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a b s t r a c t

A simple and efficient electrochemical method has been developed for highly regioselective synthesis of
unsaturated 1,6-dioic acids from 1,3-dienes and CO2. The electrosynthesis was successfully carried out by
using a nickel cathode and an aluminum anode in an undivided cell containing n-Bu4NBr-DMF electrolyte
with a constant current under 3 MPa pressure of CO2, and the sole 1,4-addition products were obtained in
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good to excellent yields. The plausible mechanism for electrodicarboxylation reaction of 1,3-butadiene
with CO2 was discussed briefly. In addition, further research shows that 3-hexene-1,6-dioic acid could
be easily converted into adipic acid via the electroreduction in the diluted H2SO4 solution.

© 2010 Elsevier Ltd. All rights reserved.
icarboxylic acid
dipic acid

. Introduction

The electrochemical fixation of CO2 into unsaturated hydro-
arbons has received much attention and become an interesting
opic in synthetic organic chemistry [1–3]. From an environmental
iewpoint, CO2 is a renewable, low cost, abundant and nontoxic
1-synthon [4–7]. The fixation and conversion of CO2 are benefi-
ial to environment. From the viewpoint of synthetic methodology,
lectrochemical process is one of green, atom-economical and effi-
ient processes because no harmful wastes are generated along
ith production of desired compounds. Especially, the carboxylic

cids obtained via the electrochemical fixation of CO2 are usually
mportant synthetic intermediates in organic synthesis and the pro-
uction of polymer materials or pharmaceuticals [8]. Up to now,
any efforts have been devoted to the investigation on the elec-

rocarboxylation of CO2 with various organic compounds including
lkenes [1,9–12], alkynes [3,13], ketones [14–17], halides [18–25],
mines [26], epoxides [27–29] and dienes [30–35]. It is worth noting
hat the electrocarboxylation of 1,3-butadiene aimed at synthe-
izing adipic acid [36–38], one of the most important industrial

hemicals, has been one of the most topical problems in synthetic
lectroorganic chemistry for more than 30 years [33]. Until now, the
lectrochemical reaction between CO2 and 1,3-butadiene often led
o the generation of a complicated mixture containing 3-pentenoic

∗ Corresponding author. Tel.: +86 20 22236518; fax: +86 20 87112906.
∗∗ Co-corresponding author.

E-mail address: jianghf@scut.edu.cn (H.-F. Jiang).

013-4686/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2010.06.057
acid, 4-pentenoic acid, 2-ethylsuccinic acid and 3-hexene-1,6-dioic
acid [35]. Therefore, it is still necessary to exploit an efficient elec-
trochemical route for the synthesis of 3-hexene-1,6-dioic acid from
1,3-butadiene and CO2.

Al and Mg as sacrificial anodes have been widely used in
undivided cells for the electrocarboxylation process of organic
compounds with CO2. Some researches showed that Al3+ or Mg2+

ions formed on the anode or added to the cell could strongly affect
the processes of electrocarboxylation [39,40], and that moderate
and high pressure of carbon dioxide are favorable for the electro-
carboxylate processes [27,41,42].

We previously developed an efficient electrochemical route
with Ni cathode for the dicarboxylation of arylacetylenes or
aryl-substituted alkenes with CO2 in an undivided cell at room
temperature [41,42]. Inspired by the successful results, we further
investigate the feasibility of the electrochemical route for the syn-
thesis of 3-hexene-1,6-dioic acid, a precursor of adipic acid, using
1,3-butadiene and CO2 as raw materials in the absence of additional
catalysts. Fortunately, 3-hexene-1,6-dioic acid as the sole product
in 84% yield is achieved under the optimum conditions Eq. (1). In
this paper, we report the approach of the electrosynthesis of var-
ious unsaturated dicarboxylic acids in good to excellent yields for
potential industrial application.
HOOC
COOH

1)

CO2

0.07mol L-1 n-Bu4NBr-DMF

Constant current, 3 MPa, rt lAiN

2) H3O (1)
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. Experimental

.1. Chemicals

N,N-Dimethylformamide (DMF) (Alfa Aesar, AR) was kept over
nhydrous MgSO4 for several days. Tetrabutyl ammonium bromide
n-Bu4NBr) (Alfa Aesar, AR) was dried at 60 ◦C under vacuum for
0 h. Other dienes (AR) were all purchased from Alfa Aesar and were
sed without further purification. 1,3-butadiene was purchased
rom Guangzhou Petrochemicals Co. Ltd.

.2. Instrumentation

The electrolytic cell is the same as that reported previously [41].
TIR spectra were measured by a TENSOR27 spectrometer. 1H NMR
nd 13C NMR were determined on a Bruker DRX-400 spectrome-
er with DMSO-d6 as the solvent in the presence of SiMe4 as an
nternal standard. Mass spectral analyses were done on a Shimadzu
P5050A spectrometer.

Prior to the cyclic voltammetry (CV) experiment, the electrodes
ere cleaned by diluted hydrochloric acid and carefully washed
ith distilled water, and finally dried. The working electrode and

ounter-electrode (Al) were built with the same size (2 mm × 2 cm,
lfa Aesar, 99.999%). CV experiments were carried out at an Auto
AB (PGSTAT 30) electrochemical workstation, with Ni or Ag as a
orking electrode and a saturated calomel electrode (SCE) as a ref-

rence electrode. The solution was saturated with CO2 (0.1 MPa)
uring the CV experiments.

.3. The electrocarboxylation of 1,3-butadiene with carbon
ioxide

Before the electrosynthesis, the anode and cathode were cleaned
ith detergent and diluted hydrochloric acid, followed by wash-

ng with distilled water and then dried. The electrosynthesis was
arried out in the high-pressure stainless-steel undivided cell fit-
ed with a nickel sheet cathode (wet surface area 6 cm2) and an
luminum sheet anode (wet surface area 6 cm2). In a typical exper-
mental procedure, dried DMF (N,N-dimethylformamide) solvent
35 mL) and n-Bu4NBr (2.5 mmol) were added to the cell, respec-
ively. After the electrochemical cell was sealed, 1,3-butadiene (gas)
as charged to reach the saturated state. The accurate quantity of

,3-butadiene was determined according to its amount dissolved in
MF solvent after superfluous 1,3-butadiene was discharged from

he cell. Then, CO2 was charged into the cell to the desired pressure.
he electrosynthesis was carried out under continuously stirring at
oom temperature until electricity 4 F mol−1 of starting substrates
ad been passed through the cell. After the electrolyte was distilled
t reduced pressure, the residue was acidified with hydrochloric
cid (2 mol L−1), then continuously stirred for 6 h, and extracted
ith diethyl ether (3 × 25 mL). The ether phase was washed twice
ith distilled water and dried with anhydrous MgSO4. After evap-

ration of ether, the obtained yellow crude product was dried in a
acuum oven at 45 ◦C for 5 h, and recrystallized twice with ethyl
cetate–petroleum ether, and dried at 60 ◦C in a vacuum oven.

.4. The electroreduction of 3-hexene-1,6-dioic acid into adipic
cid

At room temperature, the as-prepared 3-hexene-1,6-dioic acid
20 mmol) and H2SO4 aqueous solution (1 mol L−1, 40 mL) were

dded to the undivided cell (100 mL) fitted with Ni cathode (wet
urface area 4 cm2) and Pt anode (wet surface area 4 cm2). In a
ypical experiment, the electroreduction was performed at 60 ◦C
nder continuously stirring until electricity 3 F mol−1 of start-

ng substrates had been passed through the cell. At the end of
cta 56 (2011) 1529–1534

the electrolysis, the electrolyte was cooled to room temperature,
accompanied by the precipitation of a large amount of adipic acid.
After filtered, the crude adipic acid was obtained and recrystal-
lized twice with ethanol–petroleum ether, then dried at 60 ◦C in
a vacuum oven. In addition, mother liquor can be recycled.

2.5. Characterizations of products

Spectroscopic data of the prepared compounds were given as
follows.

(Z)-3-hexene-1,6-dioic acid: IR (neat): �: 3480 (OH), 1700
(C O) cm−1. 1H NMR (DMSO-d6, 400 MHz): ı 12.2 (s, 2H), 5.62–5.64
(m, 2H), 3.02 (d, J = 4.4 Hz, 4H). 13C NMR (DMSO-d6, 100 MHz): ı
172.9, 125.1, 33.2. MS (EI): m/z 144 (M+).

(E)-3-hexene-1,6-dioic acid: IR (neat): �: 3450 (OH), 1700
(C O) cm−1. 1H NMR (DMSO-d6, 400 MHz): ı 12.2 (s, 2H), 5.57–5.59
(m, 2H), 2.99 (d, J = 13.4 Hz, 4H). 13C NMR (DMSO-d6, 100 MHz): ı
173.2, 126.5, 37.9. MS (EI): m/z 144 (M+).

(E)-3-methyl-3-hexene-1,6-dioic acid: IR (neat): �: 3426 (OH),
1690 (C O) cm−1. 1H NMR (DMSO-d6, 400 MHz): ı 12.2 (s, 2H), 5.39
(t, J = 8 Hz, 1H), 2.99 (d, J = 8 Hz, 2H), 2.95 (s, 2H), 1.63 (s, 3H). 13C
NMR (DMSO-d6, 100 MHz): ı 173.0, 172.7, 131.8, 120.8, 44.5, 33.5,
16.6. MS (EI): m/z 158 (M+).

(E)-3,4-dimethyl-3-hexene-1,6-dioic acid: IR (neat): �: 3424 (OH),
1695 (C O) cm−1. 1H NMR (DMSO-d6, 400 MHz): ı 12.1 (s, 2H), 2.29
(s, 4H), 1.68 (s, 6H). 13C NMR (DMSO-d6, 100 MHz): ı 172.7, 125.4,
41.2, 19.3. MS (EI): m/z 172 (M+).

(E)-2,5-diphenyl-3-hexene-1,6-dioic acid: IR (neat): �: 3409 (OH),
1696 (C O) cm−1. 1H NMR (DMSO-d6, 400 MHz): 12.1 (s, 2H),
7.21–7.33 (m, 10H), 5.93 (dd, J1 = 2.4 Hz, J2 = 5.2 Hz, 2H), 4.33 (dd,
J1 = 2.4 Hz, J2 = 5.2 Hz, 2H).13C NMR (DMSO-d6, 100 MHz): ı 173.7,
139.5, 130.9, 129.0, 128.2, 127.4, 54.2. MS (EI): m/z 296 (M+).

2-cyclohexene-1,4-dicarboxylic acid: IR (neat): �: 3430 (OH),
1700 (C O) cm−1. 1H NMR (DMSO-d6, 400 MHz): ı 12.5 (s, 2H),
5.76–5.82 (m, 2H), 3.04–3.42 (m, 2H), 1.89–1.95 (m, 2H), 1.62–1.70
(m, 2H). 13C NMR (DMSO-d6, 100 MHz): ı 174.8, 126.9, 40.2, 23.8.
MS (EI): m/z 170 (M+).

3. Results and discussion

3.1. Electrosynthesis of 3-ene-1,6-dioic acids from dienes and CO2

Under the optimum conditions (Ni cathode and Al anode, n-
Bu4NBr-DMF as electrolyte, the electricity 4 F mol−1 of starting
substrates, CO2 pressure 3 MPa), the electrochemical dicarboxy-
lation of different 1,3-dienes were examined, and the results are
listed in Table 1. All 1,3-diene substrates gave 1,4-addition prod-
ucts with high regioselectivity in good to excellent yields. Except
for 1,3-butadiene, the configuration of the product corresponding
to linear dienes is only trans form (Table 1, entries 2–4). Cyclohexa-
diene could be also converted into the corresponding dicarboxylic
acids in good yield (70%, Table 1, entry 5). In addition, very small
amount of polymers were found in our present experimental con-
ditions.

3.2. Influence of cathode materials

1,3-Butadiene was selected as a model molecule to sys-
temically investigate the influence of some key factors on the
electrosynthesis. Some electrochemical parameters such as sup-
porting electrolyte, temperature, substrate concentrations and

current density have been discussed in details previously [41,42],
which could provide some references for the present work. Here the
effect of different electrode materials was first investigated on the
electrocarboxylation of 1,3-butadiene with CO2. As known, elec-
trode materials are very important for electrochemical reactions.
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Table 1
Electrocarboxylations of dienes with CO2.a

Entry Substrate Product Yield (%)b � (%)c Z:Ed

1 84 42 1:1

2 80 40 0:100

3 87 43.5 0:100

4 90 45 0:100

5 70 35 –

a Experimental conditions: diene (6.9 mmol), DMF (35 mL), CO2 3 MPa, room temperature, n-Bu4NBr (2.5 mmol), electricity (4 F mol−1), current density 10 mA cm−2, Ni
c
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similar behavior could not be observed (Figs. 1c, 2c and 3), namely
the reduction of O2 did not occur under the same conditions. In
our electrochemical system, there is more or less oxygen in DMF
solvent. Since Ag cathode is very sensitive to oxygen, the electrocar-
athode and Al anode.
b Isolated yield based on dienes (6.9 mmol).
c � = Q1/Q2 (�: current efficiency; Q1: quantity of electricity consumed in forming
d Ratio was determined by 1H NMR analysis.

etal Al is used as a sacrificial anode. So the investigation was
ocused on different cathode materials (Ag, Zn, Cu, Ni, stainless steel
nd Pt). Pt cathode gave 3-hexene-1,6-dioic acid in a very low yield
Table 2, entry 3). Especially, when Ag or Zn was used as cathode
nd the pressure of CO2 was controlled under 3 MPa, only a small
mount of 3-hexene-1,6-dioic acid was obtained, while the signifi-
ant amount of carbonates were detected (Table 2, entries 1 and 2).
he formation of carbonates could be explained on the basis of the
toichiometry (2CO2 + 2e− → CO + CO3

2−) as proposed by previous
uthors [43]. Very significantly, Cu, stainless steel and Ni cathodes
ould afford 3-hexene-1,6-dioic acid in good yields (Table 2, entries
–6). It was also found that the target product 3-hexene-1,6-dioic
cid was obtained in Z and E forms. This may be the result of less
teric hindrance in the electrodicarboxylation reaction. Different
athode materials led to different results, which may be that the
ature of electrode materials strongly influences the reduction of
O2 or 1,3-butadiene [37]. Among these cathodes, Ni cathode dis-
layed the best result. However, the current efficiency, in the case of
i cathode, is only 42% (Table 2, entry 6). The reason may be that,

n the present electrochemical system of high CO2 pressure, CO2
s easily reduced to transform into carbonates, which consumes

ost of the supplied electricity in the electrolysis. Thus, how to

nhance the current efficiency is an urgent problem to be solved in
he future.

To better understand the difference of these cathode materials,
i and Ag were chosen as working electrodes to further investi-

able 2
nfluence of cathode materials on the electrocarboxylation of 1,3-butadiene with
O2.a

Entry Cathode material Yield (%)b �(%)d

1c Ag 5 2.5
2c Zn 10 5
3 Pt 22 11
4 Cu 59 29.5
5 Stainless steel 71 35.5
6 Ni 84 42

a Electrolytic conditions: room temperature, Al anode, 1,3-butadiene (6.9 mmol),
MF (35 mL), n-Bu4NBr (2.5 mmol), current density 10 mA cm−2, CO2 3 MPa, and
lectricity 4 F mol−1.
b Isolated yield based on 1,3-butadiene (6.9 mmol).
c The carbonate is the main product.
d Current efficiency.
uct; Q2: total electricity quantity in the electrolysis).

gate the CV of the electrolytic system under the same conditions.
Figs. 1 and 2 show the CV behaviors of n-Bu4NBr-DMF solution
with Ni and Ag as working electrodes, respectively. In the absence
of 1,3-butadiene and CO2 (Fig. 1), the increase of reduction current
at E < −2.50 V versus SCE should be due to the reduction of DMF sol-
vent at the cathode. From Figs. 1 and 2, it can be seen that the results
of Ag cathode is obviously distinguished from those of Ni electrode.
In the case of Ag electrode, an obvious reduction peak appears at
the reduction potential of −0.70 V to −1.0 V versus SCE (Figs. 1a and
2a and b). However, when N2 was bubbled into the electrolyte, the
reduction peak was disappeared (Fig. 1b). It can be inferred that
the reduction peak in Figs. 1a and 2a and b belongs to the reduc-
tion of O2 dissolved in DMF solvent. In the case of Ni electrode, a
Fig. 1. Cyclic voltammograms of a 0.07 mol L−1 n-Bu4NBr-DMF solution (35 mL) at
room temperature (25 ◦C) at the scan rate 50 mV s−1 with different working elec-
trodes: (a) Ag; (b) Ag (N2 was bubbled into n-Bu4NBr-DMF solution); and (c) Ni. The
area of these two electrodes is the same.
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Fig. 2. Cyclic voltammograms of a 0.07 mol L−1 n-Bu4NBr-DMF solution (35 mL)
at room temperature (25 ◦C) at the scan rate 50 mV s−1 with different working
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Table 3
Influence of electricity on the electrocarboxylation of 1,3-butadiene with CO2.a

Entry Electricity (F mol−1) Yield (%)b � (%)c

1 1 20 40
2 2 49 49
3 3 70 46.7
4 4 84 42
5 5 87 34.8

a Electrolytic conditions: room temperature, 1,3-butadiene (6.9 mmol), DMF
(35 mL), n-Bu4NBr (2.5 mmol), current density 10 mA cm−2, CO2 pressure 3 MPa, Ni
cathode and Al anode.

b Isolated yield based on 1,3-butadiene (6.9 mmol).
c Current efficiency.

Table 4
Influence of CO2 pressure on the electrocarboxylation of 1,3-butadiene with CO2.a

Entry CO2 pressure (MPa) Yield (%)b � (%)c

1 1 65 32.5
2 2 83 41.5
3 3 84 42
4 4 83 41.5
5 5 82 41

a Electrolytic conditions: room temperature, 1,3-butadiene (6.9 mmol), DMF
(35 mL), n-Bu4NBr (2.5 mmol), current density 10 mA cm−2, and electricity 4 F mol−1,
lectrodes: (a) Ag (in the presence of saturated CO2 (0.1 MPa)); (b) Ag (in the pres-
nce of 1,3-butadiene of 6.9 mmol); and (c) Ni (in the presence of 1,3-butadiene of
.9 mmol). The area of these two electrodes is the same. The oxygen dissolved in
-Bu4NBr-DMF solution was not purged with N2 in the all CV experiments.

oxylation of 1,3-dienes with CO2 could be affected to some extent.
he detailed role of different cathodes in the electrocarboxylation
s needed to study further.

.3. Influence of electricity and CO2 pressure

During the electrochemical coupling reduction between 1,3-
utadiene and CO2, the yield of the target product strongly depends
n the electricity (Q) supplied to the electrodes. As shown in Table 3,
hen the electricity passed the cell increased from 1 to 4 F mol−1,
he yield of the product increased rapidly from 20% to 84% (Table 3,
ntries 1–4). Further increasing the electricity, the yield of the tar-
et product increased slightly (Table 3, entry 5).

As CO2 pressure increased from 1 to 3 MPa, the yield of the tar-
et product increased (Table 4, entries 1–3). Higher CO2 pressure

ig. 3. Cyclic voltammograms of n-Bu4NBr-DMF solutions (35 mL, 0.07 mol L−1) at
oom temperature (25 ◦C) at the scan rate 50 mV s−1 with Ni as a working electrode:
a) only addition of 6.9 mmol 1,3-butadiene; (b) with the simultaneous presence of
.9 mmol of 1,3-butadiene and saturated CO2 (0.1 MPa); and (c) only in the presence
f saturated CO2 (0.1 MPa).
Ni cathode and Al anode.
b Isolated yield based on 1,3-butadiene (6.9 mmol).
c Current efficiency.

favors to the electrochemical dicarboxylation of 1,3-butadiene with
CO2, which is in agreement with those of electrocarboxylations
of epoxides or aryl-substituted alkenes with CO2 under high CO2
pressure [27,41]. The reason may be that enhancing CO2 pressure
can increase the solubility of CO2 in DMF solvent, which results in
increasing the yield of the product. When CO2 pressure increased
from 3 to 5 MPa, the yield almost unchanged (Table 4, entries 3–5).
In fact, the amount of CO2 in DMF solvent even at 2 MPa greatly
exceeds that of 1,3-butadiene, so the effect of CO2 pressure from 3
to 5 MPa on the electrodicarboxylation becomes negligible. On the
contrary, further increasing CO2 pressure may bring some nega-
tive effects on the electrosynthesis, such as the raise of the voltage
between the anode and cathode, and the increase of by-product
carbonates.

3.4. The electroreduction of 3-hexene-1,6-dioic acid into adipic
acid

We further investigated the electroreduction of 3-hexene-1,6-
dioic acid into adipic acid. The electroreduction was carried out in

an undivided cell containing 1 mol L−1 H2SO4 electrolyte with Ni
cathode and Pt anode, the electroreduction principle of 3-hexene-
1,6-dioic acid as shown in Scheme 1.

Scheme 1. The electroreduction of 3-hexene-1,6-dioic acid into adipic acid.
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Table 5
Influence of temperature on the electroreduction of 3-hexene-1,6-dioic acid into
adipic acid.a

Entry Temperature (◦C) Yield (%)b � (%)c

1 20 23 15.3
2 40 48 32
3 60 65 43.3
4 70 68 45.3
5 80 67 44.6

a Electrolytic conditions: 3-hexene-1,6-dioic acid (20 mmol), H2SO4 (40 mL,
1 mol L−1), current density 8 mA cm−2, and electricity 3 F mol−1, Ni cathode and Pt
a
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Table 6
Influence of electricity on the electroreduction of 3-hexene-1,6-dioic acid into adipic
acid.a

Entry Electricity (F mol−1) Yield (%)b � (%)c

1 1 28 56
2 2 43 43
3 3 65 43.3
4 4 72 36
5 5 73 29.2

a

node.
b Isolated yield based on 3-hexene-1,6-dioic acid (20 mmol).
c Current efficiency.

For the electrochemical reduction, the temperature is an impor-
ant factor. Table 5 shows the effect of temperature on the
lectroreduction of 3-hexene-1,6-dioic acid. Low temperature is
ot favorable for the electroreduction (Table 5, entries 1 and 2).
he reason may be that the solubility of 3-hexene-1,6-dioic acid or
roduct adipic acid in H2O solvent is limited at low temperature. On
he other hand, from the reaction kinetics of viewpoint, the increase
f temperature can speed up the reaction rate. In the present elec-
roreduction system, the reduction of 3-hexene-1,6-dioic acid is
n competition with some other process, probably hydrogen evo-
ution. Temperature will affect the kinetics of these competing
rocesses. Increasing temperature may promote the reduction of
-hexene-1,6-dioic acid. When electrolytic temperature changed
rom 40 to 60 ◦C, the yield of adipic acid increased from 48% to 65%
Table 5, entries 2 and 3). We noted that the yield did not improve
Table 5, entries 3-5) when electrolytic temperature increased from
0 to 80 ◦C. So the appropriate temperature for the electroreduction

s 60 ◦C.
Electricity is another key factor for the electroreduction. The

esults obtained at different electricity are listed in Table 6. It can
e seen that the yield of adipic acid increases from 28% to 73% upon

−1
ncreasing the charge consumption from 1 to 5 F mol (Table 6,
ntries 1–5). However, the current efficiency gradually decreases.
aking the yield and the current efficiency into consideration, the
lectricity 3 F mol−1 is appropriate for the electroreduction of 3-
exene-1,6-dioic acid.

Scheme 2. Electrochemical reaction mec
Electrolytic conditions: 3-hexene-1,6-dioic acid (20 mmol), H2SO4 (40 mL,
1 mol L−1), current density 8 mA cm−2 at 60 ◦C, Ni cathode and Pt anode.

b Isolated yield based on 3-hexene-1,6-dioic acid (20 mmol).
c Current efficiency.

The above-mentioned experimental results indicate that the
synthesis of adipic acid from CO2 and 1,3-butadiene is feasible via
the two-step electrochemical route. The present work provides a
valuable synthetic route for adipic acid.

3.5. The reaction mechanism of 1,3-butadiene and CO2

The electrochemical reaction mechanism of 1,3-butadiene and
CO2 has already been studied, however there have two different
views. One view is the addition of [CO2

•]− radical anions produced
from the reduction of CO2 to butadiene [38]; the other is the allyl
radical anions derived from the reduction of butadiene as nucle-
ophiles to attack carbon dioxide [44–46]. We guessed that both
cases actually existed at the same time. Namely, a competition
reduction between 1,3-butadiene and CO2 should be considered.
In order to account for this hypothesis, the CV of 1,3-butadiene
and CO2 in a 0.07 mol L−1 n-Bu4NBr-DMF solution (as shown in
Fig. 3) was further investigated. It can be seen from Fig. 3 that the
reduction current of 1,3-butadiene and CO2 appeared almost at the
same reduction potential. At the potential of −2.25 V versus SCE,
the reduction current of 1,3-butadiene is quite obvious, as that of
CO2. Thus, it is reasonable to believe that the electrochemical reduc-

tions of CO2 and 1,3-butadiene could occur almost at the same time
under the same conditions.

According to our experimental results and the references
[38,41,42,47], the plausible mechanism of 1,3-butadiene and CO2
is proposed in Scheme 2. CO2 is reduced into radical anion which

hanism of 1,3-butadiene with CO2.
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