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Despite the wealth of enantioselective and catalytic epoxida-
tions of olefins—including those associated with the names of
Juli� and Colonna, Wynberg, Jackson, Sharpless, Jacobsen,
Katsuki, Enders, Shi, and Shibasaki—there is still no general
method for the epoxidation of simple a,b-unsaturated
ketones.[1] Previously described methods often lack scope,
reactivity, and selectivity. Very recently, we introduced a
highly enantioselective epoxidation of cyclic enones using
amines such as 1a and 1b as catalysts and hydrogen peroxide
as the oxidant.[2] Subsequent to our publication and during the
preparation of this manuscript, Deng et al. described a
catalytic asymmetric tert-alkyl peroxidation of enones using
the same catalysts.[3] Here we report our independent studies
leading to a highly enantioselective catalytic hydroperoxida-
tion of simple aliphatic enones with hydrogen peroxide. Our
process delivers enantiopure cyclic peroxyhemiketals, which
are readily converted into either epoxides or aldols.

Iminium catalysis has been introduced recently as a
powerful strategy for the enantioselective epoxidation of a,b-
unsaturated carbonyl compounds. After pioneering contribu-
tions by Jørgensen et al., MacMillan�s group and we have also
reported secondary amine catalysts for the epoxidation of
enals.[4] Continuing our studies on the use of primary amine
catalysts for reactions of a,b-unsaturated ketones,[5] we have
discovered a highly efficient, general, and enantioselective
epoxidation of cyclic enones with hydrogen peroxide using
cinchona alkaloid derived primary amine catalysts 1a and
1b.[2] These powerful and readily made catalysts have
previously found utility in other selected transformations.[6]

In an effort to expand the scope of our epoxidation, we turned
our attention to acyclic aliphatic a,b-unsaturated ketones.
Previously, few asymmetric epoxidation methodologies gave
satisfactory results with this substrate class.[7] Remarkably,
when 2-decenone (2 a) was subjected to aqueous hydrogen
peroxide (50 wt%) and the primary amine salt catalyst
1a·2 Cl3CCO2H (10 mol%) at 30 8C in dioxane for 20 h,

peroxyhemiketal 3 a was formed in 58% yield (Scheme 1).
Along with this cyclic peroxide, which is an intermediate and
common a byproduct in Weitz–Scheffer-type epoxidations,[8]

the expected epoxide 4a was also formed in roughly 30%

yield. Since cyclic peroxyhemiketals are known to be trans-
formed into the corresponding epoxides under basic condi-
tions,[9] basic workup of the product mixture will always
enable quantitative epoxide formation independent of the
initially observed ratio of peroxyhemiketal 3a to epoxide 4a
(see below). Furthermore, reduction of peroxides such as 3a
should provide 3-hydroxy ketones (e.g. 5a).

In preliminary studies we evaluated the scope of the
amine 1a-catalyzed hydroperoxidation. Treating both linear
and branched a,b-unsaturated ketones 2a–e with three
equivalents of aqueous hydrogen peroxide (30 wt %) in the
presence of catalyst 1a·2Cl3CCO2H (10 mol%) at 32 8C in
dioxane for 36–48 h directly resulted in the formation of
peroxyhemiketals 3a–e in reasonable yields and with high
enantioselectivities (Table 1). In general, the only detected
by-products were the corresponding epoxides 4, which are
easily separated from peroxides 3. Substrates with an
aromatic residue at the double bond and trisubstituted olefins
turned out to be unreactive under our reaction conditions.
The 1,2-dioxolane subunit is present in many natural products
and bioactive molecules, and peroxyhemiketals related to 3
are key intermediates in the synthesis of this structural
motif.[10]

We also optimized the reaction conditions for epoxide
formation. Indeed, subjecting linear and branched a,b-
unsaturated ketones to a slightly modified version of the
hydroperoxidation conditions [1.5 equiv aqueous hydrogen
peroxide (50 wt %), 1a·2 F3CCO2H (10–20 mol %), 50 8C,
dioxane, 12–48 h], followed by basic workup of the crude

Scheme 1. Catalytic asymmetric hydroperoxidation.
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product with 1n NaOH, provided epoxides 4a–j in good to
high yields and in outstanding enantioselectivities of up to
e.r. 237.1 (> 99 % ee) (Table 2). As expected, when the
pseudoenantiomeric quinidine-derived primary amine 1b
was employed, the opposite enantiomer of epoxide 4b was
obtained, although in slightly lower enantioselectivity of
e.r. 19.3 (Table 2, entry 3). Once again, only aliphatic sub-
stituents were tolerated on the double bond of enones 2 ;
aromatic and trisubstituted enones proved to be unreactive.

We became intrigued by the idea of also developing a one-
pot synthesis of b-hydroxy ketones by a hydroperoxidation–
reduction sequence. Indeed, this was accomplished by adding
P(OEt)3 as the reducing agent to the hydroperoxidation
reaction mixture at 0 8C after complete conversion of the

starting material.[11] Aldol-like products 5a–e were obtained
in good yields along with high enantioselectivities (Table 3).
Our sequence represents an attractive and simple solution to

the long-standing challenge of enantioselectively adding
water to a,b-unsaturated ketones.[12] Employing compara-
tively simple starting materials (a,b-unsaturated ketones and
hydrogen peroxide), our approach nicely complements pro-
line-catalyzed aldol reactions since a-unsubstituted aldehydes
are still challenging substrates in this transformation (Table 3,
entries 1–4).[13]

We also investigated the influence of the olefin geometry
on the enantioselectivity of our reaction. Remarkably, enones
(E)-2b and (Z)-2b both furnished the same enantiomer of
trans-epoxide 4b in very high enantioselectivity (Scheme 2).

Presumably, the Z isomer rapidly isomerizes to the corre-
sponding E isomer under the reaction conditions, perhaps via
a dienamine intermediate. This behavior has also been
observed in our Hantzsch ester mediated transfer hydro-
genation of enals[14] and to a lesser degree in the correspond-
ing reductions of enones.[5]

The factors influencing the peroxyhemiketal/epoxide
ratio are reflected in the proposed catalytic cycle shown in
Scheme 3, which accounts for the formation of both peroxy-
hemiketal 3 and epoxide 4. The activation of enone 2 as
iminium ion A is followed by the nucleophilic conjugate

Table 1: Catalytic asymmetric hydroperoxidation of enones.

Entry[a] R Product[b] Yield
[%][c]

e.r.[d]

(ee [%])

1 3a 65 39.5 (95)

2 3b 68 32.9 (94)

3 3c 69 31.9 (94)

4 3d 61 35.8 (95)

5 3e 54 44.9 (95)

[a] Enone 2a–e (1.0 mmol) in dioxane (4 mL). [b] Mixtures of hemiketal
diastereomers (d.r. �1:1). [c] Yield of isolated product. [d] Determined
by GC analysis on a chiral stationary phase after derivatization of 3a–e
into the corresponding epoxides.

Table 2: Catalytic asymmetric epoxidation of aliphatic enones.

Entry[a] R1 R2 Product Yield
[%][b]

e.r.[c]

(ee [%])

1 n-C6H13 Me 4a 72 69.0 (97)

2 Me 4b 85 60.7 (97)

3[d] Me ent-4b 90 19.3 (90)

4 Me 4c 76 66.1 (97)
5 iBu Me 4d 77 62.3 (97)
6[e] Cy Me 4e 83 71.4 (97)
7 Me 4 f 81 237.1 (99)
8[f ] Me Et 4g 55 57.5 (97)
9[g] n-C9H19 Et 4h 82 98.0 (98)
10[g] n-C5H11 n-C5H11 4 i 76 94.3 (98)
11[e,g] n-C5H11 iBu 4 j 81 67.0 (97)

[a] Enone 2 (1.0 mmol) in dioxane (4 mL). [b] Yield of isolated product.
[c] Determined by GC analysis on a chiral stationary phase. [d] Amine 1b
was used. [e] 1a·2F3CCO2H (20 mol%) was used. Cy = cyclohexyl.
[f ] Reduced yield as a result of the high volatility of 4g. [g] THF was
used instead of Et2O.

Table 3: One-pot synthesis of aldol products.

Entry[a] R Product Yield
[%][b]

e.r.[c]

(ee [%])

1 5a 59 31.9 (94)

2[d] 5b 53 26.9 (93)

3 5c 55 25.1 (92)

4 5d 56 28.8 (93)

5 5e 46 22.6 (92)

[a] Enone 2a–e (1.0 mmol) in dioxane (4 mL). [b] Yield of isolated
product. [c] Determined by GC or HPLC analysis on a chiral stationary
phase. [d] Absolute configuration (R) was determined from its known
optical rotation.[6l]

Scheme 2. Illustration of the stereoconvergency.
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addition of hydrogen peroxide to give b-peroxyenamine
intermediate B. The second basic amine site of catalyst 1a
may organize the transition state by activating hydrogen
peroxide through general base catalysis and directing its
attack toward one enantioface of the double bond (omitted
for clarity in Scheme 3).[2] Enamine intermediate B can either
undergo ring closure to give epoxide 4 or hydrolysis to
provide peroxyhemiketal 3. Additional water accelerates the
hydrolysis step, whereas a stronger acid promotes the intra-
molecular nucleophilic ring closure by generating a suitable
leaving group through protonation.

In conclusion, we have reported a highly enantioselective
hydroperoxidation catalyzed by a primary amine salt to
furnish stable and isolable cyclic peroxyhemiketals. The
versatility of these intermediates, which for the first time
can be prepared directly in enantiopure form, has been
illustrated with the syntheses of epoxides and aldols from
inexpensive and readily available starting materials: a,b-
unsaturated ketones and hydrogen peroxide. Our current
studies focus on understanding the detailed reaction mecha-
nism and on extending the scope of these versatile processes.

Experimental Section
Amine 1a (32.3 mg, 0.1 mmol) was added to a solution of Cl3CCO2H
(32.6 mg, 0.2 mmol) in dioxane (4 mL). Enone 2a–e (1 mmol) was
added, and 20 min later aqueous hydrogen peroxide (3 equiv, 3 mmol,
30 wt %) was added at ambient temperature. After 36–48 h at 32 8C,
the reaction mixture was extracted with diethyl ether (2 � 25 mL) and
the combined organic phases were washed with brine, dried (Na2SO4),
and filtered. Crude products were purified by silica gel column
chromatography using pentane/diethyl ether as eluent to obtain pure
peroxyhemiketals 3a–e.

Received: July 4, 2008
Published online: September 22, 2008

.Keywords: asymmetric catalysis · epoxidation ·
hydrogen peroxide · ketones · organocatalysis

[1] a) S. Juli�, J. Guixer, J. Masana, J. Rocas, S. Colonna, R.
Annuziata, H. Molinari, J. Chem. Soc. Perkin Trans. 1 1982,
1317 – 1324; b) H. Wynberg, B. Greijdanus, J. Chem. Soc. Chem.
Commun. 1978, 427 – 428; c) E. J. Corey, F.-Y. Zhang, Org. Lett.
1999, 1, 1287 – 1290; d) O. Jacques, S. J. Richards, R. F. W.
Jackson, Chem. Commun. 2001, 2712 – 2713; e) T. Katsuki,

K. B. Sharpless, J. Am. Chem. Soc. 1980, 102, 5974 – 5976; f) W.
Zhang, J. L. Loebach, S. R. Wilson, E. N. Jacobsen, J. Am. Chem.
Soc. 1990, 112, 2801 – 2803; g) R. Irie, K. Noda, Y. Ito, N.
Matsumoto, T. Katsuki, Tetrahedron Lett. 1990, 31, 7345 – 7348;
h) D. Enders, J. Zhu, G. Raabe, Angew. Chem. 1996, 108, 1827 –
1829; Angew. Chem. Int. Ed. Engl. 1996, 35, 1725 – 1728; i) Z.-X.
Wang, S. M. Miller, O. P. Anderson, Y. Shi, J. Org. Chem. 1999,
64, 6443 – 6458; j) M. Bougauchi, S. Watanabe, T. Arai, H. Sasai,
M. Shibasaki, J. Am. Chem. Soc. 1997, 119, 2329 – 2330; k) S.
Watanabe, T. Arai, H. Sasai, M. Bougauchi, M. Shibasaki, J. Org.
Chem. 1998, 63, 8090 – 8091; l) G. Peris, C. E. Jakobsche, S. J.
Miller, J. Am. Chem. Soc. 2007, 129, 8710 – 8710; m) A.
Berkessel, M. Guix�, F. Schmidt, J. M. Neud�rfl, J. Lex, Chem.
Eur. J. 2007, 13, 4483 – 4498; n) C. Li, E. A. Pace, M. C. Liang, E.
Lobkovsky, T. D. Gilmore, J. A. Porco, Jr., J. Am. Chem. Soc.
2001, 123, 11308 – 11309; o) W. Zhang, H. Yamamoto, J. Am.
Chem. Soc. 2007, 129, 286 – 287; p) A. Erkkil�, P. M. Pikho, M.-
R. Clarke, Adv. Synth. Catal. 2007, 349, 802 – 806; For reviews,
see:q) W. Adam, C. R. Saha-M�ller, P. A. Ganeshpure, Chem.
Rev. 2001, 101, 3499 – 3548; r) B. S. Lane, K. Burgess, Chem. Rev.
2003, 103, 2457 – 2474; s) Q.-H. Xia, H.-Q. Ge, C.-P. Ye, Z.-M.
Liu, K.-X. Su, Chem. Rev. 2005, 105, 1603 – 1662; t) M. J. Porter,
J. Skidmore, Chem. Commun. 2000, 1215 – 1225; u) A. Lattanzi,
Curr. Org. Synth. 2008, 5, 117 – 133.

[2] X. Wang, C. M. Reisinger, B. List, J. Am. Chem. Soc. 2008, 130,
6070 – 6071.

[3] X. Lu, Y. Liu, B. Sun, B. Cindric, L. Deng, J. Am. Chem. Soc.
2008, 130, 8134 – 8135.

[4] a) M. Marigo, J. Franzen, T. B. Poulsen, K. A. Jørgensen, J. Am.
Chem. Soc. 2005, 127, 6964 – 6965; b) S. Lee, D. W. C. MacMil-
lan, Tetrahedron 2006, 62, 11413 – 11424; c) X. Wang, B. List,
Angew. Chem. 2008, 120, 1135 – 1138; Angew. Chem. Int. Ed.
2008, 47, 1119 – 1122.

[5] N. J. A. Martin, B. List, J. Am. Chem. Soc. 2006, 128, 13368 –
13369.

[6] For use in asymmetric enamine catalysis, see: a) S. H. McCooey,
S. J. Connon, Org. Lett. 2007, 9, 599 – 602; b) T.-Y. Liu, H.-L. Cui,
Y. Zhang, K. Jiang, W. Du, Z.-Q. He, Y.-C. Chen, Org. Lett. 2007,
9, 3671 – 3674; c) B.-L. Zheng, Q.-Z. Liu, C.-S. Guo, X.-L. Wang,
L. He, Org. Biomol. Chem. 2007, 5, 2913 – 2915; d) J. Zhou, V.
Wakchaure, P. Kraft, B. List Angew. Chem. 2008, 120, 7768 –
7771; Angew. Chem. Int. Ed. 2008, 47, 7656 – 7658; for use in
asymmetric iminium catalysis: e) G. Bartoli, P. Melchiorre,
Synlett 2008, 1759 – 1772; f) Y.-C. Chen, Synlett 2008, 1919 –
1930; Vinylogous addition of a,a-dicyanoalkenes, see: g) J.-W.
Xie, W. Chen, R. Li, M. Zeng, W. Du, L. Yue, Y.-C. Chen, Y. Wu,
J. Zhu, J.-G. Deng, Angew. Chem. 2007, 119, 393 – 396; Angew.
Chem. Int. Ed. 2007, 46, 389 – 392; Addition of cyclic 1,3-
dicarbonyl compounds, see: h) J.-W. Xie, L. Yue, W. Chen, W.
Du, J. Zhu, J.-G. Deng, Y.-C. Chen, Org. Lett. 2007, 9, 413 – 415;
Indole alkylation, see: i) W. Chen, W. Du, L. Yue, R. Li, Y. Wu,
L.-S. Ding, Y.-C. Chen, Org. Biomol. Chem. 2007, 5, 816 – 821;
j) G. Bartoli, M. Bosco, A. Carlone, F. Pesciaioli, L. Sambri, P.
Melchiorre, Org. Lett. 2007, 9, 1403 – 1405; 1,3-Dipolar cyclo-
addition, see: k) W. Chen, W. Du, Y.-Z. Duan, Y. Wu, S.-Y. Yang,
Y.-C. Chen, Angew. Chem. 2007, 119, 7811 – 7814; Angew. Chem.
Int. Ed. 2007, 46, 7667 – 7670; Oxa-Michael addition, see: l) A.
Carlone, G. Bartoli, M. Bosco, F. Pesciaioli, P. Ricci, L. Sambri, P.
Melchiorre, Eur. J. Org. Chem. 2007, 5492 – 5495; Sulfa-Michael
addition, see: m) P. Ricci, A. Carlone, G. Bartoli, M. Bosco, L.
Sambri, P. Melchiorre, Adv. Synth. Catal. 2008, 350, 49 – 53;
Malononitrile addition, see: n) X. Li, L. Cun, C. Lian, L. Zhong,
Y. Chen, J. Liao, J. Zhu, J. Deng, Org. Biomol. Chem. 2008, 6,
349 – 353; Diels–Alder reaction, see: o) R. P. Singh, K. Bartel-
son, Y. Wang, H. Su, X. Lu, L. Deng, J. Am. Chem. Soc. 2008,
130, 2422 – 2423; Epoxidation, see: p) Ref. [2]; tert-Alkyl perox-

Scheme 3. Plausible catalytic cycle. The arrows in B refer to the
reaction yielding C.

Communications

8114 www.angewandte.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 8112 –8115

http://dx.doi.org/10.1039/c39780000427
http://dx.doi.org/10.1039/c39780000427
http://dx.doi.org/10.1021/ol990964z
http://dx.doi.org/10.1021/ol990964z
http://dx.doi.org/10.1039/b109421a
http://dx.doi.org/10.1021/ja00538a077
http://dx.doi.org/10.1021/ja00163a052
http://dx.doi.org/10.1021/ja00163a052
http://dx.doi.org/10.1016/S0040-4039(00)88562-7
http://dx.doi.org/10.1002/ange.19961081530
http://dx.doi.org/10.1002/ange.19961081530
http://dx.doi.org/10.1002/anie.199617251
http://dx.doi.org/10.1021/jo9908849
http://dx.doi.org/10.1021/jo9908849
http://dx.doi.org/10.1021/ja964037o
http://dx.doi.org/10.1021/jo9815047
http://dx.doi.org/10.1021/jo9815047
http://dx.doi.org/10.1021/ja073055a
http://dx.doi.org/10.1002/chem.200600993
http://dx.doi.org/10.1002/chem.200600993
http://dx.doi.org/10.1021/ja0169769
http://dx.doi.org/10.1021/ja0169769
http://dx.doi.org/10.1021/ja067495y
http://dx.doi.org/10.1021/ja067495y
http://dx.doi.org/10.1002/adsc.200700048
http://dx.doi.org/10.1021/cr000019k
http://dx.doi.org/10.1021/cr000019k
http://dx.doi.org/10.1021/cr020471z
http://dx.doi.org/10.1021/cr020471z
http://dx.doi.org/10.1021/cr0406458
http://dx.doi.org/10.1039/b001780i
http://dx.doi.org/10.2174/157017908784221594
http://dx.doi.org/10.1021/ja801181u
http://dx.doi.org/10.1021/ja801181u
http://dx.doi.org/10.1021/ja802982h
http://dx.doi.org/10.1021/ja802982h
http://dx.doi.org/10.1021/ja051808s
http://dx.doi.org/10.1021/ja051808s
http://dx.doi.org/10.1016/j.tet.2006.07.055
http://dx.doi.org/10.1002/ange.200704185
http://dx.doi.org/10.1002/anie.200704185
http://dx.doi.org/10.1002/anie.200704185
http://dx.doi.org/10.1021/ja065708d
http://dx.doi.org/10.1021/ja065708d
http://dx.doi.org/10.1021/ol0628006
http://dx.doi.org/10.1021/ol701648x
http://dx.doi.org/10.1021/ol701648x
http://dx.doi.org/10.1039/b711164a
http://dx.doi.org/10.1055/s-2008-1078524
http://dx.doi.org/10.1055/s-2008-1078524
http://dx.doi.org/10.1002/ange.200603612
http://dx.doi.org/10.1002/anie.200603612
http://dx.doi.org/10.1002/anie.200603612
http://dx.doi.org/10.1021/ol062718a
http://dx.doi.org/10.1039/b616504d
http://dx.doi.org/10.1021/ol070309o
http://dx.doi.org/10.1002/ange.200702618
http://dx.doi.org/10.1002/anie.200702618
http://dx.doi.org/10.1002/anie.200702618
http://dx.doi.org/10.1002/ejoc.200700873
http://dx.doi.org/10.1002/adsc.200700382
http://dx.doi.org/10.1039/b713129a
http://dx.doi.org/10.1039/b713129a
http://dx.doi.org/10.1021/ja078251w
http://dx.doi.org/10.1021/ja078251w
http://www.angewandte.org


idation, see: q) Ref. [3]; For a review on primary amine catalysis,
see: r) F. Peng, Z. Shao, J. Mol. Catal. A 2008, 285, 1 – 13.

[7] a) Ref. [1d]; b) Ref [1h]; c) Ref. [1i]; d) Ref. [1j]; e) T. Ooi, D.
Ohara, M. Tamura, K. Maruoka, J. Am. Chem. Soc. 2004, 126,
6844 – 6845; f) K. Daikai, T. Hayano, R. Kino, H. Furuno, T.
Kagawa, J. Inanaga, Chirality 2003, 15, 83 – 88; g) P. A. Bentley,
S. Bergeron, M. W. Cappi, D. E. Hibbs, M. B. Hursthouse, T. C.
Nugent, R. Pulido, S. M. Roberts, L. E. Wu, Chem. Commun.
1997, 739 – 740.

[8] a) J. M. Fraile, J. I. Garc�a, J. A. Mayoral, S. Sebti, R. Tahir,
Green Chem. 2001, 3, 271 – 274; b) C. Cativiela, F. Figueras, J. M.
Fraile, J. I. Garc�a, J. A. Mayoral, Tetrahedron Lett. 1995, 36,
4125 – 4128; c) A. Rieche, E. Schmitz, E. Gr	ndemann, Chem.
Ber. 1960, 93, 2443 – 2448; d) G. B. Payne, J. Org. Chem. 1958, 23,
310 – 311.

[9] a) O. G. Kulinkovich, D. A. Astashko, V. I. Tyvorskii, N. A.
Ilyina, Synthesis 2001, 1453 – 1455; b) J.-P. Barnier, V. Morisson,
L. Blanco, Synth. Commun. 2001, 31, 349 – 357.

[10] a) D. A. Casteel, Nat. Prod. Rep. 1992, 9, 289 – 312; b) A. J.
Bloodworth, B. D. Bothwell, A. N. Collins, N. L. Maidwell,
Tetrahedron Lett. 1996, 37, 1885 – 1888; c) P. H. Dussault, X.
Liu, Org. Lett. 1999, 1, 1391 – 1393; d) P. Dai, T. K. Trullinger, X.
Liu, P. H. Dussault, J. Org. Chem. 2006, 71, 2283 – 2292.

[11] For the reduction of 3-hydroxy-1,2-dioxolanes with trivalent
phosphorus compounds, see: a) A. L. Baumstark, P. C. Vasquez,
Y. Chen, Heteroat. Chem. 1993, 4, 175 – 179; b) V. Morisson, J.-P.
Barnier, L. Blanco, Tetrahedron Lett. 1999, 40, 4045 – 4046.

[12] For syntheses of b-hydroxy carbonyls by enantioselective
catalytic conjugate additions, see: a) C. D. Vanderwal, E. N.
Jacobsen, J. Am. Chem. Soc. 2004, 126, 14724 – 14725; b) S.
Bertelsen, P. Diner, R. L. Johansen, K. A. Jørgensen, J. Am.
Chem. Soc. 2007, 129, 1536 – 1537; c) Ref. [6k].

[13] a) B. List, P. Pojarliev, C. Castello, Org. Lett. 2001, 3, 573 – 575;
For a general review on enamine catalysis, see: b) S. Mukherjee,
J. W. Yang, S. Hoffmann, B. List, Chem. Rev. 2007, 107, 5471 –
5569.

[14] a) J. W. Yang, M. T. Hechavarria Fonseca, B. List, Angew. Chem.
2004, 116, 6829 – 6832; Angew. Chem. Int. Ed. 2004, 43, 6660 –
6662; b) J. W. Yang, M. T. Hechavarria Fonseca, N. Vignola, B.
List, Angew. Chem. 2005, 117, 110 – 112; Angew. Chem. Int. Ed.
2005, 44, 108 – 110; c) S. Mayer, B. List, Angew. Chem. 2006, 118,
4299 – 4301; Angew. Chem. Int. Ed. 2006, 45, 4193 – 4195; For
another study on the same reaction, see: d) S. G. Ouellet, J. B.
Tuttle, D. W. C. MacMillan, J. Am. Chem. Soc. 2005, 127, 32 – 33.

Angewandte
Chemie

8115Angew. Chem. Int. Ed. 2008, 47, 8112 –8115 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/ja048600b
http://dx.doi.org/10.1021/ja048600b
http://dx.doi.org/10.1002/chir.10167
http://dx.doi.org/10.1039/a700550d
http://dx.doi.org/10.1039/a700550d
http://dx.doi.org/10.1039/b104201g
http://dx.doi.org/10.1016/0040-4039(95)00675-3
http://dx.doi.org/10.1016/0040-4039(95)00675-3
http://dx.doi.org/10.1002/cber.19600931102
http://dx.doi.org/10.1002/cber.19600931102
http://dx.doi.org/10.1021/jo01096a613
http://dx.doi.org/10.1021/jo01096a613
http://dx.doi.org/10.1055/s-2001-16089
http://dx.doi.org/10.1081/SCC-100000523
http://dx.doi.org/10.1039/np9920900289
http://dx.doi.org/10.1016/0040-4039(96)00143-8
http://dx.doi.org/10.1021/ol990954y
http://dx.doi.org/10.1021/jo0522254
http://dx.doi.org/10.1002/hc.520040209
http://dx.doi.org/10.1016/S0040-4039(99)00667-X
http://dx.doi.org/10.1021/ja045563f
http://dx.doi.org/10.1021/ja068908y
http://dx.doi.org/10.1021/ja068908y
http://dx.doi.org/10.1021/ol006976y
http://dx.doi.org/10.1021/cr0684016
http://dx.doi.org/10.1021/cr0684016
http://dx.doi.org/10.1002/ange.200461816
http://dx.doi.org/10.1002/ange.200461816
http://dx.doi.org/10.1002/anie.200461816
http://dx.doi.org/10.1002/anie.200461816
http://dx.doi.org/10.1002/ange.200462432
http://dx.doi.org/10.1002/anie.200462432
http://dx.doi.org/10.1002/anie.200462432
http://dx.doi.org/10.1002/ange.200600512
http://dx.doi.org/10.1002/ange.200600512
http://dx.doi.org/10.1002/anie.200600512
http://dx.doi.org/10.1021/ja043834g
http://www.angewandte.org

