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Metallic oxide conductor 12CaO·7Al2O3 (C12A7) electridewith high affinity to CO2, a new candidate for the cath-
odematerial in electrochemistry, is used for the selectivemonocarboxylaiton of various olefins. The galvanostatic
electrolysis was performed under carbon dioxide atmosphere without sacrificial anode in a divided cell. The
monocarboxylic products were obtained in moderate to high yield (58−91%), which were significantly higher
than those at Pt (9−83%) and glassy carbon (32−72%) cathode.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Fixation of carbon dioxide into organic substrates for preparing valu-
able chemicals is an attractive goal in organic synthesis. The electro-
chemical method is one of the efficient routes which was used for the
fixation of CO2 to various organic compounds, including benzylic ha-
lides [1–5], ketones [6–8], imines [9,10], and olefins [11–17]. Con-
ventionally, electro-carboxylation was performed in an undivided cell
with Mg or Al sacrificial anode. For instance, the carboxylation of
phenyl-substituted alkenes to form 1,2-dicarboxylic acids was achieved
using Pt cathode and Mg anode in high yields [11]. However, electro-
chemical synthesis of monocarboxylic products from olefins always
gave low yields [12–17]. Usually benzylic halides have to be used as
starting materials to form the monocarboxylic products [1–5], or the
Fe and Ni based catalyst were necessary for the monocarboxylation
[18,19]. Hence, a halide-free and metal catalyst-free process for the
monocarboxylic compound synthesis is desirable from a viewpoint of
green sustainable chemistry.

Recently we found that 12CaO·7Al2O3 (C12A7) electride could be
used as cathode for the electro-reduction of oxygen to superoxide
ions, which was used for organic synthesis [20]. C12A7 electride is

a metallic conducting oxide with very low work function of 2.4 eV
(comparable to metal potassium) and chemical inertness [21,22]. It
was found that C12A7 electride is a good adsorbent and chemical ac-
tivator of CO2 [23]. The adsorbed CO2 amount on C12A7 electride
surface, which corresponds to that of surface electron concentration,
is 2–3 times as large as that on glassy carbon (GC) surface [24].
Therefore, we expected that C12A7 electride cathode would be bet-
ter for the carboxylation than other conventional electrodes. Here
we report the highly efficient and selective carboxylation of olefins
to form monocarboxylic products in a divided cell by using C12A7
electride cathode (hereafter denoted as C12A7:e− electrode) with-
out sacrificial anode.

2. Experimental

The preparation of C12A7 electride has been described in detailed
previously [20,25,26]. Briefly, CaCO3 and γ-Al2O3 powders with a
molar ratio of 12:7 were reacted at 1300 °C for 12 h in air to form
C12A7 oxide. The product was crushed in ethanol solvent by planetary
milling to obtain the fine powder. The pellets formed by cold-isostatic
pressing the above powder at 200 MPa were sintered at 1350 °C for
24 h in dry oxygen atmosphere. The resultant translucent pellets with
a relative density of N95% were obtained. These pellets were sealed in
an evacuated silica glass tube with titanium metal shots and heated at
1100 °C for 24 h to reduce C12A7 oxide and hence introduce electrons.
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After removing the surface TiOx layer, the black C12A7 electridewith an
electron concentration of about 1.4× 1021 cm−3was attained. Itwas cut
into columns (about 15 × 2 × 2 mm for cyclic voltammetry measure-
ment) and plates (about 20 × 10 × 1mm for galvanostatic electrolysis).
Each side of these samples was polished to be amirror surface. Then the
samples were sealed in an evacuated silica glass tube and annealed at
950 °C for 10 min to form active surfaces [27].

CVmeasurements in an undivided cell and galvanostatic electrolysis
in anH typedivided cell separated by aG4 sintered glassfilterwere con-
ducted in a 0.1 M Bu4NClO4–CH3CN solution with the substrate con-
centration of 10 mM. For galvanostatic electrolysis, the volume for the
catholyte and anolyte were both 16 ml, and the size for the exposed
cathodes and Pt anode were 10 × 10mm. CO2 was bubbled during elec-
trolysis. The catholyte after reaction was esterified by adding 5 mole
fold of iodoethane or iodomethane and stirred at room temperature
for 24 h. The products extracted with diethyl ether were identified by
1H NMR measurements with nitromethane as an internal standard to
calculate the crude yields.

3. Results and discussions

The cathodic reactions of methyl cinnamate (1a) were performed
by galvanostatic electrolysis with a current density of 5 mA·cm−2

using a C12A7:e− electrode (Table 1). The products were dominantly
α-carboxylic compound 2a, with a few percent of α, β-dicarboxylic
compound 4a and saturated ester 5a. Moreover, the β-carboxylic com-
pound 3a was not observed in present study, while it was obtained
using electrosynthesis in single cell with Mg anode [16]. When 3 ×
96,485 C·mol−1 of electricity was passed, 2a was obtained in 91%
yield. For comparison, Pt and GC electrodes were also used as cathode
for the reaction. When the passed charge was 3 × 96,485 C·mol−1,
the yield of 2awas 82% at Pt electrode, whichwas little lower compared
to C12A7:e− electrode, while the yield at GC electrodewas only 67%. As
shown in Table 1, both yield and selectivity of 2a in the present study

weremuch higher than those obtained using sacrificial anode in a single
cell [16,17].

To further check the activity of C12A7:e− electrode, the same ca-
thodic reduction was performed for various olefins, which are not
substituted with electron-withdrawing group, and the results are sum-
marized in Table 2. The dominant product was the monocarboxylic
compound 2, and C12A7:e− electrode always gave the highest yield
on 2 among present three electrodes for all substrates. Contrary to 1a,
the use of Pt cathode resulted in a low yield of 2b−2d. For instance,
the yields of 2b are 83%, 22% and 60% for C12A7:e−, Pt and GC electrode,
respectively.

To clarify the reduction characteristics at different electrodes, cyclic
voltammetry measurement was performed by using SCE as reference
electrode. At first, the CO2 reduction at different electrodes was investi-
gated for the CO2 saturated 0.1MBu4NClO4–CH3CN solution. An intense
CO2 reduction which started at−1.9 V (curve a in Fig. 1) was observed
at a Pt electrode. However, only a weak and broad reduction peak at
around−2.6 V which is due to the reduction of CO2 [13] was observed

Table 1
Carboxylation of methyl cinnamate (1a) with CO2 at different electrodes.

Cathode Charge passed
n × 96,485 C · mol−1

Yields

2a 3a 4a 5a

C12A7:e−a 2 63% 0 3% 2%
Pta 2 57% 0 3% 2%
GCa 2 50% 0 3% 3%
C12A7:e−a 3 91% 0 5% 3%
Pta 3 82% 0 4% 3%
GCa 3 67% 0 5% 4%
Tib 2.8 41% 10% 15% 0
Stainless steelc 2 35% 0 0 32%

a Present results which performed in divided cell using CH3CN as solvent.
b Reported in Ref. [16]which performed in single cell using CH3CN as solvent andMg as

a sacrificial anode.
c Reported in Ref. [17] which performed in single cell using ionic liquid as solvent and

Mg as a sacrificial anode.

Table 2
Carboxylation of various olefins with CO2 at different electrodes.

Substrate Cathode Epeak
red a

(V vs SCE)
Yields

2 4

1b C12A7:e− −2.32 83% 8%
1b Pt −2.33 22% 2%
1b GC −2.35 60% 5%
1c C12A7:e− −2.71 63% 5%
1c Pt −2.44 14% 2%
1c GC −2.75 47% 4%
1d C12A7:e− −2.82 58% 6%
1d Pt −2.57 9% 1%
1d GC −2.88 32% 4%

a The peak for the first reduction wave without the supply of CO2.
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Fig. 1. Cyclic voltammograms in 0.1 M Bu4NClO4–CH3CN solution at different electrodes
for (a) saturated CO2, (b) 10 mMmethyl cinnamate 1a and (c) 10 mM 1awith saturated
CO2. The sweep rate is 100 mV·s−1.
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