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Biocatalytic hydrogen borrowing represents an environmentally friendly
and highly efficient synthetic method. This innovative approach involves converting
various substrates into high-value-added products, typically via a one-pot, two/three-
step sequence encompassing dehydrogenation (intermediate transformation) and
hydrogenation processes employing the hydride shuffling between NAD(P)* and
NAD(P)H. Represented key transformations in hydrogen borrowing include stereo-
isomer conversion within alcohols, conversion between alcohols and amines, conversion
of allylic alcohols to saturated carbonyl counterparts, and @,f-unsaturated aldehydes to
saturated carboxylic acids, etc. The direct transformation methodology and environ-
mentally benign characteristics of hydrogen borrowing have contributed to its
advancements in fine chemical synthesis or drug developments. Over the past decades,
the hydrogen borrowing strategy in biocatalysis has led to the creation of diverse
catalytic systems, demonstrating substantial potential for straightforward synthesis as
well as asymmetric transformations. This perspective serves as a detailed exposition of the recent advancements in biocatalytic
reactions employing the hydrogen borrowing strategy. It provides insights into the potential of this approach for future development,
shedding light on its promising prospects in the field of biocatalysis.
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and facilitatin§ the creation of novel chiral heterocyclic
compounds.”™> However, this strategy has predominantly
relied on the use of expensive transition metals, and has been
plagued by challenges related to poor stereoselectivity. Highly
selective hydrogen borrowing examples were reported until
recently.’

In the meantime, the biocatalytic hydrogen-borrowing
strategy has gained substantial popularity due to its out-
standing environmental friendliness, high economic efficiency,
mild conditions, and precise stereocontrol.” This process
represents a highly innovative artificial biocatalytic linear
cascade.® Currently, biocatalytic hydrogen-borrowing cascades
find utility in various applications, including stereoisomer
conversion within alcohols, conversion between alcohols and
amines, conversion of allylic alcohols to saturated carbonyl
counterparts, and conversion of a,f-unsaturated aldehydes to
saturated carboxylic acids, etc. In metal-catalyzed reactions, the
metal complex plays a dual role as hydride acceptor and donor.

Hydrogen borrowing, a redox-neutral reaction, does not
require the addition of any additional oxidant or reductant,
can be achieved through dehydrogenative oxidation, inter-
mediate transformation, and hydrogenation in one pot to
convert simple materials to value-added products (Figure 1A).!
Importantly, this process typically generates water as the sole
byproduct, rendering it a highly atom-economic and environ-
mentally friendly reaction. In this system, a catalyst, often a
transition metal catalyst or an enzyme, serves as a carrier to
extract hydrogen from the raw material during the oxidation
step. This extracted hydrogen is temporarily stored and directly
reintroduced into the product during the subsequent reduction
step, effectively transferring hydrogen from the raw material to
the final product. This mechanism is commonly referred to as
hydrogen autotransfer.

With the growing emphasis on the economy and
sustainability of chemical synthesis, hydrogen-borrowing
reactions catalyzed by transition metals have garnered
significant attention. Since the 21* century, there has been January 8, 2024
extensive research into the application of hydrogen-borrowing February 26, 2024
reactions for the efficient and selective construction of the C— February 27, 2024
N bond and C—C bond. This research has made a substantial March 12, 2024
contribution to the advancement of organic synthesis, yielding
a range of highly economical asymmetric synthesis methods
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A General mechanism of hydrogen borrowing cascade.
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Figure 1. General mechanism and catalysts of hydrogen-borrowing cascade.

Various metals include Pd, Ir, Ru, Ni, and Rh are utilized, and
chelated chiral ligands are employed to control stereoselectivity
of the transformation (Figure 1B). However, in biocatalytic
systems, the hydride shuffling is typically facilitated by
coenzymes such as NAD(P)* and NAD(P)H within the active
sites of enzymes. This reliance on coenzymes allows for
chemo- and stereoselectivity to be generated within the three-
dimensional environment of a specific enzyme pocket (Figure
1C).

This perspective provides a comprehensive overview of the
advancements in enzyme-catalyzed hydrogen-borrowing cas-
cade strategies, representing a significant leap toward achieving
efficient and remarkably stereoselective transformations. It
encompasses a wide range of aqueous, organic, and whole-cell
biocatalytic systems and holds the potential for further
expansion through the integration of additional enzymes or
chemical reactions. The organization of the content follows a
chronological order within different reaction types to facilitate
a coherent understanding of the developments in this field.

Racemization is the key step in dynamic kinetic resolution
(DKR), especially in the study of alcohols. In addition to
utilizing the few racemases that exist in nature, the
racemization of alcohol can be accomplished through a
hydrogen-borrowing cascade involving a pair of stereo-
complementary enzymes or nonstereoselective enzymes.

In 2007, the Kroutil group achieved racemization of a range
of aliphatic and aromatic secondary alcohols.” Two groups of
stereocomplementary alcohol dehydrogenases (ADH-"A”/LK-
ADH or RE-ADH/LK-ADH) were employed to control the
interconversion between chiral alcohols and ketone inter-
mediates (Scheme 1A). The nonstereoselective ADH
(PfADH) from Pseudomonas fluorescens was evaluated for its
stereoselective error, demonstrating the ability to racemize 2-
octanol, albeit at a relatively slow rate.

In 2013, the Musa group achieved the racemization of
enantiopure phenyl-ring-containing secondary alcohols using a
single secondary alcohol dehydrogenase (W110A TeSADH)
from Thermoanaerobacter ethanolicus (Scheme 1B)."" Notably,
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TeSADH exhibits high tolerance for organic solvents, enabling
the racemization of enantiopure alcohols in both monophasic
and biphasic media containing high concentrations of organic
solvents. For instance, the TeSADH-catalyzed racemization of
(R)- and (S)-1-phenyl-2-propyl alcohols occurs in a biphase
media containing methyl tert-butyl ether (MTBE) at a
concentration of approximately 130 mM. Subsequently,
leveraging this property of TeSADH, they employed a sol—
gel method to encase W110A TeSADH for the racemization of
alcohols."" When combined with kinetic resolution (KR)
catalyzed by lipase B (CALB) from Candida antarctica, a one-
pot DKR process for secondary alcohols was achieved using
hexane as a solvent resulting in modest conversion (74%) and
stereoselectivity (68% ee) (Scheme 1C). It is worth noting that
the presence of water in the dry gel was sufficient to maintain
the enzyme’s activity. However, the KR process was hampered
by the slow diffusion rate of the substrate within the dry gel.

In 2009, the Faber group extended this system to a-
hydroxycarboxylic acids employing a pair of stereocomple-
mentary D- and L-a-hydroxy-carboxylate dehydrogenases
(HicDH) from L. confusus DSM 20196 and L. paracasei
DSM 20008 (Scheme 1D)."* This biocatalytic racemization
approach was successfully applied to aliphatic, (aryl)aliphatic,
and aromatic a-hydroxyl carboxylic acids, achieving the desired
conversions within a 24-h time frame. Importantly, the
concentration of a-ketoic acid intermediates could be
maintained at a minimum level (<3%) by excluding O, and
adjusting the NADH/NAD" ratio.

Though the above-mentioned examples were only within
alcohols alone, the hydrogen-borrowing cascade racemization
strategy could be more diverse. There is potential for
investigating the racemization process catalyzed by biocatalytic
hydrogen-borrowing cascade with functional groups such as
amines, ethers, thiols, or even C—C bonds.

As early as 1949, Caputto et al. made the groundbreaking
discovery involving uridine diphosphate (UDP)-galactose 4-
epimerase derived from Escherichia coli. This enzyme
demonstrated the remarkable ability to facilitate the conversion
between UDP-galactose and UDP-glucose (Scheme 2A)."°
Subsequent investigations have provided evidence of the
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Scheme 1. Biocatalytic Hydrogen-Borrowing Cascades for the Racemization of Alcohols”

A Racemization of (S)- or (R)-aliphatic and aromatic secondary alcohols.
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“Relative rates were measured from the slope of the decline of ee versus time at the onset of the reaction (conversion <5%), values are expressed as
% relative to the natural substrate (S)-2-hydroxy-4-methylpentanoic acid, which was set as standard (100%). Structures that are not racemized are
shown in gray.

enzyme’s mechanism of action, revealing that UDP-galactose thomonas maltophilia CBS 897.97 to successfully accomplish
4-epimerase itself is able to catalyze the complete hydrogen- the stereoisomerization of cholic and chenodeoxycholic acid.'®
borrowing cycle. The galactose’s hydride is first abstracted by This process yielded ursocholic acid (UCA) and ursodeox-
the enzyme-bound NAD" through an enantioselective manner, ycholic acid (UDCA) with impressive yields of 82% and 87%

followed by the ketopyranose intermediate free rotation and after 20 h, respectively (Scheme 2B). By immobilizing the
nonenantioselective hydride refund successively.'*"> mixture of 7a- and 7f-HSDH on Sepharose-CL6B and
In 2006, the Pedrini group employed a combination of 7a- utilizing the enzyme-loaded resin, the desired products were
and 7f-hydroxysteroid dehydrogenases (HSDH) from Xan- obtained with yields of 80% and 76% over a period of S days.
879 https://doi.org/10.1021/jacsau.4c00026
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Scheme 2. Hydrogen-Borrowing Cascades for the Stereo-Inversion of Alcohols

A The conversion of UDP-galactose to UDP-glucose.
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B The conversion of cholic and chenodeoxycholic acid to ursocholic and ursodeoxycholic acid.
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Furthermore, after four cycles, the yield of UCA could be
increased to 65% after 12 days. Despite a slight drop in
productivity, it demonstrated the potential for repeated and
sustainable production of these valuable compounds.

In an early study by the Xu group, they discovered that the
combination of NAD* dependent (R)-carbonyl reductase
(RCR) and NADPH-dependent (S)-carbonyl reductase
(SCR) from Candida parapsilosis CCTCC M203011 facilitated
the stereoisomerization of (R)-1-phenyl-1,2-ethanediol.'” The
engineered Escherichia coli strain (RS strain) that coexpressed
RCR and SCR exhibited a slow and low yield process in the
conversion of (R)-PED into its enantiomer. In E. coli, the
expression level of the SCR is higher than that of the RCR, and
the catalytic efficiency of the SCR significantly exceeds that of
the RCR. Consequently, the resulting redox imbalance of
intracellular cofactors leads to a low stereoconversion
efficiency of the reaction. Furthermore, the system exhibits
two distinct cofactor cycles, and the involvement of
endogenous cellular metabolism in maintaining the redoxba-
lance between NAD(P)* and NAD(P)H suggests that this
process does not align with the definition of a borrowing
hydrogen cascade. In 2012, an attempt was made to address
this challenge. A recombinant E. coli was constructed,
incorporating RCR, SCR, PntA, and PntB. The introduction
of pyridine nucleotide transhydrogenases (PNTs), which
consist of o and f subunits encoded by the PntA and PntB
genes (Scheme 2C)"® enabled the simultaneous regeneration
of NAD(H) and NADP(H), thereby achieving a balance in
intracellular nucleotide levels. Compared to the RS strain, this
optimized system significantly improved both the optical purity
and yield of the one-step conversion by 51.5% and 80.6%.
Additionally, it reduced the reaction time by 7-fold, enhancing
the overall efficiency of the process. When both NAD" and
NADPH are added to the reaction mixture, (S)-PED exhibits
high optical purity and yield. However, varying NADH/

880
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NADP" ratios result in different bioconversion efficiencies.
Optical purity and yield are not ideal when the NAD'/
NADPH ratio is lower than 0.5. Conversely, when the ratio is
greater than or equal to 3.0, the optical purity and yield of (S)-
PED reach their peak values, approximately 97% ee and 95%
yield, respectively, of this method.

3.1.1. Three-Enzyme Cascades: Predecessor of Hy-
drogen-Borrowing Cascades. In 2012, the Kroutil group
introduced a pioneering redox-neutral three-enzyme cascades
that proved highly successful in achieving the bioamination of
primary alcohols.'” The process begins with the conversion of
the primary alcohol into ketone intermediates, facilitated by
alcohol dehydrogenase (ADH-hT) from Bacillus stearothermo-
philus. In the subsequent step, @-transaminase (CV-wTA)
from Chromobacterium violaceum employs L-alanine as the
amine donor to convert these ketone intermediates into amine
(Scheme 3A). The byproduct of this reaction, pyruvate, is then
efficiently regenerated by L-alanine dehydrogenase (AlaDH)
from Bacillus subtilis. This regeneration step simultaneously
oxidizes NADH to NAD", effectively linking the oxidation and
reduction steps. This system is environmentally friendly,
requiring only a catalytic amount of NADH and generating
water as the sole byproduct. It shows the capability to perform
bioamination on a range of aliphatic primary alcohols and
alcohols bearing aromatic moieties, delivering moderate to
excellent yields. Furthermore, the successful achievement of
the double bioamination of long chain n-alkane-1, w-diol was
accomplished by integrating two redox-neutral cascade systems
in series. At a preparative scale, the conversion rate of 1,10-
decanediol reached an impressive 94% with isolated yield of
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Scheme 3. Three-Enzyme Cascades for the Conversion of Alcohols to Amines™”

A Three-enzyme cascades for the conversion of primary alcohols to amines.
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70%, showcasing the potential for practical applications of this
method.

In 2013, the Kroutil group made another significant
advancement in chiral amine biosynthesis via three-enzyme
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Scheme 4. Dual-Enzyme Hydrogen-Borrowing Cascades for the Conversion of Alcohols to Enantiopure Amines™"”

A Dual-enzyme hydrogen-borrowing cascades.
ADH: Prelog AA-ADH and ar
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cascade, successfully accomplishing the bioamination of a
range of secondary alcohols with >99% ee (Scheme 3B). 20
However, when employing purified enzyme, only 11% amine
formation was observed, accompanied by 5% accumulation of
ketone intermediates. Conversely, the utilization of crude
enzyme preparations containing NADPH oxidase leads to
improved amine formation of up to 47%, but ketone
accumulation also increased to 25%. However, depending on
the amount of NAD" added, only 2—4% ketones can be
formed. Therefore, additional redox equivalents are suspected
to existed in the crude lysate, providing additional NADH
oxidases to convert NADH to NAD" before its hydride is
consumed in reductive amination, resulting in a large
accumulation of ketones that further promote amine
production. During the same year, the Skerra group envisioned
an extension of this system to enable the double bioamination
of dicyclodiol isosorbide (Scheme 3C).”' The intermediate
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(28,5S)-5-amino-2-alcohol can be obtained with 7% yield, and
the final product of double bioamination was not detected.
Further design and optimization of novel ADH variants are
necessitated to realize the comprehensive diamination cascade
reaction.

In 2014, the Kroutil group combined the strategy with
another cofactor self-sufficient biocatalytic cascade module,
achieving the conversion of cyclohexanol into the nylon-6
monomer, 6-aminohexanoic acid.”> In module 1, cyclohexanol
was converted to e-caprolactam through the catalysis of alcohol
dehydrogenase (sec-ADH) from Lactobacillus brevis and
Baeyer—Villiger monooxygenase (BVMO) from Acinetobacter.
Utilizing the BVMO C376L M400I mutant, caprolactone was
obtained with 75% isolated yield (Scheme 3D). In module 2,
the presence of the carboxylic acid moiety in 6-hydroxyhex-
anoic acid inhibited the oxidation activity of ADHs. To address
this challenge, an unprecedented carboxylic acid capping
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strategy was adopted. Horse liver esterase preparation was used
to convert e-caprolactone into 6-hydroxyhexanoic acid methyl
ester preventing the formation of the dead-end intermediate, 6-
hydroxyhexanoic acid. Subsequent steps in this process
mirrored the aforementioned example,'” involving a hydro-
gen-borrowing cascade of three enzymes: prim-ADH from
Bacillus lipophathermophilus, w-TA from Paracococcus denitrify-
ing, and AlaDH from Bacillus subtilis. This cascade resulted in
the formation of 6-amino ester, which was subsequently
hydrolyzed to yield the final product 6-aminocaproic acid, with
a total conversion of 24%.

In 2016, the Palacio group published research outlining a
similar enzymatic system that facilitated the synthesis of ether
amines from alcohols (Scheme 3E).*’ This investigation
included an analysis of the system’s characteristics through
the measurement of reaction balance, followed by optimiza-
tion. The findings revealed that a high concentration of
ammonia enhanced the efficiency of amination, resulting in a
conversion rate of up to 60%. However, the enantiomeric
excess of the resulting product was not determined.

3.1.2. Dual-Enzyme Hydrogen-Borrowing Cascades.
Essentially, the three-enzyme cascade process involves the
initial transfer of the hydride to the cosubstrate, followed by its
incorporation into the final product. This process does not
strictly adhere to the definition of a hydrogen borrowing
reaction. However, it serves as a valuable source of inspiration
for the development of double-enzyme hydrogen borrowing
cascades.

In the three-enzyme amination process, a significant quantity
of L- or p-alanine is typically required to serve as a driving force
for the reaction. Moreover, there is a clear need for
improvements in both the conversion rates and chemo-
selectivity of secondary alcohols within this system. Con-
sequently, in 2015, in pursuit of efficiently producing amines
with exceptional enantiomeric purity while maintaining
environmentally friendly conditions, a novel approach,
known as the double-enzyme hydrogen-borrowing cascade,
was introduced as a more succinct method for synthesizing
chiral amines from racemic secondary alcohols, and alanine is
no longer required. The Turner group and the Xu group
independently reported studies on the conversion of alcohols
into enantiopure primary amines using a dual-enzyme
hydrogen-borrowing cascade (Scheme 4A). The Turner
group employed a pair of stereocomplementary ADHs (Prelog
AA-ADH and anti-Prelog LBv-ADH) to oxidize (S)- and (R)-
alcohol substrates into corresponding ketone intermediates. In
the subsequent reduction step, engineered amine dehydrogen-
ase (Ph-AmDH or Chl-AmDH) was utilized to transform
imine compounds into (R)-amines. This method achieved high
conversion rates of aromatic or aliphatic secondary alcohols to
chiral amines, reaching up to 99% with 96% ee. Furthermore,
primary alcohol conversion could reach 99% (Scheme 4B).**
To achieve maximum or even quantitative conversion in this
process, purified enzymes are essential to eliminate the
presence of NADH oxidase in the crude enzyme extract.
This is crucial to prevent additional NADH production outside
the cycle, which can disrupt the cofactor balance within the
system, leading to a significant accumulation of ketones,
reducing the production of amines. By using purified enzymes,
the enzymatic reaction can be tightly controlled, ensuring
efficient utilization of cofactors and maximizing the conversion
of substrates into desired products. Simultaneously, the Xu
group designed a double-enzyme hydrogen-borrowing cascade
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system by coupling nonstereoselective ADH (ScCR) from
Streptomyces coelicolor and an AmDH double mutant
(EsLeuDH-DM) from Exiguobacterium sibiricum (Scheme
4C).”> With only one type of ADH, they achieved the
conversion of racemic secondary alcohols to chiral amines with
excellent conversion rates (94%) and perfect stereoselectivity
(>99% ee). However, this approach was limited to simple
aliphatic secondary alcohols and phenyl ethanol substrates.

3.1.2.1. System Optimization. Following the initial success
of the double-enzyme hydrogen-borrowing cascade, several
research groups devoted on optimizing and refining the system
for enhanced performance. In 2017, the Turner group
employed a semirational design approach to modify
NADPH-dependent TeSADH, which is known for its broad
substrate specificity and low enantioselectivity. The objective
was to enable TeSADH to accept NADH as a cofactor,
aligning it with the cofactor dependence of engineered
AmDHs.”® This engineering effort resulted in an engineered
TeSADH with a remarkable >10 000-fold switch in selectivity
from NADPH to NADH. This engineered enzyme was then
employed in double enzyme cascade (Scheme 4D), achieving
the amination of the substrate alcohol panel from the first
generation system with a high conversion rate of up to 90%. In
2020, the Mutti group used the alcohol dehydrogenase activity
of L-lysine dehydrogenase (LysEDH) from Geobacillus
stearothermophilus to create new enzyme variants.”’ By
enhancing the ADH catalytic activity of LysEDH, they
obtained an enzyme with dual AmDH/ADH activity, and the
enzyme’s activity toward the substrate could be modulated by
controlling reaction conditions. Under the catalytic action of
this enzyme, benzyl alcohol was successfully converted to
benzylamine (Scheme 4E), marking the first example of a one-
enzyme catalyzed hydrogen-borrowing alcohol amination.
However, the ADH activity of the LE-AmDH variant on
ketones requires further expansion and optimization.

In 2019, the Mutti group introduced a whole-cell catalytic
system that achieved the in vivo amination of alcohols using E.
coli strains engineered with ADH and AmDH genes (E. coli/
ADH-AmDH strains) (Scheme 4F).”® This approach enabled
the conversion of alcohols into chiral amines with yield of up
to 80%, and molar yield of up to 15 mM, making it suitable for
gram-scale biotransformation. One of the notable advantages
of this method is that it enhances enzyme stability and reaction
suitability while eliminating the need for enzyme purification
and coenzyme supplementation. To maintain the redox
balance of cofactors, an appropriate amount of glucose was
added to the system. However, it is worth noting that high
concentrations of certain amine products can exhibit toxicity
and lead to cell death. Therefore, the addition of cosolvents
was necessary to extract the amine products efficiently from the
reaction mixture. This whole-cell catalytic system represents a
promising approach for achieving amination reactions with
enhanced efficiency and practicality. It is important to
emphasize that in whole-cell systems, the cellular metabolism’s
endogenous pathways play a role in maintaining the redox
balance between NAD" and NADH. Consequently, in such
systems, the hydrogen utilized in the reduction stage may not
exclusively originate from the oxidation stage. Therefore, it is
not accurate to categorize this process as a strict hydrogen-
borrowing phenomenon.

The overall catalytic efficiency and stability of ADH/AmDH
cascade catalytic systems have seen notable improvements
through the technique of enzyme coimmobilization (Table 1).
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Table 1. Co-immobilization of Biocatalytic Cascade
Enzymes31

entry 1 2 3
carrier EziG Fe- protein silica
Amber ion- scaffolds nanoparticles
affinity beads (SNPs)
theory affinity SpyTag/ SiBP tag
adsorption SpyCatcher
conversion” 82.4 + 11% ~92.0% 85.0 £ 0.3%
catalyst productivity”  0.15 + 0.02  ~0.05 1.70 + 0.03
cycles S nonrecyclable  >8 cycles
TONs (ADH) 1.9 x 10° + ~3.1x 10 63 X 10" +
2.5 x 10 9.6 X 10
TONs (AmDH) 7.2 X 10> + ~1.2 X 10* 3.7 X 10° + 5.6
9.6 X 10 X 10
ref 29 30 31

“Obtained percentage of (R)-2-aminohexane. ®The unit is gmol-
product-h_l‘mgenzyme_l. “TON is defined as umol of converted
substrate per umol of enzyme.

In 2018, the Mutti group utilized the affinity adsorption theory
to achieve enzyme coimmobilization. When alcohol dehydro-
genase (AA-ADH) and chimeric amine dehydrogenase (Chl-
AmDH) were coimmobilized on to controlled porosity glass
Fe(IlI) ion-affinity beads (EziG Fe-Amber),”” the enzyme
activity could be retained for up to five cycles. The total
turnover times of ADH and AmDH exceeded 4000 and 1000,
respectively, which is 2 to 15 times higher than reported data
in the literature.”> The amination rate of multiple (S)-
configured alcohol substrates reached as high as 95%, with
>99% ee. In the same year, the Quin group and the Dannert
group also attempted to coimmobilize the biocatalytic cascade
enzymes. They employed a self-assembled protein scaffold
based on EutM, SpyTag from Streptococcus pyogenes and
SpyCatcher, which enabled the fixation of Prelog AA-ADH and
Chl-AmDH on the EutM scaffold through the formation of
covalent isopeptidyl bonds between SpyTag and SpyCatcher.*
This approach improved the catalytic efliciency and stability of
the enzymes, reducing the time by half to achieve 90%
conversion.

In 2022, the Sun group leveraged the specific binding effect
between silica binding peptide (SiBP) and silica to
coimmobilize ADH and AmDH on the surface of silica
nanoparticles (SNPs).>" This double enzyme coimmobilized
system yielded chiral amines at a rate 1.85 times higher than
that of the free double enzyme system, enhancing the overall
catalytic efficiency. The catalyst productivity was 11—34 times
greater than the data reported in the studies mentioned
above,””*” and it exhibited excellent stability and reusability,
retaining 87% of the original activity after 8 cycles of use.

3.1.2.2. System Extension. In 2018, based on the successful
conversion of cyclohexanols into amines using a double-
enzyme hydrogen-borrowing cascade system, the Xu group
established a three-step multienzyme cascade system featuring
P450 monooxygenase mutant (P4SOBM3) from Bacillus
megaterium and the double-enzyme hydrogen-borrowing
cascade (ScCR and EsLeuDH). They adopted a “one-pot,
two-step” strategy to achieve C—H amination of the model
substrate cyclohexane (Scheme SA).”* This approach resulted
in a cyclohexylamine titer of 14.9 mM, with a product content
reaching 92.5%. At the same time, the Xu group constructed a
whole cell biocatalyst for the multienzyme system, enabling not
only the amination of cyclohexane but also the successful
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conversion of phenylethylamine into chiral phenylethylamine
with >99% ee, although the titer was modest at 2.2 mM.
Subsequently, they optimized the system in vitro (Scheme SB),
further demonstrating the feasibility of the multienzyme
cascade for catalyzing C—H amination of inert aromatic
alkanes.”> This approach yielded a group of substituted
phenylethylamine with excellent optical purity (>99% ee)
and moderate conversion rate (13—53%). On a preparative
scale, (R)-phenylethylamine was obtained with 25% separation
yield and >99% ee.

In 2019, the Mutti group combined the double-enzyme
hydrogen-borrowing cascade with epoxidation and hydrolysis,
utilizing three stereoselectively different NADH-dependent
alcohol dehydrogenases, Aa-ADH, Bs-BDHA, and Ls-ADH.
They conducted the regioselective oxidation of diols (Scheme
SC), resulting in a continuous multienzyme catalytic
conversion of f-methylstyrene to (IR,2R)- and (IS2R)-
phenylpropanolamine with high chemo-, regio-, and stereo-
selectivity.”* The total yield ranged from 59% to 63%, with
diastereomeric ratios (dr) and enantiomeric ratios (er)
>99.5%. Subsequently, in 2021, they reported a high regio-
and stereoselective synthesis of all phenylpropanolamine
stereoisomers from 1-phenylpropane-1,2-diols using a three-
enzyme hydrogen-borrowing cascade system (Scheme 5D).*
This cascade system could also synthesize all phenylpropanol-
amine stereoisomers from f-methylstyrene by combining a
styrene monooxygenase with stereocomplementary epoxide
hydrolases.

In 2020, the Parmeggiani and Turner groups successfully
connected the biocatalytic system to the Buchwald-Hartwig
cross-coupling reaction, leading to the conversion of racemic
alcohols into chiral anilines (Scheme SE).*® This cascade
proceeds sequentially, meaning that the Buchwald-Hartwig
cross-coupling reaction was carried out at the end of the
enzymatic cascade. To facilitate this one-pot reaction involving
both biocatalysis and chemical synthesis, they introduced
TPGS-750-M surfactant into the reaction system, which serves
to prevent the inhibition of palladium catalysts from high
concentrations of ammonia, salt, or buffers in aqueous media.

In 2016, the Ward group developed an NAD(P)H-dependent
artificial transfer hydrogenase (ATHase), represented by [Biot-
Cp*Ir(LAL)Cl]CSav KI121R (Scheme 6A).*” This artifical
transfer hydrogenase utilizes NAD(P)H as hydride source to
catalyze the reduction of the intermediate cycloimide, followed
by spontaneous cyclization. This innovative approach enabled
the conversion of 4-amino-1-phenyl-1-butanol into a cyclo-
amine product with 36.1% yield after 48 h.

The Turner group previously discovered a reductive aminase
(AspRedAm) from Bacillus megaterium.*® Tt can directly
catalyze the coupling of carbonyl compounds and amines
into corresponding imines, and then catalyze the asymmetric
reduction of imines, showing good conversion efliciency and
enantioselectivity. Based on this discovery, in 2017, they
achieved the alkylation of amines using a biocatalytic
“hydrogen-borrowing” pathway (Scheme 6B).*” Initially, a
single alcohol dehydrogenase with poor enantioselectivity was
used to perform oxidative dehydrogenation of primary and
racemic secondary alcohols. Subsequently, a variety of primary
and secondary amines were synthesized through reductive
amination catalyzed by AspRedAm. The conversion rate of
aliphatic and aromatic secondary alcohls is up to 99%, and the
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Scheme 5. Borrowing Hydrogen Reaction in Combination with Other Enzyme or Chemocatalysis

A “Two stage in one pot” strategy for the bioamination of cyclohexane into cyclohexylamine.
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chiral amines can be directly obtained in up to 97% ee from
racemic alcohol precursors. However, this system required a
significant excess of amines (20 times more) to drive the
reaction, resulting in poor atomic economy. They extended
this cascade by designing a biocatalytic pathway for the
conversion of cycloalkanes into secondary amines using a “one-
pot, two-step” strategy (Scheme 6C)."° The first oxidation step
was carried out using cytochrome P450 monooxygenase,
followed by amination using ADH and AspRedAm. This
approach achieved a titer of 19.6 mM for the amine product,
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with a temporal-spatial yield of the preparation-grade
amination reaction of cyclohexane reaching 2 g-L™"-d™".

In 2019, the Roiban group obtained an Imine reductases
enzyme variant (IRED M3) capable of both reductive
amination and chiral resolution of substrate amines through
directed evolution. By combining this enzyme with ketor-
eductase (KRED) from Lactobacillus coleohominis, they
successfully prepared the key intermediate of the lysine-specific
demethylase-1 (LSD1) inhibitor GSK2879552 using a hydro-
gen-borrowing cascade system (Scheme 6D).*' At a 5g scale,
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Scheme 6. Hydrogen-borrowing cascades for the alkylation of primary amines with alcohols™”

A Hydrogen-borrowing cascade comprised of an ADH with the NAD(P)H-dependent ATHase.
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impurities in the isolated material.

the product was isolated with a yield of 48.3%, high
stereoselectivity (99.5% ee), and purity (97.9%), and the
reaction required only 2.2 equiv of amines to drive it.

In 2010, the Kroutil group successfully converted racemic
mandelic acid into L-phenylglycine through a three-step
process 1nvolv1ng racemization, enantioselective oxidation
and stereoselective reductive amination (Scheme 7A).** The
process began with the selective oxidation of p-mandelic acid
catalyzed by p-mandelate dehydrogenase (p-MDH) from
Rhodotorula graminis, and subsequent reductive amination
was facilitated by L-amino acid dehydrogenase (L.-AADH) from
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HN-Me HN

O O

product concentrations of up to 19.6 mM

lMe

S04

“'NH3*

rac-trans

GSK2979552

LSD1 mhiﬂ/o©)]\

YIsolated yield cannot be stated due to

Codexis using ammonium salts. During this process, a
configuration inversion similar to Mitsunobu stereoinversion
occurred, resulting in L-configuration phenylglycine. It is worth
noting that D-MDH exhibited high selectivity in this process.
Additionally, the use of mandelic acid racemase from
Pseudomonas sp. ATCC 12633 enabled the successful trans-
formation of rL-mandelic acid into L-phenylglycine. The
conversion rate for a 50 mg scale was 94%, with ee exceeding
97%. However, in this multienzyme cascade reaction, o-MDH
was sensitive to the product, only a concentration of 5 g/L L-
phenylglycine was sufficient to inhibit D-MDH activity and
terminate the reaction.
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Scheme 7. Simultaneous Enzymatic Synthesis of (S)-3-Fluoroalanine and (R)-3-Fluorolactic Acid

A Hydrogen-borrowing cascade for the conversion of a-hydroxy acid to the corresponding amino acid.
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In 2014, the Xu group identified a new NAD" dependent D-
mandelate dehydrogenase (LbDMDH) from Lactobacillus
brevis using genome mining techniques. This enzyme exhibited
a catalytic efficiency that was 4.6 times higher than the highest
known enzyme (DMDH from Rhodotorula graminis).">**
Moreover, LLDMDH showed improved stability under high
product loading conditions. When the substrate loading
exceeded 300 mM, both the substrate and product began to
affect the enzyme’s performance. By combining LbDMDH
with engineered lactate racemase (PpMRM) from P. putida
and leucine dehydrogenase (EsLeuDH) from Exiguobacterium
sibiricun DSM 17290, the Xu group successfully achieved the
transformation of mandelic acid into four different amino acid
derivatives with various substituents (Scheme 7B). At a 1 L
scale, they achieved 96.4% conversion of 30.4 g mandelic acid
(0.2 M) to L-phenylglycine, with 86.5% isolated yield, 99% ee,
and space time yield of 50.4 g-L™'-d”'. Subsequently, they
constructed whole-cell biocatalysts coexpressing mandelic acid

racemase,”” p-mandelic acid dehydrogenase (Lh-DMDH) and

MeAWLOH
NH,

257 mg (59%) isolated yield
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o
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L-leucine dehydrogenase (EsLeuDH) enabling the biosynthesis
of L-phenylglycine with >99% ee. They used response surface
methodology (RSM) to optimize the biosynthesis conditions,
achieving a yield of 87.9% and a time-space yield of 79.70 g-
L™".d™" under high substrate concentrations (300 mM).

In 2018, the Dennig group incorporated the previously
mentioned cascades into a multienzyme cascade and
successfully achieved the conversion of both canonical and
noncanonical @-amino acids from fatty acids through one-pot
cascades (Scheme 7C).* First, cytochrome P450 peroxygenase
(P4S0CLA) from Clostridium acetobutylicum is used to catalyze
the regioselective a-hydroxylation of fatty acids using H,O, as
an oxidant. This step yields the corresponding a-hydroxy acids
with a conversion rate of up to 95%. A double enzyme
hydrogen-borrowing cascade system is then employed. This
system involves the conjugation of two stereocomplementary
enzymes: a-hydroxyisocaproate dehydrogenase p/L-HIC-DH
and L-phenylalanine dehydrogenase (L-Phe-DH) from Rhodo-
coccus sp. These enzymes work together to convert the a-
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hydroxy acids into the corresponding a-amino acids. The
overall process achieves a high conversion rate of up to 99%
with >99% ee. It was successfully applied to the conversion of
five saturated fatty acids (C6—C10), phenylpropionic acid and
phenylbutyric acid. The titer of L-phenylalanine produced in
this process reached 2.5 g-L™".

In 2000, the Antunes group utilized enzymes to simultaneously
synthesize both (S)-3-fluoroalanine and (R)-3-fluorolactic acid
(Scheme 8).*” First, L-alanine dehydrogenase (L-AlaDH) from

Scheme 8. Conversion of Allyl Alcohols to Ketones

0
F/\_)LOH
NH,
0
F OH

F/\)LOH
NH,
0

NAD*  NADH I
(R)-3-fluorolactic acid F/\)LOH -

40% yield, 99% ee |

(S)-3-fluoroalanine
30% yield, 88% ee

H,0  NH

AlaDH

Bacillus subtilis is used to catalyze the stereoselective oxidative
deamination of racemic 3-fluoroalanine, this step oxidizes the
(R)-3-fluoroalanine to form the ketoacid intermediate. The
reaction is further catalyzed by rabbit muscle vr-lactate
dehydrogenase (L-LDH), which converts the ketoacid
intermediate into final product (R)-3-fluorolactic acid. As a

Scheme 9. Conversion of Allyl Alcohols to Ketones

A The conversion of morphine to hydromorphone.
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result of this process, (S)-3-fluoroalanine is isolated with 30%
yield and 88% ee, while (R)-3-fluorolactic acid is obtained with
40% yield and >99% ee. This demonstrates the simultaneous
synthesis of these two valuable compounds with high
stereoselectivity. The separation reaction is thermodynamically
unfavorable. The energy required for the entire system is
provided by the circulatory system, which generates (R)-3-
fluorolactic acid.

In 2000, the Bruce group achieved the biosynthesis of
hydromorphone, a potent analgesic drug, through a hydro-
gen-borrowing cascade system. This accomplishment involved
the use of three enzymes: NADP*-dependent morphine
dehydrogenase (MDH), NADH-dependent morphine reduc-
tase (MR) from P. putida M10, and soluble pyridine nucleotide
transhydrogenase (STH) from Pseudomonas fluorescens
(Scheme 9A).** Morphine is initially oxidized to morphinone
by MDH, and this reaction simultaneously reduces NADP" to
NADPH. MR then reduces morphinone to hydromorphone
while oxidizing NADH to NAD". STH plays a critical role in
regenerating cofactors (NADP* and NADH) during the
process. As a result of this multienzyme cascade, the yield of
hydromorphone reaches 84% when maintaining the
MDH:MR:STH ratio at 1:5:0.5. This successful biosynthesis
of hydromorphone demonstrates the potential of enzymatic
processes for drug synthesis.

In 2012, the Hollmann group introduced a double-enzyme
cascade for the redox isomerization of allyl alcohol (Scheme
9B).* The isomerization of allyl alcohol into its corresponding

B The convenion of allylic alcohols to saturated carbonyl counterparts.
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Scheme 10. Conversion of bis-Aldehydes to Esters
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Scheme 11. Conversion of a,f-Unsaturated Aldehydes to Acids
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ketone was achieved by coupling two enzymes with a
preference for cyclic compounds, alcohol dehydrogenase
(TADH) from Thermus sp. ATN1 and ene reductase
(TsER) from Thermus scotoductus SA-01. Using the redox
isomerization of cyclohexanol as the model reaction, the
product can be overreduced to cyclohexanol (>20%) with only
5% of the desired product being obtained. By controlling the
ratio of TADH to TsER, it is possible to improve the overall
yield to 60% with good chemoselectivity (>90%), while this
method will possibly be applied into chiral construction of -
substituted ketone substrates.

In 2018, the Deska group conducted a screening of various
commercial enzyme preparations, successfully identifying a set
of enzymes proficient in enantioselectively converting
Achmatowicz-type pyranones into either (S)- or (R)-y-
hydroxy-6-lactones (Scheme 9C).”° The redox-neutral isomer-
ization process was effectively executed by a single enzyme,
utilizing a biocatalytic hydrogen-borrowing cascade strategy.
This method demonstrated universal applicability across a
spectrum of symmetrically substituted Achmatowicz pyra-
nones. Through a tandem oxidase/peroxidase couples-
mediated Achmatowicz rearrangement reaction, it efficiently
generated key components of complex polycyclic natural
products, such as walterolactone B and osmundalactone.
Through the whole-cell transformation within E. coli, the
reaction system achieved 71% conversion rate of pyranone
substrates. This study provides a streamlined pathway for
synthesizing valuable lactones from simple biogenic building
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blocks, further confirming the multifunctionality of biocatalysis
in accessing structurally diverse natural products.

In 2020, the Hall group accomplished the regioselective
formation of isochroman-l-one and 4,5-dihydrobenzo[c]-
oxepin-1(3H)-one through a biocatalytic intramolecular
tishchenko-like reaction catalyzed by ADHs with concurrent
oxidation and reduction activities (Scheme 10).”' Meanwhile,
the regioselectivity of substituted [1,1’-biphenyl]-2,2'-dicarbal-
dehydes can be controlled by the electronic properties of
substituents, and the regioselective synthesis of 2-, 4-, and 8-
substituted dibenzo|c,e]oxepin-5(7H)-ones can be achieved.

In 2013, the Hummel group developed a new method to
convert a,f-unsaturated aldehydes into enantiomerically pure
saturated carboxylic acids.”® This process involves two
enzymatic steps. First, the C=C double bond of prochiral
a,f-unsaturated aldehydes is reduced to a saturated C—C bond
by NADPH-dependent ene reductase (ER) from Gluconobacter
oxidans with the formation of the stereogenic center, and then
oxidation of the aldehyde group to carboxylic acid is catalyzed
by aldehyde dehydrogenase (PP-ALDH) from Pseudomonas
putida KT2440, with water as the sole reagent (Scheme 11A).
An example of this conversion is the transformation of citral
into (S)-citronellic acid, which achieved a high conversion rate
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of 97% and >99% ee. However, this conversion is carried out
using crude preparations (cell extracts) of the enzyme, an
effective internal circulation of the nicotinamide cofactor
cannot be demonstrated.

Subsequently, in 2015, the Scrutton group proposed a
general strategy for establishing a hydrogen-borrowing
biocatalytic cascade, successfully applied to the synthesis of
chiral a-substituted carboxylic acids from a-substituted a,f-
unsaturated aldehydes (Scheme 11 B).>> They initially
screened various enzyme reductases (ER) and aldehyde
dehydrogenases (Ald-DH) and identified the necessary
enzymes. To establish the hydrogen cascade and optimize
reaction conditions, they determined the suitable combination
conditions for the two enzymes, including preferred cofactors
and optimal pH. Subsequently, they screened enzyme and
cofactor concentrations, as well as the enzyme ratio, to
maximize conversion rate, chemical selectivity, stereoselectiv-
ity, and short reaction time. Finally, they studied the
productivity of the cascade reaction with different substrate
concentrations. It is noteworthy that this method exhibits
broad applicability and can achieve quantitative conversion of
various pharmaceutical active ingredients (APIs), including
chiral substituted hydrocinnamic acid, fatty acids, heterocyclic
rings, and even acetylated amino acids, by adjusting reaction
conditions appropriately. Ultimately, (S)-2-methyl-3-phenyl-
propanoic acid can be prepared on a preparative scale (starting
material (E)-2-methyl-3-phenylacrylaldehyde at 100 mg), with
quantitative transformation after a 2-h reaction, a chemical
selectivity of 96%, and an enantiomeric excess (ee) of >98%,
yielding 88% in separation yield.

The biocatalytic hydrogen-borrowing cascades offers distinct
advantages when compared to traditional synthetic methods,
particularly those relying on transition metal catalysis. It has
heightened stereoselectivity, exemplary atomic economy, and
an environmentally friendly profile. Notably, it effectively
overcomes the inherent limitations of transition metal catalysis,
including issues related to toxicity, cost, and the imposition of
rigorous reaction conditions, thereby demonstrating a marked
superiority. Consequently, different types of substrates
including alcohols, amines, aldehydes, and ketones could be
converted into corresponding products with good efficiency as
well as satisfied stereoselectivity. In contrast, in transition
metal-catalyzed hydrogen-borrowing systems, the substrates
were usually limited to alcohols.

However, it is important to acknowledge that the current
landscape of biocatalytic hydrogen-borrowing cascades faces
certain challenges and limitations. These primarily encompass
the limited variety of enzymes available for hydrogen-
borrowing reactions, characterized by their restricted diversity
and, in some cases, modest catalytic activity. In comparison to
transition metal-catalyzed hydrogen-borrowing cascades, the
biocatalytic variant has a narrower range of applicability, with
limitations extending to substrate compatibility. It is important
to emphasize that the thermodynamic feasibility of the
biocatalytic hydrogen-transfer process must be considered.
And achieving quantitative conversion would be challenging,
this hurdle can be overcome by adjusting reaction conditions
such as increasing the amount of coreagents can promote the
reaction, or coupling the final product with downstream
reactions can drive the consumption of reaction products.
Additionally, factors such as enzyme specificity, reaction
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kinetics, and cofactor regeneration are crucial. Efficient
cofactor regeneration systems are particularly necessary to
maintain redox balance and sustain catalytic activity over
multiple reaction cycles. In the use of crude enzyme
preparations or whole-cell catalytic systems, the presence of
additional NAD(P)H oxidase enzymes can oxidize NAD(P)H
to NAD(P)* before it is consumed in the reductive amination
process. This disrupts the cofactor balance and reduces its
effective utilization, resulting in decreased conversion
efficiency. This phenomenon presents a challenge to achieving
efficient hydrogen-borrowing processes in whole-cell systems,
and strictly speaking, the process does not conform to a
hydrogen-borrowing cascade. Future research will focus on the
discovery of enzymes with new catalytic activities, the
adaptation of this strategy to new chemical transformations
involving various substrates and reaction conditions, and the
enhancement of enzyme catalytic performance and substrate
compatibility through techniques such as directed evolution.
Furthermore, advancements in the development of biocatalytic
hydrogen-borrowing cascade systems and optimization strat-
egies for various reaction parameters will lead to faster and
more effective improvements in conversion rate, stereo-
selectivity, and efficiency. These enhancements increase the
applicability of this strategy to a wider range of substrates.
These efforts aim to accelerate the widespread adoption of
these biocatalytic methods in the industrial sector.

In summary, the future of biocatalytic hydrogen-borrowing
cascades holds promise for sustainable and environmentally
friendly chemical synthesis. As the repertoire of enzymes and
enhanced biocatalytic processes continues to expand, we can
anticipate their broader adoption across diverse industrial
sectors, marking a shift toward greener and more sustainable
chemical production methods.
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