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Pyrroloindolines are an important class of alkaloids found in
an array of natural products.[1] As shown in Figure 1, various
substitutions on the indoline ring, especially at the C3 posi-
tion, give rise to fascinating and biologically important

structures. The biological activities of these compounds
have been well studied, the results of which have shown
several promising applications, including muscle relaxants,[2]

potassium channel-blockers,[3] and anti-cancer agents.[4] For
this reason, the total synthesis of these natural products has
received considerable attention, and has been accomplished
by several research groups.[5–7] However, there are few
examples employing catalytic asymmetric strategies to form
the key pyrroloindoline substructure.[8]

Chirality at the C3 position of pyrroloindolines, bearing
C�N bonds, though somewhat rare, is found in several natural
products, such as the recently isolated alkaloid (�)-psycho-
trimine (Figure 1). The total synthesis of (�)-psychotrimine
by an elegant indole–aniline coupling strategy was reported
by Baran et al.[9] Also, Gouverneur et al. reported an organo-

catalyzed enantioselective fluorocyclization of indoles to
form chiral 3-fluoropyrroloindolines, which is an interesting
example of carbon–heteroatom bond formation with a pyrro-
loindoline substructure.[7c] However, to the best of our
knowledge, the formation of a C�N bond in a catalytic
asymmetric strategy with a pyrroloindoline motif is not
known.[10,11] Development of a general catalytic method to
install both carbon–carbon and carbon–nitrogen bonds in an
enantioselective and controlled approach could be of interest
for the preparation of chiral pyrroloindolines.

Chiral phosphoric acids have proven to be efficient
catalysts for many important asymmetric transformations.[12]

Despite these developments, the activation of a simple vinyl
ketone as a synthetically useful electrophile is less well
known, presumably owing to the expectation of poor
activation.[13] Also, there is no example of an asymmetric
electrophilic amination catalyzed by chiral phosphoric acids,
which is a potentially useful method for the formation of
chiral compounds with these types of C�N bonds.[14] Herein,
we have circumvented these limitations, and report the first
example of the asymmetric formation of pyrroloindolines
catalyzed by chiral phosphoric acids, thus allowing access to
both the carbon–carbon and carbon–nitrogen bonds of
pyrroloindoline derivatives with good yields and high selec-
tivities. This method was then employed in the total synthesis
of (�)-debromoflustramine B.

The reaction of 10-carbomethoxytryptamine (1a) with
methyl vinyl ketone (MVK) was selected as a model reaction
to optimize the reaction conditions (Table 1).[15] To our
surprise, 1a, incorporates two MVK segments, forming 2a
as a single diastereoisomer in high yield, which is believed to
be generated through a double Michael addition processes.
As shown in Table 1, catalyst screening in toluene at �20 8C
with 4 � molecular sieves (MS), indicates that catalyst PA3,
which bears a 2,4,6-triisopropylphenyl group in the 3,3’ posi-
tion of BINOL, is the best catalyst in terms of enantioselec-
tivity (Table 1, entries 1–3, and entries 8–10). An improved ee
of 91% was achieved by lowering the temperature to �50 8C
(entry 4). With PA4 or PA5, similar selectivities were
observed along with slightly lower yields (entry 3 vs. entries 5
and 6).[16] Unsaturated PA3 could be used to deliver the
product with 86 % ee and 86% yield (entry 7). Further
optimization by variation of the solvent was conducted, with
toluene proving to be more suitable than dichloromethane,
trifluorotoluene, and ethyl acetate (entry 3 vs. entries 11–13).
To our delight, a mixture of toluene and benzene furnished
the product with 93% ee (Table 1, entry 14) at �20 8C.
However, no further improvement was observed when the
reaction was conducted at �50 8C (entry 15). When the
reaction scale was increased to 1.0 mmol, the same level of

Figure 1. Representative pyrroloindoline natural products.
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enantioselectivity was observed (entry 16). When 1 a was
replaced with 10-carbomethoxy-1-methyl-tryptamine, only
36% ee was obtained (entry 17).

With the optimized reaction conditions in hand, the
reaction scope was then studied. As shown in Scheme 1, the
introduction of either electron-withdrawing or electron-
donating groups to the phenyl ring of tryptamine provided
the desired pyrroloindolines with good enantioselectivity and
in high yield (Scheme 1, 2b–2g). The enantioselectivity of
products bearing electron-donating groups was found to be
slightly lower than that of products with electron-withdrawing
groups (Scheme 1, 2 f and 2g vs. 2b–2e).

The newly developed method for the enantioselective
construction of pyrroloindolines was further applied to the
more challenging amination of tryptamine (Table 2). The
reaction of 10-carbomethoxytryptamine (1 a) with diethyl
diazene-1,2-dicarboxylate (DEAD) was optimized under

different catalysts in toluene (Table 2, entries 1–4). PA6 was
shown to be the best catalyst, affording the desired amination
product with 68 % ee (entry 4). In an attempt to further

Table 1: Optimization of the reaction conditions.[a]

Entry Catalyst Solvent Yield [%][b] ee [%][c]

1 PA1 toluene 93 40
2 PA2 toluene 90 50
3 PA3 toluene 90 85
4[d] PA3 toluene 79 91
5 PA4 toluene 77 86
6 PA5 toluene 79 87
7 H8-PA3 toluene 86 86
8 PA6 toluene 91 74
9 PA7 toluene 81 3
10 PA8 toluene 85 13
11 PA3 CH2Cl2 95 41
12 PA3 PhCF3 89 36
13 PA3 EtOAc 93 40
14 PA3 toluene/benzene[d] 90 93
15[e] PA3 toluene/benzene[d] 75 92
16[f ] PA3 toluene/benzene[d] 91 93
17[g] PA3 toluene/benzene[d] 93 36

[a] Reaction conditions: 1a (0.10 mmol, 1.0 equiv), MVK (0.3 mmol,
3.0 equiv), catalyst (10 mol%), 4 � MS (50 mg), solvent (1 mL, 0.10m)
under argon. [b] Yield of isolated product. [c] Enantiomeric excess was
determined by HPLC analysis on a chiral stationary phase. [d] In a 1:1
ratio. [e] T =�50 8C. [f ] Reaction scale: 1.0 mmol of 1a. [g] 10-carbo-
methoxy-1-methyltryptamine (4a) was used instead of 1a. Ad = ada-
mantyl.

Scheme 1. Substrate scope. Reaction conditions: 1b–1g (0.10 mmol,
1.0 equiv), MVK (0.3 mmol, 3.0 equiv), PA3 (10 mol%), 4 � MS
(50 mg), toluene (0.50 mL) and benzene (0.50 mL, 0.10m) under
argon. Yields shown are of isolated products. Enantiomeric excess was
determined by HPLC analysis on a chiral stationary phase.

Table 2: Optimization of reaction conditions.[a]

Entry Substrate Catalyst T [8C] Yield [%][b] ee [%][c]

1 1a PA1 RT 85 16
2 1a PA2 RT 74 6
3 1a PA3 RT 66 52
4 1a PA6 RT 60 68
5 3a PA1 RT 84 79
6 3a PA2 RT 77 81
7 3a PA3 RT 46 88
8 3a PA6 RT trace n/d
9 4a PA3 RT 49 92
10 4a PA3 50 76 89
11 4a PA3 70 trace n/d
12[d] 4a PA3 RT 53 92

[a] Reaction conditions: 1a, 3a or 4a (0.10 mmol, 1.0 equiv), DEAD
(0.15 mmol, 1.5 equiv), catalyst (10 mol%), toluene (1.0 mL, 0.10m)
under argon. [b] Yield of isolated product. [c] Enantiomeric excess was
determined by HPLC analysis on a chiral stationary phase. [d] Reaction
scale: 1.0 mmol of 1a. n/d = not determined.
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improve the enantioselectivity, different substrates were
employed. To our delight, up to 88% ee was obtained upon
amination of 10-Boc-1-methyltryptamine (3 a ; Boc = tert-
butoxycarbonyl) catalyzed by PA3 (entry 7). With 3a, PA6
only provided low reactivity, owing to the bukly triphenyl
silane group (entry 8). When 10-carbomethoxy-1-methyl-
tryptamine (4a) was used as the substrate, a slightly higher
enantioselectivity and moderate yield were obtained (92 % ee,
49% yield; entry 9). The yield can be improved to 76% with
almost the same selectivity by increasing the temperature to
50 8C (entry 10). Several by-products were formed by further
increasing the temperature to 70 8C (entry 11).[17] Conducting
the reaction on a 1.0 mmol scale provided the same enantio-
selectivity (entry 12).

To demonstrate the synthetic utility of the products, we
investigated product transformations (Scheme 3). The N�N
bond in 5a was successfully cleaved with methyl bromoace-
tate/cesium carbonate in acetonitrile to afford 5a’, with good
yield and complete retention of selectivity.[18]

It was also found that, when fluorine, chlorine, or bromine
was present on the tryptamine substrate, the amination
product was isolated with good yield and highly enantiose-
lectivity (Scheme 2, 5b–5e).

The synthetic application of this method was demon-
strated by the total synthesis of (�)-debromoflustramine B
(Scheme 4). Flustramine B was isolated from bryozoa Flusta
foliacea in 1979[19] and was subsequently found to have
promising bioactivity.[2, 3] A remarkably concise synthesis of
(�)-debromoflustramine B was first achieved by Ganesan in
2003.[20] The only catalytic asymmetric total synthesis of (�)-
flustramine B was reported in 2004 by MacMillan et al.[8b]

Very recently, the Trost group described the total synthesis of
(�)-debromoflustramine B, with a key catalytic asymmetric
allylation step.[8a] We envisioned that the double Michael
product, 2a, would provide a suitable framework for the
synthesis of (�)-debromoflustramine B. As shown in
Scheme 4, Wittig olefination of chiral 2a provides terminal
alkene 6a in high yield and without loss of enantiopurity.
Isomerization of the terminal olefin to the internal alkene
proved to be challenging owing to the equilibrium between
two isomers within a prenyl group.[17, 21] Eventually, a 65%
yield of the desired internal alkene 7a was achieved after
optimization[22] with excellent enantioselectivity, and 30%
recovered starting material. Straightforward reduction of 7a
with sodium bis(2-methoxyethoxy)aluminumhydride (Red-
Al) furnished highly enantiopure (�)-debromoflustramine B
in quantative yield.[9a,b] The synthesis required a total of five
steps from commercially available tryptamine, with a 45%
overall yield (71 % based on recovered starting material) was
achieved. This total synthesis is one of the most concise and
efficient approaches to this framework.

Although the detailed mechanism for these novel trans-
formations is unknown, we propose transition states based on
the following experimental results and knowledge: 1) The
reaction of 10-carbomethoxy-1-methyltryptamine with MVK
under the optimized reaction conditions provided the product
with 36 % ee (93 % ee for 10-carbomethoxytryptamine,
Table 1, entry 14 vs. entry 17), which indicates a hydrogen
bond between the catalyst and the N�H of the indole ring.

Scheme 2. Asymmetric amination of tryptamines. Reaction conditions:
4a–4 f (0.10 mmol, 1.0 equiv), DEAD (0.15 mmol, 1.5 equiv), PA3
(10 mol%), toluene (1.0 mL, 0.10m) at 50 8C under argon. [a] The
products 5d–5 f were obtained under the reaction conditions given in
Scheme 3 from the corresponding direct amination products, which
could not be separated by chiral HPLC; yields shown are overall yields
from two steps. [b] The catalytic amination reactions were carried out
in the presence of PA2 at room temperature, as shown in Table 2,
entry 6; PA3 catalyzed amination reaction provide low reactivity in
these examples. Yields refer to isolated products. Enantiomeric excess
was determined by HPLC analysis on a chiral stationary phase.

Scheme 3. N�N bond cleavage.

Scheme 4. Total synthesis of (�)-debromoflustramine B.
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Similar interaction has also been proposed by You[23a] for the
indole Friedel–Crafts reaction and Akiyama[23b] in the indole
Michael addition. 2) NMR studies were carried out to further
examine the mechanism. Adding an equal amount of
10-carbomethoxytryptamine (1a) to PA3 in [D6]benzene
resulted in the resonance (1H NMR analysis) of the chiral
proton on PA3 shifting upfield from 6.9 ppm to 6.5 ppm,
while the 13C NMR spectrum of 1a showed two peaks for C9,
C11, and C12. The hydrogen bond between the chiral proton
on P3 and the carbonyl group on 1a was proposed to address
the shift.[24] Moreover, 1H NMR studies of a mixture of MVK
and 1a showed the downfield shift of N1�H and N10�H,
which indicates a hydrogen bond between MVK and 1a. Also,
NMR studies showed no shift for a mixture of MVK and PA3.
For the amination reaction, the same experiment was studied
and similar changes were observed.[24] 3) The reaction of
tryptophol with MVK under the optimized reaction condi-
tions provided the product with 12% ee, which might be due
to the lack of a hydrogen bond between the catalyst and the
carbomethoxy group. Based on the above preliminary results,
the transition states in Figure 2, were proposed to account for
the high enantioselectivities observed in both reactions.
However, an in-depth investigation is required to better
understand the mechanistic pathway.

In conclusion, we have developed a novel method for the
highly enantioselective formation of pyrroloindolines,
a common structure in alkaloid natural products, which is
catalyzed by a chiral phosphoric acid. Two important kinds of
pyrroloindolines, with either carbon–carbon or carbon–nitro-
gen linkages, were accessed by Michael addition and the
animation of tryptamine, respectively. The synthetic utility of
this approach has been highlighted in the concise asymmetric
total synthesis of (�)-debromoflustramine B.

Experimental Section
10-carbomethoxytryptamine (1a ; 0.10 mmol, 1.0 equiv), PA3
(0.010 mmol, 7.5 mg) and activated 4 � MS (50 mg) were added to
a flame-dried test tube. The vessel was placed under vacuum and the
atmosphere exchanged with argon three times before adding toluene
(0.50 mL) and benzene (0.50 mL). The mixture was allowed to stir for
10 min at �20 8C before adding methyl vinyl ketone (0.30 mmol, 24
mL, 3.0 equiv). After 24 h at�20 8C, the reaction mixture was purified
by silica gel column chromatography (hexane/ethyl acetate 1:1.5) to
yield product 2.

Received: May 8, 2012
Revised: July 11, 2012
Published online: September 17, 2012

.Keywords: amination · asymmetric catalysis · flustramine B ·
phosphoric acid · pyrroloindolines

[1] “Naturally Occurring Cyclotryptophans and Cyclotryptamines”:
U. Anthoni, C. Christophersen, P. H. Nielsen in Alkaloids:
Chemical & Biological Perspectives, Vol. 13 (Ed.: S. W. Pellet-
ier), Pergamon, Oxford, 1999, pp. 163.

[2] T. Sjoblom, L. Bohlin, C. Christophersen, Acta Pharm. Suec.
1983, 20, 415.

[3] L. Peters, G. M. Konig, H. Terlau, A. D. Wright, J. Nat. Prod.
2002, 65, 1633.

[4] a) M. Yanagihara, N. Sasaki-Takahashi, T. Sugahara, S. Yama-
moto, M. Shinomi, I. Yamashita, M. Hayashida, B. Yamanoha,
A. Numata, T. Yamori, T. Andoh, Cancer Sci. 2005, 96, 816; b) C.
Takahashi, K. Minoura, T. Yamada, A. Numata, K. Kushida, T.
Shingu, S. Hagishita, H. Nakai, T. Sato, H. Harada, Tetrahedron
1995, 51, 3483.

[5] For recent reviews, see: a) C. C. J. Loh, D. Enders, Angew. Chem.
2012, 124, 46; Angew. Chem. Int. Ed. 2012, 51, 46; b) D. Zhang,
H. Song, Y. Qin, Acc. Chem. Res. 2011, 44, 447; c) J. Kim, M.
Movassaghi, Chem. Soc. Rev. 2009, 38, 3035; d) A. Steven, L. E.
Overman, Angew. Chem. 2007, 119, 5584; Angew. Chem. Int. Ed.
2007, 46, 5488; e) D. Crich, A. Banerjee, Acc. Chem. Res. 2007,
40, 151.

[6] a) J. Kim, M. Movassaghi, J. Am. Chem. Soc. 2011, 133, 14940;
b) V. R. Espejo, X.-B. Li, J. D. Rainier, J. Am. Chem. Soc. 2010,
132, 8282; c) J. Kim, J. A. Ashenhurst, M. Movassaghi, Science
2009, 324, 238; d) S. B. Jones, B. Simmons, D. W. C. MacMillan, J.
Am. Chem. Soc. 2009, 131, 13606; e) M. Zhang, X. P. Huang,
L. Q. Shen, Y. Qin, J. Am. Chem. Soc. 2009, 131, 6013; f) C.
P�rez-Balado, �. R. de Lera, Org. Lett. 2008, 10, 3701; g) M.
Movassaghi, M. A. Schmidt, Angew. Chem. 2007, 119, 3799;
Angew. Chem. Int. Ed. 2007, 46, 3725; h) L. E. Overman, D. V.
Paone, B. A. Stearns, J. Am. Chem. Soc. 1999, 121, 7702; i) S. P.
Marsden, K. M. Depew, S. J. Danishefsky, J. Am. Chem. Soc.
1994, 116, 11143.

[7] For recent methodology developments, see: a) S. Zhu, D. W. C.
MacMillan, J. Am. Chem. Soc. 2012, 134, 10815; b) M. E.
Kieffer, L. M. Repka, S. E. Reisman, J. Am. Chem. Soc. 2012,
134, 5131; c) H. J. Lim, T. V. Rajanbabu, Org. Lett. 2011, 13,
6596; d) O. Lozano, G. Blessley, T. Martinez del Campo, A. L.
Thompson, G. T. Giuffredi, M. Bettati, M. Walker, R. Borman,
V. Gouverneur, Angew. Chem. 2011, 123, 8255; Angew. Chem.
Int. Ed. 2011, 50, 8105; e) L. M. Repka, J. Ni, S. E. Reisman, J.
Am. Chem. Soc. 2010, 132, 14418; f) B. W. Boal, A. W. Scham-
mel, N. K. Garg, Org. Lett. 2009, 11, 3458; g) B. M. Trost, J.
Quancard, J. Am. Chem. Soc. 2006, 128, 6314; h) B. M. Trost, Y.
Zhang, J. Am. Chem. Soc. 2006, 128, 459; see also Ref [6b].

[8] a) B. M. Trost, Y. Zhang, Chem. Eur. J. 2011, 17, 2916; b) J. F.
Austin, S. G. Kim, C. J. Sinz, W. J. Xiao, D. W. C. MacMillan,
Proc. Natl. Acad. Sci. USA 2004, 101, 5482.

[9] a) T. Newhouse, C. D. Lewis, K. J. Eastman, P. S. Baran, J. Am.
Chem. Soc. 2010, 132, 7119; b) T. Newhouse, P. S. Baran, J. Am.
Chem. Soc. 2008, 130, 10886.

[10] For a racemic example, see: S. Beaumont, V. Pons, P. Retailleau,
R. H. Dodd, P. Dauban, Angew. Chem. 2010, 122, 1678; Angew.
Chem. Int. Ed. 2010, 49, 1634.

[11] For chiral-auxiliary-controlled examples, see: a) M. Movassaghi,
O. K. Ahmad, S. P. Lathrop, J. Am. Chem. Soc. 2011, 133, 13002;
b) T. Benkovics, I. A. Guzei, T. P. Yoon, Angew. Chem. 2010,
122, 9339; Angew. Chem. Int. Ed. 2010, 49, 9153.

[12] For reviews, see, a) M. Terada, Synthesis 2010, 1929; b) M.
Terada, Chem. Commun. 2008, 4097; c) T. Akiyama, Chem. Rev.
2007, 107, 5744.

Figure 2. Proposed transition states.

Angewandte
Chemie

11781Angew. Chem. Int. Ed. 2012, 51, 11778 –11782 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/np0105984
http://dx.doi.org/10.1021/np0105984
http://dx.doi.org/10.1111/j.1349-7006.2005.00117.x
http://dx.doi.org/10.1016/0040-4020(95)00102-E
http://dx.doi.org/10.1016/0040-4020(95)00102-E
http://dx.doi.org/10.1002/ange.201107575
http://dx.doi.org/10.1002/ange.201107575
http://dx.doi.org/10.1002/anie.201107575
http://dx.doi.org/10.1021/ar200004w
http://dx.doi.org/10.1039/b819925f
http://dx.doi.org/10.1002/ange.200700612
http://dx.doi.org/10.1002/anie.200700612
http://dx.doi.org/10.1002/anie.200700612
http://dx.doi.org/10.1021/ar050175j
http://dx.doi.org/10.1021/ar050175j
http://dx.doi.org/10.1021/ja206743v
http://dx.doi.org/10.1021/ja103428y
http://dx.doi.org/10.1021/ja103428y
http://dx.doi.org/10.1126/science.1170777
http://dx.doi.org/10.1126/science.1170777
http://dx.doi.org/10.1021/ja906472m
http://dx.doi.org/10.1021/ja906472m
http://dx.doi.org/10.1021/ja901219v
http://dx.doi.org/10.1002/ange.200700705
http://dx.doi.org/10.1002/anie.200700705
http://dx.doi.org/10.1021/ja991714g
http://dx.doi.org/10.1021/ja00103a034
http://dx.doi.org/10.1021/ja00103a034
http://dx.doi.org/10.1021/ja305100g
http://dx.doi.org/10.1021/ja209390d
http://dx.doi.org/10.1021/ja209390d
http://dx.doi.org/10.1021/ol203052y
http://dx.doi.org/10.1021/ol203052y
http://dx.doi.org/10.1002/ange.201103151
http://dx.doi.org/10.1002/anie.201103151
http://dx.doi.org/10.1002/anie.201103151
http://dx.doi.org/10.1021/ja107328g
http://dx.doi.org/10.1021/ja107328g
http://dx.doi.org/10.1021/ol901383j
http://dx.doi.org/10.1021/ja0608139
http://dx.doi.org/10.1002/chem.201002569
http://dx.doi.org/10.1073/pnas.0308177101
http://dx.doi.org/10.1021/ja1009458
http://dx.doi.org/10.1021/ja1009458
http://dx.doi.org/10.1021/ja8042307
http://dx.doi.org/10.1021/ja8042307
http://dx.doi.org/10.1002/ange.200906650
http://dx.doi.org/10.1002/anie.200906650
http://dx.doi.org/10.1002/anie.200906650
http://dx.doi.org/10.1021/ja2057852
http://dx.doi.org/10.1002/ange.201004635
http://dx.doi.org/10.1002/ange.201004635
http://dx.doi.org/10.1002/anie.201004635
http://dx.doi.org/10.1055/s-0029-1218801
http://dx.doi.org/10.1039/b807577h
http://dx.doi.org/10.1021/cr068374j
http://dx.doi.org/10.1021/cr068374j
http://www.angewandte.org


[13] a) Q. Gu, Z.-Q. Rong, C. Zheng, S.-L. You, J. Am. Chem. Soc.
2010, 132, 4056; b) T. Akiyama, T. Katoh, K. Mori, Angew.
Chem. 2009, 121, 4290; Angew. Chem. Int. Ed. 2009, 48, 4226.

[14] For an amination reaction catalyzed by calcium phosphate, see:
F. F. Drouet, C. Lalli, H. Liu, G. Masson, J. Zhu, Org. Lett. 2011,
13, 94.

[15] Other Michael acceptors, such as methyl acrylate, acrylonitrile,
and nitro styrene, were not reactive under these conditions.

[16] P. Jiao, D. Nakashima, H. Yamamoto, Angew. Chem. 2008, 120,
2445; Angew. Chem. Int. Ed. 2008, 47, 2411.

[17] For more optimization conditions, see the Supporting Informa-
tion.

[18] P. Magnus, N. Garizi, K. A. Seibert, A. Ornholt, Org. Lett. 2009,
11, 5646.

[19] a) J. S. Carle, C. Christophersen, J. Am. Chem. Soc. 1979, 101,
4012; b) J. S. Carle, C. Christophersen, J. Org. Chem. 1980, 45,
1586.

[20] G. H. Tan, X. Zhu, A. Ganesan, Org. Lett. 2003, 5, 1801.
[21] For a similar report on the equilibrium of prenyl isomerization,

see: a) C. R. Larsen, D. B. Grotjahn, J. Am. Chem. Soc. 2012,
134, 10357; b) D. B. Grotjahn, C. R. Larsen, J. L. Gustafson, R.
Nair, A. Sharma, J. Am. Chem. Soc. 2007, 129, 9592; c) J. K.
Stille, Y. Becker, J. Org. Chem. 1980, 45, 2139.

[22] For the isomerization of alkenes using [RuH2(PPh3)4], see: a) H.
Suzuki, Y. Koyama, Y. Morooka, T. Ikawa, Tetrahedron Lett.
1979, 20, 1415; b) H. Suzuki, H. Yashima, T. Hirose, M.
Takahashi, Y. Morooka, T. Ikawa, Tetrahedron Lett. 1980, 21,
4927.

[23] a) Q. Kang, Z.-A. Zhao, S.-L. You, J. Am. Chem. Soc. 2007, 129,
1484; b) J. Itoh, K. Fuchibe, T. Akiyama, Angew. Chem. 2008,
120, 4080; Angew. Chem. Int. Ed. 2008, 47, 4016.

[24] For details and original spectra, see the Supporting Information.

.Angewandte
Communications

11782 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 11778 –11782

http://dx.doi.org/10.1021/ja100207s
http://dx.doi.org/10.1021/ja100207s
http://dx.doi.org/10.1002/ange.200901127
http://dx.doi.org/10.1002/ange.200901127
http://dx.doi.org/10.1002/anie.200901127
http://dx.doi.org/10.1021/ol102625s
http://dx.doi.org/10.1021/ol102625s
http://dx.doi.org/10.1002/ange.200705314
http://dx.doi.org/10.1002/ange.200705314
http://dx.doi.org/10.1002/anie.200705314
http://dx.doi.org/10.1021/ol902313v
http://dx.doi.org/10.1021/ol902313v
http://dx.doi.org/10.1021/ja00508a073
http://dx.doi.org/10.1021/ja00508a073
http://dx.doi.org/10.1021/jo01297a007
http://dx.doi.org/10.1021/jo01297a007
http://dx.doi.org/10.1021/ol034516+
http://dx.doi.org/10.1021/ja3036477
http://dx.doi.org/10.1021/ja3036477
http://dx.doi.org/10.1021/ja073457i
http://dx.doi.org/10.1021/jo01299a021
http://dx.doi.org/10.1016/S0040-4039(01)86165-7
http://dx.doi.org/10.1016/S0040-4039(01)86165-7
http://dx.doi.org/10.1016/S0040-4039(00)71157-9
http://dx.doi.org/10.1016/S0040-4039(00)71157-9
http://dx.doi.org/10.1021/ja067417a
http://dx.doi.org/10.1021/ja067417a
http://dx.doi.org/10.1002/ange.200800770
http://dx.doi.org/10.1002/ange.200800770
http://dx.doi.org/10.1002/anie.200800770
http://www.angewandte.org

