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Transition-metal-catalyzed formation of C-C bonds via selective
cleavage of unreactive bonds has been one of the most extensively studied
areas in organic chemistry because it leads to unique organic transforma-
tions that are hard to achieve by other methods.1 C-N bonds are one of
the most abundant and unreactive bonds in organic molecules.2-7 In
particular, aromatic C-N bonds in anilines are considerably inert, and
not only catalytic transformations involving their selective cleavage2,3 but
also observations of such cleavage itself are still rare.4-6

Recently, we reported the first catalytic C-C bond formation via
cleavage of unactivated aromatic C-N bonds in aniline derivatives
(eq 1):2

o-Acylanilines were used as substrates, and the coupling reactions with
various organoboronic acid esters (organoboronates) proceeded using
RuH2(CO)(PPh3)3 (1) as a catalyst. In connection with a similar C-O
bond functionalization,1m,o we proposed a catalytic cycle involving (1)
oxidative addition to the C-N bond, (2) transmetalation between the
ruthenium amide complex and an organoboronate, and (3) reductive
elimination to form the C-C bond. However, the proposed mechanism
included rarely observed steps. For example, there has been only one report
on the observation of direct cleavage of unactivated aromatic C-N bonds
on a transition-metal center, which was described by Wolczanski and co-
workers using a tantalum(III) complex and aniline derivatives.4 Intrigued
by the fact that even free aniline derivative 2a is applicable to our reaction,
we decided to explore the reactivity of this substrate with ruthenium catalyst
1. Here we report that the C-N bonds of primary aromatic amines can
be cleaved on the ruthenium center and that coupling products can be
obtained via C-N bond cleavage.

When ruthenium complex 1 was allowed to react with 2 equiv of 2a
in toluene at 120 °C for 20 h, amido hydrido complex 3a became the
predominant ruthenium species and was isolated in 59% yield (Scheme
1). o-Acetylaniline (2b) also led to the formation of the corresponding

complex 3b, which was similarly isolated in 56% yield. The molecular
structure of 3b was confirmed by X-ray crystallography (Figure 1a).
Complex 3b possesses a (2-acetylphenyl)amide ligand that forms a six-

membered chelate, and the nitrogen atom of the amide is located cis to
the hydride ligand.8

Use of an activated ruthenium complex formulated as “Ru(CO)(PPh3)3”
(4),9 which was generated by a reaction of 1 with 10 equiv of trimeth-
ylvinylsilane, enabled the formation of 3a at room temperature. When
the reaction of 4 with 2a was monitored by 31P NMR spectroscopy, 3a
became the only phosphine ruthenium complex within 1 h. Formation of
an amido hydrido ruthenium complex by the reaction of trimethylphos-
phine complexes with aniline was reported by Hartwig, Andersen, and
Bergman.10

Reaction of 1 with 2a was monitored further, and after 3 days, a ∼7:1
mixture of 3a and arylruthenium complex 5 was obtained; from this
mixture, 5 was isolated in 6% yield (Scheme 2). The molecular structure

of 5 was established by X-ray analysis (Figure 1b). Complex 5 possesses
two chelating ligands originating from 2a, (2-pivaloylphenyl)amide and
2-pivaloylphenyl groups. The latter forms a five-membered chelate and
is presumably generated via C-N bond cleavage by the ruthenium center.
This result presents the first observation of unactivated aromatic C-N
bond cleavage on a late-transition-metal center.

Addition of olefins dramatically increased the rate of the C-N bond
cleavage and the yield of 5. When the reaction of 1 with 2a was carried
out in the presence of trimethylvinylsilane (6) at 120 °C, 5 became the
only ruthenium species observed by 31P NMR spectroscopy (96% yield
by 1H NMR spectroscopy) and was isolated in 56% yield (run 1 in eq 2).

Scheme 1. Cleavage of N-H Bonds on a Ruthenium Center

Figure 1. ORTEP drawings of (a) amido hydrido complex 3b and (b) aryl
complex 5. Hydrogen atoms have been omitted for clarity.

Scheme 2. Cleavage of a C-N Bond on a Ruthenium Center
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Use of 3,3-dimethyl-1-butene (7) as an additive also accelerated the
formation of 5 (run 2). In addition to 5, ammonia was formed in both
runs.11,12 The formation of ammonia suggests that the olefins do not
directly activate the C-N bond by covalently forming a bond with the
nitrogen atom but simply facilitate the bond cleavage, probably through
coordination.

With complex 5 formed via C-N bond cleavage in hand, we examined
whether 5 can be used for C-C bond formation upon treatment with
organoboronates. Stoichiometric reaction of 5 with phenylboronate 8 at
120 °C actually provided the ortho phenylation product 9 in 98% GC
yield (eq 3):

To further confirm the coupling product obtained via C-N bond
cleavage, it was necessary to determine which ligand, the amide or the
aryl group, in 5 was used for the C-C bond formation. For this purpose,
complex 10 was prepared to differentiate the two aryl rings.13 The reaction
of 10 with 8 afforded 9 in 97% GC yield, with only 3% of the methyl-
substituted product 11 (eq 4):

This result clearly shows that the product was primarily produced by
coupling between the organoboronate and the aryl group formed by the
C-N bond cleavage.

Finally, the catalytic activity of 5 toward coupling of aniline 2a with 8
was examined in the absence or presence of additional PPh3 (eq 5):

The reaction carried out in the absence of PPh3 provided 9 in
only 27% yield. The addition of PPh3 increased the yield, and use
of 2 equiv of PPh3 (3:1 Ru/PPh3) afforded 9 in 66% yield (run 3).
Further addition of PPh3 did not affect the yield (run 4). The 3:1
ratio of Ru/PPh3 used in run 3 represents the original catalyst system
and is probably needed to stabilize an unsaturated low-valent
ruthenium intermediate generated after C-C bond formation.

In summary, we have examined the reactivity of 2-acylanilines 2 toward
ruthenium complexes. Although the reactive NH2 group easily led to the

formation of amido hydrido complex 3, the C-N bond was eventually
cleaved on the ruthenium center. This is the first observation of cleavage
of unactivated aromatic C-N bonds on late-transition-metal centers.
Dramatic improvement of the rate of C-N bond cleavage was achieved
using olefins as additives. The couplings of boronate 8 with the carbon
fragments of 5 and 10 formed via C-N bond cleavage proceeded in high
yield. Therefore, we believe that the proposed catalytic cycle (an oxidative
addition/transmetalation/reductive elimination pathway) for our catalytic
functionalization of C-N bonds described in eq 1 is quite reasonable.
Further studies concerning the mechanisms of the catalytic reaction are
currently underway.
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