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The N-substituted acridinium motif is an electron-deficient unit
with appealing multi-responsive properties which have been
exploited in the field of supramolecular chemistry. This building
block reversibly alters its shape, and chemical and optical
properties in response to a chemical or redox signal. In this

1. Introduction

Supramolecular chemistry includes the seeking of molecular
entities promoting guest binding and experiencing large and
reversible geometrical, electronic, redox or luminescence mod-
ifications upon a chemical, redox or photonic stimulus. The
chemical structure of these molecular entities should be easily
functionalized for their incorporation in various types of
architectures thus opening the way to functional devices such
as guest sensors, controlled molecular drug delivery, artificial
molecular machines, molecular-scale logic gates, and functional
supramolecular biomaterials."

The N-substituted acridinium motif represents an appealing
molecular building block satisfying these requirements. It can
be derivatized at both 9- and N-positions from an acridone on
account of its available lone pair and ketone functional group.”
These functionalizations allow a fine tuning of the acridinium
physico-chemical properties. Especially, the 9-aryl-N-methyl-
acridinium (ArAc*) motif is known to exhibit multi-responsive
properties relying on two extreme resonance structures. As
depicted in Scheme 1 for the 9-phenylacridinium moiety
(PhAc™), on the resonance form on the right, a tritylium motif
suggests halochromic and photochromic properties in an
analogous way to pH-indicators (malachite green, phenolphtha-
lein, bromothymol blue, etc.). On the resonance form on the
left, a N-pyridinium core underlines a potential redox property.

Pyridinium
E’Iesomeric Form

Tritylium
Mesomeric Form

Review, we discuss selected examples where the switchable
properties of 9-aryl-N-methyl-acridinium lead to actuators,
multi-input and multi-output systems, host or guest systems,
and to interlocked systems with controllable motion.

As a result of its chemio-, photo- and electrochromic
properties, the ArAct motif has been incorporated in various
supramolecular structure as a responsive unit. The scope of this
review will focus on N-functionalized acridiniums with particular
attention to the ArAct motif. Consequently, protonated
acridine moieties will not be discussed in detail. A general
overview on the physico-chemical properties of the acridinium
core will first be discussed (section 2). The incorporation of
acridinium derivatives in supramolecular systems through
literature examples will then be reported. Indeed, acridinium
moieties acting as guests (section 3) and as hosts (section 4) will
be examined. Finally, mechanically interlocked molecules with
acridinium units as component of the ring or of the dumbbell
will be presented (section 5).

2. Physico-Chemical Properties
2.1. Absorption and Emission Properties

The PhAc* molecule exhibits typical absorption bands includ-
ing three vibroelectronic maxima at 451 (¢=3.600 molL 'cm™),
426 (5.600), and 408 nm (5.000) for the 'L, transition and two
maxima at 362 (18.900) and 342 nm (8.900) for the 'L, transition
(Figure 1).54

The fluorescence properties strongly depend on the nature
of the functional group at the 9-position.”® Introduction of a
proton or a methyl leads to high emission quantum yield (1, =
490 nm, @~1, 7~35ns, CH,CN) whereas introduction of a
phenyl leads to lower quantum yield (1.,,=510 nm, ®~0.06, T
~1ns, CH;CN) as the result of non-radiative relaxation path-
ways and competitive photo-induced electron transfer from the
phenyl to the acridinium core. Noteworthy, the shift of the
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Figure 1. UV-Vis spectrum (CH;CN, 298 K) of PhAc™. (Data from the
Supporting Information of reference [4] in accordance with reference [3]).
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emission is evidence of the partial charge transfer from the
phenyl to the acridinium moiety.

The emission band can be further red-shifted if the phenyl
at the 9-position is functionalized by aromatic donors due to
the migration of the electron density from the donor to the
acridinium core (up to 4.,,=680nm for 9-(4-aminophenyl)
acridinium). This shift is accompanied by a fluorescence
decrease (¢ <0.001) resulting from an electron transfer from
the donor to the excited acridinium core followed by a fast
charge recombination. Noteworthy, these properties were
judiciously exploited in photocatalysis as shown in various
articles in the literature.”

2.2. Chemiochromic and Photochromic Properties

The carbocation ArAc* undergoes the addition of nucleophiles
at the 9-position, even weak ones, showing that the predom-
inant form is the tritylium resonance motif. In alcoholic
solutions (CH;OH, ethanol, 2-propanol, tert-butanol, 1-pentanol),
the chemical conversion of the 9-phenylacridinium (PhAc*) to
its corresponding alkoxyacridane form (PhAcOR) is observed in
the presence of a base K,CO, (Figure 2a).”! The UV-Vis spectrum
shows a clear hypsochromic shift of the electronic transitions
witnessing the dearomatization of the acridinium core (1,,,=
320 nm (€=3800 molL™"'cm™") and 280 nm (19000) in CH,OH).®!
In alcoholic solutions, the rate constant of the reaction is
dependent on the bulkiness of the alcohol used (CH,OH>
CH;CH,OH > 2-propanol > tert-butanol). Interestingly in CH,OH,
the formed PhAcOMe reaches a stationary state (alkoxyacri-
dane/acridinium 63:37, K,=5000 molL™"). Upon heating the
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methanolic solution, the observed equilibrium was shifted to
the acridinium form witnessing the weak C—O bond in the
alkoxyacridane moiety. The equilibrium is dependent on the
solvent. In CH5CN, this equilibrium strongly shifts to the
PhACOR form (98%, K =9 molL™"). Indeed, CH,CN is less polar
than CH;OH thus destabilizing the positively charged acridinium
moiety. In all solvents, restoration of the acridinium form occurs
upon addition of acids (even weak).

Formation of the hydroxy-acridane (PhAcOH) moiety is
reached

upon addition of hydroxide anions. The PhAcOH motif
exhibits the analogous halochromic properties than the
PhACOR motif in terms of electronic transitions, luminescent
properties and chemical reactivity. Based on these properties, a
scarce example of a regenerable chemodosimeter of oxophilic
metal cations was provided by T. C. Sutherland and his group
(Figure 2b).”! Oxophilic metal cations (AP, In** and Zn**) were
added to the PhAcOH moiety in CH,CN resulting in a red-shift
of the electronic transitions in absorption (4,,., from 286 nm to
424 nm) and in emission (from A.,=348 nm; ¢ =0.05 to 4,.,=
500 nm; ¢ =0.05). Metal binding led to color changes of the
solutions visible in ambient light (Figure 2c). These physico-
chemical changes correspond to the conversion of the PhAcOH
to the PhAc* cation. Noteworthy, this conversion does not
occur in the presence of alkali metal cations such as Li*, Na*
and TBA* cations.

Light is an alternative stimulus to acids for the restoration of
the PhAc* aromaticity from an acridane moiety (Scheme 2)."!
Irradiation of acridane units leads to the heterolytic photo-
dissociation of the C—O bond at the 9-position of the acridane
core (A,.x~280 nm) and to an increase in absorbance in the
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hydroxide and methoxide anions was confirmed by the down-

'L '!{c:) field shifts of all proton signals. These shifts clearly indicate the

O O 280 nm O / restoration of the PhAc™ aromaticity. In addition, the photo-

RO —> +RO@ ejection of the hydroxide and methoxide anions led to an

O Dark O increase of the pH of the solution. Interestingly, the back

reaction was found to be slower for the acridinium fragment

PhAcOR . than for malachite green under similar conditions. This observa-

R =H, Me, Et, iPr, tBu BliAg tion suggests that the PhAct is more stable than malachite
Scheme 2. Photochromic properties of the acridane (PhAcOH and PhAcOR) green on account of its polyaromatic character, in agreement
moieties. Photoconversion to the acridinium form occurs upon irradiation at with their respective equilibrium conversion constants (pKz™ =
280 nm in polar solvents.” 11.03 and pKz* =6.94)." It underlines the importance of the

nature of the cation in the recombination process.
Investigation of the excited-state dynamics of PhACOR
visible region (340<1<450nm) in agreement with the moiety (R-=H- and CH;-) using femtosecond (fs) and nano-
formation of the corresponding PhAc™. As in the halochromic  second (ns) transient absorption (TA) spectroscopy was per-

studies, the acridinium-acridane photo-stationary state is sol- formed by the group of K. D. Glusac (Figure 3)."? This
vent dependent (44:56 in CH,OH, 45:55 in CH;CH,OH, 49:51 in  investigation confirmed the importance of the solvent in the
2-propanol and 17:83 in CH,CN). heterolytic bond cleavage. In protic solvents, such as CH,OH,

The photoconversion of a solution of PhAcOH and the first excited singlet state (S,) has a relatively long lifetime
PhAcOMe in a CH;CN/H,O (2:1) solvent mixture was also  (r=108 ps) allowing the formation of PhAc*. In comparison,
followed by 'H NMR spectroscopy by the group of J. Fréchet"  aprotic solvents (such as CH;CN and benzene) gave rise to a
Upon irradiation at 280 nm, heterolytic bond cleavage of the = more complex mechanism involving an intersystem crossing

populating the first triplet state (T,). The authors postulated
that the absence of C—O bond cleavage from this T, state is due

a) IL to a conical intersection with the S, state that restores the
ROH 1 K,CO, O O PhAcOH ground state.
The influence of the substituent (-CN <-CF;<-H<-OH <-
RO NMe,) at the para position of the phenyl ring of PhAcOH and
O the influence of the solvent polarity (H,0 < CH;0H < n-BuOH < i-
PhACOR BuOH) on the photoreactivity of the acridane core was also
PhAc R = Me, Et, iPr, tBu demonstrated."” This observation can be rationalized by the
) | | stabilization of the positive charge of the acridinium species by
N e N electron donating functional groups and by polar solvents. This
O @ O HO O O behavior was evidenced by the rate constant decay of the
HO' acridane S, state increasing upon increasing the electron
H*, O donating nature of the functional group.
O or AI¥*, In%*, Zn?* Spiro-acridanes are acridane systems whose nucleophile
PhAC* in CHCN PhACOH leads to an intramolecular addition.!" A series of spiro-acridane

were prepared by W. Abraham and coworkers incorporating an

p nacl [ aic, [l Lic @ TBACI
| *

‘l i S, N
o " o e Gk Intersystem O O
crossing HO O

e T4 In Protic
- hy . Solvents ~ PhAcOH”
Licl ZnCl, TBACI InCl; 2 In Aprotic
g Solvents @
N
“ e
SeP — Y
+HO
o L Q
Sp PhAc*
PhAcOH -
. . . . L . Chemical Coordinates
Figure 2. Chemiochromic properties of the acridinium core leading to the
corresponding acridane a) PhAcOR (R=Me, Et, iPr, tBu)® and b) PhAcOH Figure 3. Schematic energetic diagram explaining the photochemical behav-
and c) color change under ambient light (top) and UV light (365 nm) that ior of the hydroxy-acridane moiety in aprotic (benzene, acetonitrile) or protic
enable chemiodosimetry of oxophilic metal cations.”” Reproduced from (CH;0H) solvents."? Reproduced from reference [12] with permission from
reference [9] with permission from Royal Society of Chemistry. the American Chemical Society.
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alcohol on the phenyl at the 9 position (1) (Scheme 3)."* Upon
irradiation in CH;OH, a ring opening takes place thus revealing
an Act core. Stability of the charged species was governed by
the size of the ring of the spiro-acridanes. Formation of 5-
membered rings was found to be faster than 6-membered rings
with respective lifetimes of 0.007 and 13 seconds.

2.3. Electrochemical Properties

The acridinium core can be considered as an extended
pyridinium core. In comparison to the pyridinium core, the
extension of the m-system of the acridinium moiety lowers the
reduction potential of the first and second reduction wave on
account of the decrease of the LUMO energy. Indeed, the
PhAc* cation exhibits a reversible reduction wave in CH,CN
(E,=—0.54V vs SCE)" as well as in DMF and in DMSO
(Figure 4a)."®" Spectroelectrochemistry shows stability of the

) © =,
PhAc* ERedl 054V puac
Epuqy =—1.48V ¢+ &
@

E:Z
(-1.48 v) E.,
(-0.57 V)

-18 -16 -14 -12 -1 -08 -06 -04 02 O

Potential (V vs SCE)

2 H \ ’ @ —"-2 H—» N—
Epeqy = —0.54 V Q

Lucigenin

02 04 06 08 1

Figure 4. a) EEC mechanism upon reduction of the PhAc* motif leading to
the formation of the PhAcH moiety (personal [ | Unpublished? M data
consistent with reported systems ll 0k? [l )."® b) EC mechanism of Ac*
leading to lucigenin."”
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CH,OH

Scheme 3. Spiro-acridane systems (1) developed by the group of W.
Abraham."™

acridine radical for days if kept under argon. Further reduction
leads to an irreversible second reduction wave (E,=—1.48V vs
SCE)" resulting in a carbanionic species able to deprotonate
solvent molecules."® This observation was corroborated by a
drop in the anodic current of the re-oxidation peak. This
behavior is typical of the formation of a new species according
to an EEC (Electron Electron Chemical) mechanism (Figure 4).
Noteworthy, reduction of parent acridinium (Ac*) leads to an
irreversible reduction wave (E=—0.54 V vs SCE) as the result of
the dimerization of the Ac® radical (Figure 4b). Subsequent
oxidation of the dimer leads to lucigenin, a tail-to-tail
acridinium dimer."®4 Thus, introduction of a phenyl at the 9-
position prevents the dimer formation leading to a reversible
reduction wave.

As seen with the formation of lucigenin,"” redox properties
of Ac* are tuned according to the functional group at the 9-
position of the acridinium core. Similarly, introduction of a
dimesitylborane functional group shifts the cathodic waves to
more positive potentials.'®

2.4. Electrochemical Actuators

The electrochemical properties of the acridinium units were
exploited to develop a series of electrochemical actuators
(named as dynamic redox systems or dyrex systems) by the
group of T. Suzuki (Figure 5). First reported in 1997, this family
of molecules incorporated tritylium electroactive moieties."” In
2003, a 2,2-biphenyl scaffold functionalized with two acridi-
niums as redox active sites was reported (2°*, Figure 5a).*"
Upon chemical reduction, an intramolecular C,,;-C,,; elongated
bond (1.635 A) was formed leading to the corresponding bis-
acridane derivative (2°). This elongated bond is the result of the
steric repulsion existing between both acridane moieties. It can
be reversibly formed and cleaved either electrochemically or
chemically (reduction using Zn(0) and oxidation using magic
blue). Consequently, this compound exhibits an electrochemical
bistability showing an electrochemical hysteresis loop with a
potential difference (AE) of 0.45V between the reduction
(Ereg=—0.27 V vs SCE) and the oxidation peaks (Eq,= +0.18 V
vs SCE). Interestingly, this redox switch also gave rise to optical
responses from yellow colored and green emissive for the
oxidized form to colorless and non-emissive for the reduced
form, as shown in CH;CN. The hypsochromic shifts in the optical
spectrum of the reduced species was easily rationalized by the

© 2020 Wiley-VCH GmbH
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Figure 5. Dyrex systems developed by T. Suzuki built around a) a 2,2"-
biphenyl (22+)® and b) 5,7-dihydrodibenzo[c,eJoxepine scaffold (3**). c)
Cyclic voltammogram of 32" Dyrex system (E/V vs. SCE, Pt electrode, scan
rate 100 mVs ™', 0.1 mol L' of Et,NCIO, in CH;CN) showing the opening of an
electrochemical hysteresis loop.”'? Reproduced from reference [21a] with
permission from Royal Society of Chemistry.

dearomatization of the acridinium units. The hysteresis proper-
ties were also modulated according to the scaffold used
changing the pre-organization of the acridinium units (Fig-
ure 5b-c as an example on 32* built around a 5,7-dihydrodi-
benzolc,e]oxepine platform).?'

The length of the elongated bond was altered according to
the spacer used. For examples, systems built on a rigid
naphthalene, acenaphthene and acenaphthylene scaffolds gave
rise to an increase distance between the C, atoms of the
corresponding acridanes (4°), (5° and (6°) (Figure 6a—b).?? This
behavior was rationalized by the “back-clamping” (provided by
the bridging unit connecting the two aryl rings) at the peri
position of the naphthalene scaffold thus increasing the angle
strain between the redox units. In addition, the length of the
elongated bond was modulated according to the functionaliza-
tion of the bay region of the biphenyl scaffold at the 6,6’
positions (2°, 3°, 7°-10°% Figure 6¢).?"

ChemPlusChem 2020, 85, 1-20 www.chempluschem.org
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Figure 6. (a) and (b) Dyrex systems built around rigid naphthalene,
acenaphthene and acenaphthylene scaffolds and the X-ray structures of the
corresponding reduced forms (4°-6°).?? Length of the C9-C9 bonds are
indicated (in A) for all the independent molecules found in the crystals. c)
Dyrex systems built around semi-rigid scaffolds (2°, 3°, 7°-10°).”" Repro-
duced from reference [22b] with permission from Wiley-VCH.

2.5. Multi-Input and Multi-Output Responsive Systems

In addition to the exploitation of the electrochemical properties
of the acridinium units, multi-state (more than two states) and
multi-input / multi-output responsive systems were developed.

An example relies on the use of a 2,2"-bipyridyl spacer (11**
, Scheme 4).”¥ As expected and confirmed by X-ray analysis, the
acridinium units in the oxidized form adopt an anti-conforma-
tion on account of the nitrogen atoms lone pair repulsion, the
charge repulsion and the steric hindrance between both

6 © 2020 Wiley-VCH GmbH
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Eoyy = +0.47V

E, ., =+0.72V
[Zn(11°)]*

Scheme 4. Dyrex system built around a 2,2"-bipyridine scaffold (11?*) able to
bind a Zn(ll) cation upon reduction.”® Reproduced from reference [23] with
permission from Elsevier.

acridinium units. Upon reduction, the orientation of the two N
atoms are in a syn conformation (11°) allowing the coordination
of the Zn(ll) cations [Zn(11%]*" as confirmed by 'H NMR (signal
spreading over the aromatic region) and UV-visible (red shift)
spectroscopies. Noteworthy, formation of the Zn(ll) bis-acridi-
nium complex does not take place in the unfavored anti
geometry. Upon complexation of Zn(ll), the oxidation potential
is anodically shifted and release of the Zn(ll) cation occurs in a
two-step oxidation process. The use of a bipyridine ligand as
spacer opens to a two-way-input responsive system since Zn(ll)
coordination modulates also the redox properties of the dyrex
system with two-way outputs (absorption and fluorescence).

An additional way to tune mechanical actuation of the dyrex
system relies on the introduction of secondary/auxiliary units
(122%, Scheme 5).%" In a first example, the helicity of the
biphenyl scaffold was achieved by the N-functionalization of
the acridinium by suitable chiral auxiliary centers (chiral amide
groups) enabling a “chirooptical enhancement” for output
signal detection. As demonstrated by 'H NMR, CD-spectroscopy
and FDCD studies in CH,Cl,, both oxidized and reduced forms
exhibit a diastereomeric excess at room temperature. This
diastereomeric excess was attributed to the existence of intra-
molecular hydrogen bonds between both chiral amide groups.
Additionally, the influence of the hydrogen bonding interaction
on the biphenyl scaffold twisting can be modulated according
to temperature and solvent polarity. This system is a prototype
of a multiresponsive system, three external stimuli (electric
potential, solvent polarity, heat) being transduced into optical

ChemPlusChem 2020, 85, 1-20 www.chempluschem.org
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Ph Ph

?N_H...o? > H..o?

Scheme 5. Intramolecular H-bonding interactions in dyrex system (12°%)
incorporating peripheral chiral amide groups for enhanced chiroptical
signal.*¥

(absorption and emission) and chirooptical responses (CD and
fluorescence CD).

T. Suzuki and his group have also used a dihydroxy-1,1"-
biphenyl scaffold to preorganize two acridinium units (1327,
Scheme 6a).”! As expected, this system exhibits an electro-
chemical hysteresis loop (Eo,=+0.32V and Epq=-0.23V vs
SCE) in a CH,CI,/CH,CN (4:1) solvent mixture. However, the bis-
acridinium form is also chemically responsive to the addition of
base (N(CH,CH,);) leading to the formation of a dioxopyrene
motif (14). Structural changes following dearomatization of the
acridinium units were confirmed by X-ray diffraction, by
hypsochromic shifts (1, from 440 to 339 nm) in UV-Vis
spectroscopy and by upfield shifts of all aromatic signals in 'H
NMR. Under acid conditions (TfOH), the bis-acridinium precursor
was restored as evidenced by the same characterization
techniques.

A system involving a spiro-acridane motif was also reported
in 2019 by Y. Hirao, T. Kubo and co-workers (16, Scheme 6b).”
Under acidic conditions, the ring opening was monitored by
UV-Vis spectroscopy thus leading to the typical spectrum of the

Electrochromic Pair

e \ /
b 023y QLY

a) Halochromic Pair

15+ 16

1 6+‘

Scheme 6. Responsive acridinium systems upon chemical and electrochem-
ical stimuli a) from T. Suzuki and co-workers (132%)2* and b) from T. Kubo
and co-workers (15%).2% Reproduced from reference [26] with permission
from Wiley-VCH.
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acridinium moiety (15%). The presence of isosbestic points
suggests the reversibility of the ring opening process. This
reversibility was further demonstrated by addition of tetrabutyl
ammonium hydroxide. Electrochemical experiments showed
the typical behavior of two EC mechanisms with an irreversible
oxidation peak (Eq,=-+0.5V vs SCE) and an irreversible
reduction (Ez.q=0V vs SCE). Upon oxidation, the ring opening
results in the formation of a phenolic radical (16*°) as
confirmed by EPR. This study is a rare example of the
investigation of the electrochromic properties in spiroacridanes.

3. Acridiniums as Molecular Guest

Acridinium molecules are expected to interact with themselves
through m-7 stacking interactions on account of their relatively
large aromatic character. Their electro-deficient nature allows
their involvement in m-donor/m-acceptor systems and leads to
homophilic and heterophilic interactions in the solid state.””
They also exhibited their abilities to form aggregates in micellar
environments from 4-octylbenzenesulfonate and sodium lauryl
sulfate.”® Consequently, acridinium moieties were exploited in
supramolecular systems acting as guests. Herein, interaction
with DNA, hydrophobic hosts and m-donor receptors will be
discussed.

PhAc*
(log K = 5.04)

(log K = 4.85)

l® l® &
8(dC)
J J s
18* 19*

(log K — 0)

(log K = 4.84)

Figure 7. a) lllustration of the intercalation of PhAc* and 177-19" in double
strand DNA and b) the corresponding binding constants (log K) in water for
the different guests.®”

ChemPlusChem 2020, 85, 1-20 www.chempluschem.org

These are not the final page numbers! 77

8

3.1. Guest in Single Strand and Double Strand DNA

The intercalating properties of protonated acridinium deriva-
tives are known from the sixties.”” However, these studies did
not report any binding constants. It is only in the 2000's that
quantitative data of the binding of acridinium derivatives with
single and double DNA were stated and were envisioned to act
as a drug targeting DNA.

In vitro, complexation studies were performed by D.
Ramaiah and his group between calf thymus DNA (CT DNA) and
acridinium intercalators in H,O at a pH of 7.4 (Figure 7a).°” The
binding constants of p-tolyl (17%, log K=4.85) and m-tolyl (18%,
log K=4.84) derivatives determined from fluorescence titration
were relatively close to the phenyl derivative (log K~5.04)
showing the negligible effect of the methyl on these positions
of the phenyl ring in the binding event (Figure 7b). On the
other hand, due to steric hindrance, negligible binding was
observed with the o-tolylacridinium (19%). In addition, a
preferential binding was observed for the m-tolyl and p-tolyl
derivative for poly(dG)-poly(dC) than for poly(dA)-polt(dT) and
CT DNA.

Interestingly, the o-tolyl derivative (19%) exhibited a binding
event with the less stacked single strand DNA.®" The intercala-
tion of the o-tolyl derivative was effective for oligonucleotides
containing 19 bases of same base or mixed bases with a
stronger affinity for (dC),s (log K=4.48) <(dT),s (4.51)<(dA)g
(4.85) < (dN),, (4.88)<(dG),, (4.93) (Figure 8). Noteworthy, these
binding constants were decreased by an order of magnitude
when the ionic strength increased (from 2mmolL™"' to
100 mmolL™" of NaCl in H,0) thus showing the prevalence of -
7t stacking interactions over electrostatic interactions. These
studies underline the possibility of these water soluble ArAc*
derivatives to act as fluorescent probes for various studies
related to DNA structure and as a selective probe of single
strand DNA over double strand DNA.

OC’O OC’O
ooo °ooo
|
ﬁ)o Nf" _?%
L =
a— 2 8
e—d S
= =
»
19+ g
(log K = 4.48)
(log K =4.51)
(log K = 4.85)
(dN),g (log K = 4.88)
(dG),4 (log K =4.93)

Figure 8. lllustration of the intercalation of 19% in single strand DNA and the
corresponding binding constants (log K) in water for the different
polynucleotides containing 19 identical bases.”"
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The same group has explored the DNA binding affinity of
an acridine-acridinium derivative (20%) connected by a
polymethylene spacer (Scheme 7a).®? The acridinium moiety
interacts with CT DNA (log K=5.67) as attested by the observed
red-shift, hypochromicity and fluorescence quenching. It was
confirmed by the binding constant found for the methyl
acridinium model compound which had a similar affinity (log
K=5.86). The fluorescence quenching was attributed to an
electron transfer from DNA to the acridinium. The bis-
acridinium compounds (212%, n=5 and 222%, n=10) were also
studied (Scheme 7b) and exhibited an increase in fluorescence
quenching with the spacer length (log K=6.63 for 21" and
7.40 for 222%). These higher binding constants were confirmed
by denaturation curve experiments. Indeed, the transition
temperature (T,) increased upon addition of bis-acridinium
intercalators. Compared to 20%, the higher binding constant for
21%* was attributed to an additional electrostatic interaction
between the second acridinium moiety and the phosphate
groups as demonstrated by increasing the ionic strength of the
medium (from 2x10® molL™' to 0.1 molL™" of NaCl). In the case
of n=10 (22%*), the increased binding constant was the result
of a bis-intercalation as reflected by viscosity experiments.

20*

L=(CH,); 21%*L=(CH,); (log K=6.63)
(log K =5.67) 222*L=(CH,),,(log K = 7.40)

Scheme 7. a) Acridine-acridinium (20%) and b) acridinium-acridinium deriva-
tives (21**, n=5 and 222*, n=10) and the corresponding binding constants
(log K) with CT DNA in water.*?

o)
Ac*
(log K=2.11)

@ /= —/\®
YV

Paraquat
(log K =5.12)

Scheme 8. Water soluble pillar[5]arene (23'°") developed by M. Xue and co-
workers able to bind Ac* and paraquat and the corresponding binding
constants (log K) in water.??
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3.2. Acridinium and Hydrophobic Interaction

M. Xue and his group have developed a fluorescent sensor for
the detection of a water pollutant paraquat (Scheme 8).*% The
fluorescence sensor consists of a host-guest complex between
pillar[5]arene decorated by carboxylate functional groups
(23'7) and N-methylacridinium (Ac*) at pH 7.4. Formation of
the 1:1 inclusion complex was confirmed by 1D and 2D NMR,
UV-Vis and fluorescence studies. UV-Vis titration experiments
allowed the estimation of the binding constant of Ac* to be
1.28x 10 Lmol™' (log K=2.11) resulting from the cooperativity
between hydrophobic, -t stacking and multiple electrostatic
interactions. In addition, fluorescence quenching of the Ac*
fluorescence is observed upon complexation demonstrating the
existence of a photoinduced electron transfer from the host to
the guest. Displacement of the 1:1 host-guest system by
competitive guest exchange with paraquat (log K=5.12) leads
to the release of Ac™ restoring its green emission. Noteworthy,
reversible host-guest complex dissociation occurs upon acid-
ification as a result of the precipitation of the protonated
macrocycle from the aqueous medium.

Lucigenin, a fluorescent dimer of acridinium (Figure 9a) is
able to interact with cucurbituril (CB[n]), a pumpkin-like
receptor which has shown unprecedented binding affinities for
select guest.* Noteworthy, the decomposition rate of lucigenin
derivatives (N,N'-disubstituted-9,9"-biacridiniums 24**, 25>+ and

i %—Q S 4

242+ 252+ 262+

Figure 9. a) Studied lucigenins (24**, 25%* and 26°") by the Masson group
and b) a schematic representation of their complex with two CB[7]
macrocycles. ¢) Optimized structure (PM6-D) of the dioxetane obtained by
oxidation of 24?* and included in CB[7].%* Reproduced from reference [35]
with permission from the American Chemical Society.
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26°") upon addition of sodium peroxide was studied in the
presence of CB[7] (Figure 9b).5¥ Indeed, these lucigenins under-
go an oxidative degradation leading to the emission of cyan
light (,,.,=485 nm; rate constants of light emission decays are
1.8x1073 2.0x 1073 and 5.8x107*s™"). Upon addition of CB[7],
light emission was immediately interrupted or decreased by
one order of magnitude thus exhibiting the good affinity of
lucigenin toward CB[7] (5.00 <log K <9.23). Indeed, encapsula-
tion of lucigenin derivatives prevented or decreased the
decomposition of the dioxetane oxidation intermediates (see
Figure 9¢). The light emission was restored upon addition of
either xylylene or adamantylpyridinium acting as competitive
guest.

The ability of Ac* to be involved in m-donor/m-acceptor
interactions with calixarenes was first demonstrated by S.
Shinkai and his group.®® Encapsulation of acridinium iodide salt
with calix[n]arene receptors (n=4, 5 and 8) in a face-to-face
arrangement was evidenced by NMR spectroscopic techniques.
The complexes were formed in relatively high affinity (1.90<
log K< 3.38) in CDCI;/CD,CN (10:2).

M. Stepien and coworkers have functionalized a calix[4]
arene with a oligophenylene loop (27) which delimits a flexible
cavity (Figure 10a).”” Followed by NMR experiments, titration
studies in CD,Cl, revealed a 1:1 host-guest complex between
Ac* and the oligophenylene loop through -t interactions (log
K=3.77, Figure 10b). Interestingly, the 1:1 association event
was preceded by the formation of a less stable 2:1 host-guest
complex (log K=2.63). The affinity for Ac* was the strongest
among other studied acceptor guests such as neutral anthra-
quinone or the cationic diquat. The optical properties of the
host-guest complexes were also analyzed from an amorphous
thin film obtained by drop casting. Upon Ac* complexation, a
red-shift of the absorption band of the receptor in the visible
region (1, from 380nm to 411 nm) and a red-shift of
fluorescence (4,,,x from 500 nm to 700 nm) were monitored. In

| ]
OBu OBu OBy OBu

Actc 27
(log K =3.77)
Figure 10. Functionalized calix[4]arene with a bent oligophenylene loop

(27). a) X-ray crystal structure and b) m-rt interactions with Ac™ with the
corresponding binding constant (log K) in CD,Cl,.*”
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addition to the fluorescence color change, a partial quenching
was observed assigned to a charge transfer from the electron
rich oligophenylene loop of 27 to the Ac* accepting moiety,
from TD-DFT calculations.

Noteworthy, bis-porphyrin receptors interacting through -
donor/m-acceptor interactions with protonated acridine deriva-
tives have been prepared.®® As an example, large binding
constants were determined on account of the extended m-
systems of the receptors 28-30 (Scheme 9).55<

4, Acridiniums in Molecular Hosts

In this section, supramolecular hosts involving acridinium
moieties either as signaling units appended to receptors or as
recognition sites will be described.

4.1. Acridinium Appended to Macrocyclic Receptors

The complexation properties of a receptor consisting of 9-
phenylacridinium linked to a 15-aza-crown recognition unit at
the para position of the phenyl ring were reported by J. W.
Verhoeven and his coworkers (31F, Figure 11).¥ This com-
pound exhibited an intense charge transfer band (1,,=
562 nm, £=9800 Lmol'em™" in CH;CN) as the result of the
partial delocalization of the aniline lone pair to the acridinium

Me
AcH* — 28 AcH*c 29
(log K =4.99) (log K = 4.26)
in PhCN in CHCl,

(log K = 7.49) in CHCI,

Scheme 9. Examples of some bis-porphyrin receptors interacting with
protonated acridines (AcH*) through mt-donor/m-acceptor interactions.
Reproduced from reference [38c-e] with permission from American Chem-
ical Society, Wiley-VCH and Elsevier.

[38c-e]
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x O violet (550 nm) to yellow (410 nm, Figure 12a) and gave a 1:1
N —3 association event for both cations (log K(Fe’*)=4 and log K

> \IN&)—-(—)-—[

[ N
x\\/x_) R

E -N @ \ /N®—
(SSARS,

R M Solvent LogK Ref
Ca?* CH,CN 3.06 39

+ 3
31 0 H Ba?* CH,CN 2.60 39
g Ca? CH,CN 346 41
a2 @ CHy Ba?* CH,CN 3.00 41
Fe3* CH,CN 4.00 42

" 3
- . b Hg? CH,CN 4.62 42

Figure 11. Binding constants (log K) between the different macrocyclic
receptors appended with acridinium units (317-33%) and metal cations M"*
in CH,CN at 298 K.

core® Upon addition of Ca*" or Ba’" cations, this charge
transfer band decreased and was blue-shifted (Ba’" (A=
442 nm), Ca** (A,,.x=428 nm)). This observation evidenced the
interaction of the aniline lone pair with each cation. UV-Vis
titration experiments revealed a higher affinity of the receptor
for the Ca>* ion (log K=3.06) in comparison to the Ba’" ion
(log K=2.60). The higher selectivity for Ca’" ion was rational-
ized by its higher ionic character and its size (R(Ca®*)=1.98 A
vs (R(Ba>")=2.66 A) better suited to that of the azacrown ether
cavity. Based on these results, the receptor was envisaged as a
selective chromoionic indicator.

Introduction of a methyl on the phenylene spacer had a
minor effect on the energy of the electronic transitions of the
molecule (32%). However, it lowered the transition probability
of the charge transfer transition.*” Noteworthy, the binding
affinity for Ca’* (log K=3.46) and Ba’" (log K=3.00) increased
in comparison to the non-methylated compound. This binding
difference can be rationalized by the less delocalized nitrogen
lone pair thus being more available to complex the metallic
cation. This hypothesis was supported by the measured torsion
angle between the phenylene and the acridinium (78° for the
methylated receptor in comparison to 57° in non-methylated
compound) in the solid state.

More recently, T. del Giacco etal. have synthesized and
studied an analogous system (33%) incorporating an aza-thio-
crown ether using steady state and time-resolved
spectroscopies.*? This modification of the macrocycle had an
impressive effect on the selectivity of cations complexation as
compared to the Verhoeven receptor. Indeed, binding studies
of this receptor revealed a selective interaction with Hg** and
Fe** ions since alkali ions (Li*, Na* and K*), alkaline earth
metals (Mg”*, Ca’" and Ba’") and other transition metals (Co?",
Ni?*, Fe’", Cu’" and Zn?") did not induce absorption or
emission changes up to 3x107*molL™". This behavior can be
rationalized by the high affinity of these cations for the sulfur
atoms of the thio-crown ether receptor. UV-Vis titrations
confirmed the hypsochromic shift of the charge transfer band
in polar solvent, responsive for the solution color change from

ChemPlusChem 2020, 85, 1-20 www.chempluschem.org
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(Hg>")=4.62 in CH;CN). Interestingly, the binding constant
between Hg?" and the receptor is significantly higher in H,O
(log K=5.04). Moreover, stronger fluorescence arose from the
Hg?*C33% complex (¢=0.004) as compared to the free
receptor (¢=0.0011). For the free receptor, the S1 charge
transfer state is non luminescent in water and the weak
luminescence is assigned to the decay of S2 state localized on
the methylacridinium. Complexation modified the states order
(Figure 12b) and for the Hg?* complex, the S1 state localized on
the methylacridinium is the emitting state. Due to its high
selectivity for Hg?" in water, such system could be used for
colorimetric and fluorimetric sensing of this harmful heavy
metal ion.

4.2, Acridinium Appended to Calix[n]larenes

W. Abraham and his group have developed a family of
functionalized calix[4]arene receptors with two acridinium units
at their wider rim as photoswitches able to modulate the size of
the cavity entrance (Figure 13a).*® The switchable properties of
these macrocycles were explored upon addition of hydroxide
ions.* Interestingly, the conversion of the bis-acridinium
macrocycle (34**) to the corresponding bis-acridane macro-

a) M 2 @ §4
Yot @-d@ioth

33+ Hg(ll) — 33*
FT T T T T T T T c
0.15 F -
0.10
0.05
0.00
300 400 500 600 700
2 (nm)
b) et
(70 s 0¥ e S

Y T * ma) ,’ HTpa ¥ pa) "
53 * R 7 = * Sz

Hmtpa T* ma) / HTopa T * a)
S - aiis 5

Y ) d

Tan ¥ ma ’
S, .
CT state
X

50 " _____ h 4 So

CT mechanism Upon addition of M™
Figure 12. a) UV-Vis spectra of T. del Giacco’s receptor (33%) upon addition
of Hg’" ions in water and b) the schematized energy diagram explaining the
change in absorption (AN: Aniline, MA: Methylacridinium). Reproduced from
reference [42] with permission from Royal Society of Chemistry.

© 2020 Wiley-VCH GmbH


https://onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2192-6506.Supramolecular-Chemistry

Chemistry

Reviews Europe
ChemPlusChem doi.org/10.1002/cplu.202000696 Societes publiahing
a) led to the reversible formation of the quinoid receptor. In
@ addition, the acridane form 38 interacted with electro-deficient

| 1
OH OPropr HO

342+
Amax = 450 nm

NaOH, KOH,
TBAOH or CsOH

| ]
OH OPropy HO

35

(log K =3.16)

(1.54)

(o]

|
—®N\_/ >g)\/\ok
(2.07) (1.57)

Figure 13. a) Functionalized calix[4]arene receptor with two acridinium units
(34**) able to exhibit an absorption change upon addition of hydroxide
anions. b) Compound 34" in CH;CN (c=4x 107> molL™") and addition of
several bases (c=6.6x10"> molL™", 1: without base, 2: LiOH, 3: NaOH, 4:
KOH, 5: RbOH, 6: CsOH, 7: Et,NOH). c) Electro-deficient guests able to interact
with the bis-acridane receptor (38) and the corresponding binding constants
(log K) in CDCl,."** Reproduced from reference [44] with permission from
Elsevier.

cycle (35) was not immediately observed in the presence of
LiOH (in a H,O/CH,CN solvent mixture). Indeed, a color change
from yellow to blue was monitored as the result of the
appearance of a new electronic transition (4,,,,=720 nm). This
color change was the result of the increased charge transfer
from the phenolate to the acridinium moiety in 362t (Fig-
ure 13b). Upon changing the cation of the base to less
coordinating ions (Na™, K¥, (CH;CH,)N*, Cs*), a change of the
spectral properties was observed with the appearance of a new
species (An.x=490 nm) attributed to the quinoid form (37). In
all cases, slow conversion of the quinoidic calix[4]arene to the
corresponding bis-acridane receptor (35) was achieved (A=
285 nm). Noteworthy, photolysis of the bis-acridane receptor 35

ChemPlusChem 2020, 85, 1-20 www.chempluschem.org

guests in CDCl; with moderate binding constants (1.54 <log
K< 3.16, Figure 13c). In contrast, the acridinium form did not
show any binding event with these guests.

These macrocycles were also functionalized at the narrower
rim with poly-ether chains (39°t-41>*, Figure 14).* Under
basic conditions, the acridinium units were quantitively con-
verted to the corresponding acridane moieties (42-44). Binding
studies followed by ITC titrations revealed the capture of
alkaline metals (Rb*, Cs*) according to the length of the
polyether chain. Surprisingly, selective complexation of K*
cation for the bis-acridane 42 or for the bis-acridinium calix[4]
arene receptor 39>* was observed depending on the solvent
used. Indeed in CH,CN, the bis-acridane receptor 42 formed a
2:1 complex with K* ion (log K=6.10) while the bis-acridinium
form had no affinity. Upon addition of 20% of ethanol in
CH;CN, this tendency was totally reversed with a higher binding
between the bis-acridinium host 39** and K* cation (log K=
4.70). In other words, the functional group at the para positions
on the wide rim of calix[4]larene receptors and the solvent
effects strongly influence the electronic density of the O atoms
of the calix[4]arene moiety.

Compound lon log K
39% K* <2
392+ Rb* <2
40% K* <2
40%* Rb* 3.29
40% Cs* 4.36
41% Rb* <2
412+ Cs* <2

42 K+ 6.10
42 Rb* <2
42 Cs* <2
43 K* <2
43 Rb* 4.37
43 Cs* 5.37
44 Cs* 3.94

Figure 14. Binding constants between the different calix[4]arene receptors
(392*-44) incorporating poly-ether chains and K¥, Rb™ and Cs™ ions in
CH,CN at 298 K.*' Reproduced from reference [45] with permission from
Elsevier.
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4.3, Bis-Acridinium Tweezers

A number of molecular tweezers incorporating bis-acridinium
recognition units linked by semi-rigid spacers were reported.
These molecular tweezers use the electron-deficient nature of
the acridinium moiety to interact with electron rich aromatic
guests through mt-donor/m-acceptor interactions.

An early example was described by J.-M. Lehn and co-
workers in 20049 In this system (45°%), both acridinium
recognition units are connected to a bis-pyridyl-pyrimidine
spacer (Figure 15a). In the solid state the preferred conforma-
tion of this tweezer was found to be the U-shaped conforma-
tion as the result of the lone pair repulsion between the
nitrogen atoms of the spacer. In this conformation, the distance
between both acridinium recognition units was reported to be
around 7 A, suitable for s-donor/m-acceptor interactions. Com-
plexation studies between this receptor and 2,3,6,7-tetrakis
(dodecyloxy)anthracene led to the formation of a host-guest
complex (log K=3.00 in a CDCl;/CD;0D (92:8) mixture).

More recently our group has described a family of molecular
tweezers varying the spacer. A first 1,1":3',1"-terphenyl spacer
was studied (46", Figure 15b)."” In the solid state, this receptor

462+

452+
(log K = 3.00) (log K = 1.00)
in CDCI,/CD,0D (98:2) in CD;CN

Figure 15. Bis-acridinium molecular tweezers incorporating semi-rigid
spacers. a) Molecular tweezer incorporating a bis-pyridyl-pyrimidine (45%,
Ar: pNBu-Ph-, R=C;,H,:),“? b) a 1,1":3',1"-terphenyl spacer (46*) able to
interact with electron rich guests and its crystal structure (PF¢ counter-ions
were omitted for clarity)*” and c) molecular tweezers showing a self-sorting
behavior (47** and 482*).**® Reproduced from references [4] and [47] with
permission from the Royal Society of Chemistry.
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adopted a U-shaped conformation with the inclusion of a PF,~
counter-ion inside its cavity. The distance between both
acridinium moieties was found to be too high (d=7.804 A) to
ensure optimum m-stacking interactions with planar electron
rich aromatic guests (d=7.2 A) such as TTF and pyrene leading
to low binding constants (log K= 1 in CD,CN for both guests).
However, the chemical responsive properties of this 1,1":3',1"-
terphenyl tweezer were exploited to alter its recognition
properties. Upon addition of nucleophiles (HO~, CH;0"), the
formed bis-acridane tweezer showed no binding affinity with
both guests. The bis-acridinium receptor was restored upon
addition of trifluoroacetic acid (2 eq.).

A second molecular tweezer incorporating a 2,6-diphenyl-
pyridine spacer (47°%) was developed to optimize the acridi-
nium-acridinium distance (Figure 15¢). To our surprise, as
shown by "H NMR experiments in CD,CN, this tweezer exhibited
a dynamic equilibrium between its monomeric form and its
entwined dimer. The obtained crystal structure revealed an
optimum distance between both acridinium moieties (7.138 A)
allowing m-m stacking interactions with the semi-rigid spacer of
a second receptor. With chloride ions as counter ions, the
tweezer was water soluble and the entwined dimer was the
exclusive form detected in D,0 on account of additional
hydrophobic forces. The dimerization constant was estimated
to be greater than 10° Lmol™". In a competitive solvent such as
DMSO-d,, dissociation of the dimer occurred leading to the
solvation of the discrete monomer. In addition, a molecular
tweezer incorporating two acridinium units bridged by a 1,3-
dipyridylbenzene spacer (48**) was prepared.”® This tweezer
showed the same ability to form entwined dimers in D,O.
Interestingly, a 1:1 mixture of both 2,6-diphenylpyridine (47%%)
and 1,3-dipyridylbenzene tweezers (482*) showed a narcissistic
self-sorting behavior with the exclusive formation of both
homodimers (Figure 15c¢). This self-sorting behavior was found
to be under thermodynamic control as the result of the
difference in the binding constants between both dimer
formation. DFT calculations confirmed that the homomeric
dimers formation exhibited the highest driving forces (AG=
—24.9 kcalmol™ and —23.0 kcalmol™ respectively) compared
to the heteromeric dimer (AG=—22.3 kcalmol™).

4.4, Acridiniums Incorporated into Macrocycles and Cages

In 1991, J.-M. Lehn and his co-workers described a series of
cyclic (49** and 50%*) and acyclic bis-acridinium receptors (51**
and 52°%) able to bind both neutral and anionic (carboxylate,
phosphate and sulfonate) aromatic substrates containing planar
residues in aqueous solution (Scheme 10a).“” Upon addition of
anionic aromatic guests, 1:1 sandwich complexes were formed.
As an example, macrobicyclic receptor 49°% binds adenosine
monophosphate (AMP?"), 2,6-naphthalene dicarboxylate (2,6-
NDC?*), anthraquinone disulphonate (AQDS?*"), with binding
constants (log K=3.79, 4.59 and 5.13, respectively) lower than
its acyclic analogue 51*% (log K=4.79, 4.75 and 5.67, Sche-
me 10b). The crystal structure of the cyclized receptor 49°*
revealed a partial occupation of the 1,4-butadiyne spacers in

13 © 2020 Wiley-VCH GmbH
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Scheme 10. a) Water soluble bis-acridinium molecular cages (49** and 50**)
and the corresponding acyclic bis-acridinium receptors (51°* and 52°%). b)
The anionic guests studied and their corresponding binding constants (log
K) in water.*” Reproduced from reference [49] with permission from the
Royal Society of Chemistry.

the receptor cavity and a distance of 7.5A between the
acridinium units (too large for optimal host-guest interactions)
thus explaining these lower binding constants. Noteworthy, the
cooperativity of the acridinium recognition units was confirmed
by comparative titration studies with their mono-acridinium
analogues showing lower binding constants of one to two
orders of magnitude. As a general trend, the binding constant
increases with the extension of the m-system of the guests as a
result of the increase of m-surface interaction between the host
and the guest. Negligible influence from the number of charges
on the adenosine mono-, di- and tri-phosphate guests were
found thus emphasizing the dominant role of the van der Waals
and hydrophobic interactions over electrostatic forces.

M. Yoshizawa and his group were the first to report in 2016
the synthesis of a metallo-capsular based architecture with
cationic aromatic panels (53'2*, Figure 16a).”” This architecture
with a large cavity of 610 A® was quantitatively prepared by the
self-assembly of a bis-acridinium-pyridyl ligand and Pd(ll) ions
leading to a M,L, complex. This structure was confirmed by
NMR (1D and 2D) spectroscopy as well as single crystal X-ray
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543+

Figure 16. Scheme of a) the coordination cage (53'**) and b) its optimized
structure with two encapsulated cycloheptyltrifluoroborate, c) the coordina-
tion macrocycle (54°*) and d) its corresponding crystal structure.*”
Reproduced from reference [50] with permission from Wiley-VCH.

diffraction. As the result of the twelve positive charges provided
by the metal ions and acridiniums, this molecule was soluble in
water as a chloride or a sulfate salt. It exhibited an unusual
selective ability to capture in H,O, alkyltrifluoroborate guest
molecules (Figure 16b), namely potassium cycloheptyltrifluoro-
borate and cyclobutyltrifluoroborate in the presence of small
anions (BF,~, PFs~, NO;~, SO,%") and was unable to bind neutral
guests (cyclophane, pyrene, Cg). For this cationic receptor, both
the anionic and hydrophobic nature of the guests were critical
for the stability of the host-guest complex. Noteworthy, the
corresponding tubular structure M,L, (54%*) was unable to form
host-guest complexes with these organic trifluoroborate guests
thus showing the importance of the polycationic close cavity
environment (Figure 16c-d).

A year later, M. Yoshizawa and his group designed a water
soluble switchable macrocycle (55*%) incorporating four acridi-
nium units (Figure 17).°" In an aqueous environment, this
macrocycle was switched from its open to its closed conforma-
tion upon addition of hydroxide anions leading to the
corresponding tetrakisacridane macrocycle (56). The open form
was restored under acidic conditions thus showing the
reversibility of the pH-dependent behavior of the macrocycle.
The open-close switching cycles could be repeated several
times in water. Both forms were confirmed by X-ray diffraction
analysis revealing an important modification of the cavity size
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Cholate
(log K = 4.59)

Figure 17. Crystal structures of the switchable receptor in a) its open (55**)
form, b) closed form (56) and ¢) its representative scheme with the studied
guests and the corresponding binding constants (log K) in deuterated

water.®" Reproduced from reference [51] with permission from Wiley-VCH.

and shape (Figure 17a-b). In its open form, the cavity could host
hydrophilic guests incorporating a coumarin or a steroid
moiety. As revealed by 'H NMR spectroscopy, a 1:2 host-guest
complex was observed with esculin in which m-t stacking
interactions were involved between the coumarin motif of the
guest and the acridinium subunits of the macrocycle. Interest-
ingly, steroid guests, namely sodium cholate and 3-[(3-cholami-
dopropyl)dimethylammoniol-1-propane  sulfonate  hydrate
(CHAPS), exhibit a 1:1 binding event with the open macrocycle
(log K=4.59 and 3.86 respectively, Figure 17c). In both cases,
guests were reversibly released by addition of a base leading to
the precipitation of the tetrakisacridane macrocycle as the result
of the disappearance of the positive charges.

Our group was also interested in synthesizing a bis-
acridinium cyclophane (57°%) incorporating a 3,5-dipyridylani-
sole spacer (Figure 18).°? Binding studies revealed the prefer-
ential binding between this receptor and perylene (log K=3.08
in C,D,Cl,) in comparison to other polyaromatic hydrocarbons,
namely anthracene and naphthalene (log K=1.78 and 0.47
respectively). This complexation event led to a color change
from yellow to green as the result of a partial charge transfer
from perylene to the acridinium recognition units. In addition,
this receptor also exhibited reversible switchable properties,
chemical and electrochemical properties, allowing the release
of the captured perylene (with no affinity for 58 and a log K=
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Figure 18. a) Bis-acridinium macrocycle (57*) exhibiting a high affinity with
perylene. Upon chemical and electrochemical switching, the receptor
releases totally or partially the guest. b) Photographs of biphasic system
allowing the extraction of perylene from CH,Cl, (c=4x10>molL™") to a
solution of receptor 57°* in PFMC (c=0.55x 107> mol L™, stirring bar present
in the bottom of the tube).®? Reproduced from reference [52] with
permission from Wiley-VCH.

(log K = 5.67 in PFMC)

1.73 for 57° in C,D,Cl, Figure 18a). Finally, this macrocycle was
switched from an organic to a perfluorocarbon phase, namely
perfluoromethylcyclohexane (PFMC). In the PFMC phase, the
macrocycle showed a much higher affinity for perylene (log K=
5.67) (Figure 18b). This higher affinity in PFMC was exploited for
extraction of perylene from an equimolar mixture of polyar-
omatic hydrocarbons in CH,Cl,. Thus, based on UV-Vis spectro-
scopy and GC analysis, the molar ratio of perylene/anthracene/
naphthalene extracted and released was determined to be 9.5/
1/1.05 and the recyclability of the PFMC phase was demon-
strated. These results open the way to the design of related
systems for purification or separation purpose of other
pollutants.
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5. Acridiniums in Mechanically Interlocked N
Molecules |
Z
(\0 o} N
The stimulus-controlled translational motion of the ring along o) |
the axis of [2]pseudorotaxanes or [2]rotaxanes is the first step @0 " O N\ + @N,
to master, to access more complex molecular machines in o o = H
which the motion is associated with specific functions as in K’ N®
natural macromolecular machines. Acridiniums as a reversible 0\_/0 @ | ¥
chemical/photochemical responsive unit with associated large =
shape changes is an attractive station to be incorporated in the X
wheel or the axis of interlocked molecules as shown in the | =
following examples. hv N
A crown-ether macrocycle incorporating an acridinium 612+

subunit (59*%) was synthesized by W. Abraham and coworkers
(Scheme 11).5% Its chemiochromic properties were explored
and upon addition of hydroxide ions, the hydroxyacridane
macrocycle (60) was formed. Pseudo-rotaxane formation (61>
C60) between the hydroxy-acridane macrocycle (60) and the
dipyridinium axle (61**) was monitored by 'H NMR in CD;NO,.
The host-guest complex was reported to be in a slow exchange
regime on the NMR timescale and the determined binding
constant was log K=2.2 in deuterated nitromethane. Note-
worthy, this association constant is lower than the binding
constant between the axle and dibenzo[24]crown[8] macrocycle
(log K=2.96 in CH;CN), also discussed by the authors, on
account of steric hindrance. Moreover, no pseudo-rotaxane
formation between the acridinium macrocycle and the dipyr-
idinium axis was observed. This difference was attributed to the
charge repulsion between the acridinium host (59%) and the
bipyridinium guest (61?*). Upon irradiation at 300 nm, the
dissociation of the acridane macrocycle-dipyridinium axle
complex was observed as the result of the conversion of the
acridane moiety into the positively charged acridinium. The [2]
pseudorotaxane that consists of the dipyridinium threaded
through the acridane macrocycle (61**C60) was subjected to
the corresponding [2]rotaxane synthesis (Scheme 11). Function-
alization of the free pyridines with two 2,4,6-triisopropylben-
zene stoppers was undertaken successfully (yield 7% due to the
low binding constant). In the purification process, aromatization
of the acridinium moieties was performed.”™ Noteworthy,
attempts to form the corresponding acridane [2]rotaxane from
62°" in basic medium led to decomposition of the axis of the
interlocked molecule.

The same group also reported a photoswitchable [2]
rotaxane (63°%) composed of a cyclobis(paraquat-p-phenylene)
cyclophane (“bluebox”) and a dissymmetric axis end-functional-
ized with both an acridinium and an adamantane stopper
(Scheme 12).°* From the preformed pseudo-rotaxane obtained
from threading the acridane-stoppered axis through the blue-
box (log Ka2.74), an esterification reaction between the
terminal alcohol of the axis with the 1-adamanecarbonyl
chloride afforded the [2]rotaxane. During the purification
process, the acridinium stopper was obtained by aromatization
under acidic conditions. In this rotaxane 63°*, the two
identified stations were the phenoxy (B) close to the adaman-
date and the phenoxy (A) connected to the photoswitchable
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Scheme 11. Crown-ether macrocycle incorporating an acridinium moiety
(597) able to form a pseudo-[2]rotaxane under its acridane form (61** C60).
After a stoppering reaction, the acridinium [2]rotaxane (62°*) is formed.*>*¥

acridane/acridinum units. In its initial state, the macrocycle
resides exclusively on the phenoxy station (B) of the rotaxane
63° as confirmed by 'H NMR studies. Under basic conditions
(K,CO5) in alcoholic solvents, the acridinium stopper was
converted into the corresponding acridane derivative 63**
initiating the movement of the macrocycle towards the
acridane- phenoxy moiety. This motion was rationalized by the
additional edge-to-face interaction that increased the interac-
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Scheme 12. Family of switchable [2]rotaxane (63°*-65°*) developed by W.
Abraham and his coworkers incorporating a 9-aryl-acridinium stopper
(station A) and a secondary station (station B).***® Reproduced from
references [55] and [56] with permission from the Royal Society of
Chemistry.

tion between the acridane and the tetracationic cyclophane.
Upon irradiation, the acridinium stopper was recovered thus
triggering the shuttling of the ring to its initial position. The
back-conversion was achieved in the dark (130 s in CH,OH).
Noteworthy, the photolysis quantum yield was decreased by a
factor of five in the [2]rotaxane 63** in comparison to the free
axle. An analogous behavior was observed for the [2]rotaxane
incorporating an aniline group (64°*: N-CH; or 65°*: N-H) at
the 9-position of the acridinium stopper.®

Noteworthy, [2]rotaxane incorporating no secondary sta-
tions (66*T-71**) were also prepared (Scheme 13).5¢ In this
case, the ring resides exclusively on the aromatic core at the 9-
aryl position of the stopper either in its acridinium or acridane
form. In other words, no translational motion was observed
even in the presence of a positively charged acridinium core
since no other stations (even weak) are available. After
irradiation, the acridane rotaxanes have a lifetime of compara-
ble range (70<7<2205s) to the rotaxanes incorporating the

ChemPlusChem 2020, 85, 1-20 www.chempluschem.org

Scheme 13. Switchable [2]rotaxane (66°T-71"*) developed by W. Abraham
and his coworkers showing no shuttling of bluebox.*® Reproduced from
reference [56] with permission from the Royal Society of Chemistry.

additional phenoxy station (Scheme 12). This observation
suggests that the macrocycle did not increase the steric
hindrance around the 9 position of the acridinium stopper.

W. Abraham and co-workers also reported a [2]rotaxane
family incorporating two acridinium stoppers (72°*, 73%* and
74°%) and secondary stations (phenoxy and/or triazole, station
B) in the dumbbell (Figure 19)."” As seen for rotaxanes with a
mono-acridinium stopper (Scheme 12,13), bluebox mainly re-
sided on the secondary phenoxy stations B or C (72°F,
Figure 19a). With a triazole incorporated in the thread (73°,
Figure 19b), the macrocycle surrounded mainly this station.
However, when a phenoxy and a triazole were present, the
phenoxy mainly stabilized the ring (74°*, Figure 19¢). As
discussed for the mono-acridane rotaxane 63** (Scheme 12),
the conversion to the bis-acridane rotaxanes (e.g. in 75%")
increased the affinity of the ring for the stoppers and induced a
large movement of the ring along the axle from one acridane
station to the other one. This motion can be stopped under
acidic conditions by back conversion of the acridanes to the
acridiniums. This chemically-induced motion was followed by
UV-vis spectroscopy with the appearance of the characteristic
absorption bands at 440 nm of the acridinium units (Fig-
ure 19a). Mixed rotaxanes incorporating dissymmetric stoppers
76°" revealed a preferential affinity of the tetracationic ring for
the aniline station (NH > N-methyl, X=N station A) compared to
the phenoxy station (X=0 station A) on account of its steric and
electronic donor abilities despite the positive charge on the
nearby stopper. Photons were also used to convert both
acridanes into acridinium stations. Remarkably, upon irradiation,
it was demonstrated that only one of the acridane stations, the
unoccupied one, underwent the photoconversion, freezing the
macrocycle on the non-converted acridane of the [2]rotaxane.
The photocleavage rate was faster for the free acridane in
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Figure 19. Family of switchable [2]rotaxane (72°*-76°*) developed by W.
Abraham and his coworkers incorporating two 9-aryl-acridinium stoppers
(station A) and secondary stations (station B).*” a) UV/Vis spectra (CH;CN-
CH;0H 4:1, c=1x10"° molL™") of 75**, X=0 before (—) and after addition
of HCIO, (— — —), after addition of ethyl-di-isopropylamine (- - -) and after
addition of HCIO, (- - - -). b) and c) Structures of the [2]-rotaxanes 73°* and
74°*. Reproduced from reference [57] with permission from the Royal
Society of Chemistry.

comparison to the [2]rotaxane with only one acridane stopper
thus increasing the photoconversion efficiency of the assembly.

Noteworthy, end-stoppered acridinium pseudorotaxanes
were grafted on a gold nanoparticle surface acting as the
second stopper. Remarkably, the shuttling cycles of the ring
between the acridane unit and secondary phenoxy station
upon photoconversion/thermal back reaction of the acridane
stopper into acridinium was evidenced by UV-vis without
significant fading after several cycles.*®

ChemPlusChem 2020, 85, 1-20 www.chempluschem.org

6. Summary and Outlook

This review shows through many literature examples, the
exploitation of N-substituted acridinium moieties as multi-
recognition units in supramolecular systems. This building block
is an attractive component on account of its absorption and
emissive properties, reversible electrochemical reduction, rever-
sible chemical conversion to acridane and its photochemical
generation from acridane. These properties were exploited in
electrochemical actuators and multi-input/multi-output sys-
tems.

The N-substituted acridinium based molecules were re-
nowned DNA intercalators showing their ability to act as
molecular guests in supramolecular systems. Consequently, this
moiety was also considered as an attractive unit for molecular
recognition and was encapsulated in various water-soluble
hollow structures. Moreover, its positive charge was exploited
to synthesize water soluble host systems thus allowing the
efficient binding of electron-rich aromatic guest molecules.
Finally, its intrinsic m-deficiency and switchable properties
associated with geometric and electronic changes have led to
its incorporation into mechanically interlocked molecules.

The unique feature of the N-substituted acridinium unit
stands from its multi-input and multi-output responsiveness
giving rise to various potential applications such as optical
sensing, electrochemical actuation, host-guest recognition and
phase transfer. Nevertheless, their potential in catalysis in
confined space, self-healing material, material science, surface
functionalization still remains to be explored.
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