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Preface

The purpose of this book is to highlight the problems associated with the production of chiral
compounds at a commercial scale. With the movement by pharmaceutical companies to develop
single enantiomers as drug candidates, the problems associated with this subclass of organic
synthesis are being highlighted. As the stereogenic center can be derived from nature through the
use of “chiral pool” starting materials, the major classes of natural products are discussed.

Despite the explosion of asymmetric methods in the past 20 years, very few can be performed
at scale due to cost, thermodynamic, or equipment limitations. The major reactions that have been
used are covered. Resolution, whether chemical or enzymatic, still holds a key position. However,
this is changing as highlighted by a short discussion of the best-selling compounds of 2002
compared to 1996.

The most mature chemical method for large-scale asymmetric synthesis is hydrogenation. This
is highlighted by chapters on the uses of new ligands for hydrogenation as well as hydride reducing
agents. Although we have made considerable advances in this area, the general catalyst is still
elusive. Although the struggle goes on to identify the ultimate hydrogenation catalyst, for example,
the use of enzymes and biological systems for the production of chiral compounds continues to
increase at an incredible rate. Now that we have learned to manipulate nature’s catalysts, this area
will continue to grow and become more important in the production of fine chemicals.

The chapters have been grouped by topic, as shown in the table of contents. The first chapter
under a topic heading is a general introduction to that topic. These chapters are not intended to be
comprehensive reviews, but to critically discuss the options available at scale.

key subclasses of the chiral pool are obtained. The amino acid chapters are more specific as there
are other examples of amino acid syntheses contained within other chapters.

The next 23 chapters cover methods that can be used to introduce or control stereogenic centers.
In some cases, such as asymmetric hydrogenations, the approach is well established and has been
employed for the large-scale synthesis of a number of commercially important compounds. In other
cases, such as pericyclic reactions, the potential is there—it just has not been used. Two of these
chapters cover enzymatic methods, and this area seems to be more important as we understand
how to manipulate enzymes to allow them to catalyze new reactions or take new substrates. The
rush to market for pharmaceutical companies is forcing the chemical development time to be
minimized. This is leading to large-scale usage of chiral auxiliaries. The chapters on resolution
have a number of examples as illustrations. This methodology is still important to obtain chiral
compounds. Although, ultimately, it may not be the most cost-effective method, it can provide
material in a rapid manner, and can usually be scaled up. The introduction of large-scale chromato-
graphic techniques, as well as the availability of a large number of enzymes that can be used to
perform reactions on only one enantiomer, will ensure that this approach remains a useful tool in
the future. The remaining chapters discuss various examples and topics to augment other chapters
and provide a perspective of the different methods available. In two cases, ozonolysis and metathe-
sis, the technique need not directly introduce a new stereogenic center. They are, however, still
important reactions in the asymmetric context.

The final section of the book has three chapters that illustrate applications of the methodologies
to prepare specific compounds. One chapter is from a small company and describes a number of
projects; the second, from a large company for the synthesis of a relatively small volume product.
The final chapter covers large monetary value products.

© 2006 by Taylor & Francis Group, LLC
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If the reader thinks that topics are missing, or if there seems to be a company bias, all major
fine chemical manufacturing companies were invited to submit chapters. Even if a methodology
has not been specifically covered in depth, the introduction chapter to the topic will most likely
contain a reference to follow for further reading.

This is the second edition of this book. The publishers asked me whether they should print
more of the first edition, or if I was willing to produce a second edition. I chose the latter course.
All chapters have been updated, some very significantly illustrating the speed of development in
this area. Additional chapters have also been added to highlight successes of the approaches in an
industrial setting.

I would like to thank all the contributors to this book. Some have had to wait patiently for
other contributors to catch up. I would especially like to thank my former colleagues from NSC
Technologies for writing and updating many of the chapters that are overviews. They have also
supplied numerous suggestions and ideas (and supported the hypothesis that the number of ideas
generated is directly proportional to beer consumption). I would also like to make special mention
of my new colleagues at DSM, who responded to my requests without hesitation and also provided
a number of useful suggestions and ideas. To all the contributors, thanks; this book could not have
been completed without you.

Dave Ager
Raleigh, North Carolina
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This book discusses various aspects of chiral fine chemicals including their synthesis and uses at
scale. There is an increasing awareness of the importance of chirality in biological molecules
because the two enantiomers can sometimes have different effects.1–4

In many respects, chiral compounds have been regarded as special entities within the fine
chemical community. As we will see, the possession of chirality does not, in many respects, make
the compound significantly more expensive to obtain. Methods for the preparation of optically
active compounds have been known for more than 100 years (many based on biological processes).
The basic chemistry to a substrate on which an asymmetric transformation is then performed can
offer more challenges in terms of chemistry and cost optimization than the “exalted” asymmetric
step.

© 2006 by Taylor & Francis Group, LLC



2 Handbook of Chiral Chemicals, Second Edition

The book is organized into sections that relate either to a compound or reaction type, as outlined
in the table of contents. When there are several chapters on a specific topic, the first chapter of that
section is a general introduction.

1.1 CHIRALITY

The presence of a stereogenic center within a molecule can give rise to chirality. Unless a chemist
performs an asymmetric synthesis, equal amounts of the two antipodes will be produced. To separate
these, or to perform an asymmetric synthesis, a chiral agent has to be used. This can increase the
degree of complexity in obtaining a chiral compound in a pure form. However, nature has been
kind and does provide some chiral compounds in relatively large amounts. Chirality does provide
an additional problem that is sometimes not appreciated by those who work outside of the field;*
analysis of the final compound is often not a trivial undertaking. The various approaches to undertake

in this chapter.

of the U.S. Food and Drug Administration’s directive to have chiral drugs developed as single
enantiomers. In addition to this, the introduction of a single enantiomer of a drug that has already
been on the market in racemic form has been used to extend patent and product life. An example
is AstraZeneca’s Omeprazole, a proton pump inhibitor whose product life has been extended by
the switch from racemic form to a single enantiomer (Chapter 31).

1.2 CHIRAL POOL

Nature has provided a wide variety of chiral materials, some in great abundance. The functionality

compounds are discussed in this book. Despite the breadth of functionality available from natural
sources, very few compounds are available in optically pure form on large scale. Thus, incorporation
of a “chiral pool” material into a synthesis can result in a multistep sequence. However, with the
advent of synthetic methods that can be used at scale, new compounds are being added to the chiral
pool, although they are only available in bulk by synthesis. When a chiral pool material is available
at large scale, it is usually inexpensive. An example is provided by L-aspartic acid, where the chiral
material can be cheaper than the racemate.

How some of these chiral pool materials have been incorporated into syntheses of biologically
active compounds is illustrated throughout this book. In addition, chiral pool materials are often
incorporated, albeit in derivatized form, into chiral reagents and ligands that allow for the transfer
of chirality from a natural source into the desired target molecule.

1.3 CHIRAL REAGENTS

all of these reactions involve the conversion of an sp2 carbon to an sp3 center. For example, reductions

catalytic for the transformation they bring about, or they can be stoichiometric. The former usually
is preferred because it allows for chiral multiplication during the reaction—the original stereogenic
center gives rise to many product stereocenters. This allows for the cost of an expensive catalyst
to be spread over a large number of product molecules.

© 2006 by Taylor & Francis Group, LLC

an asymmetric synthesis are summarized in Figure 1.1; many of these methods are discussed later

The chiral drug market continues to grow at a significant rate (Chapter 31), partially as a result

ranges from amino acids to carbohydrates to terpenes (Chapters 2–5). All of these classes of

of carbonyl compounds (Chapters 16–19), asymmetric hydrogenations (Chapters 12–15), and

Chiral reagents allow for the transfer of chirality from the reagent to the prochiral substrate. Almost

asymmetric oxidations of alkenes (Chapters 9 and 10) are all of this type. The reagents can be

*  For a review on synthetic strategies, see reference 5.
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FIGURE 1.1 Approaches for the introduction of a new stereogenic center.
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4 Handbook of Chiral Chemicals, Second Edition

1.4 CHIRAL CATALYSTS

Considerable resources are being expended in the quest for new asymmetric catalysts for a wide

where the ligands provide the chiral environment. However, as our understanding of biotransfor-
mations increases, coupled with our ability to produce mutant enzymes at scale, biocatalysts are

The move toward catalytic reactions is reflected in the increase in the number of chapters in
this book on the topic compared to the first edition. The trend has been observed by noted chemists
in the previous decade. Professor Seebach, for example, in 1990 stated “the primary center of
attention for all synthetic methods will continue to shift toward catalytic and enantioselective
variants: indeed, it will not be long before such modifications will be available for every standard
reaction.”6 Professor Trost in 1995 was a little more specific with “catalysis by transition metal
complexes has a major role to play in addressing the issue of atom economy—both from the point
of view of improving existing processes, and, most importantly, from discovering new ones.”7

However, the concept can be extended to biological and organic catalysts and to those based on
transition metals.

1.4.1 CHEMICAL CATALYSTS

The development of transition metal catalysts for the asymmetric reduction of functionalized alkenes
allowed synthetic chemists to perform reactions with a stereochemical fidelity approaching that of

with chemical catalysts, and the number continues to grow. However, there are still problems
associated with this approach because many catalysts have specific substrates requirements, often
involving just one alkene isomer of the substrate. The chiral multiplication associated with use of
a chiral catalyst often makes for attractive economic advantages. However, the discovery and
development of a chemical catalyst to perform a specific transformation is often tedious, time
consuming, and expensive. There are many reports of chiral ligands in the literature, for example,
to perform asymmetric hydrogenation, yet very few have been used at scale.8,9 This highlights the
problem that there are few catalysts that can be considered general. As mentioned earlier, often the
preparation of the substrate is the expensive part of a sequence, especially with catalysts that have
high turnover numbers and can be recycled.

1.4.2 BIOLOGICAL CATALYSTS

Biological catalysts for asymmetric transformations have been used in specific cases for a consid-
erable period of time, excluding the chiral pool materials. However, until recently, the emphasis

or broad-spectrum activities compared to the wild types, the development of biological catalysts
is poised for major growth. In addition to high stereospecificities, an organism can be persuaded

Unlike the design of a chemical catalyst, which has to be semiempirical in nature and therefore
is very difficult to apply to a completely different transformation, screening for an enzyme that
performs a similar reaction is relatively straightforward and often gives the necessary lead for the
development of a potent biological catalyst. The use of molecular biology, site-specific mutagenesis,
and enzymology all contribute to the development of such a catalyst. This approach is often ignored
because these methods are outside of traditional chemical methodologies.

There are a large number of reports of abzymes, or catalytic antibodies, in the literature.10–15

Although catalysis has been observed in a large number of examples, the problems associated with

© 2006 by Taylor & Francis Group, LLC

variety of reactions (Chapter 12). In many cases, these catalysts are based on transition metals,

beginning to become key components of our asymmetric synthetic toolbox (Chapter 19).

to perform more than one step in the overall reaction sequence and may even make the substrate

also Chapters 20 and 21). With our increasing ability to produce mutant enzymes that have different

(Chapter 3).

nature (Chapters 12–18). We now have a number of reactions at our disposal that can be performed

has been on resolutions with enzymes rather than asymmetric transformations (Chapter 19; see
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the production of large amounts of abzymes compounded by the low turnover numbers often
observed makes this technology only a laboratory curiosity, at present. The increasing use of mutant
enzymes without isolation from the host organisms makes this latter approach economically more
attractive.

1.5 STOICHIOMETRIC REAGENTS

To understand a specific transformation, chemists have often developed asymmetric synthetic
methods in a logical, stepwise manner. Invariably, the mechanism of the reaction and the factors
that control the stereochemical outcome of a transformation are paramount in the design of an
efficient catalyst for use at scale with a wide variety of substrates. There are some noticeable
exceptions to this approach, such as the empirical approach used to develop asymmetric hydroge-
nation catalysts. In other instances, an empirical approach provided sufficient insight to allow for
the development of useful chiral catalysts, such as the empirical rule for the oxidation of alkenes16,17

that led to the asymmetric hydroxylation catalysts.18,19 Often the first generations of asymmetric
reagents are chiral templates or stoichiometric reagents. These are then superseded by chiral
auxiliaries, if the substrate has to be modified, or chiral catalysts in the case of external reagents.

1.5.1 CHIRAL AUXILIARIES

This class of compounds modifies the substrate molecule to introduce a stereogenic center that will
influence the outcome of a reaction to provide an asymmetric synthesis. The auxiliary has to be
put on to the substrate and removed. Although this involves two steps, concurrent protection of
sensitive functionality can also take place, so that one inefficient sequence (protection and depro-
tection) is traded for another (auxiliary introduction and removal). A large number of asymmetric
transformations have been performed with chiral auxiliaries, which has provided a wealth of
literature. Thus, precedence for most reactions is available, providing for a large degree of certainty

the curtailed time lines for the development of new pharmaceutical products, coupled with the
decrease in the costs of many auxiliaries, this approach is now being used at large scale.

Although an auxiliary is recovered intact after the asymmetric transformation and has the potential
for recycle, there are often problems associated with the practical implementation of this concept.

1.5.1.1 Chiral Templates

Chiral templates can be considered a subclass of chiral auxiliaries. Unlike auxiliaries that have the
potential for recycle, the stereogenic center of a template is destroyed during its removal. Although
this usually results in the formation of simple by-products that are simple to remove, the cost of
the template’s stereogenic center is transferred to the product molecule. Under certain circum-

Usually, the development of a template is the first step in understanding a specific transformation
and the knowledge gained is used to develop an auxiliary or catalyst system.

1.6 RESOLUTION

The separation of enantiomers through the formation of derivative diastereoisomers and the sub-
sequent separation of these by physical means has been practiced on large scale for many years

rates of reaction are very different for the two enantiomers, allowing for a resolution. This approach
is applicable to chemical agents, such as the Sharpless epoxidation procedure,20–22 and biological
agents, such as enzymes. Unless a meso-substrate is used, or the wrong isomer can be converted

© 2006 by Taylor & Francis Group, LLC

that a specific reaction, even with a new substrate, will work (see Chapters 23–25). As a result of

stances, chiral templates can provide a cost-effective route to a chiral compound (Chapter 25).

(Chapters 6–8). In addition the racemic mixture can be reacted with a chiral reagent, where the
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back to the racemate in situ, to provide a dynamic resolution, the “off-isomer” can present an
economic problem. It either has to be disposed of—resulting in a maximum overall yield of 50%
from the racemic substrate—or epimerized to allow for recycle through the resolution sequence.
This latter approach often involves additional steps in a sequence that can prove to be costly. In
either case, recovery of the resolving agent also has to be considered. As the development of robust,
general, asymmetric methods to a class of compounds becomes available, it is becoming apparent
that the more traditional resolution approaches are not economically viable. However, there is still
a place for resolutions, especially when speed is involved. The use of chromatographic methods
has also helped to decrease the time to perform a resolution, and some of these techniques, such
as simulated moving bed (SMB) chromatography, can be performed at scale.

1.7 SYNTHESIS AT SCALE

There are many problems associated with carrying out asymmetric synthesis at scale. Many asym-
metric transformations reported in the literature use the technique of low temperature to allow
differentiation of the two possible diastereoisomeric reaction pathways. In some cases, the temper-
ature requirements to see good asymmetric induction can be as low as –100°C. To obtain this
temperature in a reactor is costly in terms of cooling and also presents problems associated with
materials of construction and the removal of heat associated with the exotherm of the reaction
itself. It is comforting to see that many asymmetric catalytic reactions do not require the use of
low temperature. However, the small number of “robust” reactions often leads development chemists
to resort to a few tried and tested approaches, namely chiral pool synthesis, use of a chiral auxiliary,
or resolution. In addition, the scope and limitations associated with the use of a chiral catalyst often
result in a less than optimal sequence either because the catalyst does not work well on the necessary
substrate or the preparation of that substrate is long and costly. Thus, the availability of a number

A short overview of the syntheses of some of the large-scale and monetary value chiral products

discussed within this book, especially the power of biological approaches.

1.7.1 REACTIONS AMENABLE TO SCALE

When reactions that are “robust” are considered, only a relatively small number are available. Each
of these reaction types are discussed within this book, although some do appear under the chiral
pool materials that allowed for the development of this class of asymmetric reagent. Such an

1.7.1.1 Biological Methods

The biological methods class of reagents holds the most promise for rapid development in the near
future because most reactions are asymmetric. The problems that are being overcome are the tight
substrate specificity of many enzymes and the need for co-factor regeneration. Systems are now
being developed for asymmetric synthesis rather than resolution approaches. Some of these reac-

1.7.1.2 Chemically Catalyzed Oxidations

The development of simple systems that allow for the asymmetric oxidation of allyl alcohols and
simple alkenes to epoxides or 1,2-diols has had a great impact on synthetic methodology because
it allows for the introduction of functionality with concurrent formation of one or two stereogenic
centers. This functionality can then be used for subsequent reactions that usually fall into the
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of different approaches helps to minimize these problems (Chapter 2).

is given in Chapter 31. This illustrates to the reader the relative importance of some of the approaches

example is the use of terpenes that have allowed for the development of chiral boranes (Chapter 5).

tions are discussed in Chapters 19 through 21, but see also Chapters 2 and 3.
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substitution reaction class. Because the catalysts for these reactions do not require the use of low
temperatures to ensure high degrees of induction, they can be considered robust. However, catalyst
turnover numbers are sometimes low, and the synthesis of the substrate can still be a crucial

discussing organocatalysis.

1.7.1.3 Transition Metal Catalyzed Reductions

As mentioned elsewhere, the development of transition metal catalysts that allowed for high
enantioselectivity in reduction reactions showed that chemists could achieve comparable yields and
ee’s to enzymes. A large number of transition metal catalysts and ligands are now available. A
number of reactions have been scaled up for commercial production that use an asymmetric

that forms the new stereogenic center.

1.7.1.4 Transition Metal Catalyzed Isomerizations

Transition metal catalyzed isomerization reactions are closely related to asymmetric hydrogena-
tions, especially because similar catalysts are used. A number of these reactions are used at scale

1.7.1.5 Reductions

The reduction of a carbonyl group to a secondary alcohol with the generation of a new stereogenic
center has been achieved at a laboratory scale with a large number of reagents, many stoichiometric
with a ligand derived from the chiral pool. The development has led to boron-based reagents that
perform this transformation with high efficiency (Chapters 16 and 17). The use of ruthenium-based
catalysts that can be extremely efficient (Chapter 12) has opened up this methodology to exploitation
at scale.

1.7.1.5.1 Hydroborations
In addition to being useful reagents for the reductions of carbonyl compounds, boron-based reagents
can also be used for the conversion of an alkene to a wide variety of functionalized alkanes. Because
the majority of these reagents carry a terpene substituent, they are discussed under these chiral

1.7.1.6 Pericyclic Reactions

Many pericyclic reactions are stereospecific and, because they have to be run at temperatures higher
than ambient, are very robust. It is somewhat surprising that there are very few examples of
pericyclic reactions being run at scale, especially in light of our understanding of the factors that
control the stereochemical course of the reaction either through the use of a chiral auxiliary or

1.7.1.7 Substitution Reactions (SN2)

The heading “substitution reactions” has been used to describe the conversion of a stereogenic

by one of the reaction types outlined earlier, from the chiral pool, or by resolution. Reactions that
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economic factor. Aspects of asymmetric oxidations are discussed in Chapters 9 and 10, the latter

hydrogenation (Chapters 12–18) or a hydride delivery (Chapters 12, 16, and 17) for the key step

(Chapters 12 and 31).

pool materials (Chapter 5).

catalyst (Chapter 26).

fall into this category include epoxide and cyclic sulfate openings and iodolactonizations (Chapter

in the presence of a transition metal catalyst.

center to another. Of course, this means that the substrate stereogenic center has had to be obtained

22). Perhaps the most important reaction of this type for asymmetric synthesis is allylic substitution



8 Handbook of Chiral Chemicals, Second Edition

1.7.1.8 Radical Reactions

Until recently, radical reactions were not considered for the generation of new stereogenic centers,
especially if the reaction had to be performed at scale. As our understanding of the factors that
control this class of reactions has increased, we are now in a position to use them in a synthetically

1.7.1.9 Other Reactions

Reactions that do not directly generate a stereogenic center have also been incorporated into this
book. With these types of reactions, chiral molecules result if a stereocenter is already present in

1.8 ANALYSIS

The analysis of chiral compounds to determine their optical purity is still not a trivial task. The
analysis method has to differentiate between the two antipodes and, thus, has to involve a chiral
agent. However, the development of chiral chromatography, especially HPLC (high-performance
liquid chromatography), has done a significant amount to relieve this problem. The purpose of this
book is to discuss large-scale synthetic reactions, but the reader is reminded that the development
of chiral analytic methods may not have been a trivial undertaking in many examples.

1.9 EXAMPLES

contains examples of specific compound syntheses. A number of examples are given by a small

1.10 SUMMARY

The development of optically active biological agents, such as pharmaceuticals, has led to the
increase in large-scale chiral syntheses. The chirality may be derived from the chiral pool or a
chiral agent, such as an auxiliary, template, reagent, or catalyst. There are, however, relatively few
general asymmetric methods that can be used at scale.
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2.1 INTRODUCTION

The 20 proteinogenic amino acids have become key building blocks as chiral pool materials. In
addition to these 20 amino acids, there are many analogues with modified sidechains, backbones,
or different stereochemistry. Some of these other amino acids, such as D-alanine, are found in
nature, but in this chapter they will be collected under the descriptor of “unnatural” amino acids.

Although nature has been the primary source of the proteinogenic amino acids through extrac-
tion processes, many of the unnatural analogues have to be synthesized. Modern asymmetric
synthetic methodology is now in the position to provide cheap, pure, chiral materials at scale. Some
of the unnatural amino acids are now made at scale and have been used to extend the chiral pool.
To avoid duplicating sections of this book, this chapter discusses the problems associated with the
synthesis of unnatural amino acids at various scales. This illustrates that a single, cheap method
need not fulfill all of the criteria to provide a chiral pool material to a potential customer, and a
number of approaches are required.

2.1.1 UNNATURAL AMINO ACID SYNTHESIS

A variety of methods have been described in this book for the preparation of amino acids. They
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range from the use of chiral auxiliaries (Chapter 23), through the use of enzymes (Chapters 3 and
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The aim of this chapter is to put into perspective the choice of the appropriate method. 
The majority of chiral fine chemicals produced at present are used in pharmaceutical candidates

and products. During the development of a compound as a drug candidate, the factors governing
needs for intermediates change. Methodology has to be available that can be used to make material
at a relatively small scale but that can be implemented rapidly. Also, there must be a low probability
of failure because the change to a second method would be very time consuming. As the material
needs increase, then cost becomes more of a factor, but the time scale lengthens allowing for the
development of cheaper processes. However, there is still a reasonable chance that the drug
candidate will not pass through the testing phase, and investment into method development must
be made prudently. When commercialization of the compound is close, and requirements become
large, then cost is the overriding factor and the manufacturing processes discussed elsewhere in
this book and in other sources are paramount.1,2

As noted in a review, no economical chemical process has emerged for the asymmetric synthesis
of amino acids.3 This presumably refers to large-scale production where the research costs associ-
ated with the development of a biological approach can be justified. Chemical methods can produce
racemic substrates, as illustrated later in this chapter with L-methionine and D-phenylglycine. With
methods in place, however, biological methods can be implemented rapidly.4

2.2 CHOICE OF APPROACH

Unnatural amino acids are becoming more important as starting materials for synthesis as a result
of their expanded usage in pharmaceutical drug candidates. This increase has been spurred by a
number of factors. Rational drug design has allowed natural substrates of an enzyme to be struc-
turally modified without the need for a large screening program. Because many of these substrates
are polypeptides, substitution of unnatural amino acids for the native component is a relatively
small step. Contrary to this, many combinatorial approaches rely on the production of a large
number of potential compounds that are then screened. With a wide range of reactions available,
the history of chemistry performed on solid supports, and unnatural amino acids extending the
library of amino acids to almost boundless limits, these building blocks are being used in a wide
range of applications.

Thus, the need has arisen for larger amounts of unnatural amino acids—those that contain
unusual side chains or are in the D-series. Because α-amino acids contain an epimerizable center,
D-amino acids are usually accessible through epimerization of the natural isomer, followed by a
resolution. Of course, the racemic mixture can also be accessed by synthesis. Because resolution
can be either wasteful—if the undesired isomer is discarded—or clumsy—when the other isomer
is recycled through an epimerization protocol—many large-scale methods now rely on a dynamic

can now be converted to the required stereoisomer without the need for any extra steps associated
with a resolution approach.

In addition to α-amino acids (1), β-amino acids (2) are beginning to find favor as building blocks.
With β-amino acids, the extra carbon atom between the two functional groups increases the complexity.
The stereogenic center can be at the β-position (2, R ≠ H), at the α-position (2, R1 ≠ H), or at both.

H2N CO2H

R

1

H2N
CO2H

R

R1

2
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resolution, where all of the starting material is converted to the desired isomer (vide infra, Chapters
6 and 7). With the advent of asymmetric reactions that can be performed at large scale, a substrate

17) and asymmetric hydrogenation (Chapters 12–15), to total fermentation (Chapters 3 and 21).

Of course, both of these positions have the potential to be differentially disubstituted (see Section 2.6).
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The provision of intermediates to the pharmaceutical, agrochemical, and other industries
requires a number of robust synthetic methods to be available for the preparation of a single class
of compounds. The choice of which method to use is determined by the scale of the reaction,
economics for a specific run or campaign, ease of operation, time frame, and availability of
equipment. There are a large number of methodologies available in the literature for the preparation
of “unnatural” amino acids.3,5,6

Chiral auxiliaries play a key role in the scale up of initial samples of materials and for small
quantities. In addition, this method of approach can be modified to allow for the preparation of
closely related materials that are invariably required for toxicologic testing during a pharmaceuti-
cal’s development. There are a number of advantages associated with the use of an established
auxiliary: The scope and limitations of the system are well defined; it is simple to switch to the
other enantiomeric series (as long as mismatched pairs do not occur); concurrent protection of
sensitive functionality can be achieved. This information can result in a short development time.
The auxiliary’s cost has the potential to be limited through recycles. However, the need to put on
and take off the auxiliary unit adds two extra steps to a synthetic sequence that will reduce the
overall yield. Most auxiliaries are not cheap, and this must be considered carefully when large
amounts of material are needed. Finally, because the auxiliary has to be used on a stoichiometric
scale, a by-product—recovered auxiliary—will be formed somewhere in the sequence. This by-
product has to be separated from the desired product; sometimes, this is not a trivial task.

Chiral auxiliaries modify the structure of the precursor to allow induction at a new stereogenic
center. An alternative approach uses a modifier group—a template—in a similar manner to an
auxiliary, but this group is destroyed during removal. Because the modifier group cannot be

Chiral reagents allow an external chiral influence to act on an achiral precursor. Chiral reagents
usually use chiral ligands that modify a more familiar reagent. Often the ligand has to be used in
stoichiometric quantities, although it usually can be recovered at the end of the reaction. In contrast,
a chiral catalyst allows many stereogenic centers to be derived from one catalyst molecule. Thus,
the cost of the catalyst can be shared over a larger quantity of product, even when the potential for
recycle is minimal, as in small production runs. The catalysts can be chemical or biological. The
development of these catalyst systems is time consuming, and we look for general applicability so
that a wide range of compounds can be prepared from a single system. The current trend is to use
a chiral catalyst, be it chemical or biological, as early as possible.

Each of these approaches is discussed in detail in the following sections.

2.3 SMALL-SCALE APPROACHES

As noted earlier, the usual purpose of these methods is to provide relatively small amounts of
material, in a rapid manner, with little risk of the chemistry failing. Cost is not of primary concern.
One of the methods cited later in this chapter for larger scale approaches may be applicable for
the product candidate, but experience with these methodologies has to be such that success can be
attained in a synthesis campaign with little work involved in the transfer of technology to this project.

One of the most general approaches available is to use a chiral auxiliary because many examples
are available in the literature and the scope and limitations of the various structures available as

6–8

With high-throughput experimentation, it is possible to perform screening in a rapid manner

equipment now being readily available, the use of this technique, either as the traditional application
or SMB (simulated moving bed), is finding widespread usage to separate enantiomers. Of course,
the racemic mixture still has to be prepared.
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recovered, the cost of the stereogenic center is incorporated into the product molecule (cf. Chapter
25). This type of approach is becoming less common just on the grounds of simple economics.

to find a suitable resolution agent (cf. 2.3.3 and Chapters 6 and 7). However, with chromatographic

auxiliary units have been documented (see also Chapters 23–25).
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2.3.1 CHIRAL TEMPLATES

Dehydromorpholinones 4 can be used to prepare unnatural amino acids and α-substituted amino
acids (Scheme 2.1).9 The phenylglycinol unit is cleaved by hydrogenolysis.

This class of compounds serves as a chiral template rather than a chiral auxiliary because the
original stereogenic center is destroyed in the reaction sequence. Dehydromorpholinones have been
prepared from the amino alcohol by a rather extended reaction sequence that uses expensive

9

one-pot reaction (Scheme 2.2).9,10

2.3.2 CHIRAL AUXILIARIES

popular are oxazolidinones, α
doephedrine.7 Oxazolidinones 5 have found widespread usage as chiral auxiliaries. A wide range
of reactions is available and well documented7 and includes the following: aldol; alkylations;

SCHEME 2.1
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given in Section 2.3.2.1 (Scheme 2.8).

The use of phenylglycine amide (3) for the preparation of amino acids is discussed in Chapter 25.

A wide variety of chiral auxiliaries are available to prepare amino acids (Chapter 23). The most

An example of the use of phenylglycinol as a template in the synthesis of an amino acid is

reagents,  but it has now been shown that the heterocycles can be made simply and cheaply in a

-amino acids, aminoindanol (Chapter 24), imidazolidones, and pseu-
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α-substitution with a heteroatom such as halogenation, aminations, hydroxylations, and sulfenyla-
tions; Diels-Alder cycloadditions; and conjugate additions.

A method has been developed for a one-pot procedure from an amino acid to an oxazolidinone
(Scheme 2.3). The sequence can be run at scale.11

In addition to the availability issues of the oxazolidinone unit, there has been some reluctance
to scale up the reactions because formation of the N-acyl derivatives usually uses n-butyl lithium
as a base. This problem can be circumvented by the use of an acid chloride or anhydride (symmetric
or mixed) with triethylamine as the base in the presence of a catalytic amount of DMAP (4-
dimethylamino pyridine). The reaction is general and provides good yields even with α,β-unsatur-
ated acid derivatives (Scheme 2.4).12

N-Acyloxazolidinones are, therefore, readily available. The use of this class of compounds for
the preparation of unnatural amino acids has been well documented.7 Di-tert-butyl azodicarboxylate
(DBAD) reacts readily with the lithium enolates of N-acyloxazolidinones to provide hydrazides 6
in excellent yield and high diastereomeric ratio (Scheme 2.5); these adducts 6 can be converted to
amino acids.13,14

The electrophilic introduction of azide with chiral imide enolates has also been used to prepare
α
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-amino acids with high diastereoselection (Scheme 2.6). The reaction can be performed with
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either the enolate directly,15–19 or through a halo intermediate.20 The resultant azide can be reduced
to an amine.21

2.3.2.1 Vancomycin

As an example of amino acid synthesis, let us consider approaches to the constituents of the
antibiotic vancomycin (7), where a variety of methods have been used. This section outlines some
of the approaches that have used chiral auxiliaries and takes from a number of approaches rather
than describing a complete synthetic sequence. One amino acid residue has been prepared by lactim

22
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chemistry, where an amino acid is used as the auxiliary (Scheme 2.7).
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An important unit of the antibiotic vancomycin (7) can be synthesized using phenylglycinol as
a chiral template (Scheme 2.8).23,24

In another synthesis of the amino acid components, an asymmetric Strecker reaction with a
1,2-amino alcohol template was used where phenylglycinol was the nitrogen component (Scheme
2.9). Some epimerization occurred during the hydrolysis of the nitrile group.25,26
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To circumvent the epimerization problem, oxazolidinone chemistry was used as an alternative
(Scheme 2.10).25

another vancomycin component was derived from the thiocyanate 8 (Scheme 2.11).21,27,28

2.3.3 RESOLUTIONS

There are occasions when a resolution method can be useful. On the chemical side, this approach
usually comes into play when small amounts of material are required and alternative methodology
is under development. However, if a dynamic kinetic resolution can be achieved, then the approach
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Another unnatural amino acids synthesis uses an azide reaction (cf. Scheme 2.6), whereas

can be very cost effective, as illustrated by D-phenylglycine (Chapters 7 and 25). In contrast,
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biological approaches can be efficient if a dynamic resolution can be achieved or the starting
materials are very cheap and readily available (vide infra).

Asymmetric hydrogenation methodology does not allow simple access to cyclic amino acid
derivatives, at present. To obtain D-proline, a dynamic resolution with L-proline as the starting
material can be performed. The presence of butyraldehyde allows racemization of the L-proline in
solution, whereas the desired D-isomer is removed as a salt with D-tartaric acid (Scheme 2.12; see

29,30

Another example is provided by D-tert-leucine (9) (Scheme 2.13), where an asymmetric
approach cannot be used. This unnatural amino acid is prepared by a resolution method.31,32

One resolution approach that is showing promise is the use of an enzyme, such as an amino
acid oxidase (AAO) to convert one isomer of an amino acid to the corresponding achiral imine. A
chemical reducing agent then returns the amino acid as a racemic mixture (Scheme 2.14). As the
enzyme only acts on one enantiomer of the amino acid, the desired product builds up. After only
seven cycles, the product ee is >99%.33 The key success factor is to have the reducing agent
compatible with the enzyme.34,35 Rather than use the antipode of the desired product, the racemic
mixture can be used as the starting material. The enzymes are available to prepare either enantio-
meric series of amino acid.

The approach is amenable to accessing β-substituted α-amino acids.36 The methodology has
culminated in a way to prepare all four possible isomers of β-aryl α-amino acids by a combination
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also Chapter 6).
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α-center (Scheme 2.15).37

2.4 INTERMEDIATE-SCALE APPROACHES

Intermediate-scale reactions take the scale of reactions above laboratory and kilo lab scale to pilot

can be obtained may still be important. In certain cases, the intermediate may only be needed at
this multi-kilo level even when the pharmaceutical end-product is commercialized.

Although the trend is changing, the use of chiral auxiliaries, such as oxazolidinones, is often
thought of as too expensive. There are examples where this approach has been taken to large scale

Asymmetric hydrogenations are often used at this scale because the methodology accommo-
dates a wide variety of substrates. In addition, the technique has been scaled. In-depth discussions

Resolution techniques, including SMB, are also viable options.

2.5 LARGE-SCALE METHODS

At larger scale, cost factors become important. It is no longer economical to use chiral auxiliaries,
especially under good manufacturing practice (GMP) conditions, because they are not atom eco-
nomical and so are costly for what they finally contribute to the product in terms of atoms. As

developed to specific target amino acids. The major approaches to amino acids at production scale
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plant. It is usually at this stage that cost becomes a factor, although the speed by which a material

of asymmetric hydrogenation (Chapter 13) and the use of the deracemization process to invert the

mization method uses radical chemistry. This topic is discussed in detail in Chapter 27.

(Chapters 23 and 24). The use of a cheap chiral template can also have advantages (Chapter 25).

on the synthesis of amino acids by asymmetric hydrogenations can be found in Chapters 12–15.

are resolution, as with D-phenylglycine (see Chapters 7 and 25), asymmetric hydrogenation (Chap-

volumes increase, research costs can be amortized over these larger amounts, and often routes are

ters 12–14), chemical sidechain manipulations, and biological methods (see also Chapter 3).

For other biological resolution methods see Section 2.5.2.3 and Chapter 19. Another derace-
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2.5.1 CHEMICAL METHODS

2.5.1.1 Asymmetric Hydrogenations

Today, a large number of catalysts and ligands have been used to prepare amino acids by asymmetric
hydrogenation. For fine chemical companies and, indeed, some pharmaceutical companies, this
plethora of ligands has arisen not because of chemical needs and limitations but because of freedom
to operate issues. That is not to say that any catalyst can provide any desired amino acids; ligands
systems do have limitations and so some complement others. Therefore some ligand systems do
have advantages in certain applications. The method has become mature.38 In the introduction to
this chapter it was noted that there is no general asymmetric chemical solution for the synthesis
of α-amino acids at scale. However, there are specific examples and solutions, as illustrated by the
Monsanto L-Dopa process that is still operated today (vide infra).39–41

Whichever catalyst system is used to prepare an α-amino acid derivative at scale, the cost of
the ligand can play a major economical role, often more than the metal. The cost of the catalyst
can be offset by large substrate-to-catalysts ratios that can be improved by recycles and fast
reactions. However, because metal hydride species are invariably involved in the catalytic cycle,
recycles usually mean reuse in a short time span. The conclusion is that expensive ligands must
be extremely good at the desired reduction. This is particularly true with amino acid derivatives
because almost all are crystalline and offer the possibility of enantioenrichment during the purifi-
cation process. Thus, high ee’s may not be required in the reduction itself. In many cases, the
synthesis of the substrate is the difficult part of the synthesis. This problem has been highlighted
in the synthesis of β

The first catalyst to be used for the synthesis of α-amino acids was based on the P-chiral ligand,

santo has been successful in the scale up to produce L-Dopa commercially.42,43 The chemistry of
the Rh(dipamp) system has been reviewed.40,41,44–47 Although the catalyst system is more than 25
years old and in certain cases has been superseded by other systems that can provide higher ee’s
with certain substrates, it is still extremely useful. The turnover numbers are often high, the scope
and limitations of the system are well defined, and the recycle of the catalyst has been practiced
at scale (as part of the Dopa process).40,48 The mechanism has been elucidated; it was found that
the major product is derived from the minor, but less stable, organometallic intermediate and results
from the latter’s higher reactivity to hydrogen.49

The substrate requirements have been rationalized for Rh(dipamp) reductions. Thus, for an
enamine they can be divided into four specific regions (Figure 2.1).47 This has allowed the system
to be used with confidence to prepare a wide variety of unnatural amino acids.39

The hydrogen region will only tolerate hydrogen and still give a reasonable rate. When other
groups fall into this region, the stereospecificity decreases (vide infra). The aryl region will tolerate

FIGURE 2.1 Regions of the enamide substrate for asymmetric hydrogenations.
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dipamp (Chapter 12). Knowles and Horner independently developed the ligand system, but Mon-

-amino acids (see Section 2.6).
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a wide range of groups including heterocycles, alkyl groups, and hydrogen. In a similar manner,
the amide region will allow a wide variety of amides to be used not only in terms of size but also
in electronic features so that protected amino acids can be synthesized directly. The acid region is

48 Fortunately, the general
method for the preparation of the enamides is stereoselective to the Z-isomer when an aryl aldehyde
is used (Scheme 2.16).50

systems are now available. Some have distinct advantages, such as DuPhos and the ability to reduce
enamides with two β

2.5.1.2 Chiral Pool Approaches

Unnatural amino acids are available from more readily available amino acids. A wide variety of
reactions are available in the literature. An example is provided by the synthesis of L-homoserine
(10) from methionine (Scheme 2.17).51 Of course, the problems associated with the formation of
one equivalent of dimethyl sulfide have to be overcome.

A wide variety of simple transformations on chiral pool materials can lead to unnatural amino
acid derivatives. This is illustrated by the Pictet-Spengler reaction of L-phenylalanine, followed by
amide formation and reduction of the aromatic ring (Scheme 2.18).52 The resultant amide (11) is
an intermediate in a number of commercial human immunodeficiency virus (HIV) protease inhib-
itors.
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 Other approaches to the alkene are also available (cf. Scheme 2.15).

-substituents with high enantioselectivity (Chapter 13; see also Scheme 2.15),

Although the chemistry of Knowles’ catalyst system has been highlighted here, many other

also forgiving as long as it contains an electronic withdrawing group.

whereas the monodentate ligands (Chapter 14) have distinct cost advantages.



Amino Acids 23

2.5.2 BIOLOGICAL APPROACHES

The fermentation methods used to prepare L-phenylalanine, threonine, lysine, and cysteine are

such as the use of transaminases, is also discussed in that chapter. One of the large-scale amino
acids, L-glumatic acid, which is often sold as its monosodium salt, is not covered because its
preparation by fermentation is long established.3

In addition to resolution approaches, there are three main methods to prepare amino acids by
biological methods: addition of ammonia to an unsaturated carboxylic acid; the conversion of an
α-keto acid to an amino acid by transamination from another amino acid, and the reductive
amination of an α
here to avoid duplication. The use of a lyase to prepare L-aspartic acid is included in this chapter
as is the use of decarboxylases to access D-glutamic acid. 

2.5.2.1 L-Aspartic Acid

L-Aspartic acid (12) is an industrially important, large volume, chiral compound. The primary use
of aspartic acid in the fine chemical arena is in the production of aspartame, a high potency sweetener

of alanine (by decarboxylation), antibacterial agents, and lubricating compounds. There have been
a number of reviews on L-aspartate production.53-56

Historically, L-aspartic acid was produced by hydrolysis of asparagine, by isolation from protein
hydrolysates, or by the resolution of chemically synthesized D,L-aspartate. With the discovery of
aspartase (L-aspartate ammonia lyase, EC 4.3.1.1),57 fermentation routes to L-aspartic acid quickly
superseded the initial chemical methods. These processes are far more cost effective than the
fermentation routes, and aspartate is now made exclusively by enzymatic methods that use variations
of the general approach outlined in Scheme 2.19.53,57-65

The basic enzymatic procedure usually involves immobilization of bacterial cells containing
aspartase activity or of semi-purified enzyme, in either a fed batch or a continuous, packed-column
process. The starting material is maleic anhydride, an inexpensive, high volume, bulk chemical.56

2.5.2.2 Decarboxylases

Amino acid decarboxylases can be used to catalyze the resolution of several amino acids, and for
the most part their utility has been underestimated, especially with respect to the irreversible reaction
equilibrium. The decarboxylases are ideally suited to large-scale industrial application as a result
of their robust nature. D-Aspartate (13, n = 1) and D-glutamate (13, n = 2) can be made economically
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discussed in detail in Chapter 3. The adaptation of these methods to prepare unnatural amino acids,

-keto acid. These approaches are discussed in Chapter 19 and will not be discussed

(Chapter 31). Other uses of L-aspartate include dietary supplements, pharmaceuticals, production
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by use of the corresponding L-amino acids as starting material through an enzymatic racemization
prior to the resolution with decarboxylase (Scheme 2.20).66 The process for D-glutamate consists
of racemization of L-glutamate at pH 8.5 with the cloned glutamate racemase enzyme from
Lactobacillus brevis, expressed in Escherichia coli followed by adjustment of the pH to 4.2 to
allow E. coli cells with elevated decarboxylase activity to decarboxylate the L-glutamate.67 This
reaction can be greatly improved by combination and overexpression of the glutamate racemase
and glutamate decarboxylase in one bacterial strain. The combination of both activities is possible
because glutamate decarboxylase is inactive at pH 8.5 during the racemization step, but it regains
full activity when the pH is 4.2. Conversely, glutamate racemase is active at pH 8.5, but it is
completely inhibited at pH 4.2.

2.5.2.3 Biocatalyzed Resolution

2.5.2.3.1 Amino Acylases
The hydrolysis of an N-acylated amino acid by an enzyme provides a resolution method to amino
acids. Because the starting materials are readily available in the racemic series by the Schotten-
Baumann reaction, the method can be cost effective (Scheme 2.21).68–71 The L-amino acid product
can be separated by crystallization, whereas the D-amino acid, which is still N-acylated, can be
recycled by being resubjected to the Schotten-Baumann conditions used for the next batch. Tanabe
has developed a process with an immobilized enzyme,72,73 whereas Degussa uses the method in a
membrane reactor.69,74 The process is used to make L-methionine.

2.5.2.3.2 Amidases
DSM has developed a general, industrial-scale process for the production of either L- or D-amino
acids through the hydrolysis of the amide (Scheme 2.22).75–78 The product amino acid and untouched
amide are easily separated. The amide can be recycled. The resolution method has been extended
to α,α-disubstituted of which L-methyl-dopa (14) is an example.79
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2.5.2.3.3 Hydantoins
Hydantoins (HD) are readily epimerized, which allows access to either D- or L-amino acids.3,80 The
coupling of enzymatic steps allows equilibria to be pushed in the desired direction. Degussa and
DSM both use the approach, although they have slightly different variations.69,81,82 Scheme 2.23
shows the DSM route to D-p-hydroxyphenylglycine.

2.6 ββββ-AMINO ACIDS

β-Amino acids (2) are now starting to enjoy use of building blocks within drug development
candidates. There are a large number of approaches to this class of compounds, but most are
amenable only to laboratory-scale synthesis. These methods have been reviewed.83–86

One example of the problems associated with finding a scaleable approach to β-amino acids
is highlighted by methyl (S)-3-amino-3-(3′-pyridyl)propionate (15). Despite trying many asymmet-
ric approaches, a resolution of the N-Boc protected amino acid with (–)-ephedrine was found to
be the best method.87

The Michael addition of a nitrogen nucleophile to an α,β-unsaturated system has been advocated
as a method to prepare β 88–91 However, the method is not
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-amino acid derivatives (Scheme 2.24).
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atom economical with regard to nitrogen delivery and low temperatures are also required, making
the approach a poor candidate for large-scale reactions. An additional problem can be encountered
during the removal of the template group that induces the asymmetry.92

This template removal was encountered during studies to prepare the ανβ3 integrin antagonist
(16). The route that emerged used phenylglycinol as a template in a Reformatsky approach (Scheme
2.25). Unfortunately, lead tetraacetate had to be used to remove this template, so there are still
problems to be overcome in this area.93

One method that shows great promise of being general and scaleable is an asymmetric hydro-
genation approach. Although many attempts have been made to reduce enamines, such as 17, to
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β-amino acid derivatives, the problems associated with obtaining just one isomer of 17 thwarted
high ee’s. It is now possible to prepare just one isomer of the enamine.94 In addition, the MonoPhos
family of ligands have been shown to provide good ee’s with either isomer of 17 (Scheme 2.26).95

The ability to prepare ligand libraries and screen them for asymmetric hydrogenations, such as to
prepare β-amino acids,96–98 makes this approach a powerful one. For a full discussion on mono-

For β-amino acids, biological resolutions have been developed, but because the stereogenic
center is not easily epimerized, as in α-amino acids, this approach will probably have to wait for
a large value or volume product before it is exploited.

2.7 SUMMARY

As with another class of compounds, the scale of synthesis and time required at the research stage
before product can be made influence which method is finally used. At small scale, a plethora of
methods exist to prepare amino acids, in addition to isolation of the common ones from natural
sources. The majority of these small-scale reactions rely on the use of a chiral auxiliary or template.
At larger scale, asymmetric hydrogenation and biocatalytic processes come into their own. For the
amino acids approaching commodity chemical scales, biological approaches, either as biocatalytic
or total fermentation, provide the most cost-efficient processes.

REFERENCES

1. Collins, A. N., Sheldrake, G. N., Crosby, J., Eds. Chirality in Industry: The Commercial Manufacture
and Applications of Optically Active Compounds, Wiley: Chichester, 1992.

2. Collins, A. N., Sheldrake, G. N., Crosby, J., Eds. Chirality in Industry II: Developments in the
Commercial Manufacture and Applications of Optically Active Compounds, Wiley: Chichester, 1997.

3. Breuer, M., Ditrich, K., Habicher, T., Hauer, B., Keßeler, M., Stürmer, R., Zelinski, T. Angew. Chem.,
Int. Ed. 2004, 43, 788.

4. Schoemaker, H. E., Mink, D., Wubbolts, M. G. Science 2003, 299, 1894.
5. Williams, R. M. Synthesis of Optically Active α-Amino Acids, Pergamon Press: Oxford, 1989.
6. Ager, D. J., East, M. B. Asymmetric Synthetic Methodology, CRC Press: Boca Raton, 1995.
7. Ager, D. J., Prakash, I., Schaad, D. R. Chem. Rev. 1996, 96, 835.
8. Ager, D. J., Prakash, I., Schaad, D. R. Aldrichimica Acta 1997, 30, 3.
9. Cox, G. G., Harwood, L. M. Tetrahedron: Asymmetry 1994, 5, 1669.

10. Iyer, M. S., Yan, C., Kowalczyk, R., Shone, R., D., A., R., S. D. Synth. Commun. 1997, 27, 4355.
11. Schaad, D. R. Unpublished results.
12. Ager, D. J., Allen, D. R., Schaad, D. R. Synthesis 1996, 1283.
13. Evans, D. A., Britton, T. C., Dorow, R. L., Dellaria, J. F. J. Am. Chem. Soc. 1986, 108, 6395.

SCHEME 2.26

R

NHAc
CO2R1

17

Rh-18 or 19
H2 R

NHAc
CO2R1

Z-17 gave 92–95% ee with 18
E-17 gave 98–99% ee with 19

O
O P N

H

Ph O
O P N

Ph

18 19

© 2006 by Taylor & Francis Group, LLC

dentate ligands see Chapter 14.



28 Handbook of Chiral Chemicals, Second Edition

14. Trimble, L. A., Vederas, C. J. J. Am. Chem. Soc. 1986, 108, 6397.
15. Evans, D. A., Clark, J. S., Metternich, R., Novack, V. J., Sheppard, G. S. J. Am. Chem. Soc. 1990,

112, 866.
16. Evans, D. A., Britton, T. C. J. Am. Chem. Soc. 1987, 109, 6881.
17. Doyle, M. P., Dorow, R. L., Terpstra, J. W., Rodenhouse, R. A. J. Org. Chem. 1985, 50, 1663.
18. Evans, D. A., Lundy, K. M. J. Am. Chem. Soc. 1992, 114, 1495.
19. Evans, D. A., Britton, T. C., Ellman, J. A., Dorow, R. L. J. Am. Chem. Soc. 1990, 112, 4011.
20. Evans, D. A., Ellman, J. A., Dorow, R. L. Tetrahedron Lett. 1987, 28, 1123.
21. Evans, D. A., Everard, D. A., Rychnovsky, S. D., Fruh, T., Whittington, W. G., DeVries, K. M.

Tetrahedron Lett. 1992, 33, 1189.
22. Bois-Choussy, M., Neuville, L., Beugelmans, R., Zhu, J. J. Org. Chem. 1996, 61, 9309.
23. Rao, A. V. R., Chakraborty, T. K., Joshi, S. P. Tetrahedron Lett. 1992, 33, 4045.
24. Chakraborty, T. K., Reddy, G. V., Hussain, K. A. Tetrahedron Lett. 1991, 32, 7597.
25. Vergne, C., Bouillon, J.-P., Chastanet, J., Bois-Choussy, M., Zhu, J. Tetrahedron: Asymmetry 1998,

9, 3095.
26. Zhu, J., Bouillon, J.-P., Singh, G. P., Chastanet, J., Beugelmans, R. Tetrahedron Lett. 1995, 36, 7081.
27. Pearson, A. J., Chelliah, M. V., Bignan, G. C. Synthesis 1997, 536.
28. Evans, D. A., Wood, M. R., Trotter, B. W., Richardson, T. I., Barrow, J. C., Katz, J. L. Angew. Chem.,

Int. Ed. 1998, 37, 2700.
29. Shiraiwa, T., Shinjo, K., Kurokawa, H. Chem. Lett. 1989, 1413.
30. Shiraiwa, T., Shinjo, K., Kurokawa, H. Bull. Chem. Soc. Jpn. 1991, 64, 3251.
31. Miyazawa, T., Takashima, K., Mitsuda, Y., Yamada, T., Kuwota, S., Watanabe, H. Bull. Chem. Soc.

Jpn. 1979, 52, 1539.
32. East, M. B. Unpublished results.
33. Turner, N. J. TIBTECH 2003, 21, 474.
34. Beard, T. M., Turner, N. J. J. Chem. Soc. Chem. Commun. 2002, 246.
35. Alexandre, F.-R., Pantaleone, D. P., Taylor, P. P., Fotheringham, I. G., Ager, D. J., Turner, N. J.

Tetrahedron Lett. 2002, 43, 707.
36. Enright, A., Alexandre, F.-R., Roff, G., Fotheringham, I. G., Dawson, M. J., Turner, N. J. J. Chem.

Soc. Chem. Commun. 2003, 2636.
37. Roff, G., Lloyd, R. C., Turner, N. J. J. Am. Chem. Soc. 2004, 126, 4098.
38. Blaser, H.-U., Schmidt, E. Introduction. In Asymmetric Catalysis on Industrial Scale, Blaser, H.-U.,

Schmidt, E. Eds., Wiley-VCH: Weinheim, 2004, p. 1.
39. Ager, D. J., Laneman, S. A. The Synthesis of Unnatural Amino Acids. In Asymmetric Catalysis on

Industrial Scale, Blaser, H.-U., Schmidt, E. Eds., Wiley-VCH: Weinheim, 2004, p. 259.
40. Knowles, W. S. Asymmetric Hydrogenations—The Monsanto L-Dopa Process. In Asymmetric Catal-

ysis on Industrial Scale, Blaser, H.-U., Schmidt, E. Eds., Wiley-VCH: Weinheim, 2004, p. 23.
41. Knowles, W. S. Angew. Chem., Int. Ed. 2002, 41, 1998.
42. Knowles, W. S., Sabacky, M. J. J. Chem. Soc. Chem. Commun. 1968, 1445.
43. Horner, L., Siegel, H., Buthe, H. Angew. Chem., Int. Ed. 1968, 7, 942.
44. Knowles, W. S. Acc. Chem. Res. 1983, 16, 106.
45. Koenig, K. E., Sabacky, M. J., Bachman, G. L., Christopfel, W. C., Barnstorff, H. D., Friedman, R.

B., Knowles, W. S., Stults, B. R., Vineyard, B. D., Weinkauff, D. J. Ann. N. Y. Acad. Sci. 1980, 333, 16.
46. Koenig, K. E. In Catalysis of Organic Reactions, Kosak, J. R. Ed., Marcel Dekker: New York, 1984, p. 63.
47. Koenig, K. E. In Asymmetric Synthesis, Morrison, J. D. Ed., Academic: Orlando, 1985, Vol. 5, p. 71.
48. Vineyard, B. D., Knowles, W. S., Sabacky, M. J., Bachman, G. L., Weinkauff, D. J. J. Am. Chem.

Soc. 1977, 99, 5946.
49. Landis, C. R., Halpern, J. J. Am. Chem. Soc. 1987, 109, 1746.
50. Herbst, R. M., Shemin, D. Org. Synth. 1943, Coll. Vol. II, 1.
51. Boyle, P. H., Davis, A. P., Dempsey, K. J., Hoskin, G. D. Tetrahedron: Asymmetry 1995, 6, 2819.
52. Allen, D. R., Jenkins, S., Klein, L., Erickson, R., Froen, D. U.S. Pat. 5,587,481, 1996.
53. Terasawa, M., Yukawa, H. Bioproc. Technol. 1993, 16, 37.
54. Chibata, I., Tosa, T., Sato, T. Appl. Biochem. Biotechnol. 1986, 13, 231.
55. Carlton, G. J. The Enzymatic Production of L-Aspartic Acid. In Biocatalytic Production of Amino

Acids and Derivatives, Rozzell, J. D., Wagner, F. Eds., Hanser Publishers, 1992, p. 4.

© 2006 by Taylor & Francis Group, LLC



Amino Acids 29

56. Taylor, P. P. Synthesis of L-aspartic acid. In Handbook of Chiral Chemicals, Ager, D. J. Ed., Marcel
Dekker: New York, 1999, p. 317.

57. Quastel, J. H., Wolf, B. J. Biochem. 1926, 20, 545.
58. Terasawa, M., Yukawa, H., Takayama, Y. Proc. Biochem. 1985, 124.
59. Plachy, J., Sikyta, B. Folia Microbiol. 1977, 22, 410.
60. Laanbroek, H. J., Lambers, J. T., Vos, W. M. d., Veldkamp, H. Arch. Microbiol. 1978, 117, 109.
61. Suzuki, Y., Yasui, T., Mino, Y., Abe, S. Eur. J. Appl. Microbiol. Biotechnol. 1980, 11, 23.
62. Shiio, I., Ozaki, H., Ujigawa-Takeda, K. Agric. Biol. Chem. 1982, 46, 101.
63. Takagi, T., Kisumi, M. J. Bacteriol. 1985, 161, 1.
64. Takagi, J. S., Ida, N., Tokushige, M., Sakamoto, H., Shimura, Y. Nucleic Acids Res. 1985, 13, 2063.
65. Costa-Ferreira, M., Duarte, J. C. Biotechnol. Lett. 1992, 14, 1025.
66. Fotheringham, I. G., Pantaleone, D. P. Unpublished results.
67. Yagasaki, M., Azuma, M., Ishino, S., Ozaki, A. J. Ferm. Bioeng. 1995, 79, 70.
68. Sonntag, N. O. V. Chem. Rev. 1953, 52, 237.
69. Gröger, H., Drauz, K. Methods for the Enantioselective Biocatalytic Production of L-Amino Acids

on an Industrial Scale. In Asymmetric Catalysis on Industrial Scale, Blaser, H.-U., Schmidt, E. Eds.,
Wiley-VCH: Weinheim, 2004, p. 131.

70. Bommarius, A. S. In Enzyme Catalysis in Organic Synthesis, Drauz, K. Ed., Wiley-VCH: Weinheim,
2002, Vol. 2, 2nd Ed., Chapter 12.3.

71. Bommarius, A. S., Drauz, K., Klenk, H., Wandrey, C. Ann. N. Y. Acad. Sci. 1992, 672, 126.
72. Chibata, I., Tosa, T., Sato, T., Mori, T. Meth. Enzymol. 1976, 746.
73. Tosa, T., Mori, T., Fuse, N., Chibata, I. Agric. Biol. Chem. 1969, 1047.
74. Wandrey, C., Flashel, E. Adv. Biochem. Eng. 1979, 147.
75. Kamphius, J., Boesten, W. H. J., Broxterman, Q. B., Hermes, H. F. M., van Balken, J. A. M., Meijer,

E. M., Schoemaker, H. E. Adv. Biochem. Eng. Biotechnol. 1991, 42, 133.
76. Kamphius, J., Boestein, W. H. J., Kaptein, B., Hermes, H. F. M., Sonke, T., Broxterman, Q. B., van

der Tweel, W. J. J., Schoemaker, H. E. In Chirality in Industry, Collins, A. N., Sheldrake, G. N.,
Crosby, J. Eds., Wiley: Chichester, 1992, p. 187.

77. Rutjes, F. P. J. T., Schoemaker, H. E. Tetrahedron Lett. 1997, 38, 677.
78. Schoemaker, H. E., Boesten, W. H. J., Broxterman, Q. B., Roos, E. C., Kaptein, B., van den Tweel,

W. J. J., Kamphius, J., Meijer, E. M. Chimica 1997, 51, 308.
79. Kamphius, J., Hermes, H. F. M., van Balken, J. A. M., Schoemaker, H. E., Boesten, W. H. J., Meijer,

E. M. In Amino Acids: Chemistry, Biology, Medicine, Lubec, G., Rosenthal, G. A. Eds., ESCOM
Science: Leiden, 1990, p. 119.

80. Wegman, M. A., Janssen, M. H. A., van Rantwijk, F., Sheldon, R. A. Adv. Synth. Catal. 2001, 343, 559.
81. Syldatk, C., Müller, R., Siemann, M., Wagner, F. In Biocatalytic Production of Amino Acids and

Derivatives, Rozzell, D., Wagner, F. Eds., Hanser: Munich, 1992, p. 75.
82. May, O., Nguyen, P. T., Arnold, F. H. Nat. Biotechnol. 2000, 18, 317.
83. Palomo, C., Aizpurua, J. M., Ganboa, I., Oiarbide, M. Synlett 2001, 1813.
84. Liu, M., Sibi, M. Tetrahedron 2002, 58, 7991.
85. Seward, N. Angew. Chem., Int. Ed. 2003, 42, 5794.
86. Ma, J.-A. Angew. Chem., Int. Ed. 2003, 42, 4290.
87. Boesch, H., Cesco-Cancian, S., Hecker, L. R., Hoekstra, W. J., Justus, M., Maryanoff, C. A., Scott,

L., Shah, R. D., Solms, G., Sorgi, K. L., Stefanick, S. M., Thurnheer, U., Villani Jr., F. J., Walker, D.
G. Org. Proc. Res. Dev. 2001, 5, 23.

88. Davies, S. G., Ichihara, O. Tetrahedron: Asymmetry 1996, 7, 1919.
89. Davies, S. G., Ichihara, O. Tetrahedron: Asymmetry 1991, 2, 183.
90. Bunnage, M. E., Burke, A. J., Davies, S. G., Goodwin, C. J. Tetrahedron: Asymmetry 1995, 6, 165.
91. Davies, S. G., Dixon, D. J. J. Chem. Soc., Perkin Trans. I 1998, 2629.
92. Bull, S. D., Davies, S. G., Delgrado-Ballester, S., Kelley, P. M., Kotchie, L. J., Gianotti, M., Laderas,

M., Smith, A. D. J. Chem. Soc., Perkin Trans. I 2001, 3112.
93. Clark, J. D., Weisenburger, G. A., Anderson, D. K., Colson, P.-J., Edney, A. D., Gallagher, D. J.,

Klein, H. P., Knable, C. M., Lantz, M. K., Moore, C. M. V., Murphy, J. B., Rogers, T. E., Ruminski,
P. G., Shah, A. S., Storer, N., Wise, B. E. Org. Proc. Res. Dev. 2004, 8, 51.

94. You, J., Drexler, H.-J., Zhang, S., Fischer, C., Heller, D. Angew. Chem., Int. Ed. 2003, 42, 913.

© 2006 by Taylor & Francis Group, LLC



30 Handbook of Chiral Chemicals, Second Edition

95. Peña, D., Minnaard, A. J., de Vries, J. G., Feringa, B. L. J. Am. Chem. Soc. 2002, 124, 14552.
96. Peña, D., Minnaard, A. J., Boogers, J. A. F., de Vries, A. H. M., de Vries, J. G., Feringa, B. L. Org.

Biomol. Chem. 2003, 1, 1087.
97. de Vries, J. G., de Vries, A. H. M. Eur. J. Org. Chem. 2003, 799.
98. Lefort, L., Boogers, J. A. F., de Vries, A. H. M., de Vries, J. G. Org. Lett. 2004, 6, 1733.

© 2006 by Taylor & Francis Group, LLC



31

3 Microbial Pathway 
Engineering for Amino 
Acid Manufacture

Ian Fotheringham and Paul P. Taylor

CONTENTS

3.1 Introduction.............................................................................................................................31
3.2 Bacterial Production of L-Phenylalanine................................................................................32

3.2.1 Classical Strain Improvement ....................................................................................34
3.2.2 Deregulation of DAHP Synthase ...............................................................................34
3.2.3 Deregulation of Chorismate Mutase and Prephenate Dehydratase ...........................35
3.2.4 Precursor Supply ........................................................................................................36

3.3 Bacterial Production of L-Lysine and L-Threonine................................................................37
3.3.1 Biochemical Pathway Engineering in Corynebacteria..............................................37
3.3.2 Engineering the Pathways of L-Lysine and L-Threonine Biosynthesis .....................37

3.4 Engineering Novel Biochemical Pathways for Amino Acid Production ..............................39
3.4.1 Adaptation of the L-Cysteine Pathway to Produce Unnatural Amino Acids ............39

3.5 Hydantoinase Whole-Cell Biocatalysts..................................................................................40
3.6 Novel Aminotransferase Pathways.........................................................................................40

3.6.1 A Novel Biosynthetic Pathway to L-2-Aminobutyrate ..............................................41
3.7 Summary.................................................................................................................................41
References ........................................................................................................................................43

3.1 INTRODUCTION

A number of amino acids are produced annually in large tonnage for industrial applications. In
particular, L-glutamic acid (mainly as monosodium glutamate), L-phenylalanine, L-aspartic acid,
and glycine are produced as human food additives and L-lysine, L-threonine, L-methionine, and L-
tryptophan are manufactured as animal feed additives.1–4 These and other amino acids are also used
as pharmaceutical intermediates and in a variety of nutritional and health care industries. Although
a number of amino acids are produced by the extraction of natural products such as hair, feathers,
and plant hydrolysates, in several cases bacteria are used to produce amino acids through large-
scale fermentation, particularly when high enantiomeric purity is required.

The development of microbial strains for fermentative production of amino acids initially relied
heavily on classical methods of random mutation of the DNA of the organism using chemicals or
ultraviolet irradiation, followed by screening for overproducing variants that showed resistance to
toxic amino acid analogues. In this way commercially viable amino acid overproducing strains
were obtained. However, during the 1980s this approach was complemented by the availability of
molecular biological methods and a rapid increase in the understanding of the molecular genetics
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and enzymology of amino acid production, in particular bacterial species. The availability of plasmid
vector systems, transformation protocols, and general recombinant DNA methodology enabled
biochemical pathways to be altered in much more precise ways to further enhance amino acid titer
and production efficiency in organisms such as Escherichia coli and the Coryneform bacteria,
Corynebacterium and Brevibacterium, the most prominent amino acid–producing bacteria. During
the 1990s the further advancement of gene manipulation protocols including increased use of the
polymerase chain reaction (PCR)5 and more powerful mutation and screening regimens enabled
additional, more ambitious, and broad-reaching applications of microbial pathway engineering to
be undertaken. These have resulted in the engineering of microbial strains to produce unnatural L-
or D-amino acids in addition to the proteinogenic L-amino acids previously produced in this way.

This chapter focuses on the most significant aspects of biochemical pathway engineering such
as the identification of rate-limiting enzymatic steps and the elimination of allosteric feedback
inhibition of key enzymes. Emphasis will be placed on the shikimate and phenylalanine pathways
of E. coli, which are among the best characterized biochemically and genetically. These pathways
have been the subject of some of the most widespread efforts in amino acid production as a result

addresses aspects of metabolic engineering that have been successfully applied in the Coryneform
organisms through increased understanding of the molecular genetics of those organisms and their
importance in amino acid production. Additionally, it will cover the increasing potential to adapt existing
biochemical pathways or introduce new combinations of enzymes, expressed from cloned heterologous
genes, in organisms such as E. coli, so as to produce nonproteinogenic or unnatural amino acids.

3.2 BACTERIAL PRODUCTION OF L-PHENYLALANINE

Efforts to develop L-phenylalanine (1) overproducing organisms have been vigorously pursued by
many companies including The NutraSweet Company, Ajinomoto, Kyowa Hakko Kogyo, and
others. The focus has centered on bacterial strains that have previously demonstrated the ability to
overproduce other amino acids. Such organisms include principally the coryneform bacteria, Brevi-
bacterium flavum6 and Corynebacterium glutamicum7,8 used in L-glutamic acid production. In
addition, E. coli9 has been extensively studied in L-phenylalanine manufacture as a result of the
detailed characterization of the molecular genetics and biochemistry of its aromatic amino acid
pathways and its amenability to recombinant DNA methodology. The biochemical pathway, which
results in the synthesis of L-phenylalanine from chorismate (2), is identical in each of these

FIGURE 3.1 The biosynthetic pathway from chorismate to L-phenylalanine in Escherichia coli K12. The
mnemonic of the genes involved are shown in parentheses below the enzymes responsible for each step.
Compound 1 is L-phenylalanine, 2 is chorisimic acid, 3 is prephenic acid, and 4 is phenylpyruvic acid.
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each case the L-phenylalanine biosynthetic pathway comprises three enzymatic steps from choris-
mate (2), the product of the common aromatic pathway. The precursors of the common aromatic
pathway, phosphoenolpyruvate (PEP) (5) and erythrose-4-phosphate (E4P) (6), derive, respectively,
from the glycolytic and pentose phosphate pathways of sugar metabolism. Although the intermediate
compounds in both pathways are identical in each of the organisms, there are differences in the
organization and regulation of the genes and enzymes involved.6,10,11 Nevertheless, the principal
points of pathway regulation are very similar in each of the three bacteria.8,10,12 Conversely, tyrosine
biosynthesis, which is also carried out in three biosynthetic steps from chorismate, proceeds through
different intermediates in E. coli than do the coryneform organisms.10,12

Regulation of phenylalanine biosynthesis occurs both in the common aromatic pathway and in
the terminal phenylalanine pathway, and the vast majority of efforts to deregulate phenylalanine
biosynthesis have focused on two specific rate-limiting enzymatic steps. These are the steps of the
aromatic and the phenylalanine pathways carried out respectively by the enzymes 3-deoxy-D-
arabino-heptulosonate-7-phosphate (DAHP) synthase and prephenate dehydratase (PD). Classical
mutagenesis approaches using toxic amino acid analogues and the molecular cloning of the genes
encoding these enzymes have led to very significant increases in the capability of host strains to
overproduce L-phenylalanine. This has resulted from the elimination of the regulatory mechanisms
controlling enzyme synthesis and specific activity. The cellular mechanisms, which govern the
activity of these particular enzymes, are complex and illustrate many of the sophisticated means
by which bacteria control gene expression and enzyme activity. Chorismate mutase (CM), the first
step in the phenylalanine specific pathway, and the shikimate kinase activity of the common aromatic
pathway are subject to a lesser degree of regulation and have also been characterized in detail.13,14

FIGURE 3.2 The common aromatic pathway to chorismate in Escherichia coli K12, where 5 is phosphoe-
nolpyruvate, 6 is erythrose 4-phosphate, 7 is 3-deoxy-D-arabinoheptulose 7-phosphate, 8 is 3-dehydroquinic
acid, 9 is 3-dehydroshikimic acid, 10 is shikimic acid, 11 is shikimic acid 3-phosphate, and 12 is 5-enolpyru-
vylshikimic acid 3-phosphate.
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3.2.1 CLASSICAL STRAIN IMPROVEMENT

Classical methods of strain improvement have been widely applied in the development of phenyl-
alanine overproducing organisms.9,15–17 Tyrosine auxotrophs have frequently been used in efforts
to increase phenylalanine production through mutagenesis. These strains often already overproduce
phenylalanine as a result of the overlapping nature of tyrosine and phenylalanine biosynthetic
regulation.7,18 Limiting tyrosine availability leads to partial genetic and allosteric deregulation of
common biosynthetic steps.19 Such strains have been subjected to a variety of mutagenesis proce-
dures to further increase the overall titer and the efficiency of phenylalanine production. In general
this has involved the identification of mutants that display resistance to toxic analogues of phenyl-
alanine or tyrosine such as β-2-thienyl-L-alanine (13) and p-fluoro-L-phenylalanine (14).7,9,20 Such
mutants can be readily identified on selective plates where the analogue is present in the growth
medium. The mutations responsible for the phenylalanine overproduction have frequently been
located in the genes encoding the enzymatic activities DAHP synthase, CM, and PD. In turn this
has prompted molecular genetic approaches to further increase phenylalanine production through
the isolation and in vitro manipulation of these genes, as described later in this chapter.

3.2.2 DEREGULATION OF DAHP SYNTHASE

The activity of DAHP synthase commits carbon from intermediary metabolism to the common
aromatic pathway converting equimolar amounts of PEP (5) and E4P (6) to DAHP.21 In E. coli
there are three isoenzymes of DAHP synthase of comparable catalytic activity encoded by the
genes aroF, aroG, and aroH.22 Enzyme activity is regulated respectively by the aromatic amino
acids tyrosine, phenylalanine, and tryptophan.19,23–26 In each case regulation is mediated both by
repression of gene transcription and by allosteric feedback inhibition of the enzyme, although to
different degrees.

The aroF gene lies in an operon with tyrA, which encodes the bifunctional protein chorismate
mutase/prephenate dehydrogenase (CMPD). Both genes are regulated by the TyrR repressor protein
complexed with tyrosine. The aroF gene product accounts for 80% of the total DAHP synthase
activity in wild-type E. coli cells. The aroG gene is repressed by the TyrR repressor protein
complexed with phenylalanine and tryptophan. Repression of aroH is mediated by tryptophan and
the TrpR repressor protein.23 The gene products of aroF and aroG are almost completely feedback
inhibited respectively by low concentrations of tyrosine or phenylalanine,2 whereas the aroH gene
product is subject to maximally 40% feedback inhibition by tryptophan.2 In Brevibacterium flavum,
DAHP synthase forms a bifunctional enzyme complex with CM and is feedback inhibited by
tyrosine and phenylalanine synergistically but not by tryptophan.27,28 Similarly in Corynebacterium
glutamicum DAHP synthase is inhibited most significantly by phenylalanine and tyrosine acting
in concert,29 but unlike Brevibacterium flavum, reportedly it does not show tyrosine-mediated
repression of transcription.27,30

Many examples of analogue-resistant mutants of these organisms display reduced sensitivity
of DAHP synthase to feedback inhibition.7,9,11,27,31,32 In E. coli the genes encoding the DAHP
synthase isoenzymes have been characterized and sequenced.10,33,34 The mechanism of feedback
inhibition of the aroF, aroG, and aroH isoenzymes has been studied in considerable detail34 and
variants of the aroF gene on plasmid vectors have been used to increase phenylalanine overpro-
duction. Simple replacement of transcriptional control sequences with powerful constitutive or
inducible promoter regions and the use of high copy number plasmids has readily enabled over-
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production of the enzyme,35,36 and reduction of tyrosine-mediated feedback inhibition has been
described using resistance to the aromatic amino acid analogues β-2-thienyl-D,L-alanine (13, ent-13)
and p-fluoro-D,L-phenylalanine (14, ent-13).9,35

3.2.3 DEREGULATION OF CHORISMATE MUTASE AND PREPHENATE DEHYDRATASE

The three enzymatic steps by which chorismate is converted to phenylalanine appear to be identical
between C. glutamicum, B. flavum, and E. coli, although only in E. coli have detailed reports
appeared on the characterization of the genes involved. In each case the principal regulatory step
is the one catalyzed by PD. In E. coli, chorismate (2) first is converted to prephenate (3) and then

pheA gene.10 The final step, in which phenylpyruvate (3) is converted to L-phenylalanine (1), is
carried out predominantly by the aromatic aminotransferase encoded by tyrB.2 However, both the
aspartate aminotransferase, encoded by aspC, and the branched chain aminotransferase, encoded
by ilvE, can catalyze this reaction.37 Phenylalanine biosynthesis is regulated by control of CMPD
through phenylalanine-mediated attenuation of pheA transcription10 and by feedback inhibition of
the PD and CM activities of the enzyme. Inhibition is most pronounced on the PD activity, with
almost total inhibition observed at micromolar phenylalanine concentrations.38,39 CM activity, in
contrast, is maximally inhibited by only 40%.39 In B. flavum, PD and CM are encoded by distinct
genes. PD is again the principal point of regulation with the enzyme subject to feedback inhibition,
but not transcriptional repression, by phenylalanine.40,41 CM, which in this organism forms a
bifunctional complex with DAHP synthase, is inhibited by phenylalanine and tyrosine up to 65%,
but this is significantly diminished by the presence of very low levels of tryptophan.42 Expression
of CM is repressed by tyrosine.31,43 The final step is carried out by at least one transaminase.44

Similarly, in C. glutamicum, the activities are encoded in distinct genes with PD again being the
more strongly feedback inhibited by phenylalanine.45–47 The only transcriptional repression reported
is that of CM by phenylalanine. The C. glutamicum genes encoding PD and CM have been isolated
and cloned from analogue-resistant mutants of C. glutamicum11,48 and used along with the cloned
DAHP synthase gene to augment L-phenylalanine biosynthesis in overproducing strains of C.
glutamicum.48

Many publications and patents have described efforts to reduce and eliminate regulation of PD
activity in phenylalanine overproducing organisms.9,14,36 As with DAHP synthase, the majority of
the reported work has focused on the E. coli enzyme encoded by the pheA gene, which is transcribed
convergently with the tyrosine operon on the E. coli chromosome.10 The detailed characterization
of the pheA regulatory region has facilitated expression of the gene in a variety of transcriptional
configurations leading to elevated expression of CMPD and a number of mutations in pheA, which
affect phenylalanine-mediated feedback inhibition, have been described.14,35,49 Increased expression
of the gene is readily achieved by cloning pheA onto multi-copy plasmid vectors and deletion of
the nucleotide sequences comprising the transcription attenuator.14 Most mutations that affect the
allosteric regulation of the enzyme by phenylalanine have been identified through resistance to
phenylalanine analogues such as β-2-thienylalanine, but there are examples of feedback-resistant
mutations arising through insertional mutagenesis and gene truncation.35,49 Two regions of the
enzyme in particular have been shown to reduce feedback inhibition to different degrees. Mutations
at position Trp338 in the peptide sequence desensitize the enzyme to levels of phenylalanine in the
2- to 5-mM range but are insufficient to confer resistance to higher concentrations of L-phenylala-
nine.35,49 Mutations in the region of residues 304–310 confer almost total resistance to feedback
inhibition at L-phenylalanine concentrations of at least 200 mM.14 Feedback-inhibition profiles of

type enzyme (JN302). It is not clear if the mechanism of resistance is similar in either case, but
the difference is significant to commercial application because overproducing organisms readily
achieve extracellular concentrations of L-phenylalanine of more than 200 mM.
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to phenylpyruvate (4) by the action of a bifunctional enzyme (Figure 3.1), CMPD encoded by the

four such variants (JN305–JN308) are shown in Figure 3.3, in comparison to the profile of wild-
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3.2.4 PRECURSOR SUPPLY

Rate-limiting steps in the common aromatic and phenylalanine biosynthetic pathways are obvious
targets in the development of phenylalanine overproducing organisms. However, the detailed bio-
chemical and genetic characterization of E. coli has enabled additional areas of its metabolic
function to be specifically manipulated to determine their effect on aromatic pathway throughput.
Besides efforts to eliminate additional points of aromatic pathway regulation, attempts have been
made to enhance phenylalanine production by increasing the supply of aromatic pathway precursors
and by facilitating exodus of L-phenylalanine from the cell. The precursors of the common aromatic
pathway D-erythrose 4-phosphate (6) and phosphoenolpyruvate (5) are the respective products of
the pentose phosphate and glycolytic pathways. Precursor supply in aromatic amino acid biosyn-
thesis has been reviewed.50,51 Theoretical analyses of the pathway and the cellular roles of these
metabolites suggest that the production of aromatic compounds is likely to be limited by PEP
availability52,53 because phosphoenolpyruvate is involved in a number of cellular processes including
the generation of metabolic energy through the citric acid cycle54 and the transport of glucose into
the cell by the phosphotransferase system.55 Strategies to reduce the drain of PEP by these processes
have included mutation of sugar transport systems to reduce PEP-dependent glucose transport56

and modulation of the activities of pyruvate kinase, PEP synthase, and PEP carboxylase, which
regulate PEP flux to pyruvate, oxaloacetate, and the citric acid cycle.50,54,57 Similarly, the availability
of E4P has been increased by altering the levels of transketolase, the enzyme responsible for E4P
biosynthesis.58 In general, these efforts have been successful in directing additional flux of PEP of
E4P into the aromatic pathway, although their effect has not proved to be as predictable because
the deregulation of rate-limiting pathway steps and their overall impact on L-phenylalanine over-
production has not been well characterized.

The incremental gains made from the various levels at which phenylalanine biosynthesis has
been addressed have led to the high-efficiency production strains in use today. Almost all large-

FIGURE 3.3 L-Phenylalanine–mediated feedback inhibition of wild-type Escherichia coli K12 prephenate
dehydratase (JN302) and four feedback inhibition–resistant enzyme variants (JN305-JN308). Activity is
expressed as a percentage of normal wild-type enzyme activity.
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scale L-phenylalanine manufacturing processes in present operation are fermentations using bacte-
rial strains such as those described earlier, where classical strain development and/or molecular
genetics have been extensively applied to bring about phenylalanine overproduction. The low
substrate costs and the economies of scale associated with this approach have resulted in significant

3.3 BACTERIAL PRODUCTION OF L-LYSINE AND L-THREONINE 

3.3.1 BIOCHEMICAL PATHWAY ENGINEERING IN CORYNEBACTERIA 

The fermentative production of L-glutamate and amino acids of the aspartate family, such as lysine
and threonine, has been dominated by the use of the Coryneform organisms, especially C.
glutamicum. Several strains of the corynebacteria have been used for decades to produce L-glutamic
acid.1,2,59 These organisms have been found to secrete the amino acid at very high concentrations
through changes in the cell membrane induced either by biotin limitation or by the addition of
various surfactants.60,61 The enzyme glutamate dehydrogenase encoded by the gdh gene is princi-
pally responsible for the biosynthesis of L-glutamate in the Corynebacteria from the keto acid
precursor 2-ketoglutarate.62 Although relatively few genetic studies have been published on this
enzyme,63 many advances in both the genetic organization and the technology to manipulate DNA
in the Corynebacteria have been made in the last two decades.64–66 This has enabled molecular
genetic approaches to complement conventional strain development for the production of amino
acids, such as L-threonine (22) and L-lysine (19) in Corynebacterium.67–69 These advances have
been thoroughly reviewed67,70,71 and will be summarized here with only the key aspects relevant to
microbial pathway engineering emphasized.

The use of E. coli has been a valuable tool to the researchers in the Corynebacteria because
many of the genes encoding the key enzymes for amino acid biosynthesis were initially isolated
through complementation of the corresponding mutants in E. coli.67 Similarly, transconjugation of
plasmids from E. coli to various Corynebacterium strains, facilitating gene disruption and replace-
ment, has helped characterize the roles of specific genes, particularly in lysine and threonine
biosynthesis.72,73 The development of Corynebacterium cloning vectors has further facilitated the
studies of gene regulation and expression in these strains.64,74,75

3.3.2 ENGINEERING THE PATHWAYS OF L-LYSINE AND L-THREONINE BIOSYNTHESIS

The biosynthesis of the aspartate-derived amino acids is significantly affected by the regulation of
aspartokinase, the enzyme governing the flow of carbon entering the initial common pathway

flavum, aspartokinase is tightly regulated by concerted feedback inhibition, mediated by threonine
and lysine.76 Through classical mutagenesis/selection using the toxic lysine analogue S-(α-amino-
ethyl)-D,L-cysteine (15), lysine overproducing strains of C. glutamicum were obtained, which
frequently carried variants of aspartokinase resistant to feedback inhibition by lysine and/or thre-
onine.77,78 Sequence comparisons between the wild-type and mutant ask gene sequences located
mutations conferring feedback resistance to the β-subunit of the enzyme,78,79 although the mecha-
nism of feedback inhibition and of resistance remains unknown. Similar mutations have been
identified in the β-subunit of the C. lactofermentum and in B. flavum.80,81
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(Figure 3.4) and encoded by the ask gene in C. glutamicum. In the case of C. glutamicum and B.

economic advantages over alternative approaches (see Chapter 2).
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By analogy to the feedback-resistant mutations in PD and the DAHP synthases of the E. coli
phenylalanine and common aromatic pathways, the identification of feedback-resistant variants of
aspartokinase has contributed significantly to efforts to engineer lysine and threonine overproducing
strains of Corynebacterium. Introduction of feedback-resistant Ask variants to lysine overproducing
strains of C. glutamicum and C. lactofermentum enhanced extracellular lysine levels, the latter in
a gene dosage–dependent manner.82,83 Overexpression of the wild-type dihydropicolinate synthase,
on a multi-copy plasmid, also leads to elevated lysine production,83 as might be expected because
this is the branch point of lysine and threonine biosynthesis in Corynebacterium. No increase in
extracellular lysine was observed with the overexpression of each of the remaining enzymes of the
primary lysine biosynthetic pathway. A secondary pathway of lysine biosynthesis exists in C.
glutamicum, which allows complementation of mutations in the ddh gene encoding diaminopimelate
dehydrogenase but was unable at least in the wild-type state to provide high throughput of precursors
to D,L-diaminopimelate.83,84

As a complementary approach to the funneling of carbon to the lysine-specific pathways by
overproduction of dihydropicolinate synthase, the elimination of this activity by mutation of the
dapA gene led to significant overproduction of L-threonine85 (22) to more than 13 g/L in a strain
of B. flavum, which also carried a feedback inhibition–resistant aspartokinase. This productivity
was determined to be comparable to the more typical overproducing strains of B. flavum carrying
mutations in homoserine dehydrogenase, which eliminate the normal threonine-mediated feedback
inhibition. This feedback inhibition usually is selected by the now-familiar mutagenesis/selection
methods involving resistance to the toxic threonine analogue D,L-α-amino-β-hydroxyvaleric acid
(24). Similar levels of threonine overproduction have been reported in recombinant E. coli strains
where the threonine operon from a classically derived overproducing mutant was cloned on a multi-
copy plasmid and reintroduced to the same host.86 Significantly greater titers of threonine production

FIGURE 3.4 The common pathway of the aspartate-derived amino acids in Corynebacteria. The mnemonic
of the genes involved are shown in parentheses below the enzymes responsible for each step. Dotted lines
indicate multiple enzymatic steps, and 16 is L-aspartic acid, 17 is L-aspartyl phosphate, 18 is L-aspartate
semialdehyde, 19 is L-lysine, 20 is L-homoserine, 21 is L-isoleucine, 22 is L-threonine, and 23 is L-methionine.
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have been reported by introducing the same cloned threonine operon into mutant strains of B.
flavum grown with rigorous plasmid maintenance.68

The ability of the Corynebacteria to overproduce these amino acids sufficiently for commercial
use is partly a result of the extraordinary efficiency with which this type of organism can secrete
amino acids. For this reason it has been useful in the production of isoleucine87 (21) and other
amino acids71 without necessitating the elimination of feedback inhibition of key enzymes in the
biochemical pathways involved. Nevertheless, in the examples described earlier the availability of
detailed information on the molecular genetic basis of metabolic and biosynthetic pathways is of
fundamental importance in achieving optimal levels of amino acid production. Similarly, the
application of recombinant DNA methodology and directed evolution to an ever wider array of
microbes is enhancing the potential to effectively screen for mutations that relieve feedback inhi-
bition, frequently the most crucial aspect of deregulating the biosynthesis of primary metabolites
such as amino acids. As a result the potential to engineer microbial pathways is increasing signif-
icantly and includes opportunities to construct novel biochemical routes for the biosynthesis of
nonproteinogenic amino acids. This broader application of pathway engineering to produce valuable
unnatural amino acids has now been exploited by a number of groups, as discussed later in this
chapter.

3.4 ENGINEERING NOVEL BIOCHEMICAL PATHWAYS 
FOR AMINO ACID PRODUCTION

3.4.1 ADAPTATION OF THE L-CYSTEINE PATHWAY TO PRODUCE UNNATURAL 
AMINO ACIDS

The Wacker-Chemie Group has described an extremely elegant approach88 for the production of a
family of unnatural amino acids from a common intermediate in the natural biochemical pathway
to L-cysteine in E. coli. The method is based on earlier work by Wacker to develop efficient strains
that produce natural L-cysteine by fermentation89 but takes advantage of the naturally broad substrate
specificity of O-acetylserine sulfhydrylase, the final enzyme in L-cysteine biosynthesis. This enzyme
accepts a variety of alternative nucleophiles in addition to sulfide, which is normally required for
cysteine biosynthesis. Accordingly, this enzyme can be provided with its substrate O-acetylserine
(25) and compounds prepared using chemical synthesis, such as thiophenol, mercaptoethanol, or
phenylselenol, resulting in the biosynthesis of S-phenyl-L-cysteine (26), S-hydroxyethyl-L-cysteine
(27), or phenylseleno-L-cysteine (28), respectively. As might be expected, a major factor in the
commercial viability of this process is the economic production of O-acetylserine (25), the precursor
of each of these unnatural amino acids. The major regulatory point for the biosynthesis of this
compound in E. coli is the very tight allosteric regulation of serine acetyltransferase, encoded by
the cysE gene, which produces O-acetylserine from L-serine and acetylcoenzyme A. The strains
used in the Wacker process overcome this natural regulation by incorporating a mutated cysE gene
encoding a variant of serine acetyltransferase in which L-cysteine–mediated feedback inhibition is
greatly reduced. Through the combined effect of this mutation and the overproduction of the
feedback-resistant enzyme from a multi-copy plasmid significant overproduction of 25 is achieved
when strains carrying this mutated allele of cysE are fermented. The approach used to isolate
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feedback inhibition–resistant variants of serine acetyltransferase was the screening and isolation of
E. coli mutants90 using methods quite analogous to those applied in the development strains, which
overproduce natural amino acids. One key aspect of the success of this process is the interdisci-
plinary approach undertaken in which classical microbial genetics, molecular biology, and synthetic
organic chemistry can be integrated to engineer and adapt a natural biochemical pathway for the
manufacture of valuable unnatural compounds. This multidisciplinary approach is now increasingly
apparent in applied biocatalysis.

3.5 HYDANTOINASE WHOLE-CELL BIOCATALYSTS

tant amino acids. Such an example lies in the successful development of the hydantoinase-carbam-

91,92 The hydantoinase-carbamoylase process is well established as an efficient means to produce

D-Amino acids are now increasingly in demand as valuable intermediates in the development of
new pharmaceuticals including peptidomimetic drugs (Chapter 2). The efficiency and enantiose-
lectivity of this process requires the concerted use of a hydantoinase biocatalyst with a carbamoylase
and, depending on the substrate, a racemase biocatalyst. Efficient production of these biocatalysts
is therefore very important to the overall process economics and the system is therefore highly
suited to the application of a recombinant microbial strain that can produce each of the required
enzymes from cloned genes. Such strains of E. coli have been constructed to produce the necessary
biocatalysts required for the hydantoinase system.92,93 This whole-cell biocatalytic system has been
adapted for the production of L-amino acids using a directed evolution approach to alter the
enantioselectivity of the hydantoinase enzyme from a D-selective to an L-selective biocatalyst.92

Again, the integration of various technologies, including judicious and efficient screening regimens,
molecular genetic and genomic methodologies, and the advantages of whole-cell biocatalysts,
results in improved and competitive economic routes to amino acids.

3.6 NOVEL AMINOTRANSFERASE PATHWAYS

The biosynthesis of most proteinogenic amino acids including those described earlier directly or
indirectly involves a transamination step.2 Biochemical studies on a number of the bacterial L-
amino acid transaminases (aminotransferases) responsible for this reaction have revealed that these

94 The relatively relaxed
substrate specificity of microbial transaminases has been useful in the development of biotransfor-
mation approaches for the synthesis of nonproteinogenic L-amino acids, which are now in increasing
demand as intermediates for the synthesis of peptidomimetic pharmaceuticals. Additionally the
availability of a highly efficient screen has enabled the cloning of a number of genes encoding D-
amino acid transaminase from a variety of microbial species.95,96 In an example of the application
of aminotransferases to the production of nonproteinogenic amino acids, both isomers of 2-ami-
nobutyrate (29) have been produced.97,98
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oylase system for the production of D-amino acids and, more recently, L-amino acids (Chapter

D-amino acids in particular by the dynamic kinetic resolution of D,L-5-monosubstituted hydantoins.

Well-understood and readily engineered microbes such as E. coli can also serve as hosts for novel

2).

biosynthetic pathways composed entirely of heterologous enzymes producing commercially impor-

enzymes frequently display broad substrate specificity (see also Chapter 19).
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3.6.1 A NOVEL BIOSYNTHETIC PATHWAY TO L-2-AMINOBUTYRATE

In addition to the identification of the appropriate biosynthetic enzyme, the feasibility of all
biotransformation processes depends heavily on other criteria, such as the availability of inexpensive
starting materials, the reaction yield, and the complexity of product recovery. In the case of
transaminase processes, the reversible nature of the reaction (Scheme 3.1) and the presence of a
keto acid by-product is a concern that limits the overall yield and purity of product and has led to
efforts to increase the conversion beyond the typical 50% yield of product.99,100 Additionally, there
are cost considerations in the large-scale preparation of keto acid substrates such as 2-ketobutyrate,
which are not commodity chemicals.

These issues are readily addressed in whole-cell systems because additional microbial enzymes
can be used to generate substrates from inexpensive precursors and convert unwanted by-products
to more easily handled compounds. For the biosynthesis of 2-aminobutyrate using the E. coli
aromatic transaminase,101 the engineered E. coli incorporates the cloned E. coli K12 ilvA gene
encoding threonine deaminase to generate 2-ketobutyrate from the commodity amino acid L-
threonine and the cloned alsS gene of Bacillus subtilis 168 encoding acetolactate synthase that
eliminates pyruvate, the keto acid by-product of the reaction, through the formation of nonreactive
acetolactate. The B. subtilis catabolic acetolactate synthase is preferable to the acetohydroxy acid
synthases of E. coli, which also use 2-ketobutyrate as a substrate as a result of their overlapping
roles in branched-chain amino acid biosynthesis. The reaction scheme for the combined use of

The L-2-aminobutyric acid (L-29) process is operated as a whole-cell biotransformation in a single
strain, producing 27g/L of L-2-aminobutyrate. The benefit from the concerted action of these three
enzymes in L-2-aminobutyrate biosynthesis is significant. Process economics benefit from the use
of an inexpensive amino acid such as L-threonine (22) as the source of 2-ketobutyrate and L-aspartic
acid as the amino donor. Second, with the additional acetolactate synthase activity present the ratio
of L-2-aminobutyrate to L-alanine, the major amino acid impurity, increases to 22.5:1 from 2.4:1,
reducing the complexity of the product recovery. Incremental improvements remain to be made in
the prevention of undesired catabolism of substrates by metabolically active whole cells because
the product yield is only 54%, although the substrates are almost entirely consumed. The detailed
understanding of E. coli metabolism and genetics increases the likelihood of eliminating such
undesirable catabolic side reactions.

3.7 SUMMARY

A variety of bacterial species have been used for almost 40 years in the large-scale fermentative
production of amino acids for industrial uses. The Corynebacteria have been most widely used in
this application as a result of their propensity to overproduce and excrete very high concentrations
of amino acids under specific process conditions and their early development for monosodium
glutamate production. However, other organisms including E. coli have also been successfully used
in the production of amino acids such as phenylalanine.

The engineering of bacterial metabolic pathways to improve commercial fermentative produc-
tion of amino acids has traditionally involved the use of relatively crude, nonspecific mutagenesis
methods coupled to repeated rounds of arduous screening for resistance to toxic amino acid
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acetolactate synthase with either a D- or L-amino acid aminotransferase is shown in Scheme 3.2.
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analogues. Although inelegant in execution, these methods nevertheless led to highly efficient and
economically important organisms for large-scale production of many amino acids, although the
approach becomes increasingly self-limiting as production organisms accumulate nonspecific
mutations. 

With the increasing understanding of the biochemistry and molecular genetics of amino acid
production in bacteria and the availability of recombinant DNA methodology in the 1980s, the
rate-limiting steps of biosynthetic pathways and precursor supply were addressed through the
cloning and characterization of the genes encoding the key biosynthetic enzymes. This led to a
greater understanding of the molecular mechanisms involved in biosynthetic pathway regulation
and the characterization of mutations introduced previously through classical methods. Deregulation
of gene expression, reintroduction of specific genes on multi-copy plasmids, and the relief of end-
product–mediated feedback inhibition has led to even greater titers of product from amino
acid–overproducing bacterial strains.

Consequently, many successes of amino acid overproduction in bacteria have come from the
powerful hybrid approach of rational design and more traditional mutagenesis/selection methodol-
ogy. As microbial DNA sequence information becomes increasingly available through genomic
sequencing, the possibility to combine genes from diverse organisms in a single host is providing
new opportunities to further engineer specific host bacterial strains to overproduce many unnatural
amino acids. Accordingly, there are increasing examples of strains of E. coli or alternative hosts
containing genes from multiple organisms that enable efficient whole-cell biosynthesis of various
D-amino acids and nonproteinogenic L-amino acids. 

This trend will surely continue as the application of whole-cell biocatalysis continues to grow,
driven by improved tools now available to engineer microbial pathways and increasing accessibility
of microbial genes from genomic sources. The introduction of the polymerase chain reaction (PCR),
as a general method of gene cloning and manipulation, vastly reduced the time frame required to
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isolate genes encoding new enzymes of interest using DNA sequence information. With more than
150 complete microbial genomes now available from public sources such as GENBANK the
accessibility of genes encoding new uncharacterized biocatalytic activities is unprecedented. More
versatile gene mutation protocols and expanded screening regimens also allow the optimization of
specific enzymatic activities to eliminate undesirable properties and rate-limiting steps in pathways
of interest. Through these advances, the capability to engineer microbial biosynthetic pathways to
produce industrially important amino acids will continue to grow and diversify.
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4.1 INTRODUCTION

Carbohydrates are extremely important in nature, being used as building blocks for structures such
as cell walls, as modifiers of solubility, and as means for storing energy. Many carbohydrate
derivatives, however, are not abundant in the host organism, which, despite the diverse array of
functionality and stereochemistry known, only allows for a small number of these compounds to
be available at a commercial scale.1 This has to be counterbalanced against the breadth of sugar
derivatives that are found in nature and, although only available at small scale (and often at a very
high price), are cited as chirons.2 In addition to sucrose, the carbohydrates produced at scale are
D-glucose, D-sorbitol, D-lactose, D-fructose, D-mannitol, D-maltose, D-isomaltulose, D-gluconic acid,
D-xylose, and L-sorbose.3,4 Most of these are used as food additives rather than chemical raw
materials. A comparison of volumes and price indications for sugars and some simple derivatives

5
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The vast array of similar functionality often turns out to be a major problem to the synthetic
chemist who needs to differentiate between them. This can result in long, tedious, protection–depro-
tection sequences.1,6,7 Although enzymes can be of help, there is still a significant way to go. As
carbohydrates are components of many pharmaceutical compounds, many methods have been
developed for their synthesis.8,9 This includes methodology that is amenable to use at scale,
including the Sharpless epoxidation.10–14

Of course, carbohydrates are used and manipulated at commercial scales. The isolation of
sucrose and the enzymatic formation of high fructose corn syrup are obvious examples. However,
although sucrose is available from a wide variety of sources at very large scale, it has found relatively
little application in chemical transformations.15,16

This chapter will cover the uses of carbohydrates as “chiral pool” materials. Because hydroxy
acids are closely related, they are also discussed here.

4.2 DISACCHARIDES

4.2.1 SUCROSE

The disaccharide sucrose (1) is readily available in bulk quantities from sugar cane or beet. Its
major use is in the food industry as a sweetening agent. Despite numerous publications, and a
significant amount of research, sucrose has not found a place as a chiral chemical raw material.
Sucrose has, however, been derivatized to provide useful food products that have become large-
volume products (vide infra).

TABLE 4.1
Annual Production and Prices for Sugars and Derivatives5

World Production
(MT/year)

Price
($/Kg)

Sugars Sucrose 130,000,000 0.35
D-Glucose 5,000,000 0.72
Lactose 295,000 0.72
D-Fructose 60,000 1.20
Isomaltulose 50,000 2.40
Maltose 3,000 3.60
D-Xylose 25,000 5.40
L-Sorbose 60,000 9.00

Sugar alcohols D-Sorbitol 650,000 2.15
D-Xylitol 30,000 6.00
D-Mannitol 30,000 9.60

Sugar acids D-Gluconic acid 60,000 1.70
L-Lactic acid >100,000 2.10
Citric acid 500,000 3.00
L-Tartaric acid 35,000 7.20
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4.2.1.1 Sucrose Esters

Esters of this disaccharide, derived from fatty acids, have been developed as fat substitutes of which
the Proctor and Gamble product, Olestra, has been commercialized.17 Although the market is still
small, there is hope that this will be a large-volume commercial product. The esters are prepared
by transesterification reactions.15

4.2.1.2 Sucralose

Sucralose (2), 4,1′,6′-trichloro-4,1′,6′-trideoxy-galacto-sucrose (TGS), is a trichloro disaccharide
nonnutritive sweetener.18 This compound was discovered through a systematic study in which
sucrose derivatives were prepared. It was found that substitution of certain hydroxy groups by a
halogen increased the sweetness potency dramatically.19,20 Sucralose was chosen as the development
candidate by Tate and Lyle.21–24

4.2.1.2.1 Chemical Approaches
The synthesis of TGS (2) involves a series of selective protection and deprotection steps so that
the 4-hydroxy group can be converted to chloro with inversion of configuration.23,25 Differentiation
between the primary hydroxy groups of the two sugar moieties is also required (Scheme 4.1).26,27

SCHEME 4.1

O

O
AcO O

AcO

OAc

Cl

Cl
AcO

O

O
HO O

HO

OH

OH

OH
HO

HO
OH

Cl OAc
O

O
HO O

HO

OH

Cl

Cl

Cl

HO

OH

1

1. TrCl, DMAP

2. Ac2O, pyr

O

O
AcO O

AcO

OAc

OTr

OTr
AcO

AcO
OTr

O

O
AcO O

AcO

OAc

OH

OH
AcO

AcO
OH

O

O
AcO O

AcO

OAc

OH

OH
AcO

HO
OAc

2

AcOH ∆

SO2Cl2 K2CO3

MeOH

© 2006 by Taylor & Francis Group, LLC



50 Handbook of Chiral Chemicals, Second Edition

4.2.1.2.2 Enzymatic Approaches
Another route to 2 uses both chemical and biocatalytic transformations and starts from glucose (3)
(Scheme 4.2).28,29

An enzymatic preparation to the useful intermediate 4 has been described from sucrose (Scheme
4.3).30,31 Chlorination of this intermediate 4 yields TGS (2).
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4.2.2 ISOMALT

Isomalt (5), also called Palatinit, is used as a low-calorie sweetener in some countries. It is a mixture
of two compounds obtained by the hydrogenation of isomaltulose (6) (Scheme 4.4).15

The disaccharide 6 is derived from sucrose by an enzymatic transformation catalyzed by
Protaminobacter rubrum as well as other organisms.15,32

4.3 MONOSACCHARIDES AND RELATED COMPOUNDS

4.3.1 D-GLUCONIC ACID

D-Gluconic acid (7) is produced at scale by the fermentative oxidation of D-glucose (3) with
Acetobacter, Pseudomonas, or Penicillium sp. (Scheme 4.5).33 It is used as a processing aid.

The same transformation also can be achieved by air oxidation in the presence of a number of
metal catalysts and enzymes.4,33
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4.3.2 D-SORBITOL

Sorbitol (8) is used at scale in the manufacture of resins and surfactants.34 It is produced by the
reduction of D-glucose (3) (Scheme 4.6).

4.3.3 L-ASCORBIC ACID

L-Ascorbic acid (9), vitamin C, is produced at large scale by the Reichstein-Grussner process that
dates back to the 1920s (Scheme 4.7).34 It involves the enzymatic oxidation of D-sorbitol (8) that
is, in turn, obtained from D-glucose (Section 4.3.2).

4.3.4 D-ERYTHROSE

This valuable intermediate 10 is readily available by the oxidative cleavage of D-fructose (11) with
hypochlorite (Scheme 4.8).4
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4.3.5 NUCLEOSIDES

Nucleosides are the building blocks of DNA and RNA and contain a carbohydrate unit together
with a base. A number of derivatives have been prepared as pharmaceutical agents, perhaps the
best known being AZT (azidothymidine, or zidovudine) (12). Some of these compounds may be
accessed from ribose.35 In many cases, a nucleoside is used as the starting material for modification;
a number of routes to 12 use this approach.36–38

When the sugar has been modified, as in lamivudine (13) and GR95168 (14), most approaches
do not use a carbohydrate precursor as the starting material; instead they rely on a resolution or

39 Again, this illustrates the problems associated with the multi-
tude of similar functional groups.40–42

4.4 GLYCERALDEHYDE DERIVATIVES

4.4.1 S-SOLKETAL

problems. The aldehyde 17, although used for a wide variety of transformations, does suffer from
epimerization problems; however, additions to the carbonyl group can be manipulated through the
use of chelation control.1
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The material S-solketal (15) can be obtained by the oxidative cleavage of D-mannitol (16) (Scheme
4.9). Of course, the use of heavy metals in the cleavage reaction does bring along environmental

asymmetric synthesis (Chapter 6).
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The alcohol 15 can also be prepared from protected glyceric acid.43 This, in turn, can be obtained
by cleavage of the protected diol 18 with bleach in the presence of a ruthenium catalyst (Scheme
4.10).4,43

4.4.2 R-SOLKETAL

This isomer of the aldehyde, 19, can be accessed from L-ascorbic acid (9) (Scheme 4.11).44
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4.5 HYDROXY ACIDS

4.5.1 TARTARIC ACID

Both isomers of the compound tartaric acid are available at scale, yet it has not found large-scale

and as a ligand for asymmetric catalysis. The R,R-isomer is available as a waste product of wine
fermentation.4 The S,S-isomer is a natural product but is produced by resolution and is much more
expensive than its antipode.4 

4.5.2 MALIC ACID

Again, the hydroxy acid malic acid is available by a wide variety of methods, including fermen-
tation,45 but it has not found a large-scale application as a building block.

4.5.3 LACTIC ACID

Both isomers of this hydroxy acid are available from fermentation.45 Although R-lactic acid can
be used for the synthesis of herbicides, the development of alternative methods to S-2-chloropro-

4.5.4 3-HYDROXYBUTYRIC ACID

The hydroxy acid 3-hydroxybutyric acid is available as the R-isomer from the biodegradable
45 A number of derivatives are accessible from the polymer itself

(Scheme 4.12).46,47

The S-isomer is available by yeast reduction of acetoacetate.1,48–50 Both isomers are available
by asymmetric hydrogenation of the β 51

The monomeric unit, as illustrated by 3R-hydroxybutyric acid, is a precursor to a wide range
of β 52

Although a wide range of β-hydroxy acids is available by reduction of the corresponding β-
keto ester or acid (vide supra), and a number of schemes have been proposed to commercially
important compounds, such as captopril, this methodology and class of compounds still have to
wait for a new opportunity to show their versatility.49,50
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-hydroxy acid derivatives (Scheme 4.13).

application as a chiral building block. Tartaric acid can be used as a resolution agent (Chapter 6)

pionoic acid alleviates this need (Chapter 31).

polymer, Biopol (Chapter 19).

-keto ester (Chapters 12 and 13).
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4.5.5 MACROLIDE ANTIBIOTICS

Macrolide antibiotics, in some instances, may be considered as hydroxy acid derivatives. In addition,
many of them have carbohydrates attached, often with unique structural features, as illustrated by
erythromycin (20).53 Although some of these antibiotics are semi-synthetic, all are derived by a
fermentation process where the antibiotic is formed as a secondary metabolite. This approach, of

4.6 SUMMARY

Despite their widespread occurrence in nature, and despite some members of the class being
available at scale, carbohydrates and hydroxy acids have not found widespread application as
synthons in large-scale fine chemical synthesis with the exception of food ingredients. This is
presumably a result of the problems associated with the differentiation of very similar functional
groups, although enzymatic methods are known, and the low atom efficiency when incorporated
into a synthesis.
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course, alleviates the need to perform complex carbohydrate chemistry (see Chapter 19).
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5.1 INTRODUCTION

Nature has been, and continues to be, one of the greatest sources of chiral molecules that range
from small amino acids to large proteins and nucleic acids to DNA. Synthetic organic chemists
have long benefited from this resource by constantly being able to draw on members of these chiral
natural products and converting them into more complex synthetic compounds, such as pharma-
ceuticals and other biologically active agents. During the past decade, an overwhelming amount
of work has been done, with great success, on the use of amino acids and carbohydrates as chiral
building blocks. In a similar manner, terpenes, especially monoterpenes, are also an important
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group of abundant natural products that contribute to nature’s chiral pool. Many of these mono-
terpenes are widely distributed in nature and can be isolated from a variety of plants in high yields.1

They usually possess one or two stereogenic centers within their structures together with modest
functionality, which allows convenient structural manipulation and transformations. Many terpenes
have constrained asymmetric carbocyclic ring systems that can be incorporated into the frameworks
of complex polycyclic target molecules or converted into chiral ligands for chiral auxiliaries,
reagents, and resolving agents. Although amino acids and carbohydrates continue to be the major
source of chiral building blocks in organic synthesis, terpenes are being used more and more
frequently in asymmetric synthesis. In this chapter, we will discuss some of the applications in the
use of terpenes, especially monoterpenes, in the synthesis of chiral organic molecules. The emphasis
of the discussion will be on the use of natural or unnatural monoterpenes as building blocks in the
synthesis of biologically active compounds and the stereoselective transformations and manipula-
tions of these terpene molecules for asymmetric synthetic purposes.

5.2 ISOLATION

Some of the most abundant and readily available monoterpenes in nature’s chiral pool include
pinenes, menthones, menthols, carvones, camphor, and limonenes, which can be isolated in large
quantities from various species and parts of plants found in different regions of the world.2 These
terpenes can also be interconverted through chemical and biological transformations and can be
derivatized into a variety of oxygenated forms by simple chemical manipulations.3 Current industrial
production of many optically active monoterpenes is still through the extraction of plants, usually
by steam distillation. Essential oils extracted from a variety of plants contain a mixture of a number
of different monoterpenes, which are separated and purified by repeated distillation.4 Because the
essential oil industry is highly localized by region, and characterized by its diversity, the chemical
and optical purities of commercial monoterpenes vary widely depending on region, the plant source,
and production methods.5 Unlike natural amino acids, which almost exclusively have the (S)-
configuration, many monoterpenes exist in nature in the form of both enantiomers, which are often
distributed in different plant species and in different quantities. The ee of a particular compound,
therefore, can vary according to the region of origin. Many terpenes are “scalemic,” which means
that both antipodes are made by a single source, although one usually predominates.6 Chemists
who use these terpenes for chiral synthetic purposes should always be cognizant of the quality and
producer of the product and, if possible, stay with just one for consistent, reliable product quality.

5.3 MONOTERPENES

5.3.1 αααα-PINENE

α-Pinene is perhaps the most abundant and chemically exploited monoterpene. It is isolated
principally from a variety of pine trees, and both of its optical enantiomers occur in nature, although
(+)-α-pinene (1) is the most abundant.7 Bulk quantities of both optically active (+)- and (–)-α-
pinenes are available. (For example, this is available from Penta Manufacturing Co., Fairfield, NJ.,
and from other fine chemical producers and dealers.) α-Pinenes obtained from natural sources have
optical purities ranging from 80–90% ee as a result of the coexistence of the other enantiomer. The
best (+)-α-pinene is about 91.3% ee, whereas the (–)-α-pinene (2) is only 81.3%.8 This kind of
optical purity is usually not good enough for many chiral synthetic purposes. For the preparation
of optically pure chiral borane reagent, diisopinocampheylborane (Ipc2BH) (3), a simple and
practical procedure has been developed to upgrade the optical purity of commercial pinenes to 99%
ee.9 For (+)-α-pinene, the commercial material (91.3% ee) was treated with BH3•THF (tetrahydro-
furan) or BH3•SMe2 to produce the hydroboration product Ipc2BH (3) as a crystalline solid.
Digestion of the solid suspended in THF with 15% excess α-pinene caused the (+)-isomer to
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become incorporated into the crystalline Ipc2BH, whereas the (–)-isomer accumulates in solution.
Filtration removes the (–)-isomer to give crystalline 3 that contains 99% (+)-α-pinene. Elimination
of the alkyl groups from the trialkylboranes by treatment of the Ipc2BH (3) with benzaldehyde and
a catalytic amount of BF3 at 100°C, followed by distillation, gives (+)-α-pinene (99.5% ee) (Scheme
5.1).10 The same process can be applied to upgrade (–)-α-pinene.

As a result of less abundant natural sources and its inferior optical purity, good-quality (–)-α-
pinenes are usually obtained by chemical isomerization of (–)-β-pinenes. The isomerization is
brought about by various catalysts, including acids,11 bases,12 and metals.13 For example, (–)-α-
pinene (2) (92% ee) was obtained from commercial (–)-β-pinene (4) of the same optical purity in
high yield through isomerization catalyzed by potassium 3-aminopropylamide (KAPA) (5) (Scheme
5.2).14 The (–)-α-pinene (2) obtained by this method can be further upgraded in optical purity by
the hydroboration method mentioned earlier.

5.3.2 ββββ-PINENE

β-Pinene is an important raw material for various perfumes and polyterpene resins.7 In contrast to
α-pinene, only the (–)-isomer of β-pinene is isolated from nature in large quantities. The (+)-isomer
of β-pinene (6) is produced mainly by chemical means from (+)-α-pinene (1) through the use of
various isomerization methods.15–17 One of these methods is to heat Ipc2BH (3) from 1 with high
optical purity to about 130°C, followed by treatment with 1-hexene and benzaldehyde to release
the (+)-β-pinene (6) (>99.5% ee) (Scheme 5.3).10

5.3.2.1 Other Monoterpenes Derived from Pinenes

Both α- and β-pinenes are popular starting materials for the synthesis of other monoterpene chiral
synthons such as carvone, terpineol, and camphor (vide infra). Reactions leading to other mono-

α-pinene with lead tetraacetate followed
by rearrangement gives trans-verbenyl acetate (7), which is hydrolyzed to yield trans-verbenol
(8).18 Subsequent oxidation of 8 gives verbenone (9), which can be reduced to give cis-verbenol
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(10). Verbenone (9) can also be converted into chrysanthenone (11) by ultraviolet irradiation.19 The
naturally occurring pinocamphones (12) and pinocampheols (13) can be prepared from α-pinene
by conventional ring-opening reactions of α-pinene epoxide (14) and the reduction.20,21 One of the
most effective methods for making trans-pinocarveol (15) is by sensitized photooxygenation of α-
pinene followed by reduction of the resultant trans-pinocarveyl hydroperoxide (16).22

5.3.3 LIMONENE

Limonene is another inexpensive and abundantly available chiral pool material. Both d- and l-
limonenes (17 and 18) are commercially available. d-Limonene (17) is the principal stereoisomer
that can be isolated in large quantities from orange, caraway, dill, grape, and lemon oils, whereas
dl- and l-limonenes are obtained from a variety of terpentine oils.23 Racemic limonenes can be
synthesized by the dimerization of isoprene in a Diels-Alder condensation. Also, a 5-carbon to 4-
carbon coupling under Diels-Alder conditions followed by Wittig addition of the methylene group
has been used to produce racemic limonene (Scheme 5.4).24

FIGURE 5.1 Conversion of α-pinene to other monoterpenes.
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The degree of chemical and optical purities of limonenes, again, depends on the exact source
of the oil. Bulk d-limonene currently available in the United States has optical purities in the range
of 96–98% ee.

5.3.3.1 Monoterpenes Derived from Limonene

Although limonene is used directly in the constitution of natural flavors and perfumes, its principal
value lies in its use as a starting material for chemical synthesis and production of a variety of
oxygenated p-menthane monoterpenes, a group of important organoleptic compounds and chiral
building blocks in organic synthesis.1,25 Many of these compounds are derived from a common
intermediate, limonene epoxide, which is obtained through peroxyacid oxidation of limonene.26,27

For example, acid catalyzed ring opening of (+)-limonene epoxide (19) gives a 1,2-diol, which
after acetylation, pyrolysis of the resultant diacetate, and hydrolysis yields carveol, which in turn
can be oxidized to give (–)-carvone (20) (Scheme 5.5).28 Other p-menthane type of monoterpenes
that can be directly derived from limonene include α- and β-terpineol (21) and various mentha-di-
enols and menthen-diols (Figure 5.2).29

5.3.4 MENTHONES

p-Menthanes, which include menthol, menthone, terpineol, and carvone, are some of the best-
known monoterpene-based chiral synthons in organic synthesis. They are all relatively inexpensive

FIGURE 5.2 Monoterpenes accessible from d-limonene (17).
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and are commercially available in bulk quantities. Menthols and their corresponding ketones,
menthones, were first isolated from peppermint oils of various species of Mentha piperita L.30

Menthones can exist in two diastereomeric forms, each with two enantiomers. The ones with the
methyl and isopropyl groups in a trans-orientation are termed menthones, whereas those with the
two in a cis-orientation are isomenthones. l-Menthone (22), also denoted as (1R,4S)-(–)-menthone,
is the most abundant stereoisomer and is obtained by the dry distillation of the wood of Pinus
palustris Mell.31 It can also be produced chemically by chromic acid oxidation of l-menthol (23).32

l-Menthone is commercially available in bulk quantities with optical purities of 90–98% ee.33

5.3.5 MENTHOLS

There are four diastereomeric menthols according to the relative orientations of the methyl, iso-
propyl, and hydroxyl groups. They are known as menthol, isomenthol, neomenthol, and neoisom-
enthol, each of which exists in two enantiomeric forms. The most abundant and readily available
is l-menthol, or (1R,2S,5R)-(–)-menthol (23), whereas other stereoisomers, although available from
nature, are more economically produced through chemical derivatizations from menthone,
limonene, and α-pinene. Commercial (–)-menthol from natural sources can be as pure as 99% in
both chemical and optical purities. Synthetic menthol is currently made by an asymmetric isomer-

34

5.3.6 CARVONES

Both enantiomeric forms of carvone are readily available. l-(–)-Carvone (20) is the major constituent
of spearmint oil from Mentha spicata, whereas d-(+)-carvone is a major constituent of caraway oil
from the fruit of Carum carui or dill from the fruit of Anethum graveolens. d,l-Carvone is found
in gingergrass oils. It is interesting that the two enantiomers of carvone have quite different
characteristic odors and flavors, suggesting that chirality plays an important role in organoleptic
function.1 Synthetic l-carvone (20) is produced on an industrial scale either from d-limonene (17)

α-pinene. The conversion of 17 into 20 is accomplished in 3 steps through
the intermediates d-limonene nitrosochloride (24) and l-carvoxime (25), with greater than 60%
overall yield (Scheme 5.6).35

An alternative route to l-(–)-carvone (20) was developed from the more abundant (–)-α-pinene
36 The process involves hydroboration of

2 followed by oxidation of the resultant alcohol. Subsequent treatment of the l-isopinocamphone
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(cf. Scheme 5.5) or from 

(2), albeit a somewhat lower overall yield (Scheme 5.7).

ization (see Chapters 12 and 31).
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(26) with isopropenyl acetate then anodic oxidation gives almost pure l-(–)-carvone (34% overall).
Both processes are being applied on industrial scale production, depending on the availability of the
starting material. Optical purity of currently available commercial carvones ranges from 98–99% ee.

5.3.7 TERPINEOL

Terpineol is mainly isolated from plants of the Eucalyptus species and is a mixture of α-terpineol,
β-terpineol, 4-terpineol, and 1,4- and 1,8-terpindiols. Both enantiomers of α-terpineol are commer-
cially produced through hydration of α-pinenes.37

5.3.8 CAMPHOR

Camphor (27) is, perhaps, the most well-known monoterpene. It certainly has seen the most
widespread commercial applications than any other single terpene, with a current 50–60 million
pounds per year market. The most abundant natural source of camphor is the wood of various
species of Cinnamomum camphora, a tree common to the Far East.38 Although both d- and l-
camphor have been isolated from a number of natural sources, most commercial camphor is now
obtained through the chemical transformation of pinene (Figure 5.3).39 Wagner-Meerwein rear-
rangement of α-pinene in HCl leads to bornyl chloride, which loses hydrogen chloride on heating
to give camphene (28). The latter is then converted to an isobornyl ester, which is oxidized to yield
camphor. There have been many variations of this pinene-to-camphor conversion process, such as
direct catalytic conversion of pinene to camphene and methanolysis of camphene in the presence
of strong cation exchange resin.

SCHEME 5.7

FIGURE 5.3 Routes for conversion of α-pinene to camphor.
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Racemic camphor can be produced by total synthesis from 1,1,2-trimethylcyclopentadiene and
vinyl acetate through a Diels-Alder reaction (Scheme 5.8).40 Currently, about three-fourths of the
camphor sold in the United States are produced synthetically, and most is in the racemic form.41

5.4 REACTIONS OF MONOTERPENES

The most fascinating aspect of monoterpene chemistry is perhaps the variety of stereoselective
organic reactions that taken place around the chiral centers of these molecules. The architecture of
many of the natural monoterpenes, especially cyclic and multi-cyclic monoterpenes, renders them
unique steric features and imposes strong influences of steric interactions and facial selectivities.
These differentiated steric interactions around the molecule allow distinct stereospecific or stereo-
selective reactions to take place. Taking advantage of these steric features, synthetic organic
chemists have designed various reactions to translate the chirality of these monoterpenes into various
organic compounds generated in specific synthetic reactions. In these reactions, the chiral terpenes are
used as chiral auxiliaries to direct the reaction to occur only in the preferred steric conformation resulting
in stereochemically pure or enriched products. As a result of these stereoselective transformations, a
great number of chiral organic compounds or building blocks have been derived directly or indirectly
from this class of natural products. A few examples are given later in the chapter.

In addition, monoterpenes can provide some useful chiral reagents, such as the pinene-based
organoborane reagents for chiral reductions, which have been reviewed extensively.42 Camphor-
derived organic acids such as camphenesulfonic acid can be used for the resolution of racemic

5.4.1 CAMPHOR AS A CHIRAL AUXILIARY

5.4.1.1 Alkylations

Camphor and camphor-derived analogues are used frequently as chiral auxiliaries in asymmetric

templates to direct enantioselective alkylation for the synthesis of α-amino acids, α-amino phos-
phonic acids, α-substituted benzylamines, and α-amino alcohols (e.g., Scheme 5.9).43–47 Enantiomeric
excesses of the products range from poor to excellent depending on the type of alkyl halides used.
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bases and is a common practice in industry (Chapter 6).

synthesis (cf. Chapter 23). There have been numerous reports in the use of camphor imine as
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Other camphor analogues with the C–8 methyl group replaced by larger and more hindered
groups can significantly increase the stereoselectivity of the alkylation and result in much higher
enantiomeric purity of the products.48 

5.4.1.2 Aldol Reaction

Camphor derivatives are also used as chiral auxiliaries in asymmetric aldol condensations (e.g.,
Scheme 5.10).49-51

As with most camphor-based chiral auxiliaries, the size and steric congestion at the C–8 position
of the camphor moiety can determine its efficiency. Through the formation of a connection between
C–8 and C–2, a novel camphor-based oxazinone auxiliary 29, which can be prepared from camphor
in 3 steps,52 becomes highly effective in directing stereoselective aldol reactions (Scheme 5.11).53
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5.4.1.3 Diels-Alder Reaction

Another application of camphor-based chiral auxiliaries is the use in stereoselective Diels-Alder

example, shown in Scheme 5.12, uses a camphor-derived lactam 30 as the auxiliary.54

5.4.2 MENTHOL AS AN AUXILIARY

Optically active menthols are also commonly used as chiral auxiliaries in industrial production of
fine chemicals. The most recent example of using this inexpensive and readily available monoter-
pene as chiral auxiliary for industrial-scale production of enantiomerically pure pharmaceuticals
includes the synthesis of the anti-human immunodeficiency virus (HIV) drug 3TC (31) or Lami-
vudine marketed by Glaxo Wellcome. 3TC is an oxathiolane nucleoside with 2-hydroxymethyl-5-
oxo-1,3-oxathiolane as the sugar portion and cytosine as the nucleobase. It contains two chiral
centers and, thus, can exist in 4 stereoisomeric forms. The drug was originally developed as a
racemic mixture of the β-anomer, but it later was converted to the optically pure form as a result
of favorable toxicology and pharmacokinetic profiles. There have been several independent routes
leading to the synthesis of optically active 3TC that involve classic resolution, or enzymatic
resolution, or asymmetric synthesis. The current production route uses (–)-menthol (23) as the

55 The glycolate 32 is coupled with dithiodiene (33), the dimer of
thioacetyl aldehyde, to produce the menthyl 4-oxo-1,3-oxathiolane-2-carboxylate (34). The pres-
ence of (–)-menthol as the chiral directing group results in the stereoselective formation of the 2R-
isomer. The lactol 34 is then treated with thionyl chloride to generate, in situ, the chloro derivative
35, which is coupled with TMS-cytosine to yield, predominately, the β-nucleoside analogue 36.
Again, the presence of the (–)-menthyl carboxylate group at the 5-position plays a major role in
directing the stereoselectivity of this coupling reaction.

5.4.3 MONOTERPENES AS CHIRONS

Despite their low cost and abundant availability, the applications of monoterpenes as chiral synthons
or building blocks for synthesis of chiral fine chemicals on an industrial scale have lagged far
behind amino acids and carbohydrates. Most of the work in this area is related to multi-step total
synthesis of complex natural products in laboratory scale. With the structures of new drug candidates
in the research and development pipeline of pharmaceutical companies getting bigger and more
complicated, the application of more sophisticated chiral building blocks such as the terpenes will

SCHEME 5.12

+

+

R1
O

R2

Cl

NaH, THF

LiOH, H2O2

30

MeAlCl2
CH2Cl2

NH

O

N

O

O
R1

R2

R5

R3

R4

N

O

O
R3

R4

R1

R2

R5

HO

O
R3

R4

R1

R2

R5

30

NH

O

© 2006 by Taylor & Francis Group, LLC

chiral auxiliary (Scheme 5.13).

cycloadditions (Chapter 26), especially for the construction of quaternary carbon centers. One
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increase in the coming years. The major challenge lies in the design and development of practical
chemical or biochemical reactions that effectively incorporate the simple monoterpenes into the
target molecule of the desired products.

5.4.3.1 Robinson Annelation

One of the earliest industrial applications of monoterpenes is in the steroid synthesis. Robinson
annelation is used frequently in these transformations as a key step. The first example of this
reaction was by Robinson himself to synthesize α-cyperone from dihydrocarvone.56 This synthesis
has been shown to follow a stereospecific course to give (+)-α-cyperone (37) from (+)-dihydrocar-
vone (38) (Scheme 5.14).57–59 Since then, numerous modifications and improvements have been
made to apply this type of reaction for syntheses of a variety of natural and unnatural products.60
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(+)-α-Cyperone (37) can also be prepared stereoselectively in good yields from (–)-3-caranone
(39) (Scheme 5.15).61 The stereoselectivity is derived from the bulky dimethylcyclopropane ring
that directs the reaction away from the β-face, whereas the steric compression from the angular
methyl group and avoidance of 1,3-diaxial interactions are probably the major force behind the
selectivity of scission.

It is much easier to prepare (+)-β-cyperone (40) by the Robinson method because it has only
one asymmetric center and one enol form for alkylation (Scheme 5.16).62

The annelation process in the Robinson reaction can also be carried out in a stepwise mode,
so the alcohols from the aldol condensation step are often obtained (e.g., Scheme 5.17).63

The most abundant and widely used monoterpenes, pinenes and their analogues, are often
upgraded to more sophisticated structures with a Robinson annelation as the key step. However,
as a result of unusual stereochemical constrains imposed by the bicyclic ring, only certain confor-
mational isomers of the pinane skeleton undergo the annelation. Whereas the diketone (41) derived
from cis-methylnopinone cyclized satisfactorily to the tricyclic ketone under Robinson conditions

64
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(Scheme 5.18), the epimeric diketone would not.



Terpenes: The Expansion of the Chiral Pool 71

5.4.3.2 Steroid Synthesis

As a result of the biological importance and widespread medical and industrial utilities, estrogens
and related hormones are among the earliest targets in steroid total synthesis. Major efforts in
synthesis of these aromatic steroids were to set the correct chirality in the C,D rings because the
A,B rings are mostly achiral. The following is an example of using monoterpenes as building blocks
for synthesis of estrogen-type steroids (Scheme 5.19). Starting from the readily available d-(–)-
camphor (27), direct functionalization at the C–9 methyl group was accomplished through 3 efficient
steps to give (–)--bromocamphor (42) with complete retention of chirality. The bromo ketone was
converted to the cyano ketone 43 by a number of transformations. The ketone 43 was then reacted
with methyl vinyl ketone followed by POCl3-pyridine treatment to give the tricyclenone 44, a
critical C,D intermediate in aromatic steroid synthesis. At this stage, all the chiral centers in the
final product are correctly set, and the tricyclo-ring system is together with the appropriate func-
tionalities to allow completion of the steroid synthesis.65,66 The construction of the A ring on the
C,D intermediate can be affected by many alternative methods.67,68

5.4.3.3 Cinmethylin

Finally, an example of using monoterpenes as building blocks for production of chiral fine chemicals
is demonstrated in the synthesis of cinmethylin (45), a herbicide developed by Shell Oil Company

69 Enantiomerically pure S-terpinene-4-ol (46) was subjected to diastereoselective
epoxidation by tert-butyl hydroperoxide in the presence of vanadium(III) acetylacetonate to gen-
erate the cis-epoxy-alcohol (47).70 The diastereoselectivity of this epoxidation is effected through
chelation of vanadium with the 4-hydroxyl group to deliver the oxygen from the top face. The
chiral epoxide 47 was opened by sulfuric acid followed by dehydration of the resultant 1,4-diol to
give 2-(R)-exo-1,4-cineole (48), which reacts with o-methylbenzylbromide to give cinmethylin (45).
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(Scheme 5.20).
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The chiral epoxide intermediate 47 can also be used for the synthesis of dihydropinol (49)
(Scheme 5.21)71 and an analogue of sobrerol,72 which is a mucolytic drug73 marketed as a racemate,
although differences in activity between the two enantiomers have been reported.74

5.5 SUMMARY

All the optically active terpenes mentioned in this chapter are commercially available in bulk (>kg)
quantities and are fairly inexpensive. Although many of them are isolated from natural sources,
they can also be produced economically by synthetic methods. Actually, two thirds of these
monoterpenes sold in the market today are manufactured by synthetic or semi-synthetic routes.
These optically active molecules usually possess simple carbocyclic rings with one or two stereo-
genic centers and have modest functionality for convenient structural manipulations. These unique
features render them attractive as chiral pool materials for synthesis of optically active fine chemicals
or pharmaceuticals. Industrial applications of these terpenes as chiral auxiliaries, chiral synthons,
and chiral reagents have increased significantly in recent years. The expansion of the chiral pool
into terpenes will continue with the increase in complexity and chirality of new drug candidates
in the research and development pipeline of pharmaceutical companies.
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6.1 INTRODUCTION

Resolution and chirality are like twins born on the day Louis Pasteur separated crystals of salts of
D- and L-tartaric acid under his microscope. Since then, the separation of each enantiomer from a
racemic mixture has been the primary means to obtain optically actively organic compounds. Only
recently, the fast and explosive new developments in asymmetric synthesis involving the use of
organometallic catalysts, enzymes, and chiral auxiliaries have begun to challenge the resolution
approach. Even so, owing to its simplicity, reliability, and practicality, resolution is so far still the
most widely applied method for the production of optically pure fine chemicals and pharmaceuti-
cals.1 Through many years of evolution, the art of resolution has become a multi-disciplinary science
that includes diastereomeric, kinetic, dynamic, chromatographic, and enzymatic components. In
this chapter, we will describe some examples of applications of the resolution approach for the
production of chiral fine chemicals on an industrial scale. The following chapter has more examples
of resolutions.

The rapid development of chiral technology in recent years has provided process chemists an
array of methodologies to choose from when considering the synthesis of optically active organic
compounds. The choice may be a resolution, but, generally speaking, the nature of a 50% maximum
theoretical yield makes the process less desirable when an alternative, asymmetric synthesis is
available. In practice, however, and especially in industry, the major issue, and often the deciding
factor behind the selection of the technology, is the practicality of the process for large-scale
production. Also, at different stages of drug development there are different needs and priorities.
In the early development stages, the quantity of material needed is relatively small and is often
required on short notice. In these cases, simple resolution processes often win out owing to their
swiftness and ease of scale up. For well-established bulk actives, lower costs become the primary
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goal of process development, and 100% theoretical yield reactions are almost a necessity. In these
situations, resolution is less attractive but can still be the method of choice if the unwanted
enantiomer can be recycled in the process, or the starting material is cheap and the resolution is
performed very early in the synthesis, or both. The method of choice to synthesize optically active
fine chemicals or pharmaceuticals is entirely dependent on the specific case of that project and
therefore should be discussed on a case-by-case basis.

6.2 CHEMICAL RESOLUTION

Classical resolution generally refers to the processes involving preferential crystallization of one
enantiomer from a racemic mixture or the treatment of a racemate with a chiral reagent followed
by crystallization of one of the resultant diastereoisomers. A large number of commercially suc-
cessful pharmaceuticals or their intermediates are primarily manufactured by these processes.2,3 On
the basis of their melting point diagram, about 5–10% of racemates are referred to as conglomerate
or racemic mixtures that consist of a mechanical mixture of crystals of the two enantiomers in
equal amounts—each individual crystal contains only one enantiomer (Figure 6.1). The remaining

and S-enantiomers, where each individual crystal contains equal amounts of both enantiomers.
Racemic mixtures of conglomerates may be separated by direct crystallization that usually involves
seeding of supersaturated solution of the racemate with the desired enantiomer.4 The resolution by
direct crystallization method has been used for industrial-scale manufacturing of several major phar-
maceuticals such as α-methyl-L-dopa5 and chloramphenicol.6 The Merck process of direct crystalliza-
tion for α-methyl-L-dopa production has been carried on the scale of several hundred tons per year.7

An overwhelming majority of classic resolutions still involve the formation of diastereomeric

salts with good crystalline properties.8

Chiral acids or bases are tested for salt formation with the target racemate in a variety of solvents.
The selected diastereomeric salt must crystallize well, and there must be an appreciable difference in
solubility between the two diastereoisomers in an appropriate solvent. This type of selection process
is still a matter of trial and error, although knowledge about the target racemate and the available chiral-
resolving agents and experience with the art of crystallization does provide significant help.9–11

6.2.1 NAPROXEN

Naproxen was introduced to the market by Syntex in 1976 as a nonsteroidal antiinflammatory drug

launch started from β-naphthol (1), which was brominated in methylene chloride to produce 1,6-
dibromonaphthol (2). The labile bromine at the 1-position was removed with bisulfite to give

FIGURE 6.1 Melting point diagrams of racemates.
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salts of the racemate with a chiral acid or base (Table 6.1). These chiral-resolving agents are

90% of racemates are called racemic compounds and consist of crystals of an ordered array of R-

relatively inexpensive and readily available in large quantities (Table 6.2). They also tend to form

(NSAID) in an optically pure form. The original manufacturing process (Scheme 6.1) before product
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TABLE 6.1
Examples of Pharmaceuticals Resolved by Classic Resolution*

Pharmaceutical Resolving Agent

Ampicillin D-Camphorsulfonic acid
Ethambutol L-(+)-Tartaric acid
Chloramphenicol D-Camphorsulfonic acid
Dextropropoxyphene D-Camphorsulfonic acid
Dexbrompheniramine D-Phenylsuccinic acid
Fosfomycin R-(+)-Phenethylamine
Thiamphenicol D-(–)-Tartaric acid
Naproxen Cinchonidine
Diltiazem R-(+)-Phenethylamine

* See Bayley and Vaidya.2

TABLE 6.2
Commonly Used Resolving Agents*

Chiral Bases Chiral Acids

α-Methylbenzylamine 1-Camphor-10-sulfonic acid
α-Methyl-p-nitrobenzylamine Malic acid
α-Methyl-p-bromobenzylamine Mandelic acid
2-Aminobutane α-Methoxyphenylacetic acid
N-Methylglucamine α-Methoxy-α-trifluoromethylphenylacetic acid
Cinchonine 2-Pyrrolidone-5-carboxylic acid
Cinchonidine Tartaric acid
Ephedrine 2-Ketogulonic acid
Quinine
Brucine

* See Bayley and Vaidya.2
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2-bromo-6-hydroxynaphthalene, which was then methylated with methyl chloride in water-isopro-
panol to obtain 2-bromo-6-methoxynaphthalene (3) in 85–90% yield from β-naphthol. The bromo
compound was treated with magnesium followed by zinc chloride. The resultant naphthylzinc was
coupled with ethyl bromopropionate to give naproxen ethyl ester, which was hydrolyzed to afford
the racemic acid 4. The final optically active naproxen (5) was obtained by a classic resolution
process. The racemic acid 4 was treated with cinchonidine to form diastereomeric salts. The S-
naproxen-cinchonidine salt was crystallized and then released with acid to give S-naproxen (5) in
95% of the theoretical yield (48% chemical yield).12,13

Shortly after the product launch, the original process was modified (Scheme 6.2). Zinc chloride
was removed from the coupling reaction, and ethyl bromopropionate was replaced with bromopro-
pionic acid magnesium chloride salt. Most importantly, the resolution agent cinchonidine was
replaced with N-alkylglucamine, which can be readily obtained from the reductive amination of D-
glucose. This new resolution process was equally efficient, with greater than 95% theoretical yield,
in addition to being much more cost effective as a result of the low cost of the resolving agent.14,15

Twenty years has passed since then. During this period, naproxen has become a billion dollar
drug, lost its patent protection, and seen numerous alternative routes and improvements to its
synthesis. Significant progress in the field of chiral technology created a long list of methods for
generation of optically pure organic compounds. There are several asymmetric synthetic processes
specifically designed for production of S-naproxen,16 including the well-known Zambon process

17 18–21

Other approaches that have been suggested include catalytic asymmetric hydroformylation of
2-methoxy-6-vinylnaphthalene (6) using a rhodium catalyst on BINAPHOS ligand followed by
oxidation of the resultant aldehyde 7 to yield S-naproxen (Scheme 6.3).22 However, the tendency
of the aldehyde to racemize and the co-generation of the linear aldehyde isomer make the process
less attractive. Other modifications related to this process include catalytic asymmetric hydroester-
ification,23 hydrocarboxylation,24 and hydrocyanation.25
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(see Chapter 23)  and asymmetric hydrogenations (Chapter 12).
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One of the alternative routes of using the chiral pool approach for production of S-naproxen
was developed at Syntex in the 1980s (Scheme 6.4).26,27 The process starts with inexpensive ethyl
L-lactate (8). Conversion of the 2-hydroxyl group to the mesylate followed by hydrolysis of the
ethyl ester and conversion of the acid to acid chloride yield the chiral acylating agent 9 for the
Grignard reagent derived from 2-bromo-6-methoxynaphthalene to provide the optically pure ketone
10. Protection of the ketone with dimethyl-1,3-propanediol, followed by rearrangement at
115–120°C, gives the naproxen ester 11. Hydrolysis of this ester yields S-naproxen (5) with a 75%
overall yield from 2-bromo-6-methoxynaphthalene.

Several biocatalytic processes for the production of (S)-(+)-naproxen (5) have also been devel-

Exophialia wilhansil, was reported to give the (S)-isomer 5 (92%, 100% ee) (Scheme 6.5).28 A 1-
step synthesis of (S)-(+)-naproxen (5) by microbial oxidation of 6-methoxy-2-isopropylnaphthalene
(12) was developed by IBIS (Scheme 6.6).29 In both cases, typical bioprocess-related issues such
as productivity, product isolation, and biocatalyst production have apparently prevented them from
rapid commercialization.
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oped (see Chapter 19). Direct isomerization of racemic naproxen (4) by a microorganism catalyst,
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During the same period, continuous process improvements on the resolution route to S-naproxen
have achieved dramatic cost reductions. The breakthrough comes from in-process racemization and
recycle of the R-naproxen by-product and the recovery of the resolving agent (Figure 6.2). In this
novel and efficient resolution process, the racemic naproxen is reacted with half an equivalent of
the chiral N-alkylglucamine and another half an equivalent of an achiral amine.13 Theoretically,
there should be an equilibrium of four different salts in this mixture: the S-acid chiral amine salt,
S-acid achiral amine salt, R-acid chiral amine salt, and R-acid achiral amine salt. However, only
the S-acid chiral amine salt is insoluble in the system and crystallizes out. This process drives the
equilibrium toward complete formation of S-naproxen N-alkylglucamine that is collected by filtra-
tion; acidification liberates S-naproxen (5). The mother liquor, which contains the unwanted acid
and achiral amine, is heated. The amine base catalyzes the racemization of the R-acid; the resultant
salt of the racemic naproxen and the achiral amine is then recycled to the resolution loop in a
continuous operation. Although each individual cycle of the resolution yields the diastereomeric
salt of 45–46%, the overall result from continuous operation produces S-naproxen of 99% ee in
greater than 95% yield from the racemic mixture. The recovery of the resolving agent, the N-
alkylglucamine, is greater than 98% per cycle. This effective combination of resolution, racemiza-
tion, and recycle of both unwanted enantiomer and resolving agent dramatically increases the yield,
reduces the cost, and cuts the wastestream, resulting in an ideal case for a Pope Peachy resolution.1

Despite the availability of so many elegant asymmetric and chiral pool synthetic processes that we
have discussed earlier, the optimized resolution process still turns out to be the most cost-effective
route for S-naproxen manufacture. This example demonstrates that classic resolution technology
when combined with proper process engineering can be a superior method for the manufacturing
of chiral industrial chemicals.13

6.2.2 IBUPROFEN

Manufacture of optically pure (S)-(+)-ibuprofen (13), an NSAID similar to naproxen, is another
example demonstrating the role of resolution in production of chiral fine chemicals, although from
a somewhat different angle. Unlike naproxen, ibuprofen (14) was introduced to the market as a
racemate almost 30 years ago.30,31 At the time of the introduction, it was thought that both R- and
S-isomers of ibuprofen had the same in vivo activity.32 It has been demonstrated that the R-isomer
is converted to the S-isomer in vivo29 by a unique enzyme system called invertase.34 Based on these
data, ibuprofen has since been marketed as a racemate and has achieved sales of more than a billion

FIGURE 6.2 Block flow diagram of the naproxen resolution process.
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dollars per year. The results from certain animal and human studies have begun to reveal the possible
superior performance of pure (S)-isomer (13) in comparison with the racemate 14.35 These findings
have prompted several companies to invest in the research and development of 13 as a “chiral
switch” to replace the racemate. As a result, a large number of synthetic processes have been
developed for the production of (S)-(+)-ibuprofen (13). Many of these processes are the variations
of those discussed in the synthesis of (S)-(+)-naproxen (5). For example, the electrocarboxylation
and catalytic asymmetric hydrogenation process developed at Monsanto can be applied to the
synthesis of (S)-(+)-ibuprofen.20,21,36

Other asymmetric synthetic processes used for the manufacturing of (S)-(+)-naproxen can also
be applied to the production of (S)-(+)-ibuprofen; these include the Rh-phosphite catalyzed hydro-
formylation,37 hydrocyanation,25 and hydrocarboxylation reactions.24

Because ibuprofen has been a successful drug on the market for almost 30 years with no patent
protection since 1985, there is a widespread competition for commercial production of this product
throughout the world. As a result, several practical and economical industrial processes for the
manufacture of racemic ibuprofen (14) have been developed and are in operation on commercial
scales.38 Most of these processes start with isobutylbenzene (15) and go through an
isobutylstyrene39–41 or an acetophenone intermediate.42 The most efficient route is believed to be
the Boots-Hoechst-Celanese process, which involves 3 steps from isobutylbenzene, all catalytic,
and is 100% atom-efficient (Scheme 6.7).43,44

Taking advantage of the ready availability of racemic ibuprofen, the resolution approach for
production of (S)-(+)-ibuprofen becomes an attractive alternative. Merck’s resolution process
involves the formation of a diastereomeric salt of ibuprofen with (S)-lysine, an inexpensive and
readily available natural amino acid.45 The racemic ibuprofen is mixed with 1.0 equivalent of (S)-
lysine in aqueous ethanol. The slurry is agitated to allow full dissolution. The supernatant, which
is a supersaturated solution of ibuprofen-lysine salt, is separated from the solid and seeded with
(S)-ibuprofen-(S)-lysine to induce crystallization. The precipitated solid is collected by filtration,
and the mother liquor is recycled to the slurry of racemic ibuprofen and (S)-lysine. This process
is continued until essentially all (S)-ibuprofen in the original slurry is recovered, resulting in the
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formation of greater than 99% ee (S)-ibuprofen-(S)-lysine. Subsequent acidification of the salt
followed by crystallization gives enantiomerically pure (S)-ibuprofen. The undesired (R)-ibuprofen
isomer can be recycled through racemization. A variety of methods have been reported for the
racemization of ibuprofen, such as heating (R)-ibuprofen sodium salt in aqueous sodium hypochloride,46

the formation of anhydrides in the presence of thionyl chloride or acetic anhydride followed by
heating and hydrolysis,47 or heating (R)-ibuprofen with a catalytic amount of palladium on carbon
in a hydrogen atmosphere.48

Another classic resolution process developed by Ethyl Corp. for (S)-ibuprofen production uses
(S)-(–)-α-methylbenzylamine (MAB) as the chiral base for diastereomeric salt formation.49 The
difference in solubility between (S)- and (R)-ibuprofen MAB salts is so substantial that only half
an equivalent of MAB is used for each mole of racemic ibuprofen, and no seeding is needed. The
process can also be performed in a wide range of solvents, and the unwanted (R)-ibuprofen can be
recycled conveniently by heating the mother liquor in sodium hydroxide or hydrochloric acid. Other
designer amines have been developed for resolution of ibuprofen with good stereoselectivities,50

but these chiral amines were prepared specifically for ibuprofen resolution and are thus unlikely
to be economical for industrial production.

It is worth mentioning that ibuprofen is a racemic compound. Its eutectic composition deter-
mined from the binary melting point phase diagram requires that the enantiomeric purity has to be
90% and higher to achieve optical purification by crystallization.51 Even above this composition
limit, crystallization is still rather inefficient.52 However, the sodium salt of ibuprofen exhibits a
much more favorable phase diagram in which the eutectic composition is about 60%. This means
that ibuprofen of at least 60% optical purity can be upgraded through the sodium salt. A one-step
crystallization of 76% (S)-ibuprofen after treatment with sodium hydroxide in acetone gave 100%
ee (S)-ibuprofen.53

Preparation of (S)-ibuprofen by enzyme-catalyzed enantioselective hydrolysis of racemic ibuprofen
esters has been investigated by several companies, such as Sepracor,54,55 Rhone-Poulenc (now Sanofi
Aventis),56,57 Gist-Brocades (now DSM),58,59 and the Wisconsin Alumni Research Foundation.60 These
processes are usually performed under mild reaction conditions, yield highly optically pure product,
and can be readily scaled up for industrial production. The disadvantages of these processes for (S)-
ibuprofen production are the extra step needed to produce the corresponding ester of racemic ibuprofen
in addition to the cost for producing the enzyme and microorganism catalysts.

From comparison of all the available processes for the manufacturing of (S)-ibuprofen, it was
found that many of them are highly efficient and cost competitive as far as the chemistry is
concerned. For example, the RuBINAP catalyzed asymmetric hydrogenation process is a superior
route to (S)-ibuprofen to a resolution approach. However, in the broader economic environment
other nonprocess–related factors come into play. The risks associated with the unknowns of a new
asymmetric catalysis technology and the capital investment for high-pressure hydrogenation vessels
make potential producers reluctant to implement the new methodology. However, the existing, well-
established processes and production facilities for racemic ibuprofen allow a step of classic resolution
to be added with minimal front-end investment therefore giving the racemic producers a competitive
edge for production of the optically active form. Even the new players can easily purchase the bulk
racemate and perform a simple resolution to obtain the optically pure form for packaging and sales. It
is widely anticipated that classic resolution will be the ultimate method of choice for commercial
manufacturing of (S)-(+)-ibuprofen if it becomes a successful product in the marketplace.

6.2.3 D-PROLINE

D-Proline (16) is an unnatural amino acid and an important chiral synthon for the synthesis of a
variety of biologically active compounds. There are few chemical methods for asymmetric synthesis
of this compound. Almost all processes for the production of D-proline at scale are based on
resolution of dl-proline, and most of them involve the racemization of L-proline (17).
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It is well-known that catalytic amounts of aldehyde can induce racemization of α-amino acids
through the reversible formation of Schiff bases.61 Combination of this technology with a classic
resolution leads to an elegant asymmetric transformation of L-proline to D-proline (Scheme 6.8).62,63

When L-proline is heated with one equivalent of D-tartaric acid and a catalytic amount of n-
butyraldehyde in butyric acid, it first racemizes as a result of the reversible formation of the proline-
butyraldehyde Schiff base. The newly generated D-proline forms an insoluble salt with D-tartaric
acid and precipitates out of the solution, whereas the soluble L-proline is continuously being
racemized. The net effect is the continuous transformation of the soluble L-proline to the insoluble
D-proline-D-tartaric acid complex, resulting in near-complete conversion. Treatment of the D-proline-
D-tartaric acid complex with concentrated ammonia in methanol liberates the D-proline (16) (99%
ee, with 80–90% overall yield from L-proline). This is a typical example of a dynamic resolution
where L-proline is completely converted to D-proline with simultaneous in situ racemization. As
far as the process is concerned, this is an ideal case because no extra step is required for recycle
and racemization of the undesired enantiomer and a 100% chemical yield is achievable. The only
drawback of this process is the use of stoichiometric amount of D-tartaric acid, which is the unnatural
form of tartaric acid and is relatively expensive. Fortunately, more than 90% of the D-tartaric acid
is recovered at the end of the process as the diammonium salt that can be recycled after conversion
to the free acid.64

6.2.4 HYDROLYTIC KINETIC RESOLUTION OF EPOXIDES

Chiral epoxides are extremely useful intermediates and building blocks for synthesis of a variety
of optically active organic compounds including pharmaceuticals and industrial fine chemicals.
There have been several methods developed in recent years for asymmetric synthesis of chiral
epoxides.65–67 However, as with other reactions, these chiral epoxidations are restricted to certain
types of substrates. Optically active terminal epoxides are not effectively prepared by currently
available methodologies68 but are one of the most important and widely sought after group of chiral
compounds. In 1996 Jacobsen discovered a (salen)Co(III) catalyzed enantioselective opening of
racemic terminal epoxides by water.69 This chemistry has since been applied successfully to the
hydrolytic kinetic resolution (HKR) of terminal epoxides such as propylene oxide. The neat oil of
racemic propylene oxide (1.0 mol) containing 0.2 mol % of (salen)Co(III)(OAc) complex (18) was
treated with 0.55 equivalent of water at room temperature for 12 hours to afford a mixture of
unreacted epoxide and propylene glycol (Scheme 6.9; R = Me). This mixture was then separated
by fractional distillation to provide both compounds in high chemical and enantiomeric purity
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(>98% ee) with nearly quantitative yield. The critical element in this resolution process is the chiral
catalyst (18). At the end of the process, after removing products, the catalyst was found reduced to the
Co(II) complex (19), which can be recycled back to the active catalyst by treatment with acetic acid
in air with no observable loss in activity or stereoselectivity (Scheme 6.10). This highly efficient
hydrolytic kinetic resolution procedure has been applied to the preparation of a series of chiral terminal
epoxides that have previously not been readily accessible in optically pure form (Table 6.3).

As most of the racemic epoxide substrates are readily available in bulk and are fairly inexpen-
sive,70 the resolution can be an economically variable process for large-scale production of some
of these optically active epoxides. The optically active diols produced from the hydrolytic kinetic
resolution are also useful chiral building blocks in a variety of applications. Besides the recyclable
catalyst, water is the only reagent used in the reaction, and no solvent was added. There is virtually
no wastestream from the process, and the operation is simple. Rhodia Chirex (now Rhodia Pharma
Solutions) has licensed this technology and started producing some of the chiral epoxides and diols
at scale.71,72 The catalyst (salen)Co(III)(OAc) has also been manufactured in multi-kilogram quan-
tities. This simple, environmentally friendly, and highly efficient resolution process has a potential
to offer a wide range of cost-effective chiral fine chemicals for existing and new products.

6.3 ENZYMATIC RESOLUTIONS

The use of enzymes and microorganisms in organic synthesis, especially in the production of chiral
organic compounds, has grown significantly in recent years and has been accepted as an effective
and practical alternative for certain synthetic organic transformations. There have been plenty of
excellent review articles,73,74

various aspects of applications in this field. In general, biotransformations in organic synthesis have
advanced from the stage of exploratory laboratory research to industrial-scale production and

TABLE 6.3

Entry 20, R= 18 (mol %)
Water

Equivalent
Time

(hour) 21 (%) 21 (ee%) 22 (%) 22 (ee%) krel

1 Me 0.2 0.55 12 44 >98 50 98 >400
2 CH2Cl 0.3 0.55 8 44 98 38 86 50
3 (CH2)3Me 0.42 0.55 5 46 98 48 98 290
4 (CH2)5Me 0.42 0.55 6 45 99 47 97 260
5 Ph 0.8 0.70 44 38 98 39* 98* 20
6 CH�CH2 0.61 0.50 20 44 84 49 94 30
7 CH�CH2 0.85 0.70 68 29 99 64 88 30
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Hydrolytic Kinetic Resolution of Terminal Epoxides with Water (Scheme 6.9)

 including Chapter 19 of this book, describing recent advances and



Resolutions at Large Scale: Case Studies 85

applications. Certain enzymes such as lipases and esterases are now considered as standard and
routine reagents in organic synthesis. Using these enzymes for resolution of racemic alcohols,
esters, amides, amines, and acids through enantioselective hydrolysis, esterification, or acylation
are routinely practiced by scientists in both academic and industrial laboratories. Compared with
classic diastereomeric resolutions, enzymatic resolutions are catalytic, highly selective, and envi-
ronmentally benign. Their mild reaction conditions allow complex target compounds with multi-
functional groups to be resolved effectively. However, in large-scale productions, process economics
is often the overriding factor for the determination of the practicality of a technology. For an
enzymatic resolution to be performed effectively on large scale, issues such as solvent selection,
volume throughput, product isolation, enzyme recycle, and the recycle of unwanted enantiomer
have to be dealt with to achieve the acceptable economy. Very often, these evaluations are carried
out in comparison with the results obtained using other alternative technologies such as classic
resolution and asymmetric synthesis. Traditionally, research and development work on biocatalysis
and biotransformations are carried out in a bioprocess laboratory setting because the isolation of
new enzymes and handling of microorganisms and fermentation requires special sets of skills. With
the rapid advances in this field, a very large number of industrial enzymes have become commer-
cially available, and they are affordable in large quantities. This change has prompted many
companies to set up biocatalysis groups within the chemical process development laboratories, so
that all available technologies relating to the preparation of chiral organic compounds are directly
accessible for a specific development project and are coordinated based on the needs of the project.

6.3.1 αααα,αααα-DISUBSTITUTED αααα-AMINO ACIDS

α,α-Disubstituted α-amino acids have attracted increased attention in recent years. This group of
nonproteinogenic amino acids induces dramatic conformational change when incorporated into
peptides75–78 and renders them more resistant to protease hydrolysis. They are found in natural
peptide antibiotics,79–82 and some are potent inhibitors of amino acid decarboxylases.83–86 Chiral
α,α-disubstituted α-amino acids are also important building blocks for the synthesis of pharma-
ceuticals and other biological agents.87–91 For the synthesis of an anticholesterol drug under devel-
opment at the then Burroughs Wellcome Co. as 2164U90 (22), optically pure (R)-2-amino-2-
ethylhexanoic acid (23) was needed as a critical building block (Scheme 6.11), and a campaign
was launched for the development of a cost-effective process for the large-scale preparation of this
chiral disubstituted amino acid and its analogues.

A variety of methods exists for the synthesis of optically active amino acids including asym-
metric synthesis92–100 and classic and enzymatic resolutions.101–104 However, most of these methods
are not readily applicable to the preparation of α,α-disubstituted amino acids as a result of poor
stereoselectivity and lower activity at the α-carbon. Attempts to resolve the racemic 2-amino-2-
ethylhexanoic acid and its ester through classic resolution failed. Several approaches for the
asymmetric synthesis of the amino acid were evaluated including alkylation of 2-aminobutyric acid
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using a camphor-based chiral auxiliary and chiral phase-transfer catalyst. A process based on
Schöllkopf’s asymmetric synthesis was developed (Scheme 6.12).105 Formation of piperazinone 24
through dimerization of methyl (S)-(+)-2-aminobutyrate (25) was followed by enolization and
methylation to give (3S,6S)-2,5-dimethoxy-3,6-diethyl-3,6-dihydropyrazine (26) (Scheme 6.12).
This dihydropyrazine intermediate is unstable in air and can be oxidized by oxygen to pyrazine
27, which was isolated as a major impurity.

Operating carefully under nitrogen, compound 26 was used as a template for diastereoselective
alkylation with a series of alkyl bromides to produce derivatives 28, which were then hydrolyzed
by strong acid to afford the dialkylated (R)-amino acids 29 (~90% ee), together with partially
racemized 2-aminobutyric acid, which was separated from the product by ion-exchange chromatogra-
phy (Scheme 6.13). This process provided gram quantities of the desired amino acids as analytical
markers and test samples but was neither practical nor economical for large-scale production.

Facing difficulties with chemical methods, development work was aimed at finding a biocata-
lytic process to resolve the amino acids. Typical commercial enzymes reported for resolution of
amino acids were tested. Whole-cell systems containing hydantoinase were found to produce only
α-monosubstituted amino acids;106–112 the acylase catalyzed resolution of N-acyl amino acids had
extremely low rates (often zero) of catalysis toward α-dialkylated amino acids;113,114 and the nitrilase
system obtained from Novo Nordisk showed no activity toward the corresponding 2-amino-2-
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ethylhexanoic amide.115,116 Finally, a large-scale screening of hydrolytic enzymes for enantio-
selective hydrolysis of racemic amino esters was carried out. Racemic α,α-disubstituted α-amino
esters were synthesized by standard chemistry through alkylation of the Schiff’s base of the
corresponding natural amino esters (Scheme 6.14)117 or through formation of hydantoins.118

Initial enzyme screening was aimed at obtaining optically active 2-amino-2-ethylhexanoic acid 23
or the corresponding amino alcohol. Enzymes reported for resolving α-H or α-Me analogues of amino
acids failed to catalyze the corresponding reaction of this substrate,119 primarily as a result of the
presence of the α-ethyl group that causes a critical increase in steric hindrance at the α-carbon. Out
of 50 different enzymes and microorganisms screened, pig liver esterase and Humicola langinosa lipase
(Lipase CE, Amano) were the only ones found to catalyze the hydrolysis of the substrate.

Both enzymes catalyze the hydrolysis of the amino ester 30 enantioselectively (Scheme 6.15).
At about 60% substrate conversion, the enantiomeric excess of recovered ester 32 from both
reactions exceeds 98%. In addition, the acid product 31 (96–98% ee) was obtained by carrying the
hydrolysis of the ester to 40%. The rates of hydrolysis become significantly slower when conversion
approaches 50%, allowing a wide window for kinetic control of the resolution process. Both
enzymes function well in a concentrated water/substrate (oil) two-phase system while maintaining
high enantioselectivity, making this system very attractive for industrial processes.

Although pig liver esterase (PLE) catalyzes the hydrolysis of all amino esters tested in this
work, it was only enantioselective toward esters 30 (R1 = ArCH2, or n-Bu, R2 = Et). This lack of
correlation between enantioselectivity and substrate structure has been reported for many PLE
catalyzed reactions.120,121 The lipase CE was obtained as a crude extract containing about 10% of
total protein. The active enzyme catalyzing the amino ester hydrolysis was isolated from the mixture
and partially purified. This new enzyme, Humicola amino esterase, is present as a minor protein
component, has a molecular weight of about 35,000 daltons, and shows neither esterase activity
toward o-nitrophenol butyrate nor lipase activity to olive oil. It is, however, highly effective in
catalyzing the amino ester hydrolysis with very broad substrate specificity and high enantioselec-
tivity. Various substrates including aliphatic, aromatic, and cyclic amino esters were resolved into

122 Aliphatic amino esters with alkyl
or alkenyl sidechains as long as 10 carbon atoms were well-accepted by the enzyme. Substrates
with longer chain length were limited by the solubility of the compounds rather than their binding
with the enzyme. Resolutions were also extended to α,α-disubstituted amino esters in which the
two alkyl groups differ in length by as little as a single carbon atom. The fact that the enzyme
successfully catalyzes the resolution of straight-chain aliphatic amino esters with two α-alkyl groups
both larger than a methyl group is unique. These amino esters and their acids have been difficult
to resolve by chemical and biochemical means as a result of the increased flexibility of the two
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optically active esters and acids (Table 6.4) with good E values.



88 Handbook of Chiral Chemicals, Second Edition

large alkyl groups, which become indistinguishable to most resolving agents. Unsubstituted amino
esters underwent significant chemical hydrolysis under the experimental conditions, resulting in
relatively lower E values.

When some amino esters are protected by N-acetylation, they become resistant to hydrolysis
by the enzyme. Replacement of the α-amino group of the amino ester with a hydroxyl group also
changes it from substrate to nonsubstrate. The enzyme showed high catalytic activity toward
hydrolysis of phenylglycine ethyl ester but was found incapable of catalyzing the hydrolysis of
mandelic ethyl ester in which the amino group had been replaced with an α-hydroxyl group. The
N-acetyl compounds and mandelic ester were not inhibitors, indicating that the free amino group
is necessary for binding between the enzyme and substrates. It is most likely that the substrate is
protonated at the amino group. The ammonium cation then binds to an anion on the enzyme’s
active site forming a strong ionic bonding to facilitate the catalysis. This mechanism was further
supported by the strong pH dependence of the enzymatic activity toward amino ester hydrolysis.
Stability and relative activity of the amino esterase were measured over a range of pHs with ethyl
2-amino-2-ethylhexanoate (30, R1 = Et, R2 = n-Bu) as substrate, and the data were compared as in

the stability and activity of the enzyme suffered a gradual loss; this is consistent with the effect of
gradual protein denaturation. At high pHs, however, the enzyme remained relatively stable but its
activity decreased sharply. The most significant decrease of activity occurs when the medium’s pH
is greater than 9.6, which coincides with the substrate’s pKa. Clearly when the substrate exists

TABLE 6.4
Enantioselective Hydrolysis of αααα-Amino Esters Catalyzed 
by Humicola Amino Esterase

30, R1 = R2 = R3 = %Conv. 31 (%ee) 32 (%ee) E value

Me(CH2)8
– Et H 50 91 (R)d — 58

Me(CH2)5
– Et H 50 90 (R)d 99 (S) 58

Me(CH2)5
– Me(CH2)2

– H 37 92 (R)c 60 (S) 41
ArCH2

– Et H 50 85 (R)a — 35
ArCH2

– Me H 74 32 (R)a 88 (S) 4.4
ArCH2

– H H 68 —    72 (S)b 4.0
Ar – H H 62 —    78 (S)b 6.3
Me(CH2)3

– Et H 46 92 (R)d — 58
58 —    98 (S)e

Me(CH2)3
– Et –OCOMe NR

MeCH�CH– Et H 42 94 (R)d 66 (S) 66
Me(CH2)2

– Et H 65 26 (R)d 53 (S) 2.6
Me Et H 72 36 (S)a 100 (R) 20
H Me(CH2)3

– H 40 72 (S)b 42 (R) 9.6
H Et H 55 53 (S)b 42 (R) 6.1
H Et –OCOMe NR

Absolute configurations were assigned by the following:
a Comparison of optical rotation with literature data;
b Comparison of high-performance liquid chromatography (HPLC) retention time with authentic
samples;
c Analogy to the results obtain from d;
d Comparison of HPLC retention time of its diastereomeric derivative with those obtained through
Schollkopf’s asymmetric synthesis;
e X-ray crystallographic analysis.
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Figure 6.3. The enzyme has an optimum pH of 7.5 and is most stable at pH 8. At low pHs, both
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mostly in the form of a free base, its affinity with the enzyme dramatically diminishes at the active
site where a charged ammonium cation is required for binding.

Initial scale up of the enzymatic resolution for production of kilogram quantities of (R)-2-
amino-2-ethylhexanoic acid was performed in a batch process. The oil of ethyl 2-amino-2-ethyl-
hexanoate was suspended in an equal volume of water containing the enzyme. The enantioselective
hydrolysis of the ester proceeded at room temperature with titration of the produced acid by NaOH
through a pH stat (Figure 6.4).

It is significant that the reaction mixture was worked up by removal of the unreacted ester by
hexane extraction and concentration of the aqueous layer to obtain the desired (R)-amino acid. The
process has a high throughput and was easy to handle on a large scale. However, because of the
nature of a batch process, the enzyme catalyst could not be effectively recovered, adding signifi-
cantly to the cost of the product. In the further scale up to 100-kg quantity productions, the resolution
process was performed using Sepracor’s membrane bioreactor module. The enzyme was immobi-
lized by entrapment into the interlayer of the hollow-fiber membrane. Water and the substrate amino
ester as a neat oil or hexane solution were circulated on each side of the membrane. The ester was
hydrolyzed enantioselectively by the enzyme at the membrane interface, and the chiral acid product

FIGURE 6.3 Activity and stability of Humicula amino esterase at different pHs. Activity was determined as
% conversion of the amino ester to the amino acid in 0.1 M phosphate buffer at 25°C for 4 hours. Stability
was measured by incubating the enzyme at the given pH for 24 hours and then assaying for activity at pH 7.5.

FIGURE 6.4 Profile of the enantioselective hydrolysis of ethyl 2-amino-2-ethylhexanoate catalyzed by Humi-
cola amino esterase.
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was diffused to the aqueous phase to be recovered by simple concentration or ion-exchange
chromatography (Figure 6.5). Optical purity of (R)-2-amino-2-ethylhexanoic acid obtained from
this process ranged from 98–99% ee.123

6.3.2 PREPARATION OF D-AMINO ACIDS USING HYDANTOINASE

D-Amino acids have played an increasingly important role as building blocks for pharmaceuticals
and other biologically active agents such as unnatural therapeutic peptides,124 ACE (angiotensin-
converting enzyme) inhibitors,125 and semi-synthetic β-lactam antibiotics.126 D-Phenylglycine and
D-p-hydroxyphenylglycine are used as raw materials in the production of some well-known anti-
biotics such as ampicillin, amoxicillin, cephalexin, and cefadroxil. D-Valine is a building block for
the synthesis of the pyrethroid insecticide, fluvalinate.127 Most manufacturers of D-phenylglycine
and D-p-hydroxyphenylglycine are still using the classic resolution process using camphorsulfonic

92 Both compounds are produced in thousands of tonnes per annum. Although industrial
productions of most of the D-amino acids are still through classic resolution, enzymatic methods
have begun to catch up.128 At present, the most promising enzymatic processes for production of
D-amino acids seem to be those catalyzed by D-specific hydantoinases.

D-Hydantoinases exist at different levels in many microorganism strains, and many of them
110,129,130 This group of enzymes catalyzes enantioselective ring

cleavage of 5-substituted hydantoins to give the corresponding D-N-carbamylamino acids, which
can be further hydrolyzed chemically or enzymatically to the free D-amino acids. The chemical
process for removal of the carbamoyl group is often performed under diazotation conditions using
sodium nitrite and sulfuric or hydrochloric acid. Enzymatic cleavage of the carbamoyl residue has
been reported.131 Actually, the enzyme, N-carbamoyl D-amino acid amidohydrolase, can be incor-
porated with hydantoinase to produce D-amino acids in 1 step from the corresponding racemic
hydantoins.132 Because many of the 5-substituted hydantoins undergo spontaneous racemization
under the enzymatic reaction conditions (pH >8), no extra steps are needed for racemization of the
unwanted enantiomer and complete conversion from racemic hydantoin to the D-amino acid can
be achieved. The starting hydantoins are readily prepared according to the procedure of Bucherer

133 by simple condensation of potassium cyanide and ammonium carbonate
with the corresponding aliphatic or aromatic aldehydes, which are usually also the starting materials
for synthesis of the corresponding racemic amino acids. Many of the D-hydantoinases have broad
substrate specificities and can be used for production of a variety of D-amino acids.109,134

FIGURE 6.5 Membrane bioreactor for enzyme catalyzed enantioselective hydrolysis of racemic ethyl 2-
amino-2-ethylhexanoate.
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and Bergs (Scheme 6.16),

acid and bromocamphorsulfonic acid, respectively, as resolving agents (but see Chapters 2, 3, 7,

have been cloned and overexpressed.

and 25).
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D-Valine is produced from isobutyraldehyde through a Bucherer-Bergs reaction followed by a
1-step enzymatic conversion of the hydantoin to the free D-amino acid.135 The biocatalyst is
Agrobacterium radiobacter, which contains high levels of both D-hydantoinase and N-carbamoyl
D-amino acid amidohydrolase.132 A typical run of the biotransformation involves a 10% solution
of the hydantoin with a weight ratio of hydantoin versus resting cells (dry wt.) of 5. The incubation
is usually performed at 40°C for 48 hours with continuous addition of 1N NaOH to maintain a
constant pH of 7.5. The final broth is worked up by centrifugation or ultrafiltration followed by
simple concentration and precipitation with ethanol or ethanol/pyridine to give the optically pure
D-valine with an overall yield of about 60% from the starting aldehyde. 

In the case of D-phenylglycine and D-p-hydroxphenylglycine manufacture, several producers
are believed to have started the hydantoinase route (Scheme 6.17). Both enzymatic and classic
resolution use, as the starting material, benzaldehyde for D-phenylglycine and phenol for D-p-
hydroxphenylglycine. The route that will eventually become the most cost-effective is very much
dependent on the process steps, cost of resolving agent or biocatalyst, and the final yield of product.
The hydantoinase process has the advantage of not requiring a racemization step. If the step of
chemical hydrolysis of the carbamoyl residue can be completely replaced by the in situ enzymatic
hydrolysis, the enzymatic route will be much more simple and streamlined than the classic reso-
lution. A few other issues to be worked out are to increase the activity and efficiency of the
biocatalyst and to recover the product effectively from the aqueous solution. At least in the
manufacture of D-p-hydroxyphenylglycine, where the classic resolution using bromocamphorsul-
fonic acid is not as well-established as in the case of phenylglycine, the hydantoinase route has
shown a competitive edge. Kanegafuchi uses a bacterial strain, Bacillus brevis, as the biocatalyst
for enantioselective conversion of the racemic hydantoin to the N-carbamoyl-D-amino acid, which
is then diazotized to give D-phenylglycine. Recordati applies a strain of Agrobacterium radiobacter
that contains both hydantoinase and amidohydrolyase to convert the racemic hydantoin to D-
phenylglycine in one step.7 With continuous strain improvement and genetic engineering, the gap
between enzymatic and classic resolution for the production of D-phenylglycine and D-p-hydroxy-
phenylglycine is getting closer.
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Beside being used in the whole-cell systems, D-hydantoinases are also commercially available
as purified or partially purified enzymes in both free and immobilized forms. A chemist can easily
test these enzymes for preparation of a specific target amino acid and scale up the process to
produce large quantity materials. Boehringer Mannheim offers two types of immobilized D-hydan-
toinases, D-Hyd1 and D-Hyd2, in both research and bulk quantities. The enzymes are cloned from
thermophilic microorganisms and expressed and overproduced in Escherichia coli. Both of them
have broad substrate specificities, although D-Hyd1 is more active toward aromatic substituted
hydantoins, whereas D-Hyd2 shows better activity to substrates with aliphatic substitution.136 The
combination of the two enzymes allows quick synthesis of a variety of D-amino acids in high
chemical and optical yields and relatively large quantities. Some D-amino acids reportedly prepared
by these two enzymes include alanine, norleucine, homophenylalanine, phenylalanine, valine,
isoleucine, methionine, serine, threonine, 2-thienylglycine, phenylglycine, and p-hydroxyphenyl-
glycine. However, unlike the whole cells, which could produce both D-hydantoinase and N-car-
bamoyl-amino acid amidohydrolase, these commercial hydantoinases only catalyze the cleavage
of hydantoins to the N-carbamoyl-amino acid. A separate chemical hydrolysis step is necessary to
obtain the free D-amino acids.

6.4 SUMMARY

Despite the revolutionary advances achieved in the field of catalytic asymmetric synthesis, resolution
methods both chemical and enzymatic are still probably the most used methods for preparation of
optically pure organic compounds. This is especially true on large scale for the production of
industrial fine chemicals. A very large number of chiral pharmaceuticals and pharmaceutical
intermediates are manufactured by the process involving resolution. The reason behind the contin-
ued dominance of resolution in industrial production of optically pure fine chemicals is perhaps
the reliability and scalability of these processes.
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7.1 INTRODUCTION

The cost-effective synthesis of enantiopure compounds is and will continue to be a challenge for

companies via application of chiral technology for pharmaceutical and agrochemical intermediates
was estimated to be $8 billion with an annual growth of approximately 11%.1 Of the drugs currently
under development, approximately 80% are chiral. Although in recent years great progress in
asymmetric synthesis2 and (enantioselective) biocatalysis3 has been realized, often separation of
enantiomers is still the method of choice on industrial scale. Although on a laboratory scale the
application of preparative high-performance liquid chromatography (HPLC) methods is becoming
increasingly important, large-scale preparation of single enantiomers by diastereoisomeric salt
formation is still the preferred method.4 The process of crystallization-driven resolution is usually
referred to as a “classical” resolution. Our estimation based on current use of technology is that 30–50%

In this chapter some of the recent developments in crystallization-induced resolution are pre-
sented. After an introduction to the state-of-the-art of resolution by diastereoisomeric salt formation
and some recent developments in identifying new resolving agents, the new and coming generation
of automated screening and speed in development will be discussed. 
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the fine chemical industry (see Chapter 1). For 2003, the revenues generated by fine chemical

of single enantiomers are obtained by resolution of the corresponding racemate (cf. Chapter 31).
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A new concept in classical resolution is the application of families of structurally and stereo-
chemically related resolving agents. This technique now goes under the name of “Dutch Resolution”
(DR). This concept, with a resulting high chance of success, is described together with some recent
modifications of the DR concept, new families of resolving agents, and the latest insights in
understanding the process. 

The general drawback of all these resolution concepts is the maximum yield of 50%. In the
last part of this chapter the state-of-the-art and recent developments in 100% yield concepts in
crystallization-induced resolution are discussed. This so-called crystallization-induced asymmetric
transformation combines classical resolution with in situ racemization. Most examples in this
chapter originate from day-to-day research efforts at DSM Pharma Chemicals and at Syncom. 

7.2 RESOLUTION BY DIASTEREOISOMERIC SALT FORMATION

Since its discovery by Pasteur in 1853,5 classical resolution by selective crystallization of diastereo-
isomers, despite wide and frequent use, remains to a large degree a method of trial and error.
Various attempts to rationalize classical resolutions and predict a successful combination of race-
mate and resolving agent by computational approaches so far have not been crowned with remark-
able success.6 Even when the crystal structures of both diastereoisomeric salts are known, molecular
modeling calculations do not provide a basis for a reliable prediction. Only recently has some
progress been made in the calculation of the relative thermodynamic stability of ephedrine–cyclic
phosphoric acid 4 diastereoisomers,7 a diastereoisomeric salt frequently used as a model system
(vide infra).

Discovery of an efficient resolution, even today, still often relies on screening of a large number
of resolving agents. Few systematic studies on the average chance of finding a suitable resolution
have been performed; Collet estimated the chance of success as 20–30% for a typical resolution
experiment.8 For an ideal resolution two factors are of importance: a large solubility difference
between the diastereoisomers—reflected in the position of the eutecticum E (Figure 7.1)—and the

FIGURE 7.1 Solubility phase diagrams of diastereoisomeric salts. (a) Ideal behavior; (b) end solid-solution
behavior; (c) full solid-solution behavior; and (d) double salt formation.
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absence of formation of (end) solid solutions. A typical solubility phase diagram describing such
an ideal resolution (where the resolving agent has the R-configuration in the example) is depicted

merically pure salt (S,R in this example) is obtained, leaving the mother liquor saturated in both
diastereoisomers (E). At lower concentrations, between points 1 and 2, a lower yield of pure salt
is obtained, whereas at higher concentration (point 3) also the other diastereoisomer will start to
crystallize, resulting in a lower diastereoisomeric purity.

Frequently deviations from this ideal behavior are observed—for instance, as a result of end

merically pure salt, whereas in the latter it is virtually impossible to obtain a pure salt. In addition
to these physical constraints, cost and availability play a determining role in the actual application
of resolving agents on an industrial scale.

Many resolving agents are available nowadays, and a good overview has been given by Kozma.9

Some, such as brucine, strychnine, and amphetamine, cannot be used because they are poisonous.
However, new resolving agents steadily become available from various synthetic endeavors in the
fine chemical industry. Some recent examples from our own efforts are the basic resolving agents

10

α 11 and
chalconesulfonic acid 5.12

glucose, aspartic acid, or glutamic acid. A literature example is the use of N-methylglucamine 6,
13

At DSM Pharma Chemicals a series of (substituted) N-benzoylated L-aspartic and L-glutamic

Particularly, the N-benzoyl-L-glutamic acid series has resulted in some efficient resolving agents
for the resolution of chiral amino nitriles. An example of a very efficient resolution is given in
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in Figure 7.1a. At a starting concentration (2) the highest yield of the least soluble diastereoiso-

or even full solid-solution behavior (Figures 7.1b and 7.1c) or double salt formation (Figure 7.1d).

Scheme 7.1. 

(1S,2R)-1-amino-2-indanol (1) (see also Chapter 8),  (R)-phenylglycine amide (2) (see Chapter

In the former situation repeated (or fractional) crystallization is needed to obtain a diastereoiso-

25), and (R)- -methylphenylglycine amide (3) and the acidic resolving agents phencyphos 4

Other resolving agents are readily prepared from inexpensive chiral starting materials such as

obtained by reductive amination of D-glucose, in the resolution of naproxen (Chapter 6).

acids has been developed for use as families of resolving agents in a DR (see Section 7.4).
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In this example the resolution of racemic phenylalanine nitrile, readily obtained by a Strecker
reaction with phenylacetaldehyde, is performed with N-p-chlorobenzoyl-L-glutamic acid. The yield
of this resolution nearly reaches the theoretic 50% maximum yield of enantiopure D-amino nitrile.
After acidic workup of the crystalline diastereoisomeric salt, the (R)-amino nitrile is easily hydro-
lyzed to D-phenylalanine.

7.3 AUTOMATED SCREENING OF RESOLVING AGENTS

Efficient and fast screening procedures are required to circumvent the necessity of time-consuming
trial and error for identification of suitable resolving agents. Modern high-throughput screening
procedures allow for the fast determination of phase diagrams, which are indicators of the ideal
resolution conditions. Various methods have been tested for their applicability. One of these methods
consists of an automated solubility determination of mixtures of both diastereoisomeric salts in
various ratios. To this end the Chemspeed ASW2000 equipment14 combined with an automated
HPLC analysis was used to determine the dilution at which these mixtures become soluble. From
this information the solubility lines and the eutectic composition for various resolving agents can

cis-1-amino-2-indanol with L-(+)-tartaric acid.
This method gives a good fit with the solubilities known, especially if applied with high starting

concentrations. At lower starting concentrations the solubility of the more soluble diastereoisomer
is underestimated, probably because of slow dissolution (thermodynamic equilibrium not being
reached during the time period of the experiment). The position of the eutectic point E is indicative
of a highly effective resolution. Obviously, this method does not identify the existence of end solid-
solution behavior in the crystalline state.
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be determined. An example of this procedure is shown in Figure 7.2 for the resolution of racemic
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In general, however, the pure enantiomers of the racemate under study are not available to
prepare the diastereoisomerically pure salts. Therefore, the automated screening described earlier
has limited application. 

An alternative screening method, using a 1:1 mixture of the diastereoisomeric salts (prepared
directly from the racemate), is highly favorable. One such procedure suggested by Kozma15 and
Bruggink16 has been used by Mitchell17 as a screening tool for the identification of resolving agents.
Differential scanning calorimetry (DSC) is used to determine the melting point thermogram of the
1:1 diastereoisomeric mixture. The heat of fusion ∆Hf of the less soluble (i.e., higher melting)
diastereoisomer and the eutectic composition can be calculated from the thermogram (Figure 7.3)
by means of the Schröder-Van Laar equation (Equation 7.1). Conglomerate melting behavior is a
prerequisite for a successful application of this procedure.

(7.1)

We tested this procedure on 10 different known resolutions, some of which were run on large scale.
However, in only three cases was a clear result obtained in line with the known resolution efficiency.
For all other examples no workable DSC thermogram was obtained. Phase transitions, loss of solvates

FIGURE 7.2 Automated determination of a solubility phase diagram of a classical resolution. (a) Experimental
setup with different ratios of p- and n-salt (dilution along the dashed lines); (b) solubilities at different starting
concentrations.

FIGURE 7.3 Determination of the fusion phase diagram by DSC measurement in a 1:1 composition.
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or decomposition of the salt during heating, and incomplete separation of the DSC melting curves are
some of the causes for the disparities. False-negative results were obtained in 70% of the cases studied.18

Therefore, this method is not suitable as a general screening tool for resolving agents.
A better screening procedure is based on the differences in solubility behavior of the 1:1

diastereoisomeric mixture (i.e., racemic starting material). A suitable screening method was devel-
oped by performing automated dilution experiments in the HEL automate™ equipment.19 During
the dilution experiment, automated samples of the solution were taken and analyzed by HPLC for
enantiomeric excess and concentration. Initially, at high starting concentrations between point 3

(eutectic composition with constant ee). On further dilution beyond point 2, the more soluble
diastereoisomer will be fully dissolved, whereas the concentration of the less soluble diastereoiso-
mer is still beyond saturation. The concentration in solution will change from the eutectic point E
to point 1. Analysis of the remaining solid at these dilutions can give information about the nature
of the diastereoisomeric salt (solid-solution behavior, solvates, etc.). At point 1 all of the solids are
dissolved and only dilution of the 1:1 composition is observed on addition of more solvent. In this
way a partial solubility line is determined, as shown in Figure 7.4, again for the previously
mentioned racemic cis-1-amino-2-indanol – L-(+)-tartaric acid salt.

7.4 DUTCH RESOLUTION

In 1998 we described a new concept in classical resolution at Syncom, whereby a mixture of
structurally closely related resolving agents (families) was used.20 By this method, the chance of
success in finding a suitable resolution significantly increases. Since the initial discovery of this
method in 1996, about 1000 racemates have been examined. The success rate to effect a resolution
has been >95%, and usually only a few families of resolving agents need to be tested.21 Obviously,
many of these examples fall under customer confidentiality. A selection of nonconfidential structures

20 By use of
this method the development time for a resolution process on lab scale can be sharply reduced
compared to the standard trial and error method. We coined the name “Dutch Resolution” (or DR)
for this concept of a family approach to the resolution of racemates. Two typical examples are

With the use of a family of three structurally related cyclic phosphoric acids (P-mix) as resolving
agent, a diastereoisomerically pure salt containing the (2S,3R)-enantiomer in 99% ee precipitates.
The resolved threo-(4-methylthiophenyl)serine amide (Figure 7.5) can be used as an intermediate
in the synthesis of thiamphenicol.22 Note that the individual phosphoric acids give salts of lower

FIGURE 7.4 Partial solubility phase diagram determined by dilution experiments on a 1:1 diastereoisomeric
mixture (dashed line).
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is shown in Table 7.1. Other examples can be found in the original DR publication.

and 2 (see the phase diagram in Figure 7.1) both diastereoisomeric salts will be saturated in solution

shown in Figure 7.5 and Scheme 7.2.
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Resolving Agent Yield (%) ee (%) Mix-Ratio

(–)-Phencyphos 47 52 (2R,3S) —
(–)-Chlocyphos 55 17 (2R,3S) —
(–)-Anicyphos 41 67 (2R,3R) —
(–)-P-mix (1:1:1) 25 98.8 (2S,3R) 12:35:53 (P:C:A)

FIGURE 7.5 Dutch Resolution of D,L-threo-(4-methylthiophenyl)serine amide with P-(–)-mix.
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TABLE 7.1 
Selection of Racemates Resolved by the Dutch Resolution (DR) Approach: 
ee and Mix (Ratio after One Recrystallization)

Structure ee 
(%) 

DR 
Familya Ratio Structure ee 

(%) 
DR 
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NH2
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NH2 
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NH2 

Cl 99 M-mix 1:1b 

NH2 

Br 
NH2

C1

99 M-mix 1:5b 

NH2 

H3CO 94 M-mix 1:10b 

NH2 

Ph 86 P-Mix –c 

NH2 

98 P-Mix –c 

NH2 

Cl 
94 M-mix 1:5:0 

NH2 
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H2N 
OH 
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NH2 
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HO 95 P-mix 1:2:3 
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CN 
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CN 
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ee and in two of the three cases with the mirror image isomer of the amino acid amide. Moreover,
most of the time the DR salt contains all three of the resolving agents in a nonstoichiometric ratio.
Solid-solution behavior of the resolving agents is a general phenomenon observed in almost all

At the time of the initial DR work, various families of acidic and basic resolving agents were
available (Figure 7.6).21

a

b Only with 1:1 family of X = H and X = Me.
c Mix composition could not be accurately determined, but all three components were present.
d No recrystallization.
e

f Racemic anti-isomer.

TABLE 7.1 (continued)
Selection of Racemates Resolved by the Dutch Resolution (DR) Approach: 
ee and Mix (Ratio after One Recrystallization)
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Two recrystallizations.

Structures of the mixtures are given in Figure 7.6.

DR experiments and can also be seen in the example in Scheme 7.2 for the T-mix. 



106 Handbook of Chiral Chemicals, Second Edition

For practical reasons most families in general consist of a set of closely related homochiral
resolving agents that differ in substituents on the aromatic group. However, family behavior is not
limited to this, as can be seen from results with the PE-III mix. Although solid-solution behavior
of the family of resolving agents is a general phenomenon, it does not constitute the (thermody-
namic) explanation for the improved resolution (vide infra). The solubility of the mixed crystals
often is higher than that of the diastereoisomerically pure salt of one of the resolving agents.
Repeated crystallization of the (diastereoisomerically pure) mixed crystals results in a gradual shift
of the mix-composition to one of the single resolving agents. This is the resolving agent with the
lowest solubility, initially present in the highest fraction in the precipitated mixed salt. An expla-
nation for the higher efficiency of DR as compared to the classical resolution approach might find
its origin in this change in composition of the resolving agents. In general, crystals of the less
soluble diastereoisomeric salt are obtained that are enriched in one or more of the resolving agents.
The solubility of the diastereoisomeric salt with this new family composition is reduced, compared
with the initial family composition. As a result, the composition of the family mix remaining in
solution is shifted in the opposite direction. In general, this results in a higher solubility of the
more soluble diastereoisomer with the remaining family mix. This can be considered as a special
modification of a resolution according to the method of Pope and Peachey.23

FIGURE 7.6 Families of resolving agents.
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Other explanations of the DR effect can be offered, as has been suggested by Collet.24 It is
also not unlikely that various effects, likely complementary, are involved. For instance, nucleation
inhibition and crystal growth inhibition can play an important role during many DR experiments
(vide infra). 

7.4.1 NEW FAMILIES OF RESOLVING AGENTS

before.20 The selection is, however, not all that large. To find new efficient (families of) resolving
agents we have developed in recent years several synthetic approaches to new families.12,21,25 Four
of these are depicted in Figure 7.7.

It should be realized that the preparation of a new family takes a considerable amount of time.
Two general approaches can be followed. The first consists of the synthesis of the racemic family
members, followed by the individual resolution of each member and combining them to the
preferred combination of a 1:1:1 mix. This general procedure is used, for example, for the prepa-
ration of the J-mix (Scheme 7.3).12,25

FIGURE 7.7 New families of resolving agents.
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Various efficient families of resolving agents are available (Figure 7.6) and have been described
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Starting with a range of substituted acetophenones and benzaldehydes substituted chalcones
can be prepared in high yield. Addition of sodium bisulfite results in the individual racemic
chalconesulfonic acids. These are resolved using (S)-leucine to yield the (R)-(+)-chalconesulfonic
acids. Also (R)-phenylglycinamide and (R)-4-methylphenylglycinol are effective as resolving agents
for these chalonesulfonic acids.

Asymmetric synthesis of the individual family members is a second approach to the preparation
of a family.26 This is illustrated in Scheme 7.4 for the phenylbutylamine family.

Obviously, instead of preparing each family member individually, combinatorial approaches
can also be applied. Also the resolution of the various racemic family members can be combined.
For example, the resolution of the chalconesulfonic acids and of the members of the PE-I mix can
be combined. A disadvantage is that the families are obtained in nonstoichiometric ratio.

Most of these families are still under investigation and are routinely taken along in trial DR
experiments aimed at resolving new racemates. 

7.4.2 RECIPROCAL AND REVERSE DUTCH RESOLUTION

Instead of resolving a racemate with a mixture of resolving agents, a mixture of racemates can be
resolved with a single resolving agent (or even with a mixture of resolving agents). Some examples
were mentioned earlier. A special application of this reciprocal approach is the use of an enantiopure
family member of the racemate. If one of the enantiomers of the racemate and its enantiopure
family member show solid-solution behavior (like the resolving agents in a normal DR), co-
resolution is possible. This offers the possibility to resolve compounds with a resolving agent that
would not be effective under normal resolution conditions.

Hpg cannot be resolved by (+)-camphor-10-sulfonic acid [(+)-Csa] and is, therefore, resolved on
industrial scale with the more expensive and difficult to recycle (1R)-(+)-(endo,anti)-3-bromo-
camphor-8-sulfonic acid. However, if racemic or (R)-phenylglycine (Phg) is added to the resolution
of Hpg with (+)-Csa, co-resolution of both phenylglycines is possible. (R)-(–)-Hpg is incorporated
in the crystal lattice of the (R)-(–)-Phg—(+)-Csa salt by partial replacement of (R)-(–)-Phg.27

Analogously, para-fluorophenylglycine, for which no single resolving agent is known, can be
resolved with (R)-(–)-Phg and (+)-Csa.

A second example is the reciprocal DR of (R,S)-alaninol. Both (R)- and (S)-alaninol are
interesting chiral intermediates used in recent drug developments28 but are difficult to obtain by
classical resolution.29 Alaninol is also one of the few examples that resisted the standard DR
procedure. However, resolution of (R,S)-alaninol could be achieved with mandelic acid in isopro-
panol/water (19:1) in the presence of enantiopure 2-amino-1-butanol.30 Whereas the latter amine
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Such an example is formed by the resolution of 4-hydroxyphenylglycine (Hpg) (Figure 7.8).
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can be effectively resolved with mandelic acid, the resolution of alaninol with mandelic acid
proceeds poorly. Addition of racemic or enantiopure (R)-2-amino-1-butanol (forming the less
soluble diastereoisomer) to the resolution of alaninol with (R)-mandelic acid results in co-crystal-
lization of a mixed salt of (R)-alaninol, (R)-2-amino-1-butanol, and (R)-mandelic acid (Figure 7.9).
Depending on the starting ratio of (R,S)-alaninol and (R)-2-amino-1-butanol, more or less of the
(R)-alaninol is incorporated in the diastereoisomeric salt.

Starting Ratio
Hpg:Phg

Crystal. 
Yield (%)

Ratio
Hpg:Phg

ee (%)
(–)-Phg

ee (%)
(–)-Hpg

With (±)-Phg
1:3 35 13:87 94 (>99) 94 (100)
1:1 17 25:75 95 (>99) 89 (>95)

With (–)-Phg
2:1 26 26:74 – 87
1:1 53 19:81 – 67

Resolutions on 40-46 wt% solutions with 0.75 eq. Of (+)-CSA in 1N

HCl (ee after recrystallization). In parentheses, ee after second crys-
tallization.

FIGURE 7.8 Dutch Resolution of (R,S)-p-hydroxyphenylglycine with (+)-camphor-10-sulfonic acid and
(R,S)- or (R)-phenylglycine as a family member.

Starting ratio Abu (R)-(–)-alaninol in salt

(±)-Aol (additive) (R)-(–)-MA Yield (%) ee (%) Aol/Abu

100 — 100 43 13 —
50 50 (R)-(–) 100 38 94 25:75
75 25 (R)-(–) 100 34 92 57:43
90 10 (R)-(–) 100 37 88 76:24
67 33 (S)-(+) 100 24 94 98:2

FIGURE 7.9 Dutch Resolution of (R,S)-alaninol with (R)-mandelic acid using (R)-, or (S)-2-amino-1-butanol
as a family member.
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Even more interesting is the addition of the (S)-enantiomer of 2-amino-1-butanol, which itself
forms a salt with (R)-mandelic acid. This salt has almost infinite solubility. With this additive, the
resolution of alaninol with (R)-mandelic acid results in the crystallization of an almost diastereoiso-
merically pure salt, without incorporation of 2-amino-1-butanol. On use of this method enantiopure
(R)-alaninol can be obtained after an additional recrystallization, without the need to separate the
alaninol from the 2-amino-1-butanol. We call this procedure reverse Dutch Resolution, to indicate that
the family mix remains in solution. Most likely in this case stereoselective nucleation inhibition plays
a role by suppressing the nucleation of the (S)-alaninol-(R)-mandelic acid diastereoisomer.

7.4.3 THE ROLE OF NUCLEATION INHIBITION

On reexamination of the solid-solution behavior of the resolving agents in the various DR exper-
iments, our attention was drawn to the following set of results. Analogous to the case of the (R)-
alaninol-(R)-mandelic acid salt, in 46 other examples the crystalline salts lacked one or more of
the resolving agents of the family mix (or resolving agents were incorporated only in a low
percentage) but still gave efficient resolution. Further investigation revealed that the poorly incor-
porated resolving agent acts as an effective nucleation inhibitor, even at lower mol-fractions.31 As
an example of what can be accomplished, the resolution of mandelic acid with (S)-1-phenylethyl-
amine can be significantly improved by replacement of 10 mol% of the resolving agent by a mixture
of 2- and 4-nitro substituted (S)-1-phenylethylamine (Scheme 7.5). 

Nucleation inhibition studies show that the crystallization of both diastereoisomeric salts is
inhibited, whereas the dissolution temperatures remain more or less identical. This results in a
larger operating window in which to perform a resolution and in a higher efficiency. In addition to
nucleation inhibition, the crystal growth also seems to be inhibited by the additive.

that the resolutions described in Table 7.2 intentionally are performed in nonoptimized conditions.
Therefore, further improvement of the resolution efficiency should be possible when nucleation inhib-
itors are applied. The procedure clearly offers the opportunity to improve the outcome of a classical
resolution without the need for stoichiometric mixtures of resolving agents. The original DR procedure
as well as molecular modeling calculations32 can help in identifying efficient nucleation inhibitors.

7.5 CRYSTALLIZATION-INDUCED ASYMMETRIC TRANSFORMATION

Combination of (classical) resolution with in situ racemization is a powerful but highly under-
estimated technology. This technology is often referred to as crystallization-induced asymmetric

SCHEME 7.5
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Other examples of application of this concept are presented in Table 7.2. It should be mentioned
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transformation or second order asymmetric transformation.33 Whereas the resolution processes
described earlier are limited to 50% yield of the desired pure enantiomer, asymmetric transformation
allows a yield of nearly 100%. It is good to keep in mind that the outcome of such a process is
thermodynamically determined. A small solubility difference between the two diastereoisomers
(i.e., a poor eutectic composition) can lead to a high yield of one diastereoisomer, whereas in a
standard classical resolution this would either lead to a poor yield or a poor ee.

be described by phase diagrams. However, because the overall composition of the ternary mixture
(2 diastereoisomers + solvent) is not constant, only starting and end composition can be visualized

At the start of an asymmetric transformation the high concentration 3 results in the crystalli-
zation of both diastereoisomers in an almost 50:50 ratio. As a result of racemization the solution
composition E will tend to reach composition 2, becoming supersaturated in the (S,R)-diastereoi-
somer and subsaturated in the (R,R)-diastereoisomer. This process results in a continuous dissolution
of the (R,R)-diastereoisomer and crystallization of the (S,R)-diastereoisomer until equilibrium is

TABLE 7.2
Resolution in the Presence of 10 mol% of a Family Member of the Resolving Agent

a 10 mol%.

Racemate Resolving agent Additivea Solvent Yield(%) ee(%)
– i-PrOH 58 22
– EtOH 23 68

O OP
HO O

Cl

EtOH 29 86

O OP
HO O

OMe

EtOH 30 88

NH2

Cl

O OP
HO O

O O
P

HO O

NO2

i-PrOH 36 86

– i-PrOH 40 74

O OP
HO O

Cl

i-PrOH 39 93
NH2

OH O OP
HO O

O OP
HO O

OMe

i-PrOH 36 89

– i-PrOH 58 49

CO2H

OH NH2
NH2

Br

i-PrOH 45 63
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As described earlier for classical resolutions (Figure 7.1), asymmetric transformations can also

(Figure 7.10).
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reached. At equilibrium most of the diastereoisomeric mixture is transferred into the solid (S,R)-
salt, leaving only the equimolar composition 1 in solution. The overall composition of the mixture
by that time has been changed from 3 to 3′. Note that the outcome of an asymmetric transformation
is fully determined by the tie line at composition 1 and not by the position of the eutecticum. If
(end) solid-solution behavior occurs, the composition of the solid will deviate from pure (S,R)-
diastereoisomers as a result of the incorporation of the (R,R)-diastereoisomer (a solid-solution).
Thus, an ideal asymmetric transformation is defined by the crystallization of pure (less soluble)
diastereoisomer and not by the efficiency of the resolution.

Crystallization-induced asymmetric transformation has already been described by Leuchs in 1913
during the resolution of 2-(2-carboxybenzyl)-1-indanone with brucine.34 In this case spontaneous
racemization occurred. More recently researchers at Sanofi observed spontaneous racemization during
the resolution of 3-cyano-3-(3,4-dichlorophenyl)propionic acid (7), most likely as a result of the basic
resolving agent D-(–)-N-methylglucamine [D-(–)-MGA] (8) (Scheme 7.6).35 The enantiopure cyano
acid, obtained in 91% overall yield, is subsequently reduced to (+)-4-amino-3-(3,4-dichlorophenyl)-1-
butanol (9), a key intermediate in the phase 2 synthesis of tachykinin antagonists.

In the past decade many new examples have been described, mostly for amino acid derivatives

procedure on multi-kilogram scale from Merck & Co is described for the asymmetric transformation
of a benzodiazepinone in the synthesis of the CCK antagonist, L-364,718 (10).36 More recently,
the Merck group also applied this method to other bendiazepinones.37

Other examples of crystallization-induced asymmetric transformation have been described in
the literature and have been reviewed.38,39

FIGURE 7.10 Description of a crystallization-induced asymmetric transformation by a ternary phase diagram.
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using (substituted) benzaldehyde as a racemization catalyst. In Scheme 7.7 an application of this
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An example of a very efficient asymmetric transformation is the preparation of (R)-phenylgly-
40 This offers a good alternative to the enzymatic

resolution of (R,S)-phenylglycine amide with the (S)-specific amidase from Pseudomonas putida.41

This amide is used in a coupling process for semi-synthetic antibiotics.42

SCHEME 7.7
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cine amide (Scheme 7.8) (see also Chapter 25).
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The high-yield synthesis of the racemate via a Strecker synthesis is elegantly combined with
the asymmetric transformation process. Addition of the resolving agent (S)-mandelic acid results
in the formation of both diastereoisomeric salts. In the presence of benzaldehyde these salts are in
equilibrium with the Schiff base, which racemizes readily. The low solubility of the diastereoiso-
meric salts (in apolar solvents) eventually allows obtainment of a >95% yield of the (R)·(S)-salt in
more than 99% diastereoisomeric excess. After decomposition of this salt by hydrochloric acid,
pure (R)-phenylglycine amide is obtained, and the resolving agent can be recycled.

As a second example, we recently used the readily available (R)-phenylglycine amide as a
43 In this case, a Strecker reaction is performed on

pivaldehyde under equilibrium conditions resulting in two covalent diastereoisomeric products
(Scheme 7.9). The lower solubility of the (S,R)-diastereoisomer results in transformation of the
(R,R)-diastereoisomer into the (S,R)-diastereoisomer in 93% yield and >99% diastereoselectivity.

Hydrolysis of the diastereoisomerically pure Strecker product under racemization-free acidic
conditions, followed by hydrogenolysis of the benzylic C–N bond, results in a 73% overall yield
of (S)-tert-leucine (11). The amino acid 11 is an interesting, sterically constrained amino acid that
is applied in various new antiviral and anti-HIV (human immunodeficiency virus) agents.

We have successfully applied the same asymmetric transformation procedure for the preparation
of other α-hydrogen- and α,α-disubstituted amino acids.
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“Chirality Transfer” reagent (see Chapter 25).
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7.6 SUMMARY

On an industrial scale, classical resolution using single resolving agents is still preferred over the
use of a family of resolving agents (as applied in the DR approach). The effort to synthesize and
recycle mixtures of resolving agents on an industrial scale should not be underestimated. However,
the DR approach is a fast and reliable method for the generation of enantiopure material in the
(early) development phase. Once a successful resolution is identified in this manner, usually the
resolving agent of the family present in the highest fraction in the diastereoisomeric salt can be
selected as the single resolving agent. The other family members can then be tested as additive to
increase the resolution efficiency by nucleation inhibition. Of course, all resolution processes are
by necessity held to a maximum yield of 50%, but the unwanted enantiomer can often be racemized
and recycled.

Alternatively, to increase the yield to more than 50%, a classical resolution can be further
developed into a crystallization-induced asymmetric transformation.
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8.1 INTRODUCTION

in asymmetric synthesis. It has been used as a chiral auxiliary. This chemistry and the synthesis

discusses reactions where 1 is used as a resolving agent. Other resolution methods can be found

8.2 CHIRAL DISCRIMINATION OF 2-ARYLALKANOIC ACIDS

Production of enantiomerically pure α-arylpropanoic acids, also known as profens, is of critical
importance to the pharmaceutical industry because they constitute a major class of antiinflammatory
agents. One of the most practical approaches to preparing optically pure α-arylpropanoic acids is
by resolution with chiral amines. Notable examples include brucine, quinidine, cinchonidine,
morphine, ephedrine, and α-(1-naphthyl)ethylamine. For instance, (S)-α-methylbenzylamine and

NH2

OH

(1S,2R)-1
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of 1 and its uses in biologically active agents are discussed in Chapter 24. Reactions where the

The amino alcohol cis-1-amino-2-indanol (1) has been shown to be an extremely versatile reagent

amino alcohol 1 is used as a ligand in catalytic reactions will be found in Chapter 17. This chapter

in Chapters 6 and 7.
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(–)-cinchonidine have been reported to resolve racemic ibuprofen1 and ketoprofen,2 respectively.
However, most of these chiral amines are either expensive, difficult to recover, available in only
one enantiomeric form, or substrate-specific.

Enantiopure cis-1-amino-2-indanols have been demonstrated to effectively overcome these
limitations. Both enantiomers of cis-1-amino-2-indanols are rapidly accessible via an inexpensive
process, and they also have been shown to be extremely effective in the resolution of a number of
2-arylalkanoic acids,3,4 including ketoprofen, flurbiprofen, and ibuprofen.3 In the case of ketopro-
fen,3 use of (1R,2S)-1-amino-2-indanol allowed for the selective crystallization of (S)-ketoprofen
in the presence of (R)-ketoprofen (Scheme 8.1). Similarly, (R)-ketoprofen was shown to selectively
precipitate with (1S,2R)-1-amino-2-indanol in the presence of (S)-ketoprofen. Extensive solubility
studies led to the following observations: (a) diastereomeric salts of (R)- and (S)-ketoprofen with
aminoindanols exhibited larger differences in solubility than diastereomeric salts of (R)- and (S)-
ketoprofen with other chiral amines; (b) diastereomeric salts of (R)- and (S)-acids with aminoindanol
displayed large differences in solubility for a wide range of chiral acids; and (c) a catalytic amount
of water in acetonitrile had a significant impact on the rate of crystallization, leading to higher
yields of the precipitating diastereoisomer. Finally, the undesired isomer [(R)-ketoprofen in Scheme
8.1] can be racemized and recycled, and enantiopure cis-aminoindanol can be easily recovered for
reuse.3

8.3 ENANTIOSELECTIVE ACETYLATION OF RACEMIC 
SECONDARY ALKYL AMINES

A new cis-aminoindanol–derived (N-cyanoimino)oxazolidine acetylating agent was developed by
Tanaka and co-workers, which was applied to the kinetic resolution of secondary alkyl amines.5

The chiral acetylating agents 2 and 3 were readily prepared from (1R,2S)-1-amino-2-indanol by
reaction with S,S′-dimethyl N-cyanodithioiminocarbonate followed by acetylation (78–85% yield,
2 steps). The kinetic resolutions of racemic 1-phenylethylamine 5 using 10 mol% of 2 at –70°C
led to (R)-N-benzoyl-1-phenylethylamine 6 in 87% yield and 83% ee, along with the recovered
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Bz 
COOH 

NH2 

OH 
(50 mol%) 

MeCN, 3.8 wt% H2O 

Bz 
COOH 

Bz 
COO– 

NH3
+ 

OH 

+ 

Recycle 

NH2 

OH 

1.  Base 
2.  Acid 

Bz 
COOH 

(R)-ketoprofen 

(S)-ketoprofen 

(1)
⋅

© 2006 by Taylor & Francis Group, LLC



The Role of cis-1-Amino-2-Indanol in Resolution Processes 119

chiral 4, which was easily separated by column chromatography for reuse (Scheme 8.2). The transfer
of the N-acyl group was activated by the strong electron-withdrawing N-cyanoimino moiety of 2.
It is interesting that, no aminolysis of the oxazolidine ring of 2 was observed. Other acetylating
agents 3 (R = 4-MeO-C6H4, 4-Me-C6H4, 4-F-C6H4, Me) were also shown to efficiently resolve 5
at low temperature (–70°C for R = aryl and –20°C for R = Me), leading to protected secondary
alkyl amines in moderate to good enantioselectivities (65–78% ee). Kinetic resolution of a variety
of racemic secondary alkyl amines using a catalytic amount of 2 was also examined. It was rapidly
established that a phenyl group in amines was essential to achieve high selectivities. Replacement
of the methyl group of 5 by larger groups decreased the reaction rate but led to similar selectivities.5

To explain the stereochemical outcome of the reaction, Tanaka and co-workers speculated that
the amide carbonyl and the N-cyanoimino groups in 2 would prefer opposite orientation to minimize
unfavorable dipole–dipole interaction. In this conformation, the Re-face of the carbonyl group
would be shielded by the large and conformationally rigid indane ring, thus favoring the approach
of the amine from the Si-face. Overlap of the amine phenyl ring with the carbonyl aryl or alkyl
group of 2 would create a stabilizing – or CH– interaction, respectively, in which case the approach
of the (S)-isomer would suffer from steric interaction between R1 and N-cyanoimino groups (Figure
8.1).5
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8.4 KINETIC RESOLUTION OF SECONDARY ARYL ALCOHOLS

A novel kinetic resolution of secondary aryl alcohols using an enantiopure cis-1-amino-2-indanol-
derived catalyst has been disclosed by Faller.6 (For a full discussion of catalysts with 1 and related

7

that stereochemically rigid (1R,2S)-1-amino-2-indanol was a powerful ligand for the asymmetric
ruthenium-catalyzed transfer hydrogenation of aryl ketones using 2-propanol, leading to enantiose-
lectivities up to 98%. The stereoselectivity of the reaction was obtained primarily by kinetic
discrimination of enantiofaces of the prochiral ketone, but thermodynamic factors favoring the
reverse process were not negligible (Scheme 8.3).8,9 Thus, it was argued that an asymmetric transfer
hydrogenation catalyst should be capable of dehydrogenation as well as hydrogenation.

Because Palmer’s hydrogenation catalyst provided an excellent route to (S)-aryl alcohols from
aryl ketones, Faller decided to expand the scope of the same catalyst to kinetic resolution of racemic
aryl alcohols to prepare (R)-aryl alcohols. Results showed that products can be obtained with
enantiomeric purities in the 90–99% range. In particular, when applied to the kinetic resolution of
(±)-tetralol (7) and (±)-indanol, the [RuCl2(p-cymene)]2-(1R,2S)-1-amino-2-indanol-KO-t-Bu com-
bination in acetone yielded the corresponding (R)-alcohols in 99% ee, arylketones, and 2-propanol.
In turn, reduction of 1′-tetralone and 1′-indanone using the same catalytic system in 2-propanol
led to (S)-alcohols in 97% ee (Scheme 8.4). These studies provide a compelling demonstration of
the generally unappreciated notion that a single enantiomer of a catalyst can lead to both antipodes
of the same product with high levels of stereoselectivities.6
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compounds as ligands see Chapter 17.) The investigation was based on earlier findings by Palmer
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8.5 RELATED AMINO ALCOHOLS AND THEIR APPLICATIONS 
IN ASYMMETRIC SYNTHESIS

8.5.1 TRANS-6-NITRO-1-AMINO-2-INDANOL

Researchers at Eli Lilly have disclosed the significance of the trans-6-nitro-1-amino-2-indanol
template in a new class of resistant neoplasms inhibitors of type 8. Current effective treatments of
several forms of cancer include surgery, radiotherapy, and chemotherapy. Unfortunately, multi-drug
resistance remains an important issue in chemotherapy, where cells may become cross resistant to
a wide range of drugs with different structures and cellular targets. Compounds of type 8 were
shown to selectively inhibit intrinsic and/or acquired resistance conferred in part or in total to the
190 kDa multi-drug resistance protein, commonly referred to as MRP1.10

Racemic substituted aminoindanol 9 was synthesized in a 5-step sequence by nitration of 1-
indanone, followed by ketone reduction and dehydration to give 6-nitro-1-indene and subsequent
epoxidation of the olefin and final regioselective amination (Scheme 8.5). Optically pure (1R,2R)-
and (1S,2S)-6-nitro-1-amino-2-indanol 9 were eventually obtained by resolution with mandelic
acid.10,11

Compound 9 has been identified as a valuable chiral agent in the preliminary studies on the
crystallization-induced dynamic resolution (CIDR) of imines.11 This resolution–deracemization
process provided a practical access to large quantities of nonracemic, α-epimerizable, unfunction-
alized ketones and aldehydes. For example, crystalline imines of epimerizable 2-methylcyclohex-
anone 10 were formed and 11 was found to exist as a 3:1 solution mixture of E:Z imine isomers
with a 1:1 diastereoselective ratio. In the case of ketone 10, equilibration in methanol afforded the
best results, where imine (E,R)-11 is the least soluble crystalline product. Filtration and hydrolysis
under acidic conditions gave (R)-1-methylcyclohexanone in 97% yield and 92% ee, and the chiral

11
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agent was recovered for reuse (Scheme 8.6).
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8.6 SUMMARY

Since the discovery of cis-1-amino-2-indanol as a ligand for human immunodeficiency virus
protease inhibitors and the development of a practical industrial process for the synthesis of either
cis-isomers in enantiopure form, the remarkable properties of the rigid indane platform have been
used extensively in an ever-increasing number of asymmetric methodologies. In addition to the use
of this amino alcohol as a chiral auxiliary and ligand for asymmetric synthesis, it has found
application as a useful resolution agent. Applications include amines, carboxylic acids, and alcohols.
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9.1 INTRODUCTION

Considerable advances have been made in catalytic methodologies to perform asymmetric oxida-
tions.1–3 Although no large-scale processes for commercial chiral pharmaceuticals currently use the
technology, the methods are relatively new compared to catalytic asymmetric hydrogenation. The
approach, however, is now in the synthetic arsenal, and it is surely just a matter of time before it
comes to fruition as many drug candidates use asymmetric oxidations. An example of an up and

Asymmetric oxidations have followed the usual development pathway where face selectivity
was observed through the use of chiral auxiliaries and templates. The breakthrough came with the
Sharpless asymmetric epoxidation method, which, although stoichiometric, allowed for a wide
range of substrates and the stereochemistry of the product to be controlled in a predictable manner.4

© 2006 by Taylor & Francis Group, LLC

coming asymmetric oxidation is the epoxidation method based on carbohydrate ketones (Chapter 10).
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The need for a catalytic reaction was very apparent, but this was developed and now the Sharpless
epoxidation is a viable process at scale, although it is subject to the usual economic problems of
a cost-effective route to the substrate (vide infra).5 The Sharpless epoxidation has been joined by
other methods, and a wide range of products is now available. The power of these oxidations is
augmented by the synthetic utility of the resultant epoxides or diols that can be used for further

4

metric oxidation is still an area where significant basic advances still need to be made to have

An example where further research is needed is the allylic oxidation of an alkene to provide an
allyl alcohol.6–8 Hypervalent iodine reagents that have been used for a wealth of achiral oxidations
are another example, yet progress is only just being made with chiral analogues.9

Oxidations of carbon–heteroatom species often results in the destruction of a stereogenic center,
as in the oxidation of a secondary alcohol to a ketone. In some instances, this reaction can be

acetylation of one enantiomer of a secondary alcohol, where a redox reaction with a transition
10–12 The redox reaction

can also be performed by an enzyme.13

In other cases, the oxidation reaction may not be asymmetric, but stereogenic centers within
the substrate are preserved in the product allowing for an asymmetric reaction. An example of this

also overcomes one of the major problems that has been associated with oxidations at scale—the
use of toxic, heavy metals; their separation from the reaction product; and waste disposal. However,
there are still some useful reactions that use metals without chiral ligands and provide stereodif-
ferentiation. An example is provided by the manganese oxide oxidation of ferrocenyl amino alcohols
(Scheme 9.2).14

The oxidation of a heteroatom such as sulfur can generate a new stereogenic center. This type
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transformations, especially those that use a substitution reaction (Chapter 22).  However, asym-

workable, scaleable reactions. The Shi epoxidation (Chapter 10) is beginning to be used at scale.

coupled with another to provide a chiral product (see Chapter 21). One example is the enzymatic

metal catalyst equilibrates the unreactive isomer of the alcohol (Scheme 9.1).

type of reaction is provided by ozonolysis, which is discussed in Chapter 11. The use of ozone

of oxidation has presented special problems (see Section 9.7).
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9.2 EPOXIDATIONS

9.2.1 SHARPLESS EPOXIDATION

One of the major advantages of the Sharpless15,16 titanium asymmetric epoxidation is the simple
method by which the stereochemical outcome of the reaction can be predicted.17 The other powerful
feature is the ability to change this selectivity to the other isomer by simple means (Figure 9.1).18–20

Although the original Sharpless epoxidation method was stoichiometric, the development of a
catalytic method has allowed the reaction to be amenable to scale up. The addition of molecular
sieves for the removal of trace amounts of water is important in the catalytic procedure.5,21–23

In addition to the reagent’s ingredients being commercially available, the reaction is promis-
cuous and proceeds in good chemical yield with excellent enantiomeric excesses. The reaction,
however, does suffer when bulky substituents are cis to the hydroxymethyl functionality (R1 in
Figure 9.1). For prochiral alcohols, the absolute stereochemistry of the transformation is predictable,
whereas for a chiral alcohol, the diastereofacial selectivity of the reagent is often sufficient to
override those preferences inherent in the substrate. When the chiral atom is in the E-β-position
of the allyl alcohol (R2), then the epoxidation can be controlled to access either diastereoface of
the alkene. In contrast, when the chirality is at either the α- or Z-β-positions (R1 or R3), the process

18,24

Many examples of substrates for the epoxidation protocol are known.4,25,26

An improved workup procedure increases the yield for allyl alcohols containing a small number
of carbon atoms.27–29 Furthermore, less reactive substrates provide the epoxide readily.30 

The structure of the titanium–tartrate derivatives has been determined,25,26,31–37 and based on
these observations together with the reaction selectivity, a mechanistic explanation has been pro-

38 The complex 1 contains a chiral titanium atom through the appendant tartrate
ligands. The intramolecular hydrogen bond ensures that internal epoxidation is only favored at one
face of the allyl alcohol. This explanation is in accord with the experimental observations that
substrates with an α-substituent (b = alkyl; a = alkyl or hydrogen) react much slower than when
this position is not substituted (b = hydrogen).

The reaction time has been reduced dramatically by the addition of calcium hydride, silica gel,
or montmorillonite catalysts.30,39–41

FIGURE 9.1 Face selectivity for the Sharpless epoxidation of allyl alcohols.
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is likely to give selective access of the reagent from only one of the two diastereotopic faces.

posed (Scheme 9.3).
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The power of the Sharpless epoxidation method is augmented by the versatility of the resultant
2,3-epoxy alcohols4 and the development of the catalytic variation.5 

Although glycidols are important chemical intermediates, it is unfortunate that the Sharpless
approach gives lower enantiomeric purities in this simple case. However, if the arylsulfonates are
prepared from the oxidation products, enantioenrichment during crystallization is observed.42 There
is an additional advantage as the simple glycidyl epoxide undergoes attack at C–1 and C–3, but
the presence of the sulfonate leaving the group gives rise to preponderance of C–1 attack (vide infra).

9.2.1.1 Kinetic Resolutions

The ability of the Sharpless epoxidation catalyst to differentiate between the two enantiomers of
an asymmetric allyl alcohol affords a powerful synthetic tool to obtain optically pure materials
through kinetic resolution.43 Because the procedure relies on one enantiomer of a secondary allyl
alcohol undergoing epoxidation at a much faster rate than its antipode, reactions are usually run
to 50–55% completion.22 In this way, resolution can often be impressive.18,25,26,44–46 An increase in
steric bulk at the olefin terminus increases the rate of reaction.46,47

This resolution method has been used to resolve furfuryl alcohols—the furan acts as the alkene
portion of the allyl alcohol (Scheme 9.4).48–50

9.2.1.2 Reactions of 2,3-Epoxy Alcohols

As noted earlier, one reason for the powerful nature of the Sharpless epoxidation is the ability of the
resultant epoxy alcohols to undergo regioselective and stereoselective reaction with nucleo-
philes.4,18–20,51–55 Often the regiochemistry is determined by the functional group within the substrate.56–83
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A key reaction of 2,3-epoxy alcohols is the Payne rearrangement, an isomerization that produces
an equilibrium mixture. This rearrangement then allows for the selective reaction with a nucleophile
at the most reactive, primary position (Scheme 9.5).18,84

Under Payne rearrangement conditions, sodium t-butylthiolate provides 1-t-butylthio-2,3-diols
with very high regioselectivity. The selectivity is affected, however, by many factors including
reaction temperature, base concentration, and the rate of addition of the thiol. These sulfides can
then be converted to the 1,2-epoxy-3-alcohols, which in turn react with a wide variety of nucleo-
philes specifically at the 1-position (Scheme 9.6). This methodology circumvents the problems
associated with the instability of many nucleophiles under “Payne” conditions.85

With good nucleophiles, under relatively mild conditions, 2,3-epoxy alcohols will undergo
epoxide ring opening at C–2 or C–3. In simple cases, nucleophilic attack at C–3 is the preferred
mode of reaction. However, as the steric congestion at C–3 is increased, or if substituents play a
significant electronic role, attack at C–2 can predominate.86

9.2.1.3 Commercial Applications

Commercial applications include the synthesis of both isomers of glycidols (ARCO), oct-3-en-1-
ol (Upjohn), and the synthesis of disparulene (2) (Scheme 9.7).21,87–91

Although no specific synthesis uses a carbohydrate-type synthon that has been prepared by
an asymmetric oxidation, the methodology offers many advantages over a synthesis starting from

92
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(Scheme 9.8).
a carbohydrate (Chapter 4). The useful building block 3 is available by a Sharpless protocol
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This methodology has been used for the preparation of L-threitol (4) (Scheme 9.9) and erythritol
derivatives.93 This simple iterative process has been used for the simple alditols,93,94 deoxyalditols,95

and aldoses93 and for all of the L-hexoses.96,97
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9.2.2 JACOBSEN EPOXIDATION

The facial selectivity required for an asymmetric epoxidation can be achieved with manganese
complexes to provide sufficient induction for synthetic utility (Scheme 9.10).98–103 This manga-
nese(III) salen complex 5 can also use bleach as the oxidant rather than an iodosylarene.104,105 The
best selectivities are seen with cis-alkenes.

In effect the metal is planar, but the ligands are slightly buckled and direct the approach of the
alkene to the metal reaction site in a particular orientation. The enantioselectivity is highest for Z-
alkenes and correlates directly with the electronic properties of the ligand substituents (Scheme
9.10).98,106,107 The use of blocking groups other than t-butyl provides similar selectivities.99,104,108,109

The chemistry of metallosalen complexes has been reviewed.110

9.2.2.1 Resolutions

Although terminal epoxides are not yet accessible with high enantiomeric excess by an asymmetric
oxidation methodology, a resolution method has been developed based on the catalytic opening

111,112

Although this is a resolution approach, racemic epoxides are readily available, and other than
the catalysts, the substrate and water are the only materials present. The method can be made more
amenable to scale up by the use of oligomer catalysts.113
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with water (Scheme 9.11; see also Chapter 6).
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The general approach has been used to access a wide variety of chiral epoxides. One example
is in the synthesis of β-adrenergic blocking agents (Scheme 9.12).114

Another example that uses the hydrolytic kinetic resolution (HKR) methodology is the syntheses
of HETE derivatives and LTB4 (6) (Scheme 9.13).115
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In a comparison study for the synthesis of the arrhythmia and hypertension drug candidate 7,
the intermediate epoxide 8 was prepared by a Sharpless dihydroxylation and a Jacobsen HKR. The
latter HKR method gave the highest ee’s.116

HKR has been used in a short synthesis of (R)-(–)-phenylephrine hydrochloride (9), an adren-
ergic agent and β-receptor sympathomimetic drug (Scheme 9.14).117

A similar approach to the hydrolytic methodology uses a chromium-salen complex to open an
epoxide with trimethylsilyl azide, as illustrated by the synthesis of the antihypertensive agent, (S)-
propranolol (10) (Scheme 9.15).118,119

The methodology, including the use of other nucleophiles, can be used to produce chiral
compounds from meso-epoxides in high yield.120–122
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9.2.3 OTHER CHEMICAL METHODS

Simple alkenes can be epoxidized by dioxiranes in an asymmetric manner. This chemistry is

In an approach to the potent calcium antagonist, diltiazem (11), a BINOL-derived ketone (12)
was found to provide higher ee than when a carbohydrate-derived ketone was used to prepare the
epoxide 13 (Scheme 9.16).123

Indeed, a wide variety of BINOL derivatives can be used for the epoxidation of enones in the
presence of a lanthanide group salt.124,125

The Julia-Colonna method, which uses polyleucine, can form an epoxide from a chalcone
(Scheme 9.17).126–132 However, the method is limited to aryl-substituted enones and closely related
systems, and even then scale up of the procedure has been found to be problematic.133 The product
of the epoxidation 14 has been used in a synthesis of (+)-clausenamide (15).134
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discussed in detail in Chapter 10.
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9.2.4 BIOLOGICAL METHODS

135–141

9.3 ASYMMETRIC DIHYDROXYLATION

(16 and 17; R = p-ClC6H4) together with a catalytic amount of osmium tetroxide.142,143 The alkaloid
esters act as pseudoenantiomeric ligands (Scheme 9.19).144–148 They can also be supported on a
polymer.149,150

The original procedure has been modified by the use of a slow addition of the alkene to afford
the diol in higher optical purity, and ironically this modification results in a faster reaction. This
behavior can be rationalized by consideration of two catalytic cycles operating for the alkene

selective cycle.145,151 The use of potassium ferricyanide in place of N-methylmorpholine-N-oxide
(NMMO) as oxidant also improves the level of asymmetric induction.152,153
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(Scheme 9.20); the use of low alkene concentrations effectively removes the second, low enantio-

This asymmetric dihydroxylation problem was first solved by the use of cinchona alkaloid esters

19) (Scheme 9.18).
Epoxidation of alkenes can be achieved by chloroperoxidases (see also Section 9.6. and Chapter
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Although the use of cinchona alkaloids as chiral ligands does provide high asymmetric induction
with a number of types of alkene, the search for better systems has resulted in better catalysts
(Scheme 9.21).154–158

Kinetic resolutions can be achieved by the dihydroxylation approach.159

The Sharpless dihydroxylation method has been run at scale by Pharmacia-Upjohn with o-
isopropoxy-m-methoxysytrene as substrate and N-methylmorpholine N-oxide as oxidant.160
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9.3.1 REACTIONS OF DIOLS

The 1,2-diols formed by the asymmetric oxidation can be used as substrates in a wide variety of
transformations. Conversion of the hydroxy groups to p-toluenesulfonates then allows nucleophilic
displacement by azide at both centers with inversion of configuration (Scheme 9.22).161

The diol 18, prepared by a Sharpless hydroxylation, was converted to the epoxide 19 through
the mesylate (Scheme 9.23).162

This conversion of a 1,2-diol to an epoxide has been used as an approach to 2-arylpropanoic
acids, members of the nonsteroidal antiinflammatory drugs (NSAIDS) family of drugs.163 However,
the sequence can be shortened by a selective hydrogenolysis, as illustrated for naproxen (20)
(Scheme 9.24).164

Another useful variant is to oxidize the primary hydroxy group of the diol leaving the tertiary
hydroxy untouched (Scheme 9.25). This reaction sequence can be performed as a one-pot reac-
tion.165
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Cyclic sulfates provide a useful alternative to epoxides now that it is viable to produce a chiral
diol from an alkene. These cyclic compounds are prepared by reaction of the diol with thionyl
chloride, followed by ruthenium-catalyzed oxidation of the sulfur (Scheme 9.26).166 This oxidation
has the advantage over previous procedures because it only uses a small amount of the transition
metal catalyst.167,168

The cyclic sulfates undergo ring opening with a wide variety of nucleophiles, such as hydride,
azide, fluoride, benzoate, amines, and Grignard reagents. The reaction of an amidine with a cyclic
sulfate provides an expeditious entry to chiral imidazolines 21 and 1,2-diamines (Scheme 9.27).169

In the case of an ester (R2 = CO2Me) the addition occurs exclusively at C–2 (Scheme 9.28);
the analogous epoxide does not demonstrate such selectivity.166,171–173 Terminal cyclic sulfates open
in a manner completely analogous to the corresponding epoxide.170

The resultant sulfate ester can be converted to the alcohol by acid hydrolysis. If an acid-sensitive
group is present, this hydrolysis is still successful through use of a catalytic amount of sulfuric
acid in the presence of 0.5–1.0 equivalents of water with tetrahydrofuran as solvent. The use of
base in the formation of the cyclic sulfates themselves can also alleviate problems associated with
acid-sensitive groups.174,175

An alternative to the use of cyclic sulfates is the use of cyclic carbonates, as illustrated for the
synthesis of 1,2-amino alcohols (Scheme 9.29).176
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A method to 1,2-amino alcohols through the dihydroxylation of an enol ether has been reported
by Merck (Scheme 9.30).177 The ee fell off if shorter chain alcohols were used.

Another example, again by Merck, is in the synthesis of the cyclooxygenase-2 (COX-2) inhibitor
L-784,512 (22) (Scheme 9.31).178

9.4 AMINOHYDROXYLATION

A variation on the Sharpless dihydroxylation methodology allows for the preparation of amino
alcohols. As the groups are introduced in a syn manner, this complements an epoxide opening or

when one of the alkene substituents is electron withdrawing, as in an ester group (Scheme 9.32).179-181
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a similar reaction that uses substitution at one center (Chapter 22). Higher selectivity is observed
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The methodology has been extended to provide α-arylglycinols from styrenes.182 The amino-
hydroxylation has also been used to access the sidechain of paclitaxel from cinnamate (Scheme

183

9.5 HALOHYDROXYLATIONS

The conversion of an alkene to a halohydrin can also be considered as an epoxidation because this
can be achieved by a simple ring closure.184 Although no reagent is yet available to perform an
asymmetric conversion of an isolated alkene to a halohydrin, the reaction can be controlled through
diastereoselection. One such case is the halolactonization of γ,δ-unsaturated carboxylic acids, N,N-
dialkylamides.185–189

One of the few industrial examples of the asymmetric synthesis of halohydrins is in a process
to the human immunodeficiency virus (HIV) protease inhibitor, Indinavir.190 The γ,δ-unsaturated
carboxamide 23 is smoothly converted into iodohydrin 24 (92%, 94% de) (Scheme 9.34). (For

191

The reaction presumably proceeds by attack of the amide carbonyl on iodonium ion, followed
by collapse of tetrahedral intermediate (Scheme 9.35).192
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9.33, cf Scheme 9.32).

more on the chemistry of the indanol, see Chapter 24.)
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N-Iodosuccinimide, iodine, diiodohydantoin,193 or electrochemical means194 can be used as the
oxidant. Other N,N-dialkyl-2-substituted-4-enamides work equally well.191,193

9.6 BIOLOGICAL METHODS

The oxidation of an aromatic substrate has provided a synthesis of 2,3-isopropylidene L-ribonic
γ-lactone (25) (Scheme 9.36).195 Indeed, this dihydroxylation of aryl substrates provides a wealth
of synthetic intermediates and reaction pathways.195–206

processes coupled with schemes to alleviate the need for co-factors develop, we will no doubt see
more examples of the use of enzymes to achieve oxidations. 

9.7 HETEROATOM OXIDATIONS

A number of pharmaceuticals now contain stereogenic heteroatoms where one enantiomer has the
desired biological activity. An example is a sulfoxide, and perhaps the best-known example is

207 Access to these compounds by asymmetric synthesis has not
been trivial. Although biological methodology continues to advance in terms of ee and substrate
promiscuity, there is still considerable progress to be made before a general method is available.

A variant of the Sharpless epoxidation methodology, introduced by Kagan, does provide a
useful chemical method.4,208,209 The method is susceptible to the reaction conditions as shown by
nonlinear effects,210 and the mechanism is not clear.211,212

9.8 OTHER OXIDATIONS

9.8.1 CARBONYL COMPOUNDS

9.8.1.1 αααα-Oxidations

have also been used to lead to the introduction of the hydroxy group.213 Another method is the

214
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reaction of nitrosobenzene with an aldehyde in the presence of L-proline as catalyst (Scheme

A number of methods have been used to stereoselectively introduce a hydroxy group adjacent to

9.37).

Other oxidations catalyzed by enzymes are known (Chapter 19). As our understanding of the

esomeprazole (see Chapter 31).

a ketone. Epoxidation of an enol ether or ester can be used (see Chapter 10). Chiral auxiliaries

The epoxidation of alkenes was discussed in Section 9.2.4.
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9.8.1.2 Baeyer-Villiger Oxidations

A Baeyer-Villiger oxidation has the potential of being asymmetric if a regioselective reaction is
conducted on a meso-substrate or if a stereodifferentiated stereogenic center is already present. The
oxidation can be chemical or enzymatic.213,215,216 An example of a chemical reagent in a Baeyer-
Villiger reaction is provided in the synthesis of fragment A 26 from R-carvone (27) (Scheme 9.38)
as part of a synthesis of Cryptophycin A (28).217

9.8.2 SILYL COMPOUNDS

A reaction that is related to the Baeyer-Villiger reaction is that associated with the use of a silyl
group as a masked hydroxy moiety. This approach allows for the wealth of organosilicon chemistry
to be used in a synthesis and provides protection for the hydroxy group.218,219 An example of this
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conversion is provided in a synthesis of ebelactone A (29) where most stereochemical operations
were controlled through organosilicon chemistry. The diol 30, which constitutes the C8–C12 portion
of 29, was prepared by an allene condensation with an aldehyde. The hydroxy group was unmasked
by oxidation (Scheme 9.39).220

9.9 SUMMARY

Methodology has been found that allows for the asymmetric oxidation of alkenes and allyl alcohol
to the corresponding epoxides or diols. The HKR method is beginning to be used to access chiral
epoxides. Although asymmetric oxidations are now being used at scale, they are not used nearly
as often as asymmetric reductions.
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10.1 INTRODUCTION

Asymmetric epoxidation of olefins is a powerful method for the generation of optically active
epoxides, which are very useful intermediates for the synthesis of a wide variety of enantiomerically
enriched molecules. A number of efficient epoxidation methods have been developed,1,2 including
the epoxidation of allylic alcohols,3,4 the metal-catalyzed epoxidation of unfunctionalized olefins
(particularly for conjugated cis- and trisubstituted olefins),5–8 and the nucleophilic epoxidation of
electron-deficient olefins.9–11 Chiral dioxiranes generated in situ from ketones and Oxone™ (potas-
sium peroxymonosulfate) have been shown to be a class of effective agents for the epoxidation of

standing challenge.12–20 Since the first chiral ketone was reported by Curci in 1984,21 a variety of

will briefly summarize some of our studies in this area.

© 2006 by Taylor & Francis Group, LLC

chiral ketone catalysts have been investigated in various laboratories (Figure 10.1). This chapter

a wide variety of olefins (Scheme 10.1), particularly for unfunctionalized trans-olefins, a long-
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10.2 KETONE CATALYSTS FOR TRANS- AND 
TRISUBSTITUTED OLEFINS

10.2.1 SYNTHESIS OF FRUCTOSE-DERIVED KETONE

In our search for ketone catalysts, fructose-derived ketone 1 has been discovered and developed to
be a highly effective epoxidation catalyst. Ketone 1 is a member of a general class of ketone

substrate and catalyst by bringing the chiral control element close to the reacting carbonyl, to
minimize the potential epimerization of the stereogenic centers at the α position of the carbonyl
using fused ring(s), to control the approach of an olefin to the reacting dioxirane by sterically

SCHEME 10.1

FIGURE 10.1 Some examples of reported chiral ketones.
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catalysts (2 and 3) (Scheme 10.2) designed to maximize the stereochemical interaction between
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blocking one face or by a C2 or pseudo C2 symmetric element, and to activate the carbonyl by
introducing electron-withdrawing substituents. Fructose-derived ketone 1 is readily prepared in two
steps from D-fructose by ketalization and oxidation (Scheme 10.2).37–40 Both alcohol 5 and ketone
1 are stable crystalline compounds and can be purified by recrystallization. Simple acids such as
H2SO4 can also be used for the ketalization.40 For the oxidation, many oxidants such as PCC, PDC-
Ac2O, DMSO-Ac2O, DMSO-DCC, DMSO-(COCl)2, RuCl3-NaIO4, Ru-TBHP, and so on can be
used.40 Sheldon and co-workers have shown that inexpensive NaOCl can act as an effective oxidant
using 1 mol% TPAP as catalyst, and the Ru catalyst can be recycled a number of times.41 Ketone
1 has been produced at DSM-Catalytica (now DSM Pharma Chemicals) in multi-kilogram quantities
and is currently commercially available. The enantiomer of ketone catalyst 1 (ketone ent-1) can be
synthesized similarly from L-fructose, which can be prepared from readily available L-sorbose based
on a literature procedure39,42 Ketone ent-1 prepared in this way showed the same enantioselectivity
for epoxidation as ketone 1.39

10.2.2 THE PH EFFECT ON EPOXIDATION

Controlling the reaction pH is crucial for the epoxidation with in situ–generated dioxiranes.43,44

Ketone-mediated epoxidations are usually performed at pH 7–8 since poor conversions are often
obtained at higher pH because Oxone can autodecompose rapidly at these pHs.45–47 However, studies
showed that a higher pH is beneficial for the epoxidation with ketone 1.38,39,48,49

β-methylstyrene increased from <10% at pH
7–8 to around 80% at pH >10, while maintaining high enantioselectivity (90–92% ee) at high pH.
Running the reaction at higher pH greatly reduces the amount of catalyst needed and leads to a

and the reaction pH can be controlled by adding either K2CO3 or KOH along with Oxone. Whereas
a clear mechanistic understanding of the pH effect on ketone-catalyzed epoxidation requires further
studies, a higher pH possibly facilitates the formation of anion 7 and the subsequent formation of

SCHEME 10.2
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 As shown in Figure

catalytic asymmetric epoxidation process. The epoxidation usually is performed around pH 10.5,

10.2, with 20 mol% ketone 1, the conversion of trans-

dioxirane 8, thus reducing the unproductive Baeyer-Villiger oxidation (Scheme 10.3).
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10.2.3 SUBSTRATE SCOPE

with a catalytic amount of ketone 1 (usually 20–30 mol%). A variety of trans-substituted and
39 and the high ee

obtained with trans-7-tetradecene suggests that this epoxidation is quite general for simple trans-
olefins (Table 10.1, Entry 5). Various functional groups such as ethers, ketals, esters, and so on are
compatible with the epoxidation conditions (Table 10.1). A variety of 2,2-disubstituted vinylsilanes

FIGURE 10.2 Plot of the conversion of trans-β-methylstyrene against pH using ketone 1 (0.2 eq.) as catalyst
in two solvent systems, H2O-MeCN (1:1.5, v/v) (A), H2O-MeCN-DMM (2:1:2, v/v) (B).39
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The substrate scope of this epoxidation was subsequently investigated using a variety of olefins

trisubstituted olefins have been shown to be effective substrates (Table 10.1),
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can also be enantioselectively epoxidized (Table 10.1, Entries 16–18).50 From the resulting epoxy-
silanes, optically active 1,1-disubstituted terminal epoxides can be obtained by desilylation with
TBAF. The epoxidation can also be extended to hydroxyalkenes such as allylic and homoallylic
alcohols (Table 10.2, Entries 1–8)51 and enol esters with good enantioselectivity (Table 10.2, Entries
9–12).52–54 Conjugated dienes can be regioselectively epoxidized to provide vinyl epoxides with

55 and conjugated enynes can be chemoselectively and enantio-
selectively epoxidized to produce optically active propargyl epoxides (Table 10.3, Entries 9–16).56

TABLE 10.1
Asymmetric Epoxidation of Representative trans-Substituted and Trisubstituted Olefins 
by Ketone 1

TABLE 10.2
Asymmetric Epoxidation of Representative Hydroxyalkenes and Enol Esters by Ketone 1

Entry Yield (ee) (%) Yield (ee) (%) Entry 

1 
Ph Ph O 85 (98) 10 Ph O 94 (98) 

2 
Ph 

O 94 (95) 11 
Ph C10H21 

Ph O 92 (97) 

3 
Ph OTBS 

O 87 (94) 12 
Ph 

O 89 (97) 

4 
OTBS 

O 83 (94) 13 
Ph 

O 93 (76) 

5 
C6H13 

C6H13 
O 89 (95) 14 

C10H21 

O 97 (86) 

6 92 (92) 15 CO2Me O 89 (94) 

7 Ph OMe 
O O 68 (92) 16 

Ph SiMe3
O 74 (94) 

8 
Ph Ph O 89 (95) 17 66 (93)

9 
Ph Ph 

Ph O 54 (97) 18
SiMe3

O 51 (90)

Epoxide Epoxide 

O OO

Ph SiMe3

O

Entry Yield (ee) (%) 

1 85 (94) 7 Ph OH 
O 75 (74) 

2 45 (91) 8 OH O 82 (90) 
3 68 (91) 9 79 (80) 

4 87 (94) 10 82 (93)

5 93 (94) 11 87 (91)

6 

Ph OH 
O 

Ph OH O 

OH O 

Ph OH 

Ph O 

OH O 

OH 
O 85 (92) 12 82 (95)

Epoxide Entry Yield (ee) (%) Epoxide 

BzO
O

BzO O

BzO O

BzO
O
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high ee’s (Table 10.3, Entries 1–8),
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10.2.4 HYDROGEN PEROXIDE AS PRIMARY OXIDANT

Further studies have shown that asymmetric epoxidation with ketone 1 can also be effective using
hydrogen peroxide (H2O2), a highly desirable oxidant as a result of its high active oxygen content
with its reduction product being water, as oxidant in the presence of a nitrile.57–59 Among nitriles
investigated, MeCN and EtCN were found to be the most effective for the epoxidation.58 A variety of
olefins can be epoxidized in good yields and high enantioselectivity with CH3CN-H2O2 (Table 10.4).58

This epoxidation system is carried out under mild conditions with relatively high reaction concentra-
tions. It is found that the choice of solvents is also very important for the reaction. A mixed solvent
such as MeCN-EtOH-CH2Cl2 is beneficial for olefins with poor solubility.58 Peroxyimidic acid 11 is

TABLE 10.3
Asymmetric Epoxidation of Representative Conjugated Dienes and Enynes by Ketone 1

TABLE 10.4
Asymmetric Epoxidation of Representative Olefins by Ketone 1 Using H2O2

Entry Yield (ee)(%) 

1 
Ph Ph O 77 (97) 9 

O 
78 (93) 

2 54 (95) 10 

O 

CO2Et 71 (93) 

3 CO2Et O 41 (96) 11 
O 

OTBS 97 (77) 

4 OTBS 
O 68 (96) 12 

O 
OTBS 98 (96) 

5 68 (90) 13 
Ph 

O SiMe3 59 (96) 

6 
OEt 

O O 82 (95) 14 O SiMe3 71 (89) 

7 
OEt 

O O 89 (94) 15 O SiMe3 84 (95) 

8 60 (92) 16 
O 

60 (93) 

Epoxide Entry Yield (ee)(%) Epoxide 

O

OH

O

SiMe3O

Entry Yield (ee)(%)

1
Ph PhO 90 (98) 7 Ph O 90 (96)

2
Ph

O 93 (92) 8 Ph O 88 (89)

3
Ph OTBS

O 75 (93) 9
O

77 (92)

4
Ph OH

O 71 (89) 10 SiMe3

O

93 (95)

5
C6H13

C6H13
O 97 (92) 11 O

OBz 75 (96)

6
Ph PhO 94 (95) 12 CO2EtO 76 (95)

Epoxide Entry Yield (ee)(%)Epoxide
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likely to be the active oxidant that reacts with the ketone to generate the dioxirane (Scheme 10.4).
Compound 11 itself has been found to be a good epoxidation reagent to produce racemic
epoxides.60,61 However, our studies have shown that the background epoxidation can be minimized
by control of the reaction pH. Additional work revealed that some other ketones can also be effective
epoxidation catalysts using this RCN-H2O2 system. For example, a variety of olefins can be
epoxidized in high yields using 10–30% trifluoroacetone as catalyst.49

10.2.5 TRANSITION STATE MODEL

The two extreme transition state geometries (spiro and planar) for the epoxidation with dioxiranes
are shown in Figure 10.3. Both experimental14,15,24,25,37,39,62 and computational63–67 studies suggest
that the spiro transition state is generally favored, presumably as a result of the stabilizing interaction
of the oxygen lone pair with the π* orbital of the alkene (Figure 10.3).63–67 Our studies show that

SCHEME 10.4

FIGURE 10.3 The spiro and planar transition states for the epoxidation with dioxiranes.
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the epoxidation of trans-substituted and trisubstituted olefins with ketone 1 proceeds mainly through
spiro A, whereas planar B is the major competing transition state.37–39,50–56 Spiro A and planar B
provide opposite enantiomers of the epoxide product; thus, factors influencing the competition of
these two transition states would consequently affect the ee of the epoxide (Figure 10.4). Studies
show that the competition between these two transition states is dependent on the electronic and
steric nature of the substituents on the olefins. Spiro A can be further favored if the reacting alkenes
are conjugated with groups that can enhance the stabilizing secondary orbital interaction by lowering
the energy of the π* orbital of the reacting alkene, such as phenyl, alkene, alkyne, and so on, thus
giving higher enantioselectivity for the epoxidation. With regard to the steric effect, generally higher
ee can be obtained with a smaller R1 (favoring spiro A) and/or a larger R3 (disfavoring planar B).
This transition state model is also validated by a kinetic resolution study of racemic olefins with
ketone 1.68

10.2.6 STRUCTURAL EFFECT OF KETONES ON CATALYSIS

A variety of analogues of ketone 1 were prepared to further understand the structural requirements
for ketone catalysis. It was found that the 5-membered spiro ketal69 and the pyranose oxygen70 of
ketone 1 are important for both the activity and enantioselectivity. However, when the fused ketal
of ketone 1 was replaced with a more electron-withdrawing oxazolidinone, the resultant ketone
(14) was found to be highly active, giving good yields and enantioselectivities for a variety of olefin
substrates.71 For example, the epoxidation of trans-β-methylstyrene with 5 mol% of 14 gave 100%
conversion and 88% ee. In the case of 1-phenylcyclohexene, the epoxidation with 2 mol% of the
ketone provided the epoxide in 93% yield and 97% ee. The enhanced stability and activity of ketone

more electron-withdrawing oxazolidinone. Further studies showed that diacetate ketone 15, readily
available from 1, was effective for the epoxidation of α,β-unsaturated esters.72 High ee’s and good
yields can be obtained for a variety of α,β

FIGURE 10.4 The spiro and planar transition states for the epoxidation with ketone 1.
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-unsaturated esters using 20–30 mol% ketone 15 (Table

14 could result from the fact that the presumed Baeyer-Villiger decomposition was reduced by the

10.5).
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10.3 KETONE CATALYSTS FOR CIS- AND TERMINAL OLEFINS

Fructose-derived ketone 1 is an effective epoxidation catalyst for a wide variety of trans-substituted
and trisubstituted olefins, but it does not give high enantioselectivity for cis- and terminal olefins.39,73

For example, the epoxidations of cis-β-methylstyrene and styrene with ketone 1 gave only 39% ee

cannot be effectively differentiated in spiro transition states C and D, thus giving poor enantiose-
lectivity (Figure 10.5).

During our further studies of ketone catalysts, ketone 16 was found to be highly enantioselective
73,74

epoxidation is stereospecific with no isomerization observed in the epoxidation of acyclic systems.

renes.74,75 In general, ketones 1 and 16 have complementary substrate scopes. In our subsequent
study of the conformational and electronic effects of ketone catalysts on epoxidation, ketone 17,

76

TABLE 10.5
Asymmetric Epoxidation of Representative Olefins by Ketone 15

a The configuration was not determined.

FIGURE 10.5 Spiro transition states for the epoxidation of cis-β-methylstyrene with ketone 1.

Entry Yield (ee) (%) 
1 

Ph CO2Et O 73 (96) 6 
Ph CO2Et O 93 (96) 

2 CO2Et O 91 (97) 7 77 (93)a

3 CO2Et 

MeO 

O 57 (90) 8 64 (82)a

4 CO2Et 

Cl 

O 64 (97) 9 96 (94)a

5 CO2Et 

F 

O 77 (96) 10 74 (98)a

Epoxide Entry Yield (ee) (%) Epoxide 

CO2Et
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for a number of acyclic and cyclic cis-olefins (Table 10.6).

a carbocyclic analog of 16, was found to be highly enantioselective for various styrenes (Table

Ketone 16 also provides encouragingly high ee’s for certain terminal olefins, particularly sty-

and 24% ee, respectively, suggesting that the phenyl and methyl (or hydrogen) groups of the olefin

10.7).

 It is important to note that the
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TABLE 10.6
Asymmetric Epoxidation of Representative cis- and Terminal Olefins by Ketone 16

a The configuration was not determined.

TABLE 10.7
Asymmetric Epoxidation of Styrenes by Ketone 17

Entry Yield (ee)(%) 

1 O 87 (91) 7 O 

O 
O 

61 (97)a

2 O 91 (92) 8 

O 

O 

O 

88 (94)a

3 O 88 (83) 9 O Cl 74 (83) 

4 

O 

NC O 61 (91) 10 O 

Cl 

90 (85) 

5 O 77 (91) 11 O 86 (84) 

6 

Ph 

O 82 (91) 12 O 93 (71)a

Epoxide Entry Yield (ee)(%) Epoxide 

Entry Yield (ee)(%)

1 O 63 (90) 7 O

Cl

76 (91)

2 OF 84 (89) 8 O

Br

67 (90)

3 OF 91 (90) 9 O 81 (90)

4 O 71 (93) 10 O

CF3

69 (93)

5 O 62 (89) 11 O

NC

56 (93)

6 O

F

64 (90)

Epoxide Entry Yield (ee)(%)Epoxide
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The enantioselectivity obtained with ketone 16 for cis- and terminal olefins is likely to result
from electronic interactions. Studies show that an attraction may exist between the Rπ group of the
olefin and the oxazolidinone of the ketone (Figure 10.6).73–75 As a result, transition state spiro E is
favored over spiro F, giving high enantioselectivity. Studies with N-aryl-substituted oxazolidinone-
containing ketones 18 show that the attractive interaction is generally enhanced by a group that
withdraws electron density from the oxazolidinone through conjugation.77 The attractive interaction
could cause a change of the transition state from the normally favored spiro to planar in some
cases.74,77

Similar to cis-olefins, the epoxidation of styrenes with ketone 16 proceeds mainly through
transition state spiro G. One difference for styrenes is that planar transition state I could also be
competing (R = H) in addition to spiro H, whereas the corresponding planar I for cis-olefins would
be less competitive because of the steric effect (Figure 10.7). As a result, the enantioselectivities
obtained for cis-olefins with 16 are usually higher than styrenes.74,75 Reducing the competition from
planar I would be important to further improve the enantioselectivity for terminal olefins.

The higher ee’s obtained for styrenes with ketone 17 compared to 16 suggest that the replace-
ment of the pyranose oxygen with a carbon has a significant effect on the competition between
these transition states.76 Studies showed that ketones 16 and 17 gave similar enantioselectivities
for cis-β-methylstyrene. However, the opposite enantiomers were obtained for the epoxidation of

16 and 17 have similar conformations, suggesting that the pyranose oxygen influences the transition
states via an electronic effect rather than a conformational effect. The switch of the epoxide
configuration observed for the two structurally similar ketones for 1-phenylcyclohexene (Figure
10.8) could result from the fact that the replacement of the pyranose oxygen in ketone 16 with a

FIGURE 10.6 Transition states for the epoxidation of cis-alkenes with ketone 1.

FIGURE 10.7 Transition states for the epoxidation of styrenes with ketone 16.
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1-phenylcyclohexene with these two ketones (Figure 10.8). The X-ray structures show that ketones
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carbon in ketone 17 increases the interaction of the nonbonding orbital of the dioxirane with the
π* orbital of the alkene by increasing the energy of the nonbonding orbital of the dioxirane,
consequently favoring spiro L over planar M. In the case of styrene, the change from an oxygen
to a carbon leads to the favoring of desired spiro N and undesired spiro O over undesired planar
P (Figure 10.9), thus reducing the minor enantiomer generated via planar pathway P and enhancing
the enantioselectivity of the reaction overall.76

Although an electron-withdrawing substituent may frequently increase the reactivity and sta-
bility of a ketone catalyst, such a substituent at the same time may have an unfavorable effect on
the enantioselectivity of the reaction by decreasing the energy of the nonbonding orbital of the
dioxirane, thus disfavoring the major spiro transition state. An effective catalyst requires delicate
balance between reactivity and enantioselectivity. The comparative studies between ketones 16 and
17 provide extremely valuable insight for future catalyst design.

Ketone 16 can be prepared from glucose in 6 steps without extensive chromatography purifi-
78 N-Aryl-substituted oxazolidinone-containing ketone 18 can be synthesized

FIGURE 10.8 Transition states for the epoxidation of 1-phenylcyclohexene with ketones 16 and 17.

FIGURE 10.9 Transition states for the epoxidation of styrenes with ketone 17.
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cation (Scheme 10.5).
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from D-glucose in 4 steps by Amadori rearrangement, ketalization, oxazolidinone formation, and
oxidation (Scheme 10.6).77 The substrate scope of ketone 18 is under investigation.

10.4 SYNTHETIC APPLICATIONS

Ketone 1 is highly general and enantioselective for the epoxidation of trans-substituted and trisub-
stituted olefins. Its ready availability and predictability potentially make this ketone useful. Its
utilization in synthesis has been reported by other researchers.79–100 For example, Corey and co-
workers have reported that pentaoxacyclic compound 24 can be obtained in 31% overall yield by
enantioselective epoxidation of (R)-2,3-dihydroxy-2,3-dihydrosqualene (22) and subsequent

82 Eli Lilly has also used the epoxidation to introduce
90 The epoxidation has been carried

out at multi-kilogram scale at DSM-Catalytica. Around 100 kg of lactone 29 was prepared by the
101
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cyclization of pentaepoxide 23 (Scheme 10.7).
the epoxide on the sidechain of Cryptophycin 52 (Scheme 10.8).

epoxidation of olefin 27 and subsequent in situ cyclization of epoxide 28 (Scheme 10.9).
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10.5 SUMMARY

During the past few years, chiral ketones with various structures have been investigated for asym-
metric epoxidation of olefins by a number of laboratories, and significant progress has been made
in the field. Because of various undesired processes that compete with the catalytic cycle of the

of an efficient ketone catalyst requires a delicate balance of the steric and electronic properties of
the chiral control elements around the carbonyl group, which has proved to be a challenging task.
The studies in our laboratories have shown that the fructose-derived ketone (1) is a highly enantio-
selective catalyst for the epoxidation of trans-substituted and trisubstituted olefins with broad
substrate scope. The stereochemical outcome of the epoxidation for various olefin systems can be
rationalized and predicted with a reasonable level of confidence by a simple spiro transition state
model. In addition, the epoxidation conditions are mild and environmentally friendly, and the
workup is straightforward. In many cases, the epoxide can be obtained by simple extraction of the
reaction mixture with hexane, leaving the ketone catalyst in the aqueous phase. It is important to
note that the epoxidation is also amenable to a large scale. Studies with ketones 16–18 show that
the dioxirane-mediated asymmetric epoxidation can also be expanded to cis- and terminal olefins.
The substrate scope of these ketones is expected to be broadened in the near future.
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11.1 INTRODUCTION

Ozonolysis is a convenient and highly effective method of oxidatively cleaving a double bond to
give an array of compounds including carboxylic acids, ketones, aldehydes, and alcohols. The final

© 2006 by Taylor & Francis Group, LLC



166 Handbook of Chiral Chemicals, Second Edition

product depends on whether the intermediate ozonide is exposed to oxidative or reducing condi-
tions.1,2 Ozonolysis reactions are used during a synthetic process because they can proceed under
remarkably mild conditions and display a high level of selectivity. For chemical efficiency, there
are few reactions that can match ozonolysis. The reaction, however, does not usually introduce new
stereogenic centers and these have to be present within the substrate. There are a few exceptions,
as illustrated in Section 11.4. A number of examples in which ozonolysis is a key transformation
in the synthesis of pharmaceutically important compounds are highlighted in this chapter. The
examples have been collected into structural types.

11.2 AMINO ACIDS AND DERIVATIVES

Over recent years amino acids have enjoyed unprecedented renaissance in virtually all disciplines.
A number of nonproteinogenic amino acids have demonstrated biological and pharmacologic
activity,3 including their incorporation in semi-synthetic penicillins, cephalosporins, and biologi-
cally active peptides. Other chapters in this book cover other approaches to amino acids (see

11.2.1 L-ISOXAZOLYLALANINE

One approach to unnatural amino acids is to use a readily available amino acid, such as L-phenyl-
alanine, as the starting material. The Birch reduction of L-phenylalanine (1) was carried out with
lithium in ammonia, followed by acylation of the amino group to produce compound 2, which was
further esterified to produce the cyclohexa-1,4-dienyl-L-alanine derivative 3 (Scheme 11.1). The
ozonolysis step of the reaction was carried out at –78°C in a dichloromethane solution presaturated
with ozone to reduce the extent of oxidation of the diene 3 to produce 4. Cyclization was then
carried out by the introduction of either hydroxylamine hydrochloride to produce the isoxazol-5-
ylalanine derivative 5 or phenylhydrazine to give a 1:1 mixture of (1-phenylpyrazol-3-yl)alanine
derivative 6 and the (1-phenylpyrazol-2-yl)alanine derivative 7.4,5

This approach provides a convenient route for the production of new optically active amino
acids from readily available amino acids by a relatively simple reduction–oxidation reaction.
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Chapters 2, 3, 12–16, 19, and 25).
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11.2.2 αααα-AMINO ALDEHYDES

α-Amino aldehydes derived from natural amino acids have also shown great potential as enzyme
inhibitors and peptide isosteres.6 However, although theoretically the synthesis of α-amino alde-
hydes is relatively straightforward, their strong tendency to polymerize, even in acidic solution,
can make their isolation problematic. Ozonolysis of α-vinyl amines leads to α-amino aldehydes,
particularly when the molecule carries a sidechain incorporating a functional group capable of
participating in ring formation.7 Thus, ozonolysis of 3-amino-3-vinylpropanoic acid hydrochloride
(8), in 2M HCl at 0°C, resulted in an ozonide 9 that underwent further hydrolysis, followed by
cyclization, under the reaction conditions to produce the cyclic form of aspartate 1-semialdehyde,
4-amino-5-hydroxy-4,5-dihydrofuran-2-one hydrochloride (HAD) (10) (Scheme 11.2).

11.2.3 ββββ-HYDROXY-γγγγ-AMINO ACIDS

β γ
8 γ

compounds are increasing in interest because aspartic proteases, including pepsin, renin, human
β-secretase,

are targets for peptidodometric inhibitors.9 The statine structure acts as an isostere, restricting the
conformation of a dipeptide unit within the protease.10,11 Although synthesis of statines such as 12
is well-documented,12,13 there are few examples of α-substituted statines, which would be of more
interest with respect to restricting the conformation of a dipeptide unit. The majority of routes
described to date are via ring opening of α,β-epoxy esters14 and aldol-type reactions.15

Le Carrer-Le Goff and co-workers have reported an expeditious synthetic route to α-substituted
statines by the well-defined metal-mediated allylation of N-protected α-amino aldehydes followed

16 Ozonolysis of the double bond in 13, carried
out in dichloromethane/methanol, at –78°C in the presence of sodium hydroxide permits the
intermediate ozonide to be converted directly to the statine methyl ester 14.17
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by the ozonolysis of the double bond (Scheme 11.3).

-Hydroxy- -amino acids 11 (statines) have received much attention in recent years (see Chapter
31) because they are key structural units in peptidometric protease inhibitors.  These -amino acid

immunodeficiency virus-1 (HIV-1) and HIV-2 proteases, plasmepsin, cathepsin D, and 
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Amino aldehydes provide useful starting materials for the sequence of Scheme 11.3 because
they can easily be prepared from α-amino acids in enantiomerically pure forms and are, therefore,
useful chiral building blocks.18 The addition of organometallic allylic reagents (including Zn, used
in the reaction described) to such compounds can produce homoallylic alcohols 13 with a high
anti-diastereoselectivity.

11.2.4 ββββ-AMINO-γγγγ-BUTYROLACTONES

β-Amino-γ-butyrolactones are components of many biologically active natural products and phar-
maceuticals, such as antibiotic and antifungal peptides,19,20 antimalarial alkaloids,21 gastroprotective
drugs,22 inhibitors of phosphodiesterase,23 and HIV-1 protease.24 Additionally, β-amino-γ-butyro-
lactones are important intermediates in the production of a variety of β-amino acids25 and β-lactam
antibiotics.26 Because there are only a few general stereoselective syntheses to β-amino-γ-butyro-
lactones, the development by Roos and colleagues27 of a synthetic route not reliant on optically
active compounds derived from the “chiral pool” as a starting material is a welcome addition to
the literature. The route exploits the use of the silylated optically active cyanohydrins 16, derived
from aldehydes 15. The cyanohydrin 16 is reacted with allylGrignard reagents to produce an imino
intermediate that is hydrogenated in situ with NaBH4 to produce the amino alcohol 17. After
acylation with acetic anhydride, ozonolysis in methanol at –78°C is then used to oxidatively cleave
the terminal double bond resulting in the production of an aldehyde 18, which can be further reacted
to the desired β-amino-γ-butyrolactone (Scheme 11.4).

11.3 TERPENES, DITERPENES, AND SESQUITERPENES

11.3.1 DRIMANES

Drimanes, including the sesquiterpenoids polygodial and warburganal, have shown interesting
biological properties that have stimulated a number of total and semi-synthetic pathways.28–30 Semi-
synthetic routes have an advantage of using a compound with a relatively advanced structure that
simply requires modification, as opposed to the long, and often complicated, procedure of a fully
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The general chemistry of these classes of compounds is discussed in Chapter 5.
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synthetic route. Semi-synthetic routes offer the added advantage of producing only one stereoisomer
of the desired product. 

Barrero and colleagues have developed a synthetic route to the drimanic sesquiterpenoids 19,
from which the enal-aldehyde grouping is chemically easy to obtain, that incorporates two ozonol-
ysis steps in the reaction.31 Owing to its functionality and chirality, trans-communic acid 20, found
in important quantities in species belonging to the cupresaceas family and easily obtained using
apolar extraction, was used as a starting material. Selective ozonolysis of the double bond ∆12 could
be carried out at –78°C in dichloromethane to produce the aldehyde 21 (Scheme 11.5). Acylation
of the aldehyde 21, followed by epoxidations of the ∆17 double bond, gave 22 that permits the
second ozonolysis reaction to afford the drimane 19.

11.3.2 IMMUNOSUPPRESSANTS

Immunosuppressants, such as FK506, repamycinans cyclosporine A (CsA), attracted intensive
research interests during the late 1980s and early 1990s,32,33 with the aim to understand the
mechanism of action.34 Renewed interest in these compounds developed from the discovery that
some of the compounds, such as FKBP-12, have the potential to penetrate the blood–brain barrier
and have also demonstrated a capacity for nerve regeneration activity.

Synthetic routes to this class of compounds have often been long and complicated; the original
route for AG5473/5507 required 20 steps. Therefore, the ability to reduce the number of steps has
considerable advantage. Guo and colleagues have developed an 11-step synthetic route to
AG5473/5507.35 This sequence incorporates an effective ozonolysis protocol for the introduction
of an aldehyde moiety 23 that is an essential step to the production of the tricyclic diazamide core
24 (Scheme 11.6). In the reaction sequence, a protected acetylene is added to acetoxyamide 25, to

SCHEME 11.5

SCHEME 11.6

CO2Me

CHO

CO2Me

15

16

19
18

14
11

12

9 17
75

1
3

20

20

O3

21

CO2Me

OAc

CO2Me

22

OAc

O

19

O

CHO

CO2Me

O3

CH2Cl2

MCPBA

O

1. O3; Me2S  

O

CONHR

23 24

N
N

CO2Et

·

Z

26

2. HC(OMe)3
3. NaOH
4. H2NC5H9-c
    DCC, DMAP, DMF   

OMe

OMe

N
N

Z CSA

Tol, ∆ N
NO

N

O

Z

© 2006 by Taylor & Francis Group, LLC



170 Handbook of Chiral Chemicals, Second Edition

give the required allene 26, which underwent smooth ozonolysis to the aldehyde 27 (Scheme 11.7),
permitting further reaction to produce the required product AG5473/5507.35

11.3.3 CAMPTOTHECIN

The antitumor activity displayed by camptothecin (28) and its analogues has led to a great deal of
interest in such compounds.36 Camptothecin is a complicated alkaloid to isolate, and analogues,
which are of biological interest, are synthesized from the natural product itself.37 This need to
access a wide range of analogues has led to a need for synthetic studies directed toward the
development of a concise, yet inexpensive, total synthesis of camptothecin.

One synthetic approach has been developed by Shen and colleagues.38 Modification of the
readily available pyridone 29 to form the benzylidene acid 30 permitted ozonolysis to be carried
out, in a methanol/dichloromethane mixed solvent, followed by esterification; this resulted in the
formation of 31 (Scheme 11.8). This compound 31 could then be further transformed into camp-
tothecin (28).

11.3.4 TACHYKININ ANTAGONISTS 

The ability to control pain and inflammation is an area of continued interest within the pharma-
ceutical industry. Sensoneuropeptide tachykinins, distributed in the peripheral and central nervous
systems, are known to be involved in neurologic inflammation, pain transmission, and broncho-
constriction.39 The activation of NK-1 (neurokinin-1), NK-2, and NK-3 receptors can mediate the
effects of these tachykinins, resulting in a search for new antagonists as a means of controlling
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pain and inflammation. Pfizer has developed a class of nonpeptidic NK-2 antagonists consisting of
a δ-lactam 32.40 As reported by Allan and colleagues, the synthesis of such tachykinin antagonists
can be produced in a short and efficient 4-step sequence starting from a chiral enol acetate 33.41

Oxidative cleavage of the enol acetate 33 by ozonolysis, in a mixed methanol/dichloromethane
solvent, followed by reductive workup produced an aldehyde ester 34, which could be further
reacted to produce the required NK-2 antagonist 32 (Scheme 11.9).

11.3.5 ANTIINFLAMMATORY DRUGS

Naturally occurring as well as synthetic enantiomerically pure 2-arylalkanoic acids are playing an
increasing role as therapeutic agents. Of particular interest has been their emergence as an important
class of nonsteroidal antiinflammatory agents dominated by α-arylpropionic acids42 that includes
ibuprofen, naproxen, ketoprofen, and flurbiprofen. Of significance in the production of many of
these compounds is the role played by ozonolysis.

Since its introduction in 1969,43 ibuprofen has been marketed in more than 120 countries.
However, manufacturing routes used in its production lead to a racemic mixture, although it is

have developed a route to (S)-ibuprofen (35) that incorporated a palladium-catalyzed allylic sub-
stitution reaction followed by ozonolysis.44 A substituted allyl acetate 36 can undergo palladium-
catalyzed allylic substitution with bis(phenylsulfonyl)methane, with good asymmetric induction,

ozone-induced oxidative cleavage reaction, followed by removal of the sulfonyl groups provides a
route to the required α-arylpropionic acids. Simple modification of the enantiomerically enriched
substitution products provides a convenient route to a range of analogous compounds in this class

reaction is dependent on the reaction conditions. During the oxidative cleavage of 37 even ozonol-
ysis followed by an oxidative workup lead to an unsatisfactory mixture of products. However,
ozonolysis in a dichloromethane/methanol mixed solvent system at –78°C, followed by a reductive
workup with sodium borohydride, produces the alcohol 38, which, following the removal of the
sulfonyl groups to give 38, could be subsequently oxidized to the required carboxylic acid 35.
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of compounds. In the synthesis of ibuprofen (35) (Scheme 11.10), the enantioselectivity of the

known that the more potent form is the S-enantiomer (see Chapter 6). Acemoglu and colleagues

to afford the product 37 (see Chapter 22). Conversion of the alkene into a carboxylic acid, via an
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This reaction once again demonstrates the versatility that can be displayed by ozonolysis
reactions by a simple variation in the experimental conditions used.

11.3.6 PROSTAGLANDIN ENDOPEROXIDES

The prostaglandin endoperoxides 39 (PGG2) and 40 (PGH2) are central to the biosynthesis of the
primary prostaglandins, leukotrienes, and thromboxanes. These classes of compounds have a wide
range of important biological activities. Because they also exhibit extreme instability, more stable
analogues are required. Although most common routes involve either modification of naturally
occurring prostaglandins or Diels-Alder approaches, Larock and colleagues have developed an allyl
palladium reaction coupled with an ozonolysis to synthesize compound 41 that incorporates the
cis-5,6-double bond found in naturally occurring prostaglandins.45

The two sidechains of the prostaglandin are readily introduced by the reaction of norbornene
with an allylpalladium compound followed by reaction within an optically active lithium acetylide.
The key step of the overall reaction depends on the selective oxidation of the allylic derivative 42

46 The reaction exploits the fact that ozone is able to selectively
oxidize a carbon–carbon double bond in the presence of an acetylene.46 This is achieved by reaction
at –78°C in dichloromethane in the presence of pyridine to moderate the reactivity of ozone.
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to an aldehyde 43 (Scheme 11.11).
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11.3.7 EPOXYCHOLESTEROL

Increasing evidence has shown that 24(S),25-epoxycholesterol (44) participates in the natural
regulation of cholesterol metabolism.47 Escalating evidence of the biological importance associated
with 44 has made access to substantial quantities of this epoxide necessary, facilitating the devel-
opment of a stereoselective synthetic route. A number of synthetic routes to 44 have been
described48,49 including one from the least costly of the steroidal starting materials stigmasterol
(45).50 The method involves the preparation of i-steroid 46 and ozonolysis in a mixed dichloro-
methane/methanol solvent mixture, at –78°C followed by treatment with sodium borohydride, to
give compound 47 (Scheme 11.12). Further synthetic steps can then be permitted to produce
epoxycholesterol (44).
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An interesting feature of this reaction was the appearance of another, more polar, product on
ozonolysis of 46. The compound was determined to be 6-α-hydroxy-i-steroid 48. This compound
can be formed from the reduction of a ketone 49 by sodium borohydride, a product often observed
on ozonolysis of ethers.51 This type of ketone formation has been rationalized by the type of
mechanism shown in Scheme 11.13 and tends to occur in reactions in which carbocation formation
at the site of oxidation is relatively favorable.51 Limiting the time of ozonolysis has the effect of
suppressing the formation of the ketone, demonstrating the ability to control the formation of
products by controlling the time of ozonolysis.

11.3.8 PRAVASTATIN

Another approach to the reduction in blood cholesterol levels has been the development of prav-
astatin (50) and its congeners as potent inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG
Co-A) reductase, the rate-limiting enzyme in cholesterol biosynthesis.52 It has also been discovered
that the biological activity of such compounds is dependent largely on the β-hydroxy-δ-lactone
moiety within the compound.53 This led to the development of more potent compounds, such as
NK-104 (51), a congener of pravastatin.

The major synthetic problem associated with the synthesis of compounds such as NK-104 is
the stereoselective construction of the lactone moiety and its connection to an aromatic or ethylenic
core. This has been overcome by Minami and colleagues with the enantioselective synthesis of
methyl 6-oxo-3,5-isopropylidenehexanoate (52) by ozonolysis of the ester 53, followed by reductive
workup using dimethyl sulfide (Scheme 11.14).54 With the required aldehyde 52 now formed, further
reaction could permit the production of NK-104 51 to take place enantioselectively.
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Although just the synthesis of 51 was demonstrated here, the method is equally applicable for
the synthesis of a variety of analogues of this compound, ensuring an effective route to a number
of potentially useful inhibitory drugs.

11.4 ANTIMALARIAL COMPOUNDS

11.4.1 ARTEMISININ

Malaria is one of the most prevalent diseases in the world. Although there are numerous drugs on
the market for both the treatment and prevention of the disease, multiple drug resistance by parasites
is now ubiquitous in all parts of the world where malaria is endemic.55 Therefore, there is an
increasing need for the development of new antimalarial drugs, especially ones that possess novel
modes of action. The antimalarial properties of nonalkaloidal compounds such as artemisinin (54)
and yingzhaosu A (55) have attracted considerable attention because of the limited availability of
the natural product by extraction from the Chinese Artemisia annua plant.56–58

A number of total synthetic routes to artemisinin, and hence analogues of the compound, have
been reported,59–63 a key step in many of these chemical syntheses being the ozonolysis of a
vinylsilane that leads, transiently, to an α-hydroperoxycarbonyl moiety64 and, hence, to the desired
product. The synthesis can proceed from a number of starting materials including the 10-step
stereoselective transformation61 of compounds such as (R)-(+)-pulegone to the 2β,3α-hexanone 56.
In turn, the ketone 56 can be converted to the substituted vinylsilane 57 (Scheme 11.15). Subsequent
ozonolysis of 57 produces the desired polyoxatetracyclic compound 54 in a one-pot procedure that
involves the sequential treatment with ozone followed by wet acidic silica gel to affect a complex
process of deprotection and multiple cyclizations.

Variation in substituents generates a variety of analogues of artemisinin.59,62 Ozonolysis is
carried out at low temperatures (–70°C to –80°C) in a reaction solvent chosen to assure compatibility
with both ozone and the vinylsilane. Generally, lower alcohols such as methanol, or haloalkanes
such as dichloromethane, or a combination of both types of solvent are used. The reaction is carried
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out by mixing the vinylsilane with the reaction mixture followed by controlled addition of ozone
to avoid an excess. Good results are obtained when the amount of ozone added is limited to less
than 1.25 equivalents based on the amount of vinylsilane added.

A second synthetic route to artemisinin (54) is characterized by the inclusion of two ozonolysis
steps within the sequence of reactions.59 The route uses the unsaturated bicyclic ketone 58, which
again is converted to a vinylsilane 59 (Scheme 11.16). The subsequent ozonolytic cleavage of its
olefinic bond yields a member of a family of unique carboxyl and carbonyl-substituted vinylsilanes
60. A final one-pot ozonolysis–acidification step closes the oxygen-containing ring structure,
producing the required compound 54. Vinylsilanes 60 can be subjected to a wide range of reactions
prior to the final ozonolysis step to afford a number of artemisinin analogues. Ozonolysis in both
synthetic steps is carried out under similar conditions, with the temperature preferentially being in
the range of –70°C to –80°C and the solvent used being methanol, dichloromethane, or a combi-
nation of both. Controlling the flow of ozone and maintaining a limit of not more than 1.25
equivalents, based on the amount of vinylsilane present, gives higher yields.

11.4.2 YINGZHAOSU A ANALOGUES

The discovery that yingzhaosu A (55) possessed antimalarial activity against drug-resistant strains
of parasites has led to the development of synthetic pathways to this compound and to the
development of synthetically more accessible analogues of enhanced activity.60,63,64 Synthetic routes
that exploit the ozonolysis of unsaturated hydroperoxy compounds such as the ketals57 61 and the
acetals63

derivatives of R-carvone 63 and 64, regioselective mono-ozonolysis produces the desired hydrop-
eroxides 61 and 62. The hydroperoxide ketal 61 can be converted to analogue 65 of yingzhaosu A
by a base-catalyzed intramolecular cyclization reaction. Ozone-mediated cyclization of the hydro-
peroxide acetal 62, in 2,2,2-trifluoroethanol (TFE) at 0°C, affords the hydroperoxy-substituted
yingzhaosu A analogue 66.65
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 62 have been developed (Schemes 11.17 and 11.18). Using the commercially available
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11.4.3 OZONIDES

Another source of potential antimalarial compounds has been the isolation of stable ozonides 67,
produced via the ozonolytic cleavage of the bicyclic ketones 68 (Scheme 11.19).66 Variation of the
groups R within 68 allows for formation of a wide range of stable ozonides 67 as exemplified by
R = n-heptyl that has a melting point of 75°C to 76°C. The ozonolysis can be carried out in
dichloromethane at –5°C to 0°C, and the ozonides 67 usually crystallize directly from the reaction
mixture.

11.5 ANTIBIOTICS

Antibiotics have proved to be invaluable for the treatment of disease and infection, although new
antibiotics require development constantly as a result of resistance. Because antibiotics are com-
monly complex compounds, it is often extremely difficult to structurally modify their natural
configuration. Therefore, the synthesis of such compounds proves to be the only route of the
production of potentially important derivatives.

One common structural element of natural products exhibiting antibiotic properties is the
incorporation of a β-lactam moiety. This structural unit is somewhat labile. Because ozonation is
generally recognized as a mild, clean, and selective method for oxidation of a compound, it can
be considered an attractive synthetic transformation during the synthesis of antibiotics and their
analogues.
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11.5.1 THIOLACTOMYCIN AND THIOTETRAMYCIN

A group of molecules that exhibit broad-spectrum antibiotic activity are the related thiolactomycin
69,67 thiotetramycin 70,68 and the related acids 71 and 72.69

The racemic synthesis of such compounds has been reported.70 Chambers and colleagues have
developed an asymmetric synthesis of 5,5-disubstituted thiotetronic acids and the production of an
asymmetric synthesis of (5S)-thiolactomycin ent-69, the enantiomer of the natural product.71 The
key step in this synthetic pathway is the ozonolysis of a thioether 73 to the aldehyde 74 (Scheme
11.20).

The ability for selective ozonolysis to occur is verified here. The reaction, carried out in
methanol at –78°C, does not exhibit oxidation of the thioether functional group but selectively
oxidizes the alkene group.

11.5.2 ACETOMYCIN

Ozonolysis also plays a key role in the stereoselective synthesis of acetomycin antibiotics. The
densely functionalized acetomycin 75 has other stereochemical arrangements 76–78 of interest.72

Acetomycin 75 is an antibiotic that also shows activity against bacteria, fungi, and protozoa73

as well as antitumor activity.74 These biological properties have prompted the development of
synthetic routes to acetomycin and analogues.75,76 The stereochemistry of the molecule may be of
use in influencing its activity and, therefore, the ability to stereoselectively synthesize a particular
epimer of acetomycin is of significant use. An example of this is the stereoselective synthesis of
the 4-epi-acetomycin 76, described by Echavarren and colleagues.72 The sequence involves the
conversion of an acetoacetate 79 into a dienolate 80 that smoothly undergoes a Carroll
rearrangement77 to a β-ketoacid 81. The synthesis is completed with an ozonolysis reaction, in
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dichloromethane at –78°C, which enables spontaneous cyclization to occur concurrently with in
situ acetylation, to give the desired 4-epi-acetomycin 76 (Scheme 11.21).

The use of ozonolysis during this reaction provides not only an efficient route to the oxygenated
compound that can undergo cyclization but also permits the acetylation reaction to be carried out
in situ because both reactions can be performed under the same conditions, therefore eliminating
expensive separation an purification.

11.5.3 SULFENIC ACID DERIVATIVES

The use of ozonolysis to provide analogues of penicillin and dihydroxacetoxycephalosporin in the
development of new antibiotics has generally been hindered by the fact that these compounds tend
to produce high yields of diastereoisomeric sulfoxide mixtures that do not undergo further reaction
with ozone.78 The ∆2-cephem 82 derivatives, however, have been shown, by Botta and colleagues79

to be reactive enough toward ozone to compete with the sulfur atom in the oxidative transformation.
This leads to selective ozonolysis, by the use of ozone in dichloromethane at –20ºC, to produce
the highly functionalized sulfenic acid derivatives 83, instead of the sulfoxide 84 usually produced
(Scheme 11.22).80

The previous explanation demonstrates that ozonolysis can be a highly selective reaction. Only
a very small amount of the sulfoxide 84 is produced during ozonolysis, showing that the sulfur
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atom oxidation81 and the double-bond isomerization that occurs are uncompetitive reactions under
these conditions. Compounds such as 83 can be used as useful intermediates for the synthesis of
penems, a useful class of antibiotics.

11.5.4 PENEM-TYPE ANTIBIOTICS

Another example of ozonolysis being used in the production of penem-type antibiotics, which are
regarded as a hybrid between penicillins and cephalosporins, has been demonstrated by Osborne
and colleagues82 who describe the convenient and chiral synthesis of the triazolymethylene penem
85, from 6-aminopenicillanic acid (6-APA) (86), an inexpensive and readily available chiral synthon.
The multi-step synthesis incorporates a key synthetic step involving the ozonolytic cleavage of a
double bond in 87 to produce an amide 88 (Scheme 11.23).

The reaction has the advantage of utilizing much of the original penem framework from 6-
APA, retaining the stereogenic centers of 6-APA and providing a versatile synthetic route to a
variety of analogues of penem compounds.

11.5.5 ββββ-LACTAM ANTIBIOTICS

The ability to produce synthetic β-lactam antibiotics that have not come from fermentation is of
considerable advantage industrially because microbiological spores are not present, negating the
use of a dedicated contained plant. Evans and colleagues have described the synthesis of 1-
carbacephalosporins (89), which are useful intermediates in the production of monocyclic β-lactam
antibiotics.83 A significant step during this procedure is the conversion of an acylaminoazetidinone
90 to a β
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-keto ester 91 by ozonolysis (Scheme 11.24).
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Ozonolysis is carried out preferentially in a methanol–dichloromethane mixed solvent system,
followed by a reductive workup to produce the desired β-keto ester 91, which is then further reacted
to the 1-carbacephalosporin 89, providing a versatile and viable route to an important intermediate
compound for monocyclic β-lactam antibiotics.

11.5.6 HYDROXYL-CEPHAM SULFOXIDE ESTERS 

Ozonolysis has also been demonstrated to play a role in the production of another important
intermediate in β-lactam synthesis, hydroxyl-cepham sulfoxide esters 92.84 Ozonolysis plays a role
in the conversion of a methylene group in compound 93 into the required hydroxy group in
compound 92 (Scheme 11.25).

11.5.7 TRANS-CONFIGURATED ββββ-LACTAMS

The use of trans-configured β-lactam moieties has led to drugs displaying much higher stability
toward resistant bacteria. Examples of such compounds are thienamycin 94 and the recently
discovered trinems 95,85 which also contain a hydroxyalkyl substituent at the C–3 position.

One method for the synthesis of hydroxyalkyl-substituted β-lactams is by the Staudinger
reaction, the most frequently used method for the synthesis of β-lactams.86 This method for the
preparation of 4-acetoxy- and 4-formyl-substituted β-lactams involves the use of diazoketones
prepared from amino acids. These diazoketones are precursors for ketenes, in a diastereoselective,
photochemically induced reaction to produce exclusively trans-substituted β-lactams. The use of
cinnamaldimines 96, considered as vinylogous benzaldimines, resulted in the formation of styryl-
substituted β-lactams. Ozonolysis, followed by reductive workup with dimethyl sulfide, led to the
formation of the aldehyde 97, whereas addition of trimethyl orthoformate permitted the production
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This synthesis leads to the production of new β-lactam analogues with the potential for
exhibiting antibiotic activity and supplies useful intermediates in the synthesis of bicyclic β-lactam
antibiotics; it also demonstrates the versatility of ozonolysis workup leading to the preferential
selection of desired products.

11.6 SUMMARY

Ozonolysis provides a mild method for the cleavage of alkenes that does not compromise a
stereogenic center in the substrate. The methodology is powerful because a variety of methods are
available to further react the ozonide that results in access to a variety of functionality.
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12.1 INTRODUCTION

The desire to produce enantiomerically pure pharmaceuticals and other fine chemicals has advanced
the field of asymmetric catalytic technologies. Since the independent discoveries of Knowles and
Horner,1,2 the number of innovative asymmetric catalysis for hydrogenation and other reactions has
mushroomed. Initially, nature was the sole provider of enantiomeric and diastereoisomeric com-
pounds; these form what is known as the “chiral pool.” This pool is comprised of relatively
inexpensive, readily available, optically active natural products, such as carbohydrates, hydroxy
acids, and amino acids, that can be used as starting materials for asymmetric synthesis.3,4 Prior to
1968, early attempts to mimic nature’s biocatalysis through noble metal asymmetric catalysis
primarily focused on heterogeneous catalyst that used chiral supports,5 such as quartz, natural fibers,
and polypeptides. An alternative strategy was hydrogenation of substrates modified by a chiral
auxiliary.6

Knowles1 and Horner2 independently discovered homogeneous asymmetric catalysts based on
rhodium complexes bearing a chiral monodentate tertiary phosphine. Continued efforts in this field
have produced hundreds of asymmetric catalysts with a plethora of chiral ligands,7 dominated by
chelating bisphosphines, which are highly active and enantioselective. These catalysts are beginning
to rival biocatalysis in organic synthesis. The evolution of these catalysts has been chronicled in
several reviews.8–15

Asymmetric catalysis possesses many advantages over stoichiometric methodologies, of which
the most important is chiral multiplication. A single chiral catalyst molecule can generate thousands
of new stereogenic centers. Stoichiometric methods use resolution of racemates or start from chiral
pool materials. Resolution methods require the use of a resolving agent to form diastereoisomers

diastereoisomer has to be either racemized or discarded. The same arguments can be applied to
the recovery of the resolving agent. Utilization of the chiral pool in asymmetric synthesis can be
limited by the availability of an inexpensive reagent that possesses the correct stereochemistry and
structure similarity to the final target.

Enzymes cannot perform the range of reactions that organometallic catalysts can and may be
susceptible to degradation caused by heat, oxidation, and pH. Substrates not recognized by enzymes
can be used in asymmetric catalysts, in which optimization of the enantioselectivities and overall
chirality can be easily modified by change of the chiral ligands on the catalyst.11

© 2006 by Taylor & Francis Group, LLC
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The chiral ligand, when coordinated to the metal, plays an important role in the control of
enantioselectivity during the course of the catalysis reaction. These ligands can contain chirality
in the backbone (e.g., CHIRAPHOS, 1), at the phosphorus atom (DIPAMP, 2), atropisomerically
from C2 symmetric axial configurations (e.g., BINAP, 3a), or in highly unsymmetric environments
(e.g., ferrocenyl bisphosphines, 4). Usually, most chiral ligands possess diphenylphosphine moieties
(Figure 12.1). A new generation of ligands has been developed within these classes that displaces
high catalytic activity and enantioselectivities for once-problematic substrates.

The asymmetric outcome of the reaction results from a combination of steric repulsion imposed
by the ligand and complex reaction kinetics. It is imperative that the ligands remain coordinated
to the metal during the formation of the new stereogenic center to achieve high enantioselectivities.
Chiral catalysis begins by enantiofacial differentiation of the substrate in the initial coordination

FIGURE 12.1 Examples of chiral ligands used in asymmetric hydrogenation catalysts.

Ph2P PPh2

S,S-CHIRAPHOS
1

MeO

P

P

OMe

R,R-DIPAMP
2

PAr2

PAr2

(S)-BINAP
3

a, Ar = Ph
b, Ar = p-MeC6H4
c, Ar = 3,5-(Me)2C6H3

Fe PR2
PR1

2

(R)-(S)-Diphosphinoferrocenes
4

a, R = Ph, R1 = Ph (JosiPhos)
b, R = Ph, R1 = C6H11
c, R = Ph, R1 = 2-MeOC6H4
d, R = Ph, R1 = 3-MeOC6H4
e, R = Ph, R1 = 4-MeOC6H4
f, R = Ph, R1 = 3-MeC6H4
g, R = Ph, R1 = 4-CF3C6H4
h, R = Ph, R1 = 3,5-(CH3)2C6H3
i, R = Ph, R1 = t-Bu
j, R = 3,5-(Me)2-4-MeOC6H2, R1 = Bu-t

P

P

R

R
R

R
(S,S)-DuPhos

5
a, R = Me
b, R = Et
c, R = i-Pr
d, R = Cy

P

P

R

R
R

R
(S,S)-BPM 

6
a, R = Me
b, R = Et
c, R = i-Pr
d, R = Cy

R1

R1 N

N

PPh2

PPh2

R

R
Aminophosphinites

7
a, R = -(R)-CHMePh, R1 = H
b, R = H, R1 = Ph
c, R = Me, R1 = Ph

Aminophosphinites
8

PPh2

R

PPh2
N

N

R

a, R = H
b, R = Me

Ph2P

Ph2P

RN

a, R = H
b, R = Bn (DeguPhos)
c, R = C(O)Ph
d, R = CHO
e, R = Me
f, R  = Boc
g, R = C(O)NH(CH2)3Si-silica gel

9

O
O

Ar2PO
OPAr2

OPh

OPh

a, Ar = Ph, (Ph-β-glup)
b, Ar = 3,5-(CH3)2C6H3

−, (CarboPHOS)

10

11

N
R

Ar2P

PAr1
2

a, Ar = Ar1 = Ph, R = H (PPM)
b, Ar = Ar1 = Ph, R = Boc (BPPM)
c, Ar = Ar1 = Ph, R = COt-Bu (PPPM)
d, Ar = Ar1 = Ph, R = CO(CH2)3Si-support (PPM-support)
e, Ar = Ar1 = 3,5-(CH3)2-4-MeO-C6H2

−, R = Boc (MOD-BPPM)
f, Ar = C6H11, Ar1 = Ph, R = CONHMe

© 2006 by Taylor & Francis Group, LLC



188 Handbook of Chiral Chemicals, Second Edition

to the metal center. A chiral environment about the metal is created by the positioning of the groups,
usually phenyl, that pucker in the phosphine-metallocycle and act as a template for the coordinating
substrate. The metal can form two diastereoisomeric complexes on coordination of the prochiral
substrate that are in rapid equilibrium. Enantioselectivity of the overall product is governed by the
competing reaction rates at the metal center for each diastereoisomer.16 The pucker and aryl array
are illustrated by Rh(dipamp) (Figure 12.2) where the anisyl groups are showing their faces and
the two phenyl groups are on edge.17

Asymmetric catalysis has been most prevalent in the area of homogeneous hydrogenations. As
previously stated, producing considerable amounts of a single enantiomer or diastereoisomer from
a small amount of chiral catalyst has a huge industrial impact. Natural and unnatural amino acids,
particularly L-dopa (12), have been produced by this method.17–21 Catalysts based on rhodium and
ruthenium have enjoyed the most success.

Despite the explosion of asymmetric homogeneous catalysis technologies, few have made the
jump from laboratory to manufacturing.10,11,22–25 The focus of this chapter is to highlight and discuss
the industrial feasibility of both old and new asymmetric hydrogenation technologies, as well as
other transition metal catalyzed reactions, based on their respective chiral ligands for the synthesis
of chiral intermediates. Several criteria must be filled for an asymmetric hydrogenation technology
to be industrially feasible: the cost of catalyst preparation (cost of metal and chiral bisphosphine),
catalyst efficiencies, catalyst selectivity expressed as enantiomeric excess (% ee), catalyst separation

FIGURE 12.2 From the X-ray structure of [Rh(dipamp)COD]. Hydrogens and COD (1,5-cyclooctadiene)
ligand are not shown.17

OH 
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H2N
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or recycle, reaction and operation conditions, and the need for specialized equipment. In each case
the feasibility of an asymmetric hydrogenation technology is also critical in the cost of the prochiral
substrate to be reduced and isolation issues.

12.2 HOMOGENEOUS CATALYSIS: CHIRAL LIGANDS IMPLEMENTED 
IN INDUSTRIAL PROCESSES AND POTENTIAL PROCESSES

12.2.1 DIPAMP

As stated earlier, Knowles and co-workers developed an efficient asymmetric catalyst based on the
chiral bisphosphine, R,R-DIPAMP (2), that has chirality at the phosphorus atoms and can form a
5-membered chelate ring with rhodium. (Digital Specialty Chemical has optimized this process,
and both antipodes of DIPAMP are available in kilogram quantities.) [Rh(COD)(R,R-
DIPAMP)]+BF4

– (13) has been used by Monsanto for the production of L-dopa (12), a drug used
for the treatment of Parkinson’s disease, by an asymmetric reduction of the Z-enamide, 14a, in
96% ee (Scheme 12.1). The pure isomer of the protected amino acid intermediate, 15a, can be
obtained on crystallization from the reaction mixture because it is a conglomerate.17

The chemistry of Rh(DIPAMP) and mechanism has been reviewed.9,14,16,17,26–28 Marginally
higher catalyst efficiencies are observed with higher alcohols compared to methanol, whereas the
presence of water can result in the reduction of slurries. Filtration of the product can improve the
% ee while the catalyst and D,L-product remain in the mother liquor. The catalyst stereoselectivities
decrease as hydrogen pressure increases. [Rh(COD)(R,R-DIPAMP)]+BF4

– (13) affords the S-con-
figuration of amino acids on reduction of the enamide substrate. Reduction of enamides in the
presence of base eliminates the pressure variances on the stereoselectivities, but the rate of reaction
under these conditions is slow.17

The advantages and disadvantages of Rh(DIPAMP) are summarized in Table 12.1. The catalyst
precursor, 13, is air-stable, which simplifies handling operations on a manufacturing scale. Despite
these advantages, ligand synthesis is very difficult. After the initial preparation of menthylmethyl-
phenylphosphinate (16), the (R)P-isomer is separated by two fractional crystallizations (Scheme

SCHEME 12.1

TABLE 12.1
Advantages and Disadvantages of Rh(DIPAMP)

Advantages Disadvantages

High enantioselectivity for various aromatic enamides Lower enantioselectivities of alkyl enamides
Rapid rates Ligand synthesis difficult and in low yields
High catalyst turnovers Free ligand racemizes at low temperature
Low hydrogen pressures
Mild reaction temperatures
Air-stable catalyst precursor

Ar

AcHN CO2H

Ar

AcHN CO2H

[Rh(COD)(R,R-DIPAMP)]+BF4
– (13)

14 15
a, Ar = 3-AcO-4-MeOC6H3
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H2
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12.2). The yield of R,R-DIPAMP (2) is 18% yield based on 17.26 Another disadvantage is that the
R,R-DIPAMP can racemize at 57°C, which can be problematic because the last step is performed
at 70°C. Once the ligand is coordinated to rhodium, however, racemization is no longer a problem.

Other routes to R,R-DIPAMP (2) have been reported.29–31 At present, the most practical synthesis
of DIPAMP involves the formation of a single diastereoisomer of 18 by the combination of
PhP(NEt2) 2 and (–)-ephedrine followed by formation of the borane adduct (Scheme 12.3).29,32,33

The cost of the ligand and catalyst preparation can be critical in the decision to pursue technical
transfer to manufacturing stage. Fortunately, the high reactivity of [Rh(COD)(R,R-DIPAMP)]+BF4

–

(13) in most enamide reductions can offset the high price, low yield synthesis of DIPAMP.
[Rh(COD)(R,R-DIPAMP)]+BF4

– (13) has shown remarkable activity and enantioselectivity in
the asymmetric hydrogenation of various enamides, enol acetates, and unsaturated olefins.20,26 For
the past 20 years, 13 has been the premier asymmetric homogeneous catalyst for amino acid
synthesis, but a new generation of catalysts based on novel bisphosphines (vide infra) has surpassed
it in versatility.

Use of [Rh(COD)(R,R-DIPAMP)]+BF4
– (13) has continued in the industrial preparation of

substituted phenylalanines. Bromo-, fluoro-, chloro-, and cyano-substituted phenylalanines have
been produced in >99% ee at 10–300-kg scale via asymmetric hydrogenation.20,21,34
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12.2.2 BINAP

Asymmetric catalysis undertook a quantum leap with the discovery of ruthenium and rhodium
catalysts based on the atropisomeric bisphosphine, BINAP (3a). These catalysts have displayed
remarkable versatility and enantioselectivity in the asymmetric reduction and isomerization of
α,β- and γ-keto esters; functionalized ketones; allylic alcohols and amines; α,β-unsaturated car-
boxylic acids; and enamides. Asymmetric transformation with these catalysts has been extensively
studied and reviewed.8,13,15,35,36 The key feature of BINAP is the rigidity of the ligand during
coordination on a transition metal center, which is critical during enantiofacial selection of the
substrate by the catalyst. Several industrial processes currently use these technologies, whereas a
number of other opportunities show potential for scale up.

Each industrial or potential scale up process that uses BINAP-ligated asymmetric homogeneous
catalysts has a common major drawback despite their respective high reactivities and enantiose-
lectivities—the cost to produce the chiral ligand and limited availability. Until 1995 Takasago Co.
had been the only industrial producer of chiral BINAP as a result of the troublesome 6-step
procedure with an overall yield of 14% from 2-naphthol (19) (Scheme 12.4),37 until significant
improvement in the synthesis was developed by Merck (Scheme 12.5).38,39 The latter method has
been improved further through modification of reaction parameters by the use of diphenylchloro-
phosphine rather than the pyrophoric and expensive diphenylphosphine.40 Today, the availability
of BINAP has significantly improved. The technology for the chlorophosphine method, developed
by NSC Technologies (later purchased by Great Lakes Chemicals Co.), has been licensed to
Rhodia.41
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12.2.2.1 Menthol

Menthol is used in many consumer products, such as toothpaste, chewing gum, cigarettes, and
pharmaceutical products, with an estimated worldwide consumption estimated at 4500 tons per

42,43 (–)-Menthol (22) is manufactured by Takasago Co. from myrcene (23), which
is available from the cracking of inexpensive β-pinene (Scheme 12.6).42,44 The key step in the
process is the asymmetric isomerization of N,N-diethylgeranylamine (24) catalyzed by either
[Rh(L2)(S-BINAP)]+BF4

– (where L is diene or solvent) or [Rh(S-BINAP)2]+BF4
– to the diethyl

enamine intermediate 25 in 96–99% ee.36,45 Citronellal (26) is obtained in 100% ee after hydrolysis
of the enamine intermediate; natural citronellal has an optical purity of 80%.35 A stereospecific
acid-catalyzed cyclization followed by reduction produces 22.42

The catalysts used in the asymmetric isomerization of allylamines are very susceptible to water,
oxygen, and carbon dioxide, and significant deactivation is observed by the presence of donor
substances that include NEt4, COD, 27, and 28. Unfortunately, commercial production of 24 is
usually accompanied by formation of 0.5–0.7% of 28 and a thorough pretreatment of the substrate
24 is required for the reaction system to attain high turnover numbers (TON), especially when
Rh(L2)(S-BINAP)]+BF4 is used as the catalyst.42

A significant improvement in the asymmetric isomerization came on the discovery of [Rh(S-
BINAP)2]+BF4

–. This catalyst shows remarkable catalytic activity at high temperature (>80°C)
without deterioration of stereoselectivity (>96% ee). The TON is improved to 400,000 through
catalyst recycle (2% loss of catalyst per reuse). Additional improvements in the catalyst have been
achieved by modification of the BINAP to p-TolBINAP (3b).42

The stereochemical outcome of the enamine can be controlled by the configuration of the olefin
36,42

SCHEME 12.6
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geometry of the allylamine and the configuration of the chiral ligand (Scheme 12.7).

year (Chapter 31).
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Takasago has implemented their asymmetric isomerization technology to produce a variety of
optically active terpenoids from allyl amines at various manufacturing scales, as described in

42,43

12.2.2.2 Carbapenem Intermediates

Carbapenem antibiotics (29) can be manufactured from intermediates obtained by Ru(BINAP)-
catalyzed reduction of α-substituted β-keto esters by a dynamic kinetic resolution (Scheme 12.8).
4-Acetoxy azetidinone (30) is prepared by a regioselective RuCl3-catalyzed acetoxylation reaction
of 31 with peracetic acid.46 This process has been successful in the industrial preparation of the
azetidinone 30 in a scale of 120 tons per year.47 The current process has changed ligands to 3,5-
Xyl-BINAP (3c), and 31 is obtained in 98% ee and >94% de (substrate-to-catalyst ratio, or S/C
ratio = 1,000).23

α-substituted β-keto esters with epimerizable sub-
stituents provided that racemization of the antipodes 32 and 33 is rapid with respect to the
Ru(BINAP)-catalyzed reduction, thereby potentially allowing the formation of a single diastereo-
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Dynamic kinetic resolution can occur for 

isomer (Scheme 12.9). Deuterium labeling experiments have confirmed the rapid equilibrium of

Chapter 31.
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epimers at C–2.48 Generally, the configuration of C–3 is governed by the chirality of BINAP,
whereas the configuration at C–2 is substrate specific.

Catalyst optimization has been reported only for the [RuX(arene)(BINAP)]+X– series by vari-
ation of the bisphosphines, halogen, and coordinated arene ligands. The reductions of β-dicarbonyl
compounds with Ru(BINAP-type) catalysts have been reviewed.49

12.2.2.3 Other Intermediates

Asymmetric hydrogenation of racemic 2-substituted β-keto esters to produce 2-substituted β-
hydroxy esters with two new chiral centers is a powerful method, and it is useful in the production
of other pharmaceutical intermediates. The methodology can be used in the preparation of protected
threonine derivatives 34, where 34d and 34e are key intermediates for the anti-Parkinsonian agent,
L-Dops (35).

12.2.2.4 Nonsteroidal Antiinflammatory Drugs

(S)-Naproxen (36), a potent nonsteroidal antiinflammatory drug (NSAID), is a best-selling agent
for arthritis and represents a billion dollar a year market.50 Extensive research is aimed at the
formation of the active S-enantiomer because the R-isomer is a potent liver teratogen. An asymmetric
reduction has been proposed for the manufacture of 36 but has yet to be put into practice. Monsanto

51
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has reported that a 4-step manufacture process was in development for naproxen (Scheme 12.10).
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Several parameters of the hydrogenation affect the enantioselectivities and include temperature,
hydrogen pressure, solvent, base, and catalyst.50–54 However, a significant increase of the S/C ratio,
decrease of the hydrogen pressure from 2000 psig, and reduction in the cost of production of the
alkene 37 are required for this technology to become economically feasible.50 Catalyst cost could
also be reduced by use of solid supports that have the potential to improve TONs through catalyst
recycle.55

The naproxen technology can be applied to ibuprofen, another popular analgesic and antiin-
flammatory drug sold over the counter with use volumes several times larger than naproxen.
Ibuprofen is sold as a racemate, although extensive pharmacologic studies have shown that only
the S-isomer (38) has significant therapeutic effect.50 For this reason, several pharmaceutical com-
panies have become interested in marketing S-ibuprofen as a premium analgesic.50 The racemate
of ibuprofen can be prepared by substitution of a heterogeneous catalyst (Pd–C) for the chiral
catalyst.

12.2.2.5 Levofloxacin

Another Ru(BINAP)-catalyzed asymmetric hydrogenation that has been performed at manufactur-
ing scale involves the reduction of a functionalized ketone. The reduction of hydroxyacetone

2 2
+

2 3
– 46

The chiral diol (40) is incorporated into the synthesis of levofloxacin (41), a quinolinecarboxylic
acid that exhibits marked antibacterial activity. Current production of 40 is 40 tons per year by
Takasago International Corp.46
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catalyzed by [NH Et ] [{RuCl(p-tol-BINAP)}  (µ-Cl) ]  (39) proceeds in 94% ee (Scheme 12.11).
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12.2.2.6 Latest and Potential Ru(BINAP) Technologies

The asymmetric hydrogenation of allylic alcohols has high potential for industrial scale up.
Ru(O2CCF3)2(S-BINAP) and Ru(O2CCF3)2(S-p-tolBINAP) can catalyze the reduction of allylic
alcohols in high enantioselectivities and reactivities.8 Geraniol (42) and nerol (43) are hydrogenated
in MeOH to give citronellol (44) in 96–99% ee with an S/C ratio of 50,000 (Scheme 12.12).56 In
a similar manner to the asymmetric isomerization of allylic amines, the new stereogenic center can
be controlled by either the substrate or the configuration of the ligand on ruthenium.56

The highly efficient stereoselective transformations catalyzed by transition metals that contain
BINAP have resulted in extensive efforts in the development of both new Ru-BINAP catalysts and
chiral atropisomeric bisphosphines based on biaryl backbones and biheteroaryl backbones.49 Cou-
pled with the various classes of Ru(BINAP) catalysts and chiral bisphosphines, the number of
efficient industrial asymmetric hydrogenations are sure to increase because optimization for fine
precision and easy optimization in catalyst activity and enantioselectivity made easier.57–66

Asymmetric hydrogenation of proprietary β-keto esters with [RuCl2(BINAP)]n in 98–99% ee
had been performed by NSC Technologies (Scheme 12.13). Substrate-to-catalyst loadings of
10,000–20,000 have been achieved. These reductions have been performed at small-scale production
to ton scale.23 Phoenix Chemicals, whose specialty is in continuous processes, has developed
methodology and equipment that can perform this type of transformation up to ~100 tons/year for
a proprietary β 67,68
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-hydro ester with enantioselectivities of 98–99% ee (see Chapter 31).
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Ruthenium-BINAP complexes are capable of kinetic resolution of racemic allylic alcohols
under hydrogenation conditions. Prostaglandin intermediate (R)-45 has been prepared on a multi-
kilogram scale by Takasago International Corp. and Teijin Ltd. Japan with this process (Scheme
12.14), which was used to prepare prostaglandin E (46) and prostaglandin F (47) derivatives.43

Slow-reacting (R)-4-hydroxy-2-cyclopentenone, (R)-45, is obtained by kinetic resolution of rac-45
with Ru(OAc)2(S-BINAP) in 98% ee along with the R-enriched hydrogenation product 3-hydroxy-
cyclopentanone (48).69 3-Hydroxycyclopentanone undergoes rapid dehydration during the silylation
procedure to give the volatile 2-cyclopentenone (49) so that enantiomerically pure crystalline (R)-
50 is easily separated from the product mixture.43,69

12.2.3 CHIRAL AMINOPHOSPHINES

A class of chiral bisphosphines that has not received much attention is aminophosphines (e.g., 7
and 8) known as PNNP.7 The chirality is derived from a 1,2-diamine. One advantage of amino-
phosphines is that they can be easily prepared by the reaction of a chiral amine and Ph2PCl in the
presence of a base.70 However, the rhodium-catalyzed reductions must be performed with care
because the P–N bonds are easily hydrolyzed or solvolyzed.17,71

Rhodium complexes that contain these ligands have demonstrated moderate to high enantio-
7,70

Despite the moderate degree of asymmetric induction, ANIC S.p.A. (EniChem) developed an
industrial process with this catalyst system for the production of (S)-phenylalanine for the synthesis
of aspartame.11,45 The process uses cationic Rh-7a for the reduction of 14b at 28 psig H2 and 22°C
for 3 hours (S/C = 15,000) to give 15b in 83.3% ee that is enriched to 98.3% by recrystallization.72

12.2.4 FERROCENYLPHOSPHINES

Most catalysts that have been developed for asymmetric catalysis contain chiral C2-symmetric
bisphosphines.7 The development of chiral ferrocenylphosphines ventures away from this conven-
tional wisdom. Chirality in this class of ligands can result from planar chirality due to 1,2-
unsymmetrically ferrocene structure as well as from various chiral substituents. Two classes of
ferrocenylbisphosphines exist: two phosphino groups substituted at the 1,1′-position about the
ferrocene backbone (51) and both phosphino groups contained within a single cyclopentadienyl
(Cp) ring of ferrocene (4).9
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selectivities (24–96%) in the reduction of enamides to protected amino acids (cf. Scheme 12.1).
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Novartis (Ciba Geigy) has developed ferrocenyldiphosphines, 4, for the asymmetric hydroge-
nation of sterically hindered N-aryl imines, specifically for the industrial manufacture of Meto-
lachlor (52), a pesticide sold since March 1997 as the enantiomerically enriched form under the
trade name DUAL MAGNUM™ 73–76 The
synthesis of 52 involves the asymmetric reduction by a catalyst formed in situ from [Ir(COD)Cl]2

and 4h to give 53 and subsequently 52 in 80% ee (Scheme 12.15).74

The enantioselectivity and catalytic activity are highly influenced by the purity of imine,
electronic effects of the ligand, and additives. In the early stage of process development, iridium
catalysts with a variety of known chiral ligands (DIPAMP, DIOP, BPPM, BDPP, and BPPFOH)
would deactivate if the purity of the imine was below 99.1%, but deactivation is not observed with
Ir-4h. The addition of both iodide anion and acetic acid additives is critical to the catalytic activity.
High catalytic activities are not observed if either one of the additives is not present during the
reduction.73 The high catalyst cost can be offset by high catalytic activity (S/C = 2,000,000 and
turnovers of >600,000/hr)77 and low catalyst usage. Until recently, these are the highest S/C ratios
and catalytic rates ever reported for a catalytic process.73 An insightful personal account of the
research and development of the iridium catalyzed asymmetric hydrogenation to Metachlor has
been published by Blaser.77

78–80

Rhodium and palladium catalysts that contain 4 display high enantioselectivities for the asym-
metric hydrogenation of enamides, itaconates, β-keto esters, asymmetric hydroboration, and asym-
metric allylic alkylation,80–82 but this ligand system distinguishes itself from other chiral bisphos-
phines in the asymmetric reduction of tetrahydropyrazines and tetrasubstituted olefins (see also
Chapter 15). The reduction of tetrahydropyrazines produces the piperazine-2-carboxylate core,
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The syntheses of 4 from the Ugi amine (54) are summarized in Scheme 12.16.

 and, more recently, Dual Gol (see Chapters 15 and 31).
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which is a common intermediate in the pharmaceuticals D-CPP-ene (55), an NMDA antagonist;
Draflazine (56), a nucleoside transport blocker; and Indinavir (57), the well-known human immu-
nodeficiency virus protease inhibitor. The chiral piperazine cores (59) can be prepared by the
asymmetric reduction of tetrahydropyrazines (58) (Scheme 12.17).83 The preparation of the 2-
substituted piperazine 59b has been performed at a scale of nearly 1 ton.23,84
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12.2.4.1 Biotin

Biotin (60), a water-soluble vitamin with widespread application in the growing market for health
and nutrition, acts as a co-factor for carboxylase enzymes and its essential fatty acid synthesis. The
key step in the chemical synthesis of biotin is the asymmetric reduction of the tetrasubstituted
olefins 61 by in situ Rh(I)-4i catalyst (Scheme 12.18).79,83,85,86 Substrate-to-catalyst ratios of 2000
with diastereoselectivities of 99% de were achieved with Rh-4i at the multi-ton scale before
production was terminated.87

12.2.4.2 (+)-Cis-Methyl Dihydrojasmonate

Firmenich has reported the asymmetric hydrogenation of an α,β-unsaturated ketone (62) with
rhodium catalysts that contains 4b to give (+)-cis-methyl dihydrojasmonate (63) in 90% ee (Scheme
12.19). The product, which is a fragrance, has been performed at the multi-100-kg scale with
increased production planned.87,88

12.2.4.3 Dextromethorphan

Lonza has performed the asymmetric hydrogenation of a cyclic imine 64 with iridium catalysts

multi-kilogram scale (>100 kg produced).87
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that contain 4j to form dextromethorphan (65), an antitussive, in 90% ee (Scheme 12.20) at the
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12.2.5 CARBOHYDRATE PHOSPHONITES

Carbohydrate backbones have been used as a chiral source in a series of phosphonite ligands.
Several key features of these ligands are that the D-glucopyranoside backbone is very rigid and an
inexpensive chiral source. The benzylidene protection of 4- and 6-hydroxy groups in 10a is not
critical for high enantioselectivity, but protection of the 1-hydroxy is required. Rhodium complexes
that contain these ligands are enantioselective catalysts in the asymmetric hydrogenation of enam-
ides.89

Rhodium catalysts that contain 10a have been reported for the industrial preparation of L-dopa

reduced with [Rh(COD)(10a)]+BF4
– in >90% ee by VEB Isis-Chemie Zwickau.90

Electronic amplification of the enantioselectivity is observed by modification of the aryl moi-
eties of the phosphonite. Although [Rh(COD)(10a)]+BF4

– is an efficient catalyst for the asymmetric
reduction of α-acetamidocinnamate esters to protected phenylalanine amino acid esters, enantio-
selectivities decrease in the asymmetric hydrogenation of substituted phenylalanines. Substitution
of the diphenylphosphinyl moieties for a more electron-donating 3,5-dimethyphenylphosphinyl
produce ligands (10b) can efficiently hydrogenate a wide variety of phenyl-substituted dehydroam-
ino acid derivatives in high enantioselectivies.91

The ligands 10 produce L-amino acid derivatives by rhodium-catalyzed reduction of the corre-
sponding enamide.91 It is amazing that D-amino acid derivatives can be produced in the hydroge-
nation with ligands that contain the same D-glucopyranoside backbone, only the O-diarylphosphino
moieties are on the 3- and 4-hydroxy groups (66 and 67). The production of both D- and L-amino
acids from the same inexpensive chiral source (D-glucose and D-glucopyranoside) is very advantageous.

12.2.6 PYRROLIDINE-BASED BISPHOSPHINES

12.2.6.1 3,4-Bisphosphinopyrrolines (DeguPHOS)

A class of chiral bisphosphines based on 3,4-bis(diphenylphosphino)pyrrolidines (9) has been
developed by Degussa and the University of Munich. Rhodium–bisphosphine catalysts of this class
can reduce a variety of enamides to chiral amino acid precursors with high enantioselectivities.
These catalysts are extremely rapid and can operate with high S/C ratios (10,000–50,000) under
moderately high hydrogen pressure (150–750 psig). Contrary to other rhodium catalysts that contain
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(cf. Scheme 12.1). Similar to the Monsanto Rh(DIPAMP) process, the enamide 14a has been
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chiral bisphosphines, the enantioselectivity of the pyrrolidine–bisphosphines catalysts are indepen-
dent of the hydrogen pressure, although the rate of hydrogenation increases.92

The asymmetric hydrogenation to N-acetyl-L-phenylalanine (S/C = 10,000) is catalyzed by
[Rh(COD)(9b)]+BF4

– at 40 kg scale in 99.5% ee and 100% conversion. The reduction is completed
in 3–4 hours at 50°C under 150–225 psig hydrogen pressure. The TON can be further increased
by the recycle of catalyst and ligand or by the attachment of the ligand to a solid support (9g).92–94

The asymmetric hydrogenation catalyst can be fine-tuned by the variation of the R group on the
pyrrolidine backbone. The synthesis is summarized in Scheme 12.21.92,93

12.2.6.2 4-Phosphino-2-(phosphinomethyl)pyrrolidines (PPM and BPPM)

Another variation of the bisphosphinopyrrolidine ligand is chirality in the 2 and 4 positions (11).95

The synthesis of these ligands begins with readily available L-4-hydroxyproline (68) (Scheme
12.22).95,96 The synthesis of the antipode of BPPM requires a lengthy 9-step process from L-4-
hydroxyproline that contains three stereocenter inversions.96

Rhodium complexes that contain (2S,4S)-PPM ligands efficiently catalyze the asymmetric
reduction of enamides to form protected amino acids with the R-configuration.95,97 However, no
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large-scale process has been realized to date, although the potential exists because high S/C ratios
of 100,000 have been obtained in the hydrogenation of 69 (Scheme 12.23).8,98

12.2.7 BIS(PHOSPHOLANES) (DUPHOS)

A chiral ligand system based on C2-symmetric chiral bis(phospholanes) (5 and 6) has shown to be
a powerful ligand in the asymmetric hydrogenation of various substrates, which include enamides
to α-amino ester and β-amino esters, enamides and imines to chiral amines, enol acetates, and β-
keto esters. The development of the DuPhos ligands has inspired generations of new phospholane
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ligands (Figure 12.3). Detailed discussions of this class of ligands are in Chapter 13.
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12.2.8 TANGPHOS

TangPhos (82), developed by Zhang and Tang at Pennsylvania State University, is a small and rigid
bisphosphine that can be classified as a phospholane and a P-chiral ligand. TangPhos is synthesized
from PCl3 (Scheme 12.24).100,101 (This ligand is available from Chiral Quest.)

FIGURE 12.3 (continued)
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TangPhos (82) has shown remarkable versatility in the asymmetric hydrogenation of enamides
(>99% ee),100 α-arylenamides (97–99% ee),100 E/Z-β-(acylamino)acrylates (83–99.5% ee),102 ita-
conates (95–995 ee),103 aromatic enol acetates (93–99% ee),103 and E/Z-o-alkoxy-substituted
arylenamides104 (91–95% ee) to protected amino alcohols with high enantioselectivities.

12.2.9 MALPHOS AND CATASIUM FAMILY

Variation of bite angles has been studied in chiral phospholanes ligands. Holz and Boerner inves-
tigated the effect of the bite angles in the bis(phospholanes) ligands shown in Figure 12.4, which
contain rigid, unsaturated backbones, on the asymmetric hydrogenation of various substrates.105

This class of ligands has been prepared by the addition of a chiral silylphospholane reagent
(86) to an unsaturated dichlorocyclic reagent to give bis(phospholane) ligands (Scheme 12.25).
[Rh(COD)L]+BF4

– complexes have been prepared and used in the asymmetric hydrogenation of
105 Asymmetric hydrogenations with MalPhos (73) and CatASium

83-85 ligands have been scaled to multi-kilogram pilot scale.106

FIGURE 12.4 Various CatASium ligands.
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various substrates (Table 12.2).
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12.3 NEW GENERATIONS OF CHIRAL PHOSPHINE LIGANDS 
AND CATALYSTS

This section will concentrate on the next generation of ligands that have been developed over the
last 5 years. As stated previously, the investigation of new chiral ligands for asymmetric catalysis
continues to draw considerable interest from both industry and academia. Whether the reason is
the avoidance of intellectual property, cost and availability at large scale, or lack of efficiency in
a particular asymmetric transformation, these new ligands have been successfully implemented in

Several ligands developed have shown promise or have been used in large-scale production.
Other ligands that have yet to be implemented in large-scale may soon be because catalyst and
custom manufacturing companies have begun to assemble portfolios of chiral phosphines by
development of their own technologies or by licensing technologies from industry and/or academia.
This section will focus on those new ligands that have either been used at large-scale production
or have been licensed (and poised to be used for large-scale production).

Because each generation learns from the last, this generation of ligands has focused on use of
highly electron-rich phosphines to increase catalyst activity, increased backbone rigidity or the
minute detail of the biaryl backbones to enhance enantioselectivities, or the development of a new
class of asymmetric hydrogenation catalysts.

12.3.1 P-CHIROGENIC PHOSPHINES

12.3.1.1 BisP* and MiniPHOS

The P-chirogenic nature of DIPAMP has paved the way to the development of new families of
chiral bisphosphines ligands, BisP* (87a) and MiniPHOS (88a), by Imamoto and co-workers.108,109

These bisphosphines ligands are very electron-rich at the phosphorus atom compared to DIPAMP
as a result of the presence of alkyl groups on the phosphorus. The strategy is to use a small and
very large alkyl group on each phosphorus atom. The electron-rich character of the ligand has
produced active asymmetric hydrogenation catalysts. The electron-rich character of BisP* compared
to DIPAMP has extended the applicability to the asymmetric hydrogenation of enamides to chiral
amines.

TABLE 12.2
Comparison of Enantioselectivity and Dihedral Angle in the Asymmetric 
Hydrogenation of Various Compoundsa

Me-DuPHOS 
Bite angleb 87.0° 

83 73 84 85 
87.1° 86.3° 85.0° 84.6° 

85% NHAc 

NHAc 
NHAc 

CO2Me 
CO2Me 

MeO2C 

MeO2C 

MeO2C 

Ph 
98% 97% 98% 98% 

93% 99% 99% 95% 97%c 

98% 97% 99% >99% 99%d 

86% 86% 82% 78% 88%d 

aHydrogenations performed in CH2Cl2.105,107

bObtained bite angles from crystal structure of [Rh(COD)L]+BF4
–.

dReduction performed in MeOH. 
cReduction performed in THF. 
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a variety of asymmetric hydrogenations that rivals the mature ligands described in Figure 12.1.
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BisP* (87a) and analogues have been prepared in 3 steps overall from PCl3 (Scheme 12.26).108,109

The metal complexes are prepared by the addition of [Rh(nbd)2]BF4 to form [Rh(nbd)(BisP*)]BF4

and a minor amount of [Rh(BisP*)2]BF4. The use of [Rh(COD)2]BF4 produces [Rh(BisP*)2]BF4

as the major product. (–)-Sparteine produces the (S,S)-isomer of BisP*. Unfortunately, the prepa-
ration of (R,R)-BisP* is difficult because (+)-sparteine is not readily available. (R,R)-BisP* has
been prepared by an alternate route from R-tert-butyl(hydroxymethyl)methylphosphine.110

The synthesis of MiniPHOS (88a) and its analogues is similar to that of 87 (Scheme 12.27).108,109

Reaction with [Rh(nbd)2]X (X = BF4, PF6) only produced [Rh(MiniPHOS)2]X.

Rhodium-BisP* and –MiniPHOS catalysts are capable of high enantioselective reductions of
dehydroamino acids in 96–99.9% ee.109 A variety of aryl enamides give optically active amides
with 96–99% ee with the exception of ortho-substituted substrates.111 Despite the high enantio-
selectivity, the rate of reaction in this transformation is slow. Rhodium-BisP* and -MiniPHOS
catalysts perform excellently in the asymmetric reduction of (E)-β-(acylamino)acrylates to the
corresponding protected-β-amino esters in 95–99% ee.112 Within the family of BisP* and
MiniPHOS, the ligands that contain t-Bu groups were found to be the most effective in a variety
of asymmetric hydrogenations.

These ligands are very air-sensitive as a result of high electron density on the phosphorus.
Treatment of BisP* (87a) and MiniPHOS (88a) with strong Brønsted acids, such as HBF4 aqueous
or TfOH, produces air-stable P-chirogenic trialkylphosphonium salts that can be use to generate
the metal catalysts (base required in some cases) without racemization about the phosphorus. The
asymmetric hydrogenation of (E)-β-(acylamino)acrylates with rhodium catalyst prepared in situ
with these phosphonium salts does not affect the high enantioselective.113

12.3.1.2 Trichickenfootphos 

Pfizer developed a new ligand with an unforgettable name, Trichickenfootphos (TCFP) (90), for
possible production of Pregabalin (91) by asymmetric hydrogenation. Pregabalin has indications
as an anticonvulsant related to the inhibitory neurotransmitter γ-aminobutyric acid.
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Trichickenfootphos is a C1-symmetric ligand with a single P-chiral center. The ligand 90 was
originally prepared by deprotonation of dimethyl-t-butylphosphine boronate (92, X = BH3) (Scheme
12.28). The synthesis was improved by substitution of the boronato-group with sulfur.114 The
intermediate disulfide 93 can be monitored by ultraviolet light during chiral high-performance
liquid chromatography (HPLC) separation, unlike the boronato complex. Sulfur deprotection was
accomplished with Si2Cl6 (90% yield based on rac-93).115

Metal complexation with [Rh(COD)2]+BF4
– only gives the mono-ligated catalyst (S)-94, unlike

metal complexations with MiniPhos, which affords the bis-ligated complex [Rh(MiniPhos)2]+BF4
–.114

[Rh(TCFP)]+ complex 94 has demonstrated high enantioselectivities in the asymmetric hydro-
genation of standard benchmark enamide acids and esters as well as a β,β-disubstituted enamide.
[Rh(TCFP)]+ excels in the asymmetric hydrogenation of pregabalin precursor 95 (a 3.5:1 mixture
of Z/E isomers). Enantioselectivities of 98% ee have been achieved in 40 hours with an S/C ratio

114 The previous best catalytic reduction was with Rh(R,R)-Me-DuPHOS,
which could only achieve 97% ee and an S/C ratio of 2700.116
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of 27,000 (Scheme 12.29).
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12.3.2 ATROPISOMERIC BIARYL BISPHOSPHINES

12.3.2.1 Biphenyl Backbone Series

12.3.2.1.1 MeO-BIPHEP

phines. One approach by Roche was to substitute the binaphthyl backbone with a 6,6′-dimethox-
ybiphenyl backbone. MeO-Biphep (96a) was synthesized in approximately 26% yield in 6 steps

2-iodo-3-nitroanisole in approximately 18% yield. Several phosphine analogues can be prepared
by the addition of R2PCl to the lithio intermediate.117

This ligand, MeO-BIPHEP (96a), has shown similar reactivities and enantioselectivities to
catalysts that contain BINAP.117 Ruthenium catalysts that contain MeO-BIPHEP have been used
in several asymmetric hydrogenations from bench scale to multi-ton scale, which include the large-
scale preparation of a β-keto ester, an aryl ketone, allylic alcohol, and several α,β-unsaturated
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carboxylic acid substrates, which are shown in Figure 12.5.

The binaphthyl backbone of BINAP has inspired many variations of atropisomeric biaryl bisphos-

from 3-bromoanisole (97a) (Scheme 12.30). MeO-Biphep can also be synthesized in 5 steps from
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Ru-MeO-Biphep (Ru-96a) was used by Roche to reduce 98 to the corresponding β-hydroxy
ester with >98% ee at 240-kg scale. Turnover numbers of 50,000 were achieved in this reduction.
A process was developed by PPG-Sipsy to reduce 99 with Ru-MeO-Biphep for Pfizer in an approach
to candoxatril. The olefin was reduced in >99% ee at 230-kg scale (S/C = 1000–2000).118 Although
catalysts that contain DuPhos had been determined to be more effective based on overall yields
and isomerization to an enol by-product, the Ru-MeO-Biphep catalyst was preferred as a result of
catalyst availability at scale and more favorable licensing agreements.119

The asymmetric hydrogenation of 100 was piloted by Roche in kilogram quantities (>10 kg)
with Ru-MeO-Biphep to give >99% ee (S/C = 20,000). Two industrial applications with Ru-96c
catalysts were performed by Roche. The asymmetric hydrogenation of 101 and 102 with Ru-MeO-
Biphep at kilogram scale produced the corresponding saturated products in >98% de and 94% ee,
respectively. The TONs of 100,000 were achieved in the asymmetric hydrogenation of 101, whereas
1000 turnovers were achieved in the reduction of 102. Compound 102 is a key building block for
a novel class of calcium antagonists: mibefradil used for the treatment of hypertension.43 An
asymmetric hydrogenation of a α-keto ester has been reported by Solvias for the preparation of a
fungicidal agent (103) on behalf of agrochemical company Syngenta. The preparation of (S)-p-
chloromandelate (104) from 105 by asymmetric reduction with a ruthenium-(R)-Biphep catalyst
proceeded with 94% ee (Scheme 12.31).76 Recrystallization of the free acid of 104 affords enan-
tiomeric enhancements to >99% ee. This process has not been fully optimized but has been
performed at the kilogram scale.

FIGURE 12.5 Examples of substrates of Ru/MeO-Biphep catalysts in industry.
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12.3.2.1.2 Biphemp
The bisphosphine ligand Biphemp (106a) has been used in rhodium catalysts in the asymmetric
isomerization of N,N-diethylnerylamine with enantioselectivities up to 99.5% ee. [Rh(Biphemp)]+

+ 120

A ruthenium catalyst that contained a mixed bisphosphine analogue of Biphemp (106b) was
used in the asymmetric hydrogenation of 100. The asymmetric hydrogenation of the bisaryl ketone
proceeded with 92% ee at bench scale by Roche.23

12.3.2.1.3 Cl-MeO-Biphemp
Bayer entered the asymmetric hydrogenation field with the development of a biphenyl ligand similar
to MeO-Biphemp called Cl-MeO-biphemp (96b). This ligand has been prepared at kilogram scale

121–124 The second method proceeds through a tricyclic intermediate (Scheme 12.32).122,125

Ruthenium catalysts that contain Cl-MeO-BIPHEMP have been used in the asymmetric hydro-
genation of β-keto esters (99% ee)126 and the dynamic kinetic resolution of substituted β-keto esters

121 The asymmetric hydrogenation of methyl 3,3-dimethyl-2-oxobutyrate to the
corresponding α-hydroxy ester has been reported with ruthenium catalyst, {RuBr2[(–)-Cl-MeO-

2
121
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by two procedures. One approach is an analogue of that used for MeO-Biphep (96a) (Scheme

catalysts compared favorably to [Rh(BINAP)]  catalysts in rate and enantioselectivities.

12.30).

(Scheme 12.33).

BIPHEMP]}  (Scheme 12.34).
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®

asymmetric hydrogenation of a β,δ-diketo ester with the intent of reducing the cost of goods.127,128

The asymmetric hydrogenation of the β,δ-diketo ester proceeds with 98% ee at C–5 and a mixture
at C–3 (Scheme 12.35), which is overcome by a dehydration to an α,β-unsaturated lactone followed
by a stereoselective oxy-Michael addition to give the benzyl ether of atorvastatin. Hydrogenolysis
and subsequent lactone opening with base afforded the calcium salt of atorvastatin. As the alternate
process was reaching the cost target, the price of the current starting material had significantly
dropped, which shelved the alternate process.
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Pfizer reported an alternative route to atorvastatin (Lipitor ) (see Chapter 31) that used an
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12.3.2.1.4 SegPhos
It has been well-established that small changes in the steric and/or electronic properties of a chiral
ligand can have tremendous effect on both substrate selectivity and enantioselectivities. Takasago
theorized that small changes in the dihedral angle of the biaryl backbone could change the enan-
tioselectivity during asymmetric hydrogenation. Catalysts that contain similar biaryl bisphosphines
ligands, such as 96 and 106, produced high enantioselectivities in the asymmetric reduction of 2-
oxo-1-propanol to (2R)-1,2-propanediol. Takasago observed a correlation between the dihedral
angle of the biaryl backbone versus enantioselectivity. The enantioselectivity of this reduction
increased in the following order: BINAP (3a) (89.0% ee), BIPHEMP (106a) (92.5% ee), and MeO-
BIPHEP (96a) (96.0% ee). The dihedral angles of the Ru-complexes were estimated by a CAChe
MM2 calculation to be 73.49 degrees (BINAP), 72.07 degrees, (BIPHEMP), and 68.56 degrees
(MeO-BIPHEP). This correlation between dihedral angle and enantioselectivity suggested that
higher enantioselectivities might be obtained by narrowing the dihedral angle of the biaryl backbone.
This approach was pursued in the design of SegPHOS (107). SegPHOS is an atopisomeric ligand
that contains 1,3-benzodioxole rings in the biaryl backbone.129 The dihedral angle of a Ru-SegPHOS
complex was estimated to be 64.99 degrees by the molecular mechanics calculations.130

The decrease in the dihedral angle of the biaryl backbone had a profound effect on both reactivity
and enantioselectivity. It was determined that the catalyst [NH2Me2]+[{RuCl(R-SegPHOS)}2(µ-
Cl)3]– can hydrogenate 2-oxo-1-propanol to (2R)-1,2-propanediol in 98.5% ee and with an S/C ratio

The current catalyst used in production is a R-Tol-BINAP-Ru(II) complex.130

[NH2Me2]+[{RuCl(R-SegPHOS)}2(µ-Cl)3]– has been found to be very active and stereoselective
compared to catalysts that contain BINAP and other biaryl ligands previously mentioned in the
asymmetric hydrogenation α-keto esters, such as 3-oxo-3-phenylpropionate (SegPHOS 97.6% ee,
BINAP 87.0% ee); β-keto esters, such as ethyl 4-chloroacetoacetate (98.5% ee SegPHOS, 95.9%
ee BINAP) at significantly lower hydrogen pressures (~350 psig); and γ-keto esters.130

Several variations of SegPHOS (107a) have been prepared, in which the diarylphosphine moiety
is varied as with, for example, DM-SegPHOS (107b) and DTBM-SegPHOS (107c). [NH2Me2]+

[{RuCl((–)-DTBM-SegPHOS)}2(µ-Cl)3]– can be used to perform the kinetic dynamic resolution
130

131 Chirality is set
by the rhodium catalyzed asymmetric hydrogenation of piperitenone (108). Although many chiral
biaryl bisphosphines catalysts have been used, DTMB-SegPHOS (107c) produced pulegone (109)
in 90% yield and 98% ee with an S/C ratio of 50,000.131
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b, Ar = 3,5-Me2C6H3 (DM-SegPHOS)
c, Ar = 3,5-(t-Bu)-4-MeOC6H2 (DTBM-SegPHOS)
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described earlier in the carbapenem production (Scheme 12.8).
Takasago has patented an alternate route to l-menthol (22) (Scheme 12.36).

of 10,000. (2R)-1,2-propanediol is used in the production of Levofloxacin (see Section 12.2.2.5).
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12.3.2.1.5 TunePhos Family
In keeping with the relationship between the dihedral angle/bite angle of the diaxial bisphosphines
and enantioselectivities, two groups independently developed new chiral bisphosphines derived
from MeO-BIPHEP (96a), which contain a linkage between the two aromatic rings that restrict
rotation within the ligand. Zhang’s group and Takasago filed patents on 110c (C3-TunePhos) at
almost the same time.132,133 Whereas Takasago only reported on the preparation and application of
110c, Zhang prepared a family of chiral atropisomeric bisphosphines 110 with tunable bite angles
and investigated the enantioselectivities in the asymmetric hydrogenation of β-keto esters,134 enol
acetates,135 α-phthalamide ketones,136 and tetrasubstituted cyclic β-(acylamino)acrylates.137 This
class of ligands has been named TunePhos (110), and the asymmetric hydrogenations of three

bite angles of the bisphosphines allowed for successful screening of the optimal ligand in any
particular asymmetric transformation.
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model substrates are summarized in Table 12.3 and Schemes 12.37–12.39. In each case, the tunable
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These ligands can be prepared by two methods: demethylation of enantiomerically pure MeO-
BIPHEP (96a) followed by alkylation with the corresponding dihalide to form the cyclic diether
backbone (Scheme 12.40)134 or an intramolecular Fe(III)-promoted oxidative coupling of a meta-
substituted bis(arylphosphine oxide) connected by a 1,3-propoxyl unit followed by resolution with

133

TABLE 12.3
Comparison of Enantioselectivity and Dihedral Angle in the Asymmetric Hydrogenation 
of Various Compounds

Phosphine 110a 110b 110c 110d 110e 110f 96a 3a

Dihedral angle (degree)a 60 74 77 88 94 106 87 (69)b 87 (73)b

Compound 111c 90.9 90.8 97.7 99.1 97.1 96.5 97.9 98.4
Compound 112c 95.9 95.9 92.1 88.9 91.9 92.3
Compound 113c 98 99 99 99 99 97 99 99

a Calculated dihedral angles from CAChe MM2 program.
b CAChe MM2 calculation of dihedral angle in the Ru-complexes that contain these ligands.138

c
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Reaction conditions shown in Schemes 12.37–12.39.

DBTA and reduction to the bisphosphines (Scheme 12.41).



216 Handbook of Chiral Chemicals, Second Edition

3

enantioselectivities (98–99%) in the reduction of ethyl 4-chloroacetoacetate (ECAA).139 Chiral
Quest disclosed that this catalyst has been supplied in kilogram quantities to a client for the

76

Chan has reported that substitution of the 1,3-propa-dioxy ether linkage with a (2S,3S)-buta-
dioxy ether linkage, as in 114, resulted in complete atropdiastereoselective coupling of the aryl

This procedure eliminates a resolution step.140
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commercial production of ECHB, which is an intermediate in the production of Lipitor (see Chapter

units (Scheme 12.42). Reduction of the phosphine oxide (R)-115 resulted in (R)-116 in 96% yield.

31).

Metal complexes of C -TunePhos (110c) have demonstrated high activities (S/C = 45,000) and



Transition Metal Catalyzed Hydrogenations, Isomerizations, and Other Reactions 217

Comparisons in the asymmetric hydrogenation of methyl acetoacetate (111) with ruthenium
catalysts that contain C2-Tunephos (110b) and 116 indicated an improvement in enantiomeric excess
when the ether linkage contained additional chirality.134,140

12.3.2.1.6 Synphos and Difluorphos
The success of Takasago’s SegPHOS (107a) in various asymmetric hydrogenations, which spawn
from variation of the dihedral angle, inspired two independent groups to develop a bisphosphosphine
that contain a bis-benzodioxane structure named SYNPHOS (117a). Genet’s group (in collaboration
with SYNKEM)141 and Chan’s group142 reported nearly identical synthetic procedures (Scheme
12.43).141–144 This chemistry has been performed at multi-kilogram scale after extensive optimization.145

DIFLUORPHOS (117b) has been prepared by the same chemistry shown in Scheme 12.43
with similar yields, with the exception that the resolution of rac-7b had failed with DBTA.
Resolution could only be performed by chiral preparative HPLC.145,146

The dihedral angles of SYNPHOS and DIFLUORPHOS were found to be 70.7 degrees and

to be 67.2 degrees) and some of the narrowest dihedral angles reported in the biphenyl backbone
class of atropisomeric ligands (with the exception of C1-TunePHOS).144,145

Metal complexes of 117a and 117b produced high enantioselectivities (98–99% ee) in the
asymmetric hydrogenation of β-keto esters141,142,146 with S/C ratios of 10,000.145 The production of
ethyl (R)-4-hydroxybutyrate (ECHB) from the corresponding β-keto esters (ECAA) has been
achieved with 97% ee.142 Deviation of enantioselectivities was more prevalent in the asymmetric
hydrogenation of α-keto esters and fluorinated β-keto esters and diketones.145 [Ru(117a)Br2]
reduced α-keto esters with 92–94% ee, whereas the 117b catalyst achieved only 67–87% ee.
[Ru(DIFLUORPHOS)Br2] reduced 118 to anti-(R,R)-119 in 98% ee and 86% de compared to 85%
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67.6 degrees, respectively, by CAChe MM2 calculations (for comparison, SegPHOS was calculated

ee and 67% de for the SYNPHOS catalyst (Scheme 12.44).
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12.3.2.1.7 P-Phos Ligands
In this class of ligands, the biphenyl backbone has been replaced with a dipyridylphosphine and
called P-Phos (120). (These ligands have been licensed to Johnson Matthey.) The synthesis is shown
in Scheme 12.45.147-149

This class of ligand has been used in the asymmetric hydrogenations of enamides to form α-
amino acids (73–97% ee),150 E-β-alkyl-substituted β-(acylamino)acrylates to β-amino acids
(97.0–99.7% ee from the E-β-(acylamino)acrylates; 55–83% from the Z-isomer),151 α,β-unsatur-
aturated carboxylic acids, and β-keto esters (91–98% ee).147–149 The enantiomeric ratios and activ-
ities usually are lower that those of other catalysts derived from BINAP. Implementation of

addition of a chiral diamine to the ruthenium complex,152 improved the enantioselectivities of β-
keto ester reductions up to 99% ee with S/C ratios as high as 100,000.153 Naproxen has been
produced in 87–96% ee from the corresponding olefin with ruthenium catalysts.147 In all cases, the
higher enantioselectivities were obtained with phosphines with larger substitutes (Xyl-P-Phos>Tol-
P-Phos>P-Phos).
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hydrogenation conditions developed by Japan Science and Technology (JST) (see Section 12.3.4),
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The asymmetric 1,4-addition of aryl boronic acids to α,β-unsaturated ketones has been reported
with rhodium catalysts that contained P-Phos (120a) (Scheme 12.46).154

Despite the lower catalytic activities and enantioselectivities to other axial bisphosphines, the
greatest advantage of P-Phos is its stability to air. All ligands, intermediates, and catalysts have
shown a remarkable tolerance to air,148–150,153 which can greatly simplify production operations that
need to perform time-consuming air-exclusion procedures.

12.3.2.1.8 4,4-Bis(diphenylphosphino)-2,2′,5,5′-tetramethyl-3,3′-dithiophene 
Another example of a chiral axial ligand with a heteroaromatic backbone is 4,4-bis(diphenylphos-
phine)-2,2′5,5′-tetramethyl-3,3′-dithiophene (121) (TMBTP), which has been used in asymmetric
hydrogenations at production scale. (This ligand system is used by Chemi SpA.) In the past, most
hydrogenation processes tended to shy away from any sulfur-containing compounds because they
can poison these reactions. This ligand, among others in the thiophene class, has demonstrated
high catalytic activity and enantioselectivities. The synthesis is shown in Scheme 12.47.155

Ruthenium and rhodium complexes that contain TMBTP have shown utility in the asymmetric
hydrogenation of allylic alcohols,155,156 β-keto esters,155,157 and α,β-unsaturated carboxylic acids.155

Ethyl 4-chloro-3-hydroxybutyrate (EHCB) is an important intermediate in the production of L-

[Ru(p-cymene)I((S)-TMBTP)]+I–, has been reported to reduce ethyl 3-chlorobutyrate in 97% ee
with S/C ratios of 20,000 (Scheme 12.48).87,157 This chemistry has been reported at scales >100 kg.87
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carnitine and the cholesterol-lowering Pfizer drug Lipitor (see Chapter 31). The ruthenium catalyst,
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Astra Zeneca’s ZD 3523 (122),158 a potential leukotriene antagonist for the treatment of asthma,
was prepared by an asymmetric hydrogenation of a 96:4 mixture of E:Z-4,4,4-trifluoro-2-methyl-
2-butenoic acid (123) with a ruthenium/TMBTP catalyst (Scheme 12.49). This chemistry has been
demonstrated at the multi-100-kg scale.87

The decahydroisoquinoline derivative NVP-ACQ090 (124) is a potent and selective antagonist
at the somatostatin sst3 receptor. The asymmetric hydrogenation of allylic alcohol 125 with a
rhodium catalyst that contained (S)-TMBTP produced (R)-126 (97.5% ee) (Scheme 12.50). The
authors indicated that enantiomerically pure 124 could be obtained from material acquired by
asymmetric hydrogenation and that the process is suitable for large-scale production.156

12.3.2.2 Paracyclophane Backbone Series

12.3.2.2.1 PhanePhos
A unique alternative to the traditional C2 symmetric atopisomeric motif uses a paracyclophane
backbone for the placement of the phosphino groups. 4,12-Bis(phosphino)-[2.2]-paracyclophane
complexes, abbreviated as PhanePhos (5)*, have been reported to be highly active in a few classes

159,160
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of asymmetric hydrogenation. The synthesis is shown in Scheme 12.51.
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High catalytic activities and enantioselectivities are observed in the asymmetric reduction of
enamides esters to N-protected α-amino esters. As a result of the high catalytic activity, hydroge-
nations can be routinely accomplished at –40°C and 22 psig H2 without detriment to the enanti-
oselectivity (94–99.6% ee).159 Catalyst preparation is critical for obtaining the high activity.
[Rh(COD)(PhanePhos)]+OTf– is subjected to H2 prior to addition of the substrate to produce
[Rh(MeOH)2(PhanePhos)]+OTf–.159 The free carboxylic acid form of the enamides did not give high
enantioselectivities on reduction.

Ruthenium complexes of PhanePhos have been used in the asymmetric hydrogenation of β-
keto esters. Similar to the enamides reduction example, catalyst preparation is critical to the activity
and consistency of the reduction. Initial catalyst preparation formed the ruthenium complex from
Ru(2-methylallyl)2(COD) followed by acidification with HBr in MeOH/acetone. The catalyst activ-
ity decreased rapidly on storage of catalyst solution and less rapidly in the solid state. Substitution
of trifluoroacetic acid (TFA) in acetone instead of HBr produced Ru(PhanePhos)(CF3CO2

–)2, which
exhibited moderate enantioselectivity and activity in the asymmetric hydrogenation of ethyl iso-
butyrylacetate (75% ee).161 Treatment of Ru(PhanePhos)(CF3CO2

–)2 with excess Bu4N+I– produces
a catalyst that exhibits high activity and enantioselectivities (95–96% ee) over a wide temperature
range (–10°C to 50°C) for a variety of substrates. This catalyst can be stored under argon for weeks
without loss of activity or enantioselectivity.

plex, [(PhanePhos)Ru(diamine)Cl2], produced highly active and enantioselective catalysts in the
reduction of aryl methyl ketones (128, R = Me), as well as α,β-unsaturated ketones.162,163 Higher
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Preparation of the JST class (see Section 12.3.4) of the ruthenium–diphosphine–diamine com-
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enantioselectivities and catalyst activities (albeit small) are routinely observed with catalysts that
contained Xylyl-PhanePhos (127b) compared to PhanePhos (127a). The choice of chiral diamine
can be expanded to use 1,2-diphenylethylenediamine (DPEN) and trans-1,2-diaminocyclohexane
(DACH), which are less expensive and more readily available at scale than 1,1-dianisyl-2-iso-
propyl,1,2-ethylenediamine (DIAPEN).162 Substrate-to-catalyst ratios ranged from 3000 to 40,000.
Extremely high S/C ratios of 100,000 could be obtained in the asymmetric reduction of 4-fluoro-
acetophenone (128, Ar = p-FC6H4, R = Me) if the ketone is purified by distillation prior to
hydrogenation. This observation has been reproduced at the kilogram scale with preparation of the
corresponding chiral alcohol in 98.3% ee.163

A potential industrial example with [((S)-127a)Ru((R,R-DPEN)Cl2] is shown in Scheme 12.52
for the preparation of Eli Lilly’s Duloxetine® (129), an antidepressant used for the treatment of
urinary incontinence. Asymmetric hydrogenation of 130 produced 131 with 93.4% ee at kilo scale.
This material has been taken onward to 129 with enantiomeric enhancement to >99%.164

12.3.3 NEW GENERATION FERROCENYLBISPHOSPHINES

12.3.3.1 BoPhoz

BoPhoz (132) can be classified as an unsymmetric ferrocenyl aminophosphine ligand and has

at Eastman Kodak and has been licensed by Johnson Matthey.) The ligand has been successfully
used in the asymmetric hydrogenation of enamide esters, itaconates, and α-keto esters.165 BoPhoz
can be easily prepared in two steps from the Ugi amine (54), of which synthesis has been further

165,166 The S,R-isomer of BoPhoz
begins with (S)-133, which is converted to the acetate with Ac2O and reacted with H2NR1 to give
(S,R)-134. (S,R)-BoPhoz (132) is produced upon addition of the chlorophosphine, R2PCl.166

SCHEME 12.52

Ar R

O

128

O

NH2
+Cl–

S

129

O 

N OEt 

O 

S 
OH 

N OEt 

O 

S 
[((S)-127a)Ru((R,R-DPEN)Cl2] 

93.4% ee 
130 131 

KOt-Bu, IPA, H2 (150 psig)
40°C, 2 h, S/C = 4,000

© 2006 by Taylor & Francis Group, LLC

improved for the preparation of BoPhoz (Schemes 12.53 and 12.54).

demonstrated hydrolytic and air-stability (see also Chapter 15). (This ligand system was developed
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Rhodium catalysts with BoPhoz ligands have demonstrated high enantioselectivities in the
asymmetric hydrogenation of various enamides esters to protected α-amino esters (93.0–99.5%
ee). Enamide esters were reduced with consistently higher enantioselectivities compared to the
corresponding acids. High S/C ratios of 10,000 have been reported along with catalyst activities
of 30,000 turnovers/hour. High enantioselectivities are observed with enamide substrates that
contain Ac, Cbz, and Boc groups on the amido group (Scheme 12.55).165,167–169 Two examples of
amino esters that have potential industrial application are cyclopropylalanine (135), which has been
used in a variety of pharmaceutical agents in renin inhibitors170 and inflammatory disorders (which
include rheumatoid arthritis),171,172 and ethyl 2-(2-oxopyrrolin-1-yl)butyrate (136), a potential inter-
mediate in the drug Levetiracetam (137) (which is on the market for the treatment of epilepsy).173
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Substituted and nonsubstituted itaconic acid and esters have been reduced with Rh-BoPhoz
catalysts with enantioselectivities that range from 80–99% ee. Higher enantioselectivities (89–99%)
are obtained with the reduction of itaconic acid compared to the corresponding esters (80–94%
ee). α-Hydroxy esters are produced with Rh-BoPhoz catalyst from the asymmetric hydrogenation
of α-keto esters in 46–97% ee. Higher enantioselectivities usually are observed with the electron-
rich dicyclohexylphosphino ligand (132e).

12.3.3.2 Miscellaneous Ferrocenylphosphines

A series of uniquely shaped chiral ferrocenyl-based bisphosphines are available from Solvias. These
ligand families (Figure 12.6) exploit a highly unsymmetric environment on the ferrocenyl backbone

Walphos (138), developed by Sturm at the University of Vienna and optimized at Solvias, is
derived from the Ugi amine 54.174,175 Walphos can be electronically fine-tuned as various phosphine
groups are introduced in separate steps of the synthesis. Walphos catalysts have been used to reduce
enamide esters to α-amino esters, β α,β-unsaturated carboxylic acids, and itaconate
esters with enantioselectivities >90%.176

2
175,176 Compound

141 has been converted to Synthon A alcohol (142, 200-kg scale), which is an intermediate to
SPP100 (143), a renin inhibitor from Speedel Pharma AG.175

FIGURE 12.6 Various classes of ferrocenyl ligands offered by Solvias.
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A pilot plant production example that uses a rhodium catalyst of Walphos is shown in Scheme

-keto esters, 

12.56 to produce 141 in 95% ee at <900 psig H  and <80°C (Sub/cat = 5700).

(see also Chapter 15).
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Taniaphos (139), developed by Knochel (with cooperation with Degussa), can be electronically
fine-tuned by variation of the phosphine groups and the groups on the chiral sidechain (R1).177,178

Taniaphos catalysts have been used to reduce enamide esters to α-amino esters,178–181 β-acylami-
doacrylates esters to β-amino esters,175 1,3-diketones,179,180 β-keto esters,179,180 enol acetate,179,180

enamides to amide,179 and itaconate esters179,180 with enantioselectivities >90%.
The synthesis is outlined in Scheme 12.57.178,180 Syntheses of other groups on the chiral

sidechain (R1 = alkyl or OMe) are reported elsewhere in literature.179,181

Mandyphos (140), previously known as Ferriphos) was originally synthesized by Hayashi182

and further developed by Knochel (with the cooperation of Degussa).183,184 The synthesis is similar
to that of Walphos such that each cyclopentadiene unit contains a chiral alcohol unit prepared by
CBS-catalyst reduction of 1,1′-diacetylferrocene. The chiral diol intermediate is converted to the
bis-Ugi amine complex by acetylation and reaction with an amine.183–185 Stereoselective dilithiation
and chlorophosphine quench produced Mandyphos with diamine groups (140a–g). Preparation of
the bisphosphines 140h–j with chiral (and achiral) alkyl appendages required additional manipu-
lations.183
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Rhodium Mandyphos catalysts have been used to reduce enamide esters and acids with enan-
tioselectivities that range from 95% to 99%.175,183–185 Other applications reported are the asymmetric
hydrogenation of tiglic acid and ethyl 3,3-dimethyl-2-oxobutyrate in 97% ee and >97% ee, respec-
tively.175

Walphos, Taniaphos, and Mandyphos are air-stable solids.175 Kang prepared an air-stable bis-
phosphine that falls in the Mandyphos class (named FerroPhos, 140k). Rhodium complexes of
140k have produced N-acetyl amino acids and esters in 96–99% ee from the corresponding enamide
acid or ester by asymmetric hydrogenation.186

12.3.4 RUTHENIUM/BISPHOSPHINES/DIAMINE CATALYSTS

The discovery of Japan Science & Technology’s ruthenium–bisphosphines–diamine catalyst (144)
(JST catalysts) marked the dawning of a new class of highly active and enantioselective homoge-
neous hydrogenation catalysts.187 In the past, ruthenium-biaxial bisphosphines catalysts have been
excellent catalysts for a wide variety of prochiral substrates except aryl ketones 128.43,188 Aryl
ketones could be reduced with good to high enantioselectivities under harsh reaction conditions
(high hydrogen pressures and temperatures). The addition of a diamine and an inorganic base (t-
BuOK, KOH, or K2CO3) had significantly improved the reactivity and enantioselectivity of
Ru(binap)-like catalysts.187

Asymmetric hydrogenation of acetophenone (128, Ar = Ph, R = Me) with 144 can be achieved
with 96–99% ee and 100% conversions at S/C ratios of 100,000. An example of high activity is observed
with an S/C ratio of 2,400,000! The enantioselectivities in this example had dropped to 80%.187

The scope of ketone substrates that have been reduced with high enantioselectivities includes
acetophenones with various ring substitutions189 and electron-rich or deficient heteroaryl ketones,
such as thienyl, furanyl, pyrolyl, and thiazolyl rings.190 Cyclic and acyclic α,β-unsaturated ketones
can be selectively reduced in high enantiomeric purity to allylic alcohols.189,190 The catalyst tolerates
α-amino ketones191 and ortho-substituted benzophenones.192 rac-2-Isopropylcyclohexanone can
undergo dynamic kinetic resolution with Ru(S,S-DPEN)(R-BINAP)Cl2 to give (S,S)-2-isopropyl-
cyclohexanol in 93% ee and 99.8:0.2 cis-selectivity.193,194

Base sensitive ketones can be successfully reduced with high enantioselectivities treatment of
144 with NaBH4 to give 147, which no longer requires a strong base to be present in the asymmetric
reduction.195
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The presence of an NH2 group in the diamine is crucial. Mechanistic studies have shown, unlike
other asymmetric homogeneous hydrogenation catalysts, that the ketone substrate does not coor-
dinate to the metal but interacts with the NH2 group and the metal hydride, as shown in the transition
state (Figure 12.7). The steric environment of the overall catalyst provides excellent facial stereo-
differentiation.194

The diamine ligands that have shown the most consistent usage are DPEN (145) and diapen
(146). The best bisphosphines ligands used to date have been axial bisphosphines ligands, such as
BINAP (3a), tol-BINAP (3b), xyl-BINAP (3c),23,188 xyl-PhanePhos (127b),162,163 and xyl-P-Phos
(120c).153

A remarkable match–mismatch effect is observed. The difference in reactivity of the matched
catalyst—for example, Ru(R-BINAP)(S,S-DPEN)Cl2—can be 120 times more reactive than the
mismatched catalyst, Ru(S-BINAP)(S,S-DPEN)Cl2.196,197

The use of an activation/deactivation protocol with a chiral poison, (R)-DM-DABN (148), has
been achieved with ruthenium catalysts that contained rac-xyl-BINAP and rac-tol-BINAP with
chiral diamine (S,S)-DPEN. Asymmetric hydrogenation of 2-napthyl methyl ketone (128, Ar = 2-
Naph, R = Me) without 148 gave the alcohol with 41% ee, whereas an enantioselectivity of 91%
ee is obtained with deactivator 148 present (Scheme 12.58).197

Besides the production of (R)-1-phenylethanol as a fragrance,198 various pharmaceutically
important chiral compounds have been produced at various lab scales by asymmetric hydrogenation
with JST catalysts. These compounds include a β1-receptor antagonist denopamine hydrochloride
(149),191 antidepressant fluoxetine hydrochloride (150),191 antipsychotic BMS 181100 (151),191

serotonin and norepinephrine inhibitor duloxetine (129),164 antihistaminic and anticholinergic
orphenadrine (152),192 and antihistaminic neobenodine (153).192

FIGURE 12.7 Transition state for carbonyl reductions with JST 144.
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The enantioselective reduction of 5-benzoyl thioazoles with 2-substituents (154) with Ru(R-
xyl-BINAP)(R-diapen)Cl2 produced 155 in >99% ee, which could be converted to a potent DPE-
IV inhibitor 156 (Scheme 12.59).199
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JST technology has shown large potential for many industrial processes, which prompted two
companies to license the technology (Johnson Matthey and Dow Pharma).

12.3.5 MONODENTATE LIGANDS

Considerable success has been realized for asymmetric hydrogenations of carbon–carbon unsatur-
ation with monodentate ligands, especially those derived from BINOL. The most popular class is
the phosphoramidites (157) as used by DSM.200,201 Phosphites (158) have also been successfully
used in a wide range of asymmetric hydrogenations,202 as have phosphonites (159).203,204 These

12.4 ASYMMETRIC HETEROGENEOUS CATALYSTS IMPLEMENTED 
IN INDUSTRY

In the first forays into asymmetric organic synthesis the catalysts used were dominated by hetero-
geneous systems, which can boast a few catalytic systems that undergo asymmetric hydrogenation
transformations with good to high enantioselectivities, but these have been overshadowed by the
highly active and enantioselective homogeneous counterparts. Informative historical backgrounds
and overviews on asymmetric heterogeneous catalytic systems have been published.5,6

Strategies to induce chirality in a prochiral substrate included modification of existing hetero-
geneous catalysts by addition of a naturally occurring chiral molecules, such as tartaric acid, natural
amino acids, or alkaloids, and the implementation of chiral supports, which include quartz or natural
fibers, for metallic catalysts. Both strategies have been successful on a limited basis.

Despite the convenience of handling and separation in heterogeneous catalysis, many other
parameters have a strong influence on the stereochemical outcome: pressure; temperature; modifier;
purity of substrates; high substrate specificity; catalyst preparation, which includes type, texture,
and porosity of the support; dispersion; impregnation; reduction; and pretreatment of the metal.22

Reproducibility of catalyst activities and enantioselectivities can often be a problem attributed to
variations in catalyst preparations and purity of the substrate.5,22

The transformations that use asymmetric heterogeneous catalysis will be highlighted: β-keto
esters and diketone reductions by Raney nickel catalyst modified with R,R-tartaric acid and NaBr.
α

12.4.1 NI/R,R-TARTARIC ACID/NABR

strates have been reduced with Ni/tartaric acid/NaBr catalysts with variable enantioselectivities,
but the highest (>85% ee) are obtained for the reductions of β-keto esters and β

5

diols. The highest meso:chiral diol ratio of 2:98 and enantioselectivities of 98% ee are obtained
with modified Raney nickel catalysts treated by sonication.5

O

O
P R

O

O
P OR

O

O
P NR1R2

157 158 159
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-diketones (Schemes

The Ni/tartaric acid/NaBr catalyst system has been extensively studied. A variety of ketone sub-

12.60 and 12.61).  Asymmetric reduction of diketones results in the formation of meso and chiral

ligands are discussed in depth in Chapter 14.

-Keto acid reductions with cinchona modified Pt catalysts are discussed in Chapter 18.
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Hoffmann-LaRoche has developed a process that uses R,R-tartaric acid/NaBr modified Raney
nickel catalyst in the asymmetric hydrogenation of 160 to give 161 in 100% yield and 90–92% ee
(6–100-kg scale) for the synthesis of the intermediate of tetrahydrolipstatin (162), a pancreatic

5

12.4.2 CINCHONA-MODIFIED PLATINUM

The stereoselective reduction of α-keto acid derivatives at a preparative scale is performed with

reduction of α-keto acid derivatives5 and is dependent on the preparation of the Pt catalyst.5,22,205,206

angiotensin-converting enzyme inhibitor, via an intermediate prepared by cinchona-modified Pt
asymmetric hydrogenation (10–200-kg scale, >98%, 79–82% ee).5 The low optical purities can be
tolerated because enantio-enrichment is relatively easy in the latter stages of the synthesis.22
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lipase inhibitor (Scheme 12.62).

Novartis (Ciba Geigy) has reported the synthesis of Benazepril (163) (Scheme 12.63), an

cinchona-modified Pt catalyst (see Chapter 18). Enantioselectivities range from 57–95% for the
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12.5 ASYMMETRIC HYDROGEN TRANSFER

Asymmetric hydrogen transfer shows promise for use at industrial scale because ruthenium com-
plexes that contain chiral vicinal diamino 164 or amino alcohol 165 ligands allow the reductions
of substrates such as aryl ketones and imines to be achieved under mild conditions.13,207

The progress in development and application of asymmetric hydrogen transfer has continued,
albeit not at the same pace as reductions with molecular hydrogen.23,188,208,209 Several examples of
asymmetric hydrogen transfer have been reported at large scale, such as the preparation of (R)-1-
tetralol, (S)-4-fluorophenylethanol, and (R)-1-methylnaphthylamine with CATHy based catalysts
(166–168), whereas (R)-3,5-bistrifluoromethylphenylethanol has been made with cis-aminoindanol-
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Ru(p-cymene) complex (169) (see also Chapter 17).
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12.5.1 REDUCTIONS OF ARYL KETONES

The asymmetric reduction of an aryl ketone 128 can be achieved with ruthenium catalysts (Scheme
12.64), prepared separately or in situ by formation of [RuCl2(arene)]2 and ligand, in i-PrOH.207 The
high enantioselectivities and rate are very dependent on the functionality of the substrate, η6-arene
and N-substitution of the diamino or amino alcohol ligands on ruthenium.207 The hydrogen transfer
reaction in i-PrOH is reversible, necessitating low concentrations, whereas extensive reaction times
degrade the enantioselectivities of the alcohol.207 This limitation can be overcome by the use of an
azeotropic mixture of formic acid and NEt3 (5:2) as the reaction is now irreversible.210 

The asymmetric hydrogen transfer of aryl ketones can be accomplished with ruthenium catalysts
that contain amino alcohols 165 in modest to high enantioselectivities.211 With amino alcohol
ligands, the optimal rate and stereoselectivities are produced from catalysts prepared in situ with
[RuCl2(η6-C6Me6)]2.

12.5.1.1 (R)-1-Tetralol 

1-Tetralone has been reduced to (R)-1-tetralol with 166 at the 200-L scale (Scheme 12.65). The
hydrogen source was i-PrOH. Initially, the maximum concentration to achieve high conversion was
0.05M in a closed system, but the ee decreased near the latter conversions. The key discovery in
process optimization was removal of acetone by-product during the reaction. The catalyst is not
stable at higher than 40°C; however, the reaction can be performed under a slight vacuum (10–50
mbar) to remove acetone. Fresh IPA is added to the reaction to maintain constant volume. Under
these conditions coupled with efficient agitation, substrate concentrations of 0.5M are achieved with
complete conversions (TOF = 500–2500 h–1) and reproducible enantioselectivity.212

12.5.1.2 (S)-4-Fluorophenylethanol

Asymmetric hydrogen transfer of p-4-fluorophenylacetophenone (128, Ar = p-FC6H4, R = Me)

source was a 5:2 azeotropic mixture of NEt3:HCO2H (TEAF) in tetrahydrofuran (THF). Initial
experiments produced (S)-4-fluorophenylethanol in 96% ee. A decrease of temperature to 0°C
produced the alcohol in >98.5% ee but significantly decreased the reaction rate. Optimal reaction
rates were achieved by separate addition of TEAF and 167. Nitrogen gas bubbling through the reaction
solution and high agitation enabled successful operation at 50-L scale. The substrate concentration
of 3.6M was most effective in the reduction with respect to reproducibility of the product stream.212
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produced (S)-4-fluorophenylethanol with catalyst 167 (Scheme 12.66). The optimal hydrogen
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12.5.1.3 (R)-3,5-Bistrifluoromethylphenylethanol

Merck reported the synthesis and isolation of (R)-3,5-bistrifluoromethylphenylethanol (170) in high
yields and enantiomeric excess by asymmetric hydrogen transfer. Reduction of 3,5-bistrifluoro-
acetophenone (128, Ar = 3,5-(CF3)2C6H3, R = Me) with catalyst 169, prepared in situ from [RuCl2(p-
cymene)]2 and (1S,2R)-cis-1-aminoindan-2-ol, produced the chiral alcohol 170 in 91–93% ee
(Scheme 12.67).213

High conversions are observed with substrate concentration of 0.5M with 0.25–0.5 mol% catalyst
loadings. Inconsistent reaction completions were observed at the lower catalyst loadings. Therefore,
the researchers choose 0.5 mol% catalyst loading. Several process discoveries that contributed to
the success of scale up included the fact that rigorous degassing of all reagents was not necessary
until activation of the catalyst solution with base. Anhydrous solvents and bases are not required.
Anhydrous t-BuOK and KOH can be replaced with aqueous NaOH and KOH (5M) without any
decrease in performance compared to bases generated under anhydrous conditions.

The optical purity of 91–93% was too low for downstream chemistry. The physical properties
of 170 made enantiomeric enhancement by crystallization. The formation of a DABCO inclusion
complex 171 in heptane and crystallization under thermodynamic control provided material that
was 99% ee, 98% purity, and 79% recovery. This procedure produced 90 kg of 170, which was
used to prepare an NK-1 receptor antagonist, Aprepitant (172), used for the treatment of chemo-
therapy-induced emesis.213
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12.5.2 REDUCTIONS OF IMINES

Asymmetric reduction of imines by classic hydrogenation or hydrogen transfer has proved difficult,
but selected imines have been reduced by chiral phosphine-Rh or -Ir to give secondary amines in
moderate ee or by a chiral ansa-titanocene catalyst in 95–100% ee (S/C = 20).214–220 A series of
preformed ruthenium catalysts [Ru(164)(arene)Cl] have successfully reduced a variety of cyclic
imines 173 with high enantioselectivities in a 5:2 mixture of HCO2H-NEt3 (Scheme 12.68). These
reductions can be performed in acetone, although the ruthenium catalyst is capable of catalyzing
the hydrogen transfer of ketones.221

12.5.2.1 (R)-1-Methylnaphthylamine

Asymmetric hydrogen transfer of N-diphenylphosphinyl-1-naphthyl imine (174) produced (R)-N-
4-diphenylphosphinyl-1-methylnaphthylamine (175) with catalyst 168 in 99% ee (Scheme 12.69).
The optimal hydrogen source was a TEAF. The initial S/C ratio was 200, but separate addition of
TEAF and catalyst to the imine solution produced increased rates without affecting the enantio-
selectivities. Similar to the p-4-fluoroacetophenone process, bubbling of nitrogen and high agitation
afforded the best catalyst activity (1000 turnovers/hour). This process was scaled up to an undis-
closed size and produced product in 99% ee and 95% yield. The diphenylphosphinyl group can be
removed by acid hydrolysis with acidic EtOH to give the primary amine.212
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12.6 HYDROFORMYLATION

Hydroformylation, also known as the oxo process, is the transition metal catalyzed conversion of
olefins into aldehydes by the addition of synthesis gas (H2/CO) and is the second largest homo-
geneous process in the world in which more than 12 billion pounds of aldehydes are produced
each year.222 Aldehydes are important intermediates in a variety of processes such as the production
of alcohols, lubricants, detergents, and plasticizers. Several transition metals can catalyze the
hydroformylation of olefins, but rhodium and cobalt have been used extensively.

Despite high volumes of aldehyde products that are manufactured and a deep understanding
of the catalytic mechanistic process, no successful industrial asymmetric hydroformylation process
has been achieved. Rhodium and platinum catalysts that contain chiral bisphosphine and bisphos-
phinite ligands have provided the highest enantioselectivies in the study of asymmetric hydroform-
ylation and are chronicled in several reviews.10,222–224

From 1995 to the present, several advances in asymmetric hydroformylations have been
reported. Ligands that have been used with reasonable success with benchmark substrates, such as
styrene and vinyl acetate (Schemes 12.70 and 12.71), are shown in Figure 12.8.
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BINAPHOS (176a), developed by Takasago, has been used in the asymmetric hydroformylation
of styrene and vinyl acetate with enantioselectivites of 94% ee and 90% ee, respectively. The
regioselectivities (branch/normal ratios) ranged 88/12 to 85/15 in both transformations.225,226

Variations of phenyl substituents on the phosphorus produced enantioselectivities between
95–98% ee for the asymmetric hydroformylations of styrene. Ligand 176b produced the best result
with regard to enantioselectivities (95.0% ee), conversions (>99%), and regioselectivity (93:7).226

The asymmetric hydroformylation of vinyl arenes can provide a route to the preparation of the
profen class of drugs. Naproxen and ibuprofen, two examples in the profen class, are NSAIDs on
the market.50

DSM reported that the asymmetric hydroformylation of unsaturated nitriles (Scheme 12.72) to
provide a potential route to (R)-4-amino-2-methyl-1-ol (180), which is a key intermediate for TAK-
637 (181), a new Tachykinin NK1 receptor antagonist, developed by Takeda (Scheme 12.73).
Rhodium-BINAPHOS (4 equiv) has catalyzed the asymmetric hydroformylation of but-3-enenitrile
(allyl cyanide) with regioselectivity of 72/28 (b/l) and 66% ee at 73% conversions.227

DowPharma reported improvements in the asymmetric hydroformylation of allyl cyanide with
the development of a new ligand, Kelliphite (177), which proceeds with 78–80% ee and a regio-
selectivity of 15–23:1.228,229 Under reaction conditions developed by DowPharma, an enantioselec-
tivity of 76% ee and a regioselectivity of 73/27 are observed with the rhodium-BINAPHOS
catalyst.229 An S/C loading of 10,000 can be achieved without affecting conversions (100%),
regioselectivities (b/l = 95/5), and enantioselectivities (79% ee) at low gas pressure (150 psig) and
temperatures (35°C). The process runs neat in allyl cyanide, and the rhodium can be recovered by
partitioning into hexane.228,229

DowPharma identified that selective hydrogenation of 179 with Pt-C will reduce the aldehyde
moiety to 182, which is an intermediate for a potent nonpeptide gonadotropin-releasing hormone

to the Pt-C hydrogenation will reduce the nitrile to 169, which is isolated as the salt.228,229
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antagonist 183 by Merck (Scheme 12.74). Addition of an acid, either oxalic acid or D-tartaric acid,
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Rhodium catalysts with Kelliphite (177) have been tested in the asymmetric hydroformylation
of vinyl acetate. Enantioselectivities of 90% ee and regioselectivities of >99.5/0.5 (b/l) have been
achieved in initial screening experiments.230

ESPHOS (178), a chiral bis(diazaphospholidine) ligand developed by the Wills group, has been
found to be active in the asymmetric hydroformylation of vinyl acetate.231 (This ligand system is
being commercialized by Stylacats.) Enantioselectivities of 87–89% ee and regioselectivities of
95/5 (b/l) have been obtained at 120 psig pressure of syn gas.232 Unfortunately, the substrate scope
is not as broad as BINAPHOS.

The production of 1β-methylcarbapenem (184), which has antibacterial activities and enhanced
chemical and metabolic stability, has been reported by asymmetric hydroformylation of 4-vinyl-β-
lactams 185 catalyzed by Rh-BINAPHOS complexes (Scheme 12.75). Under optimized conditions,
the observed regioselectivity was 55/45 (b/l), enantioselectivity was 93/7 (186ββββ:186αααα) at 95%
conversion, and S/C = 1000.233
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Alper and co-workers improved the asymmetric hydroformylation of vinyl β-lactams. The
substitution of a Zwitterionic rhodium catalyst (187) and (S,S)-BDPP (188) in the asymmetric
hydroformylation of 185b produced regioselectivities of >99/1 (b/l) and enantioselectivities of
>99/1 (186ββββ:186αααα) with 70% conversion at 1200 psig syn gas (S/C = 20).234 This transformation
has been performed at the kilogram scale.235

12.7 HYDROSILYLATION

Optically active alcohols, amines and alkanes can be prepared by the metal-catalyzed asymmetric
hydrosilylation of ketones, imines, and olefins.97,224,236 Several catalytic systems have been success-
fully demonstrated, such as the asymmetric silylation of aryl ketones with rhodium and Pybox
ligands; however, there are no industrial processes that use asymmetric hydrosilylation. The asym-
metric hydrosilyation of olefins to alkylsilanes (and the corresponding alcohol) can be accomplished
with palladium catalysts that contain chiral monophosphines with high enantioselectivies (up to
96% ee) and reasonably good turnovers (S/C = 1000).237 Unfortunately, high enantioselectivities
are only limited to the asymmetric hydrosilylation of styrene derivatives.238 Hydrosilylation of
simple terminal olefins with palladium catalysts that contain the monophosphine, MeO-MOP (189),
can be obtained with enantioselectivities in the range of 94–97% ee and regioselectivities of the
branched to normal of the products of 66:43 to 94:6 (Scheme 12.76).239,240

12.8 ASYMMETRIC CYCLOPROPANATIONS

Insecticides of the pyrethroid class, such as trans-chrysanthemic acid (190), have significant com-
241 An asymmetric synthesis of 190 has been achieved through the

242,243 With ethyl diazoacetate, equal
amounts of the cis- and trans-cyclopropanes were formed. However, when the size of the alkyl
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use of a chiral copper carbenoid reaction (Scheme 12.77).
mercial value (see Chapter 31).
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group in the diazoester was increased, the geometric and enantioselectivity increased. The l-menthyl
group was selected because this gave 93% of the trans-isomer with 94% ee.

12.9 SUMMARY

The preparation of chiral material via asymmetric hydrogenation has come a long way and continues
to evolve. Asymmetric hydrogenation is a powerful and clean method to prepare chiral intermediates
and products. The number of asymmetric hydrogenation processes continues to grow at the man-
ufacture scale, although that number is still considered small compared with the burgeoning research
efforts. Since Monsanto’s pioneering L-dopa process, which key step is the asymmetric hydroge-
nation of an enamide to the protected amino acid, several other industrial asymmetric hydrogenation
processes have been developed. L-Dopa, L-phenylalanine, and a variety of unnatural amino acids
have been prepared at the manufacture scale from the asymmetric reduction of the corresponding
enamide in moderate to high enantioselectivities by rhodium catalysts based on phosphines ligands
of various classes: P-chiral, ferrocenyl, chiral pool (diol, diamines, and carbohydrates), and phos-
pholanes.

The discovery of the chiral atropisomeric ligand, BINAP, greatly expanded the number of
asymmetric homogeneous hydrogenation catalysis. Rhodium and ruthenium complexes that contain
BINAP and similar ligands systems have demonstrated an amazing versatility in the reduction of
a wide variety of substrate classes in excellent stereoselectivities and reactivities. (–)-Menthol, a
variety of terpenoids, carbapenem intermediates, 1,2-propanediol, 4-hydroxy-2-cyclopentenone,
and citranellol are manufactured by transition metal catalysis that contain BINAP. There are a
number of potential industrial processes that could implement Rh- and Ru(BINAP) catalysts, for
example, naproxen, and β-keto esters, such as ethyl 4-chloroacetoacetate. Several new ligands
similar to BINAP have been synthesized, demonstrated excellent catalytic reactivities and selec-
tivities, and provided a means of catalytic “fine-tuning” a specific process.

An area of “fine-tuning” that has been a major focus in ligand design is the dihedral angle of
the biaryl backbone. Fine adjustment to the dihedral angle has resulted in the development of highly
active and enantioselective catalysts that contain new ligands: BIPHEMP, MeO-BIPHEP, MeO-Cl-
BIPHEP, Segphos, SYNPHOS, and TMBTP. Catalysts that have contained these ligands have been
used in a wide range of asymmetric processes, which include reductions of β-keto esters (ethyl 4-
chloroacetoacetate and dynamic kinetic resolutions for carbapenem production), β,γ-diketo esters
(alternate Lipitor process), asymmetric allylic alcohols (NVP-ACQ090), α,β-unsaturated esters
(Candoxatril), ketones (alternate menthol production) and acids (mibefradil and Zeneca ZD 3523),
and α-keto esters (antifungal product).

Variation in electronic effects within the biaryl backbone has produced the P-Phos family of
ligands, which contain a hindered dipyridinyl backbone. These ligands have demonstrated high
catalytic activities and enantioselectivities with JST catalysts.

A novel series of atropisomeric ligands uses a paracyclophane backbone. Rhodium and ruthe-
nium-PhanePhos catalysts have performed well in the asymmetric hydrogenation of enamide esters,
β-keto esters, and especially arylketones with JST catalysts (Duloxetine).
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Phosphines ligands that have chirality from ferrocenes have been implemented in the iridium-
catalyzed asymmetric hydrogenation of imine with moderate enantioselectivities for Novartis’s
manufacture of metolachlor. Electronic modifications of these ferrocenyl ligands have increased
the enantioselectivity and catalyst reactivity for Lonza’s asymmetric hydrogenation processes of
biotin and 2-substituted piperazines, intermediates for several pharmaceutical drugs. New ferroce-
nylbisphosphines, such as BoPhoz, Walphos, Taniaphos, and Mandyphos, have been developed and
could be used in the manufacture of Levetiracetam, cyclopropylalanine, and Synthon A alcohol for
SPP100.

Several asymmetric hydrogenation technologies show high potential for use at an industrial
scale. Electronic modifications of Ph-β-glup have produced a rhodium catalyst that can reduce a
wide variety of enamides to protected amino acids with high enantioselectivities. Alterations of the
phosphinate positions of the same D-glucopyranoside backbone can produce rhodium catalysts that
can produce the opposite antipode of protected amino acids. Noyori and co-workers have developed
ruthenium catalysts that contain chiral diamino or amino alcohol ligands, which reduce aryl ketones
with high stereoselectivities under both hydrogen transfer and hydrogenation conditions. Chiral
bisphosphoranes ligands, such as DuPHOS, have been developed, whose transition metal complexes
are very efficient in the asymmetric reductions of enamides, enol acetates, and β-keto esters.
DuPHOS has become the new benchmark to which all new asymmetric homogeneous hydrogena-
tions are compared. Like the atropisomeric ligands, the development of a second generation has
mushroomed with the focus on dihedral angles (MalPhos, CatASium families, Butiphane), elec-
tronic effects on the phospholane ring (RoPhos, Me-KetalPhos, and BasPhos), phospholane ring
size (Ferrotane, CnrPHOS, and BPE-4), and novel ligand design (Binaphane, Binapine, and Tang-
phos). Many of these ligands display similar enantioselectivities and activities in the production of
β-amino esters, chiral succinates, chiral benzyl amines, and unnatural amino acids.

Several new ligands that possess chirality at the phosphorus center have been developed and
shown to be excellent catalysts for the asymmetric reduction of enamides to amino acids and chiral
amines and β-enamides to β-amino esters. One ligand that shows great promise to be used at the
manufacture scale is Trichickenfootphos, which has demonstrated high activity and enantioselec-
tivity in the production of a chiral intermediate for Pregabalin.

The next quantum leap in catalysis after DuPhos has been the development of the ruthe-
nium–diamine–bisphosphine catalysts (JST). This combination of ligands on ruthenium produces
a highly active and enantioselective catalyst for the reduction of aryl ketones at mild conditions.
Although this technology is relatively young, the potential is strong for many industrial processes
that use this catalyst system.

Another area that has received considerable attention and was not chronicled in this chapter

unstable in reaction media and not highly enantioselective, monodentate phosphoramidites have
changed the minds of the scientific field. These ligands have been used in the manufacture of
unnatural α-amino and β-amino acids.

Hydrogenation, by far, has garnished the best results in homogeneous asymmetric catalysis,
but efforts continue in the development of asymmetric hydroformylation. Several new ligands
(Binaphos, Kelliphite, and ESPHOS) have been designed that have raised the level of enantio-
selectivities to 90–94% ee and regioselectivities to 88–99% in favor of the branched isomer.

Although homogeneous catalysts have overshadowed asymmetric heterogeneous hydrogenation
catalysts, a few industrial processes have been developed, but the scope of these catalytic systems
is narrow and highly substrate specific. The enantioselectivities that are obtained with heterogeneous
systems are usually lower in comparison to homogeneous or biocatalysis, with some notable
exceptions. Although heterogeneous systems are preferred to homogeneous systems in a commercial
setting because of convenience with handling and separation, catalyst performance needs to be
more reproducible. Raney nickel modified with R,R-tartaric acid and NaBr has been used by
Hoffmann LaRoche in the asymmetric hydrogenation of β-keto esters in moderately high ee’s.
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Novartis (Ciba Geigy) has implemented a cinchona-modified Pt/Al2O3 catalyst in the asymmetric
hydrogenation of α-keto esters for the industrial preparation of Benzaprin. 

The stereoefficiencies of an asymmetric hydrogenation catalyst are not the sole criteria for a
industrially feasible process. Many economic factors of a process that govern a successful industrial
scale include the cost of catalyst and ligands, substrate, operation, product throughput, equipment,
catalyst activities, and stereoselectivities. Ideally, a low-cost process would have low catalyst
loadings (high catalyst activity and TON) and high stereoselectivities in the reduction of an
inexpensive substrate at convenient hydrogen pressures and high concentrations. Unfortunately,
this is not always the case because some processes are only stereoselective at high hydrogen
pressures (2000 psig), which can be expensive to implement at scale. Other examples of high-cost
scenarios include expensive catalysts that are only stereoselective at high catalyst loadings or low
substrate concentrations. In addition, the cost and availability of the substrate needed for the
asymmetric hydrogenation can be a key factor.

The past several years have witnessed an explosion of creativity in ligand design and asymmetric
synthetic organic chemistry used in ligand preparation. This has fueled the development of new
catalysts, ligands, and asymmetric transformations that should further increase the number of
asymmetric hydrogenation processes at industrial scale in the years to come.
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13.1 INTRODUCTION

An ever-increasing number of pharmaceutical, flavor and fragrance, animal health, polymer, and
agrochemical products rely on the availability of enantiomerically pure building blocks.1 More than
50% of the world’s top-selling drugs are single enantiomers,2 and it has been estimated that up to
80% of all drugs currently entering development are chiral and will be marketed as single enantiomer
entities.3 On the basis of this need, asymmetric catalysis has established itself as one of the most
cost-effective and environmentally responsible methods for production of a large array of structur-
ally diverse, enantiomerically pure compounds.

An important area of asymmetric catalysis research involves the design of chiral ligands and
transition metal catalysts that can lead to a desired transformation with both high efficiency and
high selectivity. Whereas selectivity in asymmetric catalysis often refers to control of absolute
stereochemistry, other types, such as diastereoselectivities, chemoselectivities, and regioselectivi-
ties, can also play a crucial role in the development of a viable synthetic method. Because of the
catalytic nature of the system, the intrinsic chirality of an asymmetric catalyst can be used effectively
through many cycles, allowing many moles of a desired product to be generated from scant
quantities of catalyst. This singular property engenders the economically and environmentally
attractive features associated with asymmetric catalysis.
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A blueprint for the design of effective chiral ligands and asymmetric catalysts is not available,
and the factors that govern the efficiency and selectivity remain generally obscure. Accordingly, a
well-conceived ligand class should possess one or more structural and/or electronic features (mod-
ules) that may be varied readily in a systematic fashion to optimize the design for a given purpose.
The principle of modular design has been used extensively in nature to access proteins and secondary
metabolites of specific function. In the present context, we borrow this principle for the conception
and design of new ligand and catalyst systems. A design is informative to the extent that variations
in the ligand modules can be correlated to changes in the reactivity or selectivity of the catalyst.

In this chapter, we review a growing family of modular phosphorus heterocycles that have been
found broadly useful as chiral ligands in asymmetric catalysis.4 Specifically, the utility of catalysts
based on 4-membered phosphetane and 5-membered phospholane ligands will be the focus herein.
A description of other types of chiral phosphorus heterocycles can be found in recent review articles4

13.2 PHOSPHOLANE LIGANDS
Auxiliaries, reagents, and catalysts based on C2-symmetric trans-2,5-disubstituted 5-membered
nitrogen and boron heterocycles are well-documented to render very high levels of absolute stereo-
control in numerous reactions.5 These systems furnished the original inspiration for the design of
analogous phosphorus-based ligands. Brunner and Sievi had prepared enantiomerically pure trans-
3,4-disubstituted phospholanes, but these ligands proved relatively ineffectual in asymmetric catal-
ysis.6 In this case, presumably the chiral environment was too distant from the metal coordination
sphere to exert significant influence. It was reasoned, by contrast, that 5-membered trans-2,5-
disubstituted phospholanes would position the chirality proximal to a metal’s coordination sphere.
Moreover, phospholanes possessing dialkyl- or trialkyl-substituted phosphorus atoms would rep-
resent a new series of electron-rich ligands that potentially could be used more effectively in certain
asymmetric catalytic processes.7

Ligand electronic properties can dramatically influ-
ence the reactivity and selectivity of transition metal cat-
alysts, and the electron-rich nature of phospholanes
(Figure 13.1) is a unique feature that appears to differen-
tiate these systems from many other available chiral
ligands. Another important attribute of phospholanes is
associated with the modularity of these systems. The
ability to vary the phospholane R-substituents in a sys-
tematic fashion allows valuable information to be gath-
ered concerning the steric requirements of the catalytic
process. In this manner, the steric environment imposed by the ligand can be tuned to ideally
accommodate the steric demands of the reactants and thus facilitate optimization of catalyst efficacy.

Entry to trans-2,5-disubstituted phospholanes 3 was first achieved conveniently through the
use of chiral 1,4-diol intermediates 1 (Scheme 13.1).8 Originally, a series of 1,4-diols was prepared
via electrochemical Kolbe coupling of enantiomerically pure α-hydroxy acids.9 Commercially, the
Kolbe procedure was not practical and more attractive routes involving biocatalytic methodologies
currently are used to produce the requisite 1,4-diols.10

SCHEME 13.1

FIGURE 13.1 trans-2,5-Disubstituted
phospholanes allow systematic variation
of R-substituents.
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as well as in Chapters 12 and 15.
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The availability of enantiomerically pure 1,4-diols 1 has allowed assembly of phospholanes
possessing a range of R-substituents through base-induced reaction between 1,4-diol cyclic sulfates
2 and primary phosphines. Because the chirality of phospholanes resides within the phosphorus
heterocycle, the R1 group of 3 represents another module that may be varied to create a diverse
collection of chiral phospholane ligands. In the event that R1 possesses one or more additional
primary phosphine groups (-PH2 units), chelating ligand structures are possible.9,11 In this case, the
backbone unit of multidentate ligands has been explored as an element of diversity in an effort to
control ligand electronic and conformational properties. More recently the range of both monocyclic
and bicyclic phospholane-type ligands has been extended.12,13 Figure 13.2 displays representative
examples of this growing family of ligands.

The use of phosphide nucleophiles in an SN2 attack on alkyl-substituted cyclic sulfates allows
access to a wide range of phospholane derivatives. However, if aryl-substituted cyclic sulfates are
used, elimination and racemization processes compete with substitution. To access bis(2,5-diphe-

14 

FIGURE 13.2 Chiral phospholane ligand family showing backbone diversity.
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nylphospholano)ethane (4), an alternative strategy was required (Scheme 13.2).
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The meso-diphenylphospholanomide was obtained via a cycloaddition reaction of N,N-di-
methylaminophosphinodichloride and 1,4-diphenylbutadiene followed by hydrogenation. The
meso-compound was transformed into an equilibrium mixture containing predominately the rac-
compound on treatment with base. After hydrolysis, the phospholanic acid was kinetically resolved
using quinine. Reduction and protection of the phospholane as the borane adduct allowed the double
displacement of 1,2-ethyleneglycol ditosylate.

A similar approach was used in the synthesis of 3,4-diazphospholanes. In this case, the addition
of a bisphosphine to a diazine gave predominantly the rac-form, which was further elaborated and
resolved via diastereomeric salt formation (Scheme 13.3).12

13.3 PHOSPHETANE LIGANDS

Success with phospholanes led to a logical exploration of other chiral phosphorus heterocycles.
Four-membered phosphetanes appeared to offer a more rigid butterfly ring structure that was hoped
would afford elevated enantioselectivities in certain reactions. A series of these ligands was prepared
by an analogous route involving reaction between primary phosphines and chiral 1,3-diol cyclic

15 The preparation of phosphetanes was facilitated
by ready access to enantiomerically pure 1,3-diols through asymmetric hydrogenation of a range
of corresponding 1,3-diones using biaryldiphosphine-Ru catalysts.16
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sulfates in the presence of base (Scheme 13.4).
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Reaction between 1,3-diol cyclic sulfates and bis(phosphines) in the presence of bases such as
LDA afforded a family of chiral bis(phosphetane) ligands with a range of R groups. The first two
members of this family were the FerroTANE15a and Cnr-PHOS15c ligands bearing 1,1′-ferrocenyl
and 1,2-benzenyl backbones, respectively.

13.4 ASYMMETRIC CATALYTIC HYDROGENATIONS

Asymmetric hydrogenation reactions are ideal for commercial manufacture of single-enantiomer
compounds because of the ease with which these robust processes are scaled up and because of
the cleanliness of these transformations—few by-products are generated. Exceedingly high enan-
tioselectivities and catalytic efficiencies have been realized in enantioselective hydrogenation reac-
tions.17 The versatility of phospholane and phosphetane ligands in asymmetric catalytic hydroge-
nations is highlighted in the following.

13.4.1 AMINO ACID DERIVATIVES

The advent of processes based on asymmetric catalytic homogeneous hydrogenation may be traced
to the pursuit of economic routes to unnatural α-amino acids more than 30 years ago.18 Impressive
initial success was achieved with rhodium complexes bearing chiral diphosphines such as DIOP19

and DIPAMP,20 although general catalysts for the enantioselective hydrogenation of a range of
different α-enamide substrates 5 had remained elusive, even in 1990. In the past 10 years, a number
of useful catalysts systems have been discovered.

Cationic rhodium complexes of the type [(COD)Rh(DuPhos)]+X– (X = weakly or noncoordi-
nating anion) have been developed as one of the most general classes of catalyst precursors for
efficient, enantioselective, low-pressure hydrogenation of α 21

For substrates that possess a single β-substituent (e.g., R1 = H), the Me-DuPhos-Rh and Et-DuPhos-
Rh catalysts were found to render a multitude of amino acid derivatives with enantioselectivities
of 95–99%. A variety of N-acyl protecting groups such as acetyl, Cbz, or Boc may be used, and
enamides 5 may be used either as carboxylic esters or acids. Moreover, the substrates may be
present as mixtures of E- and Z-geometric isomers with little detrimental effect. The commercial
viability of these robust catalysts is revealed by the high catalyst activities (turnover frequencies
>5000 h–1) and catalyst productivities (substrate-to-catalyst [S/C] ratios up to 50,000) displayed by
these systems.22,23
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-enamides of type 5 (Scheme 13.5).



254 Handbook of Chiral Chemicals, Second Edition

Figure 13.3 highlights a representative selection of β-substituents and organic functional groups
that are tolerated by these catalysts in the production of novel amino acids. Virtually any substituted
aromatic, heteroaromatic, alkyl, fluoroalkyl, or other functionalized organic group may be incor-
porated into the amino acid product.22–26 Assorted C-glycopeptide intermediates were generated in
reactions whereby the catalyst displayed high levels of reagent control.27 Polyamino acids of
different sorts have been synthesized with very high selectivities.28 Finally, the highly active
fungicide, (R)-metalaxyl, has been produced efficiently using this technology.17d It is important to
note that hydrogenation of haloaromatic enamides has provided facile access to a broad range of
highly functionalized aromatic amino acids and peptides through subsequent Pd-catalyzed coupling
processes.29

Other work has focused on the synthesis of more elaborate amino acids such as (S)-acromelo-
binic acid,30 (R)-4-piperidinylglycine,31 and L-azatyrosine32

cally has become a routine catalyst used in the synthesis of structurally diverse amino acids required
in peptide design (e.g., 7 and 8).33 The tolerance of these catalysts for a wide range of structural
elements and functional groups is further emphasized by the ease with which these catalysts can
be used in the synthesis of complex amino acid derivatives required in total synthesis (e.g., 9).34

SCHEME 13.5

FIGURE 13.3 Amino acid derivatives produced via DuPhos-Rh catalysts.
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 (Figure 13.4). Et-DuPhos-Rh specifi-
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The advantages of modularity inherent to the DuPhos ligand series became apparent during
attempts to hydrogenate enamides 5 possessing two β-substituents (R1, R2 ≠ H). Enantioselective
hydrogenation of tetrasubstituted alkene units of this type had presented a significant challenge for
all known catalysts, and the highest selectivity reported prior to our work was 55% ee using a
DIPAMP-Rh catalyst.35 The rates and enantioselectivities were found to be dramatically dependent
on the properties of the phospholane ligand.36 In contrast to the preeminence of Et-DuPhos-Rh for
enamides containing a single β-substituent, sterically less encumbered catalysts were required for
hydrogenation of sterically congested β,β-disubstituted enamides. In particular, the Me-DuPhos-
Rh and more electron-rich Me-BPE-Rh catalysts have been found superior for the production of
multifarious β-branched amino acids.37 Hence, both symmetric and dissymmetric β-substituted
enamides were found to hydrogenate with very high enantioselectivites. In the latter case, hydro-
genation of E- and Z-enamide isomers separately allowed the generation of a second new β-
stereogenic center and production of both threo- and erythro-diastereomers in stereoisomerically
pure form. For example, D-allo-isoleucine and D-isoleucine were each readily prepared in >98%
ee through hydrogenation of the corresponding Z- and E-enamides using the (R,R)-Me-BPE-Rh
catalyst. Other examples are shown in Figure 13.5.

The DuPhos-Rh catalysts also offer excellent regioselectivity in asymmetric hydrogenation
reactions.22,38 Selective hydrogenation of one alkene function within substrates possessing two or
more different alkene groups can be a significant challenge, particularly if the most highly substi-

FIGURE 13.4 Elaborate amino acids accessible with DuPhos or BPE rhodium catalysts.

FIGURE 13.5 β-Branched amino acids via Me-BPE-Rh-catalyzed hydrogenation.
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tuted alkene is targeted for reduction (Scheme 13.6).
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A screen of myriad chiral diphosphine rhodium and ruthenium catalysts showed that the cationic
Et-DuPhos-Rh catalysts are uniquely suited for hydrogenation of dienamides 10 with both high
enantioselectivities (>98%) and high regioselectivities (>98%) to produce allylglycine derivatives
11.38a No other catalyst, including the closely related Me-DuPhos-Rh and i-Pr-DuPhos-Rh, has
been found as effective for this transformation, again demonstrating the benefits of modular ligand
design. Enamide substrates are known to chelate to cationic diphosphine-Rh catalysts through the
alkene and the carbonyl oxygen atom of the N-acyl group. Apparently, such chelation directs the
hydrogenation to occur preferentially at the enamide alkene unit of 10. In the case of the Et-DuPhos-
Rh catalyst system, hydrogenation of other alkene groups within the substrate is particularly
unfavorable, regardless of whether the alkenes are conjugated, as in 10, or more remote from the
enamide function.22

Allylglycine derivatives are functionalized amino acids that can serve as valuable synthetic
intermediates. For instance, allylglycine 12 was prepared in 99% ee via the (R,R)-Et-DuPhos-Rh
catalyst and then conveniently converted to the complex natural product (+)-bulgecinine (13) (Figure
13.6).38a In a further example, allyl glycine has been further elaborated by a hydroformylation. The
resultant aldehydes are amenable to cyclization to furnish the piperidinecarboxylic acid derivative
14.38b Through use of the Me-BPE-Rh catalysts, hydrogenation of dienamides bearing an additional
β-substituent has allowed rapid access to β-branched allylglycines (15–17) possessing contiguous
stereogenic centers.39 These challenging examples demonstrate the powerful influence of substrate
chelation, whereby the tetrasubstituted enamide alkene unit is reduced in preference to a disubsti-
tuted alkene function.

SCHEME 13.6

FIGURE 13.6 Functional allylglycine derivatives prepared through hydrogenation.
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Me-DuPhos-Rh catalysts also have been shown to be very effective in the enantioselective and
diastereoselective hydrogenation of dehydroaminoacids immobilized on polymer supports.40

Reduction of β-enamides can provide straightforward access to β-amino acids. It has been
demonstrated that the Me-DuPhos-Rh catalysts are very effective for hydrogenation of a series of
(E)-β-enamides 18 to afford the desired β-amino acid derivatives 19 with very high enantioselec-
tivities (>97%) (Scheme 13.7).41 The Me-and Et-FerroTANE-Rh catalysts also have been found to
hydrogenate (E)-β-enamides with very high enantioselectivities (>98%) and rates.42 Unfortunately,
neither catalyst system was able to reduce the corresponding (Z)-β-enamides with the same high
level of absolute stereocontrol, thus requiring use of geometrically pure β-enamide substrates. The
asymmetric hydrogenation of (Z)-β-enamides appears to be peculiarly sensitive to temperature and
pressure effects. Lower pressure generally favors higher enantioselectivity, and increasing the
temperature from 15°C to 40°C also significantly enhances selectivity.43 Work has shown that the
use of i-Pr-DuPhos-Rh delivers good enantioselectivity at higher pressures and lower catalyst
loading with either Z- or E-enamide.43d For example, the hydrogenation of (Z)-3-acetamido-2-
butenoate (18, R = Me) at a molar S/C = 1000 gave the corresponding β-amino acid derivative 19
in 92% ee. Hydrogenation of the E-enamide gave the same product in >99% ee.

13.4.2 AMINES AND AMINO ALCOHOLS

Hydrogenation of enamides using bis(phospholane)-based rhodium catalysts has been extended to
include substrates that previously had been considered intractable. Many enamides of general
structure 20 may be prepared readily from ketones—for example, through reaction with hydroxyl-
amine, followed by reduction of the oxime with iron powder in the presence of an acylating agent
(Scheme 13.8).44 Alternatively, the enamide can be accessed by a Grignard addition to the corre-
sponding nitrile and trapping the intermediate magnesium salt with acetic anhydride.45 Subsequent
hydrogenation of enamides of type 20 with the DuPhos-Rh or BPE-Rh catalysts provides a simple
3-step route to a range of valuable amine derivatives 21.

effective for reduction of α-aryl enamides (20, R2 = aromatic group) to provide an array of α-1-
arylalkylamine derivatives 22 (95–99% ee).46 In an analogous fashion, arylglycinol derivatives 23
were synthesized conveniently and with high enantioselectivity (>97%) using the Me-DuPhos-Rh
catalysts.47 As previously noted, the DuPhos-Rh and BPE-Rh catalysts tolerate β-substituents in
either the E- or Z-position of enamides 20, converging the geometric mixtures to products with
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As shown in Figure 13.7, the Me-DuPhos-Rh and Me-BPE-Rh catalysts were found particularly
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high ee’s. Cyclic amines, such as 1-aminoindane (24), have been prepared with enantioselectivities
>99%.44 Enamides 20 possessing tertiary-alkyl R2-substituents are hydrogenated efficiently with
the Me-DuPhos-Rh catalysts to yield enantiomerically pure dialkylamine derivatives of structure
25, albeit with opposite absolute stereochemistry to that predicted based on other enamide hydro-
genations.44 Finally, hydrogenation of enamides 20 supporting different substitution patterns using
the Me-DuPhos-Rh and Et-DuPhos-Rh catalysts has permitted preparation of a wide variety of
amino alcohols, amino oximes, and diamines (26-28) with enantioselectivities up to >99% (see
Figure 13.7).48

The preparation of amines also has been explored through enantioselective hydrogenation of
imines using phospholane- and phosphetane-based Rh and Ru catalysts. In general, lower rates and
selectivities have been achieved with these substrates. The best results were obtained in hydroge-
nation of the N-benzylimine of acetophenone (29), whereby the corresponding amine 30 was
obtained in up to 94% ee using the diphosphine–ruthenium–diamine catalyst derived from
{RuCl2[(R,R)-Et-DuPhos)((R,R)-Diaminocyclohexane)]} (Scheme 13.9).49

13.4.3 HYDRAZINES

As noted earlier, rhodium catalysts bearing the DuPhos and BPE ligands have been found generally
ineffective for hydrogenation of the C�N group of imines and oximes. However, hydrogenation
of N-acylhydrazones of structure 31 was shown to occur readily and rendered a broad range of

be consummate for this process, and a variety of hydrazines and hydrazino acids were prepared
with high enantioselectivities (>90%).50 It is interesting that solvents had a dramatic effect on
selectivities in this process and the highest ee’s were observed in isopropanol, similar to that
observed earlier for hydrogenation of the imine 29. Optically active amines also could be generated
through this method by reductive cleavage of the N–N bond of hydrazines 32 with reagents such
as samarium diiodide.

FIGURE 13.7 Amines, amino alcohols, and diamines available via DuPhos-Rh-catalyzed enamide hydroge-
nation.
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hydrazine derivatives of structure 32 (Scheme 13.10). The Et-DuPhos-Rh catalysts were found to
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13.4.4 ALCOHOLS

Two different methods for production of chiral alcohols have been explored—one entailing alkene
reduction and one involving keto group hydrogenation. Hydrogenation of enol acylates, formed
from ketones and having the generic form 33, proceeds efficiently and with very high enantio-

Again, use of substrates 33 as E/Z-isomeric mixtures does not debase enantioselectivities. Acid-
or base-catalyzed hydrolysis of the acyl group of 34 renders simple access to the desired alcohol
products. 

This strategy has been used to prepare numerous different types of alcohols, including aromatic
alcohols 35 and trifluoromethyl-substituted derivatives 36.21 Alcohols of type 37 and 38, respec-
tively, were produced through highly enantioselective and regioselective hydrogenation of allylic
and propargylic enol acetates using the same catalysts.51 Moreover, a wide range of α-hydroxy
phosphonate esters 3952 and valuable α-hydroxy carboxylic esters 4053 have been prepared with
high enantioselectivities (>95% ee) by this method. Rather than hydrolysis to 40, direct hydride-
mediated reduction of the initially formed acetate products (i.e., 34; R2 = CO2R) affords chiral 1,2-
diols in high yield.53 Cyclic enol acetates also may be hydrogenated with high enantioselectivity.
For instance, multi-kilogram quantities of the intermediate (S)-phorenol (41) have been manufac-
tured through efficient (S/C = 20,000; 4 hours) and highly enantioselective (98%) hydrogenation
of the corresponding enol acetate using the (R,R)-Et-DuPhos-Rh catalyst.54
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FIGURE 13.8 Alcohols produced through asymmetric hydrogenation of enol acylates 33.
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selectivities using the DuPhos-Rh and BPE-Rh catalyst systems (Scheme 13.11 and Figure 13.8).
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Asymmetric hydrogenation of ketones represents a more direct approach to chiral alcohols.
Ruthenium catalysts bearing the DuPhos and BPE ligands were found to be effective for the low-
pressure (60 psi H2) hydrogenation of β-keto esters 42 (Scheme 13.12).55 Using a catalyst precursor
of general composition [i-Pr-BPE-RuBr2], a wide selection of β-hydroxy esters 43 have been
attained with very high enantioselectivities (>98%). The easily handled complex, [η6-(C6H6)Ru(Me-
DuPhos)Cl]OTf, also may serve as a comparable precursor for enantioselective β-keto ester hydro-
genations.

13.4.5 CARBOXYLIC ACIDS

The creation of C–C stereogenic centers is an important and challenging area of asymmetric
synthesis. The apparent need to synthesize geometrically pure alkenes that are devoid of attached
heteroatoms has served as a specious impediment to the development of practical hydrogenation
processes for this purpose. Unsaturated carboxylic acid derivatives of general structure 44 can be
hydrogenated with a high degree of stereoselection to furnish products 45 with new C–C stereogenic
centers at either the α- or β
products 46 and 47 have been obtained with high enantioselectivities using an in situ–generated i-
Pr-DuPhos-Ru catalyst.56 Unfortunately, this process is not general because substitution with larger
groups at either α- or β-positions led to serious diminution of selectivity and rates. Functionalized
carboxylic acids, such as 48, were prepared directly and with high ee’s through hydrogenation of
the corresponding vinyl sulfones using Et-DuPhos-Rh.57

Considerably improved scope was realized in the hydrogenation of itaconates 49, which serve

Et-DuPhos-Rh catalysts are superlative for asymmetric hydrogenation of a very broad range of
itaconate substrates with exceedingly high enantioselectivities (>97%) and high efficiencies (S/C
>5000).58 Itaconates may be prepared effectively as E/Z-isomeric mixtures through Stobbe conden-
sation between aldehydes and dialkyl succinates. Fortunately, the Et-DuPhos-Rh catalysts once
again were found to tolerate itaconates synthesized as geometric isomers and converged the mixture
to the desired product with high levels of absolute stereocontrol.

SCHEME 13.12

FIGURE 13.9 Carboxylic acid derivatives accessed by asymmetric hydrogenation.
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as useful substrates for production of 2-alkylsuccinate peptidomimetics 50 (Scheme 13.14). The

-carbon (Scheme 13.13 and Figure 13.9). For example, carboxylic acid
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The Et-DuPhos-Rh catalysts were found superior for itaconates 49; however, inverting the
protecting group positions led to a decrease in enantioselectivity and catalytic rates, especially
when amido itaconates of type 51 were used. It was here that the Et-FerroTANE-Rh catalysts first
demonstrated their potential value for the production of useful peptidomimetic intermediates 52
(Scheme 13.15). Thus, a range of amido itaconates bearing different R and amide groups were
reduced with very high enantioselectivities (>95%) and high catalytic efficiency (e.g., 3-hour
reaction time at S/C = 20,000).15a An even higher S/C ratio (S/C = 100,000) has been demonstrated
for the unsubstituted 2-methylenesuccinamic acid (51, R = H).59 It is noteworthy that in the
hydrogenation of this substrate, trace amounts of chloride bound to and inhibited the catalyst such
that at S/C = 1000 the reaction time was reduced from ~2 hours to 4 minutes when the chloride
was removed.

The unique itaconate-like substrate 53 has been hydrogenated efficiently and with high selec-
tivity (>99% ee) using the (R,R)-Me-DuPhos-Rh catalyst to afford 54, an important intermediate
for the drug candoxatril (Scheme 13.16).60

Hydrogenation of cyano-itaconate derivative 55 with Me-DuPhos-Rh catalyst was found to
proceed in high enantioselectivity (98%) when an E/Z mixture of the carboxylate salt (M = K or
t-BuNH3) was used; 56 was formed in only 19% ee when the ethyl ester was used (M = Et).
Subsequent hydrogenation of the cyano group of 55 using Ni sponge provided straightforward and
practical access to pregabalin (57), a potent anticonvulsant drug under development by Pfizer
(Scheme 13.17).61 It is of interest to note that the (R,R)-Me-FerroTANE-Rh catalyst also provided
the product 57 with high enantioselectivity (95%).
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13.4.6 DIHYDROPYRONES

Stereoselective hydrogenation also has been used successfully to introduce C–C stereogenic centers
into 2 related dihydropyrone derivatives. Both enantiomers of the anticoagulant warfarin (58) have
been prepared in 89% ee through hydrogenation of the corresponding α,β-unsaturated ketone using
the Et-DuPhos-Rh catalysts.62 More recently, the (R,R)-Me-DuPhos-Rh catalyst furnished a key
intermediate 59 for production of tipranavir, a new nonpeptidic human immunodeficiency virus
protease inhibitor originally discovered by Pharmacia & Upjohn (now Pfizer).63

13.4.7 CYCLOPENTANONES

A Me-DuPhos-ruthenium catalyst has found application in the industrial synthesis of the fragrance
(+)-cis-methyl dihydrojasmonate 60 (Scheme 13.18).64 The catalyst gave excellent cis-selectivity,
and although the enantiomeric excess was modest (76%), it was acceptable for use of the product
in perfumery.

13.4.8 ARYLALKANES

Me-DuPhos-ruthenium catalysts also have been shown to be effective in the asymmetric hydroge-
nation of α-ethylstyrenes 61 giving some of the highest enantioselectivities thus far recorded for
this difficult class of substrate (Scheme 13.19).65

13.4.9 CYCLOPENTANES

Rhodium-bisphospholane catalysts have been used effectively in directed hydrogenation. For exam-
ple, careful choice of catalyst in the hydrogenation of the cyclopent-1-enecarboxylic ester 62 allows
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access to either diastereoisomer of the hydrogenation product 63 (Scheme 13.20). Crabtree’s catalyst



Modular, Chiral P-Heterocycles in Asymmetric Catalysis 263

apparently coordinates to the hydroxyl oxygen of 62, leading to the (S,R,R) stereoisomer, whereas
the Rh-Me-BPE catalyst delivers hydrogen from above by binding to the carbamate group to afford
(R,R,R)-63.66

13.5 OTHER APPLICATIONS OF PHOSPHOLANE LIGANDS

In addition to hydrogenation reactions, modular phospholane ligands are being applied in a growing
rank of other useful asymmetric catalytic transformations. For instance, Jiang and Sen reported the
discovery of a dicationic Me-DuPhos-Pd catalyst for the alternating copolymerization of aliphatic
α-olefins and carbon monoxide (Scheme 13.21).67

Analysis with chiral nuclear magnetic resonance shift reagents revealed that the isotactic
poly(1,4-ketone) products were formed with an average or overall degree of enantioselectivity that
was >90%. Using the same catalyst, Jiang and Sen also described the first example of alternating
co-polymerization between an internal alkene (2-butene) and carbon monoxide to form an isotactic,
optically active poly(1,5-ketone).

Murakami and Ito have highlighted the utility of cationic Me-DuPhos-Rh catalysts for novel
asymmetric (4 + 1) cycloaddition reactions between vinylallenes and carbon monoxide.68 Complex
cyclopentenone derivatives such as 64 have been constructed in a single step and with enantiose-
lectivities up to 95% in this process (Scheme 13.22).

The modular nature of the phospholane series of ligands allows different backbone structures
to be explored. Osborn and van Leeuwen have reported bis(phospholane) ligands 65 possessing
dibenzo[b,d]pyran and dibenzo-1,4-thioxin backbones that have large P–M–P bite angles.12b Pre-
liminary studies using ligands possessing 2,5-dimethylphospholane units have affirmed that these
systems are useful in asymmetric Pd-catalyzed allylic substitution reactions. Even notoriously
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difficult substrates, such as O-acetylcyclohexenol 66, reacted with dimethylmalonate to yield allylic
substitution products (e.g., 67) with high enantioselectivities (Scheme 13.23).

Two different reports have illustrated that cationic Me-DuPhos-Rh complexes serve as excellent
catalysts for asymmetric C–C bond-forming cyclization reactions. In the first example, Bosnich
and co-workers discovered that valuable 3-substituted cyclopentanones can be prepared simply by
treatment of 4-pentenal derivatives 68 with the Me-DuPhos-Rh catalyst.69 Asymmetric intramolec-
ular hydroacylation furnished the product cyclopentanones 69 in high yield and with enantioselec-
tivities ranging from 93% to 98% (Scheme 13.24).

In the second example, Gilbertson and colleagues have revealed that cationic Me-DuPhos-Rh
catalysts effect asymmetric [4 + 2] cycloisomerization of standard dieneynes such as 70 to afford
bicyclic products 71, whereupon two stereogenic centers are established with high levels of absolute
stereocontrol (Scheme 13.25).70

A nickel catalyst containing Me-DuPhos has been shown to be effective in the enantioselective
isomerization of 4,7-dihydro-1,3-dioxepins 72.71 Diastereoselective oxidation of the resulting 4,5-
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dihydro-1,3-dioxepins 73 allowed access to a range of C–4 chiral synthons (Scheme 13.26).
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In a radically different approach, Alper has discovered that Me-DuPhos may be used in the
synthesis of α-amino acids through a palladium-catalyzed double carbohydroamination whereby
aryl iodides 74 can be converted to the corresponding arylglycine amides 75 in the presence of
excess primary amine (Scheme 13.27).72

Finally, Boezio and Charette have shown that Me-DuPhos in combination with Cu(OTf)2 is
effective in the enantioselective addition of dialkylzinc reagents to N-diphenylphosphinoylimines
76 to provide phosphinoylamines 77 with high selectivities (Scheme 13.28).73 Further study revealed
that a bis(ligand)-Cu catalyst containing the mono-oxide of Me-DuPhos, and not Me-DuPhos itself,
was responsible for the high enantioselectivities observed in this process.74

13.6 SUMMARY

Modular phospholane and phosphetane ligands are finding useful application in a growing number
of catalytic reaction types and are well-suited for commercial process development. Catalysts
derived from the bidentate DuPhos and BPE ligands exhibit particularly high efficiency and
selectivity in a wide spectrum of asymmetric hydrogenation reactions, providing access to a diverse
range of valuable chiral compounds. The versatility of these catalyst systems emanates from the
modular nature of the ligands, which allows ready adjustment of their steric, electronic, and
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conformational properties. Optimal results have been achieved through the ability to systematically
vary both the phospholane or phosphetane R-substituents and the ligand backbones. Because only
a limited number of phospholane- and phosphetane-based ligands have been prepared and studied
to date, it is likely that many new and interesting catalytic processes will be discovered and
developed as this series of novel ligands is extended. It is encouraging to note that a growing
number of these ligands and catalysts are being made generally available to the research community.
These ligands represent a family with individual members that are sterically and conformationally
differentiated. It often is difficult or impossible to predict which ligand or catalyst might be ideally
suited for any specific process. Hence, it is important to recognize that a series of ligand–catalyst
combinations must be screened to identify the optimum system for a given application. As more of
these ligands become available, we would anticipate that their scope and applicability will continue to
expand into new and exciting areas. Moreover, the utility of these ligands and catalysts in industrial
processes is only beginning to be realized, and many large-scale applications are anticipated.
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14.1 INTRODUCTION

The development of rhodium-catalyzed asymmetric olefin hydrogenation historically started with
the work of Knowles1 and Horner2 who used P-chiral monodentate phosphines as ligands. Initial
enantioselectivities were low, which was attributed to the many degrees of freedom of the rhodium
complexes, in particular the free rotation around the Rh-P bond. Thus, it was a logical step when
Dang and Kagan synthesized the first chiral bisphosphine ligand (DIOP) (1), which in principal
should form a much more rigid complex. Their analysis was rewarded by the remarkably high ee
at that time of 70% in the hydrogenation of 2-acetamidocinnamic acid.3 Knowles subsequently
showed that dimerization of the first-generation ligand PAMP (2) to DIPAMP (3) (Figure 14.1)
raised the enantioselectivity of the rhodium-catalyzed hydrogenation of methyl 2-acetamido-cin-

4

FIGURE 14.1 Structures of early chiral ligands.
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namate (5) from 55% to 95% (Scheme 14.1).
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The application of DIPAMP in the commercial process for L-dopa,1b and the simplification of
the synthesis by using non-P-chiral ligands, such as DIOP (1), has lead to the discovery of several
dozens of families of chiral bisphosphines.5 Despite the fact that Knowles already had shown that
use of monodentate CAMP (4) led to formation of N-acetyl-phenylalanine (6) in up to 88% ee,6

the dogma of the superiority of bidentate phosphorus ligands was well-established and remained
unchallenged for many years.7 Thus, it was very surprising that in a very short period 3 new classes
of monodentate ligands were reported that showed remarkably high enantioselectivities, comparable
with the best bidentate bisphosphines in the rhodium-catalyzed asymmetric hydrogenation of a
range of substituted olefinic substrates. These monophosphonites, monophosphites, and monophos-
phoramidites are all based on the BINOL skeleton (Figure 14.2).

They also share the feature that the enantioselectivity of the hydrogenations in which they are
used is strongly solvent dependent. In particular, methanol, the workhorse solvent of asymmetric
hydrogenations with bisphosphine ligands, gives very poor results. These ligands give optimal
results in nonprotic solvents such as CH2Cl2 (DCM), tetrahydrofuran (THF), acetone, or EtOAc.

This chapter summarizes the remarkable results that were obtained with these ligands in
asymmetric olefin hydrogenation.

14.2 MONODENTATE PHOSPHONITES

Asymmetric hydrogenation using monodentate phosphonites was first reported by Pringle8 and later
by Reetz and colleagues.9 These ligands are easily prepared in a single step from RPCl2 and 2,2′-

′
Surprisingly high enantioselectivities up to 94% are obtained in the asymmetric hydrogenation

of methyl 2-acetamido-cinnamate (5), methyl 2-acetamido-acrylate (9), and dimethyl itaconate (11).
The rate of these reactions is also fairly high; even at a substrate-to-catalyst (S/C) ratio of 1000,
most reactions on 9 and 11 are complete after 3 to 4 hours. Based on the X-ray structures of
platinum complexes of ligands 8c and the ethylene bridged bidentate bis-phenanthrol based ligand
(not shown), Pringle analyzed the possible reasons for the high enantioselectivity. He showed that
in the complexes containing the monodentate ligands, the bisphenanthryl units actually protrude
further outside the plane of projection than in the bidentate complex, leading to 2 blocked quadrants.
Also, with these complexes, rotation around the Rh–P bond seems hindered.

These monodentate ligands are interesting for high-throughput experimentation (HTE) because
of their ease of synthesis, which allows the easy assembly of a library of ligands. Moreover, it is

SCHEME 14.1

FIGURE 14.2 Monodentate ligand families based on BINOL.
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bisnaphthol or 9,9 -bisphenanthrol (Figure 14.3).
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possible to further expand the available diversity by testing mixtures of ligands. Reetz and co-
workers showed that several 1:1 combinations of different monophosphonites lead to higher enan-
tioselectivities than those obtained with the “homo” catalysts.10 For instance, in the rhodium-
catalyzed hydrogenation of 9 using a 1:1 mixture of 7a and 7b, the product 10 was obtained in
97.8% ee, whereas they found 92% ee with each of the “homo” catalysts. The ratio of ligands does
not need to be exactly 1:1. In the asymmetric hydrogenation of aromatic enamides (vide infra), it
was shown that the ligand ratio could vary between 1:5 and 5:1 without much difference in the
enantioselectivity. It is clear that this combinatorial approach has much potential. Indeed, a library
of 10 ligands allows 55 combinations to be tested.11 Using combinations of phosphonites and

FIGURE 14.3 Phosphonite ligands.

TABLE 14.1
Rhodium/Phosphonite-Catalyzed 
Asymmetric Hydrogenation of 5, 9, and 11a

Entry Ligand ee 6 (%) ee 10 (%) ee 12 (%)

1 7a 80 (R) 78 (R)b 90 (R)
2 7b 10 (R) 92 (R) 57 (R)
3 7c 63 (R) 73 (R) 29 (R)
4 7d — 94 (R) 71 (R)
5 8a 14 (S) 29 (R) —
6 8b 49 (R) 70 (R) —
7 8c 59 (S) 78 (R) —

a Conditions: Catalyst:S = 1:500, [S] = 0.47M in CH2Cl2,
25°C, H2 1.5 bar, 3h (9) 20h (5, 11).
b This is the ee value reported by Pringle; Reetz reports 92%.
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nonchiral phosphines or phosphites also gave interesting results in the rhodium-catalyzed hydro-
genation of 9.12 Although no enhancement was found in enantioselectivity, there were profound
changes, including a reversal of the configuration of the product.

In conclusion, these new ligands show great promise, particularly in view of the relatively high
reactivity of their rhodium complexes in asymmetric olefin hydrogenation. 

14.3 MONODENTATE PHOSPHITES

The monophosphites were discovered by Reetz and colleagues springing from a program on
bidentate bisphosphites based on dianhydro-D-mannite and 2 equivalents of BINOL. It turned out
that the analogous monophosphites (one BINOL replaced by MeOH) gave surprisingly high enan-
tioselectivities in the rhodium-catalyzed hydrogenation of 11. Comparison of matched and mis-
matched ligands revealed that the chirality of BINOL had the largest influence on the enantiose-
lectivity. To test this hypothesis a number of simple BINOL-based monophosphites were
synthesized, which showed excellent properties in the asymmetric hydrogenation.13 Chiral mono-
phosphites had been reported before by Union Carbide (now Dow) as ligands for rhodium-catalyzed
asymmetric hydroformylation, although in this application they led to much poorer enantioselec-
tivity than those obtained with the bidentate bisphosphites.14 The monophosphites can be easily
synthesized in two steps (Scheme 14.2). Although most ligands were initially made in a sequence
that starts with the phosphinylation of BINOL (Scheme 14.2a), this procedure results in oils or
foams that are not easily purified. Millitzer and colleagues showed that the reverse preparation
(Scheme 14.2b) actually gives a much purer product.15 In the case of the isopropyl ligand, they
were able to obtain the stable RhL2(COD)BF4 complex in crystalline form. Monophosphites based
on BINOL and l-menthol (13v,w) were reported by Xiao.16 More recently, the octahydro-derivatives
14 were reported by Bakos and colleagues.17
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O 

O 
P OR 

OH 

OH 

O 

O 
P OR 

1. PCl3 
2. ROH/Et3N (a) 

ROH 
PCl3, −10°C

ROPCl2 

BINOL/ 
Et3N  

(b) 

13 a   R = Me (S-BINOL) 
R = CHMe2 (S-BINOL)
R = CH(CH2)4 (S-BINOL)
R = CH2CHMe2 (R-BINOL)
R = CH2CHEt2 (R-BINOL)
R = CH2CMe3 (R-BINOL)
R = CH2CH2OMe (S-BINOL)
R = CH2CH2OMe (R-BINOL)
R = (rac)-CH(Me)Ph (S-BINOL) 
R = (R)-CH(Me)Ph (S-BINOL)
R = (S)-CH(Me)Ph (S-BINOL)
R = (S)-CH(Me)CH2CH3 (S-BINOL)
R = (S)-CH(Me)CH2CH3 (R-BINOL)
R = (S)-CH2CH(Me)CH2CH3 (S-BINOL)
R = (S)-CH2CH(Me)CH2CH3 (R-BINOL)
R = Ph (S-BINOL)
R = 2-Br-Ph (S-BINOL)
R = CH2Ph  
R = 2,6-(CH3)2C6H3 (S-BINOL)
R = 2,6-(C6H5)2C6H3 (S-BINOL)
R = CH2CH2Cl (R-BINOL)
R = l-Menthol (S-BINOL)
R = l-Menthol (R-BINOL) 
R = H (S-BINOL)

14 a R = (rac)-CH(CH3)Ph (S-H8-BINOL) 
      b R = CHMe2 

b
c
d
e
f
g
h
i
j
k
l
m
n
o
p
q
r
s
t
u
v
w
x

© 2006 by Taylor & Francis Group, LLC



Monodentate Ligands 273

Table 14.2 shows the results of the rhodium-catalyzed hydrogenation of 9 and 11 at 1.3 bar in
DCM with these ligands. In the initial Reetz communication, a Rh/L ratio of 1:1 was used, but
later experiments were done at a Rh/L of 1:2. Enantioselectivities are unaffected within this range
and are generally excellent with these two substrates. Rhodium/13-catalyzed hydrogenation of 5
gave 6 with enantioselectivities ranging from 53–92%. Best results were obtained with 13j. Similar
to the phosphonites, these hydrogenations need nonprotic solvents for highest enantioselectivities.
Reetz reported inferior results in isopropanol. Even at 1.3 bar, these reactions are fast at around
300 mol–1 h–1. At 20 bar, turnover frequencies (TOFs) up to 120,000 were obtained with 14b in
the hydrogenation of 11. The enantioselectivity of 12 decreases only slightly (1–2%) when pressure

TABLE 14.2
Rh-Catalyzed Asymmetric Hydrogenation of 9 
and 11 Using BINOL-Based Phosphite Ligandsa

Entry Ligand ee 10 (%) ee 12 (%)

1 13a 73 (R) 89 (S)
2 13b 93 (R) 97 (S)
3 13c 97 (R) 99 (S)
4 13f 93 (S) 99 (R)
5 13h 88 (S) 95 (R)
6 13i 92 (R) 99 (S)
7 13j 96 (R) 99 (S)
8 13k — 97 (S)
9 13l 96 (R) 99 (S)

10 13m 96 (S) 99 (R) 
11 13n — 64 (S)
12 13o — 97 (R)
13 13p 81 (R) 97 (S)
14 13q 70 (R) 90 (S)
15 13s 32 39 (S)
16 13t — 29 (S)
17 13v 75 (R) 95 (S)
18 13w 85 (S) 91 (R)
19 13x — 85 (S)
20 14a — 98 (S)
21 14b — 99 (S)
22b 15 93 (S) 96 (R)
23b 16a 94 (S) 97 (S)
24b 16b 94 (S) 94 (S)
25b 16c 83 (S) 99 (S)
26b 16d 77 (S) 91 (S)
27b 16e 18 (S) 74 (S)

a Conditions: Rh:S:L = 1:2:1000, [S] = 0.5M in CH2Cl2 or
ClCH2CH2Cl, 25°C, H2 1.3 bar, 20 h. 
b Pressure is 3 bar.

MeO2C R

9 R = NHAc  
11 R = CH2CO2Me 

[RhL2(COD)]BF4

H2, CH2Cl2 MeO2C R*

10
12
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is increased from 1 to 20 bar. The parent compound 13x has been reported by Reetz and leads to
the formation of 12 in 85% ee, which is only marginally less than the result with 13a.18

Chemists from Bayer and the MPI reported a monodentate phosphite based on a biphenyl
backbone locked in one conformation by using a chiral diol to bridge the 6,6′-positions (15).19 In
another cooperation between Bayer chemists and Driessen-Hölscher a series of 5-Cl-6-MeO-
bisphenol–based monophosphites (16) were prepared.13,20 Asymmetric hydrogenation results with

BINOL-based ligands. Although biphenyls without substituents on all the 2,2′-, 6,6′-positions are
conformationally flexible, it was hoped that in the monophosphites based on biphenyl and readily
available chiral alcohols (17a–j) such as menthol, a preponderance of one biphenyl conformation
would be induced. In practice 1:1 diastereoisomeric mixtures were formed. However, on complex-
ation of 17e to half an equivalent of rhodium precursor a 5:1 diastereoisomeric mixture of
RhL2(COD)BF4 complexes was obtained. It is surprising that the biphenyls of both ligands have
the same conformation within each complex; no mixed complexes were found. Application of these
complexes in the asymmetric hydrogenation of 11 gave up to 60% ee (best results with 17e), which
could be increased to 75% at –15°C.21 Axially chiral biphenyl-based phosphites 17k–t have been
reported by Ojima and colleagues. Results with these ligands in the rhodium-catalyzed hydroge-

In these experiments, a few remarkable trends were found. It is well-known that bulky substit-
uents in the ortho-positions confer hydrolytic stability to phosphite ligands. However, the effect on

FIGURE 14.4 Monodentate phosphite ligands based on bisphenol.
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these ligands are also listed in Table 14.2. Results are comparable with those obtained with the

nation of 9–11 are listed in Table 14.3.
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enantioselectivity is negative and even leads to a reversal of the configuration of the product,
although the rate is not influenced much. The presence of a phenyl group on remote positions in
the sidechain as in 17q–w had a disastrous effect on the rate. It was a surprise to find that switching
the anion from BF4 to SbF6 restored activity and led to product with high enantioselection, even
with ligand 17t containing t-Bu-groups in the ortho positions. Hydrogenations with 17k–w are
extremely solvent dependent and are best performed in the chlorinated solvents CH2Cl2 or
ClCH2CH2Cl. When THF, MeOH, EtOAc, or even CHCl3 was used, no enantioselectivity was
observed. Similar to the BINOL-based ligands, the biaryl configuration is the determining factor
in the enantioselection. Change of configuration of the biaryl group in 17o and 17p led to inversion
of configuration in the product 12.

Chiral amines can be prepared via hydrogenation of the enamides followed by hydrolysis. The
starting enamides can be prepared from ubiquitous ketones via the oxime22 or alternatively from
the nitriles via Grignard addition followed by acylation.23 Rh/13 is a good catalyst for the hydro-
genation of aromatic enamides giving the N-acyl-amines with enantioselectivities up to 95% at

24 However, these hydrogenations are not very fast and need 20
hours at 60 bar and S/C =500 for full conversion. The stereochemistry of the double bond becomes
important if the enamide has a third substituent on the double bond. Whereas Z-olefin 18d was
hydrogenated smoothly with 97% ee, E-olefin 18e was only slowly hydrogenated with an enantio-
selectivity of 76%.

The asymmetric hydrogenation of enol esters is an alternative to asymmetric ketone hydroge-
nation. The precursors can be prepared from the ketones but also via ruthenium-catalyzed addition
of the carboxylic acids to the 2-postion of terminal alkynes. This latter method allows the study
of the effect of the carboxylate on the enantioselectivity of the asymmetric hydrogenation. A
remarkable study by Reetz and colleagues established that it is possible to hydrogenate enolate

TABLE 14.3
Rhodium-Catalyzed Asymmetric 
Hydrogenation of Dimethyl Itaconate 11 
Using Biphenyl-Based Phosphite Ligandsa

Entry Ligand
ee 12 (%)

[Rh(COD)2]BF24

ee 12 (%)
[Rh(COD) 2]SbF6

1 17k 97 (S) —
2 17l 14 (R) 16 (R)
3 17m 96 (S) —
4 17n 19 (R) 23 (R)
5 17o 92 (S) —
6 17p 25 (R) 15 (R)
7 17q (Conv. < 1%) —
8 17r (Conv. < 1%) —
9 17s — 81 (S)

10 17t (Conv. < 1%) 99 (R)
11 17u — 98 (R)
12 17v — 77 (R)
13 17w — 97 (R)

a Conditions: Rh:S:L = 1:2:200, [S] = 0.5M in CH2Cl2 or
ClCH2CH2Cl, 23°C (BF4

 exps.) 50°C (SbF6 exps.), H2 6.8
bar, 20 h.
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ambient temperature (Table 14.4).
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esters of aliphatic ketones such as 2-butanone and 2-hexanone in good enantioselectivities, provided
the carboxylate is aromatic.25 Best results were obtained with enol esters based on 2-furanoic acid.
Eight monodentate phosphites 13 were tested in conjunction with [Rh(COD)2]BF4, but no good
enantioselection was obtained.26 Eight new monodentate phosphites were synthesized based on
(R)- or (S)-BINOL and 4 commercially available protected carbohydrate alcohols. Of these ligands,

acylated alcohol in 94% ee. For comparison, the best result so far reported in the asymmetric
hydrogenation of 2-hexanone was 75% ee (Ru/Pennphos).27 The enol ester hydrogenations are not
fast: the reaction took 20 hours to go to completion at S/C of 200 and 60 bar of hydrogen pressure.

The monophosphite ligands 13 have also been used in a combinatorial approach using mixtures
of two different ligands, as described earlier for the monodentate phosphonites. Most combinations
of phosphite ligands led to lower or comparable enantioselectivities as those obtained with the
homo-catalysts; best results were obtained with a mixture of 13a and 13s in the rhodium-catalyzed
hydrogenation of 9 (85% vs. 77% and 32% for the respective homo-catalysts). However, combi-
nations of phosphonites 7 with phosphites 13 led to more spectacular hits. In the hydrogenation of
9, the combination of 7b with 13a resulted in 10 with 98% enantioselectivity (vs. 93% and 77%
with the respective homo-catalysts). Using mixtures of 13 and nonchiral phosphines or phosphites
in the rhodium-catalyzed hydrogenation of 9 led to profound changes in enantioselectivity, even
to a change in configuration of the product 10.12 However, no improved enantioselection has been
found so far.

TABLE 14.4
Rh/13-Catalyzed Hydrogenation of Aromatic Enamidesa

Entry Ligand
ee 19a

(%)
ee 19b 

(%)
ee 19c

(%)
ee 19d 

(%)
ee 19e 

(%)

1 13a 76 — — — —
2 13b 89 — — — —
3 13c 94 — — — —
4 13d 93 — 92 — —
5 13e 94 — 93 — —
6 13f 95 — 94 — —
7 13g 86 — — — —
8 13j 95 96 — 97 76b

9 13l 92 — 91 — —
10 13m 94 — 93 — —
11 13r 94 — 94 — —
12 13u 93 — — — —

a [Rh(COD)2]BF4:13:18 = 1:2:500 in CH2Cl2, 60 bar, 30°C, 20 h. 
b 69% conversion.

Ar 

HN 

R

O 

Ar 

HN 

R

O 
[Rh(COD)2]BF4/13 

H2, Solvent 

18 19 a Ar = Ph; R = H
b Ar = p-Cl-Ph; R = H
c Ar = 2-naphthyl; R = H
d Ar = Ph; R = Me (95% Z)
e Ar = Ph; R = Me (84% E)
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13x gave the best results (Scheme 14.3). Hydrogenation of 22e using Rh/13y at –20°C gave the
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14.4 MONODENTATE PHOSPHORAMIDITES

The use of monodentate phosphoramidite ligands in asymmetric hydrogenation28 was borne out of
the desire of DSM to have available an easy-to-synthesize ligand library that could be used in
robotic screening of catalytic procedures for the production of chiral pharma intermediates.29

Monodentate phosphoramidites had been developed by Feringa and co-workers as ligands for the
highly enantioselective copper-catalyzed 1,4-addition of Et2Zn to enones.30 Thus, there was an
excellent basis for a joint development. The ligands are easily prepared in a 1- or 2-step procedure,
as illustrated in Scheme 14.4.31

The first method gives relatively pure phosphoramidites with most substrates. The second,
reversed method is preferred with hindered amines.32 MonoPhosTM, the dimethyl analogue 24a, is
made in a single step from BINOL and HMPT (hexamethylphosphoric triamide) in toluene.33 It

SCHEME 14.3
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can be reacted with other secondary or primary amines in the presence of a catalyst such as
tetrazole.34 This latter method is highly suitable for the preparation of more labile ligands. A large
library of ligands has been synthesized over the years with most diversity stemming from the readily
available amines. Nevertheless, some substituted BINOLs have also been used as building blocks.
In Figure 14.5, some of the most important ligands are depicted. (Members of the MonoPhos ligand
family are available from STREM either separately or as a ligand-kit.) Ligand 25 based on
octahydro-BINOL has been developed by both the Feringa group31 and by Chan.35 The spiro-
biindane based phosphoramidite 26 was developed by Zhou and co-workers.36 Phosphoramidite
ligands based on TADDOL31 and on D-mannitol37 have also been reported but generally led to lower
enantioselectivity than the BINOL-based ligands in the hydrogenation of α-dehydro-amino acids
and itaconate. Moreover, these diols were prepared by lengthy synthetic sequences.

In the initial rhodium-catalyzed hydrogenation experiments on substituted olefins with Mono-
Phos (24a) as ligand, it was found that the reaction is strongly solvent dependent. Very good
enantioselectivities were obtained in the rhodium-catalyzed hydrogenation of 5 in nonprotic solvents

28,31

The phosphoramidite ligands are surprisingly stable, even in protic solvents. Whereas in general
P–N bonds are not stable in the presence of acids, the hydrogenation of N-acetyldehydroamino
acids proceeded smoothly. A large range of substituted N-acetyl phenylalanines and their esters
could thus be prepared by asymmetric hydrogenation with Rh/MonoPhos with enantioselectivities

31,38 The configuration of the α-amino acid products always is
the opposite of that of the BINOL in the ligand used in the hydrogenation.

The hydrogenations catalyzed by rhodium/24a are not fast at 1 bar pressure. However, at 5 bar
in a well-stirred autoclave TOFs of 200–600 h–1 were reached, which is quite satisfactory even for
industrial applications. Even faster reactions can be induced by further increasing the pressure. At
elevated pressures the amount of catalyst can be substantially reduced to 0.01–0.1mol%. In all
these hydrogenations, the enantioselectivity was not affected in any way by pressures up to 60 bar,
in contrast to the deterioration of ee that occurs with increase of pressure when using bisphoshines.31

An interesting aspect in these hydrogenations is the effect of the L/Rh ratio on rate and
enantioselectivity.31 No reaction occurs at L/Rh 3. Surprisingly, it was found that reducing the L/Rh
ratio from 2 to 1.5 or even 1 results in an increased rate, whereas the enantioselectivity was not
affected. If a mixture of active catalysts is present, one would expect the enantioselectivity to be
influenced by the L/Rh ratio. Thus, a single catalytic species must be responsible for the catalysis.
Initially, these results suggested the possibility that the active catalyst species may contain only a
single phosphoramidite ligand. However, results obtained with mixtures of different ligands (vide

FIGURE 14.5 Monodentate phosphoramidite ligands.
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(Table 14.5).

ranging from 93–99% (Table 14.6).
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infra) clearly show that the active catalyst must contain 2 ligands. Inspection of the electrospray
mass spectrum (ES-MS) of a hydrogenation mixture revealed the presence of RhL1, RhL2, RhL3,
and even RhL4, In addition, substrate complexes were found of the first 3. The RhL4 is surprisingly
stable and could be isolated in crystalline form. Thus, the increased rate at the lower L/Rh ratios
can be explained by a shift away from the higher ligated catalytically inactive species.

Whereas bidentate phosphites and phosphonites are excellent ligands for rhodium-catalyzed
asymmetric hydrogenation, bidentate phosphoramidites (not shown) gave very poor results with
low reaction rates and enantioselectivities. Results of a number of other monodentate phosphora-
midites in the asymmetric hydrogenation of N-acetyl dehydrophenylalanine derivatives are shown

31,35,36,39,40

The best ligands in terms of enantioselectivity are 24b39 and 24d.40 The rate of the hydrogenation
is retarded by bulky groups on the nitrogen atom and by electron withdrawing substituents on the
BINOL. SIPHOS (26a) leads to excellent results in these hydrogenations but needs 7 synthetic
steps, versus 1 for MonoPhos.36,41

Excellent results have been obtained in the asymmetric hydrogenation of itaconic acid (97%
ee) and dimethyl ester (94% ee) using Rh/MonoPhos.31 The latter substrate could be hydrogenated
in 99% ee using the piperidine ligand 24d.40 These hydrogenations are relatively fast and have been
carried out on a 100-g scale with an S/C of 10,000. Preliminary results with some alkylidene and
benzylidene succinates were also very promising.

The monodentate phosphoramidites have also been used as ligands for rhodium-catalyzed
enamide hydrogenation. Similar to the hydrogenations with the phosphites, these reactions are
relatively slow, needing 1–20 hours at 10–20 bar of hydrogen pressure with S/C ratios of 50–100.

shows results of the hydrogenation of a range of enamide substrates.36a,c,42,43

The results in Table 14.8 show that very high enantioselectivities can be obtained using the
diethyl39 or piperidinyl40 MonoPhos ligands or with any member of the SIPHOS family.36a,c

An important class of compounds that are frequently used as building blocks in drugs is the
β-amino acids. Here, the precursors are made from the β-keto esters by reaction with NH4OAc,
followed by acylation with Ac2O. These enamides can be made predominantly in either the E-44

TABLE 14.5
Solvent Dependency of Enantioselectivity in 
Rh/MonoPhosTM-Catalyzed Asymmetric Hydrogenation of 5a

Entry Solvent Temp. ee

1 CH3OH RT 70%
2 CH2Cl2 RT 95%
3 CH2Cl2 5°C 97%
4 THF RT 93%
5 Acetone RT 92%
6 BuOCH2CH2OHb RT 77%
7 EtOAc RT 97%

a Conditions: Substrate: [Rh(COD)2]BF4: MonoPhos 100:5:10 at 1 bar H2 pressure
in a Schlenck tube. 
b This solvent has the same polarity as CH2Cl2.

CO2Me

NHAc

CO2Me

NHAc

[Rh(COD)2]BF4/24a
H2, Solvent

5 6
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in Table 14.7.

The enantioselectivity is strongly influenced by the nitrogen substituents on the ligand. Table 14.8
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TABLE 14.6
Asymmetric Hydrogenation of Dehydroamino Acids and Esters with Rhodium/24a

Entry R R1

Mol%
Rh 24a:Rh Solvent

pH2

(bar) Time 
ee

(%) TOF (h–1) a

1 Phenyl Me 5.0 2.2 CH2Cl2 1 3 h 95 6.7
2 Phenyl Me 0.5 2.2 CH2Cl2 5 40 min 95 300
3 Phenyl Me 0.1 2.2 CH2Cl2 15 2 h 95 500
4 Phenyl Me 0.015 2.0 CH2Cl2 5 16 h 95 337b (81%)
5 Phenyl Me 0.9 2.2 EtOAc 60 4 min 97 1667
6 Phenyl H 0.2 2.2 CH2Cl2 15 1 h 97 500
7 Phenyl H 0.1 2.2 CH2Cl2 5 3 h 97 333
8 Phenyl Me 5.0 1.1 EtOAc 1 2 h 96 10
9 Phenyl Me 0.015 1.0 CH2Cl2 5 16 h 95 375c (90%)

10 3-methoxyphenyl Me 1.0 1.1 CH2Cl2 5 2 h 97 50
11 4-methoxyphenyl Me 1.0 1.1 CH2Cl2 5 2 h 94 50
12 4-AcO-3-MeO-phenyl Me 0.5 2.2 EtOAc 5 ndd 96 —
13 4-fluorophenyl Me 1.0 1.1 CH2Cl2 5 25 min 96 240
14 4-fluorophenyl H 2.0 2.2 CH2Cl2 27 10 min 93 300
15 3-fluorophenyl Me 1.0 1.1 CH2Cl2 5 30 min 95 200
16 3-fluorophenyl H 0.1 2.2 CH2Cl2 10 2 h 96 500
17 2-fluorophenyl Me 1.0 1.1 CH2Cl2 5 15 min 95 400
18 4-chlorophenyl Me 1.0 1.1 CH2Cl2 5 20 min 94 300
19 3,4-dichlorophenyl H 0.1 1.1 CH2Cl2 5 2 h 97 500
20 3,4-dichlorophenyl Me 1.0 1.1 CH2Cl2 5 30 min 99 200
21 3-nitrophenyl Me 4.0 1.1 CH2Cl2 5 2 h 95 13
22 4-nitrophenyl Me 1.0 1.1 CH2Cl2 5 nd 95 —
23 4-fluoro-3-nitrophenyl Me 1.0 1.1 CH2Cl2 5 2 h 95 50
24 4-biphenyl Me 1.0 1.1 CH2Cl2 5 25 min 95 240
25 3-fluoro-4-biphenyl Me 1.0 1.1 CH2Cl2 5 25 min 93 240
26 4-acetylphenyl Me 1.0 1.1 CH2Cl2 5 15 min 99 400
27 4-benzoylphenyl Me 1.0 1.1 CH2Cl2 5 30 min 94 168 
28 4-cyanophenyl Me 1.0 1.1 CH2Cl2 5 18 h 92 (70%)
29 1-naphthyl Me 1.0 1.1 CH2Cl2 5 10 min 93 600
30 H Me 1.0 2.2 CH2Cl2 5 2 h >99 50
31 H H 5.0 2.2 EtOAc 1 nd >99 —

a Yields are quantitative, unless noted otherwise. Because reaction times are unoptimized, turnover frequencies (TOFs) are
indicative.
b Turnover number (TON) = 5400. 

c TON = 6000. 
d Not determined.

R
CO2R1 CO2R1

NHAc
R

NHAc

[Rh(COD)2]BF4/24a
H2, Solvent
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TABLE 14.7
Ligand Variations in the Rh-Catalyzed Hydrogenation 
of Dehydro-Amino Acids and Esters

Entry
R =

Ligand 
Ph

ee (%)
4-MeOPhe

ee (%)
4-NO2Ph
ee (%)

4-ClPh 
ee (%)

H
ee (%)

1 24a 95 94 95 94 99.7
2 24ba 98 99.0 99.7 99.1 97
3 24c 93 — — — 90
4 24d >99 — — — >99
5 24f 42 — — — —
6 24j 89 — — — —
7 24k 94 — — — —
8 25 94 94b 96 98 99.9b

9 26ac 98 96 99 99 97
10 26bc 98 95 99 99 —
11 26cc 98 95 99 98 —
12 26dc 97 94 97 98 —

a Solvent is THF. 
b Solvent is acetone. 
c Solvent is toluene.

TABLE 14.8
Rhodium-Catalyzed Hydrogenation of Aromatic Enamides 
Using Monodentate Phosphoramidite Ligands

Entry
Ar =

Ligand
Ph 

ee (%)
4-ClPh 
ee (%)

4-CF3Ph 
ee (%)

4-MeOPh 
ee (%)

2-Furyl 
ee (%)

2-Thienyl 
ee (%)

1 24aa 86 89 — 86 85 90
2 24bb 95 90 97 93
3 24da 97 99 — 99
4 24ja — 44a — —
5 24ka — 89 — 83
6 25aa — 86 — 62
7 26ac 98 99 99 — 99 96
8 26bc 97 99 — —
9 26cc 98 98 — —

10 26dc 95 94 — —

a Solvent = CH2Cl2.. 
b Solvent = THF. 
c Solvent = toluene.

R
NHAc

CO2Me CO2Me
R

NHAc

[Rh(COD2]BF4/Ligand)
H2, CH2Cl2

Ar

NHAc
[Rh(COD)2]BF4/Ligand

H2,  Solvent Ar

NHAc
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or the Z-45 forms and can be purified by crystallization or chromatography. There is a marked
difference in hydrogenation behavior between the E- and the Z-precursors. Whereas the E-β-
dehydroamino acid esters are smoothly hydrogenated with many rhodium bisphosphine-type cat-
alysts, the Z-isomers are much harder to hydrogenate; generally, both reaction rates and enantio-
selectivities are much lower. Presumably, this is the result of the presence of an intramolecular
hydrogen bond between the amide NH and the ester group. Using rhodium with MonoPhos as
ligand gave quite satisfactory results in the asymmetric hydrogenation of aliphatic E-β-dehydroam-
ino acid esters in CH2Cl2 (Table 14.9, Entry 1).46 Use of the slightly modified ligand 24e even gave
the product in 99% enantioselectivity (Entry 2). Use of protic solvents again led to a sharp decrease
in enantioselectivity.

For the Z-isomers, a different approach was necessary. Most importantly, the use of isopropanol
as a solvent is mandatory. Presumably, this solvent aids in breaking up the internal hydrogen bond,
which is an essential step preceding the bidentate binding of the substrate to the metal complex.
In view of the low reaction rates that are associated with the hydrogenation of the Z-substrate, a
ligand was needed that induces higher hydrogenation rates. From earlier work, it had become clear
that the rate of the reaction is very dependent on the steric bulk present at the nitrogen atom of the
ligand. Because MonoPhos already has the smallest possible substituents, ligands based on primary
amines were investigated. They were found to be quite stable as long as they can be obtained in
crystalline form. Ligand 24h could be made in good yield and performed beyond expectation in
the asymmetric hydrogenation of both aliphatic and aromatic Z-β-dehydroamino acid esters (Entries
3 and 4).46 In particular, the 92% ee obtained with the Z-aromatic substrate is quite remarkable and
belongs to the highest values ever reached for this substrate. In addition, the catalyst made from

2 4

hydrogenation rates in the rhodium-catalyzed hydrogenation of ethyl Z-3-N-acetamidocrotonate
(27a).47 The performance of ligand 24h in terms of rate is only surpassed by DUPHOS and
comparable to PHANEPHOS. However, enantioselectivity with these ligands was only 67% and
11%, respectively.

The combinatorial approach was also investigated successfully with the phosphoramidite
48

The hydrogenation of the Z-dehydroamino acids was carried out in a solvent known not to give
the best results to create room for improvement: CH2Cl2. The best homo-catalyst was Rh/24h. Most
ligand combinations gave rise to lower enantioselectivities, but all combinations with ligand 24h

TABLE 14.9
Rh–Phosphoramidite-Catalyzed Hydrogenation 
of ββββ-Dehydroamino Acid Esters

Entry Substrate Ligand Solvent ee (%)

1 E- R = Me, R1 = Me 24a CH2Cl2 95
2 E- R = Me, R1 = Me 24e CH2Cl2 99
3 Z- R = Me, R1 = Me 24h i-PrOH 95
4 Z- R = Ph, R1 = Et 24h i-PrOH 92

Conditions: The reaction was performed at room temperature by dissolving substrate, Rh(COD)2BF4,
and ligand (100:1:2) in the suitable solvent and applying 10 bar of H2 to the stirred reaction.

N
H

R

H3C

O
CO2R1

H3C
CO2R1

N
H

RO
Rh(COD)2BF4/Ligand

H2 10 bar, solvent
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[Rh(COD) ]BF  and 2eq. of 24h turned out to be very fast. Figure 14.6 shows a comparison of

ligands 24 in the rhodium-catalyzed asymmetric hydrogenation of 27a and 27b (Scheme 14.5).
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FIGURE 14.6 Comparison of hydrogenation rates in the asymmetric hydrogenation of Z-ethyl 3-N-acetamido-
crotonate.

SCHEME 14.5

FIGURE 14.7 Combinatorial hydrogenation of 27a (light bars) and 28b (dark bars) with [Rh(COD)2]BF4/L1

+ L2. Legend: 1 = 24a, 2 = 25, 3 = 24j, 4 = 24k, 5 = 24e, 6 = 24 h, 7 = 24h + 24a, 8 = 24h + 25, 9 = 24h
+ 24j, 10 = 24h + 24k, 11 = 24h + 24e.
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gave better results than those obtained with the homo-catalysts. Most spectacular is the result of
Entry 9, which shows that the combination of ligand 24h with the worst performer in the “homo”
series 24j leads to the best results with both substrates.

Immobilized phosphoramidites 29 and 30 were made by Doherty and co-workers.49 When
loaded with [Rh(COD)2]BF4, material was obtained with a P/Rh ratio of 7 and 9.6, respectively.
Hydrogenation of N-acetyl-dehydroamino acids and esters as well as dimethyl itaconate was
performed at 1 bar H2 in CH2Cl2. Products were obtained in ee’s ranging from 49% to 80%. In
general, enantioselectivities were lower than those obtained with the monomeric analogues. The
catalyst made from 29 could be recycled 4 times, although only with substrates that gave relatively
fast reactions.

Huttenloch and co-workers prepared an entire library of phosphoramidite ligands on solid
phase.50 However, these were only used for conjugate addition reactions. 

13.5 SUMMARY

Quite contrary to long-held beliefs, monodentate phosphonites, phosphites and phosphoramidites
based on BINOL, or axially chiral bisphenol have turned out to be excellent ligands for the rhodium-
catalyzed asymmetric hydrogenation of substituted olefins. In addition, they are readily prepared
in one or two synthetic steps. Because of this, they are highly suitable for a library approach.51

These findings will have a strong impact on the applicability of asymmetric hydrogenation for the
production of enantiopure fine chemicals. It will be possible to rapidly find the right catalyst for a
given transformation using HTE and these libraries of monodentate ligands, and also the synthesis
on kilogram scale for ton-scale production can readily be accomplished in a short time. Also
important: the cost of these ligands will be an order of magnitude lower than that of conventional
bisphosphine ligands. Thus, three important bottlenecks for the application of this technology in
production have been removed. Indeed, the first ton-scale production using a MonoPhos-type ligand
has just taken place.52 The conclusion seems justified that asymmetric hydrogenation has undergone
a rejuvenation.

FIGURE 14.8 Immobilized phosphoramidite ligands.

29 30
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NH
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15.1 INTRODUCTION

the choice of the ligand is usually the most crucial for its catalytic performance. The nature and
structure of the ligand significantly influence how the catalyst transforms the substrate(s) to the
desired product(s) via a number of well-understood elementary steps such as oxidative addition,
insertion, and reductive elimination. During these transformations the ligand must be able to
stabilize various oxidation states and coordination geometries of the intermediary complexes. For
many enantioselective reactions an impressively large number of chiral ligands is recorded in the

© 2006 by Taylor & Francis Group, LLC

Among the factors that control the chemical properties of a chiral metal complex (Figure 15.1),
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literature affording high enantioselectivities for a variety of catalytic reactions.1 However, if one
has a closer look at the ligands really used by the synthetic organic chemist in academia, and even
more so in industry, very few chiral ligands are applied on a regular basis for the synthesis of
commercially relevant target molecules. Jacobsen has coined the term “privileged ligands,” and
some of these are depicted in Figure 15.1.2

Ferrocene as a (at the time rather exotic) backbone for diphosphine ligands was introduced by
Kumada and Hayashi based on Ugi’s pioneering work related to the synthesis of enantiopure
ferrocenes (Figure 15.2).3 Ppfa as well as bppfa and bppfoh proved to be effective ligands for a
variety of asymmetric transformations. From this starting point, several ligand families with an
assortment of structural variations have been developed in the last few years. In this chapter we
will describe effective structures developed over time, the main focus being on diphosphine deriv-

much of the same area but from slightly different points of view. Colacot4 presented a general
overview on ferrocene-based chiral ligands and the application of the corresponding catalysts to
all important transformations, whereas Blaser and colleagues5 reviewed the recent progress in
selective hydrogenation. These two papers can serve to put the present account into a broader
perspective.

15.2 CATALYTIC TEST RESULTS

When assessing the results reported for new ligands, one has to keep in mind that the quality and
relevance differ widely. For most new ligands only experiments with selected model test substrates

used most frequently are acetamido cinnamic acid (ACA) (1) or its methyl esters (MAC) 2, methyl

FIGURE 15.1 Design elements for chiral metal complexes and some privileged ligand classes (with selected
examples).

FIGURE 15.2 Starting compound and structures of the first ferrocene-based chiral ligands.
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atives (Figure 15.3) and their application as hydrogenation catalysts. Two published reviews cover

were carried out under standard conditions (Figure 15.4). The test substrates for C�C functions
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acetamido acrylate (MAA) (3), itaconic acid (ITA) (4), or dimethyl itaconate (DMIT) (5), and
selected aryl enamides. Test substrates for C�C functions are often acetoacetone (AcAc) (6) and
alkyl acetyl acetates (AcAcOR) 7 and acetophenone, for the C�N function various derivatives of
acetophenone.

Especially for new ligands, reaction conditions are usually optimized for enantioselectivity,
whereas catalyst productivity (given as TON, turnover number, or S/C, substrate-to-catalyst ratio)
and catalyst activity (given as TOF, turnover frequency, h–1, at high conversion) are often only a
first indication of the potential of the ligand. The decisive test, namely the application of a new
ligand to “real world problems,” which will tell about the scope and limitations of a ligand (family)
concerning tolerance to changes in the substrate structure and/or the presence of functional groups,
will often come much later. For this reason we will point out which ligands have been successfully
applied on a technical scale.

15.3 LIGANDS WITH PHOSPHINE SUBSTITUENTS BOUND 
TO BOTH CYCLOPENTADIENE RINGS

As mentioned earlier, the first effective ligands were prepared by Kumada and Hayashi in the 1970s
starting from Ugi’s amine. Depending on the reaction conditions, phosphine substituents were
introduced either in one or in both cyclopentadiene rings. It turned out that only the diphosphines
bppfa (8) and bppfoh (9) proved to be useful for hydrogenation reactions. New ligand families
have been prepared with excellent enantioselectivities for a variety of hydrogenation reactions

FIGURE 15.3 Subclasses of ferrocenyl diphosphines.

FIGURE 15.4 Structures and numbering of frequently used model test substrates.
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(Figure 15.5).



290 Handbook of Chiral Chemicals, Second Edition

15.3.1 BPPFOH AND RELATED LIGANDS

Bppfoh (9) and bppfa (8) derivatives have been successfully applied for the Rh-catalyzed hydro-
genation of functionalized olefins and ketones (Table 15.1). The nature of auxiliary group has a
significant effect on the enantioselectivity and often also on activity and is used to tailor the ligand
for a particular substrate. These effects could be the result of electrostatic interactions between
substrate and catalyst. Rh-bppfa complexes were among the first catalysts able to hydrogenate
tetrasubstituted C = C bonds, albeit with rather low activity.

FIGURE 15.5 Structures of ferrocene-based diphosphines with P bound to both cp rings.

TABLE 15.1
Selected Results for Rh-Catalyzed Hydrogenations 
Using bppf Derivatives

Ligand Substrate p(H2) TON TOF (h–1) ee (%) Comments Ref.

9 19 80 2000 125 97 c.f. Scheme 15.2 6
16 19 80 20a <1a 99.8 — 6

9 20 50 100a ~2a 95 — 7
8 1 50 200a n.a. 93 — 8

17 21 50 200a 7a 98.4 — 9
17 22 50 200a 2a 97 cis/trans 97/3 9
18 23 50 100a 2a 87 cis/trans >99/1 9

a Standard test results, not optimized.
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Somewhat surprisingly, the Pd-bppfa complex 24 tethered to a macroporous silica was shown
to be moderately active for the enantioselective hydrogenation of ethyl nicotinate (25) (a rare
example of a homogeneous Pd-catalyzed hydrogenation), but ee’s were very low (Scheme 15.1).10a

15.3.1.1 Industrial Applications

Rh-bppfoh complexes (Rh-9) have been used successfully for the technical synthesis of pharma
intermediates. A pilot process to an intermediate for levoprotiline has been developed by the former
Ciba-Geigy/Solvias for the reduction of an α-amino ketone moiety with very good enantioselectivity
and acceptable catalyst activity (Scheme 15.2).6 The final active compound was obtained in >99%
ee and with <5 ppm Rh residue after one crystallization. The asymmetric hydrogenation of an
unsaturated α-keto acid was carried out on bench scale by Roche with moderate ee and activity

11

SCHEME 15.1

SCHEME 15.2
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(Scheme 15.3).
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15.3.2 MANDYPHOS

Mandyphos12 (10) are bidentate analogues of ppfa with C2 symmetry, where in addition to the
phosphine moieties, R and R1 can also be used for fine-tuning purposes. Although several ligands
have been prepared and tested, the scope of this family is not yet fully explored, but preliminary
results indicate high enantioselectivities for the Rh-catalyzed hydrogenation of dehydroamino acid
derivatives and enol acetate 26 (Table 15.2). Both enantiomers of the mandyphos family are equally
well-accessible,12a and selected derivatives are now commercialized by Solvias in collaboration
with Umicore (formerly OMG).13

15.3.3 MISCELLANEOUS DIPHOSPHINES

2

been described and tested with sometimes very good results. Interesting examples are f-binaphane
(11),14 ferrotane (12),15 the sugar-based phospholane 13,16 the ferrocenyl bisphosphonite 14,17 and
the P-chiral phosphine 15.18

Ir–f-binaphane complexes show good to excellent enantioselectivities but modest TONs and
14 The

reaction has to be performed in poorly coordinating solvents such as dichloromethane and at a

2,6-disubstituted N-aryl imines (Entries 1 and 2), whereas alkyl ketimines give low enantioselec-
tivities (Entry 3). In some cases, the addition of I2 has a beneficial effect on enantioselectivity
(Entries 4 and 5).

Entry 1), and Ru-ferrotane catalyzes the hydrogenation of β-diketones with high stereoselectivity

SCHEME 15.3

TABLE 15.2
Selected Results for Rh-Mandyphos-Catalyzed Hydrogenation

Entry R1 in 10 Substrate p(H2) TONa TOF (h–1)a ee (%) Comments Ref.

1 Me 2a 1 100 ≥600 98.6 97.9% ee for 3 12b
2 NMe2 2b 1 100 n.a. >99 98% ee for 2a 12c
3 Me 26 1 100 8 95 — 12a

a Standard test results, not optimized

O

COOH Rh-9
ton 2000; tof 90 h−1

OH

COOH

ee 87%

OAc

COOMe
26
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low TOFs for the hydrogenation of N-aryl imines with the general structure 27 (Table 15.3).

Rh complexes of ferrotanes (12) show good performance for amido itaconates (Table 15.4,

relatively high hydrogen pressure. As with the Ir–Josiphos catalysts, the best ee’s are obtained with

A number of C  symmetric diphosphine ligands with a ferrocenyl backbone (see Figure 15.5) have
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(Entry 2). The sugar-based ligand 13 is excellent for dehydroamino and itaconic acid derivatives
with good TONs and very high ee’s (Entries 3–5). Bisphosphonite 14 based on a binol or related
moiety achieved very high ee’s and respectable TONs for the hydrogenation of itaconates catalyzed
by cationic Rh complexes (Entry 6). Rh-15 complexes reduce MAC analogues 2 with ee’s >96%
(results not shown). In contrast to many other ligands, Rh-15 catalysts are quite tolerant toward
changes in the structure of the amide moiety showing high ee’s for the N-methyl benzoyl (R = Ph)
derivatives 29 (Entry 7).

TABLE 15.3
Selected Results for Ir–f-Binaphane (Ir-11)-Catalyzed Hydrogenation of Imines 27

Entry Imine p(H2) TONa TOF (h–1)a ee (%) Comments

1 27b 70 180 4 >99 —
2 27c,d 70 200 4 98–99 —
3 27e,f 70 40–80 4 8–23 —
4 27a 70 250 6 84 With I2 addition ton 10, ee 89%
5 27a 70 250 10 94 With I2, at –5°C

a Standard test results, not optimized.

TABLE 15.4
Selected Results for Rh-Catalyzed Hydrogenations Using Ligands 12–15

Entry Ligand Substrate p(H2) TON TOF (h–1) ee (%) Comments Ref.

1 12a 28 5 1000a 1–6000a 92–99 — 15
2 12c,d β-diketone 70 50a <1a 95–98 6, de >95% 15
3 13 4 5 100a <10a 99.5 ee 90% for 5 16
4 13 3 3 10000 850 99.9 Best solvent THFb 16
5 13 2c 1 100a 100a >99.9 Best solvent THF 16
6 14 5 1.3 5400 270 >99.5 — 17
7 15 1,29 1 200a 15a 96–98 — 18c,d

a Standard test results, no optimized.
b THF.
c Various substituted analogues were tested.
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15.4 LIGANDS WITH PHOSPHINE SUBSTITUENTS BOUND 
TO BOTH CYCLOPENTADIENE RING AND SIDECHAIN 

The structures of ligands with phosphine substituents bound both to a cyclopentadiene ring and
sidechain are shown in Figure 15.6.

15.4.1 JOSIPHOS FAMILY

the amino group at the stereogenic center of the sidechain by a second phosphino moiety. The
resulting Josiphos ligands 30 (that are now owned by Solvias AG) represent arguably the most
versatile and successful ferrocenyl ligand family. Because the two phosphine groups are introduced

with widely differing steric and electronic properties. The ligands are technically developed;
available in commercial quantities from Solvias;13 and have already been applied in three production

19 19 and many other syntheses.2b,20

FIGURE 15.6 Structures and names of ligands with P bound to Cp ring and chiral sidechain.

SCHEME 15.4
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processes, several pilot processes (see Figure 15.7) including the process for (S)-metolachlor
(Scheme 15.5;

in consecutive steps with very high yields (Scheme 15.4) a variety of ligands are readily available

The first successful variation of the ppfa structure was carried out by Togni and Spindler replacing

 see also Chapters 5, 12, and 31),
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Because a comprehensive review on the catalytic performance of Josiphos ligands has been
published,20 we restrict ourselves to a short overview on the most important fields of applications.
Up to now, only the (R)-(S)-family (and its enantiomers) but not the (R)-(R) diastereoisomers have
led to high enantioselectivities (the first descriptor stands for the stereogenic center, and the second
stands for the planar chirality). The most important application is undoubtedly the hydrogenation
of C = N functions, where the effects of varying R and R1 have been extensively studied (for the
most pertinent results see Table 15.5, Entries 1–4). Outstanding performances are also observed
for tetrasubstituted C = C bonds (Entry 5) and itaconic and dehydroamino acid derivatives (Entries
6 and 7). A rare example of an asymmetric hydrogenation of a heteroaromatic compound 36 with

10b

FIGURE 15.7 Industrial applications of Josiphos ligands.2b

SCHEME 15.5

TABLE 15.5
Selected Results for Rh- and Ir-Catalyzed Hydrogenation 
Using Josiphos Ligands

Entry Substrate M–Ligand p(H2) TON TOF (h–1) ee (%) Ref.

1 34 Ir-30b 50 2 Mio >400,000 80 19
2 27g Ir-30c 80 200a n.a. 96 21a
3 27h Rh-30g 70 500 500 99 21b
4 35 Ir-30f 40 250a 56a 93 21a
5 33a,b Rh-30d — 2000 200 >90 20
6 3 Rh-30e 1 100a 330a 97 20
7 5 Rh-30e 1 100a 200a 90–99.9 20

a Standard test results, not optimized.
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a respectable ee is depicted in Scheme 15.6.
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15.4.1.1 Immobilized Catalysts

Several Josiphos ligands were functionalized at the lower Cp-ring and grafted to silica gel or a
water-soluble group (Figure 15.8)22a to give very active catalysts for the Ir-catalyzed MEA imine
34 reduction; a Rh–Josiphos complex grafted to a dendrimer hydrogenated DMIT (5) with ee’s up
to 98.6%.22b

15.4.2 TANIAPHOS

Compared to the Josiphos ligands, Taniaphos ligands (31) have an additional phenyl ring inserted
at the sidechain of the Ugi amine.23 Whereas the effect of changing the two phosphine moieties

substituent at the stereogenic center has a strong effect on the stereoinduction for the Rh-catalyzed
hydrogenation of MAC (2) and DMIT (5). It is rather surprising that a change of the substituent
can even lead to a different sense of induction. For 2, methyl or methoxy substituents lead to the
opposite absolute configuration of the product compared to R = NMe2, i-Pr or H (Entries 1–4).
Similar effects are also observed for 5 (Entries 5–8) and for the hydrogenation of enol acetate 26
where ee’s up to 99% but low activities are achieved (Entries 9 and 10). It is interesting that

SCHEME 15.6

FIGURE 15.8 Structure of immobilized catalysts; substrate, ee, TON, and TOF.
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has not yet been investigated in much detail (Table 15.6, Entries 3, 4, 7, and 9), the nature of the
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changing the absolute configuration of the stereogenic center has only an effect on the level of the
ee but not on the sense of induction (compare Entries 3/4 and 7/8). Enamides 37 are hydrogenated
with high ee’s but low TOFs (Entries 11 and 12). β-Functionalized ketones are reduced using
Ru–Taniaphos (R = dialkylamine), but catalytic activities are lower than for the state-of-the-art
Ru–binap catalysts. Also for this reaction a dependence of the sense of induction on the nature of
the substituent is observed with the bulkier N(i-Bu)2 inducing opposite configuration (Entries 13
and 14). Dynamic kinetic resolution of α-substituted β-keto esters and of β-diketones is achieved
with de’s between 80–99% and ee’s of up to >99%, comparable to Ru-binap catalysts (for an

ration with Umicore (formerly OMG).13

15.4.3 BOPHOZ

Bophoz (32) is a combination of a phosphine and an aminophosphine and is prepared in 4 steps
from ppfa with high overall yields.24 The ligand is air-stable and effective for the hydrogenation
of enamides, itaconates, and α

TABLE 15.6
Selected Results for Rh- and Ru-Catalyzed Hydrogenation Using Taniaphos (31)

Entry M - Ligand Substrate p(H2) TONa TOF (h–1)a ee (%) Comments Ref.

1 Rh-31c 2a 1 100 25 97 (R) 52% (S) for 31a! 23a
2 Rh-31d 2a 1 100 200 95 (R) 77% (R) for 31b 23a
3 Rh-31f 2a 1 100 50 94 (S) 92% (S) for 31h 23b
4 Rh-31g 2a 1 100 67 99 (S) 99% (S) for 31i 23b
5 Rh-31c 5 1 100 25 98 (S) 19% (R) for 31a! 23a
6 Rh-31d 5 1 100 7 91 (S) 75% (S) for 31bb 23a
7 Rh-31g 5 1 100 200 98 (R) 90% (R) for 31i 23b
8 Rh-31f 5 1 100 40 95 (R) — 23b
9 Rh-31g 26 1 100 5 98 (S) 99% (S) for 31i 23b

10 Rh-31f 26 10 100 5 80 (S) low conversion at 1 bar 23b
11 Rh-31g 37a 1 100 7 96 97% ee for 37b 23b
12 Rh-31i 37a 1 100 67 92 95% ee for 37c 23b
13 Ru-31e 7 R = Et 100 200 25 98.6 (S) 70% (R) for 37j! 23a
14 Ru-31d 7 R = Et 100 200c 25 96 (R) 85% (R) for 31k 23a

a Standard test results, not optimized.
b At 10 bar, low conversion at 1 bar.
c At S/C 5000 ee 93.2%, TOF 80 h–1.

SCHEME 15.7
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-keto acid derivatives (Table 15.7). As observed for several ligands

example see Scheme 15.7). Several Taniaphos ligands are being marketed by Solvias in collabo-
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forming 7-membered chelates, high activities can be reached and TONs up to 10,000 have been
claimed. The full scope of this modular ligand class has not yet been explored, and depending on
R and R1, the stability of the N-PR2 bond might be a critical issue.

15.5 LIGANDS WITH PHOSPHINE SUBSTITUENTS BOUND ONLY 
TO SIDECHAINS

The structures of the class of compounds ligands with phosphine substituents bound only to
sidechains are shown in Figure 15.9.

15.5.1 WALPHOS FAMILY

The starting point for walphos (38) is also the Ugi amine. Like Josiphos, Walphos is modular but
forms 8-membered metallocycles as a result of the additional phenyl ring attached to the cyclo-
pentadiene ring.25 It shows promise for the enantioselective hydrogenation of dehydroamino and

β-functionalized ketones (Entries 3 and
4) with noticeable electronic effects, but its scope is still under investigation. Several members of
this ligand class are available on a technical scale.13 The first synthetic application for the hydro-
genation of SPP100-SyA, a sterically demanding α,β-unsaturated acid intermediate of the renin

26

TABLE 15.7
Selected Results for Rh-Catalyzed Hydrogenation Using Bophoz

Ligand Substrate p(H2) TONa TOF (h–1)a ee (%) Comments

32a 2a 1 100 ≥20 99.1 ee 98.5% for 3
32a 4 1 100 ≥20 97 ee 94% for 5
32b 38 20 100 ≥15 97 —
32b 39 20 100 ≥15 90–92 —

a Standard test results, not optimized.

FIGURE 15.9 Structures and names of ferrocene-based diphosphines with P bound only to chiral sidechains.
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itaconic acid derivatives (Table 15.8, Entries 1 and 2) and 

inhibitor SPP100, has just been realized in collaboration with Speedel/Novartis (Scheme 15.8).
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15.5.2 TRAP (TRANS-CHELATING) LIGANDS

The trap ligands (34) developed by Kuwano and colleagues27 form 9-membered metallocycles for
which trans-chelation is possible. However, it is not clear whether the cis-isomer that has been
shown to be present in small amounts or the major trans-isomer is responsible for the catalytic
activity. Up to now only a few different PR2 fragments have been tested, but it is clear that the
choice of R strongly affects the level of enantioselectivity and sometimes even the sense of induction

bar but often need elevated temperatures. Effectively reduced are indole-derivatives 4127a (Entries
1 and 2; the first example of a heteroaromatic substrate with high ee’s; note the effect of Cs2CO3)
and dehydroamino27b (Entries 3 and 4; best ligand PEt2-trap for 3; unusual P and T effects are seen)
and itaconic27c acid derivatives (Entry 5). β-Hydroxy-α-amino acids and α,β-diamino acids can be
prepared by asymmetric hydrogenation of tetrasubstituted alkenes 43 and 4427e,f with respectable
de’s of 99–100% and ee’s of 97% and 82%, respectively, but low catalyst activities (entry 6). Also
described was the hydrogenation of an indinavir intermediate 4427d (Entry 7).

TABLE 15.8
Selected Results for Rh- and Ru-Catalyzed Hydrogenation 
Using the Walphos Ligand (38)25

Entry M - (Ar, Ar1)a) Substrate p(H2) TON TOF (h–1) ee (%) Comments

1 Rh-38a–d 2a 1 200a ≥10a 95 ee 94% for 38c
2 Rh-38a–d 5 1 200a ≥10a 92 —
3 Ru-38a–f 40 5 1000 ≥60a 95 ee 85% for 38c
4 Ru-38a–f 6b 20 1000 ≥60a 96 ee 97% for 38cc

a Standard test results, not optimized. 
b dl: meso: >99:1 for resulting diol.
c At 80 bar.

SCHEME 15.8
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(e.g., see Table 15.9, Entries 3 and 4). The Rh complexes work best at very low pressures of 0.5–1
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15.6 SUMMARY OF THE MAJOR CATALYTIC APPLICATIONS 
OF FERROCENE-BASED CATALYSTS

As can be seen in the preceding chapters, ferrocene-based complexes are very versatile ligands for
the enantioselective hydrogenation of a variety of functional groups. One reason for this is undoubt-
edly the modularity of most of the described ligand families that allows influence on the activity
and enantioselectivity in an extraordinarily broad range. In the following, we give a short overview
for substrates where ferrocene-based ligands are defining the state of the art. A comparison with

5

15.6.1 HYDROGENATION OF SUBSTITUTED OLEFINS

Rh complexes of ferrocene-based ligands are very effective for the hydrogenation of several types
of dehydroamino (2,3,29,41,42,44) and itaconic acid derivatives (4,5,28) as well as for enamide
45, enol acetate 26, and a tetrasubstituted C = C-COOH 21. Of particular interest are substrates
that have unusual substituents (41,42,44) at the C = C moiety or are more sterically hindered than

often respectable TONs and TOFs. Several industrial applications have already been reported using

TABLE 15.9
Selected Results for Rh-Catalyzed Hydrogenation Using Trap Ligands (39)

Entry Ligand (R) Substrate p(H2) TONa TOF (h–1)a ee (%) Comments

1 Rh-39ab 41a 50 100 50c 94 (R) ee 7% (S) without Cs2CO3
2 Rh-39ab 41b 50 100 200 95 ee 78% for Boc derivative
3 Rh-39bd 3 0.5 100 50c 96 (R) ee 70/2%(!) at 1/100 bar
4 Rh-39c 2a 1 100 4 92 (S) R = Etc ee 77% (R)!
5 Rh-39be 4 1 200 30 96 ee 68% for 5
6 Rh-39d 42,43 1 100 4 97 ee 82% for 43b
7 Rh-39c 44 1 100 5 97 Intermediate for indinavir

a Standard test results, not optimized.
b In presence of Cs2CO3.
c At 60°C.
d For R = Pr/Ph/i-Pr, ee = 85%(R)/21%(S)/5%(S), respectively.
e For R = i-Bu, ee = 17%.
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the usual model compounds (21,42). Table 15.10 lists typical examples with very high ee’s and

Rh–Josiphos and Ru-Josiphos (see Figure 15.7) as well as Rh–Walphos (Scheme 15.8).

other classes of ligands can be found in the already mentioned review (see also Chapter 12).
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15.6.2 HYDROGENATION OF C�O AND C�N FUNCTIONS

Compared to some other ligand classes, ferrocene-based complexes have a relatively limited
potential for the enantioselective reduction of ketones.5 Rh complexes of bppfa (8), Bophoz (32),
and josiphos (30) are among the most effective catalysts for the hydrogenation of α-functionalized

(12) are quite effective for β-keto esters and diketones 6 and 7, usually the domain of Ru–binap
type catalysts. Josiphos and f-binaphane, however, are the ligands of choice for the Ir-catalyzed
hydrogenation of N-aryl imines. Special mention should be made of the Ir–Josiphos catalyst system,

TABLE 15.10
Best New Catalysts for the Hydrogenation 
of Selected Functionalized Olefins

Substrate Metal–Ligand TON TOF (h–1) ee (%)

2,3 Rh–10,32 100a 8–600a 98–>99
42 Rh–39 100a 4a 97
44 Rh–39 100a 5a 97
41 Ru–31, Rh–39 100–200a 25–200a 94–95.5
4,5 Rh–30 100a 200a 97–99.9
28 Rh–12 1000a 1–6000a 92–99
29 Rh–15 200a 15a 96–98
45 Rh–14 1000 6000 97–98
26 Rh–10 100a 8a 95
21 Rh–8 200a 7a 98

a Standard test results, not optimized

TABLE 15.11
Best Catalysts for the Hydrogenation of C�O and C�N Functions

Substrate Metal–Ligand (Modifier) TON TOF (h–1) ee (%)

27g Ir–30c (I–,H+) 200a n.a. 96
27b–e Ir–11 100a 2a >99
27h Rh–30g 500 500 99
35 Ir–30f (I–,H+) 250a 56a 93
46 Rh–9,16 200–2000 2–125 95–>99
47 Rh–30,32 100–200a 1a–>1000 97–99
6,7 Ru–12,38 5–200a <1–25a 95–99
34 Ir–30b (I–,H+) 2,000,000 >400,000 80

a Standard test results, not optimized.

O

O

O

R

O
H
N

4746

© 2006 by Taylor & Francis Group, LLC

ketones (Table 15.11; 46,47; see also Scheme 15.2). Ru complexes of walphos (38) and ferrotane

which is able to hydrogenate MEA imine 34 with TONs up to 2 million (Scheme 15.5).
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16.1 INTRODUCTION

A number of the new drugs under development are chiral. The two main reasons for this choice
by pharmaceutical companies are the regulatory constraints to assess the properties of single
enantiomers, even if the racemic mixture is developed, and the scientific evidence that enantiomers
often have very different and, sometimes, opposite pharmacologic effects. Among the numerous
techniques available today to industrial chemists, asymmetric synthesis has been used successfully
to obtain chiral compounds. From an industrial point of view, asymmetric catalysis is becoming
the preferred approach because of its low environmental impact and high potential productivity.

In particular, reduction of unsymmetric ketones to alcohols has become one of the more useful
reactions. To achieve the selective preparation of one enantiomer of the alcohol, chemists first
modified the classical reagents with optically active ligands; this led to modified hydrides. The
second method consisted of reaction of the ketone with a classical reducing agent in the presence
of a chiral catalyst. The aim of this chapter is to highlight one of the best practical methods that
could be used on an industrial scale: the oxazaborolidine catalyzed reduction.1–4 This chapter gives
an introductory overview of oxazaborolidine reductions and covers those of proline derivatives in-
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depth. For the oxazaborolidine derivatives of 1-amino-2-indanol for ketone reductions see Chapter 17.
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16.2 THE STOICHIOMETRIC REACTIONS

The first solution to the problem of reducing a prochiral ketone was to use a conventional reducing
agent modified with stoichiometric amounts of chiral ligand. Among the reagents that illustrate this
approach, one has to mention first those prepared from lithium aluminum hydride (LAH). Weigel
at Eli Lilly5 demonstrated the scope and limitation of the Yamagushi-Mosher reagent prepared from
LAH and Chirald® [(2S,3R)-(+)4-dimethylamino-1,2-diphenyl-3-methyl-2-butanol] or its enanti-
omer, ent-Chirald®, in the course of the synthesis of an analogue of the antidepressant fluoxetine
(Prozac®).

Another method has been described by Noyori. Optically active binaphthol reacts with LAH
to afford BINAL-H (1).6 This reagent has proved to be an extremely efficient hydride donor
achieving very high enantiomeric excesses at low temperature.

The Yamaguchi-Mosher reagent and BINAL-H (1) have been most used over the last few years.
Although these reagents have proved to be quite efficient, their manipulation is not easy and requires
very low temperatures, sometimes below –78°C, to secure good stereoselectivity.

Another excellent way to produce enantiomerically pure secondary alcohols uses chiral orga-
noboranes. Following the work pioneered by Brown, many reagents have been developed, such as
β-3-pinanyl-9-borabicyclo-[3.3.1]-nonane (Alpine-Borane) (2) and chlorodiisopinocampheylbo-
rane (Ipc2BCl) (3).7 The latter is now commercially available at scale and is a useful reagent to
reach high chemical and optical yields. A good example of its efficacy has been reported in the
preparation of the antipsychotic BMS 181100 from Bristol-Myers.

Many reagents such as glucoride, other modified borohydrides, or Masamune’s borolanes have
also been tried successfully.8

16.3 THE CATALYTIC APPROACH

All of the previously mentioned reagents, despite their effectiveness, have an important drawback.
They are used in stoichiometric amounts and, accordingly, are often costly. Their use involves
separation and purification steps that can be troublesome. Very often, efficient recycling of the
ligand cannot be achieved. Both researchers and industrial chemists have designed catalytic reagents
to overcome this limitation.

The most well-known technology is probably homogeneous catalytic hydrogenation. Numerous
articles on asymmetric hydrogenation have appeared over the last few years, and a whole chapter
of this book refers to this technology. It constitutes one of the best techniques available nowadays,
although it is sometimes more elegant than useful as a result of its technical or commercial
drawbacks. These processes can be particularly difficult to develop on an industrial scale and require
a long chemical development time that hampers their use for the rapid preparation of quantities
for clinical trials. Although enzymes and yeasts have been shown to be quite useful on a laboratory
scale, they suffer the one major disadvantage that limits their usefulness on a large scale as a result
of the high dilution required and troublesome workups. Moreover, enzymes can lack broad appli-
cation, and the outcome of an enzymatic resolution is often difficult to predict.

O
O

Al
H
OEt

1 2

B
BCl)2

3
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Apart from these techniques, the most interesting method recently described is the Itsuno-Corey
reduction. This catalytic reaction is general, is highly predictable, and can rapidly be scaled up.

16.3.1 THE CATALYST STRUCTURE AND THE EFFECT ON ENANTIOMERIC EXCESS

Building on the excellent work of Itsuno,9,10 who first described the use of oxazaborolidine as a
chiral ligand, and of Kraatz,11 Corey was the first to report the enantioselective reduction of ketones
to chiral secondary alcohols in the presence of an oxazaborolidine in substoichiometric amounts.12,13

This general method was named the CBS method (Scheme 16.1).

Since that time, numerous articles dealing with this versatile reagent have appeared in the
literature. Many new catalysts have been designed, usually by replacement of the diphenylprolinol
moiety with other derivatives of various natural or unnatural amino acids. A large number of new
oxazaborolidines have been reported. The enantiomeric excess varies substantially from one amino
alcohol to another. Generally, the carbon adjacent to the nitrogen bears the chirality simply because
amino alcohols are easily prepared from chiral amino acids belonging to the chiral pool. There are
only a few examples of catalysts in which the carbon adjacent to the oxygen is the stereogenic center.

In the case of acetophenone reduction, it appears that amino alcohols that are sterically hindered
at the carbon adjacent to the alcohol lead to much better results. A dramatic effect has been found
in the case of prolinol and diphenylprolinol: the enantiomeric excess increases from 50% to 97%.
Cyclic amino alcohols where the nitrogen is in a 4- or 5-membered ring have exceptional catalytic

(4) is a very good choice because of its availability and performance.
Diphenyl oxazaborolidine, reported by Quallich at Pfizer, is possibly a good alternative because

it has the advantage that both enantiomers of the erythro aminodiphenylethanol are inexpensive
and commercially available.27 Its performance, however, is somewhat lower than diphenylprolinol’s.
On the industrial side, the discovery of this technique prompted many groups to investigate its
versatility. A group of chemists at Merck has investigated the use of oxazaborolidines to prepare
various optically pure pharmaceutical intermediates. In parallel with Corey’s work, they studied
the mechanistic aspects of this reaction and clearly demonstrated the pivotal role of the borane
adduct CBS-B.29,30 Their research culminated in the isolation of this stable complex described as
a “free-flowing crystalline solid.” They were the first to report its single-crystal X-ray structure.

16.3.2 CATALYST PREPARATION

Two different approaches can be followed to prepare and use the catalyst. The first is to prepare it

route is advantageous because there is no need to use boronic acids (or boroxines) and to remove
water to form the catalyst. Another possible way is to use preformed catalysts, some of which are
commercially available from suppliers such as Callery.

Diphenylprolinol (4) itself is now commercially available at scale, or it can be prepared several
ways (Scheme 16.2): Direct addition of an aryl Grignard reagent to a proline ester leads to the
diarylprolinol with a low yield in the range of 20–25%.33 A more efficient route is based on an

SCHEME 16.1
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properties and lead to very good enantiomeric excesses (Tables 16.1 and 16.2). Diphenylprolinol

in situ by mixing (R)- or (S)-diphenylprolinol (DPP) (4) and a borane complex (Scheme 16.2). This

(For other references on the mechanism of the reaction, see references 31 and 32 and Chapter 17.)
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TABLE 16.1
Effect of Catalyst Structure in the Reduction of Acetophenone
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earlier publication from Corey. Suitably protected proline is reacted with phenylmagnesium halide,
and then, after deprotection, diphenylprolinol is obtained.13,34,35 An alternative 2-step enantio-
selective synthesis of diphenylprolinol from proline, based on the addition of proline-N-carboxy-
anhydride to 3 equivalents of phenylmagnesium chloride, has been reported by the Merck group.36,37

An elegant asymmetric preparation of 4 has been reported by Beak.38 The enantioselective depro-
tonation of Boc-pyrrolidine is achieved with sec-butyllithium in the presence of sparteine as chiral
inducer. Subsequent quench with benzophenone gives N-Boc-DPP in 70% yield and 99% ee after
one recrystallization. To cope with the rather high price of (R)-proline, Corey developed an
alternative route to this ligand from racemic pyroglutamic acid.39

The oxazaborolidine is finally made by heating diphenylprolinol (4) under reflux with a suitable
alkyl(aryl)boronic acid or, better, with the corresponding boroxine in toluene in the presence of
molecular sieves—the water can also be removed by azeotropic distillation. According to the
literature, methyl-oxazaborolidine (Me-CBS) can be either distilled or recrystallized. The key point
is that the catalyst must be free from any trace of water or alkyl(aryl)boronic acid because those
impurities decrease enantioselection.

In the case of H-CBS, this catalyst could be prepared by mixing diphenylprolinol with
borane–THF (tetrahydrofuran) or borane dimethylsulfide. Despite numerous efforts in many groups
to isolate or even characterize H-CBS by nuclear magnetic resonance spectroscopy, all attempts
have been unsuccessful. H-CBS is used in situ, and good results can be obtained in many cases.

16.3.3 REDUCING AGENT

Borane complexes, borane–THF and borane dimethylsulfide, are generally the appropriate reducing
agents in this reaction. Borane thioxane has been used, but it suffers from the inconvenience that
thioxane is quite expensive. Diborane gas has been tried by Callery and has proved to be very
efficient. The use of this reagent could open new industrial developments for this technology.
Catecholborane has shown some advantages at low temperature when selectivity is needed.40

TABLE 16.2
Effect of Catalyst Structure in the Reduction of Acetophenone
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16.3.4 MAIN PARAMETERS OF THE REACTION

The best reaction conditions depend both on the nature of the substrate and the catalyst. A wide
range of conditions have been studied by Mathre at Merck,41–45 by Quallich and co-workers at
Pfizer,25,46–48 by Stone at Sandoz,49 and by the group at Sipsy. The reaction must be carried out
under anhydrous conditions. Traces of moisture have a dramatic effect on enantiomeric excesses.46

The catalyst loading is usually 1–20%, depending on the nature of the ketone to be reduced.
Diphenylprolinol can be recovered at the end of the reaction and recycled in some cases. The
temperature is the most important parameter of the reaction. Although a clear effect has been shown
by Stone, no good mechanistic explanations have been presented. The effect of temperature could
be interpreted by assessing the accumulation of an oxazadiborane intermediate at low temperature,
which would reduce the ketone with a low enantioselectivity.50

When one plots enantiomeric excess versus temperature, all reductions show the same shape
of curve. At low temperature, lower enantiomeric excesses are obtained. When the temperature is
increased, the enantiomeric excess reaches a maximum value that depends on the reducing agent,
the structure of the amino alcohol and of the catalyst itself (methyl, butyl, and phenyl oxazaboro-
lidines do not give the same result), and the substrate. Then, as the temperature increases further,
the enantiomeric excess decreases once again. This general behavior was experienced in the
reduction of p-chloro-α-chloroacetophenone (5) where the range of optimal reaction temperature
is broad and very practical. Indeed, a very high enantiomeric excess could be obtained at 20°C
(Scheme 16.3).

It is more interesting that reduction of complex ketones could be dramatically improved by
optimization of the reaction temperature. In the case of the phenoxyphenylvinyl methyl ketone (6),
a 5-lipoxygenase inhibitor synthesis intermediate, we were able to improve the enantiomeric excess
from the 80–85% range up to 96% by selection of the optimal temperature for the reduction. In
this case, the temperature range for an acceptable enantiomeric excess is very narrow. Generally,
Me-CBS is the best catalyst with borane complexes as reducing agent.

16.3.5 VERSATILITY OF THE REACTION

The enantioselectivity versus the nature of the substrate is highly predictable. The best results are
obtained with aryl ketones where the difference between the large and the small substituent, as
well as the basicity of the ketone, are favorable. 

Besides the preparation of aryl alkyl carbinol, many other secondary alcohols have been
prepared in good to excellent optical purity through the use of this method, although improvements

SCHEME 16.3
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FIGURE 16.1 The effect of temperature on ee for the reduction of p-chlorochloroacetophenone (5).

FIGURE 16.2 The reduction of the ketone (6).
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of the catalytic system have to be found to obtain good results with all types of ketones, especially
dialkyl ketones. Numerous complex target molecules have been prepared where the asymmetric
reduction step is key.57 The Corey reduction is now a standard reaction for laboratory-scale prep-
aration.

16.4 THE INDUSTRIAL APPLICATION IN THE SYNTHESIS 
OF PHARMACEUTICALS

The first to become involved in the preparation of pharmaceutical molecules using this technology
was Corey, who reported several preparations of important drugs. His first success was the synthesis
of a pure enantiomer of fluoxetine, the Lilly antidepressant introduced under the brand name
Prozac.58 Shortly after, he published the preparation of both enantiomers of isoproterenol, a β-
adrenoreceptor agonist and denopamine, a useful drug for congestive heart failure.59 From a
pharmaceutical point of view, the structure of isoproterenol is remarkable because its basic structure
is encountered in a variety of drugs such as those that act at the adrenoreceptor site. Therapeutic
indications are broad, ranging from asthma (β2-agonist), to obesity and diabetes (β3-agonist). Within

TABLE 16.3
Versatility of the Reduction
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this frame, halo aryl ketones have been shown to be valuable intermediates, giving rise after
reduction and basic cyclization to the corresponding epoxystyrenes (Scheme 16.5). These are
important intermediates for the preparation of β3-agonists.

The regiospecific ring opening of these epoxides is achieved with the appropriate amine to give
advanced intermediates possessing the right configuration at the carbinol stereocenter. Sipsy has dem-
onstrated the industrial feasibility of this approach and produced hundreds of kilos of related molecules.

Along the same lines, several groups of chemists at Merck successfully produced substantial
quantities of various important pharmaceutical intermediates used in the preparation of drugs under
development. Among these we can mention MK-0417 (7), a soluble carbonic anhydrase inhibitor
useful to treat glaucoma,41 the LTD4 antagonist L-699392 (8),42 and the antiarrhythmic MK-499
(9).43,44

Equally successful has been the group of Quallich at Pfizer46 who reported the preparation of
a substituted dihydronaphthalenone, a pivotal intermediate in the preparation of the antidepressant
sertraline (Lustral®) (10) (Scheme 16.6). In this synthesis, the new chiral center created subse-
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quently determines the absolute stereochemistry of the final product (see Chapter 31).
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Corey reduction is a valuable tool to introduce the chirality in a complex molecule because of
its high compability with other reactive centers. Quallich demonstrated that high enantiomeric
excesses also were obtained when other heteroatoms were present in the starting material. Specific
chelation/protection of nitrogen functions can occur besides the reduction without affecting it
(Scheme 16.7).47

Moreover, reduction of alkyl aryl ketones can be used to access optically pure secondary aryl
alkyl amines, as illustrated in an enantioselective synthesis of SDZ-ENA-713 (11)60 and as we have
demonstrated in a related process (Scheme 16.8).

In the synthesis of another carbonic anhydrase inhibitor, we have successfully performed the
following reduction with a very high enantioselectivity.

Finally, Corey reduction was used to solve the particular problem of the diastereoselective
reduction of the ketone in C–15 in a prostaglandin synthesis. Corey reported a selectivity of 90:10.39

We have investigated the reduction of a modified prostaglandin and, despite considerable efforts,
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of stereochemically pure product was 60% after 1 recrystallization. This yield is higher than that
obtained by reduction with sodium borohydride, followed by chromatography and recycle of the
undesired isomer by oxidation. Even in difficult cases where stereoselectivity is good but not
excellent, Corey reduction can still be used to advantage.

A number of methods have been proposed to circumvent the use of the borane complex.61–64

16.5 SUMMARY

The asymmetric reduction of ketones by borane catalyzed by oxazaborolidines has been widely
studied since the beginning of the 1980s. Despite the use of borane complexes, which are hazardous
chemicals, this reaction is an excellent tool to introduce the chirality in a synthesis and has
demonstrated its usefulness in industrial preparation of chiral pharmaceutical intermediates. As a
result of its performance, versatility, predictability, and scale up features, this method is particularly
suitable for the rapid preparation of quantities of complex chiral molecules for clinical trials. 
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17.1 INTRODUCTION

Enantiomerically pure cis-1-amino-2-indanol and its derivatives have been used as ligands in

formation reactions. The conformationally constrained indanyl platform has emerged as a particu-
larly valuable backbone in a variety of catalytic processes leading to high levels of asymmetric

© 2006 by Taylor & Francis Group, LLC

induction. The aminoindanol 1 has also been used as a resolution agent (Chapter 8) as well as a

numerous catalytic asymmetric carbon–hydrogen, carbon–carbon, and carbon–heteroatom bond

chiral auxiliary (Chapter 24). For the synthesis of 1 see Chapter 24.
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cis-1-Amino-2-indanol 1 itself was shown to be an efficient ligand in the reduction of carbonyl
groups.1–3

4

3, phosphinooxazoline 4, Schiff bases, aryl phosphite 5, benzoquinone 6, and phosphaferrocene-
5

Oxazaborolidines were developed for reduction of carbonyls and were shown to be of value in
the reduction of imines.6–8 B-Hydrogen oxazaborolidines were prepared in situ from 1 and BH3•THF
(tetrahydrofuran), whereas stock solutions of B-methyl oxazaborolidines were obtained by reaction
with trimethylboroxine.6–9

The extremely versatile class of aminoindanol-derived chiral bis(oxazoline) ligands were devel-
oped by Davies, Senanayake, and co-workers and Ghosh and co-workers independently to study
the effect of conformational rigidity of ligands in the catalytic asymmetric Diels-Alder reaction.4,9–16

These ligands were later found equally efficient for asymmetric hetero Diels-Alder reactions,17,18

conjugate additions,19 and conjugate radical additions.20 Inda-box ligand 2 (R = H) was obtained
by condensation of 1 with the appropriate amide enol ether dihydrochlorate.11 More constrained

FIGURE 17.1 Ligands derived from cis-1-amino-2-indanol (1).
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 (The ligand 1 has been used in a kinetic resolution of secondary aryl alcohols; see Chapter

oxazoline 7 (Figure 17.1).

8.) Ligand derivatives of 1 include oxazaborolidines, bis(oxazolines)  2 and pyridine bis(oxazoline)
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inda-box ligands (R ≠ H) were prepared either by Ritter type reaction of 1 with the corresponding
dinitriles in the presence of trifluoromethanesulfonic acid21 or by dialkylation of 2 with the corre-
sponding alkyl iodides.14

Chiral pybox ligands were synthesized as ligands for the asymmetric cyclopropanation of
styrene.10 In-pybox ligand 3 was prepared by reaction of 1 with 2,6-pyridine dicarbonyl dichloride
in the presence of potassium hydrogen carbonate in isopropyl acetate followed by cyclization of
the bis-hydroxyamide with BF3•OEt2 at 120°C.22

In light of the remarkable results obtained with the ligands described previously, several new
classes of aminoindanol-containing ligands were disclosed that take advantage of the rigidity and
steric bulk of the indanyl platform. Among those, phosphinooxazoline 4, prepared by reaction of
1 with diphenylphosphinobenzonitrile, was studied as a possible ligand for the asymmetric allylic
alkylation of small acyclic allyl acetate substrates.23

Aminoindanol-derived Schiff bases were developed as tridentate ligands for the chromium-
catalyzed hetero Diels-Alder reaction between weakly nucleophilic dienes and unactivated alde-
hydes.24 The generality of the utility of these Schiff bases, readily obtained by condensation of 1
with the corresponding aldehyde, was later demonstrated in the hetero Diels-Alder reaction between
Danishefsky’s diene and chiral aldehydes,25 in the inverse electron-demand hetero Diels-Alder
reaction of α,β-unsaturated aldehydes with alkyl vinyl ethers,26 and in hetero-ene reactions.27

Aryl phosphite 5 was studied as a possible ligand in the palladium-catalyzed allylic alkylation
and allylic sulfonation reactions. This P,N-ligand was easily accessed by condensation of ferro-
cenealdehyde followed by reaction with bis(2,6-dimethylphenyl)chlorophosphite.28

Benzoquinone 6 was reported as one of a new class of amino alcohol-derived benzoquinones
tested in the palladium-catalyzed 1,4-dialkylation of 1,3 dienes. These ligands were prepared by
reaction of 1 with C2-symmetric 1,4-diallyloxy-2,5-benzenedicarboxylic acid chloride followed by
allyl deprotection.29

Bidentate phosphaferrocene-oxazoline 7, generated by acylation with the corresponding phos-
phaferrocene trifluoroacetate followed by oxazoline formation, has proved to be a highly efficient
ligand for asymmetric induction in the copper-catalyzed conjugate addition of diethylzinc to α,β-
unsaturated ketones.30

Considering the wide variety of cis-1-amino-2-indanol–containing ligands synthesized to date
and the numerous applications reported in the literature and detailed in the present section, it is to
be expected that novel ligands and methodologies will continue to emerge featuring the remarkable
characteristics of cis-1-amino-2-indanol.

17.2 REDUCTION OF CARBONYLS

17.2.1 TRANSFER HYDROGENATION

As mentioned earlier, cis-aminoindanols have been shown to be excellent ligands for asymmetric
1,2 Reduction of acetophenone in isopropanol in the

presence of 0.25 mol% of [RuCl2(p-cymene)]2, 1 mol% (1R,2S)-cis-1-amino-2-indanol, and 2.5
mol% of potassium hydroxide proceeded in 70% yield and 91% ee to give the S-alcohol. Enantio-
selectivities were considerably lower with phenylglycinol (23% ee) or N-methyl-cis-aminoindanol
(27%) as ligands. These results strongly suggested that a stereochemically rigid backbone enhanced
the degree of asymmetric induction and that a primary amine function in the ligand was essential

Mechanistic studies3 tended to demonstrate that the hydrogen transfer proceeds via a 6-center
transition state similar to that proposed by Noyori with monotosylated diamine complexes of

31
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ruthenium(II) (Figure 17.2).

(Scheme 17.1). 

transfer hydrogenation (see also Chapter 8).
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17.1.2 BORANE REDUCTIONS

Since the discoveries of Itsuno32 and Corey,33 remarkable advances have been made in the enantio-

34,35 In most cases, these amino alcohols were obtained from chiral pool sources. Consequently,
extensive synthetic manipulations were often necessary to access their unnatural antipode. Didier

metric oxazaborolidine reduction of ketones.36 Several acyclic and cyclic amino alcohols were
screened for the reduction of acetophenone (Scheme 17.2), and cis-aminoindanol led to the highest
enantioselectivity (87% ee).

It is interesting that Didier also studied the reduction of anti-acetophenone oxime methyl ether
36 and again observed that cis-aminoindanol yielded one of the highest selectivity

(95% ee). However, a stoichiometric amount of amino alcohol was needed to achieve high degrees
of asymmetric induction. Use of a catalytic amount of amino alcohol resulted in a considerable
decrease in product enantioselectivity.

SCHEME 17.1

FIGURE 17.2 Proposed transition state for the transfer hydrogenation to carbonyls.
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(Scheme 17.3)

and co-workers were first to examine the potential of cis-aminoindanol as a ligand for the asym-

16).
selective reduction of prochiral ketones using amino alcohol–derived oxazaborolidines (see Chapter
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Researchers at Sepracor later disclosed the use of a new class of chiral oxazaborolidines derived
from cis-aminoindanol in the enantioselective borane reduction of α-haloketones.6,7 The B-hydrogen
oxazaborolidine ligand 10 was prepared in situ from cis-aminoindanol 1 and BH3•THF.8 Stock
solutions of B-methyl oxazaborolidine 11–16 were obtained by reaction of the corresponding N-
alkyl aminoindanol with trimethyl boroxine.6,7 B-Methyl catalyst 11 was found to be more selective
(94% ee at 0°C) than the B-hydrogen catalyst 10 (89% ee at 0°C), and enantioselectivities with 11
increased at lower temperatures (96% ee at –20°C). The catalyst structure was modified by intro-
duction of N-alkyl substituents. As a general trend, reactivities and selectivities decreased as the
steric bulk or the chelating ability of the N-alkyl substituent increased (Scheme 17.4).

Borane reduction of a variety of aromatic ketones using 5–10 mol% of B-methyl catalyst 11
proceeded in >95% yield and in 80–97% ee. α-Haloketones were generally more reactive (90–97%
ee) than simple ketones, which required higher temperatures (0°C compared to –20°C) to react to
completion and led to lower enantioselectivities (80–90% ee).118 A complementary study by Umani-
Ronchi and co-workers37 described the borane reduction of cyclic and acyclic ketones using catalyst
10. All products were obtained in >89% yield and >85% ee. Cyclic and hindered ketones led to
the highest enantioselectivities (up to 96% ee) at room temperature.

This methodology was successfully applied to the asymmetric synthesis of (R,R)-formoterol
(17), a potent β2-agonist for the treatment of asthma and bronchitis.38–40 Reduction of bromo ketone
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18 was a key step in the synthesis (Scheme 17.5). An extensive study, involving varying tempera-
tures, boron sources, and phenylglycinol catalyst backbones, was undertaken to determine the
optimal conditions for the reaction.40 Experimental data clearly demonstrated that each catalyst had
its own optimal conditions with respect to temperature, boron source, and additives. Conforma-
tionally rigid oxazaborolidine catalysts, containing the tetraline or indane backbone, proved to be
the most effective in the reduction of 18. The highest selectivity was achieved using a stock solution
of catalyst 11 at –10°C (96% ee). Although lower selectivity was obtained with the in situ prepared
10 at 0°C (93% ee), this catalyst was chosen for the large-scale process because its preparation
was easier, it was less time-consuming, and it involved inexpensive reagents. On a multi-kilogram
scale, bromohydrin 19 could be isolated in 85% yield by crystallization, which directly enriched
its enantiopurity to >99% ee.

The proposed mechanism of reduction33,37 involves the coordination of a borane molecule to
the nitrogen of the oxazaborolidine in a trans-relationship to the indanyl substituent. The ketone
coordinates to the boron center of the oxazaborolidine, cis to the coordinated borane, in a possible
boatlike transition state 20 or chairlike transition state 21 (Figure 17.3). In both cases, intramolecular
hydride attack occurs from the Re-face of the carbonyl.

Mechanistic studies41–43 by Dixon and Jones excluded the possibility of dimeric catalytic species
because a linear dependence was observed between the catalyst’s enantiopurity and the reaction’s
enantioselectivity.43 The test reaction was the desymmetrization of meso-imide 22 using chiral
oxazaborolidine catalysts. The sense of the enantioselectivity of the reduction was established by
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conversion of hydroxy lactam 23 to the known ethoxy lactam 24 (Scheme 17.6).
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The decreasing enantioselectivity with increasing N-alkyl steric bulk was rationalized by assum-

coordination of borane on the least-hindered exo-face of the oxazaborolidine. This coordination is
reversible, and large substituents on the nitrogen can displace the equilibrium to endo-face coor-
dination, therefore diminishing the sense of asymmetric induction (Scheme 17.7).43

17.3 ADDITION TO CARBONYLS

17.3.1 TRIMETHYLSILYLCYANIDE ADDITIONS

Tridentate salen ligands derived from enantiopure cis-aminoindanol were prepared in an effort to
explain the relationship between the ligand structure and the enantioselectivity in the Ti(IV)-Schiff
base catalyzed asymmetric addition of trimethylsilylcyanide to benzaldehyde.44 The nature and
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ing the model described in Figure 17.3. As mentioned earlier, the key feature of this model is the
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position of substituents on the Schiff base phenyl ring were shown to have a great influence on the
reactivity and selectivity of the reaction. An enantiomeric excess of 85% was reached using 20
mol% of a 1:1 complex of Ti(O-i-Pr)4 and tridentate ligand 25 (Scheme 17.8). Modification of the
titanium:ligand ratio to 1:2 resulted in a considerable loss in enantioselectivity (19%). These
observations are in accordance with Oguni’s studies45 that identified L*Ti(O-i-Pr)2 as the active
species and determined bis(Schiff base) compounds L*2Ti to be inactive toward the catalytic
hydrocyanation of aldehydes.

17.3.2 DIETHYLZINC ADDITIONS

In parallel to their investigations on the asymmetric reduction of ketones, Umani-Ronchi and co-
workers examined the utility of cis-aminoindanol derivatives as catalysts in the addition of dieth-
ylzinc to aldehydes.37 Using N-dibutyl or N-diallylaminoindanol as catalysts, secondary alcohols
could be obtained in high yields but the enantioselectivities remained low, in the 40–50% range
(Scheme 17.9). It is interesting that several studies46,47 have taken advantage of alternative isomers
of aminoindanol: both cis- and trans-N-disubstituted-2-amino-1-indanol were found to give high
yields but moderate enantiomeric excesses (56–80% ee).46 High degrees of enantioselection in the
diethylzinc addition to aliphatic and aromatic aldehydes were eventually achieved by introducing
an alkyl or aryl substituent at C–1 of trans-N-disubstituted-2-amino-1-indanol (up to 93% ee).47

17.4 CONJUGATE ADDITIONS

A new class of phosphaferrocene-oxazoline ligands has been disclosed by Fu and co-workers30 and
applied to the copper-catalyzed asymmetric conjugate addition of diethylzinc to acyclic enones
with good enantioselectivity. The substitution pattern on the phosphoryl ring as well as on the
oxazoline was shown to have an enormous impact on the selectivity. Ligands 26 and 27, which
share the same absolute configuration in the oxazoline, provide the (S)-1,4-adduct preferentially.
This observation led to the conclusion that the stereochemistry at the oxazoline, and not the planar
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chirality of the phosphaferrocene, was responsible for the stereochemistry of the conjugate addition.
Introduction of a phenyl group at C–5 of the phosphoryl ring further enhanced the enantioselectivity
of the reaction. The best result was obtained with the cis-aminoindanol derived ligand 7 (Scheme
17.10). The reaction conditions were optimized by using CuOTf instead of Cu(OTf)2, and dieth-
ylzinc addition to chalcone with 7 as ligand gave the 1,4-adduct in 87% ee.

Sibi and co-workers have studied the copper-catalyzed conjugate addition of silylketene acetals
to β-enamidomalonates using chiral bisoxazolines as ligands.19 Addition of neutral nucleophile O,S-
ketene silyl acetal 30 to malonate 31 was performed with 10 mol% of Lewis acid Cu(OTf)2 and
10 mol% of bisoxazolines 2 and 32–35 as chiral source. Using ligand 33, β-amino acid derivative
37 was obtained in 96% yield and 89% ee (Scheme 17.11). A working model for the conjugate
addition was proposed where the copper metal coordinates malonate carbonyls and the addition
occurs from the Si-face of the olefinic bond. However, other chelation modes can be speculated,
involving the amido functional group in 6- or 8-membered rings.19
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The enantioselective conjugate radical addition using chiral bis(oxazoline)-based Lewis acid
was also studied by Sibi, Porter, and co-workers.20 Stoichiometric amounts of metal-ligand com-
plexes derived from a number of box-ligands, and a variety of Lewis acids including MgI2 and
Zn(OTf)2 were examined in the addition to β-substituted-α,β-unsaturated-N-oxazolidinone com-
pounds. The enantioselectivity of product 38, which ranged from 37% to 82% ee, was dramatically
improved (up to 93% ee) using rigid aminoindanol-derived inda-box ligands (Scheme 17.12).48

Catalytic amounts (5–30 mol%) of the MgI2-33 catalyst retained excellent enantioselectivity levels
(90–97% ee). The reaction could be performed at room temperature with little loss of selectivity
(93% ee using 30 mol% of 33). In comparison, conjugate radical addition to pyrazole derivatives
using Zn(OTf)2-box-ligand complexes led to moderate enantioselectivities.49 It is still unclear why
pyrazole and oxazolidinone templates gave products of opposite configuration using the same chiral
Lewis acid.

17.5 DIELS-ALDER AND RELATED REACTIONS

17.5.1 DIELS-ALDER REACTIONS

α,β-unsaturated-N-oxazolidinones by Davies and Senanayake9,10 and
Ghosh11 independently. Conformationally constrained inda-box ligand 39 displayed excellent selec-
tivity level (82% ee) compared to phe-box ligand 34 (30% ee) in the copper-catalyzed Diels-Alder
reaction.9 In addition, Ghosh has shown that the use of magnesium as Lewis acid led to moderate

11 These results

dienophile proposed by Evans,12 which results in a preferential endo-Si-face attack of the diene.
For magnesium Lewis acids, a Corey-Ishihana transition state would explain the reversal of selec-
tivity as magnesium adopts a tetrahedral geometry, favoring the diene attack from the less-hindered
endo-Re-face (Figure 17.4).13
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and reversed enantioselectivities compared to copper Lewis acid (Scheme 17.13).

Inda-box ligands were applied to the metal-catalyzed asymmetric Diels-Alder reaction (see Chapter

have been rationalized using a square planar conformation of copper and s-cis conformation of the

26) of cyclopentadiene with 
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The ligand bite angle and its impact on the enantioselectivity was examined by Davies, Senan-
ayake, and co-workers.9,10,14 In a first series of experiments, such ligands as 39, which form a 6-
membered copper chelate, were found to be the most selective. It was postulated that ligands 40
and 41 were far less selective because of the increased flexibility of the 7- and 8-membered metal
chelates formed with copper.9 Modification of ligand 39 to increase the bite angle (calculated in
the increasing order 44<39<43<42<33) resulted in higher endo:exo selectivities as well as endo-
enantioselectivities of the cycloadduct (Scheme 17.14).10,14 The orientation of the C–8 proton of
the aminoindanol moieties in the “chiral pocket” of the copper complex was believed to play an
important role on the stereoselectivity of the Diels-Alder reaction.14 Another explanation raised the
possibility that a larger bite angle would altogether change the coordination around the copper
center, away from the idealized square planar model.14
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Ghosh and co-workers improved the utility of inda-box ligands in the Diels-Alder reaction by
using cationic aqua complex derived from 2 and Cu(ClO4)•6H2O. The complex had the considerable
advantage of being air-stable, and reaction of N-acryoyloxazolidinone and cyclopentadiene at –78°C
for 11 hours using 10 mol% of aqua complex afforded the cycloadduct in 88% yield, >99:1 endo:exo
selectivity, and 98% ee. Cryogenic temperatures were not necessary to achieve high levels of
enantioselectivity because the same reaction could be run at 0°C, which allowed for completion
of the reaction within 1 hour, to give the cycloadduct in similar yield (91%) with little loss of
selectivity (98:2 endo:exo, 95% ee).15

The importance of the rigid aminoindanol backbone in asymmetric catalytic Diels-Alder reac-
tions is a subject of continued interest.16,50 One example immobilized the copper-inda-box complex
onto mesoporous silica in the context of continuous large-scale production of chiral compounds.16

Using 10 mol% of this catalyst (Figure 17.5), the Diels-Alder reaction between N-acryoyloxazo-
lidinone and cyclopentadiene proceeded in 99% yield, 17:1 endo:exo selectivity, and 78% ee of
endo cycloadduct. The catalyst could easily be recovered and reused several times without signif-
icant loss of diastereoselectivity (15:1 endo:exo selectivity after the fifth reuse) or enantioselectivity
(72% ee after the fifth reuse).16 The same remarkable reactivity was observed with a number of
diene–dienophile partners.

17.5.2 HETERO DIELS-ALDER REACTIONS

investigated by Ghosh and co-workers.17 Danishefsky’s diene (45) and glyoxylate esters 46 were
reacted using copper triflate as Lewis acid. The reaction gave a mixture of Mukayama aldol 47
and pyranone derivative 48 after standard workup. Treatment of the crude mixture with trifluoro-
acetic acid allowed for ring-closing of 47 and led to 48 as the sole product. Aminoindanol-derived
ligand ent-2 afforded the highest yields and enantioselectivities (Scheme 17.15). As observed for
the Diels-Alder reaction, use of magnesium triflate as Lewis acid resulted in largely decreased and
reversed enantioselectivities.17

FIGURE 17.5 Immobilized copper-inda-box catalyst.

SCHEME 17.15

N 
O 

O 
N 

Cu2+   2 OTf −

HO 

O Si 
3 

OEt O 

O 

OEt 

OH 

OH 

SiO2 

42% yield (2 steps)               17% ee (R)
L* = 34 27% yield (2 steps)               44% ee (S)
L* = ent-2 70% yield (2 steps)               72% ee (S)

46
47

45

TMSO

OMe

O

H COOMe
+

O
*MeO

O

COOMe

OTMS
O

COOMe

+

48

TFA

–78°C

10 mol% Cu(OTf)2-L*

L* = 35

© 2006 by Taylor & Francis Group, LLC

The asymmetric hetero Diels-Alder reaction (see Chapter 26) using inda-box ligands was first
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The synthetic utility of this methodology was demonstrated in the asymmetric construction of
the C3–C14 segment of antitumor macrolide laulimalide (50).18 Using Cu(OTf)2-ent-2 as catalyst,
Danishefsky’s diene reacted with benzyloxyacetaldehyde 51 to provide cycloadduct 52 in 76%
yield and 85% ee. Standard synthetic manipulations on dihydropyran 52 led to the C3–C14 segment
49 of laulimalide (Scheme 17.16).

Jacobsen and co-workers investigated the diastereoselective hetero Diels-Alder reaction
between Danishefsky’s diene and chiral aldehydes catalyzed by chromium-Schiff base complexes.25

A variety of chiral aldehydes underwent the doubly diastereoselective reaction using catalysts 53
and 54 in good yield (up to 99%), satisfactory diastereoisomeric ratio (~10:1 for unhindered
aldehydes), and excellent enantiomeric excess of the major diastereoisomer (>97% ee). In the case
of congested aldehydes, tridentate indane-derived catalysts were far less effective, leading to
dihydropyrans in moderate yields (44–58%) and selectivities (<4:1 dr). Whereas the reaction of 45
and 55, using achiral complex 56 as catalyst, gave 57 in a relatively high 1:4.5 diastereomeric ratio,
the matched catalyst-to-substrate system using (1S,2R)-53 provided the highest level of diastereo-

enantiomer, any of the four possible diastereoisomers of dihydropyranone can be synthesized with
high selectivity.
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selectivity (1:33) of the study (Scheme 17.17). With judicious choice of chiral aldehyde and catalyst
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In a complementary study, Jacobsen and co-workers used their new chromium complex of
aminoindanol-derived Schiff bases to perform an efficient hetero Diels-Alder reaction between less-
nucleophilic monooxygenated dienes and unactivated achiral aldehydes.24 This reaction provided
enantiomerically enriched dihydropyrans with three defined stereogenic centers in one step (Scheme
17.18). The best results were obtained using catalysts 53 and 54, which bear a very large adamantyl
group. In all cases, reaction of dienes 58 with various aldehydes gave excellent all-cis diastereo-
selectivities (>95% de). In addition, all aliphatic aldehydes led to remarkable enantioselectivities
(>94%). The tetrahydropyranone formed from benzaldehyde was obtained with a lower level of
enantioselectivity (65% ee using 53 and 81% using 54). In general, reactions with hexafluoroanti-
monate catalyst 54 were faster and more enantioselective than with chloride 53. With the exception
of aromatic aldehydes, where use of acetone as solvent was critical, solvent-free conditions gave
satisfactory results. This method provided highly efficient access to several interesting synthons,
which, by further elaboration of the double bond, would ultimately lead to tetrahydropyran deriv-
atives with 5 defined stereogenic centers.

Chromium complex 53 was also shown to efficiently catalyze the inverse electron-demand
hetero Diels-Alder reaction of α,β 26

Although the uncatalyzed process required elevated temperatures and pressures to give dihydropy-
rans in good yields but poor endo:exo selectivities, the reaction proceeded at room temperature in
the presence of 5 mol% of ent-53 and 4Å molecular sieves in dichloromethane of tert-butyl methyl
ether with excellent diastereoselectivity (endo:exo >96:4) and promising enantioselectivities
(72–78% ee). Optimal results were achieved using a solvent-free system and excess vinyl ether.

SCHEME 17.17

SCHEME 17.18

TMSO 

OMe 

O 

H 
OTBS 

O 

H 
O 

O 

O 

O 

OTBS 

O 

O 

OTBS 

+ 

45 

(55) 
57 

O 

O 

O 

O 

+ 

O 
O 

O 
O 

1 : 2 

catalyst = 56 
catalyst = (1R,2S)-53 
catalyst = (1S,2R)-53 

catalyst = 56
catalyst = (1R,2S)-53
catalyst = (1S,2R)-53

1 : 4.5 
1 : 1.2 

1.  5 mol% catalyst
     EtOAc, BaO, 4°C
2.  TFA 

1 : 12 
15 : 1 

1 : 33    

OMe 

O 

R1 H 

58 

+ 

O 

O 

R1 
2.  TFA 

R3SiO 
1.  3 mol% 53 or 54, sieves, rt

> 95% de (all-cis)
> 94% ee 

© 2006 by Taylor & Francis Group, LLC

-unsaturated aldehydes with alkyl vinyl ethers (Scheme 17.19).
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Both reactivity and selectivity decreased with increasing steric bulk of alkyl group on the vinyl
ether (Et>n-Pr>n-Bu~i-Bu), and tert-butyl vinyl ether was completely unreactive. The cycloaddition
of ethyl vinyl ether with a wide variety of α,β-unsaturated aldehydes bearing aliphatic and aromatic
β-substituents proceeded with high selectivity (>95% de, 89–98% ee). Only 5 mol% of catalyst
were necessary except in the case of sterically more demanding substituents (R = i-Pr, Ar) that
required 10 mol% of catalyst loading. Substitution could also be introduced in the α-position of
the unsaturated aldehyde, and cycloadducts were obtained with similar high selectivities.26

These results were particularly remarkable in light of the few precedents that only involved
chelation of oxabutadienes bearing oxygen-containing electron-withdrawing groups by a 2-point
binding catalyst, which would easily explain the enantioface discrimination. In contrast, Jacobsen’s
tridentate chromium catalyst 53 is a one-point binding complex, which activated the unsaturated
aldehyde and discriminated its enantiotopic faces through simple chelation to the carbonyl. In
efforts to understand the source of stereoinduction, the crystal structure of 53 was analyzed and
the catalyst was shown to exist in the solid state as a dimeric structure bridged through a single
molecule of water and bearing a terminal water ligand on each chromium center. Based on
preliminary solution molecular weight and kinetic studies, it was proposed that the dimeric species
was maintained in the catalytic cycle and that dissociation of one terminal water ligand would open
one coordination site for substrate binding. These mechanistic studies not only explained the crucial
need for molecular sieves in the reaction but also clearly indicated that the role of 53 is comparable
to activation of the aldehyde by a Lewis acid.26

17.5.3 HETERO-ENE REACTIONS

The generality of the activation of aldehydes for reaction with weak nucleophiles, using tridentate
Schiff base chromium(III) complexes, was further demonstrated by the successful and highly
selective ene-reaction of alkoxyalkenes and silyloxyalkenes with aromatic aldehydes.27 The ene-
reaction of 2-methoxypropene or 2-trimethylsilyloxypropene with a number of substituted benzal-
dehydes catalyzed by 59 in acetone or ethyl acetate proceeded in high yields (75–97%) and good
to excellent enantioselectivities (70–96% ee, with >85% ee in the majority of cases). Catalysts 53
and 60 were also effective in the ene-reaction, but enantioselectivities were 2–5% lower. It is

poorer selectivities (<30% ee). β-Hydroxy enol ethers thus obtained were readily transformed into
β-hydroxy ketone and β 27

Crystal structure of 60 revealed that the complex existed as a dimeric species where the two
chromium centers are bridged through the indane oxygen and each chromium metal bears one

hetero Diels-Alder reaction, that the barium oxide desiccant removed one molecule of bound water
from the catalyst dimer, which opened one coordination site for binding of the substrate carbonyl.26
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interesting that chiral (salen)CrCl complexes afforded good yields of ene-reaction but considerably

molecule of water (Figure 17.6). It was therefore proposed, as for the inverse electron-demand

-hydroxy ester derivatives (Scheme 17.20).
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17.6 AZIDE ADDITIONS

Tridentate Schiff base chromium(III) complexes were identified as the optimal catalysts for the
enantioselective ring opening of meso-aziridines by TMSN3.51 Indeed, preliminary studies have
shown that, although the (salen)chromium complexes catalyzed the reaction to some extent, they
consistently led to low enantioselectivities (<14% ee). It was rationalized that the diminished
reactivity and selectivity of the salen complexes with aziridines compared to epoxides was a result
of the steric hindrance created by the N-substituent of the coordinated aziridine. As expected,
improved results were observed using tridentate ligands on the chromium center because they offer

51

Extensive optimization studies identified highly electron-deficient 2,4-dinitrobenzyl-substituted
aziridines as the most reactive substrates, chromium as the metal of choice, and indanol-derived
Schiff bases as the most effective ligands. In this ring-opening process, catalyst 61 provided the
highest selectivities. Using these optimized conditions, a variety of aziridines were selectively

51 This reaction can provide an easy access to
C2-symmetric 1,2-diamines, a valuable class of chiral auxiliaries, and even to less accessible non-
C2-symmetric 1,2-diamines because of the differentially protected amines of the ring-opened
products.
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a less-hindered coordination environment (Figure 17.7).

opened in a very efficient manner (Scheme 17.21).
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17.7 ASYMMETRIC ALKYLATIONS

17.7.1 CATALYTIC ASYMMETRIC CYCLOPROPANATIONS

Davies and co-workers have explored the role of ligand conformation in the ruthenium(II)-catalyzed
cyclopropanation of styrene.10 This study was based on results reported by Nishiyama in which the
catalyst prepared in situ from pyridine-bis(oxazoline) 62 and [RuCl2(p-cymene)] 2 was found to be
highly active and selective in the reaction of ethyl diazoacetate with styrene (66% yield, 84% de,
and 89% ee of major trans-isomer).52 Several ligands hindered on the oxazoline ring, including 3,
were tested and poorer yields and selectivities were obtained (for 3, 50% yield, 81% de, and 59.5%
ee of major trans-isomer), which indicated unfavorable steric interactions between styrene and the
Ru(in-pybox) carbene complex (Scheme 17.22).10

FIGURE 17.7 Schematic illustration of the possible advantage of tridentate ligands over tetradentate ligands
for the activation of aziridines.
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17.7.2 ASYMMETRIC 1,4-DIALKYLATION OF 1,3-DIENES

The potential of asymmetric induction of chiral benzoquinones containing β-amino alcohols as
ligands in palladium(II) catalysis was demonstrated by Bäckvall and co-workers, although enanti-
oselectivities remained low.29 A variety of β-amino alcohols was tested as ligand components in
the 1,4-dialkylation of 1,3-dienes, and it became clear that introducing a substituent on the β-carbon
resulted in decreased selectivities, whereas introduction of bulky groups on the α-carbon enhanced
enantioselectivities (Scheme 17.23). It was hypothesized that the hydroxy group was coordinating
to the palladium center, which brought the sterically demanding group at the π-position of the
amide closer to the π-allyl. This intermediate 63 is in equilibrium with the noncoordinated complex
64, which should result in lower levels of asymmetric induction. Sterically demanding groups at
the β-carbon would indeed favor the noncoordinated intermediate. The effect of the solvent seemed
to confirm this suggested mechanism because the use of nonpolar noncoordinating solvents led to
higher enantioselectivities.29

17.7.3 ALLYLIC ALKYLATIONS

Helmchen and co-workers reported phosphinooxazoline (PHOX) ligands to be particularly efficient
for the palladium-catalyzed allylic alkylations.23,53 Although P,N-chelate ligand 64 furnished excel-
lent results with large acyclic substrates (e.g., 1,3-diphenylallyl acetate) up to 99% ee, reaction on
small acyclic substrates [e.g., 1,3-dimethylallyl acetate (67)] gave low enantioselectivities. Taking
into account the many aspects of the allylic alkylation mechanism, it was argued that bulkier
substituents on the oxazoline ring would lead to improved enantiofacial discrimination of small
acyclic substrates. Indeed, constrained ligands 4 and 68 led to considerably increased enantio-

temperatures (68 led to 89.5% ee at –40°C).23

A series of chiral P,N-bidentate aryl phosphite ligands were studied for the allylic alkylation

enantioselectivities (50% ee using 5 in THF) compared to ligand 69 (69% in THF and 82% in
CH2Cl2).28 The fact that the allylic alkylations could be performed at room temperature and did
not necessitate lower reaction temperatures to achieve high selectivities is particularly noteworthy.
These ligands were also tested in the allylic sulfonation reaction, and the same trends in enantio-
selectivities were observed.28
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of small acyclic substrates (Figure 17.8). In this case, the rigid indanyl backbone led to moderate

selectivities (Scheme 17.24), which were further optimized by running the reaction at lower
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17.8 RELATED AMINO ALCOHOLS AND THEIR APPLICATIONS 
IN ASYMMETRIC SYNTHESIS

Isomers of cis-1-amino-2-indanol have attracted considerably less attention, although improved
asymmetric inductions have been reported on several occasions. Diethylzinc addition to aldehydes
with cis-N-disubstituted-1-amino-2-indanols as catalysts yielded secondary alcohols with low enan-
tiomeric excesses (40–50%),37 whereas cis-N-disubstituted-2-amino-1-indanols led to increased

46 High degrees of enantioselection were eventually
achieved in the addition of diethylzinc to aliphatic and aromatic aldehydes with trans-N-dialkyl-
1-substituted-2-amino-1-indanols as catalysts (Scheme 17.25).47 Optimal results were obtained with
bulky groups at the hydroxy-bearing carbon and at the nitrogen (R = Ph, R1 = n-Bu), which led to
the formation of (R)-1-phenylpropanol in 90% yield and 93% ee.

SCHEME 17.24

FIGURE 17.8 P,N-Bidentate aryl phosphite ligands.
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selectivities (up to 80% ee) (see Section 17.3.2).
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17.8.1 CIS-N-SULFONYL-2-AMINO-1-INDANOL

Corey and co-workers envisioned that the 2-amino-1-indanol–derived titanium complex 74 could
provide high selectivities in the Diels-Alder reaction of 2-bromoacrolein and cyclopentadiene.54

Racemic cis-2-amino-1-indanol 70 was prepared in large scale by conversion of the racemic trans
bromohydrin 71 to the corresponding cis-azido alcohol followed by hydrogenation. The optically
pure 72 was obtained by resolution of racemic cis-2-amino-1-indanol 70 using (–)-tartaric acid and
subsequent amine protection with 2,4,6-trimethylbenzylsulfonyl chloride. The sulfonamide was
then treated with Ti(O-i-Pr)4 to give 73 as an aggregate, and reaction with SiCl4 finally led to the
active catalyst 74 (Scheme 17.26).54

Diels-Alder reaction of 2-bromoacrolein and cyclopentadiene using 10 mol% of titanium
catalyst 74 gave the synthetically versatile (R)-bromoaldehyde adduct 75 in 94% yield, 67:1
exo:endo diastereoselectivity, and 93% ee. The absolute stereochemical outcome of the reaction is
consistent with the proposed transition state assembly 76 in which the dienophile coordinates at
the axial site of the metal, proximal to the indane moiety through π-attractive interactions. In this
complex, the π-basic indole and the π-acidic dienophile can assume a parallel orientation facilitated
by the octahedral geometry of the transition metal. The aldehyde would then react through a
preferential s-cis conformation (Scheme 17.27).54
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17.8.2 CIS-2-AMINO-3,3-DIMETHYL-1-INDANOL

cis-2-Amino-3,3-dimethyl-1-indanol (77) can be used as the basis for a ligand as well as a chiral

oxazoline 78 derived from 77 and studied the utility of this new ligand in palladium- and rhodium-
catalyzed asymmetric processes.55–57 The chiral ligand was rapidly prepared by condensation of
optically pure (1R,2S)-77 with 2-fluoronitrile in the presence of a catalytic amount of zinc chloride
followed by reaction with potassium diphenylphosphide (Scheme 17.28).55

Ligand (+)-78 was first tested in the palladium-catalyzed allylic amination reaction. Preliminary
studies on 1,3-bisphenyl-2-propen-1-yl acetate (79) showed that phosphine-oxazoline 78 was a
more effective ligand than the parent ligands 80 and 81 with shorter reaction time and better
enantioselectivity (Scheme 17.29).55,58 Other 1,3-bis(p-substituted-aryl)-2-propen-1-yl acetates
were also converted to the corresponding amines with excellent selectivity (>95% ee). The amina-
tion reaction of 1-alkyl-3,3-diphenyl-2-propen-1-yl acetates was examined, and addition of acetic
acid to the reaction system was found to be necessary to minimize the competing elimination
reaction and to achieve high enantioselectivities.55 In the case of 82 (alkyl = Me), the allylic
amination with 2 equivalents of benzylamine led to a mixture of allyl amine 83 (38% yield, 92%
ee) and elimination product 84 (54% yield). Addition of 10 equivalents of acetic acid resulted in
a faster reaction, decreased elimination product formation (13%), and higher enantiomeric excesses
of 83 (98% ee). Increased amounts of benzylamine (10 equiv.) were necessary to achieve high
chemical yields of allylic aromatic product, probably to balance the acidity of the medium, which
may lead to ligand decomposition.
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auxiliary (see Section 24.5.1). Thus, Saigo and co-workers synthesized phosphorous-containing
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Encouraged by these successful results, Saigo and co-workers tested ligand 78 in the rhodium-
catalyzed hydrosilylation of ketones.56 Indeed, asymmetric hydrosilylation of acetophenone and
tetralone using 78 as a chiral source led to considerably improved enantioselectivities (94% and
89% ee, respectively) compared to reactions performed with valinol-derived phosphorous-contain-
ing oxazoline 66 (82% and 59%, respectively).59,60 The equal accessibility of the two enantiomers
of the cis-2-amino-3,3-dimethyl-1-indanol backbone in 78 represented an additional advantage over
oxazoline 66, which is derived from an amino alcohol of the chiral pool because (S)-tetralol could
easily be obtained using (–)-78 in 97% yield and 92% ee (Scheme 17.30).56

Phosphine-oxazoline 78 also proved a valuable ligand in the palladium-catalyzed asymmetric
Heck reaction.57 Although slightly less selective than ligand 81,61 the Heck coupling of aryl and
alkenyl triflates using 78 as ligand proceeded with high asymmetric induction (>90% ee) in all
cases. Furthermore, both enantiomers of Heck reaction product can easily be obtained by proper
choice of the ligand enantiomer (Scheme 17.31). Low yields were observed with bulky alkenes
and were attributed to the rigid methyl groups of 78, which ensure high stereoselection but may
also hinder the approach of the alkene in the coordination sphere of the metal. Finally, in contrast
to BINAP ligand, which led to a 2,3- and 2,5-dihydro-2-phenylfuran mixture, phosphine-oxazolines
were shown to have a low tendency to promote carbon–carbon bond migration. In the case of
phosphine-oxazoline 78, no migration was observed.57

17.8.3 CIS-1-AMINO-2-HYDROXY-1,2,3,4-TETRAHYDRONAPHTHALENE

Another promising conformationally constrained amino alcohol is cis-1-amino-2-hydroxy-1,2,3,4-
tetrahydronaphthalene. Early studies using the tetrahydronaphthol backbone as a ligand in catalysis
often showed that the relative flexibility of the 6-membered ring was highly detrimental to the
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achievement of good levels of asymmetric induction, such as in the Diels-Alder reaction62 or in
the addition of diethylzinc to benzaldehyde.63

Jørgensen and co-workers have described the first enantioselective Lewis acid–catalyzed Man-
nich reaction of imino glycine alkyl esters with imines as a new approach to optically active α,β-
diamino acid derivatives.66 In the course of the study, copper(I) complexes of phosphine-oxazoline
ligands were found to be the most effective catalysts for the transformation. Among the P,N-ligands
tested, those derived from (1R,2S)-1-amino-2-hydroxy-1,2,3,4-tetrahydronaphthalene gave the most
encouraging results in terms of syn:anti selectivities. Although 68 led to improved diastereoselec-
tivities compared to 4, enantioselectivities were much poorer. Rapid steric and electronic tuning of
the phosphine aryl substituents yielded the novel ligand 85, which gave the diamine adduct 86 in
a remarkable 79:21 syn:anti selectivity and 97% ee for the syn-isomer (Scheme 17.32).66

Spectroscopic 1H nuclear magnetic resonance investigations revealed that only 88 coordinated
to the Lewis acid. It was therefore assumed that the catalyst activates 88 by coordination followed
by deprotection by the base to give the chiral ligand Cu(I)-stabilized imino glycine alkyl ester
anion. Mechanistic studies gave the geometry of 90–93 derived from ligands 66 and 85 as tetrahedral
around the copper center (Figure 17.9).66 Semiempirical PM3 calculations showed that intermediate
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90 is <1 kcal/mol less stable than 92, whereas 91 was found 12.4 kcal/mol more stable than 93.
The remarkable gap in energy differences correlates and accounts for the difference in enantio-
selectivities obtained experimentally with ligands 66 and 85 (20% ee and 97% ee, respectively).
The relative stability of 91 compared to 93 was attributed to steric repulsion in 93 between the 2-
and 6-methyl substituents of the phosphine aryl groups of the chiral ligand with the phenyl groups
of the benzophenone imine. The same methyl substituents of the phosphine aryl groups apparently
shield the Re-face of the carbon atom of 88, which acts as a nucleophile. Indeed, the proposed
preferred approach of imine 89 from the Si-face of benzophenone imine 88 accounts for the

66

17.9 SUMMARY

Since the discovery of cis-1-amino-2-indanol as a ligand for human immunodeficiency virus
protease inhibitors and the development of a practical industrial process for the synthesis of either
cis-isomers in enantiopure form, the remarkable properties of the rigid indane platform have been
extensively used in an ever-increasing number of asymmetric methodologies. 

The explosion of new aminoindanol-derived ligands disclosed in the past few years is the
unmistakable mark of recognition and appreciation of the indanyl platform as a valuable backbone
in the field of catalytic asymmetric synthesis. The emergence of related and novel structural designs
and their success in achieving improved selectivities clearly reveal the continuing interest in the
synthetic potential of conformationally constrained amino alcohols.
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18.1 INTRODUCTION
The enantioselective reduction of ketones in general and of functionalized ketones in particular is
of high interest, both from an academic and industrial point of view.1 The most effective methods
available today are hydride reductions using both stoichiometric and catalytic amounts of chiral
auxiliaries,2 various biocatalytic methodologies,3 catalytic transfer hydrogen,4,5 and catalytic hydro-
genation.5 Although the recent activities in the enantioselective hydrogenation of ketones were
predominantly in the field of homogeneous catalysis, highlighted by the Nobel Prize for Ryoji
Noyori, the use of chirally modified heterogeneous catalyst has a much longer tradition and has

6

cation of heterogeneous platinum catalysts modified with cinchona alkaloids (for structures see
7

substituent in the α
respect to classes of ketones and will restrict our discussion to aspects important for the practical
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Figure 18.1)  to the enantioselective hydrogenation of a number of ketones carrying an activating

been very successful for several classes of activated ketones.  Here we will summarize the appli-

-position of the carbonyl group (Figure 18.2). We will organize the review with
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application of these catalysts such as scope and limitations concerning substrate and modifier
structure or the influence of catalyst and reaction conditions.

18.2 αααα-KETO ACID DERIVATIVES 

α-Keto esters such as methyl and ethyl pyruvate and phenyl glyoxylic acid esters are the substrates

improving the ee: addition of trifluoroacetic acid8 and amines,9 use of special colloidal catalysts,10

use of ultrasound,11 slow addition of modifier,12 and use of solvent mixtures.13,14 It is not surprising
that the reaction conditions have to be optimized for every substrate. An analysis of the results
shows that AcOH in combination with MeOHCd or HCd gave the best results for most aliphatic
keto ester derivatives. For aromatic and conjugated systems, the combination of HCd and toluene
was usually optimal. In most cases, the question of activity and productivity of the catalytic systems
was not addressed.

R R1

Cinchonine (Cn) Vinyl H (Cd) Cinchonidine
10,11-Dihydrocinchonine (HCn) Ethyl H (HCd) 10,11-Dihydrocinchonidine

Ethyl OMe (MeOHCd) Methoxy-HCd

FIGURE 18.1 Structure, names, and abbreviations of the applied cinchona alkaloids. The Cn modifiers
depicted on the left preferentially lead to (S)-alcohols, members of the Cd family to (R)-alcohols.

FIGURE 18.2 Alcohols prepared with the Pt-cinchona system and best ee’s reported.
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giving the highest ee’s (Table 18.1) and activities. The following strategies were applied for
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Szöri and colleagues17 investigated a series of α-keto ester RCOCOOR1 and found that bulky
R and to a lower extent R1 groups caused a significant decrease in ee as well as rate. Similar results
were reported for various R1 with Pt-colloids.10 For the corresponding α-keto acids, much less work
has been carried out; a preliminary study found somewhat lower ee’s and different optimal solvent
systems than for the corresponding esters.13 Keto amides related to 5 also showed significantly
lower ee’s.16 The hydrogenation of 2 (R = Et) was scaled up to several 100-kg scale for the
production of (R)-2-hydroxy-4-phenylbutyric acid ethyl ester [(R)-HPB ester], an important inter-
mediate for the synthesis of angiotensin-converting enzyme (ACE) inhibitors (vide infra).18a

18.3 αααα,γγγγ-DIKETO ESTERS

The hydrogenation of 2,4-diketo acid derivatives 6–9 to the corresponding 2-hydroxy compounds with
cinchona-modified Pt catalysts as depicted in Scheme 18.1 can be carried out with chemoselectivities

FIGURE 18.3 α-Keto acid derivatives listed in Table 18.1.

TABLE 18.1
Best ee for Various αααα-Keto Acid Derivatives 
(For Substrate Structures see Figure 18.3)

Substrate ee (%) Catalyst, Modifier, Solvent, Reaction Conditions, Remarks Ref.

1 R = Me 98 Pt colloids, Cd, AcOH, 40 bar, 25°C 10
1 R = Et 97 5% Pt/Al2O3 (E 4759), MeOHCd, AcOH, 10 bar, 25°C, ultrasound 11a
2 R = Et
2 R = Et

96
94

5% Pt/Al2O3 (E 4759), MeOHCd, AcOH, 10 bar, 25°C, ultrasound
1% Pt/Al2O3 (Aldrich), HCd, AcOH, 5.8 bar, 17°C, dosing of modifier

11a
12

2 R = H 85 5% Pt/Al2O3 (JMC 94), MeOHCd, EtOH/H2O 9:1, 100 bar, 20–30°C 13
3 98 5% Pt/Al2O3 (E 4759), HCd, AcOH / toluene mixture, 25 bar, 0°C 14
4 96 5% Pt/Al2O3 (JMC 94), MeOHCd, AcOH, 20 bar, 20°C 15
5 60 5% Pt/Al2O3 (E 4759), Cd, AcOH, 60 bar, room temperature 16

SCHEME 18.1
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of >99% and enantioselectivities up to 87% (R) and 68% (S), respectively.18b Enrichment to >98%
ee was possible for substrates 6a–d by crystallization, opening up an efficient technical synthesis
of (R)-HPB ester, a building block for several ACE inhibitors.18c

For all substrates tested, the modified systems proved to be highly chemoselective. This is
remarkable, considering that only a few homogenous catalysts show high chemoselectivity for 7
and 8 and even fewer show both high chemoselectivity and enantioselectivity.19 As shown for 6a,
the highest ee’s (70–80%) were usually obtained in toluene. The only exception was 8, where
AcOH gave 74% and toluene gave only 63% ee. For all esters, the reactions in EtOH proceeded
with the lowest ee’s but often with the highest rates (results not shown). Comparing the results for
6a, 6b, 6c, and 6d, it seems that electron-withdrawing groups on the phenyl groups lead to slightly
higher ee’s and rates. For all these substrates, HCn was also investigated as modifier to give the
(2S)-4-keto esters, but compared with the (R)-series, the ee’s were always lower by 20–30%. 

An improved new synthetic route to (R)-HPB ester with the selective hydrogenation of an α,γ-
18b,c The

following aspects were the keys to success: a) the low price of the diketo ester (prepared via Claisen
condensation of acetophenone and diethyl oxalate); b) the high chemoselectivity in the Pt-cinchona
catalyzed hydrogenation, and c) the possibility to enrich the hydroxy ketone intermediate with ee’s
as low as 70% to >99% ee in one crystallization step. The removal of the second keto group via
Pd-catalyzed hydrogenolysis did not lead to any racemization. A whole range of chiral building

laboratory quantities from Fluka both in the (R)- and in the (S)-form.18d,e

TABLE 18.2
Hydrogenation of Various αααα,γγγγ-Diketo Esters18c

Substrate Solvent Catalyst
Pressure 

(bar) Modifier
ee 

(%)
Rate 

(mmol g–1 min–1)

6a Toluene E 4759 5 HCd 80 (R) 1.5
6a Toluene E 4759 60 HCd 86 (R) 3.4
6a Toluene E 4759 135a HCd 87 (R) 4.0
6a Toluene E 4759 60 HCn 59 (S) 0.9
6a AcOH E 4759 60 HCn 48 (S) 0.8
9 Toluene JMC 94 60 MeOHCd 23 (R) 0.24
9 EtOH JMC 94 60 MeOHCd 52 (R) 3.4
9 THF JMC 94 60 MeOHCd 56 (R) 0.88
6b Toluene E 4759 60 HCd 84 (R) n.d.
6b Toluene E 4759 60 HCn 68 (S) 1.3
6c Toluene E 4759 60 HCd 82 (R) 5.0
6c Toluene E 4759 60 HCn 64 (S) n.d.
6d Toluene E 4759 60 HCd 79 (R) 5.0
6d Toluene E 4759 60 HCn 49 (S) n.d.
7 Toluene JMC 94 60b HCd 78 (R) 3.5
7 AcOH JMC 94 60 MeOHCd 65 (R) 7.5
8 Toluene JMC 94 60 HCd 63 (R) 0.5
8 AcOH JMC 94 60 MeOHCd 74 (R) 1.5

Reaction conditions: Magnetically stirred 50 ml autoclave, 1–2 g substrate, 5% Pt/Al2O3 catalyst
(2 h pretreated with H2 at 400°C), 5–50 mg modifier, 15–20 mL solvent, 25°C. Content of diol
always <5%.

a 0°C. 
b 5°C.

© 2006 by Taylor & Francis Group, LLC

blocks derived from the keto hydroxy intermediate depicted in Figure 18.4 is now available in

diketo ester as a key step has been developed and is feasible on large scale (Scheme 18.2).
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18.4 TRIFLUOROMETHYL KETONES
The trifluoromethyl group was identified as having similar activating properties to an ester group
in 1997, and several papers by Baiker and colleagues elaborate on this topic.20 Methyl, ethyl, and
isopropyl esters of 4,4,4-trifluoroacetoacetate gave ee’s of 90–93% in AcOH or trifluoroacetic
acid/THF mixtures, and MeOHCd was often significantly more efficient than HCd (see Table 18.3).
Various trifluoroacetophenone derivatives with additional CF3 or N(Et)2-substitutents on the aro-
matic ring gave ee’s between 36% and 81%, but ee’s and turnover frequencies (TOFs) were highest
without any substituent. The same substrates showed significantly lower ee’s in o-dichloroben-
zene/EtOH with Pt-PVP colloids21 or in o-dichlorobenzene using Pt/Al2O3.11b,20d Other CF3-substi-
tuted ketones were tested, but except for 2-trifluoroacetylpyrrole (63% ee), none of them gave ee’s
significantly higher than 20%.11b,20d In contrast to α-keto esters, trifluoroketones easily form
hemiketals that can negatively affect ee’s during the course of the reaction.20c

SCHEME 18.2

FIGURE 18.4 HPB ester–related compounds available from Fluka.18d,e

TABLE 18.3
Best ee’s for Trifluoromethyl Ketones

R ee (%) Catalyst, Modifier, Solvent, Reaction Conditions, Remarks Ref.

CH2COOEt 93 5% Pt/Al2O3 (E 4759), MeOHCd, THF/TFA mixture, 10 bar, 20°C 20a
Ph 92 5% Pt/Al2O3 (E 4759), toluene, Cd, 10 bar, 0°C 20e
m-CF3C6H3 81 5% Pt/Al2O3 (E 4759), toluene, Cd, 10 bar, room temperature 20e
p-CF3C6H3 60 5% Pt/Al2O3 (E 4759), Cd, 1,2-dichlorobenzene, 2 bar, room temperature, 

mass transport limitations
20e

p-Tol 46 5% Pt/Al2O3 (E 4759), Cd, AcOH, 10 bar, room temperature 20e
2-pyrryl 63 5% Pt/Al2O3 (E 4759), Cd, toluene, 2 bar, room temperature 20d
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18.5 αααα-KETO ACETALS

It has been simultaneously shown by two different groups that α-keto acetals can be hydrogenated
with high rates and ee’s up to 97% (Scheme 18.3; Table 18.4).22,23 The highest ee and rate values
were obtained with 2-methylglyoxal acetals (substrates 12 and 13 in Table 18.4). In these cases
the addition of the modifier led to a rate acceleration in the order of 10, comparable to that observed
for ethyl pyruvate. Other aliphatic and aromatic α-keto acetals 14–18, 20–22 with relatively low
bulkiness gave high ee’s as well but with significantly lower rates. Lower ee’s and very much lower
rates were observed for keto acetals such as 19 with more bulky R and especially with larger R1.
Aromatic and aliphatic ethers as well as esters and amides are tolerated as functional groups in the
R residue and do not seem to affect the enantioselectivity very much (21–24). α-Keto ketals 25
and 26 are hydrogenated very slowly and with negligible induction.

SCHEME 18.3

TABLE 18.4
Effect of Substrate Structure in the Hydrogenation 
of αααα-Keto Acetals22

Substrate R R1 R2

ee 
(%)

Rate 
(mmol/g*min)

12 Me Me H 96 53
13 Me -(CH2)3- H 97 42
14 Me Et H 91 5.8
15 Me n-Bu H 85 1.8
16 Ph Me H 89 1.5
17 Ph Et H 81 0.5
18 CH3CH2CH2 Me H 93 4
19 (CH3)2CHCH2 Me H 62 <0.1
20 PhCH2CH2 Me H 93 15
21 Ph-O-(CH2) 3 Me H 93 5
22 CH3CH2O(CH2)3 Me H 92 5
23 (CH3)2NOCCH2CH2 Me H 80 0.7
24 CH3OOCCH2CH2 Me H 50 <0.1
25 Me Me Me <1 <0.1
26 Ph Me Ph <1 <0.1

Reaction conditions: Magnetically stirred 50 mL autoclave, 1–2 g substrate, 5%
Pt/Al2O3 (JMC type 94, 2 h pretreated with H2 at 400°C), 5–50 mg MeOHCd, 15–20
mL AcOH, 60 bar, 25°C.

R
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R

OH
OR1

OR1
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Enantiomerically enriched α-hydroxy acetals are interesting synthons and can be transformed
to a variety of chiral building blocks such as 1,2-diols, α-hydroxy acids, or 1,2-amino alcohols
(Scheme 18.4). Whereas the oxidation to (R)-ethyl lactate was rather difficult and required the
protection of the OH group, the reduction could be easily accomplished after hydrolysis of the
acetal. No significant racemization was observed. With a boronic acid derivative and a secondary
amine as described by Petasis and Zavialov,24 it was also possible to synthesize an amino alcohol
with high diastereoselectivity.

18.6 αααα-KETO ETHERS

Substituted aliphatic and aromatic α-keto ethers (Scheme 18.5) are also amenable to enantio-
selective hydrogenation catalyzed by cinchona-modified Pt catalysts.25 However, as opposed to the
prochiral ketones discussed earlier, kinetic resolution is observed for these chiral substrates. At
conversions of 20–42%, ee’s of 91–98% were obtained when starting with a racemic substrate (see

α-keto ethers without substituent in the α-position, such
as methoxy acetone, reacted very slowly or not at all and led to very low enantioselectivities,6 and
from the results described earlier for α-ketoacetals, the same is expected if 2 substituents are present.

SCHEME 18.4
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Table 18.5). It is somewhat surprising that 
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Although the very high initial ee’s were impressive, it was also clear that this method with
yields of <50% and gradually decreasing ee’s is of little preparative value. The obvious solution
would be dynamic kinetic resolution as reported for some homogeneous systems.26 In fact, with
>5 mM KOH in iPrOH a very high rate was obtained for 27b (100% conversion in 6 min!), but
the ee was 0%, most likely because the chirally modified surface was disturbed. To get dynamic
kinetic resolution the OH– ions had to be immobilized on a solid ion exchanger. With OH–-activated
Amberlite IRA-402 (gel type) and Amberlite IRA-900 (macroreticular), dynamic kinetic resolution
was indeed observed in iPrOH, and (R,S)-28b was obtained with ee’s of up to 56% at >95%
conversion. In toluene, even higher ee’s of >80% at >95% conversion with less than 1% of 29b
were obtained, but only macroreticular ion exchangers showed the desired effect. A kinetic analysis
of the system is depicted in Figure 18.5 for 27b. Similar experiments were conducted with 27d,
and an ee of 90% was achieved at 88% conversion.

TABLE 18.5
Kinetic Resolution of Various αααα-Keto Ethers

Substrate Solvent Modifier
Time 
(min)

Conversion 
(%)

Yield of 28 
(%)

ee of 28 
(%)

Yield of 29 
(%)

27a AcOH MeOHCd 12 22 20 98 <1
27b Toluene — 145 33 25 — 7
27b Toluene HCd 24 44 42 92 <1
27b i-PrOH HCd 6 38 38 79 <1
27b AcOH MeOHCd 16 53 52 88 2
27c Toluene HCd 53 7 5 75 2
27d Toluene — 23 34 29 — 5
27d Toluene HCd 63 42 42 91 <1
27e Toluene HCd 13 10 10 90 <1

Reaction conditions: 1–2 g substrate, 20–25 mL solvent, 50–100 mg 5% Pt/Al2O3 (2 h pretreated with H2 at
400°C), 5–10 mg modifier, 25°C, 60 bar.

FIGURE 18.5 Reaction pathways, rates, and product isomers for the hydrogenation of cyclic α-keto ether
27b.25

O O

OH
OMeOMe OMe

OH OH
OMe

OH

major product
ee > 80%

kRS = 18 kSS = 0.1 kSR = 0.9kRR = 0.1

krac = 6.8OMe OMe

© 2006 by Taylor & Francis Group, LLC



Enantioselective Hydrogenation of Activated Ketones 353

18.7 MISCELLANEOUS KETONES

Under optimized conditions both keto pantolactone (30)27 and a cyclic imidoketone 3128 could be
hydrogenated with ee’s 90%. The hydrogenation of 1,2-butanedione (32a)29,30 and 1-phenyl-1,2-
propanedione (32b)31 gave significantly lower ee’s. For both 32a and 32b, the ee’s of the hydroxy
ketones increased slowly during the reaction because in a second step the minor enantiomer reacted
preferentially to the corresponding diol (kinetic resolution).29–31 Ketones such as acetophenone,32

keto isophorone,33 or various β-keto esters34 all gave ee’s of 20%.

18.8 EXPERIMENTAL PROCEDURES

18.8.1 CATALYSTS

The catalyst of choice is usually 5% Pt/Al2O3. Two commercially available 5% Pt/Al2O3 were until
now considered to be “standard” catalysts: E 4759 from Engelhard and JMC 94 from Johnson
Matthey.35 However, both have the disadvantage that reduction in hydrogen at 300–400°C before
use is necessary to obtain good performance.36 A new 5% Pt/Al2O3 (catASium® F214) catalyst
has become available from Degussa, where this tedious pretreatment is no longer necessary because
high ee’s and rates are obtained with the “as received” commercial catalyst.37

18.8.2 MODIFIERS

Several types of modifiers have been shown to be successful. Common features are a basic nitrogen
atom close to one or more stereogenic centers connected to an extended aromatic system. By far
the best overall results are obtained with cinchonidine derivatives for an excess of the (R)- and
with cinchonine derivatives for the (S)-alcohols.7

TABLE 18.6
Best ee for Miscellaneous Activated Ketones

Substrate ee (%) Catalyst, Modifier, Solvent, Reaction Conditions Ref.

30 92 5% Pt/Al2O3 (E 4759), Cd, toluene, 70 bar, –13°C 27
31 91 5% Pt/Al2O3 (E 4759), Cd, toluene, 70 bar, 17°C 28
32a 65 (>90) 5% Pt/Al2O3 (Strem), Cd, CH2Cl2, 5 bar, 25°C.a 31
32b 50 (90) 5% Pt/Al2O3 (JMC 94), HCd, toluene, 107 bar, 25°C.b 29,30

a Main product was 1-hydroxy-1-phenyl propanone. The value in parentheses was obtained
by kinetic resolution in EtOAc from enriched hydroxy ketone. 
b The value in parentheses was obtained by kinetic resolution.

OO
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NO

O

31
O

R
O

O

32a  R = Me
32b  R = Ph
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18.8.3 REACTION CONDITIONS

The preferred solvents are acetic acid or toluene; base and acid additives can be effective. As
pointed out in several papers,6 high pressure (20–100 bar) is usually beneficial for good ee’s and
rates; a temperature range of 0–50°C is suitable.

18.8.4 HYDROGENATION PROCEDURE FOR αααα-KETO ESTERS AND ACETALS

For a detailed description of a low pressure procedure of the reaction depicted in Scheme 18.6, see

Considerably higher ee’s (up to 95% for A and up to 97% for B), with higher reaction rates
and, therefore, shorter reaction times can be obtained by the following measures. The use of higher
hydrogen pressure (e.g., 60 bar) leads to a significant increase of both rates and the ee’s (especially
for A). The replacement of Cd by HCd or MeOHCd often leads to higher ee’s. Generally, acetic
acid with MeOHCd gives the best results, but other solvents such as toluene or ethanol are also
suitable. Distillation of the starting material often gives higher rates and ee’s, especially for A.
Under optimized conditions, much lower catalyst and modifier loadings for both A and B are
possible (10-mg catalyst and 2-mg modifier for the example described previously).

18.8.5 HYDROGENATION PROCEDURE FOR αααα-KETO ETHERS25

For a detailed description of a low pressure procedure for the reaction depicted in Scheme 18.7,

ion-exchange resin is added to the reaction medium.40

18.9 SUMMARY AND OUTLOOK

Significant progress in the substrate scope of the Pt-cinchona systems has been made in the last 5
years. Besides α-keto acids and esters, α-keto acetals, α-keto ethers, and some trifluoromethyl
ketones have been shown to give high ee’s. It is now possible to classify ketones concerning their

for the synthetic chemist, the substrate scope is still relatively narrow, and it is not expected that
new important substrate classes will be found in the near future. However, the chemoselectivity of
this system has not yet been exploited to its full value, and this might be a potential for future
synthetically useful applications.
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suitability as substrates for the Pt-cinchona catalyst system, as depicted in Figure 18.6. Nevertheless,

reference 38.

see reference 39. The reaction can also be used in a dynamic kinetic resolution mode if a basic
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39. Dihydrocinchonidine (10 mg) was placed in a 50-mL pressure autoclave equipped with a magnetic
stirring bar and baffles. Catalysts (100 mg) (5% Pt/Al2O3, JMC 94, Batch 14017/01, Supplier: Johnson
Matthey, pretreated 2 h at 400°C under a flow of hydrogen) were suspended in 2 mL toluene and
transferred to the autoclave. One g 2-methoxy-2-phenylacetophenone was dissolved in 18 mL toluene
and also transferred to the autoclave. After sealing, the autoclave was purged 3 times with argon and
3 times with hydrogen and then pressurized with hydrogen to 60 bar. The reaction was started by
turning the magnetic stirrer on, and the temperature was kept constant at 25°C with the help of a
cryostat. The pressure in the autoclave was kept constant at 60 bar during the reaction by the use of
a pressure transducer. The hydrogen consumption was measured by the pressure drop in a reservoir
with a known volume. After 128 min, the reaction was stopped, the pressure was released, and the
autoclave was purged with argon 3 times. The catalyst was filtered off, and the reaction mixture was
evaporated to dryness. Yield: 0.85 g (85%). HPLC analysis was carried out on an HP 1100 with a
Chiracel® OD (Daicel) column of 0.46 × 25 cm and hexane–isopropanol (98:2) as eluent and detection
at 210 nm. Retention time: substrate (S) 12.2 min (R) 20.3 min; erythro product 24.3 min for (S,R)
and 30.6 min for (R,S); threo diastereoisomers 15.8 and 18.7 min, respectively, but no assignment of
the absolute configuration was possible for the threo diastereoisomers (less than 2% for all systems
containing modifier). Sample: 91% ee, 42% conversion; final product 88% ee, 54% conversion; threo
product always <2%.

40. Amberlite IRA-900 (1.6 g) (strongly basic anion exchanger, converted to the OH– form by washing
with 0.1M NaOH until chloride free) was added after the substrate. The rest of the experiment was
carried out as described in reference 39 except that 2 g substrate were used. After 203 min, 90% ee
at 92% conversion was measured, and the concentration of threo product was <2%.
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19.1 INTRODUCTION

The need for chiral fine chemical intermediates has become commonplace today in light of the
trend toward single enantiomer drugs manufactured by pharmaceutical companies.1–6 Also, as waste
disposal costs skyrocket, processes developed today must emphasize environmental safety.
Although, at present, chemical approaches account for the majority of processes to produce fine
chemicals, biotransformation steps are making more of an impact and are being integrated into
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chemical process sequences, especially where the chirality of the target compound must be main-
tained.7,8 New biocatalysts are being isolated and developed by companies such as Dowpharma
(Midland, MI), Diversa, (San Diego, CA), BioCatalytics (Pasadena, CA), Protéus (Nimes, France),
and Codexis (Redwood City, CA). Many of these biocatalysts have been engineered using directed
evolution approaches to have altered substrate specificity, enhanced thermal stability, and greater
organic solvent tolerance. In addition, commercial enzyme suppliers such as Amano Enzyme Co.
(Nagoya, Japan), Novozymes A/S (Bagsvaerd, Denmark), and Genencor International (Palo Alto,
CA) are promoting their enzymes for specific biotransformations. Regardless of the source of these
enzymes, because they are chiral catalysts and operate under mild reaction conditions, their utility
to produce chiral molecules is being exploited more and more.

The term “biotransformation” means many things to many people. Throughout this chapter, it
is defined as the use of a biological catalyst from a bacterial, fungal, plant, or mammalian source
to carry out a desired transformation; the discussion, however, will be limited to the formation of
a single enantiomer or diastereoisomer. This biocatalyst could be a commercial enzyme (often an
impure mixture of many different activities), whole cell, or cell lysate. These biocatalysts are
sometimes immobilized onto solid supports that can provide added benefits such as greater thermal
stability or reusability, despite an increase in catalyst cost. Enzymatic resolutions are a specific
type of biotransformation. They will not be discussed here because they do not result in the creation
of an asymmetric center; instead they convert one isomer of a mixture to a compound that will
generally allow easy separation of the two isomers. Because this field is extremely large, only
selected examples of some industrially important biotransformations will be discussed along with
certain biotransformations that offer potential to become significant routes to chiral fine chemicals.
The reader is directed to the numerous textbooks, review articles, and symposia proceedings that
have been published that exemplify this rapidly developing field.9–21

19.2 BIOCATALYST CLASSIFICATION

Enzymes are classified by a 4-digit number referred to as the Enzyme Commission number or “EC
number,” which is assigned according to the enzyme’s function, based on recommendations of the
Nomenclature Committee of the International Union of Biochemistry and Molecular Biology
(IUBMB).22,23 There are six general groups into which enzymes are classified, and the first digit
of the EC number corresponds to the following general categories: (1) oxidoreductases; (2) trans-
ferases; (3) hydrolases; (4) lyases; (5) isomerases; and (6) ligases. The other three digits are then
assigned based on further specifics of the type of reaction catalyzed. The EC number will be used
in this chapter to conveniently categorize the biocatalysts of industrial importance. Only the first
five classes will be discussed because the ligase class currently does not represent any significant
number of commercial bioprocesses. Although this EC number is assigned to a specific enzyme,
reference to microorganisms catalyzing the same reaction as the purified enzyme will also be cited.
A publication of sources of enzymes has been compiled that allows one to locate a commercial
supplier of a particular enzyme using the EC number.24 The reader is also directed to the many
electronic databases available both commercially and on the Internet to locate a commercial supplier
of the desired enzyme.

19.2.1 OXIDOREDUCTASES (E.C. 1.X.X.X)

The oxidoreductase class of biocatalysts is one of the most common of all biological reactions,
comprising dehydrogenases, oxidases, and reductases. All these enzymes act on substrates through
the transfer of electrons with various co-factors or co-enzymes serving as acceptor molecules. Only
a select group of reactions will be discussed because of space limitations, so the reader is referred
to other texts for more in-depth discussions of other oxidation-reduction reactions.17,20,25–28
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19.2.1.1 Dehydrogenases

There are a number of different types of dehydrogenases that catalyze redox reactions and have
been used to synthesize chiral molecules.29,30 Some are co-factor dependent, generally requiring
NAD+/NADH or NADP+/NADPH such as the alcohol dehydrogenases (AdHs), and some are co-
factor independent, such as the AdH from Gluconobacter suboxydans.31 The dependent enzymes
use the co-factor to supply a hydride ion stereospecifically to reduce the substrate, whereas the
independent dehydrogenases are often membrane bound and thus associated with the cytochromes
and quinoproteins that facilitate hydrogen removal and ultimately reduce oxygen to water. For
AdHs, the hydride can be delivered to either the si or re face, which will depend on how the
substrate binds in the enzyme active site based on the steric bulk of the R1 and R2 substituents
(Scheme 19.1). Enzymes such as yeast (YAdH), horse liver (HLAdH), and Thermoanaerobium
brockii AdHs deliver the pro-R hydrogen to the re-face, thus forming the (S)-alcohol. Another
enzyme from Mucor javanicus delivers the pro–S hydrogen to the si-face to yield the (R)-alcohol.
An enzyme isolated from Pseudomonas sp. strain PED (ATCC 49794) has also been shown to
form (R)-alcohols from a wide variety of substrates.32 Further mechanistic details, discussion of
Prelog’s rule to predict the stereochemical outcome of a particular reduction, and listings of other
enzymes with different stereospecificities are discussed elsewhere.27 Some specific examples of dehy-
drogenases and their use to produce chiral alcohols and amino acids are given later in this chapter.

The AdHs have been further subdivided into primary (PAdH) and secondary (SAdH) enzymes,
based on their preference for primary or secondary alcohols. Substrate specificity and site-directed
mutagenesis studies with the SAdH from Thermoanaerobacter ethanolicus have shown this enzyme
to have a very broad profile, such that certain alkynyl ketones and ketoesters serve as substrates.33–35

One of the major disadvantages of using these enzymes to reduce ketones is generally the very
poor aqueous solubility of the substrates (usually <5–10 mM) and the fact that the co-factor
regeneration system is sensitive to organic solvents. To address this limitation, biphasic and membrane
bioreactors have been used that allow for moderate to high conversions with often >99% ee for selected
products. This has been demonstrated with the (S)-AdH from Rhodococcus erythropolis.36,37

19.2.1.1.1 Reductions of 2-Oxo Acids
There are two lactate dehydrogenases (LdHs) with different stereospecificities that have been very
useful for the preparation of chiral 2-hydroxy acids.38–41 L-LdH (E.C. 1.1.1.27) and D-LdH (E.C.
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dehydrogenase (HicdH), these enzymes have been used in conjunction with a co-factor regeneration
system, usually the formate dehydrogenase (FdH) (E.C. 1.2.1.2) system from Candida boidinii, to
generate important chiral intermediates and synthons (Scheme 19.2 and Table 19.1),42 illustrating
the broad range of substrates that these enzymes work on. In all cases, the enantiomeric excess
and chemical yields of the products were high. The reader is referred to the specific references for
additional substrates tested with the respective enzymes.

Because the commercial availability of 2-oxo acids is somewhat limited and their chemical
stability is relatively poor, a system was developed to generate these in situ using an amino acid
deaminase (amino acid oxidase, E.C. 1.4.3.x) (Scheme 19.3).48 This keto acid was then reduced to
the chiral 2-hydroxy acid with either L-LdH or D-LdH to produce the respective enantiomer in
moderate to high yield with high enantiomeric purity.49

TABLE 19.1
Selected Substrates and Stereochemical Product Configuration 
with Lactate (L) and Hydroxyisocaproate (Hic) Dehydrogenases 
(dH) from Various Sources that Catalyze the Reaction Shown 
in Scheme 19.2

R Enzyme Source
Product 

Configuration Ref.

Me L-LdH Rabbit muscle (iso M) S 38
Me D-LdH L. mesenteroides R 38
Me3C L-2-HicdH L. confusus S 43
Me3C D-2-HicdH L. casei R 43
C6H5(CH2)2 D-LdH L. mesenteroides R 40
C6H5(CH2)2 D-LdH S. epidermidis R 41
ZHN(CH2)4 L-2-HicdH S. epidermidis R 44
E-Me(CH)2 L-LdH B. stearothermophilus S 45
E-Me(CH)2 D-LdH S. epidermidis R 45
c-(CH2)2CH D-LdH S. epidermidis R 39
p-F-C6H4CH2 D-LdH S. epidermidis R 46
FCH2 L-LdH Rabbit muscle (iso M) S 47
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19.2.1.1.2 Reductive Amination
Natural and unnatural amino acids have been prepared through reductive amination reactions
catalyzed by amino acid dehydrogenases (dHs) (E.C. 1.4.1.x) (Scheme 19.4) in combination with
the formate dH co-factor recycling system from Candida boidinii.29,50 Another co-factor recycling
system that is sometimes used with certain amino acid dHs is glucose dehydrogenase from Bacillus
megaterium that oxidizes glucose to gluconate with the concomitant reduction of NADP+ to
NADPH. Those enzymes, whose natural substrates are alanine (R = Me) (x = 1), leucine (R =
Me2CHCH2) (x = 9), and phenylalanine (R = C6H5CH2) (x = 20), are the most well-studied, although
others exist.51,52 For example, cloned, thermostable alanine dH has been used with a coupling
enzyme system to prepare D-amino acids, and the alanine dH gene has been incorporated into
selected bacterial strains to enhance L-alanine production.53,54 In addition, halogenated derivatives
of L-alanine have also been prepared using alanine dH.55,56

In the mid to late 1980s, many research groups focused on methods and processes to prepare

sweetener aspartame. One of the many routes studied was the use of phenylalanine dH (Scheme
19.4, R = C6H5CH2) with phenylpyruvate (PPA) as substrate.57,58 This enzyme from Bacillus
sphaericus shows a broad substrate specificity and, thus, has been used to prepare a number of
derivatives of L-phenylalanine.59 A phenylalanine dH isolated from a Rhodococcus strain M4 has
been used to make L-homophenylalanine [(S)-2-amino-4-phenylbutanoic acid], a key, chiral com-
ponent in many angiotensin-converting enzyme (ACE) inhibitors.40 More recently, that same phe-
nylalanine dH has been used to synthesize a number of other unnatural amino acids (UAAs) that
do not contain an aromatic sidechain.43

Leucine dH is the enzyme used as the biocatalyst in the process commercialized by Degussa
AG (Hanau, Germany) to produce L-tert-leucine (L-Tle).28,60 This UAA has found widespread use
in peptidomimetic drugs in development, and the demand for this unique amino acid continues to
increase.61,62 This process, which has been the subject of much study, requires a co-factor recycling
system (Scheme 19.4, R = Me3C).63,64 Similar to phenylalanine dH, leucine dH has been used to
prepare numerous UAAs because of its broad substrate specificity.43,65,66

19.2.1.2 Microbial Reductions

Yeast, bacteria, and fungi, often used as whole-cell preparations, are known to reduce a variety of
substrates. Following are selected examples of these types of reductions. The reader is referred to
the literature for additional details and examples of this technology.67,68

19.2.1.2.1 Yeast Reductions
Yeast reductions have provided the synthetic organic chemist with highly versatile methods to
prepare chiral alcohols from prochiral ketones of which Saccharomyces cerevisiae (baker’s yeast)
is the most commonly used biocatalyst. In addition to prochiral ketone reductions, hundreds of
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L-phenylalanine (Chapter 3). This was a direct result of the demand for the synthetic, artificial
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other examples of yeast reductions have been cited in the literature using a variety of substrates
such as β-keto esters, β-diketones, and analogues such as sulfur and nitrogen-containing com-
pounds.69–75 Examples of yeast reductions used to prepare some important chiral intermediates as
reported by several pharmaceutical companies and academia are presented in this chapter.

On the synthetic route to a novel class of orally active 2,3-benzodiazepines, scientists at Lilly
have described a yeast reduction using Zygosaccharomyces rouxii (ATCC 14462) (Scheme
19.5).76–78 This intermediate is used in the synthesis of a novel class of benzodiazepines such as
LY-300164 (1). The choice of this yeast strain came from a screen of numerous microbes. The
product was isolated in >95% yield and >99.9% ee by use of an adsorbant polymeric resin.76–78

Scientists at Merck have reported a number of biocatalytic routes derived from screening various
microorganisms targeted to produce key intermediates that are then combined with chemical
reactions to prepare the target molecule. The biocatalytic step was often carried out by necessity
as a result of poor chemical yield, low optical purity, or both. 6-Bromo-β-tetralone (2) was reduced
to (S)-6-bromo-β-tetralol (3) by the yeast Trichosporon capitatum MY 1890 (Scheme 19.6).79 The
tetralol 3 is a key intermediate for the synthesis of MK-0499 (4), a potassium channel blocker. The
(S)-β-tetralol 3 was produced in gram quantities with an ee of >99% to support further development
of MK-0499. Baker’s yeast was tested for its ability to carry out this reduction but showed
insignificant product formation.
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Benzylacetoacetate (5) was reduced to benzyl-(S)-(+)-3-hydroxybutyrate (6) by the yeast Can-
dida schatavii MY 1831 (Scheme 19.7), which is considered a possible intermediate in the synthesis
of L-734,217 (7), an experimental fibrinogen receptor antagonist.80 Initially, 8 microorganisms were
tested for their reduction ability using 5 as substrate. The best culture, C. schatavii MY 1831,
yielded product with an ee of 93% and an estimated conversion yield of >95% (by thin layer
chromatography [TLC]).

Another yeast, Rhodotorula rubra MY 2169, has been shown to reduce a ketosulfone 8 to the
corresponding trans-hydroxysulfone 9 (Scheme 19.8). This hydroxysulfone is an intermediate in
the drug candidate L-685,393 (10), a carbonic anhydrase inhibitor.81 Results of this biotransforma-
tion yielded gram quantities of product with a de of >96%. Studies by Zeneca discuss additional
screening experiments aimed at finding microorganisms to reduce a similar ketosulfone.82

Another example of a β-keto ester reduction was studied by scientists at Zeneca with collab-
orators from the University of Warwick (Coventry, UK). They have reported on the reduction of
ethyl 4-chloroacetoacetate (11) after screening a number of yeast strains.83,84 The reduction of this
substrate has been studied previously because it has been realized for a number of years to be a
potential intermediate for a number of pharmaceuticals, including the lipid carrier molecule, L-

85–87 and an intermediate in 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors such as atorvastatin (Lipitor®) (see Chapter 31).88–90 It is inter-
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esting that the Zeneca group and colleagues found that a co-substrate (e.g., glucose, 2-propanol,

carnitine (see Chapter 31),
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xylose, glycerol) could dramatically affect the chirality of the stereogenic center of the product.
Two different yeast strains, Zygosaccharomyces rouxii (NCYC 564) and Pichia capsulata (CBS
837), catalyzed the reduction, forming the (S)-3-hydroxy and the (R)-3-hydroxy isomers, respec-
tively, depending on which co-substrate was added (Scheme 19.9). The authors suggested that these
co-substrates inhibit certain enzymes possibly involved in the NADH regeneration rather than the
(R)-specific enzymes themselves. Nevertheless, this reversal in enantioselectivity depending on co-
substrate indicates the complexity of yeast reductions and the fact that there are competing enzymes
that produce both antipodes.

One way of circumventing these competing reactions encountered when using whole yeast
cells for reductions is to isolate the specific enzymes responsible for a particular transformation.
This has been demonstrated for the reduction of 11 whereby an isolated aldehyde reductase (AR)
(E.C. 1.1.1.2) from Sporobolomyces salmonicolor forms the (R)-isomer and an isolated carbonyl
reductase (CR) (E.C. 1.1.1.184) from Candida magnoliae forms the (S)-isomer (Scheme 19.9).91–94

Both are NADPH-dependent reductases, and a glucose dehydrogenase (GdH) recycling system was
used to regenerate the co-factor.

An example of a 2-step reduction system developed for the preparation of (4R,6R)-4-hydroxy-
2,2,6-trimethylcylcohexanone (actinol) (12), a useful chiral building block, has been described
(Scheme 19.10).95–97 The first step was a yeast reduction with S. cerevisiae old yellow enzyme
(E.C. 1.6.99.1) cloned into Escherichia coli that stereospecifically reduced 2,6,6-trimethyl-2-cyclo-
hexen-1,4-dione (ketoisophorone) (13) to (6R)-2,2,6-trimethyl-cyclohexane-1,4-dione [(6R)-levo-
dione] (14). The second step used levodione reductase, whose gene was cloned from Corynebac-
terium aquaticum M-13 into E. coli, to reduce 14 stereoselectively and produce 12. Both enzymes
required the co-factor NADH for reducing equivalents, which was supplied as a glucose dehydro-
genase/glucose/NAD+ regeneration system.

Another approach to yeast reductions is based on the reactions of a subset of yeast proteins,
which catalyze stereoselective reductions of aldehydes and ketones. This was aided by the yeast
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genome sequence and the design of 6144 individual yeast strains, each containing a different open
reading frame (ORF) fused to glutathione S-transferase.98 Based on proteins capable of reducing
carbonyl compounds, Kaluzna and co-workers described a subset of fusion proteins comprised of
24 individual ORFs that was cloned into E. coli and evaluated for reduction of the α-ketoester (15)
(Scheme 19.11).99 Reduction of 15 to the (R)-isomer is desirable because this is an intermediate
used in the synthesis of a number of ACE inhibitors. Two individual yeast fusion proteins, Ypr1p
and Gre2p, were shown to catalyze the reduction of α-keto ester 15 to afford the (R)-hydroxy ester
(16) and the (S)-hydroxy ester (17), respectively.99 Both of these enzymes require NADPH as a co-
factor. Other yeast proteins out of this subset of 24 ORFs have been described for their utility to
reduce α-keto esters.100,101

19.2.1.2.2 Bacterial and Fungal Reductions
In addition to yeast described previously, bacterial and fungal cultures also possess enzymes that
will carry out synthetically useful biotransformations en route to a particular chiral intermediate.
Some examples of these types of bioconversions are given in the following.

In the route to BO-2727 (18), a broad-spectrum β-methyl carbapenem being developed by
Merck, a bioreduction catalyzed by the fungus Mortierella alpina MF 5534 is used to form a
precursor (R)-β-hydroxy ester 19 (Scheme 19.12).102 This fungal culture was a result of screening
approximately 260 strains of microorganisms and resulted in the production of gram quantities of
product with a de of >98%.

Scientists at Bristol-Myers Squibb, after screening various microorganisms, selected a bacterial
strain of Acinetobacter calcoaceticus SC 13876 to reduce a 3,5-dioxo ester 20 to the dihydroxy

103 The diol 21 is a key intermediate in the synthesis of an HMG-CoA
reductase inhibitor (22). In a 1-L batch reaction, a yield of 92% was obtained with an optical purity
of 99%.
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ester 21 (Scheme 19.13).
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In another study, screening was carried out for reduction of substituted benzazepin-2,3-dione
23 to a 3-hydroxy derivative 24 (Scheme 19.14). This was accomplished by a bacterial strain of
Rhodococcus fascians ATCC 12975 (Norcardia salmonicolor SC 6310) with a conversion of 97%
and an optical purity of >99.9%. This reaction product 24 is a key intermediate in the synthesis of
the calcium antagonist SQ 31,765 (25).104,105 The Bristol-Myers Squibb group has also shown the
selective reduction of the β-keto ester, methyl-4-chloro-3-oxobutanoate, by the fungus Geotrichum
candidum SC 5469 to the corresponding (S)-hydroxy ester.106

A microbial reduction with a Rhodococcus erythropolis strain was used by BMS scientists to

porated into the human immunodeficiency virus (HIV) protease inhibitor Atazanavir (26). This
strain was identified through screening and provided >90% yield with a diastereomeric purity of
>98% and an ee of >99%.62
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prepare the chiral chlorohydrin from the chloroketone (Scheme 19.15). This intermediate is incor-
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The reactions shown here illustrate the versatility of yeast, bacterial, and fungal reductions. In
all these cases, screening studies were usually conducted first followed by refinement of the
bioreduction using the best microorganism. Other examples where reductions are used to produce
pharmaceutical intermediates can be found in a review by Patel.107

19.2.2 TRANSFERASES (E.C. 2.X.X.X)

The transferase class of biocatalysts is one of the most common of all biological reactions,
catalyzing the general reaction shown in Scheme 19.16. This type of reaction uses a wide variety
of substrates such as amino acids, keto acids, nucleotides, and carbohydrates, to name a few. In
general, the carbohydrate transferases do not result in the generation of a new stereocenter but have
been used most extensively to generate novel saccharides.108

A transferase that also has aldolase activity and has been used to prepare a number of chiral
compounds is the enzyme serine hydroxymethyltransferase (SHMT) (E.C. 2.1.2.1). This enzyme,
also known as threonine aldolase, catalyzes the physiologic reaction of the interconversion of serine
and glycine with pyridoxal phosphate (PLP) and tetrahydrofolate (FH4) as the shuttling co-factor
of the C–1 unit. It also catalyzes a number of other reactions, some of which are independent of
PLP and FH4.109 The SHMT-catalyzed aldolase reaction generates two stereocenters; that at the α-
carbon is formed with a high degree of stereospecificity, whereas there is a less strict stereo-
preference at the β
and Candida humicola (threonine aldolase) has been used to prepare a number of β-hydroxy-α-
amino acids.110–113 A chiral intermediate used in the synthesis of the carbacephem antibiotic lora-
carbef (Lorabid®), L-erythro-2-amino-3-hydroxy-6-heptenoic acid has been synthesized using the
recombinant E. coli SHMT enzyme.114,115
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-carbon (Scheme 19.17). Nevertheless, this enzyme from porcine liver, E. coli,
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The enzyme has also been used in the production of several natural amino acids such as L-
serine from glycine and formaldehyde and L-tryptophan from glycine, formaldehyde, and
indole.116–118 In addition, SHMT has also been used for the production of a precursor, 27, to the
artificial sweetener aspartame (28) through a nonphenylalanine-requiring route (Scheme
19.18).119–122 Glycine methyl ester (29) is condensed with benzaldehyde under kinetically controlled
conditions to form L-erythro-β-phenylserine (30). This is then coupled enzymatically using ther-
molysin with Z-aspartic acid (31) to form N-carbobenzyloxy-L-α-aspartyl-L-erythro-β-phenylserine
(27) and affords aspartame on catalytic hydrogenation.

19.2.2.1 Aminotransferases

PLP-requiring enzymes that have been used extensively to prepare natural L-amino acids and other
chiral compounds.30,123,124

α-keto acid to produce a
α

commonly used as industrial biocatalysts have been cloned, overexpressed, and generally used as

(E.C. 2.6.1.42), aspartate aminotransferase (AAT) (E.C. 2.6.1.1), and tyrosine aminotransferase
(TAT) (E.C. 2.6.1.5).
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The aminotransferase class of enzymes (E.C. 2.6.1.x), also known as transaminases, are ubiquitous,

 The L-aminotransferases catalyze the general reaction shown in Scheme

new L-amino acid and the respective 

whole-cell or immobilized preparations. These include branched chain aminotransferase (BCAT)

19.19 where an amino group from one L-amino acid is transferred to an 
-keto acid (see also Chapter 3). Those enzymes most
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A transaminase patented by Celgene Corporation (Warren, NJ), called an ω-aminotransferase
[(ω−ΑΤ) E.C. 2.6.1.18] does not require an α-amino acid as amino donor; instead it requires a
primary amine and hence has the ability to produce chiral amines.125,126 A similar ω-AT from Vibrio
fluvialis has been described for the production of chiral amines along with chiral alcohols when
coupled with AdH or chiral amino acids when coupled with an α-amino acid aminotransferase.127–130

Another ω-ΑΤ, ornithine (lysine) aminotransferase (E.C. 2.6.1.68), has been described for the
preparation of a chiral pharmaceutical intermediate used in the synthesis of Omapatrilat, a vasopep-
tidase inhibitor developed by Bristol-Myers Squibb, as well as the UAA ∆1-piperidine-6-carboxylic
acid.131,132

Another useful transaminase, D-amino acid transaminase (DAT) (E.C. 2.6.1.21), has been the
subject of much study.53,133,134 This enzyme catalyzes the reaction using a D-amino acid donor, either
alanine, aspartate, or glutamate (Scheme 19.20), to produce another D-amino acid.

Although the utility of transaminases has been widely examined, one such limitation is the fact
that the equilibrium constant for the reaction is near unity. Therefore, a shift in this equilibrium is
necessary for the reaction to be synthetically useful. A number of approaches to shift the equilibrium
can be found in the literature.53,124,135 Another method to shift the equilibrium is a modification of
that previously described. Aspartate, when used as the amino donor, is converted into oxaloacetate

formation. However, because pyruvate is itself an α-keto acid, it must be removed, or it will serve
as a substrate and be transaminated into alanine, which could potentially cause downstream pro-
cessing problems. This is accomplished by including the alsS gene encoding for the enzyme
acetolactate synthase (E.C. 4.1.3.18), which condenses two moles of pyruvate to form (S)-aceto-
lactate (34). The (S)-acetolactate undergoes decarboxylation either spontaneously or by the enzyme
acetolactate decarboxylase (E.C. 4.1.1.5) to the final by-product, (R)-acetoin (35), which is meta-
bolically inert. This process, for example, can be used for the production of both L- and D-2-
aminobutyrate (36 and 37, respectively) (Scheme 19.21).8,132,136,137

In addition to UAAs and nonproteinogenic amino acids such as L- and D-2-aminobutyrate (36,
37), other examples of the use of transaminases to synthesize UAAs have also been described in
the literature including L-tert-leucine (L-Tle), L-2-amino-4-(hydroxymethylphosphinyl)butanoic
acid (phosphinothricin), and L-thienylalanines.8,138–141 These UAAs are becoming increasingly
important for their use in peptidomimetics, especially with the application of rational drug design
being used by many pharmaceutical companies.

SCHEME 19.19

SCHEME 19.20

R

O
+ n

Aminotransferase
+

O

n
E.C. 2.6.1.x R

CO2
−

CO2
−

CO2
− CO2

−

CO2
−

CO2
−+H3N +H3N

where n = 1 or 2

R 

O 
+ + 

O 

E.C. 2.6.1.21 R 

CO2
− CO2

− CO2
−CO2

− +H3N +H3N 

R1 R1 

D-aminotransferase

where R1 = Me, CH2CO2
− or (CH2)nCO2

−

© 2006 by Taylor & Francis Group, LLC

(32) (Scheme 19.21). Because 32 is unstable, it decomposes to pyruvate (33) and thus favors product
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19.2.3 HYDROLASES (E.C. 3.X.X.X)

The hydrolase class of enzymes is the largest, representing about 75% of all the industrial enzymes
where their use ranges from the hydrolysis of polysaccharides (carbohydrases) and nitriles (nit-
rilases) to proteins (proteases).142 Most of these industrial enzymes are used in processing-type
reactions to reduce protein, carbohydrate (i.e., viscosity), and lipid content in the detergent and

result in the preservation or formation of a chiral center. Nevertheless, their industrial use in the
corn wet milling industry for starch conversion is of utmost significance.143 Reactions catalyzed by
esterases and lipases, epoxidases,144 and proteases (Figure 19.1, Reactions 2–4, respectively) have

The degradation of nitriles by nitrilases (E.C. 3.5.5.1) has been the subject of intense study,
especially as it relates to the preparation of the commodity chemical acrylamide. Nitrilases catalyze
the hydrolysis of nitriles to the corresponding acid plus ammonia (Figure 19.1, Reaction 5), whereas
nitrile hydratases (E.C. 4.2.1.84) add water to form the amide.145 Strains such as Rhodococcus
rhodochrous J1, Brevibacterium sp., and Pseudomonas chlororaphis have been used to prepare
acrylamide from acrylonitrile, which contain the hydratase and not nitrilase activity.9 A comparison
of these strains has been discussed.146 Other uses of nitrilases, however, have primarily been directed
at resolution processes to stereoselectively hydrolyze one enantiomer over another or regioselec-
tively hydrolyze dinitriles.147–149 The development of a nitrilase library and mutagenesis through
gene site saturation have produced biocatalysts used to prepare (R)-4-cyano-3-hydroxybutyric acid,

® 150,151
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food industries. Some of the more common reactions catalyzed by hydrolases are shown in Figure

most frequently been used to resolve substrates into their desired enantiomers.

19.1. The glycosidases (Figure 19.1, Reaction 1) will not be discussed here because they do not

an intermediate in the synthesis in the cholesterol-lowering drug Lipitor  (see Chapter 20).
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In the same group as nitrilase enzymes are the amidases. This includes amino acid amidase
(E.C. 3.5.1.4) used to prepare amino acids, usually through resolution, and also penicillin G acylase
(penicillin G amidohydrolase) (E.C. 3.5.1.11), used in the manufacture of semisynthetic penicil-
lins.152,153 Immobilized penicillin G acylase has most recently been used to catalyze the formation
of N-α

154 Bacterial aminoacylase I (N-acyl-L-amino acid amidohydrolase, E.C. 3.5.1.14) has also
been used to acylate chiral amines with poor to moderate enantioselectively.155

The esterases, lipases, and proteases are often used to prepare chiral intermediates when the

mations will be discussed in the respective sections later in this chapter. The reader is directed to
the following reviews and textbooks for additional information, especially regarding resolu-
tions.9,19,26,72,156–159

19.2.3.1 Esterases and Lipases

One of the reactions catalyzed by esterases and lipases is the reversible hydrolysis of esters (Figure
19.1, Reaction 2). These enzymes also catalyze transesterifications and the desymmetrization of
meso-substrates (vide infra). Many esterases and lipases are commercially available, making them
easy to use for screening desired biotransformations without the need for culture collections and/or
fermentation capabilities.160 In addition, they have enhanced stability in organic solvents, require
no co-factors, and have a broad substrate specificity, which make them some of the most ideal
industrial biocatalysts. Alteration of reaction conditions with additives has enabled enhancement
and control of enantioselectivity and reactivity with a wide variety of substrate structures.159,161–164

As increasing research has been carried out with these enzymes, a less empirical approach has
been taken as a result of the different substrate profiles that have been compiled for various enzymes
in this class. These profiles have been used to construct active site models for such versatile enzymes
as the carboxylester hydrolase, pig liver esterase (PLE) (E.C. 3.1.1.1), and the microbial lipases
(E.C. 3.1.1.3) from Burkholderia cepacia (formerly Pseudomonas cepacia) lipase (PCL), Candida

FIGURE 19.1 General reactions of hydrolase enzymes.
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-phenylacetyl amino acids, which can then be used in peptide coupling reactions (see Section

reactions are carried out in the synthetic mode. Selected examples of these enzymatic biotransfor-

19.2.3.2).
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rugosa (formerly C. cylindracea) lipase (CRL), lipase SAM-2 from Pseudomonas sp., Chromo-
bacterium viscosum (CVL), Aspergillus niger lipase (ANL, Amano lipase AP), and Rhizopus oryzae
lipase (ROL).165–175 In addition, X-ray crystal structure information on PCL and CRL has been most
helpful at predicting substrate activities and isomer preferences.176–178 Furthermore, a database has
been established to exploit the sequence structure–function relationships of lipases.179

Any discussion of lipases and esterases would be remiss without specifically mentioning PLE.
Because of its extensive biocatalytic versatility, this enzyme has been the subject of numerous
reviews and has been screened for stereoselective hydrolysis using hundreds of substrates.180,181

Suffice it to say that PLE has been the workhorse of enzymes for many organic chemists catalyzing
both enantioselective and regioselective reactions, with the active site model constructed by Jones
being extremely helpful to allow one to predict substrate reactivities.169 The cloning and functional
expression of PLE will undoubtedly aid in a better understanding of the mechanistic details of this
important industrial biocatalyst.182

A number of the major pharmaceutical companies have used biocatalytic approaches based on
esterases and lipases to prepare target drugs or intermediates.107,183-187 Most of these approaches
involve resolutions that use a racemic ester or amide as substrate, whereby yields of 50% can only
be realized. Examples of resolutions applied to pharmaceutical intermediates such as the paclitaxel
(Taxol®) sidechain and R-(+)-BMY-14802, an antipsychotic agent, have been described by the
Bristol-Myers Squibb group.107

The following sections discuss selected examples of the use of esterases and lipases to hydrolyze
prochiral or meso-substrates, where yields of 100% can theoretically be attained, followed by a
brief discussion of dynamic kinetic resolution (DKR) where reaction yields of 100% can also
potentially be achieved.

19.2.3.1.1 Prochiral and meso-Substrates
Selected prochiral and meso-substrates (Figure 19.2) have been used with various esterases and
lipases, which illustrates the wide variety of structural elements that can be used with these enzymes
to afford desymmetrization. A more complete listing of substrates used in these types of reactions
can be found in other sources.9,156,158,159,180,181,188–190 Reaction conditions often use organic solvents,
which can have a profound effect as to what product isomer is formed.191 The use of porcine
pancreatic lipase (PPL) to carry out an asymmetric hydrolysis of a meso-diacetate for the production
of an intermediate in pheromone synthesis has been reported192 as well as the desymmetrization
of prochiral 2-benzyl-1,3-propanediol derivatives for the preparation of phosphorylated tyrosine
analogues.193 Both (R)- and (S)-enantiomers of the UAA 1-amino-2,2-difluorocyclopropane-1-
carboxylic acid were also prepared from prochiral starting precursors using lipases.194 Two specific
examples are discussed that used this approach directed at key chiral pharmaceutical intermediates.

Dodds and colleagues at Schering-Plough described the acylation of a prochiral diol 38 on the

FIGURE 19.2 Examples of prochiral and meso-substrates (hydrolytic and synthetic) for esterases and lipases.
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synthetic route to a potential antifungal drug, SCH 51048 (39) (Scheme 19.22). Numerous commercial
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enzymes were screened for their ability to carry out the stereoselective acylation of the diol using
many different conditions of solvents and temperature as well as enzyme, substrate, and acylating
agent concentrations. Among the better enzymes for monoacylation were Amano CE (Humicola
lanuginosa) and Biocatalyst (Pseudomonas fluorescens). Yields using both enzymes were 100%
with ee’s of 97 and 99, respectively. The enzyme Novo SP435 (Candida antarctica) gave an 70%
yield of (S)-monoacetate 40 with good ee (>99%) but with the remaining product (30%) being the
diacetate.183,185,187

Another example using a prochiral acetate and asymmetric hydrolysis was described by the
Bristol-Myers Squibb group for an intermediate in the synthesis of Monopril® (fosinopril sodium)
(41), an ACE inhibitor (Scheme 19.23). The prochiral substrate 42 was hydrolyzed both when R
= phenyl or cyclohexyl to the corresponding (S)-(–)-monoacetate 43. The reaction was carried out
in a 10% toluene biphasic system with either PPL or Chromobacterium viscosum lipase. The
cyclohexyl monoacetate was obtained in 90% yield with an optical purity of 99.8%.107,195
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19.2.3.1.2 Dynamic Kinetic Resolution 
A method that has been used to approach 100% theoretical yield in asymmetric syntheses is dynamic
kinetic resolution, or DKR. Although this method has been practiced based on strictly chemical
reactions, only those chemoenzymatic DKR reactions will be discussed here. Most often, the
enzyme used by this method is a hydrolase (lipase, esterase, protease), but other enzymes such as
hydantoinases, N-acylamino acid racemases, and dehydrogenases have also been exploited to
effectively carry out DKR reactions.196 For additional details the reader is directed to the many
review articles written on DKR.197–206

If the interconversion between the two enantiomeric substrates is rapid and the product is
relatively stable, and thus irreversibly formed, then the magnitude of the rate constants, kR and kS,
will dictate which product isomer is formed (Figure 19.3). The racemization reaction is most often
catalyzed by metal ion complexes containing Ru or Pd, but silica, ion-exchange resins, or enzymes
can also be used. The addition of aldehydes can also be used to facilitate the racemization process
through the formation of a Schiff base with primary amines and amino acids.

An example is described for the UAA (S)-tert-leucine (44) (Scheme 19.24).207 It uses the
commercially available Lipozyme® (Mucor miehei) from Novozymes to hydrolyze the racemic 2-
phenyl-4-tert-butyl-oxazolin-5-(4H)-one (45) to the (S)-N-benzoyl-tert-leucine butyl ester (46) fol-
lowed by Alcalase® (subtilisin, Bacillus licheniformis from Novozymes) treatment to hydrolyze
the butyl ester, which on debenzoylation yields (S)-tert-leucine (44) with an ee of 99.5% and a
yield of 74%.

The antipode, (R)-tert-leucine (47), was synthesized using DKR with an enantioselective (R)-
hydantoinase. Here the racemic 5-tert-butyl-hydantoin (48), which racemizes in situ at a pH >8,
produces the N-carbamoyl-(R)-tert-leucine (49) in >99% yield through the action of the (R)-
hydantoinase. Decarbamoylation of intermediate 49 produced enantiomerically pure 47 in 85.5%

FIGURE 19.3 Dynamic kinetic resolution (DKR).
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isolated yield with an ee of 99.5% (Scheme 19.25).61 This is an example where the instability of
the stereogenic center in 48 at slightly alkaline pH results in near-quantitative conversions to a
single isomer.

An example where a transition metal catalyst is used in combination with an enzyme has been
described (Scheme 19.26).207 The racemic alcohol 50 was converted to the (R)-acetate 51, using a
ruthenium catalyst along with Novozym 435® (immobilized Lipase B from Candida antarctica),
3 equivalents of p-chlorophenylacetate in t-BuOH, and 1 equivalent of 1-indanone. The reaction
yield was 81% with an optical purity of >99.5% ee.

There are many other examples of DKR reports that have been published.208–210 This approach
to asymmetric synthesis, especially combining chemical and biochemical regimens, is developing
into a powerful tool for synthesizing asymmetric molecules with high yields and optical purities.

19.2.3.2 Proteases

As mentioned earlier, proteases have been extensively studied to carry out resolutions both of
natural and unnatural amino acids. These useful reactions provide chiral compounds, which very
often cannot be obtained by chemical means. The use of proteases to carry out enantioselective
and regioselective coupling reactions, especially incorporating the use of organic solvents, has
provided numerous examples of synthetic and semi-synthetic peptides.211–218

With regard to the use of protease in the synthetic mode, the reaction can be carried out using
a kinetic or thermodynamic approach. The kinetic approach requires a serine or cysteine protease
that forms an acyl-enzyme intermediate, such as trypsin (E.C. 3.4.21.4), α-chymotrypsin (E.C.
3.4.21.1), subtilisin (E.C. 3.4.21.62), or papain (E.C. 3.4.22.2), and the amino donor substrate must

3
2

competes with water to form the peptide bond. Besides amines, other nucleophiles such as alcohols
or thiols can be used to compete with water to form new esters or thioesters. Reaction conditions
such as pH, temperature, and organic solvent modifiers are manipulated to maximize synthesis.
Examples of this approach using carboxypeptidase Y (E.C. 3.4.16.5) from baker’s yeast have been
described.219
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be “activated” as the ester (Scheme 19.27) or amide (not shown). Here the nucleophile R –NH
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The thermodynamic approach is shown whereby the uncharged amino acids are coupled to
form the peptide bond (Scheme 19.28). This requires suppression of the substrate charges, which
again can be accomplished by altering reaction conditions similar to that described for the kinetic
approach. Although protease activity generally decreases with increasing organic solvent, water
miscible solvents such as DMSO, DMF, methanol, or acetonitrile have been used in small to
moderate amounts with some success in both synthetic approaches. Other methods such as in situ
product removal, solid-to-solid synthesis, and frozen state reactions have been conducted to max-
imize yields and alter substrate specificity.220–223

A prominent example of peptide coupling is used for the production of the synthetic dipeptide
sweetener aspartame (α
mately an 80:20 mixture of the α- and β-isomers, whereas the regioselectivity of the enzymatic
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-APM) (28) (Chapter 31). The chemical coupling method yields approxi-
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method produces 100% of the desired α-APM isomer. The thermodynamic approach is the basis
of the TOSOH process for α-APM synthesis, which is practiced by the Holland Sweetener Com-
pany. Carbobenzyloxy-L-aspartic acid (Z-L-asp, 31) is coupled with L–phenylalanine methyl ester
(L-PM, 52) using the enzyme thermolysin (E.C. 3.4.24.27) from Bacillus thermoproteolyticus to
form Z-α-APM (53), which then on catalytic hydrogenation forms α-APM (Scheme 19.29).
Because of the enantioselectivity of thermolysin, D/L–PM can also be used with only the L–isomer
being coupled. The D-isomer does not react and forms a salt with Z-α-APM (Z-α-APM•D-PM);
the D-PM can be recycled on acidification. Many variations have been explored for the enzymatic
preparation of α-APM as a result of its high economic value.224-227

With the increased efforts to use peptidomimetics as selective enzyme inhibitors in a number
of disease states such as hypertension (renin), cancer (matrix metalloproteases), and acquired
immune deficiency syndrome (AIDS; HIV protease), the incorporation of UAAs into peptides is
becoming necessary. The use of proteases such as subtilisin, trypsin, α-chymotrypsin, and ther-
molysin have been used with or without organic solvents to synthesize peptides containing UAAs.
In addition, protein engineering has redesigned certain proteases to effect thermostability and
organic solvent tolerance.228

carbonyl), Boc (t-butyloxycarbonyl), and Moz [(p-methoxybenzyl)oxy]carbonyl have been used
with a variety of solvent conditions and enzymes to prepare the final dipeptide or tripeptide, in
most cases, with high yield. A number of different acyl donors and acceptors containing UAAs are
shown to function very well in the synthesis of coupled peptides. These include D-amino acids
(Leu, Phe, Ala, Trp); an α,α-disubstituted amino acid (Aib, α-aminobutyrate); a statine-type
isostere; and two noncoded amino acids, norvaline (Nvl) and homophenylalanine (hPhe). 

Synthesis of polypeptides containing all D-amino acids has also been demonstrated using the
enzyme clostripain (E.C. 3.4.22.8).229 Halogenated phenylalanines can be used in peptide coupling
reactions with thermolysin, but the coupling was conducted with a racemic derivative.230 Another
reaction where UAAs have been incorporated into dipeptides is with the enzyme penicillin acylase
(E.C. 3.5.1.11), using the kinetic approach with both D- and L-phenylglycine.231 The approach using
proteases to synthesize peptides containing UAAs is likely to become a key technology as additional
peptidomimetics are discovered and become approved as drugs.

19.2.4 LYASES (E.C. 4.X.X.X)

Lyases are an attractive group of enzymes from a commercial perspective, as demonstrated by their
use in many industrial processes.240 They catalyze the cleavage of C–C, C–N, C–O, and other bonds
by means other than hydrolysis, often forming double bonds. For example, two well-studied
ammonia lyases, aspartate ammonia lyase (aspartase) (E.C. 4.3.1.1) and phenylalanine ammonia
lyase (PAL) (E.C. 4.3.1.5), catalyze the trans-elimination of ammonia from the amino acids, L-
aspartate and L-phenylalanine, respectively. Most commonly used in the synthetic mode, the reverse

240–242

These reactions are conducted at very high substrate concentrations such that the equilibrium is
shifted, resulting in very high conversion to the amino acid products.
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 As shown in Table 19.2, N-protecting groups such as Z (benzyloxy-

reaction has been used to prepare the L-amino acids at the ton scale (Schemes 19.30 and 19.31).
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Aspartase exhibits incredibly strict substrate specificity and thus is of little use in the preparation
of L-aspartic acid analogues. However, a number of L-phenylalanine analogues have been prepared
with various PAL enzymes from the yeast strains Rhodotorula graminis, Rhodotorula rubra,
Rhodoturula glutinis, and several other sources that have been cloned into E. coli.243–247 Future
work in this area will likely include protein engineering to design new enzymes that offer a broader
substrate specificity such that additional L-phenylalanine analogues could be prepared.

TABLE 19.2
Peptide Coupling Reactions Using Unnatural Amino Acids in Both the Acyl Donor 
and Acceptor Sites (the Arrow Indicates the Peptide Bond That Was Synthesized)
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19.2.4.1 Aldolases

A specific type of lyase, the aldolase class of enzymes catalyzes the formation of a C–C bond with
control over the newly created stereogenic centers, which is a most useful reaction to the synthetic
organic chemist.248–252 These enzymes are most often used in the synthesis of novel saccharides,
such as aminosugars, thiosugars, and disaccharide mimetics, because they use these types of
substrates in nature and their substrate specificity is quite broad.253–255 Aldolases are classified as Type
I or Type II enzymes depending on their source and mechanism of action.256,257 Type I aldolases are
from higher plants and mammalian sources and require no metal ion co-factor and use a Schiff-base
intermediate in catalysis. Type II enzymes are from bacterial and fungal sources and require a metal
ion, usually Zn2+, for catalysis. In addition to different mechanisms, depending on the specific aldolase,
the stereochemistry of the two new stereogenic centers can be controlled (Scheme 19.32).9,14

Although many aldolases have been characterized for research purposes, the four aldolase
enzymes described in Scheme 19.32 have not been used commercially to any significant extent.
This is likely a result of their availability and the need for dihydroxyacetone phosphate (DHAP)
(54), the expensive donor substrate required in these aldolase reactions (Scheme 19.32). A number
of chemical and enzymatic routes have been described for DHAP synthesis, which could alleviate
these concerns.9,258

Other aldolases have been described that do not rely on DAHP as a substrate. One such enzyme,
2-deoxyribose-5-phosphate aldolase (E.C. 4.1.2.4), has been cloned into E. coli, accepts a broad
range of donor and acceptor aldehydes, and has been used to synthesize a number of heterocycles
having utility as epithiolone synthons.259

The use of reactive immunization to generate catalytic antibodies (or abzymes) that catalyze
aldolase reactions has been described, offering additional utility for this synthetically useful trans-
formation.260 Two such abzymes, 38C2 and 84G3, are available commercially and their respective,
diverse activities have been described.261,262

Specific reference to the cloning of selected aldolases has been described, and as larger
quantities of these biocatalysts become available, process development studies for the synthesis of
chiral intermediates will continue to advance.263
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19.2.4.2 Decarboxylases

A number of decarboxylase enzymes have been described as catalysts for the preparation of chiral
264 The amino acid decarboxylases

catalyze the pyridoxal phosphate (PLP)-dependent removal of CO2 from their respective substrates.
This reaction has found great industrial utility with one specific enzyme in particular, L-aspartate-
β-decarboxylase (E.C. 4.1.1.12) from Pseudomonas dacunhae. This biocatalyst, most often used
in immobilized whole cells, has been utilized by Tanabe to synthesize L-alanine on an industrial
scale (multi-tons) since the mid-1960s (Scheme 19.33).242,265 Another use for this biocatalyst has
been the resolution of racemic aspartic acid to produce L-alanine and D-aspartic acid (Scheme
19.34). The cloning of the L-aspartate-β-decarboxylase from Alcaligenes faecalis into E. coli offers
additional potential to produce both of these amino acids.266

Numerous other amino acid decarboxylases have been isolated and characterized, and much
interest has been shown as a result of the irreversible nature of the reaction with the release of CO2

as the thermodynamic driving force. Although these enzymes have narrow substrate-specificity
profiles, their utility has been widely demonstrated. Additional industrial processes will continue
to be developed once other decarboxylases become available. Such biocatalysts would include the
aromatic amino acid (E.C. 4.1.1.28), phenylalanine (E.C. 4.1.1.53) and tyrosine (E.C. 4.1.1.25)
decarboxylases, which likely could be used to produce derivatives of their respective substrates.
These derivatives are finding increased use in the development of peptidomimetic drugs and as
possible positron emission tomography imaging agents.267,268

The α-keto acid decarboxylases such as pyruvate (E.C. 4.1.1.1) and benzoyl formate (E.C.
4.1.1.7) decarboxylases are a thiamine pyrophosphate (TPP)–dependent group of enzymes, which
in addition to nonoxidatively decarboxylating their substrates, catalyze a carboligation reaction
forming a C–C bond leading to the formation of α-hydroxy ketones.269,270 The hydroxy ketone (R)-
phenylacetylcarbinol (55), a precursor to L-ephedrine (56), has been synthesized with pyruvate
decarboxylase (Scheme 19.35). BASF scientists have made mutations in the pyruvate decarboxylase
from Zymomonas mobilis to make the enzyme more resistant than the wild-type enzyme to inac-
tivation by acetaldehyde for the preparation of chiral phenylacetylcarbinols.271
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synthons, which are difficult to access chemically (see Chapter 2).



Biotransformations: “Green” Processes for the Synthesis of Chiral Fine Chemicals 383

Benzoyl formate decarboxylase from Pseudomonas putida has been used to synthesize chiral
2-hydroxy ketones and bis(α-hydroxy) ketones, which find their use as pharmaceutical intermedi-
ates and as new multidentate ligands for asymmetric transition metal catalysis, respectively.272,273

Combining this decarboxylase activity with AdH has allowed all the stereoisomers of 1-phenyl-
propane-1,2-diol to be synthesized.274

19.2.4.3 Hydroxynitrile Lyases 

The hydroxynitrile lyase (HNL) class of enzymes, also referred to as oxynitrilases, consists of
enzymes that catalyze the formation of chiral cyanohydrins by the stereospecific addition of
hydrogen cyanide (HCN) to aldehydes and ketones (Scheme 19.36).275–279 These chiral cyanohydrins
are versatile synthons, which can be further modified to prepare chiral α-hydroxy acids, α-hydroxy
aldehydes and ketones, acyloins, vicinal diols, ethanolamines, and α- and β-amino acids, to name
a few.280 Both (R)- and (S)-selective HNLs have been isolated, usually from plant sources, where
their natural substrates play a role in defense mechanisms of the plant through the release of HCN.
In addition to there being HNLs with different stereo-preferences, two different classifications have
been defined, based on whether the HNL contains a flavin adenine dinucleotide (FAD) co-factor.

One of the most common FAD-dependent HNLs is an (R)-HNL from Prunus amygdalus
(PaHNL, from almonds) (E.C. 4.1.2.10). This enzyme has a very broad substrate specificity whereby
a wide range of aromatic and aliphatic aldehydes are converted into (R)-cyanohydrins with high
enantiomeric excess. A common method used to obtain products with high ee and yield requires
that the enzyme reaction be conducted in water-saturated organic solvent such as ethyl acetate or
diisopropyl ether, which helps to minimize the nonenzymatic addition of HCN in purely aqueous
reaction media. A variation of this was described by van Langen and co-workers whereby a two-
phase system was used with PaHNL for the synthesis of (R)-2-chloromandelic acid, the chiral

281

Although the (R)-specific PaHNL has been more readily available than many of the (S)-HNLs,
this has changed as a result of recombinant DNA technology, which has allowed the cloning and
overexpression of a number of these FAD-independent, (S)-specific enzymes. The cloned (S)-HNLs
are from Hevea brasiliensis (HbHNL, from rubber tree) (E.C. 4.1.2.39) and Manihot esculenta
(MeHNL, from cassava) (E.C. 4.1.2.37). Another useful (S)-HNL is from Sorghum bicolor (SbHNL,
from millet seedlings) (E.C. 4.1.2.11), which has been cloned but enzyme activity has not been
demonstrated, likely because of its glycosylation requirements.279 In addition, an (R)-HNL has been
cloned from Linum usitatissimum (LuHNL, from flax seedlings).282 Especially for the cloned
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intermediate used in the antithrombotic agent clopidogrel (Scheme 19.37) (see also Chapter 31).
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(S)-HNLs, their availability in larger amounts will allow their characterization and use as industrial
biocatalysts to increase.

In the references cited earlier, numerous studies on the substrate specificities can be found for
both (R)- and (S)-HNLs along with different processing conditions, which make these versatile
enzymes amenable to preparing chiral intermediates for a wide variety of uses.

19.2.5 ISOMERASES (E.C. 5.X.X.X)

The isomerase class of biocatalysts represents a small number of enzymes that is mainly composed
of the racemases, epimerases, and mutases. In the case of racemases and epimerases, the stereo-
chemistry of at least one carbon center is changed, whereas mutases catalyze the transfer of a
functional group, such as an amino function, to an adjacent carbon, forming a new stereocenter.
One of the most industrially important biotransformations involves an enzyme from this class, D-
xylose isomerase (E.C. 5.3.1.5), also known as glucose isomerase. It catalyzes the conversion of
D-glucose (57) to D-fructose (58), which is necessary for the production of high-fructose corn syrup
(HFCS), a sucrose substitute used by the food and beverage industries (Scheme 19.38). It is one
of the highest tonage value enzymes produced in the world and is used in nearly all processes in
a cell-free or whole-cell immobilized form.241,283–285

Because this biocatalyst is of such industrial significance, efforts to redesign it with altered
properties could have a profound economic effect on the cost of HFCS. With the advances in
molecular biology and prediction of protein structure–function relationships, these studies have
been under way for a number of years and include thermal stabilization, alteration of pH and
temperature optima, and modifications to substrate specificity.284,286,287

Few examples of epimerases exist for the synthesis of chiral fine chemicals. One example is
the epimerase-catalyzed conversion of N-acetylglucosamine to N-acetylmannosamine.288 Another
epimerase reaction is used for the preparation of the synthetically useful inositols;289 D-myo-inositol
(59) is converted into D-chiro-inositol (60) by the enzyme D-myo-inositol 1-epimerase (Scheme
19.39), which has been cloned into E. coli from an Agrobacterium sp.290
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19.2.5.1 Mutases

Although this class of biocatalyst is currently not used commercially, the potential for these types
of enzymes, such as the aminomutases (E.C. 5.4.3.x), has yet to be realized. The general reaction
is the conversion of an α-L-amino acid to its corresponding β-L-amino acid with the migration of
the 2-amino group to carbon–3 (Scheme 19.40). Some of these biocatalysts require coenzymes
such as pyridoxal phosphate and are activated by S-adenosylmethionine or use vitamin B12 and
proceed via a radical mechanism.291,292 A number of amino acid aminomutases using substrates as
L-lysine, L-leucine, D-ornithine, L-alanine, and L-tyrosine have been described.292-294 An aminomutase
using L-phenylalanine as substrate has been identified in the biosynthesis of the taxol sidechain,
and through gene cloning the biosynthesis of taxanes and taxane-related compounds have been
improved.295,296 The enediyne antitumor antibiotic C-1027 (lidamycin) isolated from Streptomyces
globisporus contains an unusual (S)-3-chloro-4,5-dihydroxy-β-phenylalanine moiety, which has
been determined to be derived from the conversion of L-tyrosine to (S)-β-tyrosine by an aminomu-
tase.297,298 These β-amino acids are finding utility in pharmaceuticals and in the specialty chemical
arena and are not easy to produce chemically so that biocatalytic routes are becoming more
attractive.293,299,300

19.3 METABOLIC PATHWAY ENGINEERING

Metabolic pathway engineering is an approach involving more complex types of biotransforma-
tions.301–303 This is accomplished by the genetic manipulation of several, usually sequential, biotrans-
formation reactions, whereby their respective genes are often arranged in clusters. Recombinant
DNA techniques are used to clone the genes of interest and overexpress the corresponding enzymes
encoded by the cloned genes. This approach has been used to improve production of primary and
secondary metabolites, commodity chemicals (e.g., L-phenylalanine, 1,3-propanediol), and drug
development candidates.304,305 Specific examples include the isoprenoids,306,307 polyketides, and
nonribosomal peptides;308,309 biopolymers;310 UAAs;311 exopolysaccharides and B vitamins in lactic
acid bacteria;312 hydrocortisone;313 starting materials for natural product synthesis (substituted
cyclohexadiene-trans-diols);314 and chiral 1,2,4-butanetriols,315 to name a few. In addition, directed
evolution or molecular breeding techniques have been used to improve the desired pathway for the
synthesis of specific metabolites. Much of this work is driven to ultimately use renewable substrates
as opposed to those derived from petroleum-based feedstocks. Reviews have been published on
amino acids, chemicals, and cellular and metabolic engineering.316–318 A few pertinent examples of
this rapidly developing technology are discussed in more detail in the following sections.

19.3.1 AROMATIC AMINO ACID PATHWAY

With the increasing use of L-phenylalanine (L-phe), especially as a result of the artificial sweetener
aspartame (28), this amino acid and L-tryptophan have become major compounds of focused
research. The L-phe pathway has been the subject of intense research, details of which can be found
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deregulation of the specific genes leading to L-phe synthesis. Subsequent studies were concerned
with other pathways that produced precursors to direct carbon flow to the common aromatic
pathway, such as phosphenolpyruvate (PEP) and erythrose-4-phosphate (E4P).319 This has been
demonstrated whereby other genes encoding enzymes such as transketolase (tktA) and PEP synthase
(pps) have been introduced into selected bacterial strains, and striking effects have been observed
for L-phe synthesis.320,321 Another gene (tal) encoding the enzyme transaldolase was cloned into E.
coli that showed a significant increase in the production of 3-deoxy-D-arabinoheptulosonate-7-
phosphate (DAHP) from glucose.322 DAHP is the first common intermediate in the aromatic amino
acid pathway (see Chapter 3).

Several other important compounds found in the common aromatic amino acid pathway whose
overproduction has been studied are shikimic acid (61) and, to a lesser extent, quinic acid (62)
(Scheme 19.41).323 Both 61 and 62 are naturally occurring, highly functionalized carbocyclic rings
with asymmetric centers, which can be used as starting material for the synthesis of GS4104 (63),
a neuraminidase inhibitor discovered by Gilead Sciences and developed by Roche Pharmaceuticals
under the trade name of Tamiflu®.324,325 Manipulation of the aromatic amino acid pathway in E.
coli has allowed for numerous strains to be assembled that produce both 61 and 62 as well as other
intermediates.326,327 As reported by Chandran and co-workers, an E. coli strain has been constructed
that synthesized 87 g/L (0.5M) of 61 in 36% (mol/mol) yield with a maximum productivity of 5.2
gL–1h–1.328

In addition to the common aromatic pathway in E. coli being manipulated to overproduce 61,
Bacillus and Citrobacter species have also been genetically altered to secrete 61.329,330 The levels
of 61 produced by these strains, however, have been quite modest compared to that developed for
E. coli strains.

Other work of Frost and co-workers has focused on the aromatic pathway with respect to the
biosynthesis of the quinoid organics benzoquinone and hydroquinone, as well as gallic acid,
pyrogallol, and adipic acid production.331–336 The same principles have been used whereby a cloned
gene is overexpressed that allows the recombinant organism to funnel carbon down a specific,
selected metabolic pathway. Although these compounds are currently synthesized from petroleum-
based feed stocks primarily for economic reasons, environmental concerns and the shortage of
nonrenewable starting materials in the future will necessitate other approaches such as these for
the production of such commodity chemicals.332

19.3.2 POLY-ββββ-HYDROXYALKANOATES

Another example where metabolic pathway engineering has made a dramatic impact is in the
biodegradable polymer field. One of the most widely studied polymers in this family is poly-β-
hydroxybutyrate (PHB) (64). A related member of the poly-β-hydroxyalkanoate (PHA) family
commercialized by Imperial Chemical Industries (ICI), which later became Zeneca Bio Products,
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is a co-polymer consisting of β-hydroxybutyric acid and β-hydroxyvaleric acid. This biodegradable
polymer, marketed under the trade name Biopol™, was first used in plastic shampoo bottles by
the Wella Corporation.337 In the early part of 1996, the Biopol product line was purchased by the
Monsanto Company from Zeneca. Monsanto terminated production of Biopol at the end of 1998
citing high production costs and a desire to focus on agricultural applications of biotechnology
rather than on industrial applications. Then in 2001 Monsanto divested the Biopol assets and
technology selling it to Metabolix, Inc. of Cambridge, MA.338

The phbA, phbB, and phbC genes from Alcaligenes eutrophus (Ralstonia eutrophus) encoding
the biosynthetic enzymes β-ketothiolase, acetoacetyl-CoA reductase (NADPH-dependent), and
PHB synthase, respectively, have been cloned into E. coli (Scheme 19.42).339–342 The use of in vitro
evolution using error-prone polymerase chain reaction has led to enhanced accumulation of PHA
in a resultant recombinant strain.343 Additional studies to enhance the biosynthesis of PHB through
the use of metabolic engineering have been discussed.344

PHB has been shown to accumulate to levels approaching 90% of the bacterial dry cell weight
when these pathway enzymes have been overexpressed.345 With these efficiencies and with gov-
ernmental support for developing this technology in plants, it will just be a matter of time before
the production of biopolymers such as these can compete economically with the petrochemically
derived plastics.346

19.3.3 POLYKETIDES AND NONRIBOSOMAL PEPTIDES

A final example of metabolic pathway engineering is based on polyketide and nonribosomal peptide
biosynthesis. Polyketides and nonribosomal peptides are complex natural products with numerous
chiral centers, which are of substantial economic benefit as pharmaceuticals. These natural products
function as antibiotics [erythromycin A (65), vancomycin (66)], antifungals (rapamycin, amphot-
ericin B), antiparasitics [avermectin A1a (67)], antitumor agents [epothiolone A (68), calicheamicin
γ1], and immunosuppressants [FK506 (69), cyclosporin A]. Because this exponentially growing and
intensely researched field has developed, the reader is directed to review articles for additional
details.347–359 Also with the potential economic benefit to develop the next blockbuster pharmaceu-
tical, a number of patents and patent applications have been published.360–366
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The biosynthesis of polyketides is analogous to the formation of long-chain fatty acids catalyzed
by the enzyme fatty acid synthase (FAS). These FASs are multi-enzyme complexes that contain
numerous enzyme activities. The complexes condense coenzyme A (CoA) thioesters (usually acetyl,
propionyl, or malonyl) followed by a ketoreduction, dehydration, and enoylreduction of the β-keto
moiety of the elongated carbon chain to form specific fatty acid products. These subsequent enzyme
activities may or may not be present in the biosynthesis of polyketides.
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Bacterial polyketide synthases (PKSs) are the multifunctional enzyme complexes having mul-
tiple enzyme activities (initiation, elongation, elimination, and termination) responsible for
polyketide biosynthesis, which have been generally classified into three types based on their enzyme
architecture.367 Type I PKSs have a modular structure (Figure 19.4) and generally produce aliphatic
compounds whereby the elongated acyl chain is translocated from upstream to downstream carrier
protein domains that contain the tethering thiol group. Type II PKSs are often iterative producing
multicyclic aromatic compounds and are characterized such that the elongated acyl chain remains
tethered to the same carrier protein while the acyl monomers are on distinct subunits. Type III
PKSs are most often found in plants, whereby stilbene synthase (E.C. 2.3.1.95) and chalcone
synthase (E.C. 2.3.1.74) are predominate members and lack the use of an acyl carrier protein, using
the free CoA esters as substrates directly.368 A bacterial Type III PKS has been described that
produces the UAA precursor 3,5-dihydroxyphenylacetyl-CoA, which is a key intermediate in the
biosynthesis of the glycopeptide antibiotic family containing vancomycin (66) and teicoplanin.369

A similar modular type arrangement of activities is present in the nonribosomal peptide syn-
thetases (NRPS). Several examples have been described that use a hybrid PKS-NRPS system to
synthesize epothiolones,370 rifamycin,371 and C-1027372 with reviews on these hybrid systems being
described.373,374

A model system that has been studied thoroughly and used to develop the modular organization
of enzymes has been the PKS deoxyerythronolide B synthase (DEBS) from Saccharopolyspora
erythraea.375 This enzyme consists of 6 modules encoding the various enzymes for condensation
and further processing activities to produce 6-deoxyerythronolide B (6-dEB) (70), the aglycon of
erythromycin (65). The modular arrangement of enzymes is shown in Figure 19.4. Additional
studies have shown that, through manipulation of these enzyme modules, numerous derivatives of
polyketides can be synthesized. Through the reprogramming of genes in their respective modules
by site-directed mutagenesis, by deletion of certain modules, or by introduction of an unnatural
enzymatic activity, the synthesis of polyketide derivatives has been demonstrated.376–379 Selected
derivative structures that have been confirmed are shown by structures 71–73.380 In addition, by

FIGURE 19.4 Modular organization of the six modules (I–VI) of 6-deoxyerythronolide B synthase (DEBS)
enzyme as derived from Saccharopolyspora erythraea. Enzyme activities are acyltransferases (AT), acyl carrier
proteins (ACP), β-ketoacyl-ACP synthases (KS), β-ketoreductases (KR), dehytratases (DH), enoyl reductases
(ER), and thioesterases (TE). The TE-catalyzed release of the polyketide chain results in the formation of 6-
dEB (70).375,379,383
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incubating certain precursors with strains containing designed, mutant DEBSs, various analogues
of erythromycin have been synthesized.381 Purification and characterization of various DEBSs mutants
also have been published, allowing further insight into the design of polyketide derivatives.382

Because these genes are often arranged in clusters, this has allowed a combinatorial biosynthetic
approach for the construction of diverse libraries of polyketides and nonribosomal peptides.384–387 The
use of E. coli as a production host whereby precursor supply and selected pathway enzymes are modified
has resulted in respectable titers of targeted compounds as well as novel derivatives.388–393

Despite these complex biochemical systems, much progress has been made to understand and
manipulate them at the genetic level. This will ultimately lead to the generation of novel products,
which, on screening against selected targets, might allow new polyketides and nonribosomal
peptides to be identified with enhanced pharmaceutical properties.

19.4 SCREENING FOR BIOCATALYSTS

If a biocatalyst is not known to exist for a certain biotransformation, then screening for that activity
is generally undertaken, especially when the chemical route is too difficult, is too costly, or does
not provide the needed chiral purity.394 Investigation of commercial enzymes would generally be
the first step of a screening program prior to embarking on the more labor-intensive testing of
fungal or bacterial cultures.395 Using a microtiter plate format, many process variables such as
temperature, pH, solvent, substrate concentration, etc., may be tested simultaneously and optimized
prior to scale up. This is especially important for the study of solvents because many substrates
are usually not soluble in 100% aqueous solution. A microtiter plate format has also been described
for microbes as well as isolated enzymes.75,396

In addition, screening for biotransformation activity is important when a “natural” claim is
needed, which occurs most notably in the flavor industry.397 Screening for novel biocatalysts to
perform specific biotransformations can require extensive resources, depending on the details of
the screening protocol. Therefore, the choice to screen for a biocatalyst can only be justified when
the resultant product or biotransfomation exhibits significant commercial potential. A number of
literature citations and patents have appeared that describe screening using enzymes and/or cultures
for microbial reductions and oxidations, ester synthesis, acylation of a diol, or chiral epoxide
hydrolysis.183,398–402 These are but a few examples of biotransformations involving chiral compounds
successfully being carried out.
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An example of a project of this nature is the screening for microorganisms to produce aspartame
(28) from a precursor that is easy synthesized by chemical methods. Microorganisms were screened
for their ability to catalyze the trans-addition of ammonia across the double bond of N-fumaryl-L-
phenylalanine methyl ester (FumPM) (74) (Scheme 19.43).403 This is essentially the reaction of a

practiced commercially because the yields are extremely low.404,405

enzyme activity that could degrade the cyclized diketopiperazine (DKP), which is bitter and known
to form at basic pH from 28. Using the culture enrichment technique and the aspartame-DKP (75)
as the sole carbon and nitrogen source, Pantaleone and co-workers isolated a novel cyclic dipep-
tidase (DKPase) responsible for the hydrolytic activity outlined in Scheme 19.44.406 The two most
likely routes of degradation occur by either the hydrolysis to form the dipeptide via Route A (L-
aspartyl-L-phenylalanine, 76) or Route B (L-phenylalanyl-L-aspartate, 77). Several cultures were
isolated that used Route A with the best culture being identified as Bacillus circulans. In addition
to removing this bitter component (75) via degradation, such a biocatalyst can also be thought of
in terms of aspartame synthesis, which would not be dependent on L-phenylalanine whereby
hydrolysis of 75 to 76 followed by methylation would lead to 28.

Another example of screening was for the dihydropyrimidinase enzymes (E.C. 3.5.2.2), also
known as hydantoinases, used for the production of either L- or D-amino acids.407,408 These studies
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mutated aspartase because the native enzyme has such strict substrate specificity (see Section

Another screening example related to the sweetener aspartame 28 was based on finding an

19.2.4). Although the literature touts this as a successful screening effort, this process has not been
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were carried out in the mid- to late 1970s where racemic 5-monosubstituted hydantoins 78 were
used as the sole carbon and nitrogen sources with a variety of soil microorganisms. Those micro-
organisms that grew were then further characterized as having the desired activity. This has resulted
in the isolation and characterization of a number of biocatalysts from various microorganisms that
catalyze the enantioselective cleavage of hydantoins. Both L- and D-hydantoinase enzymes have
been described in the literature, which can be further coupled to either a chemical or enzymatic
hydrolysis of the N-carbamoyl-amino acid (Scheme 19.45). In addition, many different substituent
R-groups at carbon–5 have been studied for each hydantoinase.407-409 For industrial purposes, R =
p-hydroxyphenyl and phenyl have found most utility, leading to the production of D-p-hydroxyphe-
nylglycine and D-phenylglycine, respectively, which are used as the unnatural sidechains in a number
of well-known β-lactam antibiotics. Another commercially important chiral pharmaceutical inter-
mediate synthesized using an hydantoinase in combination with an L-N-carbamoylase is (S)-2-
amino-4-phenylbutanoic acid. This UAA, also known as L-homophenylalanine, is used in the
synthesis of many hypertensive drugs of the ACE inhibitor class.410

Two additional hydantoinases have been isolated from thermophilic microorganisms and are
being sold commercially in an immobilized form by Roche Applied Science, distributed in the
United States by BioCatalytics (Pasadena, CA) for the production of D-amino acids.411 These
purified hydantoinases along with three selected bacterial strains, Agrobacterium tumefaciens CIP
67.1, Pseudomonas fluorescens CIP 69.13, and Pseudomonas sp. ATCC 43648, were tested with
a number of ring-substituted D-phenylglycines and shown to be effective at producing these deriv-
atives.412

Another screening method has been described for the enzymatic deamidation of (rac)-N-
carbamoyl amino acid amides to enantiopure N-carbamoyl-L-amino acids.413

As a result of the broad use of hydantoinases for the preparation of both proteogenic and
nonproteogenic amino acids, studies into their structure and mechanism continue to be pur-
sued.414–416 Directed evolution methods have been used to invert the enantioselectivity of an hydan-
toinase for the production of L-methionine,417 and improvement in catalytic efficiency of an hydan-
toinase through mutagenesis has been reported.418

The reader is referred to the reviews on screening for additional details of this approach to
biocatalyst identification.419–425

19.5 SUMMARY

As discussed in this chapter, the use of microorganisms or commercially available enzymes to carry
out biotransformations is well-established. Numerous routes have been developed to prepare chiral
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fine chemicals with enzymes from all classes, often in combination with chemical methods, and it
is clear that many of the major pharmaceutical companies are investing heavily in this type of
research and development. With approaches such as DKR, pathway engineering, and screening for
biocatalysts showing such promise, many new biotransformations will undoubtedly be discovered
to develop novel, “green” bioprocesses in the future.
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20.1 INTRODUCTION

In nature, organisms produce a vast array of complex chemical entities via numerous precisely
orchestrated enzyme-mediated reactions. This remarkable ability of nature to perform sophisticated
chemical syntheses with unerring selectivity has long been an inspiration to medicinal and process
chemists. Enzymes offer exquisitely precise chemo-, regio-, and stereocontrol and can accelerate
chemical transformations that are challenging to perform by conventional chemical synthetic meth-
odology. Reactions often proceed at room temperature and under neutral aqueous conditions, in
the absence of toxic organic solvents or heavy metal catalysts. In addition, by virtue of enzyme
selectivity, biocatalytic routes can obviate synthetic protecting group manipulations. Consequently,
the application of biocatalysis for the synthesis of chiral as well as achiral pharmaceutical inter-
mediates has received increased attention. As the number of available enzymes continues to grow,
so do the types of chemical transformations that biocatalysts are able to perform reliably in vitro.
To date, the utility of both enzymes and whole cells in biotransformations has expanded well beyond
traditional examples such as bioremediation and the industrial processing of pulp and paper, food,
and textiles.
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Enzymes often prove to be the catalyst of choice for numerous transformations, and their prowess
is particularly noteworthy for the synthesis of chiral molecules. The ability of biocatalysts to impart
chirality through conversion of prochiral molecules or by transformation of only one stereoisomer of
a racemic mixture stems from the inherent chirality of enzymes. As noted in the introduction to this

enantiomers as advocated by the U.S. Food and Drug Administration.1 The ability to extend the patent
life of a drug through a racemic switch also plays a role in this increase. An example of a racemic

2

20.1.1 BIOCATALYST CATALOGUE

The number of useful biocatalysts has been increasing rapidly, and this growth has been spurred
by the development of technology to access previously uncultured organisms and/or the DNA
encoding new enzymes with novel properties.3 There is an enzyme-catalyzed counterpart for many

of reactions that are the staple tools of medicinal chemists, including aldol condensations, asym-
metric epoxidations, Baeyer-Villiger oxidations, and Claisen rearrangements. Perhaps more impor-
tantly, there are enzyme-catalyzed processes known where the chemical equivalent has not been
developed or is inherently ineffective. It is exactly in these areas, where chemistry struggles, that
biocatalysis can play an important role in organic synthesis.

20.1.2 CHALLENGES TO BIOCATALYST APPLICATION

Despite the successful development of biocatalysts for a variety of important transformations,
enzymes historically have suffered from numerous shortcomings that have limited their utility in
chemical, agrochemical, and pharmaceutical applications.4,5 Attributes such as low specific activity,
inadequate substrate scope, low or undesired enantiomer specificity, intolerance to organic solvents,
and low volumetric productivity were challenges often encountered when attempting to implement
biocatalytic processes. However, many of these challenges were related to the deficiencies associ-
ated with the available enzymes. As in chemical catalysis, identification and development of an
optimum biocatalyst for a given application requires a large number of enzymes (a library) that
can be screened for the desired transformation with the specific substrate of interest. In general,
large libraries of biocatalysts from a range of enzyme classes have not been available until relatively
recently. Many different enzyme classes now may be purchased as off-the-shelf preparations from
a variety of enzyme suppliers. Biocatalysis database tools also are available to aid in route design
and biocatalyst selection. Should a suitable biocatalyst for a particular transformation not be
commercially available, a number of approaches are possible to obtain an appropriate catalyst.
Modern discovery programs are better able to fully exploit the diversity present in nature and can
be used to rapidly furnish enabling enzymes for a particular application. In addition, when necessary,
enzyme discovery may be combined with evolution technologies entailing iterative enzyme muta-
tion and high-throughput screening. The combination of discovery and evolution approaches has
proved to be very successful in overcoming many of the challenges that have faced the commer-
cialization of biocatalysis. 

20.2 RECENT ADVANCES IN DISCOVERY AND EVOLUTION TECHNOLOGIES 

20.2.1 DISCOVERY 

Our planet is home to an extraordinarily rich diversity of microorganisms with a vast range of
metabolic pathways. Even in a single soil sample there can be thousands of different microbial
species, yet only a tiny fraction of this microbial diversity can be cultured under standard laboratory
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book (Chapter 1), the chiral drug market is increasing, partly as a result of the need to produce single

switch is Astra Zeneca’s Esomeprazole, a proton pump inhibitor (see Chapter 31).

types of chemically derived organic reactions (see Chapter 19). Biocatalysts can perform classes
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conditions.6,7 Thus, to fully exploit the available biodiversity in nature, it is necessary to go beyond
screening enzymes from just the most easily cultured organisms. To address this need, we have
developed two different methods to access natural biodiversity. The first technique involves high-
throughput cultivation of organisms through single-cell encapsulation and microcolony selection
methods.8 This technology has allowed the discovery of a vast range of new organisms that could
not be cultivated using conventional methods. In addition, we have developed a highly effective
culture-independent gene discovery approach, which uses direct cloning of environmentally derived
DNA from a large array of biotopes.9,10 Soil, aquatic, littoral, and marine samples have been
collected worldwide from hundreds of microenvironments and processed into large genomic DNA
libraries. Environmental DNA (eDNA) libraries comprising oligonucleotide fragments, usually of
1–5 kB in length, are cloned into expression vectors and are expressed in an easily manipulated,
compatible host. The process results in libraries having a population of 106–109 unique clones, each
with the potential to express the individual or multiple genes on a discrete eDNA insert. These
eDNA libraries are maintained for high-throughput screening efforts that search for particular
activities or sequences of interest. We have found that these approaches are often superior to the
more traditional methods of screening cultures of discrete organisms for discovery of novel
enzymes. 

20.2.2 EVOLUTION

20.2.2.1 Single-Gene Methods

Evolution has been shown to be an efficient tool for the improvement of enzymes and pathways.
Stochastic approaches to introduce point mutations in genes include error prone polymerase chain
reaction (ePCR),11 the use of low-fidelity (mutator) strains,12 and chemical mutagens.13 

More recently, we have introduced GSSM™ technology, which is a unique method for rapid
laboratory evolution of proteins whereby each amino acid of a protein is replaced with each of the
other 19 commonly occurring proteinogenic amino acids.14 GSSM technology is used at the genetic
level through the use of degenerate primer sets, comprised of either 32 or 64 codon variants, for
each amino acid residue of the wild-type (WT) enzyme. Use of standard methods for DNA
replication generates a library of genes possessing all codon variations required for site saturation
mutagenesis of the original gene.15 Transformation and expression of the collection of GSSM gene
variants in a host organism such as Escherichia coli furnish a comprehensive library of single-site
enzyme mutants. In contrast to the use of ePCR and the use of low-fidelity (mutator) strains to
introduce genetic mutations into genes, GSSM technology offers comprehensive access to all single
amino acid genetic variants. Amino acid changes introduced by ePCR or mutator strains are limited
to those that result from a single base change in the WT codon, and these methods statistically
allow no more than 6 of the possible 19 changes at any given residue in a single round of mutation.

20.2.2.2 Multiple Gene Methods

A number of unique methods for generating chimeric genes from multiple gene families have been
reported.16 However, most of the methods used for DNA reassembly are PCR-based and rely on
the extension of cross-annealed random DNA fragments from different parents. Because the number
and location of crossover events is dependent on the relative parental sequence identity, the sites
of crossover are not easily controlled. Consequently, PCR-based approaches for gene reassembly,
including gene shuffling,17 result in overrepresentation of full-length parental sequences, thereby
diminishing the sequence diversity of the chimeric library. The presence of these parental genes
can dramatically increase the number of clones that need to be screened to obtain coverage of the
library and identify useful variants. Moreover, low sequence diversity results from the required
stretches of homology and limits the possible solutions that may be available for a given application.
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Ligation-based methods, such as our GeneReassembly™ technology,18 are very effective for
generating highly diverse gene chimeras. Reassembled genes can be generated from designed DNA
segments, which allows for precise control over the number and locations of the demarcation sites.
Genes can be recombined at any position, even at nonconserved sites. DNA segments with com-
patible overhangs are joined with the same efficiency, independent of their origin and sequence
identity. The efficiency of GeneReassembly technology is, therefore, not dependent on the sequence
similarity of the parental genes. Each possible combination event (including WT parent segments)
occurs with the same probability, and consequently the resulting library is not contaminated with
an abundance of parental genes. The complexity of the reassembled library can be tuned to suit
the specific screening strategy. Higher complexity can be achieved by using more parent genes or
by increasing the number of segments. The segments can be generated by oligonucleotide synthesis,
enzymatic cleavage, or PCR. The use of synthetically prepared oligonucleotides affords the oppor-
tunity to optimize codon usage and to add/eliminate specific restriction sites during gene reassembly.
As the reassembly sites are known precisely, it is also possible to include knowledge of structural
elements in the design of a GeneReassembly procedure.

Biodiversity-based enzyme discovery applied in combination with evolution methods, such as
the GSSM and GeneReassembly technologies, provides an effective platform for developing
enzymes with new activities that can be used in processes that currently are challenging or
impossible to perform with existing methodologies. In the following, we describe several biocat-
alytic platforms developed at Diversa that highlight the power of this approach.

20.3 NITRILASES

Nitrilases (E.C. 3.5.5.1) promote the mild hydrolytic conversion of organonitriles directly to the
corresponding carboxylic acids.19 However, less than 20 microbially derived nitrilases had been
characterized at the start of this work, despite their potential synthetic value. The paucity of enzymes
and the limited substrate scope of the handful of enzymes available have limited practical com-
mercial development of nitrilase-catalyzed conversions, except in a few cases. Accordingly, we
engaged in a discovery effort centered around exploiting the natural diversity available within our
environmental DNA libraries and have discovered and characterized more than 200 new sequence
unique nitrilases.20 All of the newly discovered nitrilases possess the conserved catalytic triad Glu-
Lys-Cys that is characteristic for this enzyme class.19

The nitrilase collection was evaluated for the production of α-hydroxy acids formed through
hydrolysis of cyanohydrins. Since cyanohydrins racemize readily under basic conditions,21 a
dynamic kinetic resolution (DKR) process is possible, permitting access to α-hydroxy acids in
100% theoretical yield. One important application of this type involves commercial production of
(R)-mandelic acid from mandelonitrile.22,23 Mandelic acid and derivatives find broad use as inter-
mediates and resolving agents for production of many pharmaceutical and agricultural products.24

The nitrilase library was screened for activity and enantioselectivity in the hydrolysis of mande-

ee. One enzyme (nitrilase I) generated (R)-mandelic acid quantitatively with 98% ee. The broad
substrate scope of this enzyme was demonstrated on a range of mandelic acid derivatives as well

series of ortho-, meta-, and para-substituted mandelonitrile derivatives, and products generally
were produced with very high enantioselectivities. Other larger aromatic groups, such as 1-naphthyl
and 2-naphthyl, as well as hetero aromatic 3-pyridyl and 3-thienyl analogues also were accommo-
dated within the active site, and hydrolysis with nitrilase I yielded glycolic acid products with high
ee. This was the first reported demonstration of a nitrilase that affords such a broad range of
mandelic acid derivatives and heteroaromatic analogues with high levels of enantioselectivity. It is
noteworthy that for several of these processes the reactions were run in such a manner that product
concentrations of up to 2M were achieved.
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lonitrile to mandelic acid (Scheme 20.1) and several enzymes afforded mandelic acid with >90%
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The nitrilase collection was similarly applied for the production of aryllactic acid derivatives
through hydrolysis of the corresponding cyanohydrins. Phenyllactic acid and derivatives can serve
as versatile building blocks for the preparation of numerous biologically active compounds.24

Several enzymes in the nitrilase collection provided phenyllactic acid with high enantiomeric excess
(Table 20.2). One enzyme, nitrilase II, was further characterized and afforded (S)-phenyllactic acid
(2, R = PhCH2), which was isolated in high yield and with 96% ee. This is a significant advance

SCHEME 20.1

TABLE 20.1
Nitrilase I-Catalyzed Production of Mandelic 
Acid Derivatives Under Dynamic Kinetic 
Resolution Conditions (Scheme 20.1)

Entry R- Sidechain ee (%)

1 C6H5 98
2 2-Cl-C6H5 97
3 2-Br-C6H5 96
4 2-Me-C6H5 95
5 3-Cl-C6H5 98
6 3-Br-C6H5 99
7 4-F-C6H5 99
8 1-naphthyl 95
9 2-naphthyl 98

10 3-pyridyl 97
11 3-thienyl 95

TABLE 20.2
Nitrilase II-Catalyzed Production of 
Aryllactic Acid Derivatives and Analogues 
Under DKR Conditions

Entry R- Sidechain ee (%)

1 -CH2-C6H5 96
2 -CH2-2-Me-C6H5 95
3 -CH2-2-Br-C6H5 95
4 -CH2-2-F-C6H5 91
5 -CH2-3-Me-C6H5 95
6 -CH2-3-F-C6H5 99
7 -CH2-1-naphthyl 96
8 -CH2-2-pyridyl 99
9 -CH2-3-pyridyl 97

10 -CH2-2-thienyl 96
11 -CH2-3-thienyl 97

R H 
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R CN 

OH 

S-1 
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compared to the highest enantioselectivity previously reported for this biocatalytic conversion,
which was 75% ee achieved through a whole-cell transformation using a Pseudomonas strain.25 In
addition, ortho- and meta-substituents were tolerated well by nitrilase II. Novel heteroaromatic
derivatives, such as 2-pyridyl-, 3-pyridyl, 2-thienyl-, and 3-thienyllactic acids, were prepared with
high conversions and enantioselectivities. It is interesting that para-substituents significantly low-
ered reaction rates, with full conversion taking more than 2 weeks under these conditions with
nitrilase II. However, it is anticipated that another enzyme in the >200 member collection may be
suitable for the transformation of para-substituted phenylacetaldehyde cyanohydrin substrates.

The nitrilase collection also was applied in a high-yielding desymmetrization process to access
a key intermediate used to manufacture a major cholesterol-lowering drug. Nitrilase-catalyzed
hydrolysis of one nitrile group of the prochiral substrate 3-hydroxyglutaronitrile (3) can afford (R)-
4-cyano-3-hydroxybutyric acid (4) (Scheme 20.2), which, once esterified to ethyl-(R)-4-cyano-3-
hydroxybutyrate, is an intermediate used in the commercial scale production of Pfizer’s cholesterol-

26 Previously reported attempts to use enzymes for
this process provided 4-cyano-3-hydroxybutyrate with low enantioselectivity (22% ee) and the
undesired S-absolute configuration.27 Screening the nitrilase library uncovered 4 sequence-unique
enzymes that generated the requisite (R)-4-cyano-3-hydroxybutyrate with quantitative conversion
(>95%) and >90% ee. It is interesting that the same screening program also identified several
nitrilases that afford the opposite enantiomer, the S-product in high enantiomeric excess. Thus, the
extensive screen of biodiversity revealed enzymes that provide ready access to either enantiomer
with high enantioselectivities, underscoring the advantage of having access to a large and diverse
library of nitrilases.20

The most effective nitrilase identified in discovery efforts catalyzed the complete conversion
of 3-hydroxyglutaronitrile (HGN) to (R)-4-cyano-3-hydroxybutyric acid (4) in 24 hours with a
product ee of 95% at 100 mM substrate concentration.20 However, as the substrate concentration
was increased, substantially lowered enantiomeric excesses were observed. To develop a practical
process, the objective was to identify a nitrilase that would catalyze the hydrolysis with high
enantioselectivity at substrate concentrations up to 3M. At substrate concentrations of 0.5M, 1M, 2M,
and 3M, enantiomeric excesses were 92.1%, 90.7%, 89.2%, and 87.6%, respectively, determined
at reaction completion. Enzyme selectivity and productivity often are compromised at such high
substrate concentrations, and in this case, 3M is 33% by volume of organic substrate. To develop
a viable process that yielded (R)-4-cyano-3-hydroxybutyric acid (4) with high enantiomeric excess
and high volumetric productivities we applied GSSM technology for the evolution of our lead
nitrilase enzyme.

We exploited the degeneracy of the genetic code and made a 32 codon NNK (K= G,T) library
containing every singe amino acid variant of our best WT enzyme.28 The nitrilase GSSM library
consisted of 10,528 genetic mutants and was screened completely using a mass spectroscopy assay
where one of the two enantiotopic nitrile groups of hydroxyglutaronitrile was selectively labeled
with 15N such that enantiomeric products were isotopically differentiated and an ee determination
can be made. Amino acid changes at several different residues led to enhanced enantioselectivity
over the WT enzyme. Characterization of primary hits showed that residues Ala190 and Phe191
were enantioselectivity “hot spots” with several mutants affording product with higher ee. Each of
these up-mutant enzymes was evaluated at molar substrate concentrations, and although many of

SCHEME 20.2
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the variants did not perform well at this higher substrate loading, the serine, histidine, and threonine
variants at position 190 exhibited significant ee enhancement. The Ala190His variant was found
to be the most selective and most active of the GSSM mutants allowing complete conversion to
(R)-4-cyano-3-hydroxybutyric acid (4) at 3M substrate concentration in >98.5% ee within 15 hours.
This is a dramatic improvement relative to WT, which yields 4 in only 88% ee after 24 hours under
these conditions. The transformation was performed effectively on a multi-gram scale, and the
desired intermediate 4 was generated with a volumetric productivity of 612 gL–1 d–1 and 98.5% ee
using the A190H enzyme.

The unique benefits of GSSM evolution technology were demonstrated through identification
and development of a nitrilase that provides practical access to a key commercial intermediate for
the Lipitor drug. It is important to recognize that other evolution technologies are unlikely to have
provided the desired A190H variant from our WT enzyme. For example, performing ePCR on our
WT nitrilase would be statistically unlikely to furnish the improved A190H variant enzyme because
two base changes in the Ala codon (GCN) are required to afford a His residue (CAT/C) at position
190. ePCR is a mutagenesis method that leads to single base mutations along a gene; such point
mutations statistically would be unlikely to occur in adjacent base positions required for this residue
change. Gene recombination methods also would be ineffectual because no currently reported or
known nitrilases have a His residue at or near position 190. 

20.4 CEPHALOSPORIN C AMIDASE

Semi-synthetic cephalosporins are among the most widely used antibiotics in the world. Many of
these antibiotics are synthesized from 7-aminocephalosporanic acid (7-ACA) (5), a compound
obtained through the deacylation of cephalosporin C (Ceph C) (6). Traditionally, this deacylation
has been carried out using a chemical process. However, the chemical process involves the use of
numerous toxic compounds that generate a costly chemical wastestream. For this reason, an
enzymatic route for the production of 7-ACA from Ceph C is very appealing. Currently, enzymatic
production of 7-ACA from Ceph C is accomplished using a 2-enzyme process.29 The first enzyme,
D-amino acid oxidase, is used to oxidize Ceph C to a keto acid intermediate that is then decarbox-
ylated by hydrogen peroxide to yield glutaryl-7-ACA. Glutaryl-7-ACA is then deacylated to 7-
ACA through the action of the second enzyme, glutaryl-7-ACA acylase. Although this 2-enzyme
process currently is being used to manufacture 7-ACA, a single enzyme process using an amidase
that directly converts Ceph C to 7-ACA would be much more efficient and therefore highly desirable
(Scheme 20.3). 

Previous efforts have failed to identify an enzyme with robust Ceph C amidase activity. Some
glutaryl-7-ACA acylases can directly convert Ceph C to 7-ACA, but they do so with very poor
efficiency and have not been considered for a single-enzyme manufacturing process.30–33 Nonethe-
less, glutaryl-7-ACA acylases with measurable activity on Ceph C are classified as cephalosporin
C acylases. Mutagenesis approaches such as ePCR have been used in an attempt to improve the
activity of these enzymes on Ceph C, but only marginal improvements in the desired activity have

SCHEME 20.3
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been observed.31 The crystal structure of one of these Ceph C acylases has been reported and
provides some clues regarding their poor activity on Ceph C.33 The conclusions drawn from this
effort support the idea that the poor activity is a result of the inability of these enzymes to
accommodate the D-2-aminoadipyl sidechain in the substrate-binding pocket. These results are not
particularly surprising given that the initial steps of the 2-enzyme process for 7-ACA production
are designed to convert the D-2-aminoadipyl sidechain of Ceph C to the glutaryl sidechain, the
preferred substrate for Ceph C acylases. It has been suggested that extensive remodeling of the
substrate binding pocket of these Ceph C acylases may be required to significantly improve its
ability to accommodate the D-2-aminoadipyl sidechain.33 Nonetheless, the available structural
information has led to the development of new, targeted mutagenesis proposals hypothesized to
improve the Ceph C amidase activity of these glutaryl-7-ACA acylases.34,35

Another approach to finding a one-enzyme solution is to discover a more active Ceph C amidase
in nature, and this is the strategy that we have taken at Diversa. We have developed and implemented
a proprietary high-throughput screening platform, known as GigaMatrix™ technology, for the
discovery of rare bioactivities from our large collection of environmental libraries.36,37 GigaMatrix
technology uses a 100,000-well microplate with the footprint of a standard 96-well plate. The
system uses an optical interface to visualize the plate and possesses an automated recovery system
to break out primary hits for further characterization.36 A Ceph C amidase assay amenable to the
GigaMatrix platform was used to rapidly screen environmental libraries containing more than 106

members. Using this strategy, 13 novel D-specific amidases were discovered. One of the best
enzymes was a unique gene product in a sequence class that is clearly distinct from previously
discovered Ceph C/glutaryl-7-ACA acylases.

The objective was to identify an amidase that could efficiently convert Ceph C to 7-ACA at
high substrate load with negligible product inhibition, preferably at neutral or slightly acidic pH,
because Ceph C is less stable at alkaline pH. The most effective amidase discovered was initially
characterized for its ability to convert Ceph C to 7-ACA. These results revealed that the recombinant
enzyme possesses favorable pH performance and good substrate conversion at low substrate con-
centration (10mM, pH 7.5, >95% substrate conversion). This enzyme and several other new amidases
are being further evaluated at higher substrate concentrations to identify a lead candidate for a 1-
enzyme hydrolysis of Ceph C. Preliminary results indicate that enzyme activity is reduced at higher
substrate concentrations. Accordingly, in vitro optimization using Diversa’s evolution platforms
will be implemented for development of an ideal Ceph C amidase for this process. Overall, discovery
from nature provided an excellent starting point for this evolution program because Ceph C amidases
exhibiting substantial activity even at low concentration were unavailable previously.

20.5 ALDOLASES

The aldol reaction is extremely useful in organic synthesis as a way of generating new carbon–car-
bon bonds and introducing up to two new stereocenters into a molecule (Scheme 20.4). Controlling
the stereochemistry of aldol reactions can be very challenging and has been an area of intense
research. Although several elegant asymmetric methods have been developed,38 there remains a
need for additional methods, and in recent years enzyme-catalyzed approaches using aldolases have
received attention as alternatives to chemical methodologies.39

SCHEME 20.4

R1

O
R2

R1

R2

+

O

R3

R3

R4 R4

Aldolase O OH

* *

© 2006 by Taylor & Francis Group, LLC



Combining Enzyme Discovery and Evolution to Develop Biocatalysts 413

We have developed a process for synthesis of key intermediates in the preparation of statin
cholesterol-lowering drugs using a deoxyribose-5-phosphate aldolase (DERA). Our work builds on
the pioneering efforts of Gijsen and Wong,40 who observed that DERA can catalyze the stereo-
selective tandem condensation of two equivalents of acetaldehyde with a series of aldehyde accep-
tors to afford 6-membered lactol derivatives. Because the DERA-catalyzed reaction is an equilib-
rium process, the intermediate 4-carbon adduct is reversibly formed under the reaction conditions.
The second condensation between this intermediate and a second equivalent of acetaldehyde drives
the equilibrium favorably as a result of the stability of the cyclized lactol form of the product
(Scheme 20.5). The elegance and power of this approach for statin synthesis was evident; however,
serious challenges remained. For example, the reported process required extensive (3-day) reaction
times and high enzyme loading (20% wt/wt) and suffered from substrate inhibition. 

To make the DERA-catalyzed process commercially attractive, improvements were required in
catalyst load, reaction time, and volumetric productivity. We undertook an enzyme discovery
program, using a combination of activity- and sequence-based screening, and discovered 15 DERAs
that are active in the previously mentioned process. Several of these enzymes had improved catalyst
load relative to the benchmark DERA from E. coli. In the first step of our process, our new DERA
enzymes catalyze the enantioselective tandem aldol reaction of two equivalents of acetaldehyde
with one equivalent of chloroacetaldehyde (Scheme 20.6). Thus, in 1 step a 6-carbon lactol with
two stereogenic centers is formed from achiral 2-carbon starting materials. In the second step, the
lactol is oxidized to the corresponding lactone 7 with sodium hypochlorite in acetic acid, which is
crystallized to an exceptionally high level of purity (99.9% ee, 99.8% de).

Lactone 7 can serve as a versatile starting material for the synthesis of a range of HMG-CoA
(3-hydroxy-3-methylglutaryl coenzyme A) reductase inhibitors, commonly referred to as statins,

the lactone ring can be opened and the chloride can be displaced by either cyanide or hydroxide
to access advanced Lipitor or Crestor intermediates, respectively.
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which includes Lipitor (8) and Crestor™ (9) compounds (Scheme 20.7). In a single transformation,
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Overall, we have discovered new DERA enzymes that have allowed the development of a useful
process for production of key intermediates for the preparation of statin drugs. Through the use of
our best DERA enzyme combined with process development, we have improved catalyst load from
20% w/w to 2% w/w, improved reaction time from several days to 3 hours, and improved volumetric
productivity from 12 g/L to 115 g/L, relative to the previously published procedures. 

20.6 EPOXIDE HYDROLASES

Epoxide hydrolases (EHs) (E.C. 3.3.2.x) are capable of selectively hydrolyzing racemic or meso-
epoxides to produce single-enantiomer epoxides or vicinal diols that can serve as key building
blocks for the synthesis of a range of pharmaceutical compounds.41 On a commercial scale, chemical
methods for the synthesis of chiral epoxides and diols often suffer from limitations, the most
important of which are a lack of substrate scope and the utilization of expensive and sensitive metal
catalysts. In contrast, microbial EHs do not require cofactors and, in principle, are not limited to
particular classes of epoxides as substrates. Because no single enzyme is likely to function optimally
on all types of epoxides, the full potential of EHs in varied applications will only be realized
through creation of a library or collection of enzymes with differing substrate scopes. Fewer than
15 microbial epoxide hydrolases had been reported and still fewer had been carefully studied,
hampering the development of EHs in the pharmaceutical and chemical industries. To overcome
this limitation, Diversa initiated an epoxide hydrolase program. Several high-throughput screening
assays were developed and were used to screen eDNA libraries to discover novel EHs. To date,
more than 50 novel microbial EHs have been discovered. On examination of the newly discovered
sequences, it became apparent that the Diversa EHs are highly diverse and represent a wide range
of sequence-space. Thus, we were keen to test whether the sequence-diversity of our EH library
extended to useful functional diversity of the catalysts.

The majority of our EHs have been subcloned and expressed in bacterial hosts for screening.
To probe the functional diversity of these enzymes, several substrates representing alkyl and aryl
as well as terminal and internal epoxides were used to screen the enzyme library. A few examples
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are shown in Schemes 20.8 (kinetic resolutions of rac-epoxides) and 20.9 (desymmetrization of
meso-epoxides).*

Active hits were found for every type of substrate screened, including those for which other
known microbial epoxide hydrolases were ineffective. For example, hydrolysis of cis-stilbene oxide
was not successful with several microbial EHs tested previously.42,43 By contrast, several of our
new enzymes actively hydrolyzed this substrate and exhibited excellent enantioselectivities (>99%
ee). It is important to note that these enzymes were found to be capable of selectively hydrolyzing
a wide range of meso-epoxides, including cyclic and acyclic alkyl- and aryl-substituted substrates.

SCHEME 20.8
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The corresponding chiral diols were furnished with very high ee’s and yields in these processes.
In kinetic resolution of terminal epoxides, even with short-chain aliphatic epoxides such as epichlo-
rohydrin, EHs were found with reasonable enantioselectivities (E up to 10) compared with previ-
ously reported enzymes that had poor selectivities (E<2).44 In all cases studied, enzymes were found
that had complementary enantioselectivities giving access to either enantiomer of the epoxides in
kinetic resolution reactions or either enantiomer of the diols in desymmetrization reactions. It is
worth pointing out that the enantioselectivities of promising Diversa EHs may be significantly
improved through further reaction engineering or by directed evolution. Given the wide range of
sequence divergence and high functional diversity of the enzymes, the Diversa EH library represents
a valuable platform for the synthesis of chiral epoxides and diols. 

20.7 SUMMARY
Application of biocatalysis in the laboratory and on multi-ton commercial scales is dramatically
increasing as a result of scientific advances on several fronts. New methods for mining biodiversity
have provided access to a growing collection of novel off-the-shelf enzymes that may be rapidly
screened for a given application. As the range of newly discovered enzymes increases, we also are
observing an expanding range of transformations that may be catalyzed effectively by biocatalysts.
In many cases, enzymatic transformations are being developed for processes where traditional
chemical methods perform poorly. Sophisticated and robust evolution technologies have been
developed to optimize and tailor the properties of enzymes for a transformation of interest. To
efficiently identify enzymes with desirable properties, high-throughput screening tools and assays
that greatly expedite the selection process have been developed. Finally, new host organisms are being
developed for the vital activity of producing enzymes in a cost-effective manner. The increased
understanding of the molecular interactions that govern enzyme-substrate specificity and the avail-
ability of burgeoning databases that can serve to guide the appropriate choice of a biocatalyst also
are contributing to the growing prominence of biocatalysis in chiral fine chemical production. In
this chapter, we have outlined our efforts to develop new technologies that can be applied to
biocatalyst development. In particular, we have established a two-pronged strategy for biocatalyst
development, which entails enzyme discovery from natural biodiversity combined with effective
evolution technologies that allow the honing of enzyme properties for a given application. The
examples provided serve as a testament to the power of this approach, and it is anticipated that
these robust methods will lead to a wide array of novel transformations for the production of chiral
fine chemicals in the future.
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21.1 INTRODUCTION

Biocatalysis is becoming an established method to assist in the manufacture of synthetic targets
and, in particular, chiral fine chemicals.1–3 The ability of enzymes (whether isolated or within an
intact cell) to cause resolution or synthesis of chiral centers is without precedent, and there is
consequently a strong drive to implement such processes in industry.

Most fine chemical syntheses involve multiple steps including protection, catalysis, and depro-
tection operations. In those cases where exquisite enantio- or regioselectivity or specificity is
demanded, then biocatalysis will be considered. The mild conditions often used for biocatalysis
confer the added advantage of overcoming the need for protection and deprotection in many cases.4

Nevertheless, the enzymatic process will usually be one or at best a few steps, in an otherwise
10–20-step synthesis. Consequently, biocatalytic reactions are most normally preceded and followed
by a chemical conversion. With this in mind, implementation needs to consider the integration of
the biocatalytic step with the neighboring operations.

The integration of two unit operations lies at the heart of process engineering. More often in
bioprocesses it is the integration of product formation with the following recovery steps that is
critical.5 In the specific case of biocatalytic processes the product recovery is also critical, but in
this chapter the focus will be on the integration of the surrounding chemical steps with the
biocatalysis.
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21.2 EFFECTS OF ONE OPERATION ON ANOTHER

Chemical and biocatalytic steps are frequently incompatible as a result of reagents and media.
These effects are, in part, dependent on the order of the operations (i.e., if chemical catalysis
precedes or follows biocatalysis). Whether reactions are carried out in a sequential or one-pot mode,
the interaction of one step with the following one is critical. Where a chemical step precedes the
biocatalytic one, then the following considerations need to be taken into account in the biocatalytic
reaction:

• Extreme pH or temperature
• Organic solvent–based medium
• Residual levels of chemical catalyst
• Diluents or reagents present in excess used to drive equilibrium
• High concentrations of the target intermediate (i.e., product of chemistry and reactant of

biocatalysis)

Where the biocatalytic step precedes the chemical one, then there are also issues that need to
be taken into account in the chemical reaction:

• Water-based medium
• Residual protein levels (from catalyst)
• Low concentrations of intermediates (i.e., product of biocatalysis and reactant of chemistry)
• For whole-cell catalyzed reactions, other extracellular metabolites or cellular debris

Any or all of these conditions may limit productivity, and whichever of the previously listed
sequences occur in a particular process, the biocatalytic conversion needs to be selected and
designed to cope with these issues. Such issues may be solved by process techniques (using
purification or a change of medium/catalyst between the reactions) or potentially by alteration of
the properties of the biocatalyst via selection or directed evolution. A further approach is to combine
operations in a single-pot operation using process techniques, biocatalyst modification, and a degree
of compromise.

21.3 INTEGRATION PRINCIPLES

21.3.1 RATIONALE FOR INTEGRATION

The use of operations in a single pot may require compromise of process conditions and complex
operation. Hence the logic for complete integration should be established ahead of evaluation.

21.3.1.1 Kinetic Considerations

The first group of biocatalytic reactions where integration needs to be considered includes those
cases where one (or more) reactant(s) or one (or more) product(s) are damaging to the biocatalyst.
They may be toxic to a microbial catalyst, denature an enzyme, or result in unfavorable kinetics;
in each case this will demand controlled concentrations in the environment of the catalyst itself.
A range of techniques from the use of feeding, an auxiliary phase,6 or in situ product removal5,7

can be used to help control the concentration. A further approach is to integrate the biocatalytic
step with the preceding or following step such that the reactant is generated in situ or the product
is removed reactively. Clearly such an approach demands that the biocatalysts can tolerate the
alternative conditions/reagents of the neighboring operation. In these cases a high rate and therefore
product-to-catalyst ratio can be achieved.
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21.3.1.2 Thermodynamic Considerations

Many chemical and biocatalytic conversions involve reactions with an unfavorable equilibrium such
as condensations.8 In both cases the Law of Mass Action will apply such that the removal of one
species from the reaction mixture will shift the equilibrium position. This is particularly useful for
biocatalytic conversions where the alternative approach of using a reactant in excess may have
deleterious effects on the biocatalyst.

Likewise, conversions where a reactant is unstable should be linked with the previous step to
keep the yield as high as possible, and conversions where the product is unstable should be linked
with the following step to keep the yield as high as possible. In addition, reactions requiring
deracemization to take advantage of the unreacted enantiomer will also benefit from one-pot
operation to improve the yield. In each of these cases it is an increase in the thermodynamic yield
of product on substrate rather than any kinetic advantage that is gained.

21.3.1.3 Engineering, Economic, and Environmental Considerations

From a process-engineering standpoint there are further considerations that make integrated one-
pot syntheses attractive. The various bases by which potential benefits can be quantified and
compared have been defined previously.5 The yield of individual conversions can be increased by

shifting an unfavorable reaction equilibrium (as described in Section 21.3.1.2). Overall process
yields can be increased by reducing the total number of process steps and the associated handling
losses in each piece of a plant process.9 In the case of integrated reactions the total number of steps is
reduced because it is not necessary to isolate an intermediate product after the initial conversion. Such
advantages can be gained in any pair of integrated reactions regardless of whether the conversions are
purely chemical, purely biological, or a combination of the two as described here. Integrated processes
can also help reduce the overall process time (and associated manpower costs), particularly at large
scale where the times taken to fill and empty successive process vessels can be considerable.

Economic and environmental benefits also arise from the adoption of one-pot syntheses. A
number of case studies have shown decreased capital and operating costs arising from the use of
integrated reaction–separation systems.10,11 Although such detailed analyses are yet to be presented
for integrated reaction systems, the underlying assumptions and calculation procedures are identical,
so similar financial savings can be envisaged. The high level of waste generation in the fine chemical
and pharmaceutical sectors, estimated to be between 5–50 and 25–100 kg (waste)/kg (product),
respectively, is also now forcing companies to consider the E-factor and atom efficiency of synthetic
routes.12 Here biocatalytic reactions can help as a result of the avoidance of protection and depro-
tection steps, whereas integrated reactions can minimize the amount of waste solvent or contami-
nated resin generated during the isolation of intermediates.

21.3.2 ONE-POT SYNTHESIS AND ONE-POT PROCESSING

Where chemical and biocatalytic steps are operated in a single reactor, the gains may be consid-
erable. To describe such operations the term “one-pot synthesis” is increasingly being used in the
literature. However, close inspection of the details being reported suggests that there are currently
a number of interpretations of what is considered a one-pot process. At one extreme is the ideal
notion of multiple chemical/biocatalytic reactions occurring simultaneously with no need to isolate
intermediate products or change reaction conditions. At the other extreme, various chemical and
biocatalytic reactions occur in one pot but there may be some purification of the intermediate

more precisely define what is meant by “one-pot synthesis” and gives some relevant published
examples. It also introduces the terms “sequential one-pot synthesis” and “one-pot processing” to
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more precisely describe situations in which reaction conditions may be changed between steps or
there is some degree of intermediate purification, respectively. Figure 21.1 illustrates the possible
flow sheets with these three forms of integration.

Although operation in a single pot has many advantages, it may prove intractable to alter the
biocatalyst to perfectly match the chemical environment. In such cases a compromise may need to
be reached such that neither the chemical or biocatalytic operations are operating optimally but
under a compromised condition. Such conditions must still prove beneficial in relation to operation
in separate reactors, each under optimal conditions.

21.3.2.1 Biocatalyst Environment: Types of Chemistry

Choice of process options for the successful integration of biocatalytic and chemical synthesis steps
is heavily dependent on the type of chemical reaction used prior to or subsequent to the biocatalytic
step and also on the robustness of the biocatalyst to inactivation by components of the chemical
step. The use of organic solvent or highly reactive chemical reagents before subsequent conversion
using a biocatalyst is usually expected to require the complete purification of the product of the
chemical step. There are many examples in the literature where such an approach has been applied,

TABLE 21.1
Definition and Operational Characteristics of One-Pot Syntheses and One-Pot Processing

Process Definition Operational Characteristics Examples Refs

1: (“True”) one-pot synthesis Multiple reactions occurring simultaneously
Constant reaction conditions (e.g., solvent, pH, T°C)
No isolation of intermediate products

Domino reactions
In situ racemization

13
14

2: Sequential one-pot synthesis Reactions occur sequentially
Variable reaction conditions (e.g., pH, T°C)
No isolation of intermediate products

Regioselective enzymatic 
protection and chemical 
acetylation

15

3: One-pot processinga Reactions occur sequentially
Variable reaction conditions (e.g., solvent, pH, T°C)
Partial purification of intermediates

Lotrafiban production 16

a Usually requires custom reactor configurations (e.g., stirred reactor with integrated membrane separation or distillation
capabilities).

FIGURE 21.1 Flow-sheet options for integration. 1: (“True”) one-pot synthesis, 2: Sequential one-pot syn-
thesis; 3: One-pot processing. For definitions see Table 21.1. Where R1, R2, and P represent Reaction 1,
Reaction 2, and Purification, respectively.

Reactant R1 + R2 P Product

Waste

Reactant P Product

Waste

R1

R1Reactant R2

R2

Product

Waste

P

© 2006 by Taylor & Francis Group, LLC



One-Pot Synthesis and the Integration of Chemical and Biocatalytic Conversions 423

including the use of chromatography after a Grignard reaction in tetrahydrofuran (THF),17 ozonol-
ysis in dichloromethane and methanol,18 or after methylation with diazomethane-silica gel in ether.19

Similarly, the aqueous environment required for a biocatalytic step must often be replaced by
extraction of the target compound into an organic phase,17,18 or simply by evaporation,20 to allow
subsequent water-sensitive chemical reactions to proceed.

Despite the previously mentioned restrictions, examples are emerging in which a closer inte-
gration is achieved by using enzymes that can operate in organic solvents or by using chemistry
compatible with aqueous solvents. Lipases, for example those from Candida antartica and
Pseudomonas sp., can be used in organic solvents such as cyclohexane, t-BuOH, THF, and even
triethylamine, either in free solution or immobilized. 15,21–23 They have been used successfully in
one-pot reactions in the presence of acetone cyanohydrin with strongly basic anionic exchange
resins, Pd–C, organometallic ruthenium, aluminum, and iridium catalysts.

The use of enzymes in organic solvents can also take advantage of spontaneous air oxidations,
rearrangements, or cycloadditions, such as the air-oxidation of catechol produced from phenol by
tyrosinase, to form ortho-quinone, followed by a Diels-Alder addition to various dienophiles in
chloroform.13 It is interesting that an attempt to allylate the final product with the Lewis acid
Sc(CF3SO3)3 and (Allyl)4Sn would not proceed unless the enzyme and excess dienophile were
removed first.

As described previously, the conditions of the chemical step can completely deactivate the
biocatalyst, but they could also modify the functional group intended for transformation by the
enzyme. One-pot aqueous reactions can still be achieved in these cases, but the chemical reagents
must be added after completion of the enzyme reaction. For example, in the chemo-enzymatic
synthesis of 2′-deoxynucleosides, Candida antartica lipase is used in dry THF to regioselectively
propionylate 2-deoxy-D-ribose at the primary hydroxyl group. This is followed by the addition of
acetic anhydride and pyridine to acetylate the remaining free hydroxyl groups, only after the primary
hydroxyl group has been blocked.15 Although only used for preparative chemistry with an expensive
single use of the enzyme, such reports indicate potential integration if the enzyme could be made
robust enough for multiple cycles.

Many chemical transformations can be adapted for use in water and are therefore potentially
compatible with the preferred conditions for biocatalysis. The possibility of performing one-pot
reactions with aqueous chemical steps alongside biocatalysis has opened up the possibility of
driving reversible enzyme reactions to completion,24 enhancing enzyme-substrate binding through
reversible modification with arsenates,25 and achieving deracemizations or dynamic kinetic resolu-
tions (DKRs) with boranes or mild bases.14,26–28

The use of aqueous chemical steps in one pot with biocatalysis can often lead to gradual
deactivation of the biocatalyst, thus limiting its reusability. For example, although vinyl esters as
acyl donors can make an enzymatic transesterification irreversible, the resulting formation of an
aldehyde by-product can lead to enzyme deactivation through the formation of a Schiff’s base with
lysine sidechains.24

21.4 PRACTICAL EXAMPLES

In the following section some specific examples of one-pot syntheses are described together with

have been divided between approaches that are applicable for use in aqueous environments and
those that must be used in organic solvents.

21.4.1 CHEMISTRY IN AQUEOUS ENVIRONMENTS

An emerging technique that takes advantage of the compatibility of aqueous chemistry and bioca-
talysis is the use of in situ reactions to promote deracemizations or DKRs.31 For example, reductive

© 2006 by Taylor & Francis Group, LLC

the rationale for adopting such approaches. These are summarized in Table 21.2. The examples
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TABLE 21.2
Summary of Published Approaches to One-Pot Syntheses Showing the Target Classes of Compounds and the Rationale for Process Integration

Reaction/Product Process Step(s) Solvent Chemical Step(s) Enzyme Step(s) Refs

Aldol addition with 
unphosphorylated substrate

One-pot H2O Dihydroxyacetone + HOAsO3
2– Aldolase (FruA) + R-CHO 25

Deracemization of amines One-pot H2O Ammonia–borane Preevolved amine oxidase 26
Deracemization of amino-acids One-pot H2O NaCNBH3 or NaBH4 Amino acid oxidase 2,7,14
Irreversible transesterification using 

enol esters
One-pot H2O Enol tautomerization Lipase 24

DKR of thioesters for carboxylates One-pot H2O, MeCN Trioctylamine Subtilisin Carlsberg 28
DKR of thioesters for oxo-esters One-pot Toluene Triethylamine CA lipase + n-BuOH 28
DKR of aldehydes via cyanohydrins 

for cyanohydrin acetates
One-pot (iPr)2O Acetone cyanohydrin + anion exchange resin 

(OH- form)
Pseudomonas sp. lipase + 

isopropenyl acetate
29

Enantioselective synthesis of 3-
hydroxypiperidin-2-ones

MeOH, CH2Cl2 1) O3 (ozonolysis) 30
Purification H2O 2) CR lipase
One-pot sequential H2O 3) LDH + FDH + NADH
Purification Not given 4) CH2N2

Purification Not given 5) PtO2, H2

One-pot Not given 6) Spontaneous cyclization
Catechol synthesis
from glucose-6-phosphate

H2O 1) DOIS +NAD 20
One-pot processing AcOH 2) Conc. HI, 70°C, under Ar

2′-deoxynucleosides Dry THF 1) CA lipase + propionic anhydride 15
One-pot sequential Dry THF 2) Ac2O, pyr

DKR of phenethylamine
acetylation

One-pot Et3N Pd–C,H2, 50°C, under Ar Immobilized CA lipase + AcOEt 23

DKR of alcohol acetylation 
(e.g., (R)-1-indanol)

One-pot t-BuOH Organometallic Ruthenium catalyst for alcohol 
racemization, 70°C, under Ar, 1 eq. ketone

CA lipase + ROAc 22

DKR of alcohol acetylation One-pot C6H12 or CH2Cl2 and 
vinyl acetate

Al, Ir, or Rh catalysts for secondary alcohol 
racemization with up to 1 eq. ketone

Pseudomonas sp. lipase or 
Pseudomonas fl. lipase at 20–80°C

21

Hydroxylation-oxidation-Diels-Alder 
domino reaction

CHCl3 1) Tyrosinase for phenol to catechol 13
One-pot CHCl23 2) Air oxidation of catechol to ortho-quinone
One-pot CHCl3 3) Diels-alder with dienophiles
Purification CHCl3 4) Allylation with Lewis acid Sc(CF3SO3)3 and 

(Allyl)4Sn

CA, Candida antartica; CR, Candida rugosa; DKR, dynamic kinetic resolution; DOIS, 2-deoxy-cyllo-inosose synthase; LDH, lactate dehydrogenase; THF, tetrahydrofuran.
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aminations using borohydride, cyanoborohydride, or amino-boranes have been used in one-pot
reactions alongside amine oxidases to deracemize α-amino-acids and α-methylbenzylamine.14,26,27

A D-amino-acid oxidase was used to form an imine from the corresponding D-amine of a racemic
26 The borane then reduced the imine in situ to form

both the D- and L-amine. In this manner, the original racemic amine can be deracemized to the L-
amine in high yield and enantiomeric excess.

DKR of thioesters (Scheme 21.2) with a chiral center at the α-carbon has been achieved in a
water/acetonitrile biphasic system by racemization with mild organic bases, such as trioctylamine,
coupled to enantioselective hydrolysis of the thioester with subtilisin Carlsberg.28 Such an approach
can be applied to a wide variety of thioesters but not oxoesters, which have less acidic α-protons.

21.4.2 CHEMISTRY IN ORGANIC ENVIRONMENTS

The DKR hydrolysis of thioesters described previously has also been extended to transesterifications
in toluene, using triethylamine and Candida antartica lipase.28 This general approach can therefore
be applied to the resolution of a wide range of both water-soluble and water-insoluble thioesters
by selecting an appropriate solvent, base, and enzyme system.

Dinh and co-workers have shown that transition metal and aluminum catalysts can be used for
DKR during the enantioselective biotransformation of alcohols to esters.21 Pseudomonas fluorescens
lipase catalyzes the transesterification of R-phenethyl alcohol with vinyl acetate in dichloromethane
or cyclohexane. The temporary oxidation and reduction of the remaining alcohol using the transition
metal catalyst allows the S-enantiomer to be recycled during the reaction. Two of the catalysts,
[Rh(cod)Cl]2 and Rh2(OAc)4, achieved respectively 80% ee at 76% conversion and 98% ee at 60%
conversion. In principle, high enantioselectivity should be achievable at 100% conversion, and the
results achieved led the authors to suggest that the transition metal affects the enzyme selectivity
or possibly catalyzes an achiral transesterification.21 One further drawback of using these transition
metal catalysts is the requirement for up to stoichoimetric quantities of the ketone formed during
temporary oxidation. A similar requirement for 1-indanone was also obtained by Larsson and co-
workers in the esterification of R-1-indanol by DKR using a ruthenium catalyst and Candida
antartica lipase in t-BuOH.22 The authors also found that a careful choice of ruthenium catalyst
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mixture (Scheme 21.1) (see also Chapter 2).
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for the racemization step had to be made to ensure compatibility with the enzyme and acyl donor.
The initially most promising catalyst [(PPh3)3RuCl2] proved to be less active in their presence.

Muller and co-workers have demonstrated the potential of coupling several spontaneous chem-
ical steps to biocatalysis in a one-pot domino reaction to form bicyclo[2.2.2]octenes.13 A tyrosinase
from mushrooms was immobilized on glass beads with the phenol substrate in a mixture of
chloroform and a dienophile under air. Tyrosinase can transform a wide variety of phenols to the
corresponding catechol, and the presence of air resulted in spontaneous oxidation to the ortho-
quinone (Scheme 21.3). The presence of a dienophile then resulted in a Diels-Alder cycloaddition
to form the bicyclo[2.2.2]octene product. Significant yields were achieved with a broad range of
phenols and dienophiles.

21.5 SUMMARY AND FUTURE TRENDS

Many of the issues described in this chapter that potentially arise when integrating chemical with
biocatalyst transformations can be addressed by modifying the biocatalyst. In particular, directed
evolution can be used to modify enzyme properties32–34 and to some extent the properties of whole
cells.35 The carryover of reagents, solvent, catalysts, and side products formed during chemical
transformations may affect subsequent biocatalytic steps. Directed evolution could, therefore, be
used to evolve an enzyme that is more soluble and active in the presence of organic solvent, for
example in the presence of dimethylformide (DMF)36 or potentially for an enzyme that is resistant
to inactivation through degradation or modification by reactive chemical contaminants. In cases
where biological contaminants from a biocatalytic step poison subsequent chemical reactions,
directed evolution could potentially be used to minimize these effects. For example, an enzyme
evolved for enhanced product selectivity or product yield, or for reduced product inhibition, would
minimize the concentration of remaining substrates or sideproducts able to contaminate subsequent
less selective chemical steps. Enhanced enzyme immobilization, and, therefore, an improved purity
of the biocatalyst would also reduce the potential levels of contaminants in subsequent chemical
transformations.

Whether processes include biocatalysis followed by chemistry or vice versa, it would be
advantageous to match the solvent composition, pH, and process intensities of both steps. In many
cases the solution of choice may be to modify the enzyme to operate most effectively under
conditions that favor the chemical transformation (i.e., in an organic solvent or an aqueous-organic
solvent biphasic mixture). The engineering principles governing the design of such processes are
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now well-established,37 and many such processes are operated commercially.38 Alternatively,
research has identified room temperature ionic liquids as an entirely new class of reaction solvents.39

These are proving to be very interesting media for both chemical40,41 and biocatalytic42–44 conver-
sions and may have a particular role in facilitating integrated chemical and biocatalytic processes.
For example, the chemo-enzymatic synthesis of the opioid oxycodone has been reported using a
single, biocompatible ionic liquid as the reaction medium.45

In this chapter the principles of integration of biocatalytic and chemical steps have been
explained. The key factors limiting the successful operation of integrated reaction sequences have
also been identified together with genetic and process-engineering solutions that can be used to
overcome such limitations. Clearly the industrial implementation of integrated conversion processes
will require issues of scale up to be addressed, particularly those related to reactor heterogeneity.
Such studies will be crucial if the integration benefits identified in the development laboratory are
to be predictably reproduced at manufacturing scale.
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22.1 INTRODUCTION

This chapter covers reactions where a stereogenic sp3 center is inverted or undergoes a substitution
reaction. To control the stereochemical outcome of a substitution reaction, an SN2 mechanism
usually has to be used. As a consequence, inversion of configuration is usually observed, although
in some reactions two sequential substitutions can occur to give the overall appearance of retention.
The use of an SN2 reaction necessitates the establishment of the stereogenic center in the reactant.
When an isolated center undergoes this type of reaction, it is usually to correct stereochemistry.

This chapter also includes reactions of epoxides and surrogates, as well as reactions at isolated
centers. In the cases of vicinal functional groups, an asymmetric reaction can be used to introduce
the vicinal functionalization and generate the stereogenic center, as with an epoxidation reaction.1

Another type of substitution reaction is increasing in popularity—the use of an allylic substrate,
such as an allyl acetate where the nucleophile is introduced with stereochemical control in the
presence of a palladium catalyst and a chiral ligand. Reactions where a chiral anion, be it derived
from a chiral heteroatom group, such as a sulfoxide, or an auxiliary, such as Evans’s oxazolidinones,
are not included in this chapter because the alkyl halide is usually relatively simple and the
stereochemical selectivity is derived from the system itself.

22.2 SN2 REACTIONS

Often the purpose of a substitution reaction at a saturated center is to correct stereochemistry. An
example is provided in the Sumitomo approach to pyrethroid alcohols where the undesired isomer

2
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is inverted in the presence of the required one (Scheme 22.1).
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N

2-chloropropionic acid (1) to the R-2-aryloxy derivative 2.3 These compounds are also available
from lactic acid by substitution reactions; R-lactic acid (3) requires two inversions, whereas S-
lactate (4) only requires one (Schemes 22.2 and 22.3).4

An additional example of the undesired isomer being inverted is provided in an approach to
5
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the pyrethroid, prallethrin (5) (Scheme 22.4).

The phenoxypropionic acid herbicides (Chapter 31) rely on an S 2 reaction to convert the S-
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Reaction conditions must be carefully controlled to ensure that these types of substitution
reactions proceed through an SN2 mechanism and inversion occurs at the stereogenic center. The
Mitsunobu reaction is the most common way to bring about inversion by nucleophilic attack, but
it is plagued by the formation of large amounts of by-products.6,7 In some examples, as with hydroxy
groups, this is not a trivial undertaking.1 An example for the inversion of the hydroxy group is with
menthol that uses dicyclohexylcarbodiimide to activate the hydroxy group (Scheme 22.5).8

The use of picolinic and 6-methylpicolinic acids in a Mitsunobu reaction has been advocated
because the resultant esters are readily cleaved by copper(II) (Scheme 22.6). The advantage is that
ester cleavage occurs under neutral conditions, which minimizes the risk of elimination even with
base-sensitive systems.9

The Mitsunobu reaction of 2,3-dihydroxy esters is regioselective and occurs at the β-position
only. Through careful choice of the nucleophile and the reaction sequence, both stereoisomers at

10
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this position can be obtained (Scheme 22.7).
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22.3 EPOXIDE OPENINGS

Although considerable effort has been expended on asymmetric routes to the structural motif within
a number of beta-blocker drugs, there has been little financial reward. Through the use of a chiral
equivalent of epichlorohydrin (X = Cl), a substitution reaction at the sp3 center followed by epoxide
opening allows for entry into this class of drugs. The stereogenic center of the epoxide is retained
throughout this sequence (Scheme 22.8).11

A considerable amount of work was required to optimize the leaving group and avoid racem-
ization through a Payne rearrangement mechanism.12 Of course, the Sharpless epoxidation of allyl
alcohols is well-known to access these 3-functionalized epoxides.

Manganese complexes provide sufficient induction for synthetic utility for the preparation of
13–18 The manganese(III)salen complex 6 can

also use bleach as the oxidant rather than an iodosylarene.19,20
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unsubstituted epoxides (Scheme 22.9) (Chapter 9).



Substitution Reactions 433

The regioselective control for the nucleophilic opening of an epoxide in an acyclic system is
well-known.1,20 Under basic conditions, the nucleophile usually attacks the sterically less encum-
bered site, whereas under acidic conditions, the sterically more hindered site is favored.21–25 The
product invariably contains the functional groups in an ancat-disposition, when an SN2 pathway is
followed.1,20 Epoxides react with a wide variety of nucleophiles.26

22.3.1 HIV PROTEASE INHIBITORS

Human immunodeficiency virus (HIV) protease inhibitors have provided the pharmaceutical and
fine chemical industry with a number of difficult problems to solve. Most have complex structures
with a number of stereogenic centers that make synthetic sequences long. In addition, the dosages
of these drugs are relatively high, and large volumes have to be made. Because most may be
considered peptidomimetics, amino acids are often used as a starting material. A number of
candidates have relied on a homologation, formation of an epoxide, and opening with a nitrogen

27–35 The recrystallization of the intermediate removes the
unwanted diastereoisomer.

22.4 CYCLIC SULFATE REACTIONS

Cyclic sulfates provide a useful alternative to epoxides now that it is viable to produce a chiral
diol from an alkene. These cyclic compounds are prepared by reaction of the diol with thionyl
chloride, followed by ruthenium-catalyzed oxidation of the sulfur (Scheme 22.11).36 This oxidation
has the advantage over previous procedures because it only uses a small amount of the transition
metal catalyst.1,37,38

22.5 IODOLACTONIZATIONS

Intramolecular cyclization is a useful method for the preparation of lactones and cyclic ethers.39

The most common examples are iodolactonization and iodoetherification, the difference being that
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nucleophile (e.g., Scheme 22.10).
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the former uses a carboxylic acid derivative as the nucleophile, and the latter relies on a hydroxy
group. Thus, butyrolactones are available from γ,δ-unsaturated carboxylic acid derivatives,1,40,41

whereas unsaturated alcohols lead to cyclic ethers.42–45 Lactones are also available from a wide
variety of nucleophiles such as carbonates,46 orthoesters,47 or carbamates,48,49 which can all be used
in place of a carboxylate anion.49,50

The intermediate iodonium ion controls the relative stereochemistry of the cyclization. An
asymmetric center present within the substrate, therefore, allows for enantioselectivity (cf. Scheme
22.12).51 The reaction is very susceptible to the steric interactions within the transition state.48,51–53

Variations on this cyclization methodology include the use of bromine, rather than iodine;
again, both lactones and ethers can be prepared.1,47,54–57 An asymmetric bromolactonization proce-
dure affords α-hydroxy acids with good asymmetric induction.57–62

A further variation uses selenium or sulfur as the electrophilic species to induce cyclization.
The diversity of organoselenium or organosulfur chemistry is then available for further modification
of the product.1,63–75

22.6 ALLYLIC SUBSTITUTIONS

The allylic class of substitution reactions is gaining in popularity as catalysts become more general
and the factors that govern the selectivity are better understood.76,77 Allylic systems can undergo
nucleophilic substitution by either an SN2 or SN2′ reaction.78–81 The SN2 reaction can compete
effectively with an SN2′ reaction.

The use of a metal catalyst, such as palladium, also provides for some asymmetric induction
when an allylic system is treated with a stabilized anion (Scheme 22.13)82–103 or with other
nucleophiles.82,87,104–111 This approach also allows for the kinetic resolution of allyl acetates.104,112

The mechanism of allylic alkylation reactions has been the subject of significant investiga-
tion.80,113,114 The two major approaches were based on the use of a cyclic substrate and use of chiral

following general observations:
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substrates and have given rise to the model shown in Scheme 22.14. The model also includes the
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1. The allyl complex is generally formed with inversion of configuration.
2. If the leaving group is antiperiplanar to the metal, then formation of the π-allyl interme-

diate usually follows.115–117 
3. Attack by a “soft” nucleophile leads to inversion of configuration in the second step.118–127 
4. Attack by a “hard” nucleophile results in retention of configuration in the second step

because the metal center is attacked first (pathway B).128–131 

Palladium-catalyzed allylation reactions proceed with net retention of configuration that is the
result of two inversions.118–120,132–135 Grignard reactions with nickel or copper catalysis proceed with
net inversion.128,136–138

The methodology suffers from competition between syn- and anti-mechanisms in acyclic cases.
Indeed, the pathway may depend on the nature of nucleophile and substrate.78,139 In addition, there
is no clearcut differentiation between “hard” and “soft” nucleophiles in the model described.

Use of a chiral catalyst for allylic substitution reactions allows for desymmetrization reactions
140–143

When the allylic substituent is the source of chirality, then palladium-catalyzed substitutions
109 In this example, the geometry of

the double bond in the substrate controls the stereochemical outcome of the reaction.
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and asymmetric reactions (Scheme 22.15).

can lead to good asymmetric induction (Schemes 16 and 17).
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1-(2-Naphthyl)ethyl acetate (7) has been used as a substrate for palladium-catalyzed nucleo-
philic substitutions in the presence of chiral ligands (Scheme 22.18). The presence of the unsatur-
ation from the aromatic ring allows the intermediate π-allyl complex to form.144

Amino acids can be accessed by a palladium-catalyzed allylic substitution reaction (Scheme
22.19).145 Some ligand screening is necessary to obtain high selectivity in a specific case. Indeed,
a wide range of ligands has been proposed for this and analogous reactions.145–148

An alternative amino acid synthesis that leads to γ-amino acids is outlined in Scheme 22.20.149
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A useful transformation that leads to chiral butenolides, in their own right useful chiral building
blocks, is the reaction of the butenolide 8 with a nucleophile, such as a phenol, in the presence of
a palladium catalyst (Scheme 22.21).150

For an example of an allylic substitution in a nonsteroidal antiinflammatory drug synthesis, see

Metals other than palladium and molybdenum can be used for allylic substitution reactions.
For example, nickel in the presence of the oxazolinylferrocenylphosphine 9 provides good asym-
metric induction for the reaction of a Grignard reagent with allylic electrophilic systems such as
acetates.151

An example of an SN2′ substitution reaction with a mixed zinc-copper reagent is shown in
Scheme 22.22. The product 9 was used to prepare the bicyclic enone 10. In this example the starting
alcohol gave rise to the asymmetric induction. The substitution was anti-selective.152

HIV protease inhibitor. A palladium-catalyzed opening of a vinyl epoxide set the quaternary

153
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stereogenic center (Scheme 22.23). A molybdenum-catalyzed allylic nuclophilic displacement was

The various allylic substitution reactions are illustrated in a synthesis of Tipranavir (11), an

used to access the benzylioc stereogenic center (Scheme 22.24).

Chapter 11, Section 11.3.5.



438 Handbook of Chiral Chemicals, Second Edition

22.7 SUMMARY

Substitution reactions allow for the introduction or change of functional groups but rely on the
prior formation of the stereogenic center. The approach can allow for the correction of stereochem-
istry. Reactions of epoxides, and analogous systems such as cyclic sulfates, allow for 1,2-function-
ality to be set up in a stereospecific manner. Reactions of this type have been key to the applications
of asymmetric oxidations. The use of chiral ligands for allylic substitutions does allow for the
introduction of a new stereogenic center. With efficient catalysts now identified, it is surely just a
matter of time before this methodology is used at scale.
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23.1 INTRODUCTION

The use of chiral auxiliaries has traditionally been in the academic and small-scale synthetic arenas.
This, in part, has been a result of the infancy of chiral auxiliaries themselves in organic synthesis.
Many of these chiral substrates have been developed only in the last 10–20 years, and their synthetic
utility is only now being realized. Additionally, many chiral auxiliaries are difficult to prepare and
handle at large scale. Only recently has their been considerable effort to produce large quantities
of the auxiliaries. Another important consideration is the cost of the auxiliary compared to alternate
methods, such as resolution. The experimental reaction conditions for some of the more common
chiral auxiliaries often call for specialized equipment, extreme temperature conditions, or both.
These factors, to date, have combined to limit the use of chiral auxiliaries on an industrial scale.

This chapter will attempt to summarize the application of chiral auxiliaries at a scale important
to the chiral fine chemical business. In addition, and as important, there are numerous cases where
a chiral auxiliary has been used in the early stages of pharmaceutical development and the potential
exists for this approach to be used in future work at larger scale. Last, there exists a limited number
of cases where the auxiliary exists as part of an active drug. The known industrial applications, the
potential applications, and the presence of auxiliaries in active drugs will all be addressed.

23.1.1 GENERAL CHIRAL AUXILIARY REVIEW

By definition, a chiral auxiliary differs from a chiral template in that the auxiliary is capable of
being recycled after the desired asymmetric reaction. Hence, chiral templates will not be included
in this chapter. The uses of a chiral moiety as a ligand for a reagent have also been excluded.
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A number of reviews exist on the formation and uses of chiral auxiliaries.1–7 Some of these
auxiliaries, such as oxazolines, can be used on their own or incorporated into chiral ligands for
asymmetric transition metal-catalyzed synthesis.7

7

(1),7–9 oxazolines (2),10,11 bis-oxazolines (3),12,13 oxazinones (4),14 and oxazaborolidines (5).15–17

Even the 1,2-amino alcohol itself can be used as a chiral auxiliary.18–22 Other chiral auxiliaries
examples include camphorsultams (6),23 piperazinediones (7),24 SAMP [(S)-1-amino-2-methoxy-
methylpyrrolidine] (8) and RAMP (ent-8),25 chiral boranes such as isopinocampheylborane (9),26

5, whereas others have only been used at laboratory scale (e.g., 6 and 7). It should be noted that
some auxiliaries may be used to synthesize starting materials, such as an unnatural amino acid, for
a drug synthesis, and these may not have been reported in the primary literature.

23.2 CHIRAL AUXILIARY STRUCTURES IN PHARMACEUTICALS

Chiral auxiliaries can serve as a chiral template, and the structural motif can be incorporated into
an active pharmaceutical. Although the chemistry of the chiral unit can be exploited, this is not a
true application of an auxiliary as the unit becomes part of the final molecule.

antibacterial,27,28 adhesion receptor antagonists,29,30 tumor necrosis factor inhibitors,31 platelet aggre-
gation inhibitors,32 antimigraine drugs,33 and monoamine oxidase inhibitors.34,35 In one case, an
oxazolidinone has been used as a transdermal drug delivery agent.36

prevalent compared to the oxazolidinones, examples include antiinflammatories37,38 and nitric
oxide–associated diseases.39

Although this application area is intriguing, the focus of this chapter remains on the broader
application of chiral auxiliaries for asymmetric synthesis.
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The oxazolidinone-based compounds are the most common (Figure 23.1), and examples include

Oxazoles and isooxazoles are also found in many active drugs (Figure 23.2). Although not as

and tartaric acid esters (10). For examples of terpenes as chiral auxiliaries, see Chapter 5. Some

Many chiral auxiliaries are derived from 1,2-amino alcohols.  These include oxazolidinones

of these auxiliaries have been used as ligands in reagents (e.g., Chapters 17 and 24), such as 3 and
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FIGURE 23.1 Examples of oxazolidinones as part of the structures of active pharmaceuticals.

FIGURE 23.2 Examples of oxazoles and isoxazoles in active pharmaceuticals.
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23.3 THE APPLICATION OF CHIRAL AUXILIARIES IN INDUSTRY

23.3.1 EZETIMIBE

Schering-Plough uses (S)-4-phenyl-2-oxazolidinone in the large-scale production of their choles-
terol absorption inhibitor Zetia (ezetimibe) (11) (Scheme 23.1).40–42 Condensation of the alcohol
12 with imine 13 in the presence of a Lewis acid such as TiCl4 and tertiary amine base yields
compound 14. Silylation followed by intramolecular cyclization with tetrabutylammonium fluoride
(TBAF) yields the protected ezetimibe 15. Removal of the protecting groups is carried out with
weak acid to afford Ezetimibe (11).
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23.3.2 PNP405

The (R)-4-phenyl-2-oxazolidinone auxiliary was used in the process development and scale up of
Novartis’ purine nucleoside phosphorylase inhibitor PNP405 (16) (Scheme 23.2).43 Asymmetric
alkylation of 17 with bromoacetonitrile provided a 7:1 diastereoisomeric ratio of crude 18. Recrys-
tallization afforded 18 in 80% yield and >99% de. Simple addition of sodium borohydride in
tetrahydrofuran (THF)-water at room temperature44 resulted in the desired γ-cyano alcohol 19 and
recovery of the auxiliary.

23.3.3 ZAMBON NAPROXEN PROCESS

45–49 In initial studies, the acetal 21 was used to allow a stereoselective bromination that
resulted in a 91:9 ratio of the (RRS)- and (RRR)-bromo derivatives 22 and 23. The bromo acetal
diesters could be completely separated. Debromination of 22, followed by acid hydrolysis, led to
formation of (S)-naproxen (20) in 80% yield, >99% ee, and recovery of the auxiliary. Conversely,
debromination and hydrolysis of 23 gave only 12% yield of (R)-naproxen and 86% ee. In this case,
the hydroxy acetal 24 was the major product (68%). However, the auxiliary was recovered in
enantiomerically pure form.
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Tartaric acid has been used as a chiral auxiliary in a patented route to (S)-naproxen (20) (Scheme
23.3).
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23.3.4 PARKE-DAVIS ROUTE TO CI-1008

An anticonvulsant, CI-1008, also called Pregabalin (25), was developed using the Evans’ oxazoli-
dinone auxiliary 26 derived from (1S,2R)-(–)-norephedrine.50 The route was scaled up to produce
several hundred kilogram quantities at production and pilot plant scale and provided early clinical
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trial material (Scheme 23.4).
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It was found that the acylation step could be run efficiently at 0°C. However, it was observed
that even a slight excess of n-BuLi (<5%) resulted in a 15% yield loss at the acylation step,
accounted for by the epimerization of the carbon adjacent to the phenyl ring on the oxazolidinone.
It was noticed that a red color resulted when excess n-BuLi was present as a result of the formation
of a dianionic species. Thus, stopping the addition when only the characteristic yellow color was
present maintained the normally high yields (95%) for this acylation. 

The alkylation step could be run as high as –35°C, but higher than this temperature a side
product formed. This was a result of decomposition of the lithium enolate through a ketene that
underwent alkylation with tert-butyl bromoacetate (Scheme 23.5).

Overall recovery of the auxiliary was 64%. On cost estimates for scale up work it was found
that the previously mentioned chiral auxiliary route exceeded the desired cost by a factor of six,
primarily as a result of the cost of the chiral oxazolidinone and a yield of 33% over 10 steps. The
route was ultimately replaced with a classical resolution protocol using mandelic acid, and this has

23.4 POTENTIAL APPLICATIONS OF CHIRAL AUXILIARIES 

There are numerous examples where the potential for the application of chiral auxiliaries, once
again primarily oxazolidinones, exists for an industrial setting. 

The synthesis of calcium channel blockers of the diltiazem group, effective in lowering blood
51 A screening of several auxil-

iaries yielded acceptable ee, but it was found that the use of (1R,2S)-2-phenylcyclohexanol (27)
gave the required diastereoisomer 28 as the major isomer.52–54 The intermediate could be isolated
readily, and the auxiliary could be recycled simply by base hydrolysis. Multi-kilogram quantities
of enantiomerically pure naltiazem (29) and diltiazem (30) were produced by this method.
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been superseded by asymmetric approaches (see Chapter 12). 

pressure, has been reported by Hoffmann-LaRoche (Scheme 23.6).
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Alternatively, diltiazem (30) has been prepared using the Evans’ auxiliary derivative 31 derived
from L-valine (Scheme 23.7).55 After dehydration of the adduct from the condensation of 31 with
anisaldehyde through the mesylate, the enol ether was formed with a Z:E ratio of 4:1. This imide
was then treated with 2-aminothiophenol in the presence of 0.1 equiv. 2-aminothiophenoxide with
no change in the isomer ratio. The auxiliary was removed with trimethylaluminum, with concom-
itant formation of the lactam. After separation by crystallization, the correct diastereoisomer was
converted to diltiazem in >99%ee.
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Lilly has used an Evans’ auxiliary in its synthesis of LY309887 (32), a dideazafolate antitumor
agent (Scheme 23.8).2 The de of the key step, reaction of the titanium-derived enolate, was >98%.
It was noted that the auxiliary could be recycled after cleavage with lithium borohydride.

Amides of (S)-lactic acid have been used as chiral auxiliaries in the dynamic kinetic resolution
of racemic ibuprofen (Scheme 23.9).56 The therapeutically effective (S)-isomer 33 was obtained in
80% yield, with complete recovery of the pyrrolidine-derived (S)-lactamide auxiliary 34.
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Merck and Banyu process research and development teams have demonstrated the use of chiral
auxiliaries for the production of an endothelin receptor antagonist.57 In one step, (1R, 2S)-cis-
aminoindanol is used as the chiral auxiliary in the alkylation of the enolate derived from the

In a separate step of the process, either (1S, 2S)-(+)-pseudoephedrine (37) or N-methyl-(1S,
2R)-cis-1-amino-2-indanol (38) was successfully used as auxiliaries for the chiral Michael addition
of an aryllithium to give compound 39 (Scheme 23.11).57
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propionyl amide 35 with benzyl chloride 36 (Scheme 23.10) (cf. Chapter 24).
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Bio-Mega/Boehringer Ingelheim have used an oxazolidinone auxiliary in the synthesis of renin
inhibitors (e.g., 40) for the treatment of hypertension and congestive heart failure.58 A multi-step
derivitization of the oxazolidinone 41 from reaction of (S)-4-(1-methylethyl)-2-oxazolidinone and
4-bromo-4-pentenoic acid yielded the desired compound.

The optically active alkaloid Bao Gong Teng A (42), used to treat glaucoma, has been prepared
with methyl (S)-lactate as the auxiliary. The key step was the asymmetric 1,3-dipolar cycloaddition
of a 3-hydroxypyridinium betaine with the acrylate 43 where the auxiliary is attached directly to
the dienophile (Scheme 23.12). The auxiliary was removed, after several steps, yielding the desired
product in optically pure form but in only 9% overall yield.59,60

(S)-Proline has been used in the synthesis of (R)-etomoxir (44), a powerful hypoglycemic agent
61 A proline derivative was used for the diastereoselective bromolactonization step.

After hydrolysis of the auxiliary and further functional group transformations, the desired product
was obtained in an overall yield of 45%.
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(Scheme 23.13).
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Merck has used the L-phenylalanine-derived Evans’ oxazolidinone to make matrix metallopro-
62 The mixed anhydride of 4-

butyric acid was reacted with the lithium anion of the oxazolidinone. This was enolized with the
standard titanium reagents. An enantioselective Michael addition was then carried out by the
addition of t-butyl acrylate at low temperature. The auxiliary was removed with LiOH/peroxides
to give the acid, which was further derivatized over multiple steps to yield the desired drug.
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teinase inhibitors such as 45 (Scheme 23.14) (see also Chapter 2).
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23.5 SUMMARY

The use of chiral auxiliaries has seen, and will continue to see, an ever-increasing use in an industrial
setting. Heretofore, the use of such auxiliaries has been limited by their price, availability, and
novelty to large-scale production. The synthetic utility of many of the auxiliaries, particularly the
oxazolidinones, is just now being realized. Several of these auxiliaries are just now becoming
commercially available, which in turn should make them more competitive with alternate production
methods currently in practice. With the demand for producing single-enantiomer pharmaceuticals
continuing to increase, the future industrial use of chiral auxiliaries appears promising.
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24.1 INTRODUCTION

The significance of asymmetric synthesis has long been appreciated by the scientific community.
Indeed, natural products generally exist as a single enantiomer as a consequence of the inherent
chirality of the enzymes that produce them. Furthermore, enzymes, receptors and other binding
sites in biological systems recognize compounds with a specific chirality. Two enantiomers of a
chiral molecule can display dramatically different biological activities, to the point that one enan-
tiomer is an active drug and the other exhibits fatal toxicity. Therefore, the development of new
asymmetric synthetic methods for preparation of enantiopure materials has become of critical
importance.1,2
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In the search for easily accessible chiral templates for asymmetric transformations, chiral amino
alcohols derived from α-amino acids have been identified as versatile reagents for the generation
of enantiopure compounds and have been used in numerous efficient auxiliary-directed and catalytic
asymmetric reactions. Amino alcohols that are not derived from the chiral pool sometimes offer
advantages in terms of structural diversity and conformational properties. Among those, cis-1-
amino-2-indanol (1) played a crucial role in the development of biological systems. Since its
discovery as a valuable human immunodeficiency virus protease (HIV-PR) inhibitor ligand, many
asymmetric methodologies have emerged that use 1 as a constrained phenyl glycinol surrogate.
The rigid skeleton of auxiliaries and catalysts derived from cis-aminoindanol is the key element in
attaining high selectivities. Because both enantiomers of 1 are readily accessible and now com-
mercially available, both enantiomers of a target molecule can be easily prepared.3–5

development of new methodologies for the asymmetric synthesis of organic compounds. Other

24.2 CIS-1-AMINO-2-INDANOL IN BIOLOGICAL TARGETS

In the course of structure-activity relationship studies, the incorporation of cis-aminoindanol as
chiral amino alcohol P2′ ligand in an HIV-PR inhibitor series led to the discovery (at Merck) of
potent inhibitor L-685,434 (2). This compound displayed enzyme-inhibitory potency (IC50) of 0.3
nM and antiviral potency (CIC95) of 400 nM. Subsequent crystallographic experiments of enzyme-
inhibitor complexes revealed that the indane hydroxyl group acted as carbonyl surrogate, which
seemed to indicate that conformationally constrained β-hydroxy amines could be generally useful
as amino acid replacements. However, L-685,434 suffered from aqueous insolubility (Figure 24.1).6

FIGURE 24.1 Structure of human immunodeficiency virus protease (HIV-PR) inhibitor L-685,434 (2).
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chiral auxiliaries are discussed in Chapter 23. The use of the amino alcohol 1 in resolutions is

This chapter focuses on the importance of cis-1-amino-2-indanol as a chiral template in the

discussed in Chapter 8, whereas applications of 1 as a ligand are in Chapter 17.
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The physical properties of 2 were modified by introduction of polar substituents to improve
both antiviral potency and hydrophilicity. These studies led to the discovery of L-689,502 (3) and
L-693,549 (4), each bearing a polar, hydrophilic substituent at the para position of the P1′ phenyl
ring.7–9 Both compounds indeed displayed improved solubilities and antiviral potencies (Table 24.1).
An inhibitor with pseudo-C2-symmetry, L-700,417 (5) was designed by rotation of the C-terminal

10 Askin and co-workers reported
a concise and practical synthesis of compounds 2–5 by diastereoselective alkylation of a chiral
amide enolate derived from (1S,2R)-aminoindanol.11 This strategy, which efficiently used the cis-
aminoindanol platform as chiral auxiliary, is fully detailed later in this chapter.

Further modification on 2 at P1, P1′, and P2′ led to several hydroxy ethylene isosteres (e.g., 6
and 7),12–14 which displayed poorer enzyme inhibitory and antiviral potencies than 2 (Table 24.1).
Incorporation of the constrained 3-S-tetrahydrofuranyl urethane in place of the N-terminus acyclic
tert-butyl urethane in 2 resulted in a remarkable 10-fold increase in enzyme inhibitory potency
(IC50 <0.03 nM) and more than 100-fold increase in antiviral potency (CIC95 = 3 nM).15 Although
very potent, the optimized inhibitors of the hydroxy ethylene isostere series still lacked adequate
aqueous solubility and acceptable pharmacokinetic profile (Figure 24.2).

In 1994 Merck researchers disclosed the design and pharmacologic properties of orally bio-
available HIV-PR inhibitor L-735,524 (9), which eventually became known as therapeutic agent
Indinavir and was commercialized as Crixivan®.16–22 It was hypothesized that incorporation of a
basic amine, present in the potent HIV-PR inhibitor Ro 31-8959 (10, Saquinavir®), into the backbone
of the L-685,434 series would improve the bioavailability of these compounds. Replacement of P2/P1

ligand of 2 (N-Boc and phenyl moieties) by the P2′/P1′ ligand of 10 (decahydroisoquinoline tert-butyl
amide) was envisioned to enhance aqueous solubility of the series. Despite the high enzyme-inhibitory

TABLE 24.1
Enzyme Inhibitory and Antiviral Potencies 
of Selected HIV-PRa Inhibitors

Inhibitor IC50 (nM) CIC95 (nM) Reference

L-685,434 (2) 0.3 400 6
L-689,502 (3) 0.45 6–50 7
L-693,549 (4) 0.1 (MIC100 = 25–50) 9
L-700,417 (5) 0.67 100 10
6 110 — 12
7 (Ki = 220 nM) — 13
8 <0.03 3 15
11 7.6 400 16
Indinavir (9) 0.35 25–100 16
L-748,496 (17) 0.12 6–12 25
MK-944a (18) 0.18 29 26
19 47 — 27
20 3 — 28
21 (Ki = 0.4 nM) — 29
22 (Ki = 0.5 nM) — 30

a HIV-PR, human immunodeficiency virus protease.
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half of 1 around the central hydroxyl-bearing carbon (Figure 24.2).
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potency of the resulting 11 (IC50 = 7.6 nM) and its favorable pharmacokinetic profile, this novel inhibitor
displayed low antiviral potency (CIC95 = 400 nM). Systematic modification of the decahydroisoquin-
oline ring by 3-pyridylmethylpiperazine finally led to the discovery of L-735,524, which possessed
high enzyme-inhibitory and antiviral potencies (IC50 = 0.35 nM, CIC95 = 25–100 nM) as well as
a good pharmacokinetic profile. Improvement in formulation with the sulfate salt of 9 gave increased

16

The industrial production of Crixivan® (9·H2SO4) took advantage of the chirality of (1S,2R)-
aminoindanol to set the two central chiral centers of 9 by an efficient diastereoselective alkylation-
epoxidation sequence.17 The lithium enolate of 12 reacted with allyl bromide to give 13 in 94%
yield and 96:4 diastereoselective ratio. Treatment of a mixture of olefin 13 and N-chlorosuccinimide
in isopropyl acetate–aqueous sodium carbonate with an aqueous solution of sodium iodide led to
the desired iodohydrin in 92% yield and 97:3 diastereoselectivity. The resulting compound was
converted to the epoxide 14 in quantitative yield. Epoxide opening with piperazine 15 in refluxing
methanol followed by Boc-removal gave 16 in 94% yield. Finally, treatment of piperazine derivative
16 with 3-picolyl chloride in sulfuric acid afforded Indinavir sulfate in 75% yield from epoxide 14

17–22

Continuing efforts23,24 in the search for more effective protease inhibitors containing amino-
indanol as P2′ ligand led to the discovery of the Indinavir backup candidate L-748,496 (17).
Replacement of the P1′ benzyl moiety of 9 by a pyridyl methyl group improved both aqueous
solubility and oral bioavailability of compounds with a highly lipophilic P3 ligands such as [3,2b]-
thienothiophene. HIV-PR inhibitor 17 was revealed to be 3 times as potent as Indinavir against
HIV-1 (IC50 = 0.12 nM) and in cell culture and displayed excellent pharmacokinetic properties.25

However, this compound did not show improved pharmacokinetic half-life over Indinavir in several

FIGURE 24.2 Human immunodeficiency virus protease (HIV-PR) inhibitors 3–8.
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aqueous solubility and oral bioavailability (Figure 24.3).

and 56% yield for the overall process (Scheme 24.1).
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animal models. Benzofuran derivative 18, despite its low aqueous solubility, was later identified as
a more suitable backup candidate because it was found to be slightly more effective in cell culture

26

In 1996 researchers at Sandoz disclosed the incorporation of cis-aminoindanol in their lead
compound for HIV-PR inhibition.27 The most potent compound of their new series (19) only showed
an IC50 of 47 nM and had nonexistent oral bioavailability (Figure 24.4, Table 24.1).27

Research groups at Glaxo-Wellcome and Vertex have disclosed a novel series of HIV-PR
inhibitors containing a conformationally constrained P1/P2 heterocycle.28 Preliminary studies sug-
gested that a 5-membered ring scaffold may be superior to somewhat more flexible 6-membered
ring systems such as pyrimidines. Ligand screening led to compound 20, described as roughly
equipotent to Indinavir (Figure 24.4, Table 24.1).28

Finally, Samuelsson and co-workers designed a new C2-symmetric HIV-PR inhibitor, on the
basis of X-ray crystal structures, which indicated that the HIV protease existed as a C2-symmetric
dimer. The peptidomimetic scaffold of this new class of inhibitors was based on D-mannitol and
duplication of the C-terminus. Compounds 21 and 22 were rapidly synthesized and displayed
comparable enzyme-inhibitory and antiviral potencies to Indinavir (Figure 24.4, Table 24.1).29–32

Researchers at DuPont also took advantage of the cis-aminoindanol moiety to develop a new
series of potent, selective, and orally bioavailable aggrecanase inhibitors.33 Aggrecanase is mainly

FIGURE 24.3 Design concept of Indinavir.
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assays than Indinavir in suppressing the spread of HIV-1 infection (Figure 24.4, Table 24.1).
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SCHEME 24.1

FIGURE 24.4 Human immunodeficiency virus protease (HIV-PR) inhibitors 17–22. 
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responsible for a degenerative joint disease. Preliminary studies identified 23 as a very potent and
selective aggrecanase inhibitor (IC50 = 12 nM), with excellent oral bioavailability and pharmaco-
kinetic profile.34 Subsequent work at Bristol-Myers-Squibb led to the discovery of 24, in which the
potentially metabolically labile hydroxyphenyl has been replaced by a biphenyl group. This new
inhibitor displayed remarkably increased potency (IC50 = 1.5 nM) and selectivity over 23 and
represented a fresh lead in development of new medication for degenerative joint disease (Figure
24.5).35

24.3 PRACTICAL SYNTHESIS OF ENANTIOPURE 
CIS-1-AMINO-2-INDANOL

Until recently, syntheses of enantiopure cis-aminoindanols relied either on starting materials from
the chiral pool or on chemical or enzymatic resolution of racemic intermediates.7,36–41 Advances in
catalytic asymmetric epoxidation (AE) and asymmetric dihydroxylation (AD) of prochiral
olefins42–48 enabled the development of truly practical asymmetric syntheses of cis-1-amino-2-

49–54

Research groups at Sepracor53,54 and Merck50–52 independently developed similar strategies to
access (1S)-amino-(2R)-indanol. Both processes used Jacobsen’s Mn-(salen) catalyst (MnLCl,
28)42–44,55 for indene epoxidation, followed by chirality transfer of the C–O bond of indene oxide

The Sepracor group demonstrated that (1R,2S)-indene oxide 26 could be prepared from readily
available indene 25 in the presence of 1.5 mol% of (R,R)-MnLCl and 13% NaOCl in dichlo-
romethane in 83% yield and 84% ee (Scheme 24.2). Chiral indene oxide 26 was then subjected to
nucleophilic opening with ammonia to provide trans-aminoindanol, which was transformed without
isolation to its benzamide under the Schotten-Baumann condition (83% ee, >99.5% ee after
recrystallization). The optically pure trans-benzamidoindane was then converted to the optically
pure benzaoxazoline 27 by exposure to 80% H2SO4, followed by addition of water to give cis-1-
amino-2-indanol.53,54 The sequence was demonstrated on multi-kilogram scale to prepare optically
pure (1R, 2S)-1 in 40% yield from indene.

A complementary approach to the synthesis (1R,2S)-1 has been developed by Merck using
(S,S)-MnLCl catalyst in a hypochlorite medium to provide (1S, 2R)-indene oxide 26. This inter-
mediate was converted without isolation to cis-aminoindanol in a stereoselective and regioselective
manner using Ritter technology (Scheme 24.2). Several key issues, detailed later in this chapter,
have been addressed and resolved in both Jacobsen’s AE52 and Ritter technology50 to develop a
reproducible and practical large-scale process for the synthesis of enantiopure cis-aminoindanol.

FIGURE 24.5 Structures of aggrecanase inhibitors.
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26 to obtain enantiopure (1S)-amino-(2R)-indanol (Scheme 24.2).

indanols (see Chapter 9).
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24.3.1 ASYMMETRIC EPOXIDATION OF INDENE

Chiral manganese-salen complexes have proved to be effective catalysts in the asymmetric epoxi-
dation of unfunctionalized olefins.42–48 In these salen systems, addition of appropriate N-oxides
both activates and stabilizes the catalyst systems.56,57 It was illustrated that the addition of an axial
ligand, such as commercially available phenyl propyl pyridine N-oxide (P3NO),55 to the (S,S)-
MnLCl-NaOCl-PhCl system resulted in a highly activated and stabilized catalyst for indene epoxi-
dation.52 Furthermore, the catalyst loading could be reduced to less than 0.4 mol%. Mechanistic
studies indicated that the active catalyst was Mn(V)-oxo 29 species52 and that hypochlorous acid
(HOCl) was the true oxidant.58 The slow step of the epoxidation process was identified as the

 58 During the development of the
epoxidation of indene, the Merck group observed that NaOCl decomposed throughout the course
of the reaction, which presented problems with reagent stability and stoichiometry. A secondary
oxidation process was identified to produce isonicotinic acid and benzoic acid via benzylic oxidation
of P3NO.52 Decomposition occurred as a result of the insufficient hydroxide amount in the hypochlo-
rite. Based on the equilibrium equations for HOCl and water dissociation, HOCl concentration is
inversely proportionate to the hydroxyl ion concentration (Scheme 24.3).58 Furthermore, the
hydroxyl ion concentration can be reduced by acid–base reaction with the carboxylic acid generated
from the secondary oxidation of P3NO. Proper adjustment of the hydroxyl ion concentration of
commercial 2M NaOCl from 0.03–0.18M to 0.3M stabilized the hypochlorite and minimized the
secondary oxidation. This reagent mixture was demonstrated on a multi-kilogram scale to afford
indene oxide in 89% yield with an optical purity of 88% ee.52

SCHEME 24.2

(R,R)-MnLCl 

(S,S)-MnLCl ((S,S)-7), PhCl 

25 

(1R,2S)-26 

O 
1 1. NH3/MeOH 

C-1 chirality transfer 
        process  

27 

Ph 

O 

N 

(1 S ,2 R )-26 

O 
2 1. Oleum, MeCN 

H2O 

OH 

NH2 

(1S,2R)-1 
C-2 chirality transfer 
    via Ritter process  

N N 

O O 

t-Bu 

t-Bu t-Bu 

t-Bu 

Mn 

Cl 

(R,R)-MnLCl (Jacobsen's catalyst, 28) 

N + 
O – 

Ph 

P3NO 

((R,R)-7) 
NaOCl, CH2Cl2 
84% ee 

2. PhCOCl, 
    NaOH 
3. 80% H2SO4 

NaOCl, P3NO 
88% ee 

2. H2O 
3. Tartaric Acid 

© 2006 by Taylor & Francis Group, LLC

oxidation of Mn(III) species 30 to Mn(V)-oxo 29 (Scheme 24.3).
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24.3.2 RITTER-TYPE PROCESS FOR CIS-1-AMINO-2-INDANOL SYNTHESIS

Styrene oxide has been shown to give poor yields of regioisomeric oxazolines when exposed to
the Ritter reaction conditions.59,60 When indene oxide 26 was subjected to the Ritter condition
(acetonitrile, 97% H2SO4), methyl oxazoline 35 was formed as the major product with moderate
yield.50 Low temperature nuclear magnetic resonance studies revealed important mechanistic

oxazoline 35 and sulfate 32. On warming the reaction to 22°C, the sulfate converted to the oxazoline.
The proposed mechanism for syn-selective oxazoline formation is an acid-induced ring opening of
indene oxide to produce nitrilium species 34 via C-1 carbenium ion 31, which undergoes a
thermodynamically driven equilibration process for the formation of the cis-5,5-ring derived oxazo-
line. In this fascinating Ritter process two roadblocks for the product formation were noted: a)
polymerization via carbenium ion, and b) the hydrogen shift process from the recipient carbenium
ion to form 2-indanone (>12%). The by-product formation can be suppressed by stabilizing the
carbenium ion using a catalytic amount of sulfur trioxide in the Ritter mixture. Sulfur trioxide

position of the amino alcohol. By using the Ritter acid as an oleum (21% SO3- H2SO4), a highly
practical and cost-effective process was developed for the conversion of chiral indene oxide 26 to
chiral cis-1-amino-2-indanol 1 (>80%, yield).17,50
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aspects of the Ritter process (Scheme 24.4). At –40°C, epoxide 26 led to a 1:1 mixture of methyl

captured the epoxide to form sulfate intermediate, which then underwent product formation (Scheme
24.5). In addition, the chirality of the epoxide was effectively transferred from the C–2 to the C–1
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24.4 CIS-1-AMINO-2-INDANOL–DERIVED CHIRAL AUXILIARIES

Conformationally constrained cis-aminoindanols and its derivatives have been used as chiral aux-
iliaries in a number of asymmetric reactions. The availability of both cis enantiomers, the high
levels of asymmetric induction attained, and the ease of recovery are all assets to the development
of efficient and practical processes with those auxiliaries.

24.4.1 ALDOL CONDENSATION

In 1992 Ghosh and co-workers provided the first example of the utility of rigid cis-1-amino-2-
indanol–derived oxazolidinone 36 as the chiral auxiliary in the asymmetric syn-aldol reaction.60,61

Aldol condensation of the boron enolate of 37 with various aldehydes proceeded with complete
diastereofacial selectivity. Effective removal and recovery of the chiral auxiliary was carried out

readily available, both enantiomers of the syn-aldol could be prepared with equal asymmetric
induction.
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under mild hydrolysis conditions (Scheme 24.6). As both enantiomers of the chiral auxiliary were



The Role and Importance of cis-1-Amino-2-Indanol 467

Ghosh also took advantage of the C–2 hydroxyl moiety of aminoindanols as a handle in the
aldol reaction. Chiral sulfonamide 41 was O-acylated to give ester 42. The titanium enolate of ester
42 was formed as a single isomer and added to a solution of aldehyde, precomplexed with titanium
tetrachloride, to yield the anti-aldol product 43 in excellent diastereoselectivities.63 One additional
advantage of the ester-derived chiral auxiliaries was their ease of removal under mild conditions.
Thus, hydrolysis of 43 afforded anti-α-methyl-β-hydroxy acid 44 as a pure enantiomer and cis-1-
p-tolylsulfonamido-2-indanol was recovered without loss of optical purity (Scheme 24.7).63
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The stereochemical outcome was rationalized by a Zimmerman-Traxler type transition state
45.64 Assuming the titanium enolate of 42 has a Z-geometry and forms a 7-membered metallacycle
with a chairlike conformation, a model can be proposed where a second titanium metal coordinates
to the indanol and aldehyde oxygens in a 6-membered chairlike conformation. The involvement of
two titanium centers was supported by the fact that aldehydes that were not precomplexed with

63 Ghosh and co-workers further hypothesized
that a chelating substituent on the aldehyde would alter the transition state 46 and consequently
the stereochemical outcome of the condensation, leading to syn-aldol products 47.64 Indeed, reaction
of the titanium enolate of 42 with bidentate oxyaldehydes proceeded with excellent syn-diastereo-
selectivity (Scheme 24.8).65

Thus, with proper choice of chiral template and aldehyde, all four possible syn- and anti-aldol
products can be prepared with predictable stereochemistry. Both boron and titanium enolate meth-
odologies have been successfully applied to the stereoselective syntheses of several biologically
active compounds66–69 and natural product synthons.61,70,71

24.4.2 ALKYLATION AND HOMOALDOL REACTIONS

A concise and practical synthesis of HIV-1 protease inhibitor 2 was developed by Askin and co-
workers, using the rigid tricyclic aminoindanol acetonide as a chiral platform.11 The diastereo-
selective alkylation of (Z)-lithium enolate of amide 48 with amino epoxide 49 gave intermediate

the epoxide toward electrophilic epoxide opening, and alkylation of the (Z)-enolate occurred from
the less hindered β-face. The amino alcohol was deprotected by treatment with camphorsulfonic
acid and gave 2 in good yield.
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titanium tetrachloride did not react (Scheme 24.7).

50 in >90% yield and >98% de (Scheme 24.9). Lithium carbamate salt of 49 presumably activated
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This alkylation strategy has been successfully implemented to the diastereoselective synthesis
of a number of biologically active compounds,17,19,32,72,73 including the orally active HIV protease
inhibitor Crixivan® (>95% de)17,19 and nucleoside antibiotic (+)-sinefungin (51) (>99% de).72 The
C–6 amine stereochemistry of (+)-sinefungin was set by a highly diastereoselective allylation of
(1S,2R)-1-amino-2-indanol–derived oxazolidinone 52 (Scheme 24.10).

The low reactivity of glycine enolate with unactivated alkyl halides to form α-amino acids
could be overcome by stabilizing the nucleophile using cis-aminoindanol–derived hippuric acid
53. This key substrate was readily prepared from commercially available azalactone 54 by a one-
pot operation (85% yield, 2 steps). The lithium enolate of amide acetonide 53 with a wide range
of alkyl halides proceeded in moderate yields (>60%) and excellent diastereoselectivities (>95%
de). Assuming that lithium halide would facilitate the dissociation of the amide enolate from the
aggregated state and thus enhance its reactivity, 4 equivalents of lithium chloride were used as
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additive and resulted in a 25% increase in yield (Scheme 24.11). Reactions with secondary halides
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remained low yielding, presumably because of competing elimination reactions. The benzoyl amide
could be removed and the chiral auxiliary could be recovered without epimerization of the amino
acid chiral center.74

The methodology was extended by Askin to the asymmetric syntheses of syn- and anti-2,4-
substituted-γ-butyrolactones in a stereoselective fashion20 (Scheme 24.12). Amide 48 was diaste-
reoselectively allylated (94% yield, 92% de), and olefin 55 was then subjected to Yoshida’s unbuf-
fered condition (I2/THF/H2O) to give iodolactone 56 in 97:3 anti:syn ratio.75 The efficient 1,3-
chirality transfer is consistent with a highly ordered imidate transition state 57 wherein the A1,3

strain between the iminium indanol substituent and the benzyl group shifts the latter in a pseudo-
axial orientation, which results in the high preference for the formation of thermodynamically less
stable anti-2,4-substituted-lactone 56. Pro-(2S)-diastereomer 55 was prepared in high yields with
excellent diastereoselectivity by reversal of the order of introduction of the benzyl and allyl groups.
It is interesting that exposure to the buffered iodohydrin process (NIS, H2O, NaHCO3) resulted in
the formation of the 2,4-syn-product 58 with outstanding selectivity (97% de). Epoxide formation
in a basic medium followed by acid-mediated lactonization gave syn-2,4-disubstituted-γ-butyrolac-
tone 59.20
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In another example, Armstrong and McWilliams have shown aminoindanol acetonide to be a
powerful chiral auxiliary for stereocontrolled 1,6-asymmetric induction.76,77 They showcased this
process in an elegant tandem 1,2-migration–homoaldol protocol for the synthesis of highly func-
tionalized syn-2,4-γ-butyrolactones (Scheme 24.13).77 Lithium enolate 60 was reacted with
bis(iodomethyl)zinc in the presence of lithium benzylalkoxide. The higher order alkoxyzincate 61
obtained is thought to undergo a 1,2-migration to give alkoxyzincate 62. The stereoselective
migration, which proceeded in a remarkable >98% de, set the absolute configuration of the α-
center. Zinc homoenolate 62 was then transmetalated with (i-PrO)TiCl3 and subjected to homoaldol
reaction with N-(tert-butoxycarbonyl)phenylalaninal. Homoaldol 63 was produced in 59% yield
and >98% de for the overall 2-step transformation. Treatment of γ-hydroxyamide 63 with p-
toluenesulfonic acid induced cyclization to lactone 64 in good yield. Furthermore, pure (1S,2R)-
cis-aminoindanol crystallized from the reaction mixture as the p-toluenesulfonate salt and was
recovered by simple filtration. Thus, cis-aminoindanol acetonide as the single chiral-controlling
element was responsible for the asymmetric induction in the two disparate transformations.

24.4.3 CONJUGATE ADDITION

The asymmetric synthesis of endothelin receptor antagonist 65 by scientists at Merck took advantage
of cis-aminoindanol as a chiral auxiliary, both for stereoselective alkylation and chiral Michael
addition.78 Their approach to the conjugate addition was based on the reaction reported by Alexakis
and co-workers79 and work by Frey and co-workers,80 where the stereoselectivity of the 1,4-addition
of lithium diphenylcuprate or aryl lithium to α,β-unsaturated esters was controlled by a neighboring
chiral auxiliary. Aldehyde 66 was treated with (1S,2R)-N-methyl-1-amino-2-indanol to yield the
N,O-acetal 67 quantitatively. The aryllithium generated from 68 was added at low temperature to
Michael acceptor 67 followed by acidic workup. Aldehyde 69 was obtained in 92% overall yield
from 66 and 92% de. In comparison, conjugate addition to dimethyl acetal of 66 using external
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chiral additives led to diastereoselectivities that would not exceed 67% de (Scheme 24.14).
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has also been explored.81 Chiral amide enolates were reacted with α,β-unsaturated ester 70, and
the resultant adducts were reduced and cyclized to δ-lactones 73 to determine the facial selectivity
on the Michael acceptor. It is interesting that protected amino alcohol 71 did not lead to significant

24.4.4 DIELS-ALDER REACTION

Researchers at Merck have demonstrated the utility of cis-aminoindanol–derived oxazolidinone 36
82 Pioneering work

by Evans83,84 has shown that very high levels of diastereofacial discrimination could be achieved
in the Diels-Alder reaction of isoprene with oxazolidinone 75 (88% de). However, much lower
levels of selectivity were observed with phenyl glycinol derivative 76 (35% de).83,84 The Merck
group hypothesized that the low level of selectivity of 76 resulted from the rotationally labile phenyl
moiety, which could be more or less sterically demanding depending on its conformation. Confor-
mationally constrained phenylglycinol analogue 77 was subjected to Evans’ Diels-Alder reaction
conditions (1.4 equiv. Et2AlCl, –15°C, CH2Cl2) and gave excellent endo- and diastereoselectivities
(93% de). Homologous 6- and 7-membered ring-containing systems 78 and 79 led to low levels
of asymmetric induction (30–35% de), thus demonstrating the importance of the rigidity of the

91
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diastereofacial discrimination, whereas 72 afforded lactone 73 with high 4-(S)-selectivity (Scheme

The alternative strategy of using cis-aminoindanol as a chiral auxiliary on the Michael donor

24.15).

aminoindanol platform (Scheme 24.16).

as a chiral auxiliary in the asymmetric Diels-Alder reaction (see Chapter 26).
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Ghosh has also shown that cis-1-(arylsulfonamido)-2-indanols could be used as excellent chiral
auxiliaries in Diels-Alder reaction.85 Reaction of 80 with cyclopentadiene using a variety of Lewis
acids led to 81 in good yield, with endo:exo ratios superior to 99:1 and diastereoselectivities ranging
from 72% to 92%. The best selectivities were observed using titanium tetrachloride as the Lewis
acid. The high degree of diastereoselection was presumed to result from effective metal chelation
(Scheme 24.17). 
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In contrast to the previous examples, Rawal has studied the advantages of linking the chiral
auxiliary to the diene moiety.86 Cycloadditions of readily accessible and stable 1-(2-oxazolidinon-
3-yl)-3-siloxy-1,3-butadiene with α-substituted acroleins proceeded in quantitative yields and in
excellent endo-selectivities. Crude cycloadducts were transformed directly into cyclohexenone 82.
The asymmetric induction was rationalized by considering the favored endo-transition state. The
carbamate carbonyl is expected to adopt a position away from the dienyl moiety to avoid steric
interaction with the hydrogen at C–2. In this conformation, the oxazolidinone substituent blocks
one face of the diene. The higher diastereoselectivity obtained with diene 83 is believed to originate
from more efficient steric shielding by the indanyl group compared to isopropyl or phenyl groups
(Scheme 24.18).

24.4.5 ASYMMETRIC ADDITIONS TO αααα-KETOESTERS AND αααα-KETOAMIDES

Secondary α-hydroxy acids were readily accessed by reduction of α-ketoesters bearing cis-1-
arylsulfonamido-2-indanol derivatives as a chiral auxiliary in high yields and good to excellent
diastereoselectivities (from 4:1 to >99:1) using bulky alkyl hydrides.87 Indeed, reduction of 87 using
L-selectride and zinc chloride afforded α-hydroxy ester 88 in 96% yield and >99:1 diastereoselec-
tivity. Hydrolysis under mild conditions released the chiral auxiliary and produced essentially
optically pure α-hydroxy acids 89. The high degree of stereoselection was attributed to metal
chelation of the carbonyl oxygens, thus locking 87 in an s-cis conformation. The vicinal toluene
sulfonamide most probably shields the Re-face, which consequently leads to the preferential hydride

Tertiary α-hydroxy acids are key components of a number of muscarinic receptor antagonists,
such as oxybutynin (Ditropan® as a racemic mixture), which is prescribed for the treatment of
urinary incontinence and exhibits classical antimuscarinic side effects, such as dry mouth.88 Because
biological results suggested that (S)-oxybutynin displayed an improved therapeutic profile compared
to its racemic counterpart, a general and practical entry to optically pure key subunit (S)-90 became
of primary importance.89 In their investigations, researchers at Sepracor considered the advantage
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attack from the Si-face (Scheme 24.19). 
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of using the C–1 amine or C–2 alcohol of cis-aminoindanol as a chiral handle. Hydroxy acid (S)-
90 was generated indifferently by diastereoselective cyclohexyl or phenyl Grignard addition to the
appropriate ketoester or ketoamide, followed by removal of aminoindanol unit (Scheme 24.20).90

Phenyl Grignard addition to ketoamide 91 and ketoester 93 proceeded via magnesium coordination
and led to high diastereoselectivities. In the case of cyclohexyl Grignard addition, zinc chloride
was a necessary additive to achieve good degrees of diastereoselection. It is interesting that N-
tosyl-derived ketoesters provided the most expedient avenue to the preparation of optically pure
(S)-acid 90.
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24.4.6 ASYMMETRIC REARRANGEMENTS

Kress and co-workers investigated the stereoselective [2,3]-Wittig rearrangement of α-allyloxy
amide enolates using (1S,2R)-1-amino-2-indanol as the chiral auxiliary (Scheme 24.21).91 The
diastereoselectivity was shown to be a function of the counterion with syn-selectivity increasing
from K<Na<Li<Zr. Although zirconium enolates led to the highest diastereoselectivities (94:6
syn:anti), low conversion was an issue (73% yield). Optimal results were observed using a LiH-
MDS–HMPA combination, and 95 was obtained in 97% yield and 89:11 syn:anti selectivity. The
scope of this methodology was extended to olefins bearing different substitution patterns. In general,
trans-substituted olefins exhibited excellent syn-diastereoselectivities, whereas cis-olefins afforded
low diastereofacial discrimination (1:2 syn:anti). Unsubstituted allyl ether led to diastereoselectivity
greater than 98%. The utility of this process was demonstrated by conversion of 95 to functionalized
acyclic and cyclic α-amino esters 96 and 97.

The versatility of cis-aminoindanol as chiral auxiliary has been considered in various Claisen92,93

rearrangements and was found to be particularly efficient in the 6-azaelectrocyclization reaction.93

Indeed, the reaction of (E)-3-carbonyl-2,4,6-trienal 98 with enantiopure cis-aminoindanol 1 pro-
ceeded under remarkably mild conditions to produce pentacyclic piperidine 99 as a single isomer.
The reaction was thought to proceed via isomerization of dihydropyridine intermediate 100 toward
the thermodynamically more stable aminoacetal 99 (Scheme 24.22).

SCHEME 24.21

N O

O
O

95

N O

O

OH

LiHMDS 1. HCl, MeOH COOMe

1. PPh3, HCl
2. (BOC)2O, NaOH

Cx2BH
then HCl 

COOMe

N3

NHBOC
96

COOMeN
H

·HCl
97

2. MsCl
3. NaN3

97% yield
89:11 syn:anti

HMPA

© 2006 by Taylor & Francis Group, LLC



The Role and Importance of cis-1-Amino-2-Indanol 477

24.4.7 ELECTROPHILIC AMINATION

A novel asymmetric synthesis of α-amino acids via electrophilic amination has been demonstrated
by Zheng and Armstrong and co-workers.94 No “+NHBoc” was observed when lithium tert-butyl-
N-tosyloxycarbamate (LiBTOC) was reacted with zinc and lithium enolates of 48. Transmetallation
of the lithium enolate with copper(I) cyanide was necessary to generate a reactive amide cuprate,
which then added efficiently to the electrophile. The electrophilic amination of chiral cuprates with
LiBTOC provided an expedient approach to α-amino acids with predictable absolute configuration
in high enantiomeric purity and good yield (Scheme 24.23). 

24.4.8 PRACTICAL SYNTHESIS OF ENANTIOPURE SULFINAMIDES AND SULFOXIDES

Enantiopure sulfinamides have proved a powerful tool for the asymmetric synthesis of chiral
amines95–102 and were efficiently used in the preparation of natural products and potential drugs
such as (R)-didesmethylsibutramine.99 A general method for the modular synthesis of optically pure
aryl and tertiary alkyl sulfinamide auxiliaries was developed by Senanayake and co-workers from
N-sulfonyl-1,2,3-oxathiazolidine-2-oxides.103 Reaction of N-Mes-(1R,2S)-1, containing the confor-
mationally constrained indane platform and an arylsulfonyl group as N-activator, with thionyl chloride
and 3,5-lutidine in THF provided oxathiazolidine oxide 101 in excellent 97:3 endo:exo selectivity. The
activated N–S bond was cleaved chemoselectively with a variety of organometallic reagents with
inversion of configuration at the sulfur atom. Subsequent mild displacement of the O–S bond with a
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nitrogen nucleophile also proceeded with inversion of configuration at the sulfur atom and led to
enantiopure sulfinamides 102 in good overall yield. Enantiopure aminoindanol 103 was recovered
and readily recycled (Scheme 24.24). The base–solvent combination used in the formation of
oxathiazolidine oxide was shown to have a pronounced effect on the endo:exo outcome. In fact,
complete reversal of selectivity was obtained by reaction of N-Ts-(1R,2S)-1 with thionyl chloride
using 2,6-di-tert-butyl-pyridine in THF, leading to a 2:98 endo:exo ratio, which gave access to the
(S) enantiomer of 102. The methodology thus afforded both enantiomers of sulfinamides 102 in
99% ee from 1 enantiomer of the indane platform and was proved amenable to multi-kilogram
scale production. 

The same strategy was successfully applied to the synthesis of enantiopure sulfoxides, which
are often used as chiral controllers for C–C bond formations or as ligands in catalytic asymmetric
processes.104 The O–S bond of 104 was displaced by a carbon nucleophile to give enantiopure
sulfoxides (Scheme 24.24). Indeed, treatment of individual diastereoisomers of 104 (R = t-Bu) with
isopropylmagnesium chloride provided the corresponding enantiomers of t-BuS(O)-i-Pr in excellent
yield and optical purity, with remarkable recovery of enantiopure 103. In the course of the study,
it was discovered that the S–N bond of 101 could also be displaced with mild reagents such as
organozincs of sterically congested halides (R = Ad) to give sulfinate intermediate 104. In addition
to alkyl–alkyl chiral sulfoxides, this powerful process gave access to either enantiomers of alkyl–aryl
and aryl–aryl sulfoxides. Finally, tert-butyl-(tert-butylsulfinyl)acetate and diethyl-(tert-butylsulfi-
nyl)-methyl-phosphonate were generated by addition of the corresponding lithium reagents to the
tert-butylsulfinate, which demonstrated the ability of this methodology to lead to novel structures

104
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and possibly to new biological targets (Table 24.2).
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24.5 RELATED AMINO ALCOHOLS AND THEIR APPLICATIONS 
IN ASYMMETRIC SYNTHESIS

24.5.1 CIS-2-AMINO-3,3-DIMETHYL-1-INDANOL

Saigo and co-workers designed and demonstrated the general utility of cis-2-amino-3,3-dimethyl-
1-indanol as a chiral auxiliary in a variety of carbon–carbon and carbon–heteroatom bond formation
reactions and as ligands in several catalytic processes.105–109 Racemic cis-2-amino-3,3-dimethyl-1-
indanol 105 was prepared in 3 steps from 3,3-dimethyl-1-indanone by oxime formation followed

of 105 was performed using (S)-mandelic acid. Salt (+)-106 crystallized from ethanol and recrys-
tallization followed by treatment with an alkaline solution gave optically pure (1R,2S)-105 in 35%
yield. The enantiomeric (1S,2R)-105 was obtained in 37% yield from the crystallization–recrystal-
lization filtrates by successive treatment with base and (R)-mandelic acid, followed by filtration of
the crystalline (–)-106 and treatment of the salt with alkali.105,106

TABLE 24.2
Enantiopure Sulfoxides Formation by Double Nucleophilic 
Displacement of Oxathiazolidine 101

RM R1M Sulfoxide Yield (%) % ee

t-BuMgCl i-BuMgCl 90 99.5 (S)

AdZnBr n-BuMgCl 93 99 (S)

t-BuMgCl PhMgCl 77 99 (R)

p-tolylMgBr EtMgCl, CuBr.SMe2 89 95 (S)

EtMgCl, CuBr.SMe2 p-tolylMgBr 83 90 (S)

t-BuMgCl CH2=C(OLi)O-t-Bu 93 99 (R)

t-BuMgCl LiCH2P(O)(OEt)2 93 99 (S)

LiCH2P(O)(OEt)2 t-BuMgCl 83 98 (R)
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by sequential reduction of the keto and imino functional groups (Scheme 24.25). The resolution
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The diastereoselective alkylation of N-acyloxazolidinones enolates was examined first. Lithium
enolates of 107 were reacted with a variety of alkyl halides, and alkylation products were formed
with excellent diastereoselectivities (94–99% de). Hydrolysis gave optically pure carboxylic acids,
and the chiral auxiliary was recovered for reuse almost quantitatively.105,106 Highly diastereoselective
bromination was also achieved by reaction of the boron enolate of 107 with N-bromosuccinimide
(NBS) (98% de). Optically pure amino acids could be accessed by simple synthetic transformations
(Scheme 24.26).106

Diastereoselective acylation of the imide enolates of 107 proceeded smoothly, and the corre-
sponding β-keto carboximides were obtained in good yield and excellent >96% de. The acylated
products could be converted to β-hydroxy carboximides in high syn:anti selectivity (96:4 in the
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case of R = Ph) by treatment with zinc borohydride, and recrystallization afforded optically pure
syn-products. Hydrolysis followed by methylation led to chiral β-hydroxy esters in good yield and
>99% ee (Scheme 24.27). In addition, reaction of the sodium enolate of 107 with 2-(p-toluene-
sulfonyl)-3-phenyloxyaziridine followed by acidic quenching led to the hydroxylated product with
high diastereoselectivity (86% de). Treatment with magnesium methoxide gave (R)-methyl man-
delate in 86% ee, and the chiral auxiliary 108 was recovered for reuse (Scheme 24.27).106

The stereochemical outcome of these electrophilic additions is consistent with a transition state
in which the metal chelates the oxazolidinone carbonyl and the enolate oxygen. Reaction with an
electrophile would, therefore, occur at the less hindered diastereotopic face of the (Z)-enolate, away
from the shielding methyl groups of the auxiliary (Figure 24.6). Because both enantiomers of
oxazolidinone 108 are equally available, the direction of the asymmetric induction can be controlled
by proper choice of the absolute stereochemistry of the chiral auxiliary.106

Saigo and co-workers reasoned that, by analogy, high levels of diastereofacial discrimination
could be achieved in the Lewis acid–mediated Diels-Alder reaction of dienes with oxazolidinone
108-derived dienophiles. Indeed, excellent regioselectivities (endo:exo) and diastereoselectivities
were reached in the Diels-Alder reaction of 109 with cyclic and acyclic dienes using Et2AlCl as

107 The selectivities obtained actually surpassed those reported with
82 The additional bulk
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the activator (Scheme 24.28).
cis-1-amino-2-indanol 1 as the chiral auxiliary (93% de) (see Scheme 24.16).
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introduced in the rigid backbone by the vicinal methyl groups proved an asset to improved
stereocontrol.

cis-2-Amino-3,3-dimethyl-1-indanol was also used as chiral auxiliary for the asymmetric Ire-
land-Claisen rearrangement of allyl carboxylates. Preliminary studies on the racemic system dem-
onstrated the potential of the process as unoptimized reaction conditions (NaHMDS, TMSCl in
THF) led to the rearranged products in a promising 84:16 diastereoselectivity. The reaction solvent
was shown to affect the selectivity, and slightly improved results (87:13) were obtained in Et2O.
It also appeared that the diastereoselectivity depended on the bulkiness of the silane used. Smaller
silylating agents such as dimethylsilyl chloride (DMSCl) gave better selectivities (93:7). The
Ireland-Claisen rearrangement of several enantiopure allyl carboxylates was carried out, and the
corresponding products were obtained with high diastereoselectivity (Scheme 24.29).108

A six-membered chairlike transition state was proposed in which the (E)-ketene silyl acetal is
placed in the opposite direction to the oxazolidinone carbonyl to avoid dipole moment repulsion,
with the allylic moiety oriented away from the hindered indane backbone. This transition state
would account for the direction of the asymmetric induction and also explain the better results

108

24.5.2 CIS-1-AMINO-2-HYDROXY-1,2,3,4-TETRAHYDRONAPHTHALENE

Another promising conformationally constrained amino alcohol is cis-1-amino-2-hydroxy-1,2,3,4-
tetrahydronaphthalene. Early studies using the tetrahydronaphthol backbone as chiral auxiliary or

membered ring was highly detrimental to the achievement of good levels of asymmetric induction,
such as in the Diels-Alder reaction82 or in the addition of diethyl zinc to benzaldehyde.110 However,
it led to similar or slightly improved selectivities compared to the more rigid indanol platform in
the borane reduction of carbonyls40,63,64 and the addition of Grignard reagents to ketones.65
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observed with smaller silylating groups (Figure 24.7).

as a ligand in catalysis (see Section 17.8.3) often showed that the relative flexibility of the 6-
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24.6 SUMMARY

Since the discovery of cis-1-amino-2-indanol as a ligand for HIV-protease inhibitors and the
development of a practical industrial process for the synthesis of either cis-isomers in enantiopure
form, the remarkable properties of the rigid indane platform have been extensively used in an ever-
increasing number of asymmetric methodologies. 

cis-1-Amino-2-indanol–based chiral auxiliaries have proved effective in various carbon–carbon
and carbon–heteroatom bond formations, especially in aldol and Diels-Alder reactions. Examples
of the utility of these chiral auxiliaries include the syntheses of α-amino acids, γ-lactones, sulfina-
mides, sulfoxides, natural products, and pharmaceutical drugs in a highly stereoselective fashion.
The industrial process for Crixivan is a particularly striking demonstration of this concept. The
availability of optically active cis-1-amino-2-indanol, the high levels of asymmetry it induces, and
its easy recovery and recycling have proved remarkable assets to the development of practical and
economical large-scale processes.
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25.1 INTRODUCTION

Enantiopure amines are present as key functional elements in a large majority of pharmaceutical
drugs and drug candidates. Although in recent years great progress in asymmetric synthesis has
been realized based on homogeneous catalysis,1 biocatalysis,2 and resolution processes combined
with efficient racemization of the undesired enantiomer,3 cost-effective synthesis of enantiopure
amines continues to be a challenge for the fine chemical industry. The efficiency of these processes
depends on, among other factors, the availability of a (chiral) starting material, reagents, auxiliaries,
and catalysts. Furthermore, the presence of an efficient recycling process for expensive chiral
auxiliaries and catalysts can be of decisive importance for an economically feasible process.

For the preparation of enantiopure amines, diastereoselective synthesis using a chiral auxiliary
can be a viable approach. In this concept, in the first step a chiral intermediate is formed by reaction
of a prochiral substrate with the chirality transfer agent. The key second step is a diastereoselective
reaction. This is followed by cleavage of the chiral auxiliary to give the product amine. This concept

The synthesis of enantiopure amino-functionalized compounds such as α- and β-amino acids
or nonfunctionalized amines can be envisaged by the use of aldehydes, ketones, α- or β-keto acids,
or derivatives thereof as substrates for imine formation followed by, for example, diastereoselective
Strecker reactions, reductions, or organometallic addition reactions. In the literature, diastereo-
selective syntheses based on a large variety of chiral auxiliaries, such as α-arylethylamines,4

© 2006 by Taylor & Francis Group, LLC

is illustrated in Figure 25.1.
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β-amino alcohols and derivatives,5 amino diols,6 sugar derivatives,7 and sulfinates8 have been

most chiral auxiliaries can be cost, availability, or a combination of both. Auxiliaries are used in

principle, lost during the conversion. Even when the auxiliaries have the potential to be recycled,
this can be difficult in a pharmaceutical application because of good manufacturing practice

auxiliaries by procedures unsuitable for large-scale preparations. Examples include oxidation with
Pb(OAc)4 or treatment with HIO4/MeNH2.9 Furthermore, purification by chromatography in a

unacceptable losses, difficulties in scaling up, and additional costs.
Enantiopure (R)-phenylglycine amide [abbreviated (R)-PGA] (1) has become readily accessible

at DSM as a result of its application on industrial scale as a key intermediate in enzymatic routes
for the preparation of β-lactam antibiotics (Scheme 25.1).10

Either (S)-specific aminopeptidase catalyzed hydrolysis of racemic PGA11 or crystallization-
induced asymmetric transformation of racemic PGA with (S)-mandelic acid as resolving agent12

can be used to prepare (R)-PGA. As a result of its ready availability on large scale within DSM,
we envisaged the application of (R)-PGA for the production of enantiomerically pure amine
functionalized compounds using the chirality transfer concept. Obviously, (S)-phenylglycine amide
is also available and can be used for the preparation of the opposite enantiomer of the amines
described.

FIGURE 25.1 Diastereoselective chirality transfer reactions.
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reported (see Chapter 23). However, in the production of most pharmaceuticals, the drawback of

separate step may be needed to obtain diastereoisomerically pure compounds, and this can lead to

stoichiometric amounts and, when used as a template, which is in a sacrificial mode, they are, in

requirements (see Chapters 1 and 23). Another drawback is the need for removal of some of these
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The anticipated facile removal of the template by catalytic hydrogenolysis (although the selec-
tivity when two benzyl groups are present around the nitrogen atom may need to be determined)
and the crystalline nature of PGA-containing intermediates are advantages that arise from the
presence of the benzyl and amide groups, respectively. These properties can allow for easy enrich-
ment of diastereoisomers in cases where the diastereoselectivity is not absolute. The slightly acidic
α-H of (R)-PGA causes it to be somewhat sensitive toward racemization and is another aspect to
address. Prolonged high temperatures, long reaction times, and/or basic conditions need to be
avoided.

In this chapter, recent applications of (R)-phenylglycine amide (1) in asymmetric synthesis are
presented (Figure 25.2). The first section deals with diastereoselective Strecker reactions for the
preparation of α-amino acids and derivatives, whereas the second section focuses on diastereo-
selective allylation of imines for preparation of enantiomerically pure homoallylamines. This latter
class of compounds is a well-known intermediate for the synthesis of, for example, many types of
amines, amino alcohols, and β-amino acids. The final section describes reduction of imines pro-
viding enantiomerically pure amines. (S)-3,3-Dimethyl-2-butylamine and (S)-1-aminoindane will
be presented as leading examples. The results described in this chapter originate from a long-
standing cooperation in the field of chiral technology development between DSM Pharma Chemicals
and Syncom B.V.

25.2 ENANTIOPURE αααα-AMINO ACIDS PREPARED BY MEANS 
OF DIASTEREOSELECTIVE STRECKER REACTIONS 

Industrial production of α-amino acids via the Strecker reaction is one of the most general methods
to obtain these compounds in a cost-effective way because it makes use of inexpensive and easily

13 The amino nitrile derived from the Strecker reaction is
usually hydrolyzed to the racemic amino acid amide or the racemic amino acid followed by
resolution processes.14 This leads to a maximum yield of 50% if the unwanted enantiomer is not
racemized.2 In principle, asymmetric synthesis approaches leading to a maximum yield of 100%
of a single enantiomer are more advantageous.15 Substantial progress in catalytic asymmetric
Strecker reactions has been reported using sophisticated, and in many cases complex, chiral
catalysts.16 In the examples reported so far, N-protection of the amino donor is needed, which leads
to an additional step for removal of this protective group. Economically feasible processes will
require either highly efficient recycling of the ligand and/or the metal used in the catalysis or very
high substrate-to-catalyst ratios. Therefore, application of a cost-efficient, readily available, chiral

FIGURE 25.2 Chirality transfer routes of (R)-PGA [(R)-phenylglycine amide] toward α-amino acids, homoal-
lylamines, and amines.
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accessible starting materials (Chapter 2).
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asymmetric catalytic Strecker approaches.
Diastereoselective Strecker syntheses with varying diastereoselectivities have been reported.4

In many cases, the α-amino nitriles need to be purified in a separate step to obtain diastereoiso-
merically pure compounds by, for example, crystallization or chromatography. Crystallization-

17,18 In this crystallization process, one diastereoisomer precipitates and the other one epimerizes
in solution via the corresponding imine; this can lead both to high yield and high diastereoselectivity
in a single step. To prove the principle of this concept, pivaldehyde and 3,4-dimethoxyphenylacetone
were chosen as typical examples to be tested in the Strecker reaction with (R)-PGA and HCN.19

α-methyl-dopa,
respectively; these are two important nonproteogenic α-amino acids with pharmaceutical applications.20

The asymmetric Strecker reaction of (R)-PGA (1), pivaldehyde (2), and HCN generated in
situ21 from NaCN/AcOH in methanol as solvent gave the (R,S)-3 and (R,R)-3 aminonitriles in 80%
yield. However, the diastereoisomeric excess was only 30%. It was found that by performing the
reaction in water and heating for 24 hours at 70°C, the de of aminonitrile (R,S)-3 could be increased
to >98%. The isolated yield was 93%.

The diastereoselectivity observed in the asymmetric Strecker step through crystallization-
induced asymmetric transformation can be explained as shown in Figure 25.3. Apparently, the re-
face addition of CN– to the intermediate imine is preferred at room temperature in methanol and
results in a de of 30%. At elevated temperatures in water, the diastereoisomeric outcome and yield
of the process are controlled by the reversible nature of the conversion of the amino nitriles into
the intermediate imine and by the difference in solubility between both diastereoisomers under the
conditions applied.22,23

SCHEME 25.2

FIGURE 25.3 Crystallization-induced asymmetric transformation of amino nitrile 3.
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Use of these starting materials lead to enantiomerically enriched tert-leucine and 

auxiliary in a diastereoselective Strecker reaction can have economic advantages over the use of

7).
induced asymmetric transformation would be an interesting solution to these problems (see Chapter
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One of the possibilities to convert the amino nitrile (R,S)-3 to (S)-tert-leucine (7) is shown in
the reaction sequence of Scheme 25.3. Hydrolysis of the aminonitrile (R,S)-3 to the diamide 5 was
performed in concentrated sulfuric acid. Removal of the phenylacetamide group using H2 and Pd–C
gave (S)-tert-leucine amide (6). Acidic hydrolysis of the amide 6 yielded (S)-tert-leucine (7) in
73% overall yield for the 3 steps and an enantiomeric excess of >98%. The overall yield for this
nonoptimized protocol is 66% based on pivaldehyde. Obviously, other routes to convert the amino
nitrile to the amino acid can be envisaged. As an example, by heating the diamide in sulfuric acid,
after dilution with water, the diacid can be obtained that, after hydrogenolysis, affords the amino
acid in 2 steps from the amino nitrile 3.

In a second example using 3,4-dimethoxyphenylacetone (8) and (R)-PGA (1), it was found that
an equilibrium composition of 55:45 exists between the two diastereoisomers (R,S)-9 and (R,R)-9
in methanol as solvent. By fine-tuning the reaction, it was found that in a mixture of methanol and
water (6:1), almost diastereoisomerically pure (de >98%) amino nitrile (R,S)-9 precipitated in 76%
isolated yield (Scheme 25.4). Clearly, in this case a crystallization-induced asymmetric transfor-
mation has also occurred.

Several other amino nitriles were obtained as crystalline materials from aqueous methanol
mixtures, including those derived from acetophenone, isobutyraldehyde, and 3-methyl-2-butanone.
For each substrate, conditions had to be optimized to obtain diastereoisomerically pure amino
nitriles.

25.3 DIASTEREOSELECTIVE ALLYLATION REACTIONS

Chiral homoallylamines are valuable intermediates for the preparation of compounds such as
amines, β-amino acids, 1-amino-3,4-epoxides, and 1,3-amino alcohols.24 High 1,3-asymmetric
induction has been achieved during the allylation of imines derived from chiral auxiliaries such as
β-amino alcohols and α-amino acid esters.25 Drawbacks of these methods are the limited availability

SCHEME 25.3

SCHEME 25.4

HN CONH2 

CN H 

H2SO4 (96%), CH2Cl2 
NH2 

CONH2 H EtOH, 20 h HN CONH2 

CONH2 H 

NH2 

COOH 
H 

6 HCl
100°C, 24 h 40°C, 2 h

H2/Pd-C

(R,S)-3 
de > 98% 

(R,S)-5 overall yield 73% 
ee > 98% 

(S)-6 (S)-7 

MeO

MeO

HN CONH2

CNMeOH/H2O, 20°C, 96 h
NaCN, AcOH

(R,S)-9
76%

de > 98%

O

MeO

MeO
H2N CONH2

+

1 8

© 2006 by Taylor & Francis Group, LLC



492 Handbook of Chiral Chemicals, Second Edition

and/or the need of removal of these auxiliaries by procedures unsuitable for large-scale preparations,
such as oxidation with Pb(OAc)4 or treatment with HIO4/MeNH2. As in the case of diastereoselective
Strecker reactions, we applied (R)-PGA as a chiral-inducing agent in diastereoselective allylation
reactions.26

(R)-Imines 10 were obtained easily in yields >85% by stirring a mixture of (R)-PGA (1) with
the corresponding aldehyde (R1CHO) in, for example, dichloromethane at room temperature. The
addition of allylzinc bromide to the imines 10 in THF at 0°C provided the (R,R)-PGA-homoallyl-
amines 11 in yields up to 94% with de >98% in most cases (Scheme 25.5 and Table 25.1).

Functionalized allylzinc reagents, such as crotylzinc bromide27 and methallylzinc bromide, also
gave the analogous addition products in >95% yield and de >98%. The high selectivity can be
rationalized in a model assuming chelation of the zinc atom between the two heteroatoms of the
(R)-phenylglycine amide-imine to form a 5-membered intermediate. Furthermore, a 6-membered
chairlike transition state is formed from the allylic system and the C = N double bond of the imine.

These diastereomerically and enantiomerically enriched compounds are useful as intermediates
for a variety of interesting building blocks such as 1-aminobutanes, nonprotected homoallylamines,
β γ

TABLE 25.1
Diastereoselective Allylation Reactions of (R)-PGAa (1) 
with Several Aldehydes (Scheme 25.5)

R1 Yield of 10 (%) de of 11 (%) Yield of 11 (%)

Phenyl 84 >98 93
3-Piperonyl 90 >98 81
4-HO-Phenyl 87 >98 90
2,5-(MeO)2-C6H3 90 >98 93
3-Pyridyl 89 >98 43
2-Furyl 80 90 88
2-Thiophene 95 >98 90
t-Butyl 95 >98 89
i-Propyl 86 98 77
i-Butyl 95 >98 94
Me 91 88 95

a (R)-PGA, (R)-phenylglycine amide.

SCHEME 25.5
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Then, the re-face 1,2-addition proceeds in a concerted fashion by an allylic rearrangement (Figure

allylamines will be described.

25.4). In accord with this conclusion, crotylzinc bromide provides the methallyl-substituted product.

-amino acids, and -amino alcohols (Figure 25.5). The conversion to 1-aminobutanes and homo-
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25.3.1 SYNTHESIS OF ENANTIOPURE 1-AMINOBUTANES 
FROM PGA-HOMOALLYLAMINES

Catalytic hydrogenation of PGA-homoallylamines simultaneously reduced the double bond and
removed the chiral auxiliary in one step. Some typical examples of enantiomerically pure (R)-
aminobutanes 12 obtained are shown in Scheme 25.6. The nonoptimized yields varied between
49% and 88% with ee values of 94% to >98%. The high enantiomeric excesses of these chiral
amines are in agreement with the equally high diastereoselectivity of the allylation reaction and
lack of racemization of the phenylglycine amide moiety in any of the steps. Enantiomerically pure
chiral (R)-α-propylpiperonylamine 12c is an important building block of the human leukocyte
elastase inhibitor L-694,458 (13).28

FIGURE 25.4 Chelation controlled addition of allylzinc bromide to (R)-PGA [(R)-phenylglycine amide]
imines.

FIGURE 25.5 Conversions of phenylglycine-protected homoallylamines.
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25.3.2 SYNTHESIS OF ENANTIOPURE HOMOALLYLAMINES VIA NONREDUCTIVE 
REMOVAL OF (R)-PGA

Chiral homoallylamines are valuable synthons for the preparation of biologically active components
including β-amino carboxylic acids or esters, obtained by oxidation of the allylic functionality.1,29

Because removal of the chiral auxiliary by hydrogenation leads to the loss of the allylic functionality,
we developed alternative routes for the conversion of the adduct into the unprotected homoallyl-
amines. As a typical example, (R,R)-PGA-homoallylamine derived from isobutyraldehyde 11i was
used to develop the so-called “retro-Strecker” and the “decarbonylation” method for the conversion
of (R)-phenylglycine amide protected homoallylamines into N-benzylidene protected homoallyl-
amines 15 (Scheme 25.7).

The first method is based on the facile elimination of HCN in a retro-Strecker fashion. The
PGA-homoallylamine 11a was converted into the nitrile 14 by dehydration of the amide moiety
using Vilsmeier’s reagent. Loss of HCN from the crude nitrile 14 occurred on heating in vacuo to
yield the homoallylamine 16 masked as the imine. To prove the principle, hydrolysis by treatment
with hydroxylamine hydrochloride30 in aqueous tetrahydrofuran (THF) gave the homoallylamine
17 with an ee of 94%. The overall yield of the 3 steps is approximately 80%. Obviously, other
methodologies can also be used to generate the desired unsaturated enantiopure amine 17.

SCHEME 25.7

N
O

O

HN

O

O

O

N

O

N

H

NH2

H

NH2

O

O
H

NH2

H

13

12a 12b 12c

HN CONH2 

Ph 

H 

N 

H 

Ph 

HN CN 

Ph 

H 

HN COOH 

Ph 

H 

NH2 

H 

(R)-17 

NH2OH⋅HCl

(R,R)-11a

ClCH=N(CH3)2
+Cl– 

CH3CN, pyr, 10°C

Na2O2, H2O 
reflux 

ClCH=N(CH3)2
+Cl– 

Et3N, 10°C

THF, H2O, 20°C

14 

15 

16 

Δ

in vacuo 

© 2006 by Taylor & Francis Group, LLC



Enantiopure Amines by Chirality Transfer Using (R)-Phenylglycine Amide 495

The second method, referred to as the “decarbonylation” reaction, concerns a base-catalyzed
elimination of HCl and CO from an acid chloride.31 The amide moiety was converted into the
amino acid 15 by reaction with Na2O2 in water.32 Alternatively, amides can be converted into the
corresponding carboxylic acid by treatment with concentrated HCl.33 However, this method pro-
duced lower yields as a result of some decomposition. The carboxylic acid 15 was treated with the
Vilsmeier reagent and triethylamine furnishing the imine 16 via decarbonylation. The imine 16 was
then converted, in a similar manner to the “retro-Strecker” method, to the unprotected homoall-
ylamine 17 in 75% overall yield and an ee of 98%.

Conversions of PGA-functionalized homoallylamines into β-amino acid derivatives34 and ami-
noalcohols are being investigated.

25.4 DIASTEREOSELECTIVE HYDROGENATIONS OF (R)-PGA-IMINES

Industrial procedures for the preparation of enantiopure amines currently involve, for example,
separation of enantiomers by crystallization of diastereoisomeric salts. Major drawbacks of this
approach are the handling of substantial amounts of solids and the need to develop recycle loops
for the undesired enantiomer and auxiliary. Enzymatic resolution processes, for example by lipase-
mediated acylation combined with efficient racemization and recycling of the unwanted enantiomer,
have significantly improved this resolution concept.35 Furthermore, extensive progress has been
made in the development of asymmetric hydrogenation approaches36

routes based on diastereoselective synthesis using diverse chiral auxiliaries—with varying results
in selectivities—have been described extensively.4,8a,37

In this section, we describe as typical examples the application of (R)-PGA as a chiral vehicle
in the preparation of (S)-1-aminoindane38

(S)-1-Aminoindane is present as a key structural element (or with additional functionalization) in
therapeutic agents under clinical investigation [e.g., Rasagiline mesylate, (18) for the treatment of
Parkinson’s disease,39 and Irindalone (19), which displays potent antihypertensive activity].40

The typical technologies used for the preparation of amines have also been used for the synthesis
of optically pure (R)- or (S)-1-aminoindane. For example, resolution approaches include the dia-
stereoisomeric salt formation of racemic N-benzyl-1-aminoindane with (S)-mandelic acid41 or (R,R)-
tartaric acid,42 which resulted in, after hydrogenation, (R)-1-aminoindane with >99% ee. Also,
resolutions that use enzymatic acylation concepts have been described.43,44 The maximum theoretic
yield of 50% is a clear limitation of these methods. Asymmetric synthetic approaches to chiral 1-
aminoindanes have been described, including enantioselective hydrosilylation of 1-indanoxime45,46

and hydroboration of indene.47 However, ee values were low to moderate.
Likewise, chiral templates such as (R)-phenylethylamine37 and (R)-phenylglycinol48 have been

used. Use of (R)-phenylethylamine37 provided (R)-1-aminoindane from 1-indanone in 3 steps, in
an overall yield of 5% and >99% ee. The low yield is caused by the nonselective removal of the
chiral auxiliary in the final step. Similarly, (R)-phenylglycinol gave (S)-1-aminoindane from 1-
indanone in 39% overall yield. Drawbacks in this route are the limited availability of this expensive

NH⋅CH3SO3H N
FNNHN

O

18 19
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 (see Chapter 12) or biocatalytic
transaminase processes (see Chapters 3 and 19) for the synthesis of optically active amines. Also,

 (see also Chapter 24) and (S)-3,3-dimethyl-2-butylamine.
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chiral auxiliary; the use of chromatography to obtain diastereoisomerically pure intermediates; and
auxiliary removal by procedures unsuitable for large-scale preparations, such as oxidation with
Pb(OAc)4. Because of the limited availability of routes toward enantiomerically pure aminoindanes,
it was reasoned that chirality transfer using (R)-PGA might be a good alternative, and a 3-step
approach was studied: imine formation, diastereoselective reduction, and removal of the chiral
auxiliary.49

The imine 20 from (R)-PGA 1 with 1-indanone 21 was obtained in 90% yield and ee >98%
after boiling in i-PrOAc for 6 hours in the presence of a catalytic amount of p-TsOH·H2O (Scheme
25.8). Prolonged heating under reflux of the mixture resulted in partial racemization of the chiral
transfer agent.

The diastereoselective reduction of the imine 20 is the second and key step in the preparation
of (S)-1-aminoindane. The results of reduction with NaBH4 and H2 with various heterogeneous

The highest diastereoselectivity was found with Raney nickel as catalyst (Entry 2). A disad-
vantage of this approach was the necessity to use large amounts of Raney nickel (100 w/w%) to
ensure complete conversion; this would lead to handling problems on production scale. Reductions
with less Raney nickel or in other solvents gave either incomplete conversions or lower de. In
general, nearly complete conversions using the Pd, Pt, and Pd/Pt mixed catalysts (10 w/w%) in i-
PrOAc were obtained. However, the de of the product was consistently lower than in the case in
which Raney nickel was used. Therefore, we decided to focus on the “second best,” namely Pd-C,
and sought to optimize this reduction step in terms of catalyst loading and type of solvent. Argonaut’s
parallel pressure reactor, the Endeavor, was used for this purpose.50 A series of experiments with
5% Pd-C catalyst was conducted to explore the effect of variation of the solvent. The results are

It is interesting that a clear correlation was found between solvent polarity (the dielectric
constant ε) and de. Toluene is the most suitable solvent (Entry 1): (R,S)-22 was obtained with a de
of 90% (which is comparable to the RaNi reductions) but with only 8 w/w% 5% Pd/C. The reduction
step was further optimized. The best conditions were found at 4 w/w% 5% Pd/C and 25 w/w%
concentration of imine 20 in toluene, which ensured still fast reaction times (<5 h), complete
conversion, and high de values. These reduction conditions have been tested successfully on a
several hundred gram scale. 

SCHEME 25.8

CONH2H2N

O

N
CONH2

HN
CONH2

+

(R)-1
(R)-20

(R,S)-22

Diastereoselective

i-PrOAc, p-TsOH⋅H2O
reflux, 6 h

reduction

21
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catalysts are given in Table 25.2. 

summarized in Table 25.3.
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Furthermore, it was found that a single recrystallization of the HCl-salt of the PGA-aminoindane
provided (R,S)-22 in 84% overall yield based on imine 20 and a de >98%. This high substrate
concentration and low Pd loadings (the Pd catalyst might be recycled, a conjecture not yet proved),
combined with the high diastereoselectivity and easy enrichment via crystallization, make this a
scalable procedure.

Catalytic hydrogenation of (R,S)-22 was unsatisfactory for removal of the chiral auxiliary. The
regioselectivity of the N-benzylation step (5% Pd-C, 5 bar H2, 40ºC, EtOH, AcOH) gave a (S)-1-
amino-indane/(R)-PGA ratio of 4:6. This means that 60% of the key intermediate was converted
to the undesired product. Therefore, the “retro-Strecker” method, analogous to the homoallylamines
case, was applied as an alternative. The initially 3-step method could be improved to an efficient

TABLE 25.2
The Effect of Type of Catalyst on the Hydrogenation of (R)-20 in i-PrOAc

Entry Reducing Agent 
Loading 
(w/w%) Conditions

Time 
(h)

Conversion 
(%)

dea 
(%)

1 NaBH4 2 eq 20°C, EtOH 2 >99 18
2 Ra-Nib 100 50ºC, 3.5 bar H2 8 >99 88
3 5% Pd-Cc 10 25ºC, 3.5 bar H2 5 >99 80
4 5% Pt-Cd 10 25ºC, 3.5 bar H2 2 98 64
5 1% Pt-Ce 10 25ºC, 3.5 bar H2 >10 98 68
6 8% Pd/2% Pt-Cf 10 25ºC, 3.5 bar H2 5 >99 76

a The de was determined by 1H NMR analysis on the basis of the relative integration of the 1H-
aminoindane triplet of (R,S) at 4.34 ppm and (R,R) at 4.19 ppm. The de was confirmed by high-
performance liquid chromatography analysis.
b Doduco ACTIMET “S,” charge 768-18071.
c Engelhard ESCAT 142, moist-reduced, 52% moisture.
d Aldrich, dry.
e Engelhard ESCAT 261, moist-reduced, 51% moisture.
f Johnson-Matthey, 1130/8, batch 10, type 464, 51% moisture.

TABLE 25.3
The Effect of Type of Solvent on the Hydrogenation 
of (R)-20 with 5% Pd-Ca (8 w/w%) at 25ºC, 3.5 bar H2

Entry Solvent εεεε
Time 
(h)

Conversion 
(%)

de 
(%)

1 Toluene 2.38 3 >99 90
2 MTBE 4.5 >10 74 86
3 i-PrOAc 5b 6 98 80
4 THF 7.58 2 97 68
5 n-Pentanol 13.9 6 98 58
6 EtOH 24.55 2 97 42

a Engelhard ESCAT 142, moist-reduced, 52% moisture.
b Not found in the literature. The value given here is estimated from the
values of 4.63 for i-pentyl acetate and 6.68 for MeOAc.
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Dehydration of the amide 22 with POCl3/Et3N to the nitrile 23 proved to be less time-consuming
and cleaner and gave improvement of yields relative to the Vilsmeier procedure previously used.
Subsequently, the mixture was heated at reflux to effect the retro-Strecker reaction. Finally, addition
of an aqueous solution of NH2OH·HCl resulted in hydrolysis of the intermediate imine 24 to (S)-
1-aminoindane (25). Instead of using NH2OH·HCl, the hydrolysis can also be accomplished by
addition of an excess of 30% HCl followed by heating under reflux. Thus, (S)-1-aminoindane (25)
with an ee of 96% was prepared in 58% overall yield from (R)-PGA (1) and 1-indanone by means
of an effective 3-step procedure. 

As an additional example, we investigated the synthesis of (S)-3,3-dimethyl-2-butylamine (26)
using the 3-step approach (Scheme 25.10). In this case imine formation proved to be more difficult.
Reaction of (R)-PGA 1 and ketone 27 in boiling i-PrOAc was slow, and a low conversion was
observed. The imine was obtained in 97% yield as a white solid by heating under reflux in a mixture
of toluene and cyclohexane for 20 hours. Unfortunately, the (R)-PGA moiety was partly racemized
into a mixture of 85% (R)-28 and 15% (S)-28.

SCHEME 25.9

SCHEME 25.10

HN
CONH2H

HN
CNH

N
H

NH2

NH2OH⋅HCl
THF, H2O (1:1),
20 h

POCl3, Et3N

CH2Cl2
0°C to 20°C, 1 h

K2CO3, EtOH
Reflux, 1 h

POCl3, Et3N, THF, 0°C to reflux 5 h; NH2OH⋅HCl, H2O, 16 h

22 23 24

25

+

Pd-C, 5 bar H2
NH2

H2N CONH2

O
Toluene, cyclohexane

(R)-1

CONH2N

CONH2HNPt-C, 5 bar H2

EtOH, 20°C, 5 h
57% yield (2 steps)

EtOH, 50°C, 20 h

CONH2N
p-TsOH⋅H2O, ∆, 20 h

93%
ee > 98%

de 84%
After recrystallization:

(R,S)-29: de > 98%

ee 70%

+

27
(R)-28 (S)-28

26
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The solid thus obtained was subjected to various diastereoselective reduction conditions. The
results are summarized in Table 25.4.

High selectivities were obtained in case of NaBH4 reduction as well as heterogeneous reduction.
Crystallization from hexane afforded diastereoisomerically pure (R,S)-29 in an overall yield of 57%
for the 2 steps. This clearly demonstrates that (as found also for (S)-1-aminoindane) the key
asymmetric step does not always need to deliver 100% selectivity, as long as a good purification
method is available. The yield can, of course, be drastically improved by prevention of racemization
in the imine-formation step and increasing the selectivity in the reduction step, as described for
(S)-1-aminoindane.

Removal of the chiral-inducing agent was accomplished in a straightforward fashion by means
of hydrogenolysis using H2 and 5% Pd-C in ethanol to give the amine 27 as its HCl salt in 93%
yield (ee >98%). The total reaction sequence from (R)-PGA (1) and 3,3-dimethyl-2-butanone (27)
has been carried out to give a multi 10-g sample of (S)-3,3-dimethylbutylamine (26) as its HCl salt
with an overall yield of 53% based on 1.

More applications of this chirality transfer approach to enantiomerically pure amines using (R)-
or (S)-phenylglycine amide are under investigation.

25.5 SUMMARY

In summary, (R)-phenylglycine amide (1)—available on a large scale within DSM—is an excellent
chiral-inducing agent for application in diastereoselective synthesis. Diastereoselective reactions
with imines of (R)-PGA, for example Strecker reactions, combined with a crystallization-induced
asymmetric transformation, allylation, or reductions proceed with high to excellent de values. Also,
it is clear that the key asymmetric step does not have to be completely 100% selective because
crystallization is an efficient purification method for the PGA-functionalized diastereoisomers.
Furthermore, after performing its role, the chiral template is conveniently removed under either
reductive or nonreductive conditions. Obviously, (S)-phenylglycine amide is also accessible and
can be used for the preparation of the opposite isomer of the products described. Based on the
results obtained, we believe that in several cases “old-fashioned” diastereoselective transformations
can compete with advanced asymmetric catalysis. Currently, we are further extending this chirality
transfer technology using PGA toward routes for enantiopure β-amino acid derivatives and highly
functionalized amines.

TABLE 25.4
Diastereoselective Reductions of (R)-28/(S)-28; 
Ratio 85:15

Entry Reductant Solvent Conditions de (%)

1 NaBH4 MeOH 0°C, 1 h 80
2 RaNi EtOH 20°C, 1 bar H2, 72 h 88a

3 5% Pt/C MeOH 20°C, 5 bar H2, 5 h 84
4 5% Pd/C MeOH 20°C, 5 bar H2, 5 h 80

a Conversion ca. 75% (entries 1, 3 and 4: conversions quantitative).
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26.1 INTRODUCTION

The literature abounds with examples of pericyclic (and pericyclic-type) reactions that have been
used to synthesize a broad range of target molecules including natural products.1–3 (Some transfor-
mations do not proceed in a concerted manner, but follow a stepwise mechanism. These reactions
have been included where the rules governing pericyclic reactions can also predict the stereochem-
ical outcome.) Although few of these reactions have been scaled up outside of the laboratory, their
potential to provide a complex target molecule with a minimal number of transformations is
unparalleled in the organic chemists’ repertoire. For example, in the Diels-Alder reaction, up to
six stereogenic centers can be controlled in a single reaction.4 Recent progress, especially with
regard to asymmetric catalysts, should encourage the use of these reactions at scale.

This chapter has been organized into sections based on the major reaction types. Hence, the
hetero Diels-Alder reaction has been included as a subsection of the Diels-Alder reaction. Although
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there are numerous reports of asymmetric pericyclic reactions, our discussion concentrates on
reactions that are most likely to allow for scale up.

26.2 THE DIELS-ALDER REACTION

The Diels-Alder reaction, now more than 60 years old, has regained new prominence with the
ability to use asymmetric technology to control relative and absolute stereochemistry while creating
two new carbon–carbon bonds.1–3,5,6 As a result of the diversity of dienes and dienophiles, the
application of asymmetric methodology to the Diels-Alder reaction has lagged behind other areas
such as aldol reactions.3 However, considerable advances have been made in recent years through
the use of chiral dienophiles and catalysts.3,6–21

26.2.1 REGIOCHEMISTRY AND STEREOCHEMISTRY

Cycloadditions that involve two unsymmetric reactants can lead to regioisomers. The regioselectivity
of these adducts can be predicted with a high degree of success through the use of frontier molecular
orbital theory.22–25 The ortho product (this nomenclature follows the analogy of disubstituted aromatic
systems) is usually the preferred isomer from 1-substituted dienes, whereas 2-substituted dienes provide
the para isomer as the major adduct. However, when a Lewis acid is used as a catalyst in the reaction,
the ratio of these isomers can alter dramatically and, occasionally, can be reversed.22

In addition, Diels-Alder adducts are formed through two types of approaches that lead to endo
or exo isomers. The endo isomer is usually favored over the exo isomer, although the exo isomer
is generally the thermodynamically preferred product. This is known as the Alder, or endo, rule
and can be attributed to the additional stability gained by secondary molecular orbital overlap
during the cycloaddition.22,26,27 Again, the use of a Lewis acid catalyst can alter the endo/exo ratio
and has even been shown to give the thermodynamic exo adduct as the major product.28

Complete stereoselectivity occurs in the Diels-Alder reaction through syn addition of the
dienophile to the diene. Hence, the reaction of dimethyl fumarate and dimethyl maleate with
cyclopentadiene yields the trans and cis adducts, respectively (Scheme 26.1).29

The use of maleic anhydride provides a cis-dienophile that can react with cyclopentadiene in
a classic Diels-Alder reaction. The synthesis of tandospirone (1) takes advantage of the stereochem-
ical control to set the relative configuration at four stereogenic centers.30–32
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26.2.2 CATALYSTS

The financial advantages of using catalysts on an industrial scale are obvious. In addition to
increased regiochemistry and stereochemistry, the addition of a Lewis acid catalyst often allows
for a dramatic increase in the rate of Diels-Alder reactions; this has been attributed to changes in
energy of molecular orbitals when complexed, decreasing the activation energy.22,33 Although highly
diastereoselective thermal Diels-Alder cycloadditions are known,34 the addition of a Lewis acid
appears to be essential to maximize selectivity for the vast majority of Diels-Alder reactions.22,35–37

The use of a catalyst allows the reaction to be run at lower temperatures and, thus, allows for
greater differentiation of the diastereomeric transition states.

A large number of Lewis acids have been advocated for the catalysis of the Diels-Alder
reaction.3 The vast majority are based on zinc, aluminum, titanium, and boron derivatives. It should
be noted that the use of some metals, such as zinc, causes significant disposal problems in
wastewater streams and can add significantly to costs. Polymerization can be minimized by use of
Lewis acids where strongly electron-withdrawing substituents, such as chloride, have been replaced
by more moderate ligands, such as alkoxy, or weaker Lewis acids such as lanthanide complexes.37–45

Although these changes allow for the preservation of fragile functional groups and avoid substrate
decomposition, they also compromise the Lewis acidity and the catalyst may be less effective. In
addition to Lewis acids, proteins, antibodies, enzymes, and radicals have been found to catalyze
the Diels-Alder cycloaddition.46

26.2.2.1 Chiral Lewis Acids

The discovery that chiral Lewis acids can catalyze the asymmetric Diels-Alder reaction is a major
milestone for the scale up and practice of this reaction on an industrial scale. The use of such a
catalyst obviates the need for a chiral auxiliary on the diene or dienophile. The vast majority of
chiral auxiliaries that have been used in the Diels-Alder reaction are either not commercially
available or are expensive. In addition, the chemical steps needed to attach and remove the chiral
auxiliary increase the cost and complexity of the synthesis. Chiral catalysts may also be recovered
or recycled, further decreasing cost.47 Research in this area is very active, and catalysts based on

21 Our understand-
ing of the role these catalysts play in the asymmetric induction of Diels-Alder reactions is increasing,
and more general reagents should appear.27,48–54

The reaction of methacrolein with cyclopentadiene catalyzed by a chiral menthoxyaluminum
complex gives adducts with ee’s of up to 72%, but with other dienophiles little, if any, induction
was noted.94,95 A chiral cyclic amido aluminum complex 2 catalyzes the cycloaddition of cyclo-
pentadiene with the trans-crotyl derivative 3 in good yield and enantioselectivity (Scheme 26.2).47

This chiral catalyst can also be easily recovered.

High ee’s have been observed in analogous reactions with titanium catalysts derived from
tartaric acid,56,81,90 and bisoxazolines.17,70,96,98,99 The development of a robust air-stable catalyst that
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a number of metals (Table 26.1) have shown encouraging asymmetric induction.
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TABLE 26.1
Chiral Catalysts Used in the Diels-Alder Reaction

Ligand system Metal Reference Ligand system Metal Reference

O–

O–

O–

O–

R

R

M4+

Me

Me

Ti 55

O
O

R

R

MLn–2

R

R

Al, B, Ti 11,12,56–62

F3CO2SN
M

NSO2CF3

Ph Ph

Me

Al 47,53,63,64

N
M
Ln–2

O

OR

R1SO2

Al, B, Ti 13,52,65–69

SO2
N

OH

H

Al, Sn, Ti 59

N
M

OArSO2

Cl OPr-i

Ti 14

N N

O O

R R

Cu, Fe, Mg 8,70–72

N

O

NR1

R3
2

C OR2
Cu,Cr 73–78

N N
RR

H H

Cu 16,79

OH
NMe2

R

Cr 15

O
M

OH

H Ph
PhH3C

Cl Cl

Al 80

O

O

OH

OH

R

R1

R2 R3

R4 R5

Al, Sn, Ti 59,81–85

O
M

O
Cl Cl
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O
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O
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OR1
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results in high asymmetric induction in hetero Diels-Alder reactions offers promise for scale up.
Although the rate of reaction slows up to fourfold after five recycles, the selectivity and enantiose-
lectivity are maintained.72

The vast majority of successful chiral catalysts to date are based on tartaric acid, BINOL, or

mercially available, scale up should not present a problem. If the observed asymmetric induction
is found to be low with catalysts based on tartaric acid or oxazolidinones, the sterically hindered
titanium BINAP-type complexes should allow for increased selectivity. In addition, nontoxic metal
counterions, such as iron and aluminum, do not appear to compromise the asymmetric induction.

26.2.2.2 Chiral Bases

In addition to Lewis acid catalysts, chiral bases catalyze the Diels-Alder reaction.100,101 Although
the use of bases as catalysts does show promise, especially for acid-sensitive functionality, the
current level of asymmetric induction may not be acceptable for scale up. In addition, only a limited
number of dienes and dienophiles have been shown to undergo the chiral-base catalyzed Diels-
Alder reaction.

26.2.2.3 Biological Catalysts

Although the use of enzymes, as catalysts in the Diels-Alder reaction, has not been particularly
successful,46,102,103 abzymes can be used to control regioselectivity and stereoselectivity in the Diels-
Alder reaction.46,104 Biological catalysts have not been used on significant scale in the Diels-Alder
reaction. Further, the use of abzymes would require a large investment initially, and any subtle
change in the substituents on either the diene or dienophile may dramatically reduce asymmetric
induction and yield.

26.2.3 CHIRAL DIENOPHILES

the use of chiral dienophiles and, of these, acrylates, derived from a chiral alcohol or amine and
3,4

TABLE 26.1 (continued)
Chiral Catalysts Used in the Diels-Alder Reaction

MPh
Ph O

O

Al 19 R*OMCl2 Al 94,95

Ph2P PPh2

Co 96

MCl2

B 97
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oxazolidinone derivatives (Table 26.1). Because derivatives of both of these compounds are com-

Prior to the advent of chiral catalysts, the most widely used approach to chiral adducts has involved

acryloyl chloride, are the most common (Table 26.2).
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TABLE 26.2
Chiral Dienophiles Used in the Diels-Alder Reaction

Catalyst Reference Dienophile Catalyst ReferenceDienophile

SO2
N O

R1

R

TiCl4
EtAlCl2
Me2AlCl

6,105,106

O
SO2NR2

O
TiCl2(OiPr)2 107

O CMe3O

O

R1R TiCl2(OiPr)2 39,40

N
O O

O
R

Et2AlCl
BF3⋅OEt2
TiCl4
TiCl2(OiPr)2

108–110

N
O

R

– 111–113

N
O
O

R1
R

MeAlCl2 114

OH

S+O–

N

O

O

ZnCl2 115

SO2

N

R
O

Me2AlCl
EtAlCl2

38,116

O

O

R2

R

R1

TiCl4
Et2AlCl
Clay

40,107,117-
126

O

O

R*O
OR*

Et2AlCl
iBu2AlCl
AlCl3

127–129

OR*NC
ZnX2 130,131

S R3

O

R1 R2

R
ZnX2
MgBr2⋅OEt2
SiO2
LiClO4
Et2AlCl
BF3⋅OEt2
Eu(fod)3
TiCl4

7,34,132–146

NO2

“Sugar”

– 147
R

O

“Sugar”

R1
—
Et3Al
EtAlCl2
Et2AlCl
Cp2TiCl2

131,148–152

CO2Me
O ZnCl2

BF3⋅OEt2
SnCl4
Et2AlCl

153

N
S+

O

O–

Ph
– 154

O
R

O O

– 155 X

O
R

O

R1

where X = O, NAc

– 156–159

© 2006 by Taylor & Francis Group, LLC



Pericyclic Reactions 509

The use of a chiral auxiliary or group on the dienophile can provide for face selectivity. High
endo–exo selectivities have been achieved with bicyclic adducts, together with high asymmetric
induction. Chiral dienophiles can be classified as either type I or type II reagents (Figure 26.1).4

TABLE 26.2 (continued)
Chiral Dienophiles Used in the Diels-Alder Reaction

FIGURE 26.1 Type I and II dienophiles for the Diels-Alder reaction.
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Type I reagents, such as chiral acrylates, incorporate a chiral group in a simple and straightforward
manner. Type II reagents, where the chiral group is one atom closer to the double bond, are more
difficult to synthesize and recycle. In addition, significant stereoselection is only observed in the
presence of a Lewis acid (vide infra); this is especially true of type I reagents.22,35–37 However, for
type II dienophiles such as the sulfoxide 4, thermal Diels-Alder conditions can provide high
asymmetric induction and excellent overall yields (e.g., Scheme 26.3).132

to provide high asymmetric induction appears to be limited to specific dienes. However, there are
some dienophiles that tolerate a wider variety of dienes including menthol derivatives,117,118 camphor
derivatives,6,39,40,105,107–113,181,182 and oxazolidinones.120,165,183,184 It should be noted that even these
auxiliaries would require an efficient recycle protocol for economic scale up. One exception is the
use of sacrificial chiral oxazolidinones, which are relatively inexpensive. This approach has been
used in the large-scale preparation of the base cyclohexane unit of Ceralure B1.168 A procedure has
been developed for the preparation of (1S,2S)-5-norbornene-2-carboxylic acid where the D-panta-
lactone auxiliary can be recycled efficiently.185,186

The ethyl aluminum dichloride–catalyzed synthesis of (R)-(+)-cyclohex-3-enecarboxylic acid,
using galvinoxyl to inhibit polymerization, has been successfully scaled up to the kilogram level.106

An improved synthesis of the chiral auxiliary, N-acryloylbornane-10,2-sultam, was also described
together with a recycle protocol.

26.2.4 CHIRAL DIENES

Chiral dienes have proved to be less popular in asymmetric Diels-Alder reactions than their chiral
dienophile counterparts. This is primarily a result of the problem of designing a molecule that
incorporates a chiral moiety, such as the formation of a chiral isoprenyl ether or vinyl ketene
acetal.187–190 In addition, diastereoselectivities often are not high,54,191–199 as illustrated by the
cycloaddition of the chiral butadiene 5 with acrolein (Scheme 26.4). Improved stereoselection is
observed through the use of double asymmetric induction, although this is a somewhat wasteful
protocol.35,54,177,200

Sugar-substituted dienes are readily accessible and, although asymmetric induction may be low,
the desired product is often easily isolated by crystallization.192,194,195,201,202 Chiral dienophiles are
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Although a large number of chiral dienophiles have been developed (Table 26.2), their ability
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usually more difficult to prepare, and it is often difficult to recycle the chiral auxiliary. Hence,
Diels-Alder reactions involving chiral dienophiles should be avoided unless the chiral auxiliary
becomes incorporated into the target molecule.

26.2.5 COOPERATIVE BLOCKING GROUPS

The use of a chiral fumarate ester allows for asymmetric induction irrespective to the approach of
the dienophile to the diene. In particular, dimenthyl fumarate (6) has been advocated for large scale
because of its ready availability, low cost, excellent yields, and high asymmetric induc-
tion.35,128,129,203–208 Although other more exotic chiral auxiliaries may be used,32 the use of 5 coupled
with a homogeneous Lewis acid catalyst at low temperatures allows for remarkably high diastereo-
selectivity with a number of dienes (Scheme 26.5).125,164,209

26.2.6 SOLVENT EFFECTS

The choice of solvent has had little, if any, influence on the majority of Diels-Alder reactions.210,211

Although the addition of a Lewis acid might be expected to show more solvent dependence,
generally there appears to be little effect on asymmetric induction.118,129 However, a dramatic effect
of solvent polarity has been observed for chiral metallocene triflate complexes.212 The use of polar
solvents, such as nitromethane and nitropropane, leads to a significant improvement in the catalytic
properties of a copper Lewis acid complex in the hetero Diels-Alder reaction of glyoxylate esters
with dienes.213

26.2.7 INVERSE ELECTRON DEMAND DIELS-ALDER REACTIONS

The asymmetric cycloaddition of electron-rich dienophiles with electron poor dienes, although
discovered relatively recently, has provided some encouraging results (Scheme 26.6).214–223 It should
be noted that a multi-step synthesis is often required to synthesize the diene215,220 and a recycle
protocol for the chiral auxiliary may not be possible.214,218,220

26.2.8 INTRAMOLECULAR DIELS-ALDER REACTIONS

The intramolecular Diels-Alder reaction has provided a large number of valuable intermediates for
the synthesis of polycyclic compounds and has been used in the synthesis of a number of natural
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products.35,224–228 A distinct advantage of this reaction is the ability to construct the reactant to
provide for either endo or exo attack, which allows for excellent stereoselection.225,229–234

The simplicity and power of this reaction is illustrated by the spontaneous cyclization of the
derivative 7, formed from the condensation of (R)-citronellal (8) and 5-n-pentyl-1,3-cyclohexanedi-
one, which occurs with complete stereochemical control (Scheme 26.7).235

Lewis acid catalysts have been used in this approach.225,236–238 There are also a number of
examples of hetero intramolecular Diels-Alder reactions.225,238–241

26.2.9 HETERO DIELS-ALDER REACTIONS

Although the reactions of carbonyl compounds with dienes follow a stepwise addition, the overall
stereochemical outcome mimics that of the Diels-Alder reaction.1,2,5,242–244 The products of the hetero
Diels-Alder reaction have been used as substrates for a wide variety of transformations and natural
products syntheses.242,245–258 Many hetero Diels-Alder reactions use chiral auxiliaries or catalysts
that have been successful for the Diels-Alder reaction.

As with the Diels-Alder reaction, the addition of a Lewis acid appears to be essential to maximize
selectivity.259–263 Again, it should be noted that the use of some metals, such as zinc, causes significant
disposal problems in wastewater streams and can add significantly to costs. The type of Lewis acid
used can determine the relative stereochemical outcome of the reaction (Scheme 26.8).259,264
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Chiral catalysts do provide high degrees of asymmetric induction.61,265–272 Double asymmetric
induction was observed in the synthesis of homochiral pyranose derivatives using a chiral auxil-
iary–chiral catalyst combination.273,274

The imine of either R- or S-(α)-methylbenzylamine and ethylglyoxalate has been reacted with
Danishefsky’s diene to prepare a piperidine derivative.275 It is fortunate that the desired isomer
crystallized out. This imine has also been reacted with cyclopentadiene to generate 2-azabicy-
clo[2.2.1]heptane derivative at scale in moderate yields.276,277 In both cases the chiral auxiliary was
removed by hydrogenation.

A hetero-Diels-Alder reaction has been used to prepare racemic 2-ethoxycarbonyl-3,6-dihydro-
2H-pyran (9). This ester 9 was resolved by Bacillus lentus protease to provide the R-isomer.
Reduction, protection, and ozonolysis provided the bis-mesylate 10 (Scheme 26.9), a key interme-
diate in the synthesis of the PKC (protein kinase C) inhibitor LY333531 (11).278 This resolution
approach was used because it was more efficient than an asymmetric Diels-Alder reaction.

26.3 CLAISEN-TYPE REARRANGEMENTS

The Claisen rearrangement has been instrumental in the synthesis of a number of natural prod-
ucts.279–289 Many useful derivatives have been prepared using the Claisen-type rearrangement includ-
ing enol ethers,290 amides,291–293 esters and orthoesters,294–296 acids,297,298 oxazolines,299 ketene ace-
tals,300,301 and thioesters.302 Many of these variants use a cyclic primer to control relative and absolute
stereochemistry. The Claisen and oxy Cope provide the best candidates for scale up as a result of
the irreversible nature of these reactions.
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26.3.1 COPE REARRANGEMENT

The [3,3]-sigmatropic rearrangement of a 1,5-hexanediene is known as the Cope rearrangement
and usually proceeds through a chair transition state. Generally, a large substituent at C–3 (or C–4)
prefers to adopt an equatorial-like confirmation.303,304 As the reaction is concerted, chirality at C–3
(or C–4) is transferred to the new chiral center at C–1 (or C–6). The reaction can be catalyzed by
transition metals.305 The use of a palladium catalyst allows for the reaction to be conducted at room
temperature instead of extremely high temperatures (Scheme 26.10).306,307

The Cope reaction is reversible, but the introduction of an oxygen atom (the oxy-Cope and
anionic oxy-Cope rearrangements) results in the formation of an enolate whose stability drives the
reaction to completion.308,309 Because the enolate is formed regioselectively, it can be used for
further transformations in situ.310–312

26.3.2 CLAISEN REARRANGEMENT

The [3,3]-sigmatropic rearrangement of allyl vinyl ethers is the Claisen rearrangement and is
mechanistically analogous to the Cope rearrangement. Because the product of the reaction is a
carbonyl compound, the rearrangement usually goes to completion. The use of a large substituent,
such as a bulky silyl group, that can occupy the equatorial position allows for good stereoselectivity
(cf. Scheme 26.11).313

The presence of π-electron–donating substituents at the 2-position of the vinyl portion of the
ether allows for significant acceleration of the Claisen rearrangement.314–318 Aliphatic Claisen
rearrangements can proceed in the presence of organoaluminum compounds,286,319,320 although other
Lewis acids have failed to show reactivity.286,321–324 Useful levels of (Z)-stereoselection and asym-
metric induction have been obtained by use of bulky chiral organoaluminum Lewis acids.325–327

The Claisen reaction can be catalyzed by palladium;328 thus, the [3,3]-sigmatropic rearrange-
ment of a bulky allylsilane derivative 12 proceeds with high selectivity (Scheme 26.11).329–331

26.3.3 ESTER ENOLATE CLAISEN REARRANGEMENT

The most synthetically useful Claisen rearrangement, the ester enolate reaction of allyl esters,
requires only relatively mild reaction conditions and is most amenable to scale up.297,332 The
geometry of the initially formed enol ether substrate is controlled by the choice of solvent system

298,333–335 Thus, the methodology provides a useful alternative to an aldol approach.
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The Claisen ester enolate reaction has proved to be extremely useful in the synthesis of a large
number of natural products.3 In addition, the rearrangement has been extended to allow the prep-
aration of useful intermediates such as α-alkoxy esters,88,329,331,336–343 α-phenylthio esters,339,344,345

α- and β-amino acids,340,346–350 α-fluoro esters,351 cycloalkenes,352,353 tetronic acids,354 and dihydro-
pyrans.355–357

The use of a heteroatom α to the ester carbonyl group allows for the formation of a chelate
with the metal counterion; hence, the geometry of the ester enolate can be assured.336–338,358,359 This
approach was used in the rearrangement of the glycine allylic esters 13 to γ,δ-unsaturated amino
acids in good yields and excellent diastereoselectivity (Scheme 26.13).358 The enantioselectivity
could be reversed by using quinidine instead of quinine.

26.4 THE ENE REACTION

The ene reaction,3,6,360–365 the addition of a carbon–carbon or carbon–oxygen double bond with
concomitant transfer of an allylic hydrogen, can allow for chirality transfer.366–369 The reaction has
similarities to the Diels-Alder reaction in that a σ-bond is formed at the expense of a π-bond. In
addition, the use of a Lewis acid as a catalyst allows for control of the relative stereochemistry
(Scheme 26.14).370–372 Large-scale reactions will be complicated by the need to use either high
temperatures or Lewis acids. In addition, thermal and Friedel-Crafts–type degradation products
may be problematic with the use of these conditions.361,373
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Lewis acid–catalyzed reactions can be conducted at much lower temperatures than the uncat-
alyzed reaction, which can require temperatures in excess of 200°C.6,272,360,363,370,373–389

The methodology allows for a selective preparation of cyclic compounds361,390–394 as well as
acyclic ones (Scheme 26.15).363,383,395–399 Stereochemical control for acyclic reactions can be
increased with the use of a cyclic primer.369,372,375,400–409

Intramolecular ene reactions can be highly diastereoselective.401,410–416 An example is provided
by the synthesis of the corynantheine derivative 14 (Scheme 26.16).410

26.5 DIPOLAR CYCLOADDITIONS 

Dipolar cycloadditions, closely related to the Diels-Alder reaction,1,2 result in the synthesis of a
five-membered adduct including cyclopentane derivatives.417–426

The cycloaddition of a nitrile oxide with a chiral allylic ether affords an isoxazoline with
selectivity for the pref-isomer. This selectivity increases with the size of the alkyl substituent and
is insensitive to the size of the allyl oxygen substituent. However, allyl alcohols tend to form the
parf-isomer preferentially, although the selectivity is often low.427–434 The product of dipolar cycload-
ditions based on nitrile oxides, the isoxazoline moiety, can be converted into a large variety of
functional groups under relatively mild conditions.3 Among other products, the addition can be
used to prepare β-hydroxy ketones (Scheme 26.17).435 The isoxazoline moiety can be used to control
the relative stereochemistry through chelation control.436,437
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26.6 [2,3]-SIGMATROPIC REARRANGEMENTS

There are two classes of [2,3]-sigmatropic rearrangements: anionic and neutral (Figure 26.2).438,439

The Wittig rearrangement provides the most useful example of anionic rearrangements, whereas
the Evans rearrangement is the most important example of neutral rearrangements.438,440 Numerous
other examples such as allylic sulfenates, amine oxides, and selenoxides are known, but the
electronic and stereochemical arguments used for the two major reactions allow similarities and
extrapolations to be drawn with confidence.438 The [2,3]-rearrangement often needs to be conducted
at low temperature to minimize competition from a [3,3]-rearrangement or nonconcerted process
adding to the problem of scale up.441–443

26.6.1 WITTIG REARRANGEMENT

α-allyl
alcohol (Scheme 26.18).444,445 The transition-state geometry plays an important role to determine

438,442,444,446–454

The Wittig rearrangement has been used in the synthesis of a wide range of compounds that
rely on this versatile protocol,455 ranging from large antibiotics,456,457 to dihydrofurans,458,459 to
steroid derivatives.460–462 However, the use of strongly basic conditions is the major hindrance to
the implementation of this reaction at scale.

26.6.2 EVANS REARRANGEMENT

463 can be extended to synthesize
functionalized allyl alcohols.464,465 The Evans rearrangement involves the rearrangement of an allylic
sulfoxide to an allyl alcohol.463 The reverse reaction is also possible: the conversion of an allyl

438,466

FIGURE 26.2 Anionic and neutral [2,3]-sigmatropic rearrangements.
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the reaction outcome that, in turn, is dependent on the stereochemistry of the double bond (Figure

The Wittig rearrangement is primarily used in the transformation of an allylic ether to an 

26.3).

alcohol to the analogous sulfoxide. The “push–pull” nature of the two rearrangements (Scheme

The other major [2,3]-rearrangement, the Evans rearrangement,

26.19), coupled with the transfer of chirality, provides a method to invert an allyl alcohol together
with the isomerization of the alkene (Scheme 26.20).
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The Evans rearrangement can be driven to completion by the addition of a thiophile, such as
trimethylphosphite (Scheme 26.19).440,467–470 This strategy allows the chemistry of the allyl phenyl
sulfoxide, or other sulfur precursor, to be exploited before the allyl alcohol is unmasked.463,471–474

The addition of phenylsulfenyl chloride to an alkene, followed by the elimination of hydrogen
chloride and subsequent rearrangement, provides a useful synthesis of allyl alcohols.473,475 The
[2,3]-Evans sigmatropic rearrangement is concerted and allows for stereochemical transfer.476,477

The reverse reaction, formation of the allyl sulfoxide, results from the treatment of an allyl alcohol
using a base followed by arylsulfenyl chloride to produce the allyl sulfoxide.478,479

FIGURE 26.3 Reaction pathways for the Wittig rearrangement.

SCHEME 26.19

SCHEME 26.20

Denotes minor reaction pathway.
Denotes major reaction pathway.

–

Base

Base

–

O

R

R

O

OH

O

R

O

H

OHR

H

H

R

H

H

H

R

O

H

H

R

H

O
R

H

H

H

∆

(MeO)3P

2.  ArSCl
1.  RLi

SOAr

R1

R3

R4 R4

OH

R1

R2R2 R3

P(OMe)3

R1

OH

R2H
H

S
R3 O

R2

R1 R1

S
R3 O

H
R2

R1

OH

R2
HR3SCl, NEt3

© 2006 by Taylor & Francis Group, LLC



Pericyclic Reactions 519

26.7 OTHER PERICYCLIC REACTIONS 

Although photochemical cycloadditions can prove difficult to scale up, they do offer access to
cycloadducts not directly accessible by other methods.480,481 The initial studies into asymmetric
synthesis by photochemical means were in the solid phase or organized assemblies, and few
examples were known in solution.482,483 Circular polarized light, a chiral agent, has the potential to
induce asymmetric synthesis, although useful ee’s have not yet been obtained.481

The condensation of an imine with a Reformatsky-type reagent and tandem reactions can result
in asymmetric induction.3,207,484–487 The reaction of a ketene with an electron-rich alkene results in
a [2+2] cycloaddition, although other systems can also be used.488–490 The stereochemistry of the
adduct is cis, and functionalized ketenes can also be used. The ketene can be generated in situ
(Scheme 26.21).491

The cycloaddition of ketene with chloral in the presence of catalytic quantities of quinidine or
quinine leads to the oxetanones in high optical and chemical yield (Scheme 26.22). This reaction
is practiced on an industrial scale with the chiral building blocks malic and citramalic acids being
formed by hydrolysis.492

26.8 SUMMARY

Many types of pericyclic and cycloaddition reactions have been documented. Although there are
no general guidelines for the asymmetric preparation, reagents such as chiral catalysts are providing
more general routes. Many of the reactions discussed rely on the use of low temperature. Although
it is expensive to conduct low temperature reactions on an industrial scale, reactions that need
temperatures of down to –105°C can be conducted. It should be noted that at such temperatures
only stainless steel vessels, which require neutral or basic conditions, can be used at these extreme
temperatures. In addition, reactions that involve the use of a metal can cause contamination problems
in wastewater or the product.

Other sections of this book should be accessed because many chiral auxiliaries and catalysts
appear to cross over from one type of pericyclic reaction to another. It should also be noted that,
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although a large number of pericyclic reactions are known, large differences in asymmetric induction
can occur with only subtle changes in reagents. This is especially true of the Diels-Alder reaction.

The Claisen rearrangement, Cope rearrangement, and associated variants are powerful tools
that can be used to create a number of new chiral centers in an expeditious manner, but the use of
heavy metals, such as mercury, should be avoided. Of these reactions, the Ireland-Claisen ester
enolate reaction provides the most versatile synthetic pathway with minimal scale up problems.

Our understanding of chiral catalyst has greatly increased in recent years, and we are beginning
to see catalysts that are less substrate dependent. The advantages of chiral catalysts on an industrial
scale are obvious. With the enormous potential of pericyclic reactions, particularly because more
than one carbon–carbon bond and a number of stereogenic centers can all be created at the same
time, it can only be a matter of time before they become a key weapon in the process scale up
strategy to chiral compounds.
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27.1 INTRODUCTION

Free-radical technology had to come a long way before it gained its current well-deserved recog-
nition among synthetic chemists. Traditionally, free-radical chemistry has often been neglected for
rational synthesis of fine chemicals because of the perception that radicals are uncontrollable and
unselective. However, this negative view was revised with the adoption of tributyltin hydride in
organic synthesis after it was recognized that reactions involving free radicals can indeed occur
with a high degree of regioselectivity and diastereoselectivity. Nevertheless, the first examples of
radical reactions that proceed with genuine enantiocontrol were reported only in the mid 1990s.1–5

The majority of applications that involve tributyltin hydrides are chain processes under reducing
conditions, and from these, selective halogen abstractions from C–Hal bonds are by far the most
prominent.6-8

reaction has been initiated, the first step of the radical chain mechanism involves the abstraction
of a halogen atom from the alkyl halide A by a triorganotin radical to give rise to a triorganotin
halide and a planar (sp2 configured) carbon radical B, which subsequently reacts with the triorga-
notin hydride producing the product C and a new triorganotin radical, which participates in a new
cycle.

© 2006 by Taylor & Francis Group, LLC

 The general mechanism of such a reaction is outlined in Scheme 27.1. After the
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If the first reaction step in Scheme 27.1 affords a prochiral radical B, then, in principle, the
second step will produce a chiral product C (provided all three substituents of B are different and
none are hydrogen) and the stereochemical outcome may be controlled by the stereochemistry of
the organotin hydride. Optically inactive organotin hydrides (e.g., Bu3SnH) will attack the enan-
tiotopic faces of the planar radical with equal probability, and the product will be racemic. However,
when the organotin hydride is chiral, the transition states involved in the second reaction step are
diastereotopic, and consequently the attack by the organotin hydride at the Re- and Si-faces of the
planar radical will involve different activation energies (Figure 27.1). If the difference of the
activation energies is sufficiently high and appropriate reaction conditions are applied (e.g., low
temperatures), effective discrimination of the enantiotopic faces of the planar radical by the chiral
organotin hydride is possible and one enantiomer of C will be preferred over the other.

27.2 STOICHIOMETRIC FREE-RADICAL REDUCTIONS 

As a result of the limited configurational stability of optically active organotin compounds, in which
the chirality is on the tin atom, most advances in enantioselective free-radical reductions involve
organostannanes where the elements of chirality are contained in the organic substituents. Selected

SCHEME 27.1

FIGURE 27.1 Diastereotopic transition states involved in the reaction of a prochiral carbon-centered radical
with a chiral organotin hydride.
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early examples based on chiral 1,1′-binaphthyl-,9,10 2-[(1-dimethylaminoalkyl)phenyl]-,11,12 and
cholestannyl groups13 are shown in Figure 27.2.

Feasibility studies of 1–4 in free-radical reductions involving α-bromo ketones and esters
demonstrated enantioselectivities of up to 51% ee. Although these results supply proof of concept,
the aim to provide a widely applicable synthetic reagent required significant improvement of ee
values and access to less costly chiral-reducing agents. To address this problem, chiral organostan-
nanes derived from menthol were developed.14–24 Menthol, a naturally occurring terpene alcohol,
provides a convenient source of chirality, where both enantiomers are inexpensive and readily

the configurationally stable Grignard reagents derived from the corresponding menthyl chloride
enantiomers.25 The configurations of the respective menthyl groups are very similar to those of the
parent alcohols, (–)- and (+)-menthol. This technology enables the cost-effective production of a variety
of tailor-made menthyltin hydrides; a selection explored by Chirogen is depicted in Figure 27.3.

For α-bromo ketones and related compounds, enhancement of the enantioselectivities has been
achieved by the addition of simple Lewis acids (e.g., BF3, Cp2TiCl2, or magnesium salts, which
presumably form Lewis acid–Lewis base complexes with the carbonyl functions of the sub-
strates).26,27 The stereochemical effect of some Lewis acid additives on the reduction of a racemic
α

FIGURE 27.2 Examples of C-centered optically active organotin hydrides.

FIGURE 27.3 Examples of menthyltin hydrides evaluated by Chirogen for enantioselective free-radical
reductions.
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-bromo ester, namely ethyl 2-bromo-2-phenylpropanoate, is summarized in Scheme 27.2.

available on scale (see Chapter 5). Up to three menthyl groups can be attached to a tin atom using
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27.2.1 SCOPE AND LIMITATIONS

The versatility of organotin hydrides lies in their ability to reduce with a high degree of selectivity
a variety of functional groups, including halides, sulfides, selenides, thionocarbonates, and dithio-
carbonates; nitro groups; sulfoxide, sulfate, and sulfonyl moieties, and others.6–8,28 Although the
direct reduction of alcohols is not possible, appropriate derivatization to thiocarbonates or dithio-
carbonates make them susceptible to radical transformations. These reactions are commonly referred
to as Barton-McCombie reductions.6–8,28 One of the most striking attributes of triorganotin hydrides,
regardless of whether they are chiral, is their complementary nature to alternative reducing agents,
such as NaBH4, performing under polar reaction conditions. For instance, triorganotin hydrides
selectively reduce halogen atoms in the presence of carbonyl functions or alcohol groups.6–8,28

Triorganotin hydrides are generally applicable for sensitive molecules possessing a variety of
functional groups that may decompose or epimerize under ionic reaction conditions. The use of
triorganotin hydrides is particularly attractive where polar reactions suffer from steric hindrance
that requires forcing reaction conditions. In these cases, free-radical intermediates usually possess
a greater accessibility to encumbered sites because they are neutral and only weakly solvated.
Besides application in radical reductions, triorganotin hydrides are also useful for initiating radical
processes that involve selective additions to double or triple bonds (hydrostannylations) and proceed
with the subsequent rearrangements of the radical intermediates. A variety of elegant tandem and
cascade reactions have been reported that have been initiated by triorganotin hydrides.28 Limitation
to the applicability of triorganotin hydrides are encountered whenever functional groups susceptible
to radical processes, such as nitro groups, may compete with the intended reaction or whenever
radical inhibitors are present.

27.2.2 EXAMPLES RELEVANT TO THE FINE CHEMICAL INDUSTRY

α-
position to carbonyl functions. These cover a vast range of compound classes, such as α-halogenated
ketones, esters, amino acids, α-hydroxy acids, etc. In general, these compounds are accessible by

bromosuccinimide (NBS).29 Thus, a two-step sequence involving the halogenation of a chiral
(racemic) carbon atom situated in the α-position to a carbonyl function followed by an enantio-

effectively provides a chemical deracemization alternative to classic resolution techniques. An

29

SCHEME 27.2

Br
OEt

O

OEt

O

6 + LA

LA = none:              2 % ee
LA = BF3:              32 % ee
LA = Cp2ZrCl2:    36 % ee
LA = MgBr2:         92 % ee
LA = MgI2:             96% ee
LA = Mg(OTf)2:    98% ee

the (S)-enantiomer dominates in these examples 
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selective free-radical reduction produces exclusively the desired enantiomer. This reaction sequence

illustrative example is the deracemization of methyl N-TFA phenylglycinate (Scheme 27.3) (see

halogenation of the appropriate parent compound using standard reagents, such as bromine or N-

Prime targets for free-radical reductions are precursors possessing activated C–Hal bonds in 

Chapter 25).



Asymmetric Free-Radical Reductions Mediated by Chiral Stannanes, Germanes, and Silanes 535

Therefore, the methyl N-TFA phenylglycinate is brominated using NBS and subsequently
reduced with either Men2PhSnH (6) or ent-Men2PhSnH (6′) in the presence of MgBr2 to produce
the same material, methyl N-TFA phenylglycinate, as either the R- or S-enantiomer with ee’s greater
than 99%.29 The stereochemistry of the product can be easily selected by choosing the parity of
the reducing agent (e.g., 6 or 6′). Compared to classic resolution technologies where the maximum
yield of the desired enantiomer isolated from racemic mixture cannot exceed 50%, this chemical
deracemization could provide yields close to 100%. Furthermore, this chemical deracemization can
switch between the antipodes allowing the conversion of the (S)-enantiomer into the (R)-form and
vice versa. In a similar way, both enantiomers of benzyl N-TFA tert-leucinate as well as ethyl esters
of naproxen and ibuprofen, two nonsteroidal antiinflammatory drugs, have been deracemized with
enantioselectivities in excess of 96% ee (Figure 27.4).29

27.3 STRATEGIES FOR THE AVOIDANCE OF TIN WASTE

Despite the unique synthetic possibilities offered by organotin reagents, their use in the chemical
industry has steadily declined in recent years as a result of perceived toxicity and environmental
concerns associated with disposal of tin wastes.30,31 Consequently, appreciable efforts have been
made to develop heavy metal-free alternatives based on silicon, germanium, or phosphorus chem-
istry. Other strategies have been applied to immobilize the tin reagents or to reduce their usage to
less than stoichiometric amounts.

SCHEME 27.3

FIGURE 27.4 Deracemization of protected forms of tert-leucine, naproxen, and ibuprofen.
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27.3.1 IMMOBILIZATION OF TIN REAGENTS

The immobilization of nonchiral organotin hydrides has been addressed in a number of works.
Various solid supports (e.g., silica, alumina, and polystyrene) and different ways to covalently bind
organotin hydrides have been used.32 Chirogen has developed immobilized menthyltin hydrides
attached to silica and polystyrene supports, as shown in Figure 27.5. Both systems have been
developed to the proof-of-concept stage.

Although these systems are feasible for enantioselective free-radical reductions, the enantiose-
lectivities achieved are generally lower than those obtained in homogeneous reactions. As in the
case for most immobilized reagents, the loading of active tin sites on the surface of the support
materials is rather low, especially for silica-supported systems. One associated problem is the
relatively low concentration of radical donors, which reduces the radical delivery rate to levels that
render the propagation of the radical chain difficult. Other drawbacks involve temperature control
issues as a result of the heterogeneous nature of the reactions as well as leaching of the organotin
moieties from the carrier support.

27.3.2 REDUCTIONS CATALYTIC IN TIN

An intriguing solution to reduction of tin waste levels is the use of organostannanes (e.g., Bu3SnH)
in catalytic amounts in the presence of a coreductant, such as (MeHSiO)n or PhSiH3, which
regenerates the organostannane but does not reduce the substrate directly.33,34 Achiral systems were
optimized to use as little as 5% of the stoichiometrically required amount of organostannane.
Chirogen has developed a chiral version of this catalytic cycle for the use of its menthyltin hydrides
(e.g., compounds 5–7) using borane as a coreductant. One advantage of this technology is that
borane can cleave one phenyl group in phenyl-substituted organotin compounds to afford organotin
hydrides.35 Thus, the use of an excess of borane with a small amount of an appropriate triorga-
nophenyltin compound (e.g., Men3SnPh) provides an effective catalytic system for (enantioselec-
tive) free-radical reductions. It is important to note that borane does not undergo free-radical
reductions with C–Hal bonds of the substrate molecules. The basis of this technology is illustrated
in Scheme 27.4.

FIGURE 27.5 Immobilized menthyltin hydrides at silica and polystyrol supports.
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Large amounts of borane can be prepared conveniently by the reaction of NaBH4 with dimethyl
sulfate. Excess of borane and associated by-products may be hydrolyzed after the reduction to yield
environmentally compatible boronic acid, B(OH)3.

27.3.3 REDUCING AGENTS BASED ON GERMANIUM AND SILICON

Triorganotin hydrides are good reagents for free-radical reductions because of the lability of the
Sn–H bond and because of their ability to undergo homolytic bond cleavages for the delivery of
hydrogen radicals at acceptable rates. Compared to this, the M–H bonds in organosilanes and
organogermanes, R3MH (M = Si, Ge), are kinetically more stable and the hydrogen donor ability
is much lower when R represents a simple alkyl or aryl group. Whereas organogermanes, R3GeH
(R = alkyl, aryl), may be considered as borderline cases, the hydrogen delivery rate toward common
organic radicals is generally too slow with organosilanes, R3SiH (R = alkyl, aryl).36,37 However,
the Si–H bond can be effectively activated by appropriate substituents, such as triorganosilyl- and
organothio groups. Thus, tris(trimethylsilyl)silane, (Me3Si)3SiH, and tris(methylthio)silane,
(MeS)3SiH, undergo free-radical reductions and are currently the most successful metal-free alter-
native to replace tributyltin hydride.38,39 Organosilicon compounds are generally considered to be
environmentally friendly because their ultimate degradation product is silica. Chirogen has devel-
oped chiral organogermanes and organosilanes for the purpose of enantioselective free-radical
reductions; examples are depicted in Figure 27.6.

The chiral organogermanes, MenPh2GeH (8) and en-MenPh2GeH (8′) are again based on the
availability of (+)- and (–)-menthol, whereas the chiral tetrasilanes, (trans-MyrMe2Si)3SiH (9) and
en-(trans-MyrMe2Si)3SiH (9′) are derivatives of (+)- and (–)-β
8 and 9 have been used successfully in free-radical reductions of α-brominated methyl N-TFA
phenylglycinate and benzyl N-TFA tert-leucinate, respectively, producing enantioselectivies of 99%
ee in both cases. Besides environmental reasons, chiral organogermanes and organosilanes offer
another advantage—namely, they produce excellent enantioselectivities even at comparatively high
temperatures up to –20°C. This fundamental difference to organostannanes, which generally provide
best results at –78°C, is attributed to the closer proximity of the organosilane with the radical
substrate at the diastereotropic transition state of the hydrogen transfer, which allows a more
effective transfer of chiral information.40

27.4 SUMMARY

Free-radical reductions mediated by chiral stannanes, germanes, and silanes may occur with enantio-
selectivities in excess of 99% ee. Owing to the involvement of radical intermediates and the mild
reaction conditions, this process is applicable for a large variety of simple or even complex target
molecules that are incompatible to asymmetric reductions that require ionic reaction conditions.

FIGURE 27.6 Heavy metal–free chiral-reducing agents based on Ge and Si chemistry.
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-pinene (see Chapter 5). The reagents
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28.1 INTRODUCTION

Olefin metathesis, the rearrangement of carbon–carbon bonds in the presence of a metal carbene,
has become an integral tool for the synthetic organic chemist. The simplistic nature in the execution
of this chemistry lends itself well to use on a large scale. The reaction offers alternatives to other
alkene synthesis, such as the Wittig reaction with the large amounts of by-products produced, and
can tolerate a wide variety of functionality. With the emergence of several well-defined, highly
active catalysts, the deployment of this type of chemistry on an industrial scale will continue to
expand over the coming years.

Although the metathesis reaction does not involve stereogenic centers, chiral catalysts are
available that can differentiate between enantiomers of substrates (vide infra). Although the reaction
has found widespread usage in the polymer industry, this chapter will be confined to fine chemical
applications.

28.2 REACTION TYPES

In general, there are three modes of olefin metathesis: ring closing metathesis (RCM),1–4 ring
opening metathesis polymerization (ROMP),5,6 and cross metathesis (CM).7–9 Although all three
have industrial applications, the main use of olefin metathesis for fine chemicals production lies in

© 2006 by Taylor & Francis Group, LLC

the modes of CM and RCM (Scheme 28.1).
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The metal carbene catalysts used in these reaction fall into four broad categories: titanium,10–12

tungsten,13–15 molybdenum,16–18 and ruthenium.19–21 Early researchers used the titanium- and tung-
sten-based catalyst, but these systems lacked the functional group tolerance and stability required
for broad academic use. The development of the molybdenum- and ruthenium-based catalysts
provided an acceptable blend of good functional group tolerance, chemical stability, and reactivity

22–28

SCHEME 28.1

RCM +

RCM

n
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R1

R2
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R1 R2

R1 R1
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RCM
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to allow for widespread use in organic synthesis (Figure 28.1).
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28.3 MECHANISM

The mechanism for these metathesis catalysts appears to be the same regardless of mode of
metathesis or metal center. The first step in the mechanism is the loss of a phosphine ligand to
generate a 14 electron species 8.29 This 4-coordinate intermediate is then trapped by an olefin
followed by formation of a metallocyclobutane 9 or 10. This species collapses to either give product

30,31 In some cases, the regiochemistry can be con-
trolled by the substrate itself or by the steric requirements of the ligands. In many cases, however,
formation of 9 and 10 compete.

FIGURE 28.1 Structures of some metathesis catalysts.
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or unchanged starting material (Scheme 28.2).
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It is worthy to note here that the methylidene complex 11 is a poor initiator for olefin metathesis
reactions at room temperature. Although this complex can undergo multiple catalytic turnovers, if
it is intercepted by free phosphine ligand, it becomes incapable of reentering the metathesis catalytic
cycle.32

28.4 RING CLOSING METATHESIS

Because the metathesis reactions all involve the same mechanism, this and the following sections
provide representative examples of the reaction types as they have been used in the fine chemical
industry.

Merck has used a diastereoselective double RCM in the synthesis of NK-1 receptor antagonists
33 Previously reported studies by the same group showed that amino acid–derived

tetraene 12 smoothly underwent ring closure in a diastereoselective fashion to give the correspond-
ing spirocyclic compounds 13 in excellent diastereoselectivity.34 An extension of this work to the
tetraene system derived from phenylglycine gave the desired spirocycle in 86% yield and 70% ds.

SCHEME 28.2
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(Scheme 28.3).
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The predominant reaction pathway appears to be the formation of the dihydrofuran ring. This
is followed by the piperidine ring closure. The evidence for this is the detection of only one of the
two possible piperidine diene diastereoisomers along with both dihydrofuran diene diastereoisomers
when the reaction was prematurely quenched (Scheme 28.4).33

With the spirocycle in hand, a regioselective and stereoselective Heck reaction was used to

addition of water to the reaction provided the high selectivity. The remaining olefin was reduced
over Pearlman’s catalyst, and the protecting groups were removed to provide the desired NK-1
antagonist 14 in 7 overall steps.33

SCHEME 28.3
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install the substituted aromatic portion of the molecule (Scheme 28.5). It is interesting that the
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Other groups have used RCM to make much larger ring systems. Researchers at GSK have
made human Cathespin K inhibitors 15 and 16 using RCM to synthesize a key azepanone phar-

35,36 In this case a 7-membered ring was formed by the metathesis
reaction.
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macophore 17 (Scheme 28.6).
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Another group at Boehringer Ingelheim has used RCM to prepare macrocyclic peptides active
against the hepatitis C virus.37–39 The metathesis reactions were used to form 15-membered rings

of the unsaturation in the macrocycle.
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and the trans-alkene (Schemes 28.7 and 28.8). The length of the sidechains determined the position
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40

starting material.41
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In a related example, pentapeptide 18 smoothly undergoes RCM using catalyst 5 (Scheme

Smaller cyclic peptides have also been prepared using the same methodology (Scheme 28.9).

28.10). It is interesting that treatment of 18 with catalyst 4 resulted in complete recovery of the
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The required α,α-disubstituted amino acid for 18 was prepared by an enzymatic resolution of
42

Substituted pipecolic acid derivatives can be accessed from a suitably protected allylglycine
derivative by first use of a palladium-catalyzed N,O-acetal formation followed by RCM.43 Treatment
of 19 with boron trifluoride etherate followed by a variety of nucleophiles formed the corresponding
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substituted products 20 and 21 (Scheme 28.12).

the corresponding racemic amino amide (Scheme 28.11) (see also Chapters 2 and 19).
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RCM of enamides 22 using catalyst 4 or 5 produces 5- or 6-membered rings (Scheme 28.13).44

It is worthy to note that attempted RCM to produce a 7-membered ring was unsuccessful.
Instead, isomerization of the terminal olefin to an internal olefin followed by RCM gave the
substituted piperidine (Scheme 28.14).44

An intersecting RCM is the alkyne variant called ring closing alkyne metathesis (RCAM). In
this case, two alkynes, usually methyl terminated, are converted to the cycloalkyne. Unlike RCM,
RCAM does not produce geometric isomers. Using this methodology, several constrained diamino-

45
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suberic analogues can be produced (Scheme 28.15).
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The required chiral hexynoic amino acid for the sequence in Scheme 28.15 was prepared by
45

28.5 CROSS METATHESIS

Olefin metathesis can be very useful in the CM mode, as shown in the synthesis of insect phere-
mones.46 In the first example for the synthesis of the peach twig borer pheromone 23, an excess
of 1-hexene was used to increase the yield of the desired product. However, both of the other

ester groups of meadowfoam oil (24) through cleavage of the alkenes rather than ester bonds. The
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an enzymatic resolution approach (Scheme 28.16).

products could be recycled (Scheme 28.17). In the second example, CM was used to change the

sequence resulted in the synthesis of the mosquito pheromone (25) (Scheme 28.18).
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Other pheromones prepared using CM include 11-tetradecenyl acetate (Omnivorous Leafroller),
8,10-dodecadienol (Codling Moth), 9-tetradecenyl formate (Diamondback Moth),47 9,11-hexadec-
adienal (Pecan Nut Casebearer),48 and 4-tridecenyl acetate (Tomato Pinworm).49

Alternatively, CM can be used in tandem with other catalytic methods to rapidly produce

CM produces the starting material for the next catalytic reaction.46,50
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complex molecules. In the example shown in Scheme 28.19 for the synthesis of (–)-ketorolac (26),
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28.6 CHIRAL METATHESIS

Enantiomerically pure olefin metathesis catalysts can be used to promote reactions whereby simple
achiral substrates are transformed into more complex chiral molecules. Much like their achiral
counterparts, chiral olefin metathesis catalysts can be used in three distinct fashions. Chiral met-
athesis reactions have been reviewed.51–53
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A chiral catalyst can differentiate between the two enantiomers of a substrate to provide
nonracemic products.54 The original catalyst 27 has been modified to the BINOL derivative 29
because this has advantages for the formation of 6-membered rings.55 The THF (tetrahydrofuran)
plays a key role and enhances enantioselectivity.56 The catalyst 30 is useful for asymmetric ring
closing metathesis (ARCM) and cross-metathesis reactions that form 5-membered rings.57 The
reactions are not always limited to molybdenum as the metal; tungsten has been used with success.58

The catalysts are also amenable to being used on a polymer support.59

Kinetic resolution of racemic dienes, such as 31, can be accomplished by ARCM using a chiral
51,54,60

SCHEME 28.19

OBz
4

Crotonaldehyde
BzO CHO

BzO

1.

OH

HN

82%
93% ee

N

OBz

O
NMe2

N

OBz

O
Ph

N

CO2H

O
Ph

26

68%
2. NaBH4

HN
N

O
Bn

TsCl
K2CO3

NaOH

PtO2

N
H

N
Mo

Ph

O
O

R R

27, R = Pr-i
28, R = Me

C6H2iPr3

i-Pr

PhMo
O

O

C6H2iPr3

i-Pr

N O

29

Ph

30

Mo
O

O

i-Pr i-Pr

N

© 2006 by Taylor & Francis Group, LLC

catalyst (Figure 28.2).
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These chiral catalysts can also be used to desymmetrize meso substrates to produce enantio
pure 5-, 6-, and 7-membered rings (Scheme 28.20).57,61–64

65

The asymmetric reactions can also be coupled with achiral metathesis reactions as in, for
example, AROM/RCM or AROM/CM reactions.66,67

68–70

FIGURE 28.2 Substrates for asymmetric ring closing metathesis.
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 Examples of the latter are given in Scheme

short synthesis of endo-brevicomin (31) (Scheme 28.21).
An elegant application of this methodology was demonstrated by Burke and colleagues in a

28.22.
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This methodology has been applied to the synthesis of the dihydropyran portion 32 of tipranavir
(33), an anti-human immunodeficiency virus compound (Scheme 28.23).56,70 The dihydropyran 32
can be accessed from the cyclopentene 34 by what is formally a tandem AROM/RCM reaction.

Asymmetric ring opening metathesis reactions can also be performed.67,66 In these cases, it is
common for the reaction to be coupled with a cross metathesis or other reaction to avoid polymer-
ization of the product.51 The catalysts are constantly being improved to provide higher selectivities

60,71
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and faster reactions. The catalyst 35 is recyclable and air-stable (Scheme 28.24).



Metathesis Reactions 555

28.7 TANDEM CATALYSIS

Grubbs and coworkers have shown that 4 or 6 can be used as a hydrogenation or dehydrogenation
catalyst. This dual use was demonstrated in the synthesis of (R)-(–)-muscone (36) (Scheme
28.25).72,73

28.8 RUTHENIUM REMOVAL

In some instances removal of ruthenium from the desired product has proved difficult. To overcome
this problem, there are several reported ways to remove the ruthenium catalyst after the olefin
metathesis reaction is complete. The first and most common is addition of a modifier or adsorbent
followed by chromatography. The additives include dimethyl sulfoxide (DMSO), triphenylphos-
phine oxide,74 or activated carbon.75 Although this is generally not suitable for commercial produc-
tion, it can be quite effective. A convenient alternative is the use of Brockmann I basic alumina,
followed by simple filtration through a bed of filter agent such as activated carbon. This method
is capable of reducing ruthenium levels down to less than 20 ppm.76

Several chemical techniques have also been developed, such as simple oxidation using hydrogen
peroxide or lead tetraacetate.77 Both these protocols suffer from harsh reaction conditions and
additional toxicity issues. A more functional group-tolerant method is the use of tris(hydroxy-
methyl)phosphine to coordinate the ruthenium.78 This complex is water soluble and can be washed
from the product by several simple water washes. The main drawback to this method is the large
excess of phosphine needed (25 mole equiv./mole of Ru).46
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Rather than modifying the workup conditions, other groups have changed the reaction solvent
or catalyst structure. The use of ionic liquids as a reaction solvent allows for easy catalyst and
product separation as well as catalyst recycling.79 Alternatively, others have attached the various
metathesis catalysts onto solid supports,80–82 which again allows for easy workup and catalyst
recycle.

28.9 SUMMARY

In just a short time, olefin metathesis has become an important tool to the synthetic organic chemist.
The large-scale use of this chemistry has already been seen in the polymer and fragrance industries.
As drug candidates move through the development pipeline, the commercial application of this
chemistry probably will be put into practice. The applications of the asymmetric catalysts allow
for an efficient coupling of two reactions with the same catalyst and reaction conditions.
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29.1 INTRODUCTION
A small chemical company may occupy a small, specialized niche, or it may provide services
covering a wide area. Ultrafine falls into the latter category and in many ways may be compared
with the chemical research and development department of a large company. Because it is so much
smaller, emphasis must be placed on versatility as well as high scientific expertise.

Many of the custom synthesis and research and development contracts tackled at Ultrafine have
required the preparation of homochiral compounds, so it has been necessary to build up expertise
in the whole range of available methodology. Some of the most interesting examples remain
confidential, but the selection that follows illustrates how some of the challenges were tackled.

29.2 CLASSICAL RESOLUTION

29.2.1 2-CHLOROPROPIONIC ACID

originally used as racemates, but in the agrochemical field, as in the pharmaceutical field, there

* Ultrafine (UFC Ltd.) is now part of the Sigma-Aldrich Corporation operating within the SAFC division.
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A number of herbicides are 2-aryloxypropionic acids (see Chapter 31). These herbicides were
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has been an increasing requirement for homochiral active enantiomers. We were approached by a
manufacturer of a key intermediate for these herbicides, 2-chloropropionic acid (1). Because the
manufacturing process was already in place, a resolution rather than an asymmetric synthesis was
needed. The process should give as high a yield as possible of the required enantiomer; the resolving
agent should be cheap and/or recyclable; and it should be possible to recover, racemize, and then
recycle the “unwanted” 2-chloropropionic acid.

The (S)-(–)-isomer (1b) was the one required for synthesis of the herbicides. Reaction of racemic
2-chloropropionic acid with one equivalent of (R)-(+)-α-phenylethylamine (2) gave a quantitative
yield of the mixture of diastereoisomeric salts, which after 4 recrystallizations gave the required
diastereoisomer in 20% yield [i.e., 40% based on the (S)-(–)-isomer present] with a de of 88%
(determined by nuclear magnetic resonance, or NMR). The free acid (1b) was obtained quantita-
tively and without racemization on acidification of the salt, and the (R)-(+)-α-phenylethylamine
was also recovered without racemization in 89% yield.

Some preliminary experiments were performed on the reaction of racemic 2-chloropropionic
acid with half an equivalent of (R)-(+)-α-phenylethylamine (2). These gave the required diastere-
oisomeric salt with de ca 80% in 39% yield based on 2 after only 1 recrystallization.

Our methodology was regarded by the client as well-suited to scale up. However, although the
resolution was then, almost 20 years ago, regarded as an efficient example of its kind, it is noteworthy

1

29.2.2 ANATOXIN a

Anatoxin-a (3) is a powerful neurotoxin (inhibitor of acetylcholine esterase) found in freshwater
blue–green algae. The compound was required as an analytical standard and also for development
of an immunoassay. It was synthesized by the 8-step sequence summarized in Scheme 29.1. The
key intermediate 4 was resolved by separation of the dibenzoyl tartrates, and the remaining steps
then gave both (+)- and (–)-anatoxin-a.2 The efficiency of the resolution was monitored by formation
of the BocAla derivatives, which were distinguishable by NMR; an ee of >98% was achieved even
before recrystallization of the salts. It is also noteworthy that the published absolute configuration
of the intermediate 53 was shown to be in error by X-ray crystallography.

SCHEME 29.1
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that it is now conducted on a large scale by an enzymatic method (see Chapter 31).
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29.2.3 CHROMATOGRAPHY

Separation by chromatography, using a chiral stationary phase, may be regarded as a modern form
of classical resolution. Owing to the advances in chiral chromatography over the last 20 years, in
particular the wide range of chiral columns now available, this has now become a routinely used
analytical technique. Advances have also been made in the methods of detection, and for high-
performance liquid chromatography (HPLC) the advent of circular dichroism-based detectors for
the analysis of chiral compounds in biological matrices has further enhanced its usefulness. Fur-
thermore, in contrast to the limited enantiomeric purity data that can be obtained by measuring
optical rotations, chiral HPLC allows for the accurate determination of the enantiomeric excess.

Although classical column chromatography over chiral stationary phases has been used for
several years, HPLC has until recently been regarded mainly as an analytical tool. However, methods
have now been developed and many papers have been published on the various applications of
particular stationary phases in preparative HPLC, which may be the method of choice when the
preparation of small amounts of material are required for screening purposes, for use in biological
assays, or as standards in purity assays. The use of chromatographic techniques may be quicker
and less risky than custom synthesis and resolution and can guarantee material to a defined
specification.

The majority of preparative separations undertaken at Ultrafine have used chiral stationary
phases based on either cellulose or amylose derivatives. In one project 500 mg of salts of both the
(R,R)- and (S,S)-Formoterol (6) enantiomers were prepared using an OJ column with a resulting
ee of >97%.4,5 A loading of 200 mg/mL on a semipreparative column was achievable without loss
of resolution or purity relative to the racemate.

Cardiovascular drugs is another area where chiral chromatography has been exploited.4,6 For
example, the enantiomers of the widely used anticoagulant warfarin have been determined in plasma
using a wide range of chiral columns and conditions. They have also been separated on a preparative
scale using supercritical fluid chromatography, which has the advantage of a reduction in solvent
waste and ease of isolation of the prepared enantiomers. The current major disadvantage is the
complexity of the equipment required.7

Advances in preparative enantioseparation by simulated moving bed (SMB) chromatography
have occurred in the last 10 years. SMB was invented in the 1960s and was used by the petro-
chemical and sugar industries. Now with the improvements in stationary phases and hardware it
is an option for the large-scale preparation of enantiomerically pure material. The majority of the
latest published data are using either amylose- or cellulose-based phases because of their selectivity.
There are now examples in the literature of the commercial separation on the multi-ton scale.8

NO

5

HO

OH

CH3

OCH3

6

CH3CONH CHCH2NHCHCH2
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29.3 THE CHIRAL POOL

29.3.1 A KEY LEUKOTRIENE INTERMEDIATE

The predecessor of Ultrafine was the Fine Chemicals Unit of Salford University Industrial Centre,
which was set up partly to exploit a new route to prostaglandins.9 When the independent company
was founded, it made sense to offer other eicosanoids. A key intermediate for the synthesis of
leukotriene A4 (LTA4) (7), and thence LTC4, LTD4, and LTE4, was the epoxyalcohol (10), whose
synthesis from 2-deoxy-D-ribose (8) (Scheme 29.2) had been reported.10

This route was successfully used for the synthesis of the desired leukotrienes, but it was later
modified and improved as outlined in Scheme 29.3; this modified route was also used for the
synthesis of [8,9,10,11-13C4]-leukotriene A4 methyl ester.
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29.4 ENZYME-CATALYZED KINETIC RESOLUTION

29.4.1 SYNTHESIS OF LEUKOTRIENE B4 (LTB4)

One way in which a small company can keep abreast of new developments is to collaborate with
universities. Moreover, such collaboration helps to motivate staff (and publication of results provides
advertising). One fruit of such a collaboration was a synthesis of LTB4, in which chiral moieties
of the molecule are derived from the enantiomers of a common intermediate (11).11 Several routes
have been devised for enzyme-catalyzed kinetic resolution of bicyclo[3.2.0]heptenones.12 An effi-
cient one that was used for the synthesis of LTB4 (12) is shown in Scheme 29.4.

The target molecule was then constructed from the two enantiomers, (+)-(11) and (–)-(11), as
shown in Scheme 29.5.

29.4.2 THE METHADONE STORY

Racemic methadone (13) continues to be used as a maintenance drug in the treatment of addiction
to heroin (14).13 Methadone has also been used in treating severe pain.14 The value in using oral
racemic methadone is that it also helps to combat the spread of human immunodeficiency virus by
reducing injection of heroin.13 Under medical supervision, the addict can lead a more stable life,
but there is a temptation to remain on racemic methadone to avoid the withdrawal symptoms known
as cold turkey.13 The illegal use of methadone taken together with other drugs such as benzodiazepines
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and alcohol has led to fatalities, although methadone overdose can be treated by administration of
naltrexone (15).15 It is known that levomethadone [(R)-(–)-methadone] is the active principle14b

and, therefore, by racemate switching it should be possible to reduce the given dose by half.

The preparation of homochiral compounds by formation and separation of diastereoisomers or
by kinetic resolution of racemates, at or near the end of a total synthesis, has been a method of
choice. This avoids the possibility of racemization should chirality be introduced earlier. However,
the costs are high because only half by weight of the homochiral compound is theoretically possible
from the racemate unless the optical antipode can also be easily inverted to the desired product.
Indeed, previous methods for producing levomethadone based on the classical resolution at the
end, or at the penultimate stage of the synthesis, were costly and not very effective. Levomethadone
hydrochloride has previously been marketed as L-Polamidon and Levadone16 but was subsequently
withdrawn because of the high cost of production.

Resolution of a cheap racemate at the start of a synthesis is economically advantageous if it
can be demonstrated that chirality is not lost in the subsequent stages. Moreover, optical purity can
be enhanced by purification of intermediates during the total synthesis. This strategy of resolution
at the beginning has been applied to a new synthesis of optically active methadones and levo-α-
acetylmethadol (LAAM) (16).

29.4.2.1 Early Methods for Producing Chiral Methadones

The previous methods of preparing levomethadone were based on separation of the D-tartrate salts
of racemic methadone and also separation of the diastereoisomeric tartrates of the intermediate at
the penultimate stage, namely the nitrile 17.17–19 Diastereoisomeric d-α-bromocamphor-10-sulfonate
salts have also been separated.19 However, we and others have noted that there were difficulties in
the resolution of racemic methadone by preparation of diastereoisomeric salts.20

Synthesis of single-enantiomer methadones has also been achieved using the chiral pool
approach. Thus, Barnett and Smirz obtained (S)-(+)-1-dimethylamino-2-propanol (18) from (–)-
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ethyl L-lactate.21 From this intermediate, d-methadone can be synthesized. However, it would be
impractical to synthesize l-methadone by this method because (+)-ethyl D-lactate is approximately
450 times more expensive than the L-isomer.22

29.4.2.2 Lipase-Catalyzed Resolution of (R,S)–Dimethylaminopropan-2-ol

An alternative approach for the synthesis of levomethadone uses lipase-catalyzed resolution of a
cheap23 starting material, (R,S)-dimethylaminopropan-2-ol (18) (Scheme 29.6), and demonstration
that configurational integrity is maintained during the subsequent steps of the total synthesis. Our
approach has also led to the synthesis of d-methadone and of LAAM 16.

(R,S)-1-Dimethylaminopropan-2-ol (18) is an attractive substrate for lipase-catalyzed resolution
by transesterification (Scheme 29.6) because of the difference in the size of the two groups attached
to the stereogenic center. Thus, it should be possible to gain access to both (R) and (S)-isomers of
the amino alcohol and provide syntheses of both (R) and (S)-methadone. The initial resolution of
(R,S)-1-dimethylaminopropan-2-ol (18) was carried out on small scale using Lipase PS (Amano)
from Pseudomonas cepacia with vinyl acetate as both acyl donor and solvent. After 2 days the
lipase was removed by filtration and the acetate was isolated by chromatography and analyzed for
optical purity by chiral shift reagent NMR spectroscopy [Eu(hfc)3].24 The initial experiment gave
60% conversion to the (R)-ester 19 (R1 = Ac) with 46% ee. The optical purity could be improved
by removing the lipase after 16 hours of reaction time; this gave conversion to the ester of 33%
with 88% ee. From these initial experiments we were not able to isolate the unreacted (S)-alcohol
(S)-18 by chromatography.

To achieve better results a series of lipases was screened using the Chirazyme® screening kit
and analysis by gas chromatography with a chiral stationary phase. Candida antartica Lipase B,
available as Novozyme® 435, was chosen for further development with the acyl transfer agent vinyl
propionate.

Racemic 1-dimethylaminopropan-2-ol (18) was acylated with propanoyl chloride, and the
reaction product was analyzed by gas chromatography (GC). The resultant (R)- and (S)-esters 19
(R1 = COEt) were resolved by GC using an α-cyclodextrin column. Reaction of the racemic alcohol
18 was then carried out in the presence of Novozyme 435 and vinyl propanoate, and the reaction
was followed by GC. After 4 hours the reaction was approximately 2% complete and the ee of the
propanoate ester 19 (R1 = COEt) was 95.9%. After 88 hours the conversion had reached 50% and
the ee was still 95.6%. The remarkable specificity of Novozyme 435 for the (R)-amino alcohol
(R)-18 was evident because even after 3.5 days reaction time, only a very small amount of the
(S)-ester was detected. The reaction could be scaled up; thus, 1 kg of the racemic amino alcohol
18 was treated with vinyl propanoate (0.5 equivalents) and Novozyme 435 (3% by weight). After
3 days, both optically active products were isolated by distillation at reduced pressure. The
(S)-amino alcohol (S)-18 was recovered in 45% yield, which compared favorably with a yield of
32% for resolution on a small scale. The (R)-propanoate 19 (R1 = COEt) distilled as a colorless
oil in 36% yield — slightly higher than that obtained from the small-scale resolution. The overall
recovery was 81% from the scaled up reaction.

The resulting products were then converted into both (R) and (S)-methadone, following largely
the literature procedures with careful monitoring of the optical activity for each stage of the synthesis
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Thus (R)-1-dimethylamino-2-propyl propanoate was hydrolyzed in methanol using the Zemplen
procedure with a catalytic amount of freshly prepared sodium methoxide, and the resultant alcohol
(R)-18 was then treated with thionyl chloride in chloroform to give (S)-(+)-1-dimethylamino-2-
chloropropane 20 as the hydrochloride salt, with [α]D +65.9o after 3 recrystallizations [lit. value21

–65° for the (R) isomer]. Thus, the chlorination had occurred with total inversion of stereochemis-
try.21 Reaction of product 20 with the sodium salt of diphenylacetonitrile in the presence of 18-
crown-6 phase transfer catalyst favored the formation of the desired aminonitrile 21 over the
unwanted25 isomeric product 22. The (R)-21 had [α]D –50.2°, which compares favorably to the value
of +49° previously reported for the (S)-isomer.21 Conversion of the nitrile (21) through to methadone
was achieved by the Grignard reaction with ethylmagnesium bromide26 to give (R)-(–)-methadone
(levomethadone) (23), isolated as its hydrochloride salt in >99% ee, as shown by chiral HPLC,
[α]D–136°. Synthesis of d-methadone [(S)-(+)-methadone] was carried out analogously to give (S)-
methadone hydrochloride having a rotation of [α]D +136°.

29.4.2.3 Levo-αααα-Acetylmethadol 

Levo-α-acetylmethadol (16), marketed as Orlaam and also known as LAAM, was approved in 1993
by the U.S. Food and Drug Administration for treatment of drug addiction.27 The advantage of
using LAAM is that it is effective for 48–72 hours after the oral dose is taken, compared to 24
hours for racemic methadone.27 However, although LAAM continues to be used in the United
States, the European Medicines Agency (EMEA) has withdrawn marketing authorization for Orlaam
pending further risk/benefit reassessment owing to reported cardiac disorders. The switch to meth-
adone or detoxification is currently advised.28

Previously, LAAM has been prepared from d-methadone (24) (Scheme 29.8) via catalytic
reduction using hydrogen or, alternatively, using sodium and propanol.29 However, the most con-
venient method for the reduction was using sodium borohydride in the presence of cerium(III)
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chloride. The resultant methadol 25 was obtained in quantitative yield and was acetylated using
acetyl chloride. LAAM was isolated as the hydrochloride salt 26 with [α]D–60.6°, in accord with
the literature value of –59°.30 Full experimental details of this work have been reported.31

29.4.3 ENZYMATIC GENERATION AND IN SITU SCREENING OF DYNAMIC 
COMBINATORIAL LIBRARIES

Dynamic combinatorial chemistry (DCC) is a rapidly emerging field that offers a possible alternative
to the approach of traditional combinatorial chemistry (CC).32 Whereas CC involves the use of
irreversible reactions to efficiently generate static libraries of related compounds, DCC relies on
the use of reversible reactions to generate dynamic mixtures. The binding of one member of the
dynamic library to a molecular trap (such as the binding site of a protein) is expected to perturb
the library in favor of the formation of that member (Figure 29.1).

Comparison of the “perturbed” library with that generated in the absence of the trap should
indicate which members of the library are interacting with the trap, which effectively offers in situ
screening of the combinatorial library.

The DCC concept has already been proved by several research groups, including those of Lehn
and Sanders.32,33 However, significant experimental challenges remain before the method may be
considered a practical complement to traditional CC. In particular, the in situ screening, which is
an attractive feature of DCC, demands the use of conditions amenable both to the library formation
and trapping stages. If the trap is envisaged as a protein or other biomolecule, the system is likely
to require aqueous and near-physiologic conditions, where few covalent bond-forming reactions
are compatible. To our knowledge no DCC experiment involving the formation of carbon–carbon
bonds under physiologic conditions has been performed.34

Enzyme-catalyzed reactions, which are characteristically reversible under physiologic condi-
tions, are ideally suited to the generation of dynamic combinatorial libraries. Many enzymes with
broad specificity (required for library diversity) are already commercially available, and the appli-
cation of modern techniques in directed evolution may be expected to increase their number.

In considering the application of enzyme catalysis to DCC, we were encouraged by the
thermodynamic resolution of a dynamic mixture of aldol products by Whitesides and co-workers
through the use of a broad-specificity aldolase to lead to reversible formation of carbon–carbon
bonds under mild conditions.35 For the current investigation36 we chose a related enzyme, N-
acetylneuraminic acid aldolase (NANA aldolase, EC 4.1.3.3), which catalyzes the cleavage of N-
acetylneuraminic acid (sialic acid, 27a) to N-acetylmannosamine (ManNAc, 28a), and sodium
pyruvate 29; in the presence of excess sodium pyruvate, aldol products 27a–c are generated from

FIGURE 29.1 The dynamic combinatorial chemistry (DCC) concept: reversible reactions performed with a
limiting amount of X generate a mixture of compounds AX, BX, and CX. The binding of AX to molecular
trap T causes perturbation of the equilibria involving A and X to give overall amplification of AX at the
expense of the other library members.
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the respective substrates 28a–c (Scheme 29.9). Thus, the equilibrium may be driven toward the
formation of an aldol product in which the enzyme will accept a range of reducing sugars as the
electrophilic component.

We succeeded in the generation of a small dynamic library of aldol products 27a, 27b (ketode-
oxynonulosonic acid, KDN), and 27c (ketodeoxyoctulosonic acid, KDO) through the action of
NANA aldolase on a mixture of the corresponding substrates 28a, 28b (D-mannose), and 28c (D-
lyxose). Wheat germ agglutinin (WGA), a well-studied and readily available plant lectin,37 was
chosen as the molecular trap. WGA is known to specifically bind sialic acid with modest (mM)
affinity, with the diequatorial C–4 hydroxy and C–5 acetamido groups of sialic acid forming the
primary recognition motif. We thus expected amplification of sialic acid to occur when the dynamic
library containing sialic acid was generated in the presence of WGA.

Generation of the dynamic library proved straightforward; a mixture containing equimolar
amounts of the three substrates 28a–c and two equivalents of sodium pyruvate was incubated in

withdrawn at intervals and analyzed by ion-exchange HPLC.
The three aldol products gave reproducible peak areas. As expected, the use of a small excess

of sodium pyruvate resulted in low conversion (15–40%) to the aldol products38 and gave 2–5 mM
concentrations of each.

SCHEME 29.9

FIGURE 29.2 High-performance liquid chromatography traces showing the change in concentration of sialic
acid (27a), ketodeoxynonulosonic acid (KDN) (27b), and ketodeoxyoctulosonic acid (KDO) (27c) over time
for a control incubation.
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the presence of NANA aldolase (Figures 29.2 and 29.3). Aliquots of the incubation mixture were
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It was evident that the aldol reaction had reached equilibrium after 16 hours incubation because
the product distribution changed very little after this time. Evidence that the enzyme does indeed
catalyze both aldol formation and cleavage on the timescale used was demonstrated by reequili-
brating a mixture of sialic acid and D-mannose in the presence of the NANA aldolase. After
incubation overnight the mixture contained, in addition to the initial components, KDN and sodium
pyruvate, which could only arise through a retro-aldol cleavage of sialic acid followed by aldol
formation of KDN.

When the incubations were performed in the presence of WGA (sufficient lectin was added to
provide at least one equivalent of binding sites, based on the amount of sialic acid formed in the
control experiments) the product distribution was observed to change dramatically over time (Figure
29.3).

The system appears initially to approach a similar distribution to that observed in the control
incubation, but thereafter the relative concentration of sialic acid is seen to increase, with a
corresponding decrease in the relative concentration of KDN.

A plot of the percentage amplification in the relative concentration (as estimated from relative

acid contributed approximately 40% of the total aldol product peak area after 160 hours in the
presence of WGA but only 22% of the total aldol product peak area in the control mixture after
the same time. This difference corresponds to a relative amplification of about 80%. Conversely,
the contribution of KDN to the total aldol product peak area after 160 hours was 31% in the control
incubation but only 6% in the presence of WGA; this difference corresponds to a relative suppression
of 80%. The observation that KDN and KDO were not suppressed to the same extent might be a
consequence of WGA having a weak binding affinity for KDO.

FIGURE 29.3 High-performance liquid chromatography traces showing the change in concentration of sialic
acid (27a), ketodeoxynonulosonic acid (KDN) (27b), and ketodeoxyoctulosonic acid (KDO) (27c) over time
for incubation with wheat germ agglutinin (WGA).
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peak area) of each aldol product over controls is shown in Figure 29.4. The peak assigned to sialic
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In conclusion, we successfully demonstrated, for the first time, the generation and in situ
screening of a dynamic mixture of biologically significant compounds, where enzyme catalysis has
been used to effect reversible formation of carbon–carbon bonds under physiologic conditions.

This work can be extended to larger libraries through the use of broad-specificity enzymes,
which represent a powerful (and hitherto overlooked) tool for the development of dynamic com-
binatorial chemistry.
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30.1 INTRODUCTION

Travoprost is a prostaglandin analogue (prostanoid) developed by Alcon Laboratories in commercial
use for the treatment of glaucoma and ocular hypertension, where it is a highly potent compound
administered as eye drops.1 Important in its overall development was the construction of a suitable
process for its commercial manufacture, and in this regard an overriding feature of the molecule
is the presence of five stereogenic centers. There are four around the cyclopentane ring and one in
a sidechain. In addition there are two olefin functions, one with trans- and one with cis-geometry.
Adequate control of the stereochemistry of the molecule was consequently of paramount importance
in the design and development of a synthesis. This chapter discusses the considerations that we
needed in the synthetic design and to eventually reach a robust supply position for the active
pharmaceutical ingredient.

30.2 CHOICES OF SYNTHETIC APPROACH

At the commencement of the project there were several routes available for the synthetic construc-
tion of prostanoid compounds; our challenge was which to choose. For this, we were mindful of
the stereochemical features of the molecule and the need for a full stereochemical characterization of
the active pharmaceutical ingredient (API) produced. This was required in the regulatory submissions,
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the approval of which was necessary before the pharmaceutical agent could be sold on the market.
In particular, if the synthesis produced a stereoisomeric contaminant that was difficult to remove,
then the necessary efforts to remove the contaminant might render the synthesis impractical.
Therefore, in the following discussion, various literature routes are considered with particular regard
to the control of the stereocenters in the molecule.

Travoprost is related to prostaglandin F2α, shown in Figure 30.1, where the F refers to the series
of prostaglandins containing a cyclopentane-1,3-diol, the 2 refers to the series having a cis-olefin
function in the carboxylate-bearing sidechain, and the α- refers to the configuration of the hydroxyl
function at C–9. Clearly, travoprost has these features; therefore in principle any synthesis of
prostaglandin F2α could be adapted to make travoprost. 

30.2.1 COREY LACTONE APPROACH TO PROSTAGLANDINS

Around 35 years ago the need for synthetic approaches to prostaglandins and their analogues was
recognized because it is not possible to obtain useful amounts from natural sources. This challenge
prompted extensive synthetic chemical research and the discovery of many routes to access the
compounds, which contributed significantly to the development of the science of organic synthesis.
The earliest routes were cumbersome and only provided access to the racemic prostaglandins,2 but
for prostaglandin-E1 it was soon demonstrated that bioactivity was present only in the natural
enantiomer.3 A landmark in chemical synthesis was the identification by Corey of a versatile bicyclic
synthon from which a wide range of prostaglandins and analogues could be made; it is known (in
variously protected forms) as Corey lactone (see Scheme 30.1).4 Its single enantiomer was initially

FIGURE 30.1 Travoprost and prostaglandin-F2α.
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accessed by resolution of an intermediate hydroxy acid with ephedrine, thereby enabling single-
enantiomer prostaglandin derivatives to be synthesized routinely. In the typical route, as shown in

ω-chain) is attached via a Horner-
Emmons reaction of the 13-carboxaldehyde with a β-keto-phosphonate providing the necessary
trans-stereochemistry of the olefin. The remaining chain C–1 to C–7 (the α-chain) is then added
last with a Wittig reagent to give predominantly the natural cis-olefin stereochemistry. Alternatively,
it is possible to arrange the synthesis so that the chains are introduced in the opposite order.5

Although four of the five stereogenic centers of the prostaglandin are defined by the Corey
lactone, chemoselective and stereoselective reduction of the enone to establish the C–15 allylic
alcohol is challenging. In the early work4 the enone was reduced to a diastereoisomeric mixture,
which was separated by preparative chromatography and the unwanted isomer was recycled back
to the enone by oxidation. Subsequently chiral reagents were used for the reduction. For instance,
a trialkylborane derived from thexylborane and (+)-limonene was treated with t-butyllithium to
provide a borohydride, which reduced the enone at –120°C giving a 4.5:1 mixture of the C–15
epimers.6 However, this reduction posed a problem, which prompted Corey to design an alternative
synthesis via epoxide and sulfur intermediates 20 years later.7

Although the earliest syntheses of the Corey lactone, using a cyclopentadienyl-thallium species,
were not very attractive, it was soon found that the lactone could be usefully generated by a Baeyer-
Villiger reaction on a bicycloheptenone.8 In turn, this derives from an easy [2 + 2] cycloaddition
reaction between dichloroketene and cyclopentadiene (Scheme 30.2).9 Additionally, an intermediate
of the lactone could be resolved by way of the α-methylbenzylamine salt of its opened hydroxyacid,
bringing the resolution step earlier in the synthesis than previously.10

30.2.2 NEWTON-ROBERTS (TRICYCLOHEPTANONE) ROUTES TO PROSTAGLANDINS

Most of the previously mentioned work by Corey was published between 1968 and 1973. A few
years later in 1977 an intriguing route, also starting from the dichloroketene cycloaddition–derived
bicyclo[3.2.0]hept-2-en-6-one, was devised by Newton and Roberts.11 An outline of this route is

establishes the hydroxyl function at C–9 (of the prostaglandin), which after protection can be
cyclized to a strained tricyclic ketone intermediate. Reaction of this intermediate with a cuprate
reagent led to a facile and completely regiocontrolled opening of the cyclopropane ring.11 From a
stereochemical point of view there are two very interesting features of this approach. The first is
that it requires the opposite enantiomer of the bicyclo[3.2.0]hept-2-en-6-one intermediate as needed
for the Corey lactone because the overall sequence of steps constitutes an overall inversion of
stereochemistry. For comparison, in Scheme 30.3 the structures of the intermediates are drawn with
the cyclopentane ring in the same orientation throughout. As a curiosity, it should be noted in the
Newton-Roberts approach the silyl-protected OH of the synthon ultimately provides the 9-hydroxyl
of the prostaglandin and the lactone provides the 11-hydroxyl, whereas from the Corey lactone the
benzoate group ultimately provides the 11-hydroxyl and the lactone provides the 9-hydroxyl. Thus,
there is useful complementarity between the two approaches. 
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Scheme 30.1, the chain from C–13 to C–20 (also known as the 

shown in Scheme 30.3. Formation of the bromohydrin gives essentially a single product that
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It is the second feature of the Newton-Roberts approach that is valuable from a stereocontrol point
of view. In the Corey lactone approach, the synthon itself already contains C–13 of the ω-sidechain,
which enforces the use of a reagent containing a C-15 carbonyl, making control of the C–15
hydroxyl stereochemistry difficult, whereas in the tricycloheptanone approach the entire sidechain
(C–13 to C–20) is added in one piece, which means that this sidechain can be readily introduced
in the form of a reagent that has this sidechain stereochemistry already in place. Following the
addition of the ω-sidechain and a Baeyer-Villiger oxidation to the lactone, the later steps to add
the α-chain are essentially identical to the Corey lactone route because the lactones are regioiso-
meric.

30.2.3 CYCLOPENTENONE-INTERMEDIATE ROUTES TO PROSTAGLANDINS

A further versatile set of routes to synthesize prostaglandins is based on conjugate additions to the
olefin function of cyclopentenone derivatives. Key intermediates used are shown in Scheme 30.4.
In the earliest work of this type in the early 1970s12 an enone synthon was used already bearing
the α-chain in its saturated form [i.e., as –(CH2)6CO2Me], and the ω-chain then was added through
an appropriate cuprate reagent (Scheme 30.4). As with the Newton-Roberts approach there is again
the advantage that the ω-chain can be introduced complete with the requisite chirality at C–15. A
nice feature is that the intermediate, which has only the one stereocenter (at what will become the
C–11 hydroxyl), can be resolved through biocatalysis with a lipase and an enol acetate, and all the
material can be converged to the required enantiomer by way of a Mitsunobu inversion on the
unwanted isomer.13 In a complementary synthesis, and perhaps the first enone-based approach to
a fully featured prostaglandin, Stork described a route where the ω-chain was introduced first and
an exocyclic methylene was used as a handle on which to add the α-chain.14
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Conceptually, the most elegant approach in using an enone synthon is a 3-component coupling
approach wherein one sidechain is introduced by a conjugate addition onto the enone and then the
other sidechain is introduced by way of an alkylation onto the carbon of the formed enolate. This
was recognized by Syntex workers in 1974, although only simplified compounds missing the 11-
hydroxy were described.15 Several years later Noyori was successful in bringing this approach into
practice for fully functionalized prostanoids.16,17 A particularly elegant feature is that although the
enone synthon contains only the one stereocenter (for C–11), the propensity for trans-geometry of
vicinal substituents means that the correct C–12 and C–8 configurations are obtained directly
(Scheme 30.5). The starting material for this approach is readily accessed from a cyclopentene-
1,4-diol. Its meso-diacetate is enzymatically desymmetrized, the liberated hydroxyl is protected,
the other acetate is removed, and the alcohol is oxidized to the ketone.18 However, there is a problem
with the 3-component coupling approach. The enolate formed by the addition tends to equilibrate
with the opposite regioisomer (toward C–10) and if it does so, the C–11 oxygen eliminates. Ways
have been found to alleviate this problem by switching the metal of the enolate to tin or zinc19 or
by using a particularly reactive alkynyl triflate electrophile.20 Another approach was to start with
a synthon with a dioxolane attached between the 10- and 11-positions, which prevents the enolate
equilibration but requires an additional step to reduce the unwanted oxygen later.21

Noyori’s 3-component coupling approach leads directly to the prostaglandin E series that has
the ketone function at C–9. For the prostaglandin F series it is necessary to effect a stereoselective
reduction of this ketone function. It is claimed that the bulky hydride reagent L-Selectride gives
complete formation of the 9α selectivity through addition from the least-hindered side, as dictated
by the adjacent α-chain at position 8.22 It is interesting that the chiral-reducing agent BINAL-H,
an aluminum complex of binaphthol, as well as giving high α:β stereochemistry preference, reduces
one enantiomer 130-fold faster than the other enantiomer.22 In principle, that might be used to
kinetically discard any unwanted isomer contaminant reaching that far into the synthesis (either
the enantiomer, or just unwanted epimer at C–8).

An evolution from Noyori’s approach leads to one where a diethylaminomethyl substituent is
used to give a one-carbon start to the α-chain. From this synthon there is much flexibility because
the ω- and α-chains can be added in either order, and synthesis of the single isomer synthon can

23 For completeness, we
note that there is another variant of the general enone approach identified by Danishefsky, in which
the C–9 and C–11 carbon oxidation states are inverted (ketone at what is to become C–11) where
the α-chain is added first as a nucleophile, and then the ω-chain is added second as an electrophile.24
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start with a Sharpless epoxidation. This route is shown in Scheme 30.6.
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30.3 CHOICE OF ROUTE FOR TRAVOPROST SYNTHESIS

Mindful of the various options available for the synthesis of travoprost by reference to the known
chemical syntheses of the natural prostaglandins, our main concern, as stated earlier, was to ensure
rigorous stereocontrol to simplify product-purification aspects and the regulatory submission. 

With regard to the stereochemistry, the three basic approaches are illustrated in Figure 30.2.
In this figure a tick symbol ( ) represents a stereogenic center where we can be assured that the
stereochemistry is rigorously defined. A question mark symbol (?) means that we can be concerned
of the rigor of the stereocontrol in the chemistry, and a frown symbol ( ) means we expect a
problem with the stereocontrol.

With the Corey lactone four of the stereocenters (8,9,11,12) are defined in the lactone synthon,
although there could be a slight concern with the integrity of the stereocenter at position 12 because
as an aldehyde intermediate there is some chance of epimerization at that center via its enol. The
main problem with this approach is the control of the stereocenter at position 15, which has to be
introduced late into the process. Inevitably, there is some diastereoisomer formed, which can be

SCHEME 30.6
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difficult to remove and therefore is an aspect that would require significant attention to satisfy the
regulatory demands for process stereocontrol in a route starting with Corey lactone.

The Newton-Roberts approach, however, defines absolutely all the stereocenters. Four are held
together in the tricyclic ketone intermediate manufactured in single enantiomer form, whereas
because the ω-sidechain component used has an extra carbon atom relative to the synthon required
in the Corey lactone route, there is opportunity to predefine this center rigorously as the vinylic
alcohol. There is a matter of regioisomerism in this approach as a result of the selectivity of the
Baeyer-Villiger oxidation, which is discussed later, although the regioisomer is fairly easy to
remove.

In the enone addition approach, as exemplified by the work of Noyori, there is potentially the
least rigorous control of selectivity around the cyclopentane ring because the cyclopentenone
synthon used only has one stereocenter defined (for position 11), and the selectivity of a chain of
subsequent reactions is relied on. Although almost complete selectivity for formation of the vicinal
trans-relationship at position 12 may be expected, process control would be needed to verify this.
Any imperfection at position 12 will relay a corresponding incorrect configuration at positions 8
and then 9. In particular there is much concern for position 9, which derives from a diastereoselective
ketone reduction and which is far removed from the original controlling stereocenter. However, the
ω-sidechain can be introduced with its stereocenter rigorously controlled as for the Newton-Roberts
approach. Relative to the others the Noyori route could be preferred for the prostaglandin-E series
(9-keto) where there is no stereocenter at C–9.

Aside from the stereogenic (chiral) centers, travoprost contains olefinic functions in the α- and
ω-chains that need to be of cis- and trans-configuration, respectively. The trans-ω-chain olefin
configuration seems to be well-controlled either via the vinyl halide (Newton-Roberts and enone
approaches) or via the phosphonate coupling (Corey lactone approach). For the cis-α-chain, the
Wittig coupling approach also produces some trans-isomer by-product, but this is well-accepted
in synthetic prostanoids. The alternative is via a Lindlar hydrogenation of the alkyne, but in addition
to the trans-isomer, overreduced saturated compound (or underreduced alkyne) could be a prob-
lematic contaminant. All in all there is nothing to choose between the routes on the basis of olefin
configuration.

Thus, in respect to the five stereogenic centers, our analysis showed the Newton-Roberts
approach to give the most rigorous control of the stereochemistry; hence it is this route that we
chose, initially for exploration and subsequently for development and manufacture. This route was
also well-aligned with the available technology base developed within Chirotech. We were confident
that we would be able to develop an enzymatic resolution approach for the ω-chain, scale up the
classical resolution approach to the bicyclo[3.2.0]hept-2-en-6-one synthon, and finally develop the
cuprate addition for large-scale operation. Moreover, we were comfortable that the route could be
developed without any issue of third-party intellectual property.

30.4 COMMERCIAL SYNTHESIS OF TRAVOPROST

The initial retrosynthetic analysis for a route to travoprost, using the Newton-Roberts route, provided
three key synthons: a) the α-chain was derived from the commercially available Wittig salt, (4-
carboxybutyl)triphenylphosphonium bromide; b) the ω-chain required a route to the single enan-
tiomer mixed cuprate reagent, most conveniently derived from the propargylic alcohol via the trans-
vinyl iodide, to be developed and c) the cyclopentane core could be derived from the single

11c,25

Our first goal was to develop a scaleable route to the single enantiomer propargylic alcohol.
The racemic alcohol was readily produced on a multi-kilogram scale by alkylation of the phenol
with inexpensive bromoacetaldehyde diethyl acetal, hydrolysis to the aldehyde, and addition of the
acetylenic Grignard reagent. With this material at hand we developed an efficient bioresolution

26 At this point

© 2006 by Taylor & Francis Group, LLC

enantiomer protected bromohydrin (Figure 30.3).

process that esterified the alcohol in the presence of Chirazyme L9 (Scheme 30.7).
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we had good yield of the desired butyrate ester in >98% ee and we could form a hydrogen sulfate
ester of the off-isomer alcohol to afford separation. This would provide the desired compound in
a maximum of 50% yield. By forming the mesylate and treating the mixture of ester and mesylate
with butyric acid, we could obtain the desired enantiomer of butyrate ester in approximately 90%
ee. A Chirazyme L2-mediated ester hydrolysis, protection of the free alcohol, and removal of the
residual butyrate ester afforded the desired silyl-protected acetylenic alcohol in 99.5% ee and 65%
yield from the racemate.26 To support the ongoing manufacture of travoprost, in excess of 50 kg
of this synthon has been manufactured by methods based on this approach.

Synthesis of racemic bicyclo[3.2.0]hept-2-en-6-one has been well-documented,9 and we oper-
ated the literature route with only a few modifications. As an alternative, we found that good-quality
material could also be provided on a kilogram scale by Avocado Research Chemicals. The resolution
of the bicycloheptenone was described in the literature, and we found that this method was readily
adapted for large-scale processing.25,27

FIGURE 30.3 Retrosynthetic analysis for travoprost.
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The resolution was carried out by forming an α-methylbenzylamine salt of the α-hydroxysul-
fonic acid derivative of the bicycloheptenone (Scheme 30.8), recrystallizing twice, cracking the
salt, and isolating the single enantiomer product (99% ee). Formation of the bromohydrin was
extremely selective to give the desired product in >90% regio and facial selectivity. The bromohydrin
could be recrystallized, but this enriched the product in the hydantoin by-product from the bromi-
nation reagent. Protecting the hydroxyl with the tert-butyldimethylsilyl group afforded a much
more crystalline product. A single recrystallization gave the desired product in high purity and a
38% yield from the salt. We have manufactured in excess of 70 kg of this product to support
travoprost manufacturing campaigns. The highly reactive and unstable tricycle was obtained by
treatment of the silyl-protected bromohydrin with KOBu-t in toluene at –20°C, and was used as
required.

The required trans-vinyl iodide was made from the acetylene using an in situ variant of
Schwartz’s reagent, as described by Negishi and co-workers.28 Zirconocene dichloride is readily
available, and the procedure was found to be reproducible on scale, as compared to the use of
commercial Schwartz’s reagent. With the desired crude vinyl iodide in hand we formed the key
mixed cuprate reagent by lithiation of the vinyl iodide and treatment with freshly prepared 2-
thienylcyanocuprate (Scheme 30.9). Use of commercial cuprate gave unsatisfactory and irrepro-
ducible results; we felt, therefore, it was more prudent to make the reagent ourselves.27
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Reaction of the cuprate with a toluene solution of the tricycle at –70°C afforded the desired
ketone in very high yield (60–80%). This was semi-purified by passing through a short silica plug
to provide the ketone as a yellow-waxy solid.

One of the most important steps in the synthesis of travoprost was the Baeyer-Villiger oxidation
of the ketone to provide the lactone. A wide variety of reagents were screened for this process, but
most of these led to oxidation of the ω-chain olefin in addition to lactone formation. A short
investigation of enzymatic methods determined that these methods were not compatible with the
silyl protecting groups. Clearly, removal of the protecting groups, an enzymatic Baeyer-Villiger
oxidation, and reprotection for the Wittig chemistry was not an appealing route to follow. The best
conditions for the lactone formation were very similar to those reported by Newton and Roberts
for PGF2α,11a peracetic acid and sodium acetate in acetic acid. This gave the regioisomeric lactones
in quantitative yield and a 3:1 ratio (Scheme 30.10). Fortunately Newton and Roberts had described
a convenient method of selectively hydrolyzing the unwanted minor isomer to a hydroxy acid,29

which could be removed by passing the mixture down a short plug of silica gel and recrystallizing.
The selectivity of this hydrolysis process is attributed to the severe congestion within the tetrahedral
transition state of the minor isomer, leading to faster hydrolysis. It was essential to monitor the
hydrolysis reaction to ensure that all the minor isomer had been converted into the hydroxy acid
because removal of the regioisomeric lactone by crystallization methods proved to be impractical.

It was a key finding that the desired lactone was crystalline and could be obtained in high
chemical purity. In most syntheses of prostanoids the late stage, protected intermediates are oils,
requiring chromatography for purification. By carrying out a recrystallization of the lactone we
could obtain a high purity, readily characterized intermediate only four steps from the end of the
synthesis. Having a controlled specification at this stage ensured that travoprost of reproducible
purity was produced in each manufacturing campaign. In addition, we were able to obtain a crystal
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structure27 that confirmed the relative configuration of the lactone intermediate and was useful for
travoprost regulatory filings. 

The synthesis of travoprost was completed using standard chemistry that has been used on a
multitude of prostanoids. The lactone that comes from this route is a regioisomer of that obtained
from the Corey lactone route, so it is not surprising that similar chemistry can be used. The lactone
was reduced to a lactol and a cis-selective Wittig reaction, using a commercially available phos-

temperature control we could limit the amount of α-chain trans-olefin to less than 3%, which is a
quantity that is allowed in the final specification of prostanoid pharmaceuticals. Silyl migration
between the C–11 and C–9 hydroxyls was also observed, but this was of no consequence because
after esterification and deprotection it is irrelevant which of the hydroxyls were silylated. As there
were free hydroxyl groups in the penultimate intermediate, we used very mild alkylation conditions
(DBU, isopropyl iodide) for esterification.27 Silyl deprotection was achieved using aqueous hydro-
chloric acid in isopropanol.

Finally, crude travoprost was purified using a Biotage Prep 150-L chromatography unit. The
previous four steps (DIBAL-H reduction, Wittig, esterification, and deprotection) were extremely
high yielding and clean. The lactone was of exceptionally high purity, so the final bulk active
purification was relatively straightforward (Scheme 30.10).

In conclusion, we have shown that the Newton-Roberts tricycle rearrangement route11 to
prostaglandin analogues is suitable for the kilogram manufacture of active pharmaceuticals such
as travoprost. The total number of synthetic steps was 22 and the longest linear sequence was 16
steps, providing travoprost in yields from 4% to 7%. Key features of this approach are the rigorous
control of all 5 stereocenters, the use of bioresolution for the single enantiomer ω-chain, the use
of classical resolution of the cyclopentane core, and the identification of a late-stage crystalline
compound to ensure good-quality final product. This route, with some minor modifications that
cannot be disclosed here, is the basis of our manufacturing route to travoprost on a low-kilogram
scale.

30.5 PROCESS-RELATED IMPURITIES 

In a multi-step synthesis of a complex molecule with 5 chiral centers and 2 stereodefined olefins
a large number of process-related impurities could be formed. It was important to rationalize which
impurities could be realistically expected from the synthetic pathway. There are many obvious
impurities that could be readily accessed using the route to travoprost, such as the free acid and

ethyl ester could be formed by transesterification of the isopropyl ester on the Biotage column, but
we later found out that it was formed from any quantities of free acid in the crude mixture reacting
with the ethyl acetate solvent on the column. Hence it was important to control the esterification
reaction to achieve a high conversion. A mixture containing all 7 possible acetates was prepared
by reaction of travoprost with acetic anhydride in pyridine. The acetates were also observed on
heating an ethyl acetate solution of travoprost in the presence of silica, but prolonged heating was
required; thus we were able to prove that the acetates were not formed in the final chromatography.
Furthermore, no ethyl ester was observed under these conditions.

The 15-epi diastereoisomer was readily synthesized by using the (S)-enantiomer of the acety-
lenic alcohol and completing the prostanoid synthesis. The epoxide impurity was made by epoxi-
dizing the lactone intermediate with mCPBA, giving a 3:1 mixture of epoxides and carrying this
through the synthesis. It is interesting that the final epoxide was only a single diastereoisomer and
was identical to a sample isolated from crude travoprost.

Other potential impurities could be generated from the regioisomeric lactone if it was not
rigorously removed from the desired isomer. We may expect to see the ring opened regioisomeric

© 2006 by Taylor & Francis Group, LLC

the ethyl ester. Other potential impurities are shown in Figure 30.4. We were concerned that the

phonium salt, gave an intermediate with both sidechains attached (Scheme 30.10). Through careful
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lactone if the hydroxy acid was not removed and the regioisomeric prostanoid (Figure 30.5) if the
other lactone carried through the synthesis. By careful control of the synthesis of the lactone and
introducing a tight specification, we were able to ensure that these impurities did not appear in the
final active ingredient.

The final impurity of interest was the enantiomer of travoprost. During our early-stage synthesis
of toxicology and clinical trial material no enantiomeric excess assay was available. Given the
convergency in the coupling reaction, we argued that there is no need to establish an enantiomeric
excess assay for the coupled intermediate (and subsequently for travoprost itself) because the
amount of the enantiomer (with all the stereocenters of opposite configuration) will be vanishingly

ee (i.e., a 99:1 mixture of major and minor enantiomers), then in theory the composition of the
coupled product will be 98.01% of the required isomer, 0.99% each of a pair of diastereoisomers,
and only 0.01% of the enantiomer (i.e., an enantiomeric excess of 99.98%). 

Although it is clear that an assay for, and means to remove, the diastereoisomer is essential,
we would argue that there is no need to develop an assay for the enantiomer of travoprost. It also
is unnecessary to find a method for removing it, provided we could assure that the starting
components are controlled to be of sufficiently high enantiomeric excess. However, this argument
relies on a statistical coupling between the components. In principle it is possible that an enantiomer
of one component couples with different rates to the enantiomers of the other component. In theory,
if there were preferential coupling between the pair that leads to travoprost, there would be
preferential formation of the unwanted enantiomer relative to the diastereoisomer and the devel-
opment of an assay for enantiomer would then be necessary. We therefore needed to prove that

FIGURE 30.4 Proposed process-related impurities.

FIGURE 30.5 Process-related impurities from the regioisomeric lactone.
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small. Hence, as in Figure 30.6, if the starting components of the coupling reaction are each 98%
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there was no such bias in the coupling reaction. Conveniently, this was carried out by coupling
together the racemates and determining the diastereoisomeric excess of the resultant mixture. 

Statistically, if there is no diastereoisomeric bias in the coupling, each of the 4 possible isomeric
components should be present in equal amounts (i.e., 25% of each) and the ratio of diasteroisomers
(each of which will be racemic in any case) will be 1:1 (Figure 30.7). On performing the coupling
of racemates we observed an actual ratio of 1.2:1.0. Although there is a small steric bias, it is
insufficient to challenge our argument. Moreover, the isomer formed in preference was the unwanted
diastereosiomer, so that would lead to a depletion of the unwanted enantiomer relative to a
completely statistical distribution of coupling products, and at this ratio of diastereoisomers in the
racemate-to-racemate coupling, a corresponding enantiomeric excess of 99.985% can be calculated
on combining 98% ee components. Thus, we demonstrated that travoprost is produced with almost
none of the undesired enantiomer because we routinely achieve >99% ee for the acetylenic alcohol
and 99% ee for the bicylcoheptenone intermediate.

FIGURE 30.6 Enantiomeric excess determination for travoprost.

FIGURE 30.7 Test reaction between racemic components.
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31.1 INTRODUCTION

The purpose of this chapter is to discuss the syntheses of top-selling chiral compounds so that a
perspective may be obtained about the merits of the various asymmetric approaches discussed
elsewhere in this book. Of course, the majority of these drugs are mature, which means that a
considerable amount of time and money has been expended to reduce costs and optimize the
syntheses. In addition, asymmetric synthesis is a new approach and, although the potential may
exist today to use an asymmetric oxidation, this was not a serious option 20 years ago. To help
with the development of asymmetric synthesis, a discussion has been included on the difference
between the top-selling drugs discussed in the first edition of this book and in the current one. In
addition to pharmaceuticals, some large volume products in the food and agricultural areas are also
discussed.
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31.2 PHARMACEUTICALS

The top ten best-selling single enantiomer drugs in 1996 are given in Table 31.1.1 Because we are
only concerned with small molecules, peptide products such as insulin and erythropoietin have
been ignored because they are outside of the realms of chemical approaches.

The top-selling chiral drugs for 2002 are shown in Table 31.2.

TABLE 31.1
Top Ten Best-Selling Single Enantiomer Drugs in 1996a 

Drug Sales ($B)

Enalapril 2.9
Simvastatin 2.8
Pravastatin 2.4
Amoxicillin 1.9
Lisinopril 1.7
Diltiazem 1.6
Captopril 1.3
Sertraline 1.3
Lovastatin 1.3
Cefaclor 1.2

a The data was provided by Technology Catalysts International and is
gratefully acknowledged.

TABLE 31.2
Top Ten Best-Selling Single Enantiomer Drugs in 2002a

Drug Sales ($B)

Lipitor 8.0
Simvastatin 5.6
Pravastatin 4.0
Paroxetine 3.3
Clopidogrel 2.9
Sertraline 2.7
Seretrideb 2.4
Esomeprazole 2.0
Augmentinc 1.8
Valsartan 1.7

a The data was provided by PharQuest and is gratefully acknowledged. 
b This is a mixture of fluticasone propionate and salmeterol xinafoate. 
c This is a mixture of amoxicillin and potassium clavulanate. 

© 2006 by Taylor & Francis Group, LLC



Synthesis of Large Volume Products 591

Some drugs are sold as mixtures with other active ingredients; this makes calculation of the
total sales for a specific component difficult. As an example, atorvastatin is marketed as Lipitor
but is also a component of Caduet where an achiral component, amlodipine, is also an active
ingredient. In addition, many Japanese companies do not report specific sales of drugs. As with
the first edition of this book, large biological molecules, such as Erypo, also known as epoetin and
erythropoietin, have not been included. It will be seen that cholesterol-lowering drugs are the big
market leaders. Compared to 1996, angiotensin-converting enzyme inhibitors have fallen from the
chart. This is partly the result of many of them coming to the end of their patent life time and
becoming generic.

31.2.1 LIPITOR

Lipitor (1)2 is a cholesterol-lowering agent whose mode of action is as an HMG-CoA (3-hydroxy-
3-methylglutaryl coenzyme A) reductase inhibitor. It has been marketed by Pfizer and is sold as
the calcium salt.

The synthesis of this top-selling drug is relatively straightforward because the stereochemistry
is contained in a single sidechain.3–8 One chiral synthon is used to induce the second stereogenic

extend and, because of the price of 2, 4 equivalents of the enolate of tert-butyl acetate are used to
ensure high conversion. In earlier versions of the synthesis, a separate base was used to cause the
nonproductive deprotonations. The hydroxy group controls the stereochemical course during the
reduction. The small amount of the off-isomer produced after ketal formation is removed by
recrystallization of the TBIN (3). The boron has to be removed prior to the ketal formation; this
is achieved by azeotropic removal of the trimethyl borate with methanol. The resultant amine, TBIA
(4), is not isolated but is used directly in the final coupling reaction (vide infra). (Much of the data
for the synthesis, marketing, and therapeutic actions of the pharmaceutical compounds in this
chapter has been obtained from the PharQuest database.

OH OH

OH

O

N

O
HN

F

1
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center (Scheme 31.1). The hydroxy nitrile 2 is purchased. Ester enolate chemistry is used to chain
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A Stetter reaction is used to form the other part of the molecule 5 (Scheme 31.2).

This reaction is slow. Deprotection, saponification, and cyclization then provide the atorvastatin
lactone (6). Conversion to the final calcium salt form of 1 is achieved by base treatment and addition
of calcium (Scheme 31.3).9

The key step with regard to stereoselection lies with the synthesis of the hydroxy nitrile. A
number of syntheses have been reported, and different suppliers use different approaches. One is
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The TBIA (4) is then used in a Paal-Knorr condensation to provide the pyrrole (Scheme 31.3).
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an asymmetric reduction of the readily available chloro ketone 7 by chemical or biological means
10–34 However, subsequent displacement of the

halide by cyanide can be problematic.7,32,34–51 The alternative of cyanide reaction with the epoxide
52 as are reductions of the keto nitrile.53
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is also a challenge. Resolution methods are also available,

(Scheme 31.4) (see also Chapters 12, 19, and 20).
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An alternative has been to use L-malic acid as the source of chirality (Scheme 31.5).54,55

Other approaches have also been developed and are discussed elsewhere, such as an aldol
56 In

31.2.2 SIMVASTATIN

The high-value HMG-CoA reductase inhibitor Simvastatin (8) is marketed by Merck under the
name Zocor. The active ingredient is obtained from a fermentation approach. It is very similar in
structure to lovastatin, which has fallen from the top-sellers list. Lovastatin (9) is also a cholesterol-
reducing drug that is isolated from Aspergillus terreus.57–60 It is still obtained by fermentation,61

and with the current advances in molecular biology,62–64 chemical approaches are not able to compete
in a cost-effective manner.65–67 The usage of lipases allows for the manipulation of the butyric acid
sidechain to access other HMG-CoA reductase inhibitors such as simvastatin.68 A number of routes
to various portions of lovastatin have been reported.69

As mentioned, fermentation is used to provide the core structure of simvastatin, and hydrolysis
is used to remove the 2-methylbutyrate sidechain; the dimethylbutyric acid sidechain is introduced
by coupling (Scheme 31.6).70–73 Chemical methylation to form the quaternary dimethylated center
in the sidechain has been achieved on synthetic intermediates.74,75 The chemical approach has to
differentiate two hydroxy groups, and this requires protection–deprotection steps.76–86

SCHEME 31.5
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approach (Chapters 19 and 20) and the hydrolysis of 3-hydroxyglutaronitrile (Chapter 20).
addition the chemistry has some overlap to approaches to carnitine (see Section 31.3.3.).
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31.2.3 PRAVASTATIN

Pravastatin (10) is another HMG-CoA reductase for the inhibition of cholesterol biosynthesis; it is
marketed by Sanyo and Bristol Myers Squibb under the trade names Mevalotin and Pravachol.87

It has a close structural relationship to lovastatin and simvastatin. It is produced by a two-step
sequence. First, mevastatin (11), also known as ML-236B or compactin, is prepared by fermentation
of Penicillium citrinum;88 it is then enzymatically hydroxylated to produce 11 (Scheme 31.7).88–101

31.2.4 CLOPIDOGREL

Clopidogrel (12) is marketed by Sanofi-Synthlebo and BMS as the hydrogen sulfate salt under the
trade name Plavix. It is a platelet aggregation inhibitor that is used as an antithrombotic agent for
the reduction of cardiovascular events. The synthesis is straightforward (Scheme 31.8).102–107 The
asymmetry is obtained by a classical resolution.103 It is possible to recycle the undesired isomer.108

Alternative syntheses have been proposed, in particular with o-chlorophenylglycine providing
the stereogenic center.109–112

31.2.5 PAROXETINE

Paroxetine (13) is a selective serotonin reuptake inhibitor developed by Novo Nordisk’s subsidiary,
Ferrosan, and licensed to SmithKline Beecham (SB) (now GlaxoSmithKline).113 It is sold under
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For an alternative synthesis, see Section 11.3.8.
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the name Paxil, as the hydrochloride salt, and it is used to treat depression, anxiety, and obsessive
compulsive disorder. The synthesis is relatively straightforward and involves a resolution that also
is used to separate the desired, major trans-isomer (Scheme 31.9).114–118 Base is used to equilibrate
the substituents of the cis-ester 14 to the thermodynamically more stable trans-configuration prior
to reduction.

An alternative approach that alleviates the demethylation step and avoids the use of the fluoro-

resolution, can be reacted with thionyl chloride and then coupled with the substituted sodium
phenoxide to give 13 (cf. Scheme 31.9).119
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N 

CO2Me 

CO2Me 

CO2Me CO2Me 

ClCO2Et 
CuCl 

MgBr F 

N 
CO2Et 

F 

N 

F 

Decalin, S, Δ 

MeBr, H2 

Pt 

N 

F 

N 

F 

1. NaOMe 
2.  LiAlH4 
3.  Resolution with 
     (–)-di-p-toluoyl- 
     tartaric acid 

OH 

14 

1. SOCl2
2. NaO

O

O O

O

N

F

O

O

O

H
N

F

O

13

1. PhOCOCl
2. KOH

© 2006 by Taylor & Francis Group, LLC

Grignard reagent is shown in Scheme 31.10. The resultant alcohol 15 of this sequence, after a
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Alternative syntheses have been proposed,120–134 including enzymatic resolutions135–141 and other
asymmetric approaches.142–147

31.2.6 SERTRALINE

Sertraline (16) is an antidepressant that inhibits the uptake of serotonin in the central nervous
system.148 It is marketed by Pfizer under the name Zoloft.149 One methodology that can be used

150–156 The lactone can be
used as a chiral starting material for the Friedel-Crafts reaction. The established stereogenic center
in the tetralone controls the reduction of the imine.157 The alternative is a resolution approach

148,153,158–161
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(Scheme 31.12).

relies on an asymmetric reduction (see also Chapter 16) (Scheme 31.11).
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Alternative syntheses have been proposed, including the interconversion of isomers,162 by a
number of academic and process groups.163–178

31.2.7 SERETIDE

by GSK for the treatment of asthma. Fluticasone is the chiral component and a steroid derivative. 
Fluticasone propionate (17) is prepared by straightforward transformations from a suitably

179,180
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Seretide is a combination therapy consisting of fluticasone propionate and salmeterol. It is marketed

substituted steroid precursor (Scheme 31.13).
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Although salmeterol (18) does contain a stereogenic center, it is used as the racemic mixture;
its synthesis has been included for completeness (Scheme 31.14).181–183

Other synthetic approaches have been proposed.184–186 Asymmetric syntheses have been
reported.187,188
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31.2.8 ESOMEPRAZOLE

AstraZeneca (formerly Astra) has launched the proton-pump inhibitor esomeprazole (19) (as Nexium)
as a treatment for peptic ulcer, gastroesophageal reflux disease, duodenal ulcer, and esophagitis.
Esomeprazole is the (S)-enantiomer of omeprazole and was developed as a result of its improved
pharmokinetic profile and better potency after oral dosing than (R)-form of omeprazole or the racemate.
The dosage is higher than would be expected for a simple chiral switch. The stereogenic center is at
sulfur. Detailed accounts of the development of the process have been published.189,190

The first samples were obtained by resolution.191–193 Because the last step in the synthesis of
the racemate is the oxidation of the sulfide to the sulfoxide,194–198 this has been modified to provide
the S-isomer (Scheme 31.15). This is achieved by the Kagan method, which is a variation of the

199,200

Alternative approaches include the separation of the isomers,201,202 biological oxidation,203 and
biological resolution by reduction of one of the sulfoxide isomers.204

31.2.9 AUGMENTIN

Augmentin is a combination therapy where the bacterial resistance to penicillins is reduced by the
use of the β-lactamase inhibitor clavulanic acid (20). It originated from Beechams and is now
marketed by GlaxoSmithKline (GSK).

Clavulanic acid is a fermentation product obtained from Streptomyces clavuligerus.205,206
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Sharpless epoxidation (see Chapter 9).
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Amoxicillin (21) is a semi-synthetic penicillin antibiotic. The penicillin portion is derived from

APA. This transformation can be done chemically.69,207 The alternative, which is growing in impor-
tance, is to perform an enzymatic cleavage under mild conditions.208 The D-p-hydroxyphenylglycine
is then attached as the new sidechain; chemical and enzymatic methods are available to achieve
this (Scheme 31.16).209–215

216–220

31.2.10 VALSARTAN

Valsartan (22) is an orally active, angiotensin II antagonist that is marketed under the name Diovan
by Novartis for hypertension. Novartis has also developed a combination therapy, valsartan plus
hydrochlorothiazide, for the second-line therapy of hypertension. The synthesis is straightforward
from a stereochemical viewpoint because a chiral pool synthesis is used. The stereogenic center is
derived from L-valine (Scheme 31.17).221–223
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 The phenylglycine amino acid is obtained by a resolution (Chapters 2,

fermentation of either penicillin-V or penicillin-G, and then the sidechain is removed to afford 6-

7, and 25) or by enzymatic hydrolysis of a hydantoin (Chapter 2, 6, and 19).
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31.3 FOOD INGREDIENTS 

31.3.1 MENTHOL

by the Takasago method now accounts for a substantial portion of the market. This synthesis is

allyl amine (Scheme 31.18).224,225

Menthol is used in many consumer products, such as toothpaste, chewing gum, cigarettes, and
pharmaceutical products, with worldwide consumption of many thousands of tons per year.225,226

Takasago has implemented their asymmetric isomerization technology to produce a variety of
optically active terpenoids from allyl amines at various manufacturing scales, which is summarized

225,226

31.3.2 ASPARTAME

Aspartame (L-aspartyl-L-phenylalanine methyl ester) (APM) (24) is currently the most widely used
nonnutritive sweetener worldwide,227 although this position is being challenged.

31.3.2.1 Chemical Synthesis

The chemical methods of industrial significance involve the dehydration of aspartic acid to form
an acid anhydride, which is then coupled with the phenylalanine or its methyl ester to give the

228–231 Both of these
processes produce some β-coupled products together with the desired α-aspartame (24), but the
selective crystallization removes the undesired isomers. However, because the amino acid raw

SCHEME 31.18
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in Table 31.3 (see Chapter 12).

desired product. The two major processes are known as the Z and F processes (Schemes 19 and

materials are expensive, they must be recovered from the by-products and waste streams for recycle.

20, respectively), named after the protecting group used on the aspartyl moiety.

Although menthol (23) is a terpene available from natural sources (Chapter 5), asymmetric synthesis

discussed in detail in Chapter 12. The key step is the asymmetric isomerization of an imine to an
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TABLE 31.3
Optically Active Terpenoids Produced by Asymmetric Isomerization 

Name Structure Use
Production
(tons/year)

(+)-Citronellal
CHO

Intermediate 1,500

(–)-Isopulegol

OH

Intermediate 1,100

(–)-Menthol

OH

Pharmaceuticals
Tobacco
Household products

1,000

(–)-Citronellol

OH

Fragrances 20

(+)-Citronellol

OH

Fragrances 20

(–)-7-Hydroxy-
citronellal

CHO

OH

Fragrances 40

S-7-Methoxy-
citronellal

CHO

OMe

Insect growth
regulator

10

S-3,7-Dimethyl-
1-octanal CHO Insect growth

regulator
7
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of Allylamines (see references 225 and 226)
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31.3.2.2 Enzymatic Synthesis

reactions is such that two moles of phenylalanine methyl ester are used with one mole of Z-Asp,
the Z-APM•PM product precipitates and shifts the equilibrium to >95% conversion.232 This is the
basis of the commercial TOSOH process operated by Holland Sweetener that uses thermolysin.233

One significant variation has been the use of racemic PM instead of the L-isomer. Because the
enzyme will only recognize the L-PM isomer to form the peptide bond, the unreacted D-PM isomer
forms a salt and then, after acidification, the D-PM can be chemically racemized and recycled.
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used to catalyze the synthesis of a peptide bond (Scheme 31.21). When the stoichiometry of the
The enzymatic synthesis approaches are discussed in more detail in Chapter 19. A protease can be
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31.3.3 CARNITINE

The food additive carnitine (25) is worthy of mention because it has a very close structural
relationship to some beta blockers. It is also called vitamin BT. There are many potential routes to
this compound, including an asymmetric hydrogenation method.234–236 The method is closely related
to that used for Lipitor (Section 31.2.1). Reduction of 4-chloro-3-oxobutyrate provides the desired
alcohol isomer. Ester hydrolysis and reaction with triethylamine affords 25. There are two other
major approaches; one relies on an asymmetric microbial oxidation (Scheme 31.22).237

The other approach starts from epichlorohydrin and involves a classical resolution of the amide.
The “wrong” amide is also converted to the desired isomer by a dehydration–rehydration sequence
that uses hydrolases (Scheme 31.23).238,239 A biological variation is to hydrolyze the 4-butyrobetaine
as the stereodifferentiating step.240,241

31.4 AGRICULTURAL PRODUCTS

The primary driving force with agricultural product compounds is cost. This is reflected in the
relatively small number of chiral compounds that are sold at scale.

31.4.1 METOLACHLOR

compound is sold as an enantio-enriched compound (~80% ee) rather than the pure enantiomer
because of economic constraints. Metolachlor (26) is a pesticide sold since March 1997 as the
enantiomerically enriched form and sold under the trade name DUAL MAGNUM™.242–244 Since its

SCHEME 31.21

SCHEME 31.22

SCHEME 31.23

ZHN

CO2H CO2H

CO2H
+

H2N CO2Me
CO2Me

Protease

ZHN
H
N

O

+ H2O

OH

25
Me3

+N Me3
+NCO2

− CO2
−

Microbial
Oxidation

CO2
−

OH

25

Me3
+N

Me3
+N

Me3
+NCONH2

CONH2

OH

OH ResolutionCl
O 1. Me3N

2. NaCN
3. H3O+

© 2006 by Taylor & Francis Group, LLC

The reduction of metolachlor (26) is described in detail elsewhere (Chapters 12 and 15). This
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introduction in 1978, >20,000 tons per year of the racemic form have been sold.244 Metolachlor
exists as 4 diastereoisomers, a result of stereogenic carbon atom and restricted rotation about the
phenyl-nitrogen bond. The highest biological activity is observed for diastereoisomers that contain
the S-configuration at the stereogenic carbon, whereas chirality about the phenyl-nitrogen bond
does not affect the biological activity.242 The synthesis of 26 involves the asymmetric reduction by
a catalyst formed in situ from [Ir(COD)Cl]2 and 27 to give 28 and subsequently 26 in 80% ee

242 Fortunately, high ee’s in agrochemicals are not as critical compared
to pharmaceuticals, and the usage of the enantiomerically enriched herbicide leads to a 40%
reduction in the environmental loading.244

31.4.2 PHENOXYPROPIONIC ACID HERBICIDES

Phenoxypropionic acid herbicides contain a stereogenic center that can be derived from 2-chloro-
propionic acid and include fluazifop-butyl (29) and flamprop (30).245
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(Scheme 31.24) (Chapter 15).



Synthesis of Large Volume Products 607

A number of enzymatic resolutions have been investigated to the chiral halo ester, including
esterification, transesterification, and aminolysis.69,246–250 Zeneca (ICI) has commercialized the
approach that relies on a dehalogenase (Scheme 31.25).69,245,248,249

An alternative approach relies on a lipase method, but excess substrate has to be present to
ensure good ee (Scheme 31.26).250

31.4.3 PYRETHROIDS

Pyrethroids are commercially important insecticides that usually contain a cyclopropyl unit that is
cis-substituted and a cyanohydrin derivative. They are usually sold as a mixture of isomers.
However, asymmetric routes have been developed, especially because these compounds are related

251 The pyrethroids can be resolved through salt formation or
by enzymatic hydrolysis.252

Although the methodology does not apply to others, one of the members of this family,
deltamethrin (31), is made at scale by a selective crystallization. In the presence of a catalytic
amount of base, only one of the isomers crystallizes from isopropanol (Scheme 31.27).253

31.5 SUMMARY

Only a small number of examples of chiral compounds that are produced at high volume have been
given in this chapter. The comparison to the first edition’s top ten pharmaceutical list shows that
asymmetric synthesis is now beginning to play an important role in the synthesis of drugs. Although
fermentation and resolution approaches are still in abundance, the drugs that are prepared by these
methods are mature and nearing the end of their patent lives. There is no reason to doubt that
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to chrysanthemic esters (Chapter 12).
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asymmetric synthetic methods and dynamic kinetic resolutions will continue to gain ground with
the drugs in development that will be tomorrow’s blockbusters. It will be interesting to see how
the chemistry of large volume drugs, such as the ’pril family, changes as these compounds become
generic. With so many different approaches, and with the structural diversity of drug candidates,
there is a place for all the methods discussed in the chapter and, indeed, this book in the process
chemist’s arsenal. The one area where we can certainly look forward to significant changes in the
next few years is the coupling of enzymatic and chemical reactions to achieve dynamic resolution
systems.
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