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The progress of organocatalysis over the last ten years has
been breathtaking. From a small collection of exotic and
underdeveloped transformations that were mechanistically
poorly understood, the area has grown into one of the three
pillars of asymmetric catalysis, complementing bio- and metal
catalysis.!! The developments in aminocatalysis,” which
comprises reactions catalyzed by secondary and primary
amines via enamine and iminium ion intermediates, have
been particularly exciting. What are the roots of amino-
catalysis, though? Why is this field only blossoming now and
not earlier?

Here I will take a look back at the origins of amino-
catalysis and its development over the last century, maybe
revealing some surprises.

The Knoevenagel Reaction and the Aldolase
Mechanism

In general, enzyme mechanisms are based on chemical
experiments and reasoning. The aldolases have been no
exception. Throughout his investigations on amine catalysis in
biology, which paved the way for the formulation of the class I
aldolase mechanism, Westheimer was well aware of the
synthetic organic roots of his proposals. His studies on the
mechanism of the amine-catalyzed retro-aldol reaction not
only led to the conclusion that it involves iminium ion and
enamine intermediates but also that “the idea of a ketimine as
intermediate in condensations similar to the aldol is not new.”?

To which ideas was he referring? It was to those of the
organic chemist Emil Knoevenagel (Scheme 1). Long before
anything was known about the chemistry of the aldolases,
Knoevenagel found that primary and secondary amines, as
well as their salts, catalyze the aldol condensation of (-
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Scheme 1. Emil Knoevenagel (1865-1921) and his reaction (1896).

ketoesters or malonates with aldehydes or ketones.! He
realized that his amines were truly catalytic (“Contactsub-
stanz”), and even by today’s standards Knoevenagel achieved
remarkably high turnover numbers. More importantly, while
he of course did not formulate the modern catalytic cycle
shown in Scheme 1, in the case of imines—and in the case of
B-ketoesters also with enamines—he suggested the same
intermediates that Westheimer later proposed in his retro-
aldolization studies.[**%

In addition to inspiring bioorganic chemists, Knoevena-
gel’s seminal discovery and mechanistic interpretation of his
reaction over 100 years ago laid the historical foundation for
the development of modern aminocatalysis. As will be shown
below, there is a direct connection between the seminal work
of Knoevenagel and our own studies on amine catalysis, and
probably also those of MacMillan and co-workers in 2000.5>°!

One Hundred Years of Aminocatalysis

A long time passed between the discovery of the
Knoevenagel reaction and the development of modern
aminocatalysis. What happened during those decades? First
of all, it should be noted that the Knoevenagel reaction has
always been an extremely important and reliable method for
the formation of C—C bonds and is frequently used in
industry. However, Knoevenagel’s chemistry also had a strong
influence on other researchers. For example, in 1910 Dakin
found that primary amino acids catalyze the Knoevenagel
condensation.” Twenty years later, Kuhn and Hoffer made
the important observation that secondary amines not only
catalyze the Knoevenagel condensation but also the self- and
cross-aldol condensations of aldehydes,® reactions which are
still used on an industrial scale. Similarly inspired by
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Knoevenagel were Fischer and Marshall when they used
primary amino acids to catalyze aldol addition and conden-
sation reactions of acetaldehyde.’’ In 1936, Kuhn et al. also
found that carboxylic acid salts of amines catalyze the aldol
condensation of aldehydes more effectively, and introduced
piperidinium acetate as a particularly active catalyst for this
reaction (Scheme 2).') Interestingly, piperidinium acetate
was shortly after also used by Langenbeck and Sauerbier in
their studies on the catalytic hydration of crotonaldehyde."
Langenbeck suggested a Kuhn-Knoevenagel-type covalent
catalysis mechanism (“Hauptvalenzkatalyse”), and was prob-
ably the first chemist who had an entire research program
devoted to studying organocatalysts (“die Organischen Kata-
lysatoren”),”” their mechanisms, and their relationship to
enzyme action (Scheme 2). He also introduced secondary
amino acids, most notably sarkosine (but not yet proline!) as
catalysts for aldolizations."

Kuhn and Langenbeck also did not formulate the modern
catalytic cycles shown in Scheme 2; but isn't it still remarkable
how Knoevenagel, Kuhn, and Langenbeck were already
aware of mechanistic details of their catalytic reactions, and
how naturally they utilized the iminium ion and the enamine
activation modes of aminocatalysis?

These studies clearly encouraged Wieland and Miescher
as well as Woodward et al. to investigate intramolecular aldol
reactions of diketones and dialdehydes catalyzed by piper-
idinium acetate.'*!”) These experiments were made in the
context of the total syntheses of steroids and delivered
methods that continue to be used today. In line with the ideas
of Knoevenagel, Kuhn, and Langenbeck, Woodward, Wie-
land, and Miescher believed that their aldolizations would
proceed via enamine intermediates, which has subsequently
been confirmed by the mechanistic studies carried out by
Spencer et al in 1965.11°!

The Hajos—Parrish—Eder-Sauer-Wiechert Reaction

This background set the stage for the discovery of the first
asymmetric amine-catalyzed aldolization—the proline-cata-
lyzed intramolecular aldol reaction—by Hajos and Parrish
and by Eder, Sauer, and Wiechert in the early 1970s
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Scheme 2. Richard Kuhn (1900-1967, top) and Wolfgang Langenbeck
(1898-1967): Piperidinium acetate catalyzed aldehyde aldolization
(1936) and crotonaldehyde hydration (1937) by enamine and iminium
jon catalysis.'*"!

(Scheme 3).'"! Their “catalyst design” is apparent: while
piperidinium and pyrrolidinium salts were established achiral
catalysts of inter- and intramolecular aldolizations, such as
those described by Wieland and Miescher," and amino acids
had already shown their potential,">"¥ proline was an
obvious choice as an abundantly available chiral secondary
amino acid catalyst.

The Hajos—Parrish-Eder—Sauer—-Wiechert reaction has
previously been discussed in detail."! In the present context
it is sufficient to remember two remarkable facets of this

+
1. N"-0Ac o
- H,
I — Wieland &
0 2. oxalic acid o Miescher, 1950

(o] rac.
o o
1. (S)-proline Q:g
(o]

Hajos &
2. p-TsOH Parrish, 1974
96:4 er
HC
o 0
oG
N o
o LN A

enol mechanism
(Hajos 1974)

enamine mechanism
(Spencer 1965)

Scheme 3. The reactions of Wieland and Miescher and of Hajos,
Parrish, Eder, Sauer, and Wiechert. Suggested mechanisms (the Hajos
mechanism is taken from Ref. [17b]).
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discovery: First, the Wiechert research group at Schering, in
contrast to Knoevenagel more than 70 years earlier, neither
discussed any mechanism nor realized or at least mentioned
that their process was an early example of asymmetric
catalysis. Secondly, and more perplexing, is the discussion
but rejection of an enamine mechanism by Hajos. Instead, a
mechanism involving the reaction of a weakly nucleophilic
enol with a weakly electrophilic and sterically hindered
hemiaminal (with retention of configuration!) is proposed.
This is, to say the least, surprising considering the mechanistic
studies mentioned above, particularly the piperidine-cata-
lyzed enamine mechanism proposed by Spencer et al. for the
same reaction (Scheme 3).

After Hajos—Parrish—Eder-Sauer—Wiechert

Why was this reaction not fully explored in the following
three decades? To answer this question, we shall first evaluate
the few studies conducted subsequently to the Hajos—Parrish—
Eder-Sauer-Wiechert observation. First of all, Eschenmoser
and co-workers,"®! in mostly unpublished experiments, inves-
tigated the reaction mechanism in the 1970s. One of the most
pressing concerns for Eschenmoser and co-workers was
whether or not putative proline enamines are pyramidalyzed.
Such a pyramidalization was speculated to be involved in
communicating the a-chirality of the proline to the newly
created stereocenters several atoms apart.

Contemporarily, Woodward et al. applied proline catalysis
in their synthesis of erythromycin published in 1981.1
Woodward et al. used proline in the critical stereochemistry-
determining step of the synthesis to mediate an intriguing
retro-Michael-Michael-aldol triple organocascade.”” The
authors suggested their poorly enantioselective transforma-
tion to involve iminium ions and enamines. In retrospect, it
seems that among the chemists of the time, Woodward may
have had the clearest imagination of the potential of proline
catalysis.

Agami et al. examined proline catalysis in the 1980s.
Their studies include the application of proline as a catalyst
for other, significantly less enantioselective and efficient 6-
enolendo aldolizations as well as mechanistic experiments.
The seemingly nonlinear and dilution effects found in these
studies suggested the reactions proceed by yet another
complex mechanism involving two proline molecules.

Finally, some less noticed but nonetheless important
progress came in the early 1990s from the research groups
of Yamaguchi and Taguchi. They used proline derivatives in
enantioselective Michael additions and, following Knoevena-
gel’s tradition, suggested iminium ion activation as the
catalytic principle.’”! Their work was clearly inspired by the
proline-catalyzed aldolization. However, it also reflects an
early awareness of the connection between enamine and
iminium catalysis, the two fundamental principles (“Yin and
Yang”) of asymmetric aminocatalysis.”

Real progress, however, towards the generalization of
aminocatalysis and a more complete mechanistic understand-
ing of proline catalysis was not made during these years. Some
more plausible reasons why proline catalysis and its under-

[21]
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lying reactivity principles have not been explored further are:
1) the reaction was developed in an industrial setting, where
the “academics” of a discovery are rarely fully explored;
2) the suggested mechanisms by Hajos and Agami were
counterintuitive and could not easily be generalized such that
new reactions and catalysts could be designed; 3) the scope of
highly enantioselective aldol variants appeared to be very
narrow; and finally 4) the trends of the time were simply
different: Pioneering studies by Noyori, Knowles, and Sharp-
less as well as others on asymmetric transition-metal catalysis
led to a whole new area of research. This field has inspired
and fascinated organic chemists deeply—possibly to the
extent that catalysis with “their own” purely organic mole-
cules appeared somewhat less exciting—at least for a few
decades.

The Proline-Catalyzed Direct Asymmetric Aldol
Reaction: Asymmetric Aminocatalysis

What then let to our proline catalysis study in 2000? These
experiments were stimulated by two developments. First,
between 1997 and 1998 we investigated the aldolase catalytic
antibodies developed by Lerner and Barbas. Realizing
possible similarities between the aldolases and proline, it
was Danishefsky who encouraged the successful exploration
of the Hajos—Parrish-Eder-Sauer—Wiechert reaction with
antibody 38C2.”! One of my ideas involved the use of
antibody catalysis for the desymmetrizing aldolizations de-
scribed by Agami et al.?'*2l Attempts to repeat their experi-
ments first exposed me to proline catalysis in the laboratory.
We also tried to use antibody catalysis in natural product
synthesis and on a preparative scale.”*! Our research then
aimed at highlighting the power and scope of antibody
catalysis. These experiments also revealed certain limitations,
however, which encouraged me to investigate small organic
molecules as catalysts in my independent work.

A second stimulation came from the discovery by
Shibasaki and co-workers of direct asymmetric aldol reactions
catalyzed by a metal complex in 1997.%"1 These important
experiments showed that it is possible to catalyze direct
enantioselective intermolecular aldol reactions with a de-
signed transition-metal catalyst.

In 1999, I began wondering whether chiral, low-molec-
ular-weight amines could also catalyze direct asymmetric
intermolecular aldol reactions. In retrospect, and considering
the historical studies mentioned above, this question should
have been approached with confidence; yet skepticism was
the most common reaction I received when proposing this
idea to colleagues. I was, therefore, delightfully surprised
when I found that the proline-catalyzed direct aldol reaction
of acetone with aldehydes furnished the desired products in
good yields and high enantioselectivity."

Could the mechanistic proposals of Hajos or Agami
explain these exciting results? After some deliberation, I
formulated a different mechanism. The first, maybe more
apparent assumption was that proline forms an enamine
intermediate. Secondly, keeping the wise words of my PhD
mentor Johann Mulzer in mind that nucleophilic attack at a
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carbonyl group requires an acid to neutralize the “oxyanion”,
in “statu nascendi” so to speak, I reasoned that the carboxylic
acid of proline might play exactly that role. Accordingly,
proline would be a bifunctional catalyst acting both as Lewis
base and Brgnsted acid. A mechanism very similar to this was
subsequently supported by DFT calculations by Houk and co-
workers and by further mechanistic studies.”!

The newly developed mechanistic proposal suggested to
me that this type of organocatalysis may be a universal
strategy for the catalytic generation of chiral carbanion
equivalents from carbonyl compounds. Inspired by studies
by Kobayashi et al. and Hayashi et al.,*”) we investigated
in situ generated imines and nitroolefins which led to the first
proline-catalyzed asymmetric intermolecular Mannich and
Michael reactions.’”3!l All three new asymmetric transfor-
mations catalyzed by a chiral amine—the intermolecular
aldol, Mannich, and Michael reactions—have a remarkable
substrate scope that continues to be expanded today, not only
by my research group but also by many others (Scheme 4).
The mechanism and stereoselectivity of these (and many
other) proline-catalyzed reactions can be wonderfully ex-
plained and even predicted with the Houk-List transition
state. Recently though, Eschenmoser, Seebach, and co-work-
ers have challenged this model and proposed an alternative
transition state.> T am very curious about further mechanistic
studies that will hopefully answer all the remaining questions
about this fascinating catalysis principle.

In retrospect, I think that it really was the experiments
shown in Scheme 4 and our transition-state model that
opened our eyes to the enormous possibilities of the catalysis
principle that I have (admittedly slightly inaccurately) called
“enamine catalysis”.”>3 This concept has inspired several

1942

IAngeuwungﬁe

E§—002H
N O OH
H

aldol (2000)

98:2er.

OMe
Cmeon [T
N
H 0 HN

e
PN

53:47 er.

fo) OMe
2 el
P

Mannich (2000)

O
N
o NO, H
©/\/ Michael (2001)
o]
H--O

(]

)j\ +

NO,

R= -$-COH
70:30er.R= CO,H
_g_//_ 2

o~
M
X

‘<

Houk-List (2001)

7

A
x

Eschenmoser-Seebach (2007)

Scheme 4. Examples of the first chiral-amine-catalyzed asymmetric
intermolecular aldol, Mannich, and Michael reactions.®3%3"

dozens of different reactions and literally hundreds of
variations over the last decade, including C—C bond-forming
reactions and a-functionalizations.”” Some of these reactions
have the potential to change the way we synthesize organic
molecules. Spectacular advancements have also been made in
the area of iminium catalysis, the second subarea of amino-
catalysis during those years—but that is another story.’!
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Figure 1. Milestones in the development of aminocatalysis over the last 114 years.
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Conclusions

After a decade of highly active research in asymmetric
aminocatalysis, the time has come to take a look at its
historical origins and further advancement (Figure 1). Inter-
estingly, Wu and Schultz have recently traced the roots of
proline organocatalysis back to antibody catalysis by stating
that “mechanistic studies of this aldolase antibody led |[...]
investigators to the discovery that the simple amino acid
proline could act as an asymmetric organocatalyst.”™!

But was that really so? After exploring the roots of
aminocatalysis, the pioneering studies of Knoevenagel, Kuhn,
Langenbeck, and others, and also recapitulating our own
contributions I developed a slightly different view. Both the
protein-catalyzed direct asymmetric aldol reaction® and the
rare earth metal catalyzed version developed by Shibasaki
and co-workers? have clearly triggered and accelerated the
advancement of asymmetric aminocatalysis. The true origins
of this fascinating catalysis principle, however, go back to the
pioneering and insightful contributions of Emil Knoevenagel
over 100 years ago.

Received: December 7, 2009

[1] a) Asymmetric Organocatalysis: From Biomimetic Concepts to
Applications in Asymmetric Synthesis (Eds.: A. Berkessel, H.
Groger), Wiley-VCH, Weinheim, 2005; b) B. List, J. W. Yang,
Science 2006, 313, 1584; c) D. W. C. MacMillan, Nature 2008,
455, 304; d) see also: Chem. Rev. 2007, 107 (special edition on
organocatalysis); e) B. List, Tetrahedron 2002, 58, 5573.

[2] a) B. List, Chem. Commun. 2006, 819; b) B. List, Synlett 2001,
1675.

[3] F. H. Westheimer, H. Cohen, J. Am. Chem. Soc. 1938, 60, 90.

[4] a) E. Knoevenagel, Ber. Dtsch. Chem. Ges. 1896, 29, 172; b) E.

Knoevenagel, Ber. Dtsch. Chem. Ges. 1898, 31, 738; c) E.

Knoevenagel, Ber. Dtsch. Chem. Ges. 1898, 31, 2585; d)E.

Knoevenagel, Ber. Dtsch. Chem. Ges. 1898, 31, 2596; for an

excellent review, see e) L. F. Tietze, U. Beifuss in Comprehensive

Organic Synthesis (Ed.: B. M. Trost), Pergamon, Oxford, 1991.

a) B. List, R. A. Lerner, C. F. Barbas 111, J. Am. Chem. Soc. 2000,

122, 2395; see also: b) W. Notz, B. List, J. Am. Chem. Soc. 2000,

122, 2395; ¢) B. List, P. Pojarliev, C. Castello, Org. Lett. 2001, 3,

573.

[6] K. A. Ahrendt, C. J. Borths, D. W. C. MacMillan, J. Am. Chem.
Soc. 2000, 122, 4243.
[7] H. D. Dakin, J. Biol. Chem. 1910, 7, 49.
[8] R. Kuhn, M. Hoffer, Ber. Dtsch. Chem. Ges. 1930, 63, 2164.
[9] F. G. Fischer, A. Marschall, Ber. Dtsch. Chem. Ges. 1931, 64,
2825.
[10] R.Kuhn, W. Badstiibner, C. Grundmann, Ber. Dtsch. Chem. Ges.
1936, 69, 98.
[11] W. Langenbeck, R. Sauerbier, Ber. Dtsch. Chem. Ges. 1937, 70,
1540.
[12] W. Langenbeck, Die organischen Katalysatoren und ihre Bezie-
hungen zu den Fermenten, Springer, Berlin, 1935.
[13] W. Langenbeck, G. Borth, Ber. Dtsch. Chem. Ges. 1942, 75, 951.

[5

—_—

[14] R. B. Woodward, F. Sondheimer, D. Taub, K. Heusler, W. M.
MacLamore, J. Am. Chem. Soc. 1952, 74, 4223.

[15] P. Wieland, K. Miescher, Helv. Chim. Acta 1950, 33, 2215.

[16] T. A. Spencer, H. S. Neel, T. W. Flechtner, R. A. Zayle, Tetrahe-
dron Lett. 1965, 6, 3889.

[17] a) U. Eder, G. Sauer, R. Wiechert, Angew. Chem. 1971, 83, 492;
Angew. Chem. Int. Ed. Engl. 1971, 10, 496; b) Z. G. Hajos, D. R.
Parrish, J. Org. Chem. 1974, 39, 1615.

[18] K. L. Brown, L. Damm, J. D. Dunitz, A. Eschenmoser, R. Hobi,
C. Kratky, Helv. Chim. Acta 1978, 61, 3108.

[19] R.B. Woodward, E. Logusch, K. P. Nambiar, K. Sakan, D. E.
Ward, B. W. Au-Yeung, P. Balaram, L.J. Browne, P.J. Card,
C. H. Chen, J. Am. Chem. Soc. 1981, 103, 3210.

[20] For an excellent review on this timely topic, see D. Enders, C.
Grondal, M. R. M. Hiittl, Angew. Chem. 2007, 119,1590; Angew.
Chem. Int. Ed. 2007, 46, 1570.

[21] a) C. Agami, H. Sevestre, J. Chem. Soc. Chem. Commun. 1984,
1385; b) C. Agami, N. Platzer, H. Sevestre, Bull. Soc. Chim. Fr.
1987, 2, 358.

[22] a) M. Yamaguchi, T. Shiraishi, M. Hirama, Angew. Chem. 1993,
105, 1243; Angew. Chem. Int. Ed. Engl. 1993, 32, 1176; b) A.
Kawara, T. Taguchi, Tetrahedron Lett. 1994, 35, 8805.

[23] G. Zhong, T. Hoffmann, R. A. Lerner, S. Danishefsky, C. F.
Barbas III, J. Am. Chem. Soc. 1997, 119, 8131.

[24] B. List, R. A. Lerner, C. F. Barbas III, Org. Lett. 1999, 1, 59.

[25] B. List, D. Shabat, C. F. Barbas III, R. A. Lerner, Chem. Eur. J.
1998, 4, 881.

[26] J. Turner, T. Bui, R. A. Lerner, C. F. Barbas I1I, B. List, Chem.
Eur. J. 2000, 6, 2772.

[27] Y. M. Y. Yamada, N. Yoshikawa, H. Sasai, M. Shibasaki, Angew.
Chem. 1997, 109, 1942; Angew. Chem. Int. Ed. Engl. 1997, 36,
1871.

[28] a) S. Bahmanyar, K. N. Houk, J. Am. Chem. Soc. 2001, 123,9922;
b) S. Bahmanyar, K. N. Houk, J. Am. Chem. Soc. 2001, 123,
11273; ¢) L. Hoang, S. Bahmanyar, K. N. Houk, B. List, J. Am.
Chem. Soc. 2003, 125, 16; d) S. Bahmanyar, K. N. Houk, H. J.
Martin, B. List, J. Am. Chem. Soc. 2003, 125, 2475; ¢) B. List, L.
Hoang, H. J. Martin, Proc. Natl. Acad. Sci. USA 2004, 101, 5839;
f) F. R. Clemente, K. N. Houk, Angew. Chem. 2004, 116, 5890;
Angew. Chem. Int. Ed. 2004, 43, 5766.

[29] a) T. Hayashi, T. Senda, M. Ogasawara, J. Am. Chem. Soc. 2000,
122,10716; b) K. Manabe, S. Kobayashi, Org. Lett. 1999, 1, 1965.

[30] B. List, J. Am. Chem. Soc. 2000, 122, 9336.

[31] B. List, P. Pojarliev, H. J. Martin, Org. Lett. 2001, 3, 2423.

[32] a) S. Mukherjee, J. W. Yang, S. Hoffmann, B. List, Chem. Rev.
2007, 107, 5471; see also b) S. Bertelsen, K. A. Jgrgensen, Chem.
Soc. Rev. 2009, 38, 2178.

[33] D. Seebach, A.K. Beck, M.D. Badine, M. Limbach, A.
Eschenmoser, A. M. Treasurywala, R. Hobi, W. Prikoszovich,
B. Linder, Helv. Chim. Acta 2007, 90, 425. Remarkably, this
lactonization mechanism was previously discussed and rejected
by Hajos, see Ref. [17b].

[34] a) G. Lelais, D. W. C. MacMillan, Aldrichimica Acta 2006, 39,79;
b) A. Erkkild, I. Majander, P. M. Pihko, Chem. Rev. 2007, 107,
5416.

[35] a) X. Wu, P. G. Schultz, J. Am. Chem. Soc. 2009, 131, 12497; see
also: b) C. F. Barbas III, Angew. Chem. 2008, 120, 44; Angew.
Chem. Int. Ed. 2008, 47, 42.

[36] Also see: T. D. Machajewski, C.-H. Wong, Angew. Chem. 2000,
112, 1406; Angew. Chem. Int. Ed. 2000, 39, 1352.

www.angewandte.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2010, 49, 1730—1734


http://dx.doi.org/10.1126/science.1131945
http://dx.doi.org/10.1038/nature07367
http://dx.doi.org/10.1038/nature07367
http://dx.doi.org/10.1016/S0040-4020(02)00516-1
http://dx.doi.org/10.1039/b514296m
http://dx.doi.org/10.1055/s-2001-18074
http://dx.doi.org/10.1055/s-2001-18074
http://dx.doi.org/10.1021/ja01268a029
http://dx.doi.org/10.1002/cber.18960290133
http://dx.doi.org/10.1002/cber.189803101153
http://dx.doi.org/10.1002/cber.18980310307
http://dx.doi.org/10.1002/cber.18980310308
http://dx.doi.org/10.1021/ja994280y
http://dx.doi.org/10.1021/ja994280y
http://dx.doi.org/10.1021/ol006976y
http://dx.doi.org/10.1021/ol006976y
http://dx.doi.org/10.1021/ja000092s
http://dx.doi.org/10.1021/ja000092s
http://dx.doi.org/10.1021/ja01137a001
http://dx.doi.org/10.1002/hlca.19500330730
http://dx.doi.org/10.1016/S0040-4039(01)89143-7
http://dx.doi.org/10.1016/S0040-4039(01)89143-7
http://dx.doi.org/10.1002/ange.19710831307
http://dx.doi.org/10.1002/anie.197104961
http://dx.doi.org/10.1021/jo00925a003
http://dx.doi.org/10.1002/hlca.19780610839
http://dx.doi.org/10.1021/ja00401a049
http://dx.doi.org/10.1002/ange.200603129
http://dx.doi.org/10.1002/anie.200603129
http://dx.doi.org/10.1002/anie.200603129
http://dx.doi.org/10.1039/c39840001385
http://dx.doi.org/10.1039/c39840001385
http://dx.doi.org/10.1002/ange.19931050832
http://dx.doi.org/10.1002/ange.19931050832
http://dx.doi.org/10.1002/anie.199311761
http://dx.doi.org/10.1016/S0040-4039(00)78503-0
http://dx.doi.org/10.1021/ja970944x
http://dx.doi.org/10.1021/ol9905405
http://dx.doi.org/10.1002/(SICI)1521-3765(19980515)4:5%3C881::AID-CHEM881%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/(SICI)1521-3765(19980515)4:5%3C881::AID-CHEM881%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/1521-3765(20000804)6:15%3C2772::AID-CHEM2772%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1521-3765(20000804)6:15%3C2772::AID-CHEM2772%3E3.0.CO;2-J
http://dx.doi.org/10.1002/ange.19971091716
http://dx.doi.org/10.1002/ange.19971091716
http://dx.doi.org/10.1002/anie.199718711
http://dx.doi.org/10.1002/anie.199718711
http://dx.doi.org/10.1021/ja011403h
http://dx.doi.org/10.1021/ja011403h
http://dx.doi.org/10.1021/ja028634o
http://dx.doi.org/10.1021/ja028634o
http://dx.doi.org/10.1021/ja028812d
http://dx.doi.org/10.1073/pnas.0307979101
http://dx.doi.org/10.1002/ange.200460916
http://dx.doi.org/10.1002/anie.200460916
http://dx.doi.org/10.1021/ja002805c
http://dx.doi.org/10.1021/ja002805c
http://dx.doi.org/10.1021/ol991113u
http://dx.doi.org/10.1021/ja001923x
http://dx.doi.org/10.1021/ol015799d
http://dx.doi.org/10.1021/cr0684016
http://dx.doi.org/10.1021/cr0684016
http://dx.doi.org/10.1039/b903816g
http://dx.doi.org/10.1039/b903816g
http://dx.doi.org/10.1002/hlca.200790050
http://dx.doi.org/10.1021/cr068388p
http://dx.doi.org/10.1021/cr068388p
http://dx.doi.org/10.1021/ja9026067
http://dx.doi.org/10.1002/ange.200702210
http://dx.doi.org/10.1002/anie.200702210
http://dx.doi.org/10.1002/anie.200702210
http://dx.doi.org/10.1002/(SICI)1521-3757(20000417)112:8%3C1406::AID-ANGE1406%3E3.0.CO;2-R
http://dx.doi.org/10.1002/(SICI)1521-3757(20000417)112:8%3C1406::AID-ANGE1406%3E3.0.CO;2-R
http://dx.doi.org/10.1002/(SICI)1521-3773(20000417)39:8%3C1352::AID-ANIE1352%3E3.0.CO;2-J
http://www.angewandte.org

