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We have developed an electrocatalytic asymmetric hydrogenation reaction using a proton-exchange membrane
(PEM) reactor that employs a polymer electrolyte fuel cell and industrial electrolysis technologies. Reasonable
enantioselectivities and excellent current efficiencies were obtained in the asymmetric hydrogenation of a-
phenylcinnamic acid under mild conditions without adding a supporting electrolyte. The current density was
crucial to achieving the improved results observed.

1. Introduction

The asymmetric catalytic hydrogenation of prochiral unsaturated
acids is a widely used method for the preparation of optically pure
chiral carboxylic acids [1-4]. These compounds are mainly used in the
synthesis of chiral pharmaceuticals. However, the majority of these
reactions are homogeneously catalysed by transition metal complexes
which are always expensive and typically non-recyclable [5-7]. Re-
placement of these highly efficient soluble catalysts by heterogeneous
catalytic systems results in several economic and technical advantages
[8]. The major advantage of heterogeneous catalysts is their easy re-
covery from reaction mixtures by simple filtration and recycling [9].
Therefore, the asymmetric hydrogenation of unsaturated acids using
heterogeneous catalysts is one of the most challenging topics not only
for fundamental scientific research but also for practical applications.
Cinchona-modified palladium is well known to be an effective catalyst
for the asymmetric hydrogenation of a,B-unsaturated acids such as a-
phenylcinnamic acid (PCA) [10-12]. In fact, using this catalyst, Sugi-
mura and co-workers have successfully demonstrated the asymmetric
hydrogenation of PCA derivatives with excellent enantioselectivities
(up to 92% ee) [12].

Organic electrochemical reactions driven by electrical energy can
generally be carried out under mild conditions (room temperature and
ambient pressure) without any oxidant or reductant [13-16]. There-
fore, organic electrochemical synthesis has recently attracted attention
as an environmentally friendly process [17]. In addition, the electrical
energy can be provided from renewable energy sources such as solar
and wind, thus making the electrochemical synthesis sustainable [18].
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However, electrosynthesis also has some drawbacks. Since the reaction
only proceeds at the electrode surface, the area for electron transfer is
limited [19]. Consequently, the productivity of an electrosynthesis is
generally inferior to that of chemical homogeneous reaction systems. In
addition, a large amount of supporting electrolyte is usually required to
make the solution conducting. Therefore, the availability of solvents is
limited by the necessity for dissolution of a supporting electrolyte. The
presence of a supporting electrolyte often leads to difficulties with
subsequent product purification and unwanted side reactions [20].
These problems of conventional electrochemical synthesis can be
overcome by the use of a proton-exchange membrane (PEM) reactor.

Although the PEM reactor was originally developed for water
electrolysis and fuel cells [21,22], this reactor system possesses many
characteristics designed to overcome the disadvantages of conventional
electrosynthetic processes [23]. In fact, in our previous work, we suc-
cessfully demonstrated the highly efficient and selective electrocatalytic
semihydrogenation of alkynes to Z-alkenes in a PEM reactor without
adding any supporting electrolyte to the substrate solutions [23]. This is
the first report of product selectivity and stereoselective control in fine
chemical syntheses using a PEM reactor.

Electrochemical asymmetric synthesis has been extensively in-
vestigated by many researchers. The transformation of achiral organic
substrates into chiral products by electrosynthetic methods requires the
active participation of an external source of chirality [24]. Various
chiral sources such as chiral supporting electrolytes [25], chiral sol-
vents [26], chiral electrodes [27-29], and chiral catalysts [30] have
been used for enantioselective recognition. With regard to the electro-
chemical asymmetric hydrogenation of alkenes, moderate
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enantioselectivities (43-63% ee) have been reported by several groups
[31,32]. However, these reactions were carried out by a conventional
electrosynthetic method, and hence suffered from some of the draw-
backs of electrosynthetic processes.

Herein, we report the first electrocatalytic asymmetric hydrogena-
tion of a,B-unsaturated acids in a PEM reactor with chiral-modified
electrocatalysts under mild conditions without a supporting electrolyte.
Controlling factors such as the current density and the chiral modifier
were optimized to establish a highly efficient and reasonably en-
antioselective hydrogenation system.

2. Experimental
2.1. General procedure

Gas chromatography (GC) analyses were performed using a
Shimadzu gas chromatograph (GC2014) equipped with a Cyclosil-B
(Agilent Technologies, Inc.) Helium was used as a carrier gas for GC
analyses. High-performance liquid chromatography (HPLC) analyses
were performed with a LC pump (LC-20 AD, Shimadzu Co.), a UV de-
tector (SPD-20A, Shimadzu Co.), and a chiral column (OD-H 250-4.6,
Daicel, Co. Inc.) under isothermal (25°C) conditions using a mixture of
n-hexane/IPA and TFA as a mobile phase. Potentiostatic and galvano-
static electrolyses were carried out using a potentiostat (Hokuto Denko
HABF-501A). Potential changes were monitored using a voltammetric
data logger (VR-71, T&D Co.). AC impedance measurements were
performed using an electrochemical analyzer (660E, BAS. Inc.).

2.2. Preparation of MEA

The MEA was prepared as described in our previous work [23]. The
MEA was fabricated with 0.5 mg cm? of metal loading. The catalyst ink
consisted of fuel cell catalyst (Pt/C, 46.0 wt% or Pd/C, 29 wt%),
deionized water, Nafion® perfluorinated resin solution, and 1-propanol.
Pt was used as the anode catalyst material and Pd was used as the
cathode catalyst material.

2.3. Synthesis of PCA derivatives and its characterization

PCA derivatives were synthesized using the Perkin reaction [12]. A
mixture of a substituted phenylacetic acid (5.0 g), a substituted ben-
zaldehyde (1.0-1.2 equiv.), triethylamine (0.7 equiv.), and acetic an-
hydride (2.9 equiv.) was heated at 120 °C for 48 h. After cooling, water
(50 mL) and then 6 N KOH aqueous solution (15 mL) were added. After
vigorous stirring overnight, the mixture was washed with ether (x 2),
and the resulting aqueous solution was neutralized by the addition of
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2 N HCI (100 mL). After 30 min, the precipitate was collected by fil-
tration, dissolved in ethyl acetate with active charcoal, and the filtrate
was concentrated and recrystallized using a mixture of ethanol and
water.

1H NMR spectra were recorded on a Bruker Avance 500 spectro-
meter at ambient temperature.

E-2-(4-methoxyphenyl)-3-(4-methoxyphenyDacrylic acid(4) [12]

White solid; yield: 39%; 1H NMR (500 MHz, CDCl3) § 7.89 (s, 1H),
7.21 (d, J = 8.5 Hz, 2H), 7.09 (d, J = 8.5 Hz, 2H), 6.98 (d, J = 8.5 Hz,
2H), 6.78 (d, J = 9.0 Hz, 2H), 3.88 (s, 3H), 3.79 (s, 3H).

E-2-(4-trifluoromethylphenyl)-3-(4-trifluoromethylphenyl)acrylic
acid(5) [33]

White solid; yield: 43%; 1H NMR (500 MHz, CDCl3) § 8.06 (s, 1H),
7.69 (d, J = 8.0 Hz, 2H), 7. 51 (d, J = 8.5 Hz, 2H), 7.40 (d, J = 8.0 Hz,
2H), 7.20 (d, J = 8.5 Hz, 2H).

2.4. Electrocatalytic asymmetric hydrogenation procedure

We took the asymmetric hydrogenation of PCA to 2,3-diphenyl-
propionic acid (DPPA) as a model reaction (see reaction scheme in
Table 1) and performed galvanostatic electrocatalytic asymmetric hy-
drogenation in a PEM reactor. To conduct the electrosynthesis in a PEM
reactor, humidified hydrogen gas was introduced directly to the anodic
chamber (flow rate: 50 mL min ') and electrocatalytically oxidized at
the Pt anode catalyst to produce protons, as shown in Fig. 1. In this
case, the anodic reaction was hydrogen oxidation, the potential of
which is almost same as the reversible hydrogen electrode (RHE);
therefore, the anode functioned not only as the counter electrode but
also as a RHE reference electrode [34]. Subsequently, the produced
protons were transported through the proton-conducting polymer. At
the cathode, protons penetrating through the polymer were reduced to
monoatomic hydrogen species on the metal (Pd) catalyst surface, and
then reacted with the substrate to give the corresponding hydrogenated
product. During the electrosynthesis, a 1,4-dioxane solution of PCA
(0.3 mmol) and cinchonidine (CD) (19 umol) as the substrate and the
chiral modifier, respectively, were introduced to the cathodic chamber
by a circulator pump (MSP101-00, Yamazen Corporation) in a closed
system (total volume of 1,4-dioxane solution: 5.0 mL, flow rate:
1.25 mL min~?') (Fig. 1). The hydrogenated products were analysed by
GC or HPLC. In this work, 1,4-dioxane was selected as a solvent for the
electrocatalytic hydrogenation due to its better solubility for the sub-
strate acids. Although 1,4-dioxane is miscible with water, the Nafion
part of the MEA and its proton conductivity were less affected during
the electrolysis. The cell voltage was stable and kept constant during
the electrolysis.

Table 1
The current efficiency and enantioselectivity of the electrocatalytic asymmetric hydrogenation of PCA with and without BA addition in a PEM reactor.”
COOH COOH H
— . _ S HO N
2H", 2e
N
Pd/C P
N
CD
Entry Additive Pretreatment” Current efficiency® (%) Optical yield® (%ee)
1 none without 27 2
2 BA (leq.) without 66 30
3 BA (leq.) with 87 44

2 Reaction conditions: anode catalyst, Pt; cathode catalyst, Pd; charge passed, 0.5 F mol ~1; cell temperature, r.t.; concentration, 0.06 M in 1,4-dioxane; substrate

solution, 5 mL; addition amount of CD, 19 pumol; current density, 0.4 mA cm ™~ 2; flow rate of substrate solution, 1.25 mL min ~*; flow rate of hydrogen, 50 mL min~".

1

Y For the pretreatment of Pd catalysts, 1,4-dioxane without PCA, BA and CD was provided to the cathodic chamber by a circulator pump and a potential of 0 V vs.

RHE was applied for 1 h.
¢ Determined by chiral HPLC
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Fig. 1. Schematic image of a PEM reactor.

3. Results and discussion

Nitta reported that the addition of benzylamine (BA) increased the
reaction rate and the enantioselectivity in the conventional asymmetric
hydrogenation of PCA with a heterogeneous cinchona-modified palla-
dium catalyst [11]. The author proposed that the rate enhancement
might be due to facilitating the desorption of the product acids via an
acid — base interaction. In addition, it was suggested that BA also
contributes to a dynamic change in the adsorption configuration of the
chiral modifier on the Pd surface and leads to a better stereochemically
defined surface [35]. Based on the above information, we conducted
electrocatalytic asymmetric hydrogenation of PCA in a PEM reactor
with and without BA (Entries 1 and 2, Table 1). In the case without BA,
the current efficiency and the enantioselectivity were very low, but
were much improved on the addition of BA. Thus, BA addition was also
effective for electrocatalytic asymmetric hydrogenation in a PEM re-
actor. Both the efficiency and the selectivity were further improved by
using a pretreated catalyst (Entry 3). The pretreatment was conducted
by electroreducing an oxide film on the catalyst surface at 0 V vs. RHE
for 1 h before the electrocatalytic asymmetric hydrogenation. This
operation cleaned the catalyst surface and the BA and the chiral
modifier were adsorbed effectively on the surface.

In this reaction system, the hydrogen evolution reaction via the
coupling of monoatomic hydrogen species is the main side electro-
chemical reaction. Therefore, it is expected that the current density
would influence the efficiency of the desired hydrogenation reaction.
Fig. 2 shows the influence of the current density on the current effi-
ciency and the optical yield in the electrocatalytic asymmetric hydro-
genation of PCA. The average cathode potential during each electrolysis
is also shown in Fig. 2. Excellent current efficiencies were obtained at
lower current densities. The efficiency decreased as the current density
increased because the hydrogen evolution reaction became dominant at
higher densities. In addition, we confirmed that no product formation
was observed at zero current. This fact indicates that hydrogen cross-
over did not take place in our system. Therefore, the asymmetric hy-
drogenation proceeded by electrocatalytic reduction. In the present
system, a hydrogen oxidation reaction was employed as the anodic
process so that the anode was used not only as the counter electrode but
also as the RHE reference electrode. However, the use of hydrogen gas
may be a disadvantage for practical applications. In principle, this is not
a problem as long as the anodic process of the PEM reactor is a proton-
providing reaction such as water oxidation [23].

With regard to the enantioselectivity, the optical yield increased
with an increase in the current density, reaching 50% at 0.8 mA cm ™2,
but decreased at current densities higher than 1.5 mA cm ™2 Several
groups have reported the adsorption and desorption behaviours of
quinoline derivatives at various potentials [36,37]. Based on their
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Fig. 2. The effect of current density on current efficiency and optical yield in
electrocatalytic asymmetric hydrogenation of PCA with CD in a PEM reactor.
Reaction conditions: anode catalyst, Pt; cathode catalyst, Pd; charge passed, 0.5
F mol ™% cell temperature, r.t.; concentration, 0.06 M in 1,4-dioxane; substrate
solution, 5 mL; amount of BA addition, 1 eq. to PCA; amount of CD addition,
19 umol; flow rate of substrate solution, 1.25 mL min~’; flow rate of hydrogen,
50 mL min~ . For the pretreatment of Pd catalysts, 1,4-dioxane without PCA,
BA and CD was introduced to the cathodic chamber by a circulator pump and a
potential of 0 V vs. RHE was applied for 1 h. Current efficiency and optical yield
were determined by chiral HPLC. The potential values were corrected for the IR
drop determined by the impedance measurement.

experimental results, they indicated that at less negative potentials, the
adsorbed quinoline derivatives were arranged with the plane of the
quinoline ring parallel to the electrode surface, in which orientation the
s-orbitals of the ring could interact with the electrode surface. How-
ever, at more negative potentials, the adsorbed quinoline ring was
raised due to the repulsive interaction between the m-orbital of the
quinoline ring and the negative surface charge. Finally, quinoline de-
rivatives began to desorb from the electrode surface at larger negative
potentials. CD, which is a chiral modifier used in this work, is a qui-
noline derivative. Therefore, along the same lines as the adsorption and
desorption behaviours, the dependence of the optical yield on the
current density may be hypothetically explained as follows. As illu-
strated in Fig. 3, the quinoline moiety of CD can adsorb flat on the
electrode surface at lower current densities (at less negative potentials).
As the current density increases, the cathode potential should be more
negative, and hence the parallel adsorbed CD species is raised by the
repulsive interaction. Rodriguez-Garcia et al. reported that raised CD
species lead to significantly more efficient enantiodifferentiation in
their cinchona-modified catalyst system [38]. Based on their report, this
reorientation may provide ideal chiral recognition sites and result in an
increase in the optical yield. However, at higher current densities (at
even more negative potentials), CD begins to desorb from the electrode
surface, and hence the optical yield is decreased.

The choice of chiral modifier is also crucial to the high enantios-
electivity observed in this study. We conducted electrocatalytic asym-
metric hydrogenation of PCA in a PEM reactor with various chiral al-
kaloid modifiers (Table 2). Although the current efficiency was very
high, only the racemic product was obtained in the case without a
chiral modifier (Entry 1). When cinchonine (CN) was used as a chiral
modifier, the optical yield was less than that obtained with CD (Entries
2 and 3). Sugimura et al. reported that the enantio-differentiating
ability of CN was lower than that of CD [39], in agreement with our
results. In addition, it should be noted that the R-isomer was obtained
in excess when using CN. This can be ascribed to a difference in the
absolute configurations of C9 and C8 between CD and CN. The use of
quinine (QN) gave low enantioselectivity due to its weak adsorption
strength on the Pd catalyst surface, which originates from the steric
hindrance of the methoxy substituent at C6 (Entry 4) [39]. In the case
with the a-isocupreine (a-ICPN) modifier, a high current efficiency was
observed, but the enantioselectivity was very low (Entry 5). a-ICPN has
a hydroxy substituent at C6, and therefore the low enantioselectivity of
the a-ICPN-modified catalyst is ascribed to a low surface coverage of a-
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Fig. 3. Plausible adsorption and desorption behaviours of CD on the Pd electrocatalyst surface at various cathode potentials.

Table 2

Electrocatalytic asymmetric hydrogenatlon of PCA in a PEM reactor w1th various alka101d modifiers.”

H
.. N,
N N
N N
CD CN Q- ICPN QQvVM
Entry Chiral modifier Current efficiency” (%) Optical yield” (%ee)
1 none 91 -
2 CD 87 44.(8)
3 CN 78 19 R)
4 QN 65 13 (9
5 a-ICPN 80 4R
6 QQVM 30 3(9)

@ Reaction conditions: anode catalyst, Pt; cathode catalyst, Pd; charge passed, 0.5 F mol ~%; cell temperature, r.t.; concentration, 0.06 M in 1,4-
dioxane; substrate solution, 5 mL; amount of BA addition, 1 eq. to PCA; amount of chiral modifier addition, 19 umol; current density,
0.4 mA cm ™2 flow rate of substrate solution, 1.25 mL min~?; flow rate of hydrogen, 50 mL min~'. For the pretreatment of Pd catalysts, 1,4-
dioxane without PCA, BA and CD was provided to the cathodic chamber by a circulator pump and the potential of 0 V vs. RHE was applied for 1 h.

b Determined by chiral HPLC.

ICPN. Both current efficiency and enantioselectivity were quite low in
the case with the (S)-N-8-quinolinesulfonyl-(quinolin-4-yl)(8-vinylqui-
nuclidin-2-yl)methanamine (QQVM) modifier (Entry 6). This modifier
has two quinoline moieties and hence may adsorb strongly on the
catalyst surface. However, there is little space for access of PCA to the
chiral centre of QQVM due to its large steric hindrance. Therefore, it
can be stated that, of the samples tested, CD is the best chiral modifier
for electrocatalytic asymmetric hydrogenation of PCA in a PEM reactor.

Finally, to demonstrate the general applicability of this reaction

COOH
S

2b
87% Current efficiency 88% Current efficiency
44% Optical yield

10% Optical yield
O ~COOH
MeO O

O
F3C
31% Current efficiency
49% Optical yield

5b,c

29% Current efficiency
10% Optical yield
COOH

CF3;

66% Current efficiency
51% Optical yield

system, we carried out the electrocatalytic hydrogenation of various
a,(3-unsaturated acids using a PEM reactor with a CD modifier (Fig. 4).
By comparison of the results, it was found that the phenyl group at the
a-position was crucial to the high enantioselectivity observed in this
reaction system. The a-phenyl group is twisted from the olefinic plane
of PCA. The steric hindrance provided by this twist seems to enhance
the enantiomeric recognition. When carboxylic acid 3 was used as a
substrate, the current efficiency was decreased because acid 3 is less
reducible than the other carboxylic acids. On the other hand, the
x~COOH
/\r a,B-unsaturated acids in a PEM reactor. Reaction
conditions: anode catalyst, Pt; cathode catalyst, Pd;
3b charge passed, 0.5 F mol ~1; cell temperature, r.t.;
concentration, 0.06 M in 1,4-dioxane; substrate so-
lution, 5 mL; amount of BA addition, 1 eq. to PCA;
amount of CD addition, 19 umol; current density,
0.4 mA cm~% flow rate of substrate solution,
1.25 mL min~'; flow rate of hydrogen,
50 mL min~'. For the pretreatment of Pd catalysts,
1,4-dioxane without PCA, BA and CD was provided
to the cathodic chamber by a circulator pump and a
potential of 0 V vs. RHE was applied for 1 h. ?Current
efficiency and optical yield were determined by
chiral HPLC. PCurrent efficiency and optical yield

were determined by chiral GC. “Methyl esterification
of the product was conducted before the analysis.

Fig. 4. The current efficiency and enantioselectivity
for the electrocatalytic asymmetric hydrogenation of
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introduction of an electron-donating group on the phenyl moieties re-
sulted in a decrease in the current efficiency. This can be ascribed to an
increase in the electron density on the C = C double bond. In contrast,
the efficiency was improved to some extent by the introduction of an
electron-withdrawing group such as a trifluoromethyl group, but it was
still lower than that of carboxylic acid 1. This may be ascribed to the
difficulty of accessing the catalyst surface due to the steric hindrance of
the trifluoromethyl group. On the other hand, the introduction of a
methoxy or trifluoromethyl group on the phenyl moieties resulted in an
increase in the optical yield compared with the carboxylic acid 1, with
carboxylic acid 5 giving the best optical yield of 51% ee. This ob-
servation suggests that steric factors rather than the polarity of the
substrate play a significant role in increasing the optical yield in our
reaction system.

4. Conclusion

We have demonstrated the first electrocatalytic asymmetric hydro-
genation of o,B-unsaturated acids in a PEM reactor under mild condi-
tions, without a supporting electrolyte. The current density was crucial
to achieving the better enantioselectivities and high current efficiencies
observed in this reaction system. CD was found to be the best chiral
modifier among all the cinchona alkaloids tested. In addition, it was
found that the a-phenyl group of the a,p-unsaturated acids was ne-
cessary to obtain better enantioselectivity. We expect that this research
will lead to the development of various fine chemical synthetic pro-
cesses using a PEM reactor.
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