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Abstract: A [2]rotaxane built around a multi-responsive bis-
acridinium macrocycle has been synthesized. Structural investigation
has confirmed the interlocked nature of the molecule and MD
simulations illuminated its conformational dynamics with atomic
resolution. Both halochromic and redox switching properties were
explored to shed light on the mechanical responses and electronic
changes that occur in the bis-acridinium [2]rotaxane. The topology of
the rotaxane led to different mechanical behaviors, upon addition of
hydroxide ions or reduction, easily detected by UV/Vis spectroscopy
and electrochemistry.

Introduction

The mechanical bond® has brought new perspectives in
supramolecular chemistry.”)  Whereas dynamic host-guest
assemblies are stabilized by weak interactions, the mechanical
bond ensures a kinetic and a thermodynamic stabilization in
mechanically interlocked molecules (MIMs),®! among which
catenanes and rotaxanes can be cited. They opened the way to
functional devices such as artificial molecular machines,
molecular-scale logic gates, and functional supramolecular
biomaterials.¥! The controlled motion of the subcomponents in
[2]rotaxanes is essential to mimic biomolecular machines. As a
consequence, the development of new supramolecular building
blocks experiencing large and reversible geometrical and
electronic changes upon a chemical, redox or photonic stimulus
is of primary importance to reach more complex systems.®! One
way to complexity goes through the use of orthogonal stimuli but
the additional stimulus is often used for the readout of the
mechanical response.! Rare are the examples involving
orthogonal stimuli to trigger different mechanical responses.[”
Indeed, the design of such systems is challenging since they
typically require the combination of compatible molecular
switches in the same architecture.®!

The acridinium unit is a n-extended electro-deficient aromatic
moiety able to recognize electron-rich aromatic guests through r-
donor/ n-acceptor interactions.® In addition, this aromatic moiety
is an attractive building block in supramolecular chemistry since
its electronic properties and shape can be drastically changed
upon reduction or addition of nucleophiles.'® Despite this unique
multi-responsive behaviour, the acridinium core was not

intensively used in supramolecular chemistry and was barely
incorporated in MIMs.* For instance, W. Abraham and his group
have developed [2]rotaxanes incorporating a crown ether
macrocycle with a pending acridinium unit.*213 |n these examples,
the acridinium motif was not used as a recognition unit specific to
n-n stacking interactions.

We recently developed a 35-atom macrocycle (M35%*)
consisting of two cofacial acridinium units linked by a rigid 3,5-
dipyridylanisole and a flexible alkenyl spacer.! In this
cyclophane, the switching properties of the acridinium units were
also advantageously exploited to tune the binding affinity for
polycyclic aromatic hydrocarbons. Upon reduction, the di-reduced
macrocycle (M35° revealed a strongly decreased binding
constant for perylene (Per, K, from 1200 to 54 L mol™ in C;H4Cly)
while upon addition of hydroxide ions, no affinity was observed. In
other words, both stimuli led to the dissociation of the host-guest
system.

In contrast, it was envisioned that the enhanced kinetic
inertness and thermodynamic stability provided by a
rotaxane architecture would be of interest in differentiating
the mode of action of both stimuli in M352*. It is foreseen that
the halochromic and redox properties will thus give rise to a
multi-readout of the motion in the system. Herein, the design
and the synthesis of a [2]rotaxane incorporating the multi-
responsive bis-acridinium macrocycle M352* is reported. Its
interlocked nature was explored by 1D variable temperature
and 2D NMR experiments while its conformational dynamics
by all-atom Molecular Dynamics simulations. Finally, the
multi-responsive properties of the MIM were probed upon
addition of hydroxide ions and upon reduction. The
halochromic properties were followed by *H NMR and UV/Vis
spectroscopies and the redox properties were studied by
electrochemical techniques (UVIVis
spectroelectrochemistry, cyclic and differential pulse
voltammetry), EPR experiments and DFT calculations.

Results and Discussion
Design and Binding Study with Pyrene. Pyrene (Pyr) was

considered as an interaction site for the bis-acridinium
macrocycle M35-2PFs in a MIM since its regio-functionalized
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derivatives are commercially available in comparison to Per which
usually requires tedious stepwise recrystallization.* Followed by
'H NMR spectroscopy, binding experiments revealed a K, of 328
+ 3 L mol?! between the bis-acridinium macrocycle M35-2PFs
and Pyr in CD3CN (see SI, Figure S4.1-S4.3). In addition, a
clipping strategy was considered for the formation of the
[2]rotaxane and the synthesis of a methylated bis-acridinium
tweezer was performed (see structure Figure la and see SlI,
section 3). A complexation study between this tweezer and Pyr
revealed a K, of 191 == 5 L mol™? in CDsCN (Figure S4.4-S4.6).
Despite the degrees of freedom in the tweezer leading to different
conformers in solution, Pyr appears to be a suitable interaction
site for the synthesis of the [2]rotaxane.*®! The interaction
between the tweezer and Pyr was rationalized by X-ray diffraction
analysis of the corresponding methylated bis-acridinium tweezer
(Figure 1b-c).17) In the crystalline state, the system exhibits a U-
shape conformation. In addition, a suitable distance between the
two acridinium moieties (dco.co = 7.190(4) A and dy.n = 7.492(4)
A) was found for n-stacking interactions with an aromatic guest.

Figure 1. a) Scheme of the methylated bis-acridinium tweezer, b) side view and
c) top view of the crystal structure of methylated bis-acridinium tweezer (thermal
ellipsoids at 50% probability level; PFs” anions have been omitted for clarity).

Synthesis. The synthesis of the [2]rotaxane 1-2PFs was
performed according to a clipping strategy (Scheme 1). First,
the synthesis of the dumbbell 2 involved the formation of a
tetraarylmethane stopper 3 bearing six tert-butyl functional
groups and a terminal alkyne functional group. This
synthesis was carried out following Gibson synthetic
strategy.[*®! Compound 3 (2.0 equiv.) was reacted with 1,6-
diiodopyrenel® (1.0 equiv.) under Sonogashira conditions in
a 1:1 THF/piperidine (v/v) mixture of solvents using
Pd(PPh3)s (10 mol%) and Cul (10 mol%) as catalysts. The
dumbbell 2 was isolated in 90% yield. Finally, the [2]rotaxane
1-2PFs was obtained by reacting the dumbbell 2 (1.0 equiv.)
with the bis-acridinium tweezer 4-2(CFsCOO) (1.3 equiv.)4
in the presence of Grubbs(l) catalyst in CH,Cl, (50 mol%).
After anion metathesis and purification, the rotaxane 1-2PFe
was obtained in 18% yield as a trans/cis mixture of isomers
of olefines (7:3 ratio).

10.1002/chem.202202840
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THF | Piperidine
80°C/16h

3 l Pd(PPh;)s / Cul
90%

1. Grubbs |
CH,Cl,/ 3h/RT
2. Si0; / Acetone /| KPFg
18%

Scheme 1. Synthesis of the [2]rotaxane 1-2PFs according to a clipping
strategy.

Structural Characterizations. The structure of the rotaxane
1-2PFs was confirmed by NMR spectroscopy (1D and 2D) as
well as by mass spectrometry. After anion exchange, the
comparison of the *H NMR spectrum of 1-2(CFsCOOQ) in
CDCl; and its isolated components (Figure 2), namely the
free macrocycle M35-2(CFsCOO) and dumbbell 2, revealed
upfield shifts of the acridinium (A&Huys) = —0.31, Ad(Hz7) =
—0.15, A&(Hse) = —0.64 and A&Ha4s) = —1.65 ppm) and the
pyrene protons (A&(Hs) = —0.88, AS(Hz7) = —0.70 and
AS(Hzg-5110) = —0.94 ppm).2% In contrast, the inner proton of
the cavity of the macrocycle (A6(Hy) = +0.83 ppm) and the
olefinic protons (A&(Ha) = +0.38 ppm) exhibited a downfield
shift. These observations reflect the reciprocal influence of
the anisotropy effects of pyrene and M35:-2(CF3COO). The
mechanically interlocked nature of the [2]rotaxane 1-2PFs
was unambiguously confirmed by NOESY and DOSY
experiments. Through space correlations between the Ha/o-
27 pyrene protons of the dumbbell and the Hy proton of the
macrocycle were monitored (see Sl, Figure S3.31-S3.32)
and all protons of 1-2PFs exhibited the same diffusion (D =
485 um2 st Figure S3.37). Finally, no dethreading was
detected upon heating a solution of 1-2PFes in CD3CN at 353
K for 16 h (Figure S3.25) thus showing the efficiency of the
stoppers. Mass spectrometry also revealed the presence of
the interlocked molecule in the gas phase. A peak
corresponding to the molecular ion [1]?* was observed at m/z
1284.8587 (Figure S3.38). It is worthwhile to note that the
fluorescence of pyrene was quenched in 1.2PFs compared
to 2 indicating the spatial proximity of the electron rich pyrene
and the acridinium units (Figure S3.40).
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Figure 2. *H NMR spectra (500 MHz, CDCls, 298 K, ¢ = 5 x 10 mol L)
stack of a) the dumbbell 2, b) the [2]rotaxane 1-2(CF3COO) and c) the
macrocycle M35-2(CF3COO) (zoom aromatic region).

Surprisingly, 1-2PFs showed a good solubility in various
solvents and the 'H NMR spectra of 1-2PFs were similar
when recorded in CD30OD, CDs;CN, [Dglacetone, [D7]DMF
and CD.Cl, (see SlI, Figure S3.26). This observation
indicates that the macrocycle mainly resides at the vicinity of
the pyrene core. This hypothesis was confirmed by variable
temperature experiments in CD3;CN at 343 K with no
changes of the proton chemical shifts of the [2]rotaxane
(Figure S3.28). Interestingly, the *H NMR spectrum at 193 K
in [Des]acetone showed two sets of signals corresponding to
the Hy proton of the macrocycle (&Ho) = 9.45 and 9.39 ppm)
in a 6:4 ratio suggesting two stable positions of the pyrene
core in the cavity of the macrocycle or two conformers of
M352* (Figure S3.27).

In order to explore the conformational dynamics of the
MIM in solution, molecular dynamics (MD) simulations were
performed on the corresponding [2]pseudo-rotaxane in a box
of CH3CN at 298 K (Figure S9.1). The existence of (at least)
two conformational states of the MIM (called here “centered”
and right tilted “dx”) in a reversible equilibrium was observed
(Figure 3 and see SlI, Figure S9.2). These distinct states are
the result of a slight tilting of the pyrene moiety within the
cavity of the macrocycle. In other words, the interaction
pattern (see short contacts represented as yellowish dashed
line in Figure 3) between the central carbon atom of the
macrocycle (C7 in red linked to Hy) and the three labelled
carbon atoms of the pyrene core (C13 in green, C14 in purple
and C18 in cyan) changes over time. These two
representative  structures show that the chemical
environment of the Hy, proton changes on account of the
position of pyrene sitting in the cavity of the macrocycle thus
rationalizing the *H NMR at variable temperature.

10.1002/chem.202202840
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Centered dx

Side View

Top View

Figure 3. Main conformational states of the [2]pseudo-rotaxane identified
by MD simulations. In the “centered” conformation, the central carbon of
the bis-acridinium units (C7) is in contact with two aromatic carbons on
the same pyrene ring (C14 and C18). In the “dx” conformation, C7 is in
contact with carbons belonging to two different pyrene rings (C13 and
C14). Only the acridinium and pyrene moieties are visualized. See ESI
for details.

Acid-Base Study. The acid-base switching properties of the
bis-acridinium rotaxane 1-2PFs were explored. Addition of
hydroxide ions to a solution of 1-2PFs quantitively led to the
corresponding bis-acridane derivative 5. Dearomatization of
the acridinium core was confirmed by UV/Vis spectroscopy
(Figure 4). In CHCl;, the acridinium centered n—n*
transitions at 350 nm (¢ =25 000 L mol~* cm™) and 435 nm
(8 000) were not observed in the spectrum of 5 and a new
transition was monitored at 320 nm (15 000).2Y Full
reversibility of the conversion of the acridane rotaxane 5 to
the acridinium rotaxane 1-2PFs was demonstrated under
acidic conditions. Addition of a small amount of TFA (2
equiv.) restored the spectrum of 1%* on account of the
rearomatization of the acridinium cores. Fatigue studies
showed no loss of reactivity upon successive addition of TFA
and TBAOH thus demonstrating the robustness of the
interlocked system. Interestingly, analysis of a solution of 5
by mass spectrometry showed peaks at m/z 2588.72,
2602.73, 2619.72 and 2633.74 corresponding to the
molecular ions [5-OH]*, [5]*, [5—-OH+OCH3]* and
[5-20H+20CHzs]* (Figure S3.55). This observation confirms
the scrambling of the nucleophile of the bis-acridane
rotaxane under these conditions as already seen in this
family of compounds.*4
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Figure 4. UV/Vis (CH2Clz, | = 0.1 cm, 298 K) spectra overlay of a solution
of 5 (c = 1.5 x 10°° mol L) before (red) and after addition of TFA (2 equiv.,
blue). Inset: Fatigue study monitored by UV/Vis spectroscopy at 392 nm.
Each cycle corresponds to the successive addition of TBAOH (16 equiv.)
followed by addition of TFA (18 equiv.).

Compared to the *H NMR spectrum of 1-2PFs (see SlI,
Figure S5.1), the IH NMR spectrum of 5 showed an upfield
shift of the acridane with respect to the acridinium protons
(A5(H1/g) = —0.21, A&Hzn) = —0.62, A&Hye) = -0.64 and
A&(Ha5) = —0.13 ppm). Closer scrutiny to the spectrum
revealed a downfield shift of the pyrene protons (A&Ha4/9) =
—0.37, A&Hz'n') = -0.32 and A&Hgyg'.s'/m') = -0.45 ppm).lzz]
The shift difference between the bis-acridane rotaxane 5 and
the isolated dumbbell are less pronounced than that of the
bis-acridinium rotaxane 1-2PFs except for the Hma proton
(A&(Hma) = —0.13 ppm in 5 vs. —0.05 in 1-2PFs, Table S1).
This observation suggests that the macrocycle moves away
from the pyrene core upon addition of hydroxide ions.
Interestingly, two sets of signals were monitored at 233 K for
the Hma proton of the stoppers (Figure S3.52). In other words,
the macrocycle comes closer to the phenoxy groups of the
dumbbell at low temperature resulting in two different
environments for the stoppers. Consequently, the spectrum
of 5 at 298 K reflects an average conformation coming from
the constant shuttling of the macrocycle along the axle. It
thus shows that the motion in the [2]rotaxane can be
reversibly triggered by addition/removal of hydroxide ions.

Molecular dynamics simulations of the bis-acridane
rotaxane 5 fully support the shuttling of the macrocycle along
the axle (Figure 5a). During a 100-ns trajectory at 353 K, the
macrocycle appears to reside successively in between the
central pyrene moiety and either stopper of the dumbbell 2
for about 25 ns before crossing it and moving to the other
side, as reflected by the variation of the distances (d; and dy)

10.1002/chem.202202840
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between the C, carbon of the macrocycle and the central
quaternary carbons of the stoppers (Figure 5b, top). In sharp
contrast, no shuttling of the macrocycle was detected in
simulations carried out at 233 K (Figure 5b, bottom). The
simulation results are in good agreement with the NMR
spectra of 5 and explain the frozen motion detected by
variable temperature *H NMR at low temperature.

(=2
S

Distance [Ang]

Distance [Ang]

Time [ns]

Figure 5. Molecular dynamics simulations of the bis-acridane rotaxane 5. a)
Representative snapshot of the rotaxane with the interatomic distances used to
monitor the shuttling of the macrocycle. The shuttling distances (d: and d2) were
measured between the Co of the macrocycle and the central quaternary carbons
of the stoppers. b) Time series of the shuttling distances at high (top) and low
(bottom) temperature over 100 ns MD.

In other words, the motion can be easily detected by UV/Vis
spectroscopy at 435 nm. It is worthwhile to note that the
rotaxane 5 exhibits a regain of luminescence properties on
account of the conversion of the acridinium cores to the
corresponding acridane moieties (Figure S3.40). This
variation in the visible region of the spectrum can be seen as
a first ON/OFF readout of the motion in the system.

Electrochemical Study. Electrochemical studies were
performed to probe the electronic interactions stabilizing the bis-
acridinium macrocycle on pyrene and to investigate the potential
motion of the macrocycle upon reduction of the acridinium units.
In DMF, two reduction peaks (E¢; =-0.970 V and E., = -1.790 V
vs. SCE) and one concomitant reoxidation peak (E.; = -0.880 V
vs. SCE) were observed by cyclic voltammetry experiments
(Figure 6a). The first reduction process exhibits a quasi-
reversible behavior as suggested by the observed peak potential
difference (AE = |Ea1 — Eci] = 90 mV). The plot of the cathodic
and anodic intensity as a function of the square root of the scan
rate (Ic and |, = f(v¥?)) shows a linear relationship underlying a
process under diffusion control (see Sl, Figure S6.3). In addition,
UV/Vis spectroelectrochemical (SEC) experiments unambiguously
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confirmed a bi-electronic reduction for this first reduction process
(Figure S6.4).12% Indeed, formation of 1° (Eup = —1.0 V vs. SCE)
revealed the characteristic spectrum of the acridinium radical species
showing two maxima at 464 (¢ =5 000 L mol* cm™) and 533 nm (4
200) with the simultaneous decrease of the typical acridinium
centered n—7* transitions at 435 (8 000) and 454 nm (4 500). It is
worthwhile to note that the full restoration of the spectrum of 1-2PFg
occurred upon re-oxidation thus corroborating the clean chemical
reversibility of this electrochemical process (Figure S6.5). The second
reduction peak is irreversible and affects the intensity of the
reoxidation process (l, decreasing) as it is often seen in acridinium
derivatives. This behavior is the result of a well-known EEC
mechanism  (electron-electron-chemical) for this family of
compounds.® Z! |nterestingly, a cathodic shift in potential for both
reduction waves in 1-2PFs was observed (A(E1,) = -47 mV and
A(Ec2) = —-40 mV vs SCE) in comparison to the isolated macrocycle
M35-2PF¢ (Figure 6a). Indeed, pyrene enriches the acridinium units
of the macrocycle making them harder to reduce. In other words,
these shifts suggest that no shuttling takes place upon reduction of
1-2PF; since no alternative stable positions exist.["® 24

M35-2PF

£, =-1750V — E,=-0911V
A Ea=-0880V

|
E,=-1790V

-2.1 -1.9 -1.7 -1.5 -1.3 -1.1 -0.9 -0.7 -0.5
Potential (V vs Fc*/Fc)

b) in DMF
G

By _O_E;O v Fc < Fc*
in C,H,Cl,

Fc «Fc*

1-2PF

R G S e e AR O I - T T . O T

22 -2 -18 -16 -14 -12 -1 -08 -06 -04 -02 O 0.2 04
Potential (V vs Fc*/Fc)

Figure 6. a) Cyclic voltammograms (DMF, WE: Pt, CE: Pt, RE: Hg/Hg2Cl2, 100
mV s7) of a solution (¢ = 1 x 10-° mol L) of bis-acridinium macrocycle (blue)
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M35.2PFs and 1-2PFs (red). b) Square wave voltammograms of 1-2PFe in DMF
(red) and in C2H4Cl2 (black) in the presence of one equivalent of Ferrocene (Fc).

When cyclic voltammetry experiments were performed in
1,2-dichloroethane (C;H4Cl;), a different behavior was
observed. Instead of the first bi-electronic reduction process
observed in DMF, two quasi-reversible reduction events (Ec1
= -0.940 V and E¢; = -1.04 V vs SCE) were monitored
(Figure 6b and see SI, Figure S6.7-S6.9). UV/Vis SEC
experiments in C;H4Cl, (Figure S6.10-S6.11) suggest a
sequential reduction of the acridinium units in 1-2PFe.
Interestingly, this behavior was not observed for the isolated
macrocycle M35-2PF¢'4 and can be attributed to a charge
solvation effect. In contrast, the bis-acridane rotaxane 5 does
not exhibit any electrochemical response within the same
range of potential (Figure S6.14). The difference of the
electrochemical responses between 1-2PFs and 5 can be
seen as a direct ON/OFF readout of the dynamic behavior
within the [2]rotaxane. This detection is ensured by the
reversible geometrical and electronic changes of the same
recognition unit, here the acridinium fragment.

EPR Study. In order to shed light on the reduction state of
the rotaxane, continuous wave electron paramagnetic
resonance (EPR) experiments were undertaken in C,H4Cl;
(c =5 x 10 mol L ™). EPR spectra were recorded at 260 K
upon addition of a reducing agent (cobaltocene, Co(CsHs)2)
to generate the reduced species. The EPR spectrum of the
10-(dec-9-en-1-yl)-9-phenylacridinium hexafluorophosphate
model compound displayed well resolved hyperfine coupling
constants (see simulation in Sl, Figure S7.1) whereas a
single line was observed for the monoreduced macrocycle
(M35**, Figure 7). Consequently, this observation indicates
the existence of an intramolecular electron exchange
reaction leading to a line broadening effect on the EPR
spectrum. Surprisingly, the presence of pyrene in 1**
restored a partially resolved spectrum reflecting a decreased
spin exchange interaction.

M“""‘ M’h '

,/ '\ \
,—//’ \‘. e M35*/*
— A\ m‘&.
‘ , ' \‘VT' 1*1'
330 331 332 333 334 335

Magnetic Field (mT)

Figure 7. X-band EPR spectra of a solution (C2H4Clz, 260 K, ¢ =5 x 10 mol L°
1) of the 10-(dec-9-en-1-yl)-9-phenylacridinium hexafluorophosphate model
compound (black line, with a modulation amplitude 0.1 mT at a frequency of 30
kHz; microwave power of 1 mW), of M35-2PFs (blue line, with a modulation
amplitude 0.1 mT at a frequency of 100 kHz; microwave power of 1 mW) and of
1-2PFs (red line, with a modulation amplitude 0.1 mT at a frequency of 100 kHz;
microwave power of 1 mW) in the presence of Co(CsHs)2 (0.8 equiv.).

DFT calculations were undertaken in order to rationalize the
EPR spectra. The monoreduced macrocycle M35** and rotaxane
1** have their SOMO localized on one of the acridinium units as
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expected (Figure 8). Interestingly, a flattening of the structure in
M35** is observed with a distance of ~ 3.5 A between the reduced
acridinium and the second acridinium fragment (Figure 8a). This
interaction is comparable to the formation of an intramolecular =-
mer between both interacting units. It is worthwhile to note that
the existence of acridinium n-mers seems to be corroborated by
the EPR concentration study on the 10-(dec-9-en-1-yl)-9-
phenylacridinium hexafluorophosphate model compound (see S,
Figure S7.3).[%1 In comparison, the structural rearrangement of
the macrocycle is prevented in the monoreduced rotaxane 1** on
account of the presence of pyrene (Figure 8b). The distance
between the reduced acridinium and the second acridinium
fragment was found to be ~ 7 A thus explaining the decrease of
the spin exchange in the rotaxane 1** (Figure 7a).

Figure 8. DFT calculations (B3LYP functional) showing the optimized geometry
and the SOMO orbital of a) the monoreduced macrocycle M35** and b)
monoreduced rotaxane 1*.

Conclusion

In summary, we have reported on the synthesis, the structural
characterization and the conformational dynamics of a novel
[2]rotaxane incorporating a bis-acridinium macrocycle. In
addition, the halochromic properties of the acridinium units were
exploited to set in motion the macrocycle and the dumbbell
relative to each other in the [2]rotaxane. The redox properties of
the [2]rotaxane were explored and revealed a kinetic stabilization
of the assembly compared to its subcomponents. To the best of
our knowledge, this is a rare example of mechanically interlocked
molecule responsive to orthogonal stimuli on a same recognition
unit, namely the acridinium core, leading to two distinct
mechanical responses with a direct ON/OFF readout assessed by
UV/Vis spectroscopy and electrochemistry. In addition, EPR
studies coupled to a DFT investigation showed that after
monoelectronic reduction, a spin exchange interaction is
observed but decreased in comparison to the isolated
macrocycle. This behavior is likely the result of a prevented n-mer
formation in the MIM on account of the presence of the pyrene
core. This work opens the way to the use of the acridinium core
as a recognition unit for radical templation through =n-mer
formation.
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