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Preface

Microorganisms, and biocatalysts derived from them, have enormous potential for
carrying out the conversion of a variety of synthetic chemicals to useful products in a
highly chemoselective, enantioselective, and regioselective manner. Green biocataly-
sis provides a technology that uses milder and safer processes. Bioprocesses are
carried out under ambient temperature and atmospheric pressure in aqueous condi-
tions, which do not cause any racemization, epimerization, or rearrangement
of compounds and thus avoid any protection and deprotection steps during synthe-
sis and shorten the synthetic processes. It prevents, eliminates, or minimizes waste
rather than offering waste remediation. Green biocatalysis also uses renewable
resources and less hazardous materials than chemical processes. Advances in directed
evolution under process conditions have provided novel, efficient, and stable
biocatalysts for the development of efficient and economical processes under desired
operational conditions. One can achieve sustainable development goals using green
biocatalytic processes.

Demand for chiral compounds continues to increase, mainly for use in pharmaceu-
ticals but also in other industries such as flavor, fragrance, cosmetics, and agricultural
chemicals. Chiral active pharmaceutical ingredients (APIs) were previously usually
formulated as racemates; the preference now is for single enantiomers. The switch from
a racemic compound to a single enantiomer of API is required to extend life-cycle
management and also to improve the bioavailability and efficacy of drugs.

Since the mid-2000s, progress in the high-level expression of enzymes, in
Escherichia coli, Pichia pastoris, and other microbial systems, and improvement
in fermentation technology has led to an increase in cell yields in a much shorter
time. Advances in protein purification technology, determination of the structure of
proteins along with molecular cloning, and the random and directed evolution of
biocatalysts have opened up unlimited access to a variety of efficient enzymes and
microbial cultures as tools in organic synthesis. The development of efficient
immobilization techniques for biocatalysts and the reusability of biocatalysts have
provided highly economical and energy-efficient processes for the synthesis of key
intermediates and drug products in the pharmaceutical, agrochemical, flavor,
fragrance, cosmetics, and pesticide industries.

Various chapters in this book are contributed by internationally renowned scien-
tists and professors from industry and from well known universities, with many
years of experience in the design and development of green processes and the
industrial application of various processes in the production of fine chemicals and
pharmaceuticals. The book contains 29 chapters with over 3000 references and more
than 700 equations, drawings, and tables. It examines the use of a variety of classes
of enzymes in the development of green processes to generate chiral compounds
useful in chemoenzymatic synthesis of drug and agricultural products, cosmetics,

xix



PREFACE

and flavor compounds. All the chapters are well presented and cover the following
key aspects of biocatalysis:

¢ Adiscussion of biocatalysis and green chemistry covers the principles of green
chemistry. The concepts of sustainable development and green chemistry are
introduced and defined. Green chemistry metrics, such as E factors and the
atom economy, together with environmental impact and sustainability metrics,
are discussed. The many attractive features of biocatalysis in the context of
green chemistry are also discussed.

e There is discussion of the enzymatic synthesis of chiral primary, secondary,
and tertiary amines using o-transaminases, amine oxidases, and the berberine
bridge enzyme is presented. New enzyme variants have been created with
altered substrate specificity, improved activity and stability with transaminases
and oxidases to demonstrate one-pot cascade reactions for efficient multistep
transformations.

* Enzymatic applications in decarboxylation and racemization reactions of
unnatural compounds using artificial enzyme variants derived from aryl-
malonate decarboxylase are presented.

¢ Green enzymatic processes for the synthesis of key intermediates for the
development of drugs are discussed using enzymatic reduction, reductive
amination, epoxidation, hydroxylation, and transamination reactions to
develop anticancer, antihypertensive, antiviral, anticholesterol, anti-anxiety,
antidiabetic, and anti-inflammatory drugs.

¢ The dynamic kinetic resolution (DKR) of alcohols, amines, and amino acids,
and its applications in industrial intermediates are presented. The procedures
include the DKR of secondary alcohols, secondary amines, and primary
amines by enzyme-metal combinations to access a range of products of excel-
lent enantiomeric excesses with high yields approaching 100%.

* Enzymatic sulfoxidation by flavin-based biocatalysts to obtain chiral
sulfoxides, and the application of epoxide hydrolases, chloroperoxidases, and
enzymes such as cytochrome P450s, styrene monooxygenases, and alkane
monooxygenases are described in detail. Stereoselective desymmetrization of
meso-epoxides and the enantioconvergent hydrolysis of racemic epoxides is
presented, providing enantiopure diol products at 100% yield. The scope of
biocatalytic approaches as well as protein engineering for enzymes with better
characteristics (stability, activity under process conditions) for bioepoxidation
is described.

* The enantioselective acylation of alcohols, and amine reactions by lipases and
esterases in organic synthesis with examples of classical and dynamic kinetic
resolutions of racemates, are shown, giving attention to the desymmetrization
of meso-compounds.

® Recent advances in enzyme-catalyzed aldol addition reactions for biocatalytic
carbon—carbon bond formation by means of aldolases are described. They
offer an exceptionally stereoselective and green tool for asymmetric frame-
work construction and preparation of innovative molecules with engineered
enzymes.

¢ The enzymatic, asymmetric reduction of carbonyl compounds is described,
emphasizing directed evolution and protein engineering, to develop novel
biocatalysts for reduction and reductive amination processes, with isolated
enzymes and whole-cell biocatalysis.

* The application of nitrile-converting enzymes, nitrilases, and hydroxynitrile
lyases in the synthesis of chiral compounds and cyanohydrins is covered.
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* The discovery and engineering of enzymes for peptide synthesis and activation
and synthesis of chiral compounds by ene-reductases (ERs) and flavin-depend-
ent enzymes that catalyze the asymmetric reduction of electronically activated
carbon—carbon double bonds are described. These enzymes have attracted
increased attention from the industry as the enzymatic reduction usually
proceeds with enhanced chemoselectivity and elevated stereoselectivity.

¢ The application of aromatic hydrocarbon dioxygenases in the preparation of
chiral diols, and the biocatalytic introduction of chiral hydroxy groups using
oxygenases and hydratases, are very well covered.

* Biocatalysis for drug discovery and development with an industrial perspec-
tive, and biocatytic cascade reactions with the integration of biocatalysts with
one or more additional reaction steps, and multistep biocatalytic reaction
sequences and multienzyme-catalyzed conversions, are presented.

® Recent developments in D-aminopeptidases, racemases, and oxidases and
their application in the synthesis of chiral molecules, microbial transformations
of pentacyclic triterpenes, and yeast-mediated enantioselective biocatalysis
are described.

® Biotechnology for the production of chemicals, pharmaceutical ingredients,
flavors and fragrances, food and feed, cosmetics and personal care, polymers,
surfactants and lubricants, commodity chemicals, and energy industries is
also described.

It is my pleasure to express my sincere appreciation to all the authors for their excel-
lent contribution to Green Biocatalysis. My interest in biocatalysis and green processes
was developed and stimulated by Drs. David Gibson, Derek Hoare, Nicholas Ornston,
Allen Laskin, Ching Hou, Laszlo Szarka, Christopher Cimarusti, John Scott, Richard
Mueller, Mauricio Futran, and Robert Waltermire, and by many of my colleagues and
collaborators at the University of Texas, Yale University, Exxon Research and
Engineering, and Bristol-Myers Squibb. I acknowledge their continuous support and
encouragement during my 45-year career. I would like express my sincere apprecia-
tion to Antia Lekhwani, Purvi Patel, and Vishnu Priya.R at Wiley for their continuous
support and help during the preparation of this book. I would like to give my sincere
thanks to my wife, Lekha, and daughter, Sapana, for their support and encouragement
while I worked on the book.

xxi



About the Editor

Ramesh N. Patel has over 45 years of experience in pharmaceutical and chemical
industries. His experience includes building and leading multidisciplinary scientific
teams in biochemistry, microbiology, molecular biology, and biochemical engineer-
ing. His research interest focused on the development of green biocatalytic processes
for the synthesis of chiral compounds and fine chemicals for the development of
pharmaceuticals and value-added products.

Dr. Patel received his Ph.D. (1971) in microbiology from the University of Texas
at Austin, and he completed NIH and ACS postdoctoral research fellowships (1971-
1974) from Yale University, New Haven. He joined the corporate research laborato-
ries of Exxon Research and Engineering Company in 1975, working toward the
development of value-added chemical products from cheap hydrocarbon raw mate-
rials using various bioprocesses with microbes and isolated enzymes (1975-1987).

Dr. Patel transitioned to the pharmaceutical industry with an interest in bioca-
talysis and biotechnology and their implications in the development of drugs. During
his tenure at Bristol-Myers Squibb (1987-2008), he successfully started and led groups
in biocatalysis and biotechnology bringing together multiple scientific disciplines in
various project teams. These teams have developed and scaled up over 70 efficient
and economical processes for the preparation of core chiral intermediates, drug
metabolites, therapeutic proteins, and active pharmaceutical ingredients (APlIs).
APIs and recombinant proteins were supplied during various drug development
stages (toxicology, phase I, phase II, phase III clinical studies), and process technol-
ogy was transferred to the manufacturing division.

Dr. Patel’s achievements include over 170 original publications, 78 process pat-
ents, and over 140 invited/external presentations. He is the recipient of a 2004
Biotechnology Lifetime Achievement Award from the American Oil Chemists Society,
the 2008 Biocat Industrial Research Award from the International Congress on
Biocatalysis (Germany), and the 2012 Distinction of Academician Award from the
World Academy of Biocatalysis and Agricultural Biotechnology. He has received
three BMS presidential awards for the development of commercial biocatalytic pro-
cesses for the synthesis of key intermediates for captopril, paclitaxel, and saxagliptin.
He has edited two books: Stereoselective Biocatalysis (2002, Marcel Dekker), and
Biocatalysis in the Pharmaceutical and Biotechnology Industries (2007, CRC Press). He is
also an editor of the journal Biocatalysis and Agricultural Biotechnology published
by Elsevier.

xxiii



Contributors

Andrés R. Alcantara
Organic and Pharmaceutical Chemistry Department, Faculty of Pharmacy,
Complutense University of Madrid, Madrid, Spain

Ee Lui Ang
Metabolic Engineering Research Laboratory, Science and Engineering Institutes,
Agency for Science, Technology and Research, Singapore, Singapore

Alain Archelas
Institut des Sciences Moléculaires de Marseille, Université d’Aix-Marseille,
Marseille, France

Muhammad I. Arif
Biochemical Laboratory, Groningen Biomolecular Sciences and Biotechnology
Institute, University of Groningen, Groningen, the Netherlands

Yasuhisa Asano

Asano Active Enzyme Molecule Project, ERATO, JST

and

Department of Biotechnology and Biotechnology Research Center,
Toyama Prefectural University, Imizu, Japan

Robert Azerad

Laboratoire de Chimie et Biochimie Pharmacologiques et Toxicologiques, Université
Paris Descartes, Paris

and

BDM Department, Bertin Pharma, Montigny-le-Bretonneux, France

Patricia B. Brondani
Groningen Biomolecular Sciences and Biotechnology Institute, University of
Groningen, Groningen, the Netherlands

Eduardo Busto
Department of Chemistry, Organic and Bioorganic Chemistry, University of Graz,
Graz, Austria

Yoon Kyung Choi
Department of Chemistry, Pohang University of Science and Technology, Pohang,
South Korea

XXV



Xxvi

CONTRIBUTORS

Pere Clapés
Department of Biological Chemistry and Molecular Modeling, Instituto de Quimica
Avanzada de Catalufia, IQAC-CSIC, Barcelona, Spain

René Csuk
Organische Chemie, Martin-Luther Universitdt Halle-Wittenberg, Halle, Germany

Gonzalo de Gonzalo
Departamento de Quimica Orgénica, Universidad de Sevilla, Sevilla, Spain

Sarah-Marie Dold
Institute of Process Engineering in Life Sciences, Section II: Technical Biology,
Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

Marco W. Fraaije
Groningen Biomolecular Sciences and Biotechnology Institute, University of
Groningen, Groningen, the Netherlands

Jin-Song Gong
School of Pharmaceutical Science, Jiangnan University, Wuxi, PR. China

Vicente Gotor
Departamento de Quimica Orgénica e Inorgénica, Instituto Universitario de
Biotecnologia de Asturias, Universidad de Oviedo, Oviedo, Spain

Vicente Gotor-Fernandez
Departamento de Quimica Orgénica e Inorgénica, Instituto Universitario de
Biotecnologia de Asturias, Universidad de Oviedo, Oviedo, Spain

Harald Groger
Faculty of Chemistry, Bielefeld University, Bielefeld, Germany

Maria J. Hernaiz
Organic and Pharmaceutical Chemistry Department, Faculty of Pharmacy,
Complutense University of Madrid, Madrid, Spain

Makoto Hibi
Laboratory of Industrial Microbiology, Graduate School of Agriculture, Kyoto
University, Kyoto, Japan

Pilar Hoyos
Organic and Pharmaceutical Chemistry Department, Faculty of Pharmacy,
Complutense University of Madrid, Madrid, Spain

Werner Hummel
Faculty of Chemistry, Bielefeld University, Bielefeld, Germany

Gilles Iacazio
Institut des Sciences Moléculaires de Marseille, Université d’ Aix-Marseille,
Marseille, France

Dick B. Janssen
Biochemical Laboratory, Groningen Biomolecular Sciences and Biotechnology
Institute, University of Groningen, Groningen, the Netherlands



CONTRIBUTORS Xxvii

Mahn-Joo Kim
Department of Chemistry, Pohang University of Science and Technology, Pohang,
South Korea

Shigenobu Kishino
Division of Applied Life Science, Graduate School of Agriculture, Kyoto University,
Kyoto, Japan

Tanja Knaus
Faculty of Life Sciences, Manchester Institute of Biotechnology, University of
Manchester, Manchester, UK

Michael Kotik
Institute of Microbiology, Academy of Sciences of the Czech Republic, Prague,
Czech Republic

Wolfgang Kroutil
Department of Chemistry, Organic and Bioorganic Chemistry, University of Graz,
Graz, Austria

Rajesh Kumar
Biocatalysis Center of Emphasis, Chemical R&D, PharmaTherapeutics
Pharmaceutical Science, Pfizer Worldwide R&D, Groton, CT, USA

Jusuk Lee
Department of Chemistry, Pohang University of Science and Technology, Pohang,
South Korea

Youyun Liang
Metabolic Engineering Research Laboratory, Science and Engineering Institutes,
Agency for Science, Technology and Research, Singapore, Singapore

Hui Lin

Key Laboratory of Environmental and Applied Microbiology &
Environmental Microbiology Key Laboratory of Sichuan Province, Chengdu
Institute of Biology, Chinese Academy of Sciences, Chengdu, China

Yan Liu

Key Laboratory of Environmental and Applied Microbiology &
Environmental Microbiology Key Laboratory of Sichuan Province, Chengdu
Institute of Biology, Chinese Academy of Sciences, Chengdu, China

and

University of the Chinese Academy of Sciences, Beijing, China

Van Martin
Biocatalysis Center of Emphasis, Chemical R&D, PharmaTherapeutics
Pharmaceutical Science, Pfizer Worldwide R&D, Groton, CT, USA

Carlos Martinez
Biocatalysis Center of Emphasis, Chemical R&D, PharmaTherapeutics
Pharmaceutical Science, Pfizer Worldwide R&D, Groton, CT, USA



xxviii

CONTRIBUTORS

Ludmila Martinkova
Laboratory of Biotransformation, Institute of Microbiology, Academy of Sciences of
the Czech Republic, Prague, Czech Republic

Tomoko Matsuda
Department of Bioengineering, Tokyo Institute of Technology, Yokohama, Japan

Hans-Peter Meyer
Institute of Life Technologies, University of Applied Sciences and Arts Western
Switzerland, Sion, Switzerland

Kenji Miyamoto
Department of Biosciences and Informatics, Keio University, Yokohama, Japan

Kenji Mori
Department of Applied Biological Chemistry, Faculty of Agriculture, The University
of Tokyo, Tokyo, Japan

Kaoru Nakamura
Science Shop, Kobe University, Kobe, Japan

Jun Ogawa
Division of Applied Life Science, Graduate School of Agriculture, Kyoto University,
Kyoto, Japan

Seiji Okazaki

Asano Active Enzyme Molecule Project, ERATO, JST

and

Department of Biotechnology and Biotechnology Research Center, Toyama
Prefectural University, Imizu, Japan

Vittorio Pace
Department of Pharmaceutical Chemistry, Faculty of Life Sciences, University of
Vienna, Vienna, Austria

Rebecca E. Parales
Department of Microbiology and Molecular Genetics, College of Biological Sciences,
University of California, Davis, CA, USA

Jaiwook Park
Department of Chemistry, Pohang University of Science and Technology, Pohang,
South Korea

Ramesh N. Patel
SLRP Associates, Consultation in Biotechnology, Bridgewater, NJ, USA

Nina Richter
Department of Chemistry, Organic and Bioorganic Chemistry, University of Graz,
Graz, Austria

Jens Rudat
Institute of Process Engineering in Life Sciences, Section II: Technical Biology,
Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany



CONTRIBUTORS

Helmut Schwab
acib GmbH and
Institute of Molecular Biotechnology, Graz, Austria

Nigel S. Scrutton
Faculty of Life Sciences, Manchester Institute of Biotechnology, University of
Manchester, Manchester, UK

Roger A. Sheldon

Department of Biotechnology, Delft University of Technology, Delft,

the Netherlands

and

Molecular Sciences Institute, School of Chemistry, University of the Witwatersrand,
Johannesburg, South Africa

Jin-Song Shi
School of Pharmaceutical Science, Jiangnan University, Wuxi, PR. China

Robert C. Simon
Department of Chemistry, Organic and Bioorganic Chemistry, University of Graz,
Graz, Austria

Kerstin Steiner
acib GmbH, Graz, Austria

Christoph Syldatk
Institute of Process Engineering in Life Sciences, Section II: Technical Biology,
Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

Watumesa A. Tan

Department of Microbiology and Molecular Genetics, College of Biological Sciences,
University of California, Davis, CA, USA

and

Faculty of Biotechnology, Atma Jaya Catholic University of Indonesia, Jenderal
Sudirman, Jakarta, Indonesia

Helen S. Toogood
Faculty of Life Sciences, Manchester Institute of Biotechnology, University of
Manchester, Manchester, UK

Ana Toplak
Biochemical Laboratory, Groningen Biomolecular Sciences and Biotechnology
Institute, University of Groningen, Groningen, the Netherlands

Severin Wedde
Faculty of Chemistry, Bielefeld University, Bielefeld, Germany

Romana Wiedner
acib GmbH, Graz, Austria

John Wong
Biocatalysis Center of Emphasis, Chemical R&D, PharmaTherapeutics
Pharmaceutical Science, Pfizer Worldwide R&D, Groton, CT, USA

XXix



XXX CONTRIBUTORS

John M. Woodley
Department of Chemical and Biochemical Engineering, Technical University of
Denmark (DTU), Kongens Lyngby, Denmark

Bian Wu
Biochemical Laboratory, Groningen Biomolecular Sciences and Biotechnology
Institute, University of Groningen, Groningen, the Netherlands

Zhong-Liu Wu

Key Laboratory of Environmental and Applied Microbiology &
Environmental Microbiology Key Laboratory of Sichuan Province, Chengdu
Institute of Biology, Chinese Academy of Sciences, Chengdu, China

Meng-Yu Xu

Key Laboratory of Environmental and Applied Microbiology
Environmental Microbiology Key Laboratory of Sichuan Province, Chengdu
Institute of Biology, Chinese Academy of Sciences, Chengdu, China

and

University of the Chinese Academy of Sciences, Beijing, China

Zheng-Hong Xu
School of Pharmaceutical Science, Jiangnan University, Wuxi, P.R. China

Rio Yamanaka
Faculty of Pharmaceutical Science, Himeji Dokkyo University, Himeji, Japan

Kazuyuki Yasukawa

Asano Active Enzyme Molecule Project, ERATO, JST

and

Department of Biotechnology and Biotechnology Research Center, Toyama
Prefectural University, Imizu, Japan

Mingzi M. Zhang
Metabolic Engineering Research Laboratory, Science and Engineering Institutes,
Agency for Science, Technology and Research, Singapore, Singapore

Huimin Zhao

Metabolic Engineering Research Laboratory, Science and Engineering Institutes,
Agency for Science, Technology and Research, Singapore, Singapore

and

Department of Chemical and Biomolecular Engineering, University of Illinois at
Urbana-Champaign, Urbana, IL, USA



CHAPTER 1

Biocatalysis and Green
Chemistry

Roger A. Sheldon

Department of Biotechnology, Delft University
of Technology, Delft, the Netherlands

Molecular Sciences Institute, School of Chemistry, University
of the Witwatersrand, Johannesburg, South Africa

1.1 INTRODUCTION TO SUSTAINABLE DEVELOPMENT AND
GREEN CHEMISTRY

The publication in 1987 of the report Our Common Future by the World Commission
on Environment and Development, otherwise known as the Brundtland Report [1],
marked the advent of the concept of sustainable development. The report recognized
the necessity for industrial and societal development to provide a growing global
population with a satisfactory quality of life, but that such development must also be
sustainable over time. Sustainable development was defined as development that meets
the needs of the present generation without compromising the needs of future generations to
meet their own needs. In order to be sustainable, it must fulfill two conditions: (i) natu-
ral resources should be used at rates that do not unacceptably deplete supplies over
the long term, and (ii) residues should be generated at rates no higher than can be
assimilated readily by the natural environment [2]. It is abundantly clear, for exam-
ple, that a society based on nonrenewable fossil resources—oil, coal, and natural
gas—is not sustainable in the long term. Sustainability consists of three components:
societal, ecological, and economic, otherwise referred to as the three P’s—people,
planet, and profit.

At the same time, in the mid-1980s, there was a growing concern regarding the
copious amounts of waste being generated by the chemical industry. Clearly, a para-
digm shift was needed from traditional concepts of reaction efficiency and selectivity,
which focus largely on chemical yield, to one that assigns value to maximization of
raw materials utilization, elimination of waste, and avoiding the use of toxic and/or
hazardous substances [3]. By the same token, there was a pressing need for alterna-
tive, cleaner chemistry in order to minimize these waste streams. It led to the emer-
gence of the concepts of waste minimization, zero waste plants, and green chemistry
[4]. The latter can be succinctly defined as [5]:

Green chemistry efficiently utilizes (preferably renewable) raw materials, eliminates
waste and avoids the use of toxic and/or hazardous reagents and solvents in the
manufacture and application of chemical products.

Originally it was referred to as “clean chemistry” [6]. The now widely accepted term
“green chemistry” was introduced in the mid-1990s by Anastas and colleagues [7] of
the US Environmental Protection Agency (EPA). The guiding principle is benign by
design [8] as embodied in the 12 principles of green chemistry of Anastas and Warner:

Green Biocatalysis, First Edition. Edited by Ramesh N. Patel.
© 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.



FIGURE 1.1

Atom efficiencies of two processes
for ethylene oxide.
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The 12 principles of green chemistry are as follows:

. Waste prevention instead of remediation
. Atom efficiency

. Less hazardous materials

. Safer products by design

. Innocuous solvents and auxiliaries

. Energy efficient by design

. Preferably renewable raw materials

. Shorter synthesis (avoid derivatization)
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. Design products for degradation
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. Analytical methodologies for pollution prevention
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. Inherently safer processes

Green chemistry eliminates waste at source; that is, it is primary pollution prevention
rather than end-of-pipe waste remediation, as is inherent in the first principle of
green chemistry: prevention is better than cure. Since the mid-1990s, the concept of
green chemistry has been widely embraced in both industrial and academic circles
[9]. One could say that sustainable development is our ultimate common goal and
green chemistry is a means to achieving it.

1.2 GREEN CHEMISTRY METRICS

In order to know whether one process or product is greener than another one, we
need meaningful metrics to measure greenness. The most widely accepted metrics of
the environmental impact of chemical processes are, probably not coincidentally, the
two most simple ones: the E factor [3-6, 10, 11], defined as the mass ratio of waste to
desired product, and the atom economy (AE), defined as the molecular weight of the
desired product divided by the sum of the molecular weights of all substances
produced in the stoichiometric equation, expressed as a percentage [12, 13]. Know-
ledge of the stoichiometric equation enables one to predict, without performing any
experiments, the theoretical amount of waste that will be formed. In Figure 1.1, for
example, the AE of the classical chlorohydrin route to ethylene oxide is compared
with that of catalytic oxidation with dioxygen. It is interesting to note that the former
process produces, on a weight basis, more calcium chloride than ethylene oxide.

The AE is a theoretical number that is based on the assumption that a chemical yield
of 100% of the theoretical yield is obtained and that reactants are used in exactly stoi-
chiometric amounts. Furthermore, it disregards substances, such as solvents and acids
or bases used in work-up, which do not appear in the stoichiometric equation. The E
factor, in contrast, is the actual amount of waste produced in the process, defined as
everything but the desired product. It takes the chemical yield into account and includes
all reagents, solvent losses, all process aids, and, in principle, even the energy consumed.

1. Chlorohydrin process
HzCZCHZ + C12 + Hzo E—— CICH2CH20H + HCI

Ca(OH), / N\
—> H,C—CH; + CaCl, + H,O 25% Atom economy

2. Direct oxidation
(6]

H,C=CH, + O, ——> H2C/—\CH2 100% Atom economy
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Originally [3] water was excluded from the calculation of the E factor as it was thought
that its inclusion would lead to exceptionally high E factors in many cases and make
meaningful comparisons of processes difficult. There is a definite trend, however,
especially in the pharmaceutical industry, toward the inclusion of water in the E factor.
The ideal E factor is zero, that is, zero waste. A higher E factor means more waste and,
consequently, greater negative environmental impact. Alternatively, one can view the E
factor as kilograms of raw materials minus kilograms of desired product, divided by
kilograms of product out. It is easily calculated from knowledge of the number of tons
of raw materials purchased and the number of tons of product sold. This method of
calculation automatically excludes water used in the process, but not the water formed.
Typical E factors for various segments of the chemical and allied industries, which we
originally estimated in 1992, indicated that the fine chemical and pharmaceutical
industries created a substantial waste burden [3]. A modified version of the original
presentation, in which the oil-refining segment has been replaced by basic petrochemical
hydrocarbon feedstocks, is shown in Table 1.1. This table also contains ranges of
(average) annual product tonnages, which allow the annual tonnages of waste to be
estimated. Such calculations could have been done in the original presentation, but we
refrained from doing so because the relatively low figures for the annual waste tonnages
for the pharmaceutical industry could be construed as a reason for inaction on the part
of this industry segment, whereas E factors clearly show the need for action.

The substantial increase in E factors on moving downstream from bulk chemicals
to fine chemicals and, particularly, pharmaceuticals is a reflection of the increasing
molecular complexity of the products and associated multistep syntheses, which can
be expected to generate more waste. Consequently, waste generation can be reduced
by developing processes that are more step economic as advocated by Wender [14].
In bulk chemicals and basic hydrocarbon feedstock manufacture, in contrast, target
molecules are simpler and require a smaller number of steps for their synthesis. This
is not the whole story, however. The high E factors in pharma and fine chemicals are
also a direct consequence of the widespread use of stoichiometric inorganic and
organic reagents in these industry segments. In bulk chemicals manufacture, in
contrast, because of the enormous production volumes, the use of stoichiometric rea-
gents is economically prohibitive. We also note that E factors for the production of
therapeutic proteins (biopharmaceuticals) on a commercial scale are even higher [15].
The E factor has been widely adopted by the chemical industry—in particular by the
pharmaceutical industry [16], as a useful metric for assessing the environmental
impact of manufacturing processes [17, 18] and has been shown to be predictive of
reductions in manufacturing costs [19].

The number of green metrics subsequently proliferated [20-23]. They can be
divided into two types: (i) metrics that are a refinement of the AE concept and (ii) metrics
that are variations of the E factor (see Figure 1.2). Examples of the former are reaction
mass efficiency (RME) and carbon efficiency (CE) introduced by Constable and
coworkers [24] at GlaxoSmithKline (GSK). The RME is defined as the mass of

TABLE 1.1 E Factors in the Chemical and Allied Industries

E Factor

Annual Product (kg waste/  Total Annual
Industry Segment Tonnage kg product) Waste Tonnage
Basic petrochemicals (ethylene, 10000000-100000000  ~0.1 10000000
propylene, butadiene, ethylbenzene)
Bulk chemicals (propylene oxide, 10000-1 000000 <1tob 5000000
caprolactam)
Fine chemicals (flavors and 100-10000 5 to >50 500000

fragrances, cosmetic ingredients)
Pharmaceuticals 10-1000 25 to >100 100000




FIGURE 1.2
Green chemistry metrics.
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E factor Atom efficiency (AE)
_ Total mass of waste AE (%) = m.w of productx 100
Mass of final product Z m.w. of reactants
Mass intensity (MI) Reaction mass efficiency (RME)
Total mass used in a process Mass of product C x 100
MI = RME (%) =
Mass of product Mass of A +Mass of B

product obtained divided by the total mass of reactants in the stoichiometric equa-
tion, expressed as a percentage. It is a refinement of the AE that takes the chemical
yield of the product and the actual quantities of reactants used into account. A disad-
vantage compared to AE is the requirement for experimental data to calculate the
RME, which, therefore, cannot be used for rapid analysis of different processes prior
to experimental work being performed. The CE is similar to RME but takes only car-
bon into account, that is, it is the mass of carbon in the product obtained divided by
the total mass of carbon present in the reactants.

An example of the second type is mass intensity (MI) [25], defined as the total
mass of materials used in a process divided by the mass of product obtained, that is,
MI=E factor+1. An analogous metric, the effective mass yield (EMY), is defined as
the mass of the desired product divided by the total mass of nonbenign reactants
used in its preparation [26]. The EMY does not include so-called environmentally
benign compounds, such as NaCl and acetic acid, but defining nonbenign is difficult
and arbitrary.

The AE and E factor are complementary: the former can be used for a quick
assessment, before conducting any experiments, while the latter is a measure of the
total waste that is actually formed in practice. None of the alternative metrics offer
any particular advantage over the AE and E factors for assessing how wasteful a
process is. The ideal E factor is zero, which is a better reflection of the ultimate goal
of zero waste manufacturing plants than the ideal MI of 1. Moreover, the E factor
concept is mathematically simpler since step E factor contributions are additive while step
PMI contributions are not, because the PMI does not discount the step product from
the step mass balance [27].

1.3 ENVIRONMENTAL IMPACT AND SUSTAINABILITY METRICS

Sustainability encompasses the conservation of the Earth’s natural resources and
minimization of the effect of industrial activities on the health of its inhabitants and
the natural environment in addition to economic viability. Green chemistry embodies
essentially the same two elements: (i) efficient utilization of raw materials and elimi-
nation of waste and (ii) health, safety, and environmental aspects of chemicals and
their manufacturing processes but without the economic component. However, the
metrics discussed in the preceding section take only the mass of waste generated into
account, whereas the environmental impact of this waste is also determined by its
nature. Hence, we introduced [6] the term “environmental quotient” (EQ) to take the
nature of the waste into account. EQ is the product of the E factor and an unfriendli-
ness multiplier, Q. The latter is dependent on various factors such as toxicity, ease of
recycling, etc., and can also be influenced by both the production volume and the
location of the facilities. For example, the generation of 100-1000tons per annum of
sodium chloride is unlikely to present a waste problem, but 10000 tons per annum, in
contrast, may already present a disposal problem, thus warranting an increase in Q.
Ironically, when very large quantities of sodium chloride are generated, the Q value
could decrease again as recycling by electrolysis becomes viable, for example, in pro-
pylene oxide manufacture via the chlorohydrin route (see earlier). Hence, the Q value
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of a particular waste will be determined by, inter alia, its ease of disposal or recycling.
Generally speaking, organic waste is more easily remediated than inorganic
waste, which can be important when considering the green metrics of biocatalytic
processes.

Since the mid-2000’s, several groups have addressed the problem of quantifying
Q. For example, Eissen and Metzger [28] developed the Environmental Assessment
Tool for Organic Syntheses (EATOS) software in which metrics related to health haz-
ards and persistence and bioaccumulation and ecotoxicity were used to determine
the environmental index of the input (substrates, solvents, etc.) and the output (prod-
uct and waste). Similarly, Saling and coworkers at BASF [29-31] introduced eco-
efficiency analyses, which took both economic and environmental aspects into
account, including energy, raw materials, emissions, toxicity, hazards, and land use.

The basis for such an analysis is life-cycle assessment (LCA) [32, 33], which is
used to assess the environmental impact and sustainability of products and processes
within defined domains, for example, cradle to gate, cradle to grave, and gate to gate,
on the basis of quantifiable environmental impact indicators, such as energy usage,
global warming, ozone depletion, acidification, eutrophication, smog formation, and
ecotoxicity, in addition to waste generated. Jessop and coworkers [34], for example,
used a combination of eight LCA environmental impact indicators—acidification,
ozone depletion, smog formation, global warming, human toxicity by ingestion and
inhalation, persistence, bioaccumulation, and abiotic resource depletion—in a gate-
to-gate assessment of the greenness of alternative routes to a particular product. The
outcome of an LCA resembles an EQ in that it constitutes an integration of the amount
of waste with quantifiable environmental indicators based on the nature of the waste.

1.4 SOLVENTS

Typically, solvents constitute more than half of the materials used in a chemical pro-
cess to produce a drug substance [35]. Consequently, a major source of waste in
chemicals manufacture, and an important contributor to high E factors in pharma, is
solvent losses, which generally end up in the atmosphere or in groundwater.
Moreover, there are health and/or safety issues associated with many traditional
organic solvents, such as chlorinated hydrocarbons.

The FDA has issued guidelines [36] for solvent use in the pharmaceutical indus-
try and divided them into four classes:

Class 1 solvents should be avoided in the manufacture of drug substances
because of their unacceptable toxicity or deleterious environmental effects.
They include benzene and various chlorinated hydrocarbons.

Class 2 solvents should be used only sparingly in pharmaceutical processes
because of inherent toxicity. They include acetonitrile, dimethyl formamide,
methanol, and dichloromethane.

Class 3 solvents are regarded as less toxic and of lower risk to human health and
are, hence, preferred. They include many lower alcohols, esters, ethers, and
ketones.

Class 4 solvents, for which no adequate data are available, include diisopropyl
ether, methyl tetrahydrofuran, and isooctane.

Consequently, industrial attention is focused both on minimizing overall solvent
use and in replacing many traditional organic solvents, such as chlorinated and aro-
matic hydrocarbons, by more environmental-friendly alternatives such as lower
alcohols, esters, and some ethers such as methyl tert-butyl ether (MTBE). Several
pharmaceutical companies have produced solvent selection guides to help their
chemists in selecting greener, more sustainable solvents [37]. Pfizer, for example,
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classified solvents into three categories: preferred, usable, and undesirable with an
advice regarding substitution of undesirable solvents [16, 38]. Sanofi scientists [39]
divided solvents into four categories based on safety, health, and environmental
hazards and other industrial issues: (i) recommended, (ii) substitution advisable,
(iii) substitution requested, and (iv) banned. Similarly, GSK has a similar guide, with
two safety criteria, one health criterion, three environmental criteria including life
cycle scoring, and additional red flags, for example, for solvents governed by
regulations [40, 41]. Solvents derived from renewable feedstocks, such as ethanol,
ethyl lactate, and methyl tetrahydrofuran [42], are becoming popular reaction media
as they are seen as “natural” and sustainable.

In the original inventory of E factors of various processes, we assumed [3], if
data were not available, that solvents would be recycled by distillation and that
this would involve a 10% loss. However, this was probably overoptimistic,
certainly for the pharma industry where the widespread use of different solvents
for the various steps in multistep syntheses makes recycling difficult owing to
cross contamination. The best solvent is no solvent, but if a solvent is needed, it
should be safe to use and there should be provisions for its efficient removal from
the product and reuse.

1.5 THE ROLE OF CATALYSIS

The waste generated in the manufacture of fine chemicals and pharmaceuticals is
largely due to the use of stoichiometric inorganic and organic reagents that are
partially incorporated or not incorporated into the product. Typical examples include
oxidations with inorganic oxidants such as chromium (VI) salts, permanganates,
manganese dioxide, and stoichiometric reductions with metals (Na, Mg, Zn, Fe) and
metal hydrides (LiAlH,, NaBH,). Similarly, stoichiometric amounts of mineral acids
(HZSO " HF, and H3PO 4) and Lewis acids (A1C13, ZnClz, BF3) are major sources of
waste. The solution is evident: the substitution of antiquated stoichiometric method-
ologies with cleaner catalytic alternatives [43-45]. This is true elegance and efficiency
in organic synthesis [46]. For example, catalytic hydrogenation, oxidation, and car-
bonylation are highly atom-efficient processes. Similarly, the use of recyclable solid
(heterogeneous) acids and bases as catalysts results in substantial reductions in waste
in industrial organic synthesis [47, 48]. Indeed, several pharma companies have
developed reagent guides for particular reaction types with the aim of improving the
greenness and sustainability of their processes [41].

The ultimate in step and AE is the development of catalytic cascade processes
whereby several catalytic steps are integrated in one-pot procedures without the
need for isolation of intermediates [49]. Such “telescoping” of multistep syntheses
into catalytic cascades has several advantages—fewer unit operations, less solvent
and reactor volume, shorter cycle times, higher volumetric and space-time yields,
and less waste (lower E factor)—that afford substantial economic and environmental
benefits. Furthermore, coupling of reactions can be used to drive equilibria toward
product, thus avoiding the need for excess reagents.

1.6 BIOCATALYSIS AND GREEN CHEMISTRY

Biocatalysis has many attractive features in the context of green chemistry and sus-
tainable development:

1. The catalyst (an enzyme) is derived from renewable resources and is biocom-
patible (sometimes even edible), biodegradable, and essentially nonhazard-
ous, that is, it fulfills the criteria of sustainability remarkably well.
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2. Biocatalysis avoids the use of, and contamination of products by, scarce
precious metals such as palladium, platinum, and rhodium. The long-term
commercial viability of many “endangered” elements, such as various noble
metals, is questionable. Moreover, the costs of removing traces of noble metals,
to an acceptable level, from end products can be substantial.

3. Reactions are performed in an environmentally compatible solvent (water)
under mild conditions (physiological pH and ambient temperature and
pressure).

4. Reactions of multifunctional molecules proceed with high activities and
chemo-, regio-, and stereoselectivities and generally without the need for
functional group activation, protection, and deprotection steps required in
traditional organic syntheses. This affords processes that are more step eco-
nomic and more efficient in energy and raw material consumption, generate
less waste, and are, therefore, both environmentally and economically more
attractive than conventional routes.

5. As a direct result of the higher selectivities and milder reaction conditions,
biocatalytic processes often afford products in higher purity than traditional
chemical or chemo-catalytic processes.

6. Enzymatic processes (but not fermentations) can be conducted in standard
multipurpose batch reactors and, hence, do not require any extra investment,
for example, for high-pressure equipment.

7. Biocatalytic reactions are conducted under roughly the same conditions of
temperature and pressure, and, hence, it is relatively easy to integrate multiple
reactions into eco-efficient catalytic cascade processes [50].

In short, biocatalysis fits very well with the principles of green chemistry and sustainabil-
ity. As Barry Commoner, the doyen of industrial ecology, observed [51]: “in nature there
is no such thing as waste, everything is recycled.” As shown in Table 1.2, biocatalysis
conforms with 10 of the 12 principles of green chemistry and is not really relevant for
the other two (principles 4 and 10), which are concerned with the design of safer,
biodegradable products. Consequently, since the mid-1990’s, biocatalysis has emerged
as an important technology for meeting the growing demand for green and sustainable
chemical manufacture [52, 53], particularly in the pharmaceutical industry [54, 55].
Thanks to advances in biotechnology and protein engineering techniques such as
in vitro evolution [56], it is now possible to produce most enzymes for commercially

TABLE 1.2 Biocatalysis and the Principles of Green Chemistry

Green Chemistry Principles Biocatalysis
1. Waste prevention Enables more sustainable routes with significantly
reduced waste
2. Atom economy Enables more atom and step economic routes
3. Less hazardous syntheses Generally low toxicity
4. Design for safer products Not relevant
5. Safer solvents and auxiliaries Usually performed in water or Class 3 solvents
6. Energy efficient Mild conditions are conducive with energy efficiency
7. Renewable feedstocks Enzymes are renewable
8. Reduce derivatization Biocatalysis obviates the need for protection/
deprotection
9. Catalysis Enzymes are catalysts
10. Design for degradation Not really relevant but enzymes themselves are
biodegradable
11. Real-time analysis for pollution =~ Can be applicable in biocatalytic processes
prevention

12. Inherently safer processes Performed under mild and safe conditions
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acceptable prices and to manipulate them such that they exhibit the desired properties
with regard to, inter alia, substrate specificity, activity, selectivity, stability, and pH
optimum [57, 58]. This has made it eminently feasible to optimize the enzyme to fit a
predefined optimum process that is genuinely benign by design. Furthermore, the
development of effective immobilization techniques has paved the way for optimiz-
ing the storage and operational stability and the recovery and recycling of enzymes
[59]. In addition, the coimmobilization of two or more enzymes can afford multifunc-
tional solid biocatalysts capable of catalyzing biocatalytic cascade processes [60].

Biocatalytic processes are performed with isolated enzymes or as whole-cell bio-
transformations. Isolated enzymes have the advantage of not being contaminated
with other enzymes present in the cell. The use of whole cells, on the other hand, is
less expensive as it avoids the separation and purification of the enzyme. In the case
of dead cells, E factors of the two methods are essentially the same: the waste cell
debris is separated before or after the biotransformation, respectively. In contrast,
substantial amounts of waste biomass can be generated when using growing micro-
bial cells in the fermentation processes. We note, however, that this waste is generally
easy to dispose of, for example, as animal feed or can, in principle, be used as a source
of energy for the process. Many fermentation processes also involve the formation of
copious amounts of inorganic salts that may even be the major contributor to waste.
E factors have generally not been calculated for fermentations, but published data
[61] regarding mass balances can be used to calculate E factors. The E factor for the
bulk fermentation product—citric acid, for example—is 1.4, which compares well
with the E factor range of <1-5 typical of bulk petrochemicals. Interestingly, ca. 75%
of the waste is accounted for by an inorganic salt, calcium sulfate. If water is included
in the calculation, the E factor becomes 17. In contrast, small-volume fermentation
processes for low-volume, high-added-value biopharmaceuticals can have extremely
high E factors, even when compared with those observed in the production of small-
molecule drugs. The fermentative production of recombinant human insulin [15], for
example, involves an E factor of ca. 6600 and inclusion of water affords an astronomi-
cal E factor of 50000! In contrast, biocatalysis with isolated enzymes tends to involve
significantly higher substrate concentrations and combines a higher productivity
with a lower water usage compared to fermentations.

1.7 EXAMPLES OF GREEN BIOCATALYTIC PROCESSES

1.7.1 A Chemoenzymatic Process for Pregabalin

Pfizer scientists have described [62] a second-generation chemoenzymatic process
(Figure 1.3) for the manufacture of pregabalin, the active ingredient of the CNS drug
Lyrica. It represented a dramatic improvement in process efficiency compared to ear-
lier routes. The stereocenter was set early in the synthesis in accordance with the
golden rule of chirotechnology [63], and the wrong enantiomer could be easily race-
mized and reused. The key enzymatic step was conducted with an inexpensive, read-
ily available laundry detergent lipase at a staggering substrate concentration of
765g/1. Organic solvent usage was dramatically reduced in a largely aqueous pro-
cess. Compared to the first-generation manufacturing process, the new process
afforded a higher yield and a fivefold reduction in the E factor from 86 to 17.

1.7.2 A Three-Enzyme Process for Atorvastatin Intermediate

Codexis scientists developed and commercialized a green-by-design, three-enzyme
process for the synthesis of a key intermediate (Figure 1.4) in the manufacture of
atorvastatin, the active ingredient of the cholesterol-lowering drug Lipitor [64, 65]. In
the first step, ethyl-4-chloroacetoacetate undergoes highly enantioselective reduction
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catalyzed by a ketoreductase (KRED). Cofactor regeneration was achieved with
glucose as the hydrogen donor and an NADP-dependent glucose dehydrogenase
(GDH) as the catalyst. The (S) ethyl-4-chloro-3-hydroxybutyrate product was
obtained in 96% isolated yield and >99.5% ee. In the second step, a halohydrin dehal-
ogenase (HHDH) was employed to catalyze a nucleophilic substitution of chloride
by cyanide using HCN at neutral pH and ambient temperature.

All previous manufacturing routes to the hydroxynitrile product employed, as
the final step, a standard S 2 substitution of halide with cyanide ion in alkaline solu-
tion at elevated temperatures. This resulted in extensive by product formation owing
to the base sensitivity of both substrate and product. Since the product is high-boiling
oil, troublesome and expensive high-vacuum fractional distillation is required to
recover product of acceptable quality, resulting in further yield losses and more
waste. Hence, the key to designing an economically and environmentally attractive
process was to conduct the cyanation reaction at ambient temperature and neutral
pH using the enzyme, HHDH as the catalyst. Overall this afforded an elegant two-
step, three-enzyme process for the hydroxynitrile product.

Unfortunately, the wild-type KRED and GDH exhibited prohibitively low activi-
ties, and large enzyme loadings were required to obtain an economically viable reac-
tion rate. This resulted in troublesome emulsion formation and associated yield
losses in downstream processing. Fortunately, the enzyme loadings could be drasti-
cally reduced by employing in vitro evolution via DNA shuffling [66] to improve the
activity and stability of KRED and GDH. The GDH activity was improved by a factor
of 13 and the KRED activity by a factor of 7 while maintaining the nearly perfect
enantioselectivity (>99.5%) of the wild-type KRED. With the improved enzymes, the
reaction was complete in 8 h with a substrate loading of 160g/1 and phase separation
required <1min, providing the chlorohydrin in >95% isolated yield and >99.9% ee.
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Similarly, the activity of the wild-type HHDH in the nonnatural cyanation
reaction was extremely low, and the enzyme exhibited severe product inhibition and
poor stability under operating conditions. However, after many iterative rounds of
DNA shuffling, the inhibition was largely overcome and the HHDH activity was
increased more than 2500-fold compared to the wild-type enzyme.

The greenness of process was assessed according to the 12 principles of green
chemistry:

Principle 1—uwaste prevention: The highly selective biocatalytic reactions afforded
a substantial reduction in waste, and by avoiding by product formation, the
need for yield-sacrificing fractional distillation was circumvented. The butyl
acetate and ethyl acetate solvents, used in the extraction of the product from
the aqueous layer in the first and second steps, respectively, were recycled with
an efficiency of 85%. The E factor for the overall process is 5.8 if process water
is excluded (2.3 for the reduction and 3.5 for the cyanation). If process water is
included, the E factor for the whole process is 18 (6.6 for the reduction and 11.4
for the cyanation). The main contributors to the E factor (Table 1.3) are solvent
losses (51%), sodium gluconate (25%), and the innocuous inorganic salts, NaCl
and Na,SO, (combined ca. 22%). The three enzymes and the NADP cofactor
account for <1% of the waste. Furthermore, the main waste streams are aque-
ous and directly biodegradable.

Principle 2—AE: The use of glucose as the reductant for cofactor regeneration is
cost-effective, but the AE is poor (45%). However, glucose is an inexpensive
renewable raw material and the gluconate coproduct is fully biodegradable.

Principle 3—Tless hazardous chemical syntheses: The reduction reaction uses essentially
nontoxic starting materials and avoids the use of potentially hazardous hydrogen
and heavy metal catalysts obviating concern for their removal from waste streams
and/or contamination of the product. While cyanide must be used in the second
step, as in all practical routes to the product, it is used more efficiently (higher
yield) and under less harsh conditions compared to previous processes.

Principle 4—design safer chemicals: This is not applicable as the hydroxynitrile
product is the target molecule.

Principle 5—safer solvents and auxiliaries: Safe and environmentally acceptable
ethyl acetate and butyl acetate are used, together with water, as cosolvent in
the biocatalytic reduction reaction and extraction of the hydroxynitrile prod-
uct. No auxiliaries are needed.

Principles 6 and 9—design for energy efficiency and catalysis: The process constitutes
very efficient biocatalysis with turnover numbers of >10° for KRED and GDH
and >5x10* for HHDH. In contrast with previous processes, which employ
elevated temperatures for the cyanation step and high-pressure hydrogenation

TABLE 1.3 E Factor of the Process for Atorvastatin Intermediate

Waste Quantity (kg/kg product) % of E (Excl. Water) % of E (Incl. Water)
Substrate losses (8%) 0.09 <2 <1
Triethanolamine 0.04 <1 <1

NaCl and Na,SO, 1.29 22 ca.7
Na-gluconate 1.43 ca. 25 ca.9
BuOAc (85% recycle) 0.46 ca.8 ca.3

EtOAc (85% recycle) 2.50 ca. 43 ca. 14
Enzymes 0.023 <1 <1

NADP 0.005 0.1 <0.1

Water 12.250 — 67

Total waste (E factor) 5.8kg (18 with H,0)




1.7 EXAMPLES OF GREEN BIOCATALYTIC PROCESSES

for the reduction step, both steps in the biocatalytic process are run at or close
to ambient temperature and pressure and pH?7, and the very high energy
demands of high-vacuum distillation are dispensed with altogether, resulting
in substantial energy savings.

Principles 7 and 10—the use of renewable feedstocks and design for degradation: The
enzyme catalysts and the glucose cosubstrate are derived from renewable raw
materials and are completely biodegradable. The by-products of the reaction
are gluconate, NADP (the cofactor), residual glucose, enzyme, and minerals,
and the waste water is directly suitable for biotreatment.

Principle 8—reduce derivatization: The process avoids derivatization steps, that is,
it is step economic and involves fewer unit operations than earlier processes,
most notably by obviating the troublesome product distillation or bisulfite-
mediated separation of dehydrated byproducts.

Principles 11 and 12—real-time analysis for pollution prevention and inherently safer
chemistry: The reactions are run in pH-stat mode at neutral pH by computer-
controlled addition of base. Gluconic acid generated in the first reaction is neu-
tralized with an aq. NaOH, and HCl generated in the second step is neutralized
with feed-on-demand aq. NaCN, regenerating HCN (pK_ ~9) in situ. This mini-
mizes the overall concentration of HCN, affording an inherently safer process.
The pH and the cumulative volume of added base are recorded in real time.

In short, the Codexis process is an excellent example of a benign by design
biocatalytic process for the synthesis of an important pharmaceutical intermediate
whereby successful commercialization is enabled by employing modern protein
engineering to optimize enzyme performance.

1.7.3 Enzymatic Synthesis of Sitagliptin

Another relevant example is provided by the enzymatic synthesis of the antidiabetic,
sitagliptin, which was codeveloped by Merck and Codexis workers [67] to replace a
rhodium-catalyzed, high-pressure, asymmetric hydrogenation of an enamine. It
involves an overall enantioselective reductive amination of a ketone using an (R)-
transaminase-catalyzed reaction with isopropylamine (Figure 1.5). The starting point
was an (R)-selective transaminase, which showed no activity with the ketone sub-
strate. In silico studies were employed to identify what was needed to be able to fit the

Chemocatalytic route (97% ee)

1. Rh (Josiphos)/H, 250 psi

. NH,OAc Nw\/\l\li\) F 2. C treatment to remove Rh F
F F;C
O O
N\l/\N \|/\

N%\:N ) v

FyC Sitagliptin
Transaminase/PLP

Biocatalytic route (99.95% ee) )Niz )(J)\

FIGURE 1.5

Two processes for sitagliptin.
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ketone into the binding pocket of the enzyme. The amino residues surrounding the
binding pocket were then engineered to provide the extra space leading to an enzyme
with low activity, which was further improved up to a commercially viable level
using in vitro evolution. Under optimized conditions, 6 g/1 of the best variant in 50%
aq. DMSO converted 200g/1 of the ketone substrate to sitagliptin of >99.95% ee with
92% yield. Compared with the rhodium-catalyzed asymmetric hydrogenation, the
biocatalytic process displayed a 10-13% increase in overall yield and a 53% increase
in productivity (kg/1/day). This resulted in a 19% reduction in total waste with
the elimination of all heavy metals combined with a reduction in total manufacturing
costs. Furthermore, the enzymatic reaction is run in multipurpose vessels, circum-
venting the need for specialized high-pressure hydrogenation equipment.

1.7.4 Biocatalytic Synthesis of the Fragrance Chemical (-)
Ambrox (Ambrafuran)

The terpenoid molecule, (-)-8,12-epoxy-13,14,15,16-tetranorlabdane, so-called (-)
ambrafuran or ambrox (a trade name of Firmenich SA), is one of the most valuable
constituents of tincture of ambergris, a substance excreted by the sperm whale
(Physeter catodon L.). It is much sought after by the perfumery industry and is pro-
duced commercially in a hemisynthesis from the diterpenic alcohol, sclareol [68]. The
latter is readily extracted in sufficient quantities from clary sage (Salvia sclarea L.). The
chemical synthesis (Figure 1.6) consists of seven steps involving long reaction times
and hazardous reagents such as peracetic acid, lithium aluminum hydride, and butyl
lithium; a stoichiometric oxidation with sodium periodate; and the generation of

Chemical route:

OH
CH,;COOOH H,S0,/0°C
—_— —_—
EtOAc solvent
8 days
Sclareol
OH
OH
NalO, CH,COOOH LiAIH, in THF
—_— —_—
16 h in darkness 50-55 °C overnight 3hRT

Sclareolide

BuLi in THF/hexane
Tosyl chloride 0°C

Ambradiol

Biocatalytic route:

Hyphozyma roseoniger
(ATCC 20624)

>98% yield

CaY-zeolite
toluene/RT/4 h

98% yield

Sclareol Ambradiol (=) Ambrox (>98% ee)

FIGURE 1.6
Two processes for (=) ambrafuran.



REFERENCES

copious amounts of waste in addition to the 76% yield of the desired product. In stark
contrast, a green, two-step process has been reported [69], which involves the conversion
of sclareol to ambradiol as shown in Figure 1.6, catalyzed by whole cells of Hyphozyma
roseoniger, followed by cyclization to (—) ambrafuran over a Ca-Y zeolite at ambient
temperature, both steps proceeding in 98% yield.

1.8 CONCLUSIONS AND FUTURE PROSPECTS

Meaningful metrics for measuring greenness and sustainability are a conditio sine qua
non for monitoring progress in the trend toward green manufacturing in the chemical
and pharmaceutical industries. The widely accepted and complementary concepts of
AE and E factors, together with an LCA, provide a sound basis for assessing the green-
ness and sustainability of different processes and products. Biocatalysis offers numer-
ous benefits in this context. Reactions are conducted under mild conditions employing
a catalyst that is biocompatible and biodegradable and derived from renewable
resources, thus avoiding the scarcity and product contamination issues associated with
the use of noble metal catalysts. Furthermore, processes are step economic and highly
selective, resulting in higher product quality and reduced waste generation. In short,
biocatalytic processes are green and sustainable, that is, they are more environmentally
attractive and more cost-effective compared to classical chemical processes.
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2.1 INTRODUCTION

Chiral amines can be found in a broad range of naturally occurring compounds such
as alkaloids, hormones, amino acids (AAs), or proteins displaying a broad range of
biological activities [1, 2]. Various synthetic analogs play a central role as key inter-
mediates in the preparation of valuable chiral compounds such as pharmaceuticals,
agrochemicals, organocatalysts, etc. [3]. As a consequence, there is a demand for the
chemical industry to prepare efficiently a broad range of structurally diverse amines
in an optically pure form.

Consequently, the development of novel stereoselective methods has increased
since the mid-2000’s. [4] including conventional chemical routes such as asymmet-
ric hydrogenation using transition metals [5, 6] or organocatalyzed reactions [7].
The global market is expected to grow substantially in the near future; therefore,
improved methodologies are required to meet the strict regulations in terms of
process quality and safety for the pharmaceutical industry. Additionally, process
optimization in terms of cost, waste production, time, and energy consumption is
necessary to provide the target compounds in an economical and environmental-
friendly fashion [8].

Biocatalysis has become a well-accepted synthetic tool for the production of
chiral compounds, showing impressive levels of chemo-, regio-, and stereoselectivi-
ties [9]. Reactions are usually performed under mild and eco-friendly reaction condi-
tions not only in aqueous buffer but also in neoteric or organic solvents meeting the
principles of green chemistry [10, 11]. Protein engineering and high-throughput
screening methods allow the development of customized protein variants specifi-
cally designed for a target substrate or given reaction conditions (high pH and/or
temperature, and/or stability toward organic solvents, and/or high substrate
concentration) suitable for industrial applications [12-14].

Green Biocatalysis, First Edition. Edited by Ramesh N. Patel.
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SCHEME 2.1

Catalytic cycle for the «-TA-
catalyzed amination. PLP,
pyridoxal-5’-phosphate;  PMP,
pyridoxamine-5'-phosphate.

2 CHIRAL AMINES USING TAs, MAOs, AND BBE

While first examples regarding the biocatalytic preparation of chiral amines
mainly involved kinetic resolution processes using hydrolases [15], in the last years,
the identification of novel biocatalysts including amine oxidases (AOs), amino acid
oxidases (AAOs), lyases, or e-transaminases (w-TAs) has provided new catalytic
tools for the production of chiral amines with high stereoselectivity [16-18].

For this chapter, outstanding examples were selected where ®-TAs, amine
oxidases, and the berberine bridge enzyme (BBE) were used as catalysts for the prep-
aration of chiral amines. The account is divided into three different sections accord-
ing to the type of enzyme—namely, ®-TAs, AOs or AAOs, and the BBE. The chapter
focuses on the scope and practical applications, but it also discusses the present limi-
tations of each approach.

2.2 SYNTHESIS OF CHIRAL AMINES USING o-TRANSAMINASES

2.2.1 o-Transaminases: Definition and General Facts

Transaminases or aminotransferases (EC 2.6.1.X) represent a broad group of enzymes,
which catalyze the transfer of an amino group from an amine donor to a carbonyl
compound (an acceptor). Reactions are in general reversible. Transaminases are usu-
ally classified depending on the substrate specificity as a- or o-TAs: a-transaminases
(a-TAs) are highly specific enzymes for the amination of exclusively a-keto acids [19,
20]. These enzymes have been successfully used for the preparation of natural and
nonnatural AAs [4]. On the other hand, »-TAs display a broader substrate scope
being able to accept ketone or aldehyde as amine acceptor without requiring the
presence of an adjacent carboxylic acid moiety, making them very interesting from a
synthetic point of view. Both groups of enzymes require a cofactor, namely,
pyridoxal-5'-phosphate (PLP) as the electron shuttle between the amine donor and
the amine acceptor (Scheme 2.1). First, the amino group is transferred from the amine
donor to PLP, affording the reductively aminated cofactor pyridoxamine-5'-phosphate
(PMP) and the formally oxidized /deaminated coproduct. The amine donor is usually
used in over stoichiometric amounts. Next, the amino group is formally transferred
from PMP to the carbonyl compound, thereby regenerating PLP and closing the
catalytic cycle (Scheme 2.1).

2.2.2 Stereoselective Transformations Involving o-TAs

The synthesis of chiral amines using ®-TA can be performed by three different path-
ways (Scheme 2.2) [19]: (i) kinetic resolution of amines by oxidative deamination,
(ii) stereoselective synthesis via amination of prochiral ketones, and (iii) deracemization
combining (i) kinetic resolution and (ii) stereoselective synthesis [19].
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NH,

Stereoselective transformations involving ®-TAs. (a) Kinetic resolution, (b) stereoselective

synthesis via asymmetric amination, and (c) deracemization.

The kinetic resolution of amines was exploited first with o-TAs since the reaction
is thermodynamically favored using pyruvate as acceptor [21]. Unfortunately, the
inherent maximum 50% yield limits the practical applications of this approach and,
therefore, will not be considered in this contribution. Thus, the other methodologies
(stereoselective synthesis and deracemization) are preferred since a theoretical yield
of 100% is possible. The asymmetric amination allows the preparation of enantiomer-
ically pure amines at the expense of an amine donor, usually an amine or an AA
(Scheme 2.2b). On the other hand, the combination of two stereocomplementary
o-TAs enables to establish a deracemization process (Scheme 2.2c). Deracemization
strategies are recommended when amines are readily available or the corresponding
carbonyl compounds lack stability.

2.2.3 Asymmetric Amination of Ketones

As already mentioned, the asymmetric reductive amination of ketones provides an
excellent approach for the production of enantiomerically pure amines with 100%
theoretical yield. However, the amination is usually thermodynamically uphill for
most amine donors, meaning that the equilibrium is usually displaced to the side of
the reagents. As a consequence, different strategies have been established to over-
come this limitation. For instance, the use of high excesses of amine donor combined
with removal of the carbonyl coproduct by evaporation is a good option when
employing 2-propylamine or 2-butylamine as amine donors (Scheme 2.3) [22-24].
However, only a few o-TAs are able to accept linear amines as amine donors, and
most of them prefer alanine. In this case, the thermodynamic barrier can be overcome
by recycling/removing the coproduct pyruvate with a coupled multienzyme net-
work; in most cases a lactate dehydrogenase (LDH) and an alanine dehydrogenase
(AlaDH) are employed. By using an LDH, pyruvate is reduced to lactate at the
expense of NADH, which is recycled using, for example, a glucose dehydrogenase
(GDH) at the expense of glucose, usually providing the corresponding amines in
excellent conversions [25]. In an alternative approach, an AlaDH catalyzes the recy-
cling of pyruvate to alanine using ammonia and NADH [26]. The oxidized cofactor is
recycled, for example, by formate dehydrogenase (FDH) or alternatively glucose and
GDH. Alternatively, 1-phenylethylamine shows favorable thermodynamics and is
widely accepted by ©-TAs although the stereoselective enzymes consume exclusively
one enantiomer; thus 1-phenylethylamine has to be provided in optically pure form
[27, 28]. In case the racemic donor is used, kinetic resolution of the donor takes place.
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SCHEME 2.3

Overview of selected techniques to shift the equilibrium. (a) Volatile carbonyl coproduct. (b) LDH/GDH multienzyme net-
work. (c) AlaDH in combination with formate or glucose dehydrogenase (FDH/GDH).

Nevertheless, the search for alternative amination systems is still ongoing, aiming to
increase the overall efficiency of the methodology and, therefore, making the strategy
more attractive for practical applications.

2.2.4 Asymmetric Amination of Linear Ketones

The scope of w-TAs has been investigated in the last years employing various biocata-
lysts and amine donors. Most of the examples involve methyl-alkyl or methyl-aryl
ketones. The reason for that is in an accepted model w-TAs possess a small and a large
binding pocket; however, the small pocket of w-TAs is usually unable to accommo-
date medium or large groups (>C3) [29-31]. By using enzymatic amination, a broad
range of aliphatic and aromatic amines have become easily accessible (Table 2.1).
Notably, both the (R)- and the (S)-enantiomers can be synthesized in general with
high enantiomeric excesses and reasonable substrate concentration. For instance, the
amination of alkyl-methyl ketones (50mM) proceeds smoothly even for those
compounds bearing sensitive ester moieties (Entries 1-6).

In many examples, o-TAs were overexpressed in Escherichia coli and used as
freeze-dried catalyst preparation; thus enzyme purification was not necessary [32-34].
Acetophenone derivatives were in general successfully transformed with excellent
degrees of enantioselectivity using different enzyme preparations [35, 36]. In a another
report, the amination was studied at high substrate concentration (100mM) and 1g
scale using the Codex® transaminase screening kit [37]. Unexpectedly, the best results
were obtained for the sterically hindered ortho-derivatives because of the establish-
ment of an intramolecular H-bond driving the reaction to completion (Entries 7-8).
Additionally, a series of valuable heterocyclic amines bearing six- or five-membered
rings were prepared (Entries 9-12). Methyl-alkyl ketones containing large alkyl or
heteroalkyl groups were also converted using the crude overexpressed enzymes as
catalyst. The system provided the desired amines with excellent conversion and
stereoselectivity (Entries 13-16).
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TABLE 2.1 Enzymatic Amination of Linear Ketones using ®-TAs and
Amine Donors

Entry  Amine o-TA” Donor Conv. (%) ee (%) Reference
1 NH, CV, BM L-Alanine >99 >99 (S) [32]
2 PN AT p-Alanine  >99 >99 (R) [33]
3 NH, BM L-Alanine 97 >99 (S) [32]
4 PN AR, AT HN  p-Alanine  >99 >99 (R) [33]
5 NH, O PD, VF L-Alanine >99 >99 (S) [34]
6 . 0~ ArR, AT, HN  p-Alanine >99 >99 (R) [33]
7 F NH, TA-P1-A06  2-PrNH, 94 >99 (S) [35]
8 » ATA-025 Z—PrNH2 95 >99 (R) [35]
9 NH, TA-P1-A06 Z—PI‘NH2 92 >99 (S) [35]
10 N ATA-025 2-PrNH, 93 >99 (R) [35]
| =
11 [ 1\\1 ) TA-P1-A06 Z—PI‘NH2 79 >99 (S) [35]
12 S)\( ATA-025 2-PrNH, 83 >99 (R) [35]
13 PD, PF L-Alanine >99 >99 (S) [34]
14 ArR, AT, HN  p-Alanine >99 >99 (R) [33]

15 PF L-Alanine 99 94 (S) [34]

NH,
NH,
©/O\)*\
NH,
16 ©/\)*\ AT Dp-Alanine 96 >99 (R) [33]

? Origin of the w-TAs: ArR, (R)-selective Arthrobacter sp.; AT, Aspergillus terreus; BM, Bacillus megaterium;
CV, Chromobacterium violaceum; HN, Hyphomonas neptunium; TA-P1-A06, ATA-025, ATA-033, o-TAs from
the Codex TA screening kit; VE, Vibrio fluvialis.

2.2.5 Asymmetric Amination of Cyclic Ketones

Carbocyclic amines are often key starting materials for the preparation of natural
products and are consequently valuable targets for the development of new drugs.
For instance, the 1-aminotetralin skeleton can be found in several pharmaceuticals
such as sertraline [38], norsertraline [39], or rotigotine [40]. However, the preparation
of such amines is often challenging because of harsh reaction conditions (i.e., up to 100
bar of hydrogen pressure) [5]. w-TAs have been demonstrated to be a mild alternative
for the preparation of enantiomerically pure carbocyclic amines (Table 2.2). For
instance, diastereomerically pure nonnatural AAs derived from 2-(3-aminocyclohexyl)
acetic acid were obtained via a biocatalytic cascade employing ®-TAs in the final step
(Entries 1-4) [41]. By the choice of the 0-TA, the cis-diastereomer and the frans-
diastereomer were accessible in an excellent yield and an enantiopure form. In another
approach, combining spontaneous racemization of an a-chiral keto ester and amina-
tion resulted in a straightforward route to o,f-chiral p-amino esters (Entry 5) [42]. In
general, poor diastereoselectivities were observed; however, outstanding results were
obtained for cyclic derivatives such as (15,25)-ethyl 2-aminocyclopentanecarboxylate.
Additional studies regarding substrate scope revealed that a series of a- or f-tetralone
and chromanone derivatives can be successfully aminated using various (S)- and (R)-
selective w-TAs (Entries 6-11) [43]. For most cases, both enantiomers were accessible in
enantiopure form as also demonstrated on a preparative scale (100 mg).
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TABLE 2.2 Asymmetric Reductive Amination of Prochiral Cyclic Ketones using
®-TAs and Different Amine Donors

Entry Amine o-TA? Donor Conv. (%) ee (%) Reference

1 NH, VF L-Alanine >99 99 (15,55) [41]

2 m ArRmutll  2-PrNH, 9% >99 (15,5R) [41]
OMe

3 NH, VF L-Alanine >99 99 (1S5,55) [41]

4 y o ArRmutll  2-PrNH, >99 >99 (15,5R) [41]
OMe

5 NH, TA-P1-G05 2-PrNH, 58 >99 (15,25) [42]

QA CO,Et

6 NH, VF L-Alanine 22 98 (S) [43]

7 (:ij BV p-Alanine 51 >99 (R) [44]

8 *NHy ArS L-Alanine 90 >99 (S) [43]

9 - ArRmutll 2-PrNH2 >99 >99 (R) [43]

(0)
10 x NHp ArS L-Alanine >99 >99 (S) [43]
11 HN Dp-Alanine 22 >99 (R) [43]
O

? Origin of o-TAs: ArS, Arthrobacter citreus; BM, Bacillus megaterium; BV, Burkholderia vietnamiensis;
HN, Hyphomonas neptunium; PF, Pseudomonas fluorescens; TA-P1-G05, Codex TA screening kit; VE,
Vibrio fluvialis.

2.2.6 Application in the Synthesis of Pharmaceutically Active
Ingredients

In recent years, different research groups have explored the synthetic potential of -
TAs for the preparation of active pharmaceutical ingredients (APIs). The broad
substrate scope has allowed the preparation of various APIs with an amino moiety
including aromatic, cyclic, and also multicyclic systems such as the cholinesterase
inhibitor rivastigmine [45], the antidiabetic sitagliptin [46], the antiallergic ramatroban
[47], or the antiarrhythmic vernakalant [48]. The first example dealing with the use of
®-TAs in the asymmetric synthesis of pharmaceutical precursors was developed for
the chemoenzymatic route of the anticholinergic agent (S)-rivastigmine (Scheme 2.4)
[49-51]. The drug was prepared in a linear three-step sequence where an w-TA either
from Paracoccus denitrificans or Vibrio fluvialis was employed in the asymmetric key
step (45mM concentration, 100mg scale) using L-alanine as donor. The enantiopure
(5)-amine was obtained in perfect optical purity (>99% ee) and transformed further to
afford the enantiopure drug.

However, in some cases, the amination step involving o-TAs was rather chal-
lenging requiring protein engineering for the development of new enzyme vari-
ants. For instance, originally there was no enzyme available to transform the
bulky-bulky ketone substrate required for the preparation of the antidiabetic drug
(R)-sitagliptin (Scheme 2.5) [23]. For another AP], all known w-TAs led to the wrong
diastereomer required for the preparation of the antiarrhythmic agent (1R,2R)-
vernakalant [52]. In both cases, the most promising o-TA candidate (commercial
enzymes ATA-117 for sitagliptin and ATA-013 for vernakalant) was subjected to a
combination of in silico design and directed evolution. Enzyme engineering led
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SCHEME 2.4
Three-step chemoenzymatic synthesis of the anticholinergic drug (S)-rivastigmine.

ArRmutl1, PLP,

F buffer pH 8.5,
F 50% DMSO
o 0 45°C, 15h
'Nﬁ/\N 2.67 eq. 2-PrNH,
N
>\/N\) F F;C .
k 90-95% Yield, >99% ee
F3C 500 mM (R)-Sitagliptin
(b) OH

ATA-303, PLP,
0 buffer pH 10, NH,

81% yield, >99% ee

dr.:99.6:0.4 (IR,2R)-Vernakalant

SCHEME 2.5

78% Yield, >99% ee (S)-Rivastigmine

OR! 10% DMSO 1 [ f i
iir 45°C,24h SORE Y orl |
1 M 2-PrNH, @“\

OMe

OMe

Biocatalytic routes for the preparation of the antidiabetic drug sitagliptin (a) and the antiarrhythmic

agent vernakalant (b) using evolved w-TAs.

finally to improved variants being able to either accommodate the second large
substrate moiety (ArRmutll, sitagliptin) or give reverse diastereoselectivity
(ATA-303, vernakalant). The obtained improved variants showed higher activity
and increased tolerance to organic solvents and elevated pHs. Notably, both prod-
ucts were isolated in excellent yield and enantiopure form after a short reaction
time using 2-propylamine as amine donor.

For other substrates, a careful selection of the amine donor may be necessary to
avoid the formation of side products and provide the target compound in high yield.
For instance, although 2-propylamine is regarded as an ideal donor, it was responsible
for the formation of various side products in the synthesis of (R)-2,3,4,9-tetrahydro-
1H-carbazol-3-amine, a key intermediate for the synthesis of the antiallergic drug
ramatroban [53]. The side products were avoided using a sterically more demanding
amine donor such as (R)-1-phenylethylamine (Scheme 2.6), which afforded the
desired (R)-isomer in excellent isolated yield on a preparative scale (0.5g).

Biocatalytic amination was also successfully applied for the synthesis of poten-
tially biologically relevant 17-a-steroids, which have been recently identified as
potent sulfatase inhibitors with outstanding possibilities in the treatment of breast
cancer [54]. From a broad panel of o-TAs, the steroid analogs were only accepted
by the ®-TA variant evolved for sitagliptin (ArRmut11), highlighting the accept-
ance of this variant for sterically challenging substrates (Scheme 2.7) [55]. The
transamination occurred with excellent diastereoselectivity isolating the a-isomers
in high yields (83-89%) on a preparative scale replacing a three-step chemical
synthesis.
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Reductive amination of the ramatroban ketone precursor using sterically demanding (R)-1-phenylethylamine as amine

donor.

SCHEME 2.7

o-TA-catalyzed biocatalytic route

for the synthesis

aminosteroids.

17-a-

ArRmutl1
PLP, pH 10
35% DMF
9] 45°C, 4 days NH,
Rl J\RZ ; : Rl J\RZ
10 mM NH, 0
1M
NH, NH, NH,
HO HO HO
17-a-R 17-0-R 17-a-R
>99:1, 83% >99:1, 89% >99:1, 83%

2.2.7 Amination of Ketones in Organic Solvents

Synthetic transformations involving ©-TAs are usually performed in aqueous media
under neutral or slightly basic pHs, therefore requiring basification and extraction
work-up to recover the neutral amine. As an alternative, synthetic transformation in
pure organic solvent would be highly desirable to optimize work-up steps and
improve the economy of the process. A recent study suggested that ®-TAs need to be
engineered and immobilized before use in pure organic solvents [37]. In contrast,
cell-free freeze-dried enzyme preparations [56] were proven to be active in organic
solvents such as fert-butyl methyl ether (TBME) or ethyl acetate (EtOAc) by carefully
tuning the water activity. Maximum activity values were found in TBME (water
activity, 0.6) and increased thermal stability of the proteins was observed compared
to experiments in buffer. Even more interesting is that all nine enzymes tested were
found to accept 2-propylamine as amine donor although some of them failed in
buffer solution. Using this reaction setup, a set of aliphatic and aromatic amines was
successfully produced observing also a significant increase in the reaction rate for
selected substrates compared to experiments in buffer (up to 17-fold); notably, the
stereoselectivity was not affected (Scheme 2.8). After the reaction, the catalyst can be
recovered from the reaction by filtration and reused several times without losing
activity. Just three equivalents of 2-propylamine were necessary for the amination
of p-ketoesters and B-oxygenated ketones (50mM) in high conversion. A possible
explanation might be that these products are thermodynamically more stable due to
the formation of an intramolecular H-bond between the oxygen atom and the amine.
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o-TA, PLP
TBME, a,, 0.6
JOJ\ 25°C j\I\Hz
R!” "R2 / § R!” "R2
50 mM NH, 0
3eq.
NH, NH, NH, O
O~ Ph O )*\/U\OEt

>99% ee (R)
>99% conv., 2 h

n >99% ee (S)
ArS-0-TA 2050, conv., 4 h

>99% ee (R)
>99% conv., 9 h

n >99% ee (S)
CV-0-TA 250% conv., 24 h

NH,

Ph)*\

A >99% ee (R)
ArR-0-TA 43% conv., 72 h

n >99% ee (S)
CV-0-TA 390 conv.. 72 h

A >99% ee (R)
ArR-0-TA >99% conv., 24 h

oy >99% ee (S)
CV-0-TA Segt conv.. 12 h

Ph/\)*\

A >99% ee (R)
ArR-0-TA 48% conv., 72 h

oy >99% ee (S)
CV-0-TA 1egt conv.. 24 h

ArR-o-TA ArR-o-TA

NH,

Ph)*\/ OH

n >99% ee (S)
AR-0-TA oo conv.. 24 h

A >99% ee (R)
CV-o-TA 7% conv., 7 h

NH
OATA-0-TA s 2 + j\
RI”>COOH
L-AA
o} NH,
+ N
R1J\COOH )\
1.5eq.
- NH, o
ArRmutl1-0-TA + )J\
R!” “COOH
D-AA

2.2.8 Asymmetric Amination of Keto Acids: Synthesis of
Nonnatural Amino Acids

Nonnatural AAs are important precursors for the preparation of bioactive com-
pounds. For instance, b-phenylalanine is a precursor of the antidiabetic drug nategli-
nide [57], while L-homoalanine is a building block for the antiepileptic drug
levetiracetam [58]. Biocatalytic approaches for the transfer of the amino group
between a-AAs are usually based on reactions catalyzed by a-TAs; for this reaction,
the equilibrium constant is close to unity requiring additional reagents or enzymes to
shift it toward product formation [59]. In contrast, the »-TA-catalyzed amination of
a-keto acids using aliphatic amines such as 2-propylamine as amine donor is thermo-
dynamically downhill affording high conversions with reduced amounts of the
amine donor (1.5eq.) (Scheme 2.9) [60]. Initial optimization experiments revealed
that the (S)-selective Ochrobactrum anthropi o-TA (OATA) and (R)-selective ArRmut11
were the most active catalysts for the asymmetric synthesis of AAs.

As expected, OATA was only able to convert a-keto acids with (R<C2) because
of steric limitations of the small binding pocket (Table 2.3, Entries 1 and 3). On the
other hand, ArRmut11 developed for the amination of bulky-bulky ketones efficiently
converted a-keto acids with linear groups although it failed for branched groups
(Entries 2, 4-7). Preparative-scale experiments (15mmol) were successfully per-
formed for the synthesis of the pharmacologically relevant L- and p-homoalanine.

25

SCHEME 2.8

®-TA-catalyzed amination of
ketones in TBME at a defined
water activity of a_=0.6.

SCHEME 2.9

Asymmetric amination of a-keto
acids using 2-propylamine as
amine source.
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Synthesis of p-chiral 2-phenyl-
propanamines through dynamic
kinetic resolution of 2-phenyl-
propanal derivatives.
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TABLE 2.3 Synthesis of Nonnatural Amino Acids through
®-TA-Catalyzed Amination of Keto Acids

Entry R! o-TA Conv. (%) Yield (%)* ee (%)
1 Et OATA 99 78 >99 (S)
2 Et ArRmut11 99 78 >99 (R)
3 Me OATA 79 n.r. >99 (S)
4 Me ArRmutl1l 98 nr. >99 (R)
5 CH,OH ArRmut11 99 nr. >99 (R)
6 CH,F ArRmut1l 86 n.r. >99 (R)
7 (CH,)),CH, ArRmutll 99 nr. >99 (R)

?n.r., not reported.

Rill ? TA, PLP
I o-TA,
NS H buffer, pH 7 Q
alanine recycling o~ NH AN
H Rl + RL-
30°C, 700 rpm, 24 h L =
? o Minor side
R A product
.~ H
TABLE 2.4 Amination of Racemic 2-Phenylpropanal
Derivatives by DKR on a Preparative Scale
Entry R! Aminedonor  o-TA  Yield (%)  ee (%)
1 p-Me L-Alanine pPP1 62 75 (R)
2 p-OMe L-Alanine PP1 86 92 (R)
3 m-Me L-Alanine PP1 56 80 (R)
4 m-OMe L-Alanine PP1 82 50 (R)
5 0-Me L-Alanine PP1 75 89 (R)
6 0-OMe Dp-Alanine HN 50 99 (S)

2.2.9 Amination of Aldehydes

Although aldehydes are in general more reactive than ketones or a-keto acids, the
®-TA-catalyzed amination of aldehydes has been less frequently explored; most of
the examples about aldehydes concern the kinetic characterization of new enzymes
rather than preparative synthetic applications. The transformation of 2-phenyl
propanal derivatives to the corresponding B-chiral amines has been recently investi-
gated using ®-TAs (Scheme 2.10) [61].

Therefore, the a-substituted aldehydes racemized spontaneously due to the high
acidity of the benzylic proton enabling a dynamic kinetic resolution (DKR).
Interestingly, the observed enantiopreference of the enzymes for these substrates
could not be correlated with the enantiopreference previously observed for methyl
ketones with these enzymes. The combination of substrate and medium engineering
increased the enantioselectivity of the process obtaining the corresponding
amines with up to 99% ee (Table 2.4). In most cases, it was possible to obtain both, the
(R)- and (S)-enantiomers, by the use of stereocomplementary w-TAs whereby ortho-
substituted substrates were transformed best with minimized formation of side
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products (Entries 5-6). Aminations were also performed on preparative conditions
(100mg) obtaining the corresponding amines in high enantiomeric excesses and
isolated yields.

2.2.10 Cascade Reactions Involving ®-TAs

Biocatalytic reactions are generally performed under very mild reaction conditions,
most of the time at room temperature and physiological pH [9]. For that reason,
enzymes are usually compatible with each other, opening the possibility of combin-
ing several reactions in the same reaction vessel. Such biocatalytic cascades offer
many practical advantages—that is, minimized work-up steps, shortened reaction
times, improved atom economy, and easier reaction setups since, for example, the
manipulation of unstable intermediates is avoided. In the last years, enzymatic
cascades have reached a remarkable level of complexity allowing the one-pot prepa-
ration of highly functionalized molecules from bulk chemicals [62-66]. In addition,
thermodynamically uphill reactions can be easily driven to completion if the prod-
ucts are removed by a favorable consecutive reaction. In this section, the application
in organic synthesis of successful cascades involving asymmetric amination of
ketones will be summarized including reaction sequences initiated not only by o-TAs
but also by multienzyme systems [67].

2.2.11 Cascades Initiated by »-TAs: Synthesis of Chiral
Heterocycles

Nitrogen-containing heterocycles including pipecolic acid derivatives, alkaloids, or
penicillins have attracted a lot of attention in the last years, not only because of their
therapeutic uses but also due to their applications in organocatalysis. For that reason,
a significant number of chemical and biocatalytic approaches have been developed in
the last years for the preparation of these scaffolds [68]. Here, examples are given
where heterocyclic molecules have been synthesized via carbonyl amination fol-
lowed by spontaneous ring closure. The methodology usually offers high levels of
efficiency for the amination step since the cyclization step drives the reaction to the
side of the products without requiring high excesses of the amine donor. In this
context, amination-lactamization cascades have been successfully used for the pro-
duction of six-membered heterocyclic compounds (Scheme 2.11). For instance, the
o-TA-catalyzed amination of ethyl 4-acetylbutyrate (50 g /1) with 2-propylamine (1 M)
affords spontaneously the corresponding six-membered lactam (Scheme 2.11a) [69].
By selection of the transaminase, both enantiomers were accessible and isolated in
enantiopure form and high yield. Using a similar approach, the dual orexin antago-
nist MK-6096 containing the a-methylpiperidine core was synthesized on a kilogram
scale [70]. The concept has also been applied for the synthesis of biologically active
y-aminobutyric acid (Scheme 2.11b) [71]. In this example, the o-TA-catalyzed DKR of
the aromatic aldehyde ester precursor affords the corresponding amino ester, which
spontaneously cyclizes to 4-phenylpyrrolidin-2-one. Even though the lactam was
obtained in moderate optical purity (68% ee), this contribution represented the first
DKR of an a-chiral aldehyde. Using the amination-lactamization cascade, various
chemoenzymatic routes have been reported for the preparation of niraparib
(Scheme 2.11c) [72], an inhibitor of the poly(ADP-ribose)polymerase (PARP) [73].
Preliminary DKR experiments employing ATA-301 and 2-propylamine afforded the
desired (R)-lactam in high isolated yield and enantiopure form on a preparative scale
(35g), although an inert atmosphere was essential to avoid the oxidative degradation
of the aldehyde. Alternatively, transamination of more stable aldehyde surrogates
such as bisulfite adducts or lactol derivatives has also been performed providing
improvements in terms of robustness and reliability, which are essential for the devel-
opment of industrial-scale applications.
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SCHEME 2.11

Amination—lactamization cascade for the preparation of valuable lactams. (a) 6-Methyl-piperidin-2-one, (b) 4-phenylpyr-
rolidin-2-one, and (c) synthesis of niraparib precursor.

1 1
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R! Regio-and stereoselective > N/ R!

1.5-Diketone monoamination

Amino ketone Amino ketone Al-Piperideine
(major) (minor)

SCHEME 2.12
Regio- and enantioselective monoamination of 1,5-diketones using o-TAs.

Combining regio- and enantioselective amination of 1,5-diketones provided the
shortest route to date for the preparation of 2,6-disubstituted piperidines, a group of
bioactive molecules present in a vast number of natural products [74, 75]. Most of the
o-TAs showed exquisite levels of regioselectivity as the amination occurred exclusively
at the sterically less demanding ketone (»-1), which spontaneously cyclized to the cor-
responding enantiopure cyclic imine denoted as A'-piperideine (Scheme 2.12) [76].

A representative panel of diketones (50mM) containing cyclic, aromatic, and
aliphatic moieties was effectively converted with a perfect stereoselectivity and reac-
tivity (Table 2.5). Simply by the choice of enantiocomplementary w-TAs, both (R)- and
(S)-A'-piperideines were accessible in enantiopure form.

The practical applicability of the route was shown for the synthesis of the natu-
ral alkaloids dihydropinidine and epi-dihydropinidine (Scheme 2.13). The mono-
amination of nonane-2,6-dione (50 mM) using (R)- and (S)-selective w-TAs afforded
both enantiomers of the imine in enantiopure form with complete regiocontrol.
Simple Pd/C-catalyzed hydrogenation exclusively led to the syn-isomers. The anti-
isomers were obtained in high diastereomeric ratio (anti/syn 84:16) based on a
Lewis acid-promoted conformational change during the reduction [77]. A further



2.2 SYNTHESIS OF CHIRAL AMINES USING o-TRANSAMINASES

TABLE 2.5 Regioselective Monoamination leading to Enantiomerically
Pure A'-Piperidines after Spontaneous Cyclization

Entry R! w-TA" Conv. (%) ee (%)
1 n-Pr CV-0-TA >99 >99 (S)
2 n-Pr AT-0-TA >99 >99 (R)
3 cyclo-Pr VF-0-TA >99 >99 (S)
4 cyclo-Pr HN-o-TA >99 >99 (R)
5 iso-Pr ArS-o-TA 97 >99 (S)
6 iso-Pr AT-0-TA 93 >99 (R)
7 iso-Bu BM-0-TA >99 >99 (S)
8 iso-Bu HN-o-TA >99 >99 (R)
9 Ph PF-w-TA >99 98 (S)
10 Ph PF-0-TA >99 >99 (R)

? Origin of w-TAs: ArR, (R)-Arthrobacter sp.; ArS, Arthrobacter citreus; AT, Aspergillus terreus; BM,
Bacillus megaterium; CV, Chromobacterium violaceum; HN, Hyphomonas neptunium;
PE, Pseudomonas fluorescens; VE, Vibrio fluvialis.

DIREPIN)
Et;Al LiAlH, N
2hat-78°C H H C
d.r. (syn/anti)16: 84
§)-Sel 85% over two steps
w( tr)an:aflblfltlll\;e Pd/C, H,,
4 h room temp. IR
AN o
o Conv. >99%, H HCI
O | p/L- Pyruvate >99% ee de >99%
94% over two steps
alanine (recyclmg)
Nonane-2,6-dione ® (j\/\ (\f) % gi)
w Pd/C, H,, HH c1@
(R) -Selective 4 h room temp. de > 997,
®-transaminase Conv. >99%, e >99%
>99% ee 85% over two steps
Et;Al, LiAlH,
®) (R)
2hat-78°C % =
H HCl
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d.r. (syn/anti) 18:82
91% over two steps

Chemoenzymatic route for the preparation of the natural alkaloids dihydropinidine (cis) and

epi-dihydropinidine (trans).

extension of this concept has been recently described for the preparation of the
alkaloid isosolenopsin [78]. In this case, a concise medium engineering in terms of
pH, cosolvent, and temperature was essential to achieve a successful amination-
cyclization cascade.

The amination—cyclization strategy has also proven successful for the multi-
gram enantioselective synthesis of the dual orexin inhibitor suvorexant [79],
currently in phase III trials for the treatment of primary insomnia. Starting from the
adequate ketone precursor, the enantioselective amination using the o-TA ArRmut11
with 2-propylamine afforded an unstable amino mesylate (Scheme 2.14) [80]. The
intermediate spontaneously underwent cyclization to yield the target 1,4-diazepane
ring in enantiopure form without any additional treatment even though the forma-
tion of seven-membered cycles is sometimes challenging. A careful optimization of
pH and leaving group was essential to avoid the formation of side products in the
cyclization step.

29
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2 CHIRAL AMINES USING TAs, MAOs, AND BBE
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Tandem enantioselective amination/spontaneous annulation as a key step in the preparation of suvorexant.
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SCHEME 2.15

Two-step cascade for the synthesis of (1R,2R)-norephedrine and (1R,2S5)-ephedrine combining a thiamine diphosphate-
dependent lyase (ThDP) acetohydroxyacid synthase (AHAS-I) with stereocomplementary o-TAs.

2.2.12 Multienzyme Cascades Involving ®-TA-Catalyzed
Amination of Ketones

®-TAs have been successfully combined with different types of other biocatalysts
such as transketolases [81], hydrolases [41], a-TAs [59], etc. for the production of
valuable compounds with impressive levels of stereoselectivity. For instance, the
combination of a lyase and different m-TAs has been employed for the preparation of
biologically relevant (1R,2R)-norpseudoephedrine (NPE) or (1R,2S)-norephedrine
(NE) using two enzymes in one pot from inexpensive starting materials: in the first
step, the (R)-selective thiamine diphosphate (ThDP)-dependant lyase, acetohydroxy-
acid synthase I (AHAS-I), affords (R)-phenylcarbinol from pyruvate and benzalde-
hyde (Scheme 2.15) [82]. Next, the intermediate keto alcohol is directly converted to
(IR,2R)-NPE and (1R,2S)-NE in high stereoisomeric purity and high conversions
(80-96%) using two enantiocomplementary w-TAs. Further optimization allows recy-
cling of the pyruvate produced in the second step as starting material for the AHAS-I
reaction, improving the global efficiency of the process.
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SCHEME 2.16

Synthesis of (15,2S)-norephed-
rine and (1S,2R)-ephedrine com-
bining an (S)-selective »-TA with
(R)- or (S)-selective ADH.
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(96.5:2.5:1) ®-TA
OR! m OMe
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R!=Me MeOH

SCHEME 2.17

Diastereoselective preparation of 3-substituted cyclohexylamine derivatives using two hydrolases

and one o-TA.

However, this approach fails for the synthesis of the complementary (15,25)-NPE
and (1S,2R)-NE since no enzyme is known to provide (S)-PAC in high optical purity.
As an alternative, an w-TA/alcohol dehydrogenase (ADH) reaction sequence has
been investigated in a recent report. The reaction sequence comprises an (S)-selective
o-TA (CV ©-TA) with an (R)-selective ADH from Ralstonia sp. (R-ADH) or the
(S)-selective ADH from Lactobacillus brevis (LB-ADH) (Scheme 2.16) [83]. The cascade
has to be performed in a sequential mode due to the divergent reaction conditions
required for each step. Besides, deactivation of the »-TA before the ADH-catalyzed
step was mandatory to avoid the formation of 1-phenylpropane-1,2-diol. At 10mM
substrate concentration, the system yielded (15,25)-NPE and (15,2R)-NE in moderate
to high conversions and perfect optical purity when pure enzymes were used as
catalysts.

Hydrolases were also successfully coupled with o-TAs for the production of
3-cyclohexylamine derivatives from prochiral bicyclic diketones (Scheme 2.17) [41].
The reaction sequence was based on three biocatalytic steps—namely, stereoselective
hydrolysis of a C—C bond using a p-diketone hydrolase (6-oxocamphor hydrolase
(OCH) from Rhodococcus sp.), followed by Candida antarcticalipase B(CAL-B)-catalyzed
esterification, and finally asymmetric amination by stereocomplementary (R)-selective
ArRmut1l or (S)-selective VF-o-TA. The first two reactions were performed simulta-
neously in an organic solvent (diisopropyl ether:H,O:MeOH 97.5/2.5/1). The ami-
nation step could also be conducted in an organic solvent after removing the
hydrolases by filtration, avoiding the change of the reaction media.
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SCHEME 2.18

Deracemization of amines using
two enantiocomplementary o-TAs.

2 CHIRAL AMINES USING TAs, MAOs, AND BBE

2.2.13 Deracemization of Primary Amines

The asymmetric amination of ketones is by far the most preferred approach for the
preparation of chiral amines using ®-TAs. However, alternative methodologies may
be considered if the carbonyl precursor is unstable or the synthesis of the racemic
amine is easier to provide better results in economic and/or yield terms. Using race-
mic amines deracemization strategies allow the preparation of the desired amines in
enantiopure form and a theoretical 100% yield [84-86]. This can be achieved by the
combination of two stereocomplementary o-TAs. In the first step, the enantioselec-
tive deamination of the racemic amine affords enantiopure untouched amine (50%)
and the corresponding ketone (50%). In the second step, an enantiocomplementary
®o-TA catalyzes the asymmetric amination of the ketone, leading to the optical pure
amine in 100% theoretical yield (Scheme 2.18).

The major challenge of the concept is to avoid the interference between the two
enantiocomplementary ®-TAs, which could decrease the final ee of the amine. For
that purpose, different alternatives have been employed. Successful deracemization
of a group of relevant amines was originally described in a one-pot two-step setup
using, as catalysts, (R) and (S)-selective ®-TAs and stoichiometric amounts of pyru-
vate for the deamination step (Table 2.6) [87]. Target amines were recovered in high
yields and excellent optical purities whereby the interference was prevented by deac-
tivating the first enzyme before the second step by heat treatment. Thus, the recycling
of the w-TA is not possible.

The amount of pyruvate required for the deamination step could be drastically
reduced by recycling the coproduct of the deamination step (p- or L-alanine) back to

NH, NH,
Rl/'\ R? Rl/'\Rz

RZ

+ + KL
VN 5 N R

Z Pyruvate D-Alanine L-Alanine Pyruvate
Rl(/R\)R2 y RIJ\RZ

L _ Removal

via LDH

TABLE 2.6 Two-Step Deracemization of Pharmacologically Relevant Amines

NH, NH,
NH, NH, NH, NH, o \_
NN N ) Ph)*\/ "

A B C D E F
Entry Amine First-o-TA Second-o-TA Conv. (%) ee (%)
1 A ATA-117 ATA-113 >99 >99 (S)
2 A ATA-114 ATA-117 >99 >99 (R)
3 B ATA-117 ATA-113 >99 >99 (S)
4 B ATA-114 ATA-117 >99 >99 (R)
5 C ATA-117 ATA-113 >99 >99 (S)
6 C ATA-114 ATA-117 >99 9 (R)
7 D ATA-117 ATA-113 62 >99 (S)
8 D ATA-114 ATA-117 88 >99 (R)
9 E ATA-117 ATA-113 82 >99 (S)
10 E ATA-114 ATA-117 72 >99 (R)
11 F ATA-117 ATA-113 98 >99 (S)
12 F ATA-114 ATA-117 97 >99 (R)
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pyruvate using an AAO [88]. Using this improved setup and by simply selecting the
order of the 0-TAs, both enantiomers of the antiarrhythmic drug mexiletine were
synthesized in an excellent isolated yield and enantiopure form (Scheme 2.19) [89].

The economy of the process was significantly improved by immobilizing the first
®-TAs since the catalyst can be easily removed by filtration after the first step and can
be reused several times without losing the activity [90]. (S)-Mexiletine was synthe-
sized on a preparative scale in 95% yield and enantiopure form, demonstrating the
practical applicability of the methodology.

In a recent report, deracemization protocols have been improved by running
both deamination and amination steps simultaneously [91]. The success of the
methodology was based on the proper selection of a smart amine acceptor for the
(S)-selective catalyst but not accepted by the (R)-selective m-TA. a-Ketoglutaric acid
was found to be the most suitable candidate (Scheme 2.20).

By combining the (5)-selective w-TA from Polaromonas sp. (PS-o-TA) and the
(R)-selective TA from Neosartorya fischeri (NY-w-TA) or Mycobacterium vanbaalenii
(MW-0-TA), a panel of (R)-1-phenylethylamine derivatives (10 mM) was synthesized
in high yields and enantiopure form (Table 2.7).

NH, ~ NH,

O~ Ist ®-TA (ONGF 2nd 0-TA
(stereocomplementary)

A + N
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97% isol. yield

Deracemization of mexiletine. (R)-isomer: 1st o-TA (ATA-117), 2nd o-TA (ATA-113). (R)-isomer: 1st o-TA

(ATA-113), 2nd o-TA (ATA-117).

— —
NH,
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TABLE 2.7 One-Pot Simultaneous Deracemization of Amines
Combining (S)- and (R)-Selective ®-TAs

Entry R! ®-TAs Conv. (%) ee (%)
1 4-OH PS/MW >99 >99 (R)
2 4-F PS/ MW 82 >99 (R)
3 4-Me PS/MW >99 >99 (R)
4 4-Br PS/NF 97 >99 (R)
5 3-Me PS/ MW 98 >99 (R)
6 3-CN PS/ MW >99 96 (R)
7 3,4-di-F PS/MW 98 >99 (R)
8 3,5-di-F PS/NF 94 >99 (R)

SCHEME 2.20

Simultaneous deracemization
of aromatic amines combining
two stereocomplementary -
TAs using an enzyme-specific
amine acceptor.
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SCHEME 2.21
Extending the scope of w-TAs by means of rational protein design.

2.2.14 Perspective

In this section, ®-TAs were presented as an alternative to conventional methods for the
preparation of primary amines showing excellent degrees of regio-, diastereo-, and
enantioselectivity for most of the cases, even in pure organic solvents. The scope of
these enzymes has been extended through directed evolution by rational protein
design, especially in the last few years when crystal structures became available. For
instance, using a structural homology model and modeling the substrate into the active
site of ATA-117, (R)-Arthrobacter sp., this enzyme was successfully engineered after 11
rounds of directed evolution (27 mutations in total), providing an improved variant for
bulky-bulky substrates like the sitagliptin ketone (Scheme 2.21a) [23]. Related to this
example, a combination of in silico design and directed evolution was used by Merck to
invert the diastereoselectivity of ATA-013, required for the preparation of the antiar-
rhythmic drug vernakalant (Scheme 2.21b) [52]. In this case, the gene sequences for
both wild-type and the mutant were not published yet. This information may have
been included in the original publication to ensure the reproducibility of the work.

On the other hand, engineering of (S)-selective w-TAs was found to be more
challenging. For instance, the small binding pocket of VF-o-TA was enlarged for the
synthesis of (35,5R)-ethyl 3-amino-5-methyloctanoate, a precursor of imagabalin [92],
leading to a 60-fold activity improvement for the transformation of the bulky-bulky
aminoester (k_ =0.0257").

Although the currently available enzymes provide access to a broad range of enan-
tiopure amines, there are still white spots on the landscape of substrate spectra. For
instance, the development of new variants for the production of not only (5)-bulky—
bulky amines but also for (R)-bulky-bulky amines containing branched groups would
be highly desirable.

2.3 AMINE OXIDASES

The oxidation of chiral amines represents a fundamental key step in various physio-
logical processes, being important, for example, for detoxification, cell growth, and
signaling. AOs are the enzymes responsible for this particular transformation. These
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enzymes are involved in metabolic pathways of AAs and in the biosynthesis of
complex natural products like alkaloids. AOs are members of the oxidoreductase
family and can be found in plants, fungi, mammals, and bacteria. Based on the cofactor
involved, AOs are classified into type I and II AOs [93]. Type I enzymes require cop-
per and pyrroloquinoline (PQQ) or topaquinone (TPQ) as cofactors [94]; however, as
the formed imine remains covalently bound to the protein, no practical applicability
is given yet [95]. Type II AOs are flavin dependent wherein the formed imine
is released after the oxidation, rendering them suited for biotechnological applica-
tions [96]. Prominent examples of flavin adenine dinucleotide (FAD)-dependent
enzymes comprise L-amino acid oxidases (L-AAOs; E.C.1.4.3.2), p-amino acid
oxidases (p-AAOs; E.C.1.4.3.3), and monoamine oxidases (MAOs; E.C.1.4.3.4) [97].
The enzyme-catalyzed redox reaction employs molecular oxygen as oxidant, which
becomes simultaneously reduced to hydrogen peroxide (H,0O,); the C—N bond is
thereby oxidized to C=N (imine), which might be hydrolyzed to the corresponding
ketone or the respective aldehyde depending on the reaction conditions employed.
The cofactor FAD serves as a shuttle for two electrons between the oxygen and the
amine (Scheme 2.22) [98].

The catalytic cycle of oxidases employing FAD as cofactor consists of two half
reactions: in a first step, the substrate is oxidized by a two-electron transfer resulting
in a reduced flavin (hydroquinone) together with the oxidized product. Regeneration
of the cofactor by molecular oxygen occurs in the subsequent oxidative half reaction,
generating H,O, and the oxidized flavin, thereby closing the catalytic cycle
(Scheme 2.23) [98].

2.3.1 Amino Acid Oxidases

AAO:s catalyze the enantioselective oxidation of natural and nonnatural a-AAs to the
corresponding a-imino acids. In case a racemate is used as starting material, an
oxidative kinetic resolution occurs; thus, in the ideal case, only one enantiomer gets
transformed [99]. Spontaneous hydrolysis affords the a-keto acid along with the
nonconverted stereoisomer of the AA (Scheme 2.24) [100].

For example, the racemic lactone of 4-hydroxyisoleucine, which was envisioned
to be resolved by an AAO in order to afford the bioactive (25,3R,45)-enantiomer as
the natural product, was found to possess antidiabetic properties [101]. However, the
commercially available D-AAO originating from hog kidney failed to give the desired
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SCHEME 2.22

Simplified reaction scheme for
the oxidation of an amine to the
corresponding imine through
FAD-containing amine oxidases
(AOs).

SCHEME 2.23

Redox cycle of the cofactor for
flavin-containing enzymes.
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SCHEME 2.24

General reaction scheme for
the oxidative kinetic resolution
of a racemic amino acid (AA) by
a pD-AAQO; AA, amino acid.

SCHEME 2.25
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Oxidative kinetic resolution of a racemic mixture of cyclic 4-hydroxyisoleucine by an .-AAO originating from Crotalus

adamanteus.

product in reasonable conversion, even after 3 days. The L-selective AAO originating
from Crotalus adamanteus on the other hand was able to accept the L-enantiomer
affording the open-chain form with (2R,3S,4R)-configuration (Scheme 2.25); the
isolated yield was only low (6%), but the process demonstrates the high stereoprefer-
ence of these enzymes in general [102].

Even though the catalytic (enzymatic) kinetic resolution [103, 104] is in general a
powerful method for the separation of enantiomers, the major drawback lies in the
limitation of 50% maximum yield from the outset [99]. In order to gain more than 50%
product yield, alternative techniques based on the asymmetric transformation of a
prochiral substrate, DKR [105, 106] or deracemization, were established successfully
[84, 86, 107-110]. The latter mentioned technique is either based on the combination of
two enantiocomplementary enzymes or by coupling a stereoselective oxidation with
a nonstereoselective reduction. This concept is rather powerful as theoretically only
seven catalytic cycles are necessary to achieve a single enantiomer in >99% yield [111].

In the 1970s, Hafner and Weller reported the successful deracemization of simple
AAs like alanine and leucine by oxidation with a D-AAO originating from porcine
kidney in combination with sodium borohydride (NaBH,) as reducing agent
(Scheme 2.26) [112]. Although the intention of this study was to prove the enzyme-
mediated imine intermediate, the principle of enzymatic stereoinversion and derace-
mization was established. The concept has been adapted in the following by various
research groups and was shown to be feasible for other compounds like proline,
pipecolic acid [113, 114], and diverse other a-AAs [115].

A significant improvement regarding the overall efficiency was achieved several
years later by changing the nonselective reducing reagent to sodium cyanoborohy-
dride (NaCNBH,) [116]. The major problem associated with the usage of NaBH, is
its tendency to decompose under neutral conditions as well as its high reactivity in
water and other protic solvents: up to 500 equivalents were initially necessary for
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SCHEME 2.26

Deracemization by combining
the enantioselective oxidation
employing a b-AAO with a non-
selective reducing agent (e.g.,
NaBH,, NaCNBH3, NH3-BH3, etc.).
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SCHEME 2.27

Deracemization of b/L-piperazine-2-carboxylic acid by b-AAO in combination with sodium cyanoborohy-

dride (NaCNBHg) as nonselective reducing agent.

TABLE 2.8 Scope of the Amino Acid Deracemization
Employing the b-AAO Originating from Porcine
Kidney with Nonselective Reducing Agents

Entry Residue (R) Reducing Agent  Yield (%) ee (%)

1 Ph NaCNBH, 75 >99 (L)
2 Bn NaCNBH, 82 >99 (L)
3 Indolyl-CH, = NaCNBH, 76 >99 (L)
4 HS-CH, NaBH, 77 >99 (L)
5 Et NaBH, 87 >99 (L)
6 iso-Bu NaBH, 90 >99 (L)
7 Cyclopentyl =~ NaCNBH, 79 >99 (L)

complete deracemization of the AAs [112]. NaCNBH,, on the other hand, is a milder
and water-stable hydride source, which allowed the reducing agent to be diminished
to only three equivalents. Even though this reagent is less reactive in comparison
with NaBH,, a highly efficient stereoinversion/deracemization procedure can be
achieved. For example, the deracemization of racemic piperazine-2-carboxylic acid
yielded the optically pure (R)-enantiomer, a key building block for the HIV-protease
inhibitor indinavir, in remarkable 86% yield (Scheme 2.27) [116].

Further studies regarding the substrate scope revealed that a series of cyclic,
alicyclic, and acyclic AAs and derivatives can be successfully converted to the pure
L-enantiomers in high yield (Table 2.8). However, in case of the acyclic AAs (Entries
4-6), NaBH, gave significant better results due to the insufficient stability of the
corresponding imines, which led to a competing hydrolysis reaction toward the ana-
logues of a-keto acids.

Even though this concept has been proven to be effective, the toxicity of NaCNBH,
led to the search for alternative reagents whereby amine-boranes turned out to be
competent substitutes [117]. They are stable in water at neutral or basic pH and solu-
ble and unreactive toward a wide range of protic and aprotic solvents. Deracemization
of several natural and nonnatural AAs with an L-amino acid deaminase (L-AAD)
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SCHEME 2.28

Deracemization of p- and y-
substituted a-amino acid deriv-
atives by complementary AAOs
and L-AADs in combination with
different reducing reagents.
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TABLE 2.9 Selected Examples of the Deracemization of Natural and Nonnatural
t-Amino Acids with .-AAD Originating from Proteus myxofaciens in
Combination with Ammonia Borane Complex

Entry Product Reducing Agent Yield (%) ee (%)
1 Norvaline NH,-BH, 81 >99 (D)
2 Norleucine NH,-BH, 86 >99 (D)
3 Tryptophan NH,-BH, 82 >99 (D)
4 Phenylalanine NH,-BH, 82 >99 (D)
5 Allylglycine NH,-BH, 79 >99 (D)
6 Methionine NH,-BH, 920 >99 (D)
7 Cyclopentylglycine NH,-BH, 87 >99 (D)
8 Tyrosine NH,-BH, 79 >99 (D)
NH, NH,
Ph z OH Snake venom L-AAO Ph OH
z NH3 : BH3 z
= 0 = 0
) (2R,3R)-BMPA
(25,3R)-BMPA 78% yield, 99% ce
NH, NH,
z OH Proteus myxofaciens L-AAD OH
W NH3 : BH3
(@) (0]
Isoleuci D-allo-Isoleucine
L-Isoleucine 87% yield, 99% ee
: NH = NH
: on Trigonopsis variabilis D-AAO : R OH
NaCNBH; NN
(0] (0]
4-Methyl-2-aminohexanoic acid (25,45)-4-Methyl-2-aminohexanoic acid

88% de 66% yield, >99% ee

from Proteus myxofaciens [118] was conducted successfully to yield the optically pure
D-AAs in high conversion (Table 2.9). Notably, even sensitive compounds with a
terminal double bond were effectively transformed without the observation of side
reactions like hydroboration (Entry 5).

An extension of this method with respect to a second stereocenter providing
pure diastereomers was also demonstrated afterward: this allows access not only to
p-substituted but also y-substituted a-AA derivatives in good yield and excellent
stereoselectivity under mild reaction conditions [119]. For example, enantiomeri-
cally pure p-methyl-phenylalanine (BMPA) and L-leucine were effectively epimer-
ized to afford the optically pure products in 78 and 87% yields, respectively
(Scheme 2.28). The deracemization of 4-methyl-3-aminohexanoic acid with a methyl
group in y-position proceeded also smoothly in the presence of p-AAO from
Trigonopsis variabilis in combination with NaCNBH..

2.3.2 Cascade Reactions Involving AAOs

AAOs were also combined with other biocatalysts in various cascade reactions
[66, 120]. A couple of processes involving AAOs were established providing
enantiomerically pure building blocks in the form of a multienzyme network. For
example, D-methionine was effectively converted to L-methionine using four
different enzymes in one pot: oxidation of the p-amino acid to the corresponding
a-keto acid was achieved with b-AAO originating from Arthrobacter protophormiae,
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SCHEME 2.29

Stereoinversion of p- into L-methionine by a multienzyme network, combining a p-AAO with
L-phenylalanine dehydrogenase (.-PheDH), catalase, and an FDH in one pot.
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SCHEME 2.30

Enzymatic cascade providing access to cyclic amino acid (AA) derivatives by the combination of AAO
with N-methyl amino acid dehydrogenase (NMAADH) starting either from a linear or cyclic AA.

and the intermediate a-keto acid was aminated by L-phenylalanine dehydrogenase
(t-PheDH) [121]. Catalase was added for the decomposition of the formed H,O,
and an FDH for recycling of the cofactor NADH (Scheme 2.29).

Another one-pot multienzyme network to access enantiomerically pure cyclic
amino acids (AAs) started either from the enantiopure acyclic- or the racemic cyclic AA
derivative (Scheme 2.30) [122]. Starting from the linear precursor, oxidation of the enan-
tiopure diamino acid by L- or D-AAO affords the a-keto acid cyclizing spontaneously
to the corresponding imino-acid (A'-piperideine-2-carboxylic acid). The intermediate is
not isolated but reduced immediately to the cyclic AA by a N-methyl-L-amino acid
dehydrogenase (NMAADH) originating from Pseudomonas putida [123]. The feasibility
of the overall transformation has been demonstrated on a preparative scale for
designated compounds affording products in yields between 35% (R=CH,0) and 70%
(R=—CH,SCH,—). Although the yields were only moderate at its best, the compatibil-
ity of various enzymes and cofactors involved in this cascade could be shown, and
further optimization studies are expected to provide a highly efficient process for cyclic
AA preparation.

AAOs have also been coupled with other enzymes, like amino transferases, in
order to achieve an alternate deracemization process. For example, a racemic a-AA
with a bulky heterobiaryl residue was converted to the (S)-enantiomer by combina-
tion of an oxidative kinetic resolution performed by the p-AAO from Trigonopsis
variabilis and an ®-TA from Burkholderia sp. (Scheme 2.31). A conversion of 85% after
22h led to 72% isolated product yield with an excellent stereoselectivity (>99.5% ee).
Notably, the reaction was initially performed on a liter scale but was then scaled up
to convert 1kg of substrate [124].
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SCHEME 2.31
Enzymatic deracemization by combination of a p-AAO with an o-TA.
_ _ ; NH,
NH Proteus mirabilis 7 NH, Bacillus thuringiensis N, CO.H
N 2 L-AAD N, CO-H (R)-selective TA ﬁ 2
N CO,H | N 2
H ee >99%
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SCHEME 2.32

Multienzyme network for the deracemization of 2-amino-3-(7-methyl-1-H-indazol-5-yl)propanoic acid by the combination
of a L-AAD with an -TA. GDH, glucose dehydrogenase; LDH, lactate dehydrogenase.

L-AAD 0 D- or L-Hic
SCHEME 2.33 ﬁ)\ ﬁ' /\H)J\OH ﬁ)k
Multienzyme cascade for the
conversion of L-amino acids to L-AA 172 0, NH; wKeto-acid ~ VADH NAD+ O!-HdeOXY-aCId
a-hydroxy acids employing an
L-amino acid deaminase (.-AAD) H,0 + CO, NH,*HCOO~

and isocaproate reductases (Hic). FDH

A further extension of this concept was elaborated for a key intermediate needed
for the synthesis of diverse drug candidates: 2-amino-3-(7-methyl-1H-indazol-5-yl)
propanoic acid. An L-AAD was employed instead of an L-AAO for the oxidative
kinetic resolution (Scheme 2.32). In order to ensure an efficient asymmetric reduction
with the transaminase, LDH and GDH were also incorporated in the network: while
an LDH reduced pyruvate to lactate in order to avoid inhibition of the transaminase,
GDH enabled an efficient NAD™ cofactor recycling. Optimization of both steps indi-
vidually allowed finally running the whole cascade in one pot to afford the optically
pure product (>99% ee) with a good isolated yield of 68% [125].

In a another report, the natural and nonnatural a-AAs were also transformed to the
corresponding a-hydroxy acids through a multienzyme network: this sequence com-
prises an L-AAD with complementary isocaproate reductases originating from
Lactobacillus casei (L-Hic) [126] and Lactobacillus confusus (p-Hic) [127], respectively, and
an FDH for cofactor recycling. The reaction proceeded via formal biocatalytic retention
or inversion of absolute configuration allowing both a-hydroxy acid enantiomers to be
accessed simply by the choice of the reductase employed (Scheme 2.33) [128].
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TABLE 2.10 Scope of the Reaction Cascade to Afford a-Hydroxyacids
through the Combination of an AAD with
Complementary Isocaproate Reductases (Hics)

Entry R! Conc. (mM) HicDH Conv. (%)" ee (%)
1 Ph 200 L-Hic >99 (78) >99 (S)
2 Ph 200 p-Hic >99 (79) >99 (R)
3 3-Indoyl 50 L-Hic >99 (83) >99 (S)
4 3-Indoyl 50 p-Hic >99 (85) >99 (R)
5 iso-Propyl 100 L-Hic >99 (81) >99 (5)
6 iso-Propyl 100 p-Hic >99 (85) >99 (R)
7 n-Propyl 100 L-Hic >99 (79) >99 (S)
8 n-Propyl 100 p-Hic >99 (82) >99 (R)
9 CH,-S-CH, 200 L-Hic >99 (77) >99 (S)
10 CH,-5-CH, 200 p-Hic >99 (73) >99 (R)

? The values in brackets refer to the isolated yield.

O (@)

p-Hic WOH
OH
HO o

i L-AAD 78% Isolated yield Me$
WOH 95% ce
; OH J/
L-Tyrosine M
(200 mM) HO

7 N
L-Hic —
80% Isolated yield .
>99% ee Saroglitazar

SCHEME 2.34

OH

OEt

Synthetic applicability of the cascade reaction comprising an L-amino acid deaminase (.-AAD)

and stereocomplementary isocaproate reductases (Hics).

Initially each step was individually investigated and optimized with respect to
the oxygen and substrate concentration. The subsequent coupling of both reactions
proceeded smoothly, even allowing the substrate concentration to increase up to
200mM with R=Ph in the presence of one bar of oxygen pressure. It is worth men-
tioning that no significant amounts of a-keto acid accumulated (<5%) as analyzed by
following the reaction by an NMR study demonstrating the excellent interlinkage of
both reaction steps.

Representative a-AAs with different functionalities were successfully trans-
formed proving the general feasibility of this cascade, even for sensitive compounds
like tyrosine; with an exception of R=3-indoyl (Entries 3 and 4), very high substrate
concentrations (>50mM) were well accepted to yield the corresponding hydroxy
acids in excellent conversion, isolated yield, and enantioselectivity (Table 2.10).

The synthetic applicability was also demonstrated on a preparative scale con-
verting L-tyrosine to the pharmaceutically relevant analogue (S)-2-hydroxy-3-(4-
hydroxyphenyl)propanoic acid in 80% yield (>99% ee). The product serves as a key
building block for the treatment of diabetes II drug saroglitazar (Scheme 2.34).

2.3.3 Monoamine Oxidases

Although AAOs accept broad substrate spectrum with respect to the AA side chain,
they are restricted to the carboxylic acid motif limiting their application in the
enantioselective C—N bond oxidation. Hence, a wide range of structurally diverse

41



42

SCHEME 2.35

Deracemization of chiral pri-
mary, secondary, and tertiary
(5)-amines by MAOs in combi-
nation with a nonselective
reducing agent.
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Selected examples of primary amines being substrates for the Asn336Ser variant of the MAO-N D1 from Aspergillus niger. The
numbers indicate the activity of the variant relative to 1-phenylethylamine.

amines remain inaccessible with these enzymes [100]. On the other hand, MAOs do
not depend on such additional structural motives and are therefore able to oxidize a
broad scope of amines. The deracemization of amines via enantioselective oxidation
proceeds thereby through an equivalent reaction as described for the AAOs as a
combination with nonstereoselective reduction (Scheme 2.35) [96-98].

In particular, recombinant variants of the monoamine oxidase N (MAO-N) origi-
nating from Aspergillus niger have been established over the past years as excellent
biocatalysts for the deracemization and stereoinversion of diverse primary, second-
ary, and even tertiary amines by Turner and coworkers [18]. A series of tailored
variants were created by an intensive study and successive optimization of each
catalyst by the combination of directed evolution, rational protein design, and novel
techniques of high-throughput screenings [95, 129].

The development of the catalysts started with the finding that the native wild-
type MAO-N was highly active in the oxidation of terminal aliphatic amines such as
n-amyl- and 1-butylamine but also, at a low rate, toward benzylamine [130-132].
Moreover, this initial enzyme displayed a clear enantiopreference for the (R)-
enantiomer. In order to broaden the substrate specificity, the enzyme was subjected
to several rounds of directed evolution using a combination of random mutagenesis
and a solid-phase screening method employing 1-phenylethylamine as substrate
probe. Out of ~50000 mutants, sequencing of the best variant revealed a single
point mutation in the AA sequence (Asn336Ser), which led to a 47-fold higher activ-
ity and sixfold higher enantioselectivity in comparison with the wild-type enzyme
[133]. After a subsequent optimization with respect to the protein expression on the
genetic level (addition of one more mutation: Met348Leu), exploration of the sub-
strate scope revealed several compounds reacting even faster than 1-phenylethylamine
itself (Figure 2.1) [134].

A further round of directed evolution led to beneficial mutations providing a
novel variant (MAO-N D3; Asn336Ser, Arg259Lys, Arg260Lys, Met348Lys, lle246Met)
with higher activity toward a wide range of chiral secondary amines than the original
parent. After initial small-scale reactions, the practical applicability of the MAO-N D3
variant was demonstrated for the deracemization of 1-methyl-tetrahydroisoquinoline
(MTQ, Scheme 2.36a) and 2-phenylpyrrolidine (PPD, Scheme 2.36b) on a preparative
scale. The enzyme was additionally immobilized on Eupergit C, and the reactions
were conducted in combination with ammonia borane (NH,-BH,) as reducing agent.
Both products were obtained in excellent yield and optical purity after sufficient
reaction time [135].
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Deracemizations of chiral secondary amines employing the variant MAO-N D3 in combination with
ammonia borane complex (a) 1-methyl-tetrahydroisoquinoline (20 mM) (b) 2-phenylpyrrolidine (100 mM).
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Stereoinversion of (S)-nicotine (a) and deracemization of rac-cripsine A (b) on a preparative scale employing
the MAO-N D5 variant with a nonselective reduction agent (NH3-BH3).

Maintaining the strategy of rational protein design, also tertiary amines have
become accessible after introducing further important mutations (MAO-N D5;
N336S/1246M /M348L/T384N /D385S); the variant so obtained was successfully
used in the stereoinversion of (S)-nicotine [136] and in the deracemization of racemic
crispine A (Scheme 2.37) [137, 138], a natural alkaloid showing cytotoxic activities
against HeLa human cancer cell lines [139]. Notably, as the amines are tertiary, both
reactions proceed via the achiral iminium-ion intermediate affording (R)-nicotine in
80% and (R)-crispine in 95% yield (298% ee).

The MAO-N D5 variant was also employed in the desymmetrization of N-unprotected
meso-pyrrolidines yielding the corresponding Al-pyrrolines; these compounds are
useful intermediate respective templates for the synthesis of highly substituted pro-
line analogues through a trans-selective nucleophilic addition of designated nucleo-
philes like cyanide, followed by an acid-mediated hydrolysis (Scheme 2.38) [140].

Investigations regarding the scope revealed good activities for a wide range of
symmetrical 3,4-cis-disubstituted pyrrolidine amines, whereas the rate of oxidation
was found to correlate with the bulkiness and lipophilicity as judged by a colorimet-
ric assay (Figure 2.2). Studying the stereochemical outcome of the reactions, the high
stereoselectivity already observed for the previous variants MAO-N D1 and MAO-N
D3 was retained; hence, most 3,4-disubstituted Al-pyrrolines were recovered in
ee’s 298%.

The practical utility was illustrated hereafter through the desymmetrization of a
bicyclic meso-pyrrolidine, which was readily converted to the corresponding AA by
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SCHEME 2.38

General reaction scheme for the
MAO-N D5-catalyzed desym-
metrization of achiral 3,4-disub-
stituted meso-pyrrolidines and
a possible application.
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Selected examples of second-
ary 3,4-disubstituted pyrroli-
dines being substrates for
the MAO-N D5 variant from
Aspergillus niger. The numbers
indicate the activity relative to
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Fragment 1

2 CHIRAL AMINES USING TAs, MAOs, AND BBE
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Fragment 2 Telaprevir

Stereoselective synthesis of a bicyclic AA through enzymatic desymmetrization of meso-pyrrolidine and application of the
intermediate as key building block in telaprevir synthesis.

the addition of trimethylsilyl cyanide (TMSCN) to the formed imine and subsequent
nitrile hydrolysis. Even though the d.r. was found to be strongly dependent on the
reaction conditions employed, the product was obtained with excellent stereoselec-
tivity (optimized conditions): d.r. 95:5 (94% ee) and 51% yield over three steps. The
optical purity was improved by a single recrystallization step (Scheme 2.38).

A further extension of the MAO-N-catalyzed desymmetrization of bicyclic meso-
pyrrolidines was also reported in which the formed imine was coupled with the Ugi-
type multicomponent reaction (MCR) to access highly substituted prolyl peptides
and derivates thereof. The so-obtained products are applicable in medicinal chemis-
try as well as organocatalysis as proline analogues [141]. Subsequently, this combina-
tion (desymmetrization and Ugi-type MCR) [142] has also led to the development of
an efficient synthesis of the peptide-based hepatitis C protease inhibitor telaprevir
through coupling of the A'-pyrroline with the fragments 1 and 2 (Scheme 2.39) [143].

The latter strategy has been adapted by Merck and Codexis to manufacture a key
intermediate of the related peptidomimetic protease inhibitor boceprevir [144] a
variant with improved solubility and thermal stability (up to 50°C) displaying an
eightfold higher activity as the wild type was created employing family shuffling of
the MAOs originating from A. niger with Aspergillus oryzae, random mutagenesis (via
epPCR), and homology model-inspired approaches. A highly efficient enzymatic
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Merck’s approach for the stereoselective synthesis of the bicyclic building block of boceprevir.
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Solifenacin

Deracemization of important building blocks for the pharmaceutical drugs levocetirizine and solifena-

cin employing MAO-N D11.

method has been established for the asymmetric oxidation on an industrial scale after
addressing certain limitations such as the low solubility of the formed A'-pyrrolidine,
inhibition of the catalase by cyanide, and epimerization of the cyanide intermediate
in an aqueous solution (Scheme 2.40).

The crystal structure of the MAO-N D5 variant has been solved (pdb:2vvm),
leading to valuable insights for the binding modes as well as regarding the substrate
accessibility [145]. This information has been accommodated in further rational
protein design approaches providing novel variants (D9-D11) with a more spacious
small active site cavity being active toward sterically demanding substrates. For
example, 4-chloro-benzhydrylamine (4-CBHA) and 1-phenyltetrahydroisoquinoline
(PTIQ) (Scheme 2.41) were efficiently deracemized with the MAO-N D11 variant to
yield the optically pure (297% ee) precursors for the pharmaceutical drugs levoceti-
rizine (a nonsedative histamine antagonist) and solifenacin (for treating contraction
of overactive bladder) [146]. Even though the isolated yield of 4-CBHA was only
moderate (45%) due to competing hydrolysis of the formed imine, the effective
discrimination of such similar residues by the enzyme is remarkable.

Another highly sophisticated application represents the oxidative Pictet-Spengler
cascade for the synthesis of the natural alkaloid (R)-harmicine catalyzed by the
MAO-N D9 mutant: enzymatic oxidation of the tertiary amine results in a reactive
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SCHEME 2.42

Formal oxidative Pictet-Spengler
cascade catalyzed by the MAO-N
D9 variant of Aspergillus niger.

SCHEME 2.43

General reaction scheme for the
deracemization of 1-substituted
tetrahydro-p-carbolines (TBHCs)
by the evolved monoamine oxi-
dase N (MAO-N) in combination
with a nonselective reducing
agent.
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TABLE 2.11 Scope of the Deracemization of Tetrahydro-g-Carbolines
(THBCs, Scheme 3.22) by Two Variants of the Monoamine Oxidase
N (MAO-N) Originating from Aspergillus niger

Entry R! R? Time (h) ee (%) MAO-N D9 ee (%) MAO-N D11
1 OMe Me 24 99 (R) n.r.

2 H Me 24 >99 (R) 99 (R)

3 H Et 84 36 (R) 25 (R)

4 H iso-Propyl 72 40 (S) 33 (S)

5 H Cyclopropyl 48 86 (n.d.) 35 (n.d.)
6 H n-Propyl 48 99 (S) >99 (S)

7 H n-Butyl 48 96 (S) 99 (S)

8 H sec-Butyl 48 58 (S) >99 (S)

9 H tert-Butyl 48 62 (S) 96 (S)
10 H Cyclopentyl 48 85 (S) 96 (S)

1 H Cyclohexyl 48 80 (S) 97 (5)
12 H Phenyl 72 30 (S) 92 (S)

n.d., not determined; n.r., not reported.

iminium-ion, which underwent a nonselective cyclization to form the racemic rac-
harmicine after rearomatization. Subsequent deracemization by the enzyme yields
the (R)-enantiomer in >99% ee and an excellent 69% overall yield (Scheme 2.42). The
formal one-pot oxidative asymmetric Pictet-Spengler cascade represents a conceptu-
ally new approach to such challenging compounds, highlighting simultaneously the
enormous potential for further applications.

MAO-N D11 and MAO-N D9 were also found to be effective in the oxidation of
tetrahydro-p-carbolines (THBCs) and related heterocycles. Several 1-substituted ali-
phatic and alicyclic THBCs were deracemized in good yields and high enantioselectiv-
ity by the proper choice of the catalyst employed (Scheme 2.43 and Table 2.11) [146, 147].

This method has opened a straightforward approach for this structural motive
widespread in nature, as demonstrated for the alkaloids leptaflorin (R'=OMe,
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SCHEME 2.44

The reaction scheme for the deracemization of (substituted) 1-phenylethyl amine derivatives by the
combination of a monoamine oxidase (MAQ) with an o-TA; ATA (amino transferase) denotes the com-
mercially available ®-TAs from Codexis.

R?>=Me, Table 3.3, Entry 1) and eleganine (R'=H, R*=Me, Entry 2). Both products
were obtained in enantiomerically pure form (>99% ee) within reasonable time (24 h)
on a preparative scale.

Interestingly, depending on the nature of the C-1 substituent (R?), a switch in
stereopreference was observed: while in case of small residues like methyl and ethyl
the (S)-enantiomer was oxidized, the opposite stereopreference is obtained with
increasing size and lipophilicity (Table 2.11, Entries 4-12). Several docking simula-
tions with the MAO-N D11 variant (pdb:3ZDN) [146] were performed furnishing a
mechanistic rationalization based on the productive binding modes, which offers at
the same time a platform for further directed evolution strategies.

Benzylisoquinoline alkaloids were transformed by the enzyme (MAO-N D11
variant) again with (R)-enantiopreference although not always with high enantio-
selectivity [148]. Protein-ligand docking simulations confirmed the productive
binding modes, which were already found for the THBCs [147]. Preparative-scale
deracemization reactions with the most active substrates allowed the (S)-configured
products to be recovered in good yield and with excellent optical purity (Figure 2.3).

2.3.4 Cascade Reactions Involving Monoamine Oxidases

Similar to AAOs, MAO can also be employed either in the stereoinversion starting
from an enantiopure amine or in the deracemization starting from the racemate (vide
supra) [18]. Both approaches have been proven to be remarkably efficient for chiral
amine synthesis, in particular for cyclic secondary and tertiary structures. Conversely,
for acyclic imine intermediates, a competing hydrolysis reaction toward the carbonyl
compound is often observed, thus leading to a diminished product yield. This sponta-
neous hydrolysis was recently exploited for the deracemization cascade reaction
combining an (S)-selective MAO with an (R)-selective o-TA (Scheme 2.44) [149].
Starting from a racemic mixture of 1-phenylethyl amine derivatives, the MAO-N-
mediated oxidative kinetic resolution of the (S)-enantiomer affords the ketone (after
hydrolysis of the imine) besides the nonconverted (R)-enantiomer of the amine.
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Enzymatic N-dealkylation of
alkyl-benzylamine derivatives
by the concurrent oxidation—
reduction cascade combining a
MAO with an o-TA.
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TABLE 2.12 Scope of the Deracemization Cascade Combining a
MAO with an ®-TA to Afford Enantiomerically Pure
1-Phenylethylamine Derivatives

Entry R! Conwv. (%) ee (%)
1 — 99 >99 (R)
2 4-Cl 87 >99 (R)
3 4-Br 91 >99 (R)
4 41 90 >99 (R)
5 4-NO, 99 >99 (R)
6 3-Cl 90 >99 (R)
7 3-Br 90 >99 (R)
8 2-F 81 >99 (R)
Rl . o
N~ MAO-N variant ®-TA NH,
H (catalase) H S N
Alanine (Pyruvati:) Conv. >99%
remova
MAO-N variant
7 W2 ATATA NH;-BH; )

N ! R1 N/ \\_RZ Rl N iy R2
% H

FAD FADH,

e LDH N
D-Alanine Pyruvate — Lactate  H,0, 0,

NADH NAD*

Gluconic acid === Gluconolactone <LG_DHL Glucose

SCHEME 2.46

One-pot cascade to yield 2,5-disubstituted pyrrolidines. ATA (amino transferase) denotes the commercially available o-TAs

from the Codex screening kit.

Subsequent asymmetric reductive amination catalyzed by the w-TA afforded the
optically pure products in excellent conversions between 81 and 99% (Scheme 2.44
and Table 2.12). This simultaneous oxidation-reduction cascade comprises in total
five concurrent enzymatic transformations without affecting the conversion or ste-
reochemical outcome observed for each individual step.

The biocatalytic cascade was also demonstrated for the oxidative N-dealkylation
of various secondary benzylamine derivatives, which usually requires harsh condi-
tions (Scheme 2.45). All investigated substrates (R'=Me, Et, 2-Pr) were transformed
to completion (conv. >99%) giving the unprotected amine under mild reaction condi-
tions. Notably, the already existing toolbox of tailored MAO-Ns implies that this
method is not limited to such simple aryl-alkyl systems but represents a general
method for N-deprotection.

Another cascade exploiting the MAO-N-mediated oxidation and an «-TA-
catalyzed asymmetric amination has been established to access diastereomerically
pure 2,5-disubstituted pyrrolidines, an important scaffold found in diverse
pharmaceuticals and natural products. The key steps involve a regioselective mono-
amination of various substituted 1,4-diketones, followed by a MAO-N-catalyzed
desymmetrization of the intermediate formed A'-pyrroline (Scheme 2.46) [150].



2.3 AMINE OXIDASES

TABLE 2.13 Selected Results of the Regioselective
Monoamination-Cyclization-
Desymmetrization Multienzyme Cascade

Entry R' R? o-TA MAO-N  Conv. (%) de (%)

1 Me — ATA-113 D5 599 99 (25,5R)
2 Me 4-Me ATA-113 D9 >99 >99 (25,5R)
3 Me 4F ATA-113 D9 599 >99 (25,5R)
4 Me 4-OMe ATA-113 D9 >99 >99 (25,5R)

ATA (amino transferase) denotes the commercially available w-TAs from the
Codex screening kit.

R
Me
R/\ NH2 [ — ).,/ — J,// R e RJ:/,N,R R)"/N’R
R”“NH, R7N , —> .
H R R
MAO-N WT MAO-N D3 MAO-N D5 MAO-N D9 MAO-N D11

Rational protein design using different techniques of directed evolution

FIGURE 2.4

Consecutive optimization of MAO-N variants originating from Aspergillus niger to broaden the
substrate scope toward primary, secondary, and tertiary amines.

After suitable reaction conditions were established, the entire cascade gave access
to the products with excellent conversion and diastereoselectivity (Table 2.13).
Overall, this system demonstrates not only the compatibility of all enzymes employed
but also the exquisite regioselectivity of the m-TAs found previously for related com-
pounds [76-78].

2.3.5 Perspective

Recent advances in rational protein design have enabled the catalyst to be tailored to
fit the needs of the process conditions by altering the substrate specificity or other
molecular characteristics like stability and activity [14, 151]. Within this context, the
evolution of the wild-type MAO from A. niger represents so far an unique example of
how a catalyst can be adapted to various types of substrates; thus, starting from the
wild-type MAO, a set of variants was developed whereby each one is specific for the
transformation of either primary, secondary, or tertiary amines (Figure 2.4) [18].
However, all variants display in general a stereopreference for the (S)-enantiomer;
there are only a few exceptions in which the opposite (R)-enantiomer is observed, for
which mechanistic rationalizations are provided by productive/unproductive-
binding modes within the protein. There is also a demand to provide access to the
complementary stereoisomer, in particular by the pharmaceutical industry. The approach
might be either to modify the existing enzymes or to identify novel wild-type enzymes
[17]. For example, a highly (R)-selective AO has been developed just recently by a
mutagenesis strategy based on combinatorial active-site testing (CASTing): the
enzyme 6-hydroxy-D-nicotine oxidase (6-HDNO) originating from Arthrobacter nico-
tinovorans has been engineered to yield a novel double mutant suitable for the derace-
mization of a variety of secondary and tertiary amines, yielding the corresponding
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(S)-enantiomer [152]. Alternatively, the D-AAO from the pig kidney has been
engineered losing its requirement of a carboxylic acid in a-position: this has facili-
tated to change the substrate scope from a-AAs to primary and very few secondary
amines [153]. Iterative saturation mutagenesis of cyclohexylamine oxidase (CHAO)
has led to beneficial mutations, expanding the toolbox of biocatalyst for the produc-
tion of chiral amines furthermore [154]. Another promising perspective relies in the
combination of evolved biocatalysts with artificial (metallo)enzymes: this allows
exploiting attractive features of both catalyst types [155], opening new capabilities as
shown recently by the combination of various oxidases with an artificial transfer
hydrogenase [156].

2.4 BERBERINE BRIDGE ENZYMES

BBEs (EC 1.21.3.3) are biocovalent flavoenzymes occurring in alkaloid-producing
plants, particularly within the Papaveraceae (poppy) and Fumariaceae (fumitory)
families [157]. They catalyze a unique oxidative intramolecular C—C bond formation
by bridging a phenol moiety to an N-methyl group. In nature, (S)-reticuline, a
1-benzyl-1,2,3,4-tetrahydroisoquinoline derivative, is converted to the berbine
(S)-scoulerine by the BBE at the expense of molecular oxygen (Scheme 2.47).

The BBE from Eschscholzia californica (California poppy) is the best-characterized
member of this enzyme class due to the availability of an efficient heterologous
expression system using Pichia pastoris [158, 159]. Moreover, its biochemical properties,
structure, and reaction mechanism were thoroughly investigated [160-162]. In addi-
tion, the potential of BBE was investigated for biocatalytic applications such as the
kinetic resolution of different racemic nonnatural benzylisoquinolines [16, 163, 164].

Table 2.14 gives an overview of the different racemic substrates that have been
converted by the BBE.

These results demonstrate that BBE accepts a variety of different substrates bear-
ing substituents on both aromatic rings with good conversion and excellent enanti-
oselectivity in most cases. The studies showed that the hydroxyl group in position 3’
of the phenol moiety is essential for a substrate to be converted. A crucial factor for
the successful application of BBEs was the use of cosolvents to allow efficient trans-
formation of the barely water-soluble substrates. Optimization studies showed that
BBE tolerated various organic solvents even at remarkable high cosolvent concentra-
tions. Best conditions were found when using a biphasic system with 70% v /v tolu-
ene at pH9 and 40°C, allowing the conversion of substrate concentrations of up to
20g/1[168].

These optimized conditions were used to perform the preparative transforma-
tion on a 0.5g scale, demonstrating the applicability of the BBE-catalyzed kinetic
resolution of different benzylisoquinoline and berbine alkaloids. An impressive
example employing the described enzymatic oxidative intramolecular C—C bond
formation by the BBE can be found in the first asymmetric total synthesis of the natu-
ral product (S)-scoulerine, a sedative and muscle-relaxing agent, which was obtained
in 7.4% yield over nine linear steps [166].

The BBE-catalyzed kinetic resolution gives access to the berbine products and the
remaining benzylisoquinolines, both in optically pure form. Moreover, the reaction

O
BBE N

HO

SCHEME 2.47
Natural substrate and reaction

; ; OH
0, H0, O
O/
catalyzed by the berberine bridge

enzyme (BBE). (S)-Reticutine (S)-Scoulerine
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proceeds with a high selectivity toward the formation of the 9-hydroxyberbines,
while the regioisomeric product (11-hydroxyberbines) is in general only formed as
the minor isomer.

The regiochemistry of the cyclization was addressed in more detail in a further
study, showing that in particular the substitution pattern of the substrate influences
the ratio of B/C (Table 2.14, Entries 11, 14-16). A complete switch in regioselectivity
could be achieved by substrate engineering (Entry 16), facilitating in addition a route
to (5)-11-hydroxyberbines and (R)-benzylisoquinolines. Moreover, even though the
regioselectivity of the reaction was changed, the enantioselectivity was still perfect
(>97% ee) on a preparative scale [165].

To overcome the limitation of a kinetic resolution, different approaches to
racemize the substrate of the BBE reaction were investigated to set up a DKR;
however, racemization proved to be problematic for the desired compounds.
Although various racemization catalysts were tested, none of them acted exclusively
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TABLE 2.14 Scope of BBE for the Oxidative Kinetic Resolution 1-Benzylisoquinolines

BBE, R! R!
catalase O N
buffer/toluene 3:7 R2 + R? +
pH 9, 40°C R? R3 R6 (R)-N-Methy-1,2,3 4-
/\ O tetrahydrm:)qumolmes
0, H,0, R R?
RO R4
Catalase J
-9-Hydroxytetrahydr -9-Hydroxytetrahydr
rac-N-Methyl-1,2,3,4- H,0+1/2 0, - prﬁ?ogerybtﬁgez ydro 5 przgogeggiertei ydro
tetrahydrm:)qumohnes B C
a: R'=0Me, R2=0H, R3=H, R*=0H, R3=0OMe, R®=R7=H i: R'=0H, R2=0Me, R3=H, R*=0H, R3=0Me, R°=R’=H
b R!'=R2=0Me, R3=H, R*=0H, R3=R%=R7=H J.Rl—R2 OMe, R3=H, R*=0H, R3=H, R®°=0OH, R’=H
¢: R1=R2=0CH,0, R3=H, R*=0H, R9=R®=R7=H k: R'= RZ=0Me, R?*=H, R*=0H, R’=R%=H, R’=F
d: R'=0OMe, RZ=R3=H, R*=0H, R’=R6=R’=H 1:R'= R2 OMe, R3=R*=R=H, R®=0H, R’=Cl
e: RI=RZ=R3=0Me, Ré= OH, R’>=R%=R7=H m: RI—R2 OMe, R3=R*=R5=H, R®=OH, R7=CH;4
f: R1=0OMe, R2=0H, R3=H, R*=0H, R9=R® =R7=H n: R'=R?2=0Me, R3=R*=R>=H, R°=0H, R’=F
g: R1=R2=R3=H, R*=0H, R>=R°=R’=H o:R!= OMeR2 OH, R3=R*=R3=H, R=0OH, R’=F
h: R!=0H, RZ=0Me, R*=H, R*=0H, R3=R®=R’=H p: R1=0H, R?=0Me, R?*=R*=R5=H, R°=0OH, R’=F
Entry Substrate Conv. (%) (S)-B (%) ee B (%) (R)-A (%) ee A (%) Ratio B: C References
1 a 50 47 >97 37 >97 >99:<1° [165, 166]
2 b 50 42 >97 50 >97 84:16 [167]
3 c 50 31 >97 46 >97 82:18 [167]
4 d 50 36 >97 36 >97 90:10 [167]
5 e 50 39 >97 47 >97 80:20 [167]
6 f 50 22 >97 49 >97 97:3" [165, 166]
7 g 50 46 >97 49 >97 86:14° [165, 166]
8 h 48 n.d. n.d. n.d. n.d. 70:30 [165]
9 i 53 n.d. n.d. n.d. n.d. 98:2 [165]
10 j 14 n.d. n.d. n.d. n.d. n.a. [165]
11 k 50 49 >97 49 >97 >99:<1 [165]
12 1 <1 n.d. n.d. n.d. n.d. n.d. [165]
13 m <1 n.d. n.d. n.d. n.d. n.d. [165]
14 n 48 43 >97 43 >97 <1:>99 [165]
15 o 49 32 >97 32 >97 <1:>99 [165]
16 p 49 42 >97 42 >97 <1:>99 [165]

n.a., not applicable; n.d., not determined.
? Ratios of 2:3 were determined in a second study at slightly different conversions (52% for Entry 6 and 53% for Entry 7) [165].
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SCHEME 2.48

Deracemization of benzyliso-
quinolines rac-A to berbines
(5)-B, employing a monoamine
oxidase (MAO), berberine bridge
enzyme (BBE), and borane.
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TABLE 2.15 Stepwise Deracemization of Benzylisoquinolines
to Berbines using MAO, Borane in the First Step
and BBE in the Second Step (Scheme 4.2)

Entry R R? R® Time (h) (S)-B (%) ee B (%)
1 OMe OH H 24 +48 93 >97
2 OMe OH OMe 24 +48 97 >97
3 OMe H H 24+72 79° >97

? Four percent of the regioisomer formed.

on the benzylisoquinoline substrates, leaving the berbine products untouched.
Therefore, an alternative strategy combining the concept of stereoinversion, catalyzed
by a MAO/reducing agent, with the kinetic resolution catalyzed by the BBE, was
investigated (Scheme 2.48).

Only one variant of MAO from A. niger (MAO-N variant D11) enabled the stere-
oinversion; other variants of MAOs did not show activity for the challenging BBE
substrates. However, high conversions and excellent ee’s were obtained in a one-pot
two-step approach (Table 2.15).

Subsequently, both reactions were also performed simultaneously in one pot.
After initial experiments, the cascade was performed on a preparative scale [146].
For both compounds (Entries 1 and 2), excellent conversions were obtained: 92 and
98%, respectively. Moreover, the reaction products could be isolated in 88 and 80%
yield in optically pure form (>97% ee) employing this chemoenzymatic cascade
reaction [169].

2.5 CONCLUSIONS

In the last years, the development of novel and improved synthetic routes for the
preparation of chiral amines has attracted the attention of many synthetic research-
ers. In this context, ®-TAs, AOs, and BBEs provide a wealth of opportunities and
alternatives for the preparation of enantio-enriched amines displaying, in most cases,
excellent regio-, diastereo-, and stereoselectivity, which has been summarized in this
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chapter. By combining molecular modeling and directed evolution techniques, new
enzyme variants have been created not only with an altered substrate specificity but
also with improved activities and stabilities. In the future, the development of new
variants and further alternative enzyme reactions will expand the toolbox for the
preparation of chiral amines.
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Arylmalonate
Decarboxylase
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3.1 INTRODUCTION

Decarboxylation is one of the most common processes in natural metabolism. All
decarboxylases [EC 4.1.1.-] cleave a substrate carboxylic group with or without the
requirement of an enzymatic cofactor. There are three known decarboxylase types:
(i) thiamine diphosphate (ThDP)-dependent decarboxylases, (ii) pyridoxal phosphate
(PLP)-dependent decarboxylases, and (iii) cofactor-independent decarboxylases
(Figure 3.1) [1-4]. Cofactor-independent decarboxylases are specific for activated
substrates.

Decarboxylation of malonic acid derivatives is a well studied process in the
biosynthesis of biomolecules such as long-chain fatty acids and polyketides. A decar-
boxylase that exhibits enantioselectivity for substituted malonates would be useful
for producing optically active carboxylic acids. In fact, malonyl-CoA decarboxylase
does catalyze an enantioselective decarboxylation (Figure 3.2) [5], but malonyl-CoA
is an unsuitable precursor for optically active substances. Instead, we focused on the
prochiral-activated compound arylmalonate, an intermediate of malonic ester
synthesis, to develop a method for enantioselective decarboxylation. Malonates are
stable at room temperature but readily decompose to arylacetate and CO, at high
temperatures. This suggests that the decarboxylation of arylmalonate may occur
naturally if arylmalonate acts as a substrate for a decarboxylase.

The profens (a-arylpropionates) are an important family of nonsteroidal anti-
inflammatory drugs (NSAIDs) [6]. However, only the (S)-profen shows anti-
inflammatory activity (Figure 3.3).

Various biocatalytic processes for the synthesis of optically pure (S)-profens
have been proposed [7], but profens are still often used in their racemic form because
a a-arylpropionyl-CoA epimerase in human cells interconverts the enantiomers.

Green Biocatalysis, First Edition. Edited by Ramesh N. Patel.
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FIGURE 3.1
Representative decarboxylases.

FIGURE 3.2

Malonyl-CoA decarboxylase and
hypothetical decarboxylase.

FIGURE 3.3

Representative compounds of
profen.

FIGURE 3.4

Asymmetric synthesis of pro-
fens using a decarboxylase.
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Nonetheless, the inactive (R)-enantiomers may have unwanted side effects. Thus,
the development of efficient approaches for the synthesis of optically pure profens
remains an important challenge in medicinal chemistry. In this chapter, we describe
a method for the stereoselective synthesis of profens by asymmetric decarboxylation
of unnatural a-aryl-a-methylmalonates using artificial enzymes derived from a bac-
terial a-aryl-a-methylmalonate decarboxylase (Figure 3.4) [8].



3.3 PURIFICATION AND CHARACTERIZATION OF THE DECARBOXYLASE (AMDAsE)

COH Decarboxyl
ylase
Ph ————— > Ph~” >CO,H —— Degradation

Co,H
1 ﬂ 2
COH )M\e
Ar I Me Ar~"x > CO,H %Degradation

CO,H
3 4

3.2 DISCOVERY OF A BACTERIAL a-ARYL-a-METHYLMALONATE
DECARBOXYLASE

Soil microorganisms were screened for the capacity to decarboxylate a-aryl-a-meth-
ylmalonates (3) (Figure 3.5) [9]. An inorganic medium containing phenylmalonate (1)
as the sole carbon source was used because we speculated that the first step of
phenylmalonate metabolism would be decarboxylation to yield phenylacetate (2).
Accordingly, microorganisms that can grow on this medium are expected to have
decarboxylase activity to phenylmalonate. Enzymes that catalyze decarboxylation of
phenylmalonate (1) are also expected to be active for a-aryl-a-methylmalonates (3).
If the presence of a methyl group easily inhibits subsequent metabolic degradation,
a-arylpropionates (4) would accumulate. Various soil samples were tested, and we
selected a bacterium identified as Alcaligenes bronchisepticus KU1201. We succeeded in
obtaining optically active a-arylpropionate (4) starting from a-aryl-a-methylmalonate
(3). The active enzyme was inducible by phenylmalonate (1).

3.3 PURIFICATION AND CHARACTERIZATION OF THE
DECARBOXYLASE (AMDAsE)

We expected that detailed studies of the isolated enzyme would reveal a new mecha-
nism of decarboxylation. A. bronchisepticus was cultivated in a medium containing
phenylmalonate as the enzyme inducer and carbon source. The decarboxylase was
purified according to a standard protocol [10], resulting in a ~300-fold purification
to 377U/mg protein. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and high-performance liquid chromatography (HPLC) analysis showed
that this enzyme was a monomer of 24 000. As the rate of phenylmalonate decarboxy-
lation (1) was faster than o-methyl derivative decarboxylation (3), we named the
enzyme arylmalonate decarboxylase (AMDase) [10].

To clarify the characteristics of AMDase, the effects of additives were examined.
The addition of ATP and coenzyme A (CoA) to the enzyme reaction mixture did not
enhance the rate of decarboxylation. In the case of malonyl-CoA decarboxylase, ATP
and substrate form a mixed anhydride, which in turn reacts with CoA to form a thiol
ester of the substrate. In the case of AMDase, however, neither ATP nor CoA had any
effect, so this mechanism is unlikely. It is well established that avidin is a potent
inhibitor of biotin-enzyme complex formation [11, 12]. In this case, addition of avidin
had no influence on decarboxylase activity, indicating that AMDase is not a biotin-
dependent decarboxylase. Thus, the cofactor requirements of AMDase are entirely
different from known analogous enzymes, such as malonyl-CoA decarboxylases.

In contrast, a strong inhibitory effect of sulthydryl reagents, including HgCl,,
Hg(l, AgNO3, iodoacetate, and p-chloromercuribenzoate, was found. Thus, AMDase
is a thiol decarboxylase. The activity of the enzyme was not lost upon incubation with

FIGURE 3.5

Screening strategy of a
decarboxylase.
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FIGURE 3.6

Visualization of decarboxyla-
tion activity.

FIGURE 3.7

Stereochemistry of AMDase-
catalyzed decarboxylation.
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several divalent metal cations and serine inhibitors. It was concluded that AMDase is
an unusual enzyme that does not contain metal ions or coenzymes usually required
for decarboxylases and transcarboxylases.

3.4 CLONING OF THE AMDAase GENE

We next cloned and overexpressed the AMDase gene using the direct expression method
[13]. Genomic DNA isolated from A. bronchisepticus was digested by Pstl and cloned into
the Pstl site of pUC19. Escherichia coli DH5a-MCR were transformed by the plasmids and
genomic libraries were constructed. The transformants were screened by the change in
color of plates containing bromothymol blue (BTB) and phenylmalonate due to the pH
change around the active colony resulting from decarboxylation (Figure 3.6).

One in ~700 transformants exhibited AMDase activity. The active plasmid
(pAMD100) contained an insert of about 2.8kbp and was sequenced. The gene con-
sisted of 720bp, indicating an enzyme of 240 amino acids. A PstI-HindIII (1.2kbp)
fragment was subcloned into pUC19 to generate the pAMD101 plasmid. The enzyme
activity in a cell-free extract of E. coli JM109/pAMD101 was elevated to 37250U/L
culture broths. It was calculated that the enzyme comprised over 25% of the total
extractable cellular protein. The enzyme produced by the E. coli transformant was
purified to homogeneity and shown to be identical to that described by SDS-PAGE
and HPLC. Both enzymes had the same enzymological properties and N-terminal
amino acid sequences. Since these initial experiments, many genes with homology to
the AMDase gene have been reported, forming an AMDase family.

3.5 STEREOCHEMICAL COURSE OF AMDase-CATALYZED
DECARBOXYLATION

Subsequent studies examined whether AMDase discriminates between two prochi-
ral carboxyl groups. To this end, we prepared both enantiomers of a-methyl-a-
phenylmalonate (6) with *C in one of the two carboxyl groups (Figure 3.7) [14].
Starting from C-phenylacetate (**C-2), both enantiomers of chiral C-containing
a-methyl-a-phenylmalonate (6) were prepared. The absolute configuration of the chiral
substrate was clearly determined by the optical rotation of the resolved hydroxyl acid (5).
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3.6 DIRECTED EVOLUTION OF AMDAse TO AN ARTIFICIAL PROFEN RACEMASE

The result of enzymatic decarboxylation was very clear. While (5)-6 resulted in
a *C-containing product (7), (R)-6 yielded a product with no more *C than occurs
naturally. Apparently, the reaction proceeds with a net inversion of configuration.
Thus, the presence of a planar intermediate (8) can be postulated. Enantioface-
differentiating protonation to compound 8 will yield the optically active final
product (7).

3.6 DIRECTED EVOLUTION OF AMDAase TO AN ARTIFICIAL
PROFEN RACEMASE

The efficient synthesis of profens is of great importance to pharmaceutical chemistry.
The (S)-enantiomer exhibits much greater bioactivity, so many kinetic resolution and
asymmetric synthesis processes have been proposed for stereospecific synthesis [7,
15]. Methods for the preparation of optically pure profens from racemic starting sub-
strates, such as separation by chromatography, crystallization, or kinetic resolution,
have achieved only 50% of the maximum yield of the desired (S)-enantiomer. This
limitation has been overcome by recycling of the undesired (R)-enantiomer coupled
with racemization. By repetition of the process, it is possible to achieve (S)-product
yields >50% (Figure 3.8). Sustainable racemization methods are also of great potential
value because chemical racemization methods often require extreme conditions [7].
Although enzymatic racemization would be a desirable method, no “profen race-
mase” has been discovered.

We recently succeeded in determining the three-dimensional (3D) structure of
AMDase by X-ray crystallography [16]. AMDase is structurally similar to cofactor-
independent amino acid racemases [17, 18]. Considering the similarities of ligand
binding to racemases, we propose a binding mode for a model substrate of AMDase,
a-methyl-a-phenylmalonate (6). In this model, decarboxylation is triggered by desta-
bilization of the pro-(R)-carboxylic group in the hydrophobic pocket. Finally, Cys188
protonates the planar intermediate (8) to yield optically pure (R)-products (7).

AMDase has some homology and structural similarity to glutamate racemase,
which has two cysteine residues in the active site (Figure 3.9) [19-24]. Thus, we
designed a G74C variant of AMDase by site-directed mutagenesis expressing two
active-site Cys residues. Although decarboxylation and racemization are different
reactions, the key planar intermediate is the same type of species (8). Prior to this
study, there was no report of a racemase that could act on unnatural compounds such
as profens.

The G74C variant did indeed yield the racemic product (7) regardless of the con-
figuration of the starting materials [25], while wild-type AMDase has no racemase
activity (Table 3.1). Thus, introduction of a single mutation is sufficient to change the
decarboxylase to an artificial “profen racemase.” We speculated that the presence of two
active-site Cys residues enables the two-base mechanism to work similarly to glutamate
racemase (Figure 3.9). However, the G74C variant still showed low decarboxylase
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FIGURE 3.9

Homology and reaction mecha-
nism of glutamate racemase.
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TABLE 3.1 Reaction Specificity of AMDase and its Variant in Decarboxylation
and Racemization

Decarboxylation

Racemization
CO,H Me Me
Ph— —> Ph” COH 2 -
COH 2 Ph”” >COH Ph/v\COZH
Relative Relative
k., Activity K_ ke o Activity
Enzyme K_(mM) (sh (%) (mM) (s (%)
Wild type 13.9 35.3 97 700 No reaction 0
G74C 10.4 0.27 100 30.2 0.60 100
G74C/V43A 114 0.022 8 29.7 1.1 185

activity compared to wild-type AMDase. Next, we examined the substrate scope of the
G74C variant (Table 3.2). In general, good substrates for decarboxylation were also
good substrates for racemization. The similarity of substrate specificity between
decarboxylation and racemization indicates that both reactions involve the same
catalytic machinery in wild-type and G74C AMDase [26]. The small hydrophobic pocket
may have contributed to the destabilization of the carboxyl group for the decarboxylation
reaction. Molecular dynamics studies of AMDase G74C indicated that Val43 is situated
very close to the substrate methyl group (7). To increase the racemase activity, we
generated several variants at position 43 by site-specific mutagenesis. The G74C/V43A
variant exhibited an approximate twofold increase in racemase activity (Table 3.1) but
only 8% residual activity in the decarboxylation reaction. This represents a 20-fold shift
from the native decarboxylation reaction to more promiscuous racemization. From these
mutational analyses, we confirmed the important role of the hydrophobic pocket in
decarboxylation and racemization.

The substrate spectrum of these AMDase variants was determined by monitor-
ing the exchange of the a-proton of deuterium using an NMR spectroscopy (Table 3.2).
Using this method, we found that G74C and G74C/V43A differ in their substrate
specificity. The higher activity of G74C/V43A toward compounds 9 and 10 can be
explained by the larger space in the hydrophobic pocket. The V43A mutant showed
higher activity toward naproxen. The 30-fold increase in activity toward ketoprofen
is a significant change, as it indicates that the variant with a modified hydrophobic
pocket has more space for these large substrates. We then continued the screening of
G74C/V43A by saturating hydrophobic residues.
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TABLE 3.2 Racemization Activity of AMDase Variants

Relative Activity (%)

Activity
Run Substrate G74C G74C/V43A Increase (Fold)
1 Me 100 183 1.8
Ph )\ CO,H
6
2 Et 8 40 5
Ph )\ COH
9
3 npr 0 0.7 —
Ph )\ CO,H
10
4 Me 767 2100 2.7
MeO Naproxen
5 0 Me 1.7 50 30

C 02H
Ketoprofen

3.7 INVERSION OF ENANTIOSELECTIVITY DRAMATICALLY
IMPROVES CATALYTIC ACTIVITY

Profens are an important group of NSAIDs. The biological activity of these drugs
resides exclusively in the (S)-enantiomer, so considerable effort has been invested in
developing efficient routes for their preparation. For instance, (S)-naproxen has been
prepared via recrystallization of diastereomeric mixtures. The carboxylesterase-
catalyzed kinetic resolution of (R/S)-naproxen methyl ester achieves excellent opti-
cal purity of the product. Nevertheless, the AMDase-catalyzed asymmetrization of
prochiral a-aryl-a-methylmalonates gives rise to a 100% theoretical yield of profens,
a clear improvement from kinetic resolution (50%). Unfortunately, wild-type AMDase
produces only the undesirable (R)-enantiomers.

The reaction catalyzed by AMDase proceeds through enantioselective decarbox-
ylation of the substrate and enantioface-selective protonation of the planar enolate
intermediate by Cys188 (Figure 3.10).

On the basis of the structural similarity of AMDase to cofactor-independent glu-
tamate racemases (about 30% homology), we designed an AMDase variant, G74C/
C188S, which yields the desired (S)-enantiomers of 7 with good enantioselectivity
(94% ee) [27, 28]. In the active site of the double mutant, Cys74 donates a proton
toward the re-face of the enolate intermediate, which leads to inverse enantioface
selectivity. However, this variant shows very low catalytic activity compared to wild-
type AMDase (Table 3.3, Run 1). To improve the enzymatic activity, we conducted
random mutagenesis experiments using the mutator E. coli strain XL1-Red. Among
these mutants, variant S36N exhibited a tenfold increase in activity. Serine 36 is
situated on the surface of the protein, so its effect on catalytic activity is difficult to
elucidate. Despite this considerable improvement, the activity remained too low for
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FIGURE 3.10

Rational design strategy for
inversion of selectivity.
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Wild type H;C 0
(R)-Form
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TABLE 3.3 Specific Activity of Wild-Type AMDase and (S)-Selective Variants

Specific Activity (U/mg)

H Me
CO,H CO,H
CO,H CO,H
Run Variant 1 6
1 G74C/C188S 0.040 0.0015
2 G74C/C188G 0.10 0.010
3 G74C/C188G/Y48F 0.82 0.014
4 G74C/C188G/M159L 6.2 1.3
5 G74C/C188G/Y48F/M159L 24 0.63
6 Wild type 550 13

preparative purposes. Therefore, we attempted to improve the activity of an
(S)-selective AMDase variant, but this task proved to be a notoriously difficult prob-
lem of protein engineering.

Recently, the catalytic mechanism of AMDase was suggested based on 3D struc-
tures. The AMDase active site is composed of a so-called oxyanion hole (Thr75,
Ser76, Tyrl26, Gly189), an aryl-binding pocket (Prol4, Prol5, Gly189, Gly190), a
hydrophobic pocket (Leu40, Val43, Tyr48, Vall56, Met159), and a proton donor
(Cys188 in wild-type AMDase or Cys74 in variant G74C) (Figure 3.11).

At first, the pro-S carboxylate of a substrate is stabilized by the oxyanion hole.
Next, the decarboxylation reaction is triggered by destabilization of the pro-R carb-
oxylate through an interaction with the hydrophobic pocket. To examine this cata-
lytic mechanism further, molecular docking was used to position phenylmalonate (1)
in the active site of a structural model of the G74C/C188S mutant. Leucine40, Val43,
Tyr48, Leu77, Val156, and Met159 were positioned close to the pro-R carboxylate such
that they were likely to form a hydrophobic pocket. Intriguingly, both Cys74 and
Ser188 potentially form hydrogen bonds with the oxygen atoms of the pro-S carboxy-
late. The activity of the G74C and C188S mutants was much lower than that of the
native enzyme. In experiments using the wild-type and the G74C/C188S mutant in
deuterium oxide, no kinetic isotope effect was observed. This finding confirms
that the rate-limiting step of the reaction catalyzed by AMDase is decarboxylation,
not protonation, and is reflected by the G74C/C188S mutant activity decrease.
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We speculated that Cys74 and Ser188 undergo unfavorable interactions with the sub-
strate, which may disturb the stabilization of the pro-S carboxylate and the destabili-
zation of the pro-R carboxylate.

From this observation, we decided to improve the enzyme activity by applying
iterative saturation mutagenesis based on structural information [29]. First, the unfa-
vorable effect of Ser188 was corrected by mutagenesis at this position. Earlier results
show that modification of the hydrophobic pocket can strongly increase catalytic
activity, which can be explained by an improved destabilization of pro-R carboxylate.
We speculated that by focusing on residues of the hydrophobic pocket, we could
increase the catalytic activity of an (S)-selective variant. We followed a strategy of
three generations of mutagenesis and screening. The first screening generations
focused on Ser188, while the second and third focused on residues Leu40, Val43,
Tyr48, Leu77, Val156, and Met159 in the hydrophobic pocket.

Directed evolution was performed as follows. The gene encoding the A. bron-
chisepticus AMDase carrying a C-terminal poly-His-tag was subjected to saturation
mutagenesis of targeted amino acids. Site-directed mutagenesis with primers bearing
an NNK-degenerating codon was used to construct libraries containing all 20 possi-
ble amino acids at the desired position. Variants were screened for phenylmalonate
decarboxylation activity by the pH shift of the reaction solution as visualized by the
pH indicator BTB (Figure 3.6). In each case, a set of 112 transformants was screened
to assure that each set would statistically provide full coverage of all 20 amino acid
exchanges.

The first screen showed that the G74C/C188G mutant has 5.6-fold higher activity
than the G74C/C188S mutant (Table 3.3, Run 2). The second screening generation
identified the triple mutant G74C/M159L/C188G with a 210-fold increase in activity
(Table 3.3, Run 4) and Y48F /G74C /C188G with a 23-fold increase in activity (Table 3.3,
Run 3) compared to the G74C/C188S mutant. We continued the third screening gen-
eration from G74C/M159L/C188G by individually saturating Leu40, Val43, Tyr48,
Leu77, and Vall156. The quadruple mutant Y48F/G74C/M159L/C188G exhibited a
920-fold activity increase relative to the G74C/C188S mutant (Table 3.3, Run 5).

Next, we analyzed the substrate specificity of these variants (Table 3.3). The
G74C/C188G/M159L variant had the highest specific activity toward o-aryl-a-
methylmalonates (Run 4), 220-fold higher toward phenylmalonate (1) than the
G74C/C188S variant, yielding (S)-naproxen of excellent optical purity (>99% ee).

The G74C/C188G mutant showed higher activity than the G74C/C188S mutant,
indicating that the hydroxyl group of Ser188 or steric hindrance of this residue
decreases AMDase activity. This variant had comparatively low enantioselectivity,
however, suggesting that Ser188 also interacts with the enolate intermediate. The
M159L mutation is predicted to cause a steric effect at the a-position of the substrate,

FIGURE 3.11
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FIGURE 3.12

3 DECARBOXYLATION AND RACEMIZATION OF UNNATURAL COMPOUNDS

thus altering its binding mode. Moreover, exchanging Tyr48 for Phe should lower the
polarity of the hydrophobic pocket. Both events should further destabilize the pro-R
carboxylate. Surprisingly, the Y48F mutation increased AMDase activity toward
compound 1 but decreased the activity toward a-methyl-a-phenylmalonates (6). The
crystal structure suggested that Tyr48 may form hydrogen bonds with the hydroxyl
group of Ser76 in the oxyanion hole. The Y48F mutation conceivably changes the
orientation of Ser76, resulting in unfavorable substrate binding for decarboxylation.

Recently, we tried to further improve the activity of G74C/M159L/C188G by
optimizing activity toward a-aryl-a-methylmalonates. We continued the third screen-
ing generation from G74C/M159L/C188G by saturating hydrophobic residues.
Consequently, we have successfully increased the activity of an artificial (S)-selective
AMDase variant. This most recent variant shows 9500-fold greater activity than the
G74C/C188S mutant [30].

3.8 FUTURE PROSPECTS

Introduction of a single cysteine residue at G74 converts AMDase to an unnatural
“profen racemase” (Figure 3.12). Moreover, we were able to generate a G74C/V43A
variant with a 20-fold shift toward the racemization reaction based on reduced decar-
boxylase activity and a twofold increase in racemization activity. The decarboxylase
activity of the G74C/V43A variant disappeared almost completely compared to
wild-type AMDase. Consequently, we have succeeded in the production of an opti-
mal unnatural “profen racemase.” We are now trying to increase the catalytic activity
and extend the substrate scope of “profen racemase” using a structure-based rational
design approach and high-throughput screening.

In addition, we have succeeded in inversion of the enantioselectivity of AMDase
using a rational design approach. Although the G74C/C1885 mutant produced high
yields of the (S)-enantiomer, the decarboxylation activity was much lower than wild-
type AMDase. We have successfully improved the activity of an artificial (S)-selective
AMDase variant using directed evolution.

Further advancement of biocatalysis will require the use of directed evolution to
bridge the functional gap between wild-type and desired biocatalyst properties. These
studies underscore the power of directed evolution to create artificial enzymes derived
from wild-type enzymes with the desired catalytic activity. Directed evolution tech-
niques will continue to fulfill the promise of biocatalysis for industrial applications.
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4.1 INTRODUCTION

In the development of pharmaceuticals and agrochemicals, the synthesis of single
enantiomers of intermediates has become increasingly important since the undesired
enantiomer is biologically inactive and even toxic in nature. The advantages of
biocatalysis over chemical synthesis are that enzyme-catalyzed reactions are highly
enantio-, regio-, and chemoselective. Such high selectivity is extremely desirable in
pharmaceutical synthesis as it offers several advantages such as minimizing side
reactions and not requiring protection and deprotection steps. They can be carried
out under mild conditions such as ambient temperature and atmospheric pressure
and in aqueous systems. Biocatalysis generally enables more sustainable routes
to key intermediates and active pharmaceutical ingredients (APIs), effectively
reducing level of waste. Technological advances have established biocatalysis as an
environmentally-friendly and economical alternative to traditional chemical synthe-
sis. Chapter 1 provides more information on considering bioprocesses as green
technology. Directed evolution of biocatalysts under process conditions has led to
increased enzyme activity, selectivity, and stability of biocatalysts [1-8]. Biocatalysts
are now developed as per process requirements, and the immobilization and reusa-
bility of biocatalysts have lead to efficient and economical bioprocesses.

A number of review articles [9-20] have described the use of enzymes in organic
synthesis. This chapter provides many examples of the industrial use of enzymes for
the synthesis of key intermediates for the development of pharmaceuticals.

4.2 SAXAGLIPTIN: ENZYMATIC SYNTHESIS
OF (S)-N-BOC-3-HYDROXYADAMANTYLGLYCINE

Dipeptidyl peptidase 4 (DPP-4) is a ubiquitous proline-specific serine protease
responsible for the rapid inactivation of glucagon-like peptide 1 (GLP-1). To alleviate
the inactivation of GLP-1, inhibitors of DPP-4 are being evaluated for their ability to
provide improved control of blood glucose for diabetics and treatment for type
2 diabetes [21]. Saxagliptin 1 [22-24] (Figure 4.1), a DPP-4 inhibitor developed by
Bristol-Myers Squibb (BMS), requires (5)-N-boc-3-hydroxyadamantylglycine 2 as a
key intermediate.

Green Biocatalysis, First Edition. Edited by Ramesh N. Patel.
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FIGURE 4.1

Saxagliptin: enzymatic prepara-
tion of (S)-N-boc-3-hydroxyada-
mantylglycine.

4 GREEN PROCESSES FOR THE SYNTHESIS OF INTERMEDIATES FOR DRUGS
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A process for converting keto acid 3 to the corresponding amino acid 4 using
(S)-amino acid dehydrogenases was developed using a modified form of a recombi-
nant phenylalanine dehydrogenase (PDH) cloned from Thermoactinomyces intermedius
and expressed in Pichia pastoris or Escherichia coli. The modified PDH contained two
amino acid changes at the C-terminus along with a 12-amino acid extension at the C-
terminus and was highly active toward keto acid 3 [24]. NAD" produced during the
reaction was recycled to NADH using formate dehydrogenase (FDH). The produc-
tion of multikilogram batches was originally carried out with extracts of P. pastoris
overexpressing the modified PDH from T. intermedius and endogenous FDH. The
reductive amination process was further scaled up using a preparation of the two
enzymes expressed in single recombinant E. coli at 100g/1 substrate input to prepare
multikilogram batches of amino acid 4, which was directly protected as its boc
derivative without isolation to afford intermediate 2. Yields of 4 before isolation were
close to 98% with 100% ee, and yields of 2 were 88% after isolation with 100% ee [24].

4.3 SITAGLIPTIN: ENZYMATIC SYNTHESIS OF CHIRAL AMINE

Sitagliptin 5 (Januvia, Figure 4.2) is an oral antidiabetic drug of the DPP-4 inhibitor
class developed and is marketed by Merck & Co. Sitagliptin is used either alone or in
combination with other oral antihyperglycemic agents (such as metformin or a
thiazolidinedione) for the treatment of type-2 diabetes.

The chemical synthesis of sitagliptin [25, 26] involved an asymmetric hydrogena-
tion of an enamine at high pressure using a rhodium-based chiral catalyst [27].
The chemical process suffers from inadequate stereoselectivity and a product stream
contaminated with rhodium, necessitating additional purification steps at the
expense of yield to upgrade both enantiomeric excess and chemical purity.

To develop a biocatalytic process, screening of commercially available transami-
nases by Merck and Codexis provided no enzyme with detectable activity for amination
of the prositagliptin ketone 6 [28]. They therefore applied a combination of in silico
design and directed evolution in an effort to confer such an enzyme.

By using a transaminase [29-32] scaffold and various protein engineering tech-
nologies, an enzymatic process was developed for sitagliptin manufacturing. Starting
from an enzyme that had the catalytic machinery to perform the desired chemistry but
lacked any activity toward the prositagliptin ketone 6, by using a substrate walking,
modeling, and mutation approach they created a transaminase with marginal activity
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for the synthesis of the chiral amine. This variant was then further engineered via a
number of rounds of directed evolution under the desired process conditions for prac-
tical application in a manufacturing setting. The substrate concentration was increased
from 2 to 100g/1, the isopropylamine concentration from 0.5 to 1M, the cosolvent from
5 to 50% DMSO, the pH from 7.5 to 8.5, and the temperature from 22 to 45 °C, ultimately
leading to a catalyst that met the required process targets. Under optimal conditions
[28], the best variant converted 200 g /1 prositagliptin ketone 6 to sitagliptin 5 in >99.95%
ee and 92% yield by using 6g/1 enzyme.

In comparison with the rhodium-catalyzed process, the biocatalytic process pro-
vides sitagliptin with a 10-13% increase in overall yield, a 53% increase in productivity,
a 19% reduction in total waste, the elimination of all heavy metals, and a reduction in
total manufacturing cost; the enzymatic reaction is run in multipurpose vessels, avoiding
the need for specialized high-pressure hydrogenation equipment [28].

4.4 VANLEV: ENZYMATIC SYNTHESIS OF
(5)-6-HYDROXYNORLEUCINE

Vanlev 7 (Figure 4.3) is an antihypertensive drug, which acts by inhibiting both angio-
tensin-converting enzyme (ACE) and neutral endopeptidase enzyme (NEP) [33]. (5)-
6-Hydroxynorleucine 8 is a key intermediate in the synthesis of Vanlev. The synthesis
and complete conversion of 2-keto-6-hydroxyhexanoic acid 9 to (S)-6-hydroxynorleucine
8 was developed by enzymatic reductive amination using beef liver glutamate dehydro-
genase [34]. The reaction requires ammonia and NADH. NAD" produced during the
reaction was recycled to NADH by the oxidation of glucose to gluconic acid using
glucose dehydrogenase (GDH) from Bacillus megaterium. The reaction was completed in
about 3h at 100g/1 substrate input with a reaction yield of 92% and an ee of 99.8% for
(5)-6-hydroxynorleucine.

73

FIGURE 4.2

Sitagliptin: enzymatic synthesis
of (R)-amine by transamination.
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FIGURE 4.3

Vanlev: enzymatic synthesis of
(5)-6-hydroxynorleucine.
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In a second, more convenient process, the keto acid was prepared by the treatment
of racemic 6-hydroxynorleucine 10 (produced by the hydrolysis of 5-(4-hydroxybutyl)
hydantoin) with (R)-amino acid oxidase (Figure 4.3). After ee of the unreacted
(5)-6-hydroxynorleucine had reached 99.8%, the reductive amination procedure was
used to produce (S)-6-hydroxynorleucine at 97% yield with 99.8% ee from racemic
6-hydroxynorleucine at 100g/1 substrate concentration [34]. The (5)-6-hydroxynorleucine
prepared by the enzymatic process was converted chemically to Vanlev 7 [35].

4.5 VANLEV: ENZYMATIC SYNTHESIS OF ALLYSINE
ETHYLENE ACETAL

(S)-2-Amino-5-(1,3-dioxolan-2-yl)-pentanoic acid [(S)-allysine ethylene acetal]
(11, Figure 4.4) is one of three building blocks used in an alternative synthesis of Vanlev
7 [33]. Enzymatic process for the synthesis of 11 was developed by reductive amination
of keto acid acetal 12 using PDH from T. intermedius [36]. The reaction required ammo-
nia and NADH; NAD" produced during the reaction was recycled to NADH by the
oxidation of formate to CO, using FDH. Thermoactinomyces intermedius PDH was cloned
and expressed in E. coli, and recombinant culture was used as a source of PDH. Pichia
pastoris [36] grown on methanol was used as a source of FDH. Expression of T. interme-
dius PDH in P. pastoris, inducible by methanol, allowed generation of both enzymes
(PDH and FDH) in a single fermentation process. This process was scaled up to prepare
a total of 197kg of 11 with 91M% yield and >98% ee [36]. (S)-allysine ethylene acetal

prepared by enzymatic process was converted to Vanlev 7 [35].

4.6 VANLEV: ENZYMATIC SYNTHESIS OF THIAZEPINE

[45-(4a,7a,10ab)]-1-Octahydro-5-oxo-4-[[ (phenylmethoxy)carbonyl]amino]-7H-pyrido-
[2,1-B] [1,3]thiazepine-7-carboxylic acid 13 (Figure 4.5) is a key intermediate for the syn-
thesis of Vanlev 7 [33]. An enzymatic process for the oxidation of e-amino group of
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(S)-lysine in the thiol 14 generated in situ from disulfide N2-[N[[(phenylmethoxy)
carbonyl] 1-homocysteinyl] 1r-lysine]-1,1-disulfide 15 was developed to produce
compound 13 using 1-lysine e-aminotransferase (LAT) from Sphingomonas paucimobilis
SC 16113 [37] cloned and overexpressed in E. coli [38, 39]. The aminotransferase reaction
required o-ketoglutarate as the amine acceptor. The glutamate formed during this
reaction was recycled back to a-ketoglutarate by glutamate oxidase (GOX) from
Streptomyces noursei SC 6007.

The biotransformation of compound 15 to compound 13 was carried out using
LAT from E. coli GI724[pal781-LAT] in the presence of a-ketoglutarate and dithio-
threitol or tributylphosphine and glutamate oxidase. Reaction yields of 65-67 M%
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FIGURE 4.4

Vanlev: enzymatic synthesis of
allysine ethylene acetal.

FIGURE 4.5

Vanlev: enzymatic synthesis of
thiazepine.



76

FIGURE 4.6

Tigemonam: enzymatic synthesis
of (S)-p-hydroxyvaline.

FIGURE 4.7

Autoimmune diseases: enzymatic
synthesis of (S)-neopentylglycine.
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were obtained. To reduce the cost of producing two enzymes, the transamination
reactions were carried out in the absence of GOX and with higher levels of
a-ketoglutarate. The reaction yield in the absence of GOX averaged only about
33-35M%; however, the reaction yield increased to 70M%, by increasing the
a-ketoglutarate level to 40 mg/ml (a tenfold increase in concentration) and conducting
the reaction at 40°C, equivalent to that in the presence of GOX [37].

4.7 TIGEMONAM: ENZYMATIC SYNTHESIS
OF (S)-8-HYDROXYVALINE

(5)-p-Hydroxyvaline 16 (Figure 4.6) is a key chiral intermediate required for the
total synthesis of orally active monobactam antibiotic, Tigemonam 17 [40].
The synthesis of (S)-f-hydroxyvaline 16 from a-keto-p-hydroxyisovalerate 18 was
developed by enzymatic reductive amination using leucine dehydrogenase from
Bacillus sphaericus ATCC 4525 [41]. The NADH required for this reaction was
regenerated by either FDH from Candida boidinii or GDH from B. megaterium using
NAD" as cofactor in catalytic amount. Substrate 18 was generated either from
a-keto-p-bromoisovalerate or its ethyl esters by hydrolysis with sodium hydroxide
in situ. In this process, an overall reaction yield of 98% and an ee of 99.8% were
obtained for the L-B-hydroxyvaline 16.

4.8 AUTOIMMUNE DISEASES: ENZYMATIC SYNTHESIS
OF (S)-NEOPENTYLGLYCINE

The enantioselective synthesis of (S)-neopentylglycine 19 (Figure 4.7) was developed
by Groeger et al. [42]. Recombinant whole cells containing leucine dehydrogenase
and FDH were used in the reductive amination of the corresponding a-keto acid 20.
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4.9 ATAZANAVIR: ENZYMATIC SYNTHESIS OF (S)-TERTIARY LEUCINE

The desired (S)-neopentylglycine was obtained with >95% conversion and >99% ee
at substrate concentrations of up to 88g/l. Spiroheterocyclic compounds (morpho-
line-4-carboxylic acid amides and neopentylglycine derivatives and their analogs)
are reversible inhibitors of cysteine proteases such as cathepsin S and, therefore,
useful in treating a variety of autoimmune diseases [43].

4.9 ATAZANAVIR: ENZYMATIC SYNTHESIS
OF (S)-TERTIARY LEUCINE

Atazanavir 21 is an acyclic aza-peptidomimetic and potent human immunodeficiency
virus (HIV) protease inhibitor [44, 45]. (S)-Tertiary leucine 22 (Figure 4.8) is a key
intermediate required for the synthesis of atazanavir along with other drugs contain-
ing peptides such as boceprevir and telaprevir [46, 47].

Leucine dehydrogenase and an FDH from C. boidinii were used to reduce
2-ketocarboxylic acids enzymatically while regenerating the NADH cofactor in situ,
and this constitutes an industrially established method for preparing optically active
(S)-a-amino acids particularly (S)-tert-leucine, which is produced on the ton scale
using a membrane reactor. The method is described in detail in the literature [48, 49].
However, this method required isolated enzymes in purified form.

Soda et al. [50] described the use of a whole-cell catalyst for the enzymatic
synthesis of (S)- and (R)-amino acids from a-keto acids with E. coli cells that overex-
press heterologous genes. L-amino acids were produced with a thermostable (S)-
amino acid dehydrogenase and an FDH from a-keto acids and ammonium formate.
No exogenous cofactor was required as the intracellular pool was sufficient. This
group constructed plasmids containing—in addition to the FDH gene—genes
encoding a variety of amino acid dehydrogenases such as leucine, alanine, and
phenylalanine. These recombinant cells were used to produce L-leucine, L-valine,
L-norvaline, L-methionine, L-phenylalanine, and L-tyrosine with high chemical yields
(>80%) and high optical purities (up to 100% ee). The preparation of various (R)-amino
acids from their corresponding a-keto acids was also examined with recombinant
E. coli cells containing a plasmid encoding four heterologous genes: a thermostable
D-amino acid aminotransferase, alanine racemase, L-alanine dehydrogenase, and
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FIGURE 4.8

Atazanavir: enzymatic synthesis
of (S)-tert-leucine.
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FIGURE 4.9

Thrombin inhibitor (ino-gatran):
synthesis of (R)-cyclohexyla-
lanine.
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an FDH. This publication points out taking advantage of the intracellular pool of
NAD" in E. coli; however, the final concentration of product was restricted to about
0.35-0.38 M.

Recently, Groger et al. [51] developed a process for preparing (S)-tertiary leucine
22 by reacting the corresponding keto acid 23 with an ammonium ion donor in the
presence of a whole cell of E. coli expressing amino acid dehydrogenase and cofac-
tor-regenerating enzyme FDH. The substrate addition was metered such that the
stationary concentration of 2-ketocarboxylic acid remains <500mM and the external
addition of cofactor, based on the total input of substrate, corresponds to <0.0001
equivalents. In this process, a reaction yield of 84% and ee of 99% were obtained for
(S)-tertiary leucine at 130 g/1 substrate input.

4.10 THROMBIN INHIBITOR (INOGATRAN): SYNTHESIS
OF (R)-CYCLOHEXYLALANINE

(R)-Amino acids are increasingly becoming important building blocks in the
production of pharmaceuticals and fine chemicals [52, 53]. Using rational and
random mutagenesis, Rozzell and Novick [54] have created the broad substrate
range highly stereoselective (R)-amino acid dehydrogenase. This new enzyme is
capable of producing (R)-amino acids via the reductive amination of the corre-
sponding 2-keto acid with ammonia. This biocatalyst was the result of three rounds
of mutagenesis and screening performed on the enzyme meso-diaminopimelate
(R)-dehydrogenase from Corynebacterium glutamicum. The first round targeted the
active site of the wild-type enzyme and produced mutants that were no longer
strictly dependent on the native substrate. The second and third rounds produced
mutants that had an increased substrate range including straight- and branched-
aliphatic amino acids and aromatic amino acids. The very high selectivity toward
the (R)-enantiomer (95 to >99% ee) was shown to be preserved three rounds of
mutagenesis and screening [55]. The synthesis of (R)-cyclohexylalanine 24
(Figure 4.9) was developed by reductive amination of cyclohexylpyruvate 25 to
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yield (R)-24 with a 98% yield and >99% ee. (R)-24 is a potential chiral intermediate
for the synthesis of thrombin inhibitor inogatran 26 [56].

4.11 GAMMA SECRETASE INHIBITOR: ENZYMATIC
SYNTHESIS OF (R)-5,5,5-TRIFLUORONORVALINE

Amyloid-f peptides (Ap) are a major component of the plaques that are found in
the brains of Alzheimer’s patients and have been proposed to play a causative role in the
disease. These peptides are produced from amyloid precursor protein by p-secretase
and y-secretase to generate Ap forms, with AB42 most closely associated with Alzheimer’s.
BMS-708163 27, a y-secretase inhibitor (Figure 4.10), causes a significant decrease of
Ap40levels formed by secretases and developed for the treatment of Alzheimer’s disease
by Bristol-Myers Squibb (BMS) [57, 58]. (R)-5,5,5-Trifluoronorvaline 28 is a key inter-
mediate for the synthesis of compound 27.

(R)-5,5,5-Trifluoronorvaline 28 was prepared from the corresponding keto acid
29 using a commercially available p-amino acid dehydrogenase (biocatalytics) for
reductive amination and GDH for cofactor NADPH recycling [59, 60]. This amino acid
was also prepared using a D-amino acid transaminase with alanine as the amino donor,
but the transamination reaction also requires lactate dehydrogenase (LDH), NAD, for-
mate, and an FDH to remove pyruvate byproduct in order to bring the reaction to
completion. An effective proprietary (R)-amino acid dehydrogenase was constructed
by the modification of the p-diaminopimelic acid dehydrogenase gene from B. sphaeri-
cus. The cofactor-regenerating enzyme GDH gene was also cloned from Gluconobacter
oxidans. Both genes were expressed in the same strain of E. coli, together with the
glutamate dehydrogenase gene, which was inactivated in the expression strain to elim-
inate background production of the (S)-amino acid to improve the ee of the product to
100%. The amino acid could be isolated or converted without isolation to a p-chloro-
phenylsulfonamide carboxamide 30 intermediate needed for the synthetic route to the
y-secretase inhibitor development. The reaction was carried out at 50g/1 keto acid 29
and 382mg NADP" in the presence of extract of recombinant E. coli containing 1250
units of (R)-amino acid dehydrogenase and 7500 units of GDH. After 22h reaction, the
amino acid 28 was produced with an 88.5% yield and 98.9% ee. Extracts from this
strain were used for the production of intermediate 28 on a 50kg scale [59, 60].
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Gamma secretase inhibitor: enzy-
matic synthesis (R)-5,5,5-trifluoro-
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FIGURE 4.11

NK1/NK2 dual antagonists:
enzymatic desymmetrization of
diethyl 3-[3’,4’-dichlorophenyl]
glutarate.
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4.12 NK1/NK2 DUAL ANTAGONISTS: ENZYMATIC
DESYMMETRIZATION OF DIETHYL 3-[3',4’-DICHLOROPHENYL]
GLUTARATE

Tachykinins are biologically active neuropeptide hormones that are widely dis-
tributed throughout the nervous system and implicated in a variety of biological
processes such as pain transmission, inflammation, vasodilatation, and secretion
[61]. The nonpeptide NK-receptor antagonists are potentially useful in the treat-
ment of a variety of chronic diseases including asthma, bronchospasm, arthritis,
and migraine [62].

The structure—-activity relationship of several nonpeptide NK1/NK2 antagonists
has led to the discovery of a new class of oxime-based NK1/NK2 dual antagonists
[63, 64] such as compound 31 (Figure 4.11). The biological activity of 31 resides mainly
in the (R,R)-diastereomer. An enzymatic process for desymmetrizing the prochiral
diethyl 3-[3',4’-dichlorophenyl] glutarate 32 to the corresponding (S)-monoester 33
was developed. Commercially available enzymes were screened for the hydrolysis of
32. Several enzymes were identified capable of hydrolyzing 32. Out of 11 candidates
with pro-S selectivity, lipase B from Candida antarctica, Chirazyme L-2, was selected
for further development [63].

The reaction was carried out using immobilized lipase B at 100g/1 substrate
input and 20 g/l immobilized enzyme input. A reaction yield of 97% and an ee of 99%
were obtained for the desired (S)-monoester 33 [63]. The process was scaled up to
produce 200kg of product with an 80% overall isolated yield.

DNA family shuffling was used to create a chimeric lipase B protein with
improved activity toward 32. Three homologous lipases from C. antarctica ATCC
32657, Hyphozyma sp. CBS 648.91, and Cryptococcus tsukubaensis ATCC 24555 were
cloned and shuffled to generate a diverse gene library. Using a high-throughput
screening assay, a chimeric lipase B protein having 20-fold higher activity toward the
substrate was identified. In addition, the stability characteristics of several highly
active chimeric proteins were also improved as a result of family shuffling [64].
The thermostability of the lipase B from C. antarctica was also improved by directed
evolution. Two mutants, 23G5 and 195F1, were generated with over a 20-fold increase
in half-life at 70 °C compared with the wild-type enzyme [65].
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4.13 PREGABALIN: ENZYMATIC SYNTHESIS OF ETHYL
(5)-3-CYANO-5-METHYLHEXANOATE

Pregabalin 34 (Figure 4.12) is a lipophilic y-aminobutyric acid (GABA) analog that
was developed for the treatment of several central nervous system (CNS) disorders
including epilepsy, anxiety, and social phobia [66, 67]. In June 2007, pregabalin was
approved by the US Food and Drug Administration, specifically for the treatment of
fibromyalgia.

Several routes were examined in detail [68, 69]. The first-generation manufacturing
resolution process and asymmetric hydrogenation process were potentially elegant
manufacturing processes, but they were surpassed in terms of cost-effectiveness and
environmental performance by an enzymatic route [70].

The enzymatic route was developed from an existing, relatively inexpensive
racemic precursor 35 and used a Lipolase to generate an enantiopure precursor
(5)-36. This strategy also required a procedure to recycle unused R-37 enantiomer
as well as chemistry to convert (5)-36 to pregabalin (Figure 4.12). Lipolase is com-
mercially produced by Novozymes using a submerged fermentation of a geneti-
cally modified Aspergillus oryzae strain. At high substrate input (>1 M), the reaction
was inhibited. Adding divalent ions such as calcium and zinc to the reaction signifi-
cantly suppressed the inhibition, possibly by forming a complex that remained sus-
pended in the emulsion. The effect of calcium acetate in the reaction medium at
higher concentrations of 35 (3M or 765 g/1) gave conversion values ranging from 42
to 48% after 24h [70].

Under optimized conditions, the enzymatic process was tested for robustness
in multiple runs at a 10kg scale. Three pilot runs at a 900kg (16001 reactor) scale as
well as manufacturing trials at 3.5¢ (80001 reactor) demonstrated the consistently
high performance of this enzymatic reaction. A heat-promoted decarboxylation
of (5)-36 efficiently generated ethyl ester (5)-38, a known precursor of pregabalin
1[70].

This new route dramatically improved process efficiency compared to the first-
generation route by setting the stereocenter early in the synthesis and enabling the
facile racemization and reuse of (R)-37. The chemoenzymatic process also reduced
organic solvent usage resulting in a mostly aqueous process. Compared to the first-
generation manufacturing process, the new process resulted in higher yields of
pregabalin and reductions of waste streams.

Recycling
¢ Lipolase, pH 7.0, 24 h |
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FIGURE 4.12

Pregabalin: enzymatic synthesis
of ethyl (S)-3-cyano-5-methyl-
hexanoate.
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FIGURE 4.13

Chemokine receptor modulator:
enzymatic synthesis of (15,2R)-2-
(methoxycarbonyl) cyclohex-4-
ene-1-carboxylic acid.
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4.14 CHEMOKINE RECEPTOR MODULATOR: ENZYMATIC
SYNTHESIS OF (1S5,2R)-2-(METHOXYCARBONYL)CYCLOHEX-
4-ENE-1-CARBOXYLIC ACID

The chiral monoester, (15,2R)-2-(methoxycarbonyl)cyclohex-4-ene-1-carboxylic acid
39 (Figure 4.13) is a key intermediate for the synthesis of a potential drug candidate 40
for the modulation of chemokine receptor 2 (CCR2) activity useful in treatment of
rheumatoid arthritis [71, 72]. The quinine-catalyzed alcoholysis of the anhydride 41
provided kilogram quantities of the (15,2R)-monoester 39 with 90.8% ee initially at
Bristol-Myers Squibb. To improve the enantioselectivity of 39, alternative enzymatic
processes were evaluated [73]. Screening of various enzymes was carried out to
perform hydrolysis of dimethyl ester 42. After evaluating yield and optical purity of
the desired product, reaction rate, and cost of enzymes, the immobilized lipase from
C. antarctica (Novozym 435) was selected for process development. Under optimized
reaction conditions on a 50ml scale (57.2g) of dimethyl ester 42 afforded (15,2R)-
monoester 39 with a 96% yield and >99.9% ee after 24h reaction. Two reparative
batches were carried out at 1.73kg input of dimethyl ester 42 to afford 3.4kg of 15,2R-
monoester 39 with a 98.1-99.8% yield, 98.3-99.2% HPLC purity, and ee of >99.9% [73].

4.15 ENZYMATIC SYNTHESIS OF (3S,5R)-3-(AMINOMETHYL)-
5-METHYLOCTANOIC ACID

In recent years there has been a great deal of interest in a26-ligands, following the
discovery of gabapentin 43 and pregabalin 34 (Figure 4.14), which bind with very
high affinity to the a28-protein, an auxiliary subunit of voltage-gated calcium
channels (VGCCs). Both gabapentin and pregabalin have been developed for the
treatment of a number of conditions, such as generalized anxiety disorder, insomnia,
fibromyalgia, epilepsy, neuropathic pain, anxiety, and depression [74, 75].

A group at Pfizer was interested in developing efficient syntheses to support the
development of the o28-ligand, (3S,5R)-3-(aminomethyl)-5-methyloctanoic acid 44
(Figure 4.14), a lipophilic GABA analogue under development for the treatment of
interstitial cystitis [76].

Three synthetic approaches, suitable for the large-scale manufacture of the u25-
ligand, (35,5R)-3-(aminomethyl)-5-methyloctanoic acid 44, have been developed [67,
77, 78]. The selected seven-step manufacturing process was optimized and used to
prepare 20kg of APL. From this process it was concluded that the medicinal chemistry
route, although suitable for the preparation of material to support early toxicological
and clinical studies, would not be a suitable long-term manufacturing process
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without an extensive modification. The important step of the synthesis includes the
use of 4,4,4-trimethoxybutyronitrile, as an efficient four-carbon amino acid equivalent.
A highly selective kinetic resolution process was developed for diastereoselective
hydrolysis of a cyanoester intermediate 45 using Amano Lipase PS-SD. Extensive pro-
cess optimization of the route starting from (R)-2-methylpentanol led to significant
improvements through telescoping to produce 1kg of API [79].

In enzymatic diastereoselective hydrolysis process, a reactor was charged with
water (4861) and sodium bicarbonate (17.3kg), and the mixture was stirred until a
solution was formed. Lipase PS-SD (10.8kg, <23000U/g) was charged, and the
mixture was stirred until a solution was formed. The solution was transferred to a
vessel containing substrate 45 in toluene, and the reaction was carried out at 45 °C for
48h. From the reaction mixture, product 46 was isolated as a TBME solution (202.4 kg)
containing 24.8 kg of product with a 45.6% yield [79].
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Today, HMG-CoA reductase inhibitors (statins) have worldwide sales of approximately
$20 billion, led by Atorvastatin 47 and Crestor 48 (Rosuvastatin) (Figure 4.15) The syn-
thetic statins share the chiral 3, 5-dihydroxy acid side chain, which is essential for
activity and represents the synthetic challenge for the preparation of these drugs [80].

By screening genomic libraries prepared from environmental samples collected
around the globe, Diversa (now Veranium) Corporation discovered over 200 unique
nitrilases that allowed mild and selective hydrolysis of the prochiral substrate
3-hydroxyglutaronitrile (3-HGN) 49 to afford (R)-4-cyano-3-hydroxybutyric acid 50, a
precursor to Lipitor. Through gene site saturation mutagenesis (GSSM), a mutagenesis
technique that effects the combinatorial saturation of each amino acid in the protein to
each of the other 19 proteinogenic amino acids, combined with a novel high-throughput
mass spectroscopy assay [81-84], a number of improved variants were identified.
Transformation and expression of this collection of genes in E. coli furnished a compre-
hensive library of single-site enzyme mutants, which were screened in an attempt to
identify mutant enzymes with improved activity and enantioselectivity. A number of
improved variants were identified, the best of which is the Ala190His mutant which
yields product with 98.5% ee at 3M substrate loading and a volumetric productivity
of 619g/1/d [45]. Using the best mutant nitrilase enzyme, an efficient process for
preparing the Lipitor intermediate (R)-50 was developed [81, 82].

Subsequently, Dowpharma and Chirotech Technology Ltd. developed a three-
stage process that started by react