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Abstract: The reaction of 1-arylpyrazoles with CO and
ethylene in the presence of Ru3(CO)12 resulted in regiose-
lective carbonylation at the ortho C-H bonds. While it is
found that the pyrazole ring also functions as the directing
group for C-H bond cleavage, the efficiency of the reaction
depends on the position of the pyrazole ring.

The catalytic formation of a C-C bond from C-H
bonds has been extensively studied and it is now recog-
nized as a new synthetic route for the construction of
organic molecules.1 Utilizing the chelation-assistance
strategy,2 a variety of catalytic additions of C-H bonds
to alkenes or alkynes have been successfully developed.3,4

Various types of catalytic carbonylation reactions at C-H
bonds have also been reported.5,6 All substrates which
are applicable to direct carbonylation at C-H bonds
catalyzed by ruthenium or rhodium involve the sp2

nitrogen atom as a directing group. This indicates that

the coordination of the sp2 nitrogen to Ru or Rh is an
important determinant for the efficiency of the carbony-
lation reaction. In fact, we have observed a correlation
between the pKa values of conjugate acids of heterocycles
(directing group) and the efficiency of carbonylation at
C-H bonds R and â to the sp2 nitrogen.6f,h The higher
the pKa is, the more reactive is the molecule. When
substrates with a lower pKa are employed, the reaction
must be carried out under lower CO pressure for the
reaction to proceed efficiently, because the coordination
of the substrates to metal competes with CO. As a result,
pKa values are good indicators of the substrates to be
employed. We found that pyrazole also functions as a
directing group for carbonylation at C-H bonds in a
benzene ring. However, it shows a higher reactivity that
would be expected from its pKa value. In this paper, we
wish to report on the Ru3(CO)12-catalyzed reaction of
N-arylpyrazoles 1 with CO and ethylene.7

The reaction of 1-phenyl-1H-pyrazole (1a, 2 mmol) with
CO (20 atm) and ethylene (7 atm) in toluene (6 mL) in
the presence of Ru3(CO)12 (0.05 mmol) at 160 °C for 20 h
gave 1-[2-(1H-pyrazolyl)phenyl]-1-propanone (2a)8 in 62%
yield, along with 20% of recovered 1a. Carbonylation did
not take place at a C-H bond on the pyrazole ring,
although such a reaction has previously been reported
by us.6h No second carbonylation products were detected.
While investigating the solvent effect, we observed a
significant improvement when aprotic polar solvents,
such as DMF and DMA (N,N-dimethylacetamide), were
used. The yield increased dramatically to 94% when DMA
was used as a solvent (eq 1).9 The use of common solvents,

however, had no effect on the yield of 2a (55% yield (28%
1a recovered) in THF; 48% (20%) in dioxane; 42% (33%)
in CH3CN).

Some results of reactions with N-arylpyrazoles are
shown in Table 1. The substitution of an electron-
withdrawing group, as in the case of 1d and 1f, led to a
low conversion, even when the reaction time was ex-
tended. The reaction of meta-substituted substrates 1e
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and 1f resulted in site-selective carbonylation. Thus,
carbonylation occurred exclusively at the less hindered
C-H bond, irrespective of the electronic nature of the
substituents.

The carbonylation of N-phenylpyrazoles 1 was found
to proceed smoothly. This result is surprising since it was
anticipated that N-phenylpyrazole might not undergo
chelation-assisted direct carbonylation at C-H bonds
judging from the pKa value of the pyrazole ring (2.5).10

We previously observed a correlation between the ef-
ficiency of carbonylation at C-H bonds and the pKa

values of the conjugate acids of heterocycles (directing
group). Thus, the higher the pKa is, the more reactive it
will be.6f,h In fact, the reactivity decreased in the order
2-phenylpyridine (5.25)11 > 2-phenylthiazole (2.44)12 >
2-phenyloxazole (0.8)13 in the carbonylation at C-H
bonds in a benzene ring.14 It should be noted that the
reaction of 1-methyl-3-phenyl-1H-pyrazole (3) under
identical reaction conditions gave the corresponding
ketone 4 in 28% isolated yield (eq 2).

A proposed mechanism is shown in Scheme 1. The
coordination of the sp2 nitrogen atom in the pyrazole ring
in 1a to Ru directs the metal complex to a desirable C-H
bond. The regioselective cleavage of an ortho C-H bond
is achieved to give the five-membered ruthenacycle 6. The
hydrometalation of ethylene leads to the formation of an
ethyl ruthenium complex 7, and the insertion of carbon
monoxide into the ethyl-Ru bond gives the acyl-Ru
intermediate 8. The reductive elimination from 8 gives
2a. We propose that the reductive elimination proceeds
via the nucleophilic attack of a phenyl group on the
carbonyl carbon leading to the formation of a tetrahedral
intermediate 9,15 from which the cleavage of the C-Ru
bond takes place to give the product 2a, with the
regeneration of the active Ru species. This mechanism
rationalizes the unexpectedly high reactivity of N-arylpyra-
zoles, in which the electron-donating nature of the
nitrogen in the pyrazole ring attached to the benzene ring
facilitates the reductive elimination. The significant effect
of DMA on product yield can also be rationalized by
understanding that the tetrahedral intermediate 9 is
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TABLE 1. The Ru3(CO)12-Catalyzed Carbonylation at
C-H Bonds in N-Arylpyrazolesa

a Reaction conditions: N-arylpyrazole (2 mmol), ethylene (7
atm), CO (20 atm), Ru3(CO)12 (0.05 mmol) in DMA (6 mL) at 160
°C for 20 h. b Isolated yields based on N-arylpyrazole.

SCHEME 1. A Proposed Mechanism
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stabilized by a polar solvent. In addition, the trend in
electronic effects of substituents on the benzene ring, in
which the electron-donating substituents enhance the
reactivity of the substrates, supports this view.

In summary, a pyrazole ring also functions in the direct
carbonylation of C-H bonds in a benzene ring. In
addition, the unexpectedly higher reactivity of N-phe-
nylpyrazoles is due to the facilitation of reductive elimi-
nation by the presence of a nitrogen, which is capable of
accelerating a nucleophilic attack. Detailed studies of the
mechanism of this carbonylation and an examination of
new types of substrates for use in carbonylation reactions
involving the cleavage of C-H bonds are currently
underway.
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