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Introducing the use of a recyclable solid
electrolyte for waste minimization in
electrosynthesis: preparation of 2-aryl-
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The necessary use of large amounts of a homogeneous electrolyte represents a major issue and chal-
lenge for the whole sustainability of electrosynthetic procedures. Herein, we report the use of a solid
ammonium salt (e.g. Amberlyst-400-Cl, Amb-400-Cl) as a reusable electrolyte with excellent perform-
ance in the representative electrosynthesis of 2-arylbenzoxazoles. Amb-400-Cl works efficiently without
adding any additional supporting electrolytes or mediators, and it can be reused without the need for a
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regeneration procedure. Exploiting this finding, a sustainable electro-promoted protocol has been devel-
oped under batch and flow conditions, which proves that the reported chemical and technological inno-
vation leads to significant improvements compared to the literature processes. Extensive green metrics
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Introduction

The use of electrochemistry in organic synthesis represents a
new technological frontier that is proving useful for the devel-
opment of efficient synthetic methodologies." The use of a
current of electrons as a substitute for more classic, often
toxic, and expensive, “redox” reagents certainly represents a
more convenient approach in terms of chemical efficiency?
and overall sustainability.?

As proof of this, the “electrification” of organic synthesis
has been implemented by chemical industries in order to
achieve clean chemical processes.* The tools that allow the
investigation and use of electrochemistry have improved
greatly, allowing the definition of procedures for many reac-
tions of general importance, including C-C,> C-N,® and C-O’
couplings, protection/deprotection®  strategies, oxidation,’
reduction'® and the synthesis of complex molecular
scaffolds.'™'® Notably, very recent efforts have also been
devoted to exploiting electrochemistry in the valorization of
biomass."* Despite all these achievements, there are still intri-
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analysis has also been reported to fully quantify the advances in terms of sustainability.

guing challenges in the field, especially if the aim is to define
processes featuring the highest sustainability level.

Electrochemical synthesis requires electrolyte additives that
dissolve in the reaction medium allowing the transmission of
electrons in solution. These electrolytes are generally non-reco-
verable species and used in large amounts. Even when used in
catalytic amounts, they and their byproducts formed during the
reaction must be separated from the final reaction mixture. Some
efforts to solve this issue have been directed towards the use of
ionic liquids or their carbon dispersion.'® In both cases, low con-
ductivity could be achieved, limiting one key factor in influencing
the efficiency of the process. Therefore, the consequent need for
a homogeneous co-mediator is inevitable and the poor solvent
compatibility has been highlighted (Figure 1).'®

The amount of starting materials that can be converted in elec-
trosynthesis is related to electron transfer and current density and
therefore is directly linked to the quantities of electrolytes
used.’”'® Therefore, supporting electrolytes are generally used in
equimolar quantities, leading to an inevitable large (at least equi-
molar) mass of waste. Furthermore, the most commonly used sup-
porting electrolytes are perchlorates or tetraalkylammonium
halide salts," which require washing with water for their removal.
Halogenated aqueous waste (code 070103 of the European Waste
Catalogue)®® must eventually be treated by incineration which
involves a significant emission of NOx into the environment.”*

Recoverable electrolytes are needed to find a solution to this
critical sustainability challenge for electrosynthesis. Therefore, we
turned our attention to the use of solid polymeric electrolytes
under batch conditions with the ultimate goal of defining a

Green Chem., 2024, 26, 6625-6633 | 6625


http://rsc.li/greenchem
http://orcid.org/0000-0003-3800-9708
http://orcid.org/0000-0003-4168-2303
https://doi.org/10.1039/d4gc00930d
https://doi.org/10.1039/d4gc00930d
http://greensoc.chm.unipg.it
http://greensoc.chm.unipg.it
http://greensoc.chm.unipg.it
http://crossmark.crossref.org/dialog/?doi=10.1039/d4gc00930d&domain=pdf&date_stamp=2024-05-29
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc00930d
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC026011

Open Access Article. Published on 26 April 2024. Downloaded on 11/5/2025 7:40:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

y or ionic liquids

? Q + o [Substrate]* —— Products
/O'\o o electron transfer
S )
Substrate
Q = solvation

Poly ytes and

7

as supporting electrolytes

/eYz\ mediator [Substrate]* — Products
9+
Q Q electron transfer

Substrate

[mediator]*

and P

as supporting electrolytes

Poly y

lé\'/j)\ [Substrate]* —— Products
o+
Q. Q electron transfer
/ o
QCQ) [mediator]* Substrate
------------------------ This work ~----------------mommoono oo

+
old + /55 [Substrate]" — Products
9. &4 clectron transfer
({ 9
Qo
OC) ‘e Substrate
o

Fig. 1 Supporting electrolyte solutions and features of this work.

tailor-made continuous-flow reactor system that can facilitate
their reuse. With this strategy, we intend to propose a new
approach to minimize the waste associated with electrosynthesis.

To the best of our knowledge, we describe herein the first util-
ization of a solid and recyclable electrolyte in an electro-assisted
synthetic protocol. We have representatively applied our study to
the synthesis of 2-arylbenzoxazoles and to the preparation of a
well-known active pharmaceutical ingredient (API), tafamidis.

We have focused on the use of cheap and easily accessible
polymeric ammonium salts (Amberlyst IRA-400-Cl, Amb-400-
Cl) as solid electrolytes for the indirect synthesis of 2-arylben-
zoxazoles using electricity as an oxidative cyclization promoter
and acetonitrile as a reaction medium.

The indirect synthesis of 2-arylbenzoxazoles from imines is
a well-known and synthetically useful 2e~ oxidative process
that has been realized with the use of many different con-
ditions.>> We considered it of general interest to explore the
contribution of the solid electrolyte to the overall conductivity.
In agreement with our research,> we have here also designed
and built a customized electrochemical flow reactor to better
highlight the utility of using a reusable solid electrolyte to
enhance the productivity and scalability of the process.
Importantly, the flow electrochemical cell allowed us to also
improve the usage of the solid electrolyte in terms of current
efficiency and electricity consumption.

Results and discussion

We began our investigation by performing a batch experiment
set to preliminarily evaluate the best anode/cathode couples
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for the conversion of representative arylimine 1a to 2-arylben-
zoxazoles 2a. In an undivided cell, at a constant current mode,
(Table 1) we screened different materials and current intensi-
ties, keeping constant the use of chloride** as a benchmark
electrolyte. The addition of water was expected to be beneficial
for achieving a stable constant current during the experiments,
due to the increased solubility of ammonium chloride in the
reaction medium.

At a low current intensity of 6 mA using easily accessible and
convenient electrodes, graphite as the anode and aluminum as
the cathode, the reaction proceeded smoothly, affording 90%
yield of 2a in 3 h with 6.7 F mol™" of charge passed (Table 1,
entry 10) and a faradaic efficiency of 30%. Importantly, the reac-
tion performed in the absence of current led to a completely
unsuccessful reaction even after 24 h (Table 1, entry 13).

With the preliminary conditions set, we evaluated the use
of a solid electrolyte, namely Amb-400-Cl. As commonly per-
formed for homogeneous electrolytes, we correlated the
masses of different commercially available solid electrolytes
with both the equivalents of 1a and the volume of reaction
medium used (see the ESIT for the complete details of the pro-
cedure). Interestingly, we found that a direct correlation
between the current intensity and the resulting cell voltage can
be established considering the mass ratio of Amberlyst/volume
of medium (gamp/Vimea) rather than the mass ratio of
Amberlyst/mmol of the substrate (gamp/mmol 1a) (Scheme 1).

With these experiments, it was also possible to determine
that 0.2 g of Amb-400-Cl per mL of acetonitrile allowed good
electrical conduction of the cell with a reasonable voltage (7.2

Table 1 Optimization of electrodes and current intensity for 2a

P MBS

Acetonitrile [0.02 M]

1a 25°C 2a

Entry Anode/cathode CCE 2a (%)?
1 Al/Al 8 mA 54
2 C/Al 8 mA 89
3 Al/C 8 mA 14
4 C/C 8 mA 68
5 C/SS 8 mA 37
6 GC/Pt 10 mA 90
7 Pt/Pt 8 mA 86
8 C/Pt 8 mA 88
9 C/Cu 8 mA 64
10 C/Al 6 mA 90
11 C/Al 4 mA 86
12°¢ C/Al — 6
13¢ C/Al 2 mA —

“Reaction conditions: undivided cell, 1a (0.1 mmol), 5 mL of aceto-
nitrile, NH,ClI (0.5 mmol), 100 pL of water, at a constant current, 3 h at
25 °C. ’Isolated yield. ‘Reaction run without current at 24 h.
4 Reaction run without NH,CI was not conductive and led to partial
decomposition of 1a.

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Mass/volume and mass/mmol plot to identify the suitability
of the solid electrolyte at 6 mA constant current using a C anode and an
Al cathode. (a) Grams of Amb-400-Cl/mmol of the 1a ratio over the cell
voltage potential plot; blue line: in 2 mL of acetonitrile; red line: in 5 mL
of acetonitrile; purple line: in 10 mL of acetonitrile. (b) Grams of Amb-
400-Cl/mL of the acetonitrile ratio over the cell voltage potential plot.

V) of the power supply instrument. By determining and evalu-
ating the resistance of the solution (see the ESIf) it is possible
to see that, in all the cases tested, an exponential decay of the
solution resistance occurred by increasing the gamp/Vimed ratio
with a consequent increase in the ionic concentration of the
reaction medium.

Intriguingly, with this unique behavior, the possibility
emerges of decoupling the mass of starting materials from the
mass of electrolytes required, allowing for a deviation from the
conventional intimate correlation between these parameters in
steering the process. In addition, this information is also very
useful in view of transferring this protocol under flow con-
ditions. In fact, the increase of the surface/volume ratio of the
flow reactor could represent an additional advantage in terms
of the conductivity and overall stability of the system.

We screened different types of polymeric ammonium salts
of the Amberlyst series. As solid electrolytes, we also evaluated
their recyclability under optimized conditions for the electro-
assisted synthesis of 2a (Table 2).

Table 2 Screening of different Amberlyst polymers as solid electrolytes

for the synthesis of 2a’
Al rﬁ c N

e @@

Acetonitrile [0.02 M]
6 mA, 3h, 25 °C

1a 2a
Entry Solid electrolyte Recyclability” 2a (%)°
1 Amberlyst 400 (Cl) v >99 (92)
2 Amberlyst A26 (OH) x 70
3 Amberlyst 900 (CI) v >99 (87)
4 Amberlyst 958 (Cl) v >99 (90)
5 NH,CI x >99 (90)

“Reaction conditions: 1a (0.1 mmol), 5 mL of acetonitrile, 1 g of solid
electrolyte, 100 pL of water, 6 mA CCE using a C anode and an Al
cathode, 3 h at 25 °C. ? Recyclability was tested over two consecutive
reactions run under the same reaction conditions. “ Conversion deter-
mined by GC analysis. The remaining material is unreacted 1a; iso-
lated yield is given in parentheses.
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Amberlyst-400 (chloride form) (Amb-400-Cl) easily enables a
6 mA constant current, leading to an excellent isolated yield of
2-arylbenzoxazole 2a. It was also preliminarily found that
Amb-400-Cl can be reused. In contrast, Amberlyst A26
(OH™ form) was not efficient for the reaction itself and in
terms of recyclability, due to the reasonably lower stability of
the OH™ form compared to the CI™ form. Other solid chloride
forms (Amberlyst 900 and 958) were also reusable, but they did
not lead to sufficiently satisfactory results compared to Amb-
400-Cl. It is worth highlighting that the different Amberlyst-Cl
materials reported in Table 2 share the same quaternary
ammonium cation and the same chloride anions while they
differ in the polymeric form. Amberlyst-400 is a gel-type resin
while Amberlyst-900 and -958 are macroreticular polymers.
The different pore sizes can cause the slight differences
observed due to possible fouling of the polymer making more
or less efficient the recovery and stability of the organic
materials.

We continued our study to fully confirm the compatibility
of the reaction conditions (electrode materials and current
intensity) and the use of the solid electrolyte selected (see the
ESIT for further details).

We prepared and compared different Amberlyst 400 poly-
mers by exchanging the anion to introduce different halides
and different poor nucleophilic anions such as BF,”, PFs,
and ClO,”. We tested these materials in terms of efficiency
and reusability (Table 3).

We observed that Amberlyst-Br allowed a 72% isolated yield
of 2a while the remaining material (28%) consisted of a

Table 3 Recyclability of Amberlyst-400 forms for the synthesis of 2a®

g2 Al gy

Acetonitrile [0.02 M]
6 mA, 3h, 25 °C

1a 2a
2ayield %
Entry  Solid electrolyte Recyclability”  2a°(%)  in 2" run
1 Amberlyst 400-Cl v >99 (92) 92
2 Amberlyst 400-Br x 80 (72) 7
3 Amberlyst 400-I x 68 (55) 12
4 Amberlyst 400-F — —° —
57 Amberlyst 400-Cl v >99 (92) 92
64 Amberlyst 400-Br x 64 (55) 10
74 Amberlyst 400-1 x 43(35) 14
8? Amberlyst 400-F v 44 (32) 28
9 Amberlyst 400-PF, x 28 (19) —
10 Amberlyst 400-BF,  x 20(13)  —°
1 Amberlyst 400-ClO, v 41(29) 21

?Reaction conditions: 1a (0.1 mmol), 5 mL of acetonitrile, 1 g of solid
electrolyte, 100 pL of water, 6 mA CCE using a C anode and an Al
cathode, 3 h at 25 °C. ? Recyclability was tested over two consecutive
reactions run under the same reaction conditions. “ Conversion deter-
mined by GC analysis. The remaining material is unreacted 1a; iso-
lated yield is given in parentheses. ¢ Reaction run at 4 mA CCE and
6 h. “No stable constant current operative.
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1:1 mixture of benzaldehyde and starting 1a. Amberlyst-I gave
a 55% yield of 2a, while Amberlyst-F did not allow a constant
current to be reached and no product 2a was formed. Notably,
Amberlyst-Br and -I were also not reusable in a second run.
Performing the same experiments at a current intensity of
4 mA but for a prolonged time (6 h, 9 F mol™" of current),
similar results could be achieved when using Amb-400-Cl, -Br,
and -I. Amb-400-F at 4 mA led to a 32% yield of product 2a and
also a 28% yield of 2a in a second reaction run.

When Amberlyst-PFs and -BF, were used, after only
20 minutes, the reaction mixture became black. Product 2a
was formed in a low yield with partial decomposition (45%
and 52% for Amberlyst-PFs and -BF,, respectively) to benz-
aldehyde. This behaviour can be ascribed to a degradation
process that occurs in Amberlyst-PFs and -BF, under our reac-
tion conditions.* In addition, Amberlyst-PFs and -BF, could
not be reused at all for a second run, leading to an unstable
current and no product formation. Amberlyst-ClO, was found
to be reusable for at least a second reaction run but product 2a
was obtained in poor yield.

To have a better insight into the behaviour of the system
upon changing the anion of the Amberlyst polymers and to
acquire information regarding the mechanism, we performed
a cyclic voltammetry study. We used NH,Cl as a benchmark
and then we tested different Amberlyst 400 polymers with and
without 1a (Scheme 2).

From the cyclovoltammetry data illustrated in Scheme 1a, it
is possible to obtain information regarding the potential range
in which the tested Amberlyst resins can be used as electro-
lytes without interfering with the anodic oxidation of substrate
1a. Amberlyst-Cl exhibits an oxidation peak associated with
the chloride anion at potentials exceeding 1 V, similar to the
benchmark NH,Cl, and the same applies to Amberlyst-400-F.
Amberlyst-Br presents an oxidation peak at lower values than
Amberlyst-Cl at a value of 0.95 V, while Amberlyst-I already
begins to oxidize at potential values of around 0.5 V. After
recording the CV curve of 1a in NH,CI solution as a reference
(two oxidation peaks were observed at 0.53 V and 0.84 V at
values of 18.4 pA and 20.0 pA, respectively), we then added 1a
to each of the Amberlyst-400-X solutions tested. The general
trend observed is that moving from the -Cl anion to -Br, -1, and
-F anions, the first oxidation peak shifted progressively at
higher potentials (0.54 V, 0.58 V, 0.61 V, and 0.73 V) with a
decrease of current intensity. The second oxidation peak
potential shifted nonlinearly with an increase in the current.
Considering this, Amberlyst-Cl, -Br, and -F can be used under
optimized experimental conditions without major interfer-
ences due to parasitic reactions triggered by the oxidation of
anion halides. Amberlyst-I, on the other hand, given its low
oxidation voltage, can interfere with the progress of the reac-
tion (Scheme 3).

Based on the cyclic voltammetry experiments, we could
confirm that the use of a solid electrolyte did not change the
general mechanism®® (Scheme 4) of the reaction itself while it
only affected the potentials and current intensities at which
anodic oxidation can occur.
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During our experimentation, we noted an increase in the
conductivity when the electrodes were in contact with the
polymer surface. Therefore, we hypothesized that the solid
Amberlyst-400 (Cl) presumably works with an ion-hopping,
transporting-type mechanism, where when current is applied,
the movement of ions on the polymer surfaces allows the
entire solution to be conductive.”® The nature of the ionic
interaction of the surface and the maintenance of conductivity
for cycles of successive reactions are still being studied in our
laboratories.

With the optimized conditions and system at our disposal,
we tested the reusability of the Amb-400-Cl solid electrolyte by
performing several consecutive reactions. Gratifyingly, we
found that the same Amb-400-Cl can be reused up to 10 times
before observing a rise in the cell voltage at a constant current
intensity of 6 mA (Scheme 5) with the chemical efficiency
remaining unchanged after 15 runs; under these conditions,
we obtained a constant yield of 92% for product 2a with a
stable faradaic efficiency of 30% over consecutive runs.

It is worth noticing that the inherent clean profile of the
output reaction mixture after electrolysis makes almost
unnecessary any further purification. The final acetonitrile
solution after filtration of the solid electrolyte can been dis-
tilled and recovered (in 80% w/w), furnishing almost pure 2a
in 92% yield.

MP-AES analysis of crude 2a was also performed to check
whether aluminum particles could contaminate the product. A
value of 11 ppm was found which is lower than the PDI of
25 ppm established by the FDA,”” confirming that with no
further purification, the purity achieved is very good. In order
to test the utility of the conditions we defined, we extended
our protocol to different substrates using a variety of substi-
tuted aryl imines (Scheme 6).

The electro-assisted oxidative cyclization of aryl imines 1a-
q occurred smoothly for almost all the substrates tested.
Notably, halogen substitutions were well tolerated in different
positions (2b-g and 2n-p), opening up an interesting orthog-
onal functionalization. Notably, with such substrates, no
cathodic dehalogenation byproduct was observed.

m % yield of 2a mCell Voltage (V)

100
90
80
70
60
50
40
30
20

O hhhhhhhhhhhhmnn 1
12 3 4 5 6 7 8 9 10111213 14 15

Reaction runs

Scheme 5 Reusability of Amberlyst 400-Cl as an electrolyte.
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Scheme 6 Scope for using the solid electrolyte in the synthesis of
2-arylbenzoxazoles 2a-s.

The efficiency and the yield of the process were not influ-
enced by electron-donating or electron-withdrawing substitu-
ents and good tolerance to multiple substitution was also
observed (2d, 2e and 2j). Naphthyl (21) and piperonyl (2m)
moieties resulted in excellent yields (97% and 95%, respect-
ively) of the corresponding benzoxazoles. Interestingly, the
salicyl-derived compound (1k) bearing a hydroxy substitution
and the 4-bromo-nicotin aldehyde derivative (1n) also gave
excellent isolated yields of the corresponding 2k and 2n (90%
and 92%, respectively). To prove the synthetic utility of our
procedure, we also successfully performed the synthesis of the
first-in-class medication tafamidis API 2q in 72% yield.

As anticipated, to improve the reusability of the solid elec-
trolyte, we also designed and realized a new electrochemical
flow reactor composed of an aluminum plate interfaced by a
customized 2 mm thick PTFE plate. The flow bed was carved
into the PTFE plate which was filled with 1 g of Amb-400 (Cl).
The anodic compartment was composed of a graphite foil and
the whole system was properly tightened to avoid leakage (see
the ESIT for further details).

We next screened the appropriate residence time required
to optimize the access of 2a under flow conditions (Table 4).

Due to the proximity of the electrodes that can be realized
in our newly defined flow reactor and also due to the packed-
bed reactor containing the solid electrolyte, we observed that
at an operating constant current intensity of 6 mA, the flow

Green Chem., 2024, 26, 6625-6633 | 6629
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Table 4 Optimization of the oxidative cyclization
under flow conditions?

for 2a synthesis

6 mA CCE

Aluminium cathode
PTFE flow reactor

Graphite anode

N -

@~<®

2a

Entry Residence time (min) CCE 2a” [%]
1 10 6 mA 32
2 20 6 mA 77
3 30 6 mA 95
4 40 6 mA 95
5 90 2 mA 94

“Reaction conditions: 1a (0.1 mmol), 5 mL of acetonitrile. ?Isolated

yield.
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cell voltage was strongly reduced compared to that under
batch conditions (6.5-7.2 under batch conditions vs. 1.1-1.8
under flow conditions). This can be ascribed to a more
efficient conductivity that can be achieved in our flow reactor
compared to that under batch conditions. In addition, the
miniaturization of the device also resulted in an expected
improved utilization of the current allowing a better yield
(95%) of representative 2a to be achieved and in only 30 min
of residence time. The flow conditions also enabled the adop-
tion of a more concentrated solution of 1a (0.05 M) compared
to batch conditions (0.02-0.03 M) with consequent optimiz-
ation in terms of solvent utilization. Interestingly, we also
found that, with the adoption of our flow reactor, the addition
of water to the reaction mixture is not necessary, further lower-
ing the input material required for the process.

Intrigued by these results and with the intention of
pushing the reusability limits of the solid electrolyte, we per-
formed a continuous synthesis of 2a with a productivity of
77 mg h™" by running the flow electrochemical cell for up to
12 h, observing no loss in efficiency. The resulting mixture at
the outlet of the electrochemical flow reactor was evaporated,
allowing us to recover 90% w/w of the acetonitrile used and
furnishing 2a in 0.900 g yield. We also replicated the substrate
scope under flow conditions always obtaining comparable
results under better conductivity conditions.

To quantify the benefits and the advances in terms of the
sustainability of our procedure, we compared some green
metrics (E-factor, RME and MRP) calculated for our and other
electrochemical procedures.?®

A worthy focus for this type of work could be comparison of
the percentage of the kernel derived from the use of an homo-
geneous electrolyte and that of our recoverable supporting
electrolyte: we refer to the Environmental electrolyte factor (Ee-
factor).

From the results summarized in Fig. 2, it is evident how sig-
nificant the minimization of waste resulting from the use of a
polymeric recoverable electrolyte is. The E-factor distribution
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Fig. 2 Sustainability features and comparison of the electrochemical
procedure for the synthesis of 2a.

(for clarity in this part presented with the exclusion of the
work-up materials) shows that, besides the expected relevant
contribution of the reaction medium, the mass of the electro-
lyte constitutes 25-68% of the entire kernel mass. An exception
can be noted (Fig. 2, example f) for a flow protocol where a
further reduction of the electrolyte was achieved. However, in
this case, there is a large overall E-factor value anyway due to
the reactive iodine(mi) species involved in the process.

In general, E-factor values are at least one order of magni-
tude larger than the E-factor value associated with our pro-
cedure under flow conditions using a solid and recyclable
electrolyte.

It is also worth noting that our protocol led to a kernel per-
centage as low as 0.12%. This result confirms that this
approach can significantly reduce the actual contribution of
the electrolyte and the kernel to the waste produced during the
process.

Further analysis (Table 5) of the other green metrics and
the complete E-factor (including work-up materials) was per-

This journal is © The Royal Society of Chemistry 2024
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Table 5 Green metrics analysis

As Fig. 2 RME (%) MRP E-factor eE-factor
a 0.9 0.012 489.1 1.23
b 0.4 0.004 255.9 2.48
c 0.9 0.032 1148.5 1.36
d 0.7 0.012 1139.2 2.09
e 0.6 0.007 858.5 0.15
f 0.8 0.008 813.0 0.08
g 0.4 0.005 2623.8 1.59
h 0.2 0.007 514.3 1.21
i 2 0.044 48.3 3.50
j 0.2 0.018 8603.2 7.88
This work 10.5 0.117 8.5 0.00

formed to give an overall quantification of the benefits derived
from the utilization of solid and recyclable electrolytes.

As can be seen, the complete E-factor values clearly show
that when a homogeneous supporting electrolyte is used, the
corresponding final work-up is significantly wasteful as the
removal of the electrolyte or its byproducts from the reaction
mixture is necessary before performing the purification pro-
cedure necessary to isolate the pure product. By calculating
the eE-factor (electrolyte Environmental factor) simply as the
mass ratio of supporting electrolyte to that of the product iso-
lated, we can truly confirm how more efficient the use of a
recyclable electrolyte is in terms of sustainability with an eE-
factor value of zero compared to 1.21-7.88. In addition, very
low values of eE-factor can be obtained using recoverable
homogeneous electrolytes (protocol e in Table 5) or by using
flow conditions for the generation of hypervalent iodine
species (protocol fin Table 5). Anyway, in these two cases, the
large amounts of solvent (Et,0) used to recover the electrolyte
lead to very large values of complete E-factor.

Conclusions

In conclusions, we have proved for the first time that the use
of a solid and recyclable electrolyte (Amberlyst 400-Cl) is poss-
ible, and it can be exploited for the electro-assisted synthesis
of 2-arylbenzoxazoles 2. The novel and interesting ability of the
polymer-supported electrolyte allowed the synthesis of 17
different benzoxazoles in good to excellent yields. Cyclic vol-
tammetry (CV) experiments were performed to determine the
intensity of electrolytic effects in comparison with the bench-
mark homogeneous electrolyte (NH,Cl). Thus, solid Amberlyst
400-Cl was efficiently reused for several reaction runs with very
consistent promising and solid results. A tailor-made continu-
ous flow reactor was realized and a flow methodology was also
presented as further proof that it is possible to improve the
usage of a solid electrolyte and to optimize the current utiliz-
ation and the overall sustainability of the process. Simple, in-
expensive, and readily available materials were employed as
electrodes (graphite and aluminium). The reaction medium
used could also be largely recovered, allowing us to minimize
the waste production at a very low level. Ultimately, the final

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

products were found to be almost free from metal contami-
nants. With a complete green metrics analysis, it can also be
quantified how the use of solid electrolytes in electrosynthesis
is a very promising and a valuable approach to minimize the
quantity and quality of the waste produced in this valuable
synthetic strategy.

Efforts are now being directed towards a deep comprehen-
sion of the efficient electron-transfer nature that we have
found in the use of a solid electrolyte. The development of
other polymer-based ionic tags which can be used as solid
electrolytes is ongoing in our laboratories together with the
implementation of their synthetic utility.
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