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The use and consumption of electrodes is a crucial aspect regarding the overall efficiency and sustainabil-
ity of electrochemical reactions. When metal electrodes are used, the cost of the material combined with
the processing costs assumes relevance in terms of economics and sustainability. Herein we report a case
study that aims to define an electrochemical synthetic protocol using electrodes prepared from recovered
aluminium scrap. We approached the problem by evaluating and comparing the different carbon foot-
prints associated with the use of different electrode materials from primary sources and secondary
(recycled) sources. We optimized the use of electrodes made from secondary aluminium to develop a
simple, oxidant-free protocol for the representative synthesis of 2-oxazolines from amino alcohols and
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aldehydes using generally elusive concentrated conditions and a recoverable reaction media. A further
evaluation of the developed process using green metrics allowed us to quantify the waste distribution of
our procedure in comparison with the literature processes as well as the progress in terms of sustainability
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Introduction

To limit global warming, carbon neutrality is becoming an
increasingly urgent challenge." The decarbonization of the
chemical industry is of particular strategic importance as it is
responsible for 15% of global industrial greenhouse gas (GHG)
emissions.” In this context, electrochemical production based
on the use of electricity from renewable sources is becoming a
promising alternative to reduce the carbon footprint of chemi-
cals.®> While research on the use of electrolytic processes for
the production of green hydrogen and CO, reduction is
expanding, electrochemical industrial processes are so far
mainly limited to the chlor-alkali and aluminium sectors.*

To succeed in the challenging application of electro-
chemistry in industrial chemical synthesis, researchers are
focusing their efforts on optimizing key process parameters
such as energy efficiency, product selectivity, productivity per
time unit, and electrocatalyst efficiency.’

The consumption of electrodes represents a key aspect
influencing the efficiency and sustainability of electrosynth-
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esis.® For example, in the case of the Hall-Héroult process
that uses non-metallic electrodes for aluminium smelting,
about 400 kg of carbon anode are consumed per ton of alu-
minium produced.” When electrodes are based on metals,
their cost and preparation are even more critical, and it is
not easy to generalize information on the electrode con-
sumption. For example, in the electrocoagulation processes
employed in wastewater treatment, the aluminium consump-
tion rate is approximately 2 kg per kg of contaminant
removed.®

While research on finding durable and stable electrodes is
extensive, more emphasis should be placed on using electro-
des made from waste materials.” This can be even more
crucial considering the availability of metallic materials com-
pared to polymers.*®

Aluminium, while being widely used in electrochemistry, is
currently included in the list of critical raw materials and is
classified as “primary” or “secondary”.

Primary aluminium is derived directly from bauxite, while
secondary aluminium is derived from the recycling of primary
aluminium."* The production of secondary aluminium is a
more sustainable access route to this metal as its energy cost
is only 5% of that of the primary production, and in addition,
it includes the advantage of reducing the waste and the con-
sumption of bauxite.'? In fact, recycling and upcycling are fun-
damental methodologies in a circular economy strategy that
allows more sustainable access to the desired materials while

This journal is © The Royal Society of Chemistry 2024
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making the process more ready to be integrated into modern
production principles.*?

In this contribution, we report our study aimed at the defi-
nition of novel electrochemical synthetic protocols employing
electrodes prepared from recovered scrap aluminium. In coher-
ence with our circular-economy approach to the definition of
effective synthetic methodologies,'* we have prepared electrodes
from aluminium can waste. We have therefore optimized their
use to develop a simple, oxidant-free protocol for the represen-
tative synthesis of 2-oxazolines starting from amino alcohols
and aldehydes. To confirm the validity of our approach, we com-
pared the different carbon footprints associated with the use of
different electrodes. Finally, we decided to prove the practical
utility of our methodology we have also reported a larger-scale
synthesis and the preparation of chiral PyOX ligand.

We have decided to test our aluminium can waste-derived
electrodes in the synthesis of 2-oxazoline as this process is of
general representative interest and this class of compounds
find application in several different areas.™

Generally, 2-oxazolines are prepared by (A) reactions between
an amino alcohol and a nitrile or carboxylic acid using various
catalysts in combination with heat or MW irradiation;'® (B) the
coupling between an amino alcohol and an aldehyde using a
chemical oxidant, i.e. molecular iodine in combination of heat
and bases, hydrobromide perbromide (PHPB), diacetoxyiodo-
benzene (PIDA) or N-bromosuccinimide (NBS)."”

Electrochemistry offers an intriguing opportunity to replace
chemical oxidants with electrons. Different well established
electrochemical protocols based on the oxidative cyclization of
B-amino arylketones or olefinic amides (Fig. 1).'® Anyway a
direct electrochemical approach between an amino alcohol
and an aldehyde is not reported.

Results and discussion

We began our investigation by employing 4-fluorobenzalde-
hyde 1a and ethanolamine 2 as model substrates to optimize
the best reaction conditions. We found that product 3a was
obtained in 88% isolated yield (Table 1, entry 1) using LiBr as
supporting electrolyte, graphite anode and aluminium cathode
in an undivided cell at 50 mA, after the passage of 7 F mol™" of
charge (Faraday efficiency equal to 27%). The reaction medium
influences the efficiency of the process and the best results
were achieved in a mixture of methanol:acetonitrile (1:1)
(entry 1) while changing the solvent to methanol, acetonitrile,
ethanol, or water conversions decreased (Table 1, entries 2-5).

It is noteworthy that in our conditions, the use of stoichio-
metric amounts of 1a and 2 is functional for achieving best
results. Increasing the amount of 2, leads to poorer conver-
sions (Table 1, entries 6 and 7). Without using bromide salts
as electrolytes, the reaction does not proceed satisfactorily,
suggesting that electrolyte participates in the mechanism as a
redox mediator (Table 1, entries 8-11). Finally, by performing
the process with no current, product 3a was not observed at all
(Table 1, entry 12).

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Known approaches to the electrosynthesis of 2-oxazolines.

Table 1 Solvent and supporting electrolyte optimization?

ﬁ ©
o} c A
- o}
/@)J\H . [NHz I= 50 mA 7 F/mol [ »/@,F
Supp. Electr. 0.4 M N
F OH solvent 0.1 M
1a 2 undivided cell 3a
Entry  Solvent Supporting electr.  Conversion® (%)
1 CH3;CN:MeOH 1:1 LiBr 93 (88)
2 MeOH LiBr 61
3 CH,CN LiBr 0
4 EtOH LiBr 31
5 H,0 LiBr 5
6° CH;CN:MeOH 1:1  LiBr 84
74 CH;CN:MeOH1:1  LiBr 62
8 CH;CN:MeOH 1:1 KBr 56
9 CH,CN:MeOH1:1  nBu,NPF, 0
10 CH3;CN:MeOH 1:1 Nal 5
11 CH3;CN:MeOH 1:1 KPFq 0
12°¢ CH;CN:MeOH 1:1 LiBr 0

@Reaction conditions: 1a (0.5 mmol), 2 (0.5 mmol), supporting electro-
Iyte (0.4 M), solvent (5 mL, 0.1 M), graphite anode and aluminium
cathode, 50 mA of current for 7 F mol" of charge based on 1a (about
110 minutes) at 25 °C. ? GLC conversion has been determined using
samples of pure compound as reference standards; the remaining
materials are 1a and 2, isolated yield in parenthesis. “2 equivalents of
2 were used. ? 4 equivalents of 2 were used. ® Without current.
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Table 2 Anode material optimization table?

]

0] anode Al
NH, I= 50 mA 7 F/mol 0
H + [ [ / F
F OH LiBr 0.4M N
CH3CN : MeOH
1a 2 undivided cell 3a
Entry Anode material Conversion (%)’
1 Graphite 93
2 Stainless steel 0
3 Copper 0
4 Zinc 0

“Reaction conditions: 1a (0.5 mmol), 2 (0.5 mmol), LiBr (0.4 M) as
supporting electrolyte, CH;CN: CH;O0H (1:1, 5 mL) as solvent, alu-
minium cathode, 50 mA of current for 7 F mol™" of charge based on 1a
(about 110 minutes) at 25 °C. ? GLC conversion has been determined
using samples of pure compound as reference standards; the remain-
ing materials are 1a and 2, isolated yield in parenthesis.

Investigation continued to compare different materials for
the electrodes. In Table 2 are shown the results that confirm
how important is the use of graphite anode. This behaviour
indicates that probably, among the materials tested, graphite
has the least overpotential towards bromide oxidation. On the
other hand, different metallic cathodes were selected, taking
into consideration the carbon footprint associated with the
different materials. Carbon footprint, measured in kg CO,
equivalent per kg of product, is an intuitive parameter that
measures the quantity of CO, emitted in the entire production
cycle of the material of interest."®

From the data reported in Table 3, we can see that the
efficiency of the reaction remains almost constant while varying
the cathode materials. Based on this evidence, we could focus
on cathode materials with the lowest environmental impact and
lowest carbon footprint. Aluminium is on the list of critical raw
materials, but it is also highly recyclable.'®

Based on the 2021 Climate Action report,>® post-consumer
aluminium scrap has an associated carbon footprint of about
0.5 kg CO, per kg of aluminium that is related to its collection,
transport, and smelting.”® Additionally, it should be men-
tioned that recovered post-consumer aluminium scrap leads to
a lower purity product, often unattractive for most markets
that instead prefer to use higher purity materials.>'

For all these reasons, we have decided to focus on using
aluminium from recovered cans as cathode material.
Recovered cans were used without any further manipulation,
as the cathode gave an excellent 93% conversion to 3a and con-
firmed the effective use of this highly interesting source of alu-
minium from post-consumer scrap (Table 3, entry 9).

At this stage, we also investigated the possibility of recover-
ing the acetonitrile/methanol mixture used as reaction
medium. Due to their similarity, their direct evaporation
allowed us to recover 80% of the original 1:1 ACN:MeOH
mixture (as confirmed by 'H-NMR). Encouraged by these
results, we next decided to demonstrate the synthetic utility
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Table 3 Cathode material optimization table & associated carbon

footprint®
ﬁ o
c

(0] cathode
NH - 0,
/©)LH . [ 2 I= 50 mA 7 F/mol [ @F
E OH LiBr 0.4M N
CH4CN : MeOH
1a 2 undivided cell 3a

Entry  Cathode material C.F. (kg CO, eq.)°  Conversion (%)’
1 Silver 196 91
2 Primary aluminium 8.2 93
3 Titanium 8.1 95
4 Nickel 6.5 86
5 Zinc 3.1 96
6 Copper 2.8 87
7 Stainless steel 1.8 92
8 Iron 1.5 92
9 Upcycled aluminium 0.5 93

“Reaction conditions: 1a (0.5 mmol), 2 (0.5 mmol), LiBr (0.4 M) as
supporting electrolyte, CH;CN : CH;OH (1:1, 5 mL) as solvent, graph-
ite anode, 50 mA of current for 7 F mol~" of charge based on 1a (about
110 minutes) at 25 °C, cathode material as described in the Table 3.
?GLC conversion has been determined using samples of pure com-
pound as reference standards; the remaining materials are 1a and 2.
“Carbon footprint associated with the production of different pure
metals®® and stainless steel.”*

and tolerability of our protocol, exploring the scope of various
substrates (Scheme 1).

In general, substrates featuring electron-withdrawing sub-
stituents led to high yields with a faraday efficiency equal to.
By using halogen-substituted benzaldehydes in the para (2a,
2b), meta (2¢, 2d) or ortho (2e) positions, products 3 were
obtained satisfactory yields. Also, halogen poly-substituted
rings (2f, 2g) show similar good results, making the procedure
quite interesting for the post-functionalization of substrates by
cross-coupling reactions. Other electron-withdrawing groups,
such as cyano (2h), nitro (2i, 2j, 2k) or pyridyl (21), lead to high
yields of the corresponding products 3 as well. However, nitro-
substituted benzaldehydes required a longer reaction time (8 F
mol ™, ca. 130 minutes).

Electron-donor substituents showed lower efficiency. ortho-
Tolualdehyde (2m) and ortho-trifluoromethylbenzaldehyde (2s)
required longer reaction time, probably due to the steric hin-
drance effect. meta-substitution with methoxy group (2n) dras-
tically decreases the yield in 3n. However, the propoxy group in
para position (20) led to a good, isolated yield. Concerning the
product of terephthaldehyde (2r), it was not possible to steer
the reaction towards the formation of the mono-oxazoline
product using less amount of ethanolamine. We assume that
the higher reactivity of the mono-oxazoline product compared
to terephthaldehyde is due to electronic effects, making the
procedure ineffective for the formation of aldehydes-substi-
tuted oxazolines.

It worthy to notice that with our procedure, we successfully
synthesized a chiral ligand of the PyOX type (4), that has been
used in various nickel, iridium, copper or palladium-catalyzed

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Scope of the electrochemical synthesis of oxazoline.
2 Reaction conditions: 1a (1 mmol), 2 (1 mmol), LiBr (0.4 M) as supporting
electrolyte, CHsCN : CHsOH (1:1, 10 mL) as solvent, graphite anode and
aluminum cathode, 100 mA of current for 7 F mol™ of charge based on
1a (about 110 minutes). All reported yields are isolated yields. > 8 F mol™
of charge passed (about 130 minutes). €2 equivalents of ethanolamine
(2) and 12 F mol™ of charge passed (about 190 minutes). ¢ (S)-2-Amino-
3-methylbutan-1-ol (2a) was used instead of ethanolamine (2).

reactions.”* Product 4 could be isolated in 84% yield and 95%
ee, therefore preserving the enantiopurity of the starting
material. Substrates 2t and 2u, let to unsuccessful results pre-
sumably due to steric and electronic effects (Scheme 1). In
addition, a gram-scale test was also performed showing that
scalability of our synthetic protocol is possible (Scheme 2).

Interestingly, under such slightly larger scale conditions,
solvent distillation was expectedly more effective with 87% of
the initial mass recovered.

)

o] 1
NH, - o
/©)LH . [ I=1 A7 Fimol [ @_F
F OH LiBr 0.4M N
CH3CN : MeOH
1a 2 undivided cell 3a
10 mmol 10 mmol 92%

Scheme 2 Large scale electrochemical synthesis of 3a.
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Finally, to quantify the advances in terms of chemical and
environmental efficiency, we calculated different green metrics
for our electrochemical approach (E-factor, Reaction Mass
Efficiency (RME), and Material Recovery Parameter (MRP)),
and for some of the common procedures reported in the litera-
ture® (Scheme 3). We compared seven different protocols that
varied in nature of the process (intramolecular or inter-
molecular), mechanism (oxidative or reductive), solvent and
additives. From the data reported Scheme 3 and ESI, we can
confirm the advances in terms of sustainability of our
protocol.

The E-factor distribution analysis (see ESI{ for complete
details of the percentages) shows that, in the gram-scale pro-
cedure, recovering the reaction mixture and avoiding the use
of a chemical oxidant led to an E-factor as low as 18.7, value
that derives only from the mass of non-recovered solvent, with
a minor contribution of the excess of LiBr. On the contrary,
most of the compared literature processes require tedious and
wasteful work-up procedures to remove oxidant, reductant or
their byproducts and obviously result strongly in larger total
E-factor values (range 84.4-465.7).

Reaction mass efficiency (RME) for our protocol is 5.1%
(3.7% for the one-mmol scale), while other procedures never
exceed an RME value of 1.2%, with most of them falling in the
range of 0.2-0.6%.

To conclude this study, we have decided to have more
insights into the reaction mechanism, and therefore, some
control experiments were conducted (Scheme 4). First, the
reaction was carried out without electrolysis in the presence of
4 equivalents of molecular bromine, but the reaction did not
proceed at all. Nevertheless, using 4 equivalents of Br2 in com-
bination with 1 equivalent of lithium methoxide led to the for-
mation of 3a in 52% yield after 2 hours, demonstrating the key
role of the base.

No product formation was observed when the reaction was
performed in the presence of 1 equivalent of TEMPO, therefore
suggesting a radical-type reaction pathway.

Performing the reaction without electrochemical conditions
and using molecular bromine/lithium methoxide but in the
presence of 1 equivalent of TEMPO, the reaction proceeds
anyway without significant variation in conversion or yield.
Therefore, this allowed to conclude that the traditional chemi-
cal conditions an anionic reaction pathway is operative.

By performing the electrochemical reaction in presence of 1
equivalent of BHT, product 3a was not observed. These results
together with the fact that electrolysis does not lead to product
formation in the absence of bromide salts, suggest that the
reaction procced via halogen radicals rather than through a
simple hydrogen atom transfer (HAT) pathway.

Furthermore, a cyclic voltammetry analysis was conducted
(Fig. 2). As it can be seen from these measurements, the oxi-
dation peak doesn’t change in the case of lithium bromide
alone (upper chart) or in the presence of reagents 1a and 2
(bottom chart). The oxidation peak occurs around 0.95 V vs.
Ag/AgNO; reference electrode and no appreciable catalytic
current is observed upon the addition of substrates. This

Green Chem., 2024, 26, 8030-8036 | 8033
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Scheme 4 Control experiment for the electrochemical synthesis of 3a.

experimental observation leads to the conclusion that when
graphite is used as anode, only bromide undergoes oxidation,
suggesting its ability to mediate the oxidation of substrate.
Based on the control experiments and on the data reported in
literature, the plausible mechanism is described in Scheme 5.
First, benzaldehyde undergoes a nucleophilic attack by

8034 | Green Chem., 2024, 26, 8030-8036
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Fig. 2 Cyclic voltammetry experiments: upper chart: LiBr 0.4 M,
MeCN : MeOH 1:1, sweep 200 mV s™%; lower chart: LiBr 0.4 M, 1a 0.1 M,
20.1 M, MeCN : MeOH 1:1, sweep 200 mV s~

ethanolamine, giving the imine condensation product I by
eliminating a molecule of water.

Species I tautomerizes to oxazolidine II that is oxidized to
III with an electron loss by halogen radical induced process.
The radical-radical coupling between III and radical bromine
furnish IV, which, after subsequent base-mediated elimin-
ation, gives final 2-oxazoline product 3. From the substrate
scope we can highlight that: (1) benzaldehydes with electron-
withdrawing groups give better yields; (2) benzaldehydes with
ortho substituents give slower reactions. These considerations
suggest that the most probable rate-limiting step is the for-
mation of the imine I

This journal is © The Royal Society of Chemistry 2024
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Conclusions

In conclusion, we have developed an electrochemical approach
to synthesize 2-oxazoline 3a-s and 4 with a broad range of sub-
stitutions, starting from inexpensive and commercially avail-
able starting materials, also on a gram-scale. The reaction was
carried out using cheap electrode materials, in particular,
using cathode deriving from aluminium scrap. The utilization
of electrodes made by post-consumer aluminium cans has also
allowed to minimize the carbon footprint for making effective
electrodes. Control experiments were performed to elucidate
the reaction mechanism. Finally, a sustainability assessment
using green metrics allowed to quantify the advances in terms
of sustainability and the inherent environmental efficiency
and potential of the electrochemical approach reported.
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