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Abstract: We have designed and syn-
thesized a novel [2]pseudorotaxane-
based molecular machine in which the
interconversion between end-to-interi-
or and end-to-end loop structures is re-
versibly controlled by electrochemical
stimuli. Cucurbit[8]uril (CB[8]) and the
thread molecule 3** with an electron-
rich hydroxynaphthalene unit and two

- . . chemistry
electron-deficient viologen units form

Introduction

Artificial molecular machines have received much attention
in recent years because of their potential applications in the
creation of molecular devices.?) A wide variety of molecu-
lar machines such as shuttles,””) rotors, muscles,™ scissors,®
and elevators”! have been reported. Nevertheless, design
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the 1:1 complex 4** with an end-to-in-
terior loop structure, which is reversi-
bly converted into an end-to-end struc-
ture upon reduction. Large changes in
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shape and size of the molecule accom-
pany the reversible redox process. The
key feature of the machine-like behav-
ior is the reversible interconversion be-
tween an intramolecular charge-trans-
fer complex and viologen cation radical
dimer inside CB[8] triggered by elec-
trochemical stimuli.

and synthesis of new molecular machines reminiscent of
macroscopic machines or biological machines would further
widen the scope of this chemistry.

Loop formation plays an important role in regulation of
biological processes. For example, DNA looping is a funda-
mental mechanism for the regulation of gene expression. In-
trachain loop formation is also a fundamental step of pro-
tein folding.®®! Three different types of intramolecular loops
are known. End-to-end loops are formed between the chain
ends. However, loop formation between an end and the in-
terior of the chain (end-to-interior loops) or between two in-
ternal residues (interior-to-interior loops) is more commonly
observed.’ Despite the importance of loop formation in
biological processes, synthetic molecular machines mimick-
ing the reversible formation of loops are rare.['™!!

Cucurbit[z]uril (CB[r], n=5-10),1"2 a family of macrocy-
cles comprising n glycoluril units, have been employed not
only in molecular recognition but also in construction of a
wide variety of supramolecular assemblies including me-
chanically interlocked molecules™ and molecular machines
and switches.'""**'8 In particular, CB[8] with a cavity com-
parable to that of y-cyclodextrin can include two identical
guest molecules to form a 1:2 complex,'®! or two different
guest molecules to form a 1:1:1 complex.”! The formation
of the ternary complex is driven by the markedly enhanced
charge-transfer (CT) interaction between an electron-rich
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and electron-deficient guest pair inside the hydrophobic
cavity of CB[8]. The discovery of the host-stabilized CT
complex formation inside of CB[8] offered a new opportuni-
ty to construct novel supramolecular assemblies.'! For the
last several years, we and others have reported a wide varie-
ty of supramolecular assemblies and their applications!"” in-
cluding molecular necklaces,'™ redox-controllable vesi-
cles,"™ and dendrimers,** based on this chemistry.

Furthermore, the ternary complex undergoes a redox-cou-
pled guest-exchange process.'*! For example, treating a 1:1
mixture of MV?* and the ternary complex (MV>*
-HN)CCB[8] (MV?** =methyl viologen; HN =2,6-dihydroxy-
naphthalene) with a reducing agent such as sodium dithion-
ite (Na,S,0,) resulted in near-quantitative formation of 2:1
inclusion complex (MV™*"),CCBJ[8] and free HN. This guest
exchange is completely reversible since oxidation reinstates
the hetero-guest pair inclusion complex and MV?**. This
redox-coupled guest-exchange process has been exploited in
designing a molecular machine reminiscent of a loop lock.['¥
In expanding this work, we have now designed a new elec-
trochemically driven molecular machine, the behavior of
which is reminiscent of the intrachain loop formation in bio-
logical processes (Scheme 1). Herein we report the synthesis
and machine-like behavior of a novel [2]pseudorotaxane-
based molecular machine that undergoes reversible conver-
sion between end-to-interior and end-to-end loop structures
triggered by electrochemical stimuli.

Results and Discussion

To construct a new electrochemically controllable molecular
machine by exploiting the unique redox-coupled guest-ex-
change behavior of the host-stabilized CT complex de-
scribed above, we designed and synthesized a guest mole-
cule 3** containing a 2,6-dihydroxynaphthalene derivative
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Scheme 1. Novel [2]pseudorotaxane-based molecular machine.

as an electron-rich group and two viologen units as an elec-
tron-deficient group connected by the three- and twelve-
carbon chains (Scheme 2).
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Scheme 2. Synthesis of 3**.

In water CB[8] and 3** readily form the 1:1 complex 4**
in which 3** forms an intramolecular CT complex inside
CBJ8], as confirmed by UV/Vis and 'H NMR spectroscopy
and mass spectrometry. First of all, upon addition of one e-
quivalent of CB[8] to a solution of 3** in H,O, the color of
the solution turned from pale yellow to violet with a charac-
teristic CT band at around 570 nm in the UV/Vis spectrum
(Figure 1), which indicated the formation of a CT com-
plex.['%
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Figure 1. Absorption spectra of 3** (dashed line) and 4** (solid line) in
H,O (1.0 m™ in both cases).

The 'H NMR spectrum of 4**, the assignments of which
were aided by 2D NMR techniques including ROESY and
COSY (see the Supporting Information), not only supports
the formation of the 1:1 complex, but also provides the
structural information. All the signals for 4** are divided
into two groups, indicating that there are two different con-
formers, A and B (Figure 2). In the case of conformer A,
the proton signals for the naphthalene and the viologen unit
close to naphthalene are upfield shifted up to d~1.8 ppm.
In the case of conformer B, the proton signals for the violo-
gen unit adjacent to long alkyl chain are upfield shifted up
to 0~ 1.7 ppm, while the three-carbon chain and the violo-
gen unit close to naphthalene show a downfield shift by
about 0.1 to 0.3 ppm compared with the signals of free 3**.
These observations are consistent with the structures of the
host-stabilized intramolecular CT complexes, A and B both
with an end-to-interior loop structure. The complex with a
short-chain loop (conformer A) is dominant over that with a
long-chain loop (conformer B) in a 3:1 ratio, which was esti-
mated from the integration of the well-resolved signals (k, x,
and x') for the two conformers of 3**. The conversion rates
between conformers A and B in D,0O were estimated to be
kag=13+4s ' and kgy=414+4 5! at 298 K by 2D EXSY.

Further evidence for the formation of a 1:1 complex
comes from the size of the supramolecular species estimated
from the diffusion coefficient measured by pulsed field gra-
dient NMR techniques. The estimated size of both conform-
ers is only about 1.8 times that of CBJ[8] itself, thus support-
ing the 1:1 complex formation. Most convincingly, however,
strong peaks at 680 and 510 corresponding to 4’% and 4**
ions, respectively, in the ESI mass spectrum provides un-
equivocal evidence for the 1:1 complex formation.

The machine-like behavior of 4** was investigated by
cyclic voltammetry. To understand the electrochemical be-
havior of the inclusion complex, we compared the cyclic vol-
tammogram of 4** with that of the “free” guest, 3**. Typical
cyclic voltammograms of 3** and 4** are shown in Figure 3.
As expected, 3't undergoes two consecutive two-electron
reduction processes, with sharp peaks that indicate strong
adsorption of the reduced species (3°* and 3°) on the elec-
trode surface (see the Supporting Information). Compared
to 3**, however, 4** exhibits a moderate negative shift of
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Figure 2. Comparison of '"H NMR spectra in D,O and their assignments:
a) 3'*, b) 4** (at 298 K), c) 4** (at 283 K). The assignments of the con-
formers A and B are indicated in (c) by letters in bold and italics, respec-
tively. The signals for CB[8] (e) are also shown.
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Figure 3. Cyclic voltammograms of 0.25 mm of 3** (dashed line, left ordi-

nate) and 4*% (solid line, right ordinate). Supporting electrolyte: 0.1m
phosphate buffer (pH 7.0). Scan rate: 25 mVs™'.

the first reduction peak and a very large negative shift of
the second reduction peak. This cyclic voltammetric behav-
ior is similar to that of the CT complex formed between
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MV>* and HN inside CB[8], where a similar potential shift
for the reduction process has been attributed to facile for-
mation of the stable methyl viologen radical cation dimer
inside CB[8] after one-electron reduction of MV2+.[1&1 1n
addition, the first reduction peak of 4** consists of two
closely overlapping peaks corresponding to two electro-
chemically different viologen units. One is involved in the
CT complex formation with the naphthalene moiety of the
thread (3**) inside CB[8] while the other is free. The former
viologen unit shows a more negative-shifted reduction wave
than the latter.” Thus, the cyclic voltammetric behavior of
4*+ suggests that the two-electron reduction of 4** with an
end-to-interior loop structure results in generation of a spe-
cies containing two terminal viologen radical cation units,
which then undergo a rapid intramolecular paring process
inside CBJ[8] to form the stable complex 4** with an end-to-
end loop structure (Scheme 1).11:182%

This conjecture was supported by a spectro-electrochemi-
cal study (Figure 4). The absorption spectrum of 4** gener-
ated by two-electron reduction of 4** (applied potential:
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Figure 4. Absorption spectra of 4'* (dashed line) and 4** (solid line); the
latter was generated by two-electron reduction of the former (applied po-
tential: —0.75 V vs. SCE).

—0.75V vs. SCE) is essentially identical to that of (MV™),C
CB[8].!"* In addition, when —0.30 V was applied to a solu-
tion of 4** or the solution is exposed to the air, the absorp-
tion spectrum 4** was completely restored. Taken together,
these studies support a machine-like behavior of 4** in
which an electrochemically triggered reversible change in
the conformation of the thread occurs.?!!

Figure 5 shows the energy-minimized structures of 4**
(conformer A) and 4** obtained by a molecular-modeling

Reduction

Oxidation

Figure 5. Energy-minimized structures of 4'* and 4°* obtained by a mo-
lecular-modeling study in the gas phase.
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study in the gas phase. It should be noted that the structure
of 4** is rather flexible because of the long alkyl linker, and
its conformation in aqueous solution can be different from
the one depicted in Figure 5. Nevertheless, 4** undergoes a
dramatic change not only in shape but also in size in re-
sponse to electrochemical stimuli. Such a large, reversible
structural change triggered by electrochemical stimuli may
provide insight into the designing of molecular actuators
with useful applications.

Conclusions

We have designed and synthesized a novel [2]pseudorotax-
ane-based molecular machine in which the interconversion
between end-to-interior and end-to-end loop structures is
reversibly controlled by electrochemical stimuli. CB[8] and
the thread molecule 3** containing an electron-rich hydrox-
ynaphthalene unit and two electron-deficient viologen units
form the 1:1 complex 4** with an end-to-interior loop struc-
ture, which is reversibly converted into an end-to-end struc-
ture upon reduction. Large changes in shape and size of the
molecule are accompanied by the reversible redox process.
The key feature of the machine-like behavior is the reversi-
ble conversion between an intramolecular CT complex and
viologen cation radical dimer formed inside CBJ[8] triggered
by electrochemical stimuli. This novel electrochemically
driven molecular machine not only mimics the loop forma-
tion in biological processes but also may provide useful in-
sights in designing novel molecular devices such as molecu-
lar actuators.

Experimental Section

General

All reagents and solvents employed were commercially available and
used as supplied without further purification. NMR data were recorded
on a Bruker DRXS500 spectrometer. UV/Vis absorption spectra were re-
corded on a Hewlett—Packard 8453 diode array spectrophotometer. Mo-
lecular-modeling studies were carried out using the Discover module of
the Materials Studio 4.1 package (Accelrys Inc.).

NMR Experiments

"H-'H correlation spectroscopy (COSY) and rotating-frame Overhauser
effect spectroscopy (ROESY) experiments were performed on a Bruker
DRX500 NMR spectrometer operating at the proton Larmor frequency
of 500.23 MHz at 25°C. ROESY spectra were recorded using the time
proportional phase increment method with a mixing time of 0.3 s and a
recycle delay of 4s. 2D EXSY spectra were recorded at 298 K at
500 MHz with a phase-sensitive NOESY pulse sequence supplied with
the Bruker software. Rate constants were calculated from measurements
of the cross-peak to diagonal-peak intensities and the molar fractions of
the different compounds undergoing exchange.

Diffusion coefficient measurements were carried out using a 5mm
Bruker QNP probe with an actively shielded z gradient coil. Diffusion
coefficients were extracted from a series of '"H NMR spectra measured
by the bipolar pulse longitudinal encode-decode pulse sequence as a
function of gradient amplitude. The hydrodynamic volume of a complex
was estimated by the ratio Veompiex/Vepis;, Where Vegmpiex and Vegs) repre-
sent the volumes of the complex and CB[8], respectively, which was cal-
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culated from the diffusion coefficient ratio (VeompiexVenis)= (Dcomplex!
Dgygy) ).

Electrochemical and Spectro-Electrochemical Experiments

Electrochemical experiments were performed with a Princeton Applied
Research Model 273 multipurpose instrument interfaced to a personal
computer. A glassy carbon working electrode (0.07 cm?), a Pt counter
electrode, and a saturated calomel electrode (SCE) as a reference elec-
trode separated with a fine glass frit were utilized in a single-compart-
ment cell. The surface of the working electrode was polished with a
0.05 um alumina/water slurry on a felt surface and rinsed with purified
water prior to electrochemical experiments. All solutions were deoxygen-
ated by purging with argon gas and maintained under an inert atmos-
phere during the electrochemical experiments.

A spectro-electrochemical cell was assembled with a piece of glass sheet
and a piece of indium tin oxide (ITO) coated glass and a spacer film
(thickness 200 um). Electrolysis was achieved by applying a potential to
the ITO working electrode. UV/Vis absorption spectra were recorded on
a Hewlett—Packard 8453 diode array spectrophotometer. The solution
prior to electrolysis was used as a blank reference.

Syntheses and Characterization

1: 2-Benzyloxy-6-hydroxynaphthalene was synthesized according to the
literature.'”’™ A solution of 2-benzyloxy-6-hydroxynaphthalene (0.46 g,
1.9 mmol) and excess dibromododecane (1.6g, 4.9 mmol) in acetone
(15mL) in the presence of K,CO; (0.70 g, 5.1 mmol) was refluxed for
12 h. Usual aqueous workup followed by purification using column chro-
matography yielded 1 (0.38¢g, 1.5mmol, 80%). 'HNMR (300 MHz,
CDCl;) 0=7.65 (d, J=49Hz, 1H), 7.62 (d, J=5.1Hz, 1H), 7.50-7.32
(m, 5H), 7.19 (s, 1H), 7.17 (dd, J=2.5, 23 Hz, 1H), 7.14 (dd, J=2.5,
23 Hz, 1H), 7.10 (s, 1 H), 5.16 (s, 2H), 4.05 (t, /J=6.6 Hz, 2H), 3.41 (t, /=
6.9 Hz, 2H), 1.85 (q, J=6.8 Hz, 2H), 1.83 (q, /=6.1 Hz, 2H), 1.45-1.37
(m, 4H), 1.30 ppm (m, 12H); "CNMR (75 MHz, CDCl) 6 =156.1,
155.6, 137.5, 130.4, 130.0, 129.0, 128.5, 128.4, 128.0, 119.7, 119.6, 108.0,
107.3, 70.5, 68.5, 34.5, 33.3, 29.9, 29.8, 29.7, 29.2, 28.6, 26.5 ppm; MS (EI):
miz: 159, 160, 405, 407, 416, 496, 498 [M*]; HRMS (EI) calcd for
C,oH3;BrO,: 496.1977; found: 496.1979.

2: Stirring a solution of 1 (0.26 g, 0.52 mmol) in CH,CL-EtOA (1:1,
30 mL) in the presence of Pd/C under H, atmosphere for 12 h at room
temperature, followed by filtration and concentration, afforded 2-hy-
droxy-6-bromododecanyloxynaphthalene, which was directly used in the
next step without further purification. To a solution of 2-hydroxy-6-bro-
mododecanyloxynaphthalene in acetone (10 mL) was added excess dibro-
mopropane (1.3 g, 6.4 mmol) and K,CO; (0.68 g, 4.9 mmol). Heating the
solution at reflux for 12 h, followed by aqueous workup and purification
using column chromatography yielded 2 (0.27 g, 0.50 mmol, 97%).
'HNMR (300 MHz, CDCl;) §=7.64 (s, 1H), 7.61 (s, 1H), 7.15-7.09 (m,
4H), 4.20 (t, J=5.7Hz, 2H), 4.05 (t, J=6.5 Hz, 2H), 3.65 (t, /=6.4 Hz,
2H), 3.41 (t, J=6.8 Hz, 2H), 1.86 (q, /=6.9 Hz, 2H), 1.83 (q, /=6.6 Hz,
2H), 1.45-1.37 (m, 4H), 1.39 ppm (m, 12H); *C NMR (75 MHz, CDCl;)
0=156.1, 155.5, 130.3, 130.0, 128.6, 128.5, 119.7, 119.3, 107.6, 107.4, 68.5,
65.8, 34.5, 33.3, 32.8, 30.5, 29.9, 29.8, 29.7, 29.2, 28.6, 26.5 ppm; MS (EI):
miz: 159, 160, 200, 280, 366, 446, 448, 526, 528 [M*]; HRMS (EI) calcd
for CysH3,Br,0,: 526.1082; found: 526.1083.

3*+41°: A solution of 2 (0.90 mg, 0.18 mmol) and 4,4-bipyridine (0.55 g,
3.5 mmol) in CH;CN was stirred for 24 h at 70°C. After cooling to room
temperature, the resulting pyridinium salt was filtered and washed with
acetonitrile. The resulting pyridinium salt was directly used in the next
step without further purification. A solution of the pyridinium salt and
excess amount of iodomethane (0.50 g, 3.5 mmol) in DMF-CH;CN was
stirred for 24 h at 60°C and the resulting precipitate was filtered and
washed with acetonitrile and diethyl ether and dried to give an orange-
colored solid (0.19 g, 0.17 mmol, 95%). '"H NMR (300 MHz, [Ds]DMSO)
0=9.57 (d, J=6.3 Hz, 2H), 9.50 (d, /=6.3 Hz, 2H), 9.40 (d, /=6.1 Hz,
2H), 9.39 (d, J=6.0 Hz, 2H), 8.92-8.86 (m, 8 H), 7.80 (d, /=82 Hz, 1H),
7.77 (d, J=17.7Hz, 1H), 7.34 (s, 2H), 7.22 (d, /=9.0 Hz, 1H), 7.03 (d, J=
9.1 Hz, 1H), 5.05 (t, J=6.6 Hz, 2H), 4.79 (t, J]=7.2 Hz, 2H), 4.55 (s, 6 H),
4.33 (t, J=5.6 Hz, 2H), 4.12 (t, J=6.3 Hz, 2H), 2.67 (t, J=6.0 Hz, 2H),
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2.08 (m, 2H), 1.86 (m, 2H), 1.54 (m, 2H), 1.42-1.38 ppm (m, 14H);
BCNMR (125 MHz, [D(]DMSO) 6=156.0, 155.1, 149.6, 149.4, 149.1,
149.0, 147.5, 147.0, 146.6, 130.5, 130.1, 129.0, 128.9, 127.4, 127.3, 127.0,
119.9, 119.4, 108.0, 107.8, 68.4, 65.7, 61.8, 60.0, 49.0, 31.7, 30.0, 29.94,
29.88, 29.80, 29.75, 29.3, 26.6, 26.4 ppm; MS (ESI): m/z (%): 177 (100)
[M**], 236 [M?+], 355 [M**], 482 [M** +21 **. Elemental analysis (%)
caled for (CuHsN,O,*")-413H,0: C44.36, HS5.07, N4.40; found:
C44.05, H4.95, N 4.85.

4**: To a solution of 3'*-41"-3H,0 (3.7 mg, 2.9 umol) in water (4 mL)
was added CB[8]-2H,SO,-16H,0 (6.2 mg, 3.4 umol) and the resulting
mixture was sonicated with occasional heating until all solid materials
were dissolved. Undissolved solid was filtered off, and the filtrate (4**
-417) was used for the next experiments including characterization by
ESI mass spectrometry. MS (ESI): m/z: 510 [M**], 680 [M>*], 722 [M**+
+TT
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c) When the scan potential is reversed at —1.0 V, the reoxidation
peak occurs at the same potential (—0.45 V) as before (Figure S4 in
the Supporting Information).

The formation of intermolecular viologen radical cation dimers such
as a 2:2 complex with a face-to-face dimer structure cannot be ruled
out. However, the intermolecular dimerization should be entropical-
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ly much more unfavorable; therefore it is less likely to happen at
the concentration of the ligand (0.25 mm) employed in this study.
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