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ABSTRACT: Cp2TiCl2-catalyzed carboxylation of aryl chlorides with carbon dioxide
to afford benzoic acids in good yields has been achieved in the presence of n-BuMgCl.
The reaction proceeds by a sequential magnesium halide exchange reaction and
carboxylation with CO2 in a wide variety of aryl chlorides under mild conditions.

Carbon dioxide (CO2) is an ideal carbon source that is
cost-effective, sustainable, and inherently renewable.1 In

particular, carbon−carbon bond making reactions employing
CO2 are the most hopeful. Reactions using reactive Grignard,
organolithium, and organosodium reagents reacting with CO2
are essential for the carbon−carbon bond formation; however,
the functional group compatibility with these reagents is
limited.2 In contrast, less reactive organoboranes,3a−c organo-
zincs,3d,e organotins,3f−i organoaluminums,3j,k and organo-
zirconiums3l were found to react with CO2 with good
functional group compatibility with transition metals as
catalysts. Despite this, all of these organometallic reagents
are mainly prepared from the corresponding aryl halides.
Consequently, catalytic generation of the highly reactive
organometallic species in situ from readily available substrates
to react with CO2 is more straightforward and efficient for the
formation of carboxylic acids. Recently, several groups have
independently reported Fe- or Ti-catalyzed carboxylation of
alkenes with CO2 in the presence of organomagnesium
reagents to afford alkanecarboxylic acids with regioselectiv-
ity.4,5 Likewise, catalytic generation of arylmetallic species in
situ from aryl halides to react with CO2 is also straightforward
for the formation of benzoic acids, which are important motifs
in a great number of natural and medicinal compounds.6

Recently, transition-metal-catalyzed direct carboxylation of the
aryl halides with CO2 has attracted considerable attention and
some reactions have been achieved using Pd,7 Ni,8 and Cu9

catalysts. A method using early-transition-metal catalysts for
the carboxylation of aryl halides with CO2 under mild
conditions remains to be studied, particularly using aryl
chlorides, which are low-activity and pollutant perchlorinated
compounds.10 Influenced by this idea and as our ongoing
project on CO2 chemistry,11 we wish to report herein the
Cp2TiCl2-catalyzed synthesis of benzoic acids from aryl
chlorides and CO2 in the presence of n-butylmagnesium
chloride (eq 1).
Titanium-catalyzed dechlorinations of halides with alkyl-

magnesium reagents have been reported.12 We began our
investigation with 4-chloroanisole (1a; 0.5 mmol) and 5 mol %

of Cp2TiCl2 in the presence of n-butylmagnesium chloride (n-
BuMgCl; 2a; 1.55 mmol, 0.78 mL, 2.0 M in THF solution) at
40 °C in ether for 6 h. Then, the reaction was bubbled with
CO2 at room temperature and the corresponding benzoic acid
3a was observed in 39% NMR yield (Table 1, entry 1) along
with 39% of the dechlorination product 4a and 19% of the
starting material 1a. During the CO2 gas bubbling, the reaction
mixture became a mud and the syringe spiker was clogged for
CO2 gas flow. Therefore, we tried addition of 4 mL of THF in
the vessel to increase the solubility. As expected, the CO2 gas
flowed smoothly in this solution. Then we scanned Grignard
reagents (entries 2−4), such as n-propylmagnesium chloride
(n-PrMgCl), isopropylmagnesium chloride (i-PrMgCl), and
isobutylmagnesium chloride (i-BuMgCl). It was found that the
reaction proceeded well using n-BuMgCl (entry 1). Screening
solvents such as tetrahydrofuran (THF) and n-hexane (entries
5 and 6) revealed that n-hexane was a better solvent (entry 6).
During the course of our study, we found that the reaction
proceeded well to afford the desired benzoic acid 3a in 52%
yield without utilization of any solvents (entry 7). In order to
further improve the yield, greater excesses of n-BuMgCl were
added (entries 8−10). To our delight, 4-methoxybenzoic acid
3a was obtained in 71% yield when 5 equiv of n-BuMgCl was
added (entry 9). Notably, the reaction was also treated in the
absence of n-BuMgCl or Cp2TiCl2 and the desired product 3a
was not observed and the starting material 1a remained
(entries 11 and 12). Different reaction times were examined
(entries 9, 13, and 14), and 6 h was preferred (entry 9). Under
the optimized reaction conditions, treatment of the reaction
mixture with D2O instead of CO2 afforded anisole-4-D (4a′) in
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75% isolated yield (entry 15). This result indicates that the
Cp2TiCl2-catalyzed magnesium chloride exchange reaction
occurred to give (4-methoxyphenyl)magnesium chloride (5);
although ArMgCl can be prepared by the direct reaction of
ArCl with magnesium, most of the methods require harsh
conditions such as high temperature and tedious processing for
the preparation of highly activated magnesium turnings and
give a low yield for the utilization of aryl chlorides.13

With the optimized reaction conditions (Table 1, entry 9),
the substrate scope was explored and the representative results
are summarized in Table 2. The carboxylation of electron-rich
aryl chlorides proceeded well (entries 1−5). Methyl groups are
tolerated, and 3- and 4-chlorotoluenes are reactive to afford the
corresponding methylbenzoic acids in good yields (entries 1
and 2). Alkoxy or alkylthiol groups are also tolerated, and 3-
and/or 4-chloroanisoles are also reactive to give the
corresponding methoxybenzoic acids or (methylthio)benzoic
acid in satisfying yields (entries 3 and 4). Heterocyclic 2-
chlorothiophene (1f) (entry 5) is carboxylated to afford
thiophene-2-carboxylic acid (3f) in 88% yield. When 4-chloro-
1,1′-biphenyl (1g) and 2-chloronaphthalene (1h) were
employed, the corresponding products were obtained in 57%
and 49% yields (entries 6 and 7), respectively. Hindered aryl
chlorides, such as 1-chloro-2-methylbenzene (1i) (entry 8), 1-
chloro-2-methoxybenzene (1j) (entry 9) and 1-chloronaph-
thalene (1k) (entry 10), are less reactive. Carboxylation of
electron-poor aryl chlorides also proceeded: for example, 4-
and 3-fluorochlorobenzenes (1m,n) could also be carboxylated
to give fluorobenzoic acids 3m,n in 59% and 60% yields
(entries 12 and 13), respectively. When 1,4-dichlorobenzene
was used, 4-chlorobenzoic acid (3o) was obtained in 44% yield

Table 1. Screening the Reaction Conditionsa

entry RMgCl (y equiv) solvent yield of 3a/4a (%)b

1 n-BuMgCl (3) Et2O 39/39
2 n-PrMgCl (3) Et2O 25/32
3 i-PrMgCl (3) Et2O trace/trace
4 i-BuMgCl (3) Et2O trace/trace
5 n-BuMgCl (3) THF 26/41
6 n-BuMgCl (3) n-hexane 46/36
7 n-BuMgCl (3) 52/43
8 n-BuMgCl (4) 60/29
9 n-BuMgCl (5) 71(63)/28
10 n-BuMgCl (6) 66/35
11
12c n-BuMgCl (5)
13d n-BuMgCl (5) 55/32
14e n-BuMgCl (5) 65/32
15f n-BuMgCl (5) 0/80(75)

aReaction conditions unless specified otherwise: 1a (0.5 mmol),
Cp2TiCl2 (0.025 mmol), Grignard reagent, solvent, N2, 40 °C, 6 h;
CO2 bubble, THF (4 mL), room temperature, 2 h. bNMR yield,
dibromomethane as the internal standard, isolated yield in
parentheses. cWithout Cp2TiCl2.

dThe reaction time was 3 h. eThe
reaction time was 12 h. fThe reaction mixture was treated with D2O
instead of CO2 to afford 4a′.

Table 2. Scope of Aryl Chloride for Carboxylationa

aReaction conditions unless specified otherwise: 1 (0.5 mmol),
Cp2TiCl2 (0.025 mmol), n-BuMgCl (2.55 mmol, 2.0 M in THF
solution), N2, 40 °C, 6 h; CO2 bubble, THF (4 mL), room
temperature, 2 h. bIsolated yield. cThe reaction time was 12 h.
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along with 26% of benzoic acid (3l) (entry 14). However, 1-
chloro-4-(trifluoromethyl)benzene (1p) was less carboxylated
under these conditions and only an 11% yield of 3p was
observed (entry 15). The reduction of 1p to 4p was observed.
It is noteworthy that, when the aryl chlorides were extended to
reactive functional groups such as ketone, ester, aldehyde,
amide, and cyano, a mixture of products was observed with few
desired products, respectively. In addition, reactions of the
corresponding aryl bromides and iodides also proceeded in a
sequential magnesium halide exchange reaction and carbox-
ylation with CO2 to give the desired benzoic acid (3l) in 61%
and 72% yields (entries 16 and 17), respectively.
In combination with known facts, a plausible pathway of this

reaction is outlined in Scheme 1 (path a). Electron transfer

from the ate complex14 [Cp2Ti(n-Bu)2]MgCl (7) to the aryl
chloride 1 forms an aryl radical species and Cp2Ti(n-Bu)2,
which decomposes to afford Cp2Ti along with butene and
butane.15 The aryl radical species reacts with the generated
Cp2Ti(CH2CHEt) (8) to give 9. Subsequent trans-
metalation of 9 with n-BuMgCl affords the arylmagnesium
chloride 5 and Cp2Ti(n-Bu) (6). The generated arylmagne-
sium chloride 5 reacts with CO2 to afford the benzoic acid 3
after hydrolysis. Since the reaction is often accompanied by the
dechlorination product 4 as a byproduct, we also give a path b
for the formation of dechlorination product 4.12 Paths a and b
are competitive reactions. The utilization of an excess amount
of n-BuMgCl may result in path a being more advantageous
than path b. To further understand the reaction, the compound
9l generated by the reaction of Cp2TiCl2 with i-PrMgCl and
PhMgBr16 was treated using different amounts of n-BuMgCl,
and CO2 and benzoic acid 3l was observed, respectively (for
details of the procedures and results, see the Supporting
Information). These results indicate that the intermediate 9
was formed in this reaction.
In conclusion, Cp2TiCl2-catalyzed carboxylation of aromatic

chlorides with CO2 in the presence of n-butylmagnesium
reagent has been described. In contrast to the Cp2TiCl2-
catalyzed dechlorination of aryl chlorides using alkylmagne-
sium reagents, the use of excess amounts of n-BuMgCl may
result in the transformation toward a magnesium halide
exchange reaction to give a wide range of arylmagnesium
reagents, which reacted with CO2 to form benzoic acids.
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