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Abstract 

One of the greatest challenges of today is to provide satisfactory and at the same time fair access to resources 

and to make the use of existing primary materials as efficient as possible. Approaches for a more efficient 

usage of resources within chemical industries are based on the utilization of catalysts. However, the manu-

facturing process of many commercially significant catalysts is often time-consuming, costly and in many 

cases linked to environmental pollution. Hence, research to efficiently use and at best to fully recover cata-

lysts is of immense importance. One possible way to address this challenge is the immobilization of catalysts 

on various carrier materials. A large area within this research field is the immobilization of catalysts on 

polymer-based carrier materials.  

The aim of the present work was to determine the potential and possibilities, but also possible challenges, 

of using polymer networks (gels) as carriers for organocatalysts in various reactions. Organocatalysts immo-

bilized within polymer networks were introduced into a microfluidic reactor. The advantages of such a 

microfluidic reactor are primarily the minimized amount of chemicals required and the continuous operation 

of the reactor. These principles lead to safer reaction management and increased efficiency due to the higher 

local catalyst concentration inside of the reaction chamber. Since the size of the microfluidic reactor is 

invariable, the dimensions of the network structures obtained were specifically adapted to the conditions 

and requirements within the reactor. The systems adjusted in this way were then built into the reactor and 

examined by performing various organocatalyzed reactions. In the present work different L-proline based 

organocatalysts could be produced and successfully immobilized. The swelling behavior of the resulting 

catalytically active gel structures was analyzed in detail and the catalyst containing gels were used successfully 

for the implementation and in-depth analysis of the asymmetric aldol reaction as well as a reductive dimer-

ization reaction of nitroso arenes. In this context, various relationships between the gel composition and 

the photopolymerization were investigated and adjusted. Using the reactor optimized in this way, numerous 

different derivatives could be produced for both, the asymmetric aldol reaction as well as the dimerization 

reaction.  
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Kurzzusammenfassung 

Eine der größten Herausforderungen der Gegenwart besteht darin, einen zufriedenstellenden und gleich-

zeitig angemessenen Zugang zu Ressourcen zu gewährleisten und die Nutzung vorhandener Primärmateri-

alien so effizient wie möglich zu gestalten. Ansätze für eine effizientere Ressourcennutzung innerhalb der 

chemischen Industrie basieren auf der Nutzung von Katalysatoren. Die Herstellung vieler kommerziell be-

deutender Katalysatoren ist jedoch oft zeitaufwändig, kostspielig und in vielen Fällen mit Umweltver-

schmutzung verbunden. Daher ist die Erforschung der effizienten Verwendung und bestenfalls der voll-

ständigen Rückgewinnung von Katalysatoren von immenser Bedeutung. Ein möglicher Weg, um diesen 

Herausforderungen zu begegnen, ist die Immobilisierung von Katalysatoren auf verschiedenen Trägerma-

terialien. Ein großes Gebiet in diesem Forschungsbereich ist die Immobilisierung von Katalysatoren auf 

polymerbasierten Trägermaterialien. 

Ziel der vorliegenden Arbeit war es, das Potenzial und die Möglichkeiten, aber auch mögliche Herausfor-

derungen der Verwendung von Polymernetzwerken (Gelen) als Träger für Organokatalysatoren in verschie-

denen Reaktionen zu bestimmen. Innerhalb von Gelen immobilisierte Organokatalysatoren wurden in einen 

mikrofluidischen Reaktor eingeführt. Die Vorteile eines mikrofluidischen Reaktors sind in erster Linie die 

minimierte Menge an erforderlichen Chemikalien und der kontinuierliche Betrieb eines solchen Reaktors. 

Diese Prinzipien führen zu einem sichereren Reaktionsmanagement und einer erhöhten Effizienz aufgrund 

der höheren lokalen Katalysatorkonzentration innerhalb der Reaktionskammer. Da die Größe des mikro-

fluidischen Reaktors unveränderlich ist, wurden die Dimensionen der erhaltenen Netzwerkstrukturen spe-

ziell an die Bedingungen und Anforderungen innerhalb des Reaktors angepasst. Die auf diese Weise einge-

stellten Systeme wurden nachfolgend in den Reaktor eingebaut und die Leistungsfähigkeit anschließend für 

verschiedene organokatalysierte Reaktionen untersucht. In der vorliegenden Arbeit konnten verschiedene 

Organokatalysatoren auf L-Prolin-Basis hergestellt und erfolgreich immobilisiert werden. Das Quellverhal-

ten der resultierenden katalytisch aktiven Gelstrukturen konnte detailliert analysiert werden und die kataly-

satorhaltigen Gele wurden erfolgreich zur Durchführung und eingehenden Analyse der asymmetrischen 

Aldolreaktion sowie einer reduktiven Dimerisierungsreaktion von Nitrosoaromaten eingesetzt. In diesem 

Kontext wurden verschiedene Zusammenhänge zwischen der Gelzusammensetzung und der Photopoly-

merisation untersucht und adjustiert. Unter Verwendung des auf diese Weise optimierten Reaktors konnten 

sowohl im Falle der asymmetrischen Aldolreaktion als auch der Dimerisierungsreaktion zahlreiche verschie-

dene Derivate hergestellt werden.  
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1 Introduction 

One of the greatest challenges of today is to provide satisfactory and at the same time fair access to resources 

and to make the use of existing resources as efficient as possible. A basic concept was established around 

20 years ago, which on the one hand is gaining in importance due to increasing environmental awareness 

and on the other hand appears self-evident on closer inspection. The underlying concept encompasses the 

almost omnipresent term of “Green Chemistry” and refers to a large number of different aspects.[1] Some 

of the finest examples encompass the reduction of the quantities of chemicals used, the avoidance of waste 

and the prevention of dangers within the laboratories. However, the concept also includes other aspects 

such as the maximization of conversion with a view to maximum yield with a given quantity of resources. 

In this context, two areas of investigations are of particular interest: Research on efficient, continuously 

operable reactor systems and catalysis research. As these key points allow various aspects of “Green Chem-

istry” to be effectively combined. Continuously operated flow reactors could represent a possibility for an 

actual implementation of the mentioned aspects in everyday laboratory work. Such a closed reactor system 

minimizes possible risks for the user[2,3] and it also conceals the option of online analysis of reaction param-

eters such as conversion.[4] This allows adaptations to be made to the reactor during operation and thus to 

maximize the reaction conversion.  

As early as the mid-1970s, the basis for flow reactors was laid which included automatic conversion deter-

mination and product extraction.[5] With regard to catalysis research, many industrial synthesis processes 

include metal-based heterogeneous catalysts.[6] In contrast, many different biochemical processes are essen-

tially catalyzed by protein structures and thus by organic compounds, namely enzymes.[7] As a result, general 

knowledge about the capabilities and relationships of catalysis by organic compounds has been around for 

more than a century. However, it was not until the 1990s that this type of catalysis found acceptance as an 

important part of catalysis research.[8] It even took until the year 2000 that the pioneering work of LIST et 

al. made the use of amino acids and thus organic catalysts in asymmetric reactions accessible to a wide 

audience.[9] The corresponding work precisely addresses the different concepts of how chemists would typ-

ically realize reactions[10] and the way reactions take place in biological systems.[9] Enzymatically catalyzed 

reactions in biological systems are often performed by highly complex and highly specialized enzyme struc-

tures. Although it is possible to use these for synthetic purposes, the complex and sensitive protein structure 

makes them susceptible to undesired denaturation and thus to a loss of catalytic activity.[11] However, if one 

takes a closer look at the basic chemical processes that underlie the reactions of enzymes, one can gain 

useful ideas of potential practicable implementations. One example is class I aldolase. This enzyme breaks 

down fructose-1,6-bisphosphate into the isomers dihydroxyacetone phosphate (DHAP) and glyceralde-

hyde-3-phosphate (GAP) using an enamine-based mechanism.[12] Such findings allow a transcription of the 

complex reaction principles of biological catalysis into simple, low molecular weight catalyst structures 

which enable a targeted use in synthetic laboratories.[9]  
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In this context, the combination of continuously operated flow reactors and catalysts is of particular interest. 

Immobilizing the catalyst within continuously operated reactors would prevent the loss of the catalytically 

active structure and, at the same time, opens up the possibility of continuous product synthesis. The com-

bination of these two concepts appears to be an interesting challenge against the background of current 

topics. 

1.1 Problem Statement 

A well-known challenge in the usage of organocatalysts is their relatively low turnover efficiency compared 

to metal-based catalysts.[13] Consequently, it is essential for a targeted application of organocatalysts to es-

tablish efficient variants for avoiding the loss of the catalyst structure. In order to address this problem, 

there is enormous interest in the efficient recovery and immobilization of catalysts. Polymers are particularly 

suitable as a potential carrier material for the catalytically active structure.[14] Numerous examples of the 

immobilization of biologically inspired catalysts, particularly proline, can be found in the known literature. 

For example, these have already been immobilized on the surface of solid particles[15–17], within nanoparticles 

consisting of a single chain[18], or as part of block copolymer structures in micellar catalysis.[19,20] Most of 

these approaches have the disadvantage that the immobilization leaves a volume which is inaccessible for 

the actual catalysis due to the properties of the carrier material used. The use of swellable, flexible carrier 

materials such as gels thus appears to be an interesting approach. 

The vast majority of previous approaches to immobilizing catalysts relate to an application within classic 

stirred tank reactors. Although these are characterized by their simplicity, in terms of the efficient use of 

catalysts they do not come close to continuous flow reactors. This is essentially because in the case of the 

batch reactor the catalyst used is distributed over the entire reactor volume. Consequently, the spatially 

resolved catalyst concentration in flow reactors, which can only contain the catalyst within the specified 

dimensions of the reactor chamber, is significantly higher. 

1.2 Objective and Scope of the Presented Work 

To compensate for the disadvantages of lower turnover efficiency and at the same time combine with the 

advantages of locally increased catalyst concentrations, it is advisable to choose the immobilized amount of 

catalyst as high as possible. Furthermore, it seems worth striving to establish a reactor size that is practicable 

on a laboratory scale and that allows efficient access to the immobilized catalyst centers. In this context, the 

use of microfluidic reactors (MFRs) also appears to be particularly attractive with regard to “Green Chem-

istry”. The combination of a continuously operated microfluidic reactor with swellable polymer-networks 

(gels) as a carrier material for efficient organocatalysts appears to be a promising approach to avoid some 

of the well-known difficulties of catalyst immobilization, as shown in Figure 1. 
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Figure 1: The combination of a continuously operated reactor with swellable polymer gels as a carrier material. 

Gels allow the diffusion of educt molecules into the gel structure and the diffusion of formed product out 

of it. If such a gel consists of a catalytically active monomer in addition to other components, the catalytically 

usable area shifts from a square-surface-relationship to a cubic-volume-relationship. The same amount of 

catalyst can therefore be made available more efficiently and bundled in a smaller reactor chamber, which 

in turn increases the local catalyst concentration again at the same time. Due to the combination of the 

different components outlined, it is feasible to compensate the possible weaknesses or disadvantages of one 

of the components by the advantages of another and in this way to build up a powerful combination system 

of different components. 

The basic functionality of polymer gels as carrier materials for organocatalysts and especially enzymes has 

already been successfully demonstrated.[21] Based on this, Knoevenagel reactions with a wide range of de-

rivatives could already be carried out in continuous flow, catalyzed by an immobilized tertiary amine.[22,23]  

In contrast to the previous work[22], the present work aims to build a network consisting of methacrylate-

based components. The reason for this change lies in the profound literature on methacrylate-based struc-

tures of organocatalysts. The catalyst structure is then to be introduced within this network and immobilized 

on a glass slide using photolithography. This offers two advantages: On the one hand, the shape of the 

polymer gel can be adapted to the shape of the reactor chamber on the other hand, the polymerization 

through lithography enables a high spatial resolution. Using the model system to be subsequently estab-

lished, various organocatalysts are then to be immobilized. Thus, different reactions for this type of reaction 

management are made accessible. Based on this, the various parameters of both the polymer structure and 

the respective reactions are to be varied and analyzed accordingly. In relation to the polymer gels, the degree 

of swelling in the respective reaction medium needs to be adjusted for efficient use of the reactor chamber. 

Furthermore, it is to be examined whether a temperature control can be established and to what extent the 

high local catalyst concentration affects the necessary reaction times within the microfluidic reactor com-

pared to conventional approaches. Since the previous work has primarily focused on the analysis of conver-

sion using various methods such as NMR and UV-Vis[22,23], the actual yield within this work is also of great 

interest. 
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2 Theoretical Background 

Some content of the following chapter has already been published. [24,25] 

2.1 Polymers 

The term “polymer” basically describes a high-molecular chemical compound which is also known as a 

macromolecule. This in turn is made up of repeating units, the monomers.[26] Polymers, as a great generic 

term, can be classified in many different ways and based on a variety of properties. A classification based 

on the physicochemical properties subdivides polymers into three subcategories: Thermoplastics, duromers 

and elastomers. There is also the possibility of differentiation based on the origin of the polymer into syn-

thetic polymers, natural polymers and modified natural polymers. Another possible classification differen-

tiates between the origin of the raw materials which form the basis of the polymers. This distinguishes 

between polymers from renewable sources and from non-renewable or fossil sources. Furthermore, a dif-

ferentiation can also be made on the basis of the degradation properties, on the one hand into biodegradable 

polymers and non-biodegradable polymer structures on the other hand.[26]  

2.2 Polymer Networks 

In addition to the above-mentioned classification of polymers based on different properties, polymers can 

also be differentiated on the basis of their structural properties. Such a classification provides five subcate-

gories for the generic term polymer: Linear, branched, star-shaped, ring-shaped and crosslinked polymers.[26] 

The latter crosslinked polymers are of particular interest for the present work. Crosslinked polymers can 

also be referred to as polymer networks and represent a particularly interesting group of polymers. This is 

due to the possibility of making targeted changes and adjustments to the macroscopic properties by com-

bining them with other components. 

The transition from linear or branched polymer chains to polymer networks is generally based on various 

interactions between the polymer chains and is based on the three-dimensional linkage of the polymers. 

These interactions can be of distinct types but are mostly of physical or chemical nature.  

 

Figure 2: Physical networking within polymer networks based on polar interactions (left) and mechanical interactions (right). Own illustration according 

to [27]. 
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The basis of physical networks are often polar interactions of different functional groups within the polymer 

structure or mechanical effects such as entanglements (Figure 2). The heterogeneity of physical interactions 

also harbors a wide range of strengths in networking. Polar interactions of different functional groups, such 

as hydrogen bonds, are commonly classified as weak to medium interactions, whereas ionic interactions are 

classified as strong.[27] 

Regarding possible applications, the use of physical interactions is of particular interest if the aim is not 

permanent but reversible networking. Specifically, this behavior can be modeled analogously to enzymes 

and is used, among other things, as part of sensor systems.[28] Furthermore, by choosing different ion pairs, 

the interactions can be coordinated in such a precise manner that both reversible and irreversible crosslinks 

can be achieved.[29] A further possible property that is of particular research interest is the possible use of 

physically crosslinked polymers with regard to self-healing systems. This concept is based on the reversible 

crosslinking properties as there is the possibility of dividing polymer workpieces and simply connecting 

them again through subsequent contact with the cut edges.[29,30] 

In contrast to physical crosslinking, chemical crosslinking is based on covalent bonds that are built up be-

tween the individual polymer chains. The process on which chemical crosslinking is based is fundamentally 

identical (Figure 3). The first step is the formation of a large number of linear and branched polymer chains 

of different lengths which are still soluble.  This stage of the chemical crosslinking process is referred as sol. 

Above a certain expansion and concentration, the chemical crosslinking, that takes place, reaches a tipping 

point, the so-called gel point. The result is a three-dimensional crosslinked polymer chain, a gel which on 

the one hand spans the entire solution, but which on the other hand is still present in a mixture of individual 

chains and branched chains. This transition is also known as the sol-gel transition. As a result of the ongoing 

crosslinking, the built-up gel is no longer soluble in the original solvent but rather surrounds it just like the 

smaller chains. Both smaller chains and the original solvent are absorbed into the gel and swell it.[27] 

 

Figure 3: Schematic representation of the chemical crosslinking process (left) and chemical crosslinking of polymer chains through covalent bonds between 

the chains (right). Own illustration according to [27].  

Various options are available to produce chemically crosslinked polymers. Two of the most common vari-

ants are crosslinking following the actual polymerization reaction and crosslinking using multifunctional 

monomers as part of a one-pot synthesis. In the case of crosslinking following the polymer building reaction, 
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multifunctional monomers are used which, however, do not crosslink during the actual polymerization. This 

takes place in a second step following the polymer build-up reaction. A multi-step procedure is particularly 

advantageous if further processing is required before networking. The variant of the one-step synthesis, 

however, is based on the use of multifunctional monomers which enter a network during the polymer syn-

thesis reaction at the same time. Widespread synthesis variants for building polymer networks are, for ex-

ample, free radical polymerization[31], polycondensation[32] or, alternatively, controlled mechanisms such as        

Atom Transfer Radical Polymerization (ATRP)[33]. Depending on the intended application, the possible 

synthesis sequences of a polymer network have individual advantages and disadvantages. Variants which 

initially build up a polymer structure in order to crosslink it in a second step are common methods (Figure 

4). The crosslinking of the polymers formed can be achieved, for example, photochemically or thermally. A 

prominent example of such a procedure is the use of monomers based on maleimide. After the polymeri-

zation, this functional group can be crosslinked both thermally and photochemically, using UV-irradia-

tion.[34]  

 

Figure 4: Two-stage synthesis of a polymer network by crosslinking functional groups following a polymer building reaction.   

This approach is used by applying a polymer solution in the form of thin layers with the help of a spin coater 

on a surface which can then be crosslinked. Under certain circumstances it can also be advantageous to 

introduce the cross linkable functionality after the polymer build-up reaction (Figure 5). This multi-step 

approach may be necessary for crosslinkers that are difficult to polymerize. An example of such difficulties 

is the maleimide-based monomer, which tends to crosslink non-selectively at different temperatures.[35] One 

possible solution to this problem is the incorporation of azlactone-based monomers in order to introduce 

the crosslinker after the polymer build-up reaction.[36] 

 

Figure 5: Three-stage synthesis of a polymer network through a polymer-analogous connection of a crosslinkable structural unit following a polymer build-

ing reaction. 
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The simplest variant for building polymer networks, which was also applied in the present work, is undoubt-

edly the one-pot synthesis (Figure 6). In this type of synthesis, the polymer network is obtained directly 

from the low molecular weight composition of monomers, initiators and crosslinkers which makes the syn-

thesis extremely simple. 

 

Figure 6: One-pot synthesis of a polymer network using a multifunctional monomer. 

2.3 Gels 

Such polymer networks are referred to as gels which take up a further component, a solvent for instance. 

Compared to uncrosslinked polymers in solution, their macroscopic properties can undergo significant 

changes. Consequently, they are of particular interest and importance for the presented work. Within the 

microfluidic reactor (MFR), the gels are used as the carrier material for the catalyst structure. The term gel 

can be defined very differently based on the relevant literature. Different definitions have been drawn up 

based on the mechanical properties or the macroscopic properties.[37] In addition to many differences, all 

these different definitions have some central, common points:[38,39] Basically, gels are considered to be soft 

and brittle three-dimensionally linked polymers, which are composed of at least two different materials. One 

of these two components is the so-called matrix (polymer network) which in turn can accommodate other 

components such as solvents. The crosslinking of the gel can be covalent (chemical crosslinking) or non-

covalent (physical crosslinking).  

2.3.1 Physical Properties of Gels 

The remarkable properties of gels become particularly clear when comparing crosslinked and uncrosslinked 

polymers. Some physical properties, such as polarity or the influence of individual functional groups, remain 

comparable in the case of crosslinked polymers as well as non-crosslinked polymers. In contrast, other 

properties change fundamentally. This can be illustrated using the example of polymer samples based on 

the well-studied monomer N-isopropylacrylamide (NIPAAm). Linear NIPAAm-based polymers show pro-

nounced thermoresponsive behavior in water.[40] Basically, this is the Lower Critical Solution Temperature 

(LCST), a phase transition. A very similar behavior can also be observed with networked NIPAAm-based 

gels.[41] From a macroscopic point of view, however, differences between crosslinked and uncrosslinked 

polymers can be determined taking into account the physical condition. These different behaviors are based 

on the different concentrations of the polymer chains and the associated different interactions between the 

polymer chains. The basis of the behavioral differences can be traced back to different interactions in pol-

ymer solutions and polymer networks. In polymer solutions of different concentrations, high levels of 
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interactions such as overlaps between the polymer chains occur which are highly dynamic and therefore 

short-lived. Nevertheless, those interactions mean that the individual polymer chains can no longer be 

viewed as isolated. In addition to highly concentrated solutions, these effects also occur in diluted and semi-

diluted polymer solutions. In polymer networks, there are permanent, less dynamic interactions between the 

chain segments.[42] This becomes particularly clear when a solvent is added. Since polymer networks consist 

of three-dimensionally linked polymer chains, they are no longer soluble. Rather, the solvent leads to a 

swelling process, often with significant volume expansion.[39] 

Typically, a liquid is used as a solvent and the gel obtained is then referred to as a lyogel. [43] Lyogels can be 

divided into further subcategories. If the swelling process takes place in water, the resulting gel is called a 

hydrogel. The use of organic solvents results in an organogel.[44] If a gas rather than a liquid is used as the 

solvent, the result is an aerogel. The swelling process in the respective solvent can result in enormous weight 

increases with an uptake of the solvent of several thousand times its own weight. [45] The resulting increase 

in volume or weight can be quantified via the degree of volume or mass swelling. This is defined as: 

𝑑 =  
𝑉𝑠𝑤𝑜𝑙𝑙𝑒𝑛

𝑉𝑑𝑟𝑦
 (1) 

d  =   Degree of volume swelling [-] 

Vswollen  =   Volume of swollen gel [mm3] 

Vdry  =   Volume of dry gel [mm3] 

In addition to Equation 1 the degree of mass swelling can also be used to quantify a swelling process (Eq 

2). 

𝑑𝑤  =  
𝑚𝑠𝑤𝑜𝑙𝑙𝑒𝑛

𝑚𝑑𝑟𝑦
 (2) 

dw  =   Degree of weight swelling [-] 

mswollen =   Mass of swollen gel [g] 

mdry  =   Mass of dry gel [g] 

According to Equations 1 and 2, the degree of swelling of a gel depends on the composition of the gel, the 

solvent and the swelling time. There are basically two different types of swelling. The isotropic swelling 

describes an uninfluenced swelling in all three spatial directions. Anisotropic swelling, however, denotes 

hindered swelling. In the context of the present work, this type of influenced swelling is of particular interest 

as the gels under consideration are surface-bound within the MRF and, consequently, do not swell freely. 

An approximation of the swelling behavior of such gels suggests an increased swelling of the gels along the 

z direction.[46]  
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Figure 7: Image taken with a light microscope of a gel in the freshly prepared state (left) and the likewise cylindrical shape of the swollen gel in dimethyl-

sulfoxide (DMSO) (right). 

Furthermore, the mechanical properties are changed in comparison to dissolved uncrosslinked polymer 

chains. For highly concentrated solutions of linear polymer chains it can be observed that these become 

increasingly viscous.[42] In particular, covalently crosslinked gels tend to behave more like solids. This is 

particularly evident from the fact that they essentially retain their original shape. (Figure 7).[37,39] The respec-

tive properties of the gel in terms of mechanical stability[47] and the degree of swelling[48] can be influenced 

by the degree of crosslinking or the number of crosslinking points. The degree of crosslinking is simply 

dependent on the amount of crosslinker used during the synthesis. In principle, the mechanical properties 

can be influenced in a variety of ways during the synthesis. For example, the addition of synthetic clay 

minerals is known from the literature which results in nanocomposite gels with improved mechanical prop-

erties.[49] Another possibility for influencing the mechanical stability is to carry out the gel synthesis at low 

temperatures. The resulting cryogels are also characterized by increased mechanical stability. [50] Aside from 

these singular influences on gel synthesis, it is also possible to combine several different methods. [51] If an 

attempt is made to positively influence a certain parameter such as mechanical stability during the synthesis, 

it should be noted that this is often done on the basis of changes in the overall polymer composition. This 

means that various other properties may also be influenced simultaneously. [52] In addition to the polymer 

composition, both the degree of swelling and the associated mechanical stability depend on the amount of 

solvent absorbed. A more pronounced swelling capacity and a larger quantity of absorbed solvent lead to 

lower mechanical stability.[53] Besides this, their optical properties such as the refractive index are commonly 

used properties to describe the physical behavior of gels. The change of refractive index due to the swelling 

process can for example be used to determine the thickness of thin layers by surface plasmon resonance 

spectroscopy (SPR).[54] Another possible method to determine the refractive index is ellipsometry which can 

also provide information about the layer thickness.[55] Based on these parameters, it is even possible to make 

statements about the degree of networking.[56]  

2.3.2 Application of Gels 

Due to their physical properties, gels are promising candidates for a large number of applications, such as a 

high level of research interest in the field of biotechnology.[57] This interest is based on the soft and elastic 

properties which are similar to human tissue. Based on the comparable properties, there is the possibility of 

using gels based on polyvinyl alcohol as heart valve stents. These could be advantageous in the long term as 

conventional bioprostheses often require repeated surgical interventions due to material fatigue. [58] Further 

applications of gels are as promising materials in the optical industry[59], as drug delivery systems[60] or for 
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the targeted removal of mercury ions from aqueous media.[61] Probably the most prominent application of 

gels is the “Eversense sensor” from “Senseonics”. This sensor was developed in 2014 and enables the long-

term determination of blood sugar levels.[62]  

In addition to the areas of application of gels already mentioned, there is a wide field of application for 

crosslinked polymer structures. A particularly far-reaching example of the improvement of mechanical prop-

erties through crosslinking was the discovery of the vulcanization of rubber. [63] In addition, the use of pol-

ymers as carrier material for catalysts, which makes them easier to reuse, is known from the literature.[14] 

Due to their swelling behavior, this application can also be adopted for gels and is therefore enjoying great 

interest.[14,23,64] It has already been demonstrated that, in addition to polymers, gels can also serve as carrier 

materials for catalysts and can also be successfully recycled without their effectiveness being excessively 

reduced.[65] After the reaction has taken place, the gel particles can be recovered, for example by filtration.  

 

Another step on the way to more efficient catalytic processes could be the combination of gel-immobilized 

catalysts with continuously operated flow reactors. The history of this approach goes back to the mid-1970s, 

when a fully automated flow reactor was established for the regeneration of nicotine diamide as part of an 

enzymatic reaction.[5] In this case, an aluminum bed served as the carrier material. In the period that fol-

lowed, however, various crosslinked carrier materials for catalysts have been established. Sometimes these 

materials hardly swell which means that only the surface is available as a catalytically accessible space. As a 

result, the amount of catalyst depends on the square of the diameter of the particles used. In order to 

increase the catalyst performance in a reactor chamber of given dimensions, there are only two options 

available. On the one hand, the amount of catalyst used can be increased, on the other hand, a more pow-

erful catalyst could be used.[23] One possible solution approach could be the use of gels as a matrix. It has 

already been shown successfully that gels can serve as a cage structure in enzyme-catalyzed reactions.[21] In 

the underlying work, the gels are produced in a one-pot reaction from the monomers and the respective 

biocatalysts. It has already been shown that diffusion into the gel structures within the reactor is possible. 

Since the biocatalyst is present within the gels, successful diffusion is of the utmost importance. Due to the 

swelling process of the gels, the amount of catalyst no longer depends on the surface but on the volume of 

the gels. Another successful example of this approach is performing a variety of Knoevenagel reactions 

using a tertiary amine as a catalyst.[22,23] In this example too, the local amount of catalyst inside the reactor 

chamber is increased which means that more efficient catalysis can be established. 

On the basis of the above-mentioned examples and interrelationships it becomes clear that a gel is a complex 

interplay of various influencing factors and characteristics which must be coordinated with one another and 

with regard to possible application ideas. 
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2.4 Lithography 

An established method for the selective microstructuring of surfaces is lithography. Within lithography, 

different types are differentiated based on the structuring methods.[66]  

Among the mechanical methods, a distinction is made between soft lithography and dip-pen lithography. 

The field of radiation-based methods for lithography composes of electron beam lithography and ion beam 

lithography. The variants that are most frequently used, are mechanical structuring and using electromag-

netic radiation. Further distinguishing features are the resolution and the speed of structuring.  

In addition to the already mentioned lithographic methods, photolithography in particular stands out as a 

powerful and versatile method of microstructuring.[66] The structuring is often implemented using UV radi-

ation[67,68] or radiation within the visible wavelength range.[69] Using this method, structures of very different 

sizes can be produced. Examples of poly(ethyleneglycol) hydrogel structures which have a diameter of 7 - 

500 μm and heights between 3 and 12 μm, are known from the literature. The reaction times required for 

this are very short at 0.5 seconds.[67] Furthermore, significantly smaller diameters of only 1.5 µm[70] and layer 

thicknesses of nanometers are known.[68] Using additional aids, such as lenses to improve the optical reso-

lution, structures with a width of 180 nm and a depth of 35 nm can be produced at a speed of 6 
m

s
.[71] For 

achieving resolutions in the nanometer range, it is advisable to use a focused point source. [71] When using a 

surface spotlight instead, it is important to equip the photomask with the appropriate resolution and to 

suppress undesired scattered radiation. Contrary to the previously discussed generation of positive structures 

on the substrate surface, the production of negative structures using photolithography is also possible.[23,72] 

The difference between the preservation of positive and negative structures is that in the case of positive 

structures the exposed layer becomes soluble, whereas in the case of negative structures it becomes insoluble 

Figure 8).  

However, a specific and already established application area for photolithography is semiconductor tech-

nology. Inside this, a temporary protective layer is applied by means of photolithography which serves as a 

shape for the actual semiconductor.[73]  
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Figure 8: Schematic representation of the process of photolithography. A substrate optionally modified with an adhesion promoter (1) is coated with a 

photoresist (2) and then irradiated with UV light through a mask (3), the exposed areas hardening and the desired structures can be obtained after 

cleaning. Own illustration according to [66]. 

The process to be followed to obtain both positive and negative structures consists of three successive 

manufacturing steps.[74] In the first step, a substrate is coated with a photoresist (Figure 8, (1)). If the pho-

toresist is not able to adhere directly to the substrate, a further step is interposed with the application of an 

adhesion promoter to the substrate. Then, in the second step, irradiation is carried out through a shaping 

photomask (Figure 8, (2)). After the irradiation is completed, the mask is removed and excess photoresists 

is washed off, the desired structures are obtained (Figure 8, (3)). The method of photolithography is an 

efficient, versatile and powerful process to build structures of very different sizes. This process has already 

been used successfully several times for the micro structuring of MFR, whereby both acrylate and acryla-

mide-based monomers could be used successfully.[21–23,74] 

2.5 Catalysis 

In general, catalysts increase the speed of a chemical reaction. Due to the Arrhenius equation, a catalyst 

must lower the activation energy of the reaction to increase the reaction rate constant. This is possible in 

two different ways: On the one hand the energy of the transition state can be reduced, on the other hand 

the energy of the educts can be increased.[75,76] In the following, some exposed variants of catalysts are 

presented as examples. Metal catalysts are particularly important for industrial processes. Additionally, bio-

catalysts and organocatalysts should also be emphasized. 

2.5.1 Metal based Catalysts  

Powerful metal-based catalysts are at the center of many large-scale technical and industrial processes. The 

basis of the catalysts is usually a transition metal which is used as a complex with various ligands. Several 

heavy metals such as Co, Ni, Zn or Ce are used that unfortunately are hardly environmentally friendly due 

to their toxicity. Furthermore, metals such as Fe, Pt, Ir and Pd are also used which can be viewed as envi-

ronmentally friendly to a limited extent.[77] As already mentioned, these metals are used in the vast majority 

of applications combined with various complexes and thus in their oxidized form. The choice of a suitable 

ligand also enables control of the stereo information of the reaction carried out. [78] 

Depending on the transition metal used and the inherent extraction costs as well as the productivity of the 

extraction sites, these metals turn out to be expensive catalysts. Furthermore, the ligand synthesis, which 

must be adapted to the intended use, is often complex. Nonetheless, matched metal-based catalyst systems 
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are extremely effective.[79] The turnover number (TON) and the turnover frequency (TOF) are key figures 

which enable the comparison of different catalyst systems. 

𝑇𝑂𝑁 =  
𝑛𝑃𝑟𝑜𝑑𝑢𝑐𝑡

𝑛𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡
 (3) 

TON  =   Turnover Number [-] 

nProduct  =   Amount of product [
𝑚𝑜𝑙

𝑙
] 

nCatalyst  =   Amount of catalyst [
𝑚𝑜𝑙

𝑙
] 

Taking into account a corresponding time component, it follows: 

𝑇𝑂𝐹 =  
𝑛𝑃𝑟𝑜𝑑𝑢𝑐𝑡

𝑛𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 ∙ 𝑡
 (4) 

TOF  =   Turnover Frequency [
1

ℎ
] 

t  =   Time [ℎ] 

Known TOFs of metal complexes can be in the order of tens of several ten thousands per second.[80] Due 

to their high performance, for example in the production of polyolefins, such a large number of catalytic 

cycles are run through that the catalyst used can remain in the product and does not need to be separated. [81] 

Further examples of large-scale processes that use metal catalysts are the “Wacker”[82] or the “Cativa”[83] 

process. Beyond the large-scale industrial area of application, they are also used in various syntheses on a 

laboratory scale, whereby they are typically only used in a few mole percent due to their high performance. 

2.5.2 Biocatalysts 

Based on natural processes, enzymes can be used as catalysts for various reactions. Due to the high com-

plexity of the enzyme structure, the products of the corresponding reactions are typically characterized by 

excellent stereoselectivity.[84] The selectivity is the result of the build-up of the protein structure. Proteins 

exist in a specific spatial structure and interact with the substrate within the binding pocket according to the 

key-lock principle.[85] In addition to the high selectivity, a major advantage is the environmental compatibility 

of enzymes which in contrast to metal catalysts is in line with the aspects of "Green chemistry". Problems 

in the large-scale use of enzymes are essentially their production. This is extremely complex and has to be 

carried out using biological processes and sources which increases the price and thus limits the possible use. 

The enzyme activity is used to enable comparisons to be made in the same way as metal catalysts. [7]  
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𝑎 =  
𝑈

𝑚
 (5) 

a =   Enzyme activity [
µ𝑚𝑜𝑙

𝑠∙𝑚𝑔
] 

U  =   Conversion rate of the enzyme for a substrate[
µ𝑚𝑜𝑙

𝑠
] 

m  =   Amount of enzyme [𝑚𝑔] 

Another problem using enzymes is their high sensitivity to external influencing factors. Such factors can be 

the existing pH value, the temperature or the solvent itself.[86] Typical values for enzyme activity are in the 

range of a few micromoles per hour.[86,87] By building a highly selective binding pocket and shielding reactive 

groups from unwanted reactions, enzymes are characterized by remarkable reactivity and selectivity. [75] 

2.5.3 Organocatalysts 

The basic idea behind metal-based catalysts is the availability of labile coordination sites that can carry chiral 

ligands. At the same time, the coordination sites allow the substrates to interact with one another in a chiral 

environment created by chiral ligands for instance.[75] A subsequent dissociation of the product allows the 

catalysis process to proceed. At the beginning of the 21st century, various chemists around the world realized 

that metals are not necessarily required for high enantioselectivities in catalytic reactions. For instance, in 

the form of amines there are numerous chiral and enantiomerically pure molecules 

which are also able to interact reversibly with substrates. A prominent advocate of this 

approach is David MacMillan, who developed the catalyst of the same name. [75,88] The 

corresponding catalyzed reaction is the catalytic enantioselective conjugate addition of, 

for example, aldehydes with cyclic secondary amines. Furthermore, the imidazoli-

dinone-based organocatalyst (Figure 9) is able to catalyze a large number of asymmetric 

reactions. For example, the first highly enatioselective organocatalyzed Diels-Alder re-

action (Figure 10) which was published in 2000. The iminium ion obtained by condensation of the chiral 

secondary amine of the catalyst and an unsaturated aldehyde reacts in this case with various agents to provide 

the [4 + 2]-cycloadducts in outstanding yields and enantioselectivities.[88] 

 

Figure 10: Example for metal-free asymmetric catalysis. Own illustration according to [88]. 

Figure 9: Chiral second-

ary amine catalyst. 
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Further organocatalyzed reactions using the MacMillan imidazolidinone organocatalyst are 1,3-dipolar cy-

cloadditions[89], Friedel-Crafts alkylations[90], α-chlorinations[91], α-fluorinations[92] and intramolecular Mi-

chael reactions[93]. All these reactions proceed highly enantioselective.  

Organocatalysts are characterized by the fact that they are small organic molecules which can carry out 

catalytic asymmetric reactions. With the conversions listed, it becomes clear that the catalyst does not have 

to be used in such large quantities as a chiral auxiliary. At the same time, however, it is also clear that 

organocatalysts have to be used in significantly larger amounts (up to 20 mol%) than the most powerful 

metal catalysts.[75] A reliable and robust synthesis route to the desired catalyst structure is therefore crucial. 

In the case of the catalyst structure discussed, this takes place by condensation of a derivative of L-phenyl-

alanine, its N-methyl amide, with an equivalent of acetone.[75]  

Analogous to this example, amino acids of natural origin are often used in the synthesis of organocatalysts. 

All three primary, secondary and tertiary amines are catalytically active. In addition to the catalytically active 

nitrogen centers[94], organocatalysts with phosphorus[95] or carbene centers[96] are also known. However, due 

to the range of organocatalysts, only nitrogen-based organocatalysts are dealt with in this study.  

Organocatalysts based on catalytically active nitrogen centers can develop a catalytic effect in various ways. 

On the one hand, mechanisms of action can be run through as a classic base or with imine or enamine 

intermediates.[97] On the basis of these versatile reaction possibilities, in addition to the reactions already 

mentioned, for example aza-Michael-[98] Mannich-[99], Aldol-[100] or Knoevenagel reactions[101], a wide variety 

of other catalysis can be achieved. The most established examples of organocatalysts based on primary 

amines are again based on natural amino acids, for example L-Alanine or L-Valine.[102] In addition to this 

structure, numerous other organocatalysts derived from primary amines are known. [103] 

Among the secondary amine catalysts, L-proline deserves special mention. L-proline and its derivatives are 

particularly diverse and changeable organocatalysts as there are many possibilities for modification. [104] In 

addition to various proline derivatives, various catalysts are also used which can be traced back to the basic 

structural elements of proline (Figure 11).[105] 

 

Figure 11: Secondary amine based organocatalysts. 
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Besides primary and secondary amine-based catalysts, organocatalysts based on tertiary amines are also 

known. The nucleophilic catalyst 4-N,N-(dimethylamino)pyridine and 1,8-diazabicyclo[5.4.0]undec-7-ene 

are particularly prominent in this context (Figure 12).  

 

Figure 12: Structural examples for organocatalysts based on tertiary amines. 4-N, N-(dimethylamino)pyridine (left) and 1,8-diazabicyclo[5.4.0]undec-

7-ene (right). 

Due to the diverse structural features, a large number of modifications can be made to organocatalysts.[106] 

These can be used, for example, to optimize the catalyst properties for the desired application. The better 

the prepared catalyst structure is adapted to the intended use, and the more complex the synthesis on which 

it is based, the more important it is to efficiently recover or immobilize the catalyst. The immobilization 

itself is based on minor structural modifications which ideally have hardly any influence on the catalytic 

activity, but, at the same time, enable an effective connection to carrier materials. In the case of metal-based 

catalysts, polymerizable ligands must be attached to the metal center[107] or, alternatively, the metal based 

catalyst can be introduced into the polymer via subsequent post modification.[108] In the case of organic 

catalysts, however, there are various options. There are possibilities of immobilization on the surface of 

solid particles[16,17,109], single chain nanoparticles[18] or as part of block copolymers, in micellar catalysis.[19,20] 

 

Figure 13: Structural formulas of L-Proline based organocatalysts. 

As part of this work, different catalyst structures based on an L-proline backbone were made available for 

use within the MFR (Figure 13). Immobilization takes place through simultaneous polymerization of the 

vinyl group of the methacrylate unit with other methacrylate-based monomers. Using proline-based mono-

mers inside the MFR, it is possible to catalyze various types of reactions. 
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2.6 Aldol Reaction 

In general, the reaction of an enol or enolate of a carbonyl compound, which takes the role of the nucleo-

phile with an aldehyde or ketone, which functions as an electrophile, is referred to as an aldol reaction 

(Figure 14). The resulting primary product is an β-hydroxycarbonyl compound which, under suitable con-

ditions, undergoes dehydration and ultimately yields the corresponding α,β-unsaturated carbonyl product.[75] 

 

Figure 14: Classical aldol reaction, leading to α,β-hydroxycarbonyl compound. Own illustration according to [101]. 

The original type of aldol reaction was based on the use of Brønsted acid or base as catalysts. Under these 

reaction conditions, however, undesirable side reactions, such as self-condensation, polycondensation and 

dehydration followed by Michael addition, often occur.[75,101] The solution to this problem lies in the for-

mation of preformed enolates. The most widespread enolates are based on lithium, boron, titanium and silyl 

enol ethers. Enolate formation can take place in a highly regionally and stereoselective manner. The aldol 

reaction connected to enolate formation takes place in a highly diastereoselective fashion. Thus, (E)-enolates 

generally provide the anti product while (Z)-enolates lead to the formation of the syn product as the domi-

nant diastereomer (Figure 15).[101]  

 

Figure 15: Aldol reaction using preformed enolate. Own illustration according to [101]. 

Control of absolute stereochemistry can be achieved in a number of ways. On the one hand, enantiomeri-

cally pure starting materials can be used, which is generally referred to as reagent control, on the other hand, 

asymmetric catalysis can also be carried out. Reagent control can be achieved, for example, by using chiral 

auxiliaries or by using chiral ligands on the boron enolates.[101] Another possibility is the use of chiral alde-

hydes. In addition, the direct asymmetric aldol reaction represents a particularly elegant variant of the reac-

tion process which can also be accessed in different ways. First, there is the option of biochemical catalysis 

using enzymes or catalytically active antibodies. In addition, chiral metal complexes can be used or organo-

catalytically, using small organic molecules.[75,101] 
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Mechanistically, in the case of the classical aldol reaction, a large number of equilibrium steps are run 

through and the formation of the product is also reversible. Therefore, only the aldol reaction using pre-

formed enolates and the direct asymmetric variant will be discussed in the following. [101]  

 

Figure 16: Zimmerman-Traxler model for (Z)-enolate. Own illustration according to [101]. 

A characteristic feature of the aldol reaction with preformed enolates is the product synthesis with high 

diastereoselectivity. (Z)-enolates supply the syn product (Figure 16), whereas (E)-enolates supply the anti-

product as the main product (Figure 17). These relationships can be understood using the Zimmermann-

Traxler model. According to this model, the reaction goes through a six-limb chairlike transition state. Based 

on this, the controlling factor is the avoidance of the destabilizing 1,3-diaxial interaction within the cyclic 

transition state.[75] 

 

Figure 17: Zimmerman-Traxler model for (E)-enolate. Own illustration according to [101]. 

According to the postulated mechanism by LIST et al.[9] (Figure 18), a nucleophilic attack of the amine func-

tion on the carbonyl carbon takes place as a first step, whereby the intermediate (I) is formed. With elimi-

nation of water, the carboxylic acid of the proline acting as Brønstedt acid, an immonium ion (II) is formed 

which is then converted into the enamine (III). If this enamine attacks an aldehyde species, a preferred 

conformation can be adopted in the transition state (IV). This is promoted by the hydrogen bond between 

the carbonyl oxygen of the aldehyde and the carboxylic acid functionality of the proline and therefore leads 

to the stereoselectivity shown in the formation of species (V).[110] The imminium ion (V) is then converted 

again into the amine by the addition of water and proline is recovered by the subsequent elimination. [111,112] 



Theoretical Background 

 

- 19 - 
 

 

Figure 18: Mechanism of the L-Proline catalyzed asymmetric aldol reaction. Own illustration according to [9]. 

From the mechanism, it can be seen that proline acts as both a Lewis base and a Brønstedt acid. Therefore 

it is treated as a bifunctional catalyst.[111] This bifunctionality is linked directly to a stereocenter. Thus, the 

enantioselectivity of the proline-catalyzed reaction is dictated by the conformation within the proline it-

self.[110,111] In the literature, the use and immobilization of proline and derivatives derived from it have re-

ceived a great deal of attention. There are examples for the immobilization on the surface of solid parti-

cles[16,17,109], single chain nanoparticles[18] or, as part of block copolymers in micellar catalysis.[19,20] Based on 

the results known from literature, a wide range of different aldol products is known. In the overwhelming 

majority of cases, relatively long reaction times are necessary which can hardly be achieved within the MFR. 

For precisely this problem, however, the high local catalyst concentration within the reactor chamber could 

prove to be advantageous for effectively reducing the reaction times. 

2.7 Azoxyarenes 

Azoxyarenes are valuable building blocks carrying an uncommon oxygen-nitrogen-nitrogen 1,3-dipolar moi-

ety (Figure 19). Overall, this group of compounds is one of the azobenzenes. In recent years the interest in 

preparing azoxybenzene compounds increased drastically due to their versatile properties in applications to 

liquid crystals[113], polymer materials, stabilizers and analytical reagents.[114] 

 

Figure 19: General structure of azoxyarenes. 
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Additional attractive properties of azoxybenzenes, especially for medical as well as synthetic chemists, are 

the retinoidal activities[115] and the opportunity to act as o-directing group in C-H-functionalizations of 

arenes.[116] Furthermore, the azoxy functionality can be seen as a bioisoster for amide and alkene functions 

and thus shows promising anti-cancer activities as the corresponding bioactive amides and alkenes.[117]  

Usually, the preparation of azoxybenzenes proceeds via condensation of aryl nitroso compounds with aryl 

hydroxylamines.[118] Consequently, this synthesis strategy involves the oxidation of anilines or the reduction 

of nitroaromatics, respectively, to obtain the two constituents of the subsequent condensation. Exemplary 

for this approach, the conversion of aniline to azoxybenzene with H2O2 as oxidant was demonstrated[119], 

while the use of a Rh(I)-catalyst for a transfer hydrogenation with alcohols and nitrosobenzene as hydrogen 

acceptor to form aldehydes and also to generate azoxybenzene was also investigated.[120] Another work used 

isopropanol both as reducing agent and as solvent.[121] More recently, the synthesis of azoxybenzenes from 

nitrobenzenes by light irradiation under continuous flow conditions was reported.[122] Difficulties in these 

approaches are the harsh reaction conditions, over-reduction or oxidation of the educts and in competition 

reactions which include in particular the condensation of anilines with nitrosoarenes to generate diazo com-

pounds. Consequently, there is a great interest in efficient and simplified synthetic strategies for the selective 

preparation of these valuable compounds. 

2.8 Chemical Reactors 

The following chapter is a brief summary of previous work on the basic interrelationships of chemical 

reactors.[23] In general terms, a division can be made into two types of chemical reactors. The discontinuously 

operated batch reactors (BR) and the continuously operated flow reactors (FR).[123] Both reactor variants 

are characterized by various advantages and disadvantages. The greatest advantage of a BR is its ease of 

implementation. In contrast to this, FR are characterized by increased complexity in the structure, but at the 

same time increased economic efficiency and easier scale-up as well as consistent product quality.[124] 

2.8.1 Discontinuously operated Reactors 

The basic feature of the BR is the discontinuous or batch mode of operation. First, the reactor is loaded 

with reactants which then are mingled. This is followed by the actual reaction and, in the third step, the 

emptying of the reactor and further processing of the product. As an example, the conversion can be defined 

by the reaction rate constant (k) for any chemical reaction that is carried out in the BR. The following 

example illustrates this connection:[76] 

 

Figure 20: Reaction equation of an example reaction of n reactants A with m reactants B to form product C. 
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A kinetic analysis based on an example reaction is of interest for a comparative analysis of different reactor 

types. Based on the example reaction shown in Figure 20, the reaction rate is calculated according to:[76] 

𝑣 =  𝑘 ∙ [𝐴]𝑛 ∙ [𝐵]𝑚 (6) 

v  =   Reaction rate [
𝑚𝑜𝑙

𝑙∙𝑠
] 

k  =   reaction rate constant [(
1

𝑚𝑜𝑙
)

𝑛+𝑚−1
∙

1

𝑠
] 

[A]  =   Concentration reactant A [
𝑚𝑜𝑙

𝑙
] 

[B]  =   Concentration reactant B [
𝑚𝑜𝑙

𝑙
] 

n, m  =   stoichiometric factors 

Following Formula 6, the reaction rate is defined as the decrease in the concentration of reactant A over 

time. The reaction rate can therefore also be expressed as a change in the concentration of A:[76] 

𝑣 =  − 
𝑑[𝐴]

𝑑𝑡
= 𝑘 ∙ [𝐴]𝑛 ∙ [𝐵]𝑚  (7) 

t  =   Time [𝑠] 

The result is: 

 − 
𝑑[𝐴]

𝑑𝑡
= 𝑘 ∙ [𝐴]2 (8) 

Assuming equal initial concentrations of [A] and [B] and a stoichiometric reaction.[76] The concentration of 

reactant A at time t can then be concluded from Equation 8:[76] 

[𝐴]𝑡 =  
[𝐴]0

1 + 𝑘 ∙ 𝑡 ∙ [𝐴]0
 (9) 

[A]0  =   Concentration reactant A at time t = 0 [
𝑚𝑜𝑙

𝑙
] 

[A]t  =   Concentration reactant A at time t [
𝑚𝑜𝑙

𝑙
] 

For the operation of a BR this means that the concentration of the product [C] increases in a reaction of 

the second order over time and tends towards a maximum. The reactor system has reached its maximum 

conversion after a certain period of time and must then be emptied and filled with fresh reaction mixture. 
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A decisive factor for the economic efficiency of a BR is the reaction time component, according to Equation 

9. In addition, the available volume of the reactor is of particular importance. Typically, round-bottom flasks 

with volumes in the range from milliliters to a few liters are used. In addition, a cooler, agitator and a heating 

source are required. In principle, this basic structure can be applied to industrial standards with volumes 

ranging from liters to cubic meters (Figure 21). The particular advantage of this type of reactor design is the 

flexibility of its application since no adaptation to individual reactions has to be made. However, disadvan-

tageous, the achievable yield is limited based on the underlying parameters. Another problem is the need 

for constant process control and active influence on the reactor structure. A specific application of this type 

of reactor is therefore primarily in the area of specialized chemicals.[125] 

 

Figure 21: Schematic representation of a BR for the reaction of reactants A and B to form C. Own illustration according to [125]. 

Another disadvantage associated with BR is the transfer of reactor volume from laboratory scale (milliliters 

to a few liters) to industrial scale (liters to cubic meters) due to various additional elements that must be 

considered.[126] Within such a scaling process, the entirety of the running processes must be traced. The heat 

energy within the BR can be formulated as the sum of all heat input and output. Due to the changed surface-

to-volume ratio, the thermal energy inside the reactor is no longer defined solely by the energy released by 

exothermic processes or external heat input, in contrast to the laboratory scale. [126] Rather, it is important to 

consider other energy contributions such as the stirrer in the overall constellation. 

𝑞𝑎𝑐  =  𝑞𝑟 + 𝑞𝑒𝑥 + 𝑞𝑓𝑑 + 𝑞𝑠 + 𝑞𝑙𝑜𝑠𝑠 (10) 

𝑞𝑎𝑐   =   Total thermal energy [𝐽] 

𝑞𝑟   =   Thermal energy of the reaction [𝐽] 

𝑞𝑒𝑥  =   Thermal energy through exchange with heating or cooling element [𝐽] 

𝑞𝑓𝑑  =   Thermal energy of reactant solution [𝐽] 

𝑞𝑠  =   Thermal energy generated by stirring [𝐽] 

𝑞𝑙𝑜𝑠𝑠  =   Thermal energy loss through exchange with environment [𝐽] 
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A comparison of the relevant energy contributions from BR on a laboratory or industrial scale shows that, 

on a laboratory scale, only the amount of heat of the reaction and that of the exchange with the heating and 

cooling source have to be taken into account. It is therefore obvious that in an enlarged BR no observation 

comparable to the laboratory scale can take place. The conversion of the reaction is determined by the 

diffusion as well as by locally occurring conversion rates. The key parameter for both aspects is mixing 

within the reactor. In most cases, the conversion of an intermixed BR is higher than that of a non-intermixed 

one, which is why, consequently, the conversion depends on the quality of the mingling.[127] 

For the successful operation of a BR, two key points are of great importance: On the one hand, permanent 

good mixing must be guaranteed within the reactor as this has a significant impact on conversion.[127] On 

the other hand, sufficient heat supply and heat dissipation must be ensured via the outer sheath of the 

reactor. Inadequate mixing and the associated temperature control of the reaction mass can, according to 

the heat balance in Equation 10, result in the reaction failing or the reactor system overheating, which can 

result in economic losses, but can also lead to extremely dangerous incidents and accidents. Because of this, 

a reactor, which is run in batches, has a high potential for errors and dangers, particularly when it comes to 

loading. 

Numerous examples of such accidents are known in the literature. As an example, reference is made to an 

incident from 1971.[126] When loading a BR with chloronitrobenzene to produce nitroaniline, the tempera-

ture of the reactor got out of control due to overloading which resulted in the destruction of the reactor.[128] 

In a more precise statistical evaluation of 65 such accidents, a little over 50 % (33) could be traced back to 

the reaction temperature.[129] Due to the simplicity of this type of reactor and the great economic importance 

associated with it, the safety and controlled management of BR is still a challenge and is constantly being 

investigated and improved.[126,130] The first results were, for example, separate scientific journals such as 

“Process Safety Progress” (1982 Wiley VCH) or “Loss Prevention” (1999 Elsevier). 

Vice versa, semi-batch reactors (sBR) can be operated more reliably than BR. This is also evident from an 

evaluation of the number of accidents.[126] The number of incidents could be reduced from 13 to 1 if an sBR 

was used instead of a BR.[129] The crucial difference lies in the charging step of the reactor. In the case of an 

sBR, not both reactants are completely present in the reactor at the time t = 0, but only one reactant is 

introduced, and the others are metered in sequentially. Through the sequential addition of reactants, the 

reaction can initially subside before further educt is added. This procedure allows the temperature of the 

entire reaction mixture to be controlled and, if necessary, reduced by stopping the supply of reactants. In 

addition to large-scale industrial processes, this approach is also known from laboratory practice. With less 

reactive syntheses, the BR is very popular, with highly reactive reactions, nonetheless, the sBR should be 

preferred. The better control of the reaction achieved as a result, however, is accompanied by a more com-

plex kinetic view of the reaction. The increased complexity of the kinetic analysis is due to the fact that the 

conversion of the reactant A also depends on the addition of the reactant B.  
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Assuming an equimolar reaction, the following relationship arises:[125] 

− 
𝑑[𝐴]𝑡

𝑑𝑡
=

𝑉̇[𝐴]𝑡

𝑉0 + 𝑉̇ 𝑡
+ 𝑘 [𝐴]𝑡

2 + 𝑘[𝐴]𝑡 (
𝑉̇[𝐵]𝐹 𝑡 − [𝐴]0 𝑉0 

𝑉0 + 𝑉̇ 𝑡
) (11) 

𝑑[𝐵]𝑡

𝑑𝑡
=

𝑉̇([𝐵]𝐹 − [𝐵]𝑡)

𝑉0 + 𝑉̇ 𝑡
− 𝑘[𝐴]𝑡

2 + 𝑘[𝐵]𝑡 (
𝑉̇[𝐵]𝐹  𝑡 −  [𝐴]0 𝑉0 

𝑉0 + 𝑉̇ 𝑡
) (12) 

𝑉̇  =   Speed of influx [
𝑚

𝑠
] 

[𝐵]𝐹  =   Concentration of reactant B in volume flow[
𝑚𝑜𝑙

𝑙
] 

𝑉0  =   Volume of the submitted reactant solution A [𝑙] 

Based on the above argued relationships, it becomes clear how effective control of the reaction can be 

achieved by adding component B in sequence and furthermore, it becomes clear that, for an effective control 

a detailed analysis of the possible combinations of the charging of the reactor must be carried out. To obtain 

the best possible results, the order in which the reactor is charged with the various reactants is crucial. For 

instance, it can be shown on the basis of theoretical calculations that the achievable conversion in case of 

the free radical polymerization of styrene is determined by two different factors. On the one hand side it is 

determined by the reactivity of the added solution and consequently on the other hand by the order in which 

it is charged. Depending on the order in which it is charged (first present the initiator, then add the monomer 

continuously or vice versa), fundamentally different results are obtained.[131]  

 

Figure 22: Concentration-time diagram of the free radical reaction of styrene and acrylonitrile carried out in a semi-batch reactor (left). Concentration-
time diagram of the corresponding initiator and radicals (right).[132] Reprinted from Catalysis Today, 52, Gianni Donati and Renato Paludetto, Batch 

and semibatch catalytic reactors (from theory to practice), 183 – 195, Copyright 1999, with permission from Elsevier. 

Another specific example is the free radical copolymerization of styrene and acrylonitrile (Figure 22), in 

which the reactor is equipped with one educt, followed by the second educt, added over a period of 

12 minutes. It can be observed that the educt concentration initially rises up to a reaction time of around 

12 minutes. Then, as soon as the addition of the second reactant is stopped, i.e. from around minute 12, the 
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concentration decreases as a result of the increasing conversion of the reaction. [132] Using this example, it 

can be shown that the turnover of an sBR is rather low at the beginning as the reactor continues to be 

continuously charged with reactant. As a result, there is initially only a small conversion of the reactants 

present in low concentrations.[125,132] Due to the differences in the way the reactions are conducted, the 

conversion trends of the BR and the sBR differ significantly. 

2.8.2 Continuously operated Reactors 

Continuously operated reactors can be viewed as an alternative to batch reactors. These are characterized 

by a permanent influx of reactants and an outflow of product. The continuous operation results in a high 

level of economic efficiency, and thus a continuously operated form of the reactor, the Continuous Stirred 

Tank Reactor (CSTR), is particularly popular in industrial processes. The structure of such a reactor is out-

lined in the following (Figure 23).[125] 

 

Figure 23: Schematic representation of a CSTR in which reactants A and B are continuously added and product C is continuously removed.  Own illus-

tration according to [125]. 

Basically, a CSTR can be viewed as a BR after an infinitely long reaction time which results in a steady state. 

For the operation of a CSTR, homogeneous mixing is assumed which results in an identical concentration 

distribution and temperature in the entire reactor volume. On the basis of the steady state, the mass balance 

of reactants supplied and products removed is zero, so that the reactant and product concentrations as well 

as the conversion within the reactor are also constant. By extending the reaction time, a BR achieves an 

almost complete conversion of the reactants. Consequently, from a certain reaction time onwards, there are 

only infinitesimal changes in the product and educt concentrations as well as in the conversion.[133]  

In case of BR and sBR, the reaction is terminated when the steady state is reached, and the reactors are 

emptied. In contrast, a characteristic of the CSTR is the maintenance of the steady state of the reaction. The 

decisive factor here is the continuous supply and removal of reactants and the product formed. The product 

flow of a CSTR is characterized by the fact that it reflects the conditions within the reactor and consequently 

has a high product concentration with a low reactant concentration. Contrary, the reactant inflow has a high 

reactant concentration with a low product concentration and is clearly different from the concentration 

ratios within the CSTR. When the reactant inflow reaches the reactor chamber, these differences are abruptly 

adjusted and the stationary reactor state is consequently not influenced. [125,133] This process management 

means that the reactant solution is quickly and heavily diluted when it enters the reactor volume which only 
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leads to a low level of heat development within the solution. The risk of overheating of the reactor system 

and other risks, as already discussed, is thus minimized during the entire operating time.  

Based on these fundamental relationships within a CSTR, it becomes clear that complete conversion can 

never be achieved within this type of reactor. This makes it all the more important to achieve an optimal 

ratio between feed speed and conversion. The residence time of the reactants within the reactor is decisive 

for this ratio. 

 𝜏 =  
𝑉𝑅𝑒𝑎𝑐𝑡𝑜𝑟

𝑉̇
 (13) 

𝑉̇  =   Volume influx [
𝑙

𝑠
] 

𝑉𝑅𝑒𝑎𝑐𝑡𝑜𝑟=   Reactor volume [𝑙] 

𝜏  =  Residence time [𝑠] 

As can be seen in Equation 13, the dwell time is influenced by the volume flow V̇. This is defined by 

Equation 14. 

𝑉̇ =  
𝑉

𝑡
 (14) 

𝑉  =   Volume conveyed [𝑙] 

The analogies between BR and CSTR can also be continued regarding residence time. The residence time 

in a CSTR is equivalent to the reaction time of a discontinuous reactor. Even in discontinuous reactor 

systems, the reaction time is decisive for conversion. Since full conversion cannot be reached within a CSTR, 

it is neither possible to determine a terminal point for the entire process.[134] Nonetheless, the constant 

conversion over the entire term results in the high economic efficiency of this type of reactor. After the 

reactor has started up, the desired product can be produced for any length of time with constant turnover 

and consistent quality. For a further optimization of the turnover and thus the reactor output, it is possible 

to operate several CSTRs connected in series.[135] Using Equation 14, it becomes clear that conversion de-

pends on the reactor volume. In addition to the total volume of all reactors connected in series, the sequence 

of the reactors for optimizing conversion is sacrosanct. If two successive reactors are almost equal in vol-

ume, a minimum in conversion results, whereas the conversion is maximized if a smaller first reactor is 

followed by a larger second one.[136] 

In addition to the modifications of reactors already discussed, the Flow Reactor (FR) is another type of 

reactor that operates continuously. In the simplest case, this is a tubular reactor. A FR is therefore funda-

mentally different from BR, sBR or CSTR, as all these reactors are essentially based on a stirred tank. The 

basic principle in this case is the continuous supply of reactants on one side of the reactor and the continuous 
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removal of the resulting product on the other side. Taking another look at the example reaction from the 

educts A and B to the product C, as shown in Figure 24, it becomes apparent that the reactants are contin-

uously fed to the FR, while the product formed is continuously discharged. A further differentiation of FR 

is possible on the basis of an important characteristic: The inside diameter (iD). In the range of a few milli-

meters up to 500 µm, systems are named minifluidic. Reactors with an iD of 500 - 10 µm are called micro-

fluidic reactors.[137] Special advantages of MFR lie in an increased surface-volume ratio which can reach 

values of 50 000 
𝑚2

𝑚3.[137] The obvious advantages of this are the excellent heat exchange via the outer shell 

of the reactor.[138] 

 

Figure 24: Schematic representation of a tubular FR in which a reaction of the reactants A and B takes place with the formation of product C. Own 

illustration according to [125]. 

Analogous to the example reaction of the second order, a conversion analysis can also be carried out in the 

case of the FR. The reaction time within the reactor is equivalent to a location coordinate as the continuous 

flow drives the entire reaction solution in the reactor. Contrary to the reactors considered so far (BR, sBR 

and CSTR), there is no intermixing inside of a FR. As a result, a considered volume increment within the 

reactor is constant in its composition and temperature and so the conditions within any such volume incre-

ment are comparable to the conditions within a CSTR. Hence, a cascade of an infinite number of CSTRs is 

comparable in its behavior to a FR.[139,140] Without any back mixing and under constant conditions in the 

respective volume increment, the reactor is called Plug Flow Reactor (PFR). This state corresponds to the 

idealized case which, due to diffusion processes, cannot be reached but can only be approximated. 

𝑅𝐷 =  
𝐷

𝐹 ∙ 𝐿
 (15) 

𝑅𝐷  =   Reaction dispersion number [/] 

D  =   Dispersion coefficient [
1

𝑠
] 

𝐹  =  Flow rate [
𝑚

𝑠
] 

𝐿  =   Length of the reactor [𝑚] 

One way of expressing the difference between the ideal and the real reactor is the degree of back-mixing 

that occurs within the FR. This can be represented concretely as a reactor dispersion number which, with 

zero or infinity and one, corresponds to an ideal PFR without back-mixing and a completely back-mixed 

reactor.[141] The back-mixing of a reactor is inversely related to the volume flow, a higher volume flow 
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consequently results in less back-mixing.[142] This behavior results from the relationship between the reactor 

dispersion number and the volume flow. 

𝐹 =  
𝑉̇

𝐴
 (16) 

𝐴  =   Cross sectional area [𝑚2] 

In addition to the back-mixing along the length of the reactor, which has already been illuminated, mixing 

over the cross-sectional area of the reactor is also important for the most homogeneous reaction solution 

possible. The Reynolds number, which is dependent on the flow velocity, can be used for a corresponding 

analysis.[140] 

𝑅𝑒 =  
𝜌 ∙ 𝐹 ∙ 𝑑

𝜂
 (17) 

Re  =   Reynolds number [/] 

𝜌  =   Density of solvent [
𝑘𝑔

𝑙
] 

𝜂  =   Viscosity [
𝑘𝑔

𝑚 ∙ 𝑠
] 

d  =   Reactor diameter [𝑚] 

When considering this key figure, an increase in the Reynolds number is associated with behavior that is 

increasingly like the PFR and therefore increasingly ideal. The main informative value of this figure relates 

to the transition from laminar to turbulent flow which for a simple tubular reactor is reached at about 2300. 

Above this, the flow profile is constant over the entire reactor diameter, which can be assumed to be a 

homogeneous composition of the reaction solution over the entire cross-sectional area.[140] Such statements 

are only valid for tubular reactors; other reactor geometries require the critical Reynolds number to be de-

termined separately. Based on Equations 16 and 17, it becomes clear that, with a constant volume flow and 

simultaneous minimization of the reactor diameter, increasingly ideal reactor conditions can be achieved. A 

consistently high Reynolds number is only achieved with small diameters or high volume flows. If, apart 

from that, the Reynolds number is low and the flow is more laminar, the mixing is almost exclusively deter-

mined by diffusion. In addition to the cross-sectional area of the molecules, diffusion also depends on the 

distance covered and consequently enables no efficient mixing.[143] One possible solution to this problem is 

the use of microfluidic flow reactors (MFR). The smaller volumes of this type of reactor lead to a reduced 

distance to be covered by diffusion. As a result, homogeneous mixing along the cross-sectional area can also 

be achieved more easily by diffusion. In addition to the restriction to diffusion, mixers can still be used. [144] 

These prove to be extremely efficient for the homogeneous mixing of two components in a small space.[145] 
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A large number of options are available for the manufacture of microfluidic reactor systems. A frequently 

used approach is based on casting a negative mold with polydimethylsiloxane (PDMS). Due to the shaping 

process, this material can be brought into almost any shape which allows extremely flexible use.[146] Further-

more, PDMS is chemically inert and hardly swells in organic solvents.[147] If there is no negative mold avail-

able, it is possible to manufacture the reactor mold from 3D printing materials. This also enables automated 

production of the reactor forms.[148] In addition to the examples mentioned, there is also the possibility of 

manufacturing microfluidic systems using high-performance milling cutters.[149] Interesting materials for this 

variant would be, for example, polytetrafluoroethylene (PTFE) which is also chemically inert but at the same 

time more durable and therefore less prone to failure than PDMS. Based on the various manufacturing 

processes, very different shapes can be manufactured. These can be in the form of simple tubular reactors, 

meandering structures or chamber-shaped reactors.[150] Choosing a chamber reactor offers the advantage 

that the flow profile within the actual reactor chamber can be adjusted by adapting the geometry. [151] In 

addition, the chamber surface can be modified in various ways in a spatially resolved manner. [152] Therefore, 

it is possible to carry out several successive reactions or domino reactions. [153] Considering these numerous 

aspects, an MFR represents a potent and versatile foundation for the connection of continuously operated 

reactors and reuse of catalysts. 

2.8.3 Combination of Organocatalysts and Continuous Reactors 

Due to the above mentioned many interesting properties and advantages of continuously operated reactors, 

they appear to be a versatile and promising opportunity to address aspects of modern organic and continu-

ous chemistry as well as “Green Chemistry”, particularly in combination with organocatalysts.[154] These 

aspects concern an increased safety as well as an increased efficiency and thus lower use of chemicals. One 

example of improved safety aspects in continuous reactors is the ozonolysis of alkenes. The system is based 

on hoses made of semipermeable membranes which are brought into contact with the reactive and toxic 

ozone within a closed chamber. In addition to the reduced user risks, this process is also characterized by 

high yields.[2] In other examples, reaction times could be shortened and side reactions suppressed at the 

same time.[24,25,155] Furthermore, a variety of reactions are accessible in this way. Examples range from the 

α-amonoxylation[156] of aldehydes to synthetically extremely valuable cyclopropanation reactions[157] to clas-

sic aldol reactions.[25,158] The operation of continuous reactors is particularly advantageous if the catalyst 

used is efficiently recovered or in immobilized form.[159] By means of such procedures, the required amount 

of catalyst can be significantly reduced and a significant increase in efficiency can be achieved compared 

with reactors operated batchwise.[23,160] 
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3 Experimental Part 

This section lists all chemicals and auxiliary materials used as well as analysis methods. The syntheses carried 

out are also described and the products obtained from them are characterized. Some content of the follow-

ing chapter has already been published.[24,25] 

3.1 Chemicals and Materials 

Table 1: Overview of all chemicals and materials used as well as their purity, manufacturers and special comments. 

Reagent 
Manufac-

turer 
Purity Remark 

Acetone 

Sigma- 

Aldrich 

>99 %  

2-aminobenzonitrile TCI >98 %  

3-aminobenzonitrile TCI >99 %  

Ammonia  
Technical 

grade 
25 % solution in water 

Argon 
Wöhning 

Gas 
5.0  

2-bromoaniline TCI >98 %  

3-bromoaniline TCI >98 %  

4-bromoaniline TCI >99 %  

2-butanone Alfa Aesar 99 %  

4-chloroaniline TCI >99 %  

Chloroforme-d1 Deutero 99.8 %  

Cyclohexanone 

Sigma- 

Aldrich 

99.8 %  

Deuterated water Deutero 99.9 %  

Dichloromethane  
Technical 

grade 
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Dicyclohexylcarbodiimide 

Sigma- 

Aldrich 

99 %  

Diethyl ether  
Technical 

grade 
 

Diiodomethane 

Sigma- 

Aldrich 

99 % ReagentPlus 

Diisopropylethylamine 
Sigma-Al-

drich 
>99 %  

4-Dimethylaminopyridine Fluka >99 %  

Dimethylphenylphosphonite 

Sigma- 

Aldrich 

98 %  

Dimethylsulfoxide Grüssing >99 %  

Dimethylsulfoxide-d6 Deutero 99.8 %  

1,4-Dioxane Grüssing 99.5 %  

Di-tert-butyldicarbonate Alfa Aesar 97+ %  

Ethanol  
Technical 

grade 
 

Ethyl acetate  
Technical 

grade 
 

4-ethylaniline TCI >99 %  

Ethylene glycol dimethacrylate 

Sigma- 

Aldrich 

98 %  

4 N HCl in 1,4-Dioxane TCI   

1-hydroxybenzotriazole hydrate 

Sigma- 

Aldrich 

97 % 
wetted with not less than 

20 wt. % water, 97% 

Isopropanol 

Sigma- 

Aldrich 

99.5 % HPLC grade 
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L-Leucinol TCI >96 %  

L-Proline TCI >99 %  

Lithium bromide Fluka >98 %  

Methanol  
Technical 

grade 
 

Mono-2-(methacryloyloxy)ethyl succinate 

Sigma- 

Aldrich 

>95 %  

Methyl-3-aminobenzoate TCI >98 %  

Methyl-4-aminobenzoate TCI >98 %  

Methyl methacrylate 

Sigma- 

Aldrich 

99 %  

2-nitrobenzaldehyde TCI >99 %  

3-nitrobenzaldehyde TCI >98 %  

4-nitrobenzaldehyde 

Sigma- 

Aldrich 

98 %  

Nitrosobenzene TCI >98 %  

2-nitrosotoluene 

Sigma- 

Aldrich 

98 %  

N-(3-Dimethylaminopropyl)-N‘-ethylcar-

bodiimidhydrochloride 

(EDC∙HCL) 

TCI >98 %  

N,N-Dimethylformamide Carl Roth >99 %  

N,N-Dimethyl-4-nitrosoaniline 

Sigma- 

Aldrich 

97 %  

N-(tert.-Butoxycarbonyl)-L-prolin TCI >99 %  

n-Hexane  
Technical 

grade 
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n-Heptan Carl Roth >99 % HPLC grade 

Object slides Carl Roth  72 x 26 mm 

Oxone® TCI   

Tetrahydrofuran  
Technical 

Grade 
 

Thionyl chloride 

Sigma- 

Aldrich 

97 %  

trans-4-Hydroxy-L-proline TCI >99 %  

3-(trichlorsilyl)propylmethacrylate 

Sigma- 

Aldrich 

≥90 %  

Triethylamine 

Acros  

Organics 

99 % pure  

Trifluoroacetic acid Carl Roth >99 %  

2,4,6-trimethylbenzoylchloride Alfa Aesar 98+ %  

Water Carl Roth 

Rotisolv 

HPLC Gradi-

ent 

 

 

3.2 Methods of Characterization 

In this section, the devices used for analysis and the software used for evaluation are named. Associated 

specifications, such as temperatures and relevant hardware, are also listed. 

 

Nuclear Magnetic Resonance (NMR) 

An “Avance 500” spectrometer from “Bruker” was available for nuclear magnetic resonance spectroscopy. 

Unless otherwise stated, the 1H and 13C-NMR standard measurements were carried out with the “Avance 

500” spectrometer. To determine the conversion of the various MFR experiments, the 1H-NMR spectra 

were recorded with an “Ascent 700” spectrometer from “Bruker”. The software “Topspin 4.0.6” from 
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“Bruker” was used to analyze the spectra. When using the solvents listed, the following lock signals were 

used: 

Table 2: Lock-signals of the NMR solvents used. 

Solvent 1H-NMR-spectrum 13C-NMR-spectrum 

CDCl3 7.26 ppm 77.16 ppm 

DMSO-d6 2.50 ppm 39.52 ppm 

D2O 4.75 ppm - 

 

Electrospray Ionization Mass Spectrometry (ESI-MS) 

The samples were analyzed by means of electrospray ionization mass spectrometry (ESI-MS) using a “Syn-

apt-G2 HDMS” mass spectrometer from “Waters”, together with a quadrupole time-of-flight analyzer. The 

samples were ionized using electrospray ionization (ESI) in the positive measurement mode. 

Table 3: Device parameters used for recording the ESI mass spectra. 

Capillary voltage 130 kV 

Sampling cone 120 V 

Extraction cone 3 V 

 

Electron Impact Ionization Mass Spectrometry (EI-MS) 

Electron impact ionization (EI) is used to record mass spectra. This measurement method was recorded 

with a high-resolution sector field mass spectrometer (DFS) from “Thermo Scientific”. 

Table 4: Device parameters used for recording the EI mass spectra. 

R 1200 

Voltage 70 eV 

Temperature 200 °C 

 

Confocal Microscopy 

A “VK-9700” confocal microscope from “Keyence” was used to determine the height of the gel structures 

on microscope slides. The recordings of the structures were taken with the “VK Viewer 2.4.0.1” program 

and visualized and processed with the “VK Analyzer 3.4.0.1” program. 



Experimental Part 

 

- 35 - 
 

Melting point (MP) 

The melting point of the synthesized solids was determined using a “Melting Point B-545” device from 

“Büchi”. A gradient of 1 
°C

min
 was used. 

Contact Angle Measurement 

The contact angle measurements were performed using a “Drop Shape Analyzer-DSA25” from “Krüss”. 

High Performance Liquid Chromatography (HPLC) 

For analytical HPLC a chiral stationary phase for the determination of enantiomeric excess (ee) a “VARIAN 

920-LC” was used with the following capillary columns: “CHIRALCEL” IA and IC. 
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3.3 Batch Synthesis 

In this chapter, all syntheses of the low molecular weight compounds as well as the characterization of the 

products obtained from batch reactions are described. 

 

3.3.1 Synthesis of lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) 

The synthesis was carried out according to known literature protocols.[161,162] Dimethylphenylphosphonite 

(1.56 g, 11.3 mmol) was placed in a baked out 50 ml round bottom flask. Afterwards 2,4,6-trimethylbenzoyl 

chloride (1.65 g, 1.8 ml, 9.0 mmol) was slowly added dropwise via a syringe. The reaction was stirred for 

24 h with the exclusion of light. A solution of lithium bromide (3.2 g, 36.9 mmol) in 2-butanone (50 ml) of 

was then added. The solution was heated to 50 °C for 10 min before stirring for 4 h at RT, again with the 

exclusion of light. The precipitated colorless solid is filtered off and washed twice with 2-butanone (100 ml).  

1.76 g (5.9 mmol, 65 %) of the colorless solid were obtained. 

Characterization: 

 

1H-NMR (500 MHz, D2O):  

δ (ppm) = 1.99 (s; 6H; 5CH3); 2.12 (s; 3H; 1CH3); 6.76 (s; 2H; 3CH); 7.39 (t; 3JHH = 7.3 Hz; 2H; 10CH); 7.46 

(t; 3JHH = 7.1 Hz; 1H; 11CH); 7.71 (pt; 3JPH = 11.2 Hz; 3JHH = 7.1 Hz; 2H; 9CH) 

13C-NMR (125 MHz, D2O): 

δ (ppm) = 18.5 (5CH3); 20.2 (1CH3); 128.1 (3CH); 128.3/128.4 (10CH); 132.0 (11CH); 132.2/132.3 (9CH); 

132.4/133.2 (8CP); 133.7 (2Cq); 137.8/138.1 (6Cq); 139.8 (4Cq); 228.1/228.8 (7CO) 

 

31P-NMR (202 MHz, D2O):  

δ (ppm) = 12.31 (s; 1P; P-O-) 

ESI-MS; m/z: 

Calculated for [C16O3PH16]+ 287.2702 found 287.0846 

 

3.3.2 Synthesis of 2-methacryloyloxyethylsuccinicacidchloride 

The synthesis was carried out according to known literature protocols.[163] Mono-2-(methacryloyloxy)ethyl 

succinate (17.84 g, 15.0 ml, 77.5 mmol, containing 750 ppm MEHQ) was added to neat SOCl2 (49.25 g, 
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30.0 ml, 414 mmol), and the mixture stirred at room temperature for 30 min and at 50 °C for 1 h. The 

excess SOCl2 was evaporated under reduced pressure to give 2-methacryloyloxyethylsuccinoylchloride as a 

near colorless yellowish oil. 

The product obtained was used for the synthesis in chapter 3.3.3 without additional purification. A conver-

sion of 99 % could be determined by 1H NMR spectroscopy. 

Characterization:  

 

1H-NMR (500 MHz, CDCl3-d1):  

δ (ppm) = 1.86 (s; 3H; 1CH3); 2.46 (t; 3JHH = 6.5 Hz; 2H; 8CH2); 3.15 (t; 3JHH = 6.4 Hz; 2H; 9CH2); 4.24 – 

4.32 (m; 4H; 5+6CH2); 5.50 – 5.54 (m; 1H; 3CH2); 6.02 – 6.06 (m; 1H; 3CH2)  

13C-NMR (125 MHz, CDCl3-d1): 

δ (ppm) = 17.87 (1CH3); 28.96 (5CH2); 41.43 (6CH2); 61.94 (8CH2); 62.47 (9CH2); 125.67 (3CH2); 135.67 (2C); 

166.61 (7CH); 170.37 (4CH); 172.59 (10CH) 

 

3.3.3 Synthesis of O-(2-methacryloyloxyethylsuccinoyl)-trans-4-hydroxy-L-prolin (MAOESLP) 

The synthesis was carried out according to known literature protocols.[163] A 250 ml round bottom flask was 

charged with CF3CO2H (25.0 ml), containing a spatula tip of hydroquinone and trans-4-hydroxy-L-proline 

(5.13 g, 39.2 mmol) was added under vigorous stirring. The mixture was stirred for 10 min, the crude product 

of 3.3.2 was added under ice cooling and the reaction mixture was stirred at room temperature for 2 h to 

give a clear, nearly colorless solution. The solution was cooled in an ice/water bath and Et2O (150 ml) was 

added under vigorous stirring. A syrupy precipitate forms, stirring was discontinued and the precipitate was 

allowed to settle by gravity for 1 h. The reaction flask was removed from the ice/water bath, the supernatant 

was decanted and Et2O (120 ml) was added. The syrupy crystals were left overnight in a refrigerator to 

solidify. The colorless solid was then dried at room temperature over night to give O-(2-methacryloyloxy-

ethylsuccinoyl)-trans-4-hydroxy-L-proline hydrochloride. 10.78 g (31.3 mmol, 72 %) of the colorless solid 

were obtained. 

Characterization: 
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1H-NMR (500 MHz, DMSO-d6):  

δ (ppm) = 1.88 (s; 3H; 16CH3); 2.27 – 2.40 (m; 2H; 3CH2); 2.54 – 2.68 (m; 4H; 8+9CH2); 3.21 – 3.29 (m; 1H; 

5CH2); 3.49 – 3.66 (m; 1H; 5CH2); 4.25 – 4.30 (m; 4H; 11+12CH2); 4.39 – 4.45 (m; 1H; 2CH); 5.24 – 5.35 (m; 

1H; 4CH); 5.70 (d; 2JHH = 1.6 Hz; 1H; 14CH2); 6.03 (d; 2JHH = 1.6 Hz; 1H; 14CH2); 9.06 (s; br.; 1H; 6NH); 

10.32 (s; br.; 1H; 17COOH)  

13C-NMR (125 MHz, DMSO-d6):  

δ (ppm) = 17.69 (16CH3); 28.19/28.51 (8/9CH2); 33.83 (3CH2); 45.22 (5CH2); 57.38 (2CH); 61.85/62.16 

(11/12CH2); 72.22 (4CH); 125.93 (14CH2); 135.40 (15CH); 166.19 (13C); 169.24 (7C); 171.07/171.65 (10C); 173.03 

(1C) 

ESI-MS; m/z: 

Calculated for [C15H20NO8]- 342.1189 found 342.1189  

 

3.3.4 Synthesis of N-(tert-butoxycarbonyl)-L-proline 

The synthesis was carried out according to known literature protocols.[164] In a 500 ml round bottom flask, 

L-proline (20.0 g, 170 mmol) was submitted in aqueous 10 % NaHCO3 (200 ml) solution. Di-tert-butyl 

dicarbonate (44.5 g, 210 mmol) dissolved in 1,4-dioxane (150 ml) were slowly added to this solution. With 

vigorous evolution of gas, the mixture was stirred at room temperature overnight, a white solid precipitated. 

The pH of the liquid phase was then adjusted to 7 with a sat. citric acid solution as a result of which the 

precipitate went into solution. Sat. NaCl solution was added and the mixture was extracted with ethyl acetate 

(100 ml) three times. The combined organic layers were dried using a hydrophobic filter. The solvent was 

removed and the crude product was subsequently dried in a fine vacuum. 37.3 g (169.5 mmol, 99 %) of the 

colorless solid were obtained. 

Characterization: 

 

1H-NMR (700 MHz, DMSO-d6): 

δ (ppm) = 1.36 (s; br.; 9H; 9 - 11CH3); 1.70 – 1.81 (m; 2H; 2CH2); 1.81 – 1.86 (m; 1H; 3CH2); 2.10 – 2.16 (m; 

1H; 3CH2); 3.22 – 3.34 (m; 2H; 4CH2); 4.00 – 4.06 (m; 1H; 1CH) 

 



Experimental Part 

 

- 39 - 
 

13C-NMR (176 MHz, DMSO-d6): 

δ (ppm) = 23.1 (2CH2); 28.0 (9 - 11CH3); 30.4 (3CH2); 46.1 (4CH2); 59.2 (1C); 78.3 (8C); 153.5 (7C); 174.7 (6C) 

 

3.3.5 Synthesis of tert-butyl (S)-2-(((R)-1-hydroxy-4-methylpentan-2-yl)carbamoyl)pyrrolidine-

1-carboxylate 

The synthesis was carried out according to known literature protocols.[19] N-(tert-Butoxycarbonyl)-L-proline 

(10.09 g, 46.9 mmol) with EDCHCl (9.84 g, 51.3 mmol) and HOBt (6.47 g, 47.9 mmol) were placed in a 

250 ml round bottom flask in DCM (150 ml). The solution was stirred for 15 min. Then DIPEA (10.39 g, 

82.3 mmol) and L-leucinol (5.69 g, 48.5 mmol) were added dropwise. The mixture was stirred overnight 

under an argon atmosphere at room temperature. The reaction solution was then washed with water 

(100 ml). The washing process was totaled with NaHCO3 solution (100 ml), sat. citric acid solution (100 ml) 

and sat. NaCl solution (100 ml). The washed organic phase was dried using a hydrophobic filter and the 

solvent was removed. The colorless crude product was dried in fine vacuum. For further work-up, the crude 

product was purified by column chromatography on silica using a mixture of ethylacetate : MeOH (9 : 1) as 

the mobile phase (Rf = 0.83). After purification, 11.49 g (38.5 mmol, 82 %) of a colorless solid were isolated. 

Characterization: 

 

1H-NMR (700 MHz, DMSO-d6): 

δ (ppm) = 0.86 (m; 6H; 13+14CH3); 1.30 (dd; 3JHH = 7.16 Hz; 2H; 11CH2); 1.36 (s; br.; 9H; 17-19CH3); 1.57 – 1.66 

(m; 1H; 12CH); 1.68 – 2.13 (m; 4H; 2+3CH2); 3.18 – 3.27 (m; 2H; 9CH2); 3.29 – 3.40 (m; 2H; 4CH2); 

3.74 – 3.81 (m; 1H; 8CH); 4.04 (d; 3JHH = 4.27 Hz; 1H; 1CH); 4.55 (m; 1H; 10OH); 7.41 (d; 3JHH = 8.69 Hz; 

1H; 7NH) 

13C-NMR (176 MHz, DMSO-d6): 

δ (ppm) = 21.7 / 23.5 (13/14CH3); 24.1 (12CH); 28.0 (17-19CH3); 29.9 (2CH2); 31.4 (3CH2); 40.0 (11CH2); 46.5 

(9CH2); 46.7 (4CH2); 48.6 (8CH); 59.7 (1CH); 78.3 (16CH); 153.4 (15C); 172.1 (6C) 

ESI-MS; m/z: 

Calculated for [C16H30N2ONa]+ 337.2103 found 337.2114. 
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3.3.6 Synthesis of (S)-N-((R)-1-hydroxy-4-methylpentan-2-yl)pyrrolidine-2-carboxamide 

(S)-N-((R)-1-hydroxy-4-methylpentan-2-yl)pyrrolidine-2-carboxamide (0.3 g, 0.95 mmol) were placed in a 

50 ml round bottom flask and dissolved in 4 N HCl in 1,4-dioxane (1.86 ml) with vigorous stirring. The 

mixture was stirred at room temperature for 3 h. After 3 h, the colorless precipitate formed was filtered off, 

dissolved in DCM and brought to pH 8 with sat. sodium hydrogen carbonate solution. After subsequent 

extraction with ethyl acetate, removal of the solvent and subsequent drying in a fine vacuum, 0.18 g 

(0.84 mmol, 88 %) of a highly viscous yellowish oil were isolated. 

Characterization: 

 

1H-NMR (500 MHz, CDCl3-d1): 

δ (ppm) = 0.85 – 0.98 (m; 6H; 13+14CH3); 1.19 – 1.46 (m; 3H; 11+12CH); 1.53 – 1.78 (m; 2H; 3CH2); 1.86 – 1.97 

(m; 1H; 2CH2); 2.10 – 2.25 (m; 1H; 2CH2); 2.86 – 3.15 (m; 3H; 4CH2; 10OH); 3.44 – 3.72 (m; 2H; 9CH2); 

3.77 – 3.88 (m; 1H; 1CH); 3.89 – 4.14 (m; 1H; 8CH); 7.38 – 8.17 (s; 1H; 5NH) 

13C-NMR (176 MHz, DMSO-d6): 

δ (ppm) = 21.8 (13/14CH3); 23.3 (13/14CH3); 23.6 (2CH2); 24.2 (12CH); 30.0 (3CH2); 39.7 (11CH2); 45.5 (4CH2); 

49.5 (8CH); 58.7 (1CH); 63.5 (9CH2); 167.8 (6C) 

ESI-MS; m/z: 

Calculated for [C11H22N2O2]+ 215.1754 found 215.1760  

 

3.3.7 Synthesis of (R)-2-((S)-1-(tert -butoxycarbonyl)pyrrolidine-2-carboxamido)-4-methylpen-

tyl (2 -(methacryloyloxy)ethyl)succinate 

The synthesis was carried out according to known literature protocols.[165] Tert-butyl(S)-2-(((R)-1-hydroxy-

4-methylpentan-2-yl)carbamoyl)pyrrolidine-1-carboxylate (7.25 g, 24.1 mmol) together with DCC (9.96 g, 

48.2 mmol) and DMAP (130 mg, 1.1 mmol) in DCM (150 ml) were placed in a 250 ml round bottom flask. 

To the mixture, O-(2-methacryloyloxyethyl)succinic acid (5.75 g, 25.0 mmol) was added. The mixture was 

stirred for 48 h under an argon atmosphere at room temperature. The precipitated colorless solid was filtered 

off, washed with DCM and then discarded. After removal of the solvent, the crude product was first purified 

by column chromatography with silica as the stationary phase. A solvent gradient from n-hexane : ethyl 

acetate (10 : 1) to n-hexane : ethyl acetate (1 : 9) was used. The product phase had an Rf value of 0.95 in n-

hexane : ethyl acetate (1 : 9). Afterwards the product was purified again by column chromatography using 
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neutral aluminum oxide as the stationary phase. The same mobile phase was used as in the previous column 

chromatography. After purification, 11.30 g (21.4 mmol, 89 %) of a viscous, slightly yellowish oil were 

isolated. 

Characterization: 

 

1H-NMR (700 MHz, DMSO-d6): 

δ (ppm) = 0.71 – 0.93 (m; 6H; 22+23CH3); 1.29 – 1.46 (m; 9H; 26-28CH3); 1.51 – 1.63 (m; 3H; 3+20+21CH2); 1.87 

(s; 3H; 18CH3); 2.05 – 2.15 (m; 3H; 2+3CH2); 2.51 – 2.60 (m; 4H; 11+12CH2); 3.22 – 3.28 (m; 1H; 4CH2); 

3.34 – 3.41 (m; 1H; 4CH2); 3.78 – 3.98 (m; 2H; 9CH2); 3.99 – 4.06 (m; 2H; 1+8CH); 4.23 – 4.31 (m; 4H; 

14+15CH2); 5.69 (s; 1H; 19CH2); 6.03 (s; 1H; 19CH2); 7.65 (m; 1H; 7NH) 

13C-NMR (176 MHz, DMSO-d6): 

δ (ppm) = 17.9 (18CH3); 21.4 (22/23CH3); 22.8 (20CH2); 23.2 (22/23CH3); 24.0 (21CH); 28.0 (26 - 28CH3); 28.5 

(11/12CH2); 28.6 (11/12CH2); 31.3 (3CH2); 34.5 (2CH2); 45.5 (9CH2); 46.4 (4CH2); 59.6 (8CH); 62.0 (14/15CH2); 

62.4 (14/15CH2); 66.2 (1CH); 78.3 (25C); 126.1 (17C); 135.6 (19CH2); 153.4 (24C); 166.4 (16C); 168.3 (10C); 171.7 

(13C); 172.1 (6C) 

ESI-MS; m/z: 

Calculated for [C26H42N2O9Na]+ 549.2890 found 549.2774  

 

3.3.8 Deprotection of (R)-2-((S)-1-(tert-butoxycarbonyl)pyrrolidine-2-carboxamido)-4- 

methylpentyl(2-(methacryloyloxy)ethyl)succinate 

The synthesis was done according to known literature protocols.[166] (R)-2-((S)-1-(tert-butoxycarbonyl)pyr-

rolidine-2-carboxamido)-4-methylpentyl(2-(methacryloyloxy)ethyl)-succinate (11.30 g, 21.5 mmol) were 

placed in a 500 ml round bottom flask and dissolved in 4 N HCl in 1,4-dioxane (100 ml) with vigorous 

stirring. The mixture was stirred at room temperature overnight. After removal of the solvent and subse-

quent drying in a fine vacuum, 9.60 g (20.9 mmol, 97 %) of a highly viscous yellowish oil were isolated. 
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Characterization: 

 

 

1H-NMR (700 MHz, DMSO-d6): 

δ (ppm) = 0.81 – 0.92 (m; 6H; 22+23CH3); 1.58 – 1.63 (m; 1H; 21CH); 1.70 – 1.90 (m; 9H; 2+3+20CH2; 18CH3); 

2.52 – 2.58 (m; 4H; 11+12CH2); 3.13 – 3.27 (m; 2H; 4CH2); 3.80 – 3.88 (m; 1H; 9CH2); 4.0 – 4.17 (m; 1H; 

9CH2); 4.23 – 4.30 (m; 4H; 14+15CH2); 5.69 (s; 1H; 19CH2); 6.03 (s; 1H; 19CH2); 8.44 – 8.61 (m; br.; 2H; NH); 

9.89 – 10.11 (s; br.; 1H; NH) 

13C-NMR (176 MHz, DMSO-d6): 

δ (ppm) = 17.9 (18CH3); 21.6 (22/23CH3); 22.8 (20CH2); 23.0 (22/23CH3); 23.5 (2CH2); 24.0 (21CH); 28.5 

(11/12CH2); 28.6 (11/12CH2); 29.8 (3CH2); 45.5 (4CH2); 46.3 (9CH2); 58.7 (1CH); 60.0 (8CH); 62.0 (14/15CH2); 

62.4 (14/15CH2); 126.1 (19CH2); 135.6 (17C); 166.4 (16C); 168.1 (6C); 171.7 (10C); 171.8 (13C) 

ESI-MS; m/z: 

Calculated for [C21H35N2O7]+ 427.5148 found 427.2479  

 

3.3.9 Synthesis of Racemic Aldol Products 

Different nitro benzaldehydes (4.0 mmol) and the respective ketones (20 mmol) were suspended in water 

(4 ml) and placed in a 50 ml round bottom flask. 25 % aqueous ammonia solution (0.5 ml) were added 

dropwise to this solution via a septum. The reaction mixture was then heated to 60 °C and stirred for 24 h. 

The mixture was then allowed to cool off and sat. NaCl solution (25 ml) were added. It was extracted with 

ethyl acetate (15 ml) three times and the organic phase was dried using a hydrophobic filter. The solvent 

was removed and the crude product was purified via column chromatography using silica as the stationary 

phase and different mixture of n-hexane : ethyl acetate as the mobile phase.  
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2-[-hydroxy(4-nitrophenyl)methyl]-cyclohexanone 

Characterization: 

 

1H-NMR (500 MHz, DMSO-d6): 

δ (ppm) = 1.12 – 1.24 (m; 1H; 4CH2); 1.46 – 1.87 (m; 5H; 3-5CH2); 2.20 – 2.39 (m; 2H; 6CH2); 2.63 – 2.68 

(m; 1H; 2CH; syn); 2.69 – 2.74 (m; 1H; 2CH; anti); 5.09 (dd; 3JHH = 7.20 Hz; 3JHH = 4.56 Hz; 1H; 7CH; anti); 

5.23 (t; 3JHH = 4.47 Hz; 1H; 7CH; syn); 5.47 (d; 3JHH = 4.73 Hz; 1H; 8OH; syn); 5.54 (d; 3JHH = 4.56 Hz; 1H; 

8OH; anti); 7.61 (d; 3JHH = 8,67 Hz; 2H; 10CH); 8.17 (d; 3JHH = 8.5 Hz; 2H; 11CH)  

Chiral HPLC: Chiralpack IA, n-Heptan : 2-Propanol (85 : 15), 0.8 
ml

min
, T = 15 °C, λ = 254 nm, 

tR1 = 21.2 min, tR2 = 24.9 min, tR3 = 26.5 min, tR4 = 36.1 min 

ESI-MS; m/z: 

Calculated for [C13H15NO4Na]+ 272.0899 found 272.0883  

 

2-[hydroxy(3-nitrophenyl)methyl]cyclohexan-1-one 

Characterization: 

 

1H-NMR (500 MHz, CDCl3-d1): 

δ (ppm) = 1.45 – 1.88 (m; 6H; 3 -5CH2); 2.28 – 2.35 (m; 2H; 6CH2); 2.52 – 2.67 (m; 2H; 2CH; anti; syn); 4.45 

– 5.01 (m; 2H; 7CH; anti; syn); 7.47 – 7.56 (m; 1H; 11CH); 7.63 – 7.71 (m; 1H; 10CH); 8.07 – 8.26 (m; 2H; 

12+14CH) 

Chiral HPLC: Chiralpack IA, n-Heptan : 2-Propanol (95 : 5), 0.8 
ml

min
, T = 15 °C, λ = 254 nm, 

tR1 = 25.4 min, tR2 = 27.5 min, tR3 = 30.1 min, tR4 = 38.9 min 

ESI-MS; m/z: 

Calculated for [C13H15NO4Na]+ 272.0899 found 272.0893  
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2-[hydroxy(2-nitrophenyl)methyl]cyclohexan-1-one 

Characterization: 

 

1H-NMR (500 MHz, CDCl3-d1): 

δ (ppm) = 1.49 – 1.89 (m; 6H; 3-5CH2); 2.27 – 2.48 (m; 2H; 6CH2); 2.70 – 2.93 (m; 2H; 2CH; anti; syn); 5.07 

(d; 3JHH = 9.1 Hz; 1H; 7CH; anti); 5.38 – 5.46 (m; 1H; 7CH; syn); 7.39 – 7.44 (m; 1H; 12CH); 7.65 – 7.68 (m; 

1H; 13CH); 7.82 – 7.85 (m; 1H; 14CH); 7.97 – 8.02 (m; 1H; 11CH) 

Chiral HPLC: Chiralpack IA, n-Heptan : 2-Propanol (95 : 5), 0.8 
ml

min
, T = 15 °C, λ = 254 nm, 

tR1 = 18.6 min, tR2 = 20.2 min, tR3 = 29.4 min, tR4 = 32.0 min 

ESI-MS; m/z: 

Calculated for [C13H15NO4Na]+ 272.0899 found 272.0869  

 

2-[hydroxy(4-nitrophenyl)methyl]cyclopentan-1-one 

Characterization: 

 

1H-NMR (500 MHz, CDCl3-d1): 

δ (ppm) = 1.58 – 1.81 (m; 3H; 3+4CH2); 1.90 – 2.21 (m; 3H; 3-5CH2); 2.33 – 2.53 (m; 2H; 2CH; anti; syn); 4.84 

(d; 3JHH = 9.2 Hz; 1H; 6CH; anti); 5.43 (m; 1H; 6CH; syn); 7.49 – 7.56 (m; 2H; 9+13CH); 8.19 – 8.24 (m; 2H; 

10+12CH) 

Chiral HPLC: Chiralpack IA, n-Heptan : 2-Propanol (95 : 5), 0.8 
ml

min
 , T = 15 °C, λ = 254 nm, 

tR1 = 39.2 min, tR2 = 54.4 min, tR3 = 62.6 min, tR4 = 66.9 min 

ESI-MS; m/z: 

Calculated for [C12H13NO4Na]+ 258.0845 found 258.0735 
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2-[hydroxy(3-nitrophenyl)methyl]cyclopentan-1-one 

Characterization: 

 

1H-NMR (500 MHz, CDCl3-d1): 

δ (ppm) = 1.65 – 1.80 (m; 2H; 3+4CH2); 1.93 – 2.43 (m; 4H; 3-5CH2); 2.47 – 2.54 (m; 2H; 2CH; anti; syn); 4.83 

(d; 3JHH = 9.1 Hz; 1H; 6CH; anti); 5.38 – 5.46 (m; 1H; 6CH; syn); 7.49 – 7.55 (m; 1H; 10CH); 7.65 – 7.71 (m; 

1H; 9CH); 8.09 – 8.26 (m; 2H; 11+13CH) 

Chiral HPLC: Chiralpack IA, n-Heptan : 2-Propanol (95 : 5), 0.5 
ml

min
, T = 15 °C, λ = 254 nm, 

tR1 = 27.4 min, tR2 = 39.6 min, tR3 = 42.7 min, tR4 = 48.8 min 

ESI-MS; m/z: 

Calculated for [C12H13NO4Na]+ 258.0845 found 258.0744 

 

2-[hydroxy(2-nitrophenyl)methyl]cyclopentan-1-one 

Characterization: 

 

1H-NMR (500 MHz, CDCl3-d1): 

δ (ppm) = 1.65 – 1.78 (m; 2H; 3+4CH2); 1.93 – 2.23 (m; 3H; 3-5CH2); 2.35 – 2.42 (m; 1H; 5CH2); 2.67 – 2.92 

(m; 2H; 2CH; anti; syn); 5.88 – 5.92 (m; 2H; 6CH; anti; syn); 7.39 – 7.56 (m; 1H; 11CH); 7.63 – 7.69 (m; 1H; 

12CH); 7.86 – 7.90 (m; 1H; 13CH); 7.96 – 8.01 (m; 1H; 10CH) 

Chiral HPLC: Chiralpack IA, n-Heptan : 2-Propanol (95 : 5), 0.5 
ml

min
, T = 15 °C, λ = 254 nm, 

tR1 = 28.9 min, tR2 = 32.4 min, tR3 = 38.1min, tR4 = 39.9 min 

ESI-MS; m/z : 

Calculated for [C12H13NO4Na]+ 258.0845 found 258.0738 
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4-(4-nitrophenyl)-4-hydroxy-4-butan-2-one 

Characterization: 

 

1H-NMR (500 MHz, DMSO-d6): 

δ (ppm) = 2.13 (s; 3H; 1CH3); 2.75 (d; 3JHH = 6.65 Hz; 2H; 3CH2); 5.11 – 5.18 (m; 1H; 4CH); 5.69 – 5.74 (m; 

1H; 5OH); 7.64 (d; 3JHH = 8.61 Hz; 2H; 7CH); 8.19 (d; 3JHH = 8.74 Hz; 2H; 8CH) 

Chiral HPLC: Chiralpack IC, n-Heptan : 2-Propanol (90 : 10), 0.7 
ml

min
, T = 15 °C, λ = 254 nm, 

tR1 = 23.9 min, tR2 = 25.4 min 

EI-MS; m/z: 

Calculated for [C10H11NO4Na]+ 209.0688 found 272.0691 

 

3.3.10 Synthesis of 4-nitrosobenzonitrile 

The synthesis was based on known literature protocols.[167] 4-aminobenzonitrile (2.5 g, 21.15 mmol) was 

dissolved in  DCM (125 ml). To this solution Oxone® (26 g, 42.3 mmol) dissolved in water (250 ml) was 

added. The solution was stirred under nitrogen at room temperature until TLC monitoring indicated com-

plete consumption of the starting material (3 h). After separation of the layers, the aqueous layer was ex-

tracted with DCM twice. The combined organic layers were washed with 1N HCl, sat. sodium bicarbonate 

solution, water, brine and the two phases were separated using a hydrophobic filter. Removal of the solvent 

in vacuo yielded 2.74 g (20.7 mmol, 96 %) of the crude product as an amber solid with a purity of ≥ 95 % 

as determined by 1H-NMR spectroscopy. Column chromatography on silica gel (pentane : ethyl acetate 

100 : 1) resulted in partial decomposition. Rf = 0.77 (DCM). 

Characterization: 

 

1H-NMR (500 MHz, CDCl3-d1):  

δ (ppm) = 7.95 – 8.01 (m; 4H; 1+2CH2) 

13C-NMR (125 MHz, CDCl3-d1):  

δ (ppm) = 117.63 (4C); 118.59 (5C); 120.98 (2CH); 134.19 (1CH); 162.34 (3C) 
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EI-MS; m/z: 

Calculated for [C7H4N2O] 132.0318 found 132.0374 

 

3.3.11 Synthesis of 1-nitro-3-nitrosobenzene 

The synthesis was based on known literature protocols.[167] 3-Nitroaniline (2.5 g, 18.1 mmol) was dissolved 

in DCM (50 ml). To this solution Oxone® (22.25 g, 36.4 mmol) dissolved in water (200 ml) was added. The 

solution was stirred under nitrogen at room temperature until TLC monitoring indicated complete con-

sumption of the starting material (2 h). After separation of the layers, the aqueous layer was extracted with 

DCM twice. The combined organic layers were washed with 1N HCl, sat. sodium bicarbonate solution, 

water, brine and the two phases were separated using a hydrophobic filter. Removal of the solvent in vacuo 

yielded 2.70 g (17.7 mmol, 98 %) of the desired product as a yellowish solid.  

Characterization: 

 

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 7.89 (t; 3JHH = 7.9 Hz; 1H; 2CH); 8.32 – 8.36 (m; 1H; 3CH); 8.57 – 8.62 (m; 2H; 1+5CH) 

13C-NMR (125 MHz, CDCl3-d1):  

δ (ppm) = 114.73 (5CH); 126.69 (3CH); 128.91 (1CH); 131.03 (2CH); 149.29 (6C); 163.49 (4C) 

EI-MS; m/z: 

Calculated for [C6H4N2O3] 152.0222 found 152.0374 

 

3.3.12 Synthesis of methyl 3-nitrosobenzoate 

The synthesis was based on known literature protocols.[167] Methyl 3-aminobenzoate (2.0 g, 13.2 mmol) was 

dissolved in DCM (40 ml). To this solution Oxone® (16.2 g, 26.5 mmol) dissolved in water (160 ml) was 

added. The solution was stirred under nitrogen at room temperature until TLC monitoring indicated com-

plete consumption of the starting material (3 h). After separation of the layers, the aqueous layer was ex-

tracted with DCM twice. The combined organic layers were washed with 1N HCl, sat. sodium bicarbonate 

solution, water, brine and the two phases were separated using a hydrophobic filter. Removal of the solvent 

in vacuo yielded 2.20 g (13.2 mmol, quant.) of the crude product as an amber solid.  
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Characterization: 

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 3.99 (s; 3H; 1CH3); 7.70 (t; 3JHH = 7.7 Hz; 1H; 5CH); 7.99 – 8.01 (m; 1H; 6CH); 8.37 – 8.40 (m; 

1H; 4CH); 8.60 (s; 1H; 8CH) 

13C-NMR (125 MHz, CDCl3-d1):  

δ (ppm) = 52.70 (1CH3); 122.49 (8CH); 123.77 (6CH); 129.54 (5CH); 131.77 (3C); 135.72 (4C); 164.83 (7C); 

165.74 (2C) 

EI-MS; m/z: 

Calculated for [C8H7NO3] 165.0426 found 165.0283 

 

3.3.13 Synthesis of 3-nitrosobenzonitrile 

The synthesis was based on known literature protocols.[167] 3-Aminobenzonitrile (2.5 g, 21.15 mmol) was 

dissolved in DCM (250 ml). To this solution Oxone® (26.0 g, 42.3 mmol) dissolved in water (500 ml) was 

added. The solution was stirred under nitrogen at room temperature until TLC monitoring indicated com-

plete consumption of the starting material (3 h). After separation of the layers, the aqueous layer was ex-

tracted with DCM twice. The combined organic layers were washed with 1N HCl, sat. sodium bicarbonate 

solution, water, brine and the two phases were separated using a hydrophobic filter. Removal of the solvent 

in vacuo yielded 2.74 g (20.7 mmol, 96 %) of the crude product as an amber solid with a purity of ≥ 90% 

as determined by 1H-NMR spectroscopy. Column chromatography on silica gel (pentane : ethyl acetate 

100 : 1) resulted in partial decomposition. Rf = 0.77 (DCM).  

Characterization:  

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 7.81 (t; 3JHH = 7.8 Hz; 1H; 4CH); 7.98 (d; 3JHH = 7.7 Hz; 1H; 3CH); 8.12 (d; 3JHH = 8.1 Hz; 1H; 

5CH); 8.17 (s; 1H; 7CH) 
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13C-NMR (125 MHz, CDCl3-d1):  

δ (ppm) = 114.43 (2CH); 117.55 (1C); 124.58 (5CH); 124.77 (7CH); 131.07 (4C); 138.16 (3C); 163.28 (6C) 

EI-MS; m/z: 

Calculated for [C7H4N2O] 132.0318 found 132.0274 

 

3.3.14 Synthesis of 1-chloro-4-nitrosobenzene 

The synthesis was based on known literature protocols.[167] 4-chloroaniline (2.5 g, 19.60 mmol) was dissolved 

in DCM (45 ml). To this solution Oxone® (23.4 g, 38.3 mmol) dissolved in water (200 ml) was added. The 

solution was stirred under nitrogen at room temperature until TLC monitoring indicated complete con-

sumption of the starting material (4 h). After separation of the layers, the aqueous layer was extracted with 

DCM twice. The combined organic layers were washed with 1N HCl, sat. sodium bicarbonate solution, 

water, brine and the two phases were separated using a hydrophobic filter. Removal of the solvent in vacuo 

yielded 2.66 g (18.8 mmol, 96 %) of the desired product as a yellowish solid.  

Characterization:  

 

1H-NMR (700 MHz, CDCl3):  

δ (ppm) = 7.59 (d; 3JHH = 8.8 Hz; 2H; 1+4CH); 8.85 (d; 3JHH = 8.5 Hz; 2H; 2+5CH) 

13C-NMR (125 MHz, CDCl3-d1):  

δ (ppm) = 122.20 (2/5CH); 129.71 (1/4CH); 142.52 (3C); 163.76 (6C) 

EI-MS; m/z: 

Calculated for [C6H4ClNO] 140.9981 found 140.9965 

 

3.3.15 Synthesis of 1-bromo-4-nitrosobenzene 

The synthesis was based on known literature protocols.[167] 4-Bromoaniline (2.5 g, 14.90 mmol) was dis-

solved in DCM (45 ml). To this solution Oxone® (17.9 g, 29.8 mmol) dissolved in water (180 ml) was added. 

The solution was stirred under nitrogen at room temperature until TLC monitoring indicated complete 

consumption of the starting material (4 h). After separation of the layers, the aqueous layer was extracted 

with DCM twice. The combined organic layers were washed with 1N HCl, sat. sodium bicarbonate solution, 

water, brine and the two phases were separated using a hydrophobic filter. Removal of the solvent in vacuo 

yielded 2.68 g (14.5 mmol, 97 %) of the desired product as a light green to almost colorless solid.  
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Characterization:  

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 7.88 (d; 3JHH = 7.9 Hz; 2H; 2+5CH); 8.99 (d; 3JHH = 8.6 Hz; 2H; 1+4CH) 

13C-NMR (125 MHz, CDCl3-d1):  

δ (ppm) = 122.36 (2/5CH); 131.65 (3C); 133.01 (1/4CH); 164.16 (6C) 

EI-MS; m/z: 

Calculated for [C6H4BrNO] 184.9476 found 184.9405 

 

3.3.16 Synthesis of methyl 4-nitrosobenzoate 

The synthesis was based on known literature protocols.[167] Methyl 4-aminobenzoate (5.0 g, 33.1 mmol) was 

dissolved in DCM (100 ml). To this solution Oxone® (40.7 g, 66.2 mmol) dissolved in water (400 ml) was 

added. The solution was stirred under nitrogen at room temperature until TLC monitoring indicated com-

plete consumption of the starting material (40 min). After separation of the layers, the aqueous layer was 

extracted with DCM twice. The combined organic layers were washed with 1N HCl, sat. sodium bicarbonate 

solution, water, brine and the two phases were separated using a hydrophobic filter. Removal of the solvent 

in vacuo yielded the crude product. The crude solid residue was recrystallized from DCM to yield 4.91 g 

(29.9 mmol, 90 %) of the desired product as a yellowish solid. 

Characterization:  

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 3.97 (s; 3H; 1CH3); 7.92 (d; 3JHH = 8.4 Hz; 2H; 5CH); 8.29 (d; 3JHH = 7.2 Hz; 2H; 4CH) 

13C-NMR (125 MHz, CDCl3-d1):  

δ (ppm) = 53.14 (1CH3); 120.76 (5CH); 131.43 (4CH); 135.57 (3C); 164.76 (6C); 166.11 (2C) 

EI-MS; m/z: 

Calculated for [C8H7NO3] 165.0426 found 164.9018 
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3.3.17 Synthesis of 3-bromo-1-nitrosobenzene 

The synthesis was based on known literature protocols.[167] 3-Bromoaniline (2.5 g, 14.90 mmol) was dis-

solved in DCM (45 ml). To this solution Oxone® (17.9 g, 29.8 mmol) dissolved in water (180 ml) was added. 

The solution was stirred under nitrogen at room temperature until TLC monitoring indicated complete 

consumption of the starting material (3.5 h). After separation of the layers, the aqueous layer was extracted 

with DCM twice. The combined organic layers were washed with 1N HCl, sat. sodium bicarbonate solution, 

water, brine and the two phases were separated using a hydrophobic filter. Removal of the solvent in vacuo 

yielded 2.62 g (14.1 mmol, 95 %) of the desired product as greenish solid.  

Characterization:  

 

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 7.55 (t; 3JHH = 7.8 Hz; 1H; 2CH); 7.74 (s; 1H; 5CH); 7.81 (d; 3JHH = 7.9 Hz; 1H; 1CH); 8.09 (d; 

3JHH = 7.7 Hz; 1H; 3CH) 

13C-NMR (125 MHz, CDCl3-d1):  

δ (ppm) = 121.77 (5CH); 122.12 (3CH); 124.01 (6C); 131.22 (2C); 138.04 (1C); 165.21 (4C) 

EI-MS; m/z: 

Calculated for [C6H4BrNO] 184.9476 found 184.9425 

 

3.3.18 Synthesis of 2-nitrosobenzonitrile 

The synthesis was based on known literature protocols.[167] 2-Aminobenzonitrile (2.5 g, 21.15 mmol) was 

dissolved in DCM (125 ml). To this solution Oxone® (26 g, 42.3 mmol) dissolved in water (200 ml) was 

added. The solution was stirred under nitrogen at room temperature until TLC monitoring indicated com-

plete consumption of the starting material (3 h). After separation of the layers, the aqueous layer was ex-

tracted with DCM twice. The combined organic layers were washed with 1N HCl, sat. sodium bicarbonate 

solution, water, brine and the two phases were separated using a hydrophobic filter. Removal of the solvent 

in vacuo yielded 2.67 g (20.2 mmol, 95 %) of the crude product as an brownish solid with a purity of ≥ 90% 

as determined by 1H-NMR spectroscopy. Column chromatography on silica gel (pentane : ethyl acetate 

100 : 1) resulted in partial decomposition. 
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Characterization: 

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 6.99 (d; 3JHH = 8.1 Hz; 1H; 3CH); 7.76 (t; 3JHH = 7.6 Hz; 1H; 5CH); 7.85 (t; 3JHH = 7.6 Hz; 1H; 

4CH); 8.06 (d; 3JHH = 7.4 Hz; 1H; 6CH) 

13C-NMR (125 MHz, CDCl3-d1):  

δ (ppm) = 112.34 (6CH); 114.17 (2C); 116.76 (1C); 133.63 (5CH); 134.61 (3CH); 135.53 (4CH); 161.95 (7C) 

EI-MS; m/z: 

Calculated for [C7H4N2O] 132.0318 found 132.0294 

 

3.3.19 Synthesis of 2-bromo-1-nitrosobenzene 

The synthesis was based on known literature protocols.[167] 2-Bromoaniline (2.5 g, 14.90 mmol) was dis-

solved in DCM (45 ml). To this solution Oxone® (17.9 g, 29.8 mmol) dissolved in water (180 ml) was added. 

The solution was stirred under nitrogen at room temperature until TLC monitoring indicated complete 

consumption of the starting material (3.5 h). After separation of the layers, the aqueous layer was extracted 

with DCM twice. The combined organic layers were washed with 1N HCl, sat. sodium bicarbonate solution, 

water, brine and the two phases were separated using a hydrophobic filter. Removal of the solvent in vacuo 

yielded 2.75 g (14.8 mmol, 99 %) of the crude product as a greenish to grey solid.  

Characterization:  

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 6.21 (d; 3JHH = 8.1 Hz; 1H; 4CH); 7.28 (t; 3JHH = 7.6 Hz; 1H; 3CH); 7.53 (t; 3JHH = 7.6 Hz; 1H; 

2CH); 7.99 (d; 3JHH = 7.9 Hz; 1H; 1CH) 

13C-NMR (125 MHz, CDCl3-d1):  

δ (ppm) = 109.18 (4CH); 127.52 (3C); 133.42 (6C); 135.41 (1CH); 136.85 (2CH); 161.38 (5C) 
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EI-MS; m/z: 

Calculated for [C6H4BrNO] 184.9476 found 184.9409 

 

3.3.20 Synthesis of 1-ethyl-4-nitrosobenzene 

The synthesis was based on known literature protocols.[167] 4-Ethylaniline (2.42 g, 19.99 mmol) was dissolved 

in DCM (65 ml). To this solution Oxone® (25 g, 40.9 mmol) dissolved in water (250 ml) was added. The 

solution was stirred under nitrogen at room temperature until TLC monitoring indicated complete con-

sumption of the starting material (12 h). After separation of the layers, the aqueous layer was extracted with 

DCM twice. The combined organic layers were washed with 1N HCl, sat. sodium bicarbonate solution, 

water, brine and the two phases were separated using a hydrophobic filter. After removal of the solvent the 

residue was distilled at ambient temperature in vacuo (p = 7 ∙ 10-3 mbar) to give 1.06 g (7.84 mmol, 40 %) 

of the product as a green liquid. 

Characterization:  

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 1.29 (t; 3JHH = 7.6 Hz; 3H; 1CH3); 2.73 (q; 3JHH = 7.9 Hz; 2H; 2CH2); 7.40 (d; 3JHH = 8.4 Hz; 2H; 

4+8CH); 7.82 (d; 3JHH = 7.9 Hz; 2H; 5+7CH) 

13C-NMR (125 MHz, CDCl3-d1):  

δ (ppm) = 15.05 (1CH3); 29.36 (2CH2); 121.55 (5/7CH); 128.74 (4/8CH); 153.38 (3C); 165.86 (6C) 

EI-MS; m/z: 

Calculated for [C8H9NO] 135.0684 found 135.0716 
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3.4 Setup of the Continuous Microfluidic Reactor 

In the following, all necessary steps are described in order to set up a microfluidic system. This is based on 

the technical developments of the “Leibniz Institute for Polymer Research Dresden” (IPF). The reactor is 

a PTFE layer milled with the desired shape. The processed reactor shape on the forming layer is shown in 

Figure 25. 

 

Figure 25: Schematic representation of the reactor setup (bottom). Enlargement of the reactor chamber and the dimensions produced (top). 

The polymers attached to glass substrates were covered with the respective mold and clamped in an alumi-

num holder (Figure 26). The reactor can be connected to capillary tubing using the aluminum holder. Start-

ing from a “Legato 200” type syringe pump obtained from “KD-Scientific”, two separately available reactant 

solutions can be conveyed and initially brought together in a T-junction. In the present work, only one 

syringe with the desired educt solution was used. The mixture was introduced into the reactor via capillary 

tubes and detected at its outlet with the aid of NMR as a discontinuous analysis method. 

 
 

Figure 26: Schematic illustration of the various components of the microfluidic system. 

To determine the residence time of the reactants in the system, the volumes of the installed components 

are decisive. The volumes are listed below in Table 5. With the help of the volume of the built-in compo-

nents, a dwell time of 42 min can be calculated for an applied flow of 2 
μl

min
, from the fluid inlet to the 

detection (fluid outlet). The volume of the reactor chamber results from its base area and the height pro-

duced (140 μm). 

 



Experimental Part 

 

- 55 - 
 

Table 5: Specifications for calculating the volumes of the components installed in the reactor to determine the residence time.  

Component Longitude [mm] iD [mm] Volume [µl] 

Connection between syringe and reactor inlet 300 0.25 14.7 

Reactor chamber Height = 140 µm 100 

Connection between reactor outlet and 

detection/work up 

175 0.25 8.6 

 

3.5 Surface Modification  

The gels were bound to glass object slides (7.6 cm x 2.6 cm). The microscope slides were washed with iso-

propanol under supersonic treatment at 70 °C for 10 min. Afterwards, also under supersonic treatment at 

70 °C, the microscopy slides were cleaned using water followed by ethanol. As a final cleaning and activation 

step the object slides were treated with a solution of 100 ml deionized water, 20 ml ammonia solution (25 %) 

and 20 ml H2O2 (35 %) at 70 °C for 10 min in an supersonic bath. After drying in nitrogen flow, these 

substrates were modified by gas deposition. 20 of the dried slides were placed in a desiccator with 300 μl of 

3-(trichlorosilyl)-propylmethacrylate (3TCSPMA) at a pressure of 50 mbar for at least 2 h. The desiccator 

was ventilated with argon for removal and subsequent storage.  

3.6 Contact Angle Measurement 

To track the surface modification of the object slides, contact angle measurements of unmodified slides (top 

row) and modified slides (bottom row) were performed with water and diiodomethane (Figure 27). 

  

  

Figure 27: Surface modification of the slides, contact angle measurements of unmodified slides (top row) and modified slides (bottom row). 
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3.7 Photopolymerization 

The photopolymerization was carried out via an “Omnicure® S1500” UV-Lamp combined with an UV-

Filter (320 – 480 nm) from “Lumen Dynamics”. UV irradiation for photopolymerization was performed 

with an intensity of 428 mW (intensity = 20 %) at the end of the lighting cable, with 8 cm distance of light 

source to substrate. 15 mmol of monomers were mixed in the desired ratios and were dissolved in 1.7 ml 

deionized water in case of catalyst structure A (cf. 3.3.3) or ethanol for catalyst structure B (cf. 3.3.8) with 

an initiator concentration of 26.25 
𝑚𝑔

𝑚𝑙
. 800 μl of the resulting monomer solution were transferred into a 

mold, made from dark grey polyoxymethylene to minimize scattered radiation. The incubation chamber 

gasket was covered by a modified microscopy slide and the photopolymerization mask (diamond shaped 

position of 662 dots) on the back side (Figure 28). This stack was half covered with an opaque cover and 

the uncovered side was centered below UV light for 12.4 s, followed by the other half. Afterwards, the 

incubation chamber was removed and the polymer structures were washed with water, followed by CH2Cl2 

for 1 h. To remove the HCl-salt, washing with a mixture of methanol and triethylamine (9:1) as well as with 

tetrahydrofuran and triethylamine (9:1) followed by pure tetrahydrofuran and pure methanol as the last 

purification step was applied (1 h for each step). The substrates were dried in air and stored at room tem-

perature till usage. The general structure of the polymer and reactor structure is shown in Figure 28 (a). A 

typical example of the polymer structure after workup together with the mask Figure 28 (b) used for 

polymerization is shown in Figure 28 (c) as well.  

a) 

 

 

b) 

 

 

c) 

 

 

Figure 28: Schematic illustration of the general structure of the diamond shaped reactor with 662 polymerdots (a). Together with the mask used for 

polymerization (b) and a typical example of the polymer structure after workup (c). 

10 mm 
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3.8 Determination of Conversion of MFR experiments 

The conversion was determined by NMR spectroscopy. NMR spectroscopy enables an offline determina-

tion of conversion and a fast screening of different reactions. For NMR spectroscopy, the outlet flow was 

collected into a vial with 400 μl DMSO-d6 and was frozen immediately after the desired time of sample 

collection with liquid nitrogen. The sample was warmed up just before the tube was inserted into the NMR 

spectrometer. 

3.9 Synthesis in Continuous Flow  

In this chapter, all syntheses of the low molecular weight compounds as well as the characterization of the 

products obtained from continuous flow reactions are described. 

Initially to flow reactions, the polymer dots were pre-swollen with pure solvent for at least 2 h. Therefore, 

the “Legato 200” syringe pump was loaded with one syringe (Braun 20 ml syringe with iD = 20.1 mm), 

filled up with pure solvent and the flow rate was set to 2.0 
μl

min
. 

 

3.9.1 Synthesis of (2S,10R)-2-[hydroxy(4-nitrophenyl)methyl]cyclohexan-1-one 

A solution of cyclohexanone (0.167 M) and p-nitrobenzaldehyde (0.033 M) in a mixture of DMSO and water 

(9 : 1) was injected via a “HamiltonTM” 1000 Series “GastightTM” Syringe. The flow rate was adjusted to 

0.5 
μl

min
, resulting in a residence time of 200 min. After 48 h of running reaction and dilution of the crude 

product solution using sat. NaCl-solution, the reaction mixture was extracted using EtOAc three times. 

After phase separation, the solvent was evaporated. Purification of the crude product via column chroma-

tography on silica using a mixture of n-hexane : EtOAc (1 : 1) (Rf = 0.4) yielded 9.2 mg (0.037 mmol, 78 %) 

of the corresponding pure product. 

Characterization:  

 

 

1H-NMR (700 MHz, DMSO-d6):  

δ (ppm) = 1.12 – 1.24 (m; 1H; 4CH2); 1.46 – 1.87 (m; 5H; 3-5CH2); 2.22 – 2.39 (m; 2H; 6CH2); 2.62 – 2.76 

(m; 1H; 2CH); 5.08 (t; 3JHH = 4.54 Hz, 1H; 7CH); 5.50 (d; 3JHH = 4.8 Hz; 1H; 8OH); 7.61 (d; 3JHH = 9.7 Hz; 

2H; 11CH); 8.18 (d; 3JHH = 8.8 Hz; 2H; 10CH) 
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13C-NMR (176 MHz, DMSO-d6):  

δ (ppm) = 23.2 (4CH2); 27.3 (3CH2); 29.5 (5CH2); 41.2 (6CH2); 57.3 (2CH); 70.4 (7CH); 123.0 (11CH); 128.1 

(10CH); 146.5 (9C); 151.6 (12C); 210.7 (1C) 

Chiral HPLC: Chiralpack IA, n-Heptan : 2-Propanol (85 : 15), 0.8 
ml

min
, T = 15 °C, λ = 254 nm, 

tR1 = 26.5 min, tR2 = 36.1 min 

ESI-MS; m/z: 

Calculated for [C13H15NO4Na]+ 272.0899 found 272.0883  

 

3.9.2 Synthesis of (2S,10R)-2-[hydroxy(3-nitrophenyl)methyl]cyclohexan-1-one 

A solution of cyclohexanone (0.167 M) and 3-nitrobenzaldehyde (0.033 M) in a mixture of DMSO and 

water (9 : 1) was injected via a “HamiltonTM” 1000 Series “GastightTM” Syringe. The flow rate was adjusted 

to 0.5 
μl

min
, resulting in a residence time of 200 min. After 48 h of running reaction and dilution of the crude 

product solution using sat. NaCl-solution, the reaction mixture was extracted using EtOAc three times. 

After phase separation, the solvent was evaporated. Purification of the crude product via column chroma-

tography on silica using a mixture of n-hexane : EtOAc (1 : 1) (Rf = 0.44) yielded 11 mg (0.044 mmol, 93 %) 

of the corresponding pure product. 

Characterization: 

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 1.33 – 1.45 (m; 1H; 3CH2); 1.51 – 1.62 (m; 3H; 3-5CH2); 1.79 – 1.86 (m; 1H; 3-5CH2); 2.06 – 2.17 

(m; 1H; 3-5CH2); 2.32 – 2.42 (m; 1H; 6CH2); 2.47 – 2.53 (m; 1H; 6CH2); 2.59 – 2.66 (m; 1H; 2CH); 3.98 – 4.25 

(s; 1H; 8OH); 4.89 (d; 3JHH = 8.48 Hz; 1H; 7CH); 7.53 (t; 3JHH = 7.52 Hz; 1H; 11CH); 7.65 – 7.69 (m; 1H; 

10CH); 8.15 – 8.18 (m; 1H; 12CH); 8.19 – 8.23 (m; 1H; 14CH) 

13C-NMR (176 MHz, CDCl3-d1):  

δ (ppm) = 24.8 (4CH2); 27.8 (5CH2); 30.9 (3CH2); 42.8 (6CH2); 57.3 (2CH); 74.2 (7CH); 122.2 (14CH); 123.1 

(12CH); 129.5 (11C); 133.3 (10C); 143.4 (9C); 148.4 (13C); 215.0 (1C) 
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Chiral HPLC: Chiralpack IA, n-Heptan : 2-Propanol (95 : 5), 0.8 
ml

min
, T = 15 °C, λ = 254 nm, 

tR1 = 29.9 min, tR2 = 38.8 min 

ESI-MS; m/z: 

Calculated for [C13H15NO4Na]+ 272.0899 found 272.0893  

 

3.9.3 Synthesis of (2S,10R)-2-[hydroxy(2-nitrophenyl)methyl]cyclohexan-1-one 

A solution of cyclohexanone (0.167 M) and 2-nitrobenzaldehyde (0.033 M) in a mixture of DMSO and 

water (9 : 1) was injected via a “HamiltonTM” 1000 Series “GastightTM” Syringe. The flow rate was adjusted 

to 0.5 
μl

min
, resulting in a residence time of 200 min. After 48 h of running reaction and dilution of the crude 

product solution using sat. NaCl-solution, the reaction mixture was extracted using EtOAc three times. 

After phase separation, the solvent was evaporated. Purification of the crude product via column chroma-

tography on silica using a mixture of n-hexane : EtOAc (2 : 1) (Rf = 0.51) yielded 8.8 mg (0.035 mmol, 75 %) 

of the corresponding pure product. 

Characterization: 

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 1.52 – 1.90 (m; 5H; 3-5CH2); 2.05 – 2.15 (m; 1H; 4+5CH2); 2.29 – 2.50 (m; 2H; 6CH2); 2.71 – 2.82 

(m; 1H; 2CH2); 3.98 – 4.42 (s; 1 H; 8OH); 5.45 (d; 3JHH = 6.94 Hz; 1H; 7CH); 7.39 – 7.45 (m; 1H; 12CH); 7.60 

– 7.65 (m; 1H; 13CH); 7.75 – 7.79 (m; 1H; 14CH); 7.82 – 7.87 (m; 1H; 11CH) 

13C-NMR (176 MHz, CDCl3-d1):  

δ (ppm) = 25.1 (4CH2); 27.9 (5CH2); 31.2 (3CH2); 42.9 (6CH2); 57.4 (2CH); 69.9 (7CH); 124.2 (11CH); 128.5 

(12CH); 129.1 (14C); 133.4 (13C); 136.7 (9C); 148.8 (10C); 215.1 (1C) 

Chiral HPLC: Chiralpack IA, n-Heptan : 2-Propanol (95 : 5), 0.8 
ml

min
, T = 15 °C, λ = 254 nm, 

tR1 = 28.9 min, tR2 = 31.4 min 

ESI-MS; m/z: 

Calculated for [C13H15NO4Na]+ 272.0899 found 272.0869  
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3.9.4 Synthesis of (2S,10S)-2-[hydroxy(4-nitrophenyl)methyl]cyclopentan-1-one 

A solution of cyclopentanone (0.167 M) and p-nitrobenzaldehyde (0.033 M) in a mixture of DMSO and 

water (9 : 1) was injected via a “HamiltonTM” 1000 Series “GastightTM” Syringe. The flow rate was adjusted 

to 0.5 
μl

min
, resulting in a residence time of 200 min. After 48 h of running reaction and dilution of the crude 

product solution using sat. NaCl-solution, the reaction mixture was extracted using EtOAc three times. 

After phase separation, the solvent was evaporated. Purification of the crude product via column chroma-

tography on silica using a mixture of n-hexane : EtOAc (1 : 1) (Rf = 0.45) yielded 9.3 mg (0.041 mmol, 86 %) 

of the corresponding pure product. 

Characterization: 

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 1.48 – 1.64 (m; 1H; 3CH2); 1.69 – 1.75 (m; 1H; 4CH2); 1.90 – 2.19 (m; 3H; 3-5CH2); 2.33 – 2.51 

(m; 2H; 5CH2, 
2CH); 4.73 (s; br.; 1H; 7OH); 5.40 – 5.45 (m; 1H; 6CH); 7.51 (d; 3JHH = 8.6 Hz; 2H; 9CH); 8.21 

(d; 3JHH = 8.8 Hz; 2H; 10CH) 

13C-NMR (176 MHz, CDCl3):  

δ (ppm) = 20.5 (4CH2); 22.6 (3CH2); 39.1 (5CH2); 56.2 (2CH); 70.8 (6CH); 123.8 (10CH); 126.5 (9CH); 147.4 

(11C); 150.2 (8C); 219.5 (1C) 

Chiral HPLC: Chiralpack IA, n-Heptan : 2-Propanol (95 : 5), 0.8 
ml

min
, T = 15 °C, λ = 254 nm, 

tR1 = 61.9 min, tR2 = 66.2 min 

ESI-MS; m/z: 

Calculated for [C12H13NO4Na]+ 258.0845 found 258.0735  

 

3.9.5 Synthesis of (2S,10R)-2-[hydroxy(3-nitrophenyl)methyl]cyclopentan-1-one 

A solution of cyclopentanone (0.167 M) and 3-nitrobenzaldehyde (0.033 M) in a mixture of DMSO and 

water (9 : 1) was injected via a “HamiltonTM” 1000 Series “GastightTM” Syringe. The flow rate was adjusted 

to 0.5 
μl

min
, resulting in a residence time of 200 min. After 48 h of running reaction and dilution of the crude 

product solution using sat. NaCl-solution, the reaction mixture was extracted using EtOAc three times. 

After phase separation, the solvent was evaporated. Purification of the crude product via column 
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chromatography on silica using a mixture of n-hexane : EtOAc (1 : 1) (Rf = 0.49) yielded 7.0 mg 

(0.029 mmol, 63 %) of the corresponding pure product. 

Characterization: 

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 1.49 – 1.60 (m; 1H; 3CH2); 1.67 – 1.79 (m; 1 H; 4CH2); 1.93 – 2.07 (m; 1H; 4CH2); 2.09 – 2.43 (m; 

3H; 3+5CH2); 2.47 – 2.53 (m; 1H; 2CH); 4.78 (s; br.; 1H; 7OH); 5.39 – 5.45 (m; 1H; 6CH); 7.49 – 7.55 (m; 

1H; 10CH); 7.65 – 7.72 (m; 1H; 9CH); 8.02 – 8.18 (m; 1H; 11CH); 8.23 (s; 1H; 13CH) 

13C-NMR (176 MHz, CDCl3):  

δ (ppm) = 20.5 (4CH2); 22.7 (3CH2); 39.2 (5CH2); 56.3 (2CH); 70.5 (6CH); 120.8 (13CH); 122.5 (11CH); 129.6 

(10CH); 131.8 (9CH); 145.2 (8C); 148.6 (12C); 219.7 (1C) 

Chiral HPLC: Chiralpack IA, n-Heptan : 2-Propanol (95 : 5), 0.5 
ml

min
, T = 15 °C, λ = 254 nm, 

tR1 = 42.7 min, tR2 = 48.8 min 

ESI-MS; m/z: 

Calculated for [C12H13NO4Na]+ 258.0845 found 258.0744 

 

3.9.6 Synthesis of (2S,10S)-2-[hydroxy(2-nitrophenyl)methyl]cyclopentan-1-one 

A solution of cyclopentanone (0.167 M) and 2-nitrobenzaldehyde (0.033 M) in a mixture of DMSO and 

water (9 : 1) was injected via a “HamiltonTM” 1000 Series “GastightTM” Syringe. The flow rate was adjusted 

to 0.5 
μl

min
, resulting in a residence time of 200 min. After 48 h of running reaction and dilution of the crude 

product solution using sat. NaCl-solution, the reaction mixture was extracted using EtOAc three times. 

After phase separation, the solvent was evaporated. Purification of the crude product via column chroma-

tography on silica using a mixture of n-hexane : EtOAc (1 : 1) (Rf = 0.58) yielded 9.2 mg (0.039 mmol, 82 %) 

of the corresponding pure product. 
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Characterization: 

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 1.60 – 1.82 (m; 3H; 3+4CH2); 1.97 – 2.09 (m; 1H; 4CH2); 2.10 – 2.47 (m; 2H; 3+5CH2); 2.68 – 2.79 

(m; 1H; 2CH); 5.88 – 5.94 (m; 1H; 6CH); 7.41 – 7.46 (m; 1H; 11CH); 7.62 – 7.69 (m; 1H; 12CH); 7.88 (m; 1H; 

13CH); 7.96 – 8.01 (m; 1H; 10CH) 

13C-NMR (176 MHz, CDCl3):  

δ (ppm) = 20.4 (4CH2); 23.2 (3CH2); 38.8 (5CH2); 55.0 (2CH); 66.9 (6CH); 124.8 (10CH); 128.3 (13CH); 128.8 

(11CH); 133.6 (12CH); 138.6 (8C); 147.3 (9C); 218.9 (1C) 

Chiral HPLC: Chiralpack IA, n-Heptan : 2-Propanol (95 : 5), 0.5 
ml

min
, T = 15 °C, λ = 254 nm, 

tR1 = 38.1 min, tR2 = 39.9 min 

ESI-MS; m/z: 

Calculated for [C12H13NO4Na]+ 258.0845 found 258.0738 

 

3.9.7 Synthesis of (4R)-4-(4-nitroophenyl)-4-hydroxy-4-butan-2-one 

A solution of acetone (0.167 M) and p-nitrobenzaldehyde (0.033 M) in a mixture of DMSO and water (9 : 1) 

was injected via a “HamiltonTM” 1000 Series “GastightTM” Syringe. The flow rate was adjusted to 0.5 
μl

min
, 

resulting in a residence time of 200 min. After 48 h of running reaction and dilution of the crude product 

solution using sat. NaCl-solution, the reaction mixture was extracted using EtOAc three times. After phase 

separation, the solvent was evaporated. Purification of the crude product via column chromatography on 

silica using a mixture of n-hexane : EtOAc (1 : 4) (Rf = 0.68) yielded 8.1 mg (0.038 mmol, 80 %) of the 

corresponding pure product. 

Characterization: 
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1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 2.22 (s; 3H; 1CH3); 2.79 – 2.91 (m; 2H; 3CH2); 3.40 – 3.52 (m; 1H; 5OH); 5.23 – 5.29 (m; 1H; 

4CH); 7.54 (d; 3JHH = 8.5 Hz; 2H; 7CH); 8.21 (d; 3JHH = 8.7 Hz; 2H; 8CH) 

13C-NMR (176 MHz, DMSO-d6):  

δ (ppm) = 31.0 (1CH3); 52.9 (3CH2); 68.7 (4CH); 123.9 (8CH); 127.6 (7CH); 147.1 (9C); 153.8 (6C); 206.9 (2C) 

Chiral HPLC: Chiralpack IC, n-Heptan : 2-Propanol (90 : 10), 0.7 
ml

min
, T = 15 °C, λ = 254 nm, 

tR1 = 23.9 min, tR2 = 25.4 min 

ESI-MS; m/z: 

Calculated for [C10H11NO4]+ 209.0688 found 209.0691  

 

3.9.8 Synthesis of 1,2-bis(4-cyanophenyl)diazene oxide 

A solution of 4-nitrosobenzonitrile (0.05 M) and cyclohexanone (0.025 M) in DMSO was injected via a 

“HamiltonTM” 1000 Series “GastightTM” syringe. The flow rate was adjusted to 2.0 
μl

min
, resulting in a resi-

dence time of 50 min. After 23 h of running reaction and dilution of the crude product with sat. NH4Cl-

solution, the reaction mixture was extracted using EtOAc. After phase separation the solvent was evapo-

rated. Purification of the crude product via column chromatography on silica using a mixture of n-hexane : 

EtOAc (8 : 1) (Rf = 0.13) yielded 15 mg (0.060 mmol, 98 %) of the corresponding pure product. 

Characterization:  

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 7.79 (d; 3JHH = 8.5 Hz; 2H; 10+13CH); 7.87 (d; 3JHH = 8.9 Hz; 2H; 1+4CH); 8.23 (d; 3JHH = 8.5 Hz; 

2H; 9+14CH); 8.46 (d; 3JHH = 8.5 Hz; 2H; 5+7CH) 

13C-NMR (176 MHz, CDCl3-d1):  

δ (ppm) = 113.5 (11C); 116.5 (2C); 117.7 (3C); 118.6 (12C); 123.7 (5/7CH); 126.4 (9/14CH); 133.2 (10/13CH); 

133.5 (1/4CH); 146.7 (8C); 150.6 (6C) 

LRMS (EI-TOF):  

Calculated for C14H8N4O [M]+ 248.0698 found 248.0425 

mp = 195.7−198.1 °C 
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3.9.9 Synthesis of 1,2-bis(3-nitrophenyl)diazene oxide 

A solution of 1-nitro-3-nitrosobenzene (0.05 M) and cyclohexanone (0.025 M) in DMSO was injected via a 

“HamiltonTM” 1000 Series “GastightTM” syringe. The flow rate was adjusted to 2.0 
μl

min
, resulting in a resi-

dence time of 50 min. After 18 h of running reaction and dilution of the crude product with sat. NH4Cl-

solution, the reaction mixture was extracted using EtOAc. After phase separation the solvent was evapo-

rated. Purification of the crude product via column chromatography on silica using a mixture of n-hexane : 

EtOAc (6 : 1) (Rf = 0.15) yielded 13 mg (0.045 mmol, 93 %) of the corresponding pure product. 

Characterization:  

 

1H-NMR (700 MHz, CDCl3-d1):  

δ (ppm) = 7.71 (t; 3JHH = 8.2 Hz; 1H; 9CH); 7.79 (t; 3JHH = 8.3 Hz; 1H; 3CH); 8.31 (ddd; JHH = 8.2, 2.1, 0.9 

Hz; 1H; 8CH); 8.49 (m; 2H; 2+10CH); 8.71 (ddd; JHH = 8.2, 2.1, 0.9 Hz; 1H; 4CH); 9.13 (t; 3JNH = 2.0 Hz; 1H; 

12CH); 9.22 (t; 3JHH = 2.0 Hz; 1H; 6CH) 

13C-NMR (176 MHz, CDCl3-d1):  

δ (ppm) = 118.1 (6CH); 120.5 (12CH); 124.6 (8CH); 126.8 (2CH); 128.0 (4CH); 129.8 (9CH); 130.3 (3CH); 

131.6 (10CH); 143.9 (7C); 148.4 (1/11C); 148.5 (5C) 

LRMS (EI-TOF):  

m/z calculated for C12H8N4O5 [M]+ 288.0495 found 288.0316 

mp = 145.3 − 146.4 °C 

 

3.9.10 Synthesis of dimethyl 3,3´-diazene oxide 1,2-diyldibenzoate 

A solution of 3-nitrosobenzoate (0.05 M) and cyclohexanone (0.025 M) in DMSO was injected via a “Ham-

iltonTM” 1000 Series “GastightTM” syringe. The flow rate was adjusted to 2.0 
μl

min
, resulting in a residence 

time of 50 min. After 17.7 h of running reaction and dilution of the crude product with sat. NH4Cl-solution, 

the reaction mixture was extracted using EtOAc. After phase separation, the solvent was evaporated. Puri-

fication of the crude product via column chromatography on silica using a mixture of n- pentane : CH2Cl2 

(3 : 1) (Rf = 0.46) yielded 13 mg (0.041 mmol, 86 %) of the corresponding pure product. 
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Characterization:  

 

1H-NMR (700 MHz, CDCl3-d1): 

δ (ppm) = 3.96 (s; 3H; 16CH3); 3.99 (s; 3H; 1CH3); 7.58 (t; 3JHH = 8.9 Hz; 1H; 11CH); 7.63 (t; 3JHH = 7.9 Hz; 

1H; 5CH); 8.09 (ddd; 3JHH = 7.8, 1.4, 1.4 Hz; 1H; 12CH); 8.26 (ddd; 3JHH = 7.8, 1.3, 1.3 Hz; 1H; 4CH); 8.43 

(ddd; 3JHH = 8.1, 2.0, 1.2 Hz; 1H; 10CH); 8.53 (ddd; 3JHH = 8.2, 2.3, 1.1 Hz; 1H; 6CH); 8.78 (t; 3JHH = 1.7 

Hz; 1H; 14CH); 8.97 (t; 3JHH = 1.8 Hz; 1H; 8CH) 

13C-NMR (176 MHz, CDCl3-d1): 

δ (ppm) = 52.4 (16CH3); 52.6 (1CH3); 123.6 (8CH); 126.5 (6CH); 127.1 (14CH); 128.9 (11CH); 129.1 (5CH); 

129.4 (10CH); 130.7 (12C); 130.9 (13C); 131.4 (3C); 132.8 (4CH); 143.8 (9C); 148.3 (7CH); 165.7 (2C); 166.5 

(15C) 

LRMS (EI-TOF):  

m/z calculated for C16H14N2O5 [M]+ 314.0903 found 314.0493 

mp = 134.2 − 136.6 °C 

 

3.9.11 Synthesis of 1,2-bis(3-cyanophenyl)diazene oxide 

A solution of 3-nitrosobenzonitrile (0.05 M) and cyclohexanone (0.025 M) in DMSO was injected via a 

“HamiltonTM” 1000 Series “GastightTM” syringe. The flow rate was adjusted to 2.0 
μl

min
, resulting in a resi-

dence time of 50 min. After 21.5 h of running reaction and dilution of the crude product with sat. NH4Cl-

solution, the reaction mixture was extracted using EtOAc. After phase separation, the solvent was evapo-

rated. Purification of the crude product via column chromatography on silica using a mixture of n-hexane : 

EtOAc (8 : 1) (Rf = 0.08) yielded 11 mg (0.044 mmol, 82 %) of the corresponding pure product. 

Characterization:  
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1H-NMR (700 MHz, CDCl3-d1): 

δ (ppm) = 7.61−7.65 (m; 1H; 10CH); 7.69−7.73 (m; 2H; 4+11CH); 7.89−7.91 (dt; 3JHH = 1.5, 1.5 Hz; 1H; 

3CH); 8.32 (ddd; 3JHH = 8.2, 1.7, 1.3 Hz; 1H; 9CH); 8.57−8.60 (m; 2H; 5+14CH); 8.65 (t; 3JHH = 1.8 Hz; 1H; 

7CH) 

13C-NMR (176 MHz, CDCl3-d1): 

δ (ppm) = 113.5 (12C); 113.8 (2C); 117.4 (1C); 118.2 (13C); 126.5 (7CH); 126.8 (5CH); 129.1 (14CH); 130.1 

(10CH); 130.41 (4CH); 130.42 (9CH); 133.4 (11CH); 135.6 (3CH); 143.9 (8C); 148.3 (6C) 

LRMS (EI-TOF): 

m/z calculated for C14H8N4O [M]+ 248.0698 found 248.0501 

mp = 133.1−134.3 °C 

 

3.9.12 Synthesis of 1,2-bis(4-chlorophenyl)diazene oxide 

A solution of 1-chloro-4-nitrosobenzene (0.05 M) and cyclohexanone (0.025 M) in DMSO was injected via 

a “HamiltonTM” 1000 Series “GastightTM” syringe. The flow rate was adjusted to 2.0 
μl

min
, resulting in a 

residence time of 50 min. After 17 h of running reaction and dilution of the crude product with sat. NH4Cl-

solution, the reaction mixture was extracted using EtOAc. After phase separation, the solvent was evapo-

rated. Purification of the crude product via column chromatography on silica using a mixture of n-hexane : 

EtOAc (50 : 1) (Rf = 0.25) yielded 12 mg (0.045 mmol, 66 %) of the corresponding pure product. 

Characterization:  

 

1H-NMR (700 MHz, CDCl3-d1): 

δ (ppm) = 7.45 (d; 3JHH = 9.0 Hz; 2H; 9+11CH); 7.49 (d; 3JHH = 9.1 Hz; 2H; 1+3CH); 8.16 (d; 3JHH = 9.0 Hz; 

2H; 8+12CH); 8.25 (d; 3JHH = 9.1 Hz; 2H; 4+6CH) 

13C-NMR (176 MHz, CDCl3-d1): 

δ (ppm) = 123.7 (4/6CH); 127.1 (8/12CH); 129.01 (9/11CH); 129.08 (1/3CH); 135.3 (10C); 138.1 (2C); 142.3 (7C); 

146.6 (5C) 

LRMS (EI-TOF): 

m/z calculated for C12H8Cl2N2O [M]+ 266.0014 found 265.9744 

mp = 152.0−154.1 °C 
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3.9.13 Synthesis of 1,2-bis(4-bromophenyl)diazene oxide 

A solution of 1-bromo-4-nitrosobenzene (0.05 M) and cyclohexanone (0.025 M) in DMSO was injected via 

a “HamiltonTM” 1000 Series “GastightTM” syringe. The flow rate was adjusted to 2.0 
μl

min
, resulting in a 

residence time of 50 min. After 24 h of running reaction and dilution of the crude product with sat. NH4Cl-

solution, the reaction mixture was extracted using EtOAc. After phase separation, the solvent was evapo-

rated. Purification of the crude product via column chromatography on silica using a mixture of n-hexane : 

EtOAc (8 : 1) (Rf = 0.25) yielded 18 mg (0.05 mmol, 67 %) of the corresponding pure product. 

Characterization:  

 

1H-NMR (700 MHz, CDCl3-d1): 

δ (ppm) = 7.61 (d; 3JHH = 8.8 Hz; 2H; 9+11CH); 7.65 (d; 3JHH = 8.9 Hz; 2H; 1+3CH); 8.08 (d; 3JHH = 8.8 Hz; 

2H; 8+12CH); 8.18 (d; 3JHH = 8.9 Hz; 2H; 4+6CH) 

13C-NMR (125 MHz, CDCl3-d1): 

δ (ppm) = 123.6 (10C); 123.9 (4/6CH); 126.5 (2C); 127.3 (8/12CH); 132.0 (9/11CH); 132.1 (1/3CH); 142.6 (7C); 

147.1 (5C) 

LRMS (EI-TOF):  

m/z calculated for C12H8Br2N2O [M]+ 355.8983 found 355.8945 

mp = 166.5−168.4 °C 

 

3.9.14 Synthesis of dimethyl 4,4´-diazene oxide 1,2-diyldibenzoate 

A solution of 4-nitrosobenzoate (0.05 M) and cyclohexanone (0.025 M) in DMSO was injected via a “Ham-

iltonTM” 1000 Series “GastightTM” syringe. The flow rate was adjusted to 2.0 
μl

min
, resulting in a residence 

time of 50 min. After 16 h of running reaction and dilution of the crude product with sat. NH4Cl-solution, 

the reaction mixture was extracted using EtOAc. After phase separation, the solvent was evaporated. Puri-

fication of the crude product via column chromatography on silica using a mixture of n-hexane : EtOAc 

(3 : 1) (Rf = 0.39) yielded 9 mg (0.029 mmol, 68 %) of the corresponding pure product. 
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Characterization:  

 

1H-NMR (700 MHz, CDCl3-d1): 

δ (ppm) = 3.95 (s; 3H; 16CH3); 3.97 (s; 3H; 1CH3); 8.15−8.22 (m; 6H; 4+8+10+11+13+14CH); 8.39 (d; 3JHH = 

8.6 Hz; 2H; 5+7CH) 

13C-NMR (176 MHz, CDCl3-d1): 

δ (ppm) = 52.3 (16CH3); 52.6 (1CH3); 122.6 (5/7CH); 125.4 (10/14CH); 130.2 (11/13CH); 130.4 (4/8CH); 130.7 

(12C); 133.3 (3C); 147.0 (9C); 150.9 (6C); 165.8 (2C); 166.2 (15C) 

LRMS (EI-TOF):  

m/z calculated for C16H14N2O5 [M]+ 314.0903 found 314.0557 

mp = 199.1−201.4 °C 

 

3.9.15 Synthesis of 1,2-bis(3-bromophenyl)diazene oxide 

A solution of 3-bromo-1-nitrosobenzene (0.05 M) and cyclohexanone (0.025 M) in DMSO was injected via 

a “HamiltonTM” 1000 Series “GastightTM” syringe. The flow rate was adjusted to 2.0 
μl

min
, resulting in a 

residence time of 50 min. After 22 h of running reaction and dilution of the crude product with sat. NH4Cl-

solution, the reaction mixture was extracted using EtOAc. After phase separation, the solvent was evapo-

rated. Purification of the crude product via column chromatography on silica using a mixture of n-hexane : 

EtOAc (7 : 1) (Rf = 0.5) yielded 15 mg (0.042 mmol, 74 %) of the corresponding pure product. 

Characterization:  
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1H-NMR (700 MHz, CDCl3-d1): 

δ (ppm) = 7.37 (t; 3JHH = 8.1 Hz; 1H; 9CH); 7.40 (t; 3JHH = 8.2 Hz; 1H; 3CH); 7.53−7.56 (m; 1H; 10CH); 

7.69−7.73 (m; 1H; 2CH); 8.04−8.07 (m; 1H; 8CH); 8.23−8.26 (m; 1H; 4CH); 8.41 (t; 3JHH = 1.9 Hz; 1H; 

12CH); 8.47 (t; 3JHH = 1.9 Hz; 1H; 6CH) 

13C-NMR (176 MHz, CDCl3-d1): 

δ (ppm) = 121.5 (4CH); 122.7 (11C); 122.9 (1C); 124.9 (8CH); 126.1 (6CH); 128.7 (12CH); 130.4 (9CH); 130.6 

(3CH); 133.2 (10CH); 135.3 (2CH); 145.1 (7C); 149.2 (5C) 

LRMS (EI-TOF):  

m/z calculated for C12H8Br2N2O [M]+ 355.8983 found 355.8794 

mp = 107.5−109.8 °C 

 

3.9.16 Synthesis of 1,2-bis(2-cyanophenyl)diazene oxide 

A solution of 2-nitrosobentonitrile (0.05 M) and cyclohexanone (0.025 M) in DMSO was injected via a 

“HamiltonTM” 1000 Series “GastightTM” syringe. The flow rate was adjusted to 2.0 
μl

min
, resulting in a resi-

dence time of 50 min. After 17 h of running reaction and dilution of the crude product with sat. NH4Cl-

solution, the reaction mixture was extracted using EtOAc. After phase separation, the solvent was evapo-

rated. Purification of the crude product via column chromatography on silica using a mixture of n-hexane : 

EtOAc (5 : 1) (Rf = 0.16) yielded 15 mg (0.047 mmol, 72 %) of the corresponding pure product. 

Characterization: 

 

1H-NMR (700 MHz, CDCl3-d1): 

δ (ppm) = 7.53 (t; 3JHH = 7.6 Hz; 1H; 3CH); 7.70−7.76 (m; 2H; 2+11CH); 7.77−7.85 (m; 2H; 1+10CH); 7.91 

(dd; 3JHH = 7.5, 1.4 Hz; 1H; 12CH); 8.47 (d; 3JHH = 8.3 Hz; 1H; 9CH); 8.87 (d; 3JHH = 8.1 Hz; 1H; 4CH) 

13C-NMR (176 MHz, CDCl3-d1): 

δ (ppm) = 108.1 (13C); 111.9 (6C); 116.1 (14C); 116.8 (7C); 123.7 (4CH); 125.3 (9CH); 130.6 (3CH); 132.5 

(11CH); 133.7 (2CH); 133.9 (10CH); 134.1 (1CH); 135.6 (12CH); 144.9 (5C); 149.4 (8C) 

LRMS (EI-TOF):  

m/z calculated for C14H8N4O [M]+ 248.0698 found 248.0627 

mp = 192.4−193.5 °C 
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3.9.17 Synthesis of 1,2-bis(2-bromophenyl)diazene oxide 

A solution of 2-bromo-1-nitrosobenzene (0.05 M) and cyclohexanone (0.025 M) in DMSO was injected via 

a “HamiltonTM” 1000 Series “GastightTM” syringe. The flow rate was adjusted to 2.0 
μl

min
, resulting in a 

residence time of 50 min. After 22 h of running reaction and dilution of the crude product with sat. NH4Cl-

solution, the reaction mixture was extracted using EtOAc. After phase separation, the solvent was evapo-

rated. Purification of the crude product via column chromatography on silica using a mixture of n-hexane: 

EtOAc (5:1) (Rf = 0.16) yielded 13 mg (0.037 mmol, 61 %) of the corresponding pure product. 

Characterization: 

 

1H-NMR (700 MHz, CDCl3-d1): 

δ (ppm) = 7.20−7.23 (m; 1H; 2CH); 7.35−7.51 (m; 3H; 3+9+10CH); 7.70−7.77 (m; 3H; 1+8+11CH); 7.97 (dd; 

3JHH = 8.0, 1.5 Hz; 1H; 4CH) 

13C-NMR (176 MHz, CDCl3-d1): 

δ (ppm) = 115.2 (12C); 119.5 (6C); 123.6 (4CH); 125.4 (8CH); 127.9 (3CH); 128.4 (9CH); 129.9 (2CH); 131.5 

(10CH); 133.6 (1CH); 134.3 (11CH); 142.4 (5C); 149.2 (7C) 

LRMS (EI-TOF):  

m/z calculated for C12H8Br2N2O [M]+ 355.8983 found 355.8829 

mp = 108.2−112.5 °C 

 

3.9.18 Synthesis of 1,2-diphenyldiazene oxide 

A solution of nitrosobenzene (0.05 M) and cyclohexanone (0.025 M) in DMSO was injected via a “Hamil-

tonTM” 1000 Series “GastightTM” syringe. The flow rate was adjusted to 1.0 
μl

min
, resulting in a residence time 

of 100 min. After 20 h of running reaction and dilution of the crude product with sat. NH4Cl-solution, the 

reaction mixture was extracted using CH2Cl2. After phase separation, the solvent was evaporated. Purifica-

tion of the crude product via column chromatography on silica using a mixture of n-hexane : EtOAc (50 : 1) 

(Rf = 0.38) yielded 5 mg (0.025 mmol, 61 %) of the corresponding pure product. 
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Characterization: 

 

1H-NMR (700 MHz, DMSO-d6):  

δ (ppm) = 7.45−7.49 (m; 1H; 10CH); 7.54−7.58 (m; 2H; 9+11CH); 7.62−7.66 (m; 2H; 1+3CH); 7.72−7.80 (m; 

1H; 2CH); 8.06−8.09 (m; 2H; 8+12CH); 8.25−8.27 (m; 2H; 4+6CH) 

13C-NMR (176 MHz, CDCl3-d1): 

δ (ppm) = 122.1 (4/6CH); 125.1 (8/12CH); 128.9 (9/11CH); 129.3 (1/3CH); 129.8 (10CH); 132.1 (2CH); 143.7 

(7C); 147.7 (5C) 

LRMS (EI-TOF):  

m/z calculated for C12H10N2O [M]+ 198.0793 found 198.0907 

mp = < 35 °C 

 

3.9.19 Synthesis of 1,2-di-o-tolyldiazene oxide 

A solution of 2-nitrosotoluene (0.05 M) and cyclohexanone (0.025 M) in DMSO was injected via a “Ham-

iltonTM” 1000 Series “GastightTM” syringe. The flow rate was adjusted to 0.5 
μl

min
, resulting in a residence 

time of 200 min. After 21 h of running reaction and dilution of the crude product with sat. NH4Cl-solution, 

the reaction mixture was extracted using CH2Cl2. After phase separation, the solvent was evaporated. Puri-

fication of the crude product via column chromatography on silica using a mixture of n-hexane : EtOAc 

(30 : 1) (Rf = 0.25) yielded 6 mg (0.027 mmol, 52 %) of the corresponding pure product. 

Characterization: 

 

1H-NMR (700 MHz, CDCl3-d1): 

δ (ppm) = 2.37 (s; 3H; 7CH3); 2.52 (s; 3H; 14CH3); 7.23−7.36 (m; 5H; 1-3+11+12CH); 7.36−7.42 (m; 1H; 10CH); 

7.66−7.70 (m; 1H; 9CH); 8.03 (d; 3JHH = 8.1 Hz; 1H; 4CH) 
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13C-NMR (176 MHz, CDCl3-d1): 

δ (ppm) = 18.6 (7CH3); 18.7 (14CH3); 121.7 (4CH); 123.8 (9CH); 126.2 (1CH); 126.8 (12CH); 128.8 (2CH); 

130.2 (10CH); 130.9 (3CH); 131.4 (13C); 131.9 (11CH); 134.3 (6C); 142.9 (5C); 149.7 (8C) 

LRMS (EI-TOF):  

m/z calculated for C14H14N2O [M]+ 226.1106 found 227.1174 

mp = 57.8−58.5 °C 

 

3.9.20 Synthesis of 1,2-bis(4-ethylphenyl)diazene oxide 

A solution of 1-ethyl-4-nitrosobenzene (0.05 M) and cyclohexanone (0.025 M) in DMSO was injected via a 

“HamiltonTM” 1000 Series “GastightTM” syringe. The flow rate was adjusted to 0.5 
μl

min
, resulting in a resi-

dence time of 200 min. After 44 h of running reaction and dilution of the crude product with sat. NH4Cl-

solution, the reaction mixture was extracted using CH2Cl2. After phase separation, the solvent was evapo-

rated. Purification of the crude product via column chromatography on silica using a mixture of n-hexane : 

EtOAc (120 : 1) (Rf = 0.16) yielded 11 mg (0.043 mmol, 73 %) of the corresponding pure product. 

Characterization: 

 

1H-NMR (700 MHz, CDCl3-d1): 

δ (ppm) = 1.24−1.32 (m; 6H; 1+16CH3); 2.68−2.78 (m; 4H; 2+15CH2); 7.29−7.35 (m; 4H; 4+8+11+13CH); 8.14 

(d; 3JHH = 8.4 Hz; 2H; 10+14CH); 8.21 (d; 3JHH = 8.5 Hz; 2H; 5+7CH) 

13C-NMR (176MHz, CDCl3-d1): 

δ (ppm) = 15.5 (1CH3); 15.6 (16CH3); 28.8 (2CH2); 29.1 (15CH2); 122.4 (5/7CH); 125.9 (10/14CH); 128.2 (4/8CH); 

128.3 (11/13CH); 142.2 (12C); 146.4 (3C); 146.6 (9C); 148.3 (6C) 

LRMS (EI-TOF):  

m/z calculated for C16H18N2O [M]+ 254.1419 found 254.1343 
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4 Results and Discussion 

To analyze the performance of immobilized organocatalysts in gels, various experiments and methods for 

characterization are necessary which are discussed in the following together with the results obtained. Some 

content of the following chapter has already been published.[24,25] 

4.1 Assessment of the Batch Syntheses carried out 

For the targeted construction of catalytically active gels and their use within the MFR, the synthesis of 

various low molecular weight compounds is necessary. 

4.1.1 Synthesis of lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

The synthesis was carried out according to known protocols from literature. [161,162] In the present work the 

photo initiator is used to initiate the defined buildup of the polymer networks on glass surfaces by photoli-

thography. 

 

Figure 29: Synthesis of lithium phenyl-2,4,6-trimethylbenzoylphosphinate. 

Overall, the desired photo initiator LAP could be synthesized successfully (Figure 29). The synthesis is based 

on a Michaelis-Arbuzov reaction[161] and gives an acceptable yield of 65 %. Various statements regarding 

the yields to be expected can be found in the literature. These range from 77 % to 100 %.[162,168] The losses 

in yield in the synthesis carried out are probably due to losses during precipitation and washing of the crude 

product. The high purity of the product obtained was successfully confirmed by various analytical methods 

(1H, 13C, 31P-NMR spectroscopy and ESI-MS). 

4.1.2 Synthesis of L-proline-based Catalysts 

Synthesis of o-(2-methacryloyloxyethylsuccinoyl)-trans-4-hydroxy-L-proline (MAOESLP) 

The synthesis of MAOESLP is a two-step synthesis which was carried out according to known protocols 

from literature.[163] The catalytic properties of the polymer gel are based on the immobilization of various 

catalysts. The basis of the catalysts used in this work is the amino acid L-proline and thus a secondary amine.  

In the first reaction step, the carboxylic acid of o-(2-methacryloyloxyethyl) succinic acid is converted to the 

corresponding acid chloride using thionyl chloride. This synthesis was carried out with a conversion of 99 % 

and without significant impurities. Consequently, the resulting product was used immediately for the second 

reaction step. 
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Figure 30: Synthesis of o-(2-Methacryloyloxyethylsuccinoyl)-trans-4-hydroxy-L-proline (MAOESLP). 

The second synthesis step involves the formation of an ester bond through the reaction of 2-methacrylo-

yloxyethylsuccinoylic acid chloride and trans-4-hydroxy-L-proline to form o-(2-methacryloyloxyethylsuc-

cinoyl)-trans-4-hydroxy-L-proline (MAOESLP) (Figure 30). The desired product could be obtained with a 

yield of 72 % which is in agreement with the information in literature.[163] In this reaction step too, a product 

without major impurities could be obtained after the precipitation. Since the product is obtained as a hy-

drochloride, a longer crystallization process under cooling is necessary to obtain a solid. In this reaction, the 

purity of the product could again be confirmed by 1H, 13C-NMR spectroscopy and ESI-MS. 

Synthesis of (S)-2-(((R)-1-((4-(2-(methacryloyloxy)ethoxy)-4-oxobutanoyl)oxy)-4-methylpentan-2-

yl)carbamoyl)pyrrolidin-1-iumchloride 

The underlying synthesis of the targeted proline amide is a four-step synthesis. The first step (Figure 31(1)) 

involves classic BOC protection of the secondary amine of L-prolin and was carried out in the same way as 

reported in previous work.[164] The literature indicates a yield of 84 % for this reaction which was exceeded 

with 99 % in the present case. One possible reason is the more precise adjustment of the pH value to pH 7 

during the work-up. In the literature on which the procedure is based, the pH value is adjusted to 2 - 3 

which could possibly have already caused another deprotection. The purity of the product could be verified 

without further purification using 1H, 13C-NMR spectroscopy.  

The subsequent synthesis (2) was carried out analogously to previous work.[19,169] The amide bond formation 

between the carboxylic acid of the BOC-protected L-proline and the primary amine of L-leucinol was suc-

cessfully carried out with a yield of 82 % and is therefore within the yield range of the literature. After 

successful purification by column chromatography, the purity of the product could be verified using 1H, 

13C-NMR-spectroscopy. 
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Figure 31: Synthesis of (S)-2-(((R)-1-((4-(2-(methacryloyloxy)ethoxy)-4-oxobutanoyl)oxy)-4-methylpentan-2-yl)carbamoyl)pyrrolidin-1-iumchloride. 

The subsequent synthesis step (3), the formation of the ester bond between the primary alcohol of the L-

leucinol residue and the carboxylic acid of 2-methacryloyloxyethylsuccinoylic acid, was carried out using the 

classic Steglich esterification.[165] In this reaction step, a yield of 89 % could be achieved which, however, 

cannot be subjected to a literature comparison due to the lack of compounds known from the literature. All 

impurities could be removed by means of two column chromatographic purifications and a pure product 

was obtained. The purity of the product could be confirmed by 1H, 13C-NMR-spectroscopy and ESI-MS. 

The final cleavage of the BOC-protective group could also be carried out on the basis of previous work.[166] 

The deprotection was carried out successfully using 4N HCl in dioxane in almost quantitative yields of 97 %. 

The purity of the target structure could be demonstrated using 1H, 13C-NMR-spectroscopy and ESI-MS. 

4.1.3 Synthesis of nitrosoarenes 

The nitroso compounds required for the reductive dimerization of nitrosoarenes to furnish azoxyarenes 

could be synthesized on the basis of previous work.[167] 

 

Figure 32: Oxidation of anilines to furnish nitrosoarenes. 

In total, 11 differently substituted nitrosoarenes could be obtained from the corresponding anilines by oxi-

dation (Figure 32). The synthesis in a two-phase system of DCM and water offers the advantage that the 

oxidizing agent Oxone®, as the potassium salt of peroxomonosulphuric acid, dissolves very well in water 

but is almost insoluble in DCM. As a result, the oxidation takes place primarily at the phase boundary which 

minimizes overoxidation to nitroaromatic compounds. Furthermore, due to the mild reaction conditions at 

room temperature, there are hardly any undesirable side reactions such as the formation of aryl hydroxyla-

mines. Accordingly, the desired nitrosoarenes could be obtained in yields ranging from 90 % up to quanti-

tative yields and lie within the range of the underlying literature.[167] The only exception is 1-ethyl-4-nitro-

sobenzene which was purified by distillation. The purification led to relatively high losses due to the low 
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liquid volume. The purity of the respective target molecules from chapter 3.3 could be verified using 1H, 

13C-NMR-spectroscopy and ESI-MS. 

4.2 Assessment of the Setup of the Microfluidic Reactor 

Various work steps are necessary for the successful construction of a microfluidic reactor system, which are 

explained and analyzed in the following section. The gels, which contain the catalyst in immobilized form, 

are preserved in cylindrical shapes on glass surfaces and are therefore referred to as gel dots in the further 

course. 

The general structure of the microfluidic reactor system is shown in Figure 25 and Figure 26. Compared to 

previous work[22,23], which mainly relied on PDMS, exclusively PTFE was used as the molding material. The 

desired reactor shape was milled into the PTFE workpiece in advance. In contrast to PDMS, PTFE has two 

decisive advantages: On the one hand, it is less elastic which reduces the risk of deformation and leakage 

when the reactor is clamped in the aluminum holder. On the other hand, it is almost completely chemically 

inert so that solvents such as DMSO or reactive chemicals could also be used without any significant changes 

to the shaping material. Nevertheless, under the given technical conditions, it was important to ensure that 

the screws for the connection between the glass surface and the reactor shape were adjusted evenly and not 

too strongly (at around 8 
cN

m
). Also in comparison to previous work[22,23], the threads for adjusting the flow 

system were milled directly into the PTFE layer. For the connection to the capillary tubes HPLC fittings 

were used, so that previous approaches in this area could also be further developed and problems, such as 

leaks, were almost eliminated. A disadvantage of using PTFE as a shaping layer is the limitation of the CNC 

milling machine used for production (type: WF7 CNC from “Kunzmann” milling machines). This only 

enables a milling width of around 100 µm. The elaboration of more filigree structures is easier with PDMS 

due to its fluid processing. 

4.2.1 Surface Modification 

Glass slides were used as the carrier material for the covalent connection of the polymer networks within 

the reactor chamber due to its wide range of possible uses and its chemical inertness. Commercially available 

glass slides (72 mm x 26 mm), onto which an adhesion promoter was applied by gas-phase diffusion, formed 

the basis. For this purpose, the surfaces were first cleaned with various solvents and then with an RCA 1 

solution. The result of this surface protocol are free hydroxy groups on the glass surface which react with 

an oxophile such as functionalized chlorosilanes. In this case, 3TCSPMA was specifically used. 
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Figure 33: Reaction of 3TCSPMA with hydroxyl groups on the surface of an object slide. 

The surface modification shown in Figure 33 is accompanied by a change in the surface polarity. A success-

ful modification can thus be tracked using the contact angle measurements shown in chapter 3.6. When 

wetted with water, unmodified surfaces were hydrophilic with a contact angle of 6.8°. In contrast, the wet-

ting with diiodomethane was significantly less pronounced with a contact angle of 49°. After the modifica-

tion, wetting with water resulted in a contact angle of 49° and 44° with diiodomethane. In general, surface 

modification via gas phase diffusion has proven to be a successful and robust process. The modified slides 

were stable for several weeks in an argon atmosphere. 

4.2.2 Photopolymerization 

For the successful photopolymerization, the monomer solutions including the dissolved photoinitiator were 

placed in a dark gray polyoxymethylene polymerization form according to the basic principle from Figure 

8. This was covered with a modified glass slide and a photo polymerization mask and irradiated accordingly. 

The masks used were developed and provided by the “IPF”. A foil printer from “MIVA Technologies” of 

the type “MIVA 26100 ReSolution PHOTOPLOTTER” was used for the corresponding production. This 

powerful printer enables resolutions of up to 100,000 dpi. The design of the reactor chamber and the 

polymerization mask was continuously adapted and optimized by the “IPF” in the course of previous 

work.[21–23,74]  

 

Figure 34: Picture of a single geldot (left) and the diamond-shaped arrangement of the geldots (right). 

The result of this work was the diamond-shaped arrangement of the gel dots, shown in Figure 34. The gel 

dots obtained after the photolithography were processed in several washing steps. This work-up is essential 

because the structural unit of the proline is present as hydrochloride after its synthesis and polymerization 

10 mm 
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and thus hinders a subsequent catalysis. It is also important to remove excess monomer from the gel struc-

ture.  

Compared to previous work[23], this work made use of methacrylate-based monomers. The obvious disad-

vantages of poor solubility and lower reactivity could be compensated for by the hydrochloride present and 

the use of water or other polar solvents such as ethanol as well as slightly longer irradiation times and higher 

initiator concentrations. 

   

 

Figure 35: Exemplary representation of the data obtained by confocal microscopy with regard to the dimensions and shape of the gel  dots produced. The 

black area (left) is caused by interference, which can be seen as a shoulder in the height profile (right). 

Well-defined cylindrical gel structures should be obtained based on the conditions of the photopolymeriza-

tion. Figure 35 shows the enlarged laser measurement of a single gel dot using a confocal microscope (left) 

and the corresponding height profile (right). An average height of 111 µm and a diameter of 236 µm were 

obtained for the gel structure. For the most precise evaluation possible without artifacts, the grey area within 

the black ring was used for the measurement. The black border and the slight shoulder formation are the 

result of interference from the UV laser and are caused on the edges of the dots. The resulting dimensions 

of the dots correspond to the dimensions of the polymerization mask.  

A variation of the height of the gel structures obtained could be achieved through different irradiation times. 

The procedure already described was chosen again for the polymerization. The resulting gel dots were ex-

amined again using confocal microscopy. The polymerization mold was 140 µm high which also limits the 

maximum height of the polymer structures. In previous works, it was observed that the amount of cross-

linker has a huge influence on the processes within the MFR.[23] As can be seen in following results, a 

relatively high crosslinker content of 5 % is necessary for sufficiently stable methacrylate-based gel struc-

tures. Gel compositions with crosslinker contents below 3 mol% did not show sufficient mechanical stability 

and could not be polymerized successfully. Consequently, polymers consisting of 90 mol% of catalyst B, 

5 mol% methyl methacrylate (MMA) and 5 mol% ethylene glycol dimethacrylate (EGDMA) were produced. 

The height of the polymer dots was analyzed for different light exposure times in order to estimate an 

optimal use of the reactor chamber. As shown in Figure 36, the height of the hexagonally ordered gel struc-

tures increased from 23 (± 6) µm after 6 s of irradiation and 73 (± 11) µm after 9 s to 106 (± 19) µm after 

12 seconds of irradiation in an almost linearly behavior. A further increase of the irradiation to 15 seconds 
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leaded to a height of 122 (± 12) µm and could not be increased by further extension of irradiation time. If 

the irradiation time is extended beyond 12 s, the spatial resolution of the photopolymerization deteriorates 

significantly and larger, coherent gel domains are increasingly formed. This can be continued until the indi-

vidual dots have completely disbanded and the transition into a continuous layer can be observed. The other 

extreme is exposure times of less than 6 seconds which is not sufficient to obtain polymer structures at all. 

This can be explained by the gel point that must necessarily be reached within the network structure. 

 

Figure 36: Plot of the average object height against the exposure time used. The error bars describe the standard deviation of the measurements. Condi-

tions of manufacture: I = 20 %, c = 3.34 M, h = 8 cm. 

On the basis of previous work[23] and the results of the analysis of methacrylate-based polymer gels, the 

optimal conditions for the polymerization could be derived. These are summarized below in Table 6. 

Table 6: Optimized conditions of the photopolymerization for the synthesis of the gel dots by photolithography. 

Intensity 
Distance to the 

light source 
Irradiation time 

Monomer 

amounta 

Crosslinker     

content 

20 % 8 cm 12 s 15 mmol 5 mol% 

a Solution in 1.7 ml of distilled water/ethanol 

Using the conditions shown in Table 6 and using the methacrylate-based catalyst structure B, object heights 

of 106 µm result. Accordingly, the object heights obtained by photopolymerization can be adjusted in a 

targeted manner. Nevertheless, moderate deviations from the targeted object heights are obtained, especially 

for shorter irradiation times. 
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4.2.3 Analysis of the Degree of Swelling of the Gel Structures 

Based on previous work, a further analysis of the swelling of the gel structures was made.[23] In addition to 

reliable and reproducible photopolymerization with high spatial resolution, the efficient use of the given 

dimensions of the microfluidic reactor depends on the behavior of the gels. Within the reactor, the gels are 

subject to a swelling process. As a result, a change in volume occurs. Unhindered swelling changes the height 

as well as the width of the gel in equal measure, so that the degree of volume swelling is characteristic of 

both the solvent and the gel composition.  

Completely swollen gels are in a state of equilibrium. To achieve this, without the swelling processes taking 

place influencing the reactions within the MFR, the gel structures were pre-swollen with pure solvent in 

advance of each reaction. There are three possible states for the swollen structures inside the reactor cham-

ber, of which only one is particularly promising. In the completely swollen state, the gel structures can on 

the one hand hypothetically exceed the maximum height of the reactor chamber and are therefore actually 

compressed by it. On the other hand, even when swollen, they can be too small for the given reactor geom-

etry which leads to inaccessible volumes in the reactor chamber. The third and most promising option is 

swelling right up to the top of the reactor chamber but with little or no compression. This does not result 

in any inaccessible volume but also not in a deformation of the gel structure. A swelling of the gels, that is 

as well adapted as possible to the reactor geometry, is essential for efficient catalysis within the gel due to 

the desired diffusion of reactants into the gel structure - and adducts out of it. Too high or too low a degree 

of swelling would inhibit diffusion and efficient catalysis. The degree of swelling and the diffusion process 

can be influenced and controlled by the degree of crosslinking of the gels. This assumes that diffusion 

processes in polymer gels with a higher proportion of crosslinking require more time than in less crosslinked 

gel structures. A calculation of the degree of swelling of the isotropic swelling is possible as a ratio of the 

parameters H2 and H1, illustrated in Figure 37.  

 

Figure 37: Schematic illustration of the change in the dimensions of a gel from the dry (left) to the swollen state (right). 

In accordance with this relationship of isotropic swelling, there is also a geometric correlation for bound 

polymers and consequently a relationship between the degree of swelling and the layer thickness can be 

established as follows: 
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(
𝐻2

𝐻1
)

𝑆𝐴

=  √𝑄𝐼𝑠𝑜.
3  (18) 

QIso.  =   Degree of swelling of isotropically swollen gels [/] 

H1  =   Height in the dried state [𝑐𝑚] 

H2  =  Height in the swollen state [𝑐𝑚] 

The relationship described in Equation 18 has already been examined in previous studies.[46] This work is 

based on the swelling behavior of thin layers (≥ 100 nm) which, due to the surface connection, cannot swell 

freely along the x- and y-axes. As a result, there is increased swelling along the z-axis and Equation 18 is no 

longer valid. Instead, an empirical connection was sought for the swelling along the z-axis. The correspond-

ing results are as follows: 

𝑄𝑆𝐴 =  𝑄
𝐼𝑠𝑜.

5
9  (19) 

QSA  =   Degree of swelling of surface attached gels [/] 

The corresponding degree of swelling results from the measured layer thickness. The following can also be 

formulated accordingly: 

(
𝐻2

𝐻1
)

𝑆𝐴

=  𝑄𝐼𝑠𝑜.

5
9  

The validity of the corresponding results has so far been imitated to thin layers. In further work, however, 

it was successfully shown that the corresponding relationship is also valid for greater layer thicknesses. [170] 

Nevertheless, it is also known that a surface connection limits the swelling of gels in the z-direction.[171] In 

order to adapt the swelling of the gels to the reactor geometry as best as possible, various measurements 

based on the isotropic degree of swelling were carried out. 

4.2.4 Analysis of the Isotropic Degree of Swelling 

To determine the isotropic degree of swelling, macroscopic gel workpieces in a cylindrical shape and in the 

desired composition were produced. For this purpose, about 0.6 ml of the monomer solution were drawn 

into a 1 ml Pasteur pipette and irradiated for 12 s (I = 40 %, d = 8 cm). The pipettes were then cut open 

and the workpieces obtained were divided up for multiple determinations. Prior to the analysis of the degree 

of swelling, the samples were worked up as described in 3.7. Afterwards, the degree of swelling was deter-

mined using the volume as well as the mass of the samples. 
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Table 7: Compilation of the determined degrees of volume swelling for isotropically swelling gel workpieces of different composition  in DMSO. 

Amount of crosslinker 

[mol%] 

Amount of catalysta 

[mol%] 

Degree of volume swelling 

[-] 

3 90 2.43 (±0.14) 

5 50 1.28 (±0.04) 

5 90 2.28 (±0.12) 

a Using catalyst structure B. 

The degrees of swelling summarized in Table 7 show a clear relationship to both the crosslinker content 

and the catalyst content. The degree of swelling is greatest when, as has happened using 3 mol%, the lowest 

proportion of crosslinking agent has been polymerized into the network structure. A lower proportion of 

crosslinking agents enables the gel structure to absorb more solvent which leads to more pronounced swell-

ing. Gel compositions with crosslinker contents below 3 mol% did not show sufficient mechanical stability 

and could not be polymerized successfully. Furthermore, the degree of swelling when using 90 mol% cata-

lyst was 2.28 and was thus significantly higher compared to 1.28, when using 50 mol% catalyst. If the amount 

of catalyst is reduced, this proportion of the gel is balanced out by adding MMA. The increased MMA 

content leads to an increasingly non-polar character which reduces swelling due to polar solvents such as 

DMSO. The degree of swelling of the corresponding gel composition with catalyst structure A was deter-

mined to be 1.8 (± 0.03) and is thus in the range of the previous results. The lower swelling compared to 

catalyst structure B is due to the structural differences between the catalysts. Catalyst A has a carboxylic acid 

functionality which reduces swelling in DMSO due to its hydrophilicity.  

Since the asymmetric aldol reaction should be carried out in mixtures of DMSO and water, the degree of 

swelling was also investigated for the solvent water. Again, a gel composition of 90 mol% catalyst, 5 mol% 

MMA and 5 mol% EGDMA was used. For this gel composition, a degree of swelling of 1.38 (± 0.18) was 

found. Compared to the degree of swelling in pure DMSO, this is much less pronounced in water. The 

reason for this behavior is the more polar character of water as solvent compared to DMSO and therefore 

less pronounced swelling of methacrylate-based gels is to be expected.  

Table 8: Weight degree of swelling of gel samples containing 90 mol% catalyst, 5 mol% MMA and 5 mol% EGDMA. 

 
Gel containing catalyst structure 

A 

Gel containing catalyst structure 

B 

Weight degree of swelling 

[-] 

1.90 (± 0.03) 2.38 (±0. 48) 
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A comparison of the degree of volume swelling and the weight degree of swelling (Table 8) shows that 

overall comparable results were obtained, but that the degree of mass swelling is slightly higher inde-

pendently of the catalyst structure used. This deviation is given intrinsically by the correlation of the density 

with the degree of volume and weight swelling. The density of DMSO is given as 1.1 
𝑔

𝑚𝑙
, accordingly the 

degree of mass swelling is necessarily greater than the degree of volume swelling. 

4.2.5 Influence of Different Irradiation Times on the MFR 

The asymmetric aldol reaction is carried out within the MFR in pure DMSO or a solvent mixture of DMSO 

and water. Previous work formed the basis for estimating the object heights in the swollen state which is 

the reason for using an exposure time of 12 seconds and an object height in the dry state of 106 µm for 

further analysis based on Table 6.[46] Using the appropriate approximation and catalyst structure B, an ex-

pansion by a factor of 1.19 to 1.58 is to be expected for 90 mol% catalyst loading and 5 mol% crosslinker 

content. When using pure DMSO, this would correspond to a filling of the reactor chamber of slightly more 

than 100 % which is, however, reduced by adding water and the associated lower degree of swelling and 

thus results in an almost optimal filling of the reactor chamber. Using the expansion factor of 1.58, the 

following polymer heights, shown in Figure 38, result for the various exposure times between 6 and 18 

seconds in the dried and in the swollen state. 

 

Figure 38: Average polymer height for different light exposure times in dry state determined by confocal microscopy (blue bars). Calculated polymer height 

in swollen state (green bars). Polymer composition: 90% catalyst B, 5% crosslinker, 5% methyl methacrylate. 
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For a more in-depth analysis of the relationship between conversion behavior and polymer structure height, 

reactor surfaces with attached gel structures of different heights were prepared and used to determine the 

conversion of the asymmetric aldol reaction of the model system 4-nitrobenzaldehyde and cyclohexanone. 

The corresponding results are summarized in Figure 39. The surfaces with polymer structures prepared with 

6 and 9 seconds of UV-light irradiation and heights of 23 (± 6) µm and 73 (± 11) µm, respectively, provide 

a similar conversion of 54 % and 56 % after a reaction time of 6 hours. After reaction times of 12 and 18 

hours, both polymer structures showed an almost constant conversion behavior with a conversion of around 

30 % and 45 % respectively. After 24 hours the conversion dropped significantly in both cases. After a 

polymerization time of 12 seconds and a polymer height of 106 (± 19) µm, the polymer structures deliver 

an almost constant conversion of 97 % after 6 hours and 92 % after 24 hours of reaction time. In contrast 

to this, no further increase in conversion can be achieved by additional extension of the polymerization 

time. A further increase in irradiation time leads to an increasingly unselective polymerization and thus to 

the formation of larger polymer domains without a fine structure. Consequently, efficient diffusion of the 

reactants into the gel is made more difficult by the smaller surface area. However, applying 15 seconds of 

irradiation, leading to polymer structures of 122 (± 12) µm, the reactor delivers 87 % conversion after 6 

hours and 82 % after 24 hours. The importance of diffusion into the gel becomes clear when gels with a 

higher crosslinker content are produced. A doubling of the crosslinker content led on the one hand to more 

difficult diffusion processes of the educts into the gel structure and on the other hand to a more difficult 

release of the product formed from the gel. As a result of these effects, after 12 seconds of light exposure, 

significantly lower conversions of slightly above 70 % can be observed. 

 

Figure 39: Relationship between the height of the polymer structures and the conversion behavior of the asymmetric aldol reaction of 4-nitrobenzaldehyde 
and cyclohexanone, analyzed by 1H-NMR over a total reaction time of 24 hours with a residence time of 3.34 hours. Using 0.034 M of aldehyde re-

spective 0.167 M of ketone in a 9:1 DMSO : water mixture. 
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4.2.6 Summary of the Optimized Preparation Process 

The parameters discussed in the previous chapters 4.2.4 and 4.2.5 and the corresponding results are the 

basis for the optimal conditions for the reactions within the MFR. First, the photopolymerization and the 

resulting influences on the catalyst-bearing gel elements within the MFR were examined. In particular, the 

crosslinker content and the catalyst content were varied and analyzed. Then, the isotropic swelling behavior 

of the gels in DMSO and water was also examined. Unless otherwise explicitly stated, the following condi-

tions and combinations have been used for polymer preparation. 

Table 9: Summary of the optimized conditions for the photopolymerization and composition of the gel.  

Photopolymerization 

Intensity [%] 20 

Distance to light source [cm] 8 

Irradiation time [s] 12 

Amount of monomer used [mmol]a 15 

a dissolved in 1.7 ml of destilled water. 

Polymer composition 

Calatyst [mol%] 90 

MMA [mol%] 5 

EGDMA [mol%] 5 

 

4.3 Asymmetric Aldol Reaction inside the MFR 

With the optimized conditions of the photopolymerization and the knowledge of the swelling behavior of 

the polymer gels, a detailed analysis of the asymmetric aldol reaction within the MFR is carried out. In 

addition to optimizing the solvent mixture and the temperature of the reaction, the product spectrum is 

examined in order to finally examine the reusability and long-term stability of the system, also in terms of 

selectivity.  

4.3.1 Optimization of Solvent Composition and Temperature 

The organocatalyzed asymmetric aldol reaction was analyzed regarding different parame-

ters such as solvent composition and temperature. As an initial investigation, different sol-

vent compositions of DMSO and water were screened regarding conversion and selectivity. 

As illustrated in the summarized results in Table 10, neither pure DMSO nor larger pro-

portions of water yield good conversions and selectivity at room temperature (~ 23 °C) 

Figure 40: Structure of 
the L-proline-oxazoli-

dine derivative. 
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(Table 10, entries 1 and 4). This is due to the gel's swelling properties examined in 4.2.4. Larger proportions 

of water lead to a significantly reduced degree of swelling which inhibits efficient catalysis within the gel. It 

is also known that small amounts of water show a positive influence on the conversion and the selectivity 

of the asymmetric aldol reaction[172] so that the lower conversion and the lower selectivity for pure DMSO 

are understandable.[173] The addition of water does not increase the activity of the catalyst but rather reduces 

the deactivation of proline due to the formation of an oxazolidine derivative (Figure 40). The water hydro-

lyzes the oxazolidine structure formed between the educts and the catalyst and thus reduces the increasing 

deactivation of the catalyst over time.[173] While all of the reaction conditions analyzed led to sufficient 

conversions with moderate selectivity, the solvent composition DMSO : water (9 : 1) with 95 % conversion 

and an anti-selectivity of 67 : 33 gave the best results at room temperature (Table 10, entry 2). At a reaction 

temperature of 40 °C, all solvent compositions show weaker results for conversion or selectivity than their 

counterparts at room temperature. 

Table 10: Optimization of reaction conditions for the asymmetric aldol reaction of p-nitrobenzaldehyde and cyclohexanone. 

 

 

Entry 

DMSO-water 

ratio 

(v : v) 

Temperature 

[°C] 

Conversion 

[%]a 

Diastereomeric ratio 

syn/anti 

[%]a 

1 10 : 0 rt 26 36/64 

2 9 : 1 rt 95 33/67 

3 8 : 2 rt 58 35/65 

4 7 : 3 rt 80 41/59 

5 9 : 1 40 °C 78 41/59 

6 8 : 2 40 °C 73 43/57 

7 7 : 3 40 °C 82 41/59 

a Determined by 1H-NMR after 24 h of sample collection. Using 0.034 M of aldehyde respective 0.167 M 

of ketone. 

Based on the results obtained, all the following results were carried out in a 9 : 1 DMSO : water mixture at 

room temperature. 
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4.3.2 Product Scope of the direct Asymmetric Aldol Reaction inside the MFR 

For the evaluation of the substrate generality of this organocatalyzed asymmetric aldol reaction inside the 

MFR, the reaction of various aromatic aldehydes with different ketones was investigated, applying the opti-

mized conditions. As can be seen in Table 11, different aromatic aldehydes and ketones can effectively be 

transformed to the corresponding aldol products inside the MFR. 

Table 11: Substrate scope of the direct asymmetric aldol reaction inside the MFRa 

 

Entry Product 

Yield 

[%] 

dra 

[anti : syn] 

eeb 

[%] 

1 

 

78 67 : 33 87 

2 

 

93 68 : 32 57 

3 

 

75 71 : 29 72 

4 

 

86 26 : 74 18 

5 

 

63 25 : 75 67 

6 

 

82 21:79 76 



Results and Discussion 

 

- 88 - 
 

7 

 

80 - 19 

a Determined by 1H-NMR after 48 h of sample collection. Using 0.034 M of aldehyde respective 0.167 M 

of ketone at dwell times of 3.34 h. b determined by chiral HPLC analysis (IA, IC columns). 

Using a mixture of DMSO : water (9 : 1 v : v) as solvent, the feasibility of different cyclic and acyclic ketones 

as donors for the asymmetric aldol reaction was examined. As shown in Table 11 when cyclohexanone 

serves as donor part of the aldol reaction, good yields ranging from 75 - 93 % with moderate to good ee 

values (57 - 87 %) for the anti-isomer were received. In contrast, however, the diastereomeric ratios obtained 

were only 67 : 33, 68 : 32 and 56 : 44, respectively, for the three different aldehydes investigated. With the 

use of cyclopentanone, moderate to good yields of 63 - 86 %, but attenuated enantioselectivities with 18 - 

76 % ee, could be obtained in this case for the syn product, which is in line with previous findings.[174] When 

using cyclopentanone, the diastereomeric ratio was between 21 : 79 and 26 : 74. Furthermore, acetone, a 

non-cyclic ketone, was also investigated as a donor in the aldol reaction within the MFR. The reaction of 

acetone with 4-nitrobenzaldehyde also provides a good yield of 80 % but again attenuated ee selectivity of 

only 19 %. TANG et al.[175] also investigated the basic structure of proline amide B without immobilization 

for the asymmetric aldol reaction of acetone with various aldehydes. The comparison between the immobi-

lized catalyst and this low molecular weight catalyst shows a comparable yield which suggests that the cata-

lyst is equally active, even in immobilized form. However, a difference can be seen when comparing the ee 

values. In the case of the free catalyst, these are slightly higher at 33 % than in the case of the immobilized 

catalyst. A possible explanation could be seen in the mechanism of the proline-catalyzed aldol reaction and 

the conformations that are necessary for a high selectivity. The immobilization could inhibit the formation 

of only one conformation and thus reduce the selectivity. Oppositely the reaction time is dramatically de-

creased. The reaction of the free catalyst takes place within 12 hours, whereas the residence time within the 

MFR is only 3.34 hours and consequently significantly shorter reaction times are needed in case of the MFR 

concept. An in-depth comparison and discussion of the amount of catalyst needed is given in 4.3.5. 

4.3.3 Reusability of Catalyst System 

In order to serve as an efficient catalyst system in a continuous process, a catalyst system must be robust, 

versatile and deliver high conversions and good selectivity over a long period of time. Using a 9 : 1 mixture 

of DMSO and water as a solvent, the reusability and robustness of the MFR system were analyzed in a 

recycling study. To investigate the corresponding behavior of the polymer gel produced, different ketones 

were alternately reacted with 4-nitrobenzaldehyde. After a reaction time of 24 hours in each case, the reactor 

system was flushed with pure DMSO for 24 hours and then the contrary ketone was injected. The corre-

sponding conversions and diastereoselectivities were analyzed using 1H-NMR and are shown in Figure 41. 

After performing the first reaction with cyclohexanone and 4-nitrobenzaldehyde (mixture A) a conversion 

of 93 % with an anti-selectivity of 66 % was achieved. After rinsing with pure DMSO, the second educt 
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solution of cyclopentanone and 4-nitrobenzaldehyde (mixture B) was injected which could be converted to 

the desired product in 94 % with a syn-selectivity of 74 %. The second reaction run with A delivered a 

conversion of 64 % and an anti-selectivity of 74 % over further 24 hours of reaction time. After rinsing 

again for 24 hours with pure DMSO, conversions of 85 % and syn-selectivities of 72 % could still be ob-

tained in a second reaction with B. Even after a total reaction time of 168 h, the presented reactor system 

still delivers good conversions with acceptable selectivities and can thus serve as a solid foundation for 

further investigations. 

 

Figure 41: Reusability of MFR with different ketones at dwell times of 3.34 h in DMSO/water (9:1 v : v). Reaction of 0.167 M of the ketone and 

0.033 M of 4-nitrobenzaldehyde. 

 

4.3.4 Catalytic Long-Term Behavior of MFR System  

For a satisfactory, long-term, continuous process, it is necessary to achieve consistently high conversions 

over long periods of time with good selectivities at the same time. As shown in Figure 42 and Figure 43, the 

behavior of the reactor was analyzed over a period of 144 hours (6 days).  
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Figure 42: Example of the time depending NMR spectra for the aldol reaction of 4-nitrobenzaldehyde and cyclohexanone for the determination of the 

conversion and diastereomeric ratio via NMR. 

Even after 144 hours of continuous operation, a conversion of 75 (± 5) % can still be achieved with an anti-

selectivity of 71 (± 4) %. The maximum conversion could be reached after an operating time of 24 hours 

with 94 (± 5) %. Subsequently, the conversion decreases slightly, whereby the decrease seems to gradually 

slow down with increasing reaction time as indicated by the third order polynomial fit. After about 140 

hours, an almost constant conversion level can be assumed. In contrast, the anti-selectivity increases slightly 

with increasing reaction time. After 24 hours, an anti-selectivity of 65 (± 3) % was obtained, whereas it 

slightly increased to 71 (± 4) % after 144 hours. 

 

Figure 43: Long-term conversion and diastereomeric ratio of the aldol reaction of 4-nitrobenzaldehyde and cyclohexanone at dwell times of 3.34 h in 

DMSO/water (9 : 1 v : v). Reaction of 0.167 M of the ketone and 0.033 M of aldehyde. 
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4.3.5 Comparison of the MFR Approach and a Batch Reaction 

Based on previous work, a further comparison was made between a reaction in the MFR and a classic batch 

reaction using the model reaction of cyclohexanone and 4-nitrobenzaldehyde.[23] The first step is to calculate 

the appropriate amount of catalyst for the batch reaction. A density of 0.28 (± 0.1) 
𝑔

𝑚𝑙
 was determined for 

the gels based on catalyst structure B. On the basis of this, the mass of the gels immobilized on the surface 

can be calculated using the following Equation 20. 

𝑚 =  𝑁 ∙ 𝜌 ∙ 𝑉 =  𝑁 ∙ 𝜌 ∙ 𝜋 ∙ 𝑟2 ∙ 𝐻 (20) 

m  =   Mass [𝑚𝑔] 

𝑁  =   Number of gel dots [/] 

𝐻  =  Height [𝑐𝑚] 

r  =   Radius [𝑐𝑚] 

Since the substance concentration of the monomers used is known during the polymerization, an amount 

of substance within the irradiated volume can be calculated:  

𝑛 = 𝑁 ∙ 𝑐 ∙ 𝑉 = 𝑁 ∙ 𝑐 ∙ 𝜋 ∙ 𝑟2 ∙ 𝐻 (21) 

n =   Amount of substance [𝑚𝑚𝑜𝑙] 

𝑐 =   Substance concentration [
𝑚𝑚𝑜𝑙

𝑚𝑙
] 

As a result, the amounts of substance of the immobilized gel constituents are obtained and can be converted 

into masses using the molar mass. An amount of 8.68 µmol results for the catalyst structure synthesized in 

chapter 3.3.6. Since the corresponding flow experiments were analyzed over 48 hours and operated at a flow 

rate of 0.5 
µl

min
, the result is a volume of 1.44 ml for the educt solution. A catalyst concentration of 

6.02 
µmol

ml
 was used based on the volume of educt conveyed. In order to achieve a comparable catalyst con-

centration, around 0.6 mol% of catalyst, based on the educt, must be used in a batch reactor with an educt 

concentration of 3.4 ∙ 10-2 
mmol

ml
.  

After a reaction time of 200 minutes, which corresponds to the residence time in the reactor, no conversion 

was detected for the batch experiment. These findings appear reasonable as the lower turnover efficiency 

of organocatalysts typically makes larger amounts necessary. In the case of the prolinamide already men-

tioned in chapter 4.3.2, 20 mol% are used, for example.[175] Opposingly, the lower turnover efficiency is 

compensated by the high local catalyst concentration inside the reactor chamber. While in case of the batch 
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reaction the catalyst concentration is 6.02  
µmol

ml
, the low volume of the reactor chamber of 100 µl corre-

sponds with a catalyst concentration of 8.6 ∙ 10-2 
mmol

ml
 in the case of the MFR concept. This provides an 

approximately 15-fold higher catalyst concentration within the microfluidic reactor chamber compared to 

the corresponding batch experiment. 

This result shows that the MFR also provides higher efficiency for more complex organocatalyzed reactions 

such as the asymmetric aldol reaction, compared to classic batch reactions.  

4.3.6 Evaluation of TOF and TON 

The TOF and TON were calculated to enable a comparison of the MFR approach with other systems. The 

results are summarized in Table 12. In case of the MFR approach, TON between 5.08 and 3.43 and TOF 

values ranging from 1.52 h-1 to 1.03 h-1 were obtained. In contrast, typical proline-based catalyst systems 

without immobilization deliver TON in the range of 8 to 50 in batch reactors.[176] Fewer comparative data 

are available for immobilized proline systems. Proline, which has been grafted onto silica supports, is re-

ported to deliver TOF between 0.4 and 3.6 h-1.[177] Additionally, proline as a catalyst for the asymmetric aldol 

reaction immobilized in polymers delivers a TOF of 0.33 h-1 and a TON of 9.[178] As a result, the efficiency 

of the MFR approach lies below typical systems in batches without immobilization but is shown to be 

equivalent or even superior when comparing different immobilized catalyst systems. In spite of this, in 

comparison to the presented MFR approach, significantly longer reaction times, typically around or above 

24 hours, are required for the direct asymmetric aldol reaction using proline as a catalyst in one form or 

another in all of the cases mentioned.  

Table 12: Calculated TON and TOF for different reactions. 8.68∙10-3 mmol of catalyst B (immobilized on surface).a  

a An educt solution of 0.167 M of the ketone and 0.033 M of aldehyde were used. The yields and reaction 

dwell times (200 min) were used for TOF calculations. 

Aldol-product  

[-] 

TON 

 [-] 

TOF  

[h-1] 

1 4.25 1.28 

2 5.08 1.52 

3 4.06 1.22 

4 4.55 1.37 

5 3.43 1.03 

6 4.51 1.35 

7 4.43 1.33 
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4.4 Synthesis of Azoxybenzenes by Reductive Dimerization of Nitrosobenzenes within 

the MFR 

In addition to the asymmetric aldol reaction within the MFR, a detailed analysis of the reductive dimerization 

of nitrosobenzenes to yield azoxybenzenes was carried out as well. In addition to optimizing the solvent 

mixture of the reaction, the product spectrum is examined in order to finally survey the reusability and long-

term stability of the system, also in terms of selectivity. The trans-selectivity of the products was therefore 

analyzed using single crystal X-ray diffraction spectroscopy. Finally, the TOF as well as the TON were 

analyzed. 

4.4.1 Optimization of Reaction Conditions 

The reductive dimerization of the unsubstituted nitrosobenzene was evaluated as model reaction. Following 

key issues, summarized in Table 13, could be validated: Since the solvent is responsible for both the solu-

bility of the educts and products as well as for the swelling of the polymer gel, DMF and DMSO were 

chosen for further analysis. In DMF and DMSO (entries 1 and 2), no conversion was detected without the 

additive being present. With 1 eq of cyclohexanone as additive in DMF, 58 % conversion was obtained 

(entry 3). A conversion of 72 % after a residence time of 100 min was detected using 1 eq of cyclohexanone 

in DMSO (entry 4). Under the same reaction conditions using a gel without catalyst, no conversion was 

detected (entry 5). Halving the residence time to 50 min (entry 6) or performing reactions at higher concen-

trations of nitrosobenzene at 0.4 M and the additive at 0.2 M, led to a decreased conversion (entry 8), 

possibly because of the generally low turnover number for organocatalysts.[20] Using other ketones such as 

acetone (entry 7) as an additive, only traces of the desired product were obtained. This finding can possibly 

be attributed to a faster condensation kinetic and the ability of cyclohexanone to act as an excellent donor 

compared with acetone.[102] 

  



Results and Discussion 

 

- 94 - 
 

Table 13: Optimization of reaction conditions for the reductive dimerization of nitrosobenzene to form azoxybenzene. 

 

 

Entry Solvent Additive 

Conversion  

[%]a 

1 DMF - - 

2 DMSO - - 

3 DMF Cyclohexanone 58 

4 DMSO Cyclohexanone 72 

5b DMSO Cyclohexanone - 

6c DMSO Cyclohexanone 56 

7 DMSO Acetone traces 

8d DMSO Cyclohexanone 43 

a Determined by 1H-NMR. b Conversion of reference sample under the same reaction conditions using a gel 
without catalyst. Determined from 1H-NMR of crude product. c Dwell time of 50 min. d Reaction of 0.4 M 
of starting material respective 0.2 M additive. 
 

4.4.2 Product Scope of the Reductive Dimerization inside the MFR 

A wide variety of differently substituted nitrosobenzenes was subjected to the reaction conditions, the re-

sults are shown in Table 14. The reductive dimerization of nitrosoarenes yielding azoxybenzenes could be 

applied to a wide scope of differently substituted nitrosobenzenes.  
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Table 14: Substrate scope of the reductive dimerization inside the MFR.a 

 

 

Entry Product 

Yield 

[%] 

Conversion 

[%] 

Dwell time 

[min] 

1 

 

98 99 50 

2 

 

93 98 50 

3 

 

86 98 50 

4 

 

82 99 50 

5 

 

66 98 50 

6 

 

67 98 50 
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7 

 

68 93 50 

8 

 

74 93 50 

9 

 

72 95 50 

10 

 

61 84 50 

11 

 

61 72 100 

12 

 

52 58 200 

13 

 

73 91 200 

14 

 

0 0 200 

a Determined by 1H-NMR of crude product. Using 0.05 M of nitrosoarene respective 0.025 M of cyclohex-

anone. 
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The reactions were studied with two equivalents of nitrosobenzene and one equivalent of cyclohexanone as 

additive. Regardless of the nature and position of the substituents at the ring, the conversions and yields 

being good to excellent, ranging from 58 % to 99 % and 52 % to 99 %, respectively. It was observed that, 

in cases of electron-donating substituents such as alkyl groups, the reaction times to reach high conversions 

were longer compared to electron withdrawing ones such as halides, esters and cyanides. Nitrosobenzenes 

with electron-withdrawing groups such as cyano (entries 1 and 9), nitro (entry 2), and ester (entries 3 and 7) 

at different positions were converted to the corresponding products in 93 - 99 %, respective 68 - 98 % 

isolated yields. Reactions of halogene-substituted nitrosobenzenes (entries 5, 6, 8 and 10) led to conversions 

of 84 - 98 % and isolated yields of 66 - 74 %. Furthermore, reactions of unsubstituted nitrosobenzene (entry 

11) and reactions with electron-donating groups of alkyls at different positions (entries 12 and 13) were 

found to give lower conversions and required a longer reaction time with conversions from 58 % to 91 % 

and isolated yields ranging from 52 % to 73 %. A possible origin of the observed differences between 

conversion and yield could be enrichment processes of different degrees, in particular of the dipolar product 

molecules into the gel matrix. In case of the p-dimethylamino group (entry 14), only starting material was 

recovered. This is attributable to the electron abundance of the benzene moiety due to the particularly 

pronounced plus-I effect of the p-dimethylamino substituent and the resulting low formation of the dimer 

structure.[179,180] An evaluation of the reactions mentioned above indicates that both substituents in ortho 

position and electron-donating substituents inhibit the conversion of the nitroso compounds into the cor-

responding azoxy compounds which is in agreement with results reported in literature.[121] 

4.4.3 Crystal Structures 

The purity of the products obtained in chapter 4.4.2 allows the growth of suitable single crystals for X-ray 

diffraction spectroscopy by solvent evaporation or gas phase diffusion of isopropanol into a solution of the 

respective compound in chloroform. Suitable crystals could be obtained repeatedly within a few days. At 

the macroscopic level, the shape and color of the resulting crystals varied as shown in Figure 44. 

   

Figure 44: Crystal pictures of 1,2-Bis(4-chlorophenyl)diazene oxide (left), 1,2-Bis(4-bromophenyl)diazene oxide (middle), Dimethyl 3,3´-Diazene Ox-

ide 1,2-Diyldibenzoate (right). 

Dimethyl 3,3´-diazene oxide 1,2-diyldibenzoate (right) and 1,2-bis(4-bromophenyl)diazene oxide (middle) 

both tend to form plate shaped crystals. In contradistinction to 1,2-bis(4-bromophenyl)diazene oxide, 1,2-

bis(4-chlorophenyl)diazene oxide (left) builds up rectangular shaped plates. Corresponding single crystals 

could be obtained for the products 1,2-bis(4-chlorophenyl)diazene oxide, 1,2-bis(4-bromophenyl)diazene 
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oxide and 3,3´-diazene oxide 1,2-diyldibenzoate. While the bromo derivative crystalized monoclinic in the 

P21/c space group, the 1,2-bis(4-chlorophenyl)diazene oxide crystalized triclinic in the P-1 space group. In 

the examples examined, all molecules show the characteristic planar C2N2O core. In Table 15 and Table 16, 

the bond lengths together with a selection of the respective binding angles of the analyzed crystal structures 

are summarized. 

Table 15: Bond lengths and angles of 1,2-bis(4-chlorophenyl)diazene oxide. 

Bond lengths 

Bond 
Length 

[Å] 

Average 

[Å] 
Bond 

Length 

[Å] 

Average 

[Å] 

Cl(11)-C(4) 

Cl(12)-C(4) 

1.7440(14) 

1.786(4) 
1.765(20) 

Cl(21)-C(10) 

Cl(22)-C(10) 

1.7382(17) 

1.785(5) 
1.761(85) 

N(1)-C(1) 1.4213(14) N(2)-C(7) 1.4521(14) 

O(12)-N(1) 1.433(4) O(11)-N(2) 1.2980(14) 

N(1)-N(2) 1.2749(14) 

Angle 

[°] 

N(2)-N(1)-C(1) 119.30(9) 

N(2)-N(1)-O(12) 128.3(2) 

C(1)-N(1)-O(12) 109.1(2) 

N(1)-N(2)-O(11) 127.62(10) 

N(1)-N(2)-C(7) 116.80(9) 

O(11)-N(2)-C(7) 115.33(10) 
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Figure 45: ORTEP diagram of 1,2-bis(4-chloroophenyl)diazene oxide. Representation as an ellipsoid with a 50 % probability of presence. 

Detailed analyses of the crystals showed comparable, albeit slightly different, bond lengths and angles. These 

differences result from the electronic influences of the substituents on the aromatic rings. While in the case 

of unsubstituted azoxybenzene the N-N and N-O bond lengths are almost identical at 1.23 Å, the picture 

is different for the chlorine and bromine derivatives.[181] For both derivatives, the N-O bond is significantly 

longer than the N-N bond. While there are basically cis and trans isomers of azoxybenzenes, from the bond 

angles obtained it becomes clear that the formation of the thermodynamically more stable trans isomer is 

preferred when using the MFR concept for the reductive dimerization of nitrosoarenes to form azoxyarenes.  

Table 16: Bond lengths and angles of 1,2-bis(4-bromophenyl)diazene oxide. 

Bond 
Length 

[Å] 

Br(1)-C(1) 1.894(3) 

O(1)-N(1) 
1.342(6) 

N(1)-C(4) 1.440(4) 

N(1)-N(1) 1.267(5) 
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Angle 

[°] 

N(1)-N(1)-C(4) 117.3(4) 

N(1)-N(1)-O(1) 129.6(4) 

O(1)-N(1)-C(4) 112.9(3) 

 

Figure 46: ORTEP diagram of 1,2-bis(4-bromophenyl)diazene oxide. Representation as an ellipsoid with a 50 % probability of presence. 

In Figure 45 to Figure 47 the ORTEP diagrams of 1,2-Bis(4-chloroophenyl)diazene oxide and 1,2-Bis(4-

bromophenyl)diazene oxide as well as 3,3´-diazene oxide 1,2-diyldibenzoate are shown as examples for the 

obtained crystal structures. In all cases, the compounds obtained are characterized by an inversion center in 

the middle of the N-N double bond. Furthermore, the positions of the oxygen atoms are half occupied due 

to the statistical distribution of the oxygen atoms bound to the nitrogen atoms. The oscillations of the 

substituents on the benzene rings, which also occur within the crystal lattice, lead to a blurring and less 

precise resolution of the position of the substituents within the ORTEP diagram. In extreme cases such as 

the chlorine derivative, this leads to allegedly four instead of two chlorine substituents being dissolved. In 

less pronounced examples, such as the bromine derivative, only pronounced blurring results in the distribu-

tion of the electron density (cf. Figure 46). As stated above, the high oscillation of the bromine atoms is 

visible due to the distorted ellipsoid. In Figure 47 the high impact of oscillation is especially visible within 

the aromatic ring. 
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Figure 47: ORTEP diagram of 3,3´-diazene oxide 1,2-diyldibenzoate. Representation as an ellipsoid with a 50 % probability of presence. 

By refining the results accordingly, ORTEP diagrams are provided for the respective structures, as shown 

in Figure 48.  

 

Figure 48: ORTEP diagram of 1,2-bis(4-chloroophenyl)diazene oxide. Representation as an ellipsoid with a 50 % probability of presence. 
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4.4.4 Catalytic Long-Term Behavior of the MFR system  

To produce larger quantities of product, a gel-bound organocatalyst is required to have an outstanding 

stability and reusability.  

 

Figure 49: Example of the time depending NMR spectra for the reductive dimerization of 4-nitrosobenzonitrile to 1,2-bis(4-cyanophenyl)diazene oxide 

for the determination of the conversion via NMR. 

As shown in Figure 49 and Figure 50, the conversion of 4-nitrosobenzonitrile only slightly decreases with 

longer reaction time. Specifically, after almost 24 h of reaction time, 91 (± 11) % conversion can be retained 

when the flow rate is kept at 1.0 
µl

min
.  

 

Figure 50: Long-term conversion behavior of the MFR measured by NMR when 4-nitrosobenzonitrile is injected at 1.0 
µ𝑙

𝑚𝑖𝑛
 the reaction time is 

100 min. 

The running time was further extended to five days, applying a flow rate of 2.0 
µl

min
 (cf. Figure 51). Even 

after five days a conversion of still 67 (± 9) % was observed.  
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Figure 51: Long-term conversion of the reductive dimerization of 4-nitrosobenzonitrile at dwell times of 100 min in DMSO.  

The decrease in conversion of 4-nitrosobenzonitrile can be explained by two different factors. The first 

factor is the inactivation of the catalyst due to repeated uses over time. The second factor is a possible 

enrichment of reactant as well as of azoxybenzene-molecules inside the gel dots due to undesired non-

covalent interactions. This hypothesis would correspond to the observable color change of the gel dots 

shown in Figure 52 as an example which was also observed in previous works.[22,23] Figure 52 shows the 

gradual color change of the gel dots from the reactor inlet to the reactor outlet. The intensity of the coloring 

of the polymer dots decreased along the direction of flow of the reactant solution within the MFR. This 

could indicate a progressive accumulation of product within the gel dots. For the synthesis of 1,2-bis(4-

cyanophenyl)diazene oxide from 4-nitrosobenzonitrile with cyclohexanone as an additive, the educt solution 

has a light green color, whereas a sample of the product solution collected over 24 h has an intense yellowish 

color (Figure 52).  

   

 

 

  

 

   

Figure 52: Color change of the MFR from light yellow after 1 h on the left to intense yellow after 24 h on the right, when 4-nitrosobenzonitrile is injected 

at 1.0 
µ𝑙

𝑚𝑖𝑛
. Educt solution on the left, typical product solution on the right. 

direction of flow 
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4.4.5 Attempt to Synthesize Asymmetric Azoxy Aromatics within the MFR 

In addition to the production of “symmetrical” azoxycompounds, the examination of the MFR-concept for 

the synthesis of “asymmetric” adducts was also of interest (Figure 53). In principle, the mixing of two dif-

ferently substituted nitrosobenzenes should result in four different azoxy compounds after the reaction. 

After a reaction of methyl 3-nitrosobenzoate with 1-bromo-4-nitrosobenzene and 1-nitro-3-nitrosobenzene 

with methyl 4-nitrosobenzoate, almost exclusively symmetrical adducts of both nitroso compounds were 

detected in the reaction mixture. Compounds 1 and 2 (Figure 53) were detected in traces in the reaction 

mixture only. This is in line with the results of CHUANG[121], where symmetrical azoxybenzenes were also 

obtained as the dominant product species. In the case of the MFR concept, this tendency seems to be 

reinforced, possibly by the different concentration of reactants and the low reaction temperature which does 

not lead to the formation of mixed dimers. 

 

Figure 53: Overview reaction for the synthesis of asymmetric adducts. In both reactions, small amounts of starting materials were recovered. 

 

4.4.6 Mechanistic Studies of the Reductive Dimerization of Nitrosoarenes 

The improved reactivity of electron-poor nitroso compounds and the identification of hydroxycyclohexa-

none in the reaction solution indicate a possible reaction mechanism. As can be seen in Figure 55, the 

characteristic 1H-NMR-signals as described previously[182] as well as a detailed analysis of the coupling of 

the hydroxy group and the proton in alpha position to the carbonyl function in hydroxycyclohexanone via 

1D selective gradient COSY spectra are shown in Figure A1 to Figure A4. Nitrosobenzenes are well known 

to form dimers in a reversible equilibrium.[179] Nitrosobenzenes carrying electron-withdrawing substituents 

tend to favor the formation of dimers.[179] A key to a possible mechanism is the presence of the dimer 

structures as shown in Figure 54. In the MFR, a relatively high concentration of nitrosobenzenes were 

used[180,182,183] favoring dimer formation in conjunction with longer periods of rest in the syringe within the 

syringe pump. Further, no or only very little -aminoxylated cyclohexanone[183] and no formation of asym-

metric azoxybenzenes was detected.  
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Figure 54: Equilibrium between monomer and dimer structures of nitrosobenzenes. 

As shown in Figure 55, a possible mechanism for the formation of azoxybenzenes from nitrosobenzenes is 

proposed. The mechanism can be seen as a supplement to the work of BARBAS and colleagues who were 

able to produce α-hydroxy-ketones using L-proline, cyclic ketones and nitrosobenzene.[182] First, the sec-

ondary amine and the keto-species condense under formation of an iminium ion A. This is followed by a 

nucleophilic attack of the condensation product to the oxygen attached to a cationic nitrogen of the dimer 

B which forms intermediate C. Besides this, nucleophilic addition of the condensation product to excess 

nitrosobenzene may also take place, furnishing the α-aminoxy ketone.[182] Addition to excess nitrosoarene 

again leads to intermediate C.[118] However, as stated above, this seems not to be favorable. Tautomerization 

and hydrolysis of C leads to the formation of the trans-azoxyarene 1 and hydroxycyclohexanone D. Spec-

troscopic analyzes, which, however, also indicate that further reaction paths being taken, support the for-

mation of α-hydroxycyclohexanone. In this context in particular, the poorer results for acetone appear to 

be reasonable.[102] 

 

Figure 55: Proposed mechanism for the reductive dimerization of nitrosoarenes forming azoxyarenes using an immobilized proline catalyst. 
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4.4.7 Evaluation of the Turnover Frequency and Turnover Number  

The TOF and TON were calculated to enable a comparison of our synthetic approach with other systems. 

The results are summarized in Table 17. In case of the MFR approach, TON between 3.34 and 1.27 and 

TOF values ranging from 3.02 h-1 to 0.31 h-1 were obtained. In contrast to that, mainly metal-based catalysts 

were described for the synthesis of azoxyarenes under batch conditions with TON between 8 and 32 and 

TOF between 0.5 h-1 and 2 h-1.[184] Although a comparison of different TON and TOF is hardly possible 

due to the many influencing parameters, the results obtained for the MFR system are within the range of 

systems described in literature.[184] Nevertheless, higher TON and TOF values for the synthesis of azoxy-

arenes from different starting materials can be achieved using metal catalysts under batch conditions. [185] In 

spite of this, in comparison to the presented MFR approach, higher temperatures or significantly longer 

reaction times in combination with other harsh additives, such as H2O2 are required for the synthesis of 

azoxy compounds in all of the cases mentioned.  

Table 17: Calculated TON and TOF for different reactions. 2.41∙10-2 mmol of catalyst A (immobilized on surface).a  

a A 0.05 M reactant solution was used. The conversions and reaction running times were used for TON 

calculations, isolated yields and dwell times of the MFR were used for TOF calculations.  

Product 

[-] 

Reaction running 

time 

[h] 

TON 

[-] 

Dwell time 

[min] 

TOF 

[h-1] 

1 23 2.53 50 3.02 

2 18 1.97 50 2.25 

3 17.7 1.92 50 2.07 

4 21.5 2.22 50 2.21 

5 17 1.82 50 2.25 

6 24 2.02 50 2.52 

7 16 1.64 50 1.43 

8 22 2.23 50 2.10 

9 17 3.34 50 3.02 

10 22 2.02 50 0.91 

11 20 1.49 100 0.31 

12 21 1.27 200 0.33 

13 44 2.49 200 0.54 
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5 Conclusion 

The aim of the present work was to determine the potentials and possibilities, but also possible challenges, 

of using gels as carriers for organocatalysts in various reactions. Starting of the establishment of reliable and 

efficient synthesis routes for the desired organocatalyst structures which also run safely and selectively on 

the required scale. This could be achieved for both proline-based catalyst structures. The next task was to 

build up the appropriate methacrylate-based gels in a targeted manner and also to polymerize those with 

high spatial resolution. Furthermore, the reactor design had to be made more robust and the susceptibility 

to errors reduced in order to increase reproducibility at the same time. A further adaptation of the reactor 

design was made with a view to longer residence times and usage for more complex reactions. As a result 

of these modifications, it was possible to obtain a functional and efficient microfluidic reactor structure. 

Using confocal laser microscopy, it was possible to determine the heights and to confirm the high spatial 

resolution of the polymer structures obtained. Based on these results, the polymer composition and synthe-

sis were adapted to the reactor chamber in order to ensure the most efficient use of the MFR. Various 

parameters, such as irradiation time and crosslinker content, were varied and the influences examined in 

detail. As a result, the height of the network structures obtained could already be specifically adapted to the 

conditions and requirements within the MFR during the synthesis. The systems adjusted in this way were 

then built into the MFR and examined by performing various organocatalyzed reactions. 

On the one hand, a classic organocatalyzed reaction within the MFR was investigated with the asymmetric 

aldol reaction. For this purpose, a catalyst structure based on a proline-amide was established. The corre-

sponding in-depth analysis shows the general and extensive applicability of the MFR concept with immobi-

lized L-proline based organocatalyst for carrying out the asymmetric aldol reaction with various substrates. 

In addition to determining the optimal reaction conditions, in particular targeted temperature control and 

solvent composition, other influencing factors were varied and examined in detail. Particularly, a direct re-

lation between the height of the gel matrix and the conversion behavior of the MFR could be verified. 

Furthermore, with cyclohexanone and cyclopentanone as well as acetone, various ketones could be success-

fully converted as donors in the aldol reaction with different substituted aldehydes in relatively short reaction 

times. The yields and selectivities obtained are satisfactory to good. Based on this, the reusability of the 

reactor over several cycles with different ketones could also be demonstrated. Thus, investigations over 144 

hours were carried out which showed the good long-term stability using the model substrates cyclohexanone 

and 4-nitrobenzaldehyde. Due to the longer operating times, the MFR is more efficient than comparable 

batch systems. This consideration was examined in the following based on a comparison of the MFR con-

cept with a corresponding batch reaction. The analysis of the comparator system and the MFR revealed that 

the conversion achieved by both approaches differs dramatically. This advantage of the MFR concept could 

be due to the significantly higher local catalyst concentration within the reactor chamber of the MFR. In the 

case of the MFR, this is around 15 times higher than in a comparable batch system. A further comparison 

with catalyst systems for the asymmetric aldol reaction known from literature was carried out by comparing 
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TON and TOF. Here, too, it was shown that the MFR concept is inferior when compared to free catalysts 

in classic batch reactions but equivalent or even superior compared to other approaches to immobilize 

proline-based catalysts.  

On the other hand, the application of the MFR concept for the synthesis of rather unusual organic com-

pounds, the azoxy aromatic compounds, was applied and analyzed. In this case, too, a proline-based catalyst 

formed the foundation of the gel. And also in this study, the properties of a proline carrying polymer net-

work were successfully adjusted in order to develop a versatile synthesis approach for the production of 

azoxybenzenes from nitrosobenzenes. Gel-bound proline served as a catalyst and cyclohexanone as an ad-

ditive for this reductive dimerization. The properties of the methacrylate-based gel were adjusted in such a 

way that they enabled sufficient swelling but at the same time could withstand the mechanical stresses of 

continuous operation. With the optimized parameters in hand, the MFR was successfully used for the syn-

thesis of a wide range of differently substituted azoxybenzenes. The different tendencies of nitroso com-

pounds to form dimer structures and their influence on reaction time, conversion and yield agreed with 

previous findings. Apart from that, the established MFR also presents a good long-term activity for the 

continuous production of azoxybenzenes over 24 hours and 120 hours, respectively. Furthermore, it could 

also be shown in this reaction that the performance of the catalyst system, determined by TON and TOF, 

especially in view of the short reaction times and the mild conditions, can compete with established systems. 

In the case of reductive dimerization, an ongoing reaction with associated more diverse processes and a 

possible enrichment of educts and products within the gel dots could already be visually followed on the 

intensive color gradient during the reaction.  

Some of the products obtained could also be analyzed in more detail based on corresponding single crystals. 

These investigations using single crystal X-ray diffractometry enabled further insights into the trans-selectiv-

ity of the reductive dimerization within the MFR. 

A high long-term activity of the catalyst system could be determined for both of the observed reactions 

which, after an initial decline in conversion, changes into an increasingly constant conversion behavior. As 

a result, a high long-term activity could be determined based on the data obtained. 
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6 Outlook 

Based on previous work, the focus of the present work was on expanding the application possibilities of the 

MFR concept to other, occasionally more sophisticated reactions. This was successfully demonstrated by 

means of two different reactions. Nevertheless, there is also great potential for future work. For example, 

the selectivity of the asymmetric aldol reaction could be increased by using other catalysts. With (S)-N-((1S, 

2S)-2-hydroxy-1,2-diphenylethyl)pyrrolidine-2-carboxamide (Figure 56), a proline-based catalyst could also 

be immobilized via the primary alcohol function which might deliver higher selectivities and yields due to 

the higher steric demand of the phenyl substituents.[175] The analysis of whether the good yields and selec-

tivities from batch operation can also be transferred to continuous operation of an MFR would be particu-

larly interesting. 

 

Figure 56: (S) -N - ((1S, 2S) -2-hydroxy-1,2-diphenylethyl) pyrrolidine-2-carboxamide. 

Furthermore, by immobilizing other catalysts such as various diaryl-proline-ethers, other more complex 

reactions, including domino reactions, could be made accessible. A domino Michael aldol reaction of 1,2-

diketones with various aldehydes offers enantioselective access to chiral cycloheptanones, tetrahydro-

chromenones and polyfunctionalized bicyclo [3.2.1] octanes. As shown in Figure 57, using cinnamaldehyde, 

dicyclo [3.2.1] octane-6-carbaldehyde was obtained in batch operation as a single diasteromer with the cre-

ation of four sterogenic centers.[186] 

 

Figure 57: Example for the domino Michael aldol reaction of 1,2-cyclohexanedione with cinnamaldehyde. 

Additionally, a further adaptation of the reactor design appears to be useful, especially for domino reactions. 

Multi-chamber systems could be used and established in order to catalyze the various stages of such a reac-

tion selectively in individual reactor chambers.[74] 

Moreover, on the basis of previous work, the Knoevenagel reaction could be investigated using more active, 

possibly secondary amines.[22] 

Another aspect of particular interest would be an in-depth analysis of the various processes that take place 

within the polymer gels. So far, changes in the color of the gels over the operating time have only been 

determined on a purely visual basis and it is assumed that these may result from undesired enrichment 
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processes of the educts and products inside the gels. This could be analyzed more precisely by varying the 

crosslinker content and the size of the crosslinker used. So far, only low-molecular crosslinkers have been 

used to build up the gels, but the immobilization of macromolecular crosslinkers would also be of interest 

with regard to mesh size and enrichment processes. Specifically, poly(ethylene glycol)dimethacrylate (Figure 

58) of varying molecular weights could be used. 

 

Figure 58: Structure of poly(ethylene glycol)dimethacrylate. 

On the basis of this, the diffusion of various analytes into the gel structure could be followed through more 

in-depth analyzes such as Coherent Antistokes Raman Scattering (CARS). 
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7 List of Abbreviations 

abs. absolute 

ATRP Atom Transfer Radical Polymerization  

aq aqueous solution 

BA benzaldehyde 

BOC di-tert-butyl dicarbonate 

br. broad 

BR batch reactors 

c substance concentration 

CARS Coherent Antistokes Raman Scattering 

CDCl3 

cf. 

deuterated chloroform 

confer 

CH cyclohexanone 

CSTR Continuous Stirred Tank Reactor 

D dispersion coefficient 

Đ dispersity 

d distance to light source 

d (in context of NMR) doublet 

DCC Dicyclohexylcarbodiimide 

DCM methylene chloride 

DIPEA 

DHAP 

N,N-Diisopropylethylamine 

dihydroxyacetone phosphate 

D2O deuterated water 

DMAP 

DMF 

4-(Dimethylamino)pyridine 

N,N-Dimethylformamide 
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DMSO dimethylsulfoxide 

DMSO-d6 deuterated DMSO 

EDC-HCl N-(3-Dimethylaminopropyl)-N‘-ethylcar-

bodiimidehydrochloride  

ee enantiomeric excess 

EGDMA ethylene glycol dimethacrylate 

EI-MS Electron Impact Ionization Mass Spectrometry 

ESI-MS Electrospray Ionization Mass Spectrometry 

EWG electron withdrawing group 

eq equivalents 

FR 

GAP 

flow reactors 

glyceraldehyde-3-phosphate 

h hour 

H height 

High Performance Liquid Chromatography HPLC 

HOBt 1-hydroxybenzotriazole hydrate 

I intensity 

iD inside diameter 

iProp iso-propanol 

IPF Leibniz Institute for Polymer Research Dresden 

LAP lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

LCST lower critical solution temperature 

Lit. literature 

m (in context of NMR) multiplet 

MP melting point 

MFR microfluidic reactor 
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MAOESLP O-(2-methacryloyloxyethylsuccinoyl)-trans-4-hy-

droxy-L-prolin 

MMA methyl methacrylate 

m/z mass-charge-ratio 
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12 Formula Directory 

𝑑 =  
𝑉𝑠𝑤𝑜𝑙𝑙𝑒𝑛

𝑉𝑑𝑟𝑦
 (1) 

d  =   Degree of volume swelling [-] 

Vswollen  =   Volume of swollen gel [mm3] 

Vdry  =   Volume of dry gel [mm3] 

 

𝑑𝑤  =  
𝑚𝑠𝑤𝑜𝑙𝑙𝑒𝑛

𝑚𝑑𝑟𝑦
 (2) 

dw  =   Degree of weight swelling [-] 

mswollen =   Mass of swollen gel [g] 

mdry  =   Mass of dry gel [g] 

 

𝑇𝑂𝑁 =  
𝑛𝑃𝑟𝑜𝑑𝑢𝑐𝑡

𝑛𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡
 (3) 

TON  =   Turnover Number [-] 

nProduct  =   Amount of product [
𝑚𝑜𝑙

𝑙
] 

nCatalyst  =   Amount of catalyst [
𝑚𝑜𝑙

𝑙
] 

 

𝑇𝑂𝐹 =  
𝑛𝑃𝑟𝑜𝑑𝑢𝑐𝑡

𝑛𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 ∙ 𝑡
 (4) 

TOF  =   Turnover Frequency [
1

ℎ
] 

t  =   Time [ℎ] 
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𝑎 =  
𝑈

𝑚
 (5) 

a =   Enzyme activity [
µ𝑚𝑜𝑙

𝑠∙𝑚𝑔
] 

U  =   Conversion rate of the enzyme for a substrate[
µ𝑚𝑜𝑙

𝑠
] 

m  =   Amount of enzyme [𝑚𝑔] 

 

𝑣 =  𝑘 ∙ [𝐴]𝑛 ∙ [𝐵]𝑚 (6) 

v  =   Reaction rate [
𝑚𝑜𝑙

𝑙∙𝑠
] 

k  =   reaction rate constant [(
1

𝑚𝑜𝑙
)

𝑛+𝑚−1
∙

1

𝑠
] 

[A]  =   Concentration reactant A [
𝑚𝑜𝑙

𝑙
] 

[B]  =   Concentration reactant B [
𝑚𝑜𝑙

𝑙
] 

n, m  =   stoichiometric factors 

 

𝑣 =  − 
𝑑[𝐴]

𝑑𝑡
= 𝑘 ∙ [𝐴]𝑛 ∙ [𝐵]𝑚  (7) 

t  =   Time [𝑠] 

 

 − 
𝑑[𝐴]

𝑑𝑡
= 𝑘 ∙ [𝐴]2 (8) 

 

[𝐴]𝑡 =  
[𝐴]0

1 + 𝑘 ∙ 𝑡 ∙ [𝐴]0
 (9) 

[A]0  =   Concentration reactant A at time t = 0 [
𝑚𝑜𝑙

𝑙
] 
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[A]t  =   Concentration reactant A at time t [
𝑚𝑜𝑙

𝑙
] 

𝑞𝑎𝑐  =  𝑞𝑟 + 𝑞𝑒𝑥 + 𝑞𝑓𝑑 + 𝑞𝑠 + 𝑞𝑙𝑜𝑠𝑠 (10) 

𝑞𝑎𝑐   =   Total thermal energy [𝐽] 

𝑞𝑟   =   Thermal energy of the reaction [𝐽] 

𝑞𝑒𝑥  =   Thermal energy through exchange with heating or cooling element [𝐽] 

𝑞𝑓𝑑  =   Thermal energy of reactant solution [𝐽] 

𝑞𝑠  =   Thermal energy generated by stirring [𝐽] 

𝑞𝑙𝑜𝑠𝑠  =   Thermal energy loss through exchange with environment [𝐽] 

 

− 
𝑑[𝐴]𝑡

𝑑𝑡
=

𝑉̇[𝐴]𝑡

𝑉0 + 𝑉̇ 𝑡
+ 𝑘 [𝐴]𝑡

2 + 𝑘[𝐴]𝑡 (
𝑉̇[𝐵]𝐹 𝑡 − [𝐴]0 𝑉0 

𝑉0 + 𝑉̇ 𝑡
) (11) 

𝑑[𝐵]𝑡

𝑑𝑡
=

𝑉̇([𝐵]𝐹 − [𝐵]𝑡)

𝑉0 + 𝑉̇ 𝑡
− 𝑘[𝐴]𝑡

2 + 𝑘[𝐵]𝑡 (
𝑉̇[𝐵]𝐹  𝑡 −  [𝐴]0 𝑉0 

𝑉0 + 𝑉̇ 𝑡
) (12) 

𝑉̇  =   Speed of influx [
𝑚

𝑠
] 

[𝐵]𝐹  =   Concentration of reactant B in volume flow[
𝑚𝑜𝑙

𝑙
] 

𝑉0  =   Volume of the submitted reactant solution A [𝑙] 

 

 𝜏 =  
𝑉𝑅𝑒𝑎𝑐𝑡𝑜𝑟

𝑉̇
 (13) 

𝑉̇  =   Volume influx [
𝑙

𝑠
] 

𝑉𝑅𝑒𝑎𝑐𝑡𝑜𝑟=   Reactor volume [𝑙] 

𝜏  =  Residence time [𝑠] 
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𝑉̇ =  
𝑉

𝑡
 (14) 

𝑉  =   Volume conveyed [𝑙] 

 

𝑅𝐷 =  
𝐷

𝐹 ∙ 𝐿
 (15) 

𝑅𝐷  =   Reaction dispersion number [/] 

D  =   Dispersion coefficient [
1

𝑠
] 

𝐹  =  Flow rate [
𝑚

𝑠
] 

𝐿  =   Length of the reactor [𝑚] 

 

𝐹 =  
𝑉̇

𝐴
 (16) 

𝐴  =   Cross sectional area [𝑚2] 

 

𝑅𝑒 =  
𝜌 ∙ 𝐹 ∙ 𝑑

𝜂
 (17) 

Re  =   Reynolds number [/] 

𝜌  =   Density of solvent [
𝑘𝑔

𝑙
] 

𝜂  =   Viscosity [
𝑘𝑔

𝑚 ∙ 𝑠
] 

d  =   Reactor diameter [𝑚] 

 

(
𝐻2

𝐻1
)

𝑆𝐴

=  √𝑄𝐼𝑠𝑜.
3  (18) 

QIso.  =   Degree of swelling of isotropically swollen gels [/] 
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H1  =   Height in the dried state [𝑐𝑚] 

H2  =  Height in the swollen state [𝑐𝑚] 

𝑄𝑆𝐴 =  𝑄𝐼𝑠𝑜.

5
9  (19) 

QSA  =   Degree of swelling of surface attached gels [/] 

𝑚 =  𝑁 ∙ 𝜌 ∙ 𝑉 =  𝑁 ∙ 𝜌 ∙ 𝜋 ∙ 𝑟2 ∙ 𝐻 (20) 

m  =   Mass [𝑚𝑔] 

𝑁  =   Number of gel dots [/] 

𝐻  =  Height [𝑐𝑚] 

r  =   Radius [𝑐𝑚] 

𝑛 = 𝑁 ∙ 𝑐 ∙ 𝑉 = 𝑁 ∙ 𝑐 ∙ 𝜋 ∙ 𝑟2 ∙ 𝐻 (21) 

n =   Amount of substance [𝑚𝑚𝑜𝑙] 

𝑐 =   substance concentration [
𝑚𝑚𝑜𝑙

𝑚𝑙
] 
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14 Appendix 

Crystal data of the single crystals obtained 

Crystal data of 1,2-Bis(4-chlorophenyl)diazene oxide 

 

Identification code  cs_0112n_0m_a_pl 

Empirical formula  C12 H8 Cl2 N2 O 

Formula weight  267.10 

Temperature  120(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 7.221(2) Å = 99.413(12)°. 

 b = 7.244(2) Å = 97.835(15)°. 

 c = 12.011(3) Å  = 110.843(12)°. 

Volume 566.2(3) Å3 

Z 2 

Density (calculated) 1.567 Mg/m3 

Absorption coefficient 0.555 mm-1 

F(000) 272 

Crystal size 0.26 x 0.10 x 0.08 mm3 

Theta range for data collection 3.088 to 33.265°. 

Index ranges -11<=h<=11, -11<=k<=11, -18<=l<=18 

Reflections collected 89991 

Independent reflections 4323 [R(int) = 0.0509] 

Completeness to theta = 25.242° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 



Appendix 

 

- 134 - 
 

Data / restraints / parameters 4323 / 2 / 184 

Goodness-of-fit on F2 1.084 

Final R indices [I>2sigma(I)] R1 = 0.0399, wR2 = 0.1040 

R indices (all data) R1 = 0.0503, wR2 = 0.1164 

Extinction coefficient n/a 

Largest diff. peak and hole 0.644 and -0.449 e.Å-3 
 

Crystal data of 1,2-Bis(4-bromoophenyl)diazene oxide 

 

Identification code  CS_0103n_0m_a 

Empirical formula  C12 H8 Br2 N2 O 

Formula weight  356.02 

Temperature  124(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 3.9033(3) Å = 90°. 

 b = 5.9819(4) Å = 90.288(2)°. 

 c = 25.0625(18) Å  = 90°. 

Volume 585.18(7) Å3 

Z 2 

Density (calculated) 2.021 Mg/m3 

Absorption coefficient 6.909 mm-1 

F(000) 344 

Crystal size 0.280 x 0.040 x 0.040 mm3 

Theta range for data collection 3.251 to 32.047°. 

Index ranges -5<=h<=5, -8<=k<=8, -37<=l<=37 

Reflections collected 20792 
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Independent reflections 2033 [R(int) = 0.0359] 

Completeness to theta = 25.242° 99.6 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2033 / 0 / 82 

Goodness-of-fit on F2 1.126 

Final R indices [I>2sigma(I)] R1 = 0.0553, wR2 = 0.1005 

R indices (all data) R1 = 0.0625, wR2 = 0.1040 

Extinction coefficient n/a 

Largest diff. peak and hole 1.644 and -2.290 e.Å-3 
 

Mechanistic Studies of the Reductive Dimerization of Nitrosoarenes 

 

 

Figure A1: Crude 1H-NMR of reaction mixture of 0.05 M nitrosobenzene (1 eq) and cyclohexanone (0.5 eq), respectively. 
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Figure A2: Crude 1H-NMR of reaction mixture of 0.05 M nitrosobenzene (1 eq) and cyclohexanone (0.5 eq), respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3: 1D selective gradient COSY of the same sample. (freq.: 4.058 ppm). 
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Figure A4: 1D selective gradient COSY of the same sample. (freq.: 4.939 ppm). 


