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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.

V



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:[1]

– 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.[2]

– The compatibility of enzymes with each other has enabled the design of highly effi-
cient synthetic cascades, thereby avoiding the separation of sensitive intermediates.[3]

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”.[4] 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)
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don), (2012) 485, 185.
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Schwamberger, O.; Oberer, M.; Schwab, H; Faber, K.; Macheroux, P.; Gruber. K., Nature Commun.,
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Abstracts

p 1
3.1 Dihydroxylation of Aromatics and Alkenes

C. C. R. Allen

The use of ring-hydroxylating dioxygenase enzymes for the biotransformation of aromat-
ic hydrocarbons, alkenes, and phenols to give chiral cis-dihydrodiol metabolites is of sig-
nificant potential for the preparation of chiral precursors for organic synthesis. Many
products are produced with high enantiomeric excess, and a wide number of biotransfor-
mations have been studied. This type of biotransformation is typically used to convert
readily available starting materials into single enantiomer bioproducts in a single step.
The enzymes are multicomponent systems comprising two or more protein subunits. Fur-
thermore, there is a requirement for reducing equivalents (e.g., NADH) and therefore
whole-cell biocatalysts are used, either as wild-type strains, mutants, or clones. Recently,
there have been significant developments in the use of molecular biology methods to im-
prove these biocatalysts. This review covers the approaches employed to perform specific
types of biotransformation, namely arene, alkene, and phenol hydroxylation.

R1

R2

R3

dioxygenase

R1

R2

R3

OH

OH

Keywords: biocatalysis • chiral pool • dihydroxylation • enzyme catalysis • diols • phenols

p 21
3.2.1 Cytochrome P450 in the Oxidation of Alkanes

J. C. Nolte and V. B. Urlacher

Selective direct oxidation of relatively cheap alkanes leads to valuable synthons that can
be used as building blocks for the chemical and pharmaceutical industry. This chapter de-
scribes the hydroxylation of alkanes and fatty acids catalyzed by cytochrome P450 mono-
oxygenases (CYP). It summarizes early and more-recent methods for the selective produc-
tion of terminal and subterminal alcohols, dicarboxylic acids, and other oxidation prod-
ucts of alkanes using isolated enzymes and whole-cell biocatalysts.
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Keywords: alkanes • fatty acids • microbial oxidation • biocatalysts • enzyme catalysis
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p 65
3.2.2 Oxidation Other Than with Cytochrome P450s

S. Herter and N. J. Turner

The laccase- or tyrosinase-catalyzed oxidation of phenolic compounds leads to the gener-
ation of radical cations which subsequently produce quinoid derivatives. Acting as elec-
trophilic Michael acceptors, quinones can undergo successive reactions amongst them-
selves yielding homomolecular products. In the presence of nucleophiles acting as cou-
pling partners, enzymatically generated quinones undergo hetero-cross-coupling reac-
tions to give novel hybrid molecules. In contrast to laccases, tyrosinase enzymes also cat-
alyze the ortho-hydroxylation of monophenols, giving rise to catechols and benzo-1,2-qui-
nones. Unspecific peroxygenases (UPOs) catalyze the hydroxylation of a broad range of
C-H containing substrates, including small aromatic compounds, larger polycyclic aro-
matic hydrocarbons, heteroaromatics, alkanes, and cycloalkanes. A common feature of
UPOs and chloroperoxidases (CPOs) is found in the asymmetric epoxidation of alkenes
to yield the corresponding epoxides, often with high enantiomeric excess.
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Keywords: 1,4-addition reactions • C-C coupling • C-H activation • chloroperoxidases •

C-O coupling • Diels–Alder cyclization • domino reactions • epoxidation • homomolecular
coupling • hetero-cross-coupling reactions • hydroxylation • laccases • oxidation • qui-
nones • tyrosinases • unspecific peroxygenases

p 115
3.3.1 Oxidations Using Dehydrogenases

F. Hollmann

The use of alcohol dehydrogenases has a number of advantages over traditional chemical
methods for the oxidation of alcohols. These include the mild reaction conditions, the
avoidance of tedious protecting-group strategies, and the high regio- and chemoselecti-
vites. This review highlights the most important alcohol dehydrogenases used for bioca-
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talysis and discusses the systems used for cofactor regeneration when employing these
enzymes. The oxidation of primary alcohols to aldehydes and further to carboxylic acids
is presented, along with examples of subsequent cascade reactions (e.g., oxidation–lacto-
nization of diols). The oxidation of secondary alcohols to ketones, including the applica-
tion of this reaction in kinetic resolutions and deracemizations, is also described.
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Keywords: alcohol dehydrogenases • oxidation • alcohols • aldehydes • ketones • carbox-
ylic acids • cofactor regeneration • kinetic resolution • deracemization

p 139
3.3.2 Oxidation Using Laccases

S. Herter and N. J. Turner

The oxidation of a diverse range of primary and secondary alcohols to aldehydes and ke-
tones, respectively, can be achieved via the laccase–mediator approach, which operates
in aqueous or biphasic systems under mild conditions in the presence of oxygen.
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(reduced)
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Keywords: Achmatowicz reaction • aldehyde synthesis • hydroxyphthalimide • hydroxy-
benzotriazole • ketone synthesis • laccase-mediated oxidation • primary alcohol oxidation •

secondary alcohol oxidation • violuric acid

p 157
3.3.3 Oxidations Using Alcohol Oxidases

T. A. Ewing, M. W. Fraaije, and W. J. H. van Berkel

The oxidation of alcohols to carbonyl compounds is one of the most important reactions
in organic chemistry. Biocatalysis provides an attractive alternative to traditional meth-
ods of alcohol oxidation. Enzyme-catalyzed oxidations are often highly regioselective, en-
abling the oxidation of polyols without the need for complex protection schemes. Many
oxidative enzymes also display exquisite enantioselectivity and thus can be utilized for
the preparation of enantiopure secondary alcohols by kinetic resolution or deracemiza-
tion methods. The use of biocatalysts also has advantages from the point of view of sus-
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tainability. This is particularly true for oxidases, which catalyze the oxidation of their sub-
strates using molecular oxygen as the final electron acceptor. This section provides an
overview of the known alcohol oxidases, the reactions they catalyze, and, where avail-
able, examples of their use for synthetic purposes.
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R2 R2
+ +

Keywords: alcohols • enzymatic oxidation • oxidase • dehydrogenase • biocatalysis • car-
bohydrates • regioselectivity • enantioselectivity • flavoproteins

p 187
3.4 Baeyer–Villiger Oxidations

G. de Gonzalo, W. J. H. van Berkel, and M. W. Fraaije

This chapter describes methods for performing biocatalytic Baeyer–Villiger oxidations in
which the final compounds are obtained under mild reaction conditions. In particular,
reactions that can be performed with typical Baeyer–Villiger monooxygenases are pre-
sented that illustrate the high degree of regio- and/or enantioselectivity and good yields
obtained with such enzymes for the synthesis of various compounds with high added val-
ue.
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Keywords: Baeyer–Villiger oxidation • lipases • perhydrolysis • monooxygenases • coen-
zyme regeneration • desymmetrization • lactones • (dynamic) kinetic resolution • regiodi-
vergence • enantioselectivity

p 235
3.5.1 C-N Oxidation with Amine Oxidases and Amino Acid Oxidases

L. Pollegioni and G. Molla

Selective oxidation of amines and amino acids is of utmost importance in synthetic
routes toward valuable chemicals. Such reactions can be performed using various en-
zymes. Here, the focus is on the use of the flavoenzymes monoamine oxidases and amino
acid oxidases in the selective oxidation of natural and nonnatural amines and amino
acids under mild reaction conditions. A number of recent successful applications, fre-
quently based on protein-engineering studies, are reported.
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Keywords: amine oxidases • monoamine oxidases • amino acid oxidases • stereoselectivi-
ty • deracemization • protein engineering
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p 285
3.5.2 Oxidation at Sulfur

G. Grogan

The asymmetric biocatalytic oxidation of sulfides can be performed with high enantio-
selectivity by a number of different enzymes, allowing access to biologically active com-
pounds including flavors and pharmaceuticals, and also chiral auxiliaries for organic syn-
thesis. The application of biocatalysts in asymmetric sulfoxidation has benefited recently
from advances in molecular biology that allow the study and application of individual en-
zymes, either purified or expressed in recombinant strains of E. coli. In this chapter, the
major contemporary approaches to biocatalytic sulfoxidation, including enzymes such as
peroxidases, flavin-dependent monooxygenases, and dioxygenases, are reviewed. In addi-
tion, the most user-friendly examples of enzyme-catalyzed sulfoxidation are illustrated
using practical exemplar procedures from the relevant literature.
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Keywords: Baeyer–Villiger monooxygenase • bovine serum albumin • chloroperoxidase •

cytochrome P450 • dioxygenase • flavin-containing monooxygenase • horseradish perox-
idase • peroxidase • sulfide • sulfoxidation • sulfoxide • tyrosinase • vanadium bromoperox-
idase

p 313
3.6 Halogenases

S. Gr�schow, D. R. M. Smith, D. S. Gkotsi, and R. J. M. Goss

Many halogenated compounds can be found in nature and, of these, a number must have
arisen through regio- or stereoselective enzymatic halogenation (e.g., halomon and pyr-
rolnitrin). In this chapter, the current understanding of halogenating enzymes and their
applications is presented. Electrophilic, nucleophilic, and radical halogenation are cov-
ered and the mechanism and substrate scope of these enzymatic processes are discussed.
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Keywords: bromocyclization • electrophilic substitution • enzyme biocatalysis • flavin-
dependent halogenases • halo compounds • halogenases • halogenation • metal-dependent
haloperoxidases • nucleophilic fluorination • radical chlorination • S-adenosylmethionine
halogenases
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p 361
3.7.1 Isoprenoids, Polyketides, and (Non)ribosomal Peptides

M. B. Quin, C. M. Flynn, J. J. Ellinger, and C. Schmidt-Dannert

This chapter describes methods for the biosynthesis and biocatalysis of natural products
belonging to the isoprenoids, polyketides (acetate pathway), phenylpropanoids (shiki-
mate pathway), alkaloids, and ribosomal and nonribosomal peptides. Recent advances
in genome-sequencing technologies and synthetic biology approaches are discussed, and
biological approaches are given where available.
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3.7.2 Biocatalytic Key Steps in Semisynthesis and Total Synthesis

R. N. Patel

Enzyme-catalyzed reactions are highly selective and can be carried out under ambient
conditions, thus avoiding the extreme conditions used in chemical reactions which could
cause various problems. Enzymes can be cloned and overexpressed and this feature,
along with directed evolution of enzymes under desired process conditions, has led to
the production of novel and highly efficient biocatalysts for the development of econom-
ical processes for pharmaceutical development. This article describes a number of key
biocatalytic steps in synthesis and total synthesis.
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3.8.1 Designed Enzymatic Cascades

I. Oroz-Guinea, J. Fern�ndez-Lucas, D. Hormigo, and E. Garc�a-Junceda

One of the major advantages of enzymes as catalysts is that many of them operate under
similar conditions of pH, temperature, etc. and thus can be combined in one-pot multi-
step reaction pathways. The joint action of a sequence of enzymes allows the construc-
tion of complex structures from simple elements, a reversible process to be made irrever-
sible, or an equilibrium reaction to be shifted in such a way that enantiomerically pure
products can be obtained from racemic or prochiral substrates. This chapter highlights
recent developments involving multienzyme cascade reactions for the synthesis of vari-
ous classes of organic compounds.
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3.8.2 Merging of Metal, Organic, and Enzyme Catalysis

H. Grçger and W. Hummel

This chapter reviews multistep, one-pot processes through a combination of the catalytic
disciplines of enzyme catalysis and chemocatalysis (metal catalysis, organocatalysis),
demonstrating that enzymes as catalysts can be compatible with a broad range of man-
made chemocatalysts, spanning the range from heterogeneous to homogeneous catalysts
and metal catalysts to organocatalysts. Such chemoenzymatic one-pot syntheses, which
combine reactions without the need to work-up intermediates, are attractive, for exam-
ple, with respect to both process efficiency and sustainability.
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3.9 Scale-Up and Development of Enzyme-Based Processes for Large-Scale Synthesis

Applications
J. M. Woodley

This chapter describes the basis for the scale-up and implementation of new biocatalytic
processes in industry. Particular emphasis is placed upon the requirements for a commer-
cial process, and the implications for design and choice of the biocatalyst, reactor, and
subsequent downstream processing.
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tion • synthesis design
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3.10 Emerging Enzymes

K. Faber, S. M. Glueck, S. C. Hammer, B. Hauer, and B. M. Nestl

Nature has developed and adapted a large number of enzyme types. Remarkably, these
enzymes may be further used in biocatalysis for synthetic purposes. This chapter provides
an overview of emerging cases of novel enzymes. Herein, nitrile reductases, sulfatases,
squalene hopene cyclases, and aldoxime dehydratases may provide very powerful novel
synthetic approaches in the futures, as they catalyze chemically interesting reactions un-
der very mild reaction conditions and with high selectivities. These biocatalysts comprise
a broad field of options, whereby biocatalysis may contribute to the quest for novel chem-
istry for future applications.
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3.11 Creation and Optimization of Artificial Enzymes for Abiological Reactions

R. Obexer, X. Garrabou, and D. Hilvert

Catalytic antibody technology and computational design represent conceptually distinct
strategies to artificial enzymes. Both approaches provide significant activities and tai-
lored specificities for mechanistically distinct transformations, including abiological
and asymmetric reactions. This review compares the relative strengths and limitations
of such de novo catalysts, delineating challenges to overcome in the pursuit of syntheti-
cally useful enzymes for any given chemical transformation.

Keywords: catalytic antibodies • computational design • directed evolution • Diels–Alder
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