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Abstract CO: is an important C1 source in organic synthesis due to its abundant, non-toxic and low-cost properties. There-
fore, it is of great significance to use COz as a C1 source to synthesize compounds with high added value. This review focuses
on the recent progress in the carboxylation of organic compounds using COz as an electrophile under electrochemical condi-
tions. The electrochemical carboxylation of non-activated organic halides, unsaturated alkene compounds and some special
compounds are mainly introduced. And the use of sacrificial anodes and non-sacrificial anodes is classified in detail. The reac-
tion mechanisms of these reactions are also discussed. This review provides a reference for the application of such reactions in

organic synthesis in the future.
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Carbon dioxide is considered a greenhouse gas, which is
the most important contributor to global warming. Despite
the low thermodynamic stability and low reactivity of car-
bon dioxide, the synthesis of high value-added compounds
such as carboxylic acid derivatives with carbon dioxide as
a source of C1 has become a research hotspot at present,
because carbon dioxide has the advantages of abundance,
non-toxicity and low cost. The need for “carbon neutrality”
continues to drive accelerated research in carbon capture

* Corresponding author. E-mail: hemuxue@126.com

and storage technologies, whether through biological car-
bon sequestration in plants or soils, or physical carbon se-
questration in coal seams or the deep ocean. The conver-
sion of CO, into organic chemicals has broad industrial
application prospects and significant economic value.
Therefore, the research on chemical carbon sequestration
from CO; conversion into organic chemicals has become
an important direction in the field of carbon sequestration
technology.!
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Carboxylic acid derivatives have good pharmacological
activity and are widely present in medicines (Figure 1).
Due to the low reactivity of CO,, the direct reaction with
CO; to generate carboxylic acid usually requires the use of
Grignard reagents or lithium reagents with high nucleo-
philicity.”? Significant progress has been made in transition
metal-catalyzed carbon dioxide carboxylation in recent
decades.’] However, these methods require the use of a
stoichiometric amount of reductants, which make the reac-
tion cost prohibitive and environmentally unfriendly. In the
past ten years, chemists have successfully synthesized car-
boxylic acid compounds using photocatalytic fixation of
CO,, avoiding the use of stoichiometric oxidants.[!

CO,H
AP
\ (I oo
() o

W
O

Sulindac Naproxen

Blopress Prandin

Figure 1 Some representative drug molecules containing car-
boxylic acids

Electro-organic synthesis is the use of electricity to real-
ize the charge transfer of organic molecules or catalytic
mediators at the “electrode/solution” interface, as well as
the mutual conversion of electrical and chemical energy,
making it possible to break old bonds and form old and
new bonds.*131 Through electron transfer, the redox reac-
tion is realized, which successfully replaces the use of tra-
ditional oxidizing/reducing agents, reduces the reaction
cost, suppresses side reactions, and is environmentally
friendly. Therefore, electrochemical fixation of CO, to
generate carboxylic acid compounds is a feasible method.

As a device for realizing electrochemical reactions,
electrochemical reactors commonly include batch-type
reactors and microreactors. The batch-type reactors also
include undivided cell, divided cell and quasi-divided cell
(the difference between quasi-divided cell and undivided
cell is that the quasi-cell is equipped with a much smaller
counter electrode than the working electrode). The tradi-
tional batch reactor is characterized by simple device
structure, convenient processing, great operation flexibil-
ity, and easy control and change of reaction conditions.!'*]
However, batch reactors have some limitations, such as
limited electrode surfaces, the need to add supporting elec-
trolytes, and the difficulty of scaling up. In addition, mi-
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croreactors have the following advantages: (1) Large sur-
face area, high mass transfer and heat transfer efficiency,
which can make scale-up protocols simpler; (2) Precise
control of temperature, flow rate, pressure and residence
time; (3) Due to the continuous flow reaction, the reaction
mixture continuously flows out of the reactor, reducing the
possibility of over-oxidation.

Sacrificial anodes are widely used in electrochemical
carboxylation reactions. It is worth noting that the use of
sacrificial anode has the following effects: (1) The metal
ions produced by the anode can stabilize the negative ions
produced in the reaction process; (2) Inhibit unnecessary
oxidation reaction of substrate at the anode. The factors
that determine whether a reaction can use a non-sacrificial
anode are: (1) When other substances, e.g., Et;N,
N,N-dimethylformamide =~ (DMF), triethylenediamine
(DABCO), can be used to oxidize at the anode to produce
cations instead of metal ions, which can also play the role
of stabilizing negative ions; (2) The substrate needs to be
oxidized at the anode, and there will be competition be-
tween which sacrificial anode is used. In general, the elec-
trochemical carboxylation reaction requires the use of sac-
rificial anodes as follows: (1) metal-catalyzed electro-
chemical carboxylation of organic halides or electrochem-
ical carboxylation of alkenes that generally requires the use
of sacrificial anodes; (2) electrochemical carboxylation of
some specific substrates, e.g., arylsulfones, N-Boc-a-ami-
nosulfone, cyclopropane, N-acylimines, heteroaromatics,
f-hydroxy acids; (3) electrocarboxylation reactions that
require the use of special metal materials as anodes to ac-
tivate CO,. In addition to the above three cases, electro-
chemical carboxylation reactions usually do not use sacri-
ficial anodes, which use CO; as the reaction substrate.

This review summarizes the recent advances in electro-
chemical carboxylation using CO; as a reaction substrate
over the past few years. Although reviews of electrochem-
ical carboxylation reactions using CO, have been pub-
lished,!'] there are new works that need to be summarized
and supplemented recently.

1 Electrochemical carboxylation of or-
ganic (pseudo)halides

In contrast, the most commonly used substrates for elec-
trochemical carboxylation of organic halides are aryl bro-
mides, chlorides, while aryl iodides, sulfonates and alkyl
halides are less frequently used.

1.1 Electrochemical carboxylation of organic halides
without sacrificial anodes

In undivided cell, the anode is often sacrificed to
achieve electrochemical carboxylation. However, there are
some problems with the use of sacrificial anodes in elec-
troreductive carboxylation, such as cathode passivation
caused by the precipitation of insoluble salts of anode met-
al on the cathode surface. In continuous electrolysis, it is
also troublesome to replace exhausted anodes.

In 2015, Senboku and co-workers!'®! reported efficient

http://sioc-journal.cn/ 1417
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electrochemical carboxylation in quasi-divided cell without
the use of a sacrificial anode (Scheme 1). In the presence
of CO», benzyl halide 1 was electrolyzed in DMF at a con-
stant current of 20 mA/cm?, which was achieved in an
electrolytic quasi-divided cell with a Pt plate cathode and a
Pt wire anode. A three-component coupling of benzyl hal-
ide, CO,, and DMF was achieved to yield N-methyl-N-
(phenylacetoxy)methylformamides 2 in good yield. Using
this method, benzyl bromides with electron withdrawing
groups and benzyl chlorides can be converted to the corre-
sponding carboxylated products. They successfully applied
the current carboxylation method to the synthesis of ibu-
profen derivatives, which are well-known non-steroidal
anti-inflammatory agents. A DMF solution of benzylic
bromide 1e was electrolyzed in the presence of CO, under
similar conditions until 9 F/mol of electricity was passed.
After the usual work-up and purification by column chro-
matography on silica gel, ibuprofen derivative 2e was ob-
tained as a three-component coupling product in 66%
yield.

Senboku's work

R2
AN Pt(+) | Pt(-) , 6 F/mol
R1 ; X + C02
= 0.1 mol/L "Bu,NBF,, DMF
X =Br, Cl 'ProNEt (1.0 equiv.), 0 °C
1 quasi-divided cell
R? ‘
O _N.
R 7 "CHO
‘ o]
2
ot |
Oy Y
o o]
Br
2a, 74% 2b, 77%
| |
mOVN\CHO wovN‘CHO
0]
H3CO,C 0
2¢, 61% 2d, 78%

Synthesis of ibuprofen derivative
Pt(+) | Pt(-) , 6 F/mol
0.1 mol/L "BusNBF,, DMF

Pr,NEt (1.0 equiv.), 0 °C

1e quasi-divided cell

Scheme 1 Efficient electrochemical carboxylation of benzyl
halides by using sacrificial-free anode

It is well known that microreactors have several ad-
vantages such as a large surface-to-volume ratio, precise
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temperature control and high-speed mixing.['-'") Based on
previous research, Atobe group?” developed a novel elec-
trochemical carboxylation system for the carboxylation of
benzyl halides 3 using a microreactor to fix of CO, without
the need for a sacrificial anode (Scheme 2). Using this
method, benzyl bromide, benzyl chloride with elec-
tron-withdrawing groups and electron-donating groups can
be converted into the corresponding carboxylated products.
The microreactor consists of two regions: In the electroly-
sis zone: benzyl halide 3 is reduced at the cathode to form
nucleophile 5, nucleophile 5 combines with CO- to form
carboxylate ion 6; In the acidification zone: carboxylate
ions 6 reacts rapidly with hydrochloric acid to form
2-phenylpropanoic acid 4.

Most electrocarboxylation reactions are accomplished
via sacrificial anodes (e.g., magnesium, zinc, aluminum) or
metal catalysis (e.g., palladium, nickel, cobalt).?!! Based
on previous research work, Manthiram and co-workers?*!
selected benzyl ammonium salts 7 as substrates and 7 suc-
cessfully reacted with CO, to obtain the corresponding
carboxylic acid products 8 (Scheme 3). The electrocarbox-
ylation process does not require metal catalysis and the use
of sacrificial anodes. The reaction conditions are mild and
can be applied to primary and secondary benzyl C—N
bonds with a wide range of substrates. By varying the car-
bon chain length (using phenyltrimethylammonium bro-
mide and phenethyltrimethylammonium bromide as sub-
strates), benzoic acid 10b and 3-phenylpropionic acid 10a
were obtained under optimized conditions, respectively.
This result shows that the method is not limited to benzyl
ammonium salts which can possibly be extended to aro-
matic and aliphatic ammonium salt substrates.

Based on the results of cyclic voltammetry and differen-
tial electrochemical mass spectrometry (DEMS) methods,
the mechanism of the above reaction is proposed (Scheme
4). First, benzyl radical 11 is generated through reduction
of benzylammonium 7 at the cathode. Meanwhile, trime-
thylamine 12 is produced during reduction through C—N
bond breaking, which can then diffuse to the anode to be
oxidized to the trimethylamine radical cation 13. However,
due to similar oxidation potentials of bromide anion and
trimethylamine, the possibility of Br mediated trime-
thylamine oxidation cannot be excluded. Then it infers that
both processes exist in the reaction based on the fact that
they have similar oxidation potentials, and observation of
brominated byproducts, since the carboxylated products
still form when bromide is entirely excluded through use of
a different anion (BF; ) for the substrate. The trimethyla-
mine radical cation 13 tends to release one proton with the
formation of the a-amino radical 14. The benzyl radical 11
can gain one more electron to form a benzyl anion 15 at
the cathode, which can be trapped by CO, generating the
2-phenylacetate anion 16. Finally, 16 gets proton to form
carboxylation product 8. Meanwhile, at the anode, the
a-amino radical 14 loses one electron to form the iminium
cation 17 that can form dimethyl(phenylacetoxymethyl)-
amine with 16.

Chin. J. Org. Chem. 2023, 43, 1416~1434
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Atobe's work R’
+CO,, +2e7, +H*
2 2 CO.H
Microreactor )
R 4
o ©/\002 /©/LCO2H COH
MeO NC
4a, 52% 4b, 98% 4c, 77% 4d, 56%
Possible mechanism
Anode HCl
|
3
|—|
Cathode
|| |
| |
Electrolysis region Acidification region

Scheme 2 CO: immobilization on phenyl halides using a microreactor without sacrificial anode

Manthiram's mork | Pt(+) | C(-)
R'—\ NT o+ CO, Voo =-4.5V R:—\ COzH
_ I Br DMF, "Bu,PBF, rt. >
7 undivided cell
HO,C
8a, 80% 8b, 72% 8¢, 87% 8d, 2%

Electrochemical carboxylation of phenyl and phenylethylammonium salts
n=0 n=2
Pt(+) | C(-) Pt(+) | C(-)

©/C02H Vel =-4.5V p ,L{ + CO, Vet =-4.5V ©/\/C02H
DMF, "BuyPBF,, ri. I Br DMF, "BuyPBFy, rt.

10b, 15% undivided cell 9 undivided cell 10a, 8%

Scheme 3 Direct electrochemical carboxylation of benzylic C—N bonds with CO2 by using sacrificial-free anode

In 2022, Qiu and co-workers?*! reported the electrore-

Scheme 4

|1
a duction carboxylation of organic halides 18 using organic
’L/ mediator (Scheme 5). Using graphite felt as anode and
©/\ " Br c platinum sheet as cathode, electrolysis was carried out at a
7 constant current of 20 mA in an undivided cell. The use of
N l . naphthalene as the reducing mediator does not require the
+e use of expensive transition metals. The reaction conditions
. are mild and suitable for the conversion of various aryl
©/ halides and alkyl halides to the corresponding carboxylated
products. Drug molecular derivatives including menthol,

H* ©/\C007 L. isoborneol, carveol, phytol, citronellol and perillyl alcohol
16 (19¢~19h) were all amenable to the electroreductive car-

©/ i boxylation transformation. At the same time, the method

can be carried out in a lower concentration CO, atmos-
Cco, phere (30%). A plausible reaction mechanism for the cata-
lytic cycle was proposed as follows. First, naphthalene 20

Mechanism of electrochemical carboxylation  of is reduced to the radical anion 21 at the cathode. Then,

phenyl and phenethylammonium salts
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Qiu's work GF(+) | Pt (-), 20 mA
Naphthalene (30 mol%)
Ar—=X + CO Ar—CO,H
18 TBD, "BusNBF,, DMF, r.t. 19
then 2 mol/L HCI
undivided cell

A L
PhO :

19a, 93% 19b, 69% 19¢, 60%

from menthol

HO,C

19f, 42%
form phytol

19d, 55%
from isobomeol

19e, 52%
from carveol

IOV ST ST o BUSUN *CQQ

19h, 58% CO.H
from perillyl alcohol

199, 60%
from citronellol

Possible mechanism

|
J "
‘
18
oo 20
Pt

21

[] TN x| A ar — Ao
22

co,

GF
24 19

Scheme 5 Electroreductive carboxylation of organic halides by organic mediators

radical anion 21 with the aryl halide 18 through a one-
electron transfer reaction to generate the radical anion 22.
The radical anion 22 dissociates to give the aryl radical 23.
Subsequently, the aryl radical is reduced to the aryl anion 24
via another one-electron reduction process (gathering elec-
trons from the cathode or radical anion 21), nucleophilic
attack on CO», and acidification to give the corresponding
carboxylated product. At the same time, 1,5,7-triazabicyclo-
[4.4.0]dec-5-ene (TBD) is oxidized at the anode.

1.2 Electrochemical carboxylation of organic halides
with sacrificial anodes

1.2.1 Electrochemical carboxylation of aryl halides

It is green and feasible to replace toxic and harmful re-
ducing agents by electrochemical methods, which are due
to electrons as reducing agents. Some results have been
achieved in the electrocarboxylation of aromatic halides,
but these methods generally use metal complexes as cata-
lysts and are limited to a CO, insertion route.

In 2019, Mellah and co-workers®! reported the reduc-
tive carboxylation of aryl halides 25 to produce the corre-
sponding benzoic acids 26 using samarium electrode as
sacrificial anode, providing a smooth strategy for CO, ac-
tivation (Scheme 6). Using this method, various aryl bro-
mides and aryl chlorides with electron withdrawing and
electron donating groups can be converted into the corre-

1420 http://sioc-journal.cn/
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sponding carboxylation products. The carboxylation reac-
tion occurs after the efficient reduction of carbon dioxide,
which reduces via the electrogenerated Sm(II) complex as
a strong one-electron reducing agent. CO, was bubbled in
an undivided cell equipped with a cylindrical rod of sa-
marium as the anode and a stainless-steel grid as the cath-
ode, and the substrate bromobenzene 25 was electrolyzed
in DMF at a constant current of 100 mA. Using "BusNBF4
as the supporting electrolyte, the reaction was carried out
at room temperature for 4 h to obtain phenylacetic acid 26.
Further, Mellah group!?>”! used benzyl halide instead of
aryl halide, and realized the direct carboxylation of alkyl
halide. In undivided cells equipped with samarium anode
and stainless-steel grid as cathode, and solution of tetrabu-
tylammonium iodide (TBAI) in MeCN, electrolysis was
performed at /=100 mA for 386 s. Then the polarity of the
electrodes was switched and dry ice, benzyl halide 27 and
chlorotrimethylsilane (TMSCI1) (TMSCI) were added
(Scheme 7). Using this method, benzyl bromide, benzyl
chloride with electron-withdrawing groups and electron-
donating groups can be converted into the corresponding
carboxylated products. Based on controlled experiments
and cyclic voltammetry studies, the following reasonable
mechanism was proposed. First, CO, was inserted into
Sm(II) to produce complex 29, and benzyl chloride reacted

Chin. J. Org. Chem. 2023, 43, 1416~1434
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Mellah's work

X Sm(+) | stainess steel(-) X COH
R + CO; R
= DMF, "BusNBF, =
X =ClI, Br 100 mA, DMF, r.t.
25 undivided cell 26
| /©/C02H /©/002H
X =Br ~o
§ 26a, 71% 26b, 80%
! FiC MeO,C
3 26¢, 78% 26d, 61%
! CO,H COzH
x=cl | @ O
3 F
! 26e, 60% 26f, 51%
! QCOZH CO,H
Lol cl
: 269, 66% 26h, 51%

Scheme 6 CO:> activation by electrogenerated divalent samar-
ium for aryl halide carboxylation

with 29 to produce intermediate 30, TMSCI replaced
Sm(III) to produce the samarium carboxylate intermediate
31, and then 31 generated carboxylic acid 28 under acidic
conditions. Finally Sm(IIT) was reduced to Sm(II) at the
cathode to start the next catalytic cycle.

In 2021, Yu et al.? reported the carboxylation of aryl
halides 32 with CO, under electrochemical conditions us-
ing nickel as a catalyst (Scheme 8). This transformation
can be performed with either aryl chlorides, bromides, io-
dides and sulfonates. Alkyl bromides can also afford the
corresponding carboxylated products in moderate yields.
This reaction conditions are mild, with a wide range of
substrates and good functional group tolerance. A plausible
reaction mechanism for the catalytic cycle was proposed as
follows. First, in the presence of bipyridine ligands and
4-dimethylaminopyridine (DMAP), Ni(acac), produces
L"Ni(0) species 34 at the cathode, then 34 is oxidatively
added to the substrate aryl halide 32 to obtain intermediate
35, 35 in the cathode is further reduced to obtain interme-
diate 36, then 36 reacts with CO; to obtain nickel carbox-
ylate intermediate 37. Finally, 37 is reduced at the cathode
to obtain carboxylate anion 38, and further protons are
obtained to generate carboxylic acid 33. Simultaneously
releasing L'"Ni(0) to start the next catalytic cycle.

2 Electrochemical carboxylation of al-
kenes

The electrocarboxylation of alkenes mainly concentrated
in the terminal alkene, but with the continuous develop-

Chin. J. Org. Chem. 2023, 43, 1416~1434
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Mellah's work

X SS(+) | Sm (-)
electrogenerated SmX; (20 mol%)

R1'—\ R® 4+ co,
'/ TBAI, TMSCI
27 MeCN, r.t., 2h
COLH undivided cell
X R2
R
=
28
F
COH COH
CO,H
MeO,C
28a, 96% 28b, 77% 28c, 65%
~o
28d, 43%

naproxen in 5 mmol scale

Possible mechanism

Ph._CO,H
28

Scheme 7 Electrogenerated Sm(II)-catalyzed COz activation for
carboxylation of benzyl halides

ment, dienes, a,a- or a,f or §,f-disubstituted alkenes, a-CF3
alkenes, o-fluoroacrylic acid, homostryrenyl acetates efc.
can also occur electrocarboxylation reaction.

2.1 Electrochemical carboxylation of alkenes without
sacrificial anodes

To date the majority of diene carboxylation processes
afford the a,J-dicarboxylated product, and the selective
monocarboxylation of dienes is a significant chal-
lenge.?7 3% Buckley group®" reported the electrochemical
realization of selective J-carboxylation of dienes 39 with-
out the use of metal catalysts and sacrificial anodes. The
reaction was carried out at room temperature in an undi-
vided electrolytic cell with carbon as anode and stainless
steel as cathode. The reaction conditions are mild and have
a broad range of functional groups for a variety of aryl and

http://sioc-journal.cn/ 1421
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Yu's work C(-) | Zn(+), I=10 mA
NiBry*DMF (10 mol%)

dtbbpy (10 mol%)

DMAP (20 mol%) H*
R—X + C02 R*COZH
_ i KOBu (0.5 equiv.)
X = CI/Brl/OSO_R NMP/Nal+MgBrs, 60 °C 33
32 undivided cell
COsH
O
S
33a,62% 33b, 71%
~o
o 33c, 73% 33d, 70%
Possible mechanism
Ni(acac), + dtbbpy (L) + DMAP
H* cathode reduction
ArCOOH <—— ArCOO
L"Ni®
Ar—X
cathode 32
ArCOO—Ni(I)L" Ar*l‘\li(II)L"
X 35
.
cathode

Ar— N| L

Scheme 8 Nickel-catalyzed electrochemical carboxylation of
unactivated aryl and alkyl halides with CO2

aliphatic dienes (Scheme 9). Based on deuterium labeling
studies, they proposed the following reasonable mecha-
nism. First, the dienes 39 undergoes electron transfer on
the surface of the cathode to form the adsorbed radical
anion of the diene 41, which combines with CO, to form
carboxylation product 42. 42 further electron transfer and
protonation from water affords the final a,d-monocarb-
oxylated product 40.

The carboxylation of alkenes mainly focuses on terminal
alkenes, and although there are few examples of carboxy-
lation of a,a- or a,f-disubstituted alkenes, the selective
monocarboxylation of f,f-substituted alkenes remains a
major challenge.?” In 2020, Buckley and co-workers?®*
reported a new electrocarboxylation of alkenes with CO,
(Scheme 10). The reported method allows direct access to
carboxylic acids derived from f,f-trisubstituted alkenes in
a highly regioselective manner. The reaction was carried
out at room temperature with styrene 44 as substrate, car-
bon as cathode and anode, DMF as solvent, and electro-
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Buckley's work C(+) | SS(-)

Et4NI (0.5 equiv.)
TEOA (1.0 equiv.)

M + CO2
R H,0 (20 equiv.)

39 DMF (5 mL)
10V, 5h, rt.
undivided cell
CO,H
A~COH 4
R
R/‘\/\
40 40'
CO,H = CO,H
40a MeO 40b
57% (9:1) 58% (7:1)
~_-COzH _~_CO,H
~
GRS i
40c 40d

58% (> 99:1) 55% (> 99:1)

Plausible mechanism

o
l RN
39
SET
ss . 2¢" + 2H* + O,
R/\/\* e
41
co,
R/\/\COZ’
42
|| SET 21,0
2
_ PN
R CO,H
R"co, 2
43 40
Scheme 9  Seclective a,0-hydrocarboxylation of conjugated

dienes utilizing CO:z and electrosynthesis. Regioselectivity 40/40'
given in parentheses, only major products are shown

lysis at a constant current of 60 mA. Based on deuterium
labeling studies and cyclic voltammetry studies, the fol-
lowing reasonable mechanism was proposed. The alkene
44 undergoes electron transfer at the cathode surface to
give the alkene radical anion 46; subsequent carboxylation
and further electron transfer and protonation from water
provide the final monocarboxylated product 45.

In 2020, Zhou and co-workers®¥ first reported y-car-
boxylation of a-CF3 alkenes 50 with CO, (Scheme 11). In
an undivided cell equipped with a platinum plate as the
working electrolysis, a-CF; alkenes 50 reacted in DMF
with "BusNClO;4 as the supporting electrolyte at a constant
current of 8 mA to obtain fluorinated carboxylic acids 51
in good yields. a-CF3 alkenes with a-alkyl substituents and
various aryl substituents are viable substrates. To better
expand the applicability of substrates and the application
of target products, a series of natural product or drug mo-
lecular groups (such as f-D-glucose, fructose, and estrone)

Chin. J. Org. Chem. 2023, 43, 1416~1434
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Buckley's work C(+)| C()

R Et4NI (0.5 equiv..) R’

TEOA (1.0 equiv..)
/‘\/Rz + COp ——— A COH
Ar DMF (5 mL) R2
44 10V, 35h,rt. 45
undivided cell

con  Ph—\ COH Ph | H— coH

ph% F)h/S/CozH s
Ph

45a, 75% 45b, 82% 45c, 53% 45d, 92%

Plausible mechanism

AT
44 ¢
c\®
Ar/.\_ Co, Ar/\/COZ_ Ar/\/CC)zH Te'
46 i 45
H0 ] H,0
. e - CO.H
A C0H —— AT N2

48 49

Scheme 10 Selective f-hydrocarboxylation of substituted al-
kenes

were introduced to obtain the desired products (51b~51d)
in good yields. To further demonstrate the utility of the
developed electrochemical carboxylation, the gram-scale
reaction of 51a was performed on a 6.0 mmol scale and the
product S1a was isolated in 0.93 g in comparable yield
(78%). 51a was hydrogenated in 90% yield under Pd/C
catalysis to afford S-fluoromethylcarboxylic acid 52. Meth-
ylation and subsequent tetrabutylammonium fluoride
(TBAF) promoted olefin isomerization to provide 53 in
78% yield. Condensation of S1a with an amine afforded
amide 56 in excellent yield. Reduction of 51a with LiAIH,
gave alcohol 54 in 82% yield. Furthermore, a-fluorodi-
hydrofuran 55 was obtained in 40% yield by LiAlH, re-
duction followed by defluorinated cyclization under KOH
(Scheme 11).

Based on controlled experiments and cyclic voltamme-
try studies, the following reasonable mechanism was pro-
posed (Scheme 12). First, a-CF3 alkene 50 is reduced at the
cathode to generate radical anion 57, which reacts immedi-
ately with CO» to obtain radical intermediate 58. Subse-
quently, radical intermediate 58 is reductively defluorinat-
ed at the cathode to form carboxylate anion 59. Mean-
while, DMF or H,O is anodized to release imine cation or
hydrogen ion, both of which can interact with carboxylate
anion 59 to generate protected carboxylate or directly gen-
erate carboxylic acid.

In 2021, Buckley and co-workers®*! successfully com-
bined with CO; under electrochemical conditions to pro-
vide all-carbon a-quaternary centered carboxylic acids 61
in good yields by using a,f-unsaturated alkenes 60 as sub-
strates (Scheme 13). This method uses carbon anode and
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Scheme 11 Direct electrochemical defluorinative carboxylation
of a-CF3 alkenes with CO2
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Scheme 12 Reaction mechanism of direct electrochemical
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cathode for electrolysis in an undivided cell. They used
Glorius’ reaction robustness to study the scope and limita-
tion of this electrochemical method for alkene functionali-
zation, and observed overall good levels of tolerance to a
range of basic, nucleophilic, and electrophilic additives.
They found that the electrochemical method, whether us-
ing commercial batch reactors or commercial flow reac-
tors, can synthesize compound 61e in 81% yield. 61e is the
precursor of the antiepileptic and absence seizure drug
Zarontin. The synthesis of 61e by traditional methods re-
quires three steps and the use of toxic hydrogen cyanide.
The electrochemical method can be used to synthesize 61e
in one step.

Buckley's work

C(+)| C(-) 2
2
R s Et,NI (0.5 equiv.) N
R1J§/R + COQ - R1J\KR
TEOA (1.0 equiv.) CO-H
4 4002
R DMF, 10V, rt. R
60 undivided cell 61

0 CO.H ‘BuO COzH
e 2
\n/\/ \H/\(
0 0

61a, 76% 61b, 72%
/Om/jx” _0 /COZH
o ‘coH o
61c, 81% 61d, 81%
Synthesis of Zarontin precursor 77e
/OW/\( Batch: 1.0mmol O COH
o C+)1C6) E(\t
60e CO; (101 kPa) 61e

Et,NI (0.5 equiv.)
TEOA (1.0 equiv.)
DMF, 10V
4 h,rt.

UM'—”" 0.5 mL/min

Flow: 7.5 mmol

81% in batch 0.14 g
81% in fiow 1.1 g

Scheme 13 Electrosynthesis all-carbon a-quaternary centered
carboxylic acids from a,f-unsaturated esters

2.2 Electrochemical carboxylation of alkenes with
sacrificial anodes

In 2020, Lin and co-workers*®! adopted an electrolytic
strategy using alkyl bromides 63 to provide radicals and
CO; as the electrophile to achieve bifunctionalization of
alkenes 62 (Scheme 14). The reaction was carried out in an
undivided cell with Mg as the anode, carbon as the cath-
ode, constant current of 10 mA, and DMF as the solvent.
The reaction tolerates electron-rich and electron-poor sty-
renes, including aryl chlorides and bromides. The experi-
mental results show that this method can successfully syn-
thesize formylated product 65 and hydroalkylated product
66 when DMF and MeCN are used instead of CO,, which
have a broad substrate range and good functional group
compatibility.
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Scheme 14 Electroreductive carbofunctionalization of alkenes
with alkyl bromides via a radical-polar crossover mechanism

Subsequently Zhou’s gruopl®”! reported the electrocar-
boxylation of the geminal difluoroalkene 67 with CO,
which successfully gave a-fluoroacrylic acid 68 in good
yield (Scheme 15). The reaction was carried out at room
temperature with a constant current of 8 mA in an undi-
vided cell equipped with a platinum plate as the cathode
and a nickel plate as the sacrificial anode. Geminal
difluoroalkenes substituted with a variety of functional
groups f-aryl groups (such as phenyl, ester, amide, sul-
fonyl, cyano, fluorine, CFs, etc.), and substrates with
f-alkenyl or alkynyl groups all perform well good respon-
siveness. The method does not require transition metal
catalysis and a broad range of functional groups. A possi-
ble mechanism is proposed. First, the gem-fluoroalkene 68
is reduced on the cathode to generate the radical anion 69,
which is then reacted with CO, to give the intermediate 70.
Then the intermediate 70 is reduced at the cathode, fol-
lowed by defluorination to yield the carboxylate anion 71,
which is finally acidified to give the target a-fluoroacrylic
acid.

In 2018, Mei and co-workers®! reported the first Pd-
catalyzed selective electrocarboxylation of homostryrenyl
acetates 72 with CO, to obtain a-arylcarboxylic acids 73
(Scheme 16). Using Pd(OAc), as catalyst and 1,2-bis(di-
phenylphosphino)benzene (DPPPh) as ligand, the reaction
was carried out in undivided cell equipped with platinum
electrodes and magnesium rods as sacrificial anodes, and
EtsNOTs as the supporting electrolyte at 30 ‘C. The reac-
tion of styryl groups with CO, in DMF was carried out at
constant current of 8.0 mA. Substrates with different elec-
tron withdrawing and electron donating properties are
suitable for this reaction. The enantioselective carboxyla-
tion of allyl acetate is main challenge. They found that chi-
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Zhou's work
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Plausible reaction mechanism
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R2. R1

-0, F
71

Scheme 15 Direct electrochemical defluorinative carboxylation
of gem-difluoroalkenes with CO2

ral bidentate triarylphosphine ligands were efficient for this
catalytic asymmetric carboxylation reaction and achieved
moderate enantioselectivity (67% ee) (Scheme 17). Inter-
estingly, chiral bidentate phosphine ligands are known to
be inactive in Pd-catalyzed allylation of aldehydes.[*4]

According to the research results of cyclic voltammetry
experiments, the following mechanism was proposed
(Scheme 18). First, the oxidative addition of Pd(0) to sub-
strate 72 yields m-allylpalladium(II) complex 74, and the
rearrangement of m-allylpalladium(Il) complex 74 can
form intermediates 75 and 76. Intermediate 75 is difficult
to form due to the large steric hindrance between the palla-
dium and the aryl group. Intermediate 76 is then reduced at
the cathode to give anion 77, and finally 77 reacts with
CO; at the y-position to give product 78.
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Scheme 16 Palladium-catalyzed reductive electrocarboxylation
of allyl esters with carbon dioxide (regioselectivity 73/73' given
in parentheses, only major products are shown)
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Scheme 17 Electrochemically mediated enantioselective car-
boxylation of allyl acetate with CO2

The combination of halides with CO; catalyzed by metal
complexes (Co, Ni, Pd) is an effective way to synthesize
carboxylic acids.’>*!l Lu et al.[?! synthesized the active
catalytic [Cu]@Ag composite for the first time, and used it
as the cathode to realize the electrocarboxylation of cinna-
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Scheme 18 Reaction mechanism of palladium-catalyzed reduc- CO,H CO,H
tive electrocarboxylation of allyl esters with CO2 — _
myl chloride 79 with CO, to obtain f,y-unsaturated car- Ph
boxylic acid 80 (Scheme 19). At the same time, they found 84c' 84d'

that cinnamoyl bromide and allyl halides are also suitable
for this method. Furthermore, they also perform electro-
carboxylation on the [Cu]@Ag electrode using 4-vinyl-
benzyl chloride 81 as a substrate, and the corresponding
carboxylic acid product 82 could be obtained in an excel-
lent yield of 97%.

Lu's work
RS R®
Mg(+) | [Cul@Ag(-)
R X + CO, ———————= R COH +
R2 TEAI, MeCN R2
X =Cl Br | undivided cell
79 R 80
R1N/kco2H
RZ
80’
NNCoH N
©/\/\ NNcoH A "CcoH )\/C%H
80a 80b 80c 80d

99% (75:15) 56% (100:0)  48% (76:24)  51% (100:0)

Electrocatalytic carboxylation of aryl chlorides
\@ﬂm o Mot licueAgH) \/©/\COQH
2
X TEAI, MeCN, 8 mA/em? XX
81

2.0 F/mol, 0 °C 82, 97%
undivided cell
Scheme 19 Electroallylation of CO2 with chlorides at [Cu]@Ag
cathode (regioselectivity 80/80' given in parentheses, only major
products are shown)

In 2020, Ackermann and co-workers!*’! reported a co-
balt-catalyzed carboxylation of cinnamoyl chlorides 83
with CO, (Scheme 20). The reaction was carried out at
room temperature with magnesium as anode, nickel foam
as cathode, cobalt acetate as catalyst, triphenylphosphine
as ligand, "BusNPFg as electrolyte, DMF as solvent, and a
constant current of 10 mA. Styrylacetic acid derivatives 84
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Scheme 20 Electroreductive cobalt-catalyzed carboxylation of
COz and allylic chlorides (regioselectivity 84/84' given in paren-
theses, only major products are shown)

were obtained with moderate to good yields and good
functional group tolerance. Various cinnamoyl chlorides
with different aromatic groups containing electron-withd-
rawing (halogen, trifluoromethyl, etc.) and electron-dona-
ting (Me, OMe, etc.) can be converted to the corresponding
carboxylated products. A plausible reaction mechanism for
the catalytic cycle was proposed as follows. First, the al-
kene 83 undergoes a coordination reaction with an active
cobalt(I) catalyst 85, which promotes the cleavage of the
adjacent allylic C—H bond, leading to the oxidative addi-
tion of the substrate 83 to form an #3-allyl-cobalt(IIl) in-
termediate 86. According to different ligand effects, inter-
mediate 86 can rearrange to form #'-allyl-cobalt(IIl) in-

Chin. J. Org. Chem. 2023, 43, 1416~1434



Chinese Journal of Organic Chemistry

REVIEW

termediates 87 and 87'. For instance, heteroatoms such as
O-atom containing ligands are known to promote tautom-
erization of #3- to u'-allyl intermediates in related cobalt
complexes.*!l Intermediates 87 or 87' can be reduced at
the cathode to form the corresponding low valent #'-allyl
cobalt(I) species 88 or 88', which is highly dependent on
the ligand being employed. #'-Allyl cobalt(I) species 88 or
88' gave the carboxylated product 89 by nucleophilic addi-
tion with CO, at the y-position, simultaneously releasing
Co(I) species to start the next catalytic cycle.

In 2021, Lu’s team!*! described a Ni-catalyzed CO, fix-
ation of cinnamoyl chloride 90 to generate f,y-unsaturated
carboxylic acids 91 in good yield and regioselectivity un-
der electrochemical conditions (Scheme 21). At the same
time, they found that cinnamoyl bromide and allyl halides
are also suitable for this method. They proposed a reasona-
ble reaction mechanism through the study of cyclic volt-
ammetry. A plausible reaction mechanism for the catalytic
cycle was proposed as follows. First, the nickel catalyst
[Ni(IDCly(dppm)] is reduced to [Ni(0)(dppm)] at the cath-
ode. Then, the cinnamyl chloride 90 undergoes a coordina-
tion reaction with nickel catalyst [Ni(0)(dppm)] and leads
to the oxidative addition of substrate 90 to form m-allyl
Ni(IT) intermediate complex 92. Intermediate 92 is reduced
at the cathode to form the corresponding intermediate 93.
Then CO; insertion to 93 forms an intermediate adduct 94,

Lu's work
Mg(+) | Ag(-) e CO.H
ANy +CO, — T RTX-""coH +
R X TEAI, DMF 2 R)\/
X= C|, Br, | N|(dppm)C|2 91 o1’
90 4.0 F/mol
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N N _~_-COH
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Scheme 21 Nickel-catalyzed electrocarboxylation of allylic
halides with CO2 (regioselectivity 91/91' given in parentheses,
only major products are shown)
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which can evolve to the carboxylated products 91 and 91°,
simultaneously releasing Ni(I)-complex species to start the
next catalytic cycle.

3 Electrochemical carboxylation of other
compounds

In addition to the common organic halides and alkenes,
chemists have also developed some special substrates to
realize the electrocarboxylation of CO,, such as arylsul-
fones, N-Boc-a-aminosulfone, cyclopropane, N-acylimi-
nes, heteroaromatics, and S-hydroxy acids.

Organic arylsulfones have the following properties:
(1) The high stability of organic arylsulfones makes them
easy to prepare and manipulate;6-4% (2) the acidic a-C—H
bonds of sulfones provide plenty of room for functional
elaboration prior to electrocarboxylation;® (3) desul-
fonylative electrocarboxylation makes the sulfone moie-
ties, most frequently is used as protecting groups in organ-
ic synthesis, and valuable synthetical precursors, thus
providing a novel connection means for organic synthe-
sis.[31-32] Therefore, using organic arylsulfones as electro-
carboxylation substrates to fixation CO, to generate car-
boxylic acid derivatives is a feasible strategy.

In 2021, Ye group™ developed an efficient electro-
chemical desulfonylative carboxylation to fix CO, using
arylsulfones 95 as substrates (Scheme 22). This reaction
served as a very facile approach to a variety of 2-phenyl-
acetic acid substrates 95 under mild reaction conditions.
Using Mg as the anode, Pt as the cathode, TBAI as the
electrolyte, DMF as the solvent, the reaction was carried at
a reaction temperature of 30 ‘C and constant current elec-
trolysis (10 mA) for 6 h. Substrates with different aromatic
groups containing electron-withdrawing or electron-dona-

Mg(+) | PY(-)

R? CCE = 10 mA R re
R P + cop, —==mme .
S TBAI (0.04 moliL) A co H
P © °
DMF, 30 °C, 6 h
95 undivided cell 96
COH COM | 3
! CO,H !
R 3 ;
R = Ph, 96a, 88% 96h, 99% .. 96i,93% !

R = F, 96b, 88%
R = Cl, 96¢, 98% ‘

R = Me, 96d, 99% O CO,H

R = OMe, 96e, 99%
R = CF3, 96f, 99% o
R = CN, 969, 89% 96j, 95%

COH COH
3 e
S

96k, 99% 961, 99% 96m, 96%

Scheme 22 Desulfonylative electrocarboxylation with CO2

http://sioc-journal.cn/ 1427



BIKE

ik SR

ting substituents groups can obtain good yields. The non-
steroidal anti-inflammatory drug ibuprofen 96i was suc-
cessfully synthesized by this method with a yield of 93%.
Subsequently Senboku and co-workers™ successfully
performed electrochemical carboxylation of N-Boc-o-
aminosulfones (Scheme 23). Electrolysis of N-Boc-a-ami-
nosulfone 97 in DMF at a constant current of 20 mA in an
undivided cell equipped with a Pt cathode and a Mg anode
resulted in cleavage of the C—S bond of substrate, result-
ing in the corresponding anion nucleophilic with CO», and
the corresponding N-Boc-a-amino acids 98 was given in
moderate to good yields. Under standard conditions, when
the benzene ring has substituents such as methyl, methoxy,

Mg(+) | Pt(-)

halogen, cyano, acetoxy and trimethylsilyl, the corre-
sponding N-Boc-phenylglycine was obtained. Notably,
alkyl-substituted N-Boc-a-aminosulfones (98k, 981) also
gave N-Boc-a-aminoacids through this electrochemical
carboxylation.

Diacids are important monomers in the polymer industry
to construct valuable materials.’® Yu and his co-wor-
kersl>®! first realized the formation of glutaric acid 101 and
adipic acid 102 derivatives by combining CO, simultane-
ously under electrochemical conditions using cyclopropane
99 and cyclobutene 100 as substrates (Scheme 24). Reac-
tions were carried out with a constant current of 15 mA in
an undivided cell. The reaction conditions are mild with

NHBoc 10 mA/cm, 3 ~ 8 F/mol NHBoc
+ CO,
R” ~SO,Ph 0.1 M "BuyNBF, R™ "COzH
97 DMF (10 mL), 0 °C 98
undivided cell
NHBoc NHBoc NHBoc NHBoc

o
/©/kC02H CO,H \©)\002H - :©/‘\C02H
R o

98a, R =H, 83%
98b, R = Me, 75%

98h, 80%

98i, 87% 98j, 59%
NHBoc NHBoc

98c, R=F, 70% NHBoc

98d, R =Cl, 70% o]

98e, R = OAc, 79% F’h/\/‘\c%H O/kCOZH < jij/‘\COZH
O

98f, R = CN, 76%

98g, R = OMe, 72% 98k, 43%

981, 51% 98m, 58%

Scheme 23  Synthesis of N-Boc-a-amino acids via electrochemical carboxylation of N-Boc-a-aminosulfones and CO2
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Scheme 24 Synthesis of diacids via electrochemical ring-opening
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good functional group tolerance, and the product can be
further derivatized. To better expand the applicability of
substrates and the application of target products, a series of
natural products or drug molecular groups (such as estrone,
L-menthol, pregnenolone, geraniol, leaf alcohol, and cit-
ronellol) were introduced to obtain the desired products
(101a~101f) in good yields.

To further demonstrate the utility of the developed elec-
trochemical carboxylation, a gram-scale reaction of 99g
was performed on a 6.0 mmol scale to afford 101g in 74%
yield (Scheme 25). The diacid 101g can be converted into
the diketone 102 in excellent yield, which can then be re-
duced to give the carbocyclic diol cleft molecule 104. 101g
can also be reduced to diol 105 in a one-step reduction
with LiAlH4 in excellent yield. Furthermore, they used
101g-Me (the dimethyl ester of 100g) to polymerize with
the diol 4,4'-bis(6-hydroxyhexyloxy)biphenyl (BHHBP),
which yielded a molecular weight of 28900 (M,/M,=1.92)
of polyester poly[4,4'-bis(6-hydroxyhexyloxy)biphenyl 9,
10-dihydro-10-[2,3-di(hydroxycarbonyl)propyl]phospha-
phenanthrene-10-oxide] (PBHDD, 106).

a-Amino acids are found in many natural products and
biologically active compounds that are widely used as bi-
ochemistry, pharmaceutical science, materials science, and
synthetic organic chemistry.’”! Zhang and co-workers>®!
reported that using N-acylimines 107 as the substrate com-
bined with CO; in an undivided electrolytic cell with plat-
inum as the cathode, magnesium as the sacrificial anode,
and TBALI as the electrolyte in DMF, electrolysis was per-
formed at a constant current of 10 mA to generate a-amino
acids 108 (Scheme 26). Using this method, various ketone
amines with different aromatic groups containing elec-
tron-donating or electron-withdrawing groups, and acetyl-

diamines with various functional groups can obtain the
corresponding carboxylation products. They found that
using triethanolamine (TEOA) as an external reductant and
has the same reaction effect as using platinum as a non-
sacrificial anode. Based on cyclic voltammetry studies, the
following mechanism is proposed. N-Acylimines 107 un-
dergoes single-electron transfer at the cathode to generate
N-radical carbanion 109. 109 combines with CO; to gener-
ate N-radical carboxylate 110, and then generates N anion
111 through single-electron transfer. The target product
108 is obtained under acidic conditions. Meanwhile, Mg is
oxidized to Mg?" under condition A, or amine is oxidized
to amine cation in anodization under condition B.

In 2022, Mita’s teaml®® reported a method for the reac-
tion of heteroaromatics 112 with CO, to generate dicar-
boxylic acids 113 wunder electrochemical conditions
(Scheme 27). Radical anions are generated by CO, (Eix=
—2.2 V in DMF and —2.3 V in MeCN vs. SCE) reduc-
tion at the cathode, which then combine with heteroaro-
matics to generate the desired diacids. By calculating the
reduction potential of the substrate, N-Ac- (—2.5 V), Boc-
(—2.76 V), and Ph-protected indoles (—2.94 V), even
indoles whose reduction potential reaches —3 V are the
corresponding diacids which can be smoothly generated. In
addition, they also expanded the substrates to benzofuran,
benzothiophene, electron-deficient furans, thiophenes, 1,3-
diphenylisobenzofuran, and N-Boc-pyrazole, which can
also successfully carry out the required decarboxylation.

To demonstrate the utility of this approach, they achie-
ved gram-scale preparation of 112a to obtain product 113a
(Scheme 28). After multiple transformations of 113a,
compounds 114 and 115 can be obtained, respectively.
Compound 114 is an inhibitor of the adenosine 3',5'-cyclic

St IeaeN’)

Ph Ph

106

CO,-based polyester (PBHDD)
M,, = 28900 g/mol, M,,/M,, = 1.92

(1) MeOH, SOCl,

Zn(+) | Nb(-)_
PhA “Ph

139 74%
trans-99g HO,C
6 mmol

|

C

(£)- 103

(, meso)—101g

(2) BHHBP
(OAC 2/sb203

4%
HOH,C CH,OH

(x, meso)-105

conc. H,SO,
69%

NaBH, _ ‘JO
86%

(£)-104

Scheme 25 Derivatization and polymerization of 101g
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phosphate phosphodiesterase (PDE-IV) and thromboxane

Joj\ /jf + CO, Condition A or Condition B ; fl\ /T\OZ? A2 synthetase (TXA2).7 And compound 115 is an an-
R R® R NwreR tagonist of N-methyl-D-aspartic acid receptor (NMDA) and
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as the solvent, and adding 4 equiv. of H,O to obtain com-
pound 116. After multiple transformations of 116,
octahydroindole-2-carboxylic acid (Oic) derivatives 117
were obtained in the yield of 74%. Compound 117 is a
useful proline analog and is widely available in many bio-
logically active molecules.[®!! Therefore, the dearomatiza-
tion monocarboxylation hydrogenation strategy is proved
to be practical.

B-Hydroxy acid is an important structural motif.[**! Qiu
and co-workers!® reported that electrocarboxylation of
aryl epoxides 118 with CO, provided valuable S-hydroxy
acids 119 (Scheme 29). This method uses Mg as the sacri-
ficial anode and Pt as the cathode. It is electrolyzed at a
constant current of 10 mA in an undivided cell under mild
conditions. The method has good functional group com-
patibility, drug molecules derivatives including ketoprofen,

Mg(+) | Pt(-), 10 mA

fenbufen, menthol, and a-amino acid derivatives, including
L-alanine, L-valine, L-phenylalanine and L-isoleucine
(119e~119k) were all amenable to the electroreductive
carboxylation transformation. In addition to aryl epoxides,
four to six-membered aryl ethers can also be used to syn-
thesize the corresponding hydroxyl acids (119b~119d).
At the same time, the electrochemical strategy can be car-
ried out at lower concentrations of CO,, and the yield of
the product was linearly related to the CO, concentration.
Based on controlled experiments and cyclic voltamme-
try studies, they proposed the following reasonable mecha-
nism (Scheme 30). Mg is anodized to produce Mg?"
which combines with epoxide to form intermediate 120.
Two possible approaches are proposed in the initial steps.
The substrate with more positive reduction potential is
reduced at the cathode to form intermediate 121 (Path A).

CO,H(M
R! O 4.4 Fimol 2 (()He)
A 2
Ar R2 TBAI (0.1 moliL), DMF R’
then 1 mol/L HCI R2
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Scheme 29 Synthesis of f-hydroxy acid via electrochemical carboxylation of aryl epoxides and CO2
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On the other hand, the cathodic reduction of CO, produces
CO; radical anions. As an alternative pathway, the CO,
radical anion provides an electron to the epoxide to give
intermediate 121 (path B). Intermediate 121 is then
ring-opened to give intermediate 122. Subsequently, an-
other one-electron reduction of CO, and a nucleophilic
C-nucleophilic attack lead to intermediate 123. Intermedi-
ate 123 was protonated in HCI to form f-hydroxy acid 119.
At the same time, Zhang’s group!®! also reported the
method of electrocarboxylation of styrene epoxide and
CO; to obtain p-hydroxy acid 125 (Scheme 31). This
method uses Mg as sacrificial anode and Pt as cathode.
Under mild conditions, DMF was used as a solvent for
electrolysis at a constant current of 10 mA in an undivided
cell. The method has good functional group compatibility,
and the drug molecular derivatives including sitosterol,
menthol and fenbufen (125e~125g) are suitable for reduc-
tive carboxylation conversion. The reaction was also used
for carboxylate-substituted epoxides (125d). In addition,
quaternary and hexaaryl ethers could also be used to syn-
thesize the corresponding hydroxy acids (125b, 125c¢).

4 Conclusions

This review mainly summarizes the synthesis of carbox-
ylic acid derivatives using CO, under electrochemical con-
ditions. The main route is to reduce halides or compounds
containing unsaturated bonds through the cathode to gen-
erate carbanions, and then CO, acts as an electrophile to
attack carbanions to form the carboxylic acid derivatives.
Furthermore, studies have shown that carboxylic acid de-
rivatives obtained through electrochemically mediated CO,
participation reactions possess important pharmacological
activities, which illustrates the importance and application
value of such reactions.

Electrochemical fixation of CO; has the following ad-

Mg(+) | Pt(-), 10 mA

vantages: (1) relatively single products can be obtained by
controlling cathode reduction potentials, so that the selec-
tivity of the obtained products is higher; (2) The reaction
can be carried out under mild experimental conditions,
which have relatively low requirements on the experi-
mental device, and the system is relatively simple and
low-cost.

Although significant progress has been made in electro-
chemical fixation of CO,, several challenges remain. (1)
Under electrochemical conditions, the bifunctionalization
with unactivated alkenes or alkynes as substrates combined
with CO; still needs to be further developed. The tradition-
al difunctionalization reaction of unactivated alkene or
alkynes with CO, generally has three reaction pathways:
(a) CO» is reduced to a radical anion and combined with
alkenes or alkynes to form a carbon radical, which is cou-
pled with other radicals; (b) The oxidation substrate pro-
duces radicals to combine with alkenes or alkynes to form
carbon radicals, which are reduced to carbon anion and
then combined with CO»; (c) Alkenes or alkynes are re-
duced to radical anions combined with CO,. However, it is
difficult to realize the important step of these reaction
pathways under electrochemical conditions. For example,
the reduction potential of alkene is —2.6 V, and the re-
duction potential of CO, is —2.3 V. Under electrochemi-
cal conditions, CO, should be preferentially reduced.
Therefore, more favorable reaction pathways need to be
developed to enable such reactions under electrolytic con-
ditions. (2) The application in enantioselective carboxyla-
tion still needs further research. The reason may be that
many ligands are incompatible under electrochemical con-
ditions, or the existing ligands have poor enantioselectivity
in electrocarboxylation applications, and there is a need to
develop more compounds that are compatible under elec-
trochemical conditions and yield good enantioselectivity

CO,H

0 0
), + CO, 4.4 F/mol, 20 °C o)\H/
TBAB (0.1 mol/L), DMF n

OH

then 1 mol/L HCI

124(n=1,2,9) undivided cell 125(n=1,2,3)
HO,C COH HO.C  ph HO,C
T e e e
. o)
125a, 78% 125b, 88% 125¢, 54% 125d, 79%
COH COH
COH
OH
0 OH OH
Ph
7 © CO,Me
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Scheme 31 Synthesis of f-hydroxy acid via electrochemical carboxylation of epoxides and CO:
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ligand. (3) The construction of pharmacologically active
heterocyclic compounds (e.g., 2-oxazolidinones) using
CO; under electrochemical conditions has less applica-
tions. At present, there are few researchers on the electro-
chemical carboxylation of CO,, and the developed sub-
strates for the electrochemical carboxylation of CO, are
relatively simple. It is difficult to realize the electrochemi-
cal carboxylation cyclization. More complex substrates
need to be developed to react with CO». (4) The type of
bond formation is single, and the application of this meth-
od at this stage focuses on the construction of C—C, and
the construction of C—X bonds needs to be strengthened.
The reason may be that heteroatom substrate are more
likely to undergo self-oxidation or self-reduction reactions
under electrochemical conditions, which leads to the diffi-
culty of reacting with CO, according to the envisaged
pathway. The problem of heteroatom substrate can be
avoided by using redox catalyst, changing electrode and
other electrolytic reaction conditions.
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