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“[...] un po’ Tiresia mi sentivo, e non solo per la duplice esperienza: in tempi lontani anch’io mi ero
imbattuto negli dei in lite fra loro, anch’io avevo incontrato i serpenti sulla mia strada, e quell’incontro mi
aveva fatto mutare condizione donandomi uno strano potere di parola: ma da allora, essendo un chimico per
[’occhio del mondo, e sentendomi invece sangue di scrittore nelle vene, mi pareva di avere in corpo due

’

anime, che sono troppe.’

(Primo Levi, La chiave a stella)

“[...] I really did feel a bit like Tiresias, and not only because of my double experience. In distant times I,
too, had got involved with gods quarreling among themselves; I, too, had encountered snakes in my path,
and that encounter had change my condition, giving me a strange power of speech. But since then, being a
chemist in the world’s eyes, and felling, on the contrary, a writer’s blood in my veins, I felt as if [ had two

souls in my body, and that’s too many.”

(Primo Levi, The wrench, transl. by William Weaver)
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Preface

The term “biocatalysis” refers to the use of biological systems like microorganisms or enzymes to
perform chemical reactions, exploiting the high chemo-, regio- and stereoselectivity typical of living
organisms and their mild and environmental benign conditions. Although efficient, large scale
applicability of biocatalytic reactions is often limited by several issues like low efficiency, low
productivity and low stability of such catalysts. To address those issues, implementation of enzyme
immobilization and enabling technologies like flow chemistry are rated as important means to spread

biocatalysis applicability, as it will be widely discussed later.

During my PhD program at Department of Chemistry, Materials and Chemical Engineering
(Politecnico di Milano), I took part in a research group (BiocatLab) with a long-standing experience
in biocatalysis for synthetic scopes, often applied to preparation of chiral flavors and fragrances.
When | started my internship as a chemical engineer graduate, | was more familiar with large, bulky
chemical production and oil-based processes. During my training, | could gain information on
biocatalysis end enzymatic reactions and I could contribute to my research group’s knowledge with
my engineering skills to implement chemo-enzymatic continuous-flow systems and working on the
issues that still limit biocatalysis applicability at larger scales. The aim of my PhD work was then the
increment of the knowledge concerning biocatalysis applicability to the synthesis of various fine
chemical products, as a tool that could possibly lead, in future, to a wider and more feasible
application of enzymatic reactions to industry. So, after acquiring knowledge concerning traditional
biocatalysis methodologies, | worked also on enzyme immobilization which is often a critical aspect

for continuous-flow reactions implementation.

This PhD thesis reflects my research path in these past four years: starting from acquiring basic
biocatalysis to development of continuous-flow processes, through enzyme immobilization. The
structure of this elaborate aims to represent this course and, after an introduction for the presentation
of the main topics relevant to my work (with a special attention to examples of industrial
applications), the published papers or, when yet unpublished, the manuscripts produced are presented

as separate chapters.

List of the papers included in this thesis:
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Abstract

Biocatalysis is a deeply investigated field, whose importance lies in the broad range of highly stereo-
and enantioselective reactions under low environmental impact conditions it offers to organic
chemists. Still, some issues like low productivity and low long-term stability of the biocatalysts can
sometimes hinder larger-scale industrial applications. Enzyme immobilization is a widely exploited
tool to overcome some of such limitations by increasing biocatalyst durability and affording its
reusability. Moreover, the immobilization favors enzyme exploitation in small-sized reactors,
working under continuous-flow conditions, according to the “flow chemistry” approach. Integration
between enzyme-catalyzed reactions and in-line work-up or among other enzymatic or synthetic steps
is considered one of the main advantages ascribed to flow biocatalysis, along with significantly easier

scalability.

Starting from conventional, aqueous-based enzymatic reactions, the main goal of this project was the
development of continuous-flow enzymatic-mediated reactions for the preparation of compounds of
industrial interest such as flavors, fragrances or pharmaceutical intermediates. The work has been
carried out in collaboration with the Dipartimento di Scienze del Farmaco, of the University of Pavia
(Pavia, Italy) and with the Istituto di Chimica del Riconoscimento Molecolare, of the C. N. R.
(Milano, Italy). To better represent the technological upgrade involving biocatalysis, this work is
divided into three parts: first, “traditional” biocatalysis was addressed; then, enzyme immobilization
was concerned and finally continuous-flow enzymatic and chemo-enzymatic reactions were

approached as possible final development for enzymatic mediated processes.

In the first part, enzymatic reduction of aliphatic and aromatic a-nitroketones to 3-nitroalcohols using
commercial alcohol dehydrogenases (ADHSs) is described. High conversions and enantioselectivity
values could be achieved with two specific ADHSs, affording either the (S) or the (R)-enantiomer of
the corresponding nitroalcohols.

In the second part, immobilization of OYES3, an ene-reductase particularly active for stereoselective
reduction of activated C=C bonds, was investigated. Glyoxyl agarose (for covalent immobilization)
and EziGTM Opal (a commercial Fe** glass support for metal coordination) were selected as suitable

carriers. After some experiments for testing immobilized derivatives stability and reusability, the
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Abstract

former appeared superior to the latter in terms of reusability, suggesting that glyoxyl agarose could
be a more suitable support for OYE3 immobilization.

The last part concerns the application of flow conditions to enzymatic and chemo-enzymatic
reactions. Moving from immobilization to implementation of continuous-flow biocatalytic reactions,
the first process studied in this work was the continuous-flow preparation of two commercial
fragrances, leather cyclohexanol and woody acetate that are sold as mixture of cis- and trans-isomers.
The two compounds were prepared with high diastereoisomeric excess (de>90%) to the cis-isomer
(more valuable for its olfactory characteristics but less thermodynamically favored) by ADHs-
reduction, followed by lipase-mediated acetylation for woody acetate synthesis. The implementation
of the two processes under continuous-flow conditions was made possible by using a membrane
reactor (CSTR) for ADH-mediated reduction and a column reactor (PFR) for lipase-mediated
acetylation, coupled with in-line extraction and work-up. The last two studied processes were based
on lipase-mediated in situ formation of peroxycarboxylic acids for alkene epoxidation. In both cases,
epoxidation was meant as the first step of C=C oxidative cleavage, as an alternative chemo-enzymatic
route to ozonolysis or chromic acid oxidation. In one example, perhydrolysis of ethyl acetate was
exploited for peroxyacetic acid formation to obtain epoxidation of isosafrole, followed by chemical
epoxide opening to the diol and its MnO»-based oxidative cleavage to piperonal. In the other work,
lipase promoted oleic acid self-epoxidation in presence of H.O for oleic acid diol preparation,
followed by oxidation with NaCIlO to azelaic and pelargonic acid. Continuously-stirred tank reactor
was chosen as best reactor configuration for enzymatic epoxidation, while for the second synthetic

step a plug-flow configuration was developed.

The introduction of biocatalyzed continuous-flow reactions offers the benefits of increasing the
automation degree of the process, with a gain in productivity and yields. Beyond that, when coupled
with enzyme immobilization, stability and reusability of the biocatalyst can be an additional benefit.
For these reasons, flow biocatalysis with immobilized enzymes is becoming a well-established
practice receiving an ever-increasing interest from academia and industry. In summary, this work
contributed to expand the range of the possible applications of continuous-flow biocatalysis, as a
further proof of the advantages of its exploitation, demonstrating its efficiency for the enzymatic and

chemo-enzymatic reactions involved.
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Sommario

La biocatalisi &€ un campo scientifico di grande interesse la cui importanza risiede soprattutto
nell’offerta di un’ampia gamma di reazioni altamente selettive e a basso impatto ambientale,
utilizzabili nell’ambito della chimica organica. Tuttavia, I’applicazione su scala industriale di reazioni
biocatalitiche & spesso limitata da una bassa produttivita e dalla ridotta stabilita a lungo termine dei
catalizzatori. Tali limitazioni possono essere parzialmente superate dall’immobilizzazione degli
enzimi coinvolti, aumentandone la stabilita e favorendone il riutilizzo per piu reazioni consecutive.
Un altro aspetto vantaggioso € la possibilita di utilizzare enzimi immobilizzati all’interno di reattori
miniaturizzati operanti in condizioni di flusso continuo, secondo I’approccio della “chimica in
flusso”. I principali vantaggi attribuiti a tale approccio sono la possibilita di combinare piu reazioni
(enzimatiche o sintetiche) e di abbinarle ai rispettivi passaggi di work-up senza dover intervenire

nell’isolamento dell’intermedio e a una piu semplice scalabilita del processo.

Partendo da reazioni enzimatiche convenzionalmente condotte in acqua, questo lavoro di tesi ha come
obiettivo lo sviluppo di reazioni enzimatiche in condizioni di flusso continuo per la preparazione di
composti di interesse industriale come aromi, fragranze e intermedi farmaceutici. 1l lavoro e stato
condotto in collaborazione con il Dipartimento di Scienze del Farmaco dell’Universita di Pavia e con
I’Istituto di Chimica del Riconoscimento Molecolare del C.N.R. di Milano. Seguendo il percorso di
incremento tecnologico che ha coinvolto la biocatalisi, gli argomenti trattati all’interno della tesi sono
suddivisibili in tre gruppi principali: la prima parte del lavoro riguarda la biocatalisi “convenzionale”
che utilizza soluzioni acquose ed enzimi in soluzione, nella seconda parte viene trattata
I’immobilizzazione di un enzima mentre nella terza viene presentato lo sviluppo di reazioni
enzimatiche e chemo-enzimatiche in condizioni di flusso continuo come possibile punto d’arrivo

nello sviluppo di processi enzimatici.

Nella prima parte e descritta la riduzione enzimatica di a-nitrochetoni, sia alifatici che aromatici, ai
corrispondenti  B-nitroalcoli utilizzando alcol deidrogenasi (ADH) commerciali. Alti valori di
conversione ed enantioselettivita sono stati ottenuti con due degli enzimi utilizzati, attraverso i quali

sono stati isolati entrambi gli enantiomeri (S) ed (R) di tutti i nitroalcoli analizzati.
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Nella seconda parte, I’immobilizzazione di OYE3, una ene-reduttasi particolarmente attiva nella
riduzione stereoselettiva di doppi legami C=C attivati, viene descritta per la prima volta. Il gliossil-
agarosio e il supporto commerciale EziG™ Opal contenete ione Fe** sono stati selezionati come
possibili supporti per, rispettivamente, I’immobilizzazione di tipo covalente e per coordinazione a
metalli di transizione. Dati diversi esperimenti volti a testare la stabilita e il potenziale riutilizzo dei
derivati immobilizzati, il gliossil-agarosio mostra una piu alta efficacia in termini di riusabilita del

derivato.

Per quanto riguarda i processi enzimatici o chemo-enzimatici in flusso continuo, il primo lavoro qui
presentato tratta della preparazione in continuo di due fragranze commerciali, il “leather
cyclohexanol” e il “woody acetate”, vendute come miscele di isomeri Cis- e trans-. Utilizzando delle
alcol deidrogenasi commerciali, i due composti sono stati preparati per riduzione selettiva dei
corrispondenti chetoni, favorendo 1’isomero cis- (cui corrispondono migliori caratteristiche olfattive,
ma che ¢ piu difficile da ottenere dell’isomero trans- per ragioni termodinamiche) con un elevato
eccesso diasteromerico (de>90%). La sintesi enzimatica del woody acetate & stata completata
acetilando 1’alcol ottenuto in precedenza per mezzo di una lipasi. L’ implementazione dei due processi
in condizioni di flusso continuo ¢ stata resa possibile dall’utilizzo di un reattore a membrana (CSTR)
per la riduzione con le alcol deidrogenasi e da un reattore a colonna (PFR) per 1’acetilazione con
lipasi, combinati tra loro da un’estrazione con solvente e separazione delle due fasi liquide in
continuo. Gli altri due processi studiati riguardano 1’epossidazione di alcheni mediata da acidi
percarbossilici preparati in situ utilizzando delle lipasi come catalizzatori. In entrambi i casi,
I’epossidazione rappresenta il primo passaggio della scissione ossidativa del doppio legame C=C,
come possibile alternativa chemo-enzimatica all’ozonolisi o all’ossidazione con acido cromico. Nel
primo esempio, la peridrolisi di acetato di etile é stata utilizzata per la formazione di acido peracetico
per D’epossidazione dell’isosafrolo, seguito dall’apertura chimica dell’epossido a diolo e dalla
scissione ossidativa dello stesso a piperonale utilizzando MnO2 come ossidante. Nel secondo lavoro,
la lipasi promuove 1’auto-epossidazione dell’acido oleico in presenza di H.O> per la preparazione del
diolo dell’acido oleico, seguito dall’ossidazione con NaClO ad acido azelaico e acido pelargonico.
Un reattore continuo di tipo CSTR ¢ stato scelto come migliore configurazione per I’epossidazione

enzimatica, mentre per il secondo stadio sintetico il reattore utilizzato e di tipo PFR.

L’introduzione di reazioni biocatalitiche in flusso continuo offre i benefici di aumentare il grado di

automazione del processo, con conseguente aumento di produttivita e rese. Oltre a cid, quando
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accoppiato con I’'immobilizzazione enzimatica, la stabilita e la riusabilita del biocatalizzatore possono
essere ulteriori vantaggi. Per queste ragioni, la biocatalisi in flusso continuo con enzimi immobilizzati
sta diventando una pratica consolidata, ricevendo un interesse sempre crescente sia dal mondo
accademico che da quello industriale. Questo lavoro cerca percio di contribuire ad espandere la
gamma di possibili applicazioni di reazioni biocatalitiche in flusso continuo, come ulteriore prova dei
vantaggi del suo utilizzo, dimostrandone I’efficacia quando reazioni enzimatiche e chemo-

enzimatiche sono coinvolte.
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Introduction

Biocatalysis

CATALYSIS

6000 B.C. 1858 1936 1983

, &
w

L
-~ S
e
. | U

'5, v [
(—)-tartaric a /1 , N

by Penicillium
glaucum

In the history of mankind, biocatalysts have been used for millennia with little awarness: bread
leavening, beer brewing, milk curdling, grapes fermentation to vine and vinegar, practiced by humans
for at least 6000 years, are all enzyme-mediated reactions for the preparation of daily food [1]. Only
starting from the late 1700s, enzymes were gradually identified as biological catalysts: the first
enzymatic process to be discovered was the digestion of meat by stomach secretions when in 1783
Lazzaro Spallanzani, an Italian biologist known as the first to discredit the theory of spontaneous
generation, performed the first in vitro digestion of meat by animal gastric juice [2]. Later, in 1833,
the French chemists Anselme Payen and Jean-Francois Persoz, employees at a sugar factory,
discovered the first enzyme from a malt solution. They actually observed that during heating of beer
mash, when the starch in the barley seeds is converted by the enzyme in soluble sugars, the husk was
separated from the rest of the seed. They called this extract “diastase” (from the Greek word
“duiiotaols” meaning a parting or a separation”) after this phenomenon [3]. Few decades later, Louis
Pasteur brought a major contribution to enzymes understanding with two main experiments: first
(1858) he subdued the ammonium salt of racemic tartaric acid to Penicillium glaucum fermentation,
obtaining (—)-tartaric acid (by metabolic degradation of (+)-tartaric acid), thus performing the first
biocatalytic enantiomeric resolution of a racemate [4]. Later (1862), reflecting on fermentation

phenomena, he theorized that sugar conversion into alcohol was caused by the presence of a “vital
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force” inside yeast cells that he named “ferments”, thus correlating fermentation to living
microorganisms [5]. A step forward was taken by the German physiologist Wilhelm Kihne (1876):
he achieved sugar conversion into alcohol by means of dead yeast cells ground with sand. To explain
the conversion, he coined the term “enzyme” from the ancient Greek “&vlvpov”, meaning "in yeast"
[6]. The newly coined word gained popularity and was used for other non-living substances (like
pepsin), while “ferment” was used to refer to chemical activity produced by living organisms.
Kihne’s experiments with cell extract are considered the begin of enzyme-catalyzed reactions,
overcoming fermentation as the only way to achieve bio-mediated chemical activity. While the
discovery of new enzymes was being acknowledged and enzymes start to be commercialized for
industrial scopes, the nature of enzymes and the involved reaction mechanisms were still poorly
known. Although it became clear that their catalytic action was connected to some proteins, it was
still uncertain whether enzymes were to be considered proteins or just needed proteins as carriers.
Only in 1926, the American chemist James B. Sumner could crystallize the enzyme urease,
demonstrating the protein nature of enzymes [7]. In the meantime, investigations about the
mechanisms were carried on. The most significant theories were developed by Emil Fischer that
suggested the “lock-and-key” theory to explain substrate specificity of the enzymes [8] and then, in
1913, Michaelis and Menten published their considerations about enzymatic mechanism that led to
the formulation of the famous Michaelis-Menten equation to describe enzymatic kinetics [9]. During
the 20" century, enzyme investigations were flanked by development of industrial fermentation
processes. First of all, at the beginning of the century, improvements in beer production, especially
in Germany, drove the rise of fermentation as an industrial field, that produced a better understanding
of malting, mashing and yeast fermentation process. Moreover, the Great War determined a call for
several bulk chemicals whose supply could not be addressed because of the dramatic geopolitical
conditions of the time. The need of acetone for explosive manufacture stimulated the development of
the first non-food fermentation for large scale production by ABE fermentation (acetone-butanol-
ethanol) by cereal fermentation promoted by Clostridium acetobutylicum. War purposes drove also
the production of glycerol (used as starting material for nitroglycerine production) by yeast
fermentation of sugars with a production scale of 1000 ton per month [10]. Other fermentative
processes developed during the 1950s were production of citric acid (fermentation of Aspergillus
niger) [11], vitamin B> (predominantly utilizing Pseudomonas denitrificans, Propionibacterium
shermanii, or Sinorhizobium meliloti) [12] and penicillin G (Penicillium spp.) [13]. By the late 1950s

many enzymes had been discovered and their reaction mechanisms clarified. An unexpected push to

18



Introduction

enzymology came from the DNA-related discoveries that monopolized the scientific scene in the
same decade. First, Alfred Hershey and Martha Chase in 1952 correlated the genetic information to
DNA (already known to biologists since 1869 [14]), as the only responsible for holding the genetic
code of heredity [15]. Second, the discovery of DNA chemical composition and its structure in 1953,
due X-ray diffraction images of DNA by James Watson, Francis Crick and Rosalind Franklin [16].
The progresses in DNA knowledge paved the way, twenty years later, to the exploration of DNA
manipulation: after Paul Berg’s work on recombinant DNA [17] it was possible to introduce an
external piece of DNA from any organism into a new organism (cloning), causing an impressive leap
in engineered and tailor-made enzymes production. The last huge steps from that moment on, from
the development of the polymerase chain reaction (PCR) in the 1980s by Kary Mullis [18] to Frances
Arnold’s studies in the early 1990s [19] that applied direct evolution, enabled the creation of large
libraries of mutants to be screened to identify specific enzymatic activities. All the achievements of
enzyme engineering have been supporting an increased interest in biocatalytic application to
industrial scale, demonstrated that it is possible to obtain tailor-made enzymes with improved
characteristics in terms of activity and stability over a wide range of non-natural compounds that
could be transformed by enzymatic synthesis, broadening the suitable operative conditions of the

reactions.

Nowadays, biocatalysis is an established multidisciplinary field between molecular biology, organic
chemistry and chemical engineering which have been carving out an important role in the
manufacture of pharmaceutical intermediates and fine chemicals according to the 12 principles [20]
of green chemistry. Compared to traditional metal-based catalysts, biocatalysis provides their
inherently high stereo- and enantioselectivity transformations with safe and low environmental
impact conditions. Despite the many benefits displayed in these years, a wider implementation of
enzymatic reactions is often an issue. Significant drawbacks may hamper larger scale applications:
most of the time enzymes require buffered aqueous solutions as reaction medium, implicating low
solubility of hydrophobic substrates and low productivity. Moreover, the complex structure of
proteins easily misfolds, causing low long-term stability and a limited tolerance to non-optimal
temperature and pH conditions. To partially overcome some of these disadvantages, immobilization
techniques have been developed to increase long-term stability and facilitating enzyme recovery and
reuse. Moreover, investigation on enzyme immobilization have been promoting development of flow
chemistry systems applied also to biocatalytic reactions. According to many biocatalysis specialists,

flow chemistry could really provide an effective strategy in designing industrially appealing
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processes, especially in an industrial contest that is aiming to implement more and more automatic

processes and interconnected systems.
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Enzymes
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Enzymatic classes studied for synthetic applications are several and this number is steadily increasing.
In this place, an extensive description of all of them would be neither feasible nor useful for the scope.
Therefore, the enzyme classes that can be found in this work are described briefly in the following
paragraph, by highlighting also their main applications in industrial processes.

Lipases

Lipases (triacylglycerol acylhydrolase, E.C. 3.1.1.3) are part of the family of hydrolases that act on
carboxylic ester bonds. Lipases are ubiquitous enzymes with the biological function of hydrolyzing
triglycerides into diglycerides, monoglycerides, fatty acids, and glycerol. They can also act on non-
natural substrates catalyzing esterification, interesterification, and transesterification reactions in
nonaqueous media, often displaying a wide range of regio-, enantio- and stereoselectivity. They are
probably the most exploited and studied type of enzymes, for many reasons: they can be produced in
significant amount and with little effort (especially when harvested from fungi and bacteria), they are
easy to use because they do not require any cofactor or co-substrate, they are active at a wide range
of pH and temperature values and can be generally used in organic solvents [21]. All these
characteristics make them valuable candidates for different industrial applications and among the first
to be developed: synthesis of chiral compounds for APIs (i.e. preparation of single enantiomers

through resolution of racemic mixtures), processing of meat, fish and dairy products, industrial
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treating of textile and paper products, biodiesel production by enzyme-catalyzed transesterification
and used as additives in laundry products [22-27]. Moreover, many lipases are commercial enzymes
which makes them available for rapid development of industrial processes [28]. The relevance of
lipases in industrial uses is testified by the impressive number of patents published. Within 2015, 671
patents on lipase-mediated kinetic resolution were filed, 456 on production of detergents and 544 on
food applications. Many other patents certify lipase employment for biodiesel production (165),
beyond several examples of implementation of lipase-mediated biodiesel production from vegetable

oil sources [29].

Alcohol dehydrogenases

Alcohol dehydrogenases (ADHSs) (E.C. 1.1.1.1) are enzymes belonging to the oxidoreductase class
(redox enzymes). They can reduce aldehydes and ketones by transferring electrons from an electron
donor to the substrate. In humans and other animals, they participate to the metabolism of toxin
molecules (like alcohols) but they take also part in the biosynthesis of various metabolites. Used as
biocatalysts for synthetic applications, they serve as a powerful tool for the desymmetrization of
prochiral carbonyl compounds. Nonetheless, unfortunately, their employment at large scale is often
hindered by the requirement of cofactors, typically nicotinamide adenine nucleotide (NADH) or its
phosphate analog (NADPH) [30]. Beyond the cofactor itself, a regeneration system for reducing the
oxidized cofactor (NAD(P)") has to be implemented, due to cofactors high costs. Cofactor recycling
is usually performed by coupling the ADH with a second enzyme like formate dehydrogenase (FDH)
from Candida boidinii or glucose dehydrogenase (GDH) from Bacillus megaterium with the aim of
transferring electrons from the oxidized cofactor to a sacrificial compound (respectively formate and
glucose). Although their role in the chemical industry is less acknowledged than lipases’, several
patents show great interest for ADHs employment for stereoselective reduction of carbonyl
compounds. For instance, Zeneca Limited, in 1996, patented a process for the stereoselective
preparation of 4(S)-hydroxy-6(S)-methylthienopyran derivatives by reduction of the corresponding
ketones by a NAD™ dependant ADH from Neurospora crassa [31], providing high yields (>85%),
and high enantiomeric excesses (>98%). More recently, a noteworthy example is found in a process
by F.1.S. Fabbrica Italiana Sintetici that in 2010 patented the use of a recombinant murine
hydroxysteroid dehydrogenase to testosterone by chemo- and stereoselective reduction of 4-
androstene-3,17-dione [32].
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Ene-reductases

Ene-reductases (E.C. 1.6.99.1) are redox enzymes and represent a powerful tool for stereoselective
reduction of carbon-carbon double bonds activated by a suitable electron-withdrawing group (like as
a,B-unsaturated carbonyl compounds or nitroolefins, and maleimides). As for ADHSs, they require
NAD(P)H as cofactor and a cofactor recycling system, generally GDH/glucose [33]. Although their
physiological function is still not clear, these enzymes have been commonly found and isolated from
many different organisms like fungi, bacteria, and plants. The vast majority of ene-reductases can be
reconducted to the family of old yellow enzymes (OYESs), whose name is due to the presence of flavin
mononucleotide (FMNH.) prosthetic group that confers their characteristic color. OYE1-3 were
isolated from yeasts (OYE1l from Saccharomyces pastorianus while OYE2/OYE3 from
Saccharomyces cerevisiae) and their first synthetic applications are referred to the employment of
baker’s yeast fermentation. Although their stereoselective C=C reduction activity is a very desirable
tool for synthetic chemistry and their synthetic potential has been deeply studied in the academic
field, their industrial application is at a very early stage. After an early multikilogram scale
implementation of an ene-reductase-mediated reaction in 1976 [34] where 13 kg of ketoisophorone
was converted into the (R)-enantiomer of the reduced form with 97% ee by fermentative reduction of
baker’s yeast, only few patents for possible effective industrial applications of ene-reductases can be
found, all of them published in the past few years. Two of them made use of recombinant
microorganisms with microorganisms overproducing ene-reductases to enable the production of
citronellal/citronellol [35] and a sigle stereoisomer of menthol [36]. Only one patent by F.I.S.
Fabbrica Italiana Sintetici [37] exploited an ene-reductase as isolated enzyme for synthetic purposes

for the preparation of (R)-p-angelica lactone.
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Enzyme immobilization
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Enzyme (but also whole-cell biocatalyst) immobilization is often rated as one of the main key point
for the development of sustainable biocatalyzed processes [38-40]. Immobilization is the tool to
enable transition from homogeneous to heterogeneous catalysis as well. This change provides per se
advantages and drawbacks in common to heterogeneous and homogeneous metal-based catalysis:
from one side, solid catalysts can be easily removed from a liquid/gaseous environment without
energy consumption, from the other side heterogeneous reactions can suffer from diffusion limitations
that reduce the overall reaction rate. Some other issues concern specifically immobilization of
enzymes: due to the complex enzymatic structure, securing enzymes to a solid support can often
determine an increase in stability during time and an enhanced robustness to more severe reaction
conditions, thus broadening the reaction conditions range, also beyond the optimal conditions.
Moreover, immobilization avoids protein contamination in the product, allows catalyst reusability
and facilitates the downstream procedures of separation and purification of the products. Furthermore,
work-up can be sensibly bettered, avoiding emulsions that easily occur during organic solvent
extraction of the substrate (especially in case of whole-cell mediated reactions). Although enzyme
immobilization is often rated as a powerful tool in enzymatic reactions implementation at industrial

scale, in practice it is not often considered economically feasible. First, immobilization often requires
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conditions that can lead to significant activity loss and a balance between the reduced activity and the
increased stability has to be carefully evaluated. Then, from an economical point of view, the
implementation of immobilized enzyme reactions at large scales suffers from the cost of the support,
the chemicals and from the long time required for immobilization procedure. The overall costs of
support and chemicals are not often counterbalanced by an increase in enzyme stability or the
diminishing of downstream process costs. Beyond that, when approaching to immobilization of a new
enzyme, it is still mainly an empirical process that, although a good knowledge of enzyme structure
and mechanism is essential for a good evaluation of which procedure is more suitable, often proceeds
through a trial-and-error approach without any methodology that can be universally applied to all the
given enzymes. Actually, many techniques have been developed during years, together with a broad
range of supports and carriers of different nature [41-43].

In order to evaluate the effectiveness of an immobilization procedure on an enzyme, there are two

main terms that are generally defined to determine the success of enzyme immobilization [44]:

immobilization yield, for indicating the percentage of the starting enzyme that is immobilized on the

support:

immobilized protein

Immobilization Yield (%) = 100 x - -
starting protein

and activity recovery that conveys an idea of the total success of immobilization process and it is

defined as the percentage of the starting activity observed in the immobilized derivative:

observed activity

Activit %) =100 x
ctivity recovery (%) starting activity

After definig the terms for immobilized derivative description, a brief introduction to the main
immobilization techniques will be illustrated and the most interesting cases of large-scale

applications.

Cross-linking

A first immobilization possibility consists in enzyme precipitation as molecular aggregates by adding
salts, organic solvents or acids to promote precipitation and a cross-linking agent like glutaraldehyde
to promote irreversible binding among enzyme molecules. The aggregates thus prepared, named

CLEAs (cross-linked enzyme aggregates) are usually carrierless particles. This immobilization
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technique has the main advantage of zeroing the cost of the carrier, with a generally low-cost
procedure. Unfortunately, these aggregates generally lack mechanical stability and are often affected
by mass transfer limitations due to their particle size. Moreover, a significant part of the added enzyme
is not available to the substrate, resulting in a “dilution of activity” that decreases the space-time yield
of the enzymatic reaction. In order to reduce the thickness of “non active” layers, a single layer of
enzyme molecule is adsorbed on the surface of a carrier. Cross-linking aggregates adsorbed onto a
solid support was the key formulation of the commercial enzymatic-based process for the production
of HFCS (high-fructose corn syrup), a sweetener made from corn starch and obtained by D-
glucose/xylose isomerase that converts the starch-derived glucose into fructose. The enzyme
aggregates are obtained employing glutaraldehyde as cross-linking agent [45] and adsorbed onto an
inexpensive inorganic carrier such as bentonite clay or diatomaceous earth, mechanically extruded
and dried. This enzymatic formulation is extremely stable and can be used up to two years in a packed-
bed reactor at 60°C. The operative characteristics of this xylose isomerase immobilized derivative
makes the HFCS biocatalyzed process the largest process based on immobilized enzyme with 500
tons of immobilized xylose isomerase consumed every year for the production of 10 million tons of
HFCS [45].

Entrapment

Biocatalyst entrapment consists in the physical retainment of the enzyme or the cell inside the matrix
of a polymer that can be organic (like alginate-gelatins, chitosan, polyacrylamide among the most
used) or inorganic (like silica sol-gel or membrane devices such as hollow fiber or microcapsule).
Since immobilization conditions are often very mild, immobilized derivatives do not suffer severe
loss of activity. Lack of covalent binding determines reversible procedures that allow the recycling
and reuse of the carrier after the useful enzyme lifetime. The natural negative consequence is
enzymatic structure lack of rigidity that can cause leaching and denaturation during the process. For
all these reasons, the procedure is more successfully accomplished with whole cells catalysts. A major
example of this case was applied to the production of a bulk chemical like acrylamide, mediated by

an immobilized whole cell catalyst.

Acrylamide is a commodity chemical largely produced as a monomer for the polymer industry.
Traditionally, acrylamide production relied on a copper-based process for acrylonitrile hydration with

water. Actually, the high temperature required for catalyst activation could easily result in undesired
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acrylamide polymerization but, at the same time, corresponded to low conversion and productivity
and the need of downstream units for product purification from the unreacted nitrile. Nitto Chemical
Industry developed in 1985 a process based on a nitrile hydratase produced by Rhodococcus
rhodochrous J1, immobilized as whole-cell catalyst in a polyacrylamide gel. The reaction achieved
complete hydration of the starting nitrile at 10°C, replacing the copper-based process. In 2000 Nitto
could produce about 6000 tons of acrylamide per year exploiting R. rhodochrous J1 that became the
first example of successful implementation of biocatalytic process of a bulk chemical [45]. A second
important application of entrapped enzymes is the production of lactose-free milk developed by
SNAMprogetti in Centrale del Latte (Milan, Italy) in 1970 exploiting an immobilized galactosidase
from the yeast Saccharomyces lactis entrapped in cellulose triacetate fibers. The process was run in
a rotary horizontal column reactor and could process up to 10 tons milk per day, while the enzymatic
derivative could be used for 50 cycles without any significant loss of activity, allowing the production

of a high-quality milk at reduced costs [45].

Physical adsorption

Physical adsorption is a reversible immobilization technique that exploits reversible bonds like
hydrophobic, van der Waals and hydrogen bonding interactions between the enzyme and the carrier.
The generally mild immobilization conditions maintain high level of starting activity and permit
carrier recovery once the enzyme activity is reduced to zero. On the other hand, possible protein
leaching and low enzyme stability are issues to be faced. A multitude of different possible carriers
have been studied, including cellulose fiber, molecular sieves, kaolin and micro and mesoporous
materials. At larger scale, the most common material used as carrier for physical adsorption is
methacrylate which was found to be a robust support with high resistance to flow conditions to
organic solvents. Commercially available formulations of immobilized enzymes by physical
adsorption concern mainly lipase immobilization because of the partial hydrophobicity of their
surface which makes them suitable to this kind of immobilization. Moreover, by physical adsorption,
lipases can be submitted to one-pot purification and immobilization procedure, which is particularly
convenient also for lipase commercialization. The most successful immobilized lipase is by far
Novozym® 435, a commercial immobilized derivative of Candida antarctica lipase B on a
macroporous acrylic polymer resin commercialized by Novozymes® which have known during years

an impressive popularity among academics, demonstrating also applicability on industrial scale.
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Novozym® 435 has been mainly studied as catalyst in biofuel production for methanol/ethanol
esterification or transesterification of starting acylglycerols or free fatty acids derived from the
vegetable oil refining industry. For its robustness and versatility, it has been studied for large scale
processing and few examples of pilot plants have been operated. For instance, a mixture of low-value
oil was employed in 2006 for Novozym 435®-mediated production of biodiesel in a plant in Hunan
Province (China), developed by Hainabaichuan Co. Ltd.. Novozym 435® was chosen as catalyst for
the conversion of a high acidic oil coming from palm oil and edible oil waste to into biodiesel, with

a capacity of 40,000 tons per year [46].

lonic binding

The immobilization by ionic binding is often classified as a special kind of adsorption immobilization.
Basically, it involves the ionic and electrostatic interaction between protein ions and opposite ions on
the carrier and takes usually advantages of ion exchange resins for the purpose. Unfortunately, also
for ionic binding, a simple and low stressing immobilization procedure is counterbalanced by possible
protein leaching in conditions of non-optimal temperature, pH or ionic strength. lon exchange resins
like DEAE-Sephadex derivatives have been industrially exploited since early 1970s. One of the
earliest industrial application of immobilized enzymes was developed by the Tanabe Seiyaku Co. of
Japan that exploited a mold aminoacylase to perform racemic resolution for the production of several
L-amino acids. In order to overcome the limitations of the batch process with soluble enzymes, they
found immobilization of aminoacylase on DAEA-Sephadex the best choice after a comparison of
several immobilization protocols and they found that continuous-flow process with immobilized

enzymes determined a significant saving in terms of energy and time consumption [47].

Metal coordination

Another reversible immobilization protocol suitable to those engineered enzymes endowed with
peptide tags (i.e. His-tag) is based on the coordination of the tag with a metal ion on a solid support.
The tag is added to the end of a protein by genetic modification to allow its purification through the
same mechanism, entailing that purification and immobilization can occur in only one step. As other
types of “affinity immobilization” not based on covalent binding (like ionic on physical adsorption),
metal-coordination represents a reversible immobilization protocol. Furthermore, even if this support

is often expensive, the binding reversibility allows a complete and efficient recovery of the carrier

28



Introduction

when the enzymatic activity has been lost or considerably decreased. In contrast to other non-covalent
binding protocols, metal-coordination is still a little established technique at larger scale, and it has
mainly dragged attention in the academic field. However, in the past years attention is increasing and
a company, EnginZyme AB®, Sweden, has successfully developed a general matrix for His-tagged
enzyme immobilization consisting of a controlled porosity glass carrier with dispersed Fe(l11) ion that
coordinate the histidine tail of the enzyme. These carriers have been exploited extensively in recent
years in both academic and industrial settings and several papers have been published concerning

immobilization of different classes of enzymes [48-50].

Covalent binding

The strongest binding between enzyme and carrier that can ensure the highest enzyme structure
fixation and least leaching grade is provided by covalent bond formation between the amino acid
residues onto enzyme surface and a differently activated carrier. Usually, the amino acid functional
groups involved in covalent binding are amino (NHz), carboxyl (COOH), hydroxyl (OH), and
sulphydryl (SH) groups. A broad range of carriers have been studied for covalent binding: synthetic
resins, biopolymers such as polysaccharides (usually activated to provide a desired functional group),
or inorganic solids such as (mesoporous) silicas or zeolites are the most desirable. Covalent binding
is often appreciated for the improvement of enzyme lifetime, an increase in stability and low leaching
phenomenon, which makes this immobilization technique most suitable to plug-flow reactor
applications. The main drawbacks displayed by the technique lies in immobilization conditions that
can be harsh and could compromise enzyme structure resulting in low recovery activity. A covalent
binding protocol has to be carefully evaluated for each enzyme and can be often not the best practice.
Moreover, being covalent binding an irreversible immobilization, recyclability of the carrier is
compromised, significantly increasing the costs of the process. The cost of the carrier, its non-
reusability and the cost of the immobilization protocol are significant limitations of covalently
immobilized derivatives at larger scale, and their occurrence in industrial processes is rare. Instead,
covalent binding has been extensively studied and discussed in academia and many valuable carriers
for covalent immobilization have been selected to address the challenges of developing covalent
immobilization protocols that can be easily and less costly applied to higher scale. Among these
carriers, agarose has been found of particular interest so far. Agarose is a natural polysaccharide,

generally extracted by the seaweed Rhodophyta, and is generally appreciated for various reasons like
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its renewable source, high porosity, high mechanical resistance, and high hydrophilicity. Moreover,
agarose can be differently activated [51] to implement enzyme immobilization. In particular, the
aldehyde-activated agarose (glyoxyl agarose) is considered highly suitable to continuous-flow

applications [52-54].
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Flow chemistry
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Continuous production is an intrinsic characteristic of modern industry. The first examples of
continuous-process date back to the end of XVIII century, when Richard Arkwright designed the
Cromford mill in 1769 [55] (the first continuous process where a finished product was prepared from
raw material by different continuous steps) and when Oliver Evans patented his flourmill in 1785
which worked under fully automatic [56] conditions. Concerning the chemical industry, the first
attempts to implement a continuous chemical process refer to oil refining, converted to continuous
operation at the end of XIX century, after the improvements reached with remote control systems
[57].

The beginning of XX century witnessed the raising of the modern continuous industry. 1913 is the
key year for the continuous manufacturing with the development and theorization of the assembly
line by Henry Ford for Ford Model T production [58], but it is also the year in which continuous
ammonia production on industrial scale was developed by Carl Bosch from a small-scale process
previously designed by Fritz Haber, reaching a production rate of 20 tons per day the following year
[59]. The so-called Haber-Bosch process, which is still used for ammonia production, became the
first continuous-large scale process for a bulky chemical production. The initial process configuration
was more or less the same used a century later and it is based on continuous reactors and continuous
downstream purification units. Nowadays, bulk chemistry is still conducted in continuous-flow
processes, that are based on continuous reactors, modelled according to two ideal behaviors

represented by a continuous stirred-tank reactor (CSTR) and a plug-flow reactor (PFR).

A reactor following a CSTR-behavior is constituted by a stirred tank where, hypothesizing an ideal
mixing, reagents are instantaneously and uniformly mixed throughout the reactor. Consequently, the
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output composition is identical to the composition inside the reactor, which is a function of residence
time and reaction rate. It is normally operated at steady state meaning that there is no time dependence
of the temperature, concentration, or reaction rate [60]. CSTR-like reactors are usually employed for
industrial applications requiring liquid-phase reactions like environmental applications (for example
industrial wastewater treatment), fermentations or productive processes based on homogeneous
catalysis like production of acetic acid (Cativa or Monsanto process), acetaldehyde (Wacker process)

or slurry production of polypropylene.

A PFR, instead, can be modelled as a tubular reactor constituted of a series of infinitely thin layers,
each one with a uniform composition, moving in the axial direction (the “plug” direction) of the
reactor. As a consequence, it can be assumed that the fluid is perfectly mixed in the radial direction
while conversion, composition and temperature vary constantly in the axial direction of the reactor.
Also PFR reactors are run at stationary state with no time dependence and are usually employed for
large scale reactions in gas phase catalyzed by solid, metal-based catalysts [60]. These reactors find
place in oil-refining units like catalytic cracking and gas reforming, production of inorganic bulk
chemicals (nitric and sulfuric acid, ammonia), organic bulk chemicals (methanol, formaldehyde,
ethylene oxide) and environmental applications (NOx abatement in dedicated selective catalytic
reduction units). For several of these abovementioned processes continuous reactors are run with a

capacity of few tons per day.

Downstream requires other continuous unit operations for product purification like distillation
operations, absorption, liquid-liquid extraction and so on. Due to the significant dimensions, process
design and operative conditions must be carefully controlled and sophisticated plant control systems
are mandatory. Shutdowns and startup of the plant are long and complex. Shutdowns of complicated
processes may take weeks or months of planning, involving multiple considerations and decisions
regarding maintenance, engineering, safety and operating units. While startup requires running a
process under non-steady state conditions and can require days to reach regime conditions. For all
these reasons, bulk chemical engineering is quite conservative and little disposed to structural changes
and improvements, due to the high costs of plant stopping and technical intervention or equipment
replacements, especially considering that all the profits are limited to the amount of sold products for
the low price of bulk chemicals. Instead, the fine chemical industry is founded on completely different
bases. Fine chemical industry is driven by product and formulation research for the high added value

of products. Although the high profits on the products and the high level of research connected to this
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industry, little research is conducted on the process itself: small quantities and often seasonal
production make exploitation of batch reactors convenient, designed as vessels of different
dimensions equipped with a stirrer and heat exchanging systems. Although simple vessels are
extremely inexpensive reactors, safety is a concern for batch-based processes. Actually, batch
productions rely on efficiency of heat and mass transfer and, therefore, on mixing efficiency. But,
although efficient, vessels are often subjected to dead zones or stagnant regions that are exposed to
not optimal conditions: these dead zones can determine, in the best cases, a loss in selectivity causing
increase of purification costs and diminishing of the amount of valuable product to sell. In the worst
cases, dangerous parasite exothermic reactions expose the system to extremely dangerous situations

like reactor runaway and explosions.

These risks are not remote possibilities. The probably most notorious event in Europe took place in
Seveso (Italy) in 1976, where dead zones in the vessel activated the formation of dioxine-like
compounds and, in the end, the opening of the relief valve with the release of approximately 2 kg of
chemicals over a residential area of 2.8 km? [61,62]. A semi-batch runaway occurred also in a Hoechst
A.G. plant in Griesheim (Germany) in 1993 where a 10 tons of reaction mixture containing a
significant concentration of azo and azoxy derivatives were released to the environment. The probable
cause of the disaster was agitator failing [62]. This kind of risks, fifty years later, are no longer
considered acceptable. Beyond safety, environmental sustainability, minimizing consumption of
resources like energy and raw materials are compelling topics that are encouraging development of
new safer and more sustainable processes to be applied to smaller scale for the preparation of high
value products like pharmaceuticals, cosmetics, food additives, flavors and fragrances. A possible
approach has been inspired by continuous processes, by scaling down reactor dimensions, both to
suite the low product demand and, especially, to reduce mass and thermal inertia of the typical batch
scale for fine chemistry. This approach was named “flow chemistry” and it is based on the use of
miniaturized reactors connected to a pumping system to move reagents and products in and out the
reactive parts of the system. Flow chemistry aims to take advantages of both small reaction
dimensions (characterized by increased heat and mass transfer resulting in an increase of safety and
selectivity) and the continuous-flow conditions (affording higher productivity and easier scale-up by
numbering-up of single units). The reactors are bench-size and can be applied both in academia field
and for industrial purposes. During the last twenty years, the state-of-art related to flow chemistry has
reached important achievements both in terms of devices and equipment to perform the reactions and

examples of syntheses developed under continuous-flow conditions.
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Concerning the tools now available for continuous-reaction implementations, research interests have
been focused on: 1) the reactor itself and the correlated pump systems, 2) downstream units for in-
line work-up and product isolation and purification, and 3) machine-assisted systems for remote

control and automated optimization.

Reactors and pumping systems

Reactors employed for flow applications are usually classified according to their scale. In fact, they
are divided into two main classes: microreactors and mesoreactors. The smaller ones (called
“microreactors”) correspond to a hydraulic diameter scale of 10-500 um and they can be configured
either as a chip-type (corresponding to a bankcard with external dimensions of few centimeters at
most) or microtube devices [63-65]. They can be customized by 3D-printing using different materials
like glass, silicon, ceramics, steel or advanced composites to obtain faster heat transfer [64,66].
Mesoreactors (also referred as mini-/millireactors) are larger-scale reactors (corresponding to a
hydraulic diameter within a range of 500 um to several mm) suitable for production that can vary
from g/h to tons/year. They can represent scaled-up versions of chip-type microreactors (i.e.
millichannelled reactors) or single tubular reactors [67,68], moreover they can be easily combined to
fixed-bed components for implementation of solid-based reactions. The pumping systems connected
to micro- and mesoreactors are usually based on either HPLC or peristaltic pumps, depending on the
required flowrate, operative duration, the presence of gas bubbles or particles and to what extent
solvents and reagents can be detrimental. In general, since flow systems are meant to work under
steady-state conditions, the amount of product is defined by process duration, processed volumes and
flowrates. Along with the intense experimental research to broad the range of available equipment
for continuous-flow reactions, model-based reactor design has been increasing in popularity as an
important supporting tool. By exploiting engineering approaches like characteristic times and scale
analysis [69,70] or computational fluid dynamics (CFD) simulation [71-73] it is possible to gain more
process knowledge concerning the dynamic phenomena of the process, facilitating reactor

characteristic optimization.

Downstream units

The easiest downstream units to implement in continuous-flow systems are liquid-liquid extraction

and phase separation systems [74-76]. The latter can be gravity-driven [77] or, much more commonly,
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membrane based-separators exploiting surface tension differences between the aqueous and organic
phases, which are the most efficient devices employed for phase separation in continuous multistep
syntheses [78-80]. Some solvent-switch systems have also been developed [81], or continuous solvent
removal like falling film evaporators [82], distillation on chip [83] and miniaturized distillation
columns [84]. Product isolation can be achieved with the use of scavengers or catch and release
systems, generally based on interaction between the products and a solid support like polymer-
supported acids or ion-exchange resins [85]. An issue that is still difficult to overcome is solid
handling, especially concerning purification via crystallization but, still, some solutions have been
proposed like a miniaturized version of CSTRs similar to the ones already employed in
pharmaceutical industry for continuous crystallization [86] or gas-liquid flows have been reported to
be employed to convey slurries [87].

Machine-assisted automation

Flow chemistry, for its modularity and the intrinsic interconnection among the different process units,
could take great advantage of Internet-based software platforms which facilitate the monitoring and
control of chemical reactions. These systems often combine in-line reaction parameters monitoring,
feedback control and self-optimization modules, especially by facilitating the adoption of new
optimization algorithms. Several examples have been reported so far where the automation degree
could lead to significant process enhancement in terms of reaction optimization [88] and an easier
unit interconnection and merge between chemical steps and downstream units [78]. Moreover, this
approach has been achieving significant goals concerning the collection of reaction data to
determination of kinetics [89] and the discovery of new APIs by automatically switching different
modules for the synthesis of different compound libraries [90]. In general, the development of a
machine-assisted flow process should lead to a significant reduction of process costs, eliminating also
some of the downstream operations and, thus, reducing the distances between a lab-bench synthesis

to industrial kilogram-scale production.

Concerning the examples of successful implementation of synthesis under flow-mode, some of the
most relevant exploitations of this technique are here reported, to better illustrate the advances of this

technology.

Prof. Ley’s group in Cambridge is acknowledged for its pioneering work in the continuous-flow

synthesis of natural products and for the solutions found during years to overcome the challenges
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related to downstream processing. One of the most cited paper is the continuous synthesis of (x)-
oxomaritidine [91] (Scheme 1), a cytotoxic alkaloid of the Amaryllidaceae family, accomplished
through a multi-step synthesis for a total of seven synthetic steps. These steps were implemented
through various packed columns containing immobilized reagents, catalysts, scavengers or catch and
release agents, allowing also in-line product isolation. The process showed significant benefits in
reducing the overall costs and increasing the yields, avoiding batch purification procedures and
intermediates isolation. Moreover, the low grade of manual handling allowed a rapid optimization

and made operative conditions easily and efficiently controlled.
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Scheme 1. Continuous-flow synthesis of (+£)-oxomaritidine [91].

The advantages of flow technology were well displayed by Fuse et al. [92] exploiting a highly toxic
gas such as phosgene in flow processes. Phosgene, although potentially highly useful in organic
synthesis is troublesome in industrial chemistry due to its extreme toxicity. The authors obtained
phosgene preparation in situ from triphosgene in a microflow device to a safe handling of the gas.
Immediately after its formation, phosgene was consumed by the following reaction, eliminating the
problems of storage or dispersion. In the paper, phosgene was employed as chlorination reagent for
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the preparation of an acyl chloride that was continuously converted into the corresponding amide.
The procedure did not require any heating or cooling systems (was conducted at 20 °C) and provided
high yields (about 98%) with a very low residence time (1.5 s) (Scheme 2).
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Scheme 2. In situ generation of phosgene and continuous-flow synthesis of amides from carboxylic acids [92].

A major example of the importance of microdevices for synthetic applications was provided by prof.
Yoshida’s group in 2008 [93] and in 2010 [94]. Both papers deal with application of organolithium
compounds for a Br/Li exchange reaction in presence of ester or nitrile groups that are highly reactive
to organolithium compounds. Instead, prof. Yoshida’s work is based on the concept of “flash
chemistry” which means that using a microflow system and keeping the residence time very low (<1
s) it is possible to generate a reactive intermediate and rapidly use it in a following reaction before
decomposition takes place. In Nagaki et al. (2008) [93] (Scheme 3) the Br/Li exchange reaction of
alkyl o-bromobenzoates was achieved with a 61% yield while later, in Nagaki et al. (2010) [94], a set
of bromobenzonitriles were submitted to lithium exchange with a yield range of 60-80% (Scheme 4).
These impressive examples show how flow chemistry could enable reactions that are impossible to

carry out in batch conditions, displaying all the potential of this technique.
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Scheme 4. Microflow system for Br-Li exchange reactions with bromobenzonitriles followed by reaction with
electrophiles [94].

Although the available devices have reached a certain level of sophistication and the process state-
of-art shows the advantages that could be obtained in an industrial setting, flow chemistry is still little
developed for industrial production. Economic reasons are usually addressed as the main responsible,
due to the equipment costs, but, actually, several examples of economic analysis highlight the cost
benefits concerning continuous-flow production, compared to the batch processes, especially when
industrial scales are involved and the equipment seems to be a smaller issue in the total process costs
[95-97]. Causes have to be found elsewhere. For instance, it has been highlighted that more “human”
factors, related to industrial culture aspects, could be determinant. Pashkova et al. [98] expressed an
interesting consideration about small and medium enterprises in the chemical field that still, due to
lack of knowledge and experience about continuous processes, perceive investing in the technology
as too risky, compared to big companies whose investments in the development of continuous

processes implementation is significantly increasing.
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A viewpoint embraced by the experts points out that the gap is mainly of a cultural matter, and it
could be filled by integrating education of graduate and undergraduate chemists with some
engineering knowledge together with a higher sensibilization on safety and sustainability issues. At
the same time, it would be necessary involving chemical plants employees to work in a multi-
disciplinary team, integrating chemistry to chemical engineering to computer science [99]. It is
interesting to note that transition from batch to flow started in China and India before the rest of
industrialized world: nowadays, most part of industrial-scale flow processes are placed in China, and
still few are located in Europe. The main reason could be ascribed to the industrial growth connected
to the development of new chemical plants that China and India are facing: building a new plant is
probably less risky for testing a new technology rather than changing already existing assets as the
long-dated plants in Europe [100]. Perhaps the most publicized example of newly implemented
continuous-flow process is actually located in China, in the city of Shaoxing, and was designed by
Ehrfeld Mikrotechnik for the company Shaoxing Eastlake Biochemical. In the plant, a highly
exothermic alkoxylation reaction is run in millireactors from Ehrfeld with a production capacity of
up to 10,000 tonnes year . The system has been running in continuous since 2016.

Although batch systems are still by far the most exploited reactor configurations, many
pharmaceutical companies, like AstraZeneca, Novartis, Lonza and Eli Lilly are increasing their
participation to various flow chemistry symposia and conferences presenting their achievements on
continuous processes. Significant improvements have been reached in the last ten years, in terms of
both device availability and industrial interest into the subject. Many aspects are encouraging a
cultural change: regulatory pushes together with the need for more eco-efficient processes are driving
implementation of flow production. A positive and optimistic climate is spreading, and expectations
try to foresee new significant results in the next ten years [99]. As for any technological improvement,
research has the mandatory scope of pushing the boundaries of knowledge and skills, to make them
more and more available also to a factual technological upgrade for the chemical industry. A field in
which flow chemistry is a very hot topic and that is trying to gain significant improvements in terms

of scalability and applicability is certainly biocatalysis, as it will be illustrated later.
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Continuous-flow Biocatalysis

Reagent e Biocatalyst . Product

PFR

Reagent Product
Biocatalyst

CSTR

The popularity that flow chemistry has gained among biocatalysis experts relies on the desire of
overcoming some of the main issues that hinder biocatalysis applications at larger scale. The appeal
of continuous-flow approach to biocatalysis can be attributed to three main characteristics considered

the key to this enabling technology for a larger-scale biocatalysis development:

Improvement of yield

Many continuous-flow biocatalysis works highlight an enhancement of the enzymatic reaction space-
time yield, which is always rated as one of the main benefits for any type of reaction run in flow-
mode. The main reasons can be ascribed to a higher homogeneity of temperature and concentration
in the system (due to mass and heat transfer improvement) while the small dimension and the high
enzyme concentration in a small chamber promote a local significant increase of enzyme
concentration speeding the reaction rate. Furthermore, the intrinsic combination of continuous
reaction and filtration in flow-mode entails a more efficient reutilization of enzyme until its

deactivation, increasing flow-mode productivity over the batch per unit of enzyme.

A definition for yield, which is generally adopted for comparison between flow and batch, takes into
account the amount of product formed per unit of time and volume, and it is called “space-time yield”
(STY) [101]:

amount of product generated

STY =
Volume - unit of time

Another common definition of yield can be expressed over the amount of biocatalyst employed for

the reaction, in this case the definition is sometimes referred as “biocatalyst productivity” [102,103]:
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amount of product generated

biocatalyst productivity = — , -
ystp y biocatalyst mass - unit of time

Another term to define the stability of the biocatalyst over all its lifetime is the total turnover number
(TTN), which is calculated as the amount of the product generated during biocatalyst usuful lifetime

(until its inactivation) over the amount of the biocatalyst employed [101]:

amount of product generated

TTN =
amount of biocatalyst

Comparison of performances between batch and flow reactions are easy to find in the literature. For
instance, Woodcock et al. (2008) [104] compared batch and flow for the synthesis of a series alkyl
esters promoted by Novozym® 435. In order to compare the two systems, the authors run the batch
and flow reactions under the same conditions, observing that in 10 min of batch operations only 3%
conversion was reached while flow-mode afforded in a few minutes 93% conversion (Scheme 5).
Moreover, at the end of batch reaction a maximum of 70% conversion could be reached while the

stationary state in flow mode afforded 94% for 8 h.

[0} 0

/\M)k O/CaIB li.d.1.65mm /\MJ]\
5 "OH * CH30H 5 OH

conv 94%

30 mm

-
1 pL min*! Capillary T

Scheme 5. Continuous-flow esterification of octanoic acid in a capillary tube packed with Novozym® 435 [104].

A reaction acceleration was observed also by Wang et al. (2014) [105] in using flow biocatalysis for
the preparation of caffeic acid phenyl ester (CAPE) by Novozym® 435 in a packed-bed microreactor
using ionic liquids as reaction medium (Scheme 6). The authors observed that, under optimum
conditions, in flow-mode a 93.21% of yield CAPE was achieved in 2.5 h while the same yield required

24 h in a batch reactor.
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Scheme 6. Continuous-flow biocatalyzed synthesis of caffeic acid phenethyl ester (CAPE) by Novozym® 435-mediated
transesterification of alkyl caffeate [105].

Hugentobler et al. (2016) [106] published a whole paper dedicated to comparison between batch and
flow in biocatalytic applications. The paper deals with the enzymatic mediated racemic resolution of
a cyclopropanecarboxylate ester, which finds an application as a key building block of Ticagrelor, a
medication used as aggregation inhibitor for the prevention of strokes and heart attacks. The
resolution was catalyzed by an immobilized formulation of Thermomyces lanuginosus lipase. The
biocatalytic reaction, run according to the two different reactor configurations, showed a significant
improving of yield with flow-mode: the space time yield of batch reactor stopped to 0.4 mmol L™
h™%, while with a flow reactor it reached 28.2 mmol L ! h corresponding to an impressive

improvement of 64 times with flow biocatalysis (Scheme 7).
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0.1 M, pH 9.0
in-1
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W NH,

F

Precursor of Ticagrelor

Scheme 7. Preparation of a Ticagrelor precursor by enantioselective hydrolysis mediated by Thermomyces lanuginosus
lipase in a continuous-flow systems [106].
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Process automation

One of the most important aspect that drives implementation of continuous-flow biocatalytic reaction
is a desire for increasing the automation degree of the process. Specifically, it aims to set-up multiple
enzymatic steps of chemo-enzymatic synthesis with an in-line work-up. and continuous product
isolation and purification and without intermediate isolation. Enzymatic reactions, in enzymatic
cascades or in chemo-enzymatic synthesis, implemented in continuous-flow mode with a particular
attention paid to the development of purification steps, have been increasing in popularity and are
well-documented [101,107-109]. One of the first successful example was reported by Baxendale et
al. (2006) [110]. The paper deals with continuous preparation of the natural compound grossamide,
a lignan amide isolated from various vegetable species. Grossamide was prepared in two steps. In the
first one tyramine and ferulic acid were continuously coupled, exploiting hydroxybenzotriazole
(HOBt) immobilized on a polymeric matrix as a solid activated ester. Then, the amide solution was
flowed into a column packed with horseradish peroxidase (HRP) immaobilized on silica in presence
of hydrogen peroxide. Beyond the coupling of a synthetic and an enzymatic step and the addition of
purification in-line systems, the process was equipped with inline UV detector for reaction monitoring
(Scheme 8).

_____________________________________________ H,0, - Urea complex

OH
o N/ . .
H : Buffer pH 4.5
Meo X \y ; ° :
OH N// SO;H ! MeO N N
o ; | i
HO : :

(scavenger)

H2N\/\©\ s g
Tyramine OH

OH
Grossamide

Scheme 8. Chemo-enzymatic continuous-flow synthesis of grossamide starting from ferulic acid and tyramine [110].
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Farkas et al. (2018) [111] presented the first chemo-enzymatic kinetic dynamic resolution of an amine
under totally continuous-flow conditions. The authors employed two consecutive packed-bed
columns: the first was filled with a sol-gel immobilized lipase B from Candida antarctica (CaLB-
TDP10) as biocatalyst for the selective acylation of a suitable (R)-amine derivative using isopropyl
2-ethoxyacetate as acylating agent, followed by a column packed with both the beforementioned
immobilized enzymatic formulation and a solid Pd-catalyst for racemization (palladium on
aminopropyl-grafted silica PdA/AMP-KG) (Scheme 9). The system proved to successful convert six
racemic benzyl amines with good isolation yields (57-96%) and excellent enantiomeric excess
(>98.8%).

NH,

R

CaLB-TDP10

R
Benzylic amine O/

138 mM

Pd/AMP-KG
+ \ CaLB-TDP10 o
7 cm, 60 °C Q O/ EtO\)J\
o z

: R,
Isopropyl 2-ethoxyacetate 7cm, 60 °C
376 mM 1:1 wiw
D R

total flowrate 1
5 uL min™! HCOONH, (R)-ethoxyacetamide
. yield 57-96%
20 pk- min ee 98.8%

Scheme 9. Chemo-enzymatic kinetic dynamic resolution of amines under continuous-flow conditions [111].

De Vitis et al. (2017) [112] designed a chemo-enzymatic synthesis of captopril, a drug used for the
treatment of hypertension, from the inexpensive 2-methyl-1,3-propandiol by stereoselective
oxidation to the corresponding (R)-2-hydroxy-2-methylpropanoic acid using immobilized cells of
Acetobacter aceti, entrapped in calcium alginate beads. The biocatalytic reaction was followed by
three synthetic steps. The hydroxy acid produced by biocatalyzed oxidation was recovered as pure
molecule by an in-line catch and release system, using base anion exchange resins. After acid
isolation, the three synthetic steps (chlorination step, proline coupling and thiol group substitution of
the chlorine) were conducted as liquid phase reactions in coil reactors without any further
intermediate separation, exploiting in-line quenching and liquid-liquid separation. Such system
allowed captopril recovery with an overall yield of 50% with a high enantiomeric excess (96-97%)
(Scheme 10).
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Scheme 10. Chemo-enzymatic synthesis of captopril under continuous-flow conditions [112].

Broadening the range of biocatalysis reaction when dangerous or troublesome

reactants are involved

Safety issues are seldom mentioned about biocatalysis, which is often rated as completely safe. From
this point of view, flow chemistry potential for handling hazardous reagents is rarely brought to the
discussion for enzymatic reactions. Actually, the broad use of enzymes for organic synthesis can
involve sometimes also toxic or explosive reagents and flow chemistry can address also this issue.
An emblematic example of safe handling of toxic reagents for biocatalytic applications using
miniaturized reactors was provided by Delville et al. (2015) [113]. The authors synthetized different
enantiomerically pure aromatic cyanohydrins by a biocatalytic reaction. The enzyme involved
belongs to hydroxynitrile lyase family, and is able to catalyze the enantioselective C—C-bond
formation by adding HCN to aldehydes or ketones [114]. In the paper, the enzyme is used as crude

enzyme lysates in a biphasic system: the organic solvent carries the aldehyde while the buffer carries
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lysate suspension and KCN. In situ formation of HCN is allowed by the slightly acid pH value (5.0)
of the buffer obtained by addition of citric acid (Scheme 11).
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Scheme 11. Flow set-up of two-step synthesis of protected (R)-mandelonitrile [113].

A similar, interesting in situ formation and consumption of HCN was illustrated by Brahma et al.
(2016) [115]. In this case, mandelonitrile synthesis is achieved by a two-enzymatic steps: first, HCN
is generated in situ by enzymatic hydrolysis (promoted by immobilized Candida antarctica B) of
ethyl cyanoformate (ECF) used as cyanide source, then after in line addition of benzaldehyde, the
stereoselective nucleophilic addition is obtained by a hydroxynitrile lyase from Arabidopsis thaliana

(AtHNL) immobilized on celite. The system was then coupled with pyridine/acetic anhydride
acetylation step (Scheme 12).

CalB AHNL
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N, O— T rev:
EtO CN oo E
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Scheme 12. Synthesis (R)-mandelonitrile by a two-step biotransformation (Novozym® 435 and AtHNL), followed by
chemical acetylation [115].
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A second troublesome molecule which finds some popularity in biocatalysis is peroxyacetic acid
(PAA), used for carbon-carbon double bonds epoxidation. The high instability of PAA makes its
handling troublesome, moreover its in situ generation occurs only in presence of strong mineral acids
as catalyst. Biocatalysis offers a safer route by providing some lipases that can catalyze peroxyacids
formation from hydrogen peroxide and carboxylic acids [116]. Continuous-flow employment of
biocatalytic in situ production and consumption of PAA has been addressed also in this thesis, and it
will be discussed later.

Available tools for continuous-flow biocatalysis

As for the advantages that can push flow mode application to biocatalysis, concerning the
methodologies and reactor configurations, they are not very different from the synthetic flow
chemistry. Continuous enzymatic reactions can be run in a homogeneous medium (aqueous or
organic, depending on the enzyme) with the catalyst in solution (free enzyme) and in the literature
there are examples of homogeneous enzymatic reactions run in tubular reactors (PFR) [113,116-119]
as well as in stirred reactors (CSTR) [120-122]. Usually, membranes are employed for enzyme
retaining or for its recovery and recirculation [123,124]. Beyond these examples, the most part of
continuous biocatalysis applications rely on enzyme immobilization as a tool to switch from a
homogenous catalysis to heterogeneous catalysis and to exploit the advantages related to enzyme
immobilization as illustrated before. The flourishing of enzyme immobilization literature encourages
to find a suitable immobilization solution for different enzyme classes and different immobilization
techniques have been used for flow applications: from covalent binding [125-127], to physical
adsorption [128-130], to metal-coordination [131,132]. Immobilized enzymes are mainly used for
packing reactor columns that work as packed-bed reactors (PBRs) [104-106,110-112,125-127] but
examples are found also in CSTR-mode [133-137]. Other immobilization solutions find large
application like biocatalyst immobilization directly on reactor inner walls [138-140] or magnetic field
assisted microreactors, a recent technique that exploits functionalized magnetic nanoparticles for
enzyme retention which is gaining significant popularity [141-143]. Few works report also the
preparation of immobilized enzyme on monoliths, made of different materials, usually silica, that are
directly inserted in the reactor [144]. Also the scales can be different: usually meso-scale reactors are
the most common choice [104-106,110-112,124,125], but also microreactors are often found

[113,117,145,146]. An emerging configuration for enzymatic reactions, which well fits continuous-
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flow concept, is multiphase systems where the poor solubility of organic substrates in aqueous
medium is overcomed by introducing a second non-aqueous phase, which can also determines an
improvement in yield for near-equilibrium reactions by continuous in situ removal of the product. In
this context, the small dimensions of the micro- and meso- reactors drastically increase the interfacial
area between the phases thus causing a significant intensification in mass transfer resulting in reactor
productivity [147,148].
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General methods

The enzymes exploited for this work were either commercial and produced recombinantly in-house.
For immobilization studies, OYE3 from Saccharomyces cerevisiae and GDH from Bacillus
megaterium (employed for NAD(P)H recycling system) were prepared as His-tagged protein and
purified on Ni-resins according to standard methods [149]. Conversely, the other enzymes found in
the work are commercially available: the alcohol dehydrogenases were part of kit from Evoxx kit and
the lipases, Candida antarctica lipase A and Candida antarctica lipase B (Novozym® 435), were

purchased from Merck and Novozymes® as immobilized derivatives (adsorbed onto acrylic resins).

For OYE3 immobilization studies, two different techniques were explored: first, covalent binding of
OYES3 on agarose after its derivatization using glycidol to glyoxyl agarose, then, immobilization via
metal-coordination on a set of three commercial supports (EziG™ Opal, EziG™ Coral and EziG™
Amber) sold by EnginZyme AB®, Sweden.

All the continuous-flow reactions are referred to meso-scale reactors. Both continuously stirred
systems (CSTR) and plug-flow reactors (PFR) were employed, according to the characteristics of the
enzyme of interest and its most convenient flow implementation. Pumping and heating system was
part of a commercial equipment sold by Vapourtec (E-Series Integrated Flow Chemistry system),
provided with peristaltic pumps. For reactions performed in a PFR, a glass column (of an inner
diameter of 6.6 mm and an adjustable length up to 15 cm) was used. For implementation of
homogeneous enzymatic reaction under continuous conditions, a membrane reactor was chosen. This
reactor consisted in an ultrafiltration chamber (63.5 mm i.d.) equipped with a magnetic stirrer that
reduces the available volume from 20 mL (empty volume) to 12 mL (effective volume). The reactor
was combined with regenerated cellulose membranes (63.5 mm i.d.) with a cut-off of 5 kDa.
Continuous in-line extraction and phase separation was enabled by a commercial liquid-liquid
separator (purchased from Zaiput Flow Technologies), employed in combination with hydrophobic
OP-900 membranes from the same supplier. A last reactor configuration was used for continuously
stirred flow reactions where a solid enzyme had to be dispersed in the reaction medium. A flat bottom,
3-necked, jacketed reactor (50 mL), with the mechanical stirrer inserted in the central neck was
connected to the peristaltic pumps of the Vapourtec (one pump for flowing the solution from the

reservoir into the reactor, the other for moving the liquid out) through the side necks. At the outlet of
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the suction pump, suction solvent filter for HPLC was employed to prevent tube blocking from lipase
beads.
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Chapter 1

Introduction

Chiral B-nitroalcohols 1 (Scheme 1) are relevant synthetic targets in organic chemistry. They are
employed as key intermediates for the preparation of a wide range of biologically active natural
products and active pharmaceutical ingredients [1-5], especially because they can be readily
converted into chiral f-aminoalcohols 2 by reduction of the nitro moiety.

o OH OH
*
R)]\/Noz —_— R)\/Noz —_— R)*\/NHZ
3 1 2
Scheme 1. Synthesis of f-amminoalcohols 2 through B-nitroalcohols 1 as intermediates.

The most common approach to compounds 1 is represented by the enantioselective Henry (nitroaldol)
reaction between aldehydes and nitromethane, which is catalyzed by metal complexes or
organocatalysts [1,6-16]. During the past decade, the search for greener and more sustainable
synthetic procedures has promoted the investigation of biocatalyzed strategies for the synthesis of
enantiopure B-nitroalcohols [17]. Several examples of kinetic resolution of racemic compounds 1
catalyzed by hydrolases have been reported in the literature [7]. It has also been discovered that some
hydroxynitrile are able to promote the enantioselective addition of nitromethane to aldehydes, such
as the (S)- selective HNLs from Hevea brasiliensis and from Manihot esculenta [18-20], and the (R)-
selective HNLs from Arabidopsis thaliana [21], Acidobacterium capsulatum, and Granulicella
tundricula [22]. These reactions are generally characterized by long reaction times, and strong
substrate dependence. Another possible enzymatic approach, which has received scarce consideration
until now, is represented by the bioreduction of a-nitroketones 3. Only a few papers on this topic are
present in the literature. In 1987 [23], the baker’s yeast reduction of 3-methyl-3-nitro-2-butanone to
the (S)- enantiomer of corresponding alcohol (enantiomeric excess = ee > 96%) in 57% vyield was
described. A few years later, Moran et al. [24] investigated the reduction of a-nitroacetophenone (3a.
R = Ph) in fermenting baker’s yeast. Only 6% of nitroalcohol 1a (R = Ph) could be isolated, with
benzoic acid being the main product of the biotransformation (27%). According to the authors, the

formation of benzoic acid was due to the retro-Henry degradation of nitroalcohol 1a to benzaldehyde,
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followed by oxidation. In 2008, Kroutil et al. [25] reported on the conversion of 1-nitro-3-
phenylpropan-2-one and 1-nitro-2-octanone into the enantiopure (S)-nitroalcohols in 47% and 75%
yield, respectively, by using the lyophilized cells of Comomonas testoteroni. Recently [26], the whole
cells of Candida parapsilosis ATCC 7330 were employed to catalyze the enantioselective reduction
of some aliphatic derivatives 3 (only R = alkyl) in water with ethanol as a cosolvent, at room
temperature, and in 4 h reaction time (conversion yields 54-76%, ee = 8.2-81%). The formation of
the (R) or (S) enantiomer of the corresponding nitroalcohol depended upon the nature of the R group.
The scarcity of experimental data on the bioreduction of a-nitroketones, especially for aromatic
derivatives, and the current need for biocatalyzed synthesis of chiral building blocks for
pharmaceutical applications [27-31] led us to investigate the use of commercial alcohol
dehydrogenases for the enantioselective reduction of aryl and alkyl a-nitroketones 3 in controlled
reaction conditions. We also studied the further manipulation of specific nitroalcohols 1 to prepare
aminoalcohols 2, which have been already employed as key intermediates for the synthesis of active

pharmaceutical ingredients, such as levamisole and (R)-tembamide.
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Results and Discussion

Synthesis of Nitroketones 3 and Biocatalyzed Reduction to Derivatives 1

Nitroketones 3a-0 (Scheme 2) were synthesized according to the literature by derivatization of the
corresponding carboxylic acids with carbonyldiimidazole, followed by reaction with the sodium salt

of nitromethane, which was obtained in turn by deprotonation of nitromethane with NaH [32].

o] ) o OH
i. CDI, THF ADH, NAD(P)*
> NO —_— *
2 )\/NOZ
R OH ii. NaCH,;NO,, D R GDH-glucose R
3a-o 1a-o0

a: R=CgHs ]

b: R=0-Me-C¢H, i R=p-Br-C¢H,

c: R=m-Me-C¢H, j: R=p-CI-C¢H,

d: R=p-Me-CGH4 k: R=b-naphthyl

e: R=p-OMe I: R=2-furyl

f: R=O-F-CGH4 m: R=2-thienyl

g: R=m-F-CgH, n: R=ethyl

h: R=p-F-C¢H,4 o: R=butyl

Scheme 2. Synthesis and biocatalyzed reduction of nitroketones 3a-o.

Before starting the alcohol dehydrogenases (ADH) screening, the stability of derivatives 1 was
investigated in buffer solutions at pH =5, 7, and 9 for 4-18 h at 25 °C, using compound 1a as a model
and DMSO as a co-solvent. As expected, nitroalcohol 1a resulted to be unstable towards retro-Henry
reaction in basic and neutral medium: conversion into benzaldehyde was complete at pH = 7 and 9
after 18 h. At pH =5 no benzaldehyde was observed. Thus, pH =5 was selected for the investigation
of the biocatalyzed reduction of compound 3a, using a panel of 18 commercial alcohol
dehydrogenases (from Evoxx). The catalytic NADPH or NADH cofactor was recycled with glucose
dehydrogenase (GDH from Bacillus megaterium), and glucose was employed as a sacrificial co-
substrate. The reactions were performed in acetate buffer solution (pH = 5) with 1% DMSO,
monitored by TLC, and usually stopped after 4-5 h. The results of the screening experiments are
collected in Table S1 (see Supplementary Information in Appendix Chapter 1). Conversion were
evaluated by *H NMR spectroscopy and the enantiomeric excess values of the reduced products were

determined by HPLC analysis on a chiral stationary phase. GC-analysis could not be used because
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nitroalcohol la undergoes partial thermal degradation to benzaldehyde. During this screening,
benzaldehyde was never detected in the final reaction mixture, while the formation of benzoic acid
was observed in a variable amount: from 4-6% in the most effective reductions of 3a with ADH270
and 440, to nearly 30% in those reactions in which no nitroalcohol was formed. In order to explain
the formation of benzoic acid, the stability of compound 3a was investigated in buffer solution (pH
=5), in the presence of 1% DMSO, GDH, NAD(P)" , without adding the ADH, for 4 and 18 h at 25
oC. Partial degradation (35%) to the carboxylic acid was observed after 4 h, while the complete
conversion into benzoic acid was achieved after 18 h. A search in the literature showed that Pearson
et al. [33] had described the hydrolytic cleavage of nitroketone 3a to the corresponding carboxylic
acid in dioxane-water solution and the possibility to suppress this side-reaction only in strong mineral
acid solution. In the evaluation of the molar percentages of the reduced product 1a reported in Table
S1 (see Supplementary Information in Appendix Chapter 1) as calculated by *H NMR analysis of the
final mixture, the formation of the carboxylic acid was taken into account. The integrals of the
following well-separated signals were employed: (i) the doublet of doublets of the CH-OH of 1a (one
hydrogen atom); (ii) the singlet of the CH> of 3a (two hydrogen atoms); and, (iii) the doublet of the
two aromatic hydrogen atoms adjacent to the COOH group of benzoic acid. Only eight of the eighteen
screened ADHSs could catalyze the reduction of nitroketone 3a. Prolonged reaction times did not
improve the yield in the reduction product, instead promoted the extensive hydrolysis of unreacted
starting 3a. The ADHs giving the best results in terms of both conversion and enantioselectivity, i.e.,
ADH270, 440 and 441, were employed to investigate the reduction of the whole set of nitroketones
3b-0. The results are reported in Figure 1 and Table S2 (see Supplementary Information in Appendix
Chapter 1). The absolute configuration of all the nitroalcohols 1a-o could be established by a
comparison of the corresponding HPLC analyses on chiral stationary phase with those reported in the
literature in the same experimental conditions (see Supplementary Information in Appendix Chapter
1). (R)-Nitroalcohols were invariably obtained in the presence of ADH440, while opposite
enantioselectivity were observed with either ADH270 or ADH441. In the reduction of 2-furyl and 2-
thienyl derivatives 3l and 3m, obtaining the (S)-nitroalcohol with ADH440 and the (R)-enantiomer
with ADH270, and 441 does not represent an inversion of enantioselectivity with respect to the
reductions of the other substrates. It is a consequence of the fact that the priority order of the
substituents around the stereogenic centre is different for the presence of the heteroaromatic ring. The
only real inversions of configuration were observed in the reduction of 3f (R = 0-F-C¢Hs) and 3n (R

= ethyl) with ADH441 and 270, respectively, affording the corresponding (R)-enantiomers with ee =
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43 and 80%. The best results were achieved while using ADH440 as a catalyst (Figure 1). This
enzyme promoted the conversion of nitroketones 3 into the (R)-enantiomer of nitroalcohols 1 with
high yields (c = 79-99%) and very good ee values in the range 92-99% for most of the substrates.
Enantioselectivity that was slightly lower 90% was observed in the quantitative reduction of 3c (R =
m-Me-CgHa, ee = 84%) and 3l (R = 2-furyl, ee = 71%). Only in the case of ethyl derivative 3n, the

corresponding reduced product was obtained in racemic form.
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Figure 1. Alcohol dehydrogenases (ADH)-mediated reduction of nitroketones 3a-o to nitroalcohols 1a-o (preliminary
screening). For graphic reasons the ee values of (R)-enantiomers are represented as positive values. Those of (S)-
enantiomers are given as negative: 5 mM substrate, 16 mM glucose, ADH, glucose dehydrogenase (GDH), NAD(P)*, 1%
DMSO, acetate buffer pH 5.0, 25 °C, 4-5 h; conversion (c, %) calculated by *H NMR spectroscopy as molar percentage
of the nitroalcohol 1 in the final reaction mixture after 4-5 h, taking into account the unreacted nitroketone 3, and the
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carboxylic acid obtained upon nitroketone hydrolysis; enantiomeric excess (ee, %) calculated on the basis of HPLC
analysis on a chiral stationary phase.

ADH270 gave the (S)-enantiomer of the reduced product in all the bioreductions, with the exception
of the reaction of compound 3n (Figure 1, R = ethyl), affording (R)-1n (ee = 80%). The highest ee
values (91-99%) were obtained in the transformation of para-substituted nitroketones 3d (R = p-Me-
CeHa, ee = 94%), 3e (R = p-OMe-CeH4, ee = 91%), 3i (R = p-Br-CsHa, ee = 95%), 3j (R = p-Cl-CsHa,
ee = 97%), and derivatives 3a (R = phenyl, ee = 92%), 3m (R= 2-thienyl, ee = 93%), and 30 (R =
butyl, ee = 99%). Enantioselectivity in the range 80-84% was achieved in the reduction of compounds
3¢ (R = m-Me-CgHa, ee = 82%), 3k (R = 2-naphthyl, ee = 83%), 3l (R = 2-furyl, ee = 84%), and 3n
(R = ethyl, ee = 80%), while modest ee values could be obtained with fluoro derivatives 3f (R = o-F-
C6H4, ee = 62%), and 3h (R = p-F-CeH4, ee = 66%). m-Fluoro nitroketone 3g was converted into a
racemic nitroalcohol. Only substrate 3b (R = 0-Me-CsH4) was recovered unreacted. When ADH441
was employed as a catalyst (Figure 1), the relevant results were achieved in the reduction of 3a (R =
Ph), 3c (R = m-Me-CsHa), 3j (R = p-CI-CgH4), and 3l (R = 2-furyl), affording the corresponding
nitroalcohol with high enantiomeric purity (ee = 90, 93, 92 and 96%, respectively). The results of this
screening clearly show that ADH270 and 440 are the most effective catalysts for the preparation of

both the enantiomers of nitroalcohols 1.

Bioreductions of Nitroketones in Biphasic Medium

In order to avoid the drawback of nitroketone hydrolysis, the use of a biphasic medium (buffer and

organic solvent) was evaluated. No benzoic acid was observed when compound 3a was stirred in
toluene/buffer or EtOAc/buffer mixtures for 24 h in the presence of GDH and NAD(P)* without
adding the ADH. In the presence of ADH440 and ADH270 as catalysts, the reductions proceeded
affording the results that are reported in Table 1. Toluene resulted to be the solvent of choice,
preserving nitroketone 3a from hydrolysis, still maintaining the activity of the ADH.
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& Conversion calculated on the basis of the *H NMR spectrum of the crude mixture after 24 h; ® enantiomeric excess
calculated on the basis of HPLC analysis on a chiral stationary phase.

ADH Organic Solvent  Conversion? (%) ee® (%)
270 AcOEt - -
440 AcOEt 68 98 (R)
270 toluene 88 95 (S)
440 toluene 99 97 (R)

Table 1. ADH-mediated reduction of nitroketone 3a to nitroalcohol 1a in biphasic system. Total volume 4 mL (organic
solvent/water 1/1), 6 mM substrate, 20 mM glucose, ADH (2 mg), GDH (1 mg), NAD(P)" (0.25 mM), acetate buffer pH
5.0,25°C, 24 h.

The ADH-mediated reduction of model nitroketone 3a was also investigated in 1:1 toluene-water
(buffer pH = 5) at 25 -C with ADH270 and 440 in order to increase both substrate loading (mg mL"~
1y and substrate to enzyme ratio (mg mg1). The corresponding conversions, determined after 24 h
reaction time by *H NMR spectroscopy, are reported in Table 2.
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& Conversion calculated on the basis of the *H NMR spectrum of the crude mixture after 24 h.

Substrate/Enzyme )
ADH! [Substrate] (mg mL™?) . Conversion 2 (%)
(mg mg ™)

1 2.0 99

1 8.0 94

2 2.0 95
440

2 8.0 91

3 8.0 94

3 24.0 80

1 2.0 88

1 3.0 67

2 2.0 84
270

2 3.0 74

3 3.0 73

3 4.0 58

Table 2. Effect of substrate concentration and substrate/enzyme ratio on conversion for the ADH-mediated reduction of
3a. Total volume 4 mL (organic solvent/water 1/1), substrate, glucose (3.2 eq), ADH, GDH, NAD(P)* (0.04 eq), acetate
buffer pH 5.0, 25 °C, 24 h.

ADH440 was found to be very effective in promoting the reduction of substrate 3a: in batch
conditions, with a substrate concentration of 3 mg mL™, conversion remained still satisfactory (80%)
when the enzyme concentration was decreased from 0.38 mg mL ~* (substrate/enzyme = 8) to 0.12
mg mL! (substrate/enzyme = 24). ADH 270 showed less efficiency than ADH440 in these
bioreductions. When substrate loading was increased to 3 mg mL ~* the use of 1 mg mL™! enzyme
(substrate/enzyme = 3) afforded 73% conversion, while a further decrease of enzyme concentration

to 0.75 mg mL* (substrate/enzyme = 4) led only to 58% of reduced product.
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Synthesis of Boc-protected -Aminoalcohols 2

The conversion of B-nitroalcohols 1 into B-aminoalcohols 2 was investigated, in order to establish the
synthetic potential of the ADH-mediated reduction of nitroketones 3 and highlight its value within
organic chemistry procedures. Compounds 1a and 1le were employed as model substrates, since the
corresponding amino derivatives (S)-2a and (R)-2e are the key intermediates in the synthesis of active
pharmaceutical ingredients, such as levamisole and (R)-tembamide (Scheme 3).

v = OO

OH

($)-2a levamisole
OH OH
H
NH, e N
—_—
(6]
H;CO H;CO
(R)-2e

(R)-tembamide

Scheme 3. Active pharmaceutical ingredients prepared starting from amino alcohols (S)-2a and (R)-2e.

Levamisole, which is the (S)-enantiomer of tetramisole, is a broad spectrum anthelmintic [34], which
has found wide application in the treatment of worm infestations and in the elimination of intestinal
parasites in both humans and animals. It is also one of the nonspecific immunomodulating agents that
are used in clinical practice [35-37]. The known synthetic asymmetric approaches are based on the
use of optically active phenylethylenediamine [38-41] or amino alcohol (S)-2a as intermediates [42].
(R)-(—)-Tembamide is a naturally occurring B-hydroxyamide isolated from various members of the
Rutaceae family. This compound has been reported to have insecticide and adrenaline-like activity.
Extracts of Aegle marmelos, containing tembamide, have been used in the Indian traditional medicine
as a control for hypoglycemia [43]. Most of the enantioselective procedures to (R)-tembamide involve
the use of the corresponding amino alcohol (R)-2e as a key building block [44]. The nitro moiety of
model compounds (S)-1a and (R)-1e was converted into the corresponding amino functionality by
reaction with NiCl,-6H20 and NaBH4 (Scheme 4), followed by treatment with (Boc)20, in order to

facilitate the isolation of the aminoalcohol from the reaction mixture. The reaction was fast and is
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characterized by complete conversion. The Boc derivatives could be recovered as solid compounds,
and easily purified by crystallization. The procedure was carried out directly in the reaction medium
of the biocatalyzed reaction, after removal of the aqueous phase, avoiding the isolation of the
intermediate nitroalcohols, in order to achieve a one-pot chemo-catalyzed conversion of nitroketones

3a and 3e into Boc-protected derivatives (S)-2a and (R)-2e, in 57 and 63% isolation yields.

o} OH OH
ADH440 or ADH270 NiCl, - 6 H,0 (Boc),0
NO, NO, > )\/NHBOC
Ar GDH, NADPH, glucose Ar NaBH.. MeOH A
3a,e toluene, buffer (pH = 5) 1a,e 4 r Boc-2a.e

Scheme 4. Synthesis of Boc-protected derivatives 2.

73



Chapter 1

Conclusions

The results that are reported in this work show that the biocatalytic reduction of a-nitroketones 3
mediated by ADHs is a convenient and useful procedure for the synthesis of both the enantiomers of
the corresponding B-nitroalcohols 1 with high enantiomeric purity. In particular, for the first time the
reduction of aryl and heteroaryl a-nitroketones (R = aryl or heteroaryl) has been successfully achieved
by enzymatic catalysis, enlarging the known methods for the reduction of these compounds limited
up to now to the asymmetric transfer hydrogenation in the presence of ruthenium [45], and iridium
[46] chiral complexes, with formic acid as a reductant. The bioreduction is performed under mild
conditions (ambient temperature and pressure), with low energy consumption, at the expense of
glucose, which is employed as a sacrificial substrate for the enzymatic regeneration of the cofactor.
The enzymes catalyzing this transformation with either (R)- and (S)-selectivity are commercially
available, and they can be manipulated easily and safely. The use of a biphasic reaction medium with
toluene as an organic solvent does not inhibit the activity of the selected ADHSs, helps in preserving
the starting substrate from hydrolytic degradation, and it improves work-up procedures. The further
manipulation of nitroketones into aminoalcohols was carried out without isolation of the nitroalcohol
intermediate, thus telescoping the synthetic sequence. Future work will be devoted to increase the
productivity of the reaction, for example, by immobilizing the most suitable ADHSs on solid supports

and performing the reaction in flow conditions.
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Introduction

Ene-reductases (ERs) belonging to the old yellow enzyme (OYE) family (EC 1.6.99.1) are flavin
mononucleotide (FMN)-containing oxidoreductases, which are able to catalyze the stereoselective
reduction of C=C double bonds activated by the presence of a suitable electron-withdrawing group
(EWG) as a substituent of the alkene moiety [1,2]. The reaction occurs through a stereospecific anti
hydrogen addition to the C=C double bond, according to the following steps [3]. The enzyme-bound
flavin (reduced by NAD(P)H cofactor to FMNH?2) transfers a hydride to the olefin carbon atom in B
position with respect to the EWG. A proton is delivered by a tyrosine side-chain (Tyr196 for OYE1-
3) of the enzyme active site to the a-carbon atom (with respect to EWG) on the opposite face of the
alkene. For the application of OYE-mediated reductions in synthetic sequences of practical interest,
it is advantageous to promote the in situ regeneration of the reduced nicotinamide cofactor by using
a NAD(P)H-dependent glucose dehydrogenase (GDH) with glucose as a sacrificial co-substrate. The
OYE-mediated bioreduction has been widely investigated in the last decade to establish substrate
scope and stereoselectivity of these enzymes [4-6], and to study the combination of this reaction with
other chemo- and/or biocatalyzed transformations, both in concomitant and subsequent cascade
procedures [7,8]. Several works showed the advantages of using OYE-catalyzed hydrogenation to
prepare chiral building blocks for the synthesis of APIs (Active Pharmaceutical Ingredients) [9-12],
flavors and fragrances [13-15]. The synthetic potential of the OYE-mediated bioreduction can be
further expanded by OYE immobilization on solid carriers. If OYEs are converted into stable, readily-
recoverable and recyclable heterogeneous catalysts, then their suitability for large-scale applications
can be enhanced, in agreement with one of the key green chemistry research areas established by the
ACS Green Chemistry Institute® Pharmaceutical Roundtable (catalyst immobilization without
significant loss in kinetics) [16]. Studies on the immobilization of oxidoreductases are gradually
increasing, but still only a few examples of ER immobilization have been described to date. Recently,
a recombinant ER from the OYE family and its cofactor-recycling partner enzyme GDH
(commercially available from Amano Enzyme Inc.) were co-immobilized by using two
immobilization methods (i.e., cross-linked enzyme aggregates (CLEAS) and a so-called “biomimetic”
immobilization (BI)) by entrapment within a network of fused silica particles. Activity recovery of
both enzyme preparations were about 45%. Immobilization enhanced the thermal stability (50 °C) of
both enzymes and markedly increased their resistance to acidic pH (5-6) in comparison with the non-

immobilized enzyme. Moreover, both immobilized enzymes were successfully recycled and re-used

82



Chapter 2

for up to 14 reaction cycles. The catalytic “performance” of the CLEA preparation in the reduction
of 4-(4-methoxyphenyl)-3-buten-2-one resulted to be superior, both to the non-immobilized enzymes
and the entrapped enzymes by BI [17]. In a very recent study, an ER from Thermus scotoductus SA-
01 (TsOYE) was encapsulated with a light-harvesting dye in an alginate hydrogel for NADH-free,
photobiocatalytic asymmetric hydrogenation of 2-methylcyclohexenone. The TSOYE encapsulated
in alginate hydrogel exhibited enhanced stability against external stresses (e.g., heat, organic
solvents), also on a repeated use. However, the long-term reusability of TSOYE alginate hydrogel
was hampered by photobleaching and leakage of the dye used [18]. OYE immobilization is still
under-investigated and, to the best of our knowledge, no attempt of immobilization has ever been
reported for OYE3, one of the most performing members of this enzyme class. The impressive results
obtained in OYE3-catalyzed biotransformations in the past years and the benefits envisaged for ER
immobilization urged us to undergo a “seed-study” in this frame. In this work, OYE3 was
immobilized both by covalent binding on glyoxyl-agarose (OYE3-GA), and by metal affinity
interaction on EziG™ particles (OYE3-EziG). The GA carrier [19,20], widely explored for the
irreversible immobilization of enzymes by multipoint attachment, has proven its efficiency and
versatility as immobilization support by affording robust biocatalysts, both for batch and flow
applications [21,22]. On the other hand, EziG™ is a novel carrier made of controlled porosity glass
(CPG) particles containing chelated Fe(lll) for His-tag binding. This carrier can specifically
immobilize tagged enzymes from a crude mixture by affinity interaction and is, thus, frequently used
to combine immobilization and purification steps [23,24]. In this context, EziG™ was studied to

explore a milder immobilization technique based on non-covalent interaction.
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Results and Discussion

Enzyme Activity Assays

In order to characterize OYE3, the enzyme activity was assessed spectrophotometrically, as described
for other ERs [25-27], by measuring the consumption of NADH at 340 nm in the reduction of
cyclohex-2-enone (1) (see Experimental Part in Appendix Chapter 2). This assay was found to be
suitable for the soluble enzyme, but not for assessing the activity of the immobilized enzyme (and,
indeed, to calculate the activity recovery after immobilization) because of the interference of the solid
carrier with the spectrophotometric readouts. Therefore, a GC/MS assay (see Experimental Part in
Appendix Chapter 2) based on the reduction of (R)-carvone (2) in the presence of stoichiometric
NADH was used. Unless otherwise stated, this latter assay was used to determine the activity of both
soluble and immobilized OYE3.

(o)
OYE3
NADH NAD*
1a

Scheme 1. Reduction of cyclohex-2-enone (1) to cyclohexanone (1a) catalyzed by OYE3 (spectrophotometric activity
assay). Experimental conditions: 50 mM phosphate buffer pH 7 (0.5% DMSO), [substrate] = 0.05 mM, [NADH] = 0.2
mM, 28 °C, reaction time: 80 sec, volume = 1 mL.

o o
OYE3

X

NADH NAD*

2 2a

Scheme 2. Reduction of (R)-carvone (2) to (2S,3R)-dihydrocarvone (2a) catalyzed by OYE3 (GC/MS activity assay).
Experimental conditions: 50 mM phosphate buffer pH 7 (1% DMSO), [substrate] = 1 mM, [NADH] = 1 mM, 28 °C,
reaction time = 30 min., volume = 1 mL.

A spectrophotometric assay was also used to assess the activity of soluble GDH by measuring the
formation of NADH over time at 340 nm as a result of glucose oxidation (experimental conditions:
50 mM phosphate buffer pH 7, [substrate] = 20 mM, [NAD*] = 0.2 mM, 28 °C, reaction time = 2
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min, volume = 1 mL). Glucose dehydrogenasewas coupled to OYE3 for cofactor regeneration in the
reduction of a-methyl-trans-cinnamaldehyde (3) (see Experimental Part in Appendix Chapter 2).

(o) o)

| OYE3 |

any

3 NADP*  NADPH 3a

X

glucose GDH gluconic acid

Scheme 3. Reduction of a-methyl-trans-cinnamaldehyde (3) to (S)-a-methyl-B-phenylpropanal (3a) catalyzed by OYES3.
The regeneration of NADP* was ensured by the GDH/glucose system. Experimental conditions: 50 mM phosphate buffer
pH 7 (1% DMSO), [substrate] = 5 mM, [NADP*] = 0.1 mM, [glucose] = 20 mM, GDH = 10 puL; 5 mg mL™, 28 °C,
reaction time = 1 h, volume =1 mL.

Preliminary Study of OYE3 Stability at Alkaline pH

Covalent immobilization of enzymes on glyoxyl-agarose (GA) relies on the formation of imino bonds
between the non-protonated "e-amino groups of enzyme Lys residues and the aldehyde groups of the
carrier [19,20]. This immobilization is required to be carried out at alkaline pH (i.e., pH >10) and a
final chemical reduction step is necessary for the generation of irreversible C-N bonds. Whenever
compatible with the enzyme stability, sodium borohydride is used to this aim, since it transforms
Schiff’s bases into secondary amino bonds and the unreacted aldehyde groups of the carrier into inert
hydroxyl moieties. Alternatively, the milder sodium cyanoborohydride or 2-picoline borane can be
used for those enzymes which are sensitive to sodium borohydride reduction (but unreacted aldehyde
groups of the carrier remain unchanged in this case) [28]. Thus, the first step before immobilization
on GA was to assay the stability of OYE3 at alkaline pH. A pH “window” of 8-10 was considered
and 3 h was selected as the endpoint (according to the general protocol for this type of immobilization)
[19]. Enzyme activity before and after incubation at pH 8-10 (see Experimental part in Appendix
Chapter 2) was assessed spectrophotometrically using the cyclohex-2-enone assay (Scheme 1). Data
of the stability assay at pH 8-10 are reported in Figure 1. The residual activity of OYE3 after 3 h at

pH 10 was about 70%. This result was considered acceptable for the immobilization on GA.
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Figure 1. Residual activity (%) of soluble OYE3 upon incubation at pH 8-10 (endpoint: 3 h). Experimental conditions:
50 mM phosphate buffer, pH 8; 50 mM Tris-HCI buffer, pH 9; 50 mM NaOH/glycine buffer, pH 10; 20 °C. Enzyme
activity was determined as r Enzyme activity was determined as reported in Scheme 1.

Immobilization of OYE3

Immobilization of OYE3 on GA (OYE3-GA) was performed according to a standard protocol by
using a 2 mg g protein loading [19]. In order to extend the enzyme stability during the
immobilization, the reaction was performed at 4 °C. After 3 h, almost all the protein was immobilized
(immobilization yield = 95%), as revealed by protein measurements of the supernatant from the

immobilization reaction. The activity recovery, after reduction of the immobilized enzyme with
NaBHa, was 52% (Table 1).

86



Chapter 2

3 Calculated as described in Experimental Part, Appendix Chapter 2. ° Determined by the (R)-carvone (2) assay (see
Scheme 2). ¢ Calculated as described in Experimental Part, Appendix Chapter 2. Activity measurements were performed
at least in duplicate. Deviation from mean values was below 5%.

Carrier Enzyme Immobilization Activity © Activity
loading yield 2 (%) (Ug?) recovery ©
(mg g) (%0)

Glyoxyl- 2.0 95 0.023 52

agarose

EziG™ Opal 4.2 100 0.037 54
EziG™ 4.2 100 0.015 23
Coral
EziG™ 4.2 100 0.014 19
Amber

Table 1. Results of OYE3 immobilization.

For the immobilization by metal-coordination, three EziG™ resins were tested (namely Opal or EziG
1, Coral or EziG 2, and Amber or EziG 3). According to the indications of the supplier, Opal is a
hydrophilic carrier (glass), whereas Coral and Amber are hydrophobic and semi-hydrophilic,
respectively. The lower hydrophilicity of Coral and Amber in comparison with Opal is due to the
presence of different polymeric coatings on the particle silica surface [30]. Specifically, EziG™ Coral
is made from hybrid CPG with polyvinyl benzyl chloride, whereas EziG™ Amber is produced from
hybrid CPG with a blended co-polymer. Pore size distribution of the carriers ranges from ~500 A as
standard (Opal) to ~300 A (Coral and Amber, due to the polymer coating). According to the
indications of the supplier, a higher protein loading (4.2 mg g) was applied to EziG™ carriers. In
all cases, the immobilization was complete. The activity recovery for EziG™ Opal was 54%, thus
resulting comparable to that previously obtained with GA. In the case of the hybrid CPG Coral and
Amber, the activity recovery was less than half with respect to EziG™ Opal. Under the same binding
chemistry, it is plausible that this result may be ascribed to the effect of the polymer coating in tuning
the hydrophilicity-hydrophobicity balance of the carrier. However, a systematic study on these

carriers was not performed at this stage. Due to the positive result achieved with EziG™ Opal, this
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carrier was selected for the full characterization of this type of enzyme preparation (stability,
recycling, re-use, enzyme leakage).

Stability of Immobilized OYE3

Increased stability is recognized as one of the most important advantages of immobilized enzymes
[31,32]. To verify whether this “general rule” might be applied also to immobilized OYE3
preparations, the stability of both OYE3-GA and OYE3-EziG (Opal) was tested under the
experimental conditions used for the reduction of (R)-carvone (2) (Scheme 2). The stability assay was
carried on for six days (Figure 2). From the stability time course, it clearly emerged that
immobilization exerted a stabilizing effect on the soluble enzyme. The OYE3-GA retained almost
100% of its activity, whereas the activity of the non-immobilized enzyme dropped to 50% after two
days. On the other hand, OYE3-EziG was slightly less stable than OYE3-GA, but it still retained
about 90% of its starting activity after 144 h.

—@— Free enzyme —— Covalent Imm. —&— Metal-co. Imm.
100
80
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2
S 60
: e \
T
S 40
§=]
$
(12
20
0
0 24 48 72 96 120 144

time (h)

Figure 2. Stability of soluble OYE3 (green circles), OYE3-GA (blue squares) and OYE3-EziG (red triangles).

Experimental conditions: 50 mM phosphate nuffer pH 7 (1% DMSO), (R)-carvone and NADH=1 mM, 28 °C, volume=1
mL.
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Recycling of Immobilized OYE3

Biocatalyst recycling and re-use is a further strength point of immobilized enzymes [31-33]. Thus,
both OYE3-GA and OYE3-EziG were used in the bioreduction of a-methyl-trans-cinnamaldehyde
(3, Scheme 3), then recovered and added to a newly-prepared reaction mixture. A catalytic amount
of the cofactor (NADP™) was used since a GDH glucose regeneration system was coupled to the main
biotransformation. In the case of OYE3-GA, GDH was added as a soluble enzyme to each reaction
cycle. In the case of OYE3-EziG, a co-immobilized preparation OYE3/GDH was used, taking
advantage of the His-tag displayed by both enzymes. The enzymes (OYE3 and GDH) were incubated
with EziGTM. Activity recovery for OYE3 was 55%. OYE3-GA could be recycled and re-used for
up to 12 reaction cycles. The highest conversion achieved after 12 runs was 40% (Figure 3).
Moreover, it is worth noting that OYE3-GA retained completely its activity up to the fifth reaction
cycle. In the case of OYE3/GDH-EziG, the initial conversion dropped to 56% after two reaction
cycles. Interestingly, when the conversion % was almost negligible (reaction 11) and the
biotransformation was supplemented with a fresh aliquot of soluble GDH, the reaction afforded a
30% conversion, thus suggesting that the gradual drop of the conversions registered for OYE3/GDH-
EziG might depend either on the loss of activity of immobilized GDH or on its leakage from the

carrier and/or deactivation, thereof.
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Figure 3. Recycling of immobilized OYE3-GA (blue) and OYE3/GDH-EziG (red). Experimental conditions as reported
in Scheme 2.
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Protein Leakage Assay of Immobilized OYE3

Protein leakage from the immobilization carrier is undesirable for several reasons: Loss of activity of
the biocatalyst, lack of data reproducibility in the investigated biotransformation, costs and product
contamination, to name a few [29]. Covalent immobilization of the enzyme to the carrier generally
prevents the protein from leaching from the support surface. In this context, glyoxylagarose and other
surface-functionalized carriers (i.e., epoxy carriers) are frequently preferred because of the
“irreversible” nature of the bonds generated between the enzyme and the carrier. On the other hand,
the high affinity and the specificity of the binding interaction based on the His-tag as in EziGTM-
type carriers is plausible to generate a strong enzyme _ support interaction which might prevent
enzyme leakage. However, predictions about how an enzyme will respond to an immobilization
process are often hard to make. Enzyme leakage is routinely verified by protein measurements [34]
of the supernatant in which the immobilized preparation is incubated under specific conditions
dictated by the type of information needed (e.g., reaction or storage conditions). Both OYE3-GA and
OYE3/GDH-EziG were, thus, incubated in the reaction buffer (50 mM phosphate buffer pH 7) at 28
oC under stirring for 48 h. At scheduled times, samples of the incubation buffer were collected and
submitted to SDS-PAGE analysis; silver staining, due to its high sensitivity in the low nanogram
range, was used to detect protein traces after electrophoretic separation [35]. From the inspection of
the SDS-PAGE gel (data not reported), no enzyme traces were detected for either OYE3-GA or
OYE3/GDH-EziG. This suggests that the loss of activity of both immobilized enzymes registered
during the recycling and re-use study, although to a different extent, cannot be ascribed to protein

leakage phenomena.
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Conclusions

Ene-reductases are a powerful tool for the stereoselective reduction of activated C=C double bonds
under mild and environmentally friendly conditions. Due to the great interest in these enzymes for
preparative applications, the access to stable and reusable heterogeneous biocatalysts is being sought.
Immobilization of OYE3 both on the well-known glyoxyl-agarose (GA) by covalent binding and on
controlled pore glass EziG™ by affinity-based adsorption was shown to produce active, stable and
reusable biocatalysts. Although activity recovery for both enzyme preparations was similar (=50%),
OYE3-GA appeared to be superior about stability and recycling properties. In this latter regard,
OYE3-GA could be re-used up to five reaction cycles without any loss of activity. Still, upon a
prolonged re-use (up to 12 runs), this immobilized biocatalyst allowed to obtain a 40% conversion in
the reduction of a-methyl-trans-cinnamaldehyde (3). On the other hand, in the case of the co-
immobilized OYE3/GDH-EziG, a drop of conversion was observed after two reaction cycles,
presumably due to deactivation of GDH. Interestingly, no evidence of enzyme leaching from both the

supports was registered.
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Introduction

Known respectively as leather cyclohexanol and woody acetate, 4-isopropylcyclohexanol (1) and 4-
tert-butylcyclohexylacetate (2) (Figure 1) are commercialized as fragrance ingredients for
applications in the field of functional perfumery, such as beauty care, soap, laundry care, and
household products. The first (Apo Patchone Coeur - IFF; Folrosia - Givaudan) has a diffusive
leathery and floral effect, reminiscent of lilac, rose and geranium [1], and it is generally available as
a mixture of cis (25%-35%) and trans-diastereoisomers (65%-75%). The latter (Vertenex- IFF;
Lorysia - Firmenich) is sweet, rich, floral, with woody-orris character [2], and it is usually sold as a
sum of cis- (> 27%) and trans-isomers (69%-73%). Vertenex High Cis is also available with a
minimum 68% of the cis-isomer, because cis-2 has been found to show more valuable odor
characteristics than the trans-isomer. It is very likely that the same difference does exist for

compounds cis- and trans-1.

OH OR (o) OH
R R
1 2R =0Ac 4 R = isopropyl 8 R =methyl
3R=H 5R = tert-butyl 9 R = phenyl
6 R = methyl
7 R = phenyl

Figure 1. Chemical structures of leather cyclohexanol (1), woody acetate (2), and related compounds.

Mixtures of cis- and trans-4-alkylcyclohexanols 1 and 3 are usually obtained by liquid-phase
hydrogenation of 4-alkylphenols over supported metal catalysts in organic solvent [3-5]. In these
conditions, however, the thermodynamically more stable trans- isomer is also formed simultaneously,
most frequently as the main product. Good stereoselectivity (de = 58%) towards cis-tert-
butylcyclohexanol (3) was also obtained by the hydrogenation (H2(g) p = 2 MPa) of 4-tert-
butylphenol over a charcoal-supported rhodium catalyst at 313 K in supercritical carbon dioxide
(scCOy) as a solvent [6]. In a further development of this procedure, the addition of hydrochloric acid
to the catalytic system was reported to be effective in controlling the stereoselectivity of 4-tert-
isopropylphenol hydrogenation [7], and to afford cis-1 with de = 76%. As for the reduction of the
corresponding 4-alkylcyclohexanones 4 and 5, the use of sterically hindered L-selectride in THF at
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—78 oC was described by Brown [8] to afford cis-3 with de = 93%. The effect of solvent on the
stereoselectivity of cyclic ketone reduction by Al-isopropoxydiisobutylalane (DIBAIOPr) has been
also investigated. In dichloromethane, DIBAIOPr behaves as a bulky reducing agent, and approaches
the carbonyl group along an equatorial trajectory, affording cis-3 with >10:1 stereoselectivity [9]. In
1999, Takasago patented a process for the production of cis-3 with de = 90% by reduction of ketone
5 with rhodium based-catalysts under high temperature and pressure conditions in the presence of an
alkali metal and an alkylenediamine [10]. To our knowledge, the only biocatalytic approach to
alcohols 1 and 3 described in the literature is the reduction of ketones 4 and 5 mediated by horse liver
dehydrogenase (HLDH) in the presence of stoichiometric NADH. Derivative trans-1 (de = 48%) and
cis-3 (de = 94%) were obtained [11]. Since the availability of commercial ADHSs has greatly increased
during the last years, we undertook the investigation of these enzymes for the stereoselective
reduction of ketones 4 and 5, in order to achieve high selectivity values towards the corresponding
cis-alcohols. The aim of the work was the development of a low energy procedure, operating at room
temperature and pressure with renewable catalysts, as a sustainable alternative to known synthetic
methods, based on either the use of metal catalysts under Hz pressure or the employment of reducing
agents in anhydrous inert solvents at low temperature, requiring troublesome work-up procedures.
For woody acetate, the reduction step was combined with the lipase-mediated acetylation of cis-3 to
provide an all-enzymatic route to the fragrance. Furthermore, in order to meet the expectations of a
new industrial culture demanding manufacturing processes characterized by flexibility, automation
and interconnected production units [12,13], we took up the challenge to apply continuous-flow
conditions to this biocatalytic procedure. While synthetic chemistry has been widely involved in flow-
mode applications [14-16] in the past decade, biocatalysis has raised its attention to continuous-flow
techniques only recently. Biocatalysis could greatly take advantage of this operational mode,
especially when a multistep synthesis is involved. As a matter of fact, very different, even
incompatible, reaction conditions may be controlled and optimized separately, thus making the
coupling of chemical and biocatalytic steps easier. Then, the possibility to couple reaction steps with
in-line work-up reduces waste and operational complexity in recovering the intermediate to be
submitted to the subsequent reaction step [17-20]. Thus intrigued by the great opportunities that flow
chemistry delivers to the future of industrial biocatalysis, in this work, we describe the optimization
of a highly selective preparation of cis-4-alkylcyclohexanols, employing cis-1 and cis-3 as model
target compounds showing commercial interest in the field of synthetic fragrances. We present the

development of a continuous-flow process also for cis-2, based on a two-step all-enzymatic
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procedure, as a case study involving some experimental hurdles, such as the handling of the strongly
insoluble ketone 5 and the necessity to combine two reactions (ADH-reduction and lipase-mediated

acetylation) characterized by rather incompatible experimental conditions.
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Results and Discussion

Screening of ADH-mediated Reduction of 4-alkycyclohexanones 4-7

The biocatalytic reduction of differently substituted 4-alkylcyclohexanones by ADHSs has been rarely
documented [11]. With the aim of finding an enzyme providing complete reduction to the
corresponding cis-diastereoisomer and, at the same time, of better understanding the influence of the
substituent in position 4, the four commercially available compounds 4-7 were submitted to ADH-
mediated reduction, using a commercial kit of 18 enzymes. NAD(P)H cofactor was employed in
catalytic amount and regenerated using glucose dehydrogenase (GDH from Bacillus megaterium), in
the presence of glucose as a sacrificial cosubstrate. DMSO was employed as a cosolvent. For each
ADH, the optimal pH value suggested by the producer was employed. The product distribution after
18 h reaction time was determined by GC/MS analysis. Considering that, in general, at least half of
the ADHSs of the kit were almost ineffective, we gathered the best results in Figure 2, providing
conversions and diastereoisomeric excess (de) values for the reactions mediated by the six most active
ADHs (EV030, 200, 441, 270, 420, 440) in 18 h reaction time. The complete results of this screening
are reported in Table S1 and Table S2 in Supplementary Information (Appendix Chapter 3). These
results show a broad variety of behavior in terms of conversion and diastereocisomeric excess. As a
general view, ketone 6, bearing the smallest substituent (methyl) in position 4, was modestly accepted
by most of the ADHs of the kit, hardly reaching a conversion of 80% in most cases. With the other
substituents, although much bulkier than methyl, conversions were surprisingly almost complete
when submitted to the most active ADHs. More interestingly, with five of the six most active ADHs
(EVO30, 200, 441, 270, 420), the thermodynamically less stable cis isomers of the four alcohols were
obtained, providing in general good de values. In particular, in the reduction of substrates 4 and 5,
ADHs EV030, 200, 441, 270 and 420 afforded complete reduction with the formation of cis-1 and
cis-3 showing de = 72%-88% and 66%-99%, respectively. ADH 440 completely reduced both 4 and
5 to the trans isomer with de = 87% and >99%, respectively. The other twelve ADHSs reduced the
two substrates with modest conversions, to afford mixtures of the two isomers (data reported in the

Supplementary Information, Appendix Chapter 3).
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ADH

/X

NADPH NADP'

R
D-Gle LL) D-gluconolactone

4-7 GDH 1,3,8,9
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4-isopropyleyclohexan-1-one (4) 4-(tert-butyl)cyclohexan-1-one (5)
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ADH
4-methylcyclohexan-1-one (6) 4-phenylcyclohexan-1-one (7)
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Figure 2. Screening of ADH-mediated reduction of 4-alkylcyclohexanones 4-7 to 4-alkylcyclohexanols 1,3,8,9. Results
are reported only for the six most performant ADHs (for the complete results see Supplementary Information in Appendix
Chapter 3). 5 mM substrate, 20 mM glucose, ADH (200 pg mL ), GDH (5 UmL %), NADH and NADP* (0.1 mmol
each), 1% DMSO, phosphate buffer pH 7.0, 30°C, 18 h; conversion (c%) and diastereoisomeric excess (de%) calculated
by GC/MS.
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Screening of lipase-mediated Acetylation of cis-3 to Afford Derivative cis-2

After having obtained cis-3 with high de value by ADH-mediated reduction, we thought to employ a
second biocatalytic step to complete the synthetic approach to the corresponding high cis-acetyl ester
derivative 2, and obtain a product showing better olfactory properties than the commercial
formulation, through an all-enzymatic procedure. The classical acetylation process employing acetic
anhydride or acetyl chloride in organic solvent in the presence of an equimolar amount of pyridine or
triethylamine is without any doubt economic and easy to perform but shows several negative effects
on the sustainability of the reaction. Chlorinated solvents are usually employed with excess of
acylating agents, and heating or long reaction time are required. The loss of one mol of either acetic
acid or chloride per mol of ester, together with the loss of the tertiary base employed for its
neutralization, negatively influences the atom economy of the transformation. Furthermore, the
aqueous effluents coming from work-up have to be properly treated before final disposal. Thus, we
investigated the lipase - mediated acetylation of derivative cis-3 in methyl tert-butyl ether (MTBE)
as a solvent, in the presence of vinyl acetate as an acyl donor [21,22] in 18 h reaction time. Five
different lipases were tested, and Candida antarctica lipase A (CALA) was selected as the best
performer (Table 1). CALA was found to be effective also in the acylation of trans-3, affording 85%

conversion in 18 h reaction time.

OH OAc
lipase, vinylacetate
MTBE
cis-3 cis-2
Lipase Conversion (%)

Lipase PS <1
Candida rugosa lipase <1
CALA 79

CALB 35

Table 2. Screening of lipase-mediated acetylation of cis-3. 50 mg mL* substrate concentration, MTBE, vinyl acetate
(10% v/v), lipase (10 mg mL1), 30 °C, 12 h. Conversion (c, %) calculated by GC/MS.
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Semi-Preparative Scale Preparation of cis-1 and cis-2 and Olfactory

Evaluation

In order to obtain an acceptable quantity of cis-1 and cis-2, two semi-preparative reductions were
carried out on 500 mg of ketones 4 and 5. 2-Propanol was used not only as a co-solvent, but also to
regenerate the cofactor in the reduced form, thus avoiding the recycling system based on GDH and
glucose employed in preliminary investigations. Substrates 4 and 5 were dissolved in 2-propanol (2.2
mL on a total volume of 40 mL), using ADH 200 as a catalyst (10 mg), in the presence of a catalytic
quantity of NADH (10 mg). After complete conversion in 24 h reaction time, derivatives cis-1 (de =
87%) and cis-3 (de > 99%) were isolated in 91 and 95% vyield, respectively, by filtration of the enzyme
and solvent removal by in vacuo distillation. Alcohol cis-3 (450 mg) was submitted to CALA-
mediated acetylation (150 mg), in MTBE as a solvent (9 mL), in the presence of vinyl acetate (1 mL).
Acetylation was complete after 24 h and acetate derivative cis-2 was obtained in 95% isolated yields
and high diastereoisomeric purity (de > 99%). The same procedure was used for a semi-preparative
production of the trans isomers of compounds 1 and 3. In this case, ADH 440 was employed, being
the only active ADH providing quantitative conversion into the trans isomers. Trans-3 was then
converted into trans-2 by CALA-mediated acetylation. The samples of cis- and trans-1 and cis- and
trans-2 were submitted to bulb-to-bulb distillation, then their odor properties were evaluated by

professional perfumers at Givaudan. The results are reported in Table 3.
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Odor threshold

Compound (de %) (ng L air)

floral animalic, phenolic - leathery earthy, tea
cis-1 (86) 13 tree, p-cresol, green, folrosia, slightly
medicinal

floral animalic, leathery, green, folrosia, less
trans-1 (86) 63 green and leathery than the cis-isomer, softer,
more oily, and more pronounced floral.

floral fruity, reminiscent of red fruits, red
cis-2 (99) 14.8 berries, dry, woody with aspects of Koavone
and Isoraldein, and slight pear facets.

Floral, oily, muguet, slightly agrestic, clearly

trans-2 (99) 110 weaker than the cis-isomer

Table 3. Odor description of samples cis- and trans-1, cis- and trans-2.

The odor description highlights the difference between cis and trans isomers. Cis-1 is almost five
times more potent than trans-1, and for the two isomers of derivative 2 the difference in odor threshold

is even much more pronounced.

Continuous-Flow Processes

The successive step was the optimization of these synthetic sequences in continuous-flow mode.
Although the preferential way for implementing biocatalytic continuous-flow processes goes through
biocatalyst immobilization with several positive effects on enzyme stability and reusability [23,24],
we thought more convenient to avoid the immobilization of a commercial enzyme with unknown
characteristics and limited availability. As an alternative to obtain enzyme confinement inside the
process, an ultrafiltration system was adopted: a membrane entraps the enzyme inside the reactor
(kept under stirring), while reagents and products are continuously moved in and out, according to
the CSTR model. For the continuous-flow production of leather alcohol cis-1 (Figure 3), a phosphate
buffer solution (100 mM, pH 7) of ketone 4 (10 mM) and NADH (0.2 mM) was fed to a jacketed
membrane reactor (12 mL) kept at 30 =C, at a flow rate of 200 uL min . In order to achieve complete
substrate dissolution, a high amount of 2-propanol (20%) was required. Among ADHs showing high

selectivity for the cis-isomer, ADH200 was chosen for being active in presence of up to 30% 2-

105



Chapter 3

propanol. Subsequently, 3 mg of ADH were loaded in the chamber and confined by a regenerated
cellulose membrane (cut-off 5kDa). Complete conversion was reached at the reactor outlet after 60
min residence time. Then, the reaction solution was connected to an organic solvent flow at a flowrate
of 200 uL min~! by means of a tee piece assembly, to carry out in-line extraction. Hexane was chosen
for this extraction process. As a matter of fact, high 2-propanol content represents an issue for phase
separation through Zaiput® membrane devices: the highest the interfacial tension between the two
phases, the more performant is the separation. Since a 20% of 2-propanol causes a drop in water
surface tension [25], n-hexane (the most hydrophobic among common organic solvents, i.e., the one
with the highest interfacial tension with water) was found to be the best candidate for a satisfactory
separation. The segmented water-hexane flow was then directed to Zaiput® system. The *H-NMR
analysis of the hexane solution recovered from the in-line extraction showed the presence of 2% of
the starting 2-propanol, besides the desired alcohol cis-1. Evaporation under reduced pressure gave
compound cis-1 with an isolation yield of 90%. In order to evaluate process stability, the enzymatic
reduction was run for 24 h, showing after this period a slight decrease of conversion to a final value
of 80% (GC/MS).

OH
o) Membrane reactor

containing n-hexane
ADH200 organic phase

- (1)
o ()
4 \ =)
buffer Liquid-liquid
+ separator
NADH, 2-propanol (20%) (Zaiput®)

aqueous phase to be recycled
(NADH, 2-propanol)

Figure 3. Continuous-flow process for the synthesis of leather alcohol cis-1.

In order to minimize NADH process consumption, we collected the corresponding aqueous phase
(containing NADH and most of 2-propanol) with the aim to verify whether it could be recycled inside
the system. Thus, after collection, the starting ketone 4 and the amount of 2-propanol lost with hexane
extraction were added to the aqueous phase and the solution was re-fed to the membrane reactor. The

aqueous phase recovered from extraction (100 mL) was submitted to enzymatic reduction and n-

106



Chapter 3

hexane extraction twice for 8 h and no significant loss of conversion was observed, neither the first
nor the second time. For the synthesis of acetate cis-2 the first step of ketone reduction was performed
according to the same conditions described for the conversion of derivative 4 into cis-1 (Figure 4).
The combination of this ADH-reduction with lipase-acetylation raised some concerns about the in-
line work-up procedure, because the two enzymatic steps occur in different reaction media
(respectively buffer and organic solvent), and, moreover, 2-propanol (used in high amount in the first
step) is detrimental to CALA [26] and competes with cis-3 in the acetylation reaction. However, the
in-line hexane extraction described for compound cis-1 was found to be effective also in this case to
solve these issues. In-line separation made the organic phase easily available for the subsequent
enzymatic acetylation, with most of 2-propanol remaining in the water phase. Aqueous and organic
phases were mixed by using a segmented biphasic flow, and phase separation was achieved using a

commercial in-line membrane separator Zaiput®. Vinyl acetate was added after phase separation (100

puL mind).
o
o’
OH o
0 Membrane reactor )LO/Q
containing Column packed
ADH200 n-hexane with Candida Antarctica A js-2
. organic phase
cis-3 (cis-3)
Liquid-liquid
buffer separator
* (Zaiput®)
NADH, 2-propanol (20%)
—

aqueous phase to be recycled
(NADH, 2-propanol)

Figure 4. Continuous-flow process for the synthesis of woody acetate cis-2.

For the enzymatic acetylation of compound cis-3, the commercial form of CALA, which is sold as
an immobilized enzyme, allowed us to easily set up a packed bed reactor (PFR-like reactor). The
column reactor was filled with 500 mg of CALA, which had been previously swelled overnight in
hexane. The acetylation step provided 85% conversion (GC/MS) of cis-3 into cis-2 at the outlet with
a residence time of 11 min: acetate derivative cis-2 was recovered by solvent evaporation with an
isolated yield of 81%. Also, in this case, as already described for the production of alcohol 1, the
aqueous phase containing NADH and most of 2-propanol was collected and, after substrate 5

107



Chapter 3

addition, reused in the membrane reactor. When the whole process was run for 24 h, the conversion
of ketone 5 into alcohol cis-3 slightly decreased to a final value of 80% (GC/MS), while lipase

acetylation maintained a constant value of 85% (GC/MS) for all the reaction time.
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Conclusions

Advantages connected to enzymatic transformations for the stereoselective production of fine
chemicals are well established. In the field of functional perfumery, the availability of inexpensive
and sustainable synthetic methods to the most odorous isomers of commercial fragrances is
appreciated, not only to help reduce the environmental burden of manufacturing routes, but also to
make available more performant products that can be employed in lower amounts in final products.
We report herein the case of leather alcohol and woody acetate: the odor thresholds of cis-isomers
are respectively 5 and 10 times lower than those of the trans-isomer but, unfortunately, being less
thermodynamically stable, they are hardly formed by reduction of the corresponding ketones with
traditional reagents. The most selective chemical synthetic routes to cis-enriched samples reported in
the literature are characterized by high environmental impact or delicate reaction conditions. For this
reason, we wanted to explore alcohol dehydrogenases as a possible tool for a greener and more
selective production of these two commercial fragrances. By submitting ketones 4 and 5 to ADHs
from a commercial kit, we found that some of these enzymes were exceptionally active in providing
the corresponding cis alcohols with high conversions (up to 99%) and high de values (up to 99%). In
particular, ADH200 was selected for the preparation of cis-1 and 3 with de = 87% and > 99%,
respectively. We successfully tested also 4-methyl- and 4-phenyl-cyclohexanone (6, 7) to verify
whether the same ADHSs could be used on a wider range of differently substituted cyclohexanones
(conversions: 85%-99%; cis-isomer de: 90%-99%). Focusing on compound cis-2, we were able to
select a second enzymatic step for acetylation of cis-3 (through lipase CALA in the presence of vinyl
acetate), finally achieving a complete enzymatic synthesis of cis-2 (de>99%) from ketone 5. To meet
the demand of more efficient and automatic processes, we designed a completely continuous-flow
process both for cis-1 and cis-2. We could couple in line enzymatic reduction and in line work-up for
cis-1, with completely automatic synthesis and easy recovery of the product. Concerning production
of cis-2, two biocatalytic reactions, requiring almost incompatible conditions, were successfully
coupled. The continuous flow process allowed us, by means of in-line extraction and phase
separation, to obtain the final product without intermediate isolation. Furthermore, processes were
shown to be conveniently stable for 24 h in terms of conversion, confirming the potential of flow

chemistry for biocatalytic applications.
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Chapter 4

Introduction

Phenylpropenoids such as safrole, eugenol, and estragole are widespread in essential oils,
representing a relevant and abundant class of renewable feedstock. Many commercial processes have
been developed to isomerise them into their conjugated isomers, i.e. isosafrole, isoeugenol, and
anethole, respectively, which are further transformed by oxidative cleavage into flavoring aromatic
aldehydes, namely piperonal, vanillin and anisaldehyde [1,2]. In recent years the increasing attention
gained by the concepts of green chemistry has promoted the investigation of more sustainable and
energy-effective approaches for the synthetic exploitation of these plant-based starting materials
[3.4].

One of these procedures is represented by the commercial process for the production of piperonal,
also known as heliotropine (1, Figure 1), obtained by base-catalyzed isomerization of safrole (2) into
isosafrole (3) and subsequent oxidation by treatment with either chromic acid [5] or 0zone combined
with sulfur or zinc reduction [6]. Isosafrole is not particularly abundant in nature, while safrole is
extracted in high yield from the root-bark or the fruit of Sassafras albidum [7] or from Ocotea
odorifera [8]. A more sustainable source is pimenta-longa (Piper hispidinervium), a pioneer shrub of
Amazonian forest: the essential oil extracted from the leaves and thin branches contains 90—94%
safrole [9].

Piperonal has a relevant role in the flavor industry, in spite of its rare occurrence in Nature. It
resembles heliotrope flowers, being however absent in their natural scent. It is also reminiscent of
hay and vanilla, with a marked floral, powdery edge [10]. Even though the odor of piperonal does not
closely resemble that of coumarin, they both have in common the powdery note. This aspect makes
piperonal a suitable candidate for the replacement of coumarin in flavor applications. Piperonal is
widely employed in French-style vanilla flavors, in other closely related ‘brown’ flavors (toffee,
caramel, butterscotch, chocolate, coffee), and in fruit and dairy flavors. It is also used as a scent in
perfumes, candles, air fresheners, laundry products, deodorants, sunscreens, and mosquito repellents
[11].
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Figure 1. Piperonal (1) and related products.

Besides these applications due to its odor properties, piperonal is an essential starting material for the
synthesis of a range of fine chemicals, such as the widely commercialized fragrance 3-(1,3-
benzodioxol-5-yl)-2-methylpropanal (4, known as Helional or Tropional), the pungent, burning, and
spicy flavoring ingredient piperine (5) [12], and the antiparkinsonian agent piribedil (6) [13].
Furthermore, a sadly notorious illegal use of piperonal is its conversion into the psychoactive drug
3,4-methylenedioxy-N-methylamphetamine (7, MDMA), which is under strict legal control in most
of the world within the UN Convention on Psychotropic Substances and other international
agreements [14]. Thus, the production, trading and storage of piperonal and of its precursors is

obviously subject to stringent regulatory control in many countries.

Besides the commercial route from safrole, other synthetic methods have been studied, all starting
from petroleum-based chemicals: (i) from 3,4-dihydroxybenzaldehyde, prepared from catechol [15]
by alkylation with dichloro- or dibromomethane [16] in DMF solution in the presence of a suitable
base; (ii) by oxidation of benzo[d][1,3]dioxol-5-ylmethanol (piperonol) [17], generally prepared by
chloromethylation of 1,2-methylenedioxybenzene (another derivative of catechol), followed by

hydrolysis [18]. Some enzymatic approaches have been investigated for the direct conversion of
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isosafrole into piperonal [19]. Unfortunately, the development of a practical synthetic process based
on such microbiological transformations is hampered by exceedingly low productivity values. The
only promising procedure [20] is represented by a novel whole-cell process based on the use of
engineered Escherichia coli co-expressing a suitably selected trans-anethole oxygenase mutant for
the conversion of (E)-isosafrole into piperonal, and formate dehydrogenase for cofactor regeneration.
After optimization, 96% yield (calculated only considering the (E)-isomer of starting isosafrole) was
obtained with a space-time yield (STY) of 3.89 g-L*-h™%. No isolation yield was reported in the paper.

We envisaged the possibility to optimize a new route for the conversion of both (E)- and (Z)-isosafrole
into piperonal (Scheme 1). Isosafrole (3) was submitted to chemo-enzymatic epoxidation, using H20-
as an oxidant, with concomitant partial in situ epoxide cleavage, to afford a mixture of epoxide 8,
monoacetate derivatives 9a,b, and vicinal diol 10, in varying relative concentrations depending on
the peroxide addition method. Complete epoxide opening and ester saponification to diol 10, followed
by MnO> oxidation, afforded piperonal.

The enzyme-mediated epoxidation of isosafrole and the MnO- oxidation of the corresponding vicinal
diol 10 were implemented in continuous-flow conditions to increase the productivity and stability of
the overall process. A continuously-stirred tank reactor (CSTR) was employed for the first step, and
a column reactor packed with activated MnO>, regenerated by means of tert-butylhydroperoxide
(TBHP) and N,N-diisopropylethylamine (DIPEA) in a plug-flow reactor mode, was developed for the
final oxidative cleavage. The two steps were connected by the isolation of diol 10 after hydrolysis of

the reaction mixture recovered from the epoxidation reaction.
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Scheme 1. Chemo-enzymatic conversion of isosafrole (3) into piperonal (1) described in this work.
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Results and Discussion

Enzymatic epoxidation of isosafrole: preliminary batch experiments

The first step of our synthetic route is the epoxidation of isosafrole. According to the literature, the
classical Prilezhaev epoxidation of isosafrole with m-chloroperbenzoic acid occurs reportedly with
low yield (10%) [21] whereas the electrooxidation in MeCN-H20O (7:2) containing 1.5-2.0 equiv. of
sodium bromide at room temperature on platinum electrodes afforded a mixture of epoxide 8 (71%)
and diol 10 (23%) [22]. In 2010, the reaction of isosafrole with hydrogen peroxide, catalyzed by
methyltrioxorhenium, was described to give the corresponding epoxide (99 %, GC/MS analysis),
using 3-methylpyrazole and 1-methylimidazole as additives to prevent ring opening and
rearrangement [23].

We investigated an alternative approach, consisting in the Prilezhaev reaction of isosafrole performed
under extremely mild conditions by employing a peroxycarboxylic acid obtained in situ by lipase-
catalyzed perhydrolysis of the corresponding carboxylic acid in the presence of hydrogen peroxide.
The application of this method of peroxyacid production in the epoxidation of alkenes was first
described in 1990 by Bjorkling [24]. In this pioneering work, octanoic acid was employed to generate
the peroxyacid, working in a water/toluene biphasic mixture as a solvent. Commercial immobilized
lipase B from Candida antarctica (Novozym® 435) was found to have the highest perhydrolase
activity among other conventional lipases. A further improvement of the procedure was reported in
2006 [25]: urea-H20- adduct (UHP) was employed in place of aqueous H202, and ethyl acetate was
used as a solvent. The use of ethyl acetate, that can undergo lipase-mediated perhydrolysis releasing
ethanol and peroxyacetic acid, avoided the need for octanoic acid or other carboxylic acids to promote

the reaction.

Accordingly, it was decided to run preliminary experiments of isosafrole epoxidation (Scheme 2) in
ethyl acetate, in the presence of either aqueous hydrogen peroxide or UHP to compare the two

methods of H,0> delivery, employing Novozym® 435 as a catalyst in batch conditions.
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Scheme 2. Epoxidation of isosafrole in batch conditions (with either ag. H2O2 or UHP).

The two hydrogen peroxide sources were tested in parallel under the following general conditions: to
a dispersion of 10 mg of Novozym® 435 in 15 mL of a 0.2 M solution of isosafrole in EtOAc, 1.5
equiv. of H2O. were added, either as a 35% w/w aqueous solution or as UHP adduct. After 18 h at
30°C, the two reactions were submitted to work-up (addition of Na>SOs, then of NaHCOs sat.
solution, followed by extraction with EtOAc) and were analyzed by GC/MS. Starting from
commercial isosafrole, which is sold as a 8:2 mixture of (E)/(Z) diastereoisomers, all the reaction

products 8-11 (Scheme 2) were mixtures of two diastereoisomers. The results are reported in Table
1.

3 Reaction conditions: 10 mg of Novozym® 435, 15 mL of a solution of isosafrole (0.2 M) in EtOAc, 1.5 equivalents of
H,02, 18 h, 30 °C. ® As sum of two diastereoisomers. ¢ As sum of regio- and diastereoisomers.

Mono acetates Monoethyl
HoOzsource  Isosafrole (6)°  Epoxide (8)"  Diol (10)° (9a+9b)° ethers
(11a+11b)°
35% wiw ag.
e 7 o ! 62 6
UHP 6 - ; 6 0

Table 1. Product distributions obtained by batch epoxidation of isosafrole with either aq. H,O, or UHP (percentage values
from GC/MS analysis as mean value of two replicates)?.
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Notably, although isosafrole conversion seemed comparable in both cases, the distribution of
products was found to be quite different. A clear prevalence of epoxide 8 was observed when UHP
was supplied, while the use of 35% w/w H20- solution afforded monoacetate derivatives 9a,b as the
main products. The formation of the latter compounds was ascribed to acid hydrolysis of the
intermediate epoxide, followed by lipase- mediated esterification. On the other hand, when UHP was
employed, no water was present in the reaction medium and 8 resulted therefore more stable.

Conveniently, both the epoxide and the monoacetate derivatives can be easily converted into the
corresponding vicinal diol 10, the key intermediate for completing the oxidative cleavage to
piperonal. Thus, in spite of its wider distribution of reaction products, aqueous H2O: solution was
chosen for further development, being more easily handled in continuous flow conditions. The
treatment of the corresponding epoxidation mixture with methanolic KOH completed oxirane ring
cleavage and promoted monoacetate hydrolysis. Under these conditions, the only real by-products
were ethyl ethers 11a,b (formed upon oxirane ring opening by ethanol released from perhydrolysis
of EtOAC) and unreacted isosafrole diastereoisomers, all present in minor amounts. After trituration
with hexane/EtOAc 8:2 of the residue recovered from alkaline hydrolysis, a 3:1 mixture of (R*,S*)-
and (R*,R*)-10 (Scheme 3) could be recovered in 69% overall isolation yield (corresponding to 0.400
g of product). The relative configuration of the two diastereoisomers of diol 10 was established on
the basis of the fact that the starting isosafrole was enriched in the (E)-stereoisomer and that the

hydrolytic epoxide cleavage occurs with anti mechanism.

OH OH
<o:©/k/ <0:©)Y
o) OH o) OH
(R*,S8%-10 (R*R*)-10

Scheme 3. Diols (R*,S*)- and (R*,R*)-10 isolated after H,O epoxidation of isosafrole and hydrolysis of the reaction
mixture with KOH in methanol.

Attempts to recover and recycle the immobilised lipase failed: nearly complete enzyme deactivation

was observed within 18 h reaction time.

120



Chapter 4

Enzymatic epoxidation of isosafrole: from batch to continuous-flow

conditions

Continuous-flow approach has been increasing in popularity also among biocatalysis specialists [26].
In particular, lipase-mediated epoxidation under flow conditions has been already extensively studied
and described by Meyer-WaRewitz [27] for a-pinene, and the beneficial effects of this technique
evaluated in depth. At the end of their analysis, the authors concluded that the best technological
solution for this kind of reaction was a continuously-stirred tank reactor (CSTR), employing a
saturated solution of H20; in EtOAC, instead of aqueous H20,. On the basis of these reports, we chose
to adopt the same strategy and investigate CSTR epoxidation of isosafrole as well. The flow modality
was expected to increase process productivity [28-31], having usually a beneficial effect on mass
transfer enhancement. Moreover, the possibility of prolonged operation in continuous mode enables

the effective and simple re-use of the catalyst, generally with concomitant reduction of reaction time.

Before implementing the flow process, we decided to investigate the effect of the amount of enzyme
and the concentration of isosafrole and H20- on the reaction course, with the aim of finding the most

suitable operative batch conditions in a reaction time shorter than 18 h.

For the purpose, we adopted a factorial design (elaborated through Minitab) according to the design
of experiments (DOE) approach: the total conversion of isosafrole into the corresponding
transformation products (epoxide 8, diol 10, monoacetates 9a,b and ethyl ethers 1la,b) was
considered as the system response (9a,b and 8 can be easily converted into diol 10 under alkaline
conditions) and its variation was analysed within the domain of the three variables (for details see
Experimental Part in Appendix Chapter 4).

In order to shorten reaction times, since Novozym® 435 is reported to work well at significantly high
temperature, reactions were performed at 50°C and conversions were evaluated after 4 h. H2O> in
EtOAC at the suitable concentration was employed and prepared by dilution of a 3 M solution obtained
by extraction of the commercial ag. H202 35% solution with EtOAc (see Experimental Part in

Appendix Chapter 4).

The results obtained by factorial design analysis showed that (i) the concentration of the undesired
monoethyl ethers 11a,b was always low (approximately 10%) and only slightly affected by different

reaction conditions: (ii) the conversion into diol 10, epoxide 8 and monoacetates 9a,b was strongly

121



Chapter 4

disfavored by high concentration of isosafrole and was slightly to moderately increased by higher
enzyme and H20: content. The optimal reaction conditions and the corresponding product distribution

obtained by batch epoxidation of isosafrole after DOE optimization are reported in Table 2.

2 As sum of two diastereoisomers. ® As sum of regio- and diastereoisomers.

[Isosafrole] 324¢gLt
Equiv. H20; 3.0
[Enzyme] 1.33¢gL*
T 55°C
Reaction time 4h

Isosafrole (6)%: 15%
Epoxide (8)%: 15%
Product distribution Diol (10)*: 16%
Monoacetates (9a + 9b)°: 44%

Monoethyl ethers (11a + 11b)®: 10%

Table 2. Reaction conditions and product distribution obtained by batch epoxidation of isosafrole after DOE optimization
(percentage values from GC/MS analysis as mean value of two replicates).

These conditions were successfully implemented in continuous-flow mode in a CSTR, charged with
45 mL reaction mixture and 60 mg of immobilized enzyme (1.33 g-L ), working under a flowrate
value of 188 pL mint with a residence time of 4 h (the same value of the reaction time of batch
experiments for DOE investigation). We tested also a lower flowrate (150 uL min™) increasing
residence time to 5 h, but we did not observe any significant improvement of the conversion values
(less than 5 %) and, moreover, the time necessary to reach the stationary state increased to more than

5 hours. Then, we considered convenient to keep the first tested residence time.

The reactor was kept at a constant temperature of 50°C. Being Novozym® 435 an immobilized
enzyme, there was no need of ultrafiltration for enzyme confinement in the reactor. In order to prevent
blockages by enzyme beads, a HPLC solvent filter was fitted at the end of the suction tube. The

stationary state was reached after 5 h, with a conversion value of 80%. Sampling and analysis were
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performed till 12 h: the conversion of the stationary state was maintained for 3 h, then a gradual
deflection was observed until reaching the value 62 % in the last analysed sample (Figure 2). The
reaction operation time was prolonged overnight without sampling and analysis: conversion was
found to be 26 % in the solution collected from 12 to 24 h.

Conversion (%)
= N w N a1 D ~ (e (e}
o o o o o o o o o

o

0 2 4 6 8 10 12
t(h)

Figure 2. Conversion of isosafrole (by GC/MS) during 12 h continuous operating time of CSTR.

The reaction mixture collected at the outlet of the epoxidation reactor required further manipulation
for the hydrolysis of monoacetate derivatives 9a,b and the opening of the unreacted epoxide 8. The
fractions, characterized by a conversion value included in the range 62-81 % (from 2 to 12 h, 112.5
mL total volume), were collected, quenched first with Na>SOs, then with NaHCO3 sat. solution,
extracted with EtOAc, dried and submitted to solvent removal under reduced pressure. The crude
reaction mixture was treated with methanolic KOH in batch conditions, to afford, after work-up, a
residue containing 73% of diols (R*,S*)- and (R*,R*)-10, 20 % of starting isosafrole and 7 % of ethyl
ethers 11a,b (GC/MS). Trituration of the residue with hexane/EtOAc 8:2 afforded the 3:1 mixture of
(R*,S*)- and (R*,R*)-10 in 68% overall isolation yield (corresponding to 3.0 g of product).

Oxidative conversion of diol 10 into piperonal

The synthesis of an aldehyde from a vicinal diol by oxidative cleavage is a highly sought-after

reaction. Still nowadays, it is often performed using traditional oxidants, such as periodic acid or lead
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tetraacetate, notwithstanding the high toxicity and critical waste disposal issues. However, efforts to
optimize new procedures for vicinal diol oxidation have been carried out in parallel. Recently, a new
protocol using graphitic carbon nitride with nitrogen vacancies as a metal-free recyclable
photocatalyst in water solution in the presence of cetyltrimethylammonium bromide as surfactant,
has been described [32], and an exhaustive overview of alternative metal-catalyzed procedures
developed in the last decade is reported in the Introduction.

As for the oxidation of diol 10 to piperonal, an electrolytic process in benzene / 0.5% aq. NaOH (6:4)
at 65°C was published in 1984 [33]. The electrochemical method was shown to be more advantageous
than the classical chemical oxidation strategies (sodium periodate, cerium ammonium nitrate, or
calcium hypochlorite). In 2004, Sumitomo patented a procedure for the oxidative cleavage of diols,
including diol 10, based on the use of bromine, or an inorganic bromine compound, in the presence
of a Bi(lll) compound, such as triphenylbismuthane, and of a base, such as potassium carbonate, in
aqueous acetonitrile at 55°C [34].

An interesting, mild reaction for oxidative cleavage of vicinal diols was described in 1973 by Ohloff
[35] using activated manganese dioxide in heterogeneous phase: the reactions proceeded to
quantitative yield and good selectivity for many different cyclic compounds in dichloromethane at
room temperature, showing as the main drawback the massive amount of MnO2 needed to reach
complete conversion (up to 20 equivalents). MnO2 was studied under similar conditions by Outram
in 2002 [36] by coupling MnO- oxidative cleavage of vicinal diols with a Wittig reaction, to the aim
of preparing olefins directly from diols avoiding aldehyde isolation. The comparison between sodium
periodate and manganese dioxide as reagents to achieve this cleavage proved MnO; a valid choice,
especially for the oxidation of diols characterized by a benzylic OH group, providing in this case
higher yields than NalO4. To the best of our knowledge, no other examples of MnO oxidation of
diols have been reported so far, probably because of the high excess of the oxidant required. As an
alternative, Escande et al. in 2017 [37] developed a manganese layered mixed oxide, mainly
containing MnO> (average oxidation state +3.7), that was used in catalytic amount to afford
quantitative conversions of a range of different diols with benzylic OH groups into the corresponding

aldehyde under aerobic conditions, using oxygen or air as stoichiometric oxidant.

MnO: is particularly attractive for its availability [38] and low toxicity [39]; moreover, the possibility
to produce manganese oxides for organic synthesis applications by using Mn oxidizing bacteria has
been recently reported in the literature [40]. This kind of research is very attractive and still in its
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infancy. Thus, we considered worth doing a preliminary investigation of the efficiency of MnO for
the conversion of diol 10 into piperonal by using the commercial product, planning a future
development of the procedure with such bacteria. The reaction of 200 mg of diol 10 with 10 equiv.
of MnO3 (890 mg) in 17 mL of dichloromethane afforded complete conversion to piperonal after 2 h

at room temperature.

This reaction perfectly suited the conditions for the implementation of a continuous-flow process.
Indeed, the literature provides several examples of the effective use of MnO; in continuous-flow
conditions [41]. In most cases celite is used at the ends of the column as a filtering medium, enabling
the construction of a simultaneous reaction/filtering unit and avoiding laborious batch filtering of

heterogeneous systems at the end of the reaction.

We tested the same approach, packing a glass Omnifit column (6.6 mm i.d.) with 890 mg (10 equiv.)
of MnO- (corresponding to a packed-bed length of approximately 1 cm) and a 1 cm plug of celite at
each end. The solution of diol 10 in dichloromethane was flowed into the column at a flowrate of 200
uL min~t (corresponding to a residence time of 1.7 min). Fractions of about 5 mL were collected to
monitor the conversion. The first fraction showed complete conversion to piperonal, demonstrating
the effectiveness of continuous system. MnO was rapidly consumed and soon after the first fraction,

conversion started to decline, reaching 27% at the third one.

The problem of regenerating MnO2 when it is used as a stoichiometric reagent was faced also by
Battilocchio et al. [42] and brilliantly solved by oxidizing spent MnO> using a solution of TBHP (4
M in decane, diluted to 0.24 M with DCM) and DIPEA, which allowed the reusability of the same
column for three times. Thus, TBHP in decane represents, overall, the terminal oxidant of the
reaction. We tested a similar system: after flowing a 0.06 M solution of diols 10 in DCM (200 mg in
17 mL DCM) for 85 min, the column was treated with a solution of TBHP and DIPEA as illustrated
in reference 42 with a flowrate of 200 pL min—. The alternation between the reaction step (85 min)
and the regeneration step (85 min) was carried out for 5 times. At any regeneration cycle, the first
sample showed high conversion to piperonal (>90%) while at the third one conversion dropped to
about 20%. All the fractions collected during the five-cycle experiment (corresponding to a final
volume of 85 mL and 850 min reaction time) were collected and underwent solvent distillation under
vacuum. The crude reaction mixture showed 60% of piperonal 1 and 40% of unreacted diols 10
(GC/MS). Piperonal was then recovered by column chromatography with an isolation yield of 52%
(corresponding to 0.398 g).
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We also tested ethyl acetate as an alternative solvent for the reaction. Batch and continuous-flow
conditions showed similar performances to those obtained in DCM. Unfortunately, reactivation with
TBHP/DIPEA in EtOAC as solvent failed, as shown in Figure 3.

—8-DCM —@—EtOAc
100

S D [0}
o o o

Piperonal (%)

N
o

0 2 4 6 8 10 12 14
n° of collected fractions (-)

Figure 3. Percentage of piperonal (GC/MS) produced during continuous-flow MnO. oxidation of diol 10 with
regeneration of the catalyst with TBHP and DIPEA after fractions 6, 9 and 12.

Three-step synthesis of piperonal from isosafrole: batch versus flow

A flow diagram of the complete chemo-enzymatic process for the oxidative cleavage of 6 to piperonal

is shown in Figure 4.

The epoxidation of isosafrole was implemented under continuous-flow conditions in a thermostated
CSTR. To avoid the formation of aqueous/organic biphasic systems and limit miscibility problems in
the reactor inlet lines a homogeneous solution of H20: in EtOAc was employed. The system was

operated for 8 h with constant 80% conversion of isosafrole.

The amount of by-products 11a,b remained nearly constant (10% by GC/MS analysis) during the
whole process. After work-up and methanolic KOH treatment to complete epoxide 8 opening and
hydrolyse monoacetate 9a,b, total 4.02 g of starting isosafrole were transformed in 11 h using 60 mg
of enzyme to produce 3.31 g of intermediate diol (R*,R*)-10 (68% isolation yield, de = 50%). In
order to compare the efficiency of flow and batch configurations in terms of yield, the STY's of the
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two approaches [43] were calculated as amount of generated product per catalyst amount per time,

and expressed in mmol gt h™t:

Njsosafrole C
STY, =—————— =28mmol g th™!
batch Myazs ° At g

_ MNisosafrole C

STYfow = T = 75 mmol g~ th™?
43

Nisosafrole = Starting isosafrole amount (mmol); C = global conversion of isosafrole by GC/MS,
excluding ethyl ethers (%); my435 = enzyme load (g); At = reaction time (for batch) (h); ¢ = residence
time (for flow) (h).

The following data were employed for the calculation of STY values:

(i) batch mode: 0.020 g Novozym® 435, 3 mmol isosafrole, reaction time 4 h, C = 75% (i.e. the results

of DOE optimization);

(i) continuous flow mode: 0.060 g Novozym® 435, 24.8 mmol isosafrole, residence time 4 h, C =

73% (considering a total reaction volume of 124 mL collected from 2 to 12 h continuous operation).

The last step of the procedure is the oxidation of intermediate diol 10 catalyzed by MnO., regenerated
at the expense of TBHP in the presence of DIPEA. The following data were employed for the
calculation of STY values:

(i) batch mode: 0.890 g MnOz, 1.0 mmol diol, reaction time 2 h, C = 99%;

(it) continuous flow mode: 0.890 g MnOz2, 5.0 mmol diol, residence time 0.028 h, C = 60% (after 5
reaction steps and 4 regeneration treatments).

Ngiol - C
STY}uich, = h = 0.58 mmol g~1h~!
no;
Ngiol - C
STY14, = % = 120 mmol g~*h~?
no;

Ngio1 = diol amount (mmol); € = conversion of diol 10 by GC/ MS (%); myno, = manganese dioxide

load (g); At = reaction time (for batch) (h); T = residence time (for flow) (h).

In both cases, the increase in STY is mainly due to the possibility to improve the amount of starting

material converted per gram of catalyst. In the MnO, oxidation step, the positive effect on STY
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observed in flow conditions could be ascribed not only to the regeneration of the catalyst, but also to
the short residence time achieved with this configuration. Some considerations can be made by
comparing this chemo-enzymatic procedure to the one using recombinant trans-anethole oxidase
mutant (described in ref. 20), to convert the (E)-isomer of isosafrole in a single batch reaction to
piperonal with a productivity of 3.89 g L™ h™* , i.e. 26 mmol L™ h™! . In our procedure both the
isomers of isosafrole are transformed through three subsequent steps, characterized by the following
STY values, calculated as mmoles of product per liter per hour for an easier comparison (see
Experimental Part in Appendix Chapter 4): (i) batch epoxidation 38 mmol L™ h'%; (ii) hydrolysis of
intermediate diol 10 150 mmol L™t h™ ; (iii) batch MnO2 oxidation 30 mmol L™ h™ . The least
productive step, limiting the overall productivity of the process, was the oxidation of diol 10 to
piperonal. This was the one gaining the highest advantage from the use of the continuous flow mode

with concomitant cyclic regeneration of MnOa.

KOH / MeOH

OH
e X CSTR o ;

Novozym 435 < .......reacton

o~~~ Y o OH ! '
(E)I(2)-6 : : 10 : MnO, : o

N ¢ batch | Ly QumoTT) : >

+ \/4  work-up | T : <0

eeeeeon..s flowrate =200 pL min' i .

H20, / EtOAc residence time = 1.7 min | :

flowrate = 188 pL min™! : :

residence time =4 h TBHP + DIPEA : :

——1———3 waste
flowrate = 200 uL min-! : MnO,_,

residence time = 1.7 min
regeneration

Figure 4. Flow diagram of the three-step chemo-enzymatic synthesis of piperonal (1) from isosafrole (6) developed in
this work.

128



Chapter 4

Conclusions

An innovative chemo-enzymatic synthesis of piperonal was developed starting from readily available
isosafrole. The lipase-mediated perhydrolysis of EtOAc in the presence of H;O> is an effective
method to safely produce peracetic acid in the reaction medium, and promote isosafrole epoxidation,
in both batch and flow conditions. Either aq. H202 35% w/w or sat. H.O2 solution in EtOAc can be
employed to supply H20-. In both cases, the presence of water, albeit in trace amounts in EtOAc,
favours oxirane ring opening, which is soon followed by lipase-mediated esterification. The use of
UHP is a suitable alternative to exclude water and preserve the epoxide derivative for other synthetic
applications.

The stability of the chemo-enzymatic system decreased overnight, reaching conversions as low as
26% after 24 h, the main problem being enzyme deactivation due to the oxidative medium. The
phenomenon is still present in the continuous-flow mode, though to a lesser extent with respect to
batch reactions. The use of a homogeneous solution of reactants, with limited water content, possesses
the advantage of avoiding high local concentration of H2O. and of reducing interfacial deactivation

of the enzyme.

The final oxidative cleavage of diol 10 to piperonal could be achieved in a packed bed reactor using
MnO: as a catalyst which was periodically regenerated by treatment with TBHP and DIPEA in DCM.
The flow configuration makes the work-up process rapid and clean, and reduces down-stream waste.
The anhydrous TBHP in alkane solution employed in this application is commercially available only
for small-scale laboratory use. However, being a powerful and versatile oxidizing agent in many
chemical transformations, much effort is currently devoted to developing safe procedures for its
production and storage. For example, recently, a membrane pervaporation method has been optimized
[44] for the safer production of anhydrous TBHP in nonane solution in continuous manner, starting

from 70% w/w TBHP in water, already manufactured in bulk quantities.

The use of biogenic manganese oxides, already successfully employed as bioremediation methods
for the removal of toxic contaminants from the environment [45], is under investigation to improve
the sustainability of the process even further. Unfortunately, the alkaline hydrolysis step was too
laborious to be implemented in flow as a complete automatic three-steps system and we had to
manually attend to the process for this step, that was performed in batch conditions. Nevertheless, the

excellent results in terms of productivity and stability over time of enzymatic epoxidation and MnO>
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oxidation were very satisfactory and clearly demonstrated flow chemistry as a powerful tool also for
the synthesis of piperonal from isosafrole, avoiding ozonolysis or the handling of peracids.
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Introduction

Global production of vegetable oilseeds is forecast at nearly 600 million metric tons (Mt) for the year
2020-21, with a corresponding production of vegetable seed oil of 209 Mt [1]. The refinement of such
a high amount of oil is characterized by huge environmental footprint. Indeed, after extraction from
seeds (mainly soybean and sunflower seeds), raw vegetable oil would not be suitable for human
consumption because of the presence of different compounds hampering oil quality in terms of both
organoleptic and nutritional qualities, and lowering its shelf life. Their removal is achieved through
a process, producing a significant amount of waste. One of the most abundant by-products of
vegetable oil refinement is the so-called soapstock, obtained by neutralization of raw oil with an
alkaline solution (typically agueous NaOH) to remove free fatty acids (FFAS). It consists of a heavy,
alkaline emulsion containing approximately 50% water, FFA sodium salts (10%), triglycerides (10%)
and small percentages of partially hydrolyzed lipids (diacylglycerols and monoacylglycerols) [2,3].
Since about 6% of total refined oil volume is discharged as soapstock [4], its fate is a critical issue in
vegetable oil refining, especially for its alkaline pH. In the refinement plant, soapstock, recovered by
decantation, is generally treated with a concentrated acid solution (usually sulfuric or hydrochloric
acid), and the resulting organic fraction is removed from water by settling and/or centrifugation [5].
This effluent is a dark-coloured mixture of triglycerides, partially hydrolyzed derivatives and FFAS,
containing also small amounts of mineral acids, phospholipids, and sterols [6]. It is called high-acid
oil or acidulated soapstock or oleins.[7] Acid splitting of soapstock has several limitations:
concentrated acid is required, the resulting acidic aqueous phase must be neutralized before disposal
and the treatment of such wastewater is critical because of the high concentration of sulphate or

chloride ions [6].

Being soapstock characterized by a wide variability in composition, it is considered a low-value
source of FFAs, and it is currently employed in the production of soaps [8] or for methane production
in anaerobic biodigesters [9]. It can also be added as an additive to animal feeding in limited and
controlled amount [10]. Increasing the sustainability of the vegetable seed oil refining process is an
urging industrial call to be achieved by both reducing the environmental burden of the process and
increasing the recycle of the related by-products [11].

In this context, biocatalysis can offer interesting strategies. The enzymatic class of lipases is a

valuable and broad source of effective catalysts for esterification or hydrolysis reactions, showing
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high efficiency, selectivity, stability and flexibility in a wide range of operative conditions. Lipases,
many of which are produced industrially and marketed at a reasonable cost, can be employed in
soapstock splitting as a convenient alternative to acid treatment, affording complete hydrolysis to the

corresponding mixture of fatty acids.

Soapstock recovered from the refinement of high-oleic sunflower oil is characterized by 60-80% oleic
acid (1, Figure 1), which is of interest to the fine chemical industry, in particular as starting material
for the production of pelargonic (2) and azelaic acids (3) by oxidative cleavage of the C=C double
bond, currently carried out by ozonolysis [12]. Pelargonic acid is used as a natural herbicide, a weed
killer, a blossom thinner and for the synthesis of plasticizers, and flavours [13]; azelaic acid is
employed as an additive in anti-acne preparations and hair growth stimulators, as well as for the

production of bio-based polyesters [14].

— o o o o
+ JLH)L
t, “7 '<0H :") \(v)ju‘oH HO ~ ~OH

oleic acid 1 pelargonic acid 2 azelaic acid 3

Figure 1. Oleic acid and the products of its oxidative cleavage.

A few years ago, our research group started a collaboration with Oleificio Zucchi, an Italian enterprise
for vegetable seed oil refining settled in Cremona, aiming at the valorization of soapstock by
biocatalytic methods. We started our investigation on high-oleic acid soapstock, and the first studies
were performed on commercial oleic acid. In a recent paper,[15] we discussed the use of a lipase-
mediated Prilezhaev epoxidation of oleic acid with an immobilized form of Candida antarctica lipase
B (Novozym® 435) to obtain, after subsequent oxirane hydrolysis, threo-9,10-dihydroxystearic acid
(4, Scheme 2), which represents the key intermediate towards the synthesis of azelaic and pelargonic

acids.

(i) Novozym 435

H,0,, MeCN OH
— o 50°C,5h o
7 7 . 7 7
OH  (ii) NazS03(,q) OH OH

oleic acid (iii) H2SO4(aQ) 2m threo-4

Scheme 1. Synthesis of diol 4 from oleic acid.
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Oxidation to 9,10-dioxostearic acid (5) by means of catalytic quantities of Fe(NO3)3-9H.0, (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO), and NaCl in presence of atmospheric oxygen as
stoichiometric oxidant (Scheme 2a) followed by cleavage with 35% aqg. H20. completed the
procedure to final products 2 and 3. In a further development of this work, [16] we investigated the
enzymatic oxidation of diol 4 by the recombinant alcohol dehydrogenase (ADH) from Micrococcus
luteus NCTC2665, affording quantitative conversion into a mixture of the two regioisomeric
hydroxyketones 6a,b, as an alternative to chemical oxidation (Scheme 2b). The final oxidation to

azelaic and pelargonic acids could be achieved by treatment with NaClO 10% aq. solution.

OH
(o]
7 7
OH OH
threo-4
(a) (b)
ref. 15 | ref. 16
atmospheric O, M. luteus ADH
cat. Fe(NO;),/TEMPO/NaCl N-MMO, buffer pH 9.0
toluene, 100°C, 5 h NOX, NAD*, 30 h
(o] OH (o]
(o] O + (o]
7 7 7 7 7 7
O OH O OH OH OH
5 6a 6b
H205(aq) 35% NaClO,q) 10%, EtOAc,
toluene, 30°C,3 h Triton X-100, 45°C, 18 h
o O O

pelargonic acid 2  azelaic acid 3

Scheme 2. Conversion of diol 4 into pelargonic and azelaic acids, already described in previous works.

We herein report on the results we attained when this chemo-enzymatic procedure, so far studied on
commercial oleic acid, was applied to the actual mixture of FFAs recovered after the enzymatic
hydrolysis of high-oleic sunflower oil soapstock provided by Oleificio Zucchi. The intermediate diol
4 was obtained as a crystalline product after Novozym® 435 mediated epoxidation to derivative 7,
followed by oxirane hydrolysis (Scheme 3). To shorten the reaction path, we found that sodium
hypochlorite could promote the direct oxidative cleavage of diol 4 to compounds 2 and 3. In order to
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increase the efficiency of the proposed synthesis, a statistical approach was applied to optimize both
epoxidation and diol cleavage steps, and perform them in continuous-flow reactors.

enzymatic

high-oleic hydrolysis mixture of FFAs

(85% oleic acid)

sunflower oil
soapstock

chemo-enzymatic
C=C epoxidation

OH epoxide. o
hydrolysis (o)
\Mo -——— ( fL\) q
7 7 7 7
OH OH OH
threo-4 7
NaClo

o O

oxidation \(V)JL
I M

pelargonic acid 2  azelaic acid 3

Scheme 3. Multistep process for the conversion of soapstock into pelargonic and azelaic acids described in this work.
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Results and Discussion

Enzymatic splitting of high oleic sunflower oil soapstock

Enzymatic hydrolysis can constitute a more effective and sustainable alternative to acid splitting
already employed at the industrial level. In order to increase the efficiency of this step and reduce the
associated waste, biocatalysis represents an advantageous approach, and several examples of
soapstock treatment with lipases are described in the literature [17-19], although no reference could
be found to any industrial large-scale application. Most of the published papers refer to lab-scale
results: the lack of scale-up projects was mainly ascribed to high enzyme load and cost, long reaction
times and low efficiency.[17,20] Moreover, the high pH value of soapstock (9-10) usually has to be
lowered in order to ensure the stability of most lipases, which adds a further step to the process.
Recently, Novozymes® has developed commercial enzymes working in a wide range of pH values
[21], that are particularly suited to implement industrial-scale enzymatic splitting of soapstock. To
achieve both the conversion of fatty acid sodium salts into the corresponding free acids, and the
complete hydrolysis of residual triglycerides and phospholipids, a combination of the following
preparations at pH 5 is suggested: lipase from Thermomyces lanuginosus (Eversa® Transform 2.0,
aqueous solution) together with the two phospholipases, Novozym 40121 and Lecitase Ultra (aqueous

solution).

We received from Oleificio Zucchi samples of high- oleic sunflower oil soapstock showing pH ~ 10.
The molar ratio between triglycerides and free fatty acids was approximately 1:1 (*H NMR analysis,
see Supplementary Information in Appendix Chapter 5). No phospholipids were found in the samples
(*'P NMR analysis), thus only lipase Eversa® Transform 2.0 was employed. Soapstock was submitted
to enzymatic hydrolysis without any acidification or pretreatment, by simply dispersing the material
in water, and adding lipase Eversa® Transform 2.0 directly to the suspension. The reaction mixture
was mechanically stirred at 25°C. Conversion was monitored by *H NMR (see Supplementary
Information in Appendix Chapter 5) and complete hydrolysis was obtained after 12 h. After
centrifugation of the final mixture, the organic phase (showing the following molar distribution of
fatty acids by 'H NMR analysis: 80-87% oleic acid, 9% linoleic acid, 4-11% saturated acids, see
Supplementary Information in Appendix Chapter 5) was recovered and submitted to the epoxidation
step. Enzymatic soapstock hydrolysis proved to be a very advantageous and convenient alternative to
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acid splitting, occurring in mild reaction conditions, with high efficiency, producing smaller amounts
of wastewater, that could be neutralized with phosphoric acid and disposed of with less drawbacks
than that from acid splitting. Furthermore, since the lipase employed promotes complete triglyceride

conversion, the corresponding product is richer in FFAs than commonly produced oleins.

Chemo-enzymatic soapstock epoxidation (batch)

The most discussed example of soapstock valorization is the conversion into biodiesel [11], but no
systematic evaluation of the economical applicability of the process has been reported in literature so
far [2]. Other added-value products, such as lipases [22-24] and surfactants [25-27], have been
obtained by using soapstock as medium for fermentation processes. The functionalization of the C=C
double bond of unsaturated FFAS as a strategy for soapstock valorization is scarcely documented. To
the best of our knowledge only in Mashhadi et al. [28] soapstock samples containing 16.7% by weight
of total fatty acids were used for producing natural epoxides to be studied as biodegradable
plasticizers for PVC. The epoxidation reaction was promoted by producing peroxycarboxylic acids
in situ by lipase-mediated perhydrolysis of the free fatty acids contained in the soapstock sample in
the presence of H20- [29]. Candida rugosa lipase was dispersed directly in soapstock and combined
in a microchannel reactor with the aqueous phase containing H.O>. When the reaction was performed
at 36°C and pH 6.5, with a H20,/C=C molar ratio of 1.61 and a feed flow rate of 42 mL h?, 85%
epoxidation yield (with respect to the starting FFA content) was achieved.

In a previous paper [15], we used the same strategy for the self-epoxidation of commercial oleic acid,
using an immobilized form of lipase B from Candida antarctica (Novozym® 435) as a catalyst. The
epoxidation was carried out in acetonitrile as a solvent, because of its ability to solubilize both oleic
acid and aqueous H>0> 35%. Final quantitative conversion was achieved in 5 h, at 50°C with 0.15 M
oleic acid and 0.27 M H,O with an enzyme loading of 5 g L. The reaction mixture was treated first
with Na>SOs sat. solution, then with H>SO4 2 M to promote oxirane hydrolysis. Compound 9,10-
dihydroxystearic acid (4) was recovered directly by filtration (72%), after spontaneous crystallization
from the reaction mixture. On the basis of these results, we planned the application of the same
procedure to the mixture of FFAs produced by enzymatic hydrolysis of a sample of soapstock (from

the refinement of high-oleic sunflower oil at Oleificio Zucchi) as described in the previous paragraph.

First, optimization of the epoxidation conditions in batch mode was carried out on the fatty acid

mixture recovered from the enzymatic splitting of high-oleic sunflower soapstock (83% oleic acid),
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using a factorial design (elaborated through Minitab) according to the design of experiments (DOE)
approach. This method allowed us to gain a better understanding of the system response to the
reaction variables, with the final aim of finding the optimal conditions for continuous-flow
implementation. A four-variables (oleic acid and H20. concentrations, temperature, and enzyme
amount) factorial design, with a replicate for each point, was designed and analyzed through the
software Minitab. We considered a range of 10-50 g L ! of oleic acid concentration, that corresponded
to 12-60 g L ! of hydrolyzed mixture. As for the other conditions, we chose to evaluate system
response to temperature in the range 30-50°C, hydrogen peroxide concentration in the range 1-4%
viv (referred to 35% w/w ag. solution), Novozym® 435 in the range 1-2 g L. We observed that oleic
acid concentration was by far the most influential parameter, and that the best conversions were
reached with the highest oleic acid concentration. The increase of enzyme load and temperature
showed as well a beneficial effect on conversion, while H20- variation appeared almost irrelevant.
The final optimized conditions were the following: 50 g L™ oleic acid, 2 g L™* Novozym® 435, 50°C
and 1% v/v H20. 35% ag. solution (for detailes see Supplementary Information in Appendix Chapter
5).

When the reaction was performed under these conditions starting from 60 g L™ of hydrolyzed
soapstock (83% oleic acid by *H NMR analysis), diol 4 was obtained in 40% yield in batch mode
after 5 h. The presence of 9% linoleic acid (*H NMR analysis) in the starting mixture of fatty acids,
had no influence on the quality of diol 4, that crystallized selectively from the reaction medium in
pure form (35% isolated yield). In a separate experiment, we observed that when commercial linoleic
acid 8 was submitted to epoxidation and hydrolysis in the same reaction conditions, no tetrahydroxy
derivatives of stearic acid were formed, rather a complex mixture of stereocisomers of the two
dihydroxy tetrahydrofuran derivatives 9 and 10 was obtained (Scheme 4). These compounds were
identified by Li et al. (2018) [30] as sea lamprey migratory pheromones, and fully characterized.
Their formation was attributed to an intramolecular dehydration of dihydroxy derivatives formed by
partial hydrolysis of the diepoxy stearic acid stereoisomers 11a and 11b. These compounds were also
detected in the GC/MS analysis of the mother liquors after the filtration of diol 4.
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Scheme 4. Products of epoxidation and epoxide hydrolysis of linoleic acid 8.

Chemo-enzymatic soapstock epoxidation (continuous-flow)

Over the past decades, flow chemistry has gained exceptional interest in the field of organic synthesis
for its advantages over conventional batch chemistry: due to the small size of flow reactors, the high
surface to volume ratio affords a fast and efficient heat and mass transfer [31]. The advantages are
mainly related to an improvement of productivity, yield and safety, as well as a considerably easier

scalability.

In the paper by Mashadi et al.,[28] a biphasic aqueous-organic continuous system could be used for
the lipase-mediated epoxidation of soapstock in a micro-channel reactor, since an aqueous solution
of C. rugosa lipase was employed. In our work, Novozym® 435 was the catalyst of choice and, being

an immobilized enzyme, a different configuration had to be devised.

As an alternative to the PFR mode, Meyer et al. [32,33] employed a stirred-tank reactor, working
according to a CSTR mode, to promote the perhydrolysis of ethyl acetate by using a commercial
formulation of immobilized C. antarctica lipase B dispersed in the liquid phase. We adopted a similar
configuration, transferring into continuous-flow mode the best batch conditions found in our factorial

design analysis. Although statistical analysis suggested to adopt the highest amount of oleic acid (50
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g L2, corresponding to 60 g L™t of hydrolyzed soapstock), the maximum concentration of hydrolyzed
soapstock we could obtain in MeCN was 52 g L™* (corresponding to 43 g L ™! of oleic acid). This
limitation was due to the fact that the solubility of oleic acid was lowered by the presence of other
fatty acids and components in the starting mixture, and it was not observed working on lower amounts

for DOE experiments in batch conditions.

To the final MeCN solution (160 mL), H202 35% (1.6 mL, 1% v/v) was added. The reactor volume
was set to 45 mL and the flowrate at 150 uL. min~! to ensure a residence time of 5 h (equal to the
reaction time in batch conditions). The reactor was kept at 50°C and loaded with 90 mg of Novozym®
435 (corresponding to 2 g L) (Figure 2). The outlet conversion was monitored every hour, for 12 h
(Figure 2): stationary state conversion was reached after 4 h and maintained for 4 h. From 8 h to 12
h a gradual decrease of conversion was observed, up to a final conversion of 45% in the last sample.
The remaining solution inside the reactor was also analyzed, showing a similar conversion value
(44%).

70
60
50

40

C (%)

30
20

10

t(h)

Figure 2. Enzymatic conversion of oleic acid from hydrolyzed soapstock (by GC/MS) in the CSTR during 12 h of
continuous operating time.

The fractions from 2 to 12 h, corresponding to a conversion value in the range of 40-60% (100 mL)

and the solution inside the reactor (45 mL) were collected (total volume of 145 mL) and quenched by
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adding a saturated solution of Na2SOz (6 mL). In the end, the solution was treated with 0.25 equiv.
of HSO4 2 M, to recover diol 4 as a pure and white solid after filtration. Starting from 7.3 g of
hydrolyzed soapstock (corresponding to 6.2 g of oleic acid) we could recover 3.3 g of diol 4 (47 %
yield).

In order to compare the efficiency of batch and continuous-flow approaches, the space-time yield
values (STY, amount of generated product per unit catalyst weight per unit time) [34] were calculated

in mmol gear * ™t according to the following formula.

n .
STY}aten = nieagesn-tAt =7.1mmol gzt h™?
N43
n -C
STYo, = :;“‘-"—e’s‘tr = 25.4 mmol gZ1 h™?
N43

Nreagent (MMoOI) = amount of reagent; C (%) = conversion of the reagent into the desired product
determined by GC/MS analysis; mnass (g) = Novozym® 435 load; At (h) = reaction time (for batch);

7 (h) = residence time (for continuous-flow).

(i) batch mode: 0.030 g Novozym® 435, 2.7 mmol oleic acid from hydrolyzed soapstock, 5 h reaction

time, 40% conversion.

(i) continuous-flow mode: 0.090 g Novozym® 435, 22.0 mmol oleic acid from hydrolyzed soapstock,

5 h residence time, 52% conversion.

For the batch conditions and conversion, we considered the best result obtained using the factorial
design. For the flow reaction, we took into account all the fractions collected from 2 to 12 h and the

volume inside the reactor (145 mL) with a total epoxidation yield of nearly 52%.

As it can be observed, the reaction performed in a continuous-flow reactor led to an approximately
three-fold higher STY with respect to the batch process, which accounts for the better exploitation of

the same catalyst for a longer operation time.

Oxidative cleavage of diol 4 (batch)

Vicinal diol oxidative cleavage is a widely explored reaction, especially in carbohydrate chemistry
[35]. Typically, this transformation is carried out using either hypervalent iodine reagents, i.e., NalOg,
HI104, Pb(OAC)4 [35], or H2CrO4 and KMnO4 when a highly oxidant environment is required for the
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preparation of the corresponding (di)carboxylic acid. When milder reaction conditions are preferable,
transition metal-based catalysts have to be employed, as ions (especially W [36] and Mo [37]
derivatives) or nanoparticles [38]. Unfortunately, these methods are often plagued by several
disadvantages like the toxicity of the reagents, the harsh conditions required or the troublesome
workups. Some alternative reagents for diol cleavage to (di)carboxylic acids have been recently
proposed, such as tetrapropylammonium perruthenate [39] or nitroxyl radicals like TEMPO [40].

A much more available and inexpensive oxidant, sodium hypochlorite, was tested also for glycol
cleavage with appreciable results, favoring carboxylic acids instead of aldehydes as final products. In
2007, Khurana et al. [41] successfully tested NaClO on various 1,2-diaryl- and dialkyl-1,2-diols, and
in 2019 Kiriharaet al. [42] employed NaOCI-5H.0 on sterically hindered trans-cyclic vicinal diols.
The wide availability of NaCIlO attracted us as an interesting and economically viable replacement of
traditional catalysts for the preparation of azelaic and pelargonic acids from diol 4. NaCIO has already
been reported to oxidize 4 into acids 2 and 3 in a patent by Lemaire et al. 2013 [43]: starting from
120 g L of 4 in 1.1 M NaClO complete conversion into azelaic and pelargonic acids was achieved
after 5 h. Unfortunately, in our hands this methodology did not provide the desired products with
significant conversion. By diluting the system and increasing the reaction time, we obtained a 55%
conversion of diol 4 after 3 days, with a concentration of 25 g L™* in a 10% NaClO solution. Beyond
2 and 3, a small amount of the two isomers of hydroxyoxostearic acid (6a,b, Scheme 1) were formed,
suggesting these are the intermediates in the cleavage of the glycol C—C bond. The addition of
acetonitrile as a cosolvent to enhance the solubility of diol 4 in aqueous NaClO solution, as described
in Khurana et al. (2007) [41], had no significant effect to reduce reaction time and increase

concentration.

The use of biphasic aqueous-organic systems to improve NaClO oxidation of poorly soluble
molecules has been already studied [44], using tetrabutylammonium bromide to favor phase transfer.
We tested a biphasic system EtOAc/aq. NaCIO for the oxidative cleavage of diol 4 using either a
quaternary ammonium salt (tetraethylammonium bromide), or a non-ionic surfactant (Triton-X 100)
as a phase transfer catalyst. While the former prevented the reaction from happening and did not
provide any conversion, the latter showed an impressive increase of conversion with respect to the
previous monophasic experiments, affording complete conversion in 48 h. Besides the substantial
increase in yield, the biphasic approach showed a significant advantage in the isolation of products 2

and 3. We observed that pelargonic acid 2 was extracted completely in the organic phase, while
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azelaic acid 3 was retained in the alkaline aqueous phase and could be isolated after treatment with a
saturated solution of Na2SOg, acidification to pH 6 and extraction with EtOAc.

After these promising results, we attempted to optimize reaction efficiency by implementing a
statistical analysis through a factorial DOE approach, already employed for the first step of this
procedure. After some preliminary experiments that showed that surfactant concentration was not a
strongly determining variable, we chose to keep substrate and surfactant concentrations constant for
all the experiments. For the application of the factorial design, the global conversion of diol 4 into
products 2 and 3 (determined by GC/MS analysis) was taken as the system response, choosing as
variable parameters the volumes of EtOAc (in the range 5-13 mL) and agq. NaClO 10% solution (in
the range 4-10 mL). EtOAc proved to be more determinant than NaClO and the highest conversion
(62%) was obtained with the highest volumes of the two phases (for detailes see Supplementary

Information in Appendix Chapter 5).

Oxidative cleavage of diol 4 (continuous-flow conditions)

Multiphase reactions constitute one of the main research areas in flow chemistry. When two
immiscible solvents with high interfacial tension are introduced in the small-diameter channels of a
flow system through two different inlets connected by a T-junction, a segmented flow is formed [45],
in which the two liquids form short alternating segments with a regular periodic pattern depending
on the flow rates. The application of phase-transfer catalysis is known to increase the interfacial area
for the exchange of chemical species, thanks to the transfer of reactants from one phase to the other,
where the main reaction occurs. Comparing phase-transfer catalyzed reactions in flow and batch
reactors, the flow reactions result more efficient and sustainable [46,47]. Nevertheless, the presence
of the liquid-liquid interface limits overall kinetics, and flow chemistry has been more and more
explored to push the yields. A biphasic segmented liquid-liquid flow system was thus considered the
most suitable solution for the oxidative cleavage of diol 4. The best conditions obtained by DOE
analysis were applied to a 10 mL tubular coil. The optimal ratio between NaClO solution and EtOAc
was obtained by setting the flowrates as follows: 100 pL min~ for ag. NaCIO 10% solution and 120
pL min~t for the organic solution. The two flows joined in a T-junction and entered the 10 mL tubular
coil, thermostated at 45°C, with a 45 min residence time. The solution collected at the outlet was
quenched with a saturated ag. Na2SOs, the organic layer was separated and dried over Na>SOa. Its
composition (by GC/MS) was 80% 6a,b isomers, 10% dioxo derivative 5, and 10% diol 4. To
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complete the reaction, the organic phase was flowed in a second 10 mL tubular coil with fresh ag.
NaClO solution. At the outlet of the second coil, the conversion of hydroxyketones 6a,b into final
products was nearly complete (90%). Since the reaction does not depend on the presence of a catalyst,
the STY is evaluated per unit of reaction volume: 23 mL for the batch reaction (13 mL EtOAc + 10
mL NaClO) and 20 mL for the two runs of the flow oxidation.

Nyeagent * C -1 -
STYpatch = =0.2mmol L™t h™!
ate Vreactor - At
n -C
STYj = —29™ " — 5.2 mmol L™ h?

Vreactor T

(i) batch mode: 23 mL biphasic system, 0.158 mmol diol 4, 24 h reaction time, 62% conversion (i.e.,

the results of DOE optimization).

(i) continuous flow mode: 20 mL volume (considering the two subsequent flow reactions), 0.158

mmol diol 4, 1.5 h residence time, 99% conversion.

These results show that the reaction performed in a continuous flow reactor led to a 25 times higher
STY when than in a batch process. The properties and reaction conditions in such microreactors are
different to large-scale systems. The application of a biphasic reaction in microreactors, especially
when phase-transfer catalysis is combined with segmentation, led to a dramatic increase the reaction
rate, due to a high surface-to-volume ratio, short diffusion distances, fast and efficient heat dissipation

and mass transfer.
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Figure 3. Overall scheme of the optimized process for the conversion of high-oleic sunflower oil soapstock into azelaic
and pelargonic acids.

151



Chapter 5

Conclusions

Soapstock splitting and disposal are critical issues in the vegetable oil refining industry. The potential
of lipases in the manipulation of FFAs is well known but, at industrial scale, the complex composition
and the highly alkaline pH of soapstock hinder lipase application for large scale enzymatic splitting.
The three-step process described in this paper and summarized in Figure 3 offers a possible solution

apt to process-scale development.

The collaboration with Oleificio Zucchi allowed us to test a new lipase (Eversa Transform 2.0) from
Novozymes directly on a sunflower soapstock with a high content of oleic acid (~83%) as it was
provided from the refining plant. Soapstock was completely hydrolyzed in 12 h without preliminary
acidification and the mixture of FFAs was simply recovered by centrifugation. In order to valorize
the hydrolyzed product, we aimed to prepare pelargonic and azelaic acids by oxidative C=C bond
cleavage of oleic acid. The FFAs (mainly composed of oleic acid with ~9% of linoleic) was submitted
to epoxidation promoted by the immobilized Candida antarctica lipase B (Novozym® 435) in the
presence of hydrogen peroxide according to the Prilezhaev reaction mechanism. Using acetonitrile as
solvent, the addition of sulfuric acid caused precipitation of diol 4 as a pure solid, leaving in the
solution all impurities, including side-products from linoleic acid epoxidation. Then, diol 4 was easily
submitted to oxidative cleavage to the final products in a biphasic EtOAc/aq. NaCIO system using
Triton-X 100 as phase-transfer catalyst. For both reaction steps, a statistical approach was applied to
optimize the conversions, through a factorial DOE analysis. The optimal conditions obtained through
the analysis were implemented on different reaction configurations, demonstrating and exploiting the
advantages of continuous-flow chemistry. The epoxidation was run in a stirred-tank reactor ina CSTR
mode, while for the oxidative cleavage a tubular coil in PFR mode was chosen. Both configurations
proved to be stable and efficient, determining a substantial increase of the reaction yields, clearly
demonstrating potential for further development and scale-up to industrial application in seed and

vegetable oil refining plants.
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Chapter 1

Supplementary Information

Preliminary screening: ADH-mediated reduction of nitroketone 3a to nitroalcohol
la.

3 Conversion calculated by *H NMR spectroscopy as molar percentage of the nitroalcohol 1a in the final reaction mixture
after 4-5 h, taking into account the molar amount of the unreacted nitroketone 3a, and of the carboxylic acid obtained
upon nitroketone hydrolysis; ® enantiomeric excess calculated on the basis of HPLC analysis on a chiral stationary phase.

ADH Conversion (%) 2 ee of 1a (%) °
10 27 75 (R)
20 -

30 15 96 (R)
40 -

130 <10 n.d.
140 44 92 (R)
190 <10 n.d.
200 15 12 (R)
210 -

250 -

260 -

270 94 92 (R)
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380

420

430

440

441

442

96

82

52

99 (R)
90 (S)

40 (R)

Table S1. ADH-mediated reduction of nitroketone 3a to nitroalcohol 1a (preliminary screening).15 mM substrate, 16
mM glucose, ADH (3 mg), GDH (1.5 mg), NAD(P)* (1 umol), 1% DMSO, acetate buffer pH 5.0, 25°C, 4-5 h.

Complete screening results of ADH-Mediated Reduction of a-Nitroketones 1a-0

2 Conversion calculated by *H NMR spectroscopy as molar percentage of nitroalcohol 1 in the final reaction mixture after
4-5 h, taking into account the molar amount of the unreacted nitroketone 3, and of the carboxylic acid obtained upon
nitroketone hydrolysis; ® enantiomeric excess calculated on the basis of HPLC analysis on a chiral stationary phase.

ee of nitroalcohol 1

Substrate ADH Conversion(%) @

(%) °
270 94 92 (S)
CsHs (3a) 440 96 99 (R)
441 82 90 (S)

270 <5
0-Me-CsH4 (3b) 440 99 99 (R)

441 n.r.
270 35 82 (S)
m-Me-CsHa (3c) 440 99 84 (R)
441 80 93 (S)
p-Me-CsHa (3d) 270 71 94 (S)
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440 99 29 (R)
441 59 79 (S)
270 18 91 (S)
p-OMe-CesHs (3e) 440 93 99 (R)
441 n.r.
270 69 62 (S)
0-F-CsHa (3f) 440 100 94 (R)
441 17 43 (R)
270 72 rac
m-F-CsHa (3g) 440 99 93 (R)
441 n.r.
270 30 66 (S)
p-F-CsHa (3h) 440 83 96 (R)
441 n.r.
270 69 95 (S)
p-Br-CsHa (3i) 440 92 98 (R)
441 n.r.
270 67 97 (S)
p-ClI-CsHa (3j) 440 97 98 (R)
441 94 92 (S)
270 23 83 (S)
B-Naphthy! (3k)
440 99 98 (R)
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441 62 62 (S)
270 73 84 (R)
2-Furyl (31) 440 100 71 (S)
441 65 96 (R)
270 100 93 (R)
2-Thienyl (3m) 440 100 92 (S)
441 79 78 (R)
270 100 80 (R)
Ethyl (3n) 440 97 rac
441 73 rac
270 100 99 (S)
Butyl (30) 440 100 99 (R)
441 n.r.

Table S2. ADH-mediated reduction of nitroketones 3a-o to nitroalcohols 1a-o (preliminary screening). 15 mM substrate,
16 mM glucose, ADH (3 mg), GDH (1.5 mg), NAD(P)* (1 umol), 1% DMSO, acetate buffer pH 5.0, 25°C, 4-5 h.
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Experimental Part

General analytical methods

'H and *C NMR spectra were recorded on a 400 or 500 MHz spectrometer in CDClj3 solution at r.t..
The chemical shift scale was based on internal tetramethylsilane. GC/MS analyses were performed
using a HP-5MS column (30 m x 0.25 mm x 0.25 um, Agilent). The following temperature program
was employed: 60°C (1 min) / 6°C min~/ 150°C (1 min) /12°C min~*/ 280°C (5 min). Chiral HPLC
analyses were performed on a Chiralcel OD column (4.6 mm x 250 mm, Daicel) or on Chiralart
Amylose SA (4.6 mm x 250 mm, YMC) installed on instruments with UV detector. TLC analyses
were performed on Merck Kieselgel 60 F254 plates. All the chromatographic separations were carried

out on silica gel columns.

General Procedure for the ADH-Mediated Reduction of a-Nitroketones 1a-o

(Screening)

A solution of the substrate in DMSO (50 uL, 500 mM) was added to an acetate buffer solution (5 mL,
50 mM, pH 5.0) containing glucose (80 umol), NADP* (1 umol, Sigma-Aldrich, Milan, Italy) or
NAD" (1 umol, Sigma-Aldrich, Milan, Italy) (according to the ADH preference), GDH (1.5 mg), and
the required ADH (3 mg, Evoxx, Monheim am Rhein, Germany). The mixture was incubated for 4-
5 hin an orbital shaker (150 rpm, 30 °C). The solution was extracted with EtOAc (2 x 1 mL, Sigma-
Aldrich, Milan, Italy), centrifuging after each extraction (15,000 g, 1.5 min). The combined organic
solutions were dried over anhydrous Na>SQO4, and concentrated under reduced pressure. The residue
was submitted to *H NMR analysis (Bruker, Milan, Italy) to determine conversion. Two replicates
were performed for each biotransformation: no significant differences (less than 5%) were observed
for conversion and enantiomeric excess values. The enantiomeric excess values of each nitroalcohol
was determined by HPLC analysis (Agilent, Cernusco sul Naviglio, Italy) on a chiral stationary phase.
The comparison of these HPLC analyses with those that were reported in the literature in the same
experimental conditions allowed for the absolute configuration of nitroalcohols la-o to be
established.
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General Procedure for the Reduction of Nitroketone 3a in a Biphasic System
Mediated by ADH440 and ADH270.

A solution of nitroketone 3a (4 mg, 25 umol) in toluene (2 mL) was mixed with an acetate buffer
solution (2 mL, 50 mM, pH = 5), containing glucose (80 pmol), NADP* (1 umol), GDH (1 mg), and
the required ADH (2 mg). The mixture was incubated for 24 h in an orbital shaker (150 rpm, 30 °C).
The mixture was extracted with EtOAc (2 x 1 mL), centrifuging after each extraction (15,000 g, 1.5
min). The combined organic solutions were dried over anhydrous Na>SOa, and concentrated under
reduced pressure. The residue was submitted to *H NMR analysis to determine conversion. Two
replicates were performed for each biotransformation: no significant differences (less than 5%) were
observed for the conversion and enantiomeric excess values. The same procedure was employed to
investigate the effect on conversion due to substrate loading and substrate to enzyme ratio, by

changing the amount of nitroketone and ADH.

General Procedure for the Conversion a-Nitroketones 3a and 3e into Boc Protected

Amino Alcohols 2a and 2e

The enantioselective reduction of the nitroketone was performed with the required ADH on 100 mg
of nitroketone (20 mL of toluene, 20 mL of buffer pH =5, 15 mg of ADH440 or 35 mg of ADH270,
10 mg NADP*, 7.5 or 18 mg GDH, 150 mg glucose), following the procedure already described in
the previous paragraph for biotransformations in biphasic medium. After 24 h, the aqueous phase was
removed, methanol was added (0.5 mL), followed by the cautious addition of NiCl,-6H20 (1 eq) and
NaBH; (3 eq) under vigorous stirring. After 30 min, (Boc)20 (1.2 eq) was added. The mixture was
stirred for 30 min, filtered through a celite pad, and extracted with EtOAc. The organic layers were
dried over anhydrous Na;SQOg4, and the residue was purified by crystallization from hexane-EtOAc.

(S)-Tert-butyl (2-hydroxy-2-phenylethyl) carbamate ((S)-2a)

From compound 3a (100 mg, 0.61 mmol), using ADH270, derivative (S)-2a was obtained (83 mg,
57%): ee (HPLC) = 92%, [a]o = +46.8 (¢ 0.85, CHCIy) [lit. ref. [1] [a]po = +45.1. (c 0.6, CHCI5) for
(S)-1a with ee = 93%]; *H NMR (CDCls, 400 MHz) [2]: 6 = 7.40-7.27 (m, 5H, ArH), 4.92 (br s, 1H,
NH), 4.83 (m, 1H, CHOH), 3.48 (m, 1H, CHN), 3.26 (m, 1H, CHN), 3.01 (br s, 1H, OH), 1.45 (s,
9H, (CH3)3C); 3C NMR (CDCls, 100.6 MHz) [1]: ¢ = 157.1, 142.0, 128.6, 127.9, 126.0, 80.0, 74.0,

162



Appendix

48.5, 28.5; GC/IMS (El) tr= 21.5 min m/z (%) = 181 (M* — 56, 14), 107 (100), 79 (47), 57 (100).
HPLC analysis [1]: Chiralcel OD, 95/5 hexane/i-PrOH, 0.6 mL mint, 215 nm, (R)-2a t, = 19.1 min,
(S)-2a tr = 23.4 min.

(R)-Tert-butyl (2-hydroxy-2-(4-methoxyphenyl)ethyl) carbamate ((R)-2e)

From compound 3e (100 mg, 0.51mmol), using ADH440, derivative (R)-2e was obtained (86.3 g,
63%): ee (HPLC) = 96%, [a]p = -37.7 (¢ 0.7, CHClIs); *H NMR (CDCls, 400 MHz) [3]: 6 = 7.28 (d,
J=8.7Hz, 2H, ArH), 6.88 (d, J = 8.7 Hz, 2H, ArH), 4.95 (br s, 1H, NH), 4.76 (m, 1H, CHOH), 3.80
(s, 3H, OCHj3), 3.43 (m, 1H, CHN), 3.23 (m, 1H, CHN), 3.00 (br s, 1H, OH), 1.44 (s, 9H, (CHz3)3C);
13C NMR (CDCls, 100.6 MHz): ¢ = 159.4, 157.0, 134.1, 127.2, 114.1, 79.9, 73.2, 55.4, 48.5, 28.5;
GC/MS (El) t= 23.8 min m/z (%) = 267 (M*, 0.5), 211 (5), 137 (100), 109 (15), 57 (18). HPLC
analysis: Chiralcel OD, 95/5 hexane/i-PrOH, 0.6 mL min™t, 215 nm, (R)-2a t, = 26.9 min, (S)-2a t, =
34.9 min.

General procedure for the synthesis of nitroketones 3a-o [4]

A solution of the suitable carboxylic acid (0.083 mol) and CDI (N,N-carbonyldiimidazole, 0.10 mol)
in dry THF (150 mL) was refluxed for 1 h (solution A). During that time, CH3sNO? (2.32 mol) was
slowly added at room temperature to a suspension of NaH (0.10 mmol) in dry THF (100 mL). The
resulting solution was stirred for further 30 minutes at room temperature (solution B). Solution A was
cooled to room temperature, then transferred to the flask containing solution B. The resulting mixture
was refluxed for a few hours with vigorous stirring, affording a light-yellow heterogeneous solution,
which was cooled to room temperature. Approximately 2/3 of the solvent was removed in vacuo, then
the mixture was poured into water and extracted with EtOAc. The aqueous phase was acidified with
conc. HCI, to promote the formation of a solid, which was extracted with EtOAc. The combined
organic phases of this second extraction were washed with brine, dried on Na2SO4 and concentrated
in vacuo to afford the corresponding crude a-nitroketone, which was purified by crystallization and
used for the biocatalyzed reductions. The two aliphatic derivatives 3n and 3o were purified by column
chromatography. The characterization data of nitroketones 3a-k have been already reported by the
authors in a previous paper [5]. The synthetic details and characterization data of nitroketones 31-0

are herein reported.

1-(Furan-2-yl)-2-nitroethan-1-one (3I)
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From 2-furoic acid (9.3 g, 0.083 mol) derivative 3l was obtained (8.7 g, 68 %): *H NMR (CDCls, 400
MHz) [6]: 6 =7.68 (dd, 1H, J = 1.7 and 0.75 Hz, ArH), 7.42 (dd, 1H, J =3.7 and 0.75 Hz, ArH), 6.67
(dd,1H, J = 3.7 and 1.7 Hz, ArH), 5.70 (s, 2H, CH); 13C NMR (CDCl3, 100.6 MHz) [6]: 6 = 174.5,
150.0, 148.2, 120.0, 113.7, 80.3; GC/MS (El) t;= 14.4 min: m/z (%)= 155 (M *, 5), 83 (100).

2-Nitro-1-(thiophen-2-yl)-ethan-1-one (3m)

From 2-thiophenecarboxylic acid (10.2 g, 0.080 mol) derivative 3m was obtained (10.0 g, 73 %): *H
NMR (CDCls, 400 MHz) [7]: 6 = 7.84 (dd, 1H , J = 5.0 and 1.1 Hz, ArH), 7.73 (dd, 1H, J = 3.9 and
1.1 Hz, ArH), 7.22 (dd, 1H, J = 5.0 and 3.9 Hz, ArH), 5.76 (s, 2H, CH.); *C NMR (CDCls, 100.6
MHz) [7]: 6 = 178.4, 139.9, 136.8, 133.8, 129.3, 80.9; GC/MS (EI) ;= 18.2 min: m/z (%) = 171 (M
* 14), 111 (100), 99 ( 53).

1-Nitrobutan-2-one (3n)

From propionic acid (6.7 g, 0.090 mmol) derivative 3n was obtained (7.0 g, 66 %): *H NMR (CDCls,
400 MHz) [8]: 6 =5.27 (s, 2H, CH2-NOy), 2.59 (q, 2H, J = 7.1 Hz, CH2-CH3), 1.17 (t, 3H, J =7.2 Hz,
CHz); 13C NMR (CDCl3, 100.6 MHz) [8]: 6 = 196.6, 83.1, 34.0, 7.3; GC/MS (El) t= 5.9 min: m/z
(%)= 117 (M *, 3), 88 (10), 57 (100).

1-Nitrohexane-2-one (30)

From valeric acid (9.7 g, 0.095 mmol) derivative 30 was obtained (8.9 g, 65 %): *H NMR (CDCls,
400 MHz): 6 = 5.26 (s, 2H, CH2-NOy), 2.55 (t, 2H, J = 7.2 Hz, CH,-CO), 1.64 (quintuplet, J = 7.2
Hz, 2H, CH,-CH2 -C0O), 1.36 (sextet, J = 7.6 Hz, 2H, CH,-CH,CH, -CO), 0.92 (t, 3H, J = 7.6 Hz,
CHs); *C NMR (CDCls, 100.6 MHz): § = 196.3, 83.3, 40.3, 25.3, 22.2, 13.8; GC/MS (EI) t,= 10.2
min: m/z (%)= 98 (M* — 47, 10), 85 (65), 57 (100).

General procedure for the synthesis of racemic g-nitroalcohols 1a-o

To a stirred solution of aldehyde (1.50 mmol) in nitromethane (10 mL) triethylamine (1 mL) was
added and the resulting solution was stirred at room temperature and monitored by TLC analysis. The
solution was diluted with ethyl acetate (200 mL) and washed with water. The organic layers were
dried over anhydrous Na>SO4 and concentrated in vacuo. The crude products were purified by silica
gel column chromatography eluting with hexane and increasing amount of ethyl acetate.

2-Nitro-1-phenylethan-1-ol (1a)
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From benzaldehyde (0.16 g, 1.5 mmol) derivative 1a was obtained (0.15 g, 60%). *H NMR (CDCls,
400 MHz) [9]: 6 = 7.43-7.34 (m, 5H, ArH), 5.46 (dt, 1H, J = 9.5 and 3.4 Hz, CH-OH), 4.62 (dd, 1H,
J=13.4 and 9.5 Hz, CHH-NO3), 4.52 (dd,1H, J = 13.4 and 3.3 Hz, CHH-NO>), 2.81 (d, 1H, J = 3.4
Hz, OH);**C NMR (CDClIs, 100.6 MHz) [9]: 6 = 138.3, 129.1, 129.0, 126.0, 81.3, 71.1. HPLC [9]:
Chiralcel OD, 95/5 hexane/i-PrOH, 0.6 mL mint, 215 nm, (R)-1a tr = 43.2 min, (S)-1a tr = 52.4 min.

2-Nitro-1-(o-tolyl)ethan-1-ol (1b)

From 2-tolualdehyde (0.18 g, 1.50 mmol) derivative 1b was obtained (0.14 g, 52 %). *H NMR
(CDCls, 400 MHz) [10]: 6 = 7.52-7.44 (m, 1H, ArH), 7.30-7.15 (m, 3H, ArH), 5.64 (dd, 1H, J = 9.6
and 2.7 Hz, CH-OH), 4.51 (dd,1H, J=13.3 and 9.6 Hz, CHH-NO3), 4.40 (dd, 1H, J = 13.3 and 2.7
Hz, CHH-NO), 2.36 (s, 3H, CHs); § = *C NMR (CDCls, 100.6 MHz) [10]: 6 = 136.4, 134.6, 131.0,
128.8, 126.9, 125.7, 80.4, 68.1, 19.0. HPLC [10]: Chiralcel OD, 90/10 hexane/i-PrOH, 0.6 mL min~
1215 nm, (R)-1b t; = 17.8 min, (S)-1b t, = 20.0 min.

2-Nitro-1-(m-tolyl)ethan-1-ol (1c):

From 3-tolualdehyde (0.18 g, 1.5 mmol) derivative 1b was obtained (0.15 g, 56 %). *H NMR (400
MHz, CDClg) [11]: 6 = 7.26 (m, 1H, Ar—H), 7.16 (m, 3H, Ar-H), 5.43 (dd, J = 9.6 and 3.1 Hz, 1H,
CHOH), 4.61 (dd, J = 13.2 and 9.5, 1H, CHH-NO>), 4.49 (dd, J =13.2 and 3.1 Hz, CHH-NO); 2.37
(s, 3H, CHs); 13C NMR (400 MHz, CDCls3) [11]: 6 = 138.9, 138.6, 129.6, 129.0, 126.7, 123.1, 81.7,
71.1, 21.5. HPLC [12]: Chiralcel OD, 90/10 hexane/i-PrOH, 0.6 mL min, 215 nm, (R)-1c t, = 19.3
min, (S)-1c t, = 22.2 min.

2-Nitro-1-(p-tolyl)ethan-1-ol (1d)

From 4-tolualdehyde (0.18 g, 1.5 mmol) derivative 1d was obtained (0.18 g, 66 %). 'H NMR (CDCls,
400 MHz) [11]: 6 = 7.31-7.27 (d, 2H, J = 8.0 Hz, ArH), 7.23-7.19 (d, 2H, J = 8.0 Hz, ArH), 5.43 (dd,
1H, J = 9.5 and 3.0 Hz, CH-OH), 4.61 (dd,1H, J= 13.3 and 9.5 Hz, CHH-NO), 4.49 (dd, 1H, J =
13.3 and 3.0 Hz, CHH-NO), 2.36 (s, 3H, CHs); **C NMR (CDCls, 100.6 MHz) [11]: 6 = 139.3,
135.4,129.8, 126.0, 81.4, 71.1, 21.3. HPLC [12]: Chiralcel OD, 90/10 hexane/i-PrOH, 0.6 mL min~
1215 nm, (R)-1d t; = 22.3 min, (S)-1d t, = 28.8 min.

1-(4-Methoxyphenyl)-2-nitroethan-1-ol (1e)

From 4-anisaldehyde (0.20 g, 1.5 mmol) derivative 1e was obtained (0.19 g, 64%). *H NMR (CDCls,
400 MHz) [10]: 6 = 7.33 - 7.31 (m, 2H, ArH), 6.93 - 6.90 (m, 2H, ArH), 5.42 (dd, 1H, J = 9.6 and
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3.1 Hz, CH-OH), 4.61 (dd,1H, J = 13.3 and 9.5 Hz, CHH-NO), 4.61 (dd, 1H, J = 13.3 and 9.5 Hz,
CHH-NO,), 4.48 (dd, 1H, J = 13.3 and 3.1 Hz, CHH-NO), 3.81 (s, 3H, OCH3);**C NMR (CDCls,
100.6 MHz) [10]: 6 = 160.2, 130.4, 127.4, 114.6, 81.4, 70.8, 55.5. HPLC [10]: Chiralcel OD, 90/10
hexane/i-PrOH, 0.6 mL min™*, 215 nm, (R)-1e t, = 31.8 min, (S)-1e t- = 40.7 min.

1-(2-Fluorophenyl)-2-nitroethan-1-ol (1f)

From 2-fluorobenzaldehyde (0.19 g, 1.5 mmol) derivative 1f was obtained (0.17 g, 61 %). *H NMR
(CDCls, 400 MHz) [13]: 6 =7.57 (m, 1H, Ar—H), 7.34 (m, 1H, Ar—H), 7.22 (m, 1H, Ar-H), 7.08 (m,
1H, Ar-H), 5.75 (dd, J = 8.5 and 3.8 Hz, 1H, CHOH), 4.61 (m, 2H, CH2NO); *C NMR (400 MHz,
CDCl3): 0 =159.5 (d, J = 246 Hz), 136.5 (d, J = 9.2 Hz), 130.4 (d, J = 8.3 Hz), 127.8 (d, J = 3.8 Hz),
1249 (d, J=3.6 Hz), 116.6 (d, J = 20.4 Hz), 115.7 (d, J = 21.2 Hz), 80.2, 65.4. HPLC [13]: Chiralart
Amylose SA, 97/3 hexane/i-PrOH, 0.6 mL mint, 215 nm, (S)-1f t, = 32.7 min, (R)-1f t, = 36.2 min.

1-(3-Fluorophenyl)-2-nitroethan-1-ol (19)

From 3-fluorobenzaldehyde (0.19 g, 1.5 mmol) derivative 1g was obtained (0.16 g, 57 %). *H NMR
(CDCls, 400 MHz) [14]: 6 = 7.40 - 7.33 (m, 1H, ArH), 7.20 -7.12 (m, 2H, ArH), 7.08 - 7.01 (m, 1H,
ArH), 5.47 (dd, 1H, J = 9.2 and 3.3 Hz, CH-OH ), 4.59 (dd, 1H, J = 13.4 and 9.4 Hz, CHH-NOy),
452 (dd, 1H, J = 13.4 and 3.3 Hz, CHH-NO,); 3C NMR (CDCls, 100.6 MHz) [14]: § = 163.2 (d, J
= 247 Hz), 1415 (J = 7.2 Hz), 130.7 (d, J = 8.1 Hz), 121.6 (d, J = 3.4 Hz), 115.9 (d, J = 21.2 Hz),
113.4 (d, J = 22.4 Hz), 81.5, 70.4. HPLC [14]: Chiralcel OD, 90/10 hexane/i-PrOH, 0.6 mL min?,
215 nm, (R)-1g t; = 21.0 min, (S)-1g t; = 24.3 min.

1-(4-Fluorophenyl)-2-nitroethan-1-ol (1h)

From 4-fluorobenzaldehyde (0.19 g, 1.5 mmol) derivative 1h was obtained (0.18 g, 65 %). *H NMR
(CDCl3, 400 MHz) [9]: 6 = 7.42-7.37 (m, 2H, ArH), 7.12-7.07 (m, 2H,ArH), 5.46 (dd, 1H, J =9.4 and
3.2 Hz, CH-OH ), 4.59 (dd, 1H, J = 13.4 and 9.4 Hz, CHH-NO>), 4.50 (dd, 1H, J = 13.4 and 3.1 Hz,
CHH-NO2);**C NMR (CDCls, 100.6 MHz) [9]: 6 = 163.1 (d, J = 248 Hz), 134.0 (d, J = 3.2 Hz), 127.9
(d, J=8.2Hz), 116.2 (d, J =22 Hz), 81.3, 70.5. HPLC [9]: Chiralcel OD, 90/10 hexane/i-PrOH, 0.6
mL min-, 215 nm, (R)-1h t; = 18.9 min, (S)-1h t, = 22.5 min.

1-(4-Bromophenyl)-2-nitroethan-1-ol (1i)

From 4-bromobenzaldehyde (0.28 g, 1.5 mmol) derivative 1i was obtained (0.19 g, 52%). *H NMR
(CDCls, 400 MHz) [11]: 6 =7.56-7.52 (m, 2H, ArH), 7.31-7.28 (m, 2H, ArH), 5.44 (dd, 1H, J = 9.3
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and 3.2 Hz, CH-OH), 4.57 (dd, 1H, J = 13.5 ad 9.2 Hz, CHH-NO>),4.49 (dd, 1H, J = 13.5 and 3.2
Hz, CHH-NO); *3C NMR (CDCls, 100.6 MHz) [11]: 6 = 137.2, 132.3, 127.8, 123.1, 81.1, 70.5.
HPLC [11]: Chiralcel OD, 95/5 hexane/i-PrOH, 0.6 mL min™, 215 nm, (R)-1i tr = 49.5 min, (S)-1i tr
=65.9 min.

1-(4-Chlorophenyl)-2-nitroethan-1-ol (1j)

From 4-chlorobenzaldehyde (0.21 g, 1.5 mmol) derivative 1j was obtained (0.19 g, 63%). *H NMR
(CDCl3, 400 MHz) [9]: 0 = 7.41-7.33 (m, 4H, ArH), 5.45 (dd, 1H, J = 9.4 and 3.1 Hz, CH-OH), 4.58
(dd, 1H, J = 13.4 and 9.3 Hz, CHH-NO), 4.50 (dd, 1H, J = 13.4 and 3.2 Hz, CHH-NO,); $3C NMR
(CDCl3, 100.6 MHz) [9]: 0 = 136.8, 134.8, 129.2, 127.4, 81.1, 70.4. HPLC [9]: Chiralcel OD, 90/10
hexane/i-PrOH, 0.6 mL mint, 215 nm, (R)-1j t; = 20.6 min, (S)-1j tr = 25.6 min.

1-(Naphthalen-2-yl)-2-nitroethan-1-ol (1k)

From 2- naphtaldehyde (0.23 g, 1.5 mmol) derivative 1k was obtained (0.20 g, 62 %). 'H NMR
(CDCls, 400 MHz) [15]: 6 =7.90 - 7.75 (m, 4H, ArH), 7.53 - 7.47 (m, 2H, ArH), 7.44 (dd, 1H, J =
8.4 and 1.8 Hz, ArH), 5.59 (dd, 1H, J =9.5 and 3.2 Hz, CH-OH), 4.67 (dd, 1H, J=13.2 and 9.5 Hz ,
CHH-NOy), 4.56 (dd, 1H, J = 13.2 and 3.2 Hz, CHH-NO,); *3C NMR (CDCls, 100.6 MHz) [15]: 6 =
136.0, 133.4, 133.2, 128.8, 128.1, 127.8, 126.61, 126.57, 125.3, 123.4, 81.3, 71.1. HPLC [16]:
Chiralcel OD, 80/20 hexane/i-PrOH, 0.8 mL mint, 215 nm, (R)-1k tr = 25.2 min, (S)-1k t; = 36.8

min.
1-(Furan-2-yl)-2-nitroethan-1-ol (1I)

From 2- furanaldehyde (0.14 g, 1.5 mmol) derivative 1l was obtained (0.14 g, 59 %). *H NMR
(CDCls, 400 MHz) [11]: 6 = 7.43-7.41(m, 1H, furan H), 6.42-6.37 (m,2H, furan H), 4.79 (dd, 1H, J
=13.5 and 8.8 Hz , CHH-NO), 4.68 (dd, 1H, J = 13.5 and 3.5 Hz, CHH-NO,);**C NMR (CDCls,
100.6 MHz) [11]: ¢ = 150.9, 143.3, 110.8, 108.3, 78.6, 65.0. HPLC [17]: Chiralart Amylose SA,
90/10 hexane/i-PrOH, 0.5 mL min?, 215 nm, (S)-1I t. = 20.5 min, (R)-1I tr = 22.1 min.

2-Nitro-1-(thiophen-2-yl)ethan-1-ol (1m)

From thiophen-2-aldehyde (0.17 g, 1.50 mmol) derivative 1m was obtained (0.15 g, 58%).:H NMR
(CDCl3, 400 MHz) [12]: 6 =7.34 (dd, 1H, J =5.1 and 1.3 Hz, thiophen H), 7.08-7.06 (m, 1H, thiophen
H), 7.02 (dd, 1H, J = 5.1 and 3.5 Hz, thiophen H), 5.73 (dd, 1H, J = 9.3 and 3.3 Hz, CHOH), 4.72
(dd, 1H, J = 13.5 and 9.2 Hz, CHH-NO), 4.62 (dd, 1H, J= 13.5 and 3.3 Hz, CHH-NO>); * C NMR
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(CDCl3, 100.6 MHz) [12]: 6 = 141.3,127.0, 126.4, 124.9, 80.6, 67.1. HPLC [18]: Chiralcel OD, 90/10
hexane/i-PrOH, 0.6 mL min't, 215 nm, (S)-1m t, = 22.8 min, (R)- 1m t; = 24.7 min.

1-Nitrobutan-2-ol (1n)

Frompropanaldehyde (0.087 g, 1.5 mmol) derivative 1n was obtained (0.19 g, 62 %). 'H NMR
(CDCls, 400 MHz) [14]: 0 = 4.48 - 4.34 (m, 2H, CH2-NO), 4.30 - 4.20 (m, 1H, CH-OH), 1.65 - 1.45
(m, 2H, CH,-CHs), 1.03 (t, 3H, J = 7.4 Hz, CH3); °C NMR (CDCls, 100.6 MHz) [14]: 6 = 80.6, 69.9,
27.0, 9.4. HPLC [14]: Chiralcel OD, 97/3 hexane/i-PrOH, 0.6 mL min'%, 215 nm, (R)-1n t, = 30.2
min, (S)-1n t; = 32.8 min.

1-Nitrohexan-2-ol (10)

From valeraldehyde (0.13 g, 1.5 mmol) derivative 10 was obtained (0.16 g, 73%). *H NMR (CDCls,
400 MHz) [9]: 6 = 4.46 - 4.28 (m, 3H, CH-OH + CH2NO>), 1.60 -1.30 (m, 6H, 3 CH>), 0.93 (t, 3H,
J= 7.0 Hz, CHs); ¥C NMR (CDCls, 100.6 MHz) [9]: J = 80.8, 68.8, 33.6, 27.5, 22.6, 14.0. HPLC
[16]: Chiralcel OD, 97/3 hexane/i-PrOH, 0.6 mL min, 215 nm, (R)-10 t, = 23.8 min, (S)-10 t, = 24.9

min.
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Chapter 2

Experimental Part

General analytical methods

GC/MS analyses were performed using a HP-5MS column (30 m x 0.25 mm X 0.25 pm, Agilent).
The following temperature program was employed: 60 °C (1 min), 6 °C min~%/150 °C (1 min), 12 °C
minY/280 °C (5 min). Bradford assay [1] was performed by using a Shimadzu UV-1601

spectrophotometer and bovine serum albumin (BSA) was used as reference standard protein.

Activity Assays
Spectrophotometric Enzymatic Assay

a) For the OYE activity assay, in a 2 mL cuvette, a solution of cyclohex-2-enone (5 uL; stock solution
=10 mM in DMSO) and a solution of NADH (20 pL; stock solution = 10 mM in water) were added
to 50 mM phosphate buffer pH 7 (916 pL). The reaction was carried out at 28 °C and started by
adding to the blank solution 59 pL of OYE3 (177 ug, conc. = 3 mg-mL™).

b) For the GDH activity assay, in a 2 mL cuvette, a solution of glucose (205 pL; stock solution = 1
M in water) and a solution of NAD™ (20 pL; stock solution = 10 mM in water) were added to 50 mM
phosphate buffer pH 7 (960 pL). The reaction was carried out at 28 °C and started by adding to the
blank solution 2 pL of GDH (6 pg, conc. =3 mg mL™).

The enzymatic activity (U mL™) was calculated from the consumption/formation of NADH, for a)

and b), respectively, at 340 nm (enapE)H=6200 M-t cm™) according to the following equation:

U  AAbs/min - Vi

mlL Vg » ¢

AAbs/min: slope of Abs vs time curve (MAU min™), Vi total assay volume (mL), Ve: volume of

soluble enzyme used in the assay (mL), e NAD(P)H molar absorbivity (6200 M-t cm™).

One Unit (U) is defined as the amount of enzyme that converts 1 umol of substrate in the product in

1 min under specific temperature and pH conditions.
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GC/MS enzymatic assay

In a 2 mL test-tube, a solution of (R)-carvone (10 uL; stock solution=100 mM in DMSQ) and 15 pL
of soluble OYE3 (conc.: 3 mg mL™) or immobilized OYE3 (ca. 20 mg for OYE3-GA or 45 mg for
OYE3-EziG) were added to 50 mM phosphate buffer, pH 7 (final volume = 1 mL). The reaction was
started by adding NADH (100 pL; stock solution = 10 mM in water) and the mixture was kept at 28
°C under stirring (thermoshaker) for 30 min, then vortexed for 30 sec in the presence of CH2Cl, (200
ML). The organic phase was separated by centrifugation (2 min, 13500 rpm), dried over Na;SO4 for
5 min, and analyzed by GC/MS. (R)-carvone: GC/MS (EI) t; = 12.99 min: m/z (%) = 150 (M™, 15),
135 (10), 108 (40), 93 (40), 82 (100). Product: GC/MS (EI) tr = 11.83 min: m/z (%) = 152 (M*, 30),
137 (25), 123 (10), 109 (55), 95 (100). The enzymatic activity (U mL™ for the non-immobilized
enzyme, or U g for the immobilized enzyme) was calculated from the percentage of substrate

conversion after 30 min according to the following equation:

U _[S]-c
mLorg tg-E

[S]: substrate concentration (mM), c: conversion (%), t: reaction time (30 min), E: amount of soluble

enzyme (mL) or immobilized enzyme (g).

One unit (V) is defined as the amount of enzyme that converts 1 pumol of substrate in the product in
1 min under specific temperature and pH conditions.

OYE3-Mediated reduction of a-methyl-trans-cinnamaldehyde (3)

In a 2 mL test tube, a solution of a-methyl-trans-cinnamaldehyde (10 pL; stock solution= 500 mM
in DMSO) was added to 50 mM phosphate buffer pH 7 (838 uL) followed by a solution of NADP*
(10 pL; stock solution = 10 mM in water), glucose (20 uL; stock solution =1 M in water), and GDH
(10 pL; 5 mg mL™1). The reaction (final volume=1 mL) was started by adding 160 pug of OYE3 (non-
immobilized enzyme: 53 pL; OYE3-GA=80 mg; OYE3-EziG=170 mg) and kept under stirring
(thermoshaker) at 28 °C for 1 h. At the endpoint, in the case of the immobilized enzyme, the reaction
was stopped by removing the biocatalyst by centrifugation (4 min, 13200 rpm). The reaction mixture
was vortexed for 30 sec in the presence of CH2Cl, (400 uL). The organic phase was separated by
centrifugation (2 min, 13200 rpm), dried over Na2SO4 for 5 min, and analyzed by GC/MS. a-Methyl-
trans-cinnamaldehyde: GC/MS (El) t; = 14.60 min: m/z (%) = 146 (M*, 70), 145 (100), 117 (80), 115
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(70), 91 (50). Product: GC/MS (EI) tr = 11.68 min: m/z (%) = 148 (M™, 45), 133 (25), 105 (25), 91
(100). The conversion was evaluated from the ratio of the peak areas of product and substrate.

Stability of OYE3 in the pH range 8-10

The stability of non-immobilized OYE3 was assayed in the pH range 8-10 by incubating 100 pL of
the enzyme solution (stored in 20 mM phosphate buffer pH 8.5 containing 200 mM imidazole and
500 mM NaCl) in 100 pL of 50 mM phosphate buffer pH 7.5 (final pH=8), 50 mM Tris-HCI buffer
pH 9.5 (final pH=9), or 50 mM NaOHY/glycine buffer pH 11.5 (final pH=10) at 20 °C. After 3 h, 100
pL  were withdrawn from each sample and the enzymatic activity was measured
spectrophotometrically in the reduction of cyclohex-2-enone. The residual activity was calculated

according to the following equation:

] o observed activity at the endpoint
Residual activity (%) = - — x100
starting activity

Covalent immobilization of OYE3 on glyoxyl-agarose (OYE3-GA)

Immobilization of OYE3 on glyoxyl-agarose was performed following the protocol previously
reported [19]. Briefly, glyoxyl-agarose (1.8 g = 2.52 mL) was suspended in 50 mM Na.COs buffer
(14.3 mL) at pH 10. After the addition of the desired amount of protein (1.2 mL, loading: 2 mg g-%),
the suspension was kept under mechanical stirring for 3 h at 4 °C. Chemical reduction of Schiff bases
and unreacted aldehyde groups was carried out over 30 min by adding NaBHj4 to the mixture (18 mg;
1 mg mL-! of suspension). The immobilized enzyme was then filtered and washed with 10 mM
phosphate buffer pH 7 and deionized water.

The immobilization reaction was monitored by measuring the amount of protein in the supernatant
before the addition of the carrier and after 1.5 h and 3 h [1]. The immobilization yield (%, endpoint:
3 h) was calculated according to the following equation [2]:

) immobilized protein
Yield (%) = - ——x100
starting protein

The activity of the immobilized OYE3 was measured by the GC/MS enzymatic assay (reduction of
(R)-carvone, 2). The activity recovery (%) was calculated according to the following equation [2]:

o observed activity
Activity recovery (%) = - ——x100
starting activity
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Immobilization of OYES3 by affinity-based adsorption (OYE3-EziG)

Immobilization of OYE3 by affinity-based adsorption on EziG™ (Opal, Coral, and Amber) was
performed following the protocol of the supplier with minor modifications. EziG™ (100 mg) was
added to a 2 mL test tube containing the enzyme (140 pL, loading: 4.2 mg g- of dry carrier) diluted
in 50 mM phosphate buffer pH 7 (1.5 mL) at r.t. After 30 min, the test tube was centrifugated (5 min,
13200 rpm) and the supernatant was removed by pipetting. Following supplier’s instructions, the wet
enzyme preparation was stored as such (when the immobilized enzyme was filtered under vacuum, it
showed an almost complete loss of activity. The weight of the wet carrier was estimated to be 4.5-
fold higher than the dry carrier. The activity recovery (%) was referred to the wet carrier weight).
The immobilization yield (%, endpoint: 30 min) was calculated as reported above. The activity of the
immobilized OYE3 was measured by the (R)-carvone assay and the activity recovery (%) was
calculated as described above.

Co-immobilization of OYE3 and GDH on EziG™ Opal was carried out by following the procedure
applied to OYE3 immobilization. Briefly, EziG™ Opal (100 mg) was added to 50 mM phosphate
buffer pH 7 (1.5 mL) containing OYE3 (140 pL, U = 0.06) and GDH (45 uL, U =0.87). Monitoring

and work-up of the immobilization mixture was performed as above reported.

Stability of non-immobilized OYE3, OYE3-GA, and OYE3-EziG

For each endpoint, non-immobilized or immobilized OYE3 (42 pg of protein) was incubated in a
solution containing 50 mM phosphate buffer pH 7 (890 uL) and (R)-carvone (10 pL; stock solution:
100 mM in DMSO) at 28 “C. Each reaction was started by adding NADH (100 uL; stock solution: 10
mM in water). The final volume was 1 mL. The enzyme activity was assessed by the standard activity
assay (reduction of (R)-carvone). The enzyme activity was compared with the starting activity which

was considered as 100%.

Protein leakage assay

For each endpoint (1-3-6-24-48 h), 42 ug of protein (corresponding to 21 mg of OYE3-GA and 45
mg of OYE3/GDH-EziG) were incubated in 50 mM phosphate buffer pH 7 (200 pL). The suspensions
were kept at 28 °C under stirring (thermoshaker). At each endpoint, a sample (15 pL) was withdrawn
from the supernatant and analyzed by SDS-PAGE. GDH and OYE3 (450 ng, corresponding to 0.15

ML of each stock solution) were loaded in the gel as reference standards. Precision Plus Protein™
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Unstained Protein Standards (10-250 kD) was used as molecular weight proteins size marker. PAGE
analysis was performed in a Mini-Protean 3 system (Bio-Rad). SDS-PAGE was carried out on 12%
polyacrylamide (running buffer: 50 mM MES, 50 mM Tris base, 0.1 % w/v SDS and 1 mM EDTA).
Proteins were stained by means of a silver staining kit (SilverQuest™ kit, Thermofisher) according

to supplier’s protocol.

Recycling of immobilized enzymes

Recycling of immobilized OYE3-GA and OYE3/GDH-EziG was performed by evaluating the
conversion (%) of a-methyl-trans-cinnamaldehyde (3) into 3a. At the end of the reaction, the
immobilized biocatalyst was washed twice with 1 mL of 50 mM phosphate buffer pH 7, separated
through centrifugation, and then re-suspended under the conditions above described for the next

reaction cycle.
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Chapter 3

Supplementary Information

Preliminary screening of ADH-mediated reduction of 4-alkylcyclohexanones 4 and

5 to 4-alkylcyclohexanols 1 and 3

3 5 mM substrate, 20 mM glucose, ADH (200 pg mL™), GDH (5 U mL™), NADH and NADP* (0.1 mmol each), 1%
DMSO, phosphate buffer pH 7.0, 30°C, 18 h; conversion (c %) and diasterecisomeric excess (de %) calculated by GC/MS.

4-isopropylcyclohexan-1-one 4-(tert-butyl)cyclohexan-1-one
ADH c (%) de (%) ¢ (%) de (%)

10 60 77 (trans) 7 71 (trans)
20 45 91 (trans) 4 >99 (trans)
30 >99 89 (cis) >09 >99 (cis)
40 20 90 (trans) 5 >99 (trans)
130 16 80 (trans) 5 >99 (trans)
140 32 50 (trans) <1l -
190 16 75 (trans) <1 -
200 >99 87 (cis) >09 >99 (cis)
210 27 48 (trans) 8 50 (trans)
250 31 23 (trans) 34 94 (cis)
260 <1 - <1 -
270 >99 73 (cis) >99 67 (cis)
380 63 17 (trans) 42 >99 (trans)
420 >99 81 (cis) >99 97 (cis)
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430 5 60 (trans) 16 >99 (trans)
440 >99 87 (trans) >99 >99 (trans)
441 >99 87 (cis) >99 >99 (cis)

442 31 61 (trans) 65 78 (trans)

Table S1. ADH-mediated reduction of 4-alkylcyclohexanones 4 and 5 to 4-alkylcyclohexanols 1 and 3 (preliminary
screening) .

Preliminary screening of ADH-mediated reduction of 4-alkylcyclohexanones 6 and
7 to 4-alkylcyclohexanols 8 and 9

35 mM substrate, 20 mM glucose, ADH (200 pug mL* ), GDH (5 U mL* ), NADH and NADP* (0.1 mmol each), 1%
DMSO, phosphate buffer pH 7.0, 30°C, 18 h; conversion (¢ %) and diastereoisomeric excess (de %) calculated by GC/MS.

4-methylcyclohexan-1-one 4-phenylcyclohexan-1-one

ADH c (%) de (%) ¢ (%) de (%)

10 11 64 (trans) 32 >99 (trans)

20 12 >99 (trans) 53 >99 (trans)

30 47 96 (cis) >99 >99 (cis)

40 <1 - 7 >99 (trans)

130 <1l - 6 >99 (trans)

140 <1 - <1 -

190 <1 - 9 33 (cis)

200 46 91 (cis) >99 >99 (cis)

210 23 39 (trans) <1 -

250 18 78 (cis) 34 94 (cis)

260 <1 - <1 -

270 78 92 (cis) 95 83 (cis)
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380

420

430

440

441

442

86

85

11

90

77

<1

7 (trans)
90 (cis)
45 (cis)

98 (trans)

95 (cis)

76

57

17

95

77

97

61 (trans)
79 (cis)
88 (trans)
>99 (trans)
64 (cis)

94 (trans)

Table S2. ADH-mediated reduction of 4-alkylcyclohexanones 6 and 7 to 4-alkylcyclohexanols 8 and 9 (preliminary

screening) 2.
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Experimental Part

General analytical methods

'H and 3C NMR spectra were recorded on a 400 or 500 MHz spectrometer in CDCl3 solution at r.t.
The chemical shift scale was based on internal tetramethylsilane. GC/MS analyses were performed
using a HP-5MS column (30 m x 0.25 mm X 0.25 um, Agilent Technologies Italia Spa (Cernusco sul
Naviglio, Italy)). The following temperature program was employed: 60 °C (1 min) / 6 °C min™* /
150 °C (1 min) / 12°C min™*/ 280 °C (5 min).

General Procedure for the ADH-mediated reduction of cyclohexanones 4-7

(Screening Scale)

The suitable substrate (5 pmol), dissolved in DMSO (10 uL), was added to a phosphate buffer solution
(2 mL, 50 mM, pH 7) containing glucose (20 mM, 4 eq. with respect to the substrate), NADH and
NADP* (0.1 mM each), GDH (5 U mL ™), and an ADH (200 pg mL™Y). The mixture was kept for 18
h in an orbital shaker (160 rpm, 30 °C). The solution was extracted with EtOAc (3 x 500 pL) and

centrifuged (15000 g, 1.5 min). The combined organic phases were dried over NaSO4 and analyzed.

General Procedure for Lipase-Mediated Acetylation of cis-4-(tert-butyl)cyclohexan-
1-ol (cis-3) (Screening Scale)
Alcohol cis-3 (50 mg mL™ final concentration) was dissolved in a solution of MTBE and vinyl

acetate (10% v/v). A suitable lipase was added (10 mg mL™?). The reaction mixture was shaken (160
rpm, 30 °C) for 18 h in an orbital shaker.

General Procedure for cis-selective ADH-Mediated Reduction of Cyclohexanones 4-

7 (Semi-preparative Scale)

The suitable substrate (500 mg), dissolved in 2-propanol (2.2 mL), was added to a phosphate buffer
solution (50 mM, pH 7) for a total volume of 40 mL together with ADH200 (10 mg) and NADH (10
mg). The mixture was kept for 24 h in an orbital shaker (160 rpm, 30 °C), then extracted with EtOAc

(3 x 40 mL). The combined organic phases were dried over NaxSO4 and concentrated in vacuo to
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afford the corresponding alcohol derivative without the need for further purification except for
compound cis-8.

Cis-4-isopropylcyclohexan-1-ol (cis-1)
From compound 4 (500 mg, 3.57 mmol), derivative cis-1 was obtained (461 mg, 91%, de = 87%):

'H NMR (CDCls, 400 MHz) [1]: 6 = 3.99 (m, 1H, CHOH), 1.79-1.72 (m, 2H, hydrogens of
cyclohexane ring), 1.53-1.41 (m, 7H, hydrogens of cyclohexane ring), 1.09-1.02 (m, 1H, CH(CHs).),
0.88 (d, 6H, J = 6.8 Hz, C(CH3),). *C NMR (CDCls, 100.6 MHz): § = 66.6, 43.4, 32.7, 32.0, 23.7,
19.9. GC/MS (El) t; = 10.23 min: m/z (%) = 141 (M* -1, 1), 124 (25), 109 (25), 95 (10), 81 (100).
Compound cis-1 was submitted to bulb-to-bulb distillation (85-88 °C, 10 mmHg) to obtain a sample
for olfactory evaluation.

Cis-4-(tert-butyl)cyclohexan-1-ol (cis-3)

From compound 5 (500 mg, 3.25 mmol), derivative cis-3 was obtained (481 mg, 95%, de > 99%): 'H
NMR (CDCls, 400 MHz) [2]: 6 = 4.03 (m, 1H, CHOH), 1.85-1.81 (m, 2H, hydrogens of cyclohexane
ring), 1.56-1.31 (m, 6H, hydrogens of cyclohexane ring), 1.02-0.96 (m, 1H, CH-C(CHs3)3), 0.86 (s,
9H, C(CHs)3); *°C NMR (CDCls, 100.6 MHz) [2]: 6 = 66.0, 48.2, 33.6, 32.6, 27.6, 21.1; GC/MS (EI)
tr = 11.52 min: m/z (%) = 156 (M, 1), 123 (25), 99 (25), 81 (60), 67 (67), 57 (100).

Cis-4-methylcyclohexan-1-ol (cis-8)

From compound 6 (500 mg, 4.46 mmol), derivative cis-8 was obtained after silica gel column
chromatography using hexane and ethyl acetate as eluents (462 mg, 40%, de = 91%): 'H NMR
(CDCl3, 400 MHz) [3]: 6 =3.93 (m, 1H, CHOH), 1.75-1.31 (m, 9H, hydrogens of cyclohexane ring),
0.91 (d, 3H, J = 6.2 Hz, CHs); °C NMR (CDCls, 100.6 MHz) [3]: 6 = 67.1, 32.4, 31.3, 29.2, 21.8;
GC/MS (EI) tr = 5.54 min: m/z (%) = 114 (M*, 5), 96 (20), 81 (39), 70 (34), 57 (100).

Cis-4-phenylcyclohexan-1-ol (cis-9)

From compound 7 (500 mg, 2.87 mmol), derivative cis-9 was obtained (450 mg, 89%, de > 99%): H
NMR (CDClIs, 400 MHz) [4]: 0 = 7.32-7.17 (m, 5H, ArH), 4.14 (m, 1H, CHOH), 2.54 (m, 1H, CH-
Ph), 1.96-1.85 (m, 4H, 2CH,), 1.73-1.64 (m, 4H, 2CH>); *3C NMR (CDCls, 100.6 MHz) [4]: 6 =
147.4, 128.4, 126.9, 126.0, 65.7, 43.9, 33.1, 27.8; GC/MS (EI) t, = 19.63 min: m/z (%) = 176 (M",
58), 158 (25), 143 (35),129 (30), 117 (60), 104 (100), 91 (63).
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General Procedure for Trans-Selective ADH-Mediated Reduction of

Cyclohexanones 4-7 (Semi-preparative Scale)

The suitable substrate (500 mg) dissolved in 2-propanol (2.2 mL) was added to a phosphate buffer
solution (50 mM, pH 7) for a total volume of 40 mL together with ADH440 (10 mg) and NADH (10
mg). The mixture was kept for 24 h in an orbital shaker (160 rpm, 30 °C). The solution was extracted
with EtOAc (3 x 40 mL). The solution was extracted with EtOAc (3 x 40 mL). The combined organic
phases were dried over Na;SO4 and concentrated in vacuo to afford the corresponding alcohol

derivative without the need for further purification, except for compounds trans-8 and trans-9.
Trans-4-isopropylcyclohexan-1-ol (trans-1)

From compound 4 (500 mg, 3.57 mmol), derivative trans-1 was obtained (450 mg, 89%, de = 87%):
'H NMR (CDCls, 400 MHz) [1]: § = 3.53 (m, 1H, CHOH), 2.02-1.96 (m, 2H, hydrogens of
cyclohexane ring, 1.78-1.68 (m, 2H, hydrogens of cyclohexane ring), 1.48-1.35 (m, 1H, hydrogen of
cyclohexane ring), 1.27-1.18 (m, 2H, hydrogens of cyclohexane ring), 1.08-0.98 (m, 3H, hydrogens
of cyclohexane ring + CH(CHs)2), 0.86 (d, 6H, J = 6.8 Hz, C(CH3)2). **C NMR (CDCl3, 100.6 MHz):
0 =704, 429, 35.3, 32.2, 27.7, 19.7; GC/MS (EI) tr = 10.59 min: m/z (%) = 141 (M -1, 1), 124
(25), 109 (30), 95 (10), 81 (100). Compound trans-1 was submitted to bulb-to-bulb distillation (90-
95 °C, 10 mmHg) to obtain a sample for olfactory evaluation.

Trans-4-(tert-butyl)cyclohexan-1-ol (trans-3)

From compound 5 (500 mg, 3.25 mmol), derivative trans-3 was obtained (460 mg, 91%, de>99%):
'H NMR (CDCls, 400 MHz) [2]: § = 3.51 (m, 1H, CHOH), 2.04-1.98 (m, 2H, hydrogens of
cyclohexane ring), 1.81-1.76 (m, 2H, hydrogens of cyclohexane ring), 1.30-0.97 (m, 5H, hydrogens
of cyclohexane ring), 0.85 (s, 9H, C(CHs)3); *C NMR (CDCls, 100.6 MHz) [2]: 6 = 71.4, 47.4, 36.3,
32.4,27.8, 25.8; GC/MS (EI) tr = 11.82 min: m/z (%) = 138 (M* - 18, 13), 123 (27), 81 (47), 67 (40),
57 (100).

Trans-4-methylcyclohexan-1-ol (trans-8)

From compound 6 (500 mg, 4.46 mmol), derivative trans-8 was obtained after silica gel column
chromatography using hexane and ethyl acetate as eluents (457 mg, 90%, de = 98%): *H NMR
(CDCls, 400 MHz) [3]: 0 = 3.53 (tt, 1H, J1 = 10.8 Hz, J2 = 4.3 Hz, CHOH), 1.99-1.88 (m, 2H,
hydrogens of cyclohexane ring), 1.74-1.65 (m, 2H, hydrogens of cyclohexane ring), 1.39-0.89 (m,
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5H, hydrogens of cyclohexane ring), 0.87 (d, 3H, J = 6.5 Hz, CHs); **C NMR (CDCls, 100.6 MHz)
[3]: 6 = 70.9, 35.6, 33.4, 31.9, 22.0: GC/MS (EI) t; = 5.56 min: m/z (%) = 113 (M* — 1, 1), 96 (15),
81 (54), 70 (46), 67 (27), 57 (L00).

Trans-4-phenylcyclohexan-1-ol (trans-9)

From compound 7 (500 mg, 2.87 mmol), derivative trans-9 was obtained after silica gel column
chromatography using hexane and ethyl acetate as eluents (440 mg, 87%, de>99%): *H NMR (CDCls,
400 MHz) [4]: 6 = 7.31-7.16 (m, 5H, ArH), 3.68 (m, 1H, CHOH), 2.50 (tt, 1H, J1 = 12.9 Hz, J, = 3.5
Hz, CH-Ph), 2.14-2.06 (m, 2H, hydrogens of cyclohexane ring), 1.98-1.90 (m, 2H, hydrogens of
cyclohexane ring), 1.61-1.37 (m, 4H, hydrogens of cyclohexane ring); 3C NMR (CDCls, 100.6 MHz)
[4]: 0=146.7, 128.5, 126.9, 126.2, 70.8, 43.6, 36.1, 32.6; GC/MS (EI) t; = 19.69 min: m/z (%) = 176
(M*, 10), 158 (100), 143 (90), 130 (60), 117 (50), 104 (75), 91 (60).

General Procedure for Lipase-Mediated Acetylation of cis- and trans-4-(tert-

butyl)cyclohexan-1-ol (cis- and trans-3) (Semi-preparative Scale)

Compounds cis- and trans-3 (isolated from the semi-preparative ADH-mediated reductions) were
added to a solution of MTBE (9 mL) and vinyl acetate (1 mL) together with CALA (150 mg). The
mixture was kept for 24 h in an orbital shaker (160 rpm, 30 °C) and then concentrated in vacuo.

Cis-4-(tert-butyl)cyclohexyl Acetate (cis-2)

From compound cis-3 (460 mg, 2.95 mmol), derivative cis-2 was obtained (560 mg, 96%): *H NMR
(CDCl3, 400 MHz): 6 = 4.99 (m, 1H, CHOAC), 2.05 (s, 3H, CH3CO), 1.96-1.90 (m, 2H, hydrogens
of cyclohexane ring), 1.61-1.55 (m, 2H, hydrogens of cyclohexane ring), 1.45 (tt, 2H, J1 = 13.9 Hz,
J2 = 3.2 Hz, hydrogens of cyclohexane ring), 1.33-1.23 (m, 2H, hydrogens of cyclohexane ring), 1.02
(tt, 1H, J; = 12.0 Hz, J> = 3.0 Hz, CH-C(CHa)3), 0.86 (s, 9H, C(CHzs)3); *C NMR (CDCls, 100.6
MHz): 0 = 170.8, 69.6, 47.8, 32.7, 30.8, 27.6, 21.8, 21.6; GC/MS (EI) t; = 14.89 min: m/z (%) = 138
(M* - 60, 29), 123 (46), 82 (86), 67 (71), 57 (100). Compound cis-2 was submitted to bulb-to-bulb
distillation (110-115 °C, 10 mmHg) to obtain a sample for olfactory evaluation.
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Trans-4-(tert-butyl)cyclohexyl Acetate (trans-2)

From compound trans-3 (450 mg, 2.89 mmol), derivative trans-2 was obtained (540 mg, 94%) (460
mg, 2.95 mmol), derivative trans-2 was obtained (540 mg, 93%): *HNMR (CDCls, 400 MHz): ¢ =
4.61 (tt, 1H, J1 = 11.3 Hz, J> = 4.4 Hz, CHOAC), 2.01 (s, 3H, CH3CO), 2.05- 1.95 (m, 2H, hydrogens
of cyclohexane ring), 1.82-1.77 (m, 2H, hydrogens of cyclohexane ring), 1.34-1.24 (m, 2H, hydrogens
of cyclohexane ring), 1.15-0.96 (m, 3H, hydrogens of cyclohexane ring + CH-C(CHz)3), 0.84 (s, 9H,
C(CHz3)3); *C NMR (CDCls, 100.6 MHz): _=170.4,73.5,47.0, 32.2, 27.5, 25.4, 21.9, 21.2; GC/MS
(EI) tr = 15.73 min: m/z (%) = 138 (M* — 60, 15), 123 (30), 82 (70), 67 (55), 57 (100). Compound
trans-2 was submitted to bulb-to-bulb distillation (115-120 °C, 10 mmHg) to obtain a sample for

olfactory evaluation.

Continuous-Flow Production of cis-4-isopropylcyclohexan-1-ol (cis-1)

280 mL of a buffer solution (phosphate buffer, 100 mM, pH 7) containing 2-propanol (20% v/v), 4-
isopropy! cyclohexanone (4) (10 mM) and NADH (0.2 mM) were continuously fed to a stirred
membrane reactor (12 mL reaction volume, 5 kDa membrane cut-off, 30 °C) containing ADH200 (3
mg) at 200 pL min~! (60 min residence time) for 24 h. At the membrane reactor outlet, buffer solution
was mixed to n-hexane (fed at uL min™) in a tee piece. The biphasic segmented flow thus formed
entered a commercial in-line liquid-liquid separator (Zaiput®, hydrophobic membrane OP-900). The
two phases were then collected at the respective outlets. The total hexane solution collected in 24 h
reaction time was submitted to solvent removal by in vacuo distillation to give cis-1 (3.66 g, 92%)
containing 5% (GC/MS) of starting ketone 4.

Continuous-Flow Production of cis-4-(tert-butyl)cyclohexyl Acetate (cis-2)

Briefly, 280 mL of a buffer solution (phosphate buffer, 100 mM, pH 7) containing 2-propanol (20%
v/v), 4-(tert-butyl) cyclohexanone (5) (10 mM) and NADH (0.2 mM) were continuously fed to a
stirred membrane reactor (12 mL reaction volume, 5 kDa membrane cut-off, 30 °C) containing
ADH200 (3 mg) at 200 uL min* (60 min residence time) for 24 h. At the membrane reactor outlet,
buffer solution was mixed to n-hexane (fed at 200 pL min!) in a tee piece. The biphasic segmented
flow thus formed entered a commercial in-line liquid-liquid separator (Zaiput®, hydrophobic
membrane OP-900). Aqueous phase was collected. Organic phase was continuously mixed with vinyl

acetate (fed at 100 uL min™) in a tee piece. The resulting solution entered a column reactor packed
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with Candida antarctica lipase A (500 mg of dry weight, pre-swelled, column i.d. 6.6 mm, 30 °C)
with a residence time of 11 min. The total hexane solution collected in 24 h reaction time was
submitted to solvent removal by in vacuo distillation to give cis-2 (4.93 g, 89%) containing 4%
(GC/MS) of starting ketone 5 and 10% (GC/MS) of intermediate alcohol cis-3.

References

[1] Tan, S.-L.; Liu, G.-B.; Gao, X.; Thiemann, T. Raney Ni-Al alloy-mediated reduction of alkylated phenols
in water. J. Chem. Res. 2009, 2009, 5-7.

[2] Spiniello, M.; White, J.M. Low-temperature X-ray structural studies of the ester and ether derivatives of
cis and trans-4-tert-butyl cyclohexanol and 2-adamantanol: application of the variable oxygen probe to
determine the relative o-donor ability of C—H and C-C bonds. Org. Biomol. Chem. 2003, 1, 3094-3101.

[3] Wiitala, K.W.; Al-Rashid, Z.F.; Dvornikovs, V.; Hoye, T.R.; Cramer, C.J. Evaluation of various DFT
protocols for computing *H and *C chemical shifts to distinguish stereoisomers: diastereomeric 2-, 3-, and 4-
methylcyclohexanols as a test set. J. Phys. Org. Chem. 2007, 20, 345-354.

[4] Hodgson, D.M.; Chung, Y.K.; Paris, J.-M. Intramolecular cyclopropanation of unsaturated terminal
epoxides. J. Am. Chem. Soc. 2004, 126, 8664-8665.

184



Appendix

Chapter 4

Supplementary Information

Epoxidation of isosafrole: experimental design

A 23 full factorial experimental design was applied. The conversion of isosafrole isomers into all the
oxidation products (Y), calculated by GC/MS analysis as a conversion percentage, was taken as
response. The three factors (X1 - X3) and their values were: enzyme load X; (10 - 20 mg), isosafrole
concentration Xz (0.2 - 0.5 M), H20> concentration X3 (0.3 - 0.6 M). The ranges of X; - X3 were
selected from preliminary experiments. The final reaction volume was 15 mL. Hydrogen peroxide
was extracted in EtOAc as explained above and then diluted with fresh EtOAc to the desired final
concentration. All the reactions were incubated in a thermoshaker at the controlled temperature of 50
°C for 4 h. The sum of the percentages of epoxides 8, monoacetate derivatives 9a, b, diols 10 and
monoethyl ethers 11a, b, obtained by GC/MS analysis, was taken as system response. All the
experiments were conducted in duplicates, for a total of 16 reactions. The response was elaborated
using Minitab. The following multivariate regression model was obtained: Y = 56.25 + 6.125X; —
15.375X2 + 9.125X3 — 2.00X1 X2 — 1.250X1X3 + 0.500X2X3 + 2.125X1X2Xa.

Experimental design for epoxidation of isosafrole: results

2 Conversion calculated on the basis of GC/MS analysis.

Enzyme Isosafrole H202 Isosafrole conversion
n° run
[mg] [M] [M] [%6]*
1 10 0.5 0.3 27
2 20 0.2 0.6 87
3 20 0.5 0.6 56
4 20 0.2 0.3 72
5 10 0.2 0.6 77
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6 10 0.5 0.6 47
7 20 0.5 0.3 35
8 10 0.2 0.6 74
9 20 0.5 0.6 55
10 20 0.2 0.6 83
11 10 0.5 0.3 29
12 10 0.2 0.3 48
13 20 0.5 0.3 34
14 10 0.5 0.6 44
15 20 0.2 0.3 77
16 10 0.2 0.3 55

Table S1. Factorial design for the enzymatic epoxidation of isosafrole.

@ Conversion calculated on the basis of GC/MS analysis.

Epoxide Monoethyl ethers Diol Monoacetates Isosafrole
n° run (8) (11a,b) (10) (9a,b) ((E)- and (2)-3)
[%6]° [%6]? [%0]? [%0]° [%]°
1 3 4 16 4 73
2 16 10 16 45 13
3 7 5 11 33 44
4 6 7 38 21 28
) 18 5 33 21 23
6 7 4 18 18 53
7 3 7 22 3 65
8 16 5 25 28 26
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9 7 5 14 29 45
10 14 10 16 43 17
11 3 3 18 5 71
12 4 5 31 8 52
13 3 5 19 7 66
14 7 3 15 19 56
15 8 5 38 26 23
16 5 7 31 12 45

Table S2. Results of factorial design experiments.
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Figure S1. Coefficient plot showing the effects of the three variables (enzyme load, isosafrole concentration and H20,
concentration) and of their interactions on conversion: red=positive value = positive effect; light blue= negative value =
negative effect.
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(multivariate regression model obtained by DOE analysis: Y =56.25 + 6.125X; — 15.375X> + 9.125X3
— 2.00X1X2 — 1.250X1X3 + 0.500X2X3 + 2.125X1X2X3 - enzyme load X1, isosafrole concentration Xz,

H>0> concentration X3).

0.55 T T X T 7 T 7
o < W S
) S§ >
05 /
0
045 b
= & o
N P o g Q /
o 04 ) W ,,JQ
I
T
0.35 b
/ g’
0.3 % 2
I
/ Y
/ / i
0'25 L 1L 1
0.25 0.3 0.35 0.4 0.45 0.5 0.55

Isosafrole [M]

Figure S2. Contour plot of conversion [%] as a function of isosafrole concentration [M] and hydrogen peroxide
concentration [M] evaluated at an enzyme load of 10 mg. Lines refer to constant conversion corresponding to the value
reported on the labels.

Figure S3. Contour plot of conversion [%] as a function of isosafrole concentration [M] and hydrogen peroxide
concentration [M] evaluated at an enzyme load of 20 mg. Lines refer to constant conversion corresponding to the value

reported on the labels.
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Experimental Part

General analytical methods

'H and 3C NMR spectra were recorded on a 400 or 500 MHz spectrometer in CDCl3 solution at r.t.
The chemical shift scale was based on internal tetramethylsilane. GC/MS analyses were performed
using a HP-5MS column (30 m x 0.25 mm X 0.25 um, Agilent Technologies Italia Spa (Cernusco sul
Naviglio, Italy)). The following temperature program was employed: 60 °C (1 min) / 6 °C min™* /
150 °C (1 min) / 12°C min™*/ 280 °C (5 min).

Hydrogen peroxide extraction with EtOAc [1]

A 35% (w/w) H20> solution (15 mL) was added to EtOAc (10 mL) and left under stirring at r.t. for 1
h. The two phases were separated. Hydrogen peroxide concentration was evaluated by HPLC analysis
according to a published procedure [2] and resulted to be about 3 M. The solution was diluted with
fresh EtOAcC according to the need. The authors have also developed a method for determining H20>

concentration in EtOAc, using NMR spectroscopy which will be published elsewhere.

Epoxidation of isosafrole (batch conditions)

Isosafrole 3 (480 mg, 2.96 mmol) was dissolved in EtOAc (15 mL). UHP (417 mg, 4.44 mmol) and
Novozym® 435 (10 mg) were then added to the solution, which was incubated in a thermoshaker for
18 h at 30 °C. Insoluble UHP and enzyme were removed by filtration and the reaction mixture was
quenched first with Na>SOs, then with NaHCO3 sat. solution. Extraction with EtOAc afforded an
organic phase that was dried (Na2SO4) and concentrated under reduced pressure. The residue was
chromatographed on a silica gel column, eluting with hexane and increasing amount of EtOAc, in
order to recover the 4:1 mixture of the two diastereoisomers of epoxide 8 (379 mg, 72%) for analytical
characterization. The NMR signal descriptions herein reported were obtained by examining the NMR

spectra of the mixture and are in agreement with those reported in the literature [3]
5-((2R*,3R*)-3-Methyloxiran-2-yl)benzo[d][1,3]dioxole ((2R*,3R*)-8)

IH NMR (CDCls, 400 MHz): = 6.78-6.74 (m, 2H, Ar—H), 6.70-6.67 (m, 1H, Ar-H), 5.93 (s, 2H,
CHy), 3.49 (d, 1H, J = 2.0 Hz, CHOCH), 2.97 (qd, 1H, J1 = 5.1 Hz, J; = 2.1 Hz, CHOCH), 1.42 (d,
3H, J = 5.1 Hz, CHs); *C NMR (CDCls, 100.6 MHz): 6 = 148.1, 147.6, 131.8, 119.6, 108.3, 105.7,
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101.2, 59.6, 58.8, 17.9. GC/MS (EI) t, = 18.38 min: m/z (%) = 178 (M*, 55), 163 (20), 149 (25), 135
(100).

5-((2R*,35*)-3-Methyloxiran-2-yl)benzo[d][1,3]dioxole ((2R*,35*)-8)

IH NMR (CDCls, 400 MHz): J = 6.78-6.74 (m, 3H, Ar—H), 5.95 (s, 2H, CH2), 3.97 (d, J = 4.1 Hz,
1H, CHOCH), 3.27 (m, 1H, CHOCH), 1.09 (d, 3H, J = 5.4, CHs); 3C NMR (CDCls, 100.6 MHz): 6
= 147.6, 147.1, 129.6, 120.0, 108.1, 107.2, 101.1, 57.5, 55.3, 12.6. GC/MS (EI) t, = 17.92 min: m/z
(%) = 178 (M*, 50), 163 (20), 149 (30), 135 (100).

Epoxidation of isosafrole followed by diol 10 isolation (batch conditions)

Isosafrole 3 (480 mg, 2.96 mmol) was dissolved in EtOAc (15 mL). A 35% w/w aqueous solution of
hydrogen peroxide (382 L, 4.44 mmol) and Novozym® 435 (10 mg) were added to the solution,
which was incubated in a thermoshaker for 18 h at 30 °C. At the end, the enzyme was filtered and the
reaction mixture was quenched first with Na>SOs, then with NaHCO3 sat. solution. Extraction with
EtOAc afforded an organic phase that was dried (Na.SO4) and concentrated under reduced pressure.
The resulting residue was dissolved in MeOH (15 mL) and an excess of KOH (250 mg, 1.5 equiv.)
was added to the solution. The reaction was left under magnetic stirring at room temperature for 24
h. The solution volume was reduced to one third under vacuum, poured into diluted H2SO4 solution,
and extracted with EtOAc. The organic phase was dried (Na2SO4) and concentrated under vacuum.
Trituration of the solid residue with hexane/EtOAc (8:2) afforded a 3:1 mixture of (R*,S*)- and
(R*,R*)-10 as a pure compound (0.401 g, 69%).

(1R*,2S*)-1-(Benzo[d][1,3]dioxol-5-yl)propane-1,2-diol ((1R*,25*)-10)

'H NMR (CDCls, 400 MHz): J = 6.86-6.84 (m, 1H, Ar—H), 6.81-6.76 (m, 2H, Ar-H), 5.96 (s, 2H,
CHy), 4.29 (d, 1H, J = 7.4 Hz, CHOH), 3.81 (m,1H, CHOH), 2.56 (s, 1H, OH), 2.42 (s, 1H; OH),
1.06 (d, 3H, J=6.3 Hz, CH3); 3C NMR (CDCls, 100.6 MHz): 6 = 147.95, 147.5, 135.2, 120.6, 108.3,
107.2,101.21, 79.5, 72.4, 18.9; GC/MS (EI) t, = 21.85 min: m/z (%) = 196 (M*, 16), 178 (8), 162 (8),
151 (100), 135 (25), 123 (25).

(1R*,2R*)-1-(Benzo[d][1,3]dioxol-5-yl)propane-1,2-diol ((1R*,2R*)-10)

IH NMR (CDCls, 400 MHz): § = 6.90-6.89 (m, 1H, Ar—H), 6.80-6.78 (m, 2H, Ar—H), 5.95 (s, 2H,
CHy), 4.57 (d, 1H, J = 4.6 Hz, CHOH), 3.96 (m,1H, CHOH), 2.28 (s, 1H, OH), 1.83 (s, 1H; OH),
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1.11 (d, 3H, J = 6.4 Hz, CH3); 3C NMR (CDCl3, 100.6 MHz): ¢ = 147.9, 147.3, 134.5, 120.3, 108.2,
107.3,101.17, 77.6, 71.4, 17.6; GC/MS (EI) t = 21.95 min: m/z (%) = 196 (M*, 16), 178 (8), 162 (8),
151 (100), 135 (25), 123 (25).

Epoxidation of isosafrole followed by diol 10 isolation (DOE optimal conditions,
batch mode)

Isosafrole 3 (486 mg, 3.00 mmol) was dissolved in EtOAc (12 mL). A 3 M solution of H20> in EtOAC
(3.00 mL, 9.00 mmol) and Novozym® 435 (20 mg) were added to the solution, which was incubated
in a thermoshaker for 4 h at 50 °C. At the end, the enzyme was filtered and the reaction mixture was
quenched first with Na>,SOs, then with NaHCO3 sat. solution. Extraction with EtOAc afforded an
organic phase that was dried (Na2SOa4) and concentrated under reduced pressure, to give a residue
showing the following product distribution by GC/MS analysis: 15% epoxide 8, 10% monoethyl
ethers 11a, b, 16% diols 10, 44% monoacetates 9a, b with 15% unreacted isosafrole isomers (E)- and
(2)-6. STY epoxidation step =38 mmol L1 h2,

The crude product was dissolved in MeOH (15 mL) and an excess of KOH (252 mg, 1.5 equiv.) was
added to the solution. The reaction was refluxed for 1 h. The solution volume was reduced to one
third under vacuum, poured into diluted H2SO4 solution, and extracted with EtOAc. The organic
phase was dried (Na2SOa4) and concentrated under vacuum, to give a residue showing the following
product distribution by GC/MS analysis: 10% monoethyl ethers 11a, b, 75% diols 10, 15% unreacted
isosafrole isomers (E)- and (2)-6. STY hydrolysis = 150 mmol L™t h™2,

Trituration of the solid residue with hexane/EtOAc (8:2) afforded a 3:1 mixture of (R*,S*)- and
(R*,R*)-10 as a pure compound (0.417 g, 71%).

Epoxidation of isosafrole followed by diol 10 isolation (continuous-flow conditions)

An EtOAC solution (final volume 45 mL) of isosafrole (0.2 M) and of H202 (0.6 M) was continuously
added and pumped out at a constant flowrate of 188 pL min* in a 50 mL jacketed stirred tank reactor
containing 45 mL of the same solution and of Novozym® 435 (60 mg) dispersed in the liquid phase.
The residence time inside the reactor was 4 h. The reactor was kept at 50 °C. The system continuously
operated for 24 h. The outlet composition was periodically sampled and analysed by GC/MS during
the first 12 h. The fractions collected from 2 to 12 h (124 mL) were combined, submitted first to work
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up, then to reaction with KOH/MeOH as described in the previous paragraph, in order to recover diol
10 (3.31 g, 68%).

Synthesis of piperonal (batch conditions)

Diol (R*,S*)-10 (200 mg) was dissolved in EtOAc or DCM (17 mL). MnO2 (890 mg) was dispersed
in the solution and reaction was kept under stirring at r.t. for 2 h till diol complete consumption (TLC
and GC/MS). STY =30 mmol L1 h2,

Synthesis of piperonal (continuous flow conditions)

A glass column (6.6 mm i.d., adjustable length) was filled with MnO> (890 mg, 1 cm of bed length).
At each end of MnOy, a layer of celite was added (1 cm). A solution of diol 10 (200 mg) in DCM (17
mL) was flowed into the column at a flowrate of 200 pL min ™! (residence time of 1.7 min). After 85
min reaction time, the column was regenerated by flowing a solution of TBHP 0.24 M in n-decane (1
mL) and DIPEA (1 mL) in DCM (15 mL) at a flowrate of 200 uL min* (85 min). The overall process
consisted in 5 reactions steps and 4 regeneration treatments. The procedure of reaction and
regeneration was repeated four times. The outlet solution (85 mL) was quenched with a saturated
solution of Na>SOz. Between oxidation and regeneration, the column was washed by flowing DCM
at 1 mL min~* for 5 min. The collected solution contained 60% piperonal and 40% of unreacted diol
10 (GC/MS). Piperonal was recovered by column chromatography with a final yield of 52% (0.398

0).

'H NMR (CDCls, 400 MHz) [4]: 6 = 9.82 (s, 1H, COH), 7.41 (dd, 1H, J1 = 7.9 Hz, J> = 1.6 Hz, Ar—
H), 7.34 (d, 1H, J = 1.6 Hz, Ar—H), 6.93 (d, 1H, J = 7.9 Hz, Ar—H), 6.08 (s, 2H, CH>); 3C NMR
(CDCls, 100.6 MHz): 6 = 190.2, 154.1, 148.7, 131.9, 128.6, 108.3 m 106.8, 102.1; GC/MS (EI) t, =
15.30 min: m/z (%) = 149 (M* —1, 100), 135 (1), 131 (1), 124 (1), 121 (40).

References

[1] Walton, J.H.; Lewis, H.A. The partition coefficients of hydrogen peroxide between water and certain
organic solvents. J. Am. Chem. Soc. 1916, 38, 633-638.

[2] Pinkernell, U.; Effkemann, S.; Karst, U. Simultaneous HPLC determination of peroxyacetic acid and
hydrogen peroxide. Anal. Chem. 1997, 69, 3623-3627.

192



Appendix

[3] Yamazaki, S. An effective procedure for the synthesis of acid-sensitive epoxides: use of 1-methylimidazole
as the additive on methyltrioxorhenium-catalyzed epoxidation of alkenes with hydrogen peroxide. Org.
Biomol. Chem. 2010, 8, 2377-2385.

[4] linuma, M.; Moriyama, K.; Togo, H. Oxidation of alcohols to aldehydes or ketones with 1-acetoxy-1,2-
benziodoxole-3(1H)-one derivatives. Eur. J. Org. Chem. 2014, 772-780.

193



Appendix

Chapter 5

Supplementary Information

Evaluation of the molar ratio between triglycerides and free fatty acids in samples of

high oleic sunflower soapstock

A suitable sample of soapstock (1 g) was dispersed in distilled water (15 mL). The value of pH was
lowered from 10 to 6 by adding a diluted solution of H3POs, then the mixture was extracted with
EtOAc, dried over Na,SO4 and evaporated under vacuum. The molar ratio between triglycerides and
free fatty acids was estimated by *H NMR by considering the integrals of the following signals: 4.40-
4.00 ppm, multiplet of the 2 CH> units of triglycerides, 2.38-2.24 ppm, multiplet of the CH> units of
triglycerides (3 units) and free fatty acids (1 CH2 unit) in a position with respect to the carboxylic
moiety. The analyzed samples always showed an equimolar quantity of triglycerides and free fatty

acids.

The 3P NMR spectrum recorded in CDClz showed the lack of any phospholipid. A representative *H
NMR spectrum of a sample of high oleic sunflower oil soapstock is shown below.

IH NMR of high oleic sunflower soapstock:

"BCl09 WU" 2 1 C:\Users\brenna\Dropbox\SOAVE_Z\Testo\NMR

15 [rel]

4.0000
9.5409
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Evaluation of the molar distribution of the main fatty acids in the mixtures obtained

by enzymatic splitting of samples of high oleic sunflower soapstock

A suitable sample of soapstock was submitted to enzymatic hydrolysis according to the procedure
reported in the main text. The molar distribution of the main fatty acids contained in each sample was
estimated by *H NMR by considering the integrals of the following signals: 2.83-2.71 ppm, 1 CH>
unit between the two C=C double bonds of polyunsaturated acids (mainly linoleic acid); 2.41-2.23
ppm, 1 CH2 unit in o position with respect to the carboxylic moiety of all free fatty acids; 2.09-2.14
ppm, 2 CH: units in allylic position with respect to the C=C double bond of monounsaturated fatty
acids (mainly oleic acid) and polyunsaturated acids (mainly linoleic acid). The following distributions
were obtained: 80-87% monounsaturated fatty acids (mainly oleic acid), 9% polyunsaturated fatty
acids (mainly linoleic acid), 4-11% saturated acids (mainly palmitic and stearic acids). These results

were confirmed by GC/MS analysis of the corresponding mixture of methyl esters.

A representative example of *H NMR spectrum of the mixture of free fatty acids recovered from high
oleic sunflower oil soapstock is shown below.

'H NMR, mixture of free fatty acids obtained by enzymatic hydrolysis of a sample of high oleic
sunflower oil soapstock:

T
[rel]
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Factorial design - Enzymatic epoxidation of hydrolyzed soapstock

@ Conversion calculated on the basis of GC/MS analysis

Conversion to

Oleic acid [g N435 [g L Y] H202 T oleic acid epoxide
n° run L] [% viv] [°C]
% [%]*

X1 Xs Xs y
1 10 2 10 30 12
2 10 1 40 30 3
3 50 1 40 30 17
4 50 1 40 30 21
5 10 1 10 30 5
5 10 1 40 50 21
. 10 1 10 50 15
8 10 1 40 30 5
9 10 2 40 50 25
10 50 2 10 S0 30
11 50 1 10 S0 24
12 10 1 40 50 20
13 50 1 40 >0 10
14 10 2 40 S0 10
15 50 2 10 S0 o
16 10 1 10 S0 10
17 10 2 10 30 10
18 50 1 10 S0 30

196



Appendix

19 10 2 40 30 7

20 50 2 40 30 39
21 50 1 10 30 14
22 50 1 40 50 30
23 10 2 40 30 3

24 50 2 40 50 34
25 10 2 10 50 30
26 50 2 10 30 32
27 50 2 40 30 42
28 10 1 10 30 5

29 50 1 10 30 23
30 50 2 10 30 39
31 10 2 10 50 30
32 50 2 40 50 38

Table S1. Factorial design for the enzymatic epoxidation of oleic acid from hydrolyzed soapstock.

A four-variables (oleic acid and H>O> concentrations, temperature, and enzyme amount) factorial

design, with a replicate for each point, was designed and analyzed through Minitab. We considered a

range of 10-50 g L of oleic acid concentration that corresponded to 12-60 g L™ of hydrolyzed

mixture. As for the other conditions, we chose to evaluate system response to temperature (30-50 °C),

hydrogen peroxide concentration (1-4 % v/v referred to 35% w/w ag. solution), Novozym® 435 (1-2

g L. The final reaction volume was 15 mL. All the 32 reactions were left in a thermoshaker at a

certain temperature for 5 h. The reactions were quenched with a saturated solution of NaHSOs,

extracted with EtOAc and dried over Na.SO4. Conversion of oleic acid into the corresponding

epoxide was analyzed as system response and was evaluated by GC/MS analysis after treating

samples with MeOH and trimethylsilyldiazomethane.
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Figure S1. Contour plot of conversion [%] as a function of oleic acid and Novozym® 435 concentration [g L] evaluated
at a temperature of 30 °C. Lines refer to constant conversion, and the value is reported on the labels.
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Figure S2. Contour plot of conversion [%] as a function of oleic acid and Novozym® 435 concentration [g L] evaluated
at a temperature of 50 °C. Lines refer to constant conversion, and the value is reported on the labels.
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Figure S3. Coefficient plot of variable effects (first and second order); red=positive effect; light blue=negative effect.

Factorial design - Oxidative cleavage of oleic acid diol

@ Conversion calculated on the basis of GC/MS analysis.

Hydroxy- )
AcOEt NaClO ) Pelargonic
n° run oxo-stearic ]
[mL] 10%[mL] ) Acid%?
acid%o @

1 13 10 8% 55%
2 5 4 5% 15%
3 13 4 6% 28%
4 5 10 6% 19%
5 13 10 7% 37%
6 5 4 6% 15%
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7 13 4 3% 37%

8 5 10 3% 18%

Table S2. Factorial design for oxidative cleavage of oleic acid diol.
For all the experiments we submitted 50 mg of oleic acid diol and 1 mg of Triton-X. The reactions
were run in duplicates. All the 8 reactions were left in a thermoshaker (170 rpm) at the controlled

temperature of 45°C for 24 h.

10 T T T T T T T
9t ® -
>
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0
5 - -
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Figure S4. Contour plot of conversion [%] as a function of ethyl acetate and sodium hypochlorite volume [mL]. Lines
refer to constant conversion, and the value is reported on the labels.
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EtOAc NaClO EtOAc*NaCIO

Figure S5. Coefficient plot of variable effects (first and second order); red=positive effect; light blue=negative effect.
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Experimental Part

General analytical methods

'H and *C NMR spectra were recorded on a 400 or 500 MHz spectrometer in CDCl3 or CD30D
solution at r.t.. The chemical shift scale was based on internal tetramethylsilane. GC/MS analyses
were performed using an HP-5MS column (30 m x 0.25 mm x 0.25 pum, Agilent Technologies Italia
Spa, Cernusco sul Naviglio, Italy). The following temperature program was employed: 50 °C/10 °C
min~t /250 °C (5 min)/50 °C min™* /300 °C (10 min). The samples for GC/MS were treated with
MeOH and trimethylsilyldiazomethane 10% in hexane, to derivatize carboxylic acids by
transformation into the respective methyl esters.

General procedure for lipase-mediated hydrolysis of soapstock

Soapstock (10 g) was suspended in distilled water (30 mL). The initial pH was found to be 10.0. The
lipase Eversa Transform 2.0, a liquid lipase from Thermomyces lanuginosus (100 mg, 1% w/w) was
then added to the suspension. The reaction was kept under mechanical stirring for 12 h atr.t. in a two-
neck round-bottom flask. Conversion was monitored by *H NMR. At the end of the reaction, the pH
value was 8.0. A diluted solution of H3PO4 (8% v/v) was added to the suspension to a final pH 4.5-
5.0. The organic phase was recovered by centrifugation (5000 rpm, 25°C, 20 min), yielding a mixture
of free fatty acids (4.50 g, final yield 45% w/w), showing the following composition, obtained by *H
NMR analysis and confirmed by GC/MS analysis of the corresponding methyl esters (see
Supplementary Information, Appendix Chapter 5): 80-87% oleic acid, 9% linoleic acid, 4-11%

saturated acids (mainly palmitic and stearic acids).

Epoxidation of hydrolyzed soapstock (factorial design analysis)

A 2* full factorial experimental design was applied to the epoxidation of the mixture of FFAs,
containing 83% oleic acid derived from soapstock hydrolysis to study the influence of temperature,
enzyme load, oleic acid and hydrogen peroxide concentration on final conversion. The conversion
percentage of oleic acid into the corresponding epoxide (Y) was taken as response, while the four
parameters (X1-X4) and their levels were: oleic acid concentration, X1 (10-50 g L™, corresponding to

12-60 g L of hydrolyzed mixture); Novozym® 435 load, X2 (1-2 g L™); hydrogen peroxide 35% w/w
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concentration, Xz (1-4 % v/v), temperature X4 (30-50°C). All the experiments were conducted in
duplicates, for a total of 32 reactions. The final reaction volume was 15 mL. All the 32 reactions were
left in a thermoshaker at the controlled temperature for 5 h. The reactions were quenched with a
saturated solution of Na»,SOs, extracted with EtOAc and dried over Na;SO4. Conversion of oleic acid
into the corresponding epoxide was analyzed as system response and was evaluated by GC/MS
analysis after treating samples with MeOH and trimethylsilyldiazomethane. Data were processed
using Minitab and the following multivariate regression model was obtained: Y = 21.7 + 8.2-X1 +
5.4-X2 — 0.53:X3 + 4.4-X4 + 2.34-X1-X2 — 0.15-X2-X3. The table of factorial plan and response and the

factorial design analysis graphs are reported in Supplementary Information, Appendix Chapter 5.

Epoxidation of hydrolyzed soapstock followed by diol isolation (batch conditions)

The mixture of fatty acids recovered from the enzymatic splitting of soapstock (0.9 g) was dispersed
in acetonitrile (15 mL). Then, ag. H20, 35% (150 pL, 1% v/v) and Novozym® 435 (30 mg, 2 g L™Y)
were added. The reaction was left in a thermoshaker at 50 °C for 5 h. The enzyme was removed by
filtration and the reaction quenched with a saturated solution of saturated Na SOz (1 mL), extracted
with EtOAc and dried over NaxSO4. Conversion of oleic acid into the corresponding epoxide was
analyzed as system response and was evaluated by GC/MS analysis after treating samples with MeOH
and trimethylsilyldiazomethane. Oleic acid conversion to epoxide corresponded to 40%. A diluted
solution of sulfuric acid 2 M (100 pL) was added to the mixture causing diol 4 precipitation as a white

solid that was recovered by filtration (293 mg, yield 35%).

Epoxidation of hydrolyzed soapstock followed by diol isolation (continuous-flow

conditions)

The mixture of fatty acids recovered from the enzymatic splitting of soapstock (9.6 g) was dispersed
in acetonitrile (160 mL), stirred in a shaker overnight at 50 °C, then cooled. The insoluble residue
was filtered (1.3 g) and the solution obtained had a final concentration of 52 g L™, corresponding to
43 g L ! of oleic acid (83% of total FAAs). Aqueous H,02 35% (1.6 mL, 1 % v/v) was added. A
portion of this solution (45 mL) was introduced into a 50 mL jacketed stirred tank reactor, containing
Novozym® 435 (90 mg, 2 g L™) and kept at the constant temperature (50°C) by means of a thermostat.
The remaining solution was continuously pumped into the reactor at a constant flowrate (150 pL min~

1) by two peristaltic pumps, corresponding to a residence time of 5 h. A suction solvent filter for
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HPLC was placed at the suction tube to avoid tube blocking caused by enzyme beads. The system
continuously operated for 12 h, and the outlet composition was periodically sampled and analysed by
GC/MS. The fractions corresponding to a conversion in the range of 40-60% (from 2 to 12 h, 100
mL) and the volume inside the reactor (44% conversion, 45 mL) were collected (total volume 145
mL) and quenched by adding a saturated solution of Na2SOs (6 mL). A diluted solution of sulfuric
acid 2 M (2.5 mL, 0.25 eq.) was added to the mixture causing diol 4 precipitation as a white solid that
was recovered by filtration (3.3 g, yield 47%): *H NMR (CDsOD, 400 MHz) [1]: 6 = 3.45-3.35 (2H,
m, 2CHOH), 2.29 (2H, t with J = 7.4 Hz, CH.COOH), 1.70-1.15 (26H, m, 13 CH>), 0.97-0.82 (3H,
m, CHs). *C NMR (CDsOD, 100.6 MHz) [1]: 6 = 177.6, 75.29, 75.26, 35.0, 34.0, 33.9, 33.0, 30.8,
30.7, 30.6, 30.42, 30.37, 30.2, 27.04, 26.96, 26.1, 23.7, 14.4. GC/MS (EI) as a methyl ester, obtained
by treatment with MeOH and trimethylsilyldiazomethane 10% in hexane, tr = 23.85 min: m/z (%) =
294 (M* - 36, 1), 187 (48), 155 (100), 138 (30).

Oxidative cleavage of threo-9,10-dihydroxystearic acid (4) to azelaic and pelargonic

acid (factorial design)

Oxidative cleavage of diol 4 (50 mg) to azelaic and pelargonic acids was performed in a biphasic
EtOAc/ag. NaClO solution using Triton X-100 (1 mg) as phase transfer catalyst. The influence of
EtOAc and NaClO on the conversion was analyzed through a 22 full factorial experimental design.
The amount of diol 4 converted into pelargonic acid, azelaic acid and hydroxy-oxostearic acid isomers
was taken as system response (Y). The two factors (X1, X2) and their levels were: 5-13 mL for EtOAc
(X1) and 4-10 mL for NaClO (Xz). All the experiments were conducted in duplicates, for a total of 8
reactions. The reactions were kept at 45°C for 24 h. The organic layer was then quenched with a
saturated solution of Na,SO3z and dried over Na,SO4. Conversion of diol 4 into converted into
pelargonic acid, azelaic acid and hydroxy-oxostearic acid was analyzed by GC/MS after treating
samples with MeOH and trimethylsilyldiazomethane. Data were processed using Minitab and the
following multivariate regression model was obtained: Y =33.5+ 11.75-X1 +4.75-X2 + 3.5-X1-X2. The
table of factorial plan and response and the factorial design analysis graphs are reported in

Supplementary Information, Appendix Chapter 5.
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Oxidative cleavage of threo-9,10-dihydroxystearic acid (4) to azelaic and pelargonic

acid (continuous-flow conditions)

Diol 4 (50 mg; 0.16 mmol) and Triton-X 100 (1 mg) were added to EtOAc (13 mL). Diol
solubilization was ensured by keeping the solution in a thermoshaker (170 rpm) at 50°C for 1 h. This
organic solution was pumped at 120 pL min~* and was mixed in a T-junction with a solution of NaCIO
10% (10 mL) pumped at a flowrate of 100 pL min™? for a total flowrate of 220 uL min™* corresponding
to a residence time of 45 min. The segmented biphasic flow entered a 10 mL heated tubular coil kept
at 45°C. The mixture collected at the outlet was quenched by adding a sat. NaSOz ag. solution, and
the composition of the organic phase was evaluated by GC/MS analysis after derivatization with
MeOH and trimethylsilyldiazomethane: 80% of 6a,b isomers, 10% dioxo derivative 5, 10% diol 4.
The organic phase was flowed again through a 10 mL tubular coil at the same flowrate and
temperature with fresh aq. NaClIO 10% solution. The mixture at the outlet was recovered and the still
warm organic phase was separated, cooled to r.t. washed first with aq. Na2SOs, then with water, dried
(NazS04), and concentrated under reduced pressure to afford pelargonic acid (25 mg, 88%): *H NMR
(CDCls, 400 MHz, ppm): [2] 6 =9.81 (1H, s, COOH), 2.37 (2H, t with J = 7.5 Hz, CH,COOH), 1.75-
1.2 (12H, m, 6CH>), 0.80 - 0.95 (3H, m, CHs). *C NMR (CDCls, 100.6 MHz, ppm):[2] § = 180.3,
34.2,31.9,29.3,29.23, 29.21, 24.8, 22.8, 14.2; GC/MS (EI) as a methyl ester, obtained by treatment
with MeOH and trimethylsilyldiazomethane 10% in hexane, t;= 9.33 min: m/z (%) = 172 (M*, 0.5),
141 (15), 129 (18), 87 (45), 74 (100). The aqueous phase was treated with aq. Na2SOs, acidified with
HCI 10% and extracted with EtOAc. The combined organic phases were dried (Na2SO4), and
concentrated under reduced pressure, to obtain azelaic acid (23 mg, 76%): *H NMR (CDsOD, 400
MHz, ppm): [3] = 2.28 (4H, t with J = 7.4 Hz, 2CH,COOH), 1.75 - 1.55 (4H, m, 2CH>), 1.4 -1.2
(6H, m, 3CH,). *C NMR (CD30D, 100.6 MHz, ppm):[3] 6 =177.5, 34.9, 29.97, 29.93, 26.0. GC/MS
(El) as a methyl ester, obtained by treatment with MeOH and trimethylsilyldiazomethane 10% in
hexane, tr= 13.9 min: m/z (%) = 185 (M* — 31, 55), 152 (100), 143 (47), 111 (63).
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