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ABSTRACT: A distinctive feature of mechanically-
interlocked molecules (MIMs) is the relative motion
between the mechanically-bonded components, and
often it is the functional basis for artificial molecular
machines and new functional materials. Optimization of
machine or materials performance requires knowledge
of the underlying atomic-level mechanisms that control
the motion. The field of biomolecular NMR
spectroscopy has developed a diverse set of pulse
schemes that can characterize molecular dynamics over
a broad time scale, but these techniques have not yet
been used to characterize the motion within MIMs. This
study reports the first observation of NMR relaxation
dispersion related to MIM motion. The rotary (pirouette)
motion of a-cyclodextrin (aCD) wheels was
characterized in a complementary pair of rotaxanes with
pirouetting switched ON or OFF. 13C and 1H NMR
relaxation dispersion measurements reveal previously
unknown exchange dynamics for the aCD wheels in the
pirouette-ON rotaxane with a rate constant of 2200 s-1 at
298 K, and an activation barrier of AF;= 43 + 3 kJ/mole.
The exchange dynamics disappear in the pirouette-OFF
rotaxane, demonstrating their switchable nature. The 13C
and 1H sites exhibiting relaxation dispersion suggest that
the exchange involves “macrocycle breathing”, in which
a oCD wheel fluctuates between a contracted or
expanded state, the latter enabling diffusive rotary
motion about the axle. The substantial insight from
these NMR relaxation dispersion methods suggests
similar dynamic NMR methods can illuminate the fast
time scale (microsecond-to-millisecond) mechanisms of
intercomponent motion in a wide range of MIMs.

INTRODUCTION

Mechanically-interlocked molecules (MIMs) 1-2 are
one of the main classes of molecules established by
supramolecular chemistry that have enabled the
development of artificial molecular machines.
Exemplary MIMs include catenanes 3-4 and rotaxanes s-6.
Both cases involve entangling the topologies of distinct
precursor molecules (components) such that they are

kept in mutual proximity by a mechanical bond 7.
Critically, two components held together by a
mechanical bond can undergo motion relative to one
another. Such intercomponent motion, and a means for
its control, are the key properties that have enabled
MIMs to become the basis for prototype molecular
machines.

Rotaxanes are a prominent group of MIMs; they
consist of one or more macrocycle components as
wheels, threaded by an axle component. Bulky stopper
groups at the axle ends keep the macrocycles mounted,
while permitting sliding or rotational (pirouetting)
motion of the macrocycle relative to the axle. Rotaxanes
based on threaded cyclodextrin macrocycles (CD-
rotaxanes) 8-10 have been used to demonstrate new
modes of switchable intercomponent motion. Examples
include the use of redox switching 11-12, and photo-
activation 13 to control the shuttling of a CD macrocycle
between distinct “stations” along the axle component.
Rotaxanes with controlled CD rotational motion about
the axle (pirouette motion) have also been developed 14-
15.

CD-rotaxanes are also the basis of important new
functional materials. These materials consist of poly-
CD-rotaxanes — long chain polymers such as
polyethylene glycol (PEG) threaded by numerous CD
macrocycles 16. Fusing the CD macrocycles on distinct
chains results in molecular “slide-rings” or “slip-link”
pulleys that act as mobile interchain crosslinks that
allow the PEG chains to slide past one another when
there is a mechanical perturbation of the bulk sample 17.
A tangible outcome is a family of “slide-ring” polymer
gels, with scratch resistant mechanical properties, that
have been incorporated into materials and coatings for
the telecommunications industry 18-20.

The applications of CD-rotaxanes as artificial
molecular machines or building blocks of functional
materials, while obviously distinct, rely on the same
basic property: intercomponent motion between the CD
wheel and axle components afforded by the mechanical
bond. This suggests that the ability to modify
intercomponent motion in a predictable manner would



benefit research and development of both molecular
machines and materials. Developing that ability requires
systematic investigations to disclose the atomic features
governing intercomponent motion and its capacity to
carry out its intended function.

These considerations motivate the work presented
herein: NMR studies of CD rotational motion in a
[3]rotaxane recently introduced by Smith and co-
workers 15 (Figure 1). The [3]rotaxane consists of two
“head-to-head” alpha-cyclodextrin (alCD) wheels that
can rotate (pirouette) about the threading axle. The
pirouette motion is switchable; that is, the [3]rotaxane
can be prepared as a pure sample in the pirouette-ON
state where pirouetting is allowed. But a sample can be
completely switched by chemical treatment to the
[1]rotaxane pirouette-OFF state, in which pirouetting is
prevented by covalent boronate ester bonds between the
axle and wheel components. The switchable pirouetting
of these CD-rotaxanes, the first of their kind, makes
them attractive as separate but comparable systems for
investigating the atomic-level determinants of pirouette
motion.

NMR spectroscopy is appealing for these
investigations, as it can describe molecular dynamics
site-specifically and non-invasively 21. Thus far, NMR
studies of intercomponent motion have consisted mostly
of venerable 1H-based methods that are sensitive to
motions on the 10-100 ms time-scale. These include
traditional 1H 1-D lineshape analyses 22-23 and exchange-
mediated transfer of non-equilibrium spin polarization
using either 1-D methods 2425 or 2-D methods, such as
EXSY 26. For example, in the first study of the CD-
rotaxanes of Figure 1 15, the onset of aCD rotary motion
was apparent from the differences in their 1-D 1H
lineshapes 15. These methods are unequivocally
effective; nevertheless, they are limited to motions on
the 10 — 100 ms time scale 27-28. In the general case, they
are unlikely to cover the range of time scales relevant for
intercomponent motion.

Exploring motion over a broad time scale has been
and remains a longstanding priority for NMR
investigations of biological macromolecules.27,29 As a
result, there is now a diverse array of NMR pulse
schemes to probe motion on time scales that
complement 1H lineshape analysis. A particularly
prominent example is the family of experiments
measuring transverse relaxation dispersion of 1H and
heteronuclei (13C, 15N, 19F, 31P). These experiments
characterize motions on the 0.1 to 10 ms time scale by
measuring spin relaxation rate constants in the presence
of an applied radio-frequency (rf) spin-lock 27, 29.
Notably, these experiments can characterize infrequently
sampled configurations that are otherwise unobservable.
Relaxation dispersion studies have exposed functional
motions in both protein and RNA 30, and investigated
flexibility-activity relationships for small molecule
protein inhibitors and chemical probes 31.

NMR relaxation dispersion measurements would
seem to be similarly useful for MIMs. Accordingly, we
performed natural abundance 13C and 1H relaxation
dispersion studies of the pirouette ON/OFF aCD-
rotaxanes in Figure 1, and report our results below. In
brief, the dispersion studies reveal oCD macrocycle
dynamics on the sub-millisecond time scale that are
complementary to, yet inaccessible from, the original 1H
lineshape data 15. The results suggest aCD pirouetting is
coupled to “macrocycle breathing” — transient expansion
of the macrocycle cavity that promotes aoCD pirouette
motion about the axle.

To our knowledge, this is the first application of NMR
relaxation dispersion as a readily available experimental

[3]Rotaxane
Pirouette-ON

[1]Rotaxane
Pirouette-OFF

Figure 1. The two separate rotaxanes of this study. Top:

[3]Rotaxane, pirouette-ON state; Bottom: [1]Rotaxane,

pirouette-OFF state.
tool to characterize the internal molecular dynamics
within a MIM, in this case, a CD-rotaxane. Our findings
suggest that similar “flexibility-function profiles” by
NMR could be useful for disclosing the mechanisms of
intercomponent motion in many other types of MIMs.
Our results also underscore the advantage of measuring
multiple, and complementary NMR parameters to
uncover functional motions that would otherwise elude a
single technique.

RESULTS

Indicators of chemical exchange dynamics. We
compared the [1] and [3]rotaxanes (pirouette-OFF and -
ON states, respectively) using NMR 13C (natural
abundance) and 1H spin relaxation measurements. The
two rotaxanes were synthesized as described previously
15 and separate samples of each pure rotaxane were
prepared for NMR as ~ 4.4 mM solutions, using
deuterated DMSO solvent. The NMR spectra were
recorded on Bruker Avance I (16.4T) and Avance 11
(18.8 T) systems, equipped with TCI cryogenically-
cooled probes (Bruker Biospin, Inc.). The sample
temperatures were 298K (nominal temperature of 303K)
unless otherwise stated. Further data acquisition details
are in the Supporting Information.
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Figure 2. (a) Overlay of natural abundance 2-D 13C-1H HSQC spectra (16.4T, DMSO-d6, 298K) of pirouette-OFF [1]rotaxane (Black)
and Pirouette-ON [3]rotaxane (Red). The 2-D cross-peaks indicate methine and methylene 13C-1H bonds of the six glucopyranose
residues comprising the aCD wheels. (b) Chemical structure of one of the two aoCD wheels in the pirouette-OFF [1]rotaxane, viewed
along the axle axis, showing the boronate ester linkage via C6 of two adjacent glucopyranose units. (¢) Chemical structure and carbon
atom labels for one of the six glucopyranose units within aCD macrocycle.

The pirouette-ON/OFF states showed clear
differences in their NMR spectra indicating differing
extents of internal motion. An example is an overlay of
their 2-D 13C-1H cross-peaks representing the methine
13C-1H bonds within the aCD glucopyranose units
(carbons C2 through C6) (Figure 2). Whereas the
pirouette-ON ([3]rotaxane) only showed a single set of
13C-1H cross peaks for the chemically distinct carbons in
a single glucopyranose unit, the pirouette-OFF
([1]rotaxane) showed a substantially larger number of
13C-1H cross peaks, indicating location-specific chemical
shifts for each 13C-1H bond (e.g. C2), and thus, chemical
non-equivalence of each of the six aCD glucopyranose
units (A through F). Evidently, these non-equivalencies
vanish in the pirouette-ON ([3]rotaxane).

These spectral differences indicate 13C chemical
exchange processes that are present in the ON state
([3]rotaxane) and absent in the OFF state ([ 1]rotaxane).
We reasoned that the absence of boronate ester bonds in
ON state could allow for motions in which the
glucopyranose 13C-1H bonds exchanged between states
with non-equivalent chemical shifts. Exchange rate
constants greater than or equal to the span of non-
equivalent chemical shifts (in Hertz) would cause the
otherwise distinct 13C-1H cross-peaks from the
nonequivalent states to collapse into a single, exchange-

averaged cross-peaks located at exchange-averaged
chemical shifts 32.

To explore this exchange hypothesis, we conducted
natural abundance 13C and 1H NMR relaxation
dispersion experiments 33-34. These experiments are
ideal for studying exchanging nuclear spins that yield
only single observable resonance. They exploit the fact
that the relaxation properties of exchanging nuclei
(spins) retain information concerning the transiently
sampled states rendered “invisible” by excessive line-
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Figure 3: 13C natural abundance CPMG Rz.err versus Verr (28 to 463 Hertz) at 16.4 T in DMSO-d6 for aCD glucopyranose carbons
Cl, C2, and C4 (290K) and axle methylene carbon ‘h’ (298K) for the pirouette-ON ([3]rotaxane) (red) and pirouette-OFF
([1]rotaxane)(black) states. The pirouette-ON ([3]rotaxane) carbons showed dispersion responses that fit to a global, two-state
exchange model (red traces) per Table 1. The pirouette-OFF carbons showed flat responses (no dispersion) and the black horizontal
lines indicate their average R2err. The inset in the C1 profile expands the vertical axis to show the presence versus absence of
dispersion in the pirouette-ON and OFF states, respectively. The locations of the four types of carbon are shown in the molecular
model of pirouette-OFF ([1]rotaxane). Orange spheres are glucopyranose carbons with C1, C2, and C4 labeled. The gray ‘g’ and

green ‘h’ spheres are axle methylene carbons.

broadening, lopsided populations, or both 3s.
“Dispersion” refers to the dependence of the spin
relaxation rate constants on the strength of an applied
radio-frequency (rf) spin-lock. Importantly, the observed
frequency-dependence is a function of the exchange rate
constants, the chemical shift differences between
exchange-coupled states, and their equilibrium
populations. In favorable situations, all three types of
information can be estimated from the experimental data
34-39. We conducted these dispersion measurements for
the pirouette-ON/OFF states, as described below, for
both 13C and 1H nuclei.

13C relaxation dispersion studies. We performed
rotaxane 13C dispersion studies at natural abundance
using 2-D heteronuclear pulse-schemes described
previously 31,40. These schemes measure an effective
13C transverse relaxation rate constant, R2 err, during a
relaxation-compensated Carr-Purcell-Meiboom-Gill
(CPMQG) spin-lock — a train of 13C 1800 refocusing
pulses with an interpulse delay tcp, corresponding to an
rf-field strength in Hertz of verr =1/2 tcp. The dispersion
experiments produce profiles of R2,Err of versus VErr
=1/2 tcp for the exchanging nuclei. The profile shape is

sensitive to exchange processes with rate constants kex
< 2 T VEFF,MAX 39, 41.

We collected the 13C dispersion data by recording a
series of 2-D13C-1H spectra with a fixed CPMG spin
lock length TrELAX but variable rf-field strengths, VEFF
=1/2 tcp, with verF sampling values from 28 Hz to 463
Hz. The resulting series of 2-D 13C-1H cross peaks were
the raw data for determining site-specific 13C R2,EFr
versus VEFF profiles for the pirouette-ON/OFF states.
Critically, profiles showing dispersion (R2,Err
decreasing with increasing verr) identified the 13C sites
undergoing exchange. Flat-profiles indicated either an
absence of exchange, or exchange processes with rate
constant > 2 7T VEFF,MAX.

We determined 13C Rz erF versus VErF profiles for the
methine glucopyranose carbons C1-C5, and the
methylene C6. The C3, C5, and C6 showed flat profiles
(Supporting Information, Figure S1). By contrast, C1,
C2, and C4 showed significant dispersion (R2,EFr
decreasing at larger verr ) in the pirouette-ON state



([3]rotaxane) indicating exchange dynamics at these
carbons (red traces, Figure 3). These same C1, C2, and
C4 carbons showed flat profiles in the pirouette-OFF
state (black traces), indicating no dispersion. Thus,
fusing the axle to the aCD wheels via the boronate ester
bonds quashed the aCD 13C exchange dynamics of the
ON state. Such quashing reveals the switchable nature of
the dispersion-detected 13C exchange dynamics.

It is noteworthy that the C1, C2, and C4 carbons
showing switchable exchange dynamics are located
away from the boronate-ester bonds responsible for the
ON to OFF switching. Specifically, the boronate ester
bonds attach to C6 of glucopyranose residues A and B,
respectively (Figure 2, panel (b), labeled atoms). Those
attachment points bracket just one out of six glycosidic
linkages defining each aaCD wheel; nevertheless, they
affect the entire aCD wheel. This propagated behavior,
reminiscent of protein allostery, suggests that the
dispersion-derived exchange reflects some collective
motion of the aaCD wheels in the pirouette-ON state.

Our dispersion measurements of the axle methylene
units (13C-1H2) were limited to just the ‘g’ and ‘h’ axle
carbons by cross-peak overlap. The ‘g’ methylene
carbon lacked dispersion (flat response) for both
pirouette-OFF and ON states. By contrast, the ‘h’
methylene carbon showed modest but significant
dispersion in the pirouette-ON state that vanished in the
pirouette-OFF state (Figure 3). Thus, the axle
component also showed evidence of switchable 13C
exchange dynamics.

In general, R2eFr reflects the sum R2,err(VEFF) =
Rex(verr) + R2NE , where REx(VEFF) is the frequency-
dependent relaxation due to the micro-millisecond
exchange dynamics of interest, and R 2Nk is a frequency-
independent “plateau” value due to non-exchange
mechanisms. Thus, before fitting the experimental
dispersion profiles (vide infra), we needed to investigate
the extent to which differences between the ON versus
OFF 13C R 2,eFF values might reflect differences in R2,NE.
The R2NE relaxation mechanisms include heteronuclear
dipole-dipole and chemical shift anisotropy mechanisms
modulated by overall molecular tumbling with a
correlation time, Trot , which is typically on the order of
nanoseconds. We therefore wanted to compare trot for
the pirouette OFF and ON states to check for possible
differences in R2,NE.

To estimate troT, we measured laboratory-frame 13C
R2=1/T2 and Ri1=1/T1 relaxation rate constants for the
oCD glucopyranose methines of the same samples and
static magnetic field strengths, using established 2-D
13C-1H methods 42-43. Analysis of the methine 13C R2/R1
ratios 43 gave us TROT estimates, which turned out to be
the same for pirouette-ON/OFF states, within the
estimated errors (troT = 2.7 £ 0.2 ns/r).

To independently confirm our measurements, we
estimated TroT via a different approach, measurement of
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Figure 4. (Top) Line-broadening of glucopyranose 2-
01H/3-0O1H protons at 5 ~ 5.8 ppm in the Pirouette-ON
[3]rotaxane (red) versus the Pirouette-OFF [1]rotaxane
(blue). (Middle) The hydrogen atoms (cyan spheres) can
mediate both intra-wheel and inter-wheel hydrogen bonds.
(Bottom) On-resonance 1H Rip profile for 2-O1H/3-O1H
protons at 16.4T, T = 298K, DMSO-d6.
the translational diffusion coefficients, DTrANS, using
Diffusion Ordered Spectroscopy (DOSY) experiments
44(Supporting Information, Figure S2). We related the
experimental Dtrans values to Drot = 1/6TrOT the
rotational diffusion coefficient, using the Stokes drag
coefficients for translation and rotational diffusion of a
sphere 45. Within the estimated errors, the pirouette-

ON/OFF states gave the same Dtrans values (0.98

0.01 x 10-10m2 s-1) and corresponding troT values (2.8 £
0.03 1/s). Moreover, these DOSY-derived trot values
were within the statistical errors estimated from the 13C
R2/Riratios.

We conclude that trot, the correlation time for overall
tumbling, is essentially the same for the pirouette-
OFF/ON rotaxanes. Thus, we can confidently attribute
the differences in R2.err for the pirouette-ON/OFF states
(Figure 3) to differences in exchange dynamics.

1H relaxation dispersion studies. The pirouette-
ON/OFF systems also exhibit marked differences in
their 1-D 1H spectra (Figure 4). The pirouette-OFF state



([1]rotaxane) showed distinct 3-O1H/2-O1H hydroxyl
proton resonances for the aCD glucopyranosyl residues,
whereas the pirouette-ON state ([3]rotaxane) showed
only a broad “hump”, at ~ 5.86 ppm with an apparent
linewidth (FWHM) of ~ 100 Hz (16.4T, 298K). These
differences suggested switchable exchange dynamics
affecting the 3-O1H/2-O1H chemical shifts.

We investigated this possibility via 1-D rotating-frame
Ri1p=1/T1p relaxation dispersion experiments for the 3-
0O1H/2-O1H hydroxyl protons in the pirouette-ON/OFF
states. Rip is the rate constant for the relaxation of
magnetization along the direction of an applied
continuous wave (CW) spin-lock. The dispersion
experiments measure the dependence of Rip on the
effective rf-field strength of the spin-lock, vsL 33-34.
Spins undergoing chemical exchange show a
characteristic decrease of Rip with increasing vsL,
analogous to the decrease of the CPMG 13C R2,err with
verr. To selectively excite the hydroxyl protons, we
applied an e-PHOGSY spin echo 46-47 just prior to the
spin-lock. The results consisted of Rip versus vst (100 to
4800 Hz) in Figure 4. The pirouette-ON state displayed
a clear 1H dispersion profile for the 3-O1H/2-O1H hump;
by contrast, the 6-O1H hydroxyl protons did not. The
pirouette-OFF state lacked any evidence of Rip
dispersion. Thus, like the carbon C1, C2, and C4 nuclei,
the 3-O1H/2-O1H nuclei exhibited switchable exchange
dynamics.

Exchange parameters from the dispersion data.
The atomic sites showing relaxation dispersion in
Figures 3, 4 —that is, 13C R2grr or O1H Rip decreasing
with increasing Verr or vsL — correspond to 13C (C1, C2,
and C4) or hydroxyl O1H (3-O1H, 2-O1H) nuclei
exchanging between states with non-equivalent isotropic
chemical shifts. Here, the word “state” means a
subpopulation of the molecule’s equilibrium ensemble
yielding the same isotropic chemical shift for a given
nuclear spin. The exchange of a nucleus between states
with non-equivalent chemical shifts causes its local
chemical shielding to act like a stochastic magnetic
field, which amplifies transverse relaxation (exchange
broadening).

The shapes of the dispersion profiles depend on the
microscopic details of the exchange dynamics. Fitting
those shapes to model functions yields dynamic
information including exchange rate constants, fractional
populations of the exchange-coupled states, and the
corresponding span of chemical shifts 33,37-38.

We used model functions appropriate for CPMG 38
and Rip 4srelaxation (Supporting Information, Eqs S2-
S5). The model functions assume the simplest case of a
two-state exchange process, in which the 13C or 1H spins
exchange between just two states (e.g. A € = B) with
distinct chemical shifts. In both cases, the adjustable
parameters were: (i) the net exchange rate constant, kex
= k(A->B) + k(B->A) (tex = 1/kex is the effective

correlation time for the exchange process); (ii) the minor
state fractional population, PmiN (the other immediately
determined by 1 — Pmiv); (iii), the magnitude chemical
shift difference between the two putative states
[dwaB|(rad/sec); (iv) and Rz, g, the non-exchange
relaxation contribution.

TABLE 1. [3]Rotaxane: 13C CPMG Dispersion Two-State
Exchange Parameters, 16.4 T, d6-DMSO, 4.3mM

T/K Site kex(1/s) PMiN Appm RNE (s-1)
290 Cl1 1450430 0.50+ 0.124+ 16.83
0.13 0.002 +0.36
C2 1450430 0.50+ 0.382+ 16.77+
0.13 0.004 0.17
C4 1450£30 0.50+ 0.218+ 18.77+
0.13 0.002 0.07
298 Cl1 2200+70 046+ 0.117« 13.62+
0.24 0.003 0.05
C2 2200+70 046+ 0.336+ 15.48+
0.24 0.001 0.05
C4 2200+70 046+ 0.198+ 1571+
0.24 0.001 0.02
h 5234+20 036+ 0.443+ 12.68+
0.01 0.002 0.13
303 ClI 3110+ 0.50 = 0.141+ 11.96+
130 0.04 0.010 0.05
Cc2 3110+ 0.50 = 0.322+ 13.97+
130 0.04 0.017 0.01
C4 3110+ 0.50 + 0.201«+ 13.74+
130 0.04 0.012 0.05
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Figure 5. Temperature dependence of kex based on

relaxation dispersion of 13C-1H methines of the pirouette-
ON state ([3]Rotaxane). The slope yields an activation

barrier AF; =43 + 3 kJ/mol (~ 17+ 1 ksTr).

simultaneously fit to same kex, and fractional population
PmiN. The other fitting parameters, dwas and R2,NE,
remained site-specific. The global fit suggested a



collective process affecting the entire aCD wheel (see
Table 1).

By contrast, the 13C methylene dispersion profile for
the axle ‘h’ carbon converged to a larger kex that was
incompatible with the global C1-C2-C4 fit. Thus, while
the ‘h’ carbon demonstrated switchable exchange
dynamics, they appear distinct from those of the aCD
methines. This is not unexpected, as the axle and wheel
are distinct components in the [3]rotaxane that are not
connected by a covalent bond.

We then fit the 3-O1H/2-O1H Rip versus vsL profile to
a two-state model appropriate for CW spin-locking 4s.
Interestingly, the 1H Rip dispersion fits at 290K and
298K gave kex and PmiN values quite close to those
obtained from the C1-C2-C4 global fit (Table 2). In
particular, fitting the O1H Rip dispersion profiles with
kex and Pmiv held at values from the 13C C1-C2-C4
global fit produced negligible change (< 1%) in the Rip
chi-squared value (sum of squared errors). At 303K, the
agreement decreased; the same “cross-fitting” procedure
caused a 13% increase in the 1H Rip chi-squared error.
Nevertheless, their optimal values remain close. This
unexpected closeness suggests that a common dynamic
process modulates both the 3-O1H/2-O1H and 13C
methine chemical shifts.

TABLE 2. [3]Rotaxane: Hydroxyl 1H Rip Dispersion Two-
State Exchange Parameters, 16.4 T, d6-DMSO, 4.3mM

T/K  Kkex(1/s) PuviN Appm RNE (5-1)

290 1480+ 140 0.50+0.06 0.48+0.04 282+04
298 1630+ 650 0.50+0.16 0.54+0.07 269+09
303  2500+550 0.50+0.13 046+0.04 204£028

Temperature dependence of the exchange process.
We explored the temperature dependence of kex by
repeating the 13C methine and 3-O1H/2-O1H dispersion
experiments at two additional temperatures (Supporting
Information, Figure S3). Assuming a simple exponential
dependence 49, we plotted In(kexes) versus the reciprocal
temperature (1/T) to estimate the activation barrier. The
slope estimated a free energy barrier of AFy =43 £3
kJ/mole (~ 17.4 ksTr) (Figure 5). This value is slightly
high compared to hydrogen-bonds in H20 solvent (~10
ksTr) , and somewhat less than those reported for
DMSO-water hydrogen bonds so.

DISCUSSION

The mechanically-interlocked molecules (MIMs) in
Figure 1 are rare examples of structurally related aCD-
rotaxanes with rotary pirouette motion completely
switched ON or OFF 15.  As such, they present an
opportunity to identify critical features regulating such
motion that could provide a basis for structural control.

A quantitative site-resolved description of
intercomponent motion was obtained from 13C and 1H
NMR relaxation dispersion measurements. It is
important to emphasize that the dispersion experiments
explore motional time scales (0.1 to 1 millisecond) that
are distinct from those probed by 1H lineshape analyses
(10 to 100 milliseconds) or tH-1H EXSY (1-100
milliseconds) common in studies of MIM motion s, 51-56.

The dispersion measurements revealed clear evidence
of exchange dynamics for the two aCD macrocycles in
the pirouette-ON state ([3]rotaxane). In particular,
several glucopyranose carbons displayed 13C R2,cpmG
dispersion, including: i) C1 and C4, carbons bracketing
the a—1,4-glycosidic linkages between adjacent
glucopyranose residues; ii) and C2, which has a side
chain hydroxyl, 2-O1H, located at the interface between
the two aCD wheels. In fact, the 2-O-1H and 3-O-1H
protons, which both reside in the inter-wheel space,
showed significant 1H Rip dispersion. Fits of the
experimental 13C and 1H dispersion profiles to two-state
model functions at three temperatures produced
exchange rate constants and fractional populations that
were strikingly similar (Table 1). This strongly
suggests a common dynamic process underlying both
the 13C and 1H dispersion profiles — a mode of collective
motion for the aCD wheels with an effective two-state
rate constant kex = 2200 s-1 at room temperature (298
K).

Importantly, the exchange dynamics are switchable:
the 13C and 1H dispersion in the pirouette-ON state
([3]rotaxane) vanish in the pirouette-OFF state
([1]rotaxane). The OFF state is enforced by boronate
ester bonds that covalently fuse each axle end to its
proximal aCD wheel. The boronate ester bonds are
linked via C6 carbons on two adjacent glucopyranose
units within the aCD macrocycle (Figure 1). These
local attachments have global consequences: quenched
exchange at distinct carbon (C1, C2, and C4) and
hydroxyl proton (2-O1H, 3-O1H) sites around the entire
aCD macrocycle. This behavior is reminiscent of the
allosteric responses of coupled subunits engaged in
long-range, collective motion; localized perturbation at
one subunit can propagate to other subunits 57-59.

By themselves, the relaxation dispersion observations
do not identify specific configurational dynamics.
Instead, their physical basis (stochastic modulation of
isotropic chemical shifts caused by exchange dynamics)
guides our consideration of plausible rotaxane motions.
In particular, such motions should: i) modulate those
physicochemical properties producing the site-specific
variations in the 13C and hydroxyl 1H chemical shifts; ii)
reduce sharply upon formation of the boronate ester
bonds that turn off the pirouette motion.

Chemical shift modulation and pirouette-ON
motion. There is substantial literature showing the
dependence of aCD glycosidic C1 and C4 13C chemical



shifts on the intervening glycosidic torsion angles ¢, .
60-63 Solid-state CP/MAS NMR studies of crystalline
o.CD samples 2 with corresponding x-ray crystal
structurese4-65 revealed that the breadth of solid-state C1,
C4 chemical shifts is indicative of the breadth of ¢, y
around the aCD macrocycle. For example, cavity-vacant
versus cavity-occupied aCD produced C1 shifts with an
rmsd of 1.8 ppm versus 0.27 ppm, respectively. Notably,
the span of ¢, y values in the cavity-vacant crystal
structure was broader and included outlying ¢, y values
stabilized by hydrogen bonds considered
unrepresentative of the solution state 62 The rsmd of
cavity-occupied aCD (0.27 ppm) compares well with
the pirouette-ON Appm values obtained from 13C
dispersion studies (Appm = 0.1 to 0.4 ppm in Table 1),
likely a reflection of the fact that the rotaxane aCDs are
cavity-occupied by the axle. In total, our pirouette-ON
Appm values are comparable with the lower range of
solid-state C1 and C4 shifts attributed to ¢, y variability
of the aCD macrocycle.

Another indication that the dispersion-derived 13C
Appm reflect torsion angle variation is the spread of C1
and C4 shifts observed for the pirouette-OFF state
([1]rotaxane) 15. As a result of the boronate ester
linkages, the glucopyranose 13C and 1H shifts from
different residues are resolved. The C1, C2, and C4
show rmsd values of 0.39, 0.11, and 0.57 ppm; these
values exclude the carbons from the two glucopyranose
residues that bridge to the boronate esters.

Computational approaches have revealed the
sensitivity of solution-state 13C shifts to aCD ¢, y
fluctuations. Specifically, Moyna and co-workers
developed ab initio 13C chemical shift surfaces capable
of reproducing the C1 and C4 variations in the solid-
state studies described above. Applying those surfaces
to aCD conformers sampled by a 5 ns molecular
dynamics simulation in water reproduced the solution-
state C1 and C4 shifts, and established them as averages
over broad distribution of y values (ymiN = -51.4, ymax
=109.4, yavG = 7.3 +/£ 15.3 deg) ¢6-67 Critically, the
breadth of y values overlapped well with the y
distribution determined by the NMR study of Thaning et
al. 68, the latter revealing two preferred regions of v,
suggesting at least two macrocycle conformations in
equilibrium exchange. Finally, a recently reported 5-
microsecond molecular dynamics (MD) simulation of
aCD, in water, 69 recapitulated the multistable nature of
v, and added a third minor y-state to the two inferred
from NMR. These findings demonstrate the feasibility of
multi-state  angle distributions producing C1 and C4
shifts with magnitudes similar to the Appm for the
pirouette ON-state ([3] rotaxane).

The torsion angle dependence of the C2 shift appears
to have received far less attention than C1 and C4.
However, recent DFT calculations by Vila and co-
workers have highlighted the torsion angle H2-C2-O2-H

(i.e. rotations about C2-02) as having an influence on
C1 shifts, and raises the possibility of an effect on C2
itself 7o.

In light of the a.CD results above, and the general
sensitivity of 13C shifts to local torsion angles 71-72 , we
identify the aCD C1, C2, and C4 dispersion in the
pirouette-ON state ([3]rotaxane) as indicative of torsion
angle fluctuations, particularly y, a glycosidic torsion
angle defining the overall shape of the aCD macrocycle.

The C1, C2, and C4 dispersion responses could be fit
to the same two-state process (i.e. same kex and PmiN).
We are therefore driven to speculate as to possible
torsional fluctuations that would promote collective C1,
C2, and C4 responses. One possibility is correlated
torsion angle dynamics, such as y and that defined by
H2-C2-02-H. Fluctuations of y could be correlated
with the “flip-flop” of O2 between alternative hydrogen
bond configurations that differ in the rotational freedom
of torsion angle, H2-C2-02-H. Candidate hydrogen
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Figure 6. Macrocycle breathing model for a.CD pirouette motion in ([3]rotaxane). The figure depicts one aCD wheel of
[3]rotaxane, viewed along the axle axis, pirouetting about the encapsulated axle. Thermal energy fluctuations enable transient
expansions of the aCD cavity which reduce non-covalent interactions with the axle to favor rotary pirouette motion. Cavity
expansion involves coordinated changes in aCD glycosidic torsion angles ¢ and y (left box) around the wheel, which in turn
disrupts hydrogen-bonds between the acceptor 2- O1H and donor 3-O1H in adjacent glucopyranosyl residues, and interfacial
hydrogen bonds between the two aoCD wheels. These hydrogen bonds experience transient disruption by solvation which is
enhanced by the trace water molecules in the d6-DMSO solvent. The acceptor 2- O1H is part of torsion angle x (H2-C2-O2-H in

the main text).
bonds 1nclude transient “intra-wheel” hydrogen-bonds
within one o.CD macrocycle 73, or hydrogen bonds
between the head-to-head a.CD macrocycles (Figure 4).
However, this raises the question as to why C3, which is
ostensibly similar to C2, lacks switchable 13C R2,cpmG
dispersion. The asymmetric behavior may be related to
the preference for O2 acceptor hydrogen bonds over O3
acceptor hydrogen bonds noted in NMR studies of
isolated alCD 74-75.

Alternatively, the collective C1, C2, and C4 responses
could be due to the correlated torsion angle dynamics
around the glucopyranose backbone, reported by the
above-mentioned five microsecond MD simulation of
oCD in H20 6. Notably, the simulation revealed that
transient fluctuations of the aCD cavity radius (0.05 to
0.2 nm) coincident with correlated torsion angle
motions. The aforementioned “allosteric” effects of the
boronate ester bonds indirectly support this type of
correlated motion: these bonds to C6 of two adjacent
glucopyranose residues affect the motion of carbons Cl1,
C2, and C4 for the entire aCD macrocycle.

We note that the fitted “plateau” values, R2Ng, for C2
and C4 (but not C1) are larger than expected based on
troT. Higher R 2NE is often diagnostic of additional
exchange processes with rate constants KexFasT > 2 1t
VEFF, MaX , Which manifest as offset on top of the
rigorous R2NE 41. In the context of a two-state model,
this would mean that one or both of the exchanging
states identified at lower vEFF is actually two substates in
rapid exchange. Exploring this possibility calls for

alternative experimental methods better suited tor taster
time scale motions (vide infra).

Hydrogen bond reorganization and the effects of
trace amounts of water. Dynamic hydrogen bonding
(i.e. transient bond breakage/formation) is the likely
origin for the 3-O1H/2-O1H Rip dispersion profiles
observed for the pirouette-ON state ([3]rotaxane). The
process would modulate the O1H chemical shifts, and
show sensitivity to OFF/ON switching. In fact, labile
hydrogen bonds involving 3-O1H donor /2-O1H acceptor
(3-O — H -+--2-0) pairs have been established by both
liquid-state NMR experiments 74 and MD simulations 69
in studies of isolated a—, B—, and y-CDs. Of course, a
critical difference between those studies and the present
work is that our aCDs are mounted (mechanically
bonded) as a head-to-head pair on an axle. Thus, the
prevailing hydrogen bond network may go beyond just
intra-wheel interactions to include cross-wheel
interactions (Figure 4).

While the rotaxane NMR solvent was ostensibly
deuterated DMSO, the samples contained trace amounts
of water (mainly HDO), introduced during sample
preparation which was done under open-air, bench-top
conditions (in this study). These trace water molecules
raise interesting possibilities for the atomic motions
driving the 1H Rip dispersion observed for the pirouette-
ON state. Suppose that the hydroxyl 1H Rip dispersion
reflects the “flip-flop” of aCD 3-O1H/2-O1H between
alternative hydrogen bond configurations (either within
one or between two alCD macrocycles). Such “flip-
flops” would involve transient hydrogen-bond breaking,



an event with a rate-constant (probability-per-unit-time)
dictated by its corresponding activation barrier. Trace
amounts of water (HDO) could lower the activation
barrier, by solvating the 3-O1H/2-O1H hydroxyls in their
“non-internally hydrogen-bonded” states. HDO-
hydroxyl hydrogen bonds are considered more labile
than DMSO-hydroxyl hydrogen bonds, with shorter
lifetimes 76. Hence, HDO could lower the activation
barrier for hydrogen-bond reorganization, relative to
neat DMSO, by providing labile, readily accessible
hydrogen bond donors/acceptors for the 3-O1H/2-O1H
hydroxyls. 1H spectra of the pirouette-ON state
([3]rotaxane) prepared under different anhydrous
conditions (Supporting Information, Figure S4) supports
this hypothesis. In particular, its 3-O1H/2- O1H
linewidths vary with the amount of residual water,
suggesting that the exchange broadening scales with the
water availability. Further insight could come from
increasing the deuterium content (isotope effect) and
observing changes (or, lack thereof) in the dispersion
rate constants. Such work is in progress.

A model of switchable rotary motion. To
summarize, previous literature establishes the
dependence of the 13C and 1H chemical shifts on local
torsion angles and hydrogen bond networks. Our
relaxation dispersion experiments reveal time-dependent
chemical shifts in the pirouette-ON ([3]rotaxane) absent
in the pirouette-OFF ([1]rotaxane), and thus, indicate
some form of switchable, internal motion. The motion
most likely entails fluctuations of the backbone
glycosidic linkages (¢, ) influencing the aCD 13C
methine chemical shifts, accompanied by reorganization
of hydrogen-bonds that involve the 2-OH/3-OH
hydroxyls. The 13C and hydroxyl 1H dispersion profiles
are compatible with a global, two-state exchange process
(same Pwmin and kex), suggesting they partake in the same
collective motion. The switchable dispersion observed at
the axle CH2 (proton ‘h”) appears to reflect a different
dynamic process. This is plausible, considering that the
axle and aCD wheels in the pirouette-ON state
([3]rotaxane) are not covalently connected, and could
therefore adopt different modes of motion.

The above considerations lead us to a model for
pirouette motion outlined in Figure 6, in which the
dynamics intrinsic to the pirouette-ON state correspond
to fluctuations in the aCD cavity size (i.e. inner
diameter). We envision the aCD cavities sampling a
distribution of inner diameter sizes, the larger sizes
favoring stochastic rotary motion of the aCD wheels,
and smaller sizes discouraging it. The notion that the
aCD cavity diameter determines the strength of the non-
covalent interactions with the encapsulated axle is well-
established by the myriad of host-guest studies
investigating the guest size complementarity of different
CD hosts 73-74. For the pirouette-ON state ([3]rotaxane),
the methylenes of the axle component act as the

encapsulated “guest”. We propose that: (i) aCD
pirouetting is favored upon reduction of non-covalent
interactions between the wheel and the axle; (ii)
Transient reduction of these interactions is a
consequence of transient alCD cavity expansions
resulting from thermal fluctuations in the glycosidic
torsion angles (y in particular) and the 3-O1H/2-O1H
mediated hydrogen bonds 74-75,77-78 . (iii) The torsion
angle and hydrogen bond fluctuations are plausible
modulators of the 13C and 1H hydroxyl chemical shifts
sensed by the 13C CPMG and 1H Rip relaxation
dispersion experiments. A tempting speculation is that
the primary degrees of freedom for breathing are
correlated fluctuations of v and H2-C2-O2-H (y in
Figure 6). These torsions, found at each glycosidic
linkage around the aCD wheels, could account for the
compatibility of the 13C and O1H dispersion profiles
with a common two-state exchange process.

In the pirouette-OFF state ([ 1]rotaxane) the boronate
ester bonds fuse the aCD wheels to each end of the axle.
Not only does this prevent each wheel from pirouetting,
it brackets a glycosidic linkage and restricts its torsion
angles, ¢ and y. Because the glucopyranose torsion
angle fluctuations are correlated around the ring, the loss
of torsion mobility at one glycosidic link propagates
allosterically around the entire wheel. The loss of aCD
backbone flexibility inhibits cavity expansion and
concomitant hydrogen-bond reorganization needed for
sufficient wheel/axle disengagement. The overall effect
is the absence of observable relaxation dispersion
throughout [ 1]rotaxane.

Pirouette motion in [3]rotaxane gated by transient
cavity expansion/contraction is appealing for several
reasons. First, it involves correlated fluctuations around
the a.CD wheels, which could underlie the two-state
exchange process indicated by the data, with the two
states being distinct clusters of wheel conformations
with smaller or larger wheel cavities. Second, the trace
amounts of water in the sample could render 3-O1H/2-
O1H fluctuations more frequent by providing
“lubrication” as proposed in recent computational study
of facilitated rotaxane motion 79. Our model considers
the non-covalent interactions between axle and wheel as
a source of internal “friction” that inhibits pirouetting of
the aCD wheels. The strength of these interactions
depends on the inner diameter of the aCD cavity which
is modulated by thermal energy fluctuations or transient
solvation of the wheel hydroxyls. Third, it offers an
explanation for the pirouette-ON and OFF states
showing the same trot, the overall rotational correlation
time. In general, experimentally determined trot values
reflect mean (conformationally averaged) shapes of the
molecules in solutionss, so. The ON and OFF states differ
in that cavity fluctuations occur freely in the ON state,
but are suppressed by the boronate ester linkages in the
OFF state. Critically, the cavity fluctuations sample both



larger and smaller diameters. Thus, the mean cavity
sizes of the two rotaxanes are likely to be quite similar,
resulting only in small changes of their diffusion tensors
that remain unresolved by our methods here.

})

In essence, Figure 6 proposes “macrocycle breathing’
as the dynamic process gating pirouette motion in the
pirouette-ON state [3]rotaxane (pirouette-ON). Such
“macrocycle breathing” is conceptually similar to that
observed previously in a simpler [2]rotaxane structure,
where the breathing cycle modulated well-defined
hydrogen binding interactions between the wheel and
axle s1. The likely non-covalent interactions within the
pirouette-ON ([3]rotaxane) are dispersion interactions
between the aCD cavity and the encapsulated axle
methylene units, and/or polar interactions between the
primary hydroxyls in the aCD tails and the functional
groups at each axle end.

Caveats. The discoveries presented here raise several
new questions that guide future steps in the research.
First, there is evidence suggesting more rapid exchange
dynamics beyond our verr, MAX including shallow 13C
dispersion observed for the ‘h’ methylene (Figure 3),
and the higher RaNE values for aCD C2 and C4.
Strategies for accessing faster exchange include
dispersion measurements at different static field
strengths, adiabatic Rip or R2p measurements 3o, 82,
dispersion of multiple quantum coherences, varying the
choice of nuclei (e.g. from 1H to 19F) and, of course,
temperature. New information from such studies may
dictate refinement of the two-state exchange parameters,
such as the number and fractional population of
exchange-coupled states, and the associated chemical
shift differences Appm. That is, the two-state model and
parameter values are understood to be provisional; while
it has given us new insight, it is unlikely to be the final
description.

At the same time, we point out that our main
conclusion — the macrocycle breathing hypothesis for
switchable pirouette motion, is not based on specific
two-state parameter values. Instead, it is based on our
discovery of an apparently cooperative exchange
process, involving both 13C and 1H nuclei at the
glycosidic linkages defining the cavity space of the aCD
macrocycle, and thus, the switchable nature of its
interaction with the encapsulated axle. Our macrocycle
breathing hypothesis does not hinge on specific values
of the model parameters used in the two-state fit.

Further tests of the macrocycle breathing hypothesis
should investigate its core stipulation: exchange of the
pirouette-ON state between two clusters of co-
conformations that differ in the intimacy of non-covalent
wheel/axle contacts. Fluctuations of these contacts could
be identified by magnetization transfer between the axle
and wheel components, and studies of their isolated state
dynamics. In fact, we have begun 13C CPMG dispersion
studies of isolated aCD (Supporting Information,

Figure S5). Our initial findings show the absence of the
stark C2 dispersion exhibited by the pirouette-ON state
([3]rotaxane). Complementary studies of the axle would
include investigations of its internal mobility in the
isolated versus encapsulated states, and variable
temperature 13C dispersion measurements of the axle
methylenes, analogous to those done for the methine
carbons of the aCD wheels. Such studies require prior
investigation of possible artifacts due to strong scalar
coupling or cross-correlated 13C-1H dipole-dipole
relaxation 83-84. To identify distinctive features of the
putative co-conformer clusters, a conventional analysis
of structural parameters such as NOEs, scalar couplings,
and residual-dipolar couplings, would seem
inappropriate, given the extensive conformational
averaging. A more appropriate approach could be a fit of
the NMR parameters in terms of a conformational
distribution, as demonstrated for the isolated a.CD by the
Widmalm and Malniak groups ¢s. The potential value of
including dispersion data alongside NOEs and various
couplings for broader searching of multi-conformational
landscapes is suggested by Ernst and co-workers in their
studies of the cyclic decapeptide, antamanide 34.

The above discussion of specific mechanistic details
should not obscure the broader implications of the
present work: demonstration that an existing NMR
method, relaxation dispersion, can provide substantial
new insight into MIM motions on time scales distinct
from those of standard NMR methods.

Implications of macrocycle breathing model for
sliding motion. The short, fixed length of the
encapsulated axle prohibits significant one-dimensional
translation (sliding) of the aCD wheels along the axle
length. Nevertheless, our “macrocycle breathing” model
has implications for the stochastic diffusion of an aCD
wheel along a long polymer chain, a central process in
many poly-CD-rotaxanes including the practically
important “slide-ring” polymer gels 17 . For example, a
recent quasi-elastic neutron scattering (QENS) and
molecular dynamics (MD) study of poly-aCD-rotaxane
85-86 by Ito and co-workers indicates that the sliding
motion of aCD rings (wheels) along a long PEG axle
consists of hindered “slip-stick™ translational steps.
Their analysis of MD trajectories included calculation of
sliding motion diffusion coefficients for different inner
diameters of aCD, and different simulation
temperatures. Interestingly, for aCD inner diameters
close to the outer diameter of the PEG axle, the
calculated diffusion coefficients showed an exponential
temperature dependence as depicted in our Figure 5.
The authors linked the simulated exponential
dependence to the hindered a.CD sliding indicated by
QENS, suggesting that it reflects diffusion over
activation barriers from transient wheel/axle contacts.

Our “macrocycle breathing” model suggests an
attractive mechanism to explain the hindered aCD



sliding behavior; namely, the same fluctuating non-
covalent interactions between axle and wheel that gate
pirouetting could also gate sliding. In this scenario, the
rates of pirouetting or sliding — the two fundamental
inter-component motions of all rotaxanes — are both
determined by the strength of fluctuating wheel/axle
contacts. If this is tenable, then our dispersion data
indicate that solvent interactions are likely important
(and controllable) factors that modulate the amplitude
and time scale of these fluctuating contacts.

Conclusion. Intercomponent motion is a defining
property of artificial molecular machines, either as
prototypes for stand-alone nanoscale devices, or as
elements within new functional materials (e.g. slip-ring
polymer gels 20). For continued advances, it is important
to develop a broad portfolio of experimental techniques
that can reveal physical insight and permit optimization
of the motion for enhanced s7-88 performance.
Biomolecular NMR spectroscopy has accrued a diverse
set of experimental techniques over the last two decades
for studying molecular dynamics over a broad time
scale, 27,29 but many have not yet been applied to the
study of MIMs, such as the rotaxanes described here. To
our knowledge, this study reports the first observation of
relaxation dispersion in a MIM. Specifically, we find
that 13C and 1H NMR relaxation dispersion
measurements are consistent with a two-state exchange
process for the pirouetting of aCD wheels in a
[3]rotaxane with a characteristic rate constant of 2200 s-1
at 298 K, and a corresponding activation barrier of
barrier of AF:+=43 + 3 kJ/mole (~ 17.4 ksTr). The
exchange dynamics can be switched off by chemical
conversion to a locked [1]rotaxane. A “macrocycle
breathing” model is proposed to rationalize the observed
exchange dynamics, in which a aCD wheel fluctuates
between a contracted or expanded cavity states, the latter
allowing for diffusive rotary motion about the axle. One
of the mechanistic implications of this model is a
possible process for stochastic diffusion of a CD wheel
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