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ABSTRACT: The regioselective carbonylation of unacti-
vated C(sp3)�H bonds of aliphatic amides was achieved
using Ru3(CO)12 as a catalyst. The presence of a 2-pyridi-
nylmethylamine moiety in the amide is crucial for a success-
ful reaction. The reaction shows a preference for C�H
bonds of methyl groups as opposed to methylene C�H
bonds and tolerates a variety of functional groups. The
stoichiometric reaction of an amide with Ru3(CO)12 gave a
dinuclear ruthenium complex in which the 2-pyridinyl-
methylamino moiety was coordinated to the ruthenium
center in an N,N manner.

The direct utilization of C�H bonds, which are ubiquitous in
organic molecules, is a straightforward method in or-

ganic synthesis that avoids the need for prefunctionalization
of the starting materials.1 The utilization of C�H bonds
involving the activation of C(sp2)�H bonds by transition-
metal complexes is now a commonly used method in organic
synthesis, and a wide variety of catalytic transformations of
arenes, heteroarenes, and alkenes have been reported to
date. In contrast, functionalization involving the activation of
C(sp3)�H bonds continues to be a challenge in organic synth-
esis. The catalytic functionalization of unactivated C(sp3)�H
bonds, in particular by Pd catalysis, has been extensively in-
vestigated in recent years,2 and include reported reactions in-
clude intramolecular arylation,3 intermolecular arylation,4

vinylation,5 alkylation,4c,e,6 dehydrogenation,3a,b,7 carbonyla-
tion,8 amination,9 and oxidation.10 In the reactions involving
activation of unactivated C(sp3)�H bonds reported to date,
soft, electrophilic, late transition metals such as Pd(II), Pt(II),
Hg(II), and Au(III) have frequently been used because C�H
bonds are capable of interacting with the electrophilic metal.11 In
contrast, only a few examples of the functionalization of unac-
tivated C(sp3)�H bonds by low-valent late transition metals are
known, including dehydrogenation12 and borylation.13 There are
many systems that support stoichiometric C(sp3)�H activation
reactions by low-valent transition-metal complexes,14 but only a
few of these can be incorporated into useful catalytic cycles that
generate organic products. If complexes of low-valent late transition
metals could be used as catalysts, it would open new possibilities for
exploring new catalytic reactions of unactivated C(sp3)�H bonds.

The catalytic carbonylation of C�H bonds is an attractive
method for the direct preparation of carbonyl compounds from
alkanes, but no effective examples of the carbonylation of

C(sp3)�H bonds have been reported. Tanaka reported the Rh-
catalyzed carbonylation of alkanes to produce aliphatic aldehydes
under photoirradiation conditions.15 Because of its endothermic
nature, the reaction requires continuous photoirradiation and the
use of the alkane as the solvent. In addition, no regioselectivity
was observed. We previously reported the Rh-catalyzed carbon-
ylation of C(sp3)�H bonds adjacent to the nitrogen in an
amine. In this case, the presence of the adjacent nitrogen was
required for the carbonylation of C(sp3)�H bonds to proceed.16

More recently, we reported the development of a 2-pyridinyl-
methylamino chelation system for the carbonylation of C(sp2)�
H bonds.17 To broaden the scope of this concept and examine its
potential for the exploration of new reactions that have not yet
been achieved by a conventional chelation-assisted system, we
tested the system for possible use in various types of catalytic
reactions. We report herein the Ru-catalyzed cyclocarbonylation
of aliphatic amides through the regioselective carbonylation of
unactivated C(sp3)�H bonds.

The reaction of amide 1awith CO and ethylene in the presence
of Ru3(CO)12 in toluene at 160 �C for 24 h gave succinimide 2a in
22% yield with 60% recovery of 1a (Scheme 1). Importantly, the
carbonylation of an unactivated C(sp3)�H bond was achieved.
Running the reaction for 3 days resulted in an increase in the
product yield to 55%. In the absence of ethylene, no carbonylation
product was detected. The absence of H2O decreased the
efficiency of the reaction. After optimization of the reaction
conditions, the following conditions were selected as the standard
reaction conditions: amide (1 mmol), CO (10 atm), ethylene (7
atm), H2O (2 mmol), and Ru3(CO)12 (0.05 mmol) in toluene
(3 mL) at 160 �C for 5 days.

We next examined the effect of directing groups (Scheme 2).
No reaction occurred when the corresponding benzylamide 3

Scheme 1. Carbonylation of Unactivated C(sp3)�H Bonds
in Amides
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was used as the substrate in place of 1a, indicating that coordina-
tion of the pyridine nitrogen to the catalyst is a key step for
the reaction to proceed. In addition, the reaction of amide 4 did
not result in the formation of a C�H bond carbonylation
product but instead gave 5 in high yield.18 Amides having shorter
and longer carbon chains, such as 6 and 8, also did not give the
corresponding imides.19

Table 1 shows representative results for some reactions of
aliphatic amides under the standard reaction conditions. The
reactions were highly regioselective, exclusively producing car-
bonylation products at methyl C�H bonds in preference to
methylene C�H bonds, as shown in the reactions of 1b and 1c.
Five-membered-ring closure occurred preferentially over six-
membered-ring formation in substrates containing multiple methyl
substituents.10b Thus, the reaction of 1b gave an 83% yield of 2b,
a derivative of the succinimide anticonvulsant ethosuximide, which
is used mainly in the treatment of absence seizures. Even when a
methylene group was activated by the presence of a phenyl group
(1d�k) or a methoxy group (1l), methyl C�H bonds were
selectively carbonylated. This selectivity can be attributed to
steric factors. The reaction tolerated certain functional groups such
as MeO, Cl, CF3, CN, and even Br under the reaction conditions.
Electron-withdrawing substituents gave better yields. A sterically
bulky aryl group, such as the pentamethylphenyl group, as in 1k
had no effect on the efficiency of the reaction. While various R,
R-disubstituted aliphatic amides were carbonylated in good yields
under the current reaction conditions, an R-monosubstituted
aliphatic amide, namely, isobutylic amide 1o, gave the corre-
sponding imide 2o in low yield as a result of hydrolysis of 1o
under the reaction conditions. To avoid hydrolysis, isobutylic
amide 1p having a sterically bulky directing group was used as the
substrate. As expected, the carbonylation took place to give 2p in
59% yield.

The reaction of 9 gave 10 in 90% yield through C(sp2)�H
bond activation, along with a small amount (<5%) of succinimide
formed through C(sp3)�H bond activation. This result indi-
cates that carbonylation took place preferentially at the
C(sp2)�H bond rather than the C(sp3)�H bond,10b even
though a six-membered product was formed (Scheme 3A). It is
known that the reactivity of cyclopropyl C�H bonds is similar to
that of C(sp2)�H bonds. However, activation of a methyl
C(sp3)�H bond competed with that of the cyclopropyl

C�H bond, leading to a nearly 2:1 mixture of 11 and 2q
(Scheme 3B).

To investigate the mechanism of the reaction, deuterated 1m-
CD3 was subjected to the reaction conditions with a low catalyst
loading of 5 mol % (Scheme 4). Even at 68% conversion, no H/D
exchange in themethyl groupwas observed in the recovered starting
amide, indicating that cleavage of the C�H bond is irreversible.

Scheme 2. Effect of Directing Groups Table 1. Substrate Scope for Carbonylation of Unactivated
C(sp3)�H Bondsa

aReaction conditions: amide (1 mmol), CO (10 atm), ethylene (7 atm),
H2O (2 mmol), and Ru3(CO)12 (0.05 mmol) in toluene (3 mL) at
160 �C for 5 days. b Isolated yields are shown. cToluene (4 mL).
dRu3(CO)12 (0.1 mmol) was used. eDiastereomeric ratio.
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In contrast, a significant amount of H/D exchange at the methylene
group R to the carbonyl group was observed in product 2m be-
cause of the acidity of the proton.20 We then performed kinetic
isotope effect (KIE) experiments using 1m and 1m-CD3. The value
of the KIE was 1.8.

We next carried out an intramolecular competition experiment
using 1d-(CH3)(CD3) and obtained a KIE of 3.8 (Scheme 5).

21 It
was also found that that 1d was more reactive than 1d-(CD3)2 in
the intermolecular competition experiment, which resulted in an
intermolecular KIE of 3.6. These results apparently suggest that
the cleavage of C�H bonds is the rate-determining step in this
new carbonylation reaction.

In order to isolate the active catalytic species, the stoichiometric
reaction of amide 1a with Ru3(CO)12 was carried out in toluene
at 160 �C under N2. The reaction formed dinuclear rutheni-
um complex 12, the structure of which was confirmed by X-ray
crystallography (Figure 1). As expected, the 2-pyridinylmethyla-
minemoiety coordinates to the ruthenium center in anN,N fashion
and the carbonyl oxygen coordinates to the other rutheniumcenter.

Although the mechanistic details are unclear at the present
time, a proposed mechanism for the reaction is shown in
Scheme 6. Coordination of the amide followed by N�H bond
activation gives the ruthenium hydride complex 13. The inser-
tion of ethylene followed by irreversible C�H bond activation
gives metallacycle 15 with the concomitant generation of ethane.
The insertion of CO and subsequent reductive elimination
affords the final product with regeneration of the ruthenium
catalyst. The fact that no carbonylation product was formed in
the absence of ethylene suggests that no direct cleavage of a
C�H bond takes place in complex 13 and that ethylene
functions as a hydrogen acceptor. Complex 12 does not partici-
pate in the main catalytic cycle but rather exists in a resting
state.17 The presence of H2O is also important for increasing of
efficiency of the reaction. The role of H2O is to allow the resting
complex 12 to enter the catalytic cycle.

In summary, we have reported the development of a new
method for the carbonylation of unactivatedC(sp3)�Hbonds.8,22

Scheme 3. Intramolecular Competition for Preferential
Carbonylation: (A) C(sp3)�H versus C(sp2)�H; (B) Methyl
C(sp3)�H versus Cyclopropyl Methylene C(sp3)�H

Scheme 4. Deuterium Labeling Experiment

Scheme 5. Competition Experiments

Figure 1. ORTEP drawing of 12.

Scheme 6. Proposed Mechanism
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The reaction proceeds selectively at a methyl C�H bond over a
methylene C�H bond. The reaction tolerates a variety of func-
tional groups.
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