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Preface

The use of natural catalysts - enzymes - for the transformation of non-natural
man-made organic compounds is not at all new: they have been used for more
than one hundred years, employed either as whole cells, cell organelles or
isolated enzymes [1, 2]. Certainly, the object of most of the early research was
totally different from that of the present day. Thus the elucidation of
biochemical pathways and enzyme mechanisms was the main reason for
research some decades ago. It was mainly during the 1980s that the enormous
potential of applying natural catalysts to transform non-natural organic
compounds was recognized. What started as a trend in the late 1970s could
almost be called a fashion in synthetic organic chemistry in the 1990s.
Although the early euphoria during the 'gold rush'’ in this field seems to have
eased somewhat, there is still no limit to be seen for the future development of
such methods. As a result of this extensive, recent research, there have been an
estimated 13 000 papers published on the subject. To collate these data as a
kind of 'super-review’ would clearly be an impossible task and, furthermore,
such a hypothetical book would be unpalatable for the non-expert [3-7].

The point of this textbook is to provide a condensed introduction to this
field. It is written from an organic chemist’s viewpoint in order to encourage
more 'pure’ organic chemists of any level to take a deep breath and leap over
the gap between the 'biochemical’ sciences and 'classic organic chemistry' and
to make them consider biochemical methods as an additional tool when they
are planning the synthesis of an important target molecule. At several
academic institutions this book has served as a guide for updating a dusty
organic-chemistry curriculum into which biochemical methods had to be
incorporated. The wide arsenal of classic synthetic methods has not changed
radically but it has been significantly widened and enriched due to the
appearance of biochemical methods. This is illustrated by the fact that the
proportion of papers on the asymmetric synthesis of enantiopure compounds
employing biocatalytic methods has constantly risen from zero in 1970 to
about 8% in 1989 [8] and it can be estimated that this value is approaching
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about 15% by now. Certainly, biochemical methods are not superior in a
general sense - they are no panacea - but they definitely represent a powerful
synthetic tool to complement other methodology in modern synthetic organic
chemistry.

In this book, the main stream of novel developments in biotransformations,
which in many cases have already had significant impact on organic chemistry,
are put to the fore. Other cases, possessing great potential but still having to
show their reliability, are mentioned more briefly. The literature covered by
the fourth edition of this volume extends to the end of 1999. Special credit,
however, is given to some 'very old' papers as well to acknowledge the
appearance of novel concepts. References are selected according to the
philosophy that 'more is not always better'. Generally, I have attempted to sort
out the most useful references from the pack, in order to avoid writing a book
with the charm of a telephone directory! Thus-special emphasis is placed on
reviews and books,which are often mentioned during the early paragraphs of
each chapter to facilitate rapid access to a specific field if desired.

The first edition of this book appeared in September 1992 and was
predominantly composed as a monograph. It was not only well received by
researchers in the field but also served as a basis for courses in
biotransformations at several universities. In the second, completely revised
edition was given to the educational aspects in order to provide the first
textbook on this topic in 1995. Its great success has led to the demand for an
updated version within two years. This fourth edition not only incorporates a
revision of the cited literature, but also places emphasis on new trends and
developments. In this context, novel techniques which lead to the formation of
a single stereoisomeric product in 100% theoretical yield from a racemate -
dynamic resolution, stereo-inversion and enantio-convergent processes - were
incorporated into the text. Furthermore, an additional chapter on enzymatic
peroxidation-reactions and some basic rules for the handling of biocatalysts
were added.

My growing experience of teaching the basics of biotransformations at
several universities and research institutions has enabled me to modify the text
so as to facilitate a deeper understanding of the principles. I am grateful to
numerous unnamed students for raising questions.

I wish to express my deep gratitude to Stanley M. Roberts (UK) for
undergoing the laborious task of correcting the manuscripts of the preceding
editions of this book, for raising numerous questions and for helpful
comments. Special thanks also go to W.-D. Fessner, M. Pietzsch (Germany), J.
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G. T. Kierkels (The Netherlands), and D. V. Johnson (Graz) for their helpful
hints and discussions. G. Koberwein assisted me considerably in the retrieval
of literature.

I shall certainly be pleased to receive comments, suggestions and criticism
from readers for incorporation in future editions.

Graz, December 1999 Kurt Faber

<KURT.FABER @KFUNIGRAZ.AC.AT>
<HTTP://BORGC185 KFUNIGRAZ.AC.AT>

References

1. Neidleman SG (1990) The Archeology of Enzymology. In: Abramowicz D (ed)
Biocatalysis, Van Nostrand Reinhold, New York, pp 1-24
2. Roberts SM, Tumer NJ, Willetts AJ, Turner MK (1995) Introduction to Biocatalysis
Using Enzymes and Micro-organisms, pp 1-33, Cambridge University Press,
Cambridge
3.  For conference proceedings see:
Porter R, Clark S (eds) (1984) Enzymes in Organic Synthesis, Ciba Foundation
Symposium 111, Pitman, London
Tramper J, van der Plas HC, Linko P (eds) (1985) Biocatalysis in Organic Synthesis,
Elsevier, Amsterdam
Schneider MP (ed) (1986) Enzymes as Catalysts in Organic Synthesis, NATO ASI
Series C, vol 178, Reidel Publ Co, Dordrecht
Laane C, Tramper J, Lilly MD (eds) (1987) Biocatalysis in Organic Media, Elsevier,
Amsterdam
Whitaker JR, Sonnet PE (eds) (1989) Biocatalysis in Agricultural Biotechnology, ACS
Symposium Series, vol 389, Washington
Copping LG, Martin R, Pickett JA, Bucke C, Bunch AW (eds) (1990) Opportunities
in Biotransformations, Elsevier, London
Abramowicz D (ed) (1990) Biocatalysis, Van Nostrand Reinhold, New York
Servi S (ed) (1992) Microbial Reagents in Organic Synthesis, NATO ASI Series C,
vol 381, Kluwer Academic Publishers, Dordrecht
Tramper J, Vermue MH, Beeftink HH, von Stockar U (eds) (1992) Biocatalysis in
Non-Conventional Media, Progress in Biotechnology, vol 8, Elsevier, Amsterdam
4.  For monographs see:
Jones JB, Sih CJ, Perlman D (eds) (1976) Applications of Biochemical Systems in
Organic Chemistry, part I and II, Wiley, New York
Davies HG, Green RH, Kelly DR, Roberts SM (1989) Biotransformations in
Preparative Organic Chemistry, Academic Press, London
Dordick JS (ed) (1991) Biocatalysts for Industry, Plenum Press, New York
Halgas J (1992) Biocatalysts in Organic Synthesis, Studies in Organic Chemistry, vol
46, Elsevier, Amsterdam
Poppe L, Novak L (1992) Selective Biocatalysis, Verlag Chemie, Weinheim



VIl

Preface

Cabral JMS, Best D, Boross L, Tramper J (eds) (1994) Applied Biocatalysis,
Harwood, Chur

Roberts SM, Turner NJ, Willetts AJ, Turner MK (1995) Introduction to Biocatalysis
Using Enzymes and Micro-organisms, Cambridge University Press, Cambridge
Bornscheuer UT, Kazlauskas RJ (1999) Hydrolases for Organic Synthesis, Verlag
Chemie, Weinheim

For reference books see:

Kieslich K (1976) Microbial Transformations of Non-Steroid Cyclic Compounds,
Thieme, Stuttgart

Drauz K, Waldmann H (eds) (1995) Enzyme Catalysis in Organic Synthesis, 2 vols,
Verlag Chemie, Weinheim

For collections of reviews see:

Koskinen AMP, Klibanov AM (eds) (1996) Enzymatic Reactions in Organic Media,
Blackie Academic & Professional, London

Collins, AN, Sheldrake GN, Crosby J (eds) (1992) Chirality in Industry, Wiley,
Chichester

Collins, AN, Sheldrake GN, Crosby J (eds) (1997) Chirality in Industry II, Wiley,
Chichester

Scheper T (ed) (1999) New Enzymes for Organic Synthesis, Adv Biochem Eng
Biotechnol, vol 58, Springer, Heidelberg

Fessner W-D (ed) (1999) Biocatalysis - From Discovery to Application, Topics Curr
Chem, vol 200, Springer, Heidelberg

For a collection of preparative procedures see:

Roberts, S M (1999) Biocatalysts for Fine Chemicals Synthesis, Wiley, Chichester
Crosby J (1992) Chirality in Industry - an Overview. In: Collins, AN, Sheldrake GN,
Crosby J (eds) Chirality in Industry, pp 1-66, Wiley, Chichester



Contents

Preface

1 Introduction and Background Information

1.1 INtroduction.........coeeeeiiieiiiiiiiiiiiie e 1
1.2 Common Prejudices Against Enzymes...........ccccocoeniiiiiirnnnnn.nn, 1
1.3 Advantages and Disadvantages of Biocatalysts............c..ccveeuee.e. 3
1.3.1 Advantages of Biocatalysts.........cccocovrmiirninniinniineeennee. 3
1.3.2 Disadvantages of Biocatalysts...........ccceeevverinvinirecesneenennne. 7
1.3.3 Isolated Enzymes versus Whole Cell Systems...................... 9
1.4 Enzyme Properties and Nomenclature............c..c..ccoevveeeennnnn.n. 11
1.4.1 Mechanistic ASPECES........coviiiiiiiiiieeiii et e e 12
1.4.2 Classification and Nomenclature.............cccceveecriieeennn... 21
1.4.3 COCNZYMES.ccrtrvrueinieieeeiiiiiiiiiiiiaee e e e e e e e e e e e e e eaeanes 24
1.4.4 ENZYME SOUICES...couuuuiieiieiiiiiiiiiiiiiiiiiee e eereeireee e 25
RETEIENCES. ...t e 26

2 Biocatalytic Applications

2.1 Hydrolytic Reactions..........cocccceiiiiiiieiiiiiiiieeeriiiieee e 29
2.1.1 Mechanistic and Kinetic ASpects........cccccecevveeerecciieeeennne. 29
2.1.2 Hydrolysis of the Amide Bond.........cc.ccccovvveviiiiicneenenen. 52
2.1.3 Ester HydrolysiS......ccoveieiiiiiiiiiiiiiiii e, 63

2.1.3.1 Esterases and Proteases..........cccccvceerrieeaniinnns 63
2.1.3.2 LIPaSES..uureeiiiiiiiiiiiieieee et 94
2.1.4 Hydrolysis and Formation of Phosphate Esters................. 123
2.1.5 Hydrolysis of Epoxides.......c..cccooveeviiiveinerviieinniiennnenn. 135
2.1.6 Hydrolysis of Nitriles.......cccccoiiiiiiiiiiiirniiennnineee e, 149

RETOIENCES. . cuiiuiieiiii e 159

2.2 Reduction Reactions.......c.ccocceveiiiiiiieiriiiiiiiie e, 177
2.2.1 Recycling of Cofactors..........cocoeveiieiiieneiiiie e, 177



X Contents

2.2.2 Reduction of Aldehydes and Ketones Using Isolated

ENZYMES...coiiiiiiiiiiiiiiiiiiiiiiiieieereee s 184

2.2.3 Reduction of Aldehydes and Ketones Using Whole Cells.... 192
2.2.4 Reduction of C=C-Bonds Using Whole Cells.................... 206

| S 13 (= 1 (o1 = T OO R PPPROR 213
2.3 Oxidation Reactions...........ccocveeeerriiiernimieniiiiiisiinie e, 220
2.3.1 Oxidation of Alcohols and Aldehydes...........ccccoeeveeeennn. 220
2.3.2 Oxygenation Reactions...........cccccccoiiiiiiiininiiniiniinninnn, 225
2.3.2.1 Hydroxylation of Alkanes..........ccccccvviiiivinnnne, 230

2.3.2.2 Hydroxylation of Aromatic Compounds............. 234

2.3.2.3 Epoxidation of Alkenes............ccooveiniiiiiiiniinns 236

2.3.2.4 Sulfoxidation Reactions...........cccceerreveereennnnnnnn. 240

2.3.2.5 Baeyer-Villiger Reactions..............cccoccceeeiinnn, 242

2.3.2.6 Formation of Peroxides.......cccccoccoeveiiiiininnin. 249

2.3.2.7 Dihydroxylation of Aromatic Compounds........... 253

2.3.3 Peroxidation Reactions..........ccccovvevveriiiriiiiniiiiininiecennnn. 256
REfEIENCES. .. .u i iiiiiiii e 264
2.4 Formation of Carbon-Carbon Bonds...........cccoocovciiiininnine 273
2.4.1 AldOI-REACHIONS. .. .uurveneieiiiieee e ee e e, 273
2.4.2 Acyloin-Reactions................coccoo 289
2.4.3 Michael-Type Additions........c.ccccccovviiiiiiiiiiiiiiiiiiinnnnn, 292
2SS () £ 1 (o1 PO 294
2.5 Addition and Elimination Reactions.........ccceecceeeiiiiiiiiniinnnn, 298
2.5.1 Cyanohydrin Formation............ccoecevviiiiiinnniiii 298
2.5.2 Addition of Water and Ammonia...........ccceceecereninceecannn. 302

| S =) €21 (o= T RN 305
2.6 Glycosyl-Transfer Reactions.............cccooviriiiiiiiiiiiiniiniennn, 307
2.6.1 Glycosyl Transferases...........cccooeeeiiiiiiiiiiniiiiinniinnnnnen, 307
2.6.2 GlycoSidases.......ccccoeervuiiriiiiiiiiniiiiie e 311
RETEIEICES . euuiiiiiiiiiieee e ee ettt e 319
2.7 Halogenation and Dehalogenation Reactions............cccooooecinne. 322
2.7.1 Halogenation..........cooceeiiiiuiiiiiiiieiiieee et 322
2.7.2 Dehalogenation..........coccocviiiinimiiiie i 327
RETEIENCES . uuniiiiiiitiee ettt 332

3 Special Techniques
3.1 Enzymes in Organic SOIVeNts............c.cocoiiiiiiiiiniininiinicee 334
3.1.1 Ester SyNthesiS.....coooooeiiiiiiniiiiiiiiiiiiiieeiiie e 344
3.1.2 Lactone Synthesis..........cccooiiiiiiiiiiiiiinniinciieenns 366



Contents XI

3.1.3 Amide Synthesis.......cccoccceiiiimmmnii 367
3.1.4 Peptide Synthesis......c.cooeiiiiiiiiiiiiiiiiiie e 370
3.1.5 Peracid Synthesis.......cccccomiiiiiiiiiiiiiiiiiiiiec e, 377
3.1.6 Redox Reactions..........ccccccooieiiiiiiiiiiiiiiiiiiiiieeeececereeeeee. 378
3.1.7 Medium Engineering.........ccccccoovviiiiiiiiiiinnnniiiincenninnns 381
3.2 ImmObIliZAtiON. ...ccceieieiiiiiiiiii e 384
3.3 Modified and Artificial Enzymes..........cccoeoeeeeneceenniiineaans 397
3.3.1 Modified ENzZymes..........ccocouemmiiiiiiiaeeieeeiieei s 397
3.3.2 Semisynthetic Enzymes.......ccccccccovniiiiiiniiiicinniincncnnnn. 401
3.3.3 Catalytic Antibodies.........cccooeviiiiiniueiririiiiiiiiiiiieeeen 403
RIS . .uutiiiiiiiiiii ettt e 408
4 State of the Art and Outlook......................c..., 419

5 Appendix

5.1 Basic Rules for Handling Biocatalysts..........ccccoceeiiiniiiiniinns 425
5.2 ADDreviations...........veeieeeeereiiteiieiiiiiier e e eeeeren e e e eeaans 429
5.3 Suppliers of Enzymes........ccccccocoiiniiiniiciniiiniiiiiin e 430
5.4 Commonly Used Enzyme Preparations..........ccccccceevviriinnnn. 431
5.5 Major Culture Collections..........ocoerviiviririiiiniiiiiic e, 434
5.6 Pathogenic Bacteria and Fungi............c..ccccoininiininnnn, 435

Subject IndeX.........ccoooiiiiiiiiiiiic e 436



