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Carboxylation Reactions Using
Carbon Dioxide as the C1 Source via
Catalytically Generated Allyl Metal
Intermediates

Tetsuaki Fujihara™ and Yasushi Tsuji

Department of Energy and Hydrocarbon Chemistry, Graduate School of Engineering, Kyoto University, Kyoto, Japan

The use of carbon dioxide (COy) is an important issue with regard to current climate
research and the Earth’s environment. Transition metal-catalyzed carboxylation reactions
using CO» are highly attractive. This review summarizes the transition metal-catalyzed
carboxylation reactions of organic substrates with CO» via allyl metal intermediates. First,
carboxylation reactions via transmetalation are reviewed. Second, catalytic carboxylation
reactions using allyl electrophiles and suitable reducing agents are summarized. The last
section discusses the catalytic carboxylation reactions via addition reactions, affording
allyl metal intermediates.
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INTRODUCTION

The development of fixation methods of carbon dioxide (CO,) is an important task for chemists
(Aresta et al., 2014; Artz et al,, 2018). However, CO; is a kinetically and thermodynamically
stable material. Therefore, using CO, as a substrate poses several difficulties such as high-pressure
or high-temperature reaction conditions. Transition metal-catalyzed carboxylation reactions of
organic substrates with CO, can allow the diverse production of carboxylic acids and their
derivatives under mild reaction conditions via carbon-carbon bond formation. During the last
decade, diverse transition metal-catalyzed carboxylation reactions have been reported and good
reviews have also been published (Huang et al., 2011; Tsuji and Fujihara, 2012; Cai and Xie,
2013; Zhang and Hou, 2013; Liu et al., 2015; Yu et al., 2015; Borjesson et al., 2016; Sekine and
Yamada, 2016; Wang et al., 2016; Hazari and Heimann, 2017; Chen et al,, 2018; Luan and Ye, 2018;
Tortajada et al., 2018).

Allyl metal reagents are known for being excellent reagents during organic synthesis. The
characteristic feature of allyl metal species is its isomerization via w-o-m intermediates. o-Allyl
metal reagents act as nucleophiles, whereas m-allyl metals serve as electrophiles. When CO; is
used as electrophiles for transition metal-catalyzed reactions, a method to generate a catalytically
active nucleophilic allyl metal intermediate is highly reliable. Scheme 1 shows three methods to
access these allyl metal species from several organic substrates. The first method involves the
transmetalation between allyl metal precursors such as allyl boranes or allylstannanes and transition
metals (Scheme 1A). The second method involves the oxidative addition of allyl halides or allyl

acetates using low-valent transition metals (Scheme 1B). In this case, suitable reducing agents must
be used to regenerate low-valent active species. The third method involves the addition of metal
species to conjugated dienes (Scheme 1C). In this reaction, the key is a regioselective addition that
yields an ally metal intermediate selectively.
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This paper overviews the transition metal-catalyzed
carboxylation reactions of organic substrates with CO; via allyl
metal intermediates. First, Pd- and Cu-catalyzed carboxylation
reactions via transmetalation are summarized. Second, Pd- and
Ni-catalyzed carboxylation reactions using ally electrophiles such
as allyl acetates are reviewed. Finally, the catalytic carboxylation
reactions via addition reactions are discussed.

RESULTS AND DISCUSSION

Transmetalation

Transmetalation is a straightforward method that allows
accessing catalytically active allyl metal intermediates during
a carboxylation event. A pioneering work has been done by
Nicholas who carried out the reaction of allylstannane using
Pd(PPh3), as the catalyst in tetrahydrofurane (THF) at 70°C
under 33 atm of CO, (Scheme 2A, Shi and Nicholas, 1997). The
reaction proceeds via allylstannane transmetalation, followed by

a carboxylation reaction with CO,. Wendt observed an allyl
Pd complex bearing a pincer ligand reacted with CO, under
mild reaction conditions (Scheme 2B, Johansson and Wendt,
2007). In 2011, Hazari reported the Pd-catalyzed carboxylation
of allylstannanes and allyl boranes, which were used as substrates
(Scheme 3, Wu and Hazari, 2011). The reactions proceeded
using a Pd complex with an N-heterocyclic (NHC) ligand as the
catalyst under 1 atm of CO;. Under the same reaction conditions,
several allylboronates were also converted to the corresponding
carboxylated products in good yields.

Duong reported the Cu-catalyzed carboxylation of
allylboronic esters with CO, (Scheme 4, Duong et al., 2013).
The desired reactions proceeded in the presence of a Cu
catalyst with IPr as the ligand in THF under 1 atm of CO,.
Various allylboronic esters were subjected to the reaction, which
generated corresponding products in moderate-to-high yields.

Oxidative Addition

Known as an elemental reaction during a Tsuji-Trost reaction,
the oxidative addition of ally halides or allyl esters with low-
valent metal species yields an ally metal intermediate (Trost

by Johansson and Wendt (2007).

SCHEME 2 | Catalytic carboxylation of allylstannane with CO» using a Pd complex: (A) the reaction reported by Shi and Nicholas (1997) (B) the reaction reported

A [M]
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| CgDeg, rt, time
X = Br, Cl, OAc, OH X )\
M
| ¢ O
N N
h [M]—H H 0 o u
— e (0] Me
C or or y Meas”\oJ\/\ Bu3Sn\OM M%SmoM
\/\ [M] 80% (28 h) 91% (21 h) 95% (2 h)
\/\/H
SCHEME 1 | Generation of allyl metal intermediates: (A) transmetalation, (B) SCHEME 3 | Catalytic carboxylation of allylstannane with CO» using a
oxidative addition, and (C) addition reaction. Pd complex.
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O—-PPh; o
Pd-pincer complex = Pd-O" 'CF3
O—PPh,

Frontiers in Chemistry | www.frontiersin.org

2 June 2019 | Volume 7 | Article 430


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Fujihara and Tsuiji

Carboxylation via Allyl Metal Intermediates

reported the Pd-catalyzed carboxylation of allyl acetates when
exposed to electroreductive reductions (Scheme 5, Torii et al.,
1986). The reaction of cinnamyl acetate with CO, in the presence
of PdCl,(PPh3), and PPhs afforded a mixture of regioisomers
in 76% total yield. A branched substrate also afforded a mixture
of regioisomers, indicating that the reaction proceeded via a
mt-allyl Pd intermediate. Dunach et al. found the Ni-catalyzed
electrochemical carboxylation of allyl acetate with CO;. In
the reaction, a mixture of two regioisomers was obtained
(Medeiros et al., 2011). Mei et al. also found the Pd-catalyzed
electrochemical carboxylation of allyl acetate, giving branched
product selectively (Jiao et al., 2018).

Martin et al. reported the Ni-catalyzed ligand-controlled
regiodivergent carboxylation of allyl acetates using manganese
as the reducing agent (Scheme 6, Moragas et al., 2014). When
L1 was used as the ligand, the linear carboxylated products
were obtained. In contrast, the reactions using L2 produced
branched carboxylated products in good-to-high yields. The
oxidative addition of a low-valent Ni species affords an allylic
Ni intermediate. The reaction with CO, yields Ni carboxylate
intermediates; this is a regio-determining step for carboxylation.

CO, (1 atm)
R® IPrCuCl (5 mol%) R3
(pin)B N R*  BuOK (1.1 equiv) HClag. HOOC N R*
R'RZ g5 THF, 70°C,16h R'R2 RS
N/=\N
IPrCuCl = Y
Clu
Cl
HOOC HOOC
HOOC._~ \(\ \(\
Me CsHy
68% 79% 76%
Hooc\/t HOOC>(\ HOOC
Me Me V\(
65% 54% 69%
SCHEME 4 | Cu-catalyzed carboxylation of allylooronates with CO».

Allyl alcohols are excellent reagents that allow the generation
of allyl metal intermediates. However, in general, the hydroxyl
group must be converted to the corresponding halides or
esters before their use. Thus, the direct use of alcohols as
the substrate for carboxylation reactions is important for both
atom- and step-economical points. Mita and Sato found the Pd-
catalyzed carboxylation of allyl alcohols in the presence of Et,Zn
(Scheme 7, Mita et al., 2015). This reaction proceeded in the
presence of a Pd catalyst with a PPh3 ligand in a THF/hexane
solution at room temperature under 1 atm of CO,. Diverse
allyl alcohols were converted to the corresponding branched

1 1
R , CO(1atm) HOOG R r2
Acovg/R NiBr, glyme (10 mol%) Q\/
R3 Ligand (15 mol%) HCl aq. R3
or reductant (2 equiv) or
OAc Solvent, 40 °C COOH
3 3
R7 R2
R’ '

reductant = Mn
N Additive = MgCl,
Me L1 Me Solvent = DMF

HOOC. _~CsH1 HOOC\/\/\/©

77% (99:1) 84% (97:3)

Ligand = \N/ S

reductant =Zn
Addivie = Na,CO3
Solvent = DMA

COOH
=

CsHyq

72% (2:98) 71% (6:94)

SCHEME 6 | Ni-catalyzed ligand-controlled regiodivergent carboxylation of
allyl acetates with CO».

CO, (1 atm)

PdCl,(PPhj), (7 mol%)

P N"Nopc ons (14 mol%) P N-"NCOOH + pp NF
CH3CN, 3 F/mol 36% 40%
CO, (1 atm)
PACl,(PPha), (7 mol%) COOH
QAL PPhs (14 mol% N
A~ 3 (14 mol%) Ph" N""CO0OH + pp NF
Ph CH3CN, 3 F/mol
: 37% 35%

SCHEME 5 | Pd-catalyzed carboxylation of cinnamyl acetate with CO» under electrolysis.
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R
HO\)\( R2
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PdCl, (10 mol%) COOH
or PPh3 (20 mol%) HCl aq. R3
5
4 B ZnEt; (3.5 equiv) R? R!
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HO _~CsH17 th HO
OH
92% 94% 77% (at 40 °C)

95% by NMR

HO HO
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OMe CF; Ph

71% (at 40 °C) 81% (at 40 °C) 60% (at 40 °C)

Proposed Mechanism

X/\/\R
COOZnEt
o _— R or
LPd°
+ CoHy + CoHg A X)\/
step 1
ZnEt, step 4
L\ /X
COOPd(Et)L Pd
|
R = R/\—//
D B
step 3 step2 ZnEt,
co, RTN"py(EnL ZnEtX
c

SCHEME 7 | Pd-catalyzed carboxylation of allyl alcohols with CO»
using EtoZn.

carboxylic acids in good to high yields with high regioselectivity.
Noteworthy is that a wide range of functional groups such as an
ester and a free hydroxyl group was tolerated in the reactions.
Regarding a reaction mechanism, allylic alcohols would be
activated by ZnEt, followed by oxidative addition, leading to
a m-allylpalladium intermediate (step 1). Then, nucleophilic
o-allylpalladium can capture CO;, to generate a carboxylato
Pd intermediate (step 3). Finally, transmetalation followed by
reduction can regenerate Pd(0) active species (step 4).

Mei also reported that a Ni complex catalyzed the
carboxylation of allyl alcohols using manganese as a reducing
agent (Scheme 8, Chen et al.,, 2017). This reaction proceeded
in the presence of an Ni complex with a neocuproine ligand in
N.N-dimethylformamide (DMF) at room temperature under
1 atm of CO;. In this reaction, tetrabutylammonium acetate

CO; (1 atm)
HO o R Ni(acac), (10 mol%) HOOC. X R
H 0,
or Ligand (20 mol%) HCl aq. n major
Mn (2 equiv) HOOC
OH X
_ TBAOAG (3 equiv) \/ja
R DMF, rt

minor

Ligand= N\ 7N\ /

N N
Me Me
HOOC A Csh HOOC\/\/\/©
93% (12:1) 88% (>20:1)
HOOC._ -~ ~_CN HOOC._ -~ ~_OAc
56% (>20:1) 70% (13:1)

SCHEME 8 | Ni-catalyzed carboxylation of allyl alcohols with CO» using a
manganese as reducing agent.

CO, (2 MPa)

A o T"BYs Pdacac), (5 mol%) o
i TBAB (1.4 equiv) 1 o)\)

THF, 40 °C, 24 h

86% 84% 64%
MeO O o)
77% 86%

SCHEME 9 | Pd-catalyzed carboxylative coupling of benzyl chlorides and an

allylstannane under CO».

(TBAOAc) was essential; without the additive, the desired
product could not be obtained at all. The reactions using both
linear and branched allyl alcohols produced linear carboxylic
acids in good-to-high yields with high regioselectivity. The
reactions tolerated several functionality such as cyano and
ester groups.

Bao found the Pd-catalyzed carboxylative coupling of
benzyl chlorides and an allylstannane under CO, atmosphere
(Scheme 9, Feng et al., 2013). Diverse benzyl chloride derivatives
took part in the reactions, which produced the corresponding
carboxylative coupling products in good-to-high yields. A key
intermediate, the m-benzyl-m-allyl Pd complex, can be obtained
by the oxidative addition of Pd(0) to benzyl chloride followed
by transmetalation.

Transition metal-catalyzed carboxylation reaction via direct
carbon-hydrogen (C-H) activation is a central research issue.
Thus, the development of less reactive C-H carboxylation
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reactions is important. Mita and Sato observed a unique C-H
carboxylation reaction with allylbenzene derivatives (Scheme 10,
Michigami et al., 2017). The reaction of 4-phenyl allylbenzene
was carried out in the presence of AlMes (3 equivalent)
using Co(acac), and xantphos as the ligand in DMA at
60°C under 1 atm of CO; in the presence of CsF as an
additive. With these reaction conditions, a carboxylated product
was obtained in 68% yield. Reactions were performed with
diverse substrates, which produced corresponding carboxylated
products in good-to-high yields. Notably, the reactions tolerated
substrates having ester and ketone moieties, which are generally
more reactive with nucleophiles than CO,. The reaction starts
by generating a low-valent CH3-Co(I) species (A). The C-
C double bond of the substrate coordinates to the cobalt
center, and subsequent cleavage of the adjacent allylic C-H
bond affords n3—ally1—Co(III) species B (step 1). Then, the
reductive elimination of CHy from B affords a low-valent
allyl-Co(I) species C (step 2). Next, C-C bond formation
at the y-position occurs via a reaction with CO,, giving
a carboxylato Co species D (step 3). Finally, a linear
carboxylated product is obtained by the transmetalation
between D and Al(CH3)3;, with the concomitant regeneration
of A (step 4).

CO; (1 atm)
H Co(acac); (10 mol%)
/ xantphos (20 mol%) H* @/\/\CQOH
—_— —> R
R AlMe; (1.5 equiv)
CsF (1 equiv)

DMA, 60 °C, 12 h

PPh,
xantphos =
PPh,
68% 65% 78%
N
@[\/\COOH @N\COOH N-"cooH
Ph MeOOC
63% 63% o 7%

Proposed Mechanism

z
A "NC00AMe, AN
LCo'—CHjy
A
Al(CH3)3 step 4 step 1
L
X
/CO"I
Ar/\/\COOCo'L H | “ScH,
X—~
Ar/\/
B
step 3 L step2
;
Co'
J\/ CHa
c

SCHEME 10 | Co-catalyzed allylic C-H carboxylation of allylarenes and a
proposed mechanism.

Addition Reactions

Addition reactions are an important method to generate
nucleophilic ~ metal  intermediates  using  unsaturated
hydrocarbons. Among them, 1,2-dienes as well as 1,3-dienes
are candidates accessing allyl metal intermediates. However, the
regioselectivity of addition reactions must be controlled. Iwasawa
et al. found hydrocarboxylation of 1,2-dienes (Scheme 11,
Takaya and Iwasawa, 2008). These reactions proceeded via the
hydropalladation of Pd-H to 1,2-dienes (step 1) followed by
carboxylation (step 2). A P-Si-P coordinated pincer ligand was
crucial for the reaction and AlEt; was employed as a reducing
agent. With a similar Pd catalyst system, one-to-one coupling
between 1,3-dienes and CO; also occurred (Takaya et al., 2011).
The reaction between a Pd precursor and triethylaluminum
reagents followed by B-hydrogen elimination produces a Pd-H
intermediate. Then, hydropalladation of conjugated dienes yields
allyl palladium intermediates, which can regioselectively react
with CO,.

For Cu  catalysts, we  reported  Cu-catalyzed
hydrohydroxymethylation using 1,2-dienes as the substrate
(Scheme 12, Tani et al, 2015). The reaction of 1,2-dienes
with CO, (1 atm) and a hydrosilane was examined in the
presence of a copper catalyst bearing xantphos derivatives as the
ligand. Using 1.5 mmol of hydrosilane, which corresponds

R’ CO, (1 atm)
Pd cat (1 mol%) H* R! COOH
v}
R \ ) X~
AlEt3 (1.5 equiv) R2
DMF, it,24h

|
Ph,P—Pd—PPh,

I.
Pd cat = ?‘
Me

Me_ COOH Me. COOH COOH
COOH
MeX/ PhX/ & _
95% (48 h) 73% 72% 63% (48 h)
Proposed Mechanism 1
R
2
CoHa R
LPd—H
A
step 4 step 1
R!
LPd—Et RZJ\i
D
SPdL
B
step3 step 2
R! COOAIEt, CO;
R? = R! COOPdL
=
R?
AlEt, c

SCHEME 11 | Pd-catalyzed hydrocarboxylation of 1,2-dienes and a
proposed mechanism.
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to 2.0 equivalent for the required amount to yield the
homoallyl alcohols, three H atoms were incorporated into
the product. The corresponding homoallyl alcohols were
obtained regioselectively, and the resulting terminal olefin
moieties were preserved without hydrosilylation in the presence
of an excess amount of hydrosilane. Various ester functionalities
on the 1,2-dienes remained intact without reducing to their
corresponding diols. Addition of a copper hydride A across
a terminal double bond of allene 6 with the Cu atom at the
less hindered site generates allylcopper intermediate B (step 1),
which reacts with CO, regioselectively at the y-position via a
six-membered transition state to afford a copper carboxylate
C (step 2). Then, carboxylate C could be further reduced
by the hydrosilane to copper alkoxide E via a silyl copper
ketal derivative D (steps 3 and 4). Finally, o-bond metathesis

CO, (1 atm)
CuCl (3 mol %)
R2 Xy-xantphos (3 mol %) _OH
A ' fBUOK (5 mol %) H2C
RS+ H-Si(OMey)Me THE, 70°C R1R2 a

; then work-up

Qe
Xy-xantphos = o] Ar = O
Choe o

OH Oy _-OMe OH

N Aot e

O
0 0,
73% 86% 75%
H H
(0] 0 N(iPr), b &
co Z oo = N -
52% 62% 72%

Proposed Mechanism

H R?
O:a;
HI;' RS
R H—CuL
R
H A &
. step 1
— 2
H-Si step 5 R
X
1
CuL R CuL
Ho 6 B H
N co,
; step 2
R'
RO m
CO,CuL

E
R/,
o-si step 4 cuL rR2 |
Si OH O step3 c
H-Si S i( /
R1R2

H H-Si
D

SCHEME 12 | Cu-catalyzed enantioselective hydrohydroxymethylation of
1,2-dienes using a hydrosilane and CO» and a proposed mechanism.

between E and the hydrosilane provides silyl ether and A
regenerates (step 5).

Using a stoichiometric amount of base and “'IPr as the ligand,
the product completely switched from homoallyl alcohols to 8,y -
unsaturated carboxylic acids (Scheme 13, Tani et al,, 2015). A
stoichiometric amount of base is essential to induce selective
carboxylic acid formation. Thus, products at two different
oxidation levels (alcohols and carboxylic acids) were selectively
prepared by simply adjusting the base equivalence and ligands in
the Cu-catalyzed reactions.

Yu reported enantioselective hydrohydroxymethylation of
1,3-dienes using a copper catalyst (Scheme 14, Gui et al., 2017).
The reaction was carried out using 1-aryl-1,3-butadiens as the
substrates and a hydrosilane as the reducing agent in cyclohexane

CO; (1 atm)
CIPrCucl (3 mol %) CO,H

2
R NaOC(Me),Et (1.0 equiv)
R1&,\ + H-Si(OMe,)Me R
N hexane, 70 °C, 4 h H

; then H*
Cl. Cl

Cprcucl = Y

CH0;H R= PhCH,CH,: 75% go-H

RN nCeH1s: 73% Ph
Me o
cyclohexyl: 68% 57%

SCHEME 13 | Cu-catalyzed hydrocarboxylation of 1,2-dienes.

CO, (1 atm)

Cu(OAc); (2 mol %) " C/OH
2

X Ligand (2.2 mol %

B gand (2.2 mol %)

R + H-Si(OMey))Me — > Z
cyclohexane, rt. R

; then work-up

o]
< O tBu
) o PAr,
Ligand = o PAr, Ar= OMe
(O O tBu

OH

OH JOH
H,C” HoC H,C”
@/‘\) /@)\) =
Cl

Me,N
81%, er = 93:7

79%, er=91:9 88%, er =92:8

/OH LOH
H,C H,C
= =
Me OMe

81%, er = 90:10 91%, er = 94:6

SCHEME 14 | Cu-catalyzed enantioselective hydrohydroxymethylation of
1,3-dienes using a hydrosilane and CO».
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CO, (1 atm)
Cu(OAc); (5 mol%)
Ligand (5 mol%) COH
2
R/ + PhMe,SiB(pin) _AONa (15 mal%)
R hexane, 70 °C, 16 h. R" SiMe,Ph
then, H30*
Ligand = CPE >;LJ>
CO-H CO,H CO,H
RS |
SiMezPh SiMe,Ph SiMe,Ph
76% 76% 76%
CO,H GO
OW V\% CO,H
SiMe,Ph  Q .
ogﬁ/ SlMePh SiMe,Ph
Br
83% 52% 82%
Propsed Mechanism
CO,B(pin) R2
R’W Si-CuL RIS
R Si A
Si = SiMe,Ph
Si-B(pin)
step 3 step 1
2
CO,CuL R
14\( R cuL
Ree [, si
B
C
co,
SCHEME 15 | Cu-catalyzed silacarboxylation of 1,2-dienes and a
proposed mechanism.

at room temperature in the presence of a copper catalyst
bearing 3,5-di-tert-butyl-4-methoxyphenyl (DTBM)-segphos as
the ligand. Diverse 1-aryl-1,3-butadienes were used in the
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reactions, yielding the corresponding products in good-to-high
yields with high enantioselectivity. The reactions tolerated several
functional groups such as the chloro and amino groups.
Silylcupration to carbon-carbon multiple bonds is a reliable
and powerful process, which produces both C-Si and C-Cu
bonds. We found the Cu-catalyzed silacarboxylation of 1,2-
dienes (Scheme 15, Tani et al., 2014). The reaction was carried
out by using 1,2-dienes and PhMe,Si-B(pin) under CO; (1
atm) with a catalytic amount of Cu(OAc),-H,O and rac-Me-
DuPhos as the ligand. With these reaction conditions, diverse
carboxylated vinylsilanes were regioselectively obtained in good
yields. The functionalities, such as alkenyl and ester groups were
tolerated under the reaction conditions. In the reactions, a f-silyl
allyl copper intermediate (B) that was generated by the addition
of silylcopper (A) across an allene (step 1) captured CO; (step 2).
Then, a carboxylate copper (C) reacts with a silylborane to afford
A (step 3). The choice of an appropriate ligand can efficiently
control the regioselectivity. Carboxylated allylsilanes were also
obtained using CuCl/AcONa and PCys; as the catalyst system.

Conclusions

In conclusion, this short review summarized transition metal-
catalyzed carboxylation reactions via allyl metal intermediates.
Allylstannanes and allylboronates act as good reagents for Pd-
or Cu-catalyzed carboxylation reactions via transmetalation.
Transition metal-catalyzed allyl electrophiles via oxidative
addition are disclosed herein. Ni complexes successfully produce
ligand-controlled regiodivergent carboxylation. Allyl alcohols
are possible substrates for Pd- and Ni-catalyzed carboxylation.
Substrates, such as 1,2-dienes or 1,3-dienes, are usable for
the generation of allyl metal intermediates via the addition of
metal reagents. These processes involve hydrocarboxylation,
hydrohydroxymethylation, and silacarboxylation.  These
methods allow efficient syntheses of unsaturated carboxylic
acids using CO; as the Cl source. In the future, these
methodologies will be applied to synthesizing numerous
valuable molecules in shorter steps using CO,.

AUTHOR CONTRIBUTIONS

TF arranged and wrote the manuscript. YT discussed the
contents and commented on the manuscript.

Cai, X., and Xie, B. (2013). Carboxylative reactions for the transformation of
carbon dioxide into carboxylic acids and derivatives. Synthesis 45, 3305-3324.
doi: 10.1055/5-0033-1340061

Chen, X.-G,, Xu, X.-T., Zhang, K, Li, Y.-Q, Zhang, L.-P., Fang, P,
et al. (2018). Transition-metal-catalyzed carboxylation of organic
halides andtheir surrogates with carbon dioxide. Synthesis 50, 35-48.
doi: 10.1055/5-0036-1590908

Chen, Y.-G., Shuai, B., Zhang, X.-J., Fang, P., and Mei, T.-S. (2017). Regioselective
Ni-catalyzed carboxylation of allylic and propargylic alcohols with carbon
dioxide. Org. Lett. 19, 2969-2972, doi: 10.1021/acs.orglett.7b01208

Duong, H. A., Huleatt, P. B., Tan, Q.-W., and Shuying, E. L. (2013). Regioselective
copper-catalyzed carboxylation of allylboronates with carbon dioxide. Org. Lett.
15, 4034-4037. doi: 10.1021/014019375

Frontiers in Chemistry | www.frontiersin.org

June 2019 | Volume 7 | Article 430


https://doi.org/10.1021/cr4002758
https://doi.org/10.1021/acs.chemrev.7b00435
https://doi.org/10.1021/acscatal.6b02124
https://doi.org/10.1055/s-0033-1340061
https://doi.org/10.1055/s-0036-1590908
https://doi.org/10.1021/acs.orglett.7b01208
https://doi.org/10.1021/ol4019375
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Fujihara and Tsuiji

Carboxylation via Allyl Metal Intermediates

Feng, X., Sun, A, Zhang, S, Yu, X, and Bao, M. (2013). Palladium-
catalyzed carboxylative coupling of benzyl chlorides with allyltributylstannane:
remarkable effect of palladium nanoparticles. Org. Lett. 15, 108-111,
doi: 10.1021/01303135e

Gui,. Y.-Y., Hu, N,, Chen, X.-W,, Liao, L.-L., Ju, T., Ye, J.-H., et al. (2017). Highly
regio- and enantioselective copper-catalyzed reductive hydroxymethylation
of styrenes and 1,3-dienes with CO,. J. Am. Chem. Soc. 139, 17011-17014.
doi: 10.1021/jacs.7b10149

Hazari, N., and Heimann, J. E. (2017). Carbon dioxide insertion into
group 9 and 10 metal-element ¢ bonds. Inorg. Chem. 56, 13655-13678.
doi: 10.1021/acs.inorgchem.7b02315

Huang, K., Sum, C.-L., and Shi, Z.-J. (2011). Transition-metal-catalyzed C-C
bond formation through the fixation of carbon dioxide. Chem. Soc.Rev. 40,
2435-2452. doi: 10.1039/c0cs00129¢

Jiao, K.-J., Li, Z.-M., Xu, X.-T., Zhang, L.-P,, Li, Y.-Q., Zhang, K., et al. (2018).
Palladium-catalyzed reductive electrocarboxylation of allyl esters with carbon
dioxide. Org. Chem. Front. 5, 2244-2248. doi: 10.1039/C8Q0O00507A

Johansson, R., and Wendt, O. F. (2007). Insertion of CO, into a palladium allyl
bond and a Pd(II) catalyzed carboxylation of allyl stannanes. Dalton Trans.
488-492. doi: 10.1039/B614037H

Liu, Q., Wu, L., Jackstell, R.,, and Beller, M. (2015). Using carbon dioxide
as a building block in organic synthesis. Nat. Commun. 6:5933.
doi: 10.1038/ncomms6933

Luan, Y.-X.,, and Ye, M. (2018). Transition metal-mediated or catalyzed
hydrocarboxylation of olefins with CO,. Tetrahedron Lett. 59, 853-861.
doi: 10.1016/j.tetlet.2018.01.035

Medeiros, M. J., Pintaric, C., Olivero, S., and Dunach, E. (2011). Nickel-catalysed
electrochemical carboxylation of allylic acetates and carbonates. Electrochim.
Acta, 56, 4384-4389. doi: 10.1016/j.electacta.2010.12.066

Michigami, K., Mita, T., and Sato, Y. (2017). Cobalt-catalyzed allylic
C(sp3)—H carboxylation with CO,. J. Am. Chem. Soc. 139, 6094-6097.
doi: 10.1021/ jacs.7b02775

Mita, T., Higuchi, Y., and Sato, Y. (2015). Highly regioselective palladium-
catalyzed carboxylation of allylic alcohols with CO,. Chem. Eur. ]. 21,
16391-16394. doi: 10.1002/chem.201503359.

Moragas, T., Cornella, J., and Martin, R. (2014). Ligand-controlled regiodivergent
Ni-catalyzed reductive carboxylation of allyl esters with CO,. J. Am. Chem. Soc.
136, 17702-17705. doi: 10.1021/ja509077a

Sekine, K., and Yamada, T. (2016). Silver-catalyzed carboxylation. Chem. Soc. Rev.
45, 4524-4532. doi: 10.1039/C5CS00895F

Shi, M., and Nicholas, K. M. (1997). Palladium-catalyzed carboxylation of allyl
stannanes. J. Am. Chem. Soc. 119, 5057-5058. doi: 10.1021/ja9639832

Takaya, J., and Iwasawa, N. (2008). Hydrocarboxylation of allenes with CO2
catalyzed by silyl pincer-type palladium complex. J. Am. Chem. Soc. 130,
15254-15255. doi: 10.1021/ja806677w

Takaya, J., Sasano, K., and Iwasawa, N. (2011). Efficient one-to-one coupling
of easily available 1,3-dienes with carbon dioxide. Org. Lett. 13, 1698-1701.
doi: 10.1021/012002094

Tani, Y., Fujihara, T. Terao, ], and Tsuji, Y. (2014). Copper-catalyzed
regiodivergent silacarboxylation of allenes with carbon dioxide and a
silylborane. J. Am. Chem. Soc. 136, 17706-17709. doi: 10.1021/ja512040c

Tani, Y., Kuga, K., Fujihara, T., Terao, J., and Tsuji, Y. (2015). Copper-catalyzed C-
C bond-forming transformation of CO, to the alcohol oxidation level: selective
synthesis of homoallylic alcohols from allenes, CO,, and hydrosilanes. Chem.
Commun. 51, 13020-13023. doi: 10.1039/C5CC03932K

Torii, S., Tanaka, H., Hamatani, T., Morisaki, K., Jutand, A., Pfluger, F., et al. (1986).
Pd(0)-catalyzed electroreductive carboxylation of aryl halides, f-bromostyrene,
and allyl acetates with CO,. Chem. Lett. 1986, 169-172. doi: 10.1246/cl.1
986.169

Tortajada, A., Julia-Hernandez, F., Boerjesson, M., Moragas, T., and Martin,
R. (2018). Transition-metal-catalyzed carboxylation reactions with carbon
dioxide. Angew. Chem. Int. Ed. 57, 15948-15982. doi: 10.1002/anie.201
803186

Trost, B. M., and Crawley, M. L. (2003). Asymmetric transition metal-catalyzed
allylic alkylations: application in total synthesis. Chem. Rev. 103, 2921-2944.
doi: 10.1021/cr020027w

Trost, B. M., and van Vranken, D. (1996). Asymmetric transition metal-
catalyzed allylic alkylations. Chem. Rev. 96, 395-422. doi: 10.1021/cr94
09804

Tsuji, Y., and Fujihara, T. (2012). Carbon dioxide as a carbon source
in organic transformation: carbon-carbon bond forming reactions by
transition-metal catalysts. Chem. Commun. 48, 9956-9964. doi: 10.1039/C2CC
33848C

Wang, S, Du, G, and Xi, C.
reactions using carbon dioxide. Org. Biomol. Chem.
doi: 10.1039/C60B00199H

Wu, J., and Hazari, N. (2011). Palladium catalyzed carboxylation of
allylstannanes and boranes using CO,. Chem. Commun. 47, 1069-1071.
doi: 10.1039 /c0cc03191g

Yu, D, Teong, S. P., and Zhang, Y. (2015). Transition metal complex catalyzed
carboxylation reactions with CO,. Coord. Chem. Rev. 293-294, 279-291.
doi: 10.1016/j.ccr.2014.09.002

Zhang, L., and Hou, Z. (2013). N-Heterocyclic carbene (NHC)-copper-
catalysed transformations of carbon dioxide. Chem. Sci. 4, 3395-3403.
doi: 10.1039/C38C51070K

(2016). Copper-catalyzed carboxylation
14, 3666-3676.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Fujihara and Tsuji. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

June 2019 | Volume 7 | Article 430


https://doi.org/10.1021/ol303135e
https://doi.org/10.1021/jacs.7b10149
https://doi.org/10.1021/acs.inorgchem.7b02315
https://doi.org/10.1039/c0cs00129e
https://doi.org/10.1039/C8QO00507A
https://doi.org/10.1039/B614037H
https://doi.org/10.1038/ncomms6933
https://doi.org/10.1016/j.tetlet.2018.01.035
https://doi.org/10.1016/j.electacta.2010.12.066
https://doi.org/10.1021/~jacs.7b02775
https://doi.org/10.1002/chem.201503359.
https://doi.org/10.1021/ja509077a
https://doi.org/10.1039/C5CS00895F
https://doi.org/10.1021/ja9639832
https://doi.org/10.1021/ja806677w
https://doi.org/10.1021/ol2002094
https://doi.org/10.1021/ja512040c
https://doi.org/10.1039/C5CC03932K
https://doi.org/10.1246/cl.1986.169
https://doi.org/10.1002/anie.201803186
https://doi.org/10.1021/cr020027w
https://doi.org/10.1021/cr9409804
https://doi.org/10.1039/C2CC33848C
https://doi.org/10.1039/C6OB00199H
https://doi.org/10.1039~/c0cc03191g
https://doi.org/10.1016/j.ccr.2014.09.002
https://doi.org/10.1039/C3SC51070K
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Carboxylation Reactions Using Carbon Dioxide as the C1 Source via Catalytically Generated Allyl Metal Intermediates
	Introduction
	Results and Discussion
	Transmetalation
	Oxidative Addition
	Addition Reactions
	Conclusions

	Author Contributions
	References


