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Abstract: The benzoin condensation starting from benzaldehyde and the subsequent benzoin amidation
to benzamide can be efficiently carried out under very mild conditions in an electrolysis cell. Among the
advantages of using electrochemistry to generate our active reagents, the use of the easily dosed and non
pollutant electron, instead of stoichiometric amounts of redox reagents or bases, usually renders the elec-
trochemical methodology “greener” than classical organic reactions. Benzoin is obtained in good yield
(85%) carrying out the reaction in the room temperature ionic liquid BMIm-BF,. In this electrochemical
reaction this liquid salt assumes the double role of solvent-supporting electrolyte system and precatalyst,
yielding the corresponding N-heterocyclic carbene. The subsequent benzoin amidation is carried out by
electrochemically generated superoxide anion, in the presence of an aliphatic primary or secondary amine.
In this case the system superoxide/molecular oxygen acts as base and oxidant, yielding very good yields of
benzamides (up to 89 %).
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Introduction

Electrochemistry can be considered a “green” methodology, due to the use of the electron, a green reagent.
In fact, electrochemistry allows to carry out reductions and oxidations in the absence of stoichiometric redox
reagents, thus avoiding the production of stoichiometric waste substances; the solid electrode behaves as
“electron collector” or “electron donor”, the redox reaction being in heterogeneous phase, and at the end
of electrolysis it can be easily removed from the reaction mixture. Moreover, the amount of reagent can be
easily dosed, simply interrupting the current flow through the cell [1-3]. Electroorganic synthesis (i.e. organic
synthesis in which redox reactions are carried out by electrolysis) is thus gaining popularity among organic
chemists and nowadays it is not unusual to find this kind of equipment in organic synthesis laboratories.

The chemical requirements for an electroorganic synthesis are quite simple: a solvent-supporting electro-
lyte system (in order to ensure the current flow through the cell), at least two electrodes (three if a controlled
potential configuration is needed) and one or more electroactive species. In most cases, the supporting
electrolyte can be recovered and reused after ethereal extraction of the crude reaction mixture.

Article note: A collection of invited papers based on presentations at the15" Eurasia Conference on Chemical Sciences
(EuAsC,S-15) held at Sapienza University of Rome, Italy, 5-8 September 2018.

*Corresponding author: Marta Feroci, Dipartimento di Scienze di Base e Applicate per 'Ingegneria (SBAI), Sapienza University
of Rome, via del Castro Laurenziano, 7, 00161 Rome, Italy, e-mail: marta.feroci@uniromad.it

Daniele Rocco, Isabella Chiarotto, Leonardo Mattiello and Fabiana Pandolfi: Dipartimento di Scienze di Base e Applicate per
'Ingegneria (SBAI), Sapienza University of Rome, via del Castro Laurenziano, 7, 00161 Rome, Italy

Daniela Zane: CNR ISMN Istituto per lo Studio dei Materiali Nanostrutturati, UOS Sapienza, P.le Aldo Moro 5, 00185 Rome, Italy

© 2019 IUPAC & De Gruyter. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License. For more information, please visit: http://creativecommons.org/licenses/by-nc-nd/4.0/


https://doi.org/10.1515/pac-2018-1118
mailto:marta.feroci@uniroma1.it
http://creativecommons.org/licenses/by-nc-nd/4.0/

1710 —— D. Rocco et al.: Electrochemical synthesis and amidation of benzoin DE GRUYTER

In some cases the outcome of an electrochemical reaction is different from that of a classical one [1], but
in the majority of cases the same product is obtained using milder conditions [4-6].

In this context, the use of room temperature ionic liquids (RTILs) as solvent-supporting electrolyte
system has some advantages. Ionic liquids are salts formed by a large, non-coordinating organic cation and
an inorganic or organic anion, liquid at or near room temperature [7]. They show good solvent ability towards
a lot of organic compounds and most used gases; moreover it is possible to choose the cation-anion couple
in order to render the isolation of products simple (e.g. by ethereal extraction). Being liquid and constituted
of ions, RTILs can assume both solvent and supporting electrolyte roles, and sometimes also reagents [8-10].
The almost null vapour pressure of RTILs allows to recover and recycle them quite easily [11], rendering their
use advantageous in organic chemistry.

Amide functional group is present in a large number of natural products and in pharmaceutical products,
and amide bond formation is one of the most important reactions in pharmaceutical industry [12]. Although
the chemical literature reports plenty of efficient syntheses of amides starting from the most varied reagents,
this topic is still current and many new syntheses are reported every month, demonstrating the importance of
this kind of reaction. In particular, benzaldehydes are convenient starting materials, due to their abundancy,
cheapness and variety of possible substituents.

Nonetheless, the direct amidation of benzaldehyde by its reaction with an amine suffers from the con-
current and more favourite formation of the corresponding imine or enamine, leading to very low yields in
desired product [13]. The “activation” of benzaldehyde as benzoin allows to avoid the formation of imine,
leading to good yields of benzamides.

In the past years we reported the electrochemical synthesis of benzoin from the corresponding aromatic
aldehyde using imidazolium ionic liquids as precursors of NHCs and as solvent-supporting electrolyte systems
[14, 15], and the transformation of benzoin into the corresponding amide using electrogenerated superoxide
anion [16]; herein, we summarize our results on the two-step electrochemical synthesis of arylamides starting
from the corresponding benzaldehyde and an aliphatic amine.

Results and discussion

Benzoin (2a, Scheme 1) is the product of benzaldehyde dimerization, usually catalyzed by cyanide ion or an
organocatalyst [17].

The core of this reaction is the “umpolung” of the carbonyl carbon atom, from electrophilic to nucleo-
philic, due to the interaction with the catalyst, which frequently is a N-heterocyclic carbene NHC, e.g. an
imidazole-2-ylidene 3 (Scheme 2). In fact, the addition of the nucleophilic NHC to the carbonyl carbon atom
yields, after a proton shift, an intermediate (the Breslow intermediate) in which the carbonyl carbon atom has
now a nucleophilic character. The addition of a second benzaldehyde molecule to this site and the following
rearrangement yield benzoin 2a and regenerate the NHC catalyst 3 (Scheme 2) [14].

NHCs are usually generated in situ by deprotonation of the corresponding azolium cation with a strong
base (n-BuLi, DBU, DABCO, etc.). Electrochemistry can be an alternative for the generation of NHC from the
azolium cation, under very mild conditions and avoiding the production of waste molecules (as the strong
bases byproducts). In fact, the cathodic reduction of an imidazolium cation leads to the cleavage of the
C-H bond between the two nitrogen atoms (C-2), yielding the corresponding NHC and molecular hydrogen
(Scheme 3) [18, 19].

Moreover, it is possible to electrochemically generate NHC 3 starting from the corresponding imidazo-
lium salt using this ionic liquid (RTIL) also as solvent-supporting electrolyte system [20]. Using an RTIL (with
a virtually null vapour pressure) as solvent-supporting electrolyte system allows to avoid a volatile organic
solvent, thus minimizing air pollution. Moreover, RTILs can be easily recovered from the reaction mixture
and reused in a subsequent electrolysis. Last, the use of a very polar medium such as a RTIL could favour
those reactions in which the intermediates are very polar or charged (as in the benzoin condensation).
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Scheme 1: Benzoin 2a from benzaldehyde 1a.
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Scheme 2: Benzoin condensation mechanism.
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Scheme 3: Electrochemical generation of NHC 3.

This last consideration is well demonstrated by the electrochemical synthesis of benzoin 2a, carried out
under the same experimental conditions, in an ionic liquid and in a classical organic solvent (Table 1) [15].

Carrying out this electrochemical synthesis in BMIm-BF,, very good vyields in benzoin were obtained
starting from benzaldehydes with various substituents [15].

The subsequent step was the transformation of benzoin into a benzamide by reaction with an aliphatic
primary or secondary amine in the presence of electrogenerated superoxide anion and molecular oxygen.
Unfortunately, this reaction could not be carried out in BMIm-BF,, due to the reactivity of the corresponding
NHC with molecular oxygen (Scheme 4) [21, 22].

The electrochemical reduction of molecular oxygen to superoxide anion was thus carried out in
DMF/Et,N-BF,, in which superoxide anion is quite stable in the absence of a protic reagents (Scheme 5).

The main advantage in using electrogenerated superoxide anion lies in its counterion, the tetraethylam-
monium cation, non coordinated, which renders superoxide anion a “naked” anion, highly reactive, opposite
to commercial potassium superoxide, whose ion pair is really unreactive and which needs large amounts of
crown ethers to dissolve into the solvent and react [23].
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Table 1: Electrochemically induced benzoin condensation: effect of the solvent.?

Bu Bu
N N
[ /> +e — [ >Z + % H,
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Me Me
BMIm* 3a
O 0}
2 H 3a A
— |
= OH
1a 2a
Solvent/supporting electrolyte Q (Faradays)® 23, yield
DMF/BMIm-BFa 0.2 Traces
DMF/BMIm-BF4 2.0 30 %
BMIm-BF, 0.2 85 %

aExperimental conditions: electrolyses carried out under galvanostatic conditions, in a divided cell, using Pt electrodes, under
inert atmosphere. At the end of electrolysis, stopped the current flow, benzaldehyde was added to the catholyte and the mixture
was kept at 65 °C for 2 h. PAmount of charge referred to benzaldehyde, proportional to NHC amount.
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Scheme 4: Electrochemical synthesis of imidazole-2-one 4.
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Scheme 5: Electrogeneration of superoxide anion.

The voltammetric analysis of DMF-Et NBF, solutions of molecular oxygen or benzoin showed that it
is possible to reduce selectively molecular oxygen in the presence of benzoin; in fact their first reduction
potentials [glassy carbon (GC) electrode, saturated calomel reference electrode (SCE)] are —-0.96 V (molecular
oxygen) and -1.84 V (benzoin). So if the electrolysis of a solution containing both benzoin and molecular
oxygen is carried out at —0.96 V, only oxygen is reduced at the cathode. Moreover, the voltammetric analy-
sis shows that there is not an electron exchange between reduced oxygen (superoxide anion) and benzoin
(Fig. 1); in fact the first peak current of molecular oxygen is the same in the absence and in the presence of
benzoin, excluding a redox reaction between them. On the contrary, the disappearance of the first anodic
peak of oxygen in the return scan demonstrates a reaction between superoxide anion (electrogenerated
during the direct scan) and benzoin, leading to the consumption of superoxide anion, thus no more available
for the oxidation at the electrode.

The reaction of benzoin with an aliphatic amine (primary or secondary) in the presence of electrogen-
erated superoxide ion and molecular oxygen leads to the formation of the corresponding benzamide and
ammonium benzoate (Scheme 6). Benzamide yields strongly depend on the amount of current, and using
benzylamine, the corresponding benzylbenzamide is obtained in the highest yield (68 %) after 0.3 F (with
respect to benzoin) (Table 2).
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Fig.1: Superimposed cyclic voltammetries of DMF-0.1 M Et, NBF, solutions of O, (=2 - 10~ M), benzoin (1- 1072 M)
and 0, +benzoin (same concentrations). GC electrode, rt, SCE reference electrode, scan rate: 0.2 V s, scan potential:
0.0to -2.7to+1.6t0 0.0 V.
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Scheme 6: Amidation of benzoin.

This reaction leads to very good yields in benzamides both starting from aliphatic primary amines (66—89 %)
and from secondary ones (51-89 %) [16].

As can be seen from Table 2, a catalytic amount of electricity is sufficient to carry out this reaction;
moreover, benzil (Ph—CO-CO-Ph) was isolated in low yields from the reaction mixture. A similar experiment
starting from benzil allowed to isolate the benzamide in 42% yield (the lower yield is attributable to the
co-reduction of benzil at the cathode under our experimental conditions).

Table 2: Electrochemical synthesis of benzyl benzamide with superoxide anion. Dependence of the yield from the number of
Faradays.?

o ‘ o} o}
0570,
* 2N — N + O Hgl | x
OH %

Faradays® Benzamide, yield
1.0 30 %
0.6 65 %
0.3 68 %

aExperimental conditions: electrolyses carried out under galvanostatic conditions, in a divided cell, using Pt electrodes, under
0, atmosphere, on DMF-0.1 M Et NBF, solutions of benzoin and benzylamine in 1:2 mol ratio. At the end of electrolysis, stopped
the current flow, the mixture was kept at rt for 12 h. YAmount of charge referred to benzoin.
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Scheme 7: Proposed mechanism for the amidation of benzoin.

From all these results, it was possible to propose a reaction mechanism, in which both electrogenerated
superoxide anion and molecular oxygen are involved, and in which benzil is a reaction intermediate [24]
(Scheme 7).

Conclusions

A two-step electrochemical synthesis of benzamides, starting from benzaldehyde and an aliphatic amine,
can be efficiently carried out, obtaining good yields in valuable products. The use of the electrochemical
methodology allows to carry out this synthesis under very mild conditions and in a “green” way, mainly due
to the use of the “green” electron, massless and non pollutant, instead of stoichiometric amounts of bases
or redox chemical reagents (which imply a stoichiometric production of waste). Moreover, it is possible to
carry out the first step in an ionic liquid, which acts both as solvent and as precatalyst; this renders easy the
recycling of the solvent in subsequent runs.

Experimental section

Methods

Constant current electrolyses were performed at 25 °C, using an Amel Model 552 potentiostat equipped with
an Amel Model 731 integrator. All the experiments were carried out in a divided glass cell separated through
a porous glass plug, filled up with a layer of gel (i.e. methyl cellulose 0.5% vol dissolved in DMF-Et,NBF,
1.0 mol dm~) in case DMF was used as solvent; Pt spirals (apparent area 0.8 cm?) were used as both cathode
and anode.

Typical electrosynthesis of benzoin in ionic liquid [15]

Anolyte (1.0 cm® of BMIm-BF,) and catholyte (2.0 cm® of BMIm-BF,) were separated through a G-3 glass septum.
The electrolysis was carried out, under nitrogen atmosphere at room temperature, at constant current (20 mA
cm?) and stopped after 194 °C. At the end of the electrolysis, 10 mmol of freshly distilled benzaldehyde were
added to the catholyte, the temperature was increased up to 65 °C and the mixture was stirred for 2 h. The
reaction mixture was then extracted with diethyl ether (3 x 10 cm?). After the removal of the solvent from the
combined ethereal layers under reduced pressure, the crude reaction mixture was analyzed by 'H-NMR and
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TLC. Benzoin was purified by flash chromatography (n-hexane-ethyl acetate 8:2) and characterised by NMR
spectroscopy. Benzoin spectral data are in accordance with those reported in the literature.

Typical electroamidation of benzoin in DMF-Et,NBF, [16]

Anolyte (5 cm’ DMF-Et,NBF, 0.1 mol dm~) and catholyte (10 cm’ DMF-Et, NBF, 0.1 mol dm~) were separated
through a G-3 glass septum filled up with a layer of gel. The electrolysis was carried out, under oxygen atmos-
phere at room temperature, at constant current (20 mA cm).

In the catholyte 0.5 mmol of benzoin and 1.0 mmol of aliphatic amine were present, with continuous O,
bubbling. The electrolysis was stopped after 25 °C, the oxygen bubbling was stopped and the catholyte was
kept under stirring at rt for 12 h. Usual workup gave the benzamide, whose spectral data are identical to those
reported in the literature.
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