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Silver nanoparticles prepared by the direct reduction of AgNO3 in aqueous solution were compacted
into coins and used as the cathode for the electrocatalytic carboxylation of 1-phenethyl bromide
with COz. The influences of the working electrode, charge, current density and temperature were
investigated. Under optimized conditions, 98% yield of 2-phenylpropionic acid was obtained. The

reaction was performed under very mild conditions and no added catalyst was required in the elec-
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trolyte. Yields that varied from moderate to excellent were also achieved with other benzyl bro-
mides. This electrode has good stability and reusability, and the yield and selectivity of
2-phenylpropionic acid could be maintained during reuse for 10 times.
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COz is the main greenhouse gas linked to undesirable cli-
mate change. On the other hand, COz is also a cheap, abundant
and clean C1 feedstock [1]. In recent years, much effort has
been made to develop effective processes for economical
products by the fixation of CO2 [2-8]. Among these products,
phenylpropionic acids from the carboxylation of phenyl halides
with CO2 have commercial importance because of their exten-
sive applications in pharmaceutical industry. They are used as
intermediates for nonsteroidal antiinflammatory drugs
(NSAIDs), like Ibuprofen, Naproxen, Ketoprofen and Flurbi-
profen. Much attention has been paid to developing synthesis
methods of phenylpropionic acids [9].

However, a homogeneous catalytic system for the synthesis
of phenylpropionic acids involves the utilization of transition
metal catalysts, such as cobalt, nickel and palladium complexes

[10-12]. Although high yields have been reported by some
workers, the disadvantages are also obvious, which are that the
transition metal catalysts are both expensive and hardly recy-
clable, which cause difficulty in practical application. Electro-
catalysis was also demonstrated to be an efficient method for
the synthesis of phenylpropionic acids by us [13,14] and other
workers [15,16]. It can be performed under mild conditions
without a transition metal catalyst. For example, Isse and
coworkers [15] reported a synthesis of benzoic acid by the
electrocatalytic reduction of bromobenzene with CO; that gave
benzoic acid yields of 80%.

In our former work, we investigated a route for the electro-
catalytic asymmetric carboxylation of achiral 1-phenylethyl
chloride with COz in the presence of a chiral cobalt complex.
Under optimized conditions, optically active 2-phenylpropionic
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acid with 37% yield and 83% ee was obtained [17]. In addition,
we also prepared a [Co]@Ag composite for asymmetric car-
boxylation = of  1-phenylethyl bromide with  CO2.
2-phenylpropionic acid with 58% yield and 73% ee was
achieved at normal pressure and temperature [18]. Although
optically active products were obtained with a chiral cobalt
catalyst, the yield was relatively low, which need further work.

In this work, silver nanoparticles (Ag NPs) were prepared
by the direct reduction of AgNOs with hydrazine hydrate
(N2H4-H20) in aqueous solution. A powder with typical metallic
properties was obtained after filtration and drying. This can be
easily compacted into a coin using a tablet press (Fig. 1) and
used as the cathode for the electrocatalytic carboxylation of
1-phenylethyl bromide with CO2. It should be noted that this
coin was prepared from pure Ag NPs powder without a support
or carrier. Both the synthesis of the Ag NPs cathode and car-
boxylation were performed under very mild conditions, and no
other catalyst was needed.

For the synthesis of Ag NPs, 1.7 g AgNO3 was dissolved in
100 mL deionized water. After 10 min stirring, 50 mL hydra-
zine hydrate solution (10%) was added, and the mixture was
stirred at 25 °C for 4 h, and Ag NPs were precipitated immedi-
ately. The precipitate was filtered, and washed with 10 mL wa-
ter and then 10 mL anhydrous ethanol for 4 times, and dried
for 12 h at 35 °C under vacuum. Ag NP powder was pressed
into a coin and used as the cathode for electrolysis.

Galvanostatic electrosynthesis was performed using a direct
current regulated power supply (HY3002D, HYelec®, China).
The product yield was determined by high performance liquid
chromatography (HPLC) instrument (DIONEX Ultimate 3000
pump) equipped with a UV (RS Variable Wavelength) detector.
The microstructure and morphology of Ag NPs were analyzed
using a Hitachi S-4800 field emission Scanning Electron
Microscope (FE-SEM). X-ray diffraction (XRD) patterns were
recorded by a Ultima IV X-ray powder diffractometer using Cu
Kq radiation (A = 0.15406 nm). N2 adsorption was carried out at
-196 °C on a BELSORP-MAX instrument after outgassing the
samples for 10 h under vacuum at 300 °C.

The resulting material was characterized by many methods.
Fig. 2(d) displays the XRD patterns of an Ag NPs coin. Typical
diffraction peaks of the (111), (200), (220), (311) and (222)
crystal faces were observed. It is also notable that no trace of
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Fig. 1. Preparation of Ag NP electrode and electrocatalytic carboxyla-
tion of 1-phenethyl bromide with CO2.
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Fig. 2. Characterization results of Ag NPs. FE-SEM patterns of Ag NPs
with magnifications of 5k (a), 20k (b), and after reuse for 10 times (c);
(d): XRD patterns of Ag nanoparticles before (d-1) and after reuse for
10 times (d-2); FE-SEM patterns of Ag NPs with smaller particle size (e,

f).

any other substance such as silver oxide was contained in this
material. The FE-SEM patterns (Fig. 2(a), (b)) of the composite
revealed that this Ag NP electrode has a hierarchical structure
composed of metal nanocrystallites. These elementary particles
were gathered into particles of 60 nm and aggregated further
into a macroporous solid.

Besides the preparation and characterization of this Ag NP
coin, we also showed its application in catalysis. As we men-
tioned above, the Ag NP powder was compacted into a coin
with a 2 cm diameter, which can be used directly as the cathode
for the electrocatalytic carboxylation of 1-phenylethyl bromide
with CO2. Since galvanostatic electrolysis is often simpler and
preferable for large scale applications, we therefore investi-
gated the efficiency of the electrocatalytic carboxylation under
galvanostatic conditions. A typical galvanostatic electrolysis
was carried out in a mixture of 0.1 mol/L 1-phenylethyl bro-
mide (1a), 0.1 mol/L tetraethylammonium iodide (TEAI) in 10
mL acetonitrile (MeCN) using an undivided glass cell with a Ag
NP cathode and a sacrificial magnesium (Mg) anode. Each
measurement was performed 3-4 times. After electrolysis, the
products were detected quantitatively by HPLC, which showed
that 2-phenylpropionic acid (2a) was the main product. The
influences of electric charge (@), current density, and the tem-
perature were investigated to optimize the yield of 2a. The
results of the electrolysis are summarized in Table 1.

In an electrochemical reaction, the electric charge passed
during electrolysis strongly influenced the yield of product 2a
(Table 1, entries 1-4). The yield increased linearly with the
charge from 1.5 to 2.5 F/mol. However, the yield did not
increase further when the charge increased to 3.0 F/mol (Table
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Table 1
Electrocatalytic carboxylation of 1-phenylethyl bromide under different
conditions 2.

Entry Q (F/mol) Currentdensity (mA/cm?) T (°C) Yield® (%)

1 1.5 5 0 72
2 2.0 5 0 88
3 2.5 5 0 98
4 3.0 5 0 97
5 2.5 1 0 73
6 2.5 3 0 83
7 2.5 7 0 89
8 2.5 9 0 80
10 2.5 5 10 92
11 2.5 5 20 90
12 2.5 5 30 87
13¢ 2.5 5 0 51
144 2.5 5 0 96

aElectrolysis were carried out in an undivided cell, cathode: Ag NPs,
anode: Mg, solvent: 10 mL MeCN, supporting electrolyte: 0.1 mol/L
TEAI, substrate concentration: 0.1 mol/L. » Determined by HPLC.
cCathode: Ag flake. ¢Cathode: Ag NPs (20 nm).

1, entry 4), indicating that 1a was already consumed entirely
when 2.5 F/mol electric charge was passed. As for the influence
of the current density, the yield of 2a improved with the
current density from 1 to 9 mA/cm?, reaching a maximum
(98%) at 5 mA/cm? (Table 1, entries 3, 5-8). Both low and high
current densities led to lower yields. The reaction temperature
was also a crucial factor, which influenced the overpotential
and reaction rate of the electrolysis. The highest yield of 2a was
obtained at 0 °C, a relatively low temperature. Increasing the
temperature from 0 to 30 °C did not increase the yield of 2a. On
the contrary, the 2a yield decreased from 98% to 87%. At a
lower temperature, more COz was dissolved in MeCN, and CO2
is the key reagent in this reaction, which could explain this
trend [19]. Although there was a slight decline, at least 90%
yield of 2a could be achieved at 20 °C, which was room
temperature. Hence, our Ag NP electrode generated very good
results for the electrocatalytic carboxylation of 1-phenethyl
bromide with COz under very mild conditions. This was
without the utilization of high COz pressure or temperature.
Using the optimized conditions in Table 1, entry 3, different
cathodes were also studied to show the superiority of our Ag
NP cathode. Using Ag flake as cathode (Table 1 entry 13), only
51% yield of 2a was obtained, which was significantly lower
than the 98% yield with the Ag NP cathode, indicating that our
Ag NP cathode was much more effective for the electrocatalytic
carboxylation of 1-phenethyl bromide with CO2 than a common
Ag flake cathode. This superiority can be attributed to the large
specific surface area of Ag NPs. According to the N2 adsorption
isotherm, the Ag NP coin has an average specific surface area of
8.7 m2/g. Since 2 g Ag NPs powder was compacted into a 2 cm
diameter coin, this gave this Ag NP cathode an actual surface
area of 17.4 m2 Hence, the real surface area of the Ag NP
cathode is 5.5 x 104 times larger than that of a common Ag flake
cathode, which would provide more active sites and accelerate
the reaction rate. Since Ag NPs were more efficient than a
common Ag flake cathode because of its nano-structure, can Ag
NPs with smaller particle size lead to an even higher yield of

product? Further experiments were carried out to test this. We
prepared Ag NPs with 20 nm particle size (Fig. 2(e), (f)) using
the same method as the 60 nm Ag NPs except for the addition
of polyethylene glycol in the reduction solution. Under the
same conditions as Table 1, entry 3, 96% yield of 2a was
obtained at the Ag NP cathode with 20 nm particle size (Table 1
entry 14), which was obviously higher than that of the Ag flake
cathode but almost the same as that of Ag NPs cathode with 60
nm particle size. This demonstrated again that nano-structure
silver was beneficial to the electrocatalytic carboxylation of
1-phenethyl bromide with COx.

It should be noted that no other catalyst was needed in our
synthesis system. In addition, this Ag NP cathode can be easily
recycled and cleaned after an electrolysis. Under the
electrolysis conditions of Table 1, entry 3, repeated tests of the
electrocatalytic carboxylation of 1-phenethyl bromide with CO2
were carried out using the same Ag NP cathode. As shown in
Fig. 3, the yield of 2a was maintained at around 94% even after
10 runs, revealing that this Ag NP cathode has excellent
reusability. XRD and SEM were used to further investigate the
stability of the Ag NP electrode. According to the XRD patterns,
the composition and crystal form of the Ag NPs did not change
before and after electrolysis (Fig. 2(d)). Moreover, it retained
its porous structures and had the same particle size (Fig. 2(c)).
In other words, the Ag NPs electrode has excellent stability and
reusability, and retained its catalytic activity after at least 10
times reuse.

Encouraged by obtained  with
1-phenylethyl bromide (1a), the use of different substrates was
further studied. Using the reaction conditions of Table 1, entry
3, a wide range of substituted bromides with both
electron-withdrawing and electron-donating groups were
tested for electrocatalytic carboxylation. The corresponding
benzoic acids with moderate to good yields were obtained. As
is obvious from the results summarized in Table 2, the Ag NP
cathode can be applied to a wide range of substrates. Except for
bromides, the Ag NP cathode was also effective for the
carboxylation of 1-phenylethyl chloride, and 86% yield of

excellent  results
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Fig. 3. Reuse of Ag NPs cathode. Reaction conditions are the same as
Table 1, entry 3.
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Table 2
Electrocatalytic carboxylation of different substrates with the Ag NP
cathode .
Entry Substrate Product Yield® (%)
Br COOH
1 @2\ 1a @2\ 2a 98
B
2 @A " b gCOOH 2 88
Br COOH
3 ©/ 1c ©/ 2c 73
COOH COOH
4 @Br 1d @cow 2d 67
Br COOH
Br COOH
Cl COOH
2g 86

3

aElectrolysis were carried out under the same conditions as Table 1,
entry 3. Determined by HPLC.

2-phenylpropionic acid was obtained using the same reaction
condition as 1-phenylethyl bromide (Table 2, entry 7).

In conclusion, a compacted Ag NP cathode was prepared
using a simple method without any support or carrier. This was
effective for the electrocatalytic carboxylation of 1-phenethyl
bromide with CO2. Under optimized conditions,
2-phenylpropionic acid with 98% yield was obtained. Moderate
to good yields of benzoic acids were achieved with other
substrates. This Ag NP cathode has remarkable stability and
reusability, shown by that the yield of 2-phenylpropionic acid
did not decrease significantly after at least 10 times reuse.
Considering its easy preparation, high effectiveness and
excellent reusability, this Ag NP cathode has potential for
practical application.
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Cathode made of compacted silver nanoparticles for electrocatalytic

carboxylation of 1-phenethyl bromide with CO2

Hengpan Yang, Laxia Wu, Huan Wang *, Jiaxing Lu *
East China Normal University; Anqing Normal University

A cathode made of compacted Ag nanoparticles was prepared with a simple -
method and used for the electrocatalytic carboxylation of 1-phenethyl bro- €
mide with CO2. It has excellent efficiency, high stability and remarkable re-

usability and was active under very mild conditions.

98% yield !
Excellent reusability !

= Ag NPs
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