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Modulating the shuttling motion of [2]rotaxanes
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In this study, we show the effect of the gem-dimethyl substitution at the four benzylic carbons of the ring
on the internal dynamics of two-station [2]rotaxanes. Such structural modification of the polyamide
macrocycles promotes a drastic change of the internal dynamics as shown by variable-temperature (VT)
'H NMR experiments. We determined that the shuttling rates of the octamethylated macrocycle along a
series of symmetrical threads were significantly faster compared to the non-substituted ring. This effect
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Introduction

Over recent decades, mechanically interlocked molecules
(MIMs) have become a cutting-edge research topic, showcasing
interesting breakthroughs in synthetic methodologies and in
their potential applications."”* One particular area of attention
lies in the design of these molecules, aiming to achieve precise
control over the internal motions of their submolecular com-
ponents, mimicking biological machinery,® through the appli-
cation of external stimuli.* Consequently, the development of
programmable systems capable of executing controlled move-
ments on demand is highly desirable.”

In order to achieve the precise assembly and control of
sophisticated rotaxane-based molecular machines,® it is par-
ticularly helpful to study simpler model systems that provide
valuable information about their internal motions. In this
regard, degenerate [2]rotaxanes, systems with two identical
binding sites at the thread, serve as compelling candidates for
such investigations. Within these structures, the macrocyclic
component shuttles back and forth between the two stations,
enabling easy measurement of its dynamics using simple tech-
niques, such as NMR spectroscopy. The modulation of this
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motion, either by accelerating or decelerating the movement of
the macrocycle, can be readily achieved by altering the solvent
polarity (solvent variation)” or introducing steric or electro-
static barriers along the thread between the two isoenergetic
stations.® Another strategy involving the modification of the
backbone of the macrocycle has been less frequently
implemented.’ For instance, in Leigh’s polyamide-based rotax-
anes, the incorporation of electron-withdrawing or donating
groups into the isophthalamide units of the ring modifies the
acidity of the NH protons in the macrocycle’s secondary
amides.'® As a result, the hydrogen-bonding ability of these
units with the embedded binding sites is adjusted, leading to
variations in the internal rotational and translational
motions."" Moreover, in this way the stability of the mechani-
cal bond in kinetically stable [2]pseudorotaxanes can also be
altered."” It is worth noting that despite these strategies based
on the electronic effects of substituents, other structural modi-
fications of the macrocyclic component to modulate the
internal dynamics in hydrogen-bonded [2]rotaxanes remains
relatively unexplored.

Herein we disclose the impact of the geminal
disubstitution’®'* at the methylene units of the polyamide
macrocycle on the internal motions of a series of degenerate
[2]rotaxanes (Fig. 1). The geminal dialkyl substitution at a
methylene carbon atom, also known as the Thorpe-Ingold
effect, has been widely used in organic synthesis to promote
cyclization reactions as the driving force accelerating the ring
closure of the substrates."®

For this task, we conducted a comparative analysis by
synthesizing two types of rotaxanes: rotaxanes 1, featuring the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Degenerate polyamide-based [2]rotaxanes 1 and 2 designed for
this study.

original non-substituted Leigh-type tetrabenzylic macrocycle,
and compounds 2, incorporating an interlocked octamethyl-
ated ring bearing two methyl groups at each of the four
benzylic carbon atoms of the p-xylylenediamine fragments
(Fig. 1, methyl groups are highlighted in magenta). These two
rings were combined with three different threads, each with
two identical binding sites: fumaramide (red), succinamide
(green), and glycylglycine (dark blue) units.

For giving account of the impact of the geminal disubstitu-
tion on the internal dynamics, we performed variable-tempera-
ture (VT) "H NMR experiments, allowing us to calculate the
activation energy barriers for the translational motion of each
macrocycle along the respective thread.

Results and discussion

Hydrogen-bonding directed assembly of the octamethylated
fumaramide-based [2]rotaxane

As starting point, we synthesized the p-xylylenediamine 3, not
commercially available, bearing two methyl groups at each of
the four benzylic positions. The synthesis started from diol 4
and was accomplished in two steps (Scheme 1a). Diol 4
smoothly reacted with sodium azide in the presence of trifluor-
oacetic acid, resulting in the diazide 5. Subsequently, catalytic
hydrogenation of 5 quantitatively produced the diamine 3. We
then assessed the suitability of 3 for the assembly of benzylic
amide rotaxanes using the fumaramide-based thread 6, pre-
viously identified as the most effective template for synthesiz-
ing this type of systems (Scheme 1b)."® By following a five-com-
ponent clipping reaction with thread 6, isophthaloyl chloride,
and diamine 3 in the presence of Et;N, we successfully
obtained the [2]rotaxane 7 in 11% yield. Previous reports have
shown the benefits of the Thorpe-Ingold effect in related [2 +
2] macrocyclization processes.'” However, this low yield, com-
pared to the one previously reported by using the parent p-xyly-
lenediamine (97%) suggests the instability of the supramolecu-
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Scheme 1 (a) Synthesis of methylated diamine 3; (b) synthesis of the
octamethylated rotaxane 7. Reaction conditions: (i) NaNs, TFA, CHCls,
0 °C to 25 °C, 6 h, 89%; (ii) H,, Pd/C 10%, MeOH, 25 °C, overnight, 99%;
(iii) isophthaloyl dichloride, diamine 3, EtzsN, CHClz, 25 °C, 4 h, 11%.

lar intermediates leading to the rotaxane 7 and the apparently
moderate affinity of the octamethylated macrocycle for the
fumaramide binding site. The introduction of the methyl
groups at the ring could affect the electronics of its amide
functions playing a key role during the supramolecular reco-
gnition between the rotaxane precursors. The smooth electron-
donating character of the methyl groups probably makes
slightly less acidic the NH protons of the amides at the macro-
cycle precursor. In fact, a pK, = 15.2 was computationally esti-
mated for a dimethylated amide surrogate, while the value of
the wunsubstituted model pK. = 15.0 (see ESI,
Scheme S5t).'® The comparable calculated pK, values suggest
that an additional significant factor is contributing to the
diminished binding affinity between the thread and the
macrocyclic counterpart. The steric hindrance imposed by the
methyl groups can distort the optimal conformation of the
macrocycle precursors, thereby precluding an ideal interaction
with the thread. During the purification of rotaxane 7, we also
isolated the octamethylated macrocycle, which turned out to
be soluble in chlorinated solvents due to its methyl groups
(see ESI for further detailst), in stark contrast to the signifi-
cant insolubility of the parent macrocycle."™

The structure of rotaxane 7 was elucidated through single-
crystal X-ray diffraction (SCXRD). Interestingly, the carbonyl
groups of the amides in the ring adopt an alternating in/out/in/
out conformation, leading to a significant distortion of the
macrocycle (Fig. 2 and Fig. S20, S21}). As a result, the NH
groups of the amides with an out¢-facing carbonyl group estab-
lish hydrogen bonds with the oxygen atoms of the fumaramide
moiety (N3H3---O1, 2.12 A), while the carbonyl groups with in
conformation form hydrogen bonds with the NH groups of the
fumaramide (N1H1---02, 2.02 A). Furthermore, this in/out con-
formation also favours the establishment of intermolecular
hydrogen-bonding interactions between neighbouring rotax-
anes, thereby enhancing the stability of the crystalline network
(Fig. S21%). This solid-state conformation differs greatly from

was
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Fig. 2 X-ray structure of rotaxane 7 in: (a) inclined view; (b) front view.
For clarity, selected hydrogen atoms and solvent molecules have been
deleted. Colour code: grey: carbon atoms at the thread; light blue:
carbon atoms at the macrocycle; red: oxygen atoms; dark blue: nitrogen
atoms; magenta: methyl groups at the macrocycle; white: hydrogen
atoms. Intramolecular hydrogen-bond lengths [A] (and angles [?]): N3-
H3..-01 2.12 (172); N1-H1..-02 2.02 (178).

that observed in Leigh’s rotaxane and other systems of this
type, where the ring adopts a chair-like conformation, with all
its carbonyl groups oriented outward from the cavity, and the
NH groups of the amides establishing four bifurcated hydro-
gen bonds with the two oxygens of the fumaramide
thread."?° A similar ring distortion and in/out/in/out confor-
mation of its carbonyl groups were also observed in solid-state
systems that only bear four methyl groups, one at each
benzylic position of the ring.”!

The lower affinity of the octamethylated macrocycle for the
fumaramide station in rotaxane 7, in comparison to its non-
methylated counterpart, is unveiled by the "H NMR spectra of
thread 6 and rotaxane 7 measured in CDCl; (Fig. 3). In solu-
tion, where the individual molecules are isolated from each
other, the components in both rotaxanes must adopt inter-
component hydrogen bonding patterns to lower their energy,
which differs from the conformation of 7 at the solid state. In
the previously reported non-methylated rotaxanes, the signals
corresponding to the NHs of the amide within the embedded
fumaramide (Hy,) are significantly shifted to lower fields (A5 =
+2.5 ppm), in comparison with the isolated thread, whereas in
the methylated rotaxane 7, the shift is less pronounced (AS =
+1.5 ppm). Similarly, the signals associated with the four NH
groups of the macrocyclic amides (Hp) are in the aromatic
region (between 7.10-7.40 ppm) in rotaxane 7, whereas in the
non-methylated derivative, they appear at higher chemical
shifts (~7.83 ppm). This signal at the free methylated macro-
cycle (Hp) appears at lower chemical shift (6.59 ppm), indicat-
ing the lack of any intercomponent hydrogen bonding inter-
actions (Fig. 3c). All these observations indicate a weaker inter-
action between the fumaramide binding-site and the octa-
methylated macrocycle, compared to its non-methylated analo-
gous. To gain quantitative data regarding the rotational
motion of the methylated macrocycle around the thread, we
conducted variable-temperature experiments on rotaxane 7.
However, we could not obtain suitable data for analysis due to
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Fig. 3 H NMR spectra (400 MHz, 2 mM, CDCls, 298 K) of: (a) thread 6;
(b) rotaxane 7 and (c) free macrocycle. Colours code: red: signals
referred to fumaramide binding site; light blue: signals referred to the
macrocycle. For lettering see Scheme 1b.

the complex NMR spectra observed at low temperatures, prob-
ably due to additional conformational changes around the
amide functions of the thread (see ESI for additional details,

Fig. S17).

Synthesis of the permethylated and non-methylated
degenerate [2]rotaxanes and evaluation of the internal
dynamics

We next synthesized the degenerate [2]rotaxanes 1 and 2, by
combining the two rings with the three different two-station
threads (Scheme 2), as ideal candidates for measuring the
internal translational kinetics of their macrocycles. The five-
component reactions involving the fumaramide-based thread
8a (in red), succinamide 8b (in green), or glycylglycine 8c (in
dark blue), along with isophthaloyl chloride and either p-xyly-
lenediamine or diamine 3, resulted in the formation of the
respective rotaxanes la-c and 2a-c, (see ESIT for detailed syn-
thetic procedures). For rotaxanes 1, we employed 4 equiv. of
the macrocyclic precursors, while for rotaxanes 2, a higher
excess of isophthaloyl dichloride and diamine 3 (8 equiv.) was
used to ensure good conversions, considering the low yield
obtained in the preparation of the one-station rotaxane 7.
Additionally, in most of these reactions the corresponding [3]
rotaxanes, with one macrocycle at each of the two stations,
were also isolated and characterized (see ESIf for further
details).

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Synthesis of degenerate rotaxanes 1 (without methyl
groups, R = H) and 2 (with methyl groups, R = CH3) in the presence of
different threads 8. Reaction conditions: (i) isophthaloyl dichloride (4
equiv.), p-xylylenediamine (4 equiv.), EtzN (12 equiv.), CHCl3, 25 °C, 4 h;
(i) isophthaloyl dichloride (8 equiv.), diamine 3 (8 equiv.), EtsN (24
equiv.), CHCls, 25 °C, 4 h. Yields are referred to NMR yields due to the
difficulty of some purification steps.

We then investigated the macrocycle-shuttling dynamics in
the synthesized degenerate [2]rotaxanes 1 and 2. As discussed
above, the methyl groups in 2 should slightly decrease the
acidity of the amide-NHs at the macrocyclic backbone thus
weakening the intercomponent hydrogen bonds between rings
and threads, and expectedly accelerating the internal shuttling
dynamics. In order to confirm this assumption, we analysed
the translational motion of the ring along the thread in
systems 1 and 2 by VI "H-NMR experiments (Table 1 and
Fig. S2-S7, Table S1t).

At elevated temperatures (>290 K), the macrocycles exhibi-
ted a rapid back and forth motion between the two identical
binding sites, leading to an averaged co-conformation of the
systems. As the temperature gradually decreased below the

Table 1 Kinetic and thermodynamic parameters for the macrocycle
shuttling of the degenerate [2]rotaxanes 1 and 2 obtained from VT-H
NMR spectra

— Gy
of -0 OR =0
T.“ Av ke AGH? K

Entry 1/2 (K Hz) (s  (kealmol™)  (s7%,298K)
1 la 288 580 1288  12.7 235

2 2a 248 405 900 11.2 6350

3 ib 253 76 169 12.1 1099

4 2b 233 230 511 10.6 2085

5 1c 243 180 400 11.6 4213

6 2¢ 228 160 355 10.6 4621

“NMR temperature calibration was performed using a pure methanol
sample. ” Calculated value +0.2.

This journal is © The Royal Society of Chemistry 2023
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coalescence temperatures (T.), different co-conformations
emerged. In the case of the fumaramide-based rotaxanes 1a
and 2a, a clear splitting of the NMR signals attributed to the
fumaramide Hy.. protons (see Scheme 1 for lettering) was
observed below 288 K for 1a and 248 K for 2a. A similar behav-
iour was observed for the succinamide derivatives, with the
signal splitting occurring at 253 K for 1b and below 233 K for
2b, in this case by observing the signals of the succinamide
methylenes and the NH-linked methylenes of the C,q-alkyl
chain. Similarly, the glycylglycine-based rotaxanes 1c and 2c¢
exhibited splitting of the alkyl chain methylene signals below
243 K and 228 K, respectively.

By analyzing the separation of the different signals (Av) at
low temperatures and the coalescence temperature (7.) for
each system, we determined the energy barriers (AG*) of the
macrocycle shuttling (Table 1). A clear correlation was
observed between the data and the structure of the ring as, in
all cases, the non-methylated rotaxanes 1 exhibited higher
translational barriers compared to their methylated analogues
2. Furthermore, we calculated the exchange rates at different
temperatures by fitting the Lorentzian line of the peak above
the coalescence temperature, enabling the determination of
the exchange constants for each system, 1 and 2, at 298 K
(Table 1 and see ESI, Table S2, Fig. S8-5197). Remarkably, the
methylated macrocycle in 2a exhibited a shuttling speed at
298 K that is 27 times faster than that of the non-methylated
macrocycle in 1a (Table 1, entries 1 and 2). For the succina-
mide-derived systems 1b and 2b (Table 1, entries 3 and 4), the
difference in shuttling speed decreased to only 2 times faster
in favour of the permethylated system. In the case of the glycyl-
glycine-based rotaxanes 1c and 2c, the experimental exchange
rates were very similar (Table 1, entries 5 and 6). Not unexpect-
edly, as the shuttling rates of the non-methylated macrocycles
increase (the rates in 1b and 1c are nearly 5 and 20 times faster
than in 1a respectively, as shown in Table 1), the differences with
its permethylated analogous 2b and 2¢ decrease in accordance.
Moreover, the large difference in the shuttling rates between
rotaxanes 1a and 2a (27 times faster in 2a) can be attributed to
the rigidity of the fumaramide binding site, which is not able to
establish strong hydrogen bonds with the methylated macrocycle,
required to stabilize the in/out/in/out conformation as that
observed at the crystalline state. In contrast, this stabilization is
more feasible in the case of rotaxane 2b-c, with more flexible
binding sites (succinamide and glycylglycine) that can be better
accommodated in the inner of the permethylated macrocycle,
increasing the hydrogen bonds between components. In addition,
the increase of the hydrogen bonding donor and acceptor atoms
in the glyglylglycine stations is also beneficial for this purpose,
and therefore, no difference in the kinetics is observed between
systems 1c and 2c.

Conclusions

We successfully synthesized a p-xylylenediamine surrogate
tetramethylated at the benzylic positions, which was utilized
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for preparing a series of tetraamide-based [2]rotaxanes. The
assembly of a one-station rotaxane with a fumaramide thread
was a proof of the low affinity between the octamethylated
macrocycle, or its precursors, and the thread. The synthesis of
three degenerate rotaxanes with two identical binding sites by
combining the same tetramethylated diamine with three sym-
metrical two-station threads (with two fumaramide, succina-
mide, or glycylglycine fragments) allowed its comparison with
those containing non-substituted macrocycles and the same
threads. These results revealed the faster shuttling rates of the
octamethylated macrocycle along the symmetrical threads in
comparison with those of the respective non-substituted analo-
gous. Such acceleration effect is particularly pronounced in
the pair of fumaramide-based systems, with the methylated
macrocycle showing an impressive rate, 27 times faster than
its unsubstituted partner, whereas the differences in shuttling
rate are smaller with the succinamide thread, but still con-
siderable (x2), and very small (x1.1) between the two glycylgly-
cine stations. Thus, the adequate selection of the ring-thread
pair allows the modulation of the shuttling rate in two-station
[2]rotaxanes between a wide range of values, from 235 to 6350
s~'. These findings contribute to a better understanding of the
principles governing the internal dynamics of rotaxanes and
hopefully they would be useful for tailoring their properties in
order to facilitate the discovery of new potential applications
of this type of MIMs.
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