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a b s t r a c t

The carboxylation of readily available organo halides with CO2 represents a practical strategy to afford

valuable carboxylic acids. However, efficient carboxylation of inexpensive unactivated alkyl chlorides is

still underdeveloped. Herein, we report the electro-reductive carboxylation of C–Cl bonds in unactivated

chlorides and polyvinyl chloride with CO2. A variety of alkyl carboxylic acids are obtained in moderate

to good yields under mild conditions with high chemoselectivity. Importantly, the utility of this electro-

reductive carboxylation is demonstrated with great potential in polyvinyl chloride (PVC) upgrading, which

could convert discarded PVC from hydrophobic to hydrophilic functional products. Mechanistic experi-

ments support the successive single electron reduction of unactivated chlorides to generate alkyl anion

species and following nucleophilic attack on CO2 to give desired products.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

It is highly desirable to synthesize useful and sought-after com-

pounds from readily available starting materials under mild con-

ditions with ease of operation. Various investigations have shown

that the production of valuable carboxylic acids using carbon diox-

ide (CO2) as C1 source is an attractive strategy due to the abun-

dance, availability, sustainability, and non-toxicity of CO2 [1-23].

Among diverse methods to produce carboxylic acids, carboxylation

of organo halides with CO2 is considered as one of the most at-

tractive and practical approaches [24-31]. One representative strat-

egy is conversion of organo halides to organometallic reagents, in-

cluding Grignard, organolithium and organozinc reagents, which

could react with CO2 to give carboxylic acids [32-47]. However, the

practical application of this method is limited by the preparation,

storage and use of the air and moisture-sensitive organometallic

reagents. Meanwhile, transition metal-promoted or -catalyzed car-

boxylation of organo halides with CO2 has emerged as an efficient

and highly promising strategy to generate a variety of valuable car-

boxylic acids [48-59]. Compared with the widely investigated car-

boxylation of alkyl bromines and iodinates with CO2, those trans-

formations with unactivated alkyl chlorides, which are more read-
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ily available and inexpensive, were much less investigated due to

the higher bond energy of C(sp3)–Cl cleavage. Notably, Martin re-

ported a leading work in this field on nickel-catalyzed carboxy-

lation of alkyl chlorides with CO2 under mild reaction conditions

(Scheme 1A) [60]. However, excess of Mn powder was used as re-

ductant, which might cause safety issue in large-scale synthesis.

Therefore, it is still highly desirable to develop other sustainable

strategies to realize safe and user-friendly carboxylation of unacti-

vated alkyl chlorides.

As well-known, electrosynthesis has proven to be an efficient

and environmentally friendly method and is increasingly pursued

as a sustainable synthetic technology [61-102]. The direct electro-

reductive or the integration of electrochemistry with transition-

metal catalysis has been developed as an effective strategy to re-

alize the carboxylation reactions [103-129], including those of ac-

tivated C(sp3)–Cl bonds in benzyl chlorides and allyl chlorides

(Scheme 1B) [130-142]. However, despite recent advances, the

electro-reductive carboxylation of unactivated alkyl chlorides re-

mains challenging. In addition to the high bond dissociation energy

(∼350kJ/mol) of the C(sp3)–Cl bonds, many side reactions, such as

radical involved dehydrochlorination [143], radical-radical coupling,

and reductive protonation [144-145], might occur to result in low

selectivity. To the best of our knowledge, there is only one iso-

lated example for carboxylation of unactivated C–Cl bonds to give

25% yield of carboxylation products via successive single-electron
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Scheme 1. Carboxylation of C(sp3)–Cl bonds with CO2.

reduction (Scheme 1C) [146]. With our continuous interest in car-

boxylation with CO2 [147-151], especially electrochemical carboxy-

lation [152-157], herein we report an electro-reductive carboxyla-

tion of unactivated alkyl chlorides with CO2, offering an efficient

and practical approach for the functionalization of inert alkyl chlo-

rides and polyvinyl chloride (Scheme 1D).

We initiated our studies by investigating the electrochemical

carboxylation of 1-(3-chloropropyl)−4-methoxybenzene 1a with

CO2 to generate alkyl carboxylic acid derivative 2a. After system-

atic optimization of this reaction conditions (please see Supporting

information for details), the desired product 2a was obtained in

81% isolated yield by employing Pb as the cathode and Al as the

anode (Table 1, entry 1). A variety of cathode electrode materials

were tested (entries 2–4) to give lower yields than lead (Pb), which

has been widely used in electroreductive industrial processes and

the detrimental corrosion should be paid attention to [158]. Among

the tested anodes, aluminum proved to be the best choice (en-

tries 5 and 6). Furthermore, when nBu4NCl or
nBu4NBF4 was em-

ployed as an electrolyte in the reaction, it resulted in lower yield

of 2a (entries 7 and 8). In addition, an attempt to decrease the cur-

rent resulted in a slightly decrease in yield (entry 9). This reaction

could also be carried out with polar solvents, such as N-methyl-2-

pyrrolidone (NMP), but with a lower yield (entry 10). The yield was

decreases drastically to 65% when the reaction temperature was el-

evated to 40 °C (entry 11). Control experiments demonstrated that

catalytic amounts of silane have a significant contribution to this

reaction (entry 12), both CO2 (entry13) and electric current (entry

14) played an important role in this conversion.

With the optimized conditions in hand (Table 1, entry 12),

the scope of unactivated alkyl chlorides was then examined

(Scheme 2). This transformation could proceed smoothly for un-

activated alkyl chlorides with different chain lengths. For example,

(3-chloropropyl)bezene derivatives bearing methoxy (1b, 1c), alkyl

(1d), phenyl (1e) or fluorine (1f) delivered the corresponding prod-

ucts 2a-2f in good yields. Moreover, high value-added alkyl car-

boxylic acids could be successfully obtained from alkyl chlorides

Table 1

Optimization of the reaction conditions.a

Entry Alteration from standard conditions Yield (%)b

1 None 91 (81)

2 Pt instead of Pb 30

3 Nb instead of Pb 25

4 GF instead of Pb 9

5 Mg instead of Al 80

6 Zn instead of Al 54

7 nBu4NCl instead of nBu4NI 81

8 nBu4NBF4 instead of nBu4NI 83

9 30mA instead of 50 mA 81

10 NMP instead of DMF 77

11 40 °C instead of 60 °C 65

12 w/o Ph3SiH 81

13 N2 instead of CO2 N.D.

14 w/o electric current N.D.

DMF=N,N-dimethylformamide, NMP=1-methylpyrrolidin-2-one, GF= graphite felt,

N.D.=not detected, w/o=without.
a Reaction conditions: 1a (0.3mmol), 0.014mol/L nBu4NI/DMF (0.1mmol nBu4NI

in 7mL of DMF), CO2 atmosphere in balloon, Al anode, Pb cathode, undivided cell,

constant current of 50mA, 60 °C, 6 h.
b Yields are determined by HPLC using anisole as internal standard. Isolated yield

is given in parentheses.

with longer carbon chain (1g-1j). In addition, alkyl chlorides in

the presence of branched substituents also give the target prod-

ucts (2k) in moderate yields. The universality of our method was

further illustrated by the tolerance of ether (2l, 2m), thiol ether

(2n), amides (2o, 2p), heterocycles (2q) and ester (2r) groups. To

our delight, secondary alkyl chlorides (1s, 1t) were also suitable

substrates.

Based on the success in carboxylation of unactivated alkyl chlo-

rides, we posed the question of whether this strategy could be

applied to the upcycling of polyvinyl chloride (PVC), which is the

world’s fourth most popular general-purpose plastic [159]. Obvi-

ously, maximizing the amount of PVC upgrade to other functional

materials is attractive [160,161]. However, currently, waste PVC

materials upgrading lack green treatment methods due to their

chemical inertness. We envision the possibility of achieving post-

carboxylation of C–Cl bonds in PVC with CO2 to treat this prob-

lem. Therefore, we treated a commercial PVC tube under 0.1mmol

TBAI and 10 mol% DEHP [bis(2-ethylhexyl)phthalate] in DMF using

a Pb cathode and Al anode at 60 °C under 50mA CCE for 10h. Then,

a carboxyl-modified PVC was obtained after easily precipitation in

MeOH. Attenuated total reflection flourier transform infrared (ATR-

FTIR) spectroscopy showed a stretching frequency at 1760 cm−1,

indicating the successful introduction of the carboxyl group. Fur-

thermore, element analyser analysis showed that the proportions

of C, H, and O elements in modified PVC were 47.74%, 6.22%, and

7.36%, respectively. Therefore, the carboxyl group content in mod-

ified PVC is around 14%, and the dechlorination protonation con-

tent is 4.8%. Additionally, water contact angle testing showed the

water contact angle of PVC changed from 97.8° to 74.3° due to

the modification, indicating that hydrophobic PVC can be modified

to hydrophilic PVC through the introduction of carboxyl groups

(Scheme 3).

To further understand the mechanism of this reaction, some

control experiments were conducted (Scheme 4, see more details

in Supporting information). The experiment in absence of CO2 un-

der the standard conditions provided the reductive protonation

product 2p’ in 49% yield (Scheme 4A). When 10 equiv. of D2O

was subject to the reaction, we obtained the reductive deutera-
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Scheme 2. Substrate scope of unactivated alkyl chlorides. The same reaction conditions as Table 1, entry 1. Isolated yields.

Scheme 3. Carboxylation of PVC. (A) The photo of commercial PVC tube. (B) The

photo of modified PVC. (C) Contact angle test image of commercial PVC tube.

(D) Contact angle test image of modified PVC.

Scheme 4. Mechanistic investigation.

Scheme 5. Proposed reaction mechanism.

tion product D-2p’ in 36% isolated yield with 93% deuterium in-

corporation, which suggested that the alkyl anion might exist in

this reaction. Additionally, the detection of formate when conduct-

ing experiment in the absence of 1a verified CO2 radical anion

might be generated via reduction of CO2 at the cathode. According

to previous work [162], the reaction of hydrosilance, carboxylates,

and CO2 could give a mixture of formate and silanolate. When we

conducted the control experiment of 1a using formate instead of

Ph3SiH, we found the yield of 2a was decreases drastically to 19%,

which indicates that the role of silanes is not to provide formate.

Further control experiment validates the role of silanes in our lab-

oratory.

On the basis of the experimental results and previous reports

[145], we proposed the following plausible mechanism for this

electro-reductive carboxylation (Scheme 5). First, at the cathode,

single-electron transfer (SET) reduction of 1 takes place to gen-

erate the corresponding radical anion A, which further undergoes

C–Cl bond cleavage to release chloride anion and the alkyl radi-

cal B. Further SET reduction of B at the cathode forms the alkyl

carbanion C, which reacts with CO2 to give the corresponding car-

boxylate. At this stage, the single-electron reduction of 1 by CO2

radical anion to give A [163] and direct radical coupling of B with

CO2 radical anion cannot be excluded.

In conclusion, we have developed an efficient and practi-

cal strategy for electrochemical carboxylation of unactivated alkyl

chlorides with CO2 via C–Cl bond cleavage. Both primary and sec-

ondary alkyl chlorides could undergo selective carboxylation with

CO2. This method features mild reaction conditions, low electrolyte

concentration, broad substrate scope and good functional group

tolerance. Notably, this strategy is a promising and feasible method

to recycle and reuse waste PVC, which could convert the PVC

3
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into hydrophilic functional products containing carboxylate groups.

The preliminary mechanistic studies indicate that alkyl radical and

alkyl anion might be involved in this reaction.
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