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Photocatalytic coupling of electron-deficient
alkenes using oxalic acid as a traceless linchpin

Zugen Wu,1 Mingyue Wu,1 Kun Zhu,1,2 Jie Wu,1,3,* and Yixin Lu1,2,4,*
THE BIGGER PICTURE

C–C bond formation between

alkenes utilizes simple alkene

building blocks to construct

complex carbon skeletons and is

one of the most powerful

strategies in synthetic organic

chemistry. Previous terminal-to-

terminal reductive cross-coupling

methods usually relied on the

single-electron reduction of one

coupling partner. However,

application of this strategy to

acrylamide substrates, which

possess a highly negative

reductive potential, is difficult. We

utilized oxalic acid as a ‘‘traceless

linchpin’’ to achieve cross-

coupling of two electron-deficient

alkene components in a head-to-

head fashion. The CO2 radical

anion, which is difficult to

generate from CO2 due to its high

reductive potential, can be easily

accessed from oxalic acid through

mild photoredox catalysis.

Considering the rich chemistry of

carboxylic acid intermediates, we

believe that oxalic acid can serve

as a traceless linchpin in

transformations beyond alkene

couplings.
SUMMARY

Reductive alkene cross-coupling represents a straightforward strat-
egy for the construction of C–C bonds from readily available alkene
feedstocks. A one-pot protocol, utilizing oxalic acid as a traceless
linchpin, has been developed to achieve direct cross-coupling of
electron-deficient alkenes. The overall process is a two-step trans-
formation involving hydrocarboxylation followed by decarboxyla-
tive cross-coupling. A dual-photocatalyst system is crucial for suc-
cess and promotes the two reaction steps synergistically. This
reaction supports the efficient synthesis of bioactive molecules.
Photoredox catalysis provides an easy and mild pathway for the
generation of a CO2 radical anion from oxalic acid, which paves
the way for the broad utilization of this reactive intermediate in
the synthesis of fine chemicals.

INTRODUCTION

Formation of C–C bonds is fundamentally important in organic chemistry, and

consequently, the development of new strategies for the construction of C–C bonds

is always an area of intensive research. Alkenes are the most readily available, abun-

dant feedstocks available to the chemical industry, and numerous remarkably

powerful synthetic strategies in organic chemistry make use of alkene substrates.

The electrodimerization of acrylonitrile to adiponitrile, a precursor of nylon 6,6, is

the largest industrial organic electrosynthetic process, accounting for around 30%

of the annual global production of adiponitrile.1 Olefin metathesis reactions ex-

change alkylidene moieties between alkenes and form new C–C double bonds.2,3

When terminal alkenes are employed in metathesis, internal alkenes and ethylene

are formed. Alkene cross-coupling reactions are another group of useful transforma-

tions that connect two different alkene reaction partners as shown in Figure 1A. Typi-

cally, the redox-neutral alkene cross-coupling is known as hydroalkenylation.4 When

ethylene is used as a reaction partner, hydrovinylation was realized with excellent re-

gioselectivities and enantioselectivities under transition metal catalysis.5,6 Acrylates

are often used as a reaction partner in the transition-metal-catalyzed oxidative cross-

coupling reactions of alkenes, which form 1,3-diene products, and good E/Z selec-

tivity has been achieved in certain cases.7–12 In the reductive cross-coupling of al-

kenes (Figure 1B), unsaturated olefin sites in the substrates are linked together to

form fully saturated carbon skeletons. In their elegant studies, the Baran group

accomplished functionalized alkene cross-coupling for the construction of C–C

bonds by utilizing an iron catalyst with an inexpensive silane, and the reaction

favored the formation of Markovnikov products.13,14 In a titanium(III)-catalyzed

redox umpolung strategy, Streuff achieved reductive cross-coupling of enones

with acrylonitriles.15 Very recently, Jiang and co-workers reported the enantioselec-

tive cross-coupling of a-branched vinylketones with vinylazaarenes, a reaction which

involves cooperative photoredox and chiral hydrogen-bonding catalysis.16 With the
Chem 9, 1–11, April 13, 2023 ª 2022 Elsevier Inc. 1
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Figure 1. The construction of C–C bonds from alkene substrates

(A) Strategies for the construction of new C–C bonds from alkenes.

(B) Reported reductive cross-coupling of alkenes.

(C) This work: oxalic acid as a traceless linchpin.
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ready availability and ubiquitous presence of alkenes in the chemical industry and

the importance of C–C bond formation in organic synthesis, efficient methods for

alkene cross-coupling are in high demand and hold great promise to provide new

strategies for molecular retrosynthesis. In this context, we embarked on a journey to-

ward the development of the novel and practical alkene cross-coupling strategy that

is described here.

Linchpin strategy is very useful in cross-coupling reactions, which connect two mo-

lecular scaffolds via a molecular linker.17–19 To develop a powerful synthetic strategy

that can cross-couple two different simple alkene components, we envisioned that a

suitable ‘‘traceless linchpin’’ is the key to such a process. For example, Young and

Rovis utilized CO2 as a traceless mediator for site-selective C(sp3)/C(sp2)–H aryla-

tion20,21 and a-alkylation of primary aliphatic amines,22 respectively. Recently, car-

boxylic acids have been widely exploited as radical precursors in decarboxylative
2 Chem 9, 1–11, April 13, 2023
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coupling reactions.23,24 In our search for a linker that could be used in practical

alkene cross-coupling reactions, we posited that oxalic acid may serve as an ideal

traceless linchpin (Figure 1C).

Oxalic acid, the simplest dicarboxylic acid, is not only a widely distributed metabo-

lite in nature but also an abundant and low-cost feedstock ($0.6/kg) in the industry,

and it is readily produced from carbohydrates, olefins, carbon monoxide, or

biomass.25 The decarboxylative oxidation of oxalate generates a carbon dioxide

radical anion (CO2
,�), which may effectively stitch two alkene reaction partners

together. The carbon dioxide radical anion is a useful nucleophile and a strong

reductant, but its access from the direct reduction of CO2 requires a highly negative

potential (E1/2(CO2/CO2
,�) = �2.2 V vs. SCE),26 which hinders its utilization in syn-

thetic chemistry.27 Using the hydrogen atom abstraction from sodium formate as

leverage, the groups of Jui and Wickens achieved the formation of a carbon dioxide

radical anion and successfully utilized it in the single-electron reduction of an array of

challenging substrates.26,28,29 With a low potential (E1/2(C2O4
,�/ C2O4

2�) = 0.06 V

vs. SCE),30 the single-electron oxidation of oxalate represents an alternative strategy

for the generation of carbon dioxide radical anion under mild conditions. Although it

has been demonstrated that the electro-oxidation and photo-oxidation of oxalate

generate the carbon dioxide radical anion,30,31 its use in synthetic chemistry has

remained unexplored. For reaction development, we recognized the importance

of applicability of the cross-coupling process to challenging but useful alkene sub-

strates, such as a,b-unsaturated amides. Even though carbon dioxide radical anion

is a potent reductant, it is unable to directly reduce a,b-unsaturated amides.26 We

thus devised a cascade photoredox reductive cross-coupling of alkenes with a

two-step process. In the projected hydrocarboxylation step, the carbon dioxide

radical anion produced by the decarboxylation of oxalate adds to an alkene, deliv-

ering a hydrocarboxylated intermediate. Subsequently, decarboxylation occurs to

produce a terminal carbon-centered radical which, when added to another alkene

reaction partner, eventually leads to the formation of the cross-coupling product.

To facilitate the redox processes involved in these alkene cross-coupling reactions,

we envisioned using a dual-photocatalyst system to activate oxalate and the carbox-

ylate intermediate selectively. Herein, we report the utilization of oxalic acid as a

linchpin for the cross-coupling of electron-deficient alkene substrates. The reaction

is a photocatalytic process and forms a new C–C bond by efficiently linking two

alkene substrates.
RESULTS AND DISCUSSION

Investigation of optimal reaction conditions

To commence our study, we carefully investigated the reaction conditions of both

reaction steps. N-Phenyl acrylamide (1a) was chosen as the model substrate for

the hydrocarboxylation reaction (Figure 2A). It was found that oxalic acid effectively

promoted hydrocarboxylation in the presence of 1,1,3,3-tetramethylguanidine

(TMG) and 1,3-dicyano-2,4,5,6-tetrakis-(diphenylamino)-benzene (4DPAIPN) in

DMF at room temperature under blue-light irradiation, providing the desired hydro-

carboxylated product (2a) with a yield of 62% (entry 1). When 4DPAIPN was replaced

by a different photocatalyst, Ir(dFCF3ppy)2(dtbbpy)PF6, the yield of 2a dropped

significantly to 32% (entry 2). Using cesium oxalate as the source of the carbon diox-

ide radical anion was less efficient due to its poor solubility, even when a mixture of

DMF/water was used as the solvent, and 2a was obtained with a yield of only 33%

(entry 3). Control experiments showed that the reaction failed in the absence of

the photocatalyst or light, suggesting that it is a photocatalytic process (entries 4
Chem 9, 1–11, April 13, 2023 3



Figure 2. Optimization of reaction conditions

(A) Optimization of the hydrocarboxylation reaction.

(B) Optimization of the decarboxylative cross-coupling reaction.

(C) One-pot hydrocaboxylative and cross-coupling cascade. All reactions were conducted at 0.1 mmol scale. aRefers to 1H NMR yields of methylated 2a.
bRefers to isolated yields. Light emitting diode (LED).

ll

Please cite this article in press as: Wu et al., Photocatalytic coupling of electron-deficient alkenes using oxalic acid as a traceless linchpin, Chem
(2022), https://doi.org/10.1016/j.chempr.2022.12.013

Article
and 5). When the reaction was performed at 100�C, the chemical yield of the reaction

was improved to 76% (entry 6).

For the subsequent decarboxylative cross-coupling step, we used 2-(1-phenylvinyl)

pyridine (3a) as the coupling partner (Figure 2B). In the presence of

Ir(dFCF3ppy)2(dtbbpy)PF6 and TMG under blue-light irradiation at 100�C, the

desired cross-coupling product (4a) was isolated with a yield of 84% (entry 7). The

structure of 4a was confirmed by single-crystal X-ray analysis (CCDC: 2193902).

Decreasing the amount of 3a was detrimental to the reaction (entry 8), and

increasing the temperature to 120�C resulted in a decreased yield of 61% (entry

9). Although 4DPAIPN was the most effective photocatalyst for the hydrocarboxyla-

tion step, it was completely ineffective in the decarboxylative cross-coupling reac-

tion (entry 10). These results suggested that 4DPAIPN is unable to oxidize the hydro-

carboxylated intermediate. Similarly, control experiments confirmed that both

photocatalyst and light are essential for this decarboxylative cross-coupling reaction

(entries 11 and 12).

With the optimal conditions for both hydrocarboxylation and decarboxylative cross-

coupling reaction steps in hand, we proceeded to establish the one-pot cross-

coupling protocol (Figure 2C). Upon completion of the hydrocarboxylation reaction,

the photocatalyst (Ir(dFCF3ppy)2(dtbbpy)PF6) and the alkene (3a) were added

directly, and the resulting mixture was heated to 100�C. The decarboxylative

cross-coupling reaction proceeded smoothly, and the desired cross-coupling prod-

uct (4a) was isolated with a yield of 62%. It is worth noting that the combination of

two reaction steps in one pot turned out to be more effective, with an overall yield

higher than that obtained from the two reactions conducted separately. It is note-

worthy that in the one-pot protocol, whether the hydrocarboxylation step is carried
4 Chem 9, 1–11, April 13, 2023
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out at room temperature or heated at 100�C, the overall yield of this two-step pro-

cess remains the same, presumably because heating in the decarboxylative cross-

coupling step promotes the conversion of acrylamide 1a to acid 2a in the hydrocar-

boxylation step.

Scope of alkene coupling reactions

With the optimal conditions in hand, the generality of the cross-coupling reaction of

two different alkenes was investigated (Figure 3). The a,b-unsaturated amide (1a)

smoothly cross-coupled with a range of a,a-biarylalkenes. When 2-pyridyl was one

of these aryl moieties, the other aryl group, with a range of different para-substitu-

ents, ranging from simple halogen atoms (4b–4d) to an electron-withdrawing tri-

fluoromethyl group (4e) or electron-donating methoxy/methyl groups (4f and 4g),

was tolerated well. The substitution pattern on this aryl moiety could also be varied

(4h). In place of the 2-pyridyl moiety of alkene substrates, various substituted pyri-

dines bearing a 6-methyl (4i), 5-fluoro (4j), or 4-chloro (4k) group were all found to

be suitable, furnishing the desired coupling products in good yields. The pyridine

moiety in the alkene structure could be replaced by other N-heteroarenes, for

example, pyrazine (4l). A nitrogen-containing heterocycle in the alkene substrate

is not an absolute requirement; when an a-phenyl-substituted acrylamide was

used, the cross-coupling reaction with 1a yielded a 1,6-diamide (4m) in moderate

yield. Similarly, esters (4n) and ketones (4o) are both feasible substrates in this trans-

formation, albeit with decreased efficiencies. The cross-coupling partners bearing

no aryl substituents were also found to be suitable. When dehydroalanine was em-

ployed, an unnatural amino acid derivative (4p) was obtained in good yield. The Boc

groups could be replaced by a phthalimide moiety (4q), although the reaction

was less efficient. When electron-neutral alkenes such as diphenylethylenes were uti-

lized, the desired cross-coupling products were formed, albeit in low yields (4r–4t).

The employment of a-(trifluoromethyl)styrene delivered the gem-difluoroalkene (4u)

with an isolated yield of only 16%.

The scope of a,b-unsaturated amide coupling partners was also evaluated. A range

of N-phenyl acrylamides bearing various substituents at the para-position of the

phenyl ring (4v–4ac) were found to be suitable. Notably, the ester substrate (1ab)

was derived from benzocaine, an approved local anesthetic drug. Even though it

was shown that carbon dioxide radical anion could reduce aryl halides,26,29 sub-

strates bearing halogen atoms (4v–4x) were well tolerated in the cross-coupling re-

action. The a,b-unsaturated amides bearing an alkyl or alkynyl substituent, with

different substitution patterns, were all shown to be good reaction partners

(4ad–4af); the ChC triple bond remained intact during the reaction. Acrylamides

containing a disubstituted phenyl ring also displayed good reactivity (4ag). The re-

action scope was successfully extended to a-substituted acrylamides and N-phenyl

acrylamides with an a-methyl (4ah), ethyl (4ai), benzyl (4aj), or phenyl (4ak) group, as

all of them were found to be good coupling partners. Interestingly, this alkene

cross-coupling reaction could be elaborated further into a domino process; when

acrylamide containing an ester moiety at the a-position was utilized, a succinimide

(4al) was obtained in moderate yield. Finally, the cross-coupling reaction was also

applicable to a,b-unsaturated nitriles (4am, 4an) and esters (4ao), even though the

efficiency of such transformations was lower than that of a,b-unsaturated amide

substrates.

We further examined the feasibility of the alkene homocoupling reaction using oxalic

acid as a traceless linchpin. Different from the aforementioned acrylamides/acrylo-

nitriles/acrylates (Ep/2 around �2.1 V vs. SCE), N-acryloyl-3,5-dimethylpyrazole
Chem 9, 1–11, April 13, 2023 5



Figure 3. Reaction scopes of alkene cross-coupling

(A) Substrate scope for one-pot hydrocaboxylative and cross-coupling cascade.

(B) Scope for homocouplings. Reaction conditions are as follows: (1) for cross-couplings: acrylamides/acrylonitriles/acrylate (0.1 mmol),

a,a-disubstituted alkenes (0.3 mmol), oxalic acid (0.11 mmol), TMG (0.11 mmol), 4DPAIPN (0.002 mmol), Ir(dFCF3ppy)2(dtbbpy)PF6 (0.002 mmol), and

DMF (2 mL). The reaction was irradiated under blue LEDs in a one-pot system: the hydrocarboxylation reaction was conducted at room temperature for

12 h, followed by decarboxylative cross-coupling at 100�C for 48 h. (2) For homocouplings: acrylamides (0.1 mmol), oxalic acid (0.055 mmol), TMG

(0.055 mmol), 4DPAIPN (0.001 mmol), and DMF (1 mL). The reaction was irradiated under blue LEDs at room temperature for 12 h for isolated yields.
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(1ap) displayed a strong tendency to homocoupling, probably because the transfor-

mation was selectively initiated by a single-electron reduction from CO2
,�

(E1/2(CO2/CO2
,�) = �2.2 V vs. SCE) instead of the radical addition, in view of the
6 Chem 9, 1–11, April 13, 2023



Figure 4. Transformations of coupling products

(A) Synthesis of parasite’s chloroquine resistance transporter inhibitor 7.

(B) Formal synthesis of histamine H2 receptor agonist BU-E 43 11.
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reduction potential of 1ap (Ep/2 = �1.64 V vs. SCE). With 4DPAIPN as the photoca-

talyst, the homocoupling of acryloyl pyrazole proceeded smoothly at room temper-

ature, delivering product 4ap in moderate yield. The homocoupling reactions were

also applicable to acrylamides bearing different a-substituents, such as methyl,

benzyl, and phenyl groups (4aq–4as). Notably, indole-containing acrylamide turned

out to be a good substrate, and the corresponding homocoupling product was

smoothly formed (4at).

Synthetic utility

The aryl pyridine moieties are often found in bioactive molecules and approved

drugs such as pheniramine and chlorphenamine. To illustrate the synthetic value

of this alkene cross-coupling protocol, we elaborated the cross-coupling products

that could form biologically significant molecules (Figure 4). N-Phenylamides can

be readily converted to other amides through transamidation reactions,32,33 often

via the introduction of a bulky protective group to destabilize the amide reso-

nance. The Boc group was introduced into the coupling product (4c), forming

an N-Boc protected amide (5) with a yield of 85%. A subsequent transamidation

with dimethylamine furnished an N,N-dimethyl amide (6) with a yield of 87%.

Finally, reduction with lithium aluminum hydride delivered an amine (7), which is

a compound known to inhibit the parasite’s chloroquine resistance transporter

(PfCRT).34 Similarly, a primary amide (9) was obtained through a few straightfor-

ward reactions. Ammonium hydrogen phosphate could be utilized as a convenient

ammonia source, eliminating the use of volatile ammonia and pressure reactors.

Treatment of the amide (9) with bis(trifluoroacetoxy)iodobenzene triggered a Hof-

mann rearrangement and furnished the primary amine (10),35 the transformation of

which into the histamine H2 receptor agonist BU-E 43 (11) has been well estab-

lished in the literature.36

Proposed mechanisms

To determine the mechanisms of these reactions, we conducted the Stern-Volmer

fluorescence quenching experiments with the two photocatalysts (Figure 5A). Oxa-

late quenched the fluorescence of both photocatalysts, while the hydrocarboxylated
Chem 9, 1–11, April 13, 2023 7



Figure 5. Mechanistic studies

(A) Stern-Volmer fluorescence quenching experiments.

(B) Radical scavenger experiments for hydrocarboxylation.

(C) Radical scavenger experiments for decarboxylative cross-coupling.

(D) Radical scavenger experiments for homocoupling.

(E) Proposed mechanisms for cross-couplings.
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product (2a$TMG) quenched only the fluorescence of Ir(dFCF3ppy)2(dtbbpy)PF6.

Given that under light irradiation, Ir(dFCF3ppy)2(dtbbpy)PF6 (E1/2([Ir]*/[Ir]
�$) =

1.21 V vs. SCE)37 is more oxidative than 4DPAIPN (E1/2(4DPAIPN*/4DPAIPN�$) =

1.10 V vs. SCE),38 these experiments reveal that Ir(dFCF3ppy)2(dtbbpy)PF6 is able

to oxidize both the oxalate (E1/2(C2O4
,�/C2O4

2�) = 0.06 V vs. SCE) and the butyrate

(2a’) (Ep/2 = 1.0 V vs. SCE), but 4DPAIPN can efficiently oxidize only the oxalate and is

thus unable to catalyze the decarboxylative cross-coupling reaction. In addition, the

Ir(dFCF3ppy)2(dtbbpy)PF6 photocatalyst was less effective in the hydrocarboxylation

reaction because it led to overreaction. Therefore, the dual-photocatalyst system is

crucial for the overall transformation by promoting the desired reactions at different

stages.

The radical scavenger, 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), was em-

ployed to trap radical intermediates (Figures 5B and 5C). When one equivalent of

TEMPO was added to the reaction system, the radical intermediate generated
8 Chem 9, 1–11, April 13, 2023
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from acrylamide (1a) and carbon dioxide radical anion was successfully trapped to

form a TEMPO adduct (2a-TEMPO), indicating the radical nature of the addition re-

action. The decarboxylative cross-coupling reaction was tested in the presence of

TEMPO, and the formation of the cross-coupling product was completely sup-

pressed. A TEMPO adduct was not detected, however, probably due to its instability

at high temperatures. Additionally, the deuterium-labeling experiments for both

steps also demonstrated that the reaction follows a Giese-type addition pathway

(Figures S8 and S9).

The mechanism of homocoupling reaction was subsequently explored. Similarly,

one molar equivalent of TEMPO completely suppressed homocoupling (Figure 5D),

and the employment of deuterated oxalic acid produced deuterated diamide prod-

ucts with deuterium incorporation at the a-position of amides (Figure S10). Given

that CO2
,� (E1/2(CO2/CO2

,�) = �2.2 V vs. SCE) is capable of reducing acrylamide

1ap (Ep/2 = �1.64 V vs. SCE), while the photocatalyst (E1/2(4DPAIPN/4DPAIPN�) =
�1.52 V vs. SCE)38 is not a sufficiently powerful reducing agent, homocoupling

was likely to proceed through a radical addition pathway. Moreover, the ionic repul-

sion between two transient radical anion species derived from acrylamide also

makes the radical-radical coupling pathway unlikely.

Based on these mechanistic studies, a plausible mechanism for cross-coupling

is illustrated in Figure 5E. In the hydrocarboxylation step, oxalate is first oxidized

by light-excited 4DPAIPN, generating the carbon dioxide radical anion,

which adds to acrylamide (1a) to form an intermediate (I). A reduction and proton-

ation process furnishes the hydrocarboxylated intermediate (2a), which readily un-

dergoes the decarboxylative cross-coupling reaction. After the introduction of

Ir(dFCF3ppy)2(dtbbpy)PF6 and the coupling partner (3a), the decarboxylative

cross-coupling reaction takes place. The oxidation of carboxylate (2a’) by excited

Ir(dFCF3ppy)2(dtbbpy)PF6, followed by decarboxylation, forms the active primary

radical (II). This radical intermediate is trapped by alkene (3a), and finally, reduction

and protonation deliver the cross-coupling product (4a). A plausible mechanism for

the homocoupling was also proposed (Figure S17).
Conclusion

We have developed an efficient protocol utilizing oxalic acid as a traceless linchpin

for the convenient reductive cross-coupling of two simple alkene reaction partners.

The reaction makes use of a dual-photocatalyst system and merges two separate re-

action steps, a hydrocarboxylation reaction and a decarboxylative addition reaction,

into a one-pot process. We demonstrated the practical value of this cross-coupling

reaction by facile synthesis of biologically significant molecules. In view of the ubiq-

uitous presence of alkene functionality in organic molecules, a general traceless

cross-coupling process that involves simple alkenes as reaction partners adds a

powerful tool to the synthetic organic chemists’ arsenal. The facile and mild gener-

ation of the CO2 radical anion from oxalic acid through photoredox catalysis dis-

closed herein will pave the way to the broad utilization of this reactive intermediate

in the synthesis of fine chemicals.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Yixin Lu (chmlyx@nus.edu.sg).
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Materials availability

All materials generated in this study are available from the lead contact without

restriction.

Data and code availability

The crystal structures of the product 4a in this article have been deposited in the

Cambridge Crystallographic Data Center under the accession number CCDC:

2193902.

SUPPLEMENTAL INFORMATION
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