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Abstract

The amazing challenge of orchestrate enzy-
matic cascades (multi-enzymatic or chemo-
enzymatic) usually faces numerous issues to
be addressed. Together with the advances in
synthetic biology, materials science and pro-
tein engineering, the discovery of new reaction
media represents a valuable tool in the search
towards cost-efficient and sustainable enzy-
matic cascades in an industrial setting. This
chapter showcases the recent developments
on the implementation of the so-called non--
conventional media in such processes.
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10.1 Introduction

Challenges coped by synthetic chemists when
trying to access highly-functionalised molecules
are evolving rapidly due to the new environmen-
tal and economic needs imposed by modern soci-
ety [1]. As stated in the ‘Twelve Principles of

Green Chemistry’ established by Anastas and
Warner, a new awareness arose to produce
chemicals and materials in a safer and more sus-
tainable manner [2]. This chapter sets up the
guidelines of what would make a greener chemi-
cal process:

• Be safe for the human being and the
environment,

• Take place under mild reaction conditions,
• Be catalytic [3],
• Be performed using inexpensive and sustain-

able solvents [4].

At this point, the inherently green enzyme
catalysis fits ten of the previous 12 principles
and it has experimented a spectacular growth for
the synthesis of chiral molecules [5, 6]. Nature’s
catalysts are usually non-toxic, biodegradable and
work under physiological conditions, thus achiev-
ing numerous safety and economic benefits.

Deepening in the 12 Principles, a special
emphasis is placed in ‘Safer Solvents and
Auxiliaries’ with the prospect of replacing the
classical petroleum-based volatile organic
solvents (VOCs), which suffer from toxic/carci-
nogenic risks, with alternative greener solvents.
While water (considered the ideal solvent) is the
physiological medium of enzymes, a concomitant
challenge for biocatalysis is the low solubility of
hydrophobic substrates and products which limits
the volumetric productivity demanded at indus-
trial settings [7]. In this context, the staging of
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non-conventional media as biorenewable reaction
media has brought new paradigms in many
research fields. The term ‘non-conventional
media’ highlighted in the title of the present chap-
ter compiles the following non-aqueous
environments [8]:

• Solvent-free processes
• Supercritical fluids (SCFs)
• Biomass-derived solvents
• Fluorinated solvents
• Ionic liquids (ILs)
• Deep eutectic solvents (DESs)

A shallow analysis reveals attractive
advantages but also limitations for all of them:
Technology for CO2 and water in supercritical
conditions involves high cost; fluorinated
solvents are non-toxic but very expensive and
prevalent in the atmosphere; biomass-derived
solvents are cheap, safe and biorenewable
although non-susceptible to being tuned; ILs
offer tunability but suffer from toxicity and low
biodegradability; the more recent DESs, inti-
mately related to ILs, meet most of the pursued
properties.

Defined as salts with low melting point
(<100 �C), ILs are composed of an organic cation
and an organic or inorganic anion (Fig. 10.1).
Interestingly, the appropriate combination of
such components allows modifying the physical
properties (viscosity, hydrophobicity, polarity
and hydrogen bond basicity). Ultimately, the
so-called task specific ionic liquids (TSILs) go
beyond a mere solvent to display key roles in a
myriad of areas such as catalysis, electrochemis-
try, spectroscopy or material science [9]. ILs were
the first non-conventional medium exploited in
biocatalysis, the last two decades witnessing a
plethora of biotransformations [10]. ILs stabilise
some kinds of enzymes through the microenvi-
ronment generated and acting such a liquid sup-
port (interactions between enzyme and IL). Thus,
although lipases and proteases were the most
extensively used enzymes, C-C bond formation
and redox reactions have also been conducted in
such reaction media.

DESs are mixtures of low-cost biodegradable
components such as hydrogen bond acceptors
(HBA; ammonium salts) and uncharged hydro-
gen bond donors (HBD; urea, carboxylic acids or
polyols) with a lower melting point than either of
their components (Fig. 10.2). Compared to ILs,
DESs are cheaper, readily available, do not
require further purification and are considered to
be less toxic given the nature of its components
[11, 12]. In particular, those DES consisting of
primary metabolites, namely, amino acids,
organic acids, sugars or choline derivatives, are
defined as natural deep eutectic solvents
(NADESs) [13], and their use is allowed in food
and pharmaceutical formulations [14]. Although
research on DESs runs still in its infancy, the
amazing properties of these neoteric solvents
have permitted the flourishment of applications
in research fields such as electrochemistry and
metal processing, material chemistry, nanotech-
nology, photosynthesis and energy technology,
and separation processes. With regard to synthetic
applications, DESs have provided examples of
improved activity and selectivity in: (1) organo-
metallic-mediated stoichiometric transformations
and (2) metal- and organo-catalysed reactions.
Likewise, they offer an ideal reaction medium
for both isolated enzymes (lipases, proteases,
epoxide hydrolases, peroxidases, ketoreductases
(KREDs), lyases and transaminases (TAs)) and
whole cells [15, 16].

The preceding chapters have evidenced funda-
mental principles and impressive advances in
multi-enzymatic processes and their monitoring
during the last decade, enabling the construction
of enantiopure high added-value chemicals under
mild reaction conditions. To increase the
sustainability of chemical manufacturing, these
systems emulate the biosynthetic pathways
where the living cells work as a perfect machinery
of enzymatic networks. Nevertheless, when mim-
icking Nature things are more complicated than it
seems. Once planned a synthetic cascade, a num-
ber of concerns must be circumvented to reach an
efficient implementation of such a process.
Incompatibility of catalysts and their preferred
reaction profiles are commonly found as well as
problems arising from inhibition and instability.
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As a result, chemists have developed a battery of
ingenious approaches aimed at circumventing the
multiple drawbacks inherent to these processes
[17]. The object of this chapter is to showcase
non-conventional media as a new platform to
perform enzyme cascade reactions (multi-
enzymatic or chemo-enzymatic) in a more effi-
cient manner. Along with advances in synthetic
biology, materials science or protein engineering,
medium engineering can be a practical solution
for filling remaining gaps in some examples
disseminated in the book as well as a valuable
tool for future biocatalytic processes.

10.2 Chemo-enzymatic Cascades
in Non-conventional Media

As reflected in Chap. 5, the wide interest in
chemo- and biocatalysis has spurred smart
methodologies to merge the synthetic potential
of these pivotal areas of catalysis [18].

Historically, chemists combined reactions
belonging to a single type of catalysis. Metal-
catalysed reactions usually rely on the use of
VOCs to avoid catalyst degradation in water, and
are accomplished at high loadings of substrate.
Conversely, enzyme catalysis is performed in
aqueous medium and suffers from low substrate
concentrations due to the poor water solubility of
the reaction partners. Likewise, most biocatalysts
are readily inactivated in organic solvents. Bearing
all these facts in mind, the implementation of
hybrid catalytic systems demands a compatibility
window where both catalysts coexist and exert
their activity. Interestingly, the pool of metal
catalysts operating in water has expanded enor-
mously in the last years, and the advances in
protein engineering and immobilisation have
boosted the combination of several metal-
catalysed reactions (Pd-catalysed C�C coupling,
Wacker oxidation, and C�H activation, Cu(I)-
catalysed click chemistry, Ru-catalysed olefin
metathesis or Au-catalysed cyclisations) and

Fig. 10.1 Chemical
structure of commonly
used ILs

Fig. 10.2 Typical HBA and HBD components in DES mixtures; the formed DES is named as HBA:HBD (mol:mol)
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biotransformations such as reductions, halo-
genations, hydrolyses or epoxidations [19]. The
emergence of ILs and DESs, bordering with
organic solvents and water, offers a new scenario
to interface metal and enzymes in a common reac-
tion medium.

The case for combining enzymes and metal
catalysts in a one-pot fashion reached relevance
in the 1990s throughout dynamic kinetic resolu-
tion (DKR) processes mediated by a lipase and a
Pd or Rh racemisation catalyst [20, 21]. These
early studies were conducted in organic solvent
and overcame the inherent 50% maximum yield
of classical kinetic resolutions. In 2004, Kim and
Park practiced the same process, namely a DKR
of secondary alcohols by a combo metal-enzyme
catalytic system, in a neat ionic liquid (Scheme
10.1) [22]. Together with the avoidance of VOCs,
the metal catalyst turned out to be much more
active in ILs and allowed the reaction to proceed
at room temperature. The combination of a
cymene-ruthenium complex either with LPS-
TN-M lipase and subtilisin rendered (R)- or (S)-
alcohols, respectively, in high yield and optical
purity.

One of the pioneering examples combining
metals and enzymes in aqueous medium
consisted of a Suzuki cross-coupling of
halogenated acetophenone followed by an alco-
hol dehydrogenase (ADH)-mediated reduction of
the transiently formed ketone. The original report
in 2008 described the coupling step at 33 mM
loading of substrate and 70 �C and the
bioreduction at 25 mM (4.9 g/L) and room tem-
perature [23]. Later, the employment of water-
soluble palladium catalysts enabled the first step
at room temperature although the loading of sub-
strate remained challenging (40 mM) [24]. Owing
to the good tolerance exhibited by palladium
catalysts and ketoreductases towards ILs, the
employment of IL-buffer mixtures as biphasic
media was envisaged to tackle the solubility
hurdles (Scheme 10.2) [25]. Accordingly, the
Suzuki-coupling was catalysed by Pd(PPh3)4
(1.2 mol%) in IL:H2O (IL: [bmim][NTf2]), at
100 �C and 210 mM (41 g/L). For the second-
stage enzymatic reduction the reaction mixture
was diluted to 125 mM with a buffer solution

containing E. coli/ADH-A cells, NADH as cofac-
tor and i-PrOH for cofactor recycling. The
biphasic medium enabled to recycle both catalytic
species four times. On the one hand, the superna-
tant aqueous phase harbouring all the components
of the biotransformation was directly separated
and ready for re-use. On the other hand, once
extracted the target biaryl alcohol from the
lower IL-phase with an organic solvent, the palla-
dium (Pd) catalyst remained active in the IL. The
process exhibited broad substrate scope and a
variety of enantiomerically pure (S)-biaryl
alcohols were obtained in high yields, being in
fact the first example of chemoenzymatic cascade
in IL-buffer biphasic system.

Some years later, the burgeoning interest in
DESs motivated the study of the above cascade
in these media (Scheme 10.3) [26]. Indeed, both
Pd-catalysed coupling reactions (Suzuki–
Miyaura, Sonogashira and Heck couplings) and
bioreductions had been efficiently established in
neat DESs and DES–buffer mixtures
[27]. Through parametrisation, the Suzuki-
coupling was set up by the water-soluble system
PdCl2/TPPTS (1 mol%/3 mol%) in DES–buffer
4:1 [DES ¼ choline chloride (ChCl)/glycerol
(Gly) 1:2 mol:mol] at 100 �C. The reaction was
highly influenced by both aryl halide and boronic
acid, with a limiting substrate concentration of
200 mM. Then, the reaction mixture was diluted
to 75 mM (DES–buffer ~1:1 v/v) with a solution
containing i-PrOH, KRED and cofactor. The gen-
eral applicability of the process was demonstrated
with unsubstituted, fluorinated and pyridyl
derivatives, and the employment of stereocom-
plementary ADHs from Lactobacillus kefir
(NADP+ dependent) [28] and Rhodococcus
ruber (NAD+ dependent) [29, 30] gave access to
(R)- and (S)-enantiopure biaryl alcohols,
respectively.

The first cascade involving organocatalysts
and enzymes in DESs was described in 2014
and consisted of the enzymatic production of
acetaldehyde and its further cross-aldol reaction
on aromatic aldehydes (Scheme 10.4)
[31]. Regarding such enzymatic reaction, a previ-
ous study on lipase-catalysed transesterification
of alcohols ascertained that, under some reaction
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conditions, the hydrolysis of vinyl acetate
predominates over the expected acylation. As a
result, acetaldehyde and acetic acid are released at
the expense of water consumption. This side reac-
tion also produces hemiacetal derivatives which
are responsible for disappointing enantioselec-
tivities [32, 33]. This concept was exploited to
couple the enzymatic acetaldehyde production
(CAL-B catalysed transesterification of vinyl ace-
tate with i-PrOH) with an enantioselective C-C
aldol reaction mediated by proline-based
organocatalysts. A DES turned out to be the opti-
mal reaction medium, namely ChCl/Gly (1:2 mol:
mol), and some aromatic 1,3-diols were obtained
in good yield and enantioselectivity. Interest-
ingly, both catalysts and DES could be reused
for several cycles.

The first chemoenzymatic cascade in DESs–
buffer mixtures connected a metal-catalysed
isomerisation reaction of allylic alcohols with an
enantioselective bioreduction promoted by
KREDs (Scheme 10.5) [34]. The process had
been previously set up in aqueous medium in
both sequential and concurrent mode,
establishing a practical approach to convert a
racemic mixture of allylic alcohols into saturated
enantiopure alcohols without isolation/purifica-
tion steps [35]. The overall transformation

occurred through three steps, namely reduction
of the allylic C–C double bond, oxidation of the
secondary carbinol moiety and asymmetric
bioreduction of the generated prochiral ketone.

The reported process in aqueous medium was
robust and operationally simple in the sequential
fashion (one-pot two steps); once the
isomerisation was complete at 50 �C, the only
adjustment before adding the pair enzyme/cofac-
tor consisted of a slight decrease on temperature.
The implementation of DESs resulted in a benefi-
cial effect on the enantioselectivity exerted by the
KRED, particularly in the case of substrates unre-
sponsive to be selectively reduced in aqueous
medium. ChCl/Gly (1:2 mol:mol)-buffer and
ChCl/sorbitol (Sorb, 1:1 mol:mol)-buffer
mixtures led to substantial enhancement of the
optical purity of the resulting alcohol at high
percents of DES. With regard to the concurrent
process (one-pot one-step), an open issue was the
stability of the KRED in aqueous medium. In fact,
the enzyme underwent rapid deactivation in the
buffer which impacted negatively in the overall
conversion when starting from allylic alcohols
with slow isomerisation rate. With these
premises, ChCl/Gly (1:2 mol:mol)-buffer 4:1
(w/w) was tested for a set of allylic alcohols
combining a commercial KRED (KRED-P2-

Scheme 10.1 DKR of
secondary alcohols by
tandem chemoenzymatic
catalysis

Scheme 10.2 Cascade synthesis of enantiomerically pure biaryl alcohols in IL-buffer mixtures
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C11) and a ruthenium complex. Working at 40 �C
and 10% mol of catalyst loading, the saturated
chiral alcohols were obtained in enantiopure
form with overall conversions ranging from
68 to 96% [(R)-enantiomer]. In particular,
1-(4-bromophenyl)prop-2-en-1-ol rendered the
saturated analogue in 96% overall conversion,
the biggest so far.

The potential and versatility of DESs were
featured by means of an enzymatic cascade to
convert limonene from orange peel wastes into
epoxide derivatives (Scheme 10.6) [36]. Typi-
cally, the enzymatic version of the Prilezhaev
reaction (epoxidation of an alkene with peracid
to give an oxirane) is performed by a hydrolase
which catalyses the in situ formation of peracid
from an acid and H2O2. In an innovative concept,

Scheme 10.3 Cascade synthesis of enantiomerically pure biaryl alcohols in DES–buffer mixtures

Scheme 10.4 Tandem catalysis of enzymes and organocatalysts in DES towards optically active 1,3-diols
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a DES displayed a triple role as extracting sol-
vent, reaction medium for the biotransformation
and reagent for cofactor recycling. In first
instance, two DESs, namely ChCl/propane-1,2-
diol/H2O (1:1:1 mol:mol:mol) and ChCl:ethylene
glycol (EG, 1:1 mol:mol) showed comparable
efficacy to ILs and organic solvents to recover
limonene from the agricultural waste. On the
other hand, the choline oxidase (ChOx) from
Arthrobacter nicotianae was able to produce
H2O2 from the previous ChCl-based DESs.
Meeting both facts, the coupled catalytic system

consisted of orange peels, octanoic acid,
hydrolase Novozym 435 (CAL-B) and ChOx in
a mixture DES:buffer 1:1. The reaction mixture
was heated at 40 �C and 500 rpm with an O2

atmosphere. The overall yield was 33%, for a
mixture mono/diepoxide (70:30).

Similarly, a rationally designed NADES
served as the reaction medium for the
bioreduction of prochiral ketones and acted as
co-substrate for the recycling of the required
cofactor (Scheme 10.7) [37]. The ADHs consid-
ered in the study operate with the assistance of

Scheme 10.5 Cascade
synthesis of optically active
alcohols by Ru-catalysed
isomerisation/enzymatic
reduction in DES–buffer
medium in both sequential
and concurrent mode

Scheme 10.6 Enzymatic
cascade epoxidation of
limonene employing DES
as multifunctional solvent

10 Enzymatic Cascade Reactions in Non-Conventional Media 171



NADPH which is typically recycled by a parallel
enzymatic reaction mediated by GDH or FDH.
Seeing as GDH takes advantage of glucose as
sacrificial co-substrate, the authors conceived a
DES containing such sugar to perform that role.
Thus, the mixtures of ChCl:glucose (Glu,
1.5:1 mol:mol) and an aqueous buffer with up to
50% (v/v) of DES were ideal media for the five
overexpressed ADHs, namely Lactobacillus
brevis (LbADH) [38], Thermoanaerobacter
ethanolicus (TeSADH) [39],
Thermoanaerobacter sp. (ADH-T) [40],
Sphingobium yanoikuyae (SyADH) [41] and
Ralstonia sp. [42]. Interestingly, since
D-gluconic acid is released as by-product, the
presence of a buffered aqueous solution was nec-
essary to avoid a drastic drop of pH which would
damage the enzyme. As a result, the
enantioselective reduction of several ketones
was accomplished in very high enantiomeric
excess and yields, enabling higher loadings of
substrate than those reported by the solubilising
effect of the DES.

Very recently the good tolerance of
transaminases towards DESs was unveiled, and
by extension the asymmetric bioamination of
ketones within these solvents [43]. Remarkably,
some TAs turned out to be stable in DES–buffer
mixtures containing up to 75% (w/w) of DES.
Among the biocatalysts studied was included the
(R)-selective transaminase from Exophiala
xenobiotica (EX-ωTA), a biocatalyst found by
data mining which is able to accept differently
bulky biaryl ketones [44]. While EX-ωTA only
accepted 15% (w/w) of neoteric solvent, it was
the least harmful co-solvent of those essayed.

On the other hand, the discovery of EX-ωTA
in parallel to that of TA from Asperguillus
fumigatus (4CHI-TA) paved the way to establish
a chemoenzymatic cascade toward chiral biaryl
amines by combining a Suzuki-coupling with an
enantioselective bioamination. In first instance,
Bornscheuer’s group developed such a sequential
process in aqueous medium employing 4CHI-TA
at low substrate concentration, namely 2 mM and
1 mM for each step [45]. Soon after, an identical
cascade with EX-ωTA was reported in a reaction
medium consisting of a DES–buffer mixture
(Scheme 10.8). As a result, the metal-catalysed
step was accomplished at 200 mM loading of
substrate and the subsequent biotransformation
at 25 mM. It is worth noting that ChCl/Gly (1:2,
mol:mol) emerged as the only co-solvent compat-
ible for both steps since DMSO inhibited the Pd
catalyst and THF and i-PrOH were harmful for
the TA. The methodology was extended to meta-
and para-biaryl ketones and pyridylphenyl
ketones as well, rendering the corresponding
(R)-biaryl amines with >99% ee.

10.3 Enzymatic Cascades
in Non-conventional Media

The inherent biocompatibility and solubilising
properties of DESs crystallised in the application
for one-pot biomass processing (Fig. 10.3)
[46]. First, ChCl-based DESs turned out to be
suitable solvents for the pretreatment step of
crude biomass, the levels of degradation products
such as furfural (polysaccharides) and ferulic acid
(lignin) being low enough for the growth of yeast

Scheme 10.7
Bioreduction of prochiral
ketones in a rationally
designed DES exerting a
dual function as solvent and
co-substrate for cofactor
recycling
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Saccharomyces cerevisiae. Likewise, DESs were
also biocompatible with the hydrolytic enzymes
involved in the process. As a result, saccharifica-
tion and fermentation steps were effectively
established in one-pot fashion resulting in an eth-
anol production of 77.5% theoretical yield in
ChCl/Gly (1:2 mol:mol) pH 5.8 (10 wt% aqueous
solution). Compared to previous approaches rely-
ing on ILs, the implementation of DESs avoided
any pH adjustment and solid/liquid separation
steps throughout the above process.

Similarly, DESs served as the reaction
medium for a one-pot two-step enzymatic process
to obtain biodiesel from waste cooking oils as
feedstock (Fig. 10.4) [47]. A first enzymatic

esterification in aqueous medium and 30 �C
catalysed by Thermomyces lanuginosus lipase
was selective on triglycerides; further sequential
addition of Pseudozyma antarctica lipase B and
ChCl/Gly (1:2 mol:mol) completed the transester-
ification of the remaining glycerides and fatty
acids at 45 �C. The resulting two-phase system
delivered lipids to the upper phase and a glycerol-
DES mixture to the lower one. Conventional
alkaline refinement delivered the product with
an ethyl ester content of 97.6% and free of glyc-
erol and acid, which meets the requirements for
Biodiesel standard EN 14214 in Europe. An extra
benefit of using DESs lies in the easy purification
of glycerol from the hydrophilic phase by

Scheme 10.8 Cascade synthesis of enantiomerically pure biaryl amines in DES–buffer mixtures

Fig. 10.3 Enzymatic
one-pot production of
bioethanol in DESs
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distillation of the DES component. Likewise,
Lipozyme CAL-B was recovered from such
phase and reused in five cycles.

The capture, storage and processing of carbon
dioxide (CO2) represent a capital challenge today
due to the threat of greenhouse effect. As a sus-
tainable solution, the enzymatic conversion of
CO2 into methanol in the presence of ILs was
investigated (Fig. 10.5) [48]. This multi-
enzymatic cascade process had been described
in aqueous medium, though the production of
methanol reached a yield of 44% due to
unfavourable kinetics in the first step, namely
the conversion of CO2 into formic acid mediated
by formate dehydrogenase (FDH) [49]. The
incorporation as co-solvent of biocompatible ILs
based on ChCl and amino acids enabled a higher
solubilisation of CO2 and also had a stabilising
effect on FDH. The four enzymes involved in the
biotransformation (FDH, FaldDH, ADH and

GDH) were immobilised in a cellulose membrane
and a separation system platform enabled the
recycling of biocatalysts and the removal of meth-
anol. Under the optimised reaction conditions, an
aqueous solution containing 20% of [choline]
[L-glutamic acid], the production of methanol
was improved fivefold with regard to the aqueous
medium used as control.

10.4 Recent Developments

Although outside the established classification of
non-conventional media, recently it has appeared
an innovative reaction medium based on aqueous
micellar solutions. The concept was originally
conceived with the aim of making synthetic
chemistry in water upon the assistance of designer
surfactants [50]. Now, these would act not as
mere solubilisers of catalysts and reagents but as
key co-solvents forming such smart nanoreactors
for specific transformations. After many success-
ful examples in which the chemical reaction
occurs in the inner hydrophobic core of the
micelles, Lipshutz and co-workers went one step
further and envisaged to meet enzymes and metal
catalysts through this so-called micellar catalysis.
Most logically, the enzymes would remain in the
aqueous solution and the micelle host both
organic substrates and chemo-catalysts to mini-
mise the expected metal-enzyme inhibition.
Accordingly, TPGS-750-M, a surfactant bearing
a vitamin E as hydrophobic moiety, was
introduced with the prospect of suit apolar
substrates and metal species. Once demonstrated
the perfect tolerance of alcohol dehydrogenases

H2O
EtOH

Lipozyme TL

Cooking
oil

30 ºC

H2O
EtOH

CAL-B 

45 ºC

DES

24 h 24 h

Biodiesel

Glycerol

Fig. 10.4 One-pot-two-
step enzymatic production
of biodiesel from used
cooking oil in a DES–water
medium

CO2

FDH FaldDH ADH GDH

NADH Buffer-IL

CH3OH

Fig. 10.5 Enzymatic cascade conversion of carbon diox-
ide to methanol in buffer-IL mixtures
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towards TPGS-750-M, this pioneering report
showed the versatility of the methodology
through several hybrid catalytic systems combin-
ing metal-catalysed processes such as
Sonogashira and Heck couplings (Pd catalysts)
or alkyne hydrations (Au and Ag catalysts) with
a further bioreduction (Scheme 10.9) [51]. On the
one hand, the micellar medium impacted signifi-
cantly on the enzyme activity, leading to
improved productivities. On the other hand,
once suppressed the inhibition of the metal cata-
lyst on the enzyme the chemoenzymatic one-pot
sequential processes were successfully accom-
plished leading to products in high overall yield
and enantiomeric excess.

Similarly, the beneficial impact of surfactants
on enzymatic activity was exploited in an enzy-
matic cascade in aqueous medium to convert

prochiral ketoximes into optically active alcohols
by sequential laccase-catalysed deoximation and
further bioreduction of the triggered ketone
(Scheme 10.10) [52]. Owing to the employment
of exclusively 1% (w/w) of Cremophor®, a
polyethoxylated castor oil typically used as a
formulation vehicle for poorly-water soluble
drugs, a high enzymatic performance was
achieved. Thus, both laccases and ketoreductases
showed perfect tolerance towards the surfactant
and such medium free of organic co-solvents
enabled to increase the substrate concentration
up to 200 mM in the initial biodeoximation
and 100 mM in the later bioreduction. As a
result, and depending of the KRED employed,
the (R)-or (S)-enantiomer of the corresponding
alcohol was isolated in good overall yield
and >99% ee.

Scheme 10.9 Representative examples of chemoenzymatic cascades performed in micellar aqueous medium
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10.5 Conclusions and Future
Prospects

Enzyme-enabled cascade processes have boosted
incredibly in the recent years. Together with the
combination between a series of enzymes, the
assembly of biocatalysis with other disciplines
such as metal- or organo-catalysis has endowed
these processes with great synthetic potential. In
this context, recent research in medium engineer-
ing has brought non-conventional media to the
forefront of organic synthesis. As highlighted
along this chapter, these reaction media have
gone from mere spectators to display key roles
in the synthetic transformation. Some of the
disclosed examples revealed a critical impact on
enantioselectivity, loading of substrate or yield of
different cascades processes. Likewise, the imple-
mentation of non-conventional media in some
selected processes enabled to alleviate the inhibi-
tion between metals and enzymes. Once the first
seeds have been planted and seeing as today’s
world claims for a more sustainable chemical
industry, we anticipate that the necessary symbi-
osis between enzymatic cascades and
non-conventional media will result in astonishing
breakthroughs in a near future.

References

1. Clark JH (1999) Green Chem 1:1–8. https://doi.org/10.
1039/A807961G

2. Dach R, Song JJ, Roschangar F, Samstag W,
Senanayake CH (2012) Org Process Res Dev
16:1697–1706. https://doi.org/10.1021/op300144g

3. Rothenberg G (2008) Catalysis: concepts and green
applications. Wiley-VCH Verlag GmbH& Co. KGaA,
Weinheim

4. Anastas PT (ed) (2010) Hanbook of green chemistry -
green solvents, vol vol 4, 5 and 6. Wiley-VCH,
Weinheim

5. Sheldon RA, Pereira PC (2017) Chem Soc
Rev 46:2678–2691. https://doi.org/10.1039/
c6cs00854b

6. Sheldon RA, Brady D (2019) ChemSusChem
12:1–24. https://doi.org/10.1002/cssc.201900351

7. Domínguez de María P, Hollmann F (2015) Frontiers
6:1257. https://doi.org/10.3389/fmicb.2015.01257

8. Hobbs HR, Thomas NR (2007) Chem Rev
107:2786–2820. https://doi.org/10.1021/cr0683820

9. Giernoth R (2010) Angew Chem Int Ed
49:2834–2839. https://doi.org/10.1002/anie.
200905981

10. Itoh T (2017) Chem Rev 117:10567–10607. https://
doi.org/10.1021/acs.chemrev.7b00158

11. Alonso D, Baeza A, Chinchilla R, Guillena G, Pastor
IM, Ramón DJ (2016) Eur J Org Chem 4:612–632.
https://doi.org/10.1002/ejoc.201501197

12. Smith EL, Abbott AP, Ryder KS (2014) Chem
Rev 114:11060–11082. https://doi.org/10.1021/
cr300162p

Scheme 10.10 One-pot sequential enzymatic transformation of ketoximes into optically active alcohols in an aqueous
medium supplemented with surfactant

176 J. González-Sabín

https://doi.org/10.1039/A807961G
https://doi.org/10.1039/A807961G
https://doi.org/10.1021/op300144g
https://doi.org/10.1039/c6cs00854b
https://doi.org/10.1039/c6cs00854b
https://doi.org/10.1002/cssc.201900351
https://doi.org/10.3389/fmicb.2015.01257
https://doi.org/10.1021/cr0683820
https://doi.org/10.1002/anie.200905981
https://doi.org/10.1002/anie.200905981
https://doi.org/10.1021/acs.chemrev.7b00158
https://doi.org/10.1021/acs.chemrev.7b00158
https://doi.org/10.1002/ejoc.201501197
https://doi.org/10.1021/cr300162p
https://doi.org/10.1021/cr300162p


13. Paiva A, Craveiro R, Aroso I, Martins M, Reis RL,
Duarte ARC (2014) ACS Sustain Chem Eng
2:1063–1071. https://doi.org/10.1021/sc500096j

14. Benvenutti L, Ferreira Zielinski AA, Salvador Ferreira
SR (2019) Trends Food Sci Technol 90:133–146.
https://doi.org/10.1016/j.tifs.2019.06.003

15. Xu P, Zheng G-W, Zong M-H, Li N, Lou W-Y (2017)
Bioresour Bioprocess 4:34. https://doi.org/10.1186/
s40643-017-0165-5;

16. Pätzold M, Siebenhaller S, Kara S, Liese A, Syldatk C,
Holtmann D (2019) Trends Biotechnol 37:943–959.
https://doi.org/10.1016/j.tibtech.2019.03.007

17. Schmidt S, Castiglione K, Kourist R (2018) Chem Eur
J 24:1755–1768. https://doi.org/10.1002/chem.
201703353

18. Rudroff F, Mihovilovic MD, Gröger H, Snajdrova R,
Iding H, Bornscheuer UT (2018) Nat Catal 1:12–22.
https://doi.org/10.1038/s41929-017-0010-4

19. Ríos-Lombardía N, García-Álvarez J, González-Sabín
J (2018) Catalysts 8:75. https://doi.org/10.3390/
catal8020075

20. Allen JV, Williams JMJ (1996) Tetrahedron Lett
37:1859–1862. https://doi.org/10.1016/S0040-4039
(98)01116-2

21. Dinh PM, Howarth JA, Hudnott AR, Williams JMJ,
Harris W (1996) Tetrahedron Lett 37:7623–7626.
https://doi.org/10.1016/0040-4039(96)01677-2

22. Kim M-J, Kim HM, Kim D, Ahn Y, Park J (2004)
Green Chem 6:471–474. https://doi.org/10.1039/
B405651E

23. Burda E, Hummel W, Gröger H (2008) Angew Chem
Int Ed 47:9551–9554. https://doi.org/10.1002/anie.
200801341

24. Borchert S, Burda E, Schatz J, Hummel W, Gröger H
(2012) J Mol Catal B Enzym 84:89–93. https://doi.org/
10.1016/j.molcatb.2012.03.006

25. Gauchot V, Kroutil W, Schmitzer AR (2010) Chem
Eur J 16:6748–6751. https://doi.org/10.1002/chem.
201000302

26. Paris J, Ríos-Lombardía N, Morís F, Gröger H,
González-Sabín J (2018) ChemCatChem
10:4417–4423. https: / /doi.org/10.1002/cctc.
201800768

27. Weckbecker A, Hummel W (2006) Biocatal Biotrans-
formation 24:380–389. https://doi.org/10.1080/
10242420600893827

28. Kosjek B, Stampfer W, Pogorevc M, Goessler W,
Faber K, Kroutil W (2004) Biotechnol Bioeng
86:55–62. https://doi.org/10.1002/bit.20004

29. Marset X, Khoshnood A, Sotorríos L, Gómez-
Bengoa E, Alonso DA, Ramón DJ (2017)
ChemCatChem 9:1269–1275. https://doi.org/10.
1002/cctc.201601544

30. Zohra F, Hassani IM, Amzazi S, Lavandera I (2019)
Molecules 24:2190. https://doi.org/10.3390/
molecules24112190

31. Müller CR, Meiners I, Domínguez de María P (2014)
RSC Adv 4:46097–46101. https://doi.org/10.1039/
C4RA09307K

32. Weber HK, Weber H, Kazlauskas RJ (1999) Tetrahe-
dron Asymmetry 10:2635–2638. https://doi.org/10.
1016/S0957-4166(99)00274-8

33. Höberg H-E, Lindmark M, Isaksson D, Sjödin K,
Franssen MCR, Jongejan H, Wijnberg JBPA, de
Groot A (2000) Tetrahedron Lett 41:3193–3196.
https://doi.org/10.1016/S0040-4039(00)00328-2

34. Cicco L, Ríos-Lombardía N, Rodríguez-Álvarez MJ,
Morís F, Perna FM, Capriati V, García-Álvarez J,
González-Sabín J (2018) Green Chem 20:3468–3475.
https://doi.org/10.1039/C8GC00861B

35. Ríos-Lombardía N, Vidal C, Liardo E, Morís F,
García-Álvarez J, González-Sabín J (2016) Angew
Chem Int Ed 55:8691–8695. https://doi.org/10.1002/
anie.201601840

36. Ma Y, Li P, Li Y, Willot SJ, Zhang W, Ribitsch D,
Choi YH, Verpoorte R, Zhang T, Hollmann F, Wang
Y (2019) ChemSusChem 12:1310–1315. https://doi.
org/10.1002/cssc.201900043

37. Mourelle-Insua A, Lavandera I, Gotor-Fernández V
(2019) Green Chem 21:2946–2951. https://doi.org/
10.1039/C9GC00318E

38. Wolberg M, Hummel W, Wandrey C, Müller M
(2000) Angew Chem Int Ed 39:4306–4308. https://
doi.org/10.1002/1521-3773(20001201)39:23<4306::
AID-ANIE4306>3.0.CO;2-G

39. Heiss C, Laivenieks M, Zeikus JG, Phillips RS (2001)
Bioorg Med Chem 9:1659–1666. https://doi.org/10.
1016/S0968-0896(01)00073-6

40. Peters J, Minuth T, Kula M-R (1993) Enzym Microb
Technol 15:950–958. https://doi.org/10.1016/0141-
0229(93)90171-W

41. Lavandera I, Kern A, Resch V, Ferreira-Silva B,
Glieder A, Fabian WMF, de Wildeman S, Kroutil W
(2008) Org Lett 10:2155–2158. https://doi.org/10.
1021/ol800549f

42. Lavandera I, Kern A, Ferreira-Silva B, Glieder A, de
Wildeman S, Kroutil W (2008) J Org Chem
73:6003–6005. https://doi.org/10.1021/jo800849d

43. Paris J, Telzerow A, Ríos-Lombardía N, Steiner K,
Schwab H, Morís F, Gröger H, González-Sabín J
(2019) ACS Sustain Chem Eng 5:5486–5493. https://
doi.org/10.1021/acssuschemeng.8b06715

44. Telzerow A, Paris J, Håkansson M, González-Sabín J,
Ríos-Lombardía N, Schürmann M, Gröger H, Morís F,
Kourist R, Schwab H, Steiner K (2019) ACS Catal
9:1140–1148. https://doi.org/10.1021/acscatal.
8b04524

45. Dawood AWH, Bassut J, de Souza ROMA,
Bornscheuer UT (2018) Chem Eur J
24:16009–16013. https://doi.org/10.1002/chem.
201804366

46. Xu F, Sun J, Wehrs M, Kim KH, Rau SS, Chan AM,
Simmons BA, Mukhopadhyay A, Singh S (2018) ACS
Sustain Chem Eng 67:8914–8919. https://doi.org/10.
1021/acssuschemeng.8b01271

47. Kleiner B, Fleischer P, Schörken U (2016) Process
Biochem 51:1808–1816. https://doi.org/10.1016/j.
procbio.2015.10.016

10 Enzymatic Cascade Reactions in Non-Conventional Media 177

https://doi.org/10.1021/sc500096j
https://doi.org/10.1016/j.tifs.2019.06.003
https://doi.org/10.1186/s40643-017-0165-5;
https://doi.org/10.1186/s40643-017-0165-5;
https://doi.org/10.1016/j.tibtech.2019.03.007
https://doi.org/10.1002/chem.201703353
https://doi.org/10.1002/chem.201703353
https://doi.org/10.1038/s41929-017-0010-4
https://doi.org/10.3390/catal8020075
https://doi.org/10.3390/catal8020075
https://doi.org/10.1016/S0040-4039(98)01116-2
https://doi.org/10.1016/S0040-4039(98)01116-2
https://doi.org/10.1016/0040-4039(96)01677-2
https://doi.org/10.1039/B405651E
https://doi.org/10.1039/B405651E
https://doi.org/10.1002/anie.200801341
https://doi.org/10.1002/anie.200801341
https://doi.org/10.1016/j.molcatb.2012.03.006
https://doi.org/10.1016/j.molcatb.2012.03.006
https://doi.org/10.1002/chem.201000302
https://doi.org/10.1002/chem.201000302
https://doi.org/10.1002/cctc.201800768
https://doi.org/10.1002/cctc.201800768
https://doi.org/10.1080/10242420600893827
https://doi.org/10.1080/10242420600893827
https://doi.org/10.1002/bit.20004
https://doi.org/10.1002/cctc.201601544
https://doi.org/10.1002/cctc.201601544
https://doi.org/10.3390/molecules24112190
https://doi.org/10.3390/molecules24112190
https://doi.org/10.1039/C4RA09307K
https://doi.org/10.1039/C4RA09307K
https://doi.org/10.1016/S0957-4166(99)00274-8
https://doi.org/10.1016/S0957-4166(99)00274-8
https://doi.org/10.1016/S0040-4039(00)00328-2
https://doi.org/10.1039/C8GC00861B
https://doi.org/10.1002/anie.201601840
https://doi.org/10.1002/anie.201601840
https://doi.org/10.1002/cssc.201900043
https://doi.org/10.1002/cssc.201900043
https://doi.org/10.1039/C9GC00318E
https://doi.org/10.1039/C9GC00318E
https://doi.org/10.1002/1521-3773(20001201)39:233.0.CO;2-G
https://doi.org/10.1002/1521-3773(20001201)39:233.0.CO;2-G
https://doi.org/10.1002/1521-3773(20001201)39:233.0.CO;2-G
https://doi.org/10.1002/1521-3773(20001201)39:233.0.CO;2-G
https://doi.org/10.1002/1521-3773(20001201)39:233.0.CO;2-G
https://doi.org/10.1016/S0968-0896(01)00073-6
https://doi.org/10.1016/S0968-0896(01)00073-6
https://doi.org/10.1016/0141-0229(93)90171-W
https://doi.org/10.1016/0141-0229(93)90171-W
https://doi.org/10.1021/ol800549f
https://doi.org/10.1021/ol800549f
https://doi.org/10.1021/jo800849d
https://doi.org/10.1021/acssuschemeng.8b06715
https://doi.org/10.1021/acssuschemeng.8b06715
https://doi.org/10.1021/acscatal.8b04524
https://doi.org/10.1021/acscatal.8b04524
https://doi.org/10.1002/chem.201804366
https://doi.org/10.1002/chem.201804366
https://doi.org/10.1021/acssuschemeng.8b01271
https://doi.org/10.1021/acssuschemeng.8b01271
https://doi.org/10.1016/j.procbio.2015.10.016
https://doi.org/10.1016/j.procbio.2015.10.016


48. Zhang Z, Muschiol J, Huang Y, Sigurdardóttir SB, von
Solms N, Daugaard AE, Wei J, Luo J, Xu B-H,
Zhang S, Pinelo M (2018) Green Chem
20:4339–4348. https://doi.org/10.1039/C8GC02230E

49. Obert R, Dave BC (1999) J Am Chem Soc
121:12192–12193. https://doi.org/10.1021/ja991899r

50. Lipshutz BH, Ghorai S, Cortes-Clerget M (2018)
Chem Eur J 24:6672–6695. https://doi.org/10.1002/
chem.201705499

51. Cortes-Clerget M, Akporji N, Zhou J, Gao F, Guo P,
Parmentier M, Gallou F, Berthon J-Y, Lipshutz BH
(2019) Nat Commun 10:2169. https://doi.org/10.1038/
s41467-019-09751-4

52. Correia Cordeiro RS, Ríos-Lombardía N, Morís F,
Kourist R, González-Sabín J (2019) ChemCatChem
11:1272–1277. https: / /doi.org/10.1002/cctc.
201801900

178 J. González-Sabín

https://doi.org/10.1039/C8GC02230E
https://doi.org/10.1021/ja991899r
https://doi.org/10.1002/chem.201705499
https://doi.org/10.1002/chem.201705499
https://doi.org/10.1038/s41467-019-09751-4
https://doi.org/10.1038/s41467-019-09751-4
https://doi.org/10.1002/cctc.201801900
https://doi.org/10.1002/cctc.201801900

	Chapter 10: Enzymatic Cascade Reactions in Non-Conventional Media
	10.1 Introduction
	10.2 Chemo-enzymatic Cascades in Non-conventional Media
	10.3 Enzymatic Cascades in Non-conventional Media
	10.4 Recent Developments
	10.5 Conclusions and Future Prospects
	References


