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To demonstrate the technical application potential of electro-
chemical reactions, we developed a synthetic method to access
the commercially available herbicide safener mefenpyr-diethyl. In
a simple undivided electrolysis cell with non-hazardous aqueous
sodium iodide as supporting electrolyte and mediator, the target
compound was synthesized via the (E)- or (Z)-hydrazone.
Environmentally benign solvents or solvent-free conditions ensure
a sustainable process and excellent recycling of the excess
reagents. Finally, scale-up to the hectogram scale was performed
with good to excellent yield.

Introduction

The global climate crisis necessitates action and has caused a
shift towards a more sustainable economy. For the chemical
industry, this will mean a renunciation of long-practiced pro-
cesses. Nowadays, highly efficient synthesis with regards to
atom economy and energy efficiency is necessary not only
from an economical but also an ecological point of view. This
has led to a need for a sustainable, circular economy.'
Furthermore, minimizing risks by circumventing the use of
hazardous chemicals and establishing inherently safe pro-
cesses is of utmost importance for modern synthetic
methodologies.>”?

Electrochemistry is linked to the principles of green chem-
istry and can contribute to a more sustainable chemical
industry.>* Hazardous and often expensive redox reagents can
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be substituted with electric current.” Electricity contributes
not only to the sustainability of a process, but also to its
safety.® Control over the reaction is simply given by controlling
the current density, as the initial electron transfer is confined
to the electrode surface and runaway reactions can be
avoided.” Furthermore, organic electrochemistry facilitates
resource efficiency, as unique reactivities can give access to
synthetic shortcuts and additives, e.g., supporting electrolytes,
can be easily recycled.® Thus, a reaction can be considered
practically waste- and pollutant-free, if the applied electricity
originates from renewable resources.’

The structural motifs of pyrazoles and pyrazolines are
widely found among biologically active substances. Their
potential pharmaceutical applications include antimicrobial,*°
antipsychotic,'’ anti-inflammatory,'* anti-nociceptive,"® anti-
cancer'® and anti-obesity drugs.'” Furthermore, a variety of
agrochemicals featuring a pyrazole or pyrazoline moiety have
been developed, such as the herbicide benzofenap (3)'® and
the herbicide safener mefenpyr-diethyl (1)'” (Chart 1). The
latter is commonly used for fenoxaprop-P-ethyl (2) detoxifica-
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Chart 1 Examples of commercial herbicides and herbicide safeners.
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tion in wheat and barley.'® Conventionally, pyrazolines and
pyrazoles are synthesized by condensation of hydrazones with
1,3-diketones,'®*® 2-ynones,*' or 2-enones.** Yet, these strat-
egies suffer from an often-unsatisfying regioselectivity and
difficult-to-obtain starting materials. Other strategies rely on
oxidative synthesis of hydrazonoyl halides; subsequent pyrazo-
line or pyrazole formation is achieved via base-promoted liber-
ation of the corresponding nitrile imine and [3 + 2] cyclo-
addition with a dipolarophile.'®?**?” The yield for the latter
route commonly varies as much as 38-95% over the two
steps.”” However, often hazardous and expensive catalysts and
oxidizers, e.g., N-chlorosuccinimide®” (NCS), are employed.
Literature has several further examples on the electrochemistry
of pyrazolines and pyrazoles. These include intramolecular
synthesis,”® 4-halogenation,*® dimerization,*® and N-arylation
of pyrazoles.*' Yet, pyrazol(in)e syntheses are rather poorly
explored. Reported examples additionally suffer from elaborate
starting materials which themselves are borne out of complex
synthetic routes.** Recently, the electro-chemical generation of
stable diazo compounds® and a simple and scalable electro-
synthesis of pyrazolines and pyrazoles®® starting from easily
accessible hydrazones were published. The latter gave access to
a broad variety of pyrazolines in up to excellent yields by using
aqueous sodium iodide as mediator and supporting electrolyte
in a biphasic system using ethyl acetate as solvent.

The conventional synthetic route to mefenpyr-diethyl (1)
follows a highly complex pathway.>>> First, ethyl acetoacetate
(4) is chlorinated in position 2. The key intermediate 6 is
yielded via nucleophilic attack of ethyl 2-chloroacetoacetate (5)
at the corresponding aryldiazonium species and deacetylation
of the formed adduct. The hydrazonoyl chloride 6 is finally
converted to mefenpyr-diethyl (1) by base-promoted cyclo-
addition as seen below (Scheme 1). To demonstrate the appli-
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cability of electrochemical techniques in modern industrially
relevant processes,”® we developed an electrochemical
approach for an environmentally benign synthesis of herbicide
safener mefenpyr-diethyl (1). Aqueous sodium iodide is used
in a dual role as mediator and supporting electrolyte. The use
of inexpensive isostatic graphite (Cy) as electrode material in
environmentally benign solvents or under solvent-free con-
ditions ensures a sustainable process and excellent recycling
potential of the excess reagents. The simple setup of a galvano-
static beaker-type cell allows for easy scale-up to hectogram
scale.

Results and discussion

We chose the synthesis of mefenpyr-diethyl (1) as an example
reaction to highlight the development of a technically relevant
electrochemical reaction from screening to scale-up. The pre-
viously employed conditions for starting material synthesis led
to selective formation of (Z)-hydrazone 8a in an excellent yield
of 90% on 15 mmol scale.** However, scale-up resulted in a
massive decrease in yield of 8a, as significant amounts of the
corresponding (E)-hydrazone 8b were formed according to 'H
NMR. However, modification of this method allowed for selec-
tive synthesis of 8a even on larger scale. Therefore, treatment
of the hydrazine hydrochloride with triethylamine in THF and
filtration prior to addition to the corresponding glyoxylate 7
proved beneficial. Furthermore, an excess of aldehyde 7 was
required to supress hydrazinolysis of the ethyl ester, yielding
(2)-hydrazone 8a in a satisfactory yield of 80% on 47 mmol
scale. Further scale-up to hectogram scale (0.9 mol) again
resulted in a decreased yield of 63%, but maintained the
selectivity towards the (Z)-hydrazone 8a. Nevertheless, on this
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Scheme 1 Synthetic approaches to mefenpyr-diethyl (1). (a) DMSO, NCS, room temperature;>* (b) 2,4-dichloroaniline, NaNO,, ag. HCl, 0 °C, then
5, NaOAc, EtOH, room temperature;?* (c) NEts/KHCOj3, ethyl methacrylate, 60-65 °C;?® (d) 2,4-dichlorophenylhydrazine hydrochloride, THF, NEt;
EtOH 0 °C — room temperature or 2,4-dichlorophenylhydrazine hydrochloride, EtOH, AcOH, 80 °C; (e) CqlICq, 1 M aq. Nal, ethyl methacrylate,
279 mAcm™2 54F, 33°Cor CgrlICyr EtOH/MeCN 1:1 (v/v), ethyl methacrylate, Nal, 4.0 mA cm™2, 4.03 F, 25 °C.
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scale parameters such as efficient mixing to overcome concen-
tration gradients, changes in temperature due to alteration in
heat transfer, and the relative concentration as well as stability
of products and starting materials need to be considered.
Thus, transferring this synthesis to hectogram scale or beyond
does require re-evaluation of the reaction conditions.’”
Another common route to access hydrazones involves refluxing
the corresponding hydrazine and aldehyde in methanol or
ethanol with catalytic amounts of acid.*® This method allowed
for selective synthesis of the (E)- hydrazone 8b in a very good
yield of 89% on hectogram scale (0.75 mol). Thus, selective
synthesis of both isomers in satisfactory yields was achieved by
controlling solvent, temperature, and additives.

The electrochemical synthesis of mefenpyr-diethyl was
initially investigated with the (Z)-hydrazone 8a to re-evaluate
the solvent system. Ethyl acetate, tert-butyl methyl ether, di-
chloromethane, and chlorobenzene were tested as organic sol-
vents (phase ratio org. solvent/1 m aq. Nal of 1:4).
Unfortunately, the chlorinated solvents were observed to give
the highest yields (Table S7, ESI}). Thus, further reaction
optimization aiming for a sustainable system was necessary. A
statistically driven optimization via Design of Experiments
(DoE)*® was pursued to ensure a comprehensive investigation
of the system. In a two-step optimization via fractional factorial
designs (both 2>, resolution III with central point and rotata-
ble axial points, each data point acquired thrice) regarding the
applied amount of charge (Q), the current density (j), and the
amount of acrylate, the following conditions were found:
graphite electrodes, 27.9 mA cm >, 5.4 F, 3.21 eq. ethyl meth-
acrylate (Fig. 1). Through further linear optimization, solvent-
free electrolytic conditions were achieved, employing 250 mg
(0.96 mmol) hydrazone 8a per 1 mL aqueous phase at 33 °C.
This enabled full conversion of 1 g (3.8 mmol) 8a in a 5 mL
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screening cell, accessing mefenpyr-diethyl (1) in 93% GC-yield.
Hence, the reaction was transferred to a 50 mL jacketed
beaker-type cell and run on 5 g-scale (19.1 mmol). This
allowed for more efficient mixing of the reaction mixture due
to more powerful cross-shaped stirring bars and the target
compound 1 was obtained in a very good isolated yield of 86%.

Furthermore, the electrochemical conversion of the (E)-
hydrazone 8b under previously optimized conditions was
tested. Contrary to hydrazone 8a, application of hydrazone 8b
in the reaction resulted in a rather poor yield of mefenpyr-
diethyl (1) as well as incomplete conversion. According to
LC-MS analysis, both isomers exhibit a pronounced difference
in polarity (Fig. S22 and $23, ESIT). Whilst (Z)-hydrazone 8a is
more polar than the formed product 1, the initial oxidation of
the hydrazone can occur at the organic/aqueous phase bound-
ary. Thus, even under solvent-free conditions the reaction is
thought to follow the initially hypothesized mechanism.** In
contrast, (E)-hydrazone 8b shows increased lipophilicity com-
pared to 8a and is even more apolar than mefenpyr-diethyl.
This seems to strongly disable efficient oxidation of the hydra-
zone at the interface, explaining the insufficient conversions
and poor yields of 1. Addition of tert-butyl methyl ether as
solvent improved the results, but still gave un-satisfactory
yields (GC). To circumvent the inhibited oxidation of the lipo-
philic (E)-hydrazone 8b at the phase boundary, application of a
homogeneous system was investigated. Thus, sodium iodide
was employed in a dual role as mediator and supporting elec-
trolyte in various organic solvents (acetonitrile, methanol,
ethanol, isopropanol). Generally, the homogeneous system
proved suitable for conversion of the (E)-hydrazone 8b.

The best results were obtained using a mixture of aceto-
nitrile/ethanol (1: 1 v/v) as solvent system and further optimiz-
ation was performed via DoE. A fractional factorial design

Cl
cl cl C'Q/
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Ol, \f\‘l 7
N EtO o
Eto)v
EtO
4a 1
AxB AxC

40.0-
Cy Il Cqr 25°C 37.5-
5 mL EtOAc/20 mL 1 M aq. Nal
35.0mA cm?,5.0 F solvent 35.0-
2.70 eq. ethyl methacrylate
783 mg 4a 325
73% (isolated) 30.0

30 35 40 45 50

Yield (GC): <65%

1 1 1
3.0 35 4.0 45 50

Cqy Il Cqr, 33°C
20 mL 1M aq. Nal
27.9mAcm?2 54 F
3.21 eq. ethyl methacrylate
5g4a

86% (isolated)
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30.0 32.5 35.0 37.5 40.0

65% —70% M 70% —75% M 75% -80% M 80% —85% M >85%

Aliases: A=QI[F]: B=j[mAcm? C = eq.ethyl methacrylate

Fig. 1 Contour plots of the yield (GC, 1,3,5-trimethoxybenzene as internal standard) for the optimization process via DoE for the synthesis of 1
form (2)-hydrazone 8a. The solvent, substrate concentration ¢ and reaction temperature T were optimized in a linear fashion. Synthesis conditions
before and after optimization are shown on the left and right, respectively. Holding values: A = 5.41 F; B = 27.9 mA cm™2; C = 3.21 eq. GC yields
determined with 1,3,5-trimethoxybenzene as internal standard after external calibration.
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(2>, resolution I with central point and rotatable axial
points, each data point acquired once, central point thrice) led
to the following optimum conditions: graphite electrodes,
acetonitrile/EtOH (1:1 v/v), 2.79 eq. Nal, 3.79 eq. ethyl meth-
acrylate, 9.0 mA cm™2, 4.03 F, rt. An additional linear optimiz-
ation of the current density revealed an optimum at 4.0 mA
em™. With the adjusted conditions, full conversion of hydra-
zone 8b was achieved and mefenpyr-diethyl (1) was obtained
in a satisfactory isolated yield of 71% on 2.85 mmol scale.
Hence, the electrosynthesis of herbicide safener 1 seems to be
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strongly solvent dependent with regards to the substrate
configuration.

After suitable reaction conditions for both hydrazones 8a
and 8b were established, the reactions were investigated
regarding scalability. The results are summarized in Table 1.

To our delight, both established synthetic routes for conver-
sion of hydrazones 8a and 8b to mefenpyr-diethyl (1) showed
robustness in scale-up. Synthesis of 1 starting from (E)-hydra-
zone 8b was performed in a satisfactory yield of 66% on multi-
gram-scale. Even on multi-decagram scale in a bipolar cell set-

Table 1 Scale-up of the synthesis of mefenpyr-diethyl (1) from hydrazones 8a and 8b

Product Hydrazone
Cl 8a“ 86% 88% 66%
16.4 mmol 88.2 mmol 0.528 mol
Q 6.13 g 329¢ 197 ¢
OFEt b’ 71% 66% 63%
cl N 2.03 mmol 14.9 mmol 101 mmol
N 757 mg 559g 37.8¢
(¢] OEt

1

“Solvent-free, ¢ = 0.96 m 8a in 1 m Nal (aq.), 3.21 eq. ethyl methacrylate, graphite electrodes, 33 °C, 27.9 mA cm™?2, 5.4 F. b¢=0.11 m 8b in EtOH/
MeCN 1:1 (v/v), 3.79 eq. ethyl methacrylate, 2.79 eq. Nal, 4.0 mA cm ™2, 4.03 F.

Cl Cl
Cl NH3*
al 1.0 eq. ethyl glyoxylate, AcOH Nbl| cr 1) 1.2 eq. NEt3 THF, 0°C al
N’NH EtOH, reflux 2) 2.5 eq. ethyl glyoxylate HN\N
Etomj c EtOH, 0°C rt. o. |
(e] 8b 8a OEt

Cqr Il Cgr
3.79 eq. ethyl methacrylate

EtOH / MeCN (1:1), 2.79 eq. Nal
4.0 mA cm2, 4.03 F, 25 °C

up to 71%

80%
scale-up

Cor || Cqr
3.21 eq. ethyl methacrylate

1mag. Nal, 33 °C
27.9mAcm?, 54 F

up to 88%

yield over 2 steps:

up to 70% via 8a
up to 63% via 8b

Scheme 2 Synthesis from screening to scale-up of mefenpyr-diethyl (1) from 2,4-dichlorophenylhydrazone hydrochloride via hydrazones 8a and

8b.
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up,’® the homogeneous reaction proved to be stable, and
mefenpyr-diethyl was obtained in a comparable yield of 63%.
Similarly, (Z)-hydrazone 8a underwent the desired conversion
smoothly under solvent-free conditions at different scales.
Even when going from gram-scale to decagram-scale, no loss
in yield was observed and target compound 1 was obtained in
an excellent yield of 88%. Thus, we decided to transfer this
reaction to even larger scale, employing 209 g (0.8 mol) of (2)-
hydrazone 8a. A stacked electrode setup was used,’® and
mefenpyr-diethyl was obtained in 66% (197 g) on hectogram
scale. On these scales, the counter electrode reaction rep-
resents an important process which must be taken into con-
sideration. The counter electrode reaction for the represented
example is the evolution of hydrogen. This is a well-known and
extensively studied reaction, which can be easily controlled.**

To compare both approaches to herbicide safener 1, the
yield over two steps including hydrazone formation in the first
and electrochemical conversion in the second step must be
considered. Overall, mefenpyr-diethyl (1) was obtained in a
total yield of up to 70% over two steps via (Z)-hydrazone 8a.
The competing sequence via (E)-hydrazone 8b yielded the
desired product 1 in up to 63% (Scheme 2).

Overall, the synthesis of mefenpyr-diethyl (1) via (Z)-hydra-
zone 8a is slightly more favourable compared to the method
using (E)-hydrazone 8b. However, both synthetic strategies
demonstrate excellent performance regarding their scalability.
Thus, these electro-organic procedures show potential for
application on technically relevant scale.

Conclusions

A sustainable two-step protocol for the preparation of the
industrially relevant herbicide safener mefenpyr-diethyl was
established.

The selective synthesis of (E)- or (Z)-hydrazone as substrates
for the electrochemical conversion was achieved by solvent-
control in very good yields. A substantial difference in the
polarity of the hydrazones was found to require vastly different
reaction conditions for a smooth synthesis of the title com-
pound. Whereas the (E)-hydrazone required a homogeneous
system for successful conversion, the (Z)-hydrazone was con-
verted in a biphasic system under solvent-free conditions. A
series of scale-up experiments revealed a good to excellent
stability for both processes. Thus, the (E)-hydrazone yielded up
to 71% mefenpyr-diethyl and a 50-fold scale-up to multi-deca-
gram scale was performed successfully. In parallel, the conver-
sion of the (Z)-hydrazone yielded 86-88% in up to multi-deca-
gram scale and even a scale-up to hectogram scale was
demonstrated.

In conclusion, the general application potential of this
exemplary electrochemical conversion on technically relevant
scale was proven. Both reaction sequences captivate with the
simplicity of their electrochemical key steps: an undivided
beaker-type cell equipped with inexpensive graphite electrodes
and excess reagents can be recycled easily. By employing envir-

This journal is © The Royal Society of Chemistry 2023
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onmentally benign solvents or solvent-free conditions with
abundant and non-hazardous sodium iodide in a dual role as
supporting electrolyte and mediator, the established protocol
offers a sustainable and feasible alternative to conventional
synthetic methods.
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