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Abstract

Modern synthetic organic chemistry has experienegd enormous growth in biocatalytic
methodologies; enzymatic transformations and wietelé bioconversions have become generally
accepted synthetic tools for asymmetric syntheBss review details an overview of the latest
achievements in biocatalytic methodologies for $iyathesis of enantiopure compounds with a
particular focus on chemoenzymatic synthesis in-aqureous media, immobilisation technology
and dynamic kinetic resolution. Furthermore, re@sances in ketoreductase technology and their
applications are also presented.
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1. General Introduction

Asymmetric synthesis is the preferential formatadrone stereocisomer of a chiral target compound
to another; when scientists at GlaxoSmithKline,rd&eneca and Pfizeexamined 128 syntheses
from their companies, they found as many as hathefdrug compounds made by their process
research and development groups are not only chirlalso contain an average of two chiral
centres eachln 2006 just 25 % were derived from the chiral lped over 50 % employed chiral
technologies. In order to meet regulatory requirements enantiampurities of 99.5 % were
deemed necessary by the FBAhis is one of the biggest challenges which fdventsts today,
primarily due to the recognition of the fact théffetent enantiomers of the same compound can
interact differently in biological systems. As ansequence, the production of single enantiomers
instead of racemic mixtures has become an imporfantess in the pharmaceutical and
agrochemical industry. Several routes can leatidalesired enantiomer including transition metal-

"% organo>"*%and bio-catalysid**and these have been thoroughly reviewed in taeatiare*®*’

2. Biocatalysis
2.1. Introduction
Biocatalysis involves the use of enzymes or whelés containing the desired enzymeemzyme

system) as catalysts for chemical reactions. A ltimeeof historic eventsn biocatalysis and
biotechnology is outlined in Table'{?°
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Table 1. Historical perspective of biocatalysis and biotedbgy (adapted from ref. 11)

Years Who? Where? What?
h in f If h t h
B.C. Unknown Old World Chymosin .rom calf and S eep stomac
employed in the production of cheese
1783—- Spallanzani a verifiesin vitro “digestion” of meat in
1836 P stomach juice: factor called “pepsin”
1876 Kiihne a term enzyme.f.or catalysts not bound to
living cells
Berlin Aaricultural First alcoholic respiration with cell-free
1877 Eduard Buchner Colle egGerman extract: vital forceyis vitalis does not
ge. y exist (Nobel prize 190y
. Leipzig Univ., definition of term “catalyst”
1893 Wilhelm Ostwald Germany (Nobel prize 190p
1894 Emil Fischer Berlin Univ.,Germany “lock andyk@analogy (Nobel prize 190
. First ti lecti thesis,
1903 Henry D. Dakin London, UK s engn 105€ gc_lve Synthesis
with oxynitrilase
1908 Otto RShM Darmstadt,Germany Patent for enzymatlc trgatment of leather
(with trypsin)
1913- N First laundry detergent with enzyme
R6h D tadt .
1915 ohm Company armstadt,Germany (pancreatin): “Burnus”
Cornell Univ., Ithaca, First enzyme crystallised: urease from jack
1926 J B.S :
ames umner NY, USA beans lobel prize 1946
1936 Ernst Sym Lipase reaction in organic solvent
. . ltech, P , CA, First att tt lai talysi
1944 Linus Pauling Caltech, Pasadena, CA, First a em.p. 0 explain enzyme ca §y3|s
USA as transition-state complementarity
1950 Pehr Edman Univ. of Lund, Sweden Protein digran developed
. : . terminati f insulirchain:
Frederick Sanger Univ. Of Cambridge, Sequence .de.ermlna |on_o nsulirehain
1951 and Hans Tu UK each protein is characterised by a sequence
PRy (Nobel prize 1978
L -scal t tion f
] Novo (Bagsvaerd, arg_e scge prq eas_e.produc ion from
1960 : Bacillus licheniformisn submerged
Denmark)
culture
1963 Stanford Moore  Rockfeller Univ., NY, Amino acid sequence of lysozyme and
and William Stein USA ribonuclease elucidatetlgbel prize 197p
1978 Stanley Cohen and Stanford, CA, USA Method of recombination of DNA
Herbert Boyer developed
1985 Michael Smith Univ. of British Site-directed gene mutagenesis to change

Columbia, Canada

enzyme sequence (Nobel prize 1993)
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Years Who? Where? What?
. Cetus Corp., CA, Invention of PCR (Nobel prize and Japan Prize
1988 Kary B. Mullis USA 1993)
2000 Celera Genomics Gaithersburg, MD,  Sequencing o.f human gen_ome announced (3
USA billion basepairs)
®Not described.
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Figure 1. Adapted from ref. 25.
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Novel methodologies for discovering industrial emags based on genomic sequencing and
phage display (discussed further in Section 4:3)as well as highly effective optimisation tools
based on chemical, physical and molecular biologgr@ached® have improved the access to
biocatalysts, increased their stability, and ratiichroadened their specificif/. This greater
availability of catalysts with superior qualitieacluding the use of new bioengineering tools
contributed significantly to the development of neimdustrial processes. Biocatalytic
methodologies for organic synthesis were outlingd Woodley et al. in three categories:
established, emerging and expanding chemistrieepisted in Figure £

2.2. Enzyme classes

By the late 1950s it had become evident that thmemzlature of enzymes without any guiding
authority, in a period when the number of knownyames was increasing rapidly, led to a lack of
clarity. The naming of enzymes by individual workdrad proved inefficient; the same enzymes
became known by several different names, while esaly the same name was sometimes given to
different enzymes. Many of the names conveyed rornmation of the nature of the reactions
catalysed, and similar names were sometimes govenzymes of different types. The International
Commission on Enzymes was established in 1956 éyPtlesident of the International Union of
Biochemistry in order to resolve the issue of noctemre?® The EC classification system is
derived from the biochemical function of enzymediwng systems. Every enzyme is given four
numbers after the abbreviation EC. The first numtbescribes the reaction type (only six are
possible), the second number defines the structtilahges which occur during the enzyme
catalysis; the third number outlines particular ygne characteristics involved in the catalytic
reaction and the fourth number is a running numiérs classification now contains over 3000
entries (Table 2)*19%’

Table 2. Summary of enzyme classes (adapted from ref. 13)

Enzyme Examples Reaction catalysed

Hydrolases Lipase, protease, esterase, nitrildésge n  Hydrolysis reaction in water

hydratase, glycosidase, phosphatase
Oxidoreductases Dehydrogenase, oxidase, oxygenase, Oxidation or reduction
peroxidase
Transferases Transaminase, glycosyltransferase, Transfer of a group from one
transaldolase molecule to another
Lyases Decarboxylase, dehydratase, deoxyribosn-hydrolytic bond cleavage
phosphate aldolase

Isomerases Racemase, mutase Intramolecular reamamng

Ligases DNA ligase Bond formation requiring
triphosphate
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2.3. Advantages and disadvantages of biocatalysis

Enzyme catalysed reactions up to the last decadk rhany associated advantages and
disadvantages which are outlined in Tabl&%:?%%32Enzymatic transformations commonly
proceed with high chemo-, regio-, and enantio-$e®i&é¢ and routinely achieve enantioselectivities
of >99% e.¢?**3" Furthermore, the introduction of the Pollution Rnetion Act of 199 has led

to an increased focus on green chemistry. Biocsitalg compliant with the 12 principles of green
chemistry®*®*°the reactions are inherently benign as they ameatdow or moderate temperatures.
Apart from high selectivity, the major advantagehiat enzyme-catalysed reactions usually display
characteristically high turnover numbers, with rateelerations approaching or exceeding 10

Table 3.Characteristics of biocatalysis

Advantages Disadvantages
High substrate, regio- and stereo-selecti{ Limited substrate specificity
Benign reaction conditions Limited enzyme availability
Non-toxic Poor catalyst stability
Recycling is sometimes possible Require co-substrates and/or cofactors
Biodegradable waste Inactivation may occur:
Large rate enhancements : at high temperatures
at extremes of pH
in organic solvents
through product inhibition

Considering that catalysis is normally carried attambient temperatures and pressures, the
catalytic power of enzymes is remarkable. An exangdlthe catalytic potential and the low cost
application of biocatalysis is the commercial proithn of L-aspartic acid, an important
intermediate of the commercially important artificisweetener Aspartaffe Thus, 1 kg of

immobilised aspartate ammonia lyase produces rhare 100,000 kg of produtt(Scheme 1§°4*
COH Asparatase o
% . NH, HONCH
COzH O NH,
1

Scheme 1

The principal disadvantages associated with bibgsta from a synthetic perspective, are that
enzymes are sensitive, unstable compounds whiclheatestroyed by extreme reaction conditions
and tend to have a limited substrate scope in m@stgnces. They generally function well only at
physiological pH values in very dilute solutions thle substrate. Enzymes are expensive and
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difficult to obtain in pure form. Enzymes have alsen reported to possess limited substrate scope.
However, in the last 20 years the majority of theéisadvantages have been overcome.

3. Biocatalysis in Non-Aqueous Media

A major advantage of biocatalysis is the use oewat a reaction medium owing to the low costs
and waste associated with these environmentalgndy processes. Water is non-toxic, non-
flammable, odourless and colourless, widely avé&ladnd inexpensive and is well suited for
biphasic catalysis. However, in some instancesofiseater as solvent is also a chief limitation of
biocatalysis as many of the biocatalytic substrarespoorly water soluble and product extraction
may prove difficulte.g. dehydration reactions such as esterifications @gproceed in an aqueous
medium. Side reactions such as hydrolysis, polysadn or racemisation can occur leading to
product mixtures. In some instances these chalergmn be circumvented through use of
alternative solvents, organic solvents, superailificiids and ionic liquids.

3.1. Organic solvents

In principle, most of the problems associated veitizymes in an aqueous environment might be
overcome by switching from an aqueous medium torganic solvent. Replacement of an aqueous
medium with an organic medium would seem challegpgmthe light of the conventional view that
enzymes (and other proteins) are denatured (l@enhtive structure and thus catalytic activity) i
organic solvent$? this assumption is derived from the examinatioemfymes in agueous-organic
mixtures, not in neat organic solvent and has neentproven incorreét:**

Table 4.Benefits of biocatalysis in non-agueous media

increased substrate solubifity

the kinetics of the reaction can be improvedin extractive bioconversions the product can
be extracted into the organic phase thereby sbiftire equilibrium in favour of product

formatior?*

high yields are often associated with the introounciof organic solvents as their use can
eradicate product inhibition and prevent the pabfsibof unwanted side reactions and
improve the relative ease of product and biocataBsvery?

the regio- and chemo-selectivity of enzymes carcdrgrolled by solvent. Conversely, the
use of enzymes in non-aqueous media can lead teiprprecipitation, denaturation, a
reduction in catalytic activity® stabilit’*>°and a change or loss of substrate specificity

Although in agueous-organic mixtures, protein moles have both a propensity to denature
and sufficient conformational flexibility to do s anhydrous solvents, due to their structural
rigidity, denaturation is less likefi}.As a result, various crystalline enzymes esséntiatain their
native structures even in anhydrous organic sob/@rfEurthermore, protein stability is lower in
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water-miscible solvents (2.5 < log P < 0), suchaa®tone, due to their ability to remove enzyme
bound watef®“® than in hydrophobic solvents (2 < log P < 4), sashalkanes, as they leave the
water layer bound to the enzyme int&cthe introduction of an organic solvent has sevieealefits

as described in Table 4.

Studies over the past 15 years have establishatlyfthat many enzymes can work in organic
solvents containing little or no water and the esgpient of organic solvents as a reaction medium
has been reviewed in det”®®’ Biocatalytic solvent systems commonly include nmasic
aqueous-organic mixtures, biphasic aqueous-orgamxtures and enzymes suspended in pure
organic solvents. In a biphasic system (Figure t&&) enzyme is in a hydrophilic state present @ th
agueous phase while the hydrophobic compoundsyaieatly in the organic phase. In reverse
micellar systems, the enzymes are solubilised mastants to form a hydrated reverse micelle
(Figure 2b) in an organic solvent. In organic solveystems (Figure 2c), the enzyme, either
lyophilised or on an inert solid support, is susjEhin an organic solvent system; aqueous buffer
(<5 %) may also be present to maintain enzyme iictiv

a) Biphasic system b) Reverse nilae system c¢) Organic solvent system
O [} [ J
., o
O °
] .. : . L .. A °
° . °

Figure 2

Several industrial syntheses now employ enzymdysad reactions in organic media for the
large-scale production of active pharmaceuticalradgnts. For instance, Schering-Plough
synthesise an azole antifungal ag2im hundred-kilogram quantities whereby the pivatahthetic
step is an enzymatic desymmetrisation of a symnatdiol 3 by Novozym 438 with vinyl acetate
as acyl donor and acetonitrile as solvent to gneerhonoested in high enantiopurity. Acetonitrile
was chosen as solvent as the subsequent iododigiiga 5 is carried out in acetonitrile and by
simple filtration of the enzyme beads the reacts@guence was telescoped into a single step
(Scheme 22 Bristol-Myers Squiblpharmaceutical research group have published a euwib
plant scale chemoenzymatic syntheses performedyena@ media; some examples are depicted in
Scheme 29:%°
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H H 1 1
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46 % yield, 98 % e.e. : ! 42% yield, > 99 % e.e.
: 48% yield, 98 % e.e. l
15-Deoxyspergualin (B.MS 1 8.1 100), )
(potential antitumour, antibiotic) : ! (potential antipsychotic)
Anticholesterol drug target
Scheme 2

A further example which demonstrates the advantafjesotransformation in organic media is
the synthesis of enantiopure 2-chloro- and 2-br@mogionic acids, used as intermediates for the
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synthesis of phenoxy propionic herbicides and sgharmaceutical® These valuable chiral
building blocks have been obtained from lipaselgaéal enantioselective butanolysis in anhydrous
solvents. Not only is this process, scaled up beriie Linz AG of Austria to a multikilogram
level, thermodynamically impractical in water, bwiater also hinders the resolution by promoting
racemisatiori? Although the practical utility of enzymatic catsiy in organic solvents is beyond
doubt, most of the work so far has involved rekgivsimple, hydrolytic enzymé8:®® Use of more
complex enzymes, including those that require ¢ofacand especially oxidoreductases and lyases
in organic solvents, is reported using organic eoivas a co-solvefit;’® but, rarely in a neat
organic solvent systeff:"*

3.2. Supercritical fluids

In recent years enzyme catalysed processes haweekpkored in novel media such as supercritical
fluids and ionic liquids. A supercritical fluid ($¢is defined as the physical state of a compound o
element above its critical temperature and critipgdssure but below the pressure required to
condense it to a solid."®

Figure 3. Reproduced from ref. 73.

The phase diagram for supercritical fluids in Fegu describes the phase behaviour of
substances; the critical point is the point at Whibe densities of the liquid and gas become
identical and fluid is said to be supercritical. eThritical parameters of the primary solvents
employed in biocatalysis are outlined in Tablé' Due to the temperature-sensitive nature of
biocatalysts, a narrow range of supercritical #fuate investigated. The vast majority of research
has employed the use of supercritical carbon dexstCQ), as it is inexpensive, benign, readily
available, and has low toxicity and its relativébyv supercritical parameters facilitate its useaas
solvent for biocatalysi§*"® Other supercritical fluids including freons (CHIE’ hydrocarbons
(ethane, ethene and propdfig)r inorganic compounds (§AN,0)” have also been reported as
media for biocatalysis.
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Table 5. Critical parameters of solvents employed in bialyais (adapted from ref. 11)

Fluid T. (°C) P (bar) (g/mL)

Ethylene 9.5 50.8 0.22
CHR; 25.9 46.9 0.52
CO, 31.3 73.8 0.47
Ethene  32.3 48.8 0.20
Sk 45.5 37.1 0.74
Propane 96.6 42.5 0.22
Butane  152.0 37.5 0.27

The field of investigations of enzyme catalysissas€CQ has been continuously growing since
the mid-1980s, when Randolghal. were the first to conduct an enzymatic reactioad@Q using
alkaline phosphatase (Schemé®).

@
o Na
C o
P//
o) \O@ ® OH
Na Alkaline phosphatase
> 71%
0.1 % Water, scCO,
100 atm, 35 °C
NO, NO,

Scheme 3

Several reviews on enzymatic catalysis in supécatifiuids are availablé& 2884 The chief
advantage of SCFs is the tunability of the propsrbof the solvent, through slight changes of the
pressure and/or temperature. It is well establighatisuccess of biocatalysise(enzyme activity,
specificity and enantioselectivity) in conventiorsdlvents, is susceptible to solvent properties
including dielectric constant, partition coefficteand hydrophobicity>®* Therefore, it is not an
unexpected result that changes in the properti&Céis dramatically affect enzyme activity.

A number of hydrolase-mediated resolutions haven gformed in scCg in a number of
cases the enantioselectivity could be controlledvhyiation of reaction parametérs*®? For
example when the enantioselectivity of lipase-gatad esterification of 1pfchlorophenyl)-2,2,2-
trifluoroethanol6 was examined in scG@he E-value of7 changed continuousfyom E=10 to >60
by altering the temperature and pressure. The @satdctivity of the reaction was higher at low
pressure and low temperature (Figuré“4).
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Z “OAc f .
CF3 > CF3 CF3
CO, (8-19 MPa), 55 °C
Cl Cl Cl
(+)-6 (R)-6 (S)-7

Temperature Pressure

C) (mPa) E-value
31 17 38
31 8 60
40 13 24
40 8 65
60 21 10
60 9 40

Figure 4. Effect of pressure on enantioselectivity of acgigh of ()6 in supercritical carbon
dioxide catalyzed by lipase Novozym at 31 °C, 40&ad 60 °C*

Palocciet al. have described how scG@an modulate regioselectivity in the acylationoed-
trityl- -D-glucopyranoside8 by using lipase fronCandida rugosa The regioselectivity of the
reaction was shifted towards the synthesis @-8eetyl-6O-trityl- -D-glucopyranosided, with
variation of the physicochemical parameters of sg@@mation of a single regioisomed)(could
be effected in 91% yield (Scheme®3).

OTr
HO Q_OH
OTr H,COCO o
) +
CRL 9
HQ O O— + J\ Rt o
N
8
g2, o1
OCOCH,
10

Scheme 4

In scCQ, improved enantioselectivity of transesterificati@actions has been attributed to the
covalent modification of enzymes by reaction wit®.C° High pressures (>400 MPa) can lead to
irreversible structural changes in the enzyme, \ettihin a pressure range of 10-40 MPa only
reversible changes can ocCirA high temperature is always destructive espaciailer long
periods of tim€® Another critical parameter to enzyme activity mpsrcritical fluids is water
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content. The presence of some water is requireenagmes require a specific amount of water
bound to them to maintain activity. A very low wamontent is required for enzyme activity in
SCF-mediated reaction systengsg. Novozym (<0.05% v/vi!®® lipase IM-20 (5% v/v§?
Reductions in reaction rate were found with inciregfydrophobicity of solvent&,

The principal drawback to the use of SCFs is tlggirement of specialised equipment that can
withstand high pressures which has an associatedase in cost on plant scale. Adverse effects on
enzymes have also been documented, scd@3 been reported to form carbamates (Scheme 5)
between CQ and the amine groups on lysine residues, or pathnthe imidazole side chain of
histidine on the enzyme surface, which can leaérioyme deactivatiotf*'%? In contrast, some
reports detail enhanced stereoselectivity which bean attributed to carbamate formattthA
further complication associated with the use of@g(S the formation of carbonic acid (Scheme 5),
which results in a lowering of the pH of water retmicroenvironment of the enzyme which can
result in a change in enzyme activity.

Carbamate formation
R @ o@ R OH
R-NH, + CO, =—> H2N‘< = HN
O (0]

Carbonic acid formation
S ®
HQO + COQ —_— H2003 —_— HCO3 + H

Scheme 5

Another major drawback of scG@s the fact that it exhibits very low solubilitiésr polar
and ionic substances. In order to overcome thigdimon, the use of microemulsions with special
CO,-philic surfactants has attracted attention. Mionagsions in scC® allow one to dissolve
hydrophilic substances such as proteins within #mueous core of the microemulsion
nanodroplet§®*° Moreover, they can be applied for the preparatbmanoparticles of defined

size. Recently, enzymatic reactions in microemulsim scCQ have been reported in literatufg:
108

3.3. lonic liquids

The employment of ionic liquids (ILs) for biocatttyreactions has received a lot of attention i th
literature in the last decade and has been recesiigwed in great detdif?**®lonic liquids are
organic salts which are liquids at room temperattoric liquids possess unique properties; they
are not volatile or flammable and possess excetibamical and thermal stability? furthermore,
they have been described as environmentally b&fligmich make them an attractive alternative to
traditional organic solvents. lonic liquids possessiny attractive properties, these include
negligible vapour pressuté high polarity due to multiple ionic interactionsittv organic and

Page 333 ®ARKAT-USA, Inc.



Reviews and Accounts ARKIVOC 2012 (i) 321-382

inorganic compoundé* and most importantly the properties of ionic lidgisuch as the viscosity,
hydrophobicity, density and solubility are tunabiesimply varying the combination of cations and
anions (Table 6).

Table 6. Typical structures of ionic liquids commonly uded biocatalysts

Cations Anions
. Anion Full Name Abbreviation
P BF, Tetrafluoroborate [BR
|j PR Hexafluorophosphate [BF
/—\ . NOs3 Nitrate [NG]
_ @ - ~ CH,CO;  Acetate [Ac]
} CRCQO,  Trifluoroacetate [Tfa]
CH;OSO;  Methyl sulfate [MeS¢]

Trifluoromethane-

@ N @ CRSO: slifonate [TfO]
/N

. Bis(trifluoromethyl)-
(CRSO)N sulfonimide [TF2N]

The first report on the employment of ionic liquials solvent in the production of Z-aspartame
by thermolysin as catalyst was in 2000 by Russtedil (Scheme 6% Since this initial publication
a wide range of enzymatic transformations have lregstigated in ionic liquids.g.lipases->>*3
protease$>*** oxidoreductaseS®** cytochrome p456>° peroxidaseé?®**°hydroxynitrile lyas&*’
and alcohol dehydrogenase$’*® lonic liquids have been reported to improve atyii®*?
selectivity 9101515 nd the stability of enzymég’149.157.158

Biocatalytic redox reactions are often performethgisvhole cell biocatalysts, as the cells
contain the recycling redox cofactors, and, ares lsgsceptible to denaturation than isolated
enzymes. It has been demonstrated that use of iorgalvents can be replaced by an ionic liquid
which seems to be less harmful to the cell memist&id-or instance, a range of ketones were
reduced enantioselectively to the correspondigralcohols by an immobilised yeast in
[BmIm][PFg]-water (90 : 10) biphasic medium. On average thidgopmance was on a par with that
in an organic medium (Scheme *#. With isolated enzymes excellent enantioselectivitys
achieved in all cases (Scheme%).
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Scheme 6
o Whole-cell Biocatalysis o i Isolated Enzyme Biocatalysis
H X
/U\ IMBY, MeOH - J\ ! 0 — OH
R "R2 [BmIm][PFg] : H,O RIR2 [emim]BF,
(10:1) ! R "R? R OR2
lonic Liquid Organic Solvent NADH NAD+
OH % e.e. % e.e. o OH
o~ 79 82 | P
QH 0 OH
A 95 74 ! N >99%e.e.
v R _ achieved in
' all cases
OH O R = H, 2-OCHj,
/\)J\ 95 97 2-F, 3-F, 4-C
OEt

OH
OH o , ©/\/K >99%e.e.
Nl 84 99 ;
() o |

! CF3
OH O i CeHs OH >99%e.e.
P 76 01 ;
OEt ' o

Scheme 7
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Drawbacks of ionic liquids are that they are reklly expensive, and have been associated with
difficult product separations. Critically, many llase as, or more, toxic than the organic solvents
they are replacing. They have been reported togsssantibacterial activity, cytoxicity and toxicity
towards multicellular organisnt&? and ecotoxicity in the case of aquatic organisnt terrestrial

plant5163’164

3.4. Novel application of fluorous solvents in prodct isolation following biocatalysis

An interesting application of solvents for biocgis was developed in 2002 by Thetl al*®> ¢
Initially lipase-mediated kinetic resolution of ange of alcohols with fluorous esters was
performed and repeated washing with the fluorogest removed the transformed ester in high
enantiopurity with the untransformed alcohol renvagnin the organic phase also in excellent
enantiopurity*®® This methodology was adapted to lipase-mediatelidhysis of highly fluorinated
esters with similar result§¢’

.I +0

: /1
23

i

|
T

! (!
$-., /1 -, 8., 11

Figure 5. Adapted from ref. 167.
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Combination of the kinetic resolution by enzymateacylation with fluorous triphasic reaction
and subsequent separation yielded the enantioralatiols in excellent enantiopurities and good
yields (Figure 5). The racemic ester is initiallyzgmatically resolved witl€andida antarcticaB
and the mixture filtered and added to the sourcasehwhich consists of a methanol/chloroform
mixture, FC-72 consists of perfluorohexanes whiatts aas the separation medium. The
untransformed alcohol remains in the source phalsdéewhe fluorinated ester diffuses to the
receiving phase which subsequently hydrolyses ¢éodisired opposite enantiomer. The cleaved
fluorous moiety mainly remains in the fluorous pd This innovative example illustrates the
potential for exploring differential solubility a@sproduct isolation technique.

4. Enzyme Immobilisation

4.1. Introduction

Immobilisation typically involves attachment or jggssion of an enzyme or cell to an insoluble
support material to create a heterogeneous sysiém.principal types of immobilisation are
outlined in Figure 6%
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Figure 6. Enzyme immobilisation strategies: (a) entrapm@)tencapsulation, (c) solid support,
(d) enzyme crosslinking (adapted from ref. 168).

The employment of enzyme immobilisation technoldigs gained momentum in the last
decades for several reasons. The principal advastafjimmobilisation are that it allows facile
recycling and repeated reuse of the biocatalybaich operations which significantly improves the
commercial viability of enzyme-mediated procesdesnobilisation also facilitates the recovery
and reuse of costly enzymes, facile handling of eheyme and easier product recovery. Other
advantages associated with enzyme immobilisatiom ierproved enzyme performance, and
increased pH and temperature stabiifff!’° Biocatalysis in organic media is associated whité t
formation of enzyme aggregates, which can leadoor @ccessibility of the substrate. Enzyme
immobilisation has been reported to significantigrease (several hundred fold) enzyme activity in
organic solvent&’*’**"*Furthermore, enhanced activity of immobilised $ips has been reported,
this hyperactivity has been attributed to the Ilgdseing trapped in its open more active
conformation during the immobilisation procé&s*’>*" Furthermore, modification of enzyme
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substrate selectivity has been reported by direntobilisation through attachment of a support to a
specific site on the enzyme which can lead to charig enzyme structure and thus funcfith.
Comparison of the various immobilisation methods heceived a lot of attention and they have
been reviewed in detdif®*"°

4.2. Cross-linked enzyme aggregates

In recent years, carrier-bound cross-linked enzaggregates (CLEAS) have attracted increasing
attention, due to their simplicity, broad appliddapi high stability, and high volume activity.
Studies in the early 1960s led to the discovery ¢thass-linking of dissolved enzymem reaction

of surface amino groups with a chemical cross-linkech as glutardialdehyde resulted in the
formation of insoluble cross-linked enzymé§.Carrier-free immobilised enzymes are generally
prepared by cross-linking enzyme preparations saghcrystalline, spray-dried, dissolved or
physically aggregated enzymes, resulting in then&tion of cross-linked enzymes. The different
approaches to carrier-free immobilised enzymesllastrated in Figure #°°

Dissolved Enzyme

(CRY) crystals °® a) crystallisation
(AGG) aggregates “‘ ﬁer b) aggregation
@)
® (c)\ @
2. sty
= -+ g

CLEC CLEA CSDE CLE

(SDE) spray-dried enzyme C) sprdying
d) direct-crosslinking

Figure 7. Formation of a cross-linked enzyme crystal (CLECgross-linked enzyme aggregate
(CLEA), a cross-linked spray-dried enzyme and asdnked dissolved enzyme (CLE), adapted
from ref. 169.

CLEAs have received increasing attention in regeats due to their facile preparation and as a
cheaper alternative to expensive suppbftshey achieve higher volumetric activities (10-100
time higher) than carrier bound enzym&sThe most efficient of the CLEA methods is the pbais
aggregation of enzymes followed by chemical crogslig!”® Enzymes which have been
successfully immobilised using cross-linking enzynmaethodology include horseradish

peroxidaseé® lipases:® *®°nitrilase!®® and esteraséé’
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4.3. Practical applications of cross-linked enzymaggregates

One example which demonstrates the aforementiorbgnéages of immobilisation is the
immobilisation of oxynitrilases R)-Oxynitrilases catalyse the hydrocyanation of higkes to form

a wide range ofR)-cyanohydrins with high enantioselectivif{**° These reactions are typically
performed in an aqueous organic two-phase systemhich the enzyme resides in the aqueous
phase and the reactants and products are dissol\ted organic phase. The resulting low reactant
concentration in the aqueous phase suppressesitetalysed background reaction that otherwise
would decrease the enantiopurity of the prodiftts® Free R)-oxynitrilases suffer from rapid
deactivation, low substrate loading and poor reatyitity.*#3*°

O: enzyme (R)-oxynitralase
Polyvinylalcohol (PVAL) ' = chitosan

= = Cross linking

; = polyvinyl alcohol

Figure 8. Adapted from ref. 191.

As is evident from Table By modifying the enzyme through cross-linking andrapping
(Figure 8§°' an improved result was obtained, regarding efficie as well as vyield and
enantioselectivity. The desire®)¢mandelonitrilell was obtained with 94% e.e. and 93% vyield
(Table 7, entry 23°° Furthermore, even after reusing the lens-shapdysés 20 times, no decrease
in conversion was observed. In contrast, the éghtly increased from 91% e.e. to 95% e.e. This
might be due to an increased stabilisation of tiyme within the hydrogel matriX°*** A further
example of the synthetic utility of CLEAs is demtmaged by Cat al**? Penicillin G acylase is
widely used in the industrial synthesis of Ampiaill2. All viable syntheses involve an activated
side-chain donor such as D-phenylglycine ani@evhich acylates 6-APAL4 in the presence of
penicillin acylase in a kinetically controlled réian; water is the reaction medium of choice.
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Table 7.Entrapped biocatalysts in asymmetric hydrocyanatio

"free" or PVAL

0 trappeq OH
yo (3H5ng) (R')-oxy'nltrllase _ o
rt, biphasic, pH 4.5
11
Entry | Type of oxynitrilase U per mmol Organic solvent Yield e.e.
(%) (%)
1 free 15 MTBE/hex 85 95
2 Entrapped (8) 15 MTBE/hex 93 94
3 Entrapped (40) 150 MTBE/hex 74 91
4 Entrapped (40) 75 EtOAC 62 93
5 Entrapped (40) 75 MTBE/ 70 92
6 Entrapped (40) 100 i-Pr,O 84 99

Table 8. Ampicillin synthesis catalysed by different PeliciG Acylase preparation¥

HNTN R o
Pen|C|II|n
E 6 TI<
N
CO H acylase o 5
CO.H
12
. : Relative
0
Biocatalyst Conversion (%) productivity
Free enzyme 88 100
CLEC 72 39
T-CLEA 85 151
PGA-450 86 0.8
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Table 9. Synthesis of AmpicillinL2 catalysed by T-CLEA in organic solvehts

Solvent Log P Conversion
Triglyme 1.8 5
2-Methoxyethyl ether 1.3 11
1,2-Dimethoxyethane 0.8 10
Acetonitrile 0.4 17
2-Ethoxyethyl ether 0.3 25
2,2-Dimethoxypropane 0.2 56
tert-Butyl alcohol 0.8 18
tert-Amyl alcohol 1.4 33

A major problem of such schemes is the competirayarsible hydrolysis of the acyl donor as
well as the producdt® A simple solution would be to perform the reactioran organic medium,
however, the free enzyme is known to have a limtteetmal stability and a very low tolerance
toward organic solventS® As is evident from Table 8mmobilisation by CLEA improved the
activity when compared to the free enzylfeFree penicillin G acylase is readily and irrevielsi
deactivated by organic solvents. However, as isaagi from Table 9 immobilised penicillin
acylase is active in the synthesis of ampicillimaitbroad range of organic solvents; no correlation
between log P and conversion was obsefvetf*!%°

5. Genetic Engineering of Enzymes

Enzymes have evolved over millions of years totr@a@a physiological environment, on a narrow
range of natural substrates and typically at lomcemtrations. However, particularly on an
industrial scale, biocatalysts are required to afgeon a range of non-natural substrates and in
difficult reactions conditions.e. extremes of temperature, pH, concentration andspre with
repeated and prolonged use. Furthermore, they togeekrform in non-aqueous solvents in order to
facilitate substrate solubility and/or product extron. It is not surprising that the majority of
natural enzymes do not meet these requirementsifigbdtbn of the enzyme is required to provide
the necessary stability and activity. Use of chainamd/or physical enzyme engineering techniques
is one solution (Section 1.4). However, enzyme magiing requires the enzyme to already possess
relatively high substrate selectivity, and, is saat limited in the improvements it can make.
Genetic engineering of the enzyme is required tier dhe stereoselectivity, substrate scope and/or
improve the enzyme activity. The early 1990s saw development of new approaches to the
enzyme optimisation technologies methods with thergence of gene library generataa DNA
shuffling*®®**” and PCR techniquég® Two principal processes routinely used to achiéng are
rational design and directed evolution.
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5.1. Rational design and directed evolution

An overview of rational design is depicted in Figud'® in rational protein design, mutants are
planned on the basis of their protein structureeyThre prepared by site directed mutagenesis.
Following transformation into the host expressingamisme.g. E. coli, the variantis expressed,
purified and analysed for the desired traits.

Comprehensive overviews of the influence of ratiom@sign on protein activity are
available?®?%? Some specific examples include the employmenatibmal design to increase the
stability of enzymes by the introduction of prolinesidues’>%** disulfide bond$® or mutation
towards the consensus for a given enzyme fafffil§’’ Rational design has also been employed to
alter cofactor specificify®?**and modify enzyme specificity by a redesign of shiestrate binding
site???'° or changing the position of a charged residueatmir transformation of one substrate
over anothef’®?*" Unlike directed evolution, improvements or inversiof enantioselectivity are
rarely reported by groups examining protein engingehrough rational design.

Directed evolution is employed to improve the dtgband enzymatic function of proteins by
repeated rounds of mutations and selection andntleitiod has been thoroughly reviewed in the
literature?'®2%? Directed evolution commences with a parent progeid an engineering goal such
as enhanced selectivity or protein stability oradipular substrate. The parent gene is subjected t
a number of random point mutations to produce eaMipof mutants. Proteins encoded by these
mutant genes are then produced and screened folefied function and the proteins are used as
the parents for another round (Figure 9). The bheiaéfmutations are collected until the desired
outcome is achieved or no other improvements aaetipally feasible. This methodology requires
careful experimental design, for a protein thatesnposed of 350 amino acids, 20,400 possible
sequences exist. A single mutation of an amino woidld lead to 7,600 variants, a double mutation
would lead to 144,000 variants. Initially sciergistttempted to develop a screening protocol for the
result of each mutation, however, it was clear th&s not possible. Codexis tried to tackle this
issue with the development of an algorithm named 3R (protein sequence activity relationship)
whereby all mutations were assigned either berafineutral or deleterious properties based on the
function for which they were being designed. Anothproach to reduce the vast array of possible
mutation was to only perform mutations at the ernzyttive site.
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Figure 9. Reproduced from ref. 199.

5.2. Practical applications of genetically modifiecenzymes

Directed evolution has been utilised to signifitaritnprove the enantioselectivity (Figure 10,
example A and B), catalytic activity (Figure 10aexple B) and substrate concentration (Figure 10,
example C) of a number of enzymes; inversion ofmaaselectivity has also been obtained by
directed evolutior{Figure 10, example D). Examples of each of thesalascribed in Figure 10.
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Ohc Hydrolase OH
A g X
Wild Type E=3

Mutant E=19
Scheme 8

An excellent example of the application of molecutaodelling, and how a small change in the
genetic sequence of an enzyme can dramaticallgtafie activity of an enzyme was demonstrated
by Roticciet al?* It was shown that the enantioselectivityGendida antarcticaB lipase-catalysed
resolution of 1-chloro-2-oktanol was improved frén= 14 to 28 by a single amino acid exchange
as predicted by molecular modelliff.

6. Kinetic and Dynamic Kinetic Resolution-a Biocatéytic Perspective

Despite the impressive progress in asymmetric ggmhthe resolution of racemates is one of the
main methods to obtain a single enantiofigf The resolution of enantiomers has been performed
by preferential crystallisatioff’?** diastereomer crystallisatiéf>?*’ kinetic and dynamic kinetic
resolutions. For both reaction types, kinetic agdasinic kinetic resolution, a basic criterion has to
be fulfilled; thus, in order to obtain any resodutiat all, the reaction rate (Figure 12) of one
enantiomer has to be much faster than that of therg.e. kaseksiow>*>>** A common example of
kinetic resolution is the reaction of a racemicollal with an acyl donor in the presence of an
enzyme. The resolution of racemates employing eafigrmeans has become an important tool for
resolving enantiomers achieving enantiopure bigialfy active compounds:*

6.1. Kinetic resolution

Kinetic resolution is a process in which one of émantiomers of a racemic mixture is more readily
transformed into a product than its mirror imateThe principal requirement of this process is that
the rate of transformation of tHe enantiomer is not equal to the rate of transfoionadf theS
enantiomer (Figure 11).
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Kinetic resolution

Kr
(R)-substrate ———» (R)-product

50 % yield max
Ks

(S)-substrate =~ ———>&— (S)-substrate
Figure 11

In enzymatic kinetic resolution a racemic substratdergoes an enzymatic resolution process
wherein chiral discrimination of enantiomers talésce. In an ideal enzymatic kinetic resolution
process a maximum yield of 50% can be achievedtwlica severe limitation of this protocol.
Thus, the resolution is usually accompanied by tamdil processing such as separation,
racemisation and recycling of unwanted enantiomdrish can contribute to high processing costs.
A vast array of examples of enzymatic kinetic ragoh are available in the literature and these
have been reviewed in detéit:***Figure 12 describes examples of enzymatic kirresolution of
an achiral substrate by acylation, deacylationdaton, and reduction.
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6.2. Dynamic kinetic resolution

When a kinetic resolution process is accompaniedalogmisation of the substrate this is termed
dynamic kinetic resolution (DKR). The driving foré& a dynamic kinetic resolution process is that
there is an increase in entropy when two enantisnaee mixed>° Therefore, the following
elements are required in order for an efficientaigic kinetic resolution process to occur: the
kinetic resolution step has to be irreversible,Eh&lue has to be at least 30, preferably between 50
and 100, and the rate of racemisation has to keegréhan the rate of reaction of the slow reacting
enantiomer.In situ racemisation of the slow-reacting enantiomer letmisderacemisation by
dynamic kinetic resolution and makes a theoretyet of 100% possible (Figure 13). This makes
DKR an attractive method to gain access to a digr@antiomer in high yield. Chemoenzymatic
methods of DKR have been thoroughly reviewetf:#48:249.252.260-262

s N

a) Racemisation b) Dynamic kinetic resolution
N (R)-substrat R e (Riproduct
-supstrate ——mM» -produc
® © TL 100 % yield
K
Ks
K=K (S)-substrate =~ ———>&—» (S)-substrate

Figure 13

6.2.1. Dynamic kinetic resolution without metal cadlysis.Zwanenburget al have classified the
racemisation into different methods: i) thermalemacsation, ii) base-catalysed racemisation, iii)
acid-catalysed racemisation, iv) racemisation \caifs bases, v) enzyme-catalysed racemisation,
vi) racemisation via redox and radical reactittisBase catalysed racemisation is one method of
racemisation and it involves the removal of hydro§g@m the chiral centre to form a carbanion,
which makes chiral compounds which possess ancaaidion ideal substrates for this process. The
resultant carbanion needs to be stabilised by actreh withdrawing group such as keto, nitro,
nitrile (Figure 14a) or by reversible eliminatiom @ -substituent (Figure 14b). Oxidation and
reduction reactions are also employed to producemates, oxidation removes a hydrogen from a
chiral centre and subsequent reduction or hydrdagenavill lead to racemate formation (Figure
14c)?°3
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Lipase-mediated aminolysis has been converted BKR process by the incorporation of
racemisation agents such as salicylaldehyde andigxal 15 via the formation of an imine
intermediate16 (Scheme 95>° Enzymatic dynamic kinetic resolution has been qremed with

thioesters due to the high acidity of theiprotons (Scheme 16§*
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Heterocycles such as pyranones and pyrrolidinoaee Iproved ideal substrates for dynamic
kinetic resolution by enzymatic means. Racemisatiocurs spontaneously due to the inherently
labile nature of these compounds (Scheme®1. similar observation was observed in the kinetic
resolution of 8-amino-5,6,7,8-tetrahydroquinolibé A spontaneous DKR process was observed
due to formation of an intermediai® in the reaction and reformatiama an imine mechanism of
the racemic hydroxy pyrrolori?7; moderate to good yields are reported (Schemé®i1).

o :<:O/|—LO . :<:O)70H Pseudomonas cepacia o {O)_ opc 39 % conversion
-/ — c
n-hexane, 18 h _ 76 % e.e.

'.R B Lipase, isopropenyl B 50-100 % conversion
HO \&O /iNjO acetate AcO \&O 63-99 % e.e.
= 0% = n-hexane, A —
17 18
Scheme 11

An unusual DKR process was reported by Bertrahdl. whereby anin situ free radical
mediated racemisation of amines an alkylsulfanyl radical was employed with lipasediated
transesterification up to 81 % conversion with 9%%. reported’’ Immobilised lipase-catalysed
DKR vyielding optically active cyanohydrin acetatesre obtained in good yields and up to 93 %
e.e. employing the use of a silica-supported amomnhydroxide as the racemisation catalysts

(Scheme 12§°®

HO_ CN

Lipase
)O]\ = X = /?\H P » QH 73-90 % yield
Ar” TH Benzyltrimethyl- Ar” “CN Vinyl acetate Ar” cN 10-93%ee.
ammonium hydroxide
on silica
Scheme 12
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The nitroaldol product of the Henry reaction is i@eal substrate for a dynamic kinetic
resolution process as the resultaimtitroalcohols possess a highly acidic protato the nitro group
which is easily removed by base. Vongvikti al. through a one-pot nitroaldol reaction in the
presence of triethylamine, acyl donor d@skudomonas cepaciabtained a range of nitroalcohols
in good yields and enantioselectivities (Scheme®®3Y°

PS-C1 o
o / EtN HO p-Cl-CgH4OAC o
)J\ + —_—— >—<N02 LS. NO
R™ "H NO, R Toluene . 2

28-90 % yield
46-99 % e.e.

Scheme 13

Maguire et al. reported efficient spontaneous dynamic kinetic olkggon of 2-
benzenesulfonylcyclopentanone and 2-benzenesutfgciphexanone under Baker's yeast
reduction conditions both in organic and aqueolgests to form the corresponding cycloalkanols
in excellent enantiopurity; however, reductionafjer ring sizes was less efficient (Figure 4%).

o] OH 0
é,sozph é/sozph_~ SO,Ph
28 U n 2R)n
l Baker's yeast
24h
OH
A__SO,Ph
0
1S,2R
% %
n . d.r.
Conversion e.e.
1 95 >08 98:2
2 85 >08 >98:2
3 11 - -
4 0 - -

Figure 15
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6.2.2 Dynamic kinetic resolution with metal catalyss. In recent years, chemoenzymatic DKR of
secondary alcohols has been a rapidly evolvingl figlresearch. Metals such as rhodium, iridium
and ruthenium are known to racemise secondary alspfor the in situ conversion of unwanted
enantiomers to products, but only a few of thes¢éalmeéhave proved compatible with enzymatic
reaction conditions, and these have been reviéWé&?*'The first example of a chemoenzymatic
DKR of secondary alcohols was reported by Williamsuthenium catalyst was combined with a
lipase to produce enantiopure acetate of 1-phethdnel in 81% conversion and 96% &&.
Backvall made significant improvements to this gadure by using immobilised Candida antarctica
Lipase B and a ruthenium complex. An argon atmosplas essential for high efficiency as a
nitrogen atmosphere led to a 36% reduction in yigld the enantioselectivity was unaffected
(Scheme 1432

Ph__ph

Ph@
Ph \, Ph
OH Ru-Cl OAc
$ =
OC CO 4 mol % " 95 % yield
- ©/\ 98 % e.e.
Pseudomonas fluorescens,

'BuOK, isopropenyl acetate,
Na,COg, toluene, r.t., 1.3 days

Scheme 14

Since these initial reports a vast array of seconddcohols have been examined under
ruthenium/lipase combination DKR conditions: altyéilcohols, benzoins, diols, hydroxyaldehydes,
hydroxyacids, 1,2-diarylethanolsshydroxy amides, -hydroxylalkyl sulfones, and these have been
reviewed?>*?"## |t should be noted that vinyl acetate is incontpatiwith the ruthenium
complexes explored, while isopropenyl acetate canubed with the majority of monomeric
ruthenium complexesp-Chlorophenyl acetate is the best acyl donor fa dmmeric ruthenium
complexe<® The racemisation mechanism, of ruthenium catalyemic kinetic resolution of
secondary alcohols proposed by Backealhl is depicted in Scheme %' The ruthenium halide
complex is activated by the substitution of chleriith tert-butanol; ligand exchange with the
substrate alcohol leads to a second alkoxide irgdrate which undergoes a hydride elimination to
give the oxidised intermediate; insertion of theoke into the Ru-H bond produces the racemic

alkoxide?®
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Other metal/enzyme systems have provided a DKResydbr the resolution of secondary
alcohols. Aluminium is an attractive alternativertahenium as it is relatively cheap and widely
available. Miulleret al. examined several aluminium species and found anaAlMes-BINOL
complex led to racemisation of 1-phenyl ethanoltatuene at room temperature. This was
subsequently coupled with Novozym #£38nd excellent conversion and enantioselectivity wa
observed with a range of secondary alcoRBlsvanadium has also been employed for the
racemisation of allylic alcohols through the forioat of allyl vanadate intermediates (Scheme
16).286,287
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Palladium metal has also been investigated as amearacemisation catalyst. The first report
described a palladium on charcoal mediated DKR wlithhenylethylamine in triethylamine;
reactions took 8 days at 50-55 °C, and poor yiatésreported®® Alkaline earth supports such as
BaSQ, CaCQ, CaCQ and SrCQ have been employed in conjunction with palladivatatysts;
The combination of palladium, supported on alkakaeth supports with a lipase resolves a range
of benzylic amines as substrates to provide goodasions (up to 91 %) and enantioselectivities
(99 % e.e) under hydrogenolysis mediated condifi8i$° Vos et al. expanded this study by the
use of heterogeneous Rafiayickel and cobalt catalysts and achieved both Ierteconversions
and enantiopuritie®’ The racemisation methodology of amines under ryehmation in the
presence of metal catalysis is depicted in Schenfeé’1

Page 354 ®ARKAT-USA, Inc.



Reviews and Accounts ARKIVOC 2012 (i) 321-382

{ Metal ]

NH, =< Gk
+
2
Ph \ %
Ph >\
NH - NH2 N 4 * H2 HN Ph
Ph Ph Ph

NH, +H,

Ph < %
Ph
Scheme 17

Kim et al. reported the production of highly enantioenrichadetylated amines by
lipase/palladium DKR catalysis in the presenceroaeyl donor with the employment of ketoximes
as starting materials under hydrogenation conditi@cheme 183"

Pd/C, H,, R
R2 Candida antarctica Lipase B )\2
> _Ac
= AN -OH > RN
! EtOAc/toluene H
(i-Pr);NEt (3 eq), 60 °C, 5d 70-89 % yield

>98 % e.e.

Scheme 18

7. Baker’'s Yeast Mediated Resolution of Sulfur Corgining Compounds

7.1. Introduction
In 1874 the reducing action &accharomyces cerevisiaes first described in the literature by
Dumas>* Baker's yeast was first applied industrially in9Z9in the synthesis of Trimegestone, a

norsteroidal progestomimetic compound (Schemé&®£9).
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-

Sucrose-EtOH
Water

49 % vyield
99.5 % e.e.

Scheme 19

Crocqg et al. chose Baker’s yeast due to itsi"selectivity in the reduction of prochiral
ketones bearing a carbonyl function group at ther -position?®?°*?%*Baker’s yeast has been
used extensively on the laboratory scale to perfoeductions and has several advantages with
regard to industrial applications: no toxicity @ogoxicity, a consistent quality, as a result efuse
in the baking industry, and a very low price. Aratladvantage of whole cell systems such as
Baker’s yeast is that they do not need extra cofaas they possess all the necessary enzymes for
cofactor regeneratiot:?>*?%29"2pehydrogenases and reductases have been fourdthe tixey
enzymes responsible for catalytic activity in tleeuction of carbonyl groups to hydroxyl groups.
Alcohol dehydrogenases (ADHs) are responsible e teduction of carbonyls, while enoate
reductases (ERs) account for the reduction of vawid’ carbon-carbon double borfd§3®
However, these enzymes require a nicotinamide tmfatNAD(P)H, from which a hydride is
transferred to the substrate carbonyl carbon. Tkidised form of the cofactor, NAD(P)is
transformed back to its reduced form for the nepdles of the reduction process. The cofactor
regeneration of alcohol dehydrogenase and enodtetase in the biocatalytic reduction process
with Baker's yeast is illustrated in Scheme 20. Tbefactor is regenerated by glucose
dehydrogenase (GDH) which is already present incile in the presence of the required co-
substrate such as glucose or ethdol*
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Baker's yeast

0] Alcohol
OH
B 1 dehydrogenase 1
R™ R R” "R’
NAD(P)H NAD(P)"
GDH

Glucose or Ethanol

R2 X Baker's yeast H X
— Enoate reductase R2w) (-""R1

RS R / \ RS H

NAD(P)H NAD(P)"

GDH
Glucose or Ethanol

Scheme 20Bioreduction of ketone and alkene groups by Bakgeast.

The main drawback of Baker’'s yeast as a chemialisoits low productivity, thus, requiring
large amounts of Baker’s yeast and highly dilutelimeMoreover, the recovery of the product from

the enzymatic medium can be tedious, particulanyy filtration stage. Because these reactions

require nicotinamide cofactors (NADPH), the usewtfole cells rather than isolated enzymes is
preferred, to avoid the need for enzyme purificatmd cofactor regeneration. Enantioselectivity is
governed by geometry of hydride addition and reterghe configuration of the newly created
alcohol stereocentre and generally follows Prelogls with approach of the hydride from the™
face of the carbonyl to give ti&enantiomer of the alcohol (Figure 1§)>%:295:297-299.301

Hydride transfer oy

from si face /y\/
o j ___—" (R)isomer
P

.

Hydride transfer

from re face (S)-isomer

Figure 16.Baker’s yeast reduction of carbonyl compoundfed Prelog’s rule.
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In some cases, these reductions proceed smootklgltba single product; however, with more
complex substrates, mixtures of stereoisomeric hallso can often result. The recognition that
multiple yeast reductases with conflicting steréaxdevity are the main source of these difficulties
has inspired a search for methods to improve theooe of whole cell bioreductionga genetic
engineering techniques (Section 7:8§?°2%29939%2A number of alternative strategies aimed at
improving stereoselectivity of ketone reductions Wkiole yeast cells has also been explored,
usually by selectively diminishing the catalytictigities of reductases that yield unwanted
products. Thus, substrate modificatiSf,changes in the carbon source or growing condifiths
the use of inhibitord®>3%" addition of inorganic salt®®*% thermal pre-treatmeft? and
immobilisation of Baker's yea$t have been employed to improve the enantiosel&esviof
Baker’s yeast reductions.

7.2. Baker’s yeast reduction of sulfur containing eampounds

Ridley and co-workers were one of the first grotpattempt Baker's yeast reductions of sulfur-
functionalised acetone derivatives and reported tia reduction proceeded more efficiently for
sulfoxides and sulfones than for the correspondiudfides®*? Enzymatic enantioselective
reductions of -keto phenylsulfones has attracted considerabémi@n from synthetic chemists in
the past few decades. The enantioenrichégdroxyl phenylsulfones are useful building blocks
natural product synthesis, as the keto group rémh&iproceed with very high stereoselectivity.
Moreover, the phenylsulfonyl group allows for fuetifunctionalisation and can easily be removed
without any racemisation of the chiral centteSimple acyclic -keto sulfones have been reduced
using Baker's yeast?3*31°3However, the enantioselectivity and efficiency @duction
decreased considerably once the alkyl chain wasndetf'*>!">¥Svatd et al investigated the
reduction of!-methyl- -ketosulfones by 20 different yeasts and achievé¥ @.e. in the case of
Schizosaccharomyces ponib&Baker’s yeast reduction of sulfur containing comnpds has been
reviewed in detail within this research grolip®*’One recent example of enzymatic reduction-of
ketosulfones by a whole cell system is the redactd -ketosulfone groups bearing bulky
substituents by the funguBulvaria lunatawith an enantiomer excess of 978%.Examples of
Baker’s yeast mediated resolutions of 2-keto seffjcsulfoxide and sulfones are depicted in Figure
17 below.
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7.3. Genetically engineered Baker’s yeast

Sequencing of the 12,057,500 chemical subunitsagued in yeast’s nuclear DNA was completed
in 1996 following a combined initiative involving 29 laboratories worldwid&*3?® The
identification of all 6,000 yeast genes arrangedlénchromosomes paved the way for future
investigations of individual gene functioning ink&&'s yeast mediated reductions and, hence, the
rational design of engineered strains to achieyarawed stereoselectivities. Later work led to the
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division of yeast reductases into different fansilEased on their length, consensus motifs, sequence
identities and conserved residdés.

Figure 18. Genetic engineering strategies for Baker’s yaagr¢duced from ref. 333).

Two main yeast protein superfamilies capable ofloseduction of endogenous and xenobiotic
carbonyls have been identified; namely the aldo-keeéductase (AKR) and short-chain
dehydrogenase/reductase (SDR) superfamilies, \Wwihsmaller dihydroflavanol reductase (DFR)
family also being observed in certain cells. Numergtudies of these protein superfamilies have
lead to the identification of genes encoding thesm#us reductases and the observation of substrate
specific trends for these individual genes. Thé wafsidentifying individual ketone reductases is
currently underway. An alternative approach is g&neckout technology. This eliminates the
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catalytic activities of competing ketone reductagesumber of different strategies may be adopted
in the genetic manipulation of Baker’'s yeast. Favstramongst these has been the employment of
gene overexpression and gene knockout technig&éguré 18)**® For both approaches, initial
identification of the individual yeast genes encuihe desired reductases is required to allow the
production of genetically altered Baker’'s yeasaiss which produce the targeted product in high
enantiomeric excess. Gene knockout technology offer alternative approach to eliminating the
catalytic activities of competing ketone reductapesvided that their identities are know.

Sihet al. pioneered this work in order to improve the erasslectivity of reduction of a-keto
ester; the fatty acid synthase deficient strainteé dramatic increase in enantioselectivity and
altered stereospecificity (Scheme 3%).

OH O Wild type O O FAS - OH O
| - | » | H
c \/k)J\OEt Baker's yeast c Mca - c \/\)J\OEt
deficient yeast
55 % e.e. 90 % e.e.

Scheme 21Ketone reductions by wild type and fatty acid sse deficient (FAS-) Baker’s yeast.

qH o OH O
M Fatty acid synthetase Aldo-keto reductase =
Al OEt < g R1VJ\OEt
knockout knockout )
0] O R

R2=H R1u0Et R?= Alkyl
R2
?H (@] Fatty acid synthetase / \ Aldo-keto reductase M
R1 /\)kOEt - > R1 Y OEt

overexpression overexpression R2
s Engineered Baker's ©Q0 ,-
R™ CHs — R“®CH,
yeast overexpressing
R= f’h CHMO R=Ph 95 % yield, >99 % e.e.
Bu Bu 47 % yield, 99 % e.e.
"Bu "Bu 53 % yield, 74 % e.e.

Scheme 22

Later, Stewartet al. created a strain 05. cerevisiaethat overexpresses cyclohexanone
monooxygenase (CHMO) so that the whole yeast celidd be used as the biocatalytic oxidant for
a variety of ketone¥° The stereoselectivities of Baker's yeast catalyseductions were
significantly improved by Kayseet al by employing recombinant DNA techniques, andoral
design of the engineered strains. This geneticneging approach requires the identification of the
genes encoding each enzyme. The undesirable yerhsitases are subsequently disabled by gene
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knockout technology while overproducing those redse enzymes with desirable
stereoselectivities. The aforementioned methodoleay employed to improve the selectivity of
keto ester reductions (Scheme 22), the synthesisowél optically pure -lactams, and sulfur
oxidations (Scheme 23§33

8. Ketoreductases

8.1. Introduction

Traditional methods of biocatalytic carbonyl redoit as discussed above, have been achieved by
employment of Baker’s yeast as a whole cell catakgstem due to its inexpensive and convenient
nature. However, as mentioned in Section 7, meligbducts may be achieved due to the presence
of multiple oxidoreductases contained in Baker'astecells. Howeveketoreductases, an abundant
group of oxidoreductase, are present in variougebiac yeast, and fungf>>3® and commonly
participate in many biological processes in allng organisms>’ Enzymatic reductions using a
purified reductase usually possess high steredsetgcand eliminate problems with compound
toxicity associated with viable ceff® When Stewaret al examined the genome of Baker's yeast
the results indicated the potential for 50 ketoctdses of which 19 were over expressed, isolated,
and studied® The novel isolated ketoreductases reduced a veidger of ketones and produced
both enantiomers of most products depending of¢tmreductase employed (Figure 19).

6 1+ (

1 H1 1! T 77
!

Figure 19
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Extending this technology to the entire geneti@dase allowed the commercialisation of larger
collections of ketoreductase enzymes and enabledrdbid production of large quantities of
enzyme on demarid? A further advantage of ketoreductase technologthésrapidity by which
these screens can be performi€dAn overview of the latest achievements in the dfielf

asymmetric ketoreductase-mediated carbonyl rechtian be found in recent reviefy§®32734%
342

8.2. Cofactor recycling systems

All ketoreductase biocatalysis require a hydridaree in either the form of nicotinamide adenine
dinucleotide (NADH) or nicotinamide adenine dinwatlde phosphate (NADPH); due to the high
associated costs of these cofactors it is not igedist feasible to use them stoichiometrically.
Therefore, cofactor recycling systems have beeeldped in order to recycle the hydride source by
oxidising the NAD(P) back to NAD(P)H and drive the reaction to completiSome commonly
used recycling systems are depicted in Figuré’20.

< !

S N
%+ i \= £v®+@
23 + @

23

© n o ! o ©
| / \ 5
23 23 + @
# I
Q2
G
23 ° 23 + @
Figure 20
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Glucose dehydrogenase (GDH), formate dehydrogerigBdd), phosphite dehydrogenase
(PDH) are second enzymes added to the process doupled enzyme approati. GDH is
commonly the preferred recycling system due tohitgh stability and activity; furthermore, it
recycles both NAD and NADP. However, due to the formation of gluconic acidg(fe 20), in
order to prevent enzyme denaturation, neutralisasicthe reaction media with the addition of base
is required. In addition, by monitoring the amowhtbase added, facile determination of reaction
completion is feasible.

Researchers at Merck developed an efficient asymonenzymatic reduction of 4,4-
dimethoxytetrahydro42-pyranone 19 which provides the enantiopureRhydroxyketal 20 an
important chiral precursor for a pharmaceuticakimtediate, in high yield including an situ
NADPH-cofactor regeneration system using glucodeydegenase. The optimised two-enzyme
process was demonstrated successfully at 80 kgpdat scale (Scheme 2%}

/
QP~  o—
(0]
\]\\)ﬁ Kred Ho\fﬁ
0 / \v o
19 NADPH NADP* 20
Gluconic acid 4‘\ / Glucose
GDH-101
H,O

Scheme 23

Formate dehydrogenase is typically less stable @2Kk and only used for the regeneration of
NAD®. FDH also requires pH adjustment with acid, whishattractive for base labile compounds.
FDH has been shown by Mooet al to produce $-3,5-bis(trifluoromethyl)phenylethan@z2, a
pharmaceutically important alcohol intermediatetfog synthesis of NK-1 receptor antagonisis,
asymmetric enzymatic ketone reduction. The isolagedyme alcohol dehydrogenase from
Rhodococcus erythropoliseduced the poorly water soluble substré@ with excellent
enantiomeric excess (>99.9 %) and conversion (>P8ra lab scale (Scheme 24). However, when
this transformation was scaled to pilot plant scglacose dehydrogenase was employed as the
cofactor regeneration system. GDH exhibited inadastability to reaction conditions, and use of
this enzyme also allowed access to both enantioofe85-bis(trifluoromethyl)phenylethan@P in
excellent enantiopurity by simple switching of atdteductase, which was not possible with
formate dehydrogenas® Phosphite dehydrogenase is a novel technologgfector recycling; it
simply converts the reaction buffer from phosphaghosphate with no significant change in pH
which is attractive for pH sensitive compouriths®*°
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0
o ADH, pH 6.5 OH
3 Phosphate buffer CF3
30°C
CFs / \' s CF,
NADH NAD
-€
CO, — Formate

Scheme 24

The final example of cofactor recycling discussedehs a substrate coupled approach, this method
takes advantage of the fact that the ketoreductasenly reduces the ketone of interest, but will
also oxidise an alcohol such as isopropanol.

Recycle
Y |
/\/ifo fred : O /\/k/OH
> +
SN
+
NADH NAD Separate
O OH
)K Kred
OH

Scheme 25

This system requires a large molar excess of alaelative to the ketone. A principal advantage of
this method is that no pH adjustment is required #re acetone byproduct is easy to remove.
Savileet al3*” developed an efficient dynamic kinetic resolutfpntocol employing isopropanol as
cofactor for the generation oR}f2-methylpentanol (Scheme 25). The ketoreductaggnea is the
sole enzyme employed in the catalytic cycle.
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Scheme 26Reproduced from reference 343.

This makes process economics quite favourablegesmsecond enzyme is not required to
regenerate the cofactor. A purification and isolatmethod for separating the product from the
unreacted substrate was also developed. The prbasdseen successfully scaled to produce 100 kg
of material suitable for use in the production ofAP13*’

Other, more environmentally benign methods to reggie NAD(P)H include photochemical
methods which utilise light energy, by the use efanobacterium, a photosynthetic biocata{/t.
%1 Using biocatalysts, the reduction of acetopherterévatives was investigated and was found to
occur more effectively under illumination than inetdark. The light energy harvested by the
cyanobacterium is converted into chemical energyhm form of NADPH through an electron
transfer system, and consequently, the chemicabgr{® ADPH) is used to reduce the substrate to
the chiral alcohol (96 — >99% e.e), (Scheme %%}>? Electrochemical methods have also been
reportedt®3>°

8.3. Examples of ketoreductase-mediated enantioenhied alcohol synthesis

Highly enantioselective ketoreductase-mediatedluésas have been performed at a lab S€&fe
71340343347y a number of researchers and these have beéewesl in detaif®3*%%>3 The
availability of commercial ketoreductase kits had ko widespread screening of these isolated
enzymes by chemists (Figure 19 and 21).
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Strain e.e. % Configuration
YOL151w 99 S
YGLO39w 97 ®
YGL157w 92 ®
YNL331c 33 ®
Baker’s yeast 98 )

Figure 21

Furthermore, over the past 2—-3 years ketoredudedmology has been routinely employed
for the commercial synthesis of chiral alcohols]j are now the preferred catalysts for the synthesis
of chiral alcoholsvia ketone reductiofi’® Examples of enantioenriched alcohols generated by
ketoreductase-mediated reduction on an industdalesand their application are illustrated in
Figure 22.
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Figure 22

Two kinds of novel enoate reductases were isolated Baker's yeast by Kawast al
which led to nitroalkane enantiopurities of >98% €Scheme 27" Deuterium labelling studies
were carried out and it was concluded that thetymasliated reduction of the nitroalkene proceeds
in two stages: a reversible non stereoselectivedopadion of the -carbon followed by a
stereoselective addition of a hydride from a enzgtnie -position®**

Reductase
N NO, NO, N02
NADPH

Scheme 27
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