
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
de

 m
ar

ç 
20

24
. D

ow
nl

oa
de

d 
on

 1
4/

2/
20

26
 0

:0
0:

44
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Visible-light-driv
aFrontiers Science Center for Transformati

Chemical Engineering, Zhang Jiang Instit

Tong University, Shanghai 200240, China. E
bFujian Institute of Research on the Structur

(CAS), 155 West Yang-Qiao Road, Fuzhou, F

† Electronic supplementary information (
and data for new compounds. See DOI: h

Cite this: Chem. Sci., 2024, 15, 6178

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 23rd August 2023
Accepted 18th March 2024

DOI: 10.1039/d3sc04431a

rsc.li/chemical-science

6178 | Chem. Sci., 2024, 15, 6178–618
en alkene dicarboxylation with
formate and CO2 under mild conditions†

Fulin Zhang,a Xiao-Yang Wu,a Pan-Pan Gao,a Hao Zhang,a Zhu Li,a Shangde Aia

and Gang Li *ab

Low-cost formate salt was used as the reductant and part of the carboxyl source in a visible-light-driven

dicarboxylation of diverse alkenes, including simple styrenes. The highly competing hydrocarboxylation

side reaction was successfully overridden. Good yields of products were obtained under mild reaction

conditions at ambient temperature and pressure of CO2. The dual role of formate salt may stimulate the

discovery of a range of new transformations under mild and friendly conditions.
Introduction

Over the past decade, great progress has been made in the
catalytic utilization of carbon dioxide (CO2) using visible light.1

However, many of these transformations require the use of
stoichiometric reductant. Recently, we developed an arylcar-
boxylation of alkenes with CO2 using formate salt as a low-cost
terminal reductant and also as part of the CO2 source.2 In this
study, it was rst realized that the CO2 radical anion (CO2c

−) (E1/
2(CO2/CO2c

−) = −2.2 V vs. SCE),3 readily available from the
formate via hydrogen atom transfer (HAT), could be used as
a potent reductive intermediate for direct reduction of
substrates in visible-light-induced organic synthesis, avoiding
the need to generate a highly reductive photocatalyst (PC). This
discovery has been employed in a series of photocatalytic
reactions involving challenging reduction of substrates
recently.4–6 Moreover, in the control experiments of this work,
we also discovered dicarboxylation and hydrocarboxylation of
alkene 1a in the absence of an aryl halide (Scheme 1a).2 Aer-
wards, the groups of Jui,4a Wickens,7 Li,8 and Mita9 also proved
that CO2c

− generated from formate could act as a source of
carboxyl via Giese-type radical addition to alkenes and (hetero)
aromatics to deliver hydrocarboxylation reactions.10,11 Since
formate could potentially be produced from CO2, e.g. via
hydrogenation, photoreduction and electroreduction,12 the use
of formate for the dicarboxylation of alkenes to produce diacids
can be considered as an attractive indirect method for CO2

xation (Scheme 1b).13
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Diacids such as succinic acid derivatives are important core
structures of many bioactive molecules and useful monomers
for polymers.14 The production of diacids using CO2 as the
carboxyl source is a sustainable strategy, but only limited
methods have been developed to date.15 Traditionally, electro-
chemical dicarboxylation of alkenes with CO2 has been inves-
tigated, but these processes generally require a sacricial
anode.15,16 In addition, Martin and co-workers reported a Ni-
catalyzed site-selective dicarboxylation of 1,3-dienes with CO2,
which used stoichiometric Mn as the reductant.17 In 2021, the
group of Yu reported an elegant dicarboxylation of alkenes with
CO2 via a sequential single electron transfer (SSET) process, in
which the reduction of the alkene substrate to a radical anion
intermediate was the key step.18 Recently, the same group
Scheme 1 The development of dicarboxylation of alkenes with
formate and CO2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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disclosed a remote dicarboxylation of alkene and benzylic
C(sp3)–H bond via an intramolecular HAT.19 However, amine
terminal reductants were necessary for these two trans-
formations. Given the challenge of direct CO2 reduction3,15,20

and the low cost of the formate salt that possessed a dual role in
our preliminary results of dicarboxylation (Scheme 1a and b),2

we envisioned using the formate for alkene dicarboxylation to
obtain diacids in a redox-economical and practical manner.21

Herein, we report a visible-light-induced dicarboxylation of
diverse alkenes with CO2 using formate as a low-cost reductant
and part of the carboxyl source. Notably, simple styrenes were
well tolerated, and the reaction could be performed under mild
conditions at ambient temperature and pressure of CO2.
Importantly, the highly competing hydrocarboxylation side
reaction was successfully overridden.
Results and discussion

Our investigation began with using 1,1-diphenylethylene (1a) as
the model substrate, which was treated with 30 W blue LED
irradiation in the presence of a PC and an atmospheric pressure
of CO2 (Table 1). Aer extensive investigation of the reaction
conditions, the desired dicarboxylation product 2a was
Table 1 Optimization of reaction conditionsa

Entry
Deviations from
standard conditions

2a
yield [%]

2aH
yield [%]

1 None 91%b —
2 In the dark — —
3 w/o 3DPAFIPN — —
4 w/o HCOOK — —
5 w/o DABCO 32% 28%
6 w/o CO2 (N2 atmosphere) — 76%
7 w/o K3PO4 40% 12%
8 w/o Cs2CO3; K3PO4 (3 equiv.) 44% 50%
9 w/o Cs2CO3 and K3PO4 11% 66%
10 HCOONa instead of HCOOK 70% —
11 Quinuclidine instead of DABCO 40% —
12 4DPAIPN instead of 3DPAFIPN 65% —
13 4CzIPN instead of 3DPAFIPN 39% —
14c [Ir(ppy)2(dtbbpy)]PF6 7% —
15 3DPAFIPN (2.0 mol%) 70% —
16 3DPAFIPN (4.0 mol%) 86% —
17 THF instead of DMSO 16% —
18 DMA instead of DMSO 17% —

a Reaction conditions: 1a (0.2 mmol), 3DPAFIPN (6.2 mol%), DABCO
(0.06 mmol), Cs2CO3 (0.6 mmol), K3PO4 (0.4 mmol), HCOOK (0.6
mmol) in DMSO (2 mL), 1 atm CO2, 30 W blue LEDs, rt (25–33 °C),
24 h; then treated with 2 mL of HCl (2 N). Yield was determined by
1H NMR with CH2Br2 as the internal standard. b Isolated yield was
88%. c [Ir(ppy)2(dtbbpy)]PF6 (5 mol%). 3DPAFIPN = 2,4,6-
tris(diphenylamino)-5-uoroisophthalonitrile; DABCO =
triethylenediamine.

© 2024 The Author(s). Published by the Royal Society of Chemistry
generated in an 88% isolated yield using 3DPAFIPN as the PC in
the presence of the HAT catalyst DABCO with HCOOK as the
terminal reductant and Cs2CO3 and K3PO4 as the cooperative
bases in DMSO at ambient temperature (entry 1).22 No product
was found in the absence of either visible light or the PC,
indicating the reaction was a photocatalytic reaction (entries 2
and 3). Importantly, HCOOK was essential for the reaction
(entry 4). Surprisingly, in the absence of DABCO, a modest yield
of the desired product 2a was obtained along with some
hydrocarboxylation side-product 2aH, suggesting that more
than one HAT process might be involved in this reaction (entry
5). Interestingly, only the hydrocarboxylation product was ob-
tained under a nitrogen atmosphere without adding CO2 (entry
6), suggesting that HCOOK was also one of the carboxyl sources.
Moreover, the addition of suitable bases was important to
achieve a high yield of the desired product (entries 7–9, also see
ESI† for screening of other bases) and avoid the generation of
hydrocarboxylation side-product 2aH as well (entry 9), possibly
by inhibiting direct protonation of the benzylic anion of the
reaction intermediate. Other formates such as HCOONa were
also used, but they were less effective than HCOOK (entry 10).
Other HAT catalysts such as quinuclidine were also evaluated,
but they were inferior to DABCO (entry 11).23 Other PCs such as
4DPAIPN, 4CzIPN and [Ir(ppy)2(dtbbpy)]PF6 were also tested,
but worse results were obtained (entries 12–14, also see ESI† for
more PC structures). The exact reason for the disparity in pho-
tocatalyst performance is not clear at present. One possible
reason for this might be that 3DPAFIPN has a strong reduction
potential (Ered(PC*/PCc

−) = −1.59 V vs. SCE in MeCN for
3DPAFIPN) to facilitate the reduction of the benzylic radical of
the reaction intermediate.24 In addition, lower yields were
delivered while reducing the loading of 3DPAFIPN (entries 15
and 16). Finally, DMSO was the best solvent of all those used
such as THF and DMA (entries 17 and 18).

With the optimized reaction conditions in hand, we rst
examined this protocol with a variety of 1,1-disubstituted
ethylenes (Table 2). Good to excellent yields of desired dicar-
boxylation products were obtained with model substrate 1a and
mono- or di-substituted 1,1-diarylethylenes bearing a list of
functional groups at ortho-, meta- or para-positions of the
phenyl groups (2a–2k). Notably, a 6 mmol scale reaction with 1a
also provided 85% yield of desired product. It is worth
mentioning that it is generally recommended to set up the
reaction by weighing the chemical in a glovebox to reduce the
possible hydrocarboxylation side product, but setting-up the
reaction outside the glovebox could also deliver similar results
(89% yield with 1a) if the reactants were kept anhydrous (see
ESI†). Both electron-donating methyl (2b, 2d, 2f, and 2g) and
methoxy (2h, 2i, and 2k) substituents and electron-withdrawing
uoro (2c and 2j) and triuoromethyl (2e) ones were tolerated.
Moreover, heteroaryl containing substrates were also compat-
ible with this method, though lower yields were obtained (2l–
2n). Other di-substituted ethylenes (2o, 2p, and 2q) and even
a tri-substituted one (2r) were also viable to deliver acceptable
yields of products. Note that the reaction with a diene substrate
(1s) would give both 3,4-dicarboxylation and 1,4-dicarboxylation
products. In addition, good results were obtained with
Chem. Sci., 2024, 15, 6178–6183 | 6179
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Table 2 Scope of 1,1-disubstituted ethylenes and acrylatesa

a Reaction conditions: 1 (0.2 mmol), 3DPAFIPN (6.2 mol%), DABCO (0.06 mmol), Cs2CO3 (0.6 mmol), K3PO4 (0.4 mmol), HCOOK (0.6 mmol) in
DMSO (2 mL), 1 atm CO2, 30 W blue LEDs, rt (25–33 °C), 24 h; then treated with 2 mL of HCl (2 N). Isolated yields. b Yield of 6 mmol scale
reaction (52 h). c The product was methylated with SOCl2/MeOH before isolation. d Major product 3,4-dicarboxylation product (2sa, 37%)
displayed; minor product: 1,4-dicarboxylation product (2sb, 17%).
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View Article Online
methacrylates (2t and 2u), although only a modest yield was
obtained with a 2-benzylacrylate (2v). Of note, only the hydro-
carboxylation product was isolated with an acrylamide substrate
such as 2-benzyl-N-methyl-N-phenylacrylamide.

We then moved on to investigate the scope of the more
challenging simple styrenes, leading to generally good yields
with a variety of substituted styrenes regardless of the electronic
properties and the position of the substituent on the aromatic
Table 3 Scope of simple styrenesa

a Reaction conditions: 3 (0.2 mmol), 3DPAFIPN (6.2 mol%), DABCO (0.06
DMSO (2 mL), 1 atm CO2, 30 W blue LEDs, rt (25–33 °C), 24 h; then treat
45 °C. c Desired product displayed; de-chlorination product (18% for 4d
e The product was methylated with SOCl2/MeOH before isolation.

6180 | Chem. Sci., 2024, 15, 6178–6183
ring. It should be noted that in Zhu's work, only a very narrow
scope of simple styrenes were tolerated with low yields.22 As
shown in Table 3, the un-substituted styrene 3a and the ortho-
substituted styrenes with electron-donating methyl (3b) and
methoxyl (3c) groups proceeded smoothly and gave good yields
of the desired products. Notably, the yield of 4c could be
increased to 94% by slightly elevating the reaction temperature
to 40–45 °C. Moderate yield was obtained with substrate 3d
mmol), Cs2CO3 (0.6 mmol), K3PO4 (0.4 mmol), HCOOK (0.6 mmol) in
ed with 2 mL of HCl (2 N). Isolated yields. b Reaction temperature: 40–
, 16% for 4f) not shown. d About 6% hydrocarboxylation side product.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
bearing an ortho-chloro group, since some de-chlorination
occurred. In addition, both electron donating (4e) and with-
drawing (4f and 4g) groups were well tolerated at the meta-
position. Good results were also obtained with substrates con-
taining several representative substituents at the para-position
of the phenyl ring (4h–4l). Finally, heteroaryl containing
substrates were also tested, but the yields were much lower (4m
and 4n). It is noteworthy that the hydrocarboxylation side
product was not detected or only in trace amounts, and only
substrate 3g led to 6% of the hydrocarboxylation side product.

To obtain insights into the reaction mechanism, several
control experiments were then carried out (Scheme 2). Ring-
opening product 6 was afforded in the radical clock experiment,
indicating a benzyl radical might be generated aer CO2c

− addi-
tion to the alkene (Scheme 2a). When the reaction was run in the
presence of D2O, hydrocarboxylation product 2aH-DH was
produced instead of dicarboxylation with traces of reduction
product 2aHH, indicating the formation of a benzylic anion
intermediate and that the formation of anions at the alkene
terminal position was trivial (Scheme 2b(i)). Similar results were
obtained when the reaction was carried out without the addition
of CO2 gas (Scheme 2b(i)). The low deuteration ratio at the
benzylic position in these two reactions (49% and 32%,
Scheme 2 Mechanistic study experiments and product application.

© 2024 The Author(s). Published by the Royal Society of Chemistry
respectively) might suggest that a HAT process between the
benzylic radical and formate was also involved except the
protonation of the benzylic anion under current reaction condi-
tions. In addition, four possible dicarboxylation products were
obtained when using 13C-labelled formate (i.e. commercially
available H13COONa),25 suggesting that formate was also part of
the carboxyl source (Scheme 2c). Moreover, no carboxylation
products were detected when the reaction was performed using
a stoichiometric amount of DABCO without formate, indicating
that the reduced 3DPAFIPN could not reduce the substrate 1a or
CO2 to initiate the reaction (Scheme 2d). Furthermore, the Stern–
Volmer quenching experiments showed that the activated catalyst
(PC*) was mainly quenched by DABCO, but it could also be
slightly quenched by HCOOK (see ESI†). Finally, a one-step
procedure was developed for the synthesis of nervous system
drug phensuximide (Scheme 2e) to demonstrate the application of
the dicarboxylation product.

Based on the above mechanistic studies, a possible catalytic
cycle was proposed (Scheme 3). Upon blue light irradiation, the
excited PC* (I) is generated and then quenched byDABCO to form
PCc− (II) (E1/2(PC*/PCc

−) = +1.09 V vs. SCE in MeCN)24 and the
radical cation of DABCO (III). A HAT between radical III and
HCO2

− produces CO2c
− and cation IV. Alternatively, CO2c

− can be
partially generated by a HAT process between HCO2

− and HCO$
2

that is produced by reducing PC* with HCO2
−

ðEoxðHCO$
2=HCO2

�Þ ¼ þ1:25 V vs: SCEÞ,4b considering the
results of Stern–Volmer quenching experiments with formate (see
Fig. S5† of SI) and the fact that some product could be obtained
without DABCO (see entry 5 in Table 1). Subsequently, CO2c

−may
reduce the substrate (Eo =−2.25 V vs. SCE for 1a)26 to give radical
anion V, considering that product 2a was the major product in
the 13C-labelling experiment of Scheme 2c. However, the direct
addition of CO2c

− to the double bond of 1a to afford intermediate
VI is more likely based on the results in Scheme 2b. In this
scenario, a potential facile electron transfer/equilibration
between 13CO2c

− and the excess CO2 gas may account for the
observation of 2a as the main product in Scheme 2c.27 Moreover,
since the reduction of simple styrenes (E1/2 = −2.58 V vs. SCE in
Scheme 3 Proposed catalytic cycle.

Chem. Sci., 2024, 15, 6178–6183 | 6181
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DMF for 3a)28 is more demanding than 1a, direct CO2c
− addition

is possibly the predominant pathway for substrates in Table 3.
The radical intermediate VI was then reduced by PCc− (II) to give
the anion VII, which undergoes nucleophilic attack of CO2 to
afford the nal product 2a aer acidication of the salt inter-
mediate VIII.

Conclusions

In conclusion, we have developed a visible-light-driven alkene
dicarboxylation using formate and CO2, overriding the highly
competing hydrocarboxylation side reaction successfully. Good
yields of products were obtained with diverse alkenes including
simple styrenes under mild reaction conditions at ambient
temperature. The dual role of the low-cost formate as a reduc-
tant and the C1 source may open up the discovery of a range of
new transformations including indirect utilization of CO2 under
mild and friendly conditions.
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