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An H-shaped [2]rotaxane comprising a bis(benzimidazole) axle and
a 24-membered crown ether wheel appended with four trityl
groups forms a highly crystalline material with enough free volume
to allow large amplitude motion of the interlocked macrocycle.
Variable-temperature (VT) 2H solid-state nuclear magnetic reso-
nance (SSNMR) was used to characterize the dynamics of the
[2]rotaxane wheel in this material.

The relative motions of the individual components of mechani-
cally interlocked molecules (MIMs) (e.g., the axle and wheel of a
rotaxane) have given rise to their incorporation in rudimentary
molecular machines'™ and robots.** Although MIM dynamics
are most often observed in solution,*” recently, their motion
has been demonstrated inside the cavities of metal-organic
framework (MOF) materials.>® In these studies, the rotation or
translation of a mobile and flexible macrocyclic ring has been
characterized relative to the rigid framework of the MOF
lattice.'®2° Since porous solids can also be designed using
molecular building blocks,>™** it was reasoned that it should
also be possible to create a crystalline 0D molecular solid using
MIMs for which dynamics would be possible in the solid state.
To this end, we report herein the preparation and characterisa-
tion by variable-temperature (VT) *H solid-state NMR (SSNMR)
spectroscopy, the motion of a large macrocyclic wheel about a
rigid axle of a [2]rotaxane in a crystalline molecular solid.

The design of crystalline molecular materials that contain
dynamic components is not new. Garcia-Garibay pioneered the
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concept of amphidynamic crystals®® - an emergent class of
condensed phase matter designed with a combination of
lattice-forming elements linked to components that display
engineered dynamics in the solid state - some years ago and
has demonstrated (among others) that ultra-fast rotors®**” (via
single-bond rotations) can be made to operate in the solid-state
using individual molecules as building blocks. Taking a page
from the amphidynamic materials playbook, we have re-designed
our rigid H-shaped, rotationally active, bis(benzimidazole) [2]rotax-
ane®®* to incorporate four trityl groups. It was rationalised that in
the solid state, the resulting edge-to-face interactions of the per-
ipheral trityl groups - a phenyl embrace**? - would create a highly
crystalline material with the free volume and stability necessary to
allow mobility of the central macrocyclic wheel.

Scheme 1 shows the preparation of the targeted H-shaped
[2]rotaxane 2 =24C6. The four trityl groups were added to the
tetra-bromo precursor 1 using a standard Suzuki coupling
procedure to create the naked axle 2. The macrocycle was then
added around the axle to make [2]rotaxane 2 =24C6 utilising a
clipping protocol, which featured ring-closing metathesis
(RCM) followed by reduction of the residual double bond using
D, to incorporate deuterium labels for subsequent ’H SSNMR
experiments.

The axle, 2, and [2]rotaxane, 2 = 24C6, were characterised by
"H NMR studies, high-resolution mass spectrometry (HR-MS)
and single-crystal X-ray diffraction (SCXRD). Fig. 1 shows both
ball-and-stick and space-filling representations of the solid-
state structure of axle 2 (UWCM-15). It is interesting to note
that the free volume around the bis(benzimidazole) core of the
naked axle is filled by molecules of CH,Cl, rather than being
occupied by groups from an adjacent molecule, i.e., the trityl
group packing interactions dominate leaving free volume at the
core.*® Fig. 2 shows both ball-and-stick and space-filling repre-
sentations of the solid-state structure of [2]Jrotaxane 2<=24C6
(UWDM-15). In this crystalline material, there are no trapped
molecules of solvent and the free volume at the bis(benzi-
midazole) core of the axle is occupied by the interlocked 24C6
macrocycle rather than CH,Cl, molecules.

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Preparation of axle 2 and [2]rotaxane 2<=24C6.

Fig. 3a shows a comparison of experimental and simulated
PXRD for 2<24C6, verifying that the bulk material is the same
highly crystalline material used for SCXRD analysis. The crystals of 2
easily desolvate, losing CH,Cl, rapidly upon removal from the
mother liquor; however, crystalline 2<24C6 is quite robust by
comparison. Fig. 3b shows the TGA of bulk crystalline 2<24C6
showing excellent stability to over 300 °C (MP: decomp. >350 °C
dec.; see ESIT for details of TGA, DSC and VT PXRD measurements).

VT *H SSNMR shows that the 24C6 macrocycle is free to undergo
dynamic motion very similar to that observed when the same
macrocycle is attached to the rigid [2]rotaxane framework in a
MOF (ie., in the UWDM series).">">"” Selected experimental *H
SSNMR spectra are shown in Fig. 4a with accompanying simulated
spectra in Fig. 4b (see ESLt Fig. S11 for full set of experimental VT
H SSNMR spectra). The static spectrum acquired at 185 K
was simulated with quadrupolar parameters Cq,, = 165(5) kHz and
o = 0.0. At this temperature, any motions that are occurring are
with rates in the slow-motion limit (SML) and are too slow to
influence the appearance of the powder pattern (Fig. 4c). Increasing
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Fig. 1 Single-crystal X-ray structure (170 K) of axle 2. Top a ball-and-stick
representation with solvent molecules omitted for clarity. Bottom a space-
filling representation showing CH,Cl, solvent molecules occupying the
free volume around the core of the bis(benzimidazole) axle.

the temperature results in a change in the appearance of the pattern
which is attributed to the onset of a two-site jump motion of the CD,
groups about an axis that is colinear with the C-C bond that
connects the two groups (Fig. 4d). The spectrum acquired at
276 K was simulated with a two-site jump through an angle of 65°
with rates in the fast-motion limit (FML, ie., vex > 107 Hz). Powder
patterns near 276 K lack the sharp discontinuous features observed
at lower and higher temperatures, perhaps indicating a range of
different motional rates (Fig. S11, ESIt). Increasing the temperature
further results in a narrowing of the pattern and the spectrum
acquired at 411 K was simulated with a two-site jump through an
angle of 70° combined with partial rotation of the ring with rates in
the FML. In the partial rotation model, the crown ether ring rotates
through 225° in steps of 45° such that the hydrogen-bond donor on
the axle interacts with each of the six oxygen atoms on the ring
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Fig. 2 Single-crystal X-ray structure (170 K) of [2]rotaxane 2<=24C6. Top
a ball-and-stick representation. Bottom a space-filling representation
showing how the macrocyclic 24C6 wheel occupies the free volume
around the core of the bis(benzimidazole) axle that was filled by CH,Cl,
solvent molecules in the structure of 2.
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Fig. 3 (a) Experimental and simulated (from single-crystal X-ray diffrac-
tion data) PXRD for [2]rotaxane 2 =24C6. (b) TGA for [2]rotaxane 2 = 24C6.

(Fig. 4e). Finally, the spectrum acquired at 479 K was simulated with
a model consisting of a two-site jump combined with full rotation of
the ring (Fig. 4f), similar to that used in the description of the
motion in the pillared MOF p-UWDM-3."* Here, jumps between the
oxygen atom positions occur with rates in the FML and jumps
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Fig. 4 (a) Experimental ?H VT SSNMR powder patterns (blue) and (b)
corresponding analytical simulations (red) for 2<24C6 where motions
are (i) occurring at rates within the SML and do not affect the appearance
of the powder pattern, (ii) two-site jumps through an angle of 65°, (iii) two-
site jumps through 70° combined with partial rotation of the ring in 45°
steps through 225°, and (iv) two-site jumps through 70° combined with
full, rapid rotation of the ring. Schematic representations of the possible
modes of motion of the macrocyclic rings within the 2<=24C6, including
(c) no motion of the macrocyclic ring, (d) two-site jump of the CD, groups,
(e) partial rotation of the macrocycle about the six ether oxygen atoms
within the ring, in addition to the two-site jump of the CD, groups, (f) full
rotation of the macrocyclic ring, in addition to the two-site jump of the
CD, groups.

through the alkyl portion of the ring occur at a rate of 10° Hz (ie.,
ten times slower).

This study demonstrates that the fundamental concepts of
crystal engineering — building blocks and intermolecular inter-
actions - can be adapted to create a thermally robust 0D
molecular material with sufficient free volume to allow rotation
of the wheel of a [2]rotaxane about its axle in the solid state. In
particular, trityl groups (crystal engineering synthons) were
attached to an H-shaped axle to provide a rigid framework onto
which a flexible, and potentially mobile wheel could be trapped
via a mechanical bond. VT *H SSNMR was then used to show
that the motions - conformational changes, partial rotation,
and full rotation - of the interlocked macrocycle are very
similar to those observed when a similar molecular system is
part of a MOF material. These results suggest that it should be
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possible to create molecular solids with MIMs such as switch-
able catenanes and molecular shuttles by using suitably
designed building blocks such as the trityl groups featured in
this work.
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