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a b s t r a c t

As an attractive C1 synthon, carbon dioxide (CO2) has been extensively used in organic synthesis to pro-

duce carboxylic acids. In this research, stereoselective electrochemical carboxylation of α,β-unsaturated

sulfones has been developed under transition-metal-free conditions. All the cinnamic acids and the

derivatives are obtained selectively in the E-configuration. Besides, arylpropiolates also can be produced

from alkynyl sulfones.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Carbon dioxide (CO2) is an attractive C1 source that gains grow-

ing interest in producing high value-added fine chemicals in recent

years [1–9]. One of the most promising approaches of chemical fix-

ation of CO2 is the conversion of CO2 into carboxylic acids which

has been extensively studied in organic synthesis [10–13].

α,β-Unsaturated carboxylic acids and their derivatives are im-

portant skeletons in bioactive molecules and they are also versa-

tile building blocks involved in many useful transformations [14–

16]. The preparation of α,β-unsaturated carboxylic acids from CO2

with alkynes [17], alkenes [18–24], or allenes [25] has been well-

documented. Nevertheless, control of the stereoselectivity needs to

be specially noticed in the preparation of vinyl derivatives. Get-

ting a mixture of cis and trans vinyl products leads to wasting

a part of the material if the product with an unwanted config-

uration is discarded. On the other hand, it is difficult to isolate

the target product from the isomers. Thus, stereoselective synthe-

sis of α,β-unsaturated carboxylic acids with retention of the origi-

nal configuration from parent alkenes is highly desirable. BuLi has

been used to convert vinyl halides into the corresponding vinyl

lithium reagents, which could then attack carbon dioxide to give

α,β-unsaturated carboxylic acids in keeping the original alkene ge-
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ometry [26]. However, the substrate scope is limited by the poor

tolerance with electrophilic groups in the presence of BuLi reagent.

In addition, transition-metal-catalyzed carboxylation of vinyl

derivatives, such as haloalkenes [27–33], vinyl boronic acid es-

ters [34–38], vinyl sodium sulfinates [39] and so on [40–42], has

been developed as a robust method to construct α,β-unsaturated

carboxylic acids. The original configuration of the parent pre-

cursor is usually preserved. Transition-metal-free organic synthe-

sis is environmentally benign and sustainable that gained more

and more attention in 21 century [43]. Nevertheless, stereoselec-

tive carboxylation of vinyl derivatives under transition-metal-free

and mild conditions to produce α,β-unsaturated carboxylic acids

is elusive. König and coworkers have reported a photocatalytic

C–H carboxylation of styrenes to afford E-cinnamic acids (Scheme

1b) [44]. Additionally, synthetic electrochemistry plays an impor-

tant role for organic transformations [45–50]. An electrochemi-

cal reduction of β-bromostyrenes was reported by Kuang and co-

workers (Scheme 1c) [51]. Notably, either the E-bromostyrene or

the Z-bromostyrene affords a mixture of cinnamic acids. This is

attributed to the low energy barrier to inversion for α-hydrogen

vinyl radicals (for the ethenyl radical is 3.3 kcal/mol) [52] that leads

to a mixture of cis- and trans-products. The authors found that the

stereospecific electrochemical carboxylation of β-bromostyrenes

was only achieved when the nickel salt is added as a cat-

alyst. The electrochemical defluorinative carboxylation of gem–

difluoroalkenes under transition metal-free conditions has been

developed recently, providing the α-fluoroacrylic acids with the
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Scheme 1. Carboxylation of olefinic compounds with CO2.

Z/E selectivities from 1/2 to 20/1 (Scheme 1d) [53]. Thus, stereos-

elective electrochemical carboxylation of vinyl derivatives remains

challenging under transition-metal-free conditions. Given that the

easily available organosulfones are versatile building blocks in or-

ganic synthesis, they may also serve as promising reaction part-

ners in reductive functionalization [54–58]. Herein, we report the

electrochemically stereoselective carboxylation of α,β-unsaturated

sulfones to afford a series of α,β-unsaturated carboxylic acids.

In a preliminary investigation, (2-(phenylsulfonyl)ethene-1,1-

diyl)dibenzene (3) in a DMF solution containing nBu4NBF4 was ini-

tially tried to react with CO2 at atmospheric pressure under elec-

trolysis with a Mg anode and a Pt cathode in an undivided cell.

To our delight, when a constant current of 10mA was applied be-

tween the two electrodes at 35 °C, the expected vinyl carboxylic

acid 4 was obtained after 6h albeit in a poor yield (Table 1, entry

1). The following investigations disclosed that the yield was heav-

ily influenced by the current intensity. The yield was gradually im-

proved accompanying the increase of the current in the range from

10mA to 15mA (entries 1–4), whereas it soon dropped if the cur-

rent of more than 15mA was applied (entries 5 and 6). Either the

replacement of the anode by an Al plate or the change of the cath-

ode to a Ni plate or a Ti plate led to a decreased yield (entries

7–9). Besides nBu4NBF4, some other electrolytes were also tested

in the reactions, but no improvement was made (entries 10–13). In

addition, the optimal temperature was around 35 °C. Both the el-

evation and the reduction of temperatures offered relatively nega-

tive results (entries 14–16). Gratifyingly, the yield was improved to

70% when the reaction time was properly extended to 8 h (entries

17 and 18). No desired products were obtained when no current

was applied or the reaction was conducted open to the air (entries

19 and 20). It demonstrated that both the electrolysis and concen-

trated carbon dioxide were critical to this carboxylation.

Then a series of vinyl sulfones were investigated under the opti-

mal conditions (Scheme 2). (2-(Phenylsulfonyl)vinyl)benzene bear-

ing electron-donating groups (EDGs) on the phenyl ring reacted

smoothly with CO2 to afford the cinnamic acid derivatives (5–7,

22) in good yields. Electron-withdrawing groups (EWGs) were also

Table 1

Optimization of desulfonylative carboxylation of the vinyl sulfone 3a.

Entry Cathode Electrolyte I (mA) T ( °C) Yield (%)

1 Pt nBu4NBF4 10 35 37

2 Pt nBu4NBF4 12 35 40

3 Pt nBu4NBF4 14 35 53

4 Pt nBu4NBF4 15 35 60

5 Pt nBu4NBF4 16 35 52

6 Pt nBu4NBF4 18 35 43

7b Pt nBu4NBF4 15 35 47

8 Ni nBu4NBF4 15 35 42

9 Ti nBu4NBF4 15 35 35

10 Pt nBu4NBr 15 35 30

11 Pt nBu4NPF6 15 35 42

12 Pt TBAI 15 35 55

13 Pt nBu4NClO4 15 35 36

14 Pt nBu4NBF4 15 30 54

15 Pt nBu4NBF4 15 40 59

16 Pt nBu4NBF4 15 50 42

17c Pt nBu4NBF4 15 35 70

18d Pt nBu4NBF4 15 35 53

19e Pt nBu4NBF4 – 35 N.D.

20e, f Pt nBu4NBF4 15 35 N.D.

a 3 (0.25mmol), CO2 (1 atm), electrolyte (0.04mol/L), DMF (7.5mL), Mg anode.
b Al anode.
c 8 h.
d 10h.
e N.D.: not detected.
f Without carbon dioxide.

Scheme 2. Scope of desulfonylative carboxylation of vinyl sulfones with CO2. Re-

action conditions: in an undivided cell with a Mg anode and a Pt cathode, sul-

fone (0.3mmol, 0.04mol/L), nBu4NBF4 (0.05mol/L) in DMF at 35 °C. a 13mA, 10h. b

10mA, 8h. c 30mA, 6h.
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Scheme 3. Scope of desulfonylative carboxylation of alkynyl sulfones with CO2. Re-

action conditions: in an undivided cell with a Mg anode and a Pt cathode, sulfone

(0.3mmol, 0.04mol/L), nBu4NBF4 (0.05mol/L) in MeCN at 35 °C.

tolerated on the phenyl ring, giving the desired products (8–12) in

relatively low yields compared with EDGs. Additionally, the sub-

stituents on the meta-position of the phenyl ring (13–16) of (2-

(phenylsulfonyl)vinyl)benzenes gave better results than those on

ortho- (17–20) and para-positions (5–12, 22). Noteworthy, the aryl

halides, which were prone to electrochemical dehalogenative car-

boxylations [59,60], were compatible with this methodology af-

fording the expected products (9–11, 14–16, 18–21) in moder-

ate to good yields. Vinyl sulfones containing other (hetero)arenes,

like naphthalene (23), furan (24), thiophene (25) furnished the

desulfonylative carboxylation products in moderate to excellent

yields. In particular, all these products were obtained in trans-

configuration. An array of trisubstituted vinyl sulfones also worked

well in the desulfonylative carboxylation, giving the trisubstituted

vinyl carboxylates (26–31) in moderate to good yields. Satisfyingly,

the tetrasubstituted vinyl sulfone (32) was also suitable in the pro-

tocol by increasing the constant current to 30mA. In addition, the

aliphatic vinyl sulfones and (E)−1,2-diphenylethenyl sulfone were

also tested but found not suitable for the present protocol (Scheme

S2 in Supporting information).

Our attention was next turned to explore the substrate scope

of various alkynyl sulfones (Scheme 3). Delightfully, when acetoni-

trile was used as the solvent instead of DMF, the electrochemi-

cally desulfonylative carboxylation of phenylethynyl sulfone pro-

ceeded smoothly, delivering the methyl 3-phenylpropiolate (33)

in acceptable yield. The alkyl (34–36, 45), methoxyl (37), phenyl

(38), carboxylate (39) and halides (40–44) on the phenyl ring of

the arylethynyl sulfone were well tolerated in the transforma-

tions. To our surprise, the substrates with a bromo substituent

(42, 44) showed much better efficiency than the ones with ei-

ther a fluoro (40) or a chloro substituent (41, 43). In addition,

the 1-naphthalenylethynyl sulfone also yielded the desired propi-

olate (46) in a moderate yield. Nevertheless, the alkylethynyl sul-

fones were not suitable under the present conditions (Scheme S3

in Supporting information). Apart from vinyl and alkynyl sulfones,

aryl sulfones were also tested in our methodology. To our de-

light, the tosyl group was readily removed under the electroreduc-

tive conditions to produce benzoic acid, 1-naphthoic acid, and 2-

thiophenecarboxylic acid in moderate to good yields (Scheme S1

in Supporting information).

Given that cinnamic acid derivatives are important bioactive

compounds, the aforementioned cinnamic acids, obtained from the

electrochemically desulfonylative carboxylation of vinyl sulfones,

could be further converted into active pharmaceutical ingredients

(APIs) (Scheme 4). For instance, the idrocilamide (47), a marketed

Scheme 4. Synthesis of APIs from the cinnamic acids 5, 16 and 7.

Scheme 5. Discussion of the proposed mechanism.

drug for relaxation of skeletal muscle or treatment of muscular

pain, could be obtained in 94% yield via the coupling of 5 and

the 2-aminoethan-1-ol. Another marketed antiepileptic drug, cin-

romide (48), could be prepared from the condensation of 16 with

the ethyl amine in 81% yield. Besides, the cinoxate (49), which was

used as an active ingredient in sunscreen, also could be readily ob-

tained in an excellent yield.

The possible mechanisms are proposed in Scheme 5. Consider-

ing that the reduction potential of vinyl sulfone 50 had a lower

reduction potential (Ep =−1.75V vs. SCE, in DMF) than that of CO2

(E= −2.21V vs. SCE, in DMF) [61], the reduction of vinyl sulfone

50 is prior to CO2 on the cathode, giving a radical anion 51. There

are three possible routes involved in the following process. In path

a, the C-S bond dissociation of 51 produces the benzenesulfinic

acid anion (52) and a bent α-hydrogen vinyl radical 53 in trans-

configuration, which may invert feasibly to bring the cis-vinyl rad-

ical 54. Thereby the further reduction affords cinnamic acid 2 in a

mixture of Z/E isomers, which should be analogical to the electro-

chemical debrominative carboxylation of the vinyl bromide. Never-
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theless, the formation of the sulfonyl radical 55 and the vinyl anion

56 (path b) from the fragmentation of 51 also cannot be excluded.

The bent vinyl anion has a high energy barrier to inversion (57)

[62,63]. Therefore, only E-2 is obtained in this case. In addition,

the radical anion 51 may also react with CO2, giving the interme-

diate 58a or 58b (path c). The oxygen atoms of the sulfonyl and

carboxylic acid groups in 58a or 58b were coordinated by Mg2+

[64]. Due to the steric hindrance effect, the less hindered 58a was

more favorable than the other. Thus, E-2 was selectively obtained

by liberation of the sulfonyl radical 55. Furthermore, taking into

account the fact that all the cinnamic acid derivatives obtained in

the present protocol were highly in trans-configuration, paths b or

c are more likely involved than path a.

In summary, we have reported a stereoselective electrochemi-

cal decarboxylation of vinyl and alkynyl sulfones under transition-

metal-free conditions. Highly E-selective cinnamic acids and their

derivatives are obtained in the protocol, distinct from the results

of electrochemical debrominative carboxylations. Thereby, the vinyl

radical pathway may be excluded in our case. The resulted prod-

ucts, cinnamic acids, could be further utilized to synthesize high

value-added APIs, such as the idrocilamide, cinromide, and cinox-

ate, which arouses potential interest in terms of fixation and uti-

lization of CO2. In addition, alkynylsulfones are also suitable in the

present protocol, affording a range of arylpropiolates in moderate

to good yields. Other synthetic useful electrochemical fixation of

CO2 is currently explored in our laboratory.
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