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Abstract

In this dissertation, the effect of mesoscopic structuring in surfactant-free microemulsions
(SFMESs) on organic reactions has been investigated. The work includes the characteriza-
tion of different solvent systems as well as the performance and analysis of different reac-
tion types with relevance for industrial applications. Micellar and unstructured solutions are
considered to interpret the influence of the presence of an interface on the reactions. Be-

sides the impact of solvent structuring, the focus is on the selection of sustainable systems.

In the first chapter, the photochemical synthesis of flavors from plant material is investigated
in food-grade solvent systems. It is found that the presence of an interface does not give a
competitive edge but that the great extraction and solubilization power of an SFME can be
advantageous. In order to gain more information on the relevance of an interface, reactions
reported in aqueous micellar solutions are investigated. Hence, the second chapter consid-
ers a cascade reaction combining chemo- and biocatalysis. The successful transfer to both
SFMEs and unstructured solvents demonstrates once more that the mesoscopic interface
is not the crucial parameter. Rather the solubilization and stabilization of the reactant com-
ponents are the key points. The same is observed in the third chapter, which deals with the
replacement of a micellar solvent in a 1,4-addition reaction by binary and ternary mixtures
with different extend of solvent structuring. In the fourth chapter, cross-coupling reactions
are performed in water using the green additive meglumine as a solubilizer and activator.
Moreover, a promising organic photocatalyst is dissolved in water by means of the additive.
The fifth chapter presents the idea and initial promising experiments on the optimization of

the properties of a photocatalyst by mesoscopic interfaces.

The last two chapters do not directly deal with reactions but with topics that are generally
relevant for their optimization. The sixth chapter describes the detailed investigation of bi-
nary solvent mixtures, which exhibit significant solubilization power. For this purpose,
COSMO-RS-based predictions are combined with scattering and dielectric relaxation spec-
troscopy experiments. In the seventh chapter, ternary phase diagrams are predicted by
means of COSMO-RS calculations. In addition to the predictions of critical points and tie

lines, a method is suggested for predicting the compositions of mesoscopic structuring.
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Zusammenfassung

Im Rahmen dieser Dissertation, wird der Einfluss mesoskopischer Strukturierung in Tensid-
freien Mikroemulsionen (TFME) auf organische Reaktionen untersucht. Die Arbeit beinhal-
tet die Charakterisierung verschiedener Losungsmittelsysteme sowie die Durchfiihrung und
Analyse verschiedener Reaktionstypen mit Relevanz fir industrielle Anwendungen. Zur In-
terpretation des Einflusses von Grenzflachen werden auch mizellare und unstrukturierte
Lésungen herangezogen. Neben dem Einfluss der Strukturierung von Losungsmitteln liegt

der Fokus auf der Wahl nachhaltiger Systeme.

Im ersten Kapitel wird die photochemische Synthese von Aromen aus Pflanzenmaterial un-
tersucht. Es stellt sich heraus, dass eine Grenzflache keinen entscheidenden Vorteil bringt.
Dahingegen konnen sich die besonderen Extraktions- und Solubilisierungs-Eigenschaften
von TEMEs als vorteilhaft erweisen. Um genauere Informationen uber die Relevanz von
Grenzflachen zu erhalten, werden Reaktionen untersucht, die bereits in mizellaren Losun-
gen durchgefiihrt wurden. Im zweiten Kapitel werden daher die Kopplung von Ubergangs-
metall- und Biokatalyse betrachtet. Die erfolgreiche Uberfiihrung in sowohl TFME als auch
unstrukturierte Losungen zeigt erneut, dass mesoskopische Grenzflachen nicht den ent-
scheidenden Parameter darstellen. Vielmehr ist es eine Frage von Lésen und Stabilisieren
der Reaktionskomponenten. Gleiches istim dritten Kapitel zu beobachten, das sich mit dem
Ersetzen von mizellaren Lésungen in 1,4-Additionsreaktionen durch binare und ternare Mi-
schungen unterschiedlich starker Strukturierung beschéftigt. Im vierten Kapitel werden
Kreuzkopplungen in Wasser durchgefiihrt, unter Verwendung des griinen Additivs Meglu-
min. Meglumin dient dabei sowohl als Losungsvermittler als auch als Aktivator. Zudem wird
ein vielversprechender organischer Photokatalysator durch das Additiv in Wasser geldst.
Das funfte Kapitel zeigt die Idee auf, die Eigenschaften eines Photokatalysators durch me-
soskopische Grenzflachen zu optimieren. Erste vielversprechende experimentelle Ergeb-
nisse werden diskutiert. Die letzten beiden Kapitel behandeln keine Reaktionen, aber The-
men, die ganz allgemein flr deren Optimierung relevant sind. Das sechste Kapitel be-
schreibt detaillierte Untersuchungen bindrer Losungsmittelmischungen, die eine ausge-
pragte Solubilisierungskraft aufweisen. Zu diesem Zweck werden Vorhersagen basierend
auf dem COSMO-RS-Modell mit Lichtstreuung und dielektrischer Relaxationsspektroskopie
kombiniert. Im siebten Kapitel werden ternare Phasendiagramme mithilfe von COSMO-RS
vorhergesagt. Neben der Vorhersage von kritischen Punkten und Konoden wird eine Me-
thode zur Vorhersage der Lage von mesoskopischen Strukturen im Phasendiagramm vor-
gestellt.
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Prologue

Chapter O Prologue

0.1 Introduction

Synthetic chemistry allows the creation of value-added products, which significantly con-
tributes to the overall quality of life. For economic, energy-saving, and environmentally be-
nign productions, catalysis plays a crucial role. Hence, catalytic processes are applied for
80 % of the chemicals produced worldwide.'? As a cheap and sustainable solvent, water is
attracting more and more attention as a potential reaction solvent. In this context, structured
aqueous solutions are often considered due to their interesting features.® In the following, a

brief description of the structured systems discussed in this work is provided.

A well-studied structured system applied for reactions is given by micellar solutions. Long-
chain amphiphilic molecules, so-called surfactants, can shape spherical aggregates (direct
micelles) in water, which results in the formation of a hydrophobic core (see Figure 0 - 1).
Unlike in the absence of an amphiphile, the addition of oil does not necessarily result in
macroscopic phase separation. Rather, the oil is solubilized in the micellar hydrophobic
core, forming a transparent, thermodynamically stable oil-in-water microemulsion
(o/w pE).35

hydro
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Figure 0 - 1: Schematic illustration of a ternary phase diagram of water, surfactant, and oil with the corresponding
mesoscopic structuring: direct micelles, oil-in-water microemulsion (o/w PE), bicontinuous microemulsion (bi-
continuous UE), water-in-oil microemulsion (w/o UE), and reverse micelles. The figure is inspired by the work of
Krickl.® In addition, the 3D representation of the bicontinuous HE is taken from Mihailescu et al. and reprinted
with the permission of AIP Publishing.”
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The same is observed for water-in-oil microemulsions (w/o YE) containing reversed mi-
celles. In the transition from o/w to w/o UE, three-dimensional sponge-like structures (bicon-
tinuous UE) are present. Thus, depending on the composition of the components, different
mesoscopic structures ¢ 5-100 nm) are formed in ternary systems of water, surfactant, and
oil. Although surfactants strongly tend to go to the oil-water interface, the structures experi-
ence a dynamic exchange of surfactant molecules between the interface and the outer
pseudo-phase. The swollen micelles can even dissolve and reform again. Typically, the

processes occur within ps to ms.>68/10

Molecular
. Solution
\\\‘

7
0.6
1-Octanol

Figure 0 - 2: Ternary phase diagram of water, ethanol, and 1-octanol with snapshots of the molecular distribution
in the three mesoscopic structured regions (pre ouzo (oil-in-water), bicontinuous (BIC) and reverse aggregates
(water-in-oil)). The figure is taken from Lopian et al., modified in its representation, and reprinted with permission
of ACS.1!

In industry, micellar solutions and microemulsions find several applications, including en-
hanced oil recovery, cleaning, cosmetics, and syntheses - to mention just a few.? However,
t he sur f act adancyscdadsserb at ioterfgcest canrraise problems, such as foam-
ing, complicated recycling, poor biodegradability, and (eco)toxicity.® For this reason, surfac-
tant-free microemulsions (SFMEs) have received increasing attention in recent
decades.*®** In SFMEs, the amphiphilic molecule is represented by a hydrotrope. Contrary
to long-chain surfactants, short-chain hydrotropes are only weakly amphiphilic, commonly
better biodegradable, and less foaming. Some hydrotropes, such as t-butanol, pre-aggre-
gate in water, however, the aggregates are rather loose accumulations than micellar-like
defined structures. The addition of an oil enforces or induces mesoscopic structuring (see
Figure 0 - 2).51617 As it is the case for surfactant-based microemulsions (SBMESs), o/w HE
(pre ouzo region), bicontinuous structuring (BIC), and w/o UE (reverse aggregates) can be

distinguished. The aggregates are expected to be at least 103 times more dynamic than

2
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micellar aggregates and are a few nanometers up tox 100 nm in size.®1181° As it is shown
by the snapshots in Figure 0 - 2, the hydrotrope is less pronounced to accumulate at the
interface and, therefore, also distributed over the pseudo-phases.®!'® Qverall, larger
amounts of the amphiphile are required to close the miscibility gap compared to surfactant-
based systems. Nevertheless, recovery of the individual components is facilitated, in par-
ticular for volatile hydrotropes like short-chain alcohols. Moreover, phase separation can be
induced easily by the addition of water and oil, respectively, or the cleavage of components
by changes in temperature and/or pH.%2° Consequently, SFMEs exhibit potential for usage
in extractions, reactions, and in general for the solubilization of poorly water-soluble sub-

stances like drugs.®13:21123

0.2 (Bio-)Catalysis in aqueous, structured solutions 1

State of the art

A well-known application of mesoscopic structured solutions is their usage as reaction sol-
vents in biocatalysis.?4'3! Martinek et al. pioneered the field with their research in solutions
of hydrated reverse micelles in the year 1977.26273032 |n SBME, a hydrophilic enzyme is
entrapped in an agueous pseudo-phase within reverse micelles, which are dispersed in a
continuous oil medium. The so built nanoreactors protect the enzyme against denaturation
by the non-aqueous solvent, while improving the solubility of hydrophobic substrates. Sur-
face-active enzymes can be localized at the micellar interface. The surface-active lipases
are most commonly studied in microemulsions due to their great stability and activity in
these systems.2427:29131.33 |n the structured solvents, enzyme activities greater than in pure
aqueous buffer solutions are reported. This so-called superactivity is explained by confor-
mational changes of the entrapped enzyme, the state of the micellar water, and/or an ionic
effect of the surfactant head groups.?313435|n 1987, Khmelnitsky presented the SFME sys-
tem of water, isopropanol, and hexane as a suitable reaction solvent for biocatalytic reac-
tions.®® In the following years, several publications documented the successful performance
of enzymatic reactions in SFMEs.?3"'4" Accordingly, the less defined and more dynamic
aggregations are sufficient to maintain the stability and catalytic activity of an enzyme. How-
ever, to our knowledge, no superactivity has been reported in SFMEs so far. Most of the
systems published are composed of water, a short-chain alcohol such as 1-propanol, iso-
propanol, and t-butanol, and an oil. Product isolation is thus facilitated compared to the

surfactant-based systems.®31:3641

Another interesting application of structured solvents is given by the template syntheses of

polymers and nanoparticles.*®*° Hydrophobic monomers can be dissolved in the core of
3
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micelle-like aggregates, forming an o/w PUE. The compartmentation thus allows size control
during a polymerization process, which results in a narrow size distribution.*%5° Further-
more, the size and shape of nanopatrticles are controllable during syntheses in the droplets
of a microemulsion.*® Due to the described drawbacks of surfactants, surfactant-free sys-
tems are attracting more and more attention in this field as well. However, there are currently
only a few publications on the synthesis of both polymers and nanopatrticles in SFMEs,

although initial publications have already provided the proof of concept.5' 5

Furthermore, structured solutions are more and more applied as reaction solvent for organic
cross-coupling reactions.>®' 57 In general, cross-coupling reactions are widespread in indus-
try, including pharmaceutical, agrochemical, and fine chemical industry. The synthesis of
many chemicals and products thus involves coupling reaction steps, which explains its
prominent role in both industry and research.®% Commonly, these reactions are carried
out in organic solvents. In order to transfer the reactions to water despite poor water solu-
bility of several substrates and catalysts, micellar solutions are often the method of
choice.%"5761 Besides the enhancement of solubilities, the reaction rate and reactivity can
be improved as a result of the compartmentation of the reactants. The reduction of dimen-
sionality can also positively affect the reaction selectivity.®’:%? Lipshutz and co-workers have
contributed significantly to this field of research in recent years. They develop designer sur-
factants suitable for micellar catalysis in water.663%¢ |n particular the surfactant DL-U-to-
copherol methoxypolyethylene glycol succinate (TPGS-750-M, discussed in Chapters 2, 3)
has proven its applicability regarding aqueous cross-coupling reactions in several publica-
tions.®3¢7 71 The surfactant is declared to be environmental benign. In addition, to overcome
technical issues arising from the general foaming properties of surfactants, the low-foaming
designer surfactant Coolade has been developed.®*®* Lipshutz et al. demonstrated that the
synthesis of designer surfactants can eliminate common issues connected to the usage of
surfactants, such as poor biodegradability and foaming.®3®* Nevertheless, the synthesis of
the complex surfactants appear to be laborious and includes the usage of harmful chemi-
cals.53¢466 Moreover, the great affinity for interfaces and surfaces may cause problems dur-
ing the processing, even when foaming is reduced. The substitution with surfactant-free
solutions, hence, seems to be beneficial. However, to the best of our knowledge, no suc-
cessful organic cross-coupling reactions have been reported in SFMEs yet. The same is
observed for photocatalytic conversions. Krickl et al. compared the photocatalytic oxidation
of benzyl alcohol in surfactant-free solutions with different extends of structuring. The stud-
ies revealed a negative impact of the compartmentation in the SFME, which seems to sep-
arate the catalyst from the substrate.’? In micellar solutions, successful photocatalytic trans-

formations are reported.627374
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The research in surfactant-based systems goes even further, combining chemo- and bio-
catalysis in one pot. Several of these cascade reactions are reported in agueous micellar
solutions. Especially the already mentioned designer surfactant TPGS-750-M is frequently
applied for this purpose. So far, mainly transition metal-catalyzed reactions are coupled with
enzyme-catalyzed reactions.®>75'8! Here, metal catalysts can denature enzymes. Accord-
ingly, in addition to the aforementioned advantages, the structuring allows protection of the
enzyme from denaturation by the components of the chemocatalytic step.’®82 The literature
on photocatalysis coupled with biocatalysis in aqueous solution is currently rather limited
but existent. 88 To our knowledge, there are no photoenzymatic cascade reactions re-
ported in micellar solutions. This is attributed to the novelty of this field. Furthermore, no
literature is found on cascade reactions in aqueous SFMEs, which is reasonable due to the
lack of work on organic reactions in these systems. The reported photocatalytic reactions
performed in water in the absence of an amphiphile contain organic solvents such as dime-
thyl sulfoxide and acetonitrile.®%8 Moreover, some reaction protocols included the usage
of whole cells to achieve a compartmentalization required for enzyme protection from chem-

ical reagants. 8188

0.3 Goals of this research

Based on the state of knowledge presented above, the following questions have arisen.

Answering these questions is thus the aim of this work.

x  Can micellar solutions, which are applied as an aqueous reaction solvent, be re-
placed by simple and green SFMESs? In this context, the leap from model-type reac-
tions to challenging (organic) reactions relevant to the industry is made. Further-
more, the focus is on substituting expensive and complex designer surfactants.

x  Which reaction types require which type of interface, and for what reason? Or be-
yond solvent structuring, what is decisive for the successful performance of organic
reactions in water?

x Do SFMEs possess some unique advantages over micellar solvents with regard to
organic reactions in water? The positive impact on the solvent recycling process
appears rather evident, as is the usage of cheap and green compounds. But can the
more dynamic interfaces also positively influence the reaction mechanism?

x  Which promising industrial applications for SFMEs result from this in the synthetic

chemistry?
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In order to elucidate these questions, various topics are discussed, including different
scopes as well as different measuring techniques. For this reason, each chapter is written
independently from the others with individual Abstract, Introduction, Methods, Results and

Discussion, Conclusion and Outlook, Supporting Information, and References.

0.4 Fundamentals and methodology

Explaining all of the methods applied in the different topics and collaborations would go too
far. Dynamic light scattering (DLS) experiments represent the most commonly used method
in this work to detect inhomogeneities in the solvents. In order to monitor the reaction out-
come, nuclear magnetic resonance (NMR) spectroscopy is most frequently applied. Espe-
cially the heteronuclear single quantum coherence (HSQC) experiment is a valuable tool
for quick product verification. For this reason, the methods are described in the following.
Dielectric relaxation spectroscopy (DRS) and theoretical calculations based on the
COSMO-RS model (COnductor-like Screening MOdel for Real Solvents) are not considered
standard methods and are therefore discussed in the respective chapters. The same ap-
plies to the compounds, reactions, and associated issues presented in the chapters.

0.4.1 Dynamic light scattering

Dynamic light scattering (DLS) experiments enable the monitoring of particles and
mesoscale inhomogeneities in solution.®°2 As the name suggests, the method is based on
light scattering, i.e., the change of the direction of the photon through interaction with matter.
Hence, the method is nondestructive and relatively rapid. Figure O - 3(a) illustrates a sim-
plified experimental setup. The dispersed phase is presented by spherical particles.?>% A
laser beam is focused with an approximated diameter of 0.1 mm on the sample, and the
scattered photons are detected with time. The random motion of the particles induced by
Brownian motion results in a time-dependent intensity of the scattered light (see
Figure 0 - 3(b)). Besides the viscosity of the surrounding liquid, the diffusion of the particles
is determined by their size and shape. For spherical, dilute particles, the relationship is given
by the Stokes-Einstein equation (see Figure 0 - 3(c)).%*%4% As a consequence, DLS meas-
urements enable the determination of the hydrodynamic radius of the dispersed patrticles,
assuming a spherical shape. For this purpose, the autocorrelation function of the scattered
intensity "Q T has to be determined, which is connected to the diffusion coefficient O (see
Equation 07 1). The calculations consider the scattered intensity at an arbitrary time 0 (00 )
and the intensity after the lag time T (‘00 1 ).91:9°
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Figure 0 - 3: (a) Simplified representation of the experimental setup of DLS experiments, inspired by the cited
literature.®! (b) Detected intensity fluctuations with respect to the time of measurement. (c) The Stokes-Einstein
equation.®! (d) The determined correlation function.

0 describes the amplitude of the correlation function, 6 the baseline, and fj the magnitude
of the scattering vector withp 1 &_ O E-#¢ . The scattering vector thus depends on
the refractive index of the medium ¢, the incident wavelength _, and the scattering angle —
To ensure an observable light scattering, sufficient contrast has to be given, which is intro-
duced by the difference between the refractive indices of the dispersed phase and the con-
tinuous medium. The intensity of the scattered light is directly proportional to this differ-

ence.5%

goo®w 1O

. ] N . Eq.0-1
Q 500 & 0Qwrmt o P

Buchecker!® and Krickl*! interpreted their DLS experiments in a more qualitative way. They
assumed that a more pronounced mesoscopic structuring is indicated by a higher intercept
of the correlation function for small lag times as well as by larger lag times of the correlation

function.’®! In this work, the DLS measurements are also evaluated qualitatively.
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0.4.2 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a valuable tool applied in several dis-
ciplines, such as chemistry, physics, and biology.®® The method convinces by a nondestruc-
tive and selective detection without extensive sample preparation.®”°¢ The prerequisite for
nuclei to be NMR active is an odd mass number or an odd atomic number, which is the
case for both *H and **C nuclei. Applying an external magnetic field results in the alignment
of the spin of such nuclei due to their inherent magnetic field. The spin can align either
parald iln, U ower ener gy -spih igher)enemy state)ridthe pm
plied magnetic field. In the absence of the magnetic field, both states are equivalent, and
therefore no excitation is possible. But the presence of the magnetic field allows absorbance
of an appropriate radiofrequency radiation, turning an U-spin into the b-spin. The resonance
frequency, i.e., the transition energy, of a nucleus detected in NMR experiments depends
on its electronic environment. The resonance frequency shift (chemical shift), therefore,
provides information on the present functional groups. Moreover, magnetic nuclei can inter-
act with each other, inducing a specific splitting of the signal (J-coupling). Consequently,
information on the molecular structure of a compound can be gathered from NMR experi-
ments by considering the chemical shift in combination with the J-coupling.®”:9°1%° Besides
the qualitative information, quantitative information is accessible since NMR signals are
proportional to the number of the corresponding nuclei. The wealth of information explains

an enormous number of applications and thus publications.97:101104

(@)

13C

Figure 0 - 4: Exemplary illustration of HSQC-NMR spectra as contour plot (a) or 3D representation (b).

A problem arising particularly for larger molecules and mixtures is an increasing overlap of
the signals in *H-NMR spectra. In this case, 2-dimensional NMR experiments can provide
the solution. The 2D NMR technique applied in this work is the heteronuclear single quan-
tum coherence (HSQC) NMR. The method detects one-bond *3*C-'H connectivity (see

8
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Figure O - 4). Accordingly, only carbons directly bound to a proton are monitored, and vice
versa. The second dimension allows for improved peak assignment and differentiation of
peaks that overlap in the corresponding 1D *H-NMR spectra. Complex organic molecules
can be analyzed in this way. In the experiment, advantage is taken from the higher sensi-
tivity of *H compared to *3C. For this purpose, *H is excited first, and the spin polarization is
transferred to 3C. The *H has a significantly higher natural abundance (99.985 %) than the
13C (1.108 %) and a greater magnetogyric ratio [ , which correlates with a higher energy
difference between the spin levels and, thus, a greater difference in their population. Trans-
ferring the magnetization of the *H to *C, therefore, increases the sensitivity of the experi-
ment. As shown in Equation 07 2, the sensitivity “Ydepends on both the magnetogyric ratio

of the excited nucleus| and of the detected nucleust  .%6:99.104

Yo ot 7 Eq.0-2

Accordingly, the spin polarization of the sensitive 'H is transferred to the insensitive *C,
and after performing the desired spin manipulations, a back-transfer follows to the *H nuclei,
which are detected (inverse technique). A more detailed description of the transfer and the
pulse sequences is beyond the scope of this thesis, but further information can be found in

the cited literature.96:99.1041106
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extract from curcuminoids

1.0 Abstract

K

Bl VANILLA FLAVOR

L

b

<

4

a

<

-~

=

2

s

<

g

o CURCUMINOIDS

i}

§ o o

§ R! ~ > R?
D

3 HO g ‘ oH

Figure 1 - 1: Graphical abstract illustrating the production of natural-like vanilla extract from the plant Curcuma
longa instead of Vanilla planifolia.

The demand for natural vanilla extract, and vanillin in particular, by far exceeds the current
production, as both the cultivation of vanilla beans and the extraction of vanillin are labori-
ous. For this purpose, most vanillin used today is produced synthetically, contrary to the
general trend toward bio-based products. The present study deals with the synthesis of
nature-based vanillin, starting with the more accessible rhizomes of the plant Curcuma
longa. Besides vanillin, vanillic acid and p-hydroxybenzaldehyde are synthesized that way,
which are also found in the natural vanilla bean. The extraction of the curcuminoids and,
finally, their conversion to the flavors are performed using visible light and food-grade chem-
icals only. A binary mixture of ethanol and triacetin, as well as a surfactant-free microemul-
sion consisting of water, ethanol, and triacetin, are investigated in this context. The results
exceed the literature values for Soxhlet extraction of vanilla beans by a factor > 7. Besides,
the impact of different parameters on the reaction, including solvent structuring, is studied

in detail.
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This chapter is published in Food Chemistry (Hofmann, E.; Degot, P.; Touraud, D.; Konig,
B.; Kunz, W. Novel green production of natural-like vanilla extract from curcuminoids. Food
Chem. 2023).! Dr. Pierre Degot contributed to the extraction of the curcuminoids and de-
veloped the method for HPLC analysis (University of Regensburg, Germany). The photo-
catalyst tetraacetyl riboflavin was gratefully received from Dr. Andreas Graml (University of

Regensburg, Germany).

1.1 Introduction

The application of vanilla, being the second most expensive flavoring in the world after saf-
fron, spans various industries such as food, pharmaceutics, and cosmetics.?® The cultiva-
tion of the plant Vanilla planifolia (a member of the orchid family) and its processing make
vanilla one of the most labor-intensive agricultural products. The plant has its origin in Mex-
ico, but most of the vanilla is cultivated in Madagascar. Due to a lack of natural pollinators
there, the flowers, which bloom and die within a few hours, have to be pollinated by hand.
The harvest 9 months later follows an again labor-intensive curing process that takes sev-
eral months. The aroma develops only during this process. The green beans themselves
have almost no odor.** Although vanillin is the main component of the vanilla aroma, the
natural flavor is the sum of more than 170 volatile aromatic compounds. Vanillic acid and
p-hydroxybenzaldehyde represent two other major volatile constituents (see Figure 1 - 2).
Their ratio varies depending on the geographic origin of the vanilla bean.® In the end, vanillin
accounts for 1 - 2 % (w/w) of the cured beans.”® Thus, natural vanillin from Vanilla planifolia
only covers 1 % of the global vanillin market, which is still expected to grow further.>° In
addition, conventional extraction techniques often turned out to be time- and material-con-
suming.'®! All this makes vanilla such an expensive source of vanillin. In 2018, the price
of natural vanillin reached that of silver.'?12 While the cured beans are sold for 50 i 80 $/kg,

natural vanillin from vanilla beans $ktgPha

Accordingly, most of the vanillin consumed is produced synthetically.* However, this is
contrary to the global megatrend toward natural products replacing synthetic ones.'%315 |n
recent years, various methods have been developed, not all of them being suitable due to
harmful effects on the environment or human health.*? Vanillin synthesis from petroleum-
derived phenol and glyoxylic acid supplies more than 85 % of the global demand. The two-
step process requires high temperature (80 i 130 °C) and the use of a copper(ll) catalyst.*®
Such synthetic vanillin is sold for only 16 1 20 $/kg.*®
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Figure 1 - 2: (a) The plant Vanilla planifolia, its beans during the curing process, and the molecular structure of
vanillin, vanillic acid, and p-hydroxybenzaldehyde. (b) The plant Curcuma longa, its rhizomes, and the molecular
structure of the three curcuminoids curcumin I, II, and 1.

As a consequence, a lot of research focuses on biosynthesis, which allows labeling the
produced vanillin as natural. A limited substrate solubility in water and a high price of the
biocatalyst usually comes with this technique.2*’ Ciriminna et al. reported a few photo-
catalytic syntheses toward vanillin starting from ferulic acid (see Figure 1 - 3(d)). All of them
require the application of metal-based catalysts.*® The green synthesis of vanillin is hence
still a hot topic in research.18'21

Another plant compound that is also widely represented in research is curcumin.??'2° Cur-
cumin is widely used as a spice and natural food colorant.*® Due to its anti-inflammatory,
anti-diabetic, anti-oxidant, and even anti-cancer properties, it also finds applications in tra-
ditional medicine and cosmetics.®® Curcumin (curcumin|), demethoxycurcumin (curcu-
min II) and bisdemethoxycurcumin (curcumin Ill) are the three main curcuminoids in the
rhizomes of the plant Curcuma longa (see Figure 1 - 2) and responsible for their yellow
color. The plant, also known as turmeric, is assigned to the ginger family and has its origin
in Southwest India.® It is a perennial herb extensively cultivated in India, China, Africa,
Australia, and Asia.2%323 |n Africa, the inhabitants even cultivate the turmeric in their home
gardens.2® Curcumin is the main curcuminoid at 77 % and makes up 17 6 % of turmeric
powder, depending on the batch.313* The availability at low prices makes curcumin a bio-
mass of high interest in research.? 24 The bulk price for turmeric is currently around 3 $/kg,

at least 17 times cheaper than cured vanilla beans.®2° There are several methods to extract
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the curcuminoids from the rhizomes.2426:35737 Degot et al. describe a simple extraction with
a solvent consisting of the food-grade components water, ethanol, and triacetin.?* Heffernan
et al. also reported a technique to separate the three curcuminoids to finally produce pure
fractions of either curcumin I, Il, or 111.3” Some research also deals with the conversion of
curcumin to vanillin. In this context, biotransformation is often the method of choice. How-
ever, only ppm amounts of the poorly water-soluble substrate can be used, or complex

three-enzyme systems have to be applied.'82338

In this chapter, the photochemical conversion of natural curcuminoids to vanillin but also to
vanillic acid and p-hydroxybenzaldehyde is described. Curcuminoids are extracted from the
rhizomes of Curcuma longa, as reported by Degot et al.?%, and converted in the same food-

grade system using visible light in the absence of any additional photocatalyst.
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1.2 Material and methods

1.2.1 Chemicals

Curcumin (C I, purity > 97 %) and bisdemethoxycurcumin (C Ill, > 98 %) were purchased
from TCI (Eschborn, Germany). Triacetin (TriA, 99 %, FCC, FG), demethoxycurcumin (C II,

98 %), vanillin (97 %, FCC; FG, kosher), vanillic acid ( 98 %), p-hydroxybenzalde-
hyde (98 %), and acetic acid ( 99.8 %) were bought from Sigma Aldrich (Darmstadt, Ger-
many). Ethanol (EtOH, > 99 %), acetonitrile (HPLC grade), and methanol (HPLC grade)
were received from Merck (Darmstadt, Germany). Kwizda Krauterhandel delivered the dried
rhizome powder from the Curcuma longa plant. Ferulic acid (FA, 99 %, FG) was from
Alexmo Cosmetics. Tetraacetyl riboflavin (TARF) was synthesized as described by Larson
et al.® All chemicals were used without further purification. Millipore water (W) was used

with a resistivity of 18 M q cm.

1.2.2 Methods

1.2.2.1 Standard reaction procedure

If not stated otherwise, 10 mL crimp cap vials equipped with a magnetic stirring bar were
loaded with 2 mM curcumin (1, Il, Ill) and 4 mM of ferulic acid, respectively, and 4 mL sol-
vent. The solvent consisted of either the binary mixture (BM) EtOH/TriA 40/60 (w/w) or the
SFME W/EtOH/TriA 40/24/36 (w/w/w). When used, the catalyst concentration was 1/10 of
the substrate. Up to 10 reaction vials were placed in an air-cooled TAK 120 AC photoreactor
that was connected to a control-unit TAK 120. The photochemical reactions were performed
for 2 h using blue LEDs with a wavelength of 455 nm, and a power of 7 W. Samples were
stirred at 500 rpm. Solvent volumes are determined by weight and calculated using their
density given in Table S.1 - 1 (Supporting Information). All reactions were carried out in

duplicate.
1.2.2.2 HPLC measurements

The amount of flavor and curcuminoids was determined by means of a Waters HPLC sys-
tem comprising 2 Waters 515 HPLC pumps, a Waters 717 autosampler, a Waters 2487
UV/Vis detector, and an ACE Equivalent 3 C18-Column (300 A, 150 x 2.1 mm). 5 pL of the

filtered sample (PTFE-filter, 0.2 pm pore size) were injected and eluted with a flow rate of
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0.2 mL/min at 40 °C. Table S.1 - 2 (Supporting Information) shows the gradient applied to
the mobile phase, which consisted of 0.3 % (v/v) acetic acid in water (solvent A) and ace-
tonitrile (solvent B). All samples were analyzed twice. The calibration was performed in ac-
etonitrile. Each compound was evaluated at a specific wavelength (see Figure S.1 - 2 in the
Supporting Information). The amount of curcuminoids is determined using the calibration
reported by Degot et al.?* Solvent volumes are again determined by weight and calculated

using their density given in Table S.1 - 1 (Supporting Information).
1.2.2.3 Extraction and photochemical conversion of natural Curcuma

Curcumin was extracted from the rhizomes of Curcuma longa as described by Degot et al.?*
3 g ground rhizomes were added to 12 g of solvent and stirred at 1300 rpm at room tem-
perature for 1 h. Then, the mixture was centrifuged at 4&¢00 rpm ( 2 6 B)@rwd filtered with
a PTFE filter (0.45 um pore size). 800 uL of the filtered solution was taken to determine the
curcuminoid concentration by means of HPLC. The remaining solution was split into 1 mL
aliquots and placed in the photoreactor. The samples were illuminated, as described in

Chapter 1.2.2.1. The duration of exposure, however, was extended to 12 h for the extracts.
1.2.2.4 Oxygen solubility

The amount of dissolved oxygen was measured in the solvents EtOH/TriA 40/60 (w/w) and
W/EtOH/TriA 40/24/36 (w/w/w) at room temperature using a TPS Aqua-D oxygen-meter
connected to a TPS ED1 electrode. The oxygen saturation was determined relative to the
calibration media air (100 %) and an aqueous solution containing 0.02 g/mL sodium sulfite

(0 %). The electrode was equilibrated for 5 min in 10 g of each solution.
1.2.2.5 Dynamic light scattering

Dynamic light scattering (DLS) experiments were carried out with a CGS-3 goniometer sys-
tem from ALV connected to an ALV-7004/FAST Multiple Tau digital correlator. A vertical-
polarized 22-mW HeNe laser with a wavelength of 632.8 nm served as the light source.
Samples were filtered into cylindrical light scattering cells (10 mm outer diameter), that were
freed from dust, using a PTFE filter (0.2 um pore size). The sealed cell was placed into a
toluene bath which temperature was kept at 25 0.1 °C. Scattered light was detected at

an angle of 90 ° for 300 s.
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1.3 Results and discussion

1.3.1 Curcumin and ferulic acid as a precursor for vanillin synthesis in

different solvents

Regarding their molecular structure (see Figure 1 - 3(d)), both curcumin and ferulic acid
appear to be appropriate substrates for the photochemical synthesis of nature-based vanil-
lin. They can be dissolved easily in the selected solvents consisting of the binary mixture
ethanol and triacetin (EtOH/TriA) in a ratio 40/60 (w/w) or the ternary mixture, water, etha-
nol, and triacetin (W/EtOH/TriA) in a ratio 40/24/36 (w/w/w). The choice of the two solvents
bases upon the work of Degot et al., who extracted significant amounts of curcuminoids
from the plant Curcuma longa by simply stirring the ground rhizomes in these same sol-
vents. The best result was achieved with the ternary mixture, as water swells the rhizomes
and thus opens the plant matrix.?* The dynamic light scattering (DLS) study of the ternary
mixture (see Figure 1 - 3(c)) depicts a distinct autocorrelation function with a correlation
intercept of 0.5, indicating the presence of water- and oil-rich aggregates.*® Hence, the sol-
vent W/EtOH/TriA can be assigned as a surfactant-free microemulsion (SFME) that is com-
posed of a pseudo-oil phase dispersed in a pseudo-water phase contrary to unstructured
liquids in which molecules are distributed isotropically. The autocorrelation function of the
binary mixture (BM) is of negligible intensity with a correlation intercept of only 0.15. It can
be assumed that only loose pre-aggregation or even no aggregation at all is present. In
order to study the influence of a photocatalyst on the reaction, the organic catalyst tetraac-

etyl riboflavin (TARF) is applied, which is a vitamin B, derivative.?*4

The formation of vanillin after illuminating the dissolved substrates curcumin and ferulic acid
with blue light (455 nm) is successful as proven with 2D HPLC and mass spectrometry
measurements (MS) (see Chapter 1.5.2 7 1.5.3 in the Supporting Information). The reaction
conditions are optimized by means of an experimental design (see Chapter 1.5.4 in the
Supporting Information). Figure 1 - 3 shows the impact of substrate, solvent, and catalyst
on the reaction outcome. In the case of ferulic acid (see Figure 1 - 3(a), FA), the yield is
only 1 % when the photocatalyst TARF (cat) is present. In the absence of TARF, no for-
mation of vanillin is detected. Accordingly, the transfer of an electron from the substrate to
the excited photocatalyst initiates the reaction and is thus inevitable for the reaction of ferulic

acid to vanillin. The nature of the solvent (SFME, BM) has no significant impact.
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photochemical conversion. The substrate is either curcumin (C) or ferulic acid (FA) dissolved in the binary mix-

ture (BM) EtOH/TriA or the surfactant-free microemulsion (SFME) W/EtOH/TriA under standard conditions. The

presence of the catalyst tetraacetyl riboflavin in the sol

function of the pure solvents W/EtOH/TriA and EtOH/TriA obtained by DLS measurements at 25 °C. The results
obtained with dissolved C are shown in Figure S.17 1 (Supporting Information). C leads to a slight decrease in
the correlation functions, but there is still a distinct signal for the SFME. (d) Photochemical oxidation of either
curcumin (1) or ferulic acid (2) toward vanillin.

Significantly higher vanillin yields of up to 9 % are achieved with the substrate curcumin
(see Figure 1 - 3(a), C). Contrary to ferulic acid, the presence of the photocatalyst worsens
the outcome. Curcumin absorbs the illuminated blue light. By reaching the excited state, the
molecule becomes more oxidizing, which seems to be sufficient to start self-oxidation. Since
both TARF and curcumin absorb at 455 nm, competition may arise for the incident light,
which could explain the interfering effect of the catalyst on the reaction. In the BM, the cat-
alyst reduces the yield of vanillin by 26 % and in the SFME by even 75 %. So, the choice of
solvent also has a greater impact here. In the absence of TARF, the yield decreases by
48 % (from about 9 % to 5 %) when replacing the BM by the SFME. Since curcumin is
oxidized in the presence of only light and air, oxygen solubility is considered to play an

important role. In the BM EtOH/TriA, an oxygen saturation of 85.2 % is measured. In the
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more hydrophilic SFME of W/EtOH/TriA, the oxygen saturation is reduced to 54.1 %. The
fact that the amount of oxygen is reduced by 37 % seems to be the main reason for the
48 % reduced yield. Additional experiments revealed that there must be an optimum oxygen
concentration. Further increasing the oxygen concentration in the BM, decreases the yield
of synthesized vanillin while the yield of the further oxidized vanillic acid increases (see
Figure S.1 - 8 in the Supporting Information). A detailed unravelling of the reaction mecha-
nism would go beyond the scope. But considering the literature on the degradation of cur-
cumin, it can be assumed that the mechanism consists of several steps, including the for-
mation of radical and charged intermediates.*>*3 This would lead to the assumption that the
intermediates are significantly more hydrophilic and, therefore, more likely dissolved in the
aqueous pseudo-phase. At the same time, the uncharged, hydrophobic curcumin remains
in the pseudo-oil phase of the SFME. The separation of the radical from the remaining
starting material by solvent structuring could hinder a propagation of the reaction and thus

further explain the reduced yield in the SFME compared to the unstructured binary mixture.

Despite optimization of several parameters, such as wavelength and power of the light,
temperature, and oxygen concentration in solution (see Chapter 1.5.5 in the Supporting In-
formation), the vanillin yield is limited to 9 % (see Figure 1 - 3(a)). However, the conversion
of the curcumin substrate is 100 % leading to the conclusion that competitive reactions limit
the yield of vanillin. Besides vanillin, ferulic acid is formed when degrading curcumin photo-
chemically either through a parallel reaction or as an intermediate of vanillin. It has to be
noted that the fAyieldo of ferulic acid corresftg
itself is applied as a substrate. Even in the absence of the catalyst, part of the ferulic acid
is depleted. The lack or the low yield of vanillin can, therefore, not only be attributed to
insufficient substrate activation. Further studies on ferulic acid can be found in Chapter 1.5.6
in the Supporting Information. In addition to vanillin and ferulic acid, vanillic acid can be

detected. Among these three, vanillin is the main product.

1.3.2 Conversion of curcuminoids to different flavoring components

The natural Curcuma extract not only contains curcumin (I), but also demethoxycurcumin
(I1) and bisdemethoxycurcumin (ll) (see Figure 1 - 2). Therefore, the photochemical con-
version of all three curcuminoids dissolved in EtOH/TrA is investigated (see Figure 1 - 4).
With regard to the molecular structure of curcumin I, the formation of two molecules of van-
illin per molecule of curcumin are conceivable, provided that both benzyl moieties are reac-
tive. Since there is one methoxy group less in the molecular structure of curcumin Il com-
pared to curcumin |, the substrate can only yield one molecule of vanillin in any case. In-

deed, the amount of synthesized vanillin is reduced by 65 %, vanillic acid by 56 %, when
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replacing curcumin | by Il. This supports the assumption that both benzyl moieties of curcu-
min | are reactive. Moreover, curcumin |l provides the opportunity of forming p-hydroxyben-
zaldehyde, which is equivalent to vanillin without the methoxy group. Curcumin Ill does not
possess any methoxy group at the benzyl rings and hence can only yield p-hydroxybenzal-
dehyde. The amount of detected p-hydroxybenzaldehyde is not only twice, but almost
4 times the amount produced with curcumin Il. The reason for this can be different reactiv-
ities of the two benzyl moieties, but also of the curcuminoids to each other. Altogether, the
photochemical conversion of the three curcuminoids together allows the formation of vanil-
lin, vanillic acid, and p-hydroxybenzaldehyde, that are among the most important aromatic
compounds in vanilla beans. The ferulic acid vanishes using the demethoxylated curcumi-

noids.

0.12 4[] vanillin

[ vanillic acid

[ Iferulic acid

0.10 - [ p-hydroxybenzaldehyde

0.08

0.06 4

B [mg/mL]

0.04

] |—r|__’—‘
0.00 1 m_* T

T
I 1 1
Curcumin

Figure 1 - 4: Detected mass concentration b of vanillin, vanillic acid, ferulic acid, and p-hydroxybenzaldehyde
after photochemical conversion of 1 mM curcumin I, 1I, or Il in the binary mixture EtOH/TriA under standard
conditions.

1.3.3 Photochemical conversion of natural Curcuma extract

The previously discussed results are based on the usage of synthetic curcuminoids.
Figure 1 - 5 depicts the results obtained by photochemical conversion of natural Curcuma
extracts in either EtOH/TriA or W/EtOH/TriA. The amount of flavor is given relative to the
amount of plant used for extraction and subsequent reaction. In the binary mixture
EtOH/TriA as well as in the SFME W/EtOH/TriA, a total of 1.3 Mgravord/Gmizeme CaN be gener-
ated, including the flavor components vanillin, vanillic acid, and p-hydroxybenzaldehyde.
This value is more than 7 times higher compared to the literature value for Soxhlet extraction
of cured vanilla beans in ethanol by Jadhav et al.'* The vanillin content after photoconver-
sion is 0.6 MGiavor! Grmizome IN EtOH/TTA and in W/EtOH/TriA, which is more than 4 times the

30



Natural-like vanilla extract from curcuminoids

literature Soxhlet value. The new method hence allows one to increase the output of flavor

compounds while reducing the cost of the plant that serves as the source.

074 [ Jvanillin
: I p-hydroxybenzaldehyde
- [ ] vanillic acid
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EtOH/TriA W/EtOH/TriA Soxhlet extraction

(vanilla beans)*

solvent/method

Figure 1 - 5: Amount of flavoring component vanillin, vanillic acid, and p-hydroxybenzaldehyde obtained by
photochemical conversion of a Curcuma extract. The extraction and the subsequent reaction are performed with
a solvent consisting of either the binary mixture EtOH/TriA or the SFME W/EtOH/TriA. The amount of flavor
represents the detected amount relative to the plant mass used. *The amount of flavoring components extracted
from cured vanilla beans in ethanol using Soxhlet is shown for comparison and is taken from the literature.!

Since a significant amount of curcuminoids is extracted with the selected solvents, which is
also visible through an intensive color of the solution (see Figure S.1 - 14 in the Supporting
Information), the limitation of the volume per aliquot in the photoreactor is of great im-
portance. Increasing the curcumin concentration at a constant sample volume results in a
decrease in vanillin yield, while the absolute amount of synthesized vanillin still increases
(see Figure S.1 - 9 in the Supporting Information). Since curcumin oxidizes itself when
reaching the excited state, the absorbance of the molecule is a key parameter. The samples
in the photoreactor are illuminated from below. When the curcumin concentration is too
high, most of the light is absorbed by the molecules that are close to the bottom of the
reaction vial and, thus, closer to the light source. Part of the curcumin behind remains in the
dark. Reducing the sample volume, and thus the pathway of light, by the factor of the in-
crease in the curcumin concentration leads to a constant absorbance according to Lambert-
Be er 6.8 Expesiments revealed that the yield decreases less and at higher curcumin
concentrations when adapting the sample volume (see Figure S.1 - 9 in the Supporting
Information). Thereby, the absolute mass concentration shows a stronger increase. For this
purpose, the extract is split into 1 mL aliquot for photoconversion, still enabling sufficient
stirring at the same time. In addition, the extraction step is followed by centrifugation and
filtration in order to remove the remaining Curcuma powder, which would reflect the incident

light and, thus, reduce the absorption in the sample.

31



Chapter 1
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Figure 1 - 6: Detected amount of vanillin, p-hydroxybenzaldehyde, vanillic acid, and ferulic acid after photo-
chemical conversion of a Curcuma extract as a function of reaction time (t). The extraction and the subsequent
reaction are performed with a solvent consisting of either the binary mixture EtOH/TriA (a) or the SFME
W/EtOH/TriA (b).

Although the sum of flavor compounds is almost identical for the BM and the SFME, the
ratio of the three flavors varies. Figure 1 - 6 depicts the reaction outcome in both solvents
with respect to reaction time. Not only the solvent but also the duration of irradiation affects
the ratios (see also Table 1 - 1). As Ranadive et al. reported, the ratio of flavoring compo-
nents in cured vanilla beans varies depending on the geographic origin of the plant.® The
presented method permits manipulating the ratio of flavors by choice of solvent and reaction
time. It is beyond the scope of this publication, but different compositions of water, ethanol,
and triacetin may allow additional ratios. Further, curcuminoids can be isolated after extrac-
tion.*” By optimizing the starting concentrations of each curcuminoid, imitation of different

flavor ratios in vanilla beans from different origins should be possible.

Regarding the amount of vanillin in Figure 1 - 6, a decrease is detected after 14 h of irradi-
ation in the binary solvent EtOH/TriA. The vanillin starts to be destroyed by consecutive
reactions. In the water-based SFME, the amount of vanillin continues to increase with longer
reaction times. This may be due to the higher curcuminoid concentration after extraction
providing more substrate. Under identical conditions, the concentration in the binary mixture
is 4.8 mM curcumin I, 1.1 mM curcumin Il, and 0.8 mM curcumin Ill and the SFME contains
7.7 mM curcumin |, 2.3 mM curcumin Il, and 2.5 mM curcumin lll. It becomes evident that
not only reactivity but also solubility of the substrate is of great importance. Besides, addi-
tional (preparative) HPLC analysis with MS measurements in the Supporting Information
(see Chapter 1.5.2 7 1.5.3) demonstrates the possibility of separating the flavors from the

reaction solution.
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Table 1 - 1: Ratios of vanillin to p-hydroxybenzaldehyde (p-HBA) and vanillic acid for some reaction times (t)
shown in Figure 1 - 6 in both solvents.

ratio vanillin to ratio vanillin to
t/h p-HBA vanillic acid p-HBA vanillic acid
2 1.86 6.43 1.62 4.61
10 134 4.38 1.54 2.75
24 0.74 3.44 1.48 2.47
EtOH/TriA W/EtOH/TriA

A microemulsion-mediated extraction process may also allow the separation of the flavors
from the reaction solution. Phase separation could be initiated by the addition of water or
changes in temperature and pH. The extraction is, however, not part of this work. Further

information and literature on this can be found in the Supporting Information (see Chap-
ter 1.5.3.4).
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1.4 Conclusion and outlook

In the present chapter, a green method for the synthesis of nature-based vanillin is reported.
Starting from rhizomes of the plant Curcuma longa, the three curcuminoids curcumin, de-
methoxycurcumin, and bisdemethoxycurcumin are extracted according to the method de-
scribed by Degot et al.?* The solvents studied, which are composed of only food-grade
components, are a binary mixture of ethanol and triacetin and a surfactant-free microemul-
sion (SFME) consisting of water, ethanol, and triacetin. The extracts can then be directly
irradiated with blue light at 455 nm in a photoreactor. Since the curcuminoids undergo self-
oxidation, no additional photocatalyst is required. In this way, the flavor vanillin, but also
vanillic acid, and p-hydroxybenzaldehyde are formed which are important flavor compo-
nents in the cured, natural vanilla bean.® For a given amount of plant, the photoreaction in
both solvents results in 7 times more flavor components than in a Soxhlet extraction of
vanilla bean. The content of vanillin is more than 4 times higher, while the cost of the plant

source is reduced by at least a factor of 17.8112°

In comparison with other syntheses, our solvents allow solubilization of higher substrate
concentrations of curcumin and our method dispenses with the usage of any components
that are not considered to be green. Moreover, we are able to synthesize not only the main
flavor vanillin but also two other important flavor components in one reaction step, which to
the best of our knowledge has not been done before. We also showed that the ratio of these
flavors can be varied by changing the solvent and/or reaction time. In a next step, additional
compositions of the solvent mixture and their impact on the ratio of extracted curcuminoids
should be considered. The curcuminoid ratio will directly influence the flavor ratio. The over-
all goal should be the imitation of the flavor ratio in the natural, cured vanilla bean. Moreover,
the ratio of the curcuminoids could be adjusted by separation. As mentioned in the intro-
ductory chapter, Heffernan et al. presented a method to separate the curcuminoids after
extraction.®” This would allow a precise adjustment of the curcuminoid ratio in the extract
before irradiating. Since the separation of the curcuminoids is expected to be a laborious
step, it should be only included if a remarkable improvement of the flavor ratio is achieved.
For this purpose, preliminary investigations with synthetic curcuminoids are recommended.
Varying solvent composition and reaction time for changing the curcuminoid ratio will for
sure be the simpler approach. In this context, additional binary and ternary systems can be

taken into account.
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The developed method bases upon detailed optimization studies. The impact of the different
substrates curcumin and ferulic acid, of the catalyst tetraacetyl riboflavin, and several other
parameters are demonstrated. Best results are achieved using curcumin in absence of the
photocatalyst with a small sample volume to ensure sufficient light penetration in the sam-
ple. Based on these results, the application of a continuous flow reactor for the photochem-
istry step should be considered to ensure an optimum absorbance at high curcuminoid con-
centrations. This would certainly also be an interesting technique for an upscaling of our
method. Of course, the purification of the flavor after photochemical conversion cannot be
neglected in the next steps. Depending on the final application, the isolation of the single
flavors, the flavor mixture, or the flavor mixture with selected essential oils, which are also

present in the Curcuma extract®, can be of interest.

Overall, the optimization studies reveal a negative impact of the SFME on the reaction,
which is attributed to the lower amount of dissolved oxygen and possibly an unfavorable
separation of the reacting intermediates from the starting material by the pseudo-phases.
Accordingly, the solvent structuring may impede the successful propagation of the reaction.
This coincides with the observation by Krickl et al., where solvent structuring limited the
photocatalytic reaction by separating the photocatalyst from the substrate.*® In the present
work, however, significantly larger amounts of curcuminoids are extracted with the SFME.
The extract in the ternary solvent mixture may allow even larger amounts of flavors if the
reaction time is further extended. Thus, the structured system appears to be the more prom-

ising solvent, although the photochemical reaction itself is worse than in the binary solution.
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1.5 Supporting information

1.5.1 Solvent characterization

Density measurements were performed using the vibrating-tube densimeter DMS 5000 A
from Anton Paar. The temperature was controlled to 25 0.01 °C.

Table S.1 - 1: Density of W/EtOH/TriA 40/24/36 (w/w/w) and EtOH/TriA 40/60 (w/w) determined at 25 °C.

solvent density [g/mL]
W/EtOH/TriA 1.004
EtOH/TriA 0.973
064 —— W/EtOH/TriA
' TARF in W/EtOH/TriA
——C | in W/EtOH/TriA
i) —— EtOH/TriA
= MW V\/W\ TARF in EtOH/TriA
2 J\\/\ ——C | in EtOH/TriA
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Figure S.1 - 1: Normalized autocorrelation function of W/EtOH/TriA (red) and EtOH/TriA (blue) obtained by DLS
measurements at 25 °C. The spectra depict either the pure solvents or the solvents in the presence of 0.2 mM
tetraacetyl riboflavin (TARF) and 2 mM curcumin (C I). While the catalyst has no remarkable impact on the
correlation function, the curcumin leads to a decrease in the correlation intercept. However, there is still a distinct
signal, especially for the ternary mixture indicating aggregation of water and oil pseudo-phases.
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1.5.2 HPLC measurements

1.5.2.1 HPLC gradient

Table S.1 - 2: Gradient applied to the mobile phase during HPLC measurements. Solvent A consisted of

0.3 % (v/v) acetic acid in water and solvent B of acetonitrile.

time [min] solvent A [%(V/v)] solvent B [%(V/v)]
0 95 5
20 80 20
25 60 40
45 40 60
46 95 5
60 95 5
1.5.2.2 Calibration curves
(a) 20 (b) 20
—— vanillic acid, @ 260.0 nm
18 4 18 4 — p-hydroxybenzaldehyde, @ 283.8 nm
16 4 16 4
14 14
12 12 1 y = 167.1*x - 0.004
£1D— y =81.26"x - 0.04 £107
< <
8 - 8
6 6
y =81.41"x - 0.005
4 - 4
2 ~———vanillin, @ 308.8 nm 2
ferulic acid, @ 322.0 nm
0 T T T T T D T T T T T
0.00 0.04 0.08 0.12 0.16 0.20 0.00 0.02 0.04 0.06 0.08 0.10

B [mg/mL]

B [mg/mL]

Figure S.1 - 2: HPLC calibration curves of vanilin and ferulic acid (a) and vanillic acid and
p-hydroxybenzaldehyde (b) determined in acetonitrile. The peak area A at a specific wavelength given in the

legendis plotteda gai nst

t he mas sSThecuvesskowt areartean® af a tfiple determination.
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1.5.2.3 Detection measurements

HPLC measurements were performed as described in Chapter 1.2.2.2. The compounds
were identified by their retention time and their characteristic absorption spectrum. The re-
sults of the pure compounds dissolved in acetonitrile are shown exemplarily in the following.
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Figure S.1 - 3: (a) 2D contour plot of vanillic acid (15.2 min), p-hydroxybenzaldehyde (16.0 min), vanillin
(29.9 min), and ferulic acid (23.8 min) dissolved in acetonitrile obtained by HPLC measurements. (b) The cor-
responding mono-dimensional chromatogram. (c) The detected absorbance spectra of the selected peaks.
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1.5.2.4 Preparative HPLC measurements

Preparative HPLC measurements were carried out using the binary Agilent Infinity 1260
HPLC connected to a 1260 Agilent diode array detector, a 1260 Agilent fraction collector, a
1260 Agilent manual injector and a Nucleodur C18 Isis 5 pm 21.2 x 250 mm column (Mac-
cherey-Nagel) equipped with a guard column. 0.6 mL aliquots of the converted extract in
EtOH/TriA were injected manually. A flow of 21 mL/min and the gradient shown in
Table S.1 - 3 were applied. Vanillin and p-hydroxybenzaldehyde were collected with reten-
tion times ranging from about 9.7 - 10.6 min. Vanillic acid could not be isolated because of

the small amount. Prior concentration is necessary to make the corresponding peak visible.

Table S.1 - 3: Gradient applied to the mobile phase during preparative HPLC measurements. Solvent A con-
sisted of acetonitrile and solvent B of water.

time [min] solvent A [%(V/V)] solvent B [%(v/V)]
0 90 10
15 35 65
16 100 0
19 100 0

1.5.3 Mass spectrometry

Liquid chromatography coupled to a mass spectrometer was performed on a Q-TOF 6540

UHD (Agilent), applying electrospray ionization (ESI).
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1.5.3.1 Photochemical conversion of synthetic curcumin | in EtOH/TriA
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Figure S.1 - 4: MS results obtained after 1 h photochemical conversion of 2 mM curcumin | in the binary mixture
EtOH/TriA. (a,b) Extracted ion chromatogram (EIC) at a mass-to-charge (m/z) of 169.0495 with the correspond-
ing mass spectrum at 1.6 min. (c,d) EIC at an m/z of 153.0546 with the corresponding mass spectrum at 1.9 min.
The measurements prove the presence of vanillic acid with a molar mass of 168.2 g/mol (a,b) and vanillin with
152.1 g/mol (c,d).
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1.5.3.2Photochemical conversion of Curcuma extract in EtOH/TriA
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)
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Figure S.1 - 5: MS results obtained after 12 h photochemical conversion of a Curcuma extract in the binary
mixture EtOH/TriA. (a,b) Extracted ion chromatogram (EIC) at a mass-to-charge (m/z) of 169.0495 with the
corresponding mass spectrum at 1.6 min. (c,d) EIC at an m/z of 123.0441 with the corresponding mass spec-
trum at 1.7 min. (e,f) EIC at an m/z of 153.0546 with the corresponding mass spectrum at 1.9 min. (g) EIC at an
m/z of 369.1333. The measurements prove the presence of vanillic acid with a molar mass of 168.2 g/mol (a,b),
p-hydroxybenzaldehyde with 122.1 g/mol (c,d), and vanillin with 152.1 g/mol (e,f). Only traces of curcumin |
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(368.39 g/mol) are detectable, leading to the conclusion that almost all of the curcumin has reacted.
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1.5.3.3 Photochemical conversion of Curcuma extract in W/EtOH/TriA
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Figure S.1 - 6: MS results obtained after 12 h photochemical conversion of a Curcuma extract in the SFME
W/EtOH/TriA. (a,b) Extracted ion chromatogram (EIC) at a mass-to-charge (m/z) of 169.0495 with the corre-
sponding mass spectrum at 1.6 min. (c,d) EIC at an m/z of 123.0441 with the corresponding mass spectrum at
1.7 min. (e,f) EIC at an m/z of 153.0546 with the corresponding mass spectrum at 1.9 min. (g,h) EIC at an m/z
of 369.1333 with the corresponding mass spectrum at 3.2 min. The measurements prove the presence of vanillic
acid with a molar mass of 168.2 g/mol (a,b), p-hydroxybenzaldehyde with 122.1 g/moal (c,d), and vanillin with
152.1 g/mol (e,f). The signal of curcumin | (368.39 g/mol) is more pronounced than in the binary mixture. Thus,

not all curcumin has reacted (g,h).
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1.5.3.41solated products after photochemical conversion of a Curcuma extract in

EtOH/TriA
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Figure S.1 - 7: MS results of the isolated products obtained by preparative HPLC (see Chapter 1.5.2.4). (a,b)
Extracted ion chromatogram (EIC) at a mass-to-charge (m/z) of 123.0441 with the corresponding mass spec-
trum at 1.7 min. (c,d) EIC at an m/z of 153.0546 with the corresponding mass spectrum at 1.9 min. The meas-
urements prove the presence of p-hydroxybenzaldehyde with 122.1 g/mol (a,b) and vanillin with 152.1 g/mol
(c,d).
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As mentioned in Chapter 1.3.3, microemulsion-mediated extraction may also represent a
suitable method for product separation. In this context, Krickl et al. studied SFMEs, which
consist of cleavable components. The cleavage of the hydrotrope or the hydrophobic com-
ponent could be initiated by changes in temperature and/or pH, which resulted in liquid-
liquid phase separation. As a proof of concept, vanillic acid was dissolved in a ternary mix-
ture and quantitatively separated by phase separation.*’ Triacetin can be cleaved by chang-
ing the pH, resulting in hydrolysis. Besides, phase separation can be initiated in the
WI/EtOH/TriA SFME by the addition of water and temperature changes. 244748
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1.5.4 Experimental design

To evaluate quickly the best reaction setup, the experimental design shown in
Table S.1 - 4 was performed. The factors studied are the substrate (ferulic acid/curcumin),
its concentration, the usage of a catalyst, the stirring, the reaction time, the solvent
(BM/SFME), and the power of incident light (see Table S.1 - 5).

Table S.1 - 4: Matrix applied for the experimental design. Each row corresponds to one experiment (exp.) built

up by 7 factors (Xi) that-l1varyheetdwdemi thenl edfelf acid®randari
in Table S.1 - 5. The mass concentration of vanillin detected by HPLC measurements is chosen as the

response (Y).

exp. X1 X2 X3 X4 X5 X6 X7 Y[mglL]

1 1 1 1 -1 1 -1 -1 37.2
2 -1 1 1 1 -1 1 -1 3.7
3 -1 -1 1 1 1 -1 1 0

4 1 -1 -1 1 1 1 -1 13.7
5 -1 1 -1 -1 1 1 1 0.6
6 1 -1 1 -1 -1 1 1 3.1
7 1 1 1 1 -1 -1 1 54.2
8 1 1 -1 -1 1 1 1 0

By conducting the 8 different experiments given in Table S.1 - 4, the best combination out
of the 7 factors with 2 possibilities each can be found. The detected amount of vanillin is
used as response Y. This allows calculating the coefficients b according to Equation 17 1,
taking into account all experiments i. Whenever the coefficient is larger than 0, level 1 has
a positive effect on the amount of synthesized vanillin. Whenever the coefficient is smaller

than O, level -1 improves the result. The bo value is determined to be 14.1 mg/L.

Eq.1-1

Accordingly, the perfect experimental setup includes 2 mM curcumin without the catalyst
dissolved in the binary mixture EtOH/TriA. The reaction should be stirred at 500 rpm and
irradiated with blue light (455 nm) with 7 W for 2 h. This corresponds to experiment 7. Es-
pecially the substrate, its concentration, and the choice of the solvent have a great impact

resulting in a great coefficient value.
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Table S.1 - 5: Factors and their levels that are used for the experimental design, shown in Table S.1 - 4, with
their calculated coefficient (b).

factor level b [mg/L]
ferulic acid -1
X1 substrate 13.0
curcumin 1
substrate 1mM -1
X2 concentra- 9.9
tion 2mM 1
none -1
X3 catalyst -3.1
TARF 1
250 rpm -1
X4 stirring 3.8
500 rpm 1
reaction 2h -1
X5 ) -1.2
time 4h 1
EtOH/TriA -1
X6 solvent -8.8

WI/EtOH/TriA 1

power of 3W 1
X7 incident 0.4
light TW 1
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1.5.5 Parameter optimization

1.5.5.1Impact of oxygen concentration and wavelength of the light

[ Jvanilin
[ vanillic acid
[ ferulic acid
8 4
= 97
=
=]
[
> 4
24
0 T T T
reference additional oxygen green light

Figure S.1 - 8: Detected yield of vanillin, vanillic acid, and ferulic acid after photochemical conversion of curcu-
min | in the binary mixture. The reference sample is run under standard conditions (2 mM substrate, 2 h irradi-
ation with blue light at 455 nm, 500 rpm stirring). In the sample with additional oxygen, the solution and the gas
phase in the vial were each saturated with oxygen (instead of atmospheric air) for 1 min. The additional oxygen
reduces the amount of synthesized vanillin. So, there is also an upper limit for the optimal oxygen concentration.
The high amount of oxygen oxidizes the desired products further, which is confirmed by a higher amount of
detected vanillic acid. In addition, it may favor the other side reactions. The third sample is irradiated with a
green light with a wavelength of 528 nm. The small absorption of curcumin is still enough to stay reactive.
However, the reaction outcome is reduced significantly.

1.5.5.2 Impact of substrate concentration and light path
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L9.0
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Figure S.1-9:Det ect ed mas s amdpiedeofvaniliadftéer photochemical conversion in the binary
mixture as a function of the substrate concentration. The straight line depicts the result when using a constant
sample volume of 4 mL. The dashed lines represent the outcome when adapting the length of the light pathway
on the substrate concentration. For this purpose, the solvent volume is reduced by the factor of the increase in
the curcumin concentration. In all samples, the substrate conversion achieved 100 %.
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1.5.5.3Impact of temperature

The experiments measured at 30 T 40 °C were run in the air-cooled TAK 120 AC photore-
actor as described in Chapter 1.2.2.1. The temperature was measured in a vial filled with
water. The reactions are performed without additional heating. The heating is only a conse-
guence of the LEDs. In order to achieve 0 °C, the vials were placed in a TAK 120 LC (liquid-
cooled) photoreactor connected to a control-unit TAK 120 LC. The vials were surrounded
by a water-glycol-based bath fluid (Thermal G from Julabo), and the whole system was
temperature-controlled using a WK 400 thermostat from Colora. In this case, the tempera-
ture was measured in the water-glycol bath fluid. The wavelength of the LEDs was 451 nm.
The reactions run at 70 °C were performed in a temperature-controlled heating block. The
wavelength of the LEDs was 455 nm. In every setup, the samples were placed on top of
the light source and thus illuminated from below. All vials contained 2 mM curcumin | in
4 mL of the binary solution EtOH/TriA. The samples were stirred at 500 rpm and irradiated
for 2 h.

vanillin  —e— vanillic acid ferulic acid

yield [%]

0 T T T T T T T T
0 10 20 30 40 50 60 70
T[°C]

Figure S.1 - 10: Impact of temperature on the photochemical conversion of curcumin in EtOH/TriA. The power
of light varies due to different setups that were applied to achieve the different temperatures. Increasing tem-
peratures lead to a decrease in the yield of vanillin, while higher power of light improves the reaction outcome.
In the case of vanillic acid and ferulic acid, higher temperatures result in an increase in yield. The impact of the
power of light appears to be negligible. In all reactions, a conversion of 100 % of curcumin is achieved.
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1.5.5.4Impact of duration of exposure

vanillin  —e— vanillic acid ferulic acid

yield [%]

=
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05 10 15 20 25 30 35 40 45 50 55 60
tot [N

Figure S.1 - 11: Detected yield of vanillin, vanillic acid, and ferulic acid after conversion of curcumin I in
EtOH/TriA as a function of reaction time (trct). The reaction was performed under standard conditions with 7 W
irradiation (straight line) or with 3 W (dotted line). Irradiation with 7 W reveals an optimum in vanillin production
after 2 h. The amount of ferulic acid starts to decrease after 1 h, while the amount of vanillic acid continues to
increase due to further oxidation of vanillin. Since the amount of detected vanillin is reduced when applying 3 W,
longer durations of exposure are considered. However, the limit is reached after 4 h, which is still below the
maximum obtained with 7 W.

1.5.6 Photochemical conversion of ferulic acid

The role of ferulic acid as a possible substrate is studied further in the following. The exper-
imental results revealed that the presence of a photocatalyst is essential to initiate the re-
action. Gémez-Lopez et al. reported a conversion of ferulic acid into vanillin that is initiated
by thermal decarboxylation followed by a second step catalyzed by a Cu-based catalyst.*°
For this purpose, the effect of heating during irradiation with 455 nm is investigated. In order
to obtain 70 °C, the setup described in Chapter 1.5.5.3 was applied. However, heating to
70 °C is not sufficient to activate ferulic acid, and no vanillin is detectable (see
Figure S.1 - 12(a)). Furthermore, curcumin is applied in catalytic amounts to study its prop-
erties as a photocatalyst. As shown in Figure S.1 - 12, curcumin can initiate the conversion
of ferulic acid into vanillin. The detected amount of vanillin is higher than obtained by con-
version of the same amount of curcumin without ferulic acid. It can be seen that the amount
of vanillin synthesized exceeds the result with TARF as the photocatalyst, although sub-
strate conversion is higher in the latter case (see Figure S.1 - 12(b)). Hence, TARF seems

to catalyze preferentially other parallel reactions.
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Figure S.1-12:Det ected mass concentrati on bphaotatalytie conversianof and vani |l
ferulic acid (FA) or curcumin (C) dissolved in the binary mixture (BM) EtOH/TriA. The mixture contains curcu-

min (C) or tetraacetyl riboflavin (TARF) as catalyst (cat.) or is performed in absence of any catalyst (w/o cat.).

(b) Detected mass concentration of vanillin and the conversion of ferulic acid in the corresponding samples.

1.5.7 Reference sample without exposure to light
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Figure S.1 - 13: Conversion of curcumin in EtOH/TriA without any exposure to light (dark) or with exposure to

daylight only (daylight) (a) with the corresponding yield of vanillin (b). Although curcumin starts to degrade, there
is no vanillin detectable after 5 d.
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1.5.8 Curcuma extract

Figure S.1 - 14: Photograph of the Curcuma extract in the SFME W/EtOH/TriA (a) and BM EtOH/TriA (b).
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One-pot cascade reaction

Chapter 2 Sustainable cascade reaction combining
transition metal-biocatalysis and hydrophobic

substrates in surfactant-free aqueous solutions

2.0 Abstract

Figure 2 - 1: Schematic illustration of the transition metal-biocatalysis cascade reaction in reaction solvents
exhibiting different types and extents of mesoscopic structuring.

A cascade reaction consisting of a Heck reaction followed by an enzyme-catalyzed reaction
is carried out in different aqueous solutions. In particular, the impact of the structuring of the
reaction solvent is investigated. For this purpose, several ternary mixtures of water, isopro-
panol, and benzyl alcohol, including surfactant-free microemulsions, as well as binary mix-
tures of water and isopropanol, are taken into account. A micellar solution of the surfactant
TPGS-750-M serves as a reference system. The coupling of the two reactions can be suc-
cessfully performed in all 3 types of solvents, whereby the best result is achieved in a sur-
factant-free microemulsion. In addition, our surfactant-free system allows for reducing the
temperature during the Heck reaction. The studies further reveal that the structures built up
by surfactants are not necessarily the main reason allowing organic reactions to be carried
out in water. Rather, it is a question of solubility and stability of the reaction components.
Better solubility does not always correlate with increased reactivity. We thus provide a
deeper understanding of solvent-reactivity relationship and want to advert an approach be-
side micellar solvents for transferring organic reactions into environmentally friendly aque-
ous reaction solutions.
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This chapter is submitted to Chemical Engineering Journal (Hofmann, E.; Schmauser, L.;
Neugebauer, J.; Touraud, D.; Gallou, F.; Werner, K. Sustainable cascade reaction combin-
ing transition metal-biocatalysis and hydrophobic substrates in surfactant-free aqueous so-
lutions. Chem. Eng. J. 2023, in minor revision).! Lena Schmauser (University of Regens-
burg, Germany) contributed to the work as part of her masteré6s thesi

(University of Regensburg, Germany) provided support in carrying out the reactions.

2.1 Introduction

Organic solvents account for more than 80 % of the organic waste in the chemical industry.
Being the largest fraction in liquid-phase organic reactions, solvents contribute significantly
to the overall toxicity potential of the process.?® Thus, there is a lot of research on applying
water as a non-toxic, safe, sustainable, and cheap reaction solvent for organic
reactions.?#'1% A common challenge poses the poor water solubility of substrates and cata-
lysts. To make organic reactions greener yet, it seems likely to look to nature, an expert in
Green Chemistry. Enzymes, e.g., can allocate hydrophobic pockets that act like a vessel
for lipophilic substances.?!! Inspired by nature, it is a common technique to use micelles
(see Figure 2 - 2(a)) to provide hydrophobic pockets in water and, thus, to overcome the
solubility issues for organic reactions. Besides enhancing solubility, the compartmentaliza-

tion of organic reagents can positively impact the reaction rate.*' '8

Another benefit of reactions in micellar solutions concerns enzyme-catalyzed reactions. It
is well known that enzymes need to maintain their native conformation to stay active. Ade-
guate hydration of an enzyme is also essential. Using organic solvents as the reaction me-
dium facilitates the solubilization of lipophilic substrates but often results in a dramatic de-
crease or even loss of the catalytic activity of an enzyme.!®'2® Furthermore, metal catalysts
can denature enzymes.?*?* Chaotropes and surface-active molecules, such as hydrotropes
and surfactants, can have the same effect. Their interactions with backbone and sidechains
increase the enzyme solubility and, thus, facilitate its unfolding.?12%'28 Nevertheless, mi-
celles, which in turn are made up of surfactants, can act as a nanoreactor to protect en-
zymes. Accordingly, enzyme-catalyzed reactions can be performed in the presence of or-

ganic solvents and metal catalysts.'%24
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(a) micellar solution (b) surfactant-free microemulsion (c) statistically distributed binary solvent
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Figure 2 - 2: Schematic illustration of a micellar solution (a), a surfactant-free microemulsion (b), and a statisti-
cally distributed binary solvent (c). (d) Molecular structure of the designer surfactant TPGS-750-M.

This opens up the possibility of coupling enzyme- and transition metal-catalyzed reactions
in one pot. Recently, a few cascade one-pot reactions have been reported in aqueous,
micellar solution.2*2%'3¢ Particularly the non-ionic designer surfactant DL-U-tocopherol meth-
oxypolyethylene glycol succinate (TPGS-750-M, see Figure 2 - 2(d)) is used in this context.
The surfactant has been developed by Lipshutz and co-workers. Their designer surfactants
find several applications as reaction media.!22429 3137140 Cortes-Clerget et al. successfully
carried out sequential Heck reactions coupled with an ADH(alcohol dehydrogenase)-cata-

lyzed ketone reduction in a micellar solution of TPGS-750-M.%

Surfactants, however, possess some characteristics that make their usage challenging.
Their strong tendency to adsorb at interfaces complicates recycling and can lead to foam-
ing. In addition, the molecules can be poorly biodegradable and can exhibit a certain eco-
toxicity.*1'4% For this reason, hydrotropes gain more and more attention when it comes to
solubilizing hydrophobic substrates and creating solvent structuring. In general, hydrotropes
often have better biodegradability, induce less foaming, and facilitate solvent recycling, es-
pecially for volatile hydrotropes like short-chain alcohols.*? Unlike surfactants, hydrotropes
do not necessarily structure in pure water, but the presence of an organic, water-immiscible
solvent enforces structuring.** Microemulsions, consisting of such a ternary mixture of wa-
ter, hydrotrope, and organic solvent, are called surfactant-free microemulsions (SFMES)
(see Figure 2 - 2(b)) and are successfully applied as reaction media for enzyme-catalyzed

reactions.445147

61



Chapter 2

Here we investigate the impact of different aqueous solvents on a one-pot Heck reaction
followed by an ADH-catalyzed ketone reduction. We compare a micellar solution, ternary
mixtures including SFMEs, and simple, unstructured binary mixtures (see Figure 2 - 2(a-c))
with regard to their suitability as reaction media for the single reactions as well as the cas-
cade reaction. The mixtures consisting of water, the hydrotrope isopropanol (IPA), and the
oil benzyl alcohol (BA) are designated as sustainable. BA is an approved food additive
(E 1519) and is present in several fruits and plants, including apricots and honey.*¢4° More-

over, sustainable production of IPA from biomass is reported in the literature.>®
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2.2 Material and methods

2.2.1 Chemicals

The enzyme ADH-101 (wild-type, expressed in E. Coli) was delivered by Johnson Matthey
(Royston, UK). 2-Ethylhexyl acrylate (EHA, purity 98 %) , -iodbdcetophenone (97 %),
deuterated dimethyl sulfoxide (DMSO-ds, 99.5 atom % D), bis(tri-tert-butylphosphine)pal-
ladium(0) (Pd(t-BusP),), phosphate buffered saline (PBS, tablets), DL-U-tocopherol meth-
oxypolyethylene glycol succinate (TPGS-750-M, CAS 1309573-60-1), trans-4-phenyl-3-bu-
ten-2-one (99 %), and triethylamine (TEA, 99 %) were obtained from Sigma Aldrich
(Darmstadt, Germany). Methyl acrylate (MA, stabilized with 200 ppm MEHQ, 99 %) was
from Acros Or gani c-Nicotindenide adenindBdinlickpatide phosphate so-
dium salt hydrate (NADPH, reduced form, for biochemical research, > 90.0 %) was pur-
chased from TCI (Eschborn, Germany). Benzyl alcohol (BA, 99 %), and a 1 M hydrogen
chloride solution (HCI, 1 N) were bought from Merck (Darmstadt, Germany). The 1 M so-
dium hydroxide solution (NaOH, 1 N) was from Carl Roth (Karlsruhe, Germany). Dichloro-
methane (DCM, 99.8 %) and isopropanol (IPA, 99.8 %) were delivered by Honeywell
(Offenbach, Germany). Ethyl acetate (EtOAc, 99.8 %) was purchased from Fisher Scien-
tific (Schwerte, Germany). All chemicals were used without further purification. Millipore

water (W) was used with a resistivity of 18 M q cm.

2.2.2 Methods

2.2.2.1 Ternary phase diagram

Ternary phase diagrams were determined according to Dekker et al. 5! For this purpose,
3 g of binary mixtures of water and hydrotrope or oil and hydrotrope, respectively, were
prepared in screw tubes of borosilicate glass. The third compound (oil or water) was added
gradually to the monophasic solutions until turbidity was perceived by the naked eye. The
solutions were tempered to 25 0.1 °C with a heating thermostat A 111 equipped with an
immersion thermostat A 100 from Lauda (Lauda-Kénigshofen, Germany). Precise weight
measurements allowed for calculating the weight fractions of the mass of the individual

compounds.
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2.2.2.2 Dynamic light scattering
Dynamic light scattering (DLS) was performed as described in Chapter 1.2.2.5.
2.2.2.3Polarimetry

The optical rotation value of the cascade reaction product was measured by means of an
UniPol L1000 polarimeter from Schmidt + Haensch (Berlin, Germany) with a tube length of
50 mm and a wavelength of 589.44 nm. For this purpose, the reaction product was dis-
solved in DMSO with a concentration of 0.38 g/100 mL. The measurement was performed

10 times.
2.2.2.4Enzyme-catalyzed reaction

A buffer solution (PBS) was prepared, containing 0.01 M phosphate buffer, 0.0027 M po-
tassium chloride, and 0.137 M sodium chloride (pH 7.4, 25 °C). The pH was controlled by
means of an Avantor pH glass electrode 211 from VMR (Darmstadt, Germany). For the
reaction, 3.6 mL of a reaction medium was added to 2.4 mg NADPH and 27 pL of the reac-
tant trans-4-phenyl-3-buten-2-one. The reaction media consisted of different mixtures of
PBS solution, IPA, and BA, or 3.2 mL of 2 % (w/w) TPGS-750-M in PBS solution mixed with
0.4 mL IPA. The reaction was initiated by adding 20 mg of the enzyme ADH-101. The re-
action solution was stirred for 2 h at 500 rpm at 37 °C. Afterward, the product was extracted
3 times with EtOAc. For this purpose, the reaction solution was transferred in centrifuge
tubes and mixed with 3 mL EtOAc. After stirring the mixtures for 20 s with a Vortex, the
solution was centrifuged at 4®00 rpm (1&90 g) for 60 s. The EtOAc phase was taken with
a syringe, and the extraction process was repeated 2 times with the remaining aqueous
phase. The collected EtOAc phases were treated with a rotary evaporator (Hei-VAP Ad-
vantage from Heidolph Instruments, Kelheim, Germany) to remove the remaining volatile
solvent compounds. All reactions were performed in duplicates. The reaction yield was
monitored by NMR measurements.

2.2.2.5 Heck reaction

For the Heck reaction, 0.4 mL of a reaction medium was added to 2 mg of the catalyst Pd(t-
BusP);, 499 mg o-fodoate&tophenone (1 equiv.), 2 equivalent of an alkene, and 84 uL of
TEA. The reaction media consisted of different mixtures of water, IPA, and BA, or 2 % (w/w)
TPGS-750-M in water. The alkene was either 36 pL of MA or 84 pL of EHA. The solution,
as well as the gas phase in the vial, were each degassed for 45 s with N,. The reaction
solution was stirred for 24 h at 500 rpm at 25 °C or 45 °C. The product was extracted as

described in Chapter 2.2.2.4 using 1 mL of EtOAc for each extraction step. Afterward,
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solvents were removed with the rotary evaporator. All reactions were again performed in

duplicates, and the reaction yield was monitored by NMR measurements.
2.2.2.6 Cascade reaction

First, the Heck reaction was carried out as described in Chapter 2.2.2.5. The reaction media
consisted of the binary mixture W/IPA 67/33 (w/w), the SFME W/IPA/BA 47/33/20 (w/wiw),
or the surfactant solution with 2 % (w/w) TPGS-750-M in water. After 24 h, the basic reac-
tion solution was neutralizedto a pH of 7.1 0.3. In the case of the surfactant solution, the
reaction solution was neutralized with 1 M HCI. In the case of the binary mixture, a mixture
of 1 M HCI and IPA (67/33 (w/w)) was used, and a mixture of 1 M HCI, IPA, and BA
(47/33/20 (w/w/w)) was added to the SFME. When overshooting the desired pH, 1 M NaOH
was added. The pH was controlled using the pH indicator strips MColorpHast (pH 6.5 1
10.0) from Merck (Darmstadt, Germany). After pH adjustment, 3.2 mL of the reaction me-
dium was added. The reaction media consisted of PBS/IPA 67/33 (w/w), PBS/IPA/BA
47/33/20 (w/wiw), or 2.6 mL of 2 % (w/w) TPGS-750-M in PBS solution mixed with 0.6 mL
IPA. For the cascade reaction, the concentrations of the PBS buffer were doubled. The pH
was again controlled to be 7. 2.4 mg of NADPH and 20 mg of the enzyme ADH-101 were
added to initiate the second reaction step. The reaction solution was stirred for 24 h at
500 rpm at 37 °C. The product was again extracted 3 times with 3 mL EtOAc and further
purified with the rotary evaporator, as described in Chapter 2.2.2.4. The reactions were car-

ried out in duplicates, and the reaction yield was again monitored by NMR measurements.
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2.3 Results and discussion

2.3.1 Solvent characterization

First, a micellar solution containing 2 % (w/w) TPGS-750-M is studied as a reaction solvent
for both Heck and enzyme-catalyzed reactions, as reported by Cortes-Clerget.? In the case
of the enzyme-catalyzed ketone reduction, the solution is mixed with IPA, resulting in a
ternary mixture of water(W)/IPA/TPGS-750-M 80/18/2 (w/w/w).>? Information on the de-
signer surfactant TPGS-750-M can be found in the literature.*® In addition, investigations on
the formation of micelles by means of DLS and fluorescence measurements can be found
in the Supporting Information (see Chapter 2.5.2.1). The studies confirm that micelles with

a size of 6 nm are present in the aqueous reaction solution of 2 % (w/w) TPGS-750-M.

The second aqueous solvent system consists of water, IPA, and BA. In the ternary system,
only 28 % (w/w) of IPA is required to close the miscibility gap between water and BA (see
Figure 2 - 3(a)). In order not to be too susceptible to phase separation, ternary mixtures
containing 33 % (w/w) of IPA are considered as possible reaction media. Figure 2 - 3(b)
depict the correlation functions obtained by dynamic light scattering (DLS) measurements
for ternary mixtures with varying W/BA ratio. Starting in the binary mixture W/IPA 67/33
(w/w), no signal is detected, indicating the absence of structuring. With an increasing
amount of BA, increasing correlation functions arise. It is assumed that a higher correlation
intercept as well as larger lag times of the correlation functions correlates with a more pro-
nounced structuring.>® Accordingly, mixtures ¢ and d exhibit the most pronounced structur-
ing expecting aggregates of BA to be dispersed in water. Mixtures ¢ i e are, thus, classified
as SFMEs, with the correlation coefficient beginning to decrease with sample e. As the BA
content continues to rise, the correlation function drops down to a negligible signal in the
binary IPA/BA 33/67 (w/w) mixture.
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Figure 2 - 3: (a) Ternary phase diagram of water, IPA, and BA at 25 °C. The gray shaded area represents the
miscibility gap (22), separated from the monophasic area (1z). The red curve represents the phase boundary
after addition of PBS to the water component. The black rhombs depict compositions measured by means of
DLS. (b) Corresponding correlation functions obtained by DLS measurements at 25 °C.

When performing the enzyme-catalyzed ketone reduction, a PBS buffer solution is applied
instead of pure water. The buffer causes, however, only minor changes (see Figure 2 - 3(a),
red curve). There is some salting-out effect, especially on the oil-rich side, resulting in an
increase in the miscibility gap. The presence of pronounced structuring in mixtures c i e
remains unaffected. Mixture e, however, is in close proximity to the miscibility gap and very
prone to phase separation. Mixture f is located in the biphasic area and not thermodynam-
ically stable. The corresponding results of additional DLS measurements are given in the
Supporting Information (see Chapter 2.5.2.2).

The third aqueous solvent system comprises binary W/IPA mixtures. As shown for mixture
a in Figure 2 - 3, the IPA is distributed statistically in the water with no tendency to aggre-
gate. Literature confirms that no signal is detectable by DLS measurements in the whole
concentration range of W/IPA mixtures. Accordingly, there are no fluctuating structures with
a diffusion coefficient small enough to be monitored by DLS.%3
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2.3.2 ADH-catalyzed ketone reduction

In the first attempt, the different solvents are examined for their suitability as reaction media
for ADH-catalyzed reduction of the Kketone trans-4-phenyl-3-buten-2-one (see
Figure 2 - 4(a)). The water phase always contains PBS buffer. Initially, the reaction is per-
formed in different mixtures across the phase diagram (see Figure 2 - 3(a)) in order to study
the influence of the solvent structuring on the enzyme activity. The reaction outcome is
monitored with MS and NMR measurements (see Chapter 2.5.3.1 1 2.5.3.2 in the Support-

ing Information), allowing identification and quantification of the reaction product.

Figure 2 - 4(b) depicts the results as a function of the water content. In the binary mixture
IPA/BA (h), the enzyme is completely denatured and inactive. This is to be expected due to
lack of hydration.??23 With increasing water content, the reaction yield remains between
70 % and 100 %, indicating an active enzyme. The highest yields of 98 1 100 % are ob-
tained in slightly structured mixtures (b, g), while yields of 72 7 76 % are obtained in both
unstructured (a) and highly structured mixtures (c, d). Accordingly, the structuring of the

solvent has no impact on the reaction.
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Figure 2 - 4: (a) ADH-catalyzed reduction of trans-4-phenyl-3-buten-2-one. The solvent is either a micellar so-
lution of TPGS-750-M with IPA, a binary mixture of W/IPA, or a ternary mixture of W/IPA/BA.
(b) Corresponding yield obtained by ADH-catalyzed reduction of the ketone in different mixtures of water, IPA,
and BA. The compositions correlate with the mixtures ai h shown in Figure 2 - 3(a). The W/BA ratio varies,
while the amount of IPA (33 % (w/w)) remains constant. The blue-shaded areas represent the extent of solvent
structuring. Unstructured solvent mixtures are indicated as (I) and are less intense in color. (II) depicts slightly
structured mixtures, and (Ill) represents mixtures with pronounced structuring. The black area identifies mixtures
that are too prone to phase separation (2z, e-f). (c) Yield of trans-4-phenyl-3-buten-2-ol obtained by ADH-cata-
lyzed reduction of the ketone in different binary mixtures of water and IPA, as well as the pure solutions.
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The yield of 76 % in the unstructured, binary mixture of W/IPA 67/33 (w/w) first appears
conspicuous. The statistically distributed hydrotrope IPA is expected to solubilize the en-
zyme, rather resulting in its unfolding and denaturation.?6#¢ For this reason, the enzyme
activity is studied in different binary mixtures of water and IPA (see Figure 2 - 4(c)). Indeed,
the best results are obtained in the binary mixtures regardless of their composition with
yields of 76 i 81 %. The pure (buffered) water solution yields only 8 %, confirming the coun-
terintuitive positive effect of IPA on the enzyme activity. Pure IPA, however, leads to the

expected denaturation of the enzyme. Sufficient hydration of the enzyme is thus mandatory.

Since solvent structuring is one of the key parameters investigated in this work and high
water content is favorable, the highly structured ternary mixture W/IPA/BA 47/33/20 (w/w/w)
(mixture c in Figure 2 - 3) is compared with the unstructured binary mixture with an equal
amount of IPA (W/IPA 67/33 (w/w) (mixture a)). The previous results prove good enzyme
activity in both solutions. In the following, these solutions are defined as SFME-c
(W/IPA/BA) and BM-a (W/IPA).

ao 4 [ 37 °C

water/IPA surfactant/IPA BM-a SFME-c
solvent

Figure 2 - 5: Yield of trans-4-phenyl-3-buten-2-ol obtained by ADH-catalyzed reduction of the ketone in different
solvents. From left to right: W/IPA 91/9 (w/w), 2 % (w/w) aqueous surfactant solution with IPA 91/9 (w/w), BM-
a (W/IPA 67/33 (w/w)), and SFME-c (W/IPA/BA 47/33/20 (w/w/w)). The solvents containing 9 % (w/w) IPA serve
as reference and are single measurements.

Cortes-Clerget et al. performed the reduction in a phosphate buffer solution and aqueous
TPGS-750-M solutions mixed with IPA.2° These solvents serve as a reference and are in-
dicated by W/IPA and surfactant/IPA, both in a ratio of 91/9 (w/w), whereby the surfactant
solution consists of 2 % (w/w) TPGS-750-M in water. A 57 % yield is found in the W/IPA
solution, 62 % in the surfactant/IPA system (see Figure 2 - 5). This is in good agreement
with the reported conversion obtained by Cortes-Clerget, which is 57 % in W/IPA and 67 %
in surfactant/IPA.2° A slightly higher yield is obtained in the BM-a (76 %) and in the
SFME-c (76 %), with the two solvents providing comparable results within the error (see
Figure 2 - 5).
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Performing the reduction in the pure micellar solution in the absence of IPA reduces the
yieldto 0.6 ( 0.2) %, as it is the case in pure water solution (8 %). Accordingly, the behav-
ior of the enzyme in the different solvents is considered more in detail. In the solvents con-
taining IPA, the enzyme is only partially dissolved, resulting in turbid solutions (see
Figure S.2 - 7 in the Supporting Information). In pure buffer solution as well as in pure sur-
factant solution, the solutions remain transparent, indicating complete solubilization of the
enzyme. As mentioned in the introductory chapter, the solubilization of an enzyme can re-
sult in its unfolding and, thus, deactivation. The alcohol hence seems to act salting-out on
the enzyme studied, which allows the enzyme to remain catalytically active. In addition, the
IPA is also reported to be applied for the regeneration of NAD(P)H cofactors in ADH-cata-
lyzed reduction reactions, in which ADH serves as the production and the regeneration en-
zyme.>* Aono et al. reported a photochemical reduction system of NADPH and ADH, when
hydrogenating 2-butanone.>® A similar process could occur with the ADH-101 investigated
in this work. The structuring of the SFME would not be affected by this since the amount of
IPA required for such regeneration is less than 1 % (w/w) of the solvent. As reported in
literature, the NADPH is added in catalytic amount as cofactor in our ADH-101-catalzyed
reactions.?® Apparently, the molecule has to be regenerated. The ADH-101 enzyme, thus,
seems to include two functions: the activity of an ADH and the reduction of NADPH. Since
it is a commercial enzyme, no more precise information can be provided at this point. It is

only known that the enzyme is declared as wild type and expressed by E. Coli.
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2.3.3 Heck cross-coupling

After optimizing the reaction media with regard to the enzyme activity, the solvents are ap-
plied to Heck cross-coupling reactions (see Figure 2 - 6) to identify the best solvent condi-
tions for both reaction types. MS and NMR data used for product identification and quanti-

fication can again be found in the Supporting Information (see Chapter 2.5.4.1 7 2.5.4.2).
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Figure 2 - 6: Heck cross-c o u p | i rAagloacetbphehdne with MA (1a) or EHA (1b). The solvent is either a
micellar solution of TPGS-750-M, a binary mixture of W/IPA, or a ternary mixture of W/IPA/BA.

First, the cross-coupling with methyl acrylate (MA, Figure 2 - 6, 1a) is performed in different
mixtures of water, IPA, and BA across the phase diagram (see Figure 2 - 7(a), red curve).
In all mixtures, reaction yields between 757 100 % are obtained. As expected, the yield
tends to increase with decreasing water content. A correlation with solvent structuring is not
identifiable. It has to be noted that liquid-liquid phase separation occurs in mixture c i e
upon the addition of TEA. Additional experiments reveal that besides the macroscopic struc-
turing in the form of droplets, there is also still a mesoscopic structuring present in the larger
volume phase. (see Figure S.2 - 17 in the Supporting Information). In comparison with the
enzyme-catalyzed reaction (black curve), the deviations are higher for the Heck reaction. In
general, this type of reaction is more susceptible during sample preparation. Proper degas-
sing seems to be particularly crucial. Overall, the results reveal that both the enzyme-cata-
lyzed and the Heck reaction perform well in the considered ternary SFME-c and in the
BM-a.
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Figure 2 - 7: (a) Yield of 2a obtained by Heck reaction (red), and yield of trans-4-phenyl-3-buten-2-ol obtained
by ADH-catalyzed reduction (black) in different mixtures of water, IPA, and BA. The compositions correlate with
the mixtures a i h shown in Figure 2 - 3(a). The W/BA ratio varies, while the amount of IPA (33 % (w/w)) remains
constant. The blue-shaded areas represent the extent of solvent structuring. Unstructured solvent mixtures are
indicated as (I) and are less intense in color. (Il) depicts slightly structured mixtures, and (l1l) represents mixtures
with pronounced structuring. (b) Yield of 2a obtained by Heck cross-coupling of MA in different solvents. From
left to right: water, 2 % (w/w) aqueous surfactant solution, BM-a (W/IPA 67/33 (w/w)) and SFME-c (W/IPA/BA
47/33/20 (w/wiw)).

The yields obtained in the BM-a (75 %) and the SFME-c (80 %) at 45 °C significantly exceed
the yield in the reference solvents (see Figure 2 - 7(b), blue bars). The values are more than
doubled compared to the surfactant system (34 %) and correspond to more than 5 times
the yield achieved in pure water (14 %). It is conspicuous that the reaction solution in the
SFME-c appears way more transparent than the other solvents (see Figure S.2 - 18 in the
Supporting Information). The catalyst is finely dispersed, and the substrate appears to be
dissolved. The better solubility of the reaction components may also explain the even better
reaction outcome at milder temperatures of 25 °C (green bars). In contrast, elevated tem-
peratures of 45 °C are required to improve the reaction outcome in water and the surfactant
solution. Moreover, it is reported that tocopherol can form a complex with transition metals.>®
DLS measurements of the tocopherol-based TPGS-750-M surfactant together with the Pd-
catalyst show indeed the formation of larger aggregates that increase in size with time (see
Figure S.2 - 19 in the Supporting Information). This indicates the presence of interactions
between the surfactant and the catalyst, which seems to reduce the catalytic activity during
the Heck reaction. Higher temperatures may help to overcome these interactions. Overall,
the highest yield of 96 % is achieved in the SFME-c under mild conditions of 25 °C. The
reaction solvents are further studied using 2-ethylhexyl acrylate (EHA, 1b) as substrate (see
Figure S.2 - 20 in the Supporting Information). At 45 °C, yields between 9217 100 % can be
obtained in the surfactant system, the BM-a, and the SFME-c, with the SFME-c yielding the
lowest result at 92 %. In turn, milder conditions of 25 °C lead to a decrease in the yield in

the surfactant solution (59 %), while complete conversion can be achieved in the SFME-c.
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2.3.4 One-pot cascade reaction

Finally, the two reaction types are combined and performed as a cascade reaction in one
pot. The Heck cross-c o u p | i ng o4ododtétophenonenis falldwed by an ADH-cat-
alyzed reduction of the ketone (see Figure 2 - 8(a)).
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Figure 2 - 8: (a) Heck cross-c o u p | i fiodoacetbphehdne with MA, followed by ADH-catalyzed reduction of
the obtained ketone. The reaction is performed in one pot. (b) Yield of the one-pot cascade reaction in the
different solvents. From left to right: 2 % (w/w) aqueous surfactant solution, BM-a (W/IPA 67/33 (w/w)), and
SFME-c (W/IPA/BA 47/33/20 (w/w/w)).

As shown in Figure 2 - 8(b), the Heck reaction at 45 °C can be coupled successfully in the
3 solvents. A precise pH control in the coupling step is thereby crucial. In the surfactant
system, ayield of 59 % is achieved, which is significantly higher than the yield obtained with
the single Heck reaction without coupling at 34 %. Since both results can be monitored
repeatedly, it is assumed that further converting the Heck reaction product results in a shift
in the reaction equilibrium to the product side. In addition, the reaction time is extended by
the coupling, albeit with a changed pH. Slightly higher yields of 78 % are reported by Cortes-
Clerget.? Deviations may be explained by altered enzyme conditions. Enzymes from differ-
ent batches can influence the reaction outcome, as shown in Figure S.2 - 8 inthe Supporting
Information. Under the same conditions, however, the BM-a and the SFME-c achieve even
higher yields of 82 % (BM-a) and 84 % (SFME-c). Within the errors, both solvents yield
comparable results. Based on the results obtained in the previous chapter, the first step of
the cascade reaction is carried out at milder temperatures of 25 °C in the SFME-c. Even at
the low temperatures, a high yield of 84 % can be maintained. The corresponding NMR and
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MS data are shown in the Supporting Information (see Chapter 2.5.5.171 2.5.5.2). We also
present information on the initial attempt for complete isolation and purification of the prod-

uct of the cascade reaction in SFME-c (see Chapter 2.5.5 in the Supporting Information).

The results in Figure 2 - 8(b) demonstrate that solvent structuring is not essential for cou-
pling a transition metal-catalyzed Heck reaction with an ADH-101-catalyzed reduction in
one pot. When the enzyme stays in a partially undissolved, folded state, it also remains
active in the presence of the catalyst. This is also shown in Figure S.2 - 9 in the Supporting
Information. The ADH-catalyzed reduction of trans-4-phenyl-3-buten-one (compare
Figure 2 - 4) is performed in presence of the Pd-catalyst. Despite the transition metal, there
is no decrease in the yield, even in the unstructured BM-a. Besides, the coupled reaction
product in the SFME-c is investigated by means of polarimetry, yielding a specific rotation
| 8 ¢ @ @ . This value is in good agreement with the literature value of
| 8 ¢ &, obtained for the enantiopure methyl-(R,E)-3-(4-(1-hydroxyethyl)phenyl

acrylate.?® The enzyme, thus, keeps both its activity and selectivity.
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2.4 Conclusion and outlook

We presented a detailed study on the impact of solvents, in particular with regard to their
structuring, on two types of reaction: transition metal-catalyzed Heck cross-couplings and
enzyme-catalyzed ketone reductions. A micellar solution of TPGS-750-M in water serves
as a reference and is compared to unstructured, binary mixtures of water (W) and isopro-
panol (IPA) as well as ternary mixtures of water, IPA, and benzyl alcohol (BA) with different
extent of structuring.

The experiment reveals that in the case of the ADH enzyme investigated, no structuring is
required to protect against the oil or the alcohol. In fact, the alcohol acts salting-out on the
otherwise water-soluble enzyme, allowing it to retain its folding and, thus, its activity. Hence,
the enzyme activity is maintained in the unstructured binary mixtures and the ternary mix-
tures, which possess pronounced structuring, resulting in a yield of about 70 7 80 %. The
best yield of about 100 % is achieved in ternary mixtures of W/IPA/BA with minor structur-
ing. The results obtained in our surfactant-free systems exceed the micellar reference sys-
tem reported in the literature, which is also the case for the Heck reaction. In all mixtures of
water, IPA, and BA, yields of 751 100 % are achieved for the cross-coupling. The binary
mixture of W/IPA 67/33 (w/w) (BM-a) and the surfactant-free microemulsion of W/IPA/BA
47/33/20 (w/wiw) (SFME-c) allow for reducing the reaction temperature from 45 °C to 25 °C.
While the reference system requires high temperatures, the milder conditions further im-
proved the results in the BM-a and the SFME-c. The best yield at mild temperature is ob-
tained in the SFME-c (96 %), which exhibits great solubilization of the reaction components.

Ultimately, the Heck cross-coupling is successfully coupled with the ADH-catalyzed reduc-
tion in one pot using the micellar solution, the BM-a, or the SFME-c as the reaction medium.
Although the surfactant system enables the one-pot cascade reaction, the formation of mi-
cellar nanoreactors protecting the enzyme is not the crucial factor as previously assumed.?
In fact, the solubility and the resulting stability of the reaction components are the key pa-
rameters. When the enzyme stays partially undissolved and folded, the transition metal cat-
alyst has no negative impact on its activity. This is simply achieved by a binary mixture of
water and IPA. Mixing the binary mixture with an oil results in mesoscopic structuring of the
solvent and improved solubility of the hydrophobic reaction components while maintaining
the enzyme active. Concurrently, a dynamic system is provided that does not intervene in

the reactions as a consequence of too strong interactions.
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Overall, structured solvent systems can improve reactions and, above all, make reactions
in aqueous surrounding possible in the first place. However, it is not mandatory to build up
complex and defined structures based on surfactants. Solvent structuring rather provides
the opportunity to combine different molecules, which positively influence the solubility and

stability of the reaction components, in a rather stable system.

In the next step, the surfactant-free reaction solutions should be applied to other substrates
as well as to other transition metal-biocatalysis cascade reactions. It can thus be studied
whether the reaction solvents can be used universally. The great solubilization power of the
SFME seems to be the major advantage of this solvent type. For this reason, it would be
highly recommended to investigate cascade reactions, including a photocatalysis step. Fur-
thermore, photocatalytic reactions using organic dyes should be considered as a more en-
vironmentally benign approach compared to metal catalysis. Besides, the role of IPA and
ADH-101 during cofactor regeneration is only considered briefly in this work. Further reac-
tions with varying ratios of IPA and NADPH should be carried out. In addition, the oxidized
NADP* should be used to initiate the reaction. This may give additional information to un-
ravel the exact regeneration mechanism. Moreover, the first attempts for an upscaling
should be taken into account. The surfactant-free aqueous solvents could prove very suit-
able for the industry. All compounds considered can be classified as sustainable and solvent
recovery should be facilitated due to the volatile IPA and the possibility of inducing phase-
separation in the SFME by, e.g., changing the temperature. Generally, lowering the tem-
perature during the Heck reaction and the low price of the applied chemicals also implicate

economic advantages.
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2.5 Supporting information

2.5.1 Methods

2.5.1.1 ANS fluorescence measurements

An Infinite M Nano+ from Tecan Trading (Mannedorf, Switzerland) was used to measure
the fluorescence in a black Greiner 96 multiwell, half area, pClear microtiter plate with a flat
bottom. The aqueous solutions contained 8-anilino-1-naphthalenesulfonic acid (ANS) with
a concentration of 20 uM and a varying amount of TPGS-750-M. The samples were excited
at 385 nm, and the emission was detected at 490 nm with a gain of 100 in bottom reading
mode. ANS (> 95.0 %) was obtained from TCI (Eschborn, Germany).

2.5.1.2 Malvern DLS measurements

Aqueous solutions of 2 % and 0.02 % (w/w) TPGS-750-M were measured in high precision
cells of special optical glass (10 mm light path, from Hellma Analytics, Mullheim, Germany),
using a Zetasizer Nano ZS from Malvern Panalytical (Malvern, UK). Each sample was fil-
tered with a PTFE filter (0.2 um pore size) and measured 3 times. For determining the di-
ameter of the aggregates, the refraction index, and the viscosity of water at 25 °C were
applied.

2.5.1.3 NMR measurements

1H-, 3C-, and HSQC-dept NMR measurements were performed in DMSO-ds on an
AVANCE Ill HD 400 NMR from Bruker (Billerica, USA). Dichloromethane was added as an
internal standard for quantitative analysis.

2.5.1.4 Mass spectrometry

For the cascade reaction and the Heck reaction with MA, the molar mass of the reaction
product was determined using an LC-Q-TOF 6540 UHD mass spectrometer (MS) from Ag-
ilent Technologies (Santa Clara, USA) equipped with a gas chromatography system (GC-
MS). The atmospheric pressure chemical ionization (APCI) method was applied. For the
enzyme-catalyzed reaction and the Heck reaction with EHA, the molar mass of the reaction
product was identified by means of an AccuTOF GCX MS from Joel (Freising, Germany)

coupled with a GC (GC-MS). As an ionization method, electron ionization (El+) was used.
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2.5.1.5Product isolation with column chromatography

A column with a diameter of 1 cm was packed with silica gel 60. The mobile phase consisted
of an n-hexane/EtOAc 70/30 (v/v) mixture. The fractions were analyzed using thin-layer
chromatography (TLC) in the previously defined solvent and a UV lamp from neolLab (Hei-
delberg, Germany) with a wavelength of 254 nm. The solvents were removed by means of
the rotary evaporator. In between, 2 i 3 mL chloroform was added three times to completely
remove the solvent residues. n-Hexane ( 99 %) was purchased from Sigma Aldrich
(Darmstadt, Germany). Silica gel 60 (0.063 7 0.200 mm, for column chromatography) and
the TLC silica gel 60 Fzs. (aluminum sheets) were bought from Merck (Darmstadt, Ger-

many). Chloroform (99.8 %) was obtained from Fisher Scientific (Schwerte, Germany).
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2.5.2 Solvent characterization

2.5.2.1 Micellar solution
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Figure S.2 - 1: (a) DLS and ANS fluorescence measurements of aqueous TPGS-750-M solutions as a function
of the surfactant concentration. Since the fluorescence of ANS depends on the polarity of its environment, an
increase in the signal can be correlated with the formation of micelles.5” The same applies to the correlation
coefficient at small lag times (104 ms), as the appearance of a signal arises from the incipient micelle for-
mation.%® The results obtained by DLS and fluorescence measurements are in good agreement, indicating mi-
celle formation at concentrations higher than 10 pM. (b) Hydrodynamic radius of the micelles as a function of
surfactant concentration resulting from DLS measurements. The radius was determined using a cumulant fit of
1. order with the density and viscosity values for water at 25 °C. The first radius can be determined at 50 puM,
which is considered to be the cmc of this surfactant. The values for the hydrodynamic radius are determined to
be about 6 nm, whereby a decrease is detected at higher concentrations. The decrease can be attributed to the
increased viscosity of the solution, which is not taken into account. The dotted line represents the reaction
solution of 2 % (w/w) TPGS-750-M in water. The results clearly depict that micelles are present in this compo-
sition. Measurements of the interfacial tension for determining the cmc turned out to be inapplicably due to the
slow diffusion of the large molecule.

It is important to note at this point that Andersson et al. detected significantly larger aggre-
gates in an aqueous solution of 2 % (w/w) TPGS-750-M using a Malvern Zetasizer. Com-
parable aggregates with a diameter of 9 nm were detected as well, however, with a minor
intensity of about 2 %. 98 % of the detected aggregates had a diameter of 60 nm, which is
5 times our value measured with DLS. The cryo-TEM measurement by Andersson and
coworkers revealed that the detected aggregates are composed of smaller aggregates.*°
Thus, we assume that the radius of 6 nm (or the diameter of 12 nm) is actually the size of
a single micelle. This would be in good agreement with the size of a single micelle reported
by Andersson.*° The larger aggregates could not be reproduced in our measurements, even
when applying the same device (see Figure S.2 - 2). Hence, the larger aggregates appear
to be hardly reproducible, possibly due to minor stability compared to the micelles, which
can be easily reproduced in size.
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(a) 2 % (w/w) TPGS-750-M
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Figure S.2 - 2: Size distribution of 2 % (a) and 0.02 % (w/w) (b) TPGS-750-M in water obtained by Malvern DLS
measurements. The determined diameters of 11.4 nm and 12.6 nm are in good agreement with the hydrody-
namic radius of 6 nm shown in Figure S.2 - 1. Furthermore, the micellar solutions are very monodisperse with
a polydispersity index (PDI) < 0.04.
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2.5.2.2 Surfactant-free microemulsion
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Figure S.2 - 3: Ternary phase diagram of water (W), isopropanol (IPA), and benzyl alcohol (BA) at 25 °C. The
gray shaded area represents the miscibility gap (22), separated from the monophasic area (1z). The red line
represents the phase boundary for PBS buffer/IPA/BA. An increase in the miscibility gap at the oil-rich side is
determined when replacing pure water by the buffer solution. The black rhombs depict compositions measured
by means of DLS. (b) Corresponding correlation functions obtained by DLS measurements at 25 °C with either
pure water (left) or buffer solution (right). The correlation function of sample e is increased with the buffer solu-
tion. This is attributed to its proximity to the phase boundary, resulting in a fairly temperature-sensitive mixture.
Mixture f containing PBS is biphasic and, thus, not measured. Furthermore, it is noticeable that the point of
inflection for PBS is shifted to higher lag times. This indicates a larger size of the aggregates. Overall, the
reaction mixture ¢ exhibit pronounced structuring with both pure water and PBS buffer solution.
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2.5.3 Enzyme-catalyzed reaction

2.5.3.1 NMR measurements
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Figure S.2 - 4: 1H-NMR spectrum of the crude product of the enzyme-catalyzed reaction (2 h, 37 °C, SFME-c)
in DMSO-ds.
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Figure S.2 - 5: 13C-NMR spectrum of the crude product of the enzyme-catalyzed reaction (2 h, 37 °C, SFME-c)
in DMSO-ds.

83



Chapter 2

2.5.3.2 Mass spectrometry
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Figure S.2 - 6: MS results of the crude product of the enzyme-catalyzed reaction (2 h, 37 °C) in the SFME
W/IPA/BA 57/33/10 (w/w/w). (a) Total ion current (TIC) chromatogram. (b) Extracted ion chromatogram (EIC) at
a mass-to-charge (m/z) of 108. (c,d) EIC at a m/z of 148 with the corresponding mass spectrum at 6.4 i 6.5 min.
The measurements prove the presence of trans-4-phenyl-3-buten-2-ol with a molar mass of 148.2 g/mol. The
peak at 4.2 min can be assigned to benzyl alcohol with a molar mass of 108.1 g/mol.
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2.5.3.3 Visual observations

surfactant

Figure S.2 - 7: Visual observation of the enzyme dissolved in different solvents after stirring. The same amount
of enzyme was added to the solvents as used in the enzyme-catalyzed reactions. The solvents consisted of
W/IPA 67/33 (w/w) (BM-a), W/IPA/BA 47/33/20 (w/w/w) (SFME-c), W/IPA 91/9 (w/w) (water w/ IPA), or surfac-
tant solution/IPA 91/9 (w/w) (surfactant w/ IPA). The pictures below show the solutions without IPA. While the
solutions are turbid in the presence of IPA, clear solutions are obtained in the absence of IPA.
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2.5.3.4 Additional reactions
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Figure S.2 - 8: Yield of trans-4-phenyl-3-buten-2-ol obtained by ADH-catalyzed reduction of the ketone. (a) The
reaction with 9 % (w/w) IPA was only carried out once. The duplicate measurement (gray rhomb) was performed
with another batch of enzyme, resulting in a significantly higher yield. (b) The duplicate reactions in water/IPA
and surfactant/IPA were again carried out with enzymes from different batches. The lower yield is obtained with
the first batch, the higher one with the second batch. This demonstrates the susceptibility of enzyme reactions
to the smallest impurities, which can differ from batch to batch. Since the reactions shown in Figure S.2 - 9,
performed with the second batch enzyme, depict the sametre nd among the solvents,
explained by the batch change. Within the batch, the enzyme reactions only possess small deviations. For
example, using the enzyme of the second batch, ayield of 82.6 1.9 % is obtained in the surfactant/IPA system.
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Figure S.2 - 9: Yield of trans-4-phenyl-3-buten-2-ol obtained by ADH-catalyzed reduction of the ketone in the
presence of the catalyst used for the Heck reaction. The same amount of catalyst as applied in the Heck reaction
is used to investigate the influence of the transition metal on the enzyme activity. The results reveal that the
catalyst has no negative impact on the enzyme activity. On the contrary, even higher yields are obtained. The
increase in the yield is, however, attributed to the change of the enzyme batch, which generally resulted in
higher yields.
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2.5.4 Heck reaction

2.5.4.1 NMR measurements
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Figure S.2 - 10: 1H-NMR spectrum of the crude product of 2a after the Heck cross-coupling (24 h, 45 °C, SFME-
c) in DMSO-ds.
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Figure S.2 - 11: 13C-NMR spectrum of the crude product of 2a after the Heck cross-coupling (24 h, 45 °C, SFME-
¢) in DMSO-ds.
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Figure S.2 - 12: 1H-NMR spectrum of the crude product of 2b after the Heck cross-coupling (24 h, 45 °C, SFME-

c) in DMSO-de.
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Figure S.2 - 13: 13C-NMR spectrum of the crude product of 2b after the Heck cross-coupling (24 h, 45 °C, SFME-
¢) in DMSO-ds.
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2.5.4.2 Mass spectrometry
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Figure S.2 - 14: MS results of the crude product of 2a after the Heck cross-coupling (24 h, 45 °C) in the BM-a
WI/IPA 67/33 (w/w). (a) TIC chromatogram. (b,c) EIC at a m/z of 205.1 with the corresponding mass spectrum
at 4.9 min. The measurements prove the presence of methyl-(E)-3-(4-acetylphenyl)-acrylate with a molar mass
of 204.2 g/mol.
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Figure S.2 - 15: MS results of the crude product of 2a after the Heck cross-coupling (24 h, 45 °C) in the SFME-
¢ W/IPA/BA 47/33/20 (w/wi/w). (a) TIC chromatogram. (b,c) EIC at a m/z of 205.1 with the corresponding mass
spectrum at 4.9 min. The measurements prove the presence of methyl-(E)-3-(4-acetylphenyl)-acrylate with a
molar mass of 204.2 g/mol.
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