Cycloaddition

Angéwandte

imeminalEdtiony Chemie

DOI: 10.1002/anie.201500215

Catalytic Asymmetric Inverse-Electron-Demand Oxa-Diels—Alder
Reaction of In Situ Generated ortho-Quinone Methides with 3-Methyl-

2-Vinylindoles™**

Jia-Jia Zhao, Si-Bing Sun, Sai-Huan He, Qiong Wu, and Feng Shi*

In memory of Professor Carlos F. Barbas II1

Abstract: The first catalytic asymmetric inverse-electron-
demand (IED) oxa-Diels—Alder reaction of ortho-quinone
methides, generated in situ from ortho-hydroxybenzyl alco-
hols, has been established. By selecting 3-methyl-2-vinylindoles
as a class of competent dienophiles, this approach provides an
efficient strategy to construct an enantioenriched chroman
framework with three adjacent stereogenic centers in high
yields and excellent stereoselectivities (up to 99 % yield, > 95:5
dr, 99.5:0.5 er.). The utilization of ortho-hydroxybenzyl
alcohols as precursors of dienes and 3-methyl-2-vinylindoles as
dienophiles, as well as the hydrogen-bonding activation mode
of the substrates met the challenges of a catalytic asymmetric
IED oxa-Diels—Alder reaction.

Catalytic, enantioselective Diels—Alder (DA) reactions
belong to the most fundamental and powerful tools in
constructing enantioenriched six-membered ring systems.!!
Particularly, catalytic asymmetric inverse-electron-demand
(IED) hetero-DA reactions have proven to be efficient and
atom-economical methods for the synthesis of six-membered
heterocycles with perfect regio- and stereoselectivities
(Scheme 1).”!' As a result, elegant developments have been
achieved in the research area of catalytic asymmetric IED
aza-DA reactions,'*?®! which employed 1-azadienes (Sche-
me 1a)P or 2-azadienes (Scheme 1b)*™4 as electron-defi-
cient dienes to react with electron-rich dienophiles in the
presence of either chiral metal catalysts or organocatalysts.
These well-developed approaches afforded nitrogenous het-
erocycles such as tetrahydropyridines and tetrahydroquino-
lines in excellent stereoselectivities. However, in sharp
contrast, the catalytic asymmetric IED oxa-DA reactions
are underdeveloped in spite of the fact that this class of
transformation will efficiently build up oxygen-containing
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Scheme 1. Profile of catalytic asymmetric hetero-Diels—Alder reactions.
EDG =electron-donating group, EWG = electron-withdrawing group.

heterocyclic frameworks with multiple stereogenic cen-
ters.”% So far, only a few enantioselective TED oxa-DA
reactions have been reported, and they predominantly utilize
a,B-unsaturated carbonyl compounds as diene components to
perform cycloadditions with electron-rich alkenes (Sche-
me 1c¢).”+% Despite these creative works, great challenges
still exist in the catalytic asymmetric IED oxa-DA reactions.
The first one is the limited scope of dienes and dienophiles,
which is mainly confined to a,f-unsaturated carbonyl com-
pounds and vinyl ethers.”*%* The second one is the limited
catalyst system and activation mode, which is dominated by
metal/chiral ligands,**® and only a small number of trans-
formations employed chiral amines as organocatalysts to
activate aldehydes as dienophiles through enamine catal-
ysis.?*® Therefore, the development of catalytic asymmetric
IED oxa-DA reactions, especially those utilizing other types
of dienes and dienophiles based on different catalytic
activation modes, is of great significance.

Recently, ortho-hydroxybenzyl alcohols have emerged as
active reaction partners in asymmetric catalysis for their
characteristic of being readily converted into ortho-quinone
methide (0-QM) intermediates!” in the presence of a Brgnsted
acid (Scheme 2),® and should serve as a suitable diene for
catalytic asymmetric IED oxa-DA reactions. However, pre-
vious reports on catalytic enantioselective transformations of
ortho-hydroxybenzyl alcohols only included conjugate addi-
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Scheme 2. Previous works on catalytic asymmetric reactions involving
ortho-hydroxybenzyl alcohols.

tions (Scheme 2a)®* and stepwise cyclizations (Scheme 2
b).’fl During the preparation and submission of this manu-
script, Schneider and co-workers reported an elegant tandem
cyclization using highly reactive cyclic enamides as nucleo-
philes (Scheme 2¢).®&" In spite of this progress, olefins of
relatively low reactivity, that is, having no activating groups
directly linking to the C=C bond, have not yet been employed
in reactions with ortho-hydroxybenzyl alcohols.”’ The accom-
plishment of such a reaction would result in the enantiose-
lective cycloaddition of this substrate class, thus achieving the
catalytic asymmetric IED oxa-DA reaction. This transforma-
tion is highly desirable, but challenging because of the great
demand in developing highly enantioselective procedures.
Inspired by the challenges in catalytic asymmetric IED
oxa-DA reactions and in view of the biological importance of
chiral chroman derivatives,"”! we design a chiral phosphoric
acid™! (CPA) catalyzed asymmetric IED oxa-DA reaction of
0-QMs generated in situ from ortho-hydroxybenzyl alcohols
(Scheme 3). Our previous work on indole-related enantiose-
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Scheme 3. Design of a catalytic asymmetric IED oxa-DA reaction of in
situ generated 0-QMs and 3-methyl-2-vinylindoles.

lective transformations!™? stimulated us to select 3-methyl-2-
vinylindoles as dienophiles because the introduction of
a methyl group at the C3-position of 2-vinylindoles could
enable this class of substrates to act as dienophiles rather than
dienes. In addition, the indole moiety will not only facilitate
the formation of dual hydrogen bonds between the catalyst

and the two substrates, but also bring a biologically important
indole moiety to the constructed chroman core.

Herein, we report the first catalytic asymmetric IED oxa-
DA reaction of insitu generated o-QMs and 3-methyl-2-
vinylindoles, thus leading to highly diastereo- and enantiose-
lective construction of the chroman scaffold with three
adjacent stereogenic centers (up to >95:5 d.r., 99.5:0.5 e.r.).
This transformation utilized ortho-hydroxybenzyl alcohols as
precursors of dienes and 3-methyl-2-vinylindoles as dieno-
philes, both of which are new substrates for catalytic
asymmetric IED oxa-DA reactions. In addition, the hydro-
gen-bonding activation mode of the catalyst to the substrates
has been little reported in catalytic asymmetric IED oxa-DA
reactions.

Initially, the reaction of ortho-hydroxybenzyl alcohol (1a)
and the 3-methyl-2-vinylindole 2a in the presence of
10 mol % of the CPA 4a in chloroform at 25°C was utilized
to test our hypothesis (Scheme 4). The IED oxa-DA reaction

4a, G = 4-CICgH,
4b, G = 2-naphthyl
O L 4c, G = 1-naphthyl
o OH 4d, G = 9-phenanthrenyl
4e, G = 9-anthracenyl
4, G = 2.4,6-(/Pr)306H2

4g, G = SiPhy

6a, G = 1-naphthyl
5b G 9-anthracenyl 6b, G = 9-anthracenyl

=1- naphthyl

Ph
Ph //
d\OH - 10 mol% 4-6, T °C
OH * HN solvent additives =
1a

3aa

Initial conditions: 4a, 25 °C, CHCI; (0.5 mL)
Optimal conditions: 4e, 25 °C, DCE (2 mL)

91%,85:15d.r., 60:40 e.r.
88%, 95:5d.r., 96:4 e.r.

Scheme 4. Catalysts and model reaction employed to optimize the
reaction conditions. DCE =1,2-dichloroethane.

proceeded smoothly to generate the chroman product 3aa in
good diastereoselectivity (85:15 d.r.) but with a low enantio-
selectivity (60:40 e.r.). To improve the enantioselectivity, this
reaction was further subjected to catalyst screening and
reaction conditions optimization by changing solvent, tem-
perature, additives, and reagents ratio (see the Supporting
Information for details). At last, the optimal reaction
conditions were established by using the CPA 4e as a catalyst
in dichloroethane (DCE) at 25°C, thus leading to 3aa in an
excellent stereoselectivity of 95:5 d.r. and 96:4 e.r.

With the optimal reaction conditions in hand, we then
carried out the investigation on the substrate scope of ortho-
hydroxybenzyl alcohols (1) by the catalytic asymmetric IED
oxa-DA reactions with 2a. As shown in Table 1, this protocol
was applicable to a wide range of ortho-hydroxybenzyl
alcohols (1) with different R/R' groups, and delivered the
desired chroman derivatives 3 bearing multiple stereogenic
centers in generally high yields and excellent stereoselectiv-
ities. Basically, both aromatic (entries 1-7) and aliphatic
(entries 8-12) groups could be successfully employed as part
of the substrates 1, which smoothly participated in the
reactions in good yields and high stereoselectivities. In
detail, a variety of phenyl groups with electronically neutral
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Table 1: Substrate scope of the ortho-hydroxybenzyl alcohols 1.

Ph R
R / N Ph
X OH 10 mol% de Ry
R+ . = — = 07 1
ZNoH HN DCE, 25°C
HN

1 2a 3
Entry 3 R/R' (1) Yield [%]®! drld  erd
1 3aa Ph/H (1a) 88 95:5 96:4
2 3ba  p-FCH,/H (1b) 60 >95:5 95:5
3 3ca  m-FCgH,/H (1¢) 77 89:11  96:4
4 3da  p-CICH,/H (1d) 81 89:11  96:4
5 3ea  p-MeCgH,/H (1e) 99 86:14  92:8
6 3fa  m-MeCgH,/H (1) 99 86:14 9436
7 3ga m-MeOC¢H,/H (1g) 84 88:12 955
8 3ha  Me/H (1h) 97 >95:5 99:1
9 3ia n-pentyl/H (i) 82 >95:5 98:2
10 3ja  nhexyl/H (1)) 83 >95:5 982
1 3ka  iBu/H (1k) 82 >95:5 964
12 3la cyclopropyl/H (11) 89 93:7 99:1
13 3ma  Ph/4F (Im) 67 93:7 973
14 3na  Ph/4Cl (1n) 75 93:7 946
15 30a Ph/4-Br (10) 72 95:5 94:6
16 3pa Ph/4-MeO (1p) 93 88:12 955
17 3qa Me/4-Br (1q) 50 86:14  98:2

[a] Unless otherwise indicated, the reaction was carried out at the

0.05 mmol scale and catalyzed by 10 mol % 4 e in DCE (2 mL) at 25°C for
12 h. The molar ratio of 1/2a was 1:1. [b] Yield of isolated product.

[c] The d.r. value was determined by '"H NMR spectroscopy. [d] The

e.r. value was determined by HPLC.

(entry 1), poor (entries 2-4), and rich (entries 5-7) substitu-
ents could be utilized in the reaction without significant
difference in enantioselectivity (94:6 to 96:4 e.r.) except for
the substrate 1e (92:8 e.r.). More importantly, a series of alkyl
groups including linear (entries 8-10), branched (entry 11),
and cyclic (entry 12) ones proved to be competent R
substituents, and gave the products 3ha-la in overall excellent
yields and perfect stereoselectivities. It should be noted that
in previous catalytic enantioselective transformations, the R
groups of ortho-hydroxybenzyl alcohols were almost aroma-
tic,®#l and aliphatic R groups have scarcely been utilized. In
our case, both aromatic and aliphatic R groups work well, and
the latter was superior to the former with regard to
stereoselectivity (entries 8-12 versus 1-7). The applicability
of various R groups provides a good opportunity for
synthesizing optically pure chromans with structural diversity.
Besides, the R! group linked to the phenyl ring could be
varied from electron-withdrawing to electron-donating sub-
stituents (entries 13-17), thus providing the products 3 in
good yields and good to excellent stereoselectivities.

Then, the use of various 3-methyl-2-vinylindoles (2) was
examined by the catalytic asymmetric IED oxa-DA reactions
with the ortho-hydroxybenzyl alcohol 1h. As shown in
Table 2, a series of 3-methyl-2-vinylindoles with various
terminal substituents including aromatic and aliphatic ones
served as suitable substrates in the reaction, thus offering the
indole-substituted chromans 3 in high yields and perfect
stereoselectivities. For terminal phenyl groups, both electron-
rich and electron-poor substituents at different positions of
the phenyl ring uniformly delivered excellent stereoselectiv-
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Table 2: Substrate scope of the 3-methyl-2-vinylindoles 2.1

R Me
Me // R
OH 10 mol% 4e .
* HN N " =
OH DCE, 25°C HN
1h 2 3

Entry 3 R (2) Yield [%6]®) d.rd erd
1 3hb  p-MeCH, (2b) 99 95:5 98:2
2 3hc  m-MeCgH, (2c) 99 95:5  99.5:0.5
3 3hd  o-MeC¢H, (2d) 99 >95:5 99:1
4 3he  p-FCH, (2e) 99 >095:5 99:1
5 3hf  0-FCH, (2f) 99 >95:5 99:1
6 3hg m-CICH, (2g) 99 >95:5 99:1
7 3hh  p-BrCeH, (2h) 80 >095:5 99:1
8 3hi  Me (2i) 71 >95:5 96:4
9 3hj  Et(2)) 68 >095:5 98:2

[a] Unless otherwise indicated, the reaction was carried out at the

0.05 mmol scale and catalyzed by 10 mol % 4 e in DCE (2 mL) at 25°C for
12 h. The molar ratio of Th/2 was 1:1. [b] Yield of isolated product.

[c] The d.r. value was determined by 'H NMR spectroscopy. [d] The

e.r. value was determined by HPLC.

ities (entries 1-7). Notably, this approach could be applied to
the 2-vinylindoles 21i,j bearing terminal alkyl groups such as
methyl or ethyl, thus affording products 3hi,hj in good yields
and excellent stereoselectivities (entries 8 and 9). This scope
offers more chances for obtaining structurally diverse chro-
mans with high optical purity.

The absolute configuration of 3pa (99.5:0.5 e.r. after
recrystallization) was unambiguously determined to be
(2R,3S,4R) by single-crystal X-ray diffraction analysis (in
Scheme 5)."¥! The absolute configuration of the other prod-

Ph
MeO. Ph
R3
I3 .
— o~ =
HN

(2R,3S,4R)-3pa

characterized by
x-ray crystallography

Scheme 5. Suggested transition state.

ucts 3 were assigned by analogy. On the basis of the
experimental results, we suggested a possible transition state
to explain the stereochemistry of this catalytic asymmetric
IED oxa-DA reaction. As exemplified by the formation of
product 3pa (Scheme 5), the CPA 4e simultaneously forms
two hydrogen bonds with 3-methyl-2-vinylindole and the o-
QM, which was generated in situ from ortho-hydroxybenzyl
alcohol, thus facilitating the stereoselective IED oxa-DA
reaction to give the experimentally observed (2R,35,4R)-3 pa.
The excellent stereoselectivity is attributed to the dual
hydrogen-bonding activation mode and the chiral environ-
ment created by 4e. In all of the experiments (Tables 1 and 2),
only two diastereomers of 3 with unchanged trans-geometry
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of the original C=C bond were detected with high d.r. values.
Besides, TLC revealed that the reaction was very clean, and
no other intermediate product or byproduct was generated.
Moreover, the intercepting reaction!*! using indole as a nucle-
ophilic trapping reagent disclosed that no desired interrupted
product was generated (see the Supporting Information for
details). These results indicated that there is a high possibility
that the reaction undergoes a concerted pathway.!'¥

To verify the suggested activation mode, a control experi-
ment using the N-methyl-protected 3-methyl-2-vinylindole
2k as a substrate was performed under the standard reaction
conditions [Eq. (1)]. As expected, no reaction occurred, and

Ph
Me /
@f\OH — 10 mol% 4e nr 1)
+ — > nr.
OH Me—N DCE, 25°C

12h

thus demonstrated that the N—H group of 2-vinylindoles
played a crucial role in the reactivity of the reaction.
Moreover, we investigated the effect of Z/E configuration
of the substrates 2 on the reaction by utilizing (Z)-2a as
a reaction component [Eq.(2)]. Very interestingly, this

Me Ph Ph
4 /
OH 10 mol% 4e
- = (2
oH ' HN DCE 25°C ,/é o
12h
1h
(2)-2a

56%, >95:5 d.r, 99:1 er. (E)-2a

reaction generated the product 3ha in a moderate yield and
excellent stereoselectivity, and it had the same relative and
absolute configuration as the product produced from (E)-2a
(Table 1, entry 8). At the same time, a small amount of (E)-2a
was observed, by TLC, in the reaction mixture along with
some remaining (Z)-2a. This phenomenon indicated that (Z)-
2a could be transformed into (E)-2a during the reaction
process, and ultimately took part in the reaction to afford 3ha
with the observed configuration. Furthermore, this result
implied that utilizing the Z/E mixture of 2 would not affect
the stereoselectivity of the reaction, thus avoiding the arduous
isolation of the Z/E isomers of 2. Indeed, when (Z/E)-2a was
employed in the reaction under the standard reaction
conditions, the desired product 3ha was obtained in a high
yield (92%) and with a perfect stereoselectivity of greater
than 95:5 d.r. and 99:1 e.r. [Eq. (3)].

0/
©\)\ 10 mol% 4e E:ﬁj/ @)
DCE 25°C =

12h HN
3ha
(ZE)-2a

ZE=11 92%, >95:5d.r., 99:1 e.r.

To investigate the role of the C3-methyl group in 2, we
tried the reaction using the 2-vinylindole 21 as a substrate
[Eq. (4)]. However, no cycloaddition product was observed
and only the conjugate addition product 3al was generated.
This result demonstrated that the C3-methyl group of 2 is
important for the designed IED oxa-DA reaction.
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Ph Q
Ph / Ph

H
: \)\OH _ /" 10 mol% 4e O N\ NH
+ 4)
HN
OH oH

DCE, 25°C
12h 3al

1a 21 Ph
80% yield, 69:31 e.r.

In summary, we have established the first catalytic
asymmetric IED oxa-DA reaction of 0-QMs generated
in situ from ortho-hydroxybenzyl alcohols. By selecting 3-
methyl-2-vinylindoles as a class of competent dienophiles, this
approach provides an efficient strategy to construct the
enantioenriched chroman framework with three adjacent
stereogenic centers in high yields and excellent stereoselec-
tivities. The utilization of ortho-hydroxybenzyl alcohols as
precursors of dienes and 3-methyl-2-vinylindoles as dieno-
philes, as well as the hydrogen-bonding activation mode of the
catalyst to the substrates met the challenges of the catalytic
asymmetric IED oxa-DA reaction. In addition, this reaction
also represents the first highly enantioselective construction
of a chroman scaffold involving an indole moiety, which can
be applicable to a variety of substrates, thus offering a good
opportunity for the synthesis of biologically important chiral
chroman derivatives with structural diversity.

Received: January 9, 2015
Revised: January 30, 2015
Published online: Il HE, HREN

Keywords: asymmetric catalysis - cycloaddition -
enantioselectivity - heterocycles - organocatalysis

[1] For some recent reviews: a) G. Masson, C. Lalli, M. Benohoud,
G. Dagousset, Chem. Soc. Rev. 2013, 42, 902; b) A. Moyano, R.
Rios, Chem. Rev. 2011, 111,4703; c) M. Bartok, Chem. Rev. 2010,
110, 1663; for some recent examples: d) X. Wu, S.-S. Chen, Y.
Hu, L.-Z. Gong, Org. Lett. 2014, 16, 3820; ¢) B. Liu, K.-N. Li, S.-
W. Luo, J.-Z. Huang, H. Pang, L.-Z. Gong, J. Am. Chem. Soc.
2013, 135, 3323; f) Z.-Y. Han, D.-F. Chen, Y.-Y. Wang, L.-Z.
Gong, J. Am. Chem. Soc. 2012, 134, 6532.

[2] For some recent reviews: a) X. X. Jiang, R. Wang, Chem. Rev.
2013, 713, 5515; b) J.-L. Li, T.-Y. Liu, Y.-C. Chen, Acc. Chem.
Res. 2012, 45, 1491; for some prominent examples: c) T.
Akiyama, H. Morita, K. Fuchibe, J. Am. Chem. Soc. 2006, 128,
13070; d) H. Liu, G. Dagousset, G. Masson, P. Retailleau, J. Zhu,
J. Am. Chem. Soc. 2009, 131, 4598; e¢) H. Xu, S. J. Zuend, M. G.
Woll, Y. Tao, E. N. Jacobsen, Science 2010, 327, 986; f) M.-S. Xie,
X.-H. Chen, Y. Zhu, B. Gao, L.-L. Lin, X.-H. Liu, X.-M. Feng,
Angew. Chem. Int. Ed. 2010, 49, 3799; Angew. Chem. 2010, 122,
3887.

[3] For some recent examples: a) B. Han, Z.-Q. He, J.-L. Li, R. Li, K.
Jiang, T.-Y. Liu, Y.-C. Chen, Angew. Chem. Int. Ed. 2009, 48,
5474; Angew. Chem. 2009, 121, 5582; b) C. Simal, T. Lebl,
A.M. Z. Slawin, A. D. Smith, Angew. Chem. Int. Ed. 2012, 51,
3653; Angew. Chem. 2012, 124,3713; c¢) X. Jiang, X. Shi, S. Wang,
T. Sun, Y. Cao, R. Wang, Angew. Chem. Int. Ed. 2012, 51, 2084;
Angew. Chem. 2012, 124, 2126; d)Y. Deng, L. Liu, R. G.
Sarkisian, K. Wheeler, H. Wang, Z. Xu, Angew. Chem. Int. Ed.
2013, 52, 3663; Angew. Chem. 2013, 125, 3751; e) Z. Chen, B.
Wang, Z. Wang, G. Zhu, J. Sun, Angew. Chem. Int. Ed. 2013, 52,
2027; Angew. Chem. 2013, 125,2081; f) X. Feng, Z. Zhou, C. Ma,
X.Yin, R. Li, L. Dong, Y.-C. Chen, Angew. Chem. Int. Ed. 2013,
52,14173; Angew. Chem. 2013, 125,14423; g) L. He, G. Laurent,

Angew. Chem. Int. Ed. 2015, 54, 1-6


http://dx.doi.org/10.1039/c2cs35370a
http://dx.doi.org/10.1021/cr100348t
http://dx.doi.org/10.1021/ol5017355
http://dx.doi.org/10.1021/ja3110472
http://dx.doi.org/10.1021/ja3110472
http://dx.doi.org/10.1021/ja3007148
http://dx.doi.org/10.1021/cr300436a
http://dx.doi.org/10.1021/cr300436a
http://dx.doi.org/10.1021/ar3000822
http://dx.doi.org/10.1021/ar3000822
http://dx.doi.org/10.1021/ja064676r
http://dx.doi.org/10.1021/ja064676r
http://dx.doi.org/10.1021/ja900806q
http://dx.doi.org/10.1126/science.1182826
http://dx.doi.org/10.1002/anie.201000590
http://dx.doi.org/10.1002/ange.201000590
http://dx.doi.org/10.1002/ange.201000590
http://dx.doi.org/10.1002/anie.200902216
http://dx.doi.org/10.1002/anie.200902216
http://dx.doi.org/10.1002/ange.200902216
http://dx.doi.org/10.1002/anie.201109061
http://dx.doi.org/10.1002/anie.201109061
http://dx.doi.org/10.1002/ange.201109061
http://dx.doi.org/10.1002/anie.201107716
http://dx.doi.org/10.1002/ange.201107716
http://dx.doi.org/10.1002/anie.201209268
http://dx.doi.org/10.1002/anie.201209268
http://dx.doi.org/10.1002/ange.201209268
http://dx.doi.org/10.1002/anie.201206481
http://dx.doi.org/10.1002/anie.201206481
http://dx.doi.org/10.1002/ange.201206481
http://dx.doi.org/10.1002/anie.201307460
http://dx.doi.org/10.1002/anie.201307460
http://dx.doi.org/10.1002/ange.201307460
http://www.angewandte.org

(4]

5

—

(6]

(7]

P. Retailleau, B. Folléas, J.-L. Brayer, G. Masson, Angew. Chem.
Int. Ed. 2013, 52, 11088; Angew. Chem. 2013, 125, 11294.

For some recent examples: a) C. Wang, Z.-Y. Han, H.-W. Luo,
L.-Z. Gong, Org. Lett. 2010, 12, 2266; b) G. Bergonzini, L.
Gramigna, A. Mazzanti, M. Fochi, L. Bernardi, A. Ricci, Chem.
Commun. 2010, 46, 327; c) G. Dagousset, P. Retailleau, G.
Masson, J. Zhu, Chem. Eur. J. 2012, 18, 5869.

For some examples: a) S.-Y. Yu, H. Zhang, Y. Gao, L. Mo, S. Z.
Wang, Z.-J. Yao, J. Am. Chem. Soc. 2013, 135, 11402; b) L.
Bernardi, C.-F. Mauro, M. Fochi, V. Leo, A. Mazzanti, A. Ricci,
Adv. Synth. Catal. 2010, 352, 3399; c) M. Rueping, M.-Y. Lin,
Chem. Eur. J. 2010, 16, 4169.

For some chiral metal-catalyzed examples: a) L. F. Tietze, P.
Saling, Synlett 1992, 281; b) E. Wada, H. Yasuoka, S. Kanemasa,
Chem. Lett. 1994, 1637; c) Z. P. Yu, X. H. Liu, Z. H. Dong, M. S.
Xie, X. Feng, Angew. Chem. Int. Ed. 2008, 47, 1308; Angew.
Chem. 2008, 120, 1328; d) K. Zheng, J. Shi, X. H. Liu, X. Feng, J.
Am. Chem. Soc. 2008, 130, 15770; e) G. Desimoni, G. Faita, M.
Toscanini, M. Boiocchi, Chem. Eur. J. 2007, 13, 9478; ) D. A.
Evans, J. S. Johnson, J. Am. Chem. Soc. 1998, 120, 4895; g) D. A.
Evans, E. J. Olhava, J. S. Johnson, J. M. Janey, Angew. Chem. Int.
Ed. 1998, 37,3372; Angew. Chem. 1998, 110,3553; h) W. Zhuang,
J. Thorhauge, K. A. Jgrgensen, Chem. Commun. 2000, 459; i) J.
Lv, L. Zhang, S. Hu, J.-P. Cheng, S. Luo, Chem. Eur. J. 2012, 18,
799. For some chiral-amine-catalyzed examples: j) X. X. Jiang,
L. Wang, M. Kai, L. P. Zhu, X. J. Yao, R. Wang, Chem. Eur. J.
2012, 18, 11465; k) J. Wolfer, T. Bekele, C. J. Abraham, C. Dogo-
Isonagie, T. Lectka, Angew. Chem. Int. Ed. 2006, 45, 7398;
Angew. Chem. 2006, 118, 7558; 1) S. Samanta, J. Krause, T.
Mandal, C.-G. Zhao, Org. Lett. 2007, 9, 2745; m) F. A. Hernan-
dez-Juan, Y. Zhao, X.-J. Wang, J.-T. Liu, Synlett 2008, 1017; n) L.
Albrecht, G. Dickmeiss, C. F. Weise, C. Rodriguez-Escrich, K. A.
Jgrgensen, Angew. Chem. Int. Ed. 2012, 51, 13109; Angew.
Chem. 2012, 124, 13286.

For some reviews: a) T. P. Pathak, M. S. Sigman, J. Org. Chem.
2011, 76, 9210; b) N. J. Willis, C. D. Bray, Chem. Eur. J. 2012, 18,
9160; for some enantioselective examples: c¢) E. Alden-Dan-
forth, M. T. Scerba, T. Lectka, Org. Lett. 2008, 10,4951; d) H. Lv,
L. You, S. Ye, Adv. Synth. Catal. 2009, 351, 2822; ¢) T. P. Pathak,
K. M. Gligorich, B. E. Welm, M. S. Sigman, J. Am. Chem. Soc.

(8]

[9

[10

[11

[12

[13

—

[

]

]

[

Angéwandte

imeminalEdtiony Chemie

134,19965; g) H. Lv, W. Q. Jia, L. H. Sun, S. Ye, Angew. Chem.
Int. Ed. 2013, 52, 8607; Angew. Chem. 2013, 125, 8769; h) J.
Izquierdo, A. Orue, K. A. Scheidt, J. Am. Chem. Soc. 2013, 135,
10634; i) Z. B. Wang, F. J. Ai, Z. Wang, W. X. Zhao, G. Y. Zhu,
Z.Y. Lin, J. W. Sun, J. Am. Chem. Soc. 2015, 137, 383.

For enantioselective conjugate additions: a) M. Rueping, U.
Uria, M. Y. Lin, I. Atodiresei, J. Am. Chem. Soc. 2011, 133,3732;
b) D. Wilcke, E. Herdtweck, T. Bach, Synlett 2011, 1235; c) W.
Zhao, Z. Wang, B. Chu, J. Sun, Angew. Chem. Int. Ed. 2015, 54,
1910; Angew. Chem. 2015, 127,1930; d) S. Saha, S. K. Alamsetti,
C. Schneider, Chem. Commun. 2015, 51, 1461; For enantiose-
lective cyclizations: e) O. El-Sepelgy, S. Haseloff, S. K. Alam-
setti, C. Schneider, Angew. Chem. Int. Ed. 2014, 53,7923; Angew.
Chem. 2014, 126, 8057, f) C. C. Hsiao, H. H. Liao, M. Rueping,
Angew. Chem. Int. Ed. 2014, 53, 13258; Angew. Chem. 2014, 126,
13474; g) S. Saha, C. Schneider, Chem. Eur. J. 2015, 21, 2348;
h) S. Saha, C. Schneider, Org. Lett. 2015, 17, 648.

For a racemic reaction using styrenes as dienophiles: S.J.
Gharpure, A. M. Sathiyanarayanan, P. K. Vuram, RSC Adv.
2013, 3, 18279.

For some examples: a) H.-H. Ko, Y.-J. Jin, T.-M. Lu, L.-S. Chen,
Chem. Biodiversity 2013, 10,1269; b) S. Kumar, S. Deshpande, V.
Chandra, S. Kitchlu, A. Dwivedi, V. L. Nayak, R. Konwar, Y. S.
Prabhakar, D. P. Sahu, Bioorg. Med. Chem. 2009, 17, 6832; c) S.
Lehmann, PCT Int. Appl. WO 9955898A1 19991104, 1999.

For some reviews: a) T. Akiyama, Chem. Rev. 2007, 107, 5744,
b) M. Terada, Chem. Commun. 2008, 4097; c) M. Terada,
Synthesis 2010, 1929; d) J. Yu, F. Shi, L.-Z. Gong, Acc. Chem.
Res. 2011, 44, 1156; e) D. Parmar, E. Sugiono, S. Raja, M.
Rueping, Chem. Rev. 2014, 114, 9047.

a) Y.-C. Zhang, J.-J. Zhao, F. Jiang, S.-B. Sun, F. Shi, Angew.
Chem. Int. Ed. 2014, 53, 13912; Angew. Chem. 2014, 126, 14132;
b) Y. Liu, H.-H. Zhang, Y.-C. Zhang, Y. Jiang, F. Shi, S.-J. Tu,
Chem. Commun. 2014, 50, 12054; ¢) W. Tan, X. Li, Y.-X. Gong,
M.-D. Ge, F. Shi, Chem. Commun. 2014, 50, 15901.

CCDC 1042547 (3pa) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif, see the Supporting Infor-
mation for details.

2010, 7132,7870;f) Y. Luan, S. E. Schaus, J. Am. Chem. Soc. 2012, [14] R. R.R. Taylor, R. A. Batey, J. Org. Chem. 2013, 78, 1404.

Angew. Chem. Int. Ed. 2015, 54, 1-6 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 5
. AR
These are not the final page numbers!


http://dx.doi.org/10.1002/anie.201304969
http://dx.doi.org/10.1002/anie.201304969
http://dx.doi.org/10.1002/ange.201304969
http://dx.doi.org/10.1021/ol1006086
http://dx.doi.org/10.1039/b921113f
http://dx.doi.org/10.1039/b921113f
http://dx.doi.org/10.1002/chem.201200523
http://dx.doi.org/10.1021/ja405764p
http://dx.doi.org/10.1002/adsc.201000608
http://dx.doi.org/10.1002/chem.201000203
http://dx.doi.org/10.1055/s-1992-21339
http://dx.doi.org/10.1246/cl.1994.1637
http://dx.doi.org/10.1002/anie.200704759
http://dx.doi.org/10.1002/ange.200704759
http://dx.doi.org/10.1002/ange.200704759
http://dx.doi.org/10.1021/ja808023y
http://dx.doi.org/10.1021/ja808023y
http://dx.doi.org/10.1002/chem.200700995
http://dx.doi.org/10.1021/ja980423p
http://dx.doi.org/10.1002/(SICI)1521-3773(19981231)37:24%3C3372::AID-ANIE3372%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1521-3773(19981231)37:24%3C3372::AID-ANIE3372%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1521-3757(19981217)110:24%3C3553::AID-ANGE3553%3E3.0.CO;2-V
http://dx.doi.org/10.1039/a909115g
http://dx.doi.org/10.1002/chem.201103340
http://dx.doi.org/10.1002/chem.201103340
http://dx.doi.org/10.1002/chem.201201102
http://dx.doi.org/10.1002/chem.201201102
http://dx.doi.org/10.1002/anie.200602801
http://dx.doi.org/10.1002/ange.200602801
http://dx.doi.org/10.1021/ol071097y
http://dx.doi.org/10.1002/anie.201207122
http://dx.doi.org/10.1002/ange.201207122
http://dx.doi.org/10.1002/ange.201207122
http://dx.doi.org/10.1021/jo201789k
http://dx.doi.org/10.1021/jo201789k
http://dx.doi.org/10.1002/chem.201200619
http://dx.doi.org/10.1002/chem.201200619
http://dx.doi.org/10.1021/ol802029e
http://dx.doi.org/10.1002/adsc.200900544
http://dx.doi.org/10.1021/ja103472a
http://dx.doi.org/10.1021/ja103472a
http://dx.doi.org/10.1021/ja309076g
http://dx.doi.org/10.1021/ja309076g
http://dx.doi.org/10.1002/anie.201303903
http://dx.doi.org/10.1002/anie.201303903
http://dx.doi.org/10.1002/ange.201303903
http://dx.doi.org/10.1021/ja405833m
http://dx.doi.org/10.1021/ja405833m
http://dx.doi.org/10.1021/ja510980d
http://dx.doi.org/10.1021/ja110213t
http://dx.doi.org/10.1002/anie.201405252
http://dx.doi.org/10.1002/anie.201405252
http://dx.doi.org/10.1002/ange.201405252
http://dx.doi.org/10.1039/C4CC08559K
http://dx.doi.org/10.1002/anie.201403573
http://dx.doi.org/10.1002/ange.201403573
http://dx.doi.org/10.1002/ange.201403573
http://dx.doi.org/10.1002/anie.201406587
http://dx.doi.org/10.1002/ange.201406587
http://dx.doi.org/10.1002/ange.201406587
http://dx.doi.org/10.1002/chem.201406044
http://dx.doi.org/10.1021/ol503662g
http://dx.doi.org/10.1039/c3ra43526a
http://dx.doi.org/10.1039/c3ra43526a
http://dx.doi.org/10.1002/cbdv.201200377
http://dx.doi.org/10.1016/j.bmc.2009.08.034
http://dx.doi.org/10.1021/cr068374j
http://dx.doi.org/10.1039/b807577h
http://dx.doi.org/10.1055/s-0029-1218801
http://dx.doi.org/10.1021/ar2000343
http://dx.doi.org/10.1021/ar2000343
http://dx.doi.org/10.1021/cr5001496
http://dx.doi.org/10.1002/anie.201408551
http://dx.doi.org/10.1002/anie.201408551
http://dx.doi.org/10.1002/ange.201408551
http://dx.doi.org/10.1039/C4CC02056A
http://dx.doi.org/10.1039/C4CC07246D
http://dx.doi.org/10.1021/jo302328s
http://dx.doi.org/10.1021/jo302328s
http://www.angewandte.org

Angewandte

6
R

Communications
Communications

Cycloaddition

J.-). Zhao, S.-B. Sun, S.-H. He, Q. Wu,
F. Shi* -

Catalytic Asymmetric Inverse-Electron-
Demand Oxa-Diels—Alder Reaction of
In Situ Generated ortho-Quinone

Methides with 3-Methyl-2-Vinylindoles

www.angewandte.org © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

&These are not the final page numbers!

R

R
2
R R2 " R N R
R1- / 1
/4 CPA NG Rt :
R1L N OH /O/ o — o7 =
~FNon HN_ o g HeN N

L 26 examples
',~P-O up to 99% yield
) up to >95:5 d.r,, 99.5:0.5 e.r.
Three in a row: The title reaction of ortho-  efficient strategy to construct enantio-
quinone methides, generated in situ from  enriched chroman frameworks with three

ortho-hydroxybenzyl alcohols, has been adjacent stereogenic centers in high
established. By selecting 3-methyl-2- yields and excellent stereoselectivities.
vinylindoles as a class of competent CPA =chiral phosphoric acid.

dienophiles, this approach provides an
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