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   6.1.   INTRODUCTION 

 Biocatalysis has been recognized over the past decades as a highly valuable tool for 
organic chemists to prepare enantiomerically pure molecules, so - called chiral building 
blocks, in a highly effi cient way. Besides a multitude of academic work, it is noteworthy 
that enzyme catalysis belongs to the standard repertoire in industry when facing chal-
lenging enantioselective synthetic routes. A broad range of biocatalytic methods is 
already in use in particular for large - scale manufacture of drug intermediates  [1] . 

 The research in the fi eld of enzyme catalysis has already been comprehensively 
reviewed some years ago  [2] . Thus, the focus of the current review is on a selection of 
(particularly recently developed) enantioselective enzymatic reactions, which turned out 
to be highly useful and applicable in organic synthesis, fulfi lling criteria such as high 
productivity, substrate concentrations, conversions, and enantioselectivities. The pre-
sented methods are an interesting complementary tool to existing  “ classic organic ”  or 
 “ chemocatalytic asymmetric ”  methodologies. Among biocatalytic reactions, both reso-
lution of racemates and asymmetric synthesis starting from prochiral substrates are 
attractive routes already applied, in part, in industry. A third type of biotechnological 
approach, which is not a subject of this review, are fermentation processes. A graphical 
summary of these three types of so - called  “ white biotechnology ”  methodologies is given 
in Scheme  6.1 .   

 Hydrolases are the enzyme class most commonly applied as biocatalysts in organic 
chemistry. This is mainly due to the accessibility of these enzymes (used, e.g., in the 
textile and detergents industry), their suitability for transformations in organic media 
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(in particular when using lipases), and the lack of a need for cofactors. However, in 
recent years, we have also seen an increasing tendency to apply redox enzymes in organic 
syntheses as well as lyases in C – C bond formations and transferases. Isomerases also 
turned out to be very useful in particular in combination with hydrolases for dynamic 
kinetic resolutions. Thus, a broad range of biotransformations is available for organic 
chemists. A challenge, however, is the use of ATP cofactor - dependent enzymes, which 
contribute to only a negligible number of typical organic biotransformations (e.g., due 
to the high price of ATP). 

 The fi eld of biocatalysis benefi ted signifi cantly from the tremendous progress in 
molecular biology. Highly effi cient methods for screening and optimization of biocata-
lysts (by, e.g., directed evolution in the latter case) have been developed, which allows 
access to tailor - made enzymes. Furthermore, the design of recombinant microorganisms 
gives access to highly productive whole - cell catalysts, which contain only the desired 
enzymes in large amount, thus signifi cantly reducing the required biomass for 
biotransformations compared with the use of wild - type enzymes. Such designer cells 
are economically attractive (bio - )catalysts and can be easily prepared in high cell - 
density fermentations. 

 The majority of applications of biotransformations in organic synthesis are related to 
asymmetric synthesis of chiral molecules with an emphasis on pharmaceutically relevant 
molecules or intermediates thereof. Examples for application of enzymes as biocatalysis 
in drugs synthesis will be given in the sections below. It should be noted that biotrans-
formations are not only attractive methods for lab - scale synthesis, but also are very 
effective and technically feasible process technologies on industrial scale.  

  6.2.   ENANTIOSELECTIVE ACYLATION OF ALCOHOLS AND AMINES 
WITH CARBOXYLATES 

  6.2.1.   Overview 

 Enantioselective acylation is an excellent method for resolution of alcohol and amines. 
Although recently a range of chemocatalysts has been developed for enantioselective 
acylation reactions, the most commonly applied catalysts are enzymes, in particular 
lipases. Lipases  [3]  are one of the rare types of enzymes that tolerate a broad range of 
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solvents and can be used in organic media. Besides two - phase media, lipases can be used 
even in pure organic media, which makes them easily compatible with  “ typical ”  organic 
transformations. Further reasons for lipases ’  attractiveness are their easy and cheap 
access since these enzymes often originate from applications in other (bulk product) 
sectors such as detergents and food enzymes. In synthetic applications, lipases turned 
out to be highly enantioselective and productive catalysts for enantioselective acylation 
of both alcohols and amines. When using a racemic alcohol, lipases generate enantiose-
lectively the acyl form of the preferred enantiomer while leaving the undesired enantio-
mer untouched (Scheme  6.2 , Route 1, X = O). While this reaction represents a  “ classic ”  
enzymatic resolution, combination of a lipase with a chemocatalyst for racemization of 
the alcohols enables a dynamic kinetic resolution under (theoretically) quantitative 
formation of acylated alcohol (Route 2, X = O)  [4] . Replacing the alcohol substrate with 
a racemic amine component (Route 1 and 2: X = NH) allows the analogous syntheses of 
enantiomerically pure amines. An alternative option is the use of achiral alcohols and 
racemic acid components (e.g., esters). The resulting lipase resolution is a so - called 
transesterifi cation reaction, which can be useful for the resolution of acid or derivatives 
thereof (Route 3, X = O). When carrying out the same reactions with achiral amines 
instead of alcohols, the resulting synthesis is a so - called aminolysis reaction (Route 3, 
X = NH). This reaction can be useful for the resolution of chiral acid or derivatives 
thereof as well (see Section  6.2.4 ).    

  6.2.2.   Acylation Using Racemic Alcohols 

 The resolution of racemic alcohols in the presence of lipases is a widely known technol-
ogy. To review this type of reaction comprehensively would be beyond the scope of this 
review  [5] . Therefore, in the following, selected examples are given. 

Kinetic resolution via enzymatic acylation (Route 1):

Dynamic kinetic resolution via enzymatic acylation and chemocatalytic racemization (Route 2):

Kinetic resolution via transesterification or aminolysis (Route 3):
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 Notably, at BASF AG, enzymatic acylation of racemic alcohols has already been 
established as an industrial platform  [6] . For example, using a racemic aromatic halohy-
drin  rac  -  1  in combination with succinic acid anhydride  2  as a donor molecule and a lipase 
as biocatalyst furnished the ( R ) - halohydrin ( R ) -  1 , which has been subsequently trans-
formed into the corresponding epoxide ( R ) -  4  (Scheme  6.3 ). The simple separation of 
the unconverted ( R ) - enantiomer ( R ) -  1  from the acylated halohydrin ( S ) -  3  by acid – base 
extraction is advantageous.   

 Recently, efforts have been made to acylate enantioselectively secondary alcohols 
that bear additional functional groups such as a cyano, carbonyl, or an alkine moiety. 
In a (nondynamic) kinetic resolution, cyanohydrins are acylated in the presence of a 
lipase very effi ciently, leading to enantiomerically enriched cyanohydrin acetates  [7] . 
Furthermore, protected cyclobutanones  rac  -  5  bearing an  α  - hydroxy keto moiety are 
suitable substrates for lipase - catalyzed acylation (Scheme  6.4 , equation (a))  [8] . Using 
these types of substrates, excellent enantioselectivities were obtained with E values of 
up to 910 when using a lipase from  Candida antarctica  B. This enzyme (the so - called 
lipase CAL - B) is regarded as the most versatile lipase in organic chemistry. In contrast, 
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 A very interesting one - pot process to improve overall process effi ciency has been 
reported by Kamal and coworkers. Starting from ketone reduction with sodium in the 
presence of neutral alumina in hexane, racemic alcohols are yielded after the initial step. 
Without isolation of these intermediates, subsequent enzymatic acylation in the presence 
of a lipase from  Pseudomonas cepacia  proceeded with a conversion of 49 – 50%, and gave 
both the formed ester as well as the remaining alcohol with excellent  > 99% ee in most 
cases  [12] . 

 A disadvantage of lipase - catalyzed resolutions, however, is the limitation of a 
maximum yield of 50%. This limitation can be overcome when coupling the lipase -
 catalyzed enantioselective resolution with a racemization of the alcohol substrate, thus 
obtaining a dynamic kinetic resolution process. The latter step can be carried out in a 
highly effi cient manner by a (nonchiral) metal complex as a chemocatalyst as has been 
demonstrated independently in pioneering work by the Williams  [13]  and B ä ckvall 
groups  [14,15] . Such a type of dynamic kinetic resolution process has been further devel-
oped by the B ä ckvall group into a highly effi cient approach toward enantiomerically 
pure acylated alcohols (Scheme  6.6 )  [16] . Ru complexes, for example, of type  14 , were 
used as racemization catalysts, and CAL - B was used as a lipase. The acylated alcohols 
( R ) -  15  were obtained in good to high yields of 78 – 92% and with excellent enantioselec-
tivities of  > 99% ee. The reaction is shown for the use of  p  - chlorophenylacetate as a 
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only low enantioselectivities were found when using  α  - hydroxy cyclobutanone in non-
protected form.   

 Propargylic alcohols have been resolved as well very successfully in the presence of 
lipase CAL - B by Porto and coworkers  [9] . In the presence of this enzyme, acylation of 
racemic phenyl propargylic alcohol  rac  -  8  proceeded highly enantioselectively, reaching 
an excellent E value of 1057 (Scheme  6.4 , equation (b)). Further propargylic alcohols 
with a different substitution pattern also undergo CAL - B - catalyzed acylation in a highly 
enantioselective manner. In addition, Bornscheuer et al. reported the development of 
new lipases highly suitable for the resolution of propargylic alcohols  [10] . 

 Another very interesting structural motif is the biaryl - substituted secondary alcohol 
moiety. Enantioselective enzymatic acylation of such molecules has been reported by 
Rebolledo and coworkers  [11] . Notably, excellent enantioselectivities with E values of 
 > 200 were obtained in the acylation of a range of biaryl - substituted secondary alcohols 
of type  rac  -  10  when using lipase from  C. antarctica  A (CAL - B) as a biocatalyst (Scheme 
 6.5 ). Excellent enantiomeric excess of  > 99% ee has been obtained for both the formed 
ester ( R ) -  11  and remaining alcohol substrate ( S ) -  10 .   
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donor in Scheme  6.6 . Commercially available isopropenyl acetate can be used as an 
alternative donor but requires the additional use of hydrogen to prevent decreased yields 
due to ketone formation.   

 Modifi ed versions of this chemoenzymatic dynamic kinetic resolution based on the 
use of other racemization catalytic systems were reported by the Kim and Park group 
 [17,18]  as well as the Sheldon group  [19] . Notably, a large - scale industrial process at 
DSM has been developed recently. Therein, a modifi ed Ru - Noyori - type catalyst was 
used in combination with immobilized CAL - B  [16,20] . 

 Besides methodology development, this dynamic kinetic resolution process has been 
applied for the highly enantioselective synthesis of a broad range of compounds bearing 
(at least one) alcohol functionality. For example, racemic/ meso  - diols  [21 – 23] , allylic 
alcohols  [24,25] ,  α  -  and  β  - hydroxy esters  [26,27] , halohydrins  [28] , and hydroxyl phos-
phonates  [29]  served as substrates. The reactions typically proceed with high conversion 
and excellent enantioselectivities, leading to the corresponding desired esters in high 
enantiomeric excess. Thus, this type of dynamic kinetic resolution based on the use of 
metal racemization catalysts in combination with a lipase for enzymatic resolution in 
organic media is already considered a highly effi cient and mature technology for the 
highly effi cient preparation of chiral esters with a broad substrate tolerance with respect 
to the alcohol moiety. 

 A very specifi c, recent application of this type of dynamic kinetic resolution is the 
use of this technology by DSM researchers for the enantio -  and diastereoselective syn-
thesis of chiral polymers  [30] . Dimethyl adipate ( 18 ) was used as acceptor in combination 
with a mixture of racemic and  meso  - alcohols of type  17 , leading to the corresponding 
chiral polyester  20  in an enantioselective manner. The ruthenium complex  19  was used 
as racemization catalyst in combination with lipase CAL - B as biocatalyst for the resolu-
tion (Scheme  6.7 ).   

 One limitation is the dependency on relatively expensive heavy metal racemization 
catalysts. In the search for a cheap source, the Berkessel group developed a highly effi cient 
approach based on a cheap and readily available aluminum racemization catalyst 
(Scheme  6.8 )  [31] . The aluminum racemization catalyst was prepared from AlMe 3  and 
binaphthol. CAL - B was applied as an enzyme component. The resulting chemoenzymatic 
dynamic kinetic resolution gave the desired products in excellent conversion and enanti-
oselectivity. For example, racemic 1 - phenyl - 1 - propanol ( rac  -  21 ) was acylated enantiose-
lectively under formation of the resulting ester ( R ) -  22  with 99% yield and 98% ee.   
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 Lipase - catalyzed enantioselective acylation has also been combined with a reversible 
nitroaldol reaction (Henry reaction) for the preparation of  O  - acylated  β  - nitroalkanols 
(Scheme  6.9 )  [32] . In this type of dynamic kinetic resolution, the products ( R ) -  26  were 
obtained in yields of up to 92% and with enantioselectivities of up to 99% ee. 
Immobilized lipase from  P. cepacia  (PS - C I) turned out to be particularly useful, and 
2 - nitropropane was used as the nitroaldol donor component.   

 Since cyanohydrins are intermediates for the synthesis of a variety of valuable chiral 
building blocks, much effort has been made toward dynamic kinetic resolution of racemic 
cyanohydrins.  In situ  racemization has been achieved via reversible hydrocyanation 
reaction, leading to an easy cleavage of the cyanohydrin. In contrast, the acylated cya-
nohydrin, which is formed in the lipase - catalyzed resolution in a highly enantioselective 
fashion, is stable with regard to racemization  [33 – 35] .  
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  6.2.3.   Acylation Using Racemic Amines 

 Further chiral building blocks of broad industrial interest, in particular for the life sci-
ences industry, are enantiomerically pure amines that are widely used as an intermediate 
in the manufacture of pharmaceuticals and agrochemicals  [36] . Also, for these target 
molecules, enzymatic resolution via lipase - catalyzed aclation turned out to be an excel-
lent synthetic methodology. This process shows in particular an impressive effi ciency 
when using methoxy acetate as an acylation agent, as has been demonstrated by BASF 
researchers  [37] . Compared with  “ standard ”  acceptors (such as ethyl acetate), a rapid 
increase of the reactivity was observed when using methoxy acetate. Starting from 
racemic amines, lipased - catalyzed acylation proceeds highly enantioselectively, thus 
forming the amide with excellent enantioselectivities. Accordingly, also the remaining 
amine enantiomer can be obtained easily in enantiomerically enriched form. The enan-
tioselectivities are impressive, with E values for this process exceeding 2000. In addition, 
the process runs in pure organic media with, for example, MTBE as solvent, with a high 
volumetric productivity. Different types of lipases can be applied, such as lipase from 
 C. antarctica  B and lipase from  Burkholderia plantarii . The substrate range of this 
process technology is very broad and excellent results have been obtained for a diverse 
set of amines. Selected examples are given in Scheme  6.10  showing that the desired 
products were obtained in excellent enantiomeric excess.   
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 The power of this method is underlined by the fact that this methodology is applied 
at BASF AG on an annual 2.500 - t scale for the production of ( S ) - methoxyisopropyl-
amine, which is an intermediate in the production of the herbicide  “ Outlook ”   [38] . 
Furthermore, resolution of a range of other racemic amines is carried out at an annual 
scale of 1.500   t via this methodology at BASF AG. This method impressively demon-
strates how effi cient resolution can be (even on large scale) in spite of the general limita-
tion of a maximum yield of 50%. 

 Very recently, a broad investigation of the substrate scope has been reported by 
Ditrich using this resolution methodology  [39] . Notably, a broad range of aliphatic, as 
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well as aromatic, amines  rac  -  32  are suitable substrates, and the obtained enantioselectivi-
ties are very impressive with E values of up to  > 3000. In Scheme  6.11 , yields, enantio-
meric excesses, and E values are given for selected substrates in this kinetic 
resolution.   

 Functionalized amines can be resolved as well. This has been shown, for example, 
for the enantioselective acylation of  β  - amino acid esters  [40] . For example, when using 
ethyl acetate as aclyation reagent and CAL - B as a suitable lipase, the resolution fur-
nished the acetylated ethyl 3 - amino butyrate with a high enantioselectivity (E   =   80)  [41] . 

 Very recently, Bertrand, Gastaldi and Gil et al. found that pure long - chain fatty acids 
(e.g., lauric acid) are suitable acylation reagents and lead to high enantioselectivities 
with E values exceeding 500 for 2 - amino - 4 - phenylbutane even when carrying out the 
resolution at the high temperature of 80 ° C  [42] . A further acylation reagent is ( R ) -
 phenylglycine amide, which reacts with racemic amines under the formation of the 
( R , R ) - amide while leaving the remaining ( S ) - enantiomer of the amine unchanged  [43] . 
Notably, this acylation reported by Svedas et al. is carried out in aqueous solution. As 
a catalyst, penicillin acylase from  Alcaligenes faecalis  was used. 

 A major challenge in the last few years has been the development of effi cient dynamic 
kinetic resolution of racemic amines by combination of lipase - catalyzed resolution and 
a synthetic racemization catalyst in organic media (according to the concept discussed 
above for the dynamic kinetic resolution of racemic alcohols). Since amines are much 
more diffi cult to racemize in comparison with alcohols, the key step was the development 
of a suitable racemization protocol enabling amine racemization at (relatively) smooth 
reaction conditions. In a very recent work, De Vos et al. studied the suitability of Raney 
metals as heterogeneous catalysts for racemization of amines  [44] . After identifying 
Raney nickel and cobalt as selective racemization catalysts for amines, subsequent 
dynamic kinetic resolution of aliphatic amines using CAL - B gave, for example, a yield 
of 95% ee and 97% ee for the corresponding  N  - acetyl 2 - hexylamide.  
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  6.2.4.   Other Acylations 

 In principle, one could also carry out a kinetic resolution with an achiral alcohol or amine 
and a racemic acid moiety (e.g., an ester). When using an achiral alcohol and a racemic 
ester, this type of reaction is called transesterifi cation. Although numerous transesteri-
fi cations are known for different types of esters  [45] , a drawback from a practical point 
of view is the diffi culty of product separation. Since the reaction mixture contains sub-
strate and products in similar amounts and since both substrate and products are 
(related) esters, workup can be tedious in many cases. The analogous enzyme catalytic 
transformation of achiral amines and racemic acid components is also known as ami-
nolysis  [46] . In this case, the resulting reaction mixture can be separated more easily by 
converting the ester in a subsequent hydrolytic step in its acid while the formed amide 
remains unchanged. Thus, enantioselective aminolysis can be an elegant approach 
toward enantiomerically enriched acids. Aminolysis reactions have also been reported 
 [47] . Recent examples of aminolysis reactions used in desymmetrization as well as reso-
lution reactions have been reported by various groups for the synthesis of, for example, 
optically active  β  - amino acids and derivatives thereof. 

 An interesting example for an enzymatic aminolysis and ammonolysis in an enanti-
oselective desymmetrization reaction has been reported by the Gotor group  [47] . Using 
a lipase from  C. antarctica  B, enzymatic aminolysis and ammonolysis of dimethyl 3 - 
(benzylamino)glutarate,  34 , gave the corresponding monoamides in very good yields 
of up to 92% and in enantiomerically pure form. A selected example is shown in 
Scheme  6.12 . The resulting monoamides are interesting intermediates for the synthesis 
of non - natural  β  - amino acids, as has been demonstrated for the preparation of ( R ) - 3,4 -
 diaminobutanoic acid.   

 An example for an enzymatic resolution via aminolysis is the chemoenzymatic syn-
thesis of short - chain aliphatic  β  - amino acid esters by the Gr ö ger group  [48] . This reaction 
is carried out as a one - pot two - step synthesis starting from easily available enoates and 
benzylamine. The initial step is a thermal Michael addition leading to the corresponding 
racemic  β  - amino esters. Subsequent resolution via aminolysis with benzylamine as donor 
and lipase from  C. antarctica  (CAL - B) yields the desired optically active  β  - amino ester 
of type  38  with good conversion and excellent enantioselectivities of up to 99% ee. An 
example is shown in Scheme  6.13 .   

 A dynamic kinetic resolution with enzymatic aminolysis as the key step has been 
reported by the Kostic group  [49] . In the presence of an immobilized phosphonium 
chloride for racemization of ethyl 2 - chloropropionate  40  and lipase from  Candida 
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cylindracea  (CCL), aminolysis led to the formation of the desired amides ( S ) -  41  in yields 
of up to 92% and with enantiomeric excess of up to 86% ee (Scheme  6.14 ).     

  6.3.   HYDROLYTIC REACTIONS 

  6.3.1.   Overview 

 Besides their use in acylation reactions (see Section  6.2 ), hydrolases are very useful cata-
lysts for the hydrolysis of carboxylic acid derivatives, in particular esters and amides. 
The hydrolysis of esters has been applied not only for the resolution of racemic carboxylic 
esters but also for the desymmetrization of prochiral diesters such as malonates or  meso  -
 compounds bearing two ester moieties. Although ester hydrolysis is probably the most 
frequently applied hydrolytic transformation with hydrolases, hydrolysis of other func-
tional groups plays a role as well. The hydrolysis of nitriles to carboxylic acids turned 
out to be a versatile approach toward  α  - hydroxy acids and  α  - amino acids. Notably, this 
process can be carried out as a dynamic kinetic resolution since racemization of the 
substrate proceeds easily under the applied reaction conditions. Furthermore, hydrolysis 
of amide bonds plays a very important role in the fi eld of enantioselective amino acid 
synthesis. Notably, hydrolytic reaction can proceed at the acid amide moiety (with ami-
dases) as well as at the  N  - acylated amino functionality (by using aminoacylases). Both 
routes are highly effi cient and are widely applied already on technical scale in the fi ne 
chemicals industry for the synthesis of chiral amino acids. Racemases are available for 
both of these processes, which make dynamic kinetic resolutions possible. Another 
dynamic kinetic resolution for amino acid production by means of hydrolytic enzymes 
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is the transformation of racemic hydantoins into enantiomerically pure D -  or L - amino 
acids. In this process, hydantoinases and carbamoylases are the enzymes of choice for 
the hydrolytic steps, whereas racemization is dependent on pH or occurs by addition of 
a hydantoin racemase.  

  6.3.2.   Ester Hydrolysis 

 A  “ classic ”  biocatalytic approach toward chiral carboxylic acids is hydrolysis of racemic 
or prochiral esters in enzymatic hydrolysis reactions. Lipases, esterases, and proteases 
were used as enzyme components. For resolution based on the use of these types of 
hydrolases, a broad range of racemic substrates can be used. Alternatively, prochiral 
substrates or  meso  - substrates can be used, which give the opportunity for a desymme-
trization reaction with a (theoretically) quantitative yield of the resulting enantiomer. 
The fi eld of enzymatic hydrolytic reactions for the synthesis of chiral carboxylic acids 
has been comprehensively reviewed  [46] . Thus, in the following, the focus is on selected 
recent examples, which additionally show a high degree of synthetic effi ciency, for 
example, high volumetric productivity, substrate concentration, and selectivity. 

 A highly effi cient synthesis of an indole ethyl ester ( R ) -  42  as an intermediate for a 
prostaglandin D2 receptor antagonist via lipase - catalyzed hydrolysis of the correspond-
ing racemate has been reported by Merck researchers  [50,51] . The desired ( R ) - ester 
( R ) -  42  was obtained with an excellent enantiomeric excess of  > 99% ee as remaining 
ester after hydrolysis of  rac  -  42  with a conversion of 50% (Scheme  6.15 ). As a catalyst, 
a lipase from  Pseudomonas fl uorescens  was used. Notably, the reaction runs at a high 
substrate concentration of 100   g/L. Furthermore, the process turned out to be technically 
feasible and was applied successfully on a 40 - kg scale  [51] .   
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 Highly enantioselective hydrolysis of racemic alicyclic  cis  -  and  trans  -  β  - amino esters 
 rac  -  44  in the presence of lipase from  C. antarctica  B has been reported by the F ü l ö p 
group  [52] . Notably, hydrolysis was performed in diisopropylether with only 0.5 equiva-
lents of water. For example, the resulting  cis  -  β  - amino acids, for example, (1 S ,2 R ) -  45 , 
were obtained in high yields of 42 – 46% and with excellent enantiomeric excess of 96 –
 99% ee. The opposite enantiomeric forms have been isolated as hydrochloride salts of 
the resulting acids (e.g., (1 R ,2 S ) -  46 ) after hydrolysis also in high enantiomeric excess. 
In Scheme  6.16 , a representative example is given. Enzymatic hydrolysis also turned out 
to be very suitable for the lipase - catalyzed resolution of a broad range of other types of 
 β  - amino acids  [53 – 55] .   
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 A further widely applied lipase - catalyzed resolution is the enantioselective hydrolysis 
of racemic  α  - amino acids esters  [56] . As a representative example, an effi cient kinetic 
resolution of racemic octyl pipecolate has been achieved by Kazlauskas et al. using a 
lipase from  Aspergillus niger   [57] . The desired ( S ) - 2 - piperidinecarboxylic acid was 
obtained with an enantioselectivity of E    >    100. The engineering of the reaction medium 
for lipase - catalyzed resolution via ester hydrolysis has been reported jointly by Land-
fester, Gr ö ger, and coworkers. In the presence of porcine pancreas lipase as enzyme, 
the hydrolytic resolution of racemic phenylalanine  n  - propyl ester reaction proceeds at 
high substrate concentrations of up to 827   g/L of solvent  [55] . Furthermore, a dynamic 
kinetic resolution, which is based on a hydrolase - catalyzed ester hydrolysis in combina-
tion with amino ester racemization using an aromatic aldehyde, has been developed by 
the Beller group. For this type of reaction, a protease was used as hydrolase. For 
example, L - tyrosine is formed in 92% yield and with an enantioselectivity of 97% ee 
from the corresponding benzyl ester when using alcalase in combination with 3,5 - 
dichlorosalicylaldehyde  [58] . Alternatively, pyridoxal 5 - phosphate was successfully used 
in combination with  α  - chymotrypsin and alcalase, respectively  [59,60] . 

 Lipases also turned out to be suitable for the resolution of complex molecules bearing 
more than one additional functional group. This is exemplifi ed by the enzymatic hydro-
lysis of  47 , which represents a key building block of epothilones. The Wessjohann and 
Bornscheuer group found that in the presence of a lipase from  Burkholderia cepacia  
(Amano PS), the acyloin acetate  47  was hydrolyzed highly enantioselectively with an E 
value of  > 300, leading to the corresponding diol (3 S ,10 R ) -  48  in  > 99% ee (Scheme  6.17 ) 
 [61] .   

 The power of hydrolases to recognize also  “ remote chiral centers ”  has been demon-
strated by Liu et al. in the synthesis of Lasofoxifene, a potent and selective estrogen 
receptor modulator  [62] . The Pfi zer researchers found that, in particular, a cholesterol 
esterase from porcine pancreas is capable for this type of resolution. Although in substrate 
 rac  -  cis  -  49  the functional group for enzymatic hydrolysis (ester group) is separated from 
the stereogenic center by an aromatic group, enzymatic resolution proceeds with a high 
enantioselectivity as the E value of 60 indicates. The desired product Lasofoxifene ( cis  -  50 ) 
is obtained at 35% conversion with an enantiomeric excess of 96% ee (Scheme  6.18 ).   
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 A further impressive resolution for the synthesis of a drug intermediate has been 
reported by Tao and coworkers at Pfi zer with the hydrolytic synthesis of the desired acid 
( S ) -  52  as an intermediate for a rhinovirus protease inhibitor  [63,64] . The resolution 
proceeds at a high substrate input of 100   g/L of  rac  -  51 , and delivered the required acid 
( S ) -  52  with 50% conversion and a high enantiomeric excess of 96% ee (Scheme  6.19 ). 
The unwanted enantiomer ( R ) -  51  can be separated and subsequently recycled. The 
biocatalyst, a protease from  Bacillus lentus , which has not been reported before to be 
used as a catalyst, has been identifi ed by screening of a comprehensive library of hydro-
lases. Other effi cient resolutions of pharma intermediates via enzymatic hydrolysis have 
been also reported by the same group  [65,66] .   

 The desymmetrization of 2,2 ′  - disubstituted malonates (e.g.,  53 ) is a versatile approach 
for enantiomerically enriched carboxylic acids of type ( R ) -  54 . Pioneer work by 
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Schneider et al. showed the suitability of porcine liver esterase (PLE) for many different 
types of malonate substrates  [67] . High enantioselectivities of up to 86% ee were 
obtained. A representative example is shown in Scheme  6.20 . It should be added that, 
in the meantime, the PLE is available also in recombinant form  [68] . Reaction medium 
engineering for the desymmetrization of malonates with PLE has been done as well 
 [69,70] . By means of an optimized reaction medium consisting of aqueous buffer, 2 - 
propanol, and  tert  - butanol (with a ratio of 8:1:1), the enantioselectivity has been increased 
from 81% without alcohol additives to 96% ee for the PLE - catalyzed hydrolysis of 
diethyl 2 - methyl - 2 - phenylmalonate  [70] .   

 The application of PLE in asymmetric synthesis has been reviewed comprehensively 
very recently  [71] .  

  6.3.3.   Nitrile Hydrolysis 

 The transformation of racemic or prochiral nitriles into carboxylic acids can be done 
enantioselectively in the presence of nitrilases. For example, racemic  α  - hydroxy nitriles 
or  α  - amino nitriles have been used in particular, since these substrates racemize under 
the reaction conditions. 

 The transformation of  α  - hydroxy nitriles into its corresponding acids has been 
reported by Yamamoto et al. already in 1991 for the synthesis of ( R ) - mandelic acid 
(( R ) -  57 ) with excellent enantiomeric excess of  > 99% ee. As a biocatalyst, resting cells 
of  A. faecalis  were used bearing an ( R ) - selective nitrilase. The desired ( R ) - mandelic acid 
was obtained in 91% yield in a dynamic kinetic resolution with spontaneous racemiza-
tion of mandelonitrile (caused by the equilibirium with benzaldehyde and hydrogen 
cyanide) under the chosen reaction conditions (Scheme  6.21 )  [72,73] . Benzaldehyde and 
hydrogen cyanide can be used as substrates as well as an alternative. This type of process 
already found commercial application for the technical production of ( R ) - mandelic acid 
at Mitsubishi Rayon and BASF AG  [6] .   

 In addition, nitrilases suitable for a broad range of substituted mandelonitriles, 3 - aryl -
 2 - hydroxypropionitiles, and 3 - hydroxyglutaronitrile were found by DeSantis and Burk 
et al. by means of a screening of genomic libraries  [74] . The desymmetrization of pro-
chiral 3 - hydroxyglutaronitrile  58  via nitrilase - catalyzed hydrolysis affords the corre-
sponding hydroxy acid ( R ) -  59 , which represents an intermediate used in the production 
of the drug Lipitor. By means of the identifi ed nitrilases, high conversion of  > 95% and 
high enantioselectivities of  > 90% ee were obtained  [74] . Furthermore, enzyme engineer-
ing delivered an optimized nitrilase (mutant), which gave the Lipitor intermediate ( R ) -
  59  in 96% yield and 98.5% ee when operating at a high 3   M substrate concentration 
(Scheme  6.22 )  [75] . Thus, both excellent volumetric productivity and high enantiomeric 
excess were realized by means of this optimized evolved nitrilase.   
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 Furthermore, nitrilases can also catalyze enantioselectively the hydrolysis of  α  - amino 
nitriles under formation of optically active amino acids. Using a nitrilase of  Rhodococcus 
rhodochrous , Furuhashi et al. reported the formation of L - leucine with an enantiomeric 
excess of about 97% ee with racemic aminoisocapronitrile as a starting material  [76] . 

 A further highlight in nitrilase - based asymmetric synthesis is the preparation of a key 
intermediate for a second generation process for pregabalin (Scheme  6.23 )  [64] . Starting 
from a racemic dinitrile  rac  -  60  regio -  and enantioselective hydrolysis delivered the cor-
responding acid ( S ) -  61  in 45% yield and with an excellent enantiomeric excess of  > 98% 
ee. Notably, the remaining undesired enantiomer ( R ) -  61  can be easily recycled. Thus, 
the overall yield of pregabalin is increased from 18% to 21% in the original process 
 [77]  up to 40% (after one recycling) in this biocatalytic second generation process 
 [64] . Notably, a further effi cient biocatalytic synthetis route toward pregabalin based 
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on a lipase - catalyzed resolution via hydrolysis has also been developed by Tao et al. 
recently  [78] .    

  6.3.4.   Amide Hydrolysis 

 Enantioselective resolution of racemic amides belongs to the most important biotrans-
formations in the fi eld of enantioselective amino acid synthesis. In general, two types of 
amides can be used as substrates, namely  N  - acylated amino acids or amino acid amides. 
Both substrates can be easily prepared on large scale as well. For hydrolysis of  N  - 
acylated amino acids, aminoacylases or penicillin acylases are the enzymes of choice, 
whereas amidases are used in case of amino acid amides. Both resolution techniques are 
applied on large scale and represent key industrial technologies for the technical produc-
tion of L -  and D - amino acids. 

 To start with the aminoacylase - catalyzed resolution of racemic  N  - acetyl  α  - amino 
acids,  rac  -  62 , this methodology is robust and highly effi cient. An impressive study on the 
substrate range by Whitesides et al. revealed that amino acylases I from porcine kidney 
and  Aspergillus oryzae  tolerate a broad range of aliphatic, aromatic, and heteroaromatic 
substrates, leading to the desired L - amino acids of type L -  63  in good yields and with 
excellent enantiomeric excess of  > 99% ee in many cases  [79] . Selected examples of this 
type of resolution for the synthesis of L - amino acids ( S ) -  63  are shown in Scheme  6.24 .   
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 Due to the high process effi ciency, the amino acylase technology has been industrially 
applied for decades on a several hundred ton scale  [80] . An elegant technical 
concept developed by Wandrey, Kula and Leuchtenberger et al. represents the enzyme 
membrane reactor (EMR), which is applied at Degussa AG (now Evonik Degussa 
GmbH) for the manufacture of L - methionine  [81,82] . In a continuous resolution 
process in homogeneous solution, the enzyme cleaves enantioselectively the L -  N  - acetyl 
methionine under formation of the desired L - amino acid L - methionine. Due to its 
high effi ciency, amino acylases - type resolution has become a widely applied 
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 “ standard ”  method in  α  - amino acid synthesis. Besides natural substrates, this method 
turned out to be very suitable also for (non - natural)  α  - amino acid pharma intermediates. 
For example, recently, researchers at Boehringer Ingelheim Pharmaceuticals, Inc. 
reported the synthesis of the non - natural  α  - amino acid ( S ) -  65 , a key building block in 
the synthesis of a protease inhibitor  [83] . In the presence of an amino acylase I, the reso-
lution proceeds in aqueous buffer at pH 7.0 under the formation of ( S ) - 2 - amino - 8 -
 nonenoic acid, ( S ) -  65 , in  ≥ 45% yield and with  > 99% ee (Scheme  6.25 ).   

 D - enantioselective amino acylases are available for the analogous synthesis of the 
corresponding D - amino acids  [84,85] . Furthermore, dynamic kinetic resolution based on 
the combination of an aminoacylase and an  N  - acetyl amino acid racemase has been 
successfully developed by the Tokuyama group and Kula group  [86,87] . This type of 
dynamic kinetic resolution has been applied in a continuous synthesis of optically active 
methionine using a recombinant  N  - acylamino acid racemase from  Amycolatopsis  sp. and 
an L -  and D - aminoacylase, respectively  [88] . The dynamic kinetic resolution in the pres-
ence of an L - amino acylase gave enantiomerically pure L - methionine in a continuous 
production process in  > 99% yield. 

 Starting with  N  - phenylacetyl amino acids as substrates, a penicillin acylase, which is 
a highly effi cient enzyme used in the large - scale manufacture of 6 - amino penicillanic 
acid (6 - APA) for side - chain cleavage, is a suitable enzyme  [89] . The corresponding L - 
 α  - amino acids are obtained with excellent enantioselectivities. Although the phenylace-
tyl group is the preferred acyl - substituent, the synthetically useful Z - protecting group 
(Z   =   benzyloxycarbonyl) is also tolerated by penicillin acylase  [90] . An impressive appli-
cation of penicillin acylase for the highly enantioselective synthesis of both aliphatic and 
aromatic  β  - amino acids has been reported by Soloshonok and coworkers  [91] . Besides 
the broad substrate range, high conversion and excellent enantioselectivities make this 
route particularly attractive. Accordingly, most  β  - amino acids are obtained in enantio-
merically pure form ( > 99% ee). A selected example is shown in Scheme  6.26 . The use 



6.3. HYDROLYTIC REACTIONS 287

of a penicillin acylase immobilized on Eupergit for this type of reaction has been 
reported by the Tomasini group, and the resulting ( R ) - 3 - amino - 3 - phenylpropionic acid 
(( R ) -  67 ) was also obtained in enantiomerically pure form  [92] .   

 Another broadly applicable  α  - amino acid technology already established on indus-
trial scale are resolutions based on the use of amidases and racemic carboxylic acid 
amides  rac - 68  as easily available starting materials. The biotransformation proceeds 
highly enantioselectively under formation of the desired  α  - amino acids with high conver-
sion. Notably, L -  and D - enantioselective amidases are known and available in recombi-
nant form, and are widely used in industrial production processes for manufacture of 
chiral  α  - amino acids, for example, at DSM  [93,94] . The synthetic concept is shown below 
in Scheme  6.27 . Starting from racemic amide ( rac  -  68 ), an L - amidase furnishes the desired 
L - amino acid, L -  63 , in a resolution process with high enantioselectivities of typically 
 > 99% ee. The undesired D - enantiomer, D -  68 , is separated and subsequently racemized 
in a chemical process using benzaldehyde and basic conditions. The amidase from  Pseu-
domonas putida  turned out to be a highly useful enzyme showing both a broad substrate 
range and high enzymatic activities  [95] . Aliphatic, aromatic, and heteroaromatic  α  -
 amino acids are accessible in enantiomerically pure form by means of this technology.   

 For example, at Lonza, the amidase technology has been used for the synthesis of 
( S ) - piperazine - 2 - carboxylic acid  [96,97] . The reaction is carried out in the presence of 
whole cells of  Klebsiella terrigena , which contain a suitable amidase. The enzymatic reso-
lution of the corresponding racemic amide runs at a substrate input of 20   g/L and gave 
the desired  α  - amino acid in 41% yield and with 99.4% ee. The recently reported devel-
opment of an effi cient amidase racemase by the Asano group represents a further 
impressive milestone in this fi eld  [98] . An  α  - amino -  ε  - caprolactam racemase turned out 
to be suitable for the racemization of a broad range of acyclic amides besides caprolac-
tam. In a representative example, the complete conversion of L - alanine amide into 
D - alanine by combination of the racemase with a D - amidase in a one - pot process has 
been demonstrated. This concept appears to be highly suitable for dynamic kinetic reso-
lution of, in particular, aliphatic racemic  α  - amino acid amides. Another key feature of 
the amidase technology is the potential to accept racemic  α , α  - disubstituted amides 
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 [99,100] . A representative example is the successful synthesis of L -  α  - methyl - 3,4 -
 dihydroxyphenylalanine. Other types of racemic  α  - methylated amides have been suc-
cessfully resolved as well. Furthermore, biocatalytic resolution of  α  - amino acids bearing 
two stereogenic centers has been done by means of amidases, and was applied, for 
example, for the synthesis of an intermediate of the pharmaceutically important antibiot-
ics fl orfenicol and thiamphenicol  [101] . 

 An amidase - catalyzed resolution was also the key step in the synthesis of highly 
enantiomerically enriched  β  - hydroxy and  β  - amino acids  72  and  74 , and amides  73  and 
 75  reported by the Wang group  [102] . Therein, a wild - type microorganism, namely 
 Rhodococcus erythropolis  AJ270, containing a nitrile hydratase and an amidase was used 
as biocatalyst. The initial step is a transformation of the racemic nitrile  rac  -  70  and  rac  -  71  
into the amide catalyzed by the nitrile hydratase followed by amidase - catalyzed amide 
hydrolysis. The enantioselectivity was caused predominantly by the amidase. Notably, 
 O  -  and  N  - benzyl protection of the substrates turned out to be a key prerequisite for 
high enantioselection. The corresponding products  72 ,  73 ,  74 , and  75  are obtained in 
high yield and with enantioselectivities of up to 94.4% ee and  > 99.5% ee, respectively 
(Scheme  6.28 ).    

  6.3.5.   Hydantoin Hydrolysis 

 A further versatile category of substrate for enzymatic resolution is racemic hydantoins: 
In the presence of hydantoinases and carbamoylases, racemic hydantoins  rac  -  76  are 
enantioselectively converted into enantiomerically pure  α  - amino acids  [80,103] . In the 
initial step, the hydantoinase catalyzes the hydrolytic ring opening of the hydantoin 
under (reversible) formation of an  N  - carbamoyl amino acid. Subsequent cleavage of the 
 N  - carbamoyl amino acid of type  77  furnishes the desired  α  - amino acid, L -  or D -  63 . This 
step is irreversible and is known to proceed with excellent enantioselectivity. Racemiza-
tion of the hydantoin allows a dynamic kinetic resolution process. For racemization, a 
hydantoin racemase can be used. Alternatively, some hydantoins also racemize  in situ  
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under conditions of enzymatic hydrolysis. The synthetic concept of such a dynamic 
kinetic resolution is shown in Scheme  6.29 . Since D -  as well as L - selective carbamoylases 
and hydantoinases are known, this synthetic concept can be used for the production of 
both L -  and D - amino acids, ( S ) -  or ( R ) -  63 , respectively.   

 A selected application of the D - selective hydantoin resolution is the production of 
D - phenylglycine and D - 4 - hydroxyphenylglycine  [103 – 106] . Required as side chains for 
 β  - lactam antibiotics, their annual production volume exceeds 1.000   t. Such a process, 
which is based on the use of a  Bacillus brevis  strain, has been developed by Kanegafuchi 
Chemical Industries Co., Ltd. The L - selective approach has been limited for a long time 
by low productivities due to the lack of suitable L - hydantoinases. This limitation has 
been overcome by converting a D - hydantoinase into an L - hydantoinase, applying the 
concept of  “ directed evolution ”  as a modern molecular biologic tool for the improve-
ment of enzymes  [107] . The combination of an L - hydantoinase with the construction of 
whole - cell biocatalysts then led to a highly effi cient L - selective hydantoinase technology 
platform, which has been established at Degussa AG (now Evonik Degussa GmbH) on 
industrial scale  [108] . In the recombinant whole - cell biocatalyst, all three required 
enzymes, namely racemase, hydantoinase, and carbamoylase, are overexpressed in a 
host organism. In the presence of an L - enantioselective recombinant whole - cell catalyst, 
the racemic hydantoin is converted into its corresponding L - amino acid with high con-
version and excellent enantioselectivity in a dynamic kinetic resolution process. It is 
further noteworthy that excellent substrate concentrations can be achieved as well. In 
Scheme  6.30 , the synthesis of ( S ) -  79  as a selected example is shown. This technology 
platform is also applicable toward the synthesis of D - amino acids when using D - 
enantioselective recombinant whole - cell catalysts.    

  6.3.6.   Hydrolysis of Other Carboxylic Acid Derivatives and Other Functional Groups 

 Besides racemic  α  - amino acids esters, racemic azlactones of type  80  also turned out to 
be suitable substrates. Notably, a dynamic kinetic resolution is achieved with this type 
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of substrate  80  due to easy racemization of azlactones under conditions of lipase - cata-
lyzed resolution via azlactone ring opening with an alcohol (Scheme  6.31 )  [109,110] . 
Using this resolution concept,  N  - benzoyl L -  tert  - leucine butyl ester, ( S ) -  81 , has been 
synthesized with 94% yield and with 99.5% ee in the presence of a lipase from  Mucor 
miehei . The ring - opening reaction has to be carried out in a nonaqueous system due to 
a competing nonenzymatic ring opening of the azlactone with water. The product ( S ) -  81  
was converted into L -  tert  - leucine, ( S ) -  82 , via chemoenzymatic two - step hydrolysis (alca-
lase, pH 8.0, followed by 6   N HCl, refl ux) and subsequent neutralization of the hydro-
chloride of ( S ) -  82 .   

 A further class of hydrolases used in the resolution of amino acid precursors are 
lactamases. In the presence of an  α  - amino -  ε  - caprolactam hydrolase (ACL - hydrolase), 
racemic 3 -  α  - amino -  ε  - caprolactam was enantioselectively hydrolyzed under the forma-
tion of enantiomerically pure L - lysine  [111] . Notably, this enzymatic resolution step was 
coupled with an  in situ  racemization of the substrate by means of an ACL - racemase. 
The resulting dynamic kinetic resolution proceeds with a high substrate input of 100   g/L 
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and has been applied at technical scale for the production of L - lysine at Toray Industries 
on a 4.000 - t scale for some time  [111d] . Since large - scale fermentation of L - lysine, 
however, turned out to be a superior manufacturing method, this dynamic kinetic resolu-
tion process is not industrially applied anymore. 

 A further lactam used in a (technical) hydrolytic resolution process is the racemic 
 γ  - lactam  rac  -  83  as precursor for the synthesis of Carbovir, which is a potent inhibitor of 
HIV - 1  [112,113] . In the presence of suspended whole cells of  Pseudomonas solanacearum  
bearing a  β  - lactamase, the resolution proceeds at a substrate input of 50   g/L with 55% 
conversion, thus delivering the desired lactam enantiomer ( – ) -  83  (as remaining sub-
strate) in 45% yield and with  > 98% ee (Scheme  6.32 ). The substrate input has been 
increased up to  > 100   g/L when using a recombinant whole - cell catalyst overexpressing 
the  β  - lactamase. This process has been scaled up and runs on a scale of tons.   
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 Other compounds than carboxylic acid derivatives can also be enantioselectively 
hydrolyzed. In the presence of epoxide hydrolases, ring opening of racemic epoxides 
occurs highly enantioselectively with a broad range of substrates. Notably, enzymatic 
ring opening might occur in an opposite manner compared to the chemical ring opening 
in basic media, thus offering an approach to (theoretically) a 100% yield. An effi cient 
hydrolytic ring opening of racemic styrene epoxide and substituted derivatives thereof, 
for example,  rac  -  85 , has been reported by the Furstoss group  [114,115] . Using  A. niger , 
whole - cell catalysts bearing an epoxide hydrolase furnished the corresponding diol ( R ) -
  86  in 47% yield and with 81% ee. The remaining epoxide ( S ) -  85  was obtained in 35% 
yield and with a high enantiomeric excess of 98% ee (Scheme  6.33 ). Notably, it was 
found by the same group that whole cells from  Beauveria sulfurescens  contain an enan-
tiocomplementary epoxide hydrolase, showing the opposite stereopreference.   
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 Suitable epoxide hydrolases for the hydrolytic ring opening of aliphatic racemic 
epoxides have been reported by the Faber group  [116,117] . Notably, this methodology 
also tolerates highly functionalized epoxides. A selected example is shown in Scheme 
 6.34 . In the presence of whole - cell catalysts of  Methylobacterium  sp. bearing an epoxide 
hydrolase, the resolution of epoxide  rac  -  87  proceeds with a high enantioselectivity, 
which is indicated by an E value of 66. Subsequent acid - catalyzed ring opening under 
inversion of confi guration delivers the diol ( S ) -  88  as sole product in 82% yield and with 
an enantiomeric excess of 84% ee. The diol ( S ) -  88  has been used by the Faber group as 
an intermediate in the total synthesis of the antibiotic ( R ) - fridamycin E.   

 Another interesting functional group for enzymatic enantioselective hydrolysis are 
sulfate esters. When using racemic sulfatases, those racemic esters can be enzymatically 
hydrolyzed under inversion of the absolute confi guration, whereas chemical hydrolysis 
of sulfate esters proceeds under retention. The Faber group developed such an enzy-
matic resolution of racemic sulfates using whole cells of  Rhodococcus ruber  bearing an 
alkylsulfatase as a catalyst  [118,119] . For example, hydrolysis of  rac  -  89  gave the ( S ) -
 alcohol ( S ) -  90  at 46% conversion with an enantiomeric excess of 82% ee, corresponding 
to an E value of 21 (Scheme  6.35 ).     

  6.4.   CARBON – CARBON BOND - FORMING REACTIONS 

  6.4.1.   Overview 

 Formation of C – C bonds belongs to the most important asymmetric transformations. 
Besides many highly effi cient developed chemocatalysts, biocatalysis also turned out to 
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be suitable catalysts for asymmetric C – C bond formations. Among the broad range of 
lyases available in nature for the formation of C – C bonds, several of them are used 
(mainly in recombinant form) as catalysts in enantioselective organic synthesis  [120] . In 
the presence of oxynitrilases, cyanohydrins are formed, which can be subsequently con-
verted into valuable chiral building blocks such as amino alcohols and  α  - hydroxy acids, 
in particular mandelic acid and substituted derivatives thereof. A further group of lyases, 
which are of interest for applications in organic chemistry, are benzaldehyde lyases or 
decarboxylases. These enzymes are capable of catalyzing the benzoin condensation and 
related reactions thereof with aliphatic aldehydes. The biocatalytic aldol reactions rep-
resent another interesting reaction class of C – C bond formation. Notably, aldolases 
tolerate in general a broad range of acceptors, whereas specifi city is high for the cor-
responding donor molecules. Of particular interest are easily accessible nonphosphory-
lated donor molecules. For example, using glycine as a donor results in the direct 
formation of  α  - amino  β  - hydroxy acids without a need of protecting groups. Recently, 
enzyme promiscuity has become a popular fi eld of research. Among discovered asym-
metric biocatalytic  “ non - natural ”  reaction types are, for example, nitroaldol reaction 
(Henry reaction) using oxynitrilases.  

  6.4.2.   Hydrocyanation of Aldehydes 

 The hydrocyanation of aldehydes is one of the oldest biocatalytic transformations in 
organic chemistry. Already in 1907, Rosenthaler reported the addition of HCN to alde-
hydes in aqueous reaction medium when using almond meal as a biocatalyst  [121] . 
However, in spite of further improvement –  – in particular by Becker and Pfeil  [122,123]  
in the 1960s –  – it took until 1987 before the fi rst highly enantioselective hydrocyanation 
with excellent enantiomeric excess of the resulting cyanohydrins was reported by the 
Effenberger group  [124] . The key step of this methodology was suppression of the 
undesired (non - enantioselective) hydrocyanation by using an organic phase as reaction 
medium. In the presence of an immobilized ( R ) - oxynitrilase from bitter almond ( Prunus 
amygdalus ), Effenberger et al. achieved high conversions and excellent enantioselec-
tivities for a broad range of substrates. For example, ( R ) - mandelonitrile (( R ) -  92 ) 
was obtained in 95% yield and with 99% ee (Scheme  6.36 ). The Effenberger group 
also achieved an elegant access to ( S ) - cyanohydrins when using an immobilized ( S ) -
 oxynitrilase from  Mannihot esculenta  as biocatalyst  [125] . Furthermore, the substrate 
spectrum was studied in detail  [126] .   

 Since immobilized enzymes turned out to be valuable biocatalysts, the development 
of novel immobilization methodologies gained interest. A particular goal was the 
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development of immobilisates, which allow easy separation from the reaction mixture 
and which are more stable regarding abrasion. Such a technology has been developed 
jointly by Vorlop and Gr ö ger et al. using oxynitrilase entrapped in highly fl exible 
polyvinyl alcohol lenses  [127] . A prerequisite is the extension of the molecular weight 
by cross - linking the oxynitrilase by means of glutaraldehyde and chitosane. The result-
ing immobilized oxynitrilase turned out to be suitable for recycling within at least 20 
recycling cycles. The preparation of cross - linked enzyme aggregates represents a 
further effi cient immobilization methodology for oxynitrilases as well as sol - gel immo-
bilization  [128,129] . This has been demonstrated by Hanefeld and Sheldon et al. for 
various oxynitrilases. For example, in the presence of immobilized oxynitrilase from 
 Linum usitatissimum  as cross - linked enzyme aggregate, the desired product ( R ) - 2 - 
butanone cyanohydrin was formed enantioselectively, and subsequent hydrolysis 
gave ( R ) - 2 - hydroxy - 2 - methylbutyric acid in 85% yield (from 2 - butanone) and with an 
enantiomeric excess of 87% ee. 

 An alternative process technology for the suppression of the unwanted formation of 
racemic cyanohydrins was reported by the Kula group  [130] . To carry out the oxyni-
trilase - catalyzed reaction in pure aqueous media, however, the pH has to be kept below 
pH 3.25. A broad range of substrates was converted enantioselectively into the desired 
cyanohydrins under these reaction conditions. 

 A further milestone in this fi eld was achieved by the Griengl group developing an 
asymmetric hydrocyanation in an aqueous – organic two - phase solvent system in the 
presence of a recombinant oxynitrilase from  Hevea brasiliensis   [131 – 133] . Excellent 
experimental data were obtained for the expression of this enzyme, which ensures avail-
ability for large - scale applications. The process concept of the Griengl group is currently 
applied at DSM for the production of ( S ) - 3 - phenoxybenzaldehyde cyanohydrin (( S ) -  94 ), 
which is a valuable intermediate in industrial pyrethroid manufacture. Impressive space -
 time yield of 2.1   mol/(L · h) has been reported for the synthesis of ( S ) -  94  as well as both 
excellent yields of 98% and enantioselectivity of 99% ee (Scheme  6.37 )  [134] . In addi-
tion, numerous aldehydes turned out to be suitable substrates  [135 – 137] . Since recom-
binant ( R ) - oxynitrilases are also available, the Griengl process has been extended to the 
synthesis of ( R ) - cyanohydrins products as well  [138 – 140] . In summary, this technology 
is already regarded as a well - established and mature technology for large - scale 
applications.   

 Besides the use of isolated oxynitrilases, in particular in recombinant form, much 
work has been done with defatted almond meal powder as biocatalyst. This type of 
biocatalyst is easily accessible and can be used directly in the corresponding hydrocyana-
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tion biotransformation. An interesting approach is the use of defatted almond meal in 
microaqueous media. The resulting products were obtained in yields of up to 100% and 
with excellent enantioselectivities of up to 99% ee  [141] .  

  6.4.3.   Benzoin Condensation and Related Reactions 

 This condensation and related reactions thereof belong to the  “ classic ”  chemical trans-
formations, known to proceed with cyanide as an achiral catalyst. The development of 
enantioselective versions of this type of reaction and related reactions using organocata-
lysts  [142]  and biocatalysts  [143]  has gained a lot of interest in the last decade. Notably, 
however, an enantioselective version of the synthesis of ( R ) - acetyl phenylcarbinol (( R ) -
  96 ) as a related reaction had already been developed in the 1920s by Neumann and has 
been applied since the 1930s by Knoll AG as a key step for the production of ephedrine 
(Scheme  6.38 )  [144] . As a catalyst, a pyruvate decarboxylase from baker ’ s yeast is used 
in combination with molasses as a starting material. The key reaction is the condensation 
of  in situ  - formed pyruvate ( 95 ) with added benzaldehyde ( 91 ) under the formation of 
 α  - hydroxyketone ( R ) -  96  with high enantioselectivity. This intermediate is then chemi-
cally transformed into ephedrine via imine formation and subsequent diastereoselective 
metal - catalyzed reductive amination.   

Pyruvate decarboxylase
from baker’s yeast

(R)-9695
(In situ formed
enzymatically)

HO

O

O

CH3

–CO2

OH

O

CH3+

91

H

O

     Scheme 6.38.       

 Several recent breakthroughs in the fi eld of benzoin condensation have been achieved 
jointly by the groups of M ü ller and Pohl  [145,146] . A key prerequisite was the develop-
ment of effi cient enzymes available in recombinant form. For example, an impressively 
broad substrate spectrum leading to the desired carboligation products with excellent 
enantioselectivities has been found for the (recombinant) benzoyl formate decarboxyl-
ase from  P. putida   [145] . A synthetically valuable application is the development of an 
asymmetric cross - benzoin condensation via enzymatic cross - coupling reactions of differ-
ent aldehydes  [146] . By means of this methodology from M ü ller et al., highly enantio-
merically enriched mixed benzoins are obtained when using two different types of 
substituted benzaldehydes in the presence of thiamine diphosphate - dependent enzymes. 
A selected example is shown in Scheme  6.39 . The M ü ller and Pohl group achieved the 
preferred synthesis of one of these products when using benzaldehyde lyase or a mutant 
of a pyruvate decarboxylase as catalysts in such cross - benzoin condensations. For the 
formation of these products, typically one of the two aldehydes is preferred as donor, 
whereas the other one acts as the preferred acceptor molecule.   

 Very recently, Degussa researchers in cooperation with Liese and Pohl demonstrated 
that whole - cell catalysts containing benzaldehyde lyase in overexpressed form are highly 
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attractive catalysts for the benzoin condensation  [147] . Notably, due to the use of whole 
cells with cofactor therein, the addition of external amount of cofactor is not required. 
In addition, high substrate concentrations were reported, which represents a further 
prerequisite for a technical process with favorable economical data. 

 Recent achievements have been made in the condensation of aliphatic aldehydes. 
This reaction has also been known for a long time for acetoin condensation. However, 
extension to other types of aldehydes has been a challenge for a long time. Enzymatic 
carboligation of linear aldehydes has been reported recently by Trauthwein and M ü ller 
et al. resulting in high conversions and enantioselectivities of up to 80% ee  [148] . When 
using branched aliphatic aldehydes in the presence of a benzaldehyde lyase, high con-
version and an enantioselectivity of up to 89% ee were obtained. Very recently, the 
M ü ller group also reported the suitability of unsaturated aldehydes for such types 
of umpolung reactions  [149] . Depending on the type of enzyme, regioselectivity can 
be varied, and the desired  α  - hydroxy ketones, for example, ( R ) -  102 , are formed regi-
oselectively and with enantiomeric excess of up to  > 99%. An example is shown in 
Scheme  6.40 .    
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  6.4.4.   Aldol Reactions 

 Aldol reactions are one of the most important transformations in organic chemistry, and 
play a key role in biochemical processes for the construction of sugars. A key feature 
of biocatalytic aldol reactions  [150,151]  is the high specifi city with respect to the donor 
component, whereas a broad substrate range is usually observed for the acceptor mol-
ecules. Accordingly, the aldolases are typically divided according to the type of required 
donor. Some examples of donors are dihydroxyacetone phosphate (DHAP), pyruvate, 
acetaldehyde, and glycine. Aldolases have found many synthetic applications, which 
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recently have been reviewed comprehensively  [150,151] . In the following, some selected 
recent contributions will be described. 

 Many aldolases require DHAP as a donor. Since phosphorylated dihydroxyacetone 
(DHA) is diffi cult to prepare and handle under  in vitro  conditions, preparative type 
biotransformations with expensive phosphorylated donors and isolated enzymes are 
rare. Recently, however, aldolases that tolerate DHA directly have been found, and the 
chemistry with these enzymes opens up a new perspective for biocatalytic aldol reac-
tions. For example, recombinant D - fructose - 6 - phosphate aldolase was used by Joglar 
and Clap é s et al. in a chemoenzymatic two - step synthesis of D - fagomine and  N  - alkylated 
derivatives thereof  [152] . This enzyme, overexpressed in  Escherichia coli , catalyzes the 
aldol reaction of DHA and  N  - Cbz - 3 - aminopropanal under the formation of the aldol 
adduct  105  in 69% yield (Scheme  6.41 ). DHA ( 104 ) can be used directly instead of 
phosphorylated DHA, which simplifi es the process tremendously. After purifi cation and 
diastereomer enrichment by cation - exchange chromatography, D - fagomine was obtained 
in an overall yield of 51% and with a diastereomeric ratio of  ≥ 99:1. The Sprenger group 
also reported the application of this recombinant enzyme for the aldol reaction of DHA 
and hydroxyacetone with  α  - hydroxyaldehydes for the synthesis of sugar derivatives 
 [153] .   
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 A synthetic highlight in the enzymatic aldol chemistry is the use of 2 - deoxy - D - ribose 
5 - phosphate aldolase (called DERA) as enzyme in  in situ  aldol condensations of two 
molecules of acetaldehyde ( 107 ) and one molecule of chloroacetaldehyde ( 106 ) under 
the formation of 6 - chloro - 2,4,6 - deoxyhexapyranoside ( 108 ) with 70% yield in a tandem 
aldol reaction (Scheme  6.42 )  [154] . This reaction had been developed in the 1990s by 
the Wong group, who also applied a DERA mutant in the synthesis of a variety of other 
sugar analogues such as deoxyriboses, dideoxyhexoses, trideoxyhexoses, and deoxythio-
sugars. The compound  108  is a valuable intermediate in the construction of statine side 
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chain. Since statines are blockbuster drugs of high industrial interest, it is not surprising 
that this process has gained attention. Notably, access to a highly effi cient recombinant 
form of the enzyme that tolerates a high concentration of chloroacetaldehyde has been 
achieved by DSM researchers, thus fulfi lling a key criterion for industrial applicability 
of this process  [155] .   

 The use of aldolases in diastereoselective aldolization reactions as key steps in ste-
reospecifi c biocatalytic synthesis of novel pancratistatin analogues has been reported by 
Fessner and coworkers  [156] . Notably, such structures with a high molecular complexity 
and several stereogenic centers were prepared without the need for protective group 
strategies. As enzymes, a fructose - 1,6 - bisphosphataldolase and the stereocomplemen-
tary rhamnulose - 1 - phosphataldolase were used. 

 When using glycine as a donor, corresponding aldol reaction gives enantio -  and dia-
stereoselectively  α  - amino  β  - hydroxy acids such as threonine and  β  - phenylserine. Suit-
able enzymes for these reactions are in particular threonine aldolases. The Wong group 
reported an elegant approach for  β  - phenylserine and substituted derivatives thereof, 
obtaining the desired products, for example, L -  threo  -  111 , in yields of up to 93% and 
with excellent enantioselectivity (for both diastereomers) in general (Scheme  6.43 )  [157] . 
Diastereoselectivity, however, turned out to be modest for most of these reactions. It is 
noteworthy that the L - threonine aldolase (from  E. coli ) gave  erythro  -  α  - hydroxy -  β  - 
L - amino acids with aliphatic aldehydes whereas the  threo -  diastereomers were obtained 
as preferred (kinetically controlled) products when using aromatic aldehydes as sub-
strates. When using a D - threonine aldolase (from  Xanthomonus oryzae ), however, 
 threo  -  α  - hydroxy -  β  - D - amino acids were obtained as kinetically controlled products with 
aliphatic as well as aromatic aldehydes. Diastereoselectivity, however, in general varies 
broadly with threonine aldolases, and dependent on substrate and enzyme, low or 
medium to high diastereomeric ratios were obtained  [158 – 161] .   

L-threonine aldolase

PLP,
Water–DMSO(70:30),

pH 7.5, 37°C L-threo-111
93% yield

dr (threo/erythro) = 58:42

+

109

H

O

110

OH

ONO2

NH2

OHNO2

NH2

O

OH

     Scheme 6.43.       

 This reaction also gained interest for the synthesis of a key intermediate of the drug 
thiamphenicol. The Griengl group reported the threonine aldolase - catalyzed aldol reac-
tion of glycine ( 110 ) with 4 - (methylsulfonyl)benzaldehyde ( 112 ) under the formation of 
the corresponding  α  - amino  β  - hydroxy acid L -  threo  -  113  as thiamphenicol intermediate 
with 68% analytical yield, a diastereoselectivity of 53% de, and excellent enantiomeric 
excess of  > 99% ee (Scheme  6.44 )  [162] .   

 Since an excess of glycine is required for suffi cient conversion and because of low 
diastereoselectivity but high stereochemical preference for formation of the  α  - stereogenic 
center, often the reverse  retro  - aldol reaction is carried out as an alternative. In such 
enzymatic resolution processes, diastereomerically pure  threo  - racemates are used as 
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 Interestingly, lipases also turned out to be suitable catalysts for Michael reactions. In 
the presence of lipases from  C. antarctica  B (CAL - B), several heteroatom nucleophile 
donors (such as amines and thiols) were tolerated as well as malonates  [168] . However, 
the reaction does not proceed enantioselectively (which is in contrast to an early con-
tribution from Kitazume et al. with several amine donors and other hydrolases; see 
Reference  169 ). 
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substrates and lead to the formation of diastereo -  and enantiomerically pure  α  - amino 
 β  - hydroxy acids  [163,164] .  

  6.4.5.    “ Non - Natural Reaction Types ”  in  C  –  C  Bond Formation 

 A very exciting issue in enzyme chemistry is their use for so - called non - natural reactions. 
These phenomena, also known as enzyme promiscuity  [165] , allow interesting organic 
synthesis with enzymes, which are known to catalyze other types of reactions in nature. 
Notably, a broad range of such  “ non - natural reaction types ”  with enzymes as catalysts 
are known in the fi eld of C – C bond formations. 

 Very recently, the Griengl group reported the fi rst enzymatic nitroaldol reaction, also 
widely known as Henry reaction  [166,167] . An ( S ) - oxynitrilase from  H. brasiliensis , 
which is a highly effi cient biocatalyst for asymmetric hydrocyanation, served as biocata-
lyst, and nitromethane and nitroethane were used as aldol donors. With nitromethane 
as donor, a broad range of nitroaldol adducts were obtained with yields up to 77%, and 
with enantioselectivities of up to 92% ee. In Scheme  6.45 , an example is shown. When 
using nitroethane as donor and aldehydes as acceptors, two stereogenic centers are 
formed in a diastereo -  and enantioselective biotransformation (with a diastereomeric 
ratio of d.r.   =   90:10 and an enantioselectivity of up to 95% ee).   
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 A further non - natural reaction catalyzed by enzymes is the Morita – Baylis – Hillman 
reaction. The Reetz group reported that this reaction is catalyzed by carrier proteins 
such as serum albumins or certain lipases  [170] . In the presence of these enzymes, the 
Morita – Baylis – Hillman reaction of cyclohexenone with 4 - nitrobenzaldehyde gives the 
corresponding Morita – Baylis – Hillman adduct with conversions of up to 35% and enan-
tioselectivities of up to 19% ee.   

  6.5.   ENANTIOSELECTIVE REDUCTIONS 

  6.5.1.   Overview 

 The enantioselective transformation of C = X double bonds (with X = O, N, C) into cor-
responding reduced CH – XH single bonds (with X = O, N, C) plays a major role in 
asymmetric synthesis. Notably, a range of redox enzymes (namely dehydrogenases) are 
available, which catalyze the reduction of C = O double bonds under the formation of 
the corresponding alcohol moieties. The reaction range comprises reduction of, for 
example, ketones,  α  -  and  β  - keto esters, and  α  - keto acids. Furthermore, reductive amina-
tion of C = O double bonds (of  α  - keto acids) using amino acid dehydrogenases turned 
out to represent a highly effi cient approach toward the synthesis of enantiomerically 
pure amino acids. A further class of redox enzymes (oxidoreductases) of common inter-
est in organic synthesis are enoate reductases. These enzymes catalyze the reduction of 
activated C = C double bonds bearing at least one electron - withdrawing group as substitu-
ent. Although not belonging to the group of redox enzymes, transaminases also catalyze 
 “ reductive processes ”  with both  α  - keto acids and ketones, thus leading to corresponding 
amines and amino acids in an asymmetric fashion. In the following, such types of organic 
synthetic reactions using oxidoreductases and transaminases will be discussed.  

  6.5.2.   Reduction of Ketones 

 The asymmetric reduction of ketones represents a straightforward and an atom - econom-
ical approach toward the synthesis of optically active alcohols, and numerous effi cient 
catalytic routes thereof have been developed up to date. Outstanding chemocatalytic 
technologies are metal - catalyzed asymmetric hydrogenation of ketones  [171]  and borane 
reduction  [172] , which are applied on technical scale and represent landmarks in indus-
trial asymmetric catalysis. In addition, biocatalytic reduction  [173]  turned out to be a 
highly effi cient alternative and competitive technology for asymmetric ketone reduction. 
This is underlined by an increasing number of industrial applications of biocatalytic 
asymmetric reductions of ketones. 

 The principle of enantioselective biocatalytic reduction of ketones  116  is based 
on the use of an alcohol dehydrogenase (ADH) as a catalyst, and a cofactor as a 
reducing agent. An ADH is an enzyme capable of reducing carbonyl moieties under 
formation of (chiral) alcohols ( R ) -  or ( S ) -  117  and requires a specifi c  “ cofactor ”  as 
reducing agent. The most preferred cofactors are either NADH or NADPH. Since the 
cofactors are expensive reducing agents, and too costly to be applied in stoichiometric 
amount, a common key feature of all preparative (and technical) biocatalytic reductions 
is the use of cofactors in catalytic amount and their recycling  in situ  by coupling the 
ketone reduction process with a second process, in which the cofactor is regenerated 
(Scheme  6.46 ).   
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 Toward this end, two approaches have been developed with the so - called substrate -
 coupled or enzyme - coupled cofactor regeneration. In the substrate - coupled cofactor 
recycling, the same ADH, which reduces the ketone substrate, is used for the dehydro-
genation of isopropanol (as reducing agent) under the formation of acetone. An alterna-
tive approach is the enzyme - coupled cofactor regeneration: In the presence of a second 
enzyme, a (preferably) cheap compound (e.g., formate, glucose) is used as reducing 
agent and oxidized, thus regenerating the required reduced form of the cofactor, 
NAD(P)H. Thus, both types of cofactor regenerations are based on the use of a cheap 
and easily available source for the reduction of the oxidized form of the cofactor, namely, 
NAD +  or NADP + . 

 The ADHs can be used as isolated enzymes (in purifi ed form or as crude extract) or 
incorporated in whole cells. With respect to the latter approach, the use of wild - type 
cells or recombinant whole - cell organisms is conceivable. Recently, tailor - made whole -
 cell catalysts, bearing the ADH and (in case of the enzyme - coupled cofactor regenera-
tion) an additional enzyme, gained tremendous interest due to their benefi cial properties. 
Due to overexpression, the desired enzymes are available within the cells in large 
amounts, thus avoiding undesired side reactions by other dehydrogenases and allowing 
an economically attractive access –  – in particular, when using high cell - density fermenta-
tion for biocatalyst production. In the following, selected examples are given with a 
particular focus on recently reported contributions. 

 To start with an example in the fi eld of substrate - coupled cofactor regeneration for 
asymmetric ketone reduction, Wong et al. reported such a process with an isolated 
NADH - dependent ADH from a  Pseudomonas  sp. strain  [174] . Notably, a broad sub-
strate spectrum has been observed when carrying out the reactions in a two - phase 
solvent system with  n  - hexane as an organic phase. Another ADH with a broad substrate 
spectrum is the recombinant ADH from  Leifsonia  sp., which was developed by Itoh and 
coworkers  [175,176] . A selected example of reductions with this purifi ed enzyme using 
isopropanol for cofactor regeneration is given in Scheme  6.47 . The potential of ionic 
liquids for the biocatalytic reduction of ketones under cosubstrate cofactor recycling has 
been demonstrated by Kragl, Liese, and coworkers  [177] .   
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 The use of whole - cell catalysts in reductions under substrate - coupled cofactor recy-
cling was demonstrated by Matsumura and coworkers using wild - type cells of  Candida 
boidinii   [178] , and by Itoh et al.  [179]  using recombinant  E. coli  whole - cell catalyst 
overexpressing an ADH from a  Corynebacterium  strain. Furthermore, an effi cient 
recombinant whole - cell  E. coli  biocatalyst overexpressing an ADH from  Candida parap-
silosis  was reported by Daicel researchers  [180] . This biocatalyst is suitable for the 
asymmetric reduction of ethyl 4 - chloroacetate using isopropanol as reducing agent and 
without the addition of external cofactor. At a substrate input of 36.6   g/L, the desired 
ethyl ( R ) - 4 - chloro - 3 - hydroxybutanoate (( R ) -  123 ) was obtained in a yield of 95.2% and 
with an excellent enantioselectivity of 99% ee (Scheme  6.48 ). Weuster - Botz et al.  [181]  
developed an analogous synthesis of the corresponding ( S ) - enantiomer using  Lactobacil-
lus kefi r  wild - type cells. When using 5% (v/v) of isopropanol as cosubstrate, a fi nal 
product concentration of 1.2   M was achieved in combination with 97% yield and an 
enantioselectivity of 99.5%.   
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 A regio -  and enantioselective reduction of 3,5 - dioxocarboxylates has been developed 
by the M ü ller group by means of recombinant  E. coli  cells with an overexpressed ADH 
from  Lactobacillus brevis   [182] . With isopropanol as reducing agent, the 3,5 - diketo ester 
 124  was transformed into ( S ) - 6 - chloro - 5 - hydroxy - 3 - oxohexanoate ( R ) -  125  in 72% yield 
and with an excellent enantiomeric excess of  > 99.5% ee (Scheme  6.49 ). Notably, the 
3 - oxo - group remained untouched.   
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 An interesting process development has been reported by Liese et al.  [183]  demon-
strating that by pervaporation or stripping off the acetone the conversion can be 
increased signifi cantly. This is due to shifting the equilibrium in the favored direction by 
removing the side - product acetone from the reaction mixture. 

 A further effi cient whole - cell biocatalyst has been reported by the Faber group with 
an  R. ruber  wild - type strain converting a broad range of ketones very selectively and 
effi ciently to the corresponding ( S ) - alcohol at high isopropanol concentrations of up to 
50% (v/v)  [184,185] . The utility of high isopropanol concentrations is particularly attrac-
tive for commercial applications. Therefore, the high isopropanol tolerance of this 
biocatalyst represented a major breakthrough. Selected synthetic applications are given 
in Scheme  6.50  demonstrating that a broad range of aliphatic and aromatic ketones are 

Me

OH

Me

OH

Me

OH

R1 R2

O

Rhodococcus ruber
whole-cell catalyst

containing
(S)-ADH,
NAD(P)+

R1

OH

R2

(S)-127

(S)-127b
92% yield
>99% ee

(S)-127a
81% yield
>99% ee

(S)-127c
70% yield
>99% ee

Selected examples

+Isopropanol
–Acetone

126

Me

Me

     Scheme 6.50.       



304 ENZYME-CATALYZED ASYMMETRIC SYNTHESIS

reduced with high enantioselectivities of  > 99% ee in most cases. The recombinant 
expression of the  R. ruber  ADH has also been reported, thus even further expanding 
the scope of this versatile enzyme  [186] . Besides mono -  and biphasic aqueous – organic 
solvent media, the substrate - coupled regeneration with isopropanol in the presence of 
ADH from  R. ruber  has been successfully applied in microaqueous organic systems with 
99% (v/v) of an organic solvent. Notably, high substrate concentrations of up to  ∼ 2   M 
were realized  [187] . Starting from  α  - chloro ketones, the corresponding halohydrins were 
obtained with enantioselectivities of up to  > 99% ee when using  R. ruber  as a lyophilized 
catalyst  [188] . For example, ( R ) - octanol was formed with  > 99% conversion and 99% ee. 
Furthermore, highly enantio -  and diastereoselective reduction of diketones under for-
mation of the corresponding diols with  > 99% ee and  > 99% de has been reported by the 
Kroutil group  [189] .   

 The high effi ciency of enzymatic asymmetric ketone reduction with substrate - coupled 
cofactor regeneration is also underlined by commercial applications thereof, as has been 
reported, for example, by Wacker. 

 Very recently, the Gr ö ger group reported the combination of an ADH - catalyzed 
reduction of ketones under substrate - coupled cofactor regeneration with a palladium -
 catalyzed Suzuki cross - coupling reaction in a one - pot synthesis in aqueous media  [190] . 
When carrying out the Suzuki cross - coupling reaction in the initial step starting from 
aromatic boronic acids and a halogenated acetophenone, subsequent biocatalytic reduc-
tion gave enantiomerically pure biaryl alcohols with conversions of up to 91%. 

 When applying an enzyme - coupled cofactor regeneration for asymmetric biocatalytic 
reduction processes, the use of a formate dehydrogenase (FDH) represented a popular 
approach. The FDH catalyzes the oxidation of formate into carbon dioxide, while reduc-
ing the oxidized form of the cofactor into its reduced form, NAD(P)H. The most widely 
applied FDH is probably the FDH from  C. boidinii  and optimized mutants thereof 
 [191]  developed in the Kula group who are –  – jointly with the Hummel and Wandrey 
groups –  – pioneers in the fi eld of FDH - based applications  [192,193]  in addition to the 
Whitesides group  [194] . A key advantage when using FDH for cofactor regeneration 
certainly is the irreversible step of carbon dioxide formation and removal, thus shifting 
the equilibrium toward (complete) product formation. In addition, downstream process-
ing is simplifi ed since (ideally) no organic by - product remains in the reaction mixture. 
The initial work on enzymatic reduction of ketones has been carried out based on the 
use of isolated enzymes in homogeneous aqueous media. Due to the low solubility of 
the hydrophobic ketones in water, the reactions were carried out at low substrate con-
centrations for a long time, typically in the range of 5 – 20   mM or below. In the 1990s, 
Hummel et al. as well as the Kula group studied in detail the suitability of different types 
of ADHs in combination with an FDH for asymmetric reduction of a broad range of 
ketones comprising keto esters, aromatic ketones, and aliphatic 2 - alkanones  [195 – 197] . 
The Kula group also carried out preparative transformations based on these enzymes 
by coupling the ADH reduction reactions with FDH regeneration  [198,199] . As enzymes, 
ADHs from  R. erythopolis  and  C. parapsilosis  were used in combination with the FDH 
from  C. boidinii . Carrying out reductions of several keto esters and a keto dialkyl acetal 
at a substrate concentration of 100   mM furnished the desired alcohols in most cases with 
high conversion (up to 100%) and high enantioselectivities of  > 99%. A selected example 
is given in Scheme  6.51 .   

 The issue of high space - time yields in spite of the limitation of low ketone solubil-
ity has been successfully addressed by the Wandrey group, who developed elegant 
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engineering solutions by means of continuously operating processes with an EMR. An 
effi cient  “ three - loop ”  concept is based on an enzymatic reaction in pure aqueous 
medium, a separation of the aqueous phase from the enzyme via ultrafi ltration, 
and a subsequent continuous extraction of the aqueous phase with an organic 
solvent. Organic and aqueous phases are separated by a hydrophobic membrane  [200 –
 202] . Although the reaction in this EMR is limited by the low solubility of the 
ketone in water (9 – 12   mM), good space - time yields in the range of 60 – 104   g/(L · d) 
have been obtained as has been demonstrated for the synthesis of, for example, ( S ) - 1 -
 phenylpropan - 2 - ol and ( S ) - 4 - phenylbutan - 2 - ol in enantiomerically pure form. An 
extended, newly designed emulsion membrane reactor concept has also been applied 
by Wandrey et al. for the asymmetric reduction of 2 - octanone  [203] . A conversion of 
97% has been achieved at a residence time of 1   h, corresponding to a space - time yield 
of 21.1   g/(L · d). Notably, this emulsion membrane reactor has been operated over a 
period of  > 4 months. 

 Although the presence of an organic solvent could improve the solubility of poorly 
water - soluble ketones, the known instability of the FDH from  C. boidinii  toward many 
organic solvents remained a challenge. Addressing the issue, Gr ö ger and Hummel et al. 
developed a suitable aqueous – organic two - phase solvent reaction medium based on the 
use of  n  - heptane and  n  - hexane as organic phases  [204,205] . In this reaction medium, a 
recombinant ( S ) - ADH and FDH from  C. boidinii  (mutant C235, C262A) remain stable, 
and preparative reductions therein gave good conversions and high enantioselectivities 
with a variety of aromatic ketone substrates. Although reactions proceed at substrate 
concentrations of up to 200   mM suffi ciently, at higher substrate concentrations conver-
sions are decreasing and prolonged reaction times are required. A further improvement 
of the substrate concentrations up to 500   mM has been realized when using an  “ emulsion 
system ”  for the synthesis of the corresponding alcohols  [206,207] . For example, the 
reduction of 4 - chloroacetophenone as a model substrate on a 6 - L scale gave the desired 
( S ) - alcohol with  > 98% conversion and  > 99.4% ee. As enzymes, the ADH from  R. eryth-
ropolis  and the FDH from  C. boidinii  have been used. 
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 The potential of an FDH - based whole - cell catalyst for synthetic applications has been 
recognized by Matsuyama et al., constructing a recombinant  E. coli  W3110 strain, which 
coexpresses an ADH from  Pichia fi nlandica  and an FDH from  Mycobacterium   [209] . 
The tailor - made whole - cell catalyst has been successfully applied, for example, in the 
enantioselective reduction of ethyl 4 - chloro - 3 - oxobutanoate ( 122 ) under the formation 
of the corresponding ( S ) - alcohol ( S ) -  123  at 32.2   g/L substrate input with 98.5% yield and 
99% ee (Scheme  6.53 ).   
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 Reductions based on the use of ADH and FDH already proved their technical fea-
sibility. This has been successfully demonstrated by the Patel group in the production 
of ( S ) - 2 - pentanol (( S ) -  131 ) on pilot scale using an ADH from  Gluconobacter oxydans  
(SC 13851)  [208] .  G. oxydans  cells, pretreated with Tritone X - 100, were used as biocata-
lyst in combination with the FDH from  C. boidinii . This reduction was carried out at a 
1.500 - L scale with a substrate input of 3.2   kg ( ∼ 2.13   g/L). The desired ( S ) - 2 - pentanol 
(( S ) -  131 ) has been formed with a conversion of 32.2% and an enantioselectivity of  > 99% 
ee (Scheme  6.52 ).   
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 For a long time, a major limitation for applications using the FDH from  C. boidinii  
was its inability to regenerate NADP + , thus being limited to the regeneration of NAD +  
only. An elegant solution of this problem has been recently found by the Hummel group, 
thus expanding the application range of FDH - based cofactor regeneration also to 
NADP +  - dependent ADHs  [210] . As such an ADH, the highly effi cient ADH from  L. 
kefi r   [211,212]  was chosen. The key step is the integration of an additional enzymatic 
step within the cofactor - regeneration cycle, namely the pyridine nucleotide transhy-
drogenase (PNT) - catalyzed regeneration of NADPH from NADP +  under consumption 
of NADH forming NAD +   [210] . The concept is graphically shown in Scheme  6.54 , 
exemplifi ed for the synthesis of ( R ) - phenylethanol (( R ) -  133 ).   
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 A further effi cient option for recycling the cofactor NAD(P)H, which is oxidized 
during the reduction process, is based on the use of a glucose dehydrogenase (GDH). 
Therein, D - glucose is oxidized to D - gluconolactone, while the oxidized cofactor 
NAD(P) +  is reduced to NAD(P)H (which is the required reducing agent for the reduc-
tion process). Since D - gluconolactone is subsequently hydrolyzed under the formation 
of D - gluconic acid (as its sodium salt at neutral pH), this reaction can also be regarded 
as an irreversible step, thus shifting the whole reaction into the direction of the desired 
alcohol product. Although some preparative synthetic applications by means of isolated 
enzymes are known  [213 – 215] , most of the reported applications of GDH - coupled cofac-
tor regeneration in asymmetric reduction are based on the use of recombinant whole - cell 
systems. Notably, industrial applications of this recombinant whole - cell technology 
based on an ADH and a GDH have already been reported in particular by Kaneka 
Corporation and Degussa AG (now Evonik - Degussa GmbH). Some selected examples 
of this technology are given in the following. 

 The proof of principle and pioneering work for a biocatalytic reduction using a GDH -
 coupled cofactor - regeneration process has been done by Wong and coworkers  [213,214] . 
The corresponding enzymatic reduction of ketones in the presence of different types of 
ADHs such as ADHs from horse liver, yeast, and  Thermoanaerobium brockii  gave the 
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 A recent contribution to this fi eld has been made by the Hua group focusing on the 
asymmetric reduction of  α  - chlorinated ketones in the presence of isolated ADHs and 
under regeneration of the cofactor with a GDH  [216] . A range of  α  - chlorinated alcohols 
were formed in high yields of 72 – 99%, and with excellent enantioselectivities of typically 
 > 99% ee. The joint use of ADH and GDH has also been successfully applied for the 
enantioselective reduction of substituted benzophenones by Merck researchers  [217] . 
The feasibility of this methodology for an enantio -  and diastereoselective reduction of 
ethyl 6 - benzyloxy - 3,5 - dioxohexanoate, has been demonstrated by the Patel group 
 [218,219] . When using cell extracts of  Acinetobacter calcoaceticus  in combination with a 
GDH and glucose, the desired product ethyl (3 R ,5 S ) - 6 - benzyloxy - 3,5 - dihydroxyhexano-
ate ((3 R ,5 S ) -  137 ) was formed with 92% conversion and an enantioselectivity of 99% ee 
(Scheme  6.56 ). After product isolation, (3 R ,5 S ) -  137  was obtained in 72% yield and with 
an enantiomeric excess of 99.5% ee.   
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desired alcohols, for example, ( R ) -  135 , with good to high enantioselectivities. Both ADH 
and GDH were used in an immobilized form. The conversions of these enzymatic bio-
transformations were in the range of 72 – 90%. Although enantioselectivities varied, they 
exceeded 90% ee in many cases. A selected example is shown in Scheme  6.55 .   
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 The design of recombinant whole cells is an elegant approach toward tailor - made 
(bio - )catalysts, which contain not only the cofactor  “ for free ”  but also both of the desired 
enzymes, ADH and GDH, in overexpressed form. The corresponding reduction of 
ketones proceeds within the cell according to the concept shown in Scheme  6.58 . Advan-
tages of such a recombinant whole - cell system over the wild - type ones are the higher 
amount of the desired enzymes within the cell (due to overexpression), their cost -
 effective access, and excellent performance in synthetic applications. With respect to this 
recombinant whole - cell concept, the pioneers in the design and application of highly 
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 Besides a screening for various ketones, the preparative asymmetric reduction of 
benzoyl hydroxyacetone and  α  - tetralone in the presence of isolated ADH and GDH 
enzymes has been described by BioCatalytics researchers  [220] . Using the isolated ADH 
enzymes in an amount of 1 – 7% (w/w) compared with the amount of substrate and a 
catalytic amount of cofactor led to the synthesis of the optically active alcohols, for 
example, ( R ) -  139 , in high yields. The reductions have been carried out at high substrate 
concentrations of up to 0.75 – 1.4   M. A selected example is shown in Scheme  6.57 .   
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effi cient recombinant whole - cell biocatalysts, consisting of an ADH and GDH, are 
Shimizu and coworkers  [221] . As a GDH, the GDH from  Bacillus megaterium , which 
accepts both NADH and NADPH as a cofactor, was used. Already in the 1990s, Shimizu 
et al. developed an effective  E. coli  catalyst, as well as a highly effi cient reaction system 
for the reduction of 4 - chloro - 3 - oxobutanoate  [222 – 226] . The use of these effi cient 
recombinant whole - cell catalysts in the asymmetric reduction of 4 - chloro - 3 - oxobutano-
ate ( 122 ) forming the corresponding pharmaceutically important alcohol ( R ) -  123  has 
been intensively investigated and optimized by the Shimizu group. As a reaction media, 
an  n  - butyl acetate/water two - phase solvent system turned out to be suitable  [227] . When 
using the  E. coli  host organism overexpressing an NADP +  - dependent ADH from  Spo-
robolomyces salmonicolor , and an isolated GDH enzyme or GDH - expressing cells as 
biocatalysts, the desired optically active ( R ) - alcohol ( R ) -  123  was formed with up to 
255   g/L in the organic phase under optimized conditions  [228,229] . The conversion 
reached 91% and an enantioselectivity of 91% ee was found. Besides glucose as a cosub-
strate, a low amount of NADP+ is required. A further improvement has been achieved 
when using  E. coli , co - expressing both the ADH from  S. salmonicolor  and the GDH 
from  B. megaterium , resulting in the formation of the desired optically active ( R ) - alcohol 
with 94.1% conversion and an enantioselectivity of 91.7% ee when operating at a sub-
strate concentration of 300   g/L and adding a catalytic amount of the NADP +  - cofactor 
 [230] . Scheme  6.58  illustrates the concept of this application of a tailor - made whole - cell 
biocatalyst in a two - phase reaction media, as well as experimental results.   

 It is noteworthy that the Shimizu group also designed a whole - cell catalyst for the 
synthesis of the analogue ( S ) - enantiomeric form of ethyl 4 - chloro - 3 - hydroxybutanoate 
 [231] . In addition, Kaneka researchers jointly with the Shimizu group reported the exten-
sion of this reduction technology for the reduction of other type of functionalized  β  - 
keto ester substrates, for example, 4 - bromo - 3 - oxobutanoate  [232] , and a range of other 
substrates  [231] . This impressive biocatalytic reduction technology developed by the 
Shimizu group has already been commercialized. Since 2000, Kaneka Corporation 
applies this methodology for the manufacture of ethyl ( S ) - 4 - chloro - 3 - hydroxybutanoate 
on industrial scale  [231] . 

 A recombinant whole - cell catalyst, containing an ADH and GDH, has also been 
developed by Patel et al., and successfully applied for the reduction of an acetophenone 
substituted with a keto ester - containing moiety  [233] . The reaction proceeded with a 
reaction yield of 95% and gave an excellent enantioselectivity of 99.9% ee. Notably, this 
biotransformation has been scaled up to a 500 - L scale. The construction of an  E. coli  
whole - cell catalyst, harboring the widely used ( R ) - selective ADH from  L. kefi r  and a 
GDH from  Bacillus subtilis , has also been successfully accomplished by the Hummel 
group  [234] . 

 In addition, Degussa researchers jointly with the Hummel group reported the appli-
cation of recombinant whole - cell biocatalysts in asymmetric reductions of a range of 
ketones at high substrate input, exceeding 150   g/L, in pure aqueous media, and in general 
without the need of addition of external amount of cofactor  [235] . Both types of enan-
tiomers are available due to the use of ( S ) -  and ( R ) - selective whole - cell biocatalysts. 
This methodology, which is both economical and simple to be carried out, has been used 
for the preparation of a wide range of optically active alcohols ( S ) -  and ( R ) -  141 . Typi-
cally, the substrate concentrations are in the range of 1   M, thus exceeding 100   g/L. The 
reduction proceeds with high conversions of up to  > 95%, and with high enantioselectivi-
ties of up to  > 99.4% ee. An overview about selected examples is given in Scheme  6.59 . 
The synthesis of a fl uorinated 4 - phenylethan - 1 - ol as well as aliphatic halohydrins also 
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turned out to proceed effi ciently and with high enantioselectivity of  > 99% ee when using 
these types of recombinant whole - cell catalysts  [236,237] . After further optimization, 
this recombinant whole - cell reduction technology platform has already been applied on 
industrial scale at Degussa AG.   

 Recently, a further highly effi cient application of recombinant  E. coli  cells overex-
pressing ADH and GDH was demonstrated by Ema and Sakai et al. with the effi cient 
biocatalytic synthesis of methyl ( R ) -  o  - chloromandelate, which is an intermediate for the 
drug clopidogrel  [238] . When starting from the corresponding  α  - keto ester, the biocata-
lytic reduction proceeds at an impressive substrate input of 198   g/L with 86% conversion, 
leading to the desired product ( R ) -  143  with 82% yield and an excellent enantioselectivity 
of  > 99% ee (Scheme  6.60 ). Furthermore, this type of biocatalyst also turned out to be 
suitable for the effi cient asymmetric reduction of a broad range of ketones  [239] .   
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 A further type of cofactor regeneration related to the one with a GDH is based on 
the use of a glucose - 6 - phosphate dehydrogenase (G - 6 - PDH). The synthesis of chiral 
alcohols by means of this methodology has already been reported in 1981 by Wong and 
Whitesides  [240,241] . The combination of the G - 6 - PDH with the ADH from  L. kefi r  for 
the synthesis of optically active ( R ) - phenylethan - 1 - ol has been additionally reported by 
Hummel  [242] , and the Stewart group applied their impressive set of 19 recombinant 
ADHs from  Saccharomyces cerevisiae  in a screening of numerous  α  -  and  β  - keto ester 
substrates by means of G - 6 - PDH - based reductions  [243,244] . As a substrate, glucose - 6 -
 phosphate is needed, which can be formed by the cells starting from glucose (in case of 
a whole - cell approach) or used directly (in case of isolated enzymes). The latter option, 
however, is less attractive since glucose - 6 - phosphate itself is an expensive compound. 
Accordingly, syntheses based on this type of cofactor regeneration with isolated enzymes 
have only been reported for small - scale applications. In contrast, the whole cell - based 
approach has potential for large - scale applications, and promising process development 
has already been reported by Hanson and Patel et al.  [245]  The applied whole - cell bio-
catalyst turned out to reduce 2,3 ′  - dichloro - 4 ′  - fl uoroacetophenone enantioselectively, 
thus leading to the desired product ( S ) - 2 - chloro - 1 - (3 ′  - chloro - 4 ′  - fl uorophenyl) - ethanol in 
89% yield and with  > 99% ee. The substrate input of this reduction was  ∼ 20   g/L, and the 
intact  E. coli  cells have been provided with glucose directly. 

 In summary, numerous methodologies for asymmetric biocatalytic reductions of 
ketones have been developed based on the use of isolated enzymes as well as whole - 
cell catalysts. High effi ciency in organic synthetic transformations of ketones into 
optically active alcohols has been demonstrated, which is underlined by applications on 
industrial scale.  

  6.5.3.   Reduction of  α  - Keto Acids 

 In contrast to  α  - keto ester, the analogous  α  - keto acids are not substrates for ADHs. 
However, a range of hydroxy acid dehydrogenases suitable for the reduction of  α  - keto 
acids under formation of enantiomerically pure  α  - hydroxy acids are available. An 
effi cient enantioselective synthesis of ( R ) - mandelic acid via enzymatic reduction of 
phenylglyoxylic acid has been developed by Hummel and Kula et al.  [246] . As a biocata-
lyst, an ( R ) - mandelic acid dehydrogenase from  Lactobacillus curvatus  was found. Based 
on this enzyme, a highly effi cient asymmetric reduction process by means of such a 
dehydrogenase route has been disclosed by Wandrey, Hummel, Kula, and coworkers 
 [247] . A continuous conversion of phenylglyoxylic acid ( 144 ) to ( R ) - mandelic acid (( R ) -
  145 ) was performed in an EMR with simultaneous cofactor regeneration. A mandelate 
dehydrogenase and an FDH have been used as biocatalysts. This two - enzyme process 
allowed the production of ( R ) - mandelic acid (( R ) -  145 ) with high space - time yields of 
700   g/(L * d) at a low enzyme consumption. The concept of this continuous ( R ) - mandelic 
acid production is shown in Scheme  6.61 . Thus, this effi cient type of biotransformation 
complements other biocatalytic routes to enantiomerically pure aromatic  α  - hydroxy 
acids such as oxynitrilase - catalyzed asymmetric cyanohydrin synthesis and subsequent 
hydrolysis or nitrilase - catalzyed hydrolysis of racemic cyanohydrins  [248] .   

 Aliphatic  α  - keto acids also turned out to represent suitable substrates. The most 
prominent example is the transformation of pyruvate into D -  or L - lactic acid in the 
presence of D -  and L - lactate dehydrogenases. Besides lactate dehydrogenases, however, 
other dehydrogenases have also been developed as recombinant biocatalysts for the 
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reduction of aliphatic  α  - keto acids. For example, Hummel and Kula et al. applied an 
L - 2 - hydroxyisocaproate dehydrogenase from  Lactobacillus confusus  for a highly enan-
tioselective reduction of a range of aliphatic 2 - keto acids  [249] .  

  6.5.4.   Reductive Amination of  α  - Keto Acids 

 The asymmetric reductive amination of  α  - keto acids represents a straightforward 
approach to (in particular nonproteinogenic)  α  - amino acids in enantiomerically pure 
form  [250] . The most prominent representative amino acid obtained by this route is 
the bulky amino acid L -  tert  - leucine, which serves as an important building block for the 
pharmaceutical industry  [251] . For the synthesis of amino acids via reductive amination 
of keto acids, one can use chemocatalysts  [252]  as well as enzymes, namely amino acid 
dehydrogenases, as catalyst components. An enzymatic route is based on the combined 
use of two isolated and purifi ed dehydrogenases, namely, a leucine dehydrogenase 
(LeuDH) for reductive amination and an FDH from  C. boidinii   [253,254] . The FDH is 
needed for an  in situ  recycling of the cofactor NADH. By means of such a biocatalytic 
reductive amination, L -  tert  - leucine (( S ) -  147 ) is obtained with high conversion and excel-
lent enantioselectivity of  > 99% ee (Scheme  6.62 ). This process is already applied on a 
scale of tons at Degussa AG  [255]  and additionally turned out to be applicable to a range 
of other types of  α  - amino acids  [251,254] .   

 A further example for the value of enzymatic reductive amination is the synthesis of 
the nonproteinogenic amino acid L - 6 - hydroxynorleucine (( S ) -  149 ), required as interme-
diate for the synthesis of an antihypertensive drug  [256] . This process, which was devel-
oped by Patel and coworkers, gave the desired L - amino acid with complete conversion, 
a yield of 92%, and an enantioselectivity of  > 99% ee (Scheme  6.63 ). In this synthesis, 
which runs at a high substrate input of 100   g/L, a beef liver glutamate dehydrogenase 
was used as L - amino acid dehydrogenase and a GDH from  B. megaterium  was used for 
cofactor regeneration.   
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 However, in spite of high effi ciency, the need for isolated, costly enzymes as well as 
the need for the addition of expensive cofactor NAD +  (although used in catalytic 
amounts) is disadvantageous. Thus, efforts have been made to address these issues. The 
direct use of a whole - cell catalyst, containing both an amino acid dehydrogenase and 
FDH in overexpressed form, has been reported by Esaki et al. in their pioneer work for 
several amino acids  [257] . The desired amino acids were obtained with high conversion 
and excellent enantioselectivity. For example, L - leucine, L - valine, and L - norvaline were 
synthesized with a recombinant whole - cell catalyst overexpressing a LeuDH with con-
versions of 95 – 97% and enantioselectivities of  > 99% ee. When using a whole - cell cata-
lyst bearing a phenylalanine dehydrogenase as amino acid dehydrogenase, L - tyrosine 
(92% conversion) and L - phenylalanine (95% conversion) were formed in enantiomeri-
cally pure form. 
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 A whole cell - catalyzed process has also been developed by Gr ö ger and Altenbuchner 
et al. for the enantioselective synthesis of L - neopentylglycine as a further bulky  α  - amino 
acid  [259] . The synthesis of this non - natural amino acid proceeds highly effi ciently, 
leading to the desired L - neopentylglycine with  > 95% conversion and a high enantiose-
lectivity of  > 99% ee at substrate concentrations of up to 88   g/L. 

 Patel reported a whole cell - catalyzed reductive amination toward the synthesis of 
L - allysine ethylene acetal (( S ) -  151 ) as a further L - amino acid intermediate for an anti-
hypertensive drug (Scheme  6.65 )  [260] . As a whole - cell catalyst,  Pichia pastoris  cells 
containing a phenylalanine dehydrogenase from  Thermoactinomyces intermedius  were 
used in combination with an FDH from  P. pastoris . The desired L - amino acid ( S ) -  151  
was obtained with 97% conversion and an enantioselectivity of  > 98% ee when using a 
substrate input of 100   g/L.    

 Recently, a highly effi cient process for the synthesis of L -  tert  - leucine, which is based 
on the use of tailor - made recombinant whole - cell catalysts, has been reported by Gr ö ger, 
Altenbuchner, and coworkers (Scheme  6.64 )  [258] . Notably, the process runs at an 
overall substrate input of 130   g/L and leads to the desired L -  tert  - leucine (( S ) -  147 ) with 
 > 95% conversion. After isolation, L -  tert  - leucine (( S ) -  147 ) was obtained in 84% yield 
with an enantiomeric excess of  > 99% ee.   

  6.5.5.   Reduction of Activated  C  =  C  Double Bonds 

 The biocatalytic reduction of activated C = C double bonds represents an enzymatic 
reaction with high application potential in organic synthesis  [261] . By means of such a 
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reaction type, one can obtain access to, for example, chiral ketones, aldehydes, carboxyl-
ates and derivatives thereof, and nitroalkanes. However, in contrast to reduction of C = O 
double bonds of ketones and keto esters (see Section  6.5.2 ) with ADHs, the fi eld of 
biocatalytic C = C reduction is still rarely explored. This is, in part, due to the limited 
number of readily available and suffi ciently stable recombinant enoate reductases. The 
 “ workhorses ”  in this fi eld are enoate reductases from lower fungi and bacteria, belonging 
to the family of so - called old yellow enzymes. These enzymes show a broad substrate 
range, and many of them are available in recombinant form. 

 In the fi eld of chiral ketone synthesis, an impressive contribution has been reported 
by Shimizu et al. in the asymmetric reduction of the C = C double bond in ketoisopho-
rone ( 152 )  [262,263] . In the presence of a recombinant whole - cell catalyst overexpressing 
an enoate reductase from  Candida macedoniensis  and a GDH, the desired reduction of 
the C = C double bond proceeds under the formation of ( R ) - levodione (( R ) -  153 ) with 
both excellent conversion and enantioselectivity. Furthermore, the process runs at a high 
substrate concentration leading to ( R ) - levodione with 96.9% conversion at a substrate 
input of 98.2   g/L (Scheme  6.66 ). Thus, this process also fulfi ls the criteria for a technically 
feasible process and can be regarded as one of the major pioneering works in the fi eld 
of asymmetric enzymatic C = C bond reduction.   

 Other cyclic  α , β  - unsaturated enones serve as substrates as well, and reduction of 
these types of substrates can be carried out in a highly enantioselective manner as has 
been demonstrated by the Stewart group using recombinant old yellow enzymes  [264] . 

 Notably, also  α , β  - unsaturated carboxylic acids and their esters with very different 
substitution pattern can be used as substrates. For example, the C = C double bond in 
 α  - chloroacrylic acid ( 154 ) has been reduced in the presence of an enoate reductase from 
 Burkholderia  sp., leading to the desired  α  - chloropropionate ( S ) -  155 , which is an impor-
tant pharmaceutical building block, in high enantioselectivity (Scheme  6.67 )  [265] . 
Enoate reductases were also applied successfully in asymmetric synthesis of  γ  - lactones, 
which were obtained in high enantiomeric excess  [266] . In addition, enzymatic reduction 
of 2 - decen - 5 - olide for the synthesis of  δ  - decalactone has found commercial interest due 
to its use as a constituent of natural fl avorings  [267] .   
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 Besides enones, enals, and  α , β  - unsaturated esters, nitroalkenes are also suitable 
substrates for enoate reductases, which has been impressively demonstrated by the Otha 
group in their pioneering work (Scheme  6.68 )  [268] . A broad range of 1 - nitro - 1 - alkenes 
of type  156  were reduced enantioselectively in the presence of baker ’ s yeast, which 
contains enoate reductases. The synthesized 1 - nitroalkanes ( R ) -  157  were formed with 
enantiomeric excess of up to 98% ee. These products represent interesting intermediates 
for the formation of enantiomerically enriched primary amines through subsequent 
reduction of the nitro group.   
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 A further impressive application of enoate reductases has recently been reported by 
the Stewart group  [269] . Nitroalkenes of type  158 , which were prepared starting from 
an  α  - keto ester and nitromethane in a Henry reaction and subsequent dehydration, 
turned out to be suitable substrates. The reduction of the C = C double bond in 
(Z) - nitroalkenes of type  158  proceeds very effi ciently, leading to the corresponding 
2 - substituted 3 - nitropropanoates, which were subsequently transformed as crude prod-
ucts into the corresponding chiral  β  2  - amino acid esters ( R ) -  159 . These products ( R ) -  159  
were obtained with a high overall conversion of up to  > 98% and in most cases high 
enantiomeric excess of up to 96% ee. Selected examples are given in Scheme  6.69 .   
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 In spite of high suitability of these enoate reductases, there is an increasing demand 
for further enzymes capable of reducing C = C double bonds, thus expanding the diversity 
of biocatalysts for this important reaction. Recently, various microbial enzymes have 
been studied with respect to their application in organic synthesis, and recombinant 
forms thereof are now available  [270,271] . A further elegant step in this direction has 
been recently reported by Faber et al., demonstrating the suitability of an 12 - oxophyto-
dienoate reductase from  Lycopersicon esculentum  (tomato) as an air - stable enoate 
reductase in organic syntheses  [271,272] . This example also shows that enzymes of plant 
origin can be used as effi cient biocatalysts in organic synthesis. A broad range of acti-
vated alkenes have been successfully reduced, leading to high enantioselectivities in 
most cases. For example, reduction of an  α  - substituted maleimide  160  proceeds under 
the formation of the desired product ( R ) -  161  with excellent 99% conversion and 97% 
ee when using an FDH for cofactor regeneration (Scheme  6.70 ).    
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  6.5.6.   Transamination 

 Besides amino acid dehydrogenases, further catalysts suitable for the transformation 
of carbonyl functionality into an amine moiety are transaminases. Notably, depending 
on the type of transaminase, both  α  - keto acids and ketones are tolerated as substrates, 
thus leading to  α  - amino acids and amines with a stereogenic center in  α  - position, 
respectively. 

 The synthesis of chiral  α  - amino acid starting from keto acids by means of a transami-
nation has been developed by NSC Technologies  [273,274] . This process can be used for 
the synthesis of both L -  and D - amino acids and is based on the transfer of an amino 
group from an inexpensive amino donor, for example, L - glutamic acid or L - aspartic acid, 
to the carbonyl moiety of the keto acid substrate. This reaction is catalyzed by a trans-
aminase (aminotransferase) and requires pyridoxal phosphate as a cofactor (which is 
bound to the transaminase). A broad substrate range has been observed and enantiose-
lectivities are excellent in general, thus leading to the desired D -  or L - amino acids in 
enantiomerically pure form  [275] . For example, starting from pyruvic acid ( 162 ) the 
desired product L - alanine (L -  164 ) is formed in an effi cient transamination process with 
an impressive space - time yield of 4.8   kg/(L · d) when using L - glutamic acid (L -  164 ) as an 
amino donor (Scheme  6.71 ). Furthermore, several nonproteinogenic  α  - amino acids such 
as L - phosphinothricine, L - homophenylalanine, and L -  tert  - leucine have been produced 
as well using transamination.   
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 A drawback of transaminations is incomplete reactions (with yields typically around 
50% in  “ standard ”  processes) due to thermodynamic reasons  [275,276] . This problem 
has been overcome by coupling the transamination reaction with a subsequent reaction, 
which consumes the synthesized  α  - keto acid (as an undesired side product) in an irre-
versible step. For example, decarboxylation of oxaloacetate, which is the keto acid side 
product when using L - aspartate as amino donor, turned out to be such a suitable sub-
sequent irreversible step  [277] . 

 Other effi cient approaches to shift the equilibrium in the desired direction have been 
developed by the Geffl aut group  [278] .These methods are based on a coupling of the 
transaminase process with either an irreversible aspartate aminotransferase - catalyzed 
transamination process using cysteine sulfi nic acid ( 166 ) as an amino donor or an amino 
dehydrogenase - catalyzed reaction under  in situ  cofactor recycling. In the latter method-
ology, the applied cofactor recycling is based on the use of formate in combination with 
an FDH. In the presence of a branched chain aminotransferase from  E. coli , these types 
of transaminations turned out to be suitable for the synthesis of various types of non -
 natural, 3 -  or 4 - substituted glutamic acid analogues, for example, (2 S ,3 R ) -  168 . A selected 
example is shown in Scheme  6.72 .   
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 Furthermore,  ω  - transaminases turned out to be capable for the transformation of a 
range of prochiral ketones into the corresponding enantiomerically pure amines (bearing 
a primary amino moiety). 

 A highlight in this fi eld is the highly effi cient synthesis of ( S ) - methoxyisoproylamine 
(( S ) -  171 ), which is an intermediate for the production of the herbicide metolachlor  [279] . 
Based on a recombinant whole - cell catalyst overexpressing a transaminase, which was 
optimized through directed evolution, an impressive synthesis of this molecule was 
developed by Celgene researchers. A key feature is the high substrate concentration of 
2.08   M, corresponding to 183   g/L. The desired ( S ) - enantiomer ( S ) -  171  was obtained with 
excellent  > 99% ee (Scheme  6.73 ). Isopropylamine ( 170 ) was used as an amine donor. 
The high conversion of 93% was achieved through removal of acetone in vacuo. Besides 
this process, Celgene also applied this transaminase technology for numerous other 
types of chiral ( S ) -  and ( R ) - amines. Furthermore, this transamination technology has 
been scaled up to the production of chiral amines on a  > 500 - kg scale  [280] .   

rac-167

Branched chain
aminotransferase

from E. coli

O

CO2HCO2HHO2C

L-163

O

CO2HHO2C

165

NH2

HO2C

Ph
rac

(2S,3R)-168
38% yield
>98% de

CO2HHO2C

Ph

NH2

CO2H
166

Me

O

CO2H
162

+ SO2

HO2S

NH2

Aspartate
aminotransferase

     Scheme 6.72.       

169
(183 g/L

substrate input)

Recombinant
whole-cell catalyst

containing
transaminase

O

Me Me Me+

170 (S)-171
93% conversion

>99% ee

Me Me

O

Me+

172

NH2 NH2

MeO MeO

     Scheme 6.73.       

 Besides the use of isopropylamine as an amine source, L - amino acids also represent 
suitable cosubstrates. The use of L - alanine as an alternative amino donor has been 
investigated by the Kim group  [281] . To make this process synthetically useful, biocata-
lytic removal of the pyruvic acid formed as a result of the oxidation of the cosubstrate 
L - alanine was required. Thus, the equilibrium is shifted in the desired direction, leading 
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to a high yield of the transamination product. This was achieved in particular by means 
of transaminase - containing recombinant whole cells, which are able to consume the 
formed pyruvic acid. When using such types of recombinant whole cells, ( S ) - phenylethyl -
 1 - amine was formed with 90% conversion and an enantioselectivity of  > 99% ee. 

 Other effi cient methodologies to shift the equilibrium by means of enzymatic 
derivatization of the formed  α  - keto acids have been reported recently by the Born-
scheuer group and Kroutil group. The Bornscheuer group applied a pyruvate decarbox-
ylase for the removal of pyruvate through decarboxylation and formation of carbon 
dioxide in an irreversible process. In the presence of such a combination of transaminase 
and pyruvate decarboxylase, the transamination of 1 -  N  - Boc - 3 - oxopyrrolidine gave the 
corresponding ( S ) - amine with 80% conversion and 99% ee  [282] . The Kroutil group 
used an alanine dehydrogenase and an FDH to regenerate L - alanine from pyruvate 
under the formation of carbon dioxide from formate. By means of this methodology, 
the transamination reactions proceed with both high conversion (of up to  > 99%) and 
enantioselectivity (of up to  > 99% ee)  [283] . 

 For a long time, enzymatic transamination of ketones has been limited to the synthe-
sis of ( S ) - amines. The extension of this technology toward the ( R ) - enantiomeric forms 
has been recently reported by Hasegawa et al. by means of a transaminase, which 
requires in particular  α  - methylbenzylamine as an amine donor  [284] .   

  6.6.   ASYMMETRIC OXIDATIONS 

  6.6.1.   Overview 

 Asymmetric oxidations play an important role in organic synthesis. Many valuable, 
highly effi cient chemocatalytic methods have been developed. Besides chemocatalysts, 
enzymes turned out to represent useful (bio - )catalysts. Notably, a broad range of differ-
ent types of oxidation reactions can be catalyzed by biocatalysts. To start with the oxida-
tion of a carbon atom, one can convert a ketone moiety into an ester in an asymmetric 
fashion by means of a so - called Baeyer – Villiger monooxygenase. When starting from 
alkenes, a range of monooxygenases turned out to be suitable for enantioselective 
epoxidation. A further challenging reaction that can be catalyzed by monooxygenases 
is the enantioselective hydroxylation of alkanes. The asymmetric synthesis of chiral 
amino moieties can be achieved by resolutions based on enzymatic amine oxidation or 
amino acid dehydrogenation. Heteroatoms can be oxidized as well, which has been 
demonstrated for, for example, sulfoxidation. In the following, these enzymatic asym-
metric oxidations are described in more detail.  

  6.6.2.   Baeyer – Villiger Oxidation 

 The Baeyer – Villiger reaction is a key reaction in organic chemistry. Although known 
for more than 100 years, asymmetric catalytic Baeyer – Villiger reactions remained a 
challenge. Depending on the type of ketone substrate, enantioselective Baeyer – Villiger 
oxidation can be carried out as a resolution of racemic ketones as well as as an asym-
metric desymmetrization reaction when starting from a prochiral ketone. Since a quan-
titative yield can theoretically be obtained in the latter version, asymmetric 
desymmetrizations are particularly attractive. As chiral catalysts, both chemocatalysts 
and enzymes have been developed and successfully used. Suitable enzymes for this type 
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of reaction are known as Baeyer – Villiger monooxygenases  [285,286] . Notably, these 
enzymes are also capable of oxidizing heteroatoms such as sulfur in sulfoxidation reac-
tions (see Section  6.6.6 ). Baeyer – Villiger monooxygenases are cofactor - dependent 
enzymes and are usually obtained from microbial sources. The probably most widely 
used Baeyer – Villiger monooxygenase for synthetic purposes so far is a cyclohexanone 
monooxygenase from  Acinetobacter  sp.  [286,287] . The enzymatic Baeyer – Villiger oxida-
tion can be carried out with a broad range of substrates. To start with prochiral 4 - sub-
stituted monocyclic cyclohexanones  173 , corresponding ( S ) - lactones ( S ) -  174  are formed 
in good yield and with high enantioselectivity of up to  > 98% ee in an enzymatic desym-
metrization (Scheme  6.74 )  [288,289] . Notably, for this oxidation process, the reduced 
form of the cofactor (NADPH) is required under the formation of NADP + , which is  in 
situ  recycled using an enzymatic coupled cofactor regeneration.   

 Further applications of monooxygenases have been desymmetrizations starting 
from  meso  - compounds. For example, 2,6 -  or 3,5 - disubstituted ( meso  - )cyclohexanones 
have been converted successfully by Stewart et al. into the corresponding lactones with 
high enantioselectivity of up to  > 98% ee  [290] . Furthermore, a series of prochiral 3 - 
substituted cyclobutanones was converted by recombinant whole cells, overexpressing 
a Baeyer – Villiger monooxygenase, into the corresponding ( S ) - lactones with moderate 
to good enantioselectivities  [291,292] . An application of the enzymatic Baeyer – Villiger 
oxidation for the synthesis of an intermediate of ( R ) - baclofen based on the use of 3 - ( p  -
 chlorophenyl) - substituted cyclobutanone as prochiral substrate has been reported by the 
Furstoss group  [293] . 

 Besides desymmetrization, resolutions can also be carried out with Baeyer – Villiger 
monooxygenases when starting from, for example, racemic 2 - substituted cyclohexanones 
 [294,295] . Excellent enantioselectivities with E values of up to E > 200 have been achieved 
by Stewart and Kayser et al. in a range of resolution processes. A selected example is 
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shown in Scheme  6.75 . Further examples of successful applications of Baeyer – Villiger 
monooxygenases in resolution processes have been described by several groups for the 
resolution of racemic bicyclic ketones  [296 – 298] .   

 Due to the high effi ciency of enzymatic Baeyer – Villiger reactions and availability of 
a recombinant production strain of the biocatalyst, scale - up of this methodology has 
been reported as well  [299] . For example, a biotransformation at kilogram scale has been 
reported by Furstoss and coworkers in collaboration with Sigma - Aldrich for the enzy-
matic Baeyer – Villiger oxidation of racemic bicyclo[3.2.0]hept - 2 - en - one ( rac  -  177 ) in a 
50 - L bioreactor. Besides a high productivity, high enantioselectivities were obtained for 
both regioisomeric lactones (1 S ,5 R ) -  178  and (1 R ,5 S ) -  179  when operating at a substrate 
input of 25   g/L (Scheme  6.76 )  [300] .   
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 As a very nice extension of the enzymatic Baeyer – Villiger oxidation, Alphand et al. 
reported a combination of this reaction (as a resolution) with an anion - exchange resin -
 catalyzed racemization of the substrate toward a dynamic kinetic resolution process 
 [301] . High yields of up to 85% accompanied by excellent enantioselectivities of up to 
97% ee were achieved when using racemic benzyloxycyclopentanone as a substrate. 

 A further process improvement with respect to the type of cofactor recycling was 
reported by the Willetts group. By coupling a cyclohexanone monooxygenase with an 
ADH from  T. brockii , a cosubstrate - free  “ double oxidation ”  of an alcohol  endo  -  180  into 
lactones  178  and  179  is achieved (Scheme  6.77 )  [302] . The oxidized form of the cofactor 
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is consumed in the initial (ADH - catalyzed) step, while the resulting reduced form of the 
cofactor is then required for the second, monooxygenase - catalyzed oxidation step. In 
this second step, the oxidized form of the cofactor, which is then required for the fi rst 
step, is generated again. This process technology has been successfully used for the 
regio -  and enantioselective synthesis of  178 , which was obtained in 41% yield (as a 
mixture with regioisomer  179 ) and with 86% ee.   

 Very recently, the Bornscheuer group and Reetz group independently reported 
access to improved Baeyer – Villiger monooxygenase mutants by means of directed evo-
lution technology  [303] , and its combination with site - directed mutagenesis  [304] .  

  6.6.3.   Epoxidation of Alkenes 

 Asymmetric catalytic epoxidation of alkenes represents a straightforward approach 
to enantiomerically enriched epoxides. Besides metal catalysts and organocatalysts, 
cofactor - dependent monooxygenases turned out to be valuable catalyst for this type of 
reaction  [305] . 

 Pinoneer work on asymmetric biocatalytic epoxidation of (substituted) styrene has 
been done by the Schmid and Witholt group, who developed an effi cient epoxidation 
methodology including an initial scale - up to a gram - scale synthesis of chiral oxiranes 
 [306,307] . As a biocatalyst, recombinant  E. coli  whole cells overexpressing a styrene 
monooxygenase have been applied. Using glucose as the carbon source in a two - phase 
fed - batch process with bis(2 - ethylhexyl)phthalate as organic solvent gave ( S ) - styrene 
oxide (( S ) -  182 ) with 99.5% ee (Scheme  6.78 ). Scale - up of this type of process up to a 
30 - L scale has been reported by the same group  [308] .   

 Furthermore, enzymatic asymmetric epoxidation has been carried out with isolated 
enzymes by coupling with an FDH - catalyzed regeneration of the cofactor NADH in 
organic – aqueous emulsions (Scheme  6.79 )  [309] . Using a stable recombinant FAD/
NADH - dependent styrene monooxygenase StyAB as well as dodecane as an organic 
phase (which led to advantageously low substrate concentration in the aqueous phase, 
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thus keeping deactivation of the monooxygenase to a minimum) gave ( R ) - 3 - chlorosty-
rene epoxide (( S ) -  184 ) with 90.5% conversion, in 73% yield and with  > 99.9% ee (Scheme 
 6.79 ). Other styrene derivatives have been epoxidized with both high conversion and 
enantioselectivity as well.   

 The Schmid group also reported the fi rst direct regeneration of an FAD - dependent 
monooxygenase for the epoxidation of styrene leading to ( S ) - epoxides with  > 98% ee 
 [310] . An organometallic Rh complex catalyzes the transhydrogenation between formate 
and the cofactor FAD, thus delivering FADH2 required as cofactor for the applied of 
styrene monooxygenase StyA. Furthermore, the Schmid group reported a direct elec-
trochemical regeneration of FAD within a process for the asymmetric monooxygenase -
 catalyzed epoxidation  [311] . 

 The Ohta group reported the epoxidation of an aliphatic linear  n  - alkane in a pioneer 
work  [312,313] . Notably, a high enantioselectivity was observed in the microbial epoxi-
dation of hexadec - 1 - ene ( 185 ). The resulting epoxide ( R ) -  186  was obtained in 41% yield 
and with an excellent enantioselectivity of  > 99% ee (Scheme  6.80 ).   
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 The enantioselectivity of monooxygenases has been improved by the Arnold group 
 [314] . Applying an engineered cytochrome P450 BM - 3 enzyme to the epoxidation of 
several terminal aliphatic alkenes led to enantioselectivities between 55% ee and 
83% ee. Notably, inversion of enantioselectivity in the epoxidation of styrene has been 
achieved by the Schwaneberg group by means of a single mutation in the P450 BM3 
monooxygenase  [315] . This mutant was found via directed evolution 

 Furthermore, a regio -  and enantioselective epoxidation of linolenic has been devel-
oped by the Turner group using a P450 - monooxygenase from  B. megaterium   [316] . In 
the presence of this biocatalyst, an enantioselectivity of 60% ee was obtained.  

  6.6.4.   Hydroxylation of Alkanes 

 Selective functionalization of alkanes is still among the most current challenges in the 
fi eld of organic chemistry. Enzymes, namely monooxygenases, turned out to be versatile 
and selective catalysts  [317 – 319] . In some fi elds, in particular related to steroid hydrox-
ylation, technical applications have already been reported  [320] . In the following, a brief 
overview of main achievements in asymmetric enzymatic hydroxylation in recent years 
will be given. It is noteworthy that in spite of excellent selectivities for many oxidore-
ductase - catalyzed reactions (e.g., reductions with ADHs; see Section  6.5.2 ), highly asym-
metric hydroxylation protocols are still rare. 

 Pioneer work in the fi eld of asymmetric hydroxylation has been done by the Adam 
group  [321] . When using a  B. megaterium  strain as a whole - cell biocatalyst, asymmetric 
hydroxylation proceeds with a range of linear  n  - alkanes such as  n  - heptane and  n  - octane 
( 187 ) in a highly enantioselective fashion. However, regioselectivity still needs improve-
ment since different types of regioisomers are formed in signifi cant amount. Further-
more, undesired  “ overoxidation ”  under formation of the corresponding ketones from 
the alcohols plays a role. An example for the formation of regiosiomers with up to  > 99% 
ee is shown in Scheme  6.81 .   



6.6. ASYMMETRIC OXIDATIONS 327

 A recombinant P450 - monooxygenase from  B. megaterium  was engineered by Arnold 
et al. and turned out to be suitable for stereoselective hydroxylation of a cyclopentan-
ecarboxylate derivative  [322] . In the presence of various mutants, the desired hydroxyl-
ation proceeds with both high diastereoselectivity (of up to 96% de) and enantioselectivity 
(of up to 89% ee). 

 The hydroxylation of  N  - benzyl pyrrolidine with a recombinant  E. coli  strain bearing 
an alkane hydroxylase was reported by the Witholt group  [323] . The desired  N  - benzyl 
( R ) - 3 - hydroxypyrrolidine was formed with 70% ee. When replacing the  N  - benzyl group 
with other  N  - protecting groups, the corresponding substrates were hydroxylated enzy-
matically with enantioselectivities of up to 75% ee  [324] . An enantioselective hydroxyl-
ation of 2 -  and 3 - alkylpyridines based on the use of whole cells of  P. putida  was described 
by the Sheldrake group  [325] . 

 So far, a main application area of monooxygenases on large scale is the regio -  and 
diastereoselective hydroxylation of steroid molecules. Although not starting from a 
prochiral substrate, this technology is briefl y described in the following. An example for 
a technical application of monooxygenases in this fi eld represents the diastereo -  and 
regioselective 11 β  - hydroxylation of the steroid Reichstein S to hydrocortisone using 
 Curvularia  sp. whole cells. This process runs at about 100   t per year at Schering  [326,327] . 
The industrial applications of monooxygenases at Schering have been summarized in a 
recent review  [320] . A further application of monooxygenases for steroid functionaliza-
tion, which has been developed by Pharmacia and Upjohn, is the conversion of proges-
terone to cortisone by  Rhizopus  sp. whole cells  [328] .  

  6.6.5.   Oxidation of Amines, Amino Acids, and Alcohols 

 The enantioselective oxidation of (racemic) amines can be used for the preparation of 
enantiomerically pure amines, which play an important role as intermediates in drugs 
synthesis. Although this route still represents a resolution process with the limitation of 
a maximum of 50% yield, it turned out to be very useful for, in particular, the prepara-
tion of unnatural D - amino acids and chiral amines. In the latter case, dynamic resolution 
processes have been developed as well. Either amine oxidases (in case of amines) or 
amino acid dehydrogenases in combination with an NADH - oxidase (for D - amino acid 
synthesis) have been used as enzymes. Both concepts are described in the following. 

 In the presence of amino acid dehydrogenases, L - amino acids can be oxidized under 
the formation of keto acids  [329] . The required oxidized form of the cofactor, NAD + , is 
reduced to NADH.  In situ  recycling of the cofactor is then carried out using an NADH -
 oxidase, which makes use of the (expensive) cofactor in catalytic amounts possible. This 
reaction is particularly attractive for the synthesis of D - amino acids when starting from 
easily available racemic amino acids as substrates. A prerequisite is a (nearly) quantita-
tive conversion of 50% to obtain high enantioselectivities. The Hummel group applied 
such a concept successfully for the synthesis of D -  tert  - leucine (( R ) -  147 ) starting from 
racemic  tert  - leucine ( rac  -  147 ) as a starting material  [329] . When using a leucine amino 
dehydrogenase and an NADH - oxidase from  E. coli , the desired D -  tert  - leucine (( R ) -  147 ) 
is formed with excellent enantioselectivity of  > 99% ee, which also indicates quantitative 
oxidation of the L - enantiomer (Scheme  6.82 ).   

 A highly effi cient approach toward enantiomerically pure primary, secondary, and 
tertiary amines by means of an amine oxidase has been reported by the Turner group 
 [330 – 332] . Starting from the corresponding racemic amines (or their imine and iminium 
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precursors in case of cyclic secondary and tertiary amines), an amine oxidase - catalyzed 
enantioselective oxidation of one enantiomer under imine formation and nonasymmet-
ric  in situ  reduction of the imine with a borohydride were combined in a one - pot syn-
thesis. By means of such an enantioselective chemoenzymatic process, amines were 
obtained in good yield and excellent enantioselectivity of 99% ee. A selected example 
for such an impressive deracemization process starting from a racemic cyclic tertiary 
amine is given in Scheme  6.83   [332] . This chemoenzymatic one - pot methodology com-
plements the highly effi cient acylation technology with lipases for the enantioselective 
synthesis of amines.   

 The (bio - )transformation of secondary alcohols into ketones by means of ADHs has 
been investigated as well. For this reaction, the oxidized cofactor form, NAD(P) + , is 
required. The Kroutil and Faber group reported a highly effi cient resolution of racemic 
secondary alcohols by means of an enantioselective oxidation in the presence of an ADH 
from  R. ruber   [185] .  In situ  cofactor recycling of formed NADPH was carried out using 
acetone, which is converted into isopropanol under the formation of NADP + . Selected 
examples are shown in Scheme  6.84 .   
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 Alternatively, cofactor regeneration can also be carried out using an NADH - oxidase. 
This has been demonstrated by the Hummel group for the resolution of racemic phenyl-
ethan - 1 - ol  [333] . In this process, the ( R ) - enantiomer is completely oxidized, thus result-
ing in an enantiomerically pure remaining ( S ) - enantiomer of this chiral alcohol.  

  6.6.6.   Sulfoxidation 

 A further interesting oxidation reaction is the sulfoxidation for the enantioselective 
preparation of chiral sulfoxides. Dialkyl sulfi des serve as suitable substrates for enzy-
matic sulfoxidation. For example, the Colonna group reported the enantioselective 
sulfoxidation of a range of dialkyl sulfi des in the presence of a chloroperoxidase or 
cyclohexanone monooxygenase  [334] . For example, using a chloroperoxidase as a bio-
catalyst gave both an excellent conversion ( > 98%) and enantioselectivity ( > 98% ee) 
when using cyclopentyl methyl sulfi de ( 194 ) as a starting material in the sulfoxidation 
reaction (Scheme  6.85 ).   

 In addition, the enantioselective biocatalytic sulfoxidation has been reported for a 
range of aromatic sulfi des  [335,336]  and for 1,3 - dithioacetals  [337] .   
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  6.7.   SUMMARY 

 In summary, a broad range of enzymes turned out to be effi cient catalysts in asymmetric 
synthesis. Often, excellent enantioselectivities are achieved, thus making biocatalysis an 
attractive tool for the enantioselective preparation of chiral molecules. Enzymes can be 
used in different forms, such as isolated and immobilized enzymes or whole - cell cata-
lysts. The use of recombinant whole cells, containing the desired enzymes in overex-
pressed form, is gaining more and more attention. In particular, recombinant whole - cell 
catalysts are attractive in the fi eld of redox biocatalysis due to the need of (often) more 
than one enzyme for the biotransformation. Besides excellent enantioselectivities (as a 
key feature of many enzymatic processes), high conversions at high substrate concentra-
tions have also been realized for a broad range of biotransformations. Thus, it is no 
surprise that there is also an increasing tendency to apply biocatalysis on industrial scale, 
and numerous biocatalytic manufacturing processes are already running successfully on 
industrial scale. Without any doubt, in the future, we can expect further effi cient bio-
catalytic syntheses on lab and technical scales.  

  REFERENCES 

   1.     Review:   Pollard ,  D.  ;   Woodley ,  J. M.    Trends Biotechnol.   2007 ,  25 ,  66  –  73 .  

   2.     For a very comprehensive summary of biocatalysis in organic synthesis, see:   Drauz ,  K.  ;   Waldmann , 
 H.   (Eds.).  Enzymes in Organic Synthesis .  Weinheim :  Wiley - VCH ,  2002 ; Vol.  1 – 3 .  

   3.     Review about lipase - catalyzed enantioselective reactions:   Ghanem ,  A.    Tetrahedron   2007 ,  63 , 
 1721  –  1754 .  

   4.     Review:   Bruggink ,  A.  ;   Schoevaart ,  R.  ;   Kieboom ,  T.    Org. Proc. Res. Dev.   2003 ,  7 ,  622  –  640 .  

   5.     For a very comprehensive overview, see:   (a)   Gais ,  H. - J.  ;   Theil ,  F.   In  Enzymes in Organic Synthesis , 
 2nd ed.  (Eds.   Drauz ,  K.  ;   Waldmann ,  H.  ).  Weinheim :  Wiley - VCH ,  2002 ; Vol.  2 , pp.  335  –  578 .   (b) 
  Koskinen ,  A. M. P.  ;   Klibanov ,  A. M.   (Eds.).  Enzymatic Reactions in Organic Media .  Glasgow : 
 Blackie Academic  &  Professional ,  1996 .  

   6.       Breuer ,  M.  ;   Ditrich ,  K.  ;   Habicher ,  T.  ;   Hauer ,  B.  ;   Ke ß eler ,  M.  ;   St ü rmer ,  R.  ;   Zelinski ,  T.    Angew. Chem.  
 2004 ,  116 ,  806  –  843 ;    Angew. Chem. Int. Ed.   2004 ,  43 ,  788  –  824 .  

   7.       Effenberger ,  F.  ;   Gutterer ,  B.  ;   Ziegler ,  T.  ;   Eckhardt ,  E.  ;   Aichholz ,  R  .  Liebigs Ann. Chem.   1991 , 
 47  –  54 .  

   8.       Hazelard ,  D.  ;   Fadel ,  A.  ;   Morgant ,  G.    Tetrahedron Asymmetry   2005 ,  15 ,  1711  –  1718 .  

   9.       Ramineli ,  C.  ;   Comasseto ,  J. V.  ;   Adrade ,  L. H.  ;   Porto ,  A. L. M.    Tetrahedron Asymmetry   2004 ,  15 , 
 3117  –  3122 .  

   10.       Baumann ,  M.  ;   Hauer ,  H. B.  ;   Bornscheuer ,  U. T.    Tetrahedron Asymmetry   2000 ,  11 ,  4781  –  4790 .  

   11.       Kourist ,  R.  ;   Gonzalez - Sabin ,  J.  ;   Liz ,  R.  ;   Rebolledo ,  F.    Adv. Synth. Catal.   2005 ,  347 ,  695  –  702 .  

   12.       Kamal ,  A.  ;   Sandbhor ,  M.  ;   Ramana ,  K.    Tetrahedron Asymmetry   2002 ,  13 ,  815  –  820 .  

   13.       Dinh ,  P. M.  ;   Howarth ,  J. A.  ;   Hudnott ,  A. R.  ;   Williams ,  J. M. J.  ;   Harris ,  W  .  Tetrahedron Lett.   1996 , 
 42 ,  7623  –  7626 .  

   14.       Persson ,  B. A.  ;   Larsson ,  A. L. E.  ;   Le   Ray ,  M.  ;   B ä ckvall ,  J. E.    J. Am. Chem. Soc.   1999 ,  121 , 
 1645  –  1650 .  

   15.       Larsson ,  A. L. E.  ;   Persson ,  B. A.  ;   B ä ckvall ,  J. E.    Angew. Chem.   1997 ,  109 ,  1256  –  1258 ;    Angew. Chem. 
Int. Ed. Engl.   1997 ,  36 ,  1211  –  1212 .  

   16.     Review:   P à mies ,  O.  ;   B ä ckvall ,  J. - E.    Chem. Rev.   2003 ,  103 ,  3247  –  3261 .  



REFERENCES 331

   17.       Koh ,  J. H.  ;   Jung ,  H. M.  ;   Kim ,  M. J.  ;   Park ,  J  .  Tetrahedron Lett.   1999 ,  40 ,  6281  –  6284 .  

   18.       Choi ,  J. H.  ;   Kim ,  Y. H.  ;   Nam ,  S. H.  ;   Shin ,  S. T.  ;   Kim ,  M. J.  ;   Park ,  J.    Angew. Chem.   2002 ,  114 , 
 2479  –  2482 ;    Angew. Chem. Int. Ed.   2002 ,  41 ,  2373  –  2376 .  

   19.       Dijksman ,  A.  ;   Elzinga ,  J. M.  ;   Li ,  Y. X.  ;   Arends ,  I. W. C. E.  ;   Sheldon ,  R. A.    Tetrahedron Asymmetry  
 2002 ,  13 ,  879  –  884 .  

   20.       Verzijl ,  G. K. M.  ;   DeVries ,  J. G.  ;   Broxtermann ,  Q. B.   PCT Pat. Appl. WO 0190396 ,  2001 .  

   21.       Persson ,  B. A.  ;   Huerta ,  F. F.  ;   B ä ckvall ,  J. E.    J. Org. Chem.   1999 ,  64 ,  5237  –  5240 .  

   22.       Kim ,  M. J.  ;   Choi ,  Y. K.  ;   Choi ,  M. Y.  ;   Kim ,  M. J.  ;   Park ,  J.    J. Org. Chem.   2001 ,  66 ,  4736  –  4738 .  

   23.       Leijondahl ,  K.  ;   Boren ,  L.  ;   Braun ,  R.  ;   B ä ckvall ,  J. - E.    Org. Lett.   2008 ,  10 ,  2027  –  2030 .  

   24.       Lee ,  D.  ;   Huh ,  E. A.  ;   Kim ,  M. J.  ;   Jung ,  H. M.  ;   Koh ,  J. H.  ;   Park ,  J.    Org. Lett.   2000 ,  2 ,  2377  –  2379 .  

   25.       Bogar ,  K.  ;   Vidal ,  P. H.  ;   Alcantara Leon ,  A. R.  ;   B ä ckvall ,  J. - E.    Org. Lett.   2007 ,  9 ,  3401  –  3404 .  

   26.       Huerta ,  F. F.  ;   Laxmi ,  Y. R. S.  ;   B ä ckvall ,  J. E.    Org. Lett.   2000 ,  2 ,  1037  –  1040 .  

   27.       Huerta ,  F. F.  ;   B ä ckvall ,  J. E.    Org. Lett.   2001 ,  3 ,  1209  –  1212 .  

   28.       Pamies ,  O.  ;   B ä ckvall ,  J. E.    J. Org. Chem.   2002 ,  67 ,  9006  –  9010 .  

   29.       Pamies ,  O.  ;   B ä ckvall ,  J. E.    J. Org. Chem.   2003 ,  68 ,  4815  –  4818 .  

   30.       Hilker ,  I.  ;   Rabani ,  G.  ;   Verzijl ,  G. K. M.  ;   Palmans ,  A. R. A.  ;   Heise ,  A.    Angew. Chem.   2006 ,  118 , 
 2184  –  2186 ;    Angew. Chem. Int. Ed.   2006 ,  45 ,  2130  –  2132 .  

   31.       Berkessel ,  A.  ;   Sebastian - Ibarz ,  M. L.  ;   M ü ller ,  T. N.    Angew. Chem.   2006 ,  118 ,  617  –  620 ;    Angew. Chem. 
Int. Ed.   2006 ,  45 ,  6567  –  6570 .  

   32.       Vongvilai ,  P.  ;   Larrson ,  R.  ;   Ramstr ö m ,  O.    Adv. Synth. Catal.   2008 ,  350 ,  448  –  452 .  

   33.       Inagaki ,  M.  ;   Hiratake ,  J.  ;   Nishioka ,  T.  ;   Oda ,  J.    J. Am. Chem. Soc.   1991 ,  113 ,  9360  –  9361 .  

   34.       Veum ,  L.  ;   Hanefeld ,  U.    Tetrahedron Asymmetry   2004 ,  15 ,  3707  –  3709 .  

   35.       Veum ,  L.  ;   Kanerva ,  L. T.  ;   Halling ,  P. J.  ;   Maschmeyer ,  T.  ;   Hanefeld ,  U.    Adv. Synth. Catal.   2005 ,  347 , 
 1015  –  1021 .  

   36.     For an overview about the different approaches toward chiral amines when using enzymes, see: 
  Buchholz ,  S.  ;   Gr ö ger   H.   In  Biocatalysis in the Pharmaceutical and Biotechnology Industries  (Ed. 
  Patel ,  R. N.  ).  New York :  CRC Press ,  2006 ; Chapter 34, pp.  829  –  847 .  

   37.       Balkenhohl ,  F.  ;   Ditrich ,  K.  ;   Hauer ,  B.  ;   Ladner ,  W.    J. Prakt. Chem.   1997 ,  339 ,  381  –  384 .  

   38.     Review:   (a)   Schmid ,  A.  ;   Dordieck ,  J. S.  ;   Hauer ,  B.  ;   Kieners ,  A.  ;   Wubbolts ,  M.  ;   Witholt ,  B.    Nature  
 2001 ,  409 ,  258  –  268 .   (b) Reference 6.  

   39.       Ditrich ,  K.    Synthesis   2008 ,  2283  –  2287 .  

   40.     Review:   Liljeblad ,  A.  ;   Kanerva ,  L. T.    Tetrahedron   2006 ,  62 ,  5831  –  5854 .  

   41.       Sanchez ,  V. M.  ;   Rebolledo ,  F.  ;   Gotor ,  V.    Tetrahedron Asymmetry   1997 ,  8 ,  37  –  40 .  

   42.       Nechab ,  M.  ;   Azzi ,  N.  ;   Vanthuyne ,  N.  ;   Bertrand ,  M.  ;   Gastaldi ,  S.  ;   Gil ,  G.    J. Org. Chem.   2007 ,  72 , 
 6918  –  6923 .  

   43.       Guranda ,  D. T.  ;   Khimiuk ,  A. I.  ;   Van   Langen ,  L. M.  ;   Van   Rantwijk ,  F.  ;   Sheldon ,  R. A.  ;   Svedas ,  V. 
K.    Tetrahedron Asymmetry   2004 ,  15 ,  2901  –  2906 .  

   44.       Parvulescu ,  A. N.  ;   Jacobs ,  P. A.  ;   De   Vos ,  D. E.    Adv. Synth. Catal.   2008 ,  350 ,  113  –  121 .  

   45.     For a very comprehensive overview, see Reference 5a.  

   46.       Alfonso ,  I.  ;   Gotor ,  V.    Chem. Soc. Rev.   2004 ,  33 ,  201  –  209 .  

   47.       L ó pez - Garc í a ,  M.  ;   Alfonso ,  I.  ;   Gotor ,  V.    J. Org. Chem.   2003 ,  68 ,  648  –  651 .  

   48.       Wei ß  ,  M.  ;   Gr ö ger ,  H.    Synlett   2009 ,  1251  –  1254 .  

   49.       Badjic ,  J. D.  ;   Kadnikova ,  E. N.  ;   Kostic ,  N. M.    Org. Lett.   2001 ,  3 ,  2025  –  2028 .  

   50.       Shafi ee ,  A.  ;   Upadhyay ,  V.  ;   Corley ,  E.  ;   Biba ,  M.  ;   Zhao ,  D.  ;   Marcoux ,  J. - F.  ;   Campos ,  K.  ;   Journet ,  M.  ; 
  King ,  A.  ;   Larsen ,  R.  ;   Grabowski ,  E.  ;   Volante ,  R.  ;   Tillyer ,  R.    Tetrahedron Asymmetry   2005 ,  16 , 
 3094  –  3098 .  

   51.       Truppo ,  M. D.  ;   Journet ,  M.  ;   Shafi ee ,  A.  ;   Moore ,  J. C.    Org. Proc. Res. Dev.   2006 ,  10 ,  592  –  598 .  



332 ENZYME-CATALYZED ASYMMETRIC SYNTHESIS

   52.       Forr ó  ,  E.  ;   F ü l ö p ,  F.    Chem. Eur. J.   2007 ,  13 ,  6397  –  6401 .  

   53.       Katayama ,  S.  ;   Ae ,  N.  ;   Nagata ,  R.    Tetrahedron Asymmetry   1998 ,  9 ,  4295  –  4299 .  

   54.       Faulconbridge ,  S. J.  ;   Holt ,  K. E.  ;   Sevillano ,  L. G.  ;   Lock ,  C. J.  ;   Tiffi n ,  P. D.  ;   Tremayne ,  N.  ;   Winter , 
 S  .  Tetrahedron Lett.   2000 ,  41 ,  2679  –  2681 .  

   55.       Gr ö ger ,  H.  ;   May ,  O.  ;   H ü sken ,  H.  ;   Georgeon ,  S.  ;   Drauz ,  K.  ;   Landfester ,  K.    Angew. Chem.   2006 ,  118 , 
 1676  –  1679 ;    Angew. Chem. Int. Ed.   2006 ,  45 ,  1645  –  1648 .  

   56.     Review:   Miyazawa ,  T.    Amino Acids   1999 ,  16 ,  191  –  213 .  

   57.       Ng - Youn - Chen ,  M. C.  ;   Serreqi ,  A. N.  ;   Huang ,  Q.  ;   Kazlauskas ,  R. J.    J. Org. Chem.   1994 ,  59 , 
 2075  –  2081 .  

   58.       Riermeier ,  T.  ;   Dingerdissen ,  U.  ;   Gross ,  P.  ;   Holla ,  W.  ;   Beller ,  M.  ;   Schichl ,  D.   DE 19955283 ,  2001 .  

   59.       Pugniere ,  M.  ;   Commeyras ,  A.  ;   Previero ,  A.    Biotechnol. Lett.   1983 ,  5 ,  447  –  452 .  

   60.       Chen ,  S. - T.  ;   Huang ,  W. - H.  ;   Wang ,  K. - T.    J. Org. Chem.   1994 ,  59 ,  7580  –  7581 .  

   61.       Scheid ,  G.  ;   Ruijter ,  E.  ;   Bessler ,  M. K.  ;   Bornscheuer ,  U. T.  ;   Wessjohann ,  L. A.    Tetrahedron Asym-
metry   2004 ,  15 ,  2861  –  2869 .  

   62.       Yang ,  X.  ;   Reinhold ,  A. R.  ;   Rosati ,  R. L. K.  ;   Liu ,  K. - C.    Org. Lett.   2000 ,  2 ,  4025  –  4027 .  

   63.     Review:   Tao ,  J.  ;   Zhao ,  L.  ;   Ran ,  N.    Org. Proc. Res. Dev.   2007 ,  11 ,  259  –  267 .  

   64.       Martinez ,  C.  ;   Yazbeck ,  D.  ;   Tao ,  J.    Tetrahedron   2004 ,  60 ,  759  –  764 .  

   65.       Yazbeck ,  D.  ;   Derrick ,  A.  ;   Panesar ,  M.  ;   Deese ,  A.  ;   Gujral ,  A.  ;   Tao ,  J.    Org. Proc. Res. Dev.   2006 ,  10 , 
 655  –  660 .  

   66.       Hu ,  S.  ;   Martinez ,  C.  ;   Kline ,  B.  ;   Yazbeck ,  D.  ;   Tao ,  J.  ;   Kucera ,  D.    Org. Proc. Res. Dev.   2006 ,  10 , 
 650  –  654 .  

   67.       Schneider ,  M.  ;   Engel ,  N.  ;   Boensmann ,  H.    Angew. Chem.   1984 ,  96 ,  54  –  55 ;    Angew. Chem. Int. Ed. 
Engl.   1984 ,  23 ,  66 .  

   68.       Musidlowska ,  A.  ;   Lange ,  S.  ;   Bornscheuer ,  U. T.    Angew. Chem.   2001 ,  113 ,  2934  –  2936 ;    Angew. Chem. 
Int. Ed.   2001 ,  40 ,  2851  –  2853 .  

   69.       Patel ,  R.  ;   Banerjee ,  A.  ;   Chu ,  L.  ;   Brozozowski ,  S.  ;   Nanduri ,  V.  ;   Szarka ,  L. J.    J. Am. Oil Chem. Soc.  
 1998 ,  75 ,  1473  –  1482 .  

   70.       Dominguez de Maria ,  P.  ;   Kossmann ,  B.  ;   Potgrave ,  N.  ;   Buchholz ,  S.  ;   Trauthwein ,  H.  ;   May ,  O.  ;   Gr ö ger , 
 H.    Synlett   2005 ,  1746  –  1748 .  

   71.     Review:   Dominguez de Maria ,  P.  ;   Garcia - Burgos ,  C. A.  ;   Bargeman ,  D.  ;   van   Gemert ,  R. W.    Synthesis  
 2007 ,  1439  –  1452 .  

   72.       Yamamoto ,  K.  ;   Oishi ,  K.  ;   Fujimatsu ,  I.  ;   Komatsu ,  K. - I.    Appl. Environ. Microbiol.   1991 ,  57 , 
 3028  –  3032 .  

   73.     Review:   Wieser ,  M.  ;   Nagasawa ,  T.   In  Stereoselective Biocatalysis  (Ed.   Patel ,  R. N.  ).  New York : 
 Marcel Dekker ,  2000 ; p.  461 .  

   74.       DeSantis ,  G.  ;   Zhu ,  Z.  ;   Greenberg ,  W. A.  ;   Wong ,  K.  ;   Chaplin ,  J.  ;   Hanson ,  S. R.  ;   Farwell ,  B.  ;   Nichol-
son ,  L. W.  ;   Rand ,  C. L.  ;   Weiner ,  D. P.  ;   Robertson ,  D. E.  ;   Burk ,  M. J.    J. Am. Chem. Soc.   2002 ,  124 , 
 9024  –  9025 .  

   75.       DeSantis ,  G.  ;   Wong ,  K.  ;   Farwell ,  B.  ;   Chatman ,  K.  ;   Zhu ,  Z.  ;   Tomlinson ,  G.  ;   Huang ,  H.  ;   Tan ,  X.  ;   Bibbs , 
 L.  ;   Chen ,  P.  ;   Kretz ,  K.  ;   Burk ,  M. J.    J. Am. Chem. Soc.   2003 ,  125 ,  11476  –  11477 .  

   76.       Bhalla ,  T. C.  ;   Miura ,  A.  ;   Wakamoto ,  A.  ;   Ohba ,  Y.  ;   Furuhashi ,  K.    Appl. Microbiol. Biotechnol.   1992 , 
 37 ,  184  –  190 .  

   77.       Hoekstra ,  M. S.  ;   Sobieray ,  D. M.  ;   Schwindt ,  M. A.  ;   Mulhern ,  T. A.  ;   Grote ,  T. M.  ;   Huckabee ,  B. K.  ; 
  Hendrickson ,  V. S.  ;   Franklin ,  L. C.  ;   Granger ,  E. J.  ;   Karrick ,  G. L.    Org. Proc. Res. Dev.   1997 ,  1 , 
 26  –  38 .  

   78.       Ran ,  N.  ;   Zhao ,  L.  ;   Chen ,  Z.  ;   Tao ,  J  .  Green Chem.   2008 ,  10 ,  361  –  372 .  

   79.       Chenault ,  H. K.  ;   Dahmer ,  J.  ;   Whitesides ,  G. M.    J. Am. Chem. Soc.   1989 ,  111 ,  6354  –  6364 .  

   80.       Gr ö ger ,  H.  ;   Drauz ,  K.   In  Large - Scale Asymmetric Catalysis  (Eds.   Schmidt ,  E.  ;   Blaser ,  H. U.  ).  Wein-
heim :  Wiley - VCH ,  2004 ; Chapter 1.8, p.  131 .  



REFERENCES 333

   81.       Wandrey ,  C.  ;   Flaschel ,  E.    Adv. Biochem. Eng.   1979 ,  12 ,  147  –  218 .   (b)   Wandrey ,  C.  ;   Wichmann ,  R.  ; 
  Leuchtenberger ,  W.  ;   Kula ,  M. R.   U.S.  4304858 ,  1981 .  

   82.       Bommarius ,  A. S.  ;   Schwarm ,  M.  ;   Drauz ,  K.    Chimica Oggi   1996 ,  14 ,  61  –  64 .  

   83.       Wang ,  X. - J.  ;   Zhang ,  L.  ;   Smith - Keenan ,  L. L.  ;   Houpis ,  I. N.  ;   Farina ,  V.    Org. Proc. Res. Dev.   2007 ,  11 , 
 60  –  63 .  

   84.       Takeuchi ,  K. - I.  ;   Koide ,  Y.  ;   Hirose ,  Y.  ;   Moriguchi ,  M.  ;   Isobe ,  K  . PCT Int. Pat. Appl. WO 2000078926 , 
 2001 .  

   85.       Wakayama ,  M.  ;   Yoshimune ,  K.  ;   Hirose ,  Y.  ;   Moriguchi ,  M.    J. Mol. Catal. B Enzym.   2003 ,  23 , 
 71  –  85 .  

   86.       Tokuyama ,  S.  ;   Hatano ,  K.  ;   Takahashi ,  T.    Biosci. Biotechnol. Biochem.   1994 ,  58 ,  24  –  27 .  

   87.       Verseck ,  S.  ;   Bommarius ,  A.  ;   Kula ,  M. - R.    Appl. Microbiol. Biotechnol.   2001 ,  55 ,  354  –  361 .  

   88.       Tokuyama ,  S.  ;   Hatano ,  K.    Appl. Microbiol. Biotechnol.   1996 ,  44 ,  774  –  777 .  

   89.     For selected examples, see:   (a)   Plaskie ,  A.  ;   Roets ,  E.  ;   Vanderhaeghe ,  H.    J. Antibiot.   1978 ,  31 ,  783  –
  788 .   (b)   Beller ,  M.  ;   Eckert ,  M.  ;   Geissler ,  H.  ;   Napierski ,  B.  ;   Rebenstock ,  H. - P.  ;   Holla ,  E. W.    Chem. 
Eur. J.   1998 ,  4 ,  935  –  941 . For a D - selective hydrolysis using a penicillin G acylase mutant, see:   (c) 
  Carboni ,  C.  ;   Kierkels ,  H. G. T.  ;   Gardossi ,  L.  ;   Tamiola ,  K.  ;   Janssen ,  D. B.  ;   Quaedfl ieg ,  P. J. L. M.   
 Tetrahedron Asymmetry   2006 ,  17 ,  245  –  251 .  

   90.       Alvaro ,  G.  ;   Feliu ,  J. A.  ;   Caminal ,  G.  ;   Lopez - Santin ,  J.  ;   Clapes ,  P.    Biocatal. Biotransformation   2000 , 
 18 ,  253  –  258 .  

   91.       Soloshonok ,  V. A.  ;   Svedas ,  V. K.  ;   Kukhar ,  V. P.  ;   Kirilenko ,  A. G.  ;   Rybakova ,  A. V.  ;   Solodenko ,  V. 
A.  ;   Fokina ,  N. A.  ;   Kogut ,  O. V.  ;   Gulaev ,  I. Y.  ;   Kozlova ,  E. V.  ;   Shishkina ,  I. P.  ;   Galushko ,  S. V.    Synlett  
 1993 ,  339  –  341 .  

   92.       Cardillo ,  G.  ;   Gentilucci ,  L.  ;   Tolomelli ,  A.  ;   Tomasini ,  C.    J. Org. Chem.   1998 ,  63 ,  2351  –  2353 .  

   93.       Kamphuis ,  J.  ;   Boesten ,  W. H. J.  ;   Broxtermann ,  Q. B.  ;   Hermes ,  H. F. M.  ;   van   Balken ,  J. A. M.  ;   Meijer , 
 E. M.  ;   Schoemaker ,  H. E.   In  Advances in Biochemical Engineering/Biotechnology  (Ed.   Fiechter ,  A.  ). 
 Berlin :  Springer ,  1991 ; Vol.  42 , p.  133 .  

   94.       Liese ,  A.  ;   Seelbach ,  K.  ;   Wandrey ,  C.   (Eds.),  Industrial Biotransformations ,  2nd ed.   Weinheim : 
 Wiley - VCH ,  2006 ; pp.  337  –  340 .  

   95.       Schoemaker ,  H. E.  ;   Boesten ,  W. H. J.  ;   Kaptein ,  B.  ;   Hermes ,  H. F. M.  ;   Sonke ,  T.  ;   Broxterman ,  Q. 
B.  ;   van den   Tweel ,  W. J. J.    Pure Appl. Chem.   1992 ,  64 ,  1171  –  1175 .  

   96.       Petersen ,  M.  ;   Kiener ,  A.    Green. Chem.   1999 ,  2 ,  99  –  106 .  

   97.       Liese ,  A.  ;   Seelbach ,  K.  ;   Wandrey ,  C.   (Eds.),  Industrial Biotransformations ,  2nd ed.   Weinheim : 
 Wiley - VCH ,  2006 ; pp.  379  –  381 .  

   98.       Asano ,  Y.  ;   Yamaguchi ,  S.    J. Am. Chem. Soc.   2005 ,  127 ,  7696  –  7697 .  

   99.       Schulze ,  B.  ;   de   Vroom ,  E.   In  Enzyme Catalysis in Organic Synthesis ,  2nd ed.  (Eds.   Drauz ,  K.  ;   Wald-
mann ,  H.  ).  Weinheim :  Wiley - VCH ,  2002 ; Vol.  2 , Chapter 12.2.3, pp.  719  –  728 .  

  100.       Kamphuis ,  J.  ;   Hermes ,  H. F. M.  ;   van   Balken ,  J. A. M.  ;   Schoemaker ,  H. E.  ;   Boesten ,  W. H. J.  ;   Meijer , 
 E. M.   In  Amino Acids: Chemistry, Biology, Medicine  (Eds.   Lubec ,  G.  ;   Rosenthal ,  G. A.  ).  Leiden : 
 ESCOM Science Publishers ,  1990 ; p.  119 .  

  101.       Kaptein ,  B.  ;   van   Dooren ,  T. J. G. M.  ;   Boesten ,  W. H. J.  ;   Sonke ,  T.  ;   Duchateau ,  A. L. L.  ;   Broxterman , 
 Q. B.  ;   Kamphuis ,  J.    Org. Proc. Res. Dev.   1998 ,  2 ,  10  –  17 .  

  102.       Ma ,  D. - Y.  ;   Wang ,  D. - X.  ;   Pan ,  J.  ;   Huang ,  Z. - T.  ;   Wang ,  M. - X.    J. Org. Chem.   2008 ,  73 ,  4087  –  4091 .  

  103.       Liese ,  A.  ;   Seelbach ,  K.  ;   Wandrey ,  C.   (Eds.),  Industrial Biotransformations ,  2nd ed.   Weinheim :  Wiley -
 VCH ,  2006 ; pp.  411  –  414 .  

  104.       Syldatk ,  C.  ;   M ü ller ,  R.  ;   Siemann ,  M.  ;   Wagner ,  F.   In  Biocatalytic Production of Amino Acids and 
Derivatives  (Eds.   Rozzell ,  D.  ;   Wagner ,  F.  ).  M ü nchen :  Hansen Publishers ,  1972 ; p.  75 .  

  105.       Cheetham ,  P. S. J.   In  Applied Biocatalysis  (Eds.   Cabral ,  J. M. S.  ;   Best ,  D.  ;   Boross ,  L.  ;   Tramper ,  J.  ). 
 London :  Harwood Academic Publishers ,  1994 ; pp.  47  –  108 .  

  106.       Crosby ,  J.    Tetrahedron   1991 ,  47 ,  4789  –  4846 .  



334 ENZYME-CATALYZED ASYMMETRIC SYNTHESIS

  107.       May ,  O.  ;   Nguyen ,  P. T.  ;   Arnold ,  F. H.    Nat. Biotechnol.   2000 ,  18 ,  317  –  320 .  

  108.       May ,  O.  ;   Verseck ,  S.  ;   Bommarius ,  A.  ;   Drauz ,  K.    Org. Proc. Res. Dev.   2002 ,  6 ,  452  –  457 .  

  109.       Brown ,  S. A.  ;   Parker ,  M. - C.  ;   Turner ,  N. J.    Tetrahedron Asymmetry   2000 ,  11 ,  1687  –  1690 .  

  110.       Turner ,  N. J.  ;   Winterman ,  J. R.  ;   McCague ,  R.  ;   Parratt ,  J. S.  ;   Taylor ,  S. J. C  .  Tetrahedron Lett.   1995 , 
 36 ,  1113  –  1116 .  

  111.     (a)   Fukumura ,  T.    Agric. Biol. Chem.   1976 ,  40 ,  1687  –  1693 .   (b)   Fukumura ,  T.    Agric. Biol. Chem.   1977 , 
 41 ,  1327  –  1330 .   (c) Reference 80.   (d)   Liese ,  A.  ;   Seelbach ,  K.  ;   Wandrey ,  C.   (Eds.),  Industrial Biotrans-
formations ,  2nd ed.   Weinheim :  Wiley - VCH ,  2006 ; pp.  424  –  426 .  

  112.       Taylor ,  S. J. C.  ;   Sutherland ,  A. G.  ;   Lee ,  C.  ;   Wisdom ,  R.  ;   Thomas ,  S.  ;   Roberts ,  S. M.  ;   Evans ,  C.    J. 
Chem. Soc. Chem. Commun.   1990 ,  1120  –  1121 .  

  113.       Liese ,  A.  ;   Seelbach ,  K.  ;   Wandrey ,  C.   (Eds.),  Industrial Biotransformations ,  2nd ed.   Weinheim :  Wiley -
 VCH ,  2006 ; pp.  422  –  423 .  

  114.     Review:   Archelas ,  A.  ;   Furstoss ,  R.    Curr. Opin. Chem. Biol.   2001 ,  5 ,  112  –  119 .  

  115.       Pedragosa - Moreau ,  S.  ;   Morisseau ,  C.  ;   Zylber ,  J.  ;   Archelas ,  A.  ;   Baratti ,  J. C.  ;   Furstoss ,  R.    J. Org. 
Chem.   1996 ,  61 ,  7402  –  7407 .  

  116.     Review:   Steinreiber ,  A.  ;   Faber ,  K.    Curr. Opin. Biotechnol.   2001 ,  12 ,  552  –  558 .  

  117.     (a)   Ueberbacher ,  B. J.  ;   Osprian ,  I.  ;   Mayer ,  S. F.  ;   Faber ,  K.    Eur. J. Org. Chem.   2005 ,  1266  –  1270 .   (b) 
  Mayer ,  S. F.  ;   Steinreiber ,  A.  ;   Orru ,  R. V. A.  ;   Faber ,  K.    Eur. J. Org. Chem.   2001 ,  4537  –  4542 .   (c) 
  Steinreiber ,  A.  ;   Osprian ,  I.  ;   Mayer ,  S. F.  ;   Orru ,  R. V. A.  ;   Faber ,  K.    Eur. J. Org. Chem.   2001 , 
 3703  –  3711 .  

  118.       Pogorevc ,  M.  ;   Kroutil ,  W.  ;   Wallner ,  S. R.  ;   Faber ,  K.    Angew. Chem.   2002 ,  114 ,  4230  –  4231 ;    Angew. 
Chem. Int. Ed.   2002 ,  41 ,  4052  –  4054 .  

  119.     (a)   Gadler ,  P.  ;   Faber ,  K.    Eur. J. Org. Chem.   2007 ,  5527  –  5530 .   (b)   Wallner ,  S. R.  ;   Bauer ,  M.  ;   W ü r-
demann ,  C.  ;   Wecker ,  P.  ;   Gl ö ckner ,  F. O.  ;   Faber ,  K.    Angew. Chem.   2005 ,  117 ,  6539  –  6542 ;    Angew. 
Chem. Int. Ed.   2005 ,  44 ,  6381  –  6384 .  

  120.       Sukumaran ,  J.  ;   Hanefeld ,  U.    Chem. Soc. Rev.   2005 ,  34 ,  530  –  542 .  

  121.       Rosenthaler ,  I.    Biochem. Z.   1908 ,  14 ,  238  –  253 .  

  122.       Becker ,  W.  ;   Benthin ,  U.  ;   Eschenhof ,  E.  ;   Pfeil ,  E.    Angew. Chem.   1963 ,  75 ,  93 ;    Angew. Chem. Int. Ed. 
Engl.   1963 ,  2 ,  44  –  45 .  

  123.       Becker ,  W.  ;   Pfeil ,  E.    J. Am. Chem. Soc.   1966 ,  88 ,  4299  –  300 .  

  124.       Effenberger ,  F.  ;   Ziegler ,  T.  ;   F ö rster ,  S.    Angew. Chem.   1987 ,  99 ,  491  –  492 ;    Angew. Chem. Int. Ed. Engl.  
 1987 ,  26 ,  458  –  460 .  

  125.       F ö rster ,  S.  ;   Roos ,  J.  ;   Effenberger ,  F.  ;   Wajant ,  H.  ;   Sprauer ,  H.    Angew. Chem.   1996 ,  108 ,  493  –  494 ; 
   Angew. Chem. Int. Ed. Engl.   1996 ,  35 ,  437  –  439 .  

  126.       Ziegler ,  T.  ;   H ö rsch ,  B.  ;   Effenberger ,  F.    Synthesis   1990 ,  575  –  578 .  

  127.       Gr ö ger ,  H.  ;   Capan ,  E.  ;   Barthuber ,  A.  ;   Vorlop ,  K. - D.    Org. Lett.   2001 ,  3 ,  1969  –  1972 .  

  128.       Cabirol ,  F. L.  ;   Hanefeld ,  U.  ;   Sheldon ,  R.    Adv. Synth. Catal.   2006 ,  348 ,  1645  –  1654 .  

  129.       Cabirol ,  F. L.  ;   Tan ,  P. L.  ;   Tay ,  B.  ;   Cheng ,  S.  ;   Hanefeld ,  U.  ;   Sheldon ,  R. A.    Adv. Synth. Catal.   2008 , 
 350 ,  2329  –  2338 .  

  130.       Niedermeyer ,  U.  ;   Kula ,  M. - R.    Angew. Chem.   1990 ,  102 ,  423  –  425 ;    Angew. Chem. Int. Ed. Engl.   1990 , 
 29 ,  386  –  387 .  

  131.     Reviews:   (a)   Griengl ,  H.  ;   Schwab ,  H.  ;   Fechter ,  M  .  Trends Biotechnol.   2000 ,  18 ,  252  –  256 .   (b)   Purkar-
thofer ,  T.  ;   Skranc ,  W.  ;   Schuster ,  C.  ;   Griengl ,  H.    Appl. Microbiol. Biotechnol.   2007 ,  76 ,  309  –  320 .  

  132.       Bauer ,  M.  ;   Geyer ,  R.  ;   Griengl ,  H.  ;   Steiner ,  W  .  Food Technol. Biotechnol .  2002 ,  40 ,  9  –  19 .  

  133.       Griengl ,  H.  ;   Hickel ,  A.  ;   Johnson ,  D. V.  ;   Kratky ,  C.  ;   Schmidt ,  M.  ;   Schwab ,  H.    Chem. Commun.   1997 , 
 1933  –  1940 .  

  134.       Liese ,  A.  ;   Seelbach ,  K.  ;   Wandrey ,  C.   (Eds.),  Industrial Biotransformations    Weinheim :  Wiley - VCH , 
 2006 ; pp.  311  –  312 .  



REFERENCES 335

  135.       Roda ,  G.  ;   Riva ,  S.  ;   Danieli ,  B.  ;   Griengl ,  H.  ;   Rinner ,  U.  ;   Schmidt ,  M.  ;   Mackova Zabelinskaja ,  A.   
 Tetrahedron   2002 ,  58 ,  2979  –  2983 .  

  136.       Purkarthofer ,  T.  ;   Gruber ,  K.  ;   Fechter ,  M. H.  ;   Griengl ,  H.    Tetrahedron   2005 ,  61 ,  7661  –  7668 .  

  137.       Avi ,  M.  ;   Fechter ,  M. H.  ;   Gruber ,  K.  ;   Belaj ,  F.  ;   Poechlauer ,  P.  ;   Griengl ,  H.    Tetrahedron   2004 ,  60 , 
 10411  –  10418 .  

  138.       Purkarthofer ,  T.  ;   Skranc ,  W.  ;   Weber ,  H.  ;   Griengl ,  H.  ;   Wubbolts ,  M.  ;   Scholz ,  G.  ;   Pochlauer ,  P.    Tet-
rahedron   2004 ,  60 ,  735  –  739 .  

  139.       Purkarthofer ,  T.  ;   Pabst ,  T.  ;   Van den   Broek ,  C.  ;   Griengl ,  H.  ;   Maurer ,  O.  ;   Skranc ,  W.    Org. Proc. Res. 
Dev.   2006 ,  10 ,  618  –  621 .  

  140.       Pscheidt ,  B.  ;   Liu ,  Z.  ;   Gaisberger ,  R.  ;   Avi ,  M.  ;   Skranc ,  W.  ;   Gruber ,  K.  ;   Griengl ,  H.  ;   Glieder ,  A.    Adv. 
Synth. Catal.   2008 ,  350 ,  1943  –  1948 .  

  141.       Lin ,  G.  ;   Han ,  S.  ;   Li ,  Z.    Tetrahedron   1999 ,  55 ,  3531  –  3540 .  

  142.     Overview:   Berkessel ,  A.  ;   Gr ö ger ,  H.    Asymmetric Organocatalysis .  Weinheim :  Wiley - VCH Verlag , 
 2005 .  

  143.     Review:   Pohl ,  M.  ;   Sprenger ,  G. A.  ;   M ü ller ,  M.    Curr. Opin. Biotechnol.   2004 ,  15 ,  335  –  342 .  

  144.       Sch ä fer ,  B.  ,  Naturstoffe der chemischen Industrie .  M ü nchen :  Elsevier ,  2007 ; p.  389 .  

  145.       Iding ,  H.  ;   D ü nnwald ,  T.  ;   Greiner ,  L.  ;   Liese ,  A.  ;   M ü ller ,  M.  ;   Siegert ,  P.  ;   Gr ö tzinger ,  J.  ;   Demir ,  A. S.  ; 
  Pohl ,  M.    Chem. Eur. J.   2000 ,  6 ,  1483  –  1495 .  

  146.       D ü nkelmann ,  P.  ;   Kolter - Jung ,  D.  ;   Nitsche ,  A.  ;   Demir ,  A. S.  ;   Siegert ,  P.  ;   Lingen ,  B.  ;   Baumann ,  H.  ; 
  Pohl ,  M.  ;   M ü ller ,  M.    J. Am. Chem. Soc.   2002 ,  124 ,  12084  –  12085 .  

  147.       Dominguez de Maria ,  P.  ;   Stillger ,  T.  ;   Pohl ,  M.  ;   Kiesel ,  M.  ;   Liese ,  A.  ;   Gr ö ger ,  H.  ;   Trauthwein ,  H.   
 Adv. Synth. Catal.   2008 ,  350 ,  165  –  173 .  

  148.       Dominguez de Maria ,  P.  ;   Pohl ,  M.  ;   Gocke ,  D.  ;   Gr ö ger ,  H.  ;   Trauthwein ,  H.  ;   Stillger ,  T.  ;   Walter ,  L.  ; 
  M ü ller ,  M.    Eur. J. Org. Chem.   2007 ,  2940  –  2944 .  

  149.       Cosp ,  A.  ;   Dresen ,  C.  ;   Pohl ,  M.  ;   Walter ,  L.  ;   R ö hr ,  C.  ;   M ü ller ,  M.    Adv. Synth. Catal.   2008 ,  350 ,  759  –  771 .  

  150.     Review:   Fessner ,  W. - D.   In  Asymmetric Organic Synthesis with Enzymes  (Eds.   Gotor ,  V.  ;   Alfonso , 
 I.  ;   Garcia - Urdiales ,  E.  ).  Weinheim :  Wiley - VCH ,  2008 ; pp.  275  –  318 .  

  151.       Dean ,  S. M.  ;   Greenberg ,  W. A.  ;   Wong ,  C. - H.    Adv. Synth. Catal.   2007 ,  349 ,  1308  –  1320 .  

  152.       Castillo ,  J. A.  ;   Calveras ,  J.  ;   Casas ,  J.  ;   Mitjans ,  M.  ;   Vinardell ,  M. P.  ;   Parella ,  T.  ;   Inoue ,  T.  ;   Sprenger , 
 G. A.  ;   Joglar ,  J.  ;   Clap é s ,  P.    Org. Lett.   2006 ,  8 ,  6067  –  6070 .  

  153.       Sch ü rmann ,  M.  ;   Sprenger ,  G. A.    J. Mol. Catal. B Enzym.   2002 ,  19 ,  247  –  252 .  

  154.       Wong ,  C. - H.  ;   Garcia - Junceda ,  E.  ;   Chen ,  L.  ;   Blanco ,  O.  ;   Gijsen ,  H. J. M.  ;   Steensma ,  D. H.    J. Am. 
Chem. Soc.   1995 ,  117 ,  3333  –  3339 .  

  155.       Jennewein ,  S.  ;   Sch ü rmann ,  M.  ;   Wolberg ,  M.  ;   Hilker ,  I.  ;   Luiten ,  R.  ;   Wubbolts ,  M.  ;   Mink ,  D.    Biotech-
nol. J.   2006 ,  1 ,  537  –  548 .  

  156.       Phung ,  A. N.  ;   Zannetti ,  M. T.  ;   Whited ,  G.  ;   Fessner ,  W. D.    Angew. Chem.   2003 ,  115 ,  4970  –  4972 ; 
   Angew. Chem. Int. Ed.   2003 ,  42 ,  4821  –  4824 .  

  157.       Kimura ,  T.  ;   Vassilev ,  V. P.  ;   Shen ,  G. J.  ;   Wong ,  C. H.    J. Am. Chem. Soc.   1997 ,  119 ,  11734  –  11742 .  

  158.       Vassilev ,  V. P.  ;   Uchiyama ,  T.  ;   Kajimoto ,  T.  ;   Wong ,  C. H.    Tetrahedron Lett.   1995 ,  36 ,  4081  –  4084 .  

  159.       Vassilev ,  V. P.  ;   Uchiyama ,  T.  ;   Kajimoto ,  T.  ;   Wong ,  C. H.    Tetrahedron Lett.   1995 ,  36 ,  5063  –  5064 .  

  160.       Liu ,  J. Q.  ;   Nagata ,  S.  ;   Dairi ,  T.  ;   Misono ,  H.  ;   Shimizu ,  S.  ;   Yamada ,  H.    Eur. J. Biochem.   1997 ,  245 , 
 289  –  293 .  

  161.       Liu ,  J. Q.  ;   Dairi ,  T.  ;   Itoh ,  N.  ;   Kataoka ,  M.  ;   Shimizu ,  S.  ;   Yamada ,  H.    Eur. J. Biochem.   1998 ,  255 , 
 220  –  226 .  

  162.       Steinreiber ,  J.  ;   Fesko ,  K.  ;   Reisinger ,  C.  ;   Sch ü rmann ,  M.  ;   van   Assema ,  F.  ;   Wolberg ,  M.  ;   Mink ,  D.  ; 
  Griengl ,  H.    Tetrahedron   2007 ,  63 ,  918  –  926 .  

  163.       Kataoka ,  M.  ;   Ikemi ,  M.  ;   Morikawa ,  T.  ;   Miyoshi ,  T.  ;   Nishi ,  K.  ;   Wada ,  M.  ;   Yamada ,  H.  ;   Shimizu ,  S.   
 Eur. J. Biochem.   1997 ,  248 ,  385  –  393 .  



336 ENZYME-CATALYZED ASYMMETRIC SYNTHESIS

  164.       Liu ,  J. Q.  ;   Odani ,  M.  ;   Dairi ,  T.  ;   Itoh ,  N.  ;   Shimizu ,  S.  ;   Yamada ,  H.    Appl. Microbiol. Biotechnol.   1999 , 
 51 ,  586  –  591 .  

  165.     Review:   Bornscheuer ,  U. T.  ;   Kazlauskas ,  R. J.    Angew. Chem.   2004 ,  116 ,  6156  –  6165 ;    Angew. Chem. 
Int. Ed.   2004 ,  43 ,  6032  –  6040 .  

  166.       Purkarthofer ,  T.  ;   Gruber ,  K.  ;   Gruber - Khadjawi ,  M.  ;   Waich ,  K.  ;   Skranc ,  W.  ;   Mink ,  D.  ;   Griengl ,  H.   
 Angew. Chem.   2006 ,  118 ,  3532  –  3535 ;    Angew. Chem. Int. Ed.   2006 ,  45 ,  3454  –  3456 .  

  167.       Gruber - Khadjawi ,  M.  ;   Purkarthofer ,  T.  ;   Skranc ,  W.  ;   Griengl ,  H.    Adv. Synth. Catal.   2007 ,  349 , 
 1445  –  1450 .  

  168.       Carlqvist ,  P.  ;   Svedendahl ,  M.  ;   Branneby ,  C.  ;   Hult ,  K.  ;   Brinck ,  T.  ;   Berglund ,  P.    ChemBioChem   2005 , 
 6 ,  331  –  336 .  

  169.       Kitazume ,  T.  ;   Ikeya ,  T.  ;   Murata ,  K.    J. Chem. Soc. Chem. Commun.   1986 ,  1331  –  1333 .  

  170.       Reetz ,  M. T.  ;   Mondi è re ,  R.  ;   Carballeira ,  J. D  .  Tetrahedron Lett.   2007 ,  48 ,  1679  –  1681 .  

  171.       Noyori ,  R.    Angew. Chem. Int. Ed. Engl.   2002 ,  41 ,  2008  –  2022 .  

  172.       Corey ,  E. J.  ;   Helal ,  C. J.    Angew. Chem. Int. Ed. Engl.   1998 ,  37 ,  1986  –  2012 .  

  173.     Review:   Buchholz ,  S.  ;   Gr ö ger ,  H.   In  Biocatalysis in the Pharmaceutical and Biotechnology Industries  
(Ed.   Patel ,  R. N.  ).  New York :  CRC Press ,  2006 ; Chapter 32, pp.  757  –  790 .  

  174.       Bradshaw ,  C. W.  ;   Fu ,  H.  ;   Shen ,  G. - J.  ;   Wong ,  C. - H.    J. Org. Chem.   1992 ,  57 ,  1526  –  1532 .  

  175.       Inoue ,  K.  ;   Makino ,  Y.  ;   Itoh ,  N.    Appl. Environ. Microbiol.   2005 ,  71 ,  3633  –  3641 .  

  176.       Inoue ,  K.  ;   Makino ,  Y.  ;   Itoh ,  N.    Tetrahedron Asymmetry   2005 ,  16 ,  2539  –  2549 .  

  177.       Eckstein ,  M.  ;   Villela Filho ,  M.  ;   Liese ,  A.  ;   Kragl ,  U.    Chem. Commun.   2004 ,  1084  –  1085 .  

  178.       Matsumura ,  S.  ;   Imafuku ,  H.  ;   Takahashi ,  Y.  ;   Toshima ,  K.    Chem. Lett.   1993 ,  251  –  254 .  

  179.       Itoh ,  N.  ;   Matsuda ,  M.  ;   Mabuchi ,  M.  ;   Dairi ,  T.  ;   Wang ,  J.    Eur. J. Biochem.   2002 ,  269 ,  2394  –  2402 .  

  180.       Matsuyama ,  A.  ;   Yamamoto ,  H.  ;   Kobayashi ,  Y.    Org. Proc. Res. Dev.   2002 ,  6 ,  558  –  561 .  

  181.       Amidjojo ,  M.  ;   Weuster - Botz ,  D.    Tetrahedron Asymmetry   2005 ,  16 ,  899  –  901 .  

  182.       Wolberg ,  M.  ;   Hummel ,  W.  ;   Wandrey ,  C.  ;   M ü ller ,  M.    Angew. Chem.   2000 ,  112 ,  4476  –  4478 ;    Angew. 
Chem. Int. Ed.   2000 ,  39 ,  4306  –  4308 .  

  183.       Stillger ,  T.  ;   B ö nitz ,  M.  ;   Vilella Filho ,  M.  ;   Liese ,  A.    Chem. Ing. Technol.   2002 ,  74 ,  1035  –  1039 .  

  184.       Stampfer ,  W.  ;   Kosjek ,  B.  ;   Moitzi ,  C.  ;   Kroutil ,  W.  ;   Faber ,  K.    Angew. Chem.   2002 ,  114 ,  1056  –  1059 ; 
   Angew. Chem. Int. Ed.   2002 ,  41 ,  1014  –  1017 .  

  185.       Stampfer ,  W.  ;   Kosjek ,  B.  ;   Faber ,  K.  ;   Kroutil ,  W.    J. Org. Chem.   2003 ,  68 ,  402  –  406 .  

  186.       Goldberg ,  K.  ;   Eddeger ,  K.  ;   Kroutil ,  W.  ;   Liese ,  A.    Biotechnol. Bioeng.   2006 ,  95 ,  192  –  198 .  

  187.       de   Gonzalo ,  G.  ;   Lavandera ,  I.  ;   Faber ,  K.  ;   Kroutil ,  W.    Org. Lett.   2007 ,  9 ,  2163  –  2166 .  

  188.       Poessl ,  T. M.  ;   Kosjek ,  B.  ;   Ellmer ,  U.  ;   Gruber ,  C. C.  ;   Edegger ,  K.  ;   Faber ,  K.  ;   Hildebrandt ,  P.  ;   Born-
scheuer ,  U. T.  ;   Kroutil ,  W.    Adv. Synth. Catal.   2005 ,  347 ,  1827  –  1834 .  

  189.       Edegger ,  K.  ;   Stampfer ,  W.  ;   Seisser ,  B.  ;   Faber ,  K.  ;   Mayer ,  S. F.  ;   Oehrlein ,  R.  ;   Hafner ,  A.  ;   Kroutil ,  W.   
 Eur. J. Org. Chem.   2006 ,  1904  –  1909 .  

  190.       Burda ,  E.  ;   Hummel ,  W.  ;   Gr ö ger ,  H.    Angew. Chem.   2008 ,  120 ,  9693  –  9696 ;    Angew. Chem. Int. Ed.  
 2008 ,  47 ,  9551  –  9554 .  

  191.       Slusarczyk ,  H.  ;   Felber ,  S.  ;   Kula ,  M. - R.  ;   Pohl ,  M.    Eur. J. Biochem.   2000 ,  267 ,  1280  –  1289 .  

  192.       Kroner ,  K. H.  ;   Sch ü tte ,  H.  ;   Stach ,  W.  ;   Kula ,  M. R.    J. Chem. Technol. Biotechnol.   1982 ,  32 ,  130  –  137 .  

  193.       Kragl ,  U.  ;   Kruse ,  W.  ;   Hummel ,  W.  ;   Wandrey ,  C.    Biotechnol. Bioeng.   1996 ,  52 ,  309  –  319 .  

  194.       Shaked ,  Z.  ;   Whitesides ,  G. M.    J. Am. Chem. Soc.   1980 ,  102 ,  7104  –  7105 .  

  195.       Hummel ,  W.  ;   Gottwald   C.   (Bayer AG), DE 4209022 ,  1992 .  

  196.       Zelinski ,  T.  ;   Peters ,  J.  ;   Kula ,  M. - R.    J. Biotechnol .  1994 ,  33 ,  283  –  292 .  

  197.       Peters ,  J.  ;   Minuth ,  T.  ;   Kula ,  M. - R  .  Enzyme Microb. Technol.   1993 ,  15 ,  950  –  958 .  

  198.       Peters ,  J.  ;   Zelinski ,  T.  ;   Minuth ,  T.  ;   Kula ,  M. - R.    Tetrahedron Asymmetry   1993 ,  4 ,  1683  –  1692 .  

  199.       Peters ,  J.  ;   Zelinski ,  T.  ;   Kula ,  M. - R.    Appl. Microb. Biotechnol.   1992 ,  38 ,  334  –  340 .  



REFERENCES 337

  200.       Kruse ,  W.  ;   Hummel ,  W.  ;   Kragl ,  U.    Recl. Trav. Chim. Pays Bas   1996 ,  115 ,  239  –  243 .  

  201.       Kragl ,  U.  ;   Kruse ,  W.  ;   Hummel ,  W.  ;   Wandrey ,  C.    Biotechnol. Bioeng.   1996 ,  52 ,  309  –  319 .  

  202.       Liese ,  A.  ;   Seelbach ,  K.  ;   Wandrey ,  C.   (Eds.),  Industrial Biotransformations .  Weinheim :  Wiley - VCH , 
 2000 ; p.  103 .  

  203.       Liese ,  A.  ;   Zelinski ,  T.  ;   Kula ,  M. - R.  ;   Kierkels ,  H.  ;   Karutz ,  M.  ;   Kragl ,  U.  ;   Wandrey ,  C.    J. Mol. Catal. 
B Enzym.   1998 ,  4 ,  91  –  99 .  

  204.       Gr ö ger ,  H.  ;   Hummel ,  W.  ;   Buchholz ,  S.  ;   Drauz ,  K.  ;   Nguyen ,  T. V.  ;   Rollmann ,  C.  ;   H ü sken ,  H.  ;   Aboki-
tse ,  K.    Org. Lett.   2003 ,  5 ,  173  –  176 .  

  205.       Gr ö ger ,  H.  ;   Hummel ,  W.  ;   Rollmann ,  C.  ;   Chamouleau ,  F.  ;   H ü sken ,  H.  ;   Werner ,  H.  ;   Wunderlich ,  C.  ; 
  Abokitse ,  K.  ;   Drauz ,  K.  ;   Buchholz ,  S.    Tetrahedron   2004 ,  60 ,  633  –  640 .  

  206.       Gr ö ger ,  H.  ;   Rollmann ,  C.  ;   H ü sken ,  H.  ;   Werner ,  H.  ;   Chamouleau ,  F.  ;   Hagedorn ,  C.  ;   Drauz ,  K.  ; 
  Hummel ,  W.   (Degussa AG), WO 2004085662 ,  2004 .  

  207.       Gr ö ger ,  H.     Chiral Europe Conference Proceedings , 2004 .  

  208.       Nanduri ,  V. B.  ;   Banerjee ,  A.  ;   Howell ,  J. M.  ;   Brzozowski ,  B. B.  ;   Eiring ,  R. F.  ;   Patel ,  R. N.    J. Ind. 
Microbiol. Biotechnol.   2000 ,  25 ,  171  –  175 .  

  209.       Matsuyama ,  A.  ;   Yamamoto ,  H.  ;   Kobayashi ,  Y.    Org. Proc. Res. Dev.   2002 ,  6 ,  558  –  561 .  

  210.       Weckbecker ,  A.  ;   Hummel ,  W.    Biotechnol. Lett.   2004 ,  26 ,  1739  –  1744 .  

  211.       Hummel ,  W.  ;   Kula ,  M. - R.   (Forschungszentrum J ü lich GmbH), EP  456107 ,  1991 .  

  212.       Bradshaw ,  C. W.  ;   Hummel ,  W.  ;   Wong ,  C. - H.    J. Org. Chem.   1992 ,  57 ,  1532  –  1536 .  

  213.       Wong ,  C. - H.  ;   Drueckhammer ,  D. G.  ;   Sweers ,  H. M.    J. Am. Chem. Soc.   1985 ,  107 ,  4028  –  4031 .  

  214.       Wong ,  C. - H.  ;   Drueckhammer ,  D. G.    Biotechnology   1995 ,  3 ,  649  –  651 .  

  215.       Bastos ,  F. M.  ;   dos   Santos ,  A. G.  ;   Jones ,  J. ,  Jr.  ;   Oestreicher ,  E. G.  ;   Pinto ,  G. F.  ;   Paiva ,  L. M. C.    Bio-
technol. Technol.   1999 ,  13 ,  661  –  664 .  

  216.       Zhu ,  D.  ;   Mukherjee ,  C.  ;   Hua ,  L.    Tetrahedron Asymmetry   2005 ,  16 ,  3275  –  3278 .  

  217.       Truppo ,  M. D.  ;   Pollard ,  D.  ;   Devine ,  P.    Org. Lett.   2007 ,  9 ,  335  –  338 .  

  218.       Patel ,  R. N.  ;   Banerjee ,  A.  ;   McNamee ,  C. G.  ;   Brzozowski ,  D.  ;   Hanson ,  R. L.  ;   Szarka ,  L. J  .  Enzyme 
Microb. Technol.   1993 ,  15 ,  1014  –  1021 .  

  219.       Liese ,  A.  ;   Seelbach ,  K.  ;   Wandrey ,  C.   (Eds.),  Industrial Biotransformations .  Weinheim :  Wiley - VCH , 
 2000 ; p.  107 .  

  220.       Kaluzna ,  I. A.  ;   Rozzell ,  J. D.  ;   Kambourakis ,  S.    Tetrahedron Asymmetry   2005 ,  16 ,  3682  –  3689 .  

  221.     Review:   Kataoka ,  M.  ;   Kita ,  K.  ;   Wada ,  M.  ;   Yasohara ,  Y.  ;   Hasegawa ,  J.  ;   Shimizu ,  S.    Appl. Microbiol. 
Biotechnol.   2003 ,  62 ,  437  –  445 .  

  222.       Yamada ,  H.  ;   Shimizu ,  S.  ;   Kataoka ,  M.  ;   Sakai ,  H.  ;   Miyoshi ,  T.    FEMS Microbiol. Lett.   1990 ,  70 , 
 45  –  48 .  

  223.       Kataoka ,  M.  ;   Sakai ,  H.  ;   Morikawa ,  T.  ;   Katoh ,  M.  ;   Miyoshi ,  T.  ;   Shimizu ,  S.  ;   Yamada ,  H.    Biochim. 
Biophys. Acta   1992 ,  1122 ,  57  –  62 .  

  224.       Kita ,  K.  ;   Matuszaki ,  K.  ;   Hashimoto ,  T.  ;   Yanase ,  H.  ;   Kato ,  N.  ;   Chung ,  M. C. M.  ;   Kataoka ,  M.  ;   Shimizu , 
 S.    Appl. Environ. Microbiol.   1996 ,  62 ,  2303  –  2310 .  

  225.       Wada ,  M.  ;   Kataoka ,  M.  ;   Kawabata ,  H.  ;   Yasohara ,  Y.  ;   Kizaki ,  N.  ;   Hasegawa ,  J.  ;   Shimizu ,  S.    Biosci. 
Biotechnol. Biochem.   1998 ,  62 ,  280  –  285 .  

  226.       Yasohara ,  Y.  ;   Kizaki ,  N.  ;   Hasegawa ,  J.  ;   Wada ,  M.  ;   Kataoka ,  M.  ;   Shimizu ,  S.    Biosci. Biotechnol. 
Biochem.   2000 ,  64 ,  1430  –  1436 .  

  227.       Shimizu ,  S.  ;   Kataoka ,  M.  ;   Katoh ,  M.  ;   Morikawa ,  T.  ;   Miyoshi ,  T.  ;   Yamada ,  H.    Appl. Environ. Micro-
biol.   1990 ,  56 ,  2374  –  2377 .  

  228.       Kataoka ,  M.  ;   Rohani ,  L. P. S.  ;   Yamamoto ,  K.  ;   Wada ,  M.  ;   Kawabata ,  H.  ;   Kita ,  K.  ;   Yanase ,  H.  ; 
  Shimizu ,  S.    Appl. Microbiol. Biotechnol.   1997 ,  48 ,  699  –  703 .  

  229.       Kataoka ,  M.  ;   Rohani ,  L. P. S.  ;   Wada ,  M.  ;   Kita ,  K.  ;   Yanase ,  H.  ;   Urabe ,  I.  ;   Shimizu ,  S.    Biosci. Bio-
technol. Biochem.   1998 ,  62 ,  167  –  169 .  



338 ENZYME-CATALYZED ASYMMETRIC SYNTHESIS

  230.       Kataoka ,  M.  ;   Yamamoto ,  K.  ;   Kawabata ,  H.  ;   Wada ,  M.  ;   Kita ,  K.  ;   Yanase ,  H.  ;   Shimizu ,  S.    Appl. 
Microbiol. Biotechnol.   1999 ,  51 ,  486  –  490 .  

  231.       Kizaki ,  N.  ;   Yasohara ,  Y.  ;   Hasegawa ,  J.  ;   Wada ,  M.  ;   Kataoka ,  M.  ;   Shimizu ,  S.    Appl. Microbiol. Bio-
technol.   2001 ,  55 ,  590  –  595 .  

  232.       Yasohara ,  Y.  ;   Kizaki ,  N.  ;   Hasegawa ,  J.  ;   Wada ,  M.  ;   Kataoka ,  M.  ;   Shimizu ,  S.    Tetrahedron Asymmetry  
 2001 ,  12 ,  1713  –  1718 .  

  233.       Patel ,  R. N.  ;   Goswami ,  A.  ;   Chu ,  L.  ;   Donovan ,  M. J.  ;   Nanduri ,  V.  ;   Goldberg ,  S.  ;   Johnston ,  R.  ;   Siva , 
 P. J.  ;   Nielsen ,  B.  ;   Fan ,  J.  ;   He ,  W.  ;   Shi ,  Z.  ;   Wang ,  K. Y.  ;   Eiring ,  R.  ;   Cazzulino ,  D.  ;   Singh ,  A.  ;   Mueller , 
 R.    Tetrahedron Asymmetry   2004 ,  15 ,  1247  –  1258 .  

  234.       Weckbecker ,  A.  ;   Hummel ,  W.   In  Methods in Biotechnology, Microbial Enzymes and Biotransforma-
tions  (Ed.   Barredo ,  J. L.  ).  Totowa :  Humana Press ,  2004 ; Vol.  17 , p.  225 .  

  235.       Gr ö ger ,  H.  ;   Chamouleau ,  F.  ;   Orologas ,  N.  ;   Rollmann ,  C.  ;   Drauz ,  K.  ;   Hummel ,  W.  ;   Weckbecker ,  A.  ; 
  May ,  O.    Angew. Chem.   2006 ,  118 ,  5806  –  5809 ;    Angew. Chem. Int. Ed.   2006 ,  45 ,  5677  –  5681 .  

  236.       Gr ö ger ,  H.  ;   Rollmann ,  C.  ;   Chamouleau ,  F.  ;   Sebastien ,  I.  ;   May ,  O.  ;   Wienand ,  W.  ;   Drauz ,  K.    Adv. 
Synth. Catal.   2007 ,  349 ,  709  –  712 .  

  237.       Berkessel ,  A.  ;   Rollmann ,  C.  ;   Chamouleau ,  F.  ;   Labs ,  S.  ;   May ,  O.  ;   Gr ö ger ,  H.    Adv. Synth. Catal.   2007 , 
 349 ,  2697  –  2704 .  

  238.       Ema ,  T.  ;   Okita ,  N.  ;   Ide ,  S.  ;   Sakai ,  T.    Org. Biomol. Chem.   2007 ,  5 ,  1175  –  1176 .  

  239.       Ema ,  T.  ;   Yagasaki ,  H.  ;   Okita ,  N.  ;   Takeda ,  M.  ;   Sakai ,  T.    Tetrahedron   2006 ,  62 ,  6143  –  6149 .  

  240.       Wong ,  C. - H.  ;   Whitesides ,  G. M.    J. Am. Chem. Soc.   1981 ,  103 ,  4890  –  4899 .  

  241.       Drueckhammer ,  D. J.  ;   Sadozai ,  S. K.  ;   Wong ,  C. - H.  ;   Roberts ,  S. M  .  Enzyme Microb. Technol.   1987 , 
 9 ,  564  –  570 .  

  242.       Hummel ,  W.    Appl. Microbiol. Biotechnol.   1990 ,  34 ,  15  –  19 .  

  243.       Kaluzna ,  I. A.  ;   Matsuda ,  T.  ;   Sewell ,  A. K.  ;   Stewart ,  J. D.    J. Am. Chem. Soc.   2004 ,  126 , 
 12827  –  12832 .  

  244.       Feske ,  B. D.  ;   Stewart ,  J. D.    Tetrahedron Asymmetry   2005 ,  16 ,  3124  –  3127 .  

  245.       Hanson ,  R. L.  ;   Goldberg ,  S.  ;   Goswami ,  A.  ;   Tully ,  T. P.  ;   Patel ,  R. N.    Adv. Synth. Catal.   2005 ,  347 , 
 1073  –  1080 .  

  246.       Hummel ,  W.  ;   Sch ü tte ,  H.  ;   Kula ,  M. - R.    Appl. Microbiol. Biotechnol.   1988 ,  28 ,  433  –  439 .  

  247.       Vasic - Racki ,  D.  ;   Jonas ,  M.  ;   Wandrey ,  C.  ;   Hummel ,  W.  ;   Kula ,  M. - R.    Appl. Microbiol. Biotechnol.  
 1989 ,  31 ,  215  –  222 .  

  248.     Review about biocatalytic approaches to aromatic  α  - hydroxy acids:   Gr ö ger ,  H.    Adv. Synth. Catal.  
 2001 ,  343 ,  547  –  558 .  

  249.       Sch ü tte ,  H.  ;   Hummel ,  W.  ;   Kula ,  M. - R.    Eur. J. Appl. Microbiol. Biotechnol.   1984 ,  19 ,  167  –  176 .  

  250.     Review on biocatalytic reductive amination:   Bommarius ,  A. S.   In  Enzyme Catalysis in Organic 
Synthesis ,  2nd ed.  (Eds.   Drauz ,  K.  ;   Waldmann ,  H.  ).  Weinheim :  Wiley - VCH ,  2002 ; Vol.  3 , pp. 
 1047  –  1063 .  

  251.       Bommarius ,  A. S.  ;   Schwarm ,  M.  ;   Stingl ,  K.  ;   Kottenhahn ,  M.  ;   Huthmacher ,  K.  ;   Drauz ,  K.    Tetrahedron 
Asymmetry   1995 ,  6 ,  2851  –  2888 .  

  252.       Kadyrov ,  R.  ;   Riermeier ,  T. H.  ;   Dingerdissen ,  U.  ;   Tararov ,  V.  ;   B ö rner ,  A.    J. Org. Chem.   2003 ,  68 , 
 4067  –  4070 .  

  253.       Bommarius ,  A. S.  ;   Drauz ,  K.  ;   Hummel ,  W.  ;   Kula ,  M. - R.  ;   Wandrey ,  C.    Biocatalysis   1994 ,  10 ,  37  –  47 .  

  254.       Krix ,  G.  ;   Bommarius ,  A. S.  ;   Drauz ,  K.  ;   Kottenhahn ,  M.  ;   Schwarm ,  M.  ;   Kula ,  M. - R.    J. Biotechnol.  
 1997 ,  53 ,  29  –  39 .  

  255.       Liese ,  A.  ;   Seelbach ,  K.  ;   Wandrey ,  C.   (Eds.),  Industrial Biotransformations .  Weinheim :  Wiley - VCH , 
 2000 ; pp.  103  –  106 .  

  256.       Patel ,  R. N.    Adv. Synth. Catal.   2001 ,  343 ,  527  –  546 .  

  257.       Galkin ,  A.  ;   Kulakova ,  L.  ;   Yohimura ,  T.  ;   Soda ,  K.  ;   Esaki ,  N.    Appl. Environ. Microbiol.   1997 ,  63 , 
 4651  –  4656 .  



REFERENCES 339

  258.       Menzel ,  A.  ;   Werner ,  H.  ;   Altenbuchner ,  J.  ;   Gr ö ger ,  H.    Eng. Life Sci.   2004 ,  4 ,  573  –  576 .  

  259.       Gr ö ger ,  H.  ;   May ,  O.  ;   Werner ,  H.  ;   Menzel ,  A.  ;   Altenbuchner ,  J.    Org. Proc. Res. Dev.   2006 ,  10 , 
 666  –  669 .  

  260.       Patel ,  R. N.    Adv. Synth. Catal.   2001 ,  343 ,  527  –  546 .  

  261.     Review:   Stuermer ,  R.  ;   Hauer ,  B.  ;   Hall ,  M.  ;   Faber ,  K.    Curr. Opin. Chem. Biol.   2007 ,  11 ,  203  –  213 .  

  262.       Kataoka ,  M.  ;   Kotaka ,  A.  ;   Thiwthong ,  R.  ;   Wada ,  M.  ;   Nakamori ,  S.  ;   Shimizu ,  S.    J. Biotechnol .  2004 , 
 114 ,  1  –  9 .  

  263.       Kataoka ,  M.  ;   Kotaka ,  A.  ;   Hasegawa ,  A.  ;   Wada ,  M.  ;   Yoshizumi ,  A.  ;   Nakamori ,  S.  ;   Shimizu ,  S.    Biosci. 
Biotechnol. Biochem.   2002 ,  66 ,  2651  –  2657 .  

  264.       Swiderska ,  M. A.  ;   Stewart ,  J. D.    J. Mol. Catal. B Enzym.   2006 ,  42 ,  52  –  54 .  

  265.       Kurata ,  A.  ;   Kurihara ,  T.  ;   Kamachi ,  H.  ;   Esaki ,  N.    Tetrahedron Asymmetry   2004 ,  15 ,  2837  –  2839 .  

  266.       Takabe ,  K.  ;   Hiyoshi ,  H.  ;   Sawada ,  H.  ;   Tanaka ,  M.  ;   Miyazaki ,  A.  ;   Yamada ,  T.  ;   Katagiri ,  T.  ;   Yoda ,  H.   
 Tetrahedron Asymmetry   1992 ,  3 ,  1399  –  1400 .  

  267.       van der   Schaft ,  P. H.  ;   ter   Burg ,  N.  ;   van den   Bosch ,  S.  ;   Cohen ,  A. M.    Appl. Microbiol. Biotechnol.  
 1992 ,  36 ,  712  –  716 .  

  268.       Ohta ,  H.  ;   Kobayashi ,  N.  ;   Ozaki ,  K.    J. Org. Chem.   1989 ,  54 ,  1802  –  1804 .  

  269.       Swiderska ,  M.  ;   Stewart ,  J. D.    Org. Lett.   2006 ,  8 ,  6131  –  6133 .  

  270.       Chaparro - Riggers ,  J. F.  ;   Rogers ,  T. A.  ;   Vazquez - Figueroa ,  E.  ;   Polizzi ,  K. M.  ;   Bommarius ,  A. S.    Adv. 
Synth. Catal.   2007 ,  349 ,  1521  –  1531 .  

  271.       Hall ,  M.  ;   Stueckler ,  C.  ;   Ehammer ,  H.  ;   Pointner ,  E.  ;   Oberdorfer ,  G.  ;   Gruber ,  K.  ;   Hauer ,  B.  ;   Stuermer , 
 R.  ;   Kroutil ,  W.  ;   Macheroux ,  P.  ;   Faber ,  K.    Adv. Synth. Catal.   2008 ,  350 ,  411  –  418 .  

  272.       Hall ,  M.  ;   Stueckler ,  C.  ;   Kroutil ,  W.  ;   Macheroux ,  P.  ;   Faber ,  K.    Angew. Chem.   2007 ,  119 ,  4008  –  4011 ; 
   Angew. Chem. Int. Ed.   2007 ,  46 ,  3934  –  3937 .  

  273.       Taylor ,  P. P.  ;   Pantaleone ,  D. P.  ;   Senkpeil ,  R. F.  ;   Fotheringham ,  I. G  .  TIBTECH   1998 ,  16 ,  412  –  418 .  

  274.       Ager ,  D. J.  ;   Fotheringham ,  I. G.  ;   Li ,  T.  ;   Pantaleone ,  D. P.  ;   Senkpeil ,  R. F.    Enantiomer   2000 ,  5 , 
 235  –  243 .  

  275.       Rozzell ,  J. D.  ;   Bommarius   A. S.   In  Enzyme Catalysis in Organic Synthesis ,  2nd ed.  (Eds.   Drauz ,  K.  ; 
  Waldmann ,  H.  ).  Weinheim :  Wiley - VCH ,  2002 ; Vol.  2 , Chapter 12.7, pp.  873  –  893 .  

  276.       Li ,  T.  ;   Kootstra ,  A.  ;   Fotheringham ,  I. G.    Org. Proc. Res. Dev.   2002 ,  6 ,  533  –  538 .  

  277.       Rozzell ,  J. D.    Methods Enzymol.   1987 ,  136 ,  479  –  497 .  

  278.       Xian ,  M.  ;   Alaux ,  S.  ;   Sagot ,  E.  ;   Geffl aut ,  T.    J. Org. Chem.   2007 ,  72 ,  7560  –  7566 .  

  279.       Matcham ,  G.  ;   Bhatia ,  M.  ;   Lang ,  W.  ;   Lewis ,  C.  ;   Nelson ,  R.  ;   Wang ,  A.  ;   Wu ,  W.    Chimia   1999 ,  53 , 
 584  –  589 .  

  280.       Matcham ,  G. G.  ;   Brown ,  A. R. S.    Chim. Oggi   1996 ,  6 ,  20  –  24 .  

  281.       Shin ,  J. - S.  ;   Kim ,  B. - G.    Biotechnol. Bioeng.   1999 ,  65 ,  206  –  211 .  

  282.       H ö hne ,  M.  ;   K ü hl ,  S.  ;   Robins ,  K.  ;   Bornscheuer ,  U. T.    ChemBioChem   2008 ,  9 ,  363  –  365 .  

  283.       Koszelewski ,  D.  ;   Lavandera ,  I.  ;   Clay ,  D.  ;   Guebitz ,  G. M.  ;   Rozzell ,  D.  ;   Kroutil ,  W.    Angew. Chem.  
 2008 ,  120 ,  9477  –  9480 ;  Angew. Chem. Int. Ed.   2008 ,  47 , 9337 – 9340.  

  284.       Iwasaki ,  A.  ;   Yamada ,  Y.  ;   Kizaki ,  N.  ;   Ikenaka ,  Y.  ;   Hasegawa ,  J.    Appl. Microbiol. Biotechnol.   2006 , 
 69 ,  499  –  505 .  

  285.     Review:   Mihovilovic ,  M. D.  ;   Rudroff ,  F.  ;   Gr ö tzl ,  B.    Curr. Org. Chem.   2004 ,  8 ,  1057  –  1069 .  

  286.     Review:   Mihovilovic ,  M. D.  ;   M ü ller ,  B.  ;   Stanetty ,  P.    Eur. J. Org. Chem.   2002 ,  3711  –  3730 .  

  287.     Review:   Stewart ,  J. D.    Curr. Org. Chem.   1998 ,  2 ,  195  –  216 .  

  288.       Taschner ,  M. J.  ;   Black ,  D. J.    J. Am. Chem. Soc.   1988 ,  110 ,  6892  –  6893 .  

  289.       Taschner ,  M. J.  ;   Black ,  D. J.  ;   Chen ,  Q. - Z.    Tetrahedron Asymmetry   1993 ,  4 ,  1387  –  1390 .  

  290.       Stewart ,  J. D.  ;   Kieth ,  W. R.  ;   Zhu ,  J.  ;   Chen ,  G.  ;   Kayser ,  M. M.    J. Org. Chem.   1996 ,  61 ,  7652  –  7653 .  

  291.       Gagnon ,  R.  ;   Grogan ,  G.  ;   Groussain ,  E.  ;   Pedragosa - Moreau ,  S.  ;   Richardson ,  P. F.  ;   Roberts ,  S. M.  ; 
  Willetts ,  A. J.  ;   Alphand ,  V.  ;   Lebreton ,  J.  ;   Furstoss ,  R.    J. Chem. Soc. Perkin Trans. 1   1995 ,  2527  –  2528 .  



340 ENZYME-CATALYZED ASYMMETRIC SYNTHESIS

  292.       Mazzini ,  C.  ;   Lebreton ,  J.  ;   Alphand ,  V.  ;   Furstoss ,  R  .  Tetrahedron Lett.   1997 ,  38 ,  1195  –  1196 .  

  293.       Mazzini ,  C.  ;   Lebreton ,  J.  ;   Alphand ,  V.  ;   Furstoss ,  R.    J. Org. Chem.   1997 ,  62 ,  5215  –  5218 .  

  294.       Stewart ,  J. D.  ;   Reed ,  K. W.  ;   Martinez ,  C. A.  ;   Zhu ,  J.  ;   Chen ,  G.  ;   Kayser ,  M. M.    J. Am. Chem. Soc.  
 1998 ,  120 ,  3541  –  3548 .  

  295.       Stewart ,  J. D.  ;   Kieth ,  W. R.  ;   Zhu ,  J.  ;   Chen ,  G.  ;   Kayser ,  M. M.    J. Org. Chem.   1996 ,  61 ,  7652  –  7653 .  

  296.       Mihovilovic ,  M. D.  ;   M ü ller ,  B.  ;   Kayser ,  M. M.  ;   Stanetty ,  P.    Synlett   2002 ,  700  –  702 .  

  297.       Mihovilovic ,  M. D.  ;   M ü ller ,  B.  ;   Kayser ,  M. M.  ;   Stewart ,  J. D.  ;   Stanetty ,  P.    Synlett   2002 ,  703  –  706 .  

  298.       Petit ,  F.  ;   Furstoss ,  R.    Tetrahedron Asymmetry   1993 ,  4 ,  1341  –  1352 .  

  299.     Review:   Alphand ,  V.  ;   Carrea ,  G.  ;   Wohlgemuth ,  R.  ;   Furstoss ,  R.  ;   Woodley ,  J. M.    Trends Biotechnol.  
 2003 ,  21 ,  318  –  323 .  

  300.       Hilker ,  I.  ;   Wohlgemuth ,  R.  ;   Alphand ,  V.  ;   Furstoss ,  R.    Biotechnol. Bioeng.   2005 ,  92 ,  702  –  710 .  

  301.       Gutierrez ,  M. - C.  ;   Furstoss ,  R.  ;   Alphand ,  V.    Adv. Synth. Catal.   2005 ,  347 ,  1051  –  1059 .  

  302.       Willetts ,  A. J.  ;   Knowles ,  C. J.  ;   Levitt ,  M. S.  ;   Roberts ,  S. M.  ;   Sandey ,  H.  ;   Shipston ,  N. F.    J. Chem. Soc. 
Perkin Trans 1   1991 ,  1608  –  1610 .  

  303.       Reetz ,  M. T.  ;   Brunner ,  B.  ;   Schneider ,  T.  ;   Schulz ,  F.  ;   Clouthier ,  C. M.  ;   Kayser ,  M. M.    Angew. Chem. 
Int. Ed. Engl.   2004 ,  43 ,  4075  –  4078 .  

  304.       Kirschner ,  A.  ;   Bornscheuer ,  U. T.    Appl. Microbiol. Biotechnol.   2008 ,  81 ,  275  –  282 .  

  305.     Review:   Chang ,  D.  ;   Zhang ,  J.  ;   Witholt ,  B.  ;   Li ,  Z.    Biocatal. Biotransformation   2004 ,  22 ,  113  –  131 .  

  306.       Panke ,  S.  ;   Wubbolts ,  M. G.  ;   Schmid ,  A.  ;   Witholt ,  B.    Biotechnol. Bioeng.   2000 ,  69 ,  91  –  100 .  

  307.       Schmid ,  A.  ;   Hofstetter ,  K.  ;   Feiten ,  H. J.  ;   Hollmann ,  F.  ;   Witholt ,  B.    Adv. Synth. Catal.   2001 ,  343 , 
 732  –  737 .  

  308.       Panke ,  S.  ;   Held ,  M.  ;   Wubbolts ,  M. G.  ;   Witholt ,  B.  ;   Schmid ,  A.    Biotechnol. Bioeng.   2002 ,  80 ,  33  –  41 .  

  309.       Hofstetter ,  K.  ;   Lutz ,  J.  ;   Lang ,  I.  ;   Witholt ,  B.  ;   Schmid ,  A.    Angew. Chem.   2004 ,  116 ,  2215  –  2218 ;    Angew. 
Chem. Int. Ed.   2004 ,  43 ,  2163  –  2166 .  

  310.       Hollmann ,  F.  ;   Lin ,  P. C.  ;   Witholt ,  B.  ;   Schmid ,  A.    J. Am. Chem. Soc.   2003 ,  125 ,  8209  –  8217 .  

  311.       Hollmann ,  F.  ;   Hofstetter ,  K.  ;   Habicher ,  T.  ;   Hauer ,  B.  ;   Schmid ,  A.    J. Am. Chem. Soc.   2005 ,  127 , 
 6540  –  6541 .  

  312.       Ohta ,  H.  ;   Tetsukawa ,  H.    J. Chem. Soc. Chem. Commun.   1978 ,  849  –  850 .  

  313.       Ohta ,  H.  ;   Tetsukawa ,  H.    Agric. Biol. Chem.   1979 ,  43 ,  2099  –  2104 .  

  314.       Kubo ,  T.  ;   Peters ,  M. W.  ;   Meinhold ,  P.  ;   Arnold ,  F. H.    Chem. Eur. J.   2006 ,  12 ,  1216  –  1220 .  

  315.       Tee ,  K. L.  ;   Schwaneberg ,  U.    Angrew. Chem.   2006 ,  118 ,  5507  –  5509 ;    Angew. Chem. Int. Ed.   2006 ,  45 , 
 5380  –  5383 .  

  316.       Celik ,  A.  ;   Sperandio ,  D.  ;   Speight ,  R. E.  ;   Turner ,  N. J.    Org. Biomol. Chem.   2005 ,  3 ,  2688  –  2690 .  

  317.     Review:   Duetz ,  W. A.  ;   van   Beilen ,  J. B.  ;   Witholt ,  B.    Curr. Opin. Biotechnol.   2001 ,  12 ,  419  –  425 .  

  318.     Review:   Urlacher ,  V. B.  ;   Eiben ,  S.    Trends Biotechnol.   2006 ,  24 ,  324  –  330 .  

  319.     Review:   Munro ,  A. W.  ;   Girvan ,  H. M.  ;   McLean ,  K. J.    Nat. Prod. Rep.   2007 ,  24 ,  585  –  609 .  

  320.     Review:   Kardinahl ,  S.  ;   Rabelt ,  D.  ;   Reschke ,  M.    Chem. Ing. Technol.   2006 ,  78 ,  209  –  217 .  

  321.       Adam ,  W.  ;   Lukacs ,  Z.  ;   Saha - M ö ller ,  C. R.  ;   Weckerle ,  B.  ;   Schreier ,  P.    Eur. J. Org. Chem.   2000 , 
 2923  –  2926 .  

  322.       Munzer ,  D. F.  ;   Meinhold ,  P.  ;   Peters ,  M. W.  ;   Feichtenhofer ,  S.  ;   Griengl ,  H.  ;   Arnold ,  F. H.  ;   Glieder , 
 A.  ;   de   Raadt ,  A.    Chem. Commun.   2005 ,  2597  –  2599 .  

  323.       Li ,  Z.  ;   Feiten ,  H. - J.  ;   Van   Beilen ,  J. B.  ;   D ü tz ,  W.  ;   Witholt ,  B.    Tetrahedron Asymmetry   1999 ,  10 , 
 1323  –  1333 .  

  324.       Li ,  Z.  ;   Feiten ,  H. - J.  ;   Chang ,  D.  ;   D ü tz ,  W. A.  ;   Van   Beilen ,  J. B.  ;   Witholt ,  B.    J. Org. Chem.   2001 ,  66 , 
 8424  –  8430 .  

  325.       Garrett ,  M. D.  ;   Scott ,  R.  ;   Sheldrake ,  G. N.    Tetrahedron Asymmetry   2002 ,  13 ,  2201  –  2204 .  

  326.       van   Beilen ,  J. B.  ;   D ü tz ,  W. A.  ;   Schmid ,  A.  ;   Witholt ,  B  .  Trends Biotechnol.   2003 ,  21 ,  170  –  177 .  



REFERENCES 341

  327.     Review:   Urlacher ,  V. B.  ;   Eiben ,  S.    Trends Biotechnol.   2006 ,  24 ,  324  –  330 .  

  328.     Review:   Hogg ,  J. A.    Steroids   1992 ,  57 ,  593  –  616 .  

  329.       Hummel ,  W.  ;   Kuzu ,  M.  ;   Geueke ,  B.    Org. Lett.   2003 ,  5 ,  3649  –  3650 .  

  330.       Alexeeva ,  M.  ;   Enright ,  A.  ;   Dawson ,  M. J.  ;   Mahmoudian ,  M.  ;   Turner ,  N. J.    Angew. Chem.   2002 ,  114 , 
 3309  –  3312 ;    Angew. Chem. Int. Ed.   2002 ,  41 ,  3177  –  3180 .  

  331.       Carr ,  R.  ;   Alexeeva ,  M.  ;   Dawson ,  M. J.  ;   Fernandez ,  V. - G.  ;   Humphrey ,  C. E.  ;   Turner ,  N. J.    Chembio-
chem   2005 ,  6 ,  637  –  639 .  

  332.       Dunsmore ,  C. J.  ;   Carr ,  R.  ;   Fleming ,  T.  ;   Turner ,  N. J.    J. Am. Chem. Soc.   2006 ,  128 ,  2224  –  2225 .  

  333.       Geueke ,  B.  ;   Riebel ,  B.  ;   Hummel ,  W  .  Enzyme Microb. Technol.   2003 ,  32 ,  205  –  211 .  

  334.       Colonna ,  S.  ;   Gaggero ,  N.  ;   Carrea ,  G.  ;   Pasta ,  P.    Chem. Commun.   1997 ,  439  –  440 .  

  335.       Colonna ,  S.  ;   Gaggero ,  N.  ;   Pasta ,  P.  ;   Ottolina ,  G.    Chem. Commun.   1996 ,  2303  –  2307 .  

  336.     Review:   Holland ,  H. L.    Chem. Rev.   1988 ,  88 ,  473  –  485 .  

  337.       Colonna ,  S.  ;   Gaggero ,  N.  ;   Carrea ,  G.  ;   Pasta ,  P.  ;   Bernardi ,  A.    Tetrahedron Asymmetry   1996 ,  7 , 
 565  –  570 .   

   

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




