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ABSTRACT: In artificial molecular devices, flexible, linear
chains typically exhibit very weak capability in inhibiting
molecular motion. Herein, we describe the dynamic
properties of a series of molecular turnstiles consisting of
a rigid frame and a phenyl rotator flanked with linear
alkoxymethyl substituents. The long, flexible substituents
act as elastic baffles to inhibit the rotations of the rotator at
medium to fast speeds on the NMR time scale. When the
rotator moves slowly, the substituents become more
relaxed, thus obtaining an opportunity to completely
thread through the cavity of the turnstiles. These findings
reveal a basic but missing correlation between steric
hindrance and speed of motion for flexible, linear chains in
dynamic molecular devices, thus opening up a new
direction toward molecular machines with more elaborate
dynamic functions.

he development of new artificial molecular machines’ is a

field of ever-increasing interest and activities in the wake
of their potential applications in sensing,” catalysis,” and
nanotechnology.” Over the past decades, significant progress
has been achieved in this field." However, compared with the
numerous efforts in exploring molecular features of frameworks
and rigid moieties, the function of flexible, linear chains with
respect to their application in molecular machines has not yet
been extensively addressed,” leaving a knowledge void on their
roles and applications in artificial molecular machines.

Motion inhibition is one of the basic tasks in the design of
miscellaneous artificial molecular machines. To achieve this
goal, rigid and bulky groups have been extensively utilized, as
can be seen in a large number of ingenious dynamic systems,
including molecular brakes,” molecular turnstiles,® shuttles,”
rotaxanes,'’ and models of muscles.'! By contrast, the use of
flexible, linear chains for this purpose has seldom been
considered. This is mainly due to their structural flexibility,
which greatly decreases the steric hindrance of the chains and
makes it difficult to evaluate kinetic factors. Consequently,
flexible, linear chains are typically found to hardly affect the
dynamics of the molecular machines, regardless of the actual
chain length employed.'”'® A possible strategy to overcome
this obstacle is segregating the dynamics of molecular machines
to a shorter time scale compared to the motion of the whole
flexible chains themselves, as we previously applied in the
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construction of molecular shuttles with reversibly wrapped
foldamers."*

Herein, we report that flexible, linear alkoxymethyl
substituents on the rotator of molecular turnstiles clearly
show the ability to act as elastic baffles to hinder the rotation of
molecular turnstiles. The function depends on the motion
speed of the rotator, being ineffective when the rotator moves
slowly on the NMR time scale. Thus, the turnstiles move in two
totally different modes, including oscillation and rotation, in a
wide range of temperatures (Figure 1).
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Figure 1. Cartoon illustration of two motion modes (oscillation and
rotation) for the studied molecular turnstiles with flexible, linear
substituents on the rotator.

The designed turnstiles, la—i, consist of a trapezoidal
framework and a phenyl rotator flanked with a pair of flexible,
linear alkoxymethyl substituents (Figure 2), in which a self-
assembly strategy based on strong coordinative binding of Pd**
cation to bidentate pyridine-containing ligands was used to
construct the macrocycle frame."> This type of turnstile was
chosen as the platform in this proof-of-concept study because
of the low rotation energy barrier (<1 kcal mol™) for
diphenylacetylene,'® allowing a fast rotation of the rotational
component in the absence of intramolecular steric interactions.
A series of alkoxymethyl substituents with different chain
lengths were used in our design, aimed at gaining a correlation
between the alkoxymethyl chain length (could be expressed in
terms of the number of atoms other than hydrogens on the
main chain, denoted N,,,,) and the dynamics of the turnstiles.
The incorporation of an oxygen atom was designed to simplify
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1a R=CH,

1b R=n-CyH,

1¢ R=n-CH,

1d R =n-CgHys

1e R=n-CgHy,

1f R=n-CeHyg

19 R=n-CyoHy,

1h R=n-CypHys

1i R=n-CygHss

1b# R = CH,CH(CHy),

1d# R = (1-C,Hg)CH(CH),
1h# R = (7-C1oHa0)CH(CHa),
1i# R = (1-C1qHag)CH(CHa),

Number of atoms

Figure 2. The studied molecular turnstiles. The number of atoms
other than hydrogens on the main chain of the alkoxymethyl
substituents (N,,,) is given on the right for each compound.
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the '"H NMR signal pattern of the two diastereotopic methylene
protons (H;) geminal to the phenyl rotator, providing a coupled
AB spin system which could be utilized as a probe to detect the
motion of the rotators.**

The overall strategy for synthesizing the target precursors of
the molecular turnstiles (ligands 9a—i, Scheme Sl in the
Supporting Information (SI)) is similar to that in our recent
work on the triptycene-based coordination turnstiles," except
that a Williamson ether synthesis was employed to attach the
flexible substituents to the rotator. Turnstiles la—i were
obtained quantitatively by mixing a solution of Pd(MeCN),Cl,
in acetonitrile with the corresponding ligands in chloroform at
room temperature, followed by concentration under a reduced
pressure.

The formation of the Pd** complexes was first supported by
"H NMR titration experiments (Figures S1—S13, SI), in which
the signals of ligands gradually became weaker upon the
addition of Pd** cations, along with the appearance of a new set
of signals corresponding to the complexes. Evidence for the
formation of a macrocycle was provided by the 2D NOESY
spectrum of 1d, in which the cross-peaks of H.—H; and H.—Hj,
can be clearly observed (Figure S24, SI). The turnstile structure
of the molecules was confirmed by single-crystal X-ray
diffraction analysis on 1b (Figure 3).
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Figure 3. X-ray molecular structure of turnstile 1b. Atoms are depicted

with thermal ellipsoids set at the 50% probability level. Further details
are reported in Tables S2 and S3, SI.

The complexation caused considerable changes of absorption
bands of the ligands. The best fit to the UV—vis titration curves
in a 1:1 binding model yielded the association constants of 1a,
1b, 1d, 1f, and 1h to be in the range of (1.8—2.8) X 10° M™!
(Table S1, SI) in 3:1 (v/v) CHCl;/MeCN. The narrow range
here indicates that the length of the chains has no significant

impact on the coordination process as well as the stability of the
complexes.

By comparing the '"H NMR spectra of turnstiles la—i in 96:4
(v/v) CDCly/acetonitrile-d; at 298 K (Figure S14, SI), we
deduced that the internal rotation of the turnstiles hinges on
the chain length of the alkoxymethyl substituents. For instance,
the turnstile with shorter alkoxymethyl substituents, 1a, was
found to rotate faster on the NMR time scale at room
temperature, as evidenced by the well-resolved singlets of
protons H; in its '"H NMR spectrum. However, for the other
molecules with longer substituents, the pair of protons Hj
became diastereotopic (appearing as an AB quartet), indicating
that the longer substituents are capable of, at least, slowing
down the rotation of the rotators.

To further explore the relationship between N, and the
motion of the turnstiles, variable-temperature (VT) 'H NMR
experiments were carried out on la—i. The range of
temperatures investigated was chosen to be near the
coalescence temperature for each compound, at which the
intramolecular exchange is medium on the NMR time scale.
For 1a in CDCl,, decreasing the temperature slowed down the
rotation of the rotators, giving rise to broadening followed by
splitting of the resonance of H; (Figure 4a). A decoalescence of

(a)
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253 K A A k=109 s
243K A A k=91s"
233K A A k=75s"
223K A A k=64s"
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5.0 4.8 ppm 5.0 4.8 ppm
®) Experimental Simulated
373K % A k=120s"
368 K A k=107 s
363 K A A k=87s"
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Figure 4. Experimental and simulated VT 'H NMR spectra (500
MHz) of (a) 1a (2 mM) and (b) le (2 mM) at the region of H; in
CDCl; and CDCL,CDCl,, respectively. The temperature (T, K) and
calculated rate constants (k, s™') are given for each trace.

the protons was observed at 218 K. VT '"H NMR experiments
on 1b—i were performed on the solutions of the compounds in
1,1,2,2-tetrachloroethane-d,, a solvent that has polarity similar
to that of CDCI; but a higher boiling point. In these cases,
coalescence was observed at ca. 322 K for 1b and in a
temperature range of 340—360 K for lc—i (Figure 4b and
Table SS and Figures S35—S42, SI). These coalescences
suggest that the methylene groups adjacent to the rotators are
capable of passing through the cavities of the turnstiles.

A series of free energy of activation values (AG¥) for the
movements of the studied molecules were calculated using the
Eyring equation.'” Since the VT 'H NMR measurements were
carried out at temperatures in different ranges for different
turnstiles, for comparison, the kinetic data at 353 K were
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obtained, in which the data for 1a were calculated by the linear
extrapolation method.'®"” The results (Figure 5 and Table S5,
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Figure 5. Plots of the calculated free energy of activation (AG¥) at 353
K for the turnstiles’ motion versus the length of the main chain of the
unbranched and the branched alkoxymethyl substituents on the
rotator.

SI) show that the AG* value increases considerably with the
increase of Ny, up to 10 (from 16.7 kcal mol™" for 1a to 18.0
kcal mol™ in the case of 1e), then slightly decreases and finally
stabilizes at a level around 17.5 kcal mol™ when N, > 12.
This is different from what we hypothesized, as we had
expected that progressively increasing the chain length of the
flexible substituents would produce a steady increase in their
steric hindrance, thus hindering the rotation of the turnstile
more effectively. A possible explanation for this inconsistency is
that the turnstiles containing long, flexible substituents on the
rotator may move differently from those incorporating short
ones.

To obtain detailed dynamic features of the turnstiles, we
prepared another four molecules, 1b#, 1d#, 1h#, and 1i#,
incorporating a pair of alkoxymethyl substituents with a
branched end on the rotator (Figure 2), as controls for 1b,
1d, 1h, and 1i, respectively. The branched substituent, which
could be regarded as a methyl derivative of the linear one, was
designed to possess a bulky subunit at the end of the chain,
serving as a stopper to prevent a complete threading of the
flexible strand through the turnstile cavity but, at the same time,
provide the whole substituent a steric hindrance approximately
equal to that of its unbranched counterpart.

VT 'H NMR investigation on 1b# in 1,1,2,2-tetrachloro-
ethane-d, showed that protons H; appeared as an AB quartet at
all temperatures studied, even at the high-temperature limit of
383 K (Figure S43, SI). This indicates that, much different from
1b, the turnstile 1b# is conformationally locked and cannot
undergo rotation in the whole range of temperatures examined.
Given that the structural difference between 1b# and 1b lies
only on the termini of the substituents, the big difference in
turn demonstrates that the rotator of 1b indeed undergoes
rotation. This agrees with the results of density functional
theory (DFT) computations (Figure S49, SI), which predicted
the propoxymethyl substituent is small enough to pass through
the cavity. By contrast, the H; signals of 1d#, 1h#, and 1i#,
turnstiles with N, ., = 8, 14, and 18, respectively, showed
patterns very similar to those of their linear counterparts at
room temperature, and coalesced at almost the same
temperature as well. Furthermore, the measured rotational
barriers for 1d#, 1h#, and 1i# were found to be almost identical
to those of 1d, 1h, and 1i, respectively (Figure S and Table SS,
SI). These observations indicated that, during the movement of

15851

turnstiles with long, flexible substituents, there were in fact no
steric interactions at all between the termini of the substituents
and the macrocycle frameworks. Consequently, the terminal
segments of the flexible substituents never passed through the
cavities in the motion of the molecules, providing an
explanation for why the chain length of the rotor substituents
has no significant impact on the motion barrier when N, > 8
(Figure S). Considering that the methylene groups adjacent to
the rotators are capable of passing through the cavities in all
cases except that of 1b#, one can conclude that, in the process
of motion for such molecules, the flexible substituents partially
pass through the cavity (to give a chemical exchange between
two probe diastereotopic methylene protons) by a head-in
rather than an end-in threading mechanism, and then undergo
unthreading (rotating back), presumably driven by the chain
tension presenting in the transition state of the molecules as
well as Brownian motion, thus giving rise to an overall motion
in the mode of oscillation (Figure 1). In this process, the chain
segments are governed partially by Brownian motion and
partially by collective motions imposed by the rest of the
rotator component.”’ The indirect interaction between the
terminal segment and the phenyl rotator depends on the chain
length, becoming weaker in the systems incorporating a longer
chain. When N,,,,, > 12, this interaction might tend to be
negligible.

The findings presented above demonstrated that long,
flexible, linear substituents could act as elastic baffles to inhibit
rotation when the rotator moves at a medium or fast speed on
the NMR time scale. We then anticipated that slowing down
the intramolecular oscillation of the studied molecules, to a
time scale comparable to or even longer than that of the local
dynamics of the whole flexible chains, would allow the chain
segments to relax more, thus providing the chain an
opportunity to completely thread through the turnstile cavity.
To test our hypothesis, VT '"H NMR investigations on 1h and
1h# in 1,1,2,2-tetrachloroethane-d, at temperatures in a wider
range (363—313 K, compared 367—342 K for 1h# in previous
investigations) were carried out, and the results are shown in
Figure 6. For 1h, a linear Eyring plot can be observed,
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Figure 6. Eyring plots of the rates of exchange obtained from line
width analysis of protons H; on 1h and 1h#.

indicating that the activation enthalpy and the entropy indeed
remain constant in the whole range of temperatures examined.
In contrast, the data points of 1h# do not fit linearly in the
investigated temperature range. While the plotted points in the
range of 363—335 K almost overlap with those of 1h, the ones
at relatively low temperatures (335—313 K), at which the
rotator moves slowly on the NMR time scale (as evidenced by
the obvious AB quartet 'H NMR signal of H;), gradually
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deviated downward from the previous trend line upon
decreasing the temperature, thus giving a convex Eyring plot.
Again, this deviation could only be attributed to the steric
interaction between the terminal stopper and the framework,
which further suggests that the termini of the unbranched
substituents of 1h could access to the turnstile cavity at
relatively low temperatures. In view of the small steric
hindrance of the termini of the unbranched chains, it is
reasonable to conclude that a complete threading of these
flexible chains may occur under such conditions, thus giving rise
to a rotation of 1h. Clearly, the occurrence of rotation depends
on the temperature, becoming more frequent as the temper-
ature decreases in the studied cases.

For 1h, the linear Eyring plot suggests that switching the
mode of motion between oscillation and rotation gives no
obvious changes in the motion barriers. Consequently, when
the turnstile oscillates, the collision between the flexible baffle
and the framework might be an elastic one (giving negligible
changes in the overall energy of the molecule). This is
supported by our DFT calculations, which predict that the
terminal segments of long, flexible substituents, in fact, hardly
affect the energy of the molecules in motion (Figure S50, SI).
Notably, this prediction also agrees well with the observation
shown in Figure 5 and some other dynamic systems.'”"

In conclusion, we have shown that long, flexible, unbranched
alkoxymethyl chains could be used as a baffle to hinder the
rotation of the rotator of molecular turnstiles. The function
depends on the speed at which the overall chain moves. At
relatively low temperature, the whole chain moves slowly, so
that the chains become much more flexible and thus can no
longer serve as a baffle. We expect that these thermodynamic
and kinetic features can be utilized advantageously in the future
development of new ultraminiaturized devices, in which the
mode of motion or any other functions could be precisely
modulated.
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