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esis of enantiopure alcohols:
current state and perspectives

Bi-Shuang Chen ab and Fayene Zeferino Ribeiro de Souza *c

Enantiomerically pure alcohols, as key intermediates, play an essential role in the pharmaceutical,

agrochemical and chemical industries. Among the methods used for their production, biotechnological

approaches are generally considered a green and effective alternative due to their mild reaction

conditions and remarkable enantioselectivity. An increasing number of enzymatic strategies for the

synthesis of these compounds has been developed over the years, among which seven primary

methodologies can be distinguished as follows: (1) enantioselective water addition to alkenes, (2)

enantioselective aldol addition, (3) enantioselective coupling of ketones with hydrogen cyanide, (4)

asymmetric reduction of carbonyl compounds, (5) (dynamic) kinetic resolution of racemates, (6)

enantioselective hydrolysis of epoxides, and (7) stereoselective hydroxylation of unactivated C–H bonds.

Some recent reviews have examined these approaches separately; however, to date, no review has

included all the above mentioned strategies. The aim of this mini-review is to provide an overview of all

seven enzymatic strategies and draw conclusions on the effect of each approach.
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Introduction

Currently, enantiomerically pure alcohols are important
building blocks that are widely used as intermediates in the
chemical and pharmaceutical industries for synthesis of ne
products with chiral centers such as, avourings, agrochemi-
cals, drugs, liquid crystals and specialty materials.1,2 Thus, their
synthesis is continuously of great interest to researchers.
Considering that the traditional synthetic methods predomi-
nantly use toxic metals or expensive complex ligands, enzyme-
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catalysed syntheses offer signicant advantages to these
methods, such as remarkable chemo-, regio-, and stereo-
selectivity, environmentally benign processes and energy-
efficient operations.3,4 In the traditional chemical methods
enantiomerically pure alcohols also lack any handles for stereo-
and regio-control during the synthesis and side reactions such
as the intermolecular aldol reactions, and follow-up reactions
(e.g. dehydration) can easily occur due to the extremely chemical
conditions.5 In addition to these features, the natural sources of
the biocatalysts, whether from microorganisms, plants,
animals, their isolated enzymes or whole cell system, are
reproducible and can be easily decomposed in the environment
aer use, thus making enzymatic methodologies a viable
alternative to conventional chemical processing.6 The bio-
catalytic production of enantiomerically pure alcohols is
possible via several pathways. Seven main strategies for the
enzyme-catalysed synthesis of enantiomerically pure alcohols
can be distinguished as follows:

(1) Enantioselective addition of water to a,b-unsaturated
ketones, which is a highly attractive reaction because it allows
direct access to hydroxyl ketones;7,8 (2) enantioselective aldol
addition, which produces hydroxyl ketones via biocatalytic
carbon–carbon formation in an asymmetric manner;9–11 (3)
enantioselective coupling of ketones or aldehyde with hydrogen
cyanide, which leads to nitrile-substituted chiral alcohols
(cyanohydrins)12–14 4) asymmetric reduction of carbonyl
compounds, which has been widely studied and applied in the
asymmetric synthesis of chiral alcohols;15,16 (5) (dynamic)
kinetic resolution of racemic mixtures, which play an essential
role in the preparation of enantiomerically pure alcohols;17,18 (6)
enantioselective hydrolysis of epoxides, which affords the cor-
responding vicinal diols or analogues;19 and (7) regio- and
stereoselective hydroxylation to functionalize C–H bonds, which
yields the hydroxylated products.20,21

Recent reviews have been considered these enzymatic
approaches separately, e.g., enantioselective addition of water to
alkenes,22 asymmetric synthesis of hydroxyl ketones catalysed
by aldol addition,23 enzyme-catalysed enantioselective synthesis
of cyanohydrins,24 chiral alcohols by biocatalytic reduction of
ketones,25 enzymatic chiral resolution using lipase (EC
3.1.1.3),26 and enantioconvergent bioconversions to prepare
active alcohol with epoxide hydrolase (EC 3.3.2.-).27 Addition-
ally, although Müller28 gave an overview of the synthesis of
tertiary alcohols, no review has included all the enzymatic
strategies for enantiopure alcohol synthesis. Thus, it is inter-
esting and essential to review all these strategies to have
a comprehensive view of the power that they have in potential
applications.

Here, we present the application of all seven enzyme-
catalysed strategies for the synthesis of enantiopure alcohols
that is accessible for organic chemists. These enzymes are
readily available and can be used with standard equipment
under standard conditions. The discussion is focused on the
product class, and we have restricted ourselves to secondary
alcohols, tertiary alcohols, vicinal diols, b-hydroxy carbonyl
compounds and cyanohydrins. The emphasis here is on enan-
tioselective enzymatic synthesis, which is likely to extend the
This journal is © The Royal Society of Chemistry 2019
use of enantiopure alcohols as building blocks in organic
synthesis, and not on the enzymes themselves.
Production of secondary alcohols

Regardless of whether they are primary (1�), secondary (2�), or
tertiary (3�), chiral alcohols are predominantly used as optically
active intermediates in an area of growing demand in everyday
life. At rst glance, they seem quite straightforward molecules
to chemists. However, it is oen very difficult to synthesize
enantiopure alcohols. In particular, signicant differences exist
in the challenges encountered when selectively synthesizing 2�

and 3� alcohols compared with 1� alcohols.
The huge consumption of enantiopure drugs makes the

pharmaceutical industry to have more attention on the
production of the chiral compounds and chiral secondary
alcohols are the most frequently required as chiral compounds
to produce different drugs.29 For instance, uoxetine, which is
used for the treatment of depression among others mental
disorders, and (R)-benzyl-4-hydroxyl-2-pentynoate, which is
a potential therapeutic for Alzheimer's disease, are synthesized
from the chiral intermediate secondary alcohol (R)-4-
(trimethylsilyl)-3-butyn-2-ol, respectively.30,31 (R)-2-Octanol was
proven to be a precursor compound for the several optically
active pharmaceuticals products.32 Isoproterenol, is a pharma-
ceutical drug which treats bradycardia, and neobenodine,
which has antihistaminic and anticholinergic action, and both
are obtained from chiral secondary alcohols.33

Chiral secondary alcohols can be efficiently synthesized as
follows: (i) via racemic kinetic resolution, oen using lipase (EC
3.1.1.3);34,35 (ii) through the asymmetric reduction of ketones,
usually using carbonyl reductases (EC 1.1.1.-);36,37 (iii) through
the regioselective reductive opening of epoxides, for example,
using halohydrin dehalogenase (EC 4.5.1.-);38,39 or (iv) through
the regio- and stereoselective oxidation of unactivated C–H
bonds, for example, using cytochrome P450 (EC 1.14.13.70).20

Secondary alcohols are the most frequently used molecules
in lipase-catalysed kinetic resolutions not only because of their
importance in organic synthesis but also because lipases
usually show much higher enantioselectivity in resolutions
towards secondary alcohols than in those towards primary or
tertiary alcohols.31 In enzymatic kinetic resolutions of secondary
alcohols, the outcome is normally highly predictable, and it
follows Kazlauskas' rule.40 Usually, the (R)-alcohol is converted
into (R)-acetate at a higher rate than its antipode with high ee,
leaving the (S)-alcohol as an enantiomerically pure unreacted
enantiomer. The reverse reaction consists of the lipase-
catalysed hydrolysis of the (R)-acetate, affording the (R)-
alcohol in high ee and enabling the separation of the two
enantiomers. Numerous examples can be found in the available
scientic literature (Fig. 1), it should be mentioned that trans-4-
phenyl-3-buten-2-ol (1q), a substrate that possesses an allylic
strain, has been successfully utilized on the industrial scale via
lipase-catalysed resolution to obtain the single enantiomer.41

Notably, Baumann et al.42 reported four substrates, pan-
tolactone (1n), 3-butyn-2-ol (1m), 1-methoxy-2-propanol (1o),
and 3-hydroxy-tetrahydrofuran (1p), entitled ‘difficult to resolve’
RSC Adv., 2019, 9, 2102–2115 | 2103
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Fig. 1 Selected examples showing the kinetic resolution of secondary alcohols.35–38
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for the enantioselective resolution using different lipases. The
stereoselective ring opening of epoxides catalysed by halohydrin
dehalogenase (HHDH) (EC 4.5.1.-) is an attractive way used in
the asymmetric synthesis of enantiopure b-substituted alco-
hols.43–45 A series of chiral secondary alcohols were obtained
using different nucleophiles (Br�, Cl�, I�, CN�, NO2

�, N3
�,

OCN�, SCN�, and HCOO�) such as b-azido alcohols, b-nitro
alcohols, and b-hydroxyl nitriles (Fig. 2).36 Among the existing
nucleophiles, cyanide is the most interesting one because its
nitrile group can be converted into amino-, amide-, or carboxyl-
groups by specic enzymes.41,46 Detailed studies have reported
the use of a recombinant HHDH cloned from the Corynebacte-
rium sp. strain N-1074 for the ring opening of epichlorohydrin
by cyanide.47 Elenkov et al.43 further discussed the cyanide-
mediated ring-opening reactions of epoxides catalysing by
three groups of HHDH.
2104 | RSC Adv., 2019, 9, 2102–2115
The enantioselective bioreduction of ketones is a reliable,
scalable and straightforward route to produce enantiopure
secondary alcohols.35 Ketoreductases (EC 1.1.1.-) are found in
several different organisms and catalyse the reduction of
ketones to chiral secondary alcohols, with the stoichiometric
consumption of the nicotinamide adenine dinucleotide
cofactor (NAD+) or its phosphorylated analogue NADP+. The
scope of ketoreductases (EC 1.1.1.-) is very vast, and they accept
several substrates.48 For example, marine-derived fungi have
been successfully used for the asymmetric reduction of a series
of aromatic ketones in our laboratory.2 Novel industrially rele-
vant ketoreductases continue to become available, and novel
process engineering concepts have been developed. For
example, an attractive approach has been developed using an
engineered ketoreductase, which allows the bioreduction of the
ketoreductases in the synthesis of atorvastatin and atazanavir,
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Synthesis of enantiopure b-substituted secondary alcohols by halohydrin dehalogenases.33,37,39

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
10

:3
1:

48
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
two drugs widely used,48 to occur with. Moreover, for NAD(P)H-
dependent enzymes, cofactor regeneration can be efficiently
achieved by the addition of isopropanol to the buffer, which is
then transformed into acetone49–51 Several examples can be
found in the scientic literature which highlights that cofactors
are no longer cost determinants.48

Another promising route to produce chiral secondary alco-
hols is regio- and stereoselective monohydroxylation at or near
the middle of the carbon chain. The most prominent enzymes
for these monohydroxylations are cytochrome P450 mono-
oxygenases (P450, EC 1.14.13.70).48 Notably, many hydroxyl-
ations were performed in whole-cell biotransformation without
identifying the enzymes involved.28 For example, the Sphingo-
monas sp. HXN-200 strain is known to catalyse the hydroxylation
of pyrrolidines 3a–3c to prepare enantiomerically pure 3-
hydroxypyrrolidines 3a0–3c0, which are useful intermediates in
the preparation of several pharmaceuticals (Fig. 3).52 The
‘docking/protecting’ (d/p) group concept has been employed to
modify a substrate and thereby improve a given bio-
hydroxylation.53 This concept was applied for the rst time to
increase the stereoselectivity, as exemplied for the hydroxyl-
ation of substrate 3d with Beauveria bassiana ATCC 7159 (ref.
54) (Fig. 3). The hydroxylation of confertifolin (3e) to 3-hydrox-
yconfertifolin (3e0) with Aspergillus niger ATCC 9142 (ref. 55)
represented the best example of hydroxylation of natural
products (Fig. 3). Hydroxylation of benzylic and allylic carbon
atoms have also been reported. For instance, the hydroxylation
of propylbenzene (3f and 3g) to (R)-3f0 (and 3g0) was obtained
with excellent regioselectivity and good enantioselectivity by
Bacillus megaterium56 (Fig. 3). The bacterial strain Rhodococcus
opacus PWD4 could catalyse the hydroxylation of D-limonene
(3h) exclusively in the 6-position, producing enantiomerically
pure (+)-trans-carveol (3h0)57 (Fig. 3).
Tertiary alcohols

Tertiary alcohols are a desire class of compounds and they are
found in many drugs and natural products. For instance, tra-
madol (analgesic), erythromycin (antibiotic), doxorubicin
(antitumour agent), and ethinylestradiol (oestrogen), as well as
This journal is © The Royal Society of Chemistry 2019
the prostaglandin analogue, frontalin and the vitamin D3
metabolite,58 are derived from tertiary alcohols. In addition,
chiral tertiary alcohols, taking advantage of their steric
requirements, are used as auxiliaries in noncatalytic asym-
metric syntheses and as ligands in nonenzymatic asymmetric
catalysis. Overall, the demand for chiral tertiary alcohols is
continuously growing within the ne chemical industry.
However, compared with the great progress developed to
produce chiral secondary alcohols, the challenges for the
preparation of chiral tertiary alcohols are immense.28 Thus,
more focus has been placed on developing the process for the
asymmetric or enantioselective synthesis of tertiary alcohols.

Due to the difficulty associated with the accommodation of
tertiary alcohols to the active site of lipases, the kinetic resolu-
tion of such substrates is not as well covered in the literature as
secondary alcohols are.59,60 Krishna and coworkers used lipase A
from Candida antarctica (CAL-A) (CAL-A-C1) (EC 3.1.1.3) as
catalysts and vinyl acetate as an acyl donor in organic solvent for
the racemic resolution of tertiary alcohol 4a (Fig. 4).61 Ohta and
coworkers reported the enantioselective transesterication of
tertiary alcohol 4b (Fig. 4) to obtain (R)-(�)-mevalonolactone.62 A
selected series of other tertiary alcohols that have been excel-
lently resolved is shown in Fig. 4. Similarly, different enzymatic
processes have been developed for the hydrolysis of sterically
demanding esters to produce tertiary alcohol, including those
utilizing esterases (EC3.1.1.1), lipases (EC 3.1.1.3), and prote-
ases EC 3.4.21.53).63,64Notably, the best represented examples of
the enzymatic hydrolysis of tert-butyl esters,60 partially on an
industrial scale, provide further illustration. Bornscheuer,
Pleiss, and coworkers described the structure–function rela-
tionship for some hydrolases accepting sterically demanding
substrates. The sequence motifs commonly found in hydrolases
that accept tertiary alcohols as substrates were identied, which
were not restrictive.65,66 Bornscheuer and coworkers compared
the new enzymatic processes using bioinformatics, structural,
and protein biochemical methods.59,67 These articles all attempt
to provide new possibilities for the synthesis of chiral tertiary
alcohols, which are only discussed in brief here.

An attractive route to produce chiral tertiary alcohols is the
2,2-disubstituted epoxide opening with other nucleophiles
RSC Adv., 2019, 9, 2102–2115 | 2105
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Fig. 3 Selected examples showing region- and stereoselective hydroxylation to produce chiral secondary alcohols.44,46–49

Fig. 4 Selected examples of lipase-catalyzed kinetic resolution of tertiary alcohols.52–58

2106 | RSC Adv., 2019, 9, 2102–2115 This journal is © The Royal Society of Chemistry 2019
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rather than water, giving the analogous a-functionalized
tertiary alcohols. For example, the halohydrin dehalogenases
(EC 4.5.1.-) from Agrobacterium radiobacter AD1 (HheC) cata-
lysing nucleophilic ring opening of 2,2-disubstituted epoxide
with cyanide and azide for the preparation of enantiopure
tertiary alcohols was studied by Elenkov et al.68 Molinaro
et al.69 used commercially available Codex halohydrin deha-
logenase (HHDH) (EC 4.5.1.-) enzyme purchased from
CODEXIS, for the ring opening of 2,2-disubstituted epoxide
with azide nucleophiles to afford chiral tertiary alcohols. Due
to the limitation of the substrate range (the epoxide and
nucleophile), only a few examples of their application exist for
the synthesis of tertiary alcohols, but in relation to exploiting
perfect atom economy, we can say that this reaction is a suit-
able method to produce chiral tertiary alcohols.28

Cytochrome P450 (CYP) enzymes catalyse the hydroxylation
at position 25 of vitamin D3 (5a), resulted in tertiary alcohol
functionality in calcifediol (5a0) (Fig. 5). It has been reported
that CYP2R1(EC1.14.14.24) is mainly responsible for this
transformation, although there are several human enzymes and
bacterial enzymes (such as CYP105A1 from Streptomyces gri-
seolus) associated with this hydroxylation.70–72 Many more CYP
enzymes that catalyse the hydroxylation to tertiary alcohols are
known, such as the hydroxylation at C9 and C17 of the steroid
scaffold.73,74 In addition to cytochrome P450 enzymes, other
enzyme families, such as a-keto glutarate (a-KG)-dependent (EC
Fig. 5 Preparation of chiral tertiary alcohols through hydroxylation cata
position 25 in 5a results in the 3o alcohol functionality in calcifediol 5a0; 5
3o alcohol functionality in 5b0; 5c/ 5c0: hydroxylation of 5c results in the
results in the formation of the 3o alcohol 5d0.

This journal is © The Royal Society of Chemistry 2019
1.14.11.-) enzymes, are known to catalyse the hydroxylation to
tertiary alcohols.75 Another example is that Fuchs and
coworkers observed hydroxylation at C25 of the steroid scaffold
cholest-4-en-3-one (5b) catalysed by Sterolibacterium deni-
tricans.76 It is worth noting that many hydroxylations were
performed in whole-cell biotransformations without identifying
the enzymes involved. For instance, hydroxylation at C14 of 5c
in whole-cell biotransformation with Pseudomonas putida was
observed by Lister et al.77 for the formation of b-hydrox-
ycodeinone (5c0).
Vicinal diols

This type of compound requires a special attention due to the
two asymmetric centers in its molecular conguration which
can be converted into several complex chiral systems.78 Enan-
tiomerically pure diols are exceptionally valuable as a class of
important and versatile building blocks or intermediates.79

Many vicinal diols are an essential part or intermediate of
several highly consumed pharmaceutical and nutraceutical
products.80 For example, (1S,2S)-3-chlorocyclohexa-3,5-diene-
1,2-diol is useful to prepare ascorbate;81 (3R,4S,5R)-5-amino-
3,4-dihydroxycyclohex-1-enecarboxylic acid is an essential
component of the antiviral drug oseltamivir;82 a diol of (1S,2R)-
2,3-dihydro-1H-indene-1,2-diol could serve as an intermediate
for indinavir sulfate synthesis, which is a protease inhibitor in
HIV treatment;83 another diol of (3S,4R)-3,4-dihydroxy-2,2-
lyzed by different enzyme families.61–68 5a / 5a0: the hydroxylation at
b/ 5b0: hydroxylation at C25 of cholest-4-en-3-one 5b results in the
formation of 14-hydroxycodeinone 5c0; 5d/ 5d0: hydroxylation of 5d

RSC Adv., 2019, 9, 2102–2115 | 2107
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Fig. 6 Reactions catalyzed by dicarbonyl reductases from Acinetobacter baylyi.78
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dimethyl-3,4-dihydro-2H-chromene-6-carbonitrile could be
used to synthesize the potassium channel opening vasodilator
cromakalim.79

The preparation of chiral vicinal diols has been an exten-
sively studied area, and numerous routes and attempts have
been reported.79 Some advantages like atom economy, high
selectivity and environmental friendliness can be cited when
using two chiral centers via a single enzymatic step and diverse
enzymes are able to introduce this simultaneous chiral centers.
Hydrolases and oxidoreductase, more specic dicarbonyl
reductases (EC 1.1.1.-), dioxygenase (EC 1.13.11.-) and epoxide
hydrolase (EC 3.3.2.-), are the best examples of enzyme's classes
which catalyze the formation of enantiomerically pure
diols.79,84–86

Dicarbonyl reductases (EC 1.1.1.-), which are from the class
of oxidoreductases, can stereoselectively reduce two carbonyl
groups to their corresponding chiral diols. Currently, many
dicarbonyl reductases have been discovered from natural
sources, such as yeasts, bacteria, fungi, and even plant tissues,
and subsequently investigated. Because there are three enzymes
in this class and “diol” is a basic concept, we focus on only one
particular group of diols, vicinal diol, in which the two hydroxy
functional groups are attached to adjacent carbon atoms. For
vicinal diol production, the best presented example would be
the microbial production of 2,3-butanediol catalysed by 2,3-
butanediol dehydrogenases (EC 1.1.1.76).78,80 In terms of the
Fig. 7 Bicarbonyl reductases from different sources exhibit different ste

2108 | RSC Adv., 2019, 9, 2102–2115
catalytic mechanisms, Wu87 and coworkers have described that
dicarbonyl reduction is a consecutive process. During the
reduction of ethyl 2-oxo-4-phenylbutanoate 6a, two stable
monohydroxy intermediates (6b and 6c), as illustrated in Fig. 6,
appeared at the early phase of the reaction and were then
further reduced to yield vicinal diol 6d. The detection and
isolation of 6b and 6c clearly indicated that the dicarbonyl
reduction is a consecutive process. Even with all the different
properties, the dicarbonyl reductases exhibit distinct stereo-
selectivity towards a,b-diketo substrates (Fig. 7), for example,
mammalian dicarbonyl reductases catalyse 2-amino-6-(2-oxo-
propanoyl)-5,6,7,8-tetrahydropteridin-4(3H)-one (PPH4) to form
(1R,2S)-vicinal diol (L-erythro-BH4),88 on the other hand, the
products of tetrahydrobiopterin and their analogues using
dicarbonyl reductases (EC 1.1.1.-) were obtained from different
sources (Chlorobium tepidum and Dictyostelium discoideum
Ax2).89,90 This example shows us that dicarbonyl reductases can
cause notable variations in the product formation and
stereoselectivity.

From the eld of the nonenzymatic preparation of vicinal
diols, the most extraordinary example is the Nobel-winning
methodology, the Sharpless asymmetric dihydroxylation.91,92

The enzymatic variation of this reaction is catalysed by dioxy-
genases (EC 1.13.11.-). Dioxygenases are widely spread in
bacteria to assist the addition of two molecular oxygens into
a C]C bond, either conjugated with or within an aromatic
reoselectivity towards a,b-diketo substrates.79–81

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Dihydroxylation of (a) benzoate 8a with Alcaligenes eutrophus and (b) a-methylstyrene 8b with Pseudomonas putida.87,90
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system, yielding a vicinal cis-diol as the main product.93,94

Aromatic hydrocarbon dioxygenases belong to a multicompo-
nent enzyme systems which consists of several proteins, that in
the aromatic nucleus is added oxygen to produce arene vicinal
cia-diols,95,96 for example, cis-1,2-dihydroxycyclohexa-3,5-diene-
1-carboxylate (8a0) was obtained from benzoate 8a in a high
optical purity on a large scale by whole-cell biotransformation
(Alcaligenes eutrophus) with benzoate dioxygenase (EC
1.14.12.10) (Fig. 8).97 The underlying benzoate dioxygenase
belongs to the known Rieske non-heme iron oxygenases (EC
1.13.11.-) family. These enzymes are referred to as benzene,
toluene (EC 1.14.12.11), naphthalene (EC 1.14.12.12), or
biphenyl dioxygenase (EC 1.14.12.18), depending on the
substrates.96 Thus far, an extensive types of vicinal arene cis-
diols have been detected as the major reaction products in the
oxidation of aromatic hydrocarbons.98 Notably, Rieske dioxy-
genases also performed dihydroxylations of conjugated C]C
bonds,99 as shown in Fig. 8, for the oxidation of a-methylstyrene
(8b) to (R)-2-phenylpropane-1,2-diol (8b0) by whole-cell
biotransformation (Pseudomonas putida) with naphthalene
dioxygenase (EC 1.14.12.12).100

Other group of enzymes that furnish vicinal diol are the
epoxide hydrolases (EC 3.3.2.-), these enzymes catalyse the
hydrolytic ring opening of an epoxide.79 These biocatalysts were
Fig. 9 Stereochemical pathways of epoxide hydrolases.16

This journal is © The Royal Society of Chemistry 2019
isolated from different sources like animals, plants and
microorganisms.19 Epoxide hydrolases are independent of
cofactors or a prosthetic group or metal ions for their activity
and could selectively hydrolyse epoxides of various structural
types,101 such as monosubstituted epoxide (type I), styrene
oxide-type epoxide (type II), 2,2-disubstituted epoxide (type III),
2,3-disubstituted and trisubstituted epoxides (type IV).19 As
shown in Fig. 9, the consequence of this mechanism, where the
epoxide opens in a trans-specic fashion, is that only one oxygen
from water is transformed into the product. The absolute
conguration of the formed vicinal diols may be retained or
inverted because the mechanism takes place via nucleophilic
attack on the oxirane carbon atom and the stereochemical
pathway depends on the structure of the substituent in the
carbon atom which is being attacked and the epoxide hydrolase
(EC 3.3.2.-) is responsible for the regioselectivity. Consequently,
the absolute conguration of both the desired vicinal diol
product and the epoxide that was not hydrolysed must be
determined independently.19 Several epoxide hydrolases have
been applied to the preparative-scale production of chiral
epoxides and vicinal diols, indicating that the catalytic power of
epoxide hydrolases provides new possibilities for efficient,
specic and sustainable technologies to be developed for the
production of useful vicinal diols.
RSC Adv., 2019, 9, 2102–2115 | 2109
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Fig. 10 Preparation of b-hydroxy carbonyl compounds by water addition to (a) a,b-unsaturated carbonyl compounds and (b) a,b-unsaturated 2-
acyl imidazoles.19,96
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b-Hydroxy carbonyl compounds

The cyclic and acyclic b-hydroxy carbonyl compounds are
important structures in various biologically active organic
compounds because they provide two different functionalities
in the same molecule ready for manipulation.102 One of these
compounds that are used as potencial building blocks is the
chiral b-hydroxy ketones which are capable to synthese amino
alcohols, diols, lactones, and natural products.103 For example,
(S)-b-hydroxy cyclohexanone is used as a precursor for the
synthesis of 25-hydroxy-19-norvitamin D3 analogues.104

Notably, the 25-hydroxy-19-norvitamin D3 analogues are known
for their antiproliferative activities towards prostate cancer
cells.

Although the molecules themselves look rather simple, their
synthesis can be challenging. The direct Michael addition of
water to the conjugated double bond is a straightforward
approach to chiral b-hydroxy carbonyl compounds. The reaction
is very interesting with the obvious advantages of cofactor
independency, the use of water as a nucleophile and solvent
allowing a green route and perfect atom economy, but it has
rarely been investigated in organic synthesis. Although very few
chemical methods can be used, hydratases can perform this
reaction, and many examples have been described.21,105 Prom-
inent and well-studied examples include fumarase (EC 4.2.1.2),
malease (EC 4.2.1.31), citraconase (EC 4.2.1.35) and enoyl-CoA
hydratase (EC 4.2.1.17), which have been successfully used on
an industrial scale, and they show excellent enantioselectivities
values. One drawback of the enzymes reported is that most
hydratases are involved in metabolic pathways; therefore, they
exhibit a very narrow substrate scope. Recently, some remark-
able examples of enzymes that catalyse asymmetric hydration
have been described and seem to be much broader regarding
the substrates of different compound classes. We have reported
the use of whole cells from Rhodococcus rhodochrous to catalyse
the addition of water to various a,b-unsaturated carbonyl
compounds (Fig. 10a). Important b-hydroxy carbonyl
2110 | RSC Adv., 2019, 9, 2102–2115
compounds were achieved in good yields and excellent enan-
tioselectivities with this method.7,22 Although the enzymes
involved in this transformation have not yet been identied, the
results are still promising for future investigations on hydra-
tases with a more exible substrate scope. An articial metal-
loenzyme with hydratase activity has been reported to catalyse
the addition of water to a,b-unsaturated 2-acyl imidazoles
(Fig. 10b) to form the corresponding b-hydroxy carbonyl
compounds.106,107

b-Hydroxy carbonyl compounds can be prepared using
aldolases (EC 4.1.2.13), the reaction takes place by the aldol
addition of the donor component (i.e., nucleophile, usually
ketone) through, typically, an enolate or enamine that was
generated at the enzyme's active site, onto an acceptor compo-
nent (i.e., electrophile, usually aldehyde).108 For example, when
a-keto esters (such as pyruvate) were used as acceptors, aceto-
lactate (11a0) (in the case of pyruvate also as donors) or analo-
gous acetohydroxy acids were obtained (Fig. 11a).109,110

Acetolactate is the simplest derivative of this substance class. An
example of a more complex b-hydroxy carbonyl compound that
can be synthesized with aldol addition was described by Balskus
and Walsh111 in their biosynthetic investigations: the asym-
metric decarboxylation of indole-3-pyruvate (11b) with p-
hydroxyphenylpyruvate (11b0) resulted in the formation of 11b00

(Fig. 11b). Several other aldolases accept different a-keto acids
as donors or acceptors, thereby opening alternative routes to the
substances of b-hydroxy carbonyl compounds. Notably, Leh-
wald et al.112 have described the biosynthesis of b-hydroxy
carbonyl compounds via aldol addition, through the decar-
boxylation of pyruvate (11a), to cyclic and acyclic ketones as
substrate, using YerE from Yersinia pseudotuberculosis was
possible to produce chiral tertiary alcohol (Fig. 11c). The prod-
ucts (b-hydroxy carbonyl compounds) synthesized so far, many
on a semipreparative scale, already represent an impressive
variety, especially considering that a single wild-type enzyme
was used.
This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Preparation of b-hydroxy carbonyl compounds by aldol addition.100–102
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Cyanohydrins

Cyanohydrins are valuable building blocks in organic synthesis.
They enable an extensive chemistry that can be implemented
starting either from the nitrile or hydroxyl functionality. The
Fig. 12 Enantioselective synthesis of cyanohydrins with hydroxynitrile ly

This journal is © The Royal Society of Chemistry 2019
preparation of cyanohydrins from prochiral aldehydes and
ketones by the addition of HCN has therefore always attracted
attention and has been the topic of review articles.11,23,57

Hydroxynitrile lyases (HNL) are versatile enzymes for the
ases (HNL).104,105

RSC Adv., 2019, 9, 2102–2115 | 2111
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synthesis of both (R)- and (S)-cyanohydrins, which have been
used in industrial applications.113 Here, two examples are given
for the possible preparation of both enantiomers of cyanohy-
drins regarding the use of hydroxynitrile lyases. One uses Ara-
bidopsis thaliana HNL (AtHNL) (EC 4.1.2.47)114 as a catalyst for
the addition of HCN to hexan-2-one (12a) and 2-uo-
roacetophenone (12b), resulting in the formation of (R)-cong-
ured cyanohydrins 12a0 and 12b0, respectively, in high yield and
enantioselectivity (Fig. 12). The second example uses Linum
usitatissimum HNL (LuHNL) (EC 4.1.2.46) to catalyse the addi-
tion of HCN to phenylacetones 12c to obtain the (S)-congured
product 12c0 (Fig. 12).115 Regarding the biotechnological
potential, unfortunately, the problem of non-enzymatic reac-
tion for the addition of hydrogen cyanide onto carbonyl group
must be related for the most HNL-catalysed reactions. As
a result, the stereochemical purity of the desired products was
reduced.116 In this context, the improvement in yield by the
performance of reaction engineering to establish suitable
solutions such as, two-phase systems, microreactors, and
enzyme membrane reactors, should be mentioned. In this way,
the desired cyanohydrins could be obtained in excellent yield
and with signicantly improved ee values.

Conclusions and outlook

Biocatalysis has become an established technology for the
production of predominantly chiral ne chemicals and is
increasingly being applied in industry. An established trend is
the continued use of biocatalytic methods, which have
successfully replaced the well-established chemical methods to
produce enantiopure alcohols. The selected examples in this
mini-review point to the advantages of biological catalysts in
terms of substrate spectrum and enantioselectivity. In this
context, it is essential to increase the number and variety of
enzyme activities from novel sources. The elucidation of the
enzymes' mechanism of action, in combination with the char-
acterization of their structures and biochemical performance, is
of paramount importance. Together, this knowledge, along with
modern molecular biology methods such as protein engi-
neering, immobilization techniques and metalloenzymes, is
essential to push for the development of more versatile and
robust (bio)catalysts or catalytic entities for use in the synthesis
of enantiomerically pure alcohols. Moreover, the stereospeci-
city of the reactions which is catalysed by enzymes has been
a useful source of information about the mechanisms of
enzyme catalysis; the use of stereospecically labelled
substrates enables the study of the reaction's course. To
understand the mechanistic and kinetic details, the biocatalysis
provides a very promising opportunity even to the most complex
enzymatic reactions.

The enantioselective water addition to alkenes represents
a very efficient and green method to produce enantiopure
alcohols. To date, this chemistry has not been highly used, and
there are very few examples of it; however, enzyme-catalysed
reactions are a mainstay of life. Most hydratase enzymes,
however, are involved in metabolic pathways and therefore
exhibit a very narrow substrate range. More work remains to be
2112 | RSC Adv., 2019, 9, 2102–2115
done in broadening the substrate spectrum. Aldolase-catalysed
stereoselective aldol addition represents a strategic reaction for
the preparation of enantiopure alcohols and analogues.
However, aldolases are somewhat limited due to their high
selectivity towards the donor substrate, and they do not produce
the desired alcohols with a high level of enantioselectivity,
particularly when handling non-natural acceptor substrates.
Work in this area has been focused on overcoming the above
mentioned limitations through directed evolution and reaction
engineering. More work still needs to be done in the discovery
of novel enzyme activities and broadening the substrate range.
The application of enzymes for the enantioselective synthesis of
cyanohydrins is a well-established technique that is a key step in
many syntheses. Mono-phasic, bi-phasic and pure organic
solvent systems are all used with great success. Efficient reac-
tion engineering, enabling a more straightforward application
of these versatile enzymes for organic chemistry, is the next
stage of development. The biocatalytic reduction of carbonyl
compounds to the corresponding enantiopure alcohols repre-
sents one of the most common reactions in organic chemistry.
The combination of rational and irrational protein design
technologies will continue to be applied to improve the catalytic
properties of enzymes for their industrial applications in the
production of high-value enantiopure alcohols. Chiral kinetic
resolution by lipases provides access to a wide range of enan-
tiopure alcohols, remaining a versatile and valuable method in
organic synthesis. The epoxide hydrolases (EHs)-mediated
enantioconvergent process is also a valuable synthetic tool for
the preparation of chiral vicinal diols and is particularly
important because no chemical approach for the enantio-
convergent hydrolysis of epoxides to yield chiral vicinal diols
has been developed. More work is highly anticipated to develop
engineered epoxide hydrolases that are less sensitive to diol
product inhibition, which is one of the main limitations in EHs-
mediated enantioconvergent hydrolysis. Regio- and stereo-
selective hydroxylation has proven to be a useful tool in the
production of enantiopure alcohols, and there have been
signicant advances in the development of new processes to
perform this reaction. The continued search for new method-
ologies and enzymatic activities, and the optimization of these
features, such as the development of new reactor systems, is
highly expected in this area.

The challenges for the future in the enzymatic synthesis of
enantiopure alcohols lie in philosophical, rather technical
aspects. Biocatalysis is a multidisciplinary eld, and its devel-
opment requires a combination of chemical and biological
techniques. The strategies given here are used with great
successes to produce enantiopure alcohols. It is hopeful that
this gives chemists ample room to consider enzymes as tools for
envisaged synthesis and, likewise, for biologists to consider the
chemical applications of enzymes. With a dedicated bio-
catalysis group using a combination of chemistry and biology,
enzyme-catalysed reactions may be applied in a straightforward
manner, with the synthetic strategies designed from the outset.
In this way, the potential value of the enzymatic synthesis of
enantiopure alcohols for laboratory and industrial use can truly
be realized.
This journal is © The Royal Society of Chemistry 2019
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P. Schreier, J. Mol. Catal. B: Enzym., 2001, 11, 377–385.

57 W. A. Duetz, A. H. M. Fjällman, S. Ren, C. Jourdat and
B. Witholt, Appl. Environ. Microbiol., 2001, 67, 2829–2832.

58 S. T. Chen and J. M. Fang, J. Org. Chem., 1997, 62, 4349–
4357.

59 R. Kourist and U. T. Bornscheuer, Appl. Microbiol.
Biotechnol., 2011, 91, 505–517.

60 S. Z. Wang, J. P. Wu, G. Xu and L. R. Yang, Biochem. Eng. J.,
2012, 65, 57–62.

61 S. H. Krishna, M. Persson and U. T. Bornscheuer,
Tetrahedron: Asymmetry, 2002, 13, 2693–2696.

62 T. Sugai, H. Kakeya and H. Ohta, Tetrahedron, 1990, 46,
3463–3468.

63 M. Pogorevc and K. Faber, J. Mol. Catal. B: Enzym., 2000, 10,
357–376.

64 Y. Luo, Y. Chen, H. Ma, Z. Tian, Y. Zhang and J. Zhang, Sci.
Rep., 2017, 7, 42064.

65 E. Henke, J. Pleiss and U. T. Bornscheuer, Angew. Chem., Int.
Ed., 2002, 41, 3211–3213.

66 E. Henke, U. T. Bornscheuer, R. D. Schmid and J. Pleiss,
ChemBioChem, 2003, 4, 485–493.

67 R. Kourist, P. D. de Maria and U. T. Bornschuer,
ChemBioChem, 2008, 9, 491–498.

68 M. M. Elenkov, H. W. Hoeen, L. Tang, B. Hauer and
D. B. Janssen, Adv. Synth. Catal., 2007, 349, 2279–2285.

69 C. Molinaro, A. A. Guilbault and B. Kosjek, Org. Lett., 2010,
12, 3772–3775.

70 J. B. Cheng, M. A. Levine, N. H. Bell, D. J. Mangelsdorf and
D. W. Russell, Proc. Natl. Acad. Sci. U. S. A., 2004, 101, 7711–
7715.

71 J. G. Zhu, J. T. Ochalek, M. Kaufmann, G. Jones and
H. F. DeLuca, Proc. Natl. Acad. Sci. U. S. A., 2013, 110,
15650–15655.
2114 | RSC Adv., 2019, 9, 2102–2115
72 H. Sugimoto, R. Shinkyo, K. Hayashi, S. Yoneda,
M. Yamada, M. Kamakura, S. I. Ikushiro, Y. Shiro and
T. Sakaki, Biochemistry, 2008, 47, 4017–4027.

73 D. Zehentgruber, F. Hannemann, S. Bleif, R. Bernhardt and
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