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Preface

As the pace and breadth of research intensifies, organic synthesis is playing an increasing-
ly central role in the discovery process within all imaginable areas of science: from phar-
maceuticals, agrochemicals, and materials science to areas of biology and physics, the
most impactful investigations are becoming more and more molecular. As an enabling
science, synthetic organic chemistry is uniquely poised to provide access to compounds
with exciting and valuable new properties. Organic molecules of extreme complexity can,
given expert knowledge, be prepared with exquisite efficiency and selectivity, allowing
virtually any phenomenon to be probed at levels never before imagined. With ready ac-
cess to materials of remarkable structural diversity, critical studies can be conducted that
reveal the intimate workings of chemical, biological, or physical processes with stunning
detail.

The sheer variety of chemical structural space required for these investigations and
the design elements necessary to assemble molecular targets of increasing intricacy place
extraordinary demands on the individual synthetic methods used. They must be robust
and provide reliably high yields on both small and large scales, have broad applicability,
and exhibit high selectivity. Increasingly, synthetic approaches to organic molecules
must take into account environmental sustainability. Thus, atom economy and the over-
all environmental impact of the transformations are taking on increased importance.

The need to provide a dependable source of information on evaluated synthetic
methods in organic chemistry embracing these characteristics was first acknowledged
over 100 years ago, when the highly regarded reference source Houben-Weyl Methoden
der Organischen Chemie was first introduced. Recognizing the necessity to provide a
modernized, comprehensive, and critical assessment of synthetic organic chemistry, in
2000 Thieme launched Science of Synthesis, Houben-Weyl Methods of Molecular
Transformations. This effort, assembled by almost 1000 leading experts from both in-
dustry and academia, provides a balanced and critical analysis of the entire literature
from the early 1800s until the year of publication. The accompanying online version of
Science of Synthesis provides text, structure, substructure, and reaction searching capa-
bilities by a powerful, yet easy-to-use, intuitive interface.

From 2010 onward, Science of Synthesis is being updated quarterly with high-qual-
ity content via Science of Synthesis Knowledge Updates. The goal of the Science of
Synthesis Knowledge Updates is to provide a continuous review of the field of synthetic
organic chemistry, with an eye toward evaluating and analyzing significant new develop-
ments in synthetic methods. A list of stringent criteria for inclusion of each synthetic
transformation ensures that only the best and most reliable synthetic methods are incor-
porated. These efforts guarantee that Science of Synthesis will continue to be the most
up-to-date electronic database available for the documentation of validated synthetic
methods.

Also from 2010, Science of Synthesis includes the Science of Synthesis Reference
Library, comprising volumes covering special topics of organic chemistry in a modular
fashion, with six main classifications: (1) Classical, (2) Advances, (3) Transformations, (4)
Applications, (5) Structures, and (6) Techniques. Titles will include Stereoselective Synthesis,
Water in Organic Synthesis, and Asymmetric Organocatalysis, among others. With expert-
evaluated content focusing on subjects of particular current interest, the Science of Syn-
thesis Reference Library complements the Science of Synthesis Knowledge Updates,
to make Science of Synthesis the complete information source for the modern synthetic
chemist.
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The overarching goal of the Science of Synthesis Editorial Board is to make the suite
of Science of Synthesis resources the first and foremost focal point for critically evaluat-
ed information on chemical transformations for those individuals involved in the design
and construction of organic molecules.

Throughout the years, the chemical community has benefited tremendously from
the outstanding contribution of hundreds of highly dedicated expert authors who have
devoted their energies and intellectual capital to these projects. We thank all of these in-
dividuals for the heroic efforts they have made throughout the entire publication process
to make Science of Synthesis a reference work of the highest integrity and quality.

The Editorial Board July 2010
E. M. Carreira (Zurich, Switzerland) E. Schaumann (Clausthal-Zellerfeld, Germany)
C. P. Decicco (Princeton, USA) M. Shibasaki (Tokyo, Japan)

A. Fuerstner (Muelheim, Germany) E. ]J. Thomas (Manchester, UK)

G. A. Molander (Philadelphia, USA) B. M. Trost (Stanford, USA)

P.J. Reider (Princeton, USA)
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Volume Editors’ Preface

The field of biocatalysis, defined as the use of enzymes for the transformation of unnatu-
ral compounds, dates back almost a century and in its infancy it was driven by curiosity
about biochemical pathways and enzyme mechanisms. It was mainly during the 1980s
that the enormous catalytic potential of enzymes was recognized for the asymmetric syn-
thesis of unnatural, high-value targets. Subsequently, the increasing demand for environ-
mentally compatible procedures paved the way for the application of biocatalysts for low-
cost bulk chemicals. The ability to develop the next generation of biocatalysts was en-
abled by major technology advances in the biosciences, which triggered several distinct
innovation waves:!!

— In the 1980s, only crude commercial enzyme preparations from the food, detergent,
and tanning industries were available, and their use for stereoselective synthesis had
much of a black-box approach. Aiming to broaden the arsenal of enzymatic reactions,
chemists began to screen whole microbial cells in the search for novel activities in the
1990s, but enzyme isolation was still a cumbersome task.

- Rapid advances in molecular biology widened the quantitative understanding of bioca-
talytic systems by means of genomics, proteomics, and metabolomics. These advances
facilitated the sequence-based search and subsequent production of suitably tagged en-
zymes via cloning and overexpression into a reliable host, which has become simple
and affordable enough to be carried out by chemists.

- The exponential growth in the availability of crystal structures of proteins has signifi-
cantly contributed to the understanding of enzyme mechanisms, which allows biocata-
lysts to be tuned for improved selectivity and stability under process conditions by site-
directed mutagenesis. Exploitation of the “catalytic promiscuity” of proteins has often
led to unprecedented catalytic activities.

- New methods for activity testing enable high-throughput screening of large libraries of
mutant enzymes generated through selective pressure by directed evolution.

- In the near future, the search for a desired catalytic activity, which is generally guided
by sequence analogy today, will include the third dimension of a desired catalytic site
derived from crystal structures to accommodate the transition state of almost any or-
ganic transformation.?

— The compatibility of enzymes with each other has enabled the design of highly effi-
cient synthetic cascades, thereby avoiding the separation of sensitive intermediates.®l
It is expected that the ever-increasing complexity of cascade design will merge with
the field of metabolic engineering, which allows the use of renewable carbon sources
more efficiently as alternatives to petroleum-based platform chemicals.

As a result of these developments, it is now possible to obtain biocatalysts that catalyze a
much more diverse range of synthetic transformations, including asymmetric amination
of ketones (transaminases), C—C bond formation (aldolases, oxynitrilases), oxidation
(amine/alcohol oxidases, P450 monooxygenases, Baeyer-Villiger monooxygenases), and
reduction (ene reductases, amino acid dehydrogenases), as well as new enzymes for hy-
drolysis (nitrilases, nitrile hydratases, epoxide hydrolases). The increased availability of
new biocatalysts will become even more prominent in the next five years as new biocata-
lyst platforms (e.g., imine reductases, alkyltransferases, halogenases) move from academ-
ic laboratories into practical application.

One impact of this rapidly changing landscape will be that process and medicinal
chemists will have additional options for replacing expensive or toxic chemical reagents
with more selective and sustainable biocatalysts. Although replacing a chemical reagent
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with a biocatalyst represents a significant step forward for biocatalysis, more transforma-
tive opportunities are presented when the use of a biocatalyst enables a new synthetic
route to the target molecule to be developed. Such routes can be more efficient and cost
effective, since they cut out steps in the synthesis and hence reduce costs and waste.
Thus, the synthetic chemists of the future will be able to redesign their routes to target
molecules using biocatalysts that can catalyze reaction steps not achievable by alterna-
tive chemical approaches. Increasingly, chemo- and biocatalysts will be used in concert
to develop efficient and telescoped reaction processes including dynamic kinetic resolu-
tion and deracemization reactions.

The conversion of an unnatural substrate in a laboratory or industrial process is of-
ten limited by the low performance of commercial “off-the-shelf” biocatalysts, which not
long ago required an extensive search from biodiversity for an enzyme variant that is suf-
ficiently effective and stable for an economical operation. In this respect, directed in vitro
evolution has emerged as a powerful technology enabling us to improve essentially any
desired property of an enzyme, including its substrate scope, stereoselectivity, catalytic
efficiency, robustness to organic solvents, high substrate concentration, pH extremes,
and elevated temperatures, or other external factors frequently dictated by optimum pro-
cess conditions. Since the proof-of-principle stage two decades ago, significant develop-
ments with respect to advanced mutagenesis technologies, smart library design, high-
throughput-screening methodology, and the introduction of powerful computer algo-
rithms for the prediction of new enzyme function have revolutionized our abilities to rap-
idly create tailor-made enzymes with optimized properties. The exponential growth in
the field of enzyme engineering by evolutive techniques and semi-rational design, draw-
ing from a rapidly increasing wealth of (genome) sequences, protein X-ray structures, and
biochemical data, is currently lifting the traditional limitations of enzymes as practical
catalysts for synthetic organic chemistry and for the development of sustainable biocata-
lytic processes of the future.

As a consequence, it is now routinely possible to adapt enzymes to a specific reaction
of interest with predefined process conditions rather than vice versa, as proven by the
many success stories including the introduction of various new industrial processes on
large scale that are based on specifically designed biocatalysts. Successful reports of en-
zymes being designed in silico (“theozymes”) to catalyze unnatural reactions are already
emerging. Although computational enzyme design is in its infancy and its impact on bio-
catalysis still limited, such methods point the way for the future and promise deeper in-
sights into the origins of efficient enzymatic catalysis.

One way to promote the use of biocatalysis when designing synthetic routes to chem-
ical targets is to embrace the concept of “biocatalytic retrosynthesis”.l The fundamental
premise of biocatalytic retrosynthesis is that target molecules are disconnected into
smaller fragments based upon the increased availability of engineered biocatalysts to cat-
alyze the forward synthetic reactions. Retrosynthesis is a standard tool used by organic
chemists when designing novel synthetic routes, but biocatalysts are rarely considered
during this design process; this is not surprising, since only recently has a diverse toolbox
of biocatalysts become generally available. The now routine application of protein engi-
neering and directed evolution for the creation of novel, robust biocatalysts has radically
changed the landscape. With the current rate of progress, it is clear that during the next
few years the number of biocatalysts available for use will greatly increase. One area
where biocatalysis is having a major impact is in the synthesis of chiral amines. In the fu-
ture, the synthesis of enantiomerically pure chiral amines will develop along similar lines
to asymmetric ketone reduction, i.e. biocatalysts will become the preferred method of
choice rather than a replacement for traditional chemical approaches in second-genera-
tion processes.
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We believe that this broad contemporary overview on the state-of-the-art in enzymat-
ic methods for asymmetric synthesis will be a useful portal for anyone interested in ap-
plying biocatalysis as a highly potent, selective, and sustainable technology complemen-
tary to metal catalysis and organocatalysis, and that this three-volume set will be a valu-
able addition to the acclaimed suite of Science of Synthesis resources as part of the Reference
Library, which has an approach orthogonal to the original concept of focusing on product
types rather than methodology. We as editors have benefited enormously from the excel-
lent scientific expertise of the many authors from all over the world, and we are grateful
for their outstanding efforts and their precious time dedicated to the successful comple-
tion of this unique project. Finally, we also would like to express our sincere appreciation
to the entire editorial team at Thieme for their extraordinary efforts made toward a seam-
less handling of manuscripts throughout the entire publication process, but in particular
for the excellent collaboration with volume coordinators Alex Russell, Toby Reeve, Mat-
thew Weston, and Mark Smith, and not least to our colleague Joe Richmond for his initia-
tive.

Volume Editors October 2014

K. Faber (Graz, Austria)
W.-D. Fessner (Darmstadt, Germany)
N. J. Turner (Manchester, UK)

1l Bornscheuer, U. T.; Huisman, G. W.; Kazlauskas, R. J.; Lutz, S.; Moore, J. C.; Robins, K, Nature (Lon-
don), (2012) 485, 185.

2 Steinkellner, G.; Gruber, C. C.; Pavkov-Keller, T.; Binter, A.; Steiner, K; Winkler, C.; Lyskowski, A.;
Schwamberger, O.; Oberer, M.; Schwab, H; Faber, K.; Macheroux, P.; Gruber. K., Nature Commun.,
(2014) 5, 4150; DOI: 10.1038/ncomms5150.

B Cascade Biocatalysis: Integrating Stereoselective and Environmentally Friendly Reactions, Riva, S.; Fess-
ner, W.-D., Eds.; Wiley-VCH: Weinheim, Germany, (2014).

4 Turner, N. ].; O’Reilly, E., Nature Chem. Biol., (2013) 9, 285.






X

Abstracts
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1.1.1 Historical Perspectives: Paving the Way for the Future
S. Servi, D. Tessaro, and F. Hollmann

This chapter describes the evolution of modern biocatalysis, focusing on the application
of both whole-cell biocatalysts and isolated enzymes in organic synthesis. Milestones in
this process are the application to -lactam and amino acid chemistry, the preparation
of chiral synthons as single enantiomers for the synthesis of pharmaceutical intermedi-
ates, the modification of carbohydrates and the synthesis of value-added products from
lipids. The application of hydrolytic enzymes (lipases, proteases, esterases, and nitrile hy-
dratases) has evolved in time toward more complex enzymatic systems such as oxido-
reductases involving cofactor recycling or aminotransferases (transaminases) leading to
the formation of chiral amines. The recently developed techniques of molecular biology
and directed evolution toward the preparation of better enzymatic catalysts are dramati-
cally improving the availability and efficiency of the enzymes and thus significantly in-
creasing the role of biocatalysis in organic synthesis.

multistep
enzyme
catalyzed
processes

optimized
enzyme
mutants

isolated &
overexpressed
enzyme

whole
wild-type
microbial cell

catalytic efficiency and selectivity

crude enzyme
preparation

1980s 1990s 2000s 2010s 2020s
time

Keywords: chiral synthons - whole-cell biocatalysis - hydrolytic enzymes - oxido-
reductases - cofactor recycling - directed evolution - cascade biocatalysis

p4l —
1.1.2 Enzyme Classification and Nomenclature and Biocatalytic Retrosynthesis
A. Liese and L. Pesci

The enzyme nomenclature system is based on six different enzyme classes, defined by the
type of chemical reaction catalyzed; hence, for a given synthetic step, it is possible to plan
an enzymatic transformation (even thinking in a retrosynthetic manner) for the synthesis
and/or modification of a certain compound. With this premise, the possibility of combin-
ing the methods of traditional chemical retrosynthesis with biocatalytic transformations
provides an enormous potential benefit for organic chemists, including the use of mod-
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ern feedstocks and “sustainable chemistry” criteria. In this chapter, enzyme nomencla-
ture is discussed, and the related information is used as a basis for applying biocatalytic
retrosynthetic analysis to several classes of organic molecules. Some key examples are
provided in order to appreciate the real potential of biocatalytic retrosynthesis, especially
when used in combination with more traditional chemical strategies.

EC 4 EC1
OH 1) (lyase) OH 0 (reductase)
disconnection 1 FGI
NC N OR2 [— R OR? f—
R'" OH e}
EC3
o) o) (lipase) e} (o)
R disconnection Rl
\H)UJ\ORZ —_— OH

(0] O

Keywords: enzyme nomenclature - reaction types - organic synthesis - retrosynthesis -
green chemistry
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1.1.3 Enzyme Sources and Selection of Biocatalysts
R. Lauchli and D. Rozzell

Biocatalysts can be obtained from commercial suppliers, natural organisms, or from en-
zyme engineering efforts. This chapter discusses the sources from which one can obtain
biocatalysts, and presents strategies for efficiently obtaining enzymes that meet the de-
mands of medium- to large-scale chemical processes.

are commercial

biocatalysts
available?

/ = \
construct collections
enzyme of natural or known
engineering literature enzymes
no ] no
is the process
(option 1) good enough? (option 2)
‘yes

scale up
(order or make

bulk biocatalyst)

Keywords: enzyme catalysis - catalysts - genomics - green chemistry
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1.2 Strategies and Methods in Biocatalysis
A. Diaz-Rodriguez and I. Lavandera

The use of biocatalysts in organic synthesis and, particularly, in the preparation of opti-
cally pure chemicals offers major advantages in terms of selectivity, efficiency, safety,
and sustainability. Thus, research groups are becoming more interested in biocatalysis
as a tool for challenging synthetic routes. Herein we focus on the different strategies
and methods that chemists have designed in order to obtain enantioenriched compounds
starting from prochiral or racemic derivatives using enzymes or whole cells as catalysts.
In the first part of the chapter, enzymatic desymmetrizations are presented, followed by
other established systems dealing with racemates to attain a single or two enantiopure
derivatives in the same reaction vessel. Then, the preparation of optically pure com-
pounds in excellent yields and enantiomeric excesses by means of deracemization tech-
niques is discussed. Finally, some recent examples where the combination of enzymes
with other (bio)catalysts has provided high-added-value targets are shown.

| (== \
o enantioconvergent processes

oy

Enantiopure prod

Keywords: desymmetrizations - kinetic resolutions - parallel kinetic resolutions - (cyclic)
deracemizations - enantioconvergent processes - dynamic kinetic resolutions - dynamic
kinetic asymmetric transformations - concurrent catalysis - cascade reactions - tandem
reactions - one-pot reactions - multistep catalysis
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1.3.1 Resolution of Alcohols, Acids, and Esters by Hydrolysis
M. Bertau and G. E. Jeromin

This chapter reviews the use of enzymes, principally esterases and lipases, as catalysts for
the resolution of racemic carboxylic acid derivatives via hydrolysis. The resolution of es-
ters of chiral primary, secondary, and tertiary alcohols, as well as diols, are examined. Bio-
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catalytic hydrolytic methods for the desymmetrization of prochiral substrates and meso-
compounds are also considered.

lipase P Amano

S OAc phosphate buffer (pH 7) S ~OH S OAc
ﬁz/\r 48% conversion ﬁz/ﬁ " QZ/\r

rac 36%; 95% ee 40%; 95% ee
Pseudomonas cepacia lipase
NHz phosphate buffer (pH 8.2) NH; NHZ
)\/CozEt )\/CozH + ~_-COEt
Ph Ph ph” >
rac 44%; 99% ee 36%; 98% ee

Keywords: carboxylic acids - carboxylic esters - alcohols - diols - resolution - esterase - li-
pase - hydrolysis - meso-trick - desymmetrization - dynamic kinetic resolution - substrate
engineering - substrate design
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1.3.2 Resolution of Alcohols, Amines, Acids, and Esters by Nonhydrolytic Processes
M. Rodriguez-Mata and V. Gotor-Ferndndez

The use of hydrolases has become a conventional process in organic synthesis, not only
for the preparation of optically pure compounds, but also for regio- and chemoselective
processes. Their utility for selective transformations under mild reaction conditions
make hydrolases attractive catalysts for performing certain transformations that are dif-
ficult to achieve by nonenzymatic strategies. Nowadays, many companies use lipases for
the preparation of high-added-value compounds and pharmaceuticals because of the ad-
vantages of hydrolase-catalyzed processes, which include cost and environmental bene-
fits. Their commercial availability, lack of cofactor dependency, and activity in both aque-
ous and organic media has allowed the development of asymmetric transformations
which are summarized in this chapter. After a brief general introduction discussing the
potential of hydrolases in organic synthesis, asymmetric reverse hydrolytic processes
are analyzed, substituting the conventional hydrolase nucleophile, water, for other spe-
cies such as alcohols, amines, esters, or ammonia. The kinetic resolution and dynamic ki-
netic resolution reactions of alcohols and amines are presented, using esters or carbon-
ates for the production of esters, amides, and carbamates in optically active form. Finally,
the resolution of carboxylic acids or esters is described via less-employed interesterifica-
tion, aminolysis, and ammonolysis processes.

hydrolase 0
organic solvent )I\ XH
LY §
H R? R2
N
R’ R?2
50%; >99% ee 50%; >99% ee
XH (0]
+ —
R! R? RS TOR*
hydrolase o
racemization agent
organic solvent )J\
— )-( R3
R1 ~ R2

100%,; >99% ee

X=0,NH



Abstracts XVl

Keywords: acylation - alcohols - alkoxycarbonylation - amines - aminolysis - ammonoly-
sis - asymmetric synthesis - carbonates - esters - hydrolases - interesterification - kinetic
resolution - lipases - transesterification

p223 —
133 Transphosphorylation
R. Wever, L. Babich, and A. F. Hartog

The transfer of phosphoryl groups from one compound to another is one of the most im-
portant mechanisms by which cell function is controlled and orchestrated. Phosphorylat-
ed compounds find several applications such as in prodrugs or drugs, flavor enhancers,
and key intermediates in the synthesis of pharmaceuticals. Regiospecific introduction of
a phosphate group into a biomolecule via chemical methods is a challenge, particularly
when the molecule has several potential phosphorylation sites or is labile. Protection and
deprotection steps have to be introduced in the synthetic procedure, leading to waste and
poor yields. Enzymes are able to catalyze reactions in a regio- or stereoselective manner
and to date many synthetic methods and routes using enzymes have been developed. In
particular, enzymatic cascade reactions in one pot are being used either in one step or
multiple steps. These cascades make use of (parts of) naturally occurring biochemical
pathways in which high-energy phosphorylated compounds drive the reaction to the de-
sired product. This chapter describes the more classical enzymatic methods as well as the
more recently developed cascade reactions to synthesize (phosphorylated) compounds.

o, O enzyme(s) o, O enzyme(s)
R SOH + X :\P/\ —_— T~ “p? . product
R

P
o~ ~o- 0" ~o-

acceptor phosphate donor

Keywords: transphosphorylation - kinases - adenosine triphosphate - phosphoenol py-
ruvate - acetyl phosphate - glucose 6-phosphate - fructose 1,6-bisphosphate - glycerol
phosphate - dihydroxyacetone phosphate - pyrophosphate - polyphosphate - glyceralde-
hyde 3-phosphate - phosphorylated nucleosides - inosine monophosphate - phosphoryl-
ated carbohydrates - alkaline phosphatase - aldolases - acid phosphatases - phosphoryl-
ases - enzymatic cascade reactions

p255 —
1.4. Hydrolysis of Nitriles to Amides
Y. Asano

Nitrile hydratase (NHase; EC 4.2.1.84) catalyzes the hydration of nitriles to form amides.
The reaction catalyzed by nitrile hydratase is strikingly fast and versatile and a wide range
of nitriles, including aromatic and arylalkyl nitriles, a- and -substituted nitriles, and
aminonitriles can be hydrated to the corresponding amides. Although nitrile hydratase
generally has low stereoselectivity, its use in conjunction with highly stereospecific ami-
dases provides a valuable route for the stereoselective synthesis of carboxylic acids. The
powerful nature of nitrile hydratase has had a huge impact on the progress of applied mi-
crobiology, enzyme engineering, and enzyme-catalyzed organic synthesis. The best-
known applications of nitrile hydratase on an industrial scale are the production of acryl-
amide and nicotinamide from acrylonitrile and pyridine-3-carbonitrile, respectively.

This chapter provides an overview of the current scope of nitrile hydratase mediated
reactions and focuses on whole-cell biotransformations.

nitrile hydratase
RICN LS
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Keywords: nitriles - amides - nitrile hydratase - hydrolysis - hydration - chemoselectivity -
carboxylic acids - kinetic resolution - desymmetrization - whole-cell biotransformations -
aldoxime-nitrile pathway

p277 —
1.4.2 Hydrolysis of Nitriles to Carboxylic Acids
L. Martinkovd and A. B. Veseld

The synthesis of carboxylic acids from nitriles utilizes two pathways of nitrile biotransfor-
mations: direct hydrolysis by nitrilase and bienzymatic hydrolysis by nitrile hydratase
and amidase. General procedures consist of using whole cells or isolated enzymes as cata-
lysts in aqueous media with a small fraction of organic cosolvent. These methods afford a
number of products that are often difficult to prepare by chemical means such as 3-oxo-
amides, cyano carboxamides and cyano carboxylic acids, enantiopure 2- and 3-substituted
carboxylic acids and carboxamides, and enantiopure (hetero)cyclic carboxylic acids and
carboxamides. Stereochemistry is mainly recognized by amidase, but in some cases also
by nitrilase and nitrile hydratase. Nitrile hydrolysis has also been employed in chemoen-
zymatic and multienzymatic methods such as the synthesis of aromatic and heterocyclic
amides from aldehydes, the synthesis of enantiopure 2-hydroxy acids from aldehydes, the
synthesis of enantiopure 3-hydroxy acids from 3-oxonitriles, and the synthesis of cyclo-
phellitols from benzo-1,4-quinone.

nitrile hydratase JOJ\ amidase

————  RI'COH

R'CN
R' "NH,

nitrilase T

Keywords: nitriles - carboxylic acids - carboxamides - aldehydes - nitrilase - nitrile hydra-
tase - amidase - stereochemistry - chemoenzymatic methods - multienzymatic methods
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1.4.3 Hydrolysis of Amides
M. Hall, K. Faber, and G. Tasnddi

This chapter describes the enzymatic hydrolysis of amide substrates. The main target
compounds are amino acids, obtained via the kinetic resolution of amino acid amides
and N-acylated amino acids using aminopeptidases, amidases, and aminoacylases. In ad-
dition, methods leading to enantiopure carboxylic acids and amines as well as lactamase-
catalyzed processes are presented.

o NHy amidase or le) OH O OH
T aminopeptidase j\: aminoacylase \Jv\ )OJ\
R'" O NH, ( ; R'” O NH, RU N R
H,0 NHs

R2CO,H H,0
rac (S)-amino acid rac

Keywords: amide hydrolysis - amino acids - amines - carboxamides - lactams - Vince lac-
tam - amidases - aminopeptidases - aminoacylases - lactamases



Abstracts XIX

p329 —
1.4.4 Enzymatic Synthesis of Amides
J. W. Schmidberger, L. |. Hepworth, A. P. Green, and S. L. Flitsch

The synthesis of amides is one of the most common reactions performed in organic chem-
istry. Biocatalysis is an attractive alternative to chemical methodologies because of the
mild reaction conditions and excellent atom economy, combined with the potential for
stereoselectivity. Here, we provide an overview of the literature on enzyme-catalyzed
amide-bond formation on a preparative scale, with a focus on nonnatural substrates.

(0]

RS R4 enzyme o]
2+ N7 — g
R1JJ\O/R H — R20OH R1J‘J\'}I/R
R4

Keywords: amines - amides - esters - aminolysis - enzymes - regioselectivity - chemose-
lectivity - stereoselectivity - kinetic resolution - lipases - esterases - penicillin acylases -
proteases - nitrile hydratases
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1.4.5 Hydrolysis of Hydantoins, Dihydropyrimidines, and Related Compounds
C. Slomka, U. Engel, C. Syldatk, and |. Rudat

Providing advantages including high chemo-, regio-, and enantioselectivity as well as mild
reaction conditions, biocatalytic reaction systems are becoming increasingly important
for the synthesis of chiral fine chemicals. This chapter focuses on hydantoins and related
compounds as promising substrates for the synthesis of optically pure amino acids and on
the enzymes involved in these processes. In particular, the production of p-amino acids,
such as D-4-hydroxyphenylglycine, via the so-called “hydantoinase process” is now well
established. Many investigations regarding the synthesis of 1-amino acids with the help
of this process have also been carried out. A further interesting application is the synthe-
sis of f-amino acids, which are gaining importance in the pharmaceutical industry due to
their special structure. Different possibilities for the application of modified hydantoi-
nase processes are discussed, in which dihydropyrimidines serve as substrates for $-ami-
no acid synthesis. Moreover, various methods to improve the synthesis of amino acids are
described.

R’ R’
0 D-hydantoinase R1,,l CozH p-N-carbamoylase H
_hvdantonase ¢ Dfecarbamoyiase Y
HN NH HN NH -CO, HoN CO.H
bl A
O O
p-hydantoin derivative N-carbamoyl-p-amino acid p-amino acid
hydantoin racemase
pH>8
R1 (@] 1 R1
H L-hydantoinase R CO,H L-N-carbamoylase
—_— —_—
HN_ _NH HN_ _NH, -0, HoN~ ~COzH
A b
O O

L-hydantoin derivative N-carbamoyl-L-amino acid L-amino acid
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1.5 Isomerizations: Racemization, Epimerization, and E[Z-Isomerization
K. Faber and S. M. Glueck

Biocatalytic racemization represents the reversible interconversion of an enantiomer to
its mirror image and is catalyzed by racemases. In the context of organic synthesis, it rep-
resents the key step to turn a kinetic resolution into a dynamic process. In contrast, sugar
isomerases, acting as intramolecular oxidoreductases, are a subclass of isomerases and
catalyze the interconversion of aldoses into ketoses, which finds application in the bio-
technological production of (unnatural) rare sugars. The field of enzymatic isomerization
is complemented by (carbohydrate) epimerization, alkene E/Z-isomerization, and mutase-
catalyzed rearrangement reactions.

X racemase X
R! A R2 R Re
X = OH, NH,
CHO ) OH
sugar isomerase
R! R'

Keywords: isomerization - racemization - epimerization - E/Z-isomerization - mutase - al-
dose - ketose
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1.6.1 Glycosidases and Glycosynthases
B. Cobucci-Ponzano and M. Moracci

Enzymatic synthesis of glycans, as an alternative to classical chemical synthesis, is of
great interest due to the exquisite stereospecificity and improved processivity and regio-
selectivity of the biological catalysts, and for the possibility of using reagents less toxic to
the environment. Nonetheless, the limitations intrinsic to the natural enzymes promot-
ing sugar synthesis, namely glycoside hydrolases and glycosyltransferases, have prompt-
ed efforts to engineer the former catalysts, obtaining glycosynthases that promote the
synthesis of oligosaccharides, polysaccharides, and glycoconjugates in quantitative yields
from inexpensive substrates. In this chapter we survey methods that exploit glycosidases
and glycosynthases to allow the efficient and reliable preparation of glycans of synthetic
relevance.
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HO"v—~_OR! HO/\/Q‘
F
R?0OH R20H
glycoside hydro!ase _RioH _HF glycosyn.thase
"transglycosylation” "synthesis"
Y0
HO"v—~_0OR?2

glycoside hydrolase

H,0 R20OH )
"reverse hydrolysis"

O
HOvm~1_0OH
R' = leaving group; R? = glycoside/sugar

Keywords: carbohydrate active enzymes - carbohydrate synthesis - enzyme engineering -
glycobiology - glycochemistry - glycoconjugates - glycosidase reaction mechanism -
glycosyltransferase - oligosaccharides - polysaccharides - protein glycosylation
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1.6.2 Glycosyltransferases
. Voglmeir and S. L. Flitsch

The stereo- and regioselective properties and the high selectivity of glycosyltransferases
toward donor and acceptor substrates make these enzymes highly attractive for synthetic
applications. Various examples of recombinantly expressed glycosyltransferases demon-
strate the versatility of both in vivo and in vitro syntheses of oligosaccharides from milli-
gram to kilogram scale. However, due to the enormous variety of carbohydrate structures
in living organisms, to date only a small proportion of carbohydrate epitopes have been
synthesized in a routine manner. This chapter summarizes recent approaches to the ap-
plication of glycosyltransferases in both preparative sugar synthesis and biotransforma-
tion.
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HO oH
OH
OH HO
glycosyltransferase (o] OH
HO o} * O ——————————= HO
HO OH HO HO o
O
OH HOG HO OH
UDP OH
unprotected acceptor sugar activated donor sugar desired glycoside
deprotection
bGO /OPG
OPG P
PGO OPG o)
OPG
o HO (0] PGO /
PGO LG * Ppgo OPG F’GOO o
OPG OPG PGO OPG
OPG
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OPG
PGO /
O#
PGO 2 B OPG
PGO \
HO O
PGO OPG
OPG

PG = protecting group; UDP = uridine diphosphate

Keywords: glycosyltransferases - enzymatic synthesis - nucleotide sugars - glycoconju-
gates - green chemistry



11

1.1

1.2

1.3

1.3.1

1.3.2

133

14

1.4.1

1.4.2

Biocatalysis in Organic Synthesis 1

Preface - i cii i i i e i i
Volume Editors’ Preface - - v i i i i i i
ADStracts - ccvv vttt i i i e ittt e e

Table of CONteNtS -« vt vrimm i i i i i i ittt ianaanns

INtrodUCtioON -« - - v v v i i i e e i e

Historical Perspectives: Paving the Way for the Future
S. Servi, D. TESSHFO, and F. Ho”mann .......................................

Enzyme Classification and Nomenclature and Biocatalytic Retrosynthesis
A.Liese and L. PESCI  + vt vrrmrmtn ittt ittt ittt ittt e

Enzyme Sources and Selection of Biocatalysts
R. Lauchli and D. Rozze” ..................................................

Strategies and Methods in Biocatalysis
A. Dfaz-Rodriguez and . Lavandera - ccccre it i i i i i i

Hydrolysis and Transacylation: Esterases, Lipases, Phosphatases,
and PhOSPhoryl Transferases - -:-ccceverrmrntieiniiinineteeeneeenenann

Resolution of Alcohols, Acids, and Esters by Hydrolysis
M. Bertau and G. E. Jeromin ...............................................

Resolution of Alcohols, Amines, Acids, and Esters by
Nonhydrolytic Processes
M. Rodriguez-Mata and V. Gotor-Ferndndez ««-««-+-veveeeeienieiiienn

Transphosphorylation
R. Wever, L. Babich’ and A. F. Hartog .......................................

Nitrile and Amide Hydrolysis and Enzymatic Synthesis of
Amides and Peptides ....................................................

Hydrolysis of Nitriles to Amides
Y. ASQNO ++cvvtoeetonetontssntosasosatosssonssssnssessossssnssansssnssnnsans

Hydrolysis of Nitriles to Carboxylic Acids
L. Martinkovd and A. B.Veseld «--ccvermmmmmmi i i e

Xxm

Xlll

XXV



XXIV

1.4.3

1.4.4

1.4.5

1.5

1.6

1.6.1

1.6.2

Overview

Hydrolysis of Amides
M. Ha”’ K. Faber, ANd G. TasnNadi - - v vrrrrmrii i i e

Enzymatic Synthesis of Amides
J. W. Schmidberger, L. |. Hepworth, A. P. Green, and S. L. Flitsch «-«-«-------

Hydrolysis of Hydantoins, Dihydropyrimidines, and Related Compounds
C. Slomka, U. Engel, C. Syldatk, and J. Rudat -«-+«evnevieneeinneiennn.n,

Isomerizations: Racemization, Epimerization, and E[Z-Isomerization
K. Faberand S. M. GlUueck «««cctrrrmmmmi it i i ittt e i

Glycosides ...............................................................

Glycosidases and Glycosynthases
B. Cobucci-Ponzano and M. MOFQCCi +«+vvvrrrremrmeneneteeneieenenrnnnnenns

Glycosyltransferases

J‘ Voglmeir and S. L. F||tsch ................................................
Keyword INAEX - v v it e e it e i e
AUthor INdeX - crrrmi i i it i et

AbBDreviations -« cccrtriii i i e it e s



1.1

111
1.1.1.1
1.1.1.2
1.1.1.2.1
1.1.1.2.2
1.1.1.2.2.1
1.1.1.2.2.2
1.1.1.2.23
1.1.1.2.24
1.1.1.23
1.1.1.2.31
1.1.1.23.2
1.1.1.233
1.1.1.234
1.1.1.3
1.1.1.31
1.1.1.3.11
1.1.1.3.1.2
1.1.1.3.1.3
111314
1.1.1.4
1.1.1.4.1
1.1.1.4.01
1.1.1.4.1.2
1.1.1.4.2
1.1.1.5

1.1.2
1.1.2.1
1.1.2.11
1.1.2.2

Table of Contents

Introduction

Historical Perspectives: Paving the Way for the Future
S. Servi, D. Tessaro, and F. Hollmann

Historical Perspectives: Paving the Way for the Future ----------covnvnnnt
The Chiral-Synthon Era, Dominated by Hydrolytic Enzymes -«-««-veveeeennen.
Beyond Chiral SYNERONS ««« -« v venveemmeninenienit ettt
Large-Scale PrOCESSES -« -« «vvvrreee ettt
Processes with Cofactor Recycling ..........................................
I T n IR a1 =S
2-Hydroxy-4-phenylbutanoic ACid « -« -« v veemmeemmeenii i
Baeyer-Villiger Monooxygenase Catalyzed Oxyfunctionalizations -+---+------
Transaminase-Catalyzed Reductive Aminations «« -+« eeeeveeenieiennnn.
Reverse Hydrolysis CONItions =« -« eeerveeeeeeeniiii
B—Lactam Antibiotic Synthesis ..............................................
ASPAMLAIMIE « - vttt ettt
Lipase-Catalyzed ESterification «« -« -« «xvveuemeenteeaiaiiiiaes
Phosphate-Transferring ENZyMes -« ««««xeeueutueteneataiiiniaiies
MiCrODial REAGENES  « v v+ v e emve et ettt ettt et
Training With Baker's YEast ««««««««veeveuenmentintiniiiiiiiiinene,
Reduction of ﬁ-Keto ESTLOIS v vveveernmemneeneeeneenneeneeenenneennennnennennns
REAUCEION Of Co=C BONAS «+««c v v e v neemneenaetne et eeae e
Acyloin Condensation and Other C—C Bond Forming Reactions - «-«-«-«------
KINEtic RESOIULION OF ESLEIS  « « « «« v v v e vneenenneene et e e eeaeeeenneens
Enzyme-Catalyzed C—C Bond Forming Reactions - «-««««-coemenereeneenen.n.
Cyanohydrins through Enzyme Catalysis «««««««««xeereeemmemieennenieennen..
Oxynitrilase (HydroXynitrile Lyase) ««««-««xeereeemmerumemeneennininennen..
Kinetic Resolution of Cyanonydrins ««« -« ««exvereeemereeninnina..
ALOIASES  « « -+ e e e et ettt e et e e
CONCIUSIONS  « -+« v e e e ettt ettt e et e et e e e e e ettt e eea e

Enzyme Classification and Nomenclature and Biocatalytic Retrosynthesis
A. Liese and L. Pesci

Enzyme Classification and Nomenclature and Biocatalytic Retrosynthesis
Recommended, Systematic Names and EC Numbers of Enzymes «-«--«-------
Structure of the Classification and Nomenclature Systems «--««-vvveeenenn.
Braunschweig Enzyme Database (BRENDA): A Comprehensive Web Platform
for Enzyme-Based RESEArC ««««««vvvrutnuententiniitiiiii e,

41



XXVI

1.1.23
1.1.2.3.1
1.1.23.2
11.233
11.234
1.1.235
1.1.23.6
1.1.23.7
1.1.23.8
1.1.239
1.1.2.3.10
1.1.231
1.1.2.3.12
1.1.2.3.13
1.1.23.14
1.1.2.3.15
1.1.2.3.16
1.1.2.3.7
1.1.2.3.18
1.1.2.3.19
1.1.2.3.20
1.1.23.21
1.1.2.3.22
1.1.2.3.23
1.1.2.3.24
1.1.2.3.25

113
1.1.31
1.1.3.2
1133
11331
11332
11333
1134
1135
1.1.3.6
1.1.3.6.1
1.1.3.6.2
1.1.3.6.3

Table of Contents

Possible Retrosynthetic Approaches ........................................
Substrate PromiscuUity ««ccvevmerreneee
N1 TS
ATKEINES  « -« v e e ettt et e et et e e e e e
ATHIIES  « + o v e e v e e e e e et e et et e et e et et e e e e e e
e e L
Aldehydes and KELONES -+« «« v veemenmtntaiiiii it
EPOXIAES « v v v eeeee e
CarbOXYIIC ACIAS ««+ v v e e ee e ettt et
ESters and AMIdEs « -« ccevreermemmemntmt ittt
[FTUIIES  « -+« e v e e m e e e e e et e e e e e e et e e e e e e e e e e
ATHNO ACIAS + « -« v e e ettt ettt e et e et e e et e e
O-HYArOXY AGIS -+« v v eeee e et
Q-HYATOXY KELONES ««++ v v v v et et e et e ettt ettt
[-Hydroxy Aldehydes, (3-Hydroxy Ketones, and 3-Hydroxy Carboxylic Acids - -
Cyanohydrins, Hemithioacetals, and Hemiaminals - «-«-«coeveeeeneneeneene.
SUIFOXIAES ANA SUIFONES -« -« v e v vemeene e e e et et e e e e
Pt T =S
FUNCHIONA!IZAtION OF AFENES -« v« v ereemenne et e e e aeaeneenenn
VICINAI DIOIS « v v v e v e vt et e e e e e et e e e e e
CycliC COMPOUNGS «+ v v v e eee et e et e e
CarbORYAIAtEs «« - v v vetete et et
PEIOXIAES  « -« v v v e et e e ettt e e et et et
POIYIMIEIS -« v e e e e ettt e ettt et et e
[SOMMEMZALION  « «+ « v e v v e v et e ettt et ettt et e e e et e e e e e
Example: Biocatalytic Retrosynthesis for the syn-3,5-Dihydroxy Acid Side

Chain OF ALOFVASTATIN +« -« v e v errememnennene e et e e eaeneneeneen.

Enzyme Sources and Selection of Biocatalysts
R. Lauchli and D. Rozzell

Enzyme Sources and Selection of Biocatalysts - ----«--coviieiiiii
Enzyme SUPP“EFS ..........................................................
Natural Biocata|y5t DIVEFSITY  + v e v e eeenee et
Biocatalyst Engineering ....................................................
Sitag“ptin Synthesis .......................................................
Telaprevir and Boceprevir Synthesis .........................................
Odanacatib Synthesis ......................................................
Strategies for Selecting ENZYIMES v v v ernnnnae ettt ettt
FULUTE OULIOOK ++ = v e e e e et te ettt ettt e ettt e e e e et aeees
Tables of Biocatalyst Suppliers and Biocatalyst Engineering Companies -------
European Companies ......................................................
North American COMPANIES + v v e v eree ettt
Asian Companies ..........................................................



1.2

1.2

1.2.1
1.2.1.1
1.2.1.2
1.2.1.2.1
1.2.1.2.2
1.2.1.2.3
1.2.1.2.4
1.2.1.2.5
1.2.1.3
1.2.2
1.2.2.1
1.2.2.2
1.2.3

13

1.3.1

1.3.1
1.3.1.1
1.3.1.2
1.3.1.3
1.3.1.3.1
1.3.1.3.2
1.3.1.33
1.3.1.3.3.1
1.3.1.3.3.2
1.3.1.3.3.3
1.3.1.334
1.3.1.3.35
1.3.1.3.3.6
1.3.1.34
1.3.1.3.4.1
1.3.1.3.4.2
1.3.1.343
1.3.1.3.44
1.3.1.345
1.3.1.3.4.6
1.3.1.3.4.7
1.3.1.35

Table of Contents XXV

Strategies and Methods in Biocatalysis
A. Diaz-Rodriguez and I. Lavandera

Strategies and Methods in Biocatalysis -« -« ««««e veeeeenueeieeniiiiin.
Stereoselective TranSFOIrMAatiONS «« -« «««cexeerreennennemnenneenneeaeennen.
Starting from Prochiral and meso-Compounds: Desymmetrizations ---«------
Starting fromM RACEMALES ««««« v v envennenntaneentt ettt
KINETIC RESOIULIONS  +« « -« v v e e m et eme e e ee e et e et e e e e e e
Parallel Kinetic RESOIULIONS ««« -« xerneennennemnneena e eenaenneenen.
DEIACEMIZATIONS  « -« v« e vt emnenn et et e et e e e e e eaeenenn
ENaNtiOCONVETGENt PrOCESSES  « -« v« v v ennernnenteneeteanteieeeeiann
DYNAMIC SYSEEIIS -+« + v+ v e e ee et e et ettt et ettt
Other Asymmetric TransfOrmations «««««««««xxeeveenuerueenieaeeniann.
Shortening the Routes: One-Pot Cascade and Tandem Systems «-««-«cevnee
Multienzymatic ProtoCOls «vcveeemm i e
Combining Enzymes with Organocatalysts or Metal Catalysts -«-----vevnvn-
CONCIUSIONS ANA OULIOOK  ++« =« v n v e eme e e et et e e et e e aeeens

Hydrolysis and Transacylation: Esterases, Lipases, Phosphatases, and
Phosphoryl Transferases

Resolution of Alcohols, Acids, and Esters by Hydrolysis
M. Bertau and G. E. Jeromin

Resolution of Alcohols, Acids, and Esters by Hydrolysis - --------cvvnnee
The Catalytic Trad -« «« v eeemmemmeeneete e
The OXyanion HOle  ««««venvemeenneenteii i
Characteristics of Hydrolases and Their Fields of Application «-«-+--cvnvvnvn.
Differences between Esterases and Lipases ««-««:eeererneenneenienenn..
Interfacial Activation of Lipases -« -+« vererrrneneeiiiniiiiint
ESEEFASES « - -+« v v v v e e e et e e et e et ettt e e e
POTCINE LIVET ESEEIASE « - -« v v v v v e e nmneemnne et et e e e e eeeeennnn
HOPSE LIVEEF ESEEIASE -« + v v v e vt meeaeee ettt et e et e et aeaeateaneanenns
Acetylcholinesterase «««««vvvereeernin i
Cholesterol ESterase -« -« vveerrmmimiie ittt iieiiaeannannaas
PeniCillin ACYIaSE  « -+ e rrree et
Microbial Esterases and Whole-Cell Biotransformations -« --««--vvvveneenen.
LIPASES «+ + v+ e e e e et et et
Porcine Pancreatic LiPase ««««««ceeesrrrmmmmeeeeeeeeaiiiiii
Candida rugosa LIPase ««« -« rermmmmeeee e
Rhizomucor miehei Lipase -« «ereeeeeeeeenaiii
Candida antarctica Lipase B+« v vvvveeeeeeneiiii
Pseudomonas cepacia Lipase -« ««««««weeeereeeeeimiiiii
Lipases in Glyceride CREMISLrY «« -« « v eenrermmenemneentiatinaeaen,
Industrial APPlICALIONS -+« « v v v vttt
FUPEher HYdrolases  «««««xveeeeennenneenttniteitt et



XXvin

1.3.1.3.6
1.3.1.4
1.3.1.4.1
1.3.1.4.2
1.3.1.43
1.3.1.5
1.3.1.6
1.3.1.6.1
1.3.1.6.2
1.3.1.7

1.3.1.71
1.3.1.7.11
1.3.1.7.1.1

1.3.1.7.1.1.2

1.3.1.7.1.1.3

1.3.1.7.1.2
1.3.1.71.3
1.3.1.7.2
1.3.1.7.21
1.3.1.7.2.1.1

1.3.1.7.21.2

1.3.1.7.3
1.3.1.7.31
1.3.1.7.3.2
1.3.1.8
1.3.1.9

1.3.1.9.1
1.3.1.9.2
1.3.1.9.2.1
1.3.1.9.2.2
1.3.1.93

1.3.2

1.3.2

1.3.2.1
1.3.2.11
1.3.21.11

Table of Contents

Formate Dehydrogenase -« -« xeeeeemuereiinuine it 148
Stereochemistry of Hydrolases -« «««««xxeemeemumemuenieaniiiiiiiiii.s 151
Stereoselectivity Model for ESterases « -« «««eeeemueeeeiinueeeiieiean.. 151
KAZIaUSKAS” RUIE «« v« v v e ettt ettt e et ettt e e e 153
Stereochemistry of Triacyl Glycerides « -« «veeeremmeeeniieeniiii e, 154
meso-Trick and DesymmMEtrization ««««« -« vvereeimeeeiiiiin i, 154
ReSOIULION OF RACEMALES -+« v v v vt mememetn ettt et ettt eneneannn. 157
IGINEtIC RESOILULION  « v v v v v e meeeee et tee e ettt e e e ieaeanens 157
Dynamic Kinetic ReSOIUTION «+«««vvermvereiiniin i 158
Kinetic Resolution of Racemic Carboxylic Acid Esters to Chiral

Alcohols and Chiral Carboxylic Acid Esters «« -+« veeveeneeniniiiinn.. 159
Racemic Carboxylic Acid Esters of Monovalent Alcohols «-«-«-cvvvvenenennnn. 159
Synthesis of Chiral Primary AICOROLS -+« « v vevremeneiiiiii, 159
Enantioselective Kinetic Resolution of Esters of Primary

Alcohols by Pseudomonas cepacia Lipase «««««««««x«eemeeeeeneenieaneeniens 160
Enantioselective Kinetic Resolution of Esters of Chiral Primary

Alcohols by Porcine Pancreatic Lipase «««««««««««xveemeerueeeeneeaneennens 161
Enantioselective Kinetic Resolution of Esters of Chiral Primary

Alcohols by Penicillin ACylase ««««««xvevremmemmeeniiieiiiiiiiii s 163
Synthesis of Chiral Secondary AlCOROIS =+« -+« vvemvereeeniiiieiniiiii., 164
Synthesis of Chiral Tertiary AICOROIS ««««« v venveemuerieeiiiiiiiiies 168
RACEMIC ESLErs Of Chiral DIOlS «««««ceneerneenaenneenennaeneeaeenaenaes 170
Synthesis of Chiral 1,2-Di0ls «« -+« v venmeemeeueanieiieiiea s 170
Enantioselective Kinetic Resolution of Esters of Chiral 1,2-Diols

With ONE Chiral CENLET « -« e v evmernneene et ettt eaeeaennn. 170
Enantioselective Kinetic Resolution of Esters of Chiral 1,2-Diols

With TWO CRiFal CENEERS -« « v v e vmermneeneene ettt eaeeeennn. 173
Prochira| Esters Of 1,3'Di0|$ ............................................... 174
Synthesis of Chiral Esters of Propane-1,3-diols «-««-«vvvevemeeeenenie .., 174
Synthesis of Chiral Esters of Cyclic meso-1,3-Diols =+« +«cvvvereereeeeenen.n. 176
Kinetic ReSOIULION OF LACLONES « -« « -« e e nernrnnenneena et eaeeaennaenans 177
Kinetic Resolution of Racemic Carboxylic Acid Esters to Chiral

Carboxylic Acids and Chiral Carboxylic Acid Esters - ««-«eveeeveeennenann... 178
Deracemization of Monocarboxylic Acid Esters - ««-«cvoeeveeeneeneenenn.n. 178
Deracemization of Dicarboxylic Acid Esters ««-«-eeeeemereeniiinnein., 180
Desymmetrization of Substituted Malonate and Glutarate Dialkyl Esters ----- 180
Deracemization of Cyclic Dicarboxylic Acid Esters «-««-ceveeveeraenaennn.. 182
Deracemization of 3-Amino Carboxylic Acid Esters ««-----oevvevreeneennns 183

Resolution of Alcohols, Amines, Acids, and Esters by
Nonhydrolytic Processes
M. Rodriguez-Mata and V. Gotor-Ferndndez

Resolution of Alcohols, Amines, Acids, and Esters by

Nonhydrolytic PrOCESSES « -+ vt vvvmreretniie ittt 189
Resolution of AlCOROIS < v vt e rm i i i e 192
Classical Kinetic ReSOIULION ++ vt et rrtmemiei ittt it i 193

Ester Synthesis ........................................................... 193



1.3.2.1.1.2
1.3.2.1.2
1.3.2.2
1.3.2.2.1
1.3.2.2.1.1
1.3.2.2.1.2
1.3.2.213
1.3.2.2.2
1.3.2.2.2.1
1.3.2.2.2.2
1.3.23
1.3.2.3.1
1.3.24
1.3.2.4.1
1.3.2.4.11
1.3.2.4.1.2
1.3.2.4.13
1.3.2.414
1.3.25

1.3.3

1.3.3
1.3.3.1
1.3.3.2
1.3.33
1.3.3.3.1
1.3.3.3.1.1
1.3.3.3.1.2
1.3.33.13
1.3.3.3.2
1.3.3.3.2.1

1.3.3.4
1.3.3.4.1
1.3.3.4.1.1
1.3.3.4.2
1.3.3.4.2.1
1.3.3.4.2.2
1.3.3.4.23
1.3.3.4.2.4
1.3.3.43
1.3.3.4.3.1

1.3.3.4.3.2

Table of Contents XXIX

AMINO AlCORO! TranSfOrMation =« «« -« «xenrerneenneeneenneenneeneenneennns 198
DyNamic Kinetic RESOIULION  ««««x v e veemmennnenieaiteniiatiiee e 200
RESOIUTION OF AMIMES  « « + « « «+ e v e e e eneeene e e e e e ene e aeaeanneenaans 202
Classical KiNetic RESOILTION ««««« v eenrernemnenneen et eaeenennnenn. 202
AMIAE SYNERESIS =+« v+ v eee ettt 203
Carbamate SyYNERESIS -+« « v v rereenenttt ettt 205
AMINO AlCONO! TranSfOrMation =« « -« «««enrerneennemneenneenaeenaenneennns 206
DyNamic Kinetic RESOIULION «««« -+« venvemeennneitiintiiieeeeeea 208
Dynamic Kinetic Resolution of Primary Amines ««-«--ceeoeemeeieieiein.. 208
Dynamic Kinetic Resolution of Secondary Amines «--«-«coeereereneeeeen.s 211
RESOIUTION OF ACIHS  +« « -+ v v v e e m e e e e ene et e e e e e e et e e e e e eae e 213
Classical Kinetic RESOILTION «« «««« e« eneerneennenneenae e eiaaenaenn. 213
RESOIUTION OF ESLEIS -« « -+« v =« e n e e e e ene et et e e e et e e e e e e 214
Classical KiNEtic RESOILTION «« -+« e eneernennenneene e eeaeeneenn. 214
TrANSESEEFITICALION ««« -+« e v e e e eneeene et et e e e e e e e e e e e eae s 214
[NEEIESLEFIFICATION -+« « -« e v« e m et e et e et et et e e et e e e e e 216
AIMUNOIYSIS  « v e+ v et e e ettt e et 217
AMIMONOIYSIS «+« + v e+ v e et ettt et ettt ettt 217
CONCIUSIONS  « -+« v« e e e e ettt e et et et e e e e e e e e et e e e e 218

Transphosphorylation
R. Wever, L. Babich, and A. F. Hartog

Transphosphorylation -« -« «evvemeeniiiiiiiiii 223
Applications of PhoSphate ESters ««««««««cveenueueenieaeeiiaienean.. 223
Classical Synthesis versus Biocatalytic Procedures -«-«-«e veeeeeenenieenn 224
Transphosphorylation by Kinases -« -« -« vveeeiiniinniiiiii ., 225
Phosphorylation by Kinases Using ATP and ATP Regenerating Systems -« ----- 225
Phosphorylation of Glucose and Analogues by Hexokinase ««-««+«veeeneene 226
Phosphorylation of Nucleotides and Nucleosides +«--«-«covereereeeeeen.. 230
Phosphorylation of Glycerol by Glycerol Kinase ««-««+ceeeereeieieein.. 230
Polyphosphate-Dependent KiNases «««««««««xxueeeeeenmenteneannanaean. 231
Synthesis of Phosphorylated Aldohexoses by

Polyphosphate-Dependent Kinases «««««««««««ueeeeeeuenuineeneenana.. 231
Transphosphorylation by Phosphate-Hydrolyzing Enzymes ««--««-vvvvevnnen. 232
AlKaline PROSPRAtaSes - -+« v v venueneentaiiaiteii ittt 232
Phosphorylation of Glycerol and (Poly)alcohols by Alkaline Phosphatases ---- 232
Acid Phosphatases and Transphosphorylation Mechanism - «-«-cevvvenenents 233
Synthesis of Phosphorylated Nucleosides -« cvvreeveeenieenn.. 234
Phosphorylation of Carbohydrates by Pyrophosphate «-«-«-«vvvveeenenne. 235
Phosphorylation of (Poly)alcohols by Acid Phosphatases «-«--«- cveeeenennt 237
Phosphorylation of 1,3-Dihydroxyacetone Using Pyrophosphate - -«-«------. 238
PROSPROIYIASES «« vt veemteieet ettt 238
Synthesis of a-p-Glucose 1-Phosphate and a-p-Galactose

1-Phosphate Using Sucrose Phosphorylase and Lactose Phosphorylase ------ 239

Nucleoside Phosphory|ase5 ............................................... 240



