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Development of a new method for the carboxylation of carbon
nucleophiles using carbon dioxide as an electrophile is highly
valuable, and, in particular, development of a catalytic method for
this transformation is of paramount importance not only from a
standpoint of a synthetic methodology but also from that of C1
chemistry.1 However, CO2 is a less-reactive electrophile, and
organometallic reagents with high nucleophilicity such as organo-
lithiums and Grignard reagents are usually required for this
transformation.

In the 1970s and 1980s, it was reported by Vol’pin, Aresta, and
Darensbourg that phenylrhodium species readily reacted with CO2

under high pressure (10∼20 atm) to give rhodium benzoate
complexes.2 However, a stoichiometric amount of rhodium species
was employed, and no catalytic version of this reaction has been
reported so far. To perform this reaction catalytically, it is necessary
to regenerate the active catalyst from the rhodium carboxylates.
Recent reports on rhodium(I)-catalyzed addition reactions of
arylboronic reagents to various electrophiles such as carbonyl
compounds,3 electron-deficient alkenes,4 and so on,5 have prompted
us to examine the reaction with CO2, with the expectation that the
high oxophilicity of boron compounds would make it possible to
regenerate the active rhodium catalyst by promoting the exchange
of rhodium carboxylates to boron carboxylates (Scheme 1). Recent
progress on the facile preparation of various aryl- and alkenyl-
boronic esters containing functional groups through the Pd-catalyzed
coupling reaction of the corresponding halides with diboron
reagents6 or through the Rh or Ir-catalyzed borylation with the direct
sp2 C-H bond activation7 would make this reaction highly useful
for the synthesis of functionalized carboxylic acid derivatives.

At first we examined the reaction of several phenylboronic acid
derivatives with CO2 using [Rh(OH)(cod)]2, which is known to be
an efficient catalyst for transmetalation with arylboronic acid
derivatives,8 and it was found that when 5,5-dimethyl-2-phenyl-
1,3,2-dioxaborinane (ester of phenylboronic acid with 2,2-dimeth-
ylpropan-1,3-diol) was treated with 10 mol % of the rhodium
catalyst under an atmospheric pressure of CO2 in the presence of
1,3-bis(diphenylphosphino)propane (dppp) in dioxane at 60°C, the
desired benzoic acid was obtained in 12% yield (eq 1). Other
phenylboronic esters such as propan-1,3-diolate, ethylene glycolate,
pinacolate, and catecholate gave almost no product.

We then examined various bases and ligands for the purpose of
accelerating the transmetalation of the rhodium benzoate with the
phenylboronic ester and enhancing the nucleophilicity of the
phenylrhodium species. While use of several typical bases such as
sodium alkoxide, potassium hydroxide, potassium carbonate, which
were known to accelerate transmetalation of arylboronic acids or
esters to arylrhodium species,9 did not promote the carboxylation
efficiently, use of cesium bases gave better results.10 In particular,
cesium fluoride was found to be the most efficient for this reaction.11

Concerning the ligand, use of monodentate phosphine ligands did
not promote the carboxylation reaction efficiently. However, use

of bidentate ligands gave much better results. Among the ligands
examined, dppp was found to be the best ligand for this reaction.
Thus, benzoic acid was obtained in 75% yield using 3 mol % of
rhodium catalyst and 3 equiv of CsF by heating the reaction mixture
at 60 °C in the presence of 7 mol % dppp in dioxane under an
atmospheric pressure of CO2 (eq 1).

We next examined the generality of this reaction using several
functionalized arylboronic esters. At this point, it was found that
the reactive catalytic species were rather air-sensitive, and yield
reproducibility was not always achieved well. Finally, good
reproducibility of the reaction has been achieved by carrying out
the reaction in a closed system.12,13

As summarized in Table 1, various arylboronic esters substituted
with an electron-donating or electron-withdrawing group were
converted into the corresponding arylcarboxylic acids in good to
high yields by carrying out the reaction under the optimized
conditions. In some cases, use of 1,3-bis[di(p-methoxyphenyl)-
phosphino]propane ((p-MeO)dppp) gave slightly better results
compared to simple dppp. It should be noted that arylboronic esters
containing a carbonyl or a cyano group could be converted to the
corresponding carboxylic acids without affecting these function-
alities (entries 6-9 and 11-14). Even a Boc-protected NH
functionality could be tolerated in this reaction (entry 10).
Furthermore,o-substituted arylboronic esters (entries 15 and 16)
or heteroaromatic derivatives (entries 20-22) gave the correspond-
ing carboxylic acids in good yield. Some of these substrates could
be prepared by the coupling reaction of the aryl halides with bis-
(neopentyl glycolato)diboron, while the corresponding Grignard or
aryllithium reagents are not employable for the reaction with CO2.
Thus, this protocol is particularly useful for the preparation of
functionalized arylcarboxylic acids.

Reactions of alkenylboronic esters also proceeded under similar
conditions in reasonable yields, except that [RhCl(nbd)]2 was
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employed instead of [Rh(OH)(cod)]2 (eq 3). Importantly, further
1,4-addition of alkenylboronic esters to the producedR,â-unsatur-
ated carboxylic acid derivatives was not observed in these reactions.
As alkenylboronic esters can readily be synthesized via hydrobo-
ration of the corresponding alkynes with catecholborane, followed
by a trans-esterification or coupling reaction with the corresponding
alkenyl halides or triflates with tetra(alkoxo)diborons,6 substrates
containing various functional groups would be applicable to this
carboxylation reaction.

In summary, we have succeeded in developing a rhodium-
catalyzed carboxylation reaction of aryl- and alkenylboronic esters
under mild conditions. As organoboronic esters are easily available
without using organolithiums or Grignard reagents, various func-
tional groups are tolerated in this reaction.
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Table 1. Carboxylation of Arylboronic Esters

a (p-MeO)dppp was employed.b The reaction was run at 90°C. c Isolated
as its methyl ester.
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