
Aerobic Oxidative Cyclization under
Pd(II) Catalysis: A Regioselective
Approach to Heterocycles
Kai-Tai Yip, Jin-Heng Li, On-Yi Lee, and Dan Yang*

Department of Chemistry, The UniVersity of Hong Kong, Pokfulam Road,
Hong Kong, P. R. China

yangdan@hku.hk

Received October 19, 2005

ABSTRACT

An efficient Yb(OTf) 3-promoted palladium-catalyzed oxidative cyclization of γ-heteroalkenyl â-keto amides has been developed. Under simple
aerobic condition, a variety of six-, seven-, and eight-membered-ring N- and O-heterocycles were obtained regioselectively in excellent yield.

Six-, seven-, and eight-membered-ring heterocycles are
common structural motifs of many drugs and biologically
active natural products.1 Transition-metal-catalyzed cycliza-
tion methods have been extensively developed for the
synthesis of heterocycles.2 Among them, Pd(II)-catalyzed
oxidative cyclization is considered to be one of the most
effective strategies.3-5 Apart from the oxidative C-X bond
formation, the oxidative C-C bond-forming reactions pro-

vide an alternative approach to access heterocycles. However,
successful examples are rare and the reported approaches
are limited to five- and six-membered-ring heterocycles
only.6-7 Herein, we report our regioselective approach toward
six- to eight-membered-ringN- andO-heterocycle synthesis
via Yb(OTf)3-promoted and Pd(II)-catalyzed oxidative cy-
clization under simple aerobic conditions.

Recently, Widenhoefer and co-workers reported the oxida-
tive cyclization of alkenylâ-diketones and someâ-keto esters
to afford cyclohexenones in the presence of catalytic amounts
of PdCl2(MeCN)2 and 2.5 equiv of CuCl2 as the oxidant.7

Since the use of molecular oxygen, instead of traditional
CuCl2 or benzoquinone, as the sole stoichiometric oxidant
has emerged as a cheap, efficient, and environmentally
benign alternative in the reoxidation of Pd(0) to Pd(II)
species,8 we decided to examine the oxidative cyclization
reactions under aerobic condition.

As the Pd(II)-catalyzed intramolecular hydroalkylations of
alkenyl â-keto amides could be further improved in the
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presence of Yb(OTf)3 (eq 1),9 we utilized Yb(OTf)3 as the
Lewis acid in the heterocycle synthesis. Under the optimized
conditions, the Pd(II)-catalyzed oxidative cyclization of
variousN- and O-alkenyl â-keto amides1a-i proceeded
smoothly to afford the correspondingN- andO-heterocycles
2a-i in excellent yield (Table 1).10 ForN-heterocycles, under

the same reaction conditions (30 mol % of Yb(OTf)3 and
10 mol % of PdCl2(MeCN)2), both Ts- and Boc-protected
substrates1a and1b gave similar product yields (entries 2
and 3). When a stoichiometric amount of Yb(OTf)3 was used,

2a and2c were obtained in excellent yield (entries 1 and 4).
Interestingly, even seven- and eight-membered-ringN-
heterocycles2d and 2e were obtained in 91% and 59%
yields, respectively (entries 5 and 6).11 A comparable yield
of heterocycle2e resulted when the reaction was scaled up
to over 1 mmol scale (entry 7).

A series ofO-heterocycles2f-i with different substituents
were also obtained in good yield (Table 1, entries 8-13).
Compared to theN-heterocycles,O-heterocycles could be
formed using smaller amounts of Yb(OTf)3. A general trend
is observed relating to the position of substitution. While
the presence of aγ-methyl group showed no obvious effect
on the reaction rate and yield (entry 9 vs 8), the presence of
methyl substituents at the allylic position of the olefin
retarded the reaction, and thus higher catalyst loadings were
used to ensure excellent yields (entries 10-13). The cy-
clization reactions ofγ-heteroalkenylâ-keto amides with 1,1-
or 1,2-disubstituted olefinic group were found unsuccessful.

Although a possible mechanism for the palladium-cata-
lyzed oxidative formation of carbocycles has been suggested
by Widenhoefer and co-worker,7 no intramolecular hy-
droalkylation products have been isolated in our heterocycle-
forming reactions, indicating a good selectivity for the
oxidative cyclization pathway over the competing hydroalky-
lation pathway in our reaction system.7a Hence, deuterium-
labeling experiments were conducted to probe the reaction
mechanism in the heterocycle formation.

The formation of 2fa from 1fa without measurable
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Table 1. Palladium-Catalyzed Oxidative Cyclization of
γ-Heteroalkenyl Keto Amides (1a-i) in the Presence of
Yb(OTf)3

a

a Unless otherwise indicated, all reactions were carried out with1a (0.15
mmol), PdCl2(MeCN)2 (10 mol %), and Yb(OTf)3 (1 equiv) in dry THF
(10 mL) under 1 atm O2. b Based on isolated product.c 30 mol % of
Yb(OTf)3 was used.d 20 mol % of PdCl2(MeCN)2 was added.e 30 mol %
of PdCl2(MeCN)2 was added.f 0.29 mmol of1ewas used.g 1.23 mmol of
1e was used.
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D-content loss (eq 2) demonstrates the highly selectiveâ-H
elimination in yieldingR,â-unsaturation of2fa (Scheme 1).
This explains the preference of the oxidative cyclization over
intramolecular hydroalkylative cyclization.7b On the other
hand, the conversion of1fb into 2fb was accomplished with
a selective D-shift and retention of high D content (eq 3).12

On the basis of our deuterium-labeling experiments, a
plausible mechanism is shown in Scheme 1. Initially,
Yb(OTf)3 serves as a Lewis acid to promote the enol for-
mation of 1fa and enhance the intramolecular attack of
nucleophilic enol toward Pd(II)-activated olefin (step A).9

With a subsequentâ-H elimination (step B) and Pd-migration
(step C), intermediateI is formed. Finally, a selectiveâ-H
elimination ofI (step D) resulted in product2fa. The whole
catalytic cycle is completed by the regeneration of active

Pd(II) species from Pd(0) using molecular oxygen as the
oxidant (step E).8

In conclusion, we have developed a mild and efficient
method for the synthesis ofN- andO-heterocycles through
oxidative formation of the C-C bond using both Yb(OTf)3

and PdCl2(MeCN)2 as catalysts and molecular oxygen as the
terminal oxidant. A variety of six-, seven-, and even eight-
membered-ringN- andO-heterocycles have been obtained
regioselectively in excellent yield. In addition, the current
methodology is selective in yielding oxidative cyclization
product, and this is complementary to the recent example of
carbocycle formation.7 Further investigations to expand the
scope of this Pd(II)-catalyzed aerobic oxidative cyclization
are in progress.
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