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If you reach for the stars, you
might not quite get one,
but you won't end up with a
handful of mud, either.

Leo Burnett.
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Summary

In this thesis chemical reactions under hydrothermal conditions were explored, where-
by emphasis was put on green chemistry. Water at high temperature and pressure
acts as a benign solvent. Motivation to work under hydrothermal conditions was
well-founded in the tunability of physicochemical properties with temperature, e.g.
of dielectric constant, density or ion product, which often resulted in surprising re-
activity. Another cornerstone was the implementation of the principles of green
chemistry. Besides the use of water as solvent, this included the employment of
a sustainable feedstock and the sensible use of resources by minimizing waste and
harmful intermediates and additives.

To evaluate the feasibility of hydrothermal conditions for chemical synthesis, exem-
plary reactions were performed. These were carried out in a continuous flow reactor,
allowing for precise control of reaction conditions and kinetics measurements. In
most experiments a temperature of 200 °C in combination with a pressure of 100 bar
was chosen. In some cases the temperature was even raised to 300 °C.

Water in this subcritical range can also be found in nature at hydrothermal vents
on the ocean floor. On the primitive earth, environments with such conditions were
however present in larger numbers. Therefore we tested whether biologically impor-
tant carbohydrates could be formed at high temperature from the simple, probably
prebiotic precursor formaldehyde. Indeed, this formose reaction could be carried out
successfully, although the yield was lower compared to the counterpart reaction under
ambient conditions. However, striking differences regarding selectivity and necessary
catalysts were observed. At moderate temperatures bases and catalytically active
cations like Ca®" are necessary and the main products are hexoses and pentoses,
which accumulate due to their higher stability. In contrast, in high-temperature wa-
ter no catalyst was necessary but a slightly alkaline solution was sufficient. Hexoses

were only formed in negligible amounts, whereas pentoses and the shorter carbo-
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Summary

hydrates accounted for the major fraction. Amongst the pentoses there was some
preference for the formation of ribose. Even deoxy sugars could be detected in traces.

The observation that catalysts can be avoided was successfully transferred to an-
other reaction. In a green chemistry approach platform chemicals must be produced
from sustainable resources. Carbohydrates can for instance be employed as a basis.
They can be transformed to levulinic acid and formic acid, which can both react via a
transfer hydrogenation to the green solvent and biofuel y-valerolactone. This second
reaction usually requires catalysis by Ru or Pd, which are neither sustainable nor
low-priced. Under hydrothermal conditions these heavy metals could be avoided and
replaced by cheap salts, taking advantage of the temperature dependence of the acid
dissociation constant. Simple sulfate was recognized as a temperature switchable
base. With this additive high yield could be achieved by simultaneous prevention
of waste. In contrast to conventional bases, which create salt upon neutralization, a
temperature switchable base becomes neutral again when cooled down and thus can
be reused. This adds another sustainable feature to the high atom economy of the
presented hydrothermal synthesis.

In a last study complex decomposition pathways of biomass were investigated. Gas
chromatography in conjunction with mass spectroscopy has proven to be a powerful
tool for the identification of unknowns. It was observed that several acids were formed
when carbohydrates were treated with bases at high temperature. This procedure
was also applied to digest wood. Afterwards it was possible to fermentate the solution
and a good yield of methane was obtained. This has to be regarded in the light of
the fact that wood practically cannot be used as a feedstock in a biogas factory.
Thus the hydrothermal pretreatment is an efficient means to employ such materials
as well. Also the reaction network of the hydrothermal decomposition of glycine was
investigated using isotope-labeled compounds as comparison for the unambiguous
identification of unknowns. This refined analysis allowed the identification of several
new molecules and pathways, not yet described in literature.

In summary several advantages could be taken from synthesis in high-temperature
water. Many catalysts, absolutely necessary under ambient conditions, could either
be completely avoided or replaced by cheap, sustainable alternatives. In this respect

water is not only a green solvent, but helps to prevent waste and preserves resources.



Chapter 1

Introduction

The recent oil spill in the Gulf of Mexico has once again shown quite plainly the
dangers of the exploitation of fossil resources. This incident is just one in a series of
many other severe accidents. Risks from the usage of oil are, however, not limited
to such acute events, but persist on a much longer timescale. Combustion of oil and
of products produced thereof results in the exhaustion of large quantities of carbon
dioxide. Atmospheric levels of this green house gas have increased dramatically over
the last century, and nobody can estimate with certainty how great its impact will
be on the global climate.

An increased environmental consciousness has led to the development towards a
cleaner chemistry. The principles of this green chemistry are not limited to the
tapping of sustainable resources. It is rather a holistic concept, minimizing risk and
pollution from the point of manufacture to the ultimate disposal of the products. This
includes the use of benign solvents as well as the elimination of toxic intermediates.

In this context water is gaining increasing importance. Due to the long lasting
predominance of organic solvents, synthesis in water is far from being fully explored.
Another reason is the sensitivity of most catalysts and reagents towards it, which
requires the investigation of novel alternatives. In this thesis the focus is directed
towards water under hydrothermal conditions. At a temperature above the normal
boiling point, the liquid state is retained by applying high pressure. The presented
experiments are carried out at temperatures up to 300 °C using pressures around

100 bar.

The goal of this work is the evaluation of hydrothermal conditions for performing



Chapter 1 Introduction

Figure 1.1: A hydrothermal vent and the striking biosphere at this environment [IJ.

chemical reactions, under the premise of green chemistry. The motivation to work at
high temperature can partly be found in the tunability of physicochemical properties.
Many characteristics of water massively change when approaching the critical point,
i.e. the dielectric constant, the ion product or the density. These changes can have
dramatic effects on reactivity, and it is an ambitious aim to exploit these properties.

Indeed, many benefits could be drawn for the systems presented herein.

Water at sub- and even supercritical conditions can be found in nature at hy-
drothermal vents on the ocean floor. These biotopes accommodate a striking marine
fauna amidst an otherwise hostile environment (see figure [I.1). On the primitive
earth such hot habitats were present in much larger numbers. This was the motiva-
tion to study whether biologically important molecules, in particular carbohydrates,
could have been formed under such conditions from the simple, possibly prebiotic
precursor formaldehyde. Despite the instability of the products this reaction was
indeed successful and furthermore revealed crucial differences compared to the coun-
terpart reaction under ambient conditions. Surprisingly, selectivity was altered and

less demanding requirements concerning catalysts were necessary.

Carbohydrates are also the major part of biomass and thus a sustainable feedstock
to synthesize platform chemicals that nowadays are nearly exclusively manufactured
on the basis of fossil resources. v-Valerolactone is such a versatile molecule and can
be produced from sugars. Furthermore, it is nontoxic, a green solvent and may be

used as biofuel. A key step in its production from carbohydrates is the hydrogenation



of levulinic acid. In this thesis we successfully performed this reduction using formic
acid, a by-product of a former step. This usually requires the use of heavy metal
catalysts, namely palladium or ruthenium. Addition of simple salts was explored
instead, and indeed sodium sulfate surprisingly proved to be a cheap, sustainable
alternative. Here the temperature dependence of the acid dissociation constant of
the anion was exploited, rendering certain salts to temperature switchable bases. This
concept might be expanded to other base catalyzed reactions as well, thus minimizing
waste and toxic additives.

As high-temperature chemistry is characterized by surprising reactivity, it is often
necessary to identify unknown products in order to elucidate new reaction path-
ways. For this purpose mass spectroscopy was performed. By using isotope labeled
compounds as comparison, the structure of unknowns could be identified, also when
present only in traces. With this technique the complex hydrothermal reaction net-
work of glycine was investigated. By this refined analysis novel compounds and

pathways could be identified, which were not yet described in literature.






Chapter 2

Fundamentals

2.1 Green Chemistry

2.1.1 Current Status

Not least due to the availability of crude oil, chemistry has emerged into a field which
now is present in all areas of life. Polymers have become a major building block for
all imaginable kinds of commodities. Nearly all materials that surround us in our
daily life are treated with chemicals in some way. Material prosperity and economic
wealth both are based on the disposability and processing of fossil resources. This
dependency bears a great danger in two respects. Firstly, usage of fossil resources
will release carbon dioxide and is thus of great environmental concern. This carbon
has been bound in oil or coal for millions of years and its combustion will perturb
the susceptible carbon equilibrium of nature. Secondly, we are facing a shortage of
this feedstock and consequently new sustainable sources of raw materials have to be

tapped if we want to keep the present state of wealth and technical culture.

The enormous challenge of coping with these problems is addressed by the princi-
ples of Green Chemistry. It is defined as “design of chemical products and processes
to reduce or eliminate the use and generation of hazardous substances” [2, [3]. This is
achieved by designing novel synthesis pathways as well as using sustainable resources

and techniques.
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2.1.2 Principles of Green Chemistry

Approaches towards green chemistry should meet several principles, which were first

summarized in 1998 by Anastas [4]. As they are the basis of the present thesis, they

shall be briefly discussed in the following.

10.

11.

12.

. Prevention. Waste should preferentially be prevented instead of treating it

afterwards.

. Atom Economy. All employed chemicals should be incorporated into the

final product.

Less Hazardous Chemical Synthesis. Substances that are used during

synthesis should possess little or no toxicity to humans and environment.
Designing Safer Chemicals. Toxicity of products should be reduced.

Safer Solvents. Auxiliary substances and solvents should be avoided or, when

necessary, be innocuous.

Energy Efficiency. Energy requirements for chemical processes should be as

low as possible.
Renewable Feedstock. A sustainable feedstock is superior to fossil resources.

Reduce Derivatives. Derivatization, like the use of protecting groups, must

be minimized to save additional chemicals.
Catalysis. Catalytic reagents are superior to stoichiometric ones.

Design for Degradation. Products should be degradable and not persist in

the environment.

Real-Time Analysis. Analytical methods should be constructed for real-time

and in-process monitoring.

Accident Prevention. All types of hazards should be addressed and avoided.



2.1 Green Chemistry

Applying these recommendations is challenging, as alternative feedstocks, solvents
and synthetic pathways have to be explored [5]. These principles not only serve aca-
demic interest but are already being incorporated into industrial chemical synthesis.
Processes that are environmentally benign can in fact be economically more prof-
itable as well, not to mention the marketing advantages. Examples of such processes

include the production of pesticides as well as pharmaceuticals [2, [0l [7].

2.1.3 Biorefinery

One of the most ambitious goals of green chemistry is the replacement of fossil re-
sources by renewable materials. This process is challenging as sustainable compounds
are very different from fossil resources. Consequently a new chemistry is required to
deal with such a feedstock. Renewable resources can be considered as all those
produced from biomass. Even when taking into account combustion, they can be
regarded as CO, neutral, as they are part of the biological carbon cycle.

A biorefinery is a plant that produces useful raw materials, analogous to a tradi-
tional petroleum refinery, however, using renewable resources as feedstock. The main
components of biomass are carbohydrates, lignin and smaller quantities of amino
acids and oils [8HI0]. Contrary to petroleum, the oxygen content of these compounds
is higher, requiring a novel processing technique. However, not only purely chemical
transformations can be applied. Biotechnology, the use of enzymes and fermentation
play an important role, too.

Carbohydrates are of particular interest for biorefineries, as they are the major
constituent of biomass. Several important raw materials, which can be produced from
them, have been identified. These include ethanol, furfural, hydroxymethylfurfural,
lactic acid, succinic acid, levulinic acid, xylitol and sorbitol [11]. A majority of them
can be obtained by fermentation via bacteria or yeasts. Furfural, hydroxymethylfur-
fural or levulinic acid on the other hand can be synthesized by chemical pathways.

Lactic acid is the product of glucose fermentation using specialized bacteria. It can
be polymerized via a ring opening polymerization of the dilactide [12]. Polylactic acid
is a biodegradable polymer. Nevertheless, it is quite resistant and shows properties
similar or superior to widespread polymers like polyethylene terephthalate, polyethy-

lene or polystyrene [I3]. These traditional polymers are of concern, as they are very
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Figure 2.1: The three main building blocks of lignin.

persistent in the environment. Manufacturing beverage bottles, plastic bags or food
packaging with polylactic acid would solve some waste problems. However, the costs
of this polymer still exceed those of petroleum based ones, though with shortage of
fossil resources we can expect that to change in the future.

Carbohydrates are fairly easy to process. Unfortunately this does not apply for
lignin, the second most abundant component in wood. Lignin is a highly cross-
linked polymer derived from coumaryl, coniferyl and sinapyl alcohol (figure [14].
These monomers are polymerized by peroxidase enzymes to large networks. Lignin is
responsible for the stability of wood. With a fraction of about 30% in wood [15], lignin
is the major byproduct of the paper industry. Nowadays only a minor fraction is used,
e.g. for the production of vanillin [I6]. Due to the lack of convenient methods to split
natural lignin into monomers, the majority is simply burned. Recently a processable
thermoplastic material, arboform, was produced from lignin waste of pulp industry
and plant fibres [17].

Fats are another natural source. Biosynthesis involves the esterification of glycerol
with fatty acids. Transesterification with methanol is used in huge scales to produce
biodiesel [I8], [19]. Fatty acids are an interesting building block with high synthetic
significance [20]. However, glycerol accumulates as waste in large amounts. This
demonstrates another challenge of green chemistry, the complete use of the feedstock
and possible by-products, which is currently faced by the design of new selective
catalysts [21H23]. This task is hampered due to the high degree of functionalization
of biomass.

Besides raw materials for chemical synthesis, biorefineries are also important re-



2.1 Green Chemistry

Agriculture
& transport
s

Electricity |Liquefaction

0% 20% 40% 60% 80% 100%

Figure 2.2: Distribution of energy requirements in corn-grain ethanol production, taken from [25].

garding fuels [24]. In fact, nearly 95% of total products from conventional refineries
are employed as transportation fuels and for energy generation. Biomolecules are
too polar to be used directly. Even plant oil usually requires an additional trans-
esterification step. So chemical modification aiming for the removal of oxygen is
necessary. In this thesis the synthesis of a nontoxic biofuel based on carbohydrates
will be presented. Another means for deoxygenation is pyrolysis. Even lignin can be
converted to a mixture of oxygen-poor hydrocarbons [I5]. However, it is chemically
disadvantageous to break down the complete molecular structure. Instead it would
be of higher value to selectively manipulate structural units in the naturally occuring

compounds.

Besides the advantages of biorefineries compared to conventional plants based on
fossil resources, there are also some concerns. One is related to the feedstock. Both
major ways to produce biofuel, the fermentation of starch to ethanol and the trans-
esterification of fats to biodiesel, rely on agricultural products. They thus compete
with food production. As a consequence the price of some groceries has increased.
This problem is addressed by focusing on alternative feedstock, e.g. waste, low in-
tensity energy crops or lignin. Another important point is the efficiency. For most
processes the net energy balance is if at all only marginally favourable. The energy
inputs for the ethanol production from corn grain are shown in figure Most of
the energy is consumed for manufacturing. In this process distillation and drying,
both related to the high vaporization energy of water, make up the major fraction.

The elimination of these inefficient steps is a big challenge.
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2.1.4 Choice of Solvents

Most chemical reactions are performed in solvents. These are a major source of waste
as recycling is often energy consuming. Some reactions can also proceed without
solvents, which of course is one of the favoured processing ways. Unfortunately, this

does not apply to most reactions.

Here, the green chemistry approach led to several possible innovations. One is
the design of novel green solvents. In this thesis the synthesis of such a solvent,
~v-valerolactone, will be presented. Contrary to conventional solvents, it is not harm-
ful to the environment but even biodegradable. A lot of effort is being put into ionic
liquids as well [26]. These are salts that are either liquid at room temperature or
exhibit a low melting point. Their advantage is the very low vapour pressure and
low flammability. Because both cation and anion can be varied, the term “designer
solvents” is attributed to ionic liquids. Reactions that can be performed in these
solvents are highly versatile. However, it can be problematic to isolate the product
afterwards. One possibility is selective extraction, for example with supercritical CO,
[27].

Supercritical (sc) fluids themselves can be used as solvents. As their properties
depend strongly on temperature and pressure, they are tunable. ScCO, has solvent
properties comparable to light hydrocarbons and is one of the cheapest and most
widespread supercritical fluids [28]. As the critical temperature is only 31 °C, it can
be processed quite easily, although high pressure equipment is necessary. The advan-
tage of CO, is the easy separation of solvent and product after reaction. Releasing
the pressure will degas the system, and the solvent is removed. Supercritical CO,
has found a widespread application in industry, e.g. for the decaffeination of tea and
coffee beans and for dry cleaning. Here it successfully replaced toxic organic solvents
like perchloroethylene. Although CO, incontrovertibly is a greenhouse gas, it can be
taken out of the air and thus is part of the natural carbon cycle.

Water can be considered the most green solvent. It is ubiquitous, cheap and
does not generate any hazards. Therefore, it is particularly interesting for large
scale applications. Especially for the mostly polar biomass, water is a good solvent.
Furthermore, many enzymes, which in most instances rely on the presence of water,

can be employed. When nonpolar products are obtained, separation form water can
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2.1 Green Chemistry

be carried out easily by decantation instead of extraction.

2.1.5 Synthesis in Water

Despite the important role of conventional solvents in organic synthesis, reactions
in water are continuously explored, and many examples are already known [29, [30].
Water cannot only replace organic solvents, in some cases even an enhancement
of reactivity is observed. This was first demonstrated for the Diels-Alder reaction
of cyclopentadiene with butenone [31]. The rate in water is much higher than in
isooctane or methanol, which is attributed to the hydrophobic effect. Nonpolar
species tend to aggregate in water, which in the case of the Diels-Alder reaction
brings the two reactants into proximity. Additionally, the endo vs. exo selectivity
was improved. Similarly, other pericyclic reactions work well in water.

Besides the hydrophobic effect, the high dielectric constant of water can also accel-
erate reactions involving an ionic transition state. Examples are nucleophilic substi-
tutions that run according to a Sxy1 mechanism [32]. But also nucleophilic additions,
e.g. the common aldol reactions, can be performed in water. This is an important
class of reactions for the establishment of C-C bonds.

For basically all reactions usually performed in organic solvents, an example in
water can be demonstrated. This includes oxidations, reductions or transition metal
mediated transformations. However, many novel reagents are required as most con-
ventional ones are sensitive to moisture or simply insoluble. This also involves the
design of new catalysts. For instance in recent years many water tolerable Lewis
acids have been identified. Traditionally employed AICl,; for example hydrolyzes in
water and then becomes inactive. In contrast, some rare-earth metal triflates and
other salts retain their activity [33], 34].

Nature provides many chiral compounds, most of them water soluble. This allows
their use as cheap, green auxiliaries and catalysts for assymetric reactions in water
[35]. Amino acids can serve as chiral ligands, for example in the enantioselective
reduction of acetophenone [36]. Cr 2T complexed by different amino acids, was em-
ployed as reducing agent for this step. Another means to induce stereoselectivity is
the use of chiral auxiliaries. Sugars were used to introduce both water solubility and

a source of chirality into a diene [37]. Diels-Alder reaction and subsequent removal

11
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Figure 2.3: Glucose as chiral auxiliary in a Diels-Alder reaction.

of the carbohydrate yielded the desired product with high endo vs. exo selctivity and
modest diastereomeric excess (see figure [2.3).

With growing applications of biotechnology, reactions in water will become more
important. Most enzymes require aqueous conditions for high activity. Also when
proteins have to be modified, often an organic solvent cannot be used, as biomolecules
can rapidly undergo denaturation. Here, water is not an option but a necessity.
Because of the huge advantages of water regarding green chemistry, it was used
as solvent for all presented syntheses in this thesis. Hence, the properties of this

remarkable molecule shall now be elucidated in more detail.

2.2 Properties of Water

2.2.1 Structure

Liquids in general can be divided into two groups. Solvents of the first group are rel-
atively unstructured and described as “regular” liquids. They are only held together
by weak van der Waals interactions. They are packed closely and each molecule has
about 10-11 nearest neighbours [38]. The second are structured liquids, which are
held together by much stronger forces. They can have fewer nearest neighbours. One
water molecule can for instance form up to four hydrogen bonds. This is realized
in hexagonal ice, the natural most abundant modification of solid water. One water
molecule with its surrounding four neighbours is visualized in figure[2.4 Such a struc-
tured network has very low entropy and displays many cavities. Small molecules, for
example methane, can occupy these spaces in so called clathrates. Large quantities
of this methane hydrate are indeed found on the sea floor.

The triple point of water is at around 0.01 °C. Here, liquid water is in equilibrium

with ice and vapour. Many modifications of ice are known, so there are actually

12
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’d

o
800,

Figure 2.4: One water molecule can form four hydrogen bonds (calculated with Gaussian 03).

other triple points as well. The critical point of water is at 374 °C and 221 bar.
Even supercritical water can be found on earth. Volcanic activity in the deep sea
leads to the formation of so called hydrothermal vents. Compared to most other
chemicals, the water phase diagram shows some astonishing peculiarities (figure
[39]. One example is the density, which is higher for liquid than for solid water.
Such a contraction upon melting is rare among substances. This behaviour can be
rationalized by the network of hydrogen bonds in ice. They strongly keep together
the molecules, but are also responsible for the spacious assembly. Upon melting
this well ordered structure partially collapses, resulting in a higher density. Under
ambient pressure and temperature, each molecule has in the liquid state 4.4 nearest
neighbours on average [40], but still the tetrahedral coordination is more or less

retained.

Because of the strong intermolecular interactions, the presence of water clusters
has been proposed. However, there is much controversy, and many contradictory
values are given in literature, ranging from small aggregates with only few molecules
to bigger ones with more than hundred. The difficulties of explaining water arise
from the 3D-hydrogen bond network. A simple hard core repulsion potential cannot
describe molecular interactions but rather the intermolecular and directional hydro-

gen bonding. The average strength between two water molecules is 20 kJ molt. This

13
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Figure 2.5: Phase diagram of water [39].

is about ten times KT, the thermal fluctuation energy at room temperature. The
strongly directed (ordered) interactions are manifested in the molar entropies. At
273 K and 1 atm they are 41 J K! mol™* for ice and 63.2 J K! mol! for liquid water,
respectively. These values are quite close, whereas in the gas phase the molar entropy
is 188 J K™ mol?. Despite these strong interactions, the hydrogen bond network is

highly dynamic with reorientation times in the ps range [41].

2.2.2 Water Anomalies

Water is far from being a simple liquid. It is laborious to describe water with theo-
retical models, and many properties are not yet understood [42], 43]. The anomalies
of water are crucial for evolution and existence of life. The density increase upon
melting has already been explained. Even upon further heating of liquid water it

still increases, reaching a maximum at 4 °C [44]. At a sufficiently high pressure, this
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phenomenon disappears.

The strong hydrogen bonding in liquid water and the tetrahedral configuration are
the key factors for the anomalies of water [45]. In contrast to NH; or HF, which
also form hydrogen bonds, water is liquid at room temperature. One water molecule
has two hydrogen atoms and two lone pairs respectively, whereas this number is
unequal for NH; and HF. Furthermore, the tetrahedral configuration of water creates
prolonged 3D structures.

Anomalies that can be explained by the strong molecular interactions are the large
heat capacity and the heat of vaporization. Also the high boiling point can be ratio-
nalized. Other properties are more difficult to understand, like the aforementioned
density maximum, the minimum in isothermal compressibility around 46 °C or the
minimum in specific heat capacity. The anomalies can be classified according to
structural, dynamic and thermodynamic properties [46]. With increasing tempera-
ture they disappear. In this context the structural anomalies are more resistant to
temperature, while the thermodynamic ones are the first to vanish.

Simulations are also used to calculate water properties. Particularly successful
have been approaches assuming a second critical point of water. Although this is
speculative, some experimental indications exist. When water is cooled rapidly an
amorphous solid can be obtained. There exist two different states, low-density amor-
phous water (LDA) and high-density amorpous water (HDA) [47]. This has been
taken as an indication that correspondingly two states of liquid water exist, one with
low and the other with high density. However, the critical point is assumed to be at
very high pressure and low temperature [48]. As water cannot be supercooled to this
condition, the point is experimentally inaccessible. Even if the existence of a second
critical point could be clearly demonstrated, it would not explain the anomalies of

water, but rather add another.

2.2.3 Interaction with solutes
2.2.3.1 Nonionic solutes

Polar molecules are readily dissolved in water. These compounds can form strong
hydrogen bonds with water. However, hydrophobic molecules also show a slight sol-

ubility in water. The solubility of water in oil is even more significant. The term
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hydrophobic implies that nonpolar compounds would dislike water. Nevertheless,
the solubilization of aliphatic hydrocarbons is an exothermic process. There is a
favourable interaction of nonpolar compounds with water by van der Waals attrac-
tion. The enthalpy is, however, overcompensated by a highly unfavourable entropy.
The decreased entropy upon solubilization can be interpreted as an increase in or-
der. For many years it was believed that water in the hydrophobic hydration shell
shows increased hydrogen bonding and greater tetrahedrality. Because this resembles
crystalline water, this assumption is called “iceberg theory”. New experiments and
simulations have shown that there is hardly any increased order. The loss in entropy
is probably a result of the excluded volume effect. Water molecules cannot occupy
the space where the solute is situated. Also the reduced motional freedom of water
around the solute contributes to the decrease in entropy.

If we regard infinitely diluted solutions, we can observe a so called hydrophobic
hydration shell around the solute. At higher concentrations these shells start to
overlap and bring the solute molecules closer. This process, the so called hydrophobic
effect, is entropy driven, because some water is released. This can accelerate organic

reactions in water by merging the reactants. This effect was already mentioned for
the Diels-Alder reaction (page [L1]).

2.2.3.2 lonic solutes

Contrary to hydrophobic solutes, most salts show high solubility in water. Water
in the first hydration shell is bound very strongly. Hydrophilic anions form strong
hydrogen bonds, whereas cations interact with the negative charge of the water oxy-
gen atom. The second hydration shell, with a larger number of water molecules than
in the first, is bound less strongly. In most cases ion-pair formation is negligible at
room temperature.

Concerning the nature of ions, two types can be distinguished. This was first
studied in the context of the influence of salts on protein solubility. Some salts
enhance solubility, whereas others lead to precipitation. In general, the effect of
anions dominates over that of cations. The ions can be ordered according to their
degree of influence in the Hofmeister series [49], shown in table . The first group

are the kosmotropic ions. The interaction of the ion with water is stronger than
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Table 2.1: The Hofmeister series

kosmotropic - chaotropic
Anions: F~ PO} SO CI° NO; Br I ClO, SCN-
Cations: Me,Nt NH; K" Na® Cs™ Lit Mg?t Ca®t Ba®"

the intermolecular attraction of water itself. These ions are called salting-out ions.
They decrease the solubility of nonpolar compounds in water and strengthen the
hydrophobic effect. Furthermore, they stabilize proteins against denaturation. The
reverse behaviour is found for chaotropes, the salting-in ions. On the one hand they
increase the solubility of proteins, but on the other hand proteins are also destabilized
due to higher vulnerability towards denaturation.

The influence of salts on biomolecules was related to the structure of water. Kos-
motropes were believed to enhance the ordering of water, whereas chaotropes are
structure-breaking species. New spectroscopic evidence shows that these salts do not
have any influence on the structure of bulk water and its hydrogen network. Only
rotation of water in the first solvation shell is restricted [50]. The influence of ions on
biomolecules now seems to be purely an effect of direct ion-protein interaction and

of the interaction of ions with the hydration shell of the biomolecule.

2.3 Hydrothermal Water — Physicochemical

Properties

In the preceding paragraphs some properties of water have been presented. However,
the aforementioned anomalies vanish with increasing temperature. Water could then
be considered as a “normal” liquid. This however does not decrease interest in it. In
fact, some characteristics of high-temperature water make it a versatile green solvent.

The critical point of water is at 374 °C and 221 bar. The harsh conditions in
supercritical water (SCW) make it difficult to perform selective reactions. Never-
theless, some examples with relatively stable compounds are known [5I]. So far,
the most useful applications involve reactions where no selectivity is required. This

includes the gasification of biomass [52] or supercritical water oxidation (SCWO)
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Figure 2.6: Molecular pair correlation functions of liquid and supercritical water at 1 kbar (a) and
its first derivative (b), taken from [54].

[53]. The latter is used to completely destroy organics by oxygen or other oxidants
dissolved in supercritical water. With respect to synthesis, subcritical conditions are
more promising. Water at an intermediate temperature between ambient and su-
percritical conditions (around 200-300 °C) is referred to as high-temperature water
(HTW), near-critical water (NCW), hot compressed or subcritical water. When ions

are present, the term ionothermal can be applied.

Properties of hydrothermal water differ significantly from those of ambient water.
The main reason is the structure change due to loss of hydrogen bonding. This is
indicated by the pair correlation functions of liquid and supercritical water, shown
in figure [2.6, The experiments were carried out at 1 kbar. The first peak around

2.8 A corresponds to the shortest intermolecular oxygen-oxygen separation. At higher
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Figure 2.7: Properties of water at high temperature under 250 bar, taken from [56].

temperature it is shifted towards larger distances and the intensity decreases, whereas
the second neighbour peak (4.5 A) becomes smaller and finally disappears upon
further increase in temperature. This reflects a loss both of hydrogen bonding and
in tetrahedral coordination of water [55]. Compared to ambient temperature, about
55-60% of the hydrogen-bonding network is lost at 300 °C. However, these data also
indicate that even at the highest temperature studied there are still some hydrogen-
bonded molecular pairs.

This weakening of the water structure influences many other properties, as shown
in figure 2.7} The density p of water strongly decreases with increasing temperature.
This becomes more pronounced when approaching the critical temperature. In the
near-critical region the changes are less distinct. At saturation pressure the density
decreases from 1 g cm™ at 25 °C to 0.75 ¢ cm™ at 300 °C. One consequence of
the reduced density is the improved transport due to an increase in diffusion. It is
also a decisive factor for the dominance of ionic mechanisms in subcritical water, as
opposed to free radical ones in supercritical water. In principal properties can also
be adjusted by tuning the pressure. Due to the high compressibility, this is especially
useful regarding supercritical conditions.

A special feature of high-temperature water are the increased acidity and basicity.

At saturation pressure the ion product K, increases by nearly three orders of mag-
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Figure 2.8: Liquid-liquid equilibria of acetophenone (component 1)/water, taken from [30].

nitude, reaching a maximum around 250 °C. The advantage is that both acid and
base catalyzed reactions are accelerated in near-critical water. Regarding sustain-
ability, this is especially important, as such reactions can be performed by simple
heating, without additional acids or bases. Cooling the mixture restores the ini-
tial neutral conditions. This saves chemical neutralization steps and thus prevents
waste. Under high pressures in the kbar range, K, can be further increased up to
almost 107 mol? L2 [57]. However, due to the drastic conditions necessary this is

predominantly of academic interest.

Even more notable is a change in the dielectric constant e. Here, vast changes
already occur in the near-critical region. The high dielectric constant of ambient
water facilitates solubilization of ionic and polar species. At 300 °C and saturation
pressure the dielectric constant is reduced to approximately 20. This is in the range
of solvents like acetone. The reduced dielectric constant increases the solubility of
nonpolar compounds, whereas it reduces the solubility of inorganic salts. Above an
upper critical solution temperature (UCST) organic compounds are fully miscible
with water. Nonpolar species have a high UCST, e.g. n-hexane (355 °C) or benzene
(305 °C), whereas the presence of functional groups lowers the UCST. One example
is acetophenone with an UCST of 228 °C, shown in figure [30]. In the water-rich

side, the solubility of acetophenone increases almost exponentially with temperature.
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This is quite a general phenomenon for nonpolar compounds. On the organic-rich
side the increase in solubility with temperature is more gradual. Even at ambient
temperature there is a noticeable solubility of water, as the carbonyl functionality
offers some possibility for hydrogen bonding. The strong dependency of solubility on
temperature, especially in the aqueous regime, offers superb possibilities for product

recovery, namely phase separation simply induced by cooling.

On the other hand, care must be taken when inorganic salts are present in NCW.
Because of loss of hydration water with increasing temperature, salts are primarily
solubilized as ion pairs by which solubility can be drastically reduced [56]. Exper-
imental results for various salts under hydrothermal conditions are available [5§].
These show that two different types can be classified. Salts of the first group exhibit
high solubility in the vicinity of the critical point. NaCl is one example, its phase
diagram under a pressure of 250 bar is shown in figure 2.9 With increasing temper-
ature its solubility becomes even higher, despite the formation of ion pairs. Above
the critical point however, the solubility of salt is very low. Also, the position of the
critical point is altered when solute is present. Na,SO, and other salts of the second
group show a different behaviour (see figure . The solubility already decreases
rapidly before reaching the critical point.
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Under supercritical conditions the solubility of inorganic salt is extremely low, with
density being the decisive factor. By applying high pressures, thereby increasing
density, solubility can be enhanced. As in this work reactions were carried out in
NCW, the importance of checking the solubility of added salts should be emphasized.
Precipitation of salts at high temperature is a commercial problem. Equipment can

easily be blocked or damaged, especially when working in flow.

2.4 Hydrothermal Synthesis

2.4.1 Biomass Valorisation

High-temperature methods are especially useful when processing biomass. It has al-
ready been stated that the chemical use of agricultural products competes with food
supply and is ethically questionable (see page @ A relatively old method of pro-
cessing any kind of biomass, including waste and therefore eliminating this concern,
is pyrolysis [60]. In the absence of oxygen, biomass is heated to high temperatures
between 400-1000 °C. Depending on the conditions, various amounts of char, bio-oil
and gas are obtained. Compared to biomass, these have a lower oxygen content but
a higher heating value.

An energetic disadvantage of classical pyrolysis is a preceding drying step. As
most biomass is wet, this additional step can be skipped when working in water.
Depending on the temperature, different products can be obtained. General trends
are visualized in figure 2.11] At very high temperatures of around 600 °C biomass
is converted mainly to H, and CO,. When conditions are carefully chosen, the
formation of char can be avoided. High yields can be obtained for most feeds, with
the constraint that lignin is more difficult to process.

When the temperature is lowered (around 400 °C), selectivity is shifted towards
the production of CH, at the expense of H,. Usually a metal catalyst is necessary
to prevent the formation of char. As a first step towards gasification, water soluble
intermediates are formed from biomass. These are mainly furfurals and phenols.
The mode of action of the catalyst involves the rupture of the C-C bonds and supply
of O" and OH" radicals from the dissociation of water molecules. These fragments

ultimately react to form methane. The methane formation must be fast enough since
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Figure 2.11: Hydrothermal processing regions and preferential products, taken from [25].

otherwise the reactive intermediates can form a stable polymeric material.

Motivated by the biological origin and formation of oil, it was suggested that
biomass can be liquefied in hydrothermal water. Indeed, when heating biomass in
NCW some viscous oil is formed. This process is catalyzed by bases. Usually tem-
peratures between 280-380 °C and pressures up to 300 bar are employed. During this
liquefaction, the initial oxygen content of 30-50% is reduced to 10-20% and the heat-
ing value is at least doubled [25]. Performance is much better than for flash pyrolysis,
a fast pyrolysis of dry biomass. The bio-oil is water insoluble, so that separation is
not an issue. Of course, its oxygen content is still higher than that of conventional
petroleum, preventing traditional petrochemical processing. Furthermore, the oil is
not stable but prone to polymerization. However, even difficult substrates like wood
can be liquefied. A first commercial plant is already in operation. Changing World
Technologies, Inc. uses wastes from a turkey farm to produce diesel oil, fertilizers and

carbon [61]. Its capacity is around 100 tons per day.

At even lower temperatures (200 °C) hydrothermal carbon can be obtained from
carbohydrate-rich biomass [62]. Nearly all of the initial carbon is preserved in the
final product. The material is oxygen-rich and was proposed as soil conditioner and

a method for CO, sequestration.
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Bio-oil is a broad mixture of undefined compounds [52]. In order to synthesize
commodity chemicals with high purity, it is necessary to introduce more selective
reactions yielding defined compounds. Recent progress was made in the synthesis of
lactic and acetic acid [63]. Glycerol, which is available in large amounts from the
biodiesel production, can be converted in alkaline media to lactic acid and hydrogen
with 90% yield. Carbohydrates too can yield this acid under catalysis by some
metal ions, for instance Zn*". Apart from these small molecules origninating from
biomasss, much interest is also focused on organic synthesis. The variable properties

of high-temperature water make it a versatile solvent in this respect.

2.4.2 Syntheses
2.4.2.1 Hydrolysis — Water as Reactant

In organic synthesis much care is taken to remove water. Water is the by-product
of many reactions, and thus its presence shifts the equilibrium to low product yield.
On the other hand the reverse reaction, namely the hydrolysis, is also of interest, for
instance when protecting groups have to be removed. Examples are esters, ethers,
acetals, alkyl halides, cyano groups or amides [64]. These reactions can be catalyzed
by acids or bases. The increased ion product under hydrothermal conditions can thus
aid hydrolysis.

The hydrolysis of methyl tert-butyl ether was measured at 250 bar under sub- and
supercritical conditions [65]. The reaction is first order. When plotting the logarithm
of the rate constant against the reciprocal temperature, a striking jump around the
critical point of water is detected (figure 2.12|(a)). The reaction is faster in NCW
than under supercritical conditions. Kinetics at 600 °C and 300 °C are comparable.
This can be rationalized by the self-dissociation of water. As mentioned before, it
is increased at hydrothermal temperatures but strongly decreases when reaching the
critical point. When dividing the apparent reaction rate by the proton concentration,
a linear plot is obtained (figure 2.12(b)). This shows the high potential of NCW in
hydrolysis reactions, as an additional acid catalyst can be avoided.

Esters are also readily hydrolyzed in neat high-temperature water. This is of
technical interest concerning the workup of natural fats or polyethylene terephthalate.

The latter is largely used for the production of plastic bottles. In hydrothermal water
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Figure 2.12: Disappearance of methyl tert-butyl ether; apparent rate constant (a) and pH-corrected
rate constant (b), taken from [65].

it is soluble and the depolymerization towards the monomers ethylene glycol and
terephthalic acid proceeds smoothly. This reaction can be catalyzed by ammonia
[66]. Other widespread polymers can also be depolymerized in NCW, including
polyamides like nylon. Despite the higher temperature, which means higher energy
input, these reactions are economically viable, as kinetics is much accelerated.

Even reactions that do not readily occur at moderate temperatures can be effi-
ciently performed in NCW. Nitro compounds can be hydrolyzed to the corresponding
alkanes [67]. This reaction is acid catalyzed (mechanism see figure [2.13). Because
of the relatively mild conditions without added acid, this reaction proceeds without
further hydrolysis of aniline. When using phosphoric acid as catalyst and working
under harsher supercritical conditions even aniline can be hydrolyzed. Temperature

serves to adjust selectivity. This also applies to carboxylic acid groups. Below a

NH,

NH> NH,
+H +H,0/-H*
— *+  HNO;
N02 OZN H

Figure 2.13: Acid-catalyzed mechanism for the hydrolysis of 4-nitroaniline.
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Figure 2.14: Synthesis of substituted benzimidazoles from 1,2-phenylenediamine.

certain temperature they stay intact, but when working at higher temperature de-

carboxylation takes place.

2.4.2.2 Condensation Reactions — Water as Product

Although an aqueous environment seems contradictory, elimination reactions can
proceed well under hydrothermal conditions. The dehydration of an alcohol to the
corresponding alkene is thermodynamically favoured at high temperature. Further-
more, this reaction is catalyzed by acids. Cyclohexanol undergoes nearly complete
dehydration in NCW and also the aromatic compound 4-chloro-2-propyl benzyl al-
cohol was dehydrated without effects on the substituents or polymerization [68]. Of
course, these elimination reactions just proceed until thermodynamic equilibrium is
reached. The reverse reaction, the hydration of alkenes to alcohols, also takes place,
although yields are low at high temperature.

A typical condensation reaction, the formation of benzimidazole, is shown in fig-
ure At 350 °C in water without additional catalysts the maximum yield was
90% [69]. After a double dehydration a cyclization occurs to yield the final product.
Again, no additional acid was necessary to promote the reaction.

Besides this advantage, greener reactants can also be employed in hydrothermal
reactions. One important reaction to introduce alkyl chains into aromatics is the
Friedel-Crafts alkylation. Usually, it is performed using halogenated alkanes. A Lewis
acid such as AICl; acts as catalyst. In the hydrothermal counterpart these harmful
substances can be replaced. A simple alcohol like tert-butanol can serve as the
alkylating agent. Through protonation and dehydration an electrophilic carbocation
is formed, which easily reacts with activated aromatics like phenol. The reaction is
reversible and yield is higher with increasing temperature. The main products of the
hydrothermal Friedel-Crafts alkylation are ortho and para substituted compounds,

which one would also expect at conventional reaction conditions. However, in water
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Figure 2.15: The Beckmann rearrangement of cyclohexanoxime yields e-caprolactam.

the ratio of ortho to para can be tuned with temperature [56]. Even Friedel-Crafts
acylation reactions can be performed under hydrothermal conditions. Traditionally,
stoichiometric amounts of Lewis acid are necessary when working with acylchlorides
as reactants. In high-temperature water substitution by carboxylic acids is possible,
however, the less favourable thermodynamics results in a low yield [70].

Apart from these acid catalyzed reactions, basic catalysis also works well in NCW.
At ambient conditions aldol condensations and Cannizzaro reactions only occur in
very alkaline media. However, they can be performed in neat water at sufficiently
high temperatures. Due to the high temperature the intermediately formed alcohol
dehydrates easily. It is not surprising that the retro-aldol reaction occurs in water as
well. Even glucose can be converted to glycolaldehyde with 64% yield in only 0.25 s
when working in supercritical water (450 °C) at low density. The selectivity is quite

high, considering that glucose can easily yield several decomposition products.

2.4.2.3 Potential of NCW in Organic Synthesis

The spectrum of possible reactions in NCW is of course not limited to hydrolysis
and condensation. The synthetically very versatile Diels-Alder reaction was already
mentioned. Rearrangements, like the Beckmann rearrangement (see figure ,
an important step in the production of nylon 6, can also be carried out in water.
Addition of H,SO,, a typical catalyst of this reaction, is not necessary. Various
oxidation, reduction and even organometallic reactions work in water. To gain some
overview, this diversity is classified in figure [2.16]

Although there are many benefits of hydrothermal water, some limitations should
be considered. When water is formed as product, the yield is thermodynamically
limited. The high dissociation constant, although useful for catalysis, makes NCW
a very aggressive medium. Expensive equipment is necessary to reduce corrosion.

The harsh conditions, high temperature accompanied by high pressure, are a safety
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Figure 2.16: Scheme of synthesis reactions carried out in high-temperature water, taken from [56].

concern. Furthermore, the temperature must be carefully chosen as not to destroy
sensitive groups. Side reactions can be an important reason for reduced selectivity.
Because of different possible pathways many products can be formed [71], which
is rarely desirable. The energy needed to reach high temperatures is remarkably
high. However, efficient reactor design can minimize energy input. When exother-
mic reactions are performed the produced heat can be sufficient to maintain a high
temperature. This autogenic processing even applies to supercritical conditions, e.g.

in SCWO, where no external heating is necessary once the reaction is running.

Apart from these limitations, high-temperature water has proven to be a versatile
green solvent offering unique properties. These are not limited to the environmental
benefit of replacing organic solvents. Temperature can be tuned to precipitate prod-
ucts, thus removing them from equilibrium. Both acid and base catalyzed reactions
can be performed in neat water. This avoids waste as subsequent neutralization is
not necessary. Less expensive catalysts may be employed. Product separation can be
fairly easy due to the decreased solubility of non-polar products at lower temperature.
The tunability of NCW allows the control of selectivity, e.g. ortho/para or endo/exo,
which is hard to achieve with conventional processing techniques. Considering the
huge potential of hydrothermal synthesis, only preliminary results are available. It
will be the scope of this work to contribute some insights into the feasibility of high-
temperature water as reaction medium. The green approach is not only limited to

the choice of this solvent, but is the basis for the selected reactions.
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2.5 Outline

The goal of this thesis is the hydrothermal conversion of sustainable compounds to
useful chemicals. Water as the most green solvent will be employed throughout. Ad-
ditional chemicals will be chosen according to the principles of green chemistry. The
basic starting material in most experiments are carbohydrates. Possible transforma-
tions are illustrated in a CHO-diagram using the example of hexoses (figure .

Several processes that have already been mentioned are shown. The supercritical
gasification to hydrogen requires a formal uptake of water and release of CO,. In the
catalytic gasification towards methane at lower temperatures only CO, is lost but
no water eliminated. This also applies for the biochemical fermentation to ethanol.
The pathway to carbon is followed when solely water is lost. At various stages of
carbonization the C-content increases. Considerable amounts of oxygen are incorpo-
rated in hydrothermal carbon produced at 200 °C, whereas anthracite coal is nearly
pure carbon.

In this thesis alternative pathways are explored. In the first section the funda-

mental question concerning the origin of our starting material, the carbohydrates,
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will be elucidated. A simple, possibly prebiotic synthesis via the formose reaction
using formaldehyde is presented. Furthermore, this study reveals crucial differences
to the counterpart reaction under ambient conditions. Insights into the stability of
carbohydrates at high temperature are gained.

The second part will deal with the synthesis of the green solvent and biofuel
~v-valerolactone from carbohydrates. It involves the transfer hydrogenation of lev-
ulinic acid with formic acid as hydrogen donor. The hydrothermal synthesis does not
rely on the presence of toxic heavy metal catalysts. Instead, the tunability of thermo-
dynamic parameters with temperature is exploited, using Na,SO, as a temperature
switchable base. During this synthesis 1 eq CO, and 2 eq H,O are eliminated. Con-
tinuation of these elimination processes would ultimately lead to the formation of
petroleum (compare figure .

In the last part, the focus is directed towards complex plant material. A hydrother-
mal alkaline pretreatment of biomass proves to be an efficient means for increasing
kinetics and yield of subsequent fermentation to biogas. Furthermore, the hydrother-
mal decomposition pathways of glycine are investigated. Intermediates are identified
by mass spectroscopy using isotope labeled compounds, which allows the construction

of an extended reaction network under hydrothermal conditions.
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Experimental

3.1 Synthesis

3.1.1 Batch Mode

As hydrothermal reactions run at elevated pressure, specialized equipment is neces-
sary. The vapour pressure of water is already around 15 bar at 200 °C and increases
rapidly when approaching the critical point. The easiest means to work under such
conditions is to use sealable vessels, here referred to as autoclaves, that withstand
these harsh conditions. Due to the high pressure, such devices are usually manufac-
tured from metal alloys. Stainless steal bombs are most common, but other materials
like hastelloy, tantalum or titanium are employed as well for more corrosive liquids.

After filling and sealing, the autoclaves can be heated, resulting in the built-up
of the solvent’s autogeneous pressure. External pressure adjustment is not possible
for the majority of commercially available systems. Most effective heating methods
comprise the immersion of the reactor in molten salt baths [66]. Here, the intended
temperature can be reached in few minutes. However, this setup is inadequate for
very fast reactions.

An alternative way is microwave-assisted synthesis. Glass or quartz vessels are
employed, since the material must be permeable to the electromagnetic radiation.
Due to the limited maximum pressure, conditions are usually restricted to the sub-
critical range of water. As the solvent is heated directly and the process not limited
by heat transfer through the reactor wall, this technique offers superior control of

temperature and heating rate. The transparent reactor material together with the
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indirect heating enable visual control of reaction progress. Microwave reactors have
become very popular in organic synthesis. Working at temperatures above the am-
bient boiling point of the solvent remarkably speeds up reactions.

Since the introduction of microwave-assisted synthesis, the question of whether the
observed increase in kinetics is solely an effect of temperature or if there exists any
peculiar “microwave effect” has been debated controversially [72]. It is now generally
accepted that the speed up of chemical reactions is mainly attributed to thermal

effects. Considering the Arrhenius equation
k=a-e B/RT (3.1)

the rate constant k is only affected by the temperature. Neither is there a significant
specific microwave effect on the preexponential factor a nor on the activation energy
E,. In any case, due to its instantaneous heating, has microwave-assisted synthesis

become a widespread issue in organic chemistry.

3.1.2 Continuous Flow Reactor

Performing the reaction in standard autoclaves is only feasible when reaction times of
several hours are intended, as an extended time is required to heat up the equipment
to the desired temperature. This prohibits kinetic studies. Furthermore, there is
normally no external control of pressure. Both problems can be overcome by using a
continuous flow arrangement. This technique became popular with the development
of combinatorial chemistry and the need for fast, reliable micro-scale synthesis [73].
In industry, most processes are carried out in flow. Besides the relative ease of
handling small quantities in micro channels [74], flow synthesis can be automatized
fairly easily. Solution can be pumped through columns, in which heterogeneous
catalysts or immobilized reagents are packed. Since several of these can be combined
in succession, multiple synthesis steps can conveniently be carried out in one run.
Besides, such systems can be equipped with online-analysis.

With the integration of a pressure regulator, flow reactors can be feasible for hy-
drothermal synthesis as well. A typical setup is shown schematically in figure |3.1]|

This arrangement shares some common features with an HPLC, e.g. a high pressure
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Figure 3.1: Schematic overview of a high pressure continuous flow reactor.

pump with adjustable flow rate. Solvent is flushed through thin capillaries. Due to
the high corrosivity of high temperature water, in particular when salts are present,
the reactor which was used for experiments presented herein was made of Hastelloy
C-22. This alloy is based on nickel, chromium and molybdenum and withstands re-
ducing and oxidizing media even at elevated temperatures. Due to the thin tubes,
heat transfer rates are extraordinary high. Incoming solution is heated rapidly by a
heat exchanger at the inlet of the reactor block, which also applies for the cooling
process at the outlet. Flow reactors are suitable for reaction times of less than 1 s,
during which even supercritical conditions can be achieved [75].

Also, mass transfer is highly accelerated in capillaries, as diffusional mixing occurs
rapidly due to the small tube diameter [76]. Other advantages are the thermal
management of exothermic reactions, which are controllable and safe because of
the small amounts employed. One application is the destruction of explosives by
supercritical water oxidation [77]. Once successful reaction conditions have been
identified, upscaling is easy. Products simply have to be collected for a prolonged
time without changing reaction parameters, whereas using bigger vessels in batch
reactions might result in unpredictable effects.

An important device in the presented setup is the back pressure regulator. It allows
to block the flow partially and thus adjust the pressure of the system. The employed

setup can handle pressures in the range of 50-180 bar. Sample is not injected until
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the system is equilibrated with pure solvent. Due to the fast heat transfer and the
fixed flow rate, the reaction time can be set with high accuracy. However, when
calculating the residence time, the reduced density of high-temperature water has to
be taken into account, as the flow rate of the pump refers to solvent under ambient
conditions. Because of the relatively low concentration of solute, the density of pure
water was used [78] and the residence time ¢, calculated according to

t = 14 . p(Trypr) (32)

g p(T°,p)
with the reactor volume V| the flow rate ¢ and p(7°,p°) and p(T;,p;) being the

density of water under ambient and reaction conditions.

3.2 Gas Chromatography/Mass Spectroscopy

3.2.1 Gas Chromatography

Products were mostly analyzed by gas chromatography (GC). Like in all chromato-
graphic techniques, analytes are separated based on their different affinity for a sta-
tionary and a mobile phase. As the name implies, the mobile carrier is a gas (helium
or hydrogen), whereas the stationary phase can be either a solid or a liquid.

The basic setup of a GC is shown in fig. Analytes are transferred into the gas
phase by injection into a heated chamber, which is flushed with carrier gas. Thus GC
is only applicable to thermally stable and volatile compounds. The vapour can then
be directly transferred onto the column. This is called splitless injection and is mainly
used for trace analysis. In most cases only a small fraction of the injected sample is
necessary. In the split mode the remains are purged through a valve between injector
and column. The small amount injected results in a narrow starting band. In the
splitless mode sharp peaks are obtained by solvent focusing. Choosing a solvent with
a boiling point high enough, it will condense in the first part of the column. Due to
the higher affinity for the liquid solvent, analytes will be solubilized within it. As the
solvent slowly evaporates, induced by an increase in oven temperature, analytes are
focused to a small spot.

Separation is achieved as a result of different retention by the column, which fur-
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(b)

Figure 3.2: The basic setup of a GC consists of a gas supply (a), injector (b), oven and column (c),
and detector (d).

thermore depends on the temperature of the oven. The first columns employed were
packed with silica particles that acted as solid support coated with a liquid layer.
Today so called WCOT-capillary (well coated open tubular) columns are used. These
are large glass capillaries coated with a thin liquid film, often chemically bonded to
the support material. The typical length is between 30-100 m. Because of the small
inner diameter (=~ 100 pm) and hence the absence of peak broadening by lateral dif-
fusion, their resolution is extremely high. It theoretically compares to a distillation
column with 100,000 plates [79].

Dimethyl siloxanes are mostly used as stationary phases. They are nonpolar and
can be heated to relatively high temperature (350 °C) [80]. Due to the lack of
functional groups, analytes are separated mainly based on their boiling point. For
more difficult tasks, like the separation of isomers, the polarity of the columns is
increased by substitution of methyl by phenyl, cyanopropyl or other more polar

groups.

After passing through the column, compounds can be detected by different means.
The TCD (thermal conductivity detector) exploits the different thermal conductiv-
ities of analyte and carrier. In the FID (flame ionization detector) the carrier gas
is mixed with hydrogen and ignited. An electrode measures ions formed upon com-
bustion of carbon containing compounds. Also widespread are MSDs (mass selective

detectors), which was the type of detector used in this study.
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3.2.2 Mass Spectroscopy

Mass spectroscopy is a powerful tool. It not only detects compounds but also pro-
vides information about their structure. The basic operating principle of a mass
spectrometer is to ionize molecules and determine the m/z-ratio (mass/charge) of
the resulting ions. Two major ionization methods are distinguished [8I]. In the EI
(electron impact) mode the vaporized molecules are bombarded with a beam of en-
ergetic electrons (70 eV). Upon collision, one electron is expelled from the sample
molecule, resulting in a molecular radical cation:
M+e — M +2e

Since the energy of the electron exceeds the ionization energy of the sample molecule
by far, M ™" usually fragmentates, which allows for identification of structural units.
These fragmentation patterns are characteristic for each molecule and collected in
databases, therefore allowing for the identification of unknown compounds.

The CI (chemical ionization) mode is less energetic. The ionization chamber is
equipped with a second inlet for gases like methane or ammonia, which are first
ionized and then transfer their charge according to:

M + CH; — M—H" + CH,
Therefore, molecules do not fragmentate and their molecular mass can be determined.

For the separation of ions by their m/z-ratio, quadrupole instruments are most
widely used. They consist of four parallel metal rods. To these is applied a super-
position of a DC (direct current) and RF (radio frequency) potential. For a certain
setting only ions of a defined m/z-ratio can pass the rods and reach the detector,
whereas the oscillation of the other ions is unstable so that those are deflected to-
wards the rods and discharged. By changing DC and RF settings, a mass spectrum
can be scanned. The resolution of a quadrupole is only moderate but it allows the
recording of several complete scans in one second. TOF (time of flight) instruments
and FT (Fourier transform) spectrometer achieve higher resolution, but due to their
costly design they are scarcely used.

One advantage of a quadrupole is that it can be set to monitor only certain ions.
This is useful for enhancing sensitivity and therefore recommended for quantification.
Furthermore, interfering compounds can be shielded. This mode of operation is called

SIM (selective ion monitoring).
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Especially when several sample preparation steps, like extraction or derivatization,
have to be performed prior to analysis, it is important to take into account a possible
loss of sample. Therefore, an internal standard (IS) that is chemically similar to the
analyte, is added before such steps are carried out. As the peak area is proportional
to the analyte concentration in a certain range, its concentration can be calculated

based on the tracer, according to

_fis _Giais

KF;, = =
fi CIs - G4

(3.3)

with K F; being the calibration factor of species 7, f; its response factor, ¢; its concen-
tration and a; the integrated signal area. K F; can be determined using a calibration

curve.

3.3 Analytics of Selected Species

3.3.1 ldentification of Unknowns by Silylation

Gas chromatography is restricted to thermally stable and volatile compounds. Un-
fortunately this excludes most biomolecules. However, these compounds can be
converted to suitable derivatives. Therefore, acidic hydrogens (e.g. from hydroxy,
carboxyl, thiol and amino groups) have to be replaced by non-polar moieties. Most
common methods employ acylation, alkylation or silylation. The latter is extremely
useful, as all acidic hydrogens can be exchanged in one step. Even when derivati-
zation is not absolutely necessary, it is often employed to improve peak shape and
sensitivity. When the mass spectrometer is operated in SIM mode, characteristic
ions of the derivatives can be monitored. Trimethylsilylated compounds for instance
always yield an m/z = 73 ion (Si(CH;)3 ), whose signal can be conveniently employed
for sensitive quantification.

Silylation was used for qualitative analysis. Most popular is the insertion of a
trimethylsilyl moiety. The silyl group makes most molecules highly thermally stable,
so that even carbohydrates and other sensitive biomolecules can be separated at
high temperature without decomposition occurring. Due to these advantages many

mass spectra from silylated molecules are recorded in databases, which allows for the
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identification of unknowns.

The drawback of silylation is the moisture sensitivity of the reagents and deriva-
tives. Therefore, water was removed from the sample by freeze drying or heating
in an oil bath at 50 °C under a gentle stream of nitrogen. Traces of water could
be removed by subsequent azeotropic evaporation with dichloromethane. Afterwards
500 pL pyridine was used as solvent and then 200 pL of bis- N, O-trimethylsilyl trifluo-
roacetamide (BSTFA) with 1% trimethylchlorosilane (TMCS) as catalyst were added
and the mixture heated at 60 °C for about 10 min. Solutions containing amino acids
required heating at 70 °C for 20 min using acetonitrile as solvent [82]. Products were
separated on an HP-5ms column. 1 pl was injected in split mode (1:25). The oven
temperature program was 50 °C (hold 1 min) — 20 °C/min — 300 °C (hold 1 min)

with solvent delay set to 3.6 min.

3.3.2 Carbohydrate Analysis

Carbohydrates can be analyzed both by liquid or gas chromatography. Considering
the broad spectrum of products in the formose reaction, gas chromatography was the
method of choice due to its superior resolution. There are different ways to convert
carbohydrates into volatile compounds, e.g. silylation or acylation [83]. However,
direct derivatization leads to the formation of many isomers for a single sugar and
thus results in several peaks for each compound. In solution the open chain is in
equilibrium with cyclic structures. Derivatization usually occurs much faster than
the time necessary for structural equilibration. Therefore, the initial composition is
retained upon derivatization. The presence of multiple peaks, furthermore appearing
in different ratios, greatly hampers quantification.

This requires a prior step, namely the modification of the carbonyl group to break
down this equilibrium, e.g. by the formation of oximes [84]. Depending on whether
syn or anti isomer are resolved, either one or two peaks are obtained. However,
this method permits the unambiguous identification of carbohydrates without loss of
information.

Another method is the reduction of the carbonyl group to convert carbohydrates
to their corresponding polyols, which can be conveniently performed with NaBH,

in aqueous solution. The inability of distinguishing aldoses and ketoses does not
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Figure 3.3: Preparation of alditol acetates from carbohydrates.

have to be a drawback, as this reduction step drastically minimizes the number of
possible derivatives. There exist only 13 linear alditols (reduced sugars) with two
to six carbon atoms (enantiomers not discriminated), whereas there are much more
possible precursors. Due to the large number of different products in the formose

reaction, this procedure was chosen for the work presented here.

In a second step the alditols were acetylated to obtain volatile compounds. Acety-
lation was chosen because it tolerates a certain amount of water, which is simply
removed by an excess of acetic anhydride. Furthermore, salts that were present in
our mixtures did not inhibit the reaction. Silylation in contrast was sensitive to cer-
tain salts. Alditol acetates are quite stable and could be stored several weeks in a

freezer.

The presence of alditol complexing borate species blocks acetylation with acetic
anhydride, so it usually has to be removed first. However, with N-methyl imidazole
as catalyst it is possible to perform acetylation in the presence of borate (figure
[85]. The disadvantage is the occurrence of some side products, originating from
the catalyst, which prevents trace analysis by splitless injection. The solution was
therefore concentrated prior to the acetylation step, and split injection was chosen

to obtain clear chromatograms (see reference chromatogram figure [3.4)).

Prior to carbohydrate analysis myo-inositol was added as internal standard. Af-
terwards carbohydrates were reduced to alditols using NaBH,. A sample resulting
from the reaction of 50 mg formaldehyde was reduced with 500 pL of a solution of
1 g NaBH, in 6 mL 1.7 M NH; for 2 h at 40 °C. Excess hydride was destroyed by
addition of 500 uL acetic acid. Following reconcentration to about 1 mL, 200 pL were
taken and acetylated with 2 mL acetic anhydride and 200 pl. N-methyl imidazole
for 10 min at room temperature. The solution was quenched with 5 mL water and
after decomposition of excess acetic anhydride the alditol acetates were extracted

with 1 mL dichloromethane, which then was dried over anhydrous Na,SO,. This
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Figure 3.4: Gas chromatogram of an alditol acetate reference mixture showing high resolution even
of stereoisomers.

extraction process ensures separation from perturbing compounds, which remain in

the aqueous phase.

The ions m/z = 43, 115 and 129 were scanned, each with a dwell time of 50 ms. Ne-
glecting other ions reduces interference and enhances sensitivity. The ion m/z = 43 is
the CH;CO™ ion, originating from the acetyl groups, whereas m/z = 115 is a charac-
teristic signal of carbohydrates and m/z = 129 of deoxysugars. Calibration was per-
formed with reference sugars. Alditols were prepared from the corresponding aldoses,
except for erythritol, threitol and iditol, which were directly employed as such. With
a highly polar DB-225ms phase (50%-cyanopropyl-phenyl-50%-dimethylsiloxane) it
was possible to obtain a high resolution, even of the different stereoisomers, as shown
in figure[3.4] All potential linear alditols with two to six carbon atoms were separated
sufficiently. 1 ul. sample was injected in split mode (1:50). The oven temperature
program was 100 °C (hold 1 min) — 20 °C/min — 230 °C (hold 20 min) with solvent
delay set to 2.5 min.
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Figure 3.5: Derivatization of amino acids with ethyl chloroformate yields volatile products.

3.3.3 Amino Acid Analysis

The analysis of amino acids also requires additional modification steps. One suitable
technique is HPLC in combination with either pre- or post-column derivatization. Af-
terwards, analytes can be detected by fluorescence or absorption. When performing
GC, both functional groups (amino and carboxylic acid) and the polar side-chains
must be modified to obtain volatile derivatives. In principle silylation is possible.
However, elevated temperatures are necessary to ensure complete reaction. Further-
more, some amino acids give rise to two peaks, hampering quantitative analysis.
Glycine for instance can form di- and tri-TMS derivatives [86].

Another method was therefore developed. Amino acids were converted to volatile
products by derivatizing amino and carboxylic acid groups in a one step reaction
with ethyl chloroformate (ECF) [87]. This protocol is superior as it even works in
aqueous phase, which allows for purification from complex matrixes, as the resulting
derivatives can be extracted into an organic layer. This makes it especially useful
for analysis of biological samples. Compared to silylation sensitivity, reliability and
economy of time are improved. The only drawback concerns histidine and arginine.
Their side chains are not functionalized, so that these two amino acids cannot be
detected by the ECF method.

For derivatization 400 uL of a 4:1 mixture of ethanol:pyridine were added to 600 pL
of aqueous sample. Valine was used as internal standard. 50 uL ethyl chloroformate
were then added and the vial briefly shaken, during which amino acids are converted
to N-ethoxycarbonyl ethyl esters. The intermediate ethoxycarbonyl esters decar-
boxylate instantaneously, catalyzed by pyridine (figure . After sonication for a
few seconds, the resulting derivatives were extracted with 1 mL chloroform contain-
ing 1% ethyl chloroformate. 1 puL was injected in split mode (1:25). Products were
separated on an HP-5ms column. The oven temperature program was 50 °C (hold
1 min) — 20 °C/min — 300 °C (hold 1 min) with solvent delay set to 3.6 min.
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Figure 3.6: Proposed mechanism for the chromotropic acid assay in concentrated sulphuric acid.

3.3.4 Formaldehyde Analysis

Formaldehyde, used as precursor to synthesize carbohydrates, can in principle also be
measured by gas chromatography. However, due to the presence of salt, solution could
not be injected directly. Therefore, the conversion of formaldehyde was monitored
photometrically.

The assay uses chromotropic acid, which forms an adduct with formaldehyde that
subsequently is oxidized by concentrated sulphuric acid to a purple dye. The exact
mechanism and product are still controversial [88 [89]. Most plausible is a pathway
as shown in figure [3.6 The first step is an addition of formaldehyde to the chro-
motropic acid, whereby this adduct can link to another molecule. This condensation
is similar to the formation of phenol formaldehyde resins. Sulphuric acid acts as
water scavenger and likewise as oxidant for the second step. The formed cation is
energetically favoured due to the large aromatic system. Different products have
been claimed in literature as well. The chromotropic acid assay is characterized by
high sensitivity and selectivity. However, there were slight interferences with formose
products, which was probably the reason why absorbance did not reach the baseline
even for prolonged reaction times.

The chromotropic acid reagent was prepared by dissolving 0.5 g of chromotropic
acid disodium salt dihydrate in 3.75 mL of water and subsequent addition of 100 mL
concentrated sulphuric acid [90]. To determine the concentration of formaldehyde
the sample was diluted with water to a maximum of 3 mM HCHO. 100 pL were
reacted with 1 mL of reagent solution in an oil bath at 100 °C for 15 minutes. After
cooling to room temperature and dilution with 5 mL water the absorbance was read
off at 578 nm against a blank solution, prepared by the same protocol with pure

water. The concentration of formaldehyde was calculated using a calibration curve.
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Prebiotic Carbohydrate Synthesis

4.1 Background

As nearly 3.5 billion year old microfossils and typical isotope patterns in sediments
indicate, life arose quite early on earth [91]. Astonishingly, the primary synthesis of
biomolecules obviously took place at high speed and environmental conditions very
different to the current ones. Temperatures in the ocean in this hadean period were
around 200 °C at a pressure of 20 bars or higher [92], and a reducing atmosphere
together with a flux of energy in the form of electric discharge (lightnings), radiation
and volcanic activity could induce the formation of organic molecules from simple
gases like CH,, NH; or H, and water. This was first shown by Stanley Miller in 1953
[93, 94]. He observed the formation of amino acids, which led to the speculation
of whether proteins were the basis for the origin of life [95]. The list of potentially
available molecules has been expanded ever since [96]. Later, strengthened by the
discovery of catalytically active RNA, the RNA world hypothesis was postulated.
Nucleic acids can also be synthesized from a possibly prebiotic atmosphere [97), 98].

Another important class of biomolecules, the carbohydrates, were equally formed
in such experiments. They arise from the condensation of formaldehyde, which itself
can be synthesized by radiation or electric discharge in considerable yield. Therefore,
it is generally viewed as a prebiotic molecule [99]. The finding of formaldehyde
condensation dates back to 1861. Butlerow observed the formation of a sugar-like
compound when formaldehyde reacted in Ca(OH),-solution [100]. This condensation

is called the formose reaction. Due to the ease with which complex carbohydrates are
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Figure 4.1: In basic media the disproportionation of formaldehyde competes with C-C bond
formation.

synthesized from a very simple precursor, the formose reaction has been considered
to have contributed to the origin of life. However, due to the fast degradation and
the missing selectivity, this is very doubtful [T0THIO03].

First studies in the formose reaction were, however, not motivated by its prebiotic
relevance. Carbohydrates are a major nutrient and the formose reaction is an easy
means for their production on an industrial scale. In contrast to other synthetic
pathways just one step is required. However, the variety of products prevents nu-
tritional purpose and separation is laborious [I04]. Nowadays, the idea to produce
carbohydrates from fossil resources, as it was proposed, may seem strange to us. In
those days however, green chemistry was not a big issue, and oil was cheap. Today,
such a synthesis would of course be both economically and environmentally unviable.

The kinetics of the formose reaction is quite complex. In basic media, where it
occurs, formaldehyde does not easily react with itself to establish a carbon-carbon
bond. Rather the Cannizzaro reaction takes place (see figure . However, some
condensation product glycoladehyde (GA) is formed as well, which initiates a cas-
cade of reactions, ultimately leading to the formation of various straight-chain and
branched carbohydrates. GA can be deprotonated by bases and thus an nucleophilic
carbon center is created. This enediol is stabilized by certain cations, e.g. Ca*" to
form an intermediate, which then reacts with formaldehyde in an aldol reaction (see
figure . By subsequent isomerizations (also via the enediol complexes) and con-

densations larger carbohydrates are built up. In addition, retro aldol cleavages may

- ..C 24
0 Ca(OH), oY
H)J\/OH )\/OH
H

Figure 4.2: Ca(OH), acts as base and catalyst by stabilizing the enediol form of carbohydrates,
which then condensate with formaldehyde.
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Figure 4.3: Sugar formation in a typical formose reaction (2 M formaldehyde in 0.2 M Ca(OH), at
60 °C), taken from [104].

occur, which lead to the formation of two smaller carbohydrates from a bigger one.
These two fragments can reinitiate the reaction, so that the formose reaction evolves

to an autocatalytic system.

At the beginning, when no GA is present, only the Cannizzaro reaction takes place.
Formaldehyde is consumed slowly in an induction period, but as soon as some GA
formed, the formose reaction is initiated and the conversion of formaldehyde starts
to accelerate. The main products are pentoses and hexoses. They accumulate by
forming stable rings, which slows down retro aldol cleavages. However, carbohydrates
are not stable in basic media but decompose to polymeric humins. This side reaction
causes a yellowing of the solution, which occurs shortly before reaching maximum
yield. The formose reaction is hence characterized by a lag period, the formation
and finally the decomposition of carbohydrates. The lag period can be shortened by
adding small sugars like GA as initiators, though they will not increase the yield of
carbohydrates, but solely shorten reaction times. Due to the formation of humins,
the yield usually does not exceed 50%. A typical kinetics is shown in figure [4.3]

Since the formose reaction is an aldol condensation, it occurs at high pH. Perform-

ing the reaction in NaOH will not yield any carbohydrates. Additionally, catalytically
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active cations are necessary. They form complexes with the enediol form of carbo-
hydrates and thus facilitate condensation reactions [105]. Often Ca(OH), is used as
both catalyst and base due to its high activity. Apart from this base, many other
catalysts have been identified [I04]. Naturally occurring minerals and clays can also
evoke the formation of carbohydrates when refluxing a formaldehyde solution [106-
108§].

Contrary to what might be a conventional property of catalysts, the use of dif-
ferent bases in the condensation of formaldehyde hardly influences selectivity. The
outcome is always a broad spectrum of different sugars. The addition of initiators
does not improve selectivity either. This concern and the problem of low yield can
be addressed by employing other small molecules instead of formaldehyde to build
up carbohydrates. Using short sugars, like glycolaldehyde or glyceraldehyde, other
catalysts and less harsh conditions are sufficient. Examples include zinc prolate [109],
silicate [110] or dipeptides [I11]. With the latter even an enantiomeric excess could
be achieved. However, in none of these cases a successful formose reaction, using
solely formaldehyde, could be demonstrated.

In our approach, experiments were restricted to simple hydrothermal conditions.
Using formaldehyde without additional initiators in the presence of only simple salts,
reaction sequences were analyzed. The formose reaction is usually performed at
moderate temperatures and occasionally at around 100 °C [112]. The motivation
for studying the formose reaction in high-temperature water is based on the lack of
data on the hydrothermal behaviour of formaldehyde, but also on the fact that early

terrestrial conditions might have included various similar aqueous environments.

4.2 Moderate-Temperature Reaction

For comparison, the formose reaction was first performed at moderate temperatures.
As the typical product spectrum is rather broad, the analysis of carbohydrates is
hampered. In our approach all linear carbohydrates could be quantified by gas chro-
matography. This technique offers superior separation and simultaneous removal of
high molecular weight decomposition compounds, which could interfere with analy-

sis. In literature different means of identification and quantification have also been
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Figure 4.4: Conversion of formaldehyde at 60 °C in a) 0.05 M Ca(OH),; b) 0.05 M Ca(OH), with
1 mol% GA and c¢) 0.1 M NaOH with 1 mol% GA.

employed, which are less reliable, e.g. paper chromatography or photometric assays.
Furthermore, the yield depends on the reagent concentration. In order to compare
the hydrothermal reaction with moderate temperature, experiments were carried out
at 60 °C. A 0.5 M formaldehyde solution was reacted in the presence of hydroxides.
The same concentration of formaldehyde was used for hydrothermal experimenta-
tion. As catalyst 0.05 M Ca(OH), or 0.1 M NaOH was added, so the concentration

of OH™ was equal in both cases.

The conversion of formaldehyde under Ca**-catalysis is shown in figure (a). Ini-
tially the conversion was slow. After it started to accelerate, a process initiated by
the formation of glycolaldehyde, the initial turbid solution (concentration of Ca(OH),
is higher than its solubility) turned clear. This can be attributed to the formation
of soluble enediol complexes. As soon as some condensation product formed, the
reaction ran quickly until the consumption of formaldehyde was complete, and the
solution turned yellow. Figure [4.4[b) was obtained when 1 mol% GA was initially
present in addition. Here the conversion started immediately. The same physical

observations could be made, i.e. the solution became clear and then turned yellow.
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With substitution of Ca(OH), by NaOH as base (figure[4.4|c)) there was only a slow
formaldehyde consumption, even though an initiator was added. The rate of con-
version is comparable to that during the induction period in the Ca(OH),-catalyzed
mixture. In both cases only the Cannizzaro reaction seems to occur. The addition
of initiator obviously has no impact when NaOH is present. GC analysis of this
reaction revealed not only the absence of carbohydrates, but also the decomposition
of the added glycolaldehyde. Consequently, the presence of catalytically active ions

is crucial at moderate temperatures.

Analysis of the reaction mixtures in the presence of Ca(OH), verified the forma-
tion of carbohydrates. Sugars were quantified as their alditol acetates, whereby the
number of different compounds was minimized by an additional reduction step with
NaBH,, thereby simplifying analysis. Aldoses yield the same product as ketoses with
corresponding stereochemistry. Only the linear carbohydrates were quantified. It is
known that branched sugars are also formed in formose reactions and the gas chro-
matograms show some peaks that could be attributed to them. The total yield is

therefore underestimated in our experiments, as those are not taken into account.

The kinetics in absence of initiator is shown in figure [4.5] For clarity, isomers
are merged. During the induction period no sugars were present. The formation of
carbohydrates started abruptly after 25 min. The time required to reach maximum
yield was much shorter than the induction period itself. Furthermore, the different
sugars were not synthesized uniformly. When comparing the maxima one notices that
the smaller carbohydrates appear prior to the larger ones. This reflects a gradual
assembly of the carbohydrates by successive additions of formaldehyde. The total
sugar yield passed through a maximum. 26.5% of linear carbohydrates were obtained
at best. The composition at the maximum is shown in table Major products are
hexoses and pentoses, which accumulate because of their relative stability. Probably

due to a difference in energy, stereoisomers are not formed in equal amounts.

Performing the reaction in presence of 1 mol% GA did not improve yield. Also,
the relative product distribution was unchanged. This confirms that although an
initiator drastically reduces the lag period, it is incapable of governing selectivity
and improving yield. Keeping these results in mind, we now focus on the formose
reaction in HTW.
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Figure 4.5: Kinetics of sugar formation at 60 °C,  Table 4.1: Carbohydrate composition at re-
catalysis by Ca(OH),. action time with maximum yield

4.3 Hydrothermal Formose Reaction

4.3.1 Effect of Added Salt

For hydrothermal processing, the formaldehyde solution was simply heated at 200 °C.
The conversion of formaldehyde in different salt solutions is shown in figure 4.6} In
pure water and even under acidic conditions (such as diluted acetic acid), formalde-
hyde is consumed relatively fast within a timescale of minutes. An induction period,
as described for the formose reaction at moderate temperatures, is not observed.
With increasing basicity of the added salts, the conversion is accelerated. Even the
barely basic sodium sulfate shows some effect. This trend is continued following the
series acetate, hydrogen carbonate and hydrogen phosphate. In a carbonate buffer
(50 mM NaHCO,, 50 mM Na,CO,), formaldehyde is consumed in less than one

minute.

Of course, the fact that formaldehyde vanishes does not prove the formation of
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Figure 4.6: Conversion of formaldehyde at 200 °C and 100 bar in the presence of various salts.

carbohydrates. In fact, the NMR spectra of the reactions performed in pure water,
in acetic acid and also when sodium acetate was added, just show the Cannizzaro
products formic acid and methanol (figure . These solutions remained clear and
colourless even for prolonged reaction times and did not show the typical yellowing
point, resulting from decomposition products of carbohydrates. This colour change
was, however, observed for all more basic salts, indicating a successful formose reac-

tion despite the absence of catalytically active cations.

4.3.2 Product ldentification

To gain insight into the composition of formose products, different analytical tech-
niques were applied. Besides formaldehyde the Cannizzaro products methanol and
formic acid are also volatile. Nonvolatile compounds include carbohydrates but also
their decomposition products. Polymeric species as well as acids, which could be
formed via Crossed Cannizzaro reactions, can be expected.

To evaluate the different fractions, formaldehyde was reacted in 0.1 M NaHCO;,
in the presence of 1 mol% dihydroxyacetone as initiator for 0.5 min. This is at

the yellowing point, where the highest yield of sugars can be expected. The con-
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Figure 4.7: NMR spectrum of the hydrothermal formose reaction in 0.1 M acetic acid just shows
Cannizzaro products; reaction time 5.8 min at 200 °C.

version of formaldehyde was 70%. The fraction of nonvolatile compounds was de-
termined by weighing after freeze drying. They accounted for 61% with respect to
initial formaldehyde and dihydroxyacetone. Thus the remaining 9% must be other
volatile compounds. This simple analysis by weighing must be interpreted with care.
Formaldehyde can polymerize to paraformaldehyde or cyclic oligomers, which are no
longer volatile. Besides, acids can be fixed in the nonvolatile fraction as their salts.

A less controversial analysis by pH measurements will be presented later.

For further analysis the nonvolatile fraction was resolubilized in D,O. Tts "H-NMR
spectrum is shown in figure [£.8] For better tracing of decomposition products the
reaction time was extended to 2 min as comparison. Here the solution was dark brown
and exhibited a strong caramel-like odour. The sample after 0.5 min shows many
signals between 3.5—4.5 ppm. These are typical for carbohydrates and correspond to
protons attached to a carbon with a hydroxy group. Also, some small signals are
present at around 5 ppm. They may originate from protons at the anomeric centers.
Due to their ability to form cycles, carbohydrates do not show signals at low field,
where aldehyde protons usually appear. The peak at 8.4 ppm is probably attributed
to formate, which is fixed as its sodium salt in the nonvolatile fraction. The absence

of peaks in the range between 6-8 ppm indicates that no aromatic compounds or
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Figure 4.8: '"H-NMR spectra of a formose reaction in 0.1 M NaHCO; at 200 °C with 1 mol%
dihydroxyacetone added; the lower spectrum was obtained after 0.5 min, around the yellowing
point and the upper one after 2 min; spectra recorded in D,O.

furans were formed. The presence of peaks at low chemical shift between 1-2 ppm
is striking as they cannot be expected from simple carbohydrates. These are typical
alkane protons indicating the presence of deoxy compounds.

At longer reaction times two small signals appear at around 6 ppm in the olefinic
region. The signals at low chemical shift are more pronounced. Whereas the ratio of
the integrals from the signals at around 4 ppm relative to the 1-2 ppm region is 10:2
at the yellowing point, it is 10:9 at prolonged reaction times. This indicates strong
chemical changes upon decomposition.

Analogous conclusions can be drawn from the *C-NMR spectra shown in figure 4.9]
Carbohydrate signals are usually between 60-100 ppm. In the hydrothermal formose
reaction many peaks also lie in this range. Again, no aromatics and furans can

be detected, which would show signals between 100-150 ppm. Some peaks appear
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Figure 4.9: 3C-NMR spectra of a formose reaction in 0.1 M NaHCO; at 200 °C with 1 mol%
dihydroxyacetone added; the lower spectrum was obtained after 0.5 min, around the yellowing
point and the upper one after 2 min; spectra recorded in D,O.

at higher chemical shift, probably carbonyl as well as carboxylic acid groups. In
consistency with the 'H-NMR spectrum some peaks are present at low chemical shift
below 50 ppm, which again are due to saturated hydrocarbons. At longer reaction
times more peaks appear in this region.

Due to the large number of signals, no attempts were made to assign them to certain
compounds. Furthermore, the presence of peaks in the typical carbohydrate region
does not necessarily prove that solely sugars were formed. Decomposition products
probably show similar structural units with equivalent chemical shifts. Hence, gas
chromatographic measurements were the only means to unambiguously verify the
presence of carbohydrates.

As we first reduced the carbohydrates with NaBH,, one could argue that sugar

alcohols might have already been present in the initial mixture. To prove the si-
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Figure 4.10: GC traces of a 0.5 M formaldehyde solution in 0.1 M K,HPO, reacted for 0.81 min
at 200 °C and 100 bar; a) after reduction with NaBH,, esterification with methanolic HCI and
acetylation; b) after reduction with NaBH, and acetylation; c) directly acetylated reaction mixture.
Only marginal amounts of sugar alcohols are present after reaction.

multaneous presence of carbonyl as well as hydroxy groups in the products, one
characteristics of carbohydrates, gas chromatographic measurements were performed
after different derivatization procedures. A formose reaction at its yellowing point
was investigated. A chromatogram obtained after the typical derivatization protocol
(reduction with NaBH, and subsequent acetylation) is shown in figure [4.10(b). The
peaks of the linear alditols are assigned. Besides them also other species can be
detected. When the reduction step was omitted and the reaction mixture directly
acetylated, the chromatogram [4.10]c) was obtained. Peaks that are present in both
chromatograms ((b) and (c)) must be compounds that do not contain any carbonyl
group. Otherwise their position would be shifted as carbonyl containing species are

modified by NaBH, reduction. Indeed, both chromatograms are very different. Only
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4.3 Hydrothermal Formose Reaction

marginal amounts of sugar alcohols were present in the initial mixture. This proves
that Crossed Cannizzaro reactions do not occur to a significant extent. Furthermore,
peaks in the reduced sample seem to be shifted towards longer retention times. This
is reasonable, as reduction and acetylation of the newly created hydroxy group in-
creases molecular weight and thus retention time. This allows the conclusion that
the predominant fraction of the alditols indeed originate from the reduction of the
corresponding carbohydrates.

Apart from carbonyl and hydroxy groups, one might also expect the formation of
carboxylic acids. Due to their high polarity they are poorly resolved by gas chro-
matography. Therefore, a sample first reduced with NaBH, was heated three times
with methanolic HCI, which was evaporated after each cycle. Thereby carboxylic
acids are converted into methyl esters, which are easily separated by GC. The chro-
matogram after acetylation is shown in figure M(a). It largely corresponds to that
of the sample which was not esterificated. Only few additional peaks appear. This
leads to the overall conclusion that the compounds we can observe by GC contain
hydroxy groups and (at least) one carbonyl but no carboxylic acid groups. In sum-
mary, the common technique of a prior reduction step is useful for minimizing the

number of species without producing artifacts.

4.3.3 Influence of Catalytically Active Species

We also tested for the influence of both the cation variation and the presence of an
initiator. A 0.2 M sodium acetate or a 0.1 M calcium acetate solution, respectively,
were used to investigate the effect of a potential cation catalysis. Both solutions
contain the same amount of acetate and thus exhibit similar basicity. Figure [4.11
shows that up to two minutes reaction time the consumption of formaldehyde is
identical in both cases. Subsequently, the reaction accelerates in the calcium acetate
solution. An interpretation could be that at this point small carbohydrates such
as glycolaldehyde must have formed, which can specifically interact with the Ca?"-
ions and induce the formose reaction. Testing the reaction solutions from the first
two minutes, indeed predominantly the Cannizzaro products were found in both
solutions. In case of the calcium salt, the solution turns yellow at later stages, and

carbohydrates are formed. The maximum yield of carbohydrates is already reached
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Figure 4.11: Conversion of formaldehyde with addition of sodium (black curves) or calcium (blue
curves) acetate in presence and absence of the initiator glycolaldehyde.

for a formaldehyde conversion of 55%. This has to be compared with the formose
reaction at moderate temperatures, where the yield is at a maximum shortly after all
formaldehyde is consumed. According to the data, decomposition of carbohydrates
seems to be even more accelerated at higher temperatures, which is expected. The
overall yield of sugars is rather small. Integrating over the signals of all linear sugars
with two to six carbon atoms, we obtain only 3.4%. The composition and distribution
of sugars will be discussed later.

To compare this salt catalysis, reactions were carried out with the addition of
glycolaldehyde as a promoter (1 mol% with respect to formaldehyde). Indeed, the
conversion of formaldehyde is much faster (figure [4.11). Here, the sodium acetate
solution also turns yellow, and carbohydrates are formed. In case of Na(CH;COO)
the total yield is 5.1%, whereas for Ca(CH;COQO), it reaches 12.0%. Again the
maximum of carbohydrate formation is reached well before complete formaldehyde
consumption.

At moderate temperatures the presence of Ca®" is crucial for a successful formose
reaction. Even with initiator, no carbohydrates are formed in the absence of this cat-
alyst. Under hydrothermal conditions, however, initiator and catalyzing counterion

simply step into the competition of formose and Cannizzaro reaction. In the presence
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of glycolaldehyde the carbohydrate formation starts immediately, whereas in the ab-
sence a substantial amount formaldehyde is lost before by self disproportionation. To
keep the experiments limited to simple chemicals, the use of an initiator was omitted
in further studies. The more basic salts NaHCO, and K,HPO, or a sodium carbonate
buffer also resulted in a yellowing of the solution after relatively short reaction times
(figure and coupled carbohydrate formation. Not only the speed of formalde-
hyde consumption, but also the yield of carbohydrates was improved compared to
the addition of more neutral salts, such as Ca(CH3;COO),. This again points to the
fact that a slightly more basic pH is of greater relevance than the specific presence

of Ca*" under hydrothermal conditions.

4.3.4 Characteristics of the Hydrothermal Reaction

For the model case of K,HPO, addition, the kinetics of formation and decomposition
of carbohydrates were analyzed in detail. Figure shows the concentration of
formaldehyde and the products as added masses of carbohydrates with the same
number of carbon atoms. The induction period is only around 25 s. During this
time span about 20% of formaldehyde is lost via disproportionation. Afterwards the
formation of carbohydrates is very rapid. It takes less than another 30 s to reach
maximum yield.

Contrary to the reaction at ambient temperatures, where hexoses are the main
product, here the shorter carbohydrates are preferentially formed. Despite the high
stability that is in principle expected for hexoses, their amount is insignificant at
200 °C. With the exception of glycolaldehyde, all different carbohydrates peak around
the same reaction time, contrary to the control reaction at 60 °C. We speculate
that under hydrothermal conditions we have a very fast equilibration between all
the different compounds. Using glycolaldehyde or dihydroxyacetone as initiator did
not alter product distribution, as compared to the reaction without initiator. The
ineffectiveness of different initiators to influence selectivity is well described for the
formose reaction.

Not only the formation, but also the decomposition is very rapid. One intermediate
seems to be glycolaldehyde itself, because its concentration still increases while all

other sugars diminish. The nature of the decomposition products was however not
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Figure 4.12: Kinetics of formaldehyde consumption and product formation of a 0.5 M formaldehyde
solution in 0.1 M K,HPO, at 200 °C.

investigated further. It is known that some polymeric species are formed. At long
reaction times the solution turned dark brown and ultimately turbid and exhibited

a strong caramel like odour.

Gas chromatographic analysis revealed the presence of other compounds besides
straight-chain carbohydrates. The chromatogram of the reaction at maximum yield
is shown in figure m Three different ions were scanned. The signal at m/z = 43
originates from the acetoxy cation. Thus all compounds with hydroxyl groups show
a peak in this trace. The ion m/z = 115 is characteristic for alditols. It originates
from a fragment with 3 carbon atoms after loss of acetic acid and ketene [IT3]. The
ion m/z = 129 is formed the same way when an additional methyl group is present.
Consequently, deoxysugars show this signal. Also in this GC trace some extra peaks
are present. Most importantly, we were able to quantify 2-deoxyribitol. Its identity
was validated by comparing the complete mass spectrum and the retention time
with the reference compound. The maximum yield was however only 0.18 mg per
100 mg formaldehyde. Still, it is worth noting that not only the true condensation
products of formaldehyde are found. As the various peaks with the m/z = 129
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Figure 4.13: GC traces of the reduced and acetylated formose products for different ions (each
scaled with different factor).

ion fragment indicate, many other deoxy compounds are probably formed as well.
Further indications for the presence of deoxy species are gained from NMR spectra
that show peaks in the region of 1-2 ppm (see figure page . In the control
experiment at 60 °C in Ca(OH), we also detected 2-deoxyribitol after reduction with
NaBH,. Here, the maximum yield was lower (0.11 mg per 100 mg formaldehyde).
The decomposition of 2-deoxyribitol is slower than that of the other carbohydrates.
This is a general observation for all compounds showing a fragment with m/z = 129.

To evaluate the amount of self disproportionation of formaldehyde during the reac-
tion, pH measurements were conducted after the synthesis for the model reaction in
0.1 M K,HPO,. The variation of pH (after threefold dilution) is shown in figure
As expected the pH decreases throughout the whole reaction process. Although no
sugars were formed in the first 30 s, the pH falls rapidly. Under the assumption

that the change in pH is only caused by the formation of formic acid, its concen-
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Figure 4.14: Variation of pH (black squares) and calculated amount of formic acid (red circles) for
the reaction of 0.5 M formaldehyde (blue triangles) in 0.1 M K,HPO, at 200 °C.

tration can be calculated with the law of mass action, taking into account the self
disproportionation of water and the equilibria of the different phosphate species and
formic acid (with the dissociation constants K, = 107, pK; = 2.15, pK, = 7.20
and pK3 = 12.35 for phosphoric acid [114] and pK = 3.76 for formic acid [115]).
The calculated concentration is also plotted. Large amounts of acid are created. The
maximum concentration of formic acid reaches 100 mM, which is one fifth of the
formaldehyde initially present. The Cannizzaro reaction thus accounts for 40% of
the formaldehyde consumption. This loss is much higher than in the conventional
formose reaction at moderate temperatures. Due to the low salt concentration, the
buffer capacity is quickly exhausted. When the formation of carbohydrates finally

takes place, the solution is neutral or even slightly acidic.

4.3.5 High Buffer Concentration

The change in basicity might indeed stop the formose reaction. To conduct the
reaction under stable pH conditions, the salt concentration was raised to 0.5 M. A
sodium carbonate buffer, consisting of equal proportions Na,CO4 and NaHCO;, was

employed. With these modified conditions the pH remained in the alkaline range
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Figure 4.15: Kinetics of formaldehyde consumption and product formation of a 0.5 M formaldehyde
solution in 0.5 M carbonate buffer at 150 °C.

even for prolonged reaction times. Performing the reaction at 200 °C resulted in a
dark brown solution already after less than half a minute. Contrary to the reactions
with low buffer capacity, the solution at high pH did not become turbid, even for

prolonged reaction times. It appears that no carbonization occurs in alkaline media.

Due to the fast reaction, the temperature was lowered to 150 °C. Here, kinetics is
comparable to the system with 0.1 M K,HPO, at 200 °C. However, the induction
period and the subsequent formation of carbohydrates are clearly more distinct (see
figure . The formation of carbohydrates occurs quite abruptly. It takes only
6 s from the beginning of their formation to maximum yield. Again, the shorter
carbohydrates account for the major part, though the relative fraction of hexoses
is more pronounced than at higher temperatures (compare with figure . The
product distribution is slightly altered. In the strong alkaline media, pentoses are
formed preferentially. When the buffer concentration was low and the final pH slightly
acidic, pentoses, tetroses and trioses were formed in equal amounts. Besides the very
fast formation of carbohydrates, their decomposition is highly accelerated in alkaline

media. This is probably the reason why the overall yield was not improved by a
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higher buffer capacity. Under those conditions it reaches only 7.6%. It turns out
that the lower buffer capacity might even have been advantageous. At the end of the
reaction the pH turned neutral, and sugars are more stable under these conditions
than at high pH.

4.3.6 Carbohydrate Selectivity

It is an interesting question whether the nature of the added salt or catalyst had
some effect on the product selectivity. Table shows the maximum yield with
different salts. Salts are ordered according to increasing basicity. The total yield
nicely indicates that the starting pH and not the ion catalysis is the decisive factor.
When working under hydrothermal conditions the yield is lower compared to moder-
ate temperatures, but less harsh conditions, e.g. a significantly lower alkaline pH, are
necessary to induce the formose reaction. Among the hydrothermal reactions, using
a simple 0.1 M carbonate buffer resulted in the highest relative yield. Concentration
and type of buffer are optimal, as the solution is initially alkaline, allowing the for-
mose reaction to proceed. When formaldehyde was consumed and the maximum of
carbohydrate yield reached, the solution became neutral. Here, sugars exhibit the
highest stability.

Taking a look at the various reactions performed at 200 °C no difference in selec-
tivity towards a special sugar became visible. The relative amounts of carbohydrates
with different carbon number are roughly identical. As discussed earlier, the most
striking difference is the virtually complete absence of hexoses at 200 °C and the
preferential formation of shorter carbohydrates.

Two different alditols, erythritol and threitol, originate from the post reaction
reduction of the tetroses. Both are formed in approximately equal amounts at 200 °C
as well as at 60 °C. This is different regarding pentoses. Here, three sugar alcohols
are identified. Under the assumption that all possible stereoisomers of pentoses are
synthesized with the same probability, one should obtain 50% arabinitol and 25%
of ribitol and xylitol each. Indeed, sugars yielding arabinitol accounted for roughly
half of the (linear) pentoses. However, we found a higher concentration of ribitol

compared to xylitol under hydrothermal conditions. This selectivity is reversed at
60 °C.
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Table 4.2: Maximum yield of different carbohydrates at hydrothermal and moderate temperatures
of a 0.5 M formaldehyde solution with different salts; concentration of salt was 0.1 M except for
Ca(OH), with 0.05 M.

yield at maximum [%]

200 °C, 100 bar 60 °C
Ca(OAc), NaHCO; K,HPO, NaHCO,;/ Ca(OH),
Na,COj,
glycolaldehyde 0.95 0.80 1.41 1.20 0.55
trioses 0.56 1.41 2.40 2.87 1.73
tetroses 0.87 1.67 2.99 3.19 3.15
as erythritol 0.51 0.82 1.54 1.53 1.54
as threitol 0.37 0.85 1.45 1.66 1.62
pentoses 0.90 1.46 2.48 2.94 9.17
as ribitol 0.25 0.41 0.73 0.82 1.65
as arabinitol 0.49 0.69 1.22 1.38 4.27
as xylitol 0.16 0.35 0.52 0.74 3.25
hexoses 0.16 0.16 0.30 0.29 11.79
total 3.44 5.50 9.58 10.48 26.50

We can speculate that this is an effect of different reactivities of the pentoses.
Figure shows their fraction against reaction time for the hydrothermal reaction
in 0.1 M K,HPO, and the reaction at 60 °C in 0.05 M Ca(OH),. In the early stages
ribitol dominates over xylitol in both cases. Under Ca(OH), catalysis this is reversed
very rapidly. Under hydrothermal conditions however, this only occurs for very
prolonged reaction times, when the overall yield of sugars is already very low. It was
observed that in a neutral solution at 100 °C, ribose decomposes faster than xylose,
correlating with the percentage of free aldehyde in solution [I01]. Although ribose
seems to be formed preferentially, its reactivity is higher. At 60 °C a possible sink for
ribose is the continued reaction to hexoses, which is negligible under hydrothermal
conditions. Therefore, the fraction of ribitol does not decrease until the maximum

yield of carbohydrates has been reached.
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Figure 4.16: Fraction of pentoses showing arabinitol (red circles), ribitol (black squares) and xylitol
(blue triangles) for a) the hydrothermal reaction in 0.1 M K,HPO, and b) the reaction at 60 °C in
0.05 M Ca(OH),.

4.3.7 Effect of Temperature

The effect of temperature was investigated in the range of 125 °C to 200 °C in
0.1 M K,HPO, (figure . Here, 1 mol% glycolaldehyde was added to reduce the
reaction time, as it is difficult to handle extended reaction times with the employed
flow setup. In particular we checked whether more hexoses would be synthesized
at lower temperature. Surprisingly this was not the case, at least not in significant
terms and in the analyzed temperature range. Chromatograms at lower temperatures
revealed that less side products are formed. For instance, the detectable amount of

2-deoxyribitol decreased. However, total yields were not significantly affected.

4.3.8 Sugar Stabilization

The characteristics of the formose reaction, induced by addition of K,HPO, to the
formaldehyde solution, are equally valid for other salts. Only the overall yield is
influenced by the nature of the additive, but not the relative product distribution.
However, when the additive contains reactive sites, other reaction pathways are pos-

sible, which could push the formose reaction towards a certain product. Since the fast
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Figure 4.17: Consumption of formaldehyde in 0.1 M K,HPO, with 1 mol% GA at 200 °C (black
squares), 175 °C (red circles), 150 °C (blue upward triangles) and 125 °C (turquoise downward
triangles).

decomposition is the main cause for the low yield, the reaction can only be improved
by either stabilizing or trapping the products.

Borate minerals were shown to stabilize ribose and other carbohydrates by com-
plexation [I16]. When the reaction was performed in 0.125 M Na[B(OH),] or in a
0.125 M borate buffer prepared with borax, a fast conversion of formaldehyde was
observed (figure , but NMR spectra revealed that only the Cannizzaro reac-
tion took place. Consumption of formaldehyde was faster in solutions exhibiting
higher pH. Even when 1 mol% glycolaldehyde was added as initiator, only marginal
amounts of carbohydrates were formed which furthermore decomposed quite rapidly.
Also increasing borate concentration to 0.5 M and accordingly lowering temperature
to 130 °C did not result in significant carbohydrate formation. Obviously borate is an
efficient catalyst of formaldehyde disproportionation under hydrothermal conditions
and is unable to stabilize carbohydrates at elevated temperatures.

Another possible means of stabilization, trapping of products with amines, was
investigated. Due to its prebiotic relevance, the reaction was performed in the pres-
ence of 0.1 M adenine (its solubilization was achieved by heating to 100 °C). No

additional salts were added. Formaldehyde consumption as well as a colour change
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Figure 4.18: Conversion of 0.5 M formaldehyde at 200 °C in presence of borate (black curves) and
borate buffer (blue curves).

were observed. However, no free carbohydrates could be detected and NMR spectra
did not show any carbohydrate signals in the region of 3.5-4.5 ppm (figure .
Clearly, the presence of amines blocks the formose reaction and directs it towards
other pathways.

When zinc prolate was used as additive in the formose reaction, a very rapid
consumption of formaldehyde took place (see figure page . This salt was
shown to be an efficient catalyst for aqueous aldol reactions [109]. At the high
temperatures used in our experiments, however, conversion levels of proline were
similar to those of formaldehyde, indicating an incorporation of the amino acid into
the products. Again, no carbohydrates could be detected.

In a last experiment adenine was not reacted solely with formaldehyde, but in the
presence of a 0.5 M carbonate buffer. At high pH adenine is present as base, which
might increase reactivity. The same settings as in the experiment without adenine
(150 °C, 100 bar) were chosen. Kinetics and colour change were similar in both cases
(see figure , page . Likewise, the concentration of free carbohydrates was
comparable. Interestingly, a white precipitate formed slowly after reaction. After
cooling in an ice bath, the solid was filtered and an NMR spectra recorded in DMSO
(figure . It shows peaks around 8 ppm, which are typical for the adenine scaffold.
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Figure 4.19: 'H-NMR of the reaction of 0.5 M formaldehyde with 0.1 M adenine at 200 °C for
5.2 min lacks of peaks corresponding to carbohydrates; recorded in D,O.
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Figure 4.20: 'H-NMR of the precipitate from the formose reaction in the presence of adenine,
reaction time 1.2 min; recorded in DMSO.
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However, at least 4 peaks are obtained in this region, instead of the expected 2. The
intensity of signals from protons of the amino groups is less than expected, which

might be due to an exchange with residual water.

Additional signals appear, notably one around 5.5 ppm. It could originate from
a double bond or a hemiaminal, obtained after the addition of formaldehyde [I17].
Other signals between 1-2 ppm are also present, indicating the presence of alkane
protons. No carbohydrates are present, based on the absence of signals between
3.5-4.5 ppm.

Since these findings are difficult to explain solely with NMR measurements, the
white precipitate was silylated with BSTFA and a GC recorded (figure . It
shows two main peaks (a, d) and two smaller ones (b, ¢). Compound a was identified
as residual adenine, which was silylated twice. The molecular ion was clearly visible
in its mass spectrum. Compound b is also adenine, now bearing three TMS-groups.

Here, each acidic proton was replaced by the silyl moiety.

Compounds ¢ and d also exhibit a mass shift of 72 for the largest fragment, which
is the shift expected for the incorporation of one TMS-group. The mass spectrum of
d is shown in figure The signal at m/z = 476 is most probably the molecular
ion M*. A loss of 15 is common among trimethylsilylated compounds, resulting
from the elimination of a methyl group. Interestingly, the spectrum for m/z-values
up to 278 is very similar to that of di-TMS-adenine. We can therefore conclude
that the adenine scaffold is still retained in the unknown compound. However, the

identification of the additional moiety still requires further investigation.

The exact number of silyl groups could for instance be determined using a different
silylation agent, e.g. incorporating a dimethyl tert-butyl silyl moiety instead of the
TMS one. The use of ¥C-formaldehyde would provide the number of formaldehyde
molecules that react with adenine. Furthermore, performing the reaction in D,O
would probably lead to the exchange of protons with deuterium. In another experi-
ment with labeled glycine it will be shown that even non-acidic protons are rapidly
exchanged at high temperatures (see section m, page . The structure of the
unknown compound has to be elucidated in further studies. The formose reaction is
thus, despite its antiquity, highly interesting and surprising results can be expected

in the future.
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Figure 4.21: GC of the silylated pre- Figure 4.22: MS of the unknown compound d in the preci-
cipitate. pitate.

4.4 Summary

The feasibility of the formose reaction under hydrothermal conditions was analyzed.
In contrast to the counterpart at ambient temperature, less demanding conditions
are required. Catalytically active species are not essential and only have minor effects
regarding the yield. A slightly alkaline solution is sufficient to induce the reaction. In
fact, depending on buffer capacity, the pH can even drop to slightly acidic at the end
of the reaction. A high pH throughout the whole reaction is in fact disadvantageous,
as product decomposition is favoured above a certain pH.

No selectivity towards a particular product could be detected. However, consider-
able differences in the outcome of the reaction with respect to moderate temperature
were found. Hexoses, being the main product at low temperature, are only formed
in negligible amounts. Regarding the distribution of pentoses, a reversed selectivity
towards carbohydrates yielding ribitol and xylitol was found. Besides the true con-
densation products of formaldehyde, also deoxysugars were detected. Hydrothermal
conditions seem to facilitate alternative reaction pathways [118]. The low yield caused

by rapid decomposition is a key issue. Attempts to stabilize or trap the products
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Chapter 4 Prebiotic Carbohydrate Synthesis

Table 4.3: Comparison of formose reaction characteristics under hydrothermal and moderate

temperatures

high temperature and pressure

moderate temperature

catalytically active ions have minor ef-
fects

initiator improves yield

induction period even without initiator
quite short

nature of initiator does not influence
outcome of reaction

shorter carbohydrates formed,

rarely hexoses

are

selectivity pentoses: arabinitol > ribi-
tol > xylitol

lower yield

catalytically active ions necessary

initiator does not influence yield

initiator drastically reduces induction
period

nature of initiator does not influence
outcome of reaction

main products are hexoses and pen-
toses

selectivity pentoses: arabinitol > xyli-
tol > ribitol

higher yield

under hydrothermal conditions have been unsuccessful so far. These findings do not
provide convincing evidence that the formose reaction played a role in the prebiotic
formation of carbohydrates. Still, they nicely demonstrate the extent hydrothermal
reactions can differ from moderate temperature chemistry. The aforementioned char-
acteristics of the formose reaction under hydrothermal and moderate temperatures

are summarized in table [£.3]
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Chapter 5

Transfer Hydrogenation of Levulinic
Acid

5.1 Background

Being the main component of biomass, carbohydrates are the most promising starting
compound for replacing fossil resources and moving towards a sustainable chemistry.
Apart from gasification, which yields small molecules, it is energetically advantageous
not to destroy the complete molecule, but to break down the carbohydrates step by
step. This can be achieved by current biotechnology processes (see section on
page . Ethanol, lactic acid, succinic acid or citric acid can be obtained by fermenta-
tion [I1]. A very promising chemical pathway is the dehydration of carbohydrates to
hydroxymethylfurfural. This can be obtained from fructose by simple heating in an
acidic aqueous environment with continuous extraction of the product [119]. Under
non-aqueous conditions in ionic liquids and with metal ion catalysts like CrCl,, this
molecule can also be synthesized from glucose with fairly high yield [120]. In wa-
ter, especially under acidic conditions, hydroxymethylfurfural rehydrates and reacts
further to levulinic and formic acid (figure [121].

Levulinic acid itself is an interesting building block and can be converted to a
variety of useful compounds [122]. With respect to green chemistry, y-valerolactone
is potentially of highest significance. One remarkable characteristic is its applica-
bility as sustainable liquid [123]. It is nontoxic with an LDso significantly higher

than ethanol, has favourable solvent characteristics and exhibits both a low melting
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Figure 5.1: Decomposition of glucose to levulinic and formic acid with intermediate formation of
hydroxymethylfurfural.

point as well as a high boiling point and very low vapour pressure, even at elevated
temperatures. It is also biodegradable and thus can be considered a green solvent.
In addition to replacing toxic organic solvents, y-valerolactone is useful as an energy
storage molecule and can be directly employed as an additive for liquid transportation

fuels. Also, alkanes can be obtained by further hydrogenation[124].

~v-Valerolactone can be synthesized by hydrogenation and subsequent cyclisation of
levulinic acid. Both heterogeneous [125-128] and homogeneous catalysts [124], [128|
129] have been evaluated so far. However, both systems employ noble and heavy
metals, in particular palladium and ruthenium, which are neither sustainable nor
low-priced. Since an equimolar amount of formic acid is generated during production
of levulinic acid from carbohydrates, it is convenient to use formic acid as reducing
agent in a transfer hydrogenation (figure . In this way, the side product of a first
reaction is used as a hydrogen source for the second, and a high atom and energy

efficiency is achieved.

To make this process even more environmentally friendly, the heavy metal catalysts
have to be replaced. The reduction of aldehydes with NaCOOH has been shown to
work without catalyst, though very high temperatures were necessary [130]. This
result was the motivation for studying the transfer hydrogenation of the even more

unreactive ketone using formic acid under green conditions in water [I131].

0]

OH E oo
Yo Now \<_/V/ + H0 + CO,

o

Figure 5.2: Transfer hydrogenation of levulinic acid with formic acid as hydrogen donor.
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5.2 Results

5.2 Results

5.2.1 Salt Effects

Since levulinic acid and formic acid are produced from carbohydrates in aqueous
phase, the transfer hydrogenation was performed in diluted solution. This is prac-
tical as separation of the two acids from water would be highly energy consuming.
Keeping this in mind, 0.1 M levulinic acid was used with a slight excess of formic acid
(0.15 M). To preliminary test, whether synthesis of v-valerolactone under hydrother-
mal conditions is feasible or not, the mixture of levulinic and formic acid was simply
heated in an autoclave at 220 °C for 12 h, resulting in a yield of only 1.0% (analyzed
by HPLC). By addition of Pd on activated alumina (12 mol% Pd with respect to
levulinic acid), the yield increased to 29.0%. However, this was accompanied by a
significant occurrence of further reduction towards pentanoic acid, as proven by GC-
MS after silylation of the sample. Furthermore, Pd not only catalyzed the desired
hydrogen transfer, but also the decomposition of formic acid to H, and CO,. This
decomposition, although at much lower rate, also occurs in high-temperature water
without any additives [5I]. This side reaction, together with the demand for a cheap,
sustainable catalytic scheme, makes the use of PAQAI, O, obsolete. Still, it was useful
in this system to obtain a benchmark value for the possible conversion range. By us-
ing catalysts based on ruthenium, much higher yields have been reported [128, [129],
but Ru has the same disadvantages as Pd concerning sustainability.

In hydrothermal reactions, even simple salts may activate the water and can there-
fore act as catalysts [I32]. As cations might activate the carboxy group by coordi-
nation, a 0.5 M salt solution was used as solvent instead of pure water under the
same reaction conditions. Different chlorides (KCl, CeCls, CoCl,, SrCl,, CuCl, and
ZnCl,) were tested, but none showed a significant activity for this reaction, not even
the employed transition metals (table .

Taking a closer look at the different halides, one can notice some effects following
the Hofmeister series (see table on page [17). Potassium fluoride increases the
yield compared to the pure aqueous solution, whereas the other halides do not show
any improvement, while a slight decrease from chloride to the more chaotropic iodide

is observed. A remarkable acceleration is also found when Na,SO, is added. Fur-
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Chapter 5 Transfer Hydrogenation of Levulinic Acid

Table 5.1: Effect of salt addition (0.5 M) on the yield of y-valerolactone

additive yield [%] additive yield [%)]

no salt 1.0 KF 11.3
Pd@Al,O; 29.0 KCl 1.4
KCl 1.4 KBr 1.2
CeCly4 1.4 KI 0.7
CoCl, 1.0 Na,SO, 11.0
SrCl, 1.1 Na,S0, 0.0
CuCl, 0.0 K,CO4 0.0
ZnCl, 0.1 KH,PO, 3.4

K,HPO, 0.7

K,PO, 0.0

thermore, KH,PO, increases the yield, whereas the more basic phosphates do not
show any catalytic activity, even inhibiting the reaction. Finally, other basic salts
like Na,SO; and K,CO, prevent any reaction. This makes pH a potential key factor
in this reaction.

Therefore, we had to investigate the pH dependence of the transfer hydrogenation
without additional salt to distinguish salt and pH effects. As both educts are acids,
a variety of reaction pathways can be considered. Whereas formic acid releases CO,
and H, upon decomposition, its anion formally transfers H . Thus the reducing
character of formic acid is significantly different from that of formates. To perform
the reaction at different pH, variable amounts of either hydrochloric acid or potassium
hydroxide were added to the mixture of levulinic and formic acid. The concentration
of HC1 was 0.01 M or 0.1 M in the final solution, whereas 0.075 M, 0.15 M, 0.2 M
or 0.3 M of KOH was added to shift the pH to higher values. In the case of base
addition, pH is buffered by formic acid (pK, = 3.74) and levulinic acid (pK, = 4.59).
Since during the reaction acid is consumed or may decompose, the pH should increase
throughout reaction. Indeed, this is validated by the experiment (figure . The
pH changes are largest in the alkaline region, presumably due to the missing buffer
capacity.

Furthermore, the yield strongly depends on the pH. At very acidic pH, where both
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pKa(formic acid) = 3.74 pKa(IevuIinic acid) = 4.59
20

yield [%]

mixture of formic
T and levulinic acid

Figure 5.3: The dependence of y-valerolactone yield upon pH, measured before (squares) and after
(circles) the experiment.

reactants are protonated and uncharged, the yield is very low. With increasing pH,
the yield drastically increases, reaching a maximum at a pH around the pK, of formic
acid. Further increasing the pH leads again to a decreasing yield. Levulinic acid now
becomes deprotonated, which seems to inhibit the reaction. Obviously, the reaction
is fastest for levulinic acid in its neutral and formic acid in its anionic form. This
leads to a rather sharp maximum of optimum pH for product generation in water
with a formal transfer of H™ from formate. So by simple addition of some base to the
mixture of levulinic and formic acid, the yield can be drastically optimized. In media
that are too basic, lactonization is not expected to occur. However, GC-MS did not
reveal any other low molecular weight compounds besides levulinic acid (especially
not y-hydroxyvaleric acid), indicating that no reaction at all seems to occur at high
pH. Another potential reason for the low yield under acidic conditions is the fact that
addition of HCI promotes the autodecomposition of formic acid at high temperatures
(figure [5.4)), which is — in addition to the reaction with levulinic acid — a second
reaction channel.

Knowing the pH sensitivity of the transfer hydrogenation of levulinic acid with
formic acid, the initial experiments on the influence of pure salts on the reaction can

be reanalyzed. The pH probably accounts for the acceleration pattern of the different
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Figure 5.4: Amount of levulinic acid (circles), formic acid (squares) and the product vy-valerolactone
(triangles) versus pH prior to reaction.

potassium phosphates. It is now also evident why very basic salts like Na,SO4 or
Na,CO; inhibit any reaction. In contrast, slightly basic salts could shift the pH in
the narrow optimum range. This might be the case for KF and Na,SO,.

5.2.2 Dissociation at High Temperature

The catalytic activity of sulfate, which is a quite neutral salt (pK, = 1.99 for the
deprotonation of HSO, under ambient conditions) is still surprising at first sight,
whereas fluoride is more basic (pK, = 3.17 under ambient conditions). Despite the
difference in K, of one order of magnitude, the two different salts have a similar effect
on the reaction. When determining the basicity of the tested salts, one should bear in
mind that the pK,-values at elevated temperatures can be quite different from those
under ambient conditions. So to really relate the effect to pH, we have to compare
the dissociation constants at the reaction temperature of 220 °C. The temperature

dependence of the pK,-values can be expressed by the van’t Hoff equation

din K, AHY
dT  RT?

(5.1)
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Figure 5.5: Variation of pK, of HSO, (a) and formic acid (b) with increasing temperature, calcu-
lated from thermodynamic data.

where AH? is the standard molar enthalpy change for the dissociation of the acid.
Integration, neglecting the increased pressure at high temperatures and the temper-

ature dependence of the heat capacity change Acg, leads to

AGO 11 70 T
Ko(T) = =+ AH. (TO - T) + AL (T 1+ (TO)> (5.2)

with T° being the reference temperature (7° = 298.15 K). With data from literature
for formic acid (AG® = 21.45 kJ - mol™", AH® = 1.03 kJ - mol™" and A¢) = —175 J -
K - mol?! [133]) and HSO, (AG" =11.342 kJ - mol, AH® = —22.4 kJ - mol"! and
Ac) = —258 J- K - mol™ [114]) the temperature dependence of the pk, of formic

acid and HSO, can be calculated (figure [5.5).

Like for most simple acids, the dissociation constant of formic acid decreases only

slightly with increasing temperature. Even though the pressure dependence was
not taken into account, the calculated pK, variation is in good agreement with
experimental values for both formic acid [115) 133] and hydrogensulfate [134]. On
the other hand, the dissociation constant of HSO, decreases very strongly and even
crosses that of formic acid at elevated temperatures. The reason is the very high

enthalpy change for the dissociations of HSO, , causing K, to be highly affected by
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Figure 5.6: Yield versus the pK, of the corresponding acids of the tested salts under ambient
conditions and at 220 °C or 200 °C for the halides respectively.

temperature. At the high reaction temperatures in the experiments sulfate can in fact
act like a weak base with a strength comparable to carboxylic acid salts and becomes
protonated to a significant extent while deprotonating formic acid. We speculate
that this also causes the high yield of v-valerolactone in the presence of this salt.
For the other tested salts the pK, values were also calculated for a temperature of
220 °C [114]. In the case of halides, data for 200 °C were used [135]. One can see clear
differences compared to the values at ambient conditions, which cannot explain the
action of the different salts in contrast to the values at high temperatures (figure[5.6).
Here the pkK, of hydrogen fluoride is quite near to the value of HSO, , which results
in a similar yield of product by adding KF. The difference in dissociation constant
is, however, less pronounced than for HSO, . In a green, sustainable approach, KF
cannot be recommended due to its toxicity. On the other hand there is no concern
in using simple sulfates. In any case, the KF example allows the conclusion that the
observed effects of salt addition are not attributed to Hofmeister effects, but rather

to their influence on pH at elevated temperatures.

5.2.3 Optimization of Reaction Conditions

To gain further insight into the effect of added Na,SO,, standard mixtures of levulinic
and formic acid were reacted in the presence of different concentrations of Na,SO,.
Increasing the salt concentration increases the yield, until a plateau is reached around
0.1 M of salt (figure . Interestingly, the yield increases roughly with the logarithm
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Figure 5.7: Catalytic effect of Na,SO, on the transfer hydrogenation.

of added salt concentration.

For further optimization of the reaction conditions the temperature dependence
of the reaction was screened within an 8 mL tubular flow reactor for a fixed flow of
0.4 mL min™! and a pressure of 200 bar, corresponding to a reaction time between
18.1 min (at 175 °C) and 14.7 min (at 300 °C) (figure .8). With its continuous
product stream, such a setup is certainly more adapted to industrial processes. In

these experiments 0.125 M Na,SO, was used, as the reaction performed in autoclaves

12__ /.\I

o ./
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Figure 5.8: Variation of yield versus reaction temperature for a residence time in the range of
18.1 min (at 175 °C) and 14.7 min (at 300 °C) with 0.125 M Na,SO, added.
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gave satisfactory yields at that concentration. Furthermore, a low concentration
ensures complete solubility, which is important in order to not block the reactor. The
solubility of Na,SO, strongly decreases around 300 °C (see figure on page [21)).
This experiment shows that a sufficiently high temperature to activate the formic
acid is necessary to start the reaction. Product yield under those conditions passed
through a maximum, as a temperature above 275 °C again lowers the yield. It is
assumed that the spontaneous decomposition of formic acid is too fast in this range.
Hydrogen, formed by this process, cannot reduce levulinic acid. It is the direct
hydrogen transfer which creates the y-valerolactone. This was validated by another
experiment, where 0.1 M levulinic acid in 0.5 M Na,SO, was reacted with hydrogen
(5 bar, 10 eq.) at 220 °C for 16 h. Here, no 7-valerolactone was formed.

Comparing the overall yield from this experiment with the reaction performed in
autoclaves (see table on page , one notices the decreased yield at the reaction
temperature of 220 °C. This is due to the fact that in the tubular flow reactor the
residence time is less than 20 min, as compared to the batch mode, where it is 12 h.
The short reaction time therefore results in incomplete conversion. Higher yields
are expected when pumping the reaction mixture into the reactor for a second time.
The highest potential for an increased yield is given when the ~-valerolactone is
extracted prior to re-reacting the unconverted starting educts, but such optimization
by chemical engineering is out of the scope of the presented work. Selective extraction

can be carried out for example with supercritical CO, [136].

5.3 Summary

The synthesis of y-valerolactone can be performed under hydrothermal conditions,
although improvement of yield is necessary if this process is to be adapted for large
scale throughputs. Nevertheless, the reaction is highly atom and energy efficient. In
regard to the whole process starting from carbohydrates, no other reactants, such
as an external hydrogen supply, are required, and even side products are converted.
~-Valerolactone has a very high potential as solvent and fuel molecule that is com-
patible with the requirements of green chemistry. The presented synthesis does not

depend on conventional heavy metal catalysts, which is another sustainable feature.
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5.3 Summary

Optimization of pH allows an increase in the overall yield, but the reaction is also
highly affected by the presence of salts. Even very simple salts, like Na,SO,, can
act as catalysts and drastically improve the yield. This “salt catalysis” cannot be
attributed to Hofmeister effects but is probably purely related to their influence on
pH. A special property of Na,SO, was used to optimize the reaction. Sulfates in
high temperature water are “switchable” bases and become more and more basic
with increasing temperature. This temperature dependence is more pronounced for
sulfate than for other anions. It can be exploited for easy preparation of reaction
solutions that are neutral and thus easy to handle under ambient conditions, but
drastically change their properties at high temperature.

Such a temperature switch may be used to substitute conventional bases that are
traditionally employed as catalysts. They require neutralization after reaction and
thus create waste salt. Furthermore, a temperature-switchable base will become
neutral when cooling to ambient conditions after the reaction and can therefore be
reused. Hence, hydrothermal synthesis is a means of preventing waste. This adds

another sustainable feature to the high atom economy of the presented synthesis.
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Chapter 6

Hydrothermal Biomass Valorization

6.1 Alkaline Digestion

6.1.1 Conversion of Glucose

As previously demonstrated with the example of conversion to levulinic and formic
acid and subsequent transfer hydrogenation, the chemistry of carbohydrates is very
versatile. Another promising pathway to convert sugars to useful chemicals is their
reaction to lactic acid. Especially under alkaline conditions a high yield of lactic acid
can be achieved. Additionally, the formation of deoxyhexonic acids and other poly-
hydroxy acids takes place [137]. The fact that the pH drops when carbohydrates are
carbonized was also motivation to study the formation of acids under hydrothermal
reaction conditions in more detail.

To prevent carbonization, experiments were performed at 130 °C. A 0.7 M glucose
solution was heated for one day with some basic amines (histidine hydrochloride,
piperidine and lysine). First, a catalytic effect was tested and a low concentration of
4 w% additive with respect to glucose chosen. In all experiments a final pH around
4 was reached. To evaluate the amount of acidic groups, the solution was titrated
with NaOH. The result is shown in figure [6.1]

Despite the same pH of the hydrothermally treated solutions, the titration curve
reveals that when no additive was present only marginal amounts of acids were
formed. When additional bases were present, significantly more acid is generated.
The amount of acidic groups seems to be proportional to the amount of base added.

This proves that the action of base is not catalytic, but it is rather a stoichiometric
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Figure 6.1: Titration of alkaline glucose digestion at 130 °C for 1 d in presence of amines; a) no
additive; b) 3.7 mol% histidine hydrochloride; ¢) 4.9 mol% lysine; d) 11.3 mol% piperidine.

reagent. Glucose decomposes to acids in noteworthy amounts only when the pH
is sufficiently high. When it drops below 4, further formation of acids is blocked.
Therefore, a stoichiometric concentration of base must be chosen.

To evaluate the maximum amount of base consumed, a 0.5 M glucose solution was
reacted with different amounts of NH4 at 150 °C for 1 d. Here, a higher temperature
was chosen compared to the previous experiments in order to accelerate the reac-
tion. It was observed that at sufficiently high base concentration the carbonization
reaction was blocked completely, and only a clear, dark brown liquid phase formed.
Adding 1.4 eq NH; with respect to glucose, a neutral solution was obtained after
hydrothermal treatment. Therefore, we can conclude that one mole of glucose can
be converted to &~ 1.4 moles carboxylic acid when ammonia is used.

The dark brown colour of the solution indicates the presence of many decompo-
sition products. To analyze at least the compounds of low molecular weight, gas
chromatography was performed after silylation. It showed the formation of many
different acids like lactic acid, hydroxyacetic acid, 3-deoxyhexonic acid and many
other polyhydroxy acids. Due to the lack of selectivity, no attempts were made to
quantify them.

NH; not only acts as a base, but can react with sugar and its decomposition
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products. In fact, we also found alanine and homoserine, products that were absent
when other bases were employed instead. Heterocyclic pyrazines were also formed
[138], although the yield was low in our experiment (600 mg could be extracted with
diethyl ether from 180 g glucose).

Contrary to acidic reaction conditions, levulinic acid is only formed in marginal
amounts. The occurence of small organic acids under alkaline conditions shows that
glucose is split into smaller fragments. This happens by retro-aldol reactions as a first
step [I39]. The absence of carbonyl groups and the presence of carboxylic acids in the
final products prove that disproportionation by Cannizzaro reactions is occurring. In
order to avoid the incorporation of the base into the carbon scaffold, KOH was used
for further experiments. Because of the missing selectivity, we also used a less defined

feedstock, namely wood from conifers.

6.1.2 Liquefaction of Wood

In section [2.4.1] (page the hydrothermal liquefaction of biomass was illustrated.
However, at temperatures around 220 °C it was not possible to liquefy wood com-
pletely. 100 g sawdust were reacted in 650 g water with 15-25 ¢ KOH. About 60-50%
of the saw dust was converted to soluble species. 15 g KOH was not sufficient, since
here the solid residue was highest. 25 g KOH seems to be the optimum amount.
After 2 h reaction at 220 °C, the pH was only slightly alkaline (pH = 8.1), indicating
a nearly complete consumption of the base.

Wood consists mainly of cellulose, hemicellulose and lignin. We speculate that
the carbohydrates can be depolymerized to their monomers, which then degrade
to organic acids according to the aforementioned base catalyzed pathways. Lignin,
however, is more difficult to decompose. We assume that it mainly stays intact.
To check this hypothesis gas chromatography of a silylated sample was performed.
The chromatogram is shown in figure Important peaks were assigned through a
database search of their EI spectra.

The chromatogram clearly indicates the presence of typical carbohydrate decom-
position products. Only the major peaks are assigned, showing lactic acid, a deoxy-
hexonic acid (as its lactone), hydroxyacetic acid, hydroxybutanoic acid and a small

peak corresponding to levulinic acid. In addition, many other acids could be de-
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Figure 6.2: Chromatogram of a silylated sample from alkaline wood digestion shows typical decom-
position products of carbohydrates and some fragments resulting from lignin, TMS group removed
in drawings.

tected. Apart from these compounds lignin related species were also found. They
are structurally derived from coniferyl alcohol (compare with figure , page .
Also, resin components dehydroabietic acid (at ¢, = 12.6 min) and abietic acid (at
t, = 12.9 min) could be detected. Although the compounds were not quantified,
carbohydrate derived acids obviously account for the major part.

Since a broad spectrum of acids is generated with low selectivity, the presented
digestion is not useful regarding controlled synthesis. However, the depolymerization
and subsequent conversion of carbohydrates into acids are the first two steps in the
bacterial production of biogas. Chemically performing these steps could make wood
accessible to fermentation and increase methane yield. Therefore, we tested the gas

yield of the liquid phase[f| Indeed, a fast degradation and high methane yield were

* Analysis was carried out by WESSLING Laboratorien GmbH, Oststrafie 6, 48341 Altenberge
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Figure 6.3: Gas yield versus fermentation time for alkaline digested wood.

observed, as shown in figure 408 L/kg gas were obtained in 33 days based on
the organic dry matter (oDM). It consisted of 65.3 % methane, 25.9 % CO, and
the rest being mainly N,. The methane yield was therefore 266.4 L /kg oDM. With
carbohydrates as feedstock typically 700-800 L/kg oDM gas with 50% methane are
obtained [140], which is slightly higher.

These results have to be regarded under the aspect that wood normally is very
hard to digest in a biogas factory. It practically cannot be used as feedstock. Flash
pyrolysis was proposed as pretreatment [141]. The pyrolysis oil could also be em-
ployed to produce methane. However, it had to be used in conjunction with cellulose
to prevent inhibition of the bacteria, and then 371 mL gas were obtained from 1 g
pyrolysis oil. In contrast, gas yield of the alkaline treated wood was even slightly
higher, and the product was directly suitable for fermentation without added feed-
stock. Thus the hydrothermal pretreatment is an efficient and energy-saving way to

convert wood and probably other low cost plant materials as well into methane.

As a by-product of methanogenesis, CO,, is formed, which combines with the added
base to hydrogen carbonate. For a sustainable process managing the initial base has
to be recycled. Substitution by Ca(OH), might be a good alternative. Upon heating

its carbonate salts loose CO, fairly easily, and the initial base could be recycled.
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6.2 Stability and Decomposition of Glycine

6.2.1 Theory

The formose reaction has demonstrated that carbohydrates can be synthesized under
hydrothermal conditions, but also revealed their instability. Amino acids in contrast
are more resistant to high temperature. Interestingly, when glycine is heated in a
flow reactor, dimers and trimers are formed [142]. Repeated circulation through a
hot and cold spot even resulted in the formation of short oligomers with up to six
glycine molecules [143]. The main condensation product was, however, not a linear
oligomer, but the cyclic dimer 2,5-diketopiperazine.

Kinetics and products of glycine in sub- and supercritical water have recently been
studied over a wide range of temperatures [I144]. This study clearly demonstrated
that the main decomposition pathway of glycine is decarboxylation to methylamine,
which is a major observation for most amino acids [I45]. In future this might be an
alternative way to produce amines from the corresponding amino acids. Less signif-
icant in quantitative terms is the dimerization to 2,5-diketopiperazine. In parallel,
deamination to glycolic acid also takes place, which can further yield formaldehyde,
CO and CO,. This was the motivation to investigate with sensitive GC measure-
ments, whether different compounds are formed as well, with the aim to elucidate

possible reaction networks under hydrothermal conditions.

6.2.2 Results

A 1 w% solution of glycine in pure water was reacted at 180 °C and 250 °C under
100 bar. The conversion of glycine is shown in figure [6.4 This amino acid is quite
stable, so that at 180 °C it reaches only 25 % for 7 min reaction time. At 250 °C the
kinetics is however quite rapid, and 70 % conversion were obtained after 3 min.
This sample with highest conversion was freeze dried and an NMR spectra recorded
(figure . The three main peaks can be attributed to glycine (a), 2,5-diketopipe-
razine (b) and methylamine (c). Chemical shifts compare well with literature [144].
Methylamine can be found in the sample despite its volatility, as it is probably fixed
as carbonate salt during freeze drying. Furthermore, several smaller peaks appear

between 1.5-4 ppm. At low field no peaks can be detected, except for a very tiny
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Figure 6.4: Conversion of 1 w% glycin at  Figure 6.5: NMR of the glycine decomposition exper-
180 °C (red circles) and 250 °C (black iment at 250 °C shows residual glycine (a), cyclic
squares). dimer (b) and methylamine (c).

one in the aromatic region at 8.4 ppm.

As the NMR spectrum indicates, other compounds besides the well described ones
can be expected, although only present in small amounts. To identify them, samples
from the experiments at 250 °C were silylated after freeze drying and a GC was
recorded. Chromatograms are shown in figure [6.06] and clearly reveal that several
compounds originate from the decomposition of glycine. These chromatograms dis-
play only peaks with a retention time longer than that of the silylation agent BSTFA.
Mass scans at earlier times show the presence of methylamine and small amounts of
formic and acetic acid. The two dominating signals are residual glycine, either as di-
TMS (peak d) or tri-TMS (peak e) derivative. In principle only the ¢ri-TMS-glycine
could be obtained using higher derivatization temperatures. However, we observed
that then other peaks started to deteriorate and further signals appeared. To avoid
such artifacts a relatively mild temperature (70 °C) was chosen.

Simply identifying molecules by comparison of their El spectra with a database
search can be ambiguous. Besides, database entries are not available for every com-

pound. Therefore, experiments were also conducted using isotope labeled glycine,
namely D,-glycine (NH,CD,COOH), '*C,-glycine (NH,"CH,*COOH), 1-'3C-gly-
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Figure 6.6: GC traces of silylated glycine decomposition products at 250 °C, reaction time as
indicated.

cine (NH,CH,'*COOH), 2-3C-glycine (NH,"*CH,COOH) and *N-glycine (’NH,
CH,COOH). This allows the identification of the number of nitrogen and carbon
atoms in an unknown compound and even gives information from which carbon cen-
ter of the glycine molecule they originated. In principle the number of non-acidic
hydrogens should also be accessible. However, mass spectra from a D,-glycine sample
were identical to the unlabeled compound. This proves that even non-acidic protons
attached to the C,-carbon center are easily exchanged in water.

To obtain the true number of carbon and nitrogen atoms, the molecular scaffold
must stay intact and not fragmentate completely. Luckily this seems to be the case
for the majority of unknown compounds. Also, when a molecular ion could not be
observed, a fragment resulting from the loss of CH; from a TMS-group was commonly
present. Most mass scans showed both the M+ peak and a signal with m/z = M—15.

One example is given in figure for the unknown k. The mass spectra of the
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Figure 6.7: MS spectra of unknown & with non-labeled and labeled glycines.

unlabeled compound and the D,-glycine show two peaks at high m/z-value, differing
by 15 (CH;). The peak at m/z = 348 is most probably the molecular ion. In
the spectrum of the '*C,-glycine both peaks are shifted by four. This reveals that
the unknown compound has four carbon atoms. Both spectra of 1-13C-glycine and
2-13C-glycine exhibit a shift of two, which tells us that two carbon atoms from the
Cy- and correspondingly two from the C,-position of glycine are incorporated into
the unknown compound. Likewise, it must contain two nitrogen atoms. Taking into
account the molar mass, we can propose a trisilylated linear diglycine. This also
explains the fragmentation pattern. The two main peaks m/z = 130 and m/z = 218
originate from splitting of the amide bond. These signals also show the expected shift
for the isotope labeled glycines. The ions m/z = 73 and m/z = 147 do not originate
from the diglycine backbone. The signal at m/z = 73 is the TMS™ cation, which is
characteristic for EI spectra of trimethylsilylated compounds. The m/z = 147 signal

is obtained for many compounds containing at least two TMS-groups and oxygen.
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It is even formed when the two silyl moieties are not vicinal [146]. The determined
molecular formula can finally be verified by checking the ratio of the M, (M+1) and
(M+2) peaks. It corresponds well to the calculated fractions based on the natural
abundances of the different isotopes.

Other peaks were identified using the same approach. Results are summarized in
table It should be emphasized that comparing the relative peak areas of two
different compounds does not yield quantitative results, because response factors can
differ. Nevertheless, a rough estimation is possible, for which reason the relative
peak area based on the largest signal (¢ri-TMS-glycine) is given. The table lists the
masses of the ions with the largest observed m/z-value, and a probable structure of
the unknown compound is proposed, based on the number of carbon and nitrogen
atoms (C,N,). Furthermore, the number of TMS-groups (n TMS) in the derivative
is given.

As the main decomposition pathway of glycine is decarboxylation, increasing con-
centrations of carbonic acid are found at longer reaction times (peak a). Despite its
volatility, CO, is not lost during freeze drying, probably due to salt formation. An-
other product that is stabilized as its salt is N-methyl carbamic acid (peak ¢), which
is formed from carbon dioxide and methyl amine. Despite its instability it is found in
considerable amounts. This might be supported by the unique reactor design. The
high pressure of 100 bar induces the formation of the carbamate. When depressur-
ization occurs, the solution is already cooled down and was quickly quenched with
liquid nitrogen and then freeze dried.

The second major reaction pathway is the dimerization to 2,5-diketopiperazine
(peak h). At high temperature, condensation is obviously thermodynamically favour-
ed. The formation of the linear dimer (peak k) does not occur before the cyclic dimer
is present. Hence, diglycine seems to be formed not from the direct condensation of
two glycine molecules, but from a hydrolysis of 2,5-diketopiperazine via ring opening.

Similarly, the third decomposition pathway described in literature, deamination,
leading to glycolic acid (peak b) and ammonia, could be verified. This seems to be
only a minor reaction. However, more compounds that have not yet been observed in
the thermal decomposition of glycine could be identified, for instance amino malonic
acid (peak 7). Interestingly, glycine not only decarboxylates, but also incorporates

CO, to some extent. A possible mechanism is proposed in figure 6.8 It is based on

92



6.2 Stability and Decomposition of Glycine

Table 6.1: Identified compounds originating from the decomposition of glycine

peak a b c d e f g
rel. area  9.7% 1.0% 6.2% 31.0%  100% 0.02% 1.2%
ion Mt15 M*t-15  MT-15 MT-15 Mt-15 M+ M+-117
2¢ 191 205 204 204 276 256 218
B¢, 192 207 206 206 278 260 220
1-13¢C 192 206 205 205 277 258 219
2-13C 191 206 205 205 277 258 219
5N 191 205 205 205 277 258 219
CN, Ny GNy Ny GN  GoNy C,N, C,N,
n TMS 2 2 2 2 3 2 3
structure H,CO; glycolic carbamic glycine glycine 2,5-dihydroxy carbamic
acid acid pyrazine acid
o o o _N._OH o)
HOQkOH HO)J\NHMe HZN\)J\OH HOLN]/ HO)J\Q/YO
b c d,e i g ©H
peak h 1 j k [
rel. area 7.4% 8.4% 0.1% 11.5% 0.3%
ion M* M*-15 M* Mt M*
2¢ 258 320 344 348 464
3¢, 262 323 348 352 469
1-13C 260 322 346 350 467
2-13C 260 321 346 350 466
5N 260 321 346 350 466
C,N, C,N, C3N, C,N, C,N, C:N,
n TMS 2 3 3 3 4
structure  2,5-diketo- amino trihydroxy diglycine CzHgN,O5
piperazine malonic acid  pyrazine
B o NH; _N._OH o)
L T HOWOH L I HzN\)kN/\[(OH
0" N o o HO™ "N~ TOH Rl
h i j k
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Figure 6.8: Proposed mechanism for the incorporation of CO, into glycine.

the fact that deuterated glycine rapidly exchanges protons attached to the C,-center.
This most probably occurs via a base catalyzed abstraction of protons. The resulting
nucleophilic anion can then react with the electrophilic carbon dioxide, as shown in
figure [6.8l In this context it is worth noting that the ion product of water is at a
maximum at 250 °C (see figure page .

An interesting kinetics of formation and decomposition is observed for compound g.
Its concentration is highest for short reaction time and then decreases. Analogous
to N-methyl carbamic acid, this is most probably the carbamic acid of glycine. The
peak with the largest observed m/z originates from the elimination of a COOTMS
fragment. For short reaction time there is already enough CO, to form the carbamic
acid, whereas for prolonged reaction times the concentration of glycine decreases and
therefore so does the peak intensity. Hence, the formation of the carbamic acid is an
equilibrium reaction.

Compounds f and j are aromatics that are formed when 2,5-diketopiperazine is
oxidized, for instance by elimination of hydrogen. The small peak at 8.4 ppm in the
'"H-NMR spectrum (figure might be due to these compounds, although formic
acid also shows this chemical shift. The intensity of the chromatographic peaks f and
j increased at the expense of the cyclic dimer when using higher derivatization tem-
peratures. It is therefore not clear, whether they are an artifact from the silylation
or not. In any case, the elimination of hydrogen, although not common at moder-
ate temperature, happens more easily under hydrothermal conditions. Glycerol for
instance is converted to lactic acid via this mechanism [63].

Larger compounds than diglycine can also be detected. The molar mass of peak [
corresponds to a diglycine with one additional carboxylic acid group. However, the
exact structure could not be determined. Larger oligomers could also be present, but
they can no longer be resolved by GC. Additional HPLC measurements would be

necessary.
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Figure 6.9: Reaction network of the hydrothermal glycine decomposition, products in blue have not
yet been described.

These data provide some overview about the hydrothermal glycine decomposition.
A reaction network is shown in figure whereby products drawn in black have
already been described in literature [I44]. Pathways drawn in blue have not yet been
observed. GC measurements thus allowed to extend the existing knowledge about

the hydrothermal behaviour of glycine.

6.3 Summary

In combination with mass spectrometry, gas chromatographic measurements pro-
vided insights into the hydrothermal behaviour of glucose and glycine. Silylation
turned out to be a versatile tool to derivatize and identify virtually all compounds
with a molecular weight low enough to allow for gas chromatographic separation.
Although this latter constraint is a limitation especially for complex biomass, some
mechanistic conclusions could still be drawn for the alkaline digestion of wood. Like
for the model compound glucose, the hydrothermal treatment of wood resulted in a
variety of organic acids. Additional decomposition components of lignin and resin
could be identified. This enabled the prediction that the hydrothermally treated
solution would be feasible for anaerobic digestion, which has proven to be valid.

To clarify complex reaction networks the use of isotope-labeled compounds was ex-
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plored. With this technique unknown compounds could be identified. Even molecules
that are instable under ambient conditions, in particular carbamic acids, could be de-
tected. These findings allowed the extension of the already established decomposition

network by further species and pathways.
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Chapter 7

Conclusion and Outlook

Hydrothermal synthesis has been explored in the context of green chemistry using ex-
emplary reactions. In particular, high value was set on using a sustainable feedstock,
putting emphasis on carbohydrates as they are the main component of renewable re-
sources. Water was used as solvent as it is environmentally benign and offers unique
properties at high temperatures.

The task of the first experiments, however, was not to employ carbohydrates, but
to elucidate whether they could have been formed under possible prebiotic conditions.
Despite the instability that is expected for sugars, the hydrothermal synthesis was
successful. It revealed some crucial differences compared to the counterpart reaction
at moderate temperatures. Certain catalytically active ions were not necessary since a
slightly alkaline solution was sufficient to induce reaction. Although selectivity could
not be improved by high temperature, the carbohydrate composition was altered,
with hexoses being present only in minor amounts, whereas there was some preference

for the formation of ribose amongst pentoses.

The observation that catalysts can be avoided was successfully transferred to a
second reaction. Here, carbohydrates were employed as a basis for the production
of the green solvent and biofuel y-valerolactone. The key step herein is the transfer
hydrogenation of levulinic acid using formic acid, a side product of a former reaction,
as hydrogen donor. Conventionally this reaction requires Ru or Pd catalysts. Under
hydrothermal conditions it was possible to avoid such precious metals by exploiting
the temperature dependence of acid dissociation constants. Simple sulfate was rec-

ognized as a temperature switchable base. With this additive high yield could be
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achieved by simultaneous prevention of waste.

In a last study complex biomass was employed instead of well defined carbohy-
drates. With an alkaline pretreatment it was possible to make wood accessible to
anaerobic fermentation, resulting in high methane yield. The complex reaction net-
work of glycine decomposition was also explored and clarified. Besides the products
already described in literature, several new species could be identified.

To perform the hydrothermal reactions under reproducible conditions, a contin-
uous flow setup was employed. This allowed reliable kinetic studies also for quite
fast reactions and is certainly the preferred setup for large scale industrial synthe-
sis. Gas chromatography in conjunction with mass spectrometry and isotope-labeled
compounds has proven to be a powerful tool for the identification of unknowns.

In summary, these examples permit the conclusion that synthesis in high-temper-
ature water bears a great potential in future. Many catalysts, absolutely necessary
under ambient conditions, can either be completely avoided or at least replaced.
Examples include certain cations or bases, as in the hydrothermal formose reaction
or noble metals for hydrogenation, which could be exchanged by cheap, sustainable
alternatives. In this respect water acts not only as green solvent but helps to prevent
waste. Furthermore, a different reactivity has to be expected at higher temperatures.
Selectivity can be shifted and unexpected reactivity may be found, for instance a fast
proton exchange of even non-acidid hydrogens. The increased dissociation constant
allows reactions to proceed in pure water that otherwise require strong acids or bases.

Hence, many benefits arise from using high-temperature water synthesis. However,
more research is necessary to explore the full potential. Additionally, some problems
have to be addressed, e.g. the increased decomposition rate at high temperature
and the rarely desirable formation of side products. Our experiments have shown
that it can be difficult to stabilize sensitive compounds, like carbohydrates, at high
temperature. Methods applicable under ambient conditions simply do not work in
HTW. This requires the development of novel techniques. In any case the shortage
of fossil resources will necessitate the consideration of green alternatives, and the
hydrothermal synthesis in water has already proven to be highly versatile and will

certainly gain importance in the future.
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Appendix

Instrumental Details

High Pressure Autoclaves

Experiments were carried out in 45 mL acid digestion vessels from Parr Instrument,
equipped with a teflon inlet and a glass vial. In case of samples with high pH and
where KF was added, the reaction was directly performed in the teflon inlet, as
glass is etched to a great extent under these conditions at high temperature. The
autoclaves were put in an oven, preheated to the desired temperature. Reaction time
was controlled by a timer and the autoclaves were allowed to cool down in the oven.

Continuous Flow Reactor

The X-Cube Flash from Thales Nano was employed, operating up to 350 °C with
adjustable pressure in the range of 50-180 bar. The reactor was made of Hastelloy C-
22. For convenience the setup was coupled to a Gilson GX-271 autosampler. A 5 mL
injection loop was filled with sample and 15 mL solution picked up after reaction to
ensure complete collection.

GC-MS

A 6890N GC from Agilent was employed for quantitative and qualitative analysis.
It was connected to an Agilent 5975 mass spectrometer with EI ionization (70 eV).
Either an HP5-ms or a DB-225ms column were used. Type of column, temperature
program and other settings were adjusted to the investigated system (details see
page . Chromatograms were evaluated using the Agilent software ChemStation
with integrated NIST 2.0 database.

HPLC

Quantitative analysis of the transfer hydrogenation of levulinic acid was performed
by HPLC equipped with a refractive index detector (SCL-10AVP system controller,
GT-154 degasser, LC-10ADVP pump, FCV-10AL mixing chamber and RID-10A
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detector from Shimadzu, AS-950 autosampler from Jasco). A C18 column was used
for separation with an eluent consisting of 1% acetonitrile in 10 mM HCI. Citric
acid was used as internal standard. Data were recorded both with a refractive index
detector and an UV detector set at 220 nm.

UV /Vis-Spectroscopy

The conversion of formaldehyde was monitored photometrically using a Perkin Elmer
Lambda 2 spectrometer.

NMR

NMR spectra were recorded on a Bruker DPX 400 operating at 400 MHz. Spectra
were evaluated with the MestReC software. Deuterium oxide and CDCl; were used
as solvents. 10% D,O was added to aqueous samples containing volatile compounds.

Chemicals

Millipore water was used in all experiments. Formaldehyde solution was prepared
by refluxing paraformaldehyde suspension until it became clear. Zinc prolate was
prepared as described in [109]. Salts and solvents were purchased from various com-
mercial suppliers. Other chemicals were obtained from the following contractors:
Sigma-Aldrich: ~-valerolactone (99%), levulinic acid (98%), citric acid (99%),
BSTFA/TMCS (99:1), Pd@Al,O,, paraformaldehyde (95%), glycolaldehyde dimer,
dihydroxyacetone dimer (97%), threitol (97%), galactose (99%), allose (98%), iditol,
N-methyl imidazole (99%), sodium borohydride (97%), acetic anhydride (> 99%),
glycine (99%), labeled glycines, valine (99%), L-proline (99%).

Alfa-Aesar: erythritol (99%), arabinose (99%), 2-deoxyribose (99%), talose (97%),
mannose (99%).

Acros Organics: formic acid (98%), ribose (> 99%), chromotropic acid disodium
dihydrate (p.a.).

Fluka: myo-inositol (p.a.), adenine (> 99%).

Roth: xylose (99%), glucose (p.a.).

Merck: ethyl chloroformate (purum).
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The page on which the meaning of the symbol is explained is added

€ Dielectric constant, page 20

p Density, page 19

a; Integrated signal area, page 37
BSTFA Silylation agent bis- N, O-trimethylsilyl trifluoroacetamide, page 38
CI Chemical ionization, page 36

i Concentration of species i, page 37
DC Direct current, page 36

E, Activation energy, page 32

ECF Ethyl chloroformate, page 41

El Electron impact, page 36

fi Response factor, page 37

FID Flame ionization detector, page 35
FT Fourier transformation, page 36
GA Glycolaldehyde, page 44

GC Gas chromatography, page 34
HDA High-density amorphous water, page 15
HTW High-temperature water, page 18
IS Internal standard, page 37

k Rate constant of reaction, page 32
KF; Calibration factor, page 37

K, Ion product of water, page 19
LDA Low density amorphous water, page 15
m Mass, page 36

MSD Mass selective detector, page 35
NCW Near-critical water, page 18

oDM Organic dry matter, page 87

q Flow rate, page 34

RF Radio frequency, page 36

RNA Ribonucleic acid, page 43

sc Supercritical, page 10

SCW Supercritical water, page 17

SCWO Supercritical water oxidation, page 17
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SIM Selective ion monitoring, page 36

TCD Thermal conductivity detector, page 35
TMCS Trimethylchlorosilane, page 38

TOF Time of flight, page 36

t, Residence time, page 34

UCST Upper critical solution temperature, page 20
WCOT Well coated open tubular column, page 35

z Charge of an ion, page 36
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