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Abstract: In this review the recent reports of biocatalytic reactions applied to the desymmetrization
of meso-compounds or symmetric prochiral molecules are summarized. The survey of literature from
2015 up to date reveals that lipases are still the most used enzymes for this goal, due to their large
substrate tolerance, stability in different reaction conditions and commercial availability. However,
a growing interest is focused on the use of other purified enzymes or microbial whole cells to expand
the portfolio of exploitable reactions and the molecular diversity of substrates to be transformed.
Biocatalyzed desymmetrization is nowadays recognized as a reliable and efficient approach for the
preparation of pharmaceuticals or natural bioactive compounds and many processes have been scaled
up for multigram preparative purposes, also in continuous-flow conditions.

Keywords: desymmetrization; biocatalysis; chiral compounds; lipases; amidases; oxidoreductases

1. Introduction

Chirality is an important molecular feature that gains particular significance in the case of
biologically active compounds since the activity is often dependent from the correct stereochemistry
fitting with the target sites in living systems [1,2]. This concept is nowadays so widely accepted
that pharmacological properties of chiral drugs are studied on both enantiomers [3] in order to
highlight, if there are, enhancement of the activity or adverse effects related with a single enantiomer [4].
The increased demand of enantiomerically pure drugs or intermediates, together with the huge
advances in total synthesis of natural compounds, have promoted the development of synthetic
methodologies aimed to the preparation of a variety of compounds in non-racemic form [5].

In this context, the desymmetrization strategy has attracted great interest [6,7] for the possibility
to generate multiple stereocentres starting from relatively simple symmetric prochiral molecules or
meso-compounds, without the limitation in the yield connected with the classical kinetic resolution of
racemates, that gives at maximum 50% of the desired enantiomer.

It is worth mentioning that a molecule is prochiral when it contains a tetrahedral atom bonded to
two identical functional groups, whose selective modification (or substitution) following an enantiotopic
differentiation gives rise to enantiomers (Figure 1a). Are prochiral also those molecules containing a
trigonal system (as an alkene or a ketone) that can be made chiral by the addition of a new atom or
group with enantiofacial differentiation (Figure 1b). Desymmetrization of prochiral molecules, hence,
leads to the creation of a stereogenic centre in place of the pre-existing pro-stereogenic one.
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Indeed, when a desymmetrization of a substrate A is carried out in the presence of a catalyst 
with a given stereopreference, for example R or pro-R, a R-enantioenriched mono-functionalized 
product B is firstly obtained, but the over-reaction of this compound to the corresponding bis-
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Figure 1. (a) General representation of prochiral molecules; (b) General representation of prochiral
molecules with a trigonal group; (c) General representation of meso-molecules; (d) General representation
of meso-molecules containing additional stereogenic centre in the symmetry plane.

meso-Compounds, on the other hand, are achiral molecules due to the presence of improper
symmetry element(s), although they containing pair(s) of chiral centres with opposite configuration
(Figure 1c), and possibly also additional stereogenic carbon(s) lying on the symmetry element (Figure 1d),
that become “explicited” following desymmetrization since no longer equivalent.

According the IUPAC definition [8], a desymmetrization consists of a modification resulting in
the loss of one or more symmetry elements, such as those which preclude chirality (mirror plane,
centre of inversion, rotation-reflection axis), so that a prochiral molecular entity is converted into
a chiral one. For an effective desymmetrization, hence, two enantiotopic functional groups of the
substrate need to be selectively differentiated through the appropriate choice of chiral reagent or
catalysts. Furthermore, products in high optical yield at the expense of chemical yield can be obtained
even with a moderately selective catalyst, exploiting the synergy between desymmetrization and a
subsequent kinetic resolution step, in a Horeau-type amplification of the optical yield [9].

Indeed, when a desymmetrization of a substrate A is carried out in the presence of a catalyst with
a given stereopreference, for example R or pro-R, a R-enantioenriched mono-functionalized product
B is firstly obtained, but the over-reaction of this compound to the corresponding bis-functionalized
derivative C (a symmetrical and achiral by-product) will tend to proceed in a kinetic resolution fashion
through the differentiation of the two distinct enantiomers of B, preferentially consuming the minor
enantiomer of B, which still has the catalyst-matched R-enantiotopic position intact and suitable to be
further transformed. If this is the case, the overall process ultimately results in the improvement of
optical purity of the desymmetrization product B (Scheme 1).

An impressive amount of work has been carried out on desymmetrization reactions catalyzed by
chiral metal-ligand complexes or chiral organocatalysts as well as by purified enzymes or microbial
whole cells and recent reviews are present in literature [10–12]. Effective desymmetrization protocols
have been developed for substrates bearing a variety of functional groups, also including all-carbon
quaternary stereocentres [13], and identified as key steps in the synthesis of several chiral natural
compounds or drugs.
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Due to the high stereoselectivity of enzymes, biocatalysis offers a valuable strategy in the synthesis
of pharmaceuticals and desymmetrization processes [14–16], also taking advantages in the use of
mild reaction conditions without the need of harsh reagents or special laboratory equipment, in the
commercial availability of many enzymes and in the possibility to improve the catalytic performances
of enzymes (or microorganisms) by direct evolution techniques [17]. In this review we have selected
the most recent (from 2015 up to date) reports of biocatalyzed desymmetrizations of meso and prochiral
molecules useful as intermediates in the synthesis of biologically active compounds, limiting the
examples of molecules containing trigonal systems to the cases in which the enantiofacial differentiation
is coupled with enantiotopic discrimination, as occurs in symmetric diketones.
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Scheme 1. Schematic representation of kinetic amplification in the desymmetrization of
meso-compounds.

2. Desymmetrization of Meso-Compounds

2.1. Lipase-Catalyzed Reactions

Among the different enzymes used in biocatalytic transformations, lipases are the most popular
ones for their wide substrate tolerance, which allows to a notable variety of molecular scaffolds to
be accommodated and stereoselectively recognized in the enzymatic active site resulting in efficient
kinetic resolution or desymmetrization processes [18–20]. Lipases belong to the class of hydrolases
and their physiological activity resides in the hydrolysis of fatty acid esters; on this basis most of the
applications of these enzyme deal with the hydrolysis of suitable esters of carboxylic acids in buffered
aqueous medium. However, lipases are also able to display their activity in organic solvents and
this peculiar feature has opened access to the possibility to better solubilize hydrophobic substrates
and carry out either direct esterification or transesterification reactions (inhibited in water medium)
through the proper combination of an alcohol and a carboxylic acid or derivative (Scheme 2).
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Due to its reversibility, the direct esterification often demands an efficient removal of the water
produced during the reaction in order to achieve high conversion of the substrate, whereas the use



Symmetry 2020, 12, 1454 4 of 26

of vinyl esters as acyl donors is usually the best choice to make irreversible the transesterification
reactions, thanks to the formation of acetaldehyde [18].

Furthermore, the polarity of the organic medium as well as its water content markedly influence
the conformational properties of the enzyme, eventually resulting in changes of its stability, activity and
stereoselectivity which can be therefore modulated by “medium engineering” [21–23]. The use of lipases
in organic solvents gives great advantage when the opposite enantiomers of a target chiral compound
are required, since a single enzyme can be used in two complementary reactions, as hydrolysis and
esterification or two transesterification reactions, on related substrates without the need of two enzymes
with opposite stereopreference. Indeed, if a diester of a meso-diol is hydrolyzed in aqueous medium by
a lipase with R-stereopreference a monoester having the free alcohol group located on R-stereocentre
will be obtained, but using the meso-diol as substrate in a reaction in the presence of the same lipase and
a suitable acyl-donor in organic solvent, the opposite enantiomer is expected to be formed following
the preferential esterification of the R-alcohol group. (Scheme 3).
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Scheme 3. Preparation of both enantiomers of a target compound by desymmetrization of
meso-substrates with lipase-catalyzed complementary reactions.

Immobilization of lipases on different inert supports, in addition to facilitating the recovery of the
catalyst from aqueous or organic solutions, also leads in many instances to enhanced stability of the
enzymes [24–26], allowing them to be recycled and/or used in flow-reactors to increase the productivity
and sustainability of the biotransformations. Several lipases from bacteria, yeasts, fungi and porcine
pancreas are commercially available in free or immobilized forms and in some cases the observed
stereoselectivity has been rationalized with the aid of crystallographic and molecular modelling
studies [27–29].

Selective lipase-catalyzed reactions have been widely applied to the desymmetrization of a variety
of meso-diols [12] to give products with defined chirality on two (or more) stereogenic centres, useful as
intermediates in the synthesis of natural compounds or drugs.

Chiral 4-hydroxy-2-cyclopentenyl acetate (1), an important building block for the synthesis of
prostaglandins, some antibiotics and natural cyclopentanoids, has been enzymatically produced
by selective acylation of the cis-2,4-dihydroxycyclopentene (2) or hydrolysis of the corresponding
diacetate 3. In the original procedures developed by Theil’s group [30], porcine pancreas lipase (PPL)
or pancreatin, a crude preparation of the pancreatic enzymes, were employed for both reactions,
but also immobilized lipase from Mucor miehei (Chirazyme®) [31] and Pseudomonas fluorescens lipase
(PFL) immobilized on superparamagnetic nanoparticles [32] were found effective in the preparation of
optically active 1 (Figure 2).

Recently, both the enantiomers of 1 have been prepared by using two enzymes with opposite
stereopreference. By using a recombinant pig liver esterase (PLE), an enzyme acting on the esters of
short chain acids with the same hydrolytic function of lipases, the desymmetrization of diacetate 3
was carried out in multigram scale to afford (1S,4R)-1 in good optical yield. Coupling of the process
with enantioselective crystallization allowed to obtain the target monoacetate in 99% ee (Figure 3a) at
expense of the chemical yield (40%) [33].
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On the other hand, the transesterification reaction of 3 with MeOH in the presence of immobilized
lipase from Candida antarctica (Novozym® 435) gave, after careful choice of the solvent, (1R,4S)-1 in
excellent chemical and optical yields (95%, 99% ee). In the optimized conditions the formation of diol 2
was not observed and the reaction was carried out on a 10 g scale, reusing the enzyme up to 10 cycles
without appreciable changes in its activity (Figure 3b) [34].

In the course of a study on diastereoselective Passerini reaction, Riva et al. prepared both
enantiomers of monoester 4 exploiting the desymmetrizations of diol 5 and its dibutyrate ester 6
through complementary reactions of acylation and hydrolysis, respectively [35]. In comparison
with previous works [36,37], the acylation of 5 with vinyl butyrate was optimized using lipase from
Burkholderia cepacia (Amano PS) immobilized on Celite in a 4:1 i-Pr2O:CH2Cl2 mixture and the addition
of powdered 3Å molecular sieves was found beneficial for the reproducibility in preparative scale.

Prolonging the reaction time (about 20 h) the amount of formed 6 increased, but (2R,5S)-4 could
be obtained in enantiopure form (72% isolated yield) thanks to kinetic amplification (Figure 4).Symmetry 2020, 12, x FOR PEER REVIEW 6 of 28 
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The same lipase Amano PS also promoted the selective acetylation of diol 7 to give monoacetate
(1S,2R)-8 and the hydrolysis of diacetate 9 to afford the opposite enantiomer (1R,2S)-8, in both cases with
satisfactory chemical yield and optical purity [38]. Swern oxidation of the free alcohol group present
in both enantiomers of 8 gave the corresponding chiral aldehydes, which were used as substrates
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in Ugi or Passerini multicomponent reactions followed by cyclization to trans or cis-fused bicyclic
pyrrolidines, to afford 6 out of all 8 possible stereoisomers of the peptidomimetic derivative 10. Starting
from (1R,2S)-8, the same strategy was also applied to the synthesis of the antiviral drug telaprevir,
which was obtained in 8 step and 26% overall yield, in a valuable alternative to other reported processes
employing the more expensive monoamine oxidase or chemical chiral catalysts (Figure 5).
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acetate 8.

In the retrosynthetic analysis for two yohimbine alkaloids, the desymmetrization of diacetate 11
was identified as a crucial step to install the right stereochemistry in the pentacyclic indole skeleton
of the target molecules. In their work [39], Ghosh and Sarkar modified the reported procedure of
hydrolysis of 11 in the presence of PPL with the use of a solution of NaHCO3 instead of NaOH as
neutralizing agent of the acetic acid released in the reaction. In this way the competing non-enzymatic
hydrolysis of 11, that results in the erosion of the enantiomeric purity of monoacetate 12, was minimized
and it was possible to obtain (1R,2S)-12 in reproducible yield (>80%) and optical purity >95% ee,
even in a 50 g preparative scale. With this optimized protocol in hand, the same authors also succeeded
in converting the optically active 12 into the 6,5 fused ring (3aS,4S,7aR)-4H-furo [2,3-b] pyran-4-ol,
which was then incorporated in the structure of an analogue of the HIV-protease inhibitor daunavir
(Figure 6).

The desymmetrization of 1,3,5-cyclohexanetriols, originally investigated by Wirz and
coworkers [40], is an important strategy to control of the stereochemistry of ring A in the synthesis
of vitamin D3 analogues. On the basis of literature data, Garcia et al. [41] selectively acetylated
cis,cis-O-protected diol 13 with lipase from Pseudomonas cepacia immobilized on diatomaceous earth
(Amano IM) and reported higher reaction rate and selectivity of the enzyme in toluene or TBME
compared to THF. The monoacetate 14 with (1R,3S,5S)-configuration was obtained as exclusive product
and then manipulated to prepare both 1,3-epimers of vitamin nor-D3 (Figure 7).
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desymmetrization of 11.
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In a screening of lipases for the desymmetrization of myo-inositol derivative 15 [42], it was found
that only lipases from Rhizomucor miehei (Lipozyme RM-IM) and Thermomyces lanuginosus (Lipozyme
TL-IM), both in immobilized form, were active in catalyzing the formation of monoacetate 16 with
the same excellent stereoselectivity. In comparison with ethyl acetate, the use of vinyl acetate as
solvent/acylating agent led to higher conversion of the substrate and the reaction rate increased in the
presence of a co-solvent in 1:1 ratio. In the assay for enzyme reuse, it was found that Lipozyme TL-IM
maintained its activity and selectivity over seven cycles (Figure 8).
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The stereoselective hydrolysis of diester 17, catalyzed by lipase from Candida rugosa (Lipase
AYS), has proven to be a robust route for the preparation in multigram-scale of the chiral monoester
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(1S,3R)-18 [43], a key synthon for the insertion of the suitable chirality in 19, an inhibitor of human
influenza virus replication, whose optimized synthesis was carried out in just 5 steps and 35% overall
yield from 18 (Figure 9).
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2.2. Reactions Catalyzed by other Enzymes than Lipases

Beside the hydrolysis/transesterification reactions catalyzed by lipases, reactions in the presence
of oxidoreductases are an important group of biotransformations with significant potential in
organic synthesis and in the preparation of chiral compounds [44–46]. In this group of enzymes,
alcohol dehydrogenases (ADHs) have been widely investigated [47–50] due to their ready availability
from horse liver [51] or baker’s yeast [52]. ADHs catalyze the reversible oxidation of alcohols to the
corresponding carbonyl compounds, through the transfer of a hydride anion to the oxidized form of a
nicotinamide cofactor, NAD+ or NADP+, which is converted into its reduced form, NADH or NADPH.
The cofactor is then regenerated [53,54] for the subsequent cycles of oxidation through the conversion
of an ancillary substrate by a specific NAD(P)H oxidase. Although a variety of purified ADHs can be
today produced from engineered microorganisms or recombinant techniques [55,56], the need of a
coupled two-enzyme system can be in some instances advantageously overcome by using microbial
whole cells containing both the required enzymes [57,58].

For their high stereospecificity, ADHs can be exploited in the desymmetrization of diols through
the selective oxidation of one alcohol group following the enzymatic enantiotopic differentiation.
This strategy has been recently applied for the production (R)-acetoin 21 from 2,3-butanediol 20 in the
presence of a specific ADH from Corynebacterium glutamicum, obtained from expression in Escherichia coli
of the corresponding gene and subsequent purification [59]. In the search of an effective regeneration
system for the expensive cofactor NAD+, different oxidases were produced and tested; the oxidase
from Lactococcus lactis gave the best reaction performances and the overall process led to 21 in good
chemical and optical yields (Figure 10).
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Figure 10. Desymmetrization of diol 20 via enantiotoposelective oxidation.

The selective conversion of diol 2 into monoalcohol (R)-22 was carried out in the presence of a
crude lysate of cells from Ralstonia sp. (RasADH) expressing a NADP(H)-dependent ADH and it was
also found that an efficient cofactor regeneration is provided by the reduction of cyclohexanone by the
same enzyme. Chiral 21 was then used as a building block in a three-component coupling reaction to
generate the antiglaucoma drug travoprost, an analogue of prostaglandin PGF2a, in high enantiomeric
purity [60] (Figure 11).
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Figure 11. Enantiotoposelective oxidation of 2 as key step in the synthesis of travoprost.

The biotransformation of diols 23a–c to the corresponding γ-lactones 24a–c, probably proceeding
through a lactol intermediate as previously reported for the oxidation of other diols with the same
microorganism [61], was investigated in the presence of whole cells of Rhodococcus erythropolis DSM
44354 as biocatalyst [62].

The microorganism was cultured in a mineral medium containing ethanol as sole source of carbon
and no additional enzyme or cofactor were required for the biooxidation of the substrates. The reaction
outcome was found to be dependent by the structure of the starting diol and the selectivity in the
desymmetrization increased going from 23a to 23c, although the observed chemical yield followed a
different order (Figure 12).Symmetry 2020, 12, x FOR PEER REVIEW 10 of 28 
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Amidases are an important group of hydrolytic enzymes able to convert amides in the
corresponding free carboxylic acids with release of ammonia. Ubiquitously diffused in living organisms,
they play an important role in the detoxification of xenobiotics and in many microorganisms they
are often coupled to nitrile hydratases, concurring to convert nitriles into carboxylic acids [63,64].
In the context of broadening the scope of biocatalysis in sustainable organic synthesis, the use of these
enzymes is attracting great interest since the chemical hydrolysis of nitriles and amides often requires
harsh conditions, such as the use of strong acids and elevated temperatures, not compatible with the
presence of other labile groups, it is not selective, so generating mixtures of products, and produces
large amount of waste with consequent environmental concerns.

Although they have been known for long time, the application of amidases in enantioselective
biotransformations is rather limited, mostly to the resolution of racemates, and work in this field has
been recently reviewed [65]. Extensive investigation of the desymmetrization of dicarboxamides has
been carried out by Ao’s group using whole cells of R. erythropolis AJ270, a microorganism that exhibits
catalytic nitrile-hydrolyzing activity, and in their recent work a systematic study was carried out on a
series of cyclopentane- and cyclohexane-derivatives [66]. Compounds 25a–c were hydrolyzed in high
reaction rate and excellent pro-S-stereoselectivity, independently from the size of the carbocycle, to give
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the corresponding monoamides 26a–c, in which the enzymatically generated carboxylic acid group
was chemically alkylated by benzyl bromide to facilitate the isolation and detection of the products
(Figure 13).Symmetry 2020, 12, x FOR PEER REVIEW 11 of 28 
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Figure 13. Amidase-catalyzed desymmetrization of cyclic cis-dicarboxamides 25a–c.

The biocatalytic procedure was also applied to derivatives 27a–c, containing an additional
stereogenic centre lying in the symmetry plane of the molecules, and a marked lowering of the reaction
rate was evidenced, probably related with the steric hindrance effects exerted by the substituent in
the 2-position of the ring. However, the efficiency of the biocatalyst in the stereorecognition was
maintained and, interestingly, in spite of the opposite configuration at C-2 in compounds 27a and
27b the same S-configuration was assigned to the obtained products 28a and 28b, suggesting that
the hydroxyl group may not participate in the chiral recognition with amidase. The presence of a
rigid cyclic backbone in the substrate was shown essential for the enantiocontrol of the reaction, as
indirectly deduced by the reaction of the prochiral glutaramide 29 that afforded 30 in quite low optical
purity. Indeed, in 29 the two amide groups are located on a flexible acyclic skeleton and may adapt in
comparable rate to the active site of the enzyme (Figure 14).

A marked influence of steric effects on the reactivity of amidase in whole cells of R. erythropolis
AJ270 was also revealed in the desymmetrization of bis-amides 31a–e and 33a–b, bearing an all-carbon
quaternary stereogenic centre in the C-2 position of cyclopentane ring [67].

When the large C-2 substituent was in the trans-configuration with respect to the reactive
amide groups, complete conversion of the substrates to monoamides 32a–e was achieved within
2 days, but the opposite configuration of C-2 led to detrimental effect on the reaction rate,
even though the S-stereopreference in the formation of 34a–b was maintained at excellent
level. The described biotransformation represents an important approach to enantiopure densely
functionalized cyclopentanes, that are not readily available by other routes and can be useful
intermediates in the synthesis of natural compounds (Figure 15).
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3. Desymmetrization of Prochiral Compounds

3.1. Lipase-Catalyzed Reactions

The recent reports of lipase-catalyzed desymmetrizations of prochiral compounds deal in most
cases with substrates belonging to the class of 2-substituted propane-1,3-diols, which are important
precursors in the synthesis of biologically active compounds.

As an example, in their search for synthetic access to chiral 2-piperidones, whose skeleton is
embedded in many active alkaloids, Judeh and coworkers identified alcohol 36 as an important synthon
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and investigated the possibility to prepare it by desymmetrization of diol 35 [68]. Following a screening
of enzymes, lipase from P. fluorescence was the most stereoselective toward the formation of (R)-36 and
it was observed that the amount of the diacetylated product 37 decreased in polar aprotic solvents
such as CH3CN. The opposite enantiomer, (S)-36 was obtained through the complementary reaction of
hydrolysis of diacetate 37 with the same lipase and the presence of an organic co-solvent (10% v/v)
was essential for high enantioselectivity, probably in consequence of a decreased conformational
mobility of the enzyme compared to the aqueous medium. However, the hydrolysis of 37 proceeded
with concomitant formation of diol 35 and, in the best conditions, gave (S)-36 in 51% isolated yield
(Figure 16).Symmetry 2020, 12, x FOR PEER REVIEW 14 of 28 
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The desymmetrization of diacetate 38, previously reported by Nanda et al. [69], was recently
exploited for the construction of the fatty acid unit in the N-terminus of natural cyclodepsipeptides
callipeltin A and homophymine B, which possess antiviral, antifungal and antitumoral activities.
In their work [70], Tokairin and Konno carried out the hydrolysis of 38 at low temperature in the
presence of a commercially available lipase (Amano PS) instead of the original enzyme PS-D (lipase
from B. cepacia immobilized on diatomite) and the optically pure monoacetate (R)-39 was converted
into (2R,3R,4R)-3-hydroxy-2,4,6- trimethylheptanoic acid in 40% yield over 2 steps (Figure 17).
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In a study on the lipase-catalyzed transesterification of pyrimidine acyclonucleoside 40 in organic
solvent it was found that the reaction in the presence of Amano PS lipase was not selective for the
formation of monoester (R)-41a, but proceeded to the corresponding diester so that the choice of the
optimal reaction time was essential to maximize the yield of the target product.

From a reaction in THF, (R)-41a was isolated in 65% yield and its optical purity (95% ee) clearly
resulted from the occurrence of a kinetic amplification process during the desymmetrization of 40 [71].
In a subsequent work [72], the same authors screened a series of ionic liquids in different ratios
to TBME as reaction medium and they found that the discriminating ability of lipase increased in
the presence of hydrophobic 1-butyl-3-methylimidazolium hexafluorophosphate salt ([BMIM][PF6]).
In addition, the formation of the diester product was markedly suppressed and further improvement in
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the enantioselectivity was achieved changing vinyl acetate with vinyl butyrate as acyl donor, leading to
the isolation of (R)-41b in excellent chemical and optical yield (Figure 18).Symmetry 2020, 12, x FOR PEER REVIEW 15 of 28 
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Figure 18. Lipase-catalyzed desymmetrization of nucleoside-substituted glycerol 40.

In the de novo synthesis of EFdA, a potent inhibitor of nucleoside reverse transcriptase with high
potential in antiretroviral therapy, the desymmetrization of glycerol derivative 42 was retrosynthetically
recognized as a key step for the installation of the fully substituted carbinol stereocentre within the
molecule. Among the different tested enzymes, lipase A from C. antarctica (CAL-A), was able to
catalyze the formation of (R)-43 in very good optical purity without significant over-reaction to
the corresponding free triol. However, the enzyme selectivity was found to be dependent by pH
and optimal performances were observed in the pH range 4.5–5.6 in the presence of methanol as
co-solvent [73] (Figure 19).
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3.2. Reactions Catalyzed by Other Enzymes than Lipases

Although oxidation of alcohols catalyzed by purified oxidase or microorganisms is recognized
as an important tool in sustainable biotransformations [74], the application of this strategy to the
desymmetrization of prochiral diols is rather limited. A systematic study on the desymmetrization of
2-alkyl propane-1,3-diols 44a–g was recently carried out by Brenna et al. [75], that employed Acetobacter
aceti MIM 2000/28 as biocatalyst taking advantage from the natural ability of this microorganism to
work in acidic medium and tolerate high concentrations of carboxylic acids. It is known that this type
of bacteria oxidizes alcohols through a two-step transformation, the first of which involves an alcohol
dehydrogenase to give rise to an aldehyde intermediate, then transformed into the final carboxylic
acid by means of an aldehyde dehydrogenase.

As could be expected, the biocatalyzed oxidation of substrates 44a–g to the chiral hydroxyacids
45a–g proceeded with different selectivity and reaction rate, depending on the nature of the substituent
in the C-2 position of the molecule. With sterically demanding substituents, as iso-butyl (a branched
alkyl chain) and phenyl groups, the substrates were recovered unreacted, indicating that the access
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to the catalytic sites of both the involved enzymes is fully inhibited. Satisfactory results in terms of
enantioselectivity were observed with substrates 44a, 44f and 44g, the latter one obtained in moderate
chemical yield, but an inversion of the absolute configuration of the corresponding acids was observed
going from 45a to 45f. These substrates could be considered the extreme points for that concerns the
difference in the steric hindrance between the C-2 substituent and the reactive hydroxymethyl group,
a factor that seems to drive the selectivity of the microbial oxidation and could also explain the results
observed for the intermediate cases of diols 44b–e (Figure 20).
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Figure 20. Oxidative desymmetrization of 2-alkyl propane-1,3-diols 44a–c catalyzed by microbial
whole cells of Acetobacter aceti.

In a further development, this oxidation reaction was adapted for a continuous flow synthesis of
the angiotensin converting enzyme (ACE) inhibitor captopril starting from diol 44a [76]. The A. aceti
catalyst was immobilized as alginate-entrapped dried cells and in this form was used to pack a glass
column reactor inside which a solution of 44a in acetate buffer and an oxygen stream were let to flow.
Due to the high local concentration of the biocatalyst in the reactor, 95% conversion of the substrate was
reached in 10 min. Following immobilization, the enantioselectivity of the biocatalyst was maintained
and 45a with 96–97% ee was obtained. Furthermore, the alginate beads showed good stability over
the time, giving the same substrate conversion for about 10 h of continuous work. At the end of
the reaction the product 45a was separated from the unreacted substrate 44a by flowing through an
anionic resin, from which it was released by elution with HCl. Even the subsequent reaction steps
were optimized for in-flow conditions and coupled with in-line separation of co-products, by-products,
and excess reagents to ultimately give captopril in 50% global yield (Figure 21).
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Figure 21. In-flow oxidative desymmetrization of 44a for the synthesis of captopril.

In the course of their intensive study on biocatalytic reactions catalyzed by whole cells
of the amidase-containing bacterium R. erythropolis AJ270, Ao and coworkers investigated the
desymmetrization of a series of prochiral 3-aryl and 3-arylmethylglutaramides [77] and put in
evidence a marked effect of the “remote” aromatic substituent on the catalytic activity and selectivity.

Indeed, in the group of 3-arylglutaramides 46, which all required long reaction times (72–168 h)
for sufficient substrate conversion, the presence of a para-halogen substituent (R= 4-Br, 4-Cl) led to
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nearly racemic products 47 in moderate chemical yield whereas good conversion of the substrates
(87–91%) coupled with low optical purity (21–41% ee) of the corresponding monoamides were observed
with unsubstituted (R= H) and meta-substituted (R= 3-Br, 3-Me) phenyl derivatives. Ortho-substituents
(R= 2-Br, 2-Cl, 2-Me) beneficially affected the reaction giving the expected products in excellent chemical
(90–95%) and enantiomeric (>99.5%) yields, suggesting a role of the steric hindrance in aiding the
discrimination of the two enantiotopic amide groups. However, this behavior was not general since
the 2-OMe derivative gave sluggish reaction without selectivity (30% yield, 5% ee).

On the contrary, in the series of 3-arylmethylglutaramides 48 high substrate conversion (84–92%)
and complete sterocontrol was observed in most cases, independently from the nature and position
of the substituent on the phenyl ring (R = H, 2-Br, 3-Br, 4-Br, 4-Cl, 4-F, 4-Me), leading to enantiopure
R-monoamides 49 (>99.5% ee) with the exception of substrates with R= 4-CF3 and 4-OMe that gave
products with slightly lower optical purity (77% and 91% ee, respectively). However, the 2-Br
substituted glutaramide required longer reaction time (65 h) compared to the other substrates in the
series, that were fully converted within 8–28 h. These results suggested that the C-2 benzyl groups in
derivatives 48, less bulky and more flexible in comparison with the phenyl ones present in 46, allows a
more efficient accommodation of the substrates in the active site of amidase, resulting in increased chiral
discrimination ability of the enzyme and lowered dependence on the remote substituents. Both series
of monoamides 47 and 49 displayed R-configuration, indicating a stereopreference of the microbial
amidase for the pro-R enantiotopic amide group (Figure 22).
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4. Biocatalyzed Desymmetrization of Diketones

Ketones are an important class of prochiral substrates that can be converted into chiral compounds
by the stereoselective attack of a given reagent on one side or the other one of the plane containing
the carbonyl group and an efficient face differentiation ultimately results in the formation of one
enantiomer predominantly (see Figure 1B). However, in this section we will limit the discussion
to symmetric diketones bearing also a prochiral carbon centre, for which both enantiotopic and
enantiofacial discriminations are involved in the formation of a single optically active product.

Indeed, for a generic diketone 50 two alcohols, 51 or 52, with opposite configuration at the initially
prochiral centre of the substrate can be formed depending on the enantiotoposelective stereopreference
of the catalyst and each one of them could be obtained as a single isomer or as a diastereomeric mixture
of 51a/51b or 52a/52b according to the catalyst ability to differentiate the two faces of the involved
ketone group. Although an effective enantiotopic differentiation is sufficient to obtain optically
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active products after separation of their diastereoisomeric mixtures with conventional procedures,
the formation of products as single isomers is often observed so that the desymmetrization of ketones
is an important tool in synthetic chemistry for the generation of two stereogenic carbons from relatively
simply and achiral molecules (Figure 23).
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The biocatalytic reduction of ketones with purified enzymes, as reductases or alcohol
dehydrogenases, has been widely exploited for the production optically active alcohols [78].
These enzymes require a cofactor, NADH or NADPH, from which a hydride is transferred to
the carbonyl group of the substrate, and a hydrogen source to recycle the cofactor from its oxidized
form NAD+ or NADP+. As an alternative, the use of microbial whole cells can be advantageous
since it overcomes the need of enzyme purification and can supply the complementary enzymes
for the cofactor regeneration. However, some limits in substrate and product diffusion through the
cell membrane may decrease the reaction rate and the co-existence of different cellular enzymes can
influence the selectivity [58].

Among the microorganisms that display reducing ability the yeast Saccharomyces cerevisiae,
which has been used for millennia in the fermentation of food and beverages, has gained huge
popularity in chemical synthesis for its ready availability, acceptance of a variety of carbonyl-containing
substrates and tolerance to different reaction conditions [79,80].

In the stereocontrolled total synthesis of paspaline, a natural diterpene alkaloid with potent activity
as potassium channel antagonist, the desymmetrization of diketone 53 through its enantiotoposelective
monoreduction, coupled with excellent face discrimination, allowed to introduce the proper
stereochemistry at the stereogenic carbons of ketoalcohol 54 and, simultaneously, the suitable functional
group for assembling the pyran ring [81] (Figure 24).
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For the selective reduction of ethylsecodione 55, Romano and coworkers screened different
microorganisms and they found that S. cerevisiae CEN.PK113-7D and Pichia minuta CBS 1708 catalyzed
the formation of (13R,17S)-56 with ee >90% whereas Pichia glucozyma CBS 5766 and Rhodotorula
glutinis NRRL 1587 displayed opposite enantiotoposelectivity giving (13S,17S)-56 in 94% and 90% ee
respectively. In all these cases the conversion of substrate was in the 78–85% range but the reaction rate
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was remarkable high for P. glucozyma CBS 5766 (2 h) compared to the other microorganisms (24–48 h).
By optimizing the experimental conditions, the reduction in the presence of S. cerevisiae reached
outstanding levels of enantioselectivity (ee >98%), comparable with those obtained with a purified
recombinant ketoreductase from P. glucozyma (KRED1-PGlu), also giving high chemical yield of the
target alcohol. With both established stereocenters, the alcohol (13R,17S)-56 is a key intermediate in
the synthesis of the second-generation oral contraceptives, as desogestrel, levonorgestrel or gestodene,
through the construction of the steroidal A/B bicyclic core [82].

Ketone 55 was selectively reduced also in continuous-flow conditions by using a mixed bed
system composed by ketoreductase KRED1-Pglu and glucose dehydrogenase from Bacillus megaterium
(BmGDH) for cofactor regeneration, each one separately immobilized on agarose, as biocatalyst. In the
alkaline conditions (pH ≥10.0) required for the reaction with aldehyde-activated agarose, some loss
of activity was observed for BmGDH enzyme, even in the presence of 20% glycerol as stabilizing
additive, whereas KRED1-Pglu fully retained its initial activity. Notably, the enzyme stability towards
DMSO, a co-solvent often required to ensure the solubilization of the substrates, markedly increased
after immobilization. The packed bed reactor, filled with immobilized KRED1-Pglu and BmGDH in
1:25 ratio, was fed with a buffer/DMSO solution containing 55, NADP+ and glucose to give (13R,17S)-56
in 65% yield after a residence time of 3h and no significant changes of the composition of the outflow
stream were observed for 15 days [83] (Figure 25).
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5. Desymmetrization of Challenging Substrates

In this section three examples of desymmetrization of substrates with peculiar structural features
are presented, one for each of the groups of symmetric molecules considered in this review, as a further
evidence of the versatility and synthetic potential of biocatalyzed reactions.

Meso-compound 57 and prochiral biphenyl 60 can be viewed as a challenging substrate for lipases
due to the phenolic nature of hydroxyl groups, which display different reactivity compared with the
alcohol ones and are not directly bonded to stereogenic carbons. Although lipase-catalyzed reactions
have been applied for the preparation of regioselectively acylated polyphenols [84,85], there are few
reports on enantioselective processes based on the functionalization of the phenol group(s) [86,87].

In the development of an efficient synthesis of yimitasvir (DAG 181), a novel inhibitor of
nonstructural protein 5A (NS5A) with promising potential in the therapy of hepatitis C infection [88],
the use of a chiral starting material was crucial to overcome the limits in the yield related with
the separation at the late stage of the synthesis of the diastereomeric products obtained from
functionalization of 57.

After a preliminary screening of lipases and the selection of the optimal diester as substrate,
Feng and coworkers [89] tested the hydrolysis of dipropionate derivative 57a in the presence of lipase
from P. fluorescens (AK Amano) and a careful tuning of the reaction was carried out by monitoring the
effects of an organic co-solvent to improve substrate solubilization, the pH of the buffered solution,
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the temperature and the amount of base additive for effective adjustment of pH throughout the reaction.
In the best conditions, in ethyl acetate: buffer pH 7.0 1:1 at 15 ◦C and in the presence of 0.9–1.1 eqv.
of NaHCO3, monopropionate 58 was obtained in excellent chemical and optical yields, which were
maintained also in a 30 L scale-up of the reaction at the industrially acceptable concentration of 57
(110 g/L) and 0.2% enzyme loading (Figure 26).
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Figure 26. Desymmetrization of bisphenol propionate 57a by lipase-catalyzed hydrolysis.

The 1,1′-biaryl structural motif is widely diffused in natural and biologically active molecules [90,91],
many of which are axially chiral in consequence of a high energy barrier to rotation around the biaryl
bond that prevents the interconversion between the different conformers. Depending on the size and the
number of substituents, the rotation around the 1,1′-bond of a generic biphenyl 59 could be hampered
and two enantiomers (called atropisomers) with opposite mutual disposition of the substituents with
respect the axis joining the two aryl rings and axial chirality M or P exist as distinct and configurationally
stable compounds (Figure 27).
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A variety of synthetic methodologies have been developed for the atroposelective coupling of
different aryl substrates [92–94], but some interest has been also directed to the kinetic resolution of the
racemates [95,96] or desymmetrization of σ-symmetric biphenyls [97–99]. In σ-symmetric biphenyls,
two identical substituents in the 2- and 5-positions of the same phenyl ring are related by a symmetry
plane containing the other phenyl ring and are enantiotopic, so that the molecule becomes axially
chiral following their stereoselective differentiation (Figure 28).
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Desymmetrization of compounds 60a–f has been recently reported by Akai and coworkers [100]
as the first example of enantiotoposelective lipase-catalyzed esterification of σ-symmetric biphenyl
diols. Different lipases were able to catalyze the reaction in organic solvent with vinyl acetate as
acyl donor and in the optimal conditions, with immobilized B. cepacia lipase (Amano PS-IM) in
toluene, (S)-monoacetates 61a–f were obtained in excellent enantiopurity, resulting from both the
stereoselectivity of the enzyme and the contribute of kinetic amplification phenomenon through the
formation of the optically inactive diacetates 62a–f (4–18%). Complete conversion of the substrates was
observed within 26 h and the presence of Na2CO3 was shown essential in accelerating the reaction [101].
The same lipase was also active in promoting the complementary hydrolysis reaction of diacetates
62a–f leading to (R)-monoacetates 61a–f in enantiopure form as exclusive products (Figure 29).
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The enantioselective transformation of molecules bearing a “remote stereocentre”, defined as
a stereogenic centre separated by at least three atoms or an aromatic group from the group to be
transformed, is a challenging task in organic synthesis and an effective stereocontrol is more difficult to
achieve in acyclic systems due to the lack of conformational constraints. Since the possibility of solving
remote centres is a valuable tool to introduce chirality in any part of a synthetic route, it has attracted
interest especially for its relevance in the synthesis of complex biologically active molecules [102,103].



Symmetry 2020, 12, 1454 20 of 26

Biocatalysis is a valuable methodology for kinetic resolution or desymmetrization of remote
stereocentres [104,105] because the stereochemical outcome of the reactions is governed through
specific conformations of the enzyme–substrate complex as a whole and even “remote” stereocentres
can give rise to sufficiently differentiated interactions between the substrate and the catalytic site of
the enzyme.

Diketone 63, bearing two enantiotopic reactive carbonyl groups three bonds far away from
the pro-stereogenic carbon, is an interesting example of molecule with remote stereocentres whose
desymmetrization has been recently investigated by Skoupi et al. [106] in the course of their study of
a synthetic strategy to acyclic meso-diols. A series of reductases from S. cerevisiae, Homo sapiens and
Lactobacillus kefir were cloned, expressed and purified, then tested in the reduction of 63 in the presence
of a recombinant glucose-dehydrogenase from Bacillus subtilis for cofactor recycling.

Six out of the nine screened reductases from S. cerevisiae were selective for quantitative
monoreduction of 63 giving (5S,8S)-64 with remarkable diastereoselectivity (anti:syn > 95:1) and
stereopreference for the (S)-configured alcohol. On the contrary, reductase from L. kefir showed
low enantiotoposelectivity giving two diastereoisomeric alcohols (5S,8R)-64 and (5R, 8R)-64 in 60:40
ratio, possibly due to negligible discriminating interactions with the nitro group, but the opposite
stereopreference of the enzyme toward the formation of (R)-configured alcohol was exploited for the
sequential reduction of 63 to give meso-anti,anti-(2R,5s,8R)-diol 65 (Figure 30).
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Figure 30. Desymmetrization of diketone 63 and sequential enzyme reduction to meso-anti,anti-diol 65.

6. Conclusions

The biocatalytic approach to the desymmetrization of meso- or prochiral compounds is nowadays
an important tool in the synthesis of chiral molecules, offering in many cases a more valuable and
sustainable alternative to chemical catalysis. Thanks to their activity both in aqueous medium or in
organic solvent and the complementary reactions that they catalyze, lipases are still the most employed
enzymes for stereoselective modifications of a large variety of molecular scaffolds. The portfolio
of biocatalytic reactions is continuously expanding and even more selective enzymes are available
through recombinant techniques. On the other hand, the use of whole microbial cells is attracting
growing interest for the possibility to exploit multiple enzymatic reactions with a single catalyst,
so reducing demand of cost, chemicals and time. Although productivity of enzymatic reactions has
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been often considered too low for large-scale applications, improvement in this field are expected
through the use of immobilization techniques coupled to in-flow reactors.
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