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ABSTRACT: An auto-tandem palladium catalysis from
halogen-substituted isoxazoles and Michael acceptors is
described. It involves two mechanistically distinct palladium-
catalyzed reactions, a Heck reaction and a rearrangement,
leading to 2-azafluorenones. It is the first example of
palladium-catalyzed ring opening of isoxazoles and rearrange-
ment of the β-imino ketone ring-opening product.

There has been growing interest in tandem catalysis
because of the inherent features of these transformations,

such as atom economy, time and cost savings, environmental
friendliness, and potential applications in the rapid construction
of complex molecular structures.1 Among the three categories
of tandem catalytic transformations described by Fogg and dos
Santos,1a auto-tandem catalysis is the most intriguing since one
catalyst can promote two or more mechanistically distinct
reactions in one reactor.2 While auto-tandem catalysis has the
intrinsic advantage of overall reaction efficiency, the develop-
ment of new auto-tandem-catalyzed processes is still challeng-
ing because they are difficult to control and can be complicated
by interference with side reactions, especially when the optimal
conditions for multiple catalytic cycles differ from each other.
The prevalence of heterocycles in pharmaceuticals and

functional materials has spurred the ongoing development of

efficient synthetic protocols for heterocyclic compounds with
high structural diversity and molecular complexity. 2-Azafluor-
enones are known as activating agents of phosphatidylinositol-
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Figure 1. Isoxazoles as building blocks in organic synthesis.

Table 1. Tandem Palladium Catalysis: Optimization of the
Reaction Conditions for 2-Azafluorenone Synthesisa

entry catalyst (10 mol %) base (2 equiv) solvent yield (%)b

1 Pd(PPh3)4 Li2CO3 NMP 27
2c Pd(PPh3)4 Li2CO3 NMP 35
3c,d Pd(PPh3)4 Li2CO3 NMP 0
4c Pd(PPh3)4 Li2CO3 DMAc 34
5c Pd(PPh3)4 Li2CO3 DMF 7
6c PdCl2(PPh3)2 Li2CO3 NMP 25
7c Pd(OAc)2 + 2PPh3 Li2CO3 NMP 26
8c PdCl2 + 2PPh3 Li2CO3 NMP 37
9c PdBr2 + 2PPh3 Li2CO3 NMP 48
10c PdBr2 + BINAP Li2CO3 NMP 57
11c,e PdBr2 + BINAP Li2CO3 NMP 62
12c,e PdBr2 + BINAP Na2CO3 NMP 39
13c,e PdBr2 + BINAP K2CO3 NMP 13
14c,e PdBr2 + BINAP Cs2CO3 NMP 0

aConditions: 1a (0.5 mmol), MVK (1.5 mmol), catalyst (10 mol %),
base (2 equiv), 5 mL of solvent, 150 °C, 16 h, in a sealed 4 dram vial.
bIsolated yields. c1 equiv of n-Bu4NBr was added.

dThe reaction was
carried out at 120 °C. e4 Å molecular sieves (80 wt % of 1a) were
added.
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specific phospholipase C in C6 glioma cells.3 Their unique
chemical and biological characteristics have attracted the
attention of synthetic organic chemists for decades. The
known synthetic methods for 2-azafluorenones include (a) a
three-component reaction protocol with Knoevenagel con-
densation as the key step,4 (b) intramolecular acylation of 4-
phenylpyridinyl substrates,5 (c) a palladium-catalyzed intra-
molecu lar coupl ing react ion of (2-ha lopheny l) -
pyridinylmethanone,6 (d) Pschorr cyclization of 2-nicotinoyl-
benzenediazonium salt,7 and (e) an intramolecular Diels−Alder
reaction of (2-alkynylphenyl)(1,2,4-triazin-6-yl)methanone.8

New efficient synthetic protocols for 2-azafluorenones are still
in high demand.
It is known that the labile N−O bond in isoxazoles can be

cleaved to form compounds with new functionality. However,
the application of isoxazoles as building blocks in organic
synthesis is still underdeveloped. Only a few examples
employing isoxazoles as the starting materials are known,
including the formation of enaminones under reductive
conditions (Figure 1, path a),9 β-keto nitriles under basic
conditions (Figure 1, path b),10 and oxazoles (Figure 1, path
c)11 or imidazoles (Figure 1, path d)12 under photochemical
conditions. To our knowledge, palladium-catalyzed ring-open-
ing reactions of isoxazoles remain unknown. Our ongoing

interest in developing late-transition-metal-catalyzed processes
for the preparation of biologically interesting heterocycles13 has
prompted us to explore more facile synthetic approaches for
heterocycles with higher molecular complexity. Herein we
report a tandem palladium-catalyzed reaction for the synthesis
of 2-azafluorenones from halogen-substituted isoxazoles
(Figure 1, path e).
Our initial study started from the reaction between isoxazole

1a and methyl vinyl ketone (MVK). After a reaction mixture
containing 10 mol % Pd(PPh3)4 and 2 equiv of Li2CO3 in NMP
was heated at 150 °C for 16 h, 2-azafluorenone 2a was isolated
in 27% yield (Table 1, entry 1).14 Addition of 1 equiv of n-
Bu4NBr increased the yield of 2a to 35% (Table 1, entry 2), so
it was used in all subsequent reactions. No 2a was observed
when the reaction was carried out at a lower temperature (120
°C; Table 1, entry 3). Changing the solvent from NMP to
DMAc gave a similar chemical yield (Table 1, entry 4), while
the yield of 2a dropped significantly in DMF (Table 1, entry 5).
Screening of palladium catalysts (Table 1, entries 6−10)
revealed that the PdBr2 + BINAP combination was optimal
(Table 1, entry 10). Addition of 4 Å molecular sieves (80 wt %
of 1a) further enhanced the yield of 2a to 62% (Table 1, entry
11). Stronger carbonate bases were found to be less compatible

Table 2. Tandem Palladium Catalysis: Scope of 2-Azafluorenone Synthesisa

aConditions: 1 (0.5 mmol), alkene (Michael acceptor) (1.5 mmol), PdBr2 (10 mol %), BINAP (10 mol %), Li2CO3 (2 equiv), n-Bu4NBr (1 equiv),
4 Å molecular sieves (80 wt % of 1), 5 mL of NMP, 150 °C, 16 h, in a sealed 4 dram vial. bIsolated yields. cThe reaction was carried out in the
absence of n-Bu4NBr.
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in this reaction and significantly reduced the chemical yield of
2a (Table 1, entries 12−14).
The reaction scope was investigated using the conditions

listed in entry 11 of Table 1. Besides alkyl vinyl ketones (Table
2, entry 1), other Michael acceptors such as acrolein, acrylates,
acrylamides, and acrylonitrile (Table 2, entries 1, 2, and 4) all
worked well in this reaction. Moderate yields were obtained
with alkyl vinyl ketones, acrolein, acrylates, and acrylonitrile,
while excellent chemical yields were obtained when acrylamides
were employed (Table 2, entry 2). It is worth noting that the
reactions between isoxazole 1a and acrylates or acrylamides all
exclusively led to the same product, 3-hydroxy-2-azafluorenone
2d (Table 2, entry 2). In addition, 3-butoxy-2-azafluorenone 3d
was also observed in these reactions, possibly as a result of in
situ etherification between 2d and n-Bu4NBr.

15 A control
experiment between isoxazole 1a and N,N-dimethylacrylamide
showed that no 3d was formed in the absence of n-Bu4NBr,
although this led to a slight sacrifice in the yield of 2d (Table 2,
entry 3). 3-Amino-2-azafluorenones 2f and 2g were obtained
when acrylonitrile was employed (Table 2, entry 4). Other
isoxazoles with different substitution patterns on either the
isoxazole ring or the 5-phenyl ring were all well-accommodated
in this reaction, even in the absence of n-Bu4NBr (Table 2,
entries 3 and 5−8).
A proposed mechanism for the observed tandem catalysis is

shown in Scheme 1, starting with an intermolecular Heck
reaction between isoxazole 1 and a Michael acceptor to form 4-
alkenylisoxazole 5. A subsequent intramolecular Heck reaction
forms indenoisoxazole intermediate 6. Palladium hydride
reinsertion into 6 leads to organopalladium intermediate 7
containing a π-allylpalladium moiety. β-Imino elimination of 7b
opens the isoxazole ring, leading to the formation of indenone
intermediate 8. The latter undergoes an intramolecular

cyclization to generate tricyclic intermediate 9. Protonation of
9 and subsequent dehydration furnish the final product 2.16 It is
worth noting that the leaving group in the last step is either an
alcohol or an amine when an acrylate or acrylamide,
respectively, is employed, leading to the exclusive formation
of 3-hydroxy-2-azafluorenone. An imine−enamine tautomeriza-
tion furnishes the final product when acrylonitrile is used. A
Pd(II) complex is regenerated at the end of the rearrangement
cycle, which can be converted to the XPd(II)H complex by
reaction with a Michael acceptor. Two mechanistically distinct
catalytic cycles coexist in this tandem catalysis: a Heck reaction
and a rearrangement reaction. While the XPd(II)H complex
generated in the Heck reaction needs to be reduced to Pd(0)
by a base before entering the next Heck catalytic cycle, it is also
essential to maintain a sufficient concentration of XPd(II)H
complex in the reaction medium to initiate the rearrangement
cycle taking place concurrently in the tandem catalysis.
Therefore, it is critical to choose an appropriate base to
maintain sufficient concentrations of both XPd(II)H and Pd(0)
species in the reaction medium. This agrees with the
phenomena we observed during the course of optimizing the
reaction conditions, where stronger carbonate bases reduced
the chemical yields of the 2-azafluorenone products (Table 1,
entries 11−14). More than likely, the concentration of XPd(II)
H species was significantly suppressed in these cases.
To develop additional insight into the current tandem

catalysis, a presumed intermediate compound, indenoisoxazo-
lylidene-N,N-dimethylacetamide 6a, was prepared by heating
1a and N,N-dimethylacrylamide in the presence of Pd(PPh3)4
and K2CO3 at 120 °C (eq 1), reaction conditions presumably
not optimal for the rearrangement cycle. A mixture of (E)- and
(Z)-6a was obtained in 55% yield.17 When this mixture was
subjected to our optimized reaction conditions, the reaction
was complete in 4 h, and product 2d was isolated in 76% yield
(eq 2).18

Further investigation revealed that in the absence of n-
Bu4NBr, the reaction between 1a and MVK afforded isoxazole
byproduct 1019 in 17% yield together with the desired product
2a (eq 3). The formation of 10 can explain why a lower
chemical yield is obtained in the reactions when n-Bu4NBr is
absent. In these cases, direct protonation of isoxazolylpalladium
intermediate 4 presumably occurs as a side reaction (Scheme
1), leading to 4-H-isoxazoles. On the basis of the preliminary
results, we suggest that in the presence of n-Bu4NBr a fast
ligand exchange from iodide to bromide on intermediate 4
occurs upon its formation. The presence of a bromide ligand on
4 presumably reduces its direct protonation rate and therefore
favors the subsequent Heck reaction.20

Scheme 1. Proposed Reaction Mechanism for the Tandem
Palladium Catalysis To Give 2-Azafluorenones
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In conclusion, we have developed a new synthetic approach
for 2-azafluorenones involving a tandem palladium-catalyzed
Heck/Heck-rearrangement reaction from halogen-substituted
isoxazoles and Michael acceptors. To the best of our
knowledge, this is the first example of a palladium-catalyzed
ring-opening reaction of isoxazoles. A key intermediate,
indenoisoxazolylidene-N,N-dimethylacetamide 6a, was success-
fully synthesized and converted to the final product, 2-
azafluorenone 2d, under the described optimal reaction
conditions. Further investigations incorporating palladium-
mediated ring opening reactions of isoxazoles in tandem
catalysis and their applications in the synthesis of compounds
with new chemical frameworks are underway in our laboratory
and will be reported in due course.
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