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ABSTRACT

Anefficient enantioselective synthesis of lactoneswasdevelopedbasedon the catalytic asymmetric conjugate addition (ACA) of alkylGrignard reagents
to pyranones. The use of 2H-pyran-2-one for the first time in the ACA with Grignard reagents allows for a variety of further transformations to access
highly versatile building blocks such asβ-alkyl substituted aldehydesorβ-bromo-γ-alkyl substituted alcoholswith excellent regio- and stereoselectivity.

3,4-Dihydropyran-2-ones and their derivatives have at-
tracted major attention due to the interesting biological
activities1 and the synthetic perspective2 associated with
these privileged structures. In recent years, a number of
approaches have been reported toward the preparation of
chiral 3,4-dihydropyran-2-ones.3

A concise route for the enantioselective synthesis of enol
lactones throughMichael addition followed by cyclization
using sequential catalytic conditions has been described by
Kanemasa et al.3a Moreover, chiral N-heterocyclic car-
bene (NHC) catalyzed oxo-dieneDiels�Alder reactions of
R-chloroaldehydes have been successfully applied by the
group of Bode to afford the trisubstituted dihydropyran-2-
ones in a stereoselective manner.3b,c Mukaiyama and co-
workers3d,e reported the organocatalytic conversionof silyl
enolates and R,β-unsaturated ketones into the optically
active 3,4-dihydropyran-2-ones employing cinchona alka-
loid derived chiral quaternary ammonium phenoxides.
Slower to develop, however, have been protocols that allow

the introductionofalkylgroupsat thenewly formedstereogenic
center in the structurally diverse 3,4-dihydropyran-2-ones.
While addressing this challenge,we envisioned thepossibility
of applying 2H-pyran-2-ones4 together with alkyl Grignard
reagents to access optically active dihydropyran-2-ones via
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the copper-catalyzed asymmetric conjugate addition (ACA)
reaction.5 2H-Pyran-2-ones featuring electron deficient
diene moieties are common precursors for [4 þ 2] and
[2þ 2] cycloadditions to construct bicyclic building blocks.6

However, the increased electron delocalization, compared
with acyclic R,β-unsaturated esters, results in a lower reac-
tivity towardACA reactions.7 To the best of our knowledge,
asymmetric 1,4-addition of Grignard reagents to 2H-pyran-
2-ones still remain elusive. Such a reaction could provide an
efficient, direct, and versatile method toward the synthesis of
chiral 3,4-dihydropyran-2-ones. In addition, the resulting
chiral intermediates would allow for a variety of further
transformations in particular by addition to the enol ester
moiety to access highly versatile intermediates with excellent
regio- and stereochemical control (Scheme 1).

Extensive efforts have been made to develop efficient
catalysts for the copper-catalyzed asymmetric conjugate

addition (ACA) of Grignard reagents to acyclic R,β-
unsaturated compounds.5,8 The copper-catalyzed ACA
reaction ofGrignard reagents to cyclic enones has also been
successfully achieved with excellent enantioselectivities by
several groups.9 However, despite wide scope, this method
still presents limitations using less reactive substrates such as
simple cyclicR,β-unsaturated esters, providing lactones only
with moderate enantioselectivity.9a,e

Inspired by our recent study of the Cu-catalyzed ACA
reaction of Grignard reagents to coumarins,10 we present
here the Cu-catalyzed conjugate addition of Grignard
reagents to 2H-pyran-2-ones by using ferrocenyl-based
bisphosphine ligands (Figure 1), providing the regio- and
enantioselective synthesis of 3,4-dihydropyran-2-ones.
We began our studies by examining the conjugate addi-

tion of ethylmagnesium bromide to 2H-pyran-2-one in the
presence of CuBr 3 SMe2 and (RFe,S)-Josiphos L1 at
�80 �C in CH2Cl2 (Table 1, entry 1). Although potential
competing pathways for 2H-pyran-2-one include 1,6-
conjugate addition7,11 and 1,2-addition, exclusive forma-
tion of 1,4-addition product with moderate enantioselectiv-
ity was observed in the preliminary experiments. When we
turned our attention to (RFe,R)-Taniaphos ligandL2, which
has been successfully employed in the conjugate addition of
Grignard reagents to cyclic enones,9a 2awasobtainedonly as
a racemic product. Additionally, ligand L3 ((S)-Tol-Binap)
alsoprovided2awith low level of enantioselectivity (55:45 er).
In contrast, a promising enantiomeric ratio (86:14 er) was
obtainedwith full conversionusing commercially available
reverse-Josiphos ligand L4 (Table 1, entry 4).12

Encouraged by the initial screening, general experimen-
tal parameters including solvent and temperature were
examined with respect to yield and regio- and enantios-
electivity. It is important to note that the use of t-BuOMe
as solvent is essential to yield the product in a highly
enantioselective fashion. A slight increase in temperature
(�72 �C) led to full conversion and an enhancement of
enantiomeric ratio to 95:5 (Table 1, entry 8). Different
copper(I) salts in combination with ligand L4 were also

Scheme 1. Catalytic Asymmetric 1,4-Addition and Proposed
Routes to Chiral Intermediates by Further Transformation of
Dihydropyran-2-ones

Figure 1. Chiral diphosphine ligands for copper-catalyzed
asymmetric conjugate addition.
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investigated. It turned out that the use of a copper halide
was essential in terms of conversion (see the Supporting
Information, Table S1). As reflected by this screening,
CuBr 3 SMe2 was still the most effective copper(I) salt for
further studies (Table 1, entry 8).
With the optimized reaction conditions established, we

then directed our efforts toward expanding the scope of
Grignard reagents. By employing linear hexylmagnesium
reagent as nucleophile, product 2b was obtained in 82%
yield with 94:6 er (Scheme 2). In addition, the reaction
could be carried out at 3.0 mmol scale to afford the similar
result. Functionalized Grignard reagents bearing a termi-
nal alkene moiety also work well to afford the correspond-
ing product 2c in 95:5 er. Moreover, addition of branched
Grignard reagent (R= i-Bu) provided the desired product
in good enantiomeric ratio (95:5 er) (2d, Scheme 2).13

With an effective method for Cu-catalyzed conjugate
addition to 2H-pyran-2-one in hand, we turned our atten-
tion to explore the reactivity of the chiral magnesium
enolate 3, which could be further converted in situ to more
advanced chiral building blocks (Scheme 3).8f,10,14 2H-
Pyran-2-one 1 was treated with hexylmagnesium bromide
under the optimized conditions, followedby quenching the
resulting enolate 3 with MeOH (5 equiv) at �72 �C. After
warming to room temperature, β-substituted aldehyde 4,
bearinganester group,was isolated in66%yieldand94:6 er.
The formation of product 4 is presumably due to protona-
tion of intermediate 3 followed by transesterification. It
should be noted that it is highly challenging to achieve
β-substituted aldehydes by performing the direct asymmetric
conjugate addition with organometallic reagents to sub-
strates such as R,β-unsaturated aldehydes or β,γ-unsatu-
rated-R-ketoesters.15 The present transformation reveals a
valuable alternative upon which to design the stereoselective
synthesisofhighly functionalizedβ-substitutedaldehydes ina
concise manner.

Although strategies have been introduced for the asym-
metric R-bromination of aldehydes based upon organo-
catalysis,16 to date, there is no example for the synthesis of
optically enriched R-bromoaldehyde through a cascade
protocol involving organometallic reagents. Here we envi-
sioned that the resulted 3,4-dihydro-pyran-2-ones 2 are
potential synthons to produce R,β-substituted aldehydes
through diastereoselective R-bromination. Enantioen-
riched product 2b was first treated with NBS for the
bromination catalyzed by NH4OAc17 in MeOH to afford

Scheme 3. Trapping/Ring-Opening Reaction of Magnesium
Enolate

Table 1. Screening of Reaction Parametersa

entry ligand solvent temp (�C) yieldb (%) erc

1d L1 CH2Cl2 �80 54 69:31

2d L2 CH2Cl2 �80 36 50:50

3d L3 CH2Cl2 �80 40 55:45

4d L4 CH2Cl2 �80 63 86:14

5 L4 CH2Cl2 �80 65 88:12

6f L4 Et2O �80 nde 71:29

7 L4 t-BuOMe �80 38g 92:8

8 L4 t-BuOMe �72 67 95:5

aFormation of 1,6- or 1,2-addition product was not observed unless
otherwise noted. General conditions for ACA: 5.0 mol % of CuBr 3SMe2,
6.0 mol % of ligand, 2 equiv of RMgBr in 7 mL solvent. b Isolated yield.
cDetermined by chiral HPLC analysis. d2.5 mL of CH2Cl2.

end = not
determined. f1,2-Addition product was obtained. gFull conversionwas not
achieved.

Scheme 2. Screening of Grignard Reagentsa

aGeneral conditions for ACA: 5.0 mol % of CuBr 3SMe2, 6.0 mol %
of L4, 2 equiv of RMgBr in 7 mL t-BuOMe at �72 �C. Isolated yields.
Enantiomeric ratio of product 2 was determined by chiral HPLC
analysis.
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R-bromoaldehyde 5 in a completely diastereoselective
fashion (Scheme 4). Because of instability problems,16c

the intermediate 5 was then instantly treated with NaBH4

(3 equiv) at 0 �C to provide the corresponding alcohol 6 in
71% yield and high enantiomeric ratio (93:7 er). The
relative configuration of product 6 was assigned on the
basis of 1H NMR and NOESY analysis. The stereochemi-
cal outcome is attributed to the stereoinduction of new
stereogenic carbon center formed in the copper-catalyzed
ACA reaction.
We decided also to examine the application of our

catalytic protocol to the copper-catalyzedACAofGrignard
reagents to 5,6-dihydro-2H-pyran-2-one (Scheme 5).
Although examples of this conjugate addition have been
reported,9a,e,18,19 high loading of chiral ligands18 or reduced
enantioselectivity9a,e frequently imposed limitation on this
protocol. To our delight, the present catalytic system of
reversed-Josiphos L4/ CuBr 3 SMe2 is highly versatile in the
ACA reaction ofGrignard reagents to yield products 8with
excellent enantioselectivity (up to >99:1 er) (Scheme 5).
Representative resultswith variousGrignard reagents are

summarized in Scheme 5. When substrate 7 was subjected
to ACA conditions using EtMgBr identical to those used
for reactions of 2H-pyran-2-one 1, the desired 1,4-addition
product 8a was obtained with high yield (81%) and
excellent enantiomeric ratio (95:5 er). Noteworthy, the
relative amount of Grignard reagents could be reduced
from 2.0 to 1.5 equiv, possibly due to the higher reactivity
of lactone 7. Transformations with Grignard reagents
bearing longer alkyl chains proceeded to afford the optically
active esters 8b and 8c in 88% and 85% yield with 96:4 and
97:3 er, respectively (Scheme 5). Remarkably, in the case of
the branched Grignard reagent (R = i-Bu), the desired

product 8dwasobtainedas a single enantiomer (>99:1 er).
The copper-catalyzed ACA of less reactive methylmagne-
sium bromide proceeded also, although this transforma-
tion showed lower enantioselectivity (Scheme 5).
In summary, we have developed a highly efficient en-

antioselective synthesis of structurally diverse lactones
based on the asymmetric conjugate addition of Grignard
reagents to 2H-pyran-2-one and 5,6-dihydro-2H-pyran-2-
one. The synthetic applicability of the products from this
catalytic C�C bond formation is demonstrated in the
stereoselective synthesis of an optically active β-alkyl sub-
stituted aldehyde and a β-bromo-γ-alkyl substituted alcohol,
which are valuable chiral multifunctional synthons.
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Scheme 4. R-Bromination of 2b Followed by Reduction Scheme 5. Copper-Catalyzed ACA of Grignard Reagents to
5,6-Dihydro-2H-pyran-2-onea

aGeneral conditions for ACA: 5.0 mol % of CuBr 3 SMe2, 6.0 mol %
of L4, 1.5 equiv of RMgBr in 7 mL of t-BuOMe at �72 �C. b Isolated
yield. cEnantiomeric ratios of products were determined by chiral GC
analysis.
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