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ABSTRACT: We report a facile and economical synthesis of a-
fluoroacrylic acids via direct electrochemical defluorinative
carboxylation of gem-difluoroalkenes with CO,. By using a
platinum plate as the working cathode and a cheap nickel plate
as the anode in a user-friendly undivided cell under constant
current conditions, the reactions proceed smoothly under room
temperature, without the use of expensive transition metal
catalysts, ligands, external base or reductant, affording the desired
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R™ R (1 atm) "BuyNI, DMF, RT, 2.5-6.5 h RTOR
R = aryl, alkenyl, alkynyl; R" = H, aryl ZIE = 5/1 to >20/1
+ Free of external base/reductant +Free of catalyst/ligand + High atom economy

adducts in up to 83% yield and 20:1 Z/E ratio, with good functional group tolerance. A cyclic voltammetry study was conducted and

suggested a novel ECEC process.

Using CO, as an abundant and renewable C1 resource to
value-added chemicals has attracted wide attention from
the viewpoint of resource utilization and environmental
protection. Over the past decade, more than 20 chemical
transformations with CO, as a C1 resource have been realized,
among which the carboxylation of C—hetero bonds has been a
well-established method to synthesize carboxylic acids via a
C—X bond-breaking and C—C bond-forming process.”
However, C—F bond activation and transformation have
been largely undeveloped, probably due to the following
inherent difficulties.”* First, the C—F bond is the strongest
covalent single bond that carbon can form, possessing high
thermodynamic stability; second, the fluoride in C—F bond is
neither a good Lewis base nor a good leaving group, the
activation of which is kinetically unfavorable. On the other
hand, fluorinated carboxylic acids, in particular a-fluoracrylic
acids, represent an important class of structural motifs widely
existing in pharmaceuticals and bioactive compounds.’
Although a number of synthetic routes to a-fluoracrylic acids
have been reported,® the defluorinative carboxylation of gem-
difluoroalkenes with CO, represents one of the most
straightforward strategies, but only a limited number of
processes have been developed with the current state-of-the-
art represented by the photocatalysis and metal catalysis.”~”
In 2019, Feng and co-workers pioneered a dual catalytic
system involving Ir-based photocatalyst and Pd-based co-
catalyst, enabling the selective C—F bond carboxylation of gem-
difluoroalkenes with CO, efliciently to afford a wide range of
a-fluoroacrylic acids in good to excellent yields with the
utilization of 3.0 equiv of 'Pi,NEt and Cs,CO;. Of 24 examples
examined, only six gave more than a 90:10 Z/E ratio (Scheme
la).” Shortly thereafter, copper-catalyzed formal carboxylation
of fluorinated alkenes with CO, was realized by Yu® and our
group,” independently. It was demonstrated that the
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borocupration of alkene and subsequent f-F elimination gave
the alkenylboronate intermediate with a perfect Z-config-
uration, the subsequent carboxylation of which with CO,
delivered the desired a-fluoroacrylic acids with excellent Z-
selectivity. However, the use of 1.5—1.8 equiv of expensive
B,Pin, and 3.0—3.5 equiv of LiO'Bu compromised the
efficiency of this protocol because of the generation of
substantial of waste (Scheme 1b). In light of this, the
development of catalyst-, base-, and reductant-free defluor-
inative carboxylation of gem-difluoroalkenes with CO,, with
broad substrate scope under mild conditions, is still very much
in demand.

Nowadays, increasing attention has been paid to organic
synthetic electrochemistry, and electrochemical carboxylation
has become one of the most sustainable and efficient methods
for fixation of CO, into organic compounds.'” By using
electricity as a driving force, it can overcome the inherent high
thermodynamic stability of CO,, thus avoiding the utilization
of expensive reducing chemicals and enable the reaction to be
performed under mild ambient conditions.'' Along with our
continual interest in chemical fixation of CO,,"” just recently
we realized an direct electrochemical y-carboxylation of a-CF;
alkenes with CO, under constant current conditions, in which
an opposite regiocontrol was observed for the corresponding
copper-catalyzed transformation.'” Encouraged by this re-
search, we envisioned whether the electrochemical defluor-
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Scheme 1. C—F Bond Carboxylation of gem-Difluoroalkenes
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RTOR (1 atm)

"BuyNI, DMF, RT, 2.5-6.5 h R R
20 examples
R = aryl, alkenyl, alkynyl; R' = H, aryl Up to 83% yield, >20/1 ZIE

+ Free of external base/reductant + Free of catalyst/ligand + High atom economy

inative carboxylation of gem-difluoroalkenes with CO, could
constitute a direct and facile entry to a-fluoroacrylic acids.
Accordingly, it could be performed free of external expensive
transition-metal catalysts, ligands, excessive reductants, or
bases, thus possessing higher atomic economy. In addition,
the milder reaction condition should enable a better functional
group compatibility. Herein, we report our preliminary results
on this research work (Scheme 1c).

We started our research by evaluating the electrochemical
carboxylation of 2-(2,2-difluorovinyl)naphthalene (la) with
CO, as shown in Table 1. Initially, constant current electrolysis
(8 mA) of 1a with bubbling CO, in an undivided cell equipped
with a Pt plate as cathode and anode at room temperature
could give a-fluoroacrylic acid (2a’) in 24% yield with
excellent Z selectivity (entry 1). Considering that the
utilization of the nonsacrificial Pt-plate anode might result
the undesired oxidation of starting material or carbonate
product, we focused our efforts on using cheap metal as the
sacrificial anode. To our delight, when the Pt-plate was
changed to Mg-, Al, or Ni-sheet as the anode material, the
reaction yield increased gradually to 48%, 32%, and 60%,
respectively (entries 2—4). Then the influence of cathode
materials on the transformation was studied with an Ni-sheet
as anode. Graphite rod and RVC were noneffective for this
carboxylation, and glassy carbon gave an inferior result
compared to that of the Pt-plate (entries S—7 vs 4).
Considering that the oxidized nickel might plate out into the
cathode, the utilization of a Ni-plate as cathode was also
attempted, with only 35% yield received (entry 8). Fortunately,
when the reaction time was reduced to 4.5 h, with a total
charge of 6.7 Faraday/mol, 75% NMR yield could be achieved,
with the methyl esterification product 2a obtained in 71%

Table 1. Optimization of Reaction Conditions.”

(+) Anode i (-) Cathode

undivided cell, | = Z mA

+ co,

Electrolyte, Solvent, RT, Time

COy™

a (0.2 mmol) (1 atm) Then 2 M HCI workup ' (ZIE >15/1)
entry anode cathode electrolyte solvent Z (mA) time (h) yieldb (%)

1 Pt Pt "Bu,NI DMF 8 S.5 24

2 Mg Pt "Bu,NI DMEF 8 5.5 48

3 Al Pt "Bu,NI DMEF 8 S.S 32

4 Ni Pt "Bu,NI DMF 8 S.5 60

N Ni C "Bu,NI DMF 8 S.S trace
6 Ni RVC "Bu,NI DMF 8 5.5 trace
7 Ni GC "Bu,NI DMEF 8 S.5 53

8 Ni Ni "Bu,NI DMF 8 5.5 35

9 Ni Pt "Bu,NI DMF 8 45 75 (71)°
10 Ni Pt "Bu,NI DMF 8 3.5 58
11 Ni Pt "Bu,NBr DMF 8 4.5 34
12 Ni Pt "Bu,NBE, DMEF 8 4.5 34
13 Ni Pt "Bu,NCIO, DMF 8 45 13
14 Ni Pt Et,NI DMF 8 4.5 27
15 Ni Pt "Bu,NI DMEF 6 4.5 60
16 Ni Pt "Bu,NI DMF 10 4.5 39
17 Ni Pt "Bu,NI DMA 8 4.5 59
18 Ni Pt "Bu,NI NMP 8 4.5 39
19 Ni Pt "Bu,NI CH,CN 8 45 43

“Reaction conditions: electrolyte (0.07 M), solvent (7 mL), undivided cell, rt. *Determined by F NMR with p-MeOC¢H,CF; as internal
standard. “Isolated yield of methyl esterification product 2a. GC (glassy carbon).
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isolated yield (entry 9). The choice of supporting electrolyte
also has a crucial influence on the reaction. When the
electrolyte was changed from "Bu,NI to "Bu,NBr, "Bu,NBF,,
"Bu,NClO,, or Et,NI, the reaction yield decreased in different
degrees (entries 11—14). Reducing the current to 6 mA gave a
lower 60% yield due to incomplete reaction, but increasing the
current to 10 mA led to a dramatic decrease of the reaction
yield (entries 15 and 16). The solvent effect was also evaluated,
but no better results than that of DMF were obtained (entries
17-19).

Based on the outcome of the condition screening, we
decided to evaluate the substrate scope by performing the
reaction in DMF containing "Bu,NI using constant current of
8 mA in an undivided cell with CO, bubbling and a Ni-sheet as
anode and a Pt-plate as cathode at room temperature. To
facilitate product isolation and analysis, the original carboxylic
acid was converted to the corresponding methyl ester.

At first, the performance of alkenes containing fused
aromatics was evaluated (Scheme 2). The reaction of 1-

Scheme 2. Electrocarboxylation of gem-Difluoroalkenes”

FLF (+) Ni i Pt(-) 1)2MHCl E COQMQ
| undivided cell, | = 8.0 mA 2) TMSCHN,
+ co,
"BugNI (0.07 M), DMF, rt Et,0/MeOH, 0 °C

1 (0.2 mmol) (1.0 atm)
\
/

: CO,Me O F. CO,Me
2¢, 5.5 h, 60% yield 2d, 5.0 h, 45% yield

2a,4.5h, 71% yield 2b, 4.5 h, 74% yield
ZIE=1711 ZIE > 20/1 ZIE > 20/1 ElZ=211

coMe F.__CO;Me co2Me F COMe
MeO,C Fs c

2e, 5.5 h, 53% yield 2f, 4.0 h, 76% yield 2g, 2.5 h, 60% yield 2h 5.0 h, 70% yield
ZIE =151 ZIE > 2011 ZIE=5/1 ZIE > 2011

i COMe F.__CO,Me F.__CO,Me F._CO,Me
/©j NC. Me020\©j F30\©j/
MeO,S

2i, 3.5 h, 53% yield 2j, 4.5 h, 83% yield 2k, 4.5 h, 62% yield 21, 3.5 h, 52% yield
ZIE > 20/1 ZIE=18/1 ZIE=51 ZIE=171

F. 0,M
co,Me ] COMe
e

F

CO,Me

F.__CO,Me F. ‘
F3CO\©J/
CFy

2m, 3.5 h, 52% yield 2n, 3.5 h, 48% yield 20, 4.5 h, 54% yield 2p, 3.5 h, 45% yield
ZIE=81 ZIE=10/1 ZIE=5.51 ZIE > 20/1

3,

CO,Me

F CO,Me
N CO,Me ‘ F._CO;Me
S
Phw P I
F o Z Ph” Ph

2q, 4.5 h, 35% yield 2r,5.3 h, 58% yield 2s, 6.5 h, 50% yield

-
2ZIE =511 ZIE=1211 ZIE - 8.5 2t,6.5 h, 55% yield

“Isolated yield, with Z/E ratio determined by ""F NMR study of
reaction mixture.

naphthyl or 2-benzothiophene substituted gem-difluoroalkene
could deliver the desired products 2b and 2¢ in 74% and 60%
yield, respectively, with a Z-configuration. However, for the
carboxylation of 1d possessing a 3-benzothiophene moiety, 2d
was obtained in only 45% yield with a reversed E/Z selectivity.
The reason why for this phenomenon is still unclear.

Then the influence of the substituents on the phenyl ring of
2-aryl-1,1-difluoroalkenes was investigated. Substrates bearing
a variety of functional groups, such as phenyl, ester, amide,
sulfuryl, cyano, fluoro, CF;, or OCF;, all showed good

reactivity to give the carboxylate products 2e—p in moderate
to high yields. The location of the substituents on the phenyl
ring also has a negligible influence on the reaction. For
instance, the reaction of isomeric substrates with an ester or
CF; group at the para-, meta-, or ortho-position worked well to
give the corresponding products 2f,g and 2k—n in similarly
moderate to good yields. Notably, for substrates bearing
different sp2 or sp3 C—F bonds, the defluorinative carbox-
ylation occurred exclusively at the gem-difluoroalkene position,
with the Ar—F, CF;, or OCF; moiety remaining untouched.

Apart from f-aryl-substituted gem-difluoroalkenes, substrates
possessing a f-alkenyl or alkynyl moiety were also competent
in this reaction, producing 2q—s in 35%, 58%, and 50% yield,
respectively. The reaction of tetrasubstituted alkene 1t was
further conducted, affording the corresponding product 2t in
55% vyield. These results clearly demonstrated the good
tolerance of our method. Notably, the reaction could be
scaled up to gram scale, as demonstrated by the electro-
carboxylation of 6 mmol of 1a, with 62% yield obtained (for
details, see the SI).

The thus obtained a-fluoroacrylic acids could be easily
elaborated to other valuable fluorinated compounds, further
demonstrating the synthetic utility of this electrochemical
defluorinative carboxylation. For instance, the reduction of
carboxyl moiety with LiAlH, gave alcohol 3 in 83% yield. In
addition, the TFA catalyzed [3 + 2] cycloaddition could deliver
the 3-fluoropyrrolidine derivate 4 in 82% yield (Scheme 3).

NBn
OXT Feon

4, 82% yield

Scheme 3. Synthetic Elaboration of 2a

TFA (10 mol%)
CH,Clp, 010 25°C, 3 h

F._CO,Me

2a (0.1 mmol)

MeO” N /\SIME
Bn

F.
‘ OH

OO 3, 83% yield

To gain more insight into the reaction mechanism, cycllc
voltammetry (CV) analysis were conducted (Figure 1)."* For

LiAIH, (2.0 equivs)
Et,0,-10°C, 1h

FF

|
Meozc’©j

"

— a) Blank ("Bu,NI in DMF)
— b) Blank + CO, saturated
— ©)Blank + 1f

— d) Blank + 1f + CO,

(-3.09V, - 1.36mA)

34 32 3 28 26 24 22 2
EwelV vs. SCE

Figure 1. CV analysis of 1f.

the CV of gem-difluoroalkene 1f, a one-electron reduction peak
at the potential of —2.7 V and the second one at —3.0 V was
observed (blue line, c). Notably, at a potential of —2.7 V, the
reduction current of CO, is significantly lower than that of 1f
(0.15 vs 0.6 mA), which indicated that the latter was much
easier to be reduced. When CO, was introduced into the
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solution of 1f, only one reduction peak at —3.09 V was
observed with the peak current increased greatly to 1.36 mA,
indicating a fast interaction of the one-electron reduction
species with CO,. Meanwhile, the doubled peak current
suggested that the electrochemical reduction of the gem-
difluoroalkenes with CO, at a cathode might be a two-times
one-electron reduction process.

Based on CV experiments, along with previous literature
reports,15 a putative ECEC'® reaction mechanism was
proposed as shown in Figure 2. First, a one-electron reduction
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Figure 2. Proposed reaction mechanism.

of gem-difluoroalkene on the cathode generated a radical anion
A, followed by a quick selective fixation of CO, at
difluorocarbon to give intermediate B. Then a secondary
one-electron reduction of B and the subsequent defluorination
delivered the carboxylate anion C, which was developed to be
their salt forms by capturing Ni ion formed at the anode.
Finally, the acidification gave the target a-fluoroacrylic acid.

On the basis of electrochemistry, a facile and economical
direct defluorinative carboxylation of gem-difluoroalkenes with
CO, is developed. The reaction is performed with Pt-plate as
working cathode and cheap Ni-sheet as anode, under
continuous current electrolysis. The aryl-, alkenyl-, and
alkynyl-substituted gem-difluoroalkenes are all viable substrates
to give the structurally diverse a-fluoroacrylic acids in up to
83% yield and 20/1 Z/E ratio under mild room temperature.
The synthetic utility is further demonstrated by the elaboration
to fluorinated alcohol and heterocyclic compound. CV analysis
reveals that a ECEC (single-electron reduction, reaction with
CO,, single-electron reduction, loss of fluoride) process should
be involved, which is novel and totally different from the
photoredox/Pd- and Cu-catalyzed pathway. Considering that
both CO, and hydrofluorocarbons are recognized to be
greenhouse gases,'’ this study on electrochemical defluor-
inative carboxylation should also be meaningful to green and
sustainable chemistry. Further developments of CO,-incorpo-
rating transformations with the help of electrochemistry to
value-added chemicals are in progress.

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03051.

Experimental procedures, characterization data, and
spectra (PDF)

B AUTHOR INFORMATION
Corresponding Authors

Hai-Hong Wu — Shanghai Key Laboratory of Green Chemistry
and Chemical Process and Shanghai Engineering Research
Center of Molecular Therapeutics and New Drug Development,
East China Normal University, Shanghai 200062, China;

orcid.org/0000-0001-6266-8290; Email: hhwu@
chem.ecnu.edu.cn

Feng Zhou — Shanghai Key Laboratory of Green Chemistry and
Chemical Process and Shanghai Engineering Research Center of
Molecular Therapeutics and New Drug Development, East
China Normal University, Shanghai 200062, China;

orcid.org/0000-0002-6729-1311; Email: fzhou@

chem.ecnu.edu.cn

Authors

Shi-Liang Xie — Shanghai Key Laboratory of Green Chemistry
and Chemical Process, East China Normal University, Shanghai
200062, China

Xiao-Tong Gao — Shanghai Key Laboratory of Green Chemistry
and Chemical Process, East China Normal University, Shanghai
200062, China

Jian Zhou — Shanghai Key Laboratory of Green Chemistry and
Chemical Process and Shanghai Engineering Research Center of
Molecular Therapeutics and New Drug Development, East
China Normal University, Shanghai 200062, China; State Key
Laboratory of Organometallic Chemistry, Shanghai Institute of
Organic Chemistry, Shanghai 200032, China; ® orcid.org/
0000-0003-0679-6735

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.0c03051

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support from NSFC (21871090), the Ministry of
Education (PCSIRT), and the Fundamental Research Funds
for the Central Universities is greatly appreciated.

B REFERENCES

(1) (a) Artz, J.; Miiller, T. E.; Thenert, K.; Kleinekorte, J.; Meys, R.;
Sternberg, A.; Bardow, A.; Leitner, W. Sustainable conversion of
carbon dioxide: an integrated review of catalysis and life cycle
assessment. Chem. Rev. 2018, 118, 434—504. (b) Song, Q.-W.; Zhou,
Z.-H.; He, L.-N. Efficient, selective and sustainable catalysis of carbon
dioxide. Green Chem. 2017, 19, 3707—3728. (c) Klankermayer, J.;
Wesselbaum, S.; Beydoun, K.; Leitner, W. Selective catalytic synthesis
using the combination of carbon dioxide and hydrogen: catalytic chess
at the interface of energy and chemistry. Angew. Chem., Int. Ed. 2016,
5SS, 7296—7343. (d) Aresta, M.; Dibenedetto, A.; Angelini, A.
Catalysis for the valorization of exhaust carbon: from CO, to
chemicals, materials, and fuels. Technological Use of CO,. Chem. Rev.
2014, 114, 1709—1742. (e) D’Alessandro, D. M.; Smit, B.; Long, J. R.
Carbon dioxide capture: prospects for new materials. Angew. Chem.,
Int. Ed. 2010, 49, 6058—6082. (f) Aresta, M. Carbon dioxide as
chemical feedstock; Wiley-VCH: Weinheim, 2010.

(2) For selected reviews, see: (a) Yeung, C. S. Photoredox catalysis
as a strategy for CO, incorporation: direct access to carboxylic acids
from a renewable feedstock. Angew. Chem., Int. Ed. 2019, 58, 5492—
5502. (b) Chen, Y.-G.; Xu, X.-T.; Zhang, K; Li, Y.-Q.; Zhang, L.-P.;
Fang, P; Mei, T.-S. Transition-metal-catalyzed carboxylation of
organic halides and their surrogates with carbon dioxide. Synthesis
2018, 50, 35—48. (c) Yan, S.-S.; Fu, Q; Liao, L.-L.; Sun, G.-Q; Ye, J.-

https://dx.doi.org/10.1021/acs.orglett.0c03051
Org. Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.orglett.0c03051?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c03051/suppl_file/ol0c03051_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hai-Hong+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6266-8290
http://orcid.org/0000-0001-6266-8290
mailto:hhwu@chem.ecnu.edu.cn
mailto:hhwu@chem.ecnu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6729-1311
http://orcid.org/0000-0002-6729-1311
mailto:fzhou@chem.ecnu.edu.cn
mailto:fzhou@chem.ecnu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shi-Liang+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Tong+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0679-6735
http://orcid.org/0000-0003-0679-6735
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03051?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.7b00435
https://dx.doi.org/10.1021/acs.chemrev.7b00435
https://dx.doi.org/10.1021/acs.chemrev.7b00435
https://dx.doi.org/10.1039/C7GC00199A
https://dx.doi.org/10.1039/C7GC00199A
https://dx.doi.org/10.1002/anie.201507458
https://dx.doi.org/10.1002/anie.201507458
https://dx.doi.org/10.1002/anie.201507458
https://dx.doi.org/10.1021/cr4002758
https://dx.doi.org/10.1021/cr4002758
https://dx.doi.org/10.1002/anie.201000431
https://dx.doi.org/10.1002/anie.201806285
https://dx.doi.org/10.1002/anie.201806285
https://dx.doi.org/10.1002/anie.201806285
https://dx.doi.org/10.1055/s-0036-1590908
https://dx.doi.org/10.1055/s-0036-1590908
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03051?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03051?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03051?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03051?fig=fig2&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03051?ref=pdf

Organic Letters

pubs.acs.org/OrgLett

H.; Gong, L; Bo-Xue, Y.-Z,; Yu, D.-G. Transition metal-catalyzed
carboxylation of unsaturated substrates with CO,. Coord. Chem. Rev.
2018, 374, 439—463. (d) Tortajada, A, Julid-Hernandez, F.;
Borjesson, M.; Moragas, T.; Martin, R. Transition-metal-catalyzed
carboxylation reactions with carbon dioxide. Angew. Chem., Int. Ed.
2018, 57, 15948—15982. (e) Borjesson, M.; Moragas, T.; Gallego, D.;
Martin, R. Metal-catalyzed carboxylation of organic (pseudo) halides
with CO,. ACS Catal. 2016, 6, 6739—6749. (f) Yu, D; Teong, S. P.;
Zhang, Y. Transition metal complex catalyzed carboxylation reactions
with CO,. Coord. Chem. Rev. 2018, 293—294, 279—291. (g) Liu, Q.
Wu, L.; Jackstell, R,; Beller, M. Using carbon dioxide as a building
block in organic synthesis. Nat. Commun. 2015, 6, 5933—5947.
(h) Zhang, L; Hou, Z. N-Heterocyclic carbene (NHC)—copper-
catalysed transformations of carbon dioxide. Chem. Sci. 2013, 4,
3395—3403. (i) Tsuji, Y.; Fujihara, T. Carbon dioxide as a carbon
source in organic transformation: carbon—carbon bond forming
reactions by transition-metal catalysts. Chem. Commun. 2012, 48,
9956—9964. (j) Martin, R.; Kleij, A. W. Myth or Reality? Fixation of
carbon dioxide into complex organic matter under mild conditions.
ChemSusChem 2011, 4, 1259—1263. (k) Huang, K.; Sun, C.-L.; Shi,
Z.-]. Transition-metal-catalyzed C-C Bond formation through the
fixation of carbon dioxide. Chem. Soc. Rev. 2011, 40, 2435—2452.

(3) (a) Ahrens, T.; Kohlmann, J.; Ahrens, M.; Braun, T.
Functionalization of fluorinated molecules by transition-metal-
mediated C—F Bond activation to access fluorinated building blocks.
Chem. Rev. 2015, 115, 931—972. (b) Stahl, T.; Klare, H. F. T,
Oestreich, M. Main-group lewis acids for C—F bond activation. ACS
Catal. 2013, 3, 1578—1587. (c) Amii, H; Uneyama, K. C—F bond
activation in organic synthesis. Chem. Rev. 2009, 109, 2119—2183.
(d) Kiplinger, J. L.; Richmond, T. G.; Osterbeg, C. E. Activation of
carbon-fluorine bonds by metal complexes. Chem. Rev. 1994, 94,
373—431.

(4) (a) Fujita, T; Fuchibe, K; Ichikawa, J. Transition-metal-
mediated and -catalyzed C-F bond activation by fluorine elimination.
Angew. Chem., Int. Ed. 2019, S8, 390—402. (b) O’Hagan, D.
Understanding organofluorine chemistry. An introduction to the
C—F bond. Chem. Soc. Rev. 2008, 37, 308—319.

(5) (a) Rousée, K.; Bouillon, J.-P.; Couve-Bonnaire, S.;
Pannecoucke, X. Stereospecific synthesis of tri- and tetrasubstituted
a-fluoroacrylates by Mizoroki-Heck Reaction. Org. Lett. 2016, 18,
540—543. See also references cited therein. (b) Balestra, M.; Mullen,
G.; Phillips, E.; Schmiesing, R. Preparation of novel quinuclidine
acrylamides for the treatment or prophylaxis of psychotic disorders
and intellectual impairment disorder. W0200136417, 2001-05-25.
(c) Kaneko, T.; Clark, R.; Ohi, N.; Ozaki, F.; Kawahara, T.; Kamada,
A.; Okano, K.; Yokohama, H.; Muramoto, K.; Arai, T.; Ohkuro, M,;
Takenaka, O.; Sonoda, J. Preparation of pyrazinobenzothiazine
derivatives and analogs for the treatment of inflammation and
autoimmune diseases. W09806720, 1998-02-19. (d) Liu, W.; Zuo, J.;
Li, A; Bi, C. Chemical structure-biological activity relationships of a-
substituted cinnamamides. J. Beij. Med. Coll 1984, 16, 62—65.

(6) (a) Chevrie, D.; Lequeux, T.; Pommelet, J.-C. Thia-Wittig-like
reactions as a new route for the stereoselective synthesis of (Z)-
fluoroalkenoates. Org. Lett. 1999, 1, 1539—1541. (b) Notsu, K;
Zushi, Y.; Ota, S.; Kawasaki-Takasuka, T.; Yamazaki, T. Chem. - Eur. J.
2011, 17, 9200—9208. (c) Qian, J.; Yi, W.; Lv, M.; Cai, C. A facile and
mild approach for stereoselective synthesis of a-fluoro-a,f-unsatu-
rated esters from a-fluoro-f-keto esters via diacylation. Synlett 2014,
26, 127—132. (d) Rousée, K.; Bouillon, J.-P.; Couve-Bonnaire, S.;
Pannecoucke, X. Stereospecific synthesis of tri- and tetrasubstituted a-
fluoroacrylates by Mizoroki—Heck reaction. Org. Lett. 2016, 18, 540—
543.

(7) Zhu, C.; Zhang, Y.-F; Liu, Z.-Y,; Zhou, L; Liu, H; Feng, C.
Selective C—F bond carboxylation of gem-difluoroalkenes with CO,
by photoredox/palladium dual catalysis. Chem. Sci. 2019, 10, 6721—
6726.

(8) Yan, S.-S.; Wu, D.-S; Ye, J.-H,; Gong, L.; Zeng, X,; Ran, C.-K;;
Gui, Y.-Y,; Li, J; Yu, D.-G. Copper-catalyzed carboxylation of C—F
bonds with CO,. ACS Catal. 2019, 9, 6987—6992.

(9) Xie, S.-L.; Cui, X.-Y.; Gao, X.-T.; Zhou, F.; Wu, H.-H.; Zhou, J.
Stereoselective defluorinative carboxylation of gem-difluoroalkenes
with carbon dioxide. Org. Chem. Front. 2019, 6, 3678—3682.

(10) (a) Yoshida, J.-i; Kataoka, K; Horcajada, R; Nagaki, A.
Modern Strategies in Electroorganic Synthesis. Chem. Rev. 2008, 108,
2265-2299. (b) Horn, E. J.; Rosen, B. R; Baran, P. S. Synthetic
Organic Electrochemistry: An Enabling and Innately Sustainable
Method. ACS Cent. Sci. 2016, 2, 302—308. (c) Yan, M.; Kawamata, Y.;
Baran, P. S. Synthetic Organic Electrochemical Methods Since 2000:
On the Verge of a Renaissance. Chem. Rev. 2017, 117, 13230—13319.
(d) Wiebe, A.; Gieshoff, T.; Mohle, S.; Rodrigo, E.; Zirbes, M,;
Waldvogel, S. R. Electrifying Organic Synthesis. Angew. Chem., Int. Ed.
2018, 57, 5594—5619. (e) Mohle, S; Zirbes, M.; Rodrigo, E.;
Gieshoff, T.; Wiebe, A.,; Waldvogel, S. R. Modern Electrochemical
Aspects for the Synthesis of Value-Added Organic Products. Angew.
Chem., Int. Ed. 2018, 57, 6018—6041. (f) Marken, F.; Wadhawan, J. D.
Multiphase Methods in Organic Electrosynthesis. Acc. Chem. Res.
2019, 52, 3325—3338. (g) Jiao, K.-J.; Xing, Y.-K,; Yang, Q.-L.; Qiy,
H.; Mei, T.-S. Site-Selective C—H Functionalization via Synergistic
Use of Electrochemistry and Transition Metal Catalysis. Acc. Chem.
Res. 2020, 53, 300—-310. (h) Siu, J. C; Fu, N; Lin, S. Catalyzing
Electrosynthesis: A Homogeneous Electrocatalytic Approach to
Reaction Discovery. Acc. Chem. Res. 2020, 53, 547—560.

(11) For a review of electrochemical carboxylation, see: (a) Cao, Y.;
He, X; Wang, N, Li, H.-R; He, L.-N. Photochemical and
electrochemical carbon dioxide utilization with organic compounds.
Chin. J. Chem. 2018, 36, 644—659. (b) Cherubini-Celli, A.; Mateos, J.;
Bonchio, M.; Dell’Amico, L.; Company6, X. Transition metal-free
CO, fixation into new carbon—carbon bonds. ChemSusChem 2018,
11, 3056—3070. (c) Senboku, H.; Katayama, A. Electrochemical
carboxylation with carbon dioxide. Curr. Opin. Green Sustain. Chem.
2017, 3, 50—54. (d) Rossi, L. Electrochemical methodologies for the
carboxylation reactions in organic synthesis. An alternative re-use of
carbon dioxide. Curr. Green Chem. 2018, 2, 77—89. (e) Matthessen,
R; Fransaer, J.; Binnemans, K;; De Vos, D. E. Electrocarboxylation:
towards sustainable and efficient synthesis of valuable carboxylic acids.
Beilstein ]. Org. Chem. 2014, 10, 2484—2500. (f) Costentin, C;
Robert, M.; Savéant, J.-M. Catalysis of the electrochemical reduction
of carbon dioxide. Chem. Soc. Rev. 2013, 42, 2423—2436. (g) Oh, Y,;
Hu, X. Organic molecules as mediators and catalysts for photo-
catalytic and electrocatalytic CO, Reduction. Chem. Soc. Rev. 2013,
42, 2253—2261. (h) Windle, C. D.; Perutz, R. N. Advances in
molecular photocatalytic and electrocatalytic CO, reduction. Coord.
Chem. Rev. 2012, 256, 2562—2570. (i) Sullivan, B. P.; Krist, K,
Guard, H. E. Electrochemical and electrocatalytic reactions of carbon
dioxide; Elsevier: Amsterdam, 1993. (j) Collin, J. P.; Sauvage, J. P.
Electrochemical reduction of carbon dioxide mediated by molecular
catalysts. Coord. Chem. Rev. 1989, 93, 245—268.

(12) (a) Xie, S.; Gao, X.; Zhou, F.; Wu, H.; Zhou, J. Enantioselective
carboxylative cyclization of propargylic alcohol with carbon dioxide
under mild conditions. Chin. Chem. Lett. 2020, 31, 324—328. (b) Gao,
X.-T.; Xie, S.-L.; Zhou, F.; Wu, H.-H.; Zhou, J. Multifunctional 1,3-
diphenylguanidine for the carboxylative cyclization of homopropargyl
amines with CO, under ambient temperature and pressure. Chem.
Commun. 2019, S5, 14303—14306. (c) Zhou, F.; Xie, S.-L.; Gao, X.-
T.; Zhang, R; Wang, C.-H,; Yin, G.-Q; Zhou, ]J. Activation of
(salen)Col complex by phosphorene for carbon dioxide trans-
formation at ambient temperature and pressure. Green Chem. 2017,
19, 3908—3915. (d) Gao, X.-T.; Gan, C.-C.; Liu, S.-Y.; Zhou, F.; Wu,
H.-H.; Zhou, J. Utilization of CO, as a C1 building block in a tandem
asymmetric A® coupling-carboxylative cyclization sequence to 2-
Oxazolidinones. ACS Catal. 2017, 7, 8588—8593.

(13) Gao, X.-T.; Zhang, Z.; Wang, X,; Tian, J.-S.; Xie, S.-L.; Zhou,
F.; Zhou, J. Direct electrochemical defluorinative carboxylation of a-
CF; alkenes with carbon dioxide. Chem. Sci. 2020, 11, 10414—10420.

(14) (a) Kingston, C.; Palkowitz, M. D.; Takahira, Y.; Vantourout, J.
C.; Peters, B. K;; Kawamata, Y.; Baran, P. S. A survival guide for the
“electro-curious. Acc. Chem. Res. 2020, 53, 72—83. (b) Sandford, C.;
Edwards, M. A.; Klunder, K. J; Hickey, D. P.; Li, M.; Barman, K;

https://dx.doi.org/10.1021/acs.orglett.0c03051
Org. Lett. XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1016/j.ccr.2018.07.011
https://dx.doi.org/10.1016/j.ccr.2018.07.011
https://dx.doi.org/10.1002/anie.201803186
https://dx.doi.org/10.1002/anie.201803186
https://dx.doi.org/10.1021/acscatal.6b02124
https://dx.doi.org/10.1021/acscatal.6b02124
https://dx.doi.org/10.1016/j.ccr.2014.09.002
https://dx.doi.org/10.1016/j.ccr.2014.09.002
https://dx.doi.org/10.1038/ncomms6933
https://dx.doi.org/10.1038/ncomms6933
https://dx.doi.org/10.1039/c3sc51070k
https://dx.doi.org/10.1039/c3sc51070k
https://dx.doi.org/10.1039/c2cc33848c
https://dx.doi.org/10.1039/c2cc33848c
https://dx.doi.org/10.1039/c2cc33848c
https://dx.doi.org/10.1002/cssc.201100102
https://dx.doi.org/10.1002/cssc.201100102
https://dx.doi.org/10.1039/c0cs00129e
https://dx.doi.org/10.1039/c0cs00129e
https://dx.doi.org/10.1021/cr500257c
https://dx.doi.org/10.1021/cr500257c
https://dx.doi.org/10.1021/cs4003244
https://dx.doi.org/10.1021/cr800388c
https://dx.doi.org/10.1021/cr800388c
https://dx.doi.org/10.1021/cr00026a005
https://dx.doi.org/10.1021/cr00026a005
https://dx.doi.org/10.1002/anie.201805292
https://dx.doi.org/10.1002/anie.201805292
https://dx.doi.org/10.1039/B711844A
https://dx.doi.org/10.1039/B711844A
https://dx.doi.org/10.1021/acs.orglett.5b03571
https://dx.doi.org/10.1021/acs.orglett.5b03571
https://dx.doi.org/10.1021/ol990178u
https://dx.doi.org/10.1021/ol990178u
https://dx.doi.org/10.1021/ol990178u
https://dx.doi.org/10.1055/s-0034-1378917
https://dx.doi.org/10.1055/s-0034-1378917
https://dx.doi.org/10.1055/s-0034-1378917
https://dx.doi.org/10.1021/acs.orglett.5b03571
https://dx.doi.org/10.1021/acs.orglett.5b03571
https://dx.doi.org/10.1039/C9SC01336A
https://dx.doi.org/10.1039/C9SC01336A
https://dx.doi.org/10.1021/acscatal.9b02351
https://dx.doi.org/10.1021/acscatal.9b02351
https://dx.doi.org/10.1039/C9QO00923J
https://dx.doi.org/10.1039/C9QO00923J
https://dx.doi.org/10.1021/cr0680843
https://dx.doi.org/10.1021/acscentsci.6b00091
https://dx.doi.org/10.1021/acscentsci.6b00091
https://dx.doi.org/10.1021/acscentsci.6b00091
https://dx.doi.org/10.1021/acs.chemrev.7b00397
https://dx.doi.org/10.1021/acs.chemrev.7b00397
https://dx.doi.org/10.1002/anie.201711060
https://dx.doi.org/10.1002/anie.201712732
https://dx.doi.org/10.1002/anie.201712732
https://dx.doi.org/10.1021/acs.accounts.9b00480
https://dx.doi.org/10.1021/acs.accounts.9b00603
https://dx.doi.org/10.1021/acs.accounts.9b00603
https://dx.doi.org/10.1021/acs.accounts.9b00529
https://dx.doi.org/10.1021/acs.accounts.9b00529
https://dx.doi.org/10.1021/acs.accounts.9b00529
https://dx.doi.org/10.1002/cjoc.201700742
https://dx.doi.org/10.1002/cjoc.201700742
https://dx.doi.org/10.1002/cssc.201801063
https://dx.doi.org/10.1002/cssc.201801063
https://dx.doi.org/10.1016/j.cogsc.2016.10.003
https://dx.doi.org/10.1016/j.cogsc.2016.10.003
https://dx.doi.org/10.2174/2213346101666140804222344
https://dx.doi.org/10.2174/2213346101666140804222344
https://dx.doi.org/10.2174/2213346101666140804222344
https://dx.doi.org/10.3762/bjoc.10.260
https://dx.doi.org/10.3762/bjoc.10.260
https://dx.doi.org/10.1039/C2CS35360A
https://dx.doi.org/10.1039/C2CS35360A
https://dx.doi.org/10.1039/C2CS35276A
https://dx.doi.org/10.1039/C2CS35276A
https://dx.doi.org/10.1016/j.ccr.2012.03.010
https://dx.doi.org/10.1016/j.ccr.2012.03.010
https://dx.doi.org/10.1016/0010-8545(89)80018-9
https://dx.doi.org/10.1016/0010-8545(89)80018-9
https://dx.doi.org/10.1016/j.cclet.2019.05.060
https://dx.doi.org/10.1016/j.cclet.2019.05.060
https://dx.doi.org/10.1016/j.cclet.2019.05.060
https://dx.doi.org/10.1039/C9CC07671A
https://dx.doi.org/10.1039/C9CC07671A
https://dx.doi.org/10.1039/C9CC07671A
https://dx.doi.org/10.1039/C7GC01458A
https://dx.doi.org/10.1039/C7GC01458A
https://dx.doi.org/10.1039/C7GC01458A
https://dx.doi.org/10.1021/acscatal.7b03370
https://dx.doi.org/10.1021/acscatal.7b03370
https://dx.doi.org/10.1021/acscatal.7b03370
https://dx.doi.org/10.1039/D0SC04091F
https://dx.doi.org/10.1039/D0SC04091F
https://dx.doi.org/10.1021/acs.accounts.9b00539
https://dx.doi.org/10.1021/acs.accounts.9b00539
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03051?ref=pdf

Organic Letters pubs.acs.org/OrgLett

Sigman, M. S.; White, H. S,; Minteer, S. D. A synthetic chemist’s
guide to electroanalytical tools for studying reaction mechanisms.
Chem. Sci. 2019, 10, 6404—6422. (c) Elgrishi, N.; Rountree, K. J.;
McCarthy, B. D.; Rountree, E. S.; Eisenhart, T. T.; Dempsey, J. L. A
practical beginner’s guide to cyclic voltammetry. J. Chem. Educ. 2018,
95, 197-206.

(1) (a) Senboku, H. Yoneda, K; Hara, S. Regioselective
electrochemical carboxylation of polyfluoroarenes. Electrochemistry
2013, 81, 380—382. (b) Yamauchi, Y.; Sakai, K.; Fukuhara, T.; Hara,
S.; Senboku, H. Synthesis of 2-aryl-2,3,3,3-tetrafluoropropanoic acids,
tetrafluorinated fenoprofen and ketoprofen by electrochemical
carboxylation of pentafluoroethylarenes. Synthesis 2009, 20, 3375—
3377. (c¢) Yuan, G; Li, Z; Jiang, H. Electrosyntheses of a-
hydroxycarboxylic acids from carbon dioxide and aromatic ketones
using nickel as the cathode. Chin. J. Chem. 2009, 27, 1464—1470.
(d) Wang, H; Du, Y. F; Lin, M. Y; Zhang, K; Lu, J-X.
Electrochemical reduction and carboxylation of ethyl cinnamate in
MeCN. Chin. ]J. Chem. 2008, 26, 1745—1748.

(16) Bard, A. J.; Faulkner, L. R. Electrochemical Methods:
Fundamentals and Applications, 2nd ed.; John Wiley & Sons, Inc.:
New York, 2001.

(17) (a) He, M.; Sun, Y.; Han, B. Green carbon science: scientific
basis for integrating carbon resource processing, utilization, and
recycling. Angew. Chem., Int. Ed. 2013, 52, 9620—9633. (b) Velders,
G. J. M,; Fahey, D. W,; Daniel, J. S.; McFarland, M.; Andersen, S. O.
The large contribution of projected HFC emissions to future climate
forcing. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 10949—10954.
(c) Hansen, J.; Sato, M.; Ruedy, R; Lacis, A,; Oinas, V. Global
warming in the twenty-first century: An alternative scenario. Proc.
Natl. Acad. Sci. U. S. A. 2000, 97, 9875—9880.

https://dx.doi.org/10.1021/acs.orglett.0c03051
Org. Lett. XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1039/C9SC01545K
https://dx.doi.org/10.1039/C9SC01545K
https://dx.doi.org/10.1021/acs.jchemed.7b00361
https://dx.doi.org/10.1021/acs.jchemed.7b00361
https://dx.doi.org/10.5796/electrochemistry.81.380
https://dx.doi.org/10.5796/electrochemistry.81.380
https://dx.doi.org/10.1055/s-0029-1216993
https://dx.doi.org/10.1055/s-0029-1216993
https://dx.doi.org/10.1055/s-0029-1216993
https://dx.doi.org/10.1002/cjoc.200990246
https://dx.doi.org/10.1002/cjoc.200990246
https://dx.doi.org/10.1002/cjoc.200990246
https://dx.doi.org/10.1002/cjoc.200890316
https://dx.doi.org/10.1002/cjoc.200890316
https://dx.doi.org/10.1002/anie.201209384
https://dx.doi.org/10.1002/anie.201209384
https://dx.doi.org/10.1002/anie.201209384
https://dx.doi.org/10.1073/pnas.0902817106
https://dx.doi.org/10.1073/pnas.0902817106
https://dx.doi.org/10.1073/pnas.170278997
https://dx.doi.org/10.1073/pnas.170278997
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03051?ref=pdf

