Open Access Article. Published on 10 February 2025. Downloaded on 8/1/2025 7:06:18 AM.

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

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

{ ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 4431

Received 27th November 2024
Accepted 28th December 2024

DOI: 10.1039/d4ra08386e

rsc.li/rsc-advances

Solvent-free synthesis of bio-based N-isobutyl-5-
methyloxazolidinone: an eco-friendly solvent

*

Antoine Fournier, ) Jean-Moise Suisse, Pierre de Frémont and Jacques Andrieu

Oxazolidinones are five-membered N-heterocycle rings containing a carbamate moiety and are known for
their industrial applications as antibiotics, herbicides and electrolytes in Li batteries. Considering the
projected ecological transition, they have the potential to be recognized as a green solvent according to
the European standards for bio-based solvents, if they can be synthesized via an eco-friendly synthetic
strategy is proposed for N-isobutyl-5-
methyloxazolidinone (BMOX) in two steps, starting from the renewable resources from sugar industry

route. Herein, a the kilogram scale synthesis of
and without using any organic solvent. The first step was the addition of bio-based isobutylamine to
chloropropanol in basic aqueous solution to afford an amino-alcohol. In the second step, to this amino-
alcohol, diethyl carbonate was added in the presence of a bio-based imidazolium salt catalyst to afford
the desired oxazolidinone containing more than 62% bio-based carbon atoms. This study elucidates the

physicochemical properties of this new bio-sourced oxazolidinone.

Introduction

Oxazolidinones are comparatively less studied than other N-
heterocycles (e.g., pyridines and imidazoles). Still, since the
last century, they have been industrially used as antimicro-
bial,** antiviral, antitubercular and anticancer agents*> and in
antibiotics such as linezolid,® herbicides,* chiral auxiliaries in
synthetic chemistry,” paint removers based on non-toxic and
halide-free solvents,® and electrolytes in electrical energy
storage.”® In addition to these applications, we hypothesize that
oxazolidinones might be sustainable solvents that will respond
plainly to the requirements of European standards EN
16766:2017 Bio-based solvents.” Bio-based solvents only
account for 1.5% of the bio-based chemical sector in the EU, but
their production is far from the marginal value at 75 kt per year
with an expected growth of 1% per year.’ This low annual
growth of only 1% is owing to the low priority given to the
production of bio-sourced alternatives, despite the need to
reduce non-renewable carbon resources and toxicity to humans
by solvents of fossil origin while improving recyclability.™
Strong political and economic constraints, such as the lack of
incentives for this change, limited availability of biomass for
full deployment, and potentially higher production costs also
limit the further utility of bio-based solvents." Although the
properties of oxazolidinones are not fully examined as they lack
toxicology and environmental data, they exhibit promising
physicochemical properties, as highlighted in the solvent

Institut de Chimie Moléculaire de I'Université de Bourgogne, UMR CNRS 6302,
Université de Bourgogne, 9 Av. Alain Savary, 21078 Dijon, France. E-mail: jacques.
andrieu@u-bourgogne.fr

© 2025 The Author(s). Published by the Royal Society of Chemistry

selection guide published in 2016 on the SHE (safe health and
environment) criteria."> Their boiling points are between 80 °C
and 200 °C, making them suitable to achieve low emissions of
harmful organic vapors (named VOCs) and an easy recycling
under low energy demand. This is the case for N-isobutyl-5-
methyloxazolidinone (1) reported in this work, with a bp
(boiling point) of 112 °C under 120 mbar. The health potential
hazard of (1) can easily be estimated through the “Classifica-
tion, Labelling and Packaging” (CLP) regulation according to
Global, Harmonized System (GHS)."

Unsubstituted 2-oxazolidones exhibit a low toxicity limited
to skin and eye irritation, with the worst hazard statement re-
ported being H319, similar to other safe solvents such as alco-
hols or ketones. Besides, its low human toxicity is proved by the
commercialization of another alkyl-substituted oxazolidinone
named linezolid.?> However, to evaluate whether oxazolidinones
can be classified as eco-friendly and safe solvents, it is impor-
tant to examine the chemical and technological risks associated
with the starting materials and chemical processes involved in
their production.

The first syntheses of oxazolidinones involved hazardous
isocyanates,™* carcinogenic catalysts,'>'® expensive aziridines,'
or propargylamines.'” Later, rhodium-catalyzed hydrogenation
of amino-acids was developed to provide bio-based amino-
alcohols, which further reacted with (dialkyl)-carbonates, thus
promoting cyclization.'®*®* Unfortunately, rhodium is toxic to
humans (carcinogenic agent). It has also an abundance of 5 ppb
in the earth's crust, which renders its extraction and refining
prohibitive in terms of environmental costs. These important
drawbacks hamper the large-scale production of amino-
alcohols under rhodium catalysis. To address this matter, we
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Scheme 1 Synthetic route of oxazolidinones from amino acids via
amino-alcohols.

described an eco-friendly synthesis of oxazolidinones**° start-

ing from diethyl carbonate and amino-alcohols obtained from
bio-based amino-acids under organocatalysis (Scheme 1). The
diethyl carbonate was made from cheap, abundant and safe
reagents such as carbon dioxide and ethanol.***?

To further improve the synthesis of oxazolidinones and
achieve 100% bio-based amino-alcohols, we suggest an alter-
native approach based on the decarboxylation of amino-acids to
produce amines, which then react with propylene oxide to
produce amino-alcohols (Scheme 2). Bio-sourced amines can be
obtained by several pathways: (i) direct amination of bio-
alcohols using ammonia,*?* (ii) decarboxylation reactions of
amino-acids with enzymes*” or with acetophenone under
heatlng 20,26,27

Note that propylene oxide (PO) is also a problematic reagent
because it is a flammable liquid (H224) with acute (oral, dermal
and inhalation) toxicity (H302, H311, H331 and H335), muta-
genic and carcinogenic properties (H340 and H350).

O.__OH -Co,

—_— N
acetophenone R™ "NH,

WQ
- gr“
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(1) catalyst R

R” “NH,

Scheme 2 Synthesis of oxazolidones from bio-based reagents.
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Subsequently, it should not be directly introduced in new
industrial chemical processes. Nevertheless, those fire and
health hazards might be significantly reduced by generating the
PO in situ by mixing chloro-alcohols with aqueous sodium
hydroxide.*®

Synthesis of amino-alcohol

Pathway 1: from the propylene oxide (PO). Prior to returning
to room temperature, propylene oxide was added dropwise to
a slight excess of isobutylamine dissolved in isopropanol at
0 °C. After 22 hours of reaction, 85% of propylene oxide was
converted, producing a mixture of the desired N-isobutyl-
isopropanolamine (2) and N-isobutyl-diisopropanolamine (3)
(Scheme 3). The formation of 3 corresponds to the double
addition of propylene oxide to isobutylamine. After 3 days of
reaction, propylene oxide was completely consumed, providing
2 and 3 in 79: 21 ratio. The compounds feature a boiling point
at 110 °C and 166 °C, respectively, under 180 mbar pressure.
They can be separated by fractional distillation, providing 46%
reaction yield for 2 and 14% yield for 3, similar to the yields
reported previously.?

Adding the PO at room temperature does not increase the
time of the reaction while there is no sign of exothermicity. PO
and isobutylamine being miscible, it is possible to perform the
reaction under bulk condition, limiting the quantity of organic
wastes. Interestingly, addition of a small amount of water (8%
volume versus the total volume of reagents) drastically increases
the rate of the reaction during the first hours, resulting in 84%
conversion of PO after 6 hours (Scheme 4). However, final
conversion is reached again after 3 days. The ratio of 2:3 is
equal to 81:19, indicating that water does not promote the
double addition of PO on the amine.

We believe that the acidic character of water activates and
stabilizes the oxygen atom of the epoxide when it undergoes
ring-opening during the nucleophilic attack of the amine,
forming an alcoholate and an ammonium adduct (Scheme 5). It

0°C to RT, iPrOH
3 days

(LOH
)\/ 1\14%

@) @)

\(\NHZ . )\/N

46%
Conversion: 100%
Selectivity: 79/21

Scheme 3 Synthesis of amino-alcohol (2) and amino-diol (3).
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Scheme 4 Solvent-free synthesis of amino-alcohol and amino-diol.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08386e

Open Access Article. Published on 10 February 2025. Downloaded on 8/1/2025 7:06:18 AM.

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

(cc)

Paper

View Article Online

RSC Advances

I
?
I

H\
O.—-
Y
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Scheme 6 Regioselective nucleophilic attack of amine on propylene
oxide.

also plays the role of a proton carrier during H-transfer from
ammonium to alcoholate groups.

It is interesting to note that the only desired amino-alcohol 2
as well as amino-diol 3 were formed during the reaction, while
another amino-alcohol isomer (N-isobutyl-propanol-2-amine),
corresponding to the nucleophilic attack to the amino-group
on the most hindered carbon position of propylene oxide, was
not observed (Scheme 6).

We suggest that the high electronegativity of oxygen renders
the two carbon atoms of the ring more electrophilic. In addition,
the methyl group creates steric hindrance along with an induc-
tive electron-donating effect, which hinders the nucleophilic
attack of the nitrogen on its neighboring substituted carbon
atom. As a result, the amine selectively attacks the less
substituted carbon atom, which is more electrophilic, and limits
the formation of N-isobutyl-mono- and di-isopropanolamine
isomers (Scheme 6). A control experiment was done with

isobutylammonium hydrogenoxalate to replace isobutylamine.
The bio-based ammonium salt was first solubilized in water, and
propylene oxide was added dropwise to the solution at room
temperature. After 22 hours of reaction, propylene oxide was fully
consumed and rather converted to 1,2-propanediol by acidic
hydrolysis than to amino-alcohol 2 (Scheme 7). It is therefore
important to use an amine instead of an ammonium salt to
synthesize the desired amino-alcohol 2 at neutral pH.

The reaction was also carried out at a larger scale (by a factor
10%) going from 1.2 mL to 1.2 L of reagents. Changing the reac-
tion scale, especially by a thousand fold, can trigger hazardous
effects that need to be addressed. The addition of large amounts
of PO is expected to strongly increase the temperature of the
reaction medium. Thus, efficient heat exchange equipment and
glassware with appropriate stirring are required, contrary to
small scale reactions, which are more permissive. After several
trials, we found the following optimized experimental condi-
tions: 0.50 L of propylene oxide (or 415 g) was added dropwise,
over 4 hours, to a solution of 1 equiv. of isobutylamine (0.71 L or
523 g), cooled at 0 °C, and containing a small amount of water to
limit the generation of heat (10 mL, <1% vol/vol of all reagents).
After one day of reaction, only 6% of the propylene oxide were
consumed, indicating that the amount of water was insufficient
to catalyze the reaction (Scheme 5). Thus, 90 mL of water was
added dropwise (equivalent of 8% vol/total volume), and the
reaction was complete after five days (Scheme 8). The "H NMR
analysis of the reaction medium confirms that all propylene

NH,* NH,*
0 OH + X/ i» ‘0 OH +

O HO  OH
(0] 0] (0) (0]

Scheme 7 Attempt to prepare amino-alcohol 2 from an ammonium salt.

0°Cto RT

YNHZ + <7 +H,0 8% volivol
o

5 days

0.7L 05L

Scheme 8 Large scale synthesis of aminols 2 and 3.
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oxide is converted to aminols 2 and 3 with a ratio of 78 : 22. After
distillation under 180 mbar of the reaction mixture, the
unreacted wet isobutylamine was first recovered at RT, followed
by nearly 0.5 kg of the pure amino alcohol 2 at 114 °C as
a colorless liquid. A second distillation at 166 °C under 180 mbar
led to a third fraction of 223 g containing 89% of aminodiol 3
contaminated by 11% of 2.

As previously mentioned, propylene oxide is problematic for
industrial applications. First, it is a highly flammable liquid
with a flash point of —37 °C (i.e., of category 1 according to the
United Nations globally harmonized system (GHS)). Second, its
vapor forms explosive mixtures with air, at room temperature,
within the limits from 1.9 to 38.8% volume, leading to
a significant explosive atmosphere risk. Third, it is a carcino-
genic compound (category 1B, i.e., potentially harmful to
humans). Therefore, to limit those fire and chemical hazards in
the preparation of oxazolidinones, at a large scale, we looked for
another synthetic route, replacing propylene oxide by a less
dangerous reagent such as its 1-chloropropan-2-ol precursor,
which exhibits lower flammability, higher flash point (52 °C vs.
—37 °C) and limited cytotoxicity.*

Pathway 2: from chloropropan-2-ol. Since chloropropan-2-ol
should not be prepared by epoxide hydration, alternative routes
based on the hydration of allyl chloride or hydrochlorination of
propene were reported.**> The latter produces a totally bio-based
chloropropan-2-ol thanks to propene, which comes from bio-
based glycerol. Thus, we employed chloropropan-2-ol to
generate the propylene oxide by thermal treatment. During the
reaction, HCl is released and must be neutralized by the addition
of a sodium hydroxide solution, according to previously published
works.*"** Using this protocol, 92% of 3 equiv. of isopropylamine
react in the presence of 1 equiv. of chloropropan-2-ol after 23 h at
70 °C. Unfortunately, treatment of the crude reaction mixtures
with a base leads to a very viscous residue difficult to purify by
distillation. The expected amino-alcohol 2 is obtained with a low
yield of 28% and contaminated by several unidentified
compounds. To hamper the formation of these side-products, the
reaction was attempted at room temperature (Scheme 9).

The experimental conditions were also modified to ease the
purification step by postponing the thermal treatment before
the addition of a strong base. Therefore, a preliminary experi-
ment was performed at room temperature by directly mixing
chloropropanol with a slight excess of KOH in water. Since the

HO Cl Cl OH

KOH aq.
few mintues
at RT

- KCI

o]
Conversion: 60%

Scheme 9 PO formation from chloropropanol isomers in basic
medium.
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reaction is suitable for both chloropropanol isomers, it was
made from commercial blends. Monitoring the reaction
mixture by "H NMR unveils the formation of PO, within 60%
conversion, after only a few minutes (Scheme 9).

At 0 °C, a similar reaction was performed with 2 equiv. of
isobutylamine and 1 equiv. of chloropropanol added dropwise.
First, N-isobutyl-isopropanolammonium chloride was formed,
as evidenced by the presence of a small amount of white smoke.
Then, a slight excess of KOH solution was slowly introduced
(Scheme 10). The reaction was followed by "H NMR, which
shows that after 7 hours, 69% of chloropropanol was converted
to a mixture of 81%, 5% and 14% of amino alcohol 2, amino-
diol 3 and PO, respectively. The complete conversion of chlor-
opropanol and propylene oxide was achieved after 22 hours with
the ratio of 2 and 3 equal to 86:14 (Table 1, entries 1 and 2).

The conditions of the reaction were then optimized: first,
increasing the amount of KOH from 1.10 to 1.57 equiv. allows
for complete conversion after 8 h instead of 22 h and the ratio of
2 and 3 was enhanced to 94:6 (Table 1, entries 2 and 3). It is
worth noting that both chloropropanol isomers were totally
converted even though 1-chloropropan-2-ol reacts much more
rapidly than 2-chloropropan-1-ol. Indeed, the initial 1-
chloropropan-2-ol/2-chloropropan-1-ol ratio of 3.76 (79% and
21% of each isomer) becomes ten times lower and equal to 0.37
(27% and 73% of each isomer) after 7 hours and ends at 0.15
(13% and 87% of each isomer) after 22 hours. We found that
1.41 equivalent of KOH solution also decreases the reaction
time down to only 6 h while a lower amount of 1.29 equivalent of
KOH reverses this trend dramatically (Table 1, entries 4 and 5).

These experiments clearly show that the addition of an
excess of KOH decreases the reaction time (spanning from 6
and 8 h) to quantitatively produce the amino-alcohols 2 and 3,
with high selectivity (92%) toward the formation of 2. After
filtration to remove the excess of KOH, 2 is easily isolated, with
75% yield, by distillation under a reduced pressure. Prior to
adopting these conditions, we made two minor changes to
minimize the cost and the chemical risk of the reaction: first,

\‘/\NHZ N Cl OH + KOHyq
/—< 1 to 1.6 equiv.
HO Cl
0-5°C | 7to24 h
- KCI

)\/H\ji + )VNHJI)H
(2) Hg)

Selectivity: 81-92%
yield: 75%

Scheme 10 Bio-based synthesis of amino alcohols with PO in situ
formation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Reaction times and selectivities depending on the amount of base®

Selectivity (in mol%)

Entry KOH agq. (equiv. mol) Time (h) Conversion of chloropropanol (in mol%) 2 3 PO
1 1.1 7 69 81 5 14
2 1.1 22 86 94 6 0
3 1.57 8 100 91 9 0
4 1.41 6 100 92 8 0
5 1.29 24 98 91 9 0

¢ Experimental conditions: chloropropanol (58 mmol), isobutylamine (116 mmol), 0 °C to RT. Conversion and selectivity determined by "H NMR

spectroscopy.

NH CI/_<)H
\h ¥ ﬁ(

+ NaOH
850¢g HO cl 326 g
550 g
0°C H,0
o RT - Naci

e Ay

(2) @)
Selectivity: 92%
yield: 85% (647 g)

Scheme 11 Large-scale synthesis of the bio-based amino-alcohol 2.

sodium hydroxide was replaced by potassium hydroxide and
then chloropropanol was added dropwise to keep the aqueous
solution as cold as possible and prevent the release of gaseous
propylene oxide. A large-scale synthesis was achieved by stirring
for 24 h at 0 °C, and then at RT, 550 g of chloropropanol, 850 g
of isobutylamine and 326 g of NaOH in water (Scheme 11). The
"H NMR analysis of the crude product features the presence of 2
and 3, exclusively, with a ratio of 92: 8. Further separation by
distillation between 100 and 120 °C under 180 mbar, leads to
647 grams of pure 2, corresponding to a yield of 85%. Inter-
estingly, amino-diol 3 can be recovered and valorized as an
intermediate in polyurethanes production after condensation
with sebacic (also named decanoic) acid.*

Importantly, our scale-up synthesis is propylene oxide-free,
exhibits good yields of amino-alcohols and excellent selectivity
toward isomer 2.

Large scale synthesis of oxazolidinones and their
physicochemical properties

As mentioned in the introduction, we demonstrated that the
bio-based imidazolium hydrogen carbonate salt 4 or carbonate
5 is a catalyst capable of converting non-activated amino-
alcohols to oxazolidinones in a selective manner and with

© 2025 The Author(s). Published by the Royal Society of Chemistry

(0]
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PSP

750 g, pur 940 g
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N I
7h HCO3 T

or -
(4)25 g €0z
(5)10g

2 EtOH

—
&Nf

bio-based oxazolidinone

510 g, 66% with (4)
530 g, 94% with (5)

Scheme 12 Large-scale synthesis of bio-based oxazolidinone 1.

high yields.*>*” In addition, it is easily recovered and recycled at
the end of the runs without any loss of catalytic performance.
Thus, 4 was selected for the large-scale synthesis of N-isobutyl-5-
methyloxazolidinone (1). A reaction between 0.75 kg of amino
alcohol 2 and 0.94 kg of diethyl carbonate was performed at 90 ©
C in the presence of 2 mol% of 4. The ethanol formed during the
reaction was distilled in real time. The desired oxazolidinone 1
was obtained with 66% yield (equivalent to half kilogram) after
distillation under reduced pressure (Scheme 12). Notably, the
distillation of diethyl carbonate and ethanol in excess and the
recovery of the catalyst by filtration increase the recyclability of
the system, also reducing the presence of organic wastes.

Another large-scale synthesis of 1 was possible in the presence
of 1,3-dimethyl imidazolium carboxylate (5) (10 g, 2 mol%)*”
starting from 740 g of N-isobutyl-5-methyloxazolidinone and
640 g of diethyl carbonate. It was performed at 108 °C for 5 h,
providing 94% yield of oxazolidinone with same selectivity.
However, catalyst 5 was petro-sourced.

Comparison of the two methods on the environmental impact

In order to compare the environmental performances of the
methods using propylene oxide or chloroethanol, the atom

RSC Adv, 2025, 15, 4431-4442 | 4435
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economy AE* or reaction mass efficiency RME (both reflect the generated during the process), taking into account the selec-
carbon optimization introduced in the chemical process) can be  tivity toward the desired amino-alcohol.

evaluated as well as the environmental factor E (named E factor, However, we prefer to use the RME®* (Reaction Mass Effi-
which quantifies the amount of by-product or organic waste ciency) instead of AE because it takes into account the yield that

RME et E factor calculations for the first step

Pathway 1
4°C to RT (LOH
\r\NHg + in HZO )\/H + )\/N
o j\
e @) ®) Ho

5229 (0.7L) 4159 (0.5L) 470 g, 50% 190 g, 14%

190
_ — N0 _ 190, _
RME = (522 2o ¥100) =50%  and E factor = () = 0.40
Pathway 2
NH 4°C to RT H\
Y 2+C|/—(OH+ NaOH aq o )\/ )\/j\*'NaCI
1 day
) HO
854 ¢ 550 g 326¢g
(1.16 L) (0.50L) (0.70 L at 11.65M) 647 g, 85% 819,7% 680g
81+680
_ 647 _ a0 _ _
RME = (854+550+326 x100) = 37% and E factor = (——) = 1.17

RME et E factor calculations for the second step

)\/H OH e} 2% mol (25g) bio-based
N imidazolium salt (4) /& —
J\ + /\OJ\O/\ _— N_ O + 2 EtOH
90°C, 7 h
o)

bio-based
oxazolidinone (1)

647 g 878 g 508 g, 66% 450 g

50

RME = (64-7 878

x100) = 33% (with 4) and E factor = 22 = 0.89

RME = 47% (wih 5) and E factor = 0.62

Scheme 13 Environmental performances of different synthetic methods for oxazolidinone.
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is specific to each synthesis and the experimental mass of
reactants instead of their molecular weight. Thus, as previously
reported, RME appears to be a better metric to compare
different “green technologies”.*> Combined with the E factor,
both metrics are particularly relevant for identifying chemical
or technological eco-innovations and quantifying their envi-
ronmental and economic impacts. By applying the well-known
equations to calculate RME* and E factor®® with our opti-
mized experimental conditions and stoichiometry (Scheme 7),
we find, with PO, a RME of 50% based on the complete
conversion of isobutyl amine with the isolated pure product 2
and an E factor of 0.32-0.40 (Scheme 13). With chloroethanol,
the synthesis proceeds in two steps. We find an RME equal to
50% for the first step and an E factor equal to 1.17 (Scheme 10
and Table 1) (Scheme 13). For the second step, we find an RME
equal to 33% for the bio-based catalyst (4) and an E factor equal
to 0.89. Similar synthesis performed with petro-based imida-
zolium (5) led to RME = 47% and E factor equal to 0.62. These
comparative studies on environmental impact show compa-
rable environmental performances between PO vs. chlor-
oethanol in terms of reaction mass efficiency but the last
synthetic method (pathway 2) increases the amount of chemical
waste by 3 due to the formation of sodium chloride salt.
However, chloropropanol is also more interesting when safety
criteria come into play because contrary to PO, it exhibits low
flammability and weak carcinogenic properties. Based on this
fact, we can assume that chloropropanol is a very promising
reagent for the large-scale production of bio-based amino-
alcohols in compliance with the REACH obligations.

Oxazolidinones as alternative solvents for (electro)-chemistry

N-Methyloxazolidinone is a solvent widely used in industries. It
can replace methylene chloride in synthetic chemistry or
removal of paints® and various organic electrolytes in lithium-
ion batteries.” Because 1 is structurally close to N-methylox-
azolidinone and remains undescribed in literature, we wished
to determine its potential as the first bio-based, non-toxic and
halide-free solvent.

For solvents, the critical properties to evaluate are the
melting points, boiling temperatures and flash points because
they give a range of temperatures for safe handling. We found
that oxazolidinone 1 remains liquid at —18 °C and boils at 110 °
C under a pressure of 180 mbar. It approximately corresponds
to a boiling point of 170 °C under atmospheric pressure.

Flash point corresponds to the temperature at which vapors
ignite in the presence of a spark. It makes possible to investigate
the flammability risks of any compound and therefore to esti-
mate the potential explosive atmosphere risks. Flash points are
determined following the Cleveland method, described by the
ISO 2592 standard of 2017.*” We applied this method by grad-
ually heating a small quantity of oxazolidinone 1 in an open
aluminum container in the presence of a flame. A slight
decomposition occurred above 120 °C. Thus, at room temper-
ature, 1 is non-volatile and non-flammable. The stability of 1
against acids and bases was studied in ethanolic solutions to
provide a homogeneous environment and makes chemical
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degradation easier. After 7 hours under reflux in the presence of
HCl,q, solution at 0.1 mol L', the analysis of the reaction
mixture by proton '"H NMR spectroscopy indicates that no
degradation occurred. With similar conditions and in the
presence of KOH,q. solution at 0.1 mol L%, the analysis of the
reaction mixture unveils the reformation of 5% of starting
amino-alcohol 2.

Acetone, ethanol, toluene and xylene are fully miscible with 1
by opposition with water and white spirit (which contains C9-
C11 alkanes), leading to two distinct liquid phases. For 1,
a density of 0.997 was determined at 23 °C and a viscosity of 5.88
mPa s was measured at 25 °C with a well-known Ubbelohde
viscometer.*® This value is comparable to 5.43 mPa s and 2.45
mPa s found with benzyl alcohol and N-methyl oxazolidinone,
respectively.®® It is also way larger than 0.89 mPa s and 0.36
mPa s found with water and acetone, respectively. While the
dielectric constant of bio-based oxazolidinone 1 was not
measured, it is estimated to approximately 80 based on the
value found for N-methyl oxazolidinone, which is also equal to
the dielectric constants of water® or ethylene glycol.® In
summary, the physical and chemical properties classify 1 as
a solvent: (i) rather fluid, (ii) with a moderated hydrophobic
character, (iii) not volatile under standard experimental condi-
tions, (iv) stable in acidic medium, (v) odorless. Such properties
might open the route to replace conventional and volatile
solvents, limiting the risks of explosion this way. However,
toxicologic studies are still missing to ensure that 1 is less toxic
that conventional solvents, even though various commercial
oxazolidinones (e.g., oxazolidinone, 3-methyloxazolidinone and
4-methyloxazolidinone) exhibit a weak health hazard, being
classified as category 4 for their oral toxicity. For comparison,
acetonitrile has the same oral toxicity and proven dermal and
inhalation toxicities.

A preliminary electrochemical study was also made using
cyclic voltammetry to evaluate the redox stability of 1 and its
potential to act as an organic solvent or an electrolyte. Indeed,
in electrochemistry, solvents are selected based on their avail-
able electrochemical window defining their domain of stability
against oxidation and reduction potentials. The voltammo-
grams of 1 and acetonitrile were recorded between —4.0 and
+4.0 V/SCE using 0.1 M of tetrabutylammonium hexa-
fluorophosphate to ensure electrical conductance of the solu-
tions (Fig. 1).

As expected for a non-ionic and organic compound, pure
oxazolidinone 1 does not exhibit electrochemical reactivity (red
curve) due to a low electric conductivity. Upon the addition of
ammonium salt, the CV of 1 (green curve) shows irreversible
anodic and cathodic waves with oxidation-reduction potentials
Eox and E..q of 2.0 V/SCE and 3.0 V/SCE, respectively. The
products formed at extreme potentials were not analyzed.
However, the oxidation and reduction peak potentials observed
for BMOX are comparable to those measured for commercial N-
methyloxazolidinone” (E,x = 1.7 V/SCE and E;.q = —3.0 V/SCE).
The redox potentials of acetonitrile were also measured (blue
curve) to be Eox = 3.3 V/SCE and E,.q = —2.9 V/SCE and found
consistent with the data from the literature. The bio-based
oxazolidinone 1 is therefore a potential organic electrolyte. Its

RSC Adv, 2025, 15, 4431-4442 | 4437


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08386e

Open Access Article. Published on 10 February 2025. Downloaded on 8/1/2025 7:06:18 AM.

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

(cc)

RSC Advances

View Article Online

Paper

0.5 4
0 < .
4 -2 1 1 2 3 4 E (V/SCE)
-0.5
& -1
£
o
I 15 A
E
=
-2.5
-3
== (Oxazolidinone pure Oxazolidinone TBAPF6 e MeCN TBAPF6

Fig. 1 CVs of the oxazolidinone vs. acetonitrile, pure or containing 0.1 M TBAPFg (under Ar, WE: Pt: @ =1 mm, » = 10 mV )

anodic stability, although slightly higher than that for N-
methyloxazolidinone, remains too low for any application in Li-
batteries.” Notably, the stability of 1 could be significantly
improved by fluorination or by the addition of another very
electronegative atom, like for the reported difluorinated 3-
methyloxazolidinone.*®

Other bio-based oxazolidinones with weak toxicity and
different physical or chemical properties could be synthesized
from the amino-alcohol solvent-free protocol starting from
available natural amino acids. However, the cost of these new
solvents will strongly depend on the availability of the reagents
from biomass. A further investigation on the life cycle assess-
ment according to ISO 14040 will be very relevant to evaluate the
environmental impact for each of them. With these remarks,
only specific properties will be able to meet the expectations of
manufacturers and REACH regulations.

On the other hand, the growing complexity of discovering
the next generation of green solvents makes it clear that the
design of new bio-based solvents should be coupled with
advanced computer technologies such as artificial intelligence.
Since the earliest database design methodologies by Estévez
et al. in 2009,*" the SUSSOL software, developed by Hannes Sels
et al. in 2020, helps identify sustainable solvent candidates
using neural networks trained on a database of known solvents'
physical properties.*>** However, Al models require high-quality
databases of known solvents that contain information about the
desired properties such as physical and chemical, olfactive
properties, ecological performance data, and economic
viability. The data to be fed to AI need to be provided by the
community of synthetic chemists and can be found in contri-
butions like ours.

Conclusion

In the current environmental context, new manufacturing
processes must be developed keeping their effects on the envi-
ronment minimal and promoting reusability by preserving the
starting material and industrial equipment. Since oxazolidi-
nones already have several industrial or pharmaceutical appli-
cations, the quest for their new and more environmentally
friendly synthetic process is therefore a necessity. The synthesis
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of oxazolidinone reported in this work was established from
renewable resources (valine from sugar industry). Initially,
a synthetic method using isobutylamine and propylene oxide
was developed, resulting in the synthesis of the corresponding
amino-alcohol with 50% yield on a large scale (around half
kilogram). The only side-product of the reaction was the corre-
sponding amino-diol. As propylene oxide is carcinogenic and
exhibits a high explosive risk, a second method was developed
to generate PO in situ from chloropropanol. This method yiel-
ded large quantity (up to kg) of amino-alcohols, with yields up to
85%. They were further engaged with diethyl carbonate and
diisobutylimidazolium hydrogen carbonate (4) (as bio-sourced
reagent and catalysts) to afford oxazolidinones in good yields.

The evaluation of environmental performances of both
synthetic protocols showed that using chloroethanol instead of
PO was better in terms of green chemical process metrics, such
as carbon atom optimization (RME) and undesirable organic
waste (E factor). It also complied with REACH obligations and
safety criteria when the carcinogenic and highly flammable
propylene oxide was removed. Therefore, chloropropanol is
a very promising reagent for the large-scale synthesis of bio-
based amino-alcohols for producing oxazolidinones at the
industrial level. The physical and electrochemical properties of
1 indicate its potential to replace other petroleum-based oxa-
zolidinones that are used in industrial applications. Thus, this
neo-green solvent will help to decarbonize industries (by the
massive use of carbon from biomass, which is formed by
photosynthesis from CO,) and meet the current challenges of
ecological transition.

Experimental section
Synthetic procedures

The procedures to convert few grams of r-valine to the corre-
sponding ammonium [‘BuNH;](HC,0,)”” and imidazolium salts
[Bu,IM](HC,0,) and [Bu,IM](HCO;) were previously re-
ported.”** Bulk electrolyses were performed in a one-
compartment cell with an Amel 552 potentiostat coupled with
an Amel 721 electronic integrator or with an Apelex PS 304 Min-
ipac II. Electrolyses were performed with glassy carbon beaker as
the anode and stainless-steel grid or rod as the cathode.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Reagents and instrumentation

Acetone (Carlo Erba, 99.8%), acetonitrile (Carlo Erba, HPLC
gradient, 99.9%), acetophenone (Alfa Aesar, 99%), 1-chloro-2-
propanol (TCI, 75%), diethyl carbonate (Alfa Aesar, 99%),
glyoxal (WeylChem Lamotte, 100% biobased produced from
bio-ethanol), isobutylamine (Acros), NaOH (Fisher Scientific,
98.5%), oxalic acid (WeylChem Lamotte, 100% biobased,
produced from bio-ethanol), paraformaldehyde (Fisher Scien-
tific, 97%), propylene oxide (Acros, 99%), toluene (Carlo Erba,
99.8%), and r-valine (Ajinomoto SAS, 98% purity, 100% bio-
based, produced from sugar beets). The NMR spectra were
recorded on a 300, 500 or 600 MHz Bruker Advance spectrom-
eter. The "H NMR and "“C{'H} NMR spectra were calibrated to
the deuterated solvent on the basis of the relative chemical shift
of the solvent as an internal standard. The mass spectra were
obtained using a Bruker Micro-ToF Q instrument in the ESI
mode. Elemental analyses were performed with a Thermo
Electron Flash EA 1112 Series CHNS/O analyzer.

Synthesis of isobutylammonium hydrogen oxalate in large
scale

The following synthesis is based on the previous preparation of
isobutylammonium hydrogen oxalate,” which was optimized to
extend the production from few to hundreds of grams. A
suspension of L-valine (200 g, 1.71 mol) in acetophenone (0.80 L,
6.87 mol) was introduced into a two liter flask equipped with
a trap-to-trap tube connected to a one liter solution of aqueous
oxalic acid at 1.71 M to neutralize vapors formed during the
reaction. The reaction media was heated at 125 °C under stir-
ring for 24 hours. After cooling to room temperature, the
unreacted valine mixture was isolated by filtration (66 g). The
oxalic acid solution was then added to the acetophenone solu-
tion under vigorous stirring. The acetophenone solution was
separated by decantation and can be reused for a new reaction.
The aqueous solution was concentrated by water evaporation
using a rotary evaporator. The resulting yellow solid was washed
with 250 mL plus 4 x 150 mL of acetone and dried under
vacuum. The expected product was obtained as a white solid
(126 g, 774 mmol, 45%, 68% based on valine conversion). "H
NMR (D,0): 0.98 (6H, d, J = 6.8 Hz, CH3), 1.94 (1H, hept, J =
6.9 Hz, CH), 2.84 (2H, d, J = 7.1 Hz, CH,). "*C NMR (D,0): 18.8
(CH3), 26.3 (CH), 46.3 (CH,), 165.6 (Coy). HRMS (ESI-MS) m/z
calc. for CgH,3NO,Na'™ [M + Na]': 186.07368, found: 186.07328,
calc. for C;oH,5N,0," [2C + A]": 237.18088, found: 237.18042.
Satisfactory elemental analysis could not be obtained due to the
stubborn traces of [NH,](HC,0,).

Synthesis of biobased isobutylamine

A solution of isobutylammonium hydrogenoxalate (5 g, 30.67
mmol) and KOH (8.8 g, 157 mmol) in 50 mL of water was heated
at 70 °C under stirring. The isobutylamine-water azeotrope was
isolated by distillation at the expected temperature of 56 °C. "H
NMR analyses showed only the presence isobutylamine and
water. The amine concentration was controlled by dosage with
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a hydrochloric acid solution at 0.1 mol L * (1.93 g, 26.4 mmol,
86%). The NMR data were consistent with those observed for
the pure product purchased from Acros.

Synthesis of N-isobutyl-isopropanolamine (2) and N-isobutyl-
diisopropanolamine (3) in large scale

Pathway 1, starting from propylene oxide (PO). Isobutyl-
amine (522 g, 710 mL, 7.16 mol) was placed in a two liter flask,
dissolved in 100 mL of water and cooled at 0 °C. Propylene oxide
(415 g, 500 mL, 7.16 mol) was added dropwise to the solution for
4 hours under stirring. The resulting mixture was stirred three
days at RT. The NMR data show complete conversion of PO with
78% selectivity for N-isobutyl-isopropanolamine and 22% for
the second amino-alcohol. Distillation under 180 mbar at 114 °©
C leads to pure N-isobutyl-isopropanolamine as a colorless
liquid (470 g, 3.59 mol, 50%) and at 166 °C to impure N-isobutyl-
diisopropanolamine (223 g, mixture 3 (190 g) plus 2 (33 g,
14%)). Further distillation at 116 °C under vacuum leads to pure
N-isobutyl-diisopropanolamine. Analytical data of both
compounds are identical to those found by the second synthetic
method, see below.

Pathway 2, starting from chloropropanol.
3
)5\/“\){ A mixture of isobutylamine (854 g,
6 : ; OH

1.16 L, 11.70 mol) and an aqueous sodium hydroxide solution
(326 g, 0.70 L at 11.65 M) was cooled at about 4 °C with an ice
bath. A cold pure chloropropanol (550 g, 0.50 L, 5.82 mol) was
then added dropwise for 4 hours under vigorous stirring. After
stirring for 24 hours, the reaction medium led to a liquid-
suspension biphasic system and was analyzed by '"H NMR
spectroscopy. The proton spectrum shows the complete
conversion of chloropropanol and the formation of 92% of N-
isobutyl-isopropanolamine (2) and 8% of N-isobutyl-
diisopropanolamine (3). After filtration to remove 680 g of
sodium chloride formed during the reaction, the solution
mixture was distilled under a vacuum of 180 mbar. The first
fraction of 378 g distilled between 60 and 100 °C was an
aqueous solution of N-isobutyl-isopropanolamine (2) (271 g,
2.07 mol, 36%). A second fraction distilled between 100 and
120 °C under vacuum (180 mbar) was a colorless liquid identi-
fied as pure N-isobutyl-isopropanolamine (2) (376 g, 2.87 mol,
49%). This corresponds to 647 g of N-isobutyl-
isopropanolamine, giving a yield of 85%. Distillation at
166 °C under the same vacuum conditions led to N-isobutyl-
diisopropanolamine (3) (81 g, contaminated by (2) as previ-
ously observed with pathway 1, 0.43 mol, 7%).

Analytical data for N-isobutyl-isopropanolamine. '"H NMR
(in CDCl,): 0.89 (6H, d, J = 6.7 Hz, H®), 1.12 (3H, d, ] = 6.2 Hz,
H%), 1.70 (1H, hept, J = 6.7 Hz, H"), 2.40 (3H, m, H' + H*), 2.66
(1H, dd,J = 3.1 Hz,J = 9.0 Hz, H'), 3.73 (1H, m, J = 3.2 Hz, H?).
13C NMR (in CDCl;): 20.5 (C?), 20.65 (C®), 28.6 (C°), 57.0 (C*),
57.7 (C"), 65.5 (C?). HRMS (ESI-MS) m/z calc. for C;H;sNO" [M +
H]": 132.13829, found: 132.13781, calc. for C;H;;NONa" [M +
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Na]: 154.12024, found: 154.11954. Elemental analysis was
consistent with these already reported.*

Analytical data for N-isobutyl-diisopropanolamine

Diastereoisomers  (R,R)/(S,S). 'H NMR

4
OH56
7
)\/N
2
3 1

o

(CDCI;): 0.81 (3H, d,J = 6.7 Hz, H’), 0.88 (3H, d, ] = 6.6 Hz, H'),
1.05 (6H, d, J = 6.4 Hz, H%), 1.70 (1H, m, H®), 2.12 (1H, dd, ] =
9.8 Hz,J = 12.6 Hz, H%), 2.22 (1H, dd,J = 4.9 Hz, ] = 12.9 Hz, H"),
2.27 (2H, dd,J = 2.9 Hz,J = 13 Hz, H"), 2.30 (2H, dd, ] = 8.7 Hz, ]
= 12.6 Hz, H'), 3.31 (2H, s, H%), 3.74 (2H, m, H*). *C NMR
(CDCI,): 20.3 (C*), 20.7 (C7), 21.0 (C7), 26.3 (C®), 63.2 (C"), 64.0
(C?), 64.4 (C°).

Diastereoisomers (S,R)/(R,S). "H NMR (in CDCl;): 0.83 (6H, d, J
= 6.6 Hz, H'), 1.06 (6H, d, ] = 6.3 Hz, H®), 1.66 (1H, hept, J =
6.8 Hz, H®), 2.20 (2H, d,J = 7.2 Hz, H’), 2.33 (2H, dd, ] = 9.8 Hz, ]
= 13 Hz, H'), 2.40 (2H, dd, J = 4.3 Hz, J = 13.1 Hz, H"), 3.31
(2H, s, HY), 3.73 (2H, m, H?). "*C NMR (in CDCl;) 20.6 (C?), 20.8
(C), 26.7 (C°), 64.7 (Ch), 65.2 (C°), 65.5 (C?).

For both diastereoisomers. HRMS (ESI-MS) m/z calc. for
C10H24NO," [M + H]": 190.18016, found: 190.17952, calc. for
C10H,3NO,Na' [M + Na]': 212.16210, found: 212.16119, calc. for
C1oH2,NO' [M — OHJ': 172.16959, found: 172.16902. Elemental
analysis was consistent with those already reported.*

Synthesis of N-isobutyl-5-methyloxazolidinone (1)

Procedure 1, using a biobased imidazolium salt as organic
catalyst. 6Starting from amino-alcohol aqueous

solution: an aqueous solution of N-isobutyl-isopropanolamine
(647 g, 4.94 mol), diethyl carbonate (0.90 L, 7.44 mol) and dii-
sobutylimidazolium hydrogen carbonate (25 g, 103 mmol) were
introduced into a two liter flask equipped with a distillation
column. The reaction mixture was heated at 90 °C for 7 hours,
allowing for the removal of ethanol and the diethyl carbonate-
water azeotrope (bp = 82 °C as reported)* formed during the
reaction. The undistilled organic phase was separated from
water by decantation and reintroduced into a one-liter flask to
be heated at 124 °C for 8 hours. The expected product 1 was
then isolated as a colorless and odorless liquid by distillation at
112 °C under a vacuum of 180 mbar (508 g, 3.24 mol, 66%).
Compound 1 contains 8 carbon atoms and 5 coming from bio-
sourced reagents (1-valine plus DMC); as a result, 1 is 62%
biobased. "H NMR (CDCl,): 0.92 (6H, d, J = 6.7 Hz, H°), 1.42
(3H, d,J = 6.2 Hz, H®), 1.87 (1H, hept, J = 6.7 Hz, H®), 3.03 (2H,
m, H’), 3.10 (1H, dd, ] = 6.8 Hz,J = 1.7 Hz, H"), 3.62 (1H, t, ] =
8.4 Hz, H"), 4.62 (1H, m, H”). >C NMR (CDCl;): 19.9 (C°), 20.9
(€, 26.9 (C?), 51.7 (C7), 52.0 (C*), 69.9 (C”), 158.4 (C*). HRMS
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(ESI-MS) m/z calc. for CgH;¢NO," [M + H]": 158.11756, found:
158.11723, calc. for CgH;5NO,Na' [M + Na]': 180.09950, found:
180.09904. Elemental analysis for CgH;5sNO,: calc.: C, 61.12, H,
9.62, N, 8.91, found: C, 61.22, H, 10.47, N, 9.18. d (23 °C) =
0.9974.

Procedure 2, using a petro-based imidazolium salt as an
organic catalyst. Starting from pure amino-alcohol: N-isobutyl-
isopropanolamine (470 g, 3.59 mol), diethyl carbonate (648 g,
0.664 L, 5.49 mol) and dimethylimidazolium-2-carboxylate
(10 g, 71.8 mmol) were introduced into a two liter flask equip-
ped with a distillation column. The reaction mixture was heated
at 108 °C for 5.3 hours, allowing for the distillation of slowly
formed ethanol. Solvents were removed under vacuum at 60 °C.
After cooling the undistilled residue at —18 °C for 1 hour, the
insoluble catalyst was separated by filtration in order to be
reused for further synthesis (8 g, 80% of recovery). Distillation
of the filtrate at 110 °C under a vacuum of 180 mbar led to the
expected product as a colorless and odorless liquid (530 g,
3.38 mol, 94%).

Synthesis of diisobutylimidazolium hydrogen oxalate in large
scale

A suspension of isobutylammonium hydrogen oxalate (130.9 g,
925.8 mmol), paraformaldehyde (15.27 g, 509.2 mmol) and
glyoxal (64 mL, 561.0 mmol, 40% in water) in half liter of
toluene was heated at 130 °C. The water formed during the
reaction was removed with a Dean-Stark equipment. When
water distillation was achieved, the mixture was cooled down to
room temperature and toluene was removed by decantation.
The addition of 100 mL of acetone under stirring afforded
a brown oil, which led to a solid after the addition of 100 mL of
acetone. The solid was filtered, washed with 3 x 100 mL of
acetone and dried under vacuum. The expected product was
obtained as a beige solid (91.2 g, 337.8 mmol, 84%)."H NMR
(D,0): 0.91 (12H, d, J = 6.7 Hz, CH3;), 2.14 (2H, hept, ] = 6.8 Hz,
CH), 4.02 (4H, d,J = 7.2 Hz, CH,), 7.49 (2H, s, CH=), 8.80 (1H, s,
NCHN). *C NMR (D,0): 18.5 (CH3), 28.8 (CH), 56.4 (CH,), 122.7
(CH=), 135.6 (NCHN), 164.4 (C,x). HRMS and elemental anal-
ysis were consistent with those already reported.*

Synthesis of diisobutylimidazolium hydrogen carbonate

Electrosynthesis without the supporting electrolyte. The
following synthesis is based on the previous preparation of
diisobutylimidazolium hydrogen carbonate,***® which was
improved to eliminate the use of the supporting electrolyte
[TBA](PF,). A suspension of diisobutylimidazolium hydrogen
oxalate (2.4 g, 8.89 mmol) in 45 mL of acetonitrile was electro-
lyzed under an applied current of 20 mA. The first fraction of the
expected product was isolated by filtration. The filtrate was
concentrated under vacuum to few mL. Then, addition of
acetone (1.5 mL) under stirring afforded a second fraction of the
expected product. Both precipitates were washed twice with
2 mL of acetone and dried under vacuum. The expected product
was obtained as a white solid (1.42 g, 5.87 mmol, 66%).

Large scale synthesis of bio-based organocatalyst. A
suspension of diisobutylimidazolium hydrogen oxalate (2.8 g,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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10.37 mmol) in 45 mL of acetonitrile was electrolyzed (as above
described) under an applied current of 30 mA. The electrolysis
was stopped after 24.08 hours, equivalent to an uptake of 2.6
faraday per mol of imidazolium. The expected product was
filtered and the saturated acetonitrile was reused for additional
electrolyses under the same conditions. After seven successive
electrolyses with the same acetonitrile solution, all precipitates
were mixed, washed with 2 x 10 mL of acetone and dried under
vacuum. The expected product was obtained as a white solid
(14.58 g, 60.25 mmol; the average yield over 8 electrolyses was
73%). "H NMR (D,0): 0.93 (12H, d, J = 6.7 Hz, CH,), 2.16 (2H,
hept, J = 6.8 Hz, CH), 4.04 (4H, d, ] = 7.2 Hz, CH,), 7.50 (2H, s,
CH=), 8.81 (1H, s, NCHN). *C NMR (D,0): 18.5 (CH;), 28.8
(CH), 56.4 (CH,), 122.6 (CH=), 135.3 (t, J = 33.4 Hz, NCHN),
160.1 (HCO;). HRMS (ESI-MS) m/z calc. for C;,H, N, [C]™:
181.16993, found: 181.16902, calc. for C,H;0;~ [A-OH +
OCH;] : 75.0877, found: 75.00843, calc. for C;5H,,N,04 [C +
2A-20H + 20CHj;] : 331.18746, found: 331.18624. Elemental
analyses were consistent with those already reported.>®

Electrochemistry

All manipulations were performed using Schlenk techniques in
an atmosphere of dry oxygen-free argon at room temperature, T
= (20 %+ 3) °C. The supporting electrolyte TBAPF (tetrabuty-
lammonium hexafluorophosphate) 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 a PGP 201 Voltamaster potentiostat,
connected to an interfaced computer that employed electro-
chemistry Voltamaster software. The sweep rate was 10 mV s~ .
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 separated from the analyzed solution by a sin-
tered glass disk filled with the background solution. For all
voltammetric measurements, the working electrode was a plat-
inum electrode disk (0 = 1 mm), a platinum plate was the
counter electrode and saturated calomel electrode was the
reference electrode. In these conditions, when operating in
CH;CN (0.1 M TBAPF), the formal potential for the ferrocene
(+/0) couple was found to be +0.40 V vs. SCE.
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