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Chiral 3,4-dihydro-2H-pyrans and tetrahydropyrans are ver-
satile structural motifs of a number of bioactive natural
products (e.g. epicalyxin F and sugiresinol),[1, 2] fragrances
(doremox),[3] and foodstuff flavorings (Figure 1).[4] A straight-

forward approach to access this type of products is the
catalytic asymmetric inverse-electron-demand Diels–Alder
reaction between a,b-unsaturated carbonyl compounds and
alkenes.[5–8] Though extensively explored in asymmetric
catalysis,[9] this reaction has been limited to electron-rich
alkenes, such as enol ethers, enamines, and cyclopenta-
dienes.[10] Reactions with electronically unbiased simple
alkenes would give the illustrated compounds directly
(Figure 1), but have been rather unsuccessful. In fact, as
a consequence of the intrinsic electronic/orbital constraints,
intermolecular Diels–Alder reactions with simple olefins are
generally difficult to achieve and require harsh conditions and
long reaction times.[11] Hence, achieving a catalytic asymmet-
ric version of the reaction with simple olefins remains elusive,
despite the tremendous advances in Diels–Alder chemistry.

This is also true for inverse-electron-demand Diels–Alder
reactions, for which asymmetric catalysis with simple olefins
has not been achieved so far.[9n,12]

We describe herein an asymmetric hetero-Diels–Alder
reaction of simple olefins with electron-deficient enones (e.g.
b,g-unsaturated a-ketoesters 3). The reaction is mediated by
a chiral binary acid complex that synergistically combines
a chiral phosphoric acid[13] with a metal salt (InIII or ScIII ;
Scheme 1).[14] Interestingly, simply using a different metal

center can lead to either the endo or the exo adduct with good
diastereo- and enantioselectivity. This catalyst-dependent
diastereoselectivity is quite unexpected, because Diels–
Alder reactions tend to be endo-selective as a consequence
of orbital constraints,[15] and substrate-independent diaste-
reoselectivity remains a challenging issue in Diels–Alder
reactions, particularly in the context of asymmetric cataly-
sis.[16, 17]

Previously, we have developed endo-selective and enan-
tioselective hetero-Diels–Alder reactions of cyclopentadienes
catalyzed by a unique binary acid 1a/InBr3.

[18–20] Taking
advantage of the synergistic feature as well as the combina-
torial flexibility,[21] we tested this binary acid catalysis in
reactions with simple olefins such as styrenes. Unfortunately,
when styrene 2 a was employed instead of cyclopentadienes in
the reaction catalyzed by 1a/InBr3, no reaction was observed
under otherwise identical conditions, not even by increasing
the temperature from �70 8C to RT (Table 1, entry 1).
Subsequently, we found that an enhanced cationic nature of
the indium center (by using the BArF� salt instead of the Br�

salt; BArF = [3,5-(CF3)2C6H3]4B) is essential for both the
reactivity and stereoselectivity. Accordingly, the binary acid
complex InBr3/1a was first treated with three equivalents of
Ag(BArF) before the substrates were added. In the presence
of In(BArF)3/1 a, the reaction between styrene 2a and
ketoester 3 a proceeded smoothly to afford [4+2] adduct 4a

Figure 1. Examples of chiral tetrahydropyran derivatives in bioactive
compounds.

Scheme 1. Diastereoselective and enantioselective [4+2] cycloaddition.

[*] Dr. J. Lv, Dr. L. Zhang, Prof. Dr. S. Luo, Prof. Dr. J.-P. Cheng
Beijing National Laboratory for Molecular Sciences, CAS Key
Laboratory of Molecular Recognition and Function Institute of
Chemistry, Chinese Academy of Sciences
Beijing 100190 (China)
E-mail: luosz@iccas.ac.cn
Homepage: http://luosz.iccas.ac.cn

[**] We gratefully acknowledge the Natural Science Foundation of China
(21025208 and 21202170) and the Ministry of Science and
Technology (2012CB821600) for financial support.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201304561.

.Angewandte
Communications

9786 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 9786 –9790

http://dx.doi.org/10.1002/anie.201304561


in high yield and moderate diastereo- and enantioselectivity
(Table 1, entry 2). More surprisingly, the reaction gave mainly
the exo product instead of the endo product, which is usually
observed in the reaction with cyclopentadiene.[9, 18] This
unexpected finding led us to further explore the diastereose-
lectivity in this type of reaction.

Different Lewis acids, counteranions, chiral phosphoric
acids, and combinations thereof were then examined in the
model reaction of styrene 2a with ketoester 3 a (Table 1). The
use of different Lewis acids had dramatic impacts on both the
reactivity and diastereoselectivity of the reaction. Signifi-
cantly improved stereoselectivity can be observed with chiral
phosphoric acid 1b in combination with In(BArF)3, and the
reaction gave 97:3 exo/endo selectivity and 99% ee (Table 1,
entry 3). The use of other indium salts resulted in either low
reactivity or poor stereoselectivity (Table 1, entries 1, 4, and
5). Other BArF salts were also examined (Table 1, entries 2
and 7–9). Although a number of metals, such as AuIII and AgI,
could not catalyze the reaction (Table 1, entries 7 and 8), the
change of the metal ion from InIII to ScIII changed the
diastereoselectivity of adduct 4a. In the latter case, the use of
Sc(BArF)3 gave the endo product with moderate diastereo-
selectivity, but poor enantioselectivity (Table 1, entry 9). The
endo selectivity of this reaction can be readily improved by
a quick screening of different chiral phosphoric acid ligands.
In this regard, 1 f, the calcium salt of phosphoric acid 1c,[22,23]

was found to be the optimal ligand, delivering the product
with more than 99:1 endo/exo and 99 % ee (Table 1, entry 13).
The use of other phosphoric acid ligands, such as free acid 1c
and the lithium or calcium salts of 1b (1 d and 1e,
respectively), gave inferior results in terms of both reactivity
and stereoselectivity (Table 1, entries 10–12).

Thus, In(BArF)3/1b and Sc(BArF)3/1 f were identified as
the optimal catalysts for exo- and endo-selective [4+2]
cycloadditions, respectively, with excellent diastereoselective
and enantioselective control in both cases.

Next, the substrate scope of the exo-selective reaction
with binary acid In(BArF)3/1b was explored. In the presence
of InBr3/1a/Ag(BArF), the reaction between styrene 2a and
a variety of ketoesters proceeded smoothly to afford [4+2]
adducts 4a–d in high yield, excellent exo selectivity and
enantioselectivity (up to 99:1 d.r., 99% ee, Table 2). An
aliphatic a-ketoester afforded the cyclic adduct 4e with good
enantioselectivity, but with low diastereoselectivity (51:49 d.r.
and 91 % ee for the exo product). Substituted styrenes and
1,2-dihydronaphthalene gave exo adducts 4g, 4h, and 4m in
high yields and with excellent enantioselectivity (up to 99:1
d.r., 99 % ee). The reaction did not work with highly electron-

Table 1: Optimization of reaction conditions.[a]

Entry 1/Lewis acid Yield [%][b] exo/endo
4a[c]

ee [%][d]

exo-4a
ee [%][d]

endo-4a

1[e] 1a/InBr3 NR – – –
2 1a/In(BArF)3 77 70:30 80 77
3 1b/In(BArF)3 82 97:3 99 –
4 1b/In(BF4)3 61 90:10 81 –
5 1b/In(PF6)3 NR – – –
6 1c/In(BArF)3 NR – – –
7 1b/Au(BArF)3 NR – – –
8 1b/Ag(BArF) NR – – –
9 1b/Sc(BArF)3 81 29:71 50 6
10 1c/Sc(BArF)3 95 4:96 – 87
11 1d/Sc(BArF)3 89 25:75 42 10
12 1e/Sc(BArF)3 90 20:80 38 22
13[f ] 1 f/Sc(BArF)3 99 <1:99 – >99

[a] General conditions: 2a (0.3125 mmol), 3a (0.0625 mmol),
1 (10 mol%), Lewis acid (5 mol%), and 3 � M.S. (10 mg) at RT in CH2Cl2
(0.5 mL) for 12 h. [b] Yields of isolated products. [c] Determined by
1H NMR analysis. [d] Determined by HPLC analysis on a chiral stationary
phase. [e] Reaction tested at�70 8C and at RT. [f ] 2.5 mol% of 1 f. Entries
in bold mark optimized reaction conditions. BArF = [3,5-(CF3)2C6H3]4B],
NR = no reaction.

Table 2: Substrate scope of the exo-selective reaction with simple
olefins.[a]

[a] General conditions: 2 (0.3125 mmol), 3 (0.0625 mmol), 1b
(10 mol%), InBr3 (5 mol%), Ag(BArF) (15 mol%), and 3 � M.S. (10 mg)
at RT in CH2Cl2 (0.5 mL) for 2–72 h. [b] 10 mol% of catalyst. [c] With 1a.
[d] 1 mol% of catalyst. All diastereomeric ratios (d.r.) refer to exo/endo.
Thioph= thiophene, Tol= 4-methylphenyl.
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rich 4-methoxy-styrene, because this olefin is prone to
polymerization under the conditions. To our delight, indus-
trial feedstock olefins, such as propene and isobutene, can be
used in this reaction, affording products 4 i and 4j with up to
97:3 d.r. and 86 % ee. The reaction also worked well with 2,5-
hexadiene (product 4 l) and allylbenzene (product 4 k).
Moreover, ring-strained norbornene also worked very well
to give the exo adduct 4n exclusively in high yield and good
enantioselectivity (95 % yield, 96% ee).

The scope of the endo-selective hetero-Diels–Alder
reaction was then examined with Sc(BArF)3/1 f. Most of the
reactions showed excellent endo selectivity and enantioselec-
tivity (Tables 3 and 4). The substrate scope of the reaction is
similar to that of the exo process with a few exceptions: 1) the
highly electron-rich 4-methoxy-styrene, which is not tolerated
in the exo process, can be used as substrate in this case
(Table 3, entry 6); 2) the endo-selective reactions did not

work with simple linear olefins, such as propene, 2,5-
hexadiene, and allylbenzene, and ring-strained norbornene,
3) the endo-selective reactions worked well with a-methyl-
substituted styrenes to give the desired endo adducts 6a–i,
which bear quaternary stereogenic centers in good yields and
with good diastereoselectivity (up to > 98:2 endo/exo) and
high enantioselectivity (up to 97 % ee for endo adduct;
Table 4). In comparison, the reactions with a-methyl styrene

under the exo-selective conditions gave rather complicated
product mixtures, probably as a result of the various by-
pathways, such as ene and carbonyl-ene processes under these
conditions. A larger substituted styrene, 1,1-diphenylethy-
lene, which worked well with In(BArF)3/1b (95% yield,
95% ee, Table 2, product 4o), turned out to be a rather
sluggish substrate with Sc(BArF)3/1 f (< 10 % yield, racemic),
indicating the space-demanding nature of the endo pathway;
4) a tri-substituted styrene has also been tested as substrate in
the endo-selective reaction. In this case, the inseparable
mixture of a,b-dimethyl styrene regioisomers (Z/E = 2:5)
were directly subjected to the catalytic reaction. Remarkably,
the reaction proceeded smoothly with only one isomer (E
isomer), affording a single adduct (6j) in good yield and with
excellent diastereoselectivity and enantioselectivity (99:1 d.r.,
98% ee, Table 4, entry 9).

Based on the determined absolute configuration of
(2S,4S)-endo-4a,[24] a tentative endo transition state that
accounts for the stereoselectivity can be proposed
(Figure 2). In this model, the 2,4,6-(iPr)3C6H2 moieties of
a neutral phosphate ligand in complex with Ca/Sc constitute
a well-defined chiral space that chan-
nels the orbital-favored and less-space-
demanding endo transition state, and
the reaction occurs through bidentate
activation of the ketoester by the
cationic scandium metal center. The
endo-selective Diels–Alder pathway
seems to be intrinsically favored in
this case, as the same reactions cata-
lyzed by other achiral Lewis acids also
showed endo selectivity.[11, 12]

Table 3: Substrate scope of the endo-selective reaction with simple
olefins.[a]

[a] General conditions: 2 (0.3125 mmol), 3 (0.0625 mmol), 1 f
(2.5 mol%), ScBr3 (2.5 mol%), AgBArF (7.5 mol%), and 3 � M.S.
(10 mg) at RT in CH2Cl2 (0.5 mL) for 2–24 h. [b] 5 mol% of catalyst.
[c] 10 mol% of catalyst. All d.r. values refer to endo/exo.

Table 4: Substrate scope of the endo-selective reaction with a-methyl
olefins.[a]

[a] General conditions: 2 (0.3125 mmol), 5 (0.0625 mmol), 1 f
(2.5 mol%), ScBr3 (2.5 mol%), Ag(BArF) (7.5 mol%), and 3 � M.S.
(10 mg) at RT in CH2Cl2 (0.5 mL) for 2–24 h. [b] 5 mol% of catalyst. All
d.r. values refer to endo/exo.

Figure 2. Proposed
endo transition state
for catalysis with
Sc(BArF)3/1 f.
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On the other hand, this result seems paradoxical because
the exchange of Sc with In in the chiral binary acid complex
would lead exclusively to exo selectivity. Usually, steric
hindrance, imposed by either the substrate or the catalyst,
has been proposed to account for the observed exo selectivity
in Diels–Alder reactions.[25] However, the endo selectivity in
similar reactions of cyclopentadienes with the same InIII/1b
catalyst strongly suggests that the steric model is not
applicable in the current case.[18a] In this case, a stepwise
pathway is invoked to explain the exo selectivity. In this
scenario, the reaction occurs through direct 1,4-nucleophilic
addition of the olefin to the enone followed by an intra-
molecular substitution (pathway a, Figure 2) to afford the
cyclic [4+2] exo product. A similar mechanism of stepwise
addition has also been proposed for exo-selective hetero-
Diels–Alder reactions with enol ethers.[17a] Experimentally,
we have been able to isolate a trace of a by-product,
characterized as vinyl addition product 7. This observation
is consistent with the proposed zwitterionic intermediate A
undergoing proton transfer to generate vinylation adduct 7,
a typical Friedel–Crafts-type process. At this stage, the
catalytic mode in the proposed reaction pathway
(Scheme 2) remains obscure. Further mechanistic studies
are clearly warranted for reactions with the indium binary
acid catalyst with its superior performance and exceptional
exo selectivity.

The developed exo-selective [4+2] cycloaddition could
also be performed on a gram scale. The reaction of an b,g-
unsaturated a-ketoester (1.0 g) with norbornene, catalyzed by
binary acid In(BArF)3/1b (5 mol%) afforded adduct 4n in
95% yield with 96% ee. Hydrogenation of the double bond in
4n could be successfully performed using Pd/C as the catalyst
to nearly quantitatively afford the a-methoxycarbonyl tetra-
hydropyran, which was next saponified to the free acid 8. The
absolute configuration of 4 was determined through the X-ray
crystal structure of 8 (Scheme 3). Further applications were
focused on the decarboxylation of 3,4-dihydro-2H-pyran-6-
carboxylic acids, obtained by saponification of 4a, to afford d-
lactones 9 in good yield under oxidative conditions
(Scheme 4). Lactone (R)-9 could be chemoselectively re-
duced to 3,6-dihydro-2H-pyran 10. This transformation
sequence can be readily applied to the asymmetric synthesis
of sugiresinol and doremox, starting from endo-4e and endo-
4p, respectively.

In summary, a highly diastereoselective and enantioselec-
tive [4+2] cycloaddition of simple olefins with b,g-unsatu-

rated a-ketoesters has been realized with a unique binary
acid, in which a chiral phosphoric acid is synergistically
combined with a metal salt. A simple exchange of the metal
ion from InIII to ScIII leads to a switch from the exo- to the
endo-selective [4+2] cycloaddition, which both occur with
excellent diastereoselectivity and enantioselectivity. We also
found that in the presence of a Lewis acid the use of a metal
salt of the chiral phosphoric acid instead of the free
phosphoric acid led to a much improved stereoselectivity,
thus providing two Lewis acid combinations in asymmetric
binary acid catalysis. These results underline the synergistic
and combinatorial features of asymmetric binary acid cata-
lysts in influencing chemo-, diastereo-, and enantioselectivity.
Detailed mechanistic studies are ongoing and will be reported
in due course.
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