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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).>>

hydro
-philic -phobic
_
surfactant

. °
® o
.
wlo uE
o _
olwyue ® 4 ©
e %, g 1
. = ;.‘ :
- ~‘k\ 7 ¥ L
o - (-'®
® L0 . reverse
: -
direct multiphase iicelles
micelles .
water oil

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 UE 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.>6:8-10

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,
the surfactants’ strong tendency to adsorb at interfaces can raise 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 to ~ 100 nm in size.®181° 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.®*321-23

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

State of the art

A well-known application of mesoscopic structured solutions is their usage as reaction sol-
vents in biocatalysis.?*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.242729-31.33 |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=%" 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 HE. 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.51-

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.6263-%¢ |n particular the surfactant DL-a-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-"1 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. 8% 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.®3-8 Moreover, some reaction protocols included the usage
of whole cells to achieve a compartmentalization required for enzyme protection from chem-

ical reagants.8-88

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.

« 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.

% 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?

0,
L4

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?

% 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 g (1) has to be determined, which is connected to the diffusion coefficient D (see
Equation 0 — 1). The calculations consider the scattered intensity at an arbitrary time t (I(t))
and the intensity after the lag time 7 (I(t + 1)).%%%®
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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.

A describes the amplitude of the correlation function, B the baseline, and q the magnitude
of the scattering vector with g = (4nn/A1)sin(6/2). The scattering vector thus depends on
the refractive index of the medium n, the incident wavelength A, and the scattering angle 6.
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%

(I(OI(t + 1))

_ —Da2 2 Eq.0-1
O [Aexp(—Dg*t) + B]* + 1 q

9P@ =

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
parallel (a-spin, lower energy state) or antiparallel (3-spin, higher energy state) to the ap-
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 a-spin into the 3-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.97:101-104

(@)

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 y, 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 0 — 2, the sensitivity S depends on both the magnetogyric ratio

of the excited nucleus y,, and of the detected nucleus y  ,.%%9%1%

3/2
S« )/exyde/t 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.96.99.104-106
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Chapter 1 Novel green production of natural-like vanilla
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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 — 80 $/kg,

natural vanillin from vanilla beans nowadays achieves prices higher than 25000 $/kg.8*3

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 — 130 °C) and the use of a copper(ll) catalyst.*®
Such synthetic vanillin is sold for only 16 — 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 1 —6 % of turmeric
powder, depending on the batch.313* The availability at low prices makes curcumin a bio-
mass of high interest in research.??-2* 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.24263=37 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 MQ 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 um 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 4’700 rpm (2'297 g) and 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 — 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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Figure 1 - 3: Detected yield (a) and mass concentration 8 (b) of vanillin, vanillic acid, and ferulic acid after
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 solution is indicated by “cat”. (c) Normalized autocorrelation
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.1 — 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 “yield” of ferulic acid corresponds to the unreacted residue when the acid
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.
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Figure 1 - 4: Detected mass concentration 8 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
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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.
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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-
Beer's law.** Experiments 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.
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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 — 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
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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

legend is plotted against the mass concentration 8. The curves shown are means of a triple 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).

39



Chapter 1

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 vary between the level ”1” and “-1”. The definition of factors and their levels are given
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 1 — 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.

— 2X1iY1i Eg.1-1

b, 3

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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Figure S.1 - 9: Detected mass concentration 8 and yield of vanillin after 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 — 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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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: Detected mass concentration 8 of vanillin and vanillic acid after photocatalytic conversion of
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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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 master’s thesis. Julia Neugebauer

(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.*-18

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.?126-28 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°-3¢ Particularly the non-ionic designer surfactant DL-a-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.!?2429-31.3740 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.*2~*2 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.445-47
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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 %), 4’-iodoacetophenone (= 97 %),
deuterated dimethyl sulfoxide (DMSO-dg, = 99.5 atom % D), bis(tri-tert-butylphosphine)pal-
ladium(0) (Pd(t-BusP).), phosphate buffered saline (PBS, tablets), DL-a-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 Organics (Geel, Belgium). B-Nicotinamide adenine dinucleotide 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 MQ 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 L 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 4000 rpm (1’790 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),, 49 mg of 4‘-iodoacetophenone (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 neutralized to 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 —
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 ¢ — 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 (2¢), separated from the monophasic area (1¢). 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 ¢ — 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 — 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 — 100 % are ob-
tained in slightly structured mixtures (b, g), while yields of 72 — 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.

(a)
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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 a —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 (2¢, 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 — 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 — 2.5.4.2).

(0]
| Pd(t-BU3P)2, NN e
o \)OJ\ TEA, solvent o
o~ 25 °C or 45 °C, 24 h

° (1) °  (a

(e} (6]
\/U\O/\i\/\ S O/\(\/\
(1b)
° @

Figure 2 - 6: Heck cross-coupling of 4-iodoacetophenone 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 75 — 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 ¢ — 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 — 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 92 — 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-coupling of MA with 4’-iodoacetophenone is followed by an ADH-cat-
alyzed reduction of the ketone (see Figure 2 - 8(a)).
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Figure 2 - 8: (a) Heck cross-coupling of 4*-iodoacetophenone 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 2.5.5.1 — 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
[a]2*® = + 23.6 (+ 0.8). This value is in good agreement with the literature value of
[a]3%° = + 23.3, 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 — 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 75 — 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 — 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 — 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 pM,
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 (2¢), separated from the monophasic area (1¢). 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.
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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 — 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 same trend among the solvents, the “outliers” can be
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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Figure S.2 - 16: MS results of the crude product of 2b after the Heck cross-coupling (24 h, 45 °C) in the SFME-
¢ W/IPA/BA 47/33/20 (w/w/w). (a) TIC chromatogram. (b,c) EIC at a m/z of 108 and 155 — 156. (d,e) EIC at a
m/z of 302 with the corresponding mass spectrum at 12.3 min. The measurements prove the presence of 2b
with a molar mass of 302.4 g/mol. The peak at 4.2 min can be assigned to benzyl alcohol. The peak at 5.6 min

corresponds to the fragment of 2-ethylhexyl acrylate.
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2.5.4.3 Visual observations
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Figure S.2 - 17: (a) Correlation functions at 25 °C obtained by DLS measurements. The green curve results
from the pure SFME-c (W/IPA/BA 47/33/20 (w/w/w)). In addition, 2.4 mL of SFME-c was mixed with 588 pL
TEA. The same ratio is used for the Heck reaction. The turbid mixture was centrifuged until phase separation
and the upper, transparent phase (~ 90 % (v/v)) was taken and measured by DLS (violet curve). Accordingly,
despite liquid-liquid phase separation, there is still a pronounced structuring on a mesoscopic scale detected in
the upper phase. The intercept is even shifted to higher lag times, indicating the presence of larger aggregates.
(b) From left to right: Photographs of the pure SFME-c, the SFME-c mixed with TEA (as used for the Heck
reactions) and the SFME-c/TEA mixture with additional amount of SFME-c (as used for the enzyme-catalyzed
reaction).

Figure S.2 - 18: Visual observations of the Heck reaction solutions before and after the reaction (tr = 24 h) at
45 °C. The best solubilization of the reaction components is achieved in the SFME-c (W/IPA/BA 47/33/20
(w/w/w)). The TEA leads to a phase separation of the ternary mixture, and the catalyst is finely dispersed.
Overall, the solution appears rather transparent. In the BM-a W/IPA 67/33 (w/w) and the surfactant solution, a
large part of the substrate remains undissolved, resulting in a very turbid dispersion.

95



Chapter 2

2.5.4.4 DLS studies on TPGS-750-M in combination with the Pd-catalyst
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Figure S.2 - 19: (a) Correlation functions obtained by DLS measurements at 25 °C. The black curve represents
the correlation function of an aqueous solution containing 2 % (w/w) of TPGS-750-M. The colored samples
additionally contained the Pd(t-BusP)2 catalyst in the same amount as used for the Heck reaction. The time
given in the legend correlates with the time of stirring before starting the DLS measurement (tsiring). With the
addition of the catalyst, the point of inflection is shifted to larger lag times 1. Applying the refractive index and
viscosity of water, hydrodynamic radii rmyaro are determined with a cumulant fit of 1. order (b). With increasing
time, the dispersed aggregates increase in size. This leads to the conclusion that interactions between the
surfactant and the catalyst are present, resulting in aggregates larger than single micelles.

2.5.4.5 Additional reactions
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Figure S.2 - 20: Yield of 2b obtained by Heck cross-coupling (24 h) in 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)). Addi-
tionally, the Heck cross-coupling with EHA was performed with meglumine, or arginine as a base instead of
TEA, in order to maintain a stable SFME-c without phase-separation. The change of the base, however, does
not yield any product.

96



One-pot cascade reaction

2.5.5 One-pot cascade reaction

It is important to note at this point that the reaction yield in this work is determined without
complete purification and isolation of the reaction products. Initial attempts are made to
completely isolate the reaction product of the cascade reaction in the SFME-c. With the
current TLC method, there is incomplete separation of the product from the benzyl alcohol.
Hence, in some fractions, both compounds are present (see Figure S.2 - 32). The product
is collected such that there is only little benzyl alcohol impurity present, resulting in a de-
creased yield of 69 % (see Figure S.2 - 24). Changes in column length and eluent compo-
sitions should correct this problem. Nevertheless, NMR and MS measurements of pure
product fractions are also provided in the following (see Figure S.2 - 21 - Figure S.2 - 23).
The product can be described as a pale-yellow solid. Overall, the purification of the reaction
product is not the basic idea of this work. Rather, the influence of the solvent on the reaction

is paramount. For this purpose, all results are compared to the micellar reference system.

2.5.5.1 NMR measurements
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Figure S.2 - 21: 1H-NMR spectrum of the isolated product of the cascade reaction (24/24 h, 25/37 °C, SFME-c)
in DMSO-ds.
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Figure S.2 - 22: 13C-NMR spectrum of the isolated product of the cascade reaction (24/24 h, 25/37 °C, SFME-
c¢) in DMSO-ds.
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Figure S.2 - 23: HSQC-dept-NMR spectrum of the isolated product of the cascade reaction (24/24 h, 25/37 °C,

SFME-c) in DMSO-d.
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Figure S.2 - 24: 1H-NMR spectrum of the isolated product of the cascade reaction (24/24 h, 25/37 °C, SFME-c),
contaminated with BA, in DMSO-ds. As already mentioned, there is incomplete separation of the product from
the benzyl alcohol with the current TLC method (see Figure S.2 - 32). Hence, in some fractions, both compounds
are present. The product is collected such that there is only little benzyl alcohol impurity present, resulting in a
decreased yield of 69 %.
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Figure S.2 - 25: IH-NMR spectrum of the crude product of the cascade reaction (24/24 h, 45/37 °C, SFME-c) in
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Figure S.2 - 26: 13C-NMR spectrum of the crude product of the cascade reaction (24/24 h, 45/37 °C, SFME-c)
in DMSO-ds.

102



One-pot cascade reaction

Hofmann_coupling_MA_24/24_45deg_SFME_(3)_19.02.2023

rau_sHSQCEDETGPSW DMSO {C:\Bruker\TopSpin3.5pi7} AK_Kunz 34 10

120
130
140
150
60
o)
180

-90

f1 (ppm)

+100
\VJL - 110
120
OH 130
140
150
160
F170

180

T T T T T T T T T

T T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f2 (ppm)

Figure S.2 - 27: HSQC-dept-NMR spectrum of the crude product of the cascade reaction (24/24 h, 45/37 °C,
SFME-c) in DMSO-ds.
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2.5.5.2 Mass spectrometry

x10 6 |[TAPCI TIC Scan Frag=120.0V hofm159732.d

1.51
1.25 l
1
0.75
|
0.251 A A ‘ et A A s
0 v ' :

(a)
Counts vs. Acquisition Time (min}

%10 5 +APCI EIC(207.1013) Scan Frag=120.0V hofm159732.d
1 4.946 1
8_
6_
4
2,
O T T T I— 77777 T T
b 1 2 3 4 5 6 7 8 9
(®) Counts vs. Acquisition Time (min)
x10 5 |+APCI Scan (rt: 4.935-4.965 min, 12 scans) Frag=120.0V hofm159732.d Subtract
35 207.1017
3 (0]
2.5 N g
2,
1.5 OH
1] 189.0912
0.5
0 85.0639 131.0491 . 175.9752 : | 224.1282 274.1279
‘ 80 100 120 140 160 180 200 220 240 260 280
() Counts vs. Mass-to-Charge (m/z)

Figure S.2 - 28: MS results of the isolated product of the cascade reaction (24 h/24 h, 25 °C/37 °C) in the SFME-
¢ W/IPA/BA 47/33/20 (w/wiw). (&) TIC chromatogram. (b,c) EIC at a m/z of 207.1 with the corresponding mass
spectrum at 4.9 min. The measurements prove the presence of methyl-(R,E)-3-(4-(1-hydroxyethyl)phenyl)-acry-
late with a molar mass of 206.2 g/mol. Moreover, there are no additional peaks discernible, reflecting successful
isolation.
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Figure S.2 - 29: MS results of the crude product of the cascade reaction (24 h/24 h, 45 °C/37 °C) in the surfac-
tant solution. (a) TIC chromatogram. (b,c) EIC at a m/z of 207.1 with the corresponding mass spectrum at
4.9 min. The measurements prove the presence of methyl-(R,E)-3-(4-(1-hydroxyethyl)phenyl)-acrylate with a
molar mass of 206.2 g/mol.
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Figure S.2 - 30: MS results of the crude product of the cascade reaction (24 h/24 h, 45 °C/37 °C) in the BM-a
WI/IPA 67/33 (w/w). () TIC chromatogram. (b,c) EIC at a m/z of 207.1 with the corresponding mass spectrum
at 4.9 min. The measurements prove the presence of methyl-(R,E)-3-(4-(1-hydroxyethyl)phenyl)-acrylate with a
molar mass of 206.2 g/mol.
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Figure S.2 - 31: MS results of the crude product of the cascade reaction (24 h/24 h, 45 °C/37 °C) in the SFME-
¢ W/IPA/BA 47/33/20 (w/w/w). (a) TIC chromatogram. (b,c) EIC at a m/z of 207.1 with the corresponding mass
spectrum at 4.9 min. The measurements prove the presence of methyl-(R,E)-3-(4-(1-hydroxyethyl)phenyl)-acry-
late with a molar mass of 206.2 g/mol.
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2.5.5.3 Thin-layer chromatography
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Figure S.2 - 32: TLC of some selected fractions during product isolation of a cascade reaction performed in the
SFME-c W/IPA/BA 47/33/20 (wiwiw).
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1,4-Addition in surfactant-free aqueous solutions

Chapter 3 1,4-Addition of 3-bromophenylboronic acid to
a,B-unsaturated cyclohexenone in surfactant-

free aqueous solutions

3.0 Abstract

Figure 3 - 1: Schematic illustration of the 1,4-addition of 3-bromophenylboronic acid to cyclohexenone in an
aqueous solvent.

Carbon-carbon bond-forming reactions display a crucial step in many syntheses performed
in industry. In the case of the 1,4-addition of arylboronic acids to enones, excess amounts
of the boronic acids are typically required. An aqueous micellar solution of the designer
surfactant TPGS-750-M allows for reducing the substrate excess. The present work deals
with the replacement of the complex micellar solvent by simpler agueous solutions. In this
context, the great solubilization power of surfactant-free microemulsions of water, short-
chain alcohol, and oil appears to promote competitive side reactions. However, when a salt
is applied as the hydrotrope, a stabilizing effect on the arylboronic acid is observed. Accord-
ingly, an excellent yield is achieved in a surfactant-free microemulsion of water, the salt
sodium 1-pentanesulfonate, and the oil tetrahydro linalool using the same stoichiometry as
in the micellar system. The great advantage of the surfactant-free microemulsion as the
reaction solvent is, thus, its opportunity to combine different molecules that can affect both
the solubility and the stability of the reactants in a stable and sustainable solvent system.

The structuring, however, does not appear to affect the reaction outcome.
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Chapter 3

3.1 Introduction

The Nobel Prize for palladium-catalyzed cross-couplings in the year 2010 best reflects the
importance of carbon-carbon bond formation in organic syntheses.'? The coupling reactions
are crucial steps in industrial processes, including the pharmaceutical, agrochemical, and
fine chemical industries.>* A powerful reaction used for carbon-carbon bond formation rep-
resents the asymmetric 1,4-addition.>~” In this context, a common reaction applied in indus-
try and often reported in the literature is the rhodium(Rh)-catalyzed addition of an aryl-
boronic acid to an a,B-unsaturated carbonyl compound (see Figure 3 - 2(1)).”*3 Due to
competitive protodeboronation (see Figure 3 - 1(2)), excess amounts of arylboronic acid are
usually applied to ensure high yields.*1® The usage of an excess of up to 5 or 10 equiva-

lents (equiv.) is reported.>11-1317-19

@] R @]
R! > \ OH (1) R! >
R3 R4 — OH \\ R
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@—H + B(OH)3

Figure 3 - 2: Reaction scheme of Rh-catalyzed reactions of an arylboronic acid. (1) 1,4-Addition of an arylboronic
acid to an a,B-unsaturated carbonyl compounds. (2) Protodeboronation reaction.

Linsenmeier et al. successfully transferred several cross-couplings between arylboronic ac-
ids and a,B-unsaturated esters into a micellar solution of the designer surfactant TPGS-
750-M (DL-a-tocopherol methoxypolyethylene glycol succinate, see Figure 3 - 3(a)). The
reactions are carried out in the absence of any additional organic solvent using only 2 equiv.
excess of the arylboronic acids.® Lipshutz et al. applied the designer surfactant PQS (poly-
ethylene glycol ubiquinol sebacate) to perform 1,4-additions of arylboronic acids to enones
in water. The surfactant is covalently bound to a BINAP (2,2’-bis(diphenylphosphino)-1,1’-
binaphthyl) ligand, which is then attached to the Rh-catalyst (PQS-BINAP-Rh, see
Figure 3 - 3(b)). Lipshutz and coworkers, thus, achieved high yields with only 1.2 equiv. of

the arylboronic acids.?® Both approaches perform reactions at room temperature.®2°
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Figure 3 - 3: (a) Molecular structure of the designer surfactant TPGS-750-M. (b) Molecular structure of the
designer surfactant PQS bound to the Rh-catalyst via a BINAP ligand. MPEG represents a polyethylene glycol
monomethyl ether chain.

As previously explained in Chapter 2, the usage of surfactants can lead to difficulties with
regard to recycling, biodegradability, and foam formation.?'-2 For this reason, the chapter
deals with the replacement of the micellar reaction solvents by surfactant-free aqueous so-
lutions. Different binary and ternary systems of water, hydrotrope, and oil are considered,
including surfactant-free microemulsions. The focus is, thus, on the use of simple mole-
cules. In particular, the difference between volatile alcohols and salts acting as hydrotropes
is investigated. Furthermore, the impact of solvent structuring and reactant solubilization is

discussed.
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3.2 Material and methods

3.2.1 Chemicals

Hydroxy(cyclooctadiene)rhodium(l) dimer ([Rh(OH)(1,5-cod)],, assay 95 %), DL-a-tocoph-
erol methoxypolyethylene glycol succinate (TPGS-750-M, CAS 1309573-60-1), cyclohex-
enone (purity > 95 %), 2-methyl-2-pentanol (2M2P, > 99 %), 3-bromophenylboronic acid
(= 95 %), deuterated dimethyl sulfoxide (DMSO-ds, = 99.5 atom% D), isoamyl alcohol
(IAAlc, = 98 %, FG), N-methyl-D-glucamine (meglumine, > 99 %), tetrahydro linalool (THL,
> 97 %), sodium xylenesulfonate (SXS, impurities < 9.0 % sodium sulfate), tetraprop-
ylammonium bromide (TPA bromide, > 98 %), sodium hydroxide (NaOH, > 98 %), sodium
carbonate (Na.COs, = 99.5 %), and choline chloride (= 98 %) were purchased from Sigma
Aldrich (Darmstadt, Germany). Choline bromide (> 98 %) and sodium 1-pentanesulfonate
(SPentS, > 98 %) were from TCI (Eschborn, Germany). Choline acetate (98 %) was bought
from abcr (Karlsruhe, Germany). Ethanol (EtOH, > 99 %), L-arginine (for biochemistry),
L-histidine (for biochemistry), calcium hydroxide (Ca(OH)., for analysis), and potassium car-
bonate (K.CO3, 99.5 — 100.5 %) were obtained from Merck (Darmstadt, Germany). Ethyl
acetate (EtOAc, > 99.8 %) was from Fisher Scientific (Schwerte, Germany). Dichloro-
methane (= 99.8 %) was bought from Honeywell (Offenbach, Germany). t-Butanol (tBuOH,
> 99 %, for synthesis) was delivered by Carl Roth (Karlsruhe, Germany). All chemicals were

used without further purification. Millipore water was used with a resistivity of 18 MQ cm.

3.2.2 Methods

3.2.2.1Ternary phase diagram

Phase diagrams were recorded according to the method of Dekker et al.?*, as described in
Chapter 2.2.2.1.

3.2.2.2 Dynamic light scattering

Dynamic light scattering (DLS) was performed as described in Chapter 1.2.2.5.
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3.2.2.3 Critical point

To determine the critical point in a ternary phase diagram, 6 g of ternary mixtures within the
miscibility gap close to the phase boundary were prepared and mixed vigorously with a
Vortex. Afterward, the samples were centrifuged at 10°000 rpm (10’397 g) at 25+ 0.1 °C
for 30 min (Sigma 1-18KS centrifuge, Osterode am Harz, Germany). The critical point was
allocated in approximation to sample compositions yielding a 50:50 (v/v) ratio of the two

phases after centrifugation.
3.2.2.4 General reaction procedure

A 5 mL snap cap vial was loaded with a magnetic stir bar, 418 mg 3-bromophenylboronic
acid (2 equiv.), 288 mg K,COs (2 equiv.), 24 mg [Rh(OH)(1,5-cod)]. (0.05 equiv.), and 3 mL
solvent. The reference solvent consisted of 2 % (w/w) TPGS-750-M in water. Besides, sur-
factant-free solvents were used, which are specified in the corresponding chapters. The
mixtures were degassed with nitrogen for 90 s under stirring at 400 rpm. 101 pL cyclohex-
enone (100 mg, 1 equiv.) was added to the solution, which was then again degassed for
90 s. The samples were sealed with parafilm and shaken briefly by hand or Vortex. Then,
the reaction mixtures were stirred for 1 h at 750 rpm. In some samples, the K,CO3; was

replaced by 45 mg L-arginine (0.12 equiv.).

After 1 h, the mixtures were transferred in centrifuge tubes and centrifuged at 4’000 rpm
(1790 g) for 180 s. Then, the reaction product was extracted 3 times with 3 mL EtOAc as
described in Chapter 2.2.2.4. For some samples, for which phase separation occurred after
centrifugation, the separated phases were examined individually in another series. For this
reason, the upper and the lower phase were taken directly by means of a syringe prior to
the addition of EtOAc. The brownish liquid was directly studied by NMR measurements.
The upper phase was filtered using a PTFE filter (0.2 um pore size), reduced under vacuum

(compare Chapter 2.2.2.4) and finally measured by NMR.
3.2.2.5NMR measurements

NMR measurements were performed for product identification and quantification, as de-
scribed in Chapter 2.5.1.3.

3.2.2.6 Mass spectrometry

The GC-MS method reported in Chapter 2.5.1.4 was applied for additional product identifi-

cation.
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3.2.2.7 pH measurements

An Avantor pH glass electrode 211 from VMR (Darmstadt, Germany) was used to measure
the pH of different bases dissolved in water and ternary mixtures at room temperature. The

solutions were stirred at 800 rpm.
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1,4-Addition in surfactant-free aqueous solutions

3.3 Results and discussion

3.3.1 Alcohols as hydrotrope

In order to study the impact of different agueous solvents on a 1,4-addition reaction, the
cross-coupling between 3-bromophenylboronic acid and cyclohexenone is chosen as a
model reaction (see Figure 3 - 4). The micellar solution consisting of 2 % (w/w) TPGS-750-
M in water serves as the reference system. Under the conditions shown in Figure 3 - 4, a
yield of 100 + 7 % is obtained using the reference system. The product is identified quali-
tatively and quantitatively by means of *H-, 1*C-, and HSQC-dept-NMR measurements (see
Figure S.3 - 1 - Figure S.3 - 4 in the Supporting Information). Apparent yields slightly above

100 % can occur and correspond to the error in the analytical method (see Chapter 3.5).

g \
/s
o \

[Rh(CH)(1,5-cod)]>

/@\ K»COs, solvent, RT, 1 h
=
o)
\* Br

B(OH)3

Figure 3 - 4: Rh-catalyzed 1,4-addition of 3-bromophenylboronic acid to cyclohexenone.

Ternary systems are investigated to locate the compositions where the most pronounced
mesoscopic structuring occurs. For this purpose, dynamic light scattering (DLS) experi-
ments are applied, assuming that a high correlation intercept at small lag times as well as
large lag times of the correlation function indicate pronounced inhomogeneities.? In a first
attempt, the most simple volatile alcohol ethanol (EtOH) is used as the hydrotrope in com-
bination with water (W) and the oil tetrahydro linalool (THL) (see Figure 3 - 5). THL is a
plant-based fragrance and chosen for its greenness and stability. 262" Due to the hydropho-
bic ail, a rather high amount of 45 % (w/w) EtOH is required to close the miscibility gap (see
Figure 3 - 5(a)). The DLS experiment indicates slight structuring in mixture a (see
Figure 3 - 5(b)). Mixture b, which is close to the critical point (asterisk), depicts the highest
correlation intercept. Upon further addition of THL, the signal decreases until it disappears
completely in mixture f. Accordingly, it can be expected that the molecules in mixtures e
and f are statistically distributed without any tendency towards aggregation, while a more
or less pronounced aggregation occurs in the other mixtures. Additional DLS measurements
in the system W/EtOH/THL in comparison with the ternary system of W/EtOH/linalool are

provided in the Supporting Information (see Figure S.3 - 5; Figure S.3 - 6).
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Figure 3 - 5: (a) Ternary phase diagram of water, EtOH, and THL at 25 °C. The gray shaded area represents
the miscibility gap (2®), which is separated from the monophasic area (1®). The dots show the compositions
measured by means of DLS. The red asterisk locates the critical point. (b) Corresponding correlation functions
obtained by DLS measurements at 25 °C.

The reaction is carried out in the ternary mixture W/EtOH/THL in a ratio of 37/48/15 (w/w/w)
(mixture b), which is referred to as surfactant-free microemulsion (SFME) based on the DLS
experiments. However, no product can be detected in this mixture (see Figure S.3 - 7 in the
Supporting Information). Regarding the proposed reaction mechanism (see Figure 3 - 6), it
is supposed that the EtOH interacts with the catalyst in step (1). Thus, the catalyst would
no longer be available to react with the arylboronic acid. In addition, interactions between
bor(on)ic acids and alcohols are reported in the literature. Shibayama et al. observed inter-
actions of boric acid with polyhydroxy alcohols but not with the monohydroxy alcohol iso-
propanol.?® Peters reported interactions of bor(on)ic acids with the hydroxy groups of sugar
molecules.?® It is known that EtOH can form chains, which could allow the molecule to un-

dergo similar interactions with boronic acids as polyhydroxy alcohols.3-33

Br e

Br
2 Ln/Rh©/ B(OH);

Figure 3 - 6: Proposed reaction mechanism for the Rh-catalyzed 1,4-addition of 3-bromophenylboronic acid to
cyclohexenone, based on the cited literature.3°
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1,4-Addition in surfactant-free aqueous solutions

Furthermore, the large amounts of EtOH may also force interactions with both the catalyst
and the arylboronic acid. Consequently, the hydrotrope is replaced by the tertiary alcohol
t-butanol (tBuOH) (see Figure 3 - 7). The idea is to prevent interactions with the reactants
by steric hinderance. As expected, the miscibility gap is even higher with up to 55 % (w/w)
tBuOH. In general, a high miscibility gap may not necessarily pose a problem in later appli-
cations. A high proportion of a volatile component could even facilitate recycling afterward.
The alcohol tBuOH is known to pre-aggregate in water (see Figure 3 - 7(c,d), mixture 1).2°
Accordingly, 3 % (w/w) of the oil is sufficient to induce mesoscopic inhomogeneities, result-
ing in a pronounced DLS signal (mixture a, 2). Mixture a (W/tBUOH/THL 51/46/3 (w/w/w))
and mixture 2 (W/tBuOH/THL 50/47/3 (w/w/w)) are referred to as SFMEs.
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Figure 3 - 7: (a,c) Ternary phase diagram of water, tBuOH, and THL at 25 °C. The gray shaded area represents
the miscibility gap (2®), which is separated from the monophasic area (1®). The triangles show the composi-
tions measured by means of DLS. (b,d) Corresponding correlation functions obtained by DLS measurements at
25 °C.

The difference in their correlation intercepts may arise from the slight difference in compo-

sition. However, it is more likely that the difference results from deviations in the toluene
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bath of the DLS device, which slightly evaporates over time. Generally, a series was always
measured on the same day to ensure comparable results, at least within an experimental
series. With a further increasing amount of THL, the correlation intercept decreases. The
reaction is performed in the solution W/tBUOH/THL in a ratio of 40/54/6 (w/w/w)
(mixture b, 3) to provide sufficient hydrophobic molecular surface. A yield of 31+ 2 % is
detected (see Figure S.3 - 8 - Figure S.3 - 12 in the Supporting Information). Thus, the
sterically hindered hydroxy group does not prevent interactions between the catalyst and
the arylboronic acid, unlike EtOH. However, the yield is still far from that obtained in the

micellar solution, in which complete conversion is observed.

The applied K,COs leads to liquid-liquid phase separation. In order to study a possible effect
of the solvent structuring, several basic compounds are studied with regard to their solubility
and salting-out effect in the SFME (see Table S.3 - 1 in the Supporting Information). Among
the bases studied, only tetrapropylammonium bromide can be dissolved in the amounts
applied for the reaction without inducing phase separation of the solvent. Due to the toxicity
of quaternary ammonium salts343, the amino acid L-arginine (see Figure 3 - 8(a)) is prefer-
ably used for reactions, which can only be dissolved to 1/8 of the molar amount of K,CO3
originally applied. The pH of the reaction solvent is hence reduced from 12.3 to 11.4 when
replacing K,COs; by L-arginine. The reaction yield in W/tBuOH/THL (40/54/6 (w/w/w)) is re-
duced from 31+ 2% to 11 + 1 %. Despite the low yield, L-arginine is applied in the
W/tBUOH/THL system to maintain a stable solution. Thus, the reaction is performed in the

mixtures shown in Figure 3 - 7(c), which exhibit different extend of solvent structuring.

b
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Figure 3 - 8: (a) Molecular structure of L-arginine. (b) Reaction yield of the 1,4-addition of 3-bromophenylboronic
acid to cyclohexenone in the different mixtures of W/tBuOH/THL shown in Figure 3 - 7(c) using L-arginine in-
stead of K2COs as the base. The second y-axes represent the correlation intercept obtained from the DLS
measurements shown in Figure 3 - 7(d) as an indicator for solvent structuring. The photographs are taken of
samples 5 and 7 at the beginning of the reaction.

Figure 3 - 8(b) depicts the reaction yield obtained in these mixtures as a function of the

water content. The best result is obtained with 97 % in the binary water-free mixture of
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1,4-Addition in surfactant-free aqueous solutions

tBuOH and THL (80/20 (w/w)), although the molar amount of base is reduced. Water is
required in step (4) of the reaction mechanism (see Figure 3 - 6). It is assumed that the
binary mixture contains enough water impurities to enable this step. For this reason, the
binary mixture, as well as the pure compounds, should be studied regarding their water
content. The addition of 10 % (w/w) water to the binary mixture significantly decreased the
reaction yield to 5 %. Then adding more water increases the yield again. It is conspicuous
that mixtures 1 — 6 differ significantly in their macroscopic appearance from the “water-free”
mixture 7 (see also Figure S.3 - 13 in the Supporting Information). In mixtures 1 — 6, the
starting material dissolves completely with stirring, resulting in a yellow, transparent solu-
tion. In contrast, part of the starting material remains undissolved in the, thus, turbid and
orange-colored mixture 7. Hence, the great solubilization power of the ternary mixtures has
an unfavorable effect on the reaction. It can be assumed that the complete solubilization of
the arylboronic acid enhances competitive protodeboronation reactions. Besides, there is
no correlation between solvent structuring and the reaction outcome. Indeed, the aryl-
boronic acid is also only partially dissolved in the micellar reference. Therefore, the high
yield in the reference system appears not to be a consequence of the introduced interface
rather than of the limited solubilization of the arylboronic acid, which prevents the substrate

from undergoing competitive reactions before interacting with the catalyst.
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Figure 3 — 9: (a) Correlation functions of mixtures of tBuOH and THL obtained by DLS measurements at 25 °C.
An overlay of all functions is shown as only noise is detected for all mixtures. In addition, the plots are provided
in the Supplementary Information in a less dense representation (see Figure S.3 - 14). (b) Reaction yield ob-
tained in mixtures of tBuOH and THL, using L-arginine as the base.

Based on the excellent yield in the binary mixture of tBuOH/THL (80/20 (w/w)), the reaction
is carried out in the entire binary system with varying compositions (see Figure 3 — 9). As
expected, the DLS experiments provide no signal other than noise. The molecules can thus
be considered statistically distributed. In mixtures with a THL amount of 20 — 100 % (w/w),
yields between 89 — 100 % are achieved. As pure tBUOH is approached, the yield drops to

9 %. At this point, a well-founded explanation cannot be given for this observation. A
125



Chapter 3

possible explanation could be the water content. THL is delivered with a purity > 97 %,
while tBuOH is declared with > 99 %. Accordingly, the water content may also be lower in
tBuOH, which could limit the reaction mechanism in its last step (see Figure 3 - 6). Further
experiments are necessary to confirm this. Moreover, the oil in the ternary mixtures
(W/tBUOH/THL) is replaced by iso-amylalcohol (iIAAlc) and 2-methyl-2-pentanol (2M2P).
However, the change in the oil worsens the result (see Figure S.3 - 15 — Figure S.3 - 17).

3.3.2 Salts as hydrotrope

As shown above, the solubility and stability of the reactants are much more decisive param-
eters than solvent structuring. In order to still be able to carry out the reaction in surfactant-
free aqueous solvents, the volatile hydrotropes are replaced by salt hydrotropes.
Figure 3 — 10 depicts the phase diagram using sodium xylenesulfonate (SXS) or sodium 1-

pentane-sulfonate (SPentS) as a hydrotrope.
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Figure 3 -10: (a) Ternary phase diagram of water and THL with the hydrotrope SXS (orange) or SPentS (purple)
at 25 °C. The gray shaded area represents the miscibility gap (2®), which is separated from the monophasic
area (1®). The dots show the compositions measured by means of DLS. (b) Corresponding molecular structures
and correlation functions obtained by DLS measurements at 25 °C. The compositions of the W/salt/THL mix-
tures are the following: a = 57/40/3, b = 50/45/5, ¢ = 53/40/7, d = 49/42/9 (w/w/w).
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1,4-Addition in surfactant-free aqueous solutions

The monophasic areas are rather limited in size. The DLS experiments in solutions within
this area show correlation functions of minor intensity. It is therefore assumed that there is
only a slight aggregation of the molecules. Nevertheless, the mixtures are referred to as
SFME to distinguish them from solutions without distinct correlation function. SWAXS meas-
urements need to prove the presence of mesoscopic structuring. The 3-bromophenyl-
boronic acid is only partially dissolved in the SFMEs containing a salt hydrotrope. In the
presence of cyclohexenone, both reactants become completely soluble. Hence, interactions
between cyclohexenone and the arylboronic acid are expected to occur even in the absence
of the catalyst. Moreover, the addition of K;COs does not result in phase separation. It has
to be noted that in order to achieve complete solubility, some samples need to be stirred
vigorously using a Vortex. For this reason, the arylboronic acid is not always completely
dissolved after 1 h of reaction, although the applied amount should be soluble. A summary
of the solubility behavior of all reactants in the different surfactant-free solvents is provided
in the Supporting Information (see Table S.3 - 3, Figure S.3 - 18). A yield of 45 + 3% is
obtained in W/SXS/THL (57/40/3 (w/w/w)) and 100 + 7 % in W/SPentS/THL (53/40/7
(w/wiw)) (see Figure S.3 - 19 - Figure S.3 - 22 in the Supporting Information). Both systems
achieve better results than the SFMEs with the volatile alcohols. The SFME with SPentS
even allows full conversion of the cyclohexenone, as is the case with the reference system,
despite the complete (or at least better) solubilization of the arylboronic acid. Thus, the salts
seem to have a stabilizing effect on the dissolved arylboronic acid. In that way, competitive
protodeboronation is less favored, allowing the dissolved arylboronic acid to remain active
for the 1,4-addition reaction. The sulfonate group of the salts likely interacts with the aryl-
boronic acid via hydrogen bonding. The SXS, as an aromatic compound, can additionally
interact via 11-stacking. The interactions between SXS and 3-bromophenylboronic acid may,
thus, be even too strong. Too much stabilization of the reactant would result in a decrease
in its activity for the 1,4-addition, as well, and could explain the reduced yield with SXS
compared to SPentS.

W/SXS/THL (57/40/3) W/SPentS/THL (53/40/7) TPGS-750-M (2 % in water)

Figure 3 —11: Photographs of the centrifuged mixtures after the reaction. A second brownish liquid phase occurs
that is rich in the product. All proportion are by mass (w/w).

Centrifugation of the mixtures after the reaction reveals the appearance of a second liquid

phase using W/SXS/THL, W/SPentS/THL, and the surfactant solution as reaction solvent
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(see brownish phase in Figure 3 — 11). NMR measurements prove an enrichment of the
product in the new brownish phase (see Figure S.3 - 23 - Figure S.3 - 25 in the Supporting
Information). In the case of W/SPentS/THL, even the entire product seems to be dissolved
in the new phase. The solvent system, thus, extracts the product itself, which is of great
advantage for later product isolation. In addition, the remaining solvent can be easily recy-

cled for further reactions.

3.3.3 Hydrotrope mixtures

The small monophasic area in the ternary system of W/SPentS/THL prevents further studies
on the influence of solvent structuring on the reaction. For this reason, pseudo-ternary sys-
tems with hydrotrope mixtures of tBUOH and SPentS are investigated (see Figure 3 - 12).
Adding SPentS to tBuOH decreases the liquid-liquid miscibility gap. Due to the limited water
solubility of SPentS, an increasing solid-liquid phase appears concurrently. Overall, the mo-
nophasic areas (1®) of the pseudo-ternary mixtures are significantly increased compared
to that of W/SPentS/THL.

0.0 tBuOH/SPentS [w/w]
100/0

90/10
75/25
——50/50

lq/lq

1.0
0.0

0.0 0.2 O,:t 0.6 0"8 1.0
tetrahydro linalool [w/w]

Figure 3 - 12: (Pseudo-)ternary phase diagram of water and THL with either tBuOH or SPentS or mixtures of
both at 25 °C. The system includes 3 different areas: a monophasic area (1®) and biphasic areas with 2 liquid
phases (Ig/lg) or a solid and a liquid phase (s/lq) in equilibrium. The s/lq phase boundaries are extrapolated from
the solubility limit of the hydrotrope mixtures in water and, therefore, only an approximation.

The hydrotrope mixture (HM) of tBuOH/SPentS in a ratio of 75/25 (w/w) is chosen for their
great monophasic area and the rather small lg/lg miscibility gap. The DLS measurements
indicate the presence of significant mesoscopic structuring, which should be most pro-
nounced in W/HM/THL 14/35/51 (w/w/w) (see Figure 3 - 13, mixture h). Both the correlation
intercept and the lag time of the correlation function are quite large. Accordingly, the mixture
is referred to as SFME. The great correlation intercept of mixture d does not match the
general trend. The mixture may be considered for SWAXS measurements and as a poten-
tially interesting reaction solvent. Overall, the pseudo-ternary system allows one to perform

the reaction in mixtures with different extent of structuring. In a first attempt, the reaction is
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carried out in the mixture with most pronounced structuring (mixture h). Under these condi-
tions, ayield of 48 + 3 % is achieved (see Figure S.3 - 27 in the Supporting Information). In
addition, the same ratio is applied as in the mixture with pure SPentS as hydrotrope, but
with the HM (W/HM/THL 53/40/7 (w/w/w)). During the reaction, the viscosity of the solution
increases significantly, and the product is only detected in 16 + 1% vyield (see
Figure S.3 - 28 in the Supporting Information). The decrease in the yield is attributed to the
reduced amount of the stabilizing SPentS and, in the latter case, also to insufficient stirring.

The yields obtained in all aqueous solvents studied are summarized in Table 3 - 1.
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Figure 3 - 13: (a) Ternary phase diagram of water, and THL with a hydrotrope mixture of tBuOH/SPentS (75/25
(w/w)) at 25 °C. The gray area represents the biphasic areas (2®), which are separated from the monophasic
area (1®). The stars show the compositions measured by means of DLS. (b) Corresponding correlation func-
tions obtained by DLS measurements at 25 °C. DLS studies on the pseudo-ternary system with a hydrotrope
mixture of tBUOH/SPentS 50/50 (w/w) can be found in the Supporting Information (see Figure S.3 - 26).

Table 3 - 1: The reaction yield obtained by 1,4-addition of 3-bromophenylboronic acid to cyclohexenone in dif-
ferent aqueous solvents. (*The base K2COs is replaced by arginine). SPentS_tBuOH defines a mixture of
SPentS/tBuOH with a ratio of 27/75 (w/w). All reactions are performed once. @The given error refers to the error
determined for the method (for details see Figure S.3 - 1 in the Supporting Information).

solvent (Wiwiw) yield? [%]
TPGS-750-M reference 100+ 7
W/EtOH/THL 37/48/15 0
W/tBUOH/iAAlc 60/36/4 0
W/tBUOH/2M2P 60/35/5 13+1
W/tBUOH/THL* 40/54/6 11+1
W/tBUOH/THL 40/54/6 31+2
W/SXS/THL 57/40/3 45+ 3
W/SPentS/THL 53/40/7 100+ 7
W/SPentS_tBuOH/THL 53/40/7 16+ 1
W/SPentS_tBuOH/THL 14/35/51 48+ 1

129



Chapter 3

3.4 Conclusion and outlook

A study of the 1,4-addition of 3-bromophenylboronic acid to cyclohexenone in different sur-
factant-free microemulsions (SFMEs) was reported. A yield of 100 + 7 % is obtained in the
micellar reference system of the surfactant TPGS-750-M. Starting in a surfactant-free sys-
tem of water (W), ethanol (EtOH), and tetrahydro linalool (THL), disruptive interactions be-
tween the primary alcohol and the catalyst or the arylboronic acid appear to prevent a suc-
cessful reaction. The sterically hindered alcohol t-butanol (tBuOH) enabled the reaction in
31 + 2 % yield. The great solubilization power of the ternary mixtures seems to favor the
competitive protodeboronation reaction, which limits the yield in this system. Furthermore,

no correlation between the solvent structuring and the reaction outcome are observed.

Hence, the alcohol hydrotrope is replaced by the salts sodium xylenesulfonate (SXS) and
sodium 1-pentanesulfonate (SPentS). In that way, the yield can be increased to 45 + 3 %
in a SFME of W/SXS/THL and to 100 + 7 % in W/SPentS/THL. The excess of the aryl-
boronic acid (2 equiv.) and the amount of the catalyst (5 mol%) can be kept low, despite
complete solubilization of the arylboronic acid. The salts, therefore, appear to stabilize the
dissolved substrate by hydrogen bonding interactions. Additional 1r-stacking between SXS
and 3-bromophenylboronic acid may stabilize the substrate too much so that the substrate
also might lose reactivity towards the 1,4-addition. The interactions between the salts and
the substrate need to be verified experimentally, e.g., by NMR measurements. In the
SFMEs containing a salt hydrotrope as well as in the micellar reference system, a second
liquid phase occurs during the reaction, which is rich in the product. These systems, there-
fore, facilitate product isolation and solvent recycling afterward.

Since the monophasic area in the ternary systems of W/salt/THL only comprises a limited
range of compositions, the salt SPentS is mixed with tBuOH. The monophasic area in the
pseudo-ternary phase diagram is thus increased significantly. Furthermore, very pro-
nounced structuring is detected in the presence of the hydrotrope mixture (HM). The
pseudo-ternary mixture with the HM allows a broader variation of the solvent composition
due to a larger monophasic area. In the previously studied solutions containing the HM, the
yield is limited to 48 + 3 %. This is attributed to an insufficient amount of SPentS, which
seems crucial for the stabilization of the arylboronic acid. Hence, different ratios of
tBuOH/SPentS as well as different compositions of W/HM/THL should be considered. This
should also provide further information on whether the solvent structuring can have an im-

pact on the 1,4-addition. The previous results presented in this chapter exclude an
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influence. Rather the solubilization and the stabilization of the reactants are the key param-
eters. This confirms the observations in Chapter 2. Accordingly, the micellar reference sys-
tem does not enable the reaction in water at low substrate excess due to the introduced
interface. In fact, the limited solubility of the arylboronic acid in this system allows for main-
taining an active substrate. As we successfully stabilized the dissolved substrate, our sys-
tems may allow further reduction of the excess amount. This should be considered in the
next studies. Besides, the binary system W/SPentS should be taken into account. Since the
presence of an interface is not expected to be decisive, the addition of the stabilizing salt
may be sufficient for a successful reaction process in water. Furthermore, the SFMEs
W/salt/ THL should be studied with regard to universal suitability. For this reason, other sub-

strates should be cross-coupled via 1,4-addition.
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3.5 Supporting information
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Figure S.3 - 1: 1H-NMR spectrum of the crude product of the 1,4-addition in the surfactant solution (2 % (w/w)
TPGS-750-M in water) dissolved in DMSO-de.

It has to be noted at this point that in several reactions, the amount of the internal standard
dichloromethane was determined by volume instead of weight. Further experiments re-
vealed that this increases the experimental error. Therefore, the previous results only allow
relative statements to be made. In the reference system, a yield of 107 % was detected.
Complete conversion of the substrate was observed. Accordingly, the error of the method
was determined to be 7 %. The method error is applied to measurements, that are not part
of a series. In order to quantify the results more accurately, the experiments need to be

repeated, and the internal standard must be weighted.
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Figure S.3 - 2: 13C-NMR spectrum of the crude product of the 1,4-addition in the surfactant solution (2 % (w/w)
TPGS-750-M in water) dissolved in DMSO-ds.
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Figure S.3 - 3: HSQC-dept NMR spectrum of the crude product of the 1,4-addition in the surfactant solution
dissolved in DMSO-de.
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Figure S.3 - 4: IH-NMR spectrum of the crude product of the 1,4-addition in the surfactant solution (2 % (w/w)
TPGS-750-M in water) dissolved in DMSO-des. The shown spectrum is used for product quantification.
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Figure S.3 - 5: (a) Ternary phase diagram of water, EtOH, and THL at 25 °C. The gray shaded area represents
the miscibility gap (2®) which is separated from the monophasic area (1®). The dots and rhombs show the
compositions measured by means of DLS. (b,c) Corresponding correlation functions obtained by DLS meas-

urements at 25 °C.

: 0.0 (b)
(@) tetrahydro linalool 10 0.7 4 (@)
I linalool ’ _ —(b)
e DLS (W/EtOH/THL) 1 W/EtOH/linalool ——(0)
A DLS (W/EtOH/linalool) 0.2 0.6 —(d)
5 —e)
S 054
=
[}
3
S 044\
S ]
©
[ 0.3
8
0.2
0.1
L i 0.0 = ; :
0.0 02 0.4 06 058 1.0 1E-4 0.001 0.01 0.1 1
(tetrahydro) linalool [w/w] T [ms]

Figure S.3 - 6: (a) Ternary phase diagram of water, EtOH, and (tetrahydro) linalool at 25 °C. The gray shaded
area represents the miscibility gap (2®) which is separated from the monophasic area (1®). The dots and
rhombs show the compositions measured by means of DLS. (b) Corresponding correlation functions in
WI/EtOH/linalool mixtures obtained by DLS measurements at 25 °C.
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Figure S.3 - 7: 1H-NMR spectrum of the crude product of the 1,4-addition in the SFME W/EtOH/THL
(37/48/15 (w/w/w)) dissolved in DMSO-ds.
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Figure S.3 - 8: H-NMR spectrum of the crude product of the 1,4-addition in the SFME W/BuUOH/THL
(40/53/7 (wiw/w)) dissolved in DMSO-de.
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Figure S.3 - 9: 13C-NMR spectrum of the crude product of the 1,4-addition in the SFME W/tBuOH/THL
(40/53/7 (w/wiw)) dissolved in DMSO-ds.
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Figure S.3 - 10: HSQC-dept-NMR spectrum of the crude product of the 1,4-addition in the SFME W/tBuOH/THL
(40/53/7 (w/wiw)) dissolved in DMSO-ds.
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Figure S.3 - 11: MS results of the crude product of the 1,4-addition in the SFME W/tBuOH/THL
(40/53/7 (w/wiw)). (a) Total ion current (TIC) chromatogram. (b,c) Extracted ion chromatogram (EIC) at a mass-
to-charge (m/z) of 252 with the corresponding mass spectrum at 7.5 min. The measurements prove the pres-
ence of 3-(3-bromophenyl) cyclohexanone with a molar mass of 253.1 g/mol.
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Figure S.3 - 12: 1H-NMR spectrum of the crude product of the 1,4-addition in the SFME W/tBUOH/THL

(40/53/7 (w/wiw)) dissolved in DMSO-ds. The show spectrum is used for product quantification.
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Table S.3 - 1: Different bases and their behavior in WABUOH/THL (40/54/6 (w/w/w)). In the standard reaction
procedure, 0.7 M K2COs are dissolved. Several basic compounds can be dissolved but induce liquid-liquid
phase separation (2®) even at very reduced quantities. The best results (dissolved without phase separation,
1®) are obtained with choline bromide, tetrapropylammonium bromide, and arginine.

base ¢ [M]
K2COs 0.031 20
Ca(OH)2 0.019 insoluble
Naz2COs 0.017 20
NaOH 0.081 20
choline chloride 0.72 20
choline acetate 0.89 20
choline bromide 0.18 10
0.21 20
tetrapropylammonium (TPA) bromide 0.83 10
histidine 0.047 insoluble
arginine 0.087 10
0.13 20

Table S.3 - 2: pH of different bases dissolved in different solvents at room temperature. The concentration is
adjusted to ensure complete solubilization of the base in the absence of liquid-liquid phase separation of the
solvent. WK2COs is added in the same amount as used in the reaction. This leads to phase separation in
WHABUOH/THL.

solvent base c [M] pH
W/tBUOH/THL - - 7.0
K2COs 0.69 12.3

arginine 0.086 11.4

TPA bromide 0.71 8.5

choline bromide 0.18 6.7

water arginine 0.086 10.7
TPA bromide 0.69 9.2

choline bromide 0.18 6.3

W/SXS/THL - - 5.9
K2COs 0.69 11.8

W/SPentS/THL - - 5.9
K2COs 0.69 11.9
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| .~ tBuOH >

¢ ~ water |

00 02 04 06 08 ] 10
tetrahydro linalool [w/w]

Figure S.3 - 13: Photographs of the reaction mixtures with different compositions of W/tBuOH/THL, using
L-arginine as the base, at the beginning of the reaction and after 1 h stirring (tr). The different compositions are
shown in the ternary phase diagram and in Figure 3 - 7(c). The samples containing water (1 — 6) show small
amounts of undissolved reactants that dissolve with stirring. Then, the reactions are completely transparent and
yellow in color. In the water-free sample (7), however, significant amounts of the starting material remain

undissolved, and the sample appears orange and turbid.
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Figure S.3 - 14: Correlation functions of mixtures of tBuOH and THL obtained by DLS measurements at 25 °C.
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Figure S.3 - 15: (a) Ternary phase diagram of water, tBuOH, and different oils, including THL (blue curve),
isoamyl alcohol (iAAlc, green curve), and 2-methyl-2-pentanol (2M2P, rose curve) at 25 °C. The gray area rep-
resents the miscibility gap (2®), which is separated from the monophasic area (1®). The colored symbols show
the compositions measured by means of DLS. (b-d) Corresponding correlation functions obtained by DLS meas-
urements at 25 °C. The more hydrophilic oils lower the miscibility gap and, hence, increase the solvent structur-
ing. The changes in the DLS signals are, however, of minor intensity. The first reactions (see Figure S.3 - 16,
Figure S.3 - 17) are performed under the standard conditions using K2COs, which results in liquid-liquid phase
separation. Accordingly, the effect of structuring cannot be taken into account. Overall, the results in the
W/tBUOH/THL system reveal that the structuring seems to have no impact on the reaction. For this reason, the
changes in the oil are not considered further.

143



Chapter 3

ret3_b_cyclohex-2-enone ?
rau_SPROTON_ 64 DMSO {C:\BrukeTopSpin3 5017} AK_Kunz 49 =
‘ ‘ H )
‘ \
|1 H
‘ \
I
|} ‘
o e
(s |
4 : Le
LTI . : N -
B B T g
]
o
M
l s.“ l iLLL Ll _;.__JJU \ _g

12 10 8 6 4 2 [ppm]

Figure S.3 - 16: H-NMR spectrum of the crude product of the 1,4-addition in the SFME W/tBuOH/iAAlc
(60/36/4 (wiw/w)) dissolved in DMSO-ds. No product can be detected.
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Figure S.3 - 17: IH-NMR spectrum of the crude product of the 1,4-addition in the SFME W/tBuOH/2M2P
(60/35/5 (w/w/w)) dissolved in DMSO-de. A yield of 13 + 1 % is detected.
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1,4-Addition in surfactant-free aqueous solutions

Table S.3 - 3: Solubility behavior of different compounds in W/ABuUOH/THL (40/54/6 (w/w/w)), W/tBuOH/2M2P
(60/35/5 (w/wlw)), W/SXS/THL (57/40/3 (w/w/w)), and W/SPentS/THL (53/40/7 (w/w/w)). The same amounts
are added as used for the reactions. Compounds can be dissolved in a homogeneous system (1®), dissolved
resulting in liquid-liquid phase separation (2®), or partially undissolved (X). In order to achieve complete solu-
bility, some samples need to be stirred vigorously using a Vortex. For this reason, the arylboronic acid is not
always completely dissolved after 1 h of reaction, although the applied amount should be soluble.

compound(s) W/BUOH/THL W/tBuOH/2M2P W/SXS/THL W/SPentS/THL
3-bromophenylboronic acid (A) 10 X X X
cyclohexenone (B) 10 10 10 10
reactants (A) + (B) 10 X 10 10
K2COs 20 20 10 10
K2COs + (A) + (B) 20 20 10 10
tr WABUOH/THL WAtBUOH/2M2P W/SXS/THL W/SPentS/THL TPGS-750-M
[min] 40/54/6 60/35/5 57/40/3 53/40/7 2 % in water
0
30
60
after
rct.
after
centr

Figure S.3 - 18: Photographs of reaction mixtures during the reaction (tr), after reaction (after rct.) and after
centrifugation (after centr.). In the beginning, all surfactant-free solutions possess a yellow to orange color. The
mixtures, which contain tBuOH, separate into two liquid phases upon the addition of K2COs. The SFMEs, which
contain salt hydrotropes, remain stable. There is a small amount of undissolved compound that is attributed to
the catalyst. During the reaction, a second, brownish liquid phase occurs. The micellar reference system is
initially a white suspension with a yellow, strongly aggregated solid sticking to the stirring bar. The yellow solid
compound is the catalyst. During the reaction, the catalyst gets dispersed, and a second, brownish liquid phase
occurs. All proportions are by mass (w/w). Liquid-liquid interfaces are indicated by a red line.
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Figure S.3 - 19: H-NMR spectrum of the crude product of the 1,4-addition in the SFME W/SXS/THL
(57/40/3 (w/w/w)) dissolved in DMSO-ds. The show spectrum is used for product quantification.
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Figure S.3 - 20: MS results of the crude product of the 1,4-addition in the SFME W/SXS/THL (57/40/3 (w/w/w)).
(a) TIC chromatogram. (b,c) EIC at a mass-to-charge (m/z) of 252 with the corresponding mass spectrum at
7.5 min. The measurements prove the presence of 3-(3-bromophenyl) cyclohexanone with a molar mass of
253.1 g/mol.
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Figure S.3 - 21: 1H-NMR spectrum of the crude product of the 1,4-addition in the SFME W/SPentS/THL
(53/40/7 (wiw/w)) dissolved in DMSO-ds. The show spectrum is used for product quantification.
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Figure S.3 - 22: MS results of the crude product of the 1,4-addition in the SFME W/SPentS/THL
(53/40/7 (w/wiw)). (a) TIC chromatogram. (b) Mass spectrum at 7.5 min. The measurements prove the presence
of 3-(3-bromophenyl) cyclohexanone with a molar mass of 253.1 g/mol.
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Figure S.3 - 23: H-NMR spectrum of the crude product of the 1,4-addition in the SFME W/SPentS/THL
(53/40/7 (w/w/w)) dissolved in DMSO-ds. The blue spectrum corresponds to the lower phase of the reaction
mixture after centrifugation. The red spectrum shows the signals in the upper phase after evaporation of the
solvents.
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Figure S.3 - 24: 1H-NMR spectrum of the crude product of the 1,4-addition in the SFME W/SXS/THL
(57/40/3 (wiw/w)) dissolved in DMSO-ds. The blue spectrum corresponds to the lower phase of the reaction
mixture after centrifugation. The red spectrum shows the signals in the upper/colorless phase after evaporation
of the solvents. In some samples, the brownish phase floated and, thus, represented the upper phase.
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[rel]

Marz6-202z 70 1 C:\Users\localidmin\Drophox\Norvaris_bor i cacid\Reaktionemmml_|-

] 2 % surfactant

T
0.15

Br

brownish Iq:

- - OO 00 - —
31 30 29 28 27 26 25 [ppm]

Figure S.3 - 25: 1H-NMR spectrum of the crude product of the 1,4-addition in the surfactant solution (2 % (w/w)
TPGS-750-M in water) dissolved in DMSO-ds. The blue spectrum corresponds to the lower phase of the reaction
mixture after centrifugation. The spectrum in the upper phase needs to be repeated.
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Figure S.3 - 26: (a) Ternary phase diagram of water and THL with a hydrotrope mixture of tBuOH/SPentS (50/50
(w/w)) at 25 °C. The gray shaded area represents the biphasic area (2®) which is separated from the monoph-
asic area (1®). The stars show the compositions measured by means of DLS. (b,c) Corresponding correlation
functions obtained by DLS measurements at 25 °C. The structuring is enhanced compared to the ternary sys-
tems with the individual hydrotropes.
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Figure S.3 - 27: H-NMR spectrum of
(14/35/51 (w/wiw)) dissolved in DMSO-ds.

the crude product of the 1,4-addition in the SFME W/HM/THL
The show spectrum is used for product quantification.
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Figure S.3 - 28: H-NMR spectrum of the crude product of the 1,4-addition in the SFME W/HM/THL

(53/40/7 (wiw/w)) dissolved in DMSO-ds. The show spectrum is used for product quantification.
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Chapter 4 The role of meglumine in aqueous cross-
coupling reactions: Anti-stacking agent and
solubilizer for substrates and the photocatalyst

1,8:4,5-naphthalenetetracarboxdiimide

4.0 Abstract

Figure 4 - 1: Schematic illustration of the role of meglumine in photochemical cross-coupling reactions in water
via electron donor-acceptor complex formation. The illustration is published as a front cover in Angewandte
Chemie, 2023, 62 (17), in connection with the cited publication.!

The sugar-based meglumine (N-methyl-D-glucamine) is applied as a solubilizer for different
aromatic compounds, which perform in cross-coupling reactions. First, meglumine allows
solubilization of the poorly soluble photocatalyst 1,8:4,5-naphthalenetetracarboxdiimide in
water. Different additives and solvent mixtures are compared to solubilize the catalyst, with
meglumine being the most effective green additive when adjusting the pH. Electrochemical
studies reveal a great redox potential of the photocatalyst. Hence, good to excellent yields
are obtained for a few cross-coupling reactions in meglumine-based aqueous reaction sol-

vents. The yield in more demanding reactions, however, is still deficient and needs to be
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improved. Furthermore, meglumine is applied in C-C and C-S coupling reactions in water
in the absence of an additional photocatalyst. In this context, the crucial role of the additive
is either to increase the solubility of an already formed electron donor-acceptor (EDA) com-
plex or to activate one substrate, which enables the formation of the reactive EDA complex
in the first place. Accordingly, challenging cross-coupling reactions are presented with ex-

cellent yields.

The reactions shown in Chapter 4.3.1 were carried out by Dr. Ya-Ming Tian (University of
Regensburg). Furthermore, Dr. Ya-Ming Tian performed and analyzed the reactions and
absorbance measurements in Chapter 4.3.2 together with Xiang Pu (University of Regens-
burg, Germany). The NMR studies in Chapter 4.3.2 were performed and analyzed by
Dr. Wagner Silva (University of Regensburg, Germany). The results shown in Chapter 4.3.2
are part of a publication in Angewandte Chemie?! (Y.-M. Tian, E. Hofmann, W. Silva, X. Pu,
D. Touraud, R. M. Gschwind, W. Kunz, B. Kénig. Enforced Electronic-Donor-Acceptor Com-
plex Formation in Water for Photochemical Cross-Coupling. Angew. Chem. 2023.). Be-
sides, Regina Hoheisel (University of Regensburg, Germany) performed the UV/VIS ab-

sorption SEC measurements on my behalf.
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4.1 Introduction

The amino sugar meglumine (N-methyl-D-glucamine, see Figure 4 - 2(a)) is widely used as
a pharmaceutical excipient for improving the solubility and release rate of poorly water-
soluble drugs.?=® The molecule is also of great interest for research due to its bio-degrada-
bility, physiological inertness, stability, and availability at low prices.® Hence, meglumine is
also used for solubilizing plant materials in order to facilitate their exploitation and applica-
tion.”® In this work, meglumine acts as a potential solubilizer for different aromatic com-
pounds, which are applied in different cross-coupling reactions. A brief background is pro-

vided on the molecules and applications discussed in the following.

(a) (k) O o]
o OH OH O
N, S S R-N N-R

OH OH o]

meglumine naphthalenetetracarboxdiimide

Figure 4 - 2: Molecular structure of meglumine (a) and naphthalenetetracarboxdiimide with substituents R (b).

In the first part, an organic photocatalyst will be considered. Organic dyes represent an
interesting alternative to transition metal photocatalysts, as they are commonly less expen-
sive and more environmentally friendly.®° Ghosh et al. demonstrated a consecutive pho-
toinduced electron transfer (conPET), which allows for overcoming the previously limited
reduction power of typical visible light photoredox catalysts. The concept describes the us-
age of two photons in one catalytic cycle. After absorption of the first photon, the excited
dye becomes a stronger oxidant (or reductant) and is converted into its radical anion. A
reasonably stable and colored radical anion can absorb the second photon and is thus ex-
cited again. This provides sufficient energy for the conversion of less reactive chemical
bonds (compare Figure 4 - 3).2! Hence, rather stable aryl chlorides are successfully acti-
vated for carbon-carbon bond formation.*-13 In this context, naphthalenetetracarboxdiimide
derivatives (see Figure 4 - 2(b)) are considered as promising photoredox catalysts with
strong redox potential. The poor solubility, however, limits their application. The solubility
can be improved by the substitution of branched alkyl chains (R), but the synthesis of such
derivatives is reported to be challenging.** Accordingly, their usage in photoredox chemistry
is rather unexplored yet.® Ghosh reported the usage of a branched derivative in a photo-
chemical conversion of aryl-bromides according to the conPET concept. In his work, an

approximated excited state reduction potential of — 2.9 V is determined, which is sufficient
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for the reduction of most organic substrates.*®!* To the best of our knowledge, only deriva-
tives branched and/or substituted at the core have been successfully applied as photoredox

catalysts,®14-16

Figure 4 - 3: Schematic illustration of the conPET mechanism with the photocatalyst PC and the resulting acti-
vation of the substrate R-X, adapted from the cited literature.!

In the second part, electron donor-acceptor (EDA) complex formation is taken into account.
An EDA complex describes the aggregation of an electron-donating molecule with low ion-
ization potential and an electron-accepting compound with high electron affinity in the
ground state.” EDA complexes typically exhibit new absorption bands at longer wave-
lengths which provide the possibility to activate the substrates by visible light irradiation
without the presence of sensitizers or photoredox catalysts.®2! The association in EDA
complexes is not as directional and robust as other interactions, e.g., hydrogen bonding,
and the strength of electron-acceptor association is sensitive to various factors, such as
solvent, temperature, and concentration.**-2! In addition, the formation of EDA complexes
and the selectivity of their subsequent transformations can be affected by their local envi-
ronment, which has been used in asymmetric enzyme photocatalysis.?-2* Moreover, it has
been reported that the nature of the solvent not only plays a crucial role in the formation
and stability of EDA complexes but also affects the electron transfer process. Thus, solvent
effects have great potential to act as an external force influencing the photochemical prop-
erties of EDA complexes. Excitation of the EDA complex and the electron transfer process
are accompanied by solvent reorientation, especially in polar solvents. In addition, the ex-
cited state species are more polarized than their ground state, resulting in stronger solvation
in polar solvents which positively affects the relaxation dynamics of reactive intermedi-
ates.’®2° Water, as the most polar medium among common solvents, is expected to affect
the properties and transformations of EDA complexes. However, to the best of our
knowledge, the synthetic use of EDA complexes in water has not been investigated in detail,
likely due to the low solubility of most organic compounds in water and sensitivity to hydrol-

ysis of functional groups or intermediates.
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4.2 Material and methods

421 Chemicals

N-methyl-D-glucamine (meglumine, purity > 99 %), triacetin (TriA, FCC, FG, = 99 %), eth-
anolamine (= 99 %), diethanolamine (= 98 %), triethanolamine (= 99 %), ferulic acid
(=99 %), tetrahydro linalool (THL, > 97 %), di(propylene glycol) n-propyl ether (DPnP,
> 98.5 %), deuterated dimethyl sulfoxide (DMSO-ds, = 99.5 atom % D), and tetrabu-
tylammonium tetrafluoroborate (NBusBF4, 99 %) were purchased from Sigma Aldrich
(Darmstadt, Germany). 1,8:4,5-naphthalenetetracarboxdiimide (NDI, > 95.0 %), D-(+)-glu-
cosamine hydrochloride (glucosamine(HCI), > 98.0 %), D-glucamine (> 97.0 %), and N-
ethyl-D-glucamine (eglumine, > 98.0 %) were bought from TCI (Eschborn, Germany). Cho-
line acetate (ChoAc, 98 %) was bought from abcr (Karlsruhe, Germany). Acetonitrile (AcN,
HPLC grade), ethanol (EtOH, > 99 %), ferrocene (98 %), and potassium bromide (KBr, for
analysis) were obtained from Merck (Darmstadt, Germany). Sodium hydroxide solution
(NaOH, 1 N) was from Carl Roth (Karlsruhe, Germany). Ethylamine (70 % in water) was
purchased from Fluka (Steinheim, Germany). Dimethyl sulfoxide (DMSO, > 99 %) was de-
livered by Fisher Scientific (Schwerte, Germany). All chemicals were used without further
purification. Millipore water (W) was used with a resistivity of 18 MQ cm. The Salix Cinerea
extract (fraction mainly composed of flavan-3-ol monomers) was gratefully received from

Thomas Gruber (University of Regensburg, Germany).

4.2.2 Methods

4.2.2.1 Solubility measurements of the photocatalyst NDI

3 mL of a solvent was supersaturated with an undefined amount of NDI (if not stated other-
wise). The supersaturated mixtures were stirred at 40 °C for 1 h and subsequently at 25 °C
for 1 h at 400 rpm. Then, the samples were filtered with a PTFE syringe filter (0.2 um pore
size). UV/VIS absorbance was measured with an Infinite M Nano+ UV-VIS spectrometer
(Tecan Trading, Mannedorf, Switzerland) in semi-micro UV cuvettes with a length of 1 cm
(Brand, Wertheim, Germany) at room temperature. Whenever the samples needed to be
diluted, the measured absorbance was then extrapolated according to Lambert-Beer’s

law.?® All samples were prepared in duplicates.
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4.2.2.2 Electrochemical measurements

Cyclic voltammetry The micropotentiostat and galvanostat CubePot (by M. Multerer and
F. Wudy) were applied to monitor the cyclic voltammograms. The setup included a three-
electrode system of platinum working and counter electrodes and an Ag/AgCl (3 M KCI)
reference electrode. The Pt electrodes were carefully polished using aluminum oxide. Up
to 10 cycles were carried out with a scan rate of 500 mV/s. Each solution was degassed
prior to the measurements. 0.1 M of NBusBF, in DMSO served as the supporting electrolyte
solution. The cyclic voltammograms of the electrolyte solution were determined with and
without 1 mM of NDI. In the last run, a spatula tip of ferrocene was added as an internal
standard. The half-wave potential (E, ;) of the reversible reactions was then determined

from the mean of the anodic (E, ;) and cathodic (E, ;) peak potentials according to Equa-

tion 4 — 1.%6

_EpatEy.

Eijy == Eq.4-1

Spectroelectrochemistry (SEC) SEC measurements were carried out in an optically
transparent thin-layer electrochemical cell (OTTLE, 0.2 mm path length). Pt minigrid elec-
trodes (32 wires per cm) were applied as working and counter electrode. The
(pseudo-)reference electrode was a Ag microwire. An Agilent 8453 spectrometer allowed
for measuring the absorbance. Measurements were performed in a solution of 2.5 mM NDI
in DMSO. A scan rate of 5 mV/S was applied.

4.2.2.3 Determination of the lower critical solution temperature

An additive was dissolved in a binary mixture of water and DPnP in a ratio of 45/55 (w/w)
and cooled down to 0 °C. The cooled samples were then slowly heated under constant

stirring until turbidity was detected by visual observation.
4.2.2.4 pH measurements

The pH electrode specified in Chapter 3.2.2.7 was used to measure the pH of the solvents

under stirring at room temperature.
4.2.2.5 Dynamic light scattering

Dynamic light scattering (DLS) experiments provided in Chapter 4.3.1 were performed as
described in Chapter 1.2.2.5. The DLS measurements in Chapter 4.3.2 followed the same
protocol, whereby sample preparation and measuring time were changed as follows: 0.02 M
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of 4-methylbenzenethiol was added to pure water or water containing 0.05 M dissolved me-
glumine. The samples were shaken well and filtered into cylindrical scattering cells using a
PTFE filter (0.2 um pore size). The measurements started immediately after filtration and
ran for 7 h, during which the scattered light was detected every 2 min for 30 s. The hydro-
dynamic radius was determined with the second cumulant method using density and vis-

cosity values for water at 25 °C.
4.2.2.6 Ternary phase diagram

Phase diagrams were recorded according to the method of Dekker et al.?’, as described in
Chapter 2.2.2.1.

4.2.2.7NMR measurements

NMR measurements were performed for product identification and quantification, as re-
ported in Chapter 2.5.1.3.

4.2.2.8 Conductivity measurements

Conductivity measurements were performed with a low-frequency WTW inoLab Cond 730
conductivity meter using the WTW TetraCon 325 electrode (Weilham, Germany). 20 mL of
each sample containing 0.1 % (w/w) KBr was measured at a controlled temperature of
25+ 0.1 °C. While 0.05 M meglumine was completely dissolved, the samples containing
0.02 M 4-methylbenzenethiol were shaken well and filtered with a PTFE filter (0.2 um pore

size) immediately before the measurements.
4.2.2.9 Polarization microscope

A solution of 0.05 M dissolved meglumine with 0.02 M 4-methylbenzenethiol or 0.03 M in-
dole in water was shaken well and filtered with a PTFE filter (0.2 um pore size). Pictures
were taken at specific time intervals to document the macroscopic behavior of the sample,
in addition to images taken with a Leitz Orthoplan polarization microscope (Wetzlar, Ger-
many) using 100-fold magnification, connected to a JVC (Yokohama, Japan) digital camera
(TK-C1380).
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4.3 Results and discussion

4.3.1 Solubilization and characterization of the photocatalyst 1,8:4,5-naph-

thalenetetracarboxdiimide

The first part focuses on the solubilization of the photocatalyst 1,8:4,5-naphthalenetetracar-
boxdiimide (NDI) using meglumine in comparison with other solvent (mixtures) and addi-
tives. Figure 4 - 4 summarizes the absorbance of NDI in different solvent mixtures. The
molecular structures of the individual components are illustrated in Figure 4 - 5. The best
solubility with maximum absorbance in the UV (blue bar) is achieved in the dipolar aprotic
solvent dimethyl sulfoxide (DMSO), resulting in a deep yellow solution. DMSO is one of the
most powerful organic solvents. Its great solubilizing power is mainly attributed to its high
dielectric constant.?®. The second-best solvent is a ternary mixture of choline acetate
(ChoAc), ethanol (EtOH), and triacetin (TriA). Mixtures of the food-grade components EtOH
and TriA are applied, as their great solubilization power has already been proven in previous
works (see Chapter 1). In fact, the mixture of EtOH and TriA dissolves higher amounts of
NDI than the pure solvents themselves. The addition of ChoAc to the binary EtOH/TriA
mixture increases the detected absorbance in the UV by a factor of almost 16. tr-Cation
interactions are considered as the major driving force. The comparison with other salts con-
firms this suggestion (Figure S.4 - 1 in the Supporting Information).
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Figure 4 - 4: (a) Absorbance maxima of NDI saturated in various solvents and solvent mixtures. The absorbance
maximum in the UV is compared to the maximum absorbance in the VIS, and at 455 nm. TM represents the
ternary mixture W/EtOH/TriA (40/24/36). All ratios are given in weight (w/w). The absorbance in DMSO is divided
by a factor of 5 in the figure for better representation. (b) Absorbance spectra of NDI saturated in meglu-
mine(Meg)-containing solvents.
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Since reactions are to be carried out in an aqueous medium at the end, the binary mixture
of EtOH/TriA is mixed with water, reducing the absorbance of NDI further. The same is
observed when mixing DMSO with water. The addition of meglumine allows for a remarka-
ble improvement in NDI solubility in aqueous solutions. Meglumine is mixed with either wa-
ter (Meg/W) or the ternary mixture of W/EtOH/TriA (Meg/TM). While the maximum absorb-
ance in all other solvents is in the UV range, the maximum is shifted to the VIS in Meg/TM
(see Figure 4 - 4(a,b), gray arrow). This offers a major advantage over the Meg/W system
with the maximum in the UV since photocatalysis with visible light (sunlight in its simplest
form) has greater environmental benefits than photochemical processes with high-energy
UV radiation.? Besides, Figure 4 - 4(a) depicts the absorbance at 455 nm, which is currently
the most commonly applied visible light wavelength along with 530 nm.*° It is assumed that
the poor solubility of the catalyst results from 1-1-stacking interactions. NMR measure-
ments cannot confirm this assumption (see Figure S.4 - 2 in the Supporting Information).
The experiments are, however, restricted by the low solubility of the catalyst. Nevertheless,
aromatic additives are studied in order to intercalate and break the potential interactions
between individual NDI molecules. For this purpose, an extract of the plant Salix Cinerea,
the fraction of which mainly comprises flavan-3-ol monomers, and ferulic acid are applied.
In both cases, however, no dissolved catalyst is detected (see Figure S.4 - 3 in the Sup-

porting Information).
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Figure 4 - 5: Molecular structure of solvents and additives applied for NDI solubilization.

Overall, none of the solvent systems achieve comparable results to DMSO. Calibration in
this solvent provided an extinction coefficient €37snm = 16.82 + 0.50 L mmol* cm™ and a
saturation concentration of 2 mM (see Figure 4 - 6). Due to the incomparably good solubility,

electrochemical investigations are performed in this solvent.
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Figure 4 - 6: Absorbance of NDI in DMSO with a photograph of the corresponding sample, the determined
extinction coefficient € at 378 nm, and the saturation concentration csa. The corresponding calibration curves
are provided in the Supporting Information (see Figure S.4 - 4).

The cyclic voltammetry measurement reveals 2 reversible 1-electron charge transfer pro-
cesses (see Figure 4 - 7(a,b)). The individual measurements of different cycles are provided
in the Supporting Information (see Figure S.4 - 5). The determined anodic and cathodic
peak potentials allow for calculating the half-wave potentials according to Equation 4 — 1
(see Chapter 4.2.2.2). Since measurements are carried out using Ag/AgCI reference elec-
trode, the half-wave potential of ferrocene is measured as well. This allows converting the
results to the SCE reference electrode. The resulting half-wave potentials are summarized
in Table 4 - 1. The NDI can thus reach a ground state reduction potential of — 1.0V (vs.
SCE). In order to estimate the excited state reduction potential, UV/VIS absorption spectro-
electrochemistry (SEC) is applied. In this context, the absorbance of the photocatalyst is
measured as a function of the applied potential. The evolution of the absorbance spectra is
shown in the Supporting Information (see Figure S.4 - 6).

Table 4 - 1: Experimentally determined half-wave potentials of unexcited NDI (El(j)z) and excited NDI* (approxi-

mated, Elf‘z)) as well as that of ferrocene against Ag/AgCI (3 M KCI) and SCE (saturated calomel electrode)

reference electrodes. aThe value is taken from the cited literature.3!

NDI ferrocene

E [V] vs. Ag/AgCI vs. SCE vs. Ag/AgCl vs. SCE
ED -05 -0.6 +0.5 +0.42

1/2

(2) - o - -
E{) 0.9 1.0

*(1) - - - _
Ey )2 2.2
E® - -3.0 - -

1/2

168



The role of meglumine in aqueous cross-coupling

Figure 4 - 7(c) shows the spectra of the three NDI species: the neutral form (NDI, blue), the
reduced radical anion (NDI*-, green), and the twice reduced anion (NDI%, orange). It is as-
sumed that the catalyst is directly reduced to the twice negatively charged species NDI?
during reactions. Considering the lowest energy state of excited NDI? (*, 612 nm), the elec-
tron experiences additional — 2.0 V. As a consequence, an approximated reduction poten-
tial of — 3V (vs. SCE) is determined for the excited NDI?*. This is in agreement with the
potential determined by Ghosh for a NDI derivative (— 3 V vs. SCE) and would be enough
for activating, e.g., the alkyl chlorides (- 2.8 V vs. SCE) mentioned in the Introduction.?-14
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Figure 4 - 7: (a) Cyclic voltammogram of NDI and ferrocene in DMSO with the anodic Ep,a and cathodic peak
potentials Ep.c. (b) Molecular structures of the different NDI species: the neutral form (blue), the reduced radical
anion (green), and the twice reduced anion (orange). The colored molecular surface represents the COSMO-
RS screening charge density o of the lowest energy conformer. Highly positive ¢ are colored in red, highly
negative o in blue, and non-polar areas in green. (c) UV/VIS absorption SEC of the three NDI species shown in
(b). The absorbance of the neutral form is detected at — 0.05 V, the absorbance of the radical anion at — 0.45 V,
and the absorbance of the twice reduced form at — 0.83 V (vs. Ag).

After characterizing the electrochemical properties of the catalyst, the meglumine solvent
systems are considered further as potential reaction solvents. The calibration of NDI in
aqueous solutions containing meglumine proves to be difficult. In order to compare the dif-
ferent solvents, sample preparation includes supersaturation with NDI. For calibration

measurements, defined amounts of the dissolved catalyst are required. However, even after
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several hours of stirring and/or heating, not the smallest amount of catalyst dissolves. Due
to the different shapes of the absorbance spectra, the extinction coefficient in DMSO cannot
be simply transferred to another solvent. Other techniques starting from the supersaturated
samples with unknown starting concentrations, such as NMR, HPLC, spiking, or simply
back weighing after filtering, were limited by the overall poor solubility of NDI. For this rea-
son, the effect of meglumine on the solubilization of the catalyst is first investigated in more

detail with the aim of further improving the solubility.
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Figure 4 - 8: (a) Effect of meglumine (methyl-glucamine) and eglumine (ethyl-glucamine) on the LCST of a
W/DPnP mixture as a function of the additive concentration. (b) Schematic illustration of the expected dehydra-
tion effect of meglumine on NDI.

In the first attempt, the salting-in/out behavior of meglumine and the derivative eglumine
(ethyl-glucamine) is taken into account. Figure 4 - 8(a) shows the impact of meglumine and
eglumine on the lower critical solution temperature (LCST) of a mixture of water and di(pro-
pylene glycol) n-propyl ether (DPnP). In the absence of any additive, the LCST is reached
at 14 °C, which is also reported in the literature.®? With the addition of an alkyl-glucamine
additive, the LCST decreases. Accordingly, both additives act salting-out. This is to be ex-
pected since competition for water arises between the hydroxy group of DPnP and the hy-
droxy groups of the alkyl-glucamines. The same is observed for other sugar molecules,
such as glucose and fructose.?? The effect is more pronounced with meglumine than with
eglumine. So, the first guess would be that meglumine dehydrates the catalyst and therefore
decreases its solubility (see Figure 4 - 8(b)). The observed solubilization of NDI by meglu-
mine thus seems to be the result of direct interaction between the catalyst and the additive.
Several alkanolamines are considered to gain more insight into the decisive interactions
(see Figure 4 - 9). Both the amount and type of functional groups and the steric hindrance

are varied along the additives.

170



The role of meglumine in aqueous cross-coupling
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Figure 4 - 9: Molecular structure of the additives studied in water for the solubilization of NDI.

Figure 4 - 10(a) depicts the absorbance of NDI saturated in aqueous solutions containing
different additives. The best NDI solubility is achieved using ethylamine (red curve). The
absorbance in the UV (370 nm) is more than 2.7 times higher than in the other solutions.
Then, considering the UV absorption, the effectiveness decreases as follows: meglumine >
ethanolamine > eglumine > diethanolamine > glucamine. While all of these additive solu-
tions result in a similar absorbance pattern with the greatest maximum in the UV, the highest
absorbance in the triethanolamine solution is shifted to the VIS (cyan blue). Glucosa-
mine(HCI) cannot dissolve the catalyst. It is conspicuous that the solubility correlates with
the pH value determined by the basic additives. The best solution containing ethylamine
also depicts the highest pH value at 12.2. The triethanolamine solution is the less basic
solution. The ineffective glucosamine solution is acidic due to the bound HCI. The pH of the
meglumine solution is with 11.3 the same as that of the eglumine solution. Despite the
greater salting-out effect of meglumine, it is the better additive for solubilizing NDI. The ethyl
group may thus result in a steric hindrance restricting interactions between the additive and
the catalyst.

Based on the results, the influence of the pH is studied in more detail (see Figure 4 - 10(b)).
The absorbance at 371 nm increases rapidly in sodium hydroxide (NaOH) solutions from a
pH above 11 until the maximum is reached at 12.6. The absorbance of NDI saturated in a
NaOH solution of pH 12.6 is more than 4 times higher than in the agueous additive solutions.
At higher pH, the NDI signal decreases rapidly, which may indicate instability of the mole-
cule at pH values above 12.6. In the next step, the pH of the additive solutions is adjusted
in order to investigate the impact of the additives independently of the pH values. A pH of

12.2 is chosen to avoid potential instabilities.
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Figure 4 - 10: (a) Absorbance of NDI saturated in aqueous solutions containing 0.5 mol/kg of the additive given
in the legend. The pH is measured in the additive solution in the absence of the catalyst. (b) Maximum absorb-
ance of NDI saturated in NaOH solutions as a function of the pH value. (c) Absorbance of NDI saturated in
aqueous solutions containing 0.5 mol/kg of the additive given in the legend. The pH of the solutions is adjusted
to 12.2 (except for glucosamine, where the pH is 11.1). (d) Extinction coefficient of NDI at 371 nm and the
calculated saturation concentration in an aqueous solution containing 1 mol/kg meglumine with an adjusted pH
of 12.2. (a-c) During sample preparation, the solvents were supersaturated with 10 mM of the catalyst.

Figure 4 - 10(c) summarizes the absorbance of NDI saturated in the aqueous additive so-
lutions with adjusted pH. Overall, a significantly higher NDI solubility is achieved by com-
bining additive and pH control. Triethanolamine best solubilizes the catalyst, which absorbs
the strongest in the UV (370 nm) in all additive solutions (except for glucosamine). The
effectiveness changes to the following ordering: triethanolamine > meglumine/eglumine >

diethanolamine > glucamine > ethanolamine > ethylamine. The number of hydroxy groups
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seems to play a crucial role. Additives with more hydroxy groups tend to better solubilize
the catalyst (triethanolamine > diethanolamine > ethanolamine > ethylamine). The spatial
arrangement of the functional groups also seems to influence to which extent the additive
can interact with NDI so that triethanolamine is more effective than meglumine, although
the molecule possesses less hydroxy groups. The catalyst absorbance in the glucosamine
solution differs from that in the other additive solutions. The pH is only adjusted to 11.1 due
to the bound HCI, but the basic solution allows for detecting an absorbance. The ring con-
formation of the molecule may lead to a different environment of the catalyst, influencing its
absorbance. Overall, the great improvement in NDI solubility allows for calibration. The fo-
cus remains on the agueous meglumine solution due to the greenness of the molecule. The
production of triethanolamine is based on the reaction between ethylene oxide and ammo-
nia. Besides, the chemical often contains mono- and diethanolamine impurities, which form
carcinogenic nitrosamine and can cause skin sensitization. In green and safe applications,
triethanolamine is thus increasingly replaced.®*3 In this work, the molecules were only uti-
lized for a better understanding of the existing interactions. Finally, the determined extinc-
tion coefficient of NDI in an aqueous meglumine solution at pH 12.2 is determined to be
€371nm = 14.98 + 0.14 L mmol?* cm?, resulting in a saturation concentration of 1 mM (see
Figure 4 - 10(d)).
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Figure 4 - 11: (a) Experimentally determined phase diagram of water, EtOH, and TriA at 25 °C. The gray shaded
area represents the miscibility gap (2®), which is separated from the monophasic area (1®). The green star
identifies the mixture applied as the reaction solvent. The rose dots represent the determined phase border in
the presence of 15 % (w/w) meglumine in the aqueous phase. @Data gratefully received from Dr. Pierre Degot
(former Ph.D. student at the University of Regensburg, Germany).8 (b) Correlation function of the reaction mix-
ture (green star in (a)) with an increasing amount of meglumine obtained by DLS measurements at 25 °C. The
amount of meglumine refers to the water content.

For the photochemical reactions, solutions of meglumine dissolved in water are considered.
In addition, meglumine is added to surfactant-free microemulsions (SFMESs). The hydropho-
bic pseudo-phase shall further improve the solubility of hydrophobic reactants during the

reaction. Besides, information on the impact of a mesoscopic interface on photocatalysis
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should be obtained. The initial results in W/EtOH/TriA reveal sufficient NDI absorbance and
a shift of the maximum absorbance to wavelength in the VIS (compare Figure 4 - 4). For
this reason, the system is investigated further. Figure 4 - 11(a) illustrates the localization of
the composition chosen as the reaction mixture in the ternary phase diagram (green star).
The mixture is selected due to high water content and a significant correlation function in
the DLS, which indicates the presence of mesoscopic structuring (see Figure 4 - 11(b,
brownish curve), Figure S.4 - 9). The mixture of W/EtOH/TriA with a ratio of 50/22/28
(w/w/w) is therefore referred to as an SFME. The addition of meglumine has no remarkable
impact on the miscibility gap at the examined water-rich side of the phase diagram. How-
ever, the DLS signal decreases with an increasing amount of meglumine. The additive may
also improve the solubility of TriA in water, reducing the tendency to aggregate with other
TriA molecules. The effect, however, can only relate to TriA that is already dissolved in TriA-
rich aggregates dispersed in water, since the overall miscibility gap does not decrease at
this composition. Furthermore, TriA is known to be prone to hydrolysis (see
Figure 4 - 12(a)).%>%* The increasing amount of meglumine can catalyze the hydrolysis of
TriA and thus reduce the amount of the hydrophobic compound in the system. The hydrol-
ysis would result in an increasing amount of acetic acid.
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Figure 4 - 12: (a) Reaction mechanism of hydrolysis of triacetin (TriA). (b) pH of W/EtOH/TriA (50/22/28 (w/w/w))
containing different amounts of meglumine as a function of time with the corresponding exponential fit. (c) Cor-
relation coefficient (z = 104 ms) of W/EtOH/TriA (50/22/28 (w/w/w)) obtained by DLS measurements as a func-
tion of time with the corresponding exponential fit. The W/EtOH/TriA mixture contains different amounts of me-
glumine, pre-dissolved in the aqueous (ag.) phase. The corresponding DLS measurements are provided in the
Supporting Information (see Figure S.4 - 10). The time measurement started with the mixing of the
(pseudo-)ternary mixture.
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For this reason, both the pH and the DLS signal of the ternary mixture containing different
amounts of meglumine are studied with respect to time (see Figure 4 - 12(b,c)). Immediately
after mixing, the basic meglumine raises the pH of the SFME from 5.3 to 10.7 (5 % (w/w) in
the aqueous phase) and 10.9 (15 % (w/w) in the aqueous phase). While the pH remains
constant in the absence of meglumine, the pH of the solutions containing meglumine
decreases immediately, indicating the formation of acetic acid. The same is observed for
the correlation intercept. The presence of meglumine decreases the intercept already in the
first measurement. The value continues to fall over time, whereby the decrease is most
pronounced in the solution with the largest amount of meglumine. In the meglumine-free
SFME, the correlation intercept remains more or less stable. The measurements thus

confirm the catalytic effect of meglumine on the hydrolysis of triacetin.
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Figure 4 - 13: (a) Absorbance of NDI saturated in water containing an increasing amount of meglumine. (b) Ab-
sorbance of NDI saturated in the ternary reaction mixture of W/EtOH/TriA (50/22/28 (w/w/w)) containing an
increasing amount of meglumine in the aqueous (aq.) phase.

Accordingly, the ternary mixtures with higher amounts of meglumine can no longer be re-
ferred to as an SFME. Nevertheless, the solubility of the catalyst is further considered since
the absorption maximum in the VIS may be beneficial for photocatalysis. Figure 4 - 13 de-
picts the maximum absorbance of NDI saturated in meglumine/water solutions (a) and me-
glumine/W/EtOH/TriA solutions (b) as a function of the additive content. As expected, an
increasing amount of dissolved meglumine in water results in an increase in the catalyst
absorbance and, therefore, in its solubility. The absorbance in the ternary mixtures contain-
ing meglumine first tends to increase with an increasing amount of meglumine. With 30 %
(w/w) meglumine in the aqueous phase (15 % (w/w) dissolved in the total mixture), the ab-
sorbance starts to decrease again. The hydrolysis of triacetin and the resulting decrease in
the pH are assumed to be the origin of the decrease at high amounts of meglumine and for

the overall discontinuous trend.
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Table 4 - 2 summarizes the initial results of the photocatalytic C-C coupling reaction in
agueous meglumine solutions. Due to the initial calibration problems, the reactions are car-
ried out in a turbid suspension with a defined amount of catalyst. The reaction shown in
Table 4 - 2 is performed under optimized conditions, providing an excellent yield of 93 %
(1c). The optimum wavelength is determined to be 385 nm, which is in agreement with the
maximum absorbance of NDI in the UV when dissolved in meglumine/water. In the absence
of light or NDI, no product or only 5 % are detected, which confirms that the reaction studied
is a photocatalytic transformation. Performing the reaction without meglumine reduces the
yield from 93 % to 60 %. The additive increases the solubility of the catalyst. As the solution
is, however, supersaturated with the catalyst and the reaction runs for 15 h, the great impact
of meglumine on the yield is not expected. For this reason, the influence of meglumine on
cross-coupling reactions in water in the absence of photocatalysts will be considered in
detail in the following Chapter 4.3.2. Removing both meglumine and NDI from the reaction

solution yields only traces of the product.

Table 4 - 2: NDl-catalyzed C-C coupling reactions. The yields were determined by GC-MS analysis and are
averages of two runs. NEts abbreviates the base triethylamine.

CN CN CN N—
cl - NDI (10% mmol) )
J/A\ Meglumine (150 mg)
"N NEtz (0.8 mmol), H;O (2 mL)
; 385nm, 25°C, 15h

1a, 0.1 mmol  2a, 1.5 mmol 1b 1c
entry deviations from the optimized conditions yield of 1b [%] yield of 1c [%]

1 none 3 93

2 no light n.d. n.d.

3 no NDI n.d. 5

4 no meglumine 8 60

5 no NDI, no meglumine n.d. traces

6 455 nm, water, 2.5 mmol 2a 22 75

7 455 nm, W/EtOH/TriA (50/22/28 (w/w/w)), 2.5 mmol 2a 12 49

The reduced yield of 75 % in water at a higher wavelength (455 nm) is attributed to the
absorbance spectrum. A summary of the optimization and control experiments can be found
in the Supporting Information with the yields obtained for a variety of different substrates
(see Table S.4 - 1 - Table S.4 - 3). Good to excellent yields are achieved in the initial
experiments. However, excellent yields for really challenging reactions are still missing.
Replacing water with the SFME W/EtOH/TriA further decreases the yield to only 49 %,
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although the catalyst absorbance in the VIS is stronger in this solvent. Since the reaction
requires the base triethylamine NEts, the present (and further produced) acetic acid is likely
to interfere with the reaction. Indeed, all the organic reactions considered in this work are
carried out under basic conditions. As a consequence, the TriA is replaced by the stable
tetrahydro linalool (THL).
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Figure 4 - 14: (a) Experimentally determined phase diagram of water, EtOH, and THL at 25 °C. The gray shaded
area represents the miscibility gap (2®), which is separated from the monophasic area (1®). The red squares
identify the compositions in which the solubility of the catalyst is studied. The green line shows the phase border
when water contains 15 % (w/w) meglumine. (b) Maximum absorbance of the catalyst saturated in the solutions
along the phase diagram (red squares in (a)). The aqueous (ag.) pseudo-phase contains either no meglumine
or 0.5 mol/kg of meglumine with an adjusted pH of 12.2. During sample preparation, the solvents were super-
saturated with 10 mM of the catalyst. (c) Correlation function of W/EtOH/THL 37/48/15 (w/w/w) with and without
meglumine.

Figure 4 - 14(a) shows the ternary phase diagram of water, EtOH, and THL, which has
already been discussed in the previous Chapter 3. The most pronounced structuring has
been located between mixtures 3 and 4. The presence of meglumine (green curve) has
again no distinct impact on the miscibility gap. Figure 4 - 14(b) compares the solubility of
NDI in solutions along the phase diagram (red squares in Figure 4 - 14(a)) with and without
meglumine in the agueous phase. Based on the previous results, the additive is applied in

combination with pH control (12.2). In the absence of meglumine, the absorbance of the
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catalyst is of minor intensity (green curve). Moreover, no correlation with the extent of struc-
turing is observed (compare Chapter 3.5 for the DLS experiments). The maximum absorb-
ance is detected in the visible range. The corresponding absorbance spectra are provided
in the Supporting Information (see Figure S.4 - 11). In solutions containing meglumine, the
absorbance decreases with an increasing amount of THL, which correlates with a decrease
in the water and thus meglumine content (blue curve). The solubility of the catalyst is, there-
fore, again a result of beneficial interactions of meglumine and NDI. Figure 4 - 14(c) repre-
sents the correlation function of the solution W/EtOH/THL 37/48/15 (w/w/w), which is se-
lected as the reaction solvent due to high water content and a pronounced DLS signal. As
observed in W/EtOH/TriA, meglumine decreases the detected correlation function. Hence,
the previous decrease is not only a result of the hydrolysis of TriA. The meglumine seems
to reduce the aggregation tendency of water and oil molecules without having a distinct

impact on the miscibility gap.

N\ F 455 nm (0.7 W), 25 °C, Ny, 16 h )
st [ j/ - P no reaction
N N/ 1 mL solvent with NDI
H

0.1 mmol 0.15 mmol
10.7 mg 14.7 mg

Figure 4 - 15: Reaction scope carried out in meglumine/water and meglumine/W/EtOH/THL solvent mixtures.
0.1 mM NDI is dissolved by supersaturation in meglumine/water mixtures (15/85 (w/w)) without and with pH
control (12.2). In addition, the solvent mixture is mixed to (pseudo-)ternary mixture of W/EtOH/THL (37/48/15),
whereby the water phase contains both meglumine and NDI.

In the next step, new reactions are performed in homogeneous, transparent solutions. For
this purpose, NDI is dissolved in meglumine/water mixtures with and without pH adjustment.
The mixtures are either used directly as reaction solvent or mixed with EtOH and THL to
form a pseudo-ternary mixture W/EtOH/THL 37/48/15 (w/w/w). The reactions tested so far
seem, however, too challenging for the beginning, so no product is detected. It is known
that C-F bonds are very strong®’, complicating its activation. Besides, triethylamine is omit-
ted due to the presence of the base NaOH, which may not be able to reduce the catalyst.
The collaboration on this topic with the group of Prof. Kénig will continue, and the reactions
are still ongoing. Nevertheless, these new insights into the photochemistry of 1,8:4,5-naph-
thalenetetracarboxdiimide and its solubilization by meglumine confirm the expected poten-

tial of the catalyst for green photocatalysis in water.
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4.3.2 Enforcement of electronic-donor-acceptor formation

Due to the great impact of meglumine on the reaction, the role of meglumine is studied in
several photochemical C-C and C-S coupling reactions in the absence of an additional pho-
tocatalyst. First, the C-C coupling between the electron acceptor 4-bromobenzonitrile (al)
and the electron donor indole (b1) is considered (see Figure 4 - 16(a)). In the presence of
meglumine and irradiation with light (385 nm), the C2- and C7-arylated products (1:1, c1)
are synthesized in 83 % vyield. No product is detected without irradiation, and only 34 % is
obtained in the absence of meglumine. Replacing the reaction solvent water by an organic
solvent, such as DMSO or THF, yields either no product or only traces (< 1 %). Accordingly,
both water and meglumine play a crucial role in this photochemical conversion. Additional
control experiments are provided in the Supporting Information (see Table S.4 - 4). Moreo-
ver, this chapter focuses on single reactions to highlight the discovered mechanism. How-
ever, both the C-C and the C-S coupling reactions are successfully carried out with a great
variety of substrates, which can be found in the corresponding publication.* The numbering

corresponds to that in the publication and is, therefore, not always consecutive.
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Figure 4 - 16: (a) Photochemical cross-coupling of 4-bromobenzonitrile (al) with indole (b1) in the presence of
meglumine. (b) UV/VIS absorbance measurements of different compounds in water.

UV/VIS absorbance measurements of different reagent combinations are recorded (see
Figure 4 - 16(b)). Mixing the reactants al and b1 displays a new absorption band in the
visible region (orange curve), which is assigned to an electron donor-acceptor (EDA) com-

plex. The intensity of the absorption band is significantly higher with (purple curve) than
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without meglumine. In contrast, there is no distinct absorption in the same range for mix-
tures of meglumine with only one of the substrates (green curves). NMR measurements
confirm that meglumine does not form any tight complexes with al or b1 alone. Only ag-
gregates composed of both al and b1, interacting via 1r-11-stacking, are able to interact with
meglumine (see Figure S.4 - 13, Figure S.4 - 14; more detailed NMR studies can again be
found in the associated publication?). As a consequence, meglumine is expected to improve

the solubility of the EDA complex, which enhances the photochemical C-C coupling.

After exploration of the photochemical C-C cross-coupling in water, C-S coupling reactions
are investigated. The reaction conditions are optimized using 4-chlorobenzonitrile and ben-
zenethiol as model substrates. In the presence of meglumine and irradiation with light
(385 nm), a yield of 91 % is obtained. In the absence of meglumine or light, no product is
detected. Meglumine is thus indispensable for this photochemical transformation.
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Figure 4 - 17: (a) Photochemical cross-coupling of 4-bromobenzonitrile (al) with 4-methylbenzenethiol (b77) in
the presence of meglumine. (b) UV/VIS absorbance measurements of different compounds in water. (c) Con-
ductivity measurements of aqueous solutions at 25 °C. All solutions contain 0.1 % (w/w) KBr to ensure a suffi-
cient amount of charge carrier. Besides, the solutions contain meglumine, b77, and both or none of the additives.
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Replacing water by DMF decreased the yield to 30 %. Therefore, the solvent water has
again a pivotal role. The control experiments are once more summarized in the Supporting
Information (see Table S.4 - 5). The reaction mechanism of the C-S coupling reactions is
studied with the substrates al and 4-methylbenzenethiol (b77) (see Figure 4 - 17(a)). The
coupled product is obtained in 84 % yield. In contrast to the C-C coupling, no changes in
the UV/VIS absorption are observed when mixing the two substrates in water (see
Figure 4 - 17(b)). However, the addition of meglumine to b77 in water results in a batho-
chromic shift, indicating an interaction between the two molecules. Conductivity measure-
ments confirm this observation (see Figure 4 - 17(c)). In the absence of meglumine,
4-methylbenzenethiol does not lead to a significant change in conductivity. As a basic com-
pound, meglumine itself increases conductivity. However, the highest conductivity is meas-
ured when both meglumine and b77 are present. Accordingly, an acid-base reaction, depro-
tonating b77, takes place, which leads to a higher amount of charge carrier and, thus, a

higher conductivity.
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Figure 4 - 18: (a) Visual observations of b77 in an agueous solution of meglumine after filtration (t = 0 min).
(b) Visual observations of b1 in an aqueous solution of meglumine. (a,b) The samples are filtered (t = 0 min)
and studied using a polarizing microscope with 100-fold magnification and a camera over time.
(c) Hydrodynamic radii as a function of time in aqueous solutions containing b77 with (green curve) and without
(purple curve) meglumine determined by DLS measurements at 25 °C.
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The visual observations also differ for the C-C and C-S coupling reactions (see
Figure 4 - 18(a,b)). While the mixture of b1l and meglumine stays transparent and clear for
at least 1 d (b), the mixture of b77 and meglumine becomes turbid with time (a). In both
mixtures, tiny crystals are present immediately after filtration caused by rapid precipitation
of the substrate. The solutions thus appear to be supersaturated with the substrate after
filtration. Due to the distinct turbidity of the mixture of b77 and meglumine with time, the
substrate of the C-S coupling reaction is studied by light scattering (see Figure 4 - 18(c)).
DLS measurements show the presence of aggregation of b77 in water with and without
meglumine. In the absence of meglumine, no aggregates are initially detected, and a signal
is detected after several minutes, representing fast-growing aggregates which are expected
to originate from the crystal growth of the substrate itself. In the presence of meglumine,
aggregates of almost 60 nm are detected at the beginning of the measurement (immediately
after filtration). Over time, the presence of meglumine significantly reduces the rate of ag-
gregation. After 7 h, these aggregates have a size of 253 nm without meglumine, while the
aggregates in the meglumine-containing solution are only 160 nm in size at the end of the
measurements. As a consequence, it is assumed that meglumine acts as an anti-stacking
agent for b77. The interactions between meglumine and the aromatic compound seem to
reduce the T1-11-stacking interactions between individual b77 molecules and, therefore, slow
down its crystal growth and, finally, its precipitation. In that way, the substrate stays longer
in solution and remains active for the C-S coupling.

Figure 4 - 19: Schematic illustration of the 3 different types of b77 and their interaction with al and meglumine.
NMR measurements reveal the presence of 3 different types of 4-methylbenzenethiol (b77-
a, b77-b, b77-c). The ratio is determined to be 100: 52 : 11 : 0.4 (meglumine : b77-a: b77-
b : b77-c. The most abundant species b77-a is in closest contact with meglumine and con-
sidered as the reactive species. b77-b diffuses much slower than the other substrate spe-

cies and is determined to be in contact with meglumine and b77-a. This species is assigned
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to stock substrate. The third species b77-c has the lowest concentration and only interacts
with b77-a. It is designated as free, en route between the other domains (see Figure 4 - 19
and Figure S.4 - 15 - Figure S.4 - 17 in the Supporting Information). Overall, the meglumine
activates the thiol-substrate by deprotonation and keeps it in solution. The activated b77
can thus form an EDA complex with al, which can be converted photochemically. In con-
trast, the meglumine only interacts with the already formed EDA complex in the case of the
C-C coupling, enhancing its solubility. The different mechanisms are illustrated in
Figure 4 - 20.
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Figure 4 - 20: Proposed reaction mechanisms for C-C and C-S coupling reactions.
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4.4 Conclusion and outlook

In this chapter, the impact of meglumine on the solubilization of aromatic compounds is
investigated in several cases. In particular, the effect on cross-coupling reactions is consid-
ered in this context. In the first part, the focus is on the poorly soluble photocatalyst 1,8:4,5-
naphthalenetetracarboxdiimide. The best solubility of the catalyst is achieved in DMSO with
a concentration of 2 mM. Electrochemical measurements reveal a promising excited state
reduction potential of — 3.0 V (vs. SCE). Although meglumine possesses salting-out prop-
erties, the additive enables the solubilization of the catalyst in aqueous solutions. Several
alkanolamines are compared with respect to their solubilization power. The best result is
obtained using an aqueous triethanolamine solution with an adjusted pH of 12.2, followed
by an aqueous meglumine solution at the same pH. A pH higher than 11 in combination
with an additive with a sufficient number of hydroxy groups, thus, solubilize the catalyst
best. Besides, the arrangement of the hydroxy groups also influences the interactions with
the catalyst, which demonstrates the better result with triethanolamine. A concentration of
1 mM of the catalyst can be dissolved in the meglumine solutions (pH 12.2). The exact
reason for the great solubilizing effect of meglumine on the catalyst has not yet been clari-
fied. Accordingly, in-depth NMR studies should be performed in order to gain deeper infor-
mation. For this purpose, the currently used NDI should be replaced by a branched and
thus better soluble derivative. Otherwise, the dissolved concentrations may still be too low,
in particular in the absence of NaOH. Overall, an aqueous reaction solvent with a green
additive and an organic photocatalyst is generated. Photocatalytic C-C coupling reactions
are presented with good to excellent yields. An excellent yield for a challenging reaction
type, however, is still lacking. Furthermore, the aqueous solvent is mixed with ethanol and
triacetin, which shifts the maximum absorbance from the UV to the VIS. Due to an instability
of triacetin under basic conditions, the reaction outcome deteriorates. For this reason, the
oil is replaced by the stable tetrahydro linalool. Initial reactions carried out have been too
challenging and therefore have not yielded any product. Accordingly, a variety of reaction
types still have to be tested. Based on the great redox potential, a good performance of the
catalyst is also expected for demanding reaction types. As a consequence, it seems worth-
while to further optimize the reaction conditions. In this context, the impact of the base so-
dium hydroxide, applied for pH adjustment, has to be taken into account. If the conditions
are too basic, promoting competing side reactions, lower catalyst concentrations of 0.4 mM
in the absence of NaOH should be preferred. In addition, the initial reactions in the meglu-

mine/water system reveal a significant impact of meglumine on the reaction. In the absence
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of meglumine, the reaction yield is decreased by 35 %. This can either be attributed solely
to the solubilizing effect of meglumine, or meglumine also has an influence on the cross-

coupling reaction.

For this reason, the impact of meglumine on photochemical C-C and C-S coupling reactions
in the absence of an additional photocatalyst is investigated in water at room temperature.
A great variety of substrates as well as measuring techniques, including in-depth NMR anal-
ysis, DLS experiments, conductivity measurements, and optical methods, are applied. This
allows unraveling 2 different modes of operation of meglumine during the reactions. In the
case of C-C coupling, electron donor-acceptor (EDA) complexes formed between the aro-
matic substrates via 1-11-stacking. The EDA complex interacts with meglumine, which im-
proves its solubility and, therefore, enhances the photochemical transformation. In the case
of C-S coupling, the meglumine already interacts with one of the substrates. The benzeneth-
iol (derivative) is deprotonated and thus activated by an acid-base reaction with meglumine.
In addition, the interaction of the aromatic compound with meglumine has a kind of anti-
stacking effect since tr-11-interactions are hindered. This slows the precipitation of the sub-
strate and therefore keeps to substrate in solution for the reaction. The activated substrate
then forms an EDA complex, which enables the final transformation.

The present chapter confirms the solubilizing effect of meglumine on aromatic compounds
and reveals the great potential of the additive for application in organic cross-coupling re-
actions. Moreover, the results demonstrate that organic reactions can also be transferred
to water without creating a hydrophobic pseudo-phase, but with the aid of simple green

additives, such as meglumine.
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4.5 Supporting information

4.5.1 Solubilization and characterization of the photocatalyst 1,8:4,5-naph-

thalenetetracarboxdiimide
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Figure S.4 - 1: Maximum absorbance of NDI saturated in EtOH/TriA mixtures containing different salts. The
difference in absorbance of NDI in ChoAc/EtOH/TriA compared to Figure 4 - 4 is due to a change in the meas-
uring protocol. Absorbance was measured in a black Greiner 96 multiwell, half area, pClear microtiter plate with
a flat bottom instead of cuvettes. Moreover, the solvents were only saturated at room temperature. Nevertheless,
the comparison within the salt group allows conclusions to be drawn. Although the best result is obtained with
ChoAc, the other salts LiCl and NEt4Cl enable good NDI absorbance as well. The absorbance in the solvent
system EtOH/TriA (40/60) in the absence of the salt cannot be provided for the changed measuring conditions.
However, the addition of 15 % ChoAc to EtOH/TriA increased the absorbance by a factor of about 2.6 (under
the conditions in Figure 4 - 4). Accordingly, an absorbance of about 0.17 is expected in EtOH/TriA in the absence
of any salt under the present conditions. All proportions are provided by weight (w/w).
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Figure S.4 - 2: (a) IH-NMR spectrum of NDI dissolved in DMSO-ds with the assigned protons of NDI. (b) The
chemical shift 6 of the assigned protons as a function of the catalyst concentration. m-Stacking should result in
a decrease in the chemical shift.3® The stacking cannot be confirmed by the experiments. The dissolved con-
centrations may be too low, or stacking may be too strong so that the interactions occur already at very low
concentrations.

187



Chapter 4

30 4 ferulic acid
—— Salix Cinerea extract

20
B
©
P 10 H
o
c
@
£ o
(72}
Qo
©

-104

-20 4

T T T T
300 400 500 600 700 800

wavelength [nm]

Figure S.4 - 3: Absorbance spectra of aqueous solutions of 0.1 mol/kg ferulic acid in water at pH 12.2 or
1 % (w/w) of an extract of the plant Salix Cinerea in water/EtOH 52/48 (w/w) after supersaturation with 10 mM
of NDI. The solvent conditions were adapted to provide complete solubility of the additives. With regard to the
absorbance spectra, it is assumed that no catalyst is dissolved. In both cases, the measurement of a clear
baseline was problematic. However, the solubilization of the catalyst should nevertheless result in more distinct
peaks, at least at higher wavelengths.
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Figure S.4 - 4: Calibration curves of NDI in DMSO. The determined extinction coefficient is the average of
3 measurements.
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Figure S.4 - 5: Cyclic voltammograms measured in 10 cycles of the catalyst (a) and with ferrocene (b) in DMSO
(in the absence of meglumine).
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Figure S.4 - 6: UV/VIS absorption SEC of NDI in DMSO (in the absence of meglumine) in the range of — 0.05 V
to —0.53 V (a) and in the range of —0.53 V to — 0.85 V (vs. Ag) (b).
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Figure S.4 - 7: Maximum absorbance of NDI saturated with 10 mM in aqueous solutions containing different
additives as a function of the additive molality (without pH control). The NDI absorbance increases with an
increasing amount of additive. The glucosamine solution with an adjusted pH of 11, however, behaves again
differently. First, a sharp increase is detected. Then the absorbance stagnates before decreasing again. At the
moment, no well-founded explanation can be provided. Further experiments may be necessary, but it has to be
noted that the measurements are only performed once. Accordingly, the glucosamine measurements may just
be an outlier. Furthermore, initial experiments are performed using chitosan. The molecular structure is shown
in the figure. The molality is based on the molar mass of a single monomer. In that way, comparison of the
results of chitosan and glucosamine mainly differ in the distance of the functional groups present and not in their
total number. However, due to impurities, the chitosan solution is strongly acidic with a pH of 3. For this reason,
no NDI is dissolved. The addition of a base results in the precipitation of a black compound. In the next attempt,
this compound should be filtered. The chitosan is not expected to precipitate at higher pH, nor should the poly-
mer be colored. Filtering should remove the impurities and allow better investigation of the compound. The
chitosan was gratefully received from Maximilian Rothammer (Ph.D. student at the Institute for Biogenic Poly-
mer, TUM Campus Straubing, Germany).
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Figure S.4 - 8: Calibration curves of NDI in an aqueous solution containing 1 mol/kg meglumine with an adjusted
pH of 12.2. The determined extinction coefficient is the average of 3 measurements.
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Figure S.4 - 9: (a) Experimentally determined phase diagram of water, EtOH, and TriA at 25 °C. The gray shaded
area represents the miscibility gap (2®), which is separated from the monophasic area (1®). The green dots
identify the mixtures measured by means of DLS. The rose dots represent the determined phase border in the
presence of 15 % (w/w) meglumine in the aqueous phase. ®Data gratefully received from Dr. Pierre Degot
(former Ph.D. student at the University of Regensburg, Germany).8 (b) Corresponding correlation functions ob-
tained by DLS measurements at 25 °C. With an increasing amount in TriA, the correlation intercept increases,
indicating an increasing aggregation on a mesoscopic scale.
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Figure S.4 - 10: Correlation functions of W/EtOH/TriA (50/22/28 (w/w/w)) obtained by DLS measurements at
25 °C as a function of time. The time measurement started with the mixing of the (pseudo-)ternary solution. The
ternary mixture contained 0 % (a), 5 % (b), or 15 % (w/w) meglumine (c) with respect to the water component.
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Figure S.4 - 11: Absorbance of NDI saturated with 10 mM in different mixtures of W/EtOH/THL (for the compo-
sitions, see Figure 4 - 14) with (b) and without 0.5 mol/kg meglumine in water (a). When meglumine is added,
the pH is adjusted to 12.2.

General reaction procedure for NDI-catalyzed reactions Unless specified other-
wise, a mixture of 0.1 mmol arylhalobenzene (such as 1a), 1.5 mmol aryl heterocyclic com-
pound (such as 2a), 10 % mmol NDI, 150 mg meglumine and 0.8 mmol NEt; was added to
an oven-dried 5 mL snap vial equipped with a magnetic stirring bar. The capped vial was
evacuated and back filled with N for 3 times, and 2 mL solvent (such as H,O) was added
to the vial by syringe. The solution was then bubbled with N for 5 min. Then, the cap was
sealed with parafilm. The reaction mixture was stirred and irradiated with a 385 nm (2.4 W)
LED (for the screening of the light sources, 400 nm and 455 nm LEDs were used) at 25 °C
for 15 h, then diluted with ethyl acetate (2 mL) and filtered through a plug of celite (& 3 mm
x 8 mm). After addition of n-dodecane (0.2 mmol) as an internal standard for calibration, the
product yield was determined by GC-MS.
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Table S.4 - 1: Optimization experiments of NDI-catalyzed cross-coupling reactions. @The yields were determined
by GC-MS analysis and are averages of two runs. The photograph illustrates the reaction solutions in the ab-
sence of the starting materials 1a and 2a.

CN N \ r.h?

NDI (10% mmol) ~
Z § Meglumine 1

NEts, H,0 (2 mL)

hv, 25°C, 15 h
1a, 01 mmol

entry 2a meglumine NEts light (nm) vyield of 1b (%) yield of 1c (%)
1 2.5 mmol 150 mg 0.8 mmol 455 22 75
2 2.5 mmol 150 mg 0.8 mmol 400 10 88
3 2.5 mmol 150 mg 0.8 mmol 385 7 93
4 2.5 mmol 100 mg 0.8 mmol 385 9 90
5 2.5 mmol 200 mg 0.8 mmol 385 7 93
6 2.5 mmol 300 mg 0.8 mmol 385 7 93
7 2.0 mmol 150 mg 0.8 mmol 385 5 95
8 1.5 mmol 150 mg 0.8 mmol 385 3 97
9 1.0 mmol 150 mg 0.8 mmol 385 12 88
10 0.5 mmol 150 mg 0.8 mmol 385 35 65
11 1.5 mmol 150 mg 0.4 mmol 385 8 92
12 1.5 mmol 150 mg 0.2 mmol 385 12 80
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Table S.4 - 2: Control reactions of NDI-catalyzed cross-coupling reactions. @The yields were determined by GC-

MS analysis and are averages of two runs.

CN CN CN N
cl NDI (10% mmol) ~
. ]\ Meglumine (150 mg)
N NEt; (0.8 mmol), H,O (2 mL)
F | 385 nm, 25 °C, 15 h £
1a, 0.1 mmol  2a, 1.5 mmol 1b 1c
entry deviations from optimized conditions yield of 1b (%) yield of 1c (%)

1 None 3 97
2 No light n.d. n.d.
3 No NDI n.d. 5
4 No meglumine 8 60
5 No NDI, No meglumine n.d. trace
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Table S.4 - 3: Variation of the substrates in the NDI-catalyzed cross-coupling reactions. aThe yields were deter-
mined by GC-MS analysis and are averages of two runs.
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4.5.2 Enforcement of electronic-donor-acceptor formation

All reagents were purchased from Alfa-Aesar, TCI, Sigma-Aldrich, ABCR, Acros, or Fluo-
rochem and were checked for purity by GC-MS and/or *H-NMR spectroscopy and used as
received. Unless noted otherwise, all manipulations were performed using standard
Schlenk manifold technique. Extra-dry anhydrous N,N-dimethylformamide, and dimethyl

sulfoxide were purchased from Acros.
4.5.2.1 General reaction procedure

4.5.2.1.1 Procedures for the optimization of the reaction conditions (C—C coupling)
Unless specified otherwise, a mixture of 4-bromobenzonitrile, indole, and an additive (me-
glumine) was added to an oven-dried 5 mL snap vial equipped with a magnetic stirring bar.
The capped vial was evacuated and back filled with N, for 3 times, and 2 mL solvent (H,O
or other organic solvents) was added to the vial by syringe. The solution was then bubbled
with N for 5 min. Then, the cap was sealed with parafilm. The reaction mixture was stirred
and irradiated with a 385 nm (2.4 W or 700 mW) LED (for the screening of the light sources,
365 nm, 385 nm, 400 nm, 455 nm, and 528 nm LEDs were used) at 25 °C (for the control
experiments, reactions were also conducted under 60 °C and 90 °C) for 15 h (according to
different conditions, the reaction time has been adjusted, see details in the optimization
tables), then diluted with 2 mL ethyl acetate and filtered through a plug of celite (@ 3 mm x
8 mm). After the addition of n-dodecane (0.2 mmol) as an internal standard for calibration,
the product yield was determined by GC-MS.

4.5.2.1.2 Procedures for the isolation of the final products (monoarylation C-C cou-
pling) Unless specified otherwise, a mixture of a—(hetero)aryl halides (0.5 mmol), b—elec-
tron donor substrate (0.75 mmol) and meglumine (1.25 mmol) was added to an oven-dried
10 mL snap vial equipped with a magnetic stirring bar. The capped vial was evacuated and
back filled with N for 3 times, and H,O (6 mL) was added to the vial by syringe. The solution
was then bubbled with N, for 5 min. Then, the cap was sealed with parafilm. The reaction
mixture was stirred and irradiated with a 385 nm LED (2.4 W) at 25 °C for 15 h (reaction
time and temperature were adjusted according to different substrates). Saturated brine
(5 mL) was then added to the reaction system and extracted with ethyl acetate (10 mL x 3).
The combined organic phase was then washed with H,O (10 mL), dried over sodium sulfate,
and concentrated under vacuum. The residue was purified by silica gel flash chromatog-
raphy to give the desired product.
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4.5.2.1.3 Procedures for the optimization of the reaction conditions (C—S coupling)
Unless specified otherwise, a mixture of 4-chlorobenzonitrile, benzenethiol, and an additive
(meglumine) was added to an oven-dried 5 mL snap vial equipped with a magnetic stirring
bar. The capped vial was evacuated and back filled with N (for the control experiments,
reaction under air was also conducted) for 3 times, and 2 mL solvent (H2O or other organic
solvents) was added to the vial by syringe. The solution was then bubbled with N for 5 min.
Then, the cap was sealed with parafilm. The reaction mixture was stirred and irradiated with
a 385 nm (2.4 W or 700 mW) LED (for the screening of the light sources, 365 nm, 385 nm,
400 nm, and 528 nm LEDs were used) at 25 °C (for the control experiments, reactions were
also conducted under 60 °C) for 15 h, then diluted with 2 mL ethyl acetate and filtered
through a plug of celite (@ 3 mm x 8 mm). After the addition of n-dodecane (0.2 mmol) as
an internal standard for calibration, the product yield was determined by GC-MS.

4.5.2.1.4 Procedures for the isolation of the final products (C-S coupling)  Unless

specified otherwise, a mixture of (hetero)aryl halides (0.5 mmol), benzenethiols (0.75 mmol)
and meglumine (1.25 mmol) was added to an oven-dried 10 mL snhap vial equipped with a
magnetic stirring bar. The capped vial was evacuated and back filled with N, for 3 times,
and H,O (6 mL) was added to the vial by syringe. The solution was then bubbled with N,
for 5 min. Then, the cap was sealed with parafilm. The reaction mixture was stirred and
irradiated with a 385 nm LED (700 mW) at 25 °C for 15 h (reaction time and temperature
were adjusted according to different substrates). Saturated brine (5 mL) was then added to
the reaction system and extracted with ethyl acetate (10 mL x 3). The combined organic
phase was then washed with H,O (10 mL), dried over sodium sulfate, and concentrated
under vacuum. The residue was purified by silica gel flash chromatography to give the de-

sired product.

All photochemical reactions for the substrate scopes were performed with OSRAM Oslon
SSL 80 royal LEDs (A = 385 nm £ 15 nm, 700 mW or 2.4 W). The samples were irradiated
with an LED through the bottom side and cooled from the side using custom-made alumi-
num water-cooling blocks connected to a thermostat. The reaction mixture and the LED
cooling block were temperature-controlled. Gram-scale reactions were performed in a glass
tube photochemical reactor setup irradiated from the outside. UV-Vis and fluorescence
measurements were performed with a Varian Cary 100 UV/Vis spectrophotometer and Flu-

oroMax 4 spectrofluorometer, respectively.
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Table S.4 - 4: Control experiments for the reaction of 4-bromobenzonitrile with indole. Standard reaction condi-
tions: a1 (0.1 mmol), b1 (0.15 mmol), and meglumine (0.25 mmol) in 2 mL H20 under 385 nm LED (2.4 W) light
irradiation at 25 °C under N2 atmosphere for 15 h. n.d., product was not detected. @Yields were determined by
GC-MS analysis with n-dodecane as an internal standard and are the average of 2 runs. PReaction time: 12 h.

CN
! OH OH
- WOH O
CN 4 4 OH OH 4 4
. @2 Meglumine . ch or O b O CcN
N H,0, N, 25 °C, 385 nm N N
7 H 20, N2, 25 °C, 7 H H
Br
al b1 cl c50

Entry gg\r/li:ittii(:’r:lz from Optimized WekE
c1 (C2:C7) c50

1 None 83 %(1:1) n.d.
2 No meglumine 34 %(1:1) n.d.
3 No light, 25 °C n.d. n.d.
4 No light, 60 °C n.d. n.d.
5 No light, 90 °C n.d. n.d.
6° 60 °C instead of 25 °C 82 %(1:1) 5%
7 2 °Cinstead of 25 °C 27 %(1.3:1) n.d.
8 0.7 W LED 73 %(1:1) n.d.
9 a1 (0.4 mmol),

b1 (0.1 mmol) 15 %(1:1) 72%

meglumine (0.4 mmol), 80 °C
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Table S.4 - 5: Control experiments for the reaction of 4-chlorobenzonitrile with benzenethiol. Standard reaction
conditions: a59 (0.1 mmol), b59 (0.15 mmol), and meglumine (0.25 mmol) in 2 mL H20 under 385 nm LED
(0.7 W) light irradiation at 25 °C under N2 atmosphere for 15 h. n.d., product was not detected. aYields were
determined by GC-MS analysis with n-dodecane as an internal standard and are the average of 2 runs.

CN SH CN
<> @ Meglumine @ @
+ +
385 nm, H,0, 25 °C, N, NC@—S
Cl

a59 b59 c59 d1

Deviations from Optimized Ve
Sty Conditions
c59 d1
1 None 91 % 9%
2 No light, 25 °C n.d. n.d.
3 No light, 60 °C n.d. n.d.
4 No meglumine n.d. n.d.
5 24 W LED instead of 0.7 W LED 80 % 20 %
6 DMF instead of H20 30 % 62 %
7 air instead of N2 74 % 13 %
280
®— b77 in water
4 b77 + meglumine in water -
240 b1 + meglumine in water /
g
200 4 /,/‘
— . e
E 160 - ./r_, . R .
2 e et *
120 “’1' e
e s
ot
ao-f,‘
40 4 +
|
0L,
0

T T T T T T
60 120 180 240 300 360 420
t [min]

Figure S.4 - 12:Hydrodynamic radii as a function of time in aqueous solutions containing 0.02 M b77 or
0.03 M b1 with/without 0.05 M meglumine. Considering b1, aggregation is observed as well after filtration from
the DLS measurements and crystals are visible immediately after filtration (Figure 4 - 18). There is no interaction
between b1l and meglumine from the NMR studies, so the aggregation arises from the crystal growth of the
substrate itself. Compared to the solution of b77 and meglumine, the size of the aggregates is already larger at
the beginning of the measurements and increases more slowly, which may result from general lower solubility
of b1 in water than b77 in water.
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4.5.2.2 NMR measurements

NMR experiments were performed using a Bruker Avance Il 600 MHz operating at
600.03 MHz for protons, equipped with a 5-mm high-resolution TBIF probe and with pulsed
gradient units, capable of producing magnetic field pulsed gradients in the z-direction of
0.54 Tm-1. The temperature was certified by internal NMR calibration samples from Brukere.

In all measurements, the samples were equilibrated for 10 min before acquisition.
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Figure S.4 - 13: (a) Schematic diagram of the NMR active volume zone (left) and comparison pictures of the
mixture of 0.05 M 4-bromobenzonitrile (al) + 0.07 M indole (b1) + 0.125 M meglumine in D20 before (top right)
and after illumination (bottom right) out of the NMR detection zone. (b) *H-NMR spectrum of mixture of 0.05 M
4-bromobenzonitrile (al) + 0.07 M indole (b1) + 0.125 M meglumine in D20 with the aggregate capsule out of
the NMR detection zone. (c) With the aggregate capsule inside of NMR detection zone before illumination.
(d) With the aggregate capsule inside of the NMR detection zone after 22 h of illumination. (e) In contrast, the
H-NMR spectrum of 0.05 M 4-bromobenzonitrile (al) + 0.075 M 6-aminoindole (b13) + 0.1 M meglumine in
D20 does not show aggregation.
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Figure S.4 - 14: NOESY, 600 MHz with cryoprobe. Prepared sample: 0.07 M indole + 0.05 M 4-bromobenzo-
nitrile + 2 uM dioxane in D20, 298 K. NS 64, TD F1 512, TD F2 4048, mixing time 0.4 s and relaxation delay 3.0
s. The 2D NOESY spectrum allows identification of intermolecular contact between proton 62 of indole with both
aromatic protons of 4-bromobenzonitrile, with the most intense NOE corresponding to the correlation between
protons 62-41, 39, suggesting the formation of aggregate in the absence of meglumine.
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Figure S.4 - 15: Measurements to investigate the mechanism of C-S coupling reaction. (a) tH-NMR spectrum
of a1 (0.05 mmol) and b77 (0.075 mmol) in the presence of meglumine (0.125 mmol) in D20 (1 mL). (b) NMR
spectra of al (0.05 mmol) and b77 (0.075 mmol) in the presence of meglumine (0.125 mmol) in D20 (1 mL)
show several sets of signals for both al and b77, their NOE, exchange interactions and self-diffusion coefficients
show unspecific interactions, micro crystals and three compartments (for details see the literature?). (c) In-situ
NMR reaction profile of the reaction of al (0.05 mmol) and b77 (0.075 mmol) in the presence of meglumine
(0.125 mmol) in D20 (1 mL) without stirring and under illumination (365 nm). (d) Expanded region to show the
development of b77-b versus the product c77. The minimum of b77-b in combination with an initially stable
concentration of b77-a suggest a “stock function” of b77-b.
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Figure S.4 - 16: 1H-13C HSQC, 600 MHz. Prepared sample: 0.05 M 4-methylbenzenethiol + 0.05 M meglumine
+ 2 uM dioxane in D20, 298K, NS 32, TD F1 256, TD F2 2024 and relaxation delay 2.0 s. Together with the
proton spectrum of the prepared sample containing an equimolar proportion of 4-methylbenzenethiol and me-
glumine, 3 sets of CHs and 3 pairs of aromatic protons, corresponding to 3 different domains of 4-methylben-
zenethiol in this system can be identified. The quantification through the proton spectrum, using meglumine as

a reference, provides the following proportion: 100 : 52 : 11 : 0.4 (meglumine : b77-a: b77-b : b77-c).
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Figure S.4 - 17: NOESY, 600 MHz. Prepared sample: 0.05 M 4-bromobenzonitrile + 0.075 M 4-methylben-
zenethiol + 0.125 M meglumine + 2 uM dioxane in D20, 298K. NS 32, TD F1 512, TD F2 4096, mixing time 0.6
s and relaxation delay 3.0 s. From the NOESY spectra we can see that the methyl groups of the b77-b and b77-
c are in contact with the methyl of b77-a. b77-a is in close contact with meglumine, with all aromatic protons
and the methyl group showing cross peaks with meglumine protons, indicating a rather unspecific orientation in
relation to meglumine. No intermolecular contact with 4-bromobenzonitrile was attributed, and 4-bromobenzo-
nitrile was not able to determine by NOESY due to low solubility.
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Chapter 5 Overcoming the unproductive singlet-born
radical reaction in the flavin-catalyzed
photooxidation of 4-methoxybenzyl alcohol by

solvent structuring

5.0 Abstract

Figure 5 - 1: Schematic illustration of the photocatalytic oxidation of 4-methoxybenzyl alcohol at high substrate
concentrations enabled by solvent structuring.

The usage of organic dyes, such as riboflavin and derivatives, represents an environmen-
tally friendly alternative to metal-based photocatalysis. For successful oxidation of 4-meth-
oxybenzyl alcohol, the tetraacetyl riboflavin (TARF) photocatalyst needs to achieve the ex-
cited triplet state. At high substrate concentrations, the excited singlet TARF increasingly
returns to the ground state via routes other than the oxidation product, resulting in a de-
crease in the product quantum yield. In order to overcome this problem, solvent structuring
is introduced by either a micellar solution of CsEOs or surfactant-free microemulsions con-
sisting of water, the short-chain alcohol ethanol or t-butanol, and the hydrophobic reaction
substrate. The structured solvents elongate the lifetime of the excited TARF and increase
the overall product quantum yield compared to the reference system of water and acetoni-
trile. Several solvent systems are characterized in terms of structuring, oxygen solubility,
viscosity, and their impact on the lifetime of the excited catalyst as well as on the product

quantum yield.
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The chapter was created in cooperation with Dr. Roger Jan Kutta (University of Regens-
burg, Germany). In this context, the PQY measurements were carried out together with Dr.
Kutta, and the corresponding analysis was performed by Dr. Kutta. The transient absorption
measurements were mainly carried out by Dr. Kutta. The evaluation of the experimental

results by Dr. Kutta is still pending.

5.1 Introduction

In photoredox catalysis, organic dyes represent an environmentally friendly alternative for
the widely used Ru- and Ir-complexes. In particular, the vitamin B, called riboflavin (RF, see
Figure 5 - 2(a)) is a green and widespread approach in this context. RF and its derivative
tetraacetyl riboflavin (TARF, see Figure 5 - 2(b)) strongly absorb blue light up to 500 nm,
allowing visible light to be used as an abundant source of energy.’~ The acetylation makes
TARF more stable against intramolecular photoreduction.® It has to be noted, however, that
the synthesis of TARF comprises solvents such as perchloric acid, which no longer allows
declaring the molecule itself to be green.>® Despite that, photocatalytic processes, including
TARF instead of metal-based catalysts, are still considered environmentally benign.! In gen-
eral, flavins possess 3 redox states, as the oxidized form can either be reduced by a single
electron or fully reduced by two electrons. In addition, each redox state exhibits 3 protona-

tion levels depending on the pH.’

T
o) \( HO O

hv, solvent,
—_—

(TARF

MBA MBAId

RF TARF

Figure 5 - 2: Molecular structure of riboflavin (RF) (a) and tetraacety! riboflavin (TARF) (b). (c) Photocatalytic
oxidation of 4-methoxybenzyl alcohol (MBA) to the corresponding aldehyde (MBAId) in the presence of (TA)RF.

The photooxidation of 4-methoxybenzyl alcohol (MBA) catalyzed by flavin and derivatives
is reported in the literature (see Figure 5 - 2(c)).*- Initially, close contact between sub-
strate and flavins was considered to improve photooxidation efficiency and selectivity be-
cause of the distance-dependent electron transfer. But Megerle et al. revealed that this as-

sumption is not universal.**
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Figure 5 - 3: Simplified representation of the photooxidation of MBA and the role of TARF. 1 and 3 identify the
1singlet and the 3triplet excited state of TARF. The following steps are illustrated: (back) electron transfer ((b)-
ET), (back) intersystem crossing ((b)-ISC), proton transfer (PT), and product conversion (prod). The scheme is
drawn according to the cited literature with modifications in its presentation. Detailed explanations are provided

in the text and the literature.*
Figure 5 - 3 depicts the photoinduced dynamics between the photoexcited catalyst TARF*

and the substrate MBA. The first contact leads to an electron transfer (ET) from MBA to the
excited singlet state TARF*, resulting in a radical anion TARF~ and the radical cation
MBA™. In pure MBA, thus, in the absence of any additional solvent, only the back ET
(b-ET) from MBA™ to TARF" is detected. Hence, practically no oxidation product is moni-
tored in pure MBA. Photoexcitation of TARF just results in a fast cycle of ET (4 ps) and
b-ET (50 ps) (see Figure 5 - 3, Singlet). Since the competing quenching rate by MBA is
more than 3 orders of magnitudes faster than intersystem crossing (ISC), the excited triplet
state of *TARF* does not contribute to the process.*'213 In order to create a distance be-
tween TARF and MBA, Megerle et al. applied an inert solvent, namely acetonitrile (AcN)
and water. This creates an additional diffusion-controlled step. The MBA first needs to ap-
proach to close proximity by random walk, allowing ISC to *TARF* to occur in the meantime.
As a consequence, proton transfer (PT) and further ET enable the formation of the oxidation
product 4-methoxybenzyl aldehyde (MBAId) (see Figure 5 - 3, Triplet). As already described
in Chapter 0, molecule diffusion is linked to the viscosity of the surrounding solvent accord-

ing to the Stokes-Einstein equation (see Equation 5 — 1)!415
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kgT
67T77Thydro

with diffusion coefficient D, the Boltzmann constant kg, temperature T, solvent viscosity 7,

Eq.5-1

and hydrodynamic radius 74y,4y-

An increasing substrate concentration again decreases the distance between the substrate
and the catalyst. When the distance becomes too small, the diffusion of the MBA competes
with the ISC. Accordingly, the MBA again quenches the excited singlet TARF, which can be
monitored as a shortened fluorescence lifetime. At high substrate concentrations of several
100 mM, preassociated TARF-MBA-aggregates are present underlying the unproductive
recombination cycle of ET and b-ET. For this reason, the product quantum yield (PQY),
which defines the fraction of absorbed photons yielding the desired product, depends on
the substrate concentration and depicts a bell-shaped curve (see Figure 5 - 4(a)).111617 As
shown in Figure 5 - 4(b), the absorbance in the region of 300 nm is dominated by the product
MBAId. This allows the determination of the PQY by means of absorbance measurements.*
Another important parameter influencing the reaction is the amount of dissolved oxygen.
Oxygen allows the regeneration of the photocatalyst and is thus essential. However, dis-
solved oxygen is also known to quench excited triplet states. As a consequence, excessive

amounts of dissolved oxygen can also have a negative effect on the reaction.>*®
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Figure 5 - 4: (a) PQY of MBAId as a function of the substrate concentration cmsa in W/AcN 50/50 (v/v). (b) Ab-
sorbance spectra of MBA, MBAId, and TARF, as well as the emission spectrum of TARF in W/AcN 50/50 (v/v).
Both figures are taken from the cited literature, slightly modified in their presentation, and reprinted with permis-
sion.*

The present work deals with the impact of the reaction media on the photooxidation of MBA
catalyzed by TARF. In particular, solvent structuring induced by micelles or surfactant-free
microemulsions (SFMES) is investigated. The solvent structuring is applied to create dis-
tance between substrate and catalyst at high substrate concentrations. Besides, viscosity
and oxygen solubility in the solvents are taken into account. Both the micellar solution and

the SFME increase the lifetime of the excited TARF and the overall PQY.
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5.2 Material and methods

5.2.1 Chemicals

4-Methoxybenzyl alcohol (MBA, purity > 98 %) and riboflavin (RF!, > 98 %) were pur-
chased from Sigma Aldrich (Darmstadt, Germany). Riboflavin (RF?, > 97 %) and t-butanol
(tBuOH, 99 %) were obtained from Roth (Karlsruhe, Germany). Ethanol (EtOH, > 99.9 %),
acetonitrile (AcN, HPLC grade), and 1-octanol (= 99.0 %) were from Merck (Darmstadt,
Germany). The surfactant Akypo CO 50 (CsEOs, 1 % (w/w) water) was bought from Kao
Chemicals (Emmerich am Rhein, Germany). Tetraacetyl riboflavin (TARF) was synthesized
by co-workers of Prof. Konig (University of Regensburg, Germany), as described by Larson

et al.®> Millipore water (W) was used with a resistivity of 18 MQ cm.

5.2.2 Methods

5.2.2.1 Ternary phase diagram
Ternary phase diagrams were recorded as reported in Chapter 2.2.2.1.
5.2.2.2 Critical point

To determine the critical point in the ternary phase diagram of water, EtOH, and MBA, the
method described in Chapter 3.2.2.3 was applied.

5.2.2.3 Dynamic light scattering

Dynamic light scattering (DLS) measurements were performed as described in Chap-
ter 1.2.2.5.

5.2.2.4Viscosity measurements

The viscosity was determined using the rolling-ball viscometer AMVn from Anton-Paar
(Graz, Austria). Each solvent was measured 10 times at an angle of 30 ° and 10 times at
an angle of 70 °. Finally, the density of the solvents, determined using the device defined in
Chapter 1.5.1, was taken into account to calculate the viscosity. All measurements were
performed at 25 + 0.1 °C.
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5.2.2.50xygen solubility

The amount of dissolved oxygen in the different solvents was determined as described in
Chapter 1.2.2.4.

5.2.2.6 UV/VIS spectroscopy

The saturated samples were first oversaturated and stirred at room temperature for 3 h and
then filtered with a PTFE syringe filter (0.2 um pore size) before measuring the absorbance
by means of the spectrometer described in Chapter 4.2.2.1. The same UV cuvettes with a

length of 1 cm were used.
5.2.2.7 Partition coefficient

First, the absorbance of 1 mg of photocatalyst dissolved in 20 mL water was measured (see
Chapter 5.2.2.6). 5 mL of the solution was mixed with 5 mL of 1-octanol and stirred for 14 h
at 650 rpm at room temperature. After a further 2 h rest time for phase separation, the ab-
sorbance was measured in the aqueous phase. The amount of dissolved catalyst in the oil
phase was determined from the difference in the aqueous phase before and after mixing

with 1-octanol.
5.2.2.8 Product quantum yield

The relative product quantum yield (PQY) in the presence of molecular oxygen was deter-
mined by recording absorption spectra of a particular system after stepwise temporally and
geometrically defined illumination (pulse width At = 1S, Aexe = 450 nm; LED Thorlabs) in
10 x 2 mm quartz cell filled with 120 uL sample. The absorption was monitored along the
10 mm path via a referenced single beam spectrometer (Cary 60, Agilent). These se-
guences of spectra showing the product build-up upon illumination were decomposed into
the contributing species spectra and corresponding concentration-time profiles. The initial
slope of the product build-up over illumination time is proportional to the product quantum
yield. For comparison within all measurements, the illumination times were corrected by the
corresponding overlap integrals between the normalized spectrum of the excitation source
and the absorption spectrum of TARF, that was excited. The absolute quantum yield was
calculated from recording also the product formation of the known photo-oxidation of
4-methoxybenzyl alcohol to the corresponding aldehyde by TARF in W/AcN 50/50 (v/v).*

5.2.2.9 Fluorescence decay time

A self-constructed time-correlated single photon counting (TCSPC) setup'® was applied to
record emission decay data at single detection wavelength. A quartz cuvette with four opti-

cal windows of the dimension 2 mm x 10 mm was used. The sample was excited along the
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2 mm pathlength, and the emission was recorded orthogonally to this. The optical density

of the sample was set to about 0.1 at the excitation wavelength over 2 mm pathlength.
5.2.2.10 Transient absorption measurements from femto- to microseconds

Detailed information on the measurements of transient absorption from femto- to microsec-
onds can be found in the cited literature.*2°2* More precise information on the experimental
setup cannot be provided at this time. Measurements were performed in all solvent systems

with varying amount of MBA.
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5.3 Results and discussion

5.3.1. Partition coefficient of riboflavin and derivative

The catalyst riboflavin (RF) and its derivative tetraacetyl riboflavin (TARF) are studied re-
garding their partition between water and an oil phase. This should give an indication of the
location of the catalyst within the microemulsion systems. The solvent structuring is intro-
duced to increase the distance between the catalyst and the substrate. Collective compatrt-
mentalization would achieve exactly the opposite effect. Table 5 - 1 summarizes the parti-
tion coefficient values, while the absorbance spectra are shown in the Supporting Infor-
mation (see Figure S.5 - 1). RF exhibits an average logP value of — 1.25. The choice of the
supplier does not particularly affect the result. The molecule is, thus, hydrophilic and ex-
pected to be located in the water pseudo-phase, separated from the hydrophobic substrate
4-methoxybenzyl alcohol (MBA). In the absence of solvent structuring, distinct interactions
between RF and the substrate are present. As a consequence, RF enhances the solubility
of MBA in water and vice versa (see Figure S.5 - 2). The acetylation increases the logP
value to 0.48 for TARF. Despite the slight hydrophobic character, the catalyst is expected
to tend to go to the interface with a logP value close to 0. This should still allow sufficient
separation of the substrate while still maintaining sufficient contact possibility for the final
photooxidation. Accordingly, both catalysts are considered in the following. However, the

focus is on the more stable TARF.

Table 5 - 1: Experimentally determined partition coefficient P of RF and TARF. RF is compared from the suppli-
ers Sigma Aldrich (RF) and Roth (RF?).

molecule logP
RF! -1.30
hydrophilic
RF? -1.20
TARF 0.48 slightly hydrophobic
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5.3.2. Surfactant-free solvent structuring

First, solvent structuring is introduced in the absence of any surfactant by forming surfac-
tant-free microemulsions (SFMESs). For this purpose, ternary mixtures of water (W), the hy-
drophobic MBA, and a short-chain alcohol are considered. In a first attempt, ethanol (EtOH)
is applied as the hydrotrope (see Figure 5 - 5(a)). Only 19 % (w/w) EtOH is required to close
the miscibility gap between water and the substrate. The colored dots represent the com-
positions of the reaction mixtures in W/EtOH 75/25 (w/w) with an increasing amount of MBA.
The W/EtOH ratio is chosen so that MBA can be dissolved up to 1.5 M in a thermodynami-
cally stable system. Concurrently, the mixtures are not located too far from the miscibility
gap in order to still pass the region in which mesoscopic structuring is present.
Figure 5 - 5(b) depicts the correlation functions of the reaction mixtures obtained by dynamic
light scattering (DLS). It is again assumed that a higher correlation intercept and larger lag

times of the correlation functions correlate with more pronounced structuring.??

(b)
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10mM 67 1000 mM
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Figure 5 - 5: (a) Experimentally determined phase diagram of water, EtOH, and MBA at 25 °C. The biphasic
area (29) is represented by the gray shaded area, separated from the monophasic region (7®). The dots show
the compositions applied during reactions with an increasing amount of MBA. The critical point is represented
by the black star. (b) Correlation functions of the reaction mixtures obtained by DLS measurements at 25 °C.

In mixtures containing up to 100 mM MBA, no signal induced by solvent structuring can be
detected. Correlation functions start to appear at 200 mM and increase with an increasing
amount of MBA. A distinct signal is detected in mixtures with 1 M MBA. For this solution, it
is therefore assumed that aggregates rich in MBA are dispersed in a water-rich pseudo-
phase. For this reason, the mixture is designated as SFME. Further DLS measurements
are performed in mixtures with a constant amount of 22 % (w/w) EtOH and varying W/MBA
ratio (see Figure S.5 - 3 in the Supporting Information). The most pronounced correlation
coefficient is measured in a mixture of W/EtOH/MBA 43/22/35 (w/w/w) close to the critical
point (black star). A schematic illustration of the determination of the critical point is provided

in Figure S.5 - 4 in the Supporting Information.
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In the case of the hydrotrope EtOH, solvent structuring is only present at MBA concentra-
tions > 100 mM. However, as shown in the introductory chapter, MBA concentrations of
20 — 200 mM are of particular interest since the product quantum yield (PQY) in the refer-
ence system starts to decrease in this range. For this purpose, the hydrotrope is exchanged
by t-butanol (tBuOH), which is known to pre-structure in water.?? Figure 5 - 6 depicts the
results obtained using tBuOH as the hydrotrope. In comparison with EtOH, a larger amount
of 28 % (w/w) tBuOH is necessary to close the miscibility gap (see Figure 5 - 6(a)).
Buchecker et al. reported the most pronounced DLS signal for W/tBuOH ratios of 60/40 and
70/30 (w/w).22 For this reason, the ratios mentioned, as well as 65/35 (w/w), are considered
in the ternary phase diagram with MBA (see Figure 5 - 6(b-d)). The DLS measurements
confirm pre-structuring for all 3 ratios. The correlation functions increase again with an in-

creasing amount of the substrate.
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Figure 5 - 6: (a) Experimentally determined phase diagram of water, tBuOH, and MBA at 25 °C. The biphasic
area (29) is represented by the gray shaded area, separated from the monophasic region (7®). The triangles
show the compositions applied during reactions and DLS measurements with an increasing amount of MBA.
(b-d) Correlation functions of the reaction mixtures obtained by DLS measurements at 25 °C with varying ratios
of W/tBUOH.
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The highest correlation intercept is detected with W/tBuOH 70/30 (w/w) (green). Accord-
ingly, the most pronounced structuring is expected with this ratio. However, pre-structuring
is the lowest. In addition, phase separation already occurs at 1.5 M MBA, which is not the
case for the other ratios studied. Since the ratio 65/35 (w/w) (blue) exhibits sufficient pre-
structuring in the absence of MBA and reaches a more pronounced signal than 60/40 (w/w)
(red) at high MBA concentration, the ratio is selected as a reaction solvent. For the concen-
trations studied, the structuring in the ternary system W/tBuOH/MBA is significantly more

pronounced than in the W/EtOH/MBA reaction mixtures.

The reference system consists of a mixture of water and acetonitrile (AcN) in a ratio
50/50 (v/v). AcN is added to water to overcome the limited water solubility of MBA. DLS
experiments are carried out to study a possible solvent structuring in the ternary reaction
mixtures of W/ACN/MBA (see Figure 5 — 7). Different W/AcN ratios are considered. In the
absence of the hydrophobic substrate, no signal is detected. Thus, no pre-structuring is
expected to be present. By adding 500 mM MBA to the binary mixtures, correlation func-
tions are measured, which are most pronounced for W/AcN 60/40 (v/v), followed by a ratio
of 50/50 (v/v). Overall, the signal is of minor intensity. The signal of W/AcN 60/40 (v/v) is
comparable to the result obtained with W/EtOH 75/35 (w/w). In mixtures with W/AcN ratios
of 80/20 and 100/0 (v/v), 500 mM MBA is no longer soluble.
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Figure 5 — 7: Correlation functions of the reference mixtures consisting of water and AcN. Different ratios of
W/AcN are studied in the absence of MBA (left) and at 500 mM MBA (right).
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5.3.3. Surfactant-based solvent structuring

The second approach to introducing structuring considers micellar systems. The idea is to
incorporate the catalyst into the micellar interface in order to decelerate but not prevent
contact with the substrate. The MBA is expected to be dissolved in the hydrophobic micellar
core forming a surfactant-based microemulsion (SBME). The non-ionic surfactant pen-
taethylene glycol monoocty! ether (CsEOQs) is chosen based upon the studies of Mitchell et
al., who reported the absence of liquid crystal formation for CsEQ,4.% Indeed, the chosen
surfactant CsEO:s is already liquid in its pure state (1 % (w/w) H.O). A surfactant concentra-
tion of 1.5 M is used to obtain a molar ratio of 1/1 to the substrate at its highest concentration
studied. As expected, aggregates are already present in the absence of MBA, which is
confirmed by DLS measurements (see Figure 5 - 8(a)). The minor correlation intercept is
attributed to the lack of contrast at this high concentration. Moreover, absorbance measure-
ments exclude interference with the absorbance of the produced aldehyde at about 300 nm
(see Figure 5 - 8(b)).
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Figure 5 - 8: (a) Correlation functions of 0.45 M and 1.5 M CsEOs in water obtained by DLS measurements at
25 °C. (b) Absorbance spectra of the same solutions in a cuvette with a path length of 1 cm.

Although the formation of liquid crystals does not occur, the micellar solution of 1.5 M CsEOs
is rather viscous, which will influence the diffusion of the dissolved molecules according to
the Stokes-Einstein equation (see Equation 5 —1). For this reason, the viscosities of the
solvents are summarized in Table 5 - 2. The viscosity increases as follows: W/AcN <
W/EtOH < W/tBUOH < CgEOs. While the viscosity is still comparable in the first three sys-
tems, the viscosity is about 10 times higher in the micellar solution of 1.5 M CsEQOs. As a
consequence, the diffusion of MBA is decreased significantly in this solvent.
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In order to allow comparable diffusion of MBA, the micellar solution is diluted to the viscosity
of W/tBUOH. Hence, CsEO:s is also applied with a concentration of 0.45 M. Upon dilution,
the correlation intercept increases (see Figure 5 - 8). This supports the assumption that the
minor intercept in the case of 1.5 M is just the result of a contrast issue. As mentioned in
the introduction, the photocatalytic activity of TARF is also affected by the amount of dis-
solved oxygen. Among the solvents studied, W/AcN dissolves oxygen best, followed by
W/tBuOH and W/EtOH (see Table 5 - 2). The oxygen content is lowest in the micellar solu-
tion. With increasing surfactant concentration, the amount of dissolved oxygen decreases
further.

Table 5 - 2: Experimentally determined viscosity and oxygen solubility in different solvents. The diffusion

coefficient is given relative to the diffusion coefficient in the reference (W/AcN) and is calculated by the ratio of
the viscosities according to the Stokes-Einstein equation (see Equation 5 — 1).

viscosity rel. diffusion Oz solubility

solvent

[mPas] coefficient [%6]
W/AcN 50/50 [viv] 0.810 1 63.2
W/EtOH 75/25 [wiw] 1.993 0.407 315
W/tBuOH 65/35 [w/w] 3.461 0.234 43.3
0.45 M CseOs 3.513 0.231 25.7
1.5 M CsEOs 33.044 0.025 24.3

5.3.4. Fluorescence decay of (TA)RF in different solvents

The fluorescence decay of TARF is monitored as a function of the concentration of the
substrate, a possible quencher. An unfavored quenching of the excited state of the catalyst
is reflected by a decrease in the fluorescence lifetime. Figure S.5 - 6 in the Supporting
Information depicts the decay curves after exciting the photocatalyst in different solvents.
This allows the determination of the fluorescence lifetime of the singlet excited state (see
Figure 5 - 9). In the absence of the substrate, the excited TARF possesses the longest
lifetime 10 of 5.8 ns in the micellar solution with 1.5 M CsEOs (see Figure 5 - 9(a), zoom,
black curve). The solvent has the greatest viscosity and the lowest solubility of oxygen
among the solvents studied here. Hence, the solvent limits both the concentration and the
diffusion of the dissolved oxygen, which may also explain the long lifetime. Measurements

need to be performed on a degassed sample to verify this.
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Figure 5 - 9: (a) Excited singlet state lifetime of (TA)RF r obtained by TCSPC in the different reaction solvents.
(b) r normalized to the lifetime in the pure solvent (o).

The second longest lifetime is obtained in the diluted micellar solution (5.6 ns, gray), closely
followed by the W/tBUOH system (5.5 ns, rose). Finally, the lifetime of excited TARF is the
shortest in W/EtOH (5.4 ns, blue), which exhibits the lowest viscosity and the second-great-
est oxygen solubility. The solvent viscosity and the correlated oxygen diffusion seems to be
the more decisive factor. However, the measured values are all quite close in a range of
5.4 — 5.8 ns. In the W/tBuOH system, the lifetime of TARF is compared to the lifetime of RF.
In the pure solvent, the lifetime of RF is only 89 % (4.9 ns, green) of the lifetime of TARF.

As expected, an increasing amount of the substrate MBA leads to a decrease in the lifetime
of the singlet excited state of the photocatalyst. This confirms the quenching effect of MBA.
Figure 5 - 9(b) presents the lifetime as a function of MBA normalized to the lifetime in the
pure solvent (10). Accordingly, only the quenching effect of MBA is considered. Again, the
best result is obtained with 1.5 M CsEOs, leading to the slowest decrease in T.

The micelles, hence, seem to have a shielding effect against the potential quenchers oxy-
gen and MBA. Besides, the high viscosity and the correlated slow diffusion of MBA may
also explain the result. The most rapid decrease and, thus, the strongest quenching effect
is observed in W/EtOH. The fluorescence in the presence of 500 mM MBA is even too fast
to detect. W/EtOH is the less structured solvent system, at least until 500 mM MBA. This
could already indicate a successful shielding in the other solvents.

Although 10 of the catalyst is slightly larger in the 0.45 M surfactant solution than in
W/tBuOH, the decrease with increasing substrate concentration is more pronounced in the
micellar solution. Both solvents have a comparable viscosity. In addition, the amount of
dissolved oxygen is 1.7 times higher in W/tBuOH, which would actually lead to expecting

the opposite. Accordingly, better shielding of the excited photocatalyst in the surfactant-free
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microemulsion may explain this observation. At 500 mM MBA, the curves converge again.
Comparing TARF to RF in WBUOH, RF experiences better stabilization. The more hydro-
philic RF is expected to be located in the water-pseudo phase. This may explain the better
shielding effect on its excited singlet state. Overall, all solvents studied are expected to
improve the lifetime of TARF compared to the reference system W/AcN. The data of the

reference system are, however, currently not accessible.

5.3.5. Product quantum yield of 4-methoxybenzyl aldehyde

Figure 5 - 10 depicts the PQY of 4-methoxybenzyl aldehyde (MBAId) as a function of the
substrate concentration. For comparison, 2 concentrations are measured in the reference
system W/AcCN (green). As shown in the inserted reference from the literature, the maximum
in the PQY lies in between, at 20 MM MBA. It is apparent that all solvent systems yielded
better results than the reference. The overall PQY is greater, and the shape of the peaks is

broader.

W/tBUOH 65/35 (w/w)
—=— WI/EtOH 75/25 (wiw)
. #— 0.45 M C8EO5
8 —a— 1.5 M CBEOS
= - W/AcN 50/50 (v/v)
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Figure 5 - 10: PQY of MBAId in the different reaction solvents as a function of the concentration of MBA. The
inserted reference in W/AcN 50/50 (v/v) (Ref) is taken from the literature and reprinted with permission.*

The greatest maximum in the PQY of 8.7 % is obtained in W/EtOH (blue) at 10 mM MBA.
Concurrently, the PQY decreases the fastest in this solvent system. This is in good agree-
ment with the results observed in the previous chapter. The quenching effect of MBA on the
singlet state of TARF is the highest in W/EtOH, leading to this fast decay in the PQY at
increasing substrate concentrations. In the diluted micellar solution (gray), the maximum in
the PQY is shifted to even smaller MBA concentrations (< 5 mM), but the decay is slower
than in W/EtOH. Thus, both W/EtOH and 0.45 M CgEOs provide higher PQY than the
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reference solvent, but the decay starts at smaller substrate concentrations. Higher concen-
trations may increasingly push the substrate to the interface and thus closer to the catalyst,
which could explain the earlier decay. The fact that the solubility limit is already reached in

the diluted micellar solution with 500 mM MBA could support this assumption.

The concentrated micellar solution (black) yields only slightly higher PQY than the refer-
ence, although stabilization of the excited TARF is best in this solvent. The successful
shielding of the photocatalyst may be the reason for the slow decay of the PQY in 1.5 M
CsEO:s. As the viscosity, however, is rather high, the diffusion of the substrate may be too
restricted. If the MBA approaches the catalyst too slowly, the excited TARF may return to
the ground state by non-productive b-ISC. Moreover, the oxygen solubility may be too low
to ensure sufficient catalyst regeneration.

In the WABUOH system, a maximum in the PQY of 8.3 % is reached at 20 mM MBA. The
surfactant-free microemulsion system is thus able to maintain the high quantum yield for
the longest among all structured solvents. Based on the present experiments, it cannot be
determined whether the solvent structuring and its resulting shielding of the catalyst from
potential quenchers is the main reason for this result. The viscosity seems not to be the
crucial parameter as it match that of the diluted micellar solution, which yields worse results.
However, the higher amount of dissolved oxygen may play an important role due to the
regeneration of the photocatalyst. Furthermore, due to lacking stability of RF, the PQY can-
not be compared at this point. As a consequence, no statement can be made as to whether
the shielding of RF in the aqueous pseudo-phase prevents the final contact with the sub-
strate. But as SFMEs are known to be highly dynamic,?* this is not expected. More stable

but still hydrophilic derivatives of RF should be considered.

In order to study the pre-aggregation of substrate and catalyst at high MBA concentrations,
transient absorption measurements from femto- to microseconds were performed. The
analysis of these results is, however, still pending. This kind of measurement allows for
detecting spectra and kinetics of the excited singlet and triplet species as well as the radical
intermediates.* The knowledge about the presence of TARF-MBA aggregates at certain
MBA concentrations should provide a better understanding of whether the solvent structur-
ing successfully shields the catalyst and prevents TARF-MBA aggregation, or whether the

PQY is improved due to optimization of molecule diffusion and oxygen solubility.
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5.4 Conclusion and outlook

In the present work, the impact of solvent structuring on the photocatalytic oxidation of
4-methoxybenzyl alcohol (MBA) by means of the photocatalyst tetraacetyl riboflavin TARF
is investigated. For this purpose, micellar solutions of the surfactant CsEQOs are applied in
different concentrations. In addition, surfactant-free solvents of water (W) and a short-chain
alcohol are considered. The addition of MBA to the water-alcohol mixtures induces struc-
turing, designated as surfactant-free microemulsions (SFMES). In the case of water and
ethanol (EtOH), pronounced structuring only appears above 500 mM, while the mixture of
water and t-butanol (tBuOH) is already pre-structured in the absence of MBA. The slightly
hydrophobic TARF is expected to be located at the interface. The hydrophilic riboflavin
should be dissolved in the water pseudo-phase. However, due to stability reasons, the focus
is on TARF.

The lifetime of the excited singlet state of TARF is studied as a function of the substrate
concentration. The lifetime decreases with increasing MBA concentrations. Compared to
the reference system, which consists of water and acetonitrile, all structured solvents are
expected to elongate the lifetime. The concentrated micellar solution shielded the catalyst
the best against the quenching effect of MBA. Besides the presence of micelles, the solvent
possesses a high viscosity and low oxygen solubility. Accordingly, the micelles may shield
the excited TARF from quenching by MBA or oxygen. But the viscosity also restricts the
diffusion of the quenchers, which could also be the decisive factor. The W/EtOH system
shows the slightest improvement, which is attributed to the lacking structuring at low MBA
concentrations. The viscosity of the diluted micellar solution matches that of the W/tBuOH
mixture. Accordingly, the better shielding in the SFMEs of W/tBUOH/MBA seems to arise
from the kind of structuring. Comparing TARF with RF reveals that the more hydrophilic RF,

located in the water pseudo-phase, is even better stabilized in W/tBUOH.

Finally, all structured solvents improve the overall PQY compared to the reference system.
The concentrated micellar solution only slightly improved the absolute PQY, which may be
explained by the low substrate diffusion. However, the good shielding leads to a compara-
tively slow decrease with increasing MBA. The best absolute PQY is obtained in W/EtOH,
which also shows the fastest decay due to insufficient shielding. The diluted micellar solu-
tion, as well as the surfactant-free W/tBuOH system, also yield high PQY. In the case of
W/tBuOH, the maximum in the PQY appears at the highest MBA concentration (20 mM)

among all structured solvents.
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Accordingly, the SFME W/tBUOH/MBA seems to efficiently shield the TARF and still allows
the reaction to occur, as the substrate diffusion is not too restricted in the low viscous sol-
vent. Even better results are expected with RF due to the elongated lifetime of the excited
singlet state compared to TARF. For this reason, more stable, hydrophilic RF derivatives
should be considered, such as sugar derivatives. An even better shielding in the aqueous-
pseudo phase may allow reactions at even higher MBA concentrations. This is not possible
in the diluted, low viscous micellar solution, as the solubility limit of MBA is already exceeded
at 1 M substrate. Furthermore, the impact of the dissolved amount of oxygen should be
investigated in more detail. The optimum concentration has to be identified that allows the
best catalyst regeneration without quenching its excited state before substrate conversion.
In order to gain a final understanding of the impact of structuring on the TARF-MBA pre-
aggregation, an evaluation of the transient absorbance measurements is indispensable. In
addition, molecular dynamic simulations could provide more precise information about the
location of the catalyst in the structured solvents on a molecular level. At this point, all con-
clusions are rather speculative. It remains to be seen whether the solvent structuring really
has an impact or whether, as in the previous projects, other parameters influence the reac-
tion predominantly.
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5.5 Supporting information
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Figure S.5 - 1: (a) Absorbance spectra of RF and TARF in the water phase for determination of the logP value.
RF is compared from the suppliers Sigma Aldrich (RF1) and Roth (RF2). (b) Corresponding photographs of the
distribution of RF and TARF between the water and the octanol phase.
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Figure S.5 - 2: Absorbance and dissolved concentration of RF in water as a function of the amount of MBA in
water. For calculating the concentration of dissolved RF from the experimentally determined absorbance, the
extinction coefficient err, 450 nm = 12’500 L/(mol cm) and Lambert-Beer’s law are applied.2>26

229



Chapter 5

0.0 0.2 04 0.6 0.8 1.0

MBA [w/w]
(b)

0.8 =+ 0.8
E 1=
S 06+ T 08 3
= 22
2 %
8 o
c o
o c
s 044 -+ 04 g
< ©
£ o
8 5

0.2 =+ 0.2

|
\ViA L W ki
YV T\ ™ ‘/‘ " o VAVAVLN
I\ ‘AA\ WA s i =
0.0 . At | P e T T | N 0.0
1E-4 0.001 0.01 0.1 0.001 0.01 0.1 1
T [ms] T [ms]

Figure S.5 - 3: (a) Experimentally determined phase diagram of water, EtOH, and MBA at 25 °C. The biphasic
area (29) is represented by the gray shaded area, separated from the monophasic region (7®). The rhombs
depict compositions measured by means of DLS. The critical point is marked with a black star. (b) Corresponding
correlation functions obtained by DLS measurements at 25 °C.

Dynamic light scattering experiments are performed in mixtures with a constant amount of
22 % (w/w) EtOH and varying W/MBA ratio (see Figure S.5 - 3(a, colored rhombs) and (b)).
No signal is detected in the binary W/EtOH mixture (dark blue), although it is known that
cluster formation is present.?#27.28¢ However, this kind of aggregation occurs at a smaller
molecular scale than considered in this work, and the fluctuations exhibit too high diffusion
coefficients.?? With an increasing amount of MBA, the signal increases significantly, indicat-
ing pronounced structuring (blue). The most pronounced correlation coefficient is measured
in a mixture of W/EtOH/MBA 43/22/35 (w/w/w) (rose) close to the critical point (black star).
With the further addition of MBA, the correlation function decreases again (green). In the
binary mixture EtOH/MBA, a weak signal is detected. It is thus assumed that only loose

aggregates or even no aggregates at all are present.
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. water-rich phase

D oil-rich phase

W/EtOH/MBA
47/19/34

W/EtOH/MBA

51/19/30

W/EtOH/MBA
48/19/33

W/EtOH/MBA
38/19/43

W/EtOH/MBA
25/15/60

04
MBA [w/w]

Figure S.5 - 4: Schematic representation of the determination of the critical point in a ternary system.
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Figure S.5 - 5: (a,b) Experimentally determined viscosity of the different reaction solvents as a function of the
MBA concentration. The solvents in (a) depict a linear increase of the viscosity with an increasing MBA concen-
tration. The increase is comparable for W/EtOH, WtBuOH, and W/AcN. The diluted micellar solution shows a
stronger increase, which may be attributed to the swelling of the micelles due to the incorporated MBA. The
viscosity of the concentrated micellar solution (b) decreases with increasing substrate concentration. It is as-
sumed that the MBA is increasingly incorporated in the micellar interface, which makes the interface more and
more flexible, leading to a decrease in viscosity. The viscosity of the concentrated micellar solution containing

MBA was measured 10 times at an angle of 90 °.
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Figure S.5 - 6: Fluorescence decay of the photocatalyst TARF in the different reaction solvents obtained by
TCSPC. The decay is monitored for increasing MBA concentrations (blue to orange). In the case of W/tBuOH,
the decay is also detected for RF. The measurements are performed up to 500 mM MBA, except for W/EtOH.
In this case, the decay at 500 mM is too fast to detect. The same is observed for 1 M MBA in W/tBuOH. With
0.45 M surfactant, the substrate is no longer soluble at 1 M.
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Chapter 6 In-depth study of binary ethanol-triacetin
mixtures in relation with their excellent

solubilization power

6.0 Abstract

< ETHANOL

TRIACETIN

Figure 6 - 1: Schematic illustration of the molecular distribution in binary mixtures of ethanol and triacetin and
the resulting solubilization power of the mixtures.

A significant synergistic effect is observed when solubilizing curcumin or tetrahydrocurcu-
min in binary mixtures of ethanol and triacetin. The present work deals with a detailed in-
vestigation of the solvent system by means of COSMO-RS-based calculations, dynamic
light scattering, small-and-wide-angle X-ray scattering, and dielectric relaxation spectros-
copy. Theoretical calculations lead to the conclusion that the enhanced solubility is not pri-
marily the result of an interaction optimum between individual surface charge densities.
Scattering experiments also exclude the formation of mesoscopic structures as the main
reason. However, dielectric relaxation spectra suggest that in the concentration range of
0.3 < x(triacetin) < 0.6, ethanol molecules are released from their living polymer ethanol
network and can interact with triacetin on a molecular level. The mesoscopic aggregation,
thus, decreases. The concentration range of the ethanol-triacetin complexes has a signifi-
cant overlap with the range of maximum solubility of (tetrahydro)curcumin. Nevertheless,
despite detailed investigations, the exact origin of the solubilization power remains specu-

lative.
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This chapter is submitted to Physical Chemistry Chemical Physics (Hofmann, E.; Saridis,
A.; Touraud, D.; Buchner, R.; Kunz, W. PCCP. 2023, submitted).! Small-and-wide-angle X-
ray scattering was performed on my behalf by Dr. Olivier Diat at the Institute of Separation
Chemistry Marcoule (France). The solubility of tetrahydrocurcumin was studied by Anna

Saridis (University of Regensburg, Germany).

6.1 Introduction

Solubility represents one of the most important and basic properties in chemistry and indus-
try. However, especially natural compounds, like curcumin, often possess poor solubility.
This does not only affect their final applications but already their exploitation by, e.g., liquid-
liquid extraction, where the solubility of the compound is crucial.?"*° Degot et al.*! reported
a simple food-grade solvent system of ethanol (EtOH) and triacetin (TriA) for the extraction
of curcumin, a widely used natural, hydrophobic dye. Binary mixtures of EtOH and TriA can
dissolve significant amounts of curcumin. A large synergistic solubilization is observed in

mixtures with a molar fraction of TriA of 0.24 — 0.46.711

To enhance the solubility of practically water-insoluble compounds, such as curcumin in
water, solvent structuring can be introduced. A compartmentalization of the solvent into
pseudo-phases on a mesoscopic scale can be achieved by the formation of micelles in
aqueous surfactant solutions. Also binary mixtures of water and a hydrotrope can exhibit
pre-structuring that influences the solubilization power of the solvent.?-1* The presence of
mesoscale inhomogeneities in macroscopically transparent solutions is commonly investi-
gated by scattering experiments, including dynamic light scattering (DLS) and small-(and-
wide)-angle X-ray scattering (S(W)AXS).14-20 Both techniques were applied in this study to
investigate mesoscale structuring in binary TriA/EtOH mixtures.

A theoretical approach allowing the investigation of unstructured liquid systems is given by
the COSMO-RS model, which combines quantum chemical calculations with fast statistical
thermodynamics.?*?? In the initial step, COnductor-like Screening MOdel (COSMO) calcu-
lations determine the screening charge density o of a molecule placed in a virtual conductor.
The COSMO surface is then divided into smaller segments. Molecular interactions are thus
displayed by local pairwise interacting surface segments with specific ¢ values. This allows
extending the COSMO model to Real Solvents (COSMO-RS). By calculating the

(pseudo-)chemical potential Hg) of a compound i according to Equation 6 - 1, several
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macroscopic thermodynamic properties become accessible, such as vapor pressure, solu-

bilities, and partition coefficients.?*-28

i =18+ [ p9©) - us(0) do £q.6-1

The distribution of the screening charge density on the molecular surface is described by
the probability distribution function p® (o), the so-called o-profile. The o-potential pg de-
scribes the affinity of the system S to a surface of polarity o. Finally, the size and shape

differences of the molecules in the system are included by the combinatorial term

() 21,2325
Hes-

Dielectric relaxation spectroscopy (DRS), which measures the interaction of a sample with
a low-amplitude electric field in the Mega- to Gigahertz range, probes the cooperative dy-
namics of the sample on the microscopic to mesoscopic level. In DRS, the response of the

sample is conveniently expressed in terms of the complex permittivity £(v)?°*°

g8(v) = £ (v)-ig"(v) Eq.6-2

with the relative permittivity £ (v) and the dielectric loss £"(v). The relative permittivity indi-
cates in how far the sample polarization can follow an external field of frequency v. At v
close to 0, all polarization mechanisms of the sample contribute, yielding the dielectric con-
stant € (static permittivity, lim,_,,€'(v)). With increasing v, this is less and less the case due
to various processes governed by intermolecular interactions, such as dipole rotation. Ac-
cordingly, €' (v) drops until the high-frequency permittivity £, (= lim,_,£'(v)), determined
by intramolecular polarizability, is reached in the Terahertz range. In this dispersion region
from ¢ to ¢, the sample absorbs electromagnetic radiation, expressed by €"(v). The dy-
namics in dipolar solvents are mainly caused by more-or-less diffusive reorientation of per-
manent molecular dipoles.?*-3! In hydrogen bond-forming solvents, such as water or alco-
hols, cooperative relaxation processes occur that are commonly described by the “wait-and-
switch-type” model,2-3* akin to the dynamics of living polymers.®® In these systems the
slowest (lowest frequency) contribution to €(v) monitors the cooperative rearrangement of

the intermolecular H-bond system.
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6.2 Material and methods

6.2.1 Chemicals

Dichloromethane (DCM, purity > 99.8 %) was purchased from Fisher Scientific (Reinach,
Switzerland). Ethanol (EtOH, > 99 %) was delivered by Merck (Darmstadt, Germany). Tri-
acetin (TriA, 99 %, FCC, FG) was from Sigma Aldrich (Darmstadt, Germany). Synthetic
curcumin | (> 97 %) was purchased from TCI (Eschborn, Germany). 1-Butanol (1BuOH, ul-
trapure, spectrophotometric grade, 99.0+ %) was from Alfa Aesar (Karlsruhe, Germany).
Tetrahydrocurcumin (THC, 98 %) was purchased from Carbolution (St. Ingbert, Germany).

All chemicals were used without further purification.

6.2.2 Methods
6.2.2.1 Solubility experiments

Mixtures of EtOH and TriA were supersaturated with THC and stirred for 1 h at room tem-
perature while being shielded from the light. Then, the samples were filtered using PTFE
syringe filters (0.45 um pore size) and diluted with technical-grade EtOH. The absorbance
of the diluted samples was measured in 1 cm quartz glass cuvettes by means of a Lambda
18 UV/VIS spectrometer from PerkinElmer (Rodgau, Germany). The procedure was re-
peated 3 times for all EtOH/TTiA ratios.

6.2.2.2 Theoretical calculations

The BIOVIA COSMOthermX software®® (version 19.0.4 by Dassault Systemes, 2019),
based on the COSMO-RS model?'?437 was applied to predict the chemical potential of
(tetrahydro)curcumin in binary mixtures of EtOH and TriA. The chemical potential is com-
puted iteratively on FINE®” level using a TZVPD?® basis set. Curcumin was taken from the
COSMObase TZVPD-FINE 19.0 database. The conformational analysis of THC was per-
formed by means of the COSMOconfX software® (version 4.3 by Dassault Systéemes, 2018)
and the TURBOMOLE program?*° (version TmoleX 3.4 by Dassault Systémes, 2007-2013).
Geometry optimizations were carried out using DFT/COSMO calculations on the TZVPD-
FINE level.
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Density functional theory (DTF) calculations were carried out using the B3LYP hybrid func-
tional by means of the Gaussian ® 09W program*! (version 7.0, 1995-09, Gaussian). The
6-31++G(d,p) basis set was applied and the molecular properties were determined in EtOH
or in a continuum with a dielectric constant of 6.8. The results are summarized in the Sup-
porting Information (see Figure S.6 - 1, Table S.6 - 1).

6.2.2.3 Dynamic light scattering

Dynamic light scattering (DLS) experiments were performed as described in Chap-
ter 1.2.2.5.

6.2.2.4 Small-and-wide-angle X-ray scattering

Small-and-wide-angle X-ray scattering (SWAXS) measurements were carried out on a
bench-built XENOCS using a Mo radiation X-ray source (A = 0.0071 nm). A large online
scanner detector (diameter: 345 mm, from MAR Research) was used to record the scat-
tered beam. A large g-range (0.2 — 40 nm*) was covered with an off-center detection. The
collimation was applied using a 12:00 multilayer Xenocs mirror (for Mo radiation) connected
to 2 sets of scatter-less FORVIS slits providing a 0.8 x 0.8 nm X-ray beam at the sample
position. Pre-analysis of the data was performed with a FIT2D software. The scattered in-
tensities are detected versus the magnitude of the scattering vector q = [(4m)/Asin (9/2)]
with the wavelength of the incident radiation A and the scattering angle 9. The solutions
were filled in 2 mm quartz capillaries. Usual corrections for background (empty cell and
detector noise) subtractions and intensity normalization using high-density polyethylene film
as a standard were applied. The experimental resolution was Ag/q = 0.05. The scattering
vector calibration standard was silver behenate in a sealed capillary. All measurements

were carried out at room temperature.
6.2.2.5 Auxiliary measurements

The densities of the binary mixtures EtOH/TriA were measured with the vibrating-tube den-
simeter DMA 5000 A from Anton Paar (Austria) at 25 + 0.01 °C. The rolling-ball viscometer
AMVn from Anton Paar (Austria) was applied to determine the dynamic viscosities of the
solutions at 25 + 0.01 °C. The densities and viscosities are given in the Supporting Infor-

mation (see Figure S.6 - 2).
6.2.2.6 Dielectric relaxation spectroscopy

Dielectric spectra were recorded using a frequency-domain reflectometer equipped with an
Agilent E8364B vector network analyzer (VNA) and two open-ended coaxial dielectric
probes (Agilent 85070E-20 (0.05 < v < 20 GHz) and 85070E-50 (5 — 50 GHz)).*> The die-

lectric probes are mounted into cells thermostatted at 25 + 0.01 °C by means of a Huber
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CG-505 thermostat. Air, purified mercury, and EtOH were used for the primary three-point
calibration of the VNA. A secondary calibration was performed to improve the accuracy of

the spectra using DCM, 1BuOH, and EtOH for Padé approximation.

For the formal description of €(v), dielectric spectra are generally decomposed into sums of
n individual relaxation processes, j (counted in order of increasing peak frequency), by fitting

g'(v) and £"(v) simultaneously to mathematical models of the type?®2°

n
E(v) = ZSij(V) T €0 Eq.6-3
j=1

with amplitudes S; and band-shape models

-1

Fi(v) = ((1 + (ivar]-)l-aj)Bj> Eq.6-4

In Equation 6 — 4, 7 is the relaxation time, 0 < o5 <1 and 0 < 4 < 1 are shape parameters of

mode j. The static permittivity becomes accessible as € = ¢, + X S;. The equations used in

this work are the Debye function (D with o; = 0 and ; = 1) and the Cole-Cole function (CC,

For relaxation processes arising from the reorientation of permanent molecular dipoles, in-
cluding those connected to the cooperative dynamics of the H-bond system, their amplitude,

Sj, is connected to concentration, c;, and effective dipole moment, p.;, of the causing dipole

via?®

€+A](1'E) o NAC]' 2 Eq 6.5
€ J 380kBTu‘3ff'j o

Here N, is the Avogadro constant, g, the permittivity of free space, kg the Boltzmann con-
stant, T the Kelvin temperature, and A; (= 1/3 for spherical particles) a shape-dependent

cavity field factor.
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6.3 Results and discussion

6.3.1 Synergistic effect of solubilization and local interactions in ethanol/

triacetin mixtures

Degot et al. first described the significant solubility of curcumin in binary mixtures of ethanol
(EtOH) and triacetin (TriA) and the observed correlation with the predicted chemical poten-
tial (see Figure 6 - 2(a,b).!! In general, the chemical potential corresponds to the affinity of
the solute for a solvent. Accordingly, the predicted chemical potential can be applied to
compare the solubility of the solute in different solvents.?® The calculations predict maximum
solubility of cucurmin in a EtOH/TriA mixture with TriA mole fraction x(TriA) = 0.47. This is
in good agreement with the experimentally determined range of maximum solubility,
(0.24 < x(TriA) < 0.46).11

~ @

(a)

ethanol triacetin

(b)

T
3.0 1 —
' /
\ gurcumin tetrahydrocurcumin
3 257 \ / I ]
s (I &5 b14
g \/ © o ©
g 204 &/ E 2 E
g I © @ 44 =
£ | c £ g
8 M\ 24 = 8 -1.6 =
154 /| - z 2z
8 VI y FEEE-E 3
£ 104/ .\ rd E L
. \ 4 1.8
4/ \ pe L
| - ’I I--2.6 A o S
- -
0.5 4 . o P g 14
T T T T T T T T
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
X(TriA) X(TriA)

Figure 6 - 2: (a) Molecular structure and the corresponding molecular surface of EtOH and TriA. The colored
molecular surface represents the screening charge density o of the conformer with the lowest energy. Highly
positive o are colored in red, highly negative gin blue, and non-polar areas in green. (b,c) Maximum absorbance
(black curve) of curcumin (b, data taken from Degot et al.l!) and tetrahydrocurcumin (THL) (c) in binary
EtOH/TriA mixtures as a function of the amount of TriA. The supersaturated mixtures are diluted 1000-fold. The
blue curves depict the predicted chemical potential of curcumin and THL, respectively.
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The pronounced synergistic effect in the solubilization of curcumin was therefore explained
by an optimum interplay of interacting surface segment densities, which form the basis for
the calculation of the chemical potential.* More detailed interpretation of the prediction and
the o-profiles of the components is provided in the Supplementary Information (see
Figure S.6 - 3).

The same solvent system is applied to solubilize tetrahydrocurcumin (THC) (see
Figure 6 - 2(c)). As is the case for curcumin, the solubility of THC in pure TriA is better than
in pure EtOH. Furthermore, a pronounced synergistic effect is observed, resulting in maxi-
mum solubility in EtOH/TriA with x(TriA) = 0.33. The COSMO-RS-based calculations predict
better solubility in TriA compared to EtOH. A minor synergy in the mixtures is predicted as
well. However, the largest affinity is predicted for pure TriA instead of the binary EtOH/TriA
mixture. Thus, COSMO-RS prediction and experimental observation disagree significantly.
We may therefore assume that for THC local interactions between individual surface seg-
ments with their specific screening charge density are not the main reason for the great

solubilization power of EtOH/TriA mixtures.

6.3.2 Mesoscopic structuring of the binary mixtures

As mentioned in the introductory chapter, mesoscopic aggregation within a solvent can af-
fect its solubilizing properties. Hence, dynamic light scattering (DLS) and small-and-wide-
angle X-Ray scattering (SWAXS) experiments are performed (see Figure 6 - 3). In DLS, a
high correlation intercept for small lag times and larger lag times of the correlation functions
are assumed to correlate with pronounced structuring. Moreover, mesoscopic inhomoge-
neities are indicated by low g-scattering in SWAXS experiments.** Figure 6 - 3(a) summa-
rizes both the low g-scattering from SWAXS measurements (blue curve and (b)) and the
correlation intercept at small lag times from DLS (black curve and (c)). Starting from a neg-
ligible signal in pure EtOH, the signals increase with an increasing amount of TriA. Both
signals reach their maximum in a EtOH/TriA mixture with a molar ratio of 83/17, indicating

the most pronounced structuring.

Further addition of TriA leads to a decrease in the signals down to that of the unstructured
pure TriA. Solutions with 0.12 < x(TriA) < 0.24 are considered to depict mesoscopic struc-
turing as their DLS and SWAXS signals exceed the value of 0.1. However, most pronounced
structuring and maximum THC solubility (yellow-shaded area) do not coincide. Instead, the
latter is shifted to the concentration range of decreasing scattering signals. Accordingly, the

presence of mesoscopic inhomogeneities cannot really explain the solubilization maximum.
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Figure 6 - 3: (a) Intensity value (q = 0.5 nm-1) determined by SWAXS measurements (blue curve), and the
correlation coefficient (r = 104 ms) obtained by DLS measurements (black) with respect to the amount of TriA.
The yellow-shaded area marks the compositions in which the greatest solubility of (tetrahydro)curcumin is ob-
served. (c) Selected SWAXS spectra. (d) Selected correlation functions obtained by DLS. The spectra of all
measurements are given in the Supplementary Information (see Figure S.6 - 4, Figure S.6 - 5).

6.3.3 Dielectric relaxation in the binary mixtures

Figure 6 - 4 summarizes the dielectric spectra of mixtures of EtOH and TriA. The dielectric
constant € (= lim,_¢&'(v)) decreases from 24.3 in pure EtOH (x; = 0, black curve) to 6.8 in
pure TriA (X1 = 1, purple curve). The values are in good agreement with values reported in
the literature of 24.2 for EtOH (25 °C)*® and 7.3 for TriA (20 °C)*. The frequency of maxi-
mum dielectric loss first increases with increasing TriA content but beyond a molar TriA
fraction of 0.6 the maximum shifts again to smaller v.
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Figure 6 - 4: Relative permittivity £ (v) (a) and dielectric loss £"(v) (b) in mixtures of EtOH and TriA at 25 °C. The
legend depicts the molar fraction of TriA. The experimental data are represented by the symbols, the fits by the
line. Pure EtOH (x(TriA) = 0) is fitted using the D+D+D model. Pure TriA (x(TriA) = 1) is fitted with a D+CC+D+D
model. The binary mixtures are fitted by means of a D+D+D+D model.

Figure 6 - 5(a) shows the dielectric loss of EtOH up to 100 GHz.“® Similar to methanol, up
to this frequency, this spectrum is best described by the superposition of three Debye (D)
relaxations.344¢4’” The Debye modes represent cooperative H-bond network relaxation
(~ 1 GHz), reorientation of individual EtOH dipoles (~ 20 GHz), and fast H-bond switching
(~ 70 GHz). Additionally, two intermolecular vibrations associated with H-bond bending and
H-bond stretching can be detected in the Terahertz range.**’ The latter are weak and out-
side the frequency range of 0.05 < v < 50 GHz covered in the present work. Accordingly,
they will be neglected in the following discussion, although some influence on the reported

mixture values of S4, 14, and . (Table S.6 - 2) cannot be excluded.

The spectrum of neat triacetin (Figure 6 - 5(b)) is even more complex, as already four modes
are required for its formal description in the covered frequency range. The largest contribu-
tions are a Debye mode at ~ 0.35 GHz (j = 1; D1 in Figure 6 - 5(b)) and a weakly broadened
(a2 = 0.059) Cole-Cole relaxation at ~ 2.5 GHz (j = 2; CC,), followed by further Debye re-
laxations at ~ 15 GHz (j = 3; D3) and ~ 50 GHz (j = 4; D,). This is clearly a reflection of the
high intramolecular flexibility of TriA with its three strongly polar (~1.8 D group dipole mo-
ment*®) acetate ester residues. Unfortunately, except for the ~ 0.35 GHz contribution, these
peak frequencies are close to ethanol modes. Accordingly, relaxations j = 2, 3, and 4 of the
superposition of four Debye modes, which yields the best description of all mixture spectra
(Table S.6 - 2, Figure 6 - 5(c,d)), are composites with unresolved contributions from both
EtOH and TriA. This is corroborated by the smooth transition of the corresponding ampli-
tudes (S2, Ss, S4; Figure S.6 - 6) and relaxation times (z, 3, 7; Figure S.6 - 7) with increas-
ing X(TriA) from the EtOH values to those of neat TriA. Note that in contrast to neat TriA but
similar to EtOH, the relaxation at ~ 2 GHz is not broadened for the mixtures, i.e., o> = 0,

suggesting that H-bond dynamics governs the underlying molecular motions even at
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X(Tria) =0.9.%° The initial decrease and subsequent leveling of the corresponding
relaxation time, 1, (Figure S.6 - 7(a)), despite the monotonically rising mixture viscosity

(Figure S.6 - 2), points into the same direction.?°
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Figure 6 - 5: Dielectric loss £” (v) in mixtures of EtOH and TriA with varying molar fractions x of TriA. The symbols
represent the experimental data, the line shows the fit. The contributions of the individual relaxation modes are
represented by the colored-shaded areas, including Debye (D) and Cole-Cole (CC) functions.

Starting from the value of neat EtOH (~ 19.9), the amplitude of the ~ 2 GHz mode (D)
strongly drops with increasing TriA content, reaching S,=2.31 at Xx(TriA)=0.6
(Figure 6 - 6(a)). However, S, does not vanish for neat triacetin, as would be expected if
only EtOH were contributing, but levels at S, = 1.71. Thus, a quantitative evaluation of S,
with Equation 6 — 5 based on the analytical alcohol concentration is only reasonable for
X(TriA) < 0.6. Even then, the effective dipole moments, per2 (Orange symbols in
Figure 6 - 6(b)), obtained by assuming a spherical cavity field (A, = 1/3), should be taken
with a grain of salt. Nevertheless, it is interesting to see that per, decreases linearly from
3.6 D for neat EtOH to ~ 2.7 D at x(TriA) = 0.3 but then stays roughly constant. These
experimental values are significantly larger than the effective dipole moment of a single
EtOH molecule (2.2 D) obtained with Gaussian. Such enhanced experimental dipole mo-
ments are typical for monohydroxy alcohols and indicate mutual alignment of molecular

dipoles in H-bonded chains.*® Therefore, we speculate that the observed linear decrease of
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ueir 2 reflects the breakup of alcohol chains by the three strong H-bond acceptor groups of
triacetin. Until x(TriA) =~ 0.3, apparently all EtOH molecules are bound by TriA. It is interest-
ing to note here that the limits for optimum (tetrahydro)curcumin solubilization roughly coin-
cide with solvent compositions of (nominal) saturation of all three TriA acceptor sites by
EtOH (EtOH:TriA = 3:1; x(TriA) = 0.25) and of just enough EtOH to form at least one H-
bond to TriA (x(TriA) = 0.5).
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Figure 6 - 6: (a) The amplitudes S1 and Sz as a function of the amount of TriA. (b) Effective dipole moment
calculated with the Cavell equation (see Equation 6 — 5) for the amplitudes S1 (“TriA”) and Sz (“EtOH’), assuming
a spherical cavity field factor A; of 1/3. The yellow-shaded area marks the compositions in which the greatest

solubility of (tetrahydro)curcumin is observed. The dotted lines separate the 3 areas distinguished in the inter-
pretation.

In contrast to the smooth variation of S,, the concentration dependence of the TriA-domi-
nated amplitude S; is peculiar (Figure 6 - 6(a)). After the expected initial increase of this
amplitude with rising TriA concentration, a sharp breakpoint is observed at x(TriA) ~ 0.3,
from where S; markedly decreases before rising again at x(TriA) > 0.6, albeit with a much
smaller slope. Note that the breakpoint at x(TriA) ~ 0.3 and the subsequent drop of S, are
in the range of maximum (tetrahydro)curcumin solubility. The blue curve in Figure 6 - 6(b)
shows corresponding effective dipole moments, per1, Obtained from S; and the molar con-
centration of TriA with Equation 6 — 5, assuming a spherical cavity field (A, = 1/3) for TriA.
The initial linear increase of S; translates into a constant value of per1~ 2.7 D for
X(TriA) < 0.3, followed by a linear decrease in the range 0.3 < x(TriA) < 0.6, and again a
constant value of ~ 1.8 D up to neat TriA.

Two points are worth noting here. First: for x(TriA) > 0.6, the associated relaxation time, 1,
is proportional to viscosity (Figure S.6 - 7(b)). This Stokes-Einstein-Debye behavior indi-
cates diffusive reorientation of individual molecules.?® The derived effective volume of rota-
tion of ~ 23 A% is ~ 9% of the molecular volume of 263 A3 obtained with Gaussian for the

minimum energy conformation of TriA and thus in the expected range for molecular
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reorientation close to slip hydrodynamic boundary conditions.?° However, the effective di-
pole moment (~ 1.8 D) is much smaller than the value of 5.5 D predicted by Gaussian for
this molecule but comparable to the group dipole moment (~ 1.8 D*®) of an acetate ester
moiety. This possibly means that at least for x(TriA) > 0.6, mode D, monitors the rotation of

individual ester groups and not the overall reorientation of TriA molecules.

Second: the concentration range of decreasing pes,1 coincides with that of constant per . and
thus matches solvent compositions where the EtOH:TriA ratio drops from (nominal) satura-
tion of all three TriA acceptor sites (EtOH:TriA = 3:1; x(TriA) = 0.25) to just enough EtOH to
form at least one H-bond to TriA (X(TriA) = 0.5). As already discussed above, these mixture
compositions roughly coincide with the region of maximum (tetrahydro)curcumin solubility.
However, the reason why pes1 increases when x(TriA) drops from 0.6 to 0.3 and then stays
constant at ~ 2.7 D remains unclear. Probably, this is connected to the pronounced peak of
mesoscopic structuring observed in scattering experiments at x(TriA) ~ 0.2 (Figure 6 - 3),
but without further molecular-level information from detailed computer simulations, any fur-

ther discussion is speculative.
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6.4 Conclusion and outlook

We reported a detailed investigation of the binary solvent system ethanol/triacetin
(EtOH/TriA) by means of COSMO-RS-based calculations, dynamic light scattering, small-
and-wide-angle X-ray scattering, and dielectric relaxation spectroscopy (DRS). The results
are correlated with the range of high (tetrahydro)curcumin solubility, showing a maximum
in mixtures of EtOH/TriA with TriA mole fractions of 0.24 — 0.46.

The calculated chemical potential allows predicting the solubility of curcumin in the
EtOH/TriA system, as reported by Degot et al.** The predictions are based on the interaction
of local interacting surface densities. However, predictions fail in the case of tetrahydrocur-
cumin, for which the most pronounced solubility is predicted in TriA instead of the binary
mixture. As a consequence, the significant solubility of the solutes investigated cannot be
explained solely by an optimum in interacting molecular surfaces of a specific charge den-
sity. The scattering methods cannot provide the explanation either. Although mesoscopic
inhomogeneities are detected (0.12 < x(TriA) = 0.24), the structuring already decreases

when solubilization becomes highest.

The dielectric relaxation measurements are analyzed particularly with respect to amplitude
and relaxation time of the TriA-associated mode D, and the EtOH-dominated relaxation D».
The concentration dependence of the derived effective dipole moments, per1 and, with re-
strictions, peir2, reveals the presence of three different areas within the EtOH/TriA system.
The TriA-poor area (x(TriA) < 0.3) is dominated by EtOH chains. Scattering experiments
indicate the presence of pronounced mesoscopic structures in this range. The TriA-rich area
(x(TriA) > 0.6) describes statistically distributed TriA molecules. The range comprising the
solubility maximum of (tetrahydro)curcumin starts in the first area, but mainly correlates with
the second area (0.3 < x(TriA) < 0.6). In binary mixtures of the second area, EtOH chains
are apparently broken, and alcohol molecules act as H-bond donors to TriA. In this range
of maximum solubility, the molar ratio of EtOH:TriA drops from ~ 3:1, i.e., all acceptor sites
of TriA are nominally involved, to ~ 1:1. H-bonding between individual EtOH and TriA mol-
ecules is also relevant for x(TriA) > 0.6, but here the number of H-bond donors is not suffi-

cient to bind to TriA molecules.

Despite the detailed investigation of the solvent system, the origin of its excellent solubili-
zation power remains unclear. The demalition of the living polymer ethanol network by the

triacetin may be essential to allow interactions between the solvent and the
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(tetrahyro)curcumin solutes to occur. The EtOH-TriA complexes themselves may also be
responsible, allowing optimum interactions with the solutes. However, these considerations
remain speculative at this point. Theoretical modeling of the interactions between the differ-
ent species presented (EtOH chains, EtOH-TriA complexes, free molecules) and the solutes
may allow further insights into the solubilization process. The experimental investigation of
different alcohols as well as hydrophobic solvents with varying functional groups (e.g., with-
out ester groups) should also further deepen the understanding. The complexity of under-
standing the mechanism of solubility (of potential substrates and catalysts) underscores the

overall complexity of optimizing reaction processes.

251



Chapter 6

6.5 Supporting information

6.5.1 Gaussian calculations

(a) (b) (c)

Figure S.6 - 1: Optimized geometry of TriA in EtOH (a), TriA in a continuum with a dielectric constant of 6.8 (b),
and EtOH in EtOH (c) using Gaussian software. The Avogadro software®® (Version 1.1.1) is used for visualiza-
tion of the molecules.

Table S.6 - 1: Theoretically determined dipole moment u of TriA and EtOH in different solvents, whereby the
solvent “TriA” is represented by a continuum with a dielectric constant of 6.8. Calculations were performed by
means of the Gaussian program.

molecule TriA EtOH
solvent EtOH “TriA” EtOH
M [D] 5.3 55 2.2
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6.5.2 Density and viscosity measurements
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Figure S.6 - 2: Experimentally determined densities and viscosities of binary EtOH/TriA mixtures at 25 °C as a
function of the amount of TriA.
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6.5.3 COSMOtherm calculations
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Figure S.6 - 3: (a) Predicted o-profiles of curcumin (orange curve), THC (purple curve), TriA (blue curve), and
EtOH (green curve). The contributions of the individual conformers are weighted by their weight factor given in
the corresponding pure compounds. (b) Comparison of iteratively and non-iteratively predicted chemical poten-
tial of the solutes THC and curcumin in mixtures of EtOH/TriA as a function of the amount of TriA.

Degot et al. revealed a correlation between the predicted chemical potential at infinite dilu-
tion (non-iterative calculations) and the experimentally determined solubilities.*! In the pub-
lished work!!, the o-profiles were taken into account to interpret the results (see
Figure S.6 - 3(a)). TriA (blue curve) has a rather non-polar surface (o around 0 e/A2) with
some highly polar surface segments with hydrogen bond acceptor abilities (o > 0.01 e/Az2,
oxygen atoms). Due to the lack of potential hydrogen bond donor segments with sufficient
negative o, an electrostatic misfit is present in pure TriA. By the addition of EtOH (green
curve), which possesses both potential hydrogen bond donor (o < 0.01 e/A2?) and acceptor
segments (o > 0.01 e/A2), the misfit can be reduced. Curcumin (orange curve) has mainly
non-polar surface segments. In addition, the molecule also exhibits hydrogen bond donor
and acceptor abilities. In mixtures of EtOH and TriA, the curcumin can thus interact via Van-
der-Waals interactions, especially with the non-polar TriA, and can form hydrogen bonds
with both solvent molecules. The EtOH was expected to reduce the overall electrostatic
misfit of the solution due to lacking hydrogen bond donor segments on both molecular sur-
faces, curcumin and TriA. Accordingly, it was assumed that the synergistic solubilization
arises due to an optimum interplay of Van-der-Waals, electrostatic, and hydrogen bonding
interactions. In addition, the small molecule size of EtOH may allow faster penetration be-
tween the curcumin molecules.!! Since predictions fail in the case of tetrahydrocurcumin,
we tried to optimize the predictions by using iterative calculations. However, no improve-

ment was observed (see Figure S.6 - 3(b)). Furthermore, it is noticeable that the o-profile
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of THC (Figure S.6 - 3(a), purple curve) is very similar to that of TriA. This could explain the

predicted minimum in the chemical potential of THC in pure TriA.
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6.5.4

Scattering experiments
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Figure S.6 - 4: Correlation functions of binary EtOH/TriA mixtures obtained by DLS measurements at 25 °C with
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Figure S.6 - 5: Experimentally determined SWAXS spectra of binary mixtures EtOH/TriA.
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6.5.5 DRS measurements
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Figure S.6 - 6: The amplitudes Si, the infinite-frequency limit €,,, and the dielectric constant € in mixtures of EtOH
and TriA as a function of the TriA fraction x(TriA).
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Figure S.6 - 7: (a) Relaxation times, = (i=1 - 4), of TrA/EtOH mixtures at 25 °C. (b) Stokes-Einstein-Debye plot
(relaxation time z1 as a function of viscosity, 7) for the TriA associated mode Da.
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Table S.6 - 2: Dielectric constant €, infinite-frequency permittivity €., relaxation amplitudes Si, and relaxation times = [ps] of the sum of four Debye equations fitted to the DR spectra
of binary EtOH/TriA mixtures with varying TriA fraction x(TriA) at 25 °C.

X(TriA) € €00 St T S2 T2 Ss T3 Sa T4
0.1 18.303 2.936 1.009 232 11.978 106 1.151 14.3 1.229 2.81
0.2 14.542 3.006 1.327 200 7.639 83.5 1.37 15.0 1.200 3.11
0.3 12.031 2.936 2.033 154 4.652 63.2 1.376 12.2 1.034 2.54
04 10.346 2.904 1.833 153 3412 53.2 1.249 11.2 0.947 2.37
05 9.167 2.818 1.515 182 2.822 48.8 1.150 10.0 0.862 191
0.6 8.370 2.887 1.269 248 2.310 525 0.987 13.0 0.917 2.72
0.7 7.724 2.903 1.326 264 1.891 50.9 0.861 133 0.861 3.02
0.8 7.335 2.804 1.338 329 1.729 55.6 0.717 11.7 0.746 2.37
0.9 7.031 2.803 1.392 383 1.564 61.9 0.599 12.4 0.673 2.46

1 6.816 2.81 1.389 427 1.707 61.8 0.272 115 0.637 2.98
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COSMO-RS predictions of ternary phase diagrams

Chapter 7 The application of the theoretical COSMO-RS

model for predicting ternary phase diagrams

7.0 Abstract
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Figure 7 - 1: Graphical abstract illustrating a ternary phase diagram with some selected investigations on its
structuring behavior. The MD simulation is taken from the cited literature, reprinted with permission of ACS, and
illustrates the mesoscopic aggregation of water in a surfactant-free microemulsion.!

Theoretical predictions are becoming more and more crucial in both research and industry.
Predictions allow for reducing the number of time- and material-consuming experiments
and, thus, reduce unnecessary contact with harmful chemicals. Besides, it can be a valua-
ble tool for deepening the understanding of experimental results. COSMOtherm represents
one of these tools. The software is based on the COSMO-RS model and is well-established
for predicting physicochemical properties such as solubilities. We applied the program for
calculating ternary phase diagrams, including tie lines and the localization of the critical
point. In this context, ternary systems consisting of water, different short-chain alcohols,
and methyl methacrylate are investigated theoretically and experimentally. The COS-
MOtherm predictions are in good agreement with our experimental results and thus suitable
for fast screening of critical points. We also point out the limitation of the program regarding
complex, structured ternary systems and suggest alternative calculations based upon the
extended program version COSMOplex. In this way, we can significantly improve the pre-
dictions of the phase diagram of water, ethanol, and triacetin. Our results depict the impact
of structuring on the calculations and strategies to distinguish between structured and un-

structured systems by theoretic screening experiments.
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The experimental investigation of the ternary phase diagrams of water, alcohol, and methyl
methacrylate was performed by Jonas Blahnik? at the University of Regensburg (Germany).
Small-and-wide-angle X-ray scattering was performed on my behalf by Dr. Philipp Schmid

at the Institute of Separation Chemistry Marcoule (France).

7.1 Introduction

In the previous chapters of this thesis, the focus is on replacing harmful chemicals and
reducing energy consumption in the sense of Green Chemistry. The first principle of Green
Chemistry, however, considers prevention.® Any material without realized value is consid-
ered to be waste that should be prevented.®# Accordingly, trial-error chemistry should not
be the method of choice. Theoretical predictions represent a reasonable tool for avoiding
time- and material-consuming experiments.>’ By reducing the number of experiments con-
ducted, the exposure of workers to chemicals and associated risks is reduced in the same
way. In addition, predictions can help identifying hazards of new chemicals even before
collecting physicochemical properties experimentally.*® Besides the important saving of
time and costs, predictions hence can also have a positive impact on human health and the
environment. For collected experimental results, calculations can provide insights for better
interpretation.® Consequently, computational predictions have received increasing attention

in research and industry over the past few decades.>°

A theoretical model used in academic research and industry represents the COnductor-like
Screening MOdel for Real Solvents, COSMO-RS for short.'**?> The basic principle of this
model is explained in Chapter 6.1. The COSMOtherm software, which is based on the
COSMO-RS model, can be applied for predicting solubilities and phase diagrams, among
other things.*?*2 In order to predict liquid-liquid equilibria (LLE), the thermodynamic prereq-
uisite of equal chemical potentials of all species i in the two phases (I and Il) has to be
fulfilled (see Equation 7 — 1). The chemical potential of compound i can be determined ac-
cording to Equation 7 — 2 using the pseudo-chemical potential ugi) (see Equation 6 — 1), the
molar fraction x;, the universal gas constant R, and the temperature T. By calculating the

LLE of aternary system, the miscibility gap of partially miscible liquids can be predicted.*4

.“Ll:#zu Eq.7-1

wi =5’ +RTIn(x) Eq.7-2
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The phase separation within the miscibility gap is an example of phase transitions that ex-
hibit critical points. Such systems depict thermodynamic anomalies in, e.g., density and
composition close to the critical point. Thermodynamic fluctuations in the composition result
in an “early” closing of the miscibility gap.31>-1” The COSMO-RS model assumes that liquid
mixtures have an isotropic distribution of the molecules within a phase (mean-field assump-
tion).1318 This discrepancy leads to a systematic overestimation of a miscibility gap (see
Figure 7 - 2, dashed line). The model thus neglects the thermodynamic fluctuations. How-
ever, COSMOtherm can correct the overestimation by introducing an additional renormali-
zation step (see Figure 7 - 2, dotted line). Detailed information on the calculations can be
found in the cited literature.!*3-19

Figure 7 - 2: Schematic illustration of a ternary phase diagram consisting of water, an amphiphile, and an oil.
The gray shaded area depicts an experimentally determined miscibility gap. The dashed line is predicted by
COSMO-RS LLE calculations. The dotted line is predicted by COSMOtherm, including a renormalization step.

Based upon mean-field approximation, the COSMO-RS model itself is limited to homoge-
neous systems.'® However, as shown in the previous chapters of this work, inhomogene-
ous, structured systems like surfactant-free (SFMEs) and surfactant-based microemulsions
(SBMEs) are of great importance and find several applications in research and
industry.2°-2% In order to overcome the inability of the COSMO-RS model to treat self-organ-
izing, inhomogeneous systems, the extended COSMOplex version was introduced. For
COSMOplex calculations, a simulation box with a specific volume is cut into different layers
along the z-axis. The box can exhibit different geometries, and the layers can differ signifi-
cantly from each other (see Figure 7 - 3). But since every layer is a homogeneous layer in
itself, it can be treated using COSMO-RS theory. Iterative calculations on a given starting
distribution of the molecules in the different layers are performed until defined convergence
criteria are fulfilled. The starting distribution of the molecules has to be provided. Its choice,

however, affects only the number of steps required for the system to converge and not the
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overall result. The iteration steps are based on calculating the chemical potentials of all
compounds, taking into account the relevant conformations, positions, and orientations. The
resulting molecule distribution determines the volume population of each layer. For the next
iteration step, a pressure function is considered, which is the response to overpopulation in
the layers.?>2¢ Providing detailed information on the calculation is beyond the scope and
given in the cited literature.??¢ The COSMOplex tool was successfully applied to surfactant-
based systems for predicting critical micelle concentrations (cmc) of non-ionic surfactants
and the description of a Winsor 1112”28 phase.?® In addition, the method is able to generate
membranes as a skin model.?® Hahn et al. first predicted the structuring in SFMEs using
COSMOplex. They set up a layered simulation box with periodic boundary conditions in
which molecules are distributed equally. By studying the path lengths and the relative am-
plitude heights of the resulting fluctuations, a prediction of mesoscopic inhomogeneities in
the systems studied becomes possible.?®

Figure 7 - 3: Schematic illustration of a layered simulation setup of COSMOplex (based on Klamt et al.?5).
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7.2 Material and methods

7.2.1 Chemicals

Methyl methacrylate (MMA, purity 99 %, stabilized with < 30 ppm 4-methoxyphenol), etha-
nol (EtOH, 99.8 %), n-propanol (NPA, 99.5 %), CombiTitrant 5, methanol (anhydrous for
analysis, max. 0.003 % H,0), and dimethyl sulfoxide-ds (DMSO-ds, 99.5 atom % D) were
obtained from Merck (Darmstadt, Germany). t-Butanol (tBuOH, 99 %) was purchased from
Carl Roth (Karlsruhe, Germany). Isopropanol (IPA, 99.8 %) was bought from Fisher Scien-
tific (Schwerte, Germany). Triacetin (TriA, 99 %, FCC, FG) was delivered from Sigma Al-
drich (Darmstadt, Germany). All chemicals were used without further purification. Millipore

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

7.2.2 Methods

7.2.2.1 Ternary phase diagrams

Phase diagrams were recorded according to the method of Dekker et al.*°, as described in
Chapter 2.2.2.1.

7.2.2.2 Critical point determination

To determine the critical point of the phase diagrams, ternary mixtures in the biphasic region
close to the phase border were prepared. The samples were shaken by hand and centri-
fuged in 15 mL, volume-scaled centrifuge tubes at 11’182 rpm (13’000 g) for 90 min at
25 °C £ 1 °C to achieve complete phase separation (Sigma 1-18KS centrifuge, Osterode
am Harz, Germany). The critical point was allocated in approximation to sample composi-
tions yielding a 50:50 (v/v) ratio of the two phases after centrifugation. In the case of the
ternary system water, ethanol, and triacetin (W/EtOH/TriA), the biphasic samples were
treated with a Vortex and centrifuged at 10’000 rpm (10’397 g) for 30 min at 25 °C + 1 °C.

The stability of the phase separation was checked the next day.
7.2.2.3Tieline determination

Tie lines were determined by centrifuging ternary mixtures in the biphasic region. For this
purpose, samples of 10 g were shaken by hand and centrifuged in 15 mL centrifuge tubes
for 20 min at 11’182 rpm (13’000 g, T = 25 °C £ 1 °C) using a Sigma 3-18KS centrifuge
(Osterode am Harz, Germany). The upper, oil-rich phase was diluted in DMSO-ds and
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analyzed by *H-NMR using an Avance |l HD 400 NMR-spectrometer (400 MHz, Bruker,
Billerica, USA). The MMA-to-alcohol ratio was calculated by comparing the derived inte-
grals, and the right-hand end of the tie-lines was calculated by extrapolating the MMA-alco-
hol ratio to the phase border. The water content of the lower, water-rich phase was deter-
mined by a mean of 5 volumetric Karl Fischer titrations using a KF Titrino plus by Metrohm
(Herisau, Switzerland). The left-hand end of the tie lines was calculated by extrapolating the
water content to the phase border. In the case of W/EtOH/TriA, the biphasic samples were
again treated with a Vortex and centrifuged at 14’000 rpm (20’379 g) for 10 min at 25 °C +
1 °C. After phase separation, the water content in both phases was determined by volumet-
ric Karl Fischer titration. The intercept with the miscibility gap provided the amount of the

remaining compounds EtOH and TriA.
7.2.2.4 Scattering experiments

Small-and-wide-angle X-ray scattering (SWAXS) measurements were performed as de-
scribed in Chapter 6.2.2.4. In addition, dynamic light scattering (DLS) measurements were

carried out as described in Chapter 1.2.2.5.
7.2.2.5 COSMOtherm predicted ternary phase diagrams

The BIOVIA COSMOthermX software®! (version 19.0.4 by Dassault Systémes), which is
based on COSMO-RS theory!3233 was applied to compute liquid-liquid phase equilibria
(LLE) of several mixtures within the ternary phase diagram. Calculations were performed
on FINE®? level using a TZVPD?** basis set. If not stated otherwise, the renormalization step

was used.
7.2.2.6 COSMOplex predicted ternary phase diagrams

The BIOVIA COSMOplex software®® (version 19.07.24 by Dassault Systémes) was used for
predicting the ternary phase diagrams consisting of water, ethanol, and ethyl acetate
(W/EtOH/EtOAC) or W/EtOH/TriA. The COSMOplex model® is applied, which is an exten-
sion of the COSMO-RS model. Calculations were performed using a TZVP3* basis set. In
all calculations, the directional version of COSMOplex (dirplex) and a specified damping
(step-forward ratio: 0.01; increase/decrease factor: 1.0) was used. The self-consistent elec-

trostatic potential (epot) was switched on.

In the case of W/EtOH/TriA, a layered simulation box of 20 nm with 10 layers per nm was
applied. COSMOplex calculations were performed on a lamellar microemulsion system (po-
lar bulk phase (b) — self-organizing-system (s.0.s.) — non-polar bulk (b)) at 25 °C by provid-
ing different system starting compositions. The composition of the bulk phases was initially

estimated by automatic, polarity-based, and refining LLE calculations. Strict convergence
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criteria were held (rmsd(cluster probabilities): 0.01; rmsd(potential profiles):
0.0001 kcal/mol; rmsd(pressure profile): 0.10 bar).

In the case of W/EtOH/EtOAc, a layered simulation box of 21 nm (10 layers per nm) was
used with a lamellar b - s.0.s. - b (20 nm - 1 nm - 20 nm) system. The starting composition
of the system was provided as well as the initial composition of the bulk phases extracted
from previous COSMOtherm LLE calculations. In the beginning, the s.o.s. system is as-
sumed to consist only of the hydrotrope. Furthermore, the polarity-based distribution is se-

lected. The default conversion criteria were held.
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7.3 Results and discussion

7.3.1 Prediction of critical points and tie lines in ternary systems

Ternary mixtures of water, short-chain alcohols, and methyl methacrylate (MMA) are stud-
ied regarding their suitability as reaction medium for free radical polymerization. The alco-
hols used are t-butanol (tBuOH), n-propanol (NPA), isopropanol (IPA), and ethanol (EtOH).
MMA represents both the oil phase of the ternary system and the monomer of the reaction
(see Figure 7 - 4).

0
OH O/
"S0H } or ~SOH YJ\
t-butanol n-propanol isopropanol ethanol methyl methacrylate

Figure 7 - 4: Molecular structure of t-butanol (tBuOH), n-propanol (NPA), isopropanol (IPA), ethanol (EtOH), and
methyl methacrylate (MMA).

The experimentally determined phase diagrams are shown in Figure 7 - 5 (orange curve).
The variation of the alcohol, acting as the hydrotrope, leads to a reduction of the miscibility
gap in the following order: tBuOH > NPA > IPA > EtOH. The same is true for the critical
point (CP) of the system (orange rhomb). The CP is shifted to higher MMA contents follow-
ing the same ordering. In this way, the tie lines change from right-tilted to left-tilted when
replacing tBuOH with EtOH. Blahnik et al. proved that the position of the critical point is
crucial for the outcome of the radical polymerization of MMA. The reaction was performed
in monophasic ternary mixtures in close proximity to the miscibility gap. Depending on
whether the reaction medium is located right or left of the critical point influences the mor-

phology of the resulting polymer.2

Recognizing the importance of the localization of the critical point for polymerization reac-
tions, COSMO-RS-based LLE predictions are studied regarding their applicability (see
Figure 7 - 5, black curve). The height of the miscibility is well predicted for the alcohols NPA,
IPA, and EtOH. In the case of tBuOH, the miscibility gap is slightly underestimated but still
within an acceptable range. As explained in the introduction, the miscibility gap tends to be
overestimated in calculations due to thermodynamic fluctuations, which need to be cor-
rected by a renormalization step. By switching off the renormalization, an excellent fit with
the experimental results can be obtained (see Figure S.7 - 1 in the Supporting Information).

However, since t-butanol pre-structures in water®¢, too poor fluctuations are not considered
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to be the origin of the deviation. We assume that the deviation results from the bulky shape
of the hydrotrope, which influences COSMO-RS theory in the form of the combinatorial
term, and thus in the calculation of interactions®?, as the available surface may be approxi-

mated incorrectly.

The predicted localization of the critical point (gray shaded area) is in good agreement with
the experiment for tBuOH and NPA. The cases of IPA and EtOH show deviations. In the
case of EtOH, experimental determinations were challenging, and the CP is still located at
the border of the predicted area. In the case of IPA, the CP is close to the center of the
phase diagram, so that minor errors in predictions lead to an immediate change in the tilt of
the tie lines.

(@)

-~OH
experiment 0.0

--m-- COSMOtherm

@0.0 02 0.4 0.6 0.8 10 00 02 0.4 0.6 0.8 10
MMA [wiw] MMA [wiw] P

\

04 0.6 0.4 0.6
MMA [w/w] MMA [w/w]

Figure 7 - 5: Ternary phase diagrams of water, short-chain alcohol, and MMA with the corresponding tie lines
at 25 °C. The phase diagrams are determined experimentally (orange) or theoretically by COSMOtherm predic-
tions (black, renormalized). The orange rhomb depicts the experimentally determined critical point (CP) of the
phase diagram, while the predicted area of the CP is indicated by gray shading. The molecules are represented
by the o-surfaces of their CO conformers (lowest energy conformers).
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Overall, the ordering of the size of the miscibility gap, as well as the localization of the CP
with respect to the amount of MMA, follows the same ordering as the experiment: tBuOH >
NPA > IPA > EtOH. For the initial setup of the experiment, the exact position of the CP is of
less importance than knowing whether the CP is on the water- or oil-rich side of the phase
diagram. Even in the case of the bulky t-butanol, the predicted CP fits quite well. Conse-
guently, the COSMOtherm software is a qualified tool for predicting the position of the CP
in a ternary phase diagram and, thus, the tilt of the tie lines. Even if slight deviations are
possible, it allows quick screening of different hydrotropes to find an optimum starting sys-
tem. COSMO-RS was already applied successfully for predicting ternary phase diagrams
with their corresponding tie lines. However, the focus lies on ternary systems containing
ionic liquids or deep eutectic solvents, which exhibit a negligible monophasic region due to
the poor solubility of the components in each other.®”*® Here, we applied the prediction
method on systems exhibiting a large monophasic area. To our knowledge, the program
has not yet been evaluated systematically for its applicability for CP screening in such sys-
tems. Though, the change in the tilt of the tie lines can influence not only polymerization but
also product purification after organic syntheses or extraction by phase separation. Inducing
phase separation is a common method for pre-concentrating the solute in the oil- or water-

rich phase before applying other separation methods. -4

7.3.2 Predictions of complex ternary phase diagrams with structured areas

In the following, the oil component is substituted by the food-grade component triacetin
(TriA, see Figure 7 - 6). The ternary system consisting of water, EtOH, and TriA finds appli-
cation in extraction and as a reaction solvent, as shown in Chapter 1. The experimentally
determined ternary phase diagram exhibits a small miscibility gap with a CP at the oil-rich
side near the center (see Figure 7 - 7(a)). COSMOtherm predictions again allow precise
prediction of the tie lines and, thus, of the localization of the CP. The miscibility gap, how-
ever, is strongly overestimated, although renormalization is taken into account. While the
miscibility gap is closed with less than 20 % (w/w) EtOH in the experiments, the predictions
require almost 50 % (w/w). As explained in the introductory chapter, COSMOtherm is lim-

ited to homogeneous liquids.

o}
o
0 0 0
)J\o/\ \([)r \[o]/
ethyl acetate triacetin

Figure 7 - 6: Molecular structure of ethyl acetate (EtOAc) and triacetin (TriA).
274



COSMO-RS predictions of ternary phase diagrams
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Figure 7 - 7: (a, b) Ternary phase diagram of water, EtOH, and TriA at 25 °C determined experimentally (orange)
or theoretically by COSMOtherm calculations (black, renormalized). The critical point is presented by an orange
rhomb. The black dots in (b) shows the compositions measured by DLS and SWAXS (see Figure 7 - 9).

For this purpose, the system is investigated regarding the presence of mesoscopic struc-
turing. Inhomogeneity may explain the misprediction. First, samples with varying water/oil
ratio and constant amount of EtOH are considered (see Figure 7 - 7(b)). DLS measurements
are analyzed with regard to the correlation coefficient. A high correlation coefficient at small
lag times 1 is expected to correlate with pronounced structuring.®® In addition, SWAXS
measurements are examined for the scattering intensity at low g values, indicating the pres-
ence of mesoscopic structuring.*?43 Figure 7 - 9 shows the results obtained by scattering
experiments. Starting from the binary mixture W/EtOH (mixture a), the low g-scattering and
the correlation coefficient increases with an increasing amount of TriA. The maximum is
reached at W/EtOH/TriA 39/22/39 (w/w/w) (mixture c), close to the CP. Further addition of
TriA results in a decrease in both values. Hence, the experiments reveal pronounced
mesoscopic structuring in mixture ¢, assuming the presence of both water- and TriA-rich
aggregation in the solution.

Cco Cc2 C3 C4
C5 C6 c7 C8
C10 C12

Figure 7 - 8: o-surfaces of the individual triacetin conformers. Highly positive screening charge densities o are
colored in red, highly negative ¢ in blue, and non-polar areas in green.
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The presence of distinct inhomogeneity, especially in the center of the phase diagram, may
explain the overestimation in the prediction, which is also most pronounced in the center.
Furthermore, the molecular structure of TriA is significantly more complex than that of MMA.
The bulkiness will again affect the combinatorial term. Additionally, some of the conformers
may also possess an amphiphilic character. The orientation of the three acetyl groups in
the conformers C7 and C12 leads to the formation of a hydrophilic part of the molecule,
separated from the hydrophobic glycerol backbone (see Figure 7 - 8). This could support
the stabilizing effect of the amphiphilic hydrotrope on mesoscopic structuring and explain

why structuring is more pronounced on the TriA-rich side.
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Figure 7 - 9: SWAXS (a) and DLS (b) measurements of W/EtOH/TriA mixtures. The compositions are shown in
Figure 7 - 7. (c) Intensity value (g = 0.34 nm-1) determined by SWAXS measurements and the correlation coef-
ficient (r = 10-* ms) obtained by DLS measurements with respect to the amount of TriA. The blue-shaded area
marks the compositions in which mesoscopic structuring is most pronounced. (The exact DLS fits are provided
in the Supporting Information, see Figure S.7 - 2).

In order to overcome the problem of inhomogeneity during calculations, COSMOplex cal-
culations are performed. As a reference, the calculations are also applied to the ternary
system water, ethanol, and ethyl acetate (W/EtOH/EtOAc) (see Figure 7 - 6). The system
has a similar size of miscibility gap and depicts no structuring as known from previous stud-

ies (see Figure 7 - 10(d), Figure 7 - 11).#* The simulation box is cut into the three phases
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bulk — self-organizing-system (s.o0.s.) — bulk. In the case of TriA, only the starting composi-
tions of the mixtures are provided, and calculations are run until the system converges. The
mixtures separate into a water- and a TriA-rich phase (bulk phases) and a s.o.s. phase in
between (see Figure 7 - 10(a)). The size of the three phases is not predetermined. But the
size of the entire simulation box is predetermined on the basis that a sufficient number of

molecules are inside.
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Figure 7 - 10: COSMOplex simulation box of W/EtOH/TriA 21/7/72 (w/w/w) (a) and W/EtOH/EtOAc 26/14/60
(w/wiw) (b). The mol fraction of the individual conformers in the converged system is given with respect to the
box layer. The bulk phases are indicated in gray, and the s.o.s. phase in yellow. In the TriA system, the size of
the phases is determined during calculations. In the EtOAc system, the size of the phases has to be provided.
(c, d) Phase diagrams predicted by COSMOtherm (black, renormalized) and COSMOplex (green) in comparison
with the experiment (gray shaded). The orange rhomb points the CP. The molecules are presented by the o-
surfaces of their CO conformers.

The compositions on both ends of the simulation box are identified as the endpoints of a tie
line. The s.o.s. phase is provided to allow the reorganization of the molecules between the
bulk phases. In the case of EtOAc, the oil is not recognized as the nonpolar component.
For this purpose, the size of the three phases and their individual starting compositions
have to be predetermined. It has to be noted at this point that the reorganization of the

277



Chapter 7

compositions in the EtOAc system takes place in the layers after the s.0.s. phase (see also
Figure S.7 - 5). A larger size of the s.0.s. phase thus should be considered. The determina-
tion of the miscibility gap is, however, not affected by this, as stable end compositions are
nevertheless reached at the box ends. For both systems, starting compositions with increas-
ing hydrotrope content are considered. Figure 7 - 10(c) and (d) summarize the phase dia-
grams determined experimentally and theoretically. The miscibility gap of W/EtOH/EtOAc
is predicted very accurately with both COSMOtherm and COSMOplex. Accordingly, in the
absence of mesoscopic structuring, COSMO-RS is a powerful tool for predicting the phase
diagram. In the more complex case of W/EtOH/TriA, the COSMOplex calculations improve
the predictions tremendously. The highest point of the miscibility gap is shifted from COS-
MOtherm via COSMOplex to the experiment as follows: 48 % > 28 % > 18 % (w/w). But it
has to be noted that the more precise results using COSMOplex come with longer compu-
ting time. Especially in the TriA system, since stricter convergence criteria are chosen, as
done by Hahn et al. when applying COSMOplex to SFMEs.? Calculations carried out by
COSMOtherm are significantly faster for both systems. Running the calculations for the
mixture W/EtOH/TriA 23/12/65 (w/w/w) with 8 CPUs results in a calculation time of 1 h using
COSMOtherm and 34 h using COSMOplex. Altogether, the predicted phase diagram of
WI/EtOH/TriA is considerably improved, even though there is still no perfect fit. The optimi-
zation, therefore, confirms that inhomogeneity seems to be the reason for the misprediction.
Accordingly, the entire system is studied experimentally regarding mesoscopic structuring
in the area of the predictions. Figure 7 - 11 depicts the results obtained in the
W/EtOH/EtOAC system.
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Figure 7 - 11: (a) Phase diagram of W/EtOH/EtOAc at 25 °C, determined experimentally (gray shaded) or the-
oretically by COSMOtherm (black, renormalized) and COSMOplex (green). The asterisks identify the composi-
tions of the mixtures measured by means of DLS. (b) Corresponding correlation functions obtained by DLS
measurements. The distinct sample assignment can be found in the Supporting Information, Figure S.7 - 3.
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As expected, there are no distinct correlation functions present (b), indicating that solutions
in the monophasic area are homogeneous and free of mesoscopic aggregation. In the
W/EtOH/TriA system, correlation functions of different intensities are detected (see
Figure 7 - 12). In the following, we distinguish 3 different groups. (i) Mixtures with a correla-
tion coefficient 0 < c. ¢. < 0.05 are considered to be homogeneous (red curves, b). These
mixtures exhibit either no correlation function at all or data that cannot be properly fitted with
an exponential function (R2 < 0.5) since scattered light cannot be properly distinguished
from the noise. Even taking into account the exponential fits, the c. c. is always below 0.05
and, thus, negligible. (i) The second class includes correlation functions of low intensity
(0.05 < c. c. <0.1) that can be fitted in an appropriate manner (R2 > 0.5). These mixtures
induce light scattering by molecule aggregation (blue curves, c). The aggregation is, how-
ever, expected to be of minor intensity. (i) Samples with a distinct correlation function
(c.c.>0.1, R2>0.9) are considered to exhibit pronounced structuring (green curves, d). It
is conspicuous that the COSMOtherm predicted miscibility gap encloses the mixtures,
which exhibit a certain inhomogeneity. The samples containing higher EtOH content are
clearly identified as homogeneous.

(a) (b) 0.20
I 26 (experimental) 0.0 ) .
—— COSMOtherm 1.0 (i) no aggregation
COSMOplex
* DLS +— 0.15
[ =4
Q@
O
£
[
8
c 0.10
9
G
[
£
o
©0.05
1.0
/4 0.0
0.0 0.2 04 06 0.8 1.0 0.00 -
. 1E-4
TriA [w/w]
(©) 0.20 (d o7
(ii) minor aggregation 0.6 (iii) pronounced aggregation
« 0.15 4 -
c c 0.
2 @
o o
& &
o @ 0.
8 8
c 0.10 4 c
S Lo
o o
£ £
Q go. A
© 0.054 M © Ny
) [
' W
{ il 014 ¥V |
, TR (‘ '
o
0.00 h'u:" ("\_/ﬁ ol A AA o 0.0 . . :
1E-4 . 0.01 0.1 1 1E-4 0.001 0.01 0.1 1
T [ms] T [ms]

Figure 7 - 12: (a) Phase diagram of W/EtOH/TriA at 25 °C, determined experimentally (gray shaded) or theoret-
ically by COSMOtherm (black, renormalized) and COSMOplex (green). The asterisks identify the compositions
of the mixtures measured by means of DLS. (b, ¢, d) Corresponding correlation functions obtained by DLS
measurements with a correlation coefficient = 0 (red, b), < 0.1 (blue, c), or > 0.1 (green, d). The distinct sample
assignment can be found in the Supporting Information, Figure S.7 - 4.
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Two mixtures located at the predicted phase-transition boundary are marked with a two-
colored asterisk. These mixtures are border cases with a correlation coefficient of
0 <c.c.<0.05and an R2> 0.5 or vice versa. Furthermore, there are outliers in the oil-rich
region that exhibit minor aggregation (blue stars) but are located outside the COSMOtherm
predicted miscibility gap. This may be a symmetry problem, but we cannot provide a coher-
ent explanation at this moment. Experimentally, it confirms the localization of the structured
area at the oil-rich side as detected by SWAXS measurements (see Figure 7 - 9). Overall,
the general trend between predictions and experiments agrees well. The results are again
a clear indication that the error in the predictions results from inhomogeneities. Apparently,
the deviations in the prediction do not necessarily present a drawback of the method. In the
previous chapters of this thesis, the localization of structured solutions has posed a crucial
and laborious step in the preliminary considerations for the choice of reaction solvent. The
deviations from COSMOtherm predictions to the experiment but also to COSMOplex pre-
dictions may allow rapid identification of structured ternary systems. Of course, this assump-
tion still has to be verified by further tests on other phase diagrams, but the initial results

are very promising.
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Figure 7 - 13: (a) Ternary phase diagram of W/EtOH/TriA at 25 °C, determined experimentally (gray shaded) or
theoretically by COSMOtherm (black, renormalized) and COSMOplex (green). The green triangles represent
the starting compositions of the COSMOplex calculations. The critical point is marked by the orange rhomb.
(b) The length of the s.0.s. phase after COSMOplex calculations as a function of the EtOH content of the starting
compositions.

Considering the distribution of the molecules in W/EtOH/TriA within the simulation box of
COSMOplex after the system converged, another observation might prove helpful (see
Figure S.7 - 5). The size of the three phases is not specified at the beginning and is, thus,
determined during the calculations. With an increasing amount of EtOH and approximating
the area with the most pronounced structuring (see Figure 7 - 13(a)), the size of the s.o.s.
phase increases as well (b). In a mixture with 21 % (w/w) ethanol, the s.o.s. phase fills half
of the simulation box (100 A). Hence, the length of the s.o.s. phase should be considered

further since it may be another indicator for the presence of structuring in a ternary system.
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There may be a threshold value for the s.o.s. length, at which mesoscopic structured solu-
tions are present. For this purpose, other ternary systems have to be investigated. The
W/EtOH/EtOAc system cannot be taken into account since the length of the individual

phases has to be predetermined.

Figure 7 - 14 depicts the experimentally determined tie lines in the W/EtOH/TriA system.
The colored dots represent the starting composition of the mixtures that is used to determine
the endpoints of the tie lines. It is conspicuous that the hydrotrope content of the tie lines is
below the content in the initial mixture. A tie line crossing the initial composition would be
expected. But the hydrotrope concentration also possesses a maximum in the s.0.s. phases
according to the COSMOplex calculations (see Figure S.7 - 5). It seems reasonable that
there is an accumulation of the amphiphilic hydrotrope at the interface of the two bulk
phases. This could indeed be observed in the experimental results of the W/alcohol/MMA
systems as well (see Figure S.7 - 6). That suggests that mixtures in the biphasic area do
not only separate into the 2 macroscopic phases but that there is a third “phase” represent-
ing a transition area. A mixture within the miscibility gap would, therefore, not simply sepa-

rate along the tie line but slightly below at a smaller amount of hydrotrope.

predicted phase diagram

experimental phase diagram 0.0 10

}experimental tie lines

00 02 04 06 08 10
TriA [w/w]

Figure 7 - 14: Ternary phase diagram of W/EtOH/TriA at 25 °C, determined experimentally (orange) and theo-
retically by COSMOtherm (black, renormalized). The colored lines represent the experimentally determined tie
lines with their experimental starting compositions (dots). The orange rhomb indicates the CP.
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7.4 Conclusion and outlook

COSMO-RS-based predictions of liquid-liquid equilibria are compared with experimentally
determined ternary phase diagrams. First, we compared the size of the miscibility gap, the
localization of the critical point, and the tie lines of systems consisting of water, different
short-chain alcohols, and methyl methacrylate. The size of the miscibility gap decreases,
and the critical point is shifted to higher amounts of methyl methacrylate when varying the
hydrotrope in the following order: t-butanol > n-propanol > isopropanol > ethanol. Calcula-
tions on COSMOtherm allow predicting the correct ordering of the alcohols. The quantitative
size of the predicted miscibility gap is in rather good agreement with the experiments as
well. However, the miscibility gap of water/t-butanol/methyl methacrylate is slightly under-
estimated, which is attributed to the bulky size of the hydrotrope. Overall, COSMOtherm
proves to be a valuable tool that allows the screening of ternary systems for the localization
of the critical point and, in most cases, the tilt of their tie lines. This can support the research
in radical polymerization, but also in extraction and organic chemistry, where tie lines play

a crucial role in the separation of extracted or synthesized compounds.?3%41

In the next step, we focused on a more complex oil compound. In this context, the system
water, ethanol, and triacetin is investigated experimentally and theoretically. COSMOtherm
predictions greatly overestimate the size of the miscibility gap. The ternary system is exten-
sively studied regarding mesoscopic structuring by dynamic light scattering and small-and-
wide-angle X-ray scattering. The deviation of the predictions from the experiment can in-
deed be explained by mesoscopic inhomogeneities in the monophasic solutions, which can-
not be predicted by COSMOtherm. Since COSMOtherm deviations from the experiment
enclose the area where structuring occurs, it may be a suitable way to localize structured
areas by comparing the predictions with experimentally determined miscibility gaps. In order
to improve the predictions, we replaced COSMOtherm, which is unable to treat inhomoge-
neous solutions, by COSMOplex, which is based on a layered simulation box allowing in-
homogeneities. We can significantly improve the predictions with a three-phase (bulk — self-
organizing-system (s.0.s.) — bulk) setup of the simulation box. In addition, the predicted
length of the s.o.s. phase by COSMOplex calculations increased remarkably when ap-
proaching the structured area near the critical point. This may represent another helpful
parameter for localizing structured areas. All applications of mesoscopic structured liquids
could benefit from a rapid prediction of mesoscopic structured compositions in ternary sys-
tems. COSMOtherm especially impresses with its short computing time. Both COS-
MOtherm and COSMOplex calculations are also applied to a reference system of water,
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ethanol, and ethyl acetate, which exhibit no structuring in the monophasic area. Indeed,
both programs are able to predict the phase diagram in good agreement with the experi-
ment. It has to be noted at this point that Blahnik et al. also observed correlation functions
in DLS experiments for their systems, indicating some aggregation, which is not reflected
in the COSMOtherm calculations. However, supplementary X-ray scattering data are lack-
ing.2 For this reason, the data are not considered further at this moment, but it has to be
kept in mind that the calculation setup still has to be applied to other ternary systems to

prove its applicability. Differences in the type of aggregation are also conceivable.

Furthermore, experiments and predictions depict an accumulation of the hydrotrope at the
interface of the two bulk phases that form after phase separation in a mixture in the biphasic
area. This is observable for systems with methyl methacrylate and triacetin. We assume
that there might be rather an interphase between the two bulk phases. Therefore, mixtures
in the miscibility gap do not separate along a tie line but slightly below at smaller hydrotrope

concentrations.

Altogether, the initial calculations show auspicious results regarding the prediction of critical
points, tie lines, and the area of structuring in ternary systems. However, it is indispensable
to apply the calculations on further ternary systems to verify their predictive power. Espe-
cially systems with bulky oil compounds should be considered. In this way, one can exclude
that COSMOtherm deviations do not result from structuring but from a misinterpretation of
the single molecules. In addition, one could verify whether the critical point can still be lo-
cated, at least relatively, when the molecular shape becomes more complex. Since COS-
MOplex improves the predictions for water, ethanol, and triacetin but still deviates from the
experiment, the parameters of the simulation box may be optimized further. The size of the

simulation box, as well as the convergence criteria, should be varied in a first attempt.

There are still several questions to be answered before making a definitive statement about
the predictive power of COSMO-RS-based programs with regard to ternary systems. How-
ever, as demonstrated in the previous chapters of this work, the combination of mesoscopic
structured liquids with complex organic reactions is a great challenge. Thus, it seems worth-
while to focus on developing an appropriate prediction strategy to support solvent optimiza-
tion. Handling, computing time, and initial results encourage staying with the COSMO-RS

model.
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7.5 Supporting information

7.5.1 Ternary phase diagram W/tBuOH/MMA
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Figure S.7 - 1: Ternary phase diagrams of water, tBuOH, and MMA with the corresponding tie lines at 25 °C.
The phase diagrams are determined experimentally (orange) or theoretically by COSMOtherm predictions
(black). The orange rhomb depicts the experimentally determined critical point (CP) of the phase diagram, while
the predicted area of the CP is indicated by gray shading. Predictions are shown with (a, ¢) and without (b)
renormalization. The influence of temperature fluctuations during experiments can be excluded. Predictions
depict a negligible influence (c).
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7.5.2 Fitted DLS spectra of W/EtOH/TriA (constant amount of EtOH)

correlation coefficient

Figure S.7 - 2: DLS measurements discussed in Figure 7 - 9 with their exponential fits.

7.5.3 DLS spectra of W/EtOH/TriA and W/EtOH/EtOACc in the ternary phase
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Figure S.7 - 3: (a) Phase diagram of W/EtOH/EtOAc at 25 °C, determined experimentally (gray shaded) or
theoretically by COSMOtherm (black, renormalized) and COSMOplex (green). The asterisks identify the com-
positions of the mixtures measured by means of DLS. (b) Corresponding correlation functions obtained by DLS
measurements with their exponential fit.
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Figure S.7 - 4: (a) Phase diagram of W/EtOH/TriA at 25 °C, determined experimentally (gray shaded) or theo-
retically by COSMOtherm (black, renormalized) and COSMOplex (green). The asterisks identify the composi-
tions of the mixtures measured by means of DLS. (b) Corresponding correlation functions obtained by DLS
measurements with their experimental fits.
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7.5.4 COSMOplex simulation boxes of the converged systems
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Figure S.7 - 5: COSMOplex simulation boxes of W/EtOH/TriA (a - j) and W/EtOH/EtOAc (k - n). The box is
separated into the three phases bulk — s.0.s. — bulk. The mol fraction of the individual conformers in the con-
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Figure S.7 - 6: Ternary phase diagram of W/alcohol/MMA at 25 °C, determined experimentally (orange) and
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their experimental starting compositions (dots). The orange rhomb indicates the CP.
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Chapter 8 Epilogue

Conclusion and outlook

In the present work, the applicability of surfactant-free microemulsions (SFMES) is studied
on different types of reactions, namely photocatalytic, enzymatic, and organic cross-cou-
pling reactions. The effect of solvent structuring on the reactivity is considered, as is the

solvent effect on solubilization.

In the first chapter (Natural-like vanilla extract from curcuminoids), systems established
for the natural extraction of curcuminoids are investigated for the photochemical conversion
of curcuminoids to vanillin and the related flavors vanillic acid and p-hydroxybenzaldehyde.
The mesoscopic structured SFME of water, ethanol, and triacetin appears to be disadvan-
tageous for the reaction compared to the less structured binary mixture of ethanol and tri-
acetin. This is attributed to a lower dissolved oxygen concentration but also to a possible
hindrance in the propagation of the reaction from the radical and charged intermediates to
the more hydrophobic unreacted substrate by the pseudo-phases. However, despite the
adverse impact on the reaction itself, the SFME enables significantly higher substrate con-
centrations when coupling the photochemical conversion directly to the extraction. Accord-
ingly, the SFME provides comparable or even better results than the less structured binary
solvent, depending on the reaction time. To the best of our knowledge, this is the first time
that a nature-based production method of not only vanillin but also vanillic acid and
p-hydroxybenzaldehyde has been presented. Hence, it is suggested to transfer the reaction
to a continuous flow reactor in the next step to develop a scalable method. Overall, the

method presented may possess great potential for industrial application.

In Chapters 2 (One-pot cascade reaction) and 3 (1,4-Addition in surfactant-free aque-
ous solutions), organic cross-coupling reactions are presented that are catalyzed by tran-
sition metal catalysts. The reference system is given by a micellar solution of the designer
surfactant TPGS-750-M (DL-a-tocopherol methoxypolyethylene glycol succinate). To our
knowledge, this is the first time that organic cross-coupling reactions have been success-
fully transferred to SFMEs. In the case of the 1,4-addition of cyclohexenone to an aryl-
boronic acid, SFMEs are compared containing alcohol or salt hydrotropes. All SFMEs
achieved an improved solubilization of the substrates compared to the micellar system.
While the alcohol systems reduce the yield, the SFME of water, sodium 1-pentanesulfonate,

and tetrahydro linalool provides the same excellent yield as the micellar system. The
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decisive parameter for a successful reaction is the stabilization of the arylboronic acid to
avoid side reactions. Accordingly, stabilizing interactions between the salt and the substrate
are expected, which has to be investigated further. A correlation with the mesoscopic inter-
face, however, is not observed. The same applies to the studied Heck reaction. Heck reac-
tions are successfully carried out in an SFME of water, isopropanol, and benzyl alcohol, as
well as in an unstructured binary mixture of isopropanol and water. While the reaction re-
quires elevated temperatures in the micellar solution, the reaction in the surfactant-free so-
lutions is further improved at room temperature. The reactivity is thus enhanced in the ab-
sence of the designer surfactant. Moreover, the SFME depicts again significantly better
solubilization of the reactants than the micellar solution. Further, the Heck reaction is suc-
cessfully coupled with a biocatalytic step in both surfactant-free solutions, yielding even
better results than in the micellar system. The isopropanol exhibits an essential salting-out
effect on the alcohol dehydrogenase enzyme used (ADH-101), which tolerates large
amounts of the alcohol. The partially undissolved enzyme remains active, and conse-
guently, nanoreactors introduced by solvent structuring are not required, as previously as-
sumed. The crucial parameters are rather the solubility and stability of the reaction compo-
nents, whereby a better solubility is not necessarily favorable due to possible resulting in-

stabilities.

Chapter 4 (The role of meglumine in agueous cross-coupling) deals with the impact of
the additive meglumine on the solubilization of aromatic compounds and on organic cross-
coupling reactions. First, the solubility of the organic photocatalyst 1,8:4,5-naphtha-
lenetetracarboxdiimide is taken into account. The metal-free compound is a promising pho-
tocatalyst owing to the great (approximated) excited state reduction potential at —3 V. In
this work, the catalyst is dissolved in water with the aid of several alkanolamines, among
which meglumine turned out to be the most suitable green additive. Accordingly, good to
excellent yields are achieved in a few cross-coupling reactions. However, the reaction con-
ditions need to be optimized further so that the catalyst can also be applied for more chal-
lenging reactions. In the second approach, meglumine is applied in photochemical C-C and
C-S coupling reactions in the absence of a photocatalyst. In that way, excellent yields can
be achieved for demanding reactions in water. Two different mechanisms are revealed: In
C-C coupling reactions, meglumine only interacts with an already formed electron donor-
acceptor (EDA) complex between the substrates, increases its solubility, and, therefore,
enhances the reaction. In C-S coupling reactions, meglumine interacts with the thiol. The
additive enhances the solubility of the thiol substrate and activates the substrate via a
deprotonation reaction. The activated thiol forms an EDA complex with the second sub-
strate, which finally undergoes a photochemical transformation. Overall, the chapter demon-
strates that challenging organic reactions can also be transferred to water in the absence
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of solvent structuring by applying an appropriate additive, as is the green meglumine. The

additive can improve the solubility and reactivity of aromatic compounds.

The 5" chapter (Flavin-catalyzed photooxidation) presents the idea of optimizing the
properties of a photocatalyst by solvent structuring. For this reason, the oxidation of 4-meth-
oxybenzyl alcohol catalyzed by tetraacetyl riboflavin (TARF) is considered. At high substrate
concentrations, the substrate increasingly quenches the catalyst in its excited singlet state.
For a productive transformation, however, the catalyst has to reach its excited triplet state.
Hence, solvent structuring is introduced by micellar solutions of the surfactant CsEOs or by
SFMEs of water, a short-chain alcohol, and the substrate in order to shield the catalyst from
the substrate. The experiments confirm an elongation of the lifetime of the excited singlet
TARF as well as an improvement of the product quantum yield. At this stage, the improve-
ment cannot be directly linked to the solvent structuring as other parameters such as oxygen
solubility and solvent viscosity influences the reaction as well. As a consequence, further

analysis in the form of transient absorbance measurements is required.

At the end, more fundamental questions are discussed apart from reactions. In Chapter 6
(In-depth study of ethanol-triacetin mixtures), the great synergistic effect observed in
binary mixtures when solubilizing (tetrahydro)curcumin is studied. The synergy can neither
be explained by an optimum of interacting surface charge densities (studied by COSMO-
RS calculations) nor by mesoscopic aggregation (studied by scattering experiments). Die-
lectric relaxation spectroscopy measurements reveal a concentration range, in which etha-
nol molecules are no longer bound in chains and thus interact with triacetin. This concen-
tration range exhibits a significant overlap with the range of maximum solubility of (tetrahy-
dro)curcumin. Either the demolition of the living polymer ethanol network by the triacetin or
the ethanol-triacetin complexes themselves are assumed to increase the solubility of (tet-
rahydro)curcumin at these compositions. Although different mechanistic studies are per-
formed, some assumptions remain speculative. For this reason, theoretical modeling of the
interactions between the different ethanol/triacetin species and the solutes should be con-
sidered. The complexity of just one aspect, like solubilization, demonstrates the overall com-

plexity of reactions, which are influenced by the interplay of multiple parameters.

Finally, Chapter 7 (COSMO-RS predictions of ternary phase diagrams) deals with the
predictions of critical points and tie lines as well as mesoscopic structured compositions
within ternary systems. All predictions are based on the COSMO-RS model (conductor-like
solvent model for real solvents). Critical points and tie lines are calculated in ternary sys-
tems of water, a short-chain alcohol, and methyl methacrylate, which can be applied as a
reaction solvent for polymerization reactions. Overall, the calculations agree well with the

experiment despite minor deviations. In particular, the relative location of the critical point
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is well predicted. This allows fast screening of different systems in order to find the best
hydrotrope for a specific application. Furthermore, the ternary phase diagram of water, eth-
anol, and triacetin is predicted using COSMOtherm (unable to deal with solvent inhomoge-
neities) and using COSMOplex (can treat inhomogeneities). While COSMOtherm strongly
overestimates the miscibility gap, calculations are improved by applying COSMOplex. Fur-
ther improvements are necessary. However, it is already noticeable that the deviation from
COSMOtherm to COSMOplex and to the experimental phase diagram encloses composi-
tions, in which mesoscopic inhomogeneities are detected. Accordingly, the combination of
both prediction tools or the combination of COSMOtherm and the experiment allows pre-
dicting the area of mesoscopic structuring within a ternary system. Furthermore, systems
that possess no structuring can be identified since COSMOtherm and the experiments are
in good agreement, as shown for water, ethanol, and ethyl acetate. The presented method
has to be applied to several different systems to test its universal applicability. The first
results, however, seem promising. Theoretical calculations can avoid time- and material-
consuming experiments. As shown in the other chapters, a great experimental effort is re-
quired to optimize the reaction solvent conditions. Predictions providing an initial idea of the
system and its structuring are therefore desirable.
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The presented results allow for answering some of the questions stated at the beginning of
this work. Can micellar reaction solutions, in particular solutions with complex de-
signer surfactants, be replaced by simple and green SFMEs? It is unequivocally proven
that complex micellar solutions can be replaced by simple and green SFMEs. The designer
surfactant TPGS-750-M is successfully replaced in both chemo- and biocatalysis
(Chapters 2, 3). Furthermore, SFMEs can be a suitable solvent for photochemistry
(Chapters 1, 5).

Which reaction types require an interface? And what are the decisive parameters for
organic reactions performed in water? None of the presented reactions carried out in
designer surfactant solutions require an interface, making the usage of a surfactant unes-
sential. It has been previously assumed that the nanoreactors built up by surfactants are
required for protecting enzymes against denaturation and for solubilization, stabilization,
and compartmentation of organic components in water. The crucial parameters in the stud-
ied reactions are indeed the solubilization and stabilization of the reaction components.
However, no need for an interface for this purpose can be revealed in the present studies.
Stabilization can be achieved by partial salting out or stabilizing interactions with another
molecule in the absence of a separating interface. Despite the lack of compartmentation,
the reactivity can be kept high in unstructured aqueous solutions. Consequently, the same
excess amounts of substrate can be applied as in the micellar solutions. The good reactivity
in the aqueous media is also attributed to enhanced solubility. However, as shown in
Chapter 4, this can also be achieved by the addition of simple additives. Reactions are
reported in the literature, in which a defined interface is expected to be indispensable. How-
ever, until now, it is difficult to answer which types of organic reactions really require an
interface to be performed in water. This work greatly showcased that micellar solutions can
improve or enable reactions in water for reasons other than the interface. Even in the case
of enzymes, there is probably no universal rule that structuring is required when there are
potentially denaturing compounds present. It is assumed that for a large number of reac-
tions carried out in micellar solutions, the interface or encapsulation of components is not
the crucial point. From the results of this work, it can be deduced that a more detailed in-

vestigation is generally required before stating the decisive role of an interface in reactions.

Do SFMEs possess some unique advantages over micellar solvents with regard to
organic reactions in water? The greatest advantage of the SFMEs compared to the mi-
cellar solution and also to binary solutions is the great solubilization power of the systems.
In the organic reactions studied in this work, the solubility of the compounds is expected to
be limited by both stacking interactions and hydrophobicity. The designer surfactant may

not be able to break the stacking as effectively as the small hydrotropes can, which could
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explain the minor solubilization power of the micellar system. Although this assumption has
to be investigated further. In general, the better solubility can also increase the reactivity.
However, better solubility does not always correlate with a better reaction outcome (as
shown for the enzyme and the arylboronic acid in Chapters 2, 3). The instabilities of some
reactants and catalysts can, however, be addressed by the addition of stabilizing additives.
The variability of SFMEs allows their constituents to be adjusted accordingly. The difference
in the dynamic of the structuring may also present an advantage of the SFME over micellar
solutions. In Chapter 1, the structuring appears to hinder the photochemical reaction but
concurrently increases the extractability of the starting material. The less dynamic micellar
solution may hinder the reaction even more since compartmentation is reinforced. Further
experiments are required to confirm this assumption, but this type of reaction could present
a possible application field, in which SFMEs bring a general benefit. The extraction power
of the SFME can trump that of the binary mixture, and the more dynamic structuring and,
thus, the less defined interface could trump the micellar system. This could be essential in
photochemical reactions that run preferentially in the absence of an interface but whose

reaction components are poorly soluble.

Which interesting industrial applications for SFMEs result from this in the synthetic
chemistry? At several points in this work, it has been noted that hydrotropes are commonly
less foaming and have a less pronounced tendency to go to the interface. Furthermore, the
constituents of the SFMESs have been selected considering their greenness. These charac-
teristics already put SFMEs in an attractive light for application in industry. Their suitability
as a reaction solvent for cross-coupling reactions that can be found in several syntheses in

industry, already proves the applicability of SFMEs for industrial-relevant reactions.

With regard to the previously discussed solubilization power of this solvent type, industrial-
relevant photocatalytic reactions should be considered in the next step. Although even the
SFMEs did not always achieve complete solubility during the reaction, the solutions studied
in this work have been way more transparent than the micellar reaction mixtures shown in
literature. Since light penetration is essential in photocatalysis, turbid suspensions need to
be avoided. Although SFME deteriorated the photochemical transformation in Chapter 1,
the greater solubility can have a much more crucial, positive impact. In this context, the
coupling with, e.g., a biocatalytic step would be very beneficial for later industrial application.
Every coupled step reduces the effort of a process by the intermediate steps required for
the replacement of the solvent. However, it is suggested to work on already established
reaction systems, including established catalysts. It has been shown that solubilizing and

optimizing a “new” catalyst for reactions can be laborious and time-consuming. Together
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with the solvent optimization for different reaction types, in a rather novel coupling field,

there is a risk of going down a rabbit hole.

Besides photocatalysis, another interesting approach would be the expansion of chemo-
bio-catalysis on larger cascade reactions. In this context, research should not be limited to
Heck and 1,4-addition reactions. Other (transition) metal-catalyzed reactions, such as
Sonogashira cross-coupling and alkyne hydration, may be considered in combination with
an enzyme-catalyzed reaction step. In the last step, it is suggested to use the already ap-
plied ADH-101 because of its great tolerance towards alcohols. Moreover, initial results
suggest that the enzyme can regenerate its own cofactor NADPH, which eliminates the

need for a second enzyme.

Last but not least, the universal applicability of the previously developed SFME systems
should be investigated. Although the adaptability of an SFME is a great advantage in order
to overcome specific problems during reactions, a reaction solvent applicable to different
reaction types would present a great tool for the industry. In particular, with respect to the
effort required for the development of new SFMEs suitable for reactions, a broader applica-
bility is desirable. The micellar solution of TPGS-750-M, e.g., is successfully applied in dif-
ferent reaction types, as shown in this work and in the literature. Accordingly, different sub-
strates and different reactions should be investigated in the already presented systems. A

promising solvent may also be considered for initial upscaling tests.
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