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The necessary separation of anodic and cathodic compartments
in the electrochemical multicomponent synthesis of alkyl
arenesulfonates in batch was overcome by the transfer of this
reaction in an undivided electrochemical flow cell. The yield
was increased from an initial 23% to 67% by optimization using
Design of Experiments (DoE). The experiments were carried out
using an automated experimental flow electrolysis setup
controlled by the automation software LABS (Laboratory

Automation and Batch Scheduling), an open-source software
that allows to plan and conduct experiments with an arbitrary,
freely selectable experimental setup. The automated experi-
mental setup turned out to be stable and provides reproducible
results. In total, 6 examples are demonstrated with isolated
yields up to 81%. In addition, the robust scalability of the
electrochemical reaction was demonstrated in a 10-fold scale-
up.

Introduction

Organic Electrosynthesis has begun to experience a remarkable
and ongoing renaissance, because it offers a variety of
advantages over conventional synthetic methods.[1] Electro-
organic reactions are typically carried out under mild reaction
conditions. Electricity, which can originate from sources of
renewable energy, is used as inexpensive and universal redox
agent.[2] This allows for innovative electrochemical reaction
pathways, which avoid the use of hazardous reagents,[3] and
minimize the generation of reagent waste.[4]

In 2020, our group reported the first electrochemical multi-
component synthesis of alkyl arenesulfonates in batch.[5] In this
transformation, stock solutions of sulfur dioxide are employed
as atom-economic, inexpensive, and simple source of SO2,
entirely avoiding expensive sulfur dioxide surrogates. This work
is part of the recent progress in the field of electrochemical
incorporation of sulfur dioxide into organic molecules (Fig-

ure 1).[6] The electrosynthesis of sulfonates was the basis for
following work on the electrosynthesis of sulfonamides,[7]

sulfamides,[8] and alkenesulfonates.[9] In addition to the use of
SO2 stock solutions, the synthesis of sulfonamides in flow was
demonstrated by the Noël group by an electrochemical
coupling between thiols and amines.[10] Previous work by our
group used SO2 multicomponent reactions for the synthesis of
sulfonamides in flow by carrying out experiments manually.[11]

In recent years however, significant progress was made in
automatizing chemical synthesis,[12] often by employing flow
chemistry.[13]

Many solutions for laboratory automation require the use of
commercial third-party software, or the software which is
developed internally is not openly published. In 2022, our
group developed LABS: Laboratory Automation and Batch
Scheduling,[14] a modular, open-source Python based solution.
The graphical user interface of the LABS frontend enables the
addition of experiments in individual segments, which can then
be transferred to the experimental setup. The modular design
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Figure 1. The combination of LABS (Laboratory Automation and Batch
Scheduling) and a multi-step DoE-based optimization allowed the transfer of
reaction conditions from divided batch to undivided flow without loss of
yield.
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allows for the automation of any combination of devices by
adapting the configuration file. If the device drivers are already
available in the LABS repository, no programming knowledge is
required on the part of the user to realize these implementa-
tions. The flexible architecture allows for the rapid modification
of this automated setup, thereby facilitating the user‘s ability to
readily accommodate specific requirements to the test setup.

Here, the study demonstrates the adaptation and utilization
of LABS for the automated electrochemical synthesis of
sulfonates in flow. To this end, the handling of stock solutions
of SO2 was incorporated into the automation configuration. The
electrolysis flow cells utilized as part of the experimental
framework presented in this work were devised within our
research group and are commercially available.[15] Previously, we
employed peristaltic pumps, which revealed that the stability of
the tubing rapidly deteriorates due to the high load during
electrolysis and rinsing sequences. This results in inconsistent
flow rates. We therefore equipped our experimental setup with
two piston pumps from Eldex. These were integrated into LABS
with a corresponding driver file. Design of Experiments (DoE)
was used as key technique for the systematic analysis and
optimization of the reaction conditions.[16]

Results and Discussion

To transfer the original protocol, which described the con-
version in a divided batch cell to flow, several reactions with
different settings of the continuous parameters were first
carried out without automation (Table S3 in the Supporting
Information). The initial maximum yield in a single-pass
undivided flow cell was 22%, whereas alterations in the
reaction conditions resulted in a 13% decrease in yield.

This prompted us to transfer the whole system to a LABS-
controlled setup. To this end, the modified setup was first
calibrated regarding the stability of the dosed volumes and the
stability of the electrolysis in the operating range of the applied
flow rates. Further preliminary experiments have shown that
cyclic electrolysis with a reservoir gives better yields than
single-pass electrolysis. In this study, the flow rate is always

expressed as a multiple of the flow rate required for a single
pass (flow multiplier).

An initial 25–1 design showed strong main effects after the
first run with higher yields at the respective low (� ) parameter
settings (Figure 2). A reproduction for a significance-based
evaluation of the effects was dispensed with and the parameter
range of the optimization was shifted to lower parameter levels.
The analysis of the yield in the second design showed a
curvature of the response space. Due to physical limitations, the
model was extended to a response surface model using a face-
centered central composite design (CCD) instead of an
orthogonal CCD. The determination of the yield by qNMR
permitted the simultaneous measurement of the conversion
and selectivity based on the yield of 1. The corresponding
models were analyzed according to the same protocol to verify
the plausibility of the data for the yield.

Automated Flow Setup

The principal advancement in comparison to our previous work
using LABS is the utilization of piston pumps in combination
with peristaltic pumps for procedures requiring high precision
and durability. One piston pump is employed to prepare the
electrolyte at the beginning of each experiment, while a second
piston pump is utilized to pump the electrolyte through the
flow-through electrolysis cell (Figure 3).

As the piston pumps are unable to self-prime, an additional
peristaltic pump was employed to flush the reservoir residue-
free in the cleaning procedure. The vessel for the SO2 stock
solution was cooled to 0 °C separately to ensure concentration
stability over the duration of the experiment (Figure 4). The
LABS method for cyclic flow electrolysis entails the dosing of
reagents in the reservoir, the filling of the electrolysis flow cell
with electrolyte solution, and the initiation of cyclic flow
electrolysis. Upon completion of the electrolysis process, the
reaction solution is pumped to the fraction collector, including
additional rinsing with acetonitrile. As a cleaning step, the
entire system is flushed first with acetone and then with

Figure 2. Optimization strategy for the yield. The same modeling via regression and analysis of variance (ANOVA) was also done for the system responses
conversion and selectivity. HFIP=1,1,1,3,3,3-hexafluoro-2-propanol. CCD=Central Composite Design.

Wiley VCH Donnerstag, 05.09.2024

2418 / 364809 [S. 151/156] 1

ChemElectroChem 2024, 11, e202400360 (2 of 7) © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Research Article
doi.org/10.1002/celc.202400360

 21960216, 2024, 18, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202400360 by U
niversitätsbibliothek M

ainz, W
iley O

nline L
ibrary on [05/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



acetonitrile. Further details on the experimental setup can be
found in the Supporting Information.

Investigation of Flow Multiplier and System Stability

First, the influence of the flow multiplier for the cyclic flow
mode was analyzed in relation to the flow rate required for
single-pass electrolysis. The resulting higher flow rates can have
a positive effect on mass transport to and from the interface.
However, to apply the necessary charge, the solution must
either be pumped through the cell several times from one
reservoir or a cascade mode with a second reservoir must be
chosen.[17] Due to the simpler implementation, we have decided
in favor of the first case (Scheme 1).[18] To investigate which flow
multiplier to use, the reaction was carried out in duplicates with

flow multipliers ranging from 1 to 5 in steps of 1 (Table S4 in
the SI).

For all subsequent experiments, we have chosen a flow
multiplier of 5 to ensure a sufficient passing rate of the total
electrolyte. Moreover, the single-pass experiments at the
beginning of the study yielded 22–23% at high current
densities of 25 mAcm� 2, whereas experiments with lower
current densities and thus lower flow rates yielded poorer
yields. This could be indicative of a positive influence of
improved mass transport.[19] To demonstrate the reproducibility
of the electrolysis sequence conducted by the automated
experimental setup, the reaction depicted in Scheme 2 was
carried out 10 times consecutively with flow multiplier 5.

The NMR yield of 1 was determined to be 53(�3)%. The
conversion was found to be 90(�4)%, and the selectivity was
determined to be 59(�3)% (Table S5 in the SI). In Figure 5, the
results of the flow multiplier screening and the system stability
analysis are combined in one graph (the data for this plot can
be found in Table S4 and Table S5 in the SI). Following the
completion of the final electrolysis and clean-up program, the
flow cell was disassembled, and no evidence of electrode
fouling was observed, which can appear with electron-rich
arenes in anodic processes.[20]

Initial Fractional Factorial Design

Based on our initial investigations we included the following
five continuous parameters for the DoE-based investigation: the
amount of applied charge Q, the current density j, the
equivalents of ethanol and of pyridine, and the amount of HFIP

Figure 3. Photograph of the automated electrolysis setup. The reactants are
held in screw-cap glass bottles (right). The electrolyte is prepared in the
reservoir with stirring (center). The valve downstream of the electrolysis cell
allows the electrolyte to be returned to the reservoir, to the fraction
collector, or the waste. Picture by A. H. J. Lohmann.

Figure 4. Flow diagram of the electrolysis setup. BPR: back pressure
regulator.

Scheme 1. Electrochemical multi-component synthesis of ethyl
2,5-dimethoxy-benzenesulfonate (1) directly from 1,4-dimethoxybenzene,
SO2, and ethanol in an undivided flow electrolysis cell.

Scheme 2. Reaction conditions for the stability test. The yield, conversion,
and selectivity (=yield / conversion) for each of the 10 runs was analyzed
using quantitative 1H NMR spectroscopy with 1,3,5-trimethoxybenzene as
internal standard.
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in the reaction solution. HFIP plays a key role in this reaction as
hydrogen bond donor (see mechanism section in the SI).[21] The
following parameters were kept constant: electrode materials
(BDD j j stainless-steel), interelectrode gap (0.25 mm), temper-
ature of the cathode (25.0 °C), concentration of the starting
material in the reaction solution (0.1 molL� 1), equivalents of SO2

(10.0 equiv.), cyclic flow mode (flow multiplier 5). BDD was
chosen as metal-free, electrochemically stable anode material.[22]

Using this range of values for the parameters, a 25–1 fractional
factorial design without replication was chosen for initial
experiments. The yield, conversion, and selectivity (=yield/
conversion) were determined using quantitative 1H NMR
spectroscopy with 1,3,5-trimethoxybenzene as internal
standard. This was maintained for all subsequent optimization
experiments to ensure comparability of the measured values.
Each experiment required for the initial experimental design
was first performed once and the experimental design was
analyzed without replication (Figure 2 left). The analysis showed
that the selected parameter range was far from the optimum
for the reaction (see Table S6 in the SI). We therefore dispensed
with further replication and adjusted the parameter limits for a
follow-up design. Experiments with upper limit of current
density of 25 mAcm� 2 or amount of applied charge of 7.0 F
showed poorer yields. We therefore adjusted the parameter
range accordingly.

Second Fractional Factorial Design

The results of the first experimental design (Table S6 in the SI)
indicated that a shift in the parameter limits of the design was
necessary to further enhance the yield (Figure 2 middle).
Consequently, the adapted 25–1 design with resolution V was
run in duplicate at the corner points for a total of 32
experiments. The central point was systematically run after
every fifth experiment to monitor system stability over the

course of the campaign. The corner points were executed in
randomized order. The results are listed in Table S7 in the
Supporting Information. After execution of the experiments and
analytics, non-significant terms were excluded from the model
using backward elimination (p<α=0.1). The analysis of
variance (ANOVA) for the system response yield resulted in a
significant p value for curvature in the model (p<0.001).[23] To
check for nonlinear behaviour within the parameter range of
the model, we added star points to achieve a central composite
design (CCD). Given that an optimal α-distance for the star
points would have resulted in runs that were not feasible due
to physical limitations, a non-orthogonal, face-centered CCD
was selected as the optimal solution. An orthogonal CCD would
have necessitated a range for the HFIP volume percentage that
is not attainable without either diluting the starting material in
the reaction solution or decreasing the SO2 equivalents.
Furthermore, it is challenging to pump SO2 stock solutions with
concentrations greater than 2.0 molL� 1 without loss of SO2 due
to degassing.

Extension to a Central Composite Design

The analysis of the CCD (second FFD including the surface-
centered star points, Table S8 in the SI) is carried out
analogously using backward elimination (p<α=0.1; Figure 2
right). As previously indicated in the ANOVA of the FFD, the
main effect analysis of the CCD reveals the presence of several
quadratic terms that contribute significantly to the model of
the yield. These terms are primarily associated with the amount
of applied charge and the volume fraction of HFIP in the
electrolyte (Figure 6). The yield model shows a robust R2 of
87%. However, the evaluation using cross-validation reveals a
R2

predicted of 75% indicating a slight overfitting of the model,
which may be due to a more complex response surface of the
reactions true functional. This evidence holds true for the
models based on conversion and selectivity as well.

Figure 5. Flow multiplier screening and analysis of system stability. Plot of
qNMR yield of 1, conversion, and selectivity (= yield / conversion) with
1,3,5-trimethoxybenzene as internal standard. For flow multipliers 1 to 4,
two runs are shown. 11 runs are shown for flow multiplier 5 (see Table S4
and S5 in the Supporting Information).

Figure 6. Main effect plot of the CCD model for the system response yield of
1. The models overall average yield was 63% indicated as dotted line.
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A corresponding test of the smallest quadratic main effect
(equivalents of ethanol) showed a linear response, contrary to
the predicted quadratic behavior of the main effect. We
therefore probed the model using a response optimizer
algorithm (Minitab 21) to predict the reaction conditions for the
maximum yield within the investigated range. Here, previously
untested experimental settings were proposed for the respec-
tive effect maxima of the applied charge and the volume
fraction HFIP (see Figure 6). The experimental validation
revealed an offset of 17% (predicted: 77%, qNMR yield found:
60%). As the predictive power of the model inside the
investigated area appeared low, the optimal experimental point
was identified from the CCD, and 1 was successfully isolated in
a yield of 67% (Figure 7). Further details are available in the SI.

Scope

Using the optimized reaction conditions obtained by Design of
Experiments (DoE), several alcohols were tested (Figure 7).

For ethanol, product 1 was obtained in 67% isolated yield.
Methanol gave 2 in 42% isolated yield. The use of isopropanol
resulted in 21% isolated yield for 3. Sulfonate 4 was synthesized
in 72% isolated yield using 2-methylpropanol. 2,2-dimethyl-
propyl alcohol gave 5 in 62% isolated yield. Using pentanol,
product 6 was isolated in a yield of 74%, which is the highest
yield of all substrates.

Scale-Up

It’s of great importance to demonstrate the robust scalability of
electrochemical reactions, because this leads the way to
application on industrial scale.[24] Therefore we carried out a
10-fold scale-up of the reaction depicted in in Figure 7 using
pentanol as nucleophile (Table 1), since pentanol gave the
highest yields of all tested alcohols (Figure 7). In this case, the
isolated yield on the larger scale was 81%, which corresponds
to a cell productivity of 0.6 g/h of product 6. The space-time
yield of the two cells remains nearly the same, due to the
scaling factor and unchanged current density. The flow cells
employed are described in Figure 8, and further details about
them can be found in the Supporting Information.

Conclusions

An automated experimental setup for the electrochemical
synthesis of sulfonates in a multicomponent reaction in an
undivided flow cell was developed. LABS: Laboratory Automa-
tion and Batch Scheduling, a modular, open-source Python
software developed in our group, was used to plan, and to carry
out the reactions. We did show that a simple and inexpensive
stock solutions of sulfur dioxide can be employed in an
automated flow electrolysis setup in a concentration of up to
2.0 molL� 1. Design of Experiments (DoE) was used to systemati-

Figure 7. Scope of this electrochemical transformation with isolated yields.

Table 1. Scale-up with comparison of small cell with large flow cell.

Electrolyzer Isolated Yield [%] Productivity [g/h]

small flow cell 74 0.159

large modular flow cell 81 0.663

Figure 8. The two flow cells used.[25] Details can be found in the Supporting
Information. Pictures by J. Schneider. The screening-scale flow cell is
commercially available as “ElectraSyn flow” from IKA-Werke GmbH & CO. KG,
Staufen.
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cally analyze the parameters affecting the reaction, and to
optimize the yield. In total, 6 examples were demonstrated with
isolated yields up to 81%. The robust scalability of the electro-
chemical reaction was demonstrated in a 10-fold scale-up in a
larger flow cell, which resulted in an increase of yield and an
improved productivity. No hydrogen evolution reaction is
observed during electrolysis, which could disrupt the flow
setup.[26] The reaction components (HFIP, MeCN, alcohol, SO2,
and pyridine) are volatile, which simplifies reaction workup. The
reaction does not require any additional supporting electrolyte,
because the reaction mixture itself ensures enough conductiv-
ity. This is another example of the dual role of a supporting
electrolyte as enabler of conductivity and reagent.[27]

Supporting Information

Detailed information on experimental setup, general proce-
dures, reaction optimization, product characterization, and
proposed mechanism can be found in the Supporting Informa-
tion. The source code of LABS: Laboratory Automation and Batch
Scheduling is available on GitHub under MIT license.[28] The
authors have cited additional references within the Supporting
Information (Ref. [29]).
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