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Molecular motor proteins are ubiquitous in nature' and have
inspired attempts to create artificial machines” that mimic their
ability to produce controlled motion on the molecular level. A
recent example of an artificial molecular rotor is a molecule
undergoing a unidirectional 120° intramolecular rotation around
a single bond>* another is a molecule capable of repetitive
unimolecular rotation driven by multiple and successive isomer-
ization of its central double bond*>®. Here we show that sequen-
tial and unidirectional rotation can also be induced in
mechanically interlocked assemblies comprised of one or two
small rings moving around one larger ring. The small rings in
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these [2]- and [3]catenanes’® move in discrete steps between
different binding sites located on the larger ring, with the
movement driven by light, heat or chemical stimuli that change
the relative affinity of the small rings for the different binding
sites'®"%. We find that the small ring in the [2]catenane moves
with high positional integrity but without control over its
direction of motion, while the two rings in the [3]catenane
mutually block each other’s movement to ensure an overall
stimuli-induced unidirectional motion around the larger ring.
A [2]catenane in which one ring moves sequentially between
three different binding sites (‘stations’) on the other ring is shown
schematically in Fig. 1. A series of chemical reactions alters the
thermodynamics of binding of two of the binding sites (switching
them ‘on’ or ‘off” in response to external stimuli) causing the small
ring to move around the larger ring in successive steps in response to
the changing global energy minimum. A hydrogen-bonded [2]cate-
nane, 1, based on this design was prepared together with the
corresponding macrocycle, 2, and [3]catenane (two of the small
rings linked onto the bigger ring), 3, as outlined in Fig. 2 and the
Supplementary Information. The stations where the small rings
non-covalently bind to the large ring were predicted to have widely
differing macrocycle binding affinities (Fig. 3A): A, a secondary (2°)
amide fumaramide group, should bind strongly because the E-ole-
fin holds the amide carbonyls in a close-to-ideal geometry for
intercomponent hydrogen bonding'’; B, a tertiary (3°) amide
fumaramide group, should bind less well than A because the extra
methyl groups are bulky and some of the 3° amide bond rotamers
will be sterically mismatched with the benzylic amide macrocycle'';
C, a succinic amide ester, can still engage in double bifurcated
hydrogen bonding, but will do so only weakly compared to A or B
because it is flexible and one of the groups is an ester, which is a poor
hydrogen bond acceptor'®'?. A fourth station, an isolated amide
group (shown as D in E,E-3) that can make fewer intercomponent
hydrogen bonding contacts than A, B or G, is also present but only
affects the behaviour of the [3]catenane. A benzophenone unit was
attached to the highest-affinity fumaramide group to enable selec-
tive sensitized isomerization of that station at 350 nm (ref. 11).

K(A) > K,(B) > K,(C)
A SA A-A
B"—>B
State |
State IlI State Il

7
2

K,(C) > K,(A") and K,(B") BoEB K,(B) > K,(C) and K,(A")

Figure 1 Stimuli-induced sequential movement of a macrocycle between three different
binding sites in a [2]catenane. The larger macrocycle contains three stations, A, B and C,
each with different binding affinities (association constants, K ) for the smaller
macrocycle such that K,(A) > K,(B) > K,(C). Thus, in State I, the small macrocycle
preferentially resides on station A. If binding site A is converted to A", a group with a lower
binding affinity for the macrocycle than B or G, then the small macrocycle will move
through biased brownian motion to site B (State Il). Similarly, if B is then changed into a
station B" such that K,(B') < K ,(C) then the macrocycle will move to site C (State Ill).
Finally, changing A" back to A and B to B returns the small ring to its original position.
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Studies on model [2]rotaxanes showed that (1) the benzylic amide
macrocycle exhibits excellent positional discrimination between
various pairs of binding sites'?, (2) the strong binding affinity of
the fumaramide stations is greatly reduced upon photoisomeriza-
tion to the corresponding maleamides (Z-olefins)", and (3) the
difference in distances between the benzophenone and the two
fumaramide groups in 1 is sufficient to allow complete discrimi-
nation between the sites in the sensitized photoisomerization
reaction.

Interconversion of the diastereomers for each of the three
structures—the macrocycle (2), the [2]catenane (1) and the [3]cate-
nane (3)—was carried out in the following sequence (with reaction
conditions in parentheses): E,E — Z,E (350 nm, CH,Cl,, 5 min, 65—
67%) — Z,Z (254nm, CH,Cl,, 20 min, 48-51%) — E,E (heat,
100°C, C,H,Cly, 24h, ~100% or catalytic ethylene diamine,
50°C, 48 h, 50-74%). To be sure of the location of the rings after
each olefin isomerization reaction, authentic samples of each
diastereomer of 1-3 were isolated at each stage. Since the xylylene
rings of the benzylic amide macrocycle shield the part of the larger
macrocycle on which it sits, its position could be unambiguously
determined by comparison of the 'H NMR spectra (Fig. 3B and
Fig. 4) of the catenanes with the corresponding diastereomer of 2.
The resulting structures are shown next to each spectrum.

The "H NMR spectra show that the benzylic amide macrocycle
in [2]catenane 1 does, indeed, move with excellent positional
integrity from A — B — C — A during the chemical transform-
ation E,E-1 — Z,E-1 — Z,Z-1 — E,E-1. This is the first example of
a catenane in which a ring can be switched between three different
stations, but the rotation is not unidirectional. Although the
benzylic amide macrocycle changes its position in response to the
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external stimuli in discrete steps, the route it takes to get there is not
directionally biased. Over the complete sequence of reactions an
equal number of macrocycles go from A through B and C and back
to A in each direction.

To bias the direction the macrocycle takes from station to station,
barriers must exist to prevent brownian motion in a particular
direction. The barriers must be transient, however, to allow 360°
rotation of the macrocycle. Such a situation is inherently present in
a [3]catenane if each ring is able to block the passage of the other one
in a particular direction (Fig. 5 and Methods). Thus irradiation at
350nm of E,E-3 causes counter-clockwise (as drawn in Fig. 5)
rotation of the blue macrocycle to the succinic amide ester (orange)
station to give Z,E-3. Isomerization (254nm) of the remaining
fumaramide group causes the other (purple) macrocycle to relocate
to the single amide (dark green) station (Z,Z-3) and, again, this
occurs counter-clockwise because the clockwise route is blocked by
the other (blue) macrocycle. This ‘follow-the-leader’ process, each
macrocycle in turn moving and then blocking a direction of passage
for the other macrocycle, is repeated throughout the sequence of
transformations shown in Fig. 5. After three diastereomer inter-
conversions E,E-3 is again formed but 360° rotation of each of the
small rings has not yet occurred, they have only swapped places.
Complete unidirectional rotation of both small rings occurs only
after the synthetic sequence (1)—(3) has been completed twice.
Somewhat counter-intuitively, the small macrocycles in the [2]- and
[3]catenanes move from station to station in opposite directions in
response to the same series of chemical reactions.

Unlike the directionally rotating systems designed by Kelly** and
Feringa®®, neither 1 nor 3 are three-dimensionally chiral, but they
are chiral in the two dimensions in which the rotation occurs.

J\/\( PhCH = Ru(PCy,),Cl, /L

0 N
L
“ \
T
HN\ / Me
(CHy)2
(CHy): H
E/Z || d (CHo)12
o A B O E M
L
I 1D \ ot
g‘ 0] NHO
HN\

(CH2)13

Figure 2 Ring-closing reactions to form macrocycle £ E-2, [2]catenane £,£-1 and
[3]catenane E,E-3. Closure of the large macrocycle, £ E-2, proceeds via ring-closing
metathesis with the first-generation Grubbs catalyst PhCH = Ru(PCya),Cl, (ref. 19). The
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remarkable yield (59%) for the formation of the 63-membered ring is probably a result of
intramolecular hydrogen bonding folding the open-chain precursor. The coloured letters
indicate "H assignments in Figs 3B and 4.
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Figure 3 Structural characterization of £,£-1-3 and model compounds. A, X-ray
structures of single binding site [2]rotaxanes showing solid-state hydrogen-bonding
motifs of various stations in order of predicted macrocycle binding affinity.

A, a, Fumaramide; A, b, N, -dimethylfumaramide; A, ¢, succinic amide ester;

A, d, single amide: A, e, N,V -dimethylmaleamide. B, 600 MHz 'H NMR spectra (298 K,
CD,Cl,) of the following molecules. B, a, Macrocycle £ £-2; B, b, [2]catenane £,£-1

(p-p.m.)
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R L LR e
45 4.

(AG frouette 14.2 = 0.2kcalmol™"); B, ¢, [3]catenane £,E-3 (AG roerte 14.2 = 0.2

and <9.7 keal mol ). The chemical structures show the positions of the macrocycles
indicated by the 'H NMR chemical shifts. Activation energy barriers (AG,‘;roueﬁe) for the
pirouetting of the benzylic amide macrocycles about each station were determined by the
coalescence method and the rates extrapolated to 298 K.
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Figure 4 Structural characterization of photoisomerized macrocycles and catenanes diamonds indicate minor 3° amide rotamers. The isolation of the individual macrocycle

ZE-1-3 and Z,7-1-3. 600 MHz 'H NMR spectra (298 K, CD,Cl,). A, a, Macrocycle Z£-2,  and catenane isomers was technically challenging: both £and Zisomers are present at
A, b, [2]catenane ZE-1 (AGéimueﬁe 13.0 = 0.2kcalmol ™), A, ¢, [3]catenane Z£-3 the steady state in each photochemical reaction (the wavelengths for the reactions
(AG,ﬁmuem =13.0 = 0.2 and <9.7 kcal mol ). B, a, Macrocycle Z.7-2; have not yet been optimized) requiring the separation of compounds of 1-2.5kDa

B, b, [2]catenane ZZ-1 (AG,fimuene < 9.7 keal mol’w); B, ¢, [3]catenane 7,23 molecular weight, which differ only in the stereochemistry of one double bond.
(AG,ﬁmuene both <9.7 keal mol ™). Grey indicates residual macrocycle; blue and pink
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Introducing 3D chirality into 3 would only define a location from
which to describe the direction of the rotation. Such a reference
point is arbitrary and does not influence unidirectional behaviour.
Consider, for example, a transparent clock with symmetrical digits I,
II, II, III..., such that it is achiral. Although the hands move
unidirectionally from I — II — III and so on, to an observer in
front of the clock the hands move clockwise, whereas to an observer
from behind they move counter-clockwise. Exchanging the posi-
tions of the observers does not reverse the unidirectional sequence
through which the clock hands move, it changes only the direction
in which the observers see them move. Neither macroscopic nor
chemical chirality are required to do directional work with a
rotating machine. Rotation of a chiral moiety, or something achiral
within a chiral environment, is only necessary to do work ortho-
gonal to the plane of rotation (as with a propeller, for example). A
winch, operating on whatever length scale, can rotate in either
direction in order to wind up a chain—and if there are many
winches and many chains, it is irrelevant whether all of the winches
rotate in the same direction or not.

But the system does make mistakes—just as the biological rotary
motor F;-ATPase has been observed' to rotate 120° in the wrong
direction every so often during its ‘unidirectional’ cycle, the small
macrocycles in 3 will not move solely in the directions indicated in
Fig. 5. In addition to some rings occasionally taking less-kinetically
favoured pathways to the thermodynamic minima, the background
thermal energy will also cause the small macrocycles to move even
when no stimuli are applied and the direction of this non-biased
brownian motion will be random. However, the significantly higher
activation barrier for circumrotation of the large macrocycle
(AG* > 23 kcalmol ! in CDCl; at 298 K, see Supplementary Infor-
mation) compared to the stimuli-induced translational barriers for

Figure 5 Stimuli-induced unidirectional rotation in a four-station [3]catenane, 3. (1)
350 nm, CH,Cly, 5 min, 67%; (2) 254 nm, CH,Cl,, 20 min, 50%; (3) heat, 100 °C,
C,H,Cly, 24 h, ~100%,; catalytic ethylenediamine, 50 °C, 48 h, 65%; or catalytic Br,,
400-670nm, CH,Cl,, —78°C, 10 min, ~100%.
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the small rings (<8 kcal mol™ "' in CDCl; at 298K for all except
C — B, which is 11.3kcal mol ') means the random background
rotation can be minimized by lowering the temperature. The
reaction sequence in Fig. 5 was repeated at —78 °C using photo-
chemically generated bromine radicals to catalyse the maleamide —
fumaramide isomerization step'*. At this temperature the photo-
stationary states for steps (1) and (2) are still reached within 5 and
20 min, respectively, and after 10 min treatment of Z,Z-3 with Br,
(~1 equivalent) under 400-670 nm irradiation ~100% of E,E-3
had been re-formed. At 298K the frequency of background cir-
cumrotation of E,E-3 is approximately once every 8 hours and the
rate approximately halves with every 10 °C reduction in tempera-
ture. Consequently, 3 is a rotary motor with moving parts that will
slip, occasionally or frequently depending upon the reaction con-
ditions. Actually, this is largely irrelevant to the motor’s function as
the time-averaged result is always the same net rotation of the
submolecular components in one direction (as long as the direc-
tionality of the stimuli-induced motion is not compromised at
higher temperatures). Only fuelled molecular motions can do
work'>'¢ and, as with all molecular motors, the performed work is
unaffected by the degree of background thermal motion; a winch
will wind up the same length of chain whether it rotates 100 times
clockwise and 99 times counterclockwise or just once (in either
direction).

It is interesting to consider the energetics involved in how these
systems function. Indeed, there are parallels to the ways that
biological motors appear to operate'. The movement of the macro-
cycles from station to station in 3 is brought about by using
chemical reactions to put the molecule into non-equilibrium co-
conformations and then allowing brownian motion to drive the
macrocycle to the new global minimum in the most kinetically
accessible direction. The amount of energy potentially available
from the light-fuelled (and heat- or chemically promoted) motions
in both 1 and 3 corresponds to the energy released by non-covalent
bonding as the rings move from their non-equilibrium to equili-
brium positions'’, that is, the difference in macrocycle-binding
energies of the A" and C stations (AAG,'_¢) for Fig. 5 step (1),
AAGy _p for Fig. 5 step (2), AAGp_a + AAG¢_g for Fig. 5 step (3)
and so on. The percentage of this energy available to do work
through directional mechanical motion in 3 depends on the degree
of directionality of the stimuli-induced movement. Although this
may be high, even in this first-generation mechanically linked rotor,
harnessing the potential of powered mechanical motions to do
useful work with a synthetic molecular machine still presents a
significant challenge.

The dynamic behaviour of the small macrocycles in the [2] and
[3]catenanes at equilibrium is also interesting. A 180° pirouette of
the small macrocycle around the axis of the large macrocycle (plus a
chair—chair flip) groups the eight Hg protons into only two different
sets of averaged environments and the shape of the Hy signals in the
"H NMR spectra can thus give information regarding the dynamics
of these processes. Indeed, the very different appearances of the Hg
protons in Fig. 3B, b, and Fig. 4A, b and Fig. 4B, b are a result of the
rate of pirouetting of the small macrocycle speeding up by over three
orders of magnitude as it moves from station to station around the
ring. This is perhaps not surprising given that the ring is moving
from stronger binding sites to weaker ones; however, the small
macrocycles in the [3]catenane do not always behave in the same
way. Although the Hg protons of the major 3° amide rotamers are
broad when the macrocycle occupies the methylated fumaramide
station in Z,E-1 (Fig. 4A, b), the Hg, protons of the macrocycle at the
same station in the [3]catenane E,E-3 (Fig. 3B, ¢) are in rapid
exchange indicating fast pirouetting (we cannot strictly identify
which H, signals correspond to which macrocycle in E,E-3, but this
is the obvious assignment and is consistent with modelling studies).
However, upon photoisomerization of E,E-3 to Z,E-3 the macro-
cycle over the methylated fumaramide station then pirouettes
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slowly (that is, the major 3° amide rotamer Hp signals broaden in
Fig. 4A, c. There is no ambiguity in the macrocycle assignment in
Z,E-3 because of the visible presence of different 3° amide rota-
mers). Moving the macrocycle from the 2° amide fumaramide
station in E,E-3 to the succinic amide ester station in Z,E-3 (during
which the pirouetting frequency of that macrocycle increases) thus
causes the rate of pirouetting of the other macrocycle to decrease,
attributed by molecular modelling (Supplementary Information) to
the different hydrogen-bonding patterns in the various [3]cate-
nanes. Using stimuli-induced mechanical movement in one compo-
nent to induce or influence dynamics in another is still rare in
synthetic molecular systems'®?, yet it is the principle which
underpins the workings of all macroscopic machines with moving
parts. g

Methods

Kinetic studies on model [2]rotaxanes

The small rings in a [3]catenane will only undergo unidirectional rotation if the ‘blocking’
ring is effectively translationally immobile over the time period that the other ring moves.
If that is not the case, then instead of a single macrocycle moving counter-clockwise during
a particular step, both small rings could move clockwise (one displacing the other), or a
combination of these could occur throughout the reaction sequence, removing the
directionality of the motion. To show that the components of 3 undergo unidirectional
rotation over a range of conditions, the contributions of these processes were estimated
from the kinetics of various model compounds (Supplementary Information). The energy
barriers for a benzylic amide macrocycle to move from each type of station (A and B, C, D,
A’ and B') to another station 12 carbon atoms away at 298 K in CDCl; were
experimentally determined in symmetrical two-station [2]rotaxanes by variable-
temperature "H NMR spectroscopy. The benzophenone unit was shown not to
significantly slow shuttling using another model [2]rotaxane. The experimentally
determined barriers (fumaramide and bis-N-methyl fumaramide 16.2 = 0.4 kcal mol %;
succinic amide ester 11.3 * 0.2 kcalmol " '; amide < 8 kcal mol ™ '; maleamide and
bis-N-methyl maleamide << 8 kcal mol ') mean that at 298 K in CDCl; stations A and B
decomplex, and the macrocycle moves to the next station, 4,000 times less frequently
than C and >10° times less frequently than D, A" and B (the ratio of rates is given by
((BAG! /Ky ). Thus, starting from E,E-3, when A is isomerized to A’ the macrocycle initially
at A" will move to C (overcoming two barriers of less than 8 kcal mol ™ ! to arrive at the
equilibrium position of Z,E-3 at least a million times more often than the macrocycle
originally at B moving to C (barrier of 16.2 kcal mol ~') and the macrocycle originally at A
moving to B. Similarly, movement of the macrocycle from the B’ station to D to give the
most stable positional isomer of Z,Z-3 will occur three orders of magnitude faster than
macrocycles moving from C to D and B to C. Finally, as long as the N-methyl maleamide
station is not isomerized to the fumaramide unit (B" — B) at a significantly faster rate
than the secondary maleamide station (A" — A) as Z,Z-3 is converted to E,E-3 (the rates
we observe experimentally are the same for both stations), then the macrocycle initially at
D will move rapidly to A where it will be bound tightly and therefore be thousands of times
slower to move to the vacant B station than the macrocycle originally at C. While it is
always possible that the inter-station dynamics in the model compounds differ to those in
the [3]catenane, the kinetics suggest overwhelming directionality for the stimuli-induced
motion in 3 over a wide range of conditions.
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Large earthquakes alter the stress in the surrounding crust,
leading to triggered earthquakes and aftershocks'. A number
of time-dependent processes, including afterslip, pore-fluid flow
and viscous relaxation of the lower crust and upper mantle,
further modify the stress and pore pressure near the fault, and
hence the tendency for triggered earthquakes®®. It has proved
difficult, however, to distinguish between these processes on the
basis of direct field observations, despite considerable effort®.
Here we present a unique combination of measurements con-
sisting of satellite radar interferograms’ and water-level changes
in geothermal wells following two magnitude-6.5 earthquakes in
the south Iceland seismic zone. The deformation recorded in the
interferograms cannot be explained by either afterslip or visco-
elastic relaxation, but is consistent with rebound of a porous
elastic material in the first 1-2 months following the earth-
quakes. This interpretation is confirmed by direct measurements
which show rapid (1-2-month) recovery of the earthquake-
induced water-level changes. In contrast, the duration of the
aftershock sequence is projected to be ~3.5 years, suggesting that
pore-fluid flow does not control aftershock duration. But because
the surface strains are dominated by pore-pressure changes in
the shallow crust, we cannot rule out a longer pore-pressure
transient at the depth of the aftershocks. The aftershock duration
is consistent with models of seismicity rate variations based on
rate- and state-dependent friction laws.

The south Iceland seismic zone (SISZ) is a left-lateral transform

179




