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CONSPECTUS

he development of efficient syntheses for enantiomerically o 0
enriched o-hydroxy Ketones is an important research focus in the RZ“H * R H
pharmaceutical industry. For example, o-hydroxy ketones are found
in antidepressants, in selective inhibitors of amyloid-3 protein pro- ThP-Lyase \

duction (used in the treatment of Alzheimer’s), in farnesyl transferase
inhibitors (Kurasoin A and B), and in antitumor antibiotics (Olivomy-
dn A and Chromomydin A3). Moreover, o-hydroxy ketones are of par-

ticular value as fine chemicals because of their utility as building Lipases (DKR)

blocks for the production of larger molecules. They can also be used o

in preparing many other important structures, such as amino alco- & L l/ R»

hols, diols, and so forth. Several purely chemical synthetic approaches ' 2, \

have been proposed to afford these compounds, together with some o

organocatalytic strategies (thiazolium-based carboligations, proline & P 2

o-hydroxylations, and so forth). However, many of these chemical
approaches are not straightforward, lack selectivity, or are econom-
ically unattractive because of the large number of chemical steps
required (usually combined with low enantioselectivities).

In this Account, we describe three different biocatalytic approaches that have been developed to efficiently produce o-hy-
droxy ketones:

(i) The use of thiamine diphosphate-dependent lyases (ThDP-lyases) to catalyze the umpolung carboligation of aldehydes. Enan-
tiopure o-hydroxy ketones are formed from inexpensive aldehydes with this method. Some lyases with a broad substrate spec-
trum have been successfully characterized. Furthermore, the use of biphasic media with recombinant whole cells overexpressing
lyases leads to productivities of ~80—100 g/L with high enantiomeric excesses (up to >99%).

(ii) The use of hydrolases to produce a-hydroxy ketones by means of (in situ) dynamic kinetic resolutions (DKRs). Lipases are
able to successfully resolve racemates, and many outstanding examples have been reported. However, this approach leads to a
maximum theoretical yield of 50%. As a means of overcoming this problem, these traditional lipase-catalyzed kinetic resolutions
are combined with racemization of remnant substrate, which can be done in situ or in separate compartments. Examples show-
ing high conversions (>90%) and enantiomeric excesses (>99%) are described.

(iii) Whole-cell redox processes, catalyzed by several microorganisms, either by means of free enzymes (applying a cofactor
regeneration system) or by whole cells. Through the use of redox machineries, different strategies can lead to high vields and enan-
tiomeric excesses. Some enantiopure o-hydroxy ketones can be formed by reductions of diketones and by selective oxidations of
vicinal diols. Likewise, some redox processes involving sugar chemistry (involving a-hydroxy ketones) have been developed on
the industrial scale. Finally, the redox whole-cell concept allows racemizations (and deracemizations) as well.

These three strategies provide a useful and environmentally friendly synthetic toolbox. Likewise, the field represents an illus-
trative example of how biocatalysis can assist practical synthetic processes, and how problems derived from the integration of
natural tools in synthetic pathways can be efficiently tackled to afford high yields and enantioselectivities.
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1. Introduction

From a chemical viewpoint, a-hydroxy ketones (also called
acyloins) are highly valuable building blocks for many appli-
cations for the fine chemistry sector as well as pharmaceuti-
cals. For instance, a-hydroxy ketones are found in some
antidepressants, in selective inhibitors of amyloid-g protein
production (for Alzheimer’s disease treatment), in farnesyl
transferase inhibitors Kurasoin A and B, in antifungal agents,
or in some antitumor antibiotics (Olivomycin A, Chromomy-
cin As, and epothilones). In addition, they can be used for the
further formation of many other important structures (e.g.,
amino alcohols, diols, etc) (Figure 1).2

In virtue of the importance of a-hydroxy ketones, several
chemical approaches aiming to prepare them have been
reported. Probably the most employed strategies are the
o-hydroxylation of ketones through the enantioselective eno-
late oxidation (formed in situ, catalyzed by chiral oxidants),
and the Sharpless asymmetric dihydroxylation of the silyle-
nol ether of the corresponding ketone.* Other chemical
approaches are the ketohydroxylation of olefins,> the asym-
metric mono-oxidation of the correspondent 1,2-diols,® as well
as the oxidative kinetic resolution of racemic a-hydroxy
ketones.” Furthermore, some organocatalytic strategies have
been proposed. These involve the direct asymmetric a-oxy-
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SCHEME 1. Overview of the Chemical Strategies for the Synthesis
of Asymmetric a-Hydroxy Ketones®~°
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genation of ketones in the presence of, for example, proline
or alanine® as well as the traditional benzoin condensation,
carried out stereoselectively by means of optically active cat-
alysts such as chiral thiazolium and triazolium salts, in a bio-
mimetic fashion® (Scheme 1).

As depicted, there are many chemical possibilities for the
synthesis of asymmetric a-hydroxy ketones (Scheme 1). Yet,
although there are some successful examples of molecules
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FIGURE 1. Examples of compounds bearing a-hydroxy ketones as well as some products derivatized thereof.' >
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SCHEME 2. Proposed Mechanism for the ThDP-Lyase-Catalyzed Umpolung Carboligation of Aldehydes'?
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produced through these strategies, in many cases, syntheses
demand a significant number of chemical steps, thus lower-
ing overall yields and increasing the waste production. Fur-
thermore, high enantioselectivities are rather rare.

To overcome these challenges, biocatalysis encompasses
many strategies to afford a wide number of important chem-
ical structures, which can be obtained with high enantio-,
regio-, and chemoselectivities. Moreover, in many cases, these
selectivities can be combined with economic and environmen-
tally friendly synthetic conditions.’®'" Given the synthetic
importance of a-hydroxy ketones, several enzymatic concepts
to efficiently produce these chemicals have been developed,
starting from proof-of-principles and leading in some cases to
mature processes (even at the commercial level). Overall, the
topic is illustrative on how biocatalysis can be applied in many
diverse, multidisciplinary ways, by combining biology, organic
synthesis, and process development. Herein, we want to report
on recent, relevant developments in this particular area.

2. Thiamine-Diphosphate-Dependent

(ThDP) Lyases: Biocatalysts for the
Umpolung Carboligation of Aldehydes

Thiamine-diphosphate-dependent lyases (ThDP-lyases) cata-
lyze the umpolung carboligation of aldehydes to afford chiral
o-hydroxy ketones. Several ThDP-lyases have been charac-
terized as powerful biocatalysts, such as pyruvate decarboxy-
lase (PDC), benzoylformate decarboxylase (BFD), and
benzaldehyde lyase (BAL).'? Key in the catalysis is the reac-
tion of the cofactor (thiamine diphosphate) with the “donor”
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aldehyde, to form an active enamine carbanion. Subsequently,
the “acceptor” aldehyde attacks the carbanion to form the
o-hydroxy ketone (Scheme 2). Interestingly, in many cases,
donor and acceptor aldehydes can be different, thus allow-
ing the production of many useful building blocks. The mech-
anism, together with the interaction between the cofactor and
lyases, has been extensively studied, either by considering
chemical reactivities of both aldehydes and thiamine or by
means of molecular biology strategies (i.e., directed evolu-
tion).'3

To convert a biocatalytic academic curiosity into a (power-
ful) practical application, obviously the use of the biocatalyst
(either as enzyme or as whole cell) must clearly bring an (eco-
nomic) added value. In this respect, the identification of lyases
able to accept a broad substrate range is obviously an asset.
As a relevant example, benzaldehyde lyase (BAL) from
Pseudomonas fluorescens catalyzes the carboligation of both
aromatic and aliphatic aldehydes, thus forming many enan-
tiopure (R)-o-hydroxy ketones'?'* (Figure 2). As depicted (Fig-
ure 2), BAL is able to accept an ample number of aldehydes
as substrates. This capability affords the performance of cross
carboligations between different aldehydes (e.g., benzalde-
hyde and acetaldehyde). This option opens new possibilities
in processes catalyzed by BAL. Yet, in some of these cases,
also BAL-catalyzed self-condensations of aldehydes (e.g.,
acetoin synthesis) are observed as the byproduct. A proper
substrate addition is therefore key for reaching selective
processes.
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FIGURE 2. Selected examples of chiral a-hydroxy ketones
produced by means of BAL as biocatalyst, starting from
aldehydes.'>14

Several lyase-catalyzed processes have been set up and
even implemented at the industrial scale. For instance, the use
of pyruvate decarboxylases (PDC) for the production of L-phe-
nylacetylcarbinol (PAC) from benzaldehyde and pyruvic acid is
actually one of the first biocatalyzed whole-cell processes ever
reported and implemented at the production scale (to further
produce ephedrine).'> This process was developed almost a
century ago, by using PDC contained in whole cells from Sac-
charomyces cerivisiae, with PAC productivities of ca. 10—15
g/L."> During the following decades, further improvements
(productivities of >100 g/L) based on the same process con-
cept were introduced, such as new set ups and new microor-
ganisms (e.g., Candida utilis or Zymomonas mobilis). Likewise,
the use of nonconventional media, such as supercritical CO,,
was recently described. This latter approach may be a rele-
vant concept, since less waste production is expected (though
the strategy is energetically demanding), together with no
need for an organic solvent for the downstream processing.
Until now, overall yields of ca. 20 g/L for L-PAC and ca. 50 g/L
for (—)-ephedrine have been disclosed (Scheme 3).'°

Likewise, many biocatalytic practical concepts have been
developed by using BAL as biocatalyst, such as, for example,
biphasic systems,'” continuous processes,'® gas reactors,'?
and enzyme immobilization.>® Moreover, the direct use of
E.coli whole cells overexpressing BAL as biocatalysts in a
biphasic system has been reported.?' This whole-cell approach
is promising, since besides advantages derived from the use
of a biphasic system (in terms of high substrate concentra-
tions) the external addition of (expensive) organic cofactor
(ThDP) can be avoided, thus decreasing process costs signifi-
cantly. Many different chiral a-hydroxy ketones can be pro-
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duced with high productivities and enantioselectivities
(Scheme 4).2

3. Hydrolase-Catalyzed (in Situ) Dynamic
Kinetic Resolutions (DKRs)

The hydrolase-catalyzed (lipases and esterases) kinetic reso-
lution (KR) of racemates has proven to be an efficient method
to afford enantiopure compounds.'®22 Several KR processes
to synthesize chiral a-hydroxy ketones have been described
as well, using different lipases and esterases as biocatalysts.*3
A wide number of structurally different o-hydroxy ketones
have been produced, involving cyclic and aliphatic
compounds,?*2* alkyl-aryl a-hydroxy ketones,?® or diaryl
a-hydroxy ketones.?” As a relevant example, the production
of chiral alkyl-aryl a-hydroxy ketones has been obtained
through two strategies: Demir et al. carried out the fungus-
catalyzed Kinetic resolution of the acetates,?°® whereas Jeon
et al. reported the enantioselective transesterification of the
racemic o-hydroxy ketones catalyzed by immobilized lipase B
from Candida antarctica (CALB) in organic solvents (Scheme
5).26e

Likewise, lipase-catalyzed Kinetic resolutions to afford build-
ing blocks for the synthesis of pharmacologically interesting
epothilones (see Figure 1) have been disclosed. Thus, in aque-
ous conditions, different esters of linear o-hydroxy ketones
can be enantioselectively hydrolyzed, leading to high yields
and enantiomeric excesses, by means of lipase B from Can-
dida antarctica (CALB) and lipase from Burkholderia cepacia
(BCL) (Scheme 6).2><Y However, KR processes can only reach
a maximum theoretical yield of 50%. To overcome this prob-
lem, dynamic kinetic resolutions (DKRs) have been put for-
ward. Thus, a (in situ) racemization of the remnant substrate
under KR conditions would theoretically lead to a 100% yield
(Scheme 7). In some (few) cases, the in situ base-mediated
racemization of the substrate can be applied, as reported by
Taniguchi and Ogasawara for the resolution of different tricy-
clic acyloins, by using a Burkholderia cepacia lipase.?® In other
cases, efficient two-compartment DKR processes have been
developed,° involving Candida antarctica lipase B (CALB) as
biocatalyst for the enantioselective substrate transesterifica-
tion in a first compartment, and the simultaneous racemiza-
tion of the remnant alcohol mediated by Amberlyst 15 in a
spatial-separated compartment (Scheme 8).

One of the most widely applied strategies is the combina-
tion of an enzymatic KR with an in situ transition-metal-cata-
lyzed substrate racemization, via hydrogen transfer, by means
of several ruthenium complexes (e.g., Shvo catalyst, Scheme
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SCHEME 3. Biocatalytic Process Catalyzed by PDC in Supercritical CO,, Recently Disclosed'®
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SCHEME 4. Reaction Setup for BAL-Catalyzed Biphasic System Using E. coli Whole Cells (Overexpressing BAL); Examples of Molecules and

Productivities?’
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SCHEME 5. Two Approaches for the Hydrolase-Catalyzed Kinetic Resolution of Alkyl-Aryl a-Hydroxy Ketones26©
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9).3" Yet, due to the intrinsic racemization mechanism via
hydrogen transfer (Scheme 9), when the substrate is a “non-
symmetric” a-hydroxy ketone (Ry and R, are different groups),
the DKR fails, since an intermediate diketone would be
formed, subsequently leading to the formation of different
regioisomers (Scheme 10). To overcome this problem, Bogar
et al. described another strategy based on an efficient DKR of
allylic alcohols,®" using CALB for the enantioselective resolu-
tion and a ruthenium-complex-mediated racemization of the
292 = ACCOUNTS OF CHEMICAL RESEARCH
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substrate. Subsequently, the enantiopure acylated-allylic alco-
hols formed in the DKR were oxidized, affording the desired
optically active nonsymmetric acyloins with very high conver-
sions and enantiopurities (Scheme 11).3"

Conversely, when “symmetric” benzoins (1,2-diaryl-2-hy-
droxyethanones) are used as substrates (R; = R,), efficient
DKRs can be set, by combining Pseudomonas stutzeri lipase-
catalyzed enantioselective acylation of the substrate with an
in situ racemization of the remnant alcohol, catalyzed by
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SCHEME 6. Lipase-Catalyzed Kinetic Resolution of A-Hydroxy Ketones Useful As Precursors for the Synthesis of Epothilones®
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91In all cases, yields of >40% were obtained.?>4

SCHEME 7. DKR Process: Enzyme Catalyzes the Conversion of
Substrates to Products (Kr > Ks), whereas Another Catalyst
Racemizes the Remnant Substrate?®
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SCHEME 8. Example of Two Compartment DKR of Racemic
Acyloins3°
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Shvo’s catalyst (Scheme 6).32 High conversions and excellent
enantioselectivities were obtained in a broad range of differ-
ent (symmetric) benzoins. However, due to the enzyme ther-
mal deactivation at 50 °C (required temperature for the
racemization step), the process had to be conducted in three
different steps, with some additions of fresh lipase. Proper
immobilization of Pseudomonas stutzeri lipase in silicone
spheres enhanced its activity and stability at high tempera-
ture.3 This led to the development of a highly efficient one-
pot DKR of several benzoins at 60 °C. Moreover, lipase
immobilization allowed its recovery and reuse, thus promot-
ing a significant enhancement of the productivity of the DKR
process (Scheme 12).3%33

4. Oxido-Reductases for the Asymmetric
Synthesis of a-Hydroxy Ketones

The field of oxido-reductases represents an important exam-
ple of a mature technology, from which many relevant build-
ing blocks can be efficiently produced by performing

reductions, oxidations, as well as (de)racemization process-
es.?* To afford enantioenriched a-hydroxy ketones by means
of oxido-reductases, three general strategies have been put
forward: reduction of a-diketones catalyzed by dehydrogena-
ses (DH), oxidation of vic-diols by dehydrogenases and oxi-
dases (Ox), and (de)racemization of racemic o-hydroxy
ketones (Scheme 13).

These enzymatic reactions can be catalyzed either by iso-
lated enzymes or by whole cells having cell-bound enzymes
accessible for the substrates.** Oxido-reductases are cofactor-
dependent (mostly NAD(P)H/NAD(P)*), and one major chal-
lenge is therefore to supply an efficient method for
regeneration of the consumed cofactor. In this regard, effec-
tive biocatalyzed redox processes can be achieved using
whole cells, which provide cofactor regeneration by adding
“suicide” cosubstrates (e.g., glucose, formic acid, ethanol, glyc-
erol), which can be oxidized by other dehydrogenases occur-
ring in the cell. The use of wild-type whole cells is often
hampered by side reactions and/or low volumetric yields.
Alternatively, enzymatic redox processes can be carried out
using isolated enzymes which ensure high enantioselectivi-
ties, yet this approach demands an adequate system for cofac-
tor regeneration. To complement and, in many cases,
overcome these issues, the successful cloning and overexpres-
sion of several redox enzymes has led to the “designer bug”
concept, with outstanding processes with high yields and
enantioselectivities (>200 g L= d~', ee’s up to >99%).3>

Stereoselective bioreductions of a-diketones have been
accomplished by means of different microorganisms as whole-
cell biocatalysts, for example, for the reduction of aliphatic
a-diketones with different microorganisms.?® Also, a consid-
erable amount of research pursued the formation of both the
enantiomers of different asymmetric benzoins by reduction of
the corresponding a-diketones (Scheme 14).3” In some cases,
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SCHEME 9. Ruthenium Complex (Shvo Catalyst) and Racemization Mechanism?’
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SCHEME 10. Racemization of “Nonsymmetric’ a-Hydroxy Ketones (R; = R,), in Which Different New Substrates Are Formed
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SCHEME 11. Chemoenzymatic DKR of Allylic Alcohols, for the Subsequent Formation of Enantiopure Acyloins®'
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a full reduction to diols was observed as well, presumably
because the whole cell contains other competing ketoreduc-
tases. Conversions and enantioselectivities have thus been
improved by applying enzyme inhibitors, thermal deactiva-
tions, use of organic cosolvents, and so on.?® Further cloning
and overexpression of the desired enzymes would certainly
lead to proper practical biocatalysts,®> provided that, if
needed, native ketoreductases of the heterologous host were
eventually knocked out.* These reported methods, despite
294 = ACCOUNTS OF CHEMICAL RESEARCH
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the success for other bioreductions, have not been so far suf-
ficiently exploited for the efficient preparation of a-hydroxy
ketones.

Apart from the above-described reductions, selective bio-
oxidations of vic-diols catalyzed by dehydrogenases and/or
oxidases may be exploited to obtain enantiopure a-hydroxy
ketones. For instance, whole cells of Bacilus stearothermophi-
lus are able to enantiospecifically oxidize different aliphatic
vic-diols to afford o-hydroxy ketones, albeit with low conver-
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SCHEME 12. One-Pot DKR of “Symmetric’ Benzoins (1,2-Diaryl-2-hydroxyketones, Ar=Ar), by Using Immobilized Pseudomonas stutzeri Lipase
and Shvo Catalyst®%33
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SCHEME 13. Overview of Three Biocatalytic Approaches for the Synthesis of Enantioenriched o-Hydroxy Ketones®*
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SCHEME 14. Stereoselective Reduction of 1,2-Diaryl-Ethanediones to the Corresponding Benzoins Using Whole Microbial Cells*”

0
Whole-cells O Rhizopus oryzae (pH 6.8-8.5) (ee > 98%)

o Xanthomonas oryzae (ee 99%)
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OH
f O Bacillus cereus (ee 7-86%)
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Rhizopus oryzae (pH 4.5-5.0) (ee 80-85%)

(S)-Benzoin

sions (ee’s > 99% (S), conversions < 20%).%° Herein, the clon- bacteria, especially acetic acid bacteria, and fungi have been used
ing and overexpression of these biocatalysts might lead to  for the selective dehydrogenation of alditols.*" The most impor-
highly efficient synthetic processes. tant industrial applications are the oxidation of sorbitol to L-sor-

Likewise, oxidation of vic-diols is widespread in nature, mainly ~ bose in the Reichstein—Grlssner process for the production
in enzymatic dehydrogenations of monosaccharides. Different  L-ascorbic acid (vitamin C) and the analogous transformation of
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SCHEME 15. Chemoenzymatic Synthesis of Ascorbic Acid and 1-Desoxynojirinycin?
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9 The biocatalytic steps are the regio- and stereoselective oxidation of vic-diols into a-hydroxyketones.*'

SCHEME 16. Benzoin Deracemization Based on pH Shifts,
Catalyzed by Rhizopus oryzae Whole Cells*>

L
OH

rac-Benzoin

Rhizopus oryzae

pH7.5-8

eeupto85%
Yields 70-78 %

eeuptoc 99 %

Yield up to 82 %

1-amino-N-Boc-sorbitol into 1-amino-N-Boc-sorbose in the
chemoenzymatic synthesis of 1-desoxynojirinycin (Scheme 15).
All these biotransformations are catalyzed by Gluconobacter oxi-
dans strains.**> Moreover, other polyalcohols can be regio- and
stereoselectively oxidized by bacterial dehydrogenases into o-hy-
droxy ketones, such as p-arabitol into p-xylulose or meso-eryth-
ritol into L-erythrulose.*' Likewise, the dehydrogenation of 2,3-
butanediol was tested with different acetic acid bacteria,
displaying different outcomes depending on the stereochemis-
try of the substrate.*

Finally, (de)racemizations have also proven to be promis-
ing approaches.?**** For instance, the mold Rhizopus oryzae
is able to catalyze the chirality inversion of benzoins to afford
both enantiomers depending on the pH of the medium
(Scheme 16, see also Scheme 14).> This production of both
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enantiomers using different reaction conditions suggests the
occurrence of different ketoreductases, displaying the high-
est activity under different pH conditions. Furthermore, other
authors have reported racemization technologies by means of
lyophilized whole cells of several microorganisms as biocata-
lysts. Interestingly, the approach was useful for many struc-
turally diverse a-hydroxy ketones (Scheme 17).4°

SCHEME 17. Whole-Cell-Based Racemization of Chiral a-Hydroxy

Ketones?
Racemization |
[0} (o} | o
Whole Cells R Whole Cells R
R1)]\;/ R, "~~~ R1)S( 2 R )H/ 2
OH o OH

CF,
OH OH

Cl

OH

9 Full racemizations were often obtained in 24—72 h.®
5. Concluding Remarks

An overview of several biocatalytic approaches for the effi-
cient production of enantioenriched a-hydroxy ketones has
been provided. Overall, the strategies reported by differ-
ent groups show a mature, multidisciplinary field, in which



many natural tools can be used for practical applications,
leading to outstanding enantioselectivities and productivi-
ties. This is certainly important for the synthesis of chiral
o-hydroxy ketones, as such, very relevant building blocks,
but also for applications of biocatalysis in the area of
organic synthesis. The processes herein reported may serve
as examples for new biocatalytic concepts, as the need for
greener, environmentally friendly reactions is presently an
important asset in chemical industries. We hope that our
contribution can prompt other research groups and indus-
tries to undertake research in these areas and to develop
novel, efficient, biocatalytic practical processes.

The authors are thankful for many fruitful comments and inspir-
ing suggestions provided by four anonymous referees, which
have been incorporated into the article during the peer-review
assessment.
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