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ABSTRACT

An enantioselective intramolecular oxidative cyclization of 4-alkenoic acids was developed. The reaction proceeded via a π-allyl Pd intermediate
generated by an allylic C�H activation to give γ-lactone derivatives with moderate to good enantioselectivity. Spiro bis(isoxazoline) ligand,
SPRIX, was indispensable for this asymmetric transformation.

A Pd-catalyzed allylic substitution, ordinarily referred
to as the Tsuji�Trost reaction, is known to be one of the
most practical methods in synthetic chemistry due to its
broad applicability.1,2 Installation of a leaving group on
substrates is a prerequisite for the generation of a key
π-allyl Pd intermediate. It has also been realized that a
Pd(II)-catalyzed oxidative allylic C�H bond activation
allows an emergence of the π-allyl Pd species without any
leaving groups.3 Hence, such oxidative functionalizations
of allyl compounds have recently been refocused because
of their environmental friendliness.4,5 In this kind of reac-
tion, a carboxy group serves as the nucleophile to afford

allyl esters, which is usually difficult in the conventional
allylic substitution due to the high reactivity of the pro-
ducts toward the catalysts.6 Further expansion of this
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catalysis into asymmetric transformations has been re-
ported. White and co-workers have accomplished an en-
antioselective allylicC�Hacetoxylationusinga combination
of Pd(II)-bis(sulfoxide) and optically active Cr(III)-salen
catalysts.7 If enantioselective oxidative allylic substitutions
were governed by only a chiral Pd catalyst, as in Tsuji�
Trost reactions, they might offer a promising and eco-
conscious synthetic protocol for obtention of optically
active allyl esters. We have already discerned that SPRIX,
a chiral ligand possessing isoxazoline coordination
units on a spiro backbone, leads to Pd exhibiting a
unique reactivity in asymmetric oxidative reactions
upon coordination.8 This exceptional property of
SPRIX caused us to develop an enantioselective oxida-
tive allylic substitution. Here, we disclose an enantio-
selective intramolecular oxidative C�H esterification
promoted by the Pd�SPRIX catalyst.
In 1993, Larock andAnnby independently published an

oxidative cyclization of 4-alkenoic acids 1 producing ra-
cemic γ-lactones 2 in good yields (Scheme 1).9 Since they
mentioned the possibility of the π-allyl Pd mechanism,10

weappliedSPRIX to this catalytic reaction.Toourdelight,
in the reaction of 5-methyl-2,2-diphenylhex-4-enoic acid
(1a), the desired lactone product 2a was obtained in an
optically active form. Thus, 1a was stirred with 10 mol %
of Pd(OAc)2, 11 mol % of (M,S,S)-i-Pr-SPRIX, and 4
equiv of p-benzoquinone in CH2Cl2 at 25 �C for 10 h to
afford a 70% ee of 3,3-diphenyl-5-(prop-1-en-2-yl)-
dihydrofuran-2(3H)-one (2a) quantitatively (Table 1, en-
try 1). Other chiral ligands were noticeably ineffective under
identical conditions.Reactionsusing (�)-sparteine, (S,S)-i-Pr-
BOXAX, and (R)-BINAP produced an enantiomerically

enriched 2a in low conversions and yields (entries 2�4).
(R,R)-Bn-BOX rendered the consequent complex cataly-
tically inactive in this oxidative cyclization (entry 5). Even
though chiral Pd complex 3, a valuable catalyst for an
aymmetric Wacker-type cyclization of o-allylphenols,11

expedited the reaction moderately, the optical purity of
2awas as low as 10% ee (entry 6). A background reaction,
without any chiral ligands added, was negligible even after
24 h, resulting in only a trace amount of 2a (entry 7). These

Scheme 1. Oxidative Cyclization of 4-Alkenoic Acids

Table 1. Screening of Chiral Ligands in the Enantioselective
Intramolecular Oxidative Cyclization of 1aa

entry

chiral

ligand

convn

(%)b
yield

(%)b
ee

(%)c

1 (M,S,S)-i-Pr-SPRIX 100 >98 70

2 (�)-sparteine 24 10 57

3 (S,S)-i-Pr-BOXAX 27 4 51

4 (R)-BINAP 13 6 40

5 (R,R)-Bn-BOX <2 NDd ;

6 3e 41 18 10

7f none 11 5 ;

aAll reactions were performed in the presence of 10 mol % of
Pd(OAc)2, 11 mol % of chiral ligand, and 4 equiv of p-benzoquinone
at 25 �C for 10 h in CH2Cl2 (0.1 M) under a nitrogen atmosphere.
bDetermined by 1H NMR using p-hydroxyacetophenone as an internal
standard. cDetermined by HPLC analysis. dNot determined. e 5 mol %
of complex 3 was used instead of Pd(OAc)2.

f 24 h.
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observations indubitably indicate a curious character for
SPRIX in the Pd-catalyzed oxidative cyclization.
After optimization of reaction conditions,12 we found an

improvement of the enantioselectivity. Thus, the employ-
ment of 15 mol % of (M,S,S)-i-Pr-SPRIX and 2 equiv of
p-benzoquinone at 0 �C led to a quantitative formation of 2a,
whose enantiomeric excess had now reached 82% (Table 2,
entry 1). The scope of this transformation was next investi-
gated with a variety of 4-alkenoic acids 1. Substituents R1 at
the R-position of the carbonyl group had no significant
influence on the chemical yields. Treatment of 1b (R1 = Bn)
and 1c (R1 = Me) furnished the products 2b and 2c in
quantitative yields and moderate selectivities (48% ee and
55% ee), respectively (entries 2 and 3). Spiro-type lactone
products 2d having a cyclohexane ring and 2e having a

fluorene ring were also formed satisfactorily (entries 4
and 5). The simple substrate, 5-methylhex-4-enoic acid
(1f), could participate in this cyclization to give the hop
lactone 2f13 quantitatively, albeit with only 18% ee (entry
6). An aromatic group was tolerated on the olefin compo-
nent: products 2g�i were obtained in reasonable yields
with moderate enantioselectivities (entries 7�9). When 1j

bearing a crotyl group was subjected to the reaction
conditions, 2j was produced quantitatively despite the
low enantiopurity (entry 10). This result reflects a con-
siderable relationship between substituents on the olefin
and enantioselectivity. However, the reaction of 1k hardly
proceeded, probably due to the steric hindrance of the
olefin (entry 11).Utilizationof the benzoic acid substrate1l
resulted in a quantitative construction of an isobenzofur-
anone with 40% ee (entry 12).

It is possible that the reaction is initiatedby coordination
of the 4-alkenoic acids 1 to the Pd(II)�SPRIX complex to
give intermediate I (Scheme 2). There are two plausible
pathways to γ-alkenyl-γ-lactone products 2 from I. One is
the traditional Wacker process consisting of an oxypalla-
dation and a subsequent β-H elimination of the resultant II
(pathway a).14 The other includes π-allyl Pd intermediate
III generated by a C�H bond activation at the allylic
position (pathway b). To probewhether the latter pathway
was indeed operative, we performed several control experi-
ments. Reaction of 2,2-diphenylhex-5-enoic acid (1j0),
a structural isomer of 1j, furnished the five-membered
γ-lactone 2j quantitatively with 15% ee (Scheme 3a).15

Table 2. Substrate Scope in the Enantioselective Intramolecular
Oxidative Cyclization of 1a

aAll reactions were carried out in the presence of 10 mol % of
Pd(OAc)2, 15 mol % of (M,S,S)-i-Pr-SPRIX, and 2 equiv of p-benzo-
quinone in CH2Cl2 (0.1 M) under a nitrogen atmosphere. b Isolated
yield. cDetermined byHPLCanalysis. d 4 equiv of p-benzoquinone were
used. eThe E/Z ratio was 86:14. fNo reaction.

Scheme 2. Two Possible Pathways for the Enantioselective
Oxidative Cyclization of 1

(12) See Supporting Information for details.
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No reaction took place when 2,2-diphenylpent-4-enoic acid
(1m) was employed as a substrate (Scheme 3b).16 These
results suggest a lower possibility for the Wacker mechan-
ism. Additionally, the intermolecular kinetic isotope effect
(KIE) between substrates 1a and 1a-d was evaluated under
the standard conditions (Scheme 3c). The KIE value
(kH/kD) was determined to be 1.8 by comparing the initial
rates inboth reactions.17 Interestingly,when the competitive
reaction using a 1:1 mixture of 1a and 1a-d was conducted,
the KIE value was diminished to 1.1 (Scheme 3d). This
phenomenon implies reversible coordination of the sub-
strates to Pd prior to the C�H bond activation.18 Prelimin-
ary study of the utility of other nucleophiles clearly shows
the decisive role of the carboxy group in the enantioselective
oxidative cyclization (Scheme 3e and 3f).19 From the above
examination, we infer that the present enantioselective
cyclization catalyzed by Pd�SPRIX involves the allylic
C�H bond activation through a precoordination complex
such as intermediate I (Scheme 2, pathway b).
In summary, we have developed an enantioselective

oxidative cyclization of 4-alkenoic acids 1, where a
π-allyl Pd intermediate is involved. The SPRIX ligand
was pivotal in acquiring optically active γ-alkenyl-γ-
lactone products 2. We believe that this transformation
is the first example of an enantioselective oxidative
allylic C�H functionalization directed by only a chiral
Pd catalyst. Careful study on the detailed reaction
mechanism is currently in progress.
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Scheme 3. Preliminary Mechanistic Study
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