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An Allosterically Regulated Molecular Shuttle**
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One of Nature’s most effective ways of influencing function
from afar is through allosteric control.l'! This occurs—most
typically in proteins—when activity at a substrate-binding site
is modulated by the complexation of an effector molecule or
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ion at a second site. The binding sites are frequently several
nanometers apart, and communication between them is
achieved through a variety of mechanisms, the details of
which are not well understood but often involve multiple
substrate-binding sites and cooperative complexation events
that are accompanied by large amplitude movements of
polypeptide chains and other molecular subunits.”) However,
to achieve any kind of distant control in response to binding in
synthetic systems is far from trivial. Most of the artificial
allosteric receptors developed to date feature one or more
substrate-interaction sites directly conformationally coupled
to an effector-binding site.”) Herein, we report on a mechan-
ically linked substrate/host ensemble (a [2]rotaxane), which
contains two spatially and chemically distinct “substrate”
hydrogen-bonding sites, only one of which is influenced by the
coordination of a metal ion (the “effector”) to an adjacent
tridentate ligand fragment. The result is a stimuli-responsive
molecular shuttle™ that undergoes a large amplitude internal
motion (change in the position and binding strength of the
macrocycle), allosterically regulated through a small, but
highly significant, conformational change brought about by
complexation of a transition metal at the effector site.

The molecular shuttle allosteric control mechanism has its
origins in anomalous behavior observed for some simple
hydrogen-bonded rotaxanes that bear metal-chelating stop-
pers containing a bis(2-picolyl)amine (BPA)®! moiety
(Scheme 1). Rotaxanes 1 and 2, in which the BPA unit is
connected to the hydrogen-bonding groups of the thread by
an ethylene spacer, react readily with various transition-metal
salts including CuCl,, which yields complexes 1CuCl, and
2(CuCl,),, respectively (Scheme 1a and b). The X-ray crystal
structures of 1CuCl, and 2(CuCl,), (Figure 1a and b) show
the typical four intercomponent hydrogen bonds between the
benzylamide groups of the macrocycle and the amide groups
of the thread,”” together with the predicted coordination of
the BPA ligands to each metal ion in a tridentate fashion.
However, to our surprise, rotaxanes 3 and 4, in which the
ethylene spacer is absent and the BPA unit is attached directly
to the hydrogen-bonding station of the thread, were found not
to react!” with CuCl, or similar transition-metal salts even
under forcing conditions (Scheme 1c and d). This behavior is
in marked contrast to that of their parent threads, which react
like rotaxanes 1 and 2 to give the expected coordination
complexes, indicating that the reduced electron density on the
nitrogen atom caused by the adjacent carbonyl group is not
the reason for the lack of reaction of 3 and 4.7

The X-ray crystal structures of 3 and 4 (Figure 1c-f)
reveal the reason for their lack of reactivity. Although the
macrocycles in 3 and 4 form hydrogen bonds to the thread
through the four intercomponent hydrogen bonds (shown in
the stick representation, Figure 1c and d) analogous to
rotaxanes 1 and 2, the pyridine arms of the BPA groups are
forced close-to-parallel with the isophthalamide groups of the
macrocycle (concomitantly forming favorable m—m-stacking
interactions) to accommodate the ring on the hydrogen-
bonding site. To chelate to a metal ion by using all three
nitrogen atoms of the BPA group, the pyridine arms must
twist orthogonally, causing them to enter space that is already
occupied by the benzylamide macrocycle. However, the
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Scheme 1. Rotaxanes 1-4 and their attempted complexation reactions
with one (a,c) or two (b, d) equivalents of CuCl, in DMF at room
temperature. Complexes 1CuCl, and 2(CuCl,), are formed in near-
quantitative yield and were purified by recrystallization from CH;CN/
DMF;® 3CuCl, and 4(CuCl,), could not be detected even upon heating
at 80°C for 12 h." The free threads of 1-4 each react readily with
CuCl, in DMF at room temperature to form coordination complexes
that are analogous to 1CuCl, and 2(CuCl,),.

macrocycle physically has nowhere else to move to in either
3 or 4 (see the space-filling representations, Figure 1e and f)
and so the conformational change required for the BPA group
to chelate to a transition metal cannot take place in these
short congested rotaxane structures.

The prospect of a situation where, despite binding at
different sites, metal- and macrocycle-binding modes compete
for the same 3D space led us to consider whether transloca-
tion of the macrocycle to a second hydrogen-bonding site on a
thread could be induced by a metal-binding interaction. As a
model we designed rotaxane 5 (Scheme 2), which contains
three carbonyl hydrogen-bond acceptors on the thread in
what can be viewed as an elongated hydrogen-bonding station
(for clarity in interpreting the '"H NMR spectra (Figure 2),
one half of this unit is colored in green and the other in
orange). With this extended station the macrocycle in 5 has
space to occupy (and hydrogen-bonding partners) when a
metal binds to, and rearranges the conformation of, the BPA-
containing stopper. The solid-state structure of 5 (Scheme 2b)
reveals that the macrocycle is bound to the central carbonyl
group (O41) of the thread through hydrogen bonds between
the carboxamide hydrogen donors (N20H and N29H) and the
amide carbonyl group adjacent to the diphenylacetyl stopper
(044). However, the carbonyl group (O38) adjacent to the
BPA station is also in the plane of the other two carbonyl
groups (O41 and O44) on the thread, and in solution one
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Figure 1. X-ray crystal structures® of a) 1CuCl,, b) 2(CuCl,),, c) 3, and
d) 4 in stick representation, and e) 3 and f) 4 in space-filling van der
Waals radius form. C (thread) yellow, C (macrocycle) turquoise, O red,
N dark blue, Cu gray, Cl green, H white. In the stick representations, all
hydrogen atoms except for the amide and olefin protons have been
omitted for clarity. Selected bond lengths [A]: 1CuCl,: N12-Cu2 2.075,
N42-Cu2 1.987, N112—-Cu2 1.987, Cl3—Cu2 2.235, Cl4-Cu2 2.563,
N264H-0222 2.236, N354H-0222 2.353, N174H-0192 2.260, N84H-
0192 2.290; 2(CuCl,),: N11-Cul 2.076, N41-Cul 2.001, N111-Cul
2.027, Cu1-Cl1 2.497, Cu1-Cl1 2.232, N172H-0191 2.140, N82H-
0191 2.260; 3: N20H-042 2.239, N29H-042 2.136, N2H-045 2.687,
N11H-045 1.957; 4: N172H-0161 1.985, N82H-0161 2.212.

would expect an equilibrium to exist between the hydrogen
bonding of N11H and O44 and a similar interaction between
038 and N2H (Scheme 2 a). Indeed, the 'H NMR spectrum of
rotaxane 5 in CD;CN (Figure 2b) reveals that this is the case,
with the chemical shifts of both internal methylene groups H;
and H; (green and orange, respectively) shifted upfield
(AO0H;=0.7 ppm; A6H,=1.0 ppm) relative to those of the
free thread (Figure 2a), as a result of shielding from the
macrocycle.

Addition of CuCl, to 5 results in formation of complex
5CuCl,, the X-ray crystal structure of which is shown in
Scheme 2c. The most striking characteristics of this solid-state
structure are the chelation of all three BPA nitrogen atoms
(including the carboxamide nitrogen, N71) to the Cu" ion,
together with the out-of-plane tilting of carbonyl oxygen O38
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Scheme 2. Synthesis of [2]rotaxane 5 with an extended hydrogen-
bonding site and its subsequent complexation to generate 5MX,
(MX,=CuCl, or Cd(NO3),): a) the solution positional equilibrium of
the macrocycle in 5 (atom-lettering scheme corresponds to 'H NMR
assignments in Figure 2). The complexes 5MX, were prepared by
addition of a solution of the appropriate metal salt in acetonitrile to a
solution of 5 in acetonitrile at room temperature and purified by
crystallization. b, c) X-ray crystal structures® of 5 and 5CuCl,, respec-
tively. C (thread) yellow, C (macrocycle) turquoise, O red, N dark blue,
Cu gray, Cl green, H white; all hydrogen atoms except for the amide
protons have been omitted for clarity. Selected bond lengths [A]: 5:
N20H-041 2.026, N29H-041 2.192, N11H-O44 1.888; 5CuCl,: N37-
Cul 2.432, N60—-Cu1 1.976, N67—-Cul 1.987, CI1-Cul 2.256, CI2—Cul
2.227, N2H-041 2.190, N11H-041 2.153, N29H-044 1.885. The red
circles highlight the enforced change in conformation of the BPA
ligand and adjacent peptide unit upon coordination to a metal ion.

relative to the plane in which the other two carbonyl oxygen
atoms (O41 and O43) of the thread lie. As cadmium is a
diamagnetic metal with similar binding properties to Cu",
treatment of 5 with Cd(NOs), allowed us to study the solution
behavior of metal chelation to 5 using "H NMR spectroscopy
(compare Figure 2 ¢ with Figure 2b and d). As expected, the
binding of a metal ion to the BPA stopper alters the
equilibrium of hydrogen bonding between the three carbonyl
hydrogen-bond acceptors in 5, causing a shift of the signal for
H, (orange) further upfield and a slight downfield shift of the
resonance for H; (green) in 5SCd(NO3), relative to those in the
free rotaxane. Comparison of the "H NMR spectra of 5Cd-
(NOs), with the Cd(NOs),~thread complex revealed a similar
trend, that is, a large upfield shift of the signal for H;, and a
much smaller shift for that of H;. The changes indicate that the
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Figure 2. Partial '"H NMR spectra (400 MHz, CD,CN, 298 K) of a) the
thread of rotaxane 5, b) 5, ¢) 5Cd(NO;),, and d) the complex of the
thread of rotaxane 5 with Cd(NO;),. Resonances are colored and
labeled as shown in Scheme 2.

macrocycle no longer shuttles back and forth along the thread
in 5Cd(NO;), but is restricted mainly to a position over the Hy,
methylene group between carbonyl oxygen atoms O41 and
043.

Encouraged by the results from this model system we
prepared a two-station [2]rotaxane, 6, with hydrogen-bonding
sites of substantially differing affinities!” for the macrocycle
separated by a C,, alkyl chain. The station of known™ higher
binding affinity (succinamide, shown in green) is directly
attached to the metal-binding BPA unit, while the station of
inherent lower affinity” (succinic amide ester, shown in
orange) is attached to a nonchelating diphenylacetyl stopper
(Scheme 3). In 6, the macrocycle occupies the position over
the green station more than 95% of the time at 273 K in
CD;CN, as revealed by the large (A6 =1.5 ppm) upfield shift
of the signals for protons H; and H, (compare Figure 3b and
a). In comparison, the signals for protons H, and H, (orange
station) appear at similar chemical shifts in rotaxane 6
(Figure 3a) and the parent thread (Figure 3a).

The addition of one equivalent of Cd(NO;), to 6 in
CD;CN results in a dramatic change in the 'H NMR spectrum
(Figure 3¢). The major differences in the spectra of 6 and
6Cd(NOs;), are the large (A0 =1.1 ppm) downfield shift of the
signals for protons H; and H, (green station) and the upfield
shift (A0 =0.7 ppm) of the peaks for H, and H, (orange
station) in the metal-coordinated rotaxane. In addition,
protons H;, H,,, and H, at the periphery of the orange station
are also shielded by the macrocycle (Ad ~ 0.3 ppm). Collec-
tively these data indicate that the macrocycle has moved from
residing predominantly over the green station to being
positioned mainly over the orange station. The difference in
the chemical shifts of 6Cd(NO;), relative to those of the
parent thread bound to Cd(NO;), (Figure 3d) confirms the
change in position of the macrocycle. The coordination
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Scheme 3. An allosterically regulated molecular shuttle. Rotaxane 6
consists of a BPA metal-chelating site (the “effector” binding site), two
hydrogen-bonding stations of different intrinsic affinities (substrate-
binding sites), and a benzylamide macrocycle substrate. Metal com-
plexation of 6 occurs quantitatively at room temperature with Cd-
(NO;), in CD;CN. The reverse transformation is accomplished by
treatment with excess NaCN (5 equiv).
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Figure 3. Partial 'H NMR spectra (400 MHz, CD,CN, 273 K) of a) the
parent thread of 6, b) 6, c) 6Cd(NOs),, and d) the complex of the
parent thread of 6 with Cd(NOs),. Resonances are colored and labeled
as shown in Scheme 3. Peaks shown in light gray arise from residual
non-deuterated solvent and water.

reaction, and change in position of the macrocycle, is reversed
by treatment with NaCN (Scheme 3).

The stimuli-induced shuttling between 6 and 6Cd(NO;),
(Scheme 3) corresponds to a negative heterotropic allosteric
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binding event!'”—inhibition of hydrogen bonding of the
macrocycle at the succinamide unit through the conforma-
tional change induced by metal chelation at the BPA site—
that leads to translocation of the macrocycle to the inherently
weaker hydrogen-bonding succinic amide ester site, which lies
1.5 nm away. Similarly large movements in rotaxanes have
been used to bring about changes in conductivity,*!!l circular
dichroism,?  fluorescence,l'”  porosity,'¥ and surface
energy,”” and to carry out mechanical work,">!* largely as
a result of chemical (redox, acid-base, and photochemical)
reactions on the covalent structure of the rotaxane. An
allosteric shuttling mechanism offers the possibility of using
metal-binding events as the energy source or operating
stimulus for functional synthetic molecular machines.
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