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ABSTRACT

A neutral donor�acceptor [2]rotaxane, which has been synthesized using click chemistry, has had its solid-state structure and superstructure
elucidated by X-ray crystallography. Both dynamic 1H NMR spectroscopy and electrochemical investigations have been employed in an attempt to
shed light on both geometrical reorganization and redox-switching processes that are occurring or can be induced within the [2]rotaxane.

During the past 30 years, the advent of the mechanical
bond1 has provided a fresh incentive to chemical synthesis
and opened up a whole new field of scientific research,
which we have referred to as mechanostereochemistry.2

Countless mechanically interlocked molecules2,3 (MIMs)
havebeen synthesizedby exploitingmolecular recognition4

and self-assembly5 processes in their template-directed6

synthesis. For the class of MIMs templated by aromatic
donor�acceptor interactions, X-ray crystal structures of
[2]catenanes7 are commonplace,8whereas solid-state struc-
tures of donor�acceptor [2]rotaxanes are far more rare
since they have proven to be, with a few exceptions,9 much
harder to crystallize on account of the flexibility of their
dumbbell components.
The Sanders group has developed and popularized a

family of neutral donor�acceptor catenanes10 comprising
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1,5-dinaphtho[38]crown-1011 (DN38C10) rings interlocked
with relatively rigid macrocycles containing naphthalene
diimide (NpI) units,12 which are prepared by Eglinton
couplings of terminal acetylenes. Since Eglinton couplings
fall short of the ideal of kinetic covalent chemistry13 (KCC)
in MIM production;an approach requiring that the cou-
pling reaction is all but quantitative, particularly when it is
employed more than once;the modification of Huisgen’s
1,3-dipolar cycloaddition14 between an azide and an alkyne
in the context of the copper(I)-catalyzed azide�alkyne
cycloaddition15 (CuAAC) represents an attractive alterna-
tive. The CuAAC reaction, which embodies the kind of
‘click chemistry’ envisioned16bySharpless, provides ahighly
efficient means17 of producing rotaxanes and catenanes and
has led18 to the production of awide range ofMIMs in good
yields from readily available starting materials.
Here, we report (i) the synthesis, employing click chem-

istry, of a neutral NpI-based [2]rotaxane which, following
(ii) its solid-state characterization by X-ray crystallogra-
phy, is investigated for (iii) its solution-state properties by
1H NMR spectroscopy and electrochemical experiments.
In the synthesis (Scheme 1) of the [2]rotaxane 5,

DN38C10 (2) was stirred in PhMe with 119 and an
immediate change in color was observed from colorless
to purple, marking the formation of the 1:1 inclusion
complex 1 ⊂ 2. After complete solubilization of 1 by 2,
2.2 equiv of 319 were added to the reaction mixture,20

followed by a catalytic amount of Cu(MeCN)4PF6 and
diisopropylethylamine (DIPEA). The pure [2]rotaxane 5
and its corresponding free dumbbell 4 were isolated by
column (SiO2: CH2Cl2/MeOH, 97:3) and gel permeation
chromatography (Biobeads SX-1: CH2Cl2) in 20 and 26%
yields, respectively.

Single crystals suitable for X-ray analysis21 were ob-
tained by slow diffusion of MeOH into a solution of 5
in C6H6. The solid-state structure (Figure 1) of 5 reveals
that it has a center of symmetry. While the NpI unit in the
dumbbell component of the rotaxane is encircled by the
DN38C10 ring in such a manner that the 1,5-dioxy-
naphthalene (DNP) units of the crown ether are π�π
stacking with it at the short plane-to-plane separation of
3.29 Å, the polyether loops of the DN38C10 ring are
interacting through [C�H 3 3 3O] close contacts of 3.33 Å
for the shortest [C 3 3 3O] distance. In the superstructure (see
Supporting Information (SI)), the macrocycles are packed
in a herringbone arrangement in a plane along the median
of the a and b axes of the unit cell with the dumbbells
oriented orthogonally therein, and the rotaxanes stack on
top of each other with a slight offset along the b axis.
The 1H NMR spectra (Figure 2) of both the dumbbell 4

and the [2]rotaxane 5 can best be interpreted in terms of
their molecules exhibiting averaged C2v symmetry. In the
case of 5, this averaging of its molecular symmetry has to
involve the rapid reorientation of the twoDNPunits in the
DN38C10 ring at room temperature,most likely as a result
of the crown ether forsaking its π�π stacking interactions
with the NpI unit in order to execute the necessarily rapid
pedaling motions, on the 1H NMR time scale, around the
central C�C bonds of both DNP units. In support of the
π�π stacking of the NpI acceptor unit with the two DNP
donor units in the [2]rotaxane, the chemical shift (δ) of the

Scheme 1. Synthesis of the [2]Rotaxane 5 and Its Dumbbell 4
According to a Convergent Approach Using the Huisgen
1,3-Dipolar Cycloaddition

(10) (a) Hamilton, D. G.; Davies, J. E.; Prodi, L.; Sanders, J. K. M.
Chem.;Eur. J. 1998, 4, 608–620. (b) Cougnon, F. B. L.; Jenkins, N. A.;
Pantos-, D. G.; Sanders, J. K.M.Angew. Chem., Int. Ed. 2012, 51, 1443–
1447.

(11) Bruns, C. J.; Basu, S.; Stoddart, J. F. Tetrahedron Lett. 2008, 51,
983–986.

(12) DN38C10 and NpI exhibit a strong association in apolar and
polar aprotic solvents. See: Hamilton, D. G.; Montalti, M.; Prodi, L.;
Fontani,M.; Zanello, P.; Sanders, J. K.M.Chem.;Eur. J. 2000, 6, 608–
617.

(13) Ke, C.; Smaldone, R. A.; Kikuchi, T.; Li, H.; Davis, A. P.;
Stoddart, J. F. Angew. Chem., Int. Ed. 2012, 10.1002/anie.201205087.

(14) (a) Huisgen, R.; Szeimies, G.; M€obius, L. Chem. Ber. 1967, 100,
2494–2507. (b) Huisgen, R. Pure Appl. Chem. 1989, 61, 613–628.

(15) (a) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless,
K. B. Angew. Chem., Int. Ed. 2002, 41, 2596–2599. (b) Tornøe, C. W.;
Christensen, C.; Meldal, M. J. Org. Chem. 2002, 67, 3057–3064.

(16) Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem., Int.
Ed. 2001, 40, 2004–2021.

(17) Aucagne, V.; H€anni, K. D.; Leigh, D. A.; Lusby, P. J.; Walker,
D. B. J. Am. Chem. Soc. 2006, 128, 2186–2187. (b) Dichtel, W. R.;
Miljani�c, O. �S.; Health, J. R.; Stoddart, J. F. J. Am. Chem. Soc. 2006,
128, 10388–10390.

(18) (a) H€anni, K. D.; Leigh, D. A. Chem. Soc. Rev. 2010, 39, 1240–
1251. (b) Fahrenbach, A. C.; Stoddart, J. F. Chem.;Asian J. 2011, 6,
2660–2669.

(19) See the Supporting Information: all compounds were character-
ized fully by 1H and 13C NMR spectroscopies and mass spectrometry.
The assignments of 1H and 13C resonances were made as a result of 2D
NMR experiments, i.e., COSY, HSQC, and HMBC.

(20) It is noteworthy that the reaction mixture had to be degassed to
prevent the poisoning of the catalyst and side reactions: in the presence
of O2 the oxidation of Cu(I) to Cu(II) can take place, giving rise to the
polymerization of 1 as a result of multiple Eglington couplings.

(21) Crystal data for [2]rotaxane (5): C36H44O10, C98H104N8O6, pink
plate, crystal size 0.328 � 0.293 � 0.04 mm3, monoclinic, space group,
P21/c, a = 22.5961(6) Å, b = 18.2223(5) Å, c = 14.5264(5) Å, R =
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resonances for theNpI and triazole protons in 5 are shifted
upfield by 0.48 ppm and downfield by 0.24 ppm, respec-
tively, with respect to their δ values in the free dumbbell 4,
while the signals for H2/6, H3/7, and H4/8 in the DN38C10
ring are shifted upfield by ca. 0.5 ppmwith respect to their
δ values in the free crown ether. Variable temperature
1H NMR experiments were also performed in CD2Cl2 in
order to assess the reorientation of the DNP units in the
DN38C10 ring (see SI). Upon cooling the solution down
to 199K, the singlet observed at δ=8.27 ppm for theNpI
protons at ambient temperature broadens (Tc = 227 K),
while also moving to higher field, and then separates out
into an AB system with δA = 8.14 and δB = 8.11 ppm.

An approximate calculation reveals that this temperature
dependent behavior, which is associated with a free energy
barrier of 11.3 kcal mol�1, can be attributed to the slowing
down, on the 1H NMR time scale, of the degenerate
reorganization of the DNP rings in DN38C10 such that
they impose their local C2 symmetry on the NpI units.

Electrochemical experiments, namely, cyclic voltamme-
try (CV) and differential pulse voltammetry (DPV), were
performed at 298 K in Ar-purged DMF and CH2Cl2 solu-
tions with 0.1 mol 3L

�1 TBAPF6 as the supporting elec-
trolyte. All potentials are referenced against a Ag/AgCl
electrode (SSCE).A comparisonbetween theCV (Figure 3)
of the free dumbbell 4 and that of the [2]rotaxane 5 in
DMF allows for elucidation of the electrochemically in-
duced shuttling mechanism.22 At 50 mV 3 s

�1 in DMF, the
first reduction (I, NpIfNpI•�) of 5 is dramatically shifted
to higher potential (ca.�0.70 V) compared to the first reduc-
tion wave of 4 at�0.39 V. This shift can be explained by the
interactionbetween theDN38C10ringandtheNpIunit, since
the electron density transferred from the DNP donors makes
it more difficult to reduce NpI. On the contrary, compounds
4 and 5 share virtually identical second reduction waves
(II, NpI•�fNpI2�) near�0.90 V, suggesting that the ring
moves away from its station after reduction and does not
associate with the radical anion NpI•�. Likewise, the first
reoxidation step (III, NpI2�fNpI•�) is essentially iden-
tical for the dumbbell and the rotaxane on account of the
ring having no association with NpI2�. The final reoxida-
tion (IV, NpI•�fNpI) to regenerate the neutral species
occurs at a lower potential than would be expected for a
reversible process. The irreversibility of this redox process
at I and IV is not unexpected, since the ring resides around
NpI at I but is absent at IV, meaning the rotaxane does not

Figure 2. Partial 1H NMR spectra (500 MHz) recorded at room
temperature inCDCl3 of theDN38C10 ring 2 (top), the rotaxane
5 (middle), and the corresponding dumbbell 4 (bottom).

Figure 3. Cyclic voltammograms of the dumbbell 4 (top) at a
scan rate of 100 mV 3 s

�1 and rotaxane 5 (bottom) at scan rates
of 50 mV 3 s

�1 in dark red and 500 mV 3 s
�1 in orange (c = 1 �

10�3 mol 3L
�1 in DMFwith 0.1 mol 3L

�1 of TBAPF6). All scans
have been normalized to the square root of the scan rate.

Figure 1. Solid state structureof the [2]rotaxane 5. (a) Perspective
drawing of the [2]rotaxane (hydrogens have been omitted for
clarity). (b) The DN38C10 ring and NpI interact through π�π
stacking and [C�H 3 3 3O] close contacts between the polyether
loops and the NpI protons.

(22) Several scanswere performed on the same sample of 5 in order to
confirm that the voltammograms remain unchanged, establishing the
stability of the [2]rotaxane and the repeatability of the redox process.
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return to the ground state by the same path it followed at
the outset.
Variable scan-rate CV of 5 revealed that only process

IV is scan-rate dependent in DMF, where the oxida-
tion potential shifts closer to that of the free dumbbell at
500 mV 3 s

�1. This phenomenon could be interpreted as
a result of the ring passing over the NpI•� station as it
shuttles back and forth along the entire dumbbell, with
less likelihood of ‘catching’ the ring on the NpI•� station
at fast scan rates. By contrast, translational motion has
enough time to equilibrate between data points at a slow
scan rate, making the redox process appear more rever-
sible. Similar redox behavior was observed in CH2Cl2. See
Figure S3a�c in the SI. Although the irreversibility of the
CV precludes an accurate calculation23 of the equilibrium
constant K1 governing the ground state distribution of
translational isomers, we can estimate a lower limit K1 >
10000 M�1 in DMF based on the magnitude of the
dramatic shift of I and IV in rotaxane 5 with respect to
dumbbell 4, indicating that the ring’s association with the
triazole units is extremely small. Thus, the rotaxane can be
described as a ‘push button’24 with two states (on/off)
since no metastable translational isomer persists for a
significant period of time following redox-stimulated
switching events.
Both 4 and 5 were investigated (see SI) by spectroelec-

trochemistry (SEC) inCH2Cl2 at 1mmol 3L
�1. The optical

spectrum of 5 shows a characteristic absorption band at
500 nm arising from a charge-transfer (CT) interaction
between the NpI and DNP units in the DN38C10 ring.
This observation agrees with the reported wavelength in
the literature25 and supports the claim that the ring resides
primarily on the NpI unit in the neutral form. At an
applied potential of �1.2 V, the reduced species 42� and
52� are generated, giving rise to similar spectra with two
bands at 680 and 750 nmthat are attributed to the diradical
dianionNpI2�, accompanied by a disappearance of theCT
absorption band in the case of 5. Following reoxidation
at a potential of 0.0 V, the original spectra of the neutral
compounds are restored, indicating that no significant
decomposition occurs during the reduction cycle.
The proposed shuttling mechanism of the [2]rotaxane 5,

which is based on theCV and SECexperiments, is depicted
in Scheme 2. In the neutral form, the ring shuttles between

NpI and either one of the triazole units, with the vast
majority of its time spent around the NpI unit. On the
contrary, when NpI is reduced to NpI•�, the ring shuttles
along the length of the dumbbell with little association for
any site in particular.
In summary, we have described the synthesis, solid-state

structure, and electrochemically driven ‘push-button’
switching mechanism of the neutral [2]rotaxane 5. The
neutral, rigid structure of the rotaxane renders it a suitable
candidate for high resolution imaging by scanning tunnel-
ing microscopy in future studies.
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Scheme 2. Proposed Mechanism for the Electrochemically
Induced Shuttling of the [2]Rotaxane 5
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