[2]Rotaxanes featuring minimal helical axles
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ABSTRACT: a,w-Stoppered perfluorous domains act as rigid and chiral linear helical elements in
rotaxane constructs. Dynamic NMR shows modified ring dynamics over 4-orders of magnitude
compared to hydrocarbon analogues, while vibrational-CD shows stopper-induced preferential axle
chirality.

Rotaxanes have emerged as versatile architectures in the development of interlocked structures and
artificial molecular machines. Indeed, mechanical stoppering of the macrocycle on the thread adds
new features to the entire structure that offers function from the molecular to the macromolecular
level."”? External stimuli may be used to control the affinity of the macrocycle for different chemical
functions on the thread to control its position and be applied in on-off switches,* electron transport,’®
catalysis® or the synthesis of highly enantioenriched mechanically planar chiral rotaxanes.’

Controlling the movement and dynamics of a macrocycle along a thread are the key feature on the
development of interlocked-based molecular machines. During the last years, examples of directional

' and speed bumps'? are different approaches to control the movement

threading,®” energy ratchets
of a macrocycle within an interlocked structure. Previous studies show a dependence on the number
of stations and macrocycles," in the case of [2]rotaxanes with more than one station, the macrocycle
is preferentially positioned at the highest affinity station,' if the affinity between both stations is the
same, the macrocycle will be in constant movement between the stations.'* Globally, observed
properties are intimately linked to the constituent molecular components, including stoppers,
macrocycles and axles.

By far the most widely employed axles are aliphatic, typically hydrocarbon or ethylene glycol
oligomers, rendering the resultant structures highly flexible."»'*'”'® A few reports, consider more
structurally-elaborate rigid axles, offering a more well-defined ring trajectory along the axle.'****' The
nature of the rigid linker is typically aromatic®®** or acetylenic,”" which can necessitate multi-step
synthesis and/or introduce 7-conjugated systems which may be redox active and introduce low-lying
excited states which may, for instance, result in unwanted rotaxane luminescence quenching.”
Despite the continued interest in introducing fluorinated groups and sub-units to change the
properties of organic compounds, including solubility and pharmacokinetics, integrating fluorinated
segments in rotaxanes has been scarcely considered. Leigh introduced a —(CF,),- group as a rotaxane
ring station to modulate rotaxane hydrophobicity,”* Liining reported grafting a pendant fluorous
ponytail onto a ring component to change solubility and effect proton transport,” while Coutrot
reported a short terminal fluorous ponytail which affected ring dissociation froma pseuodorotaxane
axle.”

We reasoned that intoducing a central perfluorinated domain in a rotaxane would offer an inert and
atom-economical means to introduce a rigid rotaxane axle. Indeed, due to stereoelectronic repulsions
between fluorine atoms, perfluorous chains are considered more rigid than hydrocarbon ones,



possessing dihedral angles of 162°*” These well defined angles induce helical structures, whose
handedness (P or M) is sensitive to the local chiral environment.*®

Herein we report [2]rotaxanes bearing short (-CsFi,-) fluorinated domains which provide a well-
defined helical axle and study kinetics of ring shuttling with rings of different size, as well as induction
of enantioenrichment via enantiopure stopper groups and transmission of chirality, compared to
analogues with hydrocarbon chains (Figure 1).
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Figure 1: Cartoon representation of rotaxanes studied in this work.

In order to identify the effects of each component of the structure on the properties, five different
rotaxanes were synthesized. They all possess two identical stations to avoid affinity interferences.
Rotaxanes XX-1 and XX-2 contain both a hydrocarbon -C¢H »- spacer and one different macrocycle
each, both with the same number of atoms (27). The same macrocycles were integrated in rotaxanes
XX-3 and XX-4 but the hydrocarbon chain is replaced by a -CsF1»- spacer. Equally, in order to study
the chirality, half threads and thread XX-§ and XX-6 were synthesized and analyzed by vibrational
circular dichroism (V-CD) to understand the nature of the signals obtained for rotaxane XX-7.
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Figure 2: Rotaxanes and axles studied in this work.

The rotaxanes were synthesized by Cu' catalyzed active template with the corresponding half
threads” (see Supplementary Information, SI). XX-1 and XX-2 contain the same CsHi»
hydrocarbon thread but different macrocycles. XX-3 and XX-4 contain the same respective
macrocycles but the spacer was replaced by -C¢F1,-. Similar qualitative results were observed for XX-
1 and XX-2 in 'H-NMR, none of them show deshielded triazole protons, characteristic of low
residence times of the macrocycle on the station. Additionally, an overall symmetry can easily be
observed since no equivalent benzylic CH, are observed for the macrocycle, showing a fast exchange
on the NMR timescale at room temperature (Figure 3a represented for XX-1). Coalescence was not
reached at low temperature NMR (Supplementary Information Figure S46). On the other hand,
analogues XX-3 and XX-4 integrating perfluorinated domains show two different triazole proton
resonances, one of them extremely deshielded characteristic of a H-bond interaction with the triazole
(Figure 3b represented for XX-3).” Additionally, diastereotopic benzylic CH, of the macrocycle,
characteristic of a non-equivalency due to the threading coupled to a slow shuttling in the NMR
timescale.

Exchange was confirmed by NOESY where cross correlations are observed between both triazoles
(Figure 3c). Additionally, NOESY run at different T allowed the EXSY analysis of the data and
kinetic constants were calculated (Figure 3d). Two very different rates were observed for both
rotaxanes, kxx3) = 14.8 ms' and kxx4) = 3.71 x 10° ms' showing, not only a slowing down of
shuttling across the the rigid and relatively bulky -CsF1,- spacer but also a dramatic dependence on
the shape of the macrocycle (data summarized in Table 1).
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Figure 3: a) '"H-NMR of XX-1. CD,Cl,, 298 K, b) '"H-NMR of XX-3. CD,CL, 298, c) extract of
NOESY spectra of XX-3, 600 MHz, CD,Cl,, 298 K d) Determination of ring shuttling rate from EXSY
data.

Table 1: Results of ring shuttling kinetics from NMR data.

Rotaxane Rate
XX-1 Above coalescence at low temperature
XX-2 Above coalescence at low temperature
XX-3 k=14.8 ms"'
XX-4 k=3.71x10°ms™"

In order to introduce a preferential chirality in the fluorinated rotaxane structures, which exist as
racemates, a phenylalanine-azide derivative was introduced in the synthesis of both the half threads
(8)-XX-5 and (R)-XX-5, as well as the entire thread (S,S)-XX-6 and (R,R)-XX-6. V-CD analysis
shows the characteristic signals at 1200 cm™ corresponding to the perfluorinated, chain confirming
the transmission of the chirality from the chiral phenyl-alanine to the helical -C¢F1,- chain across the
triazole (Figure 4). The increase of intensity on the V-CD signals from XX-5 to XX-6 suggest that
the helicity is not conserved all along the chain, and is eventually lost halfway through. (For a more
complete attribution of signals of the IR spectrum, see Figure $49 and S50 of the SI).
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Figure 4: V-CD spectra of (S)-XX-§ and (S)-XX-6 in CD,CL.

Rotaxanes (S,S)-XX-7 and (R, R)-XX-7 were synthesized by the same active template methodology,
(see SI). However, it is noteworthy that non-symmetrical rotaxanes could be obtained by sequential



cycloaddition reactions, increasing the scope of rotaxane architectures that could be developed.
Some perturbations are observed in the V-CD spectrum. A very small negative contribution at 1600
cm’' corresponding to the naphthalene on the macrocycle. A very strong negative contribution that
cancels the positive one at 1450 cm™, corresponding to the bipyridine on the macrocycle.” Negative
contributions are observed around the 1350 cm™. Disruptions along the window of 1350 cm™ were
observed, which corresponds to new signals of the IR spectrum corresponding to the interlocked
structure (double bonds of the bipyridine). Additionally, a strong positive contribution at 1240 cm™
is also observed, this last band was previously attributed to the ethers of the macrocycle.”
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Figure S: V-CD spectra of (S,S)-XX-6 (black) and (S,S)-XX-7. CD,Cl,

As an additional proof of chirality transfer from the helical thread to the macrocycle, Electronic
Circular dichroism was recorded for rotaxanes (S,S)-XX-7 and (R,R)-XX-7. The spectra show a
single band below 300 nm corresponding to the bipyridine of the macrocycle. This result confirms
the information obtained from the V-CD spectra, that the transmission of chirality is occurring from
the helical thread to the macrocycle.
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Figure 6: E-CD spectra of (RR)-XX-7 and (S,S)-XX-7 in CHCl,.

In conclusion, this work shows that perfluorinated domains can be readily integrated as inert, rigid
axles in the synthesis of both symmetrical and non-symmetrical rotaxanes. Profound effects on the



shuttling rates of macrocycles in such rotaxanes with more than one station compared to
hydrocarbon chain-containing analogues are noted, while macrocycles with different shapes can tune
the speed of ring movement over 4-orders of magnitude. Additionally, the use of chiral stoppers
showed the transmission of chiral induction through the triazole to the -C¢F1»- chain, which also
allowed the study of the transmission of the chirality from the helical thread to the prochiral
macrocycle in a dynamic rotaxane for the first time. Ongoing work focuses on extending chiral
transmission in perfluorinated domains and developing hybrid hydrocarbon-perfluorinated
architectures.
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