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Abstract Carbon dioxide is not only an essential component of ‘green-
house gases’, but also an abundant, renewable C1 feedstock in organic
synthesis. The catalytic incorporation of carbon dioxide into value-add-
ed chemicals to produce carboxylic acids has received enormous atten-
tion. This review summarizes recent developments in the transition-
metal-catalyzed carboxylation of organic halides and their surrogates,
such as aryl, vinyl, and alkyl halides and pseudohalides.
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1 Introduction

The continuous increase of carbon dioxide concentra-
tion in the atmosphere has potentially caused the rise of at-
mospheric temperature and abnormal changes in the global
climate.! Obviously, the control of CO, emissions and the
development of efficient carbon capture systems are in high
demand. Carbon dioxide is not only an essential component
of ‘greenhouse gases’, but also an abundant and renewable
C1 feedstock in organic synthesis.? Therefore, there is great
interest in transforming carbon dioxide into useful chemi-
cals, from an environment-protection point of view. Due to

carboxylation
R=X + CO, e R=COH
organic halides and their surrogates (R=—X)

@—X R\/\X /@)\ R~ X R\/\X
R

X = halides, pseudohalides, ester

the thermodynamically stable and/or kinetically inert of
CO,, the activation and utilization of CO, is still problemat-
ic. Most transformations of CO, require highly reactive sub-
strates and/or severe reaction conditions. In the case of C-C
bond formation with CO,, the use of carbon nucleophiles is
limited to phenolates and strongly nucleophilic organolithi-
um, as well as Grignard reagents.> On the other hand, highly
reactive substrates such as epoxides and aziridines are used
to couple with CO, to generate C-O or C-N bonds.* In this
article, recent developments for the transition-metal-cata-
lyzed carboxylation of electrophiles, such as aryl, vinyl,
benzyl, allyl, propargyl, alkyl and halides and pseudoha-
lides will be highlighted (Figure 1). The carboxylation of
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Figure 1 The representative examples of carboxylation reactions in
this review
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alkenes and alkynes as well as organometallics, such as or-
ganotin, organozinc, and organoboron reagents, with CO,
have been well documented and will not be discussed fur-
ther in this review.’

2 Carboxylation of Aryl Halides and Pseudo-
halides

The carboxylation of arylzinc and arylboronic esters
with CO, has been investigated intensively, due to the com-
patibility of various functionalities that were not tolerated
with Grignard reagents. However as these compounds were
derived from the corresponding aryl halides, the direct car-
boxylation of the aryl halides is a more straightforward
transformation. The stoichiometric carboxylation of Ni-aryl
complexes with CO, has been studied intensively. For exam-
ple, the insertion of CO, into the Ni-aryl carbon bond of 1
and 2 delivers corresponding nickelalactones 1a and 2a, re-
spectively (Scheme 1).6 The Ni(0)-mediated carboxylation
of aryl halides 3 with CO, was demonstrated by Yamamoto,
Osakada, and Sato. Oxidative addition of the aryl halide 3 to
Ni(cod), in the presence of 2,2'-bipyridine gives
NiX(Ph)(bpy) 4, which reacts with CO, to deliver the car-
boxylation products 5 (Scheme 1).”

o}
P(n-B
PinBuks CO, (1 atm)
i~P(n-Bu)s (o]
Ni — T _P(n-Bu)s
78 °C Ni\/
P(n-Bu
; e PrBUY
o
MeaF( _PMe;
Ni CO; (4-5 atm) O\N_ _PMeg
|
rt, 4-5 days \PMea
Me Me Me" me
2 2a, 70% yield
(X-ray)
| X X Ni(cod), (1 equiv) aq HCI | N COxH
RT P bpy (1 equiv) R—,/
CO, (1 atm
3 2 ( ) 5

— ™

3a, X = Br 54%
3b, X=1 25%
3¢, X=Cl 51%

QBr
E

3d, 79% 3e, 54% 3f, 33%

Scheme 1 Ni-mediated carboxylation of aryl halides

Early examples of the Ni-catalyzed carboxylation of aryl
halides were reported as electrochemical processes. For in-
stance, Perichon, Fauvarque, and co-workers described the
electroreductive carboxylation of aryl halides 3 with CO, in
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the presence of nickel catalyst. The proposed mechanism is
shown in Scheme 2. Oxidative addition of aryl bromide 3
(X = Br) to Ni(0)(dppe) gives ArNi"Br(dppe), which under-
goes one-electron reduction to deliver a Ni(I) complex.
Carboxylation of the arylnickel(I) species and one-electron
reduction closes the cycle by regeneration of Ni(0) and for-
mation of arenecarboxylate (Scheme 2). On the basis of the
kinetic analysis of the CO, insertion step, a Ni(Ill) interme-
diate is also proposed prior to the formation of

ArCO,Ni(dppe).®
X aq HCI CO.H
/@ CO; (1 atm) /©/
Y Et4,NBF, (0.1 M), DMF Y

3 Pt, cathode 5
Y = F, C¢HsO, CFs

Ni(dppe)Cla (10 mol%)

proposed mechanism Ni'(dppe)Clp

+e’

ArC(?/ Nlo(dppe

ArCO,—Ni'(dppe) dppe)Nl”

N A

Scheme 2 Ni-catalyzed carboxylation of aryl bromide via electrochem-
ical reduction

ArBr

<

(dppe)Ni' ~g

Similarly, Torii, Fauvarque, and co-workers disclosed an
efficient Pd-catalyzed electroreductive carboxylation of aryl
halides with CO, (Scheme 3).1° Both aryl iodides 3 (X = 1)
and aryl bromides 3 (X = Br) are effective, however aryl
chlorides did not give the corresponding products. It is
noteworthy that the formation of arenecarboxylate was not
competitive with the formation of biaryl, which is the by-
product for the metal-free electroreductive carboxylation.!!

The transition-metal-catalyzed electroreductive carbox-
ylation of aryl halides with CO, is a promising tool for the
preparation of arenecarboxylic acids.!?> However the reac-
tion scope is quite restricted. In 2009, Correa and Martin re-
ported a Pd-catalyzed carboxylation reaction of aryl bro-
mides 6 using a substituted biphenyl monophosphine li-
gand L, (t-Bu-Xphos) under 10 atm of CO,.!> The insertion
of CO, into the Pd-aryl 6-bond is suggested in the proposed
mechanism. Diethylzinc behaves as the reducing agent to
regenerate Pd(0) and zinc carboxylates are formed (Scheme
4).1In 2012, Tsuji and co-workers described the Ni-catalyzed
carboxylation of aryl chlorides 3 (X = Cl) under 1 atm of CO,
using Mn powder as a reducing agent.'* The proposed
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PdClo(PPhg)2
or Pd(PPhg)4 (7 mol%)

/\ X aq HCI /\ CO-H
R i
Lz CO, (1 atm) -
Et,NOTSs (0.1 M), DMF 5
3 Pt, cathode

[Pd) 2e” COz
ArPd'X | —

OCOZH

5a, X =1, 92%

[ArPdo ’] j ’Ar’l

[Pd’]

@COZH /@COQH Me | N CO-H
eO & MeO & OMe

5b, X =1, 82% 5b, X = Br, 47% 5c, X =Br, 80%
OMe with PdCly(PPhg),
COzH COH /©/002H /©/COQH
SO )
5d, X = 1, 63% 5e, X =1, 76% 5f, X =1,77% 59, X = |, 66%

with PdCI,(PPha), with PdCI5(PPhg),

Scheme 3 Pd-catalyzed carboxylation of aryl halides
mechanism involves an oxidative addition of the aryl chlo-
rides to Ni(0), formed by reducing Ni(II) with Mn. The re-

sulting Ni(II) intermediate is reduced to a Ni(I) intermedi-
ate, which reacts with CO, to give the product (Scheme 5).

Pd(OAc), (5 mol%)

Br L4 (10 mol%) aq HCI COH

A 2
Rl + CO, (10 atm) R =
L EtpZn, 40 °C L
6 DMA/hexanes 5

[Pd’]

CO,
IArPd”XI —> ArCO,Pd"X TT' ArCO,ZnEt

ZnEt, EtPd"X

©/002H \Q/COZH COH
O Ph /[ j
P(tBu),!Cl X

iPr PPr 1 5g,68%
O : cogH COH CrcozH
i-Pr E \Ky\/@

Ly H 5§, 50% 5k 72% 51, 67%

5h, 64% O 5i, 40%

Scheme 4 Pd-catalyzed carboxylation of aryl halides

Copper catalysts have been used in the carboxylation of
arylboronates with CO,, and an aryl-copper species is
suggested as a key intermediate for the reaction. In 2013,
Tran-Vu and Daugulis reported the Cu-catalyzed carboxyl-
ation of aryl iodides 7 under 1 atm of CO,.!® The reaction is
compatible with various functional groups such as ester,
bromide, chloride, fluoride, ether, amino, hydroxy, and car-
bonyl. The carboxylation of aryl-Cu species is suggested to
be rate-limiting step and the mechanism is likely to involve
copper clusters (Scheme 6).
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NiClo(PPhg)z (5 mol%)

X
AN PPh3 (10 mol% aq HCI COzH
R@/ + COp (1 atm) a ) R_./\
Pz Mn (3 equiv), EtsNI (10 mol%) Lz
5

DMI, 25 °C, 20 h
cog COaH COH
5m, X = Cl, 90% 5n,X=Cl,82%  50,X=Cl, 76% 5p, >< Cl, 72%

/@COQH
Bu

| o COeH COH
o P o COeH
i \
0 S 5f, X = Br, 80%
5f, X = OTs, 73%
59, X=Cl,58% 5r,X=Cl,78% 5|, X=Cl, 52% 9 X=0Tf 72%

carboxylation of C(sp?)-0 bonds with CO,, and it is neces-
sary that the C-0 bonds are pre-activated as esters, e.g. 8,
derived from cheap alcohols.'® The reaction mechanism is
similar to C-halides carboxylation using Mn as reducing re-
agent (Scheme 7). These carboxylation reactions provide al-
ternative protocols for the preparation of arenecarboxylic
acids with the advantage of functional group tolerance
compared with the classic carboxylation of Grignard re-
agents. Obviously, the development of novel carboxylation
reactions to avoid the use of stoichiometric amounts of
metals (Mn or Zn) or zinc agents as reducing agents is in
high demand.

NiCly(dppf)2 (7 mol%)
“OP'V dppf (10 mol%) aq HCI C O COH
(1 equiv), Et4NI (10 mol%)

DMA, 80 °C

CO, (1 atm)

MesN COzH co,H MeO CO CO-H
OO Ph

8

OTBS

proposed mechanism NillL,
Mn(0)
Mn(ll)
1/2 (ArCO,),Mn ArX
Ni(O)Ln
1/2 Mn(0)
Ar
ArCO,—NilL,, L,,Ni”:
1/2 Mn(0)
Ph
CO, I—nNi|<B 1/2 Mn(ll)
r

9a, 67% 9c, 69% 9b, 78%
COzH COzH
1
Ph COsMe
od, 63% 9e, 49% 9f, 47%

Scheme 7 Ni-catalyzed carboxylation of aryl pivalates

Scheme 5 Ni-catalyzed carboxylation of aryl halides

! aq HCI N COH
R + CO; (1 atm) R
=
7
[Cu] CO,
ArCU' | —— [AI’COzCU'I

TT' ArCO,ZnEt

Cul (3 mol%)
TMEDA (3 mol%)

EtoZn (2.5 equiv)

ZnEt;  [CuY

@COZH /@COZH /©/COQH CO,H

| =

MeO MeO,C ‘” :

5a, 88% 5b, 60 % 5p, 62% 5i, 53%

3C CO-H CO,H ~ CO-H CO,H
\_s

Cl
5t, 56% 51, 61% 51, 63% 5t, 44%

Scheme 6 Cu-catalyzed carboxylation of aryl iodide

Besides aryl halides, aryl pseudohalides are suitable
electrophiles for carboxylation reactions. For instance,
Martin and co-workers demonstrated the Ni(ll)-catalyzed

3 Carboxylation of Vinyl Halides and
Pseudohalides

The carboxylation of a vinyl bromide 10 was achieved
through an electroreductive process in the presence of pal-
ladium catalyst (Scheme 8).1° Interestingly, this carboxyl-
ation gives dicarboxylic acid 11, which is formed via the
primary product 10a. Electrolysis of carboxylate 10a gives
the dicarboxylic acid 11 in 61% yield. In 1997, Juland and
Négri reported the Pd-catalyzed carboxylation of vinyl trif-
lates 12 with CO, (Scheme 9)."”

A PA(PPhg)sClo aq HCI o
| Et;NOTS (0.1 M), DMF ©/\r
Z COs (1 atm) COH
10 Pb, cathode 1

_ +e, H
10a

Scheme 8 Pd-catalyzed carboxylation of vinyl bromides

I
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Pd(PPhg).Cl> (10 mol%)  aq HCI
R«\rOTf 7R COH
R2 Et,NBF4 (0.1 M), DMF R2
CO, (1 atm)
12 Pt, cathode 13
CO2H CORH
§_<:>_COZH ’
v\
13a,70% 13b, 80% 13c, 86%
CO,H
.—.—O Q COzH O‘
COLH
13d, 85% 13e, 60% 13f, 32%

Scheme 9 Pd-catalyzed carboxylation of vinyl triflates

In 2015, Tsuji and co-workers'® reported a cobalt-cata-
lyzed reductive carboxylation reaction. In this work, various
alkenyl triflates 14 were converted into «,B-unsaturated
carboxylic acids 15 under mild conditions (Scheme 10). In
addition, a range of hindered aryl triflates substituted in the
2-aryl position were smoothly carboxylated.

Tt CO, (1 atm)
Ny OT Colella) (50mo%)  agrel N OO
\v/' Mn (1.5 equiv) Pt
DMA, tt, 20 h M€ Me
14 15 Lo
COzH
2 COLH ANcoun
COzH
Me
13c, 70% 15a, 78% 15b, 75% 15¢, 43%

COsH
o
R \©/ Me
15h, 80%
A\
N

15g, 83% Me

15d, R = +-Bu, 74%
15e, R = COOEt, 76% Ar=
15f, R = 4-TsOCgHj, 67%

Scheme 10 Co-catalyzed carboxylation of vinyl triflates
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4 Carboxylation of Benzyl Halides and
Pseudohalides

The adduct of Co(salen) and CO, was described by
Fachinetti and Floriani in 1974.1% In 1985, Perichon and co-
workers demonstrated the Co-catalyzed reductive carbox-
ylation of benzyl chloride 16 with CO, via an electrochemi-
cal process, although the reaction mechanism was not ex-
plored (Scheme 11).1%

Co(salen) (10 mol%)
CO, (1-2 atm) COH
LiCIO4 (0.3 M), THF/HMPA
Pt, cathode

17,18

COLH co2

COLH
17a, 50%

a,5%% 17a, 62% 18a, 65%

(5 mol% catalyst)

Scheme 11 Co-catalyzed carboxylation of benzylic or allylic chlorides

In 2013, the Martin group reported the Ni-catalyzed
carboxylation of benzyl chlorides 16 with CO, (Scheme
12);%° the reaction tolerated various functional groups. In-
terestingly, with slightly modified reaction conditions, the
carboxylation of secondary alkyl bromides 19 was achieved
(Scheme 13).29 The proposed mechanism suggests that a Ni'
intermediate may be crucial in the catalytic cycle and MgCl,
promotes the carboxylation of benzyl chloride with CO, by
stabilizing the Ni-CO, adduct and accelerating the CO, in-
sertion (Scheme 14).2021

NiClo-glyme (10 mol%)

o @/\C, PCps3-BF4 (20 mol%) X COH
T T
Z MgCl, (2 equiv), Zn (5 equiv) F
CO, (1 atm), DMF, rt
16
©/\COZH cogH COzH cogH
17a, 67% MeO 17b, 69% 17¢,61%  FsC 17d 75%

Cl

@ACOZH COH
17e, 61% 17f, 49%

Scheme 12 Ni-catalyzed carboxylation of benzyl chlorides (Cp = cyclopentyl)

TIPSO

CO-H (D/\COZH
179, 79% X 17h, 72%

COzMe
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R2 B3 NiClo(PCys)z (10 mol%) R2 RS
TBAI (20 mol%)
gl Y B il S CoeH
_ Zn (5 equiv), DMA, rt L
CO, (1 atm)
19 18
Me Ph Me Me
CO,H | = CO,H CO,H CO,H
& FsC i-Bu
18a, 58% 18b, 47% 18c, 61% 18d, 59% (40 °C)

R o &
COLH Yo,H O O

18e, 51% 18t 60% 18g, 55%
Scheme 13 Ni-catalyzed carboxylation of benzyl bromides

In 2014, the Martin group also demonstrated the car-
boxylation of benzylic C(sp®)-0 bonds via a similar pathway
(Scheme 15).'® Notably, the carboxylation of secondary
benzyl-type derivatives (e.g., 18fh,i) was also effective.
However, the protocol is limited to m-extended systems;
simple phenyl-containing compounds are not effective. Tak-
ing advantage of hemilabile directing group,?? the Martin
group elegantly developed the efficient carboxylation pro-
tocol with simple benzyl esters 20 (Scheme 16).'® Further-
more, the Martin group demonstrated that ammonium
salts 21 could be used as benzyl electrophiles for carboxyl-
ation (Scheme 17).23 Interestingly, this reaction was insen-
sitive to electronic changes on the arene and suitable for
non-extended m-systems. Most striking, secondary benzyl
ammonium salts 22 possessing o-hydrogen atoms were
successfully carboxylated. The dimerization and a-hydride
elimination pathways were avoided in this protocol
(Scheme 18).2

R?2 NiCly(PMeg), (10 mol%) R?2
Mn (2.0 equiv)

L Yore Y coH
R _ DMF, rt R'w P
CO; (1 atm)
20 17,18
OPiv

17h, R® = Ac, 83% 17i, R®= Ac, 64% 17j, R®= Piv, 59%
17h, R® = CONEty, 60%

! COLE
COLH
X }COZH O COH

18h, R®= Ac, 72% 18f, R% = Ac, 50% (50 °C) 18i, R%= Ac, 82% (50 °C)

3;

Scheme 15 Ni-catalyzed carboxylation of benzyl C(sp?)-O bonds

R O NiCla(PMeg)z (10 mol%) R?
Mn (2.0 equiv)
il A (0] ——— il A CO.H
P OMe DMF, 100 °C T
CO5 (1 atm)
20 17,18
P
COH  MeO.
COsH \©/\002H
18b, 79% 18j, 51% 17k, 53%

CO-H

:

COLH /Ej/\COZH
PivHNT

171, 61% 17m, 47% 17n, 64%

?%
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Scheme 16 Ni-catalyzed carboxylation of benzyl esters with directing
groups

R2
OH Ni'Cl,Ln R
Zn(0)
o K»zmg X
T NioL

1/, (PhCH(R?)CO0)»ZnCl,
1/5 Zn(0)

CO,

Scheme 14 The proposed mechanism for the carboxylation of benzyl halides

R? R2
L
( L +L | BN Nl

NI” _—

L 2 L

1/p Zn(0)
R2
it 1/, ZnCly
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I” NiBry-diglyme (10 mol%)

+ Ls (26 mol%
N g &,R_{\
% Mn, CO, (1 atm) L
DMF, 90 °C
21 17

o

17s, R = OMe, 65%
17t, R = SMe, 82%

R

170, R = tBu, 81%
17a,R=H, 71%
17p,R=F,51%

MeO,C
> \©/\COQH COzH <OI>/\COZH
O

17u, 68%

R

179, R=Ph, 75%
17k, R = OMe, 60%
17r, R = 0Bn, 54%

179, 52% 17h, 63%

Scheme 17 Ni-catalyzed carboxylation of primary ammonium salts

n-Bu
R" |- NiClp (10 mol%) R
. Ls (26 mol%)
R _./ A NMes  ——— X CORH
= Mn, CO, (1 atm) =
DMF, 70 °C n-Bu
22 18
COH CO.H CO.H

CY T OO

4

18k, 93% 181, R = CH,Ph, 74% 18n, 72%
18m, R = (CH,)4CO.Me, 66%
CO,H CO,H R CO,H
MeO
| A Me
P Me
180, 67% 18p, 54% 18q, R = Mg, 52%

18r, R = OMe, 50%

Scheme 18 Ni-catalyzed carboxylation of secondary ammonium salts

In 2015, He and co-workers reported the Pd-catalyzed
carboxylation of benzyl chlorides 16 with CO, (Scheme
19).24 The reaction afforded the corresponding phenylacetic
acids 17 in combination with Mn powder as a reducing re-
agent and MgCl, as an indispensable additive.

Lu and co-workers reported the asymmetric electrocar-
boxylation of 1-phenylethyl chloride (16b) with CO, in the
presence of Co catalyst (Scheme 20).2> Although the yield
and the ee values are moderate, this elegant study provides
an alternative method for the synthesis of optically active
carboxylic acids.

1 o
cl Co"-(R,R)(salen) (15 mol%) COOH
GC/Mg electrode (3 F/mol) :

+ COy (1 atm)
TBAI (0.1 M), -1.59 V, 50 °C

16b (R)-17b
H H 37% yield
83% ee
—N N=
N,/
/Co\
tBu (0] 0] t-Bu
tBu tBu

Co'-(R,R)(salen)

Scheme 20 Co-catalyzed asymmetric electrocarboxylation of 1-
phenylethyl chloride (GC = glassy carbon)

5 Carboxylation of Allyl Halides and Pseudo-
halides

In 1976, Inoue and co-workers described the carboxyl-
ation of allylic Pd species with C0,25 In the 1980s,
Perichon'®® and Fauvarque'® described the electroreductive
carboxylation of allylic substrates with CO, in the presence
of cobalt and palladium catalysts, respectively (Scheme 21).
Unfortunately, regioselectivity is not achieved under these
conditions.

In 2014, the Martin group demonstrated the Ni-cata-
lyzed carboxylation of allyl esters with CO, (Scheme 22).%’

Pd(OAc), (3.4 mol%)
Sphos (7 mol%)

i Cl
RT
=

MgCl, (1.4 equiv)
—_—_——-
Mn (2.5 equiv)

7 CO.H
R
¥

CO, (1 atm), DMF, 0 °C

16 17
©/\002H /O/\COZH COH /@ACOQH

17a,779%  MeO 17b, 68% 17v,06%  M° 17w, 74%

F
cl
COH COLH COLH COH
o}
17x, 92% 171, 86% 17y, 49% 17h, 78%
Me

Scheme 19 Pd-catalyzed carboxylation of benzyl chlorides
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Co(salen) (5 mol%)
LiClO4 (0.3 M)

X
P04 0O, atm)  ———————— P N0
THF/HMPA, 1t
23a Pt, cathode, 2.3 V 24a
97%
~ Pd(PPhg),Cly (7 mol%) COsH S
P X" N0Ac P Ph X" Nco,H
Et;NOTs (0.1 M), MeCN  Ph
25a CO, (1 atm) 26a 24a
Pb, cathode 40% 36%
Td—OAC +e7, H*
ph N CO,
OAc Pd(PPh3),Cly (7 mol%) COH
N
s T 0 P Y Ncom
Ph Et,NOTs (0.1 M), DMF  Ph
CO, (1 atm)
27a Pb. cathode 26a 24a
35% 37%

Scheme 21 Electroreductive carboxylation of allylic substrates with
CO, in the presence of cobalt and palladium catalysts

The regioselectivity is highly controlled by the ligand and
both carboxylic acid products were achieved in a highly se-
lective manner with 1,10-phenanthroline L, or quaterpyri-
dine L; ligands.

Carboxylation with an allylic alcohol without pre-acti-
vation is a highly attractive transformation from the per-
spective of step-economy. Mita, Sato, and Higuchi elegantly
demonstrated the Pd-catalyzed carboxylation of allylic al-
cohols 28 and 29 with CO, using ZnEt, as the reducing
agent (Scheme 23).28 The allylic alcohol is likely activated
by the Lewis acid ZnEt, or by carbonate formation with
C0,.2° This carboxylation is highly regioselective and gives
predominantly branched carboxylic acid. The proposed
mechanism is shown in Scheme 23.

In 2017, the Martin group elegantly demonstrated the
switchable site-selective Ni catalyzed carboxylation of allyl-
ic alcohols with CO,. The regiodivergency can be modulated
by the type of ligand employed (Scheme 24).2°

Also in 2017, Mei and co-workers developed an efficient
Ni-catalyzed reductive carboxylation of allylic alcohols with
CO,, providing linear B,y-unsaturated carboxylic acids 24 as
the sole regioisomer with generally high E/Z stereoselectiv-
ity (Scheme 25).3° In addition, the carboxylic acids were
generated from propargylic alcohols via hydrogenation to
give allylic alcohol intermediates, followed by carboxyl-
ation. A preliminary mechanistic investigation suggests that

42

R2 NiBr,-glyme (x mol%) R2

L (15 mol%) COH
N a RN NcouH o RW‘J\’/
s reductant (2.4 equiv) s R?
R o5 CO (1 atm), DMF, 40 °C R® 4 26 R®
| BN
ave NS
=N N / ~N N .=
M M
e L, e Ls 2Py
Substrate Lo Ls
COLH
(i/\om (i/\COQH =
Me Me
Me
25b 24b, 7% 26b, 72%
OAc CO.H
\ 2
X
S AN
27b 24¢, 62% 26¢, 57%

Me  CO.H

PhW

26d, 55%

25¢ 24e, 64%

26e, 78%

Scheme 22 Ni-catalyzed regiodivergent reductive carboxylation of al-
lyl esters with CO,

the hydrogenation step is made possible by a Ni-hydride
intermediate produced by a hydrogen atom transfer from
water.

6 Carboxylation of Propargyl Halides and
Pseudohalides

In 2014, Tsuji, Fujihara and co-workers reported the Co-
catalyzed carboxylation of propargyl acetates 32 with CO,
at room temperature using Mn powder as a reducing agent
(Scheme 26).3! The proposed mechanism suggests a Co(Il) C
as a possible intermediate that reacts with CO, in the cata-
lytic cycle (Scheme 27).3!
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3 HCI aq then CO.R"
28 PPhg(20mol%)  TMSCHNpfor30 |
or + COy (1 atm) R K
OH ZnEt, 35equiv)  orHClagfor2e T
Rl THF/hexane, tt, 48 h R
R 26R"=H
s 30 R" = Me
29 R
CO:Me ﬁe\ozx/ CO.Me $0=Me
=
CBHW)\/ Ph Ph/\ = Ph
30a, 92% 30b, 57% 30c, 94% 30d, 74%
CO,Me CO,Me CO-Me
/\MJ\/ /\MJ\/ 30g, R = OMe, 71%
COH 30h, R = Ph, 80%
30i, R = Cl, 86%
30e, 76% 30f, 88% 26f, 81% 30j, R = CF3, 81%
proposed mechanism
Oﬁa OH
X or )\/
. / R/\/\OH R =
PdOL,
ZnEty
11
Os__OPd'EtL, Pd™XLy
s
L R
R
ZnEty
co, ZnEtX
RN pyg,
Scheme 23 Pd-catalyzed regioselective carboxylation of allylic alcohol with CO,
R2 OH
RZ
Lg (26 mol%) 1&/\ /I
R1J§/\0H R COM A NiCl, (10 mol%)
5 NiBr,-glyme (10 mol%) R3 R 31 PPhz (20 mol%)
28 R o ——1 Zn,MgCly (1.2 equiv) 24,54-71% or 4 COp(lam) —————= NN
CO;, (1 atm) OH Mn (3.5 equiv) 2
OH DMF, 40 °C 4 CO2H DMF, 1t, 48 h
R 24
R' 5 e
R2 L7 (26 mol%) R R
R3 RS 29
29 26, 64-81%
XN X
CsH11/\/\C02H E\/\COZH (\/\CozH
OAc CN
24b, 93% (E/Z=12:1) 241, 70% (E/Z = 13:1) 249, 56% (E/Z > 20:1)
O/\/\/\002H AN
7 N COH oo
Scheme 24 Ni-catalyzed regiodivergent carboxylation of allylic alcohol
with CO, { /

24h, 89% (E/Z > 20:1) 24i, 88% (E/Z > 20:1)

24j, 80% (E/Z=11:1)

Scheme 25 Ni-catalyzed carboxylation of allylic and propargyl alcohols

with CO,

© Georg Thieme Verlag Stuttgart -

New York — Synthesis 2018, 50, 35-48

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



Synthesis Y.-G. Chen et al.

2 H2

R3 Coly(Phen) (5.0 mol%) RS
R‘%k + COz(1atm) ——————— > Rl—
OAc Mn (3.0 equiv)
32 DMA, tt, 20 h 33 COH
Bu MeMe (CHp)4,COMe
TMS%( TMS%k TMS%(
COH COzH CO,H
33a, 80% 33b, 71% 33c, 65%
Me
H —( Cy%<
TBSO COLH CO,H
33d, 55% 33e, 57% 33f, 26%

Scheme 26 Co-catalyzed carboxylation of propargyl acetates with CO,

Co''X,L,,
R2 1/2 Mn(0)
R‘ = R
- COgMn” 1/2 Mn(ll)
Co'XL,,
1/2 Mn(0)
R2
R—= R? 4k
CO,Co'"XL, cO‘"XL
AcO
>\ 1/2 Mn®
1/2 Mn"!
Co”XLn
AcO
c

Scheme 27 The proposed mechanism for the Co-catalyzed carboxyl-
ation of propargyl acetates

NiCl,-glyme (10 mol%)

R
Lg (22 mol%)
+ CO,(1atm) ———>

44

7 Carboxylatioin of Alkyl Halides and
Pseudohalides

In 2014, the Martin group developed the catalytic car-
boxylation of unactivated primary alkyl bromides 36 with
CO, with various functional groups (Scheme 28).32 Notably,
alkyl sulfonates and trifluoroacetates 38 are also reactive
(Scheme 29).2? The reaction is proposed to proceed by a
free-radical pathway.

R NiCl,-glyme (10 mol%) R
La (26 mol%)
+ CO, (1 atm) —— >
OR Mn (1 equiv) COzH
38 DMF, 50 °C a7
OMe OMe
OPiv
(E (E C SO S
OTs OMs ~NococF, OTs OTs
38a, 76% 38b, 61% 38c, 31% 38d, 69% 38e, 62%

Scheme 29 Ni-catalyzed carboxylation of alkyl sulfonates and trifluo-
roacetates with CO,

In 2016, the Martin group developed the catalytic car-
boxylation of unactivated primary, secondary, and tertiary
alkyl chlorides 39 with CO, (Scheme 30).3®> The Martin
group also described the Ni-catalyzed reductive cycliza-
tion/carboxylation of unactivated alkyl halides 40 and 42
with CO, under mild conditions. This is an efficient way to
synthesize elusive tetrasubstituted olefins 41 (R' # H)
(Scheme 31).33:34

Br Mn (1 equiv)
DMA, rt
36
I\ o R
l\{ S
Me (0]
/\C I;/\/\C%H COLH [/\COQH
37a, 74% 37b, 56% 37c, 66% 37d, 64%
KJ/CHO
Me
o 2
~"NCoH COH K/\COzH Me
37e, 45% 37f, 68% 379, 73% 37h, 85%

Scheme 28 Ni-catalyzed carboxylation of alkyl bromides with CO,
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NiBr,-glyme (10 mol%) R
L3 (24 mol%)
R/\/Cl _—
Mn, TBAB, CO; (1 atm)

39 DMF, 60 °C, 20-48 h COH
37
Me O>
Me 0
cogH COgH
COH COH
37i, 85% 37, 84% 37k, 73% 371, 79%
COH M "'CORH COH
COH
37m, 74% 37n,61% 370, 62% 37p, 41%

Scheme 30 Ni-catalyzed carboxylation of alkyl chlorides with CO,

=—=—R" NiBry-.diglyme (10 mol%)
(<§n Lg (20 mol%)
—eeee -

Mn, CO, (1 atm)

H Br DMF, rt
40
41a, R =H,85%
41b, R = OMe, 87% i
41c, R = CF3, 74% R 419, 7= OMOM, 77%
41d, R = COMe, 69% \ 41h, R = OPiv, 85%
e, R = COMo. 76% 41i, R = OTs, 60%
HOC & aiie, 5% 41j,R=Cl, 73%
411, R = CONEtp, 65% HO,C
R
\ \
H
HO,C HO,C HO,C HOLC
41k, 82% 411, 79% 41m, 79% 4n, 77%
HOC_/ { ( X
n =
Ph Me
HO,C HOLC S 41q,n=1,80%
410,91% 41p, 70% 41r,n=2,45%
=——R'  NiBry-diglyme (3 mol%)
R2 Lg (7 mol%)
o] Mn, CO, (1 atm)
DMF, 60-90 °C  HO,C
42 1
i-Pr
\ H \ Me \ OMe \
HO,C HO,C HO,C HO,C
411, 46% 41s, 55% 41b, 76% 41t, 60%, antilsyn = 4.6:1

Scheme 31 Ni-catalyzed reductive cyclization/carboxylation of unacti-
vated alkyl halides with CO,

In 2016, the Martin group employed the nickel-cata-
lyzed reductive carboxylation protocol for the synthesis of
cyclopropanecarboxylic acids 44 with carbon dioxide as a

45

C1 synthon (Scheme 32).3° In 2017, the Martin group ele-
gantly developed the nickel-catalyzed chain-walking car-
boxylation of alkyl halides at remote sp®> C-H sites, which
was realized via iterative B-hydride elimination/migratory
insertion sequences (Scheme 33).36 The use of ligand L,
was crucial in achieving the site-selectivity. This discovery
provides an efficient method to convert cheap starting ma-
terials into valuable fatty acids.

R2 R! NiBra-glyme (10 mol%) R2 R!

A L (24 mol%) >7/_ NQN:\(
Hex
L

Br Mn LiCl, CO, (1 atm) R3 COZH Hex
DMA, 30 °C
Ph Ph Ph Me Q
AL
CO,H co H CO-H
44a, 79% 44b, 75% 44c, 73% 44d, 70%

Scheme 32 Ni-catalyzed carboxylation of cyclopropyl bromides

Br Nil, (2.5 mol%)
L11 (4.4 mol%)
R/LQH/\H - R NcoH
Mn, LiCl, CO; (1 atm)
45 DMF, 25 °C 46

single regioisomer

(/\/\COM L/\/\COZH K/\COZH C\cog

46a, 92% 46a, 72% 46b, 77% 46c, 82%
TsN
CO,Me
™ NCOoH
COzH
46d, 50% 46e, 65%
Me
cl COzH CHO
COzH
COzH COH Me
46f, 54% 469, 50% 46h, 57% 46i, 38%

Scheme 33 Ni-catalyzed carboxylation of discrete alkyl halides at re-
mote sp> C-H sites

8 Direct Carboxylation of C-H Bonds

Direct carboxylation of C-H bonds is one of the most
straightforward ways to afford carboxylic compounds. The
Nolan and Hou groups both independently succeeded in the
C-H carboxylation of aromatic compounds using N-hetero-
cyclic carbene (NHC) transition-metal complexes as cata-
lysts. The reaction relies heavily on the acidity of the C-H
bonds and uses a gold complex (Scheme 34)3 or a copper
complex (Scheme 35).38
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COsH
[Au], CO5 (1 atm) Q A

!
47 KOH (1.5equiv) X 48 N
o [/)>—AUOH
N
Ay
|

r _— or
“ N = N
T Mcon M
. Z\Y Z\Y Ar = 2,6-Dipp
R

THF, 20 °C
49 50

X=F,Cl; Y=0,S; Z=C,N.

Scheme 34 Au-catalyzed aromatic C-H carboxylation with CO,

1. [Cu], CO3 (1 atm) Ar
+BuOK N
XN THF, 80°C, 8 h N N~
L DR e
S 2. Mel, DMF S Y Me
R 80°C,1h R Ar
49 51 Ar = 2,6-Dipp

Y=0,S

Scheme 35 Cu-catalyzed carboxylation of benzoxazole with CO,

In 2011, the Iwasawa group reported a catalytic nucleo-
philic carboxylation reaction using carbon dioxide as the
carbon source through C-H bond activation (Scheme 36).3°
The proposed catalytic cycle is shown in Scheme 37.3° 2-
Phenylpyridine undergoes C-H bond activation to form in-
termediate F, which releases methane to afford the key in-
termediate G that reacts with CO, via nucleophilic addition.

R AN
| [Rh(coe),Cl] (5 mol%) |
=N PCys (12 mol%) =N
AlMe,(OMe) (2.0 equiv)
CO; (1 atm) TMSCHN, COMe
DMA,70°C,8h  Et,0-MeOH
52 53
7
53a, R'= H, 73% F = | Me 7~
Ny X~ 53b, R'= OMe, 75% ~ «
53c, R' = Me, 65% N N
Z 53d, R' = CH=CH,, 68%
R CO,M ' )
2V §3e, R = COLMe, 51% COMe CO,Me
53f, 58% 53g, 60%
OMe
7z AN
| =z |
X | o) =
N ~ l N
N \
CO,Me CO,Me CO,Me
CO,Me
53h, 66% 53i, 73% 53j, 69% 53k, 88%

Scheme 36 Rh-catalyzed carboxylation of arylpyridines with CO,

In 2017, Hou and co-workers developed a copper-cata-
lyzed allylic C-H bond carboxylation of allyl aryl ethers 54
with CO,, which was achieved through deprotonative alu-

Proposed Catalytic Cycle

LnRh'—ClI
lMeAIXz
ArCOOAIX;
’ LnRh'—MeI
E | A
MeAIX, . C-H NF
transmetalation activation
Y \> V4 \>
o] H
Rh'(H)(Me)Ln
O—Rh'Ln
F
H
reductive
elimination
CO,

nucleophilic addition

Scheme 37 Proposed catalytic cycle of Rh-catalyzed carboxylation of
arylpyridines with CO,

mination with an aluminum ate compound [i-Bu;Al(TMP)Li]
followed by NHC-copper-catalyzed carboxylation of the re-
sulting aryloxy allylaluminum species (Scheme 38).4°

FBUsA(TMP)Li  (IMes)CuOt-Bu
RO N (2.0 equiv) (10 mol%) 1. HzO* RO N
H THF,-78°Ctort ~ COp (1 atm), THF 2. TMSCHN, CO,Me
3h 0°C,2h
54 55
Et,N o o lo)
ol \l/\ \l/\ \l/\
CO,Me CO,Me CO,Me
MeO Br
55a, 75% 55b, 86% 55¢, 84%

Pent
0 P PN O
X 2 R

o\/
= COzMe O CO,Me
Br CO,Me

55d, 75% 55e, 86% 55f, 84%

Scheme 38 Cu-catalyzed carboxylation of allylic C-H bond of allyl aryl
ethers with CO,

Also in 2017, Sato and co-workers developed a catalytic
direct allylic C(sp®)-H carboxylation by using the
Co(acac),/Xantphos/AlMe; system, which enabled highly
regioselective transformation of allyl groups into linear but-
3-enoic acid motifs with good functional group tolerance
(Scheme 39).4! The proposed mechanism suggests a Co' in-
termediate N might be crucial in the catalytic cycle and
AlMe; plays a dual role in the reaction (Scheme 40).4!
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Co(acac), (10 mol%) R CO.H
Xantphos (20 mol%) SN0
R\l/\ AlMe; (1.5 equiv) HCI (aq) for 57 57
u CsF, CO, (1 atm) 1. pH 4 buffer R~ ACO:Me
DMA, 60 °C, 12 h 2. CHN; for 58
56 58
NN N
N/ FaC MeO OMe
58a, 63% 57a, 65% 57b, 81%
OEt
X Ph
X CO-H
/Cj/\/\ ) COH e (Y o
Ph P 2 MeO
(0]
57c, 78% 57d, 63% 58b, 41%

Scheme 39 Co-catalyzed carboxylation of the allylic C(sp?)-H bond of terminal alkenes with CO,

MegAl MeAIX

L.Co'"X, ;.4;

L.Co'Me, > LnCo'"Mes

RX"NCo,AMe, \|/\
L.Co'Me H
I
MesAl \ 'le
H Golln
X
=
R N"c0,coln R )
) RN
H\Ln(Me H\LnﬂMe
co, Co s \(l_:i
— = R R/\/
XNy K L
Co'Ln /
H.Ln~Me
HJ\/ \C':)ﬁ A
N
R)\/
M

CHy

Scheme 40 Proposed mechanism of Co-catalyzed carboxylation of the
allylic C(sp?)-H bond with CO,

Besides these carboxylations of C-H bonds under transi-
tion-metal catalysis, some carboxylations of C-H bonds un-
der transition-metal-free*? or light-promoted*® conditions
were reported, which will not be discussed in detail here.

9 Conclusions and Perspectives

In the past few years, transition-metal-catalyzed car-
boxylation of electrophiles with carbon dioxide has become
a promising new catalytic transformation. However, the de-
velopment of this field is still in early stages. In particular,
site-selective C-H carboxylation is still a challenge. Further-
more, enantioselective carboxylation is another clear fron-

tier in this area. Finally, the development of large-scale cat-
alytic carboxylation reactions with low catalyst loadings is
needed.
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