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Enzymatic self-sufficient hydride
transfer processes

Erika Tassano 2 and Mélanie Hall = *

A number of self-sufficient hydride transfer processes have been reported in biocatalysis, with a
common feature being the dependence on nicotinamide as a cofactor. This cofactor is provided in
catalytic amounts and serves as a hydride shuttle to connect two or more enzymatic redox events,
usually ensuring overall redox neutrality. Creative systems were designed to produce synthetic
sequences characterized by high hydride economy, typically going in hand with excellent atom
economy. Several redox enzymes have been successfully combined in one-pot one-step to allow
functionalization of a large variety of molecules while preventing by-product formation. This review
analyzes and classifies the various strategies, with a strong focus on efficiency, which is evaluated here
in terms of the hydride economy and measured by the turnover number of the nicotinamide cofactor(s).
The review ends with a critical evaluation of the reported systems and highlights areas where further
improvements might be desirable.

1. Introduction

An important challenge for today’s synthetic chemists is to
design novel synthetic routes that are superior in terms of yield
and selectivity and are cost-effective, while displaying low
environmental impact. The borrowing hydrogen strategy in this
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regard is highly attractive as it combines oxidation and hydro-
genation in a highly atom-efficient reaction scheme, targeting
redox neutrality.”> Homogeneous and heterogeneous catalysis
have relied on this concept for a large variety of transforma-
tions, while the field of biocatalysis only starts to implement
more broadly equivalent strategies with added benefits, such as
regio- and stereo-selectivity.

The borrowing hydrogen strategy, also known as hydrogen
autotransfer, implies that hydrogen (H-atom) is first abstracted
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from a substrate by a catalyst, and returned in a subsequent step
to the intermediate previously generated, thereby delivering the
final product that eventually (re)incorporates the hydrogen
(oxidation-hydrogenation sequence). Ideally, there is no net
change in the hydrogen count. Additional steps are usually
added between or along the two redox reactions to increase the
synthetic value and chemical complexity of the final product.
Typical examples are the alkylation of amines by alcohols
or amines, the B-functionalization of alcohols, C-C-bond form-
ing reactions from alcohols or net alkane metathesis."*”
Conceptually closely related but mechanistically distinct are
intramolecular hydride shifts connected to redox-neutral C-H
functionalization, which covers a broad range of reactions.
In particular, 1,5-hydride shifts are involved in a number of
ring closure reactions via formation of new C-C-, C-O- and
C-N-bonds.® In biocatalysis, only hydride transfer reactions can
be practically considered since no enzyme has yet been shown
able to catalyze transfer (de)hydrogenation reactions involving
net transfer of H, between two organic molecules. Although
biological - mostly photo- — production of H, could in theory be
coupled to biosynthetic reductive processes, such an approach
would however not follow a transfer hydrogenation scheme;
most hydrogenases indeed transfer hydrogen atoms from H,
indirectly in the form of hydrides via external ‘temporary’
electron acceptors, such as a nicotinamide cofactor.t °™** Excep-
tions are [Fe]-hydrogenases, which can directly transfer a hydride
from H, onto the organic molecule N’ N'’-methenyl-5,6,7,8-
tetrahydromethanopterin.'**

Systematic analysis of enzymatic strategies for hydride transfer
in closed systems,'®"” so-called redox-neutral biotransformations,
is currently lacking, although the potential and value of enzymes
in synthesis are now well recognized.'®'® In this review, the
concept of hydride transfer reactions in biocatalysis will be
presented and analyzed, with particular attention to redox
neutrality achieved through internal shuffling of hydrides,
i.e., between at least two different redox (half-)reactions. This
generates redox self-sufficient systems, and usually results in
no loss of hydride to the ‘outside’. Briefly, this concept consists
in designing a synthetic scheme combining at least two reactions
catalyzed by redox enzymes, in which the hydride in focus of the
reaction of interest is either abstracted from or donated to the
substrate and donated to or abstracted from a hydride shuttle,
respectively, in the form of a cofactor (nicotinamide molecule,
vide infra). This step is followed by the reverse hydride event
(donation or abstraction, respectively) with the formed inter-
mediate product to deliver the final product, either through
exchange with the hydride shuttle directly or via an auxiliary
molecule necessary as a co-substrate for the reaction. An ideal
system relies on catalytic amounts of the hydride shuttle and
releases no waste. In most cases, the ‘moving’ pair of electrons
formally remains in the starting material, and the system can be
considered redox neutral (Scheme 1).

+ Hydrogenases have been used to regenerate NAD(P)H at the expense of H,, as
demonstrated in the seminal work by Mosbach et al. for the amination of
pyruvate by alanine dehydrogenase.'*®
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Scheme 1 Representation of enzymatic self-sufficient hydride transfer
processes. The hydride shuttle used in catalytic quantities is typically a
nicotinamide cofactor (full: reduced; empty: oxidized). Ideally, no electron
is lost to ‘the outside’ and no waste is produced.
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Scheme 2 Two main approaches in the nicotinamide (NADP or NAD)
cofactor recycling strategy in in vitro biocatalysis. S: substrate; P: product,
Enz: enzyme; CoS: cosubstrate; CoP: coproduct. In this depiction, the reaction
of interest oxidizes the cofactor, which gets reduced in the regeneration cycle;
the same concept can be applied in the opposite redox direction.

Such reaction schemes are in stark contrast to the nicotinamide
cofactor regeneration strategy commonly employed in in vitro
biocatalysis, which relies either on the coupled-substrate or the
coupled-enzyme approach (Scheme 2).>>*" In the first case, one
enzyme is sufficient to carry out the redox reaction of interest as
well as the recycling of the nicotinamide cofactor through
conversion of a sacrificial substrate. A typical example is the
alcohol dehydrogenase-catalyzed reduction of ketones with
concurrent oxidation of isopropanol as the co-substrate to
acetone. In the latter case, a second enzyme is responsible
for the regeneration of the cofactor in the opposite redox
direction to that of the reaction of interest and also requires
a co-substrate. Exemplary is the use of glucose dehydrogenase for
the nicotinamide-dependent oxidation of glucose to gluconol-
actone, while the substrate of interest is reduced in the first
catalytic event. In both cases, a co-product is generated in at
least molar equivalent to the targeted reaction product. While
these strategies present economical advantages (only catalytic
equivalents of the expensive cofactor are needed) and may
benefit from favorable thermodynamics when equilibrium
reactions are engaged, it may on a large scale pose challenging
issues when the product is to be separated from a complex
reaction mixture.”” An exception is encountered in the co-product
free H,/hydrogenase-based coupled-enzyme strategy, which is
attracting renewed interest for atom-efficient nicotinamide
cofactor recycling.”*** Excellent reviews and book chapters on

Chem. Soc. Rev., 2019, 48, 5596-5615 | 5597
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Scheme 3 Oxidation of nicotinamide adenine dinucleotide (phosphate)
[NAD(P)] and standard redox potential of the pair NAD(P)*/NADPH (at
pH 7). H*/2e™ are usually abstracted as H™ by nicotinamide-dependent
enzymes (highlighted in red).

the topic of nicotinamide cofactor regeneration are available to the
interested reader and such systems, which generate co-products,
are out of scope here.'>?"?>28

Nicotinamide adenine dinucleotide (phosphate) [NAD(P)] is
the cofactor of choice for biological redox reactions. It operates
by single transfer of two electrons in the form of a hydride
(Scheme 3) either directly with the substrate or through redox
active mediators, such as flavin coenzymes (flavin mononucleo-
tide FMN or flavin adenine dinucleotide FAD). The standard
reduction potential of the pair NAD(P)"/NADPH according to

NAD(P)" + H" + 2¢” — NAD(P)H

is one of the lowest among relevant biological redox couples
(E'°=—0.320 V, at pH 7), showcasing the strength of NAD(P)H as a
reductant (i.e., low electron affinity).1 ***° Noteworthily, artificial
alternatives to biological cofactors are emerging - aiming for
instance at increased stability and system orthogonality — and as
a result, have encouraged the development of recycling systems
for such synthetic nicotinamide mimics. The rare fully biocatalytic
strategies rely on the coupled-enzyme approach with engineered
glucose dehydrogenase.®*>

In this review, we shall concentrate on enzymatic redox
reactions which utilize NAD(P) as a hydride shuttle, not
excluding those enzymes which rely on an additional mediator
(flavin, heme-bound iron, iron-sulfur cluster). Importantly,
NAD(P) is usually bound non-covalently and can diffuse in
and out of the enzymes, depending on the enzyme affinity for
the cofactor. For in vitro biocatalytic applications, NAD(P) must
therefore be added externally and its prohibitive cost has
supported the development of regeneration strategies (vide supra,
and Scheme 2). For in vivo biocatalysis, resting cells, which over-
express the enzyme(s) of interest, are typically employed. These
cells, though not growing anymore, contain a certain amount of

i While the pair FAD/FADH, redox couple displays a standard reduction potential
of —0.180 V in a protein-free environment, this value significantly varies upon the
active site architecture of a given protein, from —0.450 to +0.150 V.>°
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nicotinamide as a mixture of NAD*, NADH, NADP" and NADPH;
nevertheless, in such cases, an external cofactor tends to be
generally added (see example of Scheme 18), usually to com-
pensate for the difficult-to-balance reaction rates of the several
reactions at play. Similarly to the case of nicotinamide regen-
eration strategies, the use of resting cells on a large scale may
be associated with challenging downstream processing opera-
tions, in particular when removal of cells hinders product
isolation and recovery.>” The case of growing cells will not be
considered here since the flux of electrons in the reaction(s) of
interest is eventually controlled by the source of nutrients
(usually glucose) and does not fit the scope of this review.

The concept of atom economy lately emerged in organic
chemistry as a main driver for innovation in reaction design,
pushed by the necessity to comply with stricter environmental
legislations and economical constraints.** The concept of atom
economy was initially coined to pertinently relate to efficiency
in synthesis, which should display high selectivity and economy
in atom count.***® In the most synthetically efficient cases,
what goes in as reactant(s) should come out as product(s),
thereby no waste is generated. Only later did redox economy
become a point of concern in designing total synthesis.*®™®
In this review, we will focus instead on redox neutrality,
showcasing artificial biosynthetic schemes with at least two
enzymatic redox transformations, which though not complying
with strict redox economy are highlighted for their hydride
economy. In an ideal case, a reaction sequence is redox self-
sufficient and is characterized by a high turnover number for
the hydride shuttle; this practically translates into catalytic
amounts of nicotinamide and full conversion of the substrate
into the targeted product. When pertinent, the atom economy
will be discussed, bearing in mind that the most atom econom-
ical synthesis does not produce any waste and incorporates all
atoms of the reactants in the final product. In biotransforma-
tions that run mostly in aqueous media, the release of water as
the environmentally benign sole by-product is clearly not a
concern. In these cases - typically involving the action of a
monooxygenase — internal hydride shuffling is limited to one
cycle and the hydride from the substrate ends up in water as the
sole by-product through formal reduction of oxygen. While not
undergoing strictly redox-neutral transformations, these sys-
tems are being reviewed here, as redox self-sufficiency in the
presence of air is achieved.

The scope of enzymatic nicotinamide-dependent sequences
fulfilling the criteria of self-sufficient hydride transfer is
vast and covers racemization and stereoinversion reactions,
formal amination of alcohols and o-hydroxy-acids, formal
oxo-functionalization of unactivated C-H bonds, redox isomer-
ization of allylic alcohols and y-oxo-lactols, disproportionation
of aldehydes, and formation of cyclic amines and lactones
(Scheme 4). In this review, we propose a classification of such
enzymatic nicotinamide-dependent self-sufficient hydride trans-
fer systems, which overall distinguishes between processes based
on the number (one, two or more) of substrates, enzymes, and/or
products (Scheme 5). Special cases will be highlighted, in which
the overall process results in a formal intramolecular hydride

This journal is © The Royal Society of Chemistry 2019
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Scheme 4 Scope of enzymatic nicotinamide-dependent sequences fulfilling the criteria of self-sufficient hydride transfer. ADH: alcohol dehydrogen-
ase; P450: P450 monooxygenase; ER: ene-reductase; STH: pyridine nucleotide transhydrogenase; BVMO: Baeyer-Villiger monooxygenase; HicDH:
a-hydroxyacid dehydrogenase; PyDC: pyruvate decarboxylase; LDH: lactate dehydrogenase; ATHase: artificial transfer hydrogenase; ALDH: aldehyde
dehydrogenase; RedAm: reductive aminase; AmDH: amine dehydrogenase; AaDH: amino acid dehydrogenase; TA: transaminase. °In the case of a
racemic alcohol, two stereocomplementary ADHs are employed or a non-stereoselective ADH. * Denotes a chiral center and a fixed absolute
configuration. All sequences depend on catalytic NAD(P), not displayed for clarity.

transfer, such as when the hydride removed from the substrate
in the first step ends up in the product through the last step,
thereby mimicking the borrowing hydrogen strategy in chemistry.
For each scenario, relevant examples will be presented and their
applicability discussed in terms of efficiency, represented by the
maximum number of turnovers that the cofactor can practically
sustain. To be viable, each reported sequence must operate
as a one-pot enzymatic cascade,*** since the reactions in the
sequence are tightly controlled and connected by the hydride
shuttle in catalytic amounts. In multi-enzymatic systems, this
implies that the biocatalysts must all display sufficient catalytic
activity under the chosen reaction conditions (pH, temperature,
pressure, buffer salts, co-solvent).

2. One substrate—two enzymes—one
product

One substrate can be converted to a single product by the action
of two redox enzymes through formation of a non-accumulating
intermediate obtained in the first catalytic step, in which the

This journal is © The Royal Society of Chemistry 2019

nicotinamide cofactor (hydride shuttle) either gets reduced (2.1)
or oxidized (2.2). In a second step, the intermediate thus formed
is either reduced (2.1) or oxidized (2.2) to the final product.
Despite the use of catalytic amounts of the nicotinamide cofactor
in both cases, the first set-up (cofactor reduction-oxidation
sequence) is economically more attractive on a large scale, since
the cofactor is added in the cheaper oxidized form.

2.1. Cofactor reduction-oxidation sequence

The cofactor reduction-oxidation sequence (Scheme 5(A1)) usually
corresponds to a formal intramolecular hydride transfer, since the
hydride necessary to reduce the cofactor is abstracted from the
substrate and reincorporated in the final product in the second
catalytic redox event. Here, nicotinamide functions as temporary
electron storage, similarly to a metal in the borrowing hydrogen
strategy that captures hydrogen atoms. An exception is the case of
double oxidation of the substrate, as in the conversion of alcohol
to lactone™ (Scheme 11), where hydrides are expelled as water as
a by-product of the sequence. This concept in biocatalysis was
pioneered by Wandrey and Kula for the asymmetric synthesis of
enantiomerically pure amino acids.*" The formal amination of

Chem. Soc. Rev., 2019, 48, 5596-5615 | 5599
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Scheme 5 Enzymatic nicotinamide-dependent self-sufficient hydride transfer reactions based on A: two enzymes and Al: cofactor reduction—
oxidation sequence or A2: cofactor oxidation—reduction sequence; B: three enzymes and Bl: two types of nicotinamide cofactor (the order of both
redox states and types of cofactor may be switched); B2: incorporating a third non-redox enzyme for functionalization of the intermediate; B3:
co-substrate regeneration by the third enzyme; B4: co-product consumption by the third enzyme; C: four enzymes and one co-substrate; D: two
substrates and two enzymes with formation of D1: one product; D2: two products; E: one substrate and one enzyme only for E1: disproportionation
reaction; E2: racemization (doubled arrows used for simplification, both reactions are reversible); E3: redox isomerization. S: substrate; P: product; Syeq:
substrate to be oxidized; Sox: oxidized substrate as (ideally) non-accumulating intermediate; CoS: co-substrate (as reactant); CoP: co-product; Int:
intermediate; Enz: enzyme. Half-reactions marked in grey may be coupled to the described system, in which case hydrides are lost to the ‘outside’ as water.

hydroxyacids and alcohols to amino acids and amines, respectively,
requires an external nitrogen source (typically ammonium salt)
and releases water as the sole by-product. However, in contrast
to aerobic di-oxidation sequences (Schemes 11, 14 and 15), the
hydride from the substrate remains within the final product.

5600 | Chem. Soc. Rev., 2019, 48, 5596-5615

Such sequences represent biocatalytic equivalent to borrowing
hydrogen strategies.

This concept has been successfully applied to the production
of amino acids (Scheme 6), initially relying on three enzymes.
In a seminal study by Wandrey and coworkers,*" lactic acid was

This journal is © The Royal Society of Chemistry 2019
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Scheme 6 Biocatalytic production of enantiomerically pure amino acids from
corresponding a-hydroxyacids via an oxidation—reductive amination sequence.
DH: dehydrogenase; AaDH: amino acid dehydrogenase. The starting
material may be racemic, in which case two DHs are employed.*+*?

converted to r-alanine using an immobilized nicotinamide
cofactor (PEG-20000-NADH) in a membrane reactor, combining
oxidation to pyruvate by lactate dehydrogenases (LDHs)
and reductive amination by alanine dehydrogenase (r-AlaDH).
Starting from racemic lactic acid, two stereocomplementary
LDHs were required for the oxidative step; a space time yield
of 134 ¢ L' d™' was achieved in continuous mode and
maintained for over 30 days, but required supplementation of
pyruvate to ensure efficient hydride shuffling over time. In a
subsequent study, a 45 day continuous production of r-leucine
with a space time yield of 72 ¢ L' d~" was reported employing
a similar strategy.*® An outstanding turnover number for the
cofactor (up to 10 000) was reported by combining both p- and
t-hydroxyisocaproate dehydrogenases (p-HicDH from Lactobacillus
casei and r-HicDH from Lactobacillus confusus) with leucine
dehydrogenase from Bacillus cereus. More recently, this approach
was optimized for the synthesis of non-canonical o-amino acids,
as part of a multi-step cascade.*” Using medium chain fatty acids
(C6 to C10) as the starting material, peroxygenase P450¢;, from
Clostridium acetobutylicum catalyzed non-stereoselective and
regioselective o-hydroxylation to corresponding «-hydroxyacids
at the expense of H,0,. In the subsequent redox self-sufficient
reaction module, p-/i-Hic-DHs"' and r-phenylalanine dehydro-
genase from Rhodococcus sp. were combined for the production
of seven different amino acids with good to high conversion
levels (up to 99%) and perfect enantioselectivity (typically
>99%), however with low TONy,p (<3) since the cofactor was
added in 30 mol%.

The practical application of this closed-loop cascade dramati-
cally widened in 2015, after two groups independently reported the
formal amination of alcohols in one-pot one-step, broadening the
substrate scope of the sequence from o-hydroxyacids to primary
and secondary alcohols.*** In a first study,” an alcohol dehydro-
genase, either a primary ADH from Bacillus stearothermophilus, or a
Prelog and/or anti-Prelog ADH from Aromatoleum aromaticum and
Lactobacillus brevis, respectively, converted the alcohol into the
corresponding ketone; an engineered amine dehydrogenase®’
(Ph-AmDH from Bacillus badius or chimeric Ch1-AmDH*®) then
yielded (R)-configurated amines in the reductive amination step.
A wide-ranging pool of primary and secondary alcohols (both as
racemic and optically pure material) was tested (Scheme 7). Under
optimized reaction conditions at 20 mM substrate concentration,

This journal is © The Royal Society of Chemistry 2019
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Scheme 7 Biocatalytic equivalent to borrowing hydrogen cascade for the
formal amination of alcohols (one or two ADHs: alcohol dehydrogenases;
AmDH: amine dehydrogenase) and scope of (R)-amines obtained. The
alcohol may be primary or secondary (racemic or optically pure).**4>

moderate to excellent conversion (generally 80-95%) was obtained
with consistently high enantioselectivity (97-99% ee). A detailed
investigation of the redox self-sufficiency revealed a TONyap of up
to 76 at 1 mol% NAD', although the highest conversions were
typically obtained at 5 mol% NAD' (max. TON of 20). The same
system was independently developed for secondary alcohols
combining an ADH from Streptomyces coelicolor with the double
mutant (K77S/N270L) amine dehydrogenase EsLeuDH-DM
from Exiguobacterium sibiricum.** The exploitation of a non-
stereoselective ADH in the first oxidation step allowed applica-
tion of the cascade to racemic alcohols without the need for two
stereocomplementary enzymes.”> The redox neutral cascade
could be performed on a 50 mM scale with 2 mol% NAD" on
a range of alcohols (up to 48.5 TONyap), although a max.
TONp of 192 was reported employing 0.4 mol% NAD'. While
only (R)-selective biocatalysts have been available for the reduc-
tive amination so far, the recent discovery of naturally occur-
ring amine dehydrogenases with (S)-selectivity should open up
the cascade to both amine enantiomeric products.*’

To further improve the process, several modifications were
later implemented, such as the use of enzyme variants, which
were engineered to display reversed cofactor specificity (NADP to
NAD) and non-stereoselective behavior,”® or of co-immobilized
biocatalysts,”* or by connecting this sequence to additional
enzymatic steps to extend the series of catalytic events.”*

One main limitation in the described enzymatic system is
the requirement for NH; as a nitrogen source, restricting the
scope of products to primary amines. Besides, the employed
ammonia concentrations are generally high (~2 M as ammonium
salt) to prevent the more favored reverse reaction (oxidative
deamination). The application of a recently discovered reductive
aminase (AspRedAm, from Aspergillus oryzae)** allowed extension
of the sequence to secondary amines. The enzyme catalyzes the
reductive amination of various carbonyl compounds, using
different primary amines as co-substrates, and produces water
as the sole by-product. AspRedAm was successfully incorporated
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Scheme 8 Biocatalytic alkylation of amines with primary and secondary
alcohols (ADH: alcohol dehydrogenase; RedAm: reductive aminase).>®

into a self-sufficient system for the biocatalytic alkylation of
amines with primary and secondary alcohols, in combination
with alcohol dehydrogenase (TeSADH W110A from Thermoa-
naerobacter ethanolicus, ADH-150 or SyADH from Sphingobium
yanoikuyae; Scheme 8).>> Notwithstanding low turnover num-
bers for NADP' (max. 5 TON at 20 mol% cofactor), the cascade
showed a broad variety of accepted substrate pairs, with generally
good conversions (up to >99%) and moderate to excellent
enantioselectivity (up to >97%). In the case of racemic secondary
alcohols, conversions were limited due to the stereopreference of
the ADH employed (one ADH only). A major drawback of the
current cascade is the requirement for a large excess of the amine
donor (5 molar equivalents), which puts a strong burden on atom
economy. In a follow-up study, an additional P450-catalyzed
hydroxylation step was incorporated prior to this sequence,
starting from unfunctionalized cyclic alkanes; production of
N-propargylcyclohexylamine was achieved in one-pot two-step
with a space-time yield of 2 g L™" d™%.>°

Related to biocatalytic formal amination strategies, a mixed
system composed of an alcohol dehydrogenase and an artificial
transfer hydrogenase (ATHase) was designed for the prepara-
tion of a pyrrolidine product starting from 4-amino-1-phenyl-1-
butanol (Scheme 9). ATHase - a streptavidin-based structure
containing a biotinylated Cp*Ir catalyst - catalyzed the reduction
of the intermediate cyclic imine obtained from oxidation of the
starting material by ADH and subsequent spontaneous cycliza-
tion. Under the tested conditions however, the intermediate
imine accumulated, likely due to redox imbalance (unfavorable
NADP/substrate ratio). A moderate TON for the cofactor of 3.6
was obtained (based on the final product formed).”®

The racemization of o-hydroxyacids by a mixture of
stereocomplementary o-hydroxyacid dehydrogenases, namely,
- and p-o-hydroxyisocaproate dehydrogenases (HicDHs) from
Lactobacillus paracasei and Lactobacillus confusus, respectively,
was inspired by the racemization of secondary alcohols by
ADHs (see Section 6 and Scheme 25) and relied on concurrent

5602 | Chem. Soc. Rev., 2019, 48, 5596-5615

View Article Online

Review Article

H OH
NH, N
H H
NADP*
ADH ATHase
NADPH/H*

Scheme 9 Combination of alcohol dehydrogenase (ADH) with artificial
transfer hydrogenase (ATHase) for preparation of cyclic amine from
amino-alcohol (although both substrate and product are chiral, no indica-
tion on enantiopurity was provided).>®

H. OH

\f

R” “CO,H ™\ L-HicDH
(R) o

PN

NAD® NADHH' R~ >Co,H
(S) HO H V not accumulating
p§ D-HicDH
R” ~CO.H

Scheme 10 Racemization of (S)- or (R)-o-hydroxyacid by combining
L- and p-a-hydroxyisocaproate dehydrogenases (HicDHs; doubled arrows
used for simplification, both reactions are reversible).>”

NAD-dependent oxidation-reduction by HicDHs. Running the
reaction on 35-45 mM of substrate with a mixture of cofactors
(3 mol% NADH and 2 mol% NAD") allowed racemization within
24 h (Scheme 10).””

The cofactor reduction-oxidation sequence was adapted
to the production of lactones from secondary alcohols, by
merging ADH-catalyzed oxidation of secondary alcohols with
Baeyer-Villiger monooxygenase (BVMO)-catalyzed oxygenation
of intermediate ketones. The double oxidation of secondary
cyclic alcohols to lactones was initially developed with bicyclic
substrates using whole cells of Acinetobacter sp. NCIMB 9871, and
later performed using (partially) purified enzyme preparations of
NADP-dependent ADH and BVMO. In this set-up, hydrides
abstracted from the substrate end up in water, through formal
oxygen reduction by BVMO mediated by the flavin coenzyme. The
alcohol oxidation was coupled to the monooxygenation of inter-
mediate ketone through use of sub-stoichiometric amounts of
NADP" (Scheme 11).** Bicyclic compounds were successfully
converted, however the still relatively high cofactor concentration
(33 mol%) limited nicotinamide turnover numbers (<3).
Additionally, nonperfect regio- or enantio-selectivity in the
Baeyer-Villiger oxidation reaction prevented access to a single
enantiomeric lactone product. Further improvements (up to
10 TON) were obtained by switching to NAD-dependent enzymes
and lowering the cofactor concentration (10 mol%).*® Limita-
tions connected to the poor stability of some monooxygenases
were quickly identified,>® highlighting the initial difficulty in
generating a protocol applicable to a broad range of substrates.
The concept was later applied to simpler structures, granting

This journal is © The Royal Society of Chemistry 2019
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Scheme 11 Oxidation—oxygenation sequence for the conversion of
cyclic secondary alcohols into lactones by employing alcohol dehydro-
genase (ADH) and Baeyer-Villiger monooxygenase (BVMO) as biocatalysts.

Representative example with monocyclic compounds (n = 2-4) and

additional accepted substrates displayed.*>6°

access to lactones with important industrial applications as
monomers. Employing a redesigned polyol dehydrogenase with
enhanced thermostability and NADPH-specificity, and CHMO
(cyclohexanone monooxygenase from Acinetobacter calcoaceti-
cus), preparative scale synthesis of e-caprolactone relying on the
pair NADPH/NADP" in 1:1 ratio, each in 6 mol%, resulted in an
isolated yield of 55% for the lactone in >99% purity.®® By
substituting the ADH, the same cascade was ran at 1 mol%
NADP’, providing high conversion levels up to 60 mM substrate
(TONyapp Of 141).°" This reaction scheme was then linked to
the redox self-sufficient formal amination of alcohol (as in
Scheme 20) by introducing enzyme-catalyzed methanolysis
of e-caprolactone to generate 6-hydroxyhexanoic acid methyl
ester, a key intermediate of the second module.®* High hydride
economy was obtained in the double oxidation step, which was
scaled up to 100 mg (TONyapp of 120 employing 0.8 mol%
NADP"). This sequence has also been extended upstream with
the oxidation of cyclohexane by P450 monooxygenase to cyclo-
hexanol; however, an excess of glucose and glycerol were added
to support cofactor regeneration.®® The biocatalytic double
oxidation was later incorporated in cascades for polymerization
reactions to oligo- and poly-e-caprolactone;®*®> however,
here also acetone and glucose were added as co-substrates to
support cofactor regeneration.’”> Recent improvement in the
double oxidation cascade was shown by fusing the two proteins
(ADH and CHMO) into a bifunctional biocatalyst,*® while
implementing the fed-batch strategy and extending the cascade
by lipase-catalyzed hydrolysis of e-caprolactone to prevent sub-
strate and product inhibition of the biocatalyst, respectively.®"***>
This resulted in 99% consumption of 200 mM cyclohexanol using
0.1 mol% NADP".

The redox isomerization of allylic alcohols to saturated ketones
was designed by coupling NAD'-dependent ADH-catalyzed oxida-
tion of racemic 2-cyclohexenol with NADH-dependent reduction
of intermediate cyclohexenone by ene-reductase (ER) to furnish
cyclohexanone (Scheme 12).°” Optimization of the reaction

This journal is © The Royal Society of Chemistry 2019
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Scheme 12 Redox isomerization of allylic alcohol combining alcohol
dehydrogenase (ADH)-catalyzed oxidation of racemic 2-cyclohexenol
and ene-reductase (ER)-catalyzed reduction to saturated ketone.®”

conditions was necessary to prevent over-reduction of the final
product by ADH and dehydrogenation of the intermediate pro-
duct by ER. Basic pH values as well as low ADH/ER ratio (~1:10)
were favored and enabled 60% conversion to the final product,
with 12 turnovers of the cofactor. The moderate conversion level
was suggested to result from the stereopreference of the ADH for
one enantiomer of the racemic starting material, resulting in
kinetic resolution and incomplete oxidation of the allylic alcohol.
Despite limited synthetic interest, this work set the ground for
a bi-enzymatic redox isomerization protocol, which was later
incorporated into other biosynthetic schemes including further
functionalization to lactones®® or saturated alcohols.*

2.2. Cofactor oxidation-reduction sequence

In the cofactor oxidation-reduction sequence (Scheme 5(A2)),
two enzymes contribute to the hydride transfer, leading to the
formation of a single final product. This sequence does not
necessarily represent an intermolecular hydride transfer, since
the oxidation of the cofactor may be connected to the oxidation
of the substrate, in the case where the hydride is required to
‘activate’ the enzymatic reaction (such as in oxidation reactions
by P450 enzymes, Schemes 14 and 15). In that case, double
oxidation of the substrate is connected to abstraction of one
single hydride from the substrate, which is released to the
outside in the form of water, concomitant to oxygen reduction. In
that case too, the system is redox self-sufficient since molecular
oxygen acts as an oxidizing reactant (incorporation of one oxygen
atom) and no external source of hydride in theory is required.

An example of a system following this sequence of redox
events was reported for the preparation of saturated carboxylic
acids, using crude cell extracts of E. coli over-expressing the
selected biocatalysts.”” Coupling the activity of ene-reductase
(ER) and aldehyde dehydrogenase (ALDH), a small set of
a,B-unsaturated aldehydes was converted to the corresponding
final products on a 10 mM scale (Scheme 13).

The main challenge of the system resided in the identifi-
cation of a suitable ALDH (from Pseudomonas putida KT2440)
displaying high chemoselectivity for the saturated aldehyde
intermediate. Indeed, competing oxidation of the starting material
by ALDH would lead to the formation of the unsaturated carboxylic
acid, inert to most ERs,”* and thereby deplete the reaction of
the starting material. The cascade was originally optimized
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Scheme 13 Redox self-sufficient (asymmetric) biocatalytic synthesis
of carboxylic acids based on NAD(P)-dependent ene-reductase (ER)-
aldehyde dehydrogenase (ALDH) sequence.”®

Table 1 Ene-reductase-aldehyde dehydrogenase sequence for the
conversion of o,fB-unsaturated aldehydes to saturated carboxylic acids
according to Scheme 13

Entry  Product Conv. [%], ee [%] TONnapr) Ref.
- 0
14 ; >99, (S) >99 39 70
NS OH ) ( )
o}
2° WOH >99, 64° 39 70
o}
3 \/YLOH >99, (S) >98 184 71
o}
‘ /©/\HJ\OH 99, () 95 80 71
o NHAC
o}
OH
91, (R) >98 86 71

¢ 10 mM substrate. > 5 mM substrate. ¢ Absolute configuration not reported.

using citral - mixture of geranial and neral - as the starting
material, which was converted quantitatively with excellent chemo-
and stereo-selectivity. Additional substrates were also accepted,
and stable turnover numbers of the cofactor were observed,
albeit with slightly reduced chemo- or stereo-selectivity (Table 1,
entries 1 and 2).

A further optimization of the system was later performed
by Scrutton et al,”* following a systematic analysis of the
different parameters involved in order to maximize both
chemo- and stereo-selectivity. To identify the best performing
pair of enzymes for each substrate, the two redox half-reactions
were examined separately, and later combined in the optimiza-
tion step. The best suitable combination of ene-reductase and
aldehyde dehydrogenase allowed the production of different
a-substituted carboxylic acids (Table 1, entries 3-5) with high
chemo- (81-95%) and stereo-selectivity (91-99% ee). Moreover,
for the conversion of a-methylcinnamaldehyde, the applied
systematic methodology led to the identification of a matching
pair of enzymes (OYE2 from Saccharomyces cerevisiae and ALDH
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from horse), which acted with remarkable efficiency in closed
loop on the 5 mM substrate (470 TONnapp, Table 2, entry 5).

Biocatalytic one-pot oxidation of cyclohexane to cyclohexanone
was established in a set-up combining two oxidation steps.”?
Alkane hydroxylation catalyzed by a variant from P450 BM3 from
Bacillus megaterium (19A12) was coupled to alcohol dehydrogena-
tion catalyzed by ADH from Lactobacillus kefir (Scheme 14). As
alluded earlier, in this set-up, the hydride abstracted from the
substrate ends up in water through reduction of oxygen by P450
monooxygenase. 10 mol% NADPH were used on 100 mM
cyclohexane, eventually leading to a final product concentration
of 0.41 g L' (4.2 mM). As pointed out by the authors, only low
efficiency was achieved with this reaction set-up (TONyapp < 1,
Table 2, entry 6). Slightly higher cycloalkanone concentrations
(up to 0.80 g L™, 8.2 mM) were reached by supplementing the
system with 0.25 vol% isopropanol (~33 mM). The alcohol acted
as an auxiliary co-substrate that could regenerate NADPH via
concomitant ADH-catalyzed oxidation to acetone. This compen-
sated for the loss of NADPH due to strong uncoupling toward
H,0, production, which P450 enzymes are plagued with.”* In
follow-up studies, this concept was applied to the double
oxidation of n-heptane and cyclooctane in a whole-cell bio-
catalyst and/or using purified enzymes.””””” Since redox self-
sufficiency could not be achieved due to uncoupling in the
P450-catalyzed hydroxylation reaction, glucose was used as a
sacrificial co-substrate. Following a similar strategy, the combi-
nation of P450 monooxygenase and ADH was applied to the
conversion of (+)-valencene to (+)-nootkatone, a grapefruit flavor
sesquiterpenoid ketone.”® Although P450 BM3 shows preference
for NADPH as a cofactor, the selected variant BM3-AI (F87A/A328I)
showed activity also with NADH, which is the only cofactor
accepted by the second enzyme (c-LEcta ADH-21). To overcome
the problem of uncoupling with P450 enzyme, 2-butanol was
added as a co-substrate, thus preventing self-sufficiency, and
butanone was generated as an oxidized by-product from ADH.
The biocatalytic production of ketoisophorone from a-isophorone
was similarly described, although in a whole-cell system
co-expressing a variant of the chimeric self-sufficient P450cam-
RhFRed and Cm-ADH110 (ADH from Candida magnoliae).?° Here
too, glucose was added externally.

The P450cam system, composed of P450cam monooxygenase,
putidaredoxin PdX, and putidaredoxin reductase PdR, and FdeH, a
5-exo-hydroxycamphor dehydrogenase, were successfully combined
for the regioselective hydroxylation-oxidation sequence of camphor
(Scheme 15).” Using purified enzyme preparations under optimized
reaction conditions, 1 mM of camphor was fully converted to 2,5-
diketobornane in 2 h, with a modest cofactor turnover number of 4.
By extending the incubation time to 4 h, the cofactor amount could
be lowered to 0.1 mM, with a conversion of 98% and 2.5-fold
increase in TONnapp. Remarkably, the optimized system ran effi-
ciently in a closed-loop fashion, since the P450-driven cascade was
reported to proceed without noticeable uncoupling (Table 2, entry 7).

2.3. Special cases

The requirement for two stereocomplementary dehydrogenases
in the formal amination of racemic a-hydroxyacids to enantiopure

This journal is © The Royal Society of Chemistry 2019
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Table 2 Overview of the different enzymatic nicotinamide-dependent self-sufficient hydride transfer reaction schemes (for each entry, one
representative case was selected). The cofactor is either NAD(P)* or NAD(P)H, or a combination thereof

Entry  Substrate(s) Product(s) Enzyme(s)* [S] (mM) [cofactor] (mol%)? TONyapr)”  Ref.
OH NH,
1 - ADH, AmDH 20 5 (NAD") 19 45
>99% ee >99% ee
/\/\/\OH
=
2 SN ADH, RedAm 5 20 (NADP") 5 53
AN 4 H
HoN
OH
3 © 6 ADH, BVMO 200 0.8 (NADP") 120 62
OH
4 @ ij ADH, ER 10 5 (NAD") 12 67
5 m M ER, ALDH 5 0.2 (NADPH) 470 71
99% ee
6 O é P450, ADH 100 10 (NADPH) 0.42 73
7 ;& i& P450, FdeH 1 10 (NADPH) 9.8 79
o]
HO l HO
8 o o] MDH, STH, MR 20 1 (NADPH/NAD") 78 each 84
‘ NMe NMe
HO™ o
9 HO™ ¥ oH HoN™ 1 NH, ADH, TA, AlaDH 50 5 (NAD") 96¢ 87
0
0
10 ] BVMO, ADH 75¢ 0.2 based on [diol] (NADP") 915 96
2:1
HO™ ty; “oH
(0]
S 1l .
~ L.
J w
>99% ee
11 on 12 BVMO, ADH 45°¢ 1.3 based on [sulfide] (NADPH) 73 104
OH
rac. S N >99% ee
~ ~N o
o]
12 11 ce values BVMO, ADH 22.6 0.009 based on [ketone] (NADPH)  ~5500 104
/?\HH/ OH not reported
rac. 'S /\(“’)5/
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Table 2 (continued)
Entry  Substrate(s) Product(s) Enzyme(s)” [S] (mM) [cofactor] (mol%)? TONnape)”  Ref.
©/\/ 96% ee
-0 A
13 ADH 75 1.3 (NAD") 26.5 106
rac. ©/Y 89% ee
product ratio 1.06:1
OH
14 \b’)s/k \M/g\ ADH 26 2.7:4.6 (NAD'/NADH) 18.6/6.8' 109
9% (
= =
15 ADH 7 7.1 (NAD") 10.2 110
o 07 0"\ g9%ee

% ADH: alcohol dehydrogenase; AmDH: amine dehydrogenase; RedAm: reductive aminase; BVMO: Baeyer-Villiger monooxygenase; ER: ene-reductase;
ALDH: aldehyde dehydrogenase; P450: cytochrome P450 monooxygenase; FdeH: 5-exo-hydroxycamphor dehydrogenase; MDH: morphine dehydro-
genase; STH: soluble pyridine nucleotide transhydrogenase MR: morphinone reductase; TA: transaminase; AlaDH: alanine dehydrogenase; for source

of enzymes, see text and correspondlng references. ”
indicated (may be added as pair).

and 13"); the cofactor goes through double this amount of half-reactions (on substrate and generated intermediate, respectively). ¢
and 25 mM of diol. ¢ 15 mM of sulfide and 30 mM of racemic alcohol Corresponding ketone is formed (14.1 mM).
turnovers for each molecule of difunctionalized product formed. * Each turnover converts two molecules of the substrate. ’

In relation to the substrate starting concentration; the redox state and type of cofactor is
TON: turnover number, each turnover converts one molecule of the substrate to the final product (except entries 9%

50 mM of ketone
f11.3 rnM of each substrate. ¢ Two
Calculated half-reactions

for NAD" and NADH respectively (for racemization of 26 mM, only 13 mM of substrate are effectively converted).

H_ H 0
ij NADPH/H*
0, —\ P450 ADH
NADP*
H,0 HO_ H

O

Scheme 14 Double oxidation of cyclohexane to cyclohexanone using
P450 monooxygenase BM3 from Bacillus megaterium and alcohol dehy-
drogenase from Lactobacillus kefir (ADH).”

amino acids*' (see Section 2.1 and Scheme 6) can be circum-
vented by supplementing the sequence with a racemase, overall
rendering a sequence with three enzymes to convert one sub-
strate into one product. This approach was implemented in
the redox-neutral biotransformation of rac-mandelic acid into
-phenylglycine (Scheme 16).5* Given the high stereoselectivity
of p-mandelate dehydrogenase (p-MDH from Rhodotorula
graminis), only one of the two enantiomers of the o-hydroxy
acid was consumed; mandelate racemase from Pseudomonas
putida was therefore introduced to allow almost full consump-
tion of the racemic starting material (conversion up to 94%).
The reductive amination step was performed using different
commercial preparations of r-AaDHs, which yielded the final
product with excellent enantioselectivity (commonly >97%)
and cofactor turnover number up to 14 at 6.7 mol% NAD". In
a separate study, a combination of newly identified and engi-
neered enzymes was tested for the optimization of the redox

5606 | Chem. Soc. Rev., 2019, 48, 5596-5615

o)
H NADPH/H*
o) o)
0, P450 FdeH

NADP*

HO
H

o)

Scheme 15 Conversion of camphor through double oxidation of 2,5-diketo-
bornane by P450 monooxygenase P450cam and 5-exo-hydroxycamphor
dehydrogenase FdeH (P450cam supplemented with redox partner putidare-
doxin PdX and putidaredoxin reductase PdR). Enantioselectivity of P450cam not
reported (abstracted hydrogen nonrepresentative).”®

self-sufficient cascade (p-MDH from Lactobacillus brevis, an
engineered mandelate racemase from Pseudomonas putida
and leucine dehydrogenase from Exiguobacterium sibiricum).**
Impressive cofactor turnover numbers of up to 3165-3185 were
obtained at 50-500 mM substrate loading and 0.02 mol%
NAD'. The reaction performed at 200 mM substrate and
0.05 mol% NAD" led to 87% isolated yield of 1-phenylglycine
in perfect enantiomeric excess. In addition, four different
substituted amino acid derivatives were successfully produced
(Scheme 16), with TONyap between 145 and 483.

The self-sufficient formal amination cascade from Scheme 6
was operated in the reverse direction for the simultaneous
production of (S)-3-fluoroalanine and (R)-3-fluorolactic acid.®?
Kinetic resolution of rac-3-fluoroalanine by oxidative deamina-
tion catalyzed by r-alanine dehydrogenase from Bacillus subtilis
led to isolation of (S)-3-fluoroalanine in 60% yield and 88% ee.

This journal is © The Royal Society of Chemistry 2019
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Scheme 16 Redox-neutral production of substituted L-phenylglycine from
racemic mandelic acid derivatives using mandelate racemase, b-mandelate
dehydrogenase (b-MDH) and L-amino acid dehydrogenase (L-AaDH).5!

Concurrently, rabbit muscle r-lactate dehydrogenase converted
intermediate 3-fluoropyruvate to (R)-3-fluorolactic acid in 80%
yield and perfect enantioselectivity (>99% ee). The sequence
was performed on a 100 mg scale with 1.25 mol% NADH and
generated two products from one substrate using two enzymes.

3. One substrate—three enzymes

A few systems require the presence of three enzymes to operate
according to the redox self-sufficiency principle. Two enzymes are
collectively responsible for the transformation of the substrate
into the product of interest while a third enzyme is necessary for
the hydride shuffling between two types of cofactor or between
one cofactor and one co-product. Alternatively, the third enzyme
may be responsible for additional (non-redox) functionalization.

3.1. Two cofactors

In the case where two distinct hydride shuttles (NADP and NAD)
in complementary redox states are necessary for two distinct
catalytic events, a third enzyme allows the crucial hydride transfer
as a connector between the two catalytic loops and results in
formal intramolecular hydride transfer. This necessitates high
chemo-selectivity of the enzymes to prevent unnecessary con-
sumption of one cofactor in the wrong loop. Practically, this
translates into use of a NADP-specific enzyme for one reaction
and a NAD-specific enzyme for the second reaction of interest (or
vice versa) to ensure ideal redox balance. The two enzymes
responsible for the transformation of the substrate into the final
product should catalyze consumption of both nicotinamide
cofactors in complementary redox directions. The key transfer
of electrons between the two cofactor types is catalyzed by a
pyridine nucleotide transhydrogenase (Scheme 5(B1)).

This strategy was elegantly applied to the production of the
opiate drug hydromorphone starting from morphine.®* In this
example, the substrate contains two functional groups, which
react independently through the action of two distinct
enzymes: morphine dehydrogenase catalyzes the oxidation of
the secondary alcohol in a NADP'-dependent manner, while
morphinone reductase catalyzes the subsequent C—C-bond
reduction of the intermediate enone at the expense of NADH
(Scheme 17). The cofactors were added as a pair of NADPH/
NAD" in a 1:1 ratio (1 mol% each), so that the first catalytic
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Scheme 17 Cofactor reduction—oxidation sequence for conversion of
morphine to hydromorphone using a combination of NADP-selective
morphine dehydrogenase (MDH), NAD-dependent morphinone reductase
(MR) and soluble pyridine nucleotide transhydrogenase (STH).8*

morphine

NADP*
MDH STH
NADPH/H*

morphinone

event was the hydride exchange catalyzed by the soluble
pyridine nucleotide transhydrogenase STH from Pseudomonas
Sfluorescens. Morphine (20 mM) was converted in 78% to the
final product with little accumulation of undesired side-product
dihydromorphine (8.4%). Slight improvement of hydromorphone
formation up to 84% was observed when changing the compo-
sition of the cofactor mixture closer to that likely present in the
cell (2 mM NAD", 0.15 mM NADH, 0.25 mM NADP" and 0.2 mM
NADPH).

A similar enzyme orchestration was applied to the stereo-
inversion of enantiopure chiral secondary alcohols, in which
two stereocomplementary ADHs from Candida parapsilosis with
opposite cofactor preferences (NAD and NADP, respectively) acted in
opposite redox directions with high selectivity (Scheme 18).*> The
substrate possessed only one functional group reactive to the
enzyme (i.e., the primary alcohol functionality remained untouched).
Pyridine nucleotide transhydrogenase from E. coli was employed
to connect the two loops. Interestingly, although whole cells
co-expressing all enzymes were used as biocatalyst preparations,
which naturally contain nicotinamide, addition of external
cofactors in the form of NAD'/NADPH at a 3: 1 ratio (1-2 mM each)

NAD* NADP*

NADH/H* NADPH/H*
Scheme 18 Stereoinversion of (R)-1-phenyl-1,2-ethanediol by stereo-
complementary alcohol dehydrogenases (ADHs). RCR: NAD*-dependent
(R)-selective ADH from Candida parapsilosis CCTCC M203011; SRS:

NADPH-dependent (S)-selective ADH from Candida parapsilosis CCTCC
M203011; PntAB: pyridine nucleotide transhydrogenase from E. coli.®

OH
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was necessary to reach the highest conversion and optical purity
of the (S)-enantiomeric product (95% and 97%, respectively)
starting from 100 mM of (R)-substrate. One explanation proposed
by the authors was that the variation in cofactor concentration
compensated for the unequal over-expression of the two ADHs
and resulting unmatched enzymatic rates.

3.2. One co-substrate-no co-product

A self-sufficient hydride transfer can be integrated into a three-
enzyme cascade, in which one enzyme is responsible for
nicotinamide-independent functionalization of the intermediate
product (Scheme 5(B2)), such as reported for the production
of 1-lactate starting from ethanol and carbon dioxide.®® In the
first step, ethanol was oxidized to acetaldehyde by NAD-dependent
alcohol dehydrogenase; then PyDC (pyruvate decarboxylase)
catalyzed the C-C-bond forming reaction that incorporated
CO, to form pyruvic acid, which was subsequently reduced to
t-lactic acid by lactate dehydrogenase (Scheme 19). After a 4 day
reaction, 8.7 TONyap and 41% conversion to i-lactic acid were
achieved, employing 10 mol% cofactor and using a substrate
feeding strategy to keep the concentration of ethanol constant
throughout the reaction (100 pM).

3.3. One/Two co-substrate(s)-one co-product

In a given enzymatic sequence, an additional co-substrate may
be required to perform the transformation of the intermediate
into the product of interest, thereby acting as a reactant and
possibly releasing a co-product. In the case of two consecutive
reactions with one NAD(P)-dependent and one NAD(P)}independent
catalytic event, internal regeneration of the cofactor can be
coupled to (i) recycling of the co-product formed in the second
step (Scheme 5(B3)) or (ii) consumption of the co-product,
thereby generating an end co-product (Scheme 5(B4)). In both
cases, the hydride shuffling connects the two loops in a formal
intramolecular hydride transfer.

An enzymatic amination sequence was designed to allow
conversion of primary (di)alcohols to corresponding (di)amines.®”
Oxidation of the substrate to the aldehyde intermediate by ADH at
the expense of NAD" was followed by nicotinamide-independent
transaminase-catalyzed amination to the corresponding amine.
L-Alanine was employed as an amine donor and converted to
pyruvate (Scheme 20). To retain the hydride released in the first

H H
OH

v,

T
(@]
T

¥

CO,H

NAD*

ADH LDH
NADH/H+

0]

(T

Co,

P
~o CO,H

Scheme 19 Enzymatic production of L-lactic acid by CO, fixation
coupled with a redox self-sufficient system (ADH: alcohol dehydrogenase;
LDH: lactate dehydrogenase).®®
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AlaDH
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H,O

Scheme 20 Biocatalytic cascade for redox-neutral amination of primary
alcohols employing alcohol dehydrogenase (ADH) and transaminase (TA).
L-Alanine, although regenerated, and the ammonium salt are provided
in excess. AlaDH: alanine dehydrogenase; PLP: 5'-pyridoxal phosphate
(catalytic amounts). Diols are also accepted and form diamines.®”

oxidation reaction in a closed loop, a third enzyme,
nicotinamide-dependent alanine dehydrogenase AlaDH, was
added for the regeneration of alanine from pyruvate. AlaDH-
catalyzed reductive amination, through addition of an ammonium
salt as an amine source, could capture the hydride from NADH,
thereby regenerating NAD" for the first step and ensuring redox
neutrality of the system. Despite efficient internal nicotinamide
regeneration (addition of only 1.5 mol% of NAD", with up to 96
turnovers on diols), the system suffers from unfavorable equili-
brium in the amination step with products being generally less
energetically stable than the substrates.®®®° A large excess of
alanine as an amine donor is required in order to drive the
amination toward product formation, since the transaminase-
catalyzed reaction is reversible. The atom economy is eventually
affected from a dual excess of amine donor (ammonium
salt and alanine). Overall, the cascade is redox-neutral. Note-
worthily, the hydride abstracted from the alcohol substrate in
the first step is eventually transferred in the transamination
reaction in two distinct steps as a proton and electron pair to
give the amine through formal intramolecular hydride transfer.
In practice, pyruvate does not accumulate, and water is gener-
ated as the sole by-product.

This system was later adapted to the production of secondary
amines by selecting ADHs that convert (enantiopure) secondary
alcohols with high enantioselectivity and applying stereo-
selective transaminases.’® A second strategy was also evaluated
(Scheme 5(B4)), in which the pyruvate co-product formed in the
transamination reaction was further converted through the action of
NADH-dependent lactate dehydrogenase.®® This in situ co-product
removal is a strategy commonly used for shifting equilibria of
thermodynamically unfavorable reactions,® and in the reported
set-up, rendered an orthogonal cascade.’” Again, redox neutrality
was ensured; however, this set-up led to accumulation of lactate
as a by-product in molar equivalent to the targeted amine
product, thereby impacting strongly the atom economy of the
reaction.

4. One substrate—four enzymes

A single case of hydride self-sufficient biocatalytic cascade has
been reported employing 4 enzymes for the breakage of a small

This journal is © The Royal Society of Chemistry 2019
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Scheme 21 Redox-neutral cleavage of lignin-type dimer employing four
enzymes. LigD: dehydrogenase; LigF: B-etherase, LigG: glutathione lyase
(LigDFG from Sphingobium sp. SYK-6); AVR: reductase from Allochroma-
tium vinosum.®?

lignin model dimer into two monomeric products (Scheme 5(C)).
From the four reactions involved, two are nicotinamide-dependent
redox reactions, but only one targets the actual substrate.
Glutathione is used as a co-substrate and acts as a redox
mediator, shuffling electrons in the nicotinamide-independent
reactions. The designed cascade aimed at cleavage of the ether
bond of 1-(4-hydroxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)-
1,3-propanediol, typical for ether linkages found in lignin, to
liberate lignin monomeric constituents (Scheme 21).”” The first
step consisted in LigD-catalyzed oxidation of the secondary hydroxy
moiety at the expense of NAD", followed by glutathione-dependent
cleavage of the ether bond by f-etherase LigF, in which 2-methoxy-
phenol is released along with a glutathionylated intermediate. The
third enzyme, glutathione lyase LigG, can liberate glutathione
(GSH) from this intermediate at the expense of a second
glutathione equivalent, thereby generating glutathione disulfide
(GSSG) and releasing the second product 3-hydroxy-1-(4-hydroxy-
3-methoxyphenyl)-1-propanone. Finally, redox self-sufficiency is
ensured by reducing GSSG back to GSH using NAD-dependent
glutathione reductase from Allochromatium vinosum. With
10 mol% NAD" and 23% mol% GSSG, 35% conversion of 30 mM
substrate was achieved, indicating recycling of both NAD" and GSSG,
though with a low turnover number. This was partly explained by the
stereoselectivity of LigF, translating into kinetic resolution of the first
intermediate generated in the first step of the cascade, which limits
the overall conversion to 50%.

5. Two substrates—two enzymes
5.1. One product

The use of two substrates can result in the formation of a single
product via a convergent process and requires one enzyme

This journal is © The Royal Society of Chemistry 2019
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Scheme 22 Convergent oxidative cascade toward lactone formation
from two different substrates, coupling a monooxygenase (MO, Baeyer—
Villiger monooxygenase or flavin-monooxygenase) and an alcohol dehy-
drogenase (ADH).%4%8

specific to each substrate (Scheme 5(D1)). Given the difficulty
in identifying two pairs of substrate/enzyme leading to the same
product through consumption of nicotinamide in opposite redox
directions, such redox self-sufficient processes are rare.

Inspired by the ‘smart co-substrate’ approach, in which
1,4-butanediol§ is used as a hydride source for cofactor
regeneration,”® hexane-1,6-diol was converted to e-caprolactone
in a sequential double oxidation by NADPH-dependent alcohol
dehydrogenase (ADH from T. ethanolicus).’* Concurrently, the
generated two hydride equivalents were consumed by Baeyer-
Villiger monooxygenase (CHMO from Acinetobacter sp. NCIMB
9871) for the aerobic oxidation of two molecules of cyclo-
hexanone, yielding two additional molecules of the desired
final lactone product (Scheme 22). Therefore, the cascade
theoretically yields three equivalents of product, starting from
two molecules of ketone and one of diol. Since the BVMO-
catalyzed reaction consumes oxygen as an oxidant, the hydrides
originating from the diol are eventually lost to the outside in
the form of water; the system is still redox self-sufficient.
Unfortunately, hydrolysis® and/or polymerization of the final
lactone product prevented calculations of the overall efficiency
of the system. Notwithstanding, a maximum turnover number
for the cofactor (2 mol%) of 23 was reached when 34.7 mM of
e-caprolactone were produced (considering that two cofactor
cycles are needed to generate three molecules of product).

Two follow-up studies were performed targeting improvement
of the redox self-sufficiency.”®®” A two-step design-of-experiment
approach and a biphasic reaction system were successfully imple-
mented, leading to a final optimized e-caprolactone yield of 71%,
combined with 915 TONnapp (Table 2, entry 10). Such a high
number was later attributed to the relatively low temperature
used in the reaction (20 °C), which prevented considerable
auto-hydrolysis of the final product.®”

Based on the same concept, a recently discovered NADH-
dependent type II flavin-containing monooxygenase (FMO-E from

§ The field of enzymatic oxidation of lactols by alcohol dehydrogenases was
pioneered by B. Jones et al.'*’
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R. jostii RHA1) was combined with horse liver ADH (HLADH
from E. caballus) for the convergent production of y-butyrolactone
(Scheme 22).°® Starting from 100 mM cyclobutanone and
50 mM 1,4-butanediol, 134 mM of final product was obtained
at 2 mol% NAD', corresponding to 89 TONyp. In a recent
update, the cascade was also performed in low-water organic
media using a single biocatalyst obtained by fusion of the two
aforementioned enzymes.’® No external nicotinamide was added
and the system relied on the cofactor already present in the
lyophilized cell extracts employed; however, addition of nicotin-
amide was shown to have a positive effect on the moderate
conversion level (<30%).

5.2. Two products

Alternatively, two products of value are formed by the action of
two enzymes running in opposite redox directions on two
different substrates, resembling the coupled-enzyme cofactor
regeneration strategy (Scheme 5(D2)). In contrast to linear or
convergent cascades,® in which all the steps lead to the
formation of a single compound, the two redox reactions
are combined in a one-pot (anti)-parallel process, generating
concurrently two (or more) desired final products in a redox-
neutral fashion. The nicotinamide, acting as a hydride shuttle,
interconnects the two biotransformations, which ideally should
display comparable reaction rates for maximum efficiency.
Exemplary is the case of parallel interconnected kinetic asym-
metric transformation (PIKAT).'*°

This concept was initially reported as a tandem concurrent
process for the preparation of enantiopure secondary alcohols
using a single alcohol dehydrogenase,'®" coupling stereo-
selective reduction of prochiral o-haloketones with kinetic
resolution of racemic secondary alcohols (Scheme 23A, ADH1 =
ADHZ2)."%* Several ketones were reduced by either Prelog (ADH-A
from Rhodococcus ruber or ADH-T from Thermoanaerobacter sp.)
or anti-Prelog (LB-ADH from Lactobacillus brevis) ADH with good
to excellent conversions (57->99%), perfect enantioselectivity
(typically >99% ee for (R)- or (S)-enantiomers) and TONyap(r)
between 29 and 50. Simultaneously, kinetic resolution of the
second racemic substrate yielded corresponding enantio-
enriched alcohol (up to >99% ee). Redox self-sufficiency and
optimum hydride economy relied on a ketone/alcohol substrate
ratio of 1:2 and benefited from impeded reverse oxidation
of the formed halohydrin through intramolecular hydrogen
bonding between the alcohol and the halogen, which stabilizes
the product.'® Noteworthily, half of the alcohol substrate is
wasted by concurrent formation of the corresponding ketone as
a by-product, thereby severely impacting the atom economy of
this approach.

In the actual PIKAT process employing two enzymes,
ADH-catalyzed kinetic resolution of racemic alcohols was com-
bined with monooxygenase-catalyzed asymmetric oxidation of
sulfides or enantioselective Baeyer-Villiger oxidation of racemic
o-substituted ketones (Scheme 23B).'°° To reach high conver-
sion levels and enantiomeric excess values for the target
products, a matching pair of biocatalysts was selected. Using
monooxygenase PAMO M446G (a variant of phenylacetone
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Scheme 23 Parallel interconnected kinetic asymmetric transformations
(PIKAT), coupling (A) two alcohol dehydrogenases (ADH) or (B) one ADH
and a Baeyer-Villiger monooxygenase (BVMQ),100:102.104

monooxygenase from Thermobifida fusca) or HAPMO (4-hydroxy-
acetophenone monooxygenase from Pseudomonas fluorescens),
and LB-ADH or ADH-T, with matching or opposite enantioselec-
tivity, all four possible combinations of the enantio-enriched
pair of products (sulfoxide/secondary alcohol or ester/secondary
alcohol) were obtained. In both cases, the hydride abstracted
from the secondary alcohol substrate ends up in water formed as
a by-product of the monooxygenase-catalyzed reaction. Impor-
tantly, in the case of the Baeyer-Villiger oxidation, two kinetic
resolutions take place, thereby generating four products, in ideal
case in equivalent molar amounts: resolved a-substituted ketone,
corresponding ester, resolved secondary alcohol and corres-
ponding ketone. For best redox self-sufficiency, the sulfide/alcohol
and ketone/alcohol pairs, respectively, must be provided in 2:1
and 1:1 ratio, respectively.

Exploiting the PIKAT approach, the substrate scope of the
reaction was expanded to the concurrent production of aro-
matic and aliphatic chiral sulfoxides and different enantiopure
secondary alcohols.'® In particular, efforts were dedicated to
improving the cofactor turnover number, which increased
beyond 300 when NADPH was provided in low molar concen-
tration (~0.03 mol% referenced to the sulfide). In the same study,
a remarkable TONy,p (~5500) was achieved in the concurrent
oxidation of (+)-4-phenylhexan-3-one and kinetic resolution of
(£)-2-octanol using PAMO and LB-ADH.

Despite merging of two synthetically relevant reactions, the
main disadvantage of the PIKAT methodology is the challenging
separation of the formed products.*®*%

This journal is © The Royal Society of Chemistry 2019
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6. One substrate—one enzyme

In order to simplify further the above-mentioned systems, the
number of enzymes can be reduced to the strict minimum
of one. This sets the major requirement on the selected
biocatalyst, which should concurrently catalyze the same redox
reaction in both directions, via (i) a disproportionation reaction,
furnishing two products (Scheme 5(E1)), (ii) racemization of
enantiomerically pure molecules via formation of a prochiral
intermediate (Scheme 5(E2)), or (iii) a redox isomerization
reaction, proceeding through formal intramolecular ‘swap’ of
two functional groups (Scheme 5(E3)).

Exemplary biocatalytic synthetic disproportionation was
reported with the case of parallel interconnected dynamic
asymmetric transformation (PIDAT), practically taking place
concurrently between two molecules of the same substrate."*®
Here, the enzyme concurrently catalyzes with high enantio-
selectivity the same redox reaction on the same functional group
in opposite redox directions. The reported biocatalytic Cannizzaro-
type reaction'®” was applied to a series of substituted rac-2-aryl-
propanals employing purified horse liver alcohol dehydrogenase
(HLADH) and allowed the formation of enantioenriched
(S)-profens and profenols (up to 99% ee) in a high atom-
efficient manner (Scheme 24). Only 1.3 mol% oxidized nicotin-
amide was necessary, and no co-product was generated. The
reaction, which tolerated up to 75 mM substrate concentration,
allowed up to 2100 TTN of the enzyme and 26.5 turnovers of the
oxidized cofactor, with one turnover transforming two molecules
of the substrate. The intermolecular hydride transfer reaction
could be scaled up to 100 mg of 2-phenylpropanal. In contrast to
the PIKAT approach,'® no by-product was generated, owing
to dynamic kinetic resolution of a-substituted aldehydes via
spontaneous racemization in the buffer.

The biocatalytic racemization of enantiopure chiral second-
ary alcohols by ADH was initially developed using two enzymes
of opposite stereopreference, and proceeded through the for-
mation of intermediate prochiral ketone (for a similar concept
applied to the racemization of a-hydroxyacids, see Section 2.1
and Scheme 10).'% The whole process relies on the reversibility
of the reaction. Substituting the two enzymes with non-selective
ADH from Pseudomonas fluorescens (Pf-ADH) was possible, and
the enzyme thus catalyzes the same reaction back and forth.

o)
H20 R_I =
% OH
o %
A up to >99% ee
2 R4r P ), NAD" HLADH NADH/H"

y o
Ry _J HH

up to 94% ee

R: H, 4-F, 4-Br, 4-Me,
4-OMe, 4—CH2CH(CH3)2

Scheme 24 Biocatalytic parallel interconnected dynamic asymmetric
transformation (PIDAT) catalyzed by horse liver alcohol dehydrogenase
(HLADH) applied to rac-2-arylpropanals.1°®
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Scheme 25 Racemization of 2-octanol (of either (S)- or (R)-enantiomer)
by alcohol dehydrogenase from Pseudomonas fluorescens (Pf-ADH;
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Scheme 26 Redox isomerization reaction catalyzed by alcohol dehydro-
genase (ADH) to enantioenriched y-hydroxylated §-lactones.**°

While slower (effective racemization observed after 50 h), Pf-
ADH could be applied to the racemization of both enantiomers
of model substrate 2-octanol (Scheme 25). Nicotinamide was
implemented in catalytic amounts as a NAD'/NADH pair in a
1:1.7 ratio (2.7 and 4.6 mol%, respectively).

In a recent study, a closely related concept was applied to a
redox isomerization protocol applied to Achmatowicz pyranones,
which present two functional groups accepted by ADHs."'® The
reaction scheme relied on a single ADH to catalyze the overall
stereoselective oxidation-reduction sequence to yield corres-
ponding y-hydroxylated &-lactonest in high enantiopurity via
formation of intermediate y-oxo-lactones (Scheme 26). The overall
reaction is not reversible since ADHs are not known to catalyze the
reduction of ester functionality and the enzyme catalyzes the same
reaction in opposite redox directions on two distinct functional
groups in different redox states. The formal 1,4-intramolecular
shift of hydride on the pyranones (max. 8.8 mM starting concen-
tration) via oxidized nicotinamide was moderately efficient, with
turnover numbers for NADP' ranging between 2.2-12.4, corres-
ponding to 4.4-24.8 half-reactions per mol of cofactor. Finally,
by employing E. coli resting cells expressing a suitable ADH,
no external addition of NADP" was necessary and this in vivo
approach with 100:1 mass ratio of fresh cells to substrate
allowed 71% conversion of 7 mM of a pyranone substrate.

7. Conclusions and outlook

By evaluating enzymatic nicotinamide-dependent self-sufficient
hydride transfer processes reported in the literature, a scale of
complexity clearly appears - ranging from a combination of one
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or two substrates with several enzymes, to one substrate and one
enzyme - along with different levels of efficiency. This efficiency
can be best represented by the turnover number (TON) of the
hydride shuttle - typically a nicotinamide cofactor — as TON
accurately represents the number of cycles a hydride can go
through before getting lost to the ‘outside’, which automatically
translates into a dead end. Exceptions are the enzymatic aerobic
sequences such as those described in Sections 2.1-2.2 and
5.1-5.2, in which the overall transformation is a double oxida-
tion of the substrate(s) tightly controlled by hydride loss from
either the substrate or the intermediate product of the sequence.
Formally, oxygen, as an external oxidizing agent, is reduced to
water as a by-product, so that these sequences are not strictly
redox-neutral (substrates are oxidized by external oxygen and a
reduced by-product is generated). For all other cases, the loss of
hydride can be only permitted as long as this loss does not
exceed the amount of available/added shuttle. Since this amount
is catalytic, errors are only poorly tolerated.

Ultimately, the simplest system to implement consists of
one enzyme, one cofactor and one substrate and releases one
single product and no waste. Such minimized construction has
only been reported for the redox isomerization of particular
pyranone compounds, during which two functional groups are
exchanged within the same molecule in a redox-neutral fashion,
rendering an ideal case of intramolecular hydride transfer."*

Comparing the various strategies reviewed herein (Table 2), it is
however striking that the enzymatic sequence which contains three
biocatalysts and a pair of cofactors displays relatively high efficiency
in terms of cofactor turnovers (78 each). The reaction was not
studied at substrate concentrations higher than 20 mM and as
highlighted in the introduction, the higher the number of enzymes,
the narrower the operational window that can accommodate all
enzymes (e.g., optimum pH and temperature, substrate tolerance).
The highest value (TON ~5500) was obtained in the PIKAT
approach (Table 2, entry 12); unfortunately, the system is plagued
by the formation of unwanted ketone by-products, severely impact-
ing the atom economy of the sequence. The conversion of unsatu-
rated aldehydes to saturated carboxylic acids shows efficient cycling
of the cofactor (470); however, the sequence (Table 2, entry 5) was
performed at a low substrate concentration (5 mM). Importantly, not
all systems described here seem to have been optimized for the
highest TONnapr) and several cases report full conversion of the
substrate at a pre-determined cofactor concentration. Noteworthily,
when targeting synthetic applications and scale-up of reactions,
parameters other than hydride economy are equally important, such
as the total turnover number (TTN) of enzymes or concentration of
substrates and products. All these need to be taken into account
when evaluating the final economical and environmental impact of
a given biocatalytic process.”>™™" A look behind the curtain also
reveals that some biocatalysts can only be poorly combined for
efficient internal hydride shuffling, and P450s in general do not
appear to be suitable for nicotinamide-dependent self-sufficient
hydride transfers. In most cases, the strong uncoupling typical for
such oxygen-dependent enzymes depletes the system in reducing
equivalents via formal reduction of oxygen to hydrogen peroxide;
only an excess of co-substrate as a hydride donor can yield
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satisfactory turnover numbers for the nicotinamide, however going
in hand with by-product formation (coupled-enzyme nicotinamide
regeneration strategy).”>”®

Incorporating redox self-sufficient enzymatic sequences in
larger bio-synthetic schemes also pinpoints the difficulty of
handling complex reaction mixtures, kinetics and thermo-
dynamics when multiple reactions are at play simultaneously.
Although displaying excellent hydride economy when run indi-
vidually, some of the sequences depicted here are often com-
plemented with co-substrate as an external hydride source to
support cofactor regeneration in multi-step synthetic schemes
via a coupled-substrate or coupled-enzyme approach, in parti-
cular at high substrate concentrations.®>®> In several cases,
reaction engineering techniques are necessary to allow success-
ful realization of the cascades in one-pot.>*®*!?

Importantly, the strategies described herein are not limited to the
conversion of a single redox functional group but can be nicely
implemented on bi-functionalized substrates (Schemes 12, 13, 17
and 26). Although no example of redox self-sufficient systems has
been reported on molecules presenting more than two redox
functionalities, the tools developed by the community'*® appear
mature to tackle the next level of complexity and approach the
efficiency of natural cell factories. Remarkably, the transfer of
electrons between the substrate or intermediate product and nico-
tinamide can occur indirectly, involving additional mediators such
as flavin (e.g., with BYMO, FMO, P450 monooxygenases), a metal ion
(P450 monooxygenase), or even oxygen. This feature highlights the
robustness of in vitro biocatalysis and the relevance of designing
artificial biocatalytic cascades by coupling different enzyme classes.

Many more examples of reactions embracing the general princi-
ples of borrowing hydrogen exist in chemistry. Despite high syn-
thetic potential due to appealing hydride and atom economy, these
have yet to be adapted to enzymatic variants. With the rapidly
growing number of newly identified enzymes (either as homologues
complementary to existing proteins or as novel biocatalysts)''* and
the impressive development of biocatalytic artificial pathways, it
can be foreseen that more of these enzymatic self-sufficient hydride
transfer reactions will be developed in an attempt to mimic the
intrinsic efficiency of cells, with the added benefit of higher product
titer — typical to in vitro systems — and the highly practical modular
character of combining several enzymes in sequence. In turn,
corresponding biosynthetic applications could fulfill some of the
strict economical and ecological requirements arising from current
industrial settings, where both hydride and atom economy are
becoming decisive, and which aim at reducing process costs in,
and environmental footprint''® of, the chemical industry.
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