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“ Self-Assembled Bis-Acridinium Tweezer Equilibria

o= Controlled by Multi-Responsive Properties

Johnny Hu,” Jean-Pierre Launay,” Alain Chaumont," Valérie Heitz,*™

Henri-Pierre Jacquot de Rouville*®

Protonated and methylated bis-acridinium tweezers built
around a 2,6-diphenylpyridyl and an electron enriched 2,6-di(p-
anisyl)pyridyl spacer have been synthesized. These tweezers can
self-assemble in their corresponding homodimers and the
associated thermodynamic parameters have been probed in
organic solvents. The switching properties of the tweezers have
been exploited in biphasic transfer experiments showing the
shift of the equilibria towards the homodimers. Moreover, the

Introduction

Equilibria involving multiple interacting life components led to
complex assemblies (double helix of DNA, G-quadruplex
secondary structures, protein complexes).” These complex
assemblies are endowed with numerous remarkable functions
(transmission of information, chemical transformations, trans-
port, regulation).”>® Recent years have seen the exploitation of
the dynamic nature of supramolecular interactions to reach
well-ordered assemblies based on self-organization of designed
molecular entities.” In addition, various physical or chemical
stimuli have been considered to modify equilibria of
supramolecular systems to reach adaptive systems.”! With no
contests, stimuli-controlled equilibria represents the first step in
the attractive fields of molecular machines® and constitutional
dynamic systems.”’ In order to reach such complex systems,
multi-switching properties are generally introduced and rely on
the combination of several switching units® since few building
blocks are intrinsically multi-responsive.”’ In this vein, the 9-
arylacridinium unit is a motif of interest and is a multi-
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thermodynamic parameters of the formation of the reduced
methylated homodimers investigated by electrochemical ex-
periments revealed the dissociation of the dimers. Thus, in
addition to solvent and temperature, the pH and redox
responsiveness of the acridinium units of the tweezers make it
possible to modulate to a larger extent the monomer-dimer
equilibria.

responsive unit in essence having redox, photochemical and
halochromic properties."” In addition to its multi-switching
properties, this relatively small heterocycle is a suitable
recognition unit for m-donor molecules on account of its m-
extended system and its electro-deficient nature."

Scarcely incorporated in supramolecular architectures until
now,"? the 9-arylacridinium fragment was recently exploited as
recognition units in molecular tweezers forming entwined
dimers."¥ Even more surprisingly, tweezers of similar size and
shape have led to a narcissistic self-sorting behavior.™ In
consequence, work still has to be done to understand the exact
nature and strength of the weak interactions involved in these
systems since self-assembling structures resulting from m-n
interactions of identical tweezers usually lead to quadruple
stacks, in solution and in the solid state.™ In view of further use
of this kind of molecular tweezer, it is thus important to study
in detail their monomer-dimer equilibria in order to determine
the best experimental conditions for their implementation as
selective complexants."® To the best of our knowledge, switch-
ing properties were not used for rationalizing the interactions
involved in these entwined assemblies. In addition, they are
shown herein to be an asset for controlling self-assembly
monomer-dimer equilibria and for understanding the contribu-
tion of dispersive and repulsive forces in the systems.

Here, we report the synthesis and the thermodynamic study
of the monomer-dimer equilibria of four bis-acridinium tweez-
ers 12%, 22%, 3>t and 4** (Scheme 1). Besides the structure-
property relationship of these tweezers, the switching proper-
ties of the acridinium core were probed by infrequent (or rarely
attempted) experiments. We conducted i) biphasic experiments
analyzed by 'H NMR and molecular dynamics simulations and ii)
variable temperature electrochemical experiments in order to
elucidate the stabilizing interactions in the tweezers.

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Chemical structures of the molecular tweezers 12, 22%, 3** and
4% in equilibrium with their entwined homodimers.

Results and Discussion
Monomer-Dimer Equilibrium Study

The 'H NMR spectrum of 1.2CF,COO in CD,OD (c=
5%x10~* molL™', T=293 K) showed the expected signals of the
monomeric species (Figure 1). Upon increasing the concentra-
tion of 1.2CF,COO to 1x107> mol L', the proton signals became
broader and poorly resolved at the NMR time scale revealing a
transition from a slow to an intermediate exchange regime
(Figure S6.3). Based on the promising data reported in CD,CN,"™
this behaviour was attributed to the equilibrium between the
monomeric form of 1-2CF,COO and its corresponding dimer
(1),-4CF,CO0. At 328K, the spectrum characteristic of the
monomer was observed at all concentrations (Figure S6.5).
However, signals corresponding to a new species were recorded
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Figure 1. 'H NMR spectra stack (600 MHz, CD;0D) of 1-2CF,CO0O
(c=5%10"*molL™") at variable temperature (193 K to 293 K).
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at 193 K (Figure S6.4). This new species was ascribed to the
entwined dimer (1),-4CF;CO0. Formation of the entwined
dimer (1),-4CF;COO was corroborated by the upfield shift of
the acridinium protons (Ad(H,,)=—0.94, Ad(H,,;)=—0.48,
Ad(H;6)=—0.15 and Ad(H,s)=—0.12 ppm) and the pyridinic
protons (Ad(Hg)=—1.07 and Ad(H,)=—0.34 ppm) witnessing
the involvement of m-stacking interactions. Thermodynamic
parameters were assessed by variable temperature experiments
of a diluted solution of 1-2CF,CO0 (c=5x10"“*molL™") in
CD;0OD showing a mixture of monomer and dimer in slow
exchange from 193 to 263 K. The determination of the binding
constant (Ky,,) of dimerization at each temperature led to the
estimation of the corresponding AG® parameter. Consequently,
a van't Hoff plot analysis allowed the assessment of the
enthalpic (AH°=-55.0kJmol™") and the entropic (AS’=
—154.1 Jmol 'K™") contributions (Table 1, Figure 56.7). A similar
behaviour was observed in CD,CN"' leading to AH® and AS°
values of —48.3 kJmol™"' and —130.7 Jmol 'K ™' respectively.

Structure-Properties Investigation

We were then interested in probing the influence of structural
modifications in order to shed light on the interactions involved
in the assembly. Following similar synthetic strategies as for
12*, a protonated 2** tweezer and tweezers with electron
enriched spacers 3** and 4°* were synthesized (see ESI). First,
the influence of the N-H proton in 2>* on the dimer formation
in CD,0D was investigated. Analogous chemical shifts were
observed for the acridinium protons of 2.:2Cl (6(H,s)=8.11,
0(H,,;)=7.84 and O(H;,)=8.33 ppm) compared to the previ-
ously reported N-methyl tweezers 1-2Cl (Figures 54.5-54.6)." A
van't Hoff plot analysis on the protonated tweezer 2.:2CF,COO
was undertaken in CDCl;, [Dg]THF, [D¢lacetone, CD;CN, CD;NO,
and CD;OD on account of its good solubility in different
solvents (Figures S5.1-55.18). It thus allows a direct comparison
of the thermodynamic parameters in the different media using
the empirical E;(30) parameter (Table S5.7)."7"® As a rule of
thumb, the more the E{(30) value of a solvent increases, the
more stable the assembly (AG® decreases, Ky, increases) with
no (2),-4CF,COO dimer formation observed in low polarity
solvents, namely CDCl; and CD,Cl,. This empiric observation
was confirmed except for CD;OD. Since the same average
geometry of the dimer is expected based on the low variation
observed for the chemical shifts in various solvents (Fig-
ure S5.20), the less favoured enthalpic contribution AH° in
CD;OD is not the result of a change in the van der Waals
interactions in the assembly but comes from solvation phenom-
ena. When compared to 1:2CF;COO, this observation suggests
that the labile N-H protons significantly i) impacts the solvent
cohesive interactions as expected (AAH°= +25.8 kJmol™") and
ii) give rise to a stronger solvation of the monomer 2:2CF,COO
(AAS°= +86.6 Jmol'K™") in CD;OD. Since 1-2CF,COO and
2.2CF,CO0 exhibits similar AH® and AS® in CD,CN, it suggests
that the protonated acridinium core does not alter mn-m
interactions in the assembly in comparison to the methylated
acridinium unit.

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 1. Least square line analysis of the van't Hoff plot of the monomer-dimer equilibrium of the 2,6-diphenylpyridyl tweezers 1-2CF;COO, 2:2CF,COO and
2,6-dianisylpyridyl tweezers 3-2CF,COO and 4-2CF,COO allowing the estimation of AH° (kJmol™") and AS° (Jmol~'K™) in various solvents.
Compound Solvent AH® AS° AG® Koim E;(30)@

(kJmol™) (Jmol™'K™) (kJmol™) at 298 K (kJmol™)

(Lmol™)

1-:2CF,CO0 CD,0D —55.0 —154.1 —-9.1 39 2319
2-2CF,C00 CD,0D —29.2 —67.5 —-9.1 39 2319
2:2Cl CD;0D —30.1 —726 -85 30 2319
1.2CF;CO0 CDsCN —48.3 —130.7 —94 44 190.9
2-2CF;C00 CD;CN —48.7 —127.4 —10.8 75 190.9
3-2CF;C00 CD;CN —60.7 —162.0 —124 151 190.9
4.2CF,CO0 CD,CN —534 -117.9 —18.0" 1424" 190.9
2:2CF,C00 [D¢lAcetone —329 -779 —-9.7 50 176.7
2:2CF;,C00 CD;NO, —73.2 —2254 —6.0 11 193.8
2:2CF,C00 [DgITHF —20.6 —57.1 —36 4 156.6
2:2CF,CO00 CD,Cl, - - - - 1704
2:2CF,CO0 cDCl, -d —d -d - 163.7
[a] Ex(30) values taken from C. Reichardt, Chem. Rev., 1994, 94, 2319-2358 (converted in kJmol ™' for consistency reasons). [b] Experimental value determined
by "H NMR spectroscopy. [c] Not determined since no dimers were formed at low temperatures.

Finally, tweezers 3:2CF;COO and 4-2CF;COO incorporating
a 2,6-dianisylpyridyl spacer were studied to evaluate the effect
of increasing electron density of the spacer on the enthalpic
and entropic contributions to dimers formation (Figures S7.1-
$8.7).%" Both tweezers were studied in the most promising
solvent for their dimer formation, namely CD,CN.?” They have
more negative AG® values (K, increase) than 1-2CF,COO and
2:2CF,COO0 reflecting an increased stabilization by van der
Waals interactions (including n-n interactions). This observation
validates the n-donor/n-acceptor hypothesis. However, addition
of the methoxy groups on the spacer leads to an overall
beneficial effect on both the enthalpic and entropic contribu-
tion of the equilibrium with an increased stabilisation of the
dimer (4),-4CF;COO over (2),-4CF;COO by a factor of 18. The
ability of the acridinium tweezers 2** and 3?" to form their
corresponding homodimers was also confirmed by X-ray
diffraction (Figure 2).2" These structures clearly show that
protonated acridinium units and the 2,6-di(p-anisyl)pyridyl
spacer can be involved in the formation of entwined dimers.

Halochromic Properties and pH-Control of the Dimer
Equilibria

The halochromic properties of the acridinium core were
exploited to prepare the corresponding bis-acridane tweezer 5
(Figure 3). As expected, the bis-acridane tweezer 5 was isolated
in a quantitative manner upon addition of a solution of KOH in
CH;OH to a solution of 1-2CF;COO0 in CH;CN. The halochromic
properties of the protonated acridinium cores were then
probed in phase transfer experiments. These experiments were
followed by slice selective '"H NMR spectroscopy? and were
performed on a biphasic mixture composed of a solution of bis-
acridane tweezer 5 (c=5x10"molL™") in CD,Cl, and D,0

Chem. Eur. J. 2024, 30, €202401866 (3 of 7)

Figure 2. Crystal structure views (b and c) of (3),-4PF¢ and (e and f) of
(2),-4Cl. (@) Scheme of the entwined dimer of (3),-4PF. (b) Side view of the
entwined dimer of (3),:4PF4 showing the n-x stacking between the
acridinium moieties and the 2,6-dianisylpyridine spacer. (c) Rear view of the
entwined dimer (3),:PF. (d) Scheme of the entwined dimer of (2),-4Cl. (e)
Side view of the entwined dimer of (2),-4Cl showing the n—r stacking
between the acridinium moieties and the 2,6-diphenylpyridine spacer. (f)
Rear view of the entwined dimer (2),-4Cl.

(Figure 3).® Upon addition of D,50, (c=0.24molL™"), the
successive disappearance of the signals of the tweezer 5 from
the CD,Cl, phase with the concomitant appearance of the
(2),-4DS0O, dimer signals in the aqueous phase were observed.
These observations clearly evidence the reversible halochromic
properties of the tweezer on account of the rearomatization of
its acridinium recognition units with no protonation of the
central pyridine core as compared to the isolated spacers
(Figure S3.80). However, no thermodynamic parameters can be
estimated from this experiment since the formed deuterosulfate
salt only remains partially soluble in the D,O phase. Indeed,
increasing the ionic strength of the aqueous phase leads to the
precipitation of the (1),4DSO, dimer.”¥ Nevertheless, a lower
limit of the Ky, value can be estimated at 10° Lmol™" from this

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. 'H NMR (500 MHz, 298 K) slice selective stacks of a single biphasic
NMR sample of a solution of tweezer 5 (c=5x10"> molL™") in CD,Cl, upon
addition of a solution of D,5SO, (c=0.24 molL™") in D,0 in the D,0 phase.

experiment considering that 10% of the unprobed protons in
the D,0O phase corresponds to the monomeric species. The
formation of the homodimers in D,O under these conditions
(concentration and temperature) clearly demonstrates the addi-
tional stabilization coming from the solvophobic effect of D,0.
An analogous behaviour was monitored for the other tweezers
with similar estimated Kp;,, values (see SI, Figures $10.1-510.4).
This observation is noticeable on account of the different
chemical transformations involving either an elimination fol-
lowed by rearomatization (N-methyl tweezers) or a protonation
(N—H tweezers).

Classical molecular dynamics (cMD) simulations were per-
formed in order to give further insights on the mechanism
involved in these biphasic experiments (Figures 4 and S10.7-
S10.10). Three case studies were considered for H,0/CH,Cl,
interfacial systems containing the unprotonated tweezer 5, the
protonated tweezer 12* and the dimer (12%), in CH,Cl, in the
presence of SO,>~ and H;0™ ions in H,0. The first case study
revealed that neutral bis-acridane tweezers 5 reside in bulk
CH,Cl, and temporarily go at the interface (Figure 4a). As
expected, H;O" cations are exclusively in the H,0O phase thus
suggesting that the protonation of 5 takes place at the
interface. The second case study showed that after protonation,
12 mainly resides at the interface behaving as surfactants

Chem. Eur. J. 2024, 30, €202401866 (4 of 7)
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Figure 4. Classical molecular dynamics simulations of interfacial H,0/CH,Cl,
systems of a) 5, b) 12* and ¢) (12*), (box size 59.3 Ax59.3 Ax197.5 A).

(Figure 4b).””! As a result of the saturation of the interface, they
also migrate in the aqueous phase in the form of several
transient dimers different from (12%),. In other words, the final
dimer (17%), is thus formed from equilibria evolving on a larger
timescale than that of the cMD simulations. Finally, when
preformed dimers (12*), were introduced in the system, they
partitioned between the interface and the aqueous phase
(Figure 4c). The percentage of dimers extracted in the aqueous
phase was estimated to be 16% in the case of (127),.2%
However, the remaining presence of some of dimers at the
interface may also explain the low solubility observed exper-
imentally. It should be noted that we have reported an
analogous behaviour for a tetracationic macrocyclic hosts.*” It
is worthwhile to note that simulations led to a similar behaviour
for all four different tweezers (Table S10.1 and Figures S10.7-
$10.10). Overall, these phase transfer experiments and simu-
lations show how the halochromic properties of acridinium
based systems can be exploited to shift the equilibrium to
single homodimer species.

Redox Control of the Dimer Equilibria

The dimer-monomer equilibria of the different tweezers were
investigated by cyclic voltammetry experiments under mono-
meric conditions according to NMR experiments (CH,CN, c=
0.5x10 2 molL™", T=308K). For instance, tweezers 1-2PF,
exhibits a reversible reduction wave (E;,=—0.919 V vs. Fc*/Fc,
AE=75mV, Figure 5). UV/Vis spectroelectrochemical experi-
ments reveal the full and reversible conversion of 1-2PF¢ in 1>
with the increase of the signature bands at 488 (=9

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. Cyclic voltammograms (CH,CN, WE: Pt, CE: Pt, RE: Ag, 100 mVs™) of a
solution of 1-2PFg (c=5x10"* molL™") at 303 K (red), 293 K, 283 K, 273 K, 263 K,
253 K and 243 K (blue) in the presence of TBAPF as supporting electrolyte
(c=0.1 molL™). Potentials were referenced against Fc*/Fc.

300 Lmol'em™) and 525 (9 600) nm and the decrease of the
bands at 405 (11 300), 427 (12 400) and 448 (8 800) nm
(Figures 511.4-511.6).%® Variable temperature experiments were
performed to probe the potential of the (1),-4PFs dimer
(Figure 5 and S11.3). Upon lowering the temperature to 243 K, a
cathodic shift of the reduction potential was observed (E;,=
—0.931V vs. Fc*/Fc, AE=79 mV). This observation can be
rationalized by the formation of the (1),-4PF, dimer. The
cathodic shift from 303 to 243 K (AE,,=—12mV) evidences
that the spacer transfers some of its electronic density to the
acridinium cores making them harder to reduce thus reflecting
the stabilization by the dimer formation.

A similar behaviour was observed for the electron enriched
tweezer (3),4PF; and the corresponding model compound
CH;OPhAcr-PF, (Figures S11.7-11.31). As expected, a more
pronounced cathodic shift (AE,,,=—42 mV) was observed for
(3),-4PF4 at 243 K than at 303 K on account of the higher dimer
stability compared with (1),-4PF,. This behavior can be best
depicted according to a square scheme analysis (Figure 5). As a
consequence, the association constant between reduced tweez-
ers (K'pim) can be determined at 243 K from Ky, E°; (monomer
redox potential) and E°, (dimer redox potential, Tables 2 and
S11.1). The former can be estimated from the cyclic voltamme-
try curve (E,,,) at 303 K, for which the monomer predominates,

Chem. Eur. J. 2024, 30, €202401866 (5 of 7)

Table 2. Measured redox potentials E;, (V vs Fc*/Fc) of 1-2PF,, 3-2PF,,
PhAcr-PF; and CH;OPhAcr-PF,, the peak-to-peak difference (AE) and the
binding constants of the monomer-dimer equilibrium of the methylated
tweezer 1-2PF¢ and 3-2PF¢ estimated by AH® (kJmol~") and AS° (Jmol'K™")
values of each system (thus giving AG® and Ky, at 243 K), combined with
the corrected shift AAE,,, of the reduction potential to obtain K'p.
Compound 1-2PF, 3-2PF¢ PhAcr-PFg CH;OPhAcr-PF¢
Ey; (V), 303 K —0.919 —0.928 —0.930 —0.933

AE (mV), 303 K 75 66 57 58

E., (V), 243 K —0.931 —0.970 —0.927 —0.939

AE (mV), 243 K 79 101 62 58

AE,, (mV) -12 —42 -6 +3

AAE,, (mV) -6 —45 - -

Koim (Lmol™") 3591 38543 - -

Ko’ (Lmol™) 1141 7 - -

while the latter is measured at 243 K where the dimer
predominates. However, there can be other sources of potential
variations with temperature, such as changes in Fc*/Fc
potential, or entropy changes in the reduction reactions. To
compensate for these effects, the raw AE,, change with
temperature of 1-2PF, and 3-2PF, was subtracted by the AE,,
change observed for the model compounds (unable to
dimerize) PhAcr-PF, and CH;OPhAcr-PF; (Table 2, line 5). The
corrected value AAE,,, leads to an estimated K'p;,, value of two
orders of magnitude lower for (3%), (K'nim =~ 7 Lmol™") than for
(1), (K';im~1141Lmol™"). In other words, the interaction
between the electron enriched 2,6-dianisylpyridyl spacer and
the reduced acridinium cores is disfavored in (3*), in compar-
ison to the 2,6-diphenylpydidyl spacer in (1*°),. This observation
reveals that m-m coulombic repulsion predominates upon
reduction leading to the dissociation of the assembly.

The large changes in dimerization constants Ky, and Kp;,’
can be further understood by means of a double mutant cycle
(Figure 6).” The change in the free enthalpy of dimerization
allows the rationalization of the interactions involved in the
entwined assemblies upon substitution of the semi-rigid spacer
unit (AAG,, and AAG,,,,) or by reduction of the acridinium cores
(AAG,,, and AAG,,). The AAG terms for the substitution steps
(horizontal arrows) give an idea on the electronic stabilizing
contribution brought by both OCH; in the oxidized state (AAG,
1=—479 kJmol™") and on their repulsive contribution in the
reduced state (AAG,,= +10.26kJmol™"). In addition, the
opposite signs in these AAG terms support that reduced
acridinium sites exhibit a donor character and that interaction
with the spacer becomes repulsive. More interestingly, the AAG
terms for the reduction steps (vertical arrows) are both positive
but with a very different magnitude (AAG,,= +2.32 and AAG,.
v=+17.37 kJmol™). These differences show that both types of
perturbations—-substitution on the spacer and reduction of the
acridinium groups-are acting additively. These observations are
consistent with the major role played by n-donor/n-acceptor
interactions in the dimerization process. These interactions can
be tuned though the combination of two different modifica-
tions, i.e. modification of a donor group on one part of the
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Figure 6. Double mutant cycle showing the changes in free enthalpy of
dimerization for the molecules 1-2PF,, 3-2PF,, 1** and 3% in CH,CN built
from Ky and Ky’ Of Table 2 (with AAG;= —RT In(K/K) at 243 K).

molecule or a modification of an acceptor group in another
part.

Conclusions

The synthesis, characterization and the self-assembly processes
of bis-acridinium tweezers incorporating 2,6-diphenylpydidyl
and 2,6-dianisylpyridyl spacers were performed. The associated
thermodynamic studies demonstrated that n-donor/m-acceptor
interactions between the spacer and the acridinium recognition
units can be controlled i) classically by temperature and solvent
and ii) by chemical and redox stimuli. In addition, protonated
acridinium cores proved to be efficient for stabilizing the self-
assembly and were successfully used as pH-switching units in
phase transfer experiments. In addition to the chemical
stimulus, injection of electrons in the methylated tweezers
proved to be efficient for switching the monomer-dimer
equilibrium. Finally, electrochemical experiments on the methy-
lated tweezers also provided additional proofs on the involve-
ment of n-donor/m-acceptor interactions in these entwined
dimers. Altogether, these systems display a fine control of their
dimer formation triggered by chemical (protons, solvent) and
physical (redox, temperature) or a combination of these stimuli.
The richness of the present series of compounds is essentially
due to the possible modulation of the acridinium core by pH or
redox switching. Supporting Information Summary
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Supporting Information.**4
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