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A B S T R A C T   

The use of carbon dioxide as a comparatively cheap, abundant and non-toxic C-1 synthon is a topic of consid-
erable interest and importance. The electrochemical addition of carbon dioxide across carbon–carbon double 
bonds is one of the more promising of such procedures, offering the possibility to convert a range of alkene 
substrates to valuable carboxylated products. However, much remains unknown about both the mechanism of 
reaction and how to influence product specificity during electro-carboxylation of alkenes. Herein, we explore the 
electrochemical addition of carbon dioxide (1 atm) to a range of olefinic substrates using nickel working elec-
trodes and magnesium anodes at room temperature, producing the mono-substituted carboxylate derivatives 
preferentially (with no formation of the Markovnikov isomers of these mono-substituted carboxylate derivatives 
when the starting materials are non-symmetrical). These findings are rationalized using both experimental and 
computational methods, suggesting that the choice of Ni as a working electrode is critical in determining the 
reaction outcomes that are observed. Moreover, we also present direct evidence that a pathway whereby the 
alkene substrates are first reduced at the electrode surface and then react with dissolved CO2 is operating. 
Together, these results offer the potential for selective access to a range of valuable mono-carboxylic acids via the 
reduction of the corresponding alkene precursors in the presence of carbon dioxide.   

1. Introduction 

Carbon dioxide emissions from burning fossil fuels are a major 
contributor to climate change, which is having increasingly serious 
environmental impact [1,2]. At the same time, carbon dioxide is a 
valuable potential building block for the production of synthetic value- 
added chemicals [3,4]. Electrochemical methods for the reduction of 
carbon dioxide (and/or its incorporation into substrate materials) are 
very appealing in this regard, as electrochemical technologies are 
inherently scalable [5,6], whilst also offering the ability to couple 
directly to renewable energy sources [7,8]. 

One avenue for employing carbon dioxide in synthesis via electro-
chemical means is the reduction of alkene substrates in the presence of 
CO2, leading to addition of carboxylate units across the C––C bond and 
yielding highly desirable mono- and di-substituted carboxylic acids [9]. 
The exploration of this field has garnered significant attention in recent 
years and a selection of key reports in this area is summarized in Table 1. 
For example, Filardo et al. [10] studied the reduction of carbon dioxide 

at a graphite electrode in N,N-dimethylformamide (DMF) solvent con-
taining tetrabutylammonium bromide (Bu4NBr) as the supporting 
electrolyte at applied potentials between –2.15 V and − 2.20 V (vs. Ag/ 
AgI) in a tank cell and obtained a mixture of 3-phenylpropionic and 
phenylsuccinic acids (Table 1, entry 1). Some of the same authors sub-
sequently explored a wider range of potentials and reported somewhat 
altered product distributions [11] (Table 1, entry 2). 

Most studies in this area appear to have been conducted under fixed 
current regimes, rather than at fixed potential. In a fixed current regime, 
the potential is increased until the desired current is achieved. This 
makes the process useful in industrial electrochemical processes as a 
defined amount of product can be obtained in a defined time (as a 
function of the current and the Faradaic yield for the reaction). How-
ever, there is in general less control than with a fixed potential regime, 
whereby a potential is set and then only reactions that can occur at that 
potential will take place. Fixed potential regimes therefore may display 
better Faradaic efficiencies, but at the cost of increased reaction time, as 
the currents passing at the fixed potential may be limited. To this end, 
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Table 1 
A selection of conditions, conversions and yields for the electro-reduction of alkenes in the presence of CO2 from the literature.  

Entry Alkene Reaction Conditions Conversion Products and Yield Ref 

1 Styrene Working electrode: Graphite electrode 
Counter electrode: Aluminum electrode 
Medium: DMF, Bu4NBr, and continuously bubbling CO2Technique: 
Controlled potential electrolysis  
(− 2.45 to − 2.50 V vs Ag/AgI), current density 12–24 mA/cm2 

Cell type: diaphragmless tank cell 
Reaction temperature: Room temperature 

60 % 3-phenylpropionic acid (29 %) 
Phenylsuccinic acid (60 %) 

[10] 

2 Styrene Working electrode: Graphite electrode 
Counter electrode: Aluminum electrode 
Medium: DMF, Bu4NI, and continuously bubbling CO2Technique: 
Controlled potential electrolysis  
(− 2.7 V vs Ag/AgI). 
Cell type: diaphragmless tank cell 
Reaction temperature: Room temperature 

87 % Phenylsuccinic acid (40 %)Phenylpropionic 
acid  
(35 %)3,4-diphenyladipic acid  
(10 %) 

[12] 

3 Styrene Working electrode: Carbon fiber electrode 
Counter electrode: Magnesium electrode 
Medium: DMF, tetrabutylammonium tetrafluoroborate, CO2 (1 atm) 
Technique: Current 50 mA, 5–7 h 
Cell type: single-compartment cell 
Reaction temperature: 20 ◦C 
Catalyst: Ni complexes with several pentamethyl diethylene triamines 

40 % Phenylsuccinic acid (85 %) [13] 
α-Methyl Styrene 35 % 2,2-Disubstituted Succinic acid (71 %) 
E-β-Methyl Styrene 45 % Mono and Dicarboxylic acids (44 %) 
1,1- 
Diphenylethylene 

25 % 2,2-Disubstituted Succinic acid (95 %) 

4 Styrene Working electrode: Platinum plate 
Counter electrode: Magnesium rod 
Medium: DMF, tetraethylammonium perchlorate, CO2 (1 atm) 
Technique: Constant current electrolysis  
(25 mA/cm2) 
Cell type: 2-Compartment cell 
Reaction temperature: − 10 ◦C 
Styrene was electrolyzed in the presence of 4-methoxyphenol. 

73 % Phenylsuccinic acid (66 %) [14] 
α-Methyl Styrene 98 % 2,2-Disubstituted succinic acids (68 %) 
E-β-Methyl Styrene 98 % 2-Methyl-3-phenylsuccinic acid (77 %) 
Z-β-Methyl Styrene 98 % 2-Methyl-3-phenylsuccinic acid (70 %) 
1,1- 
Diphenylethylene 

93 % 2,2-Disubstituted succinic acids (91 %) 

E-Stilbene 84 % 2,3-Diphenylsuccinic acid (84 %) 
Z-Stilbene 84 % 2,3-Diphenylsuccinic acid (84 %) 

5 Styrene Working electrode: Nickel plate 
Counter electrode: Zinc plate 
Medium: DMF, n-Bu4NBr, and CO2 4 MPa.Technique: Constant current  
(10 mA/cm2), two electrode set-up 
Cell type: high-pressure stainless-steel undivided cell 
Reaction temperature: Room temperature. 

–  Phenyl succinic acid (50 %)  [15] 

Working electrode: Nickel plate 
Counter electrode: Magnesium plate 
Medium: DMF, n-Bu4NBr, and CO2 4 MPa.Technique: Constant current  
(10 mA/cm2), two electrode set-up 
Cell type: high-pressure stainless-steel undivided cell 
Reaction temperature: Room temperature. 

– Phenyl succinic acid (85 %) 

Working electrode: Nickel plate 
Counter electrode: Aluminum plate 
Medium: DMF, n-Bu4NBr, and CO2 4 MPa.Technique: Constant current  
(10 mA/cm2), two electrode set-up 
Cell type: high-pressure stainless-steel undivided cell 
Reaction temperature: Room temperature. 

– Phenyl succinic acid (87 %) 

Working electrode: Platinum plate 
Counter electrode: Aluminum plate 
Medium: DMF, n-Bu4NBr, and CO2 4 MPa.Technique: Constant current  
(10 mA/cm2), two electrode set-up 
Cell type: high-pressure stainless-steel undivided cell 
Reaction temperature: Room temperature. 

– Phenyl succinic acid (89 %) 

α-Methyl Styrene Working electrode: Nickel plate 
Counter electrode: Aluminum plate 
Medium: DMF, n-Bu4NBr, and CO2 4 MPa.Technique: Constant current  
(10 mA/cm2), two electrode set-up 
Cell type: high-pressure stainless-steel undivided cell 
Reaction temperature: Room temperature. 

– 2-Methyl-2-phenyl succinic acid (85 %) 

6 Styrene Working electrode: Copper electrode 
Counter electrode: Carbon electrode 
Medium: DMF, n-Bu4NI (0.04 M), triethylamine (0.04 M); 
triethanolamine (0.04 M), CO2 (1 atm). 
Technique: Constant current at 60 mA, 24 h 
Cell type: undivided cell, two-electrode set-up (5–10 V typically 
applied) 
Reaction temperature: 50 ◦C 

99 % 3-Phenylpropanoic acid: 
4-phenyl-1,3-dioxolan-2-one(3:1)  
ratio 

Phenylsuccinic acid: 
3-phenylbutanoic acid(5:1) 
. 

[16] 

Working electrode: Copper electrode 
Counter electrode: Aluminum electrode 
Medium: DMF, n-Bu4NI (0.04 M), and CO2 (1 atm). 
Technique: Constant current at 60 mA, for 24 h 
Cell type: undivided cell, two-electrode set-up (5–10 V typically 
applied) 
Reaction temperature: 50 ◦C 

– 2-phenylbutanoic acid (68 %) 

(continued on next page) 
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Dérien et al. explored the use of Ni complexes as homogeneous catalysts 
for the electrochemically-driven addition of CO2 to alkenes (Table 1, 
entry 3) at a fixed current of 50 mA, again using a carbon-based working 
electrode [12]. A range of substrates were tested (styrene, α-methyl 
styrene, E-β-methyl styrene and 1,1-diphenylethylene) and in some 
cases excellent yields of the substituted products were obtained. 

Senboku and co-workers (Table 1, entry 4) examined a wider range 
of substrates still, and also replaced the carbon working electrode with a 
metal one (in their case, Pt). Their conditions led to a significant 
improvement in the conversion of the alkene substrates (essentially 
complete conversion in many cases), whilst still maintaining good-to- 
excellent yields for the functionalized substrates [13]. 

In 2008, Yuan et al. investigated the electrosynthesis of 2-aryl suc-
cinic acids by reacting carbon dioxide with a variety of aryl-substituted 
alkenes in an undivided electrochemical cell. These authors also 
employed their CO2 at pressures above atmospheric (4 MPa) and 
comparatively modest current density (10 mA/cm2). Of particular note, 
the authors compared the effect of using a Pt working electrode with 
using an Ni working electrode, and were able to prepare the 2-aryl 
succinic products in fair to good yields (50–87 %) with high selec-
tivity (Table 1, entry 5) [14]. 

More recently, Alkayal et al. have studied the effect of using non- 
sacrificial counter electrodes during the electrolysis. In the vast majority 
of studies, a sacrificial anode is used, usually magnesium, such that Mg2+

ions are released into solution during the electrolysis which then bind to 
the acid products as they form. Alkayal et al. studied the use of copper 
working electrodes with both aluminium and carbon anodes at 50 ◦C in an 
undivided cell and developed a highly regioselective process for the for-
mation of β‑hydrocarboxylated products from substituted alkene sub-
strates with potentially considerable synthetic utility (Table 1, entry 6) 
[15]. 

Inspired by these earlier studies, herein we report a study on the 
electrochemically-driven addition of CO2 to a range of alkene substrates 
at nickel working electrodes at room temperature (20 ◦C) and under 1 
atm of carbon dioxide in a simple undivided cell in DMF, using the 
electrochemically inert electrolyte tetrabutylammonium hexa-
fluorophosphate (nBu4NPF6). Our results show that there is still much 
that remains unknown about the process(es) by which CO2 adds to al-
kenes under such electrochemical conditions, and that much remains to 
be optimized. Of particular note, we show a bias in favor of forming 
mono-substituted acid products, where the carbon dioxide adds exclu-
sively to the position β to the aromatic ring in the substrates we examine, 
possibly as a result of using an Ni working electrode. We also provide 
direct evidence that the pathway whereby the alkenes are reduced at the 
electrode surface and then react with dissolved CO2 is operating, adding 
credence to some of the mechanisms previously proposed for this class of 
reaction. 

2. Experimental section 

2.1. Materials 

Materials that are readily available for purchase (including sup-
porting electrolytes, solvents, and alkenes) were used without under-
going any additional purification steps. Styrene (99 % purity), α-methyl 
styrene (99 % purity), trans-β-methyl styrene (97 % purity), cis-β-methyl 
styrene (>98 % purity), 1,1-diphenylethylene (98 % purity), trans-stil-
bene (98 % purity) and cis-stilbene (97 % purity) were purchased from 
commercial sources and used as received. All the alkenes used in this 
study were purchased from Alfa Aesar, with the exception of Z-β-methyl 
styrene which was procured from TCI. The solvent used in this study, N, 
N-dimethylformamide, anhydrous, 99.8 % purity, was obtained from 
Alfa Aesar and packaged under Argon. The supporting electrolyte, tet-
rabutylammonium hexafluorophosphate (nBu4NPF6, 98 % purity) at a 
concentration of 0.1 M, was purchased from ThermoFisher Scientific. 
Carbon dioxide, with a purity of 99 %, was purchased from BOC Ltd. 

2.2. Electrochemical procedures 

A BioLogic SP-150 potentiostat was employed for all cyclic voltam-
metry and chronopotentiometry experiments. The electrochemical 
carboxylation of the alkenes was conducted using a one-compartment 
electrochemical cell with five necks (see Fig. 1). The electrodes were 
situated in three of these necks, while the remaining two were desig-
nated for the gas inlet and outlet channels. The reference electrode 
utilized was a saturated calomel electrode (CHI150, supplied by IJ 
Cambria Scientific Ltd), and the counter electrode (anode) was a mag-
nesium rod measuring 6.35 mm in diameter and 25.4 mm in length, at a 
purity of 99.95 % (metal basis) from Alfa Aesar. A nickel disc (BASi, 3.0 
mm diameter) or a nickel mesh (0.35 × 2 cm2, woven wire, 60 mesh, 
made from 0.18 mm wire, supplied by Alfa Aesar) were used as the 
working electrodes for cyclic voltammetry and bulk electrolysis 
respectively. 

Prior to bulk electrolysis, the Ni mesh was sonicated in a soni-
cation bath in 2 M HCl for 20 min and then rinsed with DMF. 
Meanwhile, the magnesium rod was sonicated in a sonication bath in 
DMF for 20 min. Both electrodes were then allowed to dry in the air. 
Bulk electrolysis was then initiated at room temperature (20 ◦C) with 
stirring under a constant stream of CO2. In all cases, the electrolyte 
consisted of 0.1 M nBu4NPF6 in anhydrous N,N-dimethylformamide 
(volume = 20 mL). Into this volume of electrolyte, 3.5 mmol of alkene 
substrate was dissolved, giving a concentration of alkene substrate in 
the electrolyte of 0.175 M. For all bulk electrolyses, a fixed current of 
− 35 mA was applied to the working electrode for 8 h (corresponding 
to the passage of 3F of charge relative to the number of moles of 

Table 1 (continued ) 

Entry Alkene Reaction Conditions Conversion Products and Yield Ref 

7 Styrene Working electrode: Nickel Mesh 
Counter electrode: Magnesium rod 
Medium: DMF, nBu4NPF6, and CO2 (continuously supplied)Technique: 
Constant current electrolysis  
(35 mA) for 8 h 
Cell type: undivided cell 
Reaction temperature: Room temperature. 

80 % Phenylsuccinic acid (13 %); 3-Phenylpro-
pionic acid  
(53 %) 

This 
work 

α-Methyl Styrene 72 % 3-Phenylbutyric acid (68 %) 
E-β-Methyl Styrene 79 % 2-Methyl-3-phenylpropionic acid (69 %) 
Z-β-Methyl Styrene 78 % 2-Methyl-3-phenylpropionic acid (68 %) 
1,1- 
Diphenylethylene 

75 % 2,3-Diphenylsuccinic acid (50 %) 

E-Stilbene 74 % 2,3-Diphenylsuccinic acid (10 %); 2,3- 
Diphenylpropionic acid  
(47 %) 

Z-Stilbene 84 % 2,3-Diphenylsuccinic acid  
(18 %); 2,3-Diphenylpropionic acid  
(44 %)  
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alkene present). The voltage required to deliver such currents was 
typically within the range − 3 to − 5.5 V vs SCE. 

All cyclic voltammetry was performed under the same conditions 
and in the same cell as for bulk electrolysis, except using a Ni disc button 
working electrode (BASi, 3 mm diameter). Cyclic voltammograms were 
recorded under Ar and under CO2 for comparison (in both cases after 
bubbling for 20 min). The working electrode was polished between 
experiments. Cyclic voltammetry was recorded at a scan rate of 10 mV/s 
over the range 0 V to − 3 V vs. SCE, starting from 0 V. 

2.3. Workup procedure 

The following procedure was adopted after bulk electrolysis for all 
the alkenes investigated. Firstly, the resulting electrolyte solution was 
placed in a round-bottomed flask, and the electrochemical cell and 
electrodes were washed with DMF and these rinsings added to the 
round-bottomed flask. The solvent was then removed under vacuum 

using a rotary evaporator. To the resulting residue was added 10 mL of 
2.0 M hydrochloric acid (HCl) and the mixture stirred at room temper-
ature for a duration of 3 h. The purpose of this step was to fully protonate 
any carboxylic acids present, in order to facilitate their extraction into 
organic media. In the case of α-methyl styrene, cis-β-methyl styrene, and 
cis-stilbene, it was found that sonication for 30 min in an ice-filled 
sonication bath aided with breaking up the residue after addition of 
the HCl. After sonication, these mixtures were then stirred at room 
temperature for a duration of 3 h as above. In all cases, the resulting 
mixture was then subjected to three successive extractions using diethyl 
ether, each with a volume of ether of 20 mL. It was found that chilling 
the aqueous phase prior to extraction was beneficial for improving the 
yield of products in the organic phase. The combined diethyl ether 
fractions were then combined and subjected to washing with saturated 
sodium chloride (brine solution). The organic phase was then dried 
using magnesium sulfate, filtered through filter paper, and evaporated 
using a rotary evaporator. Finally, the resulting solution was analyzed 

Fig. 2. An illustration of the extraction and analysis procedure used to isolate the products of electrolysis in this study.  

Fig. 1. An illustration of the cell set-up for both cyclic voltammetry and bulk electrolysis in this study.  
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using nuclear magnetic resonance (NMR) spectroscopy. NMR spectra 
were recorded at room temperature using a Bruker 400 MHz NMR 
spectrometer. The products were dissolved in CDCl3 for analysis. The 
analysis procedure is summarized in Fig. 2. 

2.4. Computational details 

The program package ORCA was used for density functional theory 
(DFT) calculations [16]. Geometry optimization employed the hybrid 
meta-generalized gradient approximation M06-2X functional [17]. The 
def2-TZVP basis set was used for all atoms [18,19]. Auxiliary basis sets 
used to expand the electron density in the calculations were chosen to 
match the orbital basis. The RIJCOSX algorithm was used to speed the 
calculation of Hartree–Fock exchange [20,21]. Solvation was incorpo-
rated using the Conductor-like Polarizable Continuum Model (C-PCM) 
with infinite continuum [22]. The self-consistent field calculations were 
tightly converged (1 × 10− 8 Eh in energy, 1 × 10− 7 Eh in the charge 
density, and 1 × 10− 7 in the maximum element of the DIIS [23,24] error 
vector). The geometry was converged with the following convergence 
criteria: change in energy < 10− 5 Eh, average force < 5 × 10− 4 Eh 
Bohr− 1, and the maximum force 10− 4 Eh Bohr− 1. The geometry search 
for all complexes was carried out in redundant internal coordinates 
without imposing geometry constraints. Molecular orbitals and charge 
density maps were visualized via the program Molekel [25]. 

2.5. Physical characterisation 

X-ray diffraction (XRD) analysis was performed using a Rigaku Mini 
Flex instrument with CuKα radiation. The scanning diffraction angle 2θ 
range was from 5◦ to 80◦ at a speed of 5◦ per minute. The morphology of 
the nickel mesh electrodes was analyzed using a Zeiss Sigma variable- 
pressure field-emission scanning electron microscope (FESEM) in the 
Geoanalytical Electron Microscopy and Spectroscopy (GEMS) facility at 
the School of Geographical and Earth Sciences, University of Glasgow. 
The untreated and treated Ni samples were placed on sample holders 
and a gold layer was applied for SEM imaging, while a carbon coating 
was utilized for EDX analysis to enhance electrical conductivity. 

3. Results and discussion 

Table 2 shows conversions, isolated yields and Faradaic efficiencies 
for the production of various carboxylic acids from their parent alkenes 
under the conditions given in the experimental section, with the corre-
sponding NMR, mass spectrometry and infrared spectroscopy data for all 
resulting products given in the Supporting Information (Figs. S1–S28 
and Table S1). Example chronopotentiometry data for these reductions 
is shown in the Supporting Information as Figs. S29–S35, and details on 
how the yields, conversions and Faradaic efficiencies were calculated is 
given in Section 7 of the Supporting Information. In all cases, substrate 
conversion is good-to-excellent, indicating that the alkene starting ma-
terials are largely consumed during the reaction. Analysis of the Ni mesh 
working electrodes before and after reaction by X-ray diffraction and 
SEM/EDX (see Figs. S36 and S37) indicates that the cathode becomes 
somewhat rougher during reaction but that its composition remains 
essentially unchanged during the electro-reduction process (remaining 
as nickel metal). 

However, in comparison to previous studies on electro-reduction of 
alkenes in the presence of carbon dioxide, the yields of mono-carboxylic 
acids are significantly higher and the yields of the di-carboxylic acids are 
correspondingly lower. For example, Senboku et al. (Table 1, entry 4) 
obtained yields of the dicarboxylic acids of between 65 and 91 % when 
operating at 263 K on a Pt cathode, with mono-carboxylic acids 
observed only in small amounts. Meanwhile, Yuan et al. (Table 1, entry 
5) found that dicarboxylic acids predominantly formed on Ni working 
electrodes [14], but these authors used considerably higher pressures of 
CO2 than we employed (4 MPa vs. 1 MPa). In our study, this trend for 

dicarboxylated products is reversed. Campbell and Young have shown 
that Ni cathodes (such as were used here) are capable of hydrogenating 
activated double bonds to a much greater extent than cadmium, lead, 
amalgamated lead, copper or platinum cathodes [26]. This might 
explain the greater propensity towards the production of mono- 
carboxylic acids (where hydrogen has been added in preference to a 
second carbon dioxide molecule) compared to analogous studies on Pt 
cathodes [13]. 

In terms of the mono-carboxylic acids that are produced, it is striking 
that when non-symmetrical alkene substrates are employed, the mono-
carboxylic acids that are observed are all the anti-Markovnikov products 
(i.e. the carbon dioxide is found to add to the lesser-substituted of the 
two possible carbons from the alkene). The alternative arrangement 
(where CO2 has added only to the more substituted carbon) is never 
observed. Fig. 3 illustrates the three possible products that can be 
formed when carbon dioxide adds to a non-symmetrical substrate such 
as styrene. If carbon dioxide adds at both positions of the double bond, 
then phenylsuccinic acid results. Conversely, if only mono-substitution 
occurs, then there are two possibilities for the products: 3-phenylpro-
pionic acid (where the carbon dioxide adds to the terminal (β) posi-
tion of the double bond, on the least substituted carbon) or 2- 
phenylpropionic acid (where the carbon dioxide adds to the more 
substituted (α) carbon). 

To investigate this apparent regioselectivity further, density function 
theory (DFT) calculations were performed on all the alkene substrates in 
Table 2, in order to examine this preference for carbon dioxide to add at 
the less-substituted β-position relative to the aromatic ring (see 
Tables S2–S17 and Figs. S38–S51 in the Supporting Information). These 
data show the position of the charge density when the alkene substrates 
in Table 2 are reduced by one electron to give the radical anions (see 
Fig. 4 for possible mechanisms). In all cases, the reactive unpaired 
electron on the radical anions is found at the β-carbon position. This 
appears to be a consequence of the aromatic ring syphoning electron 
density off the α-carbon through conjugation, leaving the more distant 
β-carbon with the larger electron density. The upshot is that carboxylate 
substitution at the β-carbon is preferred to substitution at the α-position 
for all the substrates that were examined (see Supporting Information, 
Table S18). 

Previous studies on the electro-reductive addition of CO2 to alkenes 
have proposed that both pathways shown in Fig. 4 are possible, on ac-
count of the CO2 and alkene reduction potentials being close to one 
another. Figs. S52–S58 (Supporting Information) show that under the 
conditions used in this study, direct reduction of carbon dioxide at the 
electrode surface does indeed occur at approximately the same position 
as alkene reduction, implying that both pathways could operate in our 
case, at least in theory. However, to the best of our knowledge, direct 
evidence for either pathway has yet to be observed during the electro- 
reductive addition of CO2 to alkenes. 

The cyclic voltammograms of trans-stilbene and cis-stilbene in the 
presence and absence of CO2 are instructive in this regard (Fig. 5 and 
Fig. S58 respectively). Fig. 5 (black line) shows the cyclic voltammo-
gram of electrolyte saturated with CO2, while the red line shows the 
cyclic voltammogram of electrolyte with 3.5 mmol trans-stilbene under 
argon. In the latter case, a quasi-reversible redox wave centered at 
around − 2.3 V vs. SCE is evident for the trans-stilbene. The blue line 
then shows the effect of having both CO2 and trans-stilbene present: the 
cyclic voltammogram very much resembles that of trans-stilbene in 
argon, but it now takes on features of a catalytic wave, with enhanced 
reductive current and a complete absence of any return oxidation wave 
for the redox event centered at − 2.3 V vs. SCE. This implies that the 
reduced trans-stilbene is reacting with dissolved CO2 chemically before 
it can be re-oxidized electrochemically at the electrode. This in turn 
suggests that a mechanism whereby the alkene is initially reduced at the 
electrode surface (with this then going on to react with carbon dioxide) 
is operating (Pathway 2 in Fig. 4). Whilst these data do not exclude the 
possibility that Pathway 1 is operating simultaneously, they do at least 
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Table 2 
Conversions, isolated yields, and Faradaic efficiencies for the production of various carboxylic acids.  

Entry Substrate Substrate conversion (%) Product Isolated yield (%) Faradic efficiency (%) 

1 80 53 36 

13 8 

2 72 68 46 

3 79 69 46 

4 78 68 46 

5 75 50 33 

6 74 47 31 

10 7 

7 84 44 30 

(continued on next page) 
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Table 2 (continued ) 

Entry Substrate Substrate conversion (%) Product Isolated yield (%) Faradic efficiency (%) 

18 12  

Fig. 3. The three possible structures that are possible after carboxylation of styrene.  

Fig. 4. The two suggested pathways for the electrochemically-driven addition of CO2 to alkene substrates: initial CO2 reduction at the electrode, followed by addition 
(Pathway 1) and initial reduction of the alkene at the electrode, followed by reaction with CO2 (Pathway 2). Arrows in black show the proposed route to the di- 
carboxylic acids; arrows in blue show the proposed route to the mono-carboxylic acids. 
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provide evidence for the occurrence of Pathway 2, demonstrating 
directly for the first time that the “alkene first” route is a contributor in 
the electro-reductive addition of CO2 to alkenes. 

These results allow a possible mechanism for the production of the 
mono-carboxylated species to be proposed and rationalized (see also 
Fig. 4). Firstly, the data in Fig. 5 show that initial reduction of the alkene 
occurs at the electrode surface to yield the radical anion (4). This radical 
anion then reacts with dissolved CO2 to give the mono-carboxylated 
radical species (1). Species (1) can also possibly form via initial reduc-
tion of CO2 at the electrode to give the radical anion, followed by 
addition of this to the neutral alkene substrate (the data do not rule this 
pathway out, they only show that the pathway via radical anion (4) is 
definitely operating). In any case, DFT studies suggest that this first 
carboxylation occurs at the position β to the phenyl ring for those sub-
strates where the α and β labels have meaning. This would then leave a 
radical located at the α carbon of (1), which could either react with a 
further electron and carbon dioxide molecule (giving the dicarboxylate, 
(2)) or with putative H* on the surface of the Ni electrode (giving 
monocarboxylate (5)). By analogy with the work of Campbell and Young 
on electrochemical hydrogenation of double bonds at Ni electrodes [26], 
we postulate that H atoms adsorbed on the electrode surface add to 
species (1) in competition with the addition of a second molecule of CO2, 
producing anion (5) in one step from species (1) (blue arrows in Fig. 4). 
Protonation of species 2 and 5 during work-up then lead to the car-
boxylic acid products (3) and (6) respectively. 

4. Conclusions 

Herein, we have studied the electro-carboxylation of a range of al-
kenes under 1 atm of CO2 at 20 ◦C in DMF solution at a Ni working 
electrode. Our results present a departure from the prevailing literature 
in that most previous reports find that the di-carboxylic acids are by far 
the dominant reaction products, whereas our data show that the mono- 
carboxylates are formed preferentially in most cases. Through analysis 
of the energetics of the reaction by DFT, and by analysis of cyclic vol-
tammograms of the substrates in the presence and absence of CO2, we 
show that the addition of the first carbon dioxide molecule to the alkene 
occurs at the site β to the phenyl ring when this is available, and that a 
mechanism where the alkene is first reduced at the electrode and then 
reacts with CO2 is operating (although the simultaneous operation of a 
competing pathway whereby the CO2 is reduced first and then this reacts 

with the neutral alkene cannot be excluded). Both mono- and di- 
carboxylic acids can then be produced, but with a preference for the 
mono-carboxylates in this work, a feature that comparison with the 
literature suggests is due to the choice of Ni as the working electrode, 
which is an effective material for electrochemical hydrogenations. 
Overall, these results offer the prospect that this system could be further 
developed to allow valuable mono-carboxylate products to be produced 
by the electro-carboxylation of the corresponding alkene precursors 
with high regio-selectivity. 
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