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The environmental impact linked to the use of solvents is a recurring criticism of the development of sus-
tainable chemical processes. The possibility of recovering the reaction medium is a key aspect to simplify
the isolation of the desired target material. At the same time, it may also allow the minimization of
additional solvents necessary for the purification and ultimately minimize all the contributions to the
waste generated. Electrochemical processes are of high interest in modern organic synthesis. Anyway,
most electrochemical processes nowadays feature the use of unrecoverable solvents or solvent mixtures
in high amounts (dilution). The consequent high environmental impact of such procedures is easily
understood. Aiming at the definition of effective waste-minimized synthetic protocols, herein, we report
our study towards the development of an electrochemical reductive amination protocol employing an
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acetonitrile—water azeotrope as the recoverable reaction medium. Through the use of gram-scale syn-
thesis and comprehensive sustainability and environmental assessments, we present an efficient manage-
ment of solvents and electrolytes in an electrochemical methodology for a widely useful chemical

Open Access Article. Published on 03 December 2024. Downloaded on 11/14/2025 7:21:30 PM.

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

(cc)

rsc.li/greenchem transformation.

Introduction

In the realm of modern synthetic chemistry, the search for
green and sustainable processes is of fundamental impor-
tance." Driven by growing environmental concerns and
increasingly stringent regulations, research dedicated to
unconventional synthetic pathways is gaining ever-increasing
attention from the scientific community.”

In this context, organic electrosynthesis has been recog-
nized as a powerful tool that effectively fulfills many of the
principles of green chemistry. By exploiting electrochemical
conditions, it is possible to limit the use of stoichiometric
redox reagents and sometimes severe reactive conditions, thus
minimizing both waste production and energy consumption.®
This aspect becomes even more attractive when considering
the production of fine chemicals and APIs (active pharma-

Laboratory of Green S.0.C. - Dipartimento di Chimica, Biologia e Biotecnologie,
Universita degli Studi di Perugia, Via Elce di Sotto 8, 06123 - Perugia, Italy.

E-mail: luigi.vaccaro@unipg.it, francesco.ferlin@unipg.it; https://greensoc.chm.
unipg.it

tElectronic supplementary information (ESI) available: General procedures, full
characterization of the synthesized compounds and copies of 'H, **C and '°F
NMR spectra. See DOI: https://doi.org/10.1039/d4gc04847d

1 These authors have contributed equally to this work.

This journal is © The Royal Society of Chemistry 2025

ceutical ingredients) - areas featuring high E-factor values
among all the fields of chemical manufacturing.*

Given the fundamental presence of the substituted amine
moiety in many areas of chemical production, the procedures
that allow the installation of C-N bonds are of particular inter-
est.” Reductive amination is arguably among the most used
synthetic tools for the formation of C-N bonds. It allows the
production of primary, secondary, or tertiary amines with high
yields and selectivity and is easy to operate.® It is worth noting
that this synthetic tool is largely used by the pharmaceutical
industry, with at least 25% of carbon—-nitrogen bond formation
procedures performed via reductive amination.”

In the context of reductive procedures, electrochemistry has
proven to be very efficient offering a viable alternative to the
use of common strategies that employ stoichiometric hydrides
or gaseous hydrogen.®

Early reports on electrochemical reductive amination (ERA)
exploited lead cathodes to minimize the hydrogen evolution reac-
tion (HER),® while recent studies have demonstrated the effective-
ness of less toxic and more available electrode materials such as
copper, silver, graphite, etc.'® Nevertheless, the role of the solvents
in this widely general transformation has not been optimized in
view of the definition of a waste minimized and green process.

Solvents are extensively used across all synthetic steps, both
as reaction media and during purification. They arguably rep-
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resent one of the most critical aspects of research in green
chemistry."! In fact, in the preparation of APIs or fine chemi-
cals, solvents account for 85% of the mass of waste.'®> The US
EPA (Environmental Protection Agency) has estimated that
solvent emissions resulting from chemical manufacturing
accounted for up to 62% of the total emissions in 2017."* For
this reason, the development of a generally useful procedure
in organic synthesis should always consider the efforts to
recover the reaction medium. Aqueous azeotropes can be a
viable alternative to the use of traditional organic solvents,
being able to improve the solubility of reagents of different
nature but at the same time being recoverable and reusable."
By using minimum boiling point azeotropes, it is possible to
improve the energy efficiency of a distillation process, facilitat-
ing the removal and reuse of the medium.

We believe that this aspect can be very useful and appreci-
ated in the case of organic electrosynthesis, where the use of
aqueous mixtures increases the conductivity, improving the
scalability and the energy-saving of a protocol.™

For this reason, we have dedicated this study to the widely
useful electrochemical reductive amination for which, to the
best of our knowledge, the potential utility of azeotropic mix-
tures has not been investigated.

In this contribution, we report the results that we have
obtained in the development of a protocol using inexpensive
electrode materials and an acetonitrile-water azeotrope under
highly concentrated conditions. Under these conditions, we
have optimized the protocol to simplify the isolation of the
final products, and the efficiency of our procedure was further
demonstrated by expanding the protocol to a larger scale. The
greenness of our results was quantified in comparison with
the methods known in the literature using multiple assess-
ment levels by evaluating mass metrics, Ecoscale,'® safety/
hazard and environmental indicators'” and a Life Cycle
Assessment analysis (Fig. 1).
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Results and discussion

By using 4-fluorobenzaldehyde (1a) and butylamine (2a) as
representative reagents, in combination with tetrabutyl-
ammonium hexafluorophosphate as the supporting electrolyte
and graphite and aluminium, respectively, as the cathode and
the anode, the effect of various solvent mixtures was investi-
gated. The results are summarised in Table 1.

On using THF and 2% (v/v) of water, the product was
obtained in a modest yield by passing a charge of 3 F mol ™"
(Table 1, entry 1). However, on replacing water with methanol
(9% v/v), the reaction was slower (Table 1, entry 2). Pure water
proved to be ineffective, probably due to the poor solubility of
the organic reagents (Table 1, entry 3), and also with the use of
TPGS-750 2% aq., the reaction led to no formation of the
product (Table 1, entry 4). Both methanol and ethanol were
inefficient, leading to no conversion to product 3a (Table 1,
entries 5 and 6). Replacing THF with 2-MeTHF-water mixtures
led to a biphasic system (Table 1, entry 7), and no reduction of
imine occurred. Also, in the case of 2-MeTHF, the presence of
methanol decreased the reaction performances, even when the
solvent mixture was completely homogeneous (Table 1, entry
8). Interestingly, on using a mixture of 2-MeTHF, acetonitrile,
and water, the amine 3a could be obtained in a high yield
(Table 1, entry 9). With the use of a simpler acetonitrile-water
azeotrope (16% w/w of water), the reaction proceeded with
comparable excellent results (Table 1, entry 10). Encouraged by
this last result, we decided to employ MeCN : H,O (az.), being
easily recoverable and showing excellent conductive ability.

As shown in Table 2, we report a further optimization dedi-
cated to the selection of the supporting electrolyte. As can be
seen, the use of inorganic salts does not lead to product for-

Table 1 Reaction medium optimization in the synthesis of 3a®

@o n-Bﬁl(b:)PI;EC é-(;mA @AN’B“ /©/\N’B“
+ BuNH, ——— + H
F Solvent 0.1M F F
Time(min)
1a 2a Charge(F/mol) 3a’' 3a
Time 3a’¢ 3a¢
Entry Reaction medium® (min) (%) (%)
1 THF (2% HZO) 120 1 69
2 THF (90/0 MeOH) 120 54 35
3¢ H,O 120 0 0
44 TPGS-750 120 0 0
5 MeOH 120 95 0
6 EtOH 120 95 0
74 2-MeTHF (2% H,0) 120 95 0
8 2-MeTHF (5% MeOH, 2% 120 87 11
H,0)
9° 2-MeTHF (10% MecCN, 2% 160 8 81
H,0)
10 MeCN : H,O (az.) 120 4 76

“Reaction conditions: 1a (0.5 mmol), 2a (0.5 mmol), tetrabutyl-
ammonium hexafluorophosphate (0.5 mmol), aluminium anode and
§raphite cathode, charge passed: 3 F mol™, solvent: 0.1 M, 20 mA.

Percentages reported are % v/v. ‘Determined by GLC analysis, the
remaining materials were unreacted 1a and 2a. ¢ Low miscibility of the
mixture. 4 F mol ™" charge passed.

This journal is © The Royal Society of Chemistry 2025
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mation (Table 2, entries 1-3). Furthermore, when using acidic
and basic electrolytes, the imine remained stable but could
not be reduced at all (Table 2, entries 4 and 5). However, on
changing the cationic counterion of the previously tested salts
to tetraalkylammonium moieties, the reaction -efficiently
formed product 3a. As can be seen, the results did not change
when different anionic counterions were used and the tetra-
butylammonium cation was kept constant, indicating that the
anion does not play a relevant role in the process.

In contrast, the tetraalkylammonium cation plays a crucial
role (Table 2, entries 6-8). This effect can be ascribed to the
stabilization of the anionic intermediate, which is formed fol-
lowing the cathodic reduction of the imine 3a’.'* On replacing
the supporting electrolyte with tetraethylammonium bromide,
the performance did not change (Table 2, entry 9). Nevertheless,
this salt is less soluble in organic solvents, and upon replacing
MeCN:H,0 (az.) with a 2-MeTHF, acetonitrile and water
mixture, the reaction did not occur (Table 2, entry 10).

To develop a simple and wasteless work-up procedure, the
tetraethylammonium salt was chosen as the ideal supporting
electrolyte. The latter is simpler to separate through a precipi-
tation/filtration sequence compared to the other tetraalkylam-
monium salts.

Ultimately, the conditions were further optimized to
increase the selectivity and yield of product 3a. The results are
reported in Table 3.

On replacing the aluminium anode with a zinc or graphite
anode, no product formation was observed (Table 3, entries
1-3). Moreover, cathode replacement also led to no product,
suggesting that graphite is necessary for imine reduction
(Table 3, entries 4-6).

Interestingly, after increasing the current intensity to
100 mA per 1 mmol of 1a, the conversion to 3a increased dra-

Table 2 Supporting electrolyte optimization in the synthesis of 3a?

Al(+) - C(-
N Supportmg Electr 1eq
/©/\ © L BNk, g /©/\
F Solvent 0.1M
120 min 3 F/mol
1a 2a
Supporting 3a’® 3a’®
Entry electrolyte Reaction medium (%) (%)”
1 NaBF, MeCN : H,O (az.) 95 0
2 KPF, MeCN : H,O (az.) 95 0
3 KBr MeCN : H,0 (az.) 95 0
4 NaOH MeCN : H,O (az.) 95 0
5 HCl MeCN : H,O (az.) 95 0
6 Bu,NPF, MeCN : H,O (az.) 4 76
7 Bu,NBr MeCN : H,O (az.) 7 75
8 Bu,NHSO, MeCN : H,O (az.) 3 78
9 Et,NBr MeCN : H,O (az.) 5 72
10° Et,NBr 2-MeTHF (10% MeCN, 95 0
2% H,0)

“Reaction conditions: 1a (0.5 mmol), 2a (0.5 mmol), supporting elec-
trolyte (0.5 mmol), aluminium anode and graphite cathode, solvent:
0.1 M, 20 mA, 120 minutes, 3 F mol ™" bDetermlned by GLC analysis,
the remaining materials were unreacted 1a and 2a. “ Low solubility or
miscibility of the mixture.

This journal is © The Royal Society of Chemistry 2025
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Table 3 Selectivity optimization in the synthesis of 3a?

S
o N/Bu
+ BuNH; +
F F

Anode - Cathode
Et4NBr 1 eq
Current/mol (mA/mmol)
Pt

MeCN:H,0 (azeotrope)
Concentration (mol/L)

1a 2a 3 F/mol 3a' 3a

Current mol ™" 3a’ 3a’®

Entry Anode Cathode (mA mmol ™) (%) (%)

1 Aluminium Graphite 40 5 72

2 Zinc Graphite 40 95 0

3 Graphite Graphite 40 95 0

4 Aluminium  Copper 40 95 0

5 Aluminium Stainless 40 95 0

steel

6 Aluminium  Nickel 40 95 0

7 Aluminium  Graphite 100 1 99

8¢ Aluminium Graphite 100 1 99

9 Aluminium  Graphite 100 1 99

“Reaction conditions: 1a (0.5 mmol) 2a (0.5 mmol), supporting elec-
trolyte (0.5 mmol), 3 F mol™". ?Determined by GLC analysis, the
remalnmg materials were unreacted 1a and 2a. “At 0.5 M concen-
tration. ¢ At 1 M concentration.

matically (Table 3, entry 7). To minimise waste, the concen-
tration was increased from 0.1 M to 0.5 M and then to 1 M; the
performance of the reaction did not change (Table 3, entries 8
and 9). To gather information on the role of dilution,'® the
reaction kinetics was determined at various concentrations
(Fig. 2). The kinetic analysis demonstrated that reagent 1a is
about 5% after 8 min of reaction, indicating that the formation
of imine is faster than the cathodic reduction.

The plot depicted in Fig. 2, therefore, shows the percentage of
amine 3a in relation to that of imine 3a’. As can be seen, upon
changing the concentration, the speed of the reaction does not
change. Unlike other electrochemical hydrogenations, the side
hydrogen formation (HER) is not relevant at the concentration

Al(+) - C(-)
Et;NBr 1 eq X, ,.Bu
o 300 mA N -Bu
+ BuNH,; + H
F MeCN:H,0 (az.) F F
1a 2a 3a’' 3a

o
=)

w A O D N ® ©
S & &6 & o 6 o

Product percentage (%)

N
=)

10

0 5 10 15 20 Timez(smim 30 35 40 45 50
Fig. 2 Reaction kinetics. Reaction conditions: 1la (3 mmol), 2a
(3 mmol), tetraethylammonium bromide (3 mmol), 300 mA. Blue line: 1
M: MeCN:H,0 (az.) (3 mL), samples taken every 8 minutes for up to
48 minutes of reaction. Green line: 0.5 M: MeCN:H,O (az.) (6 mL),
samples taken every 8 minutes for up to 48 minutes. Red line: 0.1 M:
MeCN: H,O (az.) (30 mL), samples taken every 8 minutes for up to
48 minutes.
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considered. The system is therefore able to selectively reduce the
imine; otherwise, at lower concentrations, there would be a
decrease in the reaction kinetics and current efficiency due to
the HER."® From the kinetic analysis, it can also be seen that the
reaction is complete after the passage of a charge of 2.75 F
mol ™!, which results in a current efficiency close to 73%. At this
stage, it was decided to test the suitability of the optimized reac-
tion conditions by expanding the substrate scope (Scheme 1).

Using amine 2a, various functionalized aldehydes were
tested (1a-h). In all cases, the products 3 were obtained with
high purity and their isolation was carried out through a
simple filtration procedure using cotton wool, giving generally
high yields. Subsequently, using aldehyde 1c, we tested
different primary amines. Gratifyingly, the performance of the
process did not change, and products 3i-p were isolated in
high yields with a very simple work-up procedure.

However, the results were different upon using ketones. The
reactions of amine 2a and different acetophenones did not
lead to the products. In this case, the formation of the imine
occurs much more slowly at room temperature, and for this
reason, pre-formation of the imine was obtained by mixing the
reagents under solvent-free conditions at 90 °C. In this
manner, products 3q-t were isolated as hydrochloride salts.

Expanding the scope of our ERA protocol, biomass-derived
furfural was also used with satisfactory results (Fig. 3).

Our waste-minimized protocol was carried out on a larger
scale that allowed solvent recovery by simple distillation

Al(+) - C(-) R’
Et4NBr 1 eq
300 mA

MeCN:H,0 (az.) 1M
45 min; 2.75F/mol

3h: 77%

N t-octyl
/©ﬁ N
Cl

3l: 83%

o

3p: 86%

nBu _n-Bu N -Bu N -Bu
N N
H
]

3t: 53%*

N/Pentyl N,Octyl
H H
cl

3k: 82%

~Benzyl

I

3q: 62%2 3r: 58%2
Scheme 1 Substrate scope of ERA. Reaction conditions: 1a—L (3 mmol),
2a-i (3 mmol), tetraethylammonium bromide (3 mmol), MeCN :H,O
(az) (3 mL), 300 mA until a 2.75 F mol™ charge is passed (ca.
45 minutes). ? Pre-step of imine formation is required. Products are iso-
lated as hydrochloride salts.
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Al(+) - C(-)
Et4NBr 1 eq
~r"0o 300 mA GI/\N,BU
BuNH
\_0 o B MeCN:H,0 (az.) 1M \o H
, \ 50 min, 3 F/mol 74% yield
m a 3u

Fig. 3 Electrochemical reductive amination on biomass-derived fur-
fural. Reaction conditions: 1m (3 mmol), 2a (3 mmol), tetraethyl-
ammonium bromide (3 mmol), MeCN:H,O (az.) (3 mL), aluminium
anode and graphite cathode, 300 mA until a 3 F mol™ charge is passed
(ca. 50 minutes).

(Scheme 2). On mixing 30 mmol of reagents 1c and 2a, the
100 mA mmol™" current used for the 1 mmol scale was not
necessary to obtain high selectivity (see optimization in
Table 3). In fact, by using a current of 1.5 A (50 mA mmol ™" of
substrate), it was possible to decrease the amount of the sup-
porting electrolyte to 0.5 equivalents to achieve sufficient con-
ductivity. At the end of the reaction, 82% of the reaction
solvent was recovered. The crude product was dissolved in
100 mL of ethyl acetate and filtered through cotton wool. This
step serves to eliminate the supporting electrolyte, which is in-
soluble in the extraction medium. Through a second distilla-
tion process, ethyl acetate was recovered in 85% yield. The
product could be obtained as a yellow oil with an overall 78%
yield. Furthermore, the reaction solvent was used and recov-
ered for three consecutive runs, by adding the unrecovered
portion, without any changes in yield and selectivity.

To fully assess our ERA process in terms of waste minimiz-
ation and overall sustainability, an E-factor value of 4.95 was
obtained (see the ESIt for the detailed calculation).

E-Factor distribution analysis highlighted that the signifi-
cant improvement is ascribable to the highly concentrated con-
ditions and the consequent recovery and recycling of the sol-
vents. The analysis of the E-factor under non-optimized reac-
tion conditions shows that performing the reaction at a con-
centration of 0.1 M without solvent recovery leads to an
E-factor of 73.35. However, at a concentration of 1 M, the

Al(+) - C(-)

Et4NBr 0.5 eq Bu
o 15A N~
+ BuNH, H
Cl MeCN:H,0 (az) 1M cl
1c 2a 100 minutes 3c
ice bath
30 mmol 78%
4.217g

& Reaction medium recovery = 82% work-up solvent recovery = 85% &

This work
[ E-factor = 4.95 ]

E-factor = 4.95

4%

0%

DE-kernel

[ Ecoscale = 54 }

DOE-mxn solvent

®E-work-up

76%

Scheme 2 Gram-scale ERA with solvent reclaims. Reaction conditions:
1c (30 mmol; 4.217 g), 2a (30 mmol; 2.194 g), tetraethylammonium
bromide (15 mmol; 3.152 g), aluminium anode and graphite cathode,
MeCN : H,0 (az.) (30 mL), 1.5 A, 100 minutes.

This journal is © The Royal Society of Chemistry 2025
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E-factor decreases to 25.83 under the same conditions (see the
ESIT for analytical calculations). This highlights the critical
role of selecting easily recoverable solvents to minimize waste
production, reducing the E-factor to as low as 4.95 through
recycling.

A further assessment was performed using Ecoscale ana-
lysis, which allowed us to include the benefit derived from not
needing chromatographic separation.

We therefore compared the sustainability of our methodology
with that of selected protocols used for reductive amination.

Org. Biomol. Chem., 2020,18, 5832
E-factor = 182.4

Org. Lett. 2023, 25, 432
E-factor = 848.3

1% 9%
——-31% e

N\

BE-excess

OE-mxn solvent

OE-rn solvent WE-work-up

68%

SE-workup

91%

J. Org. Chem. 2019, 84, 1421
E-factor = 89.9

Green Chem., 2021, 23, 5625
E-factor =1.18

1%

_..25%

6%__ 6% 1%

DE-oxcass QE-kemel

D OE-no solvent QE-cxcess

WE-work-up QE-nn solvent

74% 3 wE-vorkup

Fig. 4 E-Factor and Ecoscale assessment of the literature processes for
reductive amination.
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Our selection includes, to the best of our knowledge, the
only two examples of preparative electrochemical reductive
amination to date,'® as well as a standard procedure that
uses NaBH, in methanol (benchmark route that uses a chemi-
cal reductant)® and a flow methodology reported by Kappe
that uses hydrosilane as a hydride source®' that features an
excellent E-factor value.

As expected, on analysing the E-factor distribution, it is
possible to assign a major contribution to the E-factor to the
reaction medium and the work-up solvents, for the ERA pro-
cedures and for the protocol that uses NaBH,. It is worth
noting that the excessive use of work-up solvents in the ERA
procedures is mainly due to the washing procedures needed to
remove the supporting electrolytes and their by-products.

In the flow procedure using Et;SiH, given that the authors
considered a 100% recovery of the solvents, the E-factor value
is only constituted by the excess of the amine and the hydrosi-
lane (Fig. 4). The Ecoscale analysis revealed that, besides the
price/availability and safety scores that are almost equal for all
the procedures selected and for our protocol, chromatographic
separation is the most crucial process that worsens all the
values. Additional penalty points are also slightly significant
for the chemical routes due to the heating or cooling of the
reaction mixture.

An additional level of evaluation was performed by consid-
ering the reducing agent safety and environmental index.

Risk Phrase Explosive Vapour Flammability Hydrogen Generation Safety Hazard
Potential (RPP) Potential (XVP) Potential (FP) Potential (HGP) Q
Org. Biomol. Chem., 2020, 18, 5832 (TBAHSO.) £ 1.282 - 0.508 - 1.790
Org.Lett. 2023, 25, 432 (TBABF,;) £ 1.757 - 0.623 - 2.380
J. Org. Chem. 2019, 84, 1421 (NaBH4) 3.301 0.563 = 4.865 8.729
Green Chem., 2021, 23, 5625 (flow with 1.000 1.650 0.844 0.198 3.692
EtsSiH) y 4
This work (TEABr) 0.475 - 0.500 - 0.975
Global Bioaccumulation Bioconcentration Abiotic Resource Environment
Warming Potential (BAP) Potential (BCP) Depletion Q
Potential Potential (ARDP)
(GWP)
Org. Biomol. Chem., 2020, 18, 5832 (TBAHSOa) £ 2.073 0.019 0.048 3.58* 2.140
Org.Lett. 2023, 25, 432 (TBABF,) £ 2.134 0.019 0.048 1.18°% 2.201
J. Org. Chem. 2019, 84, 1421 (NaBHa) - 0.001 0.006 0.005 0.012
Green Chem., 2021, 23, 5625 (flow with 2.270 8.128 4.916 2,901 15.314
EtsSiH) Vs
This work (TEABr) 1.675 4.61° 0.001 0.007 1.683
Summary Safety Hazard Q Environment Q 3 Q Safety Hazard and Environment
Org. Biomol. Chem., 2020, 18, 5832 (TBAHSO.) £ 1.790 2.140 3.930
Org.Lett. 2023, 25, 432 (TBABF4) £ 2.380 2.201 4.581
J. Org. Chem. 2019, 84, 1421 (NaBHa) 8.729 0.012 8.741
Green Chem., 2021, 23, 5625 (flow with 3.692 15.314 18.943
Et3SiH) Y 4
This work (TEABr) 0.975 1.683 2.658

This journal is © The Royal Society of Chemistry 2025

Scheme 3 Safety hazard and environmental index of the reductant used in the reductive amination process.
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Chemical reductants, NaBH, and triethylsilane (Et;SiH) were
compared with the supporting electrolytes needed to allow the
passage of the electron current in the electrochemical proto-
cols (Scheme 3). The comparisons were based on the £ values
calculated using Andraos algorithms.'” Four categories have
been considered for the safety/hazard evaluation: Risk Phrase
Potential (RPP), Explosive Vapour Potential (XVP),
Flammability Potential (FP) and Hydrogen Generation
Potential (HGP), and four categories have been considered for
the environmental evaluation: Global Warming Potential
(GWP), Bioaccumulation Potential (BAP), Bioconcentration
Potential (BCP) and Abiotic Resource Depletion Potential
(ARDP).

As expected, NaBH, and Et;SiH are associated with higher
values in terms of safety and hazard parameters. The magni-
tude of these values, besides the flammability potential and
GSH risk potential, is primarily due to their explosive potential
and hydrogen generation potential, which are not associated
with the electrolytes used in electrochemical procedures.
However, in a stark contrast, NaBH, has the lowest environ-
mental £ value, indicating the best environmental profile. On
the other hand, triethylsilane has the worst environmental
scores, largely due to its tendency to bioaccumulate and bio-
concentrate. In general, the cumulative safety/hazard and
environmental data for electrolytic substances show lower
values compared to chemical reductants. To complete this
evaluation, we included the Life Cycle Assessment (LCA) ana-
lysis, which provides a cradle-to-gate analysis (Table 4) of the
electrolytes and reducing agent, focusing on the distribution
of electricity utilization impact on the damage areas.

At first instance, we noted that the endpoint single score
values of the LCA analysis (Table 4) perfectly confirm the
environmental score (environment Q) trend calculated using
Andraos algorithms with Et;SiH and NaBH,, respectively, as
the highest and lowest impacting substances. Gratifyingly,
among the electrolytes, TEABr possesses a lower impact com-
pared to TBABF, and TBAHSO,. As a common behaviour, the
electricity accounts for the majority of all the LCA endpoint
values calculated (ranging from 73% to 88%). Through the
analysis of the endpoint characterization (see the ESIf for
details) of the non-electricity portion (Scheme 4), it is also
possible to highlight that the major influence on the LCA end-
point score value of Et;SiH is ascribable to the usage of ethyl
magnesium bromide in its production with minor contri-
bution of the trichlorosilane. Regarding the electrolytes, in the
cases where the alkylammonium source has a dominant con-
tribution in the total value (TBABF, and TBAHSO, with 90%
and 97% contribution, respectively), the LCA scores worsen,
while when the alkylammonium source is less relevant, as for
TEABr (40% of contribution), the LCA value is better. To
provide a complete picture of the LCA analysis, we finally
included the data relating to aluminium (the anode material
used in our procedure).

It is worth noting that the cumulative LCA score values
(given by the sum of the two endpoint values), currently lower
than those reported for Et;SiH or electrolytes, could be further
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Table 4 LCA endpoint single score comparison among different redu-
cing agents and electrolytes

Electricity

Substance mPts impact (mPts) mPts per damage areas

TBAHSO, 4.86  4.08(83.9%)  Human 3.89
health (95.34%)

Ecosystems 0.137
(3.36%)

Resources 0.0501
(1.23%)

TBABF, 5.31 4.69 (88.4%)  Human 4.48
health (95.52%)

Ecosystems 0.158
(3.37%)

Resources 0.0577
(1.23%)

NaBH, 1.36 —4 Human 1.3
health? (95.6%)

Ecosystemsb 0.0417
(3.07%)

Resources”  0.0175
(1.29%)

Et;SiH 30.4 22.26 (73.1%) Human 21.16
health (95.10%)

Ecosystems 0.749
(3.37%)

Resources 0.273
(1.24%)

TEABT (this 2.89 2.4 (82.9%) Human 2.29
work) health (95.42%)
Ecosystems 0.0808
(3.37%)

Resources 0.0295
(1.23%)

Aluminium 0.386 — Human 2.29
(primary) health (95.42%)
Ecosystems 0.0808
(3.37%)

Resources 0.0295
(1.23%)

Aluminium 0.0014 — Human 0.0013
(secondary) health? (93.5%)
Ecosystemsb 0.00056

(4%)
Resources”  0.00035
(2.54%)

“Electricity impact cannot be separated as the inventory is taken
directly from Ecoinvent. ” Data refer to the substances and not to the
electricity component.

reduced. This reduction could be achieved by using secondary
aluminium as the anode material, indicating a promising tra-
jectory for further improvements.*”

To summarize the four-level sustainability assessment,
Table 5 shows that better E-factor values are associated with
the procedure developed by Kappe and our newly developed
electrochemical reductive amination.

In terms of Ecoscale, our procedure features the best score,
while the Kappe flow protocol and the ERA that uses TBAHSO,
also have good scores.

The safety hazard and environmental cumulative score
shows that the TEABr used in our electrochemical protocol is
by far associated with the lowest environmental impact and
hazard.

This journal is © The Royal Society of Chemistry 2025
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Scheme 4 Distribution of the endpoint single score values (mPts) into
electricity and non-electricity contributions.

The LCA analysis performed shows that NaBH, possesses
the best environmental profile among the substances exam-
ined, owing to the lower Endpoint single score value, while
Et;SiH clearly possesses the worst.

The TEABr used in our electrochemical reductive amination
instead obtained the lowest endpoint value among the electro-
lytes which is by far much lower compared to Et;SiH.

To further demonstrate the utility of our synthetic protocol,
the synthesis of a pharmaceutically relevant product cloben-
zorex was performed (Scheme 5).

This compound is an anorexigenic drug that is widely used
for the treatment of obesity since it helps to reduce body
weight.”® Although a few examples are reported in the litera-
ture, the main procedures for obtaining clobenzorex via tra-
ditional chemistry are through reductive amination,** using
sodium borohydride as a reducing agent, or through nucleo-
philic substitution using benzyl chloride*® (Scheme 5).

With the use of our electrochemical procedure, clobenzorex
can be obtained with a yield of 78% and an E-factor associated
with the overall process of 3.69.

Experimental section: recovery
procedure

In a 50 mL flask equipped with a magnetic stirrer, an ice-bath
and a two-electrode system (aluminium anode and graphite

cathode), tetraethylammonium bromide (15 mmol), aldehyde
1c (30 mmol), amine 2a (30 mmol) and 30 mL of an azeotropic

Table 5 Summary of the four-level sustainability assessment

Reference Pivot substance E-Factor Ecoscale Y QSH/E LCA
10c¢ TBAHSO, 182.4 48.0 3.93 4.86
10d TBABF, 848.3 26.5 4.58 5.31
20 NaBH,4 89.9 45.5 8.74 1.36
21 Et;SiH 1.18 49.5 18.9 30.4
This work TEABr 4.95 54.0 2.66 3.27¢

“Given as sum with the primary aluminium endpoint single score LCA
values.

This journal is © The Royal Society of Chemistry 2025
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Scheme 5 Clobenzorex synthetic approach and our approach via ERA.
Reaction conditions: 1m (3 mmol), 2j (3 mmol), tetraethylammonium
bromide (3 mmol), aluminium cathode and graphite cathode,
MeCN : H,O (az.) (3 mL), 300 mA until a 2.75 F mol™ charge is passed
(ca. 45 minutes). The product has been isolated as a hydrochloride salt.

mixture of acetonitrile : water (84% w/w acetonitrile) were con-
secutively added and the resulting mixture was electrolyzed in
CCE at 1.5 A under stirring at room temperature until a 3 F
mol ™" charge was passed (ca. 100 minutes). After reaction com-
pletion, the mixture was distilled using a simple distillation
apparatus. The acetonitrile : water azeotrope was recovered in
82% yield. The residue was then diluted in 100 mL of ethyl
acetate, and then it was filtered through cotton using com-
pressed air to speed up the process. The obtained mixture was
then distilled, and ethyl acetate was recovered in 85% yield,
giving the product 3c as a yellow oil (78% yield).

Conclusions

In conclusion, this work proves that, with proper optimization,
electrochemistry can be efficient from the green chemistry
point of view in the reductive amination reaction. The aceto-
nitrile-water azeotrope was seen to be a useful medium for
this process, allowing its recovery and enhancing the mass
efficiency of the protocol to an excellent level. In line with our
recent interest in the development of easily removable and
eventually recoverable®® electrolytes, herein we demonstrated
that TEABr not only allows its smooth removal from the reac-
tion mixture, minimizing the waste associated with the
process, but is also a good environmentally friendly and safer
choice compared to other electrolytes previously used in ERA
procedures.

Moreover, the adoption of highly concentrated conditions
allowed us to obtain different substituted amines with low
E-factor values. To show the overall significance of our proto-
col, a comprehensive four-level sustainability assessment of

Green Chem., 2025, 27, 633-641 | 639
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hazard, environmental and mass metrics has been performed,
together with LCA analysis. This thorough assessment provides
reassurance about the safety and efficiency of our research.
The applicability of our protocol was also proven by the one-
step synthesis of clobenzorex API in a high yield and with a
very low E-factor.
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