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Abstract

The use of CO; as a C1 carbon source for synthesis is raising increasing attention both
as a strategy to bring value to carbon dioxide capture technologies and a sustainable
approach towards chemicals and energy. Unfortunately, CO activation is often
hampered by its high thermodynamic and kinetic stability. The presented results focus
on the application of electrochemical methods to incorporate CO; into organic
compounds using ionic liquids as electrolytes, which provides a green alternative to
the formation of C—C bonds. In this sense, the results presented show that Naproxen
(6-Methoxy-a-methyl-2-naphthaleneacetic acid) can be synthetizing in high yield
(89%) and conversion rates (90%) through an electrocarboxylation process using CO>
and ionic liquids. The role of the cathode and solvent, which can potentially enhance
the synthesis, is also discussed. The “green” route described in the current work would
open a new sustainable strategy for the electrochemical production of pharmaceutical

compounds.
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1. Introduction

Nonsteroidal anti-inflammatory drugs (NSAID)(Ruelius et al., 1987), such as Ibuprofen
or Naproxen that are the 2-arylpropionic acid (profen) derivates, are commonly used to
treat pain, menstrual cramps, inflammatory diseases such as rheumatoid arthritis, and
fever (Adelman J.U, Alexander W.J, Barrett P.S, Brandes J.L, Kudrow D, Lener S.E. ,
O’Carroll C.P,, O’Donnell F.J, Spruill S.E, 2007; H.J. et al., 2008; Uziel et al., 2000).
Naproxen was firstly commercialized by Syntex in 1976 (Harrington and Lodewijk,
1997), its manufacture started from B-naphthol and produced 500 kg in 1970 (Harrison et
al., 1970). However, this process involved several undesirable associated reagents:
nitroaromatic compounds (used in acylation), ammonium sulfide (for performing the

Willgerodt reaction), sodium hydride, as well as methyl iodide ((Figure S1. Route A).

These disadvantages were overcome with a new procedure to obtain naproxen that was
also created at Syntex in 1972-1975 (Figure S1. Route B1). In this manufacturing process,
there were also significant associated problems associated to this second synthetic
strategy; First, a stoichiometric amount of zinc chloride was used for the naphthylzinc
coupling reaction, hence large amounts of zinc hydroxide by-product were also produced.
Second, this coupling reaction not only showed poor yields but also led to undesirable
side products such as 2-methoxynaphthalene, which is volatile, and large amounts of

binaphthyl, a highly insoluble “dimer” by product.

Focusing on the major problems resulting from the naphthylzinc coupling reaction, an
alternative coupling was introduced to this second manufacturing process (Figure S1.
Route B2). Besides, from 1984 to 1993 the yield increased, from less than 50% to a 90%,
after a series of process improvements introduced to the above-mentioned synthetic
approach. At this point it is important to highlight that overall atom economy for the
previously described modern Syntex process described (Figure S1. Route B2) was a 24%.
Considering that 98% of N-alkylglucamine was recoverable by cycle, the atom economy
raised to 34%. However, it is important not to forget that the bromination and the

coupling reactions still produce high amounts of waste.

In order to ameliorate the manufacture processes of Naproxen new approaches have been
explored and discussed in the last years. Nate Shaw and Steve Schlitzer (Shaw and
Schlitzer, 2015) introducing the use of safer solvents and auxiliaries (Scheme 1);
sulfolane, as well as gaseous reagents (H> and CO in steps 2 and 3). Moreover, catalysts
(Si07, Raney Niquel, Palladium catalyst, tosylic acid, LiCl, virtually all recoverable) were
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employed. So, its atom economy is higher (39.4%, which rises to 77.7% when
considering recoverability of resolving agent) than in the case of Syntex and reduces the
use of halogens and alkali metals as much as possible. On the other hand, this adapted

synthesis required the use of a sophisticated catalyst and CO, which are well-known

pollutants.
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Scheme 1. Schlitzer/Shaw adapted synthesis

Carbon dioxide (COy) can be described as a carbon source for chemical synthesis. In this
sense, the use of electrochemical methods for triggering the formation of C—C bonds by
coupling CO; to organic compounds is a very attractive “green” alternative (Matthessen
et al., 2014; Senboku and Katayama, 2017; Tokuda, 2006). Hence, the use of CO> as a
feedstock is perceived as a promising attractive strategy for obtaining carboxylic acids
via electrochemical fixation of CO, (Frontana-Uribe et al., 2010). One of the most
important examples of its application can be found in NSAIDs such as Ibuprofen or
Naproxen (Fauvarque et al., 1988a, 1988b; Mena et al., 2019b). The CO; incorporation
to organic skeleton can be easily reached at low CO; pressure and under mild conditions
with the use of a suitable of electrodes, electrolytes and catalysts in the electrolysis. In
terms of green and sustainable chemistry, this approach is essentially environmentally
benign and carbon dioxide is an eco-friendly C1 source (Yamauchi et al., 2010, 2008;

Yoo et al., 2019).

Electrocarboxylation reactions of organic compounds using CO: is achieved via two

different reaction pathways. The first one is depicted in Scheme 2, Eq. 1-4, and this



involves the generation of organic anionic intermediates. The carbanions
electrochemically formed upon the passage of two electron undergo a nucleophilic attack
on carbon dioxide to yield the corresponding carboxylic acids. This mechanism takes
place when the reduction potentials of the organic substrates are less negative than that
of carbon dioxide (Amatore and Savéant, 1981; Costentin et al., 2013; Gennaro et al.,

1996b).

In turn, reaction pathway 2 occurs when the reduction potentials of the organic substrates
are more negative than those of carbon dioxide (Scheme 2, Eq. 5-9). Via this mechanism,
the electrogenerated anion radical of carbon dioxide reacts with organic substrates leading
to the corresponding carboxylic acids (Damodar et al., 2001; Isse et al., 2005; Liu et al.,
2015).

\
+e . :
Eq. 1 rRx —= [rx] - R+ X
Eq. 2 R —» R
i Pathway 1
Eq.3 R+ CcO, — R=CO: T
+H*
Eq. 4 R-COy — R-CO,H
J
\
+ e .
Eq.5 CO, ~—_‘[COZI
Eq. 6 [COZI +RX —> X-R-CO; T Pathway 2
Eq.7 X-RCO, —= R-CO, +Xx
- + e -
Eq8 R—COZ = R_COZ J

— +H+
Eq.9 R-CO; ——— R-CO,H

Scheme 2. Electrochemical carboxylation of organic compounds with CO..

Both strategies are associated to several advantages compared with the classical
carboxylation process. However, electrochemical carboxylation processes usually uses
organic aprotic solvents that are toxic and flammable (Alvarez-Guerra et al., 2015).
Hence, our strategy for electrochemically synthetizing CO, will be based on the

replacement of those organic solvents with ionic liquids (ILs).



In the last decade the use of ILs has been considered a sustainable solvent choice for
several organic transformations, including the preparation of pharmaceutical drugs
(Marrucho et al., 2014). Chemical and electrochemical reactions in ILs usually do not
require special apparatus or methodologies. Focusing on electrochemical synthesis in ILs,
a large array of different cations and anions available today in the IL toolbox. Wide
electrochemical windows and good conductivities are obtained by combining
unsymmetrical bulky organic cations combined and hydrophobic anions such as [BF4] or
[NTf2]". For electrocarboxylation process, the use of ILs offers the possibility to recycle
the solvent at the end of the reaction (Chen et al., 2016; Lim and Kim, 2017; Pappenfus
et al., 2009; Sun et al., 2014; Tateno et al., 2015; Zhou et al., 2015).

In this sense, our strategy for electrochemically synthetizing NSAIDs involve the use of
CO, as reagent, which is valorised through an electro carboxylation process, that would
allow the synthesis of Naproxen. We also introduce electrochemistry as a technology to
enhance the synthesis with the use of milder conditions, easy control and monitoring of
the process, selectivity and the use of electrodes as cheap, green catalysts. Hence, this
manuscript reports a sustainable, green and new approach to synthesise 2-(6-methoxy-2-
naphthyl)propanoic acid (Naproxen) using electrochemical methods, ILs, and CO:
feedstock.

2. Experimental Section

2.1. Chemicals
Reagents: Carbon dioxide, CO>, and nitrogen, N>, were obtained from Carburos
Metalicos S.A. (purity of 99.9999%). 2-(1-chloroethyl)-6-methoxynaphthalene (1) was
obtained from SigmaAldrich and employed without further purification.

Solvents and Electrolytes: N,N-dimethylformamide anhydrous (DMF), 99.8%, was

obtained from SigmaAldrich. lonic Liquids were purchased from Solvionic (N-Butyl-N-
methylpyrrolidonium bis(trifluoromethanesulfonyl)imide (BMPyr TFSI, purity 99.5%,
HO < 0.02%), 1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
(BMIM TEFSI, purity 99%, H20 < 0.5%), 1-Butyl-3-methylimidazolium tetrafluoroborate
(BMIM  BFs4, purity 99%, HO < 0.5%), N-trimethyl-N-butylammonium
bis(trifluoromethanesulfonyl)imide (Ni114 TFSI, purity 99.5%, H>2O < 0.02%) (Scheme
3). Tetrabutylammonium tetrafluoroborate (TBA BFi), 99%, was obtained from

SigmaAldrich and employed without further purification. After received all the solvents
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and electrolytes prepared, they were dried under vacuum using activated molecular sieves
for 48h in order to make sure that the amount of water was always less than HxO <
0.001%(Williams and Lawton, 2010). The physical chemical parameters of the
electrolytes used in the current work in terms of viscosity, density and water content are

conveniently summarised in Table 1.
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Scheme 3. Diagram of the structures

2.2. Experimental Procedures and Instrumentation

Electrochemical measurements were performed in a one-compartment cell using the
three-electrode configuration. All experiments have been carried out at room temperature.
Cyclic voltammetry experiments were recorded using a potentiostat equipped with
positive feedback compensation and current measurer previously described (Cruz et al.,
2011, 2008; Gallardo and Soler, 2017; Mena et al., 2019a, 2019b, 2018; Reche et al.,
2015, 2014a, 2014b). The working electrode was a 1 mm diameter glassy carbon or 3 mm
diameter silver electrode disk carefully polished with 1 um diamond paste (DP-Paste, P)
and rinsed with ethanol. The counter electrode was a 2 mm platinum electrode disk and
the reference electrode a Saturated Calomel Electrode (SCE) separated from the solution

by a sintered-glass disk. All potentials were reported versus this reference.



It is worthy to remark the current values obtained for the cyclic voltammograms in the
different electrolytes were first normalized by the concentration and the scan rate (I,/cv'’?)
due to the moderate conductivity and larger viscosity of the ionic liquids. Under these
experimental conditions the diffusion coefficient of the electroactive compounds was
determined and normalized taking into account their relationship. Hence, the
normalization coefficients expressed as a ratio were the following: 4.1, 8.1, 6.0, and 2.7
for DMF + 0.1 M TBABF4+/[BMIM]TFSI, DMF + 0.1 M TBABF4+/[BMIM|BF4, DMF +

0.1 M TBABF4/[Ni114] TFSI, and DMF + 0.1 M TBABF4+/[BMPyr]TFSI, respectively.

Table 1. Physical-Chemical properties and recyclability of selected lonic Liquids

i . . . H20 content | H20 content .
oL Viscosity* | Conductivity* | Density* . Recyclability

lonic Liquid (mPa-s) (mS-cm?) (g-em”) before after drying (%)
& drying (%) (%) °

BMIM TFSI 68.8 3.23 1.44 <0.5 < 0.001 93
BMIM BF, 103 3.15 1.20 <0.5 < 0.001 76
N1114 TFSI 138 1.60 1.40 <0.02 < 0.001 57
BMPyr TFSI 998 2.21 1.39 <0.02 < 0.001 61

* Obtained from MSDS of Solvionic webpage: https://en.solvionic.com/family/ionic-liquids

Controlled potential electrolysis were carried out using a potentiostat EG&G
PRINCETON APPLIED RESEARCH model 273A following a previous described
methodology(Cruz et al., 2011, 2008; Gallardo and Soler, 2017; Mena et al., 2019a,
2019b). The working electrode was a graphite bar or a silver foil; the counter electrode,
a platinum bar separated from the solution by a sintered-glass disk; and the reference, the
SCE electrode. Electrocarboxylation reactions were performed under CO2 atmosphere
using a Mass Flow Meter to control the CO2 concentrations and flows. These experiments
were also monitored using Cyclic Voltammetry. When the electrolysis was completed,
Naproxen was extracted from the IL using diethylether (Scheme 4). Later, the organic
phase was washed with water and dried with anhydrous sulphate sodium and removed
under high vacuum. The residue was dissolved in dichloromethane and characterized by
gas chromatography, gas chromatography—mass spectrometry, and Proton Nuclear
Magnetic Resonance (‘"H-RMN). Finally, it is important to highlight that, in all the cases,
more than a half of the IL used as electrolyte (Table 1), can be recovered, recycle and

reused after a purification process for a new set of electrochemical experiments.
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Scheme 4. Schematic process for Naproxen purification and lonic Liquid recovery after
electrocarboxylation reaction.

The '"H NMR spectra were recorded on a Brucker DPX250 operating at 250,13 MHz. Gas
chromatography (GC) were performed with a Clarus 500 from Perkin Elmer (vector gas:
Helium, column: Elite 5,1=30 m, d = 0.25 mm). Apparatus for gas phase chromatography
coupled with mass spectrometry was a Hewlett Packard 6890 and the detector were

Hewlett Packard 5973.

3. Results and discussion

2-(6-methoxy-2-naphthyl)propanoic acid (3, Naproxen) was obtained by taking a new
environmentally friendly approach that combines electrochemical techniques and ionic
liquids as green solvents to valorise CO; with an electrocarboxylation process (Scheme

5).
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Scheme 5. Electrocarboxylation of 1 under CO; atmosphere

For this reason, compound 1 must be electrochemically characterised in an inert and
CO; saturated atmosphere to find out whether its relative anion, 1, is stable enough to

catch COa.

3.1. Electrochemical reduction of 2-(1-chloroethyl)-6-methoxynaphthalene (1) in

inert atmosphere



Compound 1 was characterised with cyclic voltammetry (CV) at several scan rates (and
in different solvents (DMF + 0.1 M TBA BF4, BMIM TFSI, BMIM BF4, Ni114 TFSI, and
a BMPyr TFSI) using either glassy carbon (GC) or silver (Ag) cathodes in N> atmosphere
(Figure la and S2). In all the cases, compound 1 shows a two-electron irreversible
reduction peak followed by a one-electron reversible one. The analysis of the peak current
and potential values as well as their dependence on the concentration and the scan rate
reveals that the chemical reaction coupled to the electron transfer is a first order reaction.
The shape of CVs, peak width value (AEp), is always more than 100 mV (at 0.5 V/s,
Table 1), which means that compound 1 involves slow electron transfer with charge

transfer coefficient (o) between 0.2-0.4.

Finally, the second reversible one-electron transfer can be assigned to the reduction of 2.
Figure 1b shows a cyclic voltammogram of pure samples of 1 and 2, the second
electrochemical reduction wave of 1 and the first reduction wave of 2, which have the

same shape and cathodic peak potential value for both electrodes.

In order to confirm this hypothesis, control potential electrolysis at -2.0 V vs SCE in ILs
and at -2.2 V vs SCE in DMF under N; atmosphere was carried out. After the passage of
2F, for all the electrolytes investigated, compound 2 was obtained as a unique quantitative
product (100%) (Figure S3). The use altogether of electrochemical techniques (such as
CV and Controlled potential electrolysis) allows to establish an ECE mechanism for the
electrochemical reduction of 1 (Scheme 6). A radical anion is firstly formed (Eq. 1,
electrochemical reaction, E). After that, a chemical reaction coupled to this electron
transfer leads to the corresponding organic radical, 1, and halide anion (Eq. 2, chemical
reaction step, C). Finally, the organic radical formed is reduced at the electrode surface
yielding the corresponding anion (Eq. 3, electrochemical reaction, E), which evolves to

compound 2 after a protonation reaction (Eq. 4).
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Figure 1. Cyclic voltammograms in DMF + TBABF, (scan rate 0.5 Vs™) at 25°C a) of 1 on a GC
(dotted line) and Silver (solid line) electrodes b) 1 (black line) and 2 (green line) on a GC in inert
atmosphere

Table 2. Cathodic Peak Potential (E,c in V), AE, = |Eyc — Epero| (in mV), Charge transfer coefficient (o), scan
rate: 0.5 V s! for solutions of 1 c.a. 5-10 mM 1 in different electrolytes at 25 °C under N, atmosphere.

Epc AEp Number
Entry Electrode Solvent a
(V) (mV) of electrons
1 Carbon DMF + EF -2.14 160 0.33 2.15
2 Carbon BMIM TFSI -1.97 200 0.24 2.13
3 Carbon BMPyr TFSI -1.95 210 0.22 2.20
4 Carbon Ni114 TFSI -1.90 190 0.25 2.20
5 Silver DMF + EF -2.09 130 0.37 2.01
6 Silver BMIM BF4 -1.76 110 0.43 2.15
7 Silver BMPyr TFSI -1.94 100 0.45 1.99
8 Silver Ni114 TFSI -1.83 110 0.40 2.06

[a] DMF + 0.1 M of N-tetrabutylammonium tetrafluoroborate (TBABF4)
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Note that the E,c values obtained in all the ILs for both electrodes are positively shifted
(Figure S2a), which means that the cation of the IL. may have a role as a co-catalyst (as
was previously pointed out by ourselves and some other authors). The reduction potential
can be lowered to more than 0.24 V (5.5 kcal-mol™!) and 0.33 V (7.6 kcal-mol™') with
respect to DMF + 0.1 M TBABF4 in carbon electrode and silver electrode (Table 2, entries
1-4 and Table 2, entries 5-8), respectively. This can be explained because the
concentration of the counter-cation is considerably lower in DMF than in IL solutions.
Moreover, a slightly electrocatalytic effect, 0.07 V (4.8 kcal-mol™), can also be observed
when silver is used a cathode (Figure S2b). This effect has been previously described for
electrochemical cleavage of carbon-halide reactions (Arnaboldi et al., 2014; Durante et
al., 2013, 2009; Gennaro et al., 2004; Isse et al., 2009, 2008, 2006b, 2006a; Isse and
Gennaro, 2002; Lugaresi et al., 2013; Mena et al., 2019a; Niu et al., 2009).

el

. O

\
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Scheme 6.Electrochemical reduction mechanism of 1.
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3.2. Electrochemical reduction of 2-(1-chloroethyl)-6-methoxynaphthalene (1) in
CO: atmosphere

3.2.1. Carbon vitreous working electrode

The voltammetric response of 1 in CO, was the same for all the electrolytes tested (Figure
S4). Hence, in the initial cathodic scan a two-electron reduction wave was detected c.a. -
2.0 V vs. SCE. The oxidation of chloride ion is detected in the ensuing anodic scan, since

an oxidation peak at c.a. 1.1 V vs. SCE is observed (Figure S5a).

Note that the second reduction wave at -2.60 V vs. SCE becomes irreversible and
increases its intensity in CO> atmosphere. This behaviour typically describes a catalytic
process, where product 2 would act as a catalyst to reduce CO; through a homogeneous

catalytic process(Gennaro et al., 1996a), producing CO" (Scheme 7).

—~0 1 e 2
~
o —
-0 -0
2"d wave < o Homogeneous
Catalysis
o

Scheme 7. Electrochemical reduction mechanism that describes cyclic voltammogram in CO;
atmosphere

At this point several electrocarboxylation processes were attempted under CO:
atmosphere, after pre-saturated with CO; the selected electrolyte. Controlled-potential
electrolysis of 1, after its first reduction wave, was performed in DMF and ILs using a
carbon graphite bar as a cathode. Cyclic voltammograms were recorded after the passage

of different charge amounts in order to monitor the process (Figure S5b). In all cases,
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naproxen was obtained in reasonable yields (Table 2), the behaviour and results being the
same for classic organic aprotic solvents and ionic liquids. A closer look reveals that the
best yields were obtained for imidazolium ionic liquids, since the conductivity and the
viscosity of the solution is higher and lower, respectively (Table 1 and Table 3, entries 4
and 5). Only when using BMPyr TFSI is the yield as well as the conversion rate of
naproxen reduced probably due to its high viscosity (Table 1 and Table 3, entry 3).

Table 3. Results of Exhaustive Electrolysis of 1 under CO, atmosphere to obtain Naproxen (3)

R-COOH
Eapplica | (Naproxen isolated, 3) Reactant (1) R-H (2)
Entry | Solvent
V) Yield (%) (%)
(% conversion rate)
DMF +
1 -2.25 29 (36%) 20 51
EF!]
Nii4
2 -2.1 26 (31%) 15 59
TFSI
BMPyr
3 2.1 13 (14%) 6 81
TFSI
BMIM
4 -2.1 32 (34%) 6 62
TFSI
BMIM
5 -2.1 40 (42%) 5 55
BF4

[a] DMF + 0.1 M of TBABF,

3.2.2. Silver working electrode
Considering the enhanced results obtained with a silver electrode in comparison to a
carbon working electrode, thanks to the electrocatalytic effect of the silver electrode in
carbon-halogen cleavage reactions, we expected the moderate yields obtained in
electrocarboxylation reactions with a carbon cathode to improve with the use of the silver

electrode.

Figure 2 shows the CV of 1 in the different solvents in CO, atmosphere with a silver
electrode. A reduction peak of between c.a. -1.8 or -2.40 V vs. SCE is detected, when ILs

or DMF is used as an electrolyte. This reduction peak is assigned to the reduction of 1
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and CO; at the same time. It has already been reported by some of us that the
electrochemical reduction potential of CO> reduction with a silver electrode surface is
lower in ILs than in the case of organic aprotic solvents (Reche et al., 2015, 2014a).
Hence, the cyclic voltammogram (Figure 2) shows a reduction, which not only involves
the electrochemical reduction peak of 1 but also the direct reduction of CO; at silver

surface.

12
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Figure 2. Cyclic voltammograms (scan rate 0.5 V-s™') at 25°C on Ag electrode of 5 mM of 1 and
40 mM of CO: in the different electrolytes.

Controlled-potential electrolysis of 1 was performed using a silver sheet cathode under
CO; atmosphere in DMF and ILs applying a potential 0.1V after the first electron transfer,
which was obtained in an inert atmosphere. The electrochemical processes were easily
monitored by means of cyclic voltammetry using glassy carbon as a working electrode
instead of silver because, CO; reduction does not occur with carbon. The behaviour and
results being the same for classic organic aprotic solvents and ionic liquids. However,
there was an improvement in Naproxen yields from moderate to good compared when
silver was used instead of carbon as a working electrode (Table 3). Note that the same
general trends in terms of yields and conversion rates of Naproxen were seen for both
cathodes. The use of ILs with high conductivity and low viscosity enhances the yields
and the conversion rates, allowing to reach values close to the 90 % when BMIM BF4 and
silver are used as electrolyte and cathode, respectively. (Table 3, entry 4). In all cases,

naproxen was obtained as the main product with conversion rates higher than 50%.
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Table 3. Results of Exhaustive Electrolysis of 1 under CO, atmosphere to obtain Naproxen (3)

R-COOH
Eapplica | (Naproxen isolated, 3) | Reactant (1) R-H (2)
Entry | Solvent
V) Yield (%) (%)
(% conversion rate)
DMF +
1 -2.15 55 (58.5%) 6 39
EFL]
Nii4
2 -2.0 65 (66%) 2 33
TFSI
BMPyr
3 -2.0 52 (55%) 6 42
TFSI
BMIM
4 -1.8 88.5 (90%) 1.5 10
BF4
BMIM
5 -2.0 70 (63%) 5 35
TFSI

[a] The DMF + 0.1 M of TBABF4

Focusing on our electrochemical procedure, two kinds of mechanism operate
concurrently in this reaction depending on the working electrode, and which are
summarized in Scheme 8. On the one hand, with the use of the glassy carbon working
electrode the mechanism goes through 1- anion, which improves its nucleophilic
behaviour and attaches CO», which acts as an electrophile, to its structure (Table 3, entries
1-5). In turn, there is a radical mechanism with the use of a silver electrode, where CO»
is reduced to obtain CO>" on the electrode’s surface, and in this case, CO, acts as a
nucleophile and reacts with 1 (Table 4, entries 1-5). The electrochemically triggered dual

reactivity enhances the yield of Naproxen through a carboxylation process.
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Scheme 8. Nucleophilic substitution mechanism operates concurrently

3.3. Sustainability of “our” Electrocarboxylation approach.

Our proposed synthesis of Naproxen (Scheme 8) presents an alternative to the other two
strategies described in the introduction. In our case, two first steps were obtained as in
the case of the Shaw/Schlitzer synthesis. However, we propose to replace the OH
substituent of the stating material for a chloride group, since it is a better leaving group
(Ayers et al., 2005). Then, with the use of an electrochemical carboxylation process, CO2
is incorporated into the reactant. In the atom economy analysis (Table 4) of our proposal,
we obtain 36% (65% considering recoverability of the resolving agent). These results
are very similar to those achieved by Shaw and Schlitzer. Moreover, in our case, despite
the use of halogens, one of the catalysts we used were electrons, which are heterogeneous
and much cheaper and more widely available than the others, and the use of CO> instead

of CO enhances the process.
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Scheme 9. Naproxen proposed synthesis

Table 4. Atom economy analysis —Our proposed synthesis

Reagent Used in Naproxen | Unused in Naproxen
Formula MW | Formula MW | Formula MW
C10H7,0CH3 158.3 | C1oHeOCH3 | 157.3 | H 1.0
C4HsO3 102.1 | CoH3 27.0 | C2H303 75.1
H> 2.0 H 1.0 H 1.0
HCI 365 |- - HCl 36.5
e - e - - -
CO2 440 | CO2 440 |- -

H 1.0 H 1.0 - -
Ci14H31NOs 2934 | - - C14H31NOs 2934
Total Naproxen Waste

C43HezsNO11Cl 637.3 | Ci14H1403 230.3 | Ci6H36NOsCla 407

Note that a similar approach was used in the past for the electrochemical synthesis of
Naproxen (Fauvarque et al., 1988a), as it has been previously pointed in the introduction
section. In this previous work, tetramethylurea (TMU) was identified as the most suitable
solvent for performing the electrochemical synthesis in terms of toxicity, high reaction
yields and conversion rates. However, the use of TMU as a solvent for electrochemistry
involves large quantities of supporting electrolyte (usually tetralkylammonium salts) as

well as large-energy-consuming processes for solvent recovery. In this sense, our
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electrocarboxylation approach, based on the recyclability of green electrolytes (ILs),

would allow to overcome those environmental limitations.

Cost-effectiveness analysis to determine whether an electrocarboylation approach is a
low-cost alternative would strongly depend on the electricity prices and the energy
conversion efficiencies. It is reported that for electrosynthesis to become economical
viable with traditional fossil fuel-derived processes the electricity generation should come
from renewable sources, being the electrochemical conversion efficiencies at least 60%
and the electricity price below 4 cents per kWh (De Luna et al., 2019). In 2019, non-
household electricity prices in the European Union are between 0.17 and 0.07 cents per
kWh depending on the country and 0.13 cents per kWh in United States. Hence, apart
from the technical challenges of using electrochemistry for manufacturing marketable
products; the main challenge would be to reduce the electricity price at least 4 times.
Focussing on electrochemical approach for synthetizing Naproxen, note that when silver
is used as cathode not only the conversion efficiencies are close to a 100 % but also ca.

75 % the electrolyte can be recycled and reused at the end of the process.

Conclusions

A description of a sustainable and highly efficient chemical route for synthetizing useful
compounds using CO; as a Cl symptom through electrocarboxylation reactions is
presented. This strategy deals with the used of electrochemical techniques and ILs, which
allow introduce some of the Green Chemistry principles for the synthesis of NSAIDs.
Controlled potential electrolysis 2-(1-chloroethyl)-6-methoxynaphthalene in CO;
atmosphere obtains Naproxen in good yields and excellent atom economy compared with
the initial ones. This methodology offers a “green” way for the synthesis of different

carboxylic acids that could potentially displace the petrochemical process in a future.
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