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Carbonylation reactions with CO have been and continue to
be a very active area of research.[1] Transition-metal-catalyzed
carbonylation of organic halides,[2] hydroformylation of
alkenes,[3] and carbonylations for acetic acid and acetic
anhydride processes[4] have been demonstrated as powerful
and practical methods to synthesize various of carbonyl
compounds. In recent decades, much progress has been made
in transition-metal-catalyzed C�H bond activation and func-
tionalization.[5] Ruthenium-catalyzed carbonylation of C�H
bonds with CO and olefins has been developed for the
synthesis of aryl alkyl ketones by Murai, Chatani, and co-
workers.[6] Recently, palladium- and rhodium-catalyzed car-
bonylation of aromatic C�H bonds for atom-economical
construction of aromatic carbonyl compounds have been
developed by several groups, including ours.[7] However,
transition-metal-catalyzed alkenyl C�H bond activation and
carbonylation with CO for the direct synthesis of a,b-
unsaturated carbonyl compounds has not yet been realized.[8]

Enamides and their derivatives are versatile building
blocks in organic synthesis.[9] Asymmetric hydrogenation of
enamides and 1,2-nucleophilic addition of enamides to active
electrophiles have been developed for the synthesis of
pharmaceutical chiral amines.[10] Recently, transition-metal-
catalyzed cross-coupling of the C�H bonds of enamides with
alkynes or organometallic regents for the construction of aza-
heterocycles have received significant attention.[11] In con-
nection with our interest in the C�H bond carbonylation,[7a,b]

we hypothesized that palladium-catalyzed oxidative carbon-
ylation of the C�H bond of an enamide may be achieved
under a CO atmosphere. However, the execution of this
carbonylation reaction faces a formidable challenge: palla-
dium-catalyzed C�H carbonylation preferentially proceeds
under acidic conditions, thus generating highly electrophilic
cationic palladium(II) species[7c,d] and inhibiting the possible
reduction of PdII to Pd0 by CO,[7b–c,12] but enamides cannot be
tolerated under acidic conditions.[10, 11] Herein, we describe the
development of a palladium-catalyzed oxidative alkenyl C�H

bond carbonylation for the synthesis of 1,3-oxazin-6-ones
under mild reaction conditions.

We began our study with the palladium-catalyzed carbon-
ylation of the enamide 1a with CO and ethanol. The
carbonylation product, the 1,3-oxazin-6-one 2a, was formed
in 12% yield instead of the ethoxycarbonylation product 2aa
[Eq. (1); DMF = N,N-dimethylformamide]. Importantly, the

carbonylation of the alkenyl C�H bond of enamide was
observed. 1,3-Oxazin-6-ones are a class of important six-
membered heterocyclic compounds. Present methods for the
synthesis of 1,3-oxazin-6-ones involve the ring enlargement of
isoxazol-5-ones or thermolysis of 1,3-dioxane-4,6-diones.[13]

The C�H carbonylation of enamides for the synthesis of 1,3-
oxazin-6-ones would be an ideal and environmentally friendly
approach to this structure.

Therefore, the carbonylation reaction conditions were
optimized (Table 1). KI which has been shown to improve the
efficiency of palladium-catalyzed carbonylations was used in
the reaction as an additive.[7a, 14] The yield of 2a was improved
to 25 % (Table 1, entry 2). By screening various solvents, such
as CH3CN, toluene, and THF, we found that DMF was still is
the most effective solvent (Table 1, entries 3–5). Increasing
the loading of KI resulted in a 35% yield of 2 a. However,
further increasing the loading of KI resulted in no improve-
ment (Table 1, entry 6). Next, acetic anhydride, which may
inhibit the possible reduction of the active palladium(II)
catalyst intermediate to inactive palladium(0) by CO, was
added to the reaction,[7b–c,12] and the yield 2a was improved to
45% (Table 1, entry 7). To further improve the reaction
outcome, various bases were screened. Among of various
inorganic bases and organic bases, DABCO (1,4-diazabicyclo-
[2.2.2]octane) was found to be the most effective for this
carbonylation reaction, thus giving 2a in 84 % yield (Table 1,
entries 8–12).

With the optimized reaction conditions established, the
scope of the reaction was investigated (Table 2). This new
carbonylation reaction displayed high functional-group toler-
ance and proved to be a quite general methodology. Aryl
enamides with methyl, phenyl, methoxyl, [1,3]dioxole, amino,
fluoro, and sensitive functional groups such as chloro and
bromo groups on the aromatic rings all gave the correspond-
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ing substituted 1,3-oxazin-6-ones in high to excellent yields.
Electron-neutral substituents, such as methyl, alkyl, phenyl,
on the aromatic ring of the enamides give the best results with
up to 95% yield of the 1,3-oxazin-6-one product under the
standard conditions (Table 2, entries 1–5). Enamides substi-
tuted with electron-donating groups, such as methoxyl,
[1,3]dioxole, and amino, or electron-withdrawing groups

Table 1: Reaction optimization for the palladium-catalyzed carbonylation
of the alkenyl C�H bond of enamide.[a]

Entry Additive Base Solvent Yield [%][b]

1 – – DMF 12
2 KI – DMF 25
3 KI – CH3CN 9
4 KI – toluene 8
5 KI – THF 18
6[c] KI – DMF 35
7[c,d] KI, Ac2O – DMF 45
8[c,d] KI, Ac2O KOAc DMF 56
9[c,d] KI, Ac2O K2CO3 DMF 38
10[c,d] KI, Ac2O tBuOK DMF 48
11[c,d] KI, Ac2O NEt3 DMF 50
12[c,d] KI, Ac2O DABCO DMF 84

[a] Reaction conditions: enamide 1a (0.2 mmol), Pd(OAc)2 (5 mol%),
Cu(OAc)2 (1.0 equiv), KI (0.2 equiv), base (1.5 equiv), solvent (2 mL),
CO (balloon pressure), at 80 8C. [b] Yield of isolated product. [c] KI
(1.0 equiv). [d] Ac2O (3.0 equiv). THF = tetrahydrofruan.

Table 2: Palladium-catalyzed carbonylation of the alkenyl C�H bond of
enamides for the synthesis of 1,3-oxazin-6-ones.[a]

Entry Substrate Product Yield
[%][b]

1 84

2 86

3 80

4 95

5 86

Table 2: (Continued)

Entry Substrate Product Yield
[%][b]

6 89

7 73

8 78

9 81

10 74

11 88

12 79

13 70

14 40

15 83

[a] Reaction conditions: enamide 1 (0.2 mmol), Pd(OAc)2 (5 mol%),
Cu(OAc)2 (1.0 equiv), KI (1.0 equiv), Ac2O (3.0 equiv), DABCO
(1.5 equiv), DMF (2 mL), CO (balloon pressure), 80 8C. [b] Yield of
isolated product. Boc= tert-butoxycaarbonyl.
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such as chloro and bromo, reacted smoothly and resulted in
the carbonylation products 2 f–m in 70–89 % yields, thus
implying that the electronic nature of the substrates has little
influence on the carbonylation reaction (Table 2, entries 6–
13). However, the strong electron-poor nitro-substituted 2n
was only obtained in 40% yield, with 52 % recovery of the
enamide 1n (Table 2, entry 14). In addition, the b-naphthyl-
substituted enamide 1o shows reactivity similar to that of the
aryl-substituted enamides and afforded the corresponding 2o
in 83% yield (Table 2, entry 15).

Furthermore, N-propionyl and N-benzoyl enamides (1p–
t) were investigated to explore the reaction scope (Table 3).
The carbonylation reactions proceeded smoothly to give the
corresponding 2-ethyl and 2-phenyl 1,3-oxazin-6-ones 2p–t in
good yields. These results indicated that a variety of 2-
substituted 1,3-oxazin-6-ones could be prepared by this
carbonylation reaction. However, b-substituted enamides

were unable to induce the carbonylation reaction, for
example, N-(3,4-dihydronaphthalen-1-yl)acetamide (1u)
gave only trace amounts of the desired product 2u, and 1u
was mostly recovered (Table 3, entry 6).

To gain more insight into the mechanism of the reaction,
1a was reacted with a stoichiometric amount of palladium
acetate in [D6]DMSO. A palladium complex, whose structure
is consistent with A by 1H NMR and high-resolution mass
spectrometry analysis, was obtained in nearly quantitative
yield [Eq. (2); DMSO = dimethylsulfoxide; S in structure A
stands for solvent].[15] Loh and co-workers had recently
characterized the same six-membered vinylpalladium com-
plex.[8b] Our data is in agreement with the results reported by
Loh and co-workers.

Then, the stoichiometric reaction was performed in DMF
which was optimized solvent for the carbonylation reaction
[Eq. (3)].[15] Treating the vinylpalladium complex A with

DABCO in the presence of KI in DMF under a CO
atmosphere gave the 2a in 70% yield. Therefore, the
vinylpalladium complex A, which was generated from alkenyl
C�H bond cleavage, should be a key intermediate in the
carbonylation reaction.

On the basis of the above results and previous studies,
a tentative mechanism for this carbonylation is proposed in
Scheme 1. Alkenyl C�H activation by Pd(OAc)2 forms the

Table 3: Palladium-catalyzed carbonylation of the alkenyl C�H bond of
enamides for the synthesis of 1,3-oxazin-6-ones.[a]

Entry Substrate Product Yield
[%][b]

1 61

2 83

3 87

4 66

5 85

6 <5

[a] Reaction conditions: enamide 1 (0.2 mmol), Pd(OAc)2 (5 mol%),
Cu(OAc)2 (1.0 equiv), KI (1.0 equiv), Ac2O (3.0 equiv), DABCO
(1.5 equiv), DMF (2 mL), CO (balloon pressure), 80 8C. [b] Yield of
isolated product.

Scheme 1. A plausible mechanism for palladium-catalyzed carbonyla-
tion of enamides.
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vinylpalladium intermediate A.[8a–b,16] Coordination and inser-
tion of CO into A affords the acylpalladium intermediate B.
Then, B is transformed into C assisted by DABCO. Reductive
elimination of C gives the carbonylation product 1,3-oxazin-6-
one 2 and Pd0. Finally, Pd0 is reoxidized by Cu(OAc)2 to
regenerate the Pd(OAc)2 catalyst.

In summary, we have developed the first palladium-
catalyzed carbonylation of alkenyl C�H bonds of enamides
with CO for the synthesis of 1,3-oxazin-6-ones. The reaction
employs KI and Ac2O as additives and proceeds under mild
basic conditions. This novel palladium-catalyzed carbonyla-
tion reaction tolerates a wide range of functional groups and
is a reliable method for the rapid elaboration of readily
available enamides into a variety of substituted 1,3-oxazin-6-
ones under atomospheric pressure of CO. Further studies on
substrate scope and mechanism of the reaction are underway
in our laboratory and will be reported in due course.

Experimental Section
Enamides 1 (0.2 mmol), Pd(OAc)2 (5 mol%, 2.2 mg), Cu(OAc)2

(0.2 mmol, 36.3 mg), KI (0.2 mmol, 33.2 mg), Ac2O (0.6 mmol,
61.2 mg), DABCO (0.3 mmol, 33.6 mg), and DMF (2 mL) was
charged in a 10 mL round-bottom flask. The flask was then, evacuated
and back-filled with CO (3-times, balloon) and stirred at 80 8C. When
the reaction was completed (detected by TLC), the mixture was
cooled to room temperature and vented to discharge the excess CO.
The reaction was quenched with H2O (10 mL) and extracted with
EtOAc (3 � 10 mL). The combined organic layers were dried over
anhydrous Na2SO4 and then evaporated in vacuo. The residue was
purified by column chromatography on silica gel to afford the
corresponding 1,3-oxazin-6-one 2 with hexanes/ethyl acetate as the
eluent.
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