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Electrosynthesis of 1-methyl-3-(pyren-1-yl)-1H-imidazol-3-ium tetrafluoroborate via oxidative C-N

coupling of pyrene with methylimidazole is optimized with the aim to reduce waste and simplify the

experimental setup. Several parameters are tested such as cell configuration (number of compartments),

pyrene concentration, amount of nucleophile, electrosynthetic method (potentiostatic/galvanostatic),

amount of electrons, atmosphere (Ar/air), solvent quality and presence/absence of supporting electrolyte.

The optimized conditions are successfully applied to the synthesis of 1-methyl-3-(pyren-1-yl)-1H-

benzimidazol-3-ium tetrafluoroborate, 1-methyl-4-(pyren-1-yl)-1H-1,2,4-triazol-4-ium tetrafluoroborate

and 3-(pyren-1-yl)-benzothiazol-3-ium tetrafluoroborate. These four pyren-1yl-azolium salts are

characterized by NMR, MS, elemental analysis, UV-Vis. absorption and emission spectroscopies. The X-

ray crystallographic structures of 1-methyl-3-(pyren-1-yl)-1H-imidazol-3-ium tetrafluoroborate and 1-

methyl-3-(pyren-1-yl)-1H-benzimidazol-3-ium tetrafluoroborate are presented.

Introduction

Pyrene is probably one of the most employed and studied organic
chromophore. This aromatic compound has attracted considerable
attention since its discovery in 1837 by Laurent' due to its unique
photochemical and photophysical properties.” Pyrene is used as a
fluorescent label in many studies such as determination of peptide
and protein structures,’ interactions of molecules with
DNA/RNA.* In certain conditions, pyrene n-dimers are formed
by inter-’ and/or intramolecular® interactions. These
assemblies, called excimers, are exploited for (bio)sensor
applications’ and host-guest detection® since the change of the
excimer fluorescence intensity and wavelength is sensitive to the
pyrene microenvironment.” This aromatic dye strongly interacts
with carbon materials such as highly oriented pyrolytic graphite
(HOPG),"" graphene/reduced graphene oxide,'"'> and carbon
nanotubes”'® via 7m-m stacking interactions. This interesting
property leads to applications in catalysis allowing the catalyst to
be recycled numerous times.'> Pyrene-based materials have also
been produced by electropolymerization of pyrene,'*'
polymerization of a suitable polymerizable moiety covalently
linked to pyrene'® or electropolymerization of pyrene-based
copolymers.'”” These materials find applications in organic
electronics such as organic photovoltaic cells,'® organic light-
emitting diodes," organic field-effect transistors®® and organic
lasers.”!

All these tremendous physico-chemical properties initially lie
on the remarkable progresses achieved on pyrene
functionalization. Nowadays, all pyrene positions can be
substituted. Thus, 1-substituted®® and 1,3,6,8-substituted pyrenes
are easily available by direct electrophilic substitution of pyrene*
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whereas the 1,6- and 1,8-disubstituted isomers are still much
harder to synthesize selectively. The 1,3-disubstituted derivative
is generally obtained as a minor fraction from the synthesis of
1,6- and 1,8-disubstitued pyrenes but a new selective route for the
preparation of this compound was reported seven years ago.>*
Recently, the direct functionalization of pyrene in 2,7-positions
by boronate esters was achieved using an iridium catalyst.”> The
4,5,9,10 positions have been substituted using a mixture of RuCls
and NalO,?® or by bromination of a “protected” 2,7-di-tert-
butylpyrene.”” These chemical syntheses generally require either
toxic/dangerous reactants (Br,, HNO;...) or expensive metals (Ir,
Ru). Given the redox properties of pyrene, i.e. this latter can be
oxidized or reduced, another alternative route for its
functionalization consists in its electrochemical transformation.
Surprisingly, this route has only been sparingly explored. Thus,
tert-butylation”® and isopropylation”” have been performed by
electrochemical reduction of pyrene in presence of the
corresponding alkyl chlorides. However, yields were rather
modest especially for isopropyl-substituted pyrene because
isomers and dehydrogenated compounds were
produced. By contrast, anodic nucleophilic substitution of pyrene
with pyridine and 1-methylimidazole (Melm) provides the
resulting Cpyrene)~N(Nucleophile) linked pyren-1-yl pyridinium and 1-
pyren-1-yl imidazolium perchlorate salts in very good yields and
perfect regioselectivity.>® This reaction constitutes a rare example
of pyrene direct C-H activation. Very recently, the
electrochemical aromatic C-H/imidazole coupling has been
reported by Yoshida and co-workers with phenyl-based
compounds, naphthalene and phenanthrene.®' It should be
stressed that the formation of C-N bonds is a highly competitive
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field since numerous pharmaceutical targets contain imidazole-
based compounds with this C-N linkage.' Common synthetic
routes leading to nitrogen-substituted aromatic compounds
consist in the chemical transformation of amino aromatic
derivatives® or the transition metal-catalyzed C—N (amine or
amide) bond formation from halo-aryl precursors.”> However,
transition-metal catalysts become more and more expensive due
to tedious extraction and purification procedures and increasing
demand in electronic applications.

Recently, our group was interested in the synthesis of neutral
carbenes by electroreduction of their corresponding imidazolium
salts. We showed that CO, could be trapped by the in situ formed
carbenes providing the imidazolium carboxylate zwitterions.™*
These masked carbenes can react with numerous transition
metals™® and electrophiles®*” and are also useful building
blocks to generate halide-free ionic liquids or imidazolium salts.*®
1-methylimidazolium pyrene is a very interesting candidate for
the production of an original carbene since the pyrene moiety
could bring additional physico-chemical properties such as
fluorescence, immobilization on carbon materials or
electropolymerization. Having already experienced the anodic
nucleophilic substitution method,” we wanted to synthesize this
product reproducing first the conditions of Iyoda and co-
workers.*® Thus, this manuscript deals with the optimization of
the experimental conditions previously described,* applied to the
synthesis of 1-methyl-3-(pyren-1-yl)-1H-imidazol-3-ium
tetrafluoroborate salt, 1",BF,” (Fig. 1).

Our main goal is to decrease cost and environmental impact of
this anodic nucleophilic substitution. Furthermore, to extend the
scope of this valuable reaction, other azole nucleophiles, i.e.
methylbenzimidazole (MeBzIm), 1-methyl-2,4-triazole (MeTrz)
and benzothiazole (BzThz) have been tested and successful
functionalization of the pyrene on the 1-position was performed
leading  to  unprecedented 1-methyl-3-(pyren-1-yl)-1H-
benzimidazol-3-ium tetrafluoroborate (2*,BF,"), 1-methyl-4-
(pyren-1-yl)-1H-1,2,4-triazol-4-ium tetrafluoroborate (3*,BF,)
and 3-(pyren-1-yl)-benzothiazol-3-ium tetrafluoroborate
(4%,BF,) targets (Fig. 1).
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Fig. 1 Structures of the electrosynthesized pyren-1-yl azoliums. Some
atoms are labelled according to NMR data (see experimental section).

Results and discussions

Optimization of the experimental conditions for the synthesis
of 1-methylimidazoliumpyrene (1*,BF,)

All potential values in this manuscript will be given vs. the
saturated KCl calomel reference -electrode (SCE) unless
otherwise noted.

The synthetic conditions previously reported by Iyoda and co-
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workers for the formation of 1-methylimidazoliumpyrene
perchlorate (17,C10,") consist in a potentiostatic electrolysis in a
standard three electrode cell (in a three compartment
configuration, i.e. each electrode is separated from the others by a
sintered glass disk), at a potential corresponding to the first
oxidation of pyrene (1.20 V vs. Ag/Ag’, i.e. 1.44 V vs. SCE) in
presence of 50 mM pyrene in CH3;CN 0.5 M NaClO,4 and 10
molar equivalents of MeIm (entry 1, Table 1).*°

Our first optimizations involve the replacement of the sodium
perchlorate supporting electrolyte by tetraethylammonium
tetrafluoroborate (TEABF,) at lower concentration (from 0.5 M
to 0.1 M). This supporting electrolyte is chosen since it exhibits
good solubility in acetonitrile and water, is less hygroscopic and
safer to handle than sodium perchlorate. Alternative polar aprotic
solvents to acetonitrile could have been dimethylformamide,
dimethylacetamide or N-methylpyrrolidinone but these latter are
classified as “undesirable” solvents® due to their toxicity
(classified as “substances of very high concern” in the EU since
they are toxic for reproduction). *' Moreover, dimethylformamide
is classified as a hazardous airborne pollutant in the USY.
Acetonitrile was finally kept since this solvent is considered as a
“usable” solvent*” and it allows to work with very high positive
potentials.

Besides, the amount of MeIm was initially reduced from 10 to
6 molar equivalents vs. pyrene. Another improvement consists in
the addition of a small amount of HBF, (1.5 eq. vs. pyrene) which
allows working with only two compartments, i.e. the anode and
the cathode reside in the same compartment. This acid is chosen
since its anion is the same as the supporting electrolyte.
Moreover, this cell setup is preferred for industrial applications
since the use of glass frits'membranes between these two
electrodes is thus avoided. Oxidation of pyrene at the anode and
reduction of protons at the cathode are thus the expected
reactions.

The cyclic voltammogram of pyrene in CH;CN 0.1 M
TEABF, exhibits two irreversible oxidation processes at E,, =
1.40 V and E,, = 1.91 V (cation radical and dication formation,
respectively) and one monoelectronic reversible reduction, at £/,
—2.12 V (anion radical formation), as already reported'* (Fig. 2,
top, black solid curve).

AN

.
-

B
-1.0

I e e o e o e NANLE I e )
-05 00 05 1.0 1.5 20 25

Potential / V vs. SCE

2 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 9



Page 3 of 9

>

2

2

3

3

4

4

5

o

o

0

S

0

by

=

o

3

Green Chemistry

Fig. 2 Cyclic voltammograms of pyrene (top, black solid line), MeIm
(top, black dotted line), pyrene + 6 eq. Melm (middle, blue solid line),
pyrene + 6 eq. Melm + 1.5 eq. HBF, (middle, blue dotted line), 1*,BF,~
(bottom, red solid line) in CH;CN 0.1 M TEABF; (WE: Pt @ =2 mm, v =
100 mV s ).

After addition of 6 equivalents of Melm to the pyrene solution,
the cyclic voltammogram shows a new oxidation peak at E
1.71 V (Fig. 2, middle, blue solid curve).This redox system does
not correspond to the direct oxidation of Melm since this latter is
irreversibly oxidized at higher potential (£,, = 1.85 V (Fig. 2, top,
black dotted curve)). After addition of 1.5 equivalents of HBF,,
1.5 equivalents of Melm are protonated (Melm-H',BF,).
Irreversible reduction of this species is clearly seen at £,. = —0.76
V (Fig. 2, middle, blue dotted curve). Thus, MeIm-H*,BF, is the
first reactant to be reduced, leading to Melm and H,.
Consequently, in a single compartment electrochemical cell,
oxidation of pyrene will happen at the anode while reduction of
Melm-H",BF,” will proceed at the cathode. Theoretically, the
anodic nucleophilic substitution reaction requires abstraction of 2
molar equivalents of electrons from pyrene.*'*** This reaction
starts with the formation of pyrene cation radical (Pyr™,BF,,
Scheme 1) which is then attacked by Melm nucleophile. This
cationic intermediate (Pyr-MeIlm'™", BF,, Scheme 1) is oxidized
and releases one proton providing 17,BF,". In return, the cathodic
reaction must involve 2 F and thus two equivalents of Melm-
H',BF,” must be reduced at the cathode. As only one molar
equivalent of protons is generated during the formation of
1*,BF,, initial addition of at least one equivalent of H' is needed
to preclude other reactions than reduction of protons to happen at
the cathode.

Q
BF4 -
N N N—
Pyr BF4 Pyr- -Melm ", ,BF4 1*,BF 4

Scheme 1 Proposed reaction mechanism for the -electrochemical
formation of 1",BF,".

Bulk electrolyses were first performed with 6 equivalents of
Melm (entry 2, Table 1) in a three electrodes/two compartments
configuration under potentiostatic conditions (E,,, = 1.40 V).
3.25 Faradays (F) were necessary for full conversion of pyrene.
In these conditions a yield as high as 92% was obtained denoting
the perfect regioselectivity of this anodic nucleophilic
substitution. It should be noted that no other pyrene-based
product was detected on the '"H NMR spectrum of the crude
solution. Besides, the cyclic voltammogram of the electrolyzed
crude solution do not show any trace corresponding to the initial
unsubstituted pyrene oxidation confirming that this species was
fully exhausted. Furthermore, new irreversible oxidation (E,, =
1.54 V) and reduction (E,. = —1.79 V) peaks which corresponds
to the oxidation and reduction of the electrogenerated 1*,BF, are
clearly seen at the end of the electrolysis (see Fig. 2, bottom, red
curve, for the cyclic voltammogram of pure 1°,BF,"). The peak
located at £, = —1.79 V reasonably corresponds to the reduction
of the imidazolium moiety of 1*,BF, since this potential value
falls within the common potential range found for the reduction
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of imidazolium compounds.**

Decreasing the amount of Melm from 6 to 3 equivalents does
not change the yield of the reaction and only 2.35 Faradays were
required (entry 3, Table 1). Under these conditions, but at lower
concentration ([pyrene] = 4.8x10* M, Fig. 3), the UV-vis.
spectrum of the reacting solution has been monitored as a
function of the electrolysis progress. The initial pyrene signature
with band maxima at 4 = 262, 273, 305, 319 and 334 nm is
progressively substituted by a new bathochromically shifted
spectrum appearing at A = 265, 275, 314, 326 and 341 nm which
corresponds to 17,BF,". The presence of 7 isosbestic points at A =
263, 268, 309, 313, 322, 330 and 337 nm confirms the simple
transformation of the initial pyrene into 1°,BF, , with no
intermediate observed between.

Following the conditions of entry 3, the electrosynthesis was
attempted with undistilled CH;CN and under air (entry 4, Table
1). These conditions have been tested since they are easy to
implement and they could be easily scaled up for industrial
applications. Moreover, it is expected that MeIm-H',BF,~ will be
reduced at a higher potential than oxygen and thus this latter will
not interfere. Besides, production of potentially recoverable
hydrogen gas during the electrosynthesis will progressively drive
away the initial air atmosphere. Though full conversion of the
initial pyrene reactant was not reached and number of abstracted
electrons was higher than theoretically expected (3.25 F), the
yield remained very good (84%).

Abs/ a.u.

T T
320 340

Alnm

T T
280 300

T
260

Fig. 3 Electrolysis of a 4.8x10™ M solution of pyrene with 3 equiv. of 1-
Melm and 1.5 equiv. of HBF, followed by UV-vis spectroscopy (/ = 2
mm, 0.1 M TEABF, in CH;CN, E,,, = 1.40 V vs. SCE, —2.20 F, WE: Pt
wire, WE and counter-electrode are in the same compartment).

An experiment with only 2 equiv. of Melm and 1 equiv. of
tetrafluoroboric acid was attempted but full conversion of the
pyrene was not possible even after reaching the theoretical value
of 2 F (entry 5, Table 1). Nevertheless, a correct yield of 75%
was obtained.

An upscale of the reaction was tested in the same conditions as
entry 3 (entry 6, Table 1) but on 3.500 g of pyrene at higher
concentration. After abstraction of only 2.05 molar equivalents of
electrons, very close to the theoretical value of 2 F, a 95% yield
was reached denoting the even higher efficiency of this
electrosynthesis on larger scale.

For industrial applications, the cell setup must be as simple and
as cheap as possible. Thus, a one compartment cell containing

This journal is © The Royal Society of Chemistry [year]
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only two electrodes (anode and cathode) and galvanostatic
conditions are generally preferred. Besides, in order to decrease
the waste and the price of the reaction, the amount of solvent
must be as low as possible. That is why conditions of entry 7,
where the major part of pyrene is not solubilized (solution

w

saturation is reached at ca. 0.1 M) have been tested. A constant
current of 50 mA was applied until 2.05 F has been passed. In
these unconventional conditions, 92% of pyrene is consumed and
a 94% yield was reached based on this conversion.

10

Table 1 Tested conditions for the synthesis of 1*,BF,~ (entries 2-8) and experimental conditions used for the synthesis of 2*,BF,", 3*,BF,” and 4",BF,"

(entries 9-11), see ESI for experimental details.”

Entry # of Mpyrene (8) /' Nucleophile /  Equiv.  Eu,, (V/SCE) conversion  Faraday vs. Atom Enm (Em)  Yield (%)°
compartments /pyrene] (mM) equiv.vs.  HBF4vs. /iy (mA) (%) pyrene efficiency factors®
/ # of electrodes pyrene pyrene (%)°

1 (ref. 30)° 3/3 0.506 /48 Melm / 10 0 144V - 220 30 2.68 (2.27) 90
2 2/3 0.253 /41 Melm / 6 1.5 1.40 V 100 325 45 1.44 (1.23) 92
3 2/3 0.253 /41 Melm /3 1.5 140V 100 2.35 64 0.71 (0.57) 92
Y 2/3 0.253 /41 Melm /3 1.5 140V 93 325 64 0.71 (0.57) 84 (90"
5 2/3 0.253 /41 Melm /2 1 1.40 V 82 2.00 81 0.65(0.23) 75 (91"
6 2/3 3.500/ 100 Melm /3 1.5 140V 100 2.05 64 0.65 (0.57) 95
7 1/2 4.045/692¢ Melm /3 1.5 50 mA 92" 2.05 64 0.82 (0.57) 86 (94)
& 1/2 4.045/692¢ Melm /3 1.5 50 mA 87" 2.05 64 0.96 (0.57) 80 (92)
9 2/3 0.253/41  MeBzlm/3 1.5 140V 100 2.66 58 1.13 (0.74) 82
10 2/3 0.253 /41 MeTrz /3 1.5 140V 100 2.55 64 1.05 (0.57) 88
11 2/3 0.253 /41 BzThz /3 1.5 140V 100 3.00 57 2.04 (0.75) 57

“ Conditions common to all experiments (excepted otherwise noted): room temperature, under Ar, CH;CN 0.1 M TEABF,, Pt for anode and cathode.
Estimated with the ratio ((Zinital — Zfinal) / Ziniiar) * 100) measured by cyclic voltammetry on the first oxidation peak of the pyrene.  See definitions and

@

calculations in ESI (S20). ¢ Obtained for isolated compounds. ¢ Work performed with 0.5 M NaClO,.” Under air atmosphere, with undistilled CH;CN. £

Theoretical concentration since pyrene is not fully soluble at this concentration. " Calculated from the remaining amount of isolated pyrene. ’ Isolated yield
calculated considering the “conversion” column.’ Without TEABF, supporting electrolyte.

In conditions of entry 7, the amount of HBF, (in its Melm-
H',BF, form) is higher than 0.5 eq. vs. pyrene up to the end of
the electrolysis, i.e. its concentration is higher than 0.34 M (for
abstraction of 2 F). Thus, it could be potentially used as a
supporting electrolyte. Indeed, supporting electrolyte such as
TEABF, can be an important source of waste. Consequently
conditions of entry 8, similar to entry 7 but without TEABF, have
25 been tested. In these conditions, 87% of pyrene is consumed and
a 92% yield was reached based on this conversion.

In order to evaluate the environmental benefits of our
optimized synthesis, atom efficiency,* E,, and Ey factors® have
been calculated for all entries of Table 1 (see example of
calculations in ESI, S19). Considering the atom efficiency, all
experimental conditions reported in Table 1 give higher values
than reported before by Iyoda and co-workers™ (30%, entry 1,
Table 1) since the amount of nucleophile has been reduced. The
best atom efficiency value (81%) is reached for conditions of
entry 5 for which only 2 equivalents of nucleophile are used but
this result must be balanced by the lower synthetic yield obtained.
The E,, and Ey, factors have also been compared with entry 1. E;
is significantly improved since its value is divided up to a factor
of 4.1 (from 2.68, entry 1 to 0.65, entry 5-6) whereas Ey; is
greatly reduced from 2.27 to 0.23, i.e. a 9.9 decrease factor (entry
1 vs. entry 5). These improved parameters are in agreement with
a greener and more sustainable process for our electrosynthetic
conditions.

Having these optimized conditions in hand, we wanted next to
ss extend the scope of this efficient electrochemical reaction to

different kinds of azole nucleophiles.
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Electrosynthesis of azolium compounds

Azolium salts are very useful compounds since their
deprotonation leads to carbenes which are exploited as simple
s building  blocks,*®  or various reactions such as
organocatalysis*’ and organometallic catalysis.** We have tested

in

different kinds of azole nucleophiles, i.e. 1-methylbenzimidazole
(MeBzIm), 1-methyl-2,4-triazole (MeTrz) and benzothiazole
(BzThz). These nucleophiles have been selected since they are
oxidized at higher potential than pyrene (£,, = 1.80, 1.80, >2.5
and 232 V for Melm, MeBzIm, MeTrz and BzThz,
respectively) and they have been already used as precursors of
azolium salts.***’*® Keeping one of the best conditions for the
synthesis of 1°,BF, (entry 3, Table 1), the unreported I-
0 methylbenzimidazoliumpyrene  (2*,BFy"), 1-(1-methyl-2,4-

triazolium)pyrene  (3*,BF;) and 1-benzothiazoliumpyrene

(4",BF4) are produced in 82, 88 and 57% yield, respectively

(entry 10-12, Table 1). The relatively modest yield obtained for

4" BF, is not due to the formation of unwanted side-products
s during the electrolysis but arises from difficulties to isolate the
product in a pure form.

The '"H NMR spectra of the pyren-1-yl azoliums exhibit
characteristic low field signals (from 8.8 to 7.5 ppm) attributed to
the pyrene core. The singlet corresponding to the procarbenic
proton(s) appears at 9.74 ppm (H2, see attribution on Fig. 1,
1",BF,", DMSO0-d6), 10.02 ppm (H2, 2*,BF,", acetone-d6), 10.75
and 9.79 ppm (H5 and H3, 3*,BF,", DMSO0-d6) and 11.13 ppm
(H2, 4"BF; , acetone-d6). The carbon atom(s) linked to
this(these) proton(s) also exhibit(s) a low field signal at 138.7
7s ppm (C2, see attribution on Fig.1, 1°,BF,), 145.0 ppm (C2,

2%,BF,"), 145.5 and 144.5 ppm (C5 and C3, 3*,BF,) and 143.9

ppm (C2, 4*,BF,").

The UV-visible spectra of these azolium salts in CH3;CN
exhibit well resolved bands which are very similar in terms of
so maxima and molar extinction coefficients (Fig. 4). Substitution of
the pyrene with one azolium fragment causes a slight
bathochromic shift (ca. 7 nm).
By contrast, the emission spectra of 1°,BF,", 2*,BF, ", 3*,BF,
and 4°,BF, are very different (Fig. 5). Indeed, whereas 1*,BF,”
ss exhibits only monomeric emission at the studied concentration (C
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=1.25x10° M) and is highly fluorescent (see ESI, S17, Table S1 30 oriented. Each dimer is composed by two parallel head-to-tail -

for comparative emission intensities), 2*,BF, , 3",BF,  and stacked pyrene groups contrary to what is reported for 1-
4" BF,” show an important contribution of the featureless bromopyrene where the bromide atoms are oriented towards the
excimer emission, especially for 2*,BF, (see ESI, S17, Fig. S13), same direction.*” The interplanar and the centroid to centroid
s and lower emission intensities. In particular, the emission of (calculated from the 16 pyrene carbon atoms) distances for the

2°,BF,” and 4"BF,, the sole compounds bearing a phenyl s dimer are 3.4498(9) A and 3.9206(9) A, respectively, leading to a

fragment fused to the azolium moiety, is almost fully quenched slippage distance equal to 1.8628(12) A. 2*,BF, also forms

(Fig. 5). Interestingly, contrary to 4",BF,", 1",BF, ", 2*,BF,” and dimers, which are all parallel and assembled in a head-to-tail =

3%,BF, are fluorescent in the solid state (see ESI, S17, Fig. S14
10 for pictures of the solids under UV irradiation).

70000

] ——1"BF 47
60000 - —2"BF,
1 ——3"BF,
50000 -]
"E 40000 ]
o
2 30000
P
20000 -]
10000
0 T T T T T T T T T T T T | T 1
225 250 275 300 325 350 375 400
A/ nm
Fig. 4 UV-vis. absorption spectra of 1%,BF,”, 2*,BF,., 3",BF, and s e

4*BF,4 in CH;CN.

1.0+
0.9+ — 1"BF,
0.8 I N
3 1 2 BF, c2 c3
5 0.7+ 3+,BF- S P I e Y
] . -
2 06+ - N2 N1
2 ] —— 4 BF,
= 0.54 C4 c1
s
2 04+ . =
8 03] §
] 40 Fig. 6 Front (monomer) and side (n-dimer) Ortep views of 1%,BF4
0.24 crystallographic structure (BF; anions are omitted for the n-dimer for
01 ] clarity, plot of 1",BF,~ with 50% probability).

3%5 4(I)0 42IS 450 475 500 525 550 575 600
Alnm
15 Fig. 5. Emission spectra of 1*,BF,", 2*,BF,, 3",BF, and 4",BF, in
CH;CN (identical measurement parameters for each compound, C =
1.25%107° M, Aexcitation = 341 nm).

Crystallography

Crystallographic structures of 1°,BF,” and 2°,BF,  were
investigated in the course of this work. Suitable crystals for X-ray
diffraction studies were obtained by recrystallization of a
CH;CN/THF solution of 1*,BF,  and slow evaporation of a
CH;CN solution of 2*,BF,". Three-dimensional molecular views
are presented in Fig. 6 and Fig. 7. The dihedral angle between the
25 imidazolium moieties and the pyrene least square plane is equal
to 73.10(4)° for 1°,BF, and 77.40(2) for 2°,BF,". The Cpyene-
Nimidazolium distances are similar: N1-C5 = 1.443(2) A and C9-N1
= 1.4458(17) A for 1",BF,” and 2*,BF, , respectively. The unit
cell of 1°,BF, contains four groups of dimers differently
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Fig. 7 Front (monomer) and side (n-dimer) Ortep views of 2*,BFy~
crystallographic structure (acetonitrile solvent molecules are omitted for
clarity, plot of 2*,BF,~ with 50% probability).

stacked dimer fashion.The interplanar and the centroid to centroid
(calculated from the 16 pyrene carbon atoms) distances between
parallel pyrenes are equal to 3.3352(7) A and 3.6778(7) A,
respectively, leading to a slippage distance equal to 1.5500(9) A.

Conclusions

In summary, 1-methyl-3-(pyren-1-yl)-1H-imidazol-3-ium
tetrafluoroborate (1¥,BF,") was electrosynthesized in very good
yield via a direct oxidative C-N coupling of pyrene with 1-
methylimidazole, after optimization of the experimental
conditions towards a more sustainable process. This reaction can
be easily scaled up, can work under air, with undistilled solvent,
in a one compartment cell, under galvanostatic conditions and
without supporting electrolyte other than the added acid. The
optimized conditions were successfully applied to the synthesis of
the new 1-methyl-3-(pyren-1-yl)-1H-benzimidazol-3-ium
tetrafluoroborate  (2*,BF,"), 1-methyl-4-(pyren-1-yl)-1H-1,2,4-
triazol-4-ium tetrafluoroborate (3*,BF;7) and 3-(pyren-1-yl)-
benzothiazol-3-ium tetrafluoroborate (4*,BF,”) compounds.
These four pyren-1-yl azoliums present the characteristic
procarbenic proton signal at low field and they exhibit similar
UV-visible  absorption  spectra  which  are  slightly
bathochromically shifted as compared to the parent pyrene.
Besides, whereas 1°,BF, and, to a lesser extent, 2*,BF,  are
highly fluorescent in solution, 3*,BF, and 4",BF, exhibit very
low emission intensity. Contrary to 1°,BF,", 2*,BF, and to a
lesser extent 3*,BF,” and 4°,BF, show an important excimer
contribution. The X-ray crystallographic structures of 1-methyl-
3-(pyren-1-yl)-1H-imidazol-3-ium tetrafluoroborate and 1-
methyl-3-(pyren-1-yl)-1H-benzimidazol-3-ium tetrafluoroborate
reveal a head-to-tail m-dimer arrangement. We wish now to
exploit the very interesting pyrene physico-chemical properties to
develop new organocatalysts, organometallic catalysts and
multifunctional materials.

Experimental
Reagents and instrumentation

Tetraethylammonium tetrafluoroborate (TEABF,) was
synthesized according to the following method. Typically, in a
500 mL Erlenmeyer flask, 84.28 g of tetrafluoroboric acid, HBF,
(Sigma Aldrich, 48% in H,0) was mixed with 193.84 g of a
solution of tetracthylammonium hydroxide, TEAOH (Alfa Aesar,
45 35% in H,0). The reaction mixture was continuously stirred
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under air. Then, the white precipitate formed after cooling the
flask in an ice bucket was isolated by filtration on a Buchner
funnel. Finally, the residue was crystallized from MeOH (Carlo
Erba, RPE, 99.9%) under reflux, cooled in a freezer at —18 °C,
filtered on a Buchner funnel and dried at 110 °C in the stove for
at least two days before use. CH;CN (SDS, Carlo Erba, HPLC
gradient 99.9%) was distilled from CaH, under Ar, unless
otherwise noted. Et,O (Sigma Aldrich, 99.5%, with BHT
stabilizer), HBF,-Et,0 (Sigma-Aldrich), 1-methylbenzimidazole
(Alfa-Aesar, 99 %) and 1-methyl-1,2,4-triazole (Alfa-Aesar,99
%) were used as received. 1-methylimidazole (Fluka puriss, 99
%) and benzothiazole (Alfa-Aesar, 97 %) were distilled before
utilization.

NMR spectra were recorded using a BRUKER 500 MHz Avance
IT or 300 MHz Bruker Avance III NanoBay spectrometer. 'H and
BC’NMR spectra were calibrated to TMS on the basis of the
relative chemical shift of the solvent as an internal standard.

Mass spectra were obtained using a Bruker Micro-ToF Q
instrument in ESI mode.

Elemental analyses were performed on an Analyzer CHNS/O
Thermo Electron Flash EA 1112 Series.

UV/Vis absorption spectra were recorded using a Varian Cary
UV/Vis spectrophotometer 50 scan using quartz cells (Hellma).
In the spectroelectrochemical experiments, a UV/Vis immersion
probe (Hellma, / = 2 mm) was connected through a fiber optic to
the same spectrophotometer.

Emission spectra were recorded on a JASCO FP8500
spectrofluorometer in a 10 mm path-length quartz cuvette
(Starna) containing 1 mL of a solution of 1.25x10™ M of azolium
compound in acetonitrile. Measurement parameters were
common for each measured compound: A, = 341 nm, A, =
360—600 nm, Ex and Em slits = 5 nm, 1 nm pitch, 1 s response,
scan speed = 500 nm-min "', 7 =20 °C.

Electrochemistry

Unless stated otherwise, all manipulations were performed using
Schlenk techniques in an atmosphere of dry oxygen free argon at
room temperature (7 = 20 °C £ 3 °C). The supporting electrolyte
(tetracthylammonium tetrafluoroborate) was degassed under
vacuum before use and then dissolved to a concentration of 0.1
M. Voltammetric analyses were carried out in a standard three-
electrode cell, with an Autolab PGSTAT 302 N potentiostat,
connected to an interfaced computer that employed
Electrochemistry Nova software. The reference electrode was a
saturated calomel electrode (SCE) separated from the analyzed
solution by a sintered glass disk filled with the background
solution. The auxiliary electrode was a platinum wire. For all
voltammetric measurements, the working electrode was a
platinum electrode disk (& = 1 mm). In these conditions, when
operating in acetonitrile (0.1 M TEABF,), the formal potential for
the ferrocene (+/0) couple was found to be +0.40 V vs. SCE.
Electrolyses were performed in a cell with one or two
compartments separated with glass frits of medium porosity with
an Amel 552 potentiostat/galvanostat coupled with an Amel 721
electronic integrator. A platinum wire spiral (/ = 50 cm, & = 1
mm) was used as the working electrode, a platinum wire spiral (/
=50 cm, @ = 1 mm) as the counter electrode and a saturated
calomel electrode as the reference electrode.
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Synthesis and characterization of pyren-1-yl azoliums

General procedure for the formation of pyren-1-yl azoliums
Electrolyses were carried out under an argon atmosphere in 30
mL of acetonitrile containing 0.1 M of TEABF,, pyrene (0.253 g,
1.25 mmol), nucleophile (3.75 mmol) and HBF,-Et,O (0.260 mL,
1.89 mmol) in a two compartment cell under vigorous stirring at
room temperature (7 =20 °C £ 3 °C) and at controlled potential.
Electrolyses were stopped after an uptake of 2.35-3.0 F per mol
of pyrene. After evaporation of the solvent up to a volume of ca.
2 mL, the precipitate obtained by addition of water (100 mL) was
washed with 20 mL of Et,O and dried under vacuum.

Synthesis  of  1-methyl-3-(pyren-1-yl)-1H-imidazol-3-ium
tetrafluoroborate (1*,BF,")

Entry 2, 3, 5, Table 1

Electrolysis was performed in a two compartment cell under
stirring, argon atmosphere, at room temperature, in 30 mL of
acetonitrile containing 0.1 M of TEABF,, pyrene (0.253 g, 1.25
mmol), 1-methylimidazole (7.53 mmol, 3.76 mmol, 2.51 mmol
for entries 2, 3 and 5, respectively) and HBF4-Et,0 (1.89 mmol
for entries 2 and 3, 1.25 mmol for entry 5). The applied potential
was + 1.40 V/ECS. The electrolysis was stopped after an uptake
of 3.25, 2.35, 2.00 F per mol of pyrene, respectively, the solution
was concentrated up to a volume of ca. 2 mL and 100 mL of
water was added. The resulting precipitate was filtered, washed
with Et,0 (20 mL) and dissolved in acetonitrile. After removing
the solvent, the solid was dried under vacuum (0.425 g, 1.15
mmol, 91.8%, 0.425 g, 1.15 mmol, 91.8%, 0.345 g, 0.93 mmol,
74.5%, respectively).

Entry 4, Table 1

Electrolysis was performed in a two compartment cell under
stirring, at room temperature, under an initial air atmosphere, in
30 mL of acetonitrile (HPLC grade) containing 0.1 M of
TEABF,, pyrene (0.253 g, 1.25 mmol), 1-methylimidazole (0.3
mL, 3.76 mmol) and HBF4Et,O (0.26 mL, 1.89 mmol). The
applied potential was + 1.40 V/ECS. The electrolysis was stopped
after an uptake of 3.25 F per mol of pyrene, the solution was
concentrated up to a volume of ca. 2 mL and 100 mL of water
was added. The resulting precipitate was filtered, washed with
Et,0 (20 mL) and dissolved in acetonitrile. After removing the
solvent, the solid was dried under vacuum (0.388 g, 1.05 mmol,
83.9%).

Entry 6, Table 1

Electrolysis was performed in a two compartment cell under
stirring, under Ar, at room temperature, in 165 mL of acetonitrile
containing 0.1 M of TEABF,, pyrene (3.500 g, 17.3 mmol), 1-
methylimidazole (4.15 mL, 52.1 mmol) and HBF,(Et,0) (3.6 mL,
26.2 mmol). The applied potential was + 1.40 V/ECS. The
electrolysis was stopped after an uptake of 2.05 F per mol of
pyrene, the solution was concentrated up to a volume of ca. 10
mL and 200 mL of water was added. The resulting precipitate
was filtered, washed with Et,0 (50 mL) and dissolved in
acetonitrile. After removing the solvent, the solid was dried under
vacuum (6.105 g, 16.49 mmol, 95.3%).

Entry 7, Table 1

Electrolysis was performed in a one compartment cell
(galvanostatic conditions, without reference electrode) under
stirring, under Ar, at room temperature, in 20 mL of acetonitrile
containing 0.1 M of TEABF,, pyrene (4.045 g, 20.0 mmol), 1-
methylimidazole (4.78 mL, 60.0 mmol) and HBF4-Et,0 (4.12 mL,
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6 30.0 mmol). The applied current was 50 mA. The electrolysis

was stopped after an uptake of 2.05 F per mol of pyrene, the
solution was concentrated up to a volume of ca. 10 mL and 200
mL of water was added. The resulting precipitate was filtered,
washed with Et,0 (50 mL) and dissolved in acetonitrile. After
removing the solvent, the solid was dried under vacuum (6.384 g,
17.25 mmol, 86.2%).

Entry 8, Table 1

Electrolysis was performed in a one compartment cell
(galvanostatic conditions, without reference electrode) under
stirring, under Ar, at room temperature, in 20 mL of acetonitrile
containing pyrene (4.045 g, 20.0 mmol), 1-methylimidazole (4.78
mL, 60.0 mmol) and HBF4Et,O (4.12 mL, 30.0 mmol). The
applied current was 50 mA. The electrolysis was stopped after an
uptake of 2.05 F per mol of pyrene, the solution was concentrated
up to a volume of ca. 10 mL and 200 mL of water was added.
The resulting precipitate was filtered, washed with Et,0 (50 mL)
and dissolved in acetonitrile. After removing the solvent, the
solid was dried under vacuum (5.930 g, 16.02 mmol, 80.1%).
1-methyl-3-(pyren-1-yl)-1H-imidazol-3-ium tetrafluoroborate
(1+,BF4_). Elemental analysis: Found: C, 64.88; H, 4.11; N, 7.61.
Calc. for C,y0HisBF4;N,: C, 64.90; H, 4.08; N, 7.57; Anax
(CH;CN)/nm (log &) 233 (4.62), 242 (4.76), 265 (4.36), 275
(4.58), 314 (4.01), 326 (4.36), 341 (4.51); 'H NMR (DMSO-d,,
300 MHz, 298 K) J (ppm) 9.74 (1H, s, H2), 8.54 (1H, d, /= 8.2
Hz, Hpyrene), 8.50 (1H, br d, J = 2.9 Hz, Hyyrene), 8.47 (1H, brd, J
=3.0 Hz, Hpyrene), 8.42 (1H, d, J = 9.3 Hz, Hyyrene), 8.38 (2H, dd, J
=9.0 Hz, 7.6 Hz, Hpyene), 8.30 (1H, t, J = 1.8 Hz, H4), 8.30 (1H,
d, J= 8.1 Hz, Hpyrene), 8.23 (1H, t, J = 7.6 Hz, Hyyrene), 8.12 (1H,
t,J = 1.7 Hz, HS), 7.92 (1H, d, J = 9.2 Hz, Hyyene), 4.08 (3H, s,
CH3); *C NMR (DMSO-dg, 75 MHz, 298 K) 6 (ppm) 138.7 (C2),
132.2, 130.6, 130.1, 130.1, 129.3, 128.0, 127.3, 127.0, 126.9,
126.5, 125.7, 125.1, 124.9 (C4), 124.4, 124.2 (C5), 123.9, 123.1,
120.2, 36.3 (CH;); HRMS (ESI-MS) mv/z caled. For CyoH;sN,
[M]": 283.12298, found: 283.12195.

Synthesis of 1-methyl-3-(pyren-1-yl)-1H-benzimidazol-3-ium
tetrafluoroborate (2*,BF,")

Entry 9, Table 1

Electrolysis was performed in a two compartment cell under
stirring, under Ar, at room temperature, in 30 mL of acetonitrile
containing 0.1 M of TEABF,, pyrene (0.253 g, 1.25 mmol),
methylimidazole (0.498 g, 3.77 mol) and HBF,Et,0 (0.26 mL,
1.89 mmol). The applied potential was + 1.40 V/ECS. The
electrolysis was stopped after an uptake of 2.66 F per mol of
pyrene, the solution was concentrated up to a volume of ca. 2 mL
and 100 mL of water was added. The resulting white precipitate
was filtered, washed with Et,0O (20 mL) and dissolved in
acetonitrile. After removing the solvent, the solid was dried under
vacuum (0.430 g, 1.02 mmol, 81.7%).
1-methyl-3-(pyren-1-yl)-1H-benzimidazol-3-ium
tetrafluoroborate (2*,BF,). Elemental analysis: Found: C,
68.70; H, 4.27; N, 6.63. Calc. for Cy,H,;BF4N,: C, 68.60; H,
4.08; N, 6.67; Anx (CH;CN)/nm (log €) 234 (4.57), 242 (4.70),
265 (4.44), 276 (4.61), 315 (4.04), 327 (4.36), 342 (4.49); 'H
NMR (Acetone-dg, 300 MHz, 298K) ¢ (ppm) 10.08 (1H, s, H2),
8.59 (1H, d, J = 8.2 Hz, Hpyrene), 8.51 (1H, m, Hyyrene), 8.48-8.36
(4H, m, Hyyrene), 8.31 (2H, m, H4+H,yrene), 8.23 (1H, t, J=7.7 Hz,
Hpyrene), 7.89 (1H, m, HS), 7.83 (1H, d, J = 9.3 Hz, Hyyene), 7.73
(1H, m, H6), 7.54 (1H, m, H7), 4.53 (3H, d, J = 0.5 Hz, CH3) ;
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C NMR (Acetone-ds, 75 MHz, 298K) 6 (ppm) 145.0 (C2),
134.6, 134.3, 1334, 132.1, 131.6, 131.3, 130.7, 128.7, 128.4,
128.3, 128.2, 128.1, 127.7, 126.7, 126.5, 126.3, 125.9, 124.7,
121.3, 114.9, 114.7 (C7), 34.7 (CH3); HRMS (ESI-MS) m/z
caled. For C,4H 7N, [M]": 333.13863, found: 333.13727.
Synthesis of 1-methyl-4-(pyren-1-yl)-1H-1,2,4-triazol-4-ium
tetrafluoroborate (3*,BF,)

Entry 10, Table 1

Electrolysis was performed in a two compartment cell under
stirring, under Ar, at room temperature, in 30 mL of acetonitrile
containing 0.1 M of TEABF,, pyrene (0.253 g, 1.25 mmol), 1-
methyl-1,2,4-triazole (0.285 mL, 3.77 mmol) and HBF,Et,O
(0.260 mL, 1.89 mmol). The applied potential was + 1.40 V/ECS.
The electrolysis was stopped after an uptake of 2.55 F per mol of
pyrene, the solution was concentrated up to a volume of ca. 2 mL
and 100 mL of water was added. The slightly yellow precipitate
was filtered, washed with Et,0 (20 mL) and dissolved in
acetonitrile. After removing the solvent, the solid was dried under
vacuum (0.407 g, 1.10 mmol, 87.8%).
1-methyl-4-(pyren-1-yl)-1H-1,2,4-triazol-4-ium
tetrafluoroborate (3*,BF,). Elemental analysis: Found: C,
61.71; H, 3.80; N, 11.18. Calc. for C;gH;BF,;N3: C, 61.49; H,
3.80; N, 11.32; Ay (CH3CN)/nm (log €) 233 (4.58), 242 (4.73),
265 (4.34), 275 (4.55), 314 (4.00), 327 (4.34), 342 (4.49); 'H
NMR (DMSO-dg, 300 MHz, 298K) J (ppm) 10.75 (1H, s, HS),
9.79 (1H, s, H3), 8.58 (1H, d, J = 8.2 Hz, Hyyrene), 8.55-8.42 (4H,
m, Hyyrene), 8.40-8.34 (2H, m, Hyyene), 8.25 (1H, t, J = 7.7 Hz,
Hpyrene)> 8:07 (1H, d, J = 9.3 Hz, Hyyene), 4.29 (3H, s, CHy); °C
NMR (DMSO-d¢, 75 MHz, 298K) 6 (ppm) 145.5 (C3), 144.5
(CS), 132.6, 130.6, 130.3, 130.0, 129.6, 127.4, 127.1, 127.0,
126.7, 125.7, 125.1, 124.8, 124.6, 123.8, 122.9, 120.2, 39.1
(CH;); HRMS (ESI-MS) m/z caled. For CoH;,N; [M]™
284.11822, found: 284.11741.

Synthesis of 3-(pyren-1-yl)-benzothiazol-3-ium
tetrafluoroborate (4*,BF,)

Entry 11, Table 1

Electrolysis was performed in a two compartment cell under
sonication, under Ar, shielded from light, at room temperature, in
30 mL of acetonitrile containing 0.1 M of TEABF,, pyrene
(0.253 g, 1.25 mmol), benzothiazole (0.41 mL, 3.75 mmol) and
HBF,OEt, (0.26 mL, 1.89 mmol). The applied potential was +
1.40 V/ECS. The electrolysis was stopped after an uptake of 3 F
per mol of pyrene, the solution was concentrated up to a volume
of ca. 2 mL and 100 mL of water was added. The resulting
precipitate was filtered, washed with Et,0 (50 mL) and dissolved
in acetonitrile. After removing the solvent, the solid was dried
under vacuum (0.305 g, 0.72 mmol, 57.3%).
3-(pyren-1-yl)-benzothiazol-3-ium
(4",BF,).

Elemental analysis: Calc. for C3H 4BF,NS: C, 65.27; H, 3.33; N,
3.31; S, 7.58; Found: C, 65.07; H, 3.37; N, 3.35; S, 7.81; Amax
(CH;CN)/nm (log &) 234 (4.65), 242 (4.79), 266 (4.39), 276
(4.51), 314 (4.12), 328 (4.32), 342 (4.38); '"H NMR (Acetone-ds,
300 MHz, 298K) ¢ (ppm) 11.15 (1H, s, H2), 8.81 (1H, m, H4),
8.67 (1H, d, J = 8.2 Hz, Hpyrene), 8.61 (1H, d, J = 8.2 Hz, Hpyyrene),
8.57 (1H, m, Hpyrene), 8.53-8.42 (3H, m, Hyyrere), 8.33 (1H, d, J =
8.9 Hz, Hyyene), 8.27 (1H, t, J = 7.6 Hz, Hyyepne), 8.04 (1H, m,
H5), 7.92 (1H, m, H6), 7.73 (1H, m, H7), 7.71 (1H, d, /= 9.2 Hz,
Hpyrene); "C NMR (Acetone-dg, 125 MHz, 298K) J (ppm) 167.5

tetrafluoroborate

e (C7a), 143.9 (C2), 134.9, 132.6, 132.1, 131.9, 131.8 (C6), 131.6,
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131.1, 130.4 (C5), 129.4, 128.6, 128.5, 128.1, 127.8, 126.6, 126.3
(C4), 125.9, 125.8, 124.6, 120.8, 118.8 (C7); HRMS (ESI-MS)
m/z caled. For C,3H14NS [M]": 336.08282, found: 336.08415.

X-ray equipment and refinement.

Diffraction data were collected on a Bruker Apex II CCD
diffractometer for 1°,BF,” and on a Bruker D8 Venture Triumph
Mo diffractometer for 2*,BF,” equipped with a nitrogen jet
stream low-temperature system (Oxford Cryosystems) at 115 K and
100 K, respectively. The X-ray source was monochromated Mo-K|,
radiation (1 = 0.71073 A) from a sealed tube. The total number
of runs and images was based on the strategy calculation from the
program APEX2.>° Semi-empirical absorption correction from
equivalents was applied using SADABS.*' Cell parameters were
retrieved and refined using the SAINT software.” Data reduction
was performed using the SAINT software®® which corrects for
Lorentz polarisation. The structure was solved by Direct Methods
using the ShelXS2013%* and refined by Least Squares using
version of the ShelXL.”> All non-hydrogen atoms were refined
anisotropically. C-H hydrogen atom positions were calculated
geometrically and refined using the riding model. In 1*,BF,,
three fluoride atoms were find disordered over two positions with
occupation factors converged to 0.46:0.54.

Crystal structure determination of 1°,BF,” and 2*,BF,".

Crystal Data for 1°,BF,”. C,0H;sBE,N, (M= 370.15 g/mol):
orthorhombic, space group Pbca (no. 61),a = 11.5582(7) A, b=
123717(7) A, ¢ = 23.8099(18) A, V= 3404.7(4) A’>, Z= 8,T=
115.0K, p(MoKa) = 0.115 mm™, Dcalc = 1.444 g/cm®, 22986
reflections measured (5.914° < 20 < 54.95°), 3884 unique (R, =
0.0301, Rgjgma = 0.0249) which were used in all calculations. The
final R; was 0.0499 (I > 2o(I)) and wR, was 0.1362 (all data).
Crystal Data for 2*,BF,". C,;H,(BF,N; (M = 46126 g/mol):
triclinic, space group P-1 (no. 2), a = 8.5758(6) A, b = 10.4878(7)
A c= 12836808) A, a= 75320Q2)°, = 78.092(2)°, y=
74.019(2)°, V'=1062.06(12) A*, Z= 2, T=100.0 K, p(MoKa) =
0.110 mm™, Dcalc= 1.442 g/cm3, 52383 reflections measured
(5.576° < 20 < 55.19°), 4913 unique (R = 0.0332, Ryjgma =
0.0167) which were used in all calculations. The final R, was
0.0379 (I > 205(1)) and wR, was 0.1019 (all data).
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