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Towards Redox-Driven Unidirectional Molecular Motion
Hella Logtenberg, Jetsuda Areephong, Jurica Bauer, Auke Meetsma, Ben L. Feringa, and
Wesley R. Browne*[a]

1. Introduction

Redox-driven molecular motion is central to life, not least in
the membrane-bound rotary motor ATP-ase complex, in which

ATP synthesis is driven by a potential difference (H+ gradient)
across a membrane, and in many other biological systems,

such as bacterial flagella.[1] Redox-driven motion in synthetic
machines has attracted increasing attention for more than two

decades, with changes in bonding and structure, which accom-

pany changes in redox state, taking center stage.[2] One of the
earliest examples of this approach was reported by Sauvage

and co-workers, in which the effect of a change in redox state
[copper(I)/(II)] resulted in a change in the preferred coordina-

tion number of copper ions, which induced the rotation of
two interlocked rings in a catenane.[3] The catenane offers the
possibility of both tetra- and penta-coordination, favoring co-

ordination by two phenanthroline moieties in the copper(I)
state. In the copper(II) state, pentacoordination to a phenan-
throline and a terpyridine is preferred. Oxidation and reduction
drive switching between the two states and, therefore, me-

chanical movement of the two interlocked rings with respect
to each other. An alternative approach, taken by Stoddart and

co-workers, is to use changes in redox state to change the af-

finity of a moiety, for example a viologen or a TTF unit, for one
site on a rotaxane over another.[4] Indeed, the major effort over

the last decades in redox-driven molecular motion have fo-
cused on rotaxane-based systems.[5]

An alternative approach to redox switching is to mimic the
structural changes observed during photochromic switching,[6]

as shown for dithienylethene-based switches, in which ring
opening or closing can be driven by oxidation.[7, 8] The immobi-

lization of dithienylethenes on conducting surfaces has also

enabled redox-driven bidirectional switching.[9, 10] The opportu-
nities presented by redox switching towards achieving molecu-

lar-motor-like functions were recognized recently, with the re-
alization that it would allow single molecules or small ensem-

bles[11] to be addressed more readily than can be achieved
through chemical or photochemical switching.

Over the last two decades, unidirectional light-driven rotary

motors based on E/Z isomerization of an overcrowded alkene
have proven to be highly versatile in terms of the structural
variation that can be tolerated. In particular, their properties,
such as absorption spectra, rotational rate, and photochemical

quantum yields, can be tuned with exquisite control.[12] Driving
unidirectional rotation through redox chemistry is an attractive

alternative with regard to applications where optical stimula-
tion is not possible. The first steps have recently been taken in
this direction with the first electrically driven molecular car
being reported,[13] in which the “molecular car” was construct-
ed by connecting four unidirectional molecular rotary motors

to a chassis. Stimulation of the motor units with voltage pulses
to induce E/Z isomerization resulted in directional motion

across a surface.

The possibility to drive rotation through redox chemistry
was indicated by the remarkable electrochemical properties of

a related class of photochromes, bisthiaxanthylidenes
(Scheme 1). Bisthiaxanthylidenes undergo three-state electro-

chemical and photochemical switching in solution, involving
a syn- and anti-folded conformation and a dicationic species

Redox-driven molecular motion is an attractive alternative to
light-driven processes. Here, the ability of an overcrowded

alkene-based unimolecular light-driven rotary motor (A) to be

driven by oxidation/reduction cycles is explored. We show that
two-electron oxidation of A is followed by irreversible deproto-

nation and reduction to form a monocationic species D+ , in
which the stereogenic center is lost. This latter species was iso-
lated through preparative electrolysis and its structure was
confirmed by using single-crystal X-ray analysis. However, at

short timescales and in the absence of Brønsted acids, these

processes can be outrun and the oxidation of A to a dicationic
species B2 + occurs, in which the central double bond (the axle
of the molecular motor) becomes a single bond; when fol-

lowed by rapid reduction, it results in the reformation of A, po-
tentially in both its stable and unstable conformations. The

latter conformation, if formed, undergoes thermal helix inver-
sion, completing a rotary cycle. The data obtained regarding

these reactions provide a window of opportunity for the
motor to be driven electrochemically, without degradation
from chemical reactions of the oxidized motor.
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formed upon oxidation at 1.2 V.[14, 15] The dicationic species is
remarkably stable, owing to its adoption of an orthogonal ori-

entation of the two planar, fully aromatized halves. Its reduc-
tion to a twisted conformation is followed by spontaneous re-

version, first to the syn- and then to anti-folded form. In self-as-
sembled monolayers, the twisted conformation is remarkably

long lived compared to that in solution, owing to packing in-

teractions.[15]

Drawing an analogy between molecular motor A and the

bisthiaxanthylidene switches[14] suggests that oxidation would
result in loss of the double-bond character of the central

alkene “axle”, enabling free rotation to an orthogonal confor-
mation. Subsequent reduction would lead to recovery of the

double bond, with formation of both stable (i.e. no overall
change) and unstable (i.e. 1808 rotation) isomers, followed by
thermal helix inversion of the latter species to the stable con-

formation. The unidirectionality of an electrochemically in-
duced rotation cannot be confirmed for A, as the lower thiax-

anthylidene half is symmetric; however, the development of
a redox-driven motor requires us to first understand the pro-

cesses that occur upon oxidation and whether or not an or-

thogonal state is indeed formed.
Our aim is to expand the reach of redox-driven motion at

room temperature under ambient conditions by driving the E/
Z isomerization (the “power stroke”) electrochemically. The

thermal helix inversion that follows reduction is the step that
gives rise to unidirectional rotation in the molecular motors

and in our approach this step would proceed in the same
manner as with light-driven motion. The molecular motor stud-

ied here, A, is a, so-called, second-generation molecular motor
with a symmetric lower thiaxanthylidene half (Scheme 2).[16]

Both the upper and lower halves contain a sulfur atom, which
is expected to allow two-electron oxidation to a dication, as

observed for the related bisthiaxanthylidenes. In this contribu-

tion, electrochemistry and UV/Vis absorption spectroscopy are
employed to gain insight into the first step of rotation, that is,

the power stroke that occurs upon absorption of a photon
when induced by the oxidation of A. We show that, although

the stability of the oxidized form of A towards irreversible
chemical rearrangements presents a major challenge, under

the appropriate conditions the chemically reversible oxidation
of A to the orthogonal state and subsequent reduction to
both stable and unstable states may be achievable.

2. Results

Overcrowded alkene A, prepared as reported earlier, under-

goes E/Z isomerization upon irradiation with UV light (lexc =

365 nm) to yield its metastable form, which manifests in
a moderate blueshift in the UV/Vis absorption spectrum

(Figure 1).[16, 17]

The cyclic voltammogram of A shows a chemically irreversi-

ble[18] oxidation at 1.00 V versus SCE, which is followed by a re-
versible reduction wave at ¢0.05 V and a weak irreversible re-

Scheme 1. Electrochemical and photochemical switching of bisthiaxanthylidenes: cyclic voltammetry in solution (left) and when immobilized on a surface
(right). Reproduced with permission from Ref. [10] . Copyright (2011) American Chemical Society.
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duction at 0.3 V (Figure 2, upper). The latter reduction wave is
analogous to that observed for bis-thiaxanthylidenes

(Scheme 1),[14, 15] that is, upon oxidation to A2 + , a conformation-
al change from an anti-folded to an orthogonal conformation

(B2 ++) occurs. However, as shown below, the assignment of the

redox wave at 0.3 V to the reduction of B2+ is incorrect. The re-
versible reduction wave at ¢0.05 V is indicative of the forma-

tion of a new redox-active species, D++ , through a chemical
rather than a conformational change (vide infra).[19]

The chemical, rather than electrochemical, irreversibility of
the oxidation of A is confirmed by voltammetry at a microelec-

trode (Figure S1).[20] Comparison of the limiting current with

that of decamethylferrocene (which would be expected to
have a similar diffusion coefficient) indicates that the oxidation

of A involves approximately 1.5 electrons, which is consistent

with an ECE mechanism, for example.[20] Cyclic voltammetry
over a wider potential window revealed a second irreversible

oxidation at 1.30 V (Figure 2, lower). On the return cycle, two
reduction waves were observed, with the irreversible reduction

at 0.30 V being more pronounced, indicating that this process
is related to a species only formed by oxidation at 1.3 V. The

Figure 1. UV/Vis absorption spectrum of A (black line) and at the photosta-
tionary state (PSS, red line) reached upon irradiation at l365 nm.

Figure 2. Cyclic voltammetry of A : scan rate = 0.1 V s¢1, 0.1 m TBAPF6 in
CH3CN. Initial potential 0.0 V and the initial scan direction was positive. Po-
tential window (blue) ¢0.40 to 1.20 V and (black) ¢0.40 V to 1.60 V.

Scheme 2. Proposed molecular motion driven by oxidation of A to a dicationic species and subsequent reduction to give a mixture of stable and unstable
conformations of A (R = H).
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reversible reduction at ¢0.05 V is, by contrast, unaffected by
the increase in the potential window.

The compound formed upon oxidation of A at 1.00 V, that
is, D++ , was isolated by preparative-scale bulk electrolysis with

purification by recrystallization. The structure of D++ was con-
firmed by mass spectrometry (m/z 407) and single-crystal X-ray

structural analysis (Figure 3), which revealed that the lower half

is fully aromatized, whereas C26 is sp2 hybridized. The C13¢
C14 bond length is that of a single bond (1.500 æ), whereas
the C14¢C26 is that of a double bond (1.352 æ). The cyclic vol-

tammogram of A recorded before and after bulk electrolysis to
D+ shows an increase in the reversible reduction at ¢0.05 V

and irreversible oxidation at 1.3 V to E (Figure 4), confirming
that D++ is responsible for both redox waves. Notably, the re-
duction at 0.3 V is only observed after oxidation of D+ at 1.3 V,

confirming that it is associated with a secondary oxidation
product (E2+).

UV/Vis absorption spectroelectrochemistry was employed to
gain insight into the structure of the products formed upon

oxidation.[21] The UV/Vis absorption spectrum changed upon
oxidation at 1.2 V, with isosbestic points maintained through-

out the oxidation indicating rapid conversion to D++ (Figure 5).
The broad visible absorption and sharper, more intense, bands
at 390 and 280 nm are characteristic of the thiaxanthylidium

cation.[14] The final spectrum was unaffected by returning the
potential to 0.2 V.

Oxidation of A at >1.3 V shows the formation of D+ , which
is initially followed by a shift in the band at 390 to 400 nm,

a blueshift of the visible absorption band, and the appearance

of an additional sharp absorption at approximately 320 nm
(Figure 6). The final spectrum is, overall, consistent with a thiax-

anthylidium cation, but is distinct from that of D+ . The ab-
sence of isosbestic points indicates that multiple transforma-

tions occur with similar rates, that is, A to D++ to E2 + . In con-
trast to that observed for D+ , reduction at 0.2 V resulted in the

disappearance of the absorption bands in the visible region,
indicating reduction to a neutral species. In this final step, iso-
sbestic points are maintained, indicating a direct reduction

from E2 + to E.
The UV/Vis absorption spectrum of the final product is red-

shifted by approximately 35 nm with respect to A, indicating
increased conjugation; the absence of visible absorption is
consistent with a neutral compound with a thiaxanthylidene
moiety (Figure 7).

Cyclic voltammetry in dichloromethane showed pronounced

differences with that observed in acetonitrile, with the appear-
ance of an additional reduction at 0.60 V (Figure 8). Further-

more, the intensity of the second oxidation wave is reduced
relative to the first oxidation wave. The shift in the potential of
the second oxidation (D++ via D2 ++ to E2 ++) indicates that this is

not only an electron transfer, but also a proton-coupled pro-
cess (vide infra).

The dependence of the cyclic voltammetry of A on solvent
was caused by differences in the availability of a Brønsted

Figure 3. X-ray structure and molecular structure of D++ .

Figure 4. Cyclic voltammetry before (red) and after (black) bulk electrolysis
at 1.2 V, at a scan rate of 0.1 V s¢1 in 0.1 m KPF6 in CH3CN.

Figure 5. UV/Vis absorption spectra of A (thick) and D++ (thin) formed upon
oxidation at 1.2 V.
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base. The cyclic voltammogram of A in dichloromethane,

which was saturated with water, showed the complete disap-
pearance of the reduction wave at 0.60 V (Figure 9). Further-

more the dependence of the cyclic voltammogram of A in
CH2Cl2 on scan rate suggests that the rate of conversion of A
to D+ is relatively slow, that is, approximately 0.1 s¢1 (Fig-
ure S3).

3. Discussion

In anhydrous dichloromethane, the anticipated behavior of A
(Scheme 2) was observed. An overview of the various process-

es is presented in the scheme. Oxidation of A to a dication
(A2 + , step 1 in Scheme 3) is coupled to conversion of the cen-

tral double bond to a single bond between the lower and
upper halves, (B2+ , step 2 in Scheme 3). An orthogonal confor-
mation is expected to be adopted, which releases steric strain

and stabilizes the dication, thereby resulting in its reduction at
less positive potentials than the oxidation of A. This orthogo-

nal species is equivalent to the bisthiaxanthylidinium ion stud-
ied previously (Scheme 1).[14, 15] Upon reduction, the double

bond is restored through step 3 (Scheme 3), yielding both the

stable (A) and unstable (C) conformations, with the latter un-
dergoing thermal helix inversion to yield A again (step 4,

Scheme 3). The ratio of unstable to stable conformations is not
determined, and hence the principle is not proven, owing to

the interference of other electrochemically driven rearrange-
ments (vide infra).

Figure 6. UV/Vis absorption spectroelectrochemistry of A (upper) upon oxi-
dation between 0.8 and 1.4 V and (lower) upon subsequent reduction at
¢0.4 V.

Figure 7. UV/Vis absorption spectra of A (black line) and E (grey line, pre-
pared by oxidation at >1.4 V and subsequent reduction at 0.4 V).

Figure 8. Cyclic voltammetry of A in CH2Cl2 (black) and CH3CN (blue): scan
rate 0.1 V s¢1, 0.1 m TBAPF6.

Figure 9. Cyclic voltammogram of A in anhydrous CH2Cl2 (black) and CH2Cl2

with 10 % water (blue): 0.5 V s¢1, 0.1 m TBAPF6.
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A challenge in the development of redox-driven motor A is

apparent from its cyclic voltammetry. Upon oxidation, the di-
cationic species (B2 +) that is formed is susceptible to deproto-

nation at an allylic position by adventitious Brønsted bases
coupled to a one-electron reduction to form D+ . Cyclic voltam-

metry indicates an approximately 1:1 ratio of motor rotation,

and reaction towards D++ is observed in anhydrous dichlorome-
thane at a scan rate of 0.1 V s¢1, indicating that the proton-cou-

pled reactions are relatively slow with respect to the electro-
chemical timescale (see Scheme S1 and Figure S4 in the Sup-

porting Information). In acetonitrile and in water-saturated di-
chloromethane, however, the conversion to D+ is rapid. D+ is

stable with regard to reduction at ¢0.05 V to the neutral radi-

cal D, and undergoes oxidation only at 1.30 V to D2 + , which is
coupled with a second deprotonation to yield E2 + . The stability

of D+ enabled its isolation and characterization with X-ray
crystallography (vide supra). Its formation supports a model in

which the oxidation of A leads to a dicationic species, in which
both upper and low halves undergo one-electron oxidation to
convert the central double bond to a single bond.

The formation of E2 + upon one-electron oxidation of D+ at
1.3 V is manifested in the relatively moderate changes to the
UV/Vis absorption spectrum, in which additional bands appear
that are distinct from those expected for a thiaxanthylidinium

ion. The reduction of E2+ to E at 0.3 V is analogous to that ob-
served for the bisthiaxanthylidinium ions (Scheme 1) and

shows maintenance of isosbestic points (Figure 6, lower), as is
the magnitude of the electrochemical hysteresis observed. The
structure proposed for E2 + (Scheme 4) shows complete loss of

the stereogenic center, which is quintessential to unidirectional
motor function. An overview of the redox chemistry of A is

given in Scheme 4.

4. Conclusions

In the present contribution, we demonstrate that the possibili-

ty of redox-driven unidirectional rotary motion, analogous to
the now well-developed photochemically driven molecular

motors, is within reach. We show that, although deprotonation
at the stereogenic center upon oxidation of A, represents the

systems “Achilles heel” under conditions where Brønsted bases

are excluded, sufficient stability is achieved to observe the or-
thogonal dicationic form of A (i.e. B2 + , Scheme 2).

An approach to achieving greater chemical stability follow-
ing two-electron oxidation of A is to replace the hydrogen at
the stereogenic center with another group; however, such an

approach in addition to the synthetic challenge it presents
would also reduce the differences in stability between con-

formers that drive the thermal step responsible for unidirec-
tionality. An alternative approach is to make use of the speed

with which redox cycles can be achieved in surface-confined

systems to out-pace the relatively slow chemical reactions, and
it is this approach that will be focused on in future studies.

Scheme 3. Electrochemical and thermal steps in the redox-driven rotation
of A.

Scheme 4. Electrochemical steps that occur upon oxidation of A.

ChemPhysChem 2016, 17, 1895 – 1901 www.chemphyschem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1900

Articles

http://www.chemphyschem.org


Experimental Section

Materials and Instrumentation

All chemicals were used as received, unless stated otherwise. Sol-
vents were analytical grade or better. A was prepared according to
literature procedures.[16, 17] Electrochemical measurements were car-
ried out by using a CH Instruments 600C or 760C (bi)potentiostat.
All potentials are quoted with respect to the SCE. A standard elec-
trochemical cell using a glassy carbon working electrode, Pt wire
counter electrode, and SCE reference electrode was used, unless
stated otherwise. Tetrabutylammonium hexafluorophosphate
(TBAPF6) (0.1 m) was used as electrolyte unless stated otherwise.
UV/Vis absorption spectroelectrochemistry was carried out by
using a 2 mm path-length quartz cell equipped with a platinum
gauze electrode, platinum wire counter electrode, and Ag/AgCl ref-
erence electrode, and recorded using an AnalytikJena Specord
S600 diode array spectrometer.

Isolation and Characterization of D++

A solution of A (30 mg) in acetonitrile (0.1 m KPF6) was subjected
to 1.2 V at a vitreous carbon working electrode with a carbon rod
counter electrode and Ag/AgCl wire reference electrode in an un-
divided cell. After 30 min of electrolysis, the solvent was removed
in vacuo. The product was dissolved in CH2Cl2 and filtered to
remove excess electrolyte. Crystals were obtained from acetone/
toluene. Mass (DART-MS, M+ , [C27H19S2]+ , calc. 407.09): exp. 407.17.
[C27H19S2]+[PF6]¢ , Mr = 552.54, monoclinic, P21/c, a = 13.900(2), b =
13.6778(19), c = 12.9211(18) æ, b= 102.8518(18)8, V = 2395.0(6) æ3,
Z = 4, Dx = 1.532 gcm¢3, F(000) = 1128, m= 3.52 cm¢1, l(MoKa) =
0.71073 æ, T = 100(1) K, 21 316 reflections measured, GooF = 1.062,
wR(F2) = 0.1222 for 5905 unique reflections and 401 parameters
and R(F) = 0.0464 for 4559 reflections obeying the Fo�4.0 s(Fo) cri-
terion of observability. The asymmetric unit consists of two moiet-
ies: a cationic S-complex and a hexafluorophosphate anion.[22]
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