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Enantioselective organocatalytic electrochemical
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The enantioselective organocatalytic α-chlorination of aldehydes using electrochemistry to activate the

enamine intermediate through a SOMO strategy was investigated. Based on mechanistic insights, an

improved procedure was developed that directly employs CuCl2 in the electrochemical reaction. Under

the optimized setup (potentiostatic conditions of 1 V, glassy-carbon electrodes, and a 0.2 M solution of

LiClO4), in the presence of catalytic amounts of a chiral imidazolidinone organocatalyst, the aldehyde

reacts with copper chloride(II) and leads to the formation of the corresponding α-chlorinated aldehydes in

high yields with high enantioselectivities (up to 97% ee). Thanks to the electrochemical approach, stoi-

chiometric amounts of chemical oxidants were successfully replaced by electrons, enabling a more sus-

tainable and efficient catalytic stereoselective reaction. In addition, the transformation was successfully

translated to a continuous flow process, which significantly enhanced productivity and reduced the reac-

tion time to just 1.73 minutes, and the reaction was also performed on a gram scale.

Introduction

Halogenation is a key process for the synthesis of highly func-
tionalized organic compounds, enabling the introduction of
halogen atoms into specific positions of molecules to modu-
late their reactivity and properties. Among the various method-
ologies for the introduction of a halogen atom into organic
compounds, one of the most versatile approaches consists of
the introduction of a chlorine atom at the α-position of carbo-
nyl compounds,1 a strategy that has been effectively applied in
many catalytic stereoselective transformations. For instance,
simple aldehydes can be easily converted into aziridines,
chlorohydrins, epoxides, or α-hydroxy acids through in situ
derivatization of the corresponding α-chlorinated aldehydes.2

In 2004, Jørgensen3 and MacMillan4 independently
reported the organocatalytic enantioselective direct
α-chlorination of unbranched aliphatic aldehydes using
N-chlorosuccinimide (NCS) and 2,3,4,5,6,6-hexachloro-2,4-
cyclohexadien-1-one, respectively, as chlorinating agents
(Scheme 1a and b). In the first approach, Jørgensen demon-
strated that readily available organocatalysts such as L-proline
amide or (2R,5R)-diphenylpyrrolidine could promote the for-
mation of α-chloroaldehydes with yields up to 99% and an
enantiomeric excess (ee) of 95%. On the other hand, following
MacMillan’s methodology, where a chiral imidazolidinone is

used as the organocatalyst, enantioenriched α-chlorinated
aldehydes were synthesized in up to 94% yield and 95% ee. In
2009, as a further development, MacMillan and co-workers
reported an innovative SOMO-catalyzed methodology for

Scheme 1 Recent examples of enantioselective organocatalytic
α-chlorination of aldehydes.
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achieving the same transformation, employing a cheap nucleo-
philic chlorine source such as NaCl or LiCl in the presence of
Cu(TFA)2.

5 In this case, the chiral enamine formed by the
interaction of the chiral organocatalyst with the unbranched
aliphatic aldehyde undergoes direct oxidation to its radical
cation form through a single electron transfer (SET) process.

This oxidation is promoted by the presence of copper tri-
fluoroacetate and an excess of the chemical oxidizer Na2S2O8,
resulting in the formation of α-chlorinated aldehydes with
yields and stereochemical efficiency comparable to those pre-
viously reported (Scheme 1c).

Given the recent emergence of electrochemistry as an inno-
vative tool in organic chemistry for promoting redox trans-
formations6 and providing an alternative to conventional
chemical oxidants,7 we envisioned the possibility of adopting
this approach to replace the chemical oxidants typically used
in α-chlorination of aldehydes. However, while the application
of electrochemistry in the asymmetric metal catalysis8 and bio-
catalysis fields9 is well established, the exploration of asym-
metric organocatalysis combined with electrochemistry
remains confined to a few examples with only a limited
number of enantioselective electrochemical transformations
reported so far.10

In 2009, Jang and co-workers reported a pioneering proto-
col combining organocatalysis with electrochemistry for the
α-oxyamination of aldehydes using a substoichiometric
amount of pyrrolidine for the racemic transformation and the
Hayashi–Jørgensen catalyst to induce enantioselectivity, albeit
with modest results (Scheme 2a).11 One year later, Jørgensen
employed the same chiral organocatalyst to develop a direct
regio- and stereoselective protocol for the synthesis of meta-
substituted anilines through the α-functionalization of alde-
hydes with anilines, achieving good yields and excellent
enantioselectivities.12 The process consists of the formation of
a quinone by anodic oxidation of the aniline, which sub-
sequently reacts with a nucleophilic enamine generated by the
interaction of an aliphatic unbranched aldehyde with the
Hayashi–Jørgensen organocatalyst. While this transformation
yields excellent results, the electrochemical focus was oriented
towards the generation of the electrophilic species rather than
SOMO activation of the enamine (Scheme 2b). Through a
different approach, in the same year, Jang and co-workers
reported the first example of an electrochemical SOMO-acti-
vated reaction using the anodically generated radical cation
of an enamine compound to promote an asymmetric
electrochemical α-alkylation of aldehydes in the presence of
xanthene (Scheme 2c).13 Recently, Dell’Amico and co-workers
developed an electrochemical stereoselective organocatalytic
α-functionalization of aldehydes via SOMO activation of the
enamine, employing 4,4-dimethoxybiphenyl as a redox shuttle.
In this approach, galvanostatic conditions and the redox
shuttle are crucial to prevent catalyst degradation and ensure
excellent yields and enantiomeric ratios (Scheme 2d).14

Inspired by these works, we wish to report here our studies
on the stereoselective catalytic α-chlorination of aldehydes
under electrochemical conditions, by electrochemical SOMO

activation of enamines generated in the presence of catalytic
amounts of a chiral imidazolidinone (Scheme 2e).

Results and discussion

We started our preliminary investigation by examining the
reactivity of dihydrocinnamic aldehyde 1 as a model substrate
in the presence of LiCl as the chlorine source. At first, cyclic

Scheme 2 Electrochemical stereoselective organocatalytic
α-functionalization of aldehydes.
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voltammetry was performed on a 1 : 1 mixture of LiCl and alde-
hyde 1. By recording voltammograms using a Rodeostat appar-
atus in a 0.2 M LiClO4 acetonitrile solution, it was found that
both compounds show irreversible oxidation peaks at 1.16 V
vs. Ag/Ag+ and 2.18 V vs. Ag/Ag+, respectively (for details, see
the SI).

Since LiCl has a lower oxidation potential, we hypothesized
that α-chlorination of aldehyde 1 could be achieved through
the in situ generation of Cl• under galvanostatic conditions.
This approach is in agreement with the well-known electrophi-
lic nature of the chlorine radical, which readily reacts with
electron-rich aromatic compounds.15

Therefore, we initially performed a screening of the current
density and the total charge from 2 to 5 F mol−1 to find out
the best galvanostatic reaction conditions for this transform-
ation. This investigation was performed under ambient atmo-
sphere using 1 mmol of compound 1 in the presence of a cata-
lytic amount of trifluoroacetic acid, in an undivided cell, using
glassy-carbon electrodes, as both anode and cathode, and with
1.3 equivalents of LiCl in a 0.4 M solution of LiClO4. The reac-
tion medium was switched from acetonitrile to a 97 : 3
DMF : H2O solution to improve the chemical efficiency of the
process (see the SI). After 16 hours of reaction, the resulting
α-chlorinated aldehyde 2 was directly reduced to alcohol with
6 equivalents of NaBH4, and the product was isolated by chro-
matographic purification. The data are presented in Table 1.
Increasing the current density from 1.5 mA cm−2 to 6 mA cm−2

while applying a total charge of 2 F mol−1 resulted in a
decrease in product yield (entries 1–4). Reducing the current
density to 1.5 mA cm−2 and increasing the total charge to 3 F
mol−1 afforded product 3 with a 56% yield (entry 5). A higher
total charge (4 F mol−1, entry 6) proved to be advantageous for
the reaction, affording 3 in 68% yield. However, a further
increase in the total charge resulted in a lower yield (entry 7).
The reaction conditions of entry 6 were selected for further
studies; in particular, in order to investigate the stereochemi-

cal outcome of the α-chlorination of hydrocinnamaldehyde 1,
enantiopure imidazolidinone-based organocatalysts A and B
were evaluated (Table 2).5

Both organocatalysts were tested at room temperature and
at 0 °C; however, no significant enantiomeric excess was
observed under these conditions. The best results were
obtained using catalyst A, where compound 3 was isolated in
65% yield with moderate enantioselectivity after 16 h of reac-
tion time (30% ee, entry 1). However, performing the reaction
at 0 °C resulted in lower yields and no significant change in
the stereochemical efficiency, while no enantioselectivity was
observed at all when catalyst B was employed (Table 2).
According to these findings, the reaction protocol was slightly
modified. Cyclic voltammetry measurements indicated that
the co-presence of copper(II) bis(trifluoroacetate) and LiCl in
the reaction medium could facilitate the in situ formation of
CuCl2, which is likely to act as the primary chlorine source
(see below for further comments); therefore, we decided to
investigate the direct use of CuCl2·2H2O as an alternative
chlorine donor. The electrochemical behaviour of the resulting
mixture was then investigated by cyclic voltammetry analysis
(Fig. 1).

When a stoichiometric amount of catalyst A is added to a
5 mM solution of aldehyde 1 in 0.2 M solution of LiClO4 in
CH3CN (red line, Fig. 1), a new irreversible oxidation peak
appears at 0.7 V vs. Ag/Ag+, which is assigned to the in situ
generation of the enamine. Additionally, the cyclic voltamme-
try study, performed after the addition of a stoichiometric
amount of CuCl2·2H2O to the mixture (blue line, Fig. 1),
revealed the presence of two oxidation peaks and two
reduction peaks, corresponding to the Cu0/CuI and CuI/CuII

oxidation/reduction transitions. Noteworthily, an increase in
the anodic current of the enamine species was observed, con-

Table 1 Preliminary investigation of electrochemical α-chlorination of
dihydrocinnamic aldehyde 1

Entry Current density (mA cm−2) Q (F mol−1) 3 yield (%)

1 1.5 2 45
2 3 2 37
3 4.5 2 32
4 6 2 27
5 1.5 3 56
6 1.5 4 68
7 1.5 5 45

Table 2 Preliminary investigation of stereoselective electrochemical
α-chlorination of dihydrocinnamic aldehyde 1

Entry Catalyst Temp. (°C) 3 yield (%) 3 eea (%)

1 A 25 65 30
2 A 0 23 33
3 B 25 62 <5
4 B 0 17 <5

a Enantiomeric excesses were determined with HPLC using a chiral
stationary phase.

Organic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2025 Org. Chem. Front.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

1/
2/

20
25

 5
:5

3:
07

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qo01249j


sistent with the role of the Lewis acid in promoting enamine
formation.

Since the CuII/CuI reduction occurs at −0.3 V vs. Ag/Ag+ and
the oxidation potential of the enamine is 0.7 V vs. Ag/Ag+, we
investigated the α-chlorination of aldehyde 1 in the presence
of CuCl2·2H2O with a cell potential of 1 V.

The results are summarized in Table 3. Typical reaction
conditions are as follows: 1 mmol of aldehyde, 20 mol% of
organocatalyst as the acetate or trifluoroacetate salt, and 2
equivalents of CuCl2·2H2O. The reaction was performed over
16 hours at 10 °C in an undivided cell with glassy-carbon elec-
trodes as both anode and cathode, using different electrolytes
and additives. To identify the optimal solvent, LiClO4 was used
as the electrolyte and LiTFA as the additive. When 97 : 3
DMF : H2O was employed, compound 3 was obtained in 54%
yield with 91% ee (entry 1). Replacing DMF with CH3CN
improved the chemical outcome of the transformation,
affording the product in 89% yield and 92% ee (entry 2). The
roles of the acid, the additive, and the electrolyte were then
evaluated. Replacing TFA with acetic acid led to comparable
results (entry 2 vs. entry 3). When the reaction was performed
without LiClO4, alcohol 3 was isolated in 64% yield and 89%
ee (entry 4), whereas only trace amounts were observed in the
absence of LiTFA (entry 5). Furthermore, replacing LiClO4 with
t-Bu4NPF6 led to a slight decrease in the yield (entry 6).
Increasing the cell potential to 2 V resulted in the deposition
of metallic copper on the cathode surface, with a consequent
decrement of the yield (entry 7). Additionally, replacing glassy-
carbon electrodes with Pt-foil as both anode and cathode
improved the chemical outcome of the reaction, providing 3 in
74% yield and 90% ee (entry 8). Reducing the reaction time
from 16 h to 8 h proved to be detrimental, since the desired
product was isolated in 57% yield and 92% ee (entry 9,
Table 3). Upon using only one equivalent of CuCl2 (instead of
2 equivalents), the formation of Cu(0) and passivation of the
electrode were observed, due to the reduction of Cu(II) to Cu(I)
and from Cu(I) to Cu(0), thus resulting in only 50% yield (entry
10). Even lower yields were observed with catalytic amounts of

Fig. 1 Cyclic voltammetry of organocatalyst A (5 mM) recorded in a 0.2
M solution of LiClO4 (black line). Cyclic voltammetry of a stochiometric
amount of organocatalyst A (5 mM) and aldehyde 1 (5 mM) in the pres-
ence of a catalytic amount of acetic acid (0.5 mM) recorded in a 0.2 M
solution of LiClO4 (red line). Cyclic voltammetry of a stochiometric
amount of organocatalyst A (5 mM) and aldehyde 1 (5 mM) in the pres-
ence of a catalytic amount of acetic acid (0.5 mM) and CuCl2 (5 mM)
recorded in a 0.2 M solution of LiClO4 (blue line). GC rod as the working
electrode, Pt foil as the counter electrode and Ag/Ag+ as the reference
electrode with a scan rate of 0.1 V s−1.

Table 3 Optimization studies of the electrochemical α-chlorination of aldehyde 1 in the presence of chiral organocatalyst A

Entry Electrolyte Additive Acid Cell potential (V) Electrodes Organic solvent Time (h) 3 yielda (%) 3 eeb (%)

1 LiClO4 LiTFA AcOH 1 GC(−)||GC(+) DMF 16 54 91
2 LiClO4 LiTFA AcOH 1 GC(−)||GC(+) ACN 16 89 92
3 LiClO4 LiTFA TFA 1 GC(−)||GC(+) ACN 16 84 91
4 None LiTFA AcOH 1 GC(−)||GC(+) ACN 16 64 89
5 LiClO4 — AcOH 1 GC(−)||GC(+) ACN 16 <5 n.d.
6 t-Bu4NPF6 LiTFA AcOH 1 GC(−)||GC(+) ACN 16 67 88
7 LiClO4 LiTFA AcOH 2 GC(−)||GC(+) ACN 16 45 91
8 LiClO4 LiTFA AcOH 1 Pt(−)||Pt(+) ACN 16 74 90
9 LiClO4 LiTFA AcOH 1 GC(−)||GC(+) ACN 8 57 92
10c LiClO4 LiTFA AcOH 1 GC(−)||GC(+) ACN 16 50 90
11d LiClO4 LiTFA AcOH 1 GC(−)||GC(+) ACN 16 30 89

a Isolated yields obtained by flash chromatography after in situ reduction of aldehyde 2 with NaBH4.
b Enantiomeric excesses were determined

with HPLC using a chiral stationary phase. cReaction performed with 1 equiv. of CuCl2.
d Reaction performed with 0.5 equiv. of CuCl2.

Research Article Organic Chemistry Frontiers
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copper(II) chloride. For the sake of comparison, it is worth
mentioning that the reaction performed in the presence of a
nickel catalyst afforded the product in good yields but with no
enantioselectivity, thus highlighting the importance of the
copper salt in the stereochemical outcome of the reaction.
With the nickel catalyst, the reaction did not proceed without
electricity.

Under the optimized electrochemical reaction conditions
(Table 3, entry 2), the scope of the reaction was then investi-
gated. As shown in Scheme 3, linear, cyclic and arenyl alde-
hydes proved to be suitable substrates for this transformation.
Products 4, 8, 9, 11 and 12, derived from linear and cyclic ali-
phatic aldehydes, were obtained with excellent enantio-
selectivities (90–95% ee) and higher yields compared to chlor-
oalcohols 3, 5, 6, and 7, which originate from dihydrocinnamic
aldehyde derivatives. Among the aromatic substrates, those
bearing an electron-withdrawing group on the aromatic ring
exhibited higher yields than those with electron-donating
groups (e.g., compound 5 vs. compound 7).

Product 6, derived from the reaction of a β-substituted alde-
hyde, was obtained as a 1 : 1 syn : anti diastereoisomeric
mixture, with 90% ee for the syn-6 isomer and 97% ee for the
anti-6 isomer. The reaction of 4-benzyloxybutanal afforded
compound 9 in 81% yield with 95% ee, while the
α-chlorination of 2-hydroxytetrahydrofuran led to the for-
mation of the corresponding chlorinated aldehyde 10 in 53%
yield, isolated as a cyclic acetal in a 14 : 86 cis : trans ratio.

Reduction with NaBH4 and derivatization with naphthoyl
chloride enabled the determination of the enantiomeric excess
of the corresponding alcohol 10a, which was found to be 70%.
The result, along with the observation that compound 10 exhi-

bits the (R)-configuration at the stereocenter bearing the chlor-
ine atom, suggests that the free hydroxyl group plays a crucial
role in influencing the stereochemical outcome of the
transformation.

To gain a mechanistic understanding of the enantio-
selective electrochemical α-chlorination of aldehydes, a series
of control experiments, cyclic voltammetry studies and radical
trapping experiments were conducted. The results of the
studies are reported in Table 4. In the absence of the organo-
catalyst, the α-chlorination of aldehyde 1 fails to proceed (entry
1); however, without electricity, the transformation still occurs,
affording compound 3, although with a lower yield and
enantioselectivity (58% yield, 85% ee, entry 2). This suggests
that while the organocatalyst is essential for the reaction to
proceed under electrochemical conditions, the process can
still occur without the electrical input, albeit with a lower
efficiency.

As a follow-up experiment, the reaction was performed
using the Autolab system, where the oxidation potential was
precisely set to the enamine value of 0.7 V by means of a refer-
ence electrode (Ag/AgCl). This controlled setup led to a slight
improvement in the reaction outcome, delivering compound 3
in 78% yield and 91% ee after 8 hours of electrolysis (Table 4,
entry 3 vs. Table 3, entry 1). Additionally, it was found that
LiTFA can be replaced by a combination of LiCl and TFA, as
demonstrated in entry 4. The ability of compound 1 to
undergo α-chlorination, albeit with low efficiency, in the
absence of electricity suggests the involvement of a chemical
oxidizing agent in the reaction mixture. This led us to investi-
gate the role of CuCl2 in the reaction mechanism. Since the
oxidation potential of CuCl2 is 0.5 V vs. Ag/Ag+ (CuI/CuII), and

Scheme 3 Scope of the enantioselective electrochemical chlorination of aldehydes. Electrochemical reaction conditions: 1 mmol scale of alde-
hyde, 20 mol% of organocatalyst A, 20 mol% of AcOH and 300 μL of distilled water in 10 mL of ACN, undivided cell. Isolated yields were obtained by
flash chromatography after in situ reduction with NaBH4. Enantiomeric excess was determined with HPLC using a chiral stationary phase. a ee was
evaluated on the naphthoyl derivative.
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the enamine of 1 has an oxidation potential of 0.7 V vs. Ag/Ag+,
copper chloride(II) cannot act as a direct oxidizing agent.

However, it was observed that in the presence of LiTFA salt,
CuCl2 undergoes an anion exchange process, generating Cu
(TFA)2, as illustrated in the equilibrium shown in eqn (1):

CuCl2 þ 2LiTFA ⇄ CuðTFAÞ2 þ 2LiCl ð1Þ

The in situ generated Cu(TFA)2 acts as a single-electron
transfer (SET) chemical oxidizing agent, enabling the
α-chlorination of aldehydes even in the absence of an external
electrical input.

However, since this process generates only a small amount
of Cu(TFA)2, product 3 is obtained in lower yields compared to
the electrochemical process (for further details and CV
studies, see the SI).

To further confirm the generation of enamine-radical inter-
mediates in the proposed SOMO catalysis mechanism, the
α-chlorination of aldehyde 1 was performed under galvano-
static conditions in the presence of 2,2,6,6-tetramethyl-
piperidinyl-1-oxyl (TEMPO) as a radical scavenger. A constant
current of 5 mA was applied to the system. Under these con-
ditions, compound 16 was detected via APCI-MS, which is con-
sistent with the interception of a radical species, presumably
the enamine-derived radical cation 17 (Scheme 4).

However, it is important to note that TEMPO is known to
undergo anodic oxidation to its oxoammonium form under
similar electrochemical conditions and may subsequently
react with the enamine via non-radical pathways. Therefore,

although the detection of compound 16 is consistent with the
involvement of radical intermediates, it cannot be considered
conclusive evidence.

Based on these investigations, a mechanism for the electro-
chemical enantioselective α-chlorination of aldehydes was pro-
posed and is reported in Scheme 5. The reaction of organo-
catalyst A with aldehyde C generates chiral enamine D, which
can be oxidized through a SET process, leading to the for-
mation of its radical cation form I at the anode in the electro-
chemical pathway. Alternatively, in the non-electrochemical
pathway, the same oxidation is facilitated by the in situ gener-
ated Cu(TFA)2, which acts as the oxidizing agent. Intermediate
I then interacts with CuCl2 according to the resonance struc-
ture II, forming species III.

According to Kochi’s studies,16 as the radical compound
approaches the first coordination sphere of the copper metal,
a substitution reaction occurs, where the copper atom is
replaced by a chlorine atom. The stereochemical outcome of
the process is governed by the chiral organocatalyst, which
controls the geometry and the conformational preferences of
the enamine and dictates the approach of the reacting species

Table 4 Control experiments designed to elucidate the reaction mechanism

Entry Electrolyte (equiv.) Additive (equiv.) Cell potential (V) Catalyst Electrodes 3 yielda (%) 3 eeb (%)

1 LiClO4 (2) LiTFA (3) 1 — GC(−)|GC(+) — —
2 LiClO4 (2) LiTFA (4) — A — 58 85
3 LiClO4 (2) LiTFA (4) 0.7 A GC(−)|GC(+) vs. Ag/AgCl 78 91
4 LiClO4 (2) LiCl (1.5) + TFA (1.5) 1 A GC(−)|GC(+) 85 90

a Reaction performed for 16 hours, on a 1 mmol scale of aldehyde 1, 20 mol% of organocatalyst A, 20 mol% of AcOH and 300 μL of distilled
water in 10 mL of ACN, undivided cell. Isolated yields obtained by flash chromatography after in situ reduction of aldehyde 2 with NaBH4.
b Enantiomeric excess was determined with HPLC using a chiral stationary phase.

Scheme 4 Radical trap experiment. Scheme 5 Proposed reaction mechanism.
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during the transformation. This results in the release of CuCl
and intermediate IV, which, upon hydrolysis, releases the final
product E and regenerates the organocatalyst A. To properly
balance the electron flow during this process, another equi-
valent of CuCl2 was used so that the reduction of Cu(II) to Cu(I)
occurs at the cathode, in order to avoid the formation of Cu(0)

from the CuCl reduction, which would lead to deactivation of
the electrode (see Table 3, entry 10). Considering the dual
mechanistic pathways, we aimed to assess whether the electro-
chemical route could offer enhanced efficiency compared to
the non-electrochemical pathway.

To this end, the electrochemical α-chlorination of aldehyde
1 was performed under continuous flow conditions,17 taking
advantage of several benefits of flow chemistry, including
enhanced reaction control and faster reaction times.18

The setup employed a 225 μL reactor cell; the crude reaction
mixture at the output of the reactor was then subjected to
reduction with NaBH4 under batch conditions (see the SI).
Different flow rates were investigated employing glassy carbon
electrodes as both anode and cathode, under potentiostatic
conditions with a cell potential of 1 V (Table 5).

When operating at room temperature with a flow rate of
130 μL min−1 (entry 4), compound 3 was isolated in 85% yield
and 91% ee after only 1.73 minutes of residence time. This sig-
nificant reduction in reaction time compared to the batch
process highlights the efficiency of the flow system approach.
Attempts to further decrease the reaction time led to lower
yields (entries 5–7). However, when using the same fluidic
setup without applying electricity, compound 3 was isolated in
very low yield (23%) with 89% ee, demonstrating that the
activity of the in situ generated Cu(TFA)2 is less efficient in pro-
moting the transformation under such short reaction times.
The comparison of the productivity and the space time yield
between the batch and flow processes is reported in Table 6.

Based on the experimental results, it is noteworthy that the
same amount of product obtained in a batch process over
16 hours could be produced in a flow process in only
77 minutes, with comparable levels of enantioselectivity. To
further confirm the process intensification positive features of
the in-flow protocol, a gram-scale in-flow synthesis was per-
formed (Scheme 6). Starting from 8.9 mmol of aldehyde 1
(1.2 g), in the presence of 30 mol% of cat A, 0.960 g of com-
pound 3 was isolated with 63% yield and 90% ee in 11 hours.

Conclusions

In conclusion, the enantioselective α-chlorination of aldehydes
using electrochemistry to activate the enamine through SOMO
activation was investigated. From these studies, it was found

Table 6 Continuous flow productivities and space time yields

Process
Productivitya

(mmol h−1)
Productivity
rel. factor

STYb

(mmol h−1 ml−1)
STY rel.
factor

Batchc 5.56 × 10–2 1 5.56 × 10–3 1
Flowd 6.64 × 10–1 11.8 2.95 530

a Calculated as moles of product divided by the collection time
required to collect the product. bCalculated as moles of product in the
reactor, divided by residence time and reactor volume. c Calculated
using data from entry 2 of Table 3. dCalculated using data from entry
3 of Table 5.

Table 5 Continuous flow enantioselective catalytic chlorination of
aldehyde 1

Entry
Flow rate
(μL min−1)

Retention time
(min)

3 yield
(%)

3 eea

(%)

1 80 2.81 34 90
2 100 2.25 58 89
3 120 1.87 64 90
4 130 1.73 85 91
5 140 1.61 73 89
6 160 1.40 54 88
7 180 1.25 44 90
8b 130 1.73 23 89

a Enantiomeric excesses were determined with HPLC using a chiral
stationary phase. b Reaction performed without electricity.

Scheme 6 Gram-scale synthesis of compound 3 performed under continuous flow conditions using the Asia Syrris system.
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that under galvanostatic conditions, without the presence of a
metal species, α-chloroalcohols can be obtained in modest
yields with low enantioselectivities. This limited success led us
to further investigate the underlying reaction mechanisms
and, by cyclic voltammetry studies, to identify CuCl2 as the
paramagnetic species involved in the reaction with the
enamine radical cation. This interaction plays a crucial role in
enabling the transfer of a chlorine atom, thereby promoting
the formation of enantioenriched α-chlorinated aldehydes
with high stereocontrol.

This insight enabled the development of a modified proto-
col that directly reacts copper chloride(II) with an aldehyde
under potentiostatic conditions of 1 V, using glassy-carbon
electrodes in a 0.2 M solution of LiClO4, in the presence of an
imidazolidinone as an organocatalyst. High yields and
enantioselectivities (up to 97% ee) were achieved and, thanks
to the electrochemical approach, stoichiometric amounts of
Na2S2O8 were successfully replaced by electrons, enabling a
more efficient and sustainable reaction process. Another sig-
nificant improvement compared to the known procedures
comes with the switching from batch to flow chemistry:19 the
productivity of the process was notably enhanced, and the
reaction time was reduced to only 1.73 min.

Author contributions

M. B. conceived the project. S. A. and M. B. designed the
research. S. A. and F. M. carried out the experiments. S. A.,
F. M., S. R. and A. P. analysed the results. M. B., S. A. and
S. R. wrote, edited and completed the manuscript.

Conflicts of interest

There are no conflicts to declare.

Data availability

The data supporting this article have been included as part of
the supplementary information (SI). The Supporting
Information provides detailed experimental procedures,
including the synthesis of starting materials and derivatives,
representative protocols for key reactions, and characterization
data. Additional analytical results, such as NMR spectra, HPLC
traces, and cyclic voltammetry measurements, are also
included. Supplementary information is available. See DOI:
https://doi.org/10.1039/d5qo01249j.

Acknowledgements

S. Rossi and M. Benaglia thank the MUSA – Multilayered
Urban Sustainability Action – project, funded by the European
Union – NextGenerationEU, under the National Recovery and
Resilience Plan (NRRP) Mission 4 Component 2 Investment

Line 1.5: Strengthening of research structures and creation of
R&D “innovation ecosystems”, setup of “territorial leaders in
R&D”. S. Rossi thanks MUR for the project PRIN 2022
“Enabling technologies for sustainable and innovative catalytic
transformations – BEST-CAT” financed by EU – Next
Generation EU, Mission 4 Component 1 (CUP
G53D23003260006). M. Benaglia thanks MUR for the project
PRIN 2022 “Flow chemistry, photo and organocatalysis: power-
ful tools for the development of technology-driven sustainable
strategies to alfa and beta amination of carbonyls and car-
boxylic acids derivatives – TECHNO”, financed by EU – Next
Generation EU, Mission 4 Component 1 (CUP
G53D23003280006). S. Andolina thanks Chimica Bussi for cofi-
nancing a PhD fellowship. Mass spectrometry analyses were
performed at the MS facility of the Unitech COSPECT at the
University of Milan (Italy). The authors thank Dr Valerio
Chiroli for his support in the in-flow experiments.

References

1 E. N. Jacobsen, A. Pfaltz and H. Yamamoto, Comprehensive
Asymmetric Catalysis, Springer-Verlag, Berlin, Heidelberg,
American Chemical Society, 2004, vol. 126 S1, p. 4742.
ISBN 3-540-00333-9.

2 (a) A. K. Yudin, Aziridines and Epoxides in Organic Synthesis,
2006; (b) N. De Kimpe and R. Verh, α-Haloketones,
α-Haloaldehydes and α-Haloimines, 1988.

3 N. Halland, A. Braunton, S. Bachmann, M. Marigo and
K. A. Jørgensen, Direct organocatalytic asymmetric alpha-
chlorination of aldehydes, J. Am. Chem. Soc., 2004, 126,
4790–4791.

4 M. P. Brochu, S. P. Brown and D. W. MacMillan, Direct and
enantioselective organocatalytic alpha-chlorination of alde-
hydes, J. Am. Chem. Soc., 2004, 126(13), 4108–4109.

5 M. Amatore, T. D. Beeson, S. P. Brown and
D. W. MacMillan, Enantioselective linchpin catalysis by
SOMO catalysis: an approach to the asymmetric alpha-
chlorination of aldehydes and terminal epoxide formation,
Angew. Chem., Int. Ed., 2009, 48, 5121–5124.

6 For a few selected reviews see: (a) C. Zhu, N. W. J. Ang,
T. H. Meyer, Y. Qiu and L. Ackermann, Organic
Electrochemistry: Molecular Syntheses with Potential, ACS
Cent. Sci., 2021, 7, 415–431; (b) T. H. Meyer, I. Choi, C. Tian
and L. Ackermann, Powering the Future: How Can
Electrochemistry Make a Difference in Organic Synthesis?,
Chem, 2020, 6, 2484–2496; (c) C. Kingston, M. D. Palkowitz,
Y. Takahira, J. C. Vantourout, B. K. Peters, Y. Kawamata
and P. S. Baran, A Survival Guide for the “Electro-curious”,
Acc. Chem. Res., 2020, 53, 72–83; (d) S. Tang, Y. Liu and
A. Lei, Electrochemical Oxidative Cross-coupling with
Hydrogen Evolution: A Green and Sustainable Way for
Bond Formation, Chem, 2018, 4, 27–45; (e) Y. Yuan and
A. Lei, Is electrosynthesis always green and advantageous
compared to traditional methods?, Nat. Commun., 2020, 11,
802; (f ) D. Pollok and S. R. Waldvogel, Electro-organic syn-

Research Article Organic Chemistry Frontiers

Org. Chem. Front. This journal is © the Partner Organisations 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

1/
2/

20
25

 5
:5

3:
07

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1039/d5qo01249j
https://doi.org/10.1039/d5qo01249j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qo01249j


thesis - a 21(st) century technique, Chem. Sci., 2020, 11,
12386–12400; (g) F. Medici, S. Resta, A. Puglisi, S. Rossi,
L. Raimondi and M. Benaglia, Electrochemical Organic
Synthesis of Electron-Rich Biaryl Scaffolds: An Update,
Molecules, 2021, 26, 22.

7 M. R. Scheide, C. R. Nicoleti, G. M. Martins and
A. L. Braga, Electrohalogenation of organic compounds,
Org. Biomol. Chem., 2021, 19, 2578–2602.

8 (a) C. A. Malapit, M. B. Prater, J. R. Cabrera-Pardo, M. Li,
T. D. Pham, T. P. McFadden, S. Blank and S. D. Minteer,
Advances on the Merger of Electrochemistry and Transition
Metal Catalysis for Organic Synthesis, Chem. Rev., 2022,
122, 3180–3218; (b) S. Somprasong, B. Wan and
S. R. Harutyunyan, Enantioselective nickel-catalyzed
electrochemical reductive conjugate alkenylation of alpha,
beta-unsaturated ketones, Chem. Sci., 2025, 16, 802–808.

9 C. Cadoux and R. D. Milton, Recent Enzymatic
Electrochemistry for Reductive Reactions,
ChemElectroChem, 2020, 7, 1974–1986.

10 (a) Y. Duan, Y. Zhang, J. Chen, F. Zeng, L. Cheng and
S. Luo, Asymmetric Electrochemical Alkenylation by
Synergistic Chiral Primary Amine and Naphthalene
Catalysis, Angew. Chem., Int. Ed., 2025, 64, e202505826;
(b) M. F. A. Magalhães, G. B. Simoso, E. S. de Borba,
T. J. Brocksom, G. M. Martins and K. T. de Oliveira,
Electrosynthesis reactions with divided cells: unlocking
potentials in organic synthesis, Chem. Synth., 2025, 5, 41;
(c) J. Y. He, C. Zhu, W. X. Duan, L. X. Kong, N. N. Wang,
Y. Z. Wang, Z. Y. Fan, X. Y. Qiao and H. Xu, Bifunctional
Chiral Electrocatalysts Enable Enantioselective alpha-
Alkylation of Aldehydes, Angew. Chem., Int. Ed., 2024, 63,
e202401355; (d) F. Medici, S. Resta, S. Andolina and
M. Benaglia, Recent Advances in Enantioselective Catalytic
Electrochemical Organic Transformations, Catalysts, 2023,
13, 944; (e) S. Resta, F. Medici, S. Andolina, S. Rossi and
M. Benaglia, Electro-Organic Stereoselective
Dehydrogenative Homo-Coupling of β-Naphthylamines
Derivatives, Eur. J. Org. Chem., 2024, e202400477;
(f ) Q. Yang, E. Hao, Y. Zhang, T. Zhu, S. Liu, M. Wang,
X. Liu and C. Gao, Advances in Asymmetric
Electrochemical Synthesis, Chin. J. Org. Chem., 2024, 44,
673–727; (g) M. Ghosh, V. S. Shinde and M. Rueping, A
review of asymmetric synthetic organic electrochemistry and
electrocatalysis: concepts, applications, recent developments
and future directions, Beilstein J. Org. Chem., 2019, 15, 2710–
2746; (h) Q. Lin, L. Li and S. Luo, Asymmetric Electrochemical
Catalysis, Chem. – Eur. J., 2019, 25, 10033–10044.

11 N. N. Bui, X. H. Ho, S. i. Mho and H. Y. Jang,
Organocatalyzed α-Oxyamination of Aldehydes Using
Anodic Oxidation, Eur. J. Org. Chem., 2009, 5309–5312.

12 K. L. Jensen, P. T. Franke, L. T. Nielsen, K. Daasbjerg and
K. A. Jørgensen, Anodic oxidation and organocatalysis:
direct regio- and stereoselective access to meta-substituted
anilines by alpha-arylation of aldehydes, Angew. Chem., Int.
Ed., 2010, 49, 129–133.

13 X. H. Ho, S. i. Mho, H. Kang and H. Y. Jang, Electro–
Organocatalysis: Enantioselective α–Alkylation of
Aldehydes, Eur. J. Org. Chem., 2010, 4436–4441.

14 D. Mazzarella, C. Qi, M. Vanzella, A. Sartorel, G. Pelosi and
L. Dell’Amico, Electrochemical Asymmetric Radical
Functionalization of Aldehydes Enabled by a Redox
Shuttle, Angew. Chem., Int. Ed., 2024, 63, e202401361.

15 L. Appelbaum, D. Danovich, G. Lazanes, M. Michman and
M. Oron, An electrochemical aromatic chlorination, com-
parison with electrophilic reaction, J. Electroanal. Chem.,
2001, 499, 39–47.

16 J. K. Kochi, Electron-transfer mechanisms for organo-
metallic intermediates in catalytic reactions, Acc. Chem.
Res., 1974, 7, 351–360.

17 Selected reviews on flow chemistry: (a) M. B. Plutschack,
B. Pieber, K. Gilmore and P. H. Seeberger, The Hitchhiker’s
Guide to Flow Chemistry parallel, Chem. Rev., 2017, 117,
11796–11893; (b) T. Yu, Z. Ding, W. Nie, J. Jiao, H. Zhang,
Q. Zhang, C. Xue, X. Duan, Y. M. A. Yamada and P. Li,
Recent Advances in Continuous-Flow Enantioselective
Catalysis, Chem. – Eur. J., 2020, 26, 5729–5740;
(c) B. Gutmann, D. Cantillo and C. O. Kappe, Continuous-
flow technology-a tool for the safe manufacturing of active
pharmaceutical ingredients, Angew. Chem., Int. Ed., 2015,
54, 6688–6728; (d) R. Porta, M. Benaglia and A. Puglisi,
Flow Chemistry: Recent Developments in the Synthesis of
Pharmaceutical Product, Org. Process Res. Dev., 2015, 20, 2–
25; (e) M. Baumann, T. S. Moody, M. Smyth and S. Wharry,
A Perspective on Continuous Flow Chemistry in the
Pharmaceutical Industry, Org. Process Res. Dev., 2020, 24,
1802–1813; (f ) L. Capaldo, Z. Wen and T. Noel, A field
guide to flow chemistry for synthetic organic chemists,
Chem. Sci., 2023, 14, 4230–4247.

18 Reviews on in-flow electrochemical reactions: (a)
T. Noël, Y. Cao and G. Laudadio, The Fundamentals
Behind the Use of Flow Reactors in Electrochemistry,
Acc. Chem. Res., 2019, 52, 2858–2869; (b) D. Cantillo,
Recent advances in synthetic organic electrochemistry
using flow systems, Curr. Opin. Electrochem., 2024, 44,
101459–101468.

19 L. Buglioni, F. Raymenants, A. Slattery, S. D. A. Zondag and
T. Noël, Technological Innovations in Photochemistry for
Organic Synthesis: Flow Chemistry, High-Throughput
Experimentation, Scale-up, and Photoelectrochemistry,
Chem. Rev., 2022, 122, 2752–2906.

Organic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2025 Org. Chem. Front.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

1/
2/

20
25

 5
:5

3:
07

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qo01249j

	Button 1: 


