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Preface

What is the incentive for writing a book on “Asymmetric Organocatalysis”’? Why
should chemists involved in organic synthesis know about the current state and
future perspectives of “Asymmetric Organocatalysis”? First of all, efficient catalytic
processes lie at the heart of the atom-economic production of enantiomerically
pure substances, and the latter are of ever increasing importance as pharma-
ceuticals, agrochemicals, synthetic intermediates, etc. Until recently, the catalysts
employed for the enantioselective synthesis of organic compounds fell almost
exclusively into two general categories: transition metal complexes and enzymes.
Between the extremes of transition metal catalysis and enzymatic transformations,
a third general approach to the catalytic production of enantiomerically pure
organic compounds has now emerged: Asymmetric Organocatalysis, which is the
theme of this book. Organocatalysts are purely “organic” molecules, i.e. composed
of (mainly) carbon, hydrogen, nitrogen, oxygen, sulfur and phosphorus.

In fact, the historic roots of organocatalysis date back to the first half of the 20th
century and the attempt to use low-molecular weight organic compounds to both
understand and mimic the catalytic activity and selectivity of enzymes. Before the
turn of the century, only a limited number of preparatively useful applications
of organocatalysts were reported, such as the proline-catalyzed synthesis of the
Wieland-Miescher ketone (the Hajos-Parrish-Eder-Sauer-Wiechert process in the
1970s), and applications of chiral phase-transfer-catalysts in e.g. asymmetric alkyla-
tions. The second half of the 20th century saw tremendous progress in the devel-
opment of transition metal-based catalysis — ultimately culminating in the award of
Nobel Prizes to Sharpless, Noyori and Knowles in 2001 — but comparatively little
attention was paid to the further development of the promising early applications
of purely organic catalysts for asymmetric transformations.

Now, triggered by the ground-breaking work of e.g. Denmark, Jacobsen, List, Mac-
Millan and many other researchers in the 1990s and early 2000s, the last decade
has seen exponential growth of the field of asymmetric organocatalysis: iminium-,
enamine- and phosphoramide-based organocatalysis now allows cycloadditions,
Michael additions, aldol reactions, nucleophilic substitutions (and many other trans-
formations) with excellent enantioselectivities; new generations of phase-transfer
catalysts give almost perfect enantiomeric excesses at low catalyst loadings; chiral
ureas and thioureas are extremely enantioselective catalysts for the addition of

Xi
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Preface

various nucleophiles to aldehydes and imines, and so forth. Organocatalysis, by
now, has definitely matured to a recognized third methodology, of potential equal
status to organometallic and enzymatic catalysis.

Again: Why take the effort to write a book on “Asymmetric Organocatalysis”?
Both authors are deeply committed to the development of novel catalytic method-
ology, within the academic and the industrial environment, respectively. They both
consider asymmetric organocatalysis as a methodology that should be taught to
students in up-to-date academic curricula, and should be present in the method-
ological toolbox of “established” chemists dealing with organic synthesis, both in
fundamental research and in industrial applications.

This book is in part meant as an introduction to organocatalysis, revealing its
historical background, and mostly as a state-of-the-art summary of the methodol-
ogy available up to early/middle 2004. Organocatalysis has entered the state of
a “gold rush”, and at short intervals, new “gold mines” are being discovered and
reported in the literature. The reader may forgive the authors if one of his/her
favorite catalysts has not made it to the press in time.

Both authors wish to thank Dr. Elke Maase of Wiley-VCH, Weinheim for excel-
lent and most enjoyable collaboration in the course of the preparation of this book!

Cologne and Hanau, Albrecht Berkessel
December 2004 Harald Gréger



Foreword

“Organocatalysis: the word.” In the spring of 1998 I became very interested in the
notion that small organic molecules could function as efficient and selective cata-
lysts for a large variety of enantioselective transformations. Inspired directly by the
work of Shi, Denmark, Yang, Fu, Jacobsen, and Corey, I became convinced of the
general need for catalysis strategies or concepts that revolved around small organic
catalysts. In that same year we developed an enantioselective organocatalytic Diels
Alder reaction based on iminium-activation, to the best of our knowledge a new
catalysis concept we hoped would be amenable to many transformations. During
the preparation of our Diels Alder manuscript I became interested in coining a
new name for what was commonly referred to as “metal-free catalysis”. My moti-
vations for doing so were very simple I did not like the idea of describing an area of
catalysis in terms of what it was not, and I wanted to invent a specific term that
would set this field apart from other types of catalysis. The term “organocatalysis”
was born and a field that had existed for at least 40 years acquired a new name.
More importantly, with the pioneering work of researchers such as Barbas, List,
Jacobsen, and Jergensen, this field began to receive the attention it had always
deserved and the “organocatalysis gold rush” was on.

“Organocatalysis: the field.” Over the last ten years the field of organocatalysis
has grown from a small collection of chemically unique or unusual reactions to a
thriving area of general concepts, atypical reactivity, and widely useful reactions.
Although the modern era of organocatalysis remains in its infancy, the pace of
growth in this field of chemistry has been nothing short of breathtaking. Indeed,
a day hardly passes without a new organocatalytic reaction hitting the electronic
chemistry newsstands. It is, therefore, important and timely to have a major text
that summarizes the most important developments and concepts in this booming
area of catalysis. In this regard, Albrecht Berkessel and Harald Groger have pro-
duced a highly valuable resource for students and researchers in all laboratories
working on catalysis and chemical synthesis.

This book is logically presented and lends itself to effortless reading. Because the
organization of content has been carefully handled, it is straightforward for the
reader to locate and retrieve information. The authors have, moreover, paid consid-
erable attention to providing many of the historical details associated with this

xiii
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Foreword

renaissance field. As a result, the readers are provided with a highly accessible text
that is as readable as it is educational.

This book will be found both in libraries and on the bookshelves of chemists
who enjoy catalysis, chemical synthesis, and the history of our field. Berkessel and
Groger's “Asymmetric Organocatalysis” is the first book to be published in this
area and it is likely to be the best monograph in the field for a long time. I hope
the authors intend to revise this volume throughout the many exciting times that
lie ahead in the field of organocatalysis.

Caltech, September 2004 David MacMillan
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Introduction: Organocatalysis —

From Biomimetic Concepts to Powerful Methods
for Asymmetric Synthesis

“Chemists — the transformers of matter”. This quotation, taken from the autobi-
ography “The Periodic Table” by Primo Levi, illustrates one of the major goals of
chemistry — to provide, in a controlled and economic fashion, valuable products
from readily available starting materials. In organic chemistry “value” is directly
related to purity; in most instances this implies that an enantiomerically pure
product is wanted. In recent years the number of methods available for high-
yielding and enantioselective transformation of organic compounds has increased
tremendously. Most of the newly introduced reactions are catalytic in nature.
Clearly, catalytic transformation provides the best “atom economy”, because the
stoichiometric introduction and removal of (chiral) auxiliaries can be avoided, or
at least minimized [1, 2].

Until recently, the catalysts employed for enantioselective synthesis of organic
compounds such as pharmaceutical products, agrochemicals, fine chemicals, or
synthetic intermediates, fell into two general categories — transition metal com-
plexes and enzymes. In 2001 the Nobel Prize in Chemistry was awarded to William
R. Knowles and Ryoji Noyori “for their work on chirally catalyzed hydrogenation
reactions”, and to K. Barry Sharpless “for his work on chirally catalyzed oxidation
reactions”. Could there be a better illustration of the importance of asymmetric ca-
talysis? For all three laureates the development of chiral transition metal catalysts
was the key to success. It has been a long-standing belief that only man-made tran-
sition metal catalysts can be tailored to produce either of two product enantiomers
whereas enzymes cannot. This dogma has been challenged in recent years by tre-
mendous advances in the field of biocatalysis, for example the discovery of prepa-
ratively useful enzymes from novel organisms, and the optimization of enzyme
performance by selective mutation or by evolutionary methods |3, 4]. The recently
issued Wiley—VCH book “Asymmetric Catalysis on Industrial Scale” (edited by H.
U. Blaser and E. Schmidt) [5] vividly illustrates the highly competitive head-to-head
race between transition metal catalysis and enzymatic catalysis in contemporary in-
dustrial production of enantiomerically pure fine chemicals. At the same time, the
complementary character of both types of catalyst becomes obvious.

Between the extremes of transition metal catalysis and enzymatic transforma-
tions, a third approach to the catalytic production of enantiomerically pure organic
compounds has emerged — organocatalysis. Organocatalysts are purely “organic”’
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molecules, i.e. composed of (mainly) carbon, hydrogen, nitrogen, sulfur and phos-
phorus. As opposed to organic ligands in transition metal complexes, the catalytic
activity of organocatalysts resides in the low-molecular-weight organic molecule it-
self, and no transition metals (or other metals) are required. Organocatalysts have
several advantages. They are usually robust, inexpensive and readily available, and
non-toxic. Because of their inertness toward moisture and oxygen, demanding
reaction conditions, for example inert atmosphere, low temperatures, absolute sol-
vents, etc., are, in many instances, not required. Because of the absence of transi-
tion metals, organocatalytic methods seem to be especially attractive for the prepa-
ration of compounds that do not tolerate metal contamination, e.g. pharmaceutical
products. A selection of typical organocatalysts is shown in Scheme 1.1. Proline
(1), a chiral-pool compound which catalyzes aldol and related reactions by iminium
ion or enamine pathways, is a prototypical example (List et al.). The same is true
for cinchona alkaloids such as quinine (2), which has been abundantly used as a
chiral base (Wynberg et al.) or as a chiral nucleophilic catalyst (Bolm et al.) and
which has served as the basis for many highly enantioselective phase-transfer cata-
lysts. The latter are exemplified by 3 (Corey, Lygo et al.) which enables, e.g., the
alkylation of glycine imines with very high enantioselectivity. The planar chiral
DMAP derivative 4 introduced by Fu et al. is extremely selective in several nucleo-
philic catalyses. Although it is a ferrocene it is regarded an organocatalyst because
its “active site” is the pyridine nitrogen atom.

Amino acid-derived organocatalysts such as the oxazolidinone 5 introduced by
MacMillan et al. or the chiral thiourea 6 introduced by Jacobsen et al. have enabled
excellent enantioselectivity in, e.g., Diels—Alder reactions of «,f-unsaturated alde-
hydes (oxazolidinone 5) or the hydrocyanation of imines (thiourea 6). Pepti-
des, such as oligo-1-leucine (7) have found use in the asymmetric epoxidation of
enones, the so-called Julid—Colonna reaction (recently studied by Roberts, Berkes-
sel et al.). Peptides are ideal objects for combinatorial optimization/selection, and
the pentapeptide 8 has been identified by Miller et al. as an artificial kinase that
enables highly enantioselective phosphorylation. The chiral ketone 9 introduced
by Shi et al. is derived from p-fructose and catalyzes the asymmetric epoxidation
of a wide range of olefins with persulfate as the oxygen source. This small (and by
no means complete) selection of current organocatalysts is intended to illustrate
the wide range of reactions that can be catalyzed and the ready accessibility of the
organocatalysts applied. With the exception of the planar chiral DMAP derivative 4,
all the organocatalysts shown in Scheme 1.1 are either chiral-pool compounds
themselves (1, 2), or they are derived from these readily available sources of chiral-
ity by means of a few synthetic steps (3, 5-9).

The historic roots of organocatalysis go back to the use of low-molecular-weight
compounds in an attempt both to understand and to mimic the catalytic activity
and selectivity of enzymes. As early as 1928 the German chemist Wolfgang Lan-
genbeck published on “Analogies in the catalytic action of enzymes and definite
organic substances” [6]. The same author coined the term “Organic Catalysts”
(“Organische Katalysatoren”) [7] and, in 1949, published the second edition (!) of
the first book on “Organic Catalysts and their Relation to the Enzymes” (“Die
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A selection of typical organocatalysts:

CO-H
/’_
N H
H e e
L-proline (1
P ™ cinchonidine-derived
phase-transfer catalyst 3
NMe HtBu ,HS
o O ,CHS ,N -, “
—N ' Ph-CH, N CH3 R N° N
Fe 7 o H H y
Ph Ph SN N
- H N Ot
Ph Ph H thiourea-based HO
catalyst 6
Ph oxazolidinone 5 £Bu OR
chiral DMAP-derivative 4
HsC
%% CHs
(0]
o Y o
HSC)T ©
CHs
oligo-L-Leu 7, R: iso-butyl o) O-tBu D-fructose-derived
OCH3 ketone 9

pentapeptide 8
Scheme 1.1

organischen Katalysatoren und ihre Beziehungen zu den Fermenten”) [8]. It is fas-
cinating to see that, for example, the use of amino acids as catalysts for aldol reac-
tions was reported for the first time in 1931 [9]. Refs. [6]—[9] also reveal that the
conceptual difference between covalent catalysis (called “primary valence catalysis”
at that time) and non-covalent catalysis was recognized already and used as a
means of categorization of different mechanisms of catalysis. As discussed in
Chapter 2, this distinction between ‘“‘covalent catalysis” and “non-covalent cataly-
sis” is still viable and was clearly a farsighted and revolutionary concept almost 80
years ago.
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The first example of an asymmetric organocatalytic reaction was reported by Bredig
and Fiske as early as 1912, i.e. ca. 90 years ago [10]. These two German chemists
reported that addition of HCN to benzaldehyde is accelerated by the alkaloids qui-
nine (2) and quinidine and that the resulting cyanohydrins are optically active and
of opposite chirality. Unfortunately, the optical yields achieved in most of these
early examples were in the range < 10% and thus insufficient for preparative
purposes. Pioneering work by Pracejus et al. in 1960, again using alkaloids as cata-
lysts, afforded quite remarkable 74% ee in the addition of methanol to phenylme-
thylketene. In this particular reaction 1 mol% O-acetylquinine (10, Scheme 1.2)
served as the catalyst [11].

Alkaloid-catalyzed addition of methanol to a prochiral ketene
by Pracejus et al. (ref. 11):

HaC, H, CHs
3 catalyst 10 (1 mol%) 7 0
/0 Ph “CH3
Ph methanol (1.1 eq.), 0

toluene, -111 °C

93 %, 74 % ee

O-acetyl-quinine (10)

Scheme 1.2

Further breakthroughs in enantioselectivity were achieved in the 1970s and
1980s. For example, 1971 saw the discovery of the Hajos—Parrish—Eder—Sauer—
Wiechert reaction, i.e. the proline (1)-catalyzed intramolecular asymmetric aldol
cyclodehydration of the achiral trione 11 to the unsaturated Wieland—Miescher ke-
tone 12 (Scheme 1.3) [12, 13]. Ketone 12 is an important intermediate in steroid
synthesis.

The Hajos-Parrish-Eder-Sauer-Wiechert-reaction (refs. 12,13):

H3C o H3C o
HeC - b 1(3- 47 mol%) L:ij
I CHSCN, o

rt.-80°C
1 12
L-proline (1): D{COQH 83 % - qgant.,
Ny 71-93%ee
H

Scheme 1.3
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Proline (1)-catalyzed intermolecular aldol reaction, List et al. (refs. 14,15):

L-proline (1): D{COQH
N H
H

jJ)\ + i 30 mol-% (1) i H, ,OH
H -% L __CH
ch CH3 H)S/C 3 e HSCM 3
CH3 DMSO, r.t. CH3

13, 97 %, 96 % ee

Secondary amine 5-catalyzed Diels-Alder reaction, MacMillan et al. (ref. 15):

q ) 0 ,CH3
secondary amine N
catalyst 5: Ph-CH, N ){CH?’
H N CH,
H
o
5 mol-% (5
) Hm)kH _ Smok%®
CH 23°C CHO

82 %, 94 % ee
(end/exo 14:1)
Scheme 1.4

Surprisingly, the catalytic potential of proline (1) in asymmetric aldol reactions
was not explored further until recently. List et al. reported pioneering studies in
2000 on intermolecular aldol reactions [14, 15]. For example, acetone can be added
to a variety of aldehydes, affording the corresponding aldols in excellent yields and
enantiomeric purity. The example of iso-butyraldehyde as acceptor is shown in
Scheme 1.4. In this example, the product aldol 13 was obtained in 97% isolated
yield and with 96% ee [14, 15]. The remarkable chemo- and enantioselectivity ob-
served by List et al. triggered massive further research activity in proline-catalyzed
aldol, Mannich, Michael, and related reactions. In the same year, MacMillan et al.
reported that the phenylalanine-derived secondary amine 5 catalyzes the Diels—
Alder reaction of o,f-unsaturated aldehydes with enantioselectivity up to 94%
(Scheme 1.4) [16]. This initial report by MacMillan et al. was followed by numer-
ous further applications of the catalyst 5 and related secondary amines.

A similarly remarkable event was the discovery of the cyclic peptide 14 shown in
Scheme 1.5. In 1981 this cyclic dipeptide — readily available from 1-histidine and
1-phenylalanine — was reported, by Inoue et al., to catalyze the addition of HCN to

5
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The cyclo-L-His-L-Phe catalyst 14 by Inoue et al. (refs. 17,18):

(0]
cyclic dipeptide NH
catalyst 14:
— NH
N NH
CHO 1 eq. aldehyde, 2 eq. HCN, HO’I/ CN
@ 2 mol-% (14) ©/<H
toluene, -20 °C
up to 97 %,
up to 97 % ee

Scheme 1.5

benzaldehyde with up to 90% ee [17, 18] (Scheme 1.5). Again, this observation
sparked intensive research in the field of peptide-catalyzed addition of nucleophiles
to aldehydes and imines.

Also striking was the discovery, by Julid, Colonna et al. in the early 1980s, of
the poly-amino acid (15)-catalyzed epoxidation of chalcones by alkaline hydrogen
peroxide [19, 20]. In this experimentally most convenient reaction, enantiomeric
excesses > 90% are readily achieved (Scheme 1.6).

The Julid-Colonna epoxidation of chalcones (refs. 19, 20):

H ,RIH OlH R

LN 2£__OH
poly-amino acid 15: HoN N/<H/
olR H|H o

poly-L-Ala: R: methyl
poly-L-Leu: R: iso-butyl

O
AN ag. H>0,, NaOH -,
toluene or DCM,
poly-L-Ala, r.t. H

85 %, 93 % ee

Scheme 1.6

As discussed above, asymmetric organocatalysis is, in principle, an “old” branch
of organic chemistry, with its beginnings dating back to the early 20th century
(for example the first asymmetric hydrocyanation of an aldehyde in 1912). This
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initial phase of organocatalysis was, however, mainly mechanistic/biomimetic
in nature, and the relatively low enantiomeric excess achieved prohibited “‘real”
synthetic applications. Isolated examples of highly enantioselective organocata-
lytic processes were reported in the 1960s to the 1980s, for example the alkaloid-
catalyzed addition of alcohols to prochiral ketenes by Pracejus et al. (Scheme 1.2)
[11], the Hajos—Parrish—Eder—Sauer—Wiechert reaction (Scheme 1.3) [12, 13], the
hydrocyanantion of aldehydes using the Inoue catalyst 14 (Scheme 1.5) [17, 18], or
the Julid—Colonna epoxidation (Scheme 1.6) [19, 20], but the field still remained
“sub-critical’. Now, triggered by the ground-breaking work of List, MacMillan,
and others in the early 2000s, the last ca. five years have seen exponential growth
of the field of asymmetric organocatalysis. Iminium and enamine-based organoca-
talysis now enables cycloadditions, Michael additions, aldol reactions, nucleophilic
substitutions, and many other transformations with excellent enantioselectivity;
new generations of phase-transfer catalysts give almost perfect enantiomeric ex-
cesses at low catalyst loadings; chiral ureas and thioureas are extremely enantiose-
lective catalysts for addition of a variety of nucleophiles to aldehydes and imines;
and so forth. Organocatalysis currently seems to be in the state of a “gold rush”’
and at short intervals new “gold mines” are discovered and reported in the litera-
ture. A very recent example is the finding by Rawal et al. that hetero-Diels—Alder
reactions — a classical domain of metal-based Lewis acids — can be effected with
very high enantioselectivity by hydrogen bonding to chiral diols such as TADDOL
(16, Scheme 1.7) [21].

The TADDOL (16) catalyzed hetero-Diels-Alder-reaction
by Rawal et al. (ref. 21):

TBSO \’(© catalyst16 TBSO Ph Q
20 mol-%) | AcCl
o |
toluene z
-40°C N(CHa), O

70 o/o, > 98 % ee

TADDOL 16, Ar: 1-naphthyl

Scheme 1.7

Compared with earlier approaches, both prospecting and exploiting of the fields
is greatly aided and accelerated by advanced analytical technology and, in particu-
lar, by synergism with theoretical and computational chemistry. Overall, asymmet-
ric organocatalysis has matured in recent few years into a very powerful, practical,
and broadly applicable third methodological approach in catalytic asymmetric

7
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synthesis [22]. This book is meant as a “mise au point” dated 2005; it is hoped
it will satisfy the expectations of readers looking for up-to-date information on the
best organocatalytic methods currently available for a given synthetic problem and
those of readers interested in the development of the field.

w
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2
On the Structure of the Book,
and a Few General Mechanistic Considerations

2.1
The Structure of the Book

Two similarly attractive possibilities were considered for ordering the many exam-
ples of organocatalytic processes reported in the literature — by the type of catalyst
employed or by the type of reaction catalyzed. As mentioned in the introduction,
Chapter 1, the major goal of this book is to provide up-to-date information about
the organocatalytic methods currently available for solution of a given synthetic
problem. Chapters 3—-13 are, therefore, arranged according to the type of organoca-
talytic reaction, for example aldol reactions, cycloadditions, desymmetrization of
meso anhydrides, etc. Each chapter ends with a “Conclusion”; a brief summary of
the state of the art for the type of reaction under discussion. Most of the work
reported and discussed in Chapters 3—13 originated from academic laboratories
and these chapters deal mainly with “academic aspects” of synthesis and catalysis.
Chapter 14, on the other hand, provides examples of organocatalytic processes ap-
plied in an industrial environment. Finally, the appendix lists prominent and fre-
quently applied organocatalysts, together with the reaction types for which they
have been used. Availability is commented on, and references to the corresponding
chapters of this book are provided.

2.2
General Mechanistic Considerations

As discussed above, this book is ordered according to the different types of reaction
being catalyzed. It should be noted, however, that there are only a rather limited
number of “mechanistic categories” to which all these reactions can be assigned.
The mechanisms by which metal-free enzymes (the majority of enzymes do not
contain catalytically active metals) effect dramatic rate accelerations have been a
major field of research in bioorganic chemistry for decades [1-6]. In many instan-
ces organocatalysts can be regarded as “minimum versions” of metal-free en-
zymes, and the mechanisms and categories of enzymatic catalysis apply to the
action of organocatalysts also. In both cases the rate accelerations observed depend
on typical interactions between organic molecules. A general distinction can be
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‘ Organocatalysis |

/ N

| A. Covalent Catalysis

‘ B. Non-Covalent Catalysis

examples: examples:
- nucleophilic catalysis of e.g. acyl-transfer reactions - activation of carbonyl compounds towards
by Lewis-basic amines and phosphanes e.g. cycloadditions by hydrogen bonding to

amidinium cations, ureas, diols etc.
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Jeo £ X X
R’ XRz X:N,P H H |l_| ll_|
_ _ e X:O,N g
acyl ammonium/phosphonium J\
intermediate R™ R KJ\RI
CR»2
- amine catalysis of e.g aldol reactions, Michael- - phase-transfer catalysis,formation of
additions, and related transformations chiral ion pairs

o ",

COzH N
/ Ph-CH CH
W medebeon

H | CHj3 o
Hzc CH3 ‘\’ v \/\
| ©
CRs reactant
enamine and iminium ion intermediates reactant: e.g. enolate, nitronate etc.

Scheme 2.1

made between processes that involve the formation of covalent adducts between cat-
alyst and substrate(s) within the catalytic cycle and processes that rely on non-
covalent interactions such as hydrogen bonding or the formation of ion pairs. The
former interaction has been termed “covalent catalysis” and the latter situation
is usually denoted “non-covalent catalysis” (Scheme 2.1).

The formation of covalent substrate—catalyst adducts might occur, e.g., by single-
step Lewis-acid—Lewis-base interaction or by multi-step reactions such as the for-
mation of enamines from aldehydes and secondary amines. The catalysis of aldol
reactions by formation of the donor enamine is a striking example of common
mechanisms in enzymatic catalysis and organocatalysis — in class-I aldolases lysine
provides the catalytically active amine group whereas typical organocatalysts for
this purpose are secondary amines, the most simple being proline (Scheme 2.2).

In many instances non-covalent catalysis relies on the formation of hydrogen-
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Catalytic mechanism of class | aldolases:
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HO H o
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bonded adducts between substrate and catalyst or on protonation/deprotonation
processes. Phase-transfer catalysis (PTC) by organic phase-transfer catalysts also
falls into the category ‘“‘non-covalent catalysis”. It is, however, mechanistically
unique, because PTC promotes reactivity not only by altering the chemical proper-
ties of the reactants but also involves a transport phenomenon. It is tempting to
speculate whether “covalent forms” of PTC might also be feasible.

Specific mechanistic information on the organocatalytic processes discussed in

this book is given in the individual chapters.

-

N

References

For a very early account on enzymatic
catalysis and organocatalysis, and
their analogies, see: W. LANGENBECK,
Die organischen Katalysatoren und ihre
Beziehungen zu den Fermenten
(Organic Catalysts and their Relation to
the Enzymes), 2 ed., Springer, Berlin,
1949.

M. PAGE, A. WitLiams, Organic and
Bio-Organic Mechanisms, Longman,
Harlow, 1997.

3 H. Ducas, Biorganic Chemistry: A
Chemical Approach to Enzyme Action,
3rd edn, Springer, New York, 1991.

4 A.J. KirBY, Angew. Chem. 1996, 108,
770-790; Angew. Chem. Int. Ed. 1996,
35, 707-724.

5 R. Brestow, Chem. Biol. 1998, 5, R-27—
R-28.

6 R. Brestow, J. Chem. Educ. 1998, 75,
705-718.



3
Nucleophilic Substitution at Aliphatic Carbon

Enantioselective catalytic alkylation is a versatile method for construction of stereo-
genic carbon centers. Typically, phase-transfer catalysts are used and form a chiral
ion pair of type 4 as an key intermediate. In a first step, an anion, 2, is formed
via deprotonation with an achiral base; this is followed by extraction in the organic
phase via formation of a salt complex of type 4 with the phase-transfer organocata-
lyst, 3. Subsequently, a nucleophilic substitution reaction furnishes the optically
active alkylated products of type 6, with recovery of the catalyst 3. An overview of
this reaction concept is given in Scheme 3.1 [1].

13

O O + Cat.éx 3) [e) R3—X [e)
Al Mg tbase R\)k e X R\)k N N e
H H @ @ @ - Cat.*X H* RS
H H cat~ 3
1 2 4 ﬂ 6
deprotonation extraction asymmetric
step step alkylation step

Scheme 3.1

An important issue is the right choice of substrate 1 which functions as an
anion precursor. Successful organocatalytic conversions have been reported with
indanones and benzophenone imines of glycine derivatives. The latter compounds
are, in particular, useful for the synthesis of optically active «-amino acids. Excel-
lent enantioselectivity has been reported for these conversions. In the following
text the main achievements in this field of asymmetric organocatalytic nucleophilic
substitutions are summarized [1, 2]. The related addition of the anions 2 to
Michael-acceptors is covered by chapter 4.

3.1
a-Alkylation of Cyclic Ketones and Related Compounds

The first example of the use of an alkaloid-based chiral phase-transfer catalyst as
an efficient organocatalyst for enantioselective alkylation reactions was reported in
1984 [3, 4]. Researchers from Merck used a cinchoninium bromide, 8, as a catalyst
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in the methylation of the 2-substituted indanone 7. The desired product, 9, a key
intermediate in the synthesis of (+)-indacrinone was formed in 95% yield and
with 92% ee (Scheme 3.2) [3]. After detailed study of the effects of solvent, alkylat-
ing agent, temperature, and catalysts, improvement of enantioselectivity up to 94%
ee was achieved [5].

The catalyst concentration, which was varied between 10 and 50 mol%, con-
trolled the rate of the reaction but did not have a significant effect on enantio-
selectivity [3]. Use of methyl chloride as methylating agent resulted in higher
enantioselectivity than methyl bromide or iodide. In general, non-polar solvents,
e.g. toluene, resulted in higher enantioselectivity than polar solvents. In addition,
higher ee values were obtained after greater dilution of the reaction mixture [3]. Ki-
netic and mechanistic studies [5] revealed several unusual features. For example,
depending on the concentration of sodium hydroxide (50% or 30%) a solid sodium
enolate can be formed in the initial stage [5]. The high enantioselectivity was
rationalized in terms of formation of a tight ion pair between the catalyst and the
indanone enolate.

The broad substrate range, in particular with regard to the alkyl halide compo-
nent, led to numerous interesting applications of this asymmetric phase-transfer-
catalyzed alkylation using alkaloids as catalyst [6—18]. Selected examples are de-
scribed below.

When the reaction is performed using 1,3-dichloro-2-butene as the alkyl halide,
the indanone derivative 11 is formed in excellent yield (99%) and with high (92%)
ee (Scheme 3.3, Eq. 1) [6]. Products of type 11 are interesting intermediates for
preparation of optically active tricyclic enones, which are obtained after hydrolysis
and Robinson annelation [6].

Organocatalytic asymmetric alkylation methodology has also been efficiently ap-
plied in a practical multi-gram synthesis of pharmaceutically interesting, optically
active (—)-physostigmine analogs [7]. In the presence of 15 mol% of the catalyst 13
alkylation of the oxindole substrate 12 with chloroacetonitrile furnished the desired
product 14 in 83% yield and 73% ee (Scheme 3.3, Eq. 2). The counter-ion of the



