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ABSTRACT

A catalytic asymmetric conjugate allylation was successfully developed to synthesize potential pharmacologically active 4-allyl-2-oxochroman
skeletons. A dual activation strategy was employed by using N,N0-dioxide-Yb(OTf)3 to activate coumarins and using (CuOTf)2•C7H8 to activate
tetraallyltin via transmetalation, respectively. Good yields and enantioselectivities were obtained under mild conditions.

The catalytic asymmetric allylation reaction is among
themost important of C�Cbond-forming reactionswhich
constructs a stereocenter with an allyl group.1 The asym-
metric allylation of CdO andCdNbonds has beenwidely
developed to afford homoallylic alcohols or amines.2

Although the preferential conjugate addition of soft

nucleophiles has been realized,3 the asymmetric conjugate
allylation reaction is still a challenge due to the relatively
low nucleophilic nature of allyl species to the CdC bond.4

Until now, only two examples of the catalytic asymmetric
conjugate allylation reaction have been reported. The
Morken group pioneered the nickel- or palladium-cata-
lyzed enantioselective conjugate addition of allylboronic
acid pinacol ester to dialkylidene ketones. The reaction
proceeded via oxidative addition to form an unsaturated
π-allyl complex, followed by transmetalation and reduc-
tive elimination steps.5 The Snapper group realized the
enantioselective Hosomi�Sakurai conjugate allylation of
cyclic unsaturated ketoesters.6 Good to excellent enantio-
selectivities have been obtained in both cases; nonetheless,
the yield of the product and variety of substrate remain
questionable. Herein, we describe an effective N,N0-diox-
ide-Yb(III) catalyst system for the conjugate allylation of
coumarins. A dual activation strategy was employed to
improve the yield by using a cocatalyst (CuOTf)2•C7H8 to

(1) For selected application of catalytic asymmetric allylation in
natural product syntheses, see: (a) de F�atima, Â.; Kohn, L. K.; Antônio,
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generate a more active organometallic agent from tetra-
allyltin through transmetalation.7

We chose 3-carboxylate-coumarin as themodel substrate
whichpresents akindofprivileged scaffoldofbiological and
pharmaceutical interest.8 The introduction of a 3-carbox-
ylate group would enhance the activity and chelating cap-
ability. Initially, allyl reagents such as allylbromide/zinc,9

allyltrichlorosilane, and allyltrimethylsilane10 with various
Lewis acids were examined. Unfortunately, no desired
conjugate addition product was obtained. Only when tetra-
allyltin was used could the product 3a be detected. Then we
extended the scope to chiral Lewis acid catalysts of N,N0-
dioxide to promote the asymmetric conjugate allylation
reaction, which have been used in the allylation of carbonyl
compounds11 and other nucleophilic additions12 in our
group. A variety of metal�ligand combinations showed
that chiral rare earth metal complexes ofN,N0-dioxide with
sterically hindered aliphatic amide moieties could give
moderate results.13 In thepresenceof 10mol%ofYb(OTf)3
and ligand L1 which contains a 1-adamantyl group and a

two-carbonic linkage, 4-allyl chroman-2-one derivative 3a
was obtained with 67% yield, 76% ee, and an up to 95:5
anti/syn ratio in ClCH2CH2Cl (Table 1, entry 1). With
ligand L2 derived from 2-adamantyl amine, both the yield
and the enantioselectivity of the reaction dropped (Table 1,
entry 2). When ligandL3with a three-carbonic linkage was
used, the enantioselectivity of the reaction deteriorated
sharply (26% ee, Table 1, entry 3). It indicated that the
compact structure of the catalyst benefited the enantioselec-
tivity in the asymmetric transformation which was also in
accord with the sterical influence of the ester group of
coumarins. The substrate with a bulky ester group could
afford higher stereoselectivity, and substrate 1a was the
best candidate.13 Further optimization of the reaction con-
ditions showed that THF benefited the reaction with a
higher ee value and increasing the reaction temperature to
40 �C could lead to a moderate improvement of the yield

(77% yield, 86% ee, Table 1, entries 4 and 5). Lowering the
concentration of the reaction system resulted in the enan-
tioselectivity slightly increasing to 89% ee, whereas a low
yield was obtained even with a prolonged reaction time
(40% yield, Table 1, entry 6).

Table 1. Optimization of the Reaction Conditionsa

entry L Cocatalyst Solvent

T

[�C]
yield

[%]b
ee

[%]c

1 L1 none DCE 25 67 76

2 L2 none DCE 25 58 50

3 L3 none DCE 25 60 26

4 L1 none THF 25 22 86

5 L1 none THF 40 77 86

6e L1 none THF 40 40 89

7e L1 CuCl THF 40 21 90

8e L1 CuBr THF 40 15 89

9e L1 CuI THF 40 NRd

10e L1 CuOAc THF 40 50 90

11e L1 (CuOTf)2•C7H8 THF 40 63 90

12f L1 (CuOTf)2•C7H8 THF 40 99 91

aUnless otherwise noted, the reactions were performed with 1a (0.1
mmol), 2a (0.1 mmol), Yb(OTf)3 (10 mol %), L (10 mol %), cocatalyst
(10 mol %) in 0.4 mL of solvent for 24 h under a nitrogen atmosphere.
Up to 95:5 dr values were observed which were determined by 1HNMR
or HPLC on a chiral stationary phase. b Isolated yield. cDetermined by
HPLC on a chiral stationary phase (chiralcel OD-H). dNR = No
Reaction. eTHF (0.8 mL) was used. fTHF (1.2 mL) was used, and the
reaction time was prolonged to 48 h.
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Further attempts to increase the yieldwere carried out. It
was found that the reaction was sensitive to the amount of
waterwhichmight be crucial for the process of protonation
to form the desired product. Other additives were also
tested with negative results. Organotin compounds are
liable to participate in transmetalation to generate more
active organometallic reagents.7,14 Therefore, cocatalysts
were employed to accelerate the reaction. Among the
copper salts surveyed in Table 1, (CuOTf)2•C7H8 was
beneficial for the yield of the reaction, and other Cu(I)
salts such as CuCl, CuBr, CuI, and CuOAc gave lower
yields (Table 1, entries 7�10 vs 11). This disparitymight be
due to the exchanging counterion with Yb(OTf)3 which
would affect the activation of coumarin 1a. In the presence
of 10 mol % of (CuOTf)2•C7H8, the yield of the reaction
was elevated from 40% to 63% without affecting the
enantioselectivity (Table 1, entry 11 vs 6). Further dilution
of the reaction system and a prolonged reaction time
resulted in a 99% yield and 91% ee (Table 1, entry 12).
Under the optimized reaction conditions, the outcomes of
the reaction became insensitive to moisture.

After identifying the optimal reaction conditions, a
range of substrates with different substituents on the
aromatic ring were examined. High diastereoselectivities

(>95:5, detected by 1H NMR) were achieved for both the
racemic products and the asymmetric catalytic products.
Substituted coumarin derivatives were very tolerant with
up to a 99% yield and 93% ee. As shown in Table 2, there
was no pronounced distinctness of the enantioselectivity
between electron-withdrawing and -donating substituents.
The yields were closely related to the position of the
substituent. Generally, 7- and 8-substituted coumarins
resulted in lower yields compared with 6-substituted sub-
strates (Table 2, entries 3, 4, 6, 7, 8, 10, 11vs entries 2, 5, 9, 12).
Moreover, fused ring coumarin derivative 1m was also
tolerable, affording the desired product with a 94% yield
and 92% ee (Table 2, entry 13). Besides, the absolute
configuration of 3a was determined to be (3S,4S) by
X-ray crystallography.15

To shed light on the function of (CuOTf)2•C7H8 in
catalytic asymmetric conjugate allylation, comparative ex-
periments were performed. The reaction did not proceed
using the complex of Cu(OTf)2 or (CuOTf)2•C7H8 (Table 3,
entries1and2),which implied that thechiral copper complex
could not provide sufficient Lewis acidity for the activation
of coumarin 1a. When the mixture of (CuOTf)2•C7H8,
Yb(OTf)3 and L1 was served as the catalyst, only trace
amounts of product 3awas detected with the disappearance
of tetraallyltin (Table 3, entry 3). Thus, the formation of a

Table 2. Substrate Scope of Coumarin Derivatives in the Cata-
lytic Asymmetric Conjugate Allylationa

aThe reactions were performed with 1 (0.1 mmol), 2a (0.1 mmol),
prepared Yb(OTf)3/L1 (1:1, 10 mol %), (CuOTf)2•C7H8 (10 mol %),
THF (1.2 mL) at 40 �C for 48 h under a nitrogen atmosphere. All dr
values were>95:5, detected by 1H NMR. b Isolated yield. cDetermined
by HPLC on a chiral stationary phase.

Table 3. Control Experimentsa

entry

Allyl

source M1 M2

yield

[%]b
ee

[%]c

1 2a none Cu(OTf)2 NRd

2 2a none (CuOTf)2•C7H8 NRd

3e 2a Yb(OTf)3, (CuOTf)2•C7H8 Trace

4f 2a Yb(OTf)3 (CuOTf)2•C7H8 Trace

5 2b Yb(OTf)3 (CuOTf)2•C7H8 NRd

6 2c Yb(OTf)3 (CuOTf)2•C7H8 NRd

7g 2d Yb(OTf)3 (CuOTf)2•C7H8 30 86

8g 2d Yb(OTf)3 none 28 80

9 2a Yb(OTf)3 LiBrþAgOTf 65 9

10 2a Yb(OTf)3 FeCl2þ2AgOTf 67 85

11 2a Yb(OTf)3 PdCl2þ2AgOTf 81 88

aGeneral conditions: 1a (0.1 mmol), 2 (0.1 mmol), prepared M1/L1
(1:1, 10 mol%),M2 (10 mol%), THF (1.2 mL) at 40 �C for 48 h under a
nitrogen atmosphere. b Isolated yield. cDetermined by HPLC (chiralcel
OD-H). dNR=NoReaction. eM1andM2weremixed togetherwithL1
for 1 h before the reactants were added. fWithout nitrogen replacement.
gThe reaction time was prolonged to 96 h.

(14) For primary studies of the copper effect of organotin, see: (a)
Han, X.; Stoltz, B. M.; Corey, E. J. J. Am. Chem. Soc. 1999, 121, 7600.
(b)Mee, S. P.H.; Lee, V.; Baldwin, J. E.Angew.Chem., Int. Ed. 2004, 43,
1132.

(15) CCDC822331 (1a) contains the supplementary crystallographic
data for this paper. These data can be obtained free fromTheCambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_requst/cif.
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heterobimetallic catalyst could be ruled out, and copper(I)
might serve as the cocatalyst to react with tetraallyltin.
AnHRMS spectrumwas obtained to identify the intermedi-
ates generated from equivalent (CuOTf)2•C7H8 and tetra-
allyltin.13 The spectrumof themixture revealed an ion signal
at m/z 104.9766 which corresponds to allyl copper(I)
[CH2dCHCH2�Cu(I)þHþ], and the characteristic ion
peak of tetraallyltin was not detected. The actual structure
determining whether the allyl group is σ- or π-bonding to
Cu(I) was not confirmed, while the role of (CuOTf)2•C7H8

could be deduced to generate a more active allyl reagent by
transmetalation. In the presence of (CuOTf)2•C7H8, the
reaction system became sensitive to oxygen rather than
moisture, and trace amounts of product but depleted tetra-
allyltin were observed in the absence of a nitrogen atmo-
sphere (Table 3, entry 4). The reasonmight be that the newly
formed allyl Cu(I) intermediate was too active to undergo
oxidation. Additionally, the transmetalation role of other
Lewis acids and allyl reagents was checked under the
optimized conditions. The reaction could not take placewith
allyl bromide or allyltricholrosilane with (CuOTf)2•C7H8 as
the cocatalyst (Table 3, entries 5 and 6). Besides, the tributyl-
allyltin also did not show obvious efficiency (Table 3, entries
7 and 8). Among other metal salts investigated such as Li(I),
Fe(II), and Pd(II), only Pd(II) could raise the yield to some
degree (Table 3, entries 9�11).

Next, the relationship between the ee value of ligand L1

and the product 3a showed a linear effect,13 which implied
that the monomeric catalyst might be the main catalyti-
cally active species. A possible catalytic cycle was raised
to explain the asymmetric induction and the special func-
tion of (CuOTf)2•C7H8 (Figure 1). The L1-Yb(OTf)3
catalyst first coordinated with the coumarin 1a to form
intermediate A2. The allyl copper(I) reagent generated
from (CuOTf)2•C7H8 and tetraallyltin would undergo

charge transfer from cuprate(I) species to the substrate16

to form the intermediate A3, following cleavage of the
allyl�CuIII bond. Then, the interaction between tetraal-
lyltin and the intermediate A4 would release the catalyst
and regenerate the active allyl copper(I) species. The
desired product 3a was obtained by protonation in the
workup procedure.

To show theprospect of themethodology in synthesis, the
scaled-up reaction was performed with subgram quantities
of coumarin 1a (1.23 g, 5mmol), and 91%yieldwith 92% ee
could be achieved (Figure 2a). The enantiopure product
could be obtained by a simple recrystallization. The 4-allyl-
dihydrocoumarin which has a similar skeleton with cou-
marin-based drugs could be produced by decarboxylation
from 3a by p-toluenesulfonic acid in toluene at 80 �C for 5 h
with the maintained enantioselectivity (Figure 2b).17

In summary, a dual activation strategy has been devel-
oped in the asymmetric conjugate allylation reaction to
synthesize optically active4-allyl-2-oxochroman skeletons.
A chiral N,N0-dioxide-Yb(OTf)3 complex was responsible
for the activation of coumarins, and (CuOTf)2•C7H8

operated to form an active allyl nucleophile by transmeta-
lation. Excellent results were obtained under mild reaction
conditions. Further efforts should be devoted to exploring
the method to the asymmetric conjugate allylation of
simple enones.
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Figure 1. Proposed catalytic cycle.

Figure 2. The synthetic utility of the reaction.
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