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Nature uses bipedal motor proteins that “walk” down intra-
cellular tracks to perform essential tasks in a variety of key
biological processes.[1] Although the molecular mechanisms
through which these fascinating linear motors operate are
beginning to be understood,[2] there are still few synthetic
mimics that exhibit the most important characteristics of
natural motors, namely repetitive, progressive, processive,
and directional walker transport along a molecular track.
Several walker–track systems based on DNA have been
described,[3] and recently our research group reported a small-
molecule system,[4] in which the migration of a walker unit
along a four-foothold track could be biased in one direction
through an information ratchet type of Brownian ratchet
mechanism.[5, 6]

Herein we report the design, synthesis, and operation of a
small-molecule walker–track conjugate, in which the walker
can be transported in either direction along a four-foothold
molecular track (roughly 1.5 times more likely to take a step
in one direction than the other), depending on the sequence
of four applied stimuli: acid or base for mutually exclusive
“foot” dissociation and UV light or visible light (plus iodine)
to induce or release ring strain between the walker and the
track.[7] The design (Figure 1) is closely related to the
previously reported small-molecule walker–track system,
which features a walker with one hydrazone foot (labile in
acid; locked in base) and one disulfide foot (labile in base;
locked in acid).[4] The crucial difference is that a stilbene unit
has been added between the internal aldehyde and the
disulfide footholds of the track (Scheme 1). The key to
achieving directionality lies in the isomerization of the
stilbene moiety, through which significant ring strain can be
induced in the positional (constitutional) isomer in which the
walker unit bridges the stilbene linkage (Figure 1 and
Scheme 2b).[8] E!Z isomerization provides a driving force

for the walker to “step” onto the central stilbene unit, while
subsequent Z!E isomerization results in a majority of the
walkers being transported away from the stilbene group in a
direction determined by which foot–track interaction is
labilized next. Such a manipulation of the thermodynamic
minima (here by strain induction through stilbene isomer-
ization) and kinetic barriers (here by addition of either base
or acid) experienced by a substrate corresponds to an energy
ratchet type of Brownian ratchet mechanism (Fig-
ure 1b).[6, 9,10]

Molecular walker–track conjugate E-1,2-1[12] was synthe-
sized according to Scheme 1 (see the Supporting Information
for experimental procedures and characterization data). The

Figure 1. a) Operating mechanism of a light-driven walker–track
system based on selectively labile “feet” and adjustable ring strain
between the walker (red) and the track in one positional isomer. The
reaction sequence shown results in transport of the walker from left to
right; switching steps (ii) and (iv) would cause the walker to be
transported from right to left. b) Potential energy profile experienced
by the walker unit (an energy ratchet mechanism[6,10]). c) Repeat unit
of a hypothetical polymeric system along which the walker could be
transported in either direction depending on the order of the stimuli
applied. Stimuli: (i) UV light, (ii) base, (iii) visible light and iodine,
(iv) acid.[11]
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initial position of the walker unit at footholds 1 and 2 of the
track was established by the synthesis of macrocycle 7,
starting from the simple aromatic building blocks 2 and 3 and
the bipedal walker unit 6. Compound 8, which contains thiol
foothold 3 (masked as a disulfide with methyl 3-mercapto-
propionate, a “placeholder” thiol[13]) and aldehyde foothold 4,
was prepared from precursors 4 and 5. The synthesis was
completed by a ruthenium-catalyzed cross-metathesis reac-
tion,[14] which afforded E-1,2-1 in 23% yield.[15, 16] The
positional isomer where the walker unit is located on the
other end of the molecular track, E-3,4-1, was prepared
unambiguously through an analogous synthetic route (see the
Supporting Information).

An investigation of the photochemistry of E-1,2-1 and
E-3,4-1, the positional isomers in which the walker unit is not
located over the track stilbene unit, showed that it was
possible to efficiently carry out direct (i.e., unsensitized)
E!Z stilbene photoisomerization[17] at 365 nm in CD2Cl2

(Scheme 2a). The excellent diastereomeric ratios at the
photostationary states (ca. 9:1 Z/E) are a result of the high
molar absorptivities of the E isomers compared to the
corresponding Z isomers.[18] The reverse process, that is,
Z!E stilbene isomerization, also proceeded well in CD2Cl2

(> 9:1 E/Z) by using iodine and narrow-bandwidth green light
(500 nm; 10 nm bandwidth).[19,20]

We next confirmed that the strained[21] E-2,3-1 isomer
could be formed from Z-2,3-1 and that, in a subsequent
dynamic covalent[22] exchange reaction, the walker unit could
be efficiently transported to either the 1,2 or the 3,4 position

of the track, depending on the use of either base or acid
(Scheme 2b). Irradiation of pristine Z-2,3-1 (obtained from
Z-1,2-1 by base-induced disulfide exchange) at 365 nm
generated a 75:25 (E/Z) photostationary state, which was
subjected to conditions for disulfide (base) or hydrazone
exchange (acid) in separate experiments. Under basic con-
ditions, approximately 80% of the walker units from this E/Z
mixture were transported to the 1,2-positional isomer (> 95%
of E-2,3-1 converted into the 1,2 isomer; 25 % of residual
Z-2,3-1); under acidic conditions approximately 80 % of the
3,4-positional isomer was formed (> 95 % of E-2,3-1 con-
verted into the 3,4 isomer; 30 % of residual Z-2,3-1).

Having established that the key principles of the energy
ratchet mechanism would operate by using individual posi-
tional isomers, we needed to establish a procedure for
analyzing the mixture of isomers expected to be generated
during the full sequence of operations of a statistical
molecular-motor mechanism. Pleasingly, the composition of
the walker–track system could be accurately determined after
each step by 500 MHz 1H NMR spectroscopy, even for
complex mixtures that contain all eight isomers (Z/E-1,2-1,
Z/E-2,3-1, Z/E-3,4-1, Z/E-1,4-1[11]). The partial 1H NMR
spectra of the six isomers involved in the major “passing-leg
gait”[10a] mechanism (Figure 1a) are shown in Figure 2.
Differences in chemical-shift values that are indicative of
the position of the walker unit on the track arise for the
protons of the four methylene groups in the walker unit
(shown in red, HB–HE). Protons Hk and Hl serve as distinctive
markers for the configuration of the stilbene olefinic bond

Scheme 2. Z!E and E!Z stilbene isomerization of individual posi-
tional isomers of 1 and ring opening of E-2,3-1 in either direction
under dynamic covalent conditions (acid or base) to release ring strain
between the walker and track. Conditions: E!Z : 0.1–10 mm, hn

(365 nm; bandwidth: 10 nm), CD2Cl2, RT, 5 min; Z!E : 0.1 mm,[20] I2

(ca. 10 equiv), hn (500 nm; bandwidth: 10 nm[20]), CD2Cl2, RT, 4–8 h.
Dynamic disulfide exchange (basic conditions): 0.1 mm, d,l-dithio-
threitol (DTT, 10 equiv), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU,
40 equiv), (MeO2CCH2CH2S)2 (20 equiv), CHCl3, RT, 24 h. Dynamic
hydrazone exchange (acidic conditions): 0.1 mm, excess CF3CO2H
(TFA), CHCl3, RT, 48 h.

Scheme 1. Synthesis of molecular walker–track conjugate E-1,2-1.
a) NaH, DMF, RT, 16 h; b) methanesulfonyl chloride (MsCl), NEt3,
CH2Cl2, 0 8C!RT, 1.5 h; c) potassium thioacetate (KSAc), DMF, RT,
3 h, 59% (three steps); d) AcOH (cat.), MeOH, RT, 2 h, 83%;
e) NaOMe, MeOH, RT, 2 h; f) I2, KI, CH2Cl2, RT, 5 min, 48% (two
steps); g) NaH, DMF, RT, 16 h; h) MsCl, NEt3, CH2Cl2, 0 8C!RT, 2 h;
i) KSAc, DMF, RT, 3 h, 35% (three steps); j) HC(OMe)3, p-toluenesul-
fonic acid (p-TsOH), MeOH, RT, 1 h; k) NaOMe, MeOH, RT, 3 h;
l) 3-mercaptopropionic acid, I2, KI, CH2Cl2, RT, 5 min; m) HCl (1m),
CH2Cl2, RT, 15 min, 69 % (four steps); n) AcCl, MeOH, 0 8C!RT, 5 h,
76%; o) WA-SIMes-CF3 catalyst,[15] CH2Cl2, microwave (300 W), 100 8C,
3 h, 23%. See the Supporting Information for details.
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(d< 7 ppm for Z and d> 7 ppm for E isomers). The signal at
around d = 10.0 ppm (green, Hv or Hj), which corresponds to
the free aldehyde group, and the signal at around d = 3.8 ppm
(blue, Ha and Hp), which corresponds to the methylene
disulfide protons, are also particularly useful probes because
their chemical shifts vary with both the walker position and
the stilbene configuration (see the Supporting Information
for full 1H NMR spectra of individual positional and config-
urational isomers).

Directionally biased transport of the walker from left to
right through the sequential application of the four external
stimuli in the order i–ii–iii–iv is shown in Scheme 3. Starting
from pristine E-1,2-1, photochemical E!Z isomerization (i)
gives a photostationary state that consists of 88% of the
Z-1,2-1 isomer. Subjecting this mixture to the basic conditions
(ii), in which the hydrazone linkage between the walker unit
and the track is kinetically stable,[23] allows the disulfide foot

to dissociate from the track and rebind at footholds 1 or 3.
This process leads to an equilibrium in which the positional
isomer Z-2,3-1 is favored. Light-induced Z!E isomerization
(iii) of the stilbene in this mixture results in 75% conversion
of Z-2,3-1 into the strained E-2,3-1 isomer. In the following
acid-catalyzed step (iv), the hydrazone foot is able to
dissociate from the track and rebind at either foothold 2 or
4, while the disulfide foot acts as a fixed pivot.[23] This process
results in a large majority (> 95 %) of walker units being
transported away from the E-stilbene unit (2,3 position)
towards the now energetically favorable 3,4 position (see
Figure 1b for the schematic energy diagram that corresponds
to these processes). Note that all the energy required to fuel
directional transport in Scheme 3 is supplied through the
E!Z photoisomerization reaction (i), which creates config-
urational strain in the track. The other three reactions (ii–iv),
which are all under thermodynamic control, each dissipate
some of that energy (even reaction (iii), which uses the energy
to induce conformational strain between the walker and the
track in the 2,3 position) in a way designed to achieve the
desired directional migration of the walker.

The behavior of the walker–track system 1 under these
operating conditions (Figure 3a), and when the stimuli are
applied in a different order (iii–ii–i–iv; Figure 3b) or starting
from a different positional isomer (E-3,4-1; Figure 3c, d), are
shown in Figure 3. The amount of each E/Z isomer pair (1,2-1,
2,3-1, 3,4-1, and 1,4-1[11]) is shown after each step of the
applied sequence of stimuli. The graphs show both the
behavior of the system (solid symbols and lines) extrapolated
from the experimentally determined equilibrium and steady-
state ratios between each pair of exchanging isomers
(Scheme 2a for example), and the experimentally determined
composition during full-system operation (hollow sym-
bols).[24]

Figure 3a shows the change in composition of the system
during the reaction sequence intended to transport the walker
from left to right, (i.e., that shown in Scheme 3), starting from
E-1,2-1. After the full cycle of reactions, which corresponds to
up to two steps being taken by the walker, 48% of the walker
units are on the right-hand side of the track (3,4-1), 30 % of
the walker units are on the left-hand side (1,2-1), and the
remainder are in the middle (16% 2,3-1) or have taken a
“double step” from left to right (6% 1,4-1). In other words,
50% more walkers have taken two steps to the right under the
operating sequence than have taken one step to the right and
one step back (or remained on the left-hand side throughout).

Figure 3b shows the results of a change in the sequence of
reactions; following the E!Z ring-strain-inducing reaction,
the hydrazone foot–track interaction is labilized (under acidic
conditions) rather than that of the disulfide. This reaction
sequence (iii–ii–i–iv) should bias transport of the walker from
right to left (see caption to Figure 1) and indeed, only 4% of
3,4-1 is present in the mixture after these reactions are applied
to 1,2-1 (interestingly, a significant amount (33 %) of the 1,4
“double step” isomer is formed through folding of the
track[11]).

Figure 3c shows that the walker unit can be effectively
transported from right to left by this sequence. Starting from
E-3,4-1, 48% of the walkers are found on the left-hand side of

Figure 2. Partial 1H NMR spectra (500 MHz, CD2Cl2, 298 K) of the six
isomers of 1 involved in the passing-leg gait mechanism[10a] (Figure 1a
and Scheme 3). The dashed lines connect some of the key signals that
are indicative of the position of the walker unit or the configuration of
the track olefin. The signals corresponding to minor isomers (e.g. the
“E-2,3-1” spectrum contains 25% of Z-2,3-1), solvent, and other
impurities are shown in gray. The lettering corresponds to the proton
labeling shown in Scheme 1.
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Scheme 3. Directionally biased (left to right) walker migration over one full cycle of operation starting from E-1,2-1, following the layout used in
Figure 1. For clarity, only the major isomer is shown after each reaction (see Figure 3a for the composition of the entire system at each stage).
Isomer ratios were obtained from the integration of the 1H NMR spectra (see the Supporting Information). Conditions: (i) 0.1–10 mm, hn

(365 nm; bandwidth: 10 nm), CD2Cl2, RT, 5 min (0.1 mm) to 1 h (10 mm); (ii) 0.1 mm, DTT (10 equiv), DBU (40 equiv), (MeO2CCH2CH2S)2

(20 equiv), CHCl3, RT, 24 h; (iii) 0.1 mm,[20] I2 (ca. 10 equiv), hn (500 nm; bandwidth: 10 nm[20]), CD2Cl2, RT, 6 h; (iv) 0.1 mm, TFA (excess), CHCl3,
RT, 48 h.

Figure 3. Dynamic behavior of walker–track system 1, varying the starting position of the walker and the stimuli sequence (denoted through colored bands;
purple: E!Z isomerization at 365 nm; blue: base-catalyzed disulfide exchange; green: Z!E isomerization at 500 nm (I2 catalyst); red: acid-catalyzed
hydrazone exchange). Experimental (expt.) and calculated (calcd.) product distribution[24] over one full cycle of operation: a) starting compound E-1,2-1,
stimuli sequence i–ii–iii–iv; b) starting compound E-1,2-1, stimuli sequence iii–ii–i–iv (a mismatch as this sequence tends to transport the walker from right
to left); c) starting compound E-3,4-1, stimuli sequence i–iv–iii–ii; d) starting compound E-3,4-1, stimuli sequence iii–iv–i–ii (a mismatch as this sequence
tends to transport the walker from left to right). Calculated product distribution over seven base/acid cycles (no stilbene isomerization), starting from
e) pristine E-1,2-1 and f) pristine Z-1,2-1. The calculated data are based on simple mathematical extrapolation of the observed steady-state ratios between
each Z/E isomer pair under conditions (i) and (iii) and the observed equilibrium ratios between individual positional isomers under conditions (ii) and (iv)
(see Section 5 in the Supporting Information). Experimental data are based on the integrals of the 1H NMR spectra of mixtures obtained after each step of
the reaction sequence, margin of error �3% (see Section 4 in the Supporting Information). A small amount of oligomers (ca. 5%) was also obtained
during each experiment. Conditions: (i) 0.1–10 mm, hn (365 nm; bandwidth: 10 nm), CD2Cl2, RT, 5 min–1 h; (ii) 0.1 mm, DTT (10 equiv), DBU (40 equiv),
(MeO2CCH2CH2S)2 (20 equiv), CHCl3, RT, 12–48 h; (iii) 0.1 mm,[20] I2 (ca. 10 equiv), hn (500 nm; bandwidth: 10 nm[20]), CD2Cl2, RT, 4–8 h; (iv) 0.1 mm, TFA
(excess), CHCl3, RT, 6–96 h.
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the track after the full reaction sequence and only 36%
remain on the right-hand side.

Figure 3d shows the effect of applying the right-to-left
directionally biased reaction sequence starting with the
isomer for which the walker is already on the left.

These results collectively illustrate the characteristics
typical of energy ratchet mechanisms.[6, 10a] Irrespective of
the initial walker position on the track (e.g., starting from 1,2-
1 (Figure 3a), 3,4-1 (Figure 3d), or any combination of walker
positions) after the sequence i–ii–iii–iv (or iii–iv–i–ii) the
majority of walkers are found on the right-hand side (3,4-1).
Conversely, irrespective of the initial walker position on the
track (Figure 3b and c), after the sequence iii–ii–i–iv (or i–iv–
iii–ii) the majority of walkers are on the left-hand side (1,2-1).
The position of the walker does not influence the sequence of
reactions applied, nor their basic effect on the track,[25] and
statistical “errors” (e.g., the walker does not take a step every
time a foot–track interaction is labilized) are an intrinsic
feature of the mechanism.

Figures 3e and 3 f (E-stilbene track and Z-stilbene track,
respectively) show the behavior of the system when no
stilbene isomerization reactions are carried out. Repeatedly
switching between treatment with acid and base (labilizing
first one foot–track interaction and then the other) allows the
distribution of the walkers on the track to approach the
minimum-energy distribution.[4] In the case of the E-stilbene
track (Figure 3 e), the gap between footholds 2 and 3 is too
wide for the walkers to bridge easily (note the very small
amounts of the 2,3 isomer formed) and it would take seven
full operational cycles to approach the steady state of the
system, which features roughly equal amounts of walkers at
each end of the track. With the Z-stilbene track (Figure 3 f),
the 2,3 position is, of course, very accessible to the walker
units and so the steady-state is reached after only two cycles.
However, the 2,3 position is actually energetically more
favored than the ends of the tracks, so the majority of walkers
remain in the center (49 % Z-2,3-1). The differences in
behavior and walker distribution produced by switching
between acid and base alone (Figure 3e, f) and when addi-
tional stilbene isomerization is carried out (e.g., Figure 3a, c)
show the dramatic effect that the energy ratchet mechanism
has on walker transport.

The operations of walker–track conjugate 1 shown in
Scheme 3 and Figure 3a, c correspond to a light-driven linear
molecular motor system.[26] Significant directional bias, which
stems from an energy ratchet mechanism, can transport the
walker unit in either direction along the molecular track; the
control over the sense of direction is a feature not found in
biological linear motor proteins. While both the photochem-
ical stilbene isomerization and the acid- and base-induced
reversible foot-migration processes proceed with good effi-
ciencies, a weakness of the present system lies in the flexibility
of the track and the resulting folding products, which reduce
the net directionality of transport and prevent improvement
of the bias over multiple cycles. Furthermore, a hypothetical
polymeric track based on the current design would utilize the
light energy used to power directional transport very ineffi-
ciently by switching the configuration of many of the double
bonds in the track each time, whereas only one double bond

would actually “ratchet” the walker unit energetically uphill.
Work aimed at overcoming these deficiencies is currently
underway.
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