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ABSTRACT

An enantioselective intramolecular Wacker-type cyclization of 2-alkenyl-1,3-diketones catalyzed by a Pd(II)-SPRIX complex was developed.
The reaction proceeded in a 6-endo-trig mode to give the desired chromene derivatives with moderate to good enantioselectivity. Isomerization
of C-C double bonds via a π-allyl Pd intermediate was involved as the key step.

The intramolecular Wacker-type cyclization using oxygen
nucleophiles is one of the most important processes for the
preparation of O-heterocycles.1 Employment of hydroxy and
carboxy groups as the oxygen functionality is well established
to afford cyclic ethers and lactones, respectively. 1,3-
Diketone moieties, which are equilibrated with the corre-
sponding enol forms, have also proven to take part in the
Wacker-type cyclization: 5-exo-trig cyclization constructs
furan rings,2,3 whereas pyran derivatives are formed in a
6-endo-trig cyclization (Scheme 1).4,5 Since the carbonyl
group is retained in the products, these transformations
efficiently provide valuable synthons.6 To our surprise, no

enantioselective Wacker-type cyclizations of 1,3-diketones
have been published yet. We have reported that spiro
bis(isoxazoline)s (SPRIXs) bearing isoxazoline coordination
units on a spiro backbone are effective chiral ligands in a
variety of asymmetric oxidative reactions.7,8 The high utility
of SPRIXs stimulated us to explore an enantioselective
catalysis using 1,3-diketone nucleophiles. Herein we report
an enantioselective 6-endo-trig Wacker-type cyclization of
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Scheme 1. Wacker-Type Cyclization of 1,3-Diketones
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2-alkenyl-1,3-diketone compounds 1 promoted by a Pd-
SPRIX catalyst.

In oxidative cyclization of 1, it was suspected that initial
products, 7,8-dihydro-2H-chromen-5(6H)-ones 2, were ob-
tained as a racemate due to an electrocyclic ring-opening/
closing sequence (Scheme 2a).9 We conceived that isomer-

ization of 2 to 6,7-dihydro-2H-chromen-5(3H)-ones 3 through
a π-allyl Pd intermediate A would suppress such a prob-
lematic racemization. Indeed, reaction of 2-geranylcyclo-
hexane-1,3-dione ((E)-1a) in the presence of a catalytic
amount of Pd-rac-i-Pr-SPRIX complex furnished the desired
3a in 47% yield (Scheme 2b). After extensive optimization
of reaction conditions,10 we succeeded in the isolation of
enantiomerically enriched product. Thus, substrates (E)-1a
were treated with 10 mol % Pd(OCOCF3)3, 12 mol %
(M,S,S)-i-Pr-SPRIX, and 2 equiv of p-benzoquinone in
diglyme at 25 °C to afford 3a in 80% yield with 81% ee,
accompanied by the negligible formation of 2a (Table 1,

entry 1). It should be noted that under identical conditions,
other known chiral ligands such as (-)-sparteine, (R,R)-Bn-
BOX, (S,S)-i-Pr-BOXAX, and (R)-BINAP were ineffective
(entries 2-5). A background reaction scarcely proceeded and
resulted in only a trace amount of 3a (entry 6). These results
evidently demonstrate a great advantage of SPRIX for the
enantioselective Wacker-type cyclization. Presumably, the
Pd-SPRIX complex activates the olefin significantly because
of its strong Lewis acidity.8c

Next, the scope of this enantioselective transformation was
examined with various 2-alkenyl-1,3-diketones 1 (Table 2).
Similar to (E)-1a, the reactions of geranylcyclohexane-1,3-
dione substrates 1b and 1c gave the products 3b and 3c in
moderate yields (58% and 70%) and sufficient selectivities
(84% ee and 78% ee), respectively (entries 2 and 3). The
pyran analog 1d, however, did not afford the desired product
(entry 4). Alkyl and aryl groups were tolerated on the olefin
component (entries 5-7). Substrate 1h bearing a 1,2-
disubstituted alkenyl chain also participated in this 6-endo-
trig cyclization to give 3h in 68% yield with 52% ee (entry
8). No desired products were observed for cyclopentane-
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Scheme 2. Working Hypothesis and Initial Attempt

Table 1. Screening of Chiral Ligands in the Enantioselective
Intramolecular Wacker-Type Cyclization of (E)-1aa

entry chiral ligand convn (%)b yield (%)b ee (%)c

1 (M,S,S)-i-Pr-SPRIX 100 80 81
2 (-)-sparteine 80 traced rac
3 (R,R)-Bn-BOX 50 NDe

4 (S,S)-i-Pr-BOXAX 40 NDe

5 (R)-BINAP 65 NDe

6 none 10 trace
a All reactions were performed in the presence of 10 mol % Pd(O-

COCF3)2, 12 mol % chiral ligand, and 2 equiv of p-benzoquinone at 25 °C
for 12 h in diglyme (0.2 M) under a nitrogen atmosphere. b Isolated yield.
c Determined by HPLC analysis. d Racemic 2a was obtained in 14% yield.
e Not detected (a complex mixture was obtained).
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1,3-dione derivative 1i and acetylacetone derivative 1j
(entries 9 and 10). Interestingly, in the reaction of 2-neryl-
cyclohexane-1,3-dione ((Z)-1a), 3a was not the major product
(12% yield, 53% ee).11 Instead, nonisomerized product 2a
was obtained in 72% yield, which was a racemate as we
suspected (Scheme 3a). Dimethylallyl substrate 1k exhibited
the same trend as in the reaction of (Z)-1a, namely, producing
2k in 52% yield (Scheme 3b). These results imply that
substituents on olefin considerably affect the pathway of this
enantioselective cyclization.

To elucidate our working hypothesis shown in Scheme
2a, deuterium labeling experiments were carried out.12 When
substrate 1h-d2 was subjected to the optimal conditions using
rac-i-Pr-SPRIX, we obtained the anticipated product 3h-d2,

in which one deuterium was shifted to the adjacent carbon,
as a single diastereomer (Scheme 4a). This result clearly

supports the expected �-H elimination/reinsertion array. The
coupling constant between Ha and Hb in the six-membered
ring (3JHH ) 9.6 Hz), corresponding to a coupling of axial
protons, identified its relative configuration as depicted.
Accordingly, the Pr group and the shifted deuterium were
positioned trans to each other. A crossover experiment
revealed that such a �-H elimination/reinsertion sequence
occurred intramolecularly. Thus, no crossover products 3f-d
and 3h-d were detected in the reaction of a 1:1 mixture of
1f and 1h-d2 (Scheme 4b).

A plausible catalytic cycle for this oxidative cyclization
of 1 is illustrated in Scheme 5. As in the conventional
Wacker-type cyclization, this enantioselective catalysis ap-
pears to be commenced by a nucleophilic attack of the enolic
hydroxy group to the tethering alkene activated by the Pd-
SPRIX complex. On the basis of the results in Table 2 and
Scheme 3, we speculated that the steric environment around
Pd in intermediate I would be essential for controlling the
reaction pathway. The R2 substituent bulky enough to interact
with the neighboring Pd atom causes ring flipping (interme-
diate II). The subsequent �-H elimination produces Pd-H
speicies III, which converts to π-allyl Pd complex IV by
reinsertion. At this stage, the high electrophilicity of Pd-
SPRIX may contribute to the stability of III, from which

Table 2. Substrate Scope in the Enantioselective Intramolecular
Wacker-Type Cyclization of 1a

a All reactions were carried out in the presence of 10 mol %
Pd(OCOCF3)2, 12 mol % (M,S,S)-i-Pr-SPRIX, and 2 equiv of p-benzo-
quinone at 25 °C for 12 h in diglyme (0.2 M) under a nitrogen atmosphere.
The starting material was almost consumed at the end of the reaction in
each case (except for entries 4, 9, and 10). b Isolated yield. c Determined
by HPLC analysis. d The diastereomeric ratio was determined to be 83:17
by 1H NMR spectrum. Data for the major diastereomer are given. e Not
detected (a complex mixture was obtained). f 17 h. g 20 h. h No reaction.

Scheme 3. Reactions of (Z)-1a and 1k

Scheme 4. Deuterium Labeling Experiments
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product 2 is not released easily. Finally, �-H elimination from
V furnishes 3 and Pd0, of which the latter is oxidized by the
action of p-benzoquinone to regenerate the PdII catalyst.

When R2 is less bulky, i.e., Me groups in both (Z)-1a and
1k, �-H elimination would happen directly from the inter-
mediate I. The resulting Pd-H moiety in VI seems to be
immediately liberated due to the compelling steric repulsion
with the axial substituent R1, leading to the nonisomerized
product 2.

In summary, we have developed an enantioselective
6-endo-trig Wacker-type cyclization of 2-alkenyl-1,3-dike-
tones, where the SPRIX ligand plays a crucial role for
obtaining optically active chromene derivatives. This reaction
is thought to proceed by way of a π-allyl Pd intermediate.
Transformation of products 3 to biologically active com-
pounds and full investigation into the reaction mechanism
are currently ongoing and will be reported in due course.
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Scheme 5. Plausible Mechanism
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