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Owing to its applicability in sustainable engineering, flow electrochemical synthesis in a
proton-exchange membrane (PEM) reactor has attracted considerable attention. Because
the reactions in PEM reactors are performed under electro-organic and flow-synthetic
conditions, a higher number of reaction parameters exist compared to ordinary reactions.
Thus, the optimization of such reactions requires significant amounts of energy, time,
chemical and human resources. Herein, we show that the optimization of alkyne
semihydrogenation in PEM reactors can be facilitated by means of Bayesian
optimization, an applied mathematics strategy. Applying the optimized conditions, we
also demonstrate the generation of a deuterated Z-alkene.

Keywords: electrosynthesis, proton-exchange membrane reactor, electrocatalyst, semihydrogenation, Bayesian
optimization

INTRODUCTION

Electrochemical synthesis, which largely entails reactions driven by electricity, has attracted
considerable attention in sustainable development (Johnson et al., 2017; Moeller, 2018;
Sauermann et al., 2018; Ashikari et al., 2019; Shida et al., 2019; Yano et al., 2020; Zhou et al,
2020; Dong et al., 2021). An important characteristic of electrochemical reactions is the reduction of
energy losses. Because these reactions can generally be performed under mild conditions, such as
room temperature and ambient pressure, energy losses such as carbon dioxide emissions can be
minimized. Another characteristic is pollution reduction. Because electrosynthesis takes advantage
of electricity as an oxidant and/or reductant in the place of hazardous chemical reagents, it produces
less waste than other conventional chemical reactions. Therefore, electrochemical synthesis is
considered a green technology owing to its mild and clean characteristics (Fuchigami and
Tajima, 2006; Ibanez et al., 2014), prompting renewed interest in its development.

The proton-exchange membrane (PEM) reactor is an innovative electrolysis unit, originally
developed for fuel cell technology (Smitha et al., 2005; Wang et al., 2011). The PEM reactor features
many characteristics designed to overcome the disadvantages of conventional electrosynthetic
processes, such as the necessity of supporting electrolytes. Moreover, because the PEM reactor is
a flow reactor (Masui et al., 2019; Ashikari et al., 2020; Colella et al., 2020; Harenberg et al., 2020;
Ichinari et al., 2020; Otake et al., 2020; Saito and Kobayashi, 2020; Watanabe et al., 2020; Ahn et al,,
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TABLE 1 | Initial investigation of the semihydrogenation of 1 in the conventional PEM reactor, varying the anode, cathode, and current density®.

2H", 2e~
————
PEM reactor

1

Entry Anode catalyst Cathode catalyst
1 Pt Pt

2

3

4 Pt Pd

5

6

7 Pd Pd

8

9

2

=
over-reduction . |
3
Current density Current efficiency Selectivity for
(mA/cm?) (%) 2 (%)
5.0 94 65
7.5 98 63
10 93 60
5.0 93 89
7.5 94 81
10 96 73
5.0 98 93
7.5 >99 92
10 >99 91

AReaction conditions: concentration of 1, 1.0 M; solvent, methylcyclohexane; flow rate, 0.25 mi/min; temperature, rt. The efficiency and selectivity were determined by gas

chromatography.
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FIGURE 1 | Semihydrogenation of 1 in a PEM reactor varying the residence time (A) and the concentration of 1 (B). Bar, current efficiency; dot, selectivity for 2.
Conditions: solvent, methylcyclohexane; electrocatalyst, Pd; temperature, rt; current density, 7.5 mA/cm?; Concentration of 1 in (A), 1.0 M; residence time in (B), 24 s.

2021; Prieschl et al., 2021; Sivo et al., 2021), it offers numerous
advantages, including precise control of the reaction time, the
applicability of successive reactions, and scalability, which are
rarely applicable in batch electrosynthesis (Elsherbini and Wirth,
2019; Noél et al,, 2019; Hu et al,, 2020). Therefore, various
applications of PEM reactor systems utilizing electrosynthetic
processes, such as the reduction of toluenes (Takano et al., 2016;
Fukazawa et al., 2018) and alkenes (Ogumi et al, 1981), and
asymmetric hydrogenation of o,p-unsaturated acids (Fukazawa
et al., 2020), have been reported (Raoult et al., 1984; Jorissen,
1996; Kishi et al., 2020; Fukazawa et al., 2021). In particular, the
electrocatalytic hydrogenation of various alkynes in the PEM
reactor is noteworthy because it allows for excellent product
selectivity (Fukazawa et al., 2019; Nogami et al., 2020). It is worth
mentioning that the hydrogenation reaction in the PEM reactor
utilizes water as a proton source, enabling the avoidance of
explosive hydrogen gas. Various Z-alkenes have been
selectively synthesized via the semihydrogenation of alkynes in
PEM reactors.

Therefore, because of the importance of semihydrogenation as
a sustainable process and that of Z-alkenes as versatile building
blocks in organic synthesis for pharmaceuticals, perfumes, and
natural products (Oger et al., 2013; Chinchilla and Néajera, 2014;
Vilé et al., 2016), we were interested in determining the process
parameters that influence the reaction. Herein, we report our
investigation of the electrocatalytic semihydrogenation of alkynes
using a PEM reactor, focusing on optimization of the parameters
that control the selectivity and efficiency of the electro-chemical
process. Notably, we designed and developed a novel PEM
reactor, which allows for reaction temperature control, to
reveal the effects of the reaction parameters, including the
temperature, on the reaction efficiency and selectivity.
Moreover, because organo-electro synthesis involves more
parameters than classical organic synthesis, it appears to
provide numerous reaction-condition patterns, necessitating a
time-consuming reaction optimization process. To facilitate this
optimization process, which must result in energy loss reduction,
we attempted to take advantage of Bayesian optimization, an
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FIGURE 2 | Pictures of the original PEM reactor (A) and the newly
designed PEM reactor (B).

iterative response surface-based global optimization allowing to
predict a further point to survey (Mockus, 2011). Thus, herein, we
report the detailed results of Bayesian optimization, applied to
facilitate the optimization of alkyne semihydrogenation in the
PEM reactor, ultimately resulting in the production of highly
valued deuterated Z-alkenes (Atzrodt et al., 2018).

MATERIALS AND METHODS

Materials

Chemicals were purchased from FUJIFILM Wako Pure Chemical
Corporation, or Tokyo Chemical Industry Co., Ltd., and were
used without further purification unless otherwise noted.

Flow Electrochemical Synthesis

DC power source (P4K8-3-LDe, MATSUSADA Precision Inc.)
was used for an electrolysis. The syringe pumps (Harvard Model
PHD 2000 or PHD ULTRA) equipped with gastight syringes
(purchased from SGE) were used for introduction of the reaction
solutions into the PEM reactor via PTFE tubes. The assembly of
the gold-plated stainless type PEM reactor is according to the
previously reported procedure (Fukazawa et al., 2019). The newly
designed PEM reactor consisting of a titanium metal was
manufactured by DFC Co., Ltd. The PEM (Naﬁon® NR212)
was purchased from Chemours Japan Co., Ltd. and cut for the
reactions (1 x 4 cm? active area). For the reaction in the new PEM
reactor, the metal on carbon was manufactured by ISHIFUKU
Metal Industry Co., Ltd., and was dispersed onto a carbon-based
gas diffusion layer (SIGRACET GDL39BB, SGL Carbon SE) by
Chemix Inc. to make the electrode. A PTFE spacer (thickness,
0.25 mm) was manufactured by DFC Co., Ltd. The concentration
of products after an electrolysis were determined by GC analyses.

RESULTS AND DISCUSSION

Initially, we used a PEM reactor previously developed by us
(Fukazawa et al,, 2019). To conduct the semihydrogenation of
alkynes, a solution of the alkyne was introduced into the cathodic

Bayesian Optimization for PEM Reactor

chamber of the PEM reactor, and water was introduced into the
anodic chamber. In the anodic chamber, water oxidation yields a
proton, which can penetrate the PEM to reach the cathode. The
proton is then reduced to an adsorbed active hydrogen (H,q4) on
the surface of the cathode catalyst, which comprises a platinum
group metal. Finally, H,g reduces the alkyne to a Z-alkene
(Scheme 1).

We commenced our investigation by focusing on the effect of
electrochemical ~parameters, including the electro-catalyst
materials and current density. Using Pd or Pt electrocatalysts,
we conducted the flow reduction of diphenylacetylene (1) as a
model substrate. As shown in Table 1, we assessed the reaction
conditions based on two criteria: total current efficiency and molar
selectivity for semihydrogenation. First, we used a combination of
Pt cathode and anode catalysts (entries 1-3) because Pt catalysts
are commonly used in hydrogenation reactions (Sawama et al.,
2018). We found that Pt electrocatalysts can provide high current
efficiency, but the selectivity for the Z-alkene (cis-stilbene, 2)
against the alkane (dibenzyl, 3), which can be generated by an
over-reduction of 2, was moderate. We considered that this
moderate selectivity was due to the high reactivity of the H,q
species on the Pt catalyst surface (Nogami et al., 2020). Thus, we
switched to a Pd catalyst (entries 4-6) and as anticipated, higher
selectivities were attained. Finally, we observed that the use of Pd
for both the cathode and anode catalysts (entries 7-9) afforded
nearly quantitative efficiencies and high selectivities (>90%).

The selectivity appeared to depend on the current density, and
a higher current density led to a slightly lower selectivity.
Moreover, in this current density range, it was nearly
quantitative efficiencies. On the other hand, a higher current
density appears to be beneficial for higher current efficiency.
Thus, to obtain both a higher current efficiency and selectivity, we
applied a current density of 7.5 mA/cm® and Pd anode and
cathode catalysts for further investigation, although the
difference between the results in entries 7-9 is small.

Next, we investigated the parameters related to flow chemistry:
the flow rate. As shown in Figure 1A, the flow rate (residence
time) has little effect on the current efficiency. Whereas, the
selectivity of 2 against 3 slightly decreased with a longer residence
time. This may because that the longer residence time makes a
longer-stay of the chemicals on the catalyst surface, so that the
frequency of the generated 2 meeting with the H,4, which leads to
the over-reduction, would be increased.

The effect of the substrate remaining on the catalyst surface was
also confirmed by another investigation, as shown in Figure 1B.

anode _2e 1
H O ———————» 2H' + -0,
y 2
P
[ proton-exchange membrane |
cathode l oo
2e R———R H H
2H > 2H,, - >=<
R R
SCHEME 1 | Schematic of Alkyne Reduction in a PEM Reactor.
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FIGURE 3 | Schematic of the bayesian optimization protocol.
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When the substrate concentration was changed, a higher
concentration resulted in a higher selectivity. This may because
the higher concentration of 1 lead to a plenty of the unreacted
substrate, which prevents the unselective over-reduction.

During the present investigation, we found that the
parameters can be classified as follows: those having a
significant impact, such as the flow rate, electrocatalyst
material, and concentration, and those having a minor impact,
such as the current density. We hypothesized that another
parameter that is likely to have an impact on the reaction
would be the reaction temperature. Because the present PEM
reactor was large, we expected that temperature control inside the
reactor would be difficult. Thus, we designed a novel PEM reactor
consisting of titanijum metal (TP340) with a higher heat
conductivity than the gold-plated stainless steel and carbon
separator (Figure 2). The new PEM reactor was designed to
be smaller than the previous, while having the same reaction
space. When the reaction was performed in the new reactor,
similar results to those obtained using the previous one were
observed (see Supplementary Table S4 in Supporting
Information). The smaller reactor shape enabled us to control
the reaction temperature by attaching a heater to the reactor.

With the temperature-controllable PEM reactor in hand, we
began optimizing the reaction conditions. As mentioned, we chose
the parameters that had a significant impact on the reaction result
(high current efficiency and selectivity), including the concentration,
residence time (or flow rate), and temperature. Naturally, optimizing
a reaction with multiple parameters requires considerable energy,
time, and chemical and human resources. Thus, to minimize resource
requirements, we decided to utilize Bayesian optimization for
reaction optimization (Ahneman et al., 2018; Kondo et al., 2020;
Sato et al., 2021; Shields et al., 2021; Sugisawa et al., 2021).

The optimization protocol is as follows: 1) from the initial
results (data set), a candidate set of experimental conditions,
including concentration, residence time, and temperature, which
is expected to afford better results, is chosen by the algorithm; 2)
the reaction is conducted according to the selected condition; 3)
the result is added to the data set, and a new candidate set of
conditions is again selected from the renewed database; 4) 2 and 3
are repeated until the chosen candidate is the same as the previous
condition (Figure 3). The details of the Bayesian optimization are
described in the Supporting Information.

Because both the current efficiency and product selectivity are
important in semihydrogenation, we multiplied these two numbers to

TABLE 2 | Results for Bayesian optimization process®.

Trial Iteration Concentration (M) Residence time
(sec)

1 1 0.25 12
2 1.0 24
3 1.0 24

2 1 1.0 12
2 0.5 12
3 0.25 6
4 1.0 24
5 0.5 24
6 0.25 24
7 1.0 24
8 0.25 6
9 1.0 12
10 1.0 12

Temperature (°C) Optimized Integrated index
50 No 56
40 No 92
40 Done --
30 No 89
30 No 68
60 No 44
70 No 96
70 No 95
70 No 62
70 No 96
80 No 56
80 No 88
80 Done -

4Reaction conditions: solvent, methylcyclohexane; reactor, new one. The integrated index is calculated as (current efficiency) x (selectivity).
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FIGURE 4 | The results of the grid condition search for the
semihydrogenation reaction. The integrated indexes are represented on a
color scale: blue = low yield, red = high yield. See Supporting information for
details.

be an “integrated index” as an output of the experiment. This means
that we aimed to maximize the integrated index using Bayesian
optimization. In practice, we utilized a grid search, whereby the search
space is separated as a grid (vide infra). In short, the optimized
parameters were three concentrations (0.25, 0.5, and 1.0 M), three
residence times (6, 12, and 24 s), and six temperatures (30, 40, 50, 60,
70, and 80°C). As an initial dataset, we had assumed using the existing
results in a practical reason at first, but those reactions were done in
room temperature, which seemed not suitable for the optimization.
Thus, we conducted three reactions varying the concentration under
the same temperature (30°C) and the same residence time (6 s), and
set them as an initial dataset (shown in Supplementary Table $4 in
supporting information).

Because the Bayesian algorithm generally leads to a different
result based on the random number used for the algorithm, we
applied the optimization protocol twice using a different random
number. The results of the optimization process are summarized
in Table 2. In the first trial, the algorithm suggested the same
condition as second and third candidates after two experiments
(or iterations). Thus, we concluded that the optimization of the
first trial was completed at the third iteration, giving an integrated
yield of 92% (current efficiency, 99%; selectivity, 93%). Similarly,
the second trial was completed after ten iterations, affording
improved results (integrated index of 96%). To confirm that this
Bayesian protocol did in fact supply the optimized condition, we
applied all the other conditions in the search range. The results of
the 54 grid conditions are summarized in Figure 4 (details are
shown in the Supporting Information). In fact, the best integrated
index among these conditions was 96%, which was indicated by
the second optimization trial (cycles 3 and 6), meaning that this
optimization process had determined the best conditions to
afford the highest integrated index.

Although we successfully optimized the reaction conditions
using Bayesian, we realized that this protocol does not always yield

Bayesian Optimization for PEM Reactor

the best result, as demonstrated in the first trial. This is due to the
difference in the random number applied to the algorithm.
Therefore, to assess the efficiency of the Bayesian process, we
performed a statistical analysis. Because the results from all of the
conditions were in hand, we simulated this optimization protocol
1,000 times using 1,000 random numbers. The result (see
Supporting Information for details) indicated a 33% possibility
of finding the conditions that resulted in an integrated index of >95
within five iterations. This means that the best condition (>95
integrated index) should be found during three trials of this
Bayesian optimization protocol, whereby iteration is stopped
within five times even though the optimization is completed. In
other words, among the 51 conditions (the initial three conditions
shown in Supplementary Table S4 are excluded), the expectancy
of this process providing the best condition is 15 experiments.

With the optimized conditions (1.0 M, 12 s (linear velocity:
2.0 cm/min), and 70°C) in hand, our interest shifted to the
robustness of this reaction. Thus, we attempted a long-time
operation: electro-chemical semihydrogenation for 100 min. A
current efficiency of >99% and selectivity of 98% were achieved,
indicating that the PEM reactor can tolerate such a lengthy
semihydrogenation under the optimized condition.

Finally, using the optimized condition, we utilized this
semihydrogenation reaction to synthesize deuterated Z-alkenes
(Wu et al, 2020). Among the various deuteration reactions
(Atzrodt et al., 2007), the use of D,O as a deuterium source
instead of D, gas is one of the most safe and low-cost processes.
After 20 min of operation using D,0, we obtained deuterated cis-
stilbene 3-D, containing 93% deuterium at the alkenyl carbon
(Scheme 2).

CONCLUSION

Using a PEM reactor, we revealed the parameters that have a
significant impact on the semihydrogenation of alkynes, and
showcased the efficient optimization of this reaction utilizing

T O

93%D (20 min operation)
=—O—=C0

SCHEME 2 | Schematic of alkyne semihydrogenation using DO as a D
source. Solvent, methylcyclohexane; concentration, 1.0 M; electrocatalyst,
Pd; temperature, 70°C; current density, 7.5 mA/cm?; residence time, 12 s.

D,0 <— ]

m U

D0 — ]
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Bayesian optimization. Using our Bayesian protocol, the reaction
was optimized within 15 experiments among 51 potential
conditions. The optimized conditions allowed for long-term
semihydrogenation. Moreover, the optimized conditions were
applicable to reactions using deuterated water as a deuterium
source, resulting in the production of deuterated Z-alkenes.

Because of its contribution to sustainability (reducing the
consumption of time, chemical, and human resources, etc.),
electrochemical and flow synthesis is expected to play a crucial
role in the future. Despite the necessity for optimization, this
process is time-consuming for electro-chemical flow reactions
due to the high number of operating parameters. Our present
report demonstrates the feasibility of quick optimization, which
enables reduced resource requirements and promotes the
sustainability of electrochemical flow reactions.
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