N

N

pH-Controlled Gliding Motions in Pillar[5]arene-Containing
Molecular Shuttles
Nihed Becharguia, Iwona Nierengarten, Alix Sournia-saquet, Emeric Wasielewski,

Rym Abidi, Béatrice Delavaux-nicot, Jean-frangois Nierengarten

» To cite this version:

Nihed Becharguia, Iwona Nierengarten, Alix Sournia-saquet, Emeric Wasielewski, Rym Abidi, et al.. pH-
Controlled Gliding Motions in Pillar[5]arene-Containing Molecular Shuttles. ChemistryEurope, 2025, 3 (4),
pp-2400115. {10.1002/ceur.202400115). <hal-05113985v1)

HAL Id: hal-05113985
https://hal.science/hal-05113985v1

Submitted on 16 Jun 2025 (v1), last revised 6 Aug 2025 (v2)

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License


https://hal.science/hal-05113985v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

W) Check for updates

ChemistryEurope

Excellence in Chemistry Research Worldwide

Research Article
doi.org/10.1002/ceur.202400115

[

www.journal.chemistry-europe.org

pH-Controlled Gliding Motions in Pillar[5]arene-Containing

Molecular Shuttles

Nihed Becharguia, Iwona Nierengarten,* Alix Sournia-Saquet, Emeric Wasielewski,
Rym Abidi, Béatrice Delavaux-Nicot,* and Jean-Francois Nierengarten*

Dedicated to the memory of Dr. Claude Sirlin

New pillar[5]arene-based molecular shuttles incorporating an
axle component with two stations, namely a —(CH,),o— chain
and a protonable triazole subunit, have been prepared.
Detailed spectroscopic investigations supported by density
functional theory calculations revealed that gliding motions
of the pillar[5]arene occur over the full length of the molecular

1. Introduction

Owing to large amplitude molecular motions observed in rotax-
anes, this class of compounds has attracted particular attention
for the construction of molecular machines." Typically, the axle
moiety of the rotaxane contains two or more distinct binding
sites or stations for its macrocyclic component”® The relative
affinity for the different stations can be modulated and the
Maxwell-Boltzmann distribution of co-conformers differing by
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axle in the protonated state, while such molecular motions are
limited over the decyl station in the neutral state. Finally, elec-
trochemical investigations further revealed that the oxidation of
the pillar[5]arene moiety of the protonated rotaxane also trig-
gers conformational changes and the oxidized macrocycle is
only located over the decyl station.

the position of the macrocycle on its axle can be inverted
by using an appropriate chemical, electrochemical, or optical
stimulus.® As part of our research program on pillar[5]arene-
containing rotaxanes, uncontrolled dynamic gliding motions of
the macrocyclic subunit along its axle unit have been investi-
gated in details."*' Based on all the knowledge acquired from
our previous systems, we now propose to use our building blocks
for the preparation of [2]rotaxanes in which the position of the
macrocycle can be controlled by an external stimulus. So far, only
a few examples of pillar[5]arene-based molecular shuttles have
been reported.®”! Actually, when compared to related systems
prepared with other macrocycles, a perfect conformational con-
trol is by far more difficult to achieve owing to the low interaction
energies between the different stations of the axle and the pil-
lar[5]arene subunit.”™ For the design of our molecular shuttles, we
have decided to combine a decyl station with a protonable aro-
matic subunit (Figure 1). Ideally, the pillar[5]arene moiety should
form a charge transfer complex with the protonated cationic aro-
matic moiety, while repulsive interactions should occur in the
neutral state. The interaction energy of the pillar[5]arene with the
cationic station is expected to be higher than the one between
the pillar[5]arene and the decyl station. Therefore, the protonated
aromatic station should be preferentially populated. In contrast,
in the neutral state, the pillar[5]arene should be preferentially
located on the decyl station. For this purpose, we have selected
a 1,2,3-triazole unit. Based on preliminary computational studies,
this five-membered ring system has an appropriate size to fit
within the pillar[5]arene cavity. On the other hand, 1,2,3-triazoles
are conveniently prepared by copper-catalyzed alkyne-azide
cycloadditions (CUAAQ), the so-called click reaction.”” Concerning
the decyl station, the stopper is able to affect its affinity for the
pillar[5]arene.” For this reason, equivalent systems with different
electronic properties have been prepared in order to further eval-
uate the influence of this structural parameter. Finally, it has been
decided to incorporate a tetraethylene glycol spacer between the

© 2025 The Author(s). ChemistryEurope published by Chemistry Europe and Wiley-VCH GmbH
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Figure 1. Proposed molecular design for the pillar[5]arene-based molecular
shuttles.

two stations. As shown previously, pillar[5]arenes have effectively
no particular affinity for oligoethylene glycol stations in organic
solvents.™

2. Results and Discussion
2.1. Synthesis

The preparation of the pillar[5]arene-containing molecular shut-
tles is depicted in Scheme 1. The synthetic approach to prepare
1a and 1b relies on the stopper exchange reaction between read-
ily available rotaxane building blocks bearing an activated penta-
fluorophenyl ester group®™'® and an amine reagent equipped
with the protonable 1,2,3-triazole subunit. For this purpose, the
necessary amine building block 4 was prepared by a CuAAC reac-
tion to generate the 1,2,3-triazole subunit. Treatment of alkyne 2
with azide 3 in the presence of CuBr.SMe, in CH,Cl, at room

Scheme 1. Preparation of molecular shuttles 1a-b. Reagents and conditions:
i) CuBr.SMe,, CH,Cl,, and rt (85%). ii) Et;N, THF, and rt (1a, 93%; 1b, 79%).
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Figure 2. Model compounds and arbitrary numbering used for the
attribution of the '"H NMR spectra.

temperature afforded the desired amine reagent (4) in 85% yield.
Subsequent reaction with rotaxanes 5a and 5b in tetrahydrofuran
(THF) at room temperature gave the targeted molecular shuttles
1a and 1b in 93% and 79% yields, respectively. As the stopper
exchange reaction occurred through an addition-elimination
mechanism, the rotaxane structure is fully preserved during
these chemical transformations.'"®'"! For comparison purposes,
the model compounds depicted in Figure 2 were also prepared
(see Supporting Information).

2.2. Characterization of the New Compounds in the Neutral
State

The structure and purity of all the new compounds were con-
firmed by nuclear magnetic resonance (NMR) spectroscopy, mass
spectrometry and elemental analysis. The '"H NMR spectra of
compounds 1a-b and 6a-b recorded in CD,Cl, at 298K are
shown in Figure 3. When compared to axle 6a-b, a dramatic
shielding of all the signals arising from the decyl chain is
observed in the corresponding rotaxanes (1a-b) due to the ring
current effect of the pillar[5]arene hydroquinone subunits on the
axle’s CH, moieties.

Comparison of 1a and 1b reveals significant differences in
chemical shifts for the signals of H(1-10). The average position
of the macrocyclic component on the decyl chain must be there-
fore different in 1a and 1b. Indeed, the shielding effect is more
important for the resonances of H(1-5) in 1Tb when compared to
1a, while an opposite trend is observed for H(6-10). As recently
shown for rotaxanes 9-11, the average position of the electron-rich
pillar[5]arene on the decyl station is sensitive to the nature of the
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Figure 3. Aliphatic region of the "H NMR spectra (CD,Cl,, 500 MHz)
recorded for 1a-b and 6a-b at 298K (for the full spectra, see Figure S1,
Supporting Information). For the comparison of the rotaxane with the
corresponding axle, changes in chemical shift of the signals arising from
the decyl chain station and the triazole station are highlighted in red
and green, respectively.

benzylic amide stopper.”! Weak through-space donor-acceptor
interactions between the bis(trifluoromethyl)phenyl moiety and
the pillar[5]arene contribute to stabilize conformations in which
the macrocycle is close to its electron-deficient stopper in 1b. In
contrast, the attractive interactions are weaker if any in the case
of 1a with an electron-rich terminal stopper. As a result, the

ChemistryEurope 2025, 00, €202400115 (3 of 11)

position of the macrocycle is distributed more homogeneously
over its decyl station in the case of 1a.

Close inspection of the chemical shifts of some signals arising
from protons of the triazole station in 1a-b and 6a-b revealed
also an upfield shift. Nevertheless, the shielding effect is by far
less important than the one observed for the signals of the meth-
ylene groups of the decyl station. This observation suggests how-
ever that the triazole station is likely partially occupied in 1a-b
under these conditions (CD,Cl,, 298 K). This prompted us to
record the "H NMR spectra of 1a-b at different temperatures.
For comparison purposes, the "H NMR spectra of 6a-b were also
recorded at different temperatures. While no changes of chemical
shift could be observed for the signals of axles 6a-b as a func-
tion of the temperature between 298 and 208K, significant
changes were detected for rotaxanes 1a-b (Figure S1, Supporting
Information). For both 1a and 1b, the signals arising from the tri-
azole station are downfield shifted by lowering the temperature.
At the same time, the signals of the decyl station are upfield
shifted. The decyl station is actually more and more populated by
decreasing the temperature. Based on the pseudo-coalescence
observed for the signals of the OCH, substituents of the macro-
cycle, it was possible to estimate the free energy of activation
(AG*) for the dynamic exchange at the coalescence tempera-
ture (T, = 223 K). The AG* values thus obtained for the shuttling
of the pillar[5]arene between the decyl and triazole stations were
found similar for 1a and 1b (46 & 1 kJ mol™"). By following the
chemical shift of the signals observed for the protons of both
stations as a function of the temperature, it appears that no
changes could be observed for temperatures below T, (Figure S2,
Supporting Information). Therefore, the pillar[5]arene moiety
does not exchange its position between the two stations by glid-
ing motions below this temperature. On the other hand, transfer
of the chiral information from the macrocycle to the diastereo-
topic methylene protons H(a/a’) is more and more effective
for both 1a and 1b when lowering the temperature. This is also
in complete agreement with a higher probability of presence of
the chiral macrocycle on the decyl station close to H(a/a’) when
the temperature is decreased. The chemical shifts of the resonan-
ces observed for H(y) and H(k) are also the same below 223 K
for both 1a and 1b. The § values correspond exactly to the one
observed for the same protons in the "H NMR spectra of axles 6a
and 6b recorded under the same conditions. Obviously, the tri-
azole station is not occupied anymore at temperature below
223 K. The pillar[5]arene is therefore totally located over the
decyl station of 1a-b under these conditions. From an energetic
point of view, the difference of energy between the two co-
conformers can be estimated higher than 10kJmol™" corre-
sponding to a 99.5:0.5 relative population at 223 K based on a
Maxwell-Boltzmann analysis. By increasing the temperature, the
shielding observed for the resonances of H(y) and H(k) is less
important for Tb when compared to 1a, thus indicating a much
lower population of co-conformers in which the pillar[5]arene is
located over the triazole station in 1b. This is in perfect agree-
ment with stronger attractive interactions between the pillar[5]
arene and the bis(trifluoromethyl)phenyl stopper when com-
pared to the dimethoxyphenyl one.
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2.3. Binding Studies

To fully understand the behavior of molecular shuttles 1a-b, the
formation of host-guest complexes between pillar[5]arene 12
and appropriate model compounds was also investigated. The
association constants (K,) for the 1:1 complexes were estimated
in CDCl; at 298K on the basis of the complexation-induced
changes in chemical shift by using curve fitting analysis. While
no binding could be evidenced under these experimental condi-
tions for model triazole 7, the formation of inclusion complexes
was clearly evidenced for 8a-b and [(7H)(TfO7)]. The K, values
derived from 'H NMR binding studies together with the corre-
sponding Gibbs free energy of complexation (AG°®) values are
listed in Table 1. As already reported,”™ the nature of the substitu-
ents of the terminal benzylic groups of guests 8a and 8b have
an influence on the K, values. The formation of the host-guest
complex is effectively more favorable for the guest with the
electron-deficient bis(trifluoromethyl)benzyl substituent owing
to the occurrence of attractive interactions with the electron-rich
pillar[5]arene host. As the macrocycle has no affinity for triazole 7,
the preferential position observed for the macrocyclic moiety
over the decyl station in 1a-b is clearly explained. In contrast, the
affinity of the model guest for the pillar[5]arene is switched on
upon protonation. Based on the relative K, values obtained for
the binding of host 12 with guests [(7H")(TfO™)] and 8a-b, pro-
tonation of molecular shuttles 1a-b should dramatically influence
their conformational equilibria.

2.4. Protonation of the Model Compounds

Before investigating the protonation of 1a-b, the pK,(BH™)
value of the 1,2,3-triazole station was estimated by following a
theoretical method successfully applied to a series of aromatic
N-heterocyclic compounds (see ESI).'"? The neutral and the pro-
tonated forms of 1-methyl-4-(3,5-dimethoxyphenyl)-1,2,3-triazole
were calculated at the B3LYP/6-311 + G(2df2p) level using
the conductor-like polarizable model approach!® with the dielec-
tric constant of water. Calculations were also performed on
1-methyl-4-phenyl-1,2,3-triazole for which a pK, value is available
in the literature (0.05)." The 1,2,3-triazole ring contains two basic
sp*-hybridized nitrogen atoms and protonation is more favorable
on the more electron-rich N(3) position (Figure S3, Supporting
Information). This is fully consistent with experimental and
theoretical data reported in the literature for related 1,2,3-triazole
derivatives."® The basicity of 1-methyl-4-(3,5-dimethoxyphenyl)-
1,2,3-triazole and 1-methyl-4-phenyl-1,2,3-triazole was found

Table 1. Association constants (K) for the 1:1 complexes obtained from
host 12 and guests 8a-b, 7, and [(7H*)(TfO")] and the corresponding
Gibbs free energy of complexation (AGP).

Guest 8a 8b 7 [(ZH)(TfO)]
Ky (M7 2.4(1) 6.6(1)” -9 7.2(1)
AG® [kJ mol™] —2.1 —4.6 - —49

@Values derived from "H NMR binding studies performed in CDCl; at 298 K.
PFrom Ref. [5]. “No binding under these conditions.
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similar thus showing that the meta-substituents of the phenyl
group are only playing a minor role (Table S1, Supporting
Information). Importantly, the pK,(BH") of 1-methyl-4-(3,5-
dimethoxyphenyl)-1,2,3-triazole is one to two orders of magni-
tude higher when compared to pK,(BH™) values experimentally
determined for aliphatic amides in aqueous H,50,." As a result,
the first protonation of molecular shuttles 1a-b and axles 6a-b
containing one triazole moiety and two amide subunits should
selectively occur on the triazole station. To fully confirm this selec-
tivity, the protonation of axles 6a-b and model compound 7 lack-
ing the amide functions was investigated by 'H NMR and
ultraviolet-visible (UV-Vis) spectroscopies. Successive addition of
trifluoroacetic acid (TFA) to a CDCl; solutions of 6b and 7 resulted
in similar chemical shift changes for the signals of the 4-(3,5-
dimethoxyphenyl)-1,2,3-triazole moiety (Figure S4, Supporting
Information). In particular, continuous upfield shifts of the reso-
nance of H(8) and downfield shifts of the resonances of H(y) and
H(e) were evidenced in both cases during the titrations. In
contrast, the signals of the CH, groups neighboring the amide
functions of 6b were only marginally affected by the addition
of TFA. All these observations suggest that protonation of 6b
occurs effectively at the triazole N(3) atom as in the case of 7.
Protonation of 7 and 6a-b was further investigated by UV-Vis
spectrophotometric titrations (Figure S5, Supporting Information).
As shown in Figure 4, the UV-Vis spectra of 7 and 6b changed
substantially upon addition of TFA. A clear isosbestic point is ob-
served at 305 and 301 nm for 7 and 6b, respectively, thus revealing
an equilibrium between two well-defined species in both cases.
The similar behavior observed for 7 and 6b upon addition of TFA
further supports the selective protonation of 6b at the triazole
N(3) atom.

2.5. Protonation of Molecular Shuttles 1a-b

'H NMR titrations of 1a and 1b were carried out with TFA in
CDCl; at 298 K (Figure 5 and Figure S6, Supporting Information).
Continuous changes in chemical shifts were evidenced for most
of the signals upon the successive additions of TFA. At the same
time, a substantial broadening was also observed, in particular
for the signals arising from the triazole and the decyl stations.
The apparent downfield shift of all the signals of the decyl chain
upon protonation of the triazole moiety suggests that the
pillar[5]arene moiety has a lower probability of presence over
the decyl station upon protonation of 1a-b. This view is also
supported by the evolution of the signal of the benzylic diaster-
eotopic protons during the titration. In the neutral state, a dou-
blet of AB is observed owing to the proximity of the chiral
pillar[5]arene subunit. At the end of the titration, the transfer
of the chiral information is vanished and a doublet is seen
for H(a/a’). Obviously, the probability of presence of the macro-
cycle near H(a/a’) is significantly reduced upon protonation of
the triazole station. All these observations are consistent with a
conformational change of 1a-b upon protonation. Importantly,
addition of an excess of triethylamine (EtsN) at the end of the
titration restored the initial state of 1a-b, thus showing the
reversibility of the process (Figure 5).
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Figure 4. UV-Vis spectrophotometric titrations of A) 7 and B) 6b with TFA
in CHCl; at 298K (d = 0.1 cm; a) [7] = 5.07 x 10~*M; b) [TFAl/[7] = 65;
) [6b] =6.10 x 10~ M; and d) [TFAl/[6b] = 227).

Owing to the broadening of the signals of 1a-b during
the titrations with TFA, it was difficult to derive clear informa-
tion about their conformations in the protonated state. This
prompted us to prepare the triflate salts of 1a-b by treatment
with a stoichiometric amount of TfOH. For comparison purposes,
[(6aH™)\(TfO7)] and [(6bH™)(TfO™)] were also prepared from 6a
and 6b, respectively. The use of a strong acid like TfOH allows
the total protonation of the triazole station of 1a-b and 6a-b.
This is essential for a non-ambiguous conformational analysis
of [(1TaH™)(TfO7)] and [(1bH)(TfO)]. The 'H NMR spectra of
[(1a=bH")(TfO7)] and [(6a-bH")(TfO7)] recorded in CDCl; at
298 K are depicted in Figure S7, Supporting Information. While
all the signals of protonated axle [(6a-bH")(TfO")] are well
resolved under these conditions, the spectra recorded for rotax-
ane (1a-bH™)(TfO") are characterized by the broadening of
the signals arising from the CH, moieties of the decyl station
[H(1-10)]. Similarly, resonances of H(i—-k) and H(y,,€) are partic-
ularly broad and could not be clearly detected in the '"H NMR
spectrum of [(1a-bH™)(TfO7)] recorded at room temperature.
These observations suggest that the pillar[5]arene is exchanging
its position between the decyl and the triazolium stations in
[(1aH")(TfO7)] at a rate close to the NMR timescale at 298 K.
Clearly, the triazolium station plays a major role in the
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Figure 5. Aliphatic region of the '"H NMR spectra (CDCls;, 400 MHz, 298 K)
of 1b, 1b after addition of TFA (7.4 equiv.), and neutralization by addition
of EtsN showing the reversibility of the conformational changes (for the full
spectra, see Figure S6, Supporting Information).

conformation of protonated molecular shuttles [(1aH")(TfO7)]
and [(1bH™)(TfO7)].

To fully understand their behavior, variable temperature NMR
studies were carried out. A reversible narrowing of most of the
broad signals was observed by increasing the temperature,
and the "H NMR spectra of [(1aH")(TfO)] and [(1bH")(TfO")]
recorded in CD,Cl, at 373K are well resolved (Figure S8,
Supporting Information). Under these conditions, dynamic glid-
ing motions allowing the macrocycle to shuttle back and forth
between the two stations are faster than the NMR timescale.
While confirming the dynamic exchange, the '"H NMR spectra
recorded at high temperature are not very informative con-
cerning the population of the different possible co-conformers.
"H NMR spectra of [(1aH")(TfO™)] and [(1bH")(TfO)] were also
recorded in CD,Cl, at low temperature. As shown in Figure 6,
a clear coalescence is observed at 243K, and the two co-
conformers of [(1aH)(TfO7)] are clearly distinguished at lower
temperatures. In other words, the dynamic exchange between
co-conformers A and B is slower than the NMR timescale under
these conditions.

The AG* value derived from the coalescence of the signals
arising from the aromatic protons of the pillar[5]arene moiety is
49 4 1 kJmol~". Based on the integration, the relative proportion
of the two co-conformers is 67:33 at 223 K, the major co-conformer
being the one in which the triazolium station is occupied (co-
conformer B). A Boltzmann population analysis at 223 K revealed
a difference of energy of 1.0 kJ mol™" between the two conforma-
tions. A similar behavior was also evidenced for [(1bH*)(TfO)]
(Figure S9, Supporting Information). However, conformer A is fa-
vored in this particular case. At 223 K, a 62:38 ratio was deduced
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Figure 6. Selected region of the "H NMR spectra (CD,Cl,, 400 MHz, 298 K)
of [(1aH*)(TfO )] recorded at different temperatures (for the full spectra,
see Figure S9A, Supporting Information).

from the integration corresponding to a difference of energy of
0.9 kJmol~". Based on the coalescence of the signals arising from
the aromatic protons of the pillar[5]arene moiety, a AG* value of
50 £ 1 kJ mol™" was obtained for the dynamic exchange between
co-conformers A and B. Finally, deprotonation of [(1aH™)(TfO™)]
and [(1bH")(TfO7)] was investigated by UV-Vis spectrophoto-
metric titrations with Etz;N as a base (Figure S10, Supporting
Information). Continuous changes were observed in the UV-Vis
spectra upon addition of Et;N. A clear isosbestic point is also
observed, thus revealing an equilibrium between two well-defined
species, namely [(1a-bH™)(TfO™)] and 1a-b. The absorption spec-
trum obtained at the end of the titration is effectively the same as
the one recorded for compound 1a-b in the same solvent.

The conformational equilibria of molecular shuttles 1a-b in
their neutral and protonated state were fully elucidated by vari-
able temperature NMR studies. A summary of all the experimental
findings is depicted in Figure 7.

In their neutral state, the decyl station of 1a-b is largely
favored over the triazole one. Upon protonation of 1a-b, the
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affinity of the resulting triazolium station for the pillar[5]arene
is significantly increased. As a result, protonation triggers signifi-
cant conformational changes. Actually, the pillar[5]arene is ex-
changing its position between the two available stations at
temperatures higher than 243 K, and the relative population of
the two possible co-conformers of [1a-bH*] is significantly influ-
enced by the meta-substituents of the terminal benzylic amide
group of the decyl station. This is fully consistent with the influ-
ence of the amine stoppers on the K, values obtained from the
binding studies of pillar[5]arene 12 and model compounds 8a-b.
The formation of the inclusion complex is effectively more favor-
able for guest 8b with the electron-deficient bis(trifluoromethyl)
benzyl substituent. The difference in Gibbs free energy (AAGP)
between 8a and 8b is 2.5 k) mol~" under the experimental con-
ditions used for the binding studies (CDCls;, 298 K). This quite
small energy difference is however sufficient to significantly influ-
ence the Maxwell-Boltzmann distribution of the different possi-
ble co-conformers of [1a-bH*] and is consistent with a higher
population of the decyl station in the case of [1bH*] when com-
pared to [1aH™]. The effect of such a subtle structural difference
could be evidenced because the triazolium station has an affinity
similar to that of the different decyl stations. This is fully consis-
tent with the K, values derived for the binding of pillar[5]arene 12
with model compounds 8a-b and [(7H")(TfO™)]. Overall, the glid-
ing motions of the pillar[5]arene occur over the full length of its
molecular axle in protonated [1a-bH'], while such molecular
motions are largely limited over the decyl stations in unproto-
nated 1a-b. The perfectly reversible protonation/deprotonation
of these molecular shuttles allows therefore to control the ampli-
tude of the oscillations of the macrocyclic component along its
axle moiety.

2.6. DFT Calculations

In order to fully understand the interactions of the pillar[5]arene
moiety with its different stations in 1a-b, density functional the-
ory (DFT) calculations were carried out with appropriate frag-
ments. Specifically, the structure of the host-guest complexes
resulting from the association of pillar[5]arene 12 with octane
(Oct), 1-methyl-4-(3,5-dimethoxyphenyl)-1,2,3-triazole (L), and tri-
azolium (LH™) were optimized at the ®B97X-D/6-31G* level (see
ESI). The frontier molecular orbitals (FMOs) of 12, [12.0ct], [12.L],
[12.LH"], Oct, L, and LH" are depicted in Figure 8. Comparison of
the FMOs of 12 and [12.0ct] revealed only a marginal effect of the
complexation of Oct host by the pillar[5]arene. This is consistent
with the absence of strong electronic interactions between 12
and Oct in the inclusion complex, and the binding is totally
dominated by dispersive interactions. In the case of [12.L], the
lowest unoccupied molecular orbital (LUMO) of [12.L] is distrib-
uted over the 3,5-dimethoxyphenyl subunit of L and the aromatic
subunits of 12. While the LUMO level centered on L is destabi-
lized, the part centered on the pillar[5]arene is stabilized. The
highest occupied molecular orbital (HOMO) totally localized
on the pillar[5]arene moiety is substantially destabilized (AE =
+0.13 eV). Overall, these observations revealed rather unfavor-
able electronic interactions between the host and the guest in
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Figure 7. A) As indicated by the blue arrows, gliding motions of the pillar[5]arene moiety occur over the full length of the molecular axle in the proton-

ated state, while such molecular motions are limited over the decyl station in the neutral state. Potential energy diagrams of B) 1a and C) 1b in both the
neutral and the protonated states deduced from the variable temperature 'H NMR studies; the energy levels and the proportion of the co-conformers are
given at 223 K; the free energy of activation (AG*) values for the dynamic exchange are those obtained at the coalescence temperature (223K in the neu-

tral state and 243K in the protonated state).

[12.L]; therefore, the binding of L is mainly governed by disper-
sive interactions as observed in the case of Oct. The situation is
totally different for [12.LH"]. In this case, favorable electronic
interactions are effectively evidenced by a significative stabiliza-
tion of the HOMO of 12 (AE=—0.42¢V) and a destabilization
of the LUMO of LH* (AE =+0.10eV) in the host-guest complex.
Moreover, with its HOMO fully localized over the pillar[5]
arene moiety and its LUMO totally centered on the LH* host,
[12.LH*] is therefore a charge transfer complex. This was further
confirmed by time-dependent DFT (TD-DFT) calculations (see
Sl and Figure S11, Supporting Information).

The factors controlling the affinity of guest 12 with the differ-
ent hosts were further analyzed by using the interaction energy
decomposition method (Figure S12, Supporting Information).”
The electronic energy of the host-guest complexes was decom-
posed into two terms: (i) the distortion energy which corresponds
to the energy required for the deformation of the individual com-
ponents to form the inclusion complex (guest 12 and host Oct, L,
or LH™) and (ii) the interaction energy which corresponds to the
difference between the electronic energies of the two distorted
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components and the supramolecular complex. The overall energy
gain for the formation of the host-guest complex was then eval-
uated by adding the positive distortion energy to the negative
interaction energy. The lowest interaction energy was obtained
for inclusion complex [12.0ct] in which only van der Waals inter-
actions are possible. For neutral guest L, the interaction energy
was found 17 kJ mol™' stronger when compared to [12.0ct], thus
showing more favorable dispersive interactions between the host
and the guest in [12.L] despite their poor electronic complemen-
tarity suggested by the FMOs analysis. However, the overall
energy gain is substantially penalized by an important distortion
energy (46.4 kJ mol™). As a result, steric factors explain the more
favorable complexation of the octane guest. In the case of molec-
ular shuttles 1a-b, the preferential location of the pillar[5]arene
moiety over the alkyl station results therefore mainly from the
limited distortion of the macrocyclic component and electronic
factors play only a very minor role. In the case of guest [LH*],
the formation of the host-guest complex with 1 requires also
an important distortion of the macrocyclic scaffold. However,
the significantly increased interaction energy in [12.LH*] provides
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Figure 8. FMOs of octane (Oct), 1-methyl-4-(3,5-dimethoxyphenyl)-1,2,3-triazole (L), 1-methyl-4-(3,5-dimethoxyphenyl)-1,2,3-triazolium (LH*), pillar[5]arene

12, [12.0ct], [12.L], and [12.LH"] calculated at the ®B97X-D/6-31G* level in THF.

a higher energy gain (—204.6 kJ mol™"). This value certainly over-
estimates the real energy gain as intimate ion pairs are most likely
interacting with the pillar[5]arene guest in nonpolar solvents,
thus generating an increased distortion of the guest moiety.
On the other hand, basis set superposition error effects are also
larger in the case of [12.LH*] when compared to [12.0ct] (see SI).
Overall, the position of the pillar[5]arene subunit on its axle
moiety in 1a-b and [1a-bH™] results from an interplay between
electronic interactions and steric effects. In the neutral state, the
conformational preferences are totally dominated by dispersive
interactions and steric effects largely prevent occupation of the
triazole station in 1a-b. In contrast, favorable electronic interac-
tions between the protonated triazole moiety and the pillar[5]
arene in [1a-bH'] are able to compensate, at least in part, the
substantial energy required for the distortion of the macrocyclic
scaffold when the triazolium station is populated. As a result, the
triazolium station becomes competitive with the decyl station in
[1a-bH™].

2.7. Electrochemistry
The electrochemical properties of compounds 1a-b and

[(1a=bH™)(TfO™)] were determined by cyclic voltammetry (CV)
and Osteryoung square wave voltammetry (OSVW).' For the
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sake of comparison, electrochemical measurements were also
carried out with model compounds 7, [(ZH*)(TfO7)], 9, 10, 11,
and 12. All the experiments were performed at room temperature
in CH,Cl, solutions containing nBu,NBF, (0.10 M) as supporting
electrolyte and ferrocene (Fc) as internal reference, with a Pt
micro-disk as the working electrode and a saturated calomel elec-
trode (SCE) as a reference. Potential data for all the compounds
are collected in Table 2. For compounds 9, 10, 11, and 12, no
redox processes could be detected in the cathodic region. In con-
trast, successive oxidations are observed for all these compounds
during the anodic scans (Figure S13, Supporting Information). The
two first anodic processes observed in the CV of pillar[5]arene 12
are quasi-reversible and correspond to the stepwise one electron
transfer to two of the five hydroquinone subunits of the macro-
cycle"” Additional oxidations are observed by scanning at more
positive potentials, these processes are however complex due
to adsorption phenomena and the formation of oxidation side
products. The electrochemical properties of the corresponding
methylated pillar[5]arene derivative have been investigated in
details."® The third oxidation peak involves three electrons to
generate the pentacationic pillar[5]arene, and the fourth peak
is a five-electron process related to the oxidation of the pentaca-
tion toward quinone products. The electrochemical features of
model [2]rotaxanes 9, 10, and 11 are characterized by four suc-
cessive pillar[5]arene-centered oxidations. While the three first
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Table 2. Electrochemical data of compounds 1a-b, [(1a-bH")(TfO")], 7, [(ZH")(TfO7)], 9, 10, 11, and 12 determined by OSWV on a Pt working electrode in
CH,Cl, + 0.1 M nBu,BF., at room temperature. Ferrocene is used as internal reference®®,

Compound Epea 129 59 Ed, Eox Edx
129 +1.119 +1.279 +1.35 +1.72

9 +1.099 +1.289 +1.489 +1.63

10 +1.09% +1.249 +1.48 +1.68

11 +1.079 +1.259 +1.46 +1.65

7 +1.66 +1.91

[(ZHH)(TFO)] —-0.11° +1.90

1a +1.07% +1.28% +1.47% +1.64

1b +1.099 +1.28¢ +1.48 +1.68

[(1aH*)(TfO")] —0.029 +1.11 +1.27 +1.47 +1.64

[(TbH*)(TfO)] —0.10° +1.12 +1.25 +1.36 +1.47 +1.68
J0OSWVs were obtained using a modulation amplitude of 20 mV, a frequency of 20 Hz, and a step potential of 5 mV. PPotential values in oxidation (Eo,) and
reduction (Epeq) in Volt versus SCE (Fc*/Fc is observed at 0.55 4 0.01V vs. SCE). “From Ref. [17] ®Quasi-reversible processes in CV. ®Broad signal.

oxidations correspond to a one-electron transfer, the last oxida-
tion wave involves two electrons. Overall, the five hydroquinone
subunits of the pillar[5]arene moiety of the rotaxanes are oxidized
in a step-wise manner to generate the corresponding pentaca-
tionic species. The redox potentials of the different oxidations
of 9, 10, and 11 are quite similar, thus showing a limited influence
of the amide stopper on the redox properties of the pillar[5]arene
moieties. When compared to parent pillar[5]arene 12, the two
first oxidation processes of rotaxanes 9, 10, and 11 are only poorly
affected by the presence of the alkyl chain within the cavity of the
macrocycle. This is fully consistent with the poor influence of the
alkyl chain present in the cavity on the FMOs of the pillar[5]arene
as evidenced by the DFT calculations. In contrast, the following
oxidations suggest a substantial stabilization of the polycationic
species in the case of the rotaxanes, and the formation of quinone
products seen for 12 is not observed anymore for rotaxanes 9, 10,
and 11.

The electrochemical behavior of molecular shuttles 1a-b is
similar to the one observed for model rotaxanes 9, 10, and 11
(Figure S14, Supporting Information). Four successive oxidation
waves are effectively observed at similar redox potentials. The
presence of both the triazole station and the tetraethylene glycol
linker has no particular influence on the electrochemical proper-
ties of 1a-b. This suggest that the pillar[5]larene moiety remains
located over the decyl station in 1a and 1b upon the successive
oxidations of the macrocyclic subunit and confirms the stabiliza-
tion of the polycationic species when an alkyl chain is present in
the cavity.

To fully understand the electrochemical properties of
protonated molecular shuttles [(1a-bH™)(TfO7)], it was impor-
tant to also investigate the electrochemical properties of
model compounds 7 and [(7H*)(TfO7)] (Figure S15, Supporting
Information). Two oxidation waves are observed at high poten-
tial for the neutral compound. Upon protonation of the triazole
ring, the system becomes electron-deficient, and a reduction is
observed at —0.11V versus SCE for the triazolium moiety of
[(ZHT)(TfO7)]. On the other hand, only one oxidation wave
is evidenced at high potential for [(ZH")(TfO7)]. In the cyclic
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voltammograms recorded for molecular shuttles [(1aH™")(TfO7)]
and [(1bH*)(TfO7)], the diagnostic reduction wave of the triazo-
lium moiety is clearly observed thus confirming the protona-
tion of their N-heteroaromatic subunit (Figure S16, Supporting
Information).

OSWVs recorded for [(1aH)(TfO7)] and [(1bH)(TfO7)] in the
anodic region are shown in Figure 9. For comparison purposes,
the OSWV of 1a-b are also represented in Figure 9. Owing to the
coexistence of two co-conformers for both [(1aH™)(TfO~)] and
[(1bH™)(TfO™)], their electrochemical behavior is more compli-
cated when compared to 1a and 1b. Actually, the first oxidation
of the two co-conformers occurs at different potentials. For
both protonated molecular shuttles, the first wave (i) is ascribed
to the one-electron oxidation of the pillar[5]arene subunit of co-
conformer A and the second one (ii) to the simultaneous first
pillar[5]arene-centered oxidation of co-conformer B and the oxi-
dation of the pillar[5]arene radical cation of co-conformer A. The
two first oxidations are indeed observed at almost the same
redox potential for co-conformer A of [(1a-bH™*)(TfO7)] and
the corresponding unprotonated compounds 1a-b. On the other
hand, the first pillar[5]arene-centered oxidation of co-conformer
B is shifted to more positive potentials by 2200 and 160 mV for
[(1aH")(TfO7)] and [(1bH)(TfO7)], respectively. This change is
fully consistent with the presence of a positively charged triazo-
lium subunit in the cavity of the pillar[5]larene moiety of co-
conformer B. It can be noted that similar positive shifts have
been already reported for the first oxidation of pillar[5]arene-
containing rotaxane in which an imidazolium moiety is located
within the cavity of the macrocycle.” Upon the first oxidation,
the pillar[5]arene radical cation is most likely expelled from the
triazolium station due to electrostatic repulsion. In the particular
case of [(1TbH™)(TfO7)], the wave (iii) detected at +1.36 V versus
SCE corresponds to the subsequent oxidation of the radical cat-
ionic pillar[5]arene. In contrast, no peak separation could be
observed in the case of [(1aH*)(TfO™)] as the two first oxidations
of the pillar[5]arene moiety of co-conformer B occur at very close
redox potentials. The triazolium station is totally unoccupied after
these oxidations, and the dicationic pillar[5]arene moiety is
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Figure 9. OSWVs (anodic scan; frequency 20 Hz, amplitude 20 mV, step
potential 5mV) of compounds 1a-b and [(1a-bH")(TfO7)] in CH,Cl, + 0.1 M
nBu4BF, at room temperature. Whatever the initial state of [(1a-bH")(TfO™)]
(co-conformer A or co-conformer B), only one conformer is present after
the two first oxidations as the oxidized macrocycle is expelled from the tri-
azolium station of co-conformer B.

exclusively located on the decyl station whatever the starting
conformation (Figure 9). Finally, the two last oxidations (iv and v)
are observed at the typical redox potentials of a pillar[5]arene
moiety located onto a decyl station. This observation is in full
agreement with the proposed conformational reorganization
of co-conformer B upon the two first oxidations.

3. Conclusion

New molecular shuttles have been obtained by the functionali-
zation of a rotaxane building block bearing an activated penta-
fluorophenyl ester stopper with an amine bearing a triazole
subunit. Detailed spectroscopic investigations supported by DFT
calculations allowed us to fully understand the conformation of
these systems. In the neutral state, the pillar[5]arene is almost
exclusively located over the decyl station of the rotaxanes. In
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contrast, upon protonation, the affinity of the triazolium station
for the pillar[5]arene is significantly increased. Protonation there-
fore triggers significant conformational changes. Actually, the pil-
lar[5]arene is exchanging its position between the two available
stations and the relative population of the two possible conform-
ers is significantly influenced by the terminal stopper of the decyl
station. Overall, the gliding motions of the pillar[5]arene occur
over the full length of the molecular axle in the protonated
state, while such molecular motions are largely limited over the
decyl station in the neutral state. The perfectly reversible proton-
ation/deprotonation of these molecular shuttles allows therefore
to control the amplitude of the oscillations of the macrocyclic
component along the axle moiety. Moreover, an electrochemical
input can also be used to modulate the amplitude of the gliding
motions within the protonated rotaxanes. Effectively, upon oxida-
tion, the dicationic pillar[5]arene moiety is only located over the
decyl station of the protonated axle.
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