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Chapter 1

The Impact of Biocatalysis on Organic Chemistry
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Chapter 1

1.1. Introduction

In the dynamic landscape of chemical manufacturing and process industries, the quest
for greener, more efficient, and sustainable methodologies has become a defining objective.!'"
31 Among the various strategies that have emerged to address these challenges, biocatalysis, the
use of enzymes to drive chemical transformations, has emerged as a powerful and versatile
approach.[*2!) Enzymes have now been employed for over a century for various applications
in food, agriculture, polymers and organic synthesis, flavors, and most prominently in the

production of active pharmaceutical ingredients (APIs).[?2-%7]

Compared to traditional chemical methodologies, enzymes offer a unique combination
of advantages: exceptionally high turnover numbers, operation under mild reaction conditions,
and outstanding chemo-, regio-, diastereo-, and enantioselectivity. These features make
biocatalysis an attractive option for developing more sustainable and efficient synthetic

Processes.

Despite these benefits, many organic chemists still hesitate to consider enzymes as a
practical solution to their synthetic challenges. This hesitation often stems from the perceived
complexity of handling biological systems. However, recent advancements in biotechnology
have significantly simplified the processing and production of enzymes. Today, enzymes can
be easily overexpressed in E. coli using simple procedures that are no more difficult than
learning a new chemical method.”®! Moreover, the increasing availability of bench-stable
commercial enzyme formulations, both crude and purified, enables the direct use of the
biocatalysts as ordinary reagents, which can be added to a reaction mixture without the need

for prior cultivation or purification.!?”- %]

Another factor contributing to the underutilization of enzymes in organic synthesis is
the belief that biochemical reactions are too complex and less predictable than traditional
organic reactions. It is true that, at first glance, approaching enzymatic systems can feel
disorienting for a chemist: the unfamiliar terminology, the sometimes apparent lack of

sufficient mechanistic detail for the practitioner, and the different experimental mindset can
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The Impact of Biocatalysis on Organic Chemistry

make the learning curve seem steep. Yet, as with many powerful tools in chemistry, persistence
pays off. Once the initial barrier of unfamiliarity is overcome, new patterns begin to emerge,
and the logic of these systems becomes more intuitive. Furthermore, understanding a
biochemical mechanism from a chemist's perspective can unlock new synthetic opportunities

beyond those explored by nature, as witnessed by recent research in the biocatalysis field.*"

This perspective also challenges several long-standing misconceptions in the field.
Contrary to the belief that enzymes are strictly specific to their natural substrates, many
enzymes display a broad substrate scope, and some can even catalyze non-native
transformations, a property known as enzyme promiscuity.*!*! Furthermore, the idea that
enzymes work exclusively in their native (aqueous) environment is a limiting assumption;
although the maximal catalytic efficiency is often observed under physiological aqueous
conditions, enzymes can retain activity in highly concentrated buffers, at extreme pH values,
and even in organic solvents.!3>-37]

This last concept is particularly relevant to the content of this thesis, as the tolerance of
enzymes to non-physiological conditions enables the discovery and exploitation of catalytic

activities beyond their natural functions.
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1.2. Oxidoreductases

Among the main enzyme classes used in organic synthesis, oxidoreductases represent
one of the most diverse and functionally versatile families in biocatalysis. These enzymes
catalyze reversible oxidation-reduction reactions, transferring electrons or hydrogen between
donors and acceptors across a wide range of substrates.*®! Over the past decades, their synthetic
and industrial applications have expanded enormously, both in homogeneous catalysis using
free enzymes and in heterogeneous systems employing immobilized biocatalysts.***?1 Today,
oxidoreductases play a pivotal role in pharmaceutical production, fine chemical synthesis, and

biosensing technologies.[4?44]

A particular feature of this enzyme class is its breadth of reactivity; more than 26
enzyme subclasses are included in this family, participating in key metabolic pathways.[*®]
Their fundamental role is to catalyze redox reactions, either by transferring electrons or
hydrogen atoms between a donor and an acceptor or by transferring one or two oxygen atoms
from molecular oxygen or hydrogen peroxide to a substrate. Remarkably, these reactions

account for over one-third of all enzymatic reactions currently described.!*"]

Despite this wide reactivity, oxidoreductases exhibit exceptional selectivity; these
biocatalysts, for instance, can position a reducing or oxidizing agent within a precisely chiral
environment, enabling discrimination between enantiotopic faces of a prochiral center or
between distinct functional groups within the same molecule, depending on how the substrate
is oriented in the active site.?® 4647} Furthermore, biocatalytic redox transformations are
inherently safer and cleaner compared to their traditional chemical counterparts: they proceed
under mild conditions, do not require toxic reagents or solvents, and minimize undesired

reactions such as isomerization, racemization, or rearrangement.

Another notable characteristic of oxidoreductases is their broad substrate scope. These
enzymes can act on a large variety of organic and inorganic compounds, including alcohols,
amines, and ketones, but also small sulfite anions and even metal ions, making them a valuable

[48-52

tool for synthetic chemists. I Furthermore, substrate promiscuity, the ability of an enzyme
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to act on multiple substrates, is quite widespread across this family.[*!% In addition, many
oxidoreductases exhibit catalytic promiscuity, meaning they can catalyze reactions that are
mechanistically different from the natural one.*®! Both these properties greatly enhance their

utility in non-natural transformations and synthetic applications.

Within this family, oxidases, dehydrogenases, peroxidases, and oxygenases stand out

for their efficiency and versatility across numerous biotechnological applications.[4% 33!

Oxidase enzymes use molecular oxygen (Oz) as an electron acceptor without
incorporating it into the substrate (Figure 1.1a). The reduction of O results in the formation
of H O or H2O,. Among this group, laccases are among the most studied and industrially
relevant members.54-%]

Meanwhile, dehydrogenases, instead of using Oz as an electron acceptor, rely on
specific cofactors such as NAD(P)"/ NAD(P)H, FAD/FADH,, or FMN/FMNH,.7% They can
catalyze reversible redox reactions through the transfer of two electrons as hydride (Figure

1.1b). Their high specificity makes them very attractive for synthetic applications.[®*-6!]

On the other hand, peroxidases use a peroxide as an electron acceptor, usually H,O»
(Figure 1.1¢). Some of these enzymes use the heme group as a cofactor and are ubiquitous and
abundant across all forms of life. Their robustness and catalytic efficiency have positioned them
as important tools in biocatalysis and biosensing.[62-64

Finally, oxygenases can directly incorporate oxygen atoms into the substrate, enabling
both monooxygenations and dioxygenations (Figure 1.1d). Their ability to functionalize non-
activated C-H bonds under mild conditions makes them attractive for synthetic chemists.[6%-6¢!

Collectively, these four subclasses reflect the remarkable functional diversity and
synthetic relevance of oxidoreductases. In the following section, attention will be given to
dehydrogenases, in particular alcohol dehydrogenases, a subclass that has demonstrated

extraordinary potential in the development of selective and efficient transformations.
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Figure 1.1: Most important subclasses of the oxidoreductases. a) Alcohol oxidation
catalyzed by oxidases using molecular oxygen as an electron acceptor; b) Oxidation of alcohol
to carbonyl compound and reverse reduction catalyzed by NAD- or FAD-dependent
dehydrogenases; ¢) Oxidation of ascorbic acid catalyzed by a peroxidase; d) Mono- and di-

oxygenation catalyzed by oxygenases.
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1.3. Alcohol dehydrogenases

Alcohol dehydrogenases (ADHs), also known in synthesis as carbonyl reductases, or
aldo-keto reductases, belong to the dehydrogenase subclass of oxidoreductases. These enzymes
catalyze the interconversion of alcohols and carbonyl compounds, transferring hydrides

between substrates and nicotinamide cofactors such as NAD(P)H/NAD(P)" (Figure 1.2a).

These enzymes are ubiquitous in nature, and new members of this family are constantly
identified.!®”"7 The first recorded use of an alcohol dehydrogenase dates back to 1937, with a
purified ADH from Saccharomyces cerevisiae.’' The authors purified the enzyme and used it
for the interconversion of ethanol and acetaldehyde. However, only in recent decades has their
use become routine in both academic research and industry.’>7# Several dehydrogenases have
been used since then to synthesize a broad range of chiral compounds, thanks to the high
enantioselectivity reached by these enzymes, which often surpass any known chemical
method.l”3%Y These enzymes can also catalyze the reverse oxidation of alcohols to aldehydes

or ketones, providing mild and selective routes to key carbonyl intermediates.[®!-82!

In classical organic chemistry, the interconversion of a carbonyl compound and an
alcohol relies on stoichiometric oxidants or hydride reagents, which are often toxic and waste-
generating.[®3%) ADHs offer a sustainable and atom-efficient alternative, requiring only a
catalytic amount of cofactor and mild reaction conditions. Depending on the direction of the
equilibrium, ADHs employ either NAD(P)H for reduction or NAD(P)" for oxidation. Many
different strategies have been developed over the years to use the cofactor in catalytic amounts,

and it is possible to group them into two main approaches.

The first and simplest method relies on a single enzyme capable of simultaneously
transforming the substrate and a sacrificial co-substrate. For instance, NAD" generated during
a carbonyl reduction can be reduced back to NADH by the oxidation of an auxiliary donor,
usually isopropanol. This approach, however, often requires a large excess of the co-substrate
to drive the equilibrium and demands enzymes stable against the possible co-substrate- or co-

product-induced deactivation or inhibition (Figure 1.2a).[87-381
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The second approach circumvents these disadvantages by employing a cofactor-
regeneration system, commonly a second enzyme, that catalyzes a second exergonic reaction
to recycle the cofactor continuously and drive the desired biotransformation to completion. The
best regeneration systems exploit cheap and innocuous reductants or oxidants, such as
hydrogen,’®’ oxygen,***!! formate®”! or glucose together with the respective enzymes such as

hydrogenase, oxidase, formate dehydrogenase or glucose dehydrogenase (Figure 1.2b).[°*]

Recently, different approaches for the regeneration of the cofactor involving

electrocatalytic and photocatalytic methods have been studied, but their application is still

underdeveloped.’4*°]
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Figure 1.2: a) Reversible reaction between carbonyl compounds and alcohols catalyzed
by ADHs using NAD(P) cofactor to reduce the carbonyls or oxidize the alcohols. b) and c)
demonstrate diverse approaches for the use of ADHs and the regeneration of the cofactor; b)
The use of a sacrificial substrate, such as isopropanol, that serves as a hydride donor allows the
use of a single enzyme; c) ADH can be coupled with a secondary enzyme, which catalyzes an

irreversible reaction.
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1.3.1. Alcohol dehydrogenases for the reduction of ketones

The asymmetric reduction of ketones is one of the most fundamental reactions in
organic chemistry, as the production of chiral alcohols is crucial due to their widespread

presence in active pharmaceutical ingredients (APIs), agrochemicals and fine chemicals.!'%-

106]

To exhibit the catalytic activity, ADHs require a cofactor, NADH or NAD" (or their
phosphorylated versions NADPH and NADP™), depending on whether the enzyme carries out
a reduction (NAD(P)H) or an oxidation (NAD(P)"). The ability of the cofactor to transfer or
accept hydrides is based on its chemical nature: the oxidized version (NAD") is prone to losing
its conjugation to accept a hydride, neutralizing the charge on the nitrogen of the pyridine ring,
while the reduced form (NADH) is ready to transfer a hydride to regain its aromaticity (Figure
1.3).

N
Hs ‘\HR 9 9 </
NH XY NH 2_o-
| | 2 | ?  ADPR= OZHOZ o /7N
N ND HOOTH g8 o0
ADPR ADPR Na no HO OH
2

Figure 1.3: The equilibrium between NADH and NAD" involves a hydride shift

exploiting the distinct chemical reactivity and limited stability of the two cofactor states.

In a reduction reaction, a hydride is transferred from the cofactor to the substrate’s
carbonyl carbon. There are four possible stereochemical pathways for this transfer; the cofactor
can approach the carbonyl from both faces, named the Si-face and the Re-face. In particular, in
cases Al and A2, the hydride attacks the Re-face, whereas in A3 and A4, the transfer occurs
on the Si-face. On the other hand, A1 and A3 employ the pro-(R) hydride of the cofactor, while
A2 and A4 employ the pro-(S) one.

10
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Regardless of which hydride is used, an attack on the Si-face leads to the R alcohol,
whereas when the hydride is transferred to the Re-face, the S alcohol is obtained. The
definitions pro-(R) and pro-(S) regarding the hydride on the cofactor could lead to confusion.
To clarify, with pro-(R) and pro-(S), we are referring to the prochiral center of the cofactor,
meaning that if the pro-(R) hydride, for instance, was substituted with a higher-priority atom

such as deuterium, it would lead to the R-configured enantiomer of the cofactor (Figure 1.4).

Re face Siface

Figure 1.4: The hydride attack on the Re face leading to the alcohol product following
the Prelog rule (S alcohol), while the attack on the Si face yields the anti-Prelog product (R
alcohol).

Most ADHs follow Prelog’s rule, meaning that the cofactor preferentially approaches
the Re face due to the steric interactions between the cofactor, the active site, and the carbonyl
substrate. This attack leads to the formation of the S-configured alcohol, which is also referred
to as the “Prelog” product. Wild-type ADHs capable of reducing the carbonyl substrate by
attacking the Si face to yield the R-configured alcohol (the anti-Prelog product) are less
widespread in nature, making them particularly in demand.['®”) This is also because the few
characterized anti-Prelog ADHs are almost always NADP-dependent, and the NADP cofactor
is about 4-5 times more expensive than the non-phosphorylated form (NAD).

Despite the several aforementioned advantages of biocatalysis, the use of enzymes for
carbonyl reduction was considered a mere laboratory curiosity for a long time due to the many
limitations arising from the use of living or resting cells in early approaches. The introduction
of recombinant DNA technology in the 1980s facilitated the application and integration of
biocatalysis in industry, as evinced by the production of L-tert-leucine from the corresponding

11
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ketoacid in the 1990s.['% Since then, the number of industrial bioreductions has multiplied,

and the technology is now widespread.[43: 7% 10-121]

Although ketones are the most common substrates used for asymmetric reductions with
ADHs, the reduction of an aldehyde with an enzyme can allow the discrimination of distant
stereocenters. For instance, with a-substituted aldehydes in which the racemization occurs in
situ in aqueous buffer at physiological pH, it is possible to perform a dynamic kinetic resolution

(DKR) by exploiting the keto-enol tautomerization (Figure 1.5).122-124]

of | i o

NAD(P)H NAD(P)*
in situ
racemization

e

Figure 1.5: Enantioselective reduction of a-methyl substituted aldehyde leading

selectively to one enantiomer of the alcohol product in quantitative yield.
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1.3.2. Alcohol dehydrogenases for oxidation

In addition to the use of ADHs for the enantioselective reduction of carbonyls, this
enzyme class has also been extensively applied to the oxidation of alcohols, offering efficient

and selective alternatives to traditional chemical methods.[!2%-12¢]

Although the oxidation of secondary alcohols results in the loss of the stereocenter and
may therefore seem less attractive than reduction, the enantioselective oxidation of one
enantiomer can be exploited as a kinetic resolution strategy to obtain enantiomerically pure

alcohols.[?7]

Historically, the lack of efficient cofactor regeneration systems for oxidized
nicotinamide cofactors limited the widespread application of this approach. However, the
identification of NADH or NADPH oxidase (NOx) enzymes has revitalized interest in this
field."?%131 In ketone reduction, a single alcohol dehydrogenase can often operate in a
“coupled-substrate” mode. In this case, the enzyme reduces the target ketone while oxidizing
a sacrificial alcohol, most commonly isopropanol, thereby enabling in situ cofactor
regeneration. In contrast, the analogous strategy for alcohol oxidation, using acetone as a
sacrificial substrate for cofactor regeneration, is less common. Among a few other examples,
only the alcohol dehydrogenase from Rhodococcus ruber DSM 44541 has been extensively
investigated for alcohol oxidation coupled with cofactor regeneration using acetone. This is
because ADHs typically exhibit poor stability at the high acetone concentrations that are

required to drive the equilibrium of the desired biotransformation.[87-8: 132]

The oxidation of primary alcohols to aldehydes catalyzed by ADHs has been less
explored, mainly because the reaction does not involve the creation or modification of any
stereogenic center. Nonetheless, this transformation has found application in biocatalytic-
organocatalytic cascades, enabling aldol-type reactions to proceed under controlled conditions,

while minimizing undesired side reactions derived from high aldehyde concentrations.!**]

Surprisingly, certain ADHs display promiscuous overoxidation activity, converting

primary alcohols into carboxylic acids. This process proceeds through the oxidation of an
13
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aldehyde hydrate intermediate, which exists in equilibrium with the free aldehyde in aqueous
media; in this intermediate, one of the two hydroxyl groups can be oxidized as if it were a
normal alcohol, leading to the formation of the carboxyl group. The first enzyme found to
exhibit this promiscuity was the alcohol dehydrogenase from horse liver (HL-ADH) in the
1950s, which yielded traces of formic acid from methanol (Figure 1.6a).l34135] Subsequent
studies performed by Faber’s and Hall’s groups!!*¢!*”] demonstrated that HL-ADH could
catalyze the dismutation of aldehydes, producing equimolar amounts of the corresponding
alcohol and carboxylic acids via a Cannizzaro-type mechanism, as elucidated in 1996 by Olson
(Figure 1.6b).l'*] Later on, the reaction was further studied and optimized by Hollmann’s!!*"]

1401 who discovered additional ADHs capable of overoxidation,

and Paradisi’s groups,!
expanding the enzymatic toolbox for this transformation. In both cases, coupling the ADHs
with a secondary enzyme for cofactor regeneration enhanced reaction efficiency and scalability.
While the former work initiated the oxidation from aldehydes instead of alcohols,
circumventing the instability issues of the NADH oxidase (NOx) (Figure 1.6¢), the latter work
successfully employed a fed-batch addition strategy for NOx to enable oxidation directly from

alcohols (Figure 1.6d).

14
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Figure 1.6: ADH catalyzed carboxylic acid formation. a) First example of formic acid

formation from methanol; b) formation of acids via disproportion of the aldehyde substrate
following a Cannizzaro-type mechanism; c) Discovery of nine ADHs capable of overoxidizing
alcohols to carboxylic acids, d) Formation of carboxylic acids from primary alcohols catalyzed

by a halotolerant ADH.
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Although the formation of carboxylic acids with ADHs is now well established,
problems related to the instability of the auxiliary enzyme for cofactor regeneration still limit
the number of large-scale applications. In Chapter 4 of this thesis, we tried to address this
problem by introducing a coupled-substrate approach, which employs the same ADH for both

the oxidation of the alcohols and the regeneration of the cofactor.

Remarkably, HL-ADH, the same enzyme that first revealed overoxidation activity, was
later found to exhibit another non-native catalytic behavior toward diols. Upon initial oxidation
of one of the two hydroxyl groups to an aldehyde, an intramolecular nucleophilic attack of the
second alcohol on the aldehyde moiety results in the ring closure, leading to the formation of
a hemiacetal, which can subsequently undergo oxidation to yield the corresponding lactone.
This unprecedented lactonization via tandem oxidation-cyclization-oxidation was first reported
by Irwin and Jones in two different papers published in 1977. In their pioneering studies, they
described the regiospecific and enantioselective oxidation of dihydroxycyclopentanes.!'*! This
was followed by the synthesis of six-membered lactones from 1,5-diols bearing a prochiral
center at C3, where a substituent was present, with exclusive oxidation of the pro-S hydroxyl
group (Figure 1.7a).['*?] The same group further expanded the substrate scope, reporting the
synthesis of fourteen bicyclic lactones obtained from cis-1,2-bis(hydroxymethyl) substrates

with enantioselectivities exceeding 99%.[143

Subsequent investigations broadened the range of applicable substrates and
demonstrated the versatility of this enzymatic lactonization strategy for more complex

144-198] The principal limitation of this methodology, the lactone hydrolysis side-

molecules.!
reaction, was later addressed by Hollmann’s group, who employed a biphasic reaction system
wherein the lactone product partitioned into the organic phase, preventing hydrolysis (Figure

1.7b).114)
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(@) Lactonization of diols proceeding with DKR of the hemiacetal intermediate
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Figure 1.7: Catalytic promiscuity exhibited by HL-ADH for the formation of lactones
via oxidation of hemiacetal intermediates; a) The first studies reported by Jones’s group on
lactonization of diols catalyzed by HL-ADH; b) Study reported by Hollmann's group on lactone

formation in an aqueous-organic biphasic system.

In Chapter 5, building on the precedent set by these works, in which the hemiacetal
intermediate is oxidized by ADHs, we developed an intermolecular coupling of alcohols to

form esters, thereby expanding the catalytic activity of ADHs.

Finally, in 2018, HL-ADH was again shown to display an additional, mechanistically
related promiscuous catalytic activity: the oxidation of amino alcohols to the corresponding
lactams (Figure 1.8).['°% Although the substrate scope was limited to linear amino alcohols
containing four to six carbon atoms and no enantioselectivity was assessed, this study revealed
a new facet of the catalytic potential of ADHs, highlighting their versatility and continuing

opportunities for expanding their synthetic applications.
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Lactamization of amino alcohols via hemiaminal intermediate
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Figure 1.8: Promiscuous catalytic activity of HL-ADH for the oxidation of a

hemiaminal, allowing intramolecular cyclization of the amino alcohol to yield lactams.

Inspired by the oxidation of the hemiaminal intermediate formed by the intramolecular
cyclization, reported here, we developed in Chapter 3 the biocatalytic synthesis of amides and

thioesters from alcohols, enabling new reactivity using ADHs.

Collectively, these studies illustrate the remarkable catalytic versatility of ADHs
beyond their native metabolic role. From selective oxidation to lactam formation, ADHs have
proven capable of catalyzing an unexpectedly broad range of oxidative transformations under

mild conditions.

18
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1.4. Enzyme fusion

As mentioned in the previous sections, when NAD(P)H-dependent enzymes such as
ADHs are used, a stoichiometric amount of cofactor would theoretically be required to perform
the reaction, such as the reduction of a carbonyl or the oxidation of an alcohol. The use of an
auxiliary enzyme is therefore necessary to enable catalytic cofactor recycling. Different
enzymes have been used for this purpose, employing cheap sacrificial substrates such as
formate salt, molecular oxygen, phosphite, molecular hydrogen or glucose.!®-%*]

To optimize cofactor regeneration, an interesting approach involves the creation of
multi-functional biocatalysts by fusing enzymes. Genetic fusion of genes allows the
simultaneous production of two (or, in principle, more) enzyme functions within a single
polypeptide chain, hence facilitating biotransformations and co-purification.!'>! Interestingly,
cases are reported in which these fused enzymes outperformed the discrete native enzymes; in

(1521331 improved stability!!3*!156] and enhanced

some cases, they featured higher expression,
catalytic activity.l'>"1581 In this context, the increased catalytic activity is sometimes attributed
to substrate channeling, a phenomenon in which the close proximity of two active sites allow
the product of one enzyme to reach the second enzyme more quickly than by random diffusion

throughout the solution. 1 15]

For instance, Paradisi’s group reported a fusion of an alanine dehydrogenase (AlaDH)
and a formate dehydrogenase (FDH) for the continuous production of alanine from pyruvic
acid. Eventually, this fused AlaDH-FDH was coupled with two different transaminases (TAs)

for the synthesis of vanillylamine (Figure 1.9).116%
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Figure 1.9: Chimeric AlaDH—FDH for the recycling of the amine donor for the TA-

catalyzed synthesis of vanillyl amine.

Enzyme fusion has been used not only to link enzymes with the purpose described
herein, but also to obtain multi-functional catalysts for cascade reactions. Examples are the

fusion of a Baeyer-Villiger monooxygenase (BVMO) with an ADH (Figure 1.10a),/'%!! of an

eugenol oxidase (EUGO) with a peroxidase
an ADH (Figure 1.10c).!'%

(@) Alcohol dehydrogenase and Baeyer-Villiger monooxygenase fusion

(Figure 1.10b),!'*?) or a transaminase (TA) with

0
O

- .

HO

OH OH

(¢) Alcohol dehydrogenase and transaminase fusion

Figure 1.10: Examples of enzyme fusions for multistep cascade biocatalysis. a) ADH

fused to BVMO for the production of esters from secondary alcohols; b) EUGO fused to DyP
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for the production of vanillin dimer from eugenol; ¢) ADH fused to TA for the production of

amines from alcohols.

Two enzymes can be fused at the genetic level by joining their genes with a DNA
sequence that encodes a peptide linker. The linkers can have different properties to match
enzymes’ behavior and harm neither the activity nor the stability of the biocatalysts. They can
have different compositions to impart flexibility or rigidity, hydrophobicity or hydrophilicity,
and diverse lengths. For instance, linkers can be rich in glycine residues, leading to a flexible
linker, while alanine or lysine residues generate more rigid structures, due to the formation of

a-helical structures.!'%4-163]

Such fused biocatalysts are particularly attractive for continuous flow applications,

where the proximity of catalytic functions can increase the overall process efficiency.[!°6-167]

21



Chapter 1

1.5. Biocatalysis in flow

In recent years, interest in combining biocatalysis with continuous-flow chemistry has

511681741 Continuous-flow grants a

grown, increasing its potential use across many industrie
high degree of process control and reliability, as well as the possibility for automation and a
heightened level of safety.l!'’”! The efficient mixing inherent in continuous-flow systems
ensures improved mass transfer rates, leading to enhanced reaction kinetics and higher yields.
Besides, when employed for biocatalytic reactions, flow chemistry circumvents possible
limitations such as substrate and/or product inhibition or unfavorable thermodynamic
equilibria.l'’>! To maintain a stable reactor environment and preserve enzymatic activity during
continuous-flow biocatalysis, limited leaching of enzymes from the system is essential.
Enzyme confinement into the reactor can be achieved by either physical immobilization or
chemical binding to a carrier, the latter of which via covalent or non-covalent interactions.! %]
Therefore, enzyme immobilization ensures sustained catalytic efficiency over extended

reaction times and cycles, thereby enabling biocatalyst reusability, ease of separation, and

limited sensitivity to process conditions or settings.!!””!

Intuitively, cofactor-independent enzymes are the easiest to implement in a continuous
flow, especially for industrial applications. However, reactions catalyzed by cofactor-
dependent enzymes are among the most attractive. Notable examples are NAD(P)-dependent
ADHs to create chiral alcohols, pyridoxal 5’-phosphate (PLP)-dependent transaminases (TAs)
for formal reductive amination of prochiral ketones, and diffusible flavin-dependent
monooxygenases, €.g., C=C epoxidation. In the absence of a suitable cofactor-recycling
system, cofactor-dependent enzymes become inapplicable for industrial applications due to the
relatively high costs of the cofactors if used in stoichiometric amounts. Several cofactor-
recycling approaches are currently available for biocatalytic reactions. For example, for the
regeneration of NAD(P)H, a coupled-enzyme approach consists of the addition of a formate
dehydrogenase (FDH) and formate, or a glucose dehydrogenase (GDH) and D-glucose, or
phosphite dehydrogenase and phosphite.['’8] On the other hand, a substrate-coupled approach
for NADP(H) recycling can be established by adding a sacrificial substrate, such as

isopropanol, that is converted by the same enzyme. The same concept is valid for pyridoxamine
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5’-phosphate (PMP) regeneration in TA-catalyzed reactions. In this case, PLP and an amine
donor (e.g., L-alanine) are converted by the same TA into PMP and a co-product (e.g., pyruvate)

m.[17%-189] Therefore, the need for

in the second step of the classical ping-pong bi-bi mechanis
continuous addition of cofactors in a high amount and their isolation in downstream processes
represents a major technical challenge in moving biocatalytic reactions into continuous-flow

reactors.

A solution to this challenge is the co-immobilization of enzymes and cofactors in flow
reactors. This is not a trivial task since the immobilized cofactor must retain high catalytic
activity while being accessible to the immobilized enzymes in the confined space of the

1811 This is particularly challenging in reaction environments characterized by high

reactor.!
ionic strength that can promote enzyme leaching.!'®?! The compatibility of the methods used
for cofactor and enzyme immobilization is also an indispensable criterion for preserving
biocatalytic performance. Cofactor and enzyme must also exhibit high stability within the co-

[183-184] Furthermore, the

immobilized framework to ensure long-term operational efficiency.
biocatalytic system in flow should ideally exhibit high productivity, total turnover numbers

(TTNs), and scalability from laboratory conditions.
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1.5.1. General approaches for cofactor immobilization

Early examples of cofactor immobilization involved tethering them to large polymers
such as polyethylene glycol (PEG). These methods facilitated the successful integration of
NAD(P)-dependent enzyme systems into ultrafiltration membrane reactors for continuous-

[185-187] However
b

reduction processes, obviating the need for continuous cofactor supply.
economic limitations imposed by ultrafiltration membranes prompted the development of more
cost-effective alternatives. Recent advancements in cofactor immobilization comprise covalent

attachment, ionic adsorption, entrapment, and hybrid methods (Figure 1.11).

Innovative approaches have redefined the role of polymers, with them now serving as
flexible swinging arms to shuttle cofactors between active sites while remaining anchored to a
carrier material. For example, a polypeptide swinging arm was coupled to NAD" via an amide
bond at the primary amine moiety of its adenine and attached to a resin carrier bead at the C-
terminus.!'%8] Alternatively, short single-stranded DNA fragments can act as flexible swinging
linkers. In this context, the cofactor NAD" is covalently tethered to an oligonucleotide linker,
which itself can be attached to a DNA framework such as a hexagon-type DNA scaffold that
allows for topological organization, or a DNA double-crossover tile scaffold.['*-1%°! The
swinging arm can also be attached to the enzymes; for instance, NAD" and ATP were attached
to a PEG linker that was positioned between the catalytic enzyme and the cofactor-recycling
enzyme."”!! In other covalent attachment techniques, the cofactor is closely or directly attached
to the carrier material. Most of these cofactor immobilization approaches are geared towards
NAD(P). A prevalent method involves the immobilization of NAD* or PLP through covalent
binding to epoxide groups on silica nanoparticles, epoxy resin carriers, or even sol-gels.!!92-19]
In alternative methods, the NADH is attached to nano-porous glass supports via a PEG spacer
or to polystyrene particles via the pending succinimide group of its comonomer.?6-17]
Additionally, NAD(P)" or an analogue can also be successfully bound to a carrier material via
amine groups, namely for the immobilization onto the resin and Sepharose carrier beads.['"®
2001 This amine-based attachment strategy also proved effective for a FAD analogue, which was

immobilized onto aminoethyl decorated agarose beads and served as an anchor for the

immobilization of flavoenzymes.[*°!! In a recent adaptation of these approaches, NADH and
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ATP were reversibly attached to agarose microbeads. The ribose moiety of the cofactors served
as the receptive site for binding to aryl boronic acid anchors, resulting in strong albeit reversible

attachment to the carrier material.[20%!

Covalent attachment varies depending on the cofactor and the presence of a covalent
bond in the cofactor can alter its properties; immobilization strategies based on ionic
interactions offer efficient alternatives. Initial methods for the ionic immobilization involved
acrylate-based superabsorbent polymers.?>2%4) These solid materials are modified with
cationic groups capable of ionically interacting with the negatively charged phosphorylated
cofactors. However, superabsorbent polymers could not efficiently retain cofactors in aqueous
media, fostering the development of a different class of cationic polymers. These improved,
porous cationic polymers also bear positively charged amine groups, which can interact with
phosphorylated cofactors such as PLP or NAD(P). However, due to their porous nature, they
create an association-dissociation mechanism between active sites and the carrier material
without releasing the cofactor into the bulk. Examples of such cationic polymers include
polyethyleneimine (PEI) and diethylaminoethyl (DEAE), which can be combined with various

carrier materials such as agarose beads, chitin, or even cross-linked enzyme aggregates.[295-2!1]

Cofactors can also be immobilized without relying on intermolecular interactions, but
depending solely on physical entrapment for immobilization. For instance, cofactors were
encapsulated in nanoparticles such as Pickering emulsion droplets or virus-like particle
nanocages.?'>?!3] Enzymes and cofactors were immobilized in nanoparticles constructed of
metal—organic frameworks (MOFs) and hydrogen-bonded organic frameworks (HOFs). NAD-
dependent enzymes and their cofactor were co-immobilized in hierarchically porous zeolitic
imidazolate frameworks and in HOFs constructed from tetraamidinium and tetracarboxylate

214-215

with the aid of a polyelectrolyte.! I Hydrogels also offer a promising route for cofactor and

enzyme co-immobilization, as demonstrated in instances like the entrapment of cofactors and

enzymes into a polyvinyl alcohol (PVA) and sodium alginate (SA) copolymer hydrogel.?!¢]

Hydrogels may even incorporate enzymes as an integral part of the matrix, resulting in a self-
assembling all-enzyme hydrogel in which the enzymes are linked together to form the porous

hydrogel structure or in crude enzyme hydrogels via their gelation with chelating agents.[*!”-

218]
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Hybrid methods combining two types of immobilization techniques have gained
increasing popularity, seeking to leverage the advantages of both approaches. Presently, these
hybrid methods incorporate encapsulation with either ionic adsorption or covalent attachment.
When encapsulation is combined with ionic adsorption, nanoparticles are either coated or
embedded with cationic polymers to enhance cofactor retention. For instance, PEI was
integrated into barium alginate (BA) hydrogel beads to better retain the cofactor PLP.*!°! In an
alternative method, the interior of hollow nanofibers was coated with the cationic
polyelectrolyte poly(allylamine hydrochloride) (PPAH) to establish robust ion-exchange
interactions between NAD and the nanofiber.?2°?21] Covalent attachment combined with
entrapment involves tethering the cofactor to a large polymer to prevent it from escaping
through the nanoparticle’s pores. In one approach, enzymes and NAD" were co-encapsulated
in pluronic-based nanocarriers in which NAD" was covalently bonded to an alginate polymer
through an amide bond between the alginate’s carboxylic groups and the cofactor’s amine

5.12221 In another example, enzymes and polymer-tethered cofactors were immobilized in

group
MOFs. These are nanoparticles of a zeolitic imidazolate framework-8 in which NAD" is

covalently attached to a phenylboronic acid decorated polymer.!??]

Despite the broad diversity of cofactor immobilization techniques available, most have
primarily been applied in batch processes. Recently, there has been growing interest in adapting
these methodologies for continuous-flow systems, motivated by potential benefits such as
enhanced productivity, improved control over reaction kinetics, and greater process reliability.
The next section will discuss the approaches applicable under continuous-flow conditions,
providing insights into the innovative strategies and operational considerations required to

increase process efficiency.
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Figure 1.11: Schematic depiction of the most common techniques for cofactor
immobilization, categorized as covalent attachment, ionic adsorption, entrapment and hybrid

systems
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1.5.2. Chemo-enzymatic cascades in flow

Another important feature of biocatalysis in flow is the possibility of combining it with
chemo-catalyzed steps that are incompatible with the enzyme in batch. This is possible due to
the compartmentalization of each reactor and the ability to change the reaction conditions in
each step, allowing the integration of multiple reaction steps in a single process, also known as
telescoping.!??#!

Compartmentalization strategies have evolved to such an extent that they can efficiently
manage (bio)catalyst incompatibility and reaction orthogonality in cascades. Approaches
include droplet-based Pickering emulsions (e.g., for the synthesis of O-acylated
cyanohydrin),’?>>! immobilized enzyme beds, and 3D-printed modular flow units, all of which
mimic cellular compartmentalization and allow fine spatial control over catalyst localization.
Microreactor technology permits better control of reaction conditions, thus enhancing
selectivity in sensitive processes such as the synthesis of polymers with controlled molecular
weight and dispersity.[*?%! Support materials such as multi-walled carbon nanotubes,**”! gentle
packing agents, and functionalized polymers have improved enzyme reusability, reduced
clogging, and prolonged operational lifetimes. Modular systems are also increasingly
combined with real-time monitoring and feedback loops, moving toward "smart" flow

chemistry systems.

Solvent choice is critical as it influences substrate solubility and downstream
processing. Enzymes can operate in biphasic systems, non-conventional solvents such as
organic solvents, ionic liquids, or even in neat substrates. For instance, solvent-free approaches
have been reported for the chemo-enzymatic synthesis of chiral f-amino esters and -amino
amides by combining a thermal aza-Michael addition with a lipase-catalyzed amidation,**®! or
for the dynamic kinetic resolution of amines using a Pd catalyst and, again, a lipase-catalyzed
amidation.??’! In another example, dimethyl carbonate has been used both as a solvent and a
reagent, simplifying reaction schemes and boosting atom economy.?*%! In all these cases, the
neat substrate reaction conditions were compatible between the chemical and enzymatic steps.

Another illustrative example is the chemo-enzymatic tandem synthesis of (E)-4-
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hydroxystilbene, where a deep eutectic solvent (DES)/water mixture was employed to enable
both an enzymatic decarboxylation and a subsequent Heck reaction, demonstrating excellent

compatibility between the two steps under such unconventional solvent conditions.?*!!

However, finding solvents that are compatible with both chemical and enzymatic steps
is not always possible, but flow systems allow for circumventing this problem. Recent works
have introduced in-line solvent-switching strategies, allowing enzymes and chemical catalysts
with incompatible solvent preferences to operate sequentially without intermediate isolation.
This is exemplified by the streamlined production of pyridine-aryl derivatives from 2-acetyl-

6-bromopyridine in three simple steps,?*?

or by the production of 5-
hydroxymethylfurfural(HMF)-derived plasticizers from HMF.[?**! Similarly, in-line separation
units enable the removal of a byproduct from a preceding enzymatic reaction (e.g., ethanol
generated from the enantioselective amidation of an amine with an ester), thereby enabling
DKR processes that would otherwise be impossible in batch.!**#! Finally, even incompatible
biocatalytic and photocatalytic steps were successfully integrated in continuous flow,
overcoming cross-inhibition issues. The system design also ensured uniform irradiation during
the photocatalytic step, preventing product decomposition. While such combinations remain

rare, they are expected to grow significantly in the future.*%¢]

While hydrolases, especially lipases, dominated early industrial implementations due
to their robustness and availability, oxidoreductases, transferases, lyases, and isomerases have
increasingly proven viable under continuous flow conditions. From C-C and C-N bond
formation to stereoselective rearrangements and asymmetric reductions, these systems now

span a broad synthetic repertoire.

Hydrolases are by far the most employed biocatalysts in the literature related to chemo-
enzymatic applications in continuous flow. This class of enzymes is usually utilized with water
as a reagent and solvent for hydrolysis reactions, resulting, in most cases, in the breaking down
of large molecules into smaller ones. Certain hydrolases can also function in non-aqueous
environments to catalyze the formation of, e.g., ester and amide bonds.!>*>) Within the broader
hydrolase family, lipases, proteases (amidases), and esterases are of particular importance.
These enzymes are utilized for regioselective or stereoselective hydrolytic biotransformations,
enabling the production of intermediates for pharmaceuticals, pesticides, and chiral precursors
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for asymmetric synthesis. Lipases, in particular, are widely used to hydrolyze triglycerides and
fats into fatty acids and glycerol. Among them, Candida antarctica lipase B (CalB) stands out
due to its robustness and has been extensively utilized to produce optically active alcohols,

acids, esters, and lactones through kinetic resolution.?*¢)

Oxidoreductases, which catalyze redox reactions, represent another class of enzymes
that is frequently applied in flow processes. The subclass dehydrogenases and monooxygenases
are the most challenging, as they often require nicotinamide adenine dinucleotides (NADH or
NADPH) and/or flavin mono- or dinucleotides (FMN or FADH,) as cofactors to enable

electron transfer from an ultimate hydride donor molecule to a substrate acceptor or vice

versa. [94, 237-238]
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1.6. Research aims and outline of the thesis

The aim of this research, conducted over the last four years, was to develop novel
biocatalytic methodologies capable of replacing traditional chemical approaches in the
everyday practice of a synthetic organic chemist. Central to this work is the exploitation and
engineering of alcohol dehydrogenases to enable new reactivities, broaden substrate scope, and
integrate enzymatic and chemoenzymatic cascades for the sustainable synthesis of value-added

compounds.

Chapter 2 explores the activity of two newly identified NAD-dependent ADHs
displaying anti-Prelog selectivity, a rare and highly desirable feature among natural enzymes,
in the reduction of prochiral ketones. After an initial optimization of the reaction conditions,
these biocatalysts were evaluated across a broad range of ketones and aldehydes, demonstrating

remarkable activity and substrate tolerance.

Chapter 3 investigates novel catalytic activities of these identified ADHs and others.
These ADHs were found to catalyze amide formation through the sequential oxidation of
primary alcohols to aldehydes, nucleophilic attack of an amine, and oxidation of the resulting
hemiaminal. This reactivity was further extended by replacing amines with H>S or thiols to
access thioacids or thioesters, revealing a versatile form of catalytic enzyme promiscuity. To
further broaden the substrate scope of ADHs, we conducted mutagenesis studies guided by
docking simulations, leading to improved enzyme variants with enhanced substrate tolerance

in both amide and thioester synthesis.

During the initial screening described in Chapter 3, a competing pathway leading to
carboxylic acids was also observed. Therefore, in Chapter 4, we established a robust single-
enzyme protocol for the oxidation of primary alcohols to carboxylic acids. In this study, the
ADHs were employed for both substrate oxidation and cofactor recycling. The discovery and
characterization of ADHs capable of overoxidation while maintaining resistance to acetone

inhibition represent a notable advancement in biocatalytic oxidation chemistry.
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Building on insights from Chapters 3 and 4, Chapter 5 reports the discovery of another
promiscuous activity of ADHs, enabling ester formation from two different alcohols. Due to
the initial limitation of competing carboxylic acid formation in buffer, this transformation was
optimized by immobilizing the enzyme and conducting the reaction in an organic solvent. To
overcome product inhibition, the process was translated into continuous flow, using glass beads
to co-immobilize both the enzyme and cofactor. This system maintained high catalytic activity
with no detectable leaching for over ten days. Improved enzyme variants expanded the

substrate scope of the esterification reaction.

Building on the enzymatic strategies developed in the preceding chapters, Chapter 6
introduces transaminases as an additional enzyme family explored in this thesis. In this chapter,
a chemoenzymatic cascade was developed by coupling a transaminase with an organocatalyst.
The transaminase catalyzes a formal enantioselective reductive amination to form a chiral
amine intermediate, which subsequently undergoes organocatalytic amide formation,
demonstrating how compatibility between biocatalysis and organocatalysis can expand the

synthetic toolbox beyond the native reactivity of individual enzymes.

In Chapter 7, the focus returns to ADH-catalyzed ketone reduction chemistry by
introducing a self-sufficient catalytic concept based on enzyme fusion. By genetically linking
alcohol dehydrogenases to a formate dehydrogenase (FDH), a single bifunctional biocatalyst
was created that couples ketone reduction with continuous cofactor recycling, mirroring the
single-enzyme logic explored in Chapter 4 while contributing another strategy to self-
sufficient catalytic methods. This strategy was further extended to amine dehydrogenases
(AmDHs), highlighting the versatility of the developed methodology. Ultimately, the use of

two distinct fusion biocatalysts enabled the highly selective synthesis of norephedrine in flow.

Building on the methods developed in the previous chapters and the synthesis of a
pharmaceutical in Chapter 7, Chapter 8 presents a chemoenzymatic retrosynthetic analysis
of dilevalol, an important antihypertensive active pharmaceutical ingredient (API), and the
initial steps of its synthesis. The developed method elegantly combines traditional
chemocatalysis with biocatalysis to achieve a more efficient and sustainable process. Notably,

the amide synthesis methodology developed in Chapter 3 was successfully applied to a
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complex intermediate containing a phenolic moiety and a terminal alkene, demonstrating the

robustness and versatility of the approach.

Finally, Chapter 9 addresses the broader implications and discusses some of the future
directions in the study of alcohol dehydrogenase promiscuity, including how enzyme
engineering could further expand and refine these newly identified reactivities. Perspectives on
extending enzyme reactivity are illustrated with selected examples of novel approaches that

could be applied in future projects.
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