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One of the unique properties of planet earth is its ability to
maintain a large amount of liquid water on its surface.
Although water in its liquid state is a relatively rare
occurrence in our solar system,[1] nature has taken advantage
of this aqueous medium to generate and support life, creating
biological molecular machines such as ATP synthase,[2]

kinesin,[3] myosin,[4] and bacterial flagella,[5] all of which
accomplish their important tasks in aqueous environments.
Inexorably, one of the challenges nowadays for the scientific
community is understanding conceptually how nature pres-
ents itself at the molecular level through the medium of
biology.

Synthetic analogues[6,7] of the biological molecular
motors—that is, artificially designed molecular switches[6]

and machines[7]—have undergone extensive development
during the past few decades. On account of their inherent

ability to exercise controllable intramolecular motion, involv-
ing their mechanically bonded components residing between
their different low energy states, mechanically interlocked
molecules[8] (MIMs), in the form of multi- and bistable
rotaxanes[9] and catenanes,[10] have attracted the attention of
many researchers as potential candidates for prototypical
artificial molecular machines. These MIMs have been shown
to participate in a wide range of applications in molecular
nanotechnology, including mechanical actuators,[11] molecular
memory,[12] and drug delivery vehicles.[13] Although MIMs
have been shown[14] to be capable of switching upon exposure
to light and so possess unique advantages in terms of their
addressability, most of this research has been conducted in
organic solvents. In our quest to better understand the
functions of biological molecular motors as well as to
orchestrate biocompatible applications, molecular switches
and machines that are soluble and operational in aqueous
media must be developed.[7b,14c,15] Only a few examples,
however, have been reported.[15–17] In particular, molecular
switches based on tetrathiafulvalene (TTF) units can be
switched[16] between two states by means of chemical or
electrochemical oxidation. On account of the poor reversi-
bility[17] of the redox processes of TTF in water, however, the
practical applications of these artificial systems are limited.
Our ability to fabricate artificial molecular machines, capable
of reversible switching, which can be stimulated by light in
aqueous environments as opposed to in organic solvents,
presents opportunities to develop nanobiomechanical sys-
tems for applications, in particular, molecular prosthetics.[7i, 18]

Herein, we present a light-stimulated molecular switch in the
form of a bistable [2]rotaxane, which can undergo relative
mechanical movements of its components in water.

Ruthenium(II)tris(2,2’-bipyridine) ([Ru(bpy)3]
2+) is an

important inert metal complex well known[19] for its photo-
catalytic electron-transfer properties. In particular, its ability
to reduce 4,4’-dialkylbipyridinium (BIPY2+) units, upon
exposure to light in the presence of a sacrificial reducing
agent, has been exploited by us recently[20] in the templation
of mechanical bond formation by making use of radical-
pairing interactions between BIPY(C+) radical cations that
occur following photocatalytic reduction of the BIPY2+ units.
These BIPY(C+) radical cations can form[20] strong inclusion
complexes with cyclobis(paraquat-p-phenylene)[21]

(CBPQT4+) in its diradical dicationic redox state
(CBPQT2(C+)) as a result of a radical-pairing interaction
under redox control. We now demonstrate that the [Ru-
(bpy)3]

2+ complex can be used as a photosensitizer to reduce
the BIPY2+ units to their radical cations and hence induce
switching in appropriate bistable [2]rotaxanes. To this end, we
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have designed, synthesized, and characterized the [2]rotaxane
R·8Cl, as well as its organic soluble counterpart R·8PF6

(Scheme 1). The [2]rotaxane R·8Cl contains a CBPQT4+

ring and a dumbbell bearing the p-electron-rich 1,5-dioxy-
naphthalene (DNP) recognition site, and a p-electron-defi-
cient BIPY2+ unit, which serves as a binding site for the
CBPQT4+ ring when the [2]rotaxane is reduced to its
pentacationic trisradical state. In order to be able to activate
switching of the ring between the DNP and BIPYC+ sites using
light, the dumbbell component was designed to have a

[Ru(bpy)3]
2+ complex as one of its two stoppers. Upon

irradiation with visible light in the presence of the sacrificial
electron donor,[22] triethanolamine (TEOA), all three of the
BIPY2+ units, two in the CBPQT4+ ring and one in the
dumbbell, are reduced to BIPYC+ units by the [Ru(bpy)3]

2+ in
its excited state, after which the RuIII state of the metal is
reduced back to RuII by an electron from TEOA. The
resulting diradical dicationic CBPQT2(C+) ring undergoes
translation in order to encircle the BIPYC+ unit in the
dumbbell, on account of stabilizing radical-pairing interac-
tions,[20] in addition to the loss of recognition of the donor–
acceptor interactions between the DNP site and the reduced
CBPQT2(C+) ring. As soon as the BIPYC+ units are oxidized by
oxygen, the donor–acceptor interactions[8e, 23] are reinstated
while the Coulombic repulsion between the CBPQT4+ ring
and the BIPY2+ unit in the dumbbell induces the ring to
shuttle back and encircle the DNP unit.

The template-directed strategy, which was employed in
the synthesis of R·8Cl, is outlined in Scheme 1 and described
in detail in the Supporting Information. The bipyridinium
derivative S8·2PF6 bearing an azide terminal function, and the
[Ru(bpy)3]

2+ derivative S3·2PF6, incorporating a DNP unit
and a terminal alkyne function were obtained in relatively
high yields in four and three steps, respectively. The [2]rotax-
ane R·8PF6 was isolated in 41% yield, following the reaction
of S3·2PF6 with S8·2PF6 in Me2CO using a copper(I)-
catalyzed azide–alkyne cycloaddition[24] (CuAAC) in the
presence of CBPQT·4PF6 while relying upon a threading-
followed-by-stoppering approach to form the [2]rotaxane.
The water-soluble [2]rotaxane R·8Cl is obtained in quantita-
tive yield from R·8PF6 after counterion exchange with a
saturated solution of tetrabutylammonium chloride (TBACl)
in MeCN. The resulting [2]rotaxane was fully characterized by
NMR spectroscopy and mass spectrometry (see the Support-
ing Information). The 1D and 2D 1H NMR spectra of R·8Cl in
D2O revealed (Figure S2) that the CBPQT4+ ring encircles
the DNP unit in the ground-state co-conformation (GSCC) of
the [2]rotaxane.

The light-induced switching of R·8Cl (for similar inves-
tigations carried out on R·8PF6 in MeCN, see the Supporting
Information) has been monitored using UV/Vis spectroscopy.
The absorption spectrum of R·8Cl was recorded (Figure 1 a)
at room temperature in degassed H2O. The [Ru(bpy)3]

2+ unit
in R8+ has a characteristic absorption band with a maximum at
lmax = 456 nm. Irradiation of the aqueous solution (in the
presence of TEOA) with a household, visible-light lamp gave
rise to another characteristic absorption (lmax = 534 nm)
band, accompanied by the appearance of a broad band
centered on 1083 nm and consistent with the absorption
spectra of the BIPYC+ radical cations in their pimerized
forms.[20] On exposing the R·8Cl solution to air, the absorption
band at 534 nm and that centered on 1080 nm were no longer
observed, indicating that the CBPQT4+ ring is once again
encircling the DNP unit.[25] We have also investigated (Fig-
ure 1b) how the photoinduced reduction takes place over
time and discovered that the photosensitized electron transfer
takes aproximately 270 min to reach completion. Control
experiments were also carried out on the dumbbell D·4Cl
(inset in Figure 1a & Figure S8 in the Supporting Informa-

Scheme 1. a) The template-directed synthesis of the [2]rotaxane R·8Cl
relying upon a threading-followed-by-stoppering approach based on
click chemistry, as does the synthesis of its corresponding dumbbell
D·4Cl. b) The graphical representation of R8+ and the process of light-
stimulated switching. Upon exposure to light, the ruthenium stopper
transfers a total of three electrons photocatalytically, to all three BIPY2+

units situated in the ring and dumbbell components, generating the
reduced trisradical species of R8+, wherein the CBPQT2(C+) ring encir-
cles the BIPYC+ unit in the dumbbell component. Exposure to O2

reoxidizes R(2+)(3C+) and leads to the ground-state co-conformation,
wherein the CBPQT4+ ring encircles the DNP unit.
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tion), which provides additional evidence for the hypothesis
that the absorption bands (Figure 1) of R·8Cl centered on
534 nm and on 1083 nm can be attributed to the mechanical
movement of the CBPQT2(C+) ring to the BIPYC+ unit of the
dumbbell component in R8+ in an aqueous environment.

In order to evaluate the ability of this integrated
molecular system to serve as a prototypical artificial molec-
ular machine, a solution of R·8Cl in degassed H2O was
irradiated for 30 min[26] per cycle, followed by flushing with
oxygen for 1 min. No evidence of significant decomposition
was observed[27] over five consecutive cycles while monitoring
by UV/Vis spectroscopy.

Cyclic voltammetry (CV) of R·8Cl in degassed H2O (0.1m
TBACl) reveals (Figure 2a) a single reduction process occur-
ring[28] at a voltage of �0.45 V (redox potential) versus the
Ag/AgCl reference electrode. A combination of chronocoul-
ometry (Figure 2b) and 1H NMR diffusion-ordered spectros-
copy (DOSY) experiments (see the Supporting Information)
indicate the occurrence of a three-electron process at this
potential. This observation confirms our hypothesis that,
upon irradiation with visible light, R8+ undergoes a three-

Figure 1. a) The UV/Vis absorption spectra of the [2]rotaxane R·8Cl
(0.2 mm) in the presence of TEOA with no exposure to visible light
(red trace), and after irradiation with visible light for 240 min (purple
trace). Shown in the inset is the UV/Vis absorption spectra of the
dumbbell D·4Cl (0.03 mm) in the presence of TEOA with no exposure
to visible light (black trace), and after irradiation with visible light for
240 min (blue trace). All UV/Vis spectra were recorded in a quartz cell
with a 2 mm cell path length under the same conditions of temper-
ature (298 K) and solvent (argon-purged H2O). b) A plot of absorbance
at 550 nm versus irradiation time for an aqeous solution of R·8Cl
(0.2 mm) in the presence of TEOA. All UV/Vis spectra were recorded
in a quartz cell with a 2 mm cell path length under the same
conditions of temperature (298 K). c) A plot of the absorbance at
550 nm versus the number of cycles as an aqueous solution of R·8Cl is
cycled through photocatalytic reduction upon exposure to light in the
presence of TEOA (purple dots) and subsequent oxidation with aerial
oxygen (red dots). All UV/Vis spectra were recorded in a quartz cell
with a 10 mm cell path length under the same conditions of temper-
ature (298 K), solvent (argon-purged H2O), and concentration
(0.03 mm).

Figure 2. a) A cyclic voltammogram (CV) of R·8Cl which shows a
single three-electron process that occurs at approximately �0.4 V vs.
Ag/AgCl. The CV was recorded at 298 K in argon-purged H2O;
concentration: 0.6 mm and electrolyte: 0.1m (TBACl). The scan rate
was set at 50 mVs�1. b) Integrated Cottrell chronocoulometry plot of
the rotaxane R·8Cl. Application of the Anson equation, using a value
for the diffusion coefficient obtained (see the Supporting Information)
from 1H DOSY NMR allowed us to determine that the reduction peak
shown above is a three-electron process.
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electron reduction process, resulting in the formation of the
BIPYC+�CBPQT2(C+) co-conformation.

Square-wave differential pulse voltammetry (SQWDPV)
experiments have been performed (Figure 3) in aqueous
solutions[29] on the supramolecular components and the

results compared to those obtained for the rotaxane. The
first reduction potential of the BIPY2+ derivative V2+, leading
to its radical cation form, was found to come at�0.64 V, while
the CBPQT4+ ring alone in solution is much easier to reduce,
its first reduction potential at �0.46 V, generating the
diradical dicationic, CBPQT2(C+). SQWDPV of an equimolar
mixture of V2+ and CBPQT4+ reveals that only one redox
process is observed, at �0.44 V and is similar to that of
CBPQT4+ alone in aqueous solution. The fact that the
reduction of V2+ alone in water is not detected in this case
is an observation which is consistent with the formation of the
trisradical complex VC+�CBPQT2(C+). (See the Supporting
Information for a CV titration study.) The large thermody-
namic driving force for the formation of the trisradical
complex acts to shift the reduction of V2+ to a more positive
potential, such that it occurs at the same potential as does the
first reduction of the CBPQT4+ ring. These results are
consistent with what we have observed[ 20a] previously for the
formation of a trisradical complex in MeCN. SQWDPV of the
rotaxane R8+ in water shows that the first reduction occurs at
a potential �0.45 V, which is nearly identical to that of the 1:1
mixture of CBPQT4+ and V2+, both of which can be assigned
to a three-electron reduction of each of the BIPY2+ units—
two involving the CBPQT4+ ring and one involving the thread
or dumbbell components.

In order to demonstrate that, in its fully oxidized ground
state, the CBPQT4+ ring component of R8+ resides around the
DNP unit, and that the ring returns after oxidation of the
trisradical form of R8+, 1H NMR spectroscopy was carried out
on R·8Cl at 298 K. The light-induced switching of R8+, after
exposure to light, (for investigations of R·8PF6 in MeCN, see
the Supporting Information) was monitored by 1H NMR
spectroscopy at 298 K in degassed D2O. The 1H NMR
spectroscopic data (Figure 4) support the hypothesis that
R8+ has the CBPQT4+ ring encircling the DNP unit in the
ground state prior to undergoing light-stimulated switching in
the presence of TEOA. The resonances associated with the
H2/6 and H3/7 protons of the DNP unit, the upfield shifts of
which compared to those in the dumbbell (see the Supporting
Information), provide direct evidence for the encirclement of
the CBPQT4+ ring around the DNP unit (DNP�CBPQT4+) in
the GSCC. On irradiation with visible light for 240 min[26] in
the presence of excess of TEOA (Figure 4), the resonances
associated with the protons of the encircled DNP unit are
observed to broaden out gradually into the baseline,[30] on
account of the formation of the single unpaired BIPYC+ and
CBPQT2(C+) radicals, as suggested by UV/Vis spectroscopy.
After aeration of the sample for only 1 min, the H2/6 and H3/7

resonances associated with the protons of the encircled DNP
are restored, indicating that the radicals become fully
oxidized back to the CBPQT4+ ring and BIPY2+ unit. When
the switching sequence was repeated a second time in D2O,
the process was found to be reproducible. This repeatable
reversible switching of R8+ points to its potential to serve as a
molecular machine that can be powered over and over again
in an aqueous environment by light and oxygen in an
alternating sequence.

The fact that the [2]rotaxane R8+ can have its components
driven back and forth relative to each other through many

Figure 3. Square-wave differential pulse voltammograms (SQWDPV) of
the viologen derivative V2+ (0.5 mm, black trace), the CBPQT4+ ring
(0.06 mm, blue trace), a 1:1 mixture of V2+ and CBPQT4+ (0.5 mm,
pink trace), which leads to formation of the trisradical complex upon
reduction, and the [2]rotaxane R8+ (0.6 mm, purple trace). All voltam-
mograms were recorded in H2O at 298 K, with 0.1m TBACl supporting
electrolyte. Ref.: Ag/AgCl.

Figure 4. Partial 500 MHz 1H NMR spectra recorded in D2O at 298 K
of 1) R·8Cl, 2) after 240 min irradiation with visible light in the
presence of TEOA (20 equiv), 3) after opening the NMR tube for 1 min
to the air, 4) after another 240 min irradiation with visible light in the
presence of TEOA (20 equiv), and 5) after opening the NMR tube for
1 min yet again to the air.
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cycles without decomposition in aqueous solution represents
a step forward in the design and operation of an artificial
molecular machine that can function in water. This demon-
stration opens up opportunities for developing integrated
nanobiomechanical systems in the direction of applications
such as molecular prosthetics.[18]

Experimental Section
R·8PF6: A solution of S3·2PF6 (77 mg, 0.061 mmol), S8·2PF6 (50 mg,
0.061 mmol), CBPQT·4PF6 (67 mg, 0.061 mmol), TBTA (9 mg,
0.017 mmol), and [Cu(MeCN)4]PF6 (6 mg, 0.017 mmol) in anhydrous
Me2CO (5 mL) was stirred for 24 h at room temperature. The solvent
was then evaporated off and the resulting orange solid was purified by
column chromatography (SiO2: 2m NH4Cl/MeOH/MeNO2 12:7:1),
then MeOH, Me2CO, and 2% NH4PF6/Me2CO, respectively. The
dark orange fraction in Me2CO was collected, and concentrated to a
minimum volume, before the crude product was precipitated by the
addition of H2O. The resulting solid was collected by filtration to
afford the [2]rotaxane R·8PF6 (80 mg, 41%) as an orange powder.
1H NMR (500 MHz, CD3CN, 233 K): d = 9.02–9.00 (m, 4H),8.93 (d,
J = 6.0 Hz, 2H), 8.83 (d, J = 6.0 Hz, 2H), 8.62–8.60 (m, 4H), 8.50 (d,
J = 7.0 Hz, 2H), 8.47 (d, J = 7.0 Hz, 2H), 8.41 (s, 1H), 8.37 (d, J =

5.5 Hz, 2H), 8.35 (d, J = 5.5 Hz, 2H), 8.30 (s, 1H), 8.10 (s, 1H), 8.05–
8.03 (m, 4H), 7.95 (br, 2H), 7.89 (br, 2H), 7.87 (br, 2H), 7.71 (s, 1H),
7.70–7.68 (m, 4H), 7.59 (d, J = 5.0 Hz, 1H), 7.53 (d, J = 5.0 Hz, 1H),
7.41–7.34 (m, 8H), 7.30 (d, J = 4.5 Hz, 1H), 7.23 (d, J = 5.0 Hz, 1H),
7.18 (br, 2H), 7.14–708 (m, 5H), 6.23 (d, J = 6.5 Hz, 1H), 6.20 (d, J =

7.0 Hz, 1H), 5.95–5.91 (m, 2H), 5.63–5.52 (m, 8H), 4.84 (br, 4H),
4.61(s, 2H), 4.51 (t, J = 6.5 Hz, 2H), 4.28–3.78 (m, 24 H), 3.27 (septet,
J = 7.0 Hz, 2H), 2.47 (s, 3H), 2.29 (d, J = 7.0 Hz, 1H), 2.27 (d, J =

7.0 Hz, 1H), 1.87–1.15 (m, 8H), 1.15 ppm (d, J = 7.0 Hz, 12H).
13C NMR (125 MHz, CD3CN): d = 156.7, 156.6, 155.8, 152.4, 151.3,
151.3, 151.1, 151.0, 150.7, 150.6, 150.5, 150.2, 149.8, 149.4, 145.8, 145.2,
144.9, 144.3, 143.6, 143.2, 141.4, 137.4, 136.2, 131.0, 128.1, 127.7, 127.2,
126.8, 126.4, 125.9, 124.9, 124.7, 124.5, 124.0, 123.9, 123.8, 123.8, 123.5,
121.6, 107.9, 107.8, 104.0, 103.9, 98.4, 73.2, 70.5, 70.2, 70.2, 70.1, 69.8,
69.4, 69.3, 68.7, 68.3, 68.0, 68.0, 67.0, 64.7, 63.2, 61.5, 61.4, 54.0, 53.8,
49.2, 31.2, 30.9, 30.3, 30.0, 29.6, 29.2, 28.4, 25.7, 25.0, 24.6, 23.0, 19.9,
18.9 ppm. ESI-HRMS calcd for m/z = 915.5811 [M�3PF6]

3+, found m/
z = 915.5855. Counterion exchange from R·8PF6 to R·8Cl: Excess of
tetrabutylammonium chloride (TBACl) was added to a solution of
R·8PF6 in MeCN. Some orange solid was precipitated, which was
collected by filtration and washed by MeCN to afford R·8Cl in
quantitative yield as an orange powder.

D·4PF6: A solution of S3·2PF6 (77 mg, 0.061 mmol), S8·2PF6

(50 mg, 0.061 mmol), TBTA (9 mg, 0.017 mmol), and [Cu-
(MeCN)4]PF6 (6 mg, 0.017 mmol) in anhydrous Me2CO (5 mL)
were stirred for 24 h at room temperature. The solvent was then
evaporated off and the resulting orange solid was purified by column
chromatography (SiO2: 2m NH4Cl/MeOH/MeNO2 12:7:1), then
MeOH, Me2CO, and 2% NH4PF6 in Me2CO, respectively. The
orange fractions were collected, and concentrated to a minimum
volume, before being precipitated by the addition of H2O. The
resulting solid was collected by filtration to afford D·4PF6 (30 mg,
24%) as an orange powder. 1H NMR (500 MHz, CD3CN): d = 8.96 (d,
J = 7.0 Hz, 2H), 8.84 (d, J = 6.5 Hz, 2H), 8.51(d, J=8.0 Hz, 2H), 8.49
(d, J = 3.5 Hz, 1H), 8.47 (d, J = 3.0 Hz, 1H), 8.43 (s, 1H), 8.39 (d, J =
7.0 Hz, 2H), 8.34 (d, J = 6.5 Hz, 2H), 8.32 (s, 1H), 8.08–8.03 (m, 4H),
7.75–7.71 (m, 7H), 7.61 (d, J = 5.5 Hz, 1H), 7.54 (d, J = 6.0 Hz, 1H),
7.41–7.37 (m, 4H), 7.35–7.32 (m, 2H), 7.26–87.23 (m, 2H), 7.16–7.09
(m, 3H), 6.94 (d, J = 7.5 Hz, 1H), 6.84 (d, J = 7.5 Hz, 1H), 4.87 (t, J =

5.0 Hz, 2H), 4.77 (s, 2H), 4.58 (s, 2H), 4.57 (t, J = 7.5 Hz, 2H), 4.32 (t,
J = 7.0 Hz, 2H), 4.29 (t, J = 4.5 Hz, 2H), 4.32–4.22 (m, 2H), 4.11 (t,
J = 4.5 Hz, 2H), 3.98–3.69 (m, 16 H), 3.32 (septet, J = 7.0 Hz, 2H),
2.49 (s, 3H), 1.88–1.83 (m, 2H), 1.37–1.31 (m, 4H), 1.19 ppm (d, J =

7.0 Hz, 12H). 13C NMR (125 MHz, CD3CN): d = 156.6, 156.5, 156.0,
153.9, 152.5, 151.3, 151.3, 151.1, 151.1, 150.8, 150.7, 150.4, 150.1, 149.8,
149.2, 145.8, 145.1, 144.1, 141.4, 137.3, 128.0, 127.1, 126.8, 126.4, 126.1,
126.0, 125.1, 125.0, 124.7, 124.7, 124.6, 124.4, 123.8, 123.8, 122.9, 121.2,
113.7, 113.6, 105.6, 105.4, 73.2, 70.1, 69.7, 69.1, 69.0, 69.0, 68.4, 67.7,
63.5, 61.5, 61.4, 49.2, 30.2, 29.1, 25.7, 25.0, 24.4, 23.0, 19.9 ppm. ESI-
HRMS calcd for m/z = 1936.5490 [M�PF6]

+, found m/z = 1936.5540.
Counterion exchange from D·4PF6 to D·4Cl: Excess of tetrabutyl-
ammonium chloride (TBACl) was added to a solution of D·4PF6 in
MeCN. Some orange solid was precipitated, which was collected by
filtration and washed by MeCN to afford R·8Cl in quantitative yield
as an orange powder.

Received: April 11, 2011
Published online: June 29, 2011

.Keywords: biomimicry · electrochemistry ·
mechanically interlocked molecules · molecular devices ·
template synthesis

[1] C. P. McKay, Philos. Trans. R. Soc. London Ser. A 2011, 369,
594 – 606.

[2] a) H. Itoh, A. Takahashi, K. Adachi, H. Noji, R. Yasuda, M.
Yoshida, K. Kinosita, Jr., Nature 2004, 427, 465 – 468; b) R.
Watanabe, R. Iino, H. Noji, Nat. Chem. Biol. 2010, 6, 814 – 820.

[3] F. J. Kull, E. P. Sablin, R. Lau, R. J. Fletterick, R. D. Vale, Nature
1996, 380, 550 – 555.

[4] J. T. Finer, R. M. Simmons, J. A. Spudich, Nature 1994, 368, 113 –
119.

[5] G. Lowe, M. Meister, H. C. Berg, Nature 1987, 325, 637 – 640.
[6] a) Molecular Switches (Ed.: B. L. Feringa), Wiley-VCH, Wein-

heim, 2001; b) M. A. Olson, Y. Y. Botros, J. F. Stoddart, Pure
Appl. Chem. 2010, 82, 1569 – 1574; c) R. Klajn, J. F. Stoddart,
B. A. Grzybowski, Chem. Soc. Rev. 2010, 39, 2203 – 2237; d) Y.
Hua, A. H. Flood, J. Am. Chem. Soc. 2010, 132, 12838 – 12840;
e) A. I. Share, K. Parimal, A. H. Flood, J. Am. Chem. Soc. 2010,
132, 1665 – 1675.

[7] a) B. L. Feringa, R. A. van Delden, N. Koumura, E. M. Geert-
sema, Chem. Rev. 2000, 100, 1789 – 1816; b) R. Ballardini, V.
Balzani, A. Credi, M. T. Gandolfi, M. Venturi, Acc. Chem. Res.
2001, 34, 445 – 455; c) A. Harada, Acc. Chem. Res. 2001, 34, 456 –
464; d) C. A. Schalley, K. Beizai, F. V�gtle, Acc. Chem. Res.
2001, 34, 465 – 476; e) J.-P. Collin, C. Dietrich-Buchecker, P.
Gavi�a, M. C. Jimenez-Molero, J.-P. Sauvage, Acc. Chem. Res.
2001, 34, 477 – 487; f) V. Balzani, A. Credi, M. Venturi,
Molecular Devices and Machines: A Journey into the Nano
World, 2nd ed., Wiley-VCH, Weinheim, 2006 ; g) E. R. Kay,
D. A. Leigh, F. Zerbetto, Angew. Chem. 2007, 119, 72 – 196;
Angew. Chem. Int. Ed. 2007, 46, 72 – 191; h) J. F. Stoddart, Nat.
Chem. 2009, 1, 14 – 15; i) M. M. Boyle, R. A. Smaldone, A. C.
Whalley, M. W. Ambrogio, Y. Y. Botros, J. F. Stoddart, Chem.
Sci. 2011, 2, 204 – 210.

[8] a) G. Schill, Catenanes, Rotaxanes and Knots, Academic Press,
New York, 1971; b) D. B. Amabilino, J. F. Stoddart, Chem. Rev.
1995, 95, 2725 – 2828; c) J.-P. Sauvage, C. O. Dietrich-Buchecker,
Molecular Catenanes, Rotaxanes and Knots: A Journey Through
the World of Molecular Topology, John Wiley and Sons, New
York, 1999 ; d) B. Champin, P. Mobian, J.-P. Sauvage, Chem. Soc.
Rev. 2007, 36, 358 – 366; e) J. F. Stoddart, H. M. Colquhoun,
Tetrahedron 2008, 64, 8231 – 8263.

[9] a) D.-H. Qu, Q.-C. Wang, H. Tian, Angew. Chem. 2005, 117,
5430 – 5433; Angew. Chem. Int. Ed. 2005, 44, 5296 – 5299; b) H.
Zheng, W. Zhou, J. Lv, X. Yin, Y. Li, H. Liu, Chem. Eur. J. 2009,
15, 13253 – 13262; c) Q. Jiang, H.-Y. Zhang, M. Han, Z.-J. Ding,
Y. Liu, Org. Lett. 2010, 12, 1728 – 1731; d) C. Romuald, E.

Communications

6786 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 6782 –6788

http://dx.doi.org/10.1038/nature02212
http://dx.doi.org/10.1038/nchembio.443
http://dx.doi.org/10.1038/368113a0
http://dx.doi.org/10.1038/368113a0
http://dx.doi.org/10.1038/325637a0
http://dx.doi.org/10.1351/PAC-CON-10-02-09
http://dx.doi.org/10.1351/PAC-CON-10-02-09
http://dx.doi.org/10.1039/b920377j
http://dx.doi.org/10.1021/ja105793c
http://dx.doi.org/10.1021/ja908877d
http://dx.doi.org/10.1021/ja908877d
http://dx.doi.org/10.1021/cr9900228
http://dx.doi.org/10.1021/ar000170g
http://dx.doi.org/10.1021/ar000170g
http://dx.doi.org/10.1021/ar000174l
http://dx.doi.org/10.1021/ar000174l
http://dx.doi.org/10.1021/ar000179i
http://dx.doi.org/10.1021/ar000179i
http://dx.doi.org/10.1021/ar0001766
http://dx.doi.org/10.1021/ar0001766
http://dx.doi.org/10.1002/ange.200504313
http://dx.doi.org/10.1002/anie.200504313
http://dx.doi.org/10.1038/nchem.142
http://dx.doi.org/10.1038/nchem.142
http://dx.doi.org/10.1039/c0sc00453g
http://dx.doi.org/10.1039/c0sc00453g
http://dx.doi.org/10.1021/cr00040a005
http://dx.doi.org/10.1021/cr00040a005
http://dx.doi.org/10.1039/b604484k
http://dx.doi.org/10.1039/b604484k
http://dx.doi.org/10.1016/j.tet.2008.06.035
http://dx.doi.org/10.1002/ange.200501215
http://dx.doi.org/10.1002/ange.200501215
http://dx.doi.org/10.1002/anie.200501215
http://dx.doi.org/10.1002/chem.200901841
http://dx.doi.org/10.1002/chem.200901841
http://dx.doi.org/10.1021/ol100321k
http://www.angewandte.org


Busseron, F. Coutrot, J. Org. Chem. 2010, 75, 6516 – 6531; e) Y.
Jiang, J.-B. Guo, C.-F. Chen, Org. Lett. 2010, 12, 4248 – 4251.

[10] a) A. Livoreil, C. O. Dietrich-Buchecker, J.-P. Sauvage, J. Am.
Chem. Soc. 1994, 116, 9399 – 9400; b) M. Asakawa, P. R. Ashton,
V. Balzani, A. Credi, C. Hamers, G. Mattersteig, M. Montalti,
A. N. Shipway, N. Spencer, J. F. Stoddart, M. S. Tolley, M.
Venturi, A. J. P. White, D. J. Williams, Angew. Chem. 1998, 110,
357 – 361; Angew. Chem. Int. Ed. 1998, 37, 333 – 337; c) D. Cao,
M. Amelia, L. M. Klivansky, G. Koshkakaryan, S. I. Khan, M.
Semeraro, S. Silvi, M. Venturi, A. Credi, Y. Liu, J. Am. Chem.
Soc. 2010, 132, 1110 – 1122.

[11] a) Y. Liu, A. H. Flood, P. A. Bonvallet, S. A. Vignon, B. H.
Northrop, H.-R. Tseng, J. D. Jeppesen, T. J. Huang, B. Brough,
M. Baller, S. Magonov, S. O. Solares, W. A. Goddard III, C.-M.
Ho, J. F. Stoddart, J. Am. Chem. Soc. 2005, 127, 9745 – 9759; b) J.
Bern�, D. A. Leigh, M. Lubomska, S. M. Mendoza, E. M. P�rez,
P. Rudolf, G. Teobaldi, F. Zerbetto, Nat. Mater. 2005, 4, 704 – 710;
c) W. R. Browne, B. L. Feringa, Nat. Nanotechnol. 2006, 1, 25 –
35; d) B. K. Juluri, A. S. Kumar, Y. Liu, T. Ye, Y.-W. Yang, A. H.
Flood, L. Fang, J. F. Stoddart, P. S. Weiss, T. J. Huang, ACS Nano
2009, 3, 291 – 300.

[12] a) J. E. Green, J. W. Choi, A. Boukai, Y. Bunimovich, E.
Johnston-Halperin, E. Delonno, Y. Luo, B. A. Sheriff, K. Xu,
Y. S. Shin, H.-R. Tseng, J. F. Stoddart, J. R. Heath, Nature 2007,
445, 414 – 417; b) J. R. Heath, Annu. Rev. Mater. Res. 2009, 39, 1 –
23; c) S. J. van der Molen, P. Liljeroth, J. Phys. Condens. Matter
2010, 22, 1 – 30; d) W. Zhang, E. DeIonno, W. R. Dichtel, L.
Fang, A. Trabolsi, J.-C. Olsen, D. Ben�tez, J. R. Heath, J. F.
Stoddart, J. Mater. Chem. 2011, 21, 1487 – 1495.

[13] K. K. Cot�, M. E. Belowich, M. Liong, M. W. Ambrogio, Y. A.
Lau, H. A. Khatib, J. I. Zink, N. M. Khashab, J. F. Stoddart,
Nanoscale 2009, 1, 16 – 39.

[14] a) R. Ballardini, V. Balzani, M. T. Gandolfi, L. Prodi, M.
Venturi, D. Philp, H. G. Ricketts, J. F. Stoddart, Angew. Chem.
1993, 105, 1362 – 1364; Angew. Chem. Int. Ed. Engl. 1993, 32,
1301 – 1303; b) A. Kocer, M. Walko, W. Meijberg, B. L. Feringa,
Science 2005, 309, 755 – 758; c) Q.-C. Wang, D.-H. Qu, J. Ren, K.
Chen, H. Tian, Angew. Chem. 2004, 116, 2715 – 2719; Angew.
Chem. Int. Ed. 2004, 43, 2661 – 2665; d) P. Mobian, J.-M. Kern, J.-
P. Sauvage, Angew. Chem. 2004, 116, 2446 – 2449; Angew. Chem.
Int. Ed. 2004, 43, 2392 – 2395; e) V. Balzani, M. Clemente-Le�n,
A. Credi, B. Ferrer, M. Venturi, A. H. Flood, J. F. Stoddart, Proc.
Natl. Acad. Sci. USA 2006, 103, 1178 – 1183; f) S. Silvi, M.
Venturi, A. Credi, Chem. Commun. 2011, 47, 2483 – 2489.

[15] a) H. Murakami, A. Kawabuchi, K. Kotoo, M. Kunitake, N.
Nakashima, J. Am. Chem. Soc. 1997, 119, 7605 – 7606; b) C. A.
Stanier, S. J. Alderman, T. D. W. Claridge, H. L. Anderson,
Angew. Chem. 2002, 114, 1847 – 1850; Angew. Chem. Int. Ed.
2002, 41, 1769 – 1772.

[16] a) Y.-L. Zhao, W. R. Dichtel, A. Trabolsi, S. Saha, I. Apraha-
mian, J. F. Stoddart, J. Am. Chem. Soc. 2008, 130, 11294 – 11296;
b) J. Bigot, B. Charleux, G. Cooke, F. Delattre, D. Fournier, J.
Lyskawa, L. Sambe, F. Stoffelbach, P. Woisel, J. Am. Chem. Soc.
2010, 132, 10796 – 10801; c) L. Fang, C. Wang, A. C. Fahrenbach,
A. Trabolsi, Y. Y. Botros, J. F. Stoddart, Angew. Chem. 2011, 123,
1845 – 1849; Angew. Chem. Int. Ed. 2011, 50, 1805 – 1809.

[17] a) M. J. Eddowes, M. Gr�tzel, J. Electroanal. Chem. 1983, 152,
143 – 155; b) J. Georges, S. Desmettre, Electrochim. Acta 1986,
31, 1519 – 1524.

[18] T. Shimoboji, E. Larenas, T. Fowler, S. Kulkarni, A. S. Hoffman,
P. S. Stayton, Proc. Natl. Acad. Sci. USA 2002, 99, 16592 – 16596.

[19] a) R. C. Young, T. J. Meyer, D. G. Whitten, J. Am. Chem. Soc.
1975, 97, 4781 – 4782; b) K. Kalyanasundaram, J. Kiwi, M.
Gr�tzel, Helv. Chim. Acta 1978, 61, 2720 – 2730; c) A. Morad-
pour, E. Amouyal, P. Keller, H. Kagan, Nouveau J. Chim. 1978,
2, 547 – 549; d) A. Juris, V. Balzani, F. Barigelletti, S. Campagna,
P. Belser, A. von Zelewsky, Coord. Chem. Rev. 1988, 84, 85 – 277;

e) R. Ballardini, V. Balzani, M. Clemente-Le�n, A. Credi, M. T.
Gandolfi, E. Ishow, J. Perkins, J. F. Stoddart, H.-R. Tseng, S.
Wenger, J. Am. Chem. Soc. 2002, 124, 12786 – 12795.

[20] Recently, we have demonstrated the formation of BIPYC+ radical
cation dimers in pseudorotaxanes and rotaxanes. For details, see:
a) A. Trabolsi, N. Khashab, A. C. Fahrenbach, D. C. Friedman,
M. T. Colvin, K. K. Cot�, D. Ben�tez, E. Tkatchouk, J. C. Olsen,
M. E. Belowich, R. Carmielli, H. A. Khatib, W. A. Goddard III,
M. R. Wasielewski, J. F. Stoddart, Nat. Chem. 2010, 2, 42 – 49;
For an example of mechanical bond formation using radical
templation to form a [2]rotaxane, see: b) H. Li, A. C. Fahren-
bach, S. K. Dey, S. Basu, A. Trabolsi, Z. Zhu, Y. Y. Botros, J. F.
Stoddart, Angew. Chem. 2010, 122, 8436 – 8441; Angew. Chem.
Int. Ed. 2010, 49, 8260 – 8265; For a review on radical templation
in which radical templation is discussed, see: c) D.-H. Qu, H.
Tian, Chem. Sci. 2011, 2, 1011 – 1015.

[21] M. Asakawa, W. Dehaen, G. L	abb�, S. Menzer, J. Nouwen, F. M.
Raymo, J. F. Stoddart, D. J. Williams, J. Org. Chem. 1996, 61,
9591 – 9595.

[22] [Ru(bipy)3]
2+ in its excited state reacts very rapidly with BIPY2+

and its derivatives. By contrast, it does not react (or only very
slowly) with TEOA in water. After electron donation, the
oxidized [Ru(bipy)3]

3+ reacts with the donor TEOA to generate
TEOAC+, which is subsequently decomposed to diethanolamine
(DEOA) and glycol aldehyde (O=CH�CH=O). For details, see:
M. Kirch, J.-M. Lehn, J.-P. Sauvage, Helv. Chim. Acta 1979, 62,
1345 – 1384.

[23] a) C. A. Hunter, J. K. M. Sanders, J. Am. Chem. Soc. 1990, 112,
5525 – 5534; b) D. B. Amabilino, P. R. Ashton, A. S. Reder, N.
Spencer, J. F. Stoddart, Angew. Chem. 1994, 106, 1316 – 1319;
Angew. Chem. Int. Ed. Engl. 1994, 33, 1286 – 1290; c) R. G. E.
Coumans, J. A. A. W. Elemans, P. Thordarson, R. J. M. Nolte,
A. E. Rowan, Angew. Chem. 2003, 115, 674 – 678; Angew. Chem.
Int. Ed. 2003, 42, 650 – 654.

[24] a) R. H
isgen, G. Szeimies, L. M�bius, Chem. Ber. 1967, 100,
2494 – 2507; b) H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew.
Chem. 2001, 113, 2056 – 2075; Angew. Chem. Int. Ed. 2001, 40,
2004 – 2021; c) C. W. Tornøe, C. Christensen, M. Meldal, J. Org.
Chem. 2002, 67, 3057 – 3064; d) W. R. Dichtel, O. Š. Miljanić,
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solvate less charged species (specifically the radical cationic and
neutral forms of the components) and, as a consequence, shift
the redox potentials consistently to more negative potentials in
the case of all the species.

[29] At 1 mm concentration, the rotaxane R8+ was observed to
precipitate on the electrode after the first three-electron
reduction process. This observation relates to our hypothesis
that water is not as able to support less charged species
compared to the situation in MeCN, causing precipitation to

occur at 1 mm in H2O, but not in the case of MeCN, a solvent in
which no precipitation is observed at that concentration. At the
slightly lower concentration of 0.6 mm in H2O, however, the
rotaxane remains soluble enough such that precipitation on the
electrode can be avoided.

[30] The trisradical complex BIPYC+�CBPQT2(C+) has a single
unpaired radical, which renders it EPR active. The single
unpaired radical broadens all the NMR signals. For details, see
Ref. [20a].
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