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Although many carefully designed rotaxane-forming reac-
tions have been developed in recent years,[1] new strategies[2]

for switching the position of the macrocycle on the thread in

response to an external trigger[3, 4]—a key requirement for
developing mechanical molecular devices based on such
architectures[4]—remain rare. Competitive substrate binding
is often used to bring about conformational changes that elicit
function in biological “machines”[5] and has been successfully
utilized in artificial host–guest systems,[6] chemical sensing,[7]

and molecular Boolean logic operations.[8] However, as the
macrocycle–thread interactions in a rotaxane are normally
chosen so as to maximize the efficiency of the template
mechanism, it is difficult to find competitive binders that can
effectively disrupt these threaded and inherently self-organ-
ized complementary networks.[9, 10] One elegant solution[11] to
this problem is to utilize the preferred binding geometries of
different metal d-orbital configurations (e.g. tetrahedral
CuI!five-coordinate CuII or ZnII) in transition-metal-based
molecular shuttles.[12,13] Here we report an alternative solu-
tion, which does not involve a change in metal ion or
oxidation state but uses the binding of a transition metal to
move a macrocycle in a hydrogen-bonded molecular shuttle.
Coordination of CuII or CdII ions to a bis(2-picolyl)amino
(BPA)-derivatized glycine “station”, followed by deprotona-
tion of the adjacent amide group progressively wraps up the
peptide station which leads to displacement of the macrocycle
to an intrinsically weaker hydrogen-bonding site. In the case
of CuII, the change in binding mode perturbs sensitive
transitions within the d orbitals and the change in position
of the shuttle is consequently accompanied by a color change.
The new shuttling strategy evolved out of the chance

observation of an unusual controlled stepwise binding
sequence of CuII ions to a multidentate ligand. Whilst
attempting to develop methodology for the attachment of
paramagnetic metal ions to macrocycles in rotaxanes, we
prepared ligand H1,[14,15] which features a glycine residue
substituted with two picoline units at its N terminus. Addition
of CuCl2·2H2O to H1 in CH3CN led to the formation of
H1CuCl2, light blue crystals of which separated from the
saturated liquors and gave the X-ray crystal structure shown
in Figure 1a.[16] Cooling the solution of H1CuCl2 to �20 8C in
the presence of an additional half-equivalent of CuCl2·2H2O
resulted in the deposition of large emerald-green crystals[17] of
[H1CuCl]2[CuCl4] on the walls of the flask which yielded the
crystal structure shown in Figure 1b. Addition of one
equivalent of NaH to solutions of either H1CuCl2 or [H1-
(CuCl)]2[CuCl4] in N,N-dimethylformamide led to a third
type of BPA–CuII complex as lime-green crystals of 1CuCl
(Figure 1c). The binding of the CuII ion—from the initial
tridentate chelation of CuCl2 to the BPA moiety in H1CuCl2,
to loss of a Cl� ligand and coordination to the carbonyl
oxygen of the amide group in [H1CuCl]+, and finally
exchange of the carbonyl group for the nitrogen atom upon
deprotonation of the amide group in 1CuCl—results in
progressive wrapping of the peptide unit around the metal
(Figure 1).[18] We reasoned that integration of this stepwise
changing coordination motif into a macrocycle-binding site in
a peptide-based molecular shuttle might permit the complex-
ation-controlled translocation of the macrocycle from one
station to another.
To study the chemistry of the BPA-modified peptide

station in a simple model system, we first prepared thread H22
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and rotaxane H23 (Scheme 1). Formation of H23 proceeded in
44% yield from H22 (Scheme 1, a) which suggests that the
affinity of the benzylic amide macrocycle for the BPA-
glycylglycine station should be similar to that of other
peptide-based stations, namely, intermediate between a
strongly binding preorganized fumaramide group and a
more weakly binding succinic amide ester moiety.[9a] The X-
ray crystal structure of rotaxane H23 shows that both carbonyl
groups and both amide protons in the thread are involved in
intercomponent hydrogen bonding to the macrocycle in the
solid state (Figure 2b).[19]

The chelation geometries adopted by the BPA-glycylgly-
cine station were studied by binding H22 and H23 to Cu

II as
well as CdII, a diamagnetic metal that generally adopts ligand-
coordination geometries that are similar to those of CuII with
nitrogen-containing ligands, and attempted subsequent
deprotonation of one of the amide groups (Scheme 1).[20]

The X-ray crystal structures of several of the resulting
complexes are shown in Figure 2, and the 1H NMR spectra
([D6]acetone,

[21] 298 K) of the free ligands H22 and H23 and
their complexes with Cd(NO3)2 are shown in Figure 3. The
changes in the signals for the BPA protons (Ha–f) upon
complexation of cadmium ions and the shielding of the
protons of the peptide (Hh, Hj, and Hk) by the macrocycle in
the rotaxanes compared to those of the thread confirm that
the structures in solution are closely related to those in the
solid state.
First, addition of CuCl2·2H2O or Cd(NO3)2·4H2O to both

the thread and rotaxane smoothly generated complexes of the
type H22MX2 and H23MX2, respectively (M=Cu, Cd;
Scheme 1,b). The solid-state structure of H23Cd(NO3)2 (Fig-

ure 2d) shows a coordination geometry which is similar to
that of the intermediate [H1CuCl]+ complex (Figure 1b), that
is, featuring metal coordination to the carboxamide carbonyl
oxygen.
Second, addition of one equivalent of a suitable base[22]

(Scheme 1,c) to the thread intermediate complexes H22CuCl2
and H22Cd(NO3)2 yielded H2CuCl and H2CdNO3, respec-
tively. The X-ray crystal structure of H2CuCl (Figure 2a)
displays a CuII coordination sphere that is similar to that of
1CuCl (Figure 1c) as well as an additional (albeit long at
3.188 E) directional hydrogen bond between the proton
(N7H) of the second amide group and the formal nitrogen
anion (N4) of the coordinating carboxamido functionality.
The X-ray crystal structure of H2CdNO3 (Figure 2c) is closely
related, but with the metal ion additionally coordinated to the
carbonyl oxygen of the second carboxamide group. The
binding of CdII (or CuII) ion to the BPA-glycine carbonyl
oxygen presumably lowers the pKa value of the adjacent NH
proton in complexes of the type H21MX2 and H22MX2 which

Figure 1. X-ray crystal structures[16] of H1CuCl2 (initial), [H1CuCl]+

(upon cooling[17]), and 1CuCl (after addition of NaH) showing the
change in binding mode of CuII to the multidentate ligand. C gray,
Cl yellow, N blue, O red; all hydrogen atoms except the amide proton
have been omitted for clarity. Reagents and conditions a) 0.5 equiv
CuCl2·2H2O, �20 8C, 100%; b) NaH or phosphazene P1-tBu base,
91%. The insets show photographs of the corresponding powdered,
crystalline solids (from the left): H1CuCl2, [H1CuCl]2[CuCl4] , and
1CuCl. Selected bond lengths [L]: a) Cu1–N1 2.080, Cu1–N17 2.018,
Cu1–N24 1.995, Cu1–Cl1 2.240, Cu1–Cl2 2.569; b) Cu1–N1 2.036,
Cu1–N17 1.972, Cu1–N24 2.015, Cu1–Cl1 2.231, Cu1–O3 2.373;
c) Cu1–N1 2.031, Cu1–N17 2.099, Cu1–N24 2.124, Cu1–Cl1 2.250,
Cu1–N4 2.055.

Scheme 1. Synthesis of [2]rotaxane H23 from the BPA-glycylglycine
thread H22, and their respective complexes with CuCl2 and Cd(NO3)2
(�MX2). Reagents and conditions: a) p-xylylene diamine, isophthaloyl
chloride, Et3N, CHCl3, 44%; b) CuCl2·2H2O or Cd(NO3)2·4H2O, 90%
(H22CuCl2), 90% (H23CuCl2), 85% (H22Cd(NO3)2), 92% (H23Cd-
(NO3)2); c) NaH or phosphazene P1-tBu base, 77% (H2CuCl), 82%
(H2CdNO3). The coordination bond indicated by a dashed line in
H2MX is only observed in the cadmium complex.
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allows selective deprotonation at this site.[23] However, neither
of the metal coordination geometries shown in Figure 2a or c
would leave room on the peptide unit for a benzylic amide
macrocycle to occupy, or sufficient hydrogen-bonding part-
ners for it to bind to, in a rotaxane or molecular shuttle.
Indeed, treatment of H23CuCl2 or H23Cd(NO3)2 with strong
bases[22] led to complicated reaction mixtures and significant
degradation of the rotaxane structures, seemingly as a
consequence of the macrocycle sterically preventing depro-
tonation of the coordination-activated carboxamide or adop-
tion of the wrapped-up metal–ligand coordination architec-
ture.
The model compounds confirm the generic basis of the

stepwise binding chemistry and provide 1H NMR spectro-
scopic fingerprints (Figure 3) of the various coordination
modes, both with and without the macrocycle occupying the
station. These spectra could be used to determine the position
of the macrocycle in a more elaborate molecular shuttle, in
particularly distinguishing between whether CdII is bound to a
carbonyl oxygen or a carboxamido nitrogen atom and
whether the macrocycle still occupies the BPA-glycylglycine
station.
Accordingly, we prepared the two-station thread H24 and

rotaxane H25 which feature BPA-derivatized glycylglycine
(green) and succinic amide ester (orange) stations for the
macrocycle (Scheme 2). The rationale behind the design was
that although the ring would be expected to predominantly
occupy the BPA-glycylglycine binding site in H25Cd(NO3)2,
the ring would still spend some time away from the peptide
station on the weaker binding succinic amide ester moiety.
Whilst it is on the succinic amide ester station, the ring should

Figure 2. X-ray crystal structures[16] of a) H2CuCl, b) H23, c) H2CdNO3,
and d) H23Cd(NO3)2. C (thread) yellow, C (macrocycle) blue, metal
atoms CuII and CdII gray; all hydrogen atoms except for the amide
protons have been omitted for clarity. Selected bond lengths [L]:
a) Cu1–N1 2.052, Cu1–N4 1.968, Cu1–N24 2.176, Cu1–N31 2.079,
Cu1–Cl1 2.238, N7H–N4 3.188; b) N2H–O40 1.877, N42H–O10 2.201,
N39H–O21 1.944, N29H–O43 1.961; c) Cd1–N1 2.443, Cd1–N4 2.205,
Cd1–O6 2.476, Cd1–N24 2.304, Cd1–N31 2.416, Cd1–O41 2.407, Cd1–
O42 2.509; d) Cd1–N37 2.443, Cd1–N60 2.364, Cd1–N67 2.323, Cd1–
O39 2.331, Cd1–O72 2.335, Cd1–O73 2.463, Cd1–O77 2.794, Cd1–O75
2.400, N43H–O21 1.863, N40H–O10 1.861, N2H–O42 2.017.

Figure 3. Partial 1H NMR spectra (400 MHz, [D6]acetone, 298 K) of
a) H22, b) H23, c) H22Cd(NO3)2, d) H23Cd(NO3)2, and e) H2CdNO3.
Resonances colored and labeled as shown in Scheme 1. Peaks shown
in light gray in part (e) originate from the phosphazene P1-tBu base.
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not sterically hinder the coordination-activated peptide (as it
does so effectively in H23Cd(NO3)2, Scheme 1), so this minor
translational isomer can then be selectively deprotonated at
the carboxamide adjacent to the BPA unit. In accord with Le
ChatelierGs principle, H5CdNO3 is formed. If the cadmium ion
wraps itself up in the deprotonated glycylglycine residue in
the manner seen with the model systems, this will switch off
the peptide station and result in the macrocycle of H5CdNO3
predominately occupying the succinic amide ester station
(Scheme 2).
Pleasingly, the 1H NMR spectra of the rotaxanes and

threads (shown in Figure 4) were fully consistent with the
predicted behavior. The relative shielding of the peptide
protons in the 1H NMR spectrum of H25 compared to H24
(Figure 4a and b, respectively) confirms that the occupancy of
the macrocycle is approximately 90:10 in favor of the
glycylglycine station in [D6]acetone at 298 K.

[21] Addition of
one equivalent of Cd(NO3)2·4H2O to H24 and H25 to form
H24Cd(NO3)2 and H25Cd(NO3)2, respectively (Scheme 2,b),
resulted in little change (except for the BPA protons) in the
1H NMR spectra in [D6]acetone at room temperature (com-

pare Figures 4c and d with Figures 4a and b, respectively),
indicating that the preferred position of the macrocycle
remains unchanged despite chelation of the terminal peptide
carbonyl group to a metal — the shifts experienced by the
protons around the metal-binding region, for example, Hf and
Hh, are similar to those in H23Cd(NO3)2 (Figure 3d). How-
ever, subsequent deprotonation of the amide proton Hg of
H25Cd(NO3)2 with one equivalent of phosphazene base P1-
tBu[22] (Scheme 2,c) causes major changes (Figure 4e). The
upfield shifts of Hm, Ho, and Hp (d= 3.2, 2.5, and 2.4 ppm in
H24Cd(NO3)2 (Figure 4c) to d= 2.4, 1.7, and 1.5 ppm, respec-
tively) are clear evidence for the translocation of the macro-
cycle to the succinic amide ester station (marked in orange).
Similarly, the downfield shift of Hf (d= 3.2 ppm in H25Cd-
(NO3)2 (Figure 4d) to d= 4.0 ppm) and the restoration of Hj
to its position at d= 3.2 ppm in the thread (Figure 4c) show
that the peptide station (marked in green) is no longer
occupied by the benzylic amide macrocycle. The small upfield
movement in Hh is consistent with the shift brought about by
coordination of the deprotonated amide group to the metal,
as seen with H2CdNO3 (Figure 3e).
The transition-metal-binding-induced translocation of the

macrocycle in the hydrogen-bonded shuttle is fully reversible
(Scheme 2,d). Removal of the CdII ion from H5CdNO3 with

Scheme 2. Conversion of thread H24 to rotaxane H25, and the rever-
sible complexation of rotaxane H25 with Cd(NO3)2·4H2O. Reagents
and conditions: a) p-xylylene diamine, isophthaloyl chloride, Et3N,
CHCl3, 22%; b) Cd(NO3)2·4H2O; c) phosphazene P1-tBu base;
d) NaCN, NH4Cl. Yields for conversions b–d were quantitative by
1H NMR spectroscopic analysis.

Figure 4. Partial 1H NMR spectra (400 MHz, [D6]acetone, 298 K) of
a) H24, b) H25, c) H24Cd(NO3)2, d) H25Cd(NO3)2, and e) H5CdNO3.
Resonances colored and labeled as shown in Scheme 2. Peaks shown
in light gray originate from residual nondeuterated solvent and, in
part (e), the phosphazene P1-tBu base.
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excess CN� and reprotonation of the amide nitrogen atom
with NH4Cl quantitatively regenerates H25.
Finally, indirect evidence for a similar shuttling mecha-

nism using CuII binding is provided by the change in
absorption of weak (likely d–d) transitions in the low-
energy region of the UV/Vis spectrum of H25CuCl2 upon
addition of P1-tBu (Figure 5). The color change that occurs

during a single-spot-to-single-spot transformation, as
revealed by thin layer chromatographic analysis, is almost
indistinguishable to that observed during the conversion of
[H1CuCl]+ to 1CuCl (Figure 1). As the base-promoted trans-
formation (H23CuCl2!H3CuCl) does not occur for the short
rotaxane (Scheme 1,c), yet does take place for H25CuCl2!
H5CuCl (Figure 5), it seems reasonable to conclude that the
color change is accompanied by the same change in the
position of macrocycle that occurs in the cadmium-coordi-
nated molecular shuttle (Scheme 2,c).
In conclusion, we have described a mechanism through

which a large amplitude mechanical movement can be
induced within a hydrogen-bonded molecular shuttle by the
stepwise competitive binding of transition-metal ions. The
peptide station is progressively wrapped up by the metal
which disrupts hydrogen-bonding interactions between the
station and macrocycle and causes displacement of the

macrocycle to a second station. The control over shuttling
while the metal is bound to the thread provides two well-
defined states in which the macrocycle is held either close to
or distant from a single metal atom. This feature could be
used to construct rotaxanes that display the intriguing
property of being able to switch the distance between two
metal centers, which are not connected by chemical bonds, by
an externally triggered mechanical motion.
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