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This study demonstrates the advantages of an electrochemical
continuous flow cell regarding the p-hydrocarboxylation of
styrene. An efficient continuous flow method was developed,
obtaining high yields of carboxylic acid with a very low residence
time, however still maintaining high selectivity.

Introduction

Harnessing CO, as a carbon source for carboxylation reactions
is a highly appealing route to synthesize carboxylic acids. A key
driver of progress in CO, utilization has been the development
of diverse activation strategies, each designed to overcome the
molecule's inherent thermodynamic and kinetic stability. Earlier
approaches to CO, utilization relied on highly nucleophilic
intermediates—such as Grignard® or organolithium reagents®—
which readily attack the electrophilic carbon center of CO,. In
recent years, however, there has been growing interest in
developing milder activation strategies, with several
photocatalytic and electrochemical single electron transfer
methods emerging as promising alternatives focussing mostly
on alkyl>* and aryl* halide substrates, as well as on the mono-
and  dicarboxylation of alkenes.”*" One prominent
photochemical method, developed by Jamison et al,’
demonstrates the hydrocarboxylation of styrene and derivatives
under continuous flow conditions via a single-electron transfer
mechanism. However, the inherently high reduction potential
of CO, towards its radical anion (1.9 V vs. NHE) necessitates
the use of a strongly reducing photocatalyst p-terphenyl, which
in turn requires excitation with a high-intensity 500 W Hg(Xe)
UV lamp. Additionally, the process requires two equivalents of
the sacrificial reductant pentamethylpiperidine for each
carboxylation event. To supply the high energy electrons
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required for the reduction of CO,, researchers have thus turned
to electrochemistry. This allows precise tuning and on-demand
delivery of the required potential, as well as opening up a
broader choice of electron sources (reductants) at the counter
electrode. Recently, several electrochemical methods have
demonstrated the ability to selectively produce p-carboxylic
acids from styrene derivatives, while a-carboxylic and
dicarboxylic acids are formed as side products."”*** (Table 1)
Despite these promising  developments, practical
implementation remains hindered by challenges such as small-
scale operation, suboptimal selectivity, and extended reaction
times. Moreover, the process often requires excessive amounts
of CO, and electrons to achieve full conversion, leading to
significant resource inefficiency. A recent literature review
concerning electrochemical carboxylation with CO, by Yu and
co-workers™ also emphasizes that the use of continuous flow
microreactors remains underexplored, with only a few examples
in the literature regarding the synthesis of o-amino acids via
the hydrocarboxylation of imines'® and biologically active
carboxylic acids via deoxy-carboxylation of alcohols.”” In 2021,
however, Buckley and co-workers demonstrated that the
precursor to ethosuximide could be synthesized via
electrochemical hydrocarboxylation in 81% yield by
recirculating the reaction mixture through a microreactor for 4
hours.'® While this approach employs flow technology, it does
not represent a fully continuous, single-pass process.
Nonetheless, it provided a valuable foundation and inspired us
to develop a single-pass, fully continuous flow
hydrocarboxylation method that offers an efficient, scalable,
and rapid route to carboxylic acids. By leveraging the advantages
of continuous flow reactors—such as precise control over
residence time, CO, dosing, and electron flux—our system
delivers significant improvements in both efficiency and
practicality (Fig. 1).

Results and discussion

Before delving into the complete and efficient one-pass
continuous flow reaction set-up, it is important to address
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Table 1 Electrochemical carboxylation of styrene with CO,
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©/\/COQH @COZH : J
+)/Cat.(-

COH CO,H

Ref.  Electrodes Reaction volume  Styrene concentration

Solvent (electrolyte)

Reaction time  Conversion 1 Yield 2/3/4 (%)

12 Sm(-)/SS(+) 40 ml 0.025 M MeCN (0.025 M Bu,NPFs) 4 h n.a. 65/0/0
13*  C(-)/IC(+) 10 ml 0.1M DMF (0.05 M Et,NT) 3.5h 99 62/0/8
14°  Ni(-)/Mg(+) 20 ml 0.175 M DMF (0.1 M Bu,NPFy) 8h 80 53/13/0

%10 eq. of +BuOH and 8 eq. of TMSCI used in reaction. Prior to styrene addition, reaction mixture is electrolyzed for 4 hours for Sm**

generation.
charge of 3 F mol™.

the current limitations of CO,-reductive electrochemistry.
One key challenge lies in the limited selection of suitable
solvents, particularly when working with species like CO, that
require highly negative reduction potentials. Solvents with
cathodic stability beyond the reduction potential of CO, are
essential for such reactions. Suitable options include DMF,
THF, and MeCN." Solvents with less negative cathodic limit
potentials will result in competitive reactions at the working
cathode, lowering the faradaic efficiency or bringing the
reaction to a complete halt. Recent literature reviews reveal
that DMF is predominantly utilized.">*° A second limitation
is the narrow choice of counter reactions. Unlike oxidative
electrochemistry, which often uses simple proton reduction
as the counter reaction, CO, reduction typically relies on

Previous work (batch)

Long reaction time

This work (continuous flow)

__— 358h

Mixture electrolyzed with a constant potential of 10 V. ¢ Electrolyzed with a constant current of 35 mA, corresponding to a total

sacrificial anodes. Although literature includes examples of
CO, reduction reactions employing non-sacrificial counter-
electrodes, these approaches suffer from a poorly defined
anodic chemistry and face challenges such as high operating
potentials and reduced selectivity.">"> Therefore, sacrificial
magnesium anodes (Mg — Mg”" + 2¢7) have been chosen for
the next experiments. Lastly, the widely accepted mechanism
for the electrochemical carboxylation of styrene indicates that
a hydrogen donor is essential for achieving [-selective
hydrocarboxylation, as it ‘quenches’ the resulting radical
intermediate (Fig. 2, path a). In the absence of a hydrogen
donor, the reaction pathway shifts toward dicarboxylation
instead'>*' (Fig. 2, path b). An effective hydrogen donor
should have a pK, lower than that of the corresponding

T~ Abundant CO, preflushing

Short reaction time

Mixing zone  gpRr

Careful CO, dosing

P +HCI ©/VC02H
- e

Fig. 1 Advantages of continuous flow hydrocarboxylation strategy vs. batch.
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Fig. 2 Generally accepted mechanism for the electrochemical mono-
and dicarboxylation of styrene at the cathode.

o-proton in the product, ensuring efficient proton transfer. At
the same time, its pK, should be high enough to minimize
competitive proton reduction at the working cathode. With
these criteria in mind, water (pK, = 14)**> was selected as the
hydrogen donor.

To analyze the hydrocarboxylation reaction in terms of
electron flux, the reactor operates under constant current
conditions. Maintaining a steady current, along with known
reactor dimensions, (Fig. S1, ESIT) allows for precise calculation
of the electron exposure per mole of substrate (F mol™). At
maximal theoretical efficiency, 2 moles of electrons are needed
for every mole of substrate (Fig. 2). In practice, however, a part
of the supplied electrons will lead to side reactions, e.g.
unproductive proton reduction at the cathode, thus a higher
electron flux is needed. The flow cell's small internal volume of
0.086 mL results in an extremely short residence time of just 25
seconds with an electron flux of 3 F mol™. The initial
optimization was performed by saturating the reaction mixture
with CO, bubbling, resulting in a saturated liquid reaction
mixture where the CO, is fully dissolved. Using this pre-
saturated mixture, the reaction takes place in an
electrochemical flow cell driven by a syringe pump.
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With all prior conditions set, an electrolyte optimization
was conducted first, evaluating a group of seven candidates.
Among these, Bu,NBF, demonstrated the best performance
(Table 2, entry 1).

As mentioned before, only DMF, MeCN and THF were
considered as solvent due to their sufficiently low cathodic limit
potential. When DMF was used as solvent, 86% styrene 1 was
converted, yielding 68% of monocarboxylated product 2
(Table 3, entry 1). Using MeCN and THF unfortunately caused
reactor clogging within just a few minutes due to fouling
(Table 3, entries 2-3). When MeCN and THF were combined
with DMF in equal volumes, reactor clogging could be avoided,
but lower yields were obtained (Table 3, entries 4-5).

To obtain the highest yield and selectivity for
B-carboxylated 2, monocarboxylation (Fig. 2, path b) needs to
be favoured by adding sufficient hydrogen donor. However,
the amount of hydrogen donor has an upper limit, as
excessive dosing of water can lead to competitive proton
reduction at the working electrode, thereby lowering the
faradaic efficiency of monocarboxylated product 2 while
decreasing overall conversion. An optimum was found when
adding 7 eq. H,O while running the reaction at 3 F mol™
(Table 4, entry 3). When adding 15 eq. H,O, styrene
conversion is significantly decreased. The presence of large
gas bubbles post-reaction suggests that competitive hydrogen
evolution is likely occurring—a conclusion supported by
previous literature, which reported nearly 50% faradaic
efficiency toward hydrogen generation upon the addition of
10 equivalents of water,” ultimately leading to reduced
overall conversion (Table 4, entry 4).

To promote responsible resource management, additional
experiments were conducted using reduced electrolyte
concentrations. Results indicated that the electrolyte
concentration could be lowered from 0.1 M to 0.02 M with
only a slight decrease in yield. (Table 5, entry 2) At lower
concentrations, the reaction mixture lacked sufficient
conductivity, causing a continuous rise in cell potential until
failure (Table 5, entries 3-4).

Table 2 Electrolyte screening for the electrochemical hydrocarboxylation of styrene towards 3-phenylpropionic acid

CO,H
@/\ @/VCOzH CO,H
+
C(-)/Mg(+), COy,
DMF, Electrolyte (0.1 M) 3
1 H,0 (3 eq.) 2
Entry” Electrolyte Conv. 17 (%) Yield 2/3° (%)
1 Bu,NBF, 86 68/11
2 Et,NBF, 47 21/2
3 Me,NBF, 0 0
4 LiClO, n.d. n.d.?
5 Bu,NClO, 81 54/14
6 Bu,NPF, 84 56/10
7 Et,NI 45 22/4

“ Reactions were performed after flushing the reaction mixture with CO, for 30 minutes, with a styrene starting concentration of 0.05 M, under
constant current conditions (0.208 mL min~', 50 mA, 3 F mol™, 25 s residence time). ” Conversion determined via quantitative HPLC analysis.
° Yield determined via quantitative "H-NMR analysis of extracted products. ¢ Reactor clogging, yield was not determined.

This journal is © The Royal Society of Chemistry 2025
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Table 3 Solvent screening for the electrochemical hydrocarboxylation of styrene towards 3-phenylpropionic acid

CO,H
@/\ ©/VCOZH ©)\/COZH

(-)/Mg(+), CO,,
Solvent BuyNBF,4 (0.1 M) 3
1 H,0 (3eq.) 2

Entry” Solvent Conv. 17 (%) Yield 2/3° (%)
1 DMF 86 68/11

2 MeCN n.d. n.d.?

3 THF n.d. n.d.?

4 DMF/MeCN (1/1) 75 53/9

5 DMF/THF (1/1) 78 60/8°

“ Reactions were performed after flushing the reaction mixture with CO, for 30 minutes, with a styrene starting concentration of 0.05 M, under
constant current conditions (0.208 mL min~', 50 mA, 3 F mol™, 25 s residence time). ” Conversion determined via quantitative HPLC analysis.
¢ Yield determined via quantitative 'H-NMR analysis of extracted products. ¢ Reactor clogging after a few minutes, yield was not determined.
¢ Reactor started clogging near the end of the reaction.

Table 4 Hydrogen donor screening for the electrochemical hydrocarboxylation of styrene towards 3-phenylpropionic acid

CO,H

()/Mg(+), CO,,
DMF Bu,NBF, (0.1 M) 3
1 H,0 (x eq.) 2

Entry® Hydrogen donor (eq.) F mol* Conv. 17 (%) Yield 2/3° (%)
1 H,0 (3) 3 86 68/11

3.5 97 60/10
2 H,0 (5) 3 80 63/10

3.5 89 66/11
3 H,0 (7) 3 87 72/10

3.5 86 68/7
4 H,0 (15) 3 70 50/4

3.5 80 58/4

“ Reactions were performed after flushing the reaction mixture with CO, for 30 minutes, with a styrene starting concentration of 0.05 M, under
constant current conditions (for 3 F mol™*: 0.208 mL min™", 50 mA, 25 s residence time. For 3.5 F mol: 0.177 mL min', 50 mA, 29 s
residence time). © Conversion determined via quantitative HPLC analysis. ¢ Yield determined via quantitative 'H-NMR analysis of extracted
products.

Table 5 Lowering the electrolyte concentration for the electrochemical hydrocarboxylation of styrene towards 3-phenylpropionic acid

COH
©/\ ©/\/COZH ©)\/C02H

C(-)/Mg(+), COo,

DMF, BugNBF, 3
1 H20 (7 eq.) 2
Entry” Electrolyte conc. Conv. 1° (%) Yield 2/3° (%)
1 0.1 M 87 72/10
2 0.02 M 80 62/7
3 0.01 M n.d.? n.d.?
4 0.005 M n.d.? n.d.?

“ Reactions were performed after flushing the reaction mixture with CO, for 30 minutes, with a styrene starting concentration of 0.05 M, under
constant current conditions (0.208 mL min™', 50 mA, 3 F mol™, 25 s residence time). ” Conversion determined via quantitative HPLC analysis.
¢ Yield determined via quantitative "H-NMR analysis of extracted products. ¢ Potential gradually increased due to insufficient conductivity, thus
reaching the preset safety limit of 8 V. At that point, the reaction was halted prematurely, and the yield could not be determined.

Following the initial optimization, a fully continuous flow  carefully dosed using a mass flow controller (MFC). Instead of
hydrocarboxylation process was implemented, with CO,  saturating the reaction mixture with an excess of CO,, this

1458 | React. Chem. Eng., 2025, 10, 1455-1460 This journal is © The Royal Society of Chemistry 2025
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Table 6 Fully continuous flow electrochemical hydrocarboxylation of styrene towards 3-phenylpropionic acid

©/\
1 0.208 ml/min

COH

DMF,

BugNBF4 (0.1 M) @M_ I

HZO Mixing zone BPR

COH

1.02 miy/min

Entry® H,0 (eq.) Conv. 17 (%) Yield 2/3° (%)
1 1.5 84 59/3
2 3 71 56/2

“ Reactions were performed with a styrene starting concentration of 0.05 M, under constant current conditions (50 mA, 3 F mol™, 25 s
residence time) with 1 bar back pressure and 4.4 eq. CO, (1.02 mly min™). ? Conversion determined via quantitative HPLC analysis. ¢ Yield

determined via quantitative "H-NMR analysis of extracted products.

approach allows precise dosing of stoichiometric amounts,
minimizing waste. To prevent leakage caused by the
downstream placement of the back pressure regulator (BPR), it
was relocated upstream, as the reactor is designed to operate
under atmospheric pressure conditions. A homogeneous
reaction stream is crucial to avoid accumulation of gas bubbles
in the electrochemical cell, potentially causing fluctuations in
product selectivity. Via trial-and-error it was observed that a
maximum of 0.22 M of CO, could be dissolved without residual
gas bubbles entering the electrolysis cell, corresponding to 4.4
equivalents of CO,. The observed CO, solubility closely matches
previously reported literature value.>®

In contrast to the previously identified optimum of 7
equivalents of water, the addition of just 1.5 equivalents
already led to a better selectivity for monocarboxylated 2
(Table 6, entry 1 vs. Table 4, entry 3). Increasing the water
content to 3 equivalents resulted in a noticeable decrease in
conversion, suggesting that additional water offers no further
benefit. (Table 6, entry 2) The reason for the overall change
in product ratio compared to the syringe pump setup could
not be pinpointed. A possible explanation is that residual
water enters the reaction mixture, leading to a slight increase
in water concentration thereby favouring formation of
monocarboxylated product 2. Despite thorough flushing of
the circuit with the reaction mixture prior to the reaction, the
substantial internal volume of the pump, mixing zone, and
back-pressure regulator makes it challenging to completely
eliminate the possibility of water contamination.
Alternatively, a slightly lower CO, concentration is expected
in this setup, operating just below the CO, saturation point.
This reduction in CO, levels may, in turn, favor
monocarboxylation over dicarboxylation (Fig. 2, path a vs. b).

Attempts to enhance productivity by increasing current were
unfortunately unsuccessful, as higher currents led to the
formation of a gel-like substance that clogged the reaction
system (Table S1, ESIT). However, when maintaining the 0.05 M

This journal is © The Royal Society of Chemistry 2025

substrate concentration, the electrolysis cell displayed a stable
time-on-stream operation of approximately 100 residence times
(Table S2, ESIY).

Conclusions

In summary, we have developed a convenient and fully
continuous flow system for the hydrocarboxylation of styrene
with CO,, offering a highly efficient and controlled approach
to this transformation. By utilizing a continuous setup, we
ensure precise delivery of CO, in stoichiometric amounts,
minimizing waste while drastically reducing the reaction
time. This method not only enhances reaction efficiency but
also achieves high -selectivity and high conversion,
demonstrating its potential for scalable applications.
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