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Abstract: Despite having been known for a long time, quaternary 4,4’-bipyridinium salts, or viologens,
are still a highly inspiring class of compounds, thanks to their peculiar redox and charge transfer
properties. However, more complex structures containing multiple pyridinium rings, also interspaced
by conjugated moieties, allow an even wider synthetic variability and tunability of their characteristics.
The compound described herein is a star-shaped, fully conjugated molecule with three methylated
pyridinium rings connected by a triple bond spacer to a central benzene core, which was synthesized
from readily available building blocks, representing a quite simple model of multi-pyridyl extended
viologen; its UV-visible absorption and fluorescence spectra have also been investigated.

Keywords: viologen; fluorescent probe; Sonogashira reaction

1. Introduction

The term viologens has since long been used to define diquaternized-4,4’-bipyridinium
salts [1,2]. The first compound of this class to draw attention was methyl viologen dichlo-
ride, also called “paraquat”, which has been commercialized since 1962 and is extensively
used as an herbicide [3,4], although its acute toxicity in humans and animals poses increas-
ingly serious concerns [5,6] (for this reason, its use has been forbidden in the EU).

Besides herbicidal activity, many other interesting applications have been discovered
for methyl viologen and related compounds [7-9]. Indeed, the most distinctive feature
of viologens is represented by their redox behavior, since they can be reduced through
a one-electron process to the corresponding radical cation first and then to the neutral
form. The reduction is reversible, and the three redox states are all stable; moreover,
they are characterized by different colors, that is, for methyl viologen, colorless for the
dication, dark blue-violet for the radical cation, and yellow-brown for the neutral species.
This property, called electrochromism, together with the tendency of viologens to act as
electron acceptors and form charge transfer complexes, is of great usefulness and has
therefore attracted considerable interest, in view of their utilization in various energy-
related fields [10-12]. Among the ever-growing number of applications of viologens, it
is possible to cite electrochromic [13] and memory devices [14], molecular machines [15],
transistors and diodes [16], gas storage and separation processes [17], photocatalysis [18],
hydrogen production [19], and energy conversion and accumulation in solar cells [20] and
batteries [21].

Most importantly, the above-mentioned characteristics of viologens can be easily
tuned by adjusting their structure and composition, for example, by varying the nature of
the negative counterion or the substituents on the nitrogen atoms. As regards the groups
attached to the pyridinium nitrogen, in particular, a multitude of moieties has been explored,
and a number of synthetic routes have been developed [22], ranging from the simple N-
alkylation, through the reaction with alkyl or benzyl halides, to the Zincke reaction [23],
allowing the insertion of aromatic rings directly linked to the pyridinium ones, and the
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reductive coupling of 4-cyanopyridinium quaternary salts [24], just to cite a few. However,
the quaternarized pyridinium rings do not necessarily need to be directly connected with
each other, to retain the peculiarities of viologens, provided that conjugation between them
is ensured by an appropriate spacer. Therefore, a variety of extended viologens have also
been prepared, such as those containing just an unsaturated bond as the central unit or
being characterized by aromatic or heteroaromatic rings as the conjugated spacer. More
complex structures were also described, such as branched multi-pyridinium salts with
large central polycyclic architectures [25-27].

Herein, the practical and straightforward synthesis, starting from inexpensive building
blocks, of a conjugated star-shaped tripyridinium salt is described, and its structural char-
acterization is detailed. Moreover, the absorption and emission spectra of the compound
in H,O solution have been carried out. We believe this salt, with its easy synthesis and
advantageous branched structure, can constitute a convenient archetype to explore the
behavior of more complex quaternary pyridinium-based functional materials.

2. Results and Discussion

The title compound 4 features a symmetrical structure, the core of which is constituted
by a benzene moiety, 1,3,5-trisubstituted with tethers, in which the three methyl pyridinium
moieties are connected to the aromatic core by triple bonds. The devised strategy for
its preparation (Scheme 1), in four steps, envisaged two subsequent palladium-copper-
catalyzed Sonogashira Csp?~Csp cross-couplings, due to the effectiveness of this reaction
in connecting aromatic building blocks to acetylenic units [28].

Br Il It
i il. iii.
—_—

Br Br = X
x =z X

1(72%) 2 (99%)

3 (68%) 4(72%)

Scheme 1. Synthesis of compound 4; i. Pd(PPh3),Cl, (3 mol%), Cul (3 mol%), TMSA, Et3N, 65 °C,
24 h; ii. KOH, THF/MeOH, 20 °C, 16 h; iii. 4-bromopyridine-HCl (3 eq.), Pd(PPh3), (20 mol%), Cul
(5 mol%), Et3N, 70 °C, 48 h; iv. Mel, CH,Cl,, 40 °C, 48 h.

The first step of the synthesis was then represented by the Sonogashira reaction of
1,3,5-tribromobenzene with trimethylsilylacetylene in triethylamine in the presence of
Pd(PPh3),Cl; and Cul, which afforded, after chromatographic purification, the desired
product 1, a pale yellow solid, with a 72% yield. The subsequent introduction of the pyridyl
rings required the preliminary removal of the trimethylsilyl protecting group on the alkyne
moieties. Compound 1 was therefore stirred overnight at room temperature with KOH in
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a THF/CHj30H solution, followed by quenching with HCl solution and extraction with
CH,Cly, after which column chromatography yielded almost quantitatively compound 2,
that is, 1,3,5-triethynylbenzene, as a white solid.

Once the terminal triyne 2 had been obtained, it was subjected to another palladium-
copper-catalyzed coupling, using Pd(PPhs)s and Cul as catalysts, with three equivalents
of 4-bromopyridine. However, the latter is commercially available as hydrochloride and
therefore requires its preliminary conversion into the free amine (which is rather unstable
and tends to polymerize with an exothermic reaction) by washing it with 2 N NaOH
solution and extracting the aqueous phase with CH,Cl,. This was mandatory due to
unsuccessful preliminary attempts to carry out the reaction by using 4-bromopyridine
hydrochloride. The crude product from the aqueous workup of the reaction was then
purified by column chromatography to give compound 3 as a pale-yellow solid in 68% yield.
Finally, the target salt 4 was obtained by reacting the tripyridyl compound 3 with an excess
of iodomethane in CH,Cl, at 40 °C for 2 days to ensure the complete methylation of
the three nitrogen atoms, since a 'H-NMR analysis of the product obtained after 24 h
reaction times revealed the presence of mono- and disubstituted species, together with the
desired trication. The product, a pale yellow solid insoluble in CH,Cl,, after precipitation
from the reaction mixture and subsequent filtration, was obtained with a 72% yield. Its
identity and purity, assessed by 'H-NMR and '3C-NMR, allowed it to be used without
further purification.

Given the rather simple structure of the organic trication, signal assignments of
monodimensional NMR spectra have been easily accomplished. The highly symmetrical
structure of this species results in the low number of signals in the spectra. Its "H-NMR
spectrum (Figure S1), performed in CD;0D, displays a sharp singlet at 6 4.42 ppm, ascribed
to the nine protons of the methyl groups connected to the positively charged nitrogen
atoms, while another singlet is found at 4 8.26 ppm and can be attributed to the three
equivalent protons on the central phenyl ring. This signal almost overlaps with one of those
produced by the protons on the pyridinium rings, precisely the one attributable to protons
in position 3, that is the multiplet at 6 8.24, while the protons adjacent to nitrogen atoms
(position 2) produce the multiplet at 5 8.95 ppm. It should be noted that the protons on the
pyridinium rings give rise to a second-order AA’XX’ spin system due to their chemical but
not magnetical equivalence.

Concerning the >C-NMR spectrum (Figure S2), which was carried out in DMSO-dg,
the signal produced by the methyl carbons can be easily identified as the one at 4 48.5 ppm,
while those relative to the sp carbons of the triple bonds give peaks at 6 87.5 and 98.6 ppm.
As regards the signals produced by the aromatic moieties, the one at 6 146.4 ppm can be
clearly ascribed to carbons in position 2 on the pyridinium rings, while those in position 3
give a peak at 6 129.7 ppm, and, lastly, the quaternary pyridyl carbons adjacent to the
triple bonds produce the weak signal at 6 136.1 ppm; peaks attributable to carbons of the
central phenyl ring are constituted by the one at 6 137.8, relative to the C-H, and that at
6 122.5 ppm, ascribed to the quaternary carbons linked to the acetylenes.

While compound 4 is insoluble in non-polar solvents, it was found instead to be fairly
soluble in organic polar solvents such as methanol, as well as in H,O; the UV-visible
absorption spectrum (Figure 1) was then measured in HyO (5.0 x 102 M). This spectrum
shows several intense bands in the region between 185 nm and 360 nm, thus all falling
completely in the UV range. Among these, the one at the lowest wavelengths presents a first
maximum for Amax =202 nm, characterized by emax = 74,260 M~ lem1, followed by another
at Amax = 228 nm, with emax = 85,320 M~ Lem 1, which constitutes the most intense band
of the spectrum. At higher wavelengths, there is a weaker band, with Apax = 284 nm and
€max = 51,600 M~ tem™1, and then a large, composite band, centered around Amax = 324 nm,
characterized by €max = 83,400 M~ lem 1.

As regards the fluorescence spectrum of compound 4, it was also performed in H,O
solution, with the same concentration used in the measurement of its absorption. Differ-
ent wavelengths of excitation were tested in the region where the absorption bands are
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present. In every case, the spectrum shows a large, asymmetric emission band, presenting
a maximum at A = 420 nm, followed by a shoulder peak around A = 450 nm, suggesting
the presence of different transitions. However, the highest fluorescence intensity has been
obtained for the spectrum carried out using Aexc = 284 nm (Figure 2).
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Figure 1. UV-visible absorption spectrum (5.0 x 10> M in H,0) of compound 4.
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Figure 2. Fluorescence spectrum (5.0 x 1075 M in H0, Aexe = 284 nm) of compound 4.

3. Materials and Methods

All the reagents were purchased from Merck, Fluorochem, and TCI and used as
received unless otherwise stated. Dry solvents were distilled according to standard proce-
dures: tetrahydrofuran was distilled over Na/benzophenone, triethylamine was distilled
over KOH, and dichloromethane was distilled over P,Os. Reactions and chromatographic
separations were monitored by thin layer chromatography (TLC) on 0.25 mm silica gel
plates (Merck Kieselgel 60 F254) and revealed under a UV lamp (A = 254 nm). Column chro-
matography was carried out on silica gel Merck-Kieselgel 60 (0.063-0.20 mm, 70-230 mesh)
as a stationary phase.

'H and '3C-NMR spectra were recorded on a Bruker Avance 400 spectrometer (400 MHz)
using 5 mm tubes and chloroform-d (CDCl3), methanol-d, (CD;0D), and dimethyl sulfoxide-
dg (DMSO-dy) as solvents. Spectral data of compounds 1-3 are in agreement with those
reported in the literature [29,30].
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The UV-Vis spectrum was acquired with a Shimadzu (Japan) UV2600 UV-vis spec-
trophotometer, while fluorescence spectra were measured on a Cary Eclipse (Varian) spec-
trofluorometer using SUPRASIL quartz cells (10 x 10 mm).

Synthesis of 1,3,5-tris((trimethylsilyl)ethynyl)benzene (1): In a flame-dried Schlenk tube,
under an argon atmosphere, 300 mg (0.953 mmol) of 1,3,5-tribromobenzene is dissolved in
20 mL of anhydrous degassed Et3N, then 20 mg (0.028 mmol) of Pd(PPh3),Cl; and 6 mg
(0.032 mmol) of Cul are added; the suspension is stirred for 20 min at room temperature,
then 1 mL (7.2 mmol) of trimethylsilylacetylene is added, and the mixture is heated to
65 °C and stirred for 24 h. After that, the reaction mixture is cooled, filtered to remove
the solids, and concentrated under vacuum. The crude product is purified by column
chromatography in hexane to yield 252 mg (0.687 mmol) of pure 1 (72%) as a pale-yellow
solid. "TH-NMR (CDCl3, 400 MHz) 5 7.49 (s, 3H), 0.24 (s, 27H); 3C-NMR (CDCl3, 100 MHz)
5135.2,122.9,82.7,81.7, —0.3.

Synthesis of 1,3,5-triethynylbenzene (2): In a flame-dried round-bottom flask under an
argon atmosphere, 252 mg (0.687 mmol) of 1 is dissolved in 2.5 mL of anhydrous THF, and
a solution of 344 mg (6.14 mmol) of anhydrous KOH in 2.5 mL of CH30H is added. The
reaction mixture is stirred at room temperature overnight, then concentrated under vacuum,
and 8.3 mL of 1 N HCl is added. The solution is extracted with CH,Cl, (3 x 10 mL), the
collected organic phases are dried over anhydrous Na;SO4 and concentrated under vacuum,
and then the crude product is purified by column chromatography in hexane to afford
103 mg (0.687 mmol) of pure 2 (99%) as a white volatile solid. TH-NMR (CDCl3, 400 MHz)
§7.57 (s, 3H), 3.11 (s, 3H); 3C-NMR (CDCl3, 100 MHz) § 135.6, 123.0, 81.6, 78.7.

Synthesis of 1,3,5-tris(pyridin-4-ylethynyl)benzene (3): In a flame-dried Schlenk tube,
under an argon atmosphere, 60 mg (0.40 mmol) of 2 is dissolved in 20 mL of anhydrous
degassed Et3N, together with 389 mg of 4-bromopyridine-HCl (washed with a 2 N aqueous
NaOH solution and extracted three times with CH,Cl,, followed by concentration of the
solution in vacuo at room temperature, immediately before use, due to 4-bromopyridine
instability), 92 mg (0.08 mmol) of Pd(PPhs)4, and 4 mg (0.02 mmol) of Cul, and the reaction
mixture is refluxed for 48 h. The solvent is then evaporated under vacuum, and the solid
residue is dissolved in ethyl acetate, washed with a saturated NH4Cl solution, and then
with HyO, dried over anhydrous Na;SOj, and concentrated under vacuum. The crude
product is purified by column chromatography (3:7—3:17 hexane/ethyl acetate) to afford
103 mg (0.27 mmol) of pure 3 as a pale-yellow solid (68%). 'H-NMR (CDCl;, 400 MHz) &
8.55 (m, 6H), 7.64 (s, 3H), 7.28 (m, 6H); 3C-NMR (CDCl3, 100 MHz) & 150.2, 135.4, 130.8,
125.7,123.6,91.6, 88.4.

Synthesis of 4,4',4"-(benzene-1,3,5-triyltris(ethyne-2,1-diyl))tris(1-methylpyridin-1-ium) io-
dide (4): In a flame-dried Schlenk tube, 87 mg (0.23 mmol) of 3 is dissolved in 10 mL of
anhydrous CH,Clp, and 12 mL (32.1 mmol) of CH3l is added under an argon atmosphere.
The mixture is stirred at 40 °C for 48 h, then cooled to room temperature and filtered under
vacuum. The solid is washed with several portions of CH,Cl, and dried for 1 h under
suction to yield 133 mg (0.165 mmol) of pure 4 as a yellow solid (72%). 'H-NMR (CD;0D,
400 MHz) 5 8.95 (m, 6H), 8.26 (s, 3H), 8.24 (m, 6H), 4.42 (s, 9H); 3C-NMR (DMSO-dq,
100 MHz) b 146.4, 137.8, 136.1, 129.7, 122.5, 98.6, 87.5, 48.5.

4. Conclusions

A tridentate star-shaped extended viologen derivative, featuring a central benzene
core, has been synthesized through a four-step synthesis with a total yield of 35%, and its
UV-visible absorption and fluorescence have been measured in H,O solution. The new
tripyridinium salt displays several very intense absorption bands in the UV region, the
highest of which has Amax = 228 nm, and a broad emission band arising from different
transitions, with a maximum at A = 420 nm. The effectiveness of light absorption and fluo-
rescence of this compound, together with its easy synthesis, make this compound a suitable
candidate for the investigation of conjugated multi-pyridyl salts optoelectronic properties.



Molbank 2023, 2023, M1742 6of 7

Supplementary Materials: 'H (Figure S1) and 3C NMR (Figure S2) spectra of the title compound
can be downloaded.
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