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A series of viologen-based receptors have been synthesized and their anion-binding properties

have been investigated by-NMR, UV-visible spectroscopy, electrochemistry and X-ray diffraction
analyses. Linking two positively charged viologens through a propyl chain promotes a remarkable
chelate-like binding of chlorides revealed by "H-NMR spectroscopy. Of all the anionic species
investigated, only fluoride is detectable by the naked eye and by electrochemical methods.

The reduction-triggered formation of a n-dimer from two viologen-based cation radicals was

also investigated by electrochemical and spectroelectrochemical methods and by theoretical

calculations.

Introduction

The design of artificial receptors capable of recognizing/
sensing anionic species in polar media still remains a challenging
task, with many potential applications in biology, medicine or
environmental science.'™ A wide range of synthetic anion
receptors have yet been designed in efforts to improve binding
strengths, selectivities and signaling processes.” '° These investi-
gations have demonstrated that efficient transductions of
molecular recognition events require the intimate association
between binding and signalling moieties into multicomponent
architectures.'! Chromogenic chemosensors are known to be
particularly attractive systems allowing low detection limits,
but redox analogs conversely require much simpler techno-
logies to simultaneously activate/deactivate and enable recogni-
tion processes.'? The anion-binding properties of polyammonium
derivatives are particularly well recognized, and one finds
numerous examples of saturated polyammonium compounds
efficiently complexing anionic species in highly competitive
media.'® Their unusual anion-binding properties arise from
favourable combinations of structurating effects, electrostatic
forces and hydrogen bonds but the lack of intrinsic electro-
chemical or photochemical read-out signals usually requires
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the use of potentiometric or microcalorimetric measurements
to follow and characterize their interactions with anions.

Ammoniums deriving from conjugated heterocycles such as
pyridine, imidazole, pyrimidine, pyrazine or purine,> whilst
keeping their efficient anion-binding capabilities, may con-
versely exhibit well defined photochemical and electrochemical
signatures which could be advantageously used as transduction
signals of anion-binding processes. Among this class of
molecules, viologens have attracted considerable interest due
to their wide range of properties finding potential applications
in analytical chemistry, in solar energy conversion, in molecular
electronics, electrochromic devices or in agriculture.'* In
particular, their ability to form charge-transfer complexes with
electron-rich aromatic species has been exploited by Stoddart
and co-workers to produce self-assembled interlocked supra-
molecular materials.'>'® However, these positively charged,
electron-deficient derivatives have seldom been considered as
key binding and/or signaling elements in artificial molecular
receptors,'’ ! although their photochemical and electro-
chemical signatures have been shown to be highly sensitive
to their substitution pattern and immediate environment.?>>

In the present article, we report the syntheses and detailed
physico-chemical characterizations of viologen-based anion
receptors. The halide-binding properties were estimated by-
NMR, UV-visible spectroscopy and by electrochemistry. The
redox-triggered formation of an intramolecular n-dimer was
also investigated by electrochemical and spectroelectrochemical
methods, and essential structural and mechanistic informa-
tion on a redox-triggered tweezer-like motion was obtained by
theoretical calculations.

Experimental
General methods

"H-NMR and '"*C-NMR spectra were recorded on Bruker 300
or 400 MHz spectrometers. '"H chemical shifts (ppm) were
referenced to residual solvent peaks. IR spectra were recorded
using KBr pellets on a Perkin-Elmer spectrophotometer in the
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4000-400 cm ™' region. UV-vis spectra were recorded on an
MCS 500 UV-NIR Zeiss spectrophotometer using conven-
tional quartz cells or all-quartz immersion probes (Hellma
Inc.). Elemental analyses (C, H and N) were carried out on a
Perkin-Elmer 240 analyzer. ESI positive mode spectra were
recorded with an Esquire 3000 Plus, Bruker Daltonics.

All chemicals were used as received unless described otherwise.
4.,4-Dipyridyl (98%) and iodoacetamide (98%) were purchased
form Acros chemicals. Anhydrous acetonitrile and DMF
were purchased from Rathburn Inc. and Acros, respectively.
1-methyl-4-(4'-pyridyl)pyridinium iodide and 1,1’-dimethyl-
4,4'-bipyridinium bis(hexafluorophosphate) were synthesized
according to literature procedures.*** 1-(Carbamoylmethyl)-
1’-methyl-4,4’-bipyridinium  bis(hexafluorophosphate) was
prepared through a modification of a published procedure.

Cyclic voltammetry (CV), differential pulse voltammetry
(DPV) and voltammetry with rotating disc electrodes (RDEs)
were recorded using a CH-600 potentiostat (CH-instrument).
All analytical experiments were conducted under an argon
atmosphere (glove box or argon stream) in a standard
one-compartment, three-electrode electrochemical cell. Tetra-
n-butylammonium perchlorate (TBAP) or tetra-n-butyl-
ammonium hexafluorophosphate (TBAPFg). were used as
supporting electrolytes (0.1 M) in non-aqueous (CH3;CN,
DMF) media. An ohmic drop compensation was performed
when using cyclic voltammetry. CH-instrument vitreous
carbon (g = 3 mm) or platinum (¢ = 2 mm) working
electrodes were polished with 1 pm diamond paste before each
recording. Standard sweep rates of 50 mV s~ and 10 mV s™!
were used in all DPV and RDE experiments, respectively.
Voltamperometry with a rotating disk electrode (RDE) was
carried out with a radiometer at a rotation rate of 500 rad min~"
using a glassy carbon RDE tip (& = 3 mm).

Spectroelectrochemical measurements were carried out in a
glove box with a standard potentiostat coupled to an MCS
500 UV-NIR Zeiss spectrophotometer using a 1 mm all-quartz
immersion probes. Electrolyses were conducted at 25 °C using
a cylinder-shaped platinum gauze working electrode and a
large piece of carbon felt as a counter-electrode isolated from
the electrolytic solution through an ionic bridge. A CH
instrument Ag|AgNO; (1072 M + TBAP 10~! M in CH;CN)
was used as a reference electrode.

The anion-sensing properties of 1 and 2 were investigated by
cyclic voltammetry (CV), differential pulsed voltammetry
(DPV), and with rotating disk electrodes (RDEs). In a typical
experiment, changes in the electrochemical signatures of a
1 x 107* M solution (3 ml, 0.1 M TBAP) of a given receptor
were monitored upon progressively adding increasing amounts
of targeted anions (as their tetra-n-butylammonium salts)
dissolved in the same electrolyte.

Syntheses

1-Carbamoylmethyl-4-(4'-pyridyl)pyridinium iodide [3-I]. To
a stirred dichloromethane solution (100 ml) of 4,4’-dipyridyl
(3.12 g, 20 mmol) was added iodoacetamide (2.5 g, 14 mmol)
and the mixture was stirred under reflux for 24 h. After
cooling, the yellow precipitate of 3-1 was filtered, washed
with 10 ml of diethyl ether and dried in vacuo. Yield: 57%;

"H-NMR (300 MHz, DMSO-dg) &: 9.12 (d, J = 6.6 Hz, 2H,
Ar), 8.87 (d,J = 6.0 Hz, 2H, Ar), 8.65 (d, J = 6.6 Hz, 2H, Ar),
8.05(d, J = 6.0 Hz, 2H, Ar), 8.05 (s, NH), 7.71 (s, NH) 5.44
(s, 2H, Ar-N-CH,). *C-NMR (75 MHz, DMSO-dg) &: 164.7,
151.4, 149.6, 145.4, 139.5, 123.4, 120.6, 59.8; IR (KBr, cm™);
3265 (m) 3032 (s), 1700 (s), 1639 (s), 1603 (m), 1399 (s),
1311 (m), 1225 (m), 812 (s). MS (ESI): m/z 213.9 [M + 1].
Calcd for C,H,IN30: C, 42.24; H, 3.54; N, 12.32. Found: C,
42.45; H, 3.80; N, 12.49.

1-(Carbamoylmethyl)-1’-methyl-4,4’-bipyridinium bis(hexa-
fluorophosphate) [1-(PF¢);]. This derivative was prepared
through a modification of a published procedure.®

To a solution of 1-methyl-4-(4’-pyridyl) pyridinium iodide
(1.49 g, 5 mmol) in acetonitrile stirred under an argon atmo-
sphere was added iodoacetamide (0.92 g, 5 mmol). The reaction
mixture was heated under reflux for 24 h. After cooling, the
reddish precipitate was filtered and washed with diethyl ether.
The crude solid was dissolved in a minimum of water and
saturated aqueous KPFg solution was added dropwise to the
resulting solution until observing a precipitate which was
filtered and washed with water and diethyl ether to afford 1-
(PFe), as a pale yellow solid. Yield: 91%; 'H-NMR
(300 MHz, DMSO-dg) 6: 9.25 (d, J = 6.6 Hz, 4H, Ar), 8.76
(d, J = 6.0 Hz, 4H, Ar), 8.08 (s, NH), 7.75 (s, NH), 5.49
(s, 2H, Ar-N-CH,), 4.44 (s, 3H, Ar-CH3). '>*C-NMR (75 MHz,
DMSO-dg) 6: 165.8, 149.1, 148.3, 147.2, 146.5, 126.1, 125.8,
61.5, 47.9; IR (KBr, cm™"); 3032 (s), 1713 (s), 1640 (s), 1603
(m), 1392 (s), 1329 (m), 1195 (m), 806 (s). MS (ESI): m/z 374
[M — PF4]". Caled for C;3H,;sN3-2PFg: C, 30.08; H, 2.92; N,
8.1. Found: C, 30.08; H, 3.11; N, 7.95.

1,1"-(1,3-Propanediyl)bis(1’-carbamoylmethyl)-4,4'-bipyridi-
nium tetrakis(hexafluorophosphate) [2-(PFg)4]. To a solution
of 3-1(0.34 g, 4 mmol) in dry DMF was added dropwise 1,3-
dibromopropane (0.2 ml, 2 mmol). The reaction mixture was
refluxed for 2 days. After cooling, the brown precipitate was
filtered, washed with cold DMF and dried. The crude solid
was dissolved in a minimum of water and saturated aqueous
KPFg solution was added dropwise to the resulting solution
until a precipitate formed. This was filtered off, and washed
with water and diethyl ether to afford the product as a white
solid. Yield: 32%. "H-NMR (300 MHz, DMSO-dy) &: 9.32 (dd
J = 6.8, 6.6 Hz, 8H, Ar), 8.82 (dd, J = 6.6, 6.0 Hz, 8H, Ar),
8.10 (s, NH, 2H), 7.77 (s, NH, 2H), 5.50 (s, 4H, N-CH,CO),
4.84 (m, 4H, N-CH>), 2.79 (m, 2H). *C-NMR (75 MHz,
DMSO-dg) 6: 165.8, 148.9, 147.3, 146.0, 126.6, 125.8, 61.6,
57.6, 31.4. IR (KBr, cm™"); 3454 (m), 1717 (m), 1693 (s), 1641
(s), 1451 (m), 832 (s), 558 (s). MS (ESI): m/z 905 [M — PF¢] ™.
Caled for C27H30N602P4F24: C, 3088, H, 288, N, 8.01.
Found: C, 30.50; H, 2.61; N, 7.92.

X-Ray diffraction

Data collections were scanned in ¢ and ® mode on a Bruker
AXS-Enraf-Nonius KappaCCD diffractometer using Mo
Ko radiation (A = 0.71073 A). Monocrystals of 1-(PFg),
could be obtained in DMSO by slow vapor phase diffusion
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of diethyl ether. The bis-viologen species were crystallized as
the iodide or chloride salts by liquid-phase diffusion of tetra-n-
butylammonium iodide or chloride in an acetonitrile solution
of 2(PF6)4

Crystal data for [1-(PFg),], C13N30,F,P,H;5: orthorhombic.
Pbca. a = 23.589(4) A, b = 19.661(3) A, ¢ = 8.559(2) A, V =
3969.5(13) A>. Z = 8. D = 1.737 g em ™. A = 1.54178 A.
F(000) = 2080.00. ® range = 3.5-75°. 4609 measured reflec-
tions, 4097 independent reflections, 2332 reflections with
[ > 1.30(1)]. 293 parameters. Reflection/parameter ratio:

RilI > 1.5¢(D)] = 7.17%. wRy = 11.52%. GOF = 2.0
refined against F.

Crystal data for [2-DMSO-(I)4], CyoH3sNgO314S or
C,7H30NO, (CH3)>SO-(I7)4: monoclinic. C2/c. a = 18.430(1) A,
b = 9.5373) A, ¢ = 20.9994) A, B = 91.64(2)°, V =
3689.48) A Z = 4. D = 1902 g em 3. A = 0.71073A.
F(000) = 2016.00. ® range = 2-30°. 20286 measured reflec-
tions, 4824 [R;,, = 0.11] independent reflections, 3453 reflec-
tions with [/ > 2.00(/)]. 200 parameters. Reflection/parameter
ratio: 17.3. R{[I > 2.0a(])] = 3.65%. wR, = 4.47%. GOF =
1.891 refined against F.

Crystal data for [2:(H20)9.5-DMSOy s5- (C1)4]
ng 10H3s. 3C14N603 55S() 55+ monoclinic. C2/c a = 15. 533(5) A
b = 12.135Q2) A, ¢ = 36.868(2) A, p=99. 88(2) V = 6846(3) A%,

=8, D = 1306 gem >, & = 0.71073 A. F(000) = 2808.80.
@ range = 1-25°. 26 459 measured reflections, 5915 [R;,, = 0.09]
independent reflections, 3083 reflections with [I > 2.0a([)]. 385
parameters. Reflection/parameter ratio: 8.0. R([I > 2.00())] =
8.99%. wRy, = 12.50%. GOF = 1.98 refined against F.

Computational details

The quantum chemistry calculations were carried out
with both the CP2K QuickStep program and the Gaussian03>’
program. With this latter code, we used the BLYP, B3LYP,3®
B3LYP-CP*’ (Corrected Potential) and MP2* functional with
the 6-31+G(d,p)*"** basis sets.

Solvent effects were evaluated using the polarizable con-
tinuum model (PCM)**#% in which the cavity is created via a
series of overlapping spheres.

The ab initio Born—Oppenheimer dynamics calculations
were performed using the CP2K-QuickStep program CP2K,
(http://cp2k.berlios.de, 2000-2009)*” at the DFT level with the
BLYP** — D functional. QuickStep is an implementation
of the Gaussian Plane Waves (GPW) method based on the
Kohn—-Sham formulation of density functional theory (DFT).
It is a hybrid method using a linear combination of Gaussian-
type orbitals to describe the Kohn—Sham orbitals, whereas an
auxiliary plane waves basis set is employed to expand the
electronic charge density.

The basis set used was a double-{ valence set of Gaussian
orbitals®! in conjunction with the Goedecker—Teter—Hutter>>>*
pseudopotentials. The auxiliary PW basis set was defined
by a cubic box of 25 A% and by a density cutoff of 360 Ry.
Metadynamics>>> has been used to overcome the problem of
observing rare events in conventional molecular dynamics
and determining the energy barrier of our system. Further
computational details are given as ESIf.

Results and discussion
Syntheses

Both viologen derivatives 12* and 2*" were synthesized by
stepwise quaternization of 4,4’-bipyridine with iodoacetamide,
methyl iodide and/or 1,3-dibromopropane (Scheme 1). PFq™
salts of 127, 2*" and 4*™ were easily obtained, from the iodide
precursors, by precipitation in water through anion metathesis.
Elemental and spectroscopic analyses were consistent with
each targeted receptors. It needs to be mentioned that 2**
could also be obtained upon following the reverse quaterniza-
tion sequence, starting with 1,3-dibromopropane and sub-
sequently introducing the amide functionality.

The '"H-NMR spectra of 1-(PFg), and 2-(PFg), recorded in
deuterated DMSO showed similar features with two singlets at
4.4 and 5.5 ppm, attributed to the -NCH3 and -NCH,CO-
fragments, two amide NH-based singlets at 7.8 and 8.1 ppm
and four doublets between 8.7 and 9.3 ppm attributed to the
pyridinium moieties. The accurate attribution of all signals
(Fig. 1) has been achieved using COSY and HMQC correla-
tion maps (see ESIT). Both doublets attributed to the Hy and
H. protons in 2** could especially be distinguished through
the observation of correlations with the adjacent methylenic
protons (N* CH,CO vs. N* CH,CH,).

Signals attributed to aliphatic protons are not shown on
Fig. 1. The H, protons are observed as a singlet at ca. 5.5 ppm
on the spectrum of 1>* and 2** whereas the propyl linker
(H;, Hj) in 2*" appears as two multiplets at 4.8 and 2.8 ppm.

Both species were further characterized in the solid state by
X-ray diffraction analysis. As shown on Fig. 2, the viologen
fragments linked through a propyl linker in 2** form an angle
close to 90° defining an open positively charged cavity. The
pyridine subunits in the same viologen fragment are not fully
coplanar but slightly twisted, by around 13° in 2** and 31° in
12", In each case, the CNO amide fragments define planes
forming a 90° angle with the closest pyridinium rings.

Electrochemistry

The electrochemical signatures of 1-(PFg), and 2-(PFg), were
investigated in CH;CN, DMF and H,O at 1 x 107> M using
cyclic voltammetry (CV), differential pulsed voltammetry
(DPV) and voltammetry with rotating disc electrodes (RDEs).
The CV curves of both species exhibit similar patterns showing
both well-known'* consecutive viologen-centered reversible
reductions (eqn (1) and (2), Fig. 3 and ESIf). In agreement
with the electron-withdrawing character of amide fragments,
the first reduction potentials of 127 and 2** are significantly
shifted towards less negative values compared to the reference
compound 4°" (Table 1). The substantial shift observed
between the first reduction potential of 1" and 2** might
be attributed to their different charges and/or to the existence
of a chemical reaction coupled to the electron transfer in 2** .
This particular aspect will be discussed in the following
paragraph. The second reduction happens to be far less
influenced by the viologen substitution pattern. In aqueous
media, the adsorption of the neutral forms 1° and 2° on the
electrode surface was demonstrated by the observation of
intense stripping CV-peaks on the reverse scan. Solvent effects
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Fig. 1 "H-NMR spectra of 1.(PF), and 2-(PFg), from 7.5 to 9.5 ppm (DMSO-dg, 300 MHz).

o}

Fig.2 ORTEPY views of 1.(PFg), and [2-DMSO-(I),] showing the heteroatom-labeling scheme. Solvent molecules and counter-anions have been

omitted for clarity. Ellipsoids are drawn at a 50% probability level for 1>

were furthermore clearly shown through the half-wave poten-
tial shifts (AE,;,) of the first reduction process between
acetonitrile and DMF electrolytes.

The electrochemical behaviour of molecules with multiple
redox centres has already been thoroughly investigated. > It
has been demonstrated that electron transfers to or from
molecules containing identical, non-interacting, electroactive

and 45% for 2**.

centres should yield a single current—potential CV curve
similar to that observed with a single electroactive centre
(AE, = 58 mV at 25 °C) but with a magnitude determined
by the total number of redox centres. When each centre is
characterized by the same standard potential ES,, and adheres
to the Nernst equation independently of the oxidation state of
any of the other centres in the molecule, it is possible to
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Fig. 3 Successive one-electron reductions of a generic viologen
(eqn (1) and (2)). Decomposition of the first reduction processes in
linked bis-viologen species (eqn (3) and (4)) and their potential coupled
reactions (dimerization (5) and disproportionation (6)).

Table 1 Half-wave potential (E; ;) measured by cyclic voltammetry
(100 mV s~ on platinum electrodes in DMF or CH;CN electrolytes
(0.1 M TBAPF). AE, values® were measured at low scan rate
(20 mV s, AEY = EY | — EY, was estimated using a method
established by Richardson er al.®®~

Kq

Solvent (Evp1 (E1p)2 (AEY) AE®  (x107%)
4.(PFs), DMF —830 —1200 68 — —
1.(PF¢), CH;CN  —692 —1097 60 — —
DMF =797 —1175 6l — —
2-(PFg)y CH3;CN  —580 —1123 38 27 348
DMF —714 —1204 48 17 515

“Vys. Ag/AgJr (1072 M) El,’Z (Fc/Fc+) — 70 mV in DMF. logIO(Kd) =
—AE"/0.059.

calculate the formal potentials corresponding to each pair of n
successive oxidation states of the multi-centre molecules.
Considering fully non-interacting centres, the theoretical shift
between both first viologen-based formal reduction potentials
in 2** (EY | and EY , on Fig. 3) should thus equal AE} =
E?iz — E(l)J = 35.6 mV, although both redox processes are
expected to appear as a single wave with peak potentials
satisfying AE, = 58 mV. The lowest (AE}), value, 38 mV,
was recorded at a low scan rate in acetonitrile with 2**, in
which two chemically equivalent viologens are simultaneously
reduced. The low values of AE, measured with 2*" in DMF or
acetonitrile electrolyte are thus not in accordance with these
theoretical considerations and reveal the existence of inter-
actions between viologen radicals forming n-dimers.*>®' Such
non-covalent interactions have been observed and charac-
terized at low temperature or high concentrations of simple
viologen derivatives and in few cases at room temperature with
structurally preorganized bis-viologen architectures or in
confined environments.'**>%* Although the structural and
electronic natures of this association between radical cations
are still under scrutiny, the ability of bis-viologens to dimerize
has yet been shown to depend on their linkers’ size and
flexibility. Propyl connecters have especially proved to allow
efficient room-temperature formations of viologen based
n-dimers.** % The low (AE,), value recorded for 2** in which
two viologens are linked by a propyl chain, is thus unambiguously
related to the intramolecular association between both reduced
species to form a n-dimer derivative [22+]dim. The effectiveness
of this chemical process, characterized by the thermodynamic

parameter Ky, (Fig. 3), coupled to the viologen-centered
electron transfer leads to a situation in which the second viologen
reduction (E(f_z, Fig. 3) happens at a less negative potential
than the initial one (E?_,, Fig. 3) and thus to the existence
of a disproportionation equilibria with logKy = —AE®/0.059
(Kg, Fig. 3).%°

In a first approximation, K4 as well as E{l)_z and E?_l have
been estimated from the potential value (AE,); measured by
cyclic voltammetry.®® Calculated values of AE® and Ky are
thus in accordance with the existence of a disproportionation
equilibrium observed with 2*" in DMF and in acetonitrile
electrolyte, the displacement of the disproportionation equili-
brium being attributed to the formation of an intramolecular
n-dimer. This specific redox-driven m-dimerization observed in
acetonitrile at room temperature contrasts with the commonly
accepted belief that such association between viologen radicals
should only be observed in water due to important hydrophobic
contributions promoting the self-assembly of both reduced
species.'*

In situ spectroelectrochemical studies were conducted under
argon in a glove box on DMF solutions of 1-(PFg), and
2-(PFg)4 (0.1 M TBAP). The one-electron bulk reduction of
12" performed at —1 V on a platinum working electrode was
followed through the large decrease in intensity of the initial
absorption band at 272 nm at the expense of new bands
growing at Ay. = 399 and 614 nm with shoulders from 530
to 730 nm (Fig. 4). The blue color and UV-vis signature of the
resulting solution could be attributed' to the cation radical
species 1. The reversibility of the reduction process at the
electrolysis time scale was checked by UV-vis absorption
spectroscopy and voltammetry on rotating disk electrodes
upon recovering the entire signature of the initial 1>" species
after back-electron transfer.

The same experiment carried out with the bis-viologen 2**
led conversely to the observation of completely different bands
gradually developing at A, = 366, 543 and 866 nm (Fig. 4).
The violet color and the ensuing UV-vis absorption spectrum
fully coincide with the formation of the n-dimer [22+]dim, the
broad absorption centered at 866 nm being a specific diagnostic

[(2)2+]dim <=:. )

Abs

(1" —t (—)

300 400 500 600 700 800 900 1000
A (nm)

Fig. 4 UV-vis spectra recorded after exhaustive one-electron reduc-
tion per viologen in [1-(PF),] (solid line) and [2-(PFg)4] (dotted line) in
DMEF using a platinum plate working electrode whose potential was
fixed at E,, = —1.0 V(2.5 x 107* M in 25 ml of DMF, 0.1 M TBAP,
/ = 1 mm).
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band whose energy can be directly related to the electronic-
coupling term between both viologen radicals.'+%%7°

These reduction processes are fully reversible under these
conditions, as the original spectrum could be recovered by
re-oxidation conducted at 0 V. It can thus be assumed that the
intramolecular association in the doubly reduced 2>* species is
allowed by the flexibility and size of the propyl linker.®%%® A
detailed theoretical analysis of this redox-driven self-association
is reported in the last part of this article.

Halide sensing

Taking advantage of their intense and well defined physico-
chemical signatures, the ability of 1°* and 2** to bind anionic
species was investigated by electrochemical methods, 'H-NMR
and UV-vis spectroscopy. Such viologen-amide-based recep-
tors could indeed potentially interact with electron-rich anions
through a large range of non-covalent interactions, such as ion
pairing, van der Waals interactions, hydrogen bonding or
donor—acceptor charge transfer processes. The simultaneous
presence of cationic charges, electron-deficient pyridinium
acceptors and hydrogen bond donor/acceptor amide fragments
is as a matter of fact particularly suited to achieve efficient
complexation/sensing of electron-rich anionic species.>*® As
discussed above, these electron-deficient species also feature
two reversible reduction processes which might advantageously
be used as transduction or activation/deactivation tools. The
so-called “molecular electrochemical recognition” of anionic,
neutral or cationic species have been proved to be achievable
in organic media using a wide range of redox-active receptors
involving an intimate association between a recognition site
and a signaling subunit.'’”""”> Given the weak nature of most
interaction forces involved in the ‘square scheme’ mechanisms
describing the redox- and binding-coupled processes, the
electrochemical recognition of neutral or even charged species
in polar media still remains a challenging objective. Viologens
are in that respect highly attracting molecular materials
potentially behaving simultaneously as binding and transducing
sites.

The interactions of the cationic receptors and with
halides, as their tetra-n-butylammonium salts, were first investi-
gated by "H-NMR in deuterated DMSO. This study could not
be conducted in acetonitrile or less polar solvents due to
the insolubility of most halide complexes formed with both
receptors. In the case of chloride, D,O (2% v/v) was added to
ensure the complete solubility of all species at large anion
concentrations.

As expected from its large size and polarizability, the
addition of iodide did not induce significant changes in the
"H-NMR spectrum of 1-(PF),. Conversely, the addition of
increasing amounts of bromide or chloride led to important
shifts (Fig. 5) of only one amide-based signal attributed to
NH,, 6(NH,) remaining constant throughout all titration
experiments. The largest variation of §(NH,) reached 0.35 ppm
in DMSO-d¢-D,0O (98:2) in the presence of an excess of
chloride. The weaker but still significant concomitant displace-
ments observed for 6(H.) (Admax = 0.11 ppm) and 8(H,)
(Admax = 0.11 ppm) led us to hypothesize a cooperative
binding mode in which chloride would behave as a trifurcated
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Fig. 5 '"H-NMR chemical shift attibuted to NH, as a function of the
concentration of TBACI (H), TBABr (@) and TBAI (A). Titrations
were conducted with 8 x 107> M 1-(PF¢), at 400 MHz in DMSO-d¢
(TBABr and TBAI) or in DMSO-ds—D,0 (98:2) (TBACI).

hydrogen bond” acceptor (Fig. 5). Fitting these experimental
curves with a 1:1 binding stoichiometry allowed the estimation
of the binding constant of 1>" with bromide and chloride in
DMSO (Fig. 5), the significant selectivity of this simple receptor
towards chloride being easily explained by a combination of
strong hydrogen bonds and ion-pair-attracting effects (Fig. 5).

Similar experiments were conducted with 2-(PFg),, expecting
that the association of two electron acceptor amide-viologen
fragments would be beneficial in term of anion-binding ability.
As observed for the simple analogue 1-(PFy),, no evidence of
interaction with iodide could be seen using "H-NMR spectro-
scopy. In contrast, the complexation of bromide or chloride
with 2** in DMSO was clearly revealed through important
displacements of two different "H-NMR signals. As expected
from our preliminary investigations conducted with 1°%
(Fig. 5), the involvement of both amide fragments in the
anion-binding process led to a low field shift of one singlet
attributed to NH,. More surprisingly, the most important
and expeditious modifications in the 'H-NMR spectra were
observed in the aromatic region, among the doublets attributed
to the pyridinium protons. This appeared to be particularly true
in the presence of bromide anions, leading simultaneously to a
slight shift of the NH, signal and to a much more important
displacement of one doublet attributed to the Hy protons
(Fig. 6).

A similar behaviour was observed with chloride, although
the NMR shift magnitudes of both NH, and Hy signals were
far less different. The large and swift chloride-induced changes
in 8(Hy) values, exclusively observed with the tetracationic
bis-viologen derivative 24" were seen as clear evidence of a
structural effect allowing an unusual anion-binding mode.
Moreover, the low-field shift of the H; signal was not associated
with any loss of symmetry at the NMR time-scale, as proved
by the constant number of signals observed throughout the
titration experiments. These findings led us to consider the
formation of a poly-anionic complex, in which all the Hy
protons would be involved in strong hydrogen bonds either
with two anions located on each side of the receptor leading to
a fully symmetric arrangement ([2-X,]**, Fig. 7), or with only
one anion pinched between two Hy protons ([2-X]*", Fig. 7)
but in rapid equilibrium (at least compared to the NMR time-
scale) between both possible arc-shaped binding pockets.
Given the important size and rigidity of the viologen fragment,
it can reasonably be assumed that the NH, and H; protons
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Fig. 6 'H-NMR chemical shift of H; and NH, recorded as a function of the concentration of (A) TBABr and (B) TBACI. (C) Continuous variation
curves plotted for A3(Hg) and AS(NH,) in DMSO solutions of 2-(PF), and TBACI. (400 MHz). The molar fraction X3y = n)/[n@a) + n(cpl. Titration

were conducted with 8 x 1073 M 2(PFg),.

must be involved in the complexation of different anionic
guests. The shape of the anion-binding curves shown in
Fig. 6(A) and (B) tells us that the binding of chloride or
bromide is more efficient in the H-based binding pocket than
through the amide groups.

This unexpected result can be explained considering unique
combinations of favourable hydrogen bonding, electrostatic
and chelating effects. Further information on the exact stoichio-
metry of the chloride complex [2,Cl,J’" came from the
method of continuous variations’* leading to the Job-plot
shown in Fig. 6C. Both A8-X 3, versus Xz, curves”>’° plotted
for Hy and NH, showed maximum values for molar fractions
X2y around 0.35. This maximum, close to the theoretical value
of 0.33 expected for a 1:2 binding ratio, suggests the indepen-
dent complexation of two chlorides through the pyridinium Hy
protons (Fig. 7, [2-X5]*") and two more through the amide
groups to yield an overall [2-Cly] complex. Theoretical calcula-
tions conducted on this complex yielded a possible structure in
agreement with these hypotheses. Detailed views of both
chloride-binding modes found in this optimized structure are
depicted in Fig. 8. This structure clearly shows the chelating
effect of the positively charged viologens, hydrogen-bonded to

[z_x]3+

%
ZzZ®

two chloride anions located on both sides of the receptor. Each
anion is in close proximity to two pyridinium Hatoms and the
three methylenic hydrogens belonging to the propyl linker,
with hydrogen bond lengths ranging from 2.45 to 2.9 A.
Experimental evidence of these interactions clearly appeared
through the NMR titration, with chloride resulting in signifi-
cant shifts of signals attributed to the H; and Hj protons. All
curves plotted in Fig. 8C exhibit similar shapes but signifi-
cantly different amplitudes, which can be directly related to the
strength of the hydrogen bonds established with chloride. The
shortest H---Cl contact distance on the optimized structure
was surprisingly from H;j (2.47 A and C-H...Cl ~125%,
featuring by far the less polarized C—H bond due to its relatively
large distance from the positively charged pyridinium groups.
The optimized structure is non-fully symmetric and features
two distinct C—Hy- - -Cl bond lengths of 2.53 and 2.79 A formed
with favourable C—H- - -Cl angles of around 150°. The shape of
all curves shown on Fig. 8D, related to the amide-based
binding site, are notably different from those drawn with
SHy, 6Hj and 8H;. In contrast to NHy, clearly not affected
by the presence of chloride in solution, the broad singlet
attributed to NH, undergoes a large shift similar to that

I \NMU HA TSNTTONT HE Hf
Hc = \ ’
R™FHE HESTUR = L =) R~ “N-CH-N )R
: = N — @)=

\ x‘/._)

R =3@$ﬂ &

CONH,

Fig. 7 Schematic representation of two potential binding modes involving the pyridinium-based H; protons [2-X]* " and [2-X,]** (X = CI” or

Br).
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Fig. 8 (A and B) Details of both binding modes for the optimized structures of 2:(Cl), obtained at the B3LYP/6-31+ G* calculation level.
(C and D) "H-NMR chemical shifts of (C) H, H;, H; and (D) NH,, Hg, Hc, Hy, recorded as a function of the concentration of TBACI. Titration
were conducted with 8 x 107> M 2-(PFg), at 400 MHz in DMSO-ds—D,0 (98:2).

observed with the simple analogue 1-(PFg),. Weaker displace-
ments but similar curve profiles (Fig. 8D) were also observed
with 8H, and dH, involved in the same binding process, as
seen on the optimized structure showing one chloride anion in
close proximity to H,, H, and H, with relatively short contact
distances ranging from 2.2 to 2.4 A (Fig. 8B). It is interesting
at this point to highlight the large difference observed between
the curves plotted for both pyridinium protons Hy and H..
This contrast is more evidence of the significant chelate effect
promoting the binding of chloride between two positively
charged pyridinium rings.

The solid-state structure of 2-(Cl); obtained by X-ray
diffraction analysis is shown in Fig. 9. As seen on the
ORTEP?’ views, the bis-viologen adopts a twisted configura-
tion wherein both propyl-linked pyridine planes form an angle
of ~60°. The compact self-packing in the crystal lattice results
in the observation of a wide range of ‘short’ contact distances
2.5 A<d<3 A) between all the hydrogen atoms in 2** and
chloride anions, water molecules or oxygen atoms from
neighbouring 2*". This result confirms the ability of each
pyridinium proton to establish strong interactions with hydrogen
bond acceptors as halides. All four chloride atoms are at least
complexed through two hydrogen bonds but the chelate
effect revealed by 'H-NMR is not clearly evidenced in the
solid state. Such solid-state-specific behaviour has been
attributed to strong packing effects favouring tight inter-
molecular associations leading to the self-assembled supra-
molecular stair-shaped arrangement shown in Fig. 9(C and D).
The bis-viologen derivatives indeed form infinite accordion-
like sheets wherein two consecutive (N4NS5) viologens, linked
through three chloride ions, form a 90° angle. Three aligned
chloride anions, each complexed through four hydrogen bonds

involving aromatic pyridinium protons, define the edge of
this stair-shaped arrangement. The 'H-NMR studies com-
bined to theoretical calculations and solid-state analyses, thus
clearly indicate the anion-binding ability of the bis-viologen
receptor 2** able to complex up to four anions in two distinct
binding sites through a combination of hydrogen bonds and
ion-pairing effects.

Due to their electron-deficient nature, viologens are known
to form a wide range of charge-transfer complexes with
electron-rich species.”””’® Charge-transfer (CT) interactions
between donors and acceptors are an important class of
non-covalent interactions which have been greatly exploited
in the design and synthesis of self-organizing systems, such as
molecular tweezers and molecular clips.

The ability of 2** to form such donor—acceptor complexes
with halides was assessed in DMSO by absorption spectro-
scopy through the observation of charge-transfer bands in the
UV-visible range. In agreement with its large electron density
and high polarizability, only iodide turned out to produce a
relatively intense color change, associated with a broad CT
absorption band centered at ~430 nm, in the presence of 2**
in DMSO. Addition of bromide did not yield clear additional
bands but an overall increase in absorption below 450 nm, and
no evidence of CT complex could be observed in the presence
of chloride. This evolution agrees with the ‘hard’ nature of
chloride resulting in weak donor—acceptor complexes charac-
terized by high-energy CT transitions (\&F < A§Y < ALT). The
exact stoichiometry of these associations could not be deter-
mined in solution using classical methods but the ability of
iodide to form a CT complex with 2*" was further confirmed
in the solid state by careful examination of the iodide positions
in the crystal structure of [2-DMSO-(I)4]. As is clearly shown
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in Fig. 10, viologens and iodides stack alternately to form
an endless linear assembly. Two types of iodides, I; and I,
are located between parallel viologen-based sheets with rela-
tively short contact distances. The shortest, non-hydrogen-
bond contact measured from I1 was found with N1, with
d(11-C10) = 3.9 A and 11-C10-C3 ~ 84°.

The particular case of fluoride

Among all the anionic species investigated, only fluoride could
be clearly detected by the naked eye and by electrochemical

A%

Fig. 10 ORTEP®’ views of [2.DMSO-(I),] showing the heteroatom-
labelling scheme and the successive layers of iodides and viologens.
Hydrogen atoms and solvent molecules have been omitted for clarity.
Ellipsoids are drawn at a 45% probability level. The symmetry
operations used to generate all the represented atoms from the
asymmetric unit are: (i) (—x, y, % — 2); (i) (x, y — 1, 2); (1) (x, y — 2, 2);
(V) (=%, y = Li =2, (V) (=x, y — 2,3 — 2); (vD) (=x, —y, —2);
(vid) (=x, (=) = 1, =2); (viii) (=x, (=) = 2, =2). (ix) (x, =y, z + D;
@ E)—Lz+ Y E) @) -2+ 9.

methods (see ESIt). This anion combines superlatives as it is
the smallest, the most electronegative and most basic anion of
the halides and plays well known crucial roles in numerous
biological processes.” These pronounced features have already
been exploited to develop fluoride chemosensors relying
on size,3 83 unusually strong H-bond®*®7 pK, values®®°! or
unusual reactivities”> > for selectivity.

The addition of 0.2 molar equivalents of TBAF to a DMF
solution of 1-(PF), or 2-(PFg), induced drastic colour changes
from colourless to intense blue or violet, respectively. From
the spectro-electrochemical experiments described in the
previous section, these signals were easily attributed to species
in which viologen fragments have been reduced. The UV-vis
spectrum of the blue solution obtained upon addition of
fluoride to the mono-viologen 1>* indeed fully matches the
signature observed in the course of the bulk electrochemical
reduction conducted at —1 V. Addition of fluoride to a solu-
tion of 2*" led similarly to the development of signals
attributed to the m-dimer [2°" Jgim (Fig. 11)

These assumptions could be confirmed by electrochemical
investigations carried out on solutions containing different
ratios of fluoride anions and 2-(PF)4 or 1-(PFy),. The addition
of aliquots of fluorides to a deoxygenated DMF solution of
12" was followed by voltammetry with a rotating disk, and the
formation of the reduced species was proved by the observation
of a clear oxidation wave. After adding 1 molar equiv. of
fluoride, the wave corresponding to the reduction of 1>* was
almost completely transformed into a new diffusion wave attri-
buted to the oxidation of 1°* (Fig. 11). Similar results, demon-
strating the formation of reduced viologens in the presence of
fluoride, were obtained with 2** as well as with the reference
compound 4°". These results thus clearly demonstrate that the
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(A) Absorption spectrum recorded for 1-(PF), (1 mM in DMF under argon atmosphere) upon addition of TBA ™ salt of F~ (0.2 molar equiv.)

or CI", Br™, I" and diisopropylamine (2 molar equiv.). (B) Voltammetric curves recorded with a rotating disk electrode before and after addition of

TBAF to a DMF solution of 1 mM 1-(PF), (inside glove box).

addition of fluoride leads to a reduction of the viologen
fragments in DMF. A similar behaviour was also observed
in DMSO. Given the “hard’ nature of this anion, this electron
transfer cannot reasonably be attributed to the oxidation of
fluoride anion but instead to its mildly basic character.
The addition of diisopropylamine, however, did not induce
significant changes in the UV-vis spectrum. The exact mecha-
nism leading to this intense color change is still unclear. It
needs to be mentioned that the addition of an excess fluoride
leads to the loss of the electrochemical and UV-visible
signatures.

Theoretical calculation

In order to gain insights into the geometry of the n-dimerized
bis-viologen species [2°* ]4im and into the associated dynamic
process, theoretical calculations were undertaken using various
levels of calculation, namely DFT, DFT-D, DFT-CP and
MP2. The n-dimer [2°>*]4m is expected to develop intra-
molecular interactions mostly driven by dispersion energy.
This contribution is computationally demanding and if MP2
is well known to give a proper description of the dispersion
energy, it is also well known that a large basis set is mandatory.
In order to include this dispersion energy at a lower cost, we
also used the DFT-D*® and DFT-CP* levels of calculations
(full computational details are given in the ESIt). These
levels have already been used for large molecular systems’®®’
with an important contribution of the dispersion energy. For
comparison purpose, DFT calculations using the BLYP and
B3LYP functionals were also performed.

We focused primarily on the non-reduced starting material
2*", whose structure could be obtained through geometry
optimization. In accordance with the existence of electrostatic
repulsion forces driving both doubly charged viologens away
from each other, our calculations always lead to an open
structure. As discussed in the previous section, this species was
also characterized in the solid state by X-ray diffraction
analysis in the presence of chloride or iodide anions (Fig. 9
and 10). The agreement of our calculations with these X-ray
data is good (Table 2), and we found that the amplitude of the
torsion angle y measured for C7-C8-C11-C12 (Table 3),

defining the tilt angle between both pyridines in each viologen
fragment, depends on the nature of the counter-anion. We also
found that the torsional angle y observed on the optimized
structure of 2** in the absence of counter-anions is close
to that measured experimentally (~31°) on the solid-state
structure of 1-(PFg),. In contrast, the same angle estimated
theoretically with 2** in interaction with two iodine anions
matches that measured (~13°) on the X-ray structure of the
bis-viologen derivative [2-DMSO-(I)4]. These differences thus
indicate that the tilt angle is high with non-interacting anions
such as PF4~ but it gets significantly reduced by the CT
process established with iodide. Moreover, the comparison
between 2** and the simple N-methylated derivative 4>
demonstrates that the amide terminal group has no influence
on the geometry of the viologen units.’® The singlet state of the
bis-viologen 2** was found to be the ground state of the
molecule, since the singlet state is 61.8 or 58.6 kcal mol ™!
lower than the triplet state at the B3LYP/6-31+G** and the
B3LYP-CP/6-31+G**, respectively.

The theoretical description of the doubly reduced
species is trickier. Both the open [2°"],pen and the closed
n-dimer [2°*]gm forms can be characterized, and frequency
calculations confirm that both of them are minima on the PES
(Potential Energy Surface). The singlet and triplet spin states
have been investigated for each form.”

In the optimized open structure [22+]0pen, we found that the
torsion angle y measured between both pyridine fragments
(C7-C8-C11-C12) in each viologen was around 5.0° whatever
the spin state being considered. This small value, defining a
nearly coplanar arrangement, is in accordance with our
assumption that the tilt angle y strongly decreases when the
electron density on the viologen increases, as seen by electro-
chemical reduction or through the formation of a CT complex
with electron-rich iodide anions.'®

The singlet and triplet states of the closed n-dimer structures
[2°*]4im Show significant structural differences. The singlet-
state closed-form 5[2°* g, exhibits a geometry wherein both
viologen units are almost perfectly parallel (Table 3, o0 ~ 4-5°),
whereas a significantly more open structure was found in the
triplet state T[22 Jgim (¢ ~ 15°) (see Table 3). Due to the impor-
tant size of the viologen units, this 10° deviation measured

22+
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Table 2 Comparison between structural parameters defining 2% obtained by theoretical calculation and X-ray diffraction analyses. Distances

and angles are given in A and degrees, respectively

X-ray diffraction data

PBE0/6-311G**

B3LYP/6-31+G** B3LYP—-CP/6-31+G** B3LYP/6-31+G** (ref. 98)

1(PF6)2 [ZDMSO(I)4] [24+]open [24+]open [24+]0pen'(17)2 2
N1-C2 1.315 1.347 1.339 1.338 1.351 —
C2-03 1.220 1.227 1.224 1.225 1.221 —
C2-C4 1.518 1.503 1.564 1.559 1.551 —
C4-N5 1.460 1.449 1.477 1.470 1.470 1.491
N5-C6 1.349 1.329 1.354 1.351 1.364 1.351
C6-C7 1.381 1.385 1.389 1.387 1.371 1.382
C7-C8 1.376 1.367 1.401 1.396 1.418 1.401
C8-Cl1 1.481 1.493 1.491 1.480 1.487 1.488
C11-C12 1.404 1.346 1.409 1.404 1.426 —
C12-C13 1.382 1.387 1.384 1.381 1.369 —
CI3-N14 1.318 1.335 1.359 1.355 1.366 —
N14-C17 1.478 1.474 1.498 1.490 1.475 —
C17-C18-C19 — 112.4 108.1 107.8 110.9 —
C7-C8-C11-C12 31.0 13.0 38.6 38.1 11.1 43.0

Table 3 Geometrical parameters calculated for the reduced n-dimer
[2>"]gim conformations in the singlet (3[2°"]4m) or triplet state
("12° " lyim) using the B3LYP/6-31+G** or B3LYP—CP/6-31+G**
calculation levels. The distances are given in A; angles are given in
degrees. For the definition of the atom labels, see Fig. 7. The optimized
structure shown corresponds to the closed conformation found for the
triplet state T[22 Jyim

B3LYP/6-31+G** B3LYP—CP/6-31+G**

S[22+]dim T[22+]dim S[22+]clim T[22+]dim

C4-N5 1.464 1.460 1.457 1.455
N5-C6 1.369 1.373 1.363 1.366
C6-C7 1.369 1.367 1.365 1.365
C7-C8 1.431 1.433 1.424 1.426
C8-Cl11 1.436 1.433 1.426 1.426
C23-C26 1.436 1.433 1.427 1.425
N14-N20 3.007 3.296 2.891 3.041
N5-N29 4.153 5.556 3.678 4.589
C7-C8-C11-C12 53 6.1 0.9 33

o 5.1 18.0 5.2 13.1

between the triplet and singlet states leads to a difference of
1 A in the N5-N29 distance and to a smaller shift of 0.2 A for
N14-N20 (Table 3).

The molecular orbital analyses of the singlet states of 2°* in
the closed and open conformations are shown in Fig. 12. The
LUMO (Lowest Unoccupied Molecular Orbital) of the open
starting material 2*" becomes the HOMO (Highest Occupied
Molecular Orbital) of the doubly reduced 22" species with
a bonding character associated to the C8-Cl11 (C23-C26)
bonds. The same bonding character was observed for the

C7-C6 (C9-C10) and C13-C12 (C15-C16) bonds, whereas
an antibonding character is associated to the C7-C8 (C8-C9),
N5-C6 (N5-C10) and N14-C13 (N14-C15) bonds. The electron-
doping process has thus significant consequences on the
geometry of the viologen units as shown by the differences
observed between the bond distances tabulated in Table 2 and
3. Reducing 2*" into 2>* led especially to significant bond
lengths increases for N5—-C6 (N5-C10), C7-C8 (C9—C8) and to
the concomitant decreases of the C8-C11, C6-C7 (C9-C10)
bond distances. As seen on Fig. 12, the HOMO of 227" is also
clearly responsible for the association between both viologen
fragment forming the closed n-dimer [2> " Jgim species.

From an energetic point of view, the difference in energy
between the open and m-dimer forms of the doubly reduced
227 species proved to be highly sensitive to the chosen level of
calculations (Table 4). A previously reported ESR investiga-
tion conducted with a simple bisalkylated viologen'®' V2",
established that the singlet state of the reduced form S[V* "] is
more stable at low temperature (around 100 K), whereas the
triplet state T[V* "] was only detected at room temperature.
From these experiments, it was postulated that the singlet state
n-dimer S[(V)>" Jgim is more stable at low temperature. In
contrast, the spectrum recorded at room temperature con-
firmed the presence of unpaired electrons attributed to [V]**
with a weak contribution corresponding to the triplet dimer
T[(V5)* " l4im. Similar behaviours were observed with various
viologen-based radicals'* becoming ESR silent at low tempera-
tures. Such temperature-dependent loss of ESR signal was
also frequently interpreted as a diagnostic signature of the
n-dimerization process assuming the formation of bis-radical
spin-paired dimers at low temperatures and of non-associated
radicals at RT. In the case of 2*™, the situation is much more
complex since the dimerization is an intramolecular process
wherein the opening of the singlet state dimerized closed
structure 5[2%* Jqim could lead to electron unpairing to produce
the T[22+]0pen or could keep its spin state through the opening
process to generate an ESR-silent 5[22+]0pen species.

At the widely used B3LYP/6-31+G** calculation level, the
closed conformation in the singlet state S[2°" ]gim is slightly
more stable than its corresponding open singlet structure
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_ LUMO of 2"
o -
'?\

E HOMO of 5[2* |pen

L/

HOMO of 3[2% 4im (side view)

Fig. 12 Selected molecular orbitals obtained for the singlet states of 2** and 2> in closed ([2**]4im) and open (5[2“]0},3“) conformations.

The electron density isosurface is 0.02 a.u.

Table 4 Relative energy differences between the singlet (S) and triplet
(T) states of the closed and open conformation calculated for 2°". The
closed [22+]dim conformation is favored when AE < 0

Method AE/kcal mol~!  Spin state
B3LYP/6-31+G** —-0.9 S
B3LYP/6-31+G** +6.6 T
B3LYP—-CP/6-31+G** -21.7 S
B3LYP—-CP/6-31+G** -3.2 T
B3LYP-CP/6-31+G**+water -25.0 S
B3LYP/6-31+G** + water -2.8 S
B3LYP/6-31+G** + acetonitrile 3.4 S
MP2/6-31+G**//B3LYP-CP/6-31+G** —9.5 S
PBE/DZVP-GTH -3.4 S
PBE-D/DZVP-GTH —23.0 S
PBE/DZVP-GTH +7.2 T
PBE—D/DZVP-GTH —-1.8 T
BLYP/6-31+G(d,p) +6.6 S
BLYP/DZVP-GTH +8.9 S
BLYP-D/DZVP-GTH —12.1 S

S[22+]Open with a stabilization of 0.9 kcal mol™!. As seen in
values reported in Table 4, the inclusion of dispersion energy,
through various methods involving dispersion terms or corrected
potentials, clearly favours the closed conformation. The
inclusion of water as solvent through PCM models*™ also
turned out to favour the closed form, although at a lesser
extent. In contrast, the BLYP functional proved to favour the
open structure with energy differences of 6.6 kcal mol~' and
8.9 kcal mol™' with the 6-31+G** and DZVP-GTH basis
sets, respectively. But the inclusion of dispersion energy
with BLYP—D/DZVP-GTH also led to the stabilization of
the n-dimer form with an energy difference of 12.1 kcal mol ™.

As expected, the triplet state systematically favoured the
open structure. For example, the open structure was found
to be more stable by 6.6 kcal mol™' and 7.2 kcal mol™! at
the B3LYP/6-31+G** and PBE/DZVP levels of calculation,
respectively. The inclusion of dispersion contributions with
corrected potentials also led to the stabilization of the closed
conformation by 3.2 kcal mol™' and 1.8 kcal mol™' with
B3LYP-CP/6-31G** and PBE-D/DZVP, respectively. Finally,
it should be noted that at the B3LYP/6-31+G** level, the
triplet state turned out to be more stable in both the open and
closed conformations whereas at the BALYP—CP/6-31+G**

level, the singlet state of the closed conformation was the more
stable, in agreement with the ESR experimental data.

In conclusion, this theoretical investigation shows the
utmost importance of dispersion energy in the modelisation
of n-dimers. This inclusion of dispersion energy and its effects
through the use of dispersion terms or corrected potentials in
conjunction with DFT methods proved to favour the closed
structure [2°>"]ym Whatever the spin state considered or the
functional used. Due to the structure of [22+]dim, there is no
doubt about the importance of dispersion terms and about
their necessity beyond the DFT level of theory.'®? Thus, a
preference for the dimeric structure in the singlet state can be
deduced from our theoretical investigations, but the observa-
tion of the open structure as a minimum on the PES led us to
assume that interconversion between the two conformations
has to be considered.

Finally, using metadynamics®>**!%® with the N-N distances
as collective variables, we have been able to estimate the free
energy barrier required to switch the closed singlet state [22 " Jgim
into the open non-associated structure at around 8 kcal mol ™!
at 300 K at the BLYP—D/DZVP-GTH calculation level.

Conclusion

Electron-deficient viologens are unique molecular materials
finding potential applications in numerous arenas ranging
from agriculture to nanosciences. In this study, we have
established that the association of two viologen fragments
through a propyl linker promotes an original chelate-like
complexation of chloride anions in polar DMSO-H,0 media.
The solid-state X-ray analyses of the chloride and iodide
complexes further revealed the large range of non-covalent
interactions potentially displayed by viologen-based anion
receptors. In the crystal lattice, chlorides were found to be
complexed through a dense hydrogen bond network whereas
the location of iodides in the crystal was found to be driven by
CT processes with the electron-deficient pyridinium rings.
Among all the anionic species investigated, only fluoride could
be clearly detected by naked eyes and by electrochemical
methods. The reduction-triggered formation of a n-dimer from
two viologen-based cation radicals was moreover investigated
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by electrochemical and spectroelectrochemical methods and

by
the

theoretical calculation. The latter were performed at
DFT, DFT-D and DFT-CP MP2 calculation levels

and allowed us to obtain essential structural information on
the singlet- and triplet-state n-dimerized bis-viologen [2° Juim
species.
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