D. The irradiated amide hydrogen on

(9) Dahl, B. J.; Branchaud, B. P. Tetrahedron Lett. 2004, 45, 9599-
9602.

(10) (a) Eliel, E. L.; Wilen, S. H. In Stereochemistry of Organic
Compounds; John Wiley and Sons, Inc.: New York, 1994; pp 1142-1150.
(b) Bringmann, G.; Mortimer, A. J. P.; Keller, P. A.; Gresser, M. J.; Garner,
J.; Breuning, M. Angew. Chem., Ind. Ed. 2005, 44, 5384-5427.

(11) The motor should also rotate unidirectionally following the same
sequence of reactions (Scheme 1) starting with enantiomer (R)-1, in the
opposite direction about the aryl-aryl bond.

(12) Leadbeater, N. E.; Marco, M. J. Org. Chem. 2003, 68, 888-892.
(13) Travis, B. R.; Narayan, R. S.; Borhan, B. J. Am. Chem. Soc. 2002,

124, 3824-3825.
(14) Racemic 1 can be used to study directed bond rotation by NMR

spectroscopy because each enantiomer of 1 can undergo a diastereoselective
directed bond rotation process (see Scheme 1), with each enantiomer rotating
in the opposite direction. Each step in the directed bond rotation for each
enantiomer will be observed as the same diastereoselective reaction by NMR
spectroscopy.

(15) Basha, A.; Lipton, M.; Weinreb, S. M. Tetrahedron Lett. 1977,
4171-4174.

(16) Boden, E. P.; Keck, G. E. J. Org. Chem. 1985, 50, 2394-5.
(17) One can assume on the basis of the detection limits of NMR

spectroscopy that the diastereoselectivity is 90-100%. The loss of the other
diastereomer in the derivatization process could be possible but very unlikely
on the basis of NMR analysis of crude 13, indicating a single diastereomer.
Given that the overall yield of the two-step ring opening and allyl
derivatization process was 72%, the rotational selectivity is at minimum
72% even if one diastereomer was not derivatized.

Scheme 3. 180° Directed Aryl-Aryl Bond Rotationa

a Conditions used: (a) PhC(CH3)2NH2, AlMe3, CH2Cl2, reflux;
(b) DCC, DMAP, DMAP‚HCl, CHCl3, reflux.

Figure 1. Transient 1H NOESY-1D data for amide N-H protons.

Org. Lett., Vol. 8, No. 25, 2006 5843
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A	10-step	sequence	converts	lactone	1	
to	6	and	back	to	1	in	a	unidirectional	
manner,	biased	by	the	chiral	catalyst	
controlled	lactone	opening	reactions.		

First	demonstration	of	a	chemically	driven	360o	unidirectional	rotation	by	Feringa.			
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•  The	treatment	of	Catenane	1	with	excess	
KHCO3,	excess	Fmoc-Cl	and	a	bulky	amine	base	
in	DCM	results	in	an	autonomous,	Fmoc	
fuelled	directional	clockwise	movement	of	the	
macrocycle.	

•  What	are	the	kinetic	constraints	necessary	for	
this	operation	to	occur	and	how	does	it	occur?		
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(carbonate formation preferentially occurring distant to the small 
ring) and likewise Fmoc attachment to 2′ should preferentially form 
FumH2-1, each reaction causing net transport of the benzylic amide 
macrocycle in a clockwise direction. The cleavage of either of the Fmoc 
groups of 1 then occurs (to form 2 or 2′ in equal amounts), allowing 
another Fmoc attachment step to occur, again proceeding with net 
directional movement of the small ring. To maximize the efficiency of 
the process, sufficient Fmoc-Cl needs to be present for the attachment 
reaction to proceed rapidly whenever a hydroxyl group is unmasked. 
This prevents accumulation of the catenane diol, in which both Fmoc 
groups have been cleaved, leaving the small ring free to shuttle around 
the track without directional bias. A fuller discussion of the kinetics33  
of the information ratchet mechanism, including deriving the net 
directionality of ring rotation from the rate equations, is given in 
Supplementary Information, section 6.

We first developed the chemistry necessary for the operation of 
1 on a simpler [2]rotaxane (a ring threaded on a dumbbell-shaped 
axle) system, 3 (Fig. 2). [2]Rotaxane 3 was prepared from (R)-3-
amino-1,2-propanediol (see Supplementary Information, sections 
1.2.1 and 1.3.1). When rotaxane 3 was treated with Fmoc-Cl in the 
presence of a bulky carbonate-forming catalyst, (R)-5 (Fig. 2a), the 
macrocycle was predominantly trapped in the FumD2 compartment 
(up to 17:83 FumH2-4:FumD2-4, as shown by 1H nuclear magnetic 
resonance (NMR) spectroscopy in Fig. 2b. Other reaction conditions 
led to poorer discrimination between the compartments). This result 
confirms that catalyst (R)-5, in its acylated intermediate form (Fig. 2a), 
can distinguish between the two positional isomers of the rotaxane 
that interconvert through the macrocycle shuttling between the two 
fumaramide residues, and that the acylated intermediate preferen-
tially reacts with the hydroxyl group when the macrocycle is on the 
FumD2 group, that is, kfar-attach > kclose-attach. Although a chiral catalyst 
(and chiral motor) was used, mainly for synthetic convenience, the 
positional bias of the Fmoc addition is almost independent of catalyst 
handedness (see Supplementary Information, section 5) and stems 
from one macrocycle binding site being close to the site of reaction 
on the axle, and the other far away.

With a directional bias established for the Fmoc addition step, we 
next investigated the Fmoc cleavage reaction. A solution of 20:80 
FumH2-4:FumD2-4, in dichloromethane (CH2Cl2) was treated with 
triethylamine (NEt3) (Fig. 2c). The reaction was sampled at various 
times, and before all the rotaxane Fmoc groups had been cleaved 
1H NMR analysis of the recovered rotaxane 4 showed the ratio of  
FumH2:FumD2 to be unchanged from the starting ratio (for example, 
rotaxane 4 after 67% formation of 3, Fig. 2d). Thus the Fmoc groups 
are cleaved from FumH2-4 and FumD2-4 at the same rate; the position 
of the macrocycle in rotaxane 4 does not influence the rate of Fmoc 
cleavage, that is, kfar-cleave = kclose-cleave.

Next, conditions were established under which both the Fmoc 
attachment and cleavage reactions take place in the same reaction 
mixture (see Supplementary Information, section 2). In a typical 
procedure, the rotaxane (3 or 4) and (R)-5 were dissolved in CH2Cl2 
and KHCO3 was added (to regenerate NEt3 from hydrochloride salts 
formed by the cleavage reaction). Solutions of the Fmoc-Cl fuel and 
Et3N in CH2Cl2 were mixed together initially and then more Fmoc-Cl 
slowly and continuously added using a syringe pump for as long as 
the motor was required to run. Subjecting rotaxane 4 with an initial 
macrocycle distribution of 100:0 FumH2:FumD2 to these operation 
conditions resulted in 4 with a distribution of 17:83 FumH2:FumD2 
at the steady state (Supplementary Figs 3 and 4). That the Fmoc for-
mation and cleavage reactions run concurrently was further con-
firmed by showing that a deuterium (D)-labelled Fmoc group on 
the rotaxane could be exchanged for an unlabelled one under these 
operating conditions. Treatment of D2-(33:67 FumH2:FumD2)-4 with 
unlabelled Fmoc-Cl under the operating conditions formed (17:83 
FumH2:FumD2)-4, with a loss of D2-label from 63% to 10% incorpora-
tion after 18 h, as shown by mass spectrometry. Switching the chemical 
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Figure 1 | Operation of a chemically fuelled [2]catenane rotary motor. 
The benzylic amide macrocycle (blue) binds to one or other of the two 
fumaramide sites (green) of the cyclic track. Bulky groups (red) sterically 
block passage of the small blue ring and trap it in one compartment or 
the other (the right- or left-hand side of the track as shown). Cleavage 
of one of the bulky groups through a chemical reaction (loss of orange 
ball) allows the small ring to shuttle back and forth between the two 
fumaramide sites on the track via Brownian motion along the  
unblocked pathway. Attachment of another bulky group (addition of  
red ball) through another chemical reaction (under the same  
conditions) locks in any change of location of the small ring (that is,  
if the ring has changed compartment it is prevented from returning  
to the original one). If the kinetics for blocking group attachment  
are faster when the small ring is far from the reactive site  
(kfar-attach > kclose-attach; for example, for steric reasons), but the cleavage 
reaction occurs at a rate independent of the small ring position  
(kfar-cleave = kclose-cleave), then the small ring will directionally rotate around 
the larger one. One of the fumaramide groups is deuterium-labelled to 
distinguish the compartments and allow the location of the small ring  
to be determined by 1H NMR spectroscopy. Compound 1 is the catenane 
with two Fmoc groups attached. Compound 2 is the catenane with one 
Fmoc group attached close to the labelled fumaramide group. Compound 2′  
is the catenane with one Fmoc group attached close to the unlabelled 
fumaramide group. The italicised prefix (FumH2- or FumD2-)  
refers to the location of the benzylic amide macrocycle in 1, 2 or 2′.  
Thick arrows indicate the major pathway of a reaction, dashed arrows 
indicate the minor pathway and thin arrows indicate pathways that  
occur at similar rates. The blue arrow indicates the direction of net 
transport of the benzylic amide macrocycle when kfar-attach > kclose-attach 
and kfar-cleave = kclose-cleave.
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Light Driven Motors

(R,R)-(P,P)-trans-1

ax

ax

The	extraordinary	molecule	1	has	the	following	stereochemical	
features:	
	
1.  Thermally	stable	but	photochemically	interconvertible	olefin	

isomerism.	
2.  P,	P	or	M,	M	helicity.	
3.  Fixed	configurations	at	the	stereogenic	centers.	
4.  Conformational	flexibility	of	the	cycloalkane	rings	resulting	in	the	

adoption	of	pseudoaxial	or	equatorial	orientations	of	the	methyl	
groups.		

This	can	result	in	3	other	isomers:	
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al motion we would expect of a true molec-
ular motor. Now, on pages 150 and 152 of
this issue, Kelly et al.6 and Koumura et al.7

report two different routes towards this
seductive goal.

The design of Kelly et al.6 is based on a
previous attempt to construct a ‘molecular
ratchet’. In this earlier work, the rotation of
a three-pronged ‘wheel’ was hindered by a
curved ‘brake’ (Fig. 2a), whose asymmetrical
shape was intended to favour rotation in one
particular direction8. Such unidirectional
motion, driven only by ambient thermal
energy, would have violated the second
law of thermodynamics9, and unsurprisingly
failed to occur. Careful NMR measurements
showed that the ratchet rotated in either
direction with equal probability. 

Kelly et al. have now modified their sys-
tem, using the asymmetry of their brake to
produce chemically driven (and therefore
thermodynamically allowed) motion in one
direction. Functional groups are attached to
the brake and one spoke of the wheel, allow-
ing the two to be linked covalently. The link-
age pulls the molecule into a strained con-
formation, so that it becomes energetically
favourable for the spoke to slip under the
brake. Cleavage of the linkage returns the
system to its original chemical state, but with
the wheel having undergone one-third of a
rotation. The system is not a true molecular
motor, as no provision is made for further
movement, but it does demonstrate a
method by which chemical energy may be
transduced, on a molecular scale, into uni-
directional rotary motion. Understanding
this and similar processes may be relevant
to natural molecular motors, such as ATP
synthase10,11, which are also powered by
chemical reactions. 

A critical aspect of the above system is
its chirality (handedness), without which a
direction of rotation could not be defined, let
alone pursued. The design of Koumura et al.7

also obeys this principle. Their system is an
alkene molecule (that is, it contains a car-
bon–carbon double bond), and uses the
photochemical cis–trans interconversion
illustrated in Fig. 1. But whereas simple
alkenes are planar and achiral (that is, super-
imposable on their mirror images), the sys-
tem of Koumura et al. has a complex struc-
ture which prevents planarity, introduces
chirality and results in four distinguishable
states, two trans and two cis (Fig. 2b). As
expected, both trans–cis interconversions
can be achieved by illumination with ultravi-
olet light of an appropriate wavelength. 

The singular feature of this system is that,
for subtle structural reasons, one of each
pair of trans- and cis-isomers is more stable
than the other. Provided the temperature is
high enough to overcome the activation bar-
rier between the two trans or cis isomers, the
more stable of the pair is formed irreversibly
from its partner. So, light-driven creation of

the less stable isomer of each pair is followed
by thermal decay into the more stable iso-
mer, resulting in overall rotation (Fig. 2b).
The authors have followed this cycle step-
wise by performing the photochemical con-
versions at low temperatures, which slows
the trans–trans and cis–cis interconversions
so that each of the four species can be
observed in sequence. However, at higher
temperatures there seems no reason why
the system should not rotate continuously
under ultraviolet irradiation, and so be
seen as a genuine, light-powered molecular
motor.

Many problems remain before the prin-
ciples embodied in these molecular motors
can be incorporated in real, useful
machines. The rotors must be coupled to
their surroundings, and the self-assembly
processes needed for nanoscale construc-
tion still need to be worked out. Nonethe-
less, the results of these two groups provide
further confirmation that molecular-scale
engineering is slowly edging towards reality.
The difficulties should not be underestimat-
ed; molecular design is still an uncertain
business, and chemical synthesis can be
lengthy and painstaking. Indeed, an engi-
neer may be amazed that the ‘partial motor’
of Kelly et al., containing only 78 atoms,

required over four years to construct. It
should not be forgotten, though, that syn-
thesis is a massively parallel manufacturing
process; each mole of product corresponds
to !6 " 1023 discrete ‘nanodevices’. Both
groups have probably made at least 1019

units of their respective systems, and could
scale up by several orders of magnitude
if required. The bottom-up approach is
certainly challenging, but may ultimately
have economics on its side. ■
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Figure 2 Unidirectional motion produced by nanoscale rotors. a, In the chemically driven system
created by Kelly et al.6, the ratchet design (top) is modified so that a link can be made between the
brake and one of the spokes. Making the link (1 → 2) pulls the rotor into a strained, high-energy
position. Thermal energy is now sufficient to carry the spoke past the brake, allowing the rotor to
regain its favoured situation as in 3. Cleavage of the link restores the original position, except that
the rotor has moved through 120°. b, The light-powered system created by Koumura et al.7, viewed
down the axis of a central carbon–carbon double bond that links two identical halves of an alkene
molecule. The double bond is trying to establish a planar structure — that is, to make the two halves
line up. But they are prevented from doing so by bulky substituent groups, resulting in a twisted
geometry with four distinct states. The barrier between cis and trans forms is high, but may be
overcome by ultraviolet irradiation. Asymmetric substituents (triangles) cause energy differences
between the two cis and two trans isomers, such that cis-2 is more stable than cis-1, whereas trans-1
is more stable than trans-2. At appropriate temperatures, the thermally driven cis-1 → cis-2 and
trans-2 → trans-1 conversions take place irreversibly. The net result is continuous rotation in the
presence of ultraviolet light.
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al motion we would expect of a true molec-
ular motor. Now, on pages 150 and 152 of
this issue, Kelly et al.6 and Koumura et al.7

report two different routes towards this
seductive goal.

The design of Kelly et al.6 is based on a
previous attempt to construct a ‘molecular
ratchet’. In this earlier work, the rotation of
a three-pronged ‘wheel’ was hindered by a
curved ‘brake’ (Fig. 2a), whose asymmetrical
shape was intended to favour rotation in one
particular direction8. Such unidirectional
motion, driven only by ambient thermal
energy, would have violated the second
law of thermodynamics9, and unsurprisingly
failed to occur. Careful NMR measurements
showed that the ratchet rotated in either
direction with equal probability. 

Kelly et al. have now modified their sys-
tem, using the asymmetry of their brake to
produce chemically driven (and therefore
thermodynamically allowed) motion in one
direction. Functional groups are attached to
the brake and one spoke of the wheel, allow-
ing the two to be linked covalently. The link-
age pulls the molecule into a strained con-
formation, so that it becomes energetically
favourable for the spoke to slip under the
brake. Cleavage of the linkage returns the
system to its original chemical state, but with
the wheel having undergone one-third of a
rotation. The system is not a true molecular
motor, as no provision is made for further
movement, but it does demonstrate a
method by which chemical energy may be
transduced, on a molecular scale, into uni-
directional rotary motion. Understanding
this and similar processes may be relevant
to natural molecular motors, such as ATP
synthase10,11, which are also powered by
chemical reactions. 

A critical aspect of the above system is
its chirality (handedness), without which a
direction of rotation could not be defined, let
alone pursued. The design of Koumura et al.7

also obeys this principle. Their system is an
alkene molecule (that is, it contains a car-
bon–carbon double bond), and uses the
photochemical cis–trans interconversion
illustrated in Fig. 1. But whereas simple
alkenes are planar and achiral (that is, super-
imposable on their mirror images), the sys-
tem of Koumura et al. has a complex struc-
ture which prevents planarity, introduces
chirality and results in four distinguishable
states, two trans and two cis (Fig. 2b). As
expected, both trans–cis interconversions
can be achieved by illumination with ultravi-
olet light of an appropriate wavelength. 

The singular feature of this system is that,
for subtle structural reasons, one of each
pair of trans- and cis-isomers is more stable
than the other. Provided the temperature is
high enough to overcome the activation bar-
rier between the two trans or cis isomers, the
more stable of the pair is formed irreversibly
from its partner. So, light-driven creation of

the less stable isomer of each pair is followed
by thermal decay into the more stable iso-
mer, resulting in overall rotation (Fig. 2b).
The authors have followed this cycle step-
wise by performing the photochemical con-
versions at low temperatures, which slows
the trans–trans and cis–cis interconversions
so that each of the four species can be
observed in sequence. However, at higher
temperatures there seems no reason why
the system should not rotate continuously
under ultraviolet irradiation, and so be
seen as a genuine, light-powered molecular
motor.

Many problems remain before the prin-
ciples embodied in these molecular motors
can be incorporated in real, useful
machines. The rotors must be coupled to
their surroundings, and the self-assembly
processes needed for nanoscale construc-
tion still need to be worked out. Nonethe-
less, the results of these two groups provide
further confirmation that molecular-scale
engineering is slowly edging towards reality.
The difficulties should not be underestimat-
ed; molecular design is still an uncertain
business, and chemical synthesis can be
lengthy and painstaking. Indeed, an engi-
neer may be amazed that the ‘partial motor’
of Kelly et al., containing only 78 atoms,

required over four years to construct. It
should not be forgotten, though, that syn-
thesis is a massively parallel manufacturing
process; each mole of product corresponds
to !6 " 1023 discrete ‘nanodevices’. Both
groups have probably made at least 1019

units of their respective systems, and could
scale up by several orders of magnitude
if required. The bottom-up approach is
certainly challenging, but may ultimately
have economics on its side. ■
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Figure 2 Unidirectional motion produced by nanoscale rotors. a, In the chemically driven system
created by Kelly et al.6, the ratchet design (top) is modified so that a link can be made between the
brake and one of the spokes. Making the link (1 → 2) pulls the rotor into a strained, high-energy
position. Thermal energy is now sufficient to carry the spoke past the brake, allowing the rotor to
regain its favoured situation as in 3. Cleavage of the link restores the original position, except that
the rotor has moved through 120°. b, The light-powered system created by Koumura et al.7, viewed
down the axis of a central carbon–carbon double bond that links two identical halves of an alkene
molecule. The double bond is trying to establish a planar structure — that is, to make the two halves
line up. But they are prevented from doing so by bulky substituent groups, resulting in a twisted
geometry with four distinct states. The barrier between cis and trans forms is high, but may be
overcome by ultraviolet irradiation. Asymmetric substituents (triangles) cause energy differences
between the two cis and two trans isomers, such that cis-2 is more stable than cis-1, whereas trans-1
is more stable than trans-2. At appropriate temperatures, the thermally driven cis-1 → cis-2 and
trans-2 → trans-1 conversions take place irreversibly. The net result is continuous rotation in the
presence of ultraviolet light.
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al motion we would expect of a true molec-
ular motor. Now, on pages 150 and 152 of
this issue, Kelly et al.6 and Koumura et al.7

report two different routes towards this
seductive goal.

The design of Kelly et al.6 is based on a
previous attempt to construct a ‘molecular
ratchet’. In this earlier work, the rotation of
a three-pronged ‘wheel’ was hindered by a
curved ‘brake’ (Fig. 2a), whose asymmetrical
shape was intended to favour rotation in one
particular direction8. Such unidirectional
motion, driven only by ambient thermal
energy, would have violated the second
law of thermodynamics9, and unsurprisingly
failed to occur. Careful NMR measurements
showed that the ratchet rotated in either
direction with equal probability. 

Kelly et al. have now modified their sys-
tem, using the asymmetry of their brake to
produce chemically driven (and therefore
thermodynamically allowed) motion in one
direction. Functional groups are attached to
the brake and one spoke of the wheel, allow-
ing the two to be linked covalently. The link-
age pulls the molecule into a strained con-
formation, so that it becomes energetically
favourable for the spoke to slip under the
brake. Cleavage of the linkage returns the
system to its original chemical state, but with
the wheel having undergone one-third of a
rotation. The system is not a true molecular
motor, as no provision is made for further
movement, but it does demonstrate a
method by which chemical energy may be
transduced, on a molecular scale, into uni-
directional rotary motion. Understanding
this and similar processes may be relevant
to natural molecular motors, such as ATP
synthase10,11, which are also powered by
chemical reactions. 

A critical aspect of the above system is
its chirality (handedness), without which a
direction of rotation could not be defined, let
alone pursued. The design of Koumura et al.7

also obeys this principle. Their system is an
alkene molecule (that is, it contains a car-
bon–carbon double bond), and uses the
photochemical cis–trans interconversion
illustrated in Fig. 1. But whereas simple
alkenes are planar and achiral (that is, super-
imposable on their mirror images), the sys-
tem of Koumura et al. has a complex struc-
ture which prevents planarity, introduces
chirality and results in four distinguishable
states, two trans and two cis (Fig. 2b). As
expected, both trans–cis interconversions
can be achieved by illumination with ultravi-
olet light of an appropriate wavelength. 

The singular feature of this system is that,
for subtle structural reasons, one of each
pair of trans- and cis-isomers is more stable
than the other. Provided the temperature is
high enough to overcome the activation bar-
rier between the two trans or cis isomers, the
more stable of the pair is formed irreversibly
from its partner. So, light-driven creation of

the less stable isomer of each pair is followed
by thermal decay into the more stable iso-
mer, resulting in overall rotation (Fig. 2b).
The authors have followed this cycle step-
wise by performing the photochemical con-
versions at low temperatures, which slows
the trans–trans and cis–cis interconversions
so that each of the four species can be
observed in sequence. However, at higher
temperatures there seems no reason why
the system should not rotate continuously
under ultraviolet irradiation, and so be
seen as a genuine, light-powered molecular
motor.

Many problems remain before the prin-
ciples embodied in these molecular motors
can be incorporated in real, useful
machines. The rotors must be coupled to
their surroundings, and the self-assembly
processes needed for nanoscale construc-
tion still need to be worked out. Nonethe-
less, the results of these two groups provide
further confirmation that molecular-scale
engineering is slowly edging towards reality.
The difficulties should not be underestimat-
ed; molecular design is still an uncertain
business, and chemical synthesis can be
lengthy and painstaking. Indeed, an engi-
neer may be amazed that the ‘partial motor’
of Kelly et al., containing only 78 atoms,

required over four years to construct. It
should not be forgotten, though, that syn-
thesis is a massively parallel manufacturing
process; each mole of product corresponds
to !6 " 1023 discrete ‘nanodevices’. Both
groups have probably made at least 1019

units of their respective systems, and could
scale up by several orders of magnitude
if required. The bottom-up approach is
certainly challenging, but may ultimately
have economics on its side. ■
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Figure 2 Unidirectional motion produced by nanoscale rotors. a, In the chemically driven system
created by Kelly et al.6, the ratchet design (top) is modified so that a link can be made between the
brake and one of the spokes. Making the link (1 → 2) pulls the rotor into a strained, high-energy
position. Thermal energy is now sufficient to carry the spoke past the brake, allowing the rotor to
regain its favoured situation as in 3. Cleavage of the link restores the original position, except that
the rotor has moved through 120°. b, The light-powered system created by Koumura et al.7, viewed
down the axis of a central carbon–carbon double bond that links two identical halves of an alkene
molecule. The double bond is trying to establish a planar structure — that is, to make the two halves
line up. But they are prevented from doing so by bulky substituent groups, resulting in a twisted
geometry with four distinct states. The barrier between cis and trans forms is high, but may be
overcome by ultraviolet irradiation. Asymmetric substituents (triangles) cause energy differences
between the two cis and two trans isomers, such that cis-2 is more stable than cis-1, whereas trans-1
is more stable than trans-2. At appropriate temperatures, the thermally driven cis-1 → cis-2 and
trans-2 → trans-1 conversions take place irreversibly. The net result is continuous rotation in the
presence of ultraviolet light.
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al motion we would expect of a true molec-
ular motor. Now, on pages 150 and 152 of
this issue, Kelly et al.6 and Koumura et al.7

report two different routes towards this
seductive goal.

The design of Kelly et al.6 is based on a
previous attempt to construct a ‘molecular
ratchet’. In this earlier work, the rotation of
a three-pronged ‘wheel’ was hindered by a
curved ‘brake’ (Fig. 2a), whose asymmetrical
shape was intended to favour rotation in one
particular direction8. Such unidirectional
motion, driven only by ambient thermal
energy, would have violated the second
law of thermodynamics9, and unsurprisingly
failed to occur. Careful NMR measurements
showed that the ratchet rotated in either
direction with equal probability. 

Kelly et al. have now modified their sys-
tem, using the asymmetry of their brake to
produce chemically driven (and therefore
thermodynamically allowed) motion in one
direction. Functional groups are attached to
the brake and one spoke of the wheel, allow-
ing the two to be linked covalently. The link-
age pulls the molecule into a strained con-
formation, so that it becomes energetically
favourable for the spoke to slip under the
brake. Cleavage of the linkage returns the
system to its original chemical state, but with
the wheel having undergone one-third of a
rotation. The system is not a true molecular
motor, as no provision is made for further
movement, but it does demonstrate a
method by which chemical energy may be
transduced, on a molecular scale, into uni-
directional rotary motion. Understanding
this and similar processes may be relevant
to natural molecular motors, such as ATP
synthase10,11, which are also powered by
chemical reactions. 

A critical aspect of the above system is
its chirality (handedness), without which a
direction of rotation could not be defined, let
alone pursued. The design of Koumura et al.7

also obeys this principle. Their system is an
alkene molecule (that is, it contains a car-
bon–carbon double bond), and uses the
photochemical cis–trans interconversion
illustrated in Fig. 1. But whereas simple
alkenes are planar and achiral (that is, super-
imposable on their mirror images), the sys-
tem of Koumura et al. has a complex struc-
ture which prevents planarity, introduces
chirality and results in four distinguishable
states, two trans and two cis (Fig. 2b). As
expected, both trans–cis interconversions
can be achieved by illumination with ultravi-
olet light of an appropriate wavelength. 

The singular feature of this system is that,
for subtle structural reasons, one of each
pair of trans- and cis-isomers is more stable
than the other. Provided the temperature is
high enough to overcome the activation bar-
rier between the two trans or cis isomers, the
more stable of the pair is formed irreversibly
from its partner. So, light-driven creation of

the less stable isomer of each pair is followed
by thermal decay into the more stable iso-
mer, resulting in overall rotation (Fig. 2b).
The authors have followed this cycle step-
wise by performing the photochemical con-
versions at low temperatures, which slows
the trans–trans and cis–cis interconversions
so that each of the four species can be
observed in sequence. However, at higher
temperatures there seems no reason why
the system should not rotate continuously
under ultraviolet irradiation, and so be
seen as a genuine, light-powered molecular
motor.

Many problems remain before the prin-
ciples embodied in these molecular motors
can be incorporated in real, useful
machines. The rotors must be coupled to
their surroundings, and the self-assembly
processes needed for nanoscale construc-
tion still need to be worked out. Nonethe-
less, the results of these two groups provide
further confirmation that molecular-scale
engineering is slowly edging towards reality.
The difficulties should not be underestimat-
ed; molecular design is still an uncertain
business, and chemical synthesis can be
lengthy and painstaking. Indeed, an engi-
neer may be amazed that the ‘partial motor’
of Kelly et al., containing only 78 atoms,

required over four years to construct. It
should not be forgotten, though, that syn-
thesis is a massively parallel manufacturing
process; each mole of product corresponds
to !6 " 1023 discrete ‘nanodevices’. Both
groups have probably made at least 1019

units of their respective systems, and could
scale up by several orders of magnitude
if required. The bottom-up approach is
certainly challenging, but may ultimately
have economics on its side. ■
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Figure 2 Unidirectional motion produced by nanoscale rotors. a, In the chemically driven system
created by Kelly et al.6, the ratchet design (top) is modified so that a link can be made between the
brake and one of the spokes. Making the link (1 → 2) pulls the rotor into a strained, high-energy
position. Thermal energy is now sufficient to carry the spoke past the brake, allowing the rotor to
regain its favoured situation as in 3. Cleavage of the link restores the original position, except that
the rotor has moved through 120°. b, The light-powered system created by Koumura et al.7, viewed
down the axis of a central carbon–carbon double bond that links two identical halves of an alkene
molecule. The double bond is trying to establish a planar structure — that is, to make the two halves
line up. But they are prevented from doing so by bulky substituent groups, resulting in a twisted
geometry with four distinct states. The barrier between cis and trans forms is high, but may be
overcome by ultraviolet irradiation. Asymmetric substituents (triangles) cause energy differences
between the two cis and two trans isomers, such that cis-2 is more stable than cis-1, whereas trans-1
is more stable than trans-2. At appropriate temperatures, the thermally driven cis-1 → cis-2 and
trans-2 → trans-1 conversions take place irreversibly. The net result is continuous rotation in the
presence of ultraviolet light.
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al motion we would expect of a true molec-
ular motor. Now, on pages 150 and 152 of
this issue, Kelly et al.6 and Koumura et al.7

report two different routes towards this
seductive goal.

The design of Kelly et al.6 is based on a
previous attempt to construct a ‘molecular
ratchet’. In this earlier work, the rotation of
a three-pronged ‘wheel’ was hindered by a
curved ‘brake’ (Fig. 2a), whose asymmetrical
shape was intended to favour rotation in one
particular direction8. Such unidirectional
motion, driven only by ambient thermal
energy, would have violated the second
law of thermodynamics9, and unsurprisingly
failed to occur. Careful NMR measurements
showed that the ratchet rotated in either
direction with equal probability. 

Kelly et al. have now modified their sys-
tem, using the asymmetry of their brake to
produce chemically driven (and therefore
thermodynamically allowed) motion in one
direction. Functional groups are attached to
the brake and one spoke of the wheel, allow-
ing the two to be linked covalently. The link-
age pulls the molecule into a strained con-
formation, so that it becomes energetically
favourable for the spoke to slip under the
brake. Cleavage of the linkage returns the
system to its original chemical state, but with
the wheel having undergone one-third of a
rotation. The system is not a true molecular
motor, as no provision is made for further
movement, but it does demonstrate a
method by which chemical energy may be
transduced, on a molecular scale, into uni-
directional rotary motion. Understanding
this and similar processes may be relevant
to natural molecular motors, such as ATP
synthase10,11, which are also powered by
chemical reactions. 

A critical aspect of the above system is
its chirality (handedness), without which a
direction of rotation could not be defined, let
alone pursued. The design of Koumura et al.7

also obeys this principle. Their system is an
alkene molecule (that is, it contains a car-
bon–carbon double bond), and uses the
photochemical cis–trans interconversion
illustrated in Fig. 1. But whereas simple
alkenes are planar and achiral (that is, super-
imposable on their mirror images), the sys-
tem of Koumura et al. has a complex struc-
ture which prevents planarity, introduces
chirality and results in four distinguishable
states, two trans and two cis (Fig. 2b). As
expected, both trans–cis interconversions
can be achieved by illumination with ultravi-
olet light of an appropriate wavelength. 

The singular feature of this system is that,
for subtle structural reasons, one of each
pair of trans- and cis-isomers is more stable
than the other. Provided the temperature is
high enough to overcome the activation bar-
rier between the two trans or cis isomers, the
more stable of the pair is formed irreversibly
from its partner. So, light-driven creation of

the less stable isomer of each pair is followed
by thermal decay into the more stable iso-
mer, resulting in overall rotation (Fig. 2b).
The authors have followed this cycle step-
wise by performing the photochemical con-
versions at low temperatures, which slows
the trans–trans and cis–cis interconversions
so that each of the four species can be
observed in sequence. However, at higher
temperatures there seems no reason why
the system should not rotate continuously
under ultraviolet irradiation, and so be
seen as a genuine, light-powered molecular
motor.

Many problems remain before the prin-
ciples embodied in these molecular motors
can be incorporated in real, useful
machines. The rotors must be coupled to
their surroundings, and the self-assembly
processes needed for nanoscale construc-
tion still need to be worked out. Nonethe-
less, the results of these two groups provide
further confirmation that molecular-scale
engineering is slowly edging towards reality.
The difficulties should not be underestimat-
ed; molecular design is still an uncertain
business, and chemical synthesis can be
lengthy and painstaking. Indeed, an engi-
neer may be amazed that the ‘partial motor’
of Kelly et al., containing only 78 atoms,

required over four years to construct. It
should not be forgotten, though, that syn-
thesis is a massively parallel manufacturing
process; each mole of product corresponds
to !6 " 1023 discrete ‘nanodevices’. Both
groups have probably made at least 1019

units of their respective systems, and could
scale up by several orders of magnitude
if required. The bottom-up approach is
certainly challenging, but may ultimately
have economics on its side. ■
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Figure 2 Unidirectional motion produced by nanoscale rotors. a, In the chemically driven system
created by Kelly et al.6, the ratchet design (top) is modified so that a link can be made between the
brake and one of the spokes. Making the link (1 → 2) pulls the rotor into a strained, high-energy
position. Thermal energy is now sufficient to carry the spoke past the brake, allowing the rotor to
regain its favoured situation as in 3. Cleavage of the link restores the original position, except that
the rotor has moved through 120°. b, The light-powered system created by Koumura et al.7, viewed
down the axis of a central carbon–carbon double bond that links two identical halves of an alkene
molecule. The double bond is trying to establish a planar structure — that is, to make the two halves
line up. But they are prevented from doing so by bulky substituent groups, resulting in a twisted
geometry with four distinct states. The barrier between cis and trans forms is high, but may be
overcome by ultraviolet irradiation. Asymmetric substituents (triangles) cause energy differences
between the two cis and two trans isomers, such that cis-2 is more stable than cis-1, whereas trans-1
is more stable than trans-2. At appropriate temperatures, the thermally driven cis-1 → cis-2 and
trans-2 → trans-1 conversions take place irreversibly. The net result is continuous rotation in the
presence of ultraviolet light.
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al motion we would expect of a true molec-
ular motor. Now, on pages 150 and 152 of
this issue, Kelly et al.6 and Koumura et al.7

report two different routes towards this
seductive goal.

The design of Kelly et al.6 is based on a
previous attempt to construct a ‘molecular
ratchet’. In this earlier work, the rotation of
a three-pronged ‘wheel’ was hindered by a
curved ‘brake’ (Fig. 2a), whose asymmetrical
shape was intended to favour rotation in one
particular direction8. Such unidirectional
motion, driven only by ambient thermal
energy, would have violated the second
law of thermodynamics9, and unsurprisingly
failed to occur. Careful NMR measurements
showed that the ratchet rotated in either
direction with equal probability. 

Kelly et al. have now modified their sys-
tem, using the asymmetry of their brake to
produce chemically driven (and therefore
thermodynamically allowed) motion in one
direction. Functional groups are attached to
the brake and one spoke of the wheel, allow-
ing the two to be linked covalently. The link-
age pulls the molecule into a strained con-
formation, so that it becomes energetically
favourable for the spoke to slip under the
brake. Cleavage of the linkage returns the
system to its original chemical state, but with
the wheel having undergone one-third of a
rotation. The system is not a true molecular
motor, as no provision is made for further
movement, but it does demonstrate a
method by which chemical energy may be
transduced, on a molecular scale, into uni-
directional rotary motion. Understanding
this and similar processes may be relevant
to natural molecular motors, such as ATP
synthase10,11, which are also powered by
chemical reactions. 

A critical aspect of the above system is
its chirality (handedness), without which a
direction of rotation could not be defined, let
alone pursued. The design of Koumura et al.7

also obeys this principle. Their system is an
alkene molecule (that is, it contains a car-
bon–carbon double bond), and uses the
photochemical cis–trans interconversion
illustrated in Fig. 1. But whereas simple
alkenes are planar and achiral (that is, super-
imposable on their mirror images), the sys-
tem of Koumura et al. has a complex struc-
ture which prevents planarity, introduces
chirality and results in four distinguishable
states, two trans and two cis (Fig. 2b). As
expected, both trans–cis interconversions
can be achieved by illumination with ultravi-
olet light of an appropriate wavelength. 

The singular feature of this system is that,
for subtle structural reasons, one of each
pair of trans- and cis-isomers is more stable
than the other. Provided the temperature is
high enough to overcome the activation bar-
rier between the two trans or cis isomers, the
more stable of the pair is formed irreversibly
from its partner. So, light-driven creation of

the less stable isomer of each pair is followed
by thermal decay into the more stable iso-
mer, resulting in overall rotation (Fig. 2b).
The authors have followed this cycle step-
wise by performing the photochemical con-
versions at low temperatures, which slows
the trans–trans and cis–cis interconversions
so that each of the four species can be
observed in sequence. However, at higher
temperatures there seems no reason why
the system should not rotate continuously
under ultraviolet irradiation, and so be
seen as a genuine, light-powered molecular
motor.

Many problems remain before the prin-
ciples embodied in these molecular motors
can be incorporated in real, useful
machines. The rotors must be coupled to
their surroundings, and the self-assembly
processes needed for nanoscale construc-
tion still need to be worked out. Nonethe-
less, the results of these two groups provide
further confirmation that molecular-scale
engineering is slowly edging towards reality.
The difficulties should not be underestimat-
ed; molecular design is still an uncertain
business, and chemical synthesis can be
lengthy and painstaking. Indeed, an engi-
neer may be amazed that the ‘partial motor’
of Kelly et al., containing only 78 atoms,

required over four years to construct. It
should not be forgotten, though, that syn-
thesis is a massively parallel manufacturing
process; each mole of product corresponds
to !6 " 1023 discrete ‘nanodevices’. Both
groups have probably made at least 1019

units of their respective systems, and could
scale up by several orders of magnitude
if required. The bottom-up approach is
certainly challenging, but may ultimately
have economics on its side. ■
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Figure 2 Unidirectional motion produced by nanoscale rotors. a, In the chemically driven system
created by Kelly et al.6, the ratchet design (top) is modified so that a link can be made between the
brake and one of the spokes. Making the link (1 → 2) pulls the rotor into a strained, high-energy
position. Thermal energy is now sufficient to carry the spoke past the brake, allowing the rotor to
regain its favoured situation as in 3. Cleavage of the link restores the original position, except that
the rotor has moved through 120°. b, The light-powered system created by Koumura et al.7, viewed
down the axis of a central carbon–carbon double bond that links two identical halves of an alkene
molecule. The double bond is trying to establish a planar structure — that is, to make the two halves
line up. But they are prevented from doing so by bulky substituent groups, resulting in a twisted
geometry with four distinct states. The barrier between cis and trans forms is high, but may be
overcome by ultraviolet irradiation. Asymmetric substituents (triangles) cause energy differences
between the two cis and two trans isomers, such that cis-2 is more stable than cis-1, whereas trans-1
is more stable than trans-2. At appropriate temperatures, the thermally driven cis-1 → cis-2 and
trans-2 → trans-1 conversions take place irreversibly. The net result is continuous rotation in the
presence of ultraviolet light.
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al motion we would expect of a true molec-
ular motor. Now, on pages 150 and 152 of
this issue, Kelly et al.6 and Koumura et al.7

report two different routes towards this
seductive goal.

The design of Kelly et al.6 is based on a
previous attempt to construct a ‘molecular
ratchet’. In this earlier work, the rotation of
a three-pronged ‘wheel’ was hindered by a
curved ‘brake’ (Fig. 2a), whose asymmetrical
shape was intended to favour rotation in one
particular direction8. Such unidirectional
motion, driven only by ambient thermal
energy, would have violated the second
law of thermodynamics9, and unsurprisingly
failed to occur. Careful NMR measurements
showed that the ratchet rotated in either
direction with equal probability. 

Kelly et al. have now modified their sys-
tem, using the asymmetry of their brake to
produce chemically driven (and therefore
thermodynamically allowed) motion in one
direction. Functional groups are attached to
the brake and one spoke of the wheel, allow-
ing the two to be linked covalently. The link-
age pulls the molecule into a strained con-
formation, so that it becomes energetically
favourable for the spoke to slip under the
brake. Cleavage of the linkage returns the
system to its original chemical state, but with
the wheel having undergone one-third of a
rotation. The system is not a true molecular
motor, as no provision is made for further
movement, but it does demonstrate a
method by which chemical energy may be
transduced, on a molecular scale, into uni-
directional rotary motion. Understanding
this and similar processes may be relevant
to natural molecular motors, such as ATP
synthase10,11, which are also powered by
chemical reactions. 

A critical aspect of the above system is
its chirality (handedness), without which a
direction of rotation could not be defined, let
alone pursued. The design of Koumura et al.7

also obeys this principle. Their system is an
alkene molecule (that is, it contains a car-
bon–carbon double bond), and uses the
photochemical cis–trans interconversion
illustrated in Fig. 1. But whereas simple
alkenes are planar and achiral (that is, super-
imposable on their mirror images), the sys-
tem of Koumura et al. has a complex struc-
ture which prevents planarity, introduces
chirality and results in four distinguishable
states, two trans and two cis (Fig. 2b). As
expected, both trans–cis interconversions
can be achieved by illumination with ultravi-
olet light of an appropriate wavelength. 

The singular feature of this system is that,
for subtle structural reasons, one of each
pair of trans- and cis-isomers is more stable
than the other. Provided the temperature is
high enough to overcome the activation bar-
rier between the two trans or cis isomers, the
more stable of the pair is formed irreversibly
from its partner. So, light-driven creation of

the less stable isomer of each pair is followed
by thermal decay into the more stable iso-
mer, resulting in overall rotation (Fig. 2b).
The authors have followed this cycle step-
wise by performing the photochemical con-
versions at low temperatures, which slows
the trans–trans and cis–cis interconversions
so that each of the four species can be
observed in sequence. However, at higher
temperatures there seems no reason why
the system should not rotate continuously
under ultraviolet irradiation, and so be
seen as a genuine, light-powered molecular
motor.

Many problems remain before the prin-
ciples embodied in these molecular motors
can be incorporated in real, useful
machines. The rotors must be coupled to
their surroundings, and the self-assembly
processes needed for nanoscale construc-
tion still need to be worked out. Nonethe-
less, the results of these two groups provide
further confirmation that molecular-scale
engineering is slowly edging towards reality.
The difficulties should not be underestimat-
ed; molecular design is still an uncertain
business, and chemical synthesis can be
lengthy and painstaking. Indeed, an engi-
neer may be amazed that the ‘partial motor’
of Kelly et al., containing only 78 atoms,

required over four years to construct. It
should not be forgotten, though, that syn-
thesis is a massively parallel manufacturing
process; each mole of product corresponds
to !6 " 1023 discrete ‘nanodevices’. Both
groups have probably made at least 1019

units of their respective systems, and could
scale up by several orders of magnitude
if required. The bottom-up approach is
certainly challenging, but may ultimately
have economics on its side. ■
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Figure 2 Unidirectional motion produced by nanoscale rotors. a, In the chemically driven system
created by Kelly et al.6, the ratchet design (top) is modified so that a link can be made between the
brake and one of the spokes. Making the link (1 → 2) pulls the rotor into a strained, high-energy
position. Thermal energy is now sufficient to carry the spoke past the brake, allowing the rotor to
regain its favoured situation as in 3. Cleavage of the link restores the original position, except that
the rotor has moved through 120°. b, The light-powered system created by Koumura et al.7, viewed
down the axis of a central carbon–carbon double bond that links two identical halves of an alkene
molecule. The double bond is trying to establish a planar structure — that is, to make the two halves
line up. But they are prevented from doing so by bulky substituent groups, resulting in a twisted
geometry with four distinct states. The barrier between cis and trans forms is high, but may be
overcome by ultraviolet irradiation. Asymmetric substituents (triangles) cause energy differences
between the two cis and two trans isomers, such that cis-2 is more stable than cis-1, whereas trans-1
is more stable than trans-2. At appropriate temperatures, the thermally driven cis-1 → cis-2 and
trans-2 → trans-1 conversions take place irreversibly. The net result is continuous rotation in the
presence of ultraviolet light.
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al motion we would expect of a true molec-
ular motor. Now, on pages 150 and 152 of
this issue, Kelly et al.6 and Koumura et al.7
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seductive goal.

The design of Kelly et al.6 is based on a
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bon–carbon double bond), and uses the
photochemical cis–trans interconversion
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can be achieved by illumination with ultravi-
olet light of an appropriate wavelength. 
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The authors have followed this cycle step-
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so that each of the four species can be
observed in sequence. However, at higher
temperatures there seems no reason why
the system should not rotate continuously
under ultraviolet irradiation, and so be
seen as a genuine, light-powered molecular
motor.

Many problems remain before the prin-
ciples embodied in these molecular motors
can be incorporated in real, useful
machines. The rotors must be coupled to
their surroundings, and the self-assembly
processes needed for nanoscale construc-
tion still need to be worked out. Nonethe-
less, the results of these two groups provide
further confirmation that molecular-scale
engineering is slowly edging towards reality.
The difficulties should not be underestimat-
ed; molecular design is still an uncertain
business, and chemical synthesis can be
lengthy and painstaking. Indeed, an engi-
neer may be amazed that the ‘partial motor’
of Kelly et al., containing only 78 atoms,

required over four years to construct. It
should not be forgotten, though, that syn-
thesis is a massively parallel manufacturing
process; each mole of product corresponds
to !6 " 1023 discrete ‘nanodevices’. Both
groups have probably made at least 1019

units of their respective systems, and could
scale up by several orders of magnitude
if required. The bottom-up approach is
certainly challenging, but may ultimately
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created by Kelly et al.6, the ratchet design (top) is modified so that a link can be made between the
brake and one of the spokes. Making the link (1 → 2) pulls the rotor into a strained, high-energy
position. Thermal energy is now sufficient to carry the spoke past the brake, allowing the rotor to
regain its favoured situation as in 3. Cleavage of the link restores the original position, except that
the rotor has moved through 120°. b, The light-powered system created by Koumura et al.7, viewed
down the axis of a central carbon–carbon double bond that links two identical halves of an alkene
molecule. The double bond is trying to establish a planar structure — that is, to make the two halves
line up. But they are prevented from doing so by bulky substituent groups, resulting in a twisted
geometry with four distinct states. The barrier between cis and trans forms is high, but may be
overcome by ultraviolet irradiation. Asymmetric substituents (triangles) cause energy differences
between the two cis and two trans isomers, such that cis-2 is more stable than cis-1, whereas trans-1
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•  The	thermal	relaxation	steps	are	irreversible.	
•  If	the	molecule	is	irradiated	at	>280	nm	at	60	oC,	a	continuous	unidirectional	motion	results.	
•  The	mechanism	arises	from	a	beautiful	interplay	between	the	dynamic	helical	chirality	and	the	

fixed	point	chirality	of	the	stereogenic	centres.	
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to be sufficient in achieving unidirectionality. The reduction in
chiral information led to the question how much chirality is
actually needed to achieve unidirectionality in these systems.

To this end the so called 3rd generation overcrowded alkene
molecular motor was developed.85 The design of this motor was
conceived by merging two 2nd generation overcrowded alkene
motors together in such a way that the stereocenter becomes a
pseudo asymmetric centre thereby making the whole molecule
achiral.86,87 The design of the 3rd generation overcrowded alkene
motor and its mode of rotation are depicted in Scheme 16. As is
the case for the 1st and 2nd generation overcrowded alkene
molecular motors, the (pseudo) asymmetric centre has groups
of two distinct different size (CH3 and H/F) attached to it. The
thermodynamically favoured isomer is the isomer where the
bigger methyl group adopts a (pseudo) axial position, while
the smaller H or F atom is forced in the more sterically
hindered (pseudo) equatorial position. In the study published
in 2015, the isomer 37 with R = H was synthetically inaccessible

and thus the variant with the fluorine substituent was synthe-
sized (38). It was found that for the stable isomer, the fluorine
adopts the pseudoequatorial position where it is sandwiched
between the two fluorene lower halves. Starting from meso-(r)-
38, irradiation with UV light (365 nm) leads to the isomeriza-
tion of either one of the double bonds, giving a PSS mixture of
7.5 : 92.5 = (r)-38 : (M)-38 + (P)-38. The isomerization of both
double bonds to give meso-(s)-38 was not observed, which
was attributed to the asymmetric excited state surface of (P)-38
and (M)-38. The photogenerated enantiomeric pair thermally
relaxes via a THI (D‡G1 = 75.3 ! 0.3 kJ mol"1) to return to the
starting meso-(r)-38. The possibility of a thermal relaxation via a
backward thermal E–Z isomerization (TEZI), could not be ruled
out in this system, since the product of the two reactions are the
same. For this reason a second design was conceived in which
the rotor parts were desymmetrized by the introduction of the
methoxy group. It was found that 38 functions as a unidirec-
tional rotor and no thermal back TEZI occurs. From the studies

Scheme 15 (left) Mechanism for unidirectional 3601 rotation for second-generation light-driven molecular motor 36. (right) Schematic representation
of this process.

Scheme 16 Rotational behaviour of molecular motor with a pseudo-asymmetric centre.
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•  A	simplified	structure	with	a		single	stereogenic	centre	is	sufficient	for	unidirectional	motion.		

•  The	thermal	relaxation	barriers	(thermal	helix	inversion,	THI)	in	both	cycles	are	roughly	the	same,	
resulting	in	a	uniform	motion.	

•  In	general,	the	efficiency	or	speed	of	rotation	is	dependent	upon	the	THI	barriers.		
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Optimizing the 2nd-gen Motor
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•  Half	lives	of	the	metastable	excited	isomer.	

•  Inversely	proportional	to	the	rate	of	thermal	
relaxation	and	thus	to	the	rotational	speed.	

•  Generally	well	predicted	by	DFT	calculations,	but	a	
clear	trend	is	not	obvious.	
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the THI significantly. The introduction of a donor acceptor
system along the double bond decreased the barrier for THI
significantly, but also accelerated the thermal back reaction,
rendering this type of molecular motor not fully directional.103

Computational studies performed by Durbeej et al.104 (vide infra)
indicate that the introduction of electron donating groups in
the 3 and 6 position of motor 43 would lead to a significant
reduction of the D‡G1 for THI.104 Tuning the rotational speed by
electronic effects would be a nice complementary approach
to tuning via steric effects, but has not yet been investigated
thoroughly.

The application of light-driven motors and machines in
e.g. biological systems or soft materials would require excita-
tion with light that does not cause damage to the environment.
To this end, various methods have been developed to redshift
the excitation wavelength from UV to less destructive visible
light. In 2003 it was shown that the introduction of a donor and
acceptor group in the lower half allowed for photoisomeriza-
tion with 435 nm.105

Visible light fuelled rotation was also accomplished by
triplet sensitation (Fig. 17).106 Pd(TPP) possessing a long triplet
lifetime and strong absorption between 500–550 nm was a
suitable sensitizer for intermolecular energy transfer to the
molecular motor 42. Irradiation of the Q band of the porphyrin
with 530 nm light led the successful photoisomerization of 42,
while 42 only absorbs up to 450 nm. The covalent attachment of
Pd(TPP), as in motor 47, increased the efficiency of this process
considerably. Another example of visible light switching of
molecular motors based on energy transfer has been reported
in 2015.107 Dube and co-workers designed a novel hemithio-
indigo based molecular motor 48 to achieve visible light driven
rotation of molecular motors (Fig. 18).108 The introduction of
a hemithioindigo moiety, originally used in photoswitches,
resulted in a shift of the excitation wavelength up to 500 nm
light, which offers important opportunities compared to the
early 2nd generation overcrowded alkene molecular motors,

which are generally fuelled with o400 nm light. Moreover this
fragment possessed other interesting features. The relative
small size of the hemithioindigo allows for fast rotation and
the directionality of the rotation is governed by the chirality at
the sulfoxide of this hemithioindigo fragment. Hence, this
fragment combines multiple functions in one and is therefore
a valuable building block for future motors based on over-
crowded alkenes. Higher excitation wavelengths are especially
preferred in the application in a biological setting due to the
deeper penetration of higher wavelength light.

Rotary molecular motors have the potential to achieve direc-
ted propulsion in aqueous solution via continuous rotational
motion; an important challenge regarding the integration of
molecular motors with biological function. The fundamental
knowledge on how solvent properties such as viscosity affect the
rotary motor is critical in achieving this goal. Several studies
have been conducted on how solvent affects the THI of the rotary
motors. It was found for a series of motors that the THI is
retarded in media of higher viscosity. The effect is modest
for non-functionalized motors,109 but become increasingly pro-
nounced, when the motors are functionalized with larger sub-
stituents (Fig. 19).110 A greater volume in rearranging solvent is
needed with increasing substituent size, resulting in enhanced
solvent displacement and consequently, retardation of the THI.
Next to the size of the substituent also the rigidity plays an

Fig. 16 Molecular motor with tuneable rotational speed. The t1/2 refers to the half-life of the photogenerated metastable isomer at 25 1C.

Fig. 17 Visible light-driven motor 47 using energy transfer.

Fig. 18 (left) Hemithioindigo based molecular motor. (right) Absorption
spectra of 48.
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Molecular	motor	with	functionalized	rotor	and	stator	which	can	form	a	bifunctional	organocatalyst	pair	when	
brought	in	proximity	

the chiral sense of the space in which a catalyzed
reaction takes place in a dynamic and responsive
manner using an external stimulus?

Here, we show that an external signal, that is,
light, can be used to control the chiral space in
which a catalytic reaction takes place. In our design,
a single enantiomer of a molecular catalytic system
can be triggered in situ to produce a racemate, one
enantiomer, or the other enantiomer of a chiral
product on demand.

We demonstrate the basic principle of such a
chiral catalytic system by exploiting the unique
dynamic stereochemical features of unidirectional
rotary molecular motors (7–9). During the individ-
ual steps of a rotary cycle of a light-driven mo-
lecular motor, the stereochemistry changes several
times. This variability provides a scenario for the
design of a motor with integrated catalytic func-
tions in which the stereocontrol during the cata-
lytic event can be alternated by light in a sequential
manner. The individual chiral stages during the
unidirectional rotary cycle dictate the ability of
the catalyst to induce a preferred handedness
in the product formed during an asymmetric
transformation.

The design principle, in which motor and
catalytic functions are integrated, is shown in
Fig. 1 (top). A light-driven molecular motor is
functionalized at the rotor and stator segments
with moieties A and B, respectively, which can
cooperate to form a bifunctional organocatalyst
(10, 11) when in proximity to each other. The he-
licity of the motor unit, which dictates the overall
chirality of the system, changes during the 360°
rotary cycle. Simultaneously, the precise posi-
tioning of the two catalytic moieties A and B in
space, both with respect to distance and helical
organization, is governed by rotor and stator ori-
entation at each stage of the rotary cycle. A and B
can be remote (stage I), in close proximity with
M helicity (stage II), or in close proximity with
P helicity (stage III). As a consequence, the coop-
erative effect of A and B and the preferred chiral
sense induced in a transformation catalyzed by
the system is modulated by the rotary cycle.

In contrast to other light-gated systems (12),
this adaptive chiral catalyst allows for exquisite
control over both catalytic activity and stereose-
lectivity in a concerted and fully reversiblemanner.

The structure of the molecular motor–based
catalyst is shown in Fig. 1 (bottom). The mole-
cule is a single enantiomer in whichR denotes the
absolute configuration at the methyl-substituted
indanyl centers, P the helicity of the indane pair,
and trans the orientation of the two pendant func-
tional groups (A andB in Fig. 1) about the central
olefin. The design features a chiral overcrowded
alkene that can perform a unidirectional four-
stage rotation cycle fueled by light irradiation
(7, 13, 14). The catalytic moieties are modeled
after recently developed organocatalysts (15–17)
and are connected to the motor via para-phenyl
spacers at the stator and rotor units of the motor.
They comprise aDMAP (dimethylaminopyridine)
Brønsted base (A) and a thiourea hydrogen-bonding

donor group (B) to ensure cooperative action in
organocatalytic Michael additions (16, 17). How-
ever, before addressing the issue of control of
catalytic function, the proper operation of the uni-
directional rotary motor has to be established.

The syntheses of (2R,2′R)-(P,P)-trans-1 and its
enantiomer (2S,2′S)-(M,M)-trans-1 are detailed
in figs. S1 to S6 and notes S1 to S3. Unless indi-
cated otherwise, the (2R,2′R)-(P,P) enantiomer
was used to obtain the results that follow. Uni-
directional clockwise rotation of the rotor with re-
spect to the stator in motor 1 was confirmed by a
combination of ultraviolet-visible (UV-vis), circu-
lar dichroism (CD), and proton nuclear magnetic
resonance (1H-NMR) spectroscopy and chiral
high-performance liquid chromatography (HPLC).
Upon exposure of enantiomerically pure (P,P)-
trans-1, dissolved in tetrahydrofuran (THF), to UV
irradiation (lirr = 312 nm) at 20°C, the intensity of
the absorption band at 300 nm decreases in con-
cert with the emergence of a red-shifted absorp-
tion at 360 nm (Fig. 2A). The spectral change was
assigned to a (P,P)-trans-1→ (M,M)-cis-1 inter-
conversion (Fig. 2J) (Fiso = 0.37) with a photo-
stationary state comprising >99% of (M,M)-cis-1.
The formation of (M,M)-cis-1 was also evident
from chiral HPLC (see fig. S7) and 1H-NMR
analysis (Fig. 2I) and the observed CD spectral
changes (Fig. 2E) typically associated with the P,P
to M,M helix inversion (7). When the solution
of (M,M)-cis-1 was subsequently heated at 70°C
for 40min, a thermal isomerization step (standard
Gibbs energy of activation D‡G° = 104.1 kJ/mol;
for the kinetic data and analysis, see fig. S8)
resulted in the formation of (P,P)-cis-1 (Fig. 2J),
as indicated by the decrease in absorption at
360 nm (Fig. 2B). The concomitant helix inver-
sion of the cis isomer of 1 from M,M to P,P is
supported by 1H-NMR (Fig. 2I), chiral HPLC
(see fig. S7), and CD (Fig. 2F) measurements.

Quantitative analysis of these data revealed that
76% of (P,P)-cis-1 was obtained after this isom-
erization step. Two subsequent photochemical
and thermal isomerization steps, 3 and 4 (Fig. 2J),
of (P,P)-cis-1 resulted in the formation of the
original (P,P)-trans-1 isomer, completing the
four-stage cycle. In this final sequence, the pho-
tochemical (P,P)-cis-1 to (M,M)-trans-1 isomeri-
zation (lirr = 312 nm, –60°C, Fiso = 0.18, 81%)
provides a highly unstable isomer that undergoes
rapid (–10°C, 100%) unidirectional thermal isom-
erization to the initial (P,P)-trans-1 isomer. Again
the structural changes and helix inversions during
these isomerization processes could be followed
by UV-vis (Fig. 2, C and D) and CD (Fig. 2, G
andH) spectroscopy and chiral HPLC (see fig. S7),
confirming that the initial (P,P)-trans-1 isomer
was formed after the complete cycle.

The UV-vis spectral changes during these
isomerizations show distinct isosbestic points (332
nm, step 1; 329 nm, step 2; 318 nm, step 3; 326 nm,
step 4), indicating selective unimolecular pro-
cesses. Each photoisomerization is accompanied
by a red-shifted absorption consistent with the
formation of a high-energy isomer due to enhanced
strain in the helical structure. The subsequent ener-
getically downhill thermal isomerization steps
result in a more relaxed structure and govern the
unidirectional nature of the entire rotary cycle.

Having established the four-step unidirection-
al rotary cycle of 1, we investigated its performance
as a chiral organocatalyst, using the enantioselective
Michael addition of 2-methoxy thiophenol 2 to
cyclohexenone 3 as a model reaction (Fig. 3A)
(17). Product formationwasmonitored by 1H-NMR
in CD2Cl2 at –15°C with a catalyst loading as low
as 0.3 mole percent (mol %) (see note S4). The
enantiomeric ratio (e.r.) and absolute configura-
tion of product 4were determined by chiral HPLC
(see Fig. 3, C to E).When the (P,P)-trans-1 isomer

Fig. 1. Schematic illus-
tration of an integrated
unidirectional light-driven
molecular motor and bi-
functional organocatalyst
(top) and the molecular
structure of (2R,2′R)-(P,P)-
trans-1 (bottom). The mo-
tor comprises a rotor and
stator connected by an
alkene moiety that func-
tions as the axle. A and B
are DMAP and thiourea
catalytic groups, respec-
tively, that can cooperate
as Brønsted base and hy-
drogen bond donor in an
organocatalytic conjugate
addition. Clockwise rota-
tion (seen from the stator
side) of the rotor around the axle, by photochemically and thermally induced steps, controls the position
and helical orientation of the catalytic groups A and B, providing sequentially catalysts I, II, and III with
different activities and stereoselectivities. The last two isomerization steps [steps 3 and 4 of the 360°C
rotary cycle (see Fig. 2)] reset the catalyst to its initial stage I.

18 MARCH 2011 VOL 331 SCIENCE www.sciencemag.org1430

REPORTS

on February 20, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

(Fig. 2J) was used as a catalyst, racemic (R,S)-thiol
adduct 4 (Fig. 3C) was obtained in a slow re-
action (7% yield after 15 hours). The low activity
of the trans isomer of motor 1 is attributed to the
unfavorable orientation of theDMAP and thiourea
moieties on the motor scaffold, which precludes
the operation of cooperative bifunctional catalysis.
In sharp contrast, after photoisomerization, the
Michael addition proceeds significantly faster as
the (M,M)-cis-1 isomer [stable under the reaction
conditions without noticeable isomerization;
half-time (t1/2) = 120 days at 0°C] provides ad-
duct 4 in 50% yield under the same conditions.

More remarkable is the selective formation of the
(S) enantiomer of adduct 4 with an e.r. of 75/25
(S/R) (Fig. 3D). The next isomer (P,P)-cis-1 ac-
celerates the addition reaction even more (83%
yield in 15 hours) and exhibits an inversion in
enantioselectivity, providing the (R) enantiomer
of 4 with an e.r. of 23/77 (S/R) (Fig. 3E). The rel-
ative rates of product formation for the three cata-
lysts (P,P)-trans-1, (M,M)-cis-1, and (P,P)-cis-1 are
displayed in Fig. 3B (see also fig. S9). The
asymmetricMichael addition can be switched on
in situ by irradiating the catalyst (P,P)-trans-1 at
312 nm [to form (M,M)-cis-1] in the presence

of reactants 2 and 3, and a significant rate en-
hancement (40% yield in 15 hours) and compa-
rable stereocontrol (e.r., 74/26, S/R) are observed
(see fig. S10).

From these data, it is evident that the cis
isomers of motor 1 display a strongly enhanced
catalytic activity compared with trans-1. Stereo-
control is not observed at all for the trans isomer
of motor 1, in contrast to the cis isomers. This mo-
lecular motor–based organocatalyst has the dis-
tinct property that photoisomerization can be
used to modulate both catalytic activity and the
enantioselectivity. Based on mechanistic studies

Fig. 2.UV-vis (A to D) and CD (E to H) spectral changes of compound 1 (2.0 ×
10−5 M) in each isomerization process of the four-step unidirectional rotary
cycle (J) fueled by UV irradiation and thermal energy. (A) UV-vis spectral
changes during step 1 upon irradiation at 312 nm (Фiso = 0.37) in THF at
20°C; isosbestic points are indicated with circles. (B) UV-vis spectral changes
during step 2 on heating in THF/isopropanol at 70°C. (C) UV-vis spectral
changes during step 3 on irradiation at 312 nm (Фiso = 0.18) in THF at –60°C.
(D) UV-vis spectral changes during step 4 (t1/2 = 57 min) in THF at –10°C. (E
to H) The corresponding CD spectral changes during each of the four isom-
erization steps, respectively. Spatial orientation of the catalytic groups is
controlled by the directional rotary motion of the molecular motor (J). Step 1:

Starting from (P,P)-trans-1; a photoisomerization (lirr = 312 nm) provides
(M,M)-cis-1 in which helix inversion (from P to M) has occurred and the two
catalytic groups are brought into close proximity. Step 2: A thermal helix
inversion (70°C) provides (P,P)-cis-1, and the two catalytic units remain in
close proximity while a helix inversion from M to P takes place. Steps 3 and
4: A photochemical step followed by thermal isomerization reset the original
structure (P,P)-trans-1 via the intermediacy of isomer (M,M)-trans-1, which
was not studied as a catalyst due to low thermal stability. The partial 1H-NMR
(CD2Cl2) spectra of compounds (P,P)-trans-1, (M,M)-cis-1, and (P,P)-cis-1 are
shown in (I) 1 to 3, respectively [for the assignment of the protons, see (J),
(P,P)-trans-1; singlet at 3.0 parts per million represents NMe2 protons].
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Control	of	catalytic	activity	as	well	as	enantioselectivity	can	be	achieved	through	selection	of	the	appropriate	
rotary	state	of	the	catalyst.	In-situ	conversion	of	(P,P)-trans-1	to	(M,M)-cis-1	was	also	demonstrated.	

of bifunctional organocatalysts for thiol addition
(10, 17, 18), it is proposed that this transformation
(Fig. 4A) involves an activation of the enone
through hydrogen bonding with the thiourea and
deprotonation of the thiol nucleophile (pKa = 6.6)
by DMAP (pKa = 9.7). The experimental obser-
vations suggest that the motor rotation not only
controls the chirality of the entire system but also
gears the catalytically active units to cooperate. In
the trans isomer, due to the distant orientation of
the thiourea and DMAP groups, no cooperative
effect is possible, resulting in low catalytic activity.
Basic molecular modeling studies were performed
to rationalize the reversal in absolute stereo-
chemistry of product 4 on shifting from catalyst
(M,M)-cis-1 to (P,P)-cis-1 (Fig. 4, B and C).

The energy-minimized structure (see note
S5) of the ternary complex comprising catalyst
(2R,2′R)-(M,M)-cis-1, thiol 2 , and enone 3 (Fig.

4B) shows that thiol addition to the Si face of
cyclohexenone is favored to give product 4 with
the (S) configuration in accordance with experi-
mental observation. Addition to the Re face is
hampered by severe steric hindrance along the
preferred Bürgi-Dunitz trajectory for conjugate ad-
dition (19). In contrast, when the (2R,2′R)-(P,P)-
cis-1 catalyst is employed (Fig. 4C), thiol addition
to the Re face is more favorable, yielding product
4 with the (R)-absolute configuration.

It should be noted that the helicity (P orM) and
directionality (clockwise or counterclockwise) of
rotation of the molecular motor is governed by the
chirality of the stereogenic centers (R or S) in the
motor unit. The helicity (P or M) of the motor in
turn dictates the spatial orientation of the catalytic
groups and, as a consequence, the configuration
(R or S) of the newly formed stereogenic center
in the product 4 of the enantioselective catalytic

event. This interdependence implies that on start-
ing with (2R,2′R)-(P,P)-trans-1 (Fig. 2), a clock-
wise rotary cycle provides sequentially racemic
(R,S)-, (S)-, and (R)-product 4 (Fig. 3, C to E) be-
fore returning to produce racemic product after
a full rotary cycle.

To further explore this delicate stereochemical
interplay, the enantiomer of molecular motor 1,
with the (2S,2′S) configuration at the stereogenic
centers, was examined. Because the (2S,2′S)-
(M,M)-trans-1 motor is now the starting point, a
counterclockwise rotary cycle is induced upon
photochemical and thermal isomerization, pro-
viding sequentially racemic (R,S)-, (R)-, and (S)-
product 4 before returning to produce racemic
product after a full rotary cycle (see fig. S12).

Coupling of unidirectional switching to cat-
alytic function, as demonstrated here, may prove
to be a key design tool in the construction of future
catalysts that can perform multiple tasks in a se-
quential manner.
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Fig. 3. Catalytic performance of compound 1 for the Michael addition of 2 (0.2 M) to 3 (0.2 M) to give
chiral adduct 4. (A) Reaction scheme and conditions. (B) Reaction kinetics followed by measuring
product formation with in situ 1H-NMR spectroscopy. (C to E) Chiral HPLC traces of the reaction product
4 using catalyst (P,P)-trans-1 (e.r., S/R, 49/51), (M,M)-cis-1 (e.r., S/R, 75/25), and (P,P)-cis-1 (e.r., S/R,
23/77), respectively.

Fig. 4. Proposed ternary complex (A) involved in the mechanism of thiol addition to enone catalyzed by
1 and the energy-minimized structures for the asymmetric Michael addition (B and C) obtained using
Hyperchem 8.0 (RM1). (B) Catalyst (2R,2′R)-(M,M)-cis-1; thiol addition to the Si face is favored (marked
with arrow) to give the product (S)-4. (C) Catalyst (2R,2′R)-(P,P)-cis-1; thiol addition to the Re face is
favored to give the product (R)-4. In the trans isomer (not shown), the catalytic units are pointed
antiparallel to each other, precluding bifunctional activation (see fig. S11).
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Control	of	catalytic	activity	as	well	as	enantioselectivity	can	be	achieved	through	selection	of	the	appropriate	
rotary	state	of	the	catalyst.	In-situ	conversion	of	(P,P)-trans-1	to	(M,M)-cis-1	was	also	demonstrated.	

of bifunctional organocatalysts for thiol addition
(10, 17, 18), it is proposed that this transformation
(Fig. 4A) involves an activation of the enone
through hydrogen bonding with the thiourea and
deprotonation of the thiol nucleophile (pKa = 6.6)
by DMAP (pKa = 9.7). The experimental obser-
vations suggest that the motor rotation not only
controls the chirality of the entire system but also
gears the catalytically active units to cooperate. In
the trans isomer, due to the distant orientation of
the thiourea and DMAP groups, no cooperative
effect is possible, resulting in low catalytic activity.
Basic molecular modeling studies were performed
to rationalize the reversal in absolute stereo-
chemistry of product 4 on shifting from catalyst
(M,M)-cis-1 to (P,P)-cis-1 (Fig. 4, B and C).

The energy-minimized structure (see note
S5) of the ternary complex comprising catalyst
(2R,2′R)-(M,M)-cis-1, thiol 2 , and enone 3 (Fig.

4B) shows that thiol addition to the Si face of
cyclohexenone is favored to give product 4 with
the (S) configuration in accordance with experi-
mental observation. Addition to the Re face is
hampered by severe steric hindrance along the
preferred Bürgi-Dunitz trajectory for conjugate ad-
dition (19). In contrast, when the (2R,2′R)-(P,P)-
cis-1 catalyst is employed (Fig. 4C), thiol addition
to the Re face is more favorable, yielding product
4 with the (R)-absolute configuration.

It should be noted that the helicity (P orM) and
directionality (clockwise or counterclockwise) of
rotation of the molecular motor is governed by the
chirality of the stereogenic centers (R or S) in the
motor unit. The helicity (P or M) of the motor in
turn dictates the spatial orientation of the catalytic
groups and, as a consequence, the configuration
(R or S) of the newly formed stereogenic center
in the product 4 of the enantioselective catalytic

event. This interdependence implies that on start-
ing with (2R,2′R)-(P,P)-trans-1 (Fig. 2), a clock-
wise rotary cycle provides sequentially racemic
(R,S)-, (S)-, and (R)-product 4 (Fig. 3, C to E) be-
fore returning to produce racemic product after
a full rotary cycle.

To further explore this delicate stereochemical
interplay, the enantiomer of molecular motor 1,
with the (2S,2′S) configuration at the stereogenic
centers, was examined. Because the (2S,2′S)-
(M,M)-trans-1 motor is now the starting point, a
counterclockwise rotary cycle is induced upon
photochemical and thermal isomerization, pro-
viding sequentially racemic (R,S)-, (R)-, and (S)-
product 4 before returning to produce racemic
product after a full rotary cycle (see fig. S12).

Coupling of unidirectional switching to cat-
alytic function, as demonstrated here, may prove
to be a key design tool in the construction of future
catalysts that can perform multiple tasks in a se-
quential manner.
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Fig. 3. Catalytic performance of compound 1 for the Michael addition of 2 (0.2 M) to 3 (0.2 M) to give
chiral adduct 4. (A) Reaction scheme and conditions. (B) Reaction kinetics followed by measuring
product formation with in situ 1H-NMR spectroscopy. (C to E) Chiral HPLC traces of the reaction product
4 using catalyst (P,P)-trans-1 (e.r., S/R, 49/51), (M,M)-cis-1 (e.r., S/R, 75/25), and (P,P)-cis-1 (e.r., S/R,
23/77), respectively.

Fig. 4. Proposed ternary complex (A) involved in the mechanism of thiol addition to enone catalyzed by
1 and the energy-minimized structures for the asymmetric Michael addition (B and C) obtained using
Hyperchem 8.0 (RM1). (B) Catalyst (2R,2′R)-(M,M)-cis-1; thiol addition to the Si face is favored (marked
with arrow) to give the product (S)-4. (C) Catalyst (2R,2′R)-(P,P)-cis-1; thiol addition to the Re face is
favored to give the product (R)-4. In the trans isomer (not shown), the catalytic units are pointed
antiparallel to each other, precluding bifunctional activation (see fig. S11).
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of bifunctional organocatalysts for thiol addition
(10, 17, 18), it is proposed that this transformation
(Fig. 4A) involves an activation of the enone
through hydrogen bonding with the thiourea and
deprotonation of the thiol nucleophile (pKa = 6.6)
by DMAP (pKa = 9.7). The experimental obser-
vations suggest that the motor rotation not only
controls the chirality of the entire system but also
gears the catalytically active units to cooperate. In
the trans isomer, due to the distant orientation of
the thiourea and DMAP groups, no cooperative
effect is possible, resulting in low catalytic activity.
Basic molecular modeling studies were performed
to rationalize the reversal in absolute stereo-
chemistry of product 4 on shifting from catalyst
(M,M)-cis-1 to (P,P)-cis-1 (Fig. 4, B and C).

The energy-minimized structure (see note
S5) of the ternary complex comprising catalyst
(2R,2′R)-(M,M)-cis-1, thiol 2 , and enone 3 (Fig.

4B) shows that thiol addition to the Si face of
cyclohexenone is favored to give product 4 with
the (S) configuration in accordance with experi-
mental observation. Addition to the Re face is
hampered by severe steric hindrance along the
preferred Bürgi-Dunitz trajectory for conjugate ad-
dition (19). In contrast, when the (2R,2′R)-(P,P)-
cis-1 catalyst is employed (Fig. 4C), thiol addition
to the Re face is more favorable, yielding product
4 with the (R)-absolute configuration.

It should be noted that the helicity (P orM) and
directionality (clockwise or counterclockwise) of
rotation of the molecular motor is governed by the
chirality of the stereogenic centers (R or S) in the
motor unit. The helicity (P or M) of the motor in
turn dictates the spatial orientation of the catalytic
groups and, as a consequence, the configuration
(R or S) of the newly formed stereogenic center
in the product 4 of the enantioselective catalytic

event. This interdependence implies that on start-
ing with (2R,2′R)-(P,P)-trans-1 (Fig. 2), a clock-
wise rotary cycle provides sequentially racemic
(R,S)-, (S)-, and (R)-product 4 (Fig. 3, C to E) be-
fore returning to produce racemic product after
a full rotary cycle.

To further explore this delicate stereochemical
interplay, the enantiomer of molecular motor 1,
with the (2S,2′S) configuration at the stereogenic
centers, was examined. Because the (2S,2′S)-
(M,M)-trans-1 motor is now the starting point, a
counterclockwise rotary cycle is induced upon
photochemical and thermal isomerization, pro-
viding sequentially racemic (R,S)-, (R)-, and (S)-
product 4 before returning to produce racemic
product after a full rotary cycle (see fig. S12).

Coupling of unidirectional switching to cat-
alytic function, as demonstrated here, may prove
to be a key design tool in the construction of future
catalysts that can perform multiple tasks in a se-
quential manner.
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Fig. 3. Catalytic performance of compound 1 for the Michael addition of 2 (0.2 M) to 3 (0.2 M) to give
chiral adduct 4. (A) Reaction scheme and conditions. (B) Reaction kinetics followed by measuring
product formation with in situ 1H-NMR spectroscopy. (C to E) Chiral HPLC traces of the reaction product
4 using catalyst (P,P)-trans-1 (e.r., S/R, 49/51), (M,M)-cis-1 (e.r., S/R, 75/25), and (P,P)-cis-1 (e.r., S/R,
23/77), respectively.

Fig. 4. Proposed ternary complex (A) involved in the mechanism of thiol addition to enone catalyzed by
1 and the energy-minimized structures for the asymmetric Michael addition (B and C) obtained using
Hyperchem 8.0 (RM1). (B) Catalyst (2R,2′R)-(M,M)-cis-1; thiol addition to the Si face is favored (marked
with arrow) to give the product (S)-4. (C) Catalyst (2R,2′R)-(P,P)-cis-1; thiol addition to the Re face is
favored to give the product (R)-4. In the trans isomer (not shown), the catalytic units are pointed
antiparallel to each other, precluding bifunctional activation (see fig. S11).
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Applications – Artificial Ribozyme Mimic

Rotoxane	1	with	pre-attached	amino-acyl	esters	and	a	macrocycle	shuttle	is	poised	for	peptide	synthesis.	

gold nanoparticles in particular sequences (23).
Here, we report on the design, synthesis, and
operation of a rotaxane-based small-molecule
machine in which a functionalized macrocycle
operates on a thread containing building blocks
in a predetermined order to achieve sequence-
specific peptide synthesis. The design of the ar-

tificial molecular machine is based on several
elements that have analogs in either ribosomal
(2–4) or nonribosomal (24) protein synthesis:
Reactive building blocks (the role played by
tRNA-bound amino acids) are delivered in a se-
quence determined by a molecular strand (the role
played by mRNA). A macrocycle ensures pro-

cessivity during the machine’s operation (remi-
niscent of the way that subunits of the ribosome
clamp the mRNA strand) and bears a catalyst—a
tethered thiol group—that detaches the amino
acid building blocks from the strand and passes
them on to another site at which the resulting
peptide oligomer is elongated in a single specific

Fig. 2. Proton NMR spectrum of (A) the noninterlocked
thread and (B) rotaxane 1, in d6-dimethylsulfoxide
(500 MHz, 298 K). Rotaxane 1 exists in both E- and
Z-hydrazone forms. The assignments correspond to
the lettering shown in Fig. 1. C′, S-Trt-cysteine; G′,
N-Boc-glycine; F′, N-Boc-phenylalanine; L′, N-Boc-
leucine; A′, N-Piv-alanine. ppm, parts per million.

Fig. 1. Synthesis of rotaxane-basedmolecular machine 1, incorporating
a strand bearing amino acid building blocks (2), a macrocycle (3) with a
site for attachment of the reactive arm, and a terminal blocking group (5)
that prevents the threadedmacrocycle from coming off the strand until all
of the amino acid groups have been cleaved. Structure 1 is shown as the

major diastereomer; a small amount of epimerization (<5%) of some of the acyl amino units occurs during incorporation into the track. Boc, CO2C(CH3)3; Piv, COC(CH3)3;
Trt, CPh3; Ph, phenyl. Reaction conditions: (i) Cu(CH3CN)4PF6 in dichloromethane:t-butanol (2:1), room temperature, 4 days, 30%. (ii) PhNH2 (catalyst),
BocGlyGlyCys(S-Trt)NHN=CHC6H4OCH3 in 3:1 dimethylsulfoxide: aqueous 2-(N-morpholino)ethanesulfonic acid buffer (pH 6.0), 60°C, 2 days, 90%. The italicized
letters indicate key signals in the 1HNMR spectrum shown in Fig. 2B. For the full lettering scheme and assignments, see the supplementarymaterials, page S28 (26).
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i.	Cu(MeCN)4PF6,	DCM:t-BuOH	(2:1),	RT,	4	days,	30%	
ii.	PhNH2,	buffer	pH	6.0,	60	oC,	2	days,	90%		
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i.  20%	TFA	in	DCM,	RT,	2	h,	100%%	
ii.  DIPEA,	P(CH2CH2COOH)	in	3:1	MeCN:DMF,	60	oC,	36	h	

sequence, through chemistry related to non-
ribosomal peptide synthesis (24).

The chemical structure of the artificial mo-
lecular machine, 1, is shown in Fig. 1. Strand 2
bears three amino acids attached to the track by
weak phenolic ester linkages (25) and separated
from each other by rigid spacers that minimize
the possibility of the reactive arm of the machine
coming into contact and reacting with a building
block out of sequence (26). Macrocycle 3 con-
tains an endotopic pyridine group that directs the

threading of strand 2 during the Cu(I)-catalyzed
cycloaddition of the terminal alkyne with the
azide-bearing stopper group 5, leading to the
assembly of rotaxane 4 in 30% yield (Fig. 1, i).
This active template (27, 28) strategy ensured
that the resulting threaded structure did not have
residual attractive intercomponent interactions
that would tend to localize the position of the
ring rather than allow it to move freely up and
down the strand between blocking groups. Once
we assembled the macrocycle-strand-stopper

conjugate 4, we used reversible hydrazone ex-
change to introduce a cysteine derivative bearing
the reactive arm [a trityl (Trt)–protected thiol
group] and the site for peptide elongation [a
tert-butoxycarbonyl carbamate (Boc)–protected
amine at the end of a glycylglycine residue]
(Fig. 1, ii). The fully assembled machine 1 is
stable in its protected form, with upfield shifts
of the HP1 triazole and nearby HS12-S14 proton
signals evident in the 1H nuclear magnetic res-
onance (NMR) spectrum on account of shielding
from the phenyl rings of the macrocycle, con-
firming that the ring is trapped in the region of
the strand between the terminal stopper and the
Boc-phenylalanine ester (Fig. 2).

We used acid-catalyzed cleavage of the Boc
and trityl protecting groups (Fig. 3, i) to activate
the molecular machine and then allowed it to oper-
ate (Fig. 3, ii) at 60°C under microwave heating
in a 3:1 acetonitrile:dimethylformamide solution in
the presence of N,N-diisopropylethylamine (a non-
nucleophilic base) and tris(2-carboxyethyl)phosphine
(a reducing agent that cleaves any disulfide bonds
formed through thiol oxidation). The design of the
machine is such that once the thiolate residue of
the cysteine group (6a) is deprotected, it is poised
to undergo a transacylation reaction with the first
amino acid phenolic ester that blocks the macro-
cycle’s path on the track (6b).We hypothesized that
the subsequently formed phenylalanine thioester
(6c) would be able to react further, transferring
the amino acid by native chemical ligation (29) to
the glycylglycine amine group by an 11-membered-
ring transition state [the dipeptide spacer between
the cysteine residue and the amine of the peptide-
elongation site was introduced because native
chemical ligation is reported to be very slow via
8-membered-ring transition states (30)]. This se-
quence simultaneously transfers the amino acid
to the end of the growing peptide (6d) and re-
generates the catalytic thiolate group, ready for
the cleavage and transfer of further building blocks.
S-N acyl transfer is a key feature of nonribosomal
peptide synthesis (24).

Once the covalent bond connecting an amino
acid to the strand is broken, the macrocycle is
able to move further along the track until its path
is blocked by the next amino acid group (6d).
The O-S acyl transfer/S-N acyl transfer/catalyst
regeneration/ring movement process continues
(6e to 6h) until the last amino acid on the track
is cleaved (6h) and the macrocycle detaches from
the strand (8) with the newly formed, full length,
peptide attached (7). The artificial molecular ma-
chine synthesizes the peptide from the C terminus
to the N terminus, the opposite direction of ribo-
somal translation (2–4).

After a 36-hour operation of 6a at 60°C, no
starting material remained, as shown by high-
performance liquid chromatography (HPLC), and
two major products were isolated from the re-
actionmixture (26).We used 1HNMRspectrosco-
py and mass spectrometry to identify one product
as the completely deacylated thread, 8. The other
product had a 1H NMR spectrum and molecular

Fig. 3. Proposed mechanism for sequence-specific peptide
synthesis by molecular machine 1. After activation of the ma-
chine by acidic cleavage of the Boc and Trt protecting groups,
under basic conditions successive native chemical ligation re-

actions transfer the amino acid building blocks to the peptide-elongation site on the macrocycle in the
order they appear on the thread. Once the final amino acid is cleaved, the macrocycle bearing the
synthesized oligopeptide 7 dethreads from the strand. The hydrazide peptide 9 is subsequently released
from the macrocycle by hydrolysis. Reaction conditions: (i) 20% CF3CO2H in dichloromethane, room tem-
perature, 2 hours, 100%. (ii) ((CH3)2CH)2NEt, (HO2CCH2CH2)3P in 3:1 acetonitrile:dimethylformamide,
60°C, 36 hours. Et, ethyl. (iii) 30% CF3CO2H in 3:1 dichloromethane:water, room temperature, 18 hours.
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At	the	end	of	36	h,	only	8	and	9	are	detected	by	HPLC	and	MS.	A	single	peptide	fragment	corresponding	to	the	
expected	sequence	is	detected	after	hydrazone	deprotection.	Thus,	this	highly	modular	molecular	machine	can	be	
designed	to	autonomously	perform	iterative	tasks	in	synthesis.		

sequence, through chemistry related to non-
ribosomal peptide synthesis (24).

The chemical structure of the artificial mo-
lecular machine, 1, is shown in Fig. 1. Strand 2
bears three amino acids attached to the track by
weak phenolic ester linkages (25) and separated
from each other by rigid spacers that minimize
the possibility of the reactive arm of the machine
coming into contact and reacting with a building
block out of sequence (26). Macrocycle 3 con-
tains an endotopic pyridine group that directs the

threading of strand 2 during the Cu(I)-catalyzed
cycloaddition of the terminal alkyne with the
azide-bearing stopper group 5, leading to the
assembly of rotaxane 4 in 30% yield (Fig. 1, i).
This active template (27, 28) strategy ensured
that the resulting threaded structure did not have
residual attractive intercomponent interactions
that would tend to localize the position of the
ring rather than allow it to move freely up and
down the strand between blocking groups. Once
we assembled the macrocycle-strand-stopper

conjugate 4, we used reversible hydrazone ex-
change to introduce a cysteine derivative bearing
the reactive arm [a trityl (Trt)–protected thiol
group] and the site for peptide elongation [a
tert-butoxycarbonyl carbamate (Boc)–protected
amine at the end of a glycylglycine residue]
(Fig. 1, ii). The fully assembled machine 1 is
stable in its protected form, with upfield shifts
of the HP1 triazole and nearby HS12-S14 proton
signals evident in the 1H nuclear magnetic res-
onance (NMR) spectrum on account of shielding
from the phenyl rings of the macrocycle, con-
firming that the ring is trapped in the region of
the strand between the terminal stopper and the
Boc-phenylalanine ester (Fig. 2).

We used acid-catalyzed cleavage of the Boc
and trityl protecting groups (Fig. 3, i) to activate
the molecular machine and then allowed it to oper-
ate (Fig. 3, ii) at 60°C under microwave heating
in a 3:1 acetonitrile:dimethylformamide solution in
the presence of N,N-diisopropylethylamine (a non-
nucleophilic base) and tris(2-carboxyethyl)phosphine
(a reducing agent that cleaves any disulfide bonds
formed through thiol oxidation). The design of the
machine is such that once the thiolate residue of
the cysteine group (6a) is deprotected, it is poised
to undergo a transacylation reaction with the first
amino acid phenolic ester that blocks the macro-
cycle’s path on the track (6b).We hypothesized that
the subsequently formed phenylalanine thioester
(6c) would be able to react further, transferring
the amino acid by native chemical ligation (29) to
the glycylglycine amine group by an 11-membered-
ring transition state [the dipeptide spacer between
the cysteine residue and the amine of the peptide-
elongation site was introduced because native
chemical ligation is reported to be very slow via
8-membered-ring transition states (30)]. This se-
quence simultaneously transfers the amino acid
to the end of the growing peptide (6d) and re-
generates the catalytic thiolate group, ready for
the cleavage and transfer of further building blocks.
S-N acyl transfer is a key feature of nonribosomal
peptide synthesis (24).

Once the covalent bond connecting an amino
acid to the strand is broken, the macrocycle is
able to move further along the track until its path
is blocked by the next amino acid group (6d).
The O-S acyl transfer/S-N acyl transfer/catalyst
regeneration/ring movement process continues
(6e to 6h) until the last amino acid on the track
is cleaved (6h) and the macrocycle detaches from
the strand (8) with the newly formed, full length,
peptide attached (7). The artificial molecular ma-
chine synthesizes the peptide from the C terminus
to the N terminus, the opposite direction of ribo-
somal translation (2–4).

After a 36-hour operation of 6a at 60°C, no
starting material remained, as shown by high-
performance liquid chromatography (HPLC), and
two major products were isolated from the re-
actionmixture (26).We used 1HNMRspectrosco-
py and mass spectrometry to identify one product
as the completely deacylated thread, 8. The other
product had a 1H NMR spectrum and molecular

Fig. 3. Proposed mechanism for sequence-specific peptide
synthesis by molecular machine 1. After activation of the ma-
chine by acidic cleavage of the Boc and Trt protecting groups,
under basic conditions successive native chemical ligation re-

actions transfer the amino acid building blocks to the peptide-elongation site on the macrocycle in the
order they appear on the thread. Once the final amino acid is cleaved, the macrocycle bearing the
synthesized oligopeptide 7 dethreads from the strand. The hydrazide peptide 9 is subsequently released
from the macrocycle by hydrolysis. Reaction conditions: (i) 20% CF3CO2H in dichloromethane, room tem-
perature, 2 hours, 100%. (ii) ((CH3)2CH)2NEt, (HO2CCH2CH2)3P in 3:1 acetonitrile:dimethylformamide,
60°C, 36 hours. Et, ethyl. (iii) 30% CF3CO2H in 3:1 dichloromethane:water, room temperature, 18 hours.
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Applications –  A ‘Nano-roadster’

Molecules	deposited	on	Cu(111)	surface	and	STM	imaged	at	161K.	
Light	illumination	results	in	greater	diffusion	movement	of	individual	roadsters	

smaller distances of the thermal motion which occur in both
illuminated and nonilluminated experiments. Thus, the
remotely activated motor function is likely to be responsible
for molecular translation. In order to test this interpretation, we
compare the NR molecule with the NanoRoadster control
molecule NC (Figure 1d), which is the same molecule but
without a motor unit and should therefore exhibit substantially
different behavior.
To quantify the contribution of the motor activity to the

observed molecular translation, as opposed to thermally driven
diffusion, we calculate a hopping rate h, i.e., the number of
molecules moving per second, similar to diffusion studies for
nonmotorized molecules,15,30,31 from

= −n t
N

ht
( )

exp( )stat

tot (1)

where Ntot is the total number of molecules observed, nstat(t) is
the number of molecules that do not move over a time interval
t (Table S2). Figure 4a shows NR hopping rates for three
different sample temperatures: 6, 156, and 161 K (elevated
temperatures were chosen so that diffusion occurs on a time
scale accessible to STM, 800 molecules analyzed). At 6 K, no
diffusion is observed, and hence h is zero for all cases. At 156 K,
the hopping rates are the same, within error, for the different
laser illuminations. Raising the substrate temperature to 161 K
results in an increase in h, irrespective of the laser wavelength,
also in the experiment without light. The temperature-
dependent results in Figure 4a demonstrate that the number
of moving NR molecules is only affected by the temperature

but not by illumination, and the same is valid for NC (Figure
4b). Hence, incident photons do not increase the likelihood of
any one molecule moving, and we therefore exclude that
heating of the sample by the laser plays a role.
Importantly, the hopping rate h concerns only the number of

displaced molecules and contains no information on the
distance moved by the molecules. To gain information on the
translation distance, the tracer diffusion D* is calculated
from15,31,32

* = ⟨ Δ ⟩
D

r
t

( )
4

2

(2)

which is valid for two-dimensional diffusion on a Cu(111)
surface,32 where ⟨(Δr)2⟩ is the mean square displacement of
the moving molecules (Table S3). Figure 4c shows D* for NR
with different laser sources and at different temperatures
(Figure 4d for NC in comparison). At 6 K, no molecular
diffusion is observed, and D* is zero in all cases, while at 156 K,
finite D* values are measured, but almost no difference is found
between the different illumination experiments. This finding
implies that NR diffusion is not influenced substantially by laser
illumination at 156 K and that the observed diffusion is
predominantly thermal in origin.
The major finding is that with the substrate held at 161 K,

there is an enhancement in D* when the sample is illuminated
with either of the two UV lasers at 355 or 266 nm as compared
to the 635 nm and no-illumination experiments. This effect is
highlighted in Figure 4e, where Denhance* [Denhance* = D*(with
laser)/D*(without laser)], the enhancement factor of D*
caused by laser illumination, is calculated. Notably, there is a 3-
fold enhancement in D* for NR molecules if they are
illuminated with the 355 nm laser and a 2-fold enhancement
for the 266 nm laser. The increase in D* for the 635 nm laser is
noticeably less pronounced. Importantly, NC lacks any such
enhancement effect as the illumination of these molecules does
not cause an increase of D*, and Denhance* is ∼1 in all cases
(Figure 4f). Note that the difference in thermal diffusion
between the two species is “normalized” by considering the
enhancement factor of the tracer diffusion (Figure 4e,f), and
therefore the difference in thermal diffusion does not preclude
the use of NC as a control molecule. Hence, this result shows
clear evidence that individual molecular motors are remotely
activated by light. Moreover, it turns out that the efficiency of
the photosensitive motor can be tuned via the wavelength.
While these observations clearly show that the enhanced

diffusion is directly related to the motor unit in the molecular
structure, the exact mechanism is difficult to elucidate. In
analogy to solution-phase measurements, we can consider a
mode of operation whereby the motor unit rotates in one
direction only (as sketched in Figure 1e). The motor could
also, in principle, flip back and forth between two isomers (e.g.,
the upper two states in Figure 1b) and, therefore, not complete
the full cycle, at least sometimes. However, this second option
seems unlikely as it does not correspond to the chemical
characteristics of the motor unit, with very different rates for
trans → cis and cis → trans isomerization, respectively (in
particular lower rates for the latter),33 due to the diasteriomeric
transition states between the two. The proposed mechanism is,
therefore, in concert with the well-studied unidirectional
rotation of the Feringa motor, which we use.11−14

For the azimuthal orientation of the molecules on the
surface, a preference of the “wheel−wheel axle” at multiples of

Figure 3. Histograms showing the distance moved by diffusing NR
molecules after a 60 min laser illumination for various laser
wavelengths with the substrate held at 161 K. The average distance
moved (calculated from the mean value of all translation distances
in the corresponding histogram) is indicated in each case by a pink
bar with the error range highlighted as a gray box. The average
values, and associated error bars (SE), demonstrate that the
average distance moved by NR molecules illuminated with either of
the UV lasers (266 or 355 nm) is greater than that moved by
molecules illuminated by the 635 nm laser or during the
experiment without light (the total number n of diffusing molecules
is indicated for each histogram).
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ABSTRACT: Molecular machines are a key component in
the vision of molecular nanotechnology and have the
potential to transport molecular species and cargo on
surfaces. The motion of such machines should be triggered
remotely, ultimately allowing a large number of molecules
to be propelled by a single source, with light being an
attractive stimulus. Here, we report upon the photoinduced
translation of molecular machines across a surface by
characterizing single molecules before and after illumina-
tion. Illumination of molecules containing a motor unit results in an enhancement in the diffusion of the molecules. The
effect vanishes if an incompatible photon energy is used or if the motor unit is removed from the molecule, revealing that
the enhanced motion is due to the presence of the wavelength-sensitive motor in each molecule.
KEYWORDS: diffusion, molecular devices, molecular motor, scanning probe microscopy, photoexcitation, photochemistry,
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Molecular machines with internal motors are fascinat-
ing objects that transform energy into useful motion
at the nanoscale.1−6 In nature, many processes

depend on molecular motors that perform specific mechanical
tasks in living cells,7 a prototypical process is the directional
motion of myosin.8 Several synthetic molecular motors have
been synthesized,2,9,10 including a molecular motor developed
by Feringa and co-workers that rotates at a frequency in the
MHz regime.11−14 For ultimate control of molecular machines,
it is essential that the motor exhibits only one sense of rotation,
resulting in unidirectional translation of the molecular machine
on a surface, thus only forward and no backward motion, in
contrast to random motion in all directions.2 For synthetic
molecular machines to contribute to the vision of nano-
technology by transporting molecular species and cargo on
surfaces, the motion of such machines should be triggered
remotely, ultimately allowing a large number of molecules to be
propelled by a single source, such as light. Note that the
constraints for light-driven processes are very different from
those for autonomous chemically driven processes which must
obey the constraints of microscopic reversibility.
While various molecular motors have been studied in

solution, their investigation on surfaces is rare, due to
experimental difficulties, e.g., molecule−surface interaction

that inhibits molecular motion either via strong adsorption,
or by quenching electronic states which are required for the
chemical process. However, surfaces offer important advan-
tages:4 (i) the ability of local probe microscopy to image and
characterize single molecules with submolecular resolution and
to follow their motion;15 (ii) connection with the macroscopic
world requires well-defined molecular locations and a solid
interface; (iii) fixing the static parts of a molecular motor as, for
instance, in the case of a single-molecule rotor;16,17 and (iv)
confinement on a surface, which can reduce the motor activity
to two dimensions, thus reducing the complexity of the
molecular process.
In an asymmetric scanning tunneling microscope (STM)

junction, a molecular motor adsorbed on a surface can be
activated by a local stimulus, such as electron injection, or a
local gradient which distorts the potential energy land-
scape.16−18 However, in the case of molecular machines, remote
control is key for any use where not only single molecules
should be addressed locally but many molecules should be
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ing objects that transform energy into useful motion
at the nanoscale.1−6 In nature, many processes

depend on molecular motors that perform specific mechanical
tasks in living cells,7 a prototypical process is the directional
motion of myosin.8 Several synthetic molecular motors have
been synthesized,2,9,10 including a molecular motor developed
by Feringa and co-workers that rotates at a frequency in the
MHz regime.11−14 For ultimate control of molecular machines,
it is essential that the motor exhibits only one sense of rotation,
resulting in unidirectional translation of the molecular machine
on a surface, thus only forward and no backward motion, in
contrast to random motion in all directions.2 For synthetic
molecular machines to contribute to the vision of nano-
technology by transporting molecular species and cargo on
surfaces, the motion of such machines should be triggered
remotely, ultimately allowing a large number of molecules to be
propelled by a single source, such as light. Note that the
constraints for light-driven processes are very different from
those for autonomous chemically driven processes which must
obey the constraints of microscopic reversibility.
While various molecular motors have been studied in

solution, their investigation on surfaces is rare, due to
experimental difficulties, e.g., molecule−surface interaction

that inhibits molecular motion either via strong adsorption,
or by quenching electronic states which are required for the
chemical process. However, surfaces offer important advan-
tages:4 (i) the ability of local probe microscopy to image and
characterize single molecules with submolecular resolution and
to follow their motion;15 (ii) connection with the macroscopic
world requires well-defined molecular locations and a solid
interface; (iii) fixing the static parts of a molecular motor as, for
instance, in the case of a single-molecule rotor;16,17 and (iv)
confinement on a surface, which can reduce the motor activity
to two dimensions, thus reducing the complexity of the
molecular process.
In an asymmetric scanning tunneling microscope (STM)

junction, a molecular motor adsorbed on a surface can be
activated by a local stimulus, such as electron injection, or a
local gradient which distorts the potential energy land-
scape.16−18 However, in the case of molecular machines, remote
control is key for any use where not only single molecules
should be addressed locally but many molecules should be
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Applications –  Macroscopic Transport

Shuttling	of	the	macrocycle	from	the	fumaramide	station	results	in	shielding	of	the	fluorinated	maleimide	leading	
to	an	increased	polarophilicity	of	the	surface.	
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Figure 1 Synthesis and light-induced positional change of the macrocycle in a
fluorinated molecular shuttle, 1. Rotaxane E-1 contains a fumaramide (green)
station and a tetrafluorosuccinamide (orange) station. E→ Z photo-isomerization of
the fumaramide group generates the maleamide (dark blue) station (Z-1), which has
a low affinity for the macrocycle. The E/Z-1 ratio is 50:50 at the photostationary
state in CH2Cl2 at 298 K. Reaction conditions: (i) 10 equiv. 3,5-pyridinedicarbonyl
dichloride, 10 equiv. p-xylylenediamine, Et3N, CHCl3, 65%; (ii) CF3CO2H, CH2Cl2;
(iii) 254 nm, CH2Cl2, 5 min, 50%; (iv) piperidine, CH2Cl2, RT, 2 h then CF3CO2H,
100% or 115◦, C2H2Cl4, 24 h, 90%.

and converted into Z-1 by photoisomerization (Fig. 1). The
photostationary state of E/Z-1 at 254 nm is 50:50 in CH2Cl2 at
room temperature and, starting from either isomer, is reached
within 5 min under our experimental conditions with no evidence
of any decomposition of the rotaxane or reaction with the solvent.
The NMR spectra (Figs 2 and 3) of E-1 in CDCl3 confirms the
location of the macrocycle over the fumaramide residue in a
non-hydrogen-bond-disrupting environment. Hj and Hk are
shielded by 1.0 p.p.m. with respect to their position in E-2 and no
significant shifts are observed for the fluorine resonances between
rotaxane and thread. In contrast, the 1H (Fig. 2) and 19F (Fig. 3)
NMR spectra show that in Z-1 the macrocycle resides primarily
over the fluoroalkane station. Hj′ and Hk′ occur at similar chemical
shifts in rotaxane and thread whereas the 19F nuclei in Z-1 are
shielded by ∼ 0.7 p.p.m. by the xylylene groups of the macrocycle
(as aromatic ring currents change the local magnetic field by a
value independent of the nuclei being observed, the magnitude
of the shielding in the 19F NMR spectrum is similar to that
seen20 in the 1H NMR spectrum for analogous non-fluorinated
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Figure 2 Locating the position of the macrocycle in a molecular shuttle using
proton chemical shifts. a–d, 1H NMR spectra (400 MHz, CDCl3, 298 K) of a, thread
E-2, b, [2]rotaxane E-1, c, thread Z-2, and d, [2]rotaxane Z-1. The shielding of
protons in the rotaxanes compared with the threads indicates the position of the
macrocycle in each diastereomer.

shuttles). The addition of up to 10 equiv. of CF3CO2H had
no effect on the position of the macrocycle in either rotaxane
diastereomer. Molecular modelling studies faithfully reproduce the
relative positions of the components in both E and Z-1 and suggest
that both folded and extended chain co-conformers are present.

The macrocycle of the rotaxane contains pyridine groups
that have previously been used to graft similar molecular
shuttles onto well-ordered SAMs of 11-mercaptoundecanoic acid
(HO2C(CH2)10SH, 11-MUA) on Au(111) deposited on SiO2

(ref. 23). Using this technique (see Supplementary Information),
films were prepared with E-1 using 11-MUA SAMs on Au(111)
deposited on glass or mica (giving E-1.11-MUA.Au(111), Fig. 4).
The resulting films were characterized by X-ray photoemission
spectroscopy (XPS; X-PROBE Surface Science Laboratories
photoelectron spectrometer) and scanning tunnelling microscopy
(STM), each confirming that the films featured complete and
uniform coverage of the SAM with a monolayer of physisorbed
shuttles23, with the long axis of the rotaxane thread lying parallel
to the gold surface. As controls (Fig. 1), films were prepared using
a similar non-fluorinated shuttle (in addition to replacing the
fluorine atoms of 1 with hydrogens, substitution of the amide group
nearest the succinic stopper with an ester group was necessary
because the low solubility of the tetra-amide thread hindered
rotaxane synthesis) and a simple non-photoactive fluorocarbon,
heptadecafluorodecanethiol (CF3(CF2)7CH2CH2SH).
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Shuttling	of	the	macrocycle	from	the	fumaramide	station	results	in	shielding	of	the	fluorinated	maleimide	leading	
to	an	increased	polarophilicity	of	the	surface.	
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Figure 4 A photo-responsive surface based on switchable fluorinated molecular shuttles. a, Light-switchable rotaxanes with the fluoroalkane region (orange) exposed
(E-1) were physisorbed onto a SAM of 11-MUA on Au(111) deposited on either glass or mica to create a polarophobic surface, E-1.11-MUA.Au(111). b, Illumination with
240–400 nm light isomerizes some of the E olefins to Z (giving a 50:50 ratio at the photostationary state if the reaction on the surface mirrors that in solution), causing a
nanometre displacement of the rotaxane threads in the Z-shuttles which encapsulates the fluoroalkane units leaving a more polarophilic surface, E/Z-1.11-MUA.Au(111).
Photoemission spectroscopy data are consistent with the molecular shuttles lying parallel to the Au surface (but they are not directionally aligned or necessarily linear as
depicted for clarity in this cartoon).

energetically unfavourable that the progressive driving force for
increasing wetting at the front end of the drop causes contraction of
the droplet from the rear to occur, leading to sudden and reasonably
rapid transport of the droplet towards the low E/Z ratio region of
the surface. Further irradiation only slightly reduces the contact
angle until a photostationary state is reached. Transport was not
observed on E-1.11-MUA.Au(111) using 1.25 µl droplets of water
or formamide and the movement of significantly larger (>2.5 µl)
droplets of CH2I2 was slower, suggesting that transport does not
occur when the gradient of the surface free energy arising from
irradiation is low compared with the adhesion, surface tension and
viscosity of the droplet37,40.

The E-1.11-MUA.Au(111) surfaces are stable and can be
used repeatedly for contact angle measurements and transport
experiments with the same results over the course of several
weeks. In contrast, diiodomethane droplets on SAMs made
from the control non-fluorinated shuttle or other shuttles23

or heptadecafluorodecanethiol did not undergo contact angle
change or transportation even after 20 min ultraviolet irradiation.
Nevertheless, we investigated whether other (photo)chemistry of
E- or Z-1 and CH2I2, rather than just photoisomerization and
shuttling of the fluorinated rotaxane, might be contributing to
the observed effects. (i) Neither E- or Z-1 showed any trace
of alkylation of the pyridine groups when dissolved in a 1:1
mixture of CH2I2/CH2Cl2 (the rotaxanes are not soluble in neat
CH2I2) at room temperature for 24 h. (ii) The iodine atoms
of CH2I2 do not act as a ‘heavy atom’ triplet sensitizer for the
olefin in E-1; the rate of isomerization and the E/Z ratio in

the photostationary state is the same in CH2I2/CH2Cl2 solution
as it is in CH2Cl2. (iii) X-ray photoemission spectroscopy (XPS)
reveals no damage or change in elemental composition after 10 min
ultraviolet irradiation of the E-1.11-MUA.Au(111) surface and also
shows that the shuttle is intact on the surface after the droplet
transport. (iv) Although the photo-induced cyclopropanation of
electron-rich olefins with CH2I2 is known to occur over 2–60 h
using strong ultraviolet sources41–43, the olefin in E-1 is electron
poor and no degradation, side product or reaction of E-1 besides
isomerization was observed when the solution photo-isomerization
experiment (254 or 312 nm) was carried out for 20 min (4× longer
than normal) in CH2I2/CH2Cl2. No discolouration of CH2I2 was
observed (indicative of the formation of I2) either in solution or
in the liquid droplet experiments. (v) Finally, we note that the
contact angle of the droplet in Fig. 5b–d (that is, just before and
after transport) is similar to that of a non-irradiated CH2I2 droplet
deposited on the irradiated surface (see Table 1), suggesting that any
photochemistry of CH2I2 (ref. 44) during the experiment does not
significantly effect the fluorophobicity of the droplet. However, we
cannot rule out that it may play some role in altering the viscosity,
surface tension or interaction with the monolayer.

Mica provides a flatter and more regular surface than glass
and consequently SAMs are generally more ordered using Au(111)
deposited on mica. We found that although the contact angles
were the same for the SAMs on the different substrates the
transport of CH2I2 was significantly more facile using mica (Fig. 6
and the Supplementary Information for the ‘Droplet on flat
1.11-MUA.Au(111).mica’ video; and the ‘0.6 Microlitre droplet on
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Figure 5 Lateral photographs of light-driven directional transport of a 1.25 µl
diiodomethane drop across the surface of a E-1.11-MUA.Au(111) substrate on
glass. The direction of transportation was controlled by irradiation with a
perpendicular beam of 240–400 nm light focused on one side of the drop and the
adjacent surface. The irradiation time required for transport and the distance the
droplet travels depends on the precise position of the lamp. a, Before irradiation
(pristine E-1.11-MUA.Au(111)), contact angle 35±2◦. Immediately after this image
was taken, the ultraviolet light beam positioned as indicated was switched on.
b, After 900 s of irradiation, contact angle 13±2◦ (illuminated side), 15±2◦

(non-illuminated side). The diiodomethane drop has spread from the high E/Z-1
ratio area in the direction of the low E/Z-1 ratio region, increasing the total wetted
area, and is about to be transported. c, After 1,010 s of irradiation (just after
transport), contact angle 13±2◦. d, After 1,110 s of irradiation (at the
photostationary state), contact angle 12±2◦. Evaporation of the 1.25 µl drop of
diiodomethane becomes significant after about 1 h. (See the ‘Droplet on flat
1.11-MUA.Au(111).glass’ video available as Supplementary Information.)

flat 1.11-MUA.AU(111).mica’ video for the movement of a smaller
droplet). Indeed, the rear end of the droplet could be transported
more than 1.5 mm (compared with 0.8 mm using Au(111) on glass,
Fig. 5) on the new photo-responsive surface (Fig. 6d).

1 mm

1 mm

1 mm

1 mm

Ultraviolet lighta

b

c

d

Figure 6 Lateral photographs of light-driven directional transport of a 1.25 µl
diiodomethane drop across the surface of a E-1.11-MUA.Au(111) substrate on
mica. a, Before irradiation (pristine E-1). b, After 215 s of irradiation (20 s before
transport). c, After 370 s of irradiation (just after transport). d, After 580 s of
irradiation (at the photostationary state). (See the ‘Droplet on flat
1.11-MUA.Au(111).mica’ video and the related ‘0.6 Microlitre droplet on flat
1.11-MUA.Au(111).mica’ video, both available as Supplementary Information.)

Finally, we investigated the ability of the monolayer of
molecular shuttles to do macroscopic work against gravity by
driving a droplet up a 12◦ incline using E-1.11-MUA.Au(111)
on mica (Fig. 7 and the ‘Droplet uphill 12 degree 1.11-
MUA.Au(111).mica’ video in the Supplementary Information)45.

The capillary length, κ− 1 =
√

γ/ρg (where γ is the surface
tension of the liquid, ρ is its density, and g is gravity), above
which gravity effects should appear is 1.25 mm for CH2I2 and
the influence of gravity is clearly seen in the Fig. 7 photographs
(for example, the directional wetting of the surface and downhill
movement of the droplet between Fig. 7c and d). However,
even moving uphill, photo-induced wetting and subsequent
transport using E-1.11-MUA.Au(111) on mica proved much more
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Figure 7 Lateral photographs of light-driven transport of a 1.25 µl
diiodomethane drop on a E-1.11-MUA.Au(111) substrate on mica up a 12◦

incline. For clarity, on photographs b–d a yellow line is used to indicate the surface
of the substrate. a, Before irradiation (pristine E-1). b, After 160 s of irradiation (just
before transport). c, After 245 s of irradiation (just after transport). d, After 640 s
irradiation (at the photostationary state). Note how the drop moves slightly back
downhill under the effect of gravity from c to d as the E/Z ratio of the lower part of
the incline decreases and the droplet progressively wets more of the surface down
the slope. Our experimental set-up does not permit accurate contact-angle
measurements on an incline. (See the ‘Droplet uphill 12 degree
1.11-MUA.Au(111).mica’ video, available as Supplementary Information.)

rapid than on glass. Between 160 and 245 s, the 1.25 µl of
CH2I2 (ρ = 3.325 g ml−1) moves 1.38 mm (at ∼16 µm s−1)
up the 12◦ incline with no significant change in droplet
shape or contact angle. The work done against gravity by the
collective action of the monolayer of molecular machines is thus
(1.25 × 10−9 m3 × 3.325 × 103 kg m−3)(mass in kg) × (1.38 ×
10−3 m×0.21(sin12◦))(height in metres)× (9.8 m s−2)(gravity) =
1.2×10−8 J. The molecular shuttles each occupy an area of ∼3 nm2,
so ∼2 × 1012 molecules are under the elongated drop just before
transport. Therefore, if around 40% of the shuttles have been
isomerized by the time the droplet is transported uphill, each

molecular machine’s contribution to the collective work against
gravity—energy stored as potential energy by their action—is
∼1.5 × 10−20 J, that is ∼9 kJ mol−1. Extra work, lost as heat,
also has to be done to overcome the viscous forces that resist
transport of the droplet. The NMR experiments (Figs 2 and 3)
and studies on related rotaxanes20 indicate that the energy available
to do work through the macrocycle in E-1 hydrogen bonding
to the fumaramide station rather than the fluoroalkane group
is of the order 15−18 kJ mol−1. So even if the 12◦ slope is the
maximum they can overcome (we have yet to determine this), the
efficiency of the molecular machines in elevating a droplet by biased
brownian motion to store potential energy is at least 50% of the
total free energy made available by the nanometre movements of
the individual machine parts.

The extrapolation across the length scales from mechanical
motion at the molecular level to macroscopic transport is
considerable. However, the mechanism by which it occurs is not
a continuous mechanical process. Light fuels chemical reactions,
which cause nanometre positional changes in individual molecules
by biased brownian motion, which collectively cause a change in the
physical properties of the surface, ultimately leading to transport of
an object on a length scale a million times larger than the initial
change in molecular co-conformation. In doing so, the rotaxane
molecules are not individually well described as ‘motors’. In both
olefin diastereomers of 1 the macrocycle is in equilibrium between
the binding sites at either end of the thread, the light-fuelled
chemical reaction simply changes the position of this equilibrium.
If the thread is converted back to its original structure (Fig. 1)
the net change in position of the macrocycle is undone, that is 1
acts a mechanical switch not a motor. (A key difference between
a ‘switch’ and a ‘motor’ is that the former is simply a function of
state. The property of the system it is influencing does not depend
on the trajectory of how the system evolved, merely on what the
current state of the switch is.) However, the collective action of the
monolayer of molecular mechanical switches does act as a motor,
transporting the diiodomethane droplet to a position that it did
not sample previously through brownian motion.

The physics of scale means that the transport of small
volumes of liquids cannot be achieved using mechanisms based on
scaled-down macroscopic pumps32–34. Liquid transportation using
photo-responsive surfaces may prove useful for delivering analytes
in lab-on-a-chip environments, or for performing chemical
reactions on a tiny scale without reaction vessels37 by bringing
individual drops containing different reactants together.

METHODS
Grafting of the rotaxanes onto the carboxylic acid-terminated SAMs (see Supplementary Information)
was achieved by immersing the substrates in a 0.5 mM dichloromethane solution for 6 days. The
grafted samples were rinsed three times in pure dichloromethane and dried under argon before the
contact-angle measurements. The contact-angle measurements were carried out at room temperature
(21 ◦C) by the sessile drop method, using a custom-built microscope–goniometer system. A 1.25 µl
drop of the liquid was placed on a freshly prepared sample using a Hamilton micro-syringe and the
contact angle was measured after 30 and 60 s. The samples were irradiated with a perpendicular beam
of 240–400 nm light focused on one side of the drop and the adjacent surface and photographs were
taken every four (Fig. 5) or five (Figs 6 and 7) seconds. As well as providing the stills shown in the
figures, these photographs form the basis of the videos supplied as Supplementary Information. The
photo-irradiation experiments on the rotaxane-terminated surfaces were carried out using
240–400 nm light emitted by a 300 W Xe lamp (Thermo Oriel, Model 66902) using a combination of
Thermo Oriel glass filters, 57396 and 51650. The beam was focused on the sample using Thermo Oriel
77376 fibres positioned 1 cm above the substrate. Light intensity was measured using a 2 W broadband
power/energy meter, 13 PEM 001/J Mellers Griot. The intensity of the ultraviolet light measured 1 cm
from the optical fibres was 2.9 mW. The photo-isomerization experiments in solution were carried out
at 254 nm using a multilamp photo-reactor (Model MLU18, Model 3022 lamps, Photochemical
Reactors, Reading, UK).
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Applications –  Macroscopic Movement

Doping	of	1	(1	wt	%)	on	a	cholesteric	liquid	crystal	film	results	in	a	surface	polygonal	fingerprint	dependent	on	the	
helicity	of	the	rotor.	Thus,	upon	motor	activation,	the	surface	reorganizes	in	a	clockwise	fashion.		
	
Scale	bar	=	50	um,	images	at	15s	interval	after	irradiation.	Effect	continues	for	~10	min	after	which	the	reverse	
movement	is	seen	due	to	a	second	helical	inversion	by	thermal	relaxation	
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Nanomotor rotates microscale objects 
A molecular motor in a liquid-crystal film uses light to turn items thousands of times larger than itself.

Nanomachines of the future will require mol-
ecular-scale motors1–6 that can perform work
and collectively induce controlled motion of
much larger objects. We have designed a syn-
thetic, light-driven molecular motor that is
embedded in a liquid-crystal film and can
rotate objects placed on the film that exceed
the size of the motor molecule by a factor of
10,000. The changes in shape of the motor
during the rotary steps cause a remarkable
rotational reorganization of the liquid-crystal
film and its surface relief, which ultimately
causes the rotation of submillimetre-sized 
particles on the film.

We used a specially designed motor (mol-
ecule 1 in Fig. 1a) featuring a right-handed
helical structure and a single stereogenic cen-
tre in the (upper) rotor part that dictates the
direction of rotation, a central carbon–carbon
double bond that functions as an axle, and a
(lower) stator part that resembles the liquid-
crystal host7. Upon irradiation of motor mol-
ecule 1 with ultraviolet light of wavelength
365 nm, a photochemical isomerization
around the central double bond occurs that
results in inversion of the helicity (from right-
handed to left-handed). A subsequent thermal
step, again with helix inversion (left- to right-
handed), occurs readily at 20 °C (with a reac-
tion-time half-life of 9.9 min in toluene). Two
photochemical steps, each followed by a ther-
mal step, add up to a full 360° rotary cycle. 

This motor is very effective at inducing heli-
cal organization in a liquid-crystal film. With
its surface exposed to the air, a unidirectionally
aligned cholesteric liquid-crystal film contain-
ing 1% by weight of molecule 1 as a dopant
shows a polygonal fingerprint texture that is
typical of cholesteric liquid crystals that have
their helix axes parallel to the surface8 (Fig. 1b).
When this sample is irradiated with light of
wavelength 365 nm under an optical micro-
scope, the polygonal texture reorganizes in a
rotational (clockwise) fashion (for movie, see
supplementary information). The rate of rota-
tion gradually decreases until the process halts
after about 10 min. 

Removing the light source causes the rota-
tion to resume, this time in the opposite direc-
tion. The textures always rotate clockwise
during irradiation and anticlockwise during
the thermal isomerization step. Exchanging
molecule 1 for its enantiomer induces rotation
in the opposite direction, confirming that the
direction of rotation of the liquid-crystal tex-

ture is determined by the change in helicity of
the motor.

The rotation of the texture induced by the
motor can be harnessed to move submillimetre-
sized particles placed on top of the film. Figure
1c shows the first stages (over 45 s) of a typical
rotary motion of a microscopic glass rod (for
movie, see supplementary information). The
glass rod (5!28 "m) rotates in the same
direction as the cholesteric texture during the
photochemical and thermal steps of the motor
at an average speed of 0.67 and 0.22 r.p.m.,
respectively. 

Using non-contact atomic force microscopy,
we found that the liquid-crystal film doped
with molecule 1 has a surface relief that is
20 nm in height (Fig. 1d). Optical profilometry
indicates that the orientation of this surface
relief alters in response to photochemically or
thermally induced topology changes in the
embedded molecular motor (see methods in
supplementary information). This reorganiza-
tion generates a torque on the microscopic
object that results in rotary motion. 

We have described a collective change in
helicity in a nanosized motor that can be used
to rotate microscopic-scale objects by harvest-
ing light energy, and have demonstrated that a
rotary molecular motor can perform work.
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BRIEF COMMUNICATIONS

Figure 1 | Features of a light-driven molecular motor a, Structure of the motor (molecule 1). Bonds in
bold point out of the page. b, Polygonal texture of a liquid-crystal film doped with molecule 1 (1% by
weight). c, Glass rod rotating on the liquid crystal during irradiation with ultraviolet light. Frames 1–4
(from left) were taken at 15-s intervals and show clockwise rotations of 28° (frame 2), 141° (frame 3) and
226° (frame 4) of the rod relative to the position in frame 1 (for movies, see supplementary information).
Scale bars, 50 "m. d, Surface structure of the liquid-crystal film (atomic force microscopy image; 15 "m2).
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Applications –  Cytotoxic Warheads

Motor	arms	can	be	functionalized	by	membrane	targeting	peptides.	Upon	UV	irradiation,	mechanical	disruption	of	
the	membranes	results	in	perforation	and	cell	death.		

5 6 8  |  N A T U R E  |  V O L  5 4 8  |  3 1  A U G U S T  2 0 1 7

LETTERRESEARCH

cis and trans isomers

7

8

9

cis and trans isomers
10

a

c

b

Light

Stator

Rotor

1

2

3

5

4

6

Figure 1 | Molecular motors 
for disruption of lipid bilayers 
through molecular mechanical 
action and control molecules.  
a, Schematic of molecular machines 
atop a cell membrane (left). The 
membrane is then opened by 
UV-activated nanomechanical 
action (indicated by a yellow 
arrow; right). b, The representative 
molecular machine shows the rotor 
portions (red), which are light-
activated to rotate relative to the 
larger stator portion (blue); the 
functional addends (R; green) can 
be varied to provide the requisite 
solubility, fluorophores for tracking 
or recognition sites for cellular 
targeting. c, Nanomachines 1 and 
2 bear fluorophores as pendants 
on the stator portions for tracking 
their movement, whereas 3 and 4 
have smaller molecular sizes with 
no stator-addended fluorophores 
for their tracking. Compound 5 has 
a stator segment but no rotor; this 
serves as a control molecule that 
cannot be UV activated. Likewise,  
6 has a slow rotor which serves  
as a control. Nanomachines 7  
and 8 are functionalized with the  
peptide sequence DGEA to  
target α 2β 1-integrin, which is 
overexpressed in PC-3 human 
prostate cancer cells. 9 and 10 are 
functionalized with the peptide 
SNTRVAP to bind to the 78-kDa 
glucose-regulated protein (GRP78), 
which targets castrate-resistant 
osteogenic prostate cancer receptors 
on PC-3 human prostate cancer 
cells. Rotors in nanomachines 
1–4 and 7–10 rotate at 2–3 MHz 
when activated with 355–365-nm 
light; 6 rotates at 1.8 revolutions 
per hour when activated with 
355–365-nm light at a temperature 
of 60 °C, but undergoes only 
cis–trans isomerization about 
the rotor–stator double bond at 
room temperature. The syntheses 
are described in Supplementary 
Methods and Supplementary 
Scheme 1, along with the photo-
induced interconversion of 
the cis and trans isomers of 8 
(Supplementary Fig. 1).

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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activated to rotate relative to the 
larger stator portion (blue); the 
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targeting. c, Nanomachines 1 and 
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on the stator portions for tracking 
their movement, whereas 3 and 4 
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for their tracking. Compound 5 has 
a stator segment but no rotor; this 
serves as a control molecule that 
cannot be UV activated. Likewise,  
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which targets castrate-resistant 
osteogenic prostate cancer receptors 
on PC-3 human prostate cancer 
cells. Rotors in nanomachines 
1–4 and 7–10 rotate at 2–3 MHz 
when activated with 355–365-nm 
light; 6 rotates at 1.8 revolutions 
per hour when activated with 
355–365-nm light at a temperature 
of 60 °C, but undergoes only 
cis–trans isomerization about 
the rotor–stator double bond at 
room temperature. The syntheses 
are described in Supplementary 
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Scheme 1, along with the photo-
induced interconversion of 
the cis and trans isomers of 8 
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© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Best	candidate.	Efficient	insertion	into	the	
membrane.		
Fast	motor	rotation	(~2-3	MHz).		
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Summary

•  Molecular	machines	exemplify	the	confluence	of	synthetic	design	and	function.	

•  To	make	a	bonafide	molecular	motor,	a	repetitive,	fuelled	movement	away	from	equilibrium	
is	 necessary.	 Attaining	 unidirectional	 motion	 is	 the	 critical	 challenge	 to	 achieve	 this	
objective.	

•  Early	 work	 in	 supramolecular	 chemistry	 involving	 molecular	 switches,	 catenanes	 and	
rotoxanes	led	to	fascinating	examples	of	controlled	directional	motion	in	these	systems.	

•  Feringa’s	discovery	of	overcrowded	alkene	based,	light	activated	motors	was	a	landmark	in	
the	field.	The	mechanism	involves	a	beautiful	interplay	between	the	dynamic	helical	chirality	
and	the	fixed	point	chirality	of	the	stereogenic	centres.	

•  Molecular	 motors	 now	 have	 reliable	 structural	 deign	 principles	 and	 the	 focus	 in	 the	 last	
decade	has	shifted	to	demonstrating	utility.	

•  To	this	end,	impressive	proof	of	principle	applications	have	been	reported	and	many	exciting	
advances	are	expected	in	the	future.	
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Nobel Prize in Chemistry, 2016

https://www.nobelprize.org/nobel_prizes/chemistry/laureates/2016/press.html	
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Nobel Prize in Chemistry, 2016

“2016's Nobel Laureates in Chemistry have taken molecular systems 

out of equilibrium's stalemate and into energy-filled states in which 

their movements can be controlled. In terms of development, the 

molecular motor is at the same stage as the electric motor was in the 

1830s, when scientists displayed various spinning cranks and wheels, 

unaware that they would lead to washing machines, fans and food 

processors. Molecular machines will most likely be used in the 

development of things such as new materials, sensors and energy 

storage systems.” 

https://www.nobelprize.org/nobel_prizes/chemistry/laureates/2016/press.html	
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