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The transition-metal-catalyzed carboxylation of aryl and vinyl
chlorides with CO; is rarely studied, and has been achieved only
with Ni catalyst or combination of palladium and photoredox. In
this work, the cobalt-catalyzed carboxylation of aryl and vinyl
chlorides and bromides with CO, has been developed. These
transformations proceed under mild conditions and exhibit a broad
substrate scope, affording the corresponding carboxylic acids in
good to high yields.

In recent vyears, carbon dioxide has gained increasing
concentration as a C1 synthon in organic synthetic realm,™
especially for the construction of carboxylic acids, which are
building blocks in many pharmaceuticals.? CO,, despite its
significant kinetic inertness and thermodynamic stability, could
behave as weak electrophile in the transition-metal catalyzed
cross-electrophile coupling reactions. In this regime, transition-
metals (Ni,? Pd,3 Co,* Cu®) catalyzed cross-electrophile coupling
reactions of aryl halides and CO; exhibited enormous potential
in the synthetic applications, which offering more
straightforward strategies to construct aryl carboxylic acids.
Among these, most works focused on the more active aryl
bromides or iodides. There are only a few examples on the
carboxylation of the most abundant and versatile aryl chlorides.
In 2012, Tsuji and co-workers dis closed the Ni-catalyzed
carboxylation of aryl and vinyl chlorides with CO, using
manganese powder as a reductant.?? Then, Hazari revealed that
using the homogeneous organic reductant could enable the Ni-
catalyzed carboxylation of aryl chlorides with lower catalyst
loading and broader substrate scope.?® Recently, Iwasawa and
Martin employed palladium/photoredox as the catalytic system
to promote the carboxylation of aryl chlorides with CO,.3? Given
the versatile performances of cobalt catalysts in the
electrophile coupling reactions of organic (pseudo)halides,*®
we assume the cobalt catalyst could promote the carboxylation
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procedure of less reactive aryl chlorides with CO, under mild
conditions.

Ni(ll) or Pd(ll) catalyzed Ar-Cl carboxylation with CO,

N Nl H' X COOH
R + CO, 4» — R (Tsuji, Hazari)
Z =
cl .
X Pd(ll H Xy COOH
RZT + CO, M sz; (Iwasawa)
7 hv =

This work : Co(ll) catalyzed Ar-Cl carboxylation with CO,

+

Ar—X + CO, ﬂ»L Ar=COOH
62 examples

X=Cl, Br

Scheme 1 Transition-Metal-Catalyzed Carboxylation of Aryl
Chlorides with CO,.

We commenced the investigations by evaluating the reaction of
1-chloro-4-methoxybenzene with CO, at atmospheric pressure. After
a series trails of the reaction parameters, the carboxylation
procedure was carried out using a mixture of CoBr, (5 mol%), 2,9-
dibutyl-4,7-dimethyl-1,10-phenanthroline (L6, 10 mol %) as ligand ,
Mn powder (1.5 equiv) as reductant, LiOAc (2.0 equiv) and Et;NI (2.0
equiv) as additives, in DMA (1 mL) at 100 °C under 1 atm CO, for 12
h (Tablel, entry 1). Control experiments showed that LiOAc played
an important role in this transformation (entry 2). Changing LiOAc
into NaOAc, KOAc, or Li,CO; resulted in lower conversion (entries
3-5), and the reaction was totally inactive when LiCl was added as an
additive (entry 6). Further investigation experiments showed that
LiOAc played a double role in the reaction, offering a lithium salt and
serving as a base (for details, see Table S3 in the ESI). It is known that
lithium salts could work as Lewis acids to promote the insertion
reactions of CO; into transition-metal-carbon bonds.?®” Notably, the
addition of EtsNI was essential for this transformation, which
afforded higher yields than other quaternary ammonium salts such
as BugNI or Et4NBr, whereas no desired product detected when
EtsNCl was employed (Table S2). The reaction efficiency was also
sensitive to the reaction temperatures. Only trace amount of desired
product was detected at 60 °C, and the reaction was inactive when
performed at room temperature (Table S2, entries 3 and 4). The
effect of solvents was investigated as well, and DMA gave the best
result (Table S2, entries 5-7). As
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Table 1 Optimization of reaction conditions®
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work smoothly with lower catalyst loading at room temperaturewith

higher yields (up to 88%, Table 2).
Table 2 Substrate scope?

CoBr; (5 mol%)
Ligand (10 mol%)
A-X  + GO, 4MHCI

Mn (1.5 equiv) in dioxane
LiOAc (2.0 equiv)

DMA (1.0mL), T

DOI: 10.1039/D0CC06451C

Ar=COOH

¢l CoBry (5 mol%) COOH
L6 (10 mol%) 4 MHCI
+  CO; Mn (1.5 equiv) in dioxane
LiOAc (2.0 equiv)
Ovte " A, fo0 0 12 Ovte
, R? R2
OB I o W i ok
o N N . Lo R z Ph“ < N N= » L7:R'= "hex, R? = Me
entry alteration yield (%)?
none 71

2 no LiOAc 0

3 NaOAc instead of LiOAc 19

4 KOAc instead of LiOAc 34

5 Li,COs instead of LiOAc 59

6 LiCl instead of LiOAc 0

7 EtsNBr instead of EtsNI 65

8 Et4sNCl instead of EtsNI 0

9 L1 instead of L6 trace

10 L2 instead of L6 18

11 L3 instead of L6 59

12 L4 instead of L6 0

13 L5 instead of L6 64

14 L7 instead of L6 60

15 Zn instead of Mn trace

16°¢ Co(PPhs3)sCl instead of CoBr, 12

179 Co(PPhsz)sCl instead of CoBr, 0

18 without CoBr,

9Reaction conditions: 1-Chloro-4-methoxybenzene (0.5 mmol, 1.0
equiv), CO; 1 atm, CoBr; (5 mol%), ligand (10 mol%), Mn powder (1.5
equiv), LIOAc (2.0 equiv), Et4NI (2.0 equiv), DMA (1.0 mL), 100 °C for
12 h. b Isolated yield. ¢ Co(PPhs)sCl (5 mol%). ¢ Co(PPh3)sCl (5 mol%),
without L6.

showed in Table 1, subtle differences in the ligand backbone
exhibited a profound influence on the reaction outcome (entries
9-14). An increase in the steric bulk around the nitrogen-donor
ligand could minimize the homo-coupling reaction, and introduction
of a butyl group at 2,9-positions gave the optimal result (entry 11).
The electronic effect of methyl groups at 4,7-position of the 1,10-
phenanthroline backbone may further improve the efficiency
(entries 1, 13-14). Other ligands, such as terpyridine, PPhs, or
Xantphos could not promote this conversion (Table S1). When Zn
powder was employed as the reductant, trace product or no product
was obtained (entry 15). The different performance of Zn and Mn
may be attributed to their reduction potentials (Zn?*/zZn°, -1.02 V vs
MnZ*/Mn°, -1.44 V).%° Notably, Co(PPhs);Cl combined with L6 could
promote this reaction as well, giving the carboxylation product in
12% yield (entries 16—17). No desired product was obtained without
CoBr; (entry 18). To our delight, this catalytic system also worked
well with aryl bromides under mild conditions (Table S4). Very
recently, Xi group reported cobalt-catalyzed carboxylation of aryl
bromides with the isolated yield up to 72%.%® Our procedure could
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/@COOH ]Q,COOH /@COOH /@,COOH
MeO Bu
1,X=Cl,71% 2, X=Cl, 75% 3, X=Cl, 77% 4,X=Cl, 73%
X = Br, 75% X =Br, 81% X = Br, 81% X = Br, 80%
COOH COOH /@,COOH /@,COOH
Me/© ph/© MeOOC F
5 X=Cl, 73% 6,X = Cl, 73% 7,X = Cl, 67%! 8, X = Cl, 62%!
X = Br, 75% X = Br, 68% X = Br, 62% X = Br, 68%
COOH /@,COOH @’COOH @,COOH
[ ] oN
FaC B
o 6] o OMe Me
9, X =Cl, 69% 10, X = Cl, 64%! 11, X = Cl, 82% 12, X =Cl, 63%
X = Br, 58% X = Br, 50% X = Br, 66% X =Br, 88%
Q,COOH @COOH @,(:OOH Q,COOH
OCF,4 COOMe F CF,4
13,X=Cl,64% 14, X=Cl, 75% 15 X = Cl, 71%l] 16, X = Cl, 66%!"!
X =Br, 85% X = Br, 66% X = Br, 64% X =Br, 66%
COOH  MeO COOH Me COOH ©,COOH
R S o &
OMe Me
17,X=Cl,61% 18, X =Cl, 66% 19,X = Cl, 84% 20, X = Cl, 68%
X = Br, 85% X = Br, 60% X = Br, 83% X = Br, 65%
COOH o COOH COOH
OO > S
S s
21,X = Cl, 73%! 22 =Cl, 58% 23,X = Cl, 66% 24,X=Cl, 51%
X =Br, 68% = Br, 55% X = Br, 62% X = Br, 65%
COOH COOH COOH

P ik

COOH al

ar
s

25, X =Cl, 35%
X =Br, 23%

COOH /@,COOH
Ph/@ Bu Et0OC

26,X = Br, 60% 27,X =Br, 64% 28,X=Br, 70%

3
3

29, 74% 30, 83% 31,76% 32,57%
COOH Me. Me
Me Me,
COOH )—COOH
Me from camphor
33, 55% 34, 70% 35, 68%

9 Reaction conditions: ArX (0.5 mmol), CO, 1 atm, CoBr; (5
mol%), ligand (10 mol%), Mn powder (1.5 equiv), LiOAc (2.0
equiv), DMA (1.0 mL), 12 h. X= Cl, with L6, Et4NI (2.0 equiv), at
100 °C; X = Br, with L2, at room temperature. ? With L2.

With the optimal reaction conditions in hand, we explored the
scope of aryl chlorides and aryl bromides, as shown in Table 2. To our
delight, most substrates worked smoothly to afford corresponding
carboxylation products in moderate to good vyields. When 4-
substituted aryl chlorides and aryl bromides treated with CO, under
the catalytic systems, higher yields were obtained for the electron-
donating groups (1-5) than those for the electron-withdrawing

This journal is © The Royal Society of Chemistry 20xx
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groups (7-10). Notably, the boronic acid ester (10) remained intact
under the reaction conditions, which is beneficial for further
derivatization. Next, aryl chlorides and bromides bearing different
substituents at meta-position were tested, giving the corresponding
products in 63-88% vyields (11-16). Moreover, more sterically
hindered 2-chlorotoluene and 2-bromotoluene proceeded smoothly
in the catalytic system, providing the o-toluic acid (17) in 61% and
85% vyields respectively, while only trace amount of the
corresponding carboxylic acids were obtained with 1-chloro-/1-
bromo-2-methoxybenzene. This is probably due to the coordination
of the adjacent oxygen atom of o-anisolyl halides to the cobalt atom
forming a cyclic cobalt intermediate, which hindered the insertion of
CO; into the C—Co bond. 3,5-Disubstituted substrates were also
investigated, as exemplified by 18 (ArCl 66%, ArBr 60%) and 19 (ArCl
84%, ArBr 83%). Treating 1- or 2-halides (halide = Cl, Br) substituted
naphthalene with CO, under the standard conditions furnished the
corresponding acids 21 and 22 in moderate to good yields (55—-73%).
Furthermore, S-containing aryl chlorides and aryl bromides also
worked in our reaction systems, providing the desired carboxylic
acids 23-25 in 23-66% yields. It is noteworthy that this conversion
could selectively realize the carboxylation of C(sp?)-Br bond with
C(sp?)-Cl bond remained via conditions control (26-28). To our
delight, the carboxylation procedure of aryl chlorides was also
suitable for the vinyl chlorides, furnishing the a,B8-unsaturated
carboxylic acids in moderate to good yield (29-35). Subsequently,
the scope with respect to vinyl chlorides was examined. By treating
chloro-substituted cyclohexene with CO, under the optimal
conditions, the corresponding acids were obtained in good yields
(29-31, 74-83%). The vinyl chlorides conjugated with a benzene ring
also proceeded smoothly affording the corresponding carboxylic acid
in moderate yields (32—-33). Notably, the endocyclic vinyl chlorides
derived from camphor also worked well giving the desired product in
70% vyield (34). Moreover, our carboxylation protocol was also
suitable for the chain vinyl chloride, as exemplified by methacrylic
acid (35, 68%). Benzyl chloride was also tested as a substrate under
the standard conditions but no desired product was obtained.

a) 5 mmol scale of aryl chlobride carboxylation

Cl COBr; (5 mol%) COOH
nlﬁﬁ ((105'235/&)) HiO"
M T (é 0 equiv)
Me Me ELNI (2.0 equiv) Me Me
5 mmol DMA (1.0 mL), 100 °C 19, 78% (0.59 g)
b) Late-stage carboxylation of

OCOOMe OCOOMe

CoBrz (5 mol%)
6 (10 mol%)
co Mn (1.5 equiv) 4 MHCI
+ N
2 LiOAc (2.0 equiv)  in dioxane

Et4NI (2.0 equiv)
DMAA(1.0 mL), 100 °C HOOC

Cl

CoBr; (5 mol%)
L6 (10 mol%)

t 7% co, Mn (1.5 equiv) >4 M Hcl
H LiOAc (2.0 equiv)  in dioxane
Et4NI (2.0 equiv)
DMA (1.0 mL), 100 °C

MeOOCO MeOOCO

From Dehydroepiandrosterone

Scheme 2 Synthetic applications.

The cobalt-catalyzed carboxylation reaction was further
demonstrated by its applicability in the amplified scale experiment
and late-stage carboxylation of complicated compounds (Scheme 2).
The carboxylation of 1-chloro-3,5-dimethylbenzene was amplified to

This journal is © The Royal Society of Chemistry 20xx
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5 mmol scale using a 500 mL Schlenk flask afferdingothe
corresponding carboxylic acid 19 in 78% yi&ld {01999 Uiridr* the
standard conditions. Furthermore, the complex vinyl chloride
compounds derived from Testosterone and
Dehydroepiandrosterone could proceed smoothly in this catalytic
system giving the desired products in 72% (36) and 58% (37) yields,
respectively. This indicated that this protocol offers a potential
synthetic route for the carboxylation of some complicated
molecules.

To probe the catalytic mechanism, a control experiment was
carried out. Aryl manganese species may be involved in the
carboxylation procedure. Therefore, phenyl manganese chloride was
prepared from MnCl,, LiCl, and Grignard reagent according to the
literature (For details, see the ESI).1° Treatemnt of phenyl manganese
chloride with CO, under the standard conditions gave no the desired
product (Scheme 3). This result indicated that the arylmanganese
species may not behave as an intermediates in this carboxylation
reaction. The formation and reaction of ArMnCl species could be
excluded from the possibility.

CoBry (5 mol%) COOH
MnClI . co, L2 (10 mol%) 4 M HCI @/
Mn (1.5 equiv) in dioxane
LiOAc (2.0 equiv)
1 at
0.5 mmol atm KT 12n 0

Scheme 3 An control experiment.

On the basis of the results of experiments and literature
reports,?>*® a possible mechanism is proposed for the present
catalytic reaction (Scheme 4). Initially, Co"Br; is reduced to the
Co'XL (X =1 or OAc) species (A) with Mn powder in the presence
of ligand. Then, oxidative addition of aryl halide takes place via
C—Cl or C-Br bond cleavage, giving an aryl Co"' intermediate (B).
Subsequently, reduction of aryl Co" gives the aryl Co" species
(C). Then CO; is inserted into the C—Co'" bond assisted by Lewis
acid (Li*) to produce Co" carboxylate intermediate (D).2¢ Finally,
the reduction of D with manganese affords the corresponding
manganese or lithium carboxylate and regenerates the Co'
catalytic species (A) for the next catalytic cycle. LIOAc plays a
double rule in this reaction, offering lithium salt and serving as
base.

CO”Br2 N

1/2 Mn(0), LiOAc, Et,NI, >
N
1/2 Mn(ll)
H" PhCOOLi N
PhCOOH=—"r (PhCOO), ( Co'X

o
Li" or Mn _
1/2Mn // IorOAC\< N

5\1 o
/Co” @XZ\N
0 X
B
5\‘ 1/2Mn
N =L2orL6 Co”
X

Cc

Scheme 4 Proposed mechanistic pathway.

In conclusion, we have developed -cobalt-catalyzed
carboxylation of aryl halides (halides = Cl, Br) and vinyl chlorides
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with carbon dioxide under mild conditions. A broad scope of
substrates has been established in this conversion, furnishing
the corresponding carboxylic acids in good to high yields. The
applicability was demonstrated in the late-stage carboxylation
of Testosterone and Dehydroepiandrosterone derivatives.
Further investigations on the reaction mechanism and
applications of this method are in progress in our laboratory.
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> Under atmospheric pressure of CO, > Less toxic and cheap cobalt as catalyst
> Mild reaction conditions D> Broad substrate scop

Cobalt-Catalyzed Carboxylation of Cobalt-catalyzed carboxylation of aryl and vinyl chlorides and bromides with CO, has

Aryl and Vinyl Chlorides with CO, been developed. These transformations proceed under mild conditions and exhibit a
broad substrate scope, affording the corresponding carboxylic acids in good to high
yields.
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