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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 [ 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
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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”’

Asymmetric Organocatalysis. Albrecht Berkessel and Harald Groger
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30517-3
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1 Introduction: Organocatalysis

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 Julii—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 v O ©
= Br
L-proline (1
P M cinchonidine-derived
phase-transfer catalyst 3
NMe, HtBu ,HS
= 0. CHs N, ~ .
_ T i FN R N N’
N Fe Ph CHQ J XCHS H H
Ph Ph ANE o N
Cb H Y CHs =
Ph Ph H thiourea-based HO
catalyst 6
Ph oxazolidinone 5

tBu OR
chiral DMAP-derivative 4

HsC
8% _CH,
oA(
o o o
H ,RIH OlH ,R K/\t/
“, N “, H _\\
HoN <IN © o ¥ O
O R H r';l (e} HSC)\’O
CHs
oligo-L-Leu 7, R: iso-butyl 0 O-+Bu 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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1 Introduction: Organocatalysis

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):

H3C catalyst 10 (1 mol%) 25
)0 Ph “CHs

Ph methanol (1.1 eq.),
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):

Hic, © HoC @
HSC\H/\,.\\‘ 1 (3-47 mol%)
CH4CN,
o © rt. - 80 °C 0
11 12

L-proline (1): O{CO?H 83 % - qgant.,
N H 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): O{COZH
N H
H

)(J)\ + i 30 mol-% (1) i H, JOH
CH -/ ‘ CH
HsC CHs H)J\( R HSC)K/S/ s
CHs DMSO, r.t. CHs

13, 97 %, 96 % ee

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

g ) (0] ,CH3
secondary amine N
catalyst 5: Ph'CH2\j ){CH3
H N CHs
H
o}
5 mol-% (5)
R el
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 r-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):

O
cyclic dipeptide NH
catalyst 14:
— NH
Ny NH
cHo 1 e€q-aldehyde, 2 eq. HCN, HO, ,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):

poly-amino acid 15:

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

(0]
N ag. H,O,, NaOH ©"'I/
toluene or DCM, H

poly-L-Ala, r.t.

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 T(© catalyst16 | TBSO Ph Q
(20 mol-%)_ | AcCl
t o |
oluene .
-40°C N(CHa)z ST

70 %, > 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.
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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

Asymmetric Organocatalysis. Albrecht Berkessel and Harald Groger
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30517-3
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‘ Organocatalysis I

/ 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.

0 D

Je £ £ X

R’ XRz X:N,P H o H I|_| ||_|

. . o XON g

acyl ammonium/phosphonium )J\

intermediate R R HJ\R,

CRz
- amine catalysis of e.g aldol reactions, Michael- - phase-transfer catalysis,formation of
additions, and related transformations chiral ion pairs

COLH Oy [ ~ Q
L Ph-CHg\E@'}/CHg HeC \© Q
N H B .,

CHa \Ao
| \/\

A HOl
H>C CHs ‘\’ v
| <"\

CR \ reactant
2 N/
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:

enzyme
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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.

-
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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

(0] (0] + Ca)t(é)( 3) (0] R3—X 0

1 + base 1 . 1 5 1
R%F@" R\éJ\RZ R\éj\Rz oAt R%R

H H @ - Cat.*X H * RG

H H cat~ 3
1 2 4 H 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 o-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

Asymmetric Organocatalysis. Albrecht Berkessel and Harald Groger
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7
OH
R N©) B
l\
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CF3
G o 8 (10 mol%), G o

C| CHasCl, 20°C, 18h Cljijé/CHs
HaCO . toluene, HeCO ’
50% aq. NaOH 9
95% yield

92% ee
Scheme 3.2

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% vyield and 73% ee (Scheme 3.3, Eq. 2). The counter-ion of the



3.1 a-Alkylation of Cyclic Ketones and Related Compounds | 15

0 8 (10 mol %), o
cl CICH,CH=C(CI)CHg, cl C(CI)CH3
n-CzH; ..
H3CO ZOOIC, 18h, H3CO n—CsH7
toluene
10 ., ’ 1
50% aqg. NaOH 99% yield
92% ee
Z
OH
_/N® ci©
| X
vy OO
Cl
CHg 13 (15 mol %) HaC. .CHaCN
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phase-transfer catalyst, 13, did not seem to play a major role in this reaction, be-
cause similar results were obtained by use of the chloride and bromide salts. The
asymmetric alkylation of oxindoles of type 12 has been also extended to other alkyl
halides as electrophiles [7].

Derivatives of commercially available alkaloids, e.g. 8 and 13, have usually been
used as the phase-transfer catalyst. Besides these “classic standard” catalysts, how-
ever, efforts have been also made to design novel organocatalysts with new proper-
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ties. The development of such a new type of organocatalyst suitable for asymmetric
alkylation reactions has recently been reported by Manabe (Scheme 3.3, Eq. 3) [14].
In the presence of the chiral phosphonium salt 16 as organocatalyst asymmetric
alkylation proceeds with formation of the desired products 17 in satisfactory to
good yields (37-80%) and enantioselectivity up to 50%.

3.2
a-Alkylation of a-Amino Acid Derivatives

The use of benzophenone imines of glycine derivatives [19] as substrates in
enantioselective organocatalytic alkylation has been developed toward an excellent
method for preparation of a wide range of optically active o-amino acids with high
enantioselectivity [1, 20].

3.2.1
Development of Highly Efficient Organocatalysts

In an early contribution (1989) the O’Donnell group reported the first example
of this type of asymmetric alkylation [21]. In the presence of 10 mol% of the
cinchonine-derived organocatalyst 19 the desired products of type 20 were obtained
in good chemical yields (up to 82%) and enantioselectivity up to 66% ee. Use of the
tert-butyl ester led to the best results. Investigation of the effect of aqueous sodium
hydroxide revealed the beneficial effect of increased concentrations with regard to
enantioselectivity and shorter reaction times. This alkaloid-catalyzed alkylation
has been successfully performed with a broad variety of alkyl halides as starting
material [21]. Selected examples of this asymmetric organocatalytic synthesis of
o-amino acid derivatives are shown in Scheme 3.4. It is worthy of note that this
reaction was successfully performed on a multi-gram scale. In addition, recrystal-
lization and subsequent hydrolysis gave the “free” amino acid as an enantiomeri-
cally pure sample. For example, 6.5 g p-p-chlorophenylalanine were prepared by
use of this practical procedure developed by O’Donnell and co-workers [21].

The opposite enantiomers can be obtained easily simply by changing from the
cinchonine-derived catalyst to the cinchonidine analog [21]. This contribution by
O’Donnell et al. served as a starting point for impressive studies from several
groups with regard to detailed optimization of the process.

Optimization of the alkaloid phase-transfer catalysts included both the develop-
ment of improved reaction conditions and the design of more efficient organo-
catalysts. Addressing this latter issue, O’Donnell observed the first remarkable
improvement of the enantioselectivity on use of modified alkaloid organocatalysts
with an O-substituent, in particular an O-allyl or O-benzyl substituent, for example
23 and 24, respectively. This positive effect of O-alkylated structures was dis-
covered during a detailed mechanistic study [22]. In this study it was found that
O-alkylation of the previously used alkaloid catalysts, e.g. 21, and N-alkylated de-
rivatives thereof] e.g. 22, by reaction with an alkyl halide (which is used in 1.2-5
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equiv. excess) proceeds in situ, and that the resulting O-alkylated alkaloids are,
in fact, the catalytically active species. Accordingly, the organocatalysts 22-24
gave comparable results with regard to enantioselectivity. The N-benzyl group
was also found to be beneficial, because better enantioselectivity was obtained
with phase-transfer catalysts 22-24 (which are all N-benzylated) compared with
somewhat lower ee of 36% with cinchonidine, 21, which is N-allylated during the
reaction (Scheme 3.5). In Scheme 3.5 the effect on enantioselectivity of different
substituents on the alkaloid organocatalyst is summarized for a model reaction.
Applying organocatalysts of type 23-24 in the alkylation reactions led to enantio-
selectivity of up to 81% ee [20-24].

Finally, further improvement of the enantioselectivity with a “jump” of ee values
to the range > 90% ee was achieved independently by the Corey and Lygo groups
[25-27]. Based on a rational approach, and previous findings that attachment of
the 9-anthracenylmethyl group to a bridgehead nitrogen gave high enantioselec-
tivity in the biscinchona-alkaloid-catalyzed dihydroxylation of olefins by osmium
tetroxide [28], Corey and co-workers designed the structurally rigidified chiral qua-
ternary ammonium salt 25 (Scheme 3.6) [25]. Use of 10 mol% of this compound
25 as an organocatalyst in asymmetric alkylation reactions revealed its high cata-
Iytic potential with excellent enantioselectivity of up to 99.5% ee [25a]. In general,
enantioselectivity was in the range 92 to 99.5% ee; this was accompanied by yields
in the range 67 to 91%. Selected preparative examples are shown in Scheme 3.6.
As the basic phase, solid cesium hydroxide monohydrate was used instead of 50%
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Influence of different substituents at the alkaloid organocatalyst

21 22 23 24
formation of (S)-20a formation of (S)-20a formation of (S)-20a formation of (S)-20a
with 36% ee with 59% ee with 59% ee with 54% ee
Scheme 3.5

aqueous sodium hydroxide to minimize the water content of the organic phase and
to enable work at lower reaction temperatures of —60 to —78 °C.

A similar approach was reported by Lygo and co-workers who applied compara-
ble anthracenylmethyl-based ammonium salts of type 26 in combination with 50%
aqueous potassium hydroxide as a basic system at room temperature [26, 27a].
Under these conditions the required O-alkylation at the alkaloid catalyst’s hydroxyl
group occurs in situ. The enantioselective alkylation reactions proceeded with
somewhat lower enantioselectivity (up to 91% ee) compared with the results ob-
tained with the Corey catalyst 25. The overall yields of esters of type 27 (obtained
after imine hydrolysis) were in the range 40 to 86% [26]. A selected example is
shown in Scheme 3.7. Because the pseudo-enantiomeric catalyst pairs 25 and 26
led to opposite enantiomers with comparable enantioselectivity, this procedure en-
ables convenient access to both enantiomers. Recently, the Lygo group reported an
in situ-preparation of the alkaloid-based phase transfer catalyst [27Db] as well as the
application of a new, highly effective phase-transfer catalyst derived from a-methyl-
naphthylamine, which was found by screening of a catalyst library [27¢].

The development of dimeric cinchona alkaloids as very efficient and practical
catalysts for asymmetric alkylation of the N-protected glycine ester 18 was reported
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25 (10 mol %), O
R-X (1.2-5 eq.:X=Br),
Qk i (125 eq )
-60 or -78 °C,
CH,Cly,
CsOH-H,0

O
z N\i)]\Ot-Bu

<)
(S)-20

Selected examples

O JJ\Ot Bu JJ\Ot Bu \)]\Ot Bu
<_CH:

( )-20a 20b (S) -20e
89% yield 7% yield 75% yield
97% ee 94% ee 99% ee

Scheme 3.6

‘; JJ\Ot Bu
20f Ha

79% yield
99.5% ee

by the Park and Jew group [29-31]. When the naphthalene-based ammonium salt
28 is used the alkylation proceeds with formation of the amino acid derivatives 20
in high yields in the range of 80-95% and excellent enantioselectivity of 96 to
>99% ee with a broad variety of alkyl halides [29]. Selected examples are shown
in Scheme 3.8. For example, starting from hexyl iodide a yield of 95% and >99%
ee were obtained for the product (S)-20h. It should be noted that investigation of

o \/@ OH non-derivatized
Br H at oxygen
2 S N :

o} 26 (10 mol %), ‘ 0
O Hy=CHCH,Br (1.2 eq. N
/N%OI-BLJ CHo=CHCHBr (1.2 ea.), - \i)J\Ot—Bu
rt, 18h, . CHz
O toluene O
50% aq. KOH

18 (S)-20a
88% ee

Scheme 3.7

H+

o]
HZN\Z)kOI-Bu

L _CHz

(S)-27a
76% yield
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NG h

o 28 (1 mol %), O o
O N \)J\Ot-Bu R-X (5 eq., X=Br,l), /N\i)J\Ot-Bu
0°C, 2-12h, R
O toluene, CHCl3, O
50 % KOH
18 (5)-20

Selected examples

O \)J\Ot Bu \)J\Ot Bu O \)J\Ot Bu \)]\Ot Bu
o O L

( )-20a 20b (S)-20g 20h

95% yield 95% yield 90% yield 80% yield

97% ee 97% ee 98% ee >99% ee
Scheme 3.8

the substrate range was conducted with a catalytic amount of 1 mol% only. The
reaction time was 2-12 h. The Park and Jew group also reported the use of
other types of related dimeric cinchona alkaloids, prepared from cinchonidine and
a,0-dibromoxylene [30], and of trimeric ammonium salts [31]. Use of these chiral
phase-transfer alkaloid catalysts also led to high enantioselectivity, emphasizing
the high efficiency in asymmetric alkylation reactions of catalysts bearing two cin-
chona alkaloids units attached to a spacer [30, 31].

Dimeric phase-transfer catalysts were also reported by Najera et al., who used
cinchonidine- and cinchonine-derived ammonium salts bearing a dimethyl-
anthracenyl bridge as a spacer [32]. In the presence of these catalysts high enantio-
selectivity of up to 90% ee was obtained.

A new class of suitable optically active organocatalyst for enantioselective alkyla-
tions has recently been developed by Maruoka and co-workers [1e, 33-37]. This cat-
alyst is not based on an alkaloid-related quaternary ammonium salt but consists of
a Cy-symmetric compound of type 29 (or derivatives thereof bearing other types of
substituent on the 3,3’ positions of the binaphthyl unit) [33, 34]. In the presence
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3,4,5- F3 Ph
3,4,5-F3-Ph
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/N\)J\Ot.Bu ¢ ) j)J\Ot Bu
0 °C, under argon,
‘ toluene, 50% aq. KOH
18 (S)-20

Selected examples

QUi QUi
OtB
/N Ot-Bu Ot-Bu 2 . /N Ot-Bu
_CHaz —
g s
C

H

(R)-20a (R) -20i (R)-20k
80% yield 91% yield (R)-20j 80% yield
99% ee 99% ee 98% y|eId 99% ee

99% ee
Scheme 3.9

of this structurally rigid spiro ammonium salt as organocatalyst the alkylation pro-
ceeds highly enantioselectively with formation of the desired optically active prod-
ucts 20. The phase-transfer catalyst 29 was preferred for synthesis of a broad range
of optically active a-amino acid esters 20. In the presence of only 1 mol% (S,S)-29
high yields of up to 98% and excellent enantioselectivity, often 99% ee, were ob-
tained for the products (R)-20 [34]. Selected examples are summarized in Scheme
3.9. It is worthy of note that the catalyst loading can be reduced to 0.2 mol% with-
out loss of enantiomeric purity. Furthermore, the reaction times are short (0.5 to
10 h) [33, 34]. The reaction rate can be further increased by use of ultrasound, be-
cause of the increased reactive interfacial area of the two-phase system under these
conditions [35]. The yield and enantioselectivity were comparable with those ob-
tained when the reaction was performed with simple mechanical stirring.

Another advantage of the catalyst 29 is that it enables rational fine-tuning for
substrate-specific optimization simply by changing the substitution pattern at the
catalyst framework [33, 34]. A current drawback for large scale applications might
be access to these impressive catalysts, which are prepared starting from binaph-
thol in a six-step synthesis.

Despite the impressive catalytic properties of 29 (and its analogs), the conforma-
tionally rigid N-spiro structure can also be a drawback, in particular with regard to
conformational adaptation and the difficulty of modification. Addressing this issue,
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(Lo LI
N
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O o (5,5)-30 (1 mol %), O o
R-X (X=Bt,|),
/N\)J\Ot-Bu ( ) /N Ot-Bu

0 °C, under argon, 27h
O toluene, 50% ag. KOH O

(R=3,5-diphenylphenyl)

18 (S)-20b
95% yield
92% ee
Scheme 3.10

Maruoka and co-workers developed an elegant solution by creating phase-transfer-
catalysts of type 30 [36]. For example, the C,-symmetric N-spiro organocatalyst
(S,S)-30, which contains a conformationally flexible biphenyl subunit, efficiently
catalyzed the alkylation of glycinate 18 with benzyl bromide, with formation of the
product (R)-20b in 95% yield and with 92% ee (Scheme 3.10) [36].

The high enantioselectivity is because of the substantially different catalytic activ-
ity of the diastereomeric homo and hetero isomers, which are in a rapid equilib-
rium through conformational interconversion. An example of this interconversion,
which has been confirmed by experimental studies, is shown in Scheme 3.11 [36].
The catalytically active species, which gives high asymmetric induction, is the

£ Np _ - Np _
atroplnversnon
dlastereomer

#-Np -Np

homochiral heterochiral
high activity and ee (R) low activity and ee (R)

pseudoenantlomer
:lj} = :ﬁ/\r\lp =
B-Np B-Np
homochiral heterochiral

high activity and ee (R) low activity and ee (S)
Scheme 3.11  (from Ref. [36])
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homochiral form whereas the heterochiral form results in low reactivity and selec-
tivity. These results provide an interesting strategy for molecular design of N-spiro
catalysts — the requisite chiral information is contained in the binaphthyl subunit
whereas the achiral biphenyl structure fulfils the structural requirement needed for
fine-tuning of reactivity and enantioselectivity [36].

Very recently, Maruoka and co-workers described a new N-spiro quaternary am-
monium bromide with two chiral biphenyl structures as easily modifiable sub-
units [37]. These phase-transfer catalysts with biphenyl subunits, containing methyl
groups in the 6,6’-position for inducing chirality, and additionally bulky substitu-
ents in the 4-position, efficiently catalyzed the alkylation of protected glycinate
with high enantioselectivity of up to 97% ee. The substrate range is broad, for ex-
ample (substituted) benzyl bromide and allylic and propargylic bromides are toler-
ated [37].

The development of efficient chiral two-center catalysts of type 31 for asymmet-
ric alkylation reactions was recently reported by the Shibasaki group [38-40].
These types of catalyst were designed on the basis of a molecular modeling study,
which indicated that the C=N double bond of substrate 18 is fixed between both
ammonium cations [38]. To find the optimum catalyst a library of more than 40
new two-center catalysts was screened. For the asymmetric alkylation reaction the
tartrate derivative 31 was the best catalyst. Investigation of the substrate range
under optimum reaction conditions revealed that high yields (up to 92%) and
enantioselectivity (up to 93% ee) were obtained with a broad range of substrates
[38]. An overview of the range of substrates is given in Scheme 3.12. For example,

HBC’\ /_C6H4-4-OCH3

o N@
e ip=:
HsC™ Yo "”’—N@_ 6H4- 3

HgC —CeHy-4-OCHg

O o (5,5)-31 (10 mol %),
/NJJ\Ot-Bu R-Br, j)J\Ot Bu
-70 °C, under argon, 22-72h
‘ toluene, CHoCl, (7:3)
18

Selected examples

O o)
N OtBu OtBu CO2tBu OtBu
l _CH,
(R)-201

(R)-20a (R) -20b
79% yield 87% yield )-20i
91% ee 93% ee 85% yield 92% yield
90% ee 80% ee

Scheme 3.12
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alkylation of 18 with benzyl bromide in the presence of 10 mol% (S,S)-31 gave the
phenylalanine derivative (R)-20b in 87% yield and with 93% ee [38]. Irrespective
of substitution pattern, p-substituted phenylalanine derivatives were obtained with
high enantioselectivity in the range 89-91%. Other electrophiles bearing unsatu-
rated carbon—carbon bonds are also suitable substrates, as can be seen, for exam-
ple, from the successful synthesis of (R)-20l. The main advantages of these types
of two-center catalyst are that both enantiomers can be simply constructed from
inexpensive starting materials and easily modified; this is highly desirable for
fine-tuning of the catalyst [38].

The Nagasawa group showed that guanidines also are suitable catalysts for asym-
metric alkylation processes, and introduced chiral C,-symmetric pentacyclic guani-
dines of type 32 as phase-transfer-catalysts [41]. These authors had previously suc-
cessfully applied this type of catalyst for the hetero Michael reaction [42]. The
guanidine 32 was particular efficient in the alkylation reaction. In the presence
of 30 mol% 32 asymmetric alkylation of the glycinate derivative 18 proceeds effi-
ciently with formation of the desired products 20 with yields in the range 61-
85%, and enantioselectivity in the range 76-90% ee (Scheme 3.13) [41]. For exam-
ple, the desired o-amino acid ester (R)-20m was formed in 81% yield and with 90%

e [41]. Recovery of the guanidine catalyst was achieved in almost quantitative
yield.

O o] 32 (30 mol %)
R-X (2- X)Br,|
/NJJ\Ot-Bu (25 e, X)Br) \‘)J\Ot Bu
0 °C, CHoCly,
O 50 % KOH
18

Selected examples

s

)-20a )-20b (R)-20c )-20m
61 % yield 55% yield 80% yield 81 % yield
81% ee 90% ee 82% ee 90% ee

Scheme 3.13
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3.2.2
Improving Enantioselectivity During Work-up

Because of the high potential of alkaloid-based alkylations for synthesis of amino
acids, several groups focused on the further enantiomeric enrichment of the
products [20]. In addition to product isolation issues, a specific goal of those con-
tributions was improvement of enantioselectivity to ee values of at least 99% ee
during downstream-processing (e.g. by crystallization). For pharmaceutical appli-
cations high enantioselectivity of >99% ee is required for optically active a-amino
acid products.

3.23
Specific Application in the Synthesis of Non-natural Amino Acids

Because of its efficiency and broad substrate tolerance with regard to the alkyl
halide, organocatalytic asymmetric alkylation has been applied to the synthesis of
several unusual amino acids. These non-natural amino acids are often key inter-
mediates in the synthesis of biologically active peptides and other compounds of
pharmaceutical importance.

One example is the optically active amino acid derivative (S)-20n which contains
a bipyridyl substituent (Scheme 3.14). The alkylation reaction in the presence of
the cinchona alkaloid catalyst 33 proceeds with 53% ee (83% yield of (S)-20n) and
gave the desired enantiomerically pure a-amino acid ester (S)-20n in >99% ee after
re-crystallization [43]. Subsequent hydrolysis of the optically pure (S)-20n fur-
nished the desired unprotected z-amino acid 35. A different purification method,
subsequent enzymatic resolution, reported by Bowler et al., furnished the a-amino
acid product 35 with enantioselectivity of 95% ee [44].

The Imperiali group also reported the preparation of analogous optically active
a-amino acids bearing a cyanoanthracene and a substituted pyridyl group, respec-

33 (20 mol%),

25

(0] CHCl,, 50 % aqg. NaOH 1. recryst.
t., 1h
g /NJLO,_BU 2 %0,3 Gl HzN%OH
HCI :
N
/ = ¥z

18 (S) -20n (S)-35
83% yield 40% overall yield,
53% ee enantiomerically pure

(>99% ee after recryst.)

Scheme 3.14
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tively [45, 46]. Although asymmetric induction is modest, 52-53% ee, enantio-
merically pure samples (> 99% ee) can subsequently be obtained by fractional
crystallization.

The synthesis of the methyl ester of (R)-4-fluoro-3-nitro-phenylalanine, (R)-38, a
key building block in the preparation of the 16-membered cyclic tripeptide ring
system of teicoplanin, was reported by Rao and co-workers [47]. This target mole-
cule 38 was synthesized by means of an asymmetric alkylation reaction in the pres-
ence of N-benzylcinchoninium bromide (80% yield), followed by hydrolysis and
esterification (85% ee; Scheme 3.15; Eq. 1).

The Corey group extended the use of its successful alkylation process, key fea-
tures of which are the phase-transfer catalyst 25 and solid CsOH-H,0 [25], to a
key step in the preparation of (S)-pipelonic acid ester, 39 (Scheme 3.15; Eq. 2)

= Bu HCl OCH3
Br/\C[NOQ ‘ N02 N02
F F F
18 36 (R)-200 (R)-38
80% vyield 85% ee

M

o 25 (10 mol %), O o
ICH,-(CHz),-CHsCl N
O N, CHz-(CHz)z-CHzCl, _ \é)]\Ot-Bu o
-78t0 -50 °C, S )
O CH,Cly, O \ﬂz
CsOH-H,O cl

18 (S)-20p
88% yield

99% ee
(0]

H
N
\)J\O +Bu 3 steps

(5)-39
77% overall yield

Scheme 3.15
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[48]. The catalytic phase-transfer alkylation of 18 with 1-chloro-4-iodobutane af-
forded the adduct (S)-201 in 88% yield and excellent 99% ee. Subsequent conver-
sion of this intermediate (S)-20p into the final product (S)-39 was accomplished
in high yield (the overall yield starting from 18 was 77%).

A limitation of the organocatalytic alkylation reaction was, however, discovered
by Pirrung et al. when applying the method to the synthesis of (S)-f-cyclooctate-
traenylalanine [49]. Although high yields were obtained, the resulting product was
racemic.

The Maruoka group used their highly enantioselective, structurally rigid, chiral
spiro catalysts of type 29 in the synthesis of 1-Dopa ester (S)-40 and an analog
thereof [50]. Initial asymmetric alkylation in the presence of 1 mol% (R,R)-29
gave the intermediate (S)-20q in 81% yield and 98% ee (Scheme 3.16). Subsequent
debenzylation provided the desired 1-Dopa ester (S)-40 in 94% yield and 98% ee.
This reaction has also already been performed on a gram-scale. The Maruoka
group also reported the application of the chiral phase-transfer catalyst (R,R)-29
for synthesis of a variety of 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid deriva-
tives; these also were formed with high enantioselectivity [51].

1. (R,R)-29 (1 mol %)

Br 0°C,1-2h o 0
O () toluene, HZN,QJ\ot.Bu HN \)J\Ot-Bu
_ =

o o, Z
Ny s _50%aq. KOH __ OBn 10%PdC, £ OH
o 2 ditric acid, THF \C[ Hp, THF \C[
O OBn OBn OH
(5)-20q (5)-40
18 81% yield 94% yield
98% ee 98% ee

Scheme 3.16

The Maruoka group have reported further application of N-spiro phase-transfer
catalysts of type 29 to the diastereoselective a-alkylation of N-terminal di-, tri-, and
tetrapeptides [52]. The reactions proceed with high diastereoselectivity, furnishing
a diastereomeric ratio (d.r.) of up to 99:1 for the resulting dipeptide products.

Very recently the Shibasaki group extended the range of application of their
asymmetric two-center catalysts 31 to the synthesis of amino acid derivative in-
termediates for aeruginosin 298-A and analogs thereof [39]. Aeruginosin has a
tetrapeptide-like structure and contains non-standard «-amino acids. The synthesis
of the key intermediate (S)-20r, bearing a bulky substituent, is shown in Scheme
3.17 [39]. In the presence of the catalyst (R,R)-31 the desired amino acid derivative
(S)-20r was obtained in 80% yield and with 88% ee [39]. The catalyst 31, which is
very stable under basic conditions, could be recovered in 80-90% yield and re-used
efficiently [39].
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324
Synthesis of «,a-Dialkylated Amino Acids

Besides the “typical” monoalkylated a-amino acids, the related non-proteinogenic
o,0-disubstituted analogs are becoming increasingly important because of their
role in the design of special pharmaceutically interesting peptides [53]. The range
of suitable catalytic processes for their preparation is, however, limited [54, 55]. As
an attractive catalytic route, organocatalytic asymmetric alkylation using phase-
transfer catalysts was found to be very efficient. Two principle routes are available
for application of this organocatalytic concept; they are shown in Scheme 3.18.

In route 1 a racemate, rac-42, is used as the starting material. Deprotonation and
enantioselective alkylation of the resulting enolate give the desired products of type
43. The alternative, second route is based on use of the glycinate 44 as starting ma-
terial. Alkylation steps with different alkyl halides furnish the desired product 43.

route 1
R R
0} organocatalyst o
ac 5.
Nzl R5-X, base /N)%J\OR?*
R2 R* RZRS R*
rac-42 43
route 2:
R! organocatalyst R! o
(e}
1) R*X, 2) R5-X,
@YN P S -
R2 base RZR® R*
44 43

Scheme 3.18
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The successful conversion of a racemic amino acid derivative into an optically
active o,a-disubstituted amino acid derivative, in accordance with Scheme 3.18,
route 1, has been reported by the O’Donnell group [56]. A representative example
is given in Scheme 3.19, Eq. (1). An alanine derivative, rac-42a, is converted
into the dialkylated product (R)-43a in 85% yield and with 75% ee. The reaction
proceeds via solid-liquid phase-transfer catalysis. It should be added that analo-
gous reactions were also performed starting from enantiomerically pure amino
acids [57]. The enantioselective PTC-alkylation starting from racemates can be
also achieved very efficiently when using the ammonium salt catalyst, 29, devel-
oped by Maruoka and co-workers (Scheme 3.19, Eq. 2) [58]. The benzylation of
the alanine derivative rac-42a gave the desired benzylated alanine derivative (R)-
43b in 85% yield and with 98% ee. The analogous benzylation reaction with either
D- or I-alanine-derived imine gave almost the same results. The reaction has broad
generality, and gave the dialkylated products of type 43 in yields of 60-85% and
enantioselectivity of 91-99% ee.

29
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A related approach has recently been reported by Belokon and Kagan et al. These
workers used chiral TADDOL-type diols, derived from tartaric acid and 2-amino-2’-
hydroxy-1,1"-binaphthyl (NOBIN), as catalysts to obtain yields of up to 95% and
enantioselectivity up to 93% ee [59-61]. The catalytically active species seem to be
the sodium salts of the diols.

The Maruoka group recently reported an alternative concept based on a one-pot
double alkylation of the aldimine of glycine butyl ester, 44a, in the presence of the
chiral ammonium salt 29 as chiral phase-transfer catalyst (the principal concept of
this reaction is illustrated in Scheme 3.18, route 2) [58]. Under optimized reaction
conditions products of type 43 were obtained in yields of up to 80% and with high
enantioselectivity (up to 98% ee). A selected example is shown in Scheme 3.20.

R Bre
Q-0
N
CG,
“ o 29 (1 mol %), N .
\©\(/NJJ\OH3U 1) CHz=CHCH2Br, 2) PhCHZBr,  citric acid

H 1010 0 °C, THF
toluene,
44a CsOH-H,0 (5 eq.)

(R=3,4,5-trifluorophenyl)

(R)-43c
80% yield
98% ee

Scheme 3.20

The presence of the 3,4,5-trifluorosubstituted phenyl substituent at the 3,3’-
position of the binaphthyl framework is beneficial for high enantioselectivity. The
stereochemistry of the newly created stereogenic quaternary carbon center was
apparently determined in the second alkylation step. This bisalkylation method
starting from readily available glycinate ester 44 seems to be particularly beneficial
when an access to racemates of type 42 as starting materials is difficult. The
Maruoka group has also reported the alkylation of an alanine derivative in the
presence of a new N-spiro chiral quaternary ammonium bromide designed from
optically active 4,6-disubstituted biphenyl subunits [37]. This reaction proceeds
with high enantioselectivity (95% ee).

3.25
Enantio- and Diastereoselective Processes — Synthesis of a-Amino Acid Derivatives
with Two Stereogenic Centers

The use of chiral phase-transfer-based alkylation in the asymmetric synthesis of
bis-a-amino acid esters has been described by the Lygo group. When the dibromide
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47 (0.5 equiv.) and glycinate 18 (1 equiv.) were reacted in the presence of the cin-
chonidinium derivative 48 as organocatalyst (10 mol%), enantio- and diastereo-
selective alkylation and subsequent hydrolysis furnished the desired product (S,S)-
50 in 55% overall yield, a d.r. of 86:14, and enantioselectivity of >95% ee (Scheme
3.21) [62]. This reaction also works with other types of dibromide substrate. In
those reactions enantioselectivity > 95% was obtained accompanied by a diastereo-
meric ratio of up to 91:9. The syntheses of dityrosine and isodityrosine by means of
this alkylation methodology is also reported to proceed with high enantioselectivity
and diastereoselectivity [63].

3.2.6
Solid-phase Syntheses

The solid-phase synthesis of a-amino acids via alkaloid-catalyzed alkylation has
been investigated by the O’Donnell group [64, 65]. The solid-phase based synthetic
approach is particularly useful for rapid preparation of o-amino acids for combina-
torial application. The concept of this solid-phase synthetic approach, which com-
prises three key steps, is shown in Scheme 3.22 (for formation of (R) enantiomers).
First, solid-phase bound glycine, 51, is converted into its benzophenone imine de-
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Scheme 3.22

rivative 52. Subsequent asymmetric alkylation furnishes the desired optically active
o-amino acid derivative of type 55. Hydrolysis with formation of the “free”, N-non-
protected polymer-bound amino acid 56 is the final step. Polymer-bound amino
acids of type 55 are of interest for a wide variety of combinatorial applications.

A characteristic feature of this solid-phase amino acid synthesis is the use of the
phosphazene bases 53 and 54 for the PTC alkylation reaction [64, 65]. Because
these compounds, which are soluble in organic media, do not react with alkyl hal-
ides, both alkyl halide and phosphazene bases can be added together at the start of
the reaction, which is useful practically [65]. Cinchonine and cinchonidine-derived
salts, e.g. 25, were found to be very efficient catalysts. Under optimum conditions
the alkylation proceeds with enantioselectivity in the range 51-99% ee, depending
on the alkyl halide component [65]. Seventeen different alkyl halides were tested.
After subsequent hydrolysis with trifluoroacetic acid the corresponding free amino
acids were obtained in high yield (often >90%).

This methodology has, therefore, reached a high level of efficiency and is a
valuable tool for rapid preparation of optically active a-amino acids and related
derivatives.

The use of Merrifield resin-bound alkaloid-based organocatalysts has also been
reported [66—67]. The best results were obtained when attachment to the Merri-
field resin was made via the hydroxy moiety of a (cinchonidine) alkaloid derivative
[67]. The immobilization of alkaloid-derived catalysts on poly(ethylenglycol) (and
modifications thereof) was also developed [68a, b]. Furthermore, asymmetric cata-
lytic alkylations under micellar conditions were reported [68c]|.
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Besides the glycinate ester derivatives described above, other types of enolate-
forming compounds have proved to be useful substrates for enantioselective alky-

lation reactions in the presence of cinchona alkaloids as chiral PTC catalysts. The
Corey group reported the alkylation of enolizable carboxylic acid esters of type 57
in the presence of 25 as organocatalyst [69]. The alkylations furnished the desired
a-substituted carboxylate 58 in yields of up to 83% and enantioselectivity up to 98%
ee (Scheme 3.23). It should be added that high enantioselectivity in the range 94—
98% ee was obtained with a broad variety of alkyl halides as alkylation agents. The
product 58c is a versatile intermediate in the synthesis of an optically active tetra-

hydropyran.

25 (10 mol %),
R-X (5 eq.;X=Br,l),

-65to -45 °C,
CHoClo-Et20,
CsOH-H,0 (10 eq.)

CHs; OtBu
(R)-58a
68% yield
98% ee
Scheme 3.23

Selected examples

Ot-Bu
CH,CH.CI

(R)-58b
71% yield
95% ee

H
(0]
N Ot-Bu
(R)-58¢ @
83% yield
94% ee

Very recently, the first catalytic asymmetric intramolecular o-alkylation of an
aldehyde has been achieved by the List group [70]. In the presence of a-methyl-
substituted L-proline, (S)-61, as organocatalyst, ring-forming reactions leading to
chiral cyclopentanes, cyclopropanes, and pyrrolidines proceed with high enantio-
selectivity — in the range 86-96% ee. Selected examples are shown in Scheme
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Qe

N~ TCOzH
H
OHCW —X 61 (5'20 mol %), OHC,
Y 7
-30- 0 °C, 24-216h, Y
(X=BrlOTs)  cHcl, or mesitylene, 60
Y = CRR’, NR) NEt; (1 eq.)
59
OHC, OHC,, OHC,
EtO,C ‘COEt EtO,C
60a 60b 60c
70% yield 92% vyield 52% yield
86% ee 95% ee 91% ee
(yield after reduction to
corresponding alcohol)
Scheme 3.24

3.24. The cyclopentane derivative 60b was obtained in both high yield (92%), and
enantioselectivity (95% ee). Interestingly, lower yield (80%) and enantioselectivity
(68% ee) were obtained when L-proline was used as a catalyst instead of (S)-61,
showing the beneficial effect of the methyl-substituent at the o-position on catalytic
efficiency.

34
Fluorination, Chlorination, and Bromination Reactions

The halogenation of alkane C—H bonds plays an important role in organic syn-
thesis [71]. Numerous industrial examples of halogenated products are known
with a broad range of applications in the fields of fine and specialty chemicals and
the life science industry. Although most commercially important halogenations are
non-asymmetric reactions, the development of methods for enantioselective C-X
formations (X = F, Cl, Br) has gained increasing interest. In recent work organo-
catalytic syntheses have been shown to be versatile tools.

3.4.1
Fluorination Reactions

A wide range of fluorinated compounds are applied as pharmaceuticals and agro-
chemicals. Several stereoselective methods are used for synthesis of optically active
molecules bearing a C—F bond at the stereogenic carbon atom [72, 73]. These are
mainly based on diastereoselective fluorination of chiral molecules or enantioselec-
tive alkylation of fluoroorganic compounds. Asymmetric introduction of a fluorine
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moiety is an alternative [74-77], e.g. via chiral sulfonamide-type fluorinating
reagents. This method is, however, based on use of multistep procedures for prep-
aration of the N-fluorinated reagents. Low chemical yield and optical purity are
also obtained in fluorination reactions.

An enantioselective fluorination method with catalytic potential has not been
realized until recently, when Takeuchi and Shibata and co-workers and the
Cahard group independently demonstrated that asymmetric organocatalysis might
be a suitable tool for catalytic enantioselective construction of C—F bonds [78-80].
This agent-controlled enantioselective fluorination concept, which requires the use
of silyl enol ethers, 63, or active esters, e.g. 65, as starting material, is shown in
Scheme 3.25. Cinchona alkaloids were found to be useful, re-usable organocata-
lysts, although stoichiometric amounts were required.

OSiMe3
0y
o~ (¢}
()N(B c 63 . R
N/ (n=0,1) F
/
F @, BFO
Selectfluor cinchona 64 "
cinchona 62 alkaloid /
alkaloid acetonitrile, Selectfluor ji’;‘c
rt, 1h combination R COZRZ
E‘ F><E:N
R! CO,R?
66

Scheme 3.25

The Takeuchi and Shibata group achieved successful asymmetric fluorination of
silyl enol ethers and acyclic esters by using a preformed combination of Selectfluor,
62, and cinchona alkaloid derivatives as an efficient fluorinating agent [78, 79].
This combination is simply prepared by mixing a solution of the cinchona alkaloid
and Selectfluor for 1 h in acetonitrile in the presence of a molecular sieve. The flu-
orination of silyl enol ethers 63 proceeds efficiently in acetonitrile at —20 °C. Dihy-
droquinine 4-chlorobenzoate, 67, was the preferred cinchona alkaloid. The desired
fluorinated products, 64, were obtained in high yields (71 to 99%) and good enan-
tioselectivity (up to 89% ee) [78, 79]. Some representative examples are shown in
Scheme 3.26. Slightly increased enantioselectivity was observed when the reaction
was performed at —80 °C ((R)-64a 91% ee compared with 89% ee at —20 °C). The
yield, however, was somewhat lower (yield of (R)-64a 86% compared with 99% at
—20°C).

This method is also useful for enantioselective fluorination of alkyl esters of type
65 (Scheme 3.27, Eq. 1) [78, 79]. The resulting fluoro-organic products 66 are use-

35



36

3 Nucleophilic Substitution at Aliphatic Carbon

) dihydroquinine 4-chlorobenzoate 6 /
OSiMey Selectfluor 1 Q E
R combination 2
o R
n CH3CN, n
63 -20 °C, overnight 64
(n=0,1)
synthetic examples
O 0 o
F
oF oF ~CH,Ph
CHZPh CH20H3
(R)-64a (R)-64b (S)-64c
99% yield 99% yield 95% yield
89% ee 73% ee 71% ee
Scheme 3.26

ful compounds, e.g. as chiral derivatizing agents. The reaction was particularly
challenging, because a racemic substrate, 65, must be converted enantioselectively
into the desired product, 66. This is achieved by means of alkaloid base-catalyzed
deprotonation before the fluorination step. For this reaction, dihydroquinidine de-
rivatives, e.g. 68, were found to be the most efficient organocatalysts. The reaction
is conducted at a somewhat lower reaction temperature and led to the desired
products 66 in high yields (80-92%). Enantioselectivity was in the range 76-87%
ee. As a selected example, the enantioselective fluorination of a-cyano-a-tolyl ace-
tate, 65a, gave the organofluorine compound 66a in 80% yield and 87% ee
(Scheme 3.27, Eq. 1). The alkaloid base can be recovered and successfully re-used
in the fluorination reaction.

Interestingly, cyclic f-keto esters, e.g. 69, can be also fluorinated with enantio-
selectivity up to 80% ee, although the yield and enantioselectivity depend strongly
on the type of substrate. A representative example of asymmetric fluorination of a
cyclic ester is shown in Scheme 3.27, Eq. (2). In addition, oxindoles 71 have
been successfully fluorinated, as shown in Scheme 3.27, Eq. (3). Under optimized
conditions, the desired 3-substituted 3-fluorooxindole, 72, was obtained in 79%
yield and with enantioselectivity of 82% ee.

It is worthy of note that this practical fluorination method developed by Takeuchi
and Shibata et al. is based on the use of commercially available reagents. In addi-
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OAc
N
N~
OCHs
CN dihydroquinidine acetate 68 (2 eq.) /
rac Selectfluor 62 (1.5 eq.) NC, F
/©)\COgEt combination /©/<COZE1 )
CH3CN / CH,Cly,
H;C '80°C H3C
65a (S)-66a
80% yield
87% ee
OAc
NN
N~
OCHg

0 dihydroquinidine acetate 68 (2 eq.) / 0

Selectfluor 62 (1.5 eq.)
rac combination
@ﬁ&cog ©il$<COZEt
0 CH3CN / CH,Cly, o F

-80 °C

69 70
92% yield
80% ee

(DHQD)PYR 73 (1.5 eq.) /

Selectfluor 62 (1.5 eq.) R CHzPh
rac o
combination A
N CH3CN, N
H

0°C,48h H
71 72
79% yield
82% ee
Scheme 3.27

tion, the in situ preparation of the fluorinating agent without the need for isolation
is advantageous, and might be the basis of a process with catalytic amount of
the alkaloid base in the future. In a mechanistic study it has been shown that
N-fluorochinchona alkaloids are the reactive intermediates [79].
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A related approach was recently reported by the Cahard group, who used pre-
formed N-fluoro ammonium salts of cinchona alkaloids as fluorinating agents
[80-82]. These salts were prepared, as described above, from a cinchona alkaloid
and Selectfluor in acetonitrile. The N-fluoro alkaloid salt with tetrafluoroborate as
anion were, however, isolated and purified (rather than being used in situ), and the
reaction conditions were slightly different. C—F bond formation proceeds well and
high yields (up to 98%) were obtained. Compared with the procedure developed by
Takeuchi and Shibata et al., however, enantioselectivity was somewhat lower — in
the moderate range 36-56% ee when sodium enolates were used as substrates
[80]. Use of N-phthaloylglycine derivatives as starting materials, however, afforded
the corresponding o-fluorinated products in yields of up to 91% and enantioselec-
tivity up to 94% ee [82].

In summary, these procedures for asymmetric formation of C—F bonds are efhi-
cient but still require use of stoichiometric amounts of organocatalyst. Thus, an ex-
tension of this process toward catalytic synthesis with reduced “catalytic amounts”
of alkaloids is highly desirable.

3.4.2
Chlorination and Bromination Reactions

A similar catalytic procedure for enantioselective formation of C-Br and C-Cl
bonds has been reported recently by the Lectka group [83]. The concept of this
o-halogenation of carbonyl compounds is tandem asymmetric halogenation and
esterification (Scheme 3.28). Inexpensive acyl halides, 74, are used as starting

Nu
(catalytic LG-X O
O amount) H 76 0
—~ /=0 ~ @
R Cl base R Nu \RJ Nu
74 75 X 77
|
LG
X O X (0]
Nu 3—4 -
R LG R Nu® LGG
79 78
Nu: nucleophilic LG-X 76: halogenation agent

cinchona alkaloid type

Cl
organocatalyst Cl 0 Br
Br:
m%}m BF>C§:0
Cl Cl Br

76a 76b

Scheme 3.28
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materials and cinchona alkaloids are suitable organocatalysts. In the first step the
chiral alkaloid base reacts with the in-situ-generated ketenes 75 under formation of
zwitterionic enolates, 77. These intermediates are subsequently converted, with an
electrophilic halogen 76, into the desired products, 79.

The choice of halogenation agent was found to be important. Initial screening
of different chlorination agents revealed that the electrophilic perchlorocyclohexa-
dienone, 76a, is particularly useful. For example, conversion of 74a with 76a gave
the a-chlorinated compound 79a with high enantioselectivity (95% ee), although
the conversion was limited (40% vyield) because of significant side reactions
(Scheme 3.29) [83a].

benzoylquinine 80

o} (10 mol%), Cl
-78 °C, toluene
Cl Cl
MeN  NMep Gl o
Cl
74a OO cl cl (S)-79a
40% yield
81 Cl Cl 95% ee
76a
Scheme 3.29

A breakthrough resulting in high yields was achieved when another method of
ketene formation using the basic solid-phase-bound BEMP, 82, was applied
(Scheme 3.30) [83a]. In the first step the ketenes are formed rapidly and quantita-
tively by passing a solution of 74 in THF through the basic resin 82. In a subse-
quent step the ketene intermediates react enantioselectively after addition of an or-
ganocatalyst (10 mol%) and the chlorination agent 76a. By use of these reaction
conditions the product 79a was obtained in remarkably increased yield (80%) and
with excellent enantioselectivity (99% ee). Several other substrates were also inves-
tigated and satisfactory yields and excellent enantioselectivity (up to 99% ee) were
usually obtained. Selected examples are surveyed graphically in Scheme 3.30. It is
worthy of note, however, that the reaction employing a solid-phase catalyst of resin-
bound quinine failed, apparently because of rapid deactivation of the catalyst [83a].
Further improvements of this catalytic asymmetric a-chlorination of acid halides
have been reported very recently by the Lectka group also [83D].

This type of reaction is not limited to chlorination but can be extended to bromi-
nation reactions also. In a preliminary study it was found that reaction of bromi-
nating agent 76b provided the a-bromo compound 79d in 50% and with excellent
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tBu—N  NEt
O/\N CH3
basic resin benzoylquinine 80
o 78THE 78°G, ootne O OO, o
~ o ‘ X
R Cl - 82.HCI a8 o R O o]
74 75 cl cl ¢«
cl cl 79a-c
76a

Cl
Cl
Cl
(S)-79a
80% yield
99% ee
Scheme 3.30
Bu— N NEtg
N H
Qe
basic resin
BEMP 82

O -78°C, THF

PhO Cl - 82.HCI

74b

Scheme 3.31

Selected examples

ocCl Cl Cl
ﬂ Q o
o .
(S)-79b (S)-79¢c
57% vyield 57% vyield
97% ee 95% ee
(e}
b S :
N N -
N
HsCO
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(10 mol%),
H -78 °C, toluene Br, OBr.
0 2
Br PhO o} Br
Br.
75b Br o Br
Br (S)-79d
50% yield
76b 99% ee
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enantioselectivity (99% ee; Scheme 3.31) [83]. The catalyst used was 10 mol% ben-
zoylquinine, 80.

Furthermore, two efficient methods for a direct catalytic asymmetric o-chlorina-
tion of aldehydes have been developed very recently [84, 85]. The MacMillan group
successfully used a chiral imidazolidinone as organocatalyst with a typical catalytic
amount of 5 mol% in combination with 76a as chlorinating agent [84]. In addition,
the Jorgensen group found that o-chlorination of aldehydes proceeds enantioselec-
tively when using L-proline amide and (2R, 5R)-diphenylpyrrolidine as organocata-
lysts and NCS as the chlorinating agent [85].

Conclusion

The asymmetric alkylation of cyclic ketones, imines of glycine esters, and achiral,
enolizable carbonyl compounds in the presence of chiral phase-transfer organoca-
talysts is an efficient method for the preparation of a broad variety of interesting
compounds in the optically active form. The reactions are not only highly efficient,
as has been shown impressively by, e.g., the synthesis of enantiomerically pure
a-amino acids, but also employ readily available and inexpensive catalysts. This
makes enantioselective alkylation via chiral phase-transfer catalysts attractive for
large-scale applications also. A broad range of highly efficient chiral phase-transfer

catalysts is also available.
In addition, enantioselective fluorination, chlorination, and bromination reac-

tions enable easy formation of C—X bonds (X = F, Cl, Br) under mild reaction
conditions. This synthesis is also a proof that halogenation reactions can be
conducted with high stereocontrol. All organocatalytic halogenations yet reported
are a-halogenations of carbonyl compounds. A future challenge will certainly be
to discover more general halogenation routes, in particular halogenation other
substrates.
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4
Nucleophilic Addition to Electron-deficient C=C
Double Bonds

4.1
Intermolecular Michael Addition

In the Michael-addition, a nucleophile Nu~ is added to the g-position of an o,f-
unsaturated acceptor A (Scheme 4.1) [1]. The active nucleophile Nu~ is usually
generated by deprotonation of the precursor NuH. Addition of Nu~ to a prochiral
acceptor A generates a center of chirality at the f-carbon atom of the acceptor A.
Furthermore, the reaction of the intermediate enolate anion with the electrophile
E" may generate a second center of chirality at the a-carbon atom of the acceptor.
This mechanistic scheme implies that enantioface-differentiation in the addition to
the f-carbon atom of the acceptor can be achieved in two ways: (i) deprotonation of
NuH with a chiral base results in the chiral ion pair I which can be expected to add
to the acceptor asymmetrically; and (ii) phase-transfer catalysis (PTC) in which de-
protonation of NuH is achieved in one phase with an achiral base and the anion

Nu-H + base

R‘I EWG
|

R2 RS

Michael-acceptor A,
general structure

©
Nu + base-H®

CRO

Nu cation™

chiral ion pair I, formed

or chiral PTC

45

by deprotonation with chiral base,

EWG: electron-withdrawing group, such as ketone, ester, aldehyde, nitrile, sulfone, nitro group etc.

E® O
o o
w17 ) 12
g R4 ~ R4
| RZ., )| *
R? R3 Nu R3

Nuej

Scheme 4.1

Asymmetric Organocatalysis. Albrecht Berkessel and Harald Groger
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30517-3
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(a) Activation of the Michael-acceptor by iminium ion formation

o R*\Cﬁ,ﬁ*
R1 @ R1
4 * * H
j'\AR e B
R2”OR3 H R2”R3

(b) Activation of a carbonyl donor by enamine formation

R* 'R*
o) Y
R1 @ R1
4 * * H 4
ﬁR R )
Rz~ RS H R2” RO
Scheme 4.2

Nu~ is transported into the organic phase by a chiral phase-transfer catalyst, again
resulting in a chiral ion pair from which asymmetric f-addition may proceed.
This method of providing a chiral environment for the attacking nucleophile
can be regarded as the “classical” way of approaching asymmetric organocatalysis
of Michael additions and will be discussed for C-nucleophiles in Section 4.1.1.1.
In recent years, two highly efficient and very practical alternatives have emerged
(Scheme 4.2). One of these approaches consists in activating the acceptors — mostly
a,B-unsaturated aldehydes (R* = H) and ketones (R* = alkyl) — by reversible con-
version to a chiral iminium ion. As shown in Scheme 4.2a, reversible condensation
of an o f-unsaturated carbonyl compound with a chiral secondary amine provides
a chiral o f-unsaturated iminium ion. Face-selective reaction with the nucleophile
provides an enamine which can either be reacted with an electrophile then hydro-
lyzed or just hydrolyzed to a f-chiral carbonyl compound. The second approach is
the enamine pathway. If the nucleophile is an enolate anion, it can be replaced by a
chiral enamine, formed reversibly from the original carbonyl compound and a chi-



4.1 Intermolecular Michael Addition

ral secondary amine (Scheme 4.2b). Both the iminium ion and enamine methods
will be discussed for C-nucleophiles in Section 4.1.1.2. Section 4.1.1.3 summarizes
recent results of organocatalyzed Michael additions to azodicarboxylates, which
provide facile access to o-aminated carbonyl compounds such as a-amino acids.
This reaction type is also reviewed in chapter 7, together with nucleophilic addi-
tions to the N=0O double bond. Finally, Section 4.1.1.4 reports a recent example of
an organocatalytic cyclopropanation of enoates with phenacyl halides.

Section 4.1.2 covers N- and O-nucleophiles and Section 4.1.3 covers S- and Se-
nucleophiles.

4.1.1
Intermolecular Michael Addition of C-nucleophiles

4.1.1.1 Chiral Bases and Phase-transfer Catalysis

The first examples of asymmetric Michael additions of C-nucleophiles to enones
appeared in the middle to late 1970s. In 1975 Wynberg and Helder demonstrated
in a preliminary publication that the quinine-catalyzed addition of several acidic,
doubly activated Michael donors to methyl vinyl ketone (MVK) proceeds asymmet-
rically [2, 3]. Enantiomeric excesses were determined for addition of a-tosylnitro-
ethane to MVK (56%) and for 2-carbomethoxyindanone as the pre-nucleophile
(68%). Later Hermann and Wynberg reported in more detail that 2-carbomethoxy-
indanone (1, Scheme 4.3) can be added to methyl vinyl ketone with ca 1 mol%
quinine (3a) or quinidine (3b) as catalyst to afford the Michael-adduct 2 in excellent
yields and with up to 76% ee [2, 4]. Because of their relatively low basicity, the
amine bases 3a,b do not effect the Michael addition of less acidic pre-nucleophiles
such as 4 (Scheme 4.3). However, the corresponding ammonium hydroxides 6a,b
do promote the addition of the substrates 4 to methyl vinyl ketone under the same
mild conditions, albeit with enantioselectivity not exceeding ca 20% [4].

Michael additions of C-nucleophiles such as the indanone 1 have been the sub-
ject of numerous further studies: For example, the reaction between the indanone
1 and methyl vinyl ketone was effected by a solid-phase-bound quinine derivative
in 85% yield and with remarkable 87% ee by d’Angelo, Cavé et al. [5]. Co-polymers
of cinchona alkaloids with acrylonitrile effected the same transformation; Kobaya-
shi and Iwai [6a] achieved 92% yield and 42% ee and Oda et al. [6b] achieved al-
most quantitative yield and up to 65% ee. Similarly, partially resolved 2-(hydroxy-
methyl)quinuclidine was found to catalyze the reaction between 1 and acrolein
and a-isopropyl acrolein with induction of asymmetry, but no enantiomeric ex-
cesses were determined [7]. As shown in Scheme 4.4, the indanone 7 could be
added to MVK with up to 80% ee under phase-transfer conditions, by use of the
Cinchona-derived PT-catalysts 9a and 9b, affording the Michael-product 8 or ent-8,
respectively [8]. The adducts 8 or ent-8 were intermediates in the stereoselective
Robinson anellation of a cyclohexenone ring to the indanone 7 [8].

The best selectivity in the Michael addition of 2-carboxycyclopentanones to an
enone or enal were recently achieved by Maruoka et al. [9]. As shown in Scheme
4.5, as little as 2 mol% of the binaphthyl-derived phase-transfer catalyst 10 — in
the presence of 10 mol% solid potassium carbonate — enabled the highly efficient
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chiral
HsCO
base catalysts: 8

quinine 3a quinidine 3b
0 CO2CHs
CO,CHj3 + Hk catalysts 3a,b o CHy
| CHs CCly
(e} CH, O O
1 2

Catalyst (% loading)  Temp.(°C)  Yield (%) ee (%) Configuration of
major product

3a (1 mol-%) -21 99 76 S
3a (1 mol-%) +25 98 60 S
3b (1 mol-%) -21 quant. 69 R

H
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base catalysts:

quinine-derived catalyst 6a quinidine-derived catalyst 6b
R O R CO,Et
B COEt 1-2 mol-% catalysts 6a,b B s CH
o CHa -20°C, GCly o o
4 5
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catalyst 6b: 99 %, 9 % ee (S) at +25 °C
Scheme 4.3



4.1 Intermolecular Michael Addition | 49

H
/ Bre H
®
‘—< >—CF3
Bre
cinchonine-derived cinchonidine-derived CF3
phase-transfer catalyst 9a phase-transfer catalyst 9b
¢ o 0 ¢ o o

5.6 mol-% catalyst

Cl Cl
9a or 9b
n-Pr + KJ\CHs

toluene,
HsCO CHe 50 % aq. NaoH ~ HaCO

catalyst 9a: 95 % 8, 80 % ee
catalyst 9b: 93 % ent-8, 52 % ee

Scheme 4.4

Ar
CFs3
O, L0
N Ar:
L, U
Ar

phase-transfer catalyst 10

o
CO2R 11a: R=t+Bu
11b: R = 9-fluorenyl
KoCO3 (10 mol-%) catalyst 10,
cumene 2 mol-%
1. HCZ Y[ :
CH3 -2 0 2 eq.
= o
HzC/\[g 2eq. TS c
-78--40°C ' OKO cat. p-TsOH
HsC' “Et
o o
.COzR .CO.R
\ CHj X o)
o 0/
R = t-Bu: 84 %, 79 % ee R = 9-fluorenyl: quant., 97 % ee

R = 9-fluorenyl: 92 %, 90 % ee
Scheme 4.5



50 | 4 Nucleophilic Addition to Electron-deficient C=C Double Bonds

cinchonidine-derived
phase-transfer catalyst 12

O
¢
HsCO o 10 mol-% catalyst 12
toluene,
* HC 50 % aq. KaOH  H,CO
-10°C

Scheme 4.6

and enantioselective (up to 97% ee) addition of the 2-carboxycyclopentanones rac-
11a,b to methyl vinyl ketone and acrolein [9].

Aqueous-organic biphasic PTC-conditions were used by Zhang and Corey for
addition of acetophenone to 4-methoxychalcone in the presence of the N-(9-anthra-
cenylmethyl)dihydrocinchonidinium salt 12, affording the S-configured adduct 13
in 72% yield and 80% ee (Scheme 4.6) [10].

The utility of this process was further illustrated by the conversion of 13 to the
o-keto acid 14 or the 2-cyclohexenone 15. The same authors later showed that
the phase-transfer catalyst 12 also enables the highly enantioselective addition of
the silyl enol ethers 17 to the chalcones 16 (Scheme 4.7) [11].

Use of the preformed Z-silyl enol ether 18 results in quite substantial anti/syn
selectivity (19:20; up to 20:1), with enantiomeric purity of the anti adducts reaching
99%. The chiral PT-catalyst 12 (Schemes 4.6 and 4.7) proved just as efficient in the
conjugate addition of the N-benzhydrylidene glycine tert-butyl ester (22, Scheme
4.8) to acrylonitrile, affording the Michael adduct 23 in 85% yield and 91% ee
[10]. This primary product was converted in three steps to r-ornithine [10]. The
O-allylated cinchonidine derivative 21 was used in the conjugate addition of 22
to methyl acrylate, ethyl vinyl ketone, and cyclohexenone (Scheme 4.8) [12].
The Michael-adducts 24-26 were obtained with high enantiomeric excess and, for
cyclohexenone as acceptor, with a remarkable (25:1) ratio of diastereomers (26,
Scheme 4.8). In the last examples solid (base)-liquid (reactants) phase-transfer
was applied.
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cinchonidine-derived
phase-transfer catalyst 12

0]
Arl )J\/\Arz
16
CH» 10 mol-% catalyst 12 CHs
)J\ toluene, JI
Ar” “OTMS 50 % ag. KOH Ph” > OTMS
7 -20°C 18
O H Ar2O O H Ar20 O H Ar20
Ar! Ar Ar! = Ph + Ar! N Ph
HsC H H 'CHj
18,79-92%,91-95% ee 19 antj (2R, 3R) 20, syn (25, 3R)
Addition of the silyl enol ether 18 to the enones 16:
R R2 19:20 19 (anti) 20 (syn)
anti/syn  yield (ee) [%] yield (ee) [%]
CeHs- CgHs- 9:1 81 (99) 9 (90)
4-F-CgHs- CeHs- 10:1 86 (99) 9 (94)
4-Br-CgHa- CeHs- 10:1 80 (99) 8 (84)
4-CH30-CeHa- CeHs- 4:1 75 (98) 18 (90)
C6H5' 4'CH3-C6H4- 10:1 78 (99) 7 (81)
CeHs- 4-NOo-CgHy- 3:1 65 (97) 22 (95)
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CGHS- 1-C10H7' 20:1 82 (92) ---

Scheme 4.7
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Scheme 4.8

The asymmetric addition of glycine enolates to acrylates was also achieved by use
of the tartaric acid-derived phase-transfer catalysts 27 and 28 (Scheme 4.9). Arai,
Nishida and Tsuji [13] showed that the C;-symmetric ammonium cations 27a,b af-
ford up to 77% ee when t-butyl acrylate is used as acceptor. The cations 28 are the
most effective/selective PTC identified by broad variation of the substituents pres-
ent on both the acetal moiety and nitrogen atoms [14]. In this study by Shibasaki et
al. enantiomeric excesses up to 82% were achieved by use of the catalyst 28a
(Scheme 4.9) [14]. Scheme 4.9 also shows the structure of the guanidine 29 pre-
pared by Ma and Cheng; in the absence of additional base this also catalyzes the
Michael addition of the glycine derivative 22 to ethyl acrylate, albeit with modest
ee of 30% [15].

By a similar but solvent-free method Plaquevent et al. produced the Michael ad-
duct 30 from 2-pentyl-2-cyclopentenone in 91% yield and with 90% ee, by use of
the quinine-derived catalyst 31 (Scheme 4.10) [16]. When the quinidine-derived
ammonium salt 32 was employed, 80% of the enantiomeric product ent-30 was ob-
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B HSC\N/—Ar
o
RO ®,_ .OR Y O 5© Hﬁ JNkH CH
\CNG\\ RO _ /™ Ph” >N” N"Ph
v/
RO OR \—Ar
29
27a: R=Bn 28a: R = n-Pr, Ar = 4-Me-CgH,4
27b: R = 4-CF3-Bn 28b: R = n-Bu, Ar = 4-Me-CgH,

Additions of N-benzhydrylidene glycine tert.-butyl ester (22, see Scheme 4.8)
to alkyl acrylates:

Acrylate Base Solvent (temp.) ~Catalyst loa dﬁ%‘?ﬁ. %) T(',Zl]d [(2 /S] Ref.
+Butyl CsOH+H,O t+BuOMe (-60°C) 27a 10 86 73 13
tButyl CsOH<H,O #BuOMe (-60°C) 27b 10 73 77 13
Methyl  Cs,CO3 CgHsCl (4 °C) 28a 10 94 64 14
Methyl ~ Cs,CO3 CgHsCl (4 °C) 28b 10 89 64 14
Methyl  Cs,CO3 CgHsClI(-30°C)  28a 10 86 75 14
Ethyl Cs,CO3  CgHsClI(-30°C)  28a 10 88 82 14
n-Buty! Cs,CO3  CgHsCI (-30 °C) 28a 10 79 78 14
Ethyl none THF (-78 - -10 °C) 29 20 99 30 15

Scheme 4.9

Cle
-OH
Cl
quinine-derived quinidine-derived
phase-transfer catalyst 31 phase-transfer catalyst 32
o o
n-CsH14 11 mol-% o 11 mol-% n-CsHi
/ catalyst 31 n-Cahh catalyst 32
"'-I/COQCHs dimethyl malonate, dimethyl malonate, CO,CHj
CO2CHs K2COs, - 20 °C K2COs, - 20 °C CO2CHs
30, 90 %, 91 % ee ent-30, 80 %, 60 % ee

Scheme 4.10
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tained, in 60% ee (Scheme 4.10). The Michael adducts 30 and ent-30 served as in-
termediates in the synthesis of (+)- and (—)-dihydrojasmonate, respectively [16].
Nitroalkanes are another important class of pre-nucleophiles. Again, Wynberg
and co-workers were among the first (1975) to report the enantioselective Michael
addition of nitroalkanes, albeit without quantitative determination of the ratio of
product enantiomers [2]. As for ketone and ester C-nucleophiles, chiral amine
bases can be employed only if the pre-nucleophile is sufficiently acidic, i.e. usually
doubly activated by two electron-withdrawing functional groups. In 1978 Colonna,
Hiemstra, and Wynberg reported that addition of nitromethane to chalcone can be
effected by the more basic N-benzylquininium or N-dodecylephedrinium fluorides,
and enantioselectivity of up to 23% ee was observed [17]. Significantly improved
enantioselectivity was reported by Corey and Zhang when the N-(9-anthracenyl-
methyl)cinchonine derivative 34 (Scheme 4.11) was used as phase-transfer catalyst
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Scheme 4.12

in the addition of nitromethane to the chalcone 35. In the presence of solid CsF
as base the Michael-adduct 36 was obtained in 89% yield and 70% ee. The enantio-
meric purity of the latter was enhanced to 95% ee by one recrystallization. The
nitro compound 36 served as a precursor in the synthesis of the enantiomerically
pure pharmaceutical compound (R)-baclofen (37, Scheme 4.11) [18]. Analogously,
(S)-baclofen (ent-37) was obtained via the nitro intermediate ent-36 by using the
cinchonidine-derived phase-transfer catalyst 33 (Scheme 4.11) [18].

In the addition of 2-nitropropane to chalcone Toke et al. achieved 90% ee by
using the p-glucose-derived chiral crown ether 38 as phase-transfer catalyst
(Scheme 4.12) [19]. The related crown ether 39, with a pendant phosphonate
group, afforded the chalcone adduct with 83% ee, albeit with only 39% chemical
yield (Scheme 4.12) [20]. N-Alkylated or N-arylated derivatives of the crown ether
38 afforded lower ee (max. 60%) in the addition of 2-nitropropane to chalcone [21].

4.1.1.2 Activation of Michael Acceptors by Iminium lon Formation, Activation of
Carbonyl Donors by Enamine Formation

Cheap and readily available 1-proline has been used numerous times for the inter-
mediate and reversible generation of chiral iminium ions from o,f-unsaturated car-
bonyl compounds. For example, Yamaguchi et al. reported in 1993 that the rubi-
dium salt of 1-proline catalyzes the addition of di-iso-propyl malonate to the acyclic
Michael acceptors 40a—c (Scheme 4.13), with enantiomeric excesses as high as
77% [22]. With 2-cycloheptenone and 2-cyclohexenone as substrates ca 90% yield
and ee of 59% and 49% were obtained. Later the enantioselectivity of this process
was increased to a maximum of 88% ee in the addition of di-tert-butyl malonate to
the E-pentenone 40a in the presence of 20 mol% Rb-r-prolinate and 20 mol% CsF
[23]. Taguchi and Kawara employed the t-proline-derived ammonium salts 41a and
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Catalysis by iminium ion formation

o Ao/ o TWT 8 ANPL
\N/ -2 | y Nu N
Nz ] P A~
T +H20 |

o
A~

i-PI'-OgC COg-i-Pr
NV
Fﬂ/\)\ﬁ2 5 mol-% Rb-L-prolinate ENe)
40a-c chloroform, r.t. R1/\)]\ R?
+
FPr-0C._CO,--Pr R' = R2=CHg: 71 %, 76 % ee

R' = CH3, R2 = n-Pr: 73 %, 74 % ee

Rl _Rp2 _
40a: R"=R"=CH, R' = n-hexyl, R2 = CHg: 62 %, 77 % ee

40b: R' = CHg, R2 = n-Pr
40c: R' = n-hexyl, R? = CH,4

® 0
41a:n=1 @(CHZ)n—NM% OH
41b:n=2 N H

H

Scheme 4.13

41D as catalysts (Scheme 4.13) [24]. In the presence of 10 mol% 41a addition of
dibenzyl malonate to cyclohexenone proceeded with 71% ee (61% yield). Similar
ee were observed with dimethyl malonate as nucleophile or with cyclopentenone
or benzylidene acetone as acceptors [24].

Yamaguchi et al. also showed that Rb-1-prolinate catalyzes enantioselective addi-
tion of nitroalkanes to several acyclic and cyclic enones [25, 26]. For acyclic enone
acceptors the best result, i.e. 74% yield and 68% ee of the S product, was achieved
in the addition of 2-nitropropane to E-3-penten-2-one (40a, Scheme 4.13) [25].
Screening of several proline derivatives and cyclic amino acids of other ring size
resulted in the identification of the O-TBDMS-derivative of 4-hydroxyproline as
the best catalyst for addition of nitrocyclohexane to cycloheptenone. In this partic-
ular reaction 74% yield and 86% ee were achieved [26].

The proline-catalyzed conjugate addition of nitroalkanes was further developed
by Hanessian and Pham, resulting in enantiomeric excesses up to 93% in the ad-
dition of a variety of nitroalkanes to cyclic enones (Scheme 4.14) [27]. In their cata-
lytic system, 1-proline (3—7 mol%) was employed together with equimolar amounts
(relative to the substrate enones) of trans-2,5-dimethylpiperazine. The latter addi-



4.1 Intermolecular Michael Addition

Hanessian and Pham (ref. 27):
L-proline (3-7 mol-%)
2,5-dimethylpiperazine (1 eq.)

o} chloroform, r.t. o
(@ | Yamaguchi et al. (refs. 25,26): [ (C,iH
n rubidium L-prolinate n= .
n=1.23 (3-7 mol-%) OZN/;
+ R4R,CH-NO, chloroform, r.t.
Michael-
oroduots: RUR2  Yield[%] ee[%[* ee[%]
0 -H 30 62 -
d -CH3 66 75 12
—H o CHlr 6 76 a7
—R
0N ACH)s 62 76 -
% -H 61 71 45
-CHg 88 93 59
-(CHa)4- 68 93 75
-(CH2)s- 73 93 80
-CH3 61 86 73
-(CHy)4- 71 87 67
A
ON B2 -(CHps- 49 89 86

@ ee achieved by Hanessian and Pham with the L-proline -
trans-2,5-dimethylpiperazine catalyst (ref. 27).
b ee achieved by Yamaguchi et al. using rubidium prolinate
as catalyst (refs. 25,26).
Scheme 4.14

tive was identified by broad screening of basic additives, as was dry chloroform as
solvent. From the pronounced nonlinear effect observed, the authors concluded
that “a complex multicomponent chiral catalytic system is operative” [27]. Enantio-
selectivity achieved with Rb-i-prolinate and with t-proline + trans-2,5-dimethyl-
piperazine is compared in Scheme 4.14. In both the Yamaguchi and Hanessian
systems primary nitroalkanes such as nitroethane could also be added to enones.
Usually, the diastereomeric Michael adducts were formed in ratios of 1:1 to 2:1.

57



58

4 Nucleophilic Addition to Electron-deficient C=C Double Bonds

0} ,CH3
Ph-CHg\f'}/CHs applied in the presence of 1 eq.
H: '.\l 1CH3 of an agid co-cata_lyst,_
H usually trifluoroacetic acid
catalyst 42
RS y R?
J\ 10-20 mol-% 42 5 %O
RZ/Q S THF - H,0 N
| 1 R1 H
R -60 - -30 °C
R’ R? R3 R* Yield (%) ee (%)
Me H H Me 83 91
Me H H n-Pr 81 90
Me H H i-Pr 80 91
Me H H Ph 87 93
Bn H H Ph 80 89
Allyl H H Ph 83 91
Me n-Bu H Ph 87 90
Me H n-Pr Ph 68 97
Me H H 4-MeOPh 79 91
Me H H CH,0Bn 90 87
Me H H CO.Me 72 90
H H H CO.Me 74 90
Scheme 4.15

The enantiomeric purities of these materials were found to be in the range 60—
90% [25-27].

More recently, MacMillan has introduced the amine catalysts 42 and 45, readily
available from ri-phenylalanine, methylamine, and acetone or pivalaldehyde, re-
spectively (Schemes 4.15 and 4.16). The broad potential of these materials in enan-
tioselective organocatalysis was first proven in Diels—Alder reactions [28] and ni-
trone cycloadditions [29]. In 1,4-addition of C-nucleophiles MacMillan et al. later
showed that Friedel-Crafts reactions of pyrroles with enals can be made highly
enantioselective (Scheme 4.15) [30].

For Dbest catalytic efficiency and selectivity trifluoroacetic acid was identified as the
optimum co-catalyst for most substrates [30]. Double alkylation of N-methylpyrrole
in the presence of the catalyst 42 can be performed either with an excess of one
enal electrophile, e.g. crotonaldehyde, affording the 2,5-disubstituted product 43
in 83% chemical yield, a C,/C; ratio of 9:1, and with 98% ee of the C;-symmetric



4.1 Intermolecular Michael Addition
o ,CH3
Ph-CH, '},FBU L
BN applied in the presence of 1 eq.
H ¥ H of an acid co-catalyst,
H usually trifluoroacetic acid
catalyst 45
RZ
\ T /\/'L 20 mol-% 45
R + X -
N R* O CH,Cl, - i-PrOH
IIZU -87 - -50 °C
R! R? R® R* Yield (%) ee (%)
Me H H Me 82 92
Me H H n-Pr 80 93
Me H H i-Pr 74 93
Me H H CH,0Bn 84 96
Me H H Ph 84 90
Me H H CO.Me 89 91
H H H Me 72 91
Allyl H H Me 70 92
CH,Ph H H Me 80 89
H Me H Me 94 94
Me OMe H Me 90 96
H H Cl Me 73 97
Scheme 4.16

dialkylation product. The same high selectivity is achieved when the two alkylation
steps are performed successively with two different enal electrophiles, e.g. croton-
aldehyde and cinnamaldehyde, affording the bis-alkylation product 44 [30].

o / o o J\ o
: N : N
H HC CHz CHs H HHC CHy Ph H
43 44
83 %, Co: meso=9:1,98 % ee 72 %, anti: syn=9:1, 99 % ee (anti)

On the basis of molecular modeling studies, MacMillan et al. optimized their
original amine catalyst 42 to the mono-tert-butylated structure 45 [31]. As summar-
ized in Scheme 4.16, this catalyst enables highly enantioselective 1,4-addition of
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Ph-CHo o ; )’t BU o
applied in the presence of 1 eq.
H ’.\l H of hydrochloric acid as co-catalyst
catalyst 45
RS
R2 /\/'L 10 mol-% 45
+ X _—
. R* 0 CHCl,
-50--10°C
R! R? R® R* Yield (%) ee (%)

1-Pyrrolidino  H H Me 70 87

NMe:2 H H Et 68 88

NMe, H H CH>0OBn 89 92

NMe, H H CO.Me 90 96
1-Pyrrolidino  H H Ph 82 84
1-Pyrrolidino  H H p-Cl-Ph 80 92

NMe» H Me CO.Me 89 84

NMe, H OMe CO,Me 73 91

NMe, H SMe CO.Me 92 91

NMe, H Cl COxMe 73 93
1-Pyrrolidino  H H COsMe 97 97
1-Pyrrolidino  Ph H H 94 99

NMe, H H CO,Me 90 96
Scheme 4.17

indoles to enals. As mentioned in Ref. [30], f-chiral f-indole butyric acids are of
pharmaceutical interest as cyclooxygenase-2 inhibitors. Similarly, the catalyst 45
effects asymmetric addition of electron-rich benzene derivatives, in particular
N,N-dialkylated anilines, to enals (Scheme 4.17) [31]. The authors have further
broadened the scope of this reaction by introducing a methylation/reductive deam-
ination procedure which enables the use of N,N-dialkylanilines as benzene surro-
gates [32].

The chiral imidazolidinone 45 also catalyzes the Mukaiyama—Michael reaction
between 2-silyloxy furans and o,f-unsaturated aldehydes, affording enantiomeri-
cally highly enriched y-butenolides (Scheme 4.18) [33]. For optimum catalytic per-
formance, hydroxyl additives are necessary, and addition of 2 equiv. water proved
best.

Although the examples shown in Scheme 4.18 give the impression that the 45-



4.1 Intermolecular Michael Addition
O ,CH3
Ph-CHo / ’}/T-BU L
SN\ applied in the presence of 1 eq.
H V" H of 2,4-dinitrobenzoic acid as co-catalyst
H
catalyst 45
H R H
+ X —_— o)
TMSO™ g Rt RZ/\AO CHClh-H,0 070 gt
-70--20°C
R! R2 Yield (%) syn/anti ee (%)

Me Me 81 22:1 92
Me n-Pr 87 31:1 84
Me i-Pr 80 7:1 98
Me Ph 77 1:6 99
Me CH,0OBn 86 20:1 90
Me CO,-Me 84 11:1 99
H Me 87 8:1 90
Me @ Me 80 22:1 92
Et Me 83 16:1 90

a) 2.TMSO-3,5-trimethylfuran affords the analogous adduct in 73 % yield,
syn/anti 24:1, 90 % ee.

Scheme 4.18

catalyzed Mukaiyama—Michael addition is usually syn-selective, a delicate balance
between syn- and anti-addition seems to exist; this can be shifted deliberately by
appropriate choice of solvent. Some examples are summarized in Scheme 4.19
[33]. With the silyloxyfuran 46 as nucleophile, the syn (47) and anti adducts (48)
can be prepared by proper choice of the acid co-catalyst, the solvent, the tempera-
ture, and the steric demand of the ester group present in the enal (Scheme 4.19,
top). In the addition of furan 49 to crotonaldehyde (Scheme 4.19, bottom), solvent
and co-catalyst alone determine which of the syn/anti diastereomers 50 is formed
preferentially. For the transformations listed in Schemes 4.16 to 4.19 sub-ambient
temperatures were used; these reactions can, however, often be performed —
operationally more simply — at ambient temperature without significant loss of
enantioselectivity.

Jorgensen et al. developed the phenylalanine-derived catalyst 51 (Scheme 4.20),
readily prepared in three high-yielding steps from r-phenylalanine, methylamine,
and glyoxylic acid [34, 35].

In the presence of catalyst 51, dialkyl malonates can be added asymmetrically to
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PhCHz.? ),tBu
H '.‘l H

catalyst 45
3
TIPSO™ 0~ "CO-Me
+BuO,C .~ (0] ent-45-TFA ent-45.TfOH MeO,C._~ 0}
V\Jj THF - HO CHCl3 - H,O \/\f
4°C -20°C
COst-Bu CO,Me
_ CHO _ CHO
O £ o}
O ‘co,Me O co,Me
47 48
syn:anti 11:1 syn:anti 1:22
89 % ee 97 % ee
(syn) (anti)
aN ”
+
TMSO 0~ CO-Me MeMO
49
20 mol-% 45.-TFA 20 mol-% 45-TfOH
THF CHCl3
86 %, — I\E/Ie H 83 %,
syn:anti 6:1, 0 O Syn:antii:7,
98 % ee (0] CO,Me 98 % ee
(syn) 50 (anti)
Scheme 4.19

a variety of enones (Scheme 4.20, top) [34a]. The size of the alkyl groups present in
the malonate is of crucial importance for high enantioselectivity. In the delicate
balance between high enantioselection and maintaining sufficient reactivity, the
bis-benzyl malonates proved best. Later the range of C-nucleophiles which could
be added to enones was extended to hydroxycoumarins and related compounds
(Scheme 4.20, bottom) [34b]. The latter reactions afforded the anticoagulant
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CHg

N/
Ph-CHZH\:[N)MACOQH
|

H
1,4-Addition of malonates (ref. 34a): catalyst 51
Bn-0,C_ CO,-Bn
R1

10 mol-% 51 H. R
Bn-0,C.__COxBn + RZMO —_— tho

neat,
ambient temperature

R’ R? Yield (%) ee (%)
Me Ph 86 99
Me 2-naphthyl 99 90
Me 4-Cl-Ph 75 98
Me 4-HO-Ph 75 93
Me 2-furyl 75 92
Me 2-pyridyl 95 88
Me n-Bu 61 91
Et Ph 66 95
Me CO,Me 59 592
Cyclohexenone 78 83

a) Performed at 0 °C.

1,4-Addition of hydroxycoumarines and related 1,3-dicarbonyl compounds (ref. 34b):

OH o OH R' O
10 mol-% 51 X R2
R S + R1/\)J\R2 R
0o CHaCls, oo

ambient temperature

HO (0]
| A
[OJ 0]
81 %, 85 % ee 84 %, 88 % ee 84 %, 78 % ee 76 %, 85 % ee

Scheme 4.20
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,CHs
Ph-CH \[ N
- 2
N %CO2H
N
H
H
catalyst 51
NO,
Me\ Me
R! 1
Me._ _Me 20 mol-% 51 H. R
YU s, T
NO, R neat, R o
ambient temperature
R! R? Yield (%) ee (%)
Me Ph quant. 79
Et Ph 69 83
Me 4-CI-Ph 87 75
Me 4-HO-Ph 86 75
Scheme 4.21

warfarin and derivatives in enantiomerically highly enriched form. Catalyst 51 is
similarly efficient in effecting addition of nitroalkanes to enones (Scheme 4.21)
[35]. As shown in Scheme 4.21, ee > 75% were observed in several instances; the
best results (quant. yield, 79% ee) was achieved in the addition of 2-nitropropane to
benzylideneacetone in the presence of 20 mol% catalyst 51. Recrystallization of the
Michael adduct increases the enantiomeric purity to 94-99% ee [35].

The MacMillan catalysts (42, 45), the Jorgensen catalyst (51), and proline itself
can promote Michael additions by iminium ion formation with the acceptor enal
or enone (A, Scheme 4.22). Secondary amines can also activate a carbonyl donor
by enamine formation (Scheme 4.22, B) [36, 37].

A: Catalysis by B: Catalysis by
iminium ion formation enamine formation
0 R\ R o} Ry R

PO AL

R\@ R’ ANy ?
N Nu
p e AN A Ewe

Scheme 4.22
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Whereas the examples discussed so far proceed according to the iminium ion
mechanism (A), amine-catalyzed additions of, e.g., ketones to nitroolefins are
effected by intermediate enamine formation (B). List et al. were the first to report
that 1-proline catalyzes the addition of several ketones to nitroolefins (Scheme
4.23). Whereas both the yields and diastereoselectivity were high in DMSO as sol-
vent, the ee did not exceed 23% [38]. A related study of this process by Enders and
Seki resulted in identification of methanol as a superior solvent, and enantioselec-
tivity up to 76% was achieved (Scheme 4.23) [39].

Later work by List and Martin dealt with the use of di- and tripeptides, carrying

Michael-adducts obtained by List et al. (ref. 38) from ketones and nitroolefins,
using 15 mol-% of L-proline as catalyst in DMSO at ambient temperature

O Ph O FPr O Ph
)]\/-\/NOQ )J\/-\/NOZ J‘J\/-\/NOQ
HsC H3C H3C H
97 %, 7 % ee 87 %, ee n.d. CHs

85 %, syn/anti 31,
10 % ee (syn)

P 2 O
A _NO .
fj\é/\/ 2 ch)l\‘\\ /U\)/\/Y
S/

94 %, syn/anti > 20:1, 92 %, syn/anti > 20:1, 95 %, syn/anti 10:1, 85 %, ee n.d.
23 % ee (syn) 10 % ee (syn) 19 % ee (syn)

Michael-adducts obtained by Enders and Seki (ref. 39) from ketones and trans-B-nitrostyrene,
using 20 mol-% of L-proline as catalyst in methanol at ambient temperature

O Ph O Ph o Ph
- NO 2 /\)J\/-\/NO
HGCJ\/\/ 2 Ph)J\/\/ NO2 Ph 2
93 %, 12 % ee 30 %, 42 % ee CH
’ e 44 %, syn/anti 9:1,
72 % ee (syn)
O Ph
CHs
74 %, syn/anti 946,
79 %, syn/anti 97:3, 76 % ee (syn)

57 % ee (syn)

Scheme 4.23
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N-terminal t-proline, again in DMSO as solvent [40]. In this study the maximum
ee in the addition of acetone to trans-2-nitrostyrene was 31%. Alexakis and Andrey
successfully employed the bis-pyrrolidine 52 as catalyst for the addition of alde-
hydes and ketones to trans-f-nitrostyrene [41], whereas Barbas and Betancort [42]
were able to perform the Michael addition of unprotected aldehydes to nitroolefins
using the pyrrolidine derivative 53 as catalyst (Scheme 4.24).

2-Aminomethylpyrrolidine catalysts:

N O
(Y
Ho ipr H
52 53

Michael-adducts obtained by Alexakis and Andrey (ref. 41) from the addition of aldehydes and
ketones to trans-B-nitrostyrene, using 15 mol-% of 52 as catalyst in CHCI3 at ambient temperature

A NO, NO NO,
H : Et/u\l/l\/ 2
R CHg
R = Me: 83 % (0 °C), syn/anti 94:6, 85 % ee (syn) 65 %, syn/anti 84:16, 74 %, syn/anti 95:5,
R =Et: 82 % (0 °C), syn/anti 88:12, 68 % ee (syn) 76 % ee (syn) 74 % ee (syn)

R = n-Pr: 98 % (-25 °C), syn/anti 96:4, 73 % ee (syn)
R = i-Pr: 95 %, syn/anti 95:5, 68 % ee (syn)

Michael-adducts obtained by Barbas and Betancort (ref. 42) from aldehydes and nitroolefins,
using 20 mol-% of 53 as catalyst in THF at ambient temperature

O R?
N
HJ\('V 0,
R1

R R2 Yield [%] syn/anti ee (syn) [%)]

Me Ph 85 90:10 56

Et Ph 94 86:14 65
n-Bu Ph 87 85:15 69
i-Pr Ph 78 92:8 72
i-Pr 2-CF3-Ph 77 98:2 78
i-Pr 2-thienyl 82 86:14 71
i-Pr 1-naphthyl 67 96:4 75
i-Pr 2-naphthyl 96 89:11 69

Scheme 4.24
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In the study by Alexakis, unsymmetrical ketones (e.g. 2-butanone) yielded
mixtures consisting of regioisomers and syn/anti diastereomers with ee of the
predominant syn isomers not exceeding 51%. For 3-pentanone and cyclohexa-
none (Scheme 4.24) Barbas et al. also used the related (S)-1-(pyrrolidinylmethyl)-
pyrrolidine 54 to catalyze the addition of ketones to alkylidene malonates (Scheme
4.25) [43].

As an additional advantage, the Knoevenagel formation of the alkylidene malo-
nate and the subsequent Michael addition can be performed as a one-pot reaction,

catalyst 54:

2-Aminomethylpyrrolidine Fy— Ni:‘
N //'H
H

Michael-adducts obtained by Barbas et al. (ref. 43) from the addition
of acetone to alkylidenemalonates

1 1
o R1OQC\[COQR1 20 mol-% catalyst 54 R 820 COzR
* | THF, ambient temperature
ch)J\CHa R2 ’ P ch R2
R! R2 Yield [%]?) ee [%]
Et Ph 47 (89) 59
Et 1-naphthyl 31(72) 64
Et 2-naphthyl 60 (84) 55
Et 2-tolyl 17 (86) 70
Et 2-CF3-Ph 46 (94) 70
Et 2-furyl 84 (91) 33
Bn n-pentyl 16 (23) 24
Bn c-hexyl 27 (42) 14

aYields after 4d reaction time,
values in brackets are based on conversion

O

2:/\(0025
CO,Et

24 %, syn/anti > 20:1, 61 %, syn/anti 9:1,

65 % ee (syn) 53 % ee (syn); 55 % ee (anti)
Scheme 4.25

iy v}
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e.g. using benzaldehyde, diethyl malonate, and acetone as the starting materials. It
should be noted that catalyst 54 also effects the addition of, e.g., cyclopentanone to
trans-f-nitrostyrene (78%, syn/anti 4:1, 78% ee syn, 71% ee anti) [43]. For enantio-
selective addition of malonates or 3-carbomethoxyindanones Brunner and Kimel
also employed the cinchona alkaloids quinine, quinidine, cinchonine, and cincho-
nidine [44]. Enantiomeric excesses were, however, moderate, reaching 43% at best.

The best enantioselectivity in the addition of C-nucleophiles to nitroolefins is
that achieved by Takemoto et al. using the bifunctional thiourea-amine catalyst 55
(Scheme 4.26) [45].

HaC., .CHs
H H N
Thiourea-amine FsC N \ﬂ/ N
catalyst 55: s

CF3

Michael-adducts obtained by Takemoto et al. (ref. 45) from the addition
of malonates to nitroolefins

2
R1020Y002R1+ o \NO; 10 mol-% catalyst 55 R1OZC:EC:/C)2R1
56 R2 57 toluene, ambient temp. R NO,

R’ R? R3 Yield [%] ee [%)]

Et H Ph 86 93

Et H 2,6-(OMe)o-Ph 87 93

Et H 4-F-Ph 87 92

Et H 1-naphthyl 95 92

Et H 2-thienyl 74 90

Et H n-pentyl 78 81

Et H tBu 88 81

Me Me Ph 82 93

Scheme 4.26

In the presence of 10 mol% of this catalyst, the malonates 56 could be added to
several nitroolefins 57 with up to 93% ee. Apolar solvents such as toluene are cru-
cial for high ee values. It is also noteworthy that: (i) good ee can be achieved with
catalyst 55 even in the absence of solvents, i.e. with a mixture of the neat starting
materials 56 and 57, and that (ii) the range of Michael donors/acceptors includes
aryl- and alkyl-substituted nitroolefins and 2-alkylated malonates.
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4.1.1.3 Addition of C-nucleophiles to Azodicarboxylates

C-Nucleophiles have recently been added asymmetrically to azodicarboxylates as
Michael-acceptors, resulting in a-amination of the nucleophilic component. Exam-
ples of this type of reaction, which is based on activation of the aldehyde or ketone
component by enamine formation, are summarized in Scheme 4.27. Please note
that this type of reaction is covered in more detail in chapter 7 of this book.

The proline-catalyzed direct asymmetric a-amination of aldehydes was reported
in 2002 by both List [46] and Jergensen [47]. As shown in Scheme 4.27 a variety
of azodicarboxylates 58 can be added to aldehydes, affording the x-aminated prod-
ucts 59 in very good yields and with excellent ee. The experimental procedures are,
furthermore, very convenient. The primary addition products 59 are configuration-
ally unstable and are usually either reduced to the corresponding alcohols 60 (e.g.

.CO,-R?
o} O NH™TTE
L-proline N
_N: .CO,-R? T -R2
H)H + REO,C” NP2 : CoR
R’ R
58 59

List (ref. 46):

R' = Me, n-Pr, i-Pr, n-Bu, Bn; R? = t-Bu, Bn; 10 mol-% catalyst, solvent acetonitrile
yields: 93 %-quant.; 86-92 % ee (20 °C), > 95 % ee (0 °C)

Jorgensen et al. (ref. 47):

R' = Me, Et, i-Pr, tBu, allyl, Bn; R? = Et, Bn; 10 mol-% catalyst, solvent dichloromethane
yields: 67-92 %; 89-95 % ee (20 °C)

.CO,-R? _CO.-R2
0 N NaBH NH OO R
— M ikl N
H™ ™7 "COxR? quant. HO/\E/ *CO,-R2
i ;
1. KMnOy4 R R
2. TMS-CHN, 59 60
3. TFA
4. Hy/Raney-Ni 1. Hp, Pd/C, MeOH
5. (BOC),0, DMAP 2. Zn/acetone - HOAc
(ref. 47) for R! = i-Pr, R2 = Bn, 90 % ee (ref. 47)
o 1. Hy, Raney-Ni, MeOH, AcOH i
)J\/H 2. COCly, NEts, CHsCl 0" “NH
MeO™ " "BOC for R' = R? = Bn, 64 % (ref. 46) —
i-Pr R

Scheme 4.27
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Jorgensen et al. (ref. 48a):

. _CO,Et o NH,COZE'[
O L-proline O N"\' {
RJH v Eo,0- Ny COeE! (10 mol-%) R1)J\§/ Ncoer ﬁk/ N-coset
R R2 R 63b
63a minor,
major for R' = Me
R? R2 Major:Minor  Yield [%] oe g3a [%]
63a:63b 63a+63b
-(CHa)y- 7" 67 84
Me Me 91:9 80 95
Me Et 81:19 77 98
Me Bn 82:18 92 98
Me i-Pr 76:24 69 99
Et Me —  ----- 79 94

Brése et al. (ref. 48b):

. Et
0 N"li CO, 0
N. o~
H™ X COLEt N -COZ8n
R? R! & H
64a,b Ph” Mo
64a: R' = Me, R? = 2-naphthyl: 54 %, 86 % ee 64c: 83 %, 81 % ee
64b: R' = Me, R? = Ph: 62 %, 80 % ee
Scheme 4.28

for ee analysis) or are reacted further in a few steps to, e.g., the Evans auxiliaries 61
or protected amino acids such as 62 (Scheme 4.27). Jorgensen et al. extended the o-
amination reaction to ketones [48a]. As shown in Scheme 4.28, regioselectivity of
ca 8:2 to 9:1 (63a:63b) in favor of the amination of the more substituted a-position
was achieved, the ee of the major products (63a) being in the range 84-99%. Brise
et al. reported the o-amination of o-disubstituted aldehydes, using r-proline or
1-azetidinecarboxylic acid as catalysts [48b]. 1-Proline generally afforded higher
enantioselectivity, up to 86% ee, as for the addition product 64a shown in Scheme
4.28. On reduction of the aldehyde cyclization affords oxazolidinones such as 64c.

4.1.1.4 Cyclopropanation of Enoates with Phenacyl Halides
Gaunt et al. recently reported that tertiary amines such as DABCO catalyze the
reaction of enoates, enones, enals, o,f-unsaturated amides, nitriles, and sulfones



4.1 Intermolecular Michael Addition
o) Na,CO3, CH3CN, (l)
20 mol-% DABCO )
oAl P Ewa o ~ewa
80°C, 24 h
65
EWG Yield [%] trans:cis
CO,-t-Bu 69 > 95:5
CO-CHs3 82 > 95:5
SO,-Ph 63 > 95:5
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with o-halo carbonyl compounds in the presence of base (for example NaOH or
Na,CO;3) to yield cyclopropanes 65 in good yields and with high trans selectivity
(Scheme 4.29) [49a]. This cyclopropanation of o,f-unsaturated carbonyl compounds
is believed to proceed via the corresponding ammonium ylides and can be per-
formed (i) starting from the pre-formed quaternary ammonium salts as the ylide
precursor, (ii) in a one-pot fashion using stoichiometric amounts of DABCO and
base, or (iii) with stoichiometric amounts of base and just 20 mol% DABCO. Ex-
amples of the latter (non-enantioselective) process are shown in Scheme 4.29. By
use of chiral tertiary amines such as the alkaloid derivatives 66a,b, shown in
Scheme 4.29, the cyclopropane 65a was obtained in up to 94% ee. This asymmetric
cyclopropanation requires one equivalent of the chiral bases 66a,b. The most recent
variants of this method require only catalytic amounts of chiral cinchona bases and
afford up to 97% ee [49b, c].

4.1.2
Intermolecular Michael Addition of N- and O-nucleophiles

The Michael addition of N-nucleophiles to «f-unsaturated carbonyl compounds
is of obvious synthetic importance, e.g. for the preparation of f-amino acids
[50a]. Several metal-containing catalysts have been devised, e.g. the chiral Al-salen

n
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complexes by Jacobsen et al. that catalyze the addition of hydrazoic acid to o,f-
unsaturated imides with up to 97% ee [50Db]. In 2000 Miller et al. reported the first
highly efficient and selective organocatalysts for this purpose, the tripeptide 65
(Scheme 4.30) [51a]. On the basis of conformational studies it was assumed that
rigidification of the N-terminal histidine residue by a #-substituent should be ben-
eficial. In fact, and as summarized in Scheme 4.30, the f-methylated peptide 66
effects addition of TMS-Nj3 to several unsaturated imides with even better enantio-
selectivity [51Db]. Typically, 2.5 mol% peptide catalysts 65 or 66 were employed,
and enantiomeric excesses up to 92% was achieved (Scheme 4.30). The f-azido
imides are readily converted to f-amino acids by hydrogenation/BOC-protection
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and hydrolysis [51a]. Alternatively, cycloaddition with an alkene/alkyne leads to
triazolines/triazoles [51b].

In contrast with metal-complex catalyzed transformations [52], enantioselective
organocatalyzed intermolecular conjugate additions of O-nucleophiles seem to
be limited to peroxides such as hydrogen peroxide or tert-butyl hydroperoxide. In
these reactions the primary addition product, a -peroxy enolate, reacts further to
yield an epoxide (Scheme 4.31). Consequently, reactions of this type are covered
in Section 10.2 “Epoxidation of Enones and Enoates”.

413
Intermolecular Michael Addition of S- and Se-nucleophiles

As early as 1977, Wynberg et al. reported that under the influence of less than one
mol% (—)-quinine as chiral base, a variety of thiophenols and benzyl mercaptan
can be added to cyclohexenone in very good yield and enantiomeric excesses up to
46% [53a]. Subsequent in-depth studies by Hiemstra and Wynberg resulted in a
detailed mechanistic picture of the chiral-base catalyzed addition of thiophenols
to cyclic enones and provided enantiomeric excesses up to 75%, e.g. by using (—)-
cinchonidine 67 as the catalytic base (Scheme 4.32) [53b].

Addition of the thiophenolate anion to the f-carbon atom of the enone is the
chirality-determining step; it is, at the same time, rate-determining. The transition
state is a ternary complex comprising the catalytic base in the protonated form, the
thiophenolate anion, and the enone. The last is activated to nucleophilic attack by
hydrogen-bonding to the catalysts f-hydroxy group. The chiral cinchona bases thus
act as bifunctional catalysts.

In related studies, Mukaiyama et al. identified 2-(anilinomethyl)-1-ethyl-4-
hydroxypyrrolidine 68 as a very efficient catalyst of the addition of thiophenols to
cycloalkenones [54a—c]. This catalyst, which was prepared from hydroxyproline in
five steps, afforded up to 88% ee in the addition of thiophenols to cyclohexenone
(Scheme 4.33).

The cinchonidine-catalyzed addition of 4-tert-butylthiophenol reported by Wyn-
berg and Hiemstra has also been used for kinetic resolution of racemic 5-methyl-
2-cyclohexen-1-one: At an enone/thiophenol ratio of 2:1, the remaining enone had
an optical purity of 36% [54]. A similar procedure was employed by Asaoka et al.
for kinetic resolution of 5-trimethylsilyl-2-cyclohexen-1-one, affording 50% of the
trans adduct (57% ee, enantiomerically pure after recrystallization) with 41% of
the starting enone (59% ee) [55a].

73
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Whereas the results summarized in Scheme 4.32 were achieved under homoge-
neous reaction conditions, Colonna et al. reported the use of chiral phase-transfer
catalysts for asymmetric addition of benzyl mercaptan and thiophenols to cyclohex-
enone and derivatives [55b]. The best result was 85% yield and 36% enantiomeric
excess in the addition of thiophenol to cyclohexenone, catalyzed by ca 0.4 mol%
N-(o-nitrobenzyl)quininium chloride at 25 °C. In this experiment, CCl, served as
solvent and solid KF as the base. Finally, Aida et al. reported in 1996 that chiral
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N-alkylated porphyrins can also serve as catalytic bases in the asymmetric addi-
tion of thiophenols to enones [55¢|]. In the most selective example (addition of
2-methylthiophenol to cyclohexenone), 55% ee was achieved.

As early as 1977 Pracejus et al. investigated alkaloid-catalyzed addition of thiols
to o-phthalimido acrylates, methylene azlactones, and nitroolefins [56a]. In the
former approach, protected cysteine derivatives were obtained with up to 54% ee.
Mukaiyama and Yamashita found that addition of thiophenol to diisopropyl mal-
eate in the presence of cinchonine (10 mol%) proceeds in 95% yield and that
the product, (S)-phenylthiosuccinate, was formed with 81% ee [56b]. The latter
Michael adduct was used as starting material for preparation of (R)-(+)-3,4-epoxy-
1-butanol. In the course of an asymmetric total synthesis of (+)-thienamycin Ike-
gami et al. studied the substitution of the phenylsulfonyl substituent in the azetidi-
none 69 by thiophenol in the presence of cinchonidine (Scheme 4.34) [56¢]. This
substitution probably proceeds via the azetinone 70. In this reaction the phenyl-
thioazetidinone 71 was obtained in 96% yield and 54% ee. Upon crystallization,
the optically pure substitution product 71 was obtained from the mother liquor
[56c].

Kobayashi et al. studied the alkaloid-catalyzed addition of thioglycolic acid to
trans-f-nitrostyrenes and other nitroolefins [57a]. Under carefully controlled reac-
tion conditions 58% ee was achieved in the addition of thioglycolic acid to (unsub-
stituted) trans-f-nitrostyrene and 37% ee for a non-aromatic nitroolefin. Similar

75
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enantioselectivity was achieved by Wynberg et al. in the alkaloid-catalyzed addition
of thiocarboxylic acids to cyclohexenones [57b] and enoates [57c]. Interestingly, it
was observed in the study by Kobayashi et al. [57a] that not only did the rate of
reaction and extent of asymmetric induction vary with catalyst/substrate ratio, but
the sense of induction also. This observation stresses the importance of higher
aggregates in this particular reaction and pinpoints an important condition for op-
timization of other, related, processes. The use of acrylonitrile—cinchona alkaloid
copolymers by the same authors in the addition of benzyl mercaptan to trans-$-
nitrostyrene resulted in low enantiomeric excess (< 18%) [57d]. Similar results
were obtained by Hodge et al. [57e]. The latter authors also studied the addition
of thiophenol and thiobenzoic acid to cyclohexenone in the presence of polymer-
bound cionchone alkaloids (ee max. 45%) [57e]. The soluble PEG-bound cinchona
alkaloid catalysts prepared by Benaglia et al. afforded 22% ee in the addition of thio-
phenol to cyclohexenone [57f]. Sera et al. investigated the effect of high pressure
on the enantioselectivity of addition of thiophenol to cyclohexenones [58]. As a
general trend, enantioselectivity decreased with increasing pressure. For example,
addition of 4-tert-butyl thiophenol to cyclohexenone was reported to occur at atmo-
spheric pressure with 50% ee [ca. 1 mol% quinine (3a Scheme 4.3)] as catalyst, in
toluene) whereas 41% ee was obtained at 900 MPa. This general trend was inter-
preted in terms of the pressure susceptibility of the diastereomorphic transition
states leading to the enantiomeric products [58].

The highest enantioselectivity (up to >99%) yet achieved in the addition of
S-nucleophiles to enones was reported in 2002 by Deng et al. [59]. By systematic
screening of monomeric and dimeric cinchona alkaloid derivatives they identified
the dihydroquinidine—pyrimidine conjugate (DHQD),PYR (72, Scheme 4.35) as
the most effective catalyst. This material is frequently used in the Sharpless asym-
metric dihydroxylation and is commercially available. Screening of several aromatic
thiols resulted in the identification of 2-thionaphthol as the nucleophile giving best
yields and enantioselectivity. Examples for the (DHQD),PYR-catalyzed addition of
2-thionaphthol to enones are summarized in Scheme 4.35.

There seem to be very few examples of organocatalytic Michael additions of
Se-nucleophiles, and these are limited to the addition of selenophenols to enones
(Scheme 4.36) [3, 60]. As shown in the scheme, Wynberg and Pluim achieved
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moderate ee by using (—)-cinchonidine 73 as the chiral base. The enantiomeric pu-
rity of the crystalline Michael-adducts could be significantly enhanced by repeated
recrystallization (> 85% ee). According to Wynberg and Pluim, the selenoketones
thus obtained could be converted into enantiomerically enriched allylic alcohols by

diastereoselective ketone reduction then oxidative elimination of the arylselenyl
ether moiety [60].
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4.2
Intramolecular Michael Addition

4.2.1
Intramolecular Michael Addition of C-nucleophiles

Only three examples of intramolecular organocatalyzed and enantioselective Mi-
chael additions of C-nucleophiles seem to have been reported in the literature. In
1979 Wynberg and ten Hoeve reported the (—)-quinine-catalyzed double Michael
addition of the 1,3-diones 74a,b to the 1,5-disubstituted pentadien-3-ones 75a—c
(Scheme 4.37) [61].

Both the cis- and the trans-disubstituted spiranes resulted, in different ratios, de-
pending on the reaction conditions. Clearly, the trans spiranes are chiral. The first
conjugate addition to the Michael acceptors 75a—c is intermolecular in nature and
defines the sense of chirality at the first chiral center. Subsequent intramolecular
ring closure to the spiranes 76 defines the cis or trans configuration of the product.
When cyclohexane-1,3-dione (74a) was reacted with dibenzalacetone (75a) in the
presence of ca 5 mol% (—)-quinine (3a, Scheme 4.3), a 2.5:1 trans/cis mixture re-
sulted, with the trans isomer 76 having optical purity of ca 30% (Scheme 4.37) [61]
(the absolute configuration of the predominant enantiomer was not assigned).

The bicyclo[3.2.1]octane rac-78 is an intermediate in the synthesis of hirsutic
acid (rac-79), published in 1979 by Trost et al. (Scheme 4.38) [62]. It is prepared
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by base-catalyzed intramolecular Michael-reaction of the achiral cyclohexanone 77
(Scheme 4.38). When the cyclization of 77 is induced by (—)-quinine (3a, Scheme
4.3), the two enantiomers of the bicyclic compound 78 were obtained in a ratio
of 65:35 [62] (the absolute configuration of the predominant enantiomer was not
assigned).

The third example is summarized in Scheme 4.39. Momose et al. used equimo-
lar amounts of enantiomerically pure (R)- or (S)-phenethylamine to induce cycliza-
tion of the keto enoates 80 and 81 [63]. The trans-configured pyrrolidine (82) and
piperidine (83) building blocks were obtained in quite satisfactory chemical yields
and with enantiomeric excesses up to 90%.

422
Intramolecular Michael Addition of O-nucleophiles

Ishikawa et al. employed the (—)-quinine-catalyzed cyclization of the o-tigloylphenol
87 and the o-angeloylphenol 86 in the synthesis of the potential anti-HIV-active
natural product (+)-calanolide A (86, Scheme 4.40) [64, 65]. In a model study it
was first shown that the o-tigloylphenol 84 (Scheme 40, top) can be cyclized by
(—)-quinine to afford a 1:1 mixture of the cis product 85a (87% ee) and the trans
product 85b (racemic) [64]. The analogous use of (4)-quinidine gave rise to the
enantiomeric products, again with the trans product being racemic, and with 75%
ee of the cis product ent-85a. A careful study of solvent effects led to identification
of chlorobenzene as the optimum medium. As shown in Scheme 40 (bottom),
cyclization of the o-tigloylphenol 87 in chlorobenzene afforded an 8:2-mixture of

79



80 | 4 Nucleophilic Addition to Electron-deficient C=C Double Bonds

Ph Ph

N N
J me”a Jj WYC“S
|
EtO,C (6] (o]
80 EtOC 81

(R)-phenethylamine (100 mol-%)
5°C, THF, 5 AMS

Ph Phﬁ

W
o

0
N AN L
2 W CH3 h H
EtO,C H

H
EtO.C

82, 96 %, 61 % ee 83, 82 %, 90 % ee
Scheme 4.39

the cis (89a) and trans (89b) precursors of (+)-calanolide A (86), in which the
cis product 89a was formed with 98% ee [65]. Under similar conditions, the
o-angeloylphenol 88 gave a 32:68 cis (89a) to trans (89b) mixture, with 78% ee of
the trans product 89b [65]. See ref. 66 for a recent example of an alkaloid-catalyzed
asymmetric chromane synthesis by Merschaert et al.

There appear to be no reports of asymmetric organocatalytic intramolecular
Michael additions of N-, S- or Se-nucleophiles.

Conclusions

Asymmetric Michael additions catalyzed by chiral bases or phase-transfer catalysts
based on alkaloids are among the first catalytic asymmetric transformations ever
achieved — the earliest examples date back to the 1970s. In these pioneering stud-
ies, enantiomeric excesses were not usually in a range suitable for preparative
applications — values “in the eighties” were exceptional and achieved only rarely.
The past 5-10 years, however, have seen dramatic advances in the field of organo-
catalyzed Michael additions. Conjugate additions of C-nucleophiles to a variety of
o,f-unsaturated carbonyl compounds and to nitroolefins can currently be per-
formed with readily available organocatalysts operating by intermediate formation
of iminium cations or enamines. Enantiomeric excesses exceeding 90-95% have
been achieved in numerous reactions. Many synthetically extremely useful Michael
adducts have been made readily available in enantiomerically pure form by use of
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the two types of organocatalysis described above. Chiral bases and phase-transfer
catalysts (PTC) have also been applied in the addition of both C- and hetero-
nucleophiles, and enantioselectivity > 95% ee has been achieved. It is probable
that the further optimization of existing types of base and PTC will provide even
greater generality. In this context it is particularly noteworthy that for the conjugate
addition of azide to o,f-unsaturated imides, peptide catalysts have been shown
to afford excellent yields and enantioselectivity. This class of compounds is par-
ticularly suitable for (combinatorial) adaptation to a given catalytic task [67]. Poten-
tial for further improvement of organocatalytic Michael additions may be seen
in shortening the reaction times. This aspect (too) surely warrants further research
effort.
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5
Nucleophilic Addition to C=N Double Bonds

5.1
Hydrocyanation of Imines (Strecker Reaction)

The Strecker reaction [1] starting from an aldehyde, ammonia, and a cyanide
source is an efficient method for the preparation of s-amino acids. A popular
version for asymmetric purposes is based on the use of preformed imines 1 and
a subsequent nucleophilic addition of HCN or TMSCN in the presence of a chiral
catalyst [2]. Besides asymmetric cyanations catalyzed by metal-complexes [3],
several methods based on the use of organocatalysts have been developed [4-14].
The general organocatalytic asymmetric hydrocyanation reaction for the synthesis
of o-amino nitriles 2 is shown in Scheme 5.1.

Asymmetric Organocatalytic

3 3
N~ R Strecker Reaction H‘N’ R
|
R1)\R2 + HCN R‘l /]\CN
+ Organocatalyst R?
1 2
Scheme 5.1

Interestingly, completely different types of organocatalyst have been found to
have catalytic hydrocyanation properties. Among these molecules are chiral diketo-
piperazine [4, 5], a bicyclic guanidine [6], and imine-containing urea and thiourea
derivatives [7-13]. All these molecules contain an imino bond which seems to be
beneficial for catalyzing the hydrocyanation process. Chiral N-oxides also promote
the cyanosilylation of aldimines, although stoichiometric amounts of the oxides are
required [14].

5.1.1
Chiral Diketopiperazines as Catalysts

The first catalytic asymmetric Strecker reaction was reported by the Lipton group
using the cyclic dipeptide 5 as an organocatalyst [4, 5, 15]. This diketopiperazine 5
was prepared starting from (S)-phenylalanine and (S)-xz-amino-y-guanidinobutyric

Asymmetric Organocatalysis. Albrecht Berkessel and Harald Groger
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acid. The presence of the basic guanidine side-chain was found to be a prerequisite
for asymmetric induction. It is worthy of note that replacing the guanidine moi-
ety by an imidazole moiety led to a non-enantioselective reaction (although the
latter catalytic system had previously been shown to be suitable for enantioselec-
tive preparation of optically active cyanohydrins — see Section 6.1 and Ref. [16]).

The reaction is performed with small amounts of catalyst — 2 mol% only [4]-,
and a broad variety of N-substituted imines were found to be suitable as a sub-
strate. Good to excellent enantioselectivity, in the range 80-99% ee, was usually ob-
tained when using imines derived from benzaldehyde or electron-deficient alde-
hydes, although there are some exceptions. Scheme 5.2 shows the substrate range
of this asymmetric diketopiperazine-catalyzed hydrocyanation developed by the
Lipton group. For example, the amino nitrile (S)-4a was formed in high (97%)
yield and with an excellent enantioselectivity (> 99% ee). In contrast, heteroatom-
substituted aromatic imines resulted in substantially lower enantioselectivity. For
example, enantioselectivity of 32% ee and <10% ee was obtained on starting from
2-furyl- and 3-pyridyl-containing imines, respectively. The organocatalyst 5 does not
seem to be suitable for hydrocyanations of imines derived from alkyl-substituted
aldehydes. For example, poor enantioselectivity of 17% ee or less was obtained for
the amino nitriles (S)-4i, and (S)-4j.

The catalytic properties of the dipeptide were very sensitive to conditions such as
solvent viscosity, enantioselective autocatalysis, and the method of crystallization of
the catalyst. The last of these is particularly surprising, because 5 does not act as a
heterogeneous catalyst but is soluble under the reaction conditions.

It should be added that attempts to perform a direct Strecker reaction starting
from benzaldehyde, ammonia, and hydrocyanide in the presence of the organo-
catalyst 5 were also made by the Lipton group [4]. The resulting amino nitrile,
however, was found to be racemic [4].

5.1.2
Chiral Guanidines as Catalysts

The Corey group developed an efficient asymmetric Strecker reaction based on use
of catalytic amounts of the C,-symmetric guanidine 6 [6]. The organocatalyst 6 is a
completely different type of guanidine in which the guanidine functionality is em-
bedded in a bicyclic framework [6]. In the presence of this catalyst high enantiose-
lectivity was obtained when imines bearing an N-benzhydryl substituent were used
as substrate. The choice of the N-substituent is important, because — in contrast —
N-benzyl or N-(9-fluorenyl)-substituted imine substrates gave low enantioselectivity
(0-25% ee). The hydrocyanation is typically performed with a catalytic amount of
10 mol% of 6 and has been shown to be general for a broad range of substituted
aromatic imines. Enantioselectivity was in the range 80-88% ee for p-substituted
benzaldimines whereas the o-substituted methylbenzaldimine and 1-naphthylaldi-
mine gave somewhat lower enantioselectivity (50% ee and 70% ee, respectively).
Compared with the diketopiperazine-catalyzed hydrocyanation described above,
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Scheme 5.2

aromatic substrates led to slightly lower enantioselectivity. It is, however, worthy
of note that, in contrast with the diketopiperazine-catalyzed hydrocyanation, use of
aliphatic aldimines as substrates led to good results with high yields (ca. 95%) and
enantioselectivity in the range 63-84% ee (Scheme 5.3).
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Scheme 5.4

The catalyst 6 can be recovered for re-use in 80-90% yield by extraction with
oxalic acid. The a-amino nitrile products were easily transformed into the corre-
sponding o-amino acids by removing the benzhydryl group by hydrolysis in HCL.

The reaction mechanism proposed by the Corey group is shown in Scheme 5.4
[6]. The initial step is the formation of a guanidinium cyanide complex, 7; this is
followed by generation of complex 8. In this complex 8 both components (imine
and cyanide) are attached to the organocatalyst by hydrogen bonds [6]. In this con-
text, an interesting experimental result is that the N-methylated catalyst is inactive.
This indicates the mechanistic importance of the hydrogen atom (attached to the
nitrogen) in binding the nitrogen of the imine bond in the transition state. Subse-
quent steps are the formation and release of the optically active o-amino nitrile (R)-
4a. The Corey group also modeled transition state assemblies and thereby ex-
plained the opposite configurations obtained for aromatic and aliphatic a-amino
nitrile products 4 [6].

5.1.3
Chiral Ureas and Thioureas as Catalysts

A very efficient method for hydrocyanation of aldimines and ketimines has been
developed by the Jacobsen group. Chiral urea or thiourea derivatives containing
an imine bond of type 9 and 10 were used as organocatalysts [7-13]. The core
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urea or thiourea

unit
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.-
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0 AR 2 unit

HO
9 (X=S) R3
10 (X=0) But o’
Scheme 5.5

structure and typical structural parts of these types of organocatalyst are shown
in Scheme 5.5. Besides the urea or thiourea unit these organocatalysts contain a
substituted salicylaldimine and enantiomerically pure 1,2-cyclohexyldiamine units.
An optically active alkyl o-amino acid, preferably 1-tert-leucine, is also integrated in
these catalysts.

This new type of organocatalyst was found by parallel screening [7]. Investiga-
tion of numerous variants of Schiff base organocatalysts led to an optimized
catalyst of type 9 bearing substituents on the salicylaldimine unit and thiourea
functionality. In the presence of 2 mol% of such a catalyst of type 9 asymmetric
hydrocyanation gave the o-amino nitrile (R)-12a in 78% yield and with 91% ee [7].
Detailed investigation of scope and limitations was performed with the further op-
timized soluble urea catalyst, 10a [10]. In the presence of 2 mol% 10a yields of up
to 74 to 99% and enantioselectivity of 77 to 97% ee were obtained for the corre-
sponding aromatic o-amino nitriles, e.g., (R)-12a—h (Scheme 5.6) [10]. For exam-
ple, a yield of 74% and improved enantioselectivity of 95% ee were observed for
the product (R)-12a. Higher yields (at least 87%) and excellent enantioselectivity
also were obtained for substituted N-allyl benzaldimines (R)-12b-12h.

In addition, acyclic aliphatic N-allyl imines and cycloalkylimines were acceptable
starting materials for the asymmetric hydrocyanation and enantioselectivity of up
to 95% ee was obtained by use of 10a as catalyst [10]. Representative examples of
the range of substrates are summarized in Scheme 5.6. It should be added that as
an alternative to the N-allyl imines the analogous N-benzyl imines can be effi-
ciently used as starting material [10]. An optimized procedure for preparation of
the catalyst 10a has recently been reported by the Jacobsen group [11].

Jacobsen et al. have also demonstrated the usefulness of this method for asym-
metric hydrocyanation of cyclic imines [10]. An example is the efficient synthesis
of (R)-14 in 88% yield and with 91% ee (Scheme 5.7). Thus, in addition to the hy-
drocyanation of acyclic imines which are mainly E-isomers, Z-imines can also be
used efficiently.

The Jacobsen group also achieved process improvement with respect to catalyst
immobilizaion and recycling [10]. In this recycling study a polymer-supported
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1. 10a (2 mol%), HCN,
toluene, -70°C, 20h N CFs
_N g

2. TFAA N O

13 (R)-14
88% yield
91% ee
Scheme 5.7

catalyst of type 9 has been re-used very efficiently, maintaining both high yields
(96-98%) and enantioselectivity (92—-93% ee) over (at least) ten reaction cycles [10].
A specific advantage is the easy separation of this immobilized catalyst from the
reaction mixture.

It should be added that Jacobsen-type hydrocyanation has already been commer-
cially applied for production of optically active a-amino acids at Chirex (see also
Chapter 14).

Very recently further optimization was achieved on the basis of rational “mecha-
nism-driven’” optimization (for this mechanistic study [12], see the corresponding
section below). The resulting, further improved catalyst 10b was found to be supe-
rior to 9 and 10a, and is the most enantioselective Strecker catalyst yet prepared
[12]. Starting from both aliphatic and aromatic aldimines, excellent enantioselectiv-
ity in the range 96-99.3% ee was obtained even in the presence of only 1 mol%
10b. An overview of the excellent enantioselectivity obtained with 10b, and compar-
ison with ee values obtained in the presence of catalyst 10a, are given in Scheme
5.8.

The Jacobsen group successfully extended the range of application of these or-
ganocatalysts to the first highly enantioselective hydrocyanation of ketimines [13].
This reaction gives o-amino nitriles, e.g. of type 18, bearing a stereogenic quater-
nary carbon center, which are suitable precursors for synthesis of o,a-disubsti-
tuted z-amino acids. The optimized reaction system consists of the soluble catalyst
10a (2 mol%) in combination with N-benzyl-substituted ketimines. Study of the
substrate range revealed enantioselectivity was usually high with 88-95% ee for a
broad variety of N-benzylated aromatic substrates 17 (Scheme 5.9) [13]. For exam-
ple, the amino nitrile (R)-19a was obtained in 97% yield and with 90% ee. O-Sub-
stituted ketimines, however, are not good substrates. This is exemplified by the
synthesis of (R)-18h in 45% yield and 42% ee only. Aliphatic imines also can serve
as good substrates. For example, use of N-benzyl tert-butylmethylimine, 17i, as a
selected aliphatic imine led to (R)-18i in 98% yield and with 70% ee. Some of the
samples of (R)-18 were obtained in the crystalline form, so that further enhance-
ment of enantiopurity by recrystallization was possible and led to enantiomerically
pure products with impressive >99.9% ee and 75-79% overall isolated yields (e.g.
for (R)-18c, and (R)-18e,f). On the basis of the sz-amino nitriles (R)-18, attractive
access to quaternary «-amino acids was realized after subsequent formylation and
hydrolysis of the «-amino nitriles.

A very detailed structural and mechanistic study of this method has also been
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Scheme 5.8

conducted by the Jacobsen group [12]. This study showed that the Schiff base cata-
lyst 10a has a well-defined secondary structure in solution. The hydrocyanation
reaction proceeds according to a Michaelis—Menten kinetic model with first order
dependence on 10a and HCN and saturation kinetics with regard to the imine sub-
strate. Reversible formation of a complex between 10a and the imine, by hydrogen
bonding, was therefore postulated [12]. The two urea hydrogen atoms in 10a have
been identified as the relevant protons involved in this hydrogen bond formation.
In addition, the Strecker reactions involve binding of the imine as the Z isomer.

A 3D-structure of the substrate—catalyst complex, which was supported by mo-
lecular modeling, revealed that the large group of the imine is directed away from
the catalyst. This complex of the catalyst with the Z imine, and a solution structure
of the organocatalyst, are shown in Figure 5.1 [12]. This explains the broad sub-
strate tolerance which is independent of steric or electronic properties. A further
important hypothesis is that addition of HCN occurs over the diaminocyclohexane
framework in 10a; this led to the prediction that a more bulky amino acid/amide
portion should give a further improved catalyst. This conclusion led to (model-
driven) optimization which resulted in the improved and highly enantioselective
Strecker catalyst 10b (for preparative results with this catalyst see Scheme 5.8 and
related text) [12].
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d
Fig. 5.1.  (A) Solution structure of catalyst 10a and (B, C) two
views of the complex generated on binding of a Z imine, as
determined by NMR spectroscopy. (From Ref. [12] with
permission from the ACS.)

5.1.4
Chiral N-Oxides as “Catalysts”

The Feng group showed that organic molecules without an imine bond also seem
to be able to catalyze the cyanation of imines [14]. In the presence of (stoichiomet-
ric) amount of a chiral N-oxide, 19, addition of trimethylsilylcyanide to several
types of aldimine gave the desired o-amino nitriles with enantioselectivity up to
73% ee [14]. For example, (S)-4a is obtained in 95% vyield and with 58% ee
(Scheme 5.10). In addition to medium enantioselectivity, a drawback of this
method is the need for stoichiometric amounts of the chiral N-oxide. The use of
trimethylsilylcyanide is also less recommendable than HCN from both atom-
economical and industrial considerations.

In conclusion, great achievements have recently been made in organocatalytic
asymmetric hydrocyanation of imines. The organocatalysts developed are highly ef-
ficient with regard to both yield and enantioselectivity. The variety of catalysts also
indicates high potential for future work. The current situation is a good starting
point for new applications in the field of a-amino nitriles and derivatives thereof
(in particular e-amino acids). Among future challenges is the development of direct
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H.
N Ph (100 mol%) N Ph
TMSCN, CHCl,, ©/\CN
3a -25 or -75 °C, 48h
(S)-4a
95% yield
58% ee
Scheme 5.10

access to the Strecker products starting from aldehyde, amine, and hydrogen cya-
nide [17]. Thus, isolation of the preformed imine could be avoided leading directly
to the desired «-amino nitriles and acids in a three-component, one-pot reaction.

A graphical summary of the developed organocatalytic hydrocyanation methods
and comparison of their main key features are given in Scheme 5.11.

Catalyst Substrate Catalytic Range of Range of
structure range amount yield [%] ee [%]

(not NOo- subst.
and heteroatoms)

aromatic, 10 mol% 80-99 50-88

H
HN \/Nj]/ NH, aromatic 2 mol% 82-97 80-99
H( NH NH aldimines
o)
5
OO ==

N/J\N aldimines

H

132 Bu X
1/N 2 JJ\ W
R ONTON aromatic, 1-2 mol% 65-98 77-99
o H H

Ny aliphatic
aldimines and
HO L 45-100 42-95
9 (X=S) :Ej\ \ ketimines
10X=0) 5, o R

Scheme 5.11
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5.2
The Mannich Reaction

The Mannich reaction [18, 19] is a widely applied means of producing f-amino car-
bonyl compounds starting from cheap and readily available substrates. In this reac-
tion an aldehyde 20, an amine 21, and a ketone 22 react in a three-component—
one-pot synthesis (Scheme 5.12, pathway 1). As a synthetic alternative, the reaction
can also be performed as a nucleophilic addition of a C-nucleophile 22 to a pre-
formed imine 24 which is prepared starting from the aldehyde and an amine
source (Scheme 5.12, pathway 2).

An asymmetric Mannich reaction was recently successfully achieved by means of
different types of catalyst, metal- and organocatalysts [20, 21]. With the latter the
reaction can be performed asymmetrically by use of 1-proline and related com-
pounds as chiral organocatalyst [22-35]. A key advantage of the proline-catalyzed
route is that unmodified ketones are used as donors, which is synthetically highly
attractive. In contrast, many other asymmetric catalytic methods require preformed
enolate equivalents as nucleophile.

In addition, chiral Schiff base catalysts, which were developed previously for the
Strecker reaction, were also found to be suitable catalysts for the Mannich reaction
starting from imines and enolates [36, 37]. Very recently, further efficient organo-
catalysts for the Mannich reaction, such as chiral pyrrolidinyltetrazole and chiral
binaphthyl phosphoric acids, have been reported [38].

5.2.1
Enantioselective Direct Mannich Reaction: Products with One Stereogenic Center

Optically active f-amino ketones (S)-28 with one stereogenic center can be effi-
ciently prepared in the presence of 35 mol% tr-proline (S)-27 with acetone as a
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o
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O HN" CH, O HN~ O HN~
2 8 CH “__CH
HaC CH3 HSC 3 ch 3
(S)-28d (S)-28e (5)-28f CHa
90% yield 74% yield 56% yield
93% ee 73% ee 70% ee
Scheme 5.13

ketone nucleophile [22]. The corresponding three-component Mannich reactions,
developed by List et al., furnished the f-amino ketones (S)-28 with enantioselectiv-
ity in the range 70 to 96% ee (Scheme 5.13). The yields varied substantially, from
35 to 90%, depending on the type of substrate. This catalytic method [22-24] was
applied to a series of different aromatic and aliphatic aldehydes. The best enantio-
selectivity was achieved with aromatic substrates, resulting in the formation of the
corresponding products (S)-28a, and (S)-28b with 94% ee and 96% ee, respectively.
With aliphatic substrates enantioselectivity varied substantially. High ee can, how-
ever, also be achieved for those substrates, as shown for the product (S)-28d with
93% ee.

The right choice of amine plays an important role in the synthetic utility of this
organocatalytic Mannich reaction. For synthesis of Mannich products bearing a pri-
mary amino group the use of amines with readily removable nitrogen substituents
is desirable. A preferred amine, p-anisidine 25 was found to form PMP-protected
f-amino ketones 28 in the Mannich reaction. This PMP protecting group has the
advantage that it can be easily removed under oxidative conditions in a subsequent
transformation [22, 23]. Other aniline derivatives have been also studied but
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Scheme 5.14

were found to afford less satisfactory yields and enantioselectivity [23]. Thus, the
discovery of other suitable amine components, leading to (more) easily removable
protecting groups would be desirable to broaden the applicability of this challeng-
ing proline-catalyzed Mannich reaction.

Very recently, the List group applied this proline-catalyzed Mannich reaction effi-
ciently in multi-step syntheses of several a-amino acid derivatives, such as pro-
tected 1,2-amino alcohol derivatives and oxazolidin-2-ones [25].

Under the reaction conditions used in the one-pot Mannich reaction described
above, r-proline (S)-27 was clearly found to be the preferred organocatalyst. As is
apparent from Scheme 5.14, the best yield (90%) and enantioselectivity (93% ee)
were obtained by use of this organocatalyst [23]. The suitability of all other organo-
catalysts used in this one-pot reaction, using 3-methylbutanal as aldehyde, was
poor. Remarkably lower yields and poor enantioselectivity were obtained when
the thiazolidine catalyst (S)-31 and other pyrrolidine-based organocatalysts were
used.

Interestingly, however, another comparative study [24] revealed the capacity of
other amines related to r-proline (S)-27 to function as organocatalysts in the Man-
nich reaction under modified reaction conditions [24]. As shown for a model reac-
tion using preformed imines derived from o-anisidine, the thiazolidine carboxylic
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acid (S)-31 and a protonated salt of the diamine (S)-32, had comparable catalytic
properties [24]. Nevertheless, so far it seems that in general 1-proline is superior
to those other organocatalysts for the asymmetric Mannich reaction.

Mechanistically it seems that the reactions follow an enamine mechanism, in
which the enamine derived from the ketone and proline reacts with the imine
formed in situ from the aldehyde and p-anisidine.

An interesting extension of this Mannich reaction was reported very recently by
the Barbas group [26]. An a-imino glyoxylate 33 was used as a (preformed imine)
starting material. The corresponding Mannich reaction furnished directly function-
alized a-amino acids of type (S)-34 (see also the selected example in Scheme 5.15)
which are difficult to synthesize by other synthetic routes.

In the presence of r-proline (20 mol%) as catalyst and acetone as a solvent
(Scheme 5.15), the product (S)-34 was isolated in 86% yield and with excellent
enantioselectivity (99% ee). When the reaction was carried out in (4:1) DMSO/
acetone solvent, yield and enantioselectivity decreased slightly (82% yield; 95% ee).

D—-COQH
N
PMP..

H _PMP
o} N L-proline (S)-27 O HN

| % :
AN (20 mol%) H3CJ\/\COQEt

H3C)J\CH3 + H 002Et
acetone as solvent,

S)-34
-9 33 2-24h, rt (
(100 vol-%) ’ 86% vyield
99% ee
(PMP = p-methoxyphenyl)
Scheme 5.15
5.2.2

Enantio- and Diastereoselective Direct Mannich Reaction: Products with Two
Stereogenic Centers

It is worthy of note that — similarly to the proline catalyzed aldol reaction — the
Mannich reaction can also be extended to an enantio- and diastereoselective pro-
cess in which two stereogenic centers are formed in one step, although using
non-chiral starting materials (Scheme 5.16) [22, 23, 26, 27, 28]. In these reactions
substituted acetone or acetaldehyde derivatives, rather than acetone, serve as donor.
In contrast with the anti diastereoselectivity observed for the aldol reaction (Section
6.2.1.2), the proline-catalyzed Mannich reaction furnishes products with syn dia-
stereoselectivity [23]. A proline-derived catalyst, which led to the formation of anti
Mannich products has, however, been found by the Barbas group [29].

The List group developed an efficient synthesis for syn Mannich products by
using proline as a catalyst and ketone donors [23]. Starting from 2-butanone as
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donor and p-nitrobenzaldehyde as acceptor a 2.5:1 regioisomeric mixture was ob-
tained (combined yield of regioisomers 96%) [23]. The enantioselectivity (up to
99%) and diastereoselectivity (d.r. > 39:1) were high. For other substituted acetone
derivatives, for example methoxy- or hydroxyacetone, the formation of products
resulting from the more substituted a-side of the ketone is favored with high regio-
selectivity, and the major regioisomer only was isolated and characterized [23].

Use of hydroxyacetone as donor in the asymmetric Mannich reaction led to the
formation of optically active syn f-amino alcohols bearing two stereogenic centers
[22, 23]. In the presence of 35 mol% 1-proline as organocatalyst several types of syn
B-amino alcohol syn-35 were successfully synthesized with enantioselectivity up to
99% ee and high diastereomeric ratio. For example, a high yield of 92%, a diaster-
eomeric ratio of 20:1, and enantioselectivity >99% ee were observed by List et al.
for formation of the syn f-amino alcohol 35a (Scheme 5.17) [23]. In addition to hy-
droxyacetone the methylated derivative methoxyacetone was also applied success-
fully in this reaction (93% yield, d.r. > 39:1, >99% ee).

The Mannich reaction using PMP-protected a-imino glyoxylate, 33, can also be
conducted enantio- and diastereoselectively when using substituted acetone deriva-
tives, as has been successfully shown by the Barbas group [26-28]. Several types of
ketone are accepted as donors in the presence of 20 mol% of 1-proline as catalyst
[26]. This type of Mannich reaction provides keto-functionalized syn a-amino acid

[B—-COZH
N

H .PMP
L-proline (S)-27 O HN

NH, \
Q 0 (20 mol-%) -
Hsc)H + + H)K©\ o HsC éH
DM
H
0 NO, NO
)

(10 vol-% OCHg; 35a_
92% yield

dr (syn/anti) 20:1
>99% ee

2

25
(1.1 equiv.)

Scheme 5.17
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esters in high yields and with excellent regio-, diastereo-, and enantioselectivity. In
contrast with other methods leading to these target molecules, this approach uses
achiral, readily available substrates which can be directly converted into the desired
products in a one-pot reaction. Thus, this new method is an unusual but innova-
tive and efficient way of producing non-natural optically active «-amino acids based
on an inexpensive and environmental friendly catalyst.

It is worthy of note that the choice of donor is not restricted to ketones. The Bar-
bas group also successfully applied acetaldehyde and derivatives thereof as suitable
donors (Scheme 5.18) [27, 28, 30]. This reaction is the first example of a catalytic
asymmetric Mannich reaction using unmodified aldehydes. Under optimized reac-
tion conditions the resulting products, e.g. 35b—e, were obtained with excellent
enantioselectivity in the range 93 to 99% ee (Scheme 5.18). The yields were in the
range 57 to 89%. The diastereomeric ratio differs significantly, from 3:1 to >19:1,
depending on the type of aldehyde donor. The optically active products are interest-
ing intermediates for preparation of f-lactams and y-amino alcohols bearing two
stereogenic centers. During optimization of the reaction conditions it was found
that in the presence of 1,4-dioxane as solvent the amount of catalyst could be re-
duced to 5 mol% [28]. Study of a broad range of proline derivatives to determine
their catalytic potential revealed that proline, in particular, hydroxyproline, and its
tert-butyl ether derivative are efficient [28].

The Barbas group also showed that aromatic aldimines are suitable substrates for

D—CozH
N
H

.PMP
0 PMP\N L-proline (S)-27 o H'}‘
g (5 mol%), A
H Y CO,Et
H + H CO,Et . Z
R dioxane, 2-24h, rt R
(1.5 equiv.) 33 (5,5)-35
(PMP = p-methoxyphenyl)
Selected Mannich products
o HN’PMP o HN/PMP o HN,PMP o HN,PMP
H)J\_;/\COQEt HJ\i/\CogEt HJ\E/\COZEt HJ\E/\CogEt
CHg CoHs CH(CHg), n-CsHyq
(S,S)-35b (S,S)-35¢ (S,S)-35d (S,S)-35e
72% yield 57% yield 81% yield 81% yield
dr (syn/anti) : dr (syn/anti): dr (syn/anti): dr (syn/anti):
1.1:1 (3:1) 1.5:1 (7:1) 10:1 (19:1) >19:1 (>19:1)
99% ee 99% ee 93% ee 99% ee

(dr values in parantheses are referring to those determined from the crude products)
Scheme 5.18
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the Mannich reaction with unmodified aldehydes [28]. This reaction also proceeds
with formation of the desired products in good yields and with high diastereo- and
enantioselectivity. A selected example is shown in Scheme 5.19. The addition of
propanal to imine 35 gave the product syn-(S,S)-36a with a high diastereoselectivity
and an excellent enantioselectivity (99% ee). This type of Mannich reaction toler-
ates amounts of water up to 10% (v/v) without loss of enantioselectivity [28].

Extension of this reaction toward a one-pot asymmetric Mannich-hydrocyanation
reaction sequence was also reported by the Barbas group [29]. In this one-pot two-
step process proline-catalyzed asymmetric Mannich reaction of unmodified alde-
hydes with the «-imino glyoxylate was performed first, then diastereoselective in
situ cyanation. The resulting f-cyanohydroxymethyl a-amino acids were obtained
with high enantioselectivity (93-99% ee) [29]. Another one-pot two-step reaction
developed by Barbas et al. is the Mannich-allylation reaction in which the proline-
catalyzed Mannich reaction is combined with an indium-promoted allylation [30].
This one-pot synthesis was conducted in aqueous media and is the first example of
a direct organocatalytic Mannich reaction in aqueous media [28, 30].

The Barbas and Hayashi groups also independently showed that instead of using
preformed imines, the imine can be formed in situ [28, 31, 32]. The resulting one-
pot three-component Mannich reaction starting from aliphatic and an aromatic
aldehyde and p-anisidine gave the desired syn Mannich products with high dia-
stereoselectivity and excellent enantioselectivity (up to >99% ee) [28, 31, 32]. A
selected example is shown in Scheme 5.20, Eq. (1) [31]. It is worthy of note that
only minimal amounts of undesired cross-aldol products or self-Mannich products
are formed. In the absence of a second (aromatic) aldehyde, however, aliphatic
aldehydes undergo direct asymmetric self-Mannich reaction catalyzed by proline
[28]. Making use of this modified one-pot Mannich reaction, several self-Mannich
products were formed, usually with high enantioselectivity. A selected example is
given in Scheme 5.20, Eq. (2) [28].

Development of a method for formation of the opposite diastereomers, i.e. anti
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Scheme 5.20

Mannich products, has also been reported by the Barbas group [33]. Using the (S)-
2-methoxymethylpyrrolidine (S)-37 as catalyst in the addition of unmodified alde-
hydes to a-imino glyoxylate led to diastereo- and enantioselective formation of the
anti products with d.r. (syn/anti) up to >19:1 and 92% ee [33]. A selected example
is shown in Scheme 5.21.

5.23
Proline-catalyzed Mannich Reaction: Process Development and Optimization

Despite their high synthetic potential, when 1-proline-catalyzed reactions are eval-
uated, catalytic amounts in the range 20 to 35% and use of excess ketone (usually
20% v/v) represent reaction parameters to be optimized. Experimental studies
addressing this issue have been conducted and impressive solutions were found
by the List group [23]. As a model reaction the Mannich synthesis using p-nitro-



5.2 The Mannich Reaction | 105

ENB‘OCHG,

H .PMP
PMP\N (S)-37 O HN

J\ (20 mol%)
H + H CO.Et
CH(CHa)2 33

H)K‘Acoga
DMSO, 24-48h, rt CH(CH3)2
(25,3R)-35d
52% yield
dr (syn/anti):
1:10 (<1:19)
82% ee
(PMP = p-methoxyphenyl)

(dr value in parantheses refers to dr
determined from the crude products

Scheme 5.21

benzaldehyde, p-anisidine, and hydroxyacetone in the presence of 1-proline was
chosen. It is worthy of note that the amount of 1-proline can be efficiently reduced
to 10 mol% while still achieving high yields (> 90%) at reasonable reaction time
(< 5 h). It is also possible to reduce the amount of the ketone component to 1.3
equivalents without a significant loss of yield [23]. This result is important, be-
cause this type of organocatalytic Mannich reaction is now economically attractive
even when use of more expensive ketones is required. A similar result has been
obtained by the Barbas group for the proline-catalyzed Mannich reaction with un-
modified aldehydes [28]. As described above, a small amount of catalyst could be
used when 1,4-dioxane was employed as solvent.

Another interesting improvement of the process was reported by the Barbas
group, who showed the beneficial effect of ionic liquids as reaction media [34,
39]. Starting from o-imino glyoxylate as imino component the proline-catalyzed
Mannich reaction proceeds very efficiently in [bmim|BF, as ionic liquid [34]. Alde-
hydes and ketones can be used as nucleophiles. Besides high yields of 77-99%, ex-
cellent syn diastereo- and enantioselectivity were obtained for syn products of type
35 (Scheme 5.22). The diastereomeric ratio was in the range (syn/trans) = 5:1 to
>19:1 and enantioselectivity was impressive with 93-99% ee [34]. In addition, the
reaction time is very short — 30 min only. Thus, compared with traditional solvents
the reaction rate increased by factor of 4-50 when the reaction is conducted in ion-
ic liquids. The higher reaction rate might result from activation of the imine com-
ponents by the ionic liquid. Further advantages of the use of ionic liquids are facile
product isolation and recovery and re-use of the proline catalyst. Representative ex-
amples are shown in Scheme 5.22. Ionic liquids were also applied in the proline-
catalyzed asymmetric three-component Mannich-reaction [34]. In this reaction
yields and enantioselectivity were comparable with those obtained with traditional
solvents. Once again, however, the reaction proceeded significantly more rapidly.
Among the limitations of the use of ionic liquids are the remarkably lower
diastereo- and enantioselectivity obtained when hydroxyacetone is used as donor
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(compared with DMSO and DMF as solvent) and the less satisfactory results for
the anti-selective Mannich reaction in the presence of proline as catalyst [34].

An interesting alternative improvement of the process was recently discovered
by the Hayashi group, who applied the high pressure induced by water freezing
to the direct proline-catalyzed three-component Mannich reaction with a ketone,
an aldehyde, and p-anisidine [35]. Yields and enantioselectivity were significantly
increased, because of the high pressure and low temperature, which are both es-
sential for the positive effect. Substrates which were unreactive under ambient
pressure were, furthermore, converted into the corresponding products in good
yields. Very recently, the proline-derived 5-pyrrolidin-2-ultetrazole has been found
to act as an effective and highly enantioselective organocatalyst, too [38a]. The ad-
dition of ketones and isobutyraldehyde to N-PMP-substituted a-imino glyoxylate
(33) gave the corresponding Mannich-products in up to 99% yield, diastereomeric
ratio up to 39:1 and with enantioselectivity of up to 99% ee. Additionally, chiral bi-
naphthylphosphoric acids catalyze the direct Mannich reaction of acetyl acetone
with N-Boc-protected arylimines affording the products in yields up to 99% and
with up to 95% ee [38b].

5.2.4
Enantioselective Mannich Reaction Using Silyl Ketene Acetals

In addition to proline, other types of organocatalyst have been found to catalyze
the Mannich-type reaction efficiently. The Jacobsen group developed an elegant
and highly enantioselective route to N-Boc-f-amino acid esters via nucleophilic ad-
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dition of enolates to N-Boc-protected imines [36, 37]. Schiff bases, e.g. 41, which
contain a thiourea moiety, were used as catalysts. These types of organocatalyst
(and urea analogs thereof’) were originally developed for the asymmetric Strecker
reaction (see also Section 5.1) and afforded excellent yield and enantioselectivity
[40-43]. Application of 5 mol% thiourea 41 in the asymmetric addition of silyl
ketene acetals to N-Boc-imines 38 led to the desired f-amino acid derivatives 40
in both high yield (84-99%) and enantioselectivity (86-98% ee) [36]. Representa-
tive examples from this study of the substrate range with aromatic aldimines are
shown in Scheme 5.23. For example, N-Boc-benzaldimine was converted into (R)-
40a in 95% yield and with 97% ee. Substituted aromatic benzaldimines can also be
used. Neither the type nor the position of the substituents significantly affects the
high yields and enantioselectivity. Thus, the o-, m-, and p-methyl-substituted aryl
f-amino acids (R)-40b—d are obtained in yields of 88-98% and with high enantio-
selectivity of 91-96% ee. Heteroaryl-containing f-amino acid esters are formed
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very efficiently as, e.g., shown for the synthesis of (R)-40f with excellent 99% yield
and 98% ee. In addition, naphthylimines are also very good substrates [36].

Imines are, preferably, used in the N-Boc-protected form; less electrophilic
N-allyl and N-benzyl imines gave unsuccessful results [36]. The tert-butyldimethyl-
silyl ketene acetals are the most suitable silyl ketene acetal substrates. It should be
added that a low temperature is required to suppress an undesired uncatalyzed
reaction that leads to racemates.

The Jacobsen group have also focused on optimization of the organocatalyst, and
the design of new, simpler catalysts [37], by systematic variation of each modular
component of the catalyst, for example the salicylaldimine, diamine, amino acid,
and amide. A new catalyst was found, a simple amino acid derivative 42 with less
than half the molecular weight and fewer stereogenic centers than the thiourea cat-
alyst 41. In the presence of this organocatalyst 42, benzaldimine was converted into
the corresponding f-phenylalanine derivative (R)-40a with 100% conversion and
94% ee (Scheme 5.24) [37].

CHz Bu S
Pho_N__~ J_ _pn
N 7(\N N’
o H H
1, 42
N OTBS (5 mol%) O  NHBoc
! THF, -40 °C, 48h
+ , i-PrO
OFPr 2. TFA, 2 min
38 39 (R)-40a
100% yield
94% ee
Scheme 5.24

Another type of organocatalyst, which is suitable for the Mannich reaction with
ketene silyl acetals, is a chiral binaphthyl phosphoric acid [38c]. Very recently, it
has been reported that high enantioselectivity of up to 96% ee can be obtained
with this type of catalyst [38c].

Conclusion

In conclusion, this new organocatalytic direct asymmetric Mannich reaction is an
efficient means of obtaining optically active f-amino carbonyl compounds. It is
worthy of note that besides the enantioselective process, enantio- and diastereose-
lective Mannich reactions can also be performed, which makes synthesis of prod-
ucts bearing one or two stereogenic centers possible. Depending on the type of ac-
ceptor or donor, a broad range of products with a completely different substitution
pattern can be obtained. The range of these Mannich products comprises “classic”
f-amino ketones and esters as well as carbonyl-functionalized a-amino acids, and
-after reduction-y-amino alcohols.
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5.3
p-Lactam Synthesis

The preparation of optically active f-lactams by asymmetric synthesis is also a
topic of major interest, because of the pharmaceutical and biochemical impor-
tance of those molecules [44]. A typical and economical route consists of a [2+2]-
cycloaddition of a ketene to an imine. Many diastereoselective versions of this
reaction type are known [45] as well as catalytic processes involving chiral (metal)
catalysts [46, 47] or biocatalysts [48]. A [2+2]-cycloaddition of a ketene to an imine,
however, can also be performed very efficiently when applying nucleophilic amines
as chiral catalysts [49-60]. Planar-chiral DMAP derivatives have also been found to
be suitable catalysts [61].

The first highly enantioselective synthesis of f-lactam ring systems with one or
two stereogenic centers was reported by Lectka and co-workers [49, 52]. The con-
cept of this reaction is shown in Scheme 5.25.

optically active
R\ 0 organocatalyst R\ )

Scheme 5.25

Initially the formation of f-lactams was investigated using diphenylketene as a
test substrate. After optimizing the reaction conditions, reaction of ketene 45 with
the imine 44 in the presence of benzoylquinine, 46, (10 mol%) as a catalyst fur-
nished the f-lactam 43a with excellent enantioselectivity (99% ee, Scheme 5.26)
[49, 52], although the yield of 36% was only modest. Interestingly, this excellent
enantioselectivity is obtained only when the reaction is performed at high dilution,

OMe
7
\
= N
(:) H

PhC(O)” 46
sy o (10 mol-%) T EO
H™ ~CO.Et Ph “Ph toluene; -78 °C EtO,C Ph
44 45 43a
36% yield
99% ee

Scheme 5.26
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Step 1: In situ-preparation of the ketene
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Scheme 5.27

i.e. at concentrations of 0.1 mwm or below. In contrast, running the reaction with
minimal solvent improves the yield of the process substantially (up to 92%) but
leads to a racemic product.

When more reactive monoketenes are used as substrates, access to such com-
pounds is a critical issue. Typically, the monoketenes are prepared in situ, starting
from the corresponding acid chlorides. Subsequently, in the presence of a chiral
organocatalyst, the ketene should react diastereo- and enantioselectively with for-
mation of the f-lactam according to Scheme 5.27 [49, 52]. For in-situ formation
of ketenes, an amine base is required. However, residual amounts of an (achiral)
base might catalyze the reaction racemically. Thus, to obtain high enantio-
selectivity a strong (achiral) organic base “proton sponge” is required as a non-
nucleophilic deprotonating agent. The base 49 fulfils this prerequisite, because 49
itself does not lead to any ketene formation. The Lectka group found that a mixture
of the base 49 and the organocatalyst 46 is a powerful combination which led to
highly enantioselective formation of the desired f-lactams. In this reaction the
base 49 was made effective as an HCI sink by using the organocatalyst 46 as a
“shuttle” base, because 46 is thermodynamically weaker but kinetically active.
Thus, a ketene is effectively produced in situ with formation of an (achiral) ammo-
nium salt (Scheme 5.27, step 1). Because the organocatalyst 46 is not consumed,
and still available as a “free”, non-protonated base, 46 can successfully catalyze
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subsequent f-lactam formation (Scheme 5.27, step 2). The concept of this two-step
process is shown in Scheme 5.27 [49, 52].

Under optimized reaction conditions this two step synthesis for asymmetric
preparation of f-lactams is performed as follows. First, the organocatalyst 46 is
added as a “shuttle” base to a solution of the acid chloride, 47, and the “proton
sponge”, 49, at low temperature. Within a few minutes the soluble ketene and the
hydrochloride salt, 49-HCI, as a white precipitate, are formed. Subsequently, the
imino ester 44 is added to this solution at —78 °C, which results in the asymmetric
formation of the f-lactam. Thus, the alkaloid 46 acts both as a dehydrohalogena-
tion agent and as an organocatalyst for subsequent lactam formation [49, 52].

Typically, a catalytic amount of 5-10 mol% of the cinchona alkaloid 46 was
used. In general, the desired products of type 43 were obtained in excellent
enantio- and diastereoselectivity (95-99% ee, d.r. (cis/trans) > 99:1) whereas the
yields were modest — between 36 and 65% (Scheme 5.28). It is worthy of note

1

OM
NH2 NH2 4
1.
6 T 0
% Pnclo G 1o | %) N
-10 mol-%
R\)J\ S “
Cl 5 Ts EtO,C R
a7 ‘lN : toluene; -78 —=25 °C 43b-g
H™ "CO.Et
44
Selected examples
Ts, O Ts, O Ts, O
Et0,C°  Et Et0,C  Bn Et0,C  “Ph
43b 43c 43d
57% yield 60% yield 65% yield
dr (cis/trans)=99:1 dr (cis/trans)=33:1 dr (cis/trans)=99:1
99% ee 96% ee 99% ee
Ts, O Ts, 6]
EtO.C OAc EtO.C OBn EtOQC\\c "/N3
43e 43f 43g
61% yield 56% yield 47% yield
dr (cis/trans) >99:1 dr (cis/trans)=99:1 dr (cis/trans)=25:1
98% ee 95% ee 97 5% ee '

Scheme 5.28
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that the Ts protecting group of many products 43 can be subsequently removed by
treatment with samarium iodide. An overview of representative synthetic examples
of this organocatalytic f-lactam formation is given in Scheme 5.28.

This highly enantio- and diastereoselective organocatalytic f-lactam synthesis
can be used, e.g., for preparation of pharmaceutically interesting products such as
43b. The formation of f-lactam 43b, which was investigated as an elastase inhibitor
[62], proceeds with a diastereomeric ratio of 99:1 and an enantioselectivity of 99%
ee (Scheme 5.28) [49, 52].

p-Lactams bearing a heteroatom, e.g., N, O, or Br, in the 3-position have also
been synthesized. These compounds are difficult to prepare by other synthetic
routes. For example, the 3-oxosubstituted f-lactam 43e was prepared in 61% yield
with 98% ee and a diastereomeric ratio of d.r. (cis/trans) > 99:1. In addition, the
azido-substituted f-lactam 43g was obtained in 47% yield with 97.5% ee, and a dia-
stereomeric ratio of d.r. (cis/trans) of 25:1. The azido group can be converted, with
retention of configuration, to the corresponding amine or amide derivative.

Other successful ketene-generation methods have also been developed which
utilize, e.g., sodium hydride, potassium carbonate, or a resin-bound phosphazene
as a base [52-55]. In particular procedures with cheap inorganic heterogeneous
bases such as sodium hydride, potassium carbonate, and bicarbonate salts are de-
sirable because of their low cost. Although sodium hydride and potassium carbo-
nate can be used for efficient formation of ketenes in asymmetric catalytic f-lactam
formation [54, 55], use of these inexpensive bases has some drawbacks [53]. NaH
must be used with appropriate caution, because of its high hygroscopicity, whereas
with potassium carbonate the ketene formation and utilization steps must be per-
formed separately in two vessels, because this base led to racemization or epimeri-
zation of the desired products. Interestingly, however, the Lectka group found very
recently that bicarbonate salts can be very efficiently used as stoichiometric bases
for in-situ formation of the desired ketenes for asymmetric f-lactam synthesis
[53]. In-situ synthesis of the ketene starting from the acid chloride in the presence
of, e.g., sodium bicarbonate is connected with the formation of NaCl, carbon
dioxide and water. The latter can be efficiently removed from the reaction mixture
by use of excess of bicarbonate, which then also functions as a drying agent. In
screening of different metal bicarbonate salts, sodium bicarbonate was found to
be the preferred base. In all experiments a catalytic amount of a crown ether was
added to complex the alkali metal, leading to an enhanced solubility. Under opti-
mized conditions the substrate range was investigated with different acid chlorides
by conducting the reactions in the presence of a catalytic amount (10 mol%) of 46.
The optically active f-lactam products 43 were formed with both high diastereo-
selectivity (d.r. (cis/trans) ratio 10:1 to 12:1) and enantioselectivity up to 92% ee
(Scheme 5.29) [53]. With sodium bicarbonate, however, enantioselectivity was
slightly lower compared to the use of the “proton sponge” 49 (see, e.g., results for
43d, 43f in Schemes 5.28 and 5.29). Yields were moderate (40-58%, Scheme 5.29).
This new route based on use of sodium bicarbonate enables cost-effective synthesis
of optically active f-lactams without the need for specialized equipment or anhy-
drous conditions [53].
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Addition of achiral Lewis acid metal complexes to the developed catalytic system
to increase the electrophilicity of the imino ester starting material has also been
reported by the Lectka group [56]. The resulting tandem bifunctional catalyst sys-
tem, consisting of 10 mol% In(OTf); and 10 mol% chiral alkaloid organocatalyst,
led to higher yields of the f-lactam products while maintaining high enantioselec-
tivity. This bifunctional concept has been extended to the design of chiral Lewis
acid complexes in which chiral alkaloid derivatives coordinate to the In(III) metal
ion. After optimization, these types of chiral Lewis acid catalyst gave the desired
p-lactam products in high yields, high diastereoselectivity, and enantioselectivity
up to 99% ee [56].

A very interesting application of the Lectka-type f-lactam synthesis is integration
of this catalytic concept into a multi-stage, one-pot procedure for the catalytic asym-
metric synthesis of f-substituted aspartic acid derivatives of type 51 [57, 58]. The
organocatalyst benzoylquinine (BQ, 46) is capable of performing up to five steps
of the reaction pathway, all in one reaction vessel (Scheme 5.30) [58]. At first,
the cinchona alkaloid catalyst BQ acts as a dehalogenation agent for the prepara-
tion of both ketene and N-acylimine. Subsequently, BQ (46) functions as an asym-
metric catalyst for formation of the optically active f-lactam, and catalyzes nucleo-
philic ring-opening. An additional transesterification step can also be catalyzed by
the organocatalyst [58].

This multi-step one-pot synthetic concept has been applied to the synthesis of
a variety of f-amino acids of type 51 in the presence of methanol as ring-opening
nucleophile; it was found to be an efficient method leading to the products 51 with
high diastereoselectivity (d.r. ratio 10:1 to 14:1) and enantioselectivity (94—-96% ee)
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Scheme 5.30 (from Ref. [58] with permission of the ACS; BQ = benzoylquinine 46)

[58]. Selected examples are shown in Scheme 5.31. For example, the product 51b
was obtained in 63% yield with a high d.r. ratio of 14:1 and high enantioselectivity
of 95% ee. This multi-step one-pot synthesis has also been applied to the synthesis
of, e.g., tripeptides and an 1-threo-f-hydroxyasparagine derivative [58].

The Lectka group also reported an exciting development in this organocatalytic
synthesis of g-lactams — application of the concept of “column asymmetric cataly-
sis” [50, 51]. This concept is based, e.g., on two jacketed columns linked together
(Scheme 5.32) [50]. The top column is packed with the polymer-supported dehy-
drohalogenation agent BEMP, which produces the desired ketenes, in high purity,
from acid chlorides. In addition to this in-situ-formed pure ketene, an imine is
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added dropwise to the subsequent middle column which is packed with the solid-
phase organocatalyst. In this middle column p-lactam formation occurs in the
presence of the solid-phase organocatalyst. The reaction mixture is dropped into a
bottom column which is packed with a scavenger resin to remove unreacted ketene
or imine from the eluent. The eluent contains analytically pure product (43d: 91%
ee, 65% yield) [50].

The separated catalyst can be re-used at least 20 times with no significant loss of
stereoselectivity and yield. Thus this column asymmetric catalysis enables econom-
ical production of f-lactams guaranteeing both efficient product formation and
simple product separation from the catalyst.

This “column asymmetric catalysis” concept (CAC) has also been extended suc-
cessfully by the Lectka group to other types of column assembly [51]. It should
be added that this sequential CAC methodology is not only an efficient tool for a
highly asymmetric f-lactam synthesis but also looks promising for preparation of
other types of chiral compound.
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Scheme 5.33  (from Ref. [52] with permission of the ACS; BQ = benzoylquinine, 46)

A very detailed theoretical study on the reaction mechanism, which was sup-
ported by synthetic experiments, has also been conducted by the Lectka group [52,
59]. On the basis of molecular mechanics (MM) calculations a model was found
which correctly predicts the sense of induction (Scheme 5.33) [52]. This model
shows that addition of the electrophilic imine occurs at the re face of the ketene.
Very interestingly, the sense of induction is independent of the absolute configura-
tion at the “oxy” stereogenic center bearing the ester oxygen. Even in the absence
of this stereogenic center the reaction proceeds with the same sense of induction.
A graphical overview of results from this study of the influence of the “oxy” stereo-
genic center is given in Scheme 5.33 [52].

In contrast, the presence of the methoxy substituent at the aromatic ring is criti-
cal for selectivity. This result has been emphasized by experiments using benzoyl
cinchonidine (which does not have a methoxy substituent) as a catalyst. In accor-
dance with the theoretical result, a racemic f-lactam product was obtained [52].

Molecular mechanics calculations also led to an explanation of the diastereose-
lective course of the reaction. Several assemblies of the imino ester, 44, and the
zwitterionic enolate were investigated [52]. In accordance with the experimental re-
sults it was found that the assembly leading to the cis diastereomer was of lowest
energy. Because the lowest-energy trans assembly is several kilocalories higher, or-
ganocatalytic f-lactam formation proceeds with an excellent cis diastereoselectivity.
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97% yield
dr (cis/trans) =11:1
98% ee

Scheme 5.34

The Fu group demonstrated that asymmetric addition of ketenes to imines can
be also conducted very efficiently when using planar-chiral DMAP-derivatives of
type 55 as a catalyst [61]. For example, in the presence of 10 mol% catalyst 55 the
desired product 54 was formed in high yield (97%), with high diastereoselectivity
(d.r. (cis/trans) = 11:1) and excellent enantioselectivity (98% ee) (Scheme 5.34).
The reaction was also found to be very general, tolerating symmetric and non-
symmetric ketenes and a variety of imines. Irrespective of the substitution pattern,
the resulting f-lactam products are formed with high enantioselectivity in the
range 81-98% ee [61].

In conclusion, efficient methods are available for synthesis of optically active f-
lactams by means of enantio- and diastereoselective addition of ketenes to imines.
Different (organo-)catalysts have been applied, for example alkaloid-based catalytic
systems and planar chiral DMAP-complexes. The enantio- and diastereoselectivity
obtained is impressive with, e.g., ee values up to 99% and d.r. (cis/trans) ratios up
to >99:1 when Lectka-type catalytic systems are used. Among future challenges
might be the design of a trans-diastereoselective process and improvement of
chemical yields. In a very recent contribution addressing the latter issue Lectka et
al. showed that very good yields (up to 92%) can be achieved by adding a non-chiral
Lewis-acid additive. The development of suitable optimized organocatalysts which
give products not only with high ee and high diastereomeric ratio but also in high
yields, even in the absence of additives, would, nevertheless, still be of interest. A
further goal of future activity might be reduction of the amount of catalyst, cur-
rently in the range 5-10 mol%. This organocatalytic asymmetric f-lactam synthe-
sis developed by Lectka et al. and Fu et al. is certainly, already, a highly practical
procedure for efficient preparation of these important target molecules and has a
remarkable potential to find applications on larger scale.
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5.4
Sulfur Ylide-based Aziridination of Imines

The asymmetric synthesis of optically active aziridines, nitrogen analogs of epox-
ides, is an important and intensively investigated field [63]. These products are
widely used as versatile building blocks in organic synthesis for further transfor-
mation [64] and have interesting biological activity which makes them of interest
for pharmaceutical applications [65-68]. Numerous efficient methods have been
developed for catalytic asymmetric synthesis of aziridines [69], e.g. nitrene transfer
to olefins in the presence of metal catalysts or carbene addition to the C=N double
bond. Syntheses based on use of imines can be performed via addition of chiral
metallocarbenes (formed in situ) and by chiral Lewis-acid complex-catalyzed aziridi-
nation [69]. For the latter concept metal-catalyzed and organocatalytic routes are
available. The metal-complex-based aziridination of imines entails use of efficient
chiral Lewis acids. In this connection, Wulff and co-workers developed an elegant
approach, using a chiral boron complex, which gave products with high diastereo-
selectivity and enantioselectivity (up to 99% ee) [70]. For the organocatalytic
approach a very efficient process based on the sulfur ylide-concept has been devel-
oped by the Aggarwal group [71]. The sulfur ylide concept has already been applied
by the same group for the epoxidation reaction (Section 6.8). This asymmetric cat-
alytic aziridination concept from the Aggarwal group is based on carbene transfer
in the presence of chiral sulfides as organocatalysts (Scheme 5.35).

The required chiral sulfur ylide of type 59 is formed in a reaction with a diazo
compound in the presence of an achiral metal catalyst. Subsequently, asymmetric
reaction of the chiral ylide 59 with the C=N double bond of the imine proceeds
diastereoselectively and enantioselectively, giving the optically active aziridine 57.
The chiral sulfide catalyst released is then used for the next catalytic cycle. The cat-
alytically active species in the asymmetric process is the sulfide, so this concept can
also be regarded as an organocatalytic reaction.

The use of stoichiometric amounts of sulfur ylides in the diastereoselective addi-
tion to imines has been recognized for a long time as a means of efficient synthesis

2
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Scheme 5.35
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of the corresponding (racemic) aziridines [73-78]. The products obtained from
these syntheses are racemates [79]. Extension of this concept to a catalytic dia-
stereoselective synthesis was reported by Dai and co-workers, who used dimethyl
sulfide as catalyst [80]. This first example of a catalytic cycle was used for diastereo-
selective preparation of racemic vinylic aziridines under basic conditions [80].

The first development of an (organo)catalytic and asymmetric sulfur ylide type
aziridination reaction, leading to aziridines with high enantiomeric excess, was
reported in 1996 by the Aggarwal group [79]. In the presence of stoichiometric
amounts of the sulfide 64, derived from (+)-camphorsulfonyl chloride, the corre-
sponding reaction gave the aziridine trans-(R,R)-57a in 55% yield and with high
enantioselectivity of 97%. The reaction also proceeds with the lower catalyst loading
of 20 mol% sulfide 64, furnishing the desired aziridine trans-(R,R)-57a in some-
what lower (62%) yield and with 90% ee (Scheme 5.36). Irrespective of catalyst
loading, a diastereomeric ratio of d.r. (trans/cis) = 75:25 was obtained. It is worthy
of note that the quality of the copper complex is critical to this process. The lower
enantioselectivity for the lower catalyst loading (90% compared with 95% ee) can
be explained in terms of competing non-asymmetric direct addition of the copper
carbenoid to the imine. This side-reaction is more significant when catalytic
amounts of the sulfide are used.

(0]

_SES S = SES
N N
64 .

| . Y
Cu(acac),

56a 62a 57a (trans)
62% yield
dr(trans/cis)=75:25
90% ee (R,R)

Scheme 5.36

A very detailed investigation of the scope and limitations of this sulfur ylide
based aziridination process has also been conducted by the Aggarwal group [81].
Starting with the effect of the solvent, dichloromethane was found to be preferred.
Other solvents, e.g. toluene, DME, and acetonitrile resulted in lower yields and
enantioselectivity. With regard to the achiral metal component, it was found that
Rh,(OAc), is an interesting alternative to Cu(acac);, because comparable enantio-
selectivity is obtained, irrespective of the amount of catalyst. This is because of the
absence of direct addition of the rhodium carbenoid to the imine as a side-reaction.
The substrate range has been studied with several N-SES-substituted aldimines
(SES = SO,CH,CH,SiMes). Examples from this study, which are based on use of
20 mol% catalyst and Rh,(OAc), as metal component, are shown in Scheme 5.37.
High enantioselectivity was obtained with all aromatic aldimines. For example, the
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dr(trans/cis)=100:20 dr(trans/cis)=50:50
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(100 mol% of sulfide 64 were used in this case)

Scheme 5.37

product transR,R)-57a was obtained in 47% yield and 95% ee when using 20
mol% sulfide 64. The diastereomeric ratio was d.r. (trans/cis) = 75:25. In addi-
tion, the aldimine derived from cinnamyl aldehyde gave the desired aziridine
trans-(R,R)-57d in 62% yield with d.r. (trans/cis) = 100:20 and 93% ee. Aliphatic
aldimines, also, undergo aziridination (aziridine trans-(R,R)-57e, 72% yield, d.r.
(trans/cis) = 50:50, 89% ee), although stoichiometric amounts of the sulfide cata-
lyst are required. In contrast, poor results were obtained in the presence of catalytic
amounts.

Screening of several sulfide catalysts revealed that sulfide 64 is the most efficient,
although other sulfide catalysts also gave high enantioselectivity [81]. To improve
the diastereoselectivity further, the effect of an electron-withdrawing N-substituent
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on diastereo- and enantioselectivity was investigated in the presence of 100 mol%
64 as organocatalyst (Scheme 5.38) [81]. High enantioselectivity was obtained irre-
spective of the type of N-substituent. High diastereoselectivity was obtained for the
aziridines 57g-57i, which are based on the use of aldimines bearing alkoxycar-
bonyl groups. For example, the aldimines bearing the N-Boc and N-TcBoc groups
gave the corresponding aziridines trans-(R,R)-57h and trans-(R,R)-57i with diaster-
eomeric ratios of d.r. (trans/cis) = 90:10 and >100:10, respectively [81]. High enan-
tioselectivity of 92% ee was also obtained for both compounds trans-(R,R)-57h and
trans-(R,R)-57i. These N-substituents are particularly attractive, because cleavage of
these protecting groups is easy and well known.

The range of diazo compounds as substrates was also studied. It was found that
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diazo esters and diazo acetamides are suitable diazo substrates when sulfide 65 is
used as catalyst [81]. The oxathiane 64, however, was not compatible with these re-
actions. For the decomposition of the latter diazo compound higher reaction tem-
peratures are necessary. The enantioselectivity obtained was in the range 30-58%
ee. It is worthy of note that the opposite cis diastereomer is formed preferentially
when diazoesters are used. A selected example is shown in Scheme 5.39.

H3C’O””CH3 Ts

- S
N Ts ll\l
| o 65 0
/©)\H . YQNZ (100 mol%) /@/u\f

ON OFt Rha(OAC), (1 mol%), LN OFt

56j 62b THF, 60 °C 57] (trans)

83% yield
dr(trans/cis)=1:12

56% ee

Scheme 5.39

A major improvement addressing the issue of practicability and safety by avoid-
ance of the direct use of (potentially) explosive diazo compounds was recently re-
ported by Aggarwal and co-workers [82, 83]. The direct addition of diazo com-
pounds was replaced by use of suitable precursors which form the desired diazo
compound in situ. The Aggarwal group developed this concept for the correspond-
ing sulfur ylide type epoxidation (see Section 6.8) [82], and successfully extended it
to aziridination [83]. Starting from the tosylhydrazone salt 66 the diazo compound
is formed in situ under conditions (phase-transfer-catalysis at 40 °C) which were
found to be compatible with the sulfur ylide type aziridination [82, 83]. The con-
cept of this improved method, for which sulfide 67 (Scheme 5.41) is the most
efficient catalyst, is shown in Scheme 5.40.

Study of the scope and limitations of the reaction revealed that a broad variety of
aldimine is tolerated [83]. These reactions were conducted with a loading of orga-

_R?
N
| ® O PTC Na
R1)\H RR®S—CHR3 [Rhe(OAc)4] N,CHR2 NS, ~
Ts” "NZOR
56 59 60a 62 S
66
+ Na®Ts®
R2
|
N R RRS Ru=CHR? A
R! 58 61a 63
57

Scheme 5.40
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,R3 Na@
O
| X N,
R7ORZ 4 ©/\ N Ts
56 66

67
(20 mol%)

Rho(OAc), (1 mol%),
phase-transfer-catalyst
[BnEtzN*CI] (10 mol%),

1,4-dioxane, 40 °C

57 (trans)

ISES

57a (trans)
75% yield
dr(trans/cis)=25:10
94% ee (R,R)

SES
o

X

57d (trans)
59% vyield
dr(trans/cis)=80:10
94% ee (R,R)

57m (trans)
53% yield
dr(trans/cis)=20:10
73% ee (R,R)
Scheme 5.41

Selected examples

SES
Cl/gu

57b (trans)
82% yield
dr(trans/cis)=20:10
98% ee (R,R)

'Irs
e

/\

571 (trans)
72% yield
dr(trans/cis)=80:10
95% ee (R,R)

57n
50% yield
84% ee (R)

CHg
H3C\(/CC|3

e
o

57k (trans)
56% yield
dr(trans/cis)=60:10
94% ee (R,R)

ISES i:

57e (trans)
50% yield
dr(trans/cis)=25:10
98% ee (R,R)

Cl
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nocatalyst of 20 mol%. An overview of selected examples is given in Scheme 5.41.
The highest diastereoselectivity was observed for the aziridination of aldimines de-
rived from cinnamylaldehyde and 3-furfural, leading to the corresponding aziri-
dines trans-(R,R)-57d and trans-(R,R)-571 with d.r. (trans/cis) = 80:10 in both reac-
tions. The enantioselectivity for the preferred trans diastereomer is also high with
94 and 95% ee, respectively. In general, enantioselectivity is high for aromatic sub-
strates with up to 98% ee, whereas the use of the aliphatic aldimine derived from
pivaldehyde gave the major trans aziridine trans-(R,R)-57m in 73% ee. In this reac-
tion enantioselectivity was higher (95% ee) for the minor, cis, diastereomer where-
as in all other reactions enantioselectivity for the minor cis diastereomers was
somewhat lower. The yields obtained for aziridines 57 in Scheme 5.41 were in the
range 50-82%. Ketimines are also suitable substrates, as demonstrated in the syn-
thesis of the aziridine (R)-57n in 50% yield and 84% ee [83]. The catalytic loading
can be also reduced, as has been demonstrated for the synthesis of trans-(R,R)-57a,
which proceeds with the same enantioselectivity and without loss of yield when
5 mol% catalyst 67 is used [74].

An explanation of the remarkably high enantioselectivity of the addition of the
(phenyl-stabilized) sulfur ylides to imines has also been reported by the Aggarwal
group (Figure 5.2) [82, 83]. The reaction proceeds only via the exo-oriented electron
pair, leading to the sulfur ylide 68, which can adopt the conformations 68a and
68b. The conformation 68b is preferred, because of unfavorable steric interactions
in 68a. In conformation 68b the bulkiness of the camphor-substituent prevents at-
tack from the si side (which would give the (S,S) enantiomer). Accordingly, forma-
tion of the opposite (R,R) aziridine enantiomer is the preferred pathway, resulting
in high excess of this enantiomer.

In summary, sulfur ylide-based aziridination methodology, developed recently by
the Aggarwal group, is a new and highly efficient tool for diastereo- and enantiose-
lective synthesis of optically active aziridines. High enantioselectivity up to 98% ee
has been obtained. The highest diastereomeric ratio, d.r., was >10:1. Substrate tol-
erance has also been shown, and the recent improvement replacing the direct use
of the diazo compound by in-situ-formation starting from a suitable precursor
makes the process safer and increases its practicability. Extension of this method
to new applications, the development of new sulfide catalysts, and further improve-
ment of catalyst loading are among challenges for the future.

H Hﬁ Ph H.H H
Tk - s
— S *ﬁ\ (R,A)
68a 68b

Fig. 5.2. Schematic explanation of enantioselectivity. (From Ref. [82].)
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5.5
Hydrophosphonylation of Imines

The asymmetric catalytic hydrophosphonylation is an attractive approach for the
synthesis of optically active z-amino phosphonates [84]. The first example of this
type of reaction was reported by the Shibasaki group in 1995 using heterobimetal-
lic lanthanoid catalysts for the hydrophosphonylation of acyclic imines [85a]. This
concept has been extended to the asymmetric synthesis of cyclic a-amino phospho-
nates [85b—d]. Very recently, the Jacobsen group developed the first organocatalytic
asymmetric hydrophosphonylation of imines [86]. In the presence of 10 mol% of
thiourea-type organocatalyst 71, the reaction proceeds under formation of o-amino
phosphonates 72 in high yield (up to 93%) and with enantioselectivity of up to 99%
ee [86]. A selected example is shown in Scheme 5.42. Di-o-nitrobenzyl phosphite
70 turned out to be the preferred nucleophile.

NO,

[0} Et,0, 4°C Ph
69 70 72
87% yield
99% ee
Scheme 5.42
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6
Nucleophilic Addition to C=O Double Bonds

6.1
Hydrocyanation

The addition of hydrogen cyanide to a carbonyl group results in the formation of
an o-hydroxy nitrile, a so-called cyanohydrin (A, Scheme 6.1) [1]. Compounds of
this type have in many instances served as intermediates in the synthesis of, e.g.,
a-hydroxy acids B, a-hydroxy aldehydes C, f-amino alcohols D, or a-hydroxy ketones
E (Scheme 6.1) [1]. In all these secondary transformations of the cyanohydrins
A, the stereocenter originally introduced by HCN addition is preserved. Conse-
quently, the catalytic asymmetric addition of HCN to aldehydes and ketones is
a synthetically very valuable transformation. Besides addition of HCN, this chap-
ter also covers the addition of trimethylsilyl cyanide and cyanoformate to car-

o
R1)]\R2
H HCN
addition (0]
HOKCOZH hydrolysis HOKCN of R3-M HO/,ZK R3
R "R2 R'7x "R? R R2
B A E
reduction\x
HO_,I CHO HO%CHZ-NHz
R1//*<R2 R1 * R2
D
0 O
0. ON J Q TMS-CN  TMS-O, CN
NC™ "O-Et P 2
Et-O R17% R2 R R2 R17* “R2
G F
Scheme 6.1
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6.1 Hydrocyanation

bonyl compounds, resulting in the formation of O-silylated cyanohydrins (F) and
cyanohydrin-O-carbonates (G), respectively (Scheme 6.1).

Hydrocyanation is, in fact, one of the first examples of asymmetric organocataly-
sis in general. As early as 1912, Bredig and Fiske reported that addition of HCN to
benzaldehyde is accelerated by the alkaloids quinine and quinidine, and that the
resulting cyanohydrins are optically active and of opposite chirality [9, 10]. It was,
furthermore, realized that prolonged reaction times resulted in loss of optical activ-
ity, i.e. racemization. Later (mainly kinetic) work by Prelog and Wilhelm [11], H.
and E. Albers [12], and Hustedt and Pfeil [13] was aimed at elucidating the mech-
anism of this intriguing early example of asymmetric organocatalysis. Unfortu-
nately, for preparative purposes, the optical yields achieved in these examples
were in the range < 10% [14]. Optical yields up to 33% were achieved by Jackson
et al. when crystalline inclusion complexes of aldehydes with -cyclodextrin were
treated with HCN [17].

A real breakthrough was the discovery of the cyclic peptide 1 shown in Scheme
6.2. In 1981 Inoue et al. reported that this cyclic dipeptide — readily available from
r-histidine and 1-phenylalanine — catalyzed the addition of HCN to benzaldehyde
with up to 90% ee [18-20]. Later reaction conditions were optimized and more
than fifty aromatic and aliphatic aldehydes have been tested as substrates [8, 16,
18-24]. A selection of the cyanohydrins formed with >80% ee is shown in Scheme
6.2. The cyanohydrins produced by 1 are generally of the R configuration.

This initial observation by Inoue et al. triggered intensive research in this area.
Most of the efforts were dedicated to structural variation of the catalyst and to elu-
cidation of the catalytic mechanism. With regard to the former, the many structural
variations produced mainly confirmed 1 as the optimum catalyst. Variation of the
aromatic amino acids involved [25, 26], side-chain methylation and/or modification
[27], N-methylation [28], etc., all afforded catalysts of lower selectivity. In contrast,
incorporation of a-Me-Phe led to diketopiperazines of activity and selectivity com-
parable with those derived from non-methylated Phe (for example 1) [29]. Simi-
larly, attachment to Merrifield-resin or polysiloxane polymers proved detrimental
to the enantioselectivity of the Inoue-catalyst 1 [30, 31]. Upon incorporation into
a silicon based sol-gel glass matrix, however, the excellent enantioselectivity of
the cyclic peptide 1 is preserved, and separation of the spent catalyst can easily be
achieved by, e.g., filtration, centrifugation or simply decantation [32]. Unfortu-
nately, further catalytic cycles afforded much lower ee (ca. 30-35% max.) [32].

The Inoue-catalyst 1 tolerates exchange of phenylalanine for leucine, affording
the catalytically active diketopiperazine cyclo-(S)-His-(S)-Leu (2, Scheme 6.3) [33].
As shown in Scheme 6.3, addition of HCN to benzaldehyde and derivatives can
be catalyzed by both 1 and 2. It should, however, be noted that the configurations
of the cyanohydrins obtained were opposite, depending on whether 1 or 2 was em-
ployed as catalyst. With aliphatic aldehydes the diketopiperazine 1 generally affords
rather poor enantioselectivity (< 50% ee) [19]. In contrast, catalyst 2 afforded ee as
high as 81% for aliphatic aldehydes (Scheme 6.3) [33]. The absolute configuration
of the product cyanohydrin was determined only for n-butyraldehyde as substrate
(not shown in Scheme 6.3) and found to be R [33].
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catalyst 1

1 eq. aldehyde, 2 mol-% catalyst 9a, 2 eq. HCN, toluene, -20 °C

HO, CN \do/<CN Jéo/ém /d()/(CN
97 %, 97 % ee (ref. 23) 95 %, 91 % ee (ref. 22) 78 %, 96 % ee (ref. 23) 90 %, 80 % ee (ref. 22)

83 %, >98 % ee (ref. 26)

HO. ,CN HO. ,CN HO, ,CN HO. ,CN
©(< H3CO\©/< \©/< /@/(
OCHj3 H3CO
45 %, 84 % ee (ref. 23) 83 %, 97 % ee (ref. 23) 97 %, 92 % ee (ref. 23) 85 %, 83 % ee (ref. 22)

84 %, 95 % ee (ref. 26)

HO. ,CN HO, ,CN HO, ,CN

2O QU O By

61 %, 91 % ee (ref. 23) 76 %, 93 % ee (ref. 23) 76 %, 93 % ee (ref. 22)
50 %, 89 % ee (ref. 22)

Scheme 6.2

6.1.1
The Mechanism of the Reaction

Many studies, mainly by spectroscopic methods and calculation, have been devoted
to the conformational behavior of the Inoue catalyst 1 (and 2) and its interactions
with HCN and the substrate aldehydes [26, 34-36]. As noted originally by Inoue et
al., however, the diketopiperazine 1 does not have catalytic activity and selectivity in
homogeneous solution, i.e. in molecular dispersion. Instead, the diketopiperazine
1 is a heterogeneous catalyst — the active/selective state is a gel which forms, for
example, in benzene or toluene, or just a suspension (e.g. in ether). As a conse-
quence, catalyst performance is strongly influenced by the amorphous or crystal-
line character of the diketopiperazine from which the gel is formed. The best per-
formance was achieved when amorphous materials were employed. The latter can
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A b

catalyst 1 catalyst 2

Substrates reacted with HCN in the presence of 1 or 2:
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9 0 HO, ,ON
HaC

1: 97 %, 97 % ee (R) (ref. 23) 1: 78 %, 96 % ee (R) (ref. 23) 1: 83 %, 97 % ee (R) (ref. 23)
2: 85 %, 55 % ee (S) (ref. 33) 2: 97 %, 60 % ee (S) (ref. 33) 2:89 %, 56 % ee (S) (ref. 33)
Substrates reacted with HCN in the presence of 2:

O
o o
M PN 4
tBu H i-Pr H
99 %, 61 % ee (ref. 33) 91 %, 66 % ee (ref. 33) 83 %, 64 % ee (ref. 33)
o} o
n-CsHyy” TH n-CioHzs™ "H
98 %, 74 % ee (ref. 33) 93 %, 81 % ee (ref. 33)

Scheme 6.3

be prepared, inter alia, by rapid addition of methanol solutions of 1 to either water
[18, 26] or ether [37], resulting in the precipitation of amorphous 1. Kinetic studies
by Shvo et al. further supported the involvement of aggregates in the active form of
the catalyst 1. On the basis of the kinetic order of two found for the catalyst 1, the
authors postulated that in the polymeric gel, two adjacent diketopiperazine mole-
cules form the catalytic “micro-machinery” [38].

The situation is further complicated by chiral autoinduction, first reported by
Danda et al. for the hydrocyanation of 3-phenoxybenzaldehyde [39]. It was found
that the enantiomeric excess of the product increases with reaction time, and that
addition of small amounts of optically pure cyanohydrin at the beginning of the
reaction led to high ee of the bulk product, irrespective of catalyst ee. It was con-
cluded that the active catalyst is not the diketopiperazine alone but a 1:1 aggregate
with the product cyanohydrin of the opposite configuration (e.g. (R,R)-1 plus
S-mandelonitrile) [39]. Lipton et al. later developed a mathematical model for this
effect and exploited it to improve the enantioselectivity of the hydrocyanation of
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several “problematic” substrates by as much as 20% ee [40]. The cyanohydrin
added at the beginning of the reaction does not need to be the one produced by the
reaction, a beneficial effect was even observed on addition of the achiral acetone
cyanohydrin. Even some non-cyanohydrin additives, e.g. 1-phenylethanol, have the
same effect [40].

Several studies have tackled the structure of the diketopiperazine 1 in the solid
state by spectroscopic and computational methods [38, 41, 42]. De Vries et al.
studied the conformation of the diketopiperazine 1 by NMR in a mixture of ben-
zene and mandelonitrile, thus mimicking reaction conditions [43]. North et al. ob-
served that the diketopiperazine 1 catalyzes the air oxidation of benzaldehyde to
benzoic acid in the presence of light [44]. In the latter study oxidation catalysis
was interpreted to arise via a His-aldehyde aminol intermediate, common to both
hydrocyanation and oxidation catalysis. It seems that the preferred conformation of
1 in the solid state resembles that of 1 in homogeneous solution, i.e. the phenyl
substituent of Phe is folded over the diketopiperazine ring (H, Scheme 6.4). Sev-
eral transition state models have been proposed. To date, it seems that the proposal
by Hua etal. [45], modified by North [2a] (], Scheme 6.4) best combines all the experi-
mentally determined features. In this model, catalysis is effected by a diketopiper-
azine dimer and depends on the proton-relay properties of histidine (imidazole).
R!-OH represents the alcohol functionality of either a product cyanohydrin mole-
cule or other hydroxylic components/additives. The close proximity of both R!-
OH and the substrate aldehyde R2-CHO accounts for the stereochemical induction
exerted by R1-OH, and thus effects the asymmetric autocatalysis mentioned earlier.

H: preferred conformation
of the diketopiperazine 1

J : transition state model

Scheme 6.4

In summary, much information has been gathered by different methods, but
there is still room for improvement of the substrate spectrum of the diketopiper-
azine catalyst 1 and for detailed understanding of the mechanism — and thus
predictability — of this fairly complex heterogeneous catalyst system. Nevertheless,
enantiomerically pure cyanohydrins — prepared with the aid of 1 — have already
been used for synthesis of several natural product (and other) target molecules
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HO H H
OCHj4

(-)-denopamine

(refs. 46,48)
HO H H 7(@ HO H H W@
HSCO/@)\/ HSCO/@)\/
(-)-tembamide )-aegeline
(refs. 47,48) (refs 47,48)

Analogues of (-)-salbutamol and (-)-terbutaline (ref. 48):

HO H H HO H H

H3CO

PhO

(-)-salbutamol HO (-)-terbutaline

Scheme 6.5

[46-48]. Some examples are depicted in Scheme 6.5. Unfortunately, the 3,4-
and 3,5-disubstituted benzaldehydes needed for the synthesis of the pharmaceuti-
cals (—)-salbutamol or (—)-terbutaline performed only poorly (variable yields,
ee < 50%) in the diketopiperazine-catalyzed hydrocyanation [48].

The search for other amino acid-based catalysts for asymmetric hydrocyanation
identified the imidazolidinedione (hydantoin) 3 [49] and the e-caprolactam 4
[21]. Ten different substituents on the imide nitrogen atom of 3 were examined
in the preparation, from 3-phenoxybenzaldehyde, of (S)-2-hydroxy-2-(3-phenoxy-
phenyl)acetonitrile, an important building block for optically active pyrethroid
insecticides. The N-benzyl imide 3 finally proved best, affording the desired cyano-
hydrin almost quantitatively, albeit with only 37% enantiomeric excess [49]. Inter-
estingly, the catalyst 3 is active only when dissolved homogeneously in the reaction
medium (as opposed to the heterogeneous catalyst 1) [49]. With the lysine derivative
4 the cyanohydrin of cyclohexane carbaldehyde was obtained with an enantiomeric
excess of 65% by use of acetone cyanohydrin as the cyanide source [21].
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H O
R NH
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It was mentioned at the beginning of this chapter that alkaloids were among
the first catalysts to be used for asymmetric hydrocyanation of aldehydes. More
recent work by Tian and Deng has shown that the pseudo-enantiomeric alkaloid
derivatives 5/6 and 7/8 catalyze the asymmetric addition of ethyl cyanoformate to
aliphatic ketones (Scheme 6.6) [50]. It is believed that the catalytic cycle is initi-
ated by the alkaloid tertiary amine reacting with ethyl cyanoformate to form a
chiral cyanide/acylammonium ion pair, followed by addition of cyanide to the
ketone and acylation of the resulting cyanoalkoxide. Potentially, the latter reaction
step occurs with dynamic kinetic resolution of the cyano alkoxide intermediate
[50]. As summarized in Scheme 6.6, the cyanohydrins of «,a-dialkylated and a-acetal
ketones were obtained with quite remarkable enantiomeric excess. Clearly the
pseudo-enantiomeric catalyst pairs 5/6 and 7/8 afford products of opposite config-
uration. Catalyst loadings were in the range 10-35 mol%.

Deng et al. later found that dimeric cinchona alkaloids such as (DHQ),AQN (8,
Scheme 6.6) and (DHQD),PHAL (9, Scheme 6.7) — both well known as ligands
in the Sharpless asymmetric dihydroxylation and commercially available — also
catalyze the highly enantioselective cyanosilylation of acetal ketones with TMSCN
[51]. As summarized in Scheme 6.7, several o-acetal ketones were converted to the
corresponding cyanohydrin TMS-ethers with 90-98% ee at catalyst loadings of
2-20 mol%.

In 2000, Kagan and Holmes reported that the mono-lithium salt 10 of (R)- or
(S)-BINOL catalyzes the addition of TMS-CN to aldehydes (Scheme 6.8) [52]. The
mechanism of this reaction is believed to involve addition of the BINOLate anion
to TMS-CN to yield an activated hypervalent silicon intermediate. With aromatic
aldehydes the corresponding cyanohydrin-TMS ethers were obtained with up to
59% ee at a loading of only 1 mol% of the remarkably simple and readily available
catalyst. Among the aliphatic aldehydes tested cyclohexane carbaldehyde gave the
best ee (30%). In a subsequent publication the same authors reported that the
salen mono-lithium salt 11 catalyzes the same transformation with even higher
enantioselectivity (up to 97%; Scheme 6.8) [53]. The only disadvantage of this re-
markably simple and efficient system for asymmetric hydrocyanation of aromatic

aldehydes seems to be the very pronounced (and hardly predictable) dependence
of enantioselectivity on substitution pattern. Furthermore, aliphatic aldehydes
seem not to be favorable substrates.

Conclusions

Asymmetric hydrocyanation is a reaction of high synthetic importance. The devel-
opment of preparatively viable methodology during the last two decades has seen a
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o)
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Scheme 6.6

137



138 | 6 Nucleophilic Addition to C=O Double Bonds
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Substrate ] )
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R = n-Bu 8 (5) 18 92 90
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0 R = 4-MeO-Ph 8(2) 18 92 90
n-PrO % R
R = 4-MeO-Ph 9 (10) 21 96 92
n-PrO
R = 4-CI-Ph 8(2) 18 95 92
R = 3-pyridinyl 8 (2) 18 97 93
o}
EtO R =Ph 8(2) 19 93 96
X R=Ph 9 (10) 21 9% 93
EtO R
R =n-Bu 8 (2 18 94 95

Scheme 6.7
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OO OH tBu OH HO tBu
tBu tBu

mono-Li-salt mono-Li-salt
catalyst10 catalyst 11
j)\ . THS.ON catalyst 10,11, 1 mol-% NC, ,0-TMS
R ether, -78 °C, 5 - 60 min R'gH
R Catalyst Yield [%)] ee [%] Ref.
Ph 10 96 56 52
Ph 11 98 86 53
4-Me-Ph 10 95 59 52
4-Me-Ph 11 96 93 53
3-Me-Ph 10 93 55 52
3-Me-Ph 11 88 97 53
3-MeO-Ph 10 89 52 52
3-MeO-Ph 11 96 77 53
4-i-Pr-Ph 11 99 82 53
Scheme 6.8

continuous “race” between enzymes, organocatalysts, and metal-complex-based
methods. In the 1980s—1990s organocatalysis took a big step forward, because of
the discovery of the Inoue catalyst. Unfortunately, and despite the extensive work
of many excellent research groups in this field, the Inoue diketopiperazine cata-
lysts still remain applicable — with synthetically useful enantioselection — for a rel-
atively narrow range of aldehydes only. Aromatic aldehydes, preferably benzalde-
hyde derivatives with electron-donating substituents, are the “best” substrates,
but even so not all substitution patterns are tolerated. The long sought-for general-
ization of the substrate spectrum has yet to be achieved. The situation is further
complicated by the capricious conditions of heterogeneous catalysis and the auto-
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induction phenomena involved. Nevertheless, cyanohydrins of quite a number of
aromatic aldehydes have been prepared with >90% ee. A clear advantage of diketo-
piperazines is their ready availability from cheap starting materials and their stabil-
ity. Very interesting recent and alternative developments are alkaloid-catalyzed car-
boxycyanation (using cyanoformates) and trimethylsilylcyanation (using TMS-CN)
reported by Tiang and Deng. For these two transformations, o,z-disubstituted ke-
tones and a-acetal ketones seem to be the best substrates, and enantiomeric ex-
cesses in the range 90-98% have been achieved for several substrates. Another
intriguing catalytic process is trimethysilylcyanation using BINOLates and “‘sale-
nates”, discovered by Kagan and Holmes. It can be assumed that variations of the
salens employed will further broaden the scope of the reaction.

6.2
Aldol Reactions

6.2.1
Intermolecular Aldol Reactions

6.2.1.1 Intermolecular Aldol Reaction With Formation of One Stereogenic Center
The asymmetric aldol reaction is one of the most important topics in modern cata-
lytic synthesis [54]. The products, namely f-hydroxy carbonyl compounds, have a
broad range of applications and play a key role in the production of pharmaceuti-
cals [55]. Since the discovery of the catalytic asymmetric aldol reaction with enolsi-
lanes by Mukaiyama et al. [56], steady improvements of the metal-catalyzed asym-
metric aldol reaction have been made by many groups [57]. For this type of aldol
reaction a series of chiral metal catalysts which act as Lewis acids activating the
aldol acceptor have been shown to be quite efficient. It was recently shown by the
Shibasaki group that the asymmetric metal-catalyzed aldol reaction can be also per-
formed with unmodified ketones [57a]. During the last few years, several new con-
cepts have been developed which are based on use of organocatalysts [58]. Enolates
and unmodified ketones can be used as aldol donors.

In the text below organocatalytic asymmetric aldol reactions are classified into
“indirect aldol reactions” and “direct aldol reactions”. “Indirect aldol reactions”
are syntheses which require a modified ketone as a starting material (Scheme 6.9,
pathway 1). For example, enolates which are prepared in a previous step starting
from the ketone are often used. Syntheses which allow the “direct” use of a ketone,
in a non-activated form, as a nucleophile are defined as “direct aldol reaction”
(Scheme 6.9, pathway 2).

“Indirect aldol reaction” using enolates
Aldol reactions using phosphoramides as organocatalyst

The concept In the first example of an organic base-catalyzed asymmetric inter-
molecular aldol reaction, Denmark et al. impressively demonstrated that the pres-
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Pathway 1:

0]

02
P of enolate /(LS'R 3 with modified ketone )J\)\
R'™ “CHs R'”CH, o R! R3

12
) + HJKR:S

modified + Chiral Organocatalyst
ketone as donor

Pathway 2:

"Direct" aldol reaction
O OH

o o with non-modified ketone
J o ai A A o

3
CHs H R + Chiral Organocatalyst 12

R1

non-modified
ketone as donor

Scheme 6.9

ence of catalytic amounts of transition metals is not necessarily a prerequisite for
successful asymmetric aldol reactions [59]. Originally developed for synthesis of
aldol products with two stereogenic centers (Section 6.2.1.2) this method can be
also efficiently used for products with one stereogenic center, in accordance with
Scheme 6.10 [60—64].

Trichlorosilylenolates of type 13 were used as nucleophiles. Such enolates are
highly activated ketone derivatives and react spontaneously with several aldehydes
at room temperature. At —78 °C, however, the uncatalyzed reaction can be sup-
pressed almost completely (formation of the undesired racemic aldol adduct is
only 4%). Thus, at —78 °C and in the presence of the chiral organocatalyst 14 the
acetone-derived enolate and benzaldehyde gave the desired adduct in high yield

o 1. (S,S)-14 (10 mol %) O OH
OSiCls Solvent, -78 °C
HsC

HsC™ ~CH; 2. sat. ag. NaHCO3 15
13

Solvent Yield (%) ee (%)

Dichloromethane 92 85 (S)
Propionitrile 88 79 (R)

Scheme 6.10

Formation "Indirect" aldol reaction O OH
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(92%) and with enantioselectivity of 85% ee [60]. Among a broad variety of chiral
phosphoramide the molecule 14 turned out to be the preferred catalyst for this re-
action. A significant solvent effect was also observed — the best yields (up to 92%)
and enantioselectivity (up to 85% ee) were obtained by use of dichloromethane or
propionitrile (Scheme 6.10) [60]. It is worthy of note, however, that the preferred
enantiomers of 15 are opposite to each other for these solvents. Thus, with one
type of enantiomerically pure catalyst both enantiomers of the desired aldol adduct
can be produced enantioselectively simply by changing the solvent.

The substrate range — scope and limitations The reaction can be performed effi-
ciently with a broad variety of ketone donors and aldehydes. Enantioselectivity,
however, depends on the enolate structure (Scheme 6.11) [60, 61]. In general, eno-
lates bearing larger, branched alkyl groups or a phenyl group result in lower
enantioselectivity. The best results were obtained with enolates bearing a methyl
substituent (product (S)-16, 87% ee) or a siloxymethyl substituent (product
(S)-17, 86% ee).

Efforts have also been made to utilize ketone acetals bearing a trichlorosilyl
group as an enolate donor (Scheme 6.12) [63a]. This reaction led to optically active
p-hydroxy carboxylic acid esters (S)-23 in good yields, although enantioselectivity
remained modest only (ee values up to 50% ee when phosphoramide is used in

Me
Ph, |

~~N_ 0O
£ ¥
pr? N @
Me
o 1.(5,5)-14 (5 mol %) O OH
OSiCls CH,Clp, 78 °C o -
Ao, * H
R CH 2. sat. aq. NaHCO3

(S)-16- (S)-21

Selected examples: Use of different enolates

O OH O OH O OH
2 TBSO 2 S
HsC)K/\© %
(S)-16 (S)-17 (S)-18
98% yield 94% vyield 93% vyield
87% ee 86% ee 49% ee
O OH O OH O OH
n-Bu % iso-Bu )J\/\© tert-Bu )J\/\©
(S)-19 (S)-20 (S)-21
98% yield 95% yield 95% yield
85% ee 82% ee 52% ee

Scheme 6.11
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HsCO CHCHS 2. sat. aq. NaHCOj3 CH%HS
® (S)-23
78% yield
50% ee

Scheme 6.12

catalytic amounts). A selected example of this type of synthesis is given in Scheme
6.12. For this reaction the phosphoramide of type 22 was found to be particularly
useful [63a]. Use of other types of enolate in which one or more Cl atoms of the
trichlorosilyl group are replaced by a proton or methyl or phenyl group did not
give improved results, and usually led to reduced enantioselectivity [64]. This also
shows that the phosphoramide-catalyzed aldol reaction is sensitive to the nature of
the silyl group.

The Denmark method is synthetically very valuable, because a broad range
of aldehyde acceptors can be used (Scheme 6.13) [60, 61]. Aromatic and o,f-
unsaturated aldehydes react very rapidly in the presence of 5 mol% 14 as organo-
catalyst. The desired aldol products (S)-19, (S)-24 to (S)-26 were obtained in excel-
lent yields of 92 to 98% and with high enantioselectivity (up to 91% ee).

Branched aliphatic aldehydes are also tolerated, although a prolonged reaction
time and larger amount of catalyst (10 mol%) is needed. For example, using pival-
dehyde as substrate resulted in formation of the aldol adduct (S)-28 in 81% yield
and with an enantioselectivity of 92% ee. In contrast, unbranched aliphatic alde-
hydes did not afford the aldol adducts. An overview of the substrate range with re-
gard to the aldehyde component is given in Scheme 6.13. Furthermore, the exten-
sion of this type of reaction towards the use of ketone substrates as acceptors has
been reported by the Denmark group [63b]. In the presence of chiral bis N-oxides
as organocatalysts, the desired f-hydroxy esters were obtained in up to 97% yield
and with enantioselectivities of up to 86% ee.

Process development and optimization Detailed process development was con-
ducted using synthesis of (S)-16 as model reaction [60]. The preferred reaction
temperature was —78 °C; lower temperatures, e.g. —90 °C, resulted in no improve-
ment. With regard to the amount of catalyst, at least 5 mol% is required to obtain
high enantioselectivity. Further increasing the amount of catalyst did not, however,
result in sufficient improvement to justify use of an increased amount. From a
practical standpoint the short reaction time (2 h for aromatic and o f-unsaturated
aldehydes) in combination with a high concentration of substrate (up to 0.5
mol L71) is attractive, and results in an excellent space—time yield of up to 856
gL 1day L
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One practical limitation is the availability, storage, and handling of reactive tri-
chlorosilyl enolates. Addressing this issue, Denmark et al. developed an interest-
ing, more practical procedure entailing in situ preparation of those reactive species.
Starting from a TMS enol ether 29, in situ preparation of the trichlorosilyl enolate
with tetrachlorosilane and mercury acetate, followed by subsequent asymmetric al-
dol reaction, gave the aldol product (S)-25 in 89% yield and with 92% ee (Scheme

6.14).

Hg(OAc),,
OSi(CHa)s sicl,, CH,Cl,

n-Bu CH,
29

n-Bu

0SiCly
CHp
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Scheme 6.14
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OH
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CHs
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To achieve good yields excess of TMS enol ether 29 must be used. Although re-
placement of the required mercury salt would be desirable, this in situ preparation
of the enolate and subsequent asymmetric aldol reaction is a practical method on a
laboratory scale.

The mechanism A very detailed mechanistic study of this phosphoramide-
catalyzed asymmetric aldol reaction was conducted by the Denmark group (see
also Section 6.2.1.2) [59, 60]. Mechanistically, the chiral phosphoramide base
seems to coordinate temporarily with the silicon atom of the trichlorosilyl enolates,
in contrast with previously used chiral Lewis acids, e.g. oxazaborolidines, which in-
teract with the aldehyde. It has been suggested that the hexacoordinate silicate
species of type I is involved in stereoselection (Scheme 6.15). Thus, this cationic,
diphosphoramide silyl enolate complex reacts through a chair-like transition struc-
ture.

i
| RNwP=0 c .
OSiCls 0 2 (R*:N)sP 2N)s H& O  OSiCly
+ CI-—Sl --O
RSCH, HOR? R' R?
(R 2N)3P
I
(chairlike
transition structure)
Scheme 6.15

In conclusion, the distinguishing characteristic of this type of phosphoramide-
based “neutral” Lewis base catalysis is the potential of the reaction to proceed
through an associative (“closed”) transition structure. Thus pronounced diastereo-
selection results and control of the absolute configuration are possible. Currently,
however, it seems difficult to explain the sense of induction based on transition
state models [59, 60].

Aldol reactions using a quaternary chinchona alkaloid-based ammonium salt as orga-
nocatalyst Several quaternary ammonium salts derived from cinchona alkaloids
have proven to be excellent organocatalysts for asymmetric nucleophilic substitu-
tions, Michael reactions and other syntheses. As described in more detail in, e.g.,
Chapters 3 and 4, those salts act as chiral phase-transfer catalysts. It is, therefore,
not surprising that catalysts of type 31 have been also applied in the asymmetric
aldol reaction [65, 66]. The aldol reactions were performed with the aromatic eno-
late 30a and benzaldehyde in the presence of ammonium fluoride salts derived from
cinchonidine and cinchonine, respectively, as a phase-transfer catalyst (10 mol%).
For example, in the presence of the cinchonine-derived catalyst 31 the desired
product (S)-32a was formed in 65% yield (Scheme 6.16). The enantioselectivity,
however, was low (39% ee) [65].
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O OH
, 1.31 (10 mol %), =
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+ H R
R “CH; 2. 1M HCI, MeOH
30 (S)-32
3%0;-5‘;2? 32a: 65% yield; 39% ee
sR=EBu 32b: 62% yield; 62% ee
Scheme 6.16

Replacing 30a by the bulky alkyl enolate 30b as nucleophile led to an improved
enantioselectivity (up to 62% ee) (Scheme 6.16). In both reactions the (S) enan-
tiomer was preferably formed. The organocatalyst derived from cinchonine 31 was
more efficient than that derived from cinchonidine [66].

Thus, in general, the aldol reaction proceeds in the presence of 10 mol% cin-
chona alkaloid salts of type 31, although enantioselectivity does not exceed 62% ee
(65, 66].

Aldol reactions using a carbocation as an organocatalyst An organocatalytic aldol
reaction based on a different concept was developed by the Chen group. The chiral
triarylcarbenium ion 34 was used as a novel non-metallic Lewis acid catalyst in
a Mukaiyama-type aldol reaction which led to enantiomerically enriched aldol
products (Scheme 6.17) [67]. Although non-chiral trityl salt-mediated catalytic aldol
reactions had previously been reported by Mukaiyama and co-workers [68], the
construction of a suitable chiral carbenium ion remained a challenge. Optically
active salts of type 34 were synthesized as Lewis acids based on a reactive carbe-

Et Et
Ar X~

34 OH ©O
OTBS
10 - 20 mol%
PhCHO + _(10-20mol%) _ PhMOEt

OEt  CH:Cly, -78°C

5
33 yields up to 99%
ees up to 38%

Scheme 6.17
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nium center. The yields of these highly moisture- and heat-sensitive materials of
type 34 were in the range of 84-98%.

In the presence of catalytic amounts (10-20 mol%) of chiral trialkylcarbenium
ion 34 the conversion of benzaldehyde and trimethylsilyl ketene acetal 33, as
model reaction, was investigated. The aldol adducts 35 were isolated in yields in
the range 20 to 99% which were very dependent on conditions such as the counter
ion of 34 or the reaction time. Enantioselectivity, however, never exceeded 40% ee,
even when using sterically more bulky aromatic aldehydes. Gradual consumption
of the catalytically active trityl ions and the significant intervention of undesired
silyl catalysis, which lead to the unsatisfactory enantioselectivity, are still the main
limitations of this method. Nevertheless, this first example of an asymmetric aldol
reaction catalyzed by a chiral triarylcarbenium ion shows the high potential of this
new type of chiral catalyst. In the future chiral carbenium ions such as 34 might be
modified to increase their enantiodiscriminating potential, and chiral trityl salts
will surely be of interest for other catalytic processes also.

“Direct aldol reaction” using unmodified ketones
Aldol reactions using L-proline as organocatalyst

The concept The possibility of using a simple organic molecule from the “chiral
pool” to act like an enzyme for the catalytic intermolecular aldol reaction has re-
cently been reported by the List and Barbas groups [69-71]. t-proline, (S)-37, was
chosen as the simple unmodified catalytic molecule from the “chiral pool”. The
proline-catalyzed reaction of acetone with an aldehyde, 36, at room temperature re-
sulted in the formation of the desired aldol products 38 in satisfactory to very good
yields and with enantioselectivity up to >99% ee (Scheme 6.18) [69, 70a].

It is worth noting that, in a similar manner to enzymatic conversions with type I
or II aldolases, a “direct” asymmetric aldol reaction was achieved when 1-proline
was used as catalyst. Accordingly, the use of enol derivatives of the ketone compo-
nent is not necessary, i.e. ketones (acting as donors) can be used directly without
previous modification [72]. So far, most asymmetric catalytic aldol reactions with

D—-COQH
N
H

L-proline (S)-37

as
O o organocatalyst O OH
+
Hsc)J\CHs HJ\R ch)J\)\R
direct
36 aldol reaction (R)-38

up to 97% yield
up to 99% ee
Scheme 6.18
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96% ee 84% ee >99% ee
Scheme 6.19

synthetic catalysts require use of enol derivatives [54, 56, 57]. The first direct cata-
lytic asymmetric aldol reaction in the presence of a chiral heterobimetallic catalyst
has recently been reported by the Shibasaki group [74, 75].

The substrate range: scope and limitations Promising prospects for synthetic ap-
plications of the proline-catalyzed aldol reaction in the future were opened up by
experimental studies of the range of substrates by the List [69, 70a, 73] and Barbas
[71] groups. The reaction proceeds well when aromatic aldehydes are used as start-
ing materials — enantioselectivity is 60 to 77% ee and yields are up to 94% (Scheme
6.19) [69, 70]. The direct 1-proline-catalyzed aldol reaction proceeds very efficiently
when isobutyraldehyde is used as substrate — the product, (R)-38d, has been ob-
tained in very good yield (97%) and with high enantioselectivity (96% ee).
Cyclohexyl carbaldehyde is also a good substrate [70a, 71]. Tertiary aldehydes,
e.g. pivaldehyde, are excellent substrates, furnishing the aldol products, e.g. (R)-
38f, with >99% ee and in high yield [70a]. Aliphatic a-unsubstituted aldehydes,
e.g. pentanal, which usually undergo self-aldolization, can also yield optically active
cross-aldol products [71, 73]. A prerequisite for efficient reaction is, however, that
the reaction is conducted in neat acetone. Thus, a yield of 75% with 73% ee was
achieved in the reaction of pentanal as acceptor and acetone as donor [71].
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Despite the broad variety of aldehydes as suitable aldol acceptors the range
of donors has remained narrow. Whereas acetone is an excellent nucleophile, a
variety of other donors, e.g. acetophenone, 3-pentanone, acetylcyclohexane, and
isopropyl methyl ketone did not yield significant amounts of the desired aldol
products [70a, 71].

The Barbas group has reported the suitability of other heterocyclic «-amino acids,
in particular 5,5-dimethyl thiazolidinium-4-carboxylate (DMTC, (S)-41), hydroxy-
proline, and derivatives thereof, as efficient organocatalysts [71]. In general, for a
broad range of substrates catalytic performance similar to that of the efficient cata-
lyst 1-proline was observed for DMTC, although enantioselectivity was higher for
some substrates [71]. In contrast, non-cyclic «-amino acids have not been found to
be suitable catalysts for this type of reaction. An overview of the catalytic properties
of selected proline-related, cyclic amino acids in a model reaction is shown in
Scheme 6.20. A proline-derived tetrazole catalyst turned out to be highly efficient
for the aldol reaction of various ketones with chloral [76a]. This has been demon-
strated very recently by Saito and Yamamoto et al. achieving excellent enantioselec-
tivities of up to 97% ee when applying (2S)-tetrazol-5-ylpyrrolidine as an organo-
catalyst (10 mol%) [76a]. Notably, stoichiometric amount of water accelerates the
reaction. Furthermore, the Arvidsson group reported successful applications of

0 organocatalyst

)(J)\ (20 mol-%) o OH
+ H
HzC~ "CHj3 )K©\ DMSO / acetone (4:1) HSC%
NO.

20 vol-% 2
(20 vol-%) (R)-38b
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NO,

Type of organocatalyst yield [%] ee [%]

<,\?"002H (S)-39 55 40

f—g—COzH (8)-37 68 76

2coH (940 26 61

3/%_ (S)-41 66 86
L CO.H (DMTC)

S/%_ (S)-42 <5 nd.
#\ COQH

Scheme 6.20
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this tetrazole organocatalyst in the direct aldol reaction of various aldehydes with
acetone very recently [76b]. The Berkessel group developed proline-derived N-sulfo-
nylcarboxamides as easily accessible and highly efficient organocatalysts for the
direct aldol reaction very recently [76c]. Compared to r-proline, significantly
improved reactivities and enantioselectivities (of up to 98% ee) were obtained at
low catalytic amounts of 5-10 mol%. In addition, variation of the sulfonamide
part of these organocatalysts represents an option for substrate-specific fine-tuning
of the catalyst.

The List group demonstrated that N-terminal prolyl peptides also can efficiently
catalyze the aldol reaction [76d]. The best result was obtained by use of the dipep-
tide Pro—Ser, which enabled formation of the aldol adduct between acetone and
p-nitrobenzaldehyde in 87% yield and with 77% ee (compared with 68% yield and
76% ee when using proline as a catalyst under the same conditions). These prom-
ising results with N-terminal prolyl peptides are particularly worthy of note when it
is considered that use of proline amide itself resulted in low enantioselectivity
(with only 20% ee for the aldol adduct between acetone and p-nitrobenzaldehyde).

Extensions of the proline-catalyzed aldol reaction Recently interesting extensions of
the enantioselective proline-catalyzed aldol reaction have been reported. An enan-
tioselective proline-catalyzed self-aldolization of acetaldehyde was observed by Bar-
bas and co-workers (Scheme 6.21) [77]. Starting from acetaldehyde, the valuable
building block 5-hydroxy-(2E)-hexenal, (S)-43, was obtained as a product with up
to 90% ee, although the yield did not exceed 13%, irrespective of the reaction con-
ditions. This reaction requires a small amount catalyst only (ca. 2.5 mol%).

D—CozH
N
H

L-proline (S5)-37 OH fe)
(0] (ca. 2.5 mol-%) /'\/\)J\
3 M HaC NH
HsC™ 'H THF / acetaldehyde
(20 vol-%) (1), (5)-43
o 5h, 0°C 10% yield
90% ee

Scheme 6.21

Another interesting extension of the proline-catalyzed aldol reaction was recently
reported by the Jorgensen group (Scheme 6.22), who used keto malonates as ac-
ceptors and a-substituted acetone derivatives as donors [78]. In contrast with the
“classic” proline-catalyzed reaction discussed above, in this reaction the stereogenic
center is formed at the nucleophilic carbon atom of the donor. The resulting prod-
ucts of type 46 are formed in good yields, from 88% to 94%, and with enantioselec-
tivity between 84 and 90% ee (Scheme 6.22). The reactions were performed with a
catalytic amount of 50 mol% [78].
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Scheme 6.22

Process development and optimization A disadvantage is the large excess of the
ketone component usually required (although in one model reaction it was shown
that stoichiometric amounts can also be used; Section 6.2.1.2). In addition, a fur-
ther reduction of the amount of catalyst required to 20-30 mol% would be desir-
able for an efficient catalytic process.

Several investigations addressing these issues were performed in process-
optimization experiments [71]. With regard to efficient recovery and re-use of the
catalyst, use of chloroform is suitable, because of the insolubility of 1-proline. Al-
though the ee obtained was somewhat lower (61% ee for (R)-38b in CHCl; com-
pared with 76% ee in DMSO), the organocatalyst was quantitatively recovered by
simple filtration and re-use of the catalyst indicated there was no loss of activity.
As an alternative method, immobilization of 1-proline on a silica gel column was
studied but resulted in less satisfactory results [71].

The Kotsuki group investigated the effect of high-pressure conditions on the
direct proline-catalyzed aldol reaction [79a], a process which, interestingly, does
not require use of DMSO as co-solvent. Use of high-pressure conditions led to sup-
pression of the formation of undesired dehydrated by-product and enhancement
of the yield. Study of the substrate range with a range of aldehydes and ketones
revealed that enantioselectivity was usually comparable with that obtained from
experiments at atmospheric pressure. Additionally, proline catalyzed aldol reac-
tions in ionic liquids, preferably 1-butyl-3-methylimidazolium hexafluorophosphate,
have been successfully carried out [79b,c].

The mechanism: similarities to enzymatic processes In principle, r-proline acts as
an enzyme mimic of type I metal-free aldolases. Similar to this enzyme, 1-proline
catalyzes the direct aldol reaction according to an enamine mechanism. Thus, for
the first time a mimic of type I aldolases has been found. The close similarity of
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the mechanisms of reaction of type I aldolases [54d] and 1-proline [69] is shown by
graphical comparison of both reaction cycles in Scheme 6.23 [80]. In both mecha-
nisms formation of the enamines IIla and IIIb, respectively, is the initial step.
These reactions start from the corresponding ketone and the amino functionality
of the enzyme or r-proline. Conversion of the enamine intermediates Illa and
ITIb, respectively, with an aldehyde, and subsequent release of the catalytic system
(type I aldolase or 1-proline) furnishes the aldol product.

The catalytic cycles are, however, different in the reaction sequence for formation
of the enamines which are key intermediates in these aldol reactions. With the
type I aldolase a primary amino function of the enzyme is used for direct forma-
tion of a neutral imine (ITa) whereas starting from 1-proline enamine synthesis
proceeds via a positive iminium system (IIb) (Scheme 6.23). In this respect, in-
vestigations by List et al. on the dependence of the catalytic potential on the type
of amino acid are of particular interest. In these studies it has been shown that
for catalytic activity the presence of a pyrrolidine ring (in r-proline (S)-37) and the
carboxylic acid group is required [69].
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Aldol reactions using a diamine as organocatalyst The Yamamoto group showed
organocatalytic asymmetric aldol reaction can be also performed successfully with
optically active diamines derived from 1-proline [81]. A detailed screening study of
several libraries revealed that selected combinations of a diamine and a protonic
acid are suitable catalysts leading to enantioselectivity up to 93% ee [81a]. As sub-
strates acetone was used as a donor in combination with aromatic or aliphatic alde-
hydes. The ratio of the chiral diamine and the (non-chiral) acid is important. The
most suitable diamine-to-acid ratio was found to be 1:1. For p-nitrobenzaldehyde
and acetone several type of acid and diamine were screened using a small amount
of catalyst (3 mol%). Under these conditions the best result was obtained with the
optically active diamine (S)-47 and the acid 48, furnishing the desired product
(R)-38b in 72% yield and with 93% ee (Scheme 6.24) [81a]. In contrast, this organo-
catalyst (S)-47 was less suitable for use of benzaldehyde as a substrate (13%
yield; 91% ee; 25% vyield for the side product 49). For benzaldehyde and cyclohexyl
carbaldehyde as substrates related organocatalysts based on other diamines were
found to be efficient. Thus, by means of organocatalyst screening using a diamine
library an optimized, substrate-specific organocatalyst was found for each type of
substrate. It was also found, however, that dehydration of the aldol product is often
a critical side reaction, with yields in the range 4 to 57%.

Q O,N NO,
04'\' (I
*2 Hy0 SOsH

N
H (5)-47 48
] diamine acid 0 OH ]

3 mol-% 3 mol-%
H ( mo ) ( mo ) H3C + ch 7
acetone (27 equiv),
NO, 10h, 23 °C O NO.

NO»
(R)-38b 49
72% yield 7% yield
93% ee
Scheme 6.24
Conclusion

Without any doubt one can regard the asymmetric synthesis of aldol products with
one stereogenic center as one of most advanced types of synthesis in the field of
organocatalysis. The desired aldol products can be obtained in high yields and
with good to excellent enantioselectivity. In addition, conceptually completely dif-
ferent organocatalytic approaches have been developed which entail use of organic
Lewis bases phase-transfer catalysts, carbocations and amino acids (and derivatives
thereof ), respectively, as organocatalysts. The Denmark method using chiral phos-
phoramides as Lewis base catalysts and the List and Barbas approach applying pro-
line (or derivatives thereof) as a simple but efficient organocatalyst are surely
among the most efficient and general asymmetric catalytic aldol reactions yet dis-
covered. In summary, organocatalytic aldol reactions provide the organic chemist
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with a valuable and versatile tool for efficient preparation of optically active aldol
adducts.

6.2.1.2 Intermolecular Aldol Reaction with Formation of Two Stereogenic Centers
The asymmetric aldol reaction can also be performed as an enantio- and diastereo-
selective reaction forming molecules of type 50 with two stereogenic centers. The
principle of this reaction is shown in Scheme 6.25.

Several organic molecules have been found to catalyze this process efficiently.
As described in Section 6.2.1.1, the syntheses can be performed as “indirect” or
“direct” aldol reactions. Thus, as nucleophiles, ketones were applied directly or
enolates can be used as starting materials.

“Indirect aldol reaction” using enolates

Aldol reactions using phosphoramides as organocatalysts The organic base-
catalyzed asymmetric intermolecular aldol reaction with ketone-derived donors
can be successfully applied to the construction of aldol products with two stereo-
genic centers [82-86]. Trichlorosilyl enolates of type 51 have been used as nucleo-
philes. Such enolates are strongly activated ketone derivatives and react spon-
taneously with several aldehydes at —80 °C. A first important result was that in
the aldol reaction of 51 catalytic amounts of HMPA led to acceleration of the rate
of reaction. After screening several optically active phosphoramides as catalysts
in a model reaction the aldol product anti-53 was obtained with a diastereomeric



6.2 Aldol Reactions

Me
Ph, it
h D
OSiClg 1.(5,5)-52 (10 mol %) Q  OH QO  OH
) )Ok CHCl, 78 °C éﬂph . iiE/\Ph
Ph™ "H 2 sat. aq. NaHCO; ’
51 anti-53 syn-53

94% yield
syn/anti ratio 1:50
anti adduct: 93% ee

Scheme 6.26

ratio, d.r., (anti/syn) of 50:1, and an enantioselectivity of 93% ee (for the anti
enantiomer) in a high yield (94%) under non-optimized conditions when using
10 mol% (S,S)-52 (Scheme 6.26) [84].

It should be noted that in the absence of the organocatalyst the E enolate affords
mainly the syn adduct (syn/anti ratio 49:1, 92% yield, reaction temperature 0 °C
[82, 84]) whereas in the presence of (S,S5)-52 by dramatic reversal in diastereoselec-
tivity the anti-aldol product anti-53 is preferentially formed (anti/syn ratio 50:1;
anti 93% ee) [84]. Other types of chiral phosphoramide, e.g. based on optically
active 1,2-cyclohexyldiamine, had less satisfactory catalytic properties.

Several reaction conditions, e.g. the solvent and the rate of mixing, have a sig-
nificant effect on the reaction [84]. Under optimized conditions the reaction is per-
formed with an amount of catalyst of only 2 mol% (S,S)-52 in the presence of di-
chloromethane as solvent. A further prerequisite for efficient reaction is, however,
dropwise addition of the aldehyde component. For example, a yield of 91%, high
anti/syn diastereoselectivity of 28:1, and 92% ee for the anti product anti-53 was
obtained under such conditions when using benzaldehyde and the trichlorosilyl
ether derived from cyclohexenone as substrates. On rapid addition of the aldehyde,
however, 10 mol% catalyst was required for comparable selectivity.

The range of suitable aldehydes was investigated using the organocatalyst (S,S)-
52 and the cyclohexanone-derived trichlorosilyl enolate 51 as prototypical (E)-
enolate (Scheme 6.27) [84]. Irrespective of the aldehyde used high yields of 90 to
98% were obtained. The diastereoselectivity was excellent for aromatic and unsatu-
rated aldehydes, with anti/syn ratios between 61:1 and >99:1. Enantioselectivity for
the anti enantiomer was high, between 88 and 97% ee. Selected examples are given
in Scheme 6.27. The acetylenic aldehyde led to somewhat lower diastereo- and
enantioselectivity (anti/syn ratio 5.3:1; anti-adduct 82% ee).

The reaction also proceeds efficiently with (Z)-enolates, as has been demon-
strated with the trichlorosilyl enolate derived from propiophenone, (Z)-58 (Scheme
6.28). With aromatic and olefinic aldehydes the syn products syn-59-63 were
formed as preferred diastereomers in high yields (89 to 97%) and with moderate
to high syn/anti ratio (3.0:1 to 18:1). Enantioselectivity for the preferred syn diaster-
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I\Ille
Ph, N O
P
pr? NN
Me
0SiCly 1. (S,5)-52 (10 mol %) Q ?H
0 CH.Cl,, -78 °C, 2h R
+
R™ "H 2. sat. ag. NaHCO;
51 anti-53-57

Selected examples: Use of different aldehydes

O OH
anti-53 anti-54 anti-55
95% yield 94% yield 94% vyield
anti/syn ratio 61:1 anti/syn ratio >99:1 anti/syn ratio >99:1
anti adduct: 93% ee anti adduct: 97% ee anti adduct: 88% ee
O OH O OH
=
X
CH3
anti-56 anti-57
98% yield 90% yield
anti/syn ratio >99:1 anti/syn ratio 5.3:1
anti adduct: 92% ee anti adduct: 82% ee
Scheme 6.27

eomers syn-59—63 were high (from 84 to 96% ee). For the corresponding reaction
using the acetylenic aldehyde, however, anti-diastereoselectivity (syn/anti 1:3.5) was
observed and enantioselectivity of 58% ee and 10% ee, respectively, for both enan-
tiomers syn-64 and trans-64 [84].

The Denmark phosphoramide organocatalyst has recently been applied in
the first catalytic, diastereoselective, and enantioselective crossed-aldol reaction
of aldehydes [86]. It is worthy of note that such controlled stereoselective self-
condensation of aldehydes has previously found no general application, because
of many side-reactions, e.g. polyaldolization, and dehydration of the products. Sev-
eral previously developed solutions have limitations. In a first step the Denmark
group developed a procedure for generation of stereodefined trichlorosilyl enolates
of aldehydes with high geometrical purity. Use of these geometrically pure (Z) and
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O OH O OH

0SiClg 1.(S,5)-52 (10 mol %) C 0
Q&CHS . )OJ\ CH,Cly, -78 °C, 6h R SR, WR
R™ "H 2. sat aq. NaHCO; CHs CHs
(2)-58 anti-59-64 syn-59-64

Selected examples: Use of different aldehydes

O OH O OH
U %0 U a0 &
3 3 Br 3
syn-59 syn-60 syn-61
95% yield 89% yield 96% yield
syn/anti ratio 18:1 syn/anti ratio 12:1 syn/anti ratio 3.0:1
syn adduct: 95% ee syn adduct: 96% ee syn adduct: 84% ee
O OH O OH O OH
= / z z
H : 7 CHa
CHs CHa
syn-62 syn-63 anti-64
97% yield 94% vyield 92% yield
syn/anti ratio 9.4:1 syn/anti ratio 7.0:1 anti/syn ratio 3.5:1
syn adduct: 92% ee syn adduct: 91% ee anti adduct: 58% ee

Scheme 6.28

(E) compounds of types (Z)-65 and (E)-65 in reactions with benzaldehyde, with
phosphoramides as catalysts, furnished the aldol products (as their dimethyl acetal
derivatives, for reasons of stability) in high yield and diastereoselectivity. Enantiose-
lectivity, however, was low when monomeric phosphoramide was used as catalyst.
A breakthrough with regard to enantioselectivity was achieved when monomeric
catalysts were replaced by the dimeric phosphoramide 66. Interestingly, the length
of the alkyl linker plays a crucial role in enantioselectivity, the best results being
obtained when n = 5. The products were obtained with excellent yields and diaster-
eoselectivity accompanied (usually) by good to high enantioselectivity. A selected
example is shown in Scheme 6.29.

The phosphoramide-catalyzed cross-aldol reaction tolerates a broad variety of
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I
N O

0SiCl,

P
n-Cetyy N N—(CHp)s O ogic,
(T b b
(2)-65 ) (E)-65
1. 66 (5 mol %),
o
@ H
CHClg/CHgClQ (4:1 ),
-78 °C, 6h
2. MeOH
OH OCH;3 OH OCH;Z
R
S OCH3 H OCH3
n-CsH11 h'CSHﬂ
syn-67 anti-67
92% yield 91% yield
syn/anti ratio 99:1 anti/syn ratio 97:3
syn adduct: 90% ee anti adduct: 82% ee

Scheme 6.29

aldehydes [86]. Use of enolates of type (Z)-65 and (E)-65 with aromatic aldehydes
as acceptors gave the desired cross-aldol products of type 67 in yields of 91 to 97%
with diastereomeric ratios of 97:3 to 99:1. A representative example is given in
Scheme 6.29. It is worthy of note that use of (Z)-enolates usually gave the syn
products preferably whereas use of (E)-enolates furnished the anti products. The
enantioselectivity was variable with ee values in the range 53 to 90% ee. In addition
to aromatic aldehydes, «,f-unsaturated aldehydes and acetylenic and aliphatic alde-
hydes were also used successfully. Yields and diastereoselectivity were usually high
for those substrates, also, although enantioselectivity was usually somewhat lower
than for aromatic aldehydes.

The basic principles of the mechanism of this Lewis-base-catalyzed aldol reaction
have already been described in Section 6.2.1.1. With regard to the course of
the enantio- and diastereoselective formation of aldol adducts with two stereogenic
centers, it is proposed that synthesis of anti-products proceeds via a chair-like
transition structure. A distinctive feature of the cationic transition state complex
is a hexacoordinated silicon atom bearing two chiral phosphoramide molecules as
ligands (Scheme 6.30).

In contrast, syn products are formed through a boat-like transition state, also
involving a cationic silicon complex. In this complex, however, the silicon atom is
pentacoordinated and one phosphoramide only is bound to the silicon atom.
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Aldol reactions using quaternary ammonium salts as organocatalysts Alkaloid-
based quaternary ammonium salts are suitable organocatalysts for diastereo- and
enantioselective aldol reactions furnishing optically active f-hydroxy-z-amino acids.
As starting material, tert-butylglycinate—benzophenone Schiff base 68 turned out to
be less preferred compared with a silylated derivative thereof for this reaction. In
an early study Miller et al. showed the “proof of principle” for this reaction using
chloride salts of cinchona alkaloids (an example is given in Scheme 6.31) [87]. A
long alkyl chain on the aldehyde was found to be beneficial. Aromatic aldehydes
were also tolerated. The yields of these substrates were medium to good, between
46 and 92%, whereas diastereomeric ratio was medium to low, the best d.r. being
3.5:1. The enantioselectivity of the diastereomeric products was very low and not

o 69 (10 mol %), . COxtBu
N-CH,CO.tBu +  JI_ N

H™ "R CH,Cly, y R
O 68 2 equiv. NaOH O HO
70
yields of up to 92%

dr <3.6:1
ee <12%

Scheme 6.31
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sufficient for practical asymmetric syntheses — the highest enantioselectivity was
12% ee.

A breakthrough leading to high enantioselectivity was achieved by the Corey
group, who used the chinchonidine-derived organocatalyst they had previously de-
veloped for, e.g., enantioselective Michael addition (Section 4.1) [88]. On use of a
catalytic amount (10 mol%) and the trimethylsilyl enol ether derivative of tert-butyl-
glycinate—benzophenone Schiff base as aldol donor the reaction proceeds with a
broad variety of aldehydes (Scheme 6.32). In the first step an isomeric mixture of
oxazolidine and f-hydroxy-a-amino acid ester Schiff base with benzophenone is
formed; this is subsequently cleaved by treatment with citric acid, with formation
of the desired products 72. Most interestingly, good to excellent enantioselectivity
of up to 95% ee was usually obtained. Diastereoselectivity, however, varied substan-
tially — syn/anti ratios were from 1:1 to 13:1. Yields were in the range 48 to 81%.
Selected examples are given in Scheme 6.32.

Another catalytic application of chiral quaternary ammonium salts is their use

Ot-Bu O 71(10 mol %), O)(NH R}\rcoztBu
N + M )\ R

R
OoTMS H R CHuCl, / hexane, CO.1B NYPh
-45, -50 or -78 °C 2fBu Ph
agq. citric acid (0.5 M),
THF, rt, 15 h
OH OH
R)\rooztsu . R/\‘/002tBu
NH, NH
syn-72 anti-72
Selected examples
OH OH OH OH
\(H/oogrsu CO,tBu PhA/H/COZtBu HsoWooeru
CHs NH, NH, NH; HsC' CHy NH,
syn-72a syn-72b syn-72c syn-72d
70% yield 81% yield 64% yield 61% yield
syn/anti ratio 6:1 syn/anti ratio 13:1 syn/anti ratio 1:1 syn/anti ratio 3:1
syn adduct: 95% ee syn adduct: 88% ee syn adduct: 72% ee syn adduct: 76% ee

Scheme 6.32
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OSi(CHy)s O 1.74 (10 mol %),

THE o OH O OH
‘ HJ\© 2. 1N HCI, MeOH
+
74% yield

syn/anti ratio 3:1 .
73 syn-75 anti-75
syn adduct: 72% ee anti adduct: 22% ee

Scheme 6.33

in the diastereo- and enantioselective synthesis of o-dialkylated f-hydroxy ketones
of type 75 [89]. The Shioiri group found that reaction of the trimethylsilyl enolate
nucleophile 73 and benzaldehyde proceeds with medium to good diastereoselectiv-
ity (d.r. ratio up to 7.3:1). Yields are in the range 63 to 74%. Enantioselectivity was
usually higher for the syn diastereomer, with ee values up to 72% ee. A representa-
tive example is shown in Scheme 6.33.

A catalytic amount (12 mol%) of N-benzylchinchonium fluoride salt 74 was used
as organocatalyst. The solvent has a crucial effect on the efficiency of the reaction.
It was observed that THF gave the best results and that the enantioselectivity
dropped substantially when a polar solvent such as DMF or acetonitrile was added.
If the reaction was performed in ether or toluene an aldol product was not obtained.

“Direct aldol reaction” using glycinates

A new class of chiral quaternary ammonium salt organocatalyst has recently been
developed by Maruoka and co-workers, and successfully applied in enantioselective
alkylations [90]. The Maruoka group recently also demonstrated that these struc-
turally rigid spiro ammonium salts of, e.g., type 76, are also suitable catalysts for
the diastereo- and enantioselective aldol reaction of glycinate 68 with aldehydes
[91]. In the presence of the Cj-symmetric compounds 76a or 76b as organocata-
lysts formation of the desired f-hydroxy a-amino acid derivatives anti-72 proceeds
with high diastereoselectivity and enantioselectivity. The asymmetric aldol reaction
can be performed by direct use of the glycine Schiff base as donor without previous
modification. This direct diastereo- and enantioselective aldol reaction has been
successfully performed with a broad range of aldehyde substrates. Selected exam-
ples are shown in Scheme 6.34. For example, a high diastereomeric ratio of d.r.
(anti/syn) = 12:1 and high enantioselectivity of 96% ee were observed for forma-
tion of anti-72c.

“Direct aldol reaction” using unmodified ketones and aldehydes

Aldol reactions using L-proline as organocatalysts The concept of the proline-
catalyzed aldol reaction has been recently extended by List et al. and the Barbas
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76a: R= 577‘
76b: R= ‘
m <:= CFs
O o) 76 (2 mol %) COMB
u
+ R 2
=N, HJKR “r

toluene, anti-72

68 aqg. NaOH (1%)

Selected examples

OH OH OH OH
~_-CO,tB _CO,tB HsC. y~__COstBu ‘__CO,B
21BU PhA/Y >tBu 3 W 2 \/\/\r 2iBU
NH, NH, ® NHp NH,
anti-72b anti-72c anti-72e anti-72f
40% yield 71% yield 65% yield 71% yield
dr(anti/syn)=2.8:1 dr(anti/syn)=12:1 dr(anti/syn)=10:1 dr(anti/syn)=2.4:1
95% ee 96% ee 91% ee 90% ee
(catalyst 76a was used) (catalyst 76b was used)  (catalyst 76b was used) (catalyst 76a was used)
Scheme 6.34

group toward the synthesis of aldol products with two stereogenic centers [92-95].
The desired anti-diols have been obtained in a regio-, diastereo-, and enantioselec-
tive step starting from achiral compounds.

Substrate range As aldol donor hydroxyacetone was investigated for its potential
to form the corresponding optically active anti diols 78 as aldol products [92-94a].
As model reaction the conversion of cyclohexyl carboxaldehyde and hydroxyacetone
to the aldol product was investigated in the presence of 1-proline as catalyst (Dbe-
cause this organocatalyst was found to be very efficient in previous reactions; see
also Section 6.2.1.1) [92]. With this catalyst high diastereoselectivity (d.r. > 20:1),
and an excellent enantioselectivity (99% ee) were observed. The yield was in the
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D«cogH
N

o o L-prg\ine (S)-77 O OH
(20 - 30 mol-%)
.9 A
HaC H 'R DMSO / hydroxyacetone OH
OH (4:1) anti-78
(20 vol-%) (R=alkyl,aryl) up to 95% yield

dr (syn/anti) up to >20:1
up to >99% ee

Selected examples

O OH O OH O OH <l
CH
HaC™ HSCJH/'\( ° HaC™ Y
OH OH CHj OH

anti-78a anti-78b anti-78c
60% yield 62% yield 95% yield

dr (anti/syn) >20:1 dr (anti/syn) >20:1 dr (anti/syn) 1.5:1
>99% ee >99% ee 67% ee

Scheme 6.35

medium range, 60%, and other regioisomers were not found. Impressive diastereo-
and enantioselectivity of d.r. > 20:1 and up to >99% ee were also observed when
using isobutyraldehyde as substrate (Scheme 6.35).

The reactions also led to high regioselectivity (> 20:1). For alkylated aldehydes
unbranched in the o-position, however, low diastereoselectivity (d.r. 1.7:1) and
yields of 38% were obtained, although enantioselectivity remained excellent
(> 97% ee). Use of aromatic substrates resulted in a d.r. of 1:1 to 1.5:1 only, and
the enantioselectivity was in the range 67 to 80% ee [93]. Some representative ex-
amples of the r-proline-catalyzed aldol reaction with hydroxyacetone are given in
Scheme 6.35.

A possibility of improving ee for aromatic substrates is afforded by the use
of DMTC (R)-79 as organocatalyst for this reaction [93]. Because of significantly
slower reactions in the presence of DMTC, the syntheses were conducted at ele-
vated temperature of 37 °C. Although yields are usually lower than for reactions
using r-proline, with aromatic substrates acceptable yields accompanied by high
enantioselectivity (> 90% ee) have been achieved by use of 20 mol% DMTC. Im-
proving the diastereoselectivity remains challenging, however, because DMTC did
not give better d.r. ratio [93]. A graphical comparison is given in Scheme 6.36. The
catalytic properties of 1-proline and DMTC are, therefore, complementary, enabling
the aldol reaction of hydroxyacetone with a broad variety of aliphatic and aromatic
aldehydes.

Besides hydroxyacetone unmodified cyclic ketones can also serve as suitable
donors in the construction of aldol products with two stereogenic centers [94].
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o 0 catalyst (S)-77 or (R)-79 O OH
20 mol-%
. g ( ) H3C)J\._/'\ R
HsC H™ 'R DMSO / hydroxyacetone OH
OH (4:1) anti-78
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s
D—-COZH )g—cozH
N L

N
L-erine (S)-77 DM‘IJE,l (R)-79
O OH
HsC . 60% vyield 45% yield
(i)H dr (anti/syn) >20:1 dr (anti/syn) >20:1
) >99% ee 95% ee
anti-78a
O OH
CHgs 62% yield <5% yield
HsC : dr (anti/syn) >20:1 dr (anti/syn) n.d.
OH CHg >99% ee een.d.
anti-78b
O OH cCl
HAC 95% yield 60% yield
3 : dr (anti/syn) 1.5:1 dr (anti/syn) 1.5:1
OH 67% ee 92% ee
anti-78c

a) Excellent results with respect to enantioselectivity are marked.
Scheme 6.36

Once again proline functions as organocatalyst furnishing the desired aldol ad-
ducts 80 in yields of 41 to 85%. With the exception of alkylated aldehydes branched
in the a-position, however, d.r. ratios were low, although good to excellent enantio-
selectivity of 85 to 97% ee was observed for all aldehydes, irrespective of their sub-
stitution pattern. The best result was obtained with isobutyraldehyde; this afforded
the anti-aldol product 80b in 68% yield, with diastereoselectivity of d.r. > 20.1, and
enantioselectivity of 97% ee [94, 95].

Mechanism and transition states The basic principles of the proline-catalyzed
direct aldol reaction are summarized in Section 6.2.1.1 [93, 94a]. The preferred
diastereo- and enantioselectivity were explained in terms of the potential transition
states for the aldol reaction using hydroxyacetone shown in Scheme 6.38 [93].
Thus, re-facial attack of the aldehyde at the si face of hydroxyacetone leads to the
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R1
anti-80
Selected examples
O OH O OH O OH CHs
CH
H™Y HOY ° HOY CHg
CH3 CH3 CH3 CH3
anti-80a anti-80b anti-80c
81% yield 82% yield 88% yield
dr (anti/syn)=3:1 dr (anti/syn)=24:1 dr (anti/syn)=3:1
99% ee >99% ee 97% ee
Scheme 6.37

a) chairlike-transition state
forming anti-products

Scheme 6.38

b) boatlike-transition state
forming syn-products

formation of a six-membered transitions state IV which gives the anti-aldol prod-
ucts. In contrast, reversed facial selectivity of the enamine derived from hydroxy-
acetone in a boat-like transition state V would lead to preferred formation of syn

products.

The excellent regioselectivity was explained by highly regioselective enamine
formation by the hydroxyacetone, because of the hydroxy group. This n-donating
hydroxyl group stabilizes the hydroxyl enamine by interacting with the z*-orbital
of the C=C double bond [93].

A detailed study of the reaction mechanism based on quantum mechanical cal-
culations was reported very recently by Houk and List et al. [96]. In this connec-
tion, the ratio of the four stereoisomeric products in the proline-catalyzed dia-

stereo- and enantioselective aldol reaction was predicted and excellent agreement
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between the quantum mechanical prediction and the experimental results has
been found.

Conclusion

In addition to the asymmetric organocatalytic aldol reaction which forms products
with one stereogenic center several powerful methods have been successfully ap-
plied to the synthesis of aldol adducts with two stereogenic centers. It is worthy
of note that — in contrast with diastereoselective syntheses using chiral auxiliaries
— these reactions require achiral starting materials only. The types of catalyst
used include optically active phosphoramides, different types of quaternary ammo-
nium salts, and simple amino acids, e.g. proline. Thus, several diastereo- and
enantioselective organocatalytic aldol procedures are now available which enable
the preparation, in high yields and with excellent regio-, diastereo-, and enantiose-
lectivity, of a broad variety of aldol products bearing a f-hydroxyketone framework
with two stereogenic centers. Notably, organocatalytic methodologies for the syn-
thesis of syn — as well as anti-aldol adducts are available.

6.2.2
Intramolecular Asymmetric Aldol Reaction

In addition to the many intermolecular asymmetric (organo)catalytic aldol reac-
tions, analogous intramolecular syntheses are also possible. In this connection it
is worthy of note that the first example of an asymmetric catalytic aldol reaction
was an intramolecular reaction using an organic molecule, 1-proline, as chiral cat-
alyst. This reaction — which will be discussed in more detail below — is the so-called
Hajos—Parrish—Eder—Sauer-Wiechert reaction [97-101], which was discovered as
early as the beginning of the 1970s.

The intramolecular aldol reactions reported so far can be divided into two differ-
ent types. The first is a enantioselective aldol reaction starting from a dicarbonyl
compounds of type 81. In these reactions, products with two stereogenic centers,
82, are formed. The reaction is shown in Scheme 6.39, Eq. (1). These products
can be converted into derivatives, particularly lactones.

An alternative concept is asymmetric desymmetrization of a prochiral molecule
of type 83. The starting materials 83 have three keto groups and one carbon atom
bearing at least three substituents. A prerequisite is the presence of a prochiral car-
bon atom with two identical substituents bearing a keto functionality (Scheme
6.39, Eq. (2)). This type of asymmetric intramolecular aldol reaction proceeds with
formation of cyclic ketols of type 84 with two stereogenic centers. Dehydration can
subsequently be performed, leading to optically active enones of type 85. The two
types of intramolecular aldol reaction are shown conceptually in Scheme 6.39.

6.2.2.1 Intramolecular Aldol Reaction Starting from Diketones

It is worthy of note that the type of reaction shown in Scheme 6.39, Eq. (1) was
reported only recently [102]. In 2001, Romo and co-workers described an intra-
molecular, nucleophile-catalyzed aldol-lactonization (NCAL) process which contains
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an organocatalytic intramolecular aldol condensation as a key step. 6-Oxohexanoic
acids or their disubstituted (prochiral) derivatives were used as starting materials.
In the reaction procedure the starting material 86 must be added slowly to a
mixture of the catalyst and required additives. In the presence of 10 mol% O-
acetylquinidine, 87, as catalyst, three equivalents of the Mukaiyama reagent 88,
and four equivalents of Hiinig’s base the aldol condensation of the aldehyde acid
86 proceeds, with good enantioselectivity (in the range 90-92% ee) giving the
B-lactones 89 after subsequent cyclization (Scheme 6.40) [102].

The yields of the products (+)-89a—c were moderate with 37-54% and the reac-
tion time was somewhat long with 108 h. The opposite enantiomer can be also ob-
tained with high enantioselectivity by use of O-acetylquinine as catalyst. In this
case the (—) enantiomer of 89a was formed in 51% yield and with 86% ee.

A detailed study of the effect of modified quinidine derivatives was conducted
by the same group [103]. In particular the effects on enantioselectivity of several
substituents at the C9 position and of catalyst conformation were investigated,
with interesting results — the enantioselectivity was almost unaffected by the O-
acyl substituent at the C9 carbon atom (Scheme 6.41). For example, use of catalysts
90, 91, and 92, which are based on structurally different acyl substituents, gave the
product (1R,2S)-(+)-89a with enantioselectivity in the narrow range 89-92% ee.
The yields, however, differed substantially, and did not exceed 54%. Interestingly,
a more rigid quinidine derivative resulted in complete reversal of enantioselectivity
[103].

A reaction mechanism was proposed in which the tertiary amino group of the
alkaloid organocatalyst and the carboxylic acid group form a chiral ammonium
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X7
H3C™ °C
AN
|
N~
OCH
(0] 8 o)
H 87 (10 mol %) R,
OH R e o)
~
86 ) l'\l cl 89
CH3z 88 (3 equiv),
i-ProNEt (4 equiv), CH3CN,
25°C, 108 h
synthetic examples
0] O 0]
(0] (0) O HsC O
(1R,25)-89a (3R,45)-89b (1R,25)-89¢
54% yield 37% yield 45% yield
92% ee 92% ee 90% ee
Scheme 6.40

enolate which subsequently reacts enantioselectively with the aldehyde, with for-
mation of the aldolate [102, 103].

6.2.2.2 Intramolecular Aldol Reaction Starting from Triketones
The intramolecular aldol reaction of triketones with asymmetric desymmetrization
has been known for a long time. When Eder, Sauer, and Wiechert [97, 98], and in
parallel Hajos and Parrish [99-101] reported this reaction in the early 1970s it was
the first example of an asymmetric catalytic aldol reaction, and one of the first ex-
amples of an organocatalytic asymmetric synthesis [104].

2,2-Disubstituted cyclopentane-1,3-diones and cyclohexane-1,3-diones were used
as substrates. After formation of the aldol adducts subsequent intramolecular de-
hydration furnished products of types 94 and 96. The asymmetric intramolecular
aldol reaction proceeds with a broad variety of natural amino acids as organocata-
lysts. Among these r-proline was usually found to be the most versatile. For exam-
ple, conversion of the 2,2-disubstituted cyclopentane-1,3-dione 93 in the presence
of 1-proline gave the desired product 94 in 86.6% yield and with enantioselectivity
of 84% ee [97]. This example and a related reaction with a 2,2-disubstituted
cyclohexane-1,3-dione 95 are shown in Scheme 6.42. Chiral induction depends
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96: n=1, 83% yield, 71% ee
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not only on the type of catalyst but also strongly on the solvent and on the nature
of the required acid component. This reaction can be also performed with forma-
tion of related products with an ethyl substituent at the stereogenic carbon center
(instead of a methyl group) [101].

This reaction is particularly suitable for the preparation of the Wieland-
Miescher ketone 96, a very useful building block for construction of a broad variety
of biologically active compounds such as steroids, terpenoids, and taxol. On the
basis of the proline-catalyzed approach described above Barbas et al. recently re-
ported an optimized procedure for formation of the chiral Wieland—Miescher ke-
tone, 96 [105]. It has been shown that this synthesis (which comprises three reac-
tions) can be performed as a one-pot synthesis. The desired product is obtained in
49% yield with enantioselectivity of 76% ee (Scheme 6.43). Here r-proline func-
tions as an efficient catalyst for all three reaction steps (Michael-addition, cycliza-
tion, dehydration). It is also worth noting that although many other amino acids
and derivatives thereof were tested as potential alternative catalysts, 1-proline had
the best catalytic properties for synthesis of 96. This result emphasizes the superior
catalytic properties of proline reported after previous comparative studies by the
Hajos group [100, 101].

An investigation by the Hajos group, which included optimization of the reac-
tion conditions, provided detailed insight into the aldol cyclization step and forma-
tion of the important intermediate 97 (Scheme 6.44) [101]. The best yield and
enantioselectivity were obtained when a polar, aprotic solvent was used. In DMF
the aldol cyclization of 95 into the ketol intermediate 97 proceeded in quantitative
yield and with high enantiomeric excess of 93.4%. It is worthy of note that a small
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amount — 3 mol% — proline is sufficient for effective catalysis under these condi-
tions. Subsequent dehydration of the ketol 97 gave the enone 96 in 99.4% yield
(purity 92.4%) and enantioselectivity 87.7% ee [101]. Solubility of the amino acid
organocatalyst was an important prerequisite for catalytic properties. For example,
(2S,4R)-trans-4-hydroxyproline, which is insoluble in acetonitrile, did not lead to
any reaction whereas the low solubility of proline of 2.6 mg per 100 g is sufficient
to catalyze the aldol cyclization efficiently [101].

The first mechanistic explanations of this important synthesis were proposed
on the basis of on experimental data by the Parrish [100, 101] and Agami groups
[106-110]. Their experiments revealed that the carboxylic acid functionality and
the pyrrolidine ring of proline were essential for efficient asymmetric induction.
Despite many experimental results from the 1-proline-catalyzed intramolecular al-
dol reaction, however, detailed insight into the mechanism, with regard to enantio-
selectivity in particular, has not been forthcoming until a recent theoretical study
by the Houk group [111, 112]. In this investigation Houk et al. explored transition
states and intermediates in the synthesis of the aldol adduct 97. The ground-state
and transition-state structures were located using hybrid density-functional theory.
It was found that reaction of VI under formation of the cis hydroindanone ketol
intermediates, VIIa and VIIb, is favored over the corresponding trans analogs. In
addition, two transitions states, (S,S)-VIII and (R,R)-VIII, leading to the bicyclic
aldol intermediates VIIa and VIIb, respectively, were located (Scheme 6.45). The
transition state (R,R)-VIII is less stable than the transition state (S,S)-VIII, which
explains the preferred formation of the ketol IIla, and the (S) configuration of the
final enone product, 96 [112].

On the basis of the success of these initial reports on the proline-catalyzed intra-
molecular aldol reaction several groups focused on extending this type of synthesis
to bicyclic products bearing angular substituents other than methyl and ethyl
reported earlier [97-101]. Preparation of bicyclic systems with protected hy-
droxymethyl substituents, e.g. 99, was reported by Uda et al. (Scheme 6.46, Eq. 1)
[113, 114]. As a selected example, the aldol adduct 99 was formed in 70% yield and
with 75% ee in the presence of one equivalent of 1-proline. Synthesis of a related
product with an angular phenylthio substituent, 101, was described by Watt and
co-workers (Scheme 6.46, Eq. 2) [115]. After intramolecular proline-catalyzed aldol
reaction, dehydration of the ketol intermediate, and subsequent recrystallization
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the product 101 was obtained in 52% overall yield, and with excellent enantioselec-
tivity of >95% ee [115].

Analogous bicyclic products with different substitution patterns, e.g. 103 [116],
were also synthesized (Scheme 6.46, Eq. 3). Compound 103, which is (in the
same way as 96) also an intermediate in the synthesis of steroids, was prepared
starting from 102 in the presence of one equivalent (S)-phenylalanine as catalyst
[116]. The enantioselectivity of 76% ee was determined after derivatization into a
known compound. It is worth noting that for preparation of 103 use of r-proline
gave less satisfactory results. A graphical overview of synthesized bicyclic products
(related to 96) with different substituted patterns is given in Scheme 6.46.

The organocatalytic asymmetric intramolecular aldol reaction has also been used
in the synthesis of a gibbane framework [117]. The proline-catalyzed aldol cycliza-
tion of the triketone 104 into the tricyclic system 106 proceeds via the unstable
ketol 105 (Scheme 6.47). For this reaction, which occurred at room temperature, a
catalytic amount (10 mol%) of 1-proline was used. The enone 106 was furnished
in 92% vyield and a single recrystallization resulted in an enantiomerically pure
sample of 106. This aldol product 106 served as a useful intermediate in the syn-
thesis of the desired gibbane framework.

The Danishefsky group reported the use of an organocatalytic intramolecular al-
dol reaction in the synthesis of a key intermediate, 108, for preparation of optically
active estrone and commercially relevant 19-norsteroids [118, 119]. In the presence
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of 1-proline as a catalyst and under the “standard” reaction conditions (mentioned
above for synthesis of 96), however, unsatisfactory enantioselectivity of 27% ee
was obtained [119]. Significant improvement of the optical purity was achieved on
replacing 1-proline by r-phenylalanine as organocatalyst. In the presence of stoi-
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chiometric amounts of i-phenylalanine cyclization of 107 proceeds efficiently,
giving the desired product 108 in 82% yield and with 86% ee (Scheme 6.48)
[118]. Subsequently, the product 108 was successfully converted into estrone and
19-norsteroids.

Desymmetrization via proline-catalyzed asymmetric intramolecular aldol reac-
tion can, however, also be performed with acyclic diketones of type 109 as has
been reported by the Agami group [106]. In the first step a prochiral acyclic
diketone reacts in the presence of 1-proline as catalyst (22-112 mol%) with for-
mation of the aldol adduct 111 (Scheme 6.49). In this step reaction products with
two stereogenic centers, 110, are formed. These chiral hydroxyketones 110 are
subsequently converted, via dehydration, into the enones 111, by treatment with
p-toluenesulfonic acid.

8 THF or DMF,

HsC o)
r, 1-4d

109 111
(R=Me, i-Pr, tBu) up to 43% ee
Scheme 6.49

. R
L-proline
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110

Although the highest enantiomeric excess of the products was 43% only, in prin-
ciple this route is an interesting and promising means of producing cyclic enones
with a chiral center by use of a readily available catalyst.

6.2.2.3 Intramolecular Aldol Reaction Starting from Dialdehydes

A highly diastereo- and enantioselective synthesis of trans-1,2-disubstituted cy-
clohexanes by means of the first direct catalytic asymmetric 6-enolexo aldoliza-
tion has been developed very recently by the List group [120] (previously only
6-enolendo aldolizations had been reported). Dialdehydes were usually used as
starting materials and proline was a very efficient catalyst for this reaction also. A
selected example of this 6-enolexo-aldolization is given in Scheme 6.50; in this
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example the desired trans-1,2-disubstituted cyclohexane product is obtained with
a diastereomeric ratio of d.r. = 10:1 and impressive enantioselectivity of 99% ee
[120]. Excellent enantioselectivity is also obtained when substituted heptanedials
are used as starting materials. This method is, therefore, an efficient means of
preparation of optically active f-hydroxy cyclohexane carbonyl derivatives 113.
This 6-enolexo aldolization is expected to proceed via chair-like-transition state
(transition state B in Scheme 6.50).

In conclusion, there have been many reports of the high synthetic potential of the
intramolecular aldol reaction in the enantioselective construction of cyclic enones.
In particular the proline-catalyzed desymmetrization of triketones has been widely
used for formation of optically active bicyclic systems which are versatile building
blocks for steroids and other biologically active compounds.

6.2.3
Modified Aldol Reactions — Vinylogous Aldol, Nitroaldol, and Nitrone Aldol Reactions

In addition to the “classic” aldol reaction described, e.g., in Sections 6.2.1 and
6.2.2, several “modified” versions have been reported. These methods are based
on the use of nucleophiles related to the standard ketones. In particular, y-
dienolates, nitromethane, and nitrones are interesting carbon nucleophiles in aldol
reactions and the use of these types of substrate has been investigated in aldol re-
actions catalyzed by organocatalysts.

To start with the addition of y-dienolates to aldehydes, the so-called vinylogous
Mukaiyama aldol reaction, Campagne et al. studied the applicability of different
types of catalyst when using the silyldienolate 115 as nucleophile [121]. In general,
many products obtained by means of this type of reaction are of interest in the total
synthesis of natural products. It should be added that use of CuF-(S)-TolBinap
(10 mol%) as metal-based catalyst led to 68% yield and enantioselectivity up to
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77% ee [121]. With regard to the type of organocatalyst investigated, Campagne
et al. focused on alkaloid-based phase-transfer catalysts; fluoride was always used
as counter-ion. Although different types of alkaloid-based catalyst were used, enan-
tioselectivity remained low — 30% ee or below [121]. It is worthy of note, however,
that the regioselectivity was excellent. Products of type 117 were obtained in yields
up to 70%. A representative example is shown in Scheme 6.51.

The asymmetric catalytic nitroaldol reaction, also known as the asymmetric
Henry reaction, is another example of an aldol-related synthesis of high general in-
terest. In this reaction nitromethane (or a related nitroalkane) reacts in the pres-
ence of a chiral catalyst with an aldehyde, forming optically active f-nitro alcohols
[122]. The f-nitro alcohols are valuable intermediates in the synthesis of a broad
variety of chiral building blocks, e.g. f-amino alcohols. A highly efficient asymmet-
ric catalytic nitroaldol reaction has been developed by the Shibasaki group, who
used multifunctional lanthanoid-based complexes as chiral catalysts [122-125].

In addition to this highly enantioselective metal-catalyzed approach, several orga-
nocatalytic versions of the asymmetric nitroaldol reaction have recently been re-
ported. The Najera group used enantiomerically pure guanidines with and without
C, symmetry as chiral catalysts for the addition of nitromethane to aldehydes
[126]. When the reaction was conducted at room temperature S-nitro alcohols of
type 120 were obtained in yields of up to 85% but enantioselectivity, 26% ee or
below, was low. A selected example is given in Scheme 6.52. Higher enantioselec-
tivity, 54% ee, can be obtained at a low reaction temperature of —65 °C, but the
yield (33%) is much lower.

The enantioselective nitroaldol reaction in the presence of alkaloid-based organo-
catalysts has been investigated by the Matsumoto group [127]. A further focus of
this study was investigation of the effect of high pressure on the course of the re-
action. Addition of nitromethane to benzaldehyde at atmospheric pressure resulted
in a low (4%) yield and 18% ee when a catalytic amount (3 mol%) quinidine was
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used. Higher yields were obtained by increasing the pressure, although enantio-
selectivity decreased substantially. For example, at 7000 bar the yield improved to
80% but enantioselectivity was low — only 3% ee. Analogous reactions were also
performed with ketones. The best result (81% yield, 21% ee) was obtained by use
of trifluoroacetophenone as substrate, atmospheric pressure, a low reaction tem-
perature (—78 °C), and a catalytic amount (20 mol%) of quinidine.

Use of an organocatalyst in a highly diastereoselective nitroaldol reaction was re-
ported by the Corey group in the synthesis of 123 [128]. This compound is a key
building block in the synthesis of the HIV-protease inhibitor amprenavir. The alka-
loid-based fluoride salt, 122, was used as an efficient chiral phase-transfer catalyst
(this type of catalyst was developed by the same group [129-131]) and led to forma-
tion of the (2R,3S) diastereomer (2R,3S5)-123 in 86% yield and with a diastereo-
meric ratio of d.r. = 17:1 (Scheme 6.53) [128]. It is worthy of note that a much
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lower diastereomeric ratio of d.r. 4:1 was obtained when an achiral phase-transfer
catalyst was used. The Corey group also found a related organocatalyst (containing
a different nitrogen substituent) which led to highly diastereoselective formation of
the (25,3S) diastereomer [128]. The diastereoselectivity of this nitroaldol reaction
can therefore be controlled by the N-substituent of the alkaloid catalyst.

The first catalytic asymmetric aldol-type reaction of nitrones was recently re-
ported by the Jorgensen group [132]. Screening of catalysts revealed that 1-proline
is preferred and leads to f-hydroxynitrones with moderate to high enantioselectiv-
ity. In the presence of 20 mol% 1-proline, trifluoroacetophenone 125a was con-
verted into the adduct 126a in 50% yield and with 30% ee (Scheme 6.54). When
diethyl ketomalonate 125b was used as substrate significantly higher enantioselec-
tivity in the range 76-80% ee was obtained for products 126b-d (Scheme 6.54). Al-
dehydes are not suitable substrates because the f-hydroxynitrones formed undergo
elimination reactions leading to the corresponding «,f-unsaturated compounds. In
addition to r-proline the dipeptide 1-Pro-1-Leu was also found to be a suitable cata-
lyst, giving comparable yield and enantioselectivity for product 126a (46% yield,
29% ee) [132].

With regard to the mechanism of this new type of reaction, the Jorgensen group
postulated enamine formation, by addition of the catalyst to the nitrone, followed
by hydroxylamine elimination [132]. Subsequent aldol-type reaction of this enam-
ine with the carbonyl component and release of the proline catalyst by exchange
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with a hydroxylamine are the next steps in this catalytic cycle. This reaction mech-
anism, shown in Scheme 6.55, is supported by kinetic data and by analysis of inter-
mediates and products [132].

It should be added that improved formation of products of type 126 was achieved
by choosing a different reaction strategy [133]. A “typical” proline-catalyzed aldol
reaction (starting from aldehydes as donors and compounds 125 as acceptors), fol-
lowed by conversion of the C=0 functionality of the aldol adduct into a nitrone
group by condensation with a hydroxylamine component led to products of type
126 in good yield and with high enantioselectivity (up to 96% ee) [133].

In summary, several reports have shown that asymmetric “modified” aldol reac-
tions using y-dienolates, nitroalkanes, or nitrones as donors can (in principal) be
performed by use of organocatalysts. Often, however, enantioselectivity is moderate
only, and must still be improved. Because these organocatalytic reactions give im-
portant intermediates, e.g. for synthesis of pharmaceuticals, it can be expected that
this field of “modified” aldol reactions with organocatalysts will gain further syn-
thetic importance in the future.

6.3
B-Lactone Synthesis via Ketene Addition

Asymmetric addition of ketenes to aldehydes is a highly attractive synthetic access
to f-lactones with perfect “atom economy” [134, 135]. This reaction can be cata-
lyzed efficiently by using chiral amines as organocatalysts. As early as 1967 Borr-
mann et al. described an organocatalytic asymmetric ketene addition to aldehydes
[136]; chiral tertiary amines, in particular (—)-N,N-dimethyl-a-phenylethylamine or
(—)-brucine, were used as catalysts [136]. The resulting lactones were obtained
with modest enantioselectivity of up to 44% ee.
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An impressive highly enantioselective route to f-lactones in which cinchona al-
kaloids were used as organocatalysts was reported by Wynberg et al. in 1982
[137]. The Wynberg group found that in the presence of only 1-2 mol% quinidine,
129, as catalyst addition of ketene, 127, to chloral, 128, at —50 °C proceeds highly
enantioselectively. After work-up the desired product (S)-130 was isolated in a high
yield, 95%, and with excellent enantioselectivity of 98% ee (Scheme 6.56) [137]. In-
tensive catalyst screening revealed that quinidine was the most efficient catalyst for
formation of the (S) enantiomer. The (R) enantiomer can be obtained by use of
quinine, which gave the product (R)-130 with 76% ee. The gaseous ketene was
prepared via pyrolysis of acetone and subsequently bubbled through the reaction
solution. An important application of products of type 130 has been also demon-
strated by the Wynberg group, who easily converted product 130 into enantio-
merically pure malic acid [134, 137]. This process found technical application by
Lonza in the large scale synthesis of optically active malic and citramalic acids
[138]. With regard to the reaction mechanism, because the ketene first acylates
the free hydroxyl group of the alkaloid, the “real” catalytically active species is
the alkaloid ester [134].

Another study by the Wynberg group focused on the range of carbonyl compo-
nent substrates [139, 140]. At first several chlorinated aldehydes (related to chloral)
were used in the reaction with ketene. The reactions proceeded in the presence of
a catalytic amount (1-2 mol%) of the chiral alkaloid catalyst, either quinidine or
quinine. The resulting products were formed in good yields, 67-95% [139]. Higher
enantioselectivity was usually obtained by use of quinidine (up to 98% ee) rather
than quinine (up to 76% ee). Interestingly, the reaction also proceeds well when
ketones bearing a trichloromethyl substituent are used as substrates; in the pres-
ence of quinidine as catalyst yields were up to 95% and enantioselectivity was
between 89 and 94% ee. Once again, use of quinine resulted in somewhat lower
enantioselectivity [139].

Polymer-supported organocatalysts have been used for cycloaddition of ketene,
127, to chloral, 128 [141]. Use of homo-acrylate polymers of cinchona alkaloids
led to formation of the desired p-lactone (S)-130 with enantioselectivity up to
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94% ee. Enantioselectivity was therefore comparable with that obtained with the
non-immobilized cinchona alkaloid catalysts.

Although this Wynberg process for f-lactones is highly efficient, the need for
activated aldehydes and the required ketene generator limits the general nature of
this synthetic route. Addressing the latter issue, Romo et al. developed a modified
process based on in situ-generation of the ketene [142a]. Although, in principle, in
situ generation of ketenes is readily achievable by dehydrochlorination of acid
chlorides, catalyzed by tertiary amines, there were two major challenges to use of
this procedure in the Wynberg f-lactone synthesis — racemic f-lactone formation
catalyzed by the achiral tertiary amine had to be avoided and the possibility of the
chiral quinidine catalyst acting as a base in the dehydrohalogenation process and
rendering it unavailable for the asymmetric catalytic process had to be suppressed.
These potential side reactions can be avoided by use of a suitable combination
of tertiary amine and chiral organocatalyst consisting of stoichiometric amounts
of Hiinig’s base in the presence of 2 mol% quinidine. By using this combination,
and dichlorinated aldehydes as substrates, the Romo group obtained the desired
products of type 133 with high enantioselectivity of 93-98% ee (Scheme 6.57)
[142a]. The yields, however, varied in a wide range — between 40 and 85%. Toluene
was, in general, found to be very useful as solvent. When trichloroacetone was
used as the ketone component a low yield (25%) was obtained.

Very recently, the Nelson group expanded scope of this reaction by applying cin-
chona alkaloid—Lewis acid catalyst systems [142b]. In the presence of O-trimethyl-
silylated quinine or quinidine, and LiClO4 as Lewis acid cocatalyst, a broad
range of aliphatic and aromatic aldehydes was converted into the corresponding
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f-lactones very efficiently, e.g. with up to >99% ee [142b]. In summary, alkaloid-
catalyzed addition of ketenes to activated aldehydes enables highly attractive
access to f-lactones with excellent enantioselectivity. A major challenge in the
future will certainly be extension of this method toward the use of non-activated
aldehydes as starting materials.

6.4
The Morita—Baylis—Hillman Reaction

The Morita—Baylis—Hillman (MBH) reaction is the formation of a-methylene-g-
hydroxycarbonyl compounds X by addition of aldehydes IX to o f-unsaturated
carbonyl compounds VIII, for example vinyl ketones, acrylonitriles or acrylic esters
(Scheme 6.58) [143-148]. For the reaction to occur the presence of catalytically
active nucleophiles (“Nu”’, Scheme 6.58) is required. It is now commonly accepted
that the MBH reaction is initiated by addition of the catalytically active nucleophile
to the enone/enoate VIII. The resulting enolate adds to the aldehyde IX, establish-
ing the new stereogenic center at the aldehydic carbonyl carbon atom. Formation
of the product X is completed by proton transfer from the a-position of the car-
bonyl moiety to the alcoholate oxygen atom with concomitant elimination of the
nucleophile. Thus “Nu” is available for the next catalytic cycle.
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®
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O
Rz)J\H
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©
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R2 % R! R2 % R!
; ® H
X
NUl Nu
Scheme 6.58

The reaction sequence depicted in Scheme 6.58 also illustrates several problems
associated with the MBH reaction. Addition to aldehyde IX can be slow, and side-
reactions such as base-induced polymerization of the o,f-unsaturated carbonyl
compound can occur. Furthermore, generation of diastereomeric (i.e. E/Z) enolates
can complicate matters if enantioselective addition to the aldehyde component is
desired. In principle, formation of a stereogenic center at the aldehydic carbonyl
C-atom can be steered by: (i) use of a chiral «,f-unsaturated carbonyl compound
[149, 150]; (ii) use of a chiral aldehyde; and (iii) use of a chiral nucleophilic cata-
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lyst. In the context of this section, the catalytic enantioselective version, i.e. (iii), of
the MBH reaction will be considered exclusively.

Early attempts by Drewes et al. [147], Izaacs et al. [149], and Marks et al. [151] to
effect a catalytic asymmetric MBH reaction concentrated on the use of chiral and
readily available nitrogen bases such as brucine, N-methylprolinol, N-methylephe-
drine, nicotine, quinine, quinidine, etc. [147, 149, 151]. With these catalysts only
moderate enantioselectivity (< 20%) could be achieved. Under high-pressure con-
ditions (5 kbar), Hirama et al. achieved addition of p-nitrobenzaldehyde to methyl
vinyl ketone with 47% ee, by use of a C,-symmetric DABCO derivative as the chiral
catalyst [152]. Enantioselectivity > 70% was achieved for the first time by Barrett
et al., by use of the proline-based chiral pyrrolizidine catalyst 137. In the presence
of ca. 10 mol% of this chiral base (137), o-bromobenzaldehyde (134) could be
coupled with ethyl vinyl ketone (135), affording the Baylis—Hillman product 136
in 71% yield and 72% enantiomeric excess (Scheme 6.59) [153]. Other substituted
benzaldehydes afforded comparable yields and enantioselectivity. The reaction
shown in Scheme 6.59 was conducted at —40 °C and at ambient pressure, and it
is interesting to note that both efficiency and enantioselectivity relied on the use
of sodium tetrafluoroborate as co-catalyst. It was argued that the alkali metal ion
effects coordination of the acceptor carbonyl oxygen (aldehyde 134) to the hydroxyl
group of the catalyst and thus effects proper orientation for face-selective coupling
of the catalyst-bound enolate anion and the aldehyde (Scheme 6.59) [153].

Enantioselectivity as high as 99% was achieved by Hatakeyama et al. in the cou-
pling of a variety of aldehydes 138 with the very electrophilic 1,1,1,3,3,3-hexafluoro-
2-propyl acrylate 139 (Scheme 6.60) [154a]. As summarized in Scheme 6.60 (top),
the MBH product 140 was obtained in 31-58% yield and with enantiomeric excess
up to 99%. Reaction times were approximately 1 h (R = p-NO,-Ph) up to 72 h
(R = c-hexyl). It was revealed by systematic screening of reagent—catalyst combina-
tions that this example of a highly enantioselective MBH reaction requires both the
strongly electrophilic acrylate 139 and the cinchonine derivative 142 [154a]. Prepa-
ratively, the concomitant formation of the dioxanone derivatives 141 is somewhat
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disadvantageous — these side-products are formed with opposite sense asymmetric
induction and must be separated. Shi and Jiang examined the performance of the
catalyst 142 in the MBH reaction of aldehydes with MVK (methyl vinyl ketone) and
methyl a-naphthylacrylate [154b]. As summarized in Scheme 6.60 (bottom), enan-
tiomeric excesses were 92% with the a-naphthylacrylate (MBH product 143, with
the dioxanone 144 as by-product) and 49% with MVK (145). Shi et al. furthermore
observed a synergistic effect of i-proline with Lewis bases such as imidazole,
DABCO etc. in the catalysis of the MBH reaction [154c|. The same dual catalyst
approach was followed by Miller et al. for the asymmetric addition of MVK to alde-
hydes: By the combined action of r-proline and an octapeptide, enantiomeric ex-
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cesses in the range 63-81% were achieved in the addition of MVK to a series of
aryl aldehydes [154d].

Shi and Xu reported that the chiral amine catalyst 142 also performs quite effi-
ciently in the related addition of N-tosyl aryl imines to methyl vinyl ketone (MVK),
to methyl acrylate, and to acrylonitrile (Scheme 6.61) [155]. As shown in Scheme
6.61, enantiomeric excesses > 95% were achieved for several p-N-tosylamino
enones 147 obtained by addition of aryl imines (146) to MVK, >80% for addition
to methyl acrylate, and 55% ee (max.) for addition to acrylonitrile (not shown in
Scheme 6.61). Reaction times were typically 1-3 days. N-Sulfonylimines derived
from aliphatic aldehydes gave rise to complex product mixtures. Under the reac-
tion conditions shown in Scheme 6.61 addition of p-nitrobenzaldehyde to MVK
proceeded with only 20% ee.

In addition to nitrogen bases, the potential of chiral phosphanes as catalysts has
also been assessed. Early work on the use of P-chiral phosphines in intramolecular

185



186 | 6 Nucleophilic Addition to C=O Double Bonds

o)
CHO cH (S)-BINAP HO O
’\llkﬁ/ + ﬁo/ s 20 mol-% N o CHa
> —_—
N CHCls, 20 °C U \
148 149, 24 %, 44 % ee
Scheme 6.62

versions of the MBH reaction afforded only low ee (up to 14%) [156]. Better enan-
tioselectivity was achieved by Soai et al. by using (S)-BINAP in the addition of
pyrimidine-5-carbaldehyde 148 to methyl acrylate (Scheme 6.62) [157]. In this pro-
cess, which required 20 mol% chiral phosphane catalyst, MBH adduct 149 with up
to 44% ee was obtained. Quite remarkable progress was achieved by Schaus and
McDougal by using achiral triethylphosphane in the presence of BINOL derivatives
as chiral Brensted acids (Scheme 6.63) [158]. As summarized in Scheme 6.63, use
of 10 mol% 3,3’-disubstituted octahydro-BINOL derivatives 150a and 150b resulted
in excellent ee (up to 96%) for the MBH addition products 151. The yields and
ee summarized in Scheme 6.63 were obtained after 48 h reaction. It is believed
that the chiral Brensted acids promote conjugate addition of the phosphane, by
protonation the carbonyl oxygen atom, and then remain hydrogen bonded to the
resulting enolate in the enantioselectivity-determining aldehyde-addition step (see
Scheme 6.58) [158].

In the presence of Lewis acids such as BF;3-Et,O thioethers promote the MBH
addition to enones also [159]. Goodman et al. synthesized the C;-symmetric chiral
thioether 152 and used it in the MBH addition of a variety of aldehydes to MVK
(Scheme 6.64) [160]. As summarized in Scheme 6.64, enantiomeric excesses up
to 49% were achieved in this MBH reaction. Interestingly, only very short reaction
times (30-120 min) were needed, albeit at overstoichiometric catalyst loading.

An alternative approach to the enantioselective MBH coupling of aldehydes with
vinylic ketones was presented by Barrett et al. (Scheme 6.65) [161]. In the first step,
coupling of the two components is effected by a third reagent, trimethylsilyl-
phenyl sulfide or selenide. Formation of the f-phenylthio or f-phenylseleno car-
bonyl intermediates 154a,b is effected by the acyloxy borane 155. In the presence
of 20 mol% of the borane catalyst the addition products 154a,b were obtained
with excellent syn/anti (154a/154b) ratios (> 95:5) and with enantiomeric excess
typically >95%. For propionic aldehyde and methyl vinyl ketone as substrates >
97% ee was achieved. Similar selectivity is obtained with both the sulfur- and the
selenium-based reagents TMS-X-Ph. In the second step, elimination of the phenyl-
thio or phenylseleno substituents is effected by treatment with oxidants such as hy-
drogen peroxide or m-chloroperbenzoic acid. Clearly, elimination of the selenoxide
proceeds more readily than that of the sulfoxide. For the latter heating to 130-
150 °C completes the sequence whereas for selenium smooth elimination occurs
at 25 °C. The overall procedure affords the MBH products 156 with up to 96%
enantiomeric excess.
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Conclusions

The MBH reaction is, synthetically, a very appealing transformation. The chiral
a-methylene-f-hydroxycarbonyl products are valuable intermediates in organic syn-
thesis. Three catalytic asymmetric versions of the MBH addition affording > 90%
enantiomeric excess have so far been reported. Two (Hatakeyama et al. [154a] and
Shi and Jiang [154b]) use a modified cinchona alkaloid as the chiral nucleophilic cat-
alyst. The third, and most recent, example by Schaus and McDougal [158] is based
on the novel approach of combining an achiral phosphane catalyst with a chiral
Bronsted acid (BINOL derivatives). The latter approach — which affords good chem-
ical yields and excellent ee using fairly readily available catalysts — has potential for
adaptation to numerous substrate classes. The alternative two-step approach re-
ported by Barrett et al. [161] enables complementary and alternative access to
enantiomerically highly enriched o-methylene-f-hydroxycarbonyl compounds.

6.5
Allylation Reactions

The enantioselective allylation of aldehydes is another C—C bond-forming reaction
of wide interest [162]. The resulting unsaturated alcohols are used as versatile in-
termediates in the construction of many interesting molecules, e.g. natural prod-
ucts. In this connection, the numerous modifications of these homoallylic alcohols
are impressive. The “classic” approach in the field of asymmetric catalytic allyla-
tion is based on use of an optically active Lewis acid complex [163]. This metal-
catalyst activates the electrophilic aldehyde which then undergoes an addition reac-
tion with the nucleophilic allylmetal reagent. The reaction can, however, also be
performed by using an organic Lewis-base molecule as a chiral catalyst. The prin-
ciple of this organocatalytic allylation reaction is shown in Scheme 6.66.

A broad variety of organocatalyst has been found to catalyze the enantioselective
allylation of aldehydes. An overview of the type of organocatalyst successfully
applied is also given in Scheme 6.66. The range of organocatalyst developed by
numerous groups comprises optically active phosphoramides, formamides, imines,
and N-oxides. The scope and limitations of those catalysts differ remarkably, in par-
ticular with regard to enantioselectivity. Among these, however, are several organo-
catalysts, in particular phosphoramides, formamides, and N-oxides, which catalyze
the allylation reaction highly enantioselectively, and tolerate a wide range of sub-
strates. The different types of organocatalytic allylation reaction are described in
more detail below.

6.5.1
Chiral Phosphoramides as Organocatalysts

The phosphoramide-catalyzed allylation of aldehydes is probably the most inten-
sively investigated organocatalytic allylation reaction to date [164]. The first exam-
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ple of this reaction — which was also the first Lewis-base catalyzed allylation — was
reported in 1994 by the Denmark group [165]. Screening of several achiral Lewis
bases showed that the phosphoramide HMPA efficiently catalyzes the allylation
of benzaldehyde. Subsequent investigation of optically active phosphoramides re-
vealed that the Lewis base (R,R)-160a is an efficient organocatalyst which also ac-
cepts a broad range of substrates. Use of allyltrichlorosilane, 158a, as nucleophile
and aldehydes 157 in the presence of (R,R)-160a led to the desired products of type
159a-d in yields of up to 81% and enantioselectivity up to 65% ee (Scheme 6.67).
Although for these reactions the catalyst was used in stoichiometric amounts, the
reaction can also be conducted in the presence of catalytic amounts. This has been
demonstrated for allylation of benzaldehyde. With a catalytic amount of at least
25 mol% (R,R)-160a comparable yields and enantioselectivity can be achieved.
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Substituted allyltrichlorosilanes can also be used, resulting in a diastereo- and
enantioselective reaction. This has been shown for crotylations of benzaldehyde
with (E)- and (Z)-propenyltrichlorosilanes, 158b and 158c, respectively, resulting
in the formation of the products (R,R)-15% and (R,S)-159e (Scheme 6.67) [165].
Excellent diastereoselectivity, with diastereomeric ratio of d.r. = 98:2, was observed
for these transformations. The sense of diastereoselective induction depends on
the geometry of the allylsilane. Thus, anti diastereomers are obtained preferentially
from the (E)-substrate 158b whereas the syn diastereomer is the major diaster-
eomer when the (Z)-substrate, 158c, is used. The yields of the products (R,R)-15%
and (R,S)-159e were in the range 68-72% and enantioselectivity was 66 and 60%

ee, respectively (Scheme 6.67).
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Improvement of the structure of the catalyst was achieved by use of related bi-
sphosphoramides of type 162a bearing a pentamethylene tether capable of chela-
tion with silicon in the transition structure. These findings were based on clarifica-
tion of the reaction mechanism (details are given below) [166]. In the presence of
10 mol% (R,R,R,R)-162a a yield of 54% and enantioselectivity of 72% ee were ob-
tained (Scheme 6.68). In contrast with the monomeric species (R,R)-160a enantio-
selectivity increased as the amount of catalyst was reduced (for comparison, 65%
ee were obtained with 50 mol%). A further breakthrough was achieved by applying
the bisphosphoramide (R)-167 bearing a binaphthyldiamine linker. In the presence
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a) reaction time was 24h; b) 5 equiv. of i-ProEtN was added.
Scheme 6.68
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of 10 and 50 mol% of (R)-167 as catalyst enantioselectivity of 80% was obtained
(Scheme 6.68). The yield was somewhat higher (76%) if 50 mol% was used, com-
pared with 67% for use of 10 mol%, and even if the amount of catalyst was 5 mol%
enantioselectivity remained similar — 79% (yield 43%).

Finally, the jump from satisfactory and good enantioselectivity to excellent ee
values was realized by Denmark and co-workers as a result of the development
and application of the 2,2’-bispyrrolidine-based bisphosphoramide, (R,R,R,R)-162b,
which also bears a pentamethylene tether [167]. As shown in Scheme 6.69, the
allylation can be successfully performed with a broad range of aldehydes 157, and
allyltrichlorosilanes 158, furnishing the desired products, 159, in high yields and
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with excellent diastereo- and enantioselectivity (Scheme 6.69). Thus, diastereo-
meric ratio of d.r. = 99:1 was achieved and enantioselectivity was in the range 80—
96% ee. Several types of aromatic molecule and cinnamylaldehyde can be used as
the aldehyde. In accordance with use of the previously described catalyst (R,R)-
160a (Scheme 6.67), the anti and syn diastereomers are produced as the major dia-
stereomers by use of the (E)- and (Z)-substituted allylic trichlorosilanes, 158b and
158c, respectively [167].

The Denmark-allylation concept can be also used to construct stereogenic qua-
ternary centers [167, 168], as exemplified by the preparation of 169 starting from
the (E)-geraniol derivative 168 (Scheme 6.70, Eq. 1). The resulting anti product
169 was obtained in 83% yield with a diastereomeric ratio of d.r. (anti/syn) = 99/1
and with 94% ee [167]. The potential of the Denmark allylation concept in the con-
struction of chiral quaternary carbon centers has also been impressively demon-
strated in the synthesis of 171, an intermediate in the synthesis of the serotonin
antagonist LY426965. The key step is diastereo- and enantioselective allylation of
benzaldehyde by use of the (E) trichlorosilane 170 in the presence of 10 mol% of
the optimized Lewis-base organocatalyst (S,S,S,S)-162b. The desired anti product

Hiy— N, 0 O, N H

R R
H N/ \|'\|’(CH2)5—N’ \N C'H
CHs HsC OH

W)

. i-ProNEt
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(E)-170 Bu,NI*
171
64% yield
94% ee

dr(anti/syn)=99:1
Scheme 6.70
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171 bearing a quaternary carbon center was obtained in 64% yield and with a dia-
stereomeric ratio of d.r. (anti/syn) = 99:1 (Scheme 6.70, Eq. 2) [168]. High enantio-
selectivity, 94% ee, was also observed. The presence of tetra-n-butylammonium
iodide was found to slightly improve the yield.

In addition to the Denmark-type organocatalysts, several useful phosphoramides
have been developed by other groups [170-172]. The Iseki group constructed (S)-
proline-derived phosphoramides of type 172 which catalyze the allylation of aro-
matic aldehydes with high diastereoselectivity and good enantioselectivity of up
to 88% ee (Scheme 6.71) [170, 171]. The reactions were conducted in THF — found
to be the most suitable solvent — at —78 or —60 °C in the presence of a catalytic
amount (10-20 mol%) of 172 [171]. A large excess of the allylic trichlorosilane
was used, however, and long reaction times (72-168 h) were required. The highest
enantioselectivity of 88% ee was obtained in the allylation of benzaldehyde
[170]. When (E)- and (Z)-crotylsilane 158b and 158c were used as substrates the
resulting anti and syn products (S,S)-159e and (S,R)-159e, respectively, were
formed with excellent diastereoselectivity. The enantiomeric excess of the major
diastereomers was also high (77-83% ee). A related phosphoramide bearing a
tetrahydro-1-naphthyl group as N-substituent (instead of the naphthyl moiety in
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(S)-172) was used at a level of only 1 mol% in the allylation of benzaldehyde and
gave the product (S)-159a in 98% yield and 88% ee; the reaction time was very
long, however (336 h) [171].

Imidophosphoramides of type 173 are another class of chiral phosphoramide bi-
dentate Lewis base catalyst. These compounds, which are based on the use of pri-
mary amines as bridging units, were recently synthesized and applied by the Ml-
ler group in an allylation reaction (Scheme 6.72) [172]. Allylation of benzaldehyde
with the trichlorosilane 158a was chosen as model reaction. The catalyst 173 was
found to be the most enantioselective, although the yield was low (31%). Other
catalysts with a different substitution pattern gave higher yields but also lower
enantioselectivity — in the range 18-49% ee. A representative example is shown in
Scheme 6.72.
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P R
"’IN N/ \N
1 ]
He A CH,
o Ph” “CHs OH
| 173 .
s CH,Cly, 78 °C,
157a 158a PraNEt 159a
31% yield
60% ee

Scheme 6.72

The mechanistic course of the phosphoramide-catalyzed allylation reaction has
been investigated in detail, particularly by the Denmark group [164, 166, 169]. An
overview of the mechanism is given in Scheme 6.73. A key step is the binding of
the nucleophilic allylsilane with the Lewis-base catalyst to form a reactive (hyper-
coordinate) silicon species, 174. This intermediate then reacts with the electro-
philic aldehyde furnishing the desired homoallylic alcohol product. It is worth not-
ing that the aldehyde is also coordinated to the silicon intermediate. Thus, both
substrates are coordinated, and the reaction can proceed through a closed assem-
bly, 175, of both substrates and two molecules of the catalyst; this is of benefit in
ensuring a highly stereoselective reaction. This mechanism of dual activation led to
high diastereo- and enantioselectivity.

The higher efficiency of the bisphosphoramides has been also rationalized by
the Denmark group on the basis of this mechanism [166]. The improved enantio-
selectivity can be explained in terms of the increased effective concentration of the
second phosphoramide moiety as a result of the intramolecular linkage. This leads
to the preferred formation of highly stereoselective assemblies of type 175 which
contain two phosphoramide moieties (connected via the linker). With the latter
the formation of competing, less stereoselective assemblies bearing only one phos-
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phoramide group is more likely; this leads to lower stereoselectivity when using
monophosphoramides. Very recently, Denmark and co-workers reported solution
NMR spectroscopic studies and X-ray crystallographic data which supported this
mechanism and also provided insight into the transition structure assembly [169].

6.5.2
Chiral Formamides as Organocatalysts

In addition to phosphoramide-based organocatalysts, chiral C,-symmetric for-
mamides were found to be versatile catalysts the asymmetric allylation of alde-
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hydes [173, 174]. Interestingly, this organocatalytic approach was found to be
complementary to the phosphoramide-catalyzed allylation with regard to sub-
strate range. Whereas aromatic aldehydes were very well tolerated as substrates,
phosphoramide-catalyzed allylation of aliphatic aldehydes resulted in poor enantio-
selectivity. For allylation of such substrates the Izeki group developed a suitable
formamide-based organocatalyst, 163a. The addition of allyltrichlorosilane, 158a,
to cyclohexylcarboxaldehyde with formation of product 159j was chosen as model
reaction. Screening of several Cp-symmetric chiral formamides revealed that the
formamide 163a was the most efficient organocatalyst [174]. For high enantioselec-
tivity the use of a stoichiometric amount of HMPA as additive is essential. An over-
view of the substrate range is given in Scheme 6.74. In the presence of 20 mol%
organocatalyst 163a and 100-200 mol% HMPA allylation of cyclohexylcarboxalde-
hyde gave the product 159j in 80% yield and with excellent enantioselectivity (98%
ee) [173]. High enantioselectivity was also obtained by use of other aliphatic alde-
hydes (Scheme 6.74). Pivaldehyde, for example, was converted into the product
159m in 61% yield and with 98% ee. Much lower enantioselectivity was, however,
observed if straight-chain substrates were used (see, e.g., 159n) and use of benzal-

HsC  CHj
o)\ H
163a
o} o OH
I+ X ) (20-50 mol%) N
1) \/\S|C|3 R1 M
R C2HsCN or acetone,
-78 °C, 7-28d,
157 158a HMPA (100-200 mol%) 159
Overview of selected products
OH OH OH
O/\& ©/\M HaO/j/\/\
HsC
159j 159k 1591
80% yield 84% yield 74% yield
98% ee 95% ee 93% ee
aromatic
OH OH substit\ulent OH
* * *
:32M H3CWW\ AN
S~ CHs
159m 159n 159a
61% yield 53% yield 94% yield
98% ee 68% ee 8% ee

Scheme 6.74
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dehyde resulted in formation of 159a with only 8% ee, emphasizing that catalyst
163a is suitable for aliphatic substrates but is not efficient for aromatic aldehydes.

Crotylation of aldehydes with (E)- and (Z)-crotyltrichlorosilane was also investi-
gated. In the presence of 40 mol% of 163a allylation with (E)-crotyltrichlorosilane,
158b, was highly diastereo- and enantioselective. High diastereoselectivity with a
d.r. (anti/syn) ratio of >99:1 and enantioselectivity up to 98% ee for the major dia-
stereomer have been observed [174]. Yields are also high — up to 97%. A current
drawback is, however, the long reaction time of 3 weeks. A representative example
is shown in Scheme 6.75. In contrast, a low yield of 19% is obtained, even after re-
action for 3 weeks, when the corresponding (Z)-crotyltrichlorosilane is used, and
diastereoselectivity is only moderate (d.r. (anti/syn) = 60:40). Enantioselectivity for
the anti product is, however, still high (98% ee).

6.5.3
Chiral Pyridine Derivatives as Organocatalysts

On the basis of their observation that achiral 2,2’-bipyridyl promotes the reaction
between crotyltrichlorosilane and benzaldehyde, the Barrett group screened chiral
pyridine molecules as Lewis-base catalysts for this reaction [175]. The pyridinylox-
azoline 164a was identified as the most efficient organocatalyst. In the presence of
this catalyst, which was, however, used in stoichiometric amounts, asymmetric ad-
dition of (E)-crotyltrichlorosilane 158b to aldehydes gave the anti products (S,S)-159
in yields of 61-91% and with enantioselectivity from 36 to 74% ee (Scheme 6.76)
[175]. Diastereoselectivity is high, because only the anti diastereomers were ob-
tained. Aromatic aldehydes and cinnamylaldehyde were used as substrates.

6.5.4
Chiral N-Oxides as Organocatalysts

The suitability of a different type of organocatalyst, chiral N-oxides, for asymmetric
allylation was discovered by the Nakajima group [176]. On the basis of the knowl-
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edge that amine N-oxides have significant nucleophilicity toward the silicon atom
[177], Nakajima and co-workers focused on the development of chiral amine N-
oxide derivatives which can function as organocatalysts in asymmetric allylation
[176]. (S)-3,3'-Dimethyl-2,2’-biquinoline N,N’-dioxide, (S)-165, was identified as an
optimized Lewis-base catalyst. Under optimized reaction conditions a broad range
of aromatic and aliphatic aldehydes and o,f-unsaturated aldehydes were allylated
with allylic trichlorosilane in the presence of a catalytic amount (10 mol%) of
(S5)-165. Good to high yields and enantioselectivity in the range 71-92% ee were
usually obtained when aromatic aldehydes were used (Scheme 6.77) [176]. Use
of o,f-unsaturated aldehydes also led to good enantioselectivity of 80 to 81% ee
whereas both low yields and enantioselectivity were obtained for use of aliphatic
aldehydes. Thus, by analogy with the phosphoramide Lewis-base catalysts, e.g.
type 162, aromatic aldehydes are preferred substrates for the chiral N-oxide
organocatalyst (S)-165. An overview of the substrate range is given in Scheme 6.77.

Use of diisopropylethylamine as an achiral additive was found to be beneficial,
because of remarkable acceleration of the rate of the reaction. Although enantiose-
lectivity was comparable in the presence or absence of this additive, the accelera-
tion enabled the reaction to be conducted at low temperature which improved the
asymmetric induction. Interestingly, amines other than diisopropylethylamine did
not give satisfactory results. It is also worthy of note that the reaction time is short
with 6 h only.
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Chiral N-oxides of type (S)-165 can be also used for diastereo- and enantioselec-
tive allylation using (E)- and (Z)-crotyltrichlorosilanes [176]. For these substrates,
high diastereoselectivity led to the anti-diastereomer when ( E)-crotyltrichlorosilane,
158b, was used and the syn-diastereomer when the (Z)-substrate, 158¢c, was used
(Scheme 6.77). For example, formation of the anti-diastereomer (R,R)-159e pro-
ceeded with 68% yield and excellent diastereoselectivity of d.r. (syn/anti) = 3:97.
Enantiomeric excess for the major anti-diastereomer (R,R)-159e was 86%.

A related N-oxide organocatalyst of type 178, developed by Malkov and Kocovsky
et al., has been used for successful asymmetric allylation of aldehydes [178]. It is
worthy of note that the corresponding N,N’-dioxide gave less satisfactory results.
In the presence of 7 mol% N-monoxide 178, aromatic aldehydes have been con-
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verted with good to high enantioselectivity of up to 92% ee. Yields were moderate
for most of the substrates. Selected examples are shown in Scheme 6.78. In con-
trast with the good results for aromatic substrates use of the aliphatic aldehyde cy-
clohexylaldehyde led to substantially lower yield (ca. 10%) and enantioselectivity
(4% ee).

It has also been found there is no need for the second nitrogen in 178 to obtain
high enantioselectivity [179, 180]. Replacing the pyridyl subunit in 178 by phenyl
or substituted analogs thereof also led to asymmetric induction, although the type
of substituent has an effect on the enantioselectivity [179]. This observation led to
the conclusion that arene—arene interactions (n-stacking) of the aromatic aldehyde
substrate and the phenyl subunit might be involved in the reaction. Because these
interactions would be affected by the pattern of substitution on the phenyl group,
fine-tuning of the catalyst should be possible by modifying these substituents. This
has been confirmed by using isoquinoline N-oxide catalyst 179, which contains an
electron-rich o-methoxyphenyl subunit, for asymmetric allylation of electron-poor
aromatic substrates [180]. As expected, high enantioselectivity was obtained in the
allylation of electron-poor benzaldehydes, as is shown representatively in Scheme
6.79 for synthesis of (R)-159t and (R)-159u with 93 and 96% ee, respectively [180].
In contrast, electron-rich aromatic substrates gave almost racemic products. A se-
lected example is product (R)-159¢, which was obtained with 12% ee only. Because
modest enantioselectivity only has previously been reported for allylation of elec-
tron-poor benzaldehydes, this method based on catalyst 179 is the first highly
enantioselective allylation of this type of substrate. The amount of catalyst can be
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reduced from 5 mol% to 1 mol% without loss of enantioselectivity, albeit at the ex-
pense of longer reaction times (12 h rather than 2 h).

This reaction has also been applied to enantio- and diastereoselective synthesis
using trans-crotyltrichlorosilane as substrate [180]. Once again, the highest enan-
tioselectivity was observed for electron-poor benzaldehydes. Interestingly, however,
diastereoselectivity was lower than for benzaldehyde. One explanation is that for
catalyst 179 the preferred cyclic transition state leading to the major anti products
is less favored as arene-—arene interactions become stronger (Scheme 6.80) [180].
Stronger arene-—arene interactions result in increased participation of the open-
chain transition state, and reduced diastereoselectivity.

Impressive reduction of the amount of catalyst used has recently been reported
by the Hayashi group [181]. Use of very small amounts (< 1 mol%) of N-oxide or-
ganocatalysts of type 166 gave excellent results. In the presence of only 0.1 mol%
166 allylation of several aromatic aldehydes proceeds with formation of the desired
products 159 with high enantioselectivity — up to 98% ee (Scheme 6.81). Only for
p-trifluoromethylbenzaldehyde medium enantioselectivity (56% ee) was observed.
Electron-donating substituents of the benzaldehyde usually had a beneficial effect.
Yields also are usually high (83-96%). It is also worthy of note that the reaction
time is very short — 2.5 h only. As has been demonstrated for the product (S)-
159c, the amount of catalyst can be further reduced from 0.1 mol% to 0.01 mol%
without loss of enantioselectivity, although the reaction time increased from 2.5
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to 12 h and the yield was somewhat lower (68%, compared to 96% for 0.1 mol%
catalyst).

Conclusion

Enantioselective allylation of aldehydes catalyzed by chiral organocatalysts has
reached a high state of the art. Since the first report by the Denmark group in
1994 this organocatalytic approach has been developed toward an advanced and ef-
ficient method for preparation of the corresponding target molecules. In addition
to the high enantio- and diastereoselectivity obtained, the broad range of useful
organocatalysts is particularly worthy of note. The range of organocatalysts devel-
oped includes phosphoramides, formamides, pyridine derivatives, and N-oxides.
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6.6
Alkylation of C=O Double Bonds

Asymmetric catalytic addition of alkyl nucleophiles to carbonyl compounds with
formation of optically active secondary and, in particular, tertiary alcohols is still
a challenge for organic chemists. An effective catalytic route to tertiary alcohols
is asymmetric addition of organometallic nucleophiles to the C=0O double bond of
ketones in the presence of chiral metal catalysts [182]. Enzymatic resolution of rac-
emic tertiary alcohols, which can be readily prepared via Grignard reaction with
ketones, is also of importance [183]. Although an efficient asymmetric catalytic
Grignard reaction, which would be very attractive, has not yet been realized, the
Grignard reaction proceeds well with high enantioselectivity when stoichiometric
amounts of the chiral ligand are used [184].

A procedure for alkylation of C=O double bonds in the presence of (metal-
free) organocatalysts and non-metallic nucleophiles has been reported by the Iseki
group for trifluoromethylation of aldehydes and ketones [185]. On the basis of a
previous study of the Olah group [186, 187] which showed the suitability of non-
chiral phase-transfer catalysts for trifluoromethylation of carbonyl compounds,
Iseki et al. investigated the use of N-benzylcinchonium fluoride, 182, as a chiral
catalyst. The reaction has been investigated with several aldehydes and aromatic
ketones. Trifluoromethyltrimethylsilane, 181, was used as nucleophile. The reac-
tion was, typically, performed at —78 °C with a catalytic amount (10-20 mol%) of
182, followed by subsequent hydrolysis of the siloxy compound and formation of
the desired alcohols of type 183 (Scheme 6.82).

When aldehydes were used as substrates excellent yields of at least 98% were ob-
tained after a short reaction time of 2 h only (Scheme 6.82). Enantioselectivity,
however, was low to moderate (15-46% ee). Representative examples are shown
in Scheme 6.82. Ketones were also used as a carbonyl substrate, and led to the
products 183b,c in high yields (up to 91%) and with enantioselectivity of 48—-51%
ee (i.e., comparable with that obtained for use of aldehydes).

In summary, this organocatalytic alkylation of aldehydes and ketones is a prom-
ising route for preparation of optically active secondary and tertiary alcohols and is
of general interest. Certainly, improvement of the asymmetric induction as well as
applications of other nucleophiles will be the next major challenge in this field to
make this synthetic concept competitive with alternative routes.

6.7
The Darzens Reaction

The Darzens reaction is the base-promoted generation of epoxides XIII from alde-
hydes (or ketones) XI and alkyl halides XII, the latter carrying an electron with-
drawing group, for example the carbonyl, nitrile, or sulfonyl, in the a-position
(Scheme 6.83) [188, 189]. It is, formally, addition of a carbene to the C=O double
bond (Scheme 6.83, path B) and thus complements oxygen atom transfer to olefins

205
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as a method for the synthesis of epoxides (Scheme 6.83, path A). As shown in
Scheme 6.83, the mechanism of the Darzens condensation involves deprotonation
of the C—H acidic halide to form, e.g., an enolate anion. The latter adds to the alde-
hyde, affording the anion of a f-halohydrin which ring-closes to the product epox-
ide. Obviously, both E and Z epoxides can result from the Darzens synthesis, and
good diastereoselectivity is a prerequisite for synthetically useful processes.

It should be noted that the nucleofugal group in component XII (Scheme 6.83)
might also be a cationic sulfonium moiety. In this circumstance the nucleophile
attacking the aldehyde is a sulfur ylide. Catalytic enantioselective versions of the
transformation of aldehydes to epoxides involving sulfur ylides are covered in Sec-
tion 6.8.

All catalytic enantioselective versions of the Darzens condensation are based on
the use of chiral phase-transfer agents, e.g. the cations 184a,b derived from ephed-
rine, quinine/quinidine-based ammonium ions such as 185a,b, or the crown ether
186.

Chiral phase-transfer catalysts used
in the asymmetric Darzens condensation:

Et
Bre
184a
R
®_J
SN
.-OH Cle
185a: R=H
185b: R = CF3 Ph 186

As early as 1978 both the ephedrinium salt 184a and its solid-phase bound ana-
log 184b were tested by Colonna et al. in the Darzens condensation of ketones and
aldehydes with para-tolyl chloromethylsulfone 187 or o-chlorophenyl acetonitrile
188 (Scheme 6.84) [190]. Optical yields (< 30%) were reported only for the mixture
of the products 189a and 189b. For nitriles 190a and 190b the trans epoxide 190b
was reported as the major diastereomer. The enantiomeric excess of the epoxides
190a and 190b could not be determined, unfortunately [190].

Also in 1978, Wynberg and Hummelen used the benzyl quininium chloride
185a as a chiral phase-transfer catalyst in the Darzens condensation [191]. In the

207
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reaction of para-chlorobenzaldehyde (192a) with phenacyl chloride (191), the trans
chalcone epoxide 193a was formed in 68% yield and with ca. 8% ee (Scheme 6.85)
[191]. Essentially the same transformation (benzaldehyde 192b instead of para-
chlorobenzaldehyde 192a) was reported in 1998 by Toéke et al., who used the
crown ether phase-transfer catalysts 186 derived from p-glucose [192]. Using the
N-hydroxypropyl catalyst 186 (n = 3), the trans chalcone epoxide 193b (d.r. > 98:2)
was obtained with up to 74% ee (Scheme 6.85) [192b,c|. In the course of their
studies To6ke et al. observed that part of the phenacylchloride 191 is consumed by
self-condensation, affording the epoxyketone 194 with 64% ee of the trans product
(Scheme 6.85) [192d]. In a more general sense this result indicates the potential of
the Darzens condensation for side-reactions by self-condensation of the chloro-
ketone substrates. Enantiomerically enriched dimerization products such as 194
are also interesting building blocks.

Significantly improved enantioselectivity compared with the Wynberg and Hum-
melen experiment was achieved by Arai and Shiori by introduction of trifluoro-
methyl substituents to the benzyl group of the catalyst 185a [193, 194]. In particu-
lar, a para-trifluoromethyl group (catalyst 185b, see above) proved beneficial. For
example, in the condensation of phenacyl chloride 191a with several aliphatic alde-
hydes 194a—h and benzaldehyde (194i), the trans epoxy ketones 195 were obtained
exclusively, and enantiomeric excesses up to 79% were achieved (Table 6.1) [193]. It
was found that induction was much lower when the trifluoromethyl group in the
catalyst 185b was exchanged for, e.g., a cyano, nitro, or iodo substituent [193]. Later
work by Arai and Shiori et al. included the racemic chloroketones 191b,c [194].
Again by use of the trifluoromethylated catalyst 185b enantiomeric excesses of the
trans epoxyketones 196 as high as 86% were achieved (Table 6.1) [194].
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Similarly, chloromethyl phenyl sulfone (197) was coupled with several aromatic
aldehydes, 198a—i, again using the trifluoromethylated phase-transfer catalyst 185b
[195]. As summarized in Table 6.2, the trans epoxysulfones 199a—i were obtained
in good chemical yields and with enantiomeric excesses up to 81% [195]. In this
study the effect of further trifluoromethylation of the benzyl residue in the catalyst
185b was also investigated. para-Trifluoromethylation (as in 185b) proved best;
asymmetric induction was significantly lower for both the 2,4- and 3,5-bis-CF;-
derivatives [195, 196].

Later work by Arai and Shiori included other aromatic aldehydes and showed
that aliphatic aldehydes afford appreciable ee only in the presence of the additive
Sn(OTf), (up to 32%), and that the chloromethylsulfone 197 can also be reacted
with the ketones 200a,b in the presence of the phase-transfer 185b (Scheme 6.86)
[196]. 4-tert-Butylbenzaldehyde (198e, Table 6.2) still gave the best ee (81%).

Conclusions

The potential of the Darzens condensation as an alternative means of access
to enantiomerically pure epoxy ketones, esters, nitriles, sulfones, etc., has long
been recognized. Synthetically useful enantioselectivity was, nevertheless, not
achieved until a few years ago when Arai and Shiori introduced the trifluoro-
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Tab. 6.1
O

O)Jvm

191a catalyst 185b (10 mol-%)
+ OHC-R :
0 ‘odai n-Buz0, LIOH-H,0 o
/@ijJCI : R
R R
rac191lbR=H 196
rac-191c: R = OME
Chloroketone Aldehyde R Yield of 195, 196 [%] ee [%] Ref.
191a 194a Et 32 79 193
191a 194b n-Pr 82 57 193
rac-191b 194b n-Pr 67 84 194
191a 194c i-Pr 80 53 193
rac-191b 194c i-Pr 99 69 194
191a 194d i-Bu 73 69 193
rac-191b 194d i-Bu 86 74 194
rac-191c 194d i-Bu 65 50 194
191a 194e t-Bu-CH, 50 62 193
rac-191b 194e t-Bu-CH, 86 86 194
rac-191c 194e t-Bu-CH, 90 75 194
191a 194f Et,CH-CH, 76 58 192
191a 194g Ph(CH;), 83 44 193
191a 194h c-Hex 47 63 193
rac-191b 194h c-Hex 80 69 194
191a 194i Ph 43 42 193
Tab. 6.2
O, 0, 0,
©/S\/C| catalyst 185b (10 mol-%) ©/S\/"\ R
+ OHC—-R
toluene, KOH
197 198a-i 199a-i

Aldehyde R Yield of 199 [%] ee [%]
198a Ph 85 69
198b 4-Br-CeHy 80 64
198c 3-Br-CqHy 69 71
198d 4-Me-CgHy4 84 78
198e 4-t-Bu-CgHy 70 81
198f 4-Ph-C¢Hy 71 72
198g 4-PhO-CgH,4 83 65
198h 3-Me-C¢Hy 82 74
198i f-naphthyl 94 68
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methylated alkaloid-based phase-transfer catalyst 185b and Téke et al. described the
carbohydrate-based chiral crown ethers 186. Currently, all enantioselective variants
of the Darzens condensations are based on the use of chiral phase-transfer cata-
lysts [197]. One of the advantages of the Darzens condensation is that is an ex-
perimentally simple process. Because of the current rapid development of novel
chiral phase-transfer catalysts, it might be expected that this field will see substan-
tial further growth in the near future.

6.8
Sulfur Ylide-based Epoxidation of Aldehydes

Nucleophilic addition of sulfur ylides to C=0O double bonds is an important means
of synthesis of epoxides [198]. Because optically active epoxides are widely applied
as versatile intermediates in the preparation of, e.g., pharmaceuticals, the asym-
metric design of this sulfur ylide-based reaction has attracted much interest [199,
200, 212, 213]. One aspect of this asymmetric organocatalytic process which has
been realized by several groups is shown in Scheme 6.87A. In the first step a chiral
sulfur ylide of type 204 is formed in a nucleophilic substitution reaction starting
from a halogenated alkane, a base, and a chiral sulfide of type 203 as organocata-
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lyst. The chiral ylide 204 then reacts with the carbonyl compound 201 diastereo-
selectively and enantioselectively with formation of the desired optically active
epoxide product 202. The catalyst is released and can be reused for the next cata-
lytic cycle. This concept based on use of a base for sulfur-ylide formation is de-
scribed in more detail in the following section.

The sulfur ylide can also be formed by means of a reaction with a diazo com-
pound 209 in the presence of an achiral metal catalyst 207. This concept, which
has a broad range of applications and is of high efficiency, is shown in Scheme
6.87B and will be described in the section from page 219.

6.8.1
Epoxide Formation from Ylides Prepared by Means of Bases

Several chiral sulfides have been found to be suitable organocatalysts for enantiose-
lective epoxidation as illustrated in Scheme 6.87A. An early example was reported
by the Furukawa group using sulfides prepared from (+)-camphorsulfonic acid
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[201, 202]. Screening of different sulfides revealed sulfide 211 was the most prom-
ising organocatalyst; acetonitrile was found to be the most suitable solvent. A rep-
resentative example is shown in Scheme 6.88. In the presence of 50 mol% sulfide
211 and KOH as a base reaction of alkyl halide 205a with benzaldehyde 201a fur-
nished the epoxide trans-(R,R)-202a in 50% yield and with 47% ee. The reaction
can be also performed with other aromatic aldehydes. In general, however, enantio-
selectivity did not exceed 50% ee irrespective of the substrate.

Improvement of both yield and enantioselectivity was reported by Huang et al.,
who used, in particular, sulfide 212 derived from p-(+)-camphor as organocatalyst
[203]. In addition, only trans products were formed, indicating excellent diastereo-
selectivity. The reaction proceeded successfully in the presence of 20 mol% catalyst,
leading to the epoxide product trans-(R,R)-202b in 93% yield and 60% ee (Scheme
6.89, Eq. 1). Other aromatic aldehydes are also suitable substrates. Although the
amount of catalyst can be reduced further, longer reaction times are required,
yields are reduced, and enantioselectivity is somewhat lower (52-58%) when using
only 5 or 10 mol% catalyst [203]. It should be noted that reverse asymmetric induc-
tion was achieved by use of, e.g., sulfide 213, which has an endo methylthio group
(Scheme 6.89, Eq. 2), instead of sulfide 212, which bears an exo benzylthio group
[203]. In the reaction using 213, however, enantioselectivity was somewhat lower.
For example, 40% ee was obtained for substrate 201b, compared with 60% ee
when using 212 as organocatalyst in the same reaction. In general, acetonitrile
was the preferred solvent, and strong bases were most useful.

The suitability of a new sulfide, 214, was reported by the Saito group [204].
Screening of solvents revealed that in addition to acetonitrile — which gave the
best balance of yield, diastereoselectivity, and enantioselectivity — tert-butyl alcohol
was the preferred solvent with regard to enantioselectivity for the trans diaster-
eomer. A variety of aromatic substrates and a broad range of different substituents
are tolerated. Selected examples are shown in Scheme 6.90. Enantioselectivity was
in the range 56-91% ee and high yields — up to >99% — were achieved. Diastereo-
selectivity was also high — d.r. (trans/cis) ratio up to 95:5. For example, good results
were obtained by use of benzaldehyde; the desired trans-product 202d was ob-
tained in 58% yield and with 91% ee [204]. The reactions also proceeded at
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56% ee (S,S) 57% ee (S,5) 91% ee (S,S)

Scheme 6.90
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a smaller amount of catalyst, which was steadily reduced from 100 to 10 mol%,
although the rate of conversion and the yield were somewhat lower and enantio-
selectivity decreased slightly. For example, with p-nitrobenzaldehyde as a substrate
10 mol% 214 resulted in 48% ee (> 99% yield after 6 days) whereas 57% ee
(> 99% yield after 1 day) was obtained when 100 mol% sulfide 214 was used.

The Metzner group focussed on the use of enantiomerically pure trans-2,5-dime-
thylthiolane, 215, as organocatalyst [205-208]. This chiral sulfide is among the
most simple C;-symmetric sulfides and is readily available in two steps from com-
mercially available (2S,5S)-hexanediol [206]. During detailed study of the model re-
action of benzyl bromide and benzaldehyde furnishing the epoxide (S,S)-202a the
reaction conditions were optimized. A 9:1 mixture of tert-butanol and water was
found to be the optimum solvent with regard to selectivity and yield. In the pres-
ence of stoichiometric amounts of the organocatalyst 215 the desired product (S,S)-
202a (Scheme 6.91) was synthesized in high yield, 92%, with high diastereoselec-
tivity (d.r. ratio 93:7), and with high enantioselectivity (88% ee) [206]. Under these
optimized conditions the range of substrates was investigated [206]. Use of other
aromatic substrates also led to high yields, diastereoselectivity, and enantioselectiv-
ity (Scheme 6.91). Epoxidation of the unbranched aliphatic aldehyde n-pentanal,
however, was not successful whereas cyclohexanecarboxaldehyde was converted
into the chiral epoxide in 87% yield, and with high enantioselectivity (96% ee),
although diastereoselectivity (d.r. ratio 65:35) was somewhat lower than for the
aromatic epoxides (S,S)-202a,b [206]. In some epoxidations it was found that the
analogous trans-2,5-diethylthiolane gave better results [207].

215
O

¢ Br (100 mol%) R,
N .
R)J\H KOH, r.t., 48h
tert-butanol/H,O (9:1)
201 202

Selected examples

C ¢ O

202a (trans) 202b (trans) 202e (trans)
92% yield 89% yield 88% yield
dr(trans/cis)=93:7 dr(trans/cis)=92:8 dr(trans/cis)=92:8
88% ee (S,5) 86% ee (S,S) 88% ee (S,S)

Scheme 6.91
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The Metzner group subsequently reported extension of this reaction by use of
catalytic amounts of sulfide organocatalysts of type 215 [207]. Benzyl bromide was
used as alkyl halide. It should be added that benzyl chloride was not sufficiently
reactive, and that the corresponding iodide was usually not available in sufficient
purity. To increase the reactivity tetra-n-butyl ammonium iodide was used as an ad-
ditive to form in situ the corresponding, more reactive, iodide. Under optimized
conditions numerous epoxidations were performed with catalytic amounts (10
and 20 mol%) of the chiral sulfide, e.g. 215 [207]. Selected examples are shown in
Scheme 6.92. Numerous aromatic aldehydes and cinnamic aldehyde were success-
fully converted into the desired epoxides in high yields, although reaction times
were longer (usually 4-6 days) than when stoichiometric amounts of the chiral sul-
fide were used. Diastereomeric ratio and enantioselectivity were usually somewhat
lower than when one equivalent of the chiral sulfide organocatalyst was used. For

215
(10 mol%),

n-BusNI o

+ Br (10 mol%) R..
H NaOH, r.t., 4-6 d L\Ej

tert-butanol/H,0O (9:1)
202

QF:

Selected examples

202a (trans) 202b (trans) 202f (trans)
82% yield 77% yield 75% yield
dr(trans/cis)=92.5:7.5 dr(trans/cis)=90:10 dr(trans/cis)=90:10
85% ee (S,S) 72% ee (S,5) 64% ee (S,S)

N N

2029 (trans) 202h (trans)
60% vyield 75% vyield
dr(trans/cis)=89:11 dr(trans/cis)=87.5:12.5
69% ee (S,S) 80% ee (S,S)

Scheme 6.92
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example, with 10 mol% 215 as catalyst formation of (S,S5)-202b in 77% yield re-
quired 6 days instead of 2 days for 89% yield when using one equivalent of the
catalyst. The diastereomeric ratio (d.r. (trans/cis) = 90:10) and ee (72%) were in a
similar range but still somewhat lower than those obtained in the presence of
one equivalent of 215 (d.r. (trans/cis) = 92:8; 86% ee) [207].

The successful extension of this asymmetric reaction to the use of allyl halides
(instead of benzyl halides) was also reported by the Metzner group [208]. The
desired vinyl oxiranes were formed in a one-pot reaction starting from an allyl ha-
lide and an aromatic aldehyde in the presence of a sulfide, e.g. 215, and sodium
hydroxide as base. A 9:1 mixture of tert-butanol and water was used as solvent.
The products were obtained in satisfactory to good yields (up to 85%) and enantio-
selectivity for the trans isomer was up to 90% ee. Diastereoselectivity was high for
branched allyl halides, with d.r. (trans/cis) up to >50:1, whereas for unbranched
allyl halides the diastereomeric ratio was only modest — 2.3:1 to 2.8:1. Selected
examples are shown in Scheme 6.93. The methylallyl iodide or bromide was found
to be the preferred allyl halide in terms of diastereoselectivity and enantioselectiv-

215

° O
+ R X (100 mol%) R'..
)J\ y /\/\

Ro NaOH, r.t., 15h - 6d L\/ARZ
tert-butanol/H,0 (9:1) 202 R®

217

Selected examples

s s s
o 0 e

202i (trans) 202g (trans) 202j (trans)
85% yield 76% yield 60% yield
dr(trans/cis)=2.3:1 dr(trans/cis)=2.2:1 dr(trans/cis)=2.3:1
37% ee (S,S) 50% ee (S,S) 90% ee (S,5)

T, COa_

CHs CH3
202k(trans) 202I (trans)
64% yield 70% vyield
dr(trans/cis)>50:1 dr(trans/cis)>50:1
78% ee (S,S) 70% ee (S,S)

Scheme 6.93
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ity. Several aromatic aldehydes other than benzaldehyde have also been used suc-
cessfully, leading to comparable diastereoselectivity and enantioselectivity (Scheme
6.93). The reaction time, however, was somewhat long — usually several days. It
should be added that rapid purification on silica gel was required, because of the
sensitivity of the vinyl oxiranes to acid.

Reduction of the amount of catalyst was also investigated by the Metzner group
in the epoxidation of benzaldehyde with methylallyl iodide [208]. Although use of
10 mol% 215 resulted in comparable yields, diastereomeric ratio, and enantiomeric
excess, the reaction time was very long — one month. Addition of tetra-n-butyl am-
monium iodide was not beneficial in this reaction, probably because of poor com-
patibility of the produced epoxide with this additive [208].

Use of a related, more bulky sulfide, the tricyclic C;-symmetric organocatalyst
216, has been reported by the Goodman group [209, 210]. This bulky sulfide is pre-
pared in three steps and 76% overall yield starting from cheap and readily available
p-mannitol. Use of one equivalent of this thiolane 216 in the synthesis of epoxides
of type 202 resulted in a good diastereomeric ratio (d.r. (trans/cis) = 100:8) and ex-
cellent enantioselectivity (97% ee) [209]. Reactivity was, however, lower than for
sulfide catalyst 215 and its ethyl-substituted analog. Thus, 7 days reaction time
was needed to achieve a yield of 59% when using one equivalent of 216 as catalyst.
Use of catalytic amounts (10 and 20 mol%) of 216 also led to high diastereomeric
ratios and enantioselectivity of 94—-98%, but reactivity decreased further. For exam-
ple, in the presence of 10 mol% 216 a reaction time of 4 days was required for a
yield of 41% (Scheme 6.94) [209]. Investigation of the range of substrates revealed
that p-halogenated and p-nitro-substituted benzaldehydes were suitable substrates
whereas no conversion was achieved when p-methoxybenzaldehyde was used.

Ph Ph
o) O
g
(e} . /O
o S
216 Q .
H Br (10 mol%) '
+
NaOH, r.t., 4d

acetonitrile/H>O (9:1) 202a (trans)

201a 205a 41% yield
dr(trans/cis)=100:11
97% ee (R,R)
Scheme 6.94

The Shimizu group investigated the potential of another structural type of
sulfide organocatalyst, 5- and 6-membered cyclic sulfides [211]. These sulfides
were prepared by biocatalytic reduction using baker’s yeast. In particular the 5-
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membered sulfide 217 was found to be effective in the asymmetric formation of
epoxides starting from aldehydes; enantioselectivity was up to 92% ee. A represen-
tative example is shown in Scheme 6.95. In the presence of 50 mol% 217 as cata-
lyst the trans product (S,S)-202m was obtained in 56% yield and with 86% ee after
reaction for 21 h.

6.8.2
Epoxide Formation from Ylides Prepared by Metal-catalyzed Carbene Formation

As shown above (see also Scheme 6.87B), formation of sulfur ylides by reaction of
a carbenoid with a sulfide is an efficient alternative which has also been found to
be applicable to enolizable and base-sensitive aldehydes. This route, developed by
the Aggarwal group, is based on use of a metal catalyst to form a carbene which
subsequently reacts with the sulfide generating the sulfur ylide [200, 212, 213,
226]. Because the catalytically active species of the asymmetric process is the sul-
fide, this concept can be also regarded as an organocatalytic reaction.

The first step was development of a catalytic epoxidation cycle using stoichiomet-
ric amounts of achiral sulfides and rhodium acetate [212-214]. The nucleophilicity
of the sulfide plays a key role. In addition, the absence of sulfides led to the forma-
tion of stilbenes, and homologated products were formed in the absence of
rhodium acetate [214]. This emphasizes that the sulfide and the rhodium catalyst
were required for the operation of the catalytic cycle shown in Scheme 6.87B [214].
It was also found that the reaction proceeded to completion with catalytic amounts
of the sulfide. A prerequisite is slow addition of the diazo compound over a longer
period of time, e.g. 24 h, to avoid the assumed dimerization of the diazo com-
pound as a competing reaction under those conditions [214, 215].

The Aggarwal group also extended this concept to asymmetric epoxidation [214—
216]. Initial attempts using 20 mol% sulfide 218 and 10 mol% Rh,(OAc)4 resulted
in the synthesis of epoxides in satisfactory yields (58—62%) but enantioselectivity
was low (11% ee). A selected example is shown in Scheme 6.96 [214]. When opti-
cally active sulfides, which are derived from camphor, are used in the presence of

219
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rhodium acetate epoxides of type 202 are formed in good yields and with good dia-
stereomeric ratio (up to d.r. (trans/cis) = 10:1). Although enantioselectivity was
also improved by use of these sulfide catalysts it was still modest and did not ex-
ceed 41% ee [216].

The discovery of copper complexes as alternatives to the rhodium catalysts and
optimum metal salts [215, 217, 219], and the development of an optimized sulfide,
219, led to an improved catalytic system [218, 219]. Use of this optimized catalytic
system afforded the desired products in high yield and enantioselectivity [218,
219]. Many 1,3-oxathianes based on camphorsulfonic acid were also prepared and
investigated for their catalytic potential [219]. This study revealed that sulfide 219
was the preferred organocatalyst. Experiments using sulfur and carbon analogs of
the 1,3-oxathiane revealed the significant effect of the oxygen of the 1,3-oxathiane
in controlling the enantioselectivity of the process. This beneficial effect was ex-
plained as a result of combined anomeric and Cieplak effects. Interestingly, the op-
timization study showed that enantioselectivity was independent of the solvent and
metal component whereas yield was influenced by both factors [219]. The opti-
mum metal salt was copper acetylacetonate. This experimental investigation of
the effect of the metal salt emphasized that the metal does not participate in the
reaction of the sulfur ylide with the aldehyde component [219].

Under optimized conditions, e.g. 20 mol% 219 and pure copper(II) acetylaceto-
nate (5 mol%), benzaldehyde was converted into the product (R,R)-trans-202a in
73% yield and with 94% ee (Scheme 6.97) [219]. The diastereoselectivity of this
reaction is excellent — d.r. (trans/cis) > 98:2. The selectivity is high because of
irreversible formation of the anti-betaine whereas formation of the syn-betaine is
reversible [219].

The range of substrates tolerated by this catalytic system is broad and includes
other aromatic and aliphatic aldehydes (Scheme 6.97) [218, 219]. For all aromatic
or o,f-unsaturated aldehydes enantioselectivity is high (89-94% ee) and diastereo-
selectivity is excellent (d.r. (trans/cis) > 98:2). Yields were in the range 55-73%
[219]. For aliphatic aldehydes yields were significantly lower, 32-35% (Scheme
6.97) [218, 219]. Diastereoselectivity also was somewhat lower and enantioselectiv-
ity varied from 68 to 90% ee [218, 219].
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202b (trans)
72% yield
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202n (trans)
35% yield
dr(trans/cis)=92:8
68% ee (R,R)

202d (trans)
64% yield
dr(trans/cis)>98:2
92% ee (R,R)

2.
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2020 (trans)
32% yield
dr(trans/cis)=70:30
90% ee (R,R)

Attempts have also been made to use bifunctional catalysts in which a C,-
symmetric sulfide component is linked to the copper catalyst [220]. Although less
catalyst could be used without reducing the yield (5 mol% compared with 20 mol%
in the reactions already described) the enantioselectivity of these bifunctional cata-

lysts did not exceed 24% ee.

Another type of sulfide catalyst, thiazolidine derivatives of type 220, were de-
signed by the Koskinen group with the aid of molecular modeling [221]. In the
model reaction the thiazolidine 220 catalyzed the formation of the trans epoxide
(S,S)-trans-202a highly enantioselectively (90% ee) although the yield (16%) was

low (Scheme 6.98).



222

o

6 Nucleophilic Addition to C=O Double Bonds

HaC

/\)70H3

SXEN
'BOC
HC” G,

. ©AN2 (20 mol%) ©\v"
H Rhy(OAc)4 (1 mol%),

201a

dichloromethane 202a (trans)
16% yield
only trans-diastereomer formed
90% ee (S,S)

209a

Scheme 6.98

Extension of sulfur-ylide-type epoxidation to the synthesis of glycidic amides of
type 202p by use of diazoacetamide as diazo compound has been reported by
Seki and co-workers [222]. The products are interesting intermediates in the prep-
aration of pharmaceutically important products. For example, these types of epox-
ide are useful for synthesis of f-amino-a-hydroxy carboxylic acids, or for synthesis
of diltiazem. The sulfur ylides were generated in situ from diazoacetamides (e.g.
209b) in the presence of catalytic amounts of optically active binaphthylsulfide (20
mol%) and a copper(II) complex (10 mol%). The most efficient combination was
221 as binaphthylsulfide component and the N,N-dibenzyl-substituted amide 209b
as diazoacetamide component. The resulting yields and enantioselectivity, were
however, moderate — 25 to 71% and 39 to 64% ee, respectively. It was found that
electron-deficient aldehydes gave better yields. Interestingly, enantioselectivity can
be greatly enhanced by a single recrystallization, as was demonstrated in the syn-
thesis of 202p (25% yield, 64% ee), for which enantioselectivity was increased to
99% ee by one recrystallization. This synthesis of 202p, as a selected example, is
shown in Scheme 6.99 [222].

Despite efficient conversions, a major drawback from practical and safety consid-
erations is the use of (potentially) explosive diazo compounds. Consequently, the
application was limited to small (mmol)-scale. Thus, replacement of the direct
use of the diazo compound by suitable precursors which form the desired diazo
compound in situ would be much more favorable. A remarkable improvement ad-
dressing this issue was recently achieved by the Aggarwal group [223, 224]. The
key step was in-situ formation of the diazo compound starting from the tosylhydra-
zone salt 222 under conditions (phase-transfer catalysis at 40 °C) compatible with
the sulfur-ylide type epoxidation [223]. The concept of this improved method is
shown in Scheme 6.100.

Sulfide 219, which has been shown to be an efficient organocatalyst when using
phenyldiazomethane directly (Scheme 6.97), was, however, unstable under these
new reaction conditions and gave the products in low yield (although enantio-
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selectivity was high). Broad catalyst screening was therefore conducted by the Aggar-
wal group for this type of one-pot multi-step reaction [224]. This study comprised
investigation of sulfides derived from camphor, novel chiral thianes and 1,4-
oxathianes, and several C;-symmetric chiral sulfides. None of these sulfides led to
both high yield and high enantioselectivity, however. In particular, the enantio-
selectivity varied substantially and was often moderate only. On the basis of the
conclusion that this unsatisfactory enantioselectivity was a result of poor control of
the conformation of the ylide, the Aggarwal group designed a new class of sulfide
which were conformationally much more rigid [223, 224]. Sulfide 223, in particu-
lar, was found to be very efficient, leading to high yields and high enantioselectivity
[223, 224]. Starting from numerous aromatic aldehydes and only 5 mol% 223 as
catalyst the desired epoxides were formed in good yields with excellent diastereo-
meric ratio of d.r. (trans/cis) > 98:2, and high enantioselectivity in the range 90—
94% ee [223]. Selected examples are shown in Scheme 6.100. trans-Cinnamic alde-
hyde and cyclohexane carboxaldehyde are also suitable substrates, leading to the
epoxides 202g, and 2020, respectively, with high enantioselectivity (Scheme 6.101).
In the latter reaction, however, the diastereoselectivity was somewhat lower. A first
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scale up was also performed in which epoxide 202a was prepared in a 50 mmol-
scale reaction. It should be added that in addition to being a safer, highly efficient
epoxidation process the overall economy of this one-pot reaction is also substan-
tially improved.

This new method based on tosylhydrazones has also been applied by the Aggar-
wal group to the first synthesis of epoxyferrocene, 202s [225]. Starting from ferro-
cenecarbaldehyde, 224, and benzaldehyde tosylhydrazone sodium salt 222 the de-
sired product 202s was formed with high enantioselectivity, although yield was
approximately 30% only (Scheme 6.102). Enantiomeric excess (95% ee) was deter-
mined for derivative 225, obtained after subsequent epoxide opening reaction
with sodium azide. One equivalent of the sulfide 223 was used for the epoxidation
reaction.

The process development for this efficient Aggarwal-type sulfur-ylide epoxida-
tion has recently been summarized in review [226]. Several detailed studies of the
reaction mechanism have also recently been reported [227-230]. In particular, a
comprehensive experimental and computational investigation of the reaction
mechanism has been performed by the Aggarwal group [227, 228]. The two dia-
stereoselective pathways for synthesis of trans- and cis-stilbene oxides, as represen-
tative examples, are shown in Scheme 6.103 [228]. The initial step is addition of
the sulfur ylide to the C=0 double bond of the aldehyde with formation of the cor-
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Scheme 6.103  (from Ref. [228] with permission of the ACS)

responding anti and syn betaine intermediates, respectively. Subsequently, elimina-
tion of the sulfide from these betaines gives the desired trans or cis epoxide [227,
228|. The high trans diastereoselectivity was found to result from fast and irrevers-
ible ring closure of the formed anti betaine. In contrast, elimination of the sulfide
from the syn betaine under formation of the cis-product is slow, and competitive
reversion to the reactants occurs. Consequently, high trans diastereoselectivity is
observed for the sulfur-ylide-type epoxidation.

The structures of the corresponding transition states have been investigated by
Aggarwal and co-workers for the model reaction of benzaldehyde and dimethylsul-
fonium benzylide [228]. The different approaches in this reaction of the sulfur
ylide with the aldehyde and the corresponding stereochemical outcomes are shown
in Figure 6.1. Interestingly, the computational study revealed that the mecha-
nism involves cisoid transition states for formation of the betaine. The energy bar-
riers leading to the cisoid rotamers are lower than for the transoid analogs. Thus,
the transition states leading to transoid betaine formation are not expected to play
any role in the mechanism. The initial C—C bond-formation leading to the two
diastereomeric cisoid betaines proceeds at a similar rate. In the anti pathway,
which gives the trans epoxide, this initial addition was found to be rate-determining
whereas subsequent C—C bond rotation and elimination occur easily. In contrast,
for the syn pathway, leading to the cis epoxide, C—C bond rotation is slow. Thus,
this torsional rotation is the rate-determining step. Consequently, reversion to reac-
tants occurs for this pathway and so cis products are formed as the minor product
and the trans epoxides are the major diastereomers. These computational results
explaining the high trans diastereoselectivity are in excellent agreement with the
experiment.

Conclusion

Asymmetric sulfur-ylide-type epoxidation is an excellent tool for enantioselective
and diastereoselective synthesis of epoxides. By use of Aggarwal-type methodology
a broad range of aromatic, enolizable, and base-sensitive aldehydes can be con-
verted into the desired epoxides. In addition to an excellent diastereomeric ratio,
the optimized organocatalytic systems of this sulfur-ylide-type epoxidation also
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lead to high enantioselectivity. The range of application of this sulfur-ylide-type
epoxidation has already been shown to be broad.

6.9
The Benzoin Condensation and the Stetter Reaction

The general reaction patterns of the benzoin condensation and the related Stetter
reaction are depicted in Scheme 6.104. Both reactions are nucleophilic acylations,

227
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i.e. addition of an acyl anion equivalent, XIV, to an electrophilic acceptor. In the
benzoin condensation (Scheme 6.104, path A) a 2-hydroxyketone XVII results
from addition to an aldehyde XV whereas the Stetter reaction (Scheme 6.104, path
B) provides 2-substituted 1,4-dicarbonyl compounds, XVIII, by addition of the acyl
anion equivalent XIV to enones and enoates XVI. Other Michael-acceptors can also
be used [231, 232]. Both reactions are of great synthetic utility [231].

In both reactions cyanide has usually been employed as catalyst [231, 232].
Under these conditions, the acyl anion equivalent is represented by the tauto-
meric form XIX of the cyanohydrin anion which results from addition of cyanide
to an aldehyde (Scheme 6.104). In nature, this type of Umpolung is performed en-
zymatically, with the aid of the cofactor thiamine pyrophosphate 226 (vitamin B1,
Scheme 6.105) [232, 233].

In the thiazolium cation the proton in the 2-position is acidic and its removal
gives rise to the ylide/carbene 227. This nucleophilic carbene 227 can add, e.g., to
an aldehyde to produce the cationic primary addition product 228. The latter, again
via C-deprotonation, affords the enamine-like structure 229. Nucleophilic addition
of 229 to either an aldehyde or a Michael-acceptor affords compound(s) 230. The
catalytic cycle is completed by deprotonation and elimination of the carbene 227.
Strictly speaking, the thiazolium salts (and the 1,2,4-triazolium salts discussed be-
low) are thus not the actual catalysts but pre-catalysts that provide the catalytically
active nucleophilic carbenes under the reaction conditions used. This mechanism
of action of thiamine was first formulated by Breslow [234] and applies to the ben-
zoin and Stetter-reactions catalyzed by thiazolium salts [235-237] and to those
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effected by other nucleophilic carbenes, for example the 1,2 4-triazolylidenes (vide
infra). In this context, the intermediate 229 is often referred to as the Breslow
intermediate.

6.9.1
The Benzoin Condensation

Early approaches toward catalytic asymmetric benzoin condensation by Sheehan
et al. [238, 239], Tagaki et al. [240], and Zhao et al. [241] concentrated on chiral
thiazolium systems. The same is true for more recent investigations by Leeper
[242], Rawal [243], and Lopez-Calahorra et al., the last of whom used bridged bis-
thiazolium salts [244]. In these studies the feasibility in principle of asymmetri-
cally catalyzed benzoin condensation was proven and enantiomeric excesses up to

229
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57% were reported [241, 245]. A breakthrough in the field was achieved in 1996
when Teles et al. showed that readily available 1,2 4-triazolium salts such as 231
are highly efficient catalysts of the condensation of formaldehyde to give glycolalde-
hyde (Scheme 6.106) [246]. These materials proved to be catalytically much more
active than the original thiazolium salts. Mechanistic investigations indicated
that catalysis is effected by the nucleophilic carbenes, for example 232, formed
on deprotonation (Scheme 6.106). In other words, the Breslow-mechanism shown
in Scheme 6.105 for thiazolium salts also applies to the 1,24-triazolium systems
[246]. It should, however, be pointed out that — where applicable — product compo-
sition can be significantly different. For example, whereas thiazolium catalysts
afford exclusively dihydroxyacetone with formaldehyde as substrate, the triazolium
systems afford glycolic aldehyde (plus glyceraldehyde and C,4 and Cs sugars as sec-
ondary products) [246]. Catalyst-dependent differences in the relative rates of the
partial reactions within the catalytic cycle (Scheme 6.105) most probably account
for this phenomenon. A subsequent study by Enders et al. on chiral triazolium
salts identified the derivative 233 as a first catalyst for the asymmetric benzoin con-
densation that affords substantial enantiomeric excesses (up to 86%) with satisfac-
tory chemical yields (Table 6.3) [247].

Most remarkably, catalyst loadings could be reduced to 1.25 mol%, resulting in
total turnover numbers > 50 (Table 6.3) [247]. Catalyst 233 is readily available in
large quantities because its synthesis is based on (S,S)-(+)-5-amino-2,2-dimethyl-
4-phenyl-1,3-dioxane, an intermediate of industrial chloramphenicol production
[247]. The more rigid bicyclic triazolium systems 234, 235, and 236 were synthe-
sized by Leeper and Knight from phenylalanine and pyroglutamic acid (Table 6.4)
[248]. The related and even more enantioselective catalyst 237 was reported by
Enders and Kallfass in 2002 [249]. The bicyclic triazolium salt 237 is derived from
1-tert-leucine (five steps) [249]. The results obtained with catalysts 234-237 in asym-
metric benzoin condensations are summarized in Table 6.4. Although the enantio-
selectivity achieved with the bicyclic compounds 234-236 is comparable with that
observed with the triazolium system 233 (Table 6.3), it should be noted that signifi-
cantly higher catalyst loadings are required for 234-236 (5-30 mol%) than for 233
(1.25 mol%). The highest enantioselectivity yet achieved was with the bicyclic tria-
zolium salt 237 by Enders and Kallfass [249]. Inspection of Table 6.4 also reveals
that benzaldehyde and electron-rich derivatives thereof afford the best enantioselec-
tivity (up to 95% ee) whereas the asymmetric induction achieved with electron-
deficient aldehydes is substantially lower. Finally, when the amount of catalyst 237
was reduced to 2.5 mol%, benzaldehyde could be converted to benzoin with 99%
ee, albeit with reduced chemical yield (33%) [249]. The latter behavior is typical of
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Tab. 6.3
,Ph
N-N® o
3 cio;
N
(\\wPh
O O 233
X
H30 CH3
0 R?
1.25 mol-% 233,
R! 0.6 mol-% KoCO3, Rt
2 H THF rt,60h R
R? R2
R’ R! Yield [%] ee [%]
H H 66 75
H3;CO H 41 66
H H3CO 22 86
CH; H 65 76
H CH; 46 82
H F 48 44
H Cl 51 29
H Br 72 20

benzoin condensations and reflects the sensitivity of the reaction product toward
base-induced racemization. Clearly, the catalytically active nucleophilic carbenes
are also bases. To obtain good enantioselectivity and chemical yields it is, therefore,
necessary to carefully balance and optimize the base and catalyst loadings, reaction
conditions, etc. In fact, the lower basicity of the triazolylidenes compared with the
thiazolylidenes [246] can be considered as a key feature responsible for the much
better ee achieved with the former catalysts than with the latter.

The thiazolium and, particularly, triazolium catalysts discussed above have been
developed to the extent that they perform remarkably well in the asymmetric ben-
zoin condensation of aromatic aldehydes. Triazolium catalysts are also very effec-
tive in the (non-stereoselective) condensation of aliphatic aldehydes [250]. It seems,
however, that no catalyst is yet available that enables condensation of aliphatic alde-
hydes with synthetically useful enantioselectivity. The best ee yet obtained are in
the range 20-25%, e.g. in the dimerization of the straight-chain C,—C; aldehydes
[251].

6.9.2
The Stetter Reaction

The triazolium catalysts discussed above do not efficiently promote the Stetter
reaction, i.e. the formation of 1,4-dicarbonyl compounds from aldehydes and «,f-

231
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Tab. 6.4
Ph Ph Ph
N— N-N N-NG®
PNC) PNC) Iy gl
No C < N/® cl OAN ¢
(0]
CH,-Ph 234 > 235: R = CHg /\
2 CH:0-R 236: R = Ph tBu 237
o R?
R’ H catalyst234-237 Rt ;
2 base, solvent R
R? R2
bases: 234—-236: 5-30 mol-% Et3N; 237: 10 mol-% KOt-Bu
solvent: 234-236: MeOH; 237: THF
reaction times: 234—-236: 18-48 h; 237: 16 h

R’ R’ Catalyst (mol-%) Temp. [C] Yield [%] ee [%] Ref.
H H 234 (30) rt. 45 80 248
H H 235 (30) Lt 47 48 248
H H 236 (30) r.t. 22 63 248
H H 237 (10) 18 83 90 249
H H3CO 237 (10) 18 8 95 249
CH3 H 237 (10) 0 36 91 249
H CH; 234 (30) rt. 38 825 248
H CH3 235 (30) r.t. 28 61 248
H CH; 236 (30) r.t. 11 69 248
H CH3 237 (10) 18 16 93 249
H F 237 (10) 18 81 83 249
H F 237 (10) 0 61 91 249
Cl H 237 (10) 0 85 86 249
H cal 234 (10) Lt 11 76 248
H Cl 235 (30) r.t. 27 40 248
H al 236 (5) Lt 12 65 248
H Cl 237 (10) 0 44 89 249
H Br 237 (10) 0 59 91 249

enones, enoates, etc. (Scheme 6.104B). This might be because the nucleophilic tri-
azolylidene carbene catalysts derived from the pre-catalysts form stable adducts with
a,f-enones, etc. [252, 253]. In the intramolecular Stetter reaction of the highly reac-
tive ortho-crotyloxybenzaldehydes 240, however, quite substantial enantioselectivity
(up to 74% ee) was achieved for the first time in 1996 by Enders et al., who used
the triazolium catalyst 233 (Table 6.5; see Table 6.3 for application of the catalyst
233 in the benzoin condensation) [254]. More recent work by Rovis et al. identified
the aminoindanol- and phenylalanine-derived triazolium systems 241 and 242, re-
spectively, as the most enantioselective catalysts for the intramolecular Stetter reac-



6.9 The Benzoin Condensation and the Stetter Reaction
Tab. 6.5
Ph Ph
N-N® o N-N BF © Ph
1\ 1\ 4
CIO; ’/QN) N Q') GG
m Ph oL N
H Bn
OXO 233 241 \Q 242 i
20 mol-% catalyst 233,
1 Q KeCOg, THF, . A
R H rt, 24 h, or S Co,R
RZEQK:/\/\ CO.R 4 20 mol-% catalyst 241,242 R2 X
RS 240 KHMDS, xylenes, R3
25°C, 24 h

R’ R? R3 R* X Catalyst Yield [%] ee [%] Ref.
H H H Me O 233 73 60 254
H H H Et (¢] 233 69 56 254
H H H Et O 241 94 94 255
Me H H Et (¢] 241 80 97 255
H H Me Et O 241 90 84 255
H H H;CO Me (6] 233 44 68 254
H H H3;CO Et (¢] 233 69 62 254
H H H;CO Et O 241 95 87 255
H H3CO H Me (¢] 233 22 74 254
H3;CO H H Me O 233 56 61 254
Cl H H Me (0] 233 50 41 254
H H H Et S 241 63 96 255
H H H Et NMe 241 64 82 255
H H H Et CH, 241 35 94 255
H H H Et CH, 242 90 92 255

tion of substrates 240 (Table 6.5) [255]. With these catalysts enantiomeric excesses
up to 97% and quite satisfactory yields were achieved. Rovis and Kerr also studied
the effect on the efficiency of their catalytic asymmetric Stetter reaction of the type
of electron-withdrawing group in the Michael acceptor. Whereas the ester, ketone,
and nitrile of general structure 240 performed well, the amide, aldehyde, and nitro-
olefin did not cyclize under the conditions given in Table 6.5 [256]. Similarly, for
purely aliphatic aldehyde substructures an alkylidene malonate acceptor proved
superior to an enone.

There seems to be one example only of a catalytic intermolecular asymmetric
Stetter reaction. As shown in Scheme 6.107, Enders reported that the thiazolium
cation 243 afforded a moderate enantiomeric excess in the coupling of n-butanal
with E-chalcone to give the 1,4-diketone 244 [257].

233
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Conclusions

“Azolium”-catalyzed formation of 2-hydroxycarbonyl and 2-substituted 1,4-
dicarbonyl compounds are prime examples of bio-inspired processes using low-
molecular weight catalysts. Whereas the natural cofactor thiamine and early
man-made catalysts incorporated the thiazolium heterocycle, the most synthetically
useful organocatalysts currently available are based on chiral derivatives of the
1,2, 4-triazolium system. With the aid of these organocatalysts developed mainly
by Enders, Teles et al., very good yields and enantiomeric excesses (up to 99%)
have been achieved in the benzoin condensation of aromatic aldehydes, particu-
larly if electron-rich. Similarly, the intramolecular Stetter-cyclization of 2-crotyloxy-
benzaldehydes has been achieved with enantiomeric excesses up to 97%. Unfortu-
nately, the triazolium catalysts perform less effectively in the intermolecular Stetter
reaction of enones, which is thus restricted to the less active and selective thiazo-
lium catalysts (ee up to 30%). It is hoped that further improvement of these most
interesting classes of organocatalyst might eventually enable highly enantioselec-
tive dimerization of aliphatic aldehydes also.

6.10
Hydrophosphonylation of C=O Double Bonds

Asymmetric catalytic addition of dialkylphosphites to a C=0 double bond is a pow-
erful method, and probably the most general and widely applied, for formation of
optically active o-hydroxy phosphonates [258]. The basic principle of this reaction is
shown in Scheme 6.108. Several types of catalyst have been found to be useful.
The transition-metal-catalyzed asymmetric hydrophosphonylation using chiral ti-
tanium or lanthanoid complexes was developed by several groups [259, 260]. The
most efficient type of chiral catalyst so far is a heterobimetallic complex consisting
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245 + HP(OR)z (S)-246 (R)-246

Scheme 6.108

of a lanthanoid metal center with chiral (substituted) binaphthol ligands [260]. In
the presence of this type of catalyst, developed by Shibasaki and co-workers, the
desired products were obtained in yields of up to 95% and with high enantioselec-
tivity (up to 95% ee) [260].

In addition to metals it has been found that organic cinchona alkaloids are also
useful catalysts [261, 262]. Interestingly, the organocatalytic asymmetric formation
of a-hydroxy phosphonates — developed by Wynberg et al. in 1983 — was the first
ever example of an asymmetric catalytic hydrophosphonylation of an aldehyde
[261, 262]. The cinchona alkaloid quinine, an inexpensive and readily available
compound was used as organocatalyst. In the presence of a very small amount of
catalyst, only 0.8 mol%, quinine catalyzed the addition of dimethyl phosphite to o-
nitrobenzaldehyde in dry toluene within 12 h [261]. Although the conversion was
quantitative, enantioselectivity, 28% ee, was unsatisfactory. In the presence of qui-
nidine as organocatalyst the same optical rotation was obtained whereas use of O-
acetylquinidine as catalyst furnished a racemate. Use of sterically more demanding
alkyl ester moieties resulted in substantially increased enantioselectivity. Although
use of di-tert-butyl phosphite as a phosphite component (Scheme 6.109) gave the
desired a-hydroxy phosphonates with high enantioselectivity (80-85% ee), the rate
of reaction decreased when increasing bulkiness of the ester group. For di-tert-butyl
phosphite conversion was only 17%.

H3CO
NO> O quinine (0.8 mol%), NO, OH
H toluene I||:>(Oz‘-Bu)2
9 (0]
+ HP(OtBu
Sa5a (OtBu) (S)-246a
17% conversion
80-85% ee

Scheme 6.109
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Use of o-nitrobenzaldehyde as the aldehyde was particularly successful [261] and
use of other aromatic aldehydes as substrates, e.g. o-chlorobenzaldehyde, also
worked well [262].

The dialkyl phosphites can be readily converted into their corresponding
“free” o-hydroxy phosphonic acids, as has been shown by Wynberg and co-workers

[261].
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7
Nucleophilic Addition to Unsaturated Nitrogen

7.1
Nucleophilic Addition to N=N Double Bonds

In contrast with the large number of addition reactions to C=0, and C=N double
bonds, only a few examples of nucleophilic addition to N=N double bonds have
been investigated [1]. In particular, asymmetric syntheses using N=N components
as electrophiles have been rarely developed, despite the remarkable potential of this
type of reaction [2—4]. For example, the metal-catalyzed addition of 2-keto esters
to azodicarboxylates furnished chiral f-amino o-hydroxy esters which are pharma-
ceutically important intermediates [4b]. Several interesting asymmetric organocata-
Iytic reactions based on use of azodicarboxylates as N=N electrophiles have been
reported very recently [5-8]. These contributions, which are summarized below,
emphasized the high suitability of chiral organocatalysts for these a-amination re-
actions of ketones and aldehydes. The basic reaction scheme is shown in Scheme
7.1. The resulting products of type 4 or 5 bearing an a-amido carbonyl framework
are of interest for the preparation of a wide variety of important chiral building
blocks, e.g. a-amino acids and f-amino alcohol derivatives.

245

Q 0
O P Direct o-amination L
R1)J\CH2 . ROON HN” “OR®
i N__OR3 . N__OR®
R g + Chiral Organocatalyst R il
1 (R'=alkyl,benzyl) 0 R 0
2 (R'=H) 3
* * 4 (R'=alkyl,benzyl)
non-modified electrophilic N=N 5 (R'=H)
ketone or aldehyde substrate as acceptor
as donor
Scheme 7.1

To start with the a-amination of ketones, the Jorgensen group reported a highly
enantioselective addition of ketones, 1, to azodicarboxylates, 3, as N=N component
[5]. The 1 amino acid 1-proline was found to be a highly efficient catalyst. In a
first screening using a model reaction (Scheme 7.2) it was found that diethyl
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i X X
He J\ , EOTON + L-proline (5-20 mol%) O HN” “OEt
N_ _OEt N_ _OEt
CHs bl solvent or neat conditions; HeC™ 7 Y
1a 33 O complete conversion CHs O
4a
Solventa) Cat. amount React. time ee
[mol%] for full conv. [h]  [%]
Acetonitrile 20 52 96
Dichloromethane 20 76 91
Neat 20 65 92
Neat 5 65 93
a) under neat conditions, 2 equiv. of ketone were used.
Scheme 7.2

azodicarboxylate was a more promising N=N substrate than its iso-propyl and tert-
butyl analogs (for which enantioselectivity was lower). In addition, the highest
enantioselectivity was obtained when acetonitrile was used as a solvent (Scheme
7.2). Dichloromethane, e.g., led to substantially lower yields and ee. It is worthy of
note that the reactions can also be conducted efficiently in the absence of a solvent.
For such a reaction under neat conditions higher yields and comparable enantio-
selectivity of up to 93% ee were observed, even when the amount of catalyst was
reduced to 5 mol% [5].

Under optimized conditions the organocatalytic a-amination has been performed
successfully with a broad range of ketones, as shown in Scheme 7.3. In the pres-
ence of 10 mol% 1-proline as catalyst the o-amination proceeds with formation of
the desired products 4 in high yields (up to 92%) and with good to excellent enan-
tioselectivity in the range 79-99% ee for the isolated products (selected examples
are shown in Scheme 7.3) [5]. Good regioselectivity is also observed. The ratio of
the two types of regioisomeric compound is in the range 76:24 to 91:9. Another ad-
vantage of this 1-proline-catalyzed o-amination is the simplicity of the reaction. It
can be conducted at room temperature and is based on the use of an inexpensive
and readily available catalyst. Isolation by extraction after addition of water is also
very practical.

Extension of this proline-catalyzed a-amination to the use of aldehydes as start-
ing materials has been described independently by the Jorgensen and List groups
[6, 7]. The principle of the reaction and some representative examples are shown
in Scheme 7.4. The practicability is high — comparable with that of the analogous
reaction with ketones described above. For example, in the presence of 5 mol%
L-proline as catalyst propanal reacts with azodicarboxylate 3a at room temperature
in dichloromethane with formation of the a-aminated product 5a in 87% yield and
with 91% ee [7]. Good yields and high enantioselectivity can be also obtained by
use of other types of solvent, e.g. toluene and acetonitrile. The products of type 5
were isolated simply by addition of water, extraction with ether, and subsequent
evaporation.
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+ L-proline (10 mol%)

acetonitrile,
room temperature,

2

(6]
i on
)J\/NI

OF{3

R2
1 O
a 3a reaction time: 10-96h 4
Selected examples
o} % i o}
HNJ\OEt O HN" "OEt 0 HNJ\OEt
\ N__OEt  H.C Et
Ao ety o r° e
CHs O ~gn° CHs O e
4a 4b 4c 4d
80% yield 92% yield 79% yield 67% yield
93% ee 94% ee 93% ee 79% ee
regioisomeric ratio 82:18

regioisomeric ratio 91:9
Scheme 7.3
The reaction also proceeds efficiently when smaller amounts of catalyst are used
For example, the analogous synthesis of 5a gave 92% yield and 84% ee in the
presence of only 2 mol% 1-proline (compared with 93% yield and 92% ee with
50 mol% catalyst) [7]. This reaction has already been performed on a gram scale.

O
i PN
HJ\ , FOTON + L-proline (2-50 mol%)
1 N__OR? _ M N ore
R 3 \ﬂ/ dichloromethane H™ ™
2 (3a: R=Et; O room temperature, R?
i ' ’ reaction time: 45min - 5h
(15equiv.)  ap: Ro-jpr, 5
3c: R?=t-Bu)
Selected examples

Ot-Bu

(0]
J\OtBu
"N
(0]

Qe

Hs

O
(0] )J\ 0]
o o o N 0ir
Oi-Pr
g "
o) o)

OEt HJ\/ j]/

J\/ N
CH3 \CHgo CHS
5a 5b 5c 5d
87% yield 77% yield 91% yield 99% vyield
91% ee 90% ee 88% ee 89% ee
(cat. amount: 10 mol%)  (cat. amount: 10 mol%)  (cat. amount: 10 mol%)

(cat. amount: 5 mol%)
Scheme 7.4
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1. L-proline (10 mol%),

o )(J)\ acetonitrile, jj)\
0°C-rt,
HJ\ + BnO™ 'N reaction time: 3h HN™ ~OBn
N OBn N OB
) g HO™ >Ny 8"
2 3d O 2. NaBH,, EtOH R O
(1.5 equiv.) (Bn = benzyl) 6

Selected examples

A A X A
HN OBn
|
N OBn N B N OBn N B
HO/\_/ T]/ HO/\/ \H/O n HO/\E/ \ﬂ/ HO/\/ \H/O n
CHs O Pr O #Bu O Bnh O
6a 6b 6¢c 6d
97% yield 99% yield 94% yield 95% yield
>95% ee 96% ee 97% ee >95% ee
Scheme 7.5

One drawback, however, is that the products 5 are unstable during extended
storage towards racemization. This can be circumvented by converting the alde-
hydes 5 in situ into derivatives. Depending on the reaction conditions amino alco-
hols 6 or oxazolidinones 7 are obtained; these also are valuable intermediates. The
two types of reductive modification are shown in Schemes 7.5 and 7.6, respectively.
Such in situ reductions are performed by treatment with sodium borohydride.

The List group synthesized a broad variety of N-protected amino alcohols 6 by
proline-catalyzed «-amination of aldehydes (Scheme 7.5) [6]. Under optimized con-
ditions, the desired products of type 6 were obtained in high yields (93-99%) and
with excellent enantioselectivity (up to >95% ee). Acetonitrile was found to be the
preferred solvent and a catalytic amount (10 mol%) of proline was used.

The o-amination of aldehydes and subsequent reduction to form oxazolidinones
(Scheme 7.6) was developed by the Jorgensen group [7]. In the presence of
10 mol% 1-proline as catalyst a variety of aldehydes reacted with azodicarboxylates,
3a and 3a, affording the oxazolidinones 7 after subsequent reduction with borohy-
dride and cyclization. Selected examples of the synthesis of products 7, which were
obtained in yields up to 92% and with enantioselectivity up to 95% ee, are shown
in Scheme 7.6.

Several transformations of 6 and 7 were also conducted successfully [6, 7]. For
example, oxidation of the aldehyde group of the N-protected amino aldehydes 7
and subsequent standard transformations lead to non-proteinogenic optically active
a-amino acid esters [7].

With regard to the mechanism of the z-amination step, the stereochemistry has
been explained on the basis of a transition state involving a proline—enamine struc-
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Scheme 7.6

ture. This proposed transition state is analogous to those calculated by Houk et al.
for the intramolecular aldol reaction [9a] and proposed for intermolecular aldol
and Mannich reactions [9b].

In conclusion, the organocatalytic asymmetric s-amination of aldehydes and
ketones using proline as catalyst is a new and attractive access to optically active
N-protected o-amino aldehydes and ketones and related derivatives, e.g. a-amino
acid esters.

7.2
Nucleophilic Addition to N=O Double Bonds

In addition to nucleophilic addition to N=N double bonds, very recently the Mac-
Millan group, the Hayashi group, Zhong, and the Cordova group independently
demonstrated that additions of aldehydes to the N=O double bond also are cata-
lyzed by organocatalysts [10-13]. Nitrosobenzene was used as the N=O compound
and 1-proline as the organocatalyst. This asymmetric a-aminooxylation is useful for
synthesis of «-hydroxyaldehydes and o-hydroxyketones, which are versatile inter-
mediates in many organic transformations [14]. It is worthy of note that the car-
bonyl component can be used directly without prior modification, which simplifies
the process. This reaction has also been found to proceed highly enantioselectively.
The concept of the reaction is shown below in Scheme 7.7 [10-13].

It should be added that an analogous, previously developed [15], metal-catalyzed
synthesis, based on use of BINAP-AgOTT as catalyst, is also available. This effi-

OBn
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cient route, developed by Yamamoto et al., is highly enantioselective in the pres-
ence of tin enolates of ketones as donors [15].

The MacMillan group initially conducted this o-aminooxylation of nitrosoben-
zene in different solvents using propanal as aldehyde in the presence of 10 mol%
1-proline as catalyst [10]. The corresponding optically active aldehydes were formed
with excellent enantioselectivity of 94-98% ee in a wide range of solvents. With re-
gard to yield, however, chloroform was found to be the solvent of choice, although
yields were also good in acetonitrile and benzene. Under optimized reaction condi-
tions (chloroform as solvent and reaction temperature +4 °C) the amount of cata-
lyst was optimized. In the presence of 10 mol% proline 88% yield and 97% ee were
obtained and the reaction time was very short, 20 min only. High efficiency was
also observed when the amount of catalyst was reduced to 5 and 2 mol%. Enantio-
selectivity remained excellent, 97% ee, and yields were still high, but the reaction
time was slightly prolonged, 45 min for 5 mol% and 2 h for 2 mol%; these condi-
tions are still very attractive. The reaction is also highly enantioselective in the
presence of only 0.5 mol% catalyst, although reaction time is significantly longer
at 18 h (68% yield; 94% ee). An overview of optimization of catalytic loading is
shown in Scheme 7.8.

Investigation of the range of substrates showed this new proline-catalyzed o-
aminooxylation route to be highly general [10]. The products were obtained in
good to high yields and excellent enantioselectivity in the range 97-99% ee were
obtained, irrespective of the pattern of substitution of the aldehydes [10]. An over-
view of the range of substrates under the optimized reaction conditions found
by the MacMillan group is shown in Scheme 7.9. As examples, hexanal and 3-
methylbutanal derived products, (R)-11b and (R)-11c, were obtained with yields of
79 and 85% and enantioselectivity of 98% ee and 99% ee, respectively. Because of
the mild reaction conditions electron-rich 7-systems also react efficiently, although
these substrates are prone to oxidative degradation. Thus, aldehydes which contain
olefinic and indolic functional groups were successfully converted into the desired
products (R)-11d and (R)-11f with yields of 80 and 83% and high enantioselectivity
of 99 and 98% ee, respectively. It should be added that the «-oxyaldehyde products
were most conveniently isolated as the corresponding primary alcohols. Other



7.2 Nucleophilic Addition to N=O Double Bonds | 251

0 /@ L-proline (cat. amount) 0
HJ\ N CHCl, +4 °C H)K/O‘N

+ I
CH o C
3 CH3 H
8a 10 11a
Entry Catalytic amount Reaction Yieldof4a ee
[mol%)] time [%] [%]
1 10 20 min 88 97
2 5 45 min 86 97
3 2 2h 88 97
4 1 8h 83 97
5 0.5 18h 68 94
Scheme 7.8
0 /@ L-proline (5 mol%) o) /@
CHCI3, +4 °C, 4 h
HJ\ + N >t WSO
R 0 R H
8 10 1

Selected examples

HJOJ\./O\NQ HJOJ\./O\NQ HLO\NQ

CHs H a-Bu H ipr H
(R)-11a (R)-11b (R)-11¢c
88% yield 79% yield 85% yield
97% ee 98% ee 99% ee

(2 mol% of proline were used here)

HJ?\;/O\NQ
i <l D

(R)-11d (R)-11e
80% yield 60% yield (R)-11f
99% ee 99% ee 83% yield
(10 mol% of proline were used here) 98% ee

Scheme 7.9



252 | 7 Nucleophilic Addition to Unsaturated Nitrogen

o) /@ 1. L-proline (20 mol%) OH
H)H DMSO, RT, 10-20 min (o,

N
1 B
R o] 2.NaBH,, EtOH g H

8 10 13

Selected examples

., O Tl

CH, H ipr H apr H
(R)-13a (R)-13b (R)-13¢c
60% yield 82% yield 71% yield
97% ee 99% ee 99% ee
U I W< BN N
k:/o\N k:/o\N K_/O\N
H H H H H H
“Ph o W
k n
8(6R/)-1'3(|jd Ph NHBoc
% yiel
992/3, ee (R)-13e (R)-13f
54% yield 61% yield
99% ee 94% ee
Scheme 7.10

transformations, e.g. into a 1,2-amino alcohol, were also described by the MacMil-
lan group [10].

In parallel, Zhong reported the «-aminooxylation of aldehydes, and in-situ deriva-
tization into 1,2-diols, also using 1-proline as catalyst [11]. a-Aminooxylation of
isovaleraldehyde with nitrosobenzene at room temperature with 20 mol% catalyst
was studied as model reaction. Because the oxyaldehyde product was found to
be unstable during purification on silica gel, it was converted in situ into the 2-ami-
noxy alcohol (R)-13b. For this two-step, one-pot reaction a high yield (82%) of the
product (R)-13b and excellent enantioselectivity of 99% ee was obtained (Scheme
7.10) [11]. Investigation of the substrate range showed the corresponding products
13 were obtained with excellent enantioselectivity in the range 94-99% ee. Selected
examples are shown in Scheme 7.10.

Zhong rationalized the enantioselectivity by proposing an enamine mechanism
which proceeds via the chair transition state shown in Figure 7.1 [11]. In this tran-
sition state, the Si face of an E enamine formed from the aldehyde and the catalyst
1-proline approaches the less-hindered oxygen atom of nitrosobenzene leading to
the chiral product with (R) configuration. This mechanism is in accordance with
the proposed reaction mechanism for the aldol reaction (see chapter 6.2).
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Fig. 7.1. Transition state proposed for the reaction. (From Ref. [11]).

The Hayashi group investigated the a-aminoxylation of propanal with nitroso-
benzene in the presence of 30 mol% 1-proline as model reaction [12a]. Because of
the instability of the product, it was again converted directly into the corresponding
a-aminoxy alcohol. Investigation of a variety of solvents revealed that acetonitrile
was preferred, giving the desired product (R)-13a in quantitative yield and with ex-
cellent enantioselectivity (98% ee). Yields were lower at a reaction temperature of
0 °C than at —20 °C, because of the occurrence of side-reactions. Investigation of the
range of substrates emphasized the high generality of this new, proline-catalyzed
a-aminooxylation route [12a]. After reaction for 24 h the resulting products were
formed in good to high yields, and excellent enantioselectivity in the range 95-
99% ee was obtained irrespective of the pattern of substitution of the aldehyde
[12a]. Selected examples are shown in Scheme 7.11. Both aliphatic and aromatic
aldehydes were good substrates, affording, for example, products of types (R)-13d
and (R)-13g in yields of 70% and 62%, respectively, and with high enantioselectivity
—99% ee for both reactions.

0 @ 1. L-proline (30 mol%) OH @
HJ\ . N CH3CH, -20 °C, 24 h K/O\N
H

R o] 2.NaBH, R
8 10 13
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98% ee 97% ee 95% ee
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Scheme 7.11
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Scheme 7.12

The effect of the amount of catalyst (which is high, approximately 30 mol%) on
this model reaction was also studied. Conducting the reaction with 10 mol%
t-proline resulted in the same yield and enantioselectivity (quantitative yield for
(R)-13a, and 98% ee; reaction time 24 h). A further decrease to 5 mol% led, how-
ever, to a slightly lower yield of 81%, although enantioselectivity was not affected
(98% ee) [12a].

This o-aminooxylation has subsequently been successfully extended to the use of
ketones as donors [12]. For example, use of cyclohexanone as donor led to (R)-12a
in 79% yield and with an excellent enantioselectivity of >99% ee (Scheme 7.12)
[12a]. Very recently, the Cordova group reported further examples of this proline-
catalyzed o-aminooxylation [13]. In addition, this method has been successfully ap-
plied in the synthesis of corresponding chiral 1,2-diols after subsequent derivatiza-
tion [13]. Furthermore, computational studies of transition states were carried out
[13D].

In summary, the organocatalytic asymmetric a-aminooxylation of aldehydes and
ketones with proline as catalyst is a highly enantioselective means of preparation of
a-hydroxy carbonyl compounds, and their derivatives. Because this field has been
developed only recently, more examples and work on extension of organocatalyst
screening and process development can be expected in the near future.
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8
Cycloaddition Reactions

8.1
[4+2]-Cycloadditions — Diels—Alder Reactions

The asymmetric Diels—Alder reaction is one of the most important organic trans-
formations and has proven to be a versatile means of synthesis of a large number
of important chiral building blocks, e.g. intermediates in the total synthesis of nat-
ural products [1, 2]. Much work by many groups has emphasized that chiral metal
complexes have a high potential for efficient asymmetric synthesis of “carbon skel-
etons” via a Diels—Alder reaction. The high state of the art of the asymmetric
metal-catalyzed Diels—Alder reaction has also been shown by a recent excellent re-
view [1]. For a long time it was not known that organocatalysts could be used to
catalyze the Diels—Alder reaction and base-catalyzed Diels—Alder reactions, in par-
ticular, were regarded as “unusual” [3].

8.1.1
Diels—Alder Reactions Using Alkaloids as Organocatalysts

Kagan et al. reported the first organocatalytic asymmetric Diels—Alder reaction
in 1989 [4]. Alkaloid bases, prolinol, and N-methylephedrine were investigated
as organocatalysts. In the presence of 1-10 mol% of these chiral organocatalysts
anthrone, 1, reacts as a “masked diene” with N-methylated maleimide, 2, forming
Diels—Alder adducts 4 in high yields and with enantioselectivity up to 61% ee.
Whereas yields are high — between 84 and 100% for all the organocatalysts tested
— enantioselectivity varied substantially, depending on the type of catalyst. The best
result was obtained with 10 mol% quinidine, 3, in chloroform at —50 °C; the de-
sired product 4 was obtained in 97% yield and with 61% ee (Scheme 8.1) [4].
Higher reaction temperatures led to reduced enantioselectivity. For example, enan-
tioselectivity dropped from 61% ee to 35% ee when the reaction was performed at
room temperature. During their study Kagan et al. also observed that the “free”
hydroxyl group in the alkaloid organocatalyst was essential if high enantioselectiv-
ity was to be achieved.

A detailed study of the effect of several reaction conditions was also conducted by
the Kagan group [3]. The nature of the solvent had a substantial effect on enantio-
selectivity. Compared with chloroform, much lower ee values were obtained with
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THEF, ethyl acetate, and methanol. In contrast, use of other chlorinated solvents,
e.g. CCly, and cyclohexane resulted in higher enantioselectivity, comparable with
that for chloroform. The range of dienophile substrates was also studied. Replacing
N-methylmaleimide by N-phenylmaleimide, in the presence of quinidine as a cat-
alyst, also led to a good yield, although enantioselectivity was lower (20% ee com-
pared with 61% ee). Much slower reaction rates were observed when methyl acry-
late and methyl fumarate were used and enantioselectivity was low (0% ee for
methyl acrylate and 30% ee for methyl fumarate). With methyl maleate as a dien-
ophile no reaction was observed. Mechanistic studies were also conducted by Ka-
gan et al.; results were in accordance with a concerted [44-2]-cycloaddition process.

Extension of this method to the use of other diene components was demon-
strated by Okamura et al. using 3-hydroxy-2-pyrone, 5, as diene [5, 6]. When N-
methylmaleimide, 2, was used as dienophile initial screening of different types of
amino alcohol as catalysts revealed that endo adducts were always formed as the
major diastereomer [5]. Once again, cinchona alkaloids, particularly cinchonine
and cinchonidine, were found to be the most promising catalysts. Under opti-
mized reaction conditions this asymmetric Diels—Alder reaction afforded the endo
adduct 8 in 98% yield and with 77% ee when chinchonidine was used as catalyst
(Scheme 8.2) [5]. The diastereomeric ratio was d.r. (endo/exo) = 11:1. For this
reaction, however, one equivalent of the catalyst was needed. Reducing the amount
of catalyst to 10 mol% still gave the desired product 8 in high yield (100%) but with
somewhat lower enantioselectivity (66% ee) and diastereoselectivity (d.r. (endo/
exo) = 6.9:1) [5]. The opposite enantiomer was formed in 95% yield, and with
71% ee and a diastereomeric ratio of d.r. (endo/exo) = 7.1:1 in the presence of cin-
chonine as organocatalyst.

This asymmetric Diels—Alder reaction in the presence of cinchonidine (1
equiv.) also proceeds efficiently with N-benzylmaleimide, 6, as dienophile, afford-
ing the product 9 in 99% yield, and with 54% ee (Scheme 8.2) [6]. The reaction is
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highly diastereoselective — formation of the exo diastereomer was not observed. In
this conversion the use of quinine (1 equiv.) as catalyst led to improved enantiose-
lectivity of 63% ee, and a still a high yield of 99%. If a smaller amount of catalyst
was used slow addition of the diene was found to be beneficial. Thus, a yield of
95%, and nearly comparable enantioselectivity of 59% ee was achieved when the
amount of catalyst was 30 mol%. The product 9, a key intermediate in the synthe-
sis of an SP antagonist, can be readily obtained as the enantiomerically pure com-
pound by simple recrystallization.

8.1.2
Diels—Alder and hetero-Diels-Alder Reactions Using a-Amino Acid Derivatives as
Organocatalysts

The first highly enantioselective and general asymmetric organocatalytic Diels—
Alder reaction was developed very recently by the MacMillan group, who used
HCI salts of a-amino acid-derived imidazolidinones (of type 13) as catalysts [7, 8].
The catalytic activity of these chiral amino acid derivatives, e.g. 13, which was iden-
tified as the optimum catalyst, is based on their capacity to reversibly form imi-
nium ions with the o f-unsaturated aldehydes, 10. Other o-amino acid derivatives
have also been investigated as catalysts, but led to lower yields and enantioselectiv-
ity. The organocatalytic Diels—Alder reaction in the presence of 13 proceeds with
high diastereoselectivity (exo/endo ratio up to 35:1) and with up to 96% ee
(Scheme 8.3) when using non-cyclic dienes of type 12 [7]. Use of cyclopentadiene
11 led to good to high yields of 75-99% and diastereoselectivity in the range
d.r. = 1:1 to 3:1; this enabled isolation of both endo and exo adducts, 14 and 15.
Interestingly, enantioselectivity was high (ee values up to 93%) for both adducts.
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It is worthy of note that a broad range of dienophiles and dienes can be used
without loss of yield or enantioselectivity. Thus, dienophile components of type 10
bearing aromatic and alkyl substituents are tolerated. This organocatalytic Diels—
Alder reaction is, furthermore, general with regard to diene structure, as has been
demonstrated by the use of cyclopentadiene, 11, and non-cyclic dienes of type 12
(Scheme 8.3). Although yield and enantioselectivity were almost always high, dia-
stereoselectivity varied from d.r. = 1:1 to 35:1. This efficient organocatalytic Diels—
Alder reaction was performed under an aerobic atmosphere and in the presence of
“non-dried” solvents.

This organocatalytic concept based on iminium activation was successfully ex-
tended by MacMillan et al. to the first enantioselective catalytic Diels—Alder reac-
tion with simple ketone dienophiles [8]; previously, low enantiocontrol had usually
been observed for this type of substrate. Whereas the previously developed organo-
catalyst 13 gave less satisfactory results, the analogous amino acid derivative
bearing two stereogenic centers, 18, was found to be highly efficient for this type
of reaction. For example, the Diels—Alder product 19 was obtained in 89% yield,
with 90% ee, and impressive diastereoselectivity of d.r. (endo/exo) = 25:1 (Scheme
8.4, Eq. 1). The reaction proceeded well with a broad range of substituted non-
cyclic and cyclic enones giving the desired products in yields of up to 89%, diastereo-
selectivity up to d.r. (endo/exo) = 25:1, and enantioselectivity of up to 92% ee
[8]. The generality of the Diels—Alder reaction using enones was also shown for
the diene component. When acyclic dienes, e.g. 21, were used as diene component,
instead of cyclopentadiene, excellent diastereoselectivity of up to d.r. (endo/exo) >
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200 accompanied by high yields and enantioselectivity of up to 98% ee were ob-
tained [8]. A representative example is shown in Scheme 8.4, Eq. (2).

The principle of the reaction mechanism is summarized in Scheme 8.5. A
key step is the reversible formation of the iminium ion I starting from the
imidazolidinone-type organocatalyst and the o,f-unsaturated carbonyl component
[7]. This LUMO-lowering activation of the dienophile via iminium ion formation
is followed by subsequent Diels—Alder cycloaddition with the diene and formation
of the iminium ion II. These steps proceed with high enantiocontrol. Molecular
modeling calculations also have shown that stereocontrolled synthesis of the imi-
nium ion is a prerequisite for achieving high enantioselectivity, because the (E)
and (Z) iminium ion isomers are expected to undergo cyclization from opposite
enantiofaces [7].

The preparation of immobilized catalysts related to the imidazolidinone-type or-
ganocatalyst 13 and their application in the asymmetric Diels—Alder reaction was
reported by Pihko and co-workers [9]. The reactivity of the immobilized catalysts
depended on the type of solid support. The silica-supported imidazolidinone 24,
which was prepared starting from N-Fmoc-protected r-phenylalanine, was found
to be a highly active organocatalyst. Several dienes and «,f-unsaturated aldehydes
have been successfully used in the presence of only 3.3 to 20 mol% 24, usually
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with good yields (up to 83%) and high enantioselectivity (up to 91% ee). endo/exo
Diastereoselectivity varied from d.r. (endo/exo) = 1.1:1 to 14.1. A representative
example is shown in Scheme 8.6. Results obtained by use of solid-supported
catalysts were usually equal or superior to those obtained with the analogous
“free” solution-phase catalyst, 13. The solid-supported catalysts can be easily recov-
ered by filtration, and re-using the recovered catalysts gives similar results. In addi-
tion, recently a chiral pyrrolidine derivative has been used as an efficient organo-
catalyst for the hetero-Diels—Alder reaction by the Jorgensen group, achieving
high enantioselectivities of up to 94% ee [10].

8.1.3
Diels—Alder and hetero-Diels—Alder Reactions Using C,-symmetric Organocatalysts

Chiral amidinium organocatalysts also have been shown to be suitable catalysts for
the Diels—Alder reaction, and have been applied in the formation of the skeleton of
estrone and norgestrel [11]. The Gobel group first designed suitable axially chiral
mono-amidinium ions for this reaction (Scheme 8.7, Eq. 1); the type 27 product
was obtained highly enantioselectively [11a,b]. A drawback of these organocata-
lysts, however, is the length of the synthetic route required to prepare them. Very



262

8 Cycloaddition Reactions

/__z“ )\\CHS
CH3
(8.3 mol%) Z&
~o (7 .

CHaCN, CHO
23 1 aqueous HCI, 25
room temperature 73% yield
dr(endo/exo) = 6.6:1
91% ee
Scheme 8.6

recently, G6bel and Tsogoeva et al. designed an C,-symmetric bis-amidinium salt
26 which is more accessible, because this organocatalyst can be synthesized by a
short synthetic route [11c]. In the presence of bis-amidinium catalyst 26, the prod-
uct 27 was formed with enantioselectivity up to 47% ee. A representative example
is shown in Scheme 8.7, Eq. 1 [11c]. The rate of reaction with the C,-symmetric
bis-amidinium salts is much higher than that with the mono-amidinium salts.
Substitution of the phenyl group in the catalyst structure by bulkier groups is re-
garded as a strategy for further optimization of the catalyst. The Rawal group re-
ported a highly efficient asymmetric hetero-Diels—Alder reaction using 20 mol%
of TADDOL (a,o,0.’ 0’ stetraaryl-1,3-dioxolan-4,5-dimethanol) 29 as an organocatalyst
[12]. After hetero-Diels—Alder reaction and subsequent derivatization, the desired
final products of type 30 were obtained in yields of 52-97%, and with enantioselec-
tivities of 92 to >98% ee. A selected example is shown in Scheme 8.7, Eq. 2. This
reaction has been successfully carried out with a range of aldehydes. Notably, the
monomethyl and dimethylether derivatives of 29 were poor catalysts, indicating
that the hydrogen bonding capability of 29 is a prerequisite for the catalytic func-
tion [12].

In conclusion, the organocatalytic asymmetric Diels—Alder reaction is a highly
efficient process, in particular when using TADDOL 29, as shown by the Rawal
group, as well as the imidazolidinone-type catalysts, e.g. 13 and 18, developed by
the MacMillan group. In this connection a specific highlight is certainly the appli-
cation of this concept in the first highly enantioselective catalytic Diels—Alder reac-
tion with o f-unsaturated ketones as dienophiles. Furthermore, suitable organo-
catalyst have been found for the hetero-Diels—Alder reaction as demonstrated by
the Jergensen group.

8.2
[3+2]-Cycloadditions: Nitrone- and Electron-deficient Olefin-based Reactions

In addition to [4+2]-cycloadditions, the asymmetric [3+2]-cycloaddition reaction of
a nitrone, 31, with an o,f-unsaturated carbonyl compound, 32, is of wide interest
[13]. The resulting isoxazolidine products of type 33 are intermediates in the prep-
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aration of a wide range of biologically important compounds, e.g. f-lactams and
non-natural amino acids [13, 14]. The concept of this [3+2]-cycloaddition — with
regard to organocatalytic application — is shown schematically in Scheme 8.8.

Several asymmetric versions of cycloaddition reactions with nitrones in the pres-

ence of optically active metal complexes as Lewis-acid catalysts have been reported

[15]. Because of a lack of suitable chiral catalysts, however, the asymmetric design
of this reaction was found to be difficult when using o,f-unsaturated aldehydes as
substrates, because these compounds are poor substrates for metal catalysts, prob-

ably because of preferential coordination of the Lewis acid catalyst to the nitrone in

the presence of monodentate carbonyl compounds. Consequently, inhibition of the

catalyst occurs.

A solution addressing this synthetic issue is an extension of the recently devel-

(™

)
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oped organocatalytic Diels—Alder reaction reported by the MacMillan group. This
concept has now been successfully applied to [3+42]-cycloadditions with nitrones
[16, 17]. This transformation is also the first example of an organocatalytic 1,3-
dipolar cycloaddition. Conversion of N-benzylidene benzylamine N-oxide, 31a,
with (E)-crotonaldehyde, 32a, to the isoxazolidine product 35a was investigated as
an initial model reaction. Detailed catalyst screening revealed that, in accordance
with the Diels—Alder reaction, the phenylalanine-derived imidazolidinone acid salt
34-HCI was the preferred organocatalyst. Study of different types of Brensted acid
component showed that 34-HCIO, was most effective. The scope of the organo-
catalytic [3+2]-cycloaddition of nitrones, e.g., 31a—g, to o,f-unsaturated aldehydes
32a-b was investigated using this catalyst. Selected examples are shown in Scheme
8.9.

The resulting isoxazolidines endo-35 were obtained in yields of up to 98%, with
diastereomeric ratios of d.r. (endo/exo) of 80:20 to 99:1, and with enantioselectivity
of 90-99% ee. The endo product was always formed as preferred diastereomer.

This 1,3-dipolar cycloaddition not only gave excellent results but was also found
to be very general with regard to the nitrone component. Several types of aryl- and
alkyl-substituted nitrone have been applied successfully. Irrespective of the substi-
tution pattern, high diastereomeric ratios and enantioselectivity were obtained (see
Scheme 8.9, products 35a,d,f,g). Variation of the N-alkyl group is also possible. As
can be see from Scheme 8.9 (see, e.g., products 35a—c), the reactions also proceed
well when an N-allyl and N-methyl-substituted nitrone is used. Acrolein, 32b, and
crotonaldehyde, 32a, were used as the aldehyde component. It is noteworthy that
this reaction is also suitable for use on a larger scale, as has been demonstrated
by the 25 mmol-scale preparation of endo-35a (98% yield, 94% ee) starting from ni-
trone 31a and crotonaldehyde.

The reactions can be performed under an aerobic atmosphere using wet sol-
vents, which makes this procedure even more attractive. Another advantage is the
easy access to the catalyst, which is based on the inexpensive amino acid phenyl-
alanine.

A detailed investigation of the potential of this organocatalytic [3+2]-
cycloaddition for application to cyclic «,f-unsaturated aldehydes was conducted by
the Karlsson group [18]. A broad range of organocatalyst comprising a MacMillan-
type imidazolidine salt, 34-HCI, and pyrrolidine derivatives, e.g. 41-2HCI, were
used. The [342]-cycloaddition of nitrone 31c with cyclopent-1-ene carboxaldehyde
was chosen as model reaction. In this reaction the imidazolidine salt 34-HCI led
to the desired product in low yield (19%) and enantioselectivity (5% ee) only after
144 h. When azabicyclo[3.3.0]octane-derived salts, e.g. 40, were used the desired
isoxazolidine cycloadduct 38 was obtained in yields up to 61% and with enantio-
selectivity up to 76% ee. Diastereoselectivity obtained with this type of catalyst was
in the range d.r. = 72:28 to 89:11. A selected example is shown in Scheme 8.10.

Diastereoselectivity and enantioselectivity were observed to increase substantially
when proline-derived diamine salts were used as organocatalysts. In particular,
the pyrrolidinium salt 41-2HCI was found to be very useful, furnishing the target
molecule 38 in 70% yield with diastereoselectivity of d.r. = 95:5 and enantioselec-
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tivity of 91% ee (reaction time 144 h; Scheme 8.10). The amount of catalyst was 13
mol% for all the catalysts tested. The reaction also proceeds in the presence
of smaller amounts of catalyst, although the rate of reaction is low. Use of only
1 mol% 41-2HCI led to the formation of the cycloadduct 38 with d.r. = 97:3 and
91% ee. The yield, however, was 21% only after 120 h. It should be noted that
proline-derived amino alcohols or their O-methylated derivatives were not suitable
catalysts.
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Another type of asymmetric [3+2]-cycloaddition catalyzed by organocatalysts
is the cycloaddition of 2,3-butadienoates and electron-deficient olefins [19]. Such
an approach has been reported by the Zhang group using novel phosphabicy-
clo[2.2.1]heptanes as catalysts. This new type of phosphine with a rigid phosphabi-
cyclic structure gave better results than were obtained with several known chiral
phosphines. For example, in the presence of 10 mol% phosphine 45 the [3+42]-
cycloaddition of 2,3-butadienoate 42 and acrylate 43 gives one regioisomer only, 44
(Scheme 8.11); yield (88%) and enantioselectivity (93% ee) are both high.

A study of the range of substrates revealed regioselectivity was usually high, in
the range 94:6 to 100:0. This [3+2]-cycloaddition developed by the Zhang group is
a powerful method for asymmetric synthesis of optically active cyclopentene prod-
ucts. A reaction mechanism has also been proposed. The initial step is formation
of an adduct between the phosphine catalyst and the 2,3-butadienoate, followed by
cycloaddition with the acrylate component as a key step.

In conclusion, new types of [3+2]-cycloaddition have been developed which
are based on use of organocatalysts. The [3+2]-cycloaddition of nitrones and
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a,f-unsaturated carbonyl compounds proceeds very efficiently, particularly if chiral
imidazolidine and pyrrolidine salts are used as catalysts. The [3+2]-cycloadditions
proceed with high diastereo- and enantioselectivity, and are an attractive route
for preparation of enantiomerically pure isoxazolidines. Furthermore, [342]-
cycloaddition of 2,3-butadienoates with electron-deficient olefins is catalyzed with
high enantioselectivity by chiral phosphines with a rigid phosphabicyclic structure.
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9
Protonation of Enolates and Tautomerization
of Enols

Enantioselective protonation reactions are an important tool for synthesis of car-
bonyl compounds with a stereogenic carbon center in the a-position [1-4]. These
compounds are useful building blocks as intermediates for, e.g., pharmaceuticals
and fragrance compounds. For the latter, the industrial relevance of these reactions
has already been demonstrated [3]. Most protonations are still based on the use of
stoichiometric amounts of chiral auxiliary, although catalytic versions are gain-
ing increasing importance. Metal enolates as indicated in Scheme 9.1, Eq. (a) or
metal-free analogs as indicated in Scheme 9.1, Eq. (b) have been used as achiral
precursors. When metal enolates are used a transition state is formed consisting
of the chiral organic molecule and the metal. Thus, although this reaction starts
with an organic molecule as “catalyst” it can be regarded as a transition metal
complex-catalyzed synthesis in which the metal, surrounded by the chiral organic
molecule as chiral ligand, plays an important role in the asymmetric induction
process. Because this type of process seems to be more a metal complex-catalyzed
reaction than a “pure”’ organocatalytic reaction, and taking into account that
the subject of enantioselective protonation has already been reviewed extensively

M chiral
organic ligand O.__R3

X ol
2
R R? g R2

enantioselective
protonation

R1

(M=metal component)

chiral
R*0._ _R® organocatalyst 0._R®
b AN
R1 R2 R1 R2
enantioselective H

protonation or
tautomerization

Scheme 9.1

Asymmetric Organocatalysis. Albrecht Berkessel and Harald Groger
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30517-3
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[1-4], this type of reaction, which is very efficient and often highly enantioselec-
tive, will be not discussed below.

The following discussion will cover representative examples of protonations pro-
ceeding in the absence of metal components, as in Scheme 9.1, Eq. (b), or related
variations.

9.1
Enantioselective Protonation of Enolates formed in situ from Enolate Precursors

Enantioselective protonation can be achieved by organocatalysis starting from ke-
tenes [5-7]. This approach was described by Pracejus and co-workers as early as
the 1960s and is thus one of the earliest contributions in the field of asymmetric
organocatalysis. The most successful reaction in terms of enantioselectivity is
shown in Scheme 9.2. In the presence of only 1 mol% O-acetylquinine, 4, the car-
boxylate (R)-3 is obtained with 74% ee when the reaction is conducted at —111 °C
[5]. Phenylmethylketene was chosen as starting material, because of the rela-
tively good availability, stability, and the presence of two sterically different sub-
stituents. The initial step is nucleophilic addition of a 1:1 aggregate of the alcohol
and the chiral tertiary amine organocatalyst to the ketene, forming a postulated
ammonium enolate salt. Subsequent enantioselective proton-transfer from the
ammonium ion to the enolate furnishes the carboxylate product (R)-3. A prerequi-
site for an enantioselective reaction is the very low temperature of —110 °C [5] -
performing the reaction at —70 °C instead of —110 °C led to an almost racemic
ester (< 5% ee instead of 74% ee). Use of brucine and acetylchinidine led to the
opposite, (S), ester as the major enantiomer, but enantioselectivity was below 40%
ee [5]. It should be added that this reaction is very complex, because of the pres-
ence of a variety of rapidly interconverting conformers and, thus, competing tran-

o)
O+ _OCH3
J\ * HO=CHs tol 111°C j/
oluene, - "
Ph” “CHs Ph1"cHg
1 2 (R)-3
74% ee

Scheme 9.2
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sition states [1]. Asymmetric nucleophilic addition to prochiral ketenes ultimately
relying on asymmetric enolate protonation are also discussed — in particular with
respect to the recent developments — in chapter 13.2.

Pracejus and co-workers also described an alternative method for preparing suit-
able enolates in situ, Michael addition of a thiol to an acrylate [8]. A selected exam-
ple of this reaction, for which enantioselectivity is in the range 20-54% ee, is
shown in Scheme 9.3, Eq. (a). Use of a catalytic amount (5 mol%) of quinidine, 7,
gave the (R)-cysteine derivative 6 with 54% ee. Benzyl thiol, benzhydryl thiol, or
triphenylmethyl thiol were used as the thiol component. In addition to acrylates,
nitroalkenes were used as a starting material.

Related enantioselective protonation reactions based on the use of thiophenol as
a nucleophile have also been reported by Kumar et al.; these reactions led to enan-
tioselectivity of 45-51% ee [9]. For example in the presence of 20 mol% quinine 11
the adduct 10 was synthesized in 85% yield and with 46% ee (Scheme 9.3, Eq. b).
Reaction product 10 has subsequently been used as an intermediate in the syn-
thesis of (S)-naproxen, 12, which was obtained in 85% ee (after recrystallization).

9.2
Enantioselective Tautomerization of Enols Generated in situ

The Duhamel group has developed an efficient method for protonation involving
use of a metastable enol (Scheme 9.4) [10]. This metastable enol, which is geomet-
rically pure with a (Z):(E) ratio of >95:5, was prepared by addition of thiobenzoic
acid 13 to the enal 14. Tautomerization reactions were subsequently conducted in
the presence of chiral amino alcohols as organocatalysts to give the desired prod-
ucts with enantioselectivity of 58 and 71% ee when using N-methylephedrine and
cinchonidine, respectively, as organocatalysts. Use of 100 mol% of cinchonidine,
17, as organocatalyst furnished the product 16 with 71% ee when the reaction was
performed at —70 °C in dichloromethane for 48 h [10].

The photochemical in-situ-generation of dienols and their subsequent enantiose-
lective organocatalytic tautomerization reactions in the presence of chiral f-amino
alcohols was reported by Pete and co-workers [11-18]. For these photodeconjuga-
tion reactions, o,f-unsaturated esters and lactones serve as starting materials. The
course of the reaction in the presence of a f-amino alcohol as organocatalyst is
shown in Scheme 9.5. The initial photochemical formation of the transient dienol
19, which involves intramolecular y-hydrogen bond abstraction of the allylic hydro-
gen and subsequent tautomerization in the presence of 10-15 mol% chiral -
amino alcohol organocatalyst, gives the desired chiral carboxylates of type 20 bear-
ing a stereogenic center in a-position, with enantioselectivity up to 91% ee [17]. An
example is shown in Scheme 9.5. Prerequisites for efficient reaction are rigorous
exclusion of moisture, use of an apolar solvent, and a low reaction temperature of
approximately —55 °C [16-18]. In the presence of moisture and protic or basic
solvents racemates are formed, because water and these types of solvent seem
to compete with the chiral organocatalyst during the proton transfer step [16].
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Accordingly, apolar solvents, in particular n-hexane and dichloromethane, were
found to be convenient for these enantioselective photodeconjugation reactions.

A variety of chiral f-amino alcohols bearing, e.g., secondary or tertiary amine
groups, have been tested as organocatalysts [16, 17]. In particular, f-amino alcohols
derived from (+)-camphor, e.g. 21, were found to be very useful (Scheme 9.5) [17].
The size of the N-alkyl group of the organocatalyst is also very critical. The best
results were obtained with (+)-camphor-derived catalysts, e.g. 21, bearing a benzyl
group or iso-propyl on the nitrogen atom, whereas larger or smaller N-substituents
led to lower enantioselectivity [17].

The transition state shown in Scheme 9.6 was also postulated by the Pete group
[16]. Both functional groups of the f-amino alcohol catalyst play an important role
in proton transfer by coordinating to the dienol. The resulting cyclic transition
state is shown in Scheme 9.6. It is postulated that in this transition state abstrac-
tion of the hydroxyl proton from the dienol occurs in concert with protonation of
the carbon in a-position by the hydroxyl group of the f-amino alcohol.

Enantioselective protonation reactions are not limited to dienols, however, but
also function well with simple enols, e.g. the aryl enol 23. The aryl enol 23 was
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Scheme 9.6 (from Ref. [16] with permission of the ACS)

prepared in situ starting from 22 by means of a photoelimination reaction [19, 20].
Tautomerization was performed in the presence of a catalytic amount (10-12.5
mol%) of a chiral f-amino alcohol. This leads to optically active products of, e.g.,
type 24, with enantioselectivity of 26-89% ee [20]. The highest enantioselectivity
was obtained when the camphor-derived f-amino alcohol 25 was used as catalyst
at —40 °C; the product 24 was obtained in 40% yield and with 89% ee (Scheme
9.7).

NHi-Pr
OH
CHg hv (366 nm), OH 25 o]
CHs CH,Cly, -40 °C, CH5 | (10-12.5 mol%) «CHg
O
23 24
60% conversion
40% yield
89% ee

Scheme 9.7
9.3

Enantioselective Protonation of Enolates Generated in situ from Conjugated
Unsaturated Carboxylates

The Muzart group reported an organocatalytic protonation reaction based on an in
situ-formation of the required enolate by photochemical tautomerization of the chi-
ral ammonium enolate 26 as an initial step [21]. The ammonium ion in 26 func-
tions as the chiral proton source. Subsequent esterification affords the desired car-
boxylate 20 in up to 65% yield and enantioselectivity in the range 40-85% ee. An
example is shown in Scheme 9.8. The best results were obtained by use of the sec-
ondary, N-isopropyl-substituted aminobornanol for formation of the chiral ammo-
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|
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65% overall yield (from 26)
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Scheme 9.8

nium salt 26. The preferred reaction temperature is —46 °C; at lower temperatures
precipitation of the salt occurs.

Conclusion

In addition to asymmetric catalytic protonation using metal enolates, which has
been found to be an efficient, widely applicable and highly enantioselective
method for production of carboxylates bearing a stereogenic carbon center in the
a-position, analogous organocatalytic reactions using enols or enolates in the ab-
sence of a metal component have been developed. These methods are based on
use of an enol or enolate prepared in situ from a suitable precursor. Optically active
f-amino alcohols have been successfully used as organocatalysts for enantioselec-
tive proton transfer. Medium to high enantioselectivity with ee values of up to
91% ee have been reached.
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Oxidation

10.1
Epoxidation of Olefins

The asymmetric epoxidation of C=C double bonds provides access to enantiomeri-
cally enriched epoxides. The latter materials are of great practical value, in particu-
lar as intermediates in the production of enantiomerically pure pharmaceuticals.
Recent years have seen the dramatic development of methods for this purpose.
In the field of metal-catalyzed epoxidations, in particular, the titanium-catalyzed
asymmetric epoxidation of allylic alcohols (Sharpless epoxidation) has found im-
mense application in synthesis [1, 2]. Similarly, manganese—salen catalysts have
proven their potential for asymmetric transformation of non-functionalized olefins
(Jacobsen—Katsuki epoxidation) [3, 4]. For metal-free asymmetric epoxidation cur-
rent methodology relies mainly on the development of chiral ketones A for catalytic
generation of dioxiranes B as epoxidizing agents (Scheme 10.1, a). Potassium per-
sulfate (KHSOs) — in the form of its triple salt with K;SO, and KHSO, (“Oxone”,
“Curox” etc.) — usually serves as the final oxidizing agent. Similarly, it has been
reported that chiral iminium ions C enable generation of oxaziridinium cations D
(Scheme 10.1, b). In these reactions either potassium persulfate or hydrogen per-
oxide served as the source of oxygen.

It should be noted that the related imine—oxaziridine couple E-F finds applica-
tion in asymmetric sulfoxidation, which is discussed in Section 10.3. Similarly, chi-
ral oxoammonium ions G enable catalytic stereoselective oxidation of alcohols and
thus, e.g., kinetic resolution of racemates. Processes of this type are discussed in
Section 10.4. Whereas perhydrates, e.g. of fluorinated ketones, have several appli-
cations in oxidation catalysis [5], e.g. for the preparation of epoxides from olefins, it
seems that no application of chiral perhydrates in asymmetric synthesis has yet
been found. Metal-free oxidation catalysis — achiral or chiral — has, nevertheless,
become a very potent method in organic synthesis, and the field is developing

rapidly [6].

10.1.1
Chiral Dioxiranes

The idea of using chiral ketones as catalysts for asymmetric epoxidation of olefins
was first addressed by Curci et al. in the middle of the 1980s [7]. In this initial ex-

Asymmetric Organocatalysis. Albrecht Berkessel and Harald Groger
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30517-3
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0—0 R*
KHSO,4 /’/< R3/\/
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A: chiral ketone, B: chiral dioxirane
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6

KHSOs R1)J\R2 H., AR
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C: chiral iminium cation, D: chiral oxaziridinium cation

3
Y R3N—O ('N')
~, 192
R1)J\R2 R1/<R2 R @ R
E F G

E: chiral imine, F: chiral oxaziridine, G: chiral oxoammonium cation
Scheme 10.1

ample 20-300 mol% of ketones 1 and 2 were used and enantiomeric excesses of ca.
10% were reported for the epoxidation of trans-stilbene or trans-f-methylstyrene. In
1995 the same group reported ee up to 20% when the chiral ketones 3 and 4 were
used in stoichiometric amounts [8]. Preparatively useful ee (e.g. 87% in the epoxi-
dation of 4,4'-diphenyl-trans-stilbene) were achieved for the first time by Yang et
al., who used equimolar amounts of the binaphthyl-derived ketone 5a as the cata-
lyst [9]. Subsequent studies enabled reduction of the catalyst loading to 10 mol%
and revealed the importance of the “chiral selector” R in the ortho positions of
the binaphthalene core structure [10, 11]. From these studies the bis-acetal 5c
emerged as a highly reactive and selective epoxidation catalyst (e.g. 93% yield and
84% ee in the epoxidation of trans-stilbene). The related C;-symmetric ketones 6-8
were reported by Song et al. [12, 13] (ketone 7 also by Yang et al. [11]). The enan-
tioselectivity of these materials was, however, lower than that of ketones 5a—c,
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derived from 1,1’-binaphthyl-2,2’-dicarboxylic acids (best value 59% ee in the
epoxidation of trans-stilbene by use of equimolar amounts of 8).

HqC 0 HsC._CHa
(o] ° CHs &CHS i T FaC{_.OCHs
H3C D N CH3
HyC H “Ph °
HqC 0
1 2 O 3 4
0

O O_Ph {

0 A

:H<20—OQC OO P >0 07 “Ph H,C—O
. HH .

(0]

§ S
H>C—0,C OO Ph., H2C—0 OO
5a: R=H
5b: R=ClI

0 0
sc:R= §— } Phj; >:o
0 Ph (e} 8

Ketones such as 5a—c require rather expensive starting materials and several
steps for their preparation. Consequently, the relatively high catalyst loadings (typ-
ically not less than 10 mol% relative to the substrate olefin) were disadvantageous
for their broad application. This problem was solved by the introduction of the so-
called Shi ketone 10 which can be prepared from inexpensive and readily avail-
able p-fructose 9 in two simple steps (Scheme 10.2) [14]. Ketone 10 is usually
employed in buffered solutions at ca. 30 mol% loadings and mediates the asym-
metric epoxidation of a variety of non-functionalized olefins with >90% ee [15,
16]. It should be noted that this catalyst — in the same way as the other chiral
ketones already discussed — works particularly well on (E)-1,2-disubstituted and/
or non-conjugated olefins which are less favorable substrates for the Jacobsen—
Katsuki epoxidation [3, 4]. Trisubstituted olefins, dienes, enynes, and hydroxyal-
kenes can be epoxidized with >90% ee [17-19]. For the latter class of substrate
it is worth noting that homoallylic or bis-homoallylic alcohols are not normally
favorable substrates for the Sharpless epoxidation [1, 2]. One of the most im-
pressive applications of the Shi catalyst 10 is the synthesis by Corey and Xiong
of the pentacyclic oxasqualenoid glabrescol 11c from dihydroxylated squalene 11a
in two steps only (Scheme 10.3) [20]. As a key step, the pentaene 1la is con-
verted enantioselectively to the pentaepoxide 11b. On treatment with camphor-
sulfonic acid the latter is rearranged to the pentacyclic target molecule 11c.

Oxidative degradation of the catalyst (e.g. lactone formation by Baeyer—Villiger
oxidation) competes with oxygen transfer and is the reason a relatively high catalyst
loading is required. In their search for more robust, yet (comparatively) readily
available ketone catalysts, Shi et al. prepared the carbamates 12a—c [20-22]. Use
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hydroxyalkenes:
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90 %, 91 % ee 87%, 91 % ee 83%, 91 % ee

Scheme 10.2

of 12a enables reduction of catalyst loading to 1-5% [20]. It was also found that
ketones 12 (12a, R = BOC) afforded better ee in the epoxidation of cis-olefins and
terminal olefins, classes of substrate less amenable to asymmetric epoxidation by
the “classical” Shi-ketone 10 [22]. Some examples of olefins successfully epoxi-
dized by the catalysts 12 are shown below. In addition, the glucose-derived car-
bamate ketones 12b,c are also effective in the asymmetric epoxidation of trans-
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disubstituted or trisubstituted olefins. For example, trans-stilbene is transformed
into its epoxide by catalyst 12b in 65% yield and with 94% enantiomeric excess
[21a].

ok 0 90X
../0

0 . NR
. ' 12b: R = BOC
' o) o 12¢: R = 2-NO,-Ph

RN T Q
O/>‘ O 12a HaC T

O  12be
CHs

Examples of epoxidations in the presence of
15-30 mol-% of the N-BOC carbamate catalyst 12b:

cis-disubstituted olefins: terminal olefins:
T O o o
Me o
87 %, 91 % ee 61 %, 97 % ee 92 %, 81 % ee 93 %, 71 % ee
-Pr
N A X
0N W2 ) O
8 Cl
91 %, 92 % ee 82 %, 91 % ee 90 %, 85 % ee 87 %, 58 % ee

Ph
Comparison of the carbamate 12b: 68 %, 42 % ee
catalysts 12a and 12b: 12c: 48 %, 59 % ee
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Many other variations of the basic structure 10 have been explored, including an-
hydro sugars and carbocyclic analogs, the latter derived from quinic acid 13 [23-
26]. In summary, the preparation of these materials (e.g. 14-16) requires more
synthetic effort than the fructose-derived ketone 10. Occasionally, e.g. when using
14, catalyst loadings can be reduced to 5% relative to the substrate olefin, and epox-
ide yields and selectivity remain comparable with those obtained by use of the
fructose-derived ketone 10. Alternative ex-chiral pool ketone catalysts were reported
by Adam et al. The ketones 17 and 18 are derived from p-mannitol and tartaric
acid, respectively [27]. Enantiomeric excesses up to 81% were achieved in the epox-
idation of 1,2-(E)-disubstituted and trisubstituted olefins.

G CHs
HO, ,COLH R o—~CHs Hac—C
, S

H : o' "0
OH %—o :
HSC O
13 CHs  14: R = CHy0Ac HaC C‘H 16
15: R = CO,Me s
Me Me
0
0 0 Ph. Ph
e P
(e} H I.O Me (e} ’/,,/<O
Me—T© Ph” "Ph
Me 17 18

Chiral ketone catalysts of the Yang-type (5a and 5b, see above) and of the Shi-
type (10, Scheme 10.2) have been successfully used for kinetic resolution of several
racemic olefins, in particular allylic ethers (Scheme 10.4) [28, 29]. Remarkable and
synthetically quite useful S values of up to 100 (ketone 5b) and above 100 (ketone
10) were achieved. Epoxidation of the substrates shown in Scheme 10.4 proceeds
with good diastereoselectivity. For the cyclic substrates investigated with ketone 10
the trans-epoxides are formed predominantly and cis/trans-ratios were usually
better than 20:1 [29]. For the linear substrates shown in Scheme 10.4 epoxida-
tion catalyzed by ketone 5b resulted in the predominant formation of the erythro-
epoxides (erythro/threo-ratio usually better than 49:1) [28].

It should finally be pointed out that the mild reaction conditions typically em-
ployed in dioxirane-mediated oxidations enable the asymmetric epoxidation of
enol ethers and enol esters. With the silyl ethers, work-up provides enantiomeri-
cally enriched a-hydroxy ketones. As summarized in Table 10.1, quite significant
enantiomeric excesses were achieved by use of catalyst 10 at loadings ranging
from 30 [30] to 300 mol% [31]. Enol esters afford the intact acyloxyepoxides; enan-
tiomeric purities are, again, quite remarkable.

The fluorinated cyclohexanone derivatives 19a—d were synthesized by Solladié-
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Substrate olefins:

X

R1

OTBDMS
R2

R' = +-Bu, R2 = CClg: S= 100
R' = i-Pr, R2=CCly: S=72
R'=H, R?=CCly: S=39
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OR OR R
Ph OPIv

Q C; R=TMS: S=>100 R=Me: S=14 R=FiFPr: S=15
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Scheme 10.4
Tab. 10.1
Substrate Product Yield (%) ee (%) Ref.
Enol ethers
R'O o} R! = TBS, R? = CH3 80 90 30
2 2 1 _ 2 _
Ph)\/n Ph)J\j/R R = TBDMS, R? = CH; 46 91 31
o R! = TMS, R? = CH,CH; 33 67 31
R! = TMS, R? = Ph 36 61 31
TMSO o
@ij\wo"' 70 83 30
Enol esters
AcO AcQ R = CH; 66 91 30
R LR R = Ph 46 91 30
BzO BzO o =1 79 80 30
=2 82 93 30
In In n=3 87 91 30
4 82 95 30
BzO BzO
92 88 30

sejjee
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Cavallo et al. from (+)-dihydrocarvone and evaluated in the asymmetric epoxida-
tion of several silyl enol ethers [32]. Enantiomeric excess up to 74% was achieved
in the epoxidation of the TBDMS trans-enol ether of desoxybenzoin with the fluoro
ketone 19d (30 mol% of the ketone catalysts). In earlier work Solladié-Cavallo et al.
had shown that the fluoro ketones 19a and 19e can be used to epoxidize trans-
stilbene with up to 90% ee (30 mol% ketone catalyst) [33]. Asymmetric epoxidation
of trans-methyl 4-para-methoxycinnamate using ketone 19e as catalyst is discussed
in Section 10.2.

CHa
CHs CHs CHs ﬁ
ﬁ ﬁ ﬁ H3C

/'\ /W HsC
HaC T CHg HaC ™ 7\\ H30>go
Hs

19a 19b 19¢c 19d

Epoxidations using oxone and 30 mol-% of the ketone catalysts 19:

OTBDMS
NG o Ph

ketone 19a, 90 %, 90 % ee

ketone 19d, 90 %, 74 % ee ketone 19e. 95 %, 90 % e

It is interesting to note that acyloxyepoxides can be converted to a-hydroxyke-
tones with retention or inversion of configuration at C-, depending on the reac-
tion conditions chosen. As shown in Scheme 10.5, hydrolysis of epoxide 20a leads

CH3
0" o o
KoCO3/MeOH
- CHs 2CO4/ Ph CHs
© 20a OH 21
195 °C

o)
0 KoCOs/MeOH
2 3
o CH Ph)K:/ Chs

: OH ent-21
OAc 20b, 92 % OH en

Scheme 10.5
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Tab. 10.2
Substrate Epoxide yield (ee)
b X Me 80 (88)
P X~ Ph 46 (94)
Ph” " 0H 93 (89)
30 mol-% catalyst
Me A~ ~-OBn 72 (68)

to the hydroxyketone 21 whereas heating of epoxide 20a to 195 °C induces thermal
rearrangement to the a-acetoxyketone 20b. This process occurs with virtually no
loss of enantiomeric purity. Hydrolysis of the acetoxyketone 20b thus affords the
a-hydroxyketone ent-21 [30].

For ketones to effect oxygen transfer from caroate to organic substrates several
delicate kinetic requirements must be fulfilled. First, addition of persulfate to the
carbonyl carbon atom must occur. Second, subsequent decay of the Criegee inter-
mediate must lead preferentially to the dioxirane and not to Baeyer—Villiger rear-
rangement of the ketone. Finally, the dioxirane must transfer an oxygen atom to
the organic substrate, rather than unproductive caroate oxidation to molecular oxy-
gen. Clearly, pH control is essential to prevent the latter side-reaction. For dioxir-
ane formation to occur in preference to the competing Baeyer—Villiger oxidation
the presence of electron withdrawing groups in the ketone’s a-positions is essen-
tial. For example, for the Shi ketone 10 the acetal oxygen atoms provide this effect.
As an alternative, fluorine substitution also has yielded quite effective enantioselec-
tive catalysts. For example, Denmark et al. have carefully studied the effects of flu-
orination on several cyclic ketones [34]. Their biphenyl-derived difluoro ketone 22
enables asymmetric epoxidation of several trans olefins (Table 10.2 [35]), including
the non-conjugated benzyl ( E)-4-hexenyl ether.

Fluoro ketones based on the tropinone skeleton and other bicyclo[3.2.1]octan-3-
ones were studied by Denmark et al. (e.g. 23) [34, 35] and Armstrong et al. (e.g. 24)
[36, 37]. Ketone 24 proved particularly efficient for asymmetric epoxidation of un-
functionalized olefins (Table 10.3).

HaC. CH GO-Et
N N
F
H

23 ¢ F 24
(0]

Catalyst 24 is, furthermore, readily accessible by means of a one-pot proce-
dure consisting of asymmetric deprotonation of commercially available N-ethoxy-
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Tab. 10.3
Product Yield (%) ee (%)
(0]
Ph 88 76
COEt oL
N F
H3C
8 0 Ph quant. 73
H Ph
2 % Ph. o

><‘/ Ph quant. 83
Ph
Cﬁo 97 69

carbonyl-8-azabicyclo[3.2.1]-octane, trapping of the enolate anion with trimethyl-
silyl chloride, and subsequent o-fluorination by use of a SelectFluor reagent [38].
With ketone 23 58% ee was achieved in the epoxidation of trans-stilbene [34b, 35].

As summarized in Table 10.4, further studies by Armstrong et al. revealed that
asymmetric epoxidation of trans-stilbene can also be effected by other bicyclic ke-
tones (25-28) carrying electron withdrawing substituents in both the «-position
and on the 1-bridge [35].

In the course of their exploration of structure—activity relationships for ketone
catalysts, Denmark et al. noted that oxoammonium salts such as 29-33 are very
efficient catalysts of the epoxidation of olefins [34a]. Unfortunately, enantiomeric
excesses achieved with this class of ketone catalyst have not yet exceeded 40% (30,
epoxidation of trans-f-methylstyrene). With the fluorinated oxoammonium catalyst
23 already mentioned, however, 58% ee was achieved in the asymmetric epoxida-
tion of trans-stilbene [34b].

10 mol-% catalyst

HsC, ,CHs Hsc\N,CHa
‘N Ph .
N N N
O T~ A
NS Ph™ N g ®
99 HsC™ 'CHs HeC "CHg 4 31
HaC CHs oh Ph
/N N
C Loy el
Ph™ H‘) Ph
32 HsC CHg 33

Many attempts have been made to use hydrogen peroxide as the final oxidizing
agent in ketone-catalyzed epoxidations. Because hydrogen peroxide itself does not
convert ketones to dioxiranes, in-situ activation of the oxidant is necessary. Shi et al.
have achieved this goal by using acetonitrile as a component of the solvent mixture
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Tab. 10.4. Epoxidation of trans-stilbene catalyzed by o-substituted bicyclic ketones.

X R Ketone Yield (%) ee (%)
H 24: R = F, X = N-COEt 76 76
25: R = Cl, X = N-CO,Et 41 54
0 26: R = OAc, X = N-CO,Et 66 86
27:R=F,X=0 63 83

20-100 mol-%
catalyst 28: R=0Ac,X=0 71 95

and simultaneously as activator, generating iminoperacetic acid in situ [39, 40].
In combination with the fructose-derived ketone 10 (see above), many prochiral
olefins could be epoxidized with excellent enantioselectivity and considerable less
production of salt by-products.

10.1.2
Chiral Iminium lons

As shown in cycle (b) in Scheme 10.1, the iminium-oxaziridinium pair can
also effect catalytic asymmetric epoxidation of alkenes. Early work in this field by
Bohé et al. included investigation of the norephedrine-derived oxaziridinium salt
34 (33% ee in the catalytic epoxidation of trans-stilbene [41]; ee up to 61% was
achieved when 34 was employed stoichiometrically [42]), or the 1-proline-derived
material 35 (39% ee in the epoxidation of trans-3-phenyl-2-propenol [43]). Rapid

Ph
A _sCHs
O
34 35

catalyst diversification was achieved by Page et al. by generating catalytically active
iminium salts from a common, achiral bromoaldehyde precursor and readily avail-
able chiral primary amines (Scheme 10.6). The best enantioselectivity was achieved
in the epoxidation of trans-stilbene (73% ee) by using the fenchylamine-derived cata-
lyst 36 [44]. Further improvement was achieved with the iminium catalyst 37a con-
taining an acetal moiety (Table 10.5) [45]. Later, Page et al. described the dibenza-

Br
CHO ZR
HaC._ CHs
CHs
36: R*= y

Scheme 10.6



288 | 10 Oxidation

Tab. 10.5
e
N o
catalysts: . m CHs
a Ph O CH,
37b: R = 37c:R=
O ;3 ch CH3
O
SCRes™
/N‘R Ph” O CHs HsC :
37b,c e
Product Catalyst (5 mol-%) Yield (%) ee (%)
H3C
"\ ph 37a 52 52
Ph
F’h>qo/ph 37a 54 59
Ph 37b 90 59
Ph
Cﬁo 37a 55 M
' 37b quant. 60
Ph o 37a 64 49
~N 37b 90 41
37c 95 38

zepinium catalysts 37b and 37c [46]. As shown in Table 10.5, the performance of
catalyst 37b was best for both triphenylethene and 1-phenylcyclohexene as sub-
strates. An attractive alternative to the ex-situ preparation of catalysts was found by
Yang and Wong in the in-situ generation of iminium cations from aldehydes and
secondary amines [47]. Clearly, this approach enables rapid screening of many al-
dehydes (for example 40) and amines (for example 38 and 39) to find the optimum
combination for a given substrate. A summary of the two most efficient and selec-
tive aldehyde—amine combinations is given in Table 10.6.

The binaphthyl-derived iminium-ion catalysts 41a and 41b were introduced by
Aggarwal et al. [48a] and Page et al. [48b], respectively (Table 10.7). The highest
enantioselectivities reported to date for an iminium-based olefin epoxidation —
95% ee using 1-phenyl-3,4-dihydronaphthalene as substrate — were achieved with
the catalyst 41b [48D].

The same group reported the striking observation that oxygen transfer from ox-
one to substrate olefins can also be catalyzed by secondary amines alone [49]. Pyrro-
lidines proved particularly efficient in this process, which was originally believed to
involve the amine radical cation. Subsequent work [50, 51] identified the proto-
nated amine as the active species and assigned a dual role to it. It is most probable
that the ammonium cation acts both as a phase-transfer catalyst and forms a com-
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Tab. 10.6
AcO,
\.‘\\\ 3
HsC
Y s
m HN NH H HN HscMH
38 O/ 39 \O 40
50-100 mol-% of in situ-generated iminium catalyst
Amine Aldehyde Product epoxide Yield (%) ee (%)
38 40 MG 0 99 59
3t _Ph
o
39 40 9 Ph 93 65
Ph/\:/

plex with the persulfate anion in which the latter is activated for oxygen transfer
[51]. When the hydrochloride of the chiral pyrrolidine (S)-diphenylmethylpyrroli-
dine was used as catalyst (10 mol%, 2 equiv. oxone, —10 °C), 1-phenylcyclohexene
was converted to its epoxide in high yield and with 52% ee. Up to 66% ee was
achieved with the analogous bis-naphthylmethylpyrrolidine [51]. It is hoped that
this remarkably simple process can be further improved and find wider applica-
tion.

Conclusions

Both chiral ketones and chiral iminium salts have proven their potential as metal-
free enantioselective catalysts of epoxidation. The enantiomeric excesses currently
observed with chiral ketones are higher than those achieved with iminium salts.
In terms of practicability, the Shi ketone 10, an inexpensive and readily available

Tab. 10.7
catalysts:
Product® Catalyst® Yield (%) ee (%)
OO ® HG o 41a 60 45
N-CH o SLPNa1b 58 49

/)
OO Ph 41a 80 71
41a; 5 mol-% of catalyst O\/O 41b 69 91
9% o
®’§O>/CH3 @O 41a 80 39
Ph

N 7.
QO W e
%) Major enantiomer for catalyst 41a; opposite major

41b; 0.1 - 5 mol-% of catalyst enantiomer for 41b.
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material, probably still has the most potential for broad application in organic
synthesis.

10.2
Epoxidation of Enones and Enoates

As discussed in Section 10.1, asymmetric epoxidation of C=C double bonds usually
requires electrophilic oxygen donors such as dioxiranes or oxaziridinium ions. The
oxidants typically used for enone epoxidation are, on the other hand, nucleophilic
in nature. A prominent example is the well-known Weitz—Scheffer epoxidation
using alkaline hydrogen peroxide or hydroperoxides in the presence of base.
Asymmetric epoxidation of enones and enoates has been achieved both with metal-
containing catalysts and with metal-free systems [52-55]. In the (metal-based)
approaches of Enders [56, 57], Jackson [58, 59|, and Shibasaki [60, 61] enantio-
meric excesses > 90% have been achieved for a variety of substrate classes. In this
field, however, the same is also true for metal-free catalysts. Chiral dioxiranes
will be discussed in Section 10.2.1, peptide catalysts in Section 10.2.2, and phase-
transfer catalysts in Section 10.2.3.

10.2.1
Chiral Dioxiranes

As shown in Scheme 10.7, the ketone catalysts 42a and 42b developed by Shi et al.
enable asymmetric epoxidation of the enones 45a—c in good yields and enantio-
meric excesses up to 96% [62, 63]. Oxone is employed as the final oxidizing
agent, and catalyst loadings are typically 10 mol% (relative to the substrate). In
subsequent work, Shi et al. identified the carbohydrate ketone 43 as a highly ef-
fective catalyst for asymmetric epoxidation of enoates [63]. As shown in Scheme
10.7, many di- and trisubstituted enoates 46a—f could be epoxidized with enan-
tiomeric excesses > 90% [63]. Asymmetric epoxidation of the cinnamate 46a was
also achieved by use of the tropinone derivative 44, introduced by Armstrong and
Hayter (64% ee for the methyl ester, Scheme 10.7) [64]. Solladié-Cavallo and
Bouérat reported the asymmetric epoxidation of methyl para-methoxycinnamate
(ee up to 66%) with a chiral fluorocyclohexanone as catalyst [65a,b]. (The structure
of the fluoroketone 19e used in this study is given in Section 10.1.1.) See ref. 65¢
for a recent report by Seki and Imashiro on the use of ketone 5a for the same
transformation (80% ee).

10.2.2
Peptide Catalysts

In the early 1980s, Julid and Colonna reported that the Weitz—Scheffer epoxidation
of chalcone (45a) can be catalyzed by poly-amino acids such as poly-1-alanine, and
that the resulting epoxide is formed with enantiomeric excesses > 90% (Scheme
10.8) [66]. In the original three-phase procedure the enone is dissolved in an
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233(CH3 EOgEt
ACOM H o H
CH R OAc 44
3 42a: R=CH,OAc 43 o

42b: R = C(CHg),0H

Typical epoxidation conditions: olefin (1 eq.), ketone (10-30 mol-%), oxone (ca. 2-5 eq.),
K>CO3 (5-6 eq.) or NaHCO;3 (up to 15.5 eq.) in CH3zCN/aqueous buffer

enones:
o} O O

oA p oo oSNy

45a 45b 45¢

3

ketone 42a: 80 %, 94 % ee

ketone 42b- 85 %. 96 % ee 75 %, 82 % ee (ketone 42b) 70 %, 89 % ee (ketone 42b)

enoates: o catalyst 42a: 34 %, 86 % ee (R = H)
& catalyst 42b: 35 %, 89 % ee (R = H)
R O-Et catalyst 43: R = H, o,p-Me, p-Cl, p-MeO o,m,p-F, p-Cl:
46a 40-91 %, 93-97 % ee

catalyst 44 : R = H (methyl ester): 33 %, 64 % ee

Me,Et Me Me

X
CO.Et X COoEt
Ph)\/ 2 Me)\/ 2 O/\C(OQEt
46b, catalyst 43: 46¢, catalyst 43: 46d, catalyst 43:
91-93 %, 93-96 % ee 64 %, 82 % ee 77%, 89 % ee
Me
X COoEt CO,Et
/y
R
46e, catalyst 43: R = Ph, TMS, n-Bu: 46f, catalyst 43:

74-96 %, 94-98 % ee 77%, 93 % ee

Scheme 10.7
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H O
ag. H>0,, NaOH .
O N O toluene ¢
H poly-L-alanine H

45a O 85%,93 %ee
Scheme 10.8

organic solvent such as toluene or dichloromethane, and alkaline aqueous hydrogen
peroxide (30%) serves as the oxygen donor. The insoluble poly-amino acid forms a
third phase. The reaction is performed at room temperature, no inert atmosphere
is needed, and both reagents and catalyst are inexpensive and readily available.

Because the catalyst is usually prepared by the polymerization of amino acid N-
carboxy anhydrides, induced by water or amines [66, 67], the Julidz—Colonna epox-
idation was soon recognized as a reaction of great practical value. In the course of
exploration of the scope of the Julidz—Colonna procedure many enone substrates
were successfully epoxidized by use of the original three-phase conditions (Table
10.8).

Clearly, using a poly-p-amino acid instead of the corresponding poly-1-amino

Tab. 10.8
H O ag. H.0,, NaOH R O H
o M " organic solvent H/L\/ R2
PLA or PLL
H o]
PLA: poly-1-alanine; PLL: poly-1-leucine

R R? Catalyst Yield (%) ee (%) Ref.
Ph Ph PLA 85 93 67
Ph 0-MeOCsHy PLA 54 50 66
Ph 2-naphthyl PLL 90 93 68
Ph 2-furyl PLL 85 87 68
Ph 2-thienyl PLA 96 80 66
Ph 2-pyridyl PLL 74 79 68
Ph t-butyl PLL 92 >98 68
Ph cyclopropyl PLL 85 77 69
0-[Ph(CH,)s|CsH4 2-naphthyl PLL 82 95 70
p-MeSCeHy 2-naphthyl PLL 65 96 71
2-furyl 2-naphthyl PLL 75 >96 68
4-pyridyl 2-naphthyl PLL 67 >96 68
2-pyridyl Ph PLL 84 72 68
t-butyl Ph PLL 85 90 68
PhCO Ph PLL 76 76 69
t-Bu0,C Ph PLL 66 >95 69
t-BuCO t-butyl PLL >95 >95 69
n-BusSn Ph PLL 90 >99 72
f-styryl 2-naphthyl PLL 78 >96 68

B-styryl t-butyl PLL 90 >97 68
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acids affords the product epoxide of opposite absolute configuration [71]. It should
be noted that the substrates listed in Table 10.8 not only encompass chalcone deriv-
atives, but also dienones, enediones, unsaturated ketoesters, and f-stannylenones.
Nevertheless, it became evident soon after its discovery that the Julii—Colonna ep-
oxidation in its original form suffers from three drawbacks: (i) its substrate spec-
trum is rather narrow, i.e. limited to (E)-enones, and no asymmetric epoxidation
of, e.g., cycloalkenones is feasible; (ii) reaction times were long, usually in the
range of 1 to 3 days; and (iii) the poly-amino acid turns into a gel during the reac-
tion which makes catalyst separation and repeated use difficult. Whereas the prob-
lem of limited substrate spectrum still needs improvement, significant advances
have been made with regard to reaction times and catalyst activity, and separation
of the reaction mixture from the poly-amino acid catalyst. Reaction times were
reduced from days to less than an hour by development of so-called two-phase re-
action conditions. In this procedure the epoxidation is performed under anhydrous
conditions in THF as solvent, the urea—hydrogen peroxide (UHP) clathrate is the
source of oxygen, and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) serves as a strong
homogeneously soluble base [73, 74]. As summarized in Table 10.9, enolizable
ketones (R? = methyl, ethyl, n-propyl, i-propyl, i-butyl) can also be epoxidized un-
der these conditions, which is not true for the original three-phase procedure.

Tab. 10.9
H O poly-L-leucine Rl, Q \\~H 5
. M " H’L\( R
H O
A: poly-1-leucine, urea-H,0,, DBU, THF
Methods: B: poly-1-leucine, sodium percarbonate, DME, water
C: poly-1-leucine on SiO,, urea-H,0,, DBU, THF

R R? Method Yield (%) ee (%) Ref.
Ph Ph A 85 >95 73

B 87 94 75

C quant. >93 79
Ph 0-O;NCgH,4 A 91 91 81
Ph 0-H;NCgH,4 A 81 >98 81

C 85 93 79
Ph 2-naphthyl A 91 91 76
Ph ethyl A 80 82 76
Ph methyl A 70 80 73
Ph n-propyl A 85 94 76
Ph i-propyl A 56 89 79

C 78 93 79
Ph i-butyl A 87 96 76
Ph t-butyl A 76 94 73

B 94 94 75
cyclo-hexyl Ph A 91 89 73
p-styryl 2-naphthyl A 85 96 82
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Disadvantages are that the UHP/DBU/THF system is substantially more expen-
sive than the original three-phase system and the over-stoichiometric use of DBU
as base might be problematic for large-scale applications. As a third possibility the
use of sodium percarbonate — as both base and oxidant — in DME—water mixtures
was investigated and optimized [75]. Whichever of these systems is used, activation
is necessary to achieve optimum performance of the poly-amino acid catalyst; this
entails stirring with aqueous sodium hydroxide and toluene at room temperature
for several days [75, 76]. Poly-1-leucine is usually employed as catalyst, but higher
rates and enantioselectivity have sometimes been reported for poly-1-neopentylgly-
cine [77].

Further improvement both of the activity of the catalyst and of its ease of han-
dling and recycling was achieved by immobilization on polystyrene supports [78]
and, in particular, on silica gel [79, 80]. The latter procedure affords “poly-amino
acids on silica catalysts”, the so-called “PaaSiCats”. The silica-supported pep-
tide catalysts are sufficiently active to enable use of catalyst loadings as low as
2.5 mol% (one equivalent corresponds to one poly-amino acid chain).

It has been mentioned already that “simple” acylic enones are not the only class
of substrate amenable to poly-amino acid catalyzed epoxidation. More complex
structures and their epoxidation products are shown in Scheme 10.9 [71, 82, 83].

Starting enone Epoxide
o}
Q (@)
PhWO-t—Bu PhWO-t—Bu
o} (0]

66 %, > 95 % ee

) 0O

Ph’/§§>/A§§/JL\naphthyl Ph™ "N S haphthy
85 %, 96 % ee

o) 50
H N

H3C NG G Ph 3CWWJ\Ph
o O 43%,90 % ee
CHs o) CHs 0

0
PthWkPh Pho A,

© © 70 %, 92 % ee

Reagents: poly-L-leucine, urea-hydrogen peroxide, DBU, THF
Scheme 10.9
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There are also a few examples of poly-amino acid catalyzed epoxidation of non-lin-
ear enones. These include tetralone derivatives 47, which can be epoxidized with
good yields and enantiomeric excesses; the best results were achieved for R =
p-O2N-CsHy and n =1 (85%; 96% ee) [84]. Other examples are the epoxidation
of “iso-chalcone” 48 (78%; 59% ee) [69] or of bis-benzylidene cyclohexanone 49,
which affords the corresponding bis-epoxide “of good optical purity” [69].

: 2 0
NS U
n

47 48 49

The enantiomerically pure epoxyketones resulting from poly-amino acid-
catalyzed epoxidation are versatile intermediates for synthesis of more complex
target molecules. For example, the enones 50 have served as starting materials for
enantioselective synthesis of diltiazem 51 and the Taxol side-chain 52 (Scheme
10.10) [73]. Similarly, the leukotriene antagonist 54 (SK&F 104353) was prepared
from the chalcone derivative 53 [70]. After asymmetric epoxidation, the subsequent
steps in the syntheses of 51, 52, and 54 are nucleophilic opening of the epoxide
ring and Baeyer—Villiger oxidation of the ketones to the corresponding esters [85].
The latter step is necessary because the poly-amino acid catalyzed epoxidation of
electron-poor olefins works at best poorly on cinnamates, compared with the excel-

CO.H
Ph-(CHy)g o) Ph-(CHp)g S~ "2

CO.H
X naphthyl ——~ ©/k-/ 2
53 OH 54

Scheme 10.10
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Ph
0 J.. 9o
PN e HO
naphthyl N Ph gj
HO 56
55 0
via naphthyl W Ph
(0]
FsC
o 3
S G
Ph SnBus
57 61 H HO CHs
(|3 OH CHs CHs
o “Iph T, Ph” Y Ph " HO,C Ph
(@] H
OH
58 59 60

Scheme 10.11

lent results obtained with enones. Similarly, intramolecular epoxide opening pro-
vides access to, e.g., enantiomerically pure flavonoids [86, 87].

When dienones such as 55 are subjected to the epoxidation conditions the
electron-poorer C=C double bond is selectively epoxidized. The other C=C bond
can be functionalized further, for example, it can be dihydroxylated, as shown in
the synthesis of the lactone 56 (Scheme 10.11) [82]. Stannyl epoxides such as 57
(Scheme 10.11, see also Table 10.8, R! = n-Bu3Sn) can be coupled with several
electrophiles [72], reduction of chalcone epoxide 58 and ring opening with alkyl
aluminum compounds provides access to, e.g., the diol 59 and to phenylpropionic
acids (for example 60). Tertiary epoxy alcohols such as 61 can be obtained with ex-
cellent diastereoselectivity by addition of Grignard reagents to epoxy ketones [88,
89].

Finally, it should be mentioned that poly-amino acid catalysts have been used
either to enhance or override substrate-induced diastereoselectivity in the Weitz—
Scheffer epoxidation of chiral enones (Scheme 10.12) [90].

All peptide-catalyzed enone epoxidations described so far were performed using
insoluble, statistically polymerized materials (neat or on solid supports). One can,
on the other hand, envisage: (i) generation of solubilized poly-amino acids by at-
tachment to polyethylene glycols (PEG); and (ii) selective construction of amino
acid oligomers by standard peptide synthesis—linked to a solid support, to a soluble
PEG, or neat as a well-defined oligopeptide. Both approaches have been used. The
former affords synthetically useful and soluble catalysts with the interesting fea-
ture that the materials can be kept in membrane reactors for continuously oper-
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CHsy
HsC
330
Ph
CHjz
H3C7LO poly-leucine H 0
[e) syn-63
= Ph :
sodium percarbonate +
62 le} DME/water CHs
HSC#\O
o Ph
no catalyst: 94 %, syn/anti-63 = 1:3 o
poly-p-leucine: 97 %, syn/anti-63 = 1:34 . H
poly-L-leucine: 98 %, syn/anti-63 = 3.8:1 anti-63

Scheme 10.12

ated epoxidation reactions [91, 92]. It is interesting to note that the average number
of amino acid residues necessary for satisfactory enantioselection is lower when
the peptides are bound to PEG (8-10) compared with free oligo amino acids (ca.
20) [91, 92].

Well-defined peptides of known sequence have been used to shed light on the
mechanism of catalysis in the epoxidation of enones with hydrogen peroxide [91,
93-95]. The peptide sequences of the catalysts have been systematically varied
and correlated with catalytic activity and selectivity. From the many variations in-
vestigated it was concluded: (i) that the N-terminal region of the peptides harbors
the catalytically active site, and that (ii) a helical conformation is required for the
peptide catalysts to be active. The latter conclusion is supported both by the depen-
dence of catalytic activity on chain-length and by IR investigations [91, 94]. NMR
data that might aid further elucidation of catalyst structure, interaction with the
substrate enones, etc., are, unfortunately, not yet available.

Berkessel et al. recently presented a mechanistic model for the asymmetric epox-
idation of chalcone catalyzed by solid-phase-bound leucine oligomers [95]. They
synthesized the whole series of 1-leucine 1-20-mers bound to TentaGel S NH,,
plus inverse r-leucine oligomers (i.e. bound to the solid support via the N-
terminus) and a series of solid-phase-bound p-peptides Subsequent assessment of
the catalytic activity revealed that for the r-leucine oligomers, no more than 4 or
5 amino acid residues are necessary for full enantioselection (96-98% ee) and
that catalyst activity increases with increasing chain length. From all the experi-
ments is was concluded that the three non-intra-helical N-H bonds present at the
N-terminus play a crucial role in the catalytic mechanism. On the basis of results
from molecular modeling studies Berkessel et al. suggest that the carbonyl oxygen
atom of the enone substrate is hydrogen-bonded to the NH of the amino acids at
the N-terminus and at position n — 2, and that the hydroperoxide nucleophile is
delivered by the NH group of amino acid n — 1. Consequently, the sense of helicity
of the peptide catalyst determines the sense of induction in the epoxidation reac-
tion. Figure 10.1 illustrates the binding of chalcone to the N-terminus of the pep-



298

10 Oxidation

tide and Figure 10.2 shows how a hydroperoxide anion, bound to the NH of amino
acid n — 1 is delivered face-selectively to the f-carbon atom of the bound substrate
(chalcone). According to this model the action of the peptide catalysts used in the
Julid—Colonna epoxidation bears much similarity to that of enzymes, in particular
the binding/activation and proper orientation of the substrates which ultimately
effects the excellent enantioselectivity of the overall process.

Fig. 10.2
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(0]
H TBHP (2 eq.)
BSA (0.05 eq.)
aqueous buffer, iso-octane
i-Bu
64 O
0 TBHP (2 eq.)

BSA (0.05 eq.)

O‘ H aqueous buffer

n-octyl
65 O

60 %, > 98 % ee

Scheme 10.13

In an approach to using naturally occurring and readily available larger peptides
as catalysts, Colonna et al. investigated the effect of bovine serum albumin on the
Weitz—Scheffer epoxidation of naphthoquinones [96-99]. They found that 2-isobu-
tylnaphthoquinone (64) and 2-n-octylnaphthoquinone (65) could be epoxidized
with tert-butylhydroperoxide (TBHP) as oxidant in good yields and high enantio-
selectivity (Scheme 10.13). Unfortunately, as one might expect, minor changes to
the structure of the substrate strongly affect both the activity and the selectivity
with which the albumin catalyst effects the epoxidation.

10.2.3
Phase-transfer Catalysis

Phase-transfer catalysis has been widely been used for asymmetric epoxidation of
enones [100]. This catalytic reaction was pioneered by Wynberg et al., who used
mainly the chiral and “pseudo-enantiomeric” quaternary ammonium salts 66 and
67, derived from the cinchona alkaloids quinine and quinidine, respectively [101-
105].

Phase-transfer catalysts of this type enabled the epoxidation of enones using
hydrogen peroxide, TBHP, or sodium hypochlorite as the sources of oxygen. Al-
though in this work enantiomeric excesses did not exceed 54%, Onda et al. later
reported that catalyst 66 afforded 78% ee in the epoxidation of 2-(2-carbomethoxy-
phenyl)naphthoquinone [106]. It is worthy of note that the phase-transfer proce-
dure enables asymmetric epoxidation of cyclohexenone and derivatives, which is
not possible with the peptide catalysts discussed in Section 10.2.2. Kawaguchi,
Oda, Baba et al. reported the synthesis of the “dimeric” phase-transfer catalysts 68
and 69 and of a monomeric quinine derivative with a fluorenyl group on the quater-
nary nitrogen atom. Up to 63% enantiomeric excess was in the epoxidation of cy-
clohexenone [107-109]. More recent work by Taylor et al. involved the cinchonidi-
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nium cation 70 [110, 111]. In the asymmetric epoxidation of the quinone acetal 71,
89% ee could be achieved, albeit at a catalyst loading of ca. 100 mol% (Scheme
10.14).

HyCO, ,OCH; HyCO, ,0CH;

2 NH-BOC
TBHP, NaOH,

100 mol-% 70, toluene

o} 7

32 %, 89 % ee
Scheme 10.14

The N-benzylcinchonidinium catalyst 70 was successfully employed by Barrett et
al. in the synthesis of (—)-preussomerin G [112]. As a key step the epoxide 72 was
obtained from the quinone acetal 71 in 81% yield and with 95% ee in the presence
of 10 mol% of the ammonium salt 70 (Scheme 10.15). Adam et al. recently re-
ported the highly enantioselective epoxidation of isoflavones [113]. The best re-
sults, i.e. ee up to 98% with essentially quantitative yields, were achieved when
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catalyst 70 -/

6 R O R
O tBuOOH, toluene, NaOH/H,0O ! y
0”0 10 mol-% 70 0”0
71 72, 81 %, 95 % ee
FsC
\ ®N BI'@
P
catalyst 75 HO..,
o} o}
Ph  Ph(CH3),COOH, toluene, KOH/H,0O Ph
| 10 mol-% 75 “0
HsCO o H3CO ¢}
73 74,97 %, 98 % ee

Scheme 10.15

the substrate 73 was transformed into the epoxide 74 in the presence of the tri-
fluoromethylated catalyst 75 (Scheme 10.15) [113, 114].

A further significant improvement of alkaloid-derived phase-transfer catalysts
was reported by Lygo et al. [115-117]. In their approach, the cationic nitrogen
atom carries a (9-anthracenyl)methyl substituent and the secondary hydroxyl group
of the alkaloid nucleus is benzylated (76, 77). Results obtained with the catalysts 76
and 77 are summarized in Table 10.10. It should be noted that the ammonium salt
was also employed by Corey at al., in conjunction with lower reaction temperatures
and potassium hypochlorite as the final oxidizing agent [118]. Arai et al. have also
investigated the alkylation of cinchonine with a number of substituted benzyl
halides [119, 120a,b]. In the epoxidation of chalcone, the para-iodobenzylated cata-
lyst 78 proved best (Table 10.10). For the highly enantioselective epoxidation of
enones using the binaphthyl-based Marvoka-catalysts (up to 99% ee), see ref. 120c.
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Tab. 10.10
H O R'., O H
A
R1MR2 H’L\(
H [e]
A: 10 mol-% catalyst 76, NaOCl, 25 °C (Refs. 115-117)
Methods: B: 10 mol-% catalyst 77, KOCl, —40 °C (Ref. 118)
C: 5 mol-% catalyst 78, H,O,, LiOH, 4 °C (Refs. 119, 120)
R R? Method Yield (%) ee (%)
Ph Ph A 90 86
B 96 93
C 97 84
Ph p-BrCeHy A 99 88
B 92 93
p-H3COCsHy Ph A 87 82
B 70 95
m-H3;CCgHy Ph C quant. 82
n-C6H13 p-BrC(,H4 A 89 84
n-C;Hll p-FC6H4 B 90 91
¢-C¢Hyy Ph B 85 94
Conclusions

In the metal-free epoxidation of enones and enoates, practically useful yields and
enantioselectivity have been achieved by using catalysts based on chiral electro-
philic ketones, peptides, and chiral phase-transfer agents. (E)-configured acyclic
enones are comparatively “easy” substrates that can be converted to enantiomeri-
cally highly enriched epoxides by all three methods. Currently, chiral ketones/
dioxiranes constitute the only catalyst system that enables asymmetric and metal-
free epoxidation of (E)-enoates. There seems to be no metal-free method for
efficient asymmetric epoxidation of achiral (Z)-enones. Exocyclic (E)-enones have
been epoxidized with excellent ee using either phase-transfer catalysis or polyamino
acids. In contrast, generation of enantiopure epoxides from “normal” endocyclic
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enones still poses considerable problems. In the special case of benzoquinone
monoacetals, enantiomeric excesses > 90% have been achieved by phase-transfer
catalysis, and some naphthoquinones yield enantiomerically highly enriched epox-
ides in the presence of bovine serum albumin (BSA). Further improvement is
desirable for the organocatalytic asymmetric epoxidation of “simple” (Z)-cyclic
enones such as cyclohexenones, cyclopentenones, etc.

10.3
Sulfoxidation of Thioethers

As mentioned in Section 10.1, the imine-oxaziridine couple E-F has been used for
asymmetric sulfoxidation of prochiral thioethers (Scheme 10.16). Several highly
enantioselective but stoichiometric asymmetric sulfoxidations — using isolated oxa-
ziridines — have been described in the literature [121-124]. In contrast, few sulfox-
idations involving the in-situ formation of the chiral oxidant F have been reported.
Page et al. found that camphor-derived N-sulfonyl imines are active and highly se-
lective mediators of this reaction [125, 126]. Unfortunately, to obtain satisfactory
enantioselectivity they must be employed in stoichiometric amounts. Examples in
which enantiomeric excesses of product sulfoxides greater than ca. 70% have been
achieved are summarized in Table 10.11. It should be noted that the substrate spec-
trum encompasses pyridyl-substituted thioethers. In metal-catalyzed oxidations
substrates with metal-binding substructures (for example, a pyridine moiety) tend
to induce either catalyst deactivation and/or low enantioselectivity, because of dis-
placement of the chiral ligand.

3
R\ ('S)
H202 R1)J\R2 R* % R®
E
RIN—O .
H20 R g R2 R TORS
E

E: chiral imine, F: chiral oxaziridine
Scheme 10.16

In the N-sulfonyl imine-catalyzed sulfoxidation, aqueous hydrogen peroxide
serves as the final oxidizing agent, which is clearly of practical advantage. In prin-
ciple it can be assumed that either an oxaziridine (F, Scheme 10.17) or a hydroper-
oxy hemiaminal (H, Scheme 10.17) can result as the active species from the reac-
tion of the N-sulfonyl imine E with hydrogen peroxide (Scheme 10.17). For imine
79 the idea of an intermediate oxaziridine is supported by the experimental finding
that oxidation by the isolated oxaziridine and in the catalytic reaction (using 79 and

303



304 | 70 Oxidation
Tab. 10.11
HaC._ CHa
OCH3
 "oCH
S/N
0, 79

H3C CHs
2
o
|
—N
S
0, 80

Typical sulfoxidation conditions: thioether (1 eq.), N-sulfonylimine (1 eq.),
aqueous H,0; (4 eq.), DBU (4 eq.) in CH,Cl,, —15 °C

Catalyst Substrate Yield of ee of Configuration
sulfoxide (%) sulfoxide (%) of sulfoxide
79 quant. 86 S
80 +Bu-S-CH; quant. 82 S
79 S>; quant. 98 S
80 g quant. 94 s
79 S%co 46 78 S
80 J oo 74 68 s
80 Qs—cm quant. 68 ()
98 S

S —
79 C S 69
§ W7

RB
RsN;/—O H,05 >N
R1 R? -Hgo R1)J\R2
F E
HyC._CHs HsC._CHs
AN :
SO3\/ s—N
(0] 0,
82 81

Scheme 10.17

H,0, R°HN O-OH
R1 g R2
H

HaC._ CHa

O-OH
S/NH
Oz
83
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hydrogen peroxide) give comparable yields and ee and the same sense of configu-
ration. For the “basic” camphor N-sulfonyl imine 81, however, it was shown that
oxidation of methyl t-butyl sulfide by the isolated oxaziridine 82 gave the sulfoxide
of opposite configuration compared with that obtained from catalytic sulfoxidation
performed with hydrogen peroxide in the presence of the imine 81 (Scheme
10.17) [127-129]. This result clearly indicates that different oxygen-transferring in-
termediates are operating in this reaction, the most likely being the hydroperoxy
amine 83 (Scheme 10.17) [130]. The intermediacy of a hydroperoxy amine in the
catalytic cycle can by now be generally assumed for N-sulfonyl imine-mediated sul-
foxidations with hydrogen peroxide [129].

It should finally be mentioned that asymmetric and metal-free sulfoxidation can
also be achieved by use of flavinium (84) [131] or simpler chiral iminium cations
(85) as catalysts [132] (Scheme 10.18). For the axially chiral flavinophane 84 enan-
tiomeric excesses up to 65% were reported by Toda et al. (for methyl p-tolyl sulfide
as substrate), at typical catalyst loadings of ca. 10 mol% (relative to the thioether).
The same substrate gave the sulfoxide with 32% ee when the iminium cation 85
was used [132].

@

J

\[44( 2)8 Ph

N A _CHs
®
1/ \Rz CCN(\CHs H20,
~_sCH
R1/S\R2 s HQO
® N
AI'CH3
O

CHy)g

H>0o

J

Sulfoxidation of methyl p-tolylsulfide with HoO.:

catalyst 84 (10 mol-%): 65 % ee
OOH catalyst 85 (10 mol-%): 32 % ee

Scheme 10.18

An alternative method for asymmetric and metal-free sulfoxidation was explored
by Kita et al. [133]. In their approach, iodosylbenzene (Ph-I10,) was used as oxidant
in reversed micelles formed by cetyltrimethylammonium bromide (CTAB) in tol-
uene. From the numerous chiral inductors tested, tartaric acid derivatives proved
best. In the presence of 10 mol% bis(2-methoxybenzoyl)tartaric acid, methyl (4-
nitrophenyl)sulfide was converted into the sulfoxide in 91% yield and with 72%
enantiomeric excess [133].



306

10 Oxidation

Conclusions

Few examples of highly enantioselective (up to 98%) metal-free sulfoxidations have
yet been reported. The catalysts that have proven most efficient in this respect are
camphor-derived N-sulfonyl imines. It is advantageous that aqueous hydrogen per-
oxide can be used as the final oxidizing agent, but catalyst loadings are still high —
up to 100 mol%. Clearly, the significant background reactivity of thioethers toward
hydrogen peroxide make use of highly reactive catalysts essential if practically use-
ful enantiomeric excesses are to be achieved at reasonably low catalyst loadings.
The combination of micellar systems with chiral inductors is an interesting alter-
native. Encouraging results were achieved with iodosylbenzene as oxidant (up to
72% ee) whereas hydrogen peroxide afforded much lower enantioselectivity.

10.4
Oxidation of Alcohols

Catalytic oxidation is a possible means of kinetic resolution of racemic mixtures of
alcohols (Scheme 10.19, Eq. 1) or of desymmetrization of meso-diols (Scheme
10.19, Eq. 2).

R'\_R? chiral R.__R?
H\< oxidation \<

OH H “oH

talyst separation 1 2
N catalys P R \<R 1)
H, ,OH 0 H “oH
F¥1//<R2 R1AR2 pure
L enantiomer
racemic mixture
chiral

R'.__OH e R'.__0O
oxidation 5
catalyst @

R! OH = R! OH

Scheme 10.19

10.4.1
Kinetic Resolution of Racemic Alcohols

The oxidation of alcohols to carbonyl compounds with the stable nitroxyl radical
TEMPO (86) as catalyst is a well-known preparative method [134, 135]. Hypochlor-
ite or peracetic acid is usually used as the final oxidizing agent and ca. 1 mol% of
catalyst 86 is used. In 1996 Rychnovsky et al. reported the synthesis of the chiral,
binaphthyl-derived TEMPO analog 87 [136]. Results obtained by use of 0.5-
1 mol% of catalyst 87 [136] are listed in Table 10.12. In these oxidation reactions
0.6-0.7 equiv. sodium hypochlorite were used as the final oxidizing agent (plus
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Tab. 10.12
mol-% 87 Recovered alcohol ee (%) Conversion (%) S
OH
0.5 F 81 69 5.0
1.0 ©? CHs 98 87 7.1
HsC  OH
1.0 @?Cm 73 58 6.8
cl OH
1.0 - 89 70 6.0
1.0 64 58 5.1
1.0 57 59 3.9
0.5 57 56 4.5
OH
0.5 oCeHi” N\ 41 66 22
CsH1y
L
0.5 H O_/_\CSH11 19 58 1.5
2S,3R

0.1 equiv. potassium bromide) in a two-phase system containing the substrate and
catalyst 87 in dichloromethane at 0 °C. It is apparent from the table that the best
selectivity factors (> 5) were obtained by use of 1-phenylethanol and its derivatives
as substrates.

HSC.’ CH3




308 | 10 Oxidation

Tab. 10.13

Starting racemic diol Conversion (%) Product hydroxy ketone ee (%)

R=H 51 65

R=CH; 12 61

R=F 31 69

R=Cl 11 70

R=Br 10 74

R=CN 6 75

44

20
© 69
S
HsC™ "OH

Whereas the chiral TEMPO analog 87 was used to resolve racemic secondary al-
cohols, the p-fructose-derived ketone 88 [137] proved useful for oxidative resolution
of racemic diols (Table 10.13) [138, 139]. Persulfate in the form of Oxone, Curox,
etc.,, served as the final oxidizing agent, and the dioxirane generated from the
ketone 88 is the chiral active species. Because of the relatively low conversions
(except for unsubstituted dihydrobenzoin) at which the ee stated were achieved,
the method currently seems to be of less practical value. Furthermore, typically 3
equiv. ketone 88 had to be employed [138, 139].

10.4.2
Desymmetrization of meso Diols

A series of meso-dihydrobenzoins was also subjected to oxidative desymmetriza-
tion. Three equivalents of the chiral ketone 88 again provided the chiral dioxirane
as the active species [138, 139]. As shown in Table 10.14, enantiomeric excesses up
to 60% were achieved. In addition to the meso diols themselves, acetonides also
proved suitable substrates in two instances (Table 10.14).

Conclusions

The chiral TEMPO-derivative 87 has been shown to be an active catalyst for the ox-
idative kinetic resolution of 1-phenylethanol and derivatives. Catalyst loadings are
in a practically very useful range (0.5-1 mol%) and hypochlorite is an attractive ox-
idant. Clearly, a more readily accessible catalyst would be desirable. In this respect,
the Shi ketone 88 is advantageous. It must, however, be used in large excess and
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Tab. 10.14
Starting meso-diol Conversion (%) Product hydroxy ketone ee (%)
R R=H 89 R 45
O OH R=OCH;, 9 O OH 24
R=CH; 92 A 30
OH R=F 95 o) 58
R=Cl 56 54
R R=Br 61 R 58
R=CN <5 60
Q 0
°><CH3 R=H 10 ot 63
R=CH 10 65
e | i
R R

preparatively useful enantiomeric excesses were achieved in a rather limited num-

ber of instances only.

Finally, it should be noted that achiral dioxiranes can be used to generate chiral
hydroxyketones from enantiomerically pure diols or acetals [140, 141].
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11
Reduction of Carbonyl Compounds

Organocatalytic asymmetric carbonyl reductions have been achieved with boranes
in the presence of oxazaborolidine and phosphorus-based catalysts (Section 11.1),
with borohydride reagents in the presence of phase-transfer catalysts (Section
11.2), and with hydrosilanes in the presence of chiral nucleophilic activators (Sec-
tion 11.3).

1.1
Borane Reduction Catalyzed by Oxazaborolidines and Phosphorus-based Catalysts

Probably the most frequently applied catalytic metal-free and highly enantioselec-
tive reduction of carbonyl compounds is the oxazaborolidine-catalyzed borane re-
duction (the Corey—Bakshi—Shibata (CBS) method) [1-8]. In this approach, which
is based on initial work by Itsuno et al. [1, 6-8], oxazaborolidines serve as the cata-
lysts. These latter materials are derived from readily available amino alcohols; the
most frequently used is probably the proline-derived bicyclic compound 4. The
CBS method has been successfully applied to all types of ketones, for example dia-
ryl, dialkyl, and aryl alkyl ketones, haloalkyl ketones, transition metal z-complexes
of aryl alkyl ketones, cyclic and open-chain enones, etc. [1-8]. Scheme 11.1 shows
the explicit example of acetophenone (1) which can be reduced with boranes such
as BH;*THF (2a), BH;*Me;S, catechol borane, or the borane-diethylaniline com-
plex (2b) to give 1-phenylethanol 3 in very good yields and almost perfect enantio-
meric excess.

Scheme 11.1 also summarizes other impressive examples of the performance of
the CBS method [1-8]. Several excellent reviews on the CBS method have ap-
peared recently [1, 2], and no detailed discussion of the development of the process
or substrate scope shall be presented in this review. Please note, however, that the
oxazaborolidine-catalyzed borane reduction of ketones is a prime example of bi-
functional catalysis [2, 9] — as shown in Scheme 11.2, the current mechanistic
picture involves simultaneous binding of both the ketone and the borane to the
Lewis-acidic (boron) and Lewis-basic (nitrogen) sites of the catalyst A. In the result-
ing ternary complex B, the reaction partners are synergistically activated toward hy-
dride transfer.

Asymmetric Organocatalysis. Albrecht Berkessel and Harald Groger
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30517-3
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CBS-Reduction of acetophenone (1):

1) 1. 1-5 mol-% catalyst 4 HQ H
2. 0.6-1 eq. of borane CHa
CHs 20-30 °C
1 3

borane 2a: 97 % ee
borane 2b: 99 % ee

examples of boranes:

NEt*BHs HPh

THF-BH; L-proline-derived O‘_k vPh
catalyst: N O
2a 2b B
]
CH; 4

Some other substrates for the CBS-reduction:

(0] (0] O O
1
P\ .
Oi-P
N/ i-Pr
>99 % ee 99 % ee 91 % ee
@) @) 0
N HsC
WCHS ’ CHs
97 % ee
o 93 % ee >99 % ee
R
&@ ;
R = n-, s-alkyl, Ph
I:| > 99 % ee ’ Z
e 0
@“/{ 98 % ee
R

Scheme 11.1

Related catalysts for asymmetric borane reduction of ketones are open chain and
cyclic phosphoric amides, in the oxidation state +3 or +5 (Scheme 11.3) [10, 11].
Early examples are the phosphonamides and phosphinamides 5a and 5b of Wills
et al. [12] and the oxazaphospholidine—borane complex 6a of Buono et al. [13]. In
the presence of 2-10 mol% catalysts 5a,b, w-chloroacetophenone was reduced by
BH;*SMe; with 35-46% ee [12]. For catalyst 6a a remarkable 92% ee was reported
for the catalytic reduction of methyl iso-butyl ketone and 75% ee for acetophenone
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Ph, "BHy" Ph_
B—R PR
v /YN
PN A Ph
HoB <
2" H
HBO ,H
©/<CH3 ©)J\CH3
Ph, Ph,
-00 )_R intra-complex O __R
B, hydride shift LBl L
SNZ o, fHs ————— _ /N7 0
Ph N® Ph 7y
HB  H H2B.
B

HBO H HO H

hydrolysis
o,  _fydrolysis_ ©/<CH3

(71% ee with 6b) [13]. Martens and Peper tested several cyclic phosphonamides
and identified the proline derivatives 7 as the most enantioselective catalysts. In
the presence of as little as 1 mol% 7a, w-chloroacetophenone was reduced by
BH;+THF with 96% ee [14]. Under similar conditions the related catalyst 7b of
Buono et al. afforded 94% ee [15]. Mechanistically, it is believed that for oxygenated
phosphorus(V) compounds the borane molecule binds to the oxygen atom and ren-
ders the phosphorus atom sufficiently electrophilic to bind the ketone substrate.
Overall, a ternary complex analogous to B, Scheme 11.2, is formed [16c]. Wills et
al. introduced hydroxy phosphoric amides such as 8a and 8b (Scheme 11.3) [16]
and Brunel, Buono, et al. prepared (o-hydroxyaryl)oxazaphospholidine oxides such
as 9 which afforded 84% ee in the reduction of w-chloroacetophenone [17]. With
the hydroxylated catalysts it is believed that a boronic ester, formed initially from
the catalyst and the borane, acts as the electrophilic binding site for the substrate
ketone, whereas the second, “reducing” borane molecule is coordinated to the
oxygen atom of the P=0 bond [16c].

The binaphthyl-derived phosphoramidites 10a and 10b have been used as cata-

Scheme 11.2
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Phosphoric amide catalysts for the borane reduction of ketones:

H, CHs Q
Y i:',/Ph

N7
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H, ,CHs|Q
. iy
N7 Et
H
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6a: R =Ph
6b: R = NMe,
\\"H 2
N Rz OH "
AL on
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R1

8a: R'= Ph, R2= Me
8b: R! = 4-MeO-Ph, R2 = Ph
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P—NEt P —NMe,
e e
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Some ketone substrates, catalysts and ees achieved:

0 0 o)
[
©)&C @cm /@*om OO CHs,
MeO

7a: 96 % ee (ref. 14)

8a: 92 % ee (refs. 16a,c)
8b: 94 % ee (ref. 16b)

9: 84 % ee (ref. 17)

Scheme 11.3

)

6a: 75 % ee (ref. 13a,b) 8b: 90 % ee (ref. 16b) 8b: 90 % ee (ref. 16b)
6b: 71 % ee (ref. 13a)

8a: 62 % ee (refs. 16a,c)

8b: 88 % ee (ref. 16b)

10a: 98 % ee (ref. 18)

10b: 96 % ee (ref. 19)

lysts in the asymmetric borane reduction of acetophenone by Tang et al. and Miil-
ler et al., respectively (Scheme 11.3). With THF+BH3; as reducing agent, 6 mol% of
the catalyst 10a afforded 1-phenylethanol in ca. 95% yield and with >98% ee [18].
Similarly, 5 mol% 10b gave almost quantitative yield and 96% ee [19].
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11.2
Borohydride and Hydrosilane Reduction in the Presence of Phase-transfer Catalysts

Compared with boranes, borohydrides are inexpensive and easy to handle. As early
as 1978 Colonna and Fornasier reported that aryl alkyl ketones such as aceto-
phenone can be reduced asymmetrically by sodium borohydride by use of an
aqueous—organic two-phase system and chiral phase transfer catalysts [20]. In this
study, the best enantiomeric excess (32%) was achieved when pivalophenone (11)
was reduced in the presence of 5 mol% benzylquininium chloride (12) (Scheme
11.4) [20]. Other chiral phase-transfer catalysts, for example ephedrinium salts,
proved less effective.

(0] HO H

] 5 mol-% catalyst 12 A
©)J\t Bu 0.6 eq. NaBH,4 ©/<t Bu

1 95 %, 32 % ee

Scheme 11.4

Almost twenty years later, Lawrence et al. reported that benzylquininium fluo-
ride 13a, prepared from commercially available 12 by ion exchange, is an active
and selective catalyst in the reduction of acetophenone (1) with triethoxysilane
(51% ee; Scheme 11.5) [21].

The enantioselectivity achieved was highly dependent on the substituent present
on the quaternary nitrogen atom of the quinine nucleus. For example, the 4-nitro-
benzylammonium salt 13b afforded a slightly increased ee (53%), whereas the 4-
CF;-substituted catalyst 13c gave an almost racemic product (Scheme 11.5) [21].
When the pseudo-enantiomeric quinidine salt 14 was used the enantiomeric phe-
nylethanol was obtained with slightly higher ee (62%). Further studies on the
range of substrates and catalysts revealed that the aryl substituent in the substrate
ketone is crucial for good enantioselection, and that increasing the steric bulk of
the alkyl substituent improves the ee (65% for both phenyl ethyl and phenyl iso-
propyl ketone). Polymethylhydrosiloxane (PMHS), an inexpensive and readily avail-
able hydrosilane, is a very active reducing agent under the reaction conditions stud-
ied, but ee are low. On the other hand, tris(trimethlysiloxy)silane gave best enantio-
selectivity (78% ee in the reduction of acetophenone using 14 as the catalyst). The
authors also noted that N-benzylquininium hydroxide afforded almost the same
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Q HO_ H
10 mol-% catalyst13a o
H H
©)J\C 3 1.5 eq. (Et0)5SiH ©/<C 3
1 quant., 51 % ee
R
| HsCO |
®
HaCO N OHHT 1®
3 N\ @ N “, N
~OH F | — £©
=% 13aR=H N& 14
\ / 13b: R = N02
N 13c: R = CFy up to 78 % ee using (TMSO)3SiH

as the hydride source (ref. 21)
Scheme 11.5

enantioselectivity as the fluoride 13a. This result is interesting preparatively, but
throws some doubt on the assumption that a hypervalent fluoride—alkoxide hydro-
silicate anion is the active reducing agent [21].

11.3
Reduction with Hydrosilanes in the Presence of Chiral Nucleophilic Activators

In the phase-transfer processes discussed in Section 11.2 it is assumed that the
anionic hydride source, i.e. borohydride or a hypervalent hydrosilicate, forms an
ion-pair with the chiral cationic phase-transfer catalyst. As a consequence, hydride
transfer becomes enantioselective. An alternative is that the nucleophilic activator
needed to effect hydride transfer from a hydrosilane can act as the chiral inducer
itself (Scheme 11.6).

In 1988, Hosomi et al. established that hydride transfer from hydrosilanes can
be rendered enantioselective by using chiral anionic activators such as the di-
lithium salts of the diol 15 or of phenylalaninol 16 (Scheme 11.6) [22]. In the pres-
ence of stoichiometric amounts of the dilithium salt of 15, isobutyrophenone was
reduced by trialkoxysilanes with 69% ee, whereas 40 mol% of the corresponding
salt of 16 was sufficient to effect reduction of acetophenone with 49% ee [23].

Kagan and Schiffers carefully studied the effect of the lithium salts of BINOL
(17) and related axially chiral binaphthols on the reduction of a variety of ketones
with trialkoxysilanes [24]. They found that diethyl ether, with TMEDA as an ad-
ditive, was the best solvent for asymmetric reduction of ketones. In the pres-
ence of 5 mol% of the monolithium salt of BINOL (17), acetophenone (1) could
be reduced with trimethoxysilane in 80% yield and with 61% ee. Enantiomeric
excesses > 90% were achieved under the same conditions with 2’4’ 6'-trimethyl-
acetophenone (18) or o-tetralone (19) as substrates. Aliphatic ketones such as
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(0]
chiral anionic ) )J\ RO ©
i activator RCI). -OR Ph™ "CH, H., | .OR
(RO)3SIH ——————= H—Sl‘\ —_ Ph /’SI\
R*-Oe R~0O OR substrate >:O | “OR
ketone HsC R*O
\ /
_ RO o
H_ O-Si(OR)3 o pnH T oRm
Ph><CH * RO Jo-siy
3 HsC | “OR
silylated product R™O
alcohol
chiral activators: OO
HO
. L__OH OH
CC
15 16 17
Hosomi et al., refs. 22,23 Kagan et al., ref. 24
o Ho, H
5 mol-% mono-Li-salt of 17 "
CHs 1 eq. (MeO)sSiH ©/<cHs
1 ether/TMEDA 30:1, 0 °C
up to 96 %, up to 70 % ee
other substrates:
CH; O O O
0= ) I, J O
HaC CHs HsC Ph R
21a: R=CHj3
18; 57 %, 90 % ee 19; 39 %, 93 % ee 20; 74 %, 46 % ee 21b: R=CF3

Scheme 11.6

4-phenyl-2-butanone (20) gave lower ee (46%), and racemic mixtures were ob-
tained from benzophenones 21a,b (Scheme 11.6) [24].

It should finally be mentioned that asymmetric reduction of prochiral ketones in
chiral reverse micelles has also been attempted. Zhang et al. employed surfactants
derived from ephedrine and achieved enantiomeric excesses up to 27% [25].
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Conclusions

At the current stage of development of transition metal-free catalytic reductions the
Corey—Bakshi-Shibata (CBS) method is the most widely applied procedure and
affords excellent results for a wide range of ketone substrates. Substrates that can
bind to metal ions and can thus inhibit transition metal catalysts are well tolerated
by the CBS method, a typical advantage of transition metal-free catalytic methods.
Borane reductions catalyzed by phosphoric amides also seem to have great poten-
tial. Recent years have seen remarkable improvement of the latter catalysts, and
enantiomeric excesses > 95% have been achieved. Both oxazaborolidine and phos-
phoric amide catalysts are of similar ready availability, but activity and selectivity
are still higher for the former. An attractive feature of organocatalytic carbonyl
reductions with silanes and, in particular, boranates is their even greater experi-
mental simplicity. Significant potential for improvement can thus be seen in the
further development of chiral activators or chiral phase-transfer catalysts for these

purposes.
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12
Kinetic Resolution of Racemic Alcohols
and Amines

121
Acylation Reactions

This chapter covers the kinetic resolution of racemic alcohols by formation of es-
ters and the kinetic resolution of racemic amines by formation of amides [1]. The
desymmetrization of meso diols is discussed in Section 13.3. The acyl donors em-
ployed are usually either acid chlorides or acid anhydrides. In principle, acylation
reactions of this type are equally suitable for resolving or desymmetrizing the acyl
donor (e.g. a meso-anhydride or a prochiral ketene). Transformations of the latter
type are discussed in Section 13.1, Desymmetrization and Kinetic Resolution of
Cyclic Anhydrides, and Section 13.2, Additions to Prochiral Ketenes.

The organic acylation catalysts currently known are tertiary amines, N-heteroar-
omatic compounds (for example pyridine derivatives), or phosphines; they can be
of central, planar, and axial chirality. Finally, small peptides carrying N-methylhis-
tidine as the catalytically active subunit have also been employed; they also will be
discussed in this chapter.

The kinetic resolution of racemic alcohols is probably the most intensively
studied aspect of organocatalysis, and its beginnings can be traced back to the
1930s [2, 3]. In these early attempts naturally occurring alkaloids such as (—)-
brucine and (+)-quinidine were used as catalysts. Synthetic chiral tertiary amines
also were introduced and examined, and enantiomeric excesses up to ca. 45% were
achieved up to the early 1990s [4, 5].

Significantly higher selectivity was reported for the first time in 1996 by Vedejs
et al. using either the C,-symmetric phosphines 1-4 [6, 8] (Scheme 12.1) or the
bicyclic systems 5 (Scheme 12.2) [7, 8]. For example, selectivity factors in the range
12-15 were observed when phosphine 2a was used in the acylation of aryl alkyl
carbinols with 3-chlorobenzoic anhydride (Scheme 12.1).

The chiral bicyclic phosphines 5 (and in particular 5a [7b]) are currently the
most active phosphorus-based acylation catalysts, enabling use of low reaction tem-
peratures. Under these conditions (i.e. —40 °C) selectivity factors as high as 370-
390 were achieved (Scheme 12.2). This is the best selectivity factor ever reported for
metal-free, non-enzymatic kinetic resolution. As a consequence, very good enantio-
meric purity of both the isobutyric esters 7 and the remaining alcohols 6 was ob-
tained, even at substrate conversions approaching 50% (Scheme 12.2) [7, 8].

Asymmetric Organocatalysis. Albrecht Berkessel and Harald Groger
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30517-3
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HsC.,
HaC M

HC 7

2a: R = Me HsC
1 2b: R=Et 3 4
2c: R =i-Pr
(@) R

b

OH H, PH 0,

I

R
< —PPh; P
P-Ph P-Ph E:[ \CHs
PPhy P J CHs
R

tBu catalyst2a (16 mol-%) tBu ©/<t.BU
(R-CO),0 (2.5 eq.)

CHQC'Q, r.t.
R: 3-chlorophenyl 29 % ee 81 % ee
at 25 % conversion
Scheme 12.1
HsC CHs P
catalyst: 5a: R' = 3,5-di-+-Bu-Ph
< 5b: R'=Ph
| CH
H 3 o
CHs
OH catalyst5 (2-12 mol-%) OH O)K(
A - At AL CH
Ar R (-PrC0),0 (2.5 eq.) Ar R Ar R
rac-6 heptane 6 7

6,7Ar 6,7R T[°C] Catalyst(mol-%) Conversion[%] %ee6 %ee7

S

Ph Me i 5a(4) 42 62 84
Ph Me -20 5a(2.5) 29 38 93

Ph  nBu rt 5a(4) 39 54 83

Ph  nBu -40 5a(4) 51 93 87

Ph  tBu rt 5b(4) 53 89 79

Ph  tBu -40 5b(5) 46 79 93
2-Tolyl  Me rt 5a(3) 44 72 90
2-Tolyl  Me -40 5a(4) 50 95 95
Mesityl  Me rt 5a(4) 40 53 79
Mesityl  Me -40 5a(12) 44 79 99
1-Naphthyl Me rt 5a(3) 42 66 90
1-Naphthyl Me -40 5a(4) 30 41 97

22
42
18
57
24
67
39

145
15

370-390
41
99

Scheme 12.2
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Later, the chiral bicyclic phosphine catalyst 5a was also used for kinetic resolu-
tion of allylic alcohols with isobutyric anhydride [8, 9]. The best results were ob-
tained for trisubstituted allylic alcohols — selectivity factors ranged from 32 to 82
at —40 °C.

The Vedejs group also reported the centrally chiral DMAP derivatives 8 and 9
[10, 11].

NMe
. NMe, Cle 2
cl N N
| Cﬁ/ +Bu CH | Cﬁ/ +Bu
sC. CHs CH% z
P OMe OBn
C|3C/<O/§O 0 0
8 CHj 9

These chiral acyl donors can be used for quite effective kinetic resolution of
racemic secondary alcohols. For example, enantiomeric aryl alkyl ketones are es-
terified by the acyl pyridinium ion 8 with selectivity factors in the range 12-53
[10]. In combination with its pseudo-enantiomer 9, parallel kinetic resolution was
performed [11]. Under these conditions, methyl 1-(1-naphthyl)ethanol was resolved
with an “effective” selectivity factor > 125 [12]. Unfortunately, the acyl donors 8
and 9 must be preformed, and no simple catalytic version was reported. Further-
more, over-stoichiometric quantities of either MgBr, or ZnCl, are required to pro-
mote acyl transfer. In 2001, Vedejs and Rozners reported a catalytic parallel kinetic
resolution of secondary alcohols (Scheme 12.3) [13].

ch \\'H H3C \COH
R|>oH S| H
racemic mixture
of starting alcohols
CH; O O
(e} (0]
11
/\O)J\t-Bu 85-90 % conversion HaC CHs
ChiroCLEC (10) phosphine 5a
(0]
O
Hee 1 O HsC s
R0 >tBu S H
R-enantiomeric ester S-enantiomeric ester
in solution, 94-97 % ee bound to solid support, 91-93 % ee

Scheme 12.3
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This quite remarkable process is based on simultaneous use of an insoluble li-
pase (ChiroCLEC, 10, Scheme 12.3) and vinyl pivaloate for conversion of one enan-
tiomer (R) of the substrate alcohol and of the solid-phase-bound anhydride 11 in
combination with the phosphine 5a for the conversion of the other enantiomer
(S). This system meets the requirement that the soluble acyl donor (vinyl pivaloate)
does not cross-react with the soluble catalyst (phosphine 5a). After completion of
the reaction the solid-phase-bound (S) enantiomer can easily be separated from
the (R) product which remains in solution. As summarized in Scheme 12.3, this
three-phase system affords remarkable yields and enantiomeric purity of the acy-

lated alcohols [13].

Other centrally chiral amine catalysts reported for kinetic resolution of alcohols
include the (S)-prolinol-derived dihydroisoindolines 12a,b (Scheme 12.4), devel-

N [ A n-cHs
catalysts: ’I\l H 12a |I\l H 12b
CH3 CHs
OH
OH
racemic ( @’ /?\H
substrates: u, n,
"R “Br R CHs
13 14 15
/g" catalyst 12a (0.3 mol-%) /(a" . ?'BZ
R OR (BzCl (0.75 eq.) EtsN (0.5 eq.) R OR R R
rac-13,14or15 4 AMS, CHuClp, -78 °C 13,140r15 16,17 0r 18
Yield (ee) of Yield (ee) of s
Substrate 13, 14 or 15 [%)] 16, 17 or 18 [%]
rac-13a (n = 2; R = Ph) 49 (96) (1S, 2R) 48 (95) (1R, 2S) 160
rac-13b (n = 1; R = Ph) 45 (89) (1S, 2R) 42 (88) (1R, 2S) 37
rac-13c (n = 4; R = Ph) 44 (95) 47 (79) 88
rac-13d (n = 2; R= CO,Et) 46 (85) 46 (90) 27
rac-13e (n =2; R=CO,i-Pr)  48(84) 46 (90) 27
rac-13f (n = 2; R = Br) 47 (96) (1S, 28) 39 (95) (1R, 2R) 130
rac-14 46 (97) (18, 28) 43 (91) (1R, 2R) 170
rac-15a (R = Ph) 43 (69) (S) 41 (67) (R) 9
rac-15b (R = 2-tolyl) 45 (82) 49 (78) 20
rac-15¢ (R = Bn) 49 (46) (S) 39 (51) (R) 4

Scheme 12.4
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oped by Oriyama [14], the chiral DMAP analog 19a of Fuji and Kawabata [15],
and the o-methylproline derivative 19b of Campbell et al. (Scheme 12.5) [16]. The
Oriyama catalyst 12a is quite remarkable in that it can be applied at very low load-
ings (0.3 mol%) and still affords excellent selectivity (selectivity factors up to 170,
Scheme 12.4). The related catalyst 12b was also shown to differentiate between
enantiomeric alcohols quite effectively (e.g. rac-13a, 5 mol% catalyst 12b, selectivity
factor 200). Because 12a is significantly more reactive, however, in practice catalyst
loadings can be kept lower than for 12b.

The DMAP derivative 19a was tested for kinetic resolution of a variety of mono
esters of cyclic cis diols (rac-20a—i) (Scheme 12.5) [15]. Catalyst 19a afforded selec-
tivity factors up to 12.3 and highly enantioenriched mono esters 20 with conver-
sions of 65-73%. For this type of reaction the selectivity of the Campbell catalyst
19b was similar (selectivity factor 13.2, Scheme 12.5) [16a]. The latter catalyst was
identified by screening of a 31-mer library prepared from the parent N-(4-pyridyl)-
a-methylproline and a variety of amines [16a]. The solid-phase-bound forms of
N-(4-pyridyl)-a-methylproline, as reported by Anson et al. [16b], are easily recy-
clable acylation catalysts affording selectivity factors up to 11.9 in the kinetic
resolution of the secondary alcohol rac-20b (Scheme 12.5). In the kinetic resolution
of N-acylated amino alcohols, selectivity factors up to 21 were achieved by use of
the Kawabata—Fuji catalyst 19a, and up to 18.8 by use of the Campbell system
19b (Scheme 12.5) [15, 16a].

Quite efficient nucleophilic catalysts with planar (21a—c) and axial (22a-d) chir-
ality were recently developed by Fu et al. [17-22] and Spivey et al. [23-25]. The
ferrocene-derived catalysts developed by Fu (21a—c) were first tested in the kinetic
resolution of aryl alkyl carbinols with diketene as the acyl donor.

NMe, NMe,

327

CH,OTES
=k TS =
| —N | —N |

HsC_ Fe CHg Fe

Hs 3 Ph Ph
HsC CHa Hsc’Q\CHs Ph/Q\P
CHg CHg Ph
21a Fu's catalysts 21b 21
H3C
(o
22a: R =Me
22b: R =Ph O CH3

Spivey's catalysts HsC
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catalysts: racemic
7 substrates:
C OH .OH
N HE CH3 (@\
@ fj ““OCOR
SN 19a rac-20
OH OCO-/-Pr
catalyst 19a,b (5 mol-%) S +
rac20 T pC0),0 (0.7 - 1.4 69 @ _ (
toluene, rt 20 OCOR OCOR
Substrate Catalyst Conversion of ee of
rac-20 [%] remaining 20 [%)]
rac-20a (n = 2; R = tBu) 19a 68 94 8.3
rac-20b (n = 2; R = 4-Me,NCgH,4) 19a 65 97 12.3
rac-20b (n = 2; R = 4-Me,NCgH,4) 19b 62 95 13.2
rac-20c (n = 1; R = 4-MeoNCgHy) 19a 71 97 8.3
rac-20d (n = 3; R = 4-MeoNCgHy4) 19a 70 92 6.5
rac-20e (n = 4; R = 4-MeoNCgHy) 19a 73 92 5.8
Kinetic resolution of acylated amino alcohols using the catalysts 19a and 19b:
R2IOH catalyst 19a,b (5 mol-%) RA._OH R?._~O-CO-i-Pr
+
-PrC0),0 (0.6-0.7 eq. I j
RIZSNHRS )20 %) NH-R3 R'”“NH-RS
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O

",
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NH-R NH-R
catalyst 19a: s > 12 catalyst 19a: s > 18
catalyst 19b: s = 18.8

o .
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NH-R

NH-R
catalyst 19a: s = 17
catalyst 19b: s =9

Scheme 12.5
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-, CH,OTES

—N
HsC. Fe CHs

>

HsC CH3
CH3 catalyst 21a

10 mol-% 21a H, ,OH RO, H
+ benzene, r.t. CHa . CHs
s=37

O
o}
o O 53 % ee at 58 % conversion
R: RA CH3
O
o

OH
CHs
OH 10 mol-% ent-21a
+ benzene, r.t.
O CHs s=6.5

87 % ee at 67 % conversion

Scheme 12.6

High reactivity was observed for 21b, and 21a was found to be the most selective.
In the presence of 10 mol% 21a selectivity factors as high as 6.5 were observed
with racemic 1-(1-naphthyl)ethanol as substrate (Scheme 12.6) [18]. The TBS ana-
log of 21a was found to be good catalyst for asymmetric addition of methanol to
a variety of prochiral aryl alkyl ketenes [18]. The catalytic asymmetric addition of
achiral alcohols to prochiral ketenes is discussed in Section 13.2.

Later studies focused on the planar chiral DMAP derivative 21c as catalyst and
use of acetic anhydride as an inexpensive and readily available acyl donor [19].
Under these conditions (2 mol% catalyst loading, r.t.) kinetic resolution of several
racemic alcohols could be achieved with selectivity factors up to 52 (Scheme 12.7).
As a consequence, enantiomerically highly enriched alcohols (> 95% ee) could be
obtained at conversions only slightly above 50%.

Significant further improvement of this process resulted from solvent screening.
It was found that acylations proceed faster and with even higher selectivity in tert-
amyl alcohol [20]. Scheme 12.8 illustrates the impressive performance of this easy-
to-handle kinetic resolution which works almost perfectly even at catalyst loadings
as low as 0.5 mol% [20].

As summarized in Schemes 12.9 and 12.10, kinetic resolution of propargylic [21]
and allylic [22] alcohols work equally well. The DMAP—ferrocene hybrid 21c was
also used for kinetic resolution of racemic diols and for the desymmetrization of
meso diols [20]. These two applications are discussed in Section 13.3.

The axially chiral DMAP derivatives 22a—d were developed by Spivey et al. [23—
25]. In these catalysts the chiral axis is positioned meta to the pyridyl nitrogen
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NMe,
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Ph. F€ Ph
Ph Ph

Ph catalyst21c

OH o O

2 I-% 21 H. AcO.
o, NN Emoezie | H PR A0S

2
R®  HC™ "O" "CHs  NEg B0, rit.
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R': aryl, vinyl; R%: alkyl

Remaining alcohol Conversion of ee of
(major enantiomer) racemate [%] remaining alcohol [%]
H, ,OH R3=Me:R*=H 62 95.2 14
> oo
R3=EtR*=H 62 98.8 20
R4
R3=iPr;R*=H 55 97.7 36
R =tBu;R*=H 51 92.2 52
R3=CH,CI;R*=H 69 98.9 12
R®=Me; R*=F 64 99.2 18
R®=Me;R*=0Me 60 94.5 22
H, ,OH R®=H 67 99.1 14
Ph/\/<CH3 5
RS R°> = Me 61 99.0 22

63 99.7 22

Scheme 12.7

atom. The rationale behind this type of structure is to maintain the high reactivity
of unsubstituted DMAP and thus to enable use of low reaction temperatures and
high selectivity. As shown in Scheme 12.11, selectivity factors less than ca. 5 were
observed in initial experiments with the azaindolines 22a—c [23, 24]. When the
N,N-diethylpyridine catalyst 22d (Scheme 12.11) was used, however, selectivity fac-
tors up to 29 were achieved. In the resolution of 1-(1-naphthyl)ethanol with isobu-
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NMe,
-
T
ph. FE Ph
Ph Ph

Ph catalyst21c

OH o0 O

o H, .,
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R': aryl; R?: alkyl

Remaining alcohol Conversion of ee of
(major enantiomer) racemate [%] remaining alcohol [%]
H ,OH R®=Me;R*=H 55 99 43
. o
R®=tBu;R*=H 51 96 95
R4
R3®=CH.C;R*=H 56 98 32
R3 = Me; R4 =F 54 99 68
53 99 71
52 95 65

Scheme 12.8

tyric anhydride in toluene at —78 °C the (R)-ester could be obtained with an ee of
91% [25].

Jeong, Kim et al. reported use of the chiral DMAP derivative 22e, which was
synthesized from 3-amino-DMAP, Kemp's triacid, and N-acetyl-2,2’-diamino-1,1'-
binaphthyl [26]. As summarized in Scheme 12.11, selectivity factors up to 21 were
observed with 1 mol% modular catalyst 22e in the kinetic resolution of a variety of
secondary alcohols with acetic anhydride in tert-amyl alcohol as solvent, conditions
first described by Fu et al. [20].

In addition to phosphines and pyridines, N-alkylated imidazoles are also known
to act as a nucleophilic catalysts in acylation reactions [1]. In the approach by
Miller et al. short oligopeptides incorporating N-alkylhistidine derivatives were
used as enantioselective acylation catalysts [27]. The design of, e.g., the tripeptide
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NMeg
-
= |
ph. F2 Ph
Ph Ph
Ph catalyst21c
OH
) 1-2.5 mol-% 21c ,HO H  H JOAc
3 Rt *+ AcO - R R D R
| NEtg, t-amyl alcohol, 0 °C | + |
R3” “R? RS~ “R* R3” “R*

Conversion of ee of

Substitution pattern racemate [%] remaining alcohol [%]

R'=R%2=Me; R®=Ph; R*=H 53 98 80
R'=Me; R2=H; R®=Ph; R*=H 54 99 64
R'=iPr;R2=R%=R*=Me 59 99 29
R'=/iPr;R®=nBu;R®=R*=H 55 94 25
R'=iPr;R2=H; R®=R*=Me 60 97 18
R'=iPr;R2=Me; R®=R*=H 58 93 17
R'=iPr;R2=Ph;R3=R*=H 59 93 14
R' = n-pentyl; R = H; R® = R* = Me 66 97 12
R'=Et;R2=Me; R®=R*=H 63 93 11
R'=R2=iPr;R®=R*=H 63 92 10
R'=iPr;R2=H; R®=n-Pr; R*=H 75 92 5.4
R'=iPr;R2=H; R®=H; R*=n-Bu 73 90 5.3
R' = n-pentyl; R2 = -Pr; R®R=R*=H 77 90 47

Scheme 12.10

23a [28] and the tetrapeptide 23b [29] (Scheme 12.12) incorporates an N-alkylated
and catalytically active His derivative, a Pro—Aib sequence to induce proper folding-
back of the catalyst, and further elements of chirality (phenethylamine in 23a and a
fourth amino acid in 23b).

The design of the peptide implies that interaction of the catalyst with its sub-
strate relies heavily on hydrogen bonding. Initial studies indeed revealed that, in
particular, N-acyl amino alcohols such as 25 and ent-25 were efficiently differenti-
ated whereas both enantiomers of 1-(1-naphthyl)ethanol were acetylated at identi-
cal rates [28]. Catalyst 23b, shown in Scheme 12.12, was the most efficient from a
series of ten peptides. For best performance, proper matching of the sense of chir-
ality of all three chiral amino acids is necessary, and the type of amino acid present
at the carbon terminus enables further tuning (for example, 1-Phe was found to be
better than, e.g., 1-Val, selectivity factor 21) [29].
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The Spivey-catalysts 22a-d and the Jeong-Kim-catalyst 22e:

HsC
)
O MeoN
ON O NHR
W, s
HsC CHj
22a-c 22¢:R= O CH, 22d HaC
22a: R = Me 22e
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1,1'-binaphthyl
R3
1/?\H + )OJ\ j)\ 1 mol-% catalyst H_}<OH e O/<H
R'™ "R? R®7"O7 °R° NEts, toluene, -78 °C R “R? R “R?
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Substrate c Conversion of ee _01_‘ ee of
) ’ atalyst  racemate remaining ester S
acylating agent (%] alcohol [%] %]
R'=Ph; R?=R®=Me 22a 35.0 9.1 19.6 15
R'=Ph; R2=R%=Me 22b 26.0 11.6 33.0 2.2
R' = Ph; R? = j-Pr; R® = Me 22e 77 99 31 8.1
R' = 1-naphthyl; R? = R® = Me 22b 18.3 9.0 40.1 25
R' = 1-naphthyl; R? = R® = Me 22¢ 17.6 13.1 612 47
R' = 1-naphthyl; R? = R® = Me 22e 72 98 38 8.3
R' = 1-naphthyl; R? = t+Bu; R®=Me  22e 63 95 57 12.4
R' = 1-naphthyl; R? = Me; R® = i-Pr  22d 17.2 18.6 89.3 21
R' = 1-naphthyl; R? = Me; R3= -Pr  22d 22.3 26.3 914 29
R' = Ph; R? = Me; R® = i-Pr 22d 39.0 46.9 78.1 13
R' = o-tolyl; R = Me; R = i-Pr 22d 41.4 60.7 86.0 25
R' = Ph; R? = +-Bu; R3 = i-Pr 22d 17.5 18.8 88. 20
R' = Ph; R = +Bu; R® = Me 22e 59 90 64 13.3
trans-2-phenylcyclohexanol; R® = Me  22e 62 99 62 21.0

Scheme 12.11
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Scheme 12.11 (cont.)

Kawabata et al. found that peptides 24a—c containing a 4-pyrrolidinopyridine
(PPY) unit afford selectivity factors in the range 5.6-7.6 in the kinetic resolution
of the N-acylated amino alcohol rac-26 with iso-butyric anhydride (Scheme 12.12)
[30]. In further studies by Miller et al. the octapeptide 27 was identified as even
more enantioselective [31]. As shown in Scheme 12.13, selectivity factors as high
as 51 were achieved.

The modular structure of peptides and the well-established methods for their as-
sembly enable the rapid synthesis of many structurally diverse catalyst candidates.
For rapid screening of these Miller et al. developed the indicator 28 which becomes
fluorescent on protonation (Scheme 12.14). In other words, catalyst candidates are
usually incubated with acetic anhydride, the proton sensor 28 [32], and the two in-
dividual substrate enantiomers in separate microtiter plates. A related assay based
on pH color indicators was developed by Davis et al. [34D].

Substrate acylation/liberation of acetic acid from the acylating agent results
in fluorescence of 28, and the relative rate of fluorescence increase is equal to
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Miller-catalysts 23a,b:

(e}
Hsc.; CHs H HqHS CHg
7 N 2 N—=%
N""HH O N" 0
BOC-NH._A HNX.CHS BOC-NH._AK, O HN H
i ph H H
~ (0]
N =
N Ton 7 oo,
= Hae™ N7
tripeptide 23a S tetrapeptide 23b
HO_’ NHAc HO NHAc
25 * ent-25
racemic mixture
5 mol-% catalyst 23a 2-5 mol-% catalyst 23b
Aco0, Acy0,
toluene, 0 °C toluene, 25 °C
AcO_’ NHAc HO NHAc AcO,’ NHAc
) . recovered ent-25, major product
major product enantiomer 98 % ee at enantiomer,

73 % ee at
58 % conversion

84 % ee at 10 % conversion 58 % conversion

s=12.6 s=28

Kawabata-Fuji-catalysts 24a-c:

e
(@]

N
=
|

N

HO,
s=7.6
E
racemic mixture

Scheme 12.12
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racemic substrates:

_H H Hs cHg
|( HO
o:{ | ~NHAc s=27
L-\|/a| L-Leu
L-val L-val HO,  NHAc
NH L-Val \ s =51
|
T\ HO
Nz NHAc

HsC”
octapeptide 27
Scheme 12.13

ACzo,

R-OH R-OAc
catalyst,
solvent
N
o non-
fluorescent
OCHs OCH3z fluorescent
O’ 1 HOBoH,
Mo
BOC- NH\/& HN HO  NHAc

N&K *\NH O @
\\/N\ T,
CHs H/g:O s=46

HaCO

pentapeptide 29
Scheme 12.14
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the selectivity factor. By use of this method peptides 29 and 30 were identified from
a 60-mer library comprising tetrapeptides and pentapeptides [35]. Whereas 29 dis-
tinguishes between the enantiomers of trans-2-acetaminocyclohexanol with a selec-
tivity factor of 46 (Scheme 12.14), the pentapeptide 30 enables kinetic resolution of
a series of tertiary alcohols with selectivity factors up to >50 (Scheme 12.15) [35].
racemic substrate alcohols
OH NHAc
HsC
R
R s (temp. [°C])
HH
N Ph 20 (4); 40 (-23)
BOC- NHV& o HN H 4-Me-Ph 22 (4); > 50 (-23)
— 4-NO,-Ph 15 (4); 32 (-23)
N\V
NN, 1-naphthyl 14 (4); 40 (-23)
H o
H,CO 5,6,7,8-tetrahydro- 20 (4); 39 (-23)
2-naphthyl
pentapeptide 30
cyclohexyl 9 (4); 19 (-23)

Scheme 12.15

All the peptide catalysts discussed are selective for alcohol substrates that carry
additional hydrogen bonding substituents (for example NHAc). In their search for
catalysts that distinguish non-H-bonding substrates (for example 1-phenylethanol)
Copeland and Miller screened a highly diverse 7.5 x 10%-mer split-and-pool library
of solid-phase-bound octapeptides, using the “sensor on the bead” method [33
36]. Further optimization using a directed split-and-pool library afforded catalyst 31
which enables kinetic resolution of rather diverse “non-H-bonding” secondary al-
cohols with good to excellent (> 50) selectivity factors (Scheme 12.16).

By screening in solution Miller et al. identified the pentapeptide 32 as a catalyst
for kinetic resolution of the alcohol rac-33 (selectivity factor 27, Scheme 12.17). rac-
33 was an intermediate in their synthesis of enantiomerically pure mitosane 34
[37].

For all the substrates discussed so far the peptide catalysts employed had to dif-
ferentiate between enantiomeric substrate molecules. Miller et al. subsequently
screened peptide libraries for members able to selectively functionalize enantio-
topic hydroxyl groups of meso inositols. In particular, they were able to convert
myo-inositol 35 to either monophosphorylated p-myo-inositol-1-phosphate 37 or -
myo-inositol-3-phosphate ent-37 in high yield and excellent ee (98%; Scheme
12.18) [38, 39]. This remarkable result was achieved by use of either of the penta-
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CH CH
R R R = OCHj4
R=F
OH OAc
©)\t-su ©/kt-Bu
OH OAc
o O
OH OAc
CH3 CH3
OH OAc
CHg CHg
OH OAc
H3C CHs H3C CHS
OH OAc
Ph

(trans)

20
16
11

30

> 50

8.2

4.0

> 50

Scheme 12.16

339



340

12 Kinetic Resolution of Racemic Alcohols and Amines

pentapeptide 32 H3CO

o oH
L

N
BOC 33

from rac-33 using catalyst 32 (s = 27)
Scheme 12.17

peptides 38 or 39 as catalyst. In other words, peptides 38 and 39 are highly selective
and complementary low-molecular-weight kinase mimics whereas the peptide
catalysts already discussed have acylase activity. It is, furthermore, interesting
to note that the opposite enantioselectivity of catalysts 38 and 39 could hardly
have been predicted on the basis of the type and sequence of the amino acids
involved.

Catalytic kinetic resolution of amines has been a typical domain of enzymatic trans-
formations. Attempts to use low-molecular-weight catalysts have notoriously been
frustrated by the rapid uncatalyzed background reaction of the amine substrate
with the acyl donor [40]. The first solution to this problem was recently developed
by Fu, who used the planar chiral catalyst 21d and O-acyl azlactone 40 as the acyl
donor (Scheme 12.19) [41]. In this process, the acyl transfer from the azlactone 40
to the nucleophilic catalyst 21d is rapid relative to both direct transfer to the sub-
strate and to the transfer from the acylated catalyst to the substrate amine. Under
these conditions, which implies use of low reaction temperatures, selectivity factors
as high as 27 were achieved (Scheme 12.19) [41].

Conclusions
Recent years have seen enormous advances in the field of catalytic asymmetric

acylations. Most of the work has been devoted to the kinetic resolution of racemic
alcohols. For this application the most efficient catalysts currently available are
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.l 4;‘?3

O
BOC-NH O HN
>/-7NH O
_ N \// tB (6] O-t-Bu
H3C U CH3 OCHs OCHs
pentapeptide 38 pentapeptide 39

2 mol-% catalyst 38 2.5 mol-% catalyst 39
CIPO(OPh),, NEt3 CIPO(OPh),,
toluene, 0 °C toluene, 25 °C

OH OH

65 %, >98 % ee 56 %, >98 % ee

i Li, NH3, THF i Li, NHz, THF

OPO3H,

OH 37,96 % OH ent-37, > 95 %
Scheme 12.18

the bicyclic phosphines introduced by Vedejs, the planar-chiral DMAP derivatives
developed by Fu, and the peptide catalysts introduced by Miller. High selectivity
has also been achieved with the chiral tertiary amine catalysts developed by
Oriyama. All of these nucleophilic catalysts are well suited to practical applications.

Practical selectivity is also achieved by use of the axially chiral DMAP derivatives of
Spivey.
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»

HsC CHs
CHz  catalyst21d
0]

I _cH, 0
0" >0
J_cH,

NH t-Bu R HN O
2 . /_ (6] 10 mol-% 21d H2N}<H . H/<
R1 R2 N ) ° R1 R2 R1 R2
2-naphthy! CHCl3, -50°°C
R': aryl ; R%: alkyl 40
substrate amines and s-factors:
NH2 CH3 NH2 NH2 NH2
CHs CHs CH; CHs
s=12 s=16 H3CO s=11 FsC s=13
NH, NH, O NH, o) NH,
H3CO
3 CHs Et O CHs HoN CHs

§=22 s=16 s=27 chexyl” >0 s=11

Scheme 12.19

It is especially worth noting that a method for non-enzymatic resolution of
amines by acylation has also been developed. It is hoped that selectivity factors and
ease of operation achieved in the kinetic resolution of alcohols will soon by possi-
ble with amines also.

12.2
Redox Reactions

Kinetic resolution relies on enantiospecific conversion of one enantiomer present
in a racemic mixture while the other remains unchanged (except for parallel
kinetic resolution in which both enantiomers are transformed but to different prod-
ucts). For secondary alcohols enantiospecific conversion might consist in oxida-
tion of one enantiomer to a ketone while the other remains unchanged (Scheme
12.20).



H2

chiral

12.2 Redox Reactions

R1 R2
oxidation
OH catalyst H “oH separation R1\<R2
+ R
o) H YoH
H,  ,OH
R! /<R2 R1)J\R2 pure
R enantiomer
racemic mixture
Scheme 12.20
Tab. 12.1
mol-% 87 Recovered alcohol ee (%) Conversion (%) S
0.5 81 69 5.0
1.0 98 87 7.1
1.0 73 58 6.8
1.0 89 70 6.0
1.0 64 58 5.1
1.0 57 59 3.9
0.5 57 56 4.5
OH
0.5 6Cahi” 3 41 22
CsHy1
o
0.5 HO CeHi; 19 58 1.5
2S, 3R
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Oxidation of alcohols to carbonyl compounds using the stable nitroxyl radical
TEMPO (41) as catalyst is a well-known preparative method [42, 43]. Hypochlorite
or peracetic acid is usually used as the final oxidizing agent and ca. 1 mol% of the
catalyst 41 is used. In 1996 Rychnovsky et al. reported the synthesis of the chiral,
binaphthyl-derived TEMPO analog 42 [44]. Table 12.1 lists the results obtained
with 0.5-1 mol% of catalyst 42 [44]. In these oxidation reactions 0.6-0.7 equiva-
lents of sodium hypochlorite were used as the final oxidizing agent (plus 0.1 equiv.
potassium bromide) in a two-phase system containing substrate and catalyst 42 in
dichloromethane at 0 °C. As shown, the best selectivity factors (> 5) were observed
for 1-phenylethanol and its derivatives as substrates.

CHj3 43

Whereas the chiral TEMPO analog 42 was used to resolve racemic secondary al-
cohols the p-fructose-derived ketone 43 [45] proved useful for oxidative resolution
of racemic diols (Table 12.2) [46, 47]. Persulfate in the form of Oxone, Curox, etc.,
serves as the final oxidizing agent, and the dioxirane generated from the ketone 43
is the chiral active species. Because of the relatively low conversions (except for the
unsubstituted dihydrobenzoin) at which the stated ee were achieved, the method
currently seems to be of limited practical value. Three equivalents of ketone 43
were typically used [46, 47].

Tab. 12.2

Starting racemic diol Conversion (%) Product hydroxy ketone ee (%)

R=H 51 65

R=CH; 12 61

R=F 31 69

R=Cl 11 70

R=Br 10 74

R=CN 6 75

44

OH 20
0} 69
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Conclusions

In principle, oxidative kinetic resolution of racemic alcohols can be achieved by
using chiral oxidation catalysts such as TEMPO derivatives or dioxiranes. The se-
lectivity achieved by use of these methods is, however, less than that observed in
acylation reactions (Section 12.1).
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13

Desymmetrization and Kinetic Resolution of
Anhydrides; Desymmetrization of meso-
Epoxides and other Prochiral Substrates

13.1
Desymmetrization and Kinetic Resolution of Cyclic Anhydrides

Most work on this subject is based on the use of alcohols as reagents in the
presence of enantiomerically pure nucleophilic catalysts [1, 2]. This section is sub-
divided into four parts on the basis of classes of anhydride substrate and types of
reaction performed (Scheme 13.1) — desymmetrization of prochiral cyclic anhy-
drides (Section 13.1.1); kinetic resolution of chiral, racemic anhydrides (Section
13.1.2); parallel kinetic resolution of chiral, racemic anhydrides (Section 13.1.3);
and dynamic kinetic resolution of racemic anhydrides (Section 13.1.4).

Desymmetrization of prochiral cyclic anhydrides: In the presence of the chiral
nucleophilic catalyst (e.g. A, Scheme 13.1, top) one of the enantiotopic carbonyl
groups of the prochiral (usually meso) cyclic anhydride substrate is selectively con-
verted into an ester. Application of catalyst B (usually the enantiomer or a pseudo-
enantiomer of A) results in generation of the enantiomeric product ester. Ideally,
100% of one enantiomerically pure product can be generated from the starting
anhydride. No reports of desymmetrizing alcoholyses of acyclic meso anhydrides
appear to exist in the literature.

Kinetic resolution of chiral, racemic anhydrides: In this process the racemic mixture
of a chiral anhydride is exposed to the alcohol nucleophile in the presence of a chi-
ral catalyst such as A (Scheme 13.2, middle). Under these conditions, one substrate
enantiomer is converted to a mono-ester whereas the other remains unchanged.
Application of catalyst B (usually the enantiomer or a pseudo-enantiomer of A)
results in transformation/non-transformation of the enantiomeric starting anhy-
dride(s). As usual for kinetic resolution, substrate conversion/product yield(s) are
intrinsically limited to a maximum of 50%. For “normal” anhydrides (X = CR;),
both carbonyl groups can engage in ester formation, and the product formulas in
Scheme 13.1 are drawn arbitrarily. This section also covers the catalytic asymmetric
alcoholysis of a-hydroxy acid O-carboxy anhydrides (X = O) and of o-amino acid N-
carboxy anhydrides (X = NR). In these reactions the electrophilicity of the carbonyl
groups flanking “X” is reduced and regioselective attack of the alcohol nucleophile
on the other carbonyl function results.

Parallel kinetic resolution of chiral, racemic anhydrides: The term parallel kinetic
resolution (PKR) implies that the two substrate enantiomers (Scheme 13.1, bottom

Asymmetric Organocatalysis. Albrecht Berkessel and Harald Groger
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30517-3
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13.1.1 Desymmetrization of prochiral cyclic anhydrides:

o}
catalyst A catalyst B
CICO2“ R-OH o R-OH CICOZR
CO.R COzH
o
prochiral anhydride
13.1.2 Kinetic resolution of chiral, racemic anhydrides:
O O
R'Y/< R'% R’ CO-R
2
v X~ T
T( catalyst A \\< catalyst B ~COzH
o R-OH L © R-OH
+ +

chiral, racemic anhydride

13.1.3 Parallel kinetic resolution of chiral, 13.1.4 Dynamic kinetic resolution of chiral,
racemic anhydrides: racemic anhydrides:
O
catalyst A
, O catalyst A R'\/( R-}(/)H R CO.R
R Rn Y
R-OH CO:R o
o X~ X~COH
CO-H o)
+ + catalyst B
. 0 catalyst B . (0]
R, R-OH R, ~COH R,
o — [ o
CO2R X
b B
chiral, racemic anhydride chiral, racemic anhydride
Scheme 13.1

left) are converted into different products in the course of the reaction, ideally at
identical rates [3]. If there is just one reaction partner, i.e. the alcohol nucleophile
R—-OH, the regioselectivity of attack on the two carbonyl groups is the only means
of generating chemically distinct products. The catalysts A and B can be enantio-
mers or pseudo-enantiomers. One chiral catalyst (A = B) might, however, effect
the conversion of both anhydride enantiomers to the isomeric products.



13.1 Desymmetrization and Kinetic Resolution of Cyclic Anhydrides

Dynamic kinetic resolution of racemic anhydrides: In this reaction catalyst A effects
the conversion of one substrate enantiomer to the product monoester while the
reactive substrate enantiomer is continuously regenerated by racemization of the
“unreactive” substrate enantiomer. A second catalyst (B, Scheme 13.1, bottom
right) is used to effect the latter racemization. In an ideal dynamic kinetic resolu-
tion (DKR) 100% of one product enantiomer is generated from the racemic sub-
strate; this makes this type of reaction highly desirable. This section covers in par-
ticular the DKR of o-hydroxy acid O-carboxy anhydrides (X = O) and of a-amino
acid N-carboxy anhydrides (X = NR). In these reactions attack of the alcohol nucle-
ophile occurs exclusively — as indicated in Scheme 13.1 (bottom right) — at the
more electrophilic carbonyl group, and both the alcoholysis and racemization steps
are effected by the same catalyst (A = B). The related dynamic kinetic resolution of
azlactones by ring-opening with alcohols is covered in Section 13.6.

13.1.1
Desymmetrization of Prochiral Cyclic Anhydrides

In the mid-1980s Oda et al. reported that of a series of alkaloids screened for cata-
Iytic desymmetrization of cyclic meso-anhydrides with methanol, (+)-cinchonine
(1) performed best [4—6]. As shown in Scheme 13.2, 10 mol% of this catalyst was

=
H3CO
N
H
catalysts: 5H
(+)-cinchonine, 1 (-)-quinine, 2
H3C (0] HsC,
Oda et al. 10 mol-% catalyst 1 CO.H
\ O -
(refs. 4.5) CH3OH, toluene, CO,CHs
HSC O r-t., 4 d H3C
4 5; 95 %, 70 % ee
HO
o}
Aitken et al. 50 mol-% catalyst 2
(refs. 7.8) o CH3OH, toluene, o CO,CH3
o O rt., 2h o
6 7,57 %, 76 % ee

Scheme 13.2
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=

H3CO

N

catalysts: H

OH

(-)-quinine, 2 (+)-quinidine, 3
cop 1ea O-auinine 2) /2’ 1.1 eq. (+)-quinidine (3)
G 2 3 eq. CH3-OH G o 3 eq. CHz-OH Q\\‘Cochs
“CO,CH3 toluene/CCly 1:1 ’\< toluene/CCly 1:1 “CO.H
-55°C, 60 h (0] -55°C, 60 h
meso anhydride

results summarized as: [catalysis by 2, ee(yield); catalysis by 3, ee(yield)] [%]
O H O
0o

8a [85(96); 85(95)] 8b [90(97); 84(96)]  8c [94(99); 87(93)] 8d [95(97) 93(99)]

H

bicyclic

meso-anhydrides: H z; z: H

8e [93(98); 87(91)] 8f [95(93); 93(99)] g [97(96); 94(97)]

endo-tricyclic
meso-anhydrides:
o O

9%a [99(98 );93(94)]  9b [94(84); 94(86)] 9c [96(99); 98(98)] 9d [95(95); 92(96)]

exo-tricyclic
meso-anhydrides:

9e [96(96); 87(91)] 9f [93(61); 75(71)] 99 [94(69); 93(79)]
Scheme 13.3
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sufficient to convert cis-2,4-dimethylglutaric anhydride (4) to its methyl hemi-ester
5 in almost quantitative yield and 70% ee. By using a variety of polymer-supported
quinine derivatives Oda et al. achieved up to 33% ee in the desymmetrization of
the glutaric anhydride 4 (Scheme 13.2) [6].

Related studies on meso tricyclic anhydrides were published in 1988 and 1990 by
Aitken et al. [7, 8]. Their best result was achieved in the methanolysis of the tetra-
cyclic anhydride 6 with (—)-quinine (2) as catalyst (Scheme 13.2; 57% yield of the
lactone ester 7 with 76% ee). The enantiomeric purity of the tricyclic lactone-ester 7
could be increased significantly (> 99% ee) by subsequent recrystallization in the
presence of (—)-quinine (2).

A very efficient and practical process for desymmetrization of meso-anhydrides
was reported by Bolm et al. in 1999 and in subsequent publications (Scheme
13.3) [9, 10]. In their approach, which is a further development and improvement
in the use of alkaloids as catalysts, (—)-quinine (2) or (+)-quinidine (3) in this case,
low reaction temperature and solvent optimization proved crucial to achieving op-
timum enantioselectivity. Under their conditions methanolysis of several meso
anhydrides (8a—g, 9a—g, Scheme 13.3) can be achieved in good yields and with ex-
cellent enantiomeric excesses in the presence of equimolar amounts of the inex-
pensive and readily available alkaloids 2 and 3 [9, 10].

As exemplified in Scheme 13.4, attack of the nucleophile methanol occurs uni-
formly at one or the other of the two enantiotopic carbonyl groups of the meso-
anhydride (affording the hemi-esters 10 and ent-10, respectively), depending on
whether (—)-quinine (2) or (+)-quinidine (3) is employed as catalyst.

The desymmetrizations performed by Bolm et al. were usually conducted at
—55 °C in a mixture of toluene and carbon tetrachloride. For best results, slightly
over-stoichiometric amounts of the alkaloids (1.1 equiv.) were used. The amount of
catalyst could, however, be reduced to 10 mol% when a stoichiometric amount of
the achiral and non-nucleophilic base 1,2,2,6,6-pentamethylpiperidine was added
[10]. Further improvement resulted from systematic screening of alcohol nucleo-

1.1 eq. catalyst 2 1.1 eq. catalyst 3
4 8 eq. CHyOH z _ 3€q.CHOH a
CO,H toluene/CCly 1:1 toluene/CCly 1:1 CO,CHs
CO2CHs -55°C, 60 h O 550, 60h COH
9a 0 O
10, 99 %, 98 % ee ent-10, 93 %, 94 % ee
=
HsCO HsCO

catalysts: bH

(-)-quinine, 2 (+)-quinidine, 3
Scheme 13.4
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philes. Benzyl alcohol was found to afford consistently high enantiomeric excesses
with both (—)-quinine (2) and (+)-quinidine (3) as catalysts (Scheme 13.5) [11]. In
addition, the crystallinity of many of benzyl mono-esters is advantageous in terms
of product purification. With benzyl alcohol as the nucleophile the desymmetriza-
tion reaction can be performed in pure toluene as solvent (i.e. without carbon tetra-
chloride) with identical or even better yields and ee [11].

The mono-esters thus prepared have been used by Bolm et al. for selective syn-
thesis of two-stranded peptidic structures with parallel arrangement of the peptide
strands [12]. They also enable easy access to unnatural f-amino acids in enan-
tiomerically pure form. The latter reaction sequence involves conversion of the car-
boxyl group to an acyl azide and subsequent Curtius degradation [11, 13, 14].

Deng et al. investigated the potential of modified cinchona alkaloids - in
particular those usually employed as ligands in the Sharpless asymmetric
dihydroxylation — in the alcoholytic desymmetrization of cyclic anhydrides
(Scheme 13.6) [15]. It was found that the anthraquinone-bridged dimers of dihy-
droquinidine, (DHQD),AQN, 11, and dihydroquinine, (DHQ),AQN, 12, provide
excellent enantiomeric excesses (up to 98%) in the methanolysis of several anhy-
drides at catalyst loadings of only 5-30 mol% (Scheme 13.6) [15]. Deng et al. later
applied their desymmetrization method to the formal catalytic asymmetric synthe-
sis of (+)-biotin [16].

The non-alkaloid derived organocatalysts 13a—e — readily accessible from proline
and hydroxyproline, respectively — were reported by Uozomi et al. (Scheme 13.7)
[17]. Of the five compounds, 13b and 13e performed best. In the presence of 100
mol% 13e, the methanolytic desymmetrization of cyclic meso anhydrides was
found to proceed with up to 89% ee.

A related enantiotopos-differentiating desymmetrization, the CBS-reduction of
cyclic meso imides, was reported in 1997 by Hiemstra et al. [18].

13.1.2
Kinetic Resolution of Chiral, Racemic Anhydrides

No examples of simple organocatalytic kinetic resolution of dicarboxylic acid anhy-
drides, e.g. by alcoholysis (Scheme 13.1, middle, X = CR;) seem to have been re-
ported. This type of transformation requires that one anhydride enantiomer re-
mains unchanged while the other is transformed to a mono-ester. Nucleophilic
catalysts such as cinchona alkaloids have been shown to effect parallel kinetic res-
olution, that is, the two enantiomers of the anhydride are converted to regioiso-
meric esters. This type of transformation is therefore discussed in Section 13.1.3.

13.1.2.1 Kinetic Resolution of 1,3-Dioxolane-2,4-diones

(a-Hydroxy Acid O-Carboxy Anhydrides)

Deng and Tang reported in 2002 that the 5-alkyl 1,3-dioxolane-2,4-diones rac-15
shown in Scheme 13.8 undergo kinetic resolution in the presence of alcohols and
dimeric cinchona alkaloids such as (DHQD),AQN 11 [19]. In a first step, the race-
mic o-hydroxy carboxylic acids rac-14 were reacted with diphosgene to afford the
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H3CO
catalysts:
(-)-quinine, 2 (+)-quinidine, 3
1.1 eq. (--quinine (2) ® 1.1 eq. (+)-quinidine (3)
C]:COQH 3 eq. Bn-OH o 3 eq. Bn-OH G:COZBn
CO.Bn toluene/CCly 1:1 toluene/CCly 1:1 CO.H
-55°C, 60 h (0] -55°C, 60 h
meso anhydride

results summarized as:
top line: conditions as above, toluene/CCl,-mixture [catalysis by 2, ee(yield); catalysis by 3, ee(yield)] [%]
bottom line: conditions as above, but pure toluene [catalysis by 2, ee(yield); catalysis by 3, ee(yield)] [%]

bicyclic meso-anhydrides:

O H O
H3C,
O A O
HsC
(o} (0]
(93)] .
(94)] 8h [95(83); 97(78)]
O
Hs;C b
O
H HsC S
[93(84); 95(88)] . .
8e [93(86)- 96(85)] 8f [95(84); 94(84)] 89 [97(87); 98(88)]
endo-tricyclic exo-tricyclic
meso anhydride: meso anhydrides:
y o) ] o} o o)
ya| 4 ;o Mo Mo
(6]
o O 0) (e} o}
9a {32@3;;32223} 9e [92(81); 96(95)]  9f [94(77); 99(84)] 99 [90(85); 96(79)]

Scheme 13.5
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catalysts 11 [([DHQD).AQN]
and 12 [(DHQ),AQN]:

o R 12,R= H, 0
O R
5 - 30 mol-% catalyst 11 /o 5 - 30 mol-% catalyst 12
gy o 10 eq. CH3-OH A 10 eq. CH3-OH ++CO2CHs
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-20--40°C, 60 h (0] -20--40°C, 60 h
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H 98(95) 96(92)
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Scheme 13.6
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Q H 13a: Ar=Ph; X = Y H

13b: Ar=Ph,X=0H; Y=H
catalysts 13a-e: Ar—N)/N X 13c: Ar=Ph; X = OTBDMS; Y = H

13d: Ar=Ph; X=0H; Y =Ph

Y 13e: Ar= 4-n-CgH17-CGH4; X= OH, Y=H
) 10 - 100 mol-% catalyst 13
+( 2 eq. CH3OH 5 «COH
R 0

\< toluene, -25 °C "CO,CHg
H O H O

0 o) %
H o H O d 0
8e 8f 0 9a

13b (10 mol-%) : 40 %, 65 % ee 13e (100 mol-%): 85 % ee 13e (100 mol-%): 82 % ee

13e (10 mol-%): 33 %, 65 % ee
13e (100 mol-%): 72 %, 89 % ee

Scheme 13.7

1,3-dioxolane-2,4-diones rac-15. Treatment of the latter with ethanol or allyl alcohol
in the presence of 10 mol% catalyst 11 resulted in the enantioselective conversion
(selectivity factors up to 133) of (R)-15 to the ester (R)-16. By hydrolysis of the crude
reaction mixture, the remaining anhydride (S)-15 was converted back to the «-
hydroxy acid (S)-14. The mixture of the acid (S)-14 and the ester (R)-16 was then
easily separated by extraction.

When 5-aryl 1,3-dioxolane-2,4-diols were employed instead of the 5-alkyl substi-
tuted substrates rac-15, additional racemization of the anhydrides occurred, result-
ing in overall dynamic kinetic resolution. This reaction is covered in Section
13.1.4.1 [19).

13.1.2.2  Kinetic Resolution of N-Urethane-protected

Amino Acid N-Carboxy Anhydrides

Deng et al. reported in 2001 that a wide variety of N-urethane-protected N-carboxy
anhydrides such as, for example, rac-18 shown in Scheme 13.9 undergo kinetic
resolution when treated at low temperature with alcohols in the presence of
dimeric cinchona alkaloids such as (DHDQ),AQN, 11 [20]. The N-carboxy anhy-
drides rac-18 were prepared from the racemic amino acids rac-17 by a two-step
procedure involving cyclization with diphosgene and subsequent N-protection
with, e.g., Cbz or Fmoc. The kinetic resolution of rac-18 proceeded with excellent
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catalyst 11 [(DHQD),AQN]:

O R
O R
R" O
diphosgene, HO OH
activated charcoal
rac-14
R" O R' O
H catalyst 11 (10 mol-%) R,j O
o_ 0O ] + 0.0
bl R2-OH (1.0 eq.) Ho o-R2
0 Et,0, -78 °C o
rac-15 R-16 515

R R2 ee (yield) [%]

S-14 R-16 S
PhCH, Et 95 (39) 96 (47) 133
PhCH,CH, Et 85 (40) 93 (46) 67
CH3(CHa)3 Et 95 (36) 92 (46) 57
(CH3)o.CH allyl 95 (32) 90 (48) 49
R' O

}—/( H,0 R' O

o_ 0O =
hig HO OH
© S14
515

Scheme 13.8

enantioselection (selectivity factors up to 170), affording the methyl esters (R)-19
and the unchanged anhydride (S)-18. As for the O-carboxy anhydrides discussed
above, hydrolysis of the crude reaction mixture converted the remaining anhydride
(S)-18 to the N-protected o-amino acid (S)-20 (Scheme 13.9). The mixture of the
(acidic) amino acid (S)-20, the (neutral) ester (R)-19, and the (basic) catalyst 11
was then easily separated by extraction.

Analogous treatment of the aryl N-carboxy anhydrides rac-18 at higher tem-
perature induces simultaneous racemization of the starting material. As a conse-
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catalyst 11 [(DHQD),AQN]:

O R
O R

R' O

1. diphosgene H.N OH
2. N-protection 2
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R Y catalyst 11 (10 mol-%) R (0]
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_N e}
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PhCH,  Cbz  -60 98 (48) 93 (48) 114
PhCH, Fmoc  -78 96 (47) 92(50) 93
4-F-Ph  Cbz  -78 93 (42) 92(48) 79
CHy4(CHp)s Cbz  -60 94 (42) 91(49) 78
BnOCH, Cbz  -78 96 (44) 89 (49) 69

R? (0]
H,0 R' O

_N_ O
PG" Y PG-HN  OH
o S-20

S-18

Scheme 13.9

quence, kinetic resolution of the N-carboxy anhydrides becomes dynamic [21]. Sim-
ilarly, alkyl N-carboxy anhydrides of general structure 18 are amenable to dynamic
kinetic resolution if more strongly electron-withdrawing protecting groups are
present on the nitrogen atom [22]. Both processes are covered in Section 13.1.4.
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13.1.3
Parallel Kinetic Resolution of Chiral, Racemic Anhydrides

In 2001 Uozomi et al. reported that the (3-methyl)tetrahydrophthalic anhydride
rac-21 undergoes parallel kinetic resolution when treated with methanol in the
presence of the hydroxy proline derivative 13e (Scheme 13.10) [17]. The resulting
esters 22 and 23 were formed with up to 80% ee, albeit at chemical yields of 12%
and 29%, respectively.

Q H
talyst 13e:  n-CgH N OH
HsC HsC HsC
2 h 9 100 mol-% catalyst 13e ¥ H T H
2 eq. CH30OH (:I:COgCHs COzH
O +
toluene, -25 °C CO-H CO,CH3
H o H H
21 22 23
(racemic mixture) 12 %, 80 % ee 29 %, 71 % ee

Scheme 13.10

In the same year Deng and Chen reported the highly efficient parallel kinetic
resolution of 2-alkyl and 2-aryl succinic anhydrides (24) catalyzed by dimeric cin-
chona alkaloids such as (DHDQ);AQN (11) or (DHQ),AQN (12) (Scheme 13.11)
[23]. In this study it was found that 2,2,2-trifluoroethanol as the nucleophile pro-
vides the best enantioselectivity. This result is in contrast with the observation by
Bolm et al. that 2,2 2-trifluoroethanol — as the only alcohol nucleophile — affords rac-
emic products in the alkaloid-catalyzed desymmetrization of meso anhydrides [11].

With the alkyl-substituted succinic anhydrides 24a—d, the resulting mono-esters
25 and 26 can be separated by conventional column chromatography on silica. The
same is true for the aryl butyrolactones 27 and 28, obtained by reduction/cyclization
of the mono-esters 25, 26 resulting from the resolution of the aryl-substituted suc-
cinic anhydrides 24e—g. The lactone 27 thus prepared from 24g has served before
as an intermediate in the enantioselective synthesis of the GABA receptor antago-
nist baclofen [24]. It should be noted that the selectivity obtained in the parallel
kinetic resolution of 24g corresponds to a selectivity factor of at least 112 in con-
ventional kinetic resolution [23].

13.1.4
Dynamic Kinetic Resolution of Racemic Anhydrides

No examples of organocatalytic dynamic kinetic resolution of dicarboxylic acid an-
hydrides, e.g. by alcoholysis (Scheme 13.1, bottom right, X = CR;), seem to have
been reported.
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catalysts 11 [(DHQD),AQN]
and 12 [(DHQ),AQN]:
00—}
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+
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O
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24b  CH3CH, 91 (38) 70 (50) --- ---
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24f  3-MeO-Ph 96 83 95 (45) 83 (30)
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For R = Ph, 3-MeO-Ph or 4-CI-Ph:
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2. HCI T o R 2. HCI
25 o) 26

27 O 28

Scheme 13.11

13.1.4.1 Dynamic Kinetic Resolution of 1,3-Dioxolane-2,4-diones

(a-Hydroxy acid O-Carboxy Anhydrides)

Scheme 13.8 summarized kinetic resolution of the 5-alkyl-1,3-dixolane-2,4-diones
rac-15 by alcoholysis in the presence of the dimeric cinchona alkaloid catalyst 11,
(DHQD),;AQN, as reported by Tang and Deng [19]. These authors observed that
the related 5-aryl-1,3-dioxolane-2,4-diones 29 (Scheme 13.12) underwent rapid rac-
emization under the reaction conditions used, thus enabling dynamic kinetic reso-
lution. This difference in reactivity was attributed to the higher acidity of the «-CH
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catalyst 11 [(DHQD),AQN]:

(0] R
(0] R
R! (0]
catalyst11 (10 mol-%) R’ O
o_ 0O ]
b R2-0H (1.5 eq.) HO O-R?
% Et,O
rac-29 R-30
R e Temp. ee (yield) [%]
[°C] R-30
Ph Et -78 95 (71)
4-Br-Ph Et -78 96 (80)
4-CF3-Ph Et -78 93 (85)
3,4-F>-Ph Et -78 94 (65)
4-i-Pr-Ph Et -78 91 (68)
1-naphthyl n-Pr -40 91 (74)
2-CI-Ph Et -60 62 (66)

Scheme 13.12

in the aryl-substituted anhydrides rac-29. Clearly, configurational stability of the
resulting esters (R)-30 must sufficiently be retained for efficient dynamic kinetic
resolution. As shown in Scheme 13.12, enantiomerically highly enriched (ee up to
96%) o-hydroxy acid mono-esters 30 were obtained by this method in yields of up
to 85% starting from the corresponding racemic O-carboxy anhydrides [19].

13.1.4.2 Dynamic Kinetic Resolution of N-protected

Amino Acid N-Carboxy Anhydrides

Scheme 13.9 summarized kinetic resolution of N-urethane protected N-carboxy an-
hydrides rac-18 by methanolysis in the presence of the dimeric cinchona alkaloid
catalyst 11, (DHQD),;AQN, as reported by Deng et al. [20]. These kinetic resolu-
tions were typically conducted at low temperature — from —78 to —60 °C. Deng et
al. later observed that if the reaction temperature was increased racemization of the
starting aryl N-carboxy anhydrides rac-18 becomes sufficiently rapid to enable a
dynamic kinetic resolution [21]. Configurational stability of the product esters
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catalyst 11 [(DHQD),AQN]:

O R
O R

R O catalyst 11 (20 mol-%)
allyl alcohol (1.2 eq.) R O

PG/N\WO Et:0,4AMS  pG.HN  O-allyl
(0]
rac-18 R-19
Temp. ee (yield) [%]

R PG [°C] R19
Ph Cbz 23 91 (97)
Ph Fmoc 23 90 (98)
4-F-Ph Cbz 23 90 (96)
4-Cl-Ph Cbz 23 92 (97)
4-CF3-Ph Cbz 23 90 (95)
2-thienyl Cbz 23 92 (93)
3-thienyl Cbz -30 91 (95)
2-furyl Cbz 23 91 (98)
2-(4-methylfuryl) Cbz 23 93 (97)
3-(N-tosylindolyl) Cbz 0 90 (95)

Scheme 13.13

(R)-19 under the reaction conditions is a pre-requisite that is again fulfilled in this
process. As shown in Scheme 13.13, enantiomeric excesses > 90% and almost
quantitative yields were achieved for several aryl N-carboxy anhydrides. In these
examples allyl alcohol was used as the nucleophile. The corresponding amino
acids can be liberated quantitatively and with unchanged ee from the esters (R)-19
by Pd-catalyzed deallylation, using morpholine as the nucleophile (Scheme 13.13)
[25].

Urethane-protected alkyl N-carboxy anhydrides do not racemize effectively under
the conditions established for the dynamic kinetic resolution of aryl N-carboxy an-
hydrides. As for the 1,3-dioxolane-2 4-diones rac-29 (aryl, Scheme 13.12) and rac-15
(alkyl, Scheme 13.8) this different reactivity can be attributed to the lower acidity of
the «-CH in the alkyl-substituted anhydrides. To overcome this hurdle Deng and
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catalyst 11 [(DHQD),AQN]:

(0] R
O R
R O catalyst 11 (20 mol-%) R o}
? 60 allyl alcohol (1.0 eq.) ClLHC 7
Cl,HC._ N - .
Y Et0,4AMS,rt 3h o>/_ NH O-ally
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ee (yield) [%]
R R-32
Ph-CH» 66 (81)
4-F-Ph-CH, 67 (82)
4-CI-Ph-CH, 68 (75)
4-Br-Ph-CH, 70 (82)
(2-thienyl)methyl 75 (87)
Ph-CH,CH, 59 (77)

Scheme 13.14

Hang exchanged the urethane N-protecting group in the N-carboxy anhydrides by
more electron withdrawing groups [22]. Of the different protecting groups tested,
dichloroacetyl proved best. As summarized in Scheme 13.14, several N-carboxy an-
hydrides rac-31 were converted to the allylic esters (R)-32 with enantiomeric ex-
cesses up to 75%. For the (2-thienyl)methylglycine derivative the ee of the product
N-dichloroacetyl allyl ester could be increased to >99% by recrystallization (53%
yield after recrystallization) [22].

Conclusions

The field of organocatalytic enantioselective anhydride transformations has seen
tremendous progress during recent years. For example, the alcoholytic desymmet-
rization of meso anhydrides, effected by stoichiometric quantities of inexpensive
and readily available cinchona alkaloids, has been developed to a very practical
level, and several applications, e.g. for the synthesis of enantiomerically pure
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f-amino acids, have resulted. An alternative alcoholytic anhydride desymmetri-
zation requiring only sub-stoichiometric (5-30 mol%) quantities of catalyst was
developed as well. In this process dimeric cinchona alkaloid derivatives, originally
designed as ligands for the Sharpless dihydroxylation and commercially available,
were employed. These materials were also found to be very selective for parallel
kinetic resolution of racemic anhydrides, for example 4-alkyl and aryl succinic
anhydrides, giving rise to regioisomeric mono-esters.

Quite remarkable progress has also been achieved in enantioselective transfor-
mation of cyclic anhydrides derived from a-hydroxy and o-amino carboxylic acids.
By careful choice of the reaction conditions, dynamic kinetic resolution by alcohol-
ysis has become reality for a broad range of substrates. Again, the above mentioned
dimeric cinchona alkaloids were the catalysts of choice. In other words, organoca-
talytic methods are now available for high-yielding conversion of racemic a-hydroxy
and z-amino acids to their enantiomerically pure esters. If desired, the latter esters
can be converted back to the parent — but enantiomerically pure — acids by subse-
quent ester cleavage.

13.2
Additions to Prochiral Ketenes

Attempts to convert prochiral ketenes such an 33 (Scheme 13.15) into enantio-
enriched derivatives of a-chiral carboxylic acids (34, Scheme 13.15) are among the
earliest examples of asymmetric nucleophilic catalysis in general.

R! R2
R3-OH H%S(O\Rs

R chiral ©
REZ.:O T catalyst RI R2 H 34
33 H A N‘R3

R3-NH, o)

Scheme 13.15

Pioneering work by Pracejus et al. in the 1960s, using alkaloids as catalysts,
afforded quite remarkable 76% ee in the addition of methanol to phenylmethyl-
ketene [26-29]. In 1999 Fu et al. reported that of various planar-chiral ferrocene
derivatives tried, the azaferrocene 35 performed best in the asymmetric addition of
methanol to several prochiral ketenes [30, 31]. In the presence of 10 mol% catalyst
35 (and 12 mol% 2,6-di-tert-butylpyridinium triflate as proton-transfer agent), up to
80% ee was achieved (Scheme 13.16).

Pracejus et al. also demonstrated that diastereoselective addition of chiral amines
to prochiral ketenes is possible [28, 32, 33] whereas attempts to catalytically pro-
duce enantiomerically enriched amides were frustrated by rapid uncatalyzed ad-



364 | 13 Desymmetrization and Kinetic Resolution
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H3C Fe CH3

HsC CHjz
CH3 catalyst 35

10 mol-% catalyst 35

12 mol-% 2,6-di-tert-butylpyridinium triflate enantiomerically
CH3OH + ketene 2 Py enriched
toluene, -78 °C methyl ester
Substrate Methyl ester Substrate Methyl ester
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(0]
CHj o CHj
77 87 74 96
PhO
0]
0 Et
68 92 80 97
0 (0]
CH3 \ CH3

77 88 O 75 80
i-Bu O

OCHs

Scheme 13.16

dition of the (achiral) amines to the ketenes. Fu et al., however, have recently
demonstrated the possibility of catalytic asymmetric addition of less reactive N-
nucleophiles, for example pyrroles, to aryl alkyl ketenes [34]. In the presence of
2 mol% of the planar-chiral DMAP derivative 36, up to 98% ee was achieved
(Scheme 13.17).

As shown in Scheme 13.17, 2-cyanopyrrole, in particular, adds to a variety of ke-
tenes with quite high enantioselectivity. Fu et al. also demonstrated several trans-
formations of the initially formed N-acyl 2-cyanopyrroles into enantiomerically
pure secondary products, for example o-chiral aldehydes, esters, and amides
(Scheme 13.18) [34].
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HsC Cb CHgy
H3C//;;\CH3
CHz  catalyst 36
o (0]
3 o 3
/</;NH . \/R 2 mol-% catalyst 36 //\N)H/R
Rl R2 toluene, r.t. . /\2 R2
R? R2 R ee [%)] Yield [%]
H Ph Et 42 n.r.
2-Et Ph Et 0 n.r.
2-NO, Ph Et 21 n.r.
2-Ac Ph Et 78 n.r.
2-CN Ph Et 91 n.r.
8,4-di-  pp Et 63 n.r.
carboethoxy
Indole Ph Et 49 n.r.
2-CN Ph Et 90 93
2-CN Ph Me 81 91
2-CN Ph i-Pr 95 96
2-CN Ph t-Bu 81 90
2-CN o-tolyl Et 98 85
2-CN o-anisyl Me 94 94
2-CN 3-(N-methyl- Bn 86 80
indolyl)

n.r.: not reported
Scheme 13.17

Conclusions

The alkaloid-catalyzed addition of alcohols to prochiral ketenes is one of the very
first examples of catalytic asymmetric synthesis. In pioneering work by Pracejus
in the 1960s quite remarkable 76% ee was achieved and it was not until 1999 that
substantial improvement of enantioselectivity in catalytic asymmetric addition of
O- and N-nucleophiles to prochiral ketenes was reported. In particular, the chiral
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Ph :
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Scheme 13.18

azaferrocenes and DMAP derivatives reported by Fu currently perform best. Quite
useful enantioselectivity (up to 98% ee) has been achieved in the addition of pyr-
role derivatives to prochiral aryl alkyl ketenes.

13.3
Desymmetrization of meso-Diols

The desymmetrization of meso diols requires selective chemical transformation of
one of the two enantiotopic hydroxyl functions. Among other possibilities this
transformation can consist in acylation or — less commonly — oxidation to a ketone
(Scheme 13.19). It should be noted that the enantiomeric purity of the initial
reaction products can be “upgraded” by subsequent conversion of the unwanted
enantiomer into the diacylated compound (or diketone), i.e. by subsequent kinetic

resolution.
H asymmetric R\ 0OH asymmetric R
R'\.,O-R catalytic 340 catalytic ©
acylation A oxidation A
R'“INOH RIZ.TOH ————  R'7 . OH
H

R2: acyl, phosphoryl etc.
Scheme 13.19
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13.3.1
Desymmetrization of meso-Diols by Acylation

In an early example of the desymmetrization of meso-diols by acylation Duhamel
and Herman employed benzoyl chloride and O-benzoylquinidine 37 in twofold ex-
cess over the meso substrate cis-2-cyclopentene-1,4-diol [35a]. In this example, the
mono-benzoate was obtained with up to 47% ee, albeit at low chemical yield (10%).
A truly catalytic reaction based on the cinchonine phosphinite 39, and providing
significantly improved enantioselection, was recently achieved by Fujimoto et al.
(Scheme 13.20) [35b]. As shown in Scheme 13.20, several meso-diols 40 were

\(O/ = =
o, H HO, ,H PhoPO, ,H
g N N N SN N
37 N~ 38
OMe

Ph

| |
N N .~ 39

30 mol-% catalyst 39,

RIOH BzCl (1.5 eq.), PraNEt (1 eq.) RIO-BZ R._OH
EtCN, -78 °C R
41

+
OH R™ "O-Bz

R”~ “OH
40 ent-41
. Major product . o
meso-diol enantiomer Yield [%] ee [%]
PhIOH ent-41 98 91
Ph™ “OH
Me OH
41 99 86
Me OH
OH
C[ 41 80 93
OH
OH
(I 41 85 94
OH
OH
o/\:/L n.d. 80 76
OH

Scheme 13.20
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catalysts:
.CHs
CHa R 42aR-H
\ 4222R:M 43a:R=H
P ‘h=Me .
Q 42¢: R = t-Bu 43b: R = Me
42d: R = Ph 43c: R=1t-Bu
CH3 R T
42
(16 mol-%
R IOH catalyst 42a, 43a (16 mol-%) R.__,OH
Ac,0 or Bz,0 (1.5 eq.) I
R” “OH CHsCl, 1. R™ YO-Ac (or Bz)
Substrate diols, conversions and ees:
C{OH Ph IOH
0-Ac Ph™ "O-Bz
catalyst 42a, 16 mol-% catalyst 42a, 16 mol-% catalyst 43a, 10 mol-%
66 % (62-67 % ee), s =4.3-5.1 84 % (69 % ee), s =5.5 98 % (94 % ee)
(ref. 36a) (ref. 36a) (ref. 36b)

Scheme 13.21

desymmetrized by acylation with benzoyl chloride in the presence of 30 mol%
catalyst 39, with quite satisfactory yields and with enantiomeric excesses of the re-
sulting mono benzoates 41 of up to 93% [35b, c|. These results were obtained with
“isolated” catalyst 39. It should be noted, however, that the phosphinite catalyst 39
can, instead, be generated in situ by phosphitylation of cinchonine (38) by chloro-
diphenylphosphane.

High enantiomeric excess in organocatalytic desymmetrization of meso-diols
using chiral phosphines as nucleophilic catalysts was achieved for the first time by
Vedejs et al. (Scheme 13.21) [36a]. In this approach selectivity factors up to 5.5
were achieved when the C,-symmetric phospholane 42a was employed (application
of chiral phosphines in the kinetic resolution of racemic secondary alcohols is dis-
cussed in Section 12.1). A later study compared the performance of the phos-
pholanes 42b—d with that of the phosphabicyclooctanes 43a—c in the desymmet-
rization of meso-hydrobenzoin (Scheme 13.21) [36b]. Improved enantioselectivity
was observed for phospholanes 42b-d (86% for 42c¢) but reactions were usually
slow. Currently the bicyclic compound 43a seems to be the best compromise be-
tween catalyst accessibility, reactivity, and enantioselectivity — the monobenzoate
of hydrobenzoin has been obtained with a yield of 97% and up to 94% ee [36D].
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L 3N
catalyst: ll\l H 44
CHs

R IOH catalyst 44 (100 mol-%) R~ »OH
BzCl (1.5 eq.), 4 AMS I

R* "OH  cH,clorECN, -78°c R TO-Bz

Substrate diols, yields (ees) achieved:

o L, L,
OH OH OH

89 % (93 % ee) 78 % (96 % ee) 82 % (51 % ee)
Ph._OH HsC._OH
PhIOH HBCIOH
68 % (64 % ee) 80 % (95 % ee)

Scheme 13.22

As summarized in Scheme 13.22, Oriyama et al. applied the chiral diamine 44 —
albeit in equimolar amounts (relative to the diol) — to the desymmetrization of
several meso-diols [37a]. In three instances the mono-benzoylated products were
obtained with >90% ee and in satisfactory chemical yields [37a].

The same group subsequently discovered that the loading of the chiral diamine
catalyst can be reduced substantially if triethylamine is added in stoichiometric
amounts as an achiral proton acceptor [37b]. As shown at the top of Scheme
13.23, as little as 0.5 mol% catalyst 45 was sufficient to achieve yields and ee com-
parable with the stoichiometric variant (application of the Oriyama catalysts 44 and
45 in the kinetic resolution of racemic secondary alcohols is discussed in Section
12.1). Oriyama et al. have also reported that 1,3-diols can efficiently be desymme-
trized by use of catalysts 44 or 45. For best performance n-butyronitrile was used as
solvent and 4-tert-butylbenzoyl chloride as acylating agent (Scheme 13.23, bottom)
[38].

Fu et al. used the planar chiral DMAP derivative 46 (Scheme 13.24) [39]. Al-
though this catalyst has been employed successfully for kinetic resolution of a
large variety of racemic secondary alcohols (Section 12.1), substrate 47 seems to
be the only meso-diol that has been desymmetrized by use of the acylation catalyst
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[ 3 [ A n-crs
catalysts: N H ]

\ a4 N 'y 45
CH3 CHs
RIOH catalyst 45 (0.5 mol-%) R ~OH
BzCl (1.5 eq.), EtsN (1.0 eq.) I
R "OH 4 AMS, CHyCly, -78 °C R™ "O-Bz

Substrate 1,2-diols, yields (ees) achieved (Ref. 37b):

o G, o
OH OH

OH
87 % (97 % ee) 81 % (90 % ee) 89 % (66 % ee)
PhIOH H3CIOH Bn-O-CHgIOH
Ph OH H3C OH Bn-O-CH5 OH
80 % (60 % ee) 85 % (94 % ee) 73 % (82 % ee)

OH catalysts 44, 45 (0.5 mol-%) O-R
"~ "~
OH 4-+Bu-BzCl (1.5 eq.), OH
i-ProNEt (1.5 eq.),

4 AMS, n-PrCN, -78 °C R: 4-t-Bu-Bz

Substrate 1,3-diols, yields (ees) achieved (Ref. 38):

OH OH = OH
H3C—<: Ph-CH2—<: ‘\—C
OH OH

OH
33 % (96 % ee) 22 % (93 % ee) 30 % (98 % ee)
OH o. /—OH
TBDPS-O—<: \)<:
OH OH
24 % (89 % ee) 31 % (96 % ee)

Scheme 13.23
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=
=N T
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catalyst: Ph Ph
Ph/Q\ Ph
H H H

O
ife)
ite)

O-Ac
catalyst 46 (1 mol-%) B
HaC CHs tert-amyl alcohol, 0 °C HsC CHs
47 48,91 %, 99.7 % ee
Scheme 13.24

46. As shown in Scheme 13.24, very good enantiomeric excess (99.7%) of the
mono-acylation product 48 was achieved [39].

Miller et al. achieved selective functionalization of the enantiotopic hydroxyl
groups of meso-inositols. In particular, they were able to convert myo-inositol 49
to either mono-phosphorylated p-myo-inositol-1-phosphate 50 or p-myo-inositol-3-
phosphate ent-50 in high yield and with excellent ee (98%) (Scheme 13.25) [40,
41]. This remarkable result was achieved by using the pentapeptides 51 or 52 as
catalyst. These catalysts were identified from peptide libraries by a combinatorial
approach. The peptides 51 and 52 are highly selective and complementary low-
molecular-weight kinase mimics. It is also interesting to note that the opposite
enantioselectivity of catalysts 51 and 52 could hardly have been predicted on the
basis of the type and sequence of the amino acids involved. (Application of the
Miller peptide catalysts to the kinetic resolution of racemic alcohols is discussed
in Section 12.1.)

The peptide catalysts 53a—e incorporating a 4-pyrrolidinopyridine moiety were
tested in the desymmetrization of cyclohexane meso-1,2- and meso-1,3-diols by Ka-
wabata et al. (Scheme 13.26) [42]. As summarized in Scheme 13.26, enantiomeric
excesses were up to 65% and chemical yields were in the range 40-77%. (Applica-
tion of the Kawabata catalysts to the kinetic resolution of racemic alcohols is dis-
cussed in Section 12.1.)

13.3.2
Desymmetrization of meso-Diols by Oxidation

Adam et al. subjected a series of meso-dihydrobenzoins to oxidative desymmetriza-
tion, using three equivalents of the chiral Shi ketone 54 as catalyst. In the presence
of peroxomonosulfate (Oxone, Curox etc.), the latter generates a chiral dioxirane as
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CIPO(OPh),,
toluene, 25 °C

OBn

(PhO),0PO

OH ' 569, 598 % ee

l Li, NHz, THF

OH ent-50, > 95 %

the active species [43, 44]. As shown in Table 13.1, moderate to good enantiomeric
excesses were achieved. In addition to the meso-diols, acetonides also proved to be
suitable substrates in two instances (Table 13.1). Finally, it should be noted that
achiral dioxiranes can be used to generate chiral hydroxyketones from enantio-

merically pure diols or acetals [45, 46].
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Conclusions

Selectivity in enantiotopos-differentiating acylation and phosphorylation of meso-
diols can rival that of enzymes. The organocatalysts employed include chiral phos-
phines, chiral diamines, chiral DMAP derivatives and peptides identified from
combinatorial libraries. The highest selectivity in meso diol desymmetrization has
been achieved with a planar-chiral Fu catalyst. It seems the substrate scope of this
process is not yet broadly explored. Because of their sequential variability it is to be
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Tab. 13.1
HsC
CH
075
Shi-ketone 54: (/\\E/O
o’ Y
H3C)T °
CH3
Starting meso-diol Conversion (%) Product hydroxy ketone ee (%)
R R=H 89 R 45
‘ OH R=OCH, 9% O OH 2
R=CH; 92 A 30
OH R=F 95 o 58
R=Cl 56 54
R R=Br 61 R 58
R=CN 5 60

R ‘ R
0 I ow
><CH3 R=H 10 A 63
O (o] CHj R = CH; 10 O o) 65
R R

expected that peptide catalysts resulting from combinatorial approaches will afford
catalytically active peptides for the efficient desymmetrization of a variety of other
diol substrates also. In terms of both yield and selectivity the oxidative desym-
metrization of meso-diols is not as highly developed as the desymmetrization by
acylation.

13.4
Desymmetrization of meso-Epoxides

The desymmetrization of meso-epoxides such as cyclohexene epoxide (55, Scheme
13.27) has been achieved both by enantioselective isomerization, e.g. to allylic
alcohols (56, path A, Scheme 13.27) or by enantiotopos-differentiating opening by
nucleophiles, affording trans-f-substituted alcohols and derivatives (57, path B,
Scheme 13.27). As indicated in Scheme 13.27, the allylic alcohols 56 can also
be prepared from the ring-opening products 57 by subsequent elimination of the
nucleophile.

13.4.1
Enantioselective Isomerization of meso-Epoxides to Allylic Alcohols

The catalytic isomerization of meso-epoxides to allylic alcohols has been achieved
with chiral cobalt complexes, in particular with cobalamin (vitamin By;) [47, 48].
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Q‘OH 55 O/OH
56 elimination 57 I, Nu

Scheme 13.27

Preparatively more relevant is the use of chiral lithium amide bases, which have
been successfully used both for enantioselective generation of allylic alcohols
from meso-epoxides and for the related kinetic resolution of racemic epoxides [49,
50]. In many instances, chiral amide bases such as 58, 59, or 60 were used in
stoichiometric or over-stoichiometric quantities, affording synthetically important
allylic alcohols in good yields and enantiomeric excesses (Scheme 13.28) [49-54].
Because of the scope of this review, approaches involving stoichiometric use of
chiral bases will not be discussed in detail.

Examples of chiral lithium amide bases, employed mainly (over)-stoichiometrically:

\‘.H
HC CHs N N /LI
= |
BN Ph/k‘/

Ph” N"Ph Li-—N
Li CHs
58 59
Whitesell et al. (Ref. 49) Asami et al. (Refs. 51,57)  O'Brien et al. (Ref. 54)

O ) OH
3 eq. amide base 59
benzene, 4 °C, 2 h 92 %, 90 % ee (Ref. 51)

O-TBDMS O-TBDMS

375

TBDMS-O , 2 eq. amide base 60 TBDMS-O «OH
D\\Qo 5 :© 94 %, 94 % ee
TBDMS.O THF,0°Ctort, 2h (Ref. 54)

TBDMS-O
Scheme 13.28

Subsequent work [55-65], in particular by Asami [56-60] and Andersson [61—
65], has led to the development of catalytic methods in which a sub-stoichiometric
amount of a chiral diamine such as 61 or 62 is used with an over-stoichiometric
quantity of an achiral lithium amide base such as LDA (Scheme 13.29). Examples
of catalytic epoxide isomerizations using the Asami diamine 61 or the Andersson
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Diamines suitable for sub-stoichiometric, catalytic application:

62
Asami et al. (Refs. 51,56-59) Andersson et al. (Refs. 61-65)

. . HO
(i-Pr)oNLi RoN-H \© 89 %,
2 eq. % 94 % ee
20 ";‘i' A (Ref. 56)
(i-Pr)sNH RoN-Li o@
Scheme 13.29

diamine 62 are shown in Schemes 13.29 and 13.30. In particular the diamine 62
has proven very efficient in the catalytic asymmetric isomerization of several epox-
ides, and enantiomeric excesses > 95% have been achieved for several cyclic sub-
strates (Scheme 13.30) [61, 62].

It should be noted that addition of DBU (or HMPT) has often — particularly for
the catalytic procedures — proven beneficial in terms of enantioselectivity. This ef-
fect has been attributed to the breaking-up of active but less enantioselective base
aggregates [50, 56, 62-64]. Interestingly, when solid-phase-bound stoichiometric
(achiral) bases were used instead of LDA, no addition of DBU was necessary |58,
59]. (An example of the stoichiometric use of a chiral solid-phase bound base is
given elsewhere [52].) Both experimental and theoretical investigations [66—68] in-
dicate that the base-induced isomerization of epoxides proceeds as a syn elimina-
tion, with the lithium ion of the base acting as a Lewis acid (Scheme 13.31).

Andersson et al. further improved their diamine catalyst 62 by introduction of
substituents on the pyrrolidine ring [63]. Of various catalysts tested, the dimethy-
lated compound 63 proved best (Scheme 13.32) [63]. As summarized in Scheme
13.32, excellent enantiomeric excesses were achieved by use of catalyst loadings as
low as 5 mol%, and even for notoriously “difficult” substrates such as cyclopentene
epoxide.

As shown in Schemes 13.30 and 13.32, LDA is commonly used as the stoichio-
metric base, and in the presence of DBU. Recent systematic screening of a variety
of lithium amide bases confirmed the superior performance of LDA [64]. It was,
however, also found that in the presence of DBU, n-BulLi can be used with sim-
ilar efficiency [64]. Ahlberg et al. have found it is beneficial to replace the com-
monly used LDA by 2-(lithiomethyl)-1-methylimidazole (64, Scheme 13.33) [66].
Under these conditions, 20 mol% of O’Brien’s base 60 (Schemes 13.28 and 13.33)
afford 93% ee in the isomerization of cyclohexene oxide [66]. Similarly, 2-lithio-1-



13.4 Desymmetrization of meso-Epoxides | 377

0] diamine 62, LDA (2 eq.) HO. H
T
R-H,C CHp,-R  DBU(5eq) THF R-H,C CH-R
Epoxide Mol-% 62  Temp.[°C] Time [h] Yield [%)] ee [%]

<i::[:o 20 rt. 24 67 49
120 r.t. 24 78 95
TBS-O—CDO 5 0 4 60 67
120 0 4 85 95
TBSO-HxC (o} 20 r.t. 48 42 95

[::j}o 5 0 6 91 96
HaC.,,
[::j}o 5 0 6 95 94
HaC™
HaC
:I::I}o 5 0 16 95 97
HaC

TBSO
o 5 0 6 80 97
TBSO

<:::]}o 5 0 6 89 96
[::::I}o 5 0 36 81 78

n-Pr
0 5 0 36 82 66

n-Pr

Scheme 13.30
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0 Li—NRy O-Li
@ Li-NR; H O H - HNR; G
H
Scheme 13.31
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Ngj
catalyst63 CHs
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(0] LDA (1.5 eq.) HO, H
3
R-H,C CH,-R  DBU (5eq.), THF, R-H,C CH-R
0°C, 6-24 h
Epoxide Yield [%] ee [%]
C[}o 81 96
Oo 95 99
HaC..,
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HsC
DO 85 99
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n-Pr
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Scheme 13.32
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CHs N N
catalyst 60 stoichiometric base 64 stoichiometric base 65
OH
(0)

Ej 20 mol-% 60, 2 eq. 64
THF, r.t., 13 h

Scheme 13.33

96 %, 93 % ee

methylimidazole (65, Scheme 13.33) was found to perform better as the stoichio-
metric base than LDA [69]. In combination with the catalytic chiral base 60, enan-
tiomeric excesses up to 96% were achieved in the isomerization of cyclohexene
epoxide [69].

Scheme 13.34 summarizes what seems to be the only “purely” organocatalytic
example of base-catalyzed rearrangement of a meso-epoxide. In the presence of
50-100 mol% quinidine 66, the epoxy-3-phospholene 67 was slowly converted to
the allylic alcohol 68 with up to 52% ee [70].

2
HO_ H
L N
N~ quinidine
66
OMe
(6] OH
S 50 mol-% catalyst 66 7 N
[/ F; CHxCl,, 20 °C, 90 d C/ P,,)
2 72
O 'Ph O 'Ph
67 68

41 %, 52 % ee
Scheme 13.34

It should finally be mentioned that chiral base methodology is not limited to the
desymmetrization of meso-epoxides but also enables kinetic resolution of racemic
epoxides [57, 63, 65]. This (organocatalytic) type of reaction seems, however, to be
less prominent than the desymmetrization of meso-epoxides. Some examples of
kinetic resolution of chiral epoxides are summarized in Scheme 13.35.
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Andersson et al. (Refs. 62,65):

diamine 62: @E
0 NC| 0 HO

N NI + >
/ \ / \ \
Ph Me Ph Me Ph CH,
diamine 62 (5-10 mol-%), LDA (2 eq.) 40 %, 94 % ee 47 %, 84 % ee

(racemic mixtures)
o]
R O DBU (5 eq.), THF, 0 °C R O R OH

z:> 40 - 60 % conversion @ + @

R=Me: 38 %,87 %ee 40 %, 94 % ee
R = Et: 32 %, 70 % ee 47 %, 90 % ee
R =tBu: 36 %, 99 % ee 40 %, 99 % ee

o 0 HO
Me" Me” Me”
(racemic mixture) 47 %, 99 % ee 43 %, 94 % ee
diamine 62 (5-10 mol-%), LDA (2 eq.)
0]
2, DBU (5 eq.), THF, 0 °C iy HO
E\\<:> 40 - 60 % conversion O@ @
(racemic mixture) 40 %, 93 % ee 45 %, 90 % ee

Asami et al. (Ref. 57):

\" H
, N
chiral base 59:

Li-->N
2 chiral base 59 (50-110 mol-%) 2 HO,
R’@ DBU (0.55-1.21 eq.), THF, r.t. R—© R....O

(racemic mixture)

R =c-Hex: 30 %, 84 % ee 25 %,68 % ee
R=i-Pr: 27 %, 95 % ee 72 %, 35 % ee
R = t-Bu: 61 %, 24 % ee 25 %, 68 % ee
21 %, 92 % ee 73 %, 29 % ee
(1.2 eq. chiral base 59, 1.32 eq. DBU)
Scheme 13.35
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13.4.2
Enantioselective Ring Opening of meso-Epoxides

Jacobsen’s cobalt and chromium salen complexes 69 and 70 have proven extremely
successful in the enantioselective ring opening of meso-epoxides (and kinetic reso-
lution of racemic epoxides). Recent accounts of these most efficient and practical
catalysts can be found elsewhere [71-73].

=N_ /N_ — =
/Cr\
tBu O® O tBu TBDMSO o @ ~o OTBDMS
H o H
69 tBu +Bu OAc

Ac

In metal-free catalysis enantioselective ring-opening of epoxides according to
Scheme 13.27 path B has been achieved both with chiral pyridine N-oxides and
with chiral phosphoric amides. These compounds act as nucleophilic activators
for tetrachlorosilane. In the work by Fu et al. the meso epoxides 71 were converted
into the silylated chlorohydrins 72 in the presence of 5 mol% of the planar chiral
pyridine N-oxides 73 (Scheme 13.36) [74]. As shown in Scheme 13.36, good yields

~®
N R Fe R 73a: R = 3,5-dimethylphenyl
©0 73b: R = phenyl
R R
R catalysts 73
OSiCl
o _ 5 mol-% catalyst 73a oo ;
R/ﬁR + SiCly (POaNEL R/\?/
CH,Cl,, -85 °C Cl
71 22 72

R Yield [%] ee [%)]

Ph 88 94
4-CH3-C4H,4 94 93
4'CF3-C4H4 93 98

4-F-C4H,4 97 91
2-naphthyl 84 94
CH2-O-Bn 91 50

Scheme 13.36
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R Yield [%] ee [%]
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CH»-0-Bn 95 71
-(CHa)s- 87 7
-(CHa)4- 90 52
~(CHp)s- 95 2

Scheme 13.37

were achieved with catalyst 73a and enantiomeric excesses > 90% were obtained
for meso bis-aryl epoxides as substrates. With sterically less demanding catalysts
such as 73b lower enantioselectivity was observed [74].

Denmark et al. employed the chiral phosphoramide 74 (Scheme 13.37) as nucle-
ophilic activator [75]. As summarized in Scheme 13.37, the best enantiomeric
excess was observed for cis-stilbene oxide (87%). The study revealed that
enantioselectivity was highly dependent on the ring size (cyclohexene oxide >
cyclopentene oxide > cyclooctene oxide).

With both the Fu and the Denmark catalysts it can be assumed that catalysis is
effected by formation of a highly electrophilic silicon cation D from tetrachlorosi-
lane and the nucleophilic catalyst C, i.e. by attack of the pyridine N-oxide or of the
phosphoramide O-atom on silicon, followed by ionization (Scheme 13.38). The
latter cation can then activate the epoxide toward nucleophilic attack by the chlo-
ride ion. Exchange of the product silane for another molecule of tetrachlorosilane
completes the catalytic cycle [75].

Conclusions
In recent years there has been considerable progress both in the base-catalyzed iso-

merization of meso-epoxides and in the metal-free catalysis of enantioselective
opening of meso epoxides. The former approach has proven its potential in sev-
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eral synthetic applications, but stoichiometric amounts of (achiral) base are still
needed. A chiral catalyst which enables isomerization of a range of different epox-
ides with high enantioselectivity and with consumption of no other additives
remains to be found. The latter method is currently limited to addition of tetra-
chlorosilane, affording O-trichlorosilylated halohydrins. Both chiral pyridine N-
oxides and phosphoric triamides have been used as catalysts, and enantiomeric
excesses > 90% have been achieved in several instances. It is most probable that
catalysis is effected by electrophilic activation of the substrate epoxides by a cationic
silane/catalyst complex. It is tempting to speculate whether hydrogen-bonding by
designed peptides and peptoids might have similar catalytic effects. The latter
approach might enable introduction of nucleophiles other than halides in the
course of epoxide opening.

13.5
The Horner—Wadsworth—-Emmons Reaction

The enantioselective desymmetrization of prochiral ketones of type 75 by means of
the Horner—Wadsworth—Emmons reaction [76, 77| is an elegant means of synthe-
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Scheme 13.39

sis of optically active condensation products of type 77. Those enones with a “re-
mote” stereogenic center are difficult to prepare by other methods. In contrast
with many other desymmetrization reactions, which are often based on hydrolytic
or oxidative reaction steps, desymmetrization in the Horner—Wadsworth—Emmons
reaction is achieved by an olefination process via C—C bond-formation. The princi-
ple of the asymmetric organocatalytic Horner—Wadsworth—-Emmons reaction is
shown in Scheme 13.39. To obtain optically active enones, however, stoichiome-
tric amounts of a chiral auxiliary have been required in enantioselective Horner—
Wadsworth—Emmons reactions [76, 77].

The first example of a catalytic asymmetric Horner—Wadsworth—-Emmons reac-
tion was recently reported by Arai et al. [78]. It is based on the use of a chiral
quaternary ammonium salt as a phase-transfer catalyst, 78, derived from cincho-
nine. Catalytic amounts (20 mol%) of organocatalyst 78 were initially used in the
Horner-Wadsworth—-Emmons reaction of ketone 75a with a variety of phospho-
nates as a model reaction. The condensation products of type 77 were obtained in
widely varying yields (from 15 to 89%) and the enantioselectivity of the product
was low to moderate (< 43%). Although yields were usually low for methyl and
ethyl phosphonates the best enantioselectivity was observed for these substrates
(43 and 38% ee, respectively). In contrast higher yields were obtained with phos-
phonates with sterically more demanding ester groups, e.g. tert-butyl, but ee values
were much lower. An overview of this reaction and the effect of the ester function-
ality is given in Scheme 13.40.

In subsequent optimization by the same group improved enantioselectivity of up
to 55-57% ee accompanied by satisfactory yields were obtained by use of RbOH
instead of KOH as base [78]. In general, N-benzyl substituted chinchona deriva-
tives seemed to give the best results.

In conclusion, a catalytic asymmetric Horner-Wadsworth-Emmons reaction
using chinchona derivatives as organocatalysts has recently been realized. Because
enantioselectivity is currently low to modest, improvement of the reaction to make
this route attractive for asymmetric preparation of enantiomerically pure enones of
type 77 is certainly a major issue.
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13.6
Rearrangement of O-Acyl Azlactones, O-Acyl Oxindoles, and O-Acyl Benzofuranones

In 1970 Steglich and Hoéfle reported that 4-dimethylaminopyridine (DMAP) and
4-(pyrrolidino)pyridine (PPY) are excellent catalysts for isomerization of O-acyl
azlactones E to their C-acylated isomers F [79-81]. In this rearrangement, a new
quaternary stereocenter is generated (Scheme 13.41). Clearlyy, DMAP or PPY
afford the rearrangement products F in the racemic form.

In 1998 Fu and Ruble reported that the planar chiral 4-(diakylamino)pyridine de-
rivatives 79a and 79b (Scheme 13.42) induce high enantiomeric excesses in the cat-
alytic O-acyl azlactone rearrangement [85, 86]. In particular with the PPY-derivative
79b, O-acyl azlactones 80 were smoothly rearranged to the products 81 in almost
quantitative yields and enantiomeric excesses up to 92% (Scheme 13.42) [85].

The rearranged azlactones 81 are versatile starting materials for further trans-
formation, e.g. for reduction to a-substituted serin derivatives such as 82 or for
coupling with amino acids, affording, e.g., the dipeptide 83 (Scheme 13.43).

The planar chiral DMAP derivative 79a proved successful also in the dynamic
kinetic resolution of racemic azlactones by ring-opening with alcohols (Scheme
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Fu-catalysts 79a-c:
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0
Bn-OJ\O o O
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Scheme 13.42
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13.44) [87]. This process relies on rapid base-induced racemization of the azlactone
and rate-limiting ring opening by the alcohol nucleophile. In this process the
DMAP derivative 79a acts as both Brensted-basic and as nucleophilic catalyst.
With 2-propanol as reagent enantiomeric excesses up to 78% were achieved for
the product amino acid esters [87].

0]

% 5 mol-% (-)-79a
R-CHZ%O 10 mol-% PhCO,H R 0O-CHs

Nﬁ\ methanol HN \lyo

r.t., toluene
Ph ! Ph

R Yield [%)] ee [%]
H- 98 54
CHgs- 94 44
i-Pr- 95 55
Allyl- 94 61
Cyclohexyl- 93 64
Ph- 94 56
H3C-S-CH»- 94 50

Scheme 13.44

Construction of quaternary stereocenters by enantiocontrolled oxygen to carbon
acyl shift is not limited to the azlactone structure. Using the pentaphenylated
planar chiral DMAP derivative 79¢ (Scheme 13.42) Fu and Hills achieved rear-
rangement of O-acylated oxindoles 84 (Scheme 13.45) and benzofuranones 85
(Scheme 13.46) with very good yields and enantiomeric excesses up to 99% [88|.
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Scheme 13.46

The DMAP-catalyzed and thus non-enantioselective version of the latter rearrange-
ment was reported in 1986 by Black et al. [89, 90].

All three isomerizations discussed above seem to occur by analogous mechanis-
tic pathways similar to the mechanism formulated for the Dakin—West reaction
[82]. Deacylation of the starting material H by catalyst G affords, in a fast and
reversible step (Scheme 13.47, step I), an acylpyridinium/enolate ion-pair I.
From this ion pair, enantioselective C-acylation proceeds in the rate-determining
and irreversible second step, furnishing the C-acylated product J (Scheme 13.47,
step II).
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This chapter summarizes three related and highly effective approaches to the cata-
lytic asymmetric generation of quaternary stereocenters — organocatalytic rear-
rangements of O-acyl azlactones to their C-acylated isomers and analogous isomer-
izations of O-acyl oxindoles and O-acyl benzofuranones. All three processes hold
great promise for application in, e.g., natural product synthesis [91-93].
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Introduction

The potential of a catalytic process for use on a large scale can be a good indication
of its efficiency. During recent decades there has been an increasing tendency to
apply asymmetric catalytic processes in industry [1]. The asymmetric Noyori hy-
drogenation [2] and the Sharpless and Jacobsen—Katsuki epoxidation [3] are repre-
sentative examples of impressive developments in this field [1].

Seeking new and innovative technology platforms, the chemical industry is
also showing increasing interest in organocatalytic reactions as a potential solution
for large-scale applications. For example, the increased tendency to use organo-
catalysis as a tool for commercial applications in addition to biocatalysis [4] and
metal-catalysis [1] is emphasized by the increasing number of patent applications
describing the synthesis of organocatalysts and their use in synthetic applications
[5].

Organocatalysis has several advantages not only in respect of its synthetic range
but also for economic reasons. Thus, one might expect that in the future an in-
creasing number of organocatalytic reactions will make the jump from academic
synthesis to industrial application. The beneficial impact of organocatalytic reac-
tions on large-scale production of chiral building blocks has already been demon-
strated, even though the number of examples is still limited. Selected case studies
of larger-scale applications will be discussed in section 14.3.

14.2
Organocatalysis for Large-scale Applications: Some General Aspects and
Considerations

What are the key advantages for industrial chemists focusing on an organocatalytic
reaction as a (potential) solution for a large-scale process? In the following text
these issues will be discussed and an attempt will be made to describe “general
advantages and drawbacks”. Because organocatalysis is, however, a broad field
covering a high diversity of catalysts and reactions, the authors are aware that a
general answer for organocatalysis as a whole is not possible, and that there are
many positive or negative exceptions.

Asymmetric Organocatalysis. Albrecht Berkessel and Harald Groger
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30517-3
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Among the main criteria which must be discussed when assessing an organo-
catalytic reaction as a potential solution for a large-scale process [6] are:

* economy of the catalyst (price/availability)

stability of the catalysts, and handling issues

* recycling issues: immobilization of organocatalysts
e enantioselectivity, conversion, and catalyst loading

14.2.1
Economy of the Catalyst (Price/Availability)

Certainly in this category one can see a major advantage of organocatalysis. Many
organocatalysts are readily available and inexpensive raw materials from the “chiral
pool” or are simple derivatives thereof. Representative examples of the many orga-
nocatalysts of economic interest are alkaloids and derivatives thereof (e.g. types
1 and 2), tartaric acid (for preparation of the Shibasaki catalyst 3), r-proline 4,
and natural amino acids, which function, e.g., as starting materials for MacMillan
catalysts of type 5. An overview of these representative economically attractive orga-
nocatalysts is given in Scheme 14.1. The economically attractive price of these
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catalysts might also “justify” the higher catalytic loadings occasionally required, in
particular proline catalysis with catalytic amounts typically in the range of 20-
35 mol% (although here it has already been reported that reactions can also be
conducted with much lower catalyst loadings).

14.2.2
Stability of the Catalysts and Handling Issues

Another advantage of organocatalysts is their stability and handling. For most orga-
nocatalysts there are no concerns with regard to moisture sensitivity, which can be
a serious issue for chiral metal complexes used as Lewis acid catalysts. Thus, spe-
cial equipment for handling organocatalysts is often not required. Taking 1-proline,
amino acid-based catalysts (e.g. the MacMillan catalysts for numerous reactions
[7] and the poly-1-Leu catalyst for epoxidation [8]), and alkaloid catalysts as repre-
sentative examples, these compounds are stable and work well in the presence
of water. Selected examples are alkaloid-based chiral phase-transfer catalysts in
aqueous/organic two-phase solvent systems used for asymmetric alkylation and
Michael addition processes (see also Chapters 3 and 4, for example) and the
asymmetric Mannich reaction in the presence of 1-proline as organocatalyst, which
tolerates up to 10% (v/v) water (Ref. [9] and Section 5.2).

14.2.3
Recycling Issues: Immobilization of Organocatalysts

The possibility of recycling a catalyst has an important impact on catalyst costs,
in particular for catalysts which must be prepared in multi-step syntheses, which
require the use of expensive starting materials, or which are needed in large
quantities.

Recovery of organocatalysts for re-use after downstream-processing has already
been reported for some processes (see also the discussion below on immobiliza-
tion). For example, recovery and re-use has been investigated for r-proline catalysis
[10].

Immobilization is a popular means of simplifying separation of a catalyst from
the reaction mixture. In contrast with immobilized metal complexes (via a solid-
support-bound ligand) leaching problems are a less critical issue when using orga-
nocatalysts immobilized by covalent bonding to the solid support.

Several organocatalysts have been recycled efficiently (selected examples are
shown in Scheme 14.2). For example, the Jacobsen group has reported results
from an impressive study of the recycling of the immobilized urea derivative 6, a
highly efficient organocatalyst for asymmetric hydrocyanation of imines (Scheme
14.2) [11]. It was discovered that the catalyst can be recycled and re-used very
efficiently — over ten reaction cycles the product was obtained with similar yield
and enantioselectivity (96-98% yield, 92-93% ee).

In addition, immobilized catalysts related to the MacMillan imidazolidinone-type
organocatalyst 5 have been used for the asymmetric Diels—Alder reaction (Section
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Selected immobilized organocatalysts
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8.1) [12a]. In particular the solid-supported imidazolidinone 7 was found to be a
very efficient immobilized organocatalyst. It should be noted that solid-supported
catalysts of type 7 usually gave results equal or superior to those obtained with
the analogous “free” solution-phase catalyst. Recovery and re-use of the solid-
supported catalysts 7 have led to similar results.

Immobilized proline has also been tested but, in contrast, gave less satisfactory
results than r-proline itself [12b]. 1-Proline is, however, an inexpensive catalyst
which can be recycled efficiently without immobilization [10] and was also found
to be suitable in catalytic amounts below 10 mol% [13b]. There might, therefore, be
less need for immobilization of 1-proline than for other, more expensive, catalysts.

An example of catalysts which are themselves heterogeneous are the poly-amino
acids used for the asymmetric Julid—Colonna-type epoxidation of chalcones using
alkaline hydrogen peroxide (Section 10.2) [8]. Because of the highly efficient syn-
thesis of epoxides, this process also has attracted industrial interest (Section 14.3).
Since recent work by the Berkessel group revealed that as few as five 1-Leu residues
are sufficient for epoxidation of chalcone, several solid-phase-bound short-chain
peptides have been used, leading to enantioselectivity up to 98% ee [14]. For exam-
ple, (1-Leu)s immobilized on “TentaGel S NH,”, 8, was found to be a suitable
solid-supported short-chain peptide catalyst for epoxidations.

Several other organocatalysts have also been immobilized (these applications are
described in the appropriate chapters of this book). Thus, immobilization of orga-
nocatalysts has already been achieved successfully and found to be a suitable tool
for simple catalyst recovery and re-use.

14.2.4
Enantioselectivity, Conversion, and Catalytic Loading

Despite impressive results, the enantioselectivity obtained does not often exceed
98% ee. Because enantiomeric purity of > 99% ee is required for pharmaceutical
purposes, subsequent work-up and refining steps must be added to improve enan-
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tioselectivity. To avoid such subsequent purification, further fine tuning of many
catalysts is desirable. Besides asymmetric induction, conversion and productivity
are also important.

Thus, high conversion, possibly after a short reaction time, is required, as is low
catalytic loading. With regard to the last issue, optimization of many organocata-
lytic reactions is certainly still needed. Typical amounts of catalyst are in the range
10-20 mol%. For 1-proline amounts of catalyst in the range of 20-35 mol% are used
frequently [13]. Although 1-proline is a cheap catalyst, reduction of catalyst loading
is, nevertheless, of interest. Representative studies for the aldol and Mannich reac-
tions have already shown that the reaction works with lower catalyst loadings [13b].

Although the combination of high conversion, good yield, high enantioselec-
tivity (and diastereoselectivity if there are more than one stereogenic center) at
low (organo-)catalytic loadings of, e.g., 1 mol% or below is still a challenge for
many reactions, examples of such efficient systems are already available. In partic-
ular these types of reaction are already of much interest for large-scale applications.

Among many excellent organocatalytic syntheses from numerous groups in
which excellent enantioselectivity of >99% ee is combined with high yields at low
catalytic loadings of <5-20 mol% (occasionally only 1 mol% or below), some se-
lected highlights are summarized below.

In the field of asymmetric organocatalytic alkylation (see also Section 3.1) im-
pressive examples with enantioselectivity > 99% ee have been reported by the
Corey group, the Park and Jew group, and the Maruoka group [15-17]. Different
types of catalyst have been used, with amounts of catalyst in the range 0.2 to
10 mol%. High enantioselectivity (99%) has also been achieved for asymmetric
halogenation reactions (see also Section 3.4). This has been demonstrated for
chlorination and bromination reactions by Lectka and co-workers [18].

Asymmetric nucleophilic addition to C=C double bonds (see also Chapter 4) can
also proceed highly stereoselectively. Several examples of enantio- and diastereo-
selective Michael additions with 99% ee for the resulting products have been
described by the Corey group [19]. A cinchonidine-derived phase-transfer organo-
catalyst (10 mol%) was used.

In the field of asymmetric nucleophilic additions to C=N double bonds (see also
Chapter 5), hydrocyanations of imines which proceed with >99% ee have been re-
ported by the Lipton [20] and Jacobsen [21] groups. Diketopiperazines (2 mol%)
and urea-type organocatalysts (1 mol%), respectively, were used. The List and
Barbas groups found that enantioselective Mannich reactions can proceed with
>99% ee when using r-proline (5-20 mol%) as organocatalyst [22, 23]. The Lectka
group developed a highly enantio- and diastereoselective ketene-addition to imines
[24]. Optically active f-lactams with >99% ee have been obtained by use of 5-
10 mol% cinchona alkaloid-type organocatalysts.

Highly enantioselective syntheses have also been reported for additions to C=0
double bonds (see also Chapter 6). Examples of 1-proline-catalyzed intermolecular
aldol-reactions furnishing aldol adducts bearing one and two stereogenic centers
with >99% ee have been reported by List and co-workers [25]. The same group
also described a highly diastereo- and enantioselective organocatalytic intramolecular
aldol reaction which proceeds with 99% ee [26]. Asymmetric organocatalytic Baylis—
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Hillman reactions leading to products with 99% ee have been reported by the Hata-
keyama group [27]. The reaction was performed with 10 mol% of an alkaloid-type
organocatalyst.

The Jorgensen group demonstrated that nucleophilic addition to N=N double
bonds (see also Section 7.1) can proceed with >99% ee [28]. r-Proline was used as
catalyst for the o-amination reaction. 1-Proline-catalyzed additions to N=O double
bonds (see also Section 7.2) furnishing products with 99% ee have been developed
by the MacMillan group, the Zhong group, the Hayashi group and the Cordova
group [29-31].

The MacMillan group has also shown that cycloaddition reactions (see also
Chapter 8) can be performed highly diastereo- and enantioselectively. The [3+-2]-
cycloaddition of nitrones and o,f-unsaturated carbonyl compounds in the presence
of 20 mol% of a phenylalanine-derived imidazolidinone acid salt led to products
with 99% ee [32]. An example of an enantioselective rearrangement reaction (see
also Section 13.6) with 99% ee has been reported by the Fu group [33], who used
2 mol% of a planar chiral DMAP derivative as catalyst.

In conclusion, these selected examples emphasize that highly efficient organoca-
talysts are already available for a broad range of organic transformations and en-
able the synthesis of the desired target molecules with enantioselectivity > 99%
ee. Many other examples which give high enantioselectivity (e.g. >95% ee) and
enable further, subsequent enantiomeric enrichment are also known. Thus, for
many organocatalytic transformations the enantioselectivity, conversion, yield, and
amount of catalyst are already in the range which makes them attractive for large-
scale syntheses.

14.3
Large-scale Organocatalytic Reaction Processes (Selected Case Studies)

This section reports selected case studies of organocatalytic reactions which have
already been scaled up or which are process technology solutions with the potential
for scale-up. These examples emphasize the potential of organocatalytic reactions
for commercial-scale applications. The scale-up of the corresponding reactions
ranges from larger lab scale applications to applications on a technical scale. The
case studies discussed are:

e Case Study 1: Julid—Colonna-type epoxidation

e Case Study 2: Hydrocyanation of imines

e Case Study 3: Alkylation of cyclic ketones and glycinates

e Case Study 4: The Hajos—Parrish—Eder—Sauer—Wiechert reaction

14.3.1
Case Study 1: Julida—Colonna-type Epoxidation

In 1980 Julia et al. reported a simple asymmetric epoxidation catalyzed by poly-
amino acids [8, 34]. Subsequently, many groups have contributed to the further
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development of this synthetic method, which has been found to be an efficient
technique for preparation of chalcone-type epoxides (see also Section 10.2). The ep-
oxidation reaction uses hydrogen peroxide as oxidant and proceeds under three-
phase conditions. Among the main advantages of this epoxidation reaction are
the use of an environmentally friendly organocatalyst and relatively cheap oxidant
and base (NaOH), the potential recyclability of the organocatalyst, and the high
enantioselectivity — up to >95% ee. For commercial application, however, this
method also has some drawbacks [35]. For example, large excesses of catalyst —
amounts up to 200% (w/w) — are needed. The catalyst must also be preactivated, a
process which takes more than 6 h. Another drawback is a long reaction time —
from 1 to 5 days — which significantly limits commercial applicability.

Researchers at Bayer AG addressed these critical issues and developed successful
solutions enabling commercial application of Julia—Colonna-type epoxidation [35—
40]. Starting with optimization of catalyst preparation, a straightforward synthesis
based on inexpensive reagents and requiring a shorter reaction time was developed
for the poly-Leu-catalyst [35]. In particular, the reaction time for the new polymer-
ization process was only 3 h when the process was conducted at 80 °C in toluene,
compared with 5 days under classic reaction conditions (THF, room temperature).
Furthermore, the catalyst prepared by the “Bayer route” is much more active and
does not require preactivation [35-40].

In parallel, the three-phase reaction system was improved. It was found that
the reaction was strongly enhanced when performed in the presence of a phase-
transfer catalyst as achiral additive [35-40]. Epoxidation of chalcone 9 with 10
mol% TBAB led to >99% conversion within 7 min and high enantioselectivity of
94% ee (Scheme 14.3) [35]. In the absence of TBAB the asymmetric poly-1-leucine-
catalyzed epoxidation afforded only 2% conversion after 1.5 h. It was also reported
that the amount of catalyst could be further reduced.

(0]
_ poly-L-amino acid (11 mol%) \©
O O aqueous Hp0, (28.5 eq.), 0
10

toluene, NaOH (4.2 eq.),
9 10 mol% TBAB
>99% conversion

94% ee
Scheme 14.3. PTC catalyst.

A first scale-up to the 100 g scale was recently reported (Scheme 14.4) [35]. Use
of a catalytic amount (10-20%, w/w) of the poly-1-Leu organocatalyst 12, equivalent
to 0.35-0.7 mol%, led to complete conversion and 75% yield of 13 after isolation.
The enantioselectivity of the product 13 was 97.6% ee. On this larger, 100 g-scale,
however, a prolonged reaction time of 12 h was required, rather than the 7 min for
the small-scale reaction. It was also found that efficient stirring was essential for
complete conversion. It should be noted that the catalyst can be re-used without
loss of reactivity and enantioselectivity [35].
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poly-L-Leu 12 OBn
o (0.35-0.7 mol%; 9]

P corresponding to 10-20 %(w/w)) ey
‘ O OBn aqueous H>0, (5 eq.), o

toluene, NaOH (1.3 eq.),

11 o 13
100 g substrate input 10 mol% PTG, rt., 12h (20h) 799
75% yield

97.6% ee (95.5 % ee)
Scheme 14.4

Researchers at Degussa AG focused on an alternative means towards commer-
cial application of the Julidi—Colonna epoxidation [41]. Successful development
was based on design of a continuous process in a chemzyme membrane reactor
(CMR reactor). In this the epoxide and unconverted chalcone and oxidation reagent
pass through the membrane whereas the polymer-enlarged organocatalyst is re-
tained in the reactor by means of a nanofiltration membrane. The equipment
used for this type of continuous epoxidation reaction is shown in Scheme 14.5
[41]. The chemzyme membrane reactor is based on the same continuous process
concept as the efficient enzyme membrane reactor, which is already used for
enzymatic o-amino acid resolution on an industrial scale at a production level of
hundreds of tons per year [42].

membrane

chiral epoxide

chalcone molecular weight enlarged

homogeneous catalyst

urea-H;0,

Scheme 14.5. CMR reactor (From Ref. [41] with permission of the Georg-Thieme-Verlag).

The prerequisite for this process, namely the availability of homogenous
polymer-supported catalysts, was fulfilled by Tsogoeva et al. who developed, for ex-
ample, the oligo(1-Leu) catalyst 14 (Scheme 14.6) [41]. This catalyst has been used
efficiently in the continuous CMR process with chalcone and urea-hydrogen
peroxide as oxidizing agent. The epoxidation reaction in a 10-mL chemzyme mem-
brane reactor, catalyzed by 14, furnished the epoxide product with enantioselec-
tivity up to 90-95% throughout 50 residence times [41]. In conclusion, the advan-
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Scheme 14.6

tages of this CMR concept with soluble polymer-supported oligo(i-Leu) are effi-
cient conversion in combination with both high catalyst activity and enantioselec-
tivity [41].

It should be mentioned here that in addition to the Julidi—Colonna epoxidation,
the Shi epoxidation is also attracting commercial interest. In a recent presentation
DSM reported current activity on the application of the Shi technology on a com-
mercial scale [43].

14.3.2
Case Study 2: Hydrocyanation of Imines

The asymmetric catalytic Strecker reaction is an elegant means of synthesis of op-
tically active a-amino acids. The Jacobsen group developed optimized organocata-
lysts [21, 44—48], optically active urea or thiourea derivatives, which were found to
be the most efficient type of catalyst yet for asymmetric hydrocyanation of imines
(see also Section 5.1 on the hydrocyanation of imines). Because of its high effi-
ciency, Jacobsen hydrocyanation technology has already been used commercially
at Rodia ChiRex [49]. The concept of the reaction is shown in Scheme 14.7. In
the presence of a catalytic amount (2 mol%) of the readily available organocatalyst

o) H H N
N
HO
1. 16 _COtBu

) (2 mol%) Bu 9) )(J)\ R2

'\f/R HeN toluene, -70°C, 20h FsC N~

+

R1/kH 2. TFFA R1/kCN

15 17

Scheme 14.7. Rhodia ChiREx concept.
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16 the asymmetric hydrocyanation proceeds with high conversion and enantio-
selectivity for a broad range of imines. The resulting a-amino nitrile products are
conveniently isolated as the trifluoracetamides 17, which can be further converted
into a range of enantiomerically pure building blocks, e.g. o-amino acids [49].

In addition, minor variation of the catalyst in combination with immobilization
on a resin support gave an analogous recyclable solid-supported organocatalyst.
Varying the derivatization method by trapping the s-amino nitrile intermediate
with formic acid and acetic anhydride gives the crystalline formamides 19 in excel-
lent yield and with high enantioselectivity. These features of this catalytic process
have been demonstrated by results from the synthesis of 1-tert-leucine (Scheme

14.8) [49].
(e}
,\f/\Ph LN 1. catalyst (4 mol%), toluene, -78 °C, 15h HJJ\N/\ph
+
:38% H 2. Ac,0, formic acid :SE%CN
% CHs % CHg
18 9
10 cycles of the catalyst
97-98% yield per cycle
92-93% ee per cycle
Scheme 14.8

Rhodia ChiRex have reported that this organocatalytic Jacobsen-type Strecker re-
action is now being exploited commercially and delivers highly enantiomerically
enriched natural and unnatural a-amino carboxylic acids quickly, smoothly, and in
bulk [49].

14.3.3
Case Study 3: Alkylation of Cyclic Ketones and Glycinates

In the mid-1980s Merck chemists developed a method for asymmetric alkylation of
a cyclic ketone in the presence of a simple cinchona alkaloid (see also Section 3.1)
[50-52]. The resulting product 23, bearing a quaternary stereogenic center, is an
intermediate in the synthesis of indacrinone 20 (Scheme 14.9). It should be noted
that this impressive contribution from Merck chemists was not only the first exam-

Cl

0
N

COsH

20
Scheme 14.9
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ple of a highly asymmetric PTC-catalyzed alkylation but also one of the first asym-
metric organocatalytic syntheses applied on a large scale.

Starting with enantioselectivity below 10% ee, increased asymmetric induc-
tion was achieved by using individually made cinchona-derived quaternary am-
monium salts. Whereas use of N-benzylcinchoninium enabled ca. 30% ee to be
achieved, use of analogous p-substituted derivatives gave enantioselectivity up to
60% ee. Subsequent process development led to an efficient enantioselective alky-
lation process with enantioselectivity up to 94% ee (Scheme 14.10) [50-52]. The
yield of the desired product was 100% and the amount of catalyst required was
6% only. This process was also was found to be suitable for scaling up. The large-
scale feasibility of this process was demonstrated successfully on a pilot-plant scale
[50]. By means of this methodology, drug supply by this program was realized,
until the demise of the candidate for reasons of toxicity [50].

Cl 0
FCO 50°/MeCI’|\}0|ouanZ’5 °C HeCO ©
21 % aq. NaOH, 2
100% yield

94% ee
Scheme 14.10

The power of this phase-transfer method is also emphasized by the economics of
the process. It was reported that the cost of producing the desired (S) enantiomer
on the basis of the asymmetric organocatalytic alkylation route using an amount of
catalyst below 10 mol% was significantly lower than the cost of producing the iso-
mer by a resolution process [50].

In conclusion, this synthesis of the indacrinone intermediate 23 developed by
Merck researchers is a highly efficient and technically feasible method for asym-
metric alkylation. It not only afforded the desired drug intermediate 23 in quanti-
tative yield and high enantioselectivity but was also found to be suitable for techni-
cal applications, as has been demonstrated on a pilot-plant scale.

Further great advances in the field of asymmetric alkylation reactions have been
made by several groups working on chiral phase-transfer-catalyzed alkylation of
glycinates (see also Section 3.1). A pioneer in this field is the O’Donnell group
[53, 54] who developed the first o-amino acid ester synthesis using this methodol-
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ogy. It should be noted that they also reported the first scale up of the synthesis in
a multi-gram-scale preparation of the o-amino acid p-p-chlorophenylalanine [54].
The asymmetric alkaloid-catalyzed alkylation with a p-chlorobenzyl halide proceeds
with formation of the glycinate in 81% yield and with 66% ee when using 10 mol%
catalyst (Scheme 14.11). Subsequent recrystallization and then hydrolysis afforded
6.5 g of an enantiomerically pure sample of the “free” amino acid p-p-chloro-
phenylalanine [54].

O 0 25 (10 mol %), O o} 1. recrystal- 0
R-X (1.2-5 eq.), N lization H,N
N \)kOt-Bu ( a) z Ot-Bu 2 OtBu
25 °C, 2. hydrolysis
CHCly, O
50 % aq. NaOH cl cl
24 26 27
multi gram scale 81% yield enantiomerically pure
synthesis 66% ee D-phenylalanine:
6.5¢g

Scheme 14.11

In addition to the work of the O’Donnell group, further important contributions
in the field of asymmetric alkylation have been made by the groups of Lygo, Corey,
Maruoka, Shiori, Kim, and Jew and Park (see also Section 3.2). The last group
[55-59] also used their alkaloid-based PTC-catalyst in a 150-gram-scale application
for synthesis of a p-substituted phenylalanine derivative [60]. It should be noted
that results similar to those from the small-scale (50-mg) process have been ob-
tained by conducting the reactions on a 150-gram scale, thus indicating the po-
tential feasibility of this reaction for scale up and applications on a larger scale.
Several patent applications also describe the use of alkaloid-type glycinate alkyla-
tion technology for preparation of target molecules of commercial interest [5a, 55,
59, 61].

Despite the great achievements made over the years in alkaloid-type asymmetric
alkylation of glycinates, however, to the best of our knowledge commercial applica-
tion of this method on an industrial scale for production of optically active a-amino
acids has not yet been reported. Nevertheless, because of the high efficiency
achieved by use of the “state of the art” of this methodology, the prerequisite for
applications on industrial scale have now been realized, and commercial applica-
tions can be expected in the future.



Conclusion

14.3.4
Case Study 4: The Hajos—Parrish—Eder—Wiechert—Sauer Reaction

The Hajos—Parrish—Eder—Wiechert—Sauer reaction, developed independently by
two industrial groups in the early nineteen-seventies, was one of the first major con-
tributions of organocatalysis (see also Section 6.2.2 on the asymmetric intra-
molecular aldol reaction) [62-66]. The target molecules 32 and 33 are valuable
intermediates in the asymmetric synthesis of steroids, and were envisaged as alter-
natives to rare natural sources as means of access to these compounds [13b]. Both
groups used 1-proline as organocatalyst. At Hoffmann LaRoche, Hajos and Parrish
showed that triketones 28 and 29 give, in an intramolecular aldol reaction, the aldol
products 30 and 31, which can subsequently be transformed into the desired target
products 32 and 33 [62—64]. In the presence of only 3 mol% t-proline the intramo-
lecular aldol reaction proceeds with enantioselectivity of 74—-96% ee (Scheme 14.12).

(e} (e} (e} O
HsC L-proline (3 mol-%), HsC HsC
HeC DMF
oK) ) o
n (o) OH n
28: n=0 30: n=0, 100% yield, 93% ee 32: n=
29: n=1 31: n=1, 52% yield, 74% ee 33: n=1

Scheme 14.12

Schering chemists demonstrated that the target molecules 32 and 33 can also be
synthesized in a one-pot reaction with enantioselectivity up to 84% ee when using
10-200 mol% proline as catalyst [65, 66]. Because of easy access to the steroid pre-
cursors 28 and 29 from readily available raw materials, and the use of the econom-
ically attractive catalyst r-proline, this intramolecular aldol reaction has attracted
commercial attention. At Schering 1-proline catalysis has been conducted on a
multi-kilogram scale [67].

(0] (0]
HsC L-proline HsC ?
HaC (10-200 mol-%)
) CH3CN, 1N HCIOy, )
0 n 22-25h, 80 °C 0 n
28: n=0 32: n=0, 86.8% yield, 84% ee
29: n=1 33: n=1, 83% yield, 71% ee

Scheme 14.13

Conclusion

In conclusion, the process development and scale up already achieved for several
organocatalytic reactions have shown that organocatalysis can be a valuable tool
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for industrial-scale solutions. It can also be expected that the broad variety of effi-
cient organocatalytic syntheses already developed, in combination with further
breakthroughs and new applications, will contribute to an increasing number of
organocatalytic large-scale reactions in the future.

w

w
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Appendix: Tabular Survey of Selected
Organocatalysts: Reaction Scope and
Availability

The appendix lists typical examples of organocatalysts together with their reaction
scope, the chapters where their application is discussed, and some information on
their availability.

Asymmetric Organocatalysis. Albrecht Berkessel and Harald Groger
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30517-3



|
Primary and Secondary Amine Catalysts

Structure Typical reaction scope [chapter] Availability
O’COQH e Intermolecular Michael addition [4.1] 1-Proline is commercially available in bulk
Ny ¢ Mannich reaction [5.2] quantities and represents an economically
H e Intermolecular aldol reaction [6.2.1] attractive amino acid organocatalyst.
r-proline e Intramolecular aldol reaction [6.2.2] (p-Proline is commercially available, too.)
¢ Aldol-related reactions (addition of nitrones)
[6.2.3]

Addition to N=N double bonds («-amination of
carbonyl compounds) [7.1]

Addition to N=0O double bonds («-aminoxylation/
hydroxylation of carbonyl compounds [7.2]

COLH ¢ Intramolecular a-alkylation of aldehydes [3.3] 1-Enantiomer commercially available
N CH,

a-methyl-1-proline

. R ¢ Intermolecular Michael addition [4.1] Preparation starting from 1-proline in
E(\§—< ¢ Intermolecular aldol reaction [6.2.1] multi-step syntheses
N NR'R? * [3+2]-Cycloadditions [8.2]
n=12 ¢ Desymmetrization of meso-diols [13.3]

¢ Desymmetrization of meso-epoxides [13.4]
t-proline-derived diamines

(and homologues)

Aapiqojivay pub adoas uoiovay :sishipgpooundiQ parrajas fo kawns apjnqo| xipuaddy | oLy



El\>_\0 R

H

1-proline-derived amino ethers

HoC__cH,
RS D=coH
7~
A H

1-4-thiazolidinyl carboxylic acid

Hu
HoN" ~CO,H

t-phenylalanine

RS
O N

R1
Oy
N R2
H

H

L-Phe-derived imidazolidinones

¢ Mannich reaction [5.2]

¢ Mannich reaction [5.2]
e Intermolecular aldol reaction [6.2.1]

e Intramolecular aldol reaction [6.2.2]

¢ Intermolecular Michael addition, including
alkylation of heterocyclic aromatics and aniline
derivatives [4.1]

¢ [4+2]-Cycloadditions: Diels-Alder reactions [8.1]

¢ [3+2]-Cycloadditions: Nitrone-based reactions
[8.2]

Preparation starting from 1-proline in
multi-step syntheses

Readily accessible, using 1-penicillamine
as starting material

Just as 1-proline, r-phenylalanine is an
economically attractive amino acid
organocatalyst, readily available in bulk
quantities.

Organocatalysts readily prepared from
L-phenylalanine, methylamine and
acetone or piraldehyde

LY | s1sdip1pD auiudy Aibpuosas puv libuild |



Structure Typical reaction scope [chapter] Availability
CHa e Intermolecular Michael addition [4.1] Prepared from 1-phenylalanine, methylamine
N and glyoxylic acid in a few steps
(L oo glyoxy P
=N
H H
HaC _CH, ¢ Tautomerization of enols [9] Prepared from (+)-camphor in a multi-step
syntheses
H:C” Y NHR
OH

H_ NH,

e

e Intramolecular Michael addition [4.2]

Commercially available in both enantiomeric
forms in bulk quantities; economically
attractive organocatalyst
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Tertiary Amine and Pyridine Catalysts

Structure

Typical reaction scope [chapter]

Availability

H3CO

(+)-quinidine (R = H)

¢ g-Halogenation of carbonyl compounds
[3.4]

¢ Intermolecular Michael addition
(including cyclopropanation of enones,
enoates etc.) [4.1]

¢ Intramolecular Michael addition [4.2]

¢ f-Lactam synthesis from imines and
ketenes [5.3]

e f-Lactone synthesis from aldehydes and
ketenes [6.3]

¢ Morita-Baylis-Hillman reaction [6.4]

» Hydrophosphonylation of aldehydes
[6.10]

¢ Diels-Alder reaction [8.1]

¢ Desymmetrization of meso-anhydrides
[13.1]

All four natural cinchona
alkaloids (R=H) are commercially
available in large quantities.
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Structure

Typical reaction scope [chapter]

Availability

(+)-cinchonine (R = H)

Cinchona alkaloids

¢ Additions to prochiral ketenes [13.2]
¢ Desymmetrization of meso-diols [13.3]
¢ Desymmetrization of meso-epoxides [13.4]
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[(DHQD),AQN], R = R! ¢ g-Halogenation of carbonyl compounds Commercially available

[(DHQ)ZAON IR =R? (3.4]
e Carboethyoxycyanation of ketones [6.1]

¢ Desymmetrization of meso-anhydrides
[13.1]
¢ (Dynamic) kinetic resolution of racemic

anhydrides [13.1]

{(DHQD),PHAL}, R = R!
{(DHQ),PHAL}, R = R?

e Kinetic resolution of racemic alcohols by Preparation starting from 1-
acylation [12.1] proline in multi-step syntheses
¢ Desymmetrization of meso-diols by
acylation [13.3]

1-proline-derived diamines

Sy | sisdjp1oD auipudd pup auiuy dibiial |



Structure

Typical reaction scope [chapter] Availability

e f-Lactam synthesis from imines and Multistep synthesis
ketenes [5.3]
e Kinetic resolution of racemic alcohols by
acylation [12.1]
¢ Additions to prochiral ketenes [13.2]
¢ Desymmetrization of meso-diols [13.3]
¢ Dynamic kinetic resolution of azlactones;
rearrangement of O-acyl azlactones,
O-acyl oxindoles, O-acyl benzofuranones
[13.6]

e Kinetic resolution of racemic alcohols by Multistep synthesis
acylation [12.1]

e Kinetic resolution of racemic alcohols by Multistep synthesis
acylation [12.1]

Aapiqojivay pub adoas uoiovay :sishipgpooundiQ parrajas fo kawns apjnqo| xipuaddy | 9Ly



11
Phosphanes

Structure

Typical reaction scope [chapter]

Availability

L,
Oy

BiNAP

¢ Morita-Baylis-Hillman reaction [6.4]

¢ [3+2]-Cycloadditions of allenes [8.2]

e Kinetic resolution of racemic alcohols by acylation

[12.1]
* Desymmetrization of meso-diols [13.3]

e Kinetic resolution of racemic alcohols by acylation
[12.1]
e Desymmetrization of meso-diols [13.3]

Commercially available in large quantities

Multistep synthesis

Few steps from chiral diols

Multistep synthesis

saupbydsoyd |||
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Phosphoramidites, Phosphoramides and Formamides

Structure

Typical reaction scope [chapter]

Availability

CHy

RIN\ 0
P
W)
CHg
CHg CHs
N\ /O C)\\ /N"’
4 )
N =y
HsC CHs HsC CH,

and analogues thereof

e Intermolecular aldol reaction [6.2.1]

e Allylation of aldehydes [6.5]

e Allylation of aldehydes [6.5]

e Allylation of aldehydes [6.5]

Prepared from chiral diamines, e.g.
commercially available cyclohexane-
1,2-diamine, in a few steps

Prepared from chiral diamines, e.g.
commercially available cyclohexane-
1,2-diamine, in a few steps

Prepared from commercially available
BINAM in a few steps
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PORy

N\

N o

/P\I\O

N\
(T "n,

and dimers thereof

e Intermolecular aldol reaction [6.2.1]
¢ Desymmetrization of meso epoxides
[13.4]

¢ Reduction of carbonyl compounds
with boranes [11.1]

e Allylation of aldehydes [6.5]

Prepared from commercially available
BINAM in a few steps

Readily available from BINOL and
prolinol derivatives, respectively

Readily available by formylation of
commercially available
bis(phenethyl)amine
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Ureas, Thioureas, Guanidines, Amidines

Structure Typical reaction scope [chapter] Availability
R tBu O ¢ Hydrocyanation of imines [5.1] Multi-step synthesis using
RTI{I - N /U\N enantiomerically pure trans-1,2-
\(f)(\H Ho diaminocyclohexane and tert.-leucine
N
HO
-Bu 0-R?
R2 tBu S ¢ Hydrocyanation of imines [5.1] Multi-step synthesis using
N ¢ Mannich reaction [5.2] enantiomerically pure trans-1,2-
RTYONTON . . o :
o H H * Hydrophosphonylation of imines [5.5] diaminocyclohexane and tert.-leucine;
> immobilization possible
HO
t-Bu O-R?
HeC tBu S * Mannich reaction [5.2] Few steps from tert-leucine
Ph._N NN
H H
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Intermolecular Michael addition [4.1]

Aza-Henry reaction [5.2]

Hydrocyanation of imines [5.1]

Hydrocyanation of imines [5.1]

Hydrocyanation of aldehydes [6.1]

[4+2]-Cycloadditions, Diels-Alder

reactions [8.1]

Few steps from ennantiomerically pure
trans-1,2-diaminocyclohexane

Multi-step synthesis

Few synthetic steps from 1-phenylalanine

and 1-nor-arginine

Multi-step synthesis
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Ketones

Structure

Typical reaction scope [chapter]

Availability

cH
g 0

Hac)r 6

CHj

and related carbohydrate derivatives

R
HC~0,C OO

0
e
R

CO,Et

N
F

¢ Epoxidation of olefins [10.1]
e kinetic resolution of alcohols by oxidation
[10.4; 12.2]

¢ Epoxidation of olefins [10.1]

¢ Epoxidation of olefins [10.1]

* Epoxidation of enones and enoates [10.2]

Readily prepared from p-fructose in
two steps

Multi-step synthesis

Prepared from commercially available
N-carboethoxytropinone in a few steps

Prepared from commercially available
(—)-quinic acid in a few steps
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Imines, Iminium Cations and Oxazolines

Typical reaction scope [chapter]

Availability

Structure
(.
~
o]
N
!

NJ CHy
CHjy

e Allylation of aldehydes [6.5]

¢ Epoxidation of olefins [10.1]

e Sulfoxidation of thioethers [10.3]

Readily prepared from r-leucinol and
pyridine-2-carboxylic acid

Multi-step synthesis

Prepared from commercially available
(4)-camphor-10-sulphonic acid in a
few steps
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Diols

Structure

Typical reaction scope [chapter]

Availability

L,
Ty

BINOL and derivatives thereof

—N N=
-Bu OH HO +-Bu
Bu -Bu
aryl aryl
HaC O OH
Hso O I',/ OH
aryl aryl

TADDOLs

¢ Hydrocyanation (using TMS-CN) of
aldehydes [6.1]
Morita-Baylis-Hillman-reaction [6.4]
Reduction of carbonyl compounds [11.3]

¢ Hydrocyanation (using TMS-CN) of
aldehydes [6.1]

Hetero-Diels-Alder-reaction [8.1]

BINOL is commercially available in both
enantiomeric forms

Commercially available

Readily available from (4)- or (—)-tartaric
acid; some TADDOLs are commercially
available
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IX

Sulfides
Structure Typical reaction scope [chapter] Availability
HiC, _CH, e Aziridination of imines [5.4] Prepared from commercially available (+)-

%

e Epoxidation of aldehydes [6.8]

e Aziridination of imines [5.4]
e Epoxidation of aldehydes [6.8]

e Aziridination of imines [5.4]
e Epoxidation of aldehydes [6.8]

¢ Morita-Baylis-Hillman-reaction [6.4]
e Epoxidation of aldehydes [6.8]

camphor-10-sulfonic acid in a few steps

Prepared in few steps from commercially
available hexane-2,5-diol

Prepared from commercially available (+)-
camphor-10-sulfonic acid

Three-step synthesis starting from p-mannitol
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Structure

Typical reaction scope [chapter]

Availability

HaC. _CH,

s._N-Boc
HaC” "GHg

e Epoxidation of aldehydes [6.8]

e Epoxidation of aldehydes [6.8]

e Epoxidation of aldehydes [6.8]

Multi-step synthesis

Three-step synthesis starting from p-mannitol

Multi-step synthesis from 1-valine
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N-Oxides and Nitroxyl Radicals

Structure

Typical reaction scope [chapter]

Availability

Hydrocyanation of imines (Strecker
reaction) [5.1]
Allylation of aldehydes [6.5]

Allylation of aldehydes [6.5]

Allylation of aldehydes [6.5]

Multi-step synthesis

Multi-step synthesis

Multi-step synthesis

s|poIppY [AXOHIN pub SIPIXO-N X

LTy



Structure

Typical reaction scope [chapter]

Availability

Allylation of aldehydes [6.5]

Desymmetrization of meso-epoxides [13.4]

Kinetic resolution of alcohols by oxidation
[10.4; 12.2]

Multi-step synthesis

Multi-step synthesis

Multi-step synthesis
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Xl
Heterocyclic Carbenes (Carbene Precursors)

Structure Typical reaction scope [chapter] Availability
N-NG ,Ph * Benzoin condensation [6.9] Several synthetic steps from commercial chiral
) . » o O? aminodiol

mPh

Ph * Benzoin condensation [6.9] Several synthetic steps from e.g. 1-tert.-leucinol
(R BF,

HsC, Ph e Stetter-reaction [6.9] Several synthetic steps from (—)-norephedrine
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Typical reaction scope [chapter]

Availability

Xl
Peptides
Structure
0] 0O
NH
— NH — NH
Ny NH 0 Ny NH

A

N
B

3

example for tripeptide catalyst

e Hydrocyanation of aldehydes
[6.1]

¢ Hydrocyanation of imines
[5.1]

e Intermolecular Michael
addition of TMS azide [4.1.2]

¢ Kinetic resolution of alcohols
by acylation [12.1]

Readily available from
commercial amino acids

Readily available from
commercial amino acids

Synthesis by several
peptide coupling steps
(plus synthesis of -
alkylated histidine, if
desired)
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O,H e
4§:O
BOCNH\/i§

\f/\N
Hye 7

example for tetrapeptide catalyst

+-BuO.,

Boo-NH\_/go

Y\N NH
o N7
s O O-t+Bu
OCH,

example for pentapeptide catalyst

//\N’CHS
N _ e CHs SN CHs
BOC-HN ﬁ “[(N\)J\N/\[( I‘km/\('\l\)\om3
o}
CONH(m) \[\> HsC CHy
N

m

example for octapeptide catalyst

¢ Kinetic resolution of alcohols
by acylation [12.1]

* Kinetic resolution of alcohols
by acylation [12.1]

¢ Desymmetrization of meso-
diols [12.1, 13.3]

* Kinetic resolution of alcohols
by acylation [12.1]

Several peptide coupling
steps

Several peptide coupling
steps

Several peptide coupling
steps

sapudad I1X

LEV



Structure Typical reaction scope [chapter] Availability
R e Epoxidation of enones [10.2] Readily available by
polymerization of e.g.
HoN amino acid N-carboxy

R: iso-butyl

1-leucine pentamer on TentaGel S NH,

e Epoxidation of enones with
short solid-phase bound
peptides [10.2]

anhydrides

Readily available by
peptide synthesis on solid
phase
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Xl
Phase Transfer Catalysts

Structure

Typical reaction scope

Availability

general structures of N-alkylated cinchona
alkaloids

e Alkylations with formation of C—C
bonds [3.1, 3.2]

¢ Halogenation [3.4]

e Intermolecular Michael addition [4.1]

e Intermolecular aldol reaction [6.2.1]

¢ Intramolecular aldol reaction [6.2.2]

Aldol-related reactions (e.g.

vinylogous Mukaiyama-type aldol)

[6.2.3]

e Alkylation of C=0 double bonds [6.6]

e Darzens reaction [6.7]

¢ Epoxidation of enones [10.2]

¢ Reduction of carbonyl compounds
[11]

¢ Horner-Wadsworth-Emmons reaction
[13.5]

The starting materials for the synthesis
(few steps) of these phase-transfer
catalysts, i.e. the cinchona alkaloids
(—)-quinine, (4)-quinidine, (+)-
cinchonine and (—)-cinchonidine, are
commercially available in large
quantities.
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Structure Typical reaction scope Availability

dimeric alkaloid-based phase-transfer
catalysts

X@
R
(I e LI
N
Ay,
Biaryl-derived phase-transfer catalysts

RO @ ~_.OR
O e
RO™ OR

Alkylations with formation of C—C See section above.
bonds [3.1, 3.2]

Halogenations with formation of C-X

bonds [3.4]

Intermolecular Michael addition [4.1]

Epoxidation of enones [10.2]

Alkylations with formation of C—C Multi-step synthesis from commercially
bonds [3.1, 3.2] available binaphthyls.

Intermolecular Michael additions

[4.1]

Intermolecular aldol reaction [6.2.1]
Epoxidation of enones [10.2]

Intermolecular Michael addition [4.1] Multi-step synthesis
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HaC —Ar

N
Raf=r
Y
R 0. &/

N—Ar

Tartrate-based dicationic phase-transfer
catalysts

Carbohydrate-derived crown ethers

HO H

H
Br®

2L _CHy
ND R: alkyl or solid-phase
:(CH3)2 attachment

e Alkylations with formation of C-C
bonds [3.1, 3.2]
¢ Intermolecular Michael addition [4.1]

¢ Alkylations with formation of C-C
bonds [3.1, 3.2]

¢ Intermolecular Michael addition [4.1]
¢ Darzens reaction [6.7]

e Darzens reaction [6.7]

Few steps from commercially available
(+)- or (—)-tartaric acid

Multi-step synthesis

Multi-step synthesis

Few steps from commercially available
amino alcohols such as ephedrin
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Index
a — — Michael-addition of O-nucleophiles to , -
Alcohols unsaturated carbonyl compounds 79
— by alkylation of carbonyl compounds 205  — - Michael-addition of S- and Se- nucleophiles
— by ketone reduction 314 to o, f-unsaturated carbonyl compounds
— by kinetic resolution 74
— — by acylation 323 — as nucleophilic catalysts
— — by oxidaton 306, 342 — — addition of alcohols to ketenes 270, 363
Aldol reaction — — desymmetrization of meso-anhydrides
— 6-enolexo aldolization 174 349
— crossed-aldol reaction of aldehydes 148,156 - — desymmetrization of meso-diols 367
— catalysts — — kinetic/dynamic kinetic resolution of
— — carbocations 146 racemic anhydrides 352, 358
— — diamines 153 — — B-lactam synthesis 109
— — guanidines 177 — — f-lactone synthesis 180
— — phosphamides 141, 155 — — trifluoromethylation of aldehydes 205
— — phase-transfer-catalysts 145, 159, 162, 176 — — and ketones
— — proline and related amino acids 147, — as phase-transfer-catalysts
161 — — aldol reactions 145, 159
— direct aldol reactions 147, 161 — — alkylation of amino acid imines 16, 403
— indirect aldol reactions 140, 154 — — alkylation of ketones 13, 205, 402
— intermolecular aldol reaction 140 — — Darzens-reaction 206
— intramolecular aldol reaction 166, 405 — — epoxidation of enones 299
— mechanism — — Michael-additions 47
— — of proline catalysis 151, 164, 171 — — reduction of ketones 318
— — of phosphoramide catalysis 145 Alkylation
— nitroaldol reaction 176 — of aldehydes and ketones 205
— nitrone addition to ketones 178 — a-alkylation of aldehydes, intramolecular
— nucleophiles in aldol reactions 33
— —aldehyes 150, 174 — of benzene derivatives by enals 60
— — amino acid imines 159, 162 — a-alkylation of f,y-enoates 33
— —enol ethers 140, 160 — o-alkylation of ketones 13, 402
— —ketones 147, 161, 166 Alkylidene malonates
— self-aldolization of aldehydes 150 — Michael-acceptors 67
— vinylogous aldol reaction 175 Allylation
Alkaloids — of aldehydes by allyl silanes 190
— as chiral bases — catalysts for allylation of aldehydes
— — hydrophosphonylation of aldehydes 235 - — phosphoramides 190
— — Michael-addition of C-nucleophiles to — — N-oxides 190
o, f-unsaturated carbonyl compounds Amidinium cations
48,78 — catalysts for Diels-Alder-reaction 263

Asymmetric Organocatalysis. Albrecht Berkessel and Harald Groger
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30517-3



Amination

— a-amination of aldehydes and ketones 69,
245

Amines

— as catalysts for

— — aldol reactions 153

— — desymmetrization of meso-anhydrides
358

— — desymmetrization of meso-diols 369

— — desymmetrization of meso-epoxides 374

— — kinetic resolution of alcohols 326

— — Morita-Baylis-Hillman-reaction 183

B-Amino acid esters 106

a-Amino acids

— by alkylation of glycine imines 16, 30, 52
— by o-amination of aldehydes 69, 245

— by Strecker-reaction 85, 401

— a,o-disubstituted a-amino acids 28, 92

— B-hydroxy z-amino acid derivatives 159

— non-natural a-amino acids 25, 402

- solid phase synthesis of 31

a-Aminoxylation

— of aldehydes and ketones 249

Anhydrides

— desymmetrization of meso-anhydrides 349

— kinetic/dynamic kinetic resolution of
racemic anhydrides 352, 358

Azides

— conjugate addition of azide to enimides
72

Aziridination

—of imines 119

Azlactones

— dynamic kinetic resolution by alcoholysis
387

— O-acyl azlactones, enantioselective
rearrangement of 385

Azodicarboxylates

— Michael-acceptors 69, 245

b

Baylis-Hillman reaction

— See Morita-Baylis-Hillman reaction
Benzoin condensation 227

BINOL and derivatives

— cyanide addition to aldehydes 136
— Morita-Baylis-Hillman-reaction 186
o-Bromination of acyl derivatives 38

c

o-Chlorination of acyl halides/esters 38
Crown ethers

— phase-transfer-catalysts

— — Darzens-reaction 207
Cyanohydrins 130

Index

Cycloadditions
—[3+2]-cycloadditions 262

— [4+2]-cycloadditions 256
Cyclopropanation

— of enoates, by phenacyl halides 70

d

Darzens-reaction 205

Desymmetrization

— of meso-anhydrides 349

— of meso-diols 367

— of meso-epoxides

— — by isomerisation to allylic alcohols 374

— — by ring opening, addition of nucleophiles
381

Diels-Alder-reaction

— catalysis by chiral bases 257

— catalysis by amidinium cations 263

— catalysis by imidazolidinones 258

Diketopiperazine catalysts

— for the hydrocyanation of aldehydes 131

— for the Strecker-reaction 85

Dimeric cinchona alkaloid catalysts

— for cyanide addition to ketones 136

— for kinetic/dynamic kinetic resolution of
anhydrides 352, 358

— for the Michael-addition of S-nucleophiles
77

Diols

— kinetic resolution, desymmetrization

— — by acylation 335, 367

— — by oxidation 306, 343, 374

Dioxiranes catalysts

— epoxidation

— — of enones and enoates 290

——of enol ethers 283

——of olefins 277

— oxidation of alcohols, diols 306

DMAP-based nucleophilic catalysts

— chiral DMAP-derivatives

— — addition of alcohols to ketenes 329, 363

— — addition of pyrroles to amines 365

— — dynamic kinetic resolution of azlactones
387

— — isomerization of O-acyl azlactones 385

— — kinetic resolution of alcohols 327

— — kinetic resolution of amines 340

— — p-lactam synthesis 118

e

Economy of organocatalysts 394
Enals

— as Michael-acceptors 58
Enones

— as Michael-acceptors 56, 63
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Index

Epoxidation of
— aldehydes 211
—alkenes 277
— enones/enoates

f

Flavins

— sulfoxidation of thioethers 305
o-Fluorination of ketones, enol ethers 34
Formamides

— catalysts

— — for allylation of aldehydes 198

290, 398

g

Guanidine-based catalysts
— for modified aldol reactions 176
— for the Strecker reaction 86

h

Henry reaction

— see Nitroaldol reaction

High pressure

— in direct aldol reaction 151

— in modified aldol reaction 176
Horner-Wadsworth-Emmons reaction 383
Hydrocyanation

- of aldehydes 130

— of imines (Strecker-reaction)
Hydrophosphonylation

- of aldehydes 234

— of imines 126

p-Hydroxy carboxylic acid esters 142
B-Hydroxy carbonyl compounds

— by aldol reaction 140

— by Morita-Baylis-Hillman reaction 182
a-Hydroxylation

— of aldehydes and ketones 249

85, 401

i

Imidazolidinones

— catalysts for

— — Diels-Alder-reactions 259

— — Michael-additions 58, 63

— — Mukaiyama-Michael-reactions 61

— — nitrone [3+2]-cycloadditions 262

Imines

— catalysts for

— — sulfoxidation of thioethers 303

— — Mannich-reaction 107

— — Strecker-reaction 89

— Substrates for

— — Aziridination 119

— — hydrocyanation reaction (Strecker-
reaction) 85

— — p-Lactam synthesis 109

— — Mannich-reaction 97

Iminium ions

— catalysts for epoxidation of olefins 287
— intermediates in

— —aldol reaction 152

— — Diels-Alder-reaction of enals 261
— — Michael-additions 56
Immobilization

— immobilized catalysts 395

- of ephedrinium salt 207

— of imidazolidinones 260, 395

- of t-proline 151, 396

— of short-chain peptides 297, 396

— of thiourea catalysts 90, 395
Indoles

— conjugate addition to enals 59

k

Ketenes

— addition of alcohols to ketenes 270, 329,
363

— in f-lactam synthesis 109

Ketones

— direct aldol reaction with 147, 161

— direct Mannich reaction with 97

— chiral ketones as catalysts for the epoxidation
of

— — enones/enoates 290

— —alkenes 278

— Michael addition with 50

— trifluoromethylation of 205

Kinetic resolution

— of amines 340

— of alcohols

— — by acylation 323

— — by oxidation 306, 343

I

Large-scale applications 393

p-Lactam synthesis

— from imines and ketenes 109

p-Lactone synthesis

- via addition to ketenes 179

— via aldol reaction of carboxy aldehydes 167

m

Mannich-reaction 97

— catalysts for

— — binaphthyl phosphoric acid 106, 108
— — f-amino alcohols 105

— — diamines 99

— — proline and related amino acids 97
— — pyrrolidinyltetrazole 106



— — thioureas 106

— nucleophiles as substrates

— — ketones 97

— — silyl ketene acetals 106
Michael-addition

— of C-nucleophiles 47, 78

- of N-nucleophiles 71

— of O-nucleophiles 79

— of S-nucleophiles 73

— of Se-nucleophiles 76
Morita-Baylis-Hillman-reaction 182
Mukaiyama-Michael-addition to enals 61

n

N-heterocyclic carbenes

— as nucleophilic catalysts for the benzoin-
condensation 230

Nitroaldol reaction 176

Nitroolefins

— as Michael-acceptors

Nitrones

- in modified aldol reactions 178

—in [342]-cycloadditions 262

Nitrosobenzene

— o-aminoxylation of aldehydes and ketones
249

Nitroxyl radicals

— catalysts for alcohol oxidation 306, 343

N-Oxide catalysts

— allylation of aldehydes 190, 199

— epoxide ring opening 381

— Strecker-reaction 95

N-Sulfonyloxaziridines

— sulfoxidation of thioethers 304

65, 68

4

O-acyl benzofurans, enantioselective
rearrangement of 388

O-acyl oxindoles, enantioselective
rearrangement of 388

p
Peptide catalysts

— conjugate addition of azide 72

— desymmetrization of diols/polyols 340
— epoxidation of enones 290

— kinetic resolution of alcohols 335
Phase-transfer catalysis

— alkylation of amino acid imines 16

— alkylation of ketones 205

— Darzens-reaction 206

— epoxidation of enones 299

— Michael-additions 47

Index

Phase-transfer catalysts

— alkaloids 13, 17, 29, 48, 318

— binaphthyl derivatives 21, 29, 49

— crown ethers 55

— guanidinium cations 24

— tartaric acid derivatives 23, 28, 53

Phosphoramides

— catalysts for

— —aldol reaction 140, 154

— — allylation of aldehydes 190

— — epoxide ring opening 382

Phosphazene bases 32

— immobilized 40

Phosphines

— catalysts for

— — Morita-Baylis-Hillman-reaction 186

— — cycloaddition of 2, 3-butadienoates to
acrylates 267

— — desymmetrization of meso-diols 368

— — kinetic resolution of alcohols 323

Proline

— catalyst for aldol-reactions
405

— catalyst for the Mannich-reaction 97

— catalyst for Michael-additions 56

Protonation

— asymmetric, of enolates

Pyrroles

— conjugate addition to enals 58

147, 163, 168

269, 274

q
Quinones, epoxidation of 299
r
Reduction
— of ketones
— — by boranes, CBS-reduction 315
— — by boranes, phosphoramide catalysts 317
— — by boranates, phase-transfer catalysis
318
— — by hydrosilanes, BINOLate catalysts 320
s
SALENs

— cyanide addition to aldehydes 136
Silyl enol ethers

—in aldol reaction 140, 154

- in Michael addition 50

Silyl ketene acetals

—in aldol reaction 142, 146

— in Mannich reaction 106
Stetter-reaction 227
Strecker-reaction 85

Substitution, nucleophilic 13
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Index

Sulfur ylides
— in the aziridination of imines 119
— in the epoxidation of aldehydes 211

t

TEMPO

— chiral TEMPO-derivatives for alcohol
oxidation 306, 343

Thiazolium salts

— catalysts for the benzoin-condensation and
the Stetter-reaction 228

Triazolium salts

— catalysts for the benzoin-condensation and
the Stetter reaction 230

Thioethers

— catalysts for

— — aziridination of imines 119

— — epoxidation of aldehydes 211

— — Morita-Baylis-Hillman-reaction 188

Thiourea-based catalysts

— for the hydrophosphonylation of imines
126

— for the Mannich-reaction 107

— for Michael-additions 68

— for the Strecker-reaction 89, 401

Trichlorosilyl enol ethers 141, 154

Trifluoromethylation

— of aldehydes and ketones 205

u
Urea-based catalysts
— for the Strecker-reaction 89, 401

w
Wieland-Miescher ketone 170





