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Zhang, C., Song, Z., Jin, C., Nijhuis, J., Zhou, T., Noël, T., Gröger H., Sundmacher, 
K., van Hest, J., Hessel, V. (2020). Chemical Engineering Journal, 385, 123399.  
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1. Process intensification and compartmental integration with 

smart factories from nano- to industrial scales 

1.1 Nature’s Factory – Assembly Lines in the Cell 

In traditional multistep synthesis, ‘stop-and-go’ strategies are normally conducted; 

for each individual transformation separate reaction and purification steps are 

required [1, 2]. In order to make this process more efficient chemists can find much 

inspiration in how nature functions, where biochemical assembly lines, such as 

metabolic pathways and signaling pathways, allow multistep processes to take place 

in one medium and in a continuous fashion. Most biochemical cascades are series of 

events, in which one event triggers the next, in a linear fashion. One example is the 

tissue factor pathway in the coagulation cascade of secondary hemostasis [3]. 

Another example is the sonic hedgehog signaling pathway which is one of the key 

regulators of embryonic development [4]. The concepts behind these cascade 

processes can be translated to the organic chemistry lab. Inspired by the way nature 

uses preakuammicine as common intermediate  for the preparation of a range of 

alkaloids, MacMillan and coworkers performed a number of natural product 

syntheses employing organocascade reactions on a well-designed functional 

tetracycle intermediate [5]. However, this approach has still remained more of an 

exception than a rule in multistep synthesis. 

1.2 Lab-viewed factory 

To translate a bio-inspired cascade approach to a generally applicable method in 

process technology, different steps have to be made, in a multidisciplinary fashion. 

The aim is not only to mimic nature’s catalytic cascade processing capability [6], but 

also to prevent intermediate work-up steps and to achieve a continuous production 

process. This latter element has become an increasingly important area of  



Functional Factories in a Continuous Process 
 

 

3 
 

investigation and development within the fine chemicals synthesis community over 

the past decade as the field - which is characterized by a strong “horizontal” 

hierarchy of chemical multistep synthesis - is driven by issues of cost, greenness and 

sustainability. Yet, when it comes to chemical multistep synthesis, the modern flow 

technology is still characterized by the “horizontal” hierarchy of the conventional 

chemical process technology, which it actually aims to overcome. 

An important step forward in this direction was made by Jensen et al. who reported 

a bench-scale, end-to-end, continuous pharmaceutical plant to produce aliskiren 

hemifumarate. The described process (in Figure 1) started from a chemical 

intermediate and performed the integrated synthesis, purification and tablet 

formation in a compact, reconfigurable way [7]. It means that not only chemical 

transformations and separations, but also crystallizations, drying, and formulation 

were all integrated in one single, fully automated continuous process. The total yield 

in the pilot plant, including two synthetic steps, was 20 g/h to 100 g/h and led to the 

production of 112 mg aliskiren/tablet. In one of the processing steps a two-phase 

stream had to be separated in an organic and aqueous phase, which was conveniently 

executed using a membrane-based separator, which is a well-established operating 

unit in microfluidic flow applications. The continuous process reduced the reaction 

time to 2-3 h, compared to 72 h in a batch reactor. Overall, while the residence time 

of the batch process amounted to 300 h with 21 unit operations, the flow processing 

was simplified to only 13 units and a residence time of in total 48 h. This continuous 

compact, reconfigurable manufacturing platform produced sufficient quantities of 

pills per day to supply doses of top-listed drugs with U.S. Pharmacopeia standards. 

Realization and demonstration of good manufacturing practices and ultimately FDA 

approval will be critical to future applications of this technology, including scale-up 

production units for hospitals and pharmaceutical companies. 
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Figure 1. Reconfigurable system for continuous production process of active pharmaceutical 

ingredients [7]. 

1.3 Scale-up industrial factory 

Flow-enabled process integration has also been proposed as a compact counterpart 

to industry’s large Chemparks [8]. By focusing on a high level of integration and 

energy-efficiency, BASF has established and developed a large-scale chemical plant 

in China on the basis of flow engineering. Following the plant expansion in Figure 

2, not only the yield of ethylene in the existing steam cracker increased from 600,000 

tons/year to 740,000 tons/year, but also nine new essential chemical intermediates 

and product formulations were achieved, with potential in a wide range of 

applications [9]. Also the pharmaceutical industry has shown interest in flow  
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processes, with the purpose to shorten time- and cost consuming manufacturing of 

drugs. For example, ten experts of the Graz-based K1 competence center “Research 

Center Pharmaceutical Engineering” (RCPE) won a multi-year R&D contract from 

the packaging division of Bosch GmbH. The objective of the collaboration was to 

develop non-interrupted and high quality production processes [10]. 

 

Figure 2. Extension of value chains in BASF-YPC refinery expansion [9]. 

With regard to continuous multistep flow processing, a number of methods such as 

membrane separation and solid-supported catalyst immobilization are well 

established and have also been extensively reviewed [11]. 

This chapter describes a new synthetic technological factory that will allow to 

transfer the discontinuous “vertical hierarchy” of chemical multistep synthesis and 

intermittent purification processes, including the accompanying complex machinery, 

into a self-organising “horizontal hierarchy” of a compartmentalized flow reactor 

system - a biomimetic, preferably automated, flow cascade machinery with just one 

reactor passage. A major aspect to succeed in this transition involves the selection 
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and use of one or several functional solvents to form switchable solvent systems that 

can form miscible and immiscible phases on demand and that can be employed for 

product separation and purification, the recovery and reuse of substrates [12]. Three 

types of functional solvents (ionic liquids (ILs), supercritical fluids (SCFs), fluorous 

solvents (FSs)) and two catalyst compartmentalization strategies (polymersome-

based nanoreactors, Pickering emulsions) are the main targets in this academic and 

industrial research for applied bio- and chemocatalysis, where they act as a media 

for mass-transport, reactant, catalyst and product separation. In this chapter, these 

three aspects of the ONE FLOW concept will be discussed in more detail. 

2. Application of functional solvents in batch and microflow 

processes for organic synthesis 

2.1 Switchable solvent system as integrated reactor and separator 

Our usage of solvents has to some extent been changed with the development of 

chemistry. Traditionally, solvents have been mainly employed as inert reaction media 

in chemical processes. Furthermore, it is standard knowledge that the judicious 

choice of solvents can significantly affect the efficiency of reactions and work-up 

steps after reactions [13-16]. 

However, solvents can play a more active role in chemical processes. Neumann et al. 

found that FSs could be used in a biphasic catalytic process for effective alcohol and 

alkenol oxidation, and alkene epoxidation, including efficient work-up [17]. The 

catalyst (RFN+)12[WZnM2(H2O)2(ZnW9O34)2] is soluble in perfluorohydrocarbons 

but insoluble in some conventional solvents such as ethyl acetate and toluene at room 

temperature. Therefore, two different reaction protocols were established for the 

fluorous biphasic catalysis: with or without a fluorous solvent, as shown in Figure 3 

(A: with perfluorodecalin and B: with ethyl acetate). When heating up to reaction 

temperature (80oC), a biphasic system was formed to make homogeneous catalysis 

javascript:popupOBO('CHEBI:46787','B919088K','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=46787')
javascript:popupOBO('GO:0005173','B919088K')
javascript:popupOBO('CHEBI:46787','B919088K','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=46787')
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possible; after cooling down to room temperature, either a L-L-L (liquid-liquid-

liquid equilibrium, with fluorous solvent) or a L-L-S triphasic system (liquid-liquid-

solid equilibrium, with regular organic solvent) was formed; reactant, catalyst and 

product were retained in separate phases. The fluorous phase (Figure 3A) was reused 

as catalytic medium and no loss of reactivity was noted. Similar reactivity was 

obtained with organic solvent (Figure 3B) as the functional solvent, but catalyst was 

precipitated and filtration was needed to reuse. In addition, the organic product phase 

showed no measurable presence of the catalyst for both of cases. 

 

Figure 3. Reaction schemes for oxidation with aqueous hydrogen peroxide catalyzed by 

(RFN+)12[WZnM2(H2O)2(ZnW9O34)2] [17]. 

To conclude from the above batch study, functional solvents can be used in 

combination with external conditions, such as temperature, to enhance reaction and 

recycle efficiency. Excellent mixing and pressure/temperature control are ideally 

suited for performing extremely fast and exothermic reactions. To scale up these 

types of reactions, the associated benefits of microreactors and continuous flow 

systems have been well recognized as a green and suitable process for industrial 

application. This was illustrated by a water-mediated approach based on “step-by-

step rapid mixing and heating” in a microfluidic system, such as for the Sonogashira 

C-C coupling [18, 19]. 

Ikushima et al. further improved on this methodology, as depicted in Figure 4, with 
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only high-pressure and high-temperature water (HPHT-H2O) as solvent medium, 

reaching subcritical water conditions. Shown in the schematic images, substrates 

collided and mixed rapidly with an aqueous solution around 25 Mpa and at 250 ℃. 

Firstly, the microfluidic alignment in the water flow was controlled which led to 

efficient mixing (in Figure 4A); then the reaction mixture was heated rapidly and the 

high-speed flow of HPHT-H2O was forced into the microflow reactor (Figure 4B). 

In the presence of PdCl2 catalyst in pure water, pure product was obtained in yield 

of 96% in 4s. The corresponding batch system only yielded 34 % product in 120s 

under the same conditions. Extremely high turnover frequencies were observed 

4.3×106 h−1 for the Sonogashira coupling reaction. Moreover, after reaction, the 

desired products remained and formed an independent phase from the aqueous 

solution and the catalyst was deposited as Pd. In addition, no extra organic solvents 

and catalyst ligands were used. Therefore, this rapid mixing and heating in a 

microfluidic system is an essential factor to complete the reaction quickly with high 

selectivity and yield [20]. 

 

Figure 4. Schematic illustration of a reaction under the conditions of step-by-step rapid 

mixing and heating in HPHT water [20]. 

Except using only subcritical water into the microflow process, the combination of 

functional solvents to form multiple phasic system for integration of reaction and 

separation in a flow reactor was also investigated. The absence of a gas–liquid phase 

http://onlinelibrary.wiley.com/doi/10.1002/ange.200700611/full#fig1
http://onlinelibrary.wiley.com/doi/10.1002/ange.200700611/full#fig1
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boundary and the ability of supercritical carbon dioxide (scCO2) to support high 

concentrations of dissolved gases combined with facile product and catalyst 

separation makes scCO2 a competitive alternative to organic solvents. ScCO2 as 

transport medium for continuous-flow applications is particularly attractive to 

establish supported-phase catalysis, combining the respective advantages of liquid 

and solid phase covalent immobilization [21-24]. Poliakoff et al. showed how this 

technique was effectively applied in the hydroformylation reaction using a rhodium–

diphosphine catalyst. In this case, scCO2 acted as the product separator from the 

catalyst and other substrates [21]. Instead of employing an organic phase, Cole-

Hamilton et al. further described this continuous flow homogeneous catalysis for 

hydroformylation using an IL/scCO2 continuous-flow system; the collected product 

only contained <1 ppm rhodium. The IL-supported catalyst layer was reused up to 4 

times [16]. Except the use of scCO2 as the mobile phase in combination with ILs, the 

supported-IL as the matrix for compartmentalizing the catalyst were further proven 

to allow the realization of continuous-flow processes with homogeneous catalysts 

[25, 26]. 

By combining an ionic liquid and an aqueous layer, a two-phase system was 

generated. This IL-water functional system was demonstrated using a Mizoroki-

Heck reaction to synthesize trans-butyl cinnamate from iodobenzene and butyl 

acrylate using Pd as catalyst (Figure 5A). Once the reaction was completed, a third 

phase hexane was introduced as the work-up step to continuously separate the 

product from the other constituent of the reaction mixture. In that way, the Pd catalyst 

was recycled via the ionic liquid phase and the desired product was produced with 

an overall yield of 80% [27]. More recently the combination of FSs and scCO2 was 

reported as an alternative solvent combination, enabling photo-oxidations to be 

conducted safely in a switchable and green solvent system. As shown in Figure 5B, 

the liquid organic substrates and fluorophilic photocatalyst dissolved in a fluorous 

phase were mixed with a CO2/O2 stream to give a monophasic reaction system. The 

javascript:popupOBO('CHEBI:35223','B002526G','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=35223')
javascript:popupOBO('CHEBI:35223','B002526G','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=35223')
javascript:popupOBO('CHEBI:46787','C2CC17429D','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=46787')
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pressure was released after reaction to give gaseous CO2/O2 and a biphasic liquid 

mixture. With this improved system, the photocatalyst in the fluorous phase could be 

recycled, which led to a 20-times reduction in the amount of photocatalyst, compared 

to previous processes [28]. 

Despite the elegant examples described above, reactant, catalyst and product full 

separation via functional solvent systems in a continuous process are still scarce. In 

Figure 5C, an ideal ONE-FLOW process is depicted with the so-called functional 

solvent factory as the integrated reactor and separator for one cascade reaction. Some 

remarks have to be made with respect to the application of the functional solvent 

concept. First of all, switchable solvent systems are not only formed by functional 

solvents, some thermodynamic properties of organic solvents can also change and 

form biphasic systems with aqueous solvents as the temperature changes. Secondly, 

not every reaction system is suitable to use only functional solvents for reaction and 

separation. Some additional compartments such as membrane separator are needed 

[29]. Thirdly, it will be highly time consuming if we only use experimental methods 

to screen out a functional solvent or several solvents for the targeted cascade. 

Computer-aided solvent selection methods are therefore of great interest and will be 

discussed in the following section. 

 

Figure 5. (A) Detailed continuous process with flow workup/catalyst recycling system; (B) 

the concept of fluorous biphasic catalysis involving scCO2; (C) ONE-FLOW schematic 

concept for cascade reactions. 
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2.2 Computer-aided solvent design and screening for homogeneous 

catalysis 

In the last decades, the concept of computer-aided molecular design (CAMD) has 

been demonstrated to be an efficient tool to explore the optimal solvent for a reaction 

or a separation process [30-32]. The groups of Gani and Sundmacher developed 

systematic methods for the selection of solvents [32-34]. 

Zhou et al. proposed a CAMD methodology based on functional group contribution 

(GC) to design an appropriate solvent for an esterification reaction [35]. As shown 

in Figure 6, firstly, the genetic algorithm to explore structural groups for the 

construction of solvents was encoded. Then the physical and chemical properties of 

the first generation candidate solvents were evaluated; physical properties were 

estimated via quantitative structure‐property relationship (QSPR) and GC models, 

and reaction conversions were calculated to evaluate reactivity via dynamic methods. 

If the fitness value was met and solvent structure was obtained, the calculation 

stopped; if the criterion was not satisfied, a second generation solvent library was 

generated for further selection. Following the above CAMD framework, the 

designed solvent 1,1‐dichloro‐2‐methylpropane was predicted as the optimal solvent 

for the esterification reaction and indeed performed better compared to the 

benchmark solvent isooctane, regarding to the equilibrium conversion calculation. 

The study suggested that the proposed CAMD design method has a high potential 

for quickly identifying optimal reaction solvent molecules for a selected biphasic 

reaction. This GC-based approach opens up new perspectives for intensifying 

extractive reaction processes [36, 37]. 
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Figure 6. The solvent design framework based on genetic algorithm [35]. 

Molecule-based COSMO-RS simulation has been explored and widely used as the 

solvent selection and phase equilibrium calculation tool. This method is fully 

predictive without need of experimental data. Besides the concepts of supported 

ionic liquids phases for complex metal-based catalysis [15] and fluorous 

thermomorphic catalysis [28], the use of thermomorphic solvent systems (TMS) is  

another promising method in homogeneous metal catalyst recovery due to its 

simplicity and effectiveness [38].  

In Figure 7, one of the most basic and typical TMS selection principles based on 

COSMO-RS method is outlined [39]. For a desired TMS system (Figure 7A), at a 

certain reaction temperature T1, the mixture of solvents should form a homogeneous 

phase that allows the reaction to proceed unhindered by mass transfer limiting effects. 

Once the reaction is complete, the resulting mixture should form two phases upon 

cooling to the desired separation temperature T2. The catalyst is recovered in the 

polar phase while the product and unconverted reactant are recovered in the non-
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polar phase. A framework for TMS screening (Figure 7B) was developed and 

implemented using the hydroformylation of 1-dodecene and the rhodium-Biphephos 

catalyst as an example reaction system. It was shown that by selectively screening 

for solvents based primarily on the Biphephos catalyst ligand solubility and 

secondarily on product recovery through partition coefficients, several promising 

and functioning TMS systems could be identified. In addition to the screening 

framework, experimental validation of the catalyst ligand's partitioning between the 

two solvents was executed. Four of the five selected TMS systems were feasible to 

conduct the hydroformylation of 1-dodecene. The benefit of using such a model is 

that experimental data are not required to make solvent selection decisions at an 

initial stage of process development [39]. 

 

Figure 7. (A) Three-phase diagrams of a functionalized TMS system; (B) Overall TMS 

solvent selection framework [38]. 

3. Micro/nano-sized compartmentalization in the microfluidic 

reactor 

Besides the use of multiple functional solvents to create phases to convert 

http://www.sciencedirect.com/science/article/pii/S0255270115300568#bib0025
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heterogeneous catalysis into homogeneous catalysis, in recent years, miniaturized 

catalytic systems have been demonstrated to allow control of multiphase reactions 

on a microscale. A Pickering emulsion is an emulsion that is stabilized by solid 

particles which adsorb onto the interface between the two phases. These droplet-

based microsystem has been applied to create a microenvironment for efficient and 

controllable catalysis [40, 41]. Another catalyst compartmentalization strategy that 

has been explored is the usage of polymersomes, a class of artificial vesicles, tiny 

hollow spheres that enclose a solution or immobilize catalyst in the bilayer 

membrane [42]. This enables easy catalyst separation from product while keeping its 

stability and activity to allow for recycling after the reaction. In the following 

paragraphs, a number of selected examples of these compartmentalization methods 

will be discussed. 

3.1 Pickering emulsion associated microflow process 

Pickering emulsions have been widely reported in the past 10 years to carry out 

catalytic reactions as the micrometer-sized vehicles [41]. Pickering emulsions 

dramatically increase the interfacial area available for chemical reaction compared 

to typical two-phase systems and are meanwhile used as catalysts carriers due to 

their facile separation and recycling. A potential important application of Pickering 

emulsions reported by Binks et al. is to carry out multi-step cascade reactions inflow. 

These various proofed examples support the benefits of transferring this technology 

to industrial processes. 

Yang et al. described a novel method to create an IL-droplet column reactor based 

on a Pickering emulsion formulation. An enzymatic enantioselective 

transesterification and Cu(I)-catalyzed cycloaddition reaction were conducted 

separately in this catalyst packed-bed micron-sized flow reactor, as shown in Figure 

8 [43]. A permeable porous silica shell stabilized the IL Pickering emulsion droplets 

containing the catalysts, allowing homogeneous catalysis to take place. This novel 
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continuous flow reactor obtained 7.8-fold higher catalysis efficiency compared to 

batch system for the asymmetric ring opening of epoxides. Secondly, the 

compartmentalized structure enabled catalyst separation from reactants and product; 

after 300 h continuous flow both yield and enantioselectivities showed no significant 

difference. This IL droplet-based flow system made continuous supply of substrates 

to microreactors possible and rapid removal of products was achieved. This 

demonstrates that the use of Pickering emulsion droplets in a flow system is a viable 

approach for practical application of homogeneous catalysis in a continuous setting. 

 

Figure 8. Concept of a liquid-solid hybrid catalyst for bridging homogeneous and 

heterogeneous catalysis and its application in continuous flow reactions [43]. 

3.2 Cross-linked polymersomes as nanoreactor in flow 

Polymersomes have been intensively studied as nanoreactor compartmentalized in 

which catalysts can be loaded both in the membrane and the lumen of the vesicular 

structure. This enables the creation of a well-defined microenvironnent, allows 

catalyst protection and facilitates catalyst recycling. A special class of polymersomes 

has recently been reported by van Hest et al., which are bowl-shaped polymersomes, 

or stomatocytes, which can encapsulate and protect one or several biocatalysts within 

their inner nanocavity, or bowl [44]. Such stomatocytes were formed through shape 

transformation of spherical polymer vesicles that were comprised of poly(ethylene 
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glycol)-block-poly(styrene) (PEG-PS) copolymers. To further stabilize the 

nanoreactor for prolonged usage, enzymes encapsulated in the compartment were 

crosslinked to yield so-called compartmentalized-cross-linked enzyme nano-

aggregates (c-CLEnA). The c-CLEnAs were loaded in a packed membrane reactor 

and utilized as nanoreactor and separator (Figure 9). As a key result, c-CLEnA could 

be reused up to 10 times without loss of enzymatic activity [45].  

 

Figure 9. Formation of c-CLEnA and its application and recycling ability in microflow 

catalysis [45]. 

In the above case studies, both Pickering emulsion droplets and cross-linked 

polymersomes have been applied as catalyst carriers to achieve catalyst 

compartmentalization in a way that strongly improves catalyst-substrate interactions. 

Furthermore, these approaches enable facile separation of the catalysts from the 

products and allow catalyst recycling. Moreover, in both cases reactions could be 

performed in flow in a continuous fashion, which enhanced catalysis efficiency and 

scalability. 

To summarize sections 2 and 3 in Chapter 1, either switchable solvents/solvent 

systems selected via modeling or functional compartments could create controllable 

reactors, from millimeter to nanometer, to accelerate mass and heat transfer in the 
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microenvironment. Although these different types of compartmentalization 

strategies have been widely reported, the combination of these reactors is still 

underexplored and offers a huge potential to achieve cascade reactions in one step, 

and to build a bridge in between of lab-viewed factory and scale-up industrial factory, 

especially in the continuous flow process. 

4. The functional solvent factory with compartmentalization 

for (bio-) organic catalysis in a ONE-FLOW process 

Inspired by nature and building on the technological developments described in this 

chapter, the FET Open program ONE-FLOW wants to go considerably beyond the 

state-of-the-art with its overall aim to develop a digital flow cascade machinery 

which performs all the multiple reactions in one step = “ONE FLOW”. Machinery 

complexity is so far realized in “vertical hierarchy” (i.e., along the flow axis) designs. 

ONE-FLOW will use “horizontal hierarchy” by compartmentalization, i.e. integrated 

biomimetic self-assemblies and switchable solvents, in line with the regulated 

biocatalytic cascades found in biology. To keep horizontal hierarchy manageable, 

orthogonality among the consecutive reactions needs to be increased. ONE-FLOW 

thereby wants to integrate effectively bio- and chemocatalytic processes. 4 synthetic 

flow cascades (“metabolic pathways”) and 1 flow cascade driven by automated 

intelligence (“signaling pathway”) were designed to produce top-listed drugs [45-

49]. The program was divided in a number of work packages. “The 

Compartmentalized Smart Factory” aimed to develop organic, inorganic, and 

mechanical compartmentalization strategies [45]. “The Functional Solvent Factory” 

allowed fluidic control over the use of interim reaction spaces [46]. “The Systemic 

Operations Factory” aim to achieve full orthogonality using data-base guided 

ultimate process harmonization [47]. “The Digital Machine-to-Machine Factory”, 

was proposed to alter the landscape of chemical synthesis by virtue of the “Internet 

of Chemical Things” [48]. Automated machine-to-machine data transfer enables 
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relegation of process monitoring to central computer systems under the oversight of 

chemists. Finally “The Fully Continuous Integrated Factory” developed a 

commercial platform technology under the auspices of sustainability-driven process-

design evaluation, making amenable the new kind of processing to all chemists [49]. 

5. Dissertation outline 

This dissertation is mainly focused on the “The Functional Solvent Factory”, which 

entails screening and application in one-step to multi-step (catalytic) reactions with 

a combined thermodynamic simulation and experimental methodology. The results 

obtained were next introduced in “The Compartmentalized Smart Factory”. In 

Scheme 3, we have depicted how “The Functional Solvent Factory” for a two-step 

catalytic reaction may look alike.  

 

Figure 10. Functional solvent factory scheme for two-step biochem catalysis (S: solvent; T: 

temperature; P: pressure). 

The thesis is structured in the following chapters. 

Chapter 1 will describe a systematic study of applying the solvent factory with 

functional compartmentalizations for the biochem synthesis. This is still not often 

performed, although green solvents have been widely explored as alternatives of 

traditional ones for pharmaceutical industry, The ONE-FLOW approach will 

preferentially use segmented flow as structured microfluidic multiphase. The latter 
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in combination with tunable solvents allows to open and close interim reaction 

spaces, named “the functional solvent factory”. Some solvents can undergo a switch 

between structuring of the fluid mixture and unification of all/some fluids by external 

stimulus, e.g. temperature. On top of that, two kinds of functional nanoparticles are 

proposed to create micro-/nanosized compartmentalization for catalysts to hinder 

catalyst deactivation by other organic substrates, while ensuring high yields of 

cascade reactions in a ONE-FLOW process. By such use of compartmentalization to 

unify and separate catalysts with products/reactants, a so-called horizontally 

compartmentalized flow reactor system, namely “compartmentalized smart factory” 

is proposed. Our final aim is to achieve a biomimetic flow cascade within just one 

reactor passage. 

In Chapter 2, we chose the one-step organic catalytic asymmetric aldol reaction as a 

model reaction. The aim is to identify the reaction solvent, which can separate 

product from other substrates after the reaction. The COSMO-RS based simulation 

was introduced as theoretical guidance in the solvent selection for the reactant 3-

chlorobenzaldehyde and non-solvent selection for the R-aldol product, (R)-4-(3-

chlorophenyl)-4-hydroxybutan-2-one. This encompassed solubility as a critical 

parameter, as well as the chemo-physical properties and environmental profiling. 

Such criteria-cascaded screening could effectively reduce a 7665 conventional 

solvents-database into 1 candidate solvent, which was dodecane, before 

experimental process assessment. These were subsequently tested in batch and flow 

experiments. 

In Chapter 3, after the success of the aldol reaction, we extended our chemical study 

into an enzymatic reaction to convert acetophenone into (R)-1-phenylethanol in a 

water-IL biphasic system. ILs have been applied in various separation processes, due 

to the fact that their physicochemical properties are tunable in a wide range. 

Assuming water as the biocatalyst solvent and with the assistance of COSMO-RS 

calculation, we selected two suitable ionic liquids out of 36260 candidates forming 
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a switchable biphasic system with water at different temperatures, for product and 

biocatalysts separation. 

In Chapter 4, the same biocatalysis was further investigated in water-IL two-phase 

Pickering emulsion systems, stabilized by catalytically active colloidal particles, 

which were applied in a continuous micro-flow process. 

In Chapter 5, we explored other options for multistep synthesis in a ONE-FLOW 

process. This work aimed to develop a novel synthetic route to prepare Rufinamide 

and 1,2,3-triazole derivative, by introducing functionalized polymersomes as 

nanoreactors and metal catalyst separators into a continuous flow process. To 

achieve this multiple-step reaction as a ONE-FLOW process under environmentally-

friendly conditions, both functional reaction solvents and nanoreactors for catalyst 

compartmentalization were investigated. Via the the COSMO-RS solvent selection 

method, acetonitrile proved to be the best reaction solvent which can separate both 

reactants and Cu(I)-bis(oxazoline) loaded polymersomes to reuse, and which 

furthermore allowed the product to precipitate automatically at room temperature. 

Finally in Chapter 6, concluding remarks and an outlook are presented how the ONE 

FLOW concept can be further developed. 
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Abstract 

An integrated reaction-separation process based on only solvents is presented, 

and thus without the need for related technical equipment (reactor-separator). 

Both product purification and reactant recovery were achieved automatically 

for an asymmetric aldol reaction employing a biphasic solvent system as 

compartmentalizing soft matter. Firstly, COSMO-RS based simulation was 

introduced as a theoretical guidance in the solvent selection for the reactant 

and non-solvent selection for the R-aldol product. This encompasses solubility 

as core critical parameter, as well as chemo-physical properties and 

environmental profiling. Such criteria-cascaded screening effectively reduced 

a 7665 solvents-database into 1 candidate solvent, which was dodecane. 

Secondly, this screening’s top candidate was validated as the best reaction 

solvent by first a solubility test and then by a batch reaction; the mono-phase 

reaction yielded spontaneously the product layer and the separate dodecane 

phase as the second layer, which indeed allowed facile separation of the 

product from the residual reactant. In a third step, a segmented flow process 

was developed. 
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1. Introduction 

Process intensification is defined as a game changer in both equipment design 

and processing for chemistry, breaking with former methodologies [1]. 

Reactive distillation, the integration of reaction and distillation into one 

system, is a key example [2]. The same goes for microreaction technology and 

microreactors [3-5]. In the janus-headed sense of the process intensification 

definition[1], this innovative equipment opens new avenues in chemical 

processing, so-called novel process windows [6, 7]. 

A plethora of single chemical reactions has been performed with flow 

chemistry [8], and several benefits are reported [9]. Even several flow 

chemical reactions in series have been performed, i.e. multi-step reactions in 

continuous-flow [8, 10]. Recently, impressive end-to-end processing of 

medicines from raw material in one run have been reported, which has even 

been connected with compounding/formulating equipment to deliver pills in a 

continuous fashion [11, 12]. A high number of reactor and separator 

equipment and huge controlling tasks, i.e. high system complexity, is needed, 

however, which generally affects costs, reliability, and productivity; 

furthermore, there is still a lack of scale-up flow separators [11, 12]. 

An alternative approach to address such complexity is investigated within a 

large collaborative project (FET-Open EU project ONE-FLOW) [13]. Key is 

to think of another way of compartmentalizing the reaction and separation 

spaces, as traditionally provided by the serial alignment of flow equipment. In 

this respect we can learn from nature, as within a living cell all processes are 

hierarchically compartmentalized [14, 15]. 

Following this line, this chapter explores to perform multistep reaction-

purification flow processes by smart solvents and without the need for  
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intermediate separation and purification modules. Those solvents shall be 

designed in such way that they can largely support and/or perform the 

functions of reaction and separation, in an integrated manner (coined as 

“solvent factory” in “ONE-FLOW” [13].Those solvents shall, ideally, 

fluidically open and close interim reaction compartments, e.g. to facilitate 

transport of reaction species [16, 17]. Such switching between one and two (or 

a few and more) phases can be induced by solubility or temperature [18, 19]. 

Traditionally solvents are used only as the carriers for the reactants and 

product, and otherwise are a concern for sustainability and health in 

pharmaceutical processing [20, 21]. The huge loads request massive recycling 

[21] and workup procedures, such as separation and purification [22, 23]. To 

this end, two approaches have been considered by industry and researchers: 

solvent reduction (solvent-free, solvent recovery, etc.) and efficient and more 

powerful solvent selections (computer-aided molecular designs, etc.) [24-27]. 

Among the efficient solvent selection methods, the computer-aided modeling 

of thermodynamic properties opens a very large solvent design space, and 

consequently, the combination of computational methods with experiments 

has been suggested [25, 26, 28]. 

This integration of computational tools with experimental work can open new 

opportunities for solvents that have not been considered before [25, 26]. 

Several computational models, such as PC-SAFT (Perturbed Chain Statistical 

Associating Fluid Theory), UNIFAC (Universal Quasichemical Functional-

group Activity Coefficients), and COSMO-RS (COnductor like Screening 

MOdel for Real Solvents), have been introduced to predict phase equilibria 

and other thermodynamic properties of multicomponent mixtures. These 

models can drastically reduce the experimental effort in the solvent system 

selection process [19, 29-32]. 
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Many experts believe that neoteric solvents like ionic liquids are an ideal 

choice here, as millions can be made by easy synthesis and hundreds are 

commercially available [33]. Moreover, the lego-type molecular structure 

allows a fine-tuning of polarity, size and shape and are therefore commonly 

coined “designer solvents” [34]. Yet and even simpler, there are also 

thousands of “conventional solvents”, if we consider all kinds of liquids and 

moldable solids as solvents (meaning many more beyond the classical range 

of what is used in the lab). Many of them are also commercially available. 

Aiming, as said, toward an advanced use of solvents as the integrated reactor-

separator, modeling shall assist or even enable each solvent to be the exclusive 

or prime host of a guest species, e.g. one solvent for the reactants (actually best 

one for each reactant), another one for the catalyst, and one for the product 

when it is formed. Those solvents have then the function to host, release and 

finally trap the species, for means of recycling and product purification. 

This new process concept has been tested with the aldol reaction. It is a well-

known intermediate synthesis step in the pharmaceutical industry. The Barbas, 

Singh, and Gröger groups have demonstrated the synthetic power, by showing 

that the direct asymmetric aldol reaction between aldehydes and ketones can 

be developed into a highly efficient C-C bond-formation reaction catalyzed by 

the Singh catalyst [35-38]. The reaction is well explored, and co-solvents and 

co-catalysts have been widely reported in order to get high product yields. 

Also several methods have been developed to recycle catalysts [39-41] 

The separation of the aldehyde reactant and ketone products as intended here, 

however, has been rarely reported. Only two publications from the Brindle 

group report about a bisulfite workup method, which thus needs a second 

reaction step. The bisulfite derivatives, created from the aldehydes and 
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ketones, have modified structure and charges and are then separated by 

extractants relying on a solubility difference [42, 43]. 

The aim of this study is accordingly to close the gap in the separation/recycling 

of the aldol reaction, in the frame of providing thereby proof of concept for 

the bigger picture (ONE-FLOW) [13], i.e. to use  solvents as integrated 

reactor-separator (to simplify the equipment use). In order to truly learn about 

advantages and disadvantages of the new process approach, the aldol reaction 

is considered as a useful model reaction, because it is challenging. The 

aldehyde- and keto-bearing reactant and product possess similar 

thermodynamic properties, i.e. are difficult to separate directly by solubility 

(extraction).  

2. Methodology 

2.1 COSMO-RS based solvent modelling 

The key performance parameter for the solvent screening is to determine solubility 

of the reactant and product among a high number of candidate solvents, which 

provides unique chances for optimizing desired solvent functionality, but which is 

however prohibitive for any experimental test.  

Predictive thermodynamic models can be employed to estimate the solubilities of the 

aldol product and aldehyde reactant in various candidate solvents. Many papers in 

the literature use COSMO-RS theory to predict the solubilities of pharmaceuticals 

as part of a priori solvent screening, and compare it to other thermodynamic models 

such as UNIFAC and other quantitative structure–property relationship methods [44-

46]. The alluring feature of using COSMO-RS for solvent screening is the 

independence of experimental data and a feasible solubility estimation with a 

physically well-founded computational approach. For these reasons, the solubilities 

of product and reactant in solution were predicted using COSMO-RS in the 
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commercial software package COSMOtherm [47]. All calculations were made using 

the BP-TZVP 1701 parameterization (version C3.0, release 17.01). COSMO-RS is 

a continuum solvation model for predicting thermodynamic properties based on 

interacting molecular surfaces of pure liquids or liquid mixtures. Each desired 

molecule is modeled a perfect conductor in order to define the three-dimensional 

polarity of the molecule, σ [48]. This surface charge information is condensed into a 

certain interval, detailing the amount of surface segment type and the affinity for one 

system, termed the sigma-profile 𝑝(σ) and chemical potential μ(σ). COSMO-RS 

then uses the data into a statistical thermodynamics approach, to calculate the 

relevant molecular interactions such as the electrostatic misfit and hydrogen bonding 

energy. Therefore, only the energetically optimized molecular structure of each 

molecule is necessary to make predictions of phase equilibria such as solubilities 

[29]. Wichmann and Klamt give a detailed description how to use the COSMO-RS 

method in solvent screening [49]. The conclusion is that COSMO-RS can 

qualitatively and semi-quantitatively predict the solubility of drug and drug-like 

molecules in various solvents. 

2.2 Turbomole modelling 

The Turbomole software (TmoleX 18, version 4.4.0) was used to calculate the 

molecular model - the aldol product in this case with surface charge at the RI-DFT 

level of theory with the def-TZVP basis set [50-52]. This was done, since there is no 

major difference between TZVP and TZVPD-FINE in parameterization deviation; 

however, TZVP operation is significantly faster than TZVPD-FINE [53]. 

2.3 Chemicals 

Singh catalyst (> 98.0%) was purchased from TCI; dodecane (≥ 99%) was purchased 

from Fisher Scientific; 3-chlorobenzaldehyde (97%), acetone (98.5%), cyclohexane 

(99.5%), S-1-phenylethanol (≥ 98.5%) were purchased from Sigma Aldrich. TLC  
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plates were purchased from VWR. (R)-4-(3-chlorophenyl)-4-hydroxybutan-2-one 

((R)-3-hydroxy ketone) used for calibration lines was synthesized (3-

chlorobenzaldehyde: acetone =1:9 mol/mol, 30mol% proline, room temperature, 24 

hrs) in batch and purified by column chromatography (ethyl acetate: cyclohexane 

=1:9 v/v). 1H-NMR (400 MHz, Chloroform-d) δ(ppm): 7.32–7.15 (m, 4H), 5.07 (t, 

J = 4.7 Hz, 1H), 3.64 (d, J = 3.3 Hz, 1H), 2.81–2.77 (m, 2H), 2.16 (s, 3H); HPLC tp 

= 11.8 min (Figure S1, Supplementary information).  

2.4 Phase characterization 

For solubility tests and batch reactions, the liquid reagents were shaken at 350 rpm 

for 24 hrs; in scale-up microflow processes, the phase separation only happened with 

0.5mol% Singh’s catalyst and ≥ 8hrs residence time or ≥ 5mol% Singh’s catalyst and 

≥ 1 hr (for the dissolution of the Singh catalyst, an extra 40 minutes ultrasonic 

solubilization was performed before the flow reaction). After 20 minutes 

centrifuging at 4000 rpm, the phasic systems were checked and photographed by a 

Nikon camera. The compounds in each phase were analyzed by HPLC methods and 

quantified by internal standard methods for both reactant (3-chlorobenzaldehyde) 

conversion and product ((R)-3-hydroxy ketone) yield (Figure S2, Supplementary 

information)). In addition, for flow, to ensure full phase separation and prevent 

further reactions or product decompositions, only 1.5ml reaction samples were 

collected (average needed time: 15 mins) before the analysis of the phase.  

2.5 Flow reactor setup 

The continuous microflow set-up consisted of a 750 μm inner-diameter, 5 ml PFA 

capillary and microfluidic connectors (LT-115X) and ferrules (P259X) [procured 

from IDEX]. The liquid reagents in disposable plastic syringes (6 mL, BD Discardit 

II) were fed using two syringe pumps (Fusion 720, Chemyx) and merged with a T-

mixer. 



Screening Functional Solvent System in Organic Catalysis 

 

33 
 

2.6 Reaction analysis 

In the batch experiment, 1 mmol 3-chlorobenzaldehyde, 1 mmol to 9 mmol acetone 

and 0.5 mol% Singh catalyst were introduced into 1 ml dodecane or 1 ml dodecane 

& 1 ml water separately, with a 3 ml glass vial used as reactor. The mixture was 

stirred at room temperature with the stirring speed 350 rpm. After 24 hrs reaction, 

the bi-layer (dodecane-product) and triple-layer (dodecane-water-product) reaction 

mixture were centrifuged for 20 mins at 10 °C at 4000 rpm and then each layer was 

carefully separated into different 3 ml glass vials. For the water layer, 1ml ethyl 

acetate was used to extract the reaction mixture from water into organic phase, for 3 

times. 

In the flow experiment, 4 mmol 3-chlorobenzaldehyde, 4 mmol to 36 mmol acetone 

and a certain amount of Singh catalyst (from 0.5 mol% to saturated mol%) were 

introduced into the micro-flow reactor, with 4 ml dodecane as reaction solvent. To 

keep the product fresh, only 1.5 ml reaction mixture was collected into 3 ml glass 

vials once the flow pattern became steady, followed by analysis and quantification 

by HPLC (Table S2). 

3. Results and discussion 

3.1 Proposition of cascaded solvent selection scheme 

A cascaded procedure for solvent screening was proposed and tested, reducing 

possible candidates, via stepwise applying performance thresholds and targets 

as well as exclusion criteria, down to a number which could be experimentally 

handled; see Scheme 1. This screening framework consisted of two major 

parts: the solvent screening based on COSMO-RS and the experimental 

validation in batch and flow. In the solvent screening section, several steps 

were presented in order to select a reasonable amount of candidate 
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Scheme 1. Methodology scheme for cascaded solvent screening. 

solvents. The first step was to generate the COSMO file of the aldol product 

using the Turbomole software. Then, the product and reactant solvents were 

calculated by the COSMOthermX software separately; the candidate solvent 

species were taken from the COSMO-RS database. Afterwards, the solubilities 

were ranked by reactant solubility (𝑙𝑜𝑔𝑆𝑅
𝑐𝑎𝑙𝑐), product solubility (𝑙𝑜𝑔𝑆𝑃

𝑐𝑎𝑙𝑐), 

and the solubility difference (𝑙𝑜𝑔∆𝑆𝑐𝑎𝑙𝑐, 𝑙𝑜𝑔∆𝑆𝑐𝑎𝑙𝑐 = 𝑙𝑜𝑔𝑆𝑅
𝑐𝑎𝑙𝑐 − 𝑙𝑜𝑔𝑆𝑃

𝑐𝑎𝑙𝑐); 

if this value was large enough, one of the species was considered to be present 

and the other (practically) not. With the above simulation results, already a 

limited number of candidate solvents remained, which allowed other 
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properties to be considered manually in following steps. Firstly, an 

orthogonality exclusion criterion was applied to narrow the screening space, 

i.e. rejecting solvents which could react themselves. For instance, for the aldol 

reaction considered, solvents with a ketone-moiety and other compounds such 

as aldehydes, alcohols, ammonia, which may interfere with the reactants, were 

eliminated. Furthermore, the physical properties needed to suit the flow 

operability were assessed, i.e. they should be easy to operate. As some of the 

solvents in the database are solids at room temperature which need to be 

molten for this purpose, the melting point (M.P.) was considered. On the other 

hand, the boiling point (B.P.) has to be high enough to allow a stable 

superheated flow operation with standard commercial equipment (back-

pressure regulator). The viscosity should not be prohibitively high, to have a 

reasonably low pressure drop. After this manual screening, the next step in the 

solvent number reduction was a quick sustainability check applying threshold 

and exclusion criteria. The costs of the solvents have to be affordable for 

laboratory-scale tests, yet do not need to match economic criteria initially (to 

not suppress the innovation power of the approach). A basic consideration of 

greenness was ensured by employing the standards of the National Fire 

Protection Agency (NFPA). After the modeling-driven solvent screening 

procedure was concluded, the promising solvents were experimentally 

assessed in the second part of the framework. The solubility tests with each 

reaction compound (𝑙𝑜𝑔𝑆𝑅
𝑒𝑥𝑝

, 𝑙𝑜𝑔𝑆𝑃
𝑒𝑥𝑝

) and reaction mixture (𝑙𝑜𝑔𝑆𝑚𝑖𝑥
𝑒𝑥𝑝

) in 

each chosen solvent candidate were performed as the first experimental step. 

This was considered as an intermediate step, because the best solvent had to 

be evaluated under reactions conditions afterwards; otherwise, if no suitable 

solvents were to be found, we could reset the above constraints like threshold 

values of solubilities. The solvent satisfying best the requirements was applied 

first for the batch process (optimizing reactant mole ratios) and, after process 

optimization, later for the flow process (reaction temperature, T; residence 



Chapter 2 

36 
 

time, t; organic catalyst concentration,𝑐𝑜.𝑐.). Each step is explained in more 

detail in the following sections. 

3.2 Generation of the COSMO file for the reaction product 

The first task was to generate the COSMO files of the reactant and product 

which are necessary for solubility calculation. The reactant (3-

chlorobenzaldehyde) was already available in the database, so only the 

product, (R)-4-(3-chlorophenyl)-4-hydroxybutan-2-one ((R)-3-hydroxy 

ketone) needed to be generated by the Turbomole software (TmoleX 18) [50-

52]. The COSMO files of product and reactants contained all the required 

information for predicting the thermodynamic properties using 

COSMOtherm. The molecules were described by their sigma profiles, as seen 

in Figure 1. The peak distributions of product and reactants were similar. The 

large broad peaks in the non-polar region between −0.01 and 0.01 e/Å [21, 54, 

55] account for the negative p-orbitals and positive carbons of the phenyl 

groups, typically for aromatic compounds giving two distinct peaks 

 

Figure 1. Sigma profiles of (1) the (R)-aldol product and (2) the aldehyde reactant. 
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instead of one. The small shoulder extending from 0.010 to about 0.015 e/Å2 

corresponds to the negative charge of the carbonyl oxygen and chloride. This 

suggests that both product and reactant are dissolvable in the solvents from the 

ketone family chosen through hydrogen bond donor interactions. Yet there is 

also a small difference. The hydroxyl group in the product is a polar group [54, 

55], while the reactant has a more symmetric charge distribution and is 

accordingly less polar than the product. This indicates that the reactant will 

show more affinity than the product with solvents, which are less and even 

non-polar or having broader profiles between the hydrogen bonding borders. 

3.3 Pre-screening of candidate reaction solvents  

To utilize the different polarities between the product and the reactant, possible 

functional solvents were explored to distinguish these two compounds. Since 

the aldol reaction was performed at one temperature, the temperature was held 

constant for the simulations. It was chosen to extract and separate the 

structurally simpler aldehyde reactant from the ketone product. 

Initially, all candidate solvents from the COSMO-RS database (ver. 

C30_1701, COSMOlogic) were selected and generated as excel list, which 

included in total 7665 species. To intentionally maintain a large search space, 

only the solubility was considered as the screening scenario in the first step. 

COSMOtherm can directly calculate the chemical potentials based on sigma 

profiles of the involved components [56]. The desired solubility was 

calculated from the difference between the chemical potentials of the solute in 

the solvent 𝜇𝑗
𝑠𝑜𝑙𝑣𝑒𝑛𝑡  and in the pure solute 𝜇𝑗

𝑝𝑢𝑟𝑒
  (eq. 1) [57]. For better 

comparability of the effects of the different molecular interactions on 

solubility, a non-iterative mode was utilized [58]. The obtained solubilities 

showed the following relation: 
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𝑙𝑜𝑔10(x𝑗) = 𝑙𝑜𝑔10[exp (
𝜇𝑗

𝑝𝑢𝑟𝑒
−𝜇𝑗

𝑠𝑜𝑙𝑣𝑒𝑛𝑡

𝑅𝑇
)]                          (1) 

The reactant and product solubilities in a large number of solvents were 

determined separately by an auxiliary batch-processing program in 

COSMOthermX, including CT_CREATE and RUN_CT, which only requires 

a template input file for solubility calculation and a list of the involved 

solvents. Once all calculations were complete, the reactant solvents list and 

product solvents list were written as excel tables with decadic logarithm 

𝑙𝑜𝑔10(x𝑗). 

𝑙𝑜𝑔10(x𝑗) (𝑙𝑜𝑔 𝑆) is the optimized mole fraction of solute in one solvent and 

chosen as the key parameter to characterize solubility in this work. The 

maximal value is 0, meaning total dissolution in the solvent; as the values of 

𝑙𝑜𝑔 𝑆 decrease, the solubility tends to be smaller [57]. All 𝑙𝑜𝑔 𝑆 calculations 

were made considering a reaction temperature of 25 °C. In Figure 2(a), an 

overview of the solvents in the COSMO-RS database is presented and ranked 

by 𝑙𝑜𝑔 𝑆𝑅 (black points, from largest to lowest) here, which shows the huge 

selection space considered. 

The potential reaction solvents should comprise both big values of 𝑙𝑜𝑔 𝑆𝑅 

and 𝑙𝑜𝑔 ∆𝑆, while keeping very low 𝑙𝑜𝑔 𝑆𝑃. As the key scenario constraint, 

the cut-off values of these three parameters were arbitrarily chosen based on 

the U.S. Pharmacopoeia solubility definition (𝑆𝑠𝑡𝑑)  [59]: 𝑙𝑜𝑔 𝑆𝑅 > −1 

( 𝑆𝑠𝑡𝑑 < 10 , free soluble), 𝑙𝑜𝑔 𝑆𝑃 < −1.5  ( 𝑆𝑠𝑡𝑑 > 30 , sparingly soluble), 

𝑙𝑜𝑔 ∆𝑆 > 1.5. It decreased the total solvent candidates to 507. Interestingly, 

cyclohexane, used for the synthesis under investigation here by the Gröger 

group, was ranked as 212th among these solvents [60]. This is an indication 

that the common lab-practice solvent choice leaves good room for 
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improvement through solubility modeling. So the candidates above 

cyclohexane (211th) were considered in the next step (shown in Figure 2(b)). 

 

Figure 2. The satisfied solvent numbers (a) before- and (b) after 1st step screening 

by log S. 

3.4 Chemo- and physical properties constraints 

From the list of the 211 remaining candidates, it can be found that most of them 

belonged to the class of alkanes and halides. As mentioned in Scheme 1, solvent 

candidates had to be excluded that can interact with the aldol reaction. This demands 

the exclusion of highly active, acidic and basic groups. In particular, R-COOH, R-

SO3H, R-NH2, pyridine, R-C(=O)R', R-C(=O)H, R-2-ol-R' were sorted out as they 

are prone to undergo unwanted chemical transformations, such as acetal reaction, 

acyloin condensation, Mannich reaction and catalyst decompositions. 

After posing thermodynamic and molecular-structural thresholds, some physical 

properties, the melting point (Tm) and the boiling point (Tb), were considered as 

discussed in Scheme 1. Considering the suitable reaction temperature range for this 

aldol reaction [37, 39], we set Tm < 0 oC, Tb > 80 oC for the reaction solvent. These 
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chemo-physical constraints resulted in a shortlist of top 12 reaction solvents, shown 

in Table 1. This list comprises linear and branched alkanes.  

Table 1. Top 12 reaction solvents 

Solvent shortlist 

Tetradecane 3-methyloctane 

4-methyl-nonane 3-methylnonane 

3-ethylheptane 3-ethylpentane 

5-methyl-nonane Undecane 

Heptadecane Dodecane 

Tridecane Decane 

 

3.5 Greenness and commercial availability 

As depicted in Scheme 1, next a greenness check was executed following the MSDS 

hazard identification by the national fire protection association (NPFA) as 

established industrial standard. The solvents listed in Table 1 were evaluated by 4 

NPFA factors, including toxicity, flammability, instability, and special hazards, 

using four levels 0-4 for evaluation. Solvents with any value larger than 2 were 

eliminated according to the above criteria. 

Additionally, commercial availability for scale-up/industrial application was 

identified by the commercial supply of two most common chemicals suppliers, 

Sigma Aldrich and TCI. Passing this threshold, the top 5 solvents finally were 

tetradecane, heptadecane, tridecane, undecane, and dodecane; the linear alkanes. 

Since water is frequently considered as co-solvent with the organic media used in 

the aldol reaction to accelerate enantioselectivities [61], the water solubility (𝑙𝑜𝑔 𝑆𝑊) 

in these top 5 solvents was calculated as an extra step to ensure water will not 

dissolve in the targeted solvent Table S1). After all the above-mentioned screening 
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steps (summarized in Table 2), dodecane was recognized as the optimal solvent to 

be applied in the following experimental validations. 

Table 2. Number of solvents in different screening steps 

Step Considerations Constraints 
Remaining 

Solvents 

1 
COSMO-RS 

database 
- 7665 

2 Solubility 𝑙𝑜𝑔 𝑆𝑅 > −1, 𝑙𝑜𝑔 𝑆𝑃 < −1.5, 𝑙𝑜𝑔 ∆𝑆 > 1.5 507 

3 
Benchmark 

solvents 
Cyclohexane and water 211 

4 

Chemical 

property 

Exclude R-COOH, R-SO
3
H, R-NH

2
, pyridine, 

R-C(=O)R', R-C(=O)H, R-2-ol-R' 12 

Physical property T
m
 < 0 

o
C, T

b
 > 80 

o
C 

5 Greenness NPFA factors ≤ 2 9 

6 

Commercial 

availability and 

water solubility 
Low price and 𝑙𝑜𝑔 𝑆𝑊 1 

 

3.6 Solubility test 

Reactant/product solubility tests were done in parallel. The solubilities were  

estimated by adding reactant/product to 500 μL dodecane in steps of 10 μL, 20 μL, 

50 μL, 100 μL, 200 μL, in total 380 μL (𝑆𝑠𝑡𝑑 < 1, very soluble) [59]. It was found 

that the reactant totally dissolved (𝑆𝑠𝑡𝑑 ≃ 0.82) and the product was only sparingly 

soluble in dodecane (𝑆𝑠𝑡𝑑 ≃ 40), in good agreement with the COSMO-RS prediction. 

Then, 1 mL dodecane and 1 mL distilled water were added to a vial and shaken at 

350 rpm for 24 hrs. After 20 minutes centrifuging at 4000 rpm a clear biphasic 

system was formed. Afterwards, the reaction mixture [1 mmol acetone (second 
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reactant), 1 mmol 3-chlorobenzaldehyde, 1 mmol product, 1 mL water, without 

catalyst] was added to 1 mL dodecane to check the solubility, with the same 

procedure as above. The product spontaneously separated from the other two layers 

because of its very low solubility in both dodecane and water. Therefore a triple 

phasic system, consisting of the top layer dodecane, the middle layer product, and 

the bottom layer water, was formed (Figure 3). This ensures the possibility for facile 

separation of the product layer and recycling of any remaining layers. HPLC analysis 

was performed on each layer, showing that the dodecane layer contained 80 mol% 

reactant and almost no product. No apparent compounds were shown in the water 

layer, and the product layer contained 90 mol% product. 

 

Figure 3. The triphasic system formed by dodecane, aldol product and water. 
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3.7 Batch reactions - variation of reactant ratios of 3-clorobenzaldehyde 

(targeted aldehyde reactant, R1) and acetone (second reactant, R2) in 

batch 

 

Scheme 2. Aldol reaction scheme of 3-clorobenzaldehyde (R1) with acetone (R2) to 

produce R-aldol product, (R)-4-(3-chlorophenyl)-4-hydroxybutan-2-one. 

Standard batch conditions for the aldol reaction as proposed by the Gröger group 

were taken, which involves room temperature conditions, using a ratio of 1:9 of R1 

and R2, and using a concentration of 0.5 mol% Singh catalyst in water for 24 hrs [39]. 

We were interested in how to adapt this batch condition in view of the new functional 

solvent system in the ONE-FLOW cascade, seeing the benefit that it adds a 

spontaneous separation function into the reaction system. The two most important 

factors (shown in Scheme 2) we considered were (1) whether the addition of 

aldehyde reaction solvent dodecane would affect the yield of the aldol product; (2) 

and whether we needed to lower the R2 ratio, concerning the generally high 

compatibility/solubility of R2 with other compounds, which would affect the steady 

formation of the multiple phasic system and partitioning of substrates in each phase. 

Thus, the following processing approaches were followed (1) both the biphasic 

system water-dodecane and the monophasic system dodecane were tested, (2) 

different reactant ratios ranging from 1:1 to 1:9 were applied. The before-reaction 

phase behaviors are shown in Fig. 4(a); Fig. 4(b) shows the reaction mixtures after 

reaction and centrifugation. Figure 4(a) and (b) show that for all varied conditions 
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the product can form an individual phase spontaneously, which is in line with the 

solubility predictions and tests. Accordingly, a triphasic system of dodecane, water 

and product, as well as a biphasic system of dodecane and product were obtained 

after reaction for the two process approaches, respectively.  

Furthermore, fixing one specific reactant ratio, the multi-phase reaction system had 

one pure dodecane layer with more overall product content, as evident by the visibly 

larger volumes of the latter. Among the whole series of eight experiments undertaken, 

the protocol using the 1:9 reactant ratio and monophase operation delivered the 

maximal volume of the product phase. HPLC analysis was made to further determine 

the conversion of the reaction at different conditions, as shown in Figure 4(c). 

Interestingly, we found that the 1:4 ratio (78 mol%) gave an even slightly higher 

conversion than the 1:9 (69 mol%) condition. This is because the high compatibility 

of R2 for other substrates disturbs the liquid-liquid equilibrium of this biphasic 

system, in particular when it is occupied with a high mole ratio in the whole reaction 

system.  

 

Figure 4. The effect of solvents and reactant ratios on the reaction conversion catalyzed by 

0.5 mol% Singh catalyst. (a) Phase behavior before reaction. (b) Phase behavior after reaction. 

(c) Aldehyde reactant conversions by mono- and bi-phasic system. 
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Having solved the product separation, the recycling of the catalyst remained an 

important process issue. The Singh catalyst has no solubility in dodecane and prefers 

staying with acetone in the water phase for the water-dodecane system, or in the 

product phase for the dodecane system. As a result, the excess acetone present in the 

reaction let to a lower reaction efficiency and conversion, because of the diminished 

interface between the phases of the Singh catalyst and aldehyde; assuming a mass-

transfer driven process under effective kinetics. However, this factor could be 

avoided when the reaction was carried out in the segmented flow mode in a 

microflow reactor because of the expected efficient mixing through convection and 

high relative surface areas. Thus, the 1:9 reactant ratio in the monophasic system was 

still chosen as the right process approach for the microflow process. 

The performance of this optimized batch condition in dodecane was compared to 

processing using the most common solvents, cyclohexane and water [60], to give 

some benchmark clues from both thermodynamic (solubility, COSMO-RS 

simulation) and chemical (experiments) point of view. 

If we sort the calculated COSMO-RS results in 3.1 for the whole selection space of 

solvent candidates only by 𝑙𝑜𝑔 𝑆𝑅 (from largest to smallest) and regardless of other 

properties, water will rank as 7627th, cyclohexane as 255th, dodecane as 90th. It has 

also to be considered that the reactant will preferably stay in the non-polar phase 

different from the product, because of the symmetric carbonyl oxygen and chloride 

groups. Therefore, if we summarize σ-profiles of these three solvents along with the 

reactants and product, more trends can be obtained, as seen in Figure 5(a). There are 

the common slightly negative peaks assigned to hydrogen atoms and the slightly 

positive peaks denoted to the carbon atoms for all molecules. Along the X-axis, water 

has a very broad σ-profile around –1.6 e/Å2 and +1.8 e/Å2 resulting from the strongly 

polar hydrogen atoms and the oxygen atom, respectively; cyclohexane is almost 

nonpolar, which can be reflected from its narrow distribution around zero e/Å2; the 

peak around +1.3 e/Å2 corresponds to its carbonyl group. The same problem with 
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these two solvents is the low distribution function sigma profile (𝑝𝑖(σ)) on the Y-

axis [29, 62], compared to both reactant 𝑝𝑅(σ) and product 𝑝𝑃(σ). As discussed in 

2.3, 𝑝𝑖(σ) is indicative of a large difference of the screening charge densities by σ=0 

between reactant (less polar) and product (more polar) due to the hydroxyl group. In 

this case, only dodecane 𝑝𝐷 (σ) shows obviously the high non-polar probability 

distribution to distinguish reactant and product at a thermodynamic level (solubility). 

The information of the simulation check just reported was now used to set up 

comparative reactions to be processed under the exact same batch conditions except 

for the variations of solvent. The HPLC conversions in Figure 5(b) show that 

processing in dodecane gave a significantly higher conversion than the other two 

solvents. This agrees perfectly with the simulation results. 

 

Figure 5. Effect of reaction solvents and acetone for aldol reaction. (a) Simulation 

comparison by sigma profile, 𝑝𝑖 (σ). (b) Experimental comparison by aldehyde reactant 

conversion. 

3.8 Microflow processes - residence time (t), temperature (T) and catalyst 

concentration variations (co.c.)  

Despite the promising results obtained in batch, full conversion could not be reached. 

We surmise that the limited mass transfer and low specific interface between 

substrates cause the lower efficiency in the batch reactor, i.e. we were operating 
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under effective kinetics [63]. Hence, processing in a continuous microflow reactor 

consisting of a 750 μm inner-diameter, 5 ml PFA capillary was undertaken. By 

varying the flow rates, the residence times were changed from 30 mins to 12 hrs. 

However, compared to the batch process, only a two-phasic system was formed in 

the collection vial after under 8 hrs (Figure 6(a)). The conversions of aldehyde 

reactant were increasing along with residence times, reaching a maximum of 92 mol% 

after 12 hrs; and the highest yield of pure R-aldol product is 48 mol% after 8 hrs, see 

Figure 6(b). However, such long operational times do not really justify the 

terminology “flow” and are close to stop-flow, i.e. the operation of a microbatch. 

While still profiting from the large specific surfaces, there will be no strong mixing 

effects by convection at such low flow velocities. Also in more practical terms, 

productivity would be very low. In order to change the experiment thus to true 

microflow, two reaction parameters might be suited to speed up the aldol reaction,  

  

Figure 6. (a) Microflow set-up scheme. (b) Residence time. (t) Effect on aldehyde reactant 

conversion and (R)-aldol product yield, flow rate varied from 9.6 ml/hr to 0.4 ml/hr. 

namely (1) the reaction temperature (T, from room temperature to 80 oC) and (2) 

Singh catalyst concentration (co.c., from 0.5 mol% to saturation conditions). The goal 

was to get maximal (R)-aldol product after ca. 1 hr reaction time. (1) Since the side 

product will be formed at high temperatures, it was decided to restrict the maximal 

T to 80 oC. However, the high-temperature experiment showed hardly any increase 
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in yield as compared to the first “flow” experiment (80 oC, 5 mol% product yield). 

(2) The high-catalyst concentrations experiment delivered substantially larger yields 

instead (saturated Singh catalyst concentration, 46 mol% product yield). Secondly, 

the latter approach, 5 mol% co.c., gave also a considerable 47 mol% product yield, 

the highest conversion 97% and highest productivity of 0.8 g/h (0.53 mol/(L×hr)). 

To increase the product yield, we extended the residence time from 1 hr to 2 hrs, 

leading to the optimal conditions with 5 mol% co.c. (63 mol% product yield, 

conversion 92 mol%). All above results were analyzed by HPLC, as shown in Figure 

7 (a). One point to highlight is that with ≥ 2.5 mol% catalyst and up to 1 hr, the 

formation of a segmented flow was observed, which is considered to provide 

efficient mixing through convection-induced recirculation (Figure 7(b)). That might 

be in part responsible for the higher yields as well, besides the effect of having more 

catalyst. 

 

Figure 7. (a) The effect of Singh catalyst concentration on the reaction conversion and yield. 

(b) Biphasic system and segmented flow formed during the reaction with ccat ≥ 2.5 mol%, t 

≥ 1 hr. 
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4. Conclusions 

We aimed to introduce a new reactor-separator concept which uses flexible soft 

matter compartmentalization to ensure orthogonality for reaction and subsequent 

separation. The soft matters used are multiphasic solvent systems which can be 

switched upon need. Designer solvents are a crucial part for reasons of ensuring a 

phase number ≥ 2 and, most notably, because of their fine-tunable solvent properties 

and availability in excessive number (> 10,000 species). The ideal scenario is to 

separate reactant(s), product and catalyst, each in their own phase, and, as the 

solvents play different roles in the process, they are called “functional”. As the 

opening and closing of spaces is the key to our concept, we have coined the approach 

the “functional solvent factory”. The aldol reaction was chosen as model reaction 

and the conceptual approach of a “soft-integrated reactor-separator” could be 

verified. This is even more remarkable, as this reaction presents a difficult separation 

problem. The aldehyde and ketone (reactant and product) have similar physical 

properties, especially regarding their solubilities; nonetheless, automatic 

spontaneous separation could be achieved. The large reactant load, due to the need 

of an excess of one of the reactants, made the separation issue even more challenging. 

We selected the functional solvent dodecane as the most promising reaction solvent 

among more than 7000 candidates after having run our proposed COSMO-RS based 

solvent screening methodology. Compared to the benchmark solvents water and 

cyclohexane, dodecane can act as both reaction medium and extractant, and shows 

much better performance for the batch reaction. A transfer to a flow process (2 hrs) 

was achieved in a micro capillary system at high aldehyde reactant conversion (92 

mol%) and reasonable (R)-aldol product yield (63 mol%). Most notably and as proof 

of the new process concept, this allows the separation of product (91 mol% product 

in product layer); and meanwhile recycling of the reactant(s), which were not 

consumed in the reaction. 
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6. Supplementary information 

Table S1. Water solubility values in top 5 reaction solvents 

 

No. Solvent log10(x_rs) 

1 dodecane -5.70 

2 tetradecane -5.67 

3 heptadecane -5.63 

4 tridecane -5.68 

5 undecane -5.72 

 

Table S2. HPLC method for follow up of aldol reaction analysis 

 

Parameter Specification 

Column C18 

Length 150 mm 

Inner Diameter 4.6 mm 

Pore size 5 μm 

Column temperature 25 ˚C 

Injection volume 1 μl 

Eluent A: H2O+0.1% TFA; B: ACN+0.1% TFA 

Detection  UV 230nm 

Flow rate 1ml/min 

Running time 35 min 

 

Figure S1. Pure (R)-aldol product analyzed by HPLC 
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Figure S2. HPLC-based calibration lines:  

 

(a) aldehyde reactant conversion  

 

 

 

(b) aldol product yield 
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Abstract 

Based on solubility calculation with COSMO-RS, we have systematically studied a 

temperature-switchable IL-water biphasic system. The aim of this research was to 

facilitate biocatalysis in a segmented microflow process at a higher reaction 

temperature T1; after reaction and cooling down to T2, the biocatalysts in the water 

layer were separated from the product in the IL phase. We screened 42 potential 

functional IL-water systems from 36260 candidates serving as integrated reactor-

separator medium. As proof of concept, the enzymatic ketone reduction, converting 

acetophenone into R-1-phenylethanol, was further investigated with selected top 2 

IL ([BMIM][PF6]/[BMIM][NTf2]) - water systems. The reaction conditions were 

optimized firstly in batch and then in a flow process.  
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1. Introduction 

In the last two decades, process intensification has made the chemical processing 

industry more efficient and sustainable [1]. In this light, an increased interest in 

continuous end-to-end processing, also known as flow chemistry, has been raised in 

industrial production to overcome drawbacks of batchwise manufacturing [2]. The 

high surface area-to-volume ratio makes heat transfer more efficient in flow reactors, 

which contributes to increased reaction rates. Especially in multiphasic systems, this 

high surface-area-to-volume ratio increases phase transfer, thereby outperforming 

their batch counterparts [3].  

Continuous processing of medicines from raw material to pills in one run has been 

reported as a prime example of how far process integration can be achieved [4]. 

However, the setup employed consisted of a high number of reactor and separator 

equipment, contributing to an extensive process control and as a result a high system 

complexity. Recently, attempts to minimize intermediate workup steps which allow 

multistep reactions to take place in an uninterrupted continuous flow have become 

more popular. Automated synthesis and selective extraction of organic molecules in 

a liquid-phase process is thereby of particular importance [5, 6]. Grzybowski et al. 

illustrated a “wall-less” concentric liquid reactor, which consists of multiple and 

immiscible liquids for potential reactions or separations. Gilmore et al. used step-by-

step automation to synthesize molecules and optimized reaction conditions in flow. 

Both of the above studies showed the importance of reaction solvent selection to 

achieve multiple-step homogeneous catalysis and a facile work-up process. 

The “ONE-FLOW” concept proposes a “functional solvent factory” as integrated 

reactor-separator in a microflow process by employing functional solvents, thus 

without the need for intermediate separation and purification modules. Those smart 

solvents shall, at best, fluidically open and close interim reaction compartments 

(coined as phases) triggered by external stimuli, facilitating transport of reaction 
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species [7, 8]. To identify the appropriate solvents, a combined COSMO-RS and 

experimental methodology was developed in organic catalysis to drastically reduce 

the experimental effort in the solvent system selection process [8].  

Toxic properties of many organic solvents give environmental concerns such as 

contamination of water. Therefore, the use of nonconventional solvents instead of 

environmentally unfriendly traditional solvents could aid in reducing solvent waste 

and thus diminish the negative effect on the environment. ILs are composed entirely 

of ions and are widely used as environmentally friendly alternatives of conventional 

solvents; they are also well-known as “designer solvents”, since these liquids can be 

modulated for specific reaction conditions. Moreover, ILs contain interesting 

features such as low flammability, zero volatility, reduced toxicity to operators and 

mostly they are in the liquid phase over a broad temperature range (-80 - 200°C). 

The polarity and hydrophilicity can be tuned by carefully choosing the combination 

of an organic cation and inorganic anion [9]. ILs have also proven to promote 

enzyme stability [10, 11].  

Biocatalysis is very important for finding synthetic routes to enantiomerically pure 

compounds, which are required for synthesis of pharmaceuticals containing chiral 

centers [12, 13]. One of these reactions is the reduction of prochiral ketones to chiral 

alcohols, which are important building blocks in the pharmaceutical industry [14]. 

An important issue in ketone reduction using enzymes is the poor solubility of 

hydrophobic ketones in water. A co-solvent can be a solution to increase the 

substrates solubility in aqueous solution and facilitate its conversion using 

biocatalysts. A biphasic system can also operate as a reservoir for the substrate which 

is then effectively made available to the catalyst in the aqueous phase during reaction.  

In this chapter, we extend the COSMO-RS based solvent selection to screen 

candidate ILs to form a temperature (T) -switchable biphasic system with water. 

Furthermore, the model reduction converting acetophenone with isopropanol to R-
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1-phenylethanol, using alcohol dehydrogenase from Lactobacillus kefir (Lk-ADH) 

as enzyme and ß-Nicotinamide adenine-dinucleotide phosphate (NADP) as cofactor, 

was used [15] to test the “functional solvent factory” - “integrated reactor and 

separator” concept in batch and micro-flow processes. Ideally, with elevated reaction 

temperatures, the water solubility in ILs will increase, which will improve the 

conversion to product; after reaction and cooling down, a well-separated biphasic 

system formed, in which the IL phase contains the product and the aqueous 

phosphate buffer with the biocatalysts Lk-ADH and NADP. 

2. Methodology 

2.1 COSMO-RS based solvent modelling 

The solubilities of water and product in ionic liquids were predicted using COSMO-

RS with the commercial software package COSMOtherm [16]. All calculations were 

made using the BP-TZVP 1701 parameterization (version C3.0, release 17.01).  

2.2 Chemicals 

Acetophenone (99%), 2-propanol (>99.5%), (R)-1-phenylethanol (>98.5%), (S)-1-

phenylethanol (>98.5%) and phosphate buffer solution (0.1M, pH=7.5) were 

received from Sigma Aldrich. 1-Butyl-3-methylimidazolium hexafluorophosphate 

[BMIM][PF6] (99%) and 1-Butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide [BMIM][NTf2] (99.5%) were received from 

Iolitec company. Ethyl acetate (>99.8%) was received from Biosolve. Toluene 

(99.5%) was received from Merck. NADP (85%) was received from Gerbu 

Biotechnik GmbH. LK-ADH was synthesized and kindly provided by the Gröger 

Group. 
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2.3 Microflow reactor setup 

The set-up of the flow reactor consisted of a 750 µm inner-diameter, 5 mL 

PerFluorAlkoxy (PFA) capillary, microfluidic device (LT-115X) and ferrules 

(P259X). The liquid reagents present in plastic syringes were fed using syringe 

pumps (Fusion 720, Chemyx) and merged with a T-mixer. 

2.4 Phase characterization 

For solubility tests and batch reactions, the liquid reagents were shaken at 800 rpm 

for 12 hrs. After reaction in batch and in scale-up microflow processes, the phase 

separation were checked after 10 minutes centrifuging at 25°C at 4000 rpm, and 

photographed by a Nikon camera. Afterwards, each layer was carefully separated 

into different glass vials. For the water layer, ethyl acetate was used to extract the 

reaction mixture. 

2.5 Reaction analysis 

In the batch experiment, 0.1 M acetophenone, 1 M (10 equiv.) 2-propanol, 1 g/L Lk-

ADH and 4 g/L NADP were introduced in phosphate buffer solution or biphasic IL- 

water system. The mixture was stirred at 40oC. In the flow experiment, 0.5 M 

acetophenone and 5 M 2-propanol in IL solution (Pump 1) and 5 g/L Lk-ADH and 

20 g/L NADP in buffer solution (Pump 1) were introduced via a T-connector into 

the heated-up microflow reactor (40oC). The compounds in each phase were 

analyzed by chiral GC and quantified by the internal standard method (Figure S1-

S2). In addition, for the flow experiments, 1 ml reaction samples were collected 

before the analysis (averagely 10 mins). 
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3. Results and discussion 

3.1 Solvent screening of temperature-switchable IL-water systems 

 

Scheme 1. Framework of temperature-switchable IL-water system selection for enzymatic 

ketone reduction. 

A systematic procedure for temperature-switchable IL-water biphasic system 

screening was proposed and tested with a model enzymatic ketone reduction, 

see Scheme 1. The screening scheme consisted of two major parts: first the 

functional IL-water pairs were selected based on COSMO-RS, followed by a 

combined simulation and experimental validation in batch and flow 

exemplified by synthesis of (R)-1-phenylethanol from acetophenone. In the first 
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part, several steps were presented in order to select a reasonable amount of 

candidate solvent systems. Water solubilities in ILs at T1 and T2 were 

calculated by the COSMOthermX software separately; the candidate solvent 

species were taken from the COSMO-RS database. To prevent enzyme 

deactivation at very high temperatures, reaction temperature T1 was set at   

40 oC, the cooling down temperature T2 was 25 oC. The solubilities were 

ranked by water solubility at T1 (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤1 ), at T2 (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤2 ), and the solubility 

difference ( 𝑙𝑙𝑙𝑙𝑙𝑙∆𝑙𝑙𝑤𝑤 , 𝑙𝑙𝑙𝑙𝑙𝑙∆𝑙𝑙𝑤𝑤 = 𝑎𝑎𝑎𝑎𝑎𝑎(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤2 )/𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤2 ). With the 

above steps, already a limited number of switchable solvent systems remained, 

which allowed other properties to be considered manually in the following 

steps. Based on synthetic accessibility, 3 common anions and 27 cations were 

selected as the next step to narrow the number of IL candidates. After these 

steps, the IL-water systems that matched the criteria were already brought back 

to manageable numbers and could be further screened or exploited to any 

possible biocatalytic applications.  

Taking the model enzymatic reaction into account, the solubility of product 

(R)-1-phenylethanol at 25 oC (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃2) in the selected ILs was calculated and 

ranked as the first step in the second part of the screening process. 

Furthermore, other properties (reactivity, commercial availability and 

greenness) were considered as additional exclusion criteria. After the 

modeling-driven solvent screening procedure was concluded, the promising 

biphasic systems were experimentally assessed. The solubility of each reaction 

compound (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑅𝑅,𝑒𝑒𝑒𝑒𝑒𝑒
2 , 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐.,𝑒𝑒𝑒𝑒𝑒𝑒

2 , 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃,𝑒𝑒𝑒𝑒𝑒𝑒
2 ) in each chosen system was 

validated as the first experimental step. Then the functional solvent systems 

were applied and optimized first for the batch process (IL/water volume ratios) 

and later for the flow process (IL/water volume ratios and residence time in 

flow, t). Each step is explained in more detail in the following sections. 
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3.2 Solvent screening of T-switchable IL-water systems 

COSMOtherm can directly calculate the chemical potentials based on sigma 

profiles of the involved components [17]. The desired solubility was 

calculated from the difference between the chemical potentials of the solute in 

the solvent 𝜇𝜇𝑗𝑗𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑐𝑐  and in the pure solute 𝜇𝜇𝑗𝑗
𝑒𝑒𝑝𝑝𝑝𝑝𝑒𝑒   (eq. 1) [18]. For better 

comparability of the effects of the different molecular interactions on 

solubility, a noniterative mode was utilized [16]. It should also be mentioned 

that, in the COSMO-RS calculation, ILs are treated as electro-neutral mixtures 

of separated cations and anions with the molar ratio corresponding to the 

stoichiometry of the IL. The mole fraction used in the calculations differs from 

what is normally defined in experiments, where the IL is treated as one 

compound. The obtained solubilities showed the following relation: 

𝑙𝑙𝑙𝑙𝑙𝑙10�x𝑗𝑗� = 𝑙𝑙𝑙𝑙𝑙𝑙10[exp�
𝜇𝜇𝑗𝑗
𝑝𝑝𝑢𝑢𝑟𝑟𝑟𝑟−𝜇𝜇𝑗𝑗

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠𝑠𝑠−max (0,   ∆𝐺𝐺𝑓𝑓𝑢𝑢𝑠𝑠)

𝑅𝑅𝑅𝑅
�]              (1) 

∆𝐺𝐺𝑓𝑓𝑝𝑝𝑠𝑠  equals to zero because all ILs involved in the screening work were 

assumed as liquids at room temperature. The water solubilities in a large 

number of ILs at 40oC and 25 oC were determined separately by an auxiliary 

batch-processing program in COSMOthermX, including CT_CREATE and 

RUN_CT, which only requires a template input file for solubility calculation 

and a list of the involved ILs. Once all calculations were complete, the two ILs 

lists were written as excel tables with decadic logarithm 𝑙𝑙𝑙𝑙𝑙𝑙10�x𝑗𝑗� (𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙). 

𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙 is the optimized mole fraction of solute in one IL and chosen as the key 

parameter to characterize solubility in this investigation. The maximal value 

is 0, meaning total dissolution in IL; as the values of 𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙 decrease, the 

solubility tends to be smaller [19]. The overall screening steps are summarized in 

Table 1. 
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Table 1. Number of T-switchable IL-water systems in different screening steps 

Step Considerations Constraints Remaining 
Solvents 

1 COSMO-RS database - 36260 

2 Water solubility 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤1 > −1, 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤2 < −1, 
𝑙𝑙𝑙𝑙𝑙𝑙∆𝑙𝑙𝑤𝑤 > 0.1 1100 

3 Cation and anion 
categories 27 cations, 3 anions 42 

4 Product solubility at T2 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃2 >  −1 35 

5 Reactivity, greenness, 
commercial availability NPFA factors, low price 2 

 

Initially, all candidate ILs from the COSMO-RS IL database (ver. C30_1701, 

COSMOlogic) were selected and generated as excel list, which included in 

total 36260 species. To intentionally maintain a large search space, only the 

solubility was considered as the screening scenario in the first step. The 

potential ILs should comprise both large values of 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤1  and 𝑙𝑙𝑙𝑙𝑙𝑙∆𝑙𝑙𝑤𝑤 , 

while keeping very low 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤2 . As the key scenario constraint, the cut-off 

values of these three parameters were arbitrarily chosen based on the U.S. 

pharmacopoeia solubility definition (𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠)  [17]: 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤1 > −1 , 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤1 <

−1 (𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠 < 10, free soluble), 𝑙𝑙𝑙𝑙𝑙𝑙∆𝑙𝑙𝑤𝑤 > 0.1. It decreased the total solvent 

candidates to 1100. For the third step, the selected set covered typical 27 

cationic categories, such as imidazolium, pyridinium and pyrrolidinium; and 

3 anions [PF6]-, [BF4]-, [NTf2]-. The potential for synthetic accessibility/scale-

up application was identified by the commercial supply of two most common 

ionic liquids suppliers, Sigma Aldrich and Iolitec. After this step, the selection 

space was narrowed to 42 ILs species, which could theoretically form T-switchable 

biphasic systems with water in a temperature range from 40 oC to 25 oC (Table S1). 
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These potential functional systems could be applied in biocatalysis to facilitate 

extractive reaction process of the hydrophilic biocatalysts from the hydrophobic 

product. 

According to the selected model enzymatic reaction, product solubility in ILs 

at T2 as 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃2 >  −1  was considered as next step to contain product 

spontaneously in the IL layer. Afterwards, other properties were considered 

additionally. For instance, the selected ILs should not be reactive with other 

substrates; the greenness was checked by NPFA parameters; Commercial 

availability for scale-up/industrial application was identified. After these steps, 

[BMIM][PF6] and [BMIM][NTf2] were selected for the following experimental 

validation. 

 

Figure 1. Chemical structures: (a) [BMIM][PF6]; (b) [BMIM][NTf2]. 

3.3 Solubility test 

A solubility test of each compound was carried out by adding it separately to 1 mL 

phosphate buffer solution, 1 mL [BMIM][PF6] and 1 mL [BMIM][NTf2]. NADP and 

Lk-ADH were added separately in increasing amounts starting from 1 mg to 20 mg 

and (R)-1-phenylethanol was added in increasing amounts from 10 µL till 400 µL. 

It was found that Lk-ADH and NADP only dissolved in the phosphate buffer solution. 

Product (R)-1-phenylethanol was totally soluble in ILs and insoluble in the 

phosphate buffer (< 1%) [20]. 
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3.4 Batch reactions - variation of solvent ratios 

The acetophenone reduction to R-phenylethanol (Figure 1a) was first performed in 

pure phosphate buffer in batch at 40 oC after 12 hrs. A conversion of 71% was 

achieved and only the R configuration (>99% ee) was detected. In all of the 

following experiments the enantioselectivity were maintained. For the experiments 

containing ILs, only the product in the IL layer was analyzed to quantify the 

conversion because of its low solubility in water. Firstly, different ratios of ILs 

([BMIM][PF6]/ [BMIM][NTf2]) were used separately to form biphasic systems with 

phosphate buffer. The acetophenone reduction was then tested and analyzed for 

IL/phosphate buffer volume ratios of 1:4, 1:1, 4:1 and pure IL. 

 

 

From Figure 2, overall no large differences in conversion were observed between the 

two ILs, although [BMIM][PF6] worked slightly better. For the different ratios, the 

best condition was 1:4 (water/IL), with either [BMIM][NTf2] (68%) or [BMIM][PF6] 

Figure 2. (a) Ketone reduction scheme of acetophenone with isopropanol to produce R-
1-phenylethanol, (b) conversions to R-product by IL-water biphasic systems. 
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(75%). With pure IL as reaction solvent, only low conversions were obtained. This 

is due to the fact that water is essential for enzyme and cofactor activation. 

Considering [BMIM][PF6]-involved systems having possibly reached equilibrium, 

[BMIM][NTf2] was chosen to measure samples with more different ratios of 

water/[BMIM][NTf2]. The conversions to product were represented in Figure 3. 

 

 

From Figure 3, it can be concluded that ratios of pure water, 1:4 and 2:3 (v/v, 

IL/water) led to higher conversions compared to the other ratios. The highest 

conversion was 72% with 2:3 (v/v, [BMIM][NTf2]/water). There was a decreased 

conversion with 1:9 ratio, because [BMIM][NTf2] have low solubility in water under 

25 oC and led to part of product remaining in the water layer. Therefore, three mono- 

and biphasic systems were chosen for further optimization in the microflow process 

with both ILs.  

 

 

Figure 3. Conversions to (R)-product at 40°C with [BMIM][NTf2] at different ratios. 
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3.5 Microflow processes - variation of residence time (t)  

For the flow experiments, a total reaction volume was scaled up five-time amount 

compare to batch reactions, under the same reaction temperature. Firstly the reaction 

was tested in pure phosphate buffer with 1 hr residence time (t) (conversion as 54%). 

IL-water biphasic systems of ratios 1:4 and 2:3 were then examined in the same flow 

reactor set-up, as shown in Figure 4a. Two phases were introduced separately via a 

T-mixer to form a segmented flow before heating up. Figure S3 depicted the 

segmented flow before and after reaction of each ratio. The conversions were 

measured at three different residence times, 0.5 hrs, 1 hrs and 2 hrs (Figure 4b). 

 

 

 

The conversions increased with residence time for both ILs, especially from 0.5 hrs 

to 1 hr; after 1hr, all biphasic systems showed similar conversions as the monophasic 

Figure 4. (a) Microflow set-up scheme; (b) t effect on conversion, the residence time in the 

microreactor varied from 0.5 hrs, 1hr, to 2 hrs. 
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system. Secondly, the 1:4 ratios performed always better in flow than the 2:3 ratios 

and [BMIM][NTf2] systems provided higher conversions compared to results with 

[BMIM][PF6]. For the ratio 1:4 of [BMIM][NTf2]/water, the conversion was 

obtained at 58% after 1 hr, while the same condition of [BMIM][PF6] led to 48%. 

With a residence time of 2 hrs and for the ratio 2:3, the better (R)-product-related 

conversion was 66% with IL [BMIM][NTf2]; in case of ratio 1:4, conversions are 

72% for [BMIM][NTf2] and 67% for [BMIM][PF6] respectively. The possible reason 

is that [BMIM][NTf2] has a higher solubility for water at reaction temperature based 

on the COSMO-RS calculations and a lower viscosity, which facilitates mass 

transfer in the segmented flow. The results also indicate that the choice of anion in 

the IL solvents has a pronounced effect on the enzymatic reaction. 
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4. Conclusions 

The goal of this research was to find T-switchable IL-water systems for biocatalysis 

using COSMO-RS based solvent selection. The hypothesis was to improve reaction 

efficiency with elevated temperature. After cooling down, hydrophobic product 

separation was effectuated via IL from biocatalysts in the aqueous layer. The 

spontaneous separation would prevent an additional workup step when employing a 

monophasic reaction system. The solubility difference of water in ILs at different 

temperatures was therefore calculated and evaluated as the most important parameter 

for the screening. The solubility tests were in good agreement with the simulation 

results. The model enzymatic reduction from acetophenone to (R)-1-phenylethanol 

was then performed in batch and flow to validate the selected two IL-water biphasic 

systems. Firstly, in both mono- and biphasic systems, only R-configuration was 

obtained (e.e. > 99%). It is proven that ILs did not have an effect on selectivity. As 

for the key result, the optimum condition in batch was 1:4 ratio with a conversion of 

75% for [BMIM][PF6]; in flow the best condition was 1:4 ratio of 

[BMIM][NTf2]/water after 2 hrs (72%). This first systematic study shows that the 

designed “functional solvent factory” in a ONE-FLOW process mode applies 

favorably for biocatalytic reactions as well. In the future, this concept can be further 

combined with the “compartmentalized smart factory” [21] to further improve 

compatibilization and separation of catalysts and products. 
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6. Supplementary information 

Figure S1. Reaction compounds analyzed by Chiral GC. (toluene at 5.002 min, 
acetophenone at 8.013 min, (R)-1-phenylethanol at 8.809 min.) 

 

Figure S2. Chiral GC-based (R)-product and (S)-product calibration lines: 
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Table S1. Water solubilities in the top 42 ILs 
 

No. IL Name log(x_40) log(x_25) Abslog∆x 

1 
1,1-dimethyl-
pyrrolidinium 

pf6 -0.961 -1.183 0.188 

2 
1,1-dimethyl-
pyrrolidinium 

tf2n -0.910 -1.078 0.156 

3 1,3-diethylimidazolium pf6 -0.904 -1.093 0.172 
4 1,3-diethylimidazolium tf2n -0.867 -1.009 0.141 

5 
1-benzyl-3-methyl-
imidazolium 

pf6 -0.909 -1.099 0.172 

6 
1-benzyl-3-methyl-
imidazolium 

tf2n -0.869 -1.014 0.143 

7 
1-butyl-2-
methylpyridinium 

tf2n -0.983 -1.147 0.143 

8 
1-butyl-3-
ethylimidazolium 

pf6 -0.963 -1.153 0.165 

9 
1-butyl-3-
ethylimidazolium 

tf2n -0.915 -1.059 0.136 

10 
1-butyl-3-methyl-
imidazolium 

pf6 -0.927 -1.116 0.170 

11 
1-butyl-3-methyl-
imidazolium 

tf2n -0.886 -1.030 0.140 

12 
1-butyl-3-methyl-
pyridinium 

tf2n -0.959 -1.115 0.140 

13 1-butyl-pyridinium pf6 -0.942 -1.142 0.175 
14 1-butyl-pyridinium tf2n -0.900 -1.052 0.144 

15 
1-decyl-3-methyl-
imidazolium 

tf2n -0.998 -1.148 0.131 

16 
1-ethyl-1-methyl-
pyrrolidinium 

tf2n -0.956 -1.127 0.152 

17 
1-ethyl-3-methyl-
imidazolium 

pf6 -0.866 -1.054 0.178 
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18 
1-ethyl-3-
methylpyridinium 

pf6 -0.957 -1.162 0.177 

19 
1-ethyl-3-
methylpyridinium 

tf2n -0.912 -1.067 0.145 

20 
1-ethyl-3-
propylimidazolium 

pf6 -0.938 -1.128 0.168 

21 
1-ethyl-3-
propylimidazolium 

tf2n -0.895 -1.038 0.138 

22 1-ethyl-pyridinium pf6 -0.879 -1.077 0.184 

23 
1-heptyl-3-methyl-
imidazolium 

pf6 -0.998 -1.191 0.162 

24 
1-heptyl-3-methyl-
imidazolium 

tf2n -0.944 -1.090 0.134 

25 
1-hexyl-3-methyl-
imidazolium 

pf6 -0.976 -1.168 0.165 

26 
1-hexyl-3-methyl-
imidazolium 

tf2n -0.926 -1.072 0.136 

27 1-hexyl-pyridinium pf6 -0.993 -1.195 0.169 
28 1-hexyl-pyridinium tf2n -0.941 -1.095 0.141 

29 
1-methyl-1-
propylpyrrolidinium 

tf2n -0.984 -1.156 0.149 

30 
1-methyl-3-
nonylimidazolium 

tf2n -0.980 -1.129 0.132 

31 
1-pentyl-3-methyl-
imidazolium 

pf6 -0.952 -1.143 0.167 

32 
1-pentyl-3-methyl-
imidazolium 

tf2n -0.907 -1.051 0.138 

33 1-pentylpyridinium pf6 -0.968 -1.169 0.172 
34 1-pentylpyridinium tf2n -0.921 -1.074 0.142 

35 
4-butyl-4-
methylmorpholinium 

pf6 -0.898 -1.089 0.176 

36 
4-butyl-4-
methylmorpholinium 

tf2n -0.862 -1.014 0.151 

37 
4-methyl-n-
butylpyridinium 

tf2n -0.963 -1.120 0.140 
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38 butyltrimethylammonium pf6 -0.984 -1.203 0.182 
39 butyltrimethylammonium tf2n -0.930 -1.096 0.151 
40 dibutylimidazolium tf2n -0.957 -1.102 0.131 

41 
methyl-trioctyl-
ammonium 

bf4 -0.871 -1.005 0.134 

42 triethylsulfonium tf2n -0.973 -1.142 0.148 

 

Figure S3. Segmented flow before and after reaction  

(a) IL-water ratio 1:4 

 

(b) IL-water ratio 2:3 

 



Chapter 4 
 

Ionic liquid-water biphasic Pickering 
emulsion for biocatalysis in a continuous 
flow process 
 

 

 

 
 

 

 

This chapter is based on: 
Zhang C., Rodriguez A.M.B., Rong L., Schober L., Gröger H., Binks B.P., van Hest 
J., Hessel V., in preparation. 
 



Chapter 4 

80 
 

Abstract 

In this chapter, Pickering emulsions (PEs) based on a IL-water biphasic system were 

used, for the first time, for biocatalysis in a continuous flow process. This integrated 

microfluidic reactor was employed for the biotransformation of acetophenone to (R)-

1-phenylethanol, catalyzed by LK-ADH. The Pickering emulsions were stabilised 

by silica particles with different hydrophobicity. As key result, the IL-in-water (IL/w) 

system displayed a higher conversion than the water-in-IL (w/IL) system. 

Furthermore, compared to the PEs supported reaction performed in a batch reactor, 

the IL-water droplet microfluidic systems showed the benefits of stable 

emulsification and high productivity (especially at elevated temperatures). 
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1. Introduction 

Biocatalysis is widely used both in the academic laboratory setting and the fine 

chemicals industry due to its high stereoselectivity and catalytic activity. In order to 

separate enzymes from the product flow for recycling and purification purposes, 

enzymes have been immobilized onto a range of carriers such as silica scaffolds, 

polymer resins, dendrimers, and supramolecular architectures [1-7]. These packed-

bed enzyme reactors have been widely applied in the microenvironment for high-

value productions such as pharmaceuticals. The unique advantages are to reduce 

product contamination, simplify the downstream operations, and the avoidance of 

mass-transfer limitations with high-loading performance [1-4]. 

However, with these solid-supported techniques, biocatalysts often show decreased 

activity compared to when they are applied as homogeneous catalysts. Furthermore, 

the biocatalytic efficiency may also be affected due to diffusional barriers created by 

the scaffolding material. Ideally, enzymes should be homogenously encapsulated in 

miniaturized compartments in order to preserve the full activity of the biocatalyst; 

such an approach finds its inspiration in the way of biocatalytic processes [8, 9]. An 

important additional aspect is that compartmentalization should not hinder facile 

separation of catalyst and product. One approach to achieve is by employing liquid-

liquid biphasic catalysis [10]. A major drawback of classical biphasic systems, is 

however the low interfacial area between the two phases [11]. To increase the 

interfacial area, segmented flows in microfluidic channels has shown to be successful 

[12, 13].  

Recently, micron-sized droplets, known as Pickering emulsions (PEs), have been 

introduced in process engineering as an effective way to create miniaturized packed 

bed reactors [14-16]. PEs are stabilized by colloids that adsorb onto the liquid-liquid 

interface, and which can form water-in-oil (w/o) or oil-in-water (o/w) emulsions, 

depending on the solid's amphipathicity. The usage of colloids instead of small 
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molecule surfactants leads to emulsions with a much higher stability. The above-

mentioned PE-based processes, either performed in batch or a packed-bed 

microchannel, have shown limitations concerning scalability for industrial 

application, as there was either not much control over droplet size or because the 

flow determined by gravity [14-16]. The use of a continuous flow droplet 

microreactor could overcome these issues by providing a way to induce active flow 

and to gain control over the droplet size to create a more homogeneous system [17]. 

In this chapter, we propose to use functionalized silica nanoparticles to create 

micron-sized Pickering emulsion droplets in an IL-water biphasic continuous flow 

process, to accelerate a biocatalytic reaction, in particular, the conversion of 

acetophenone to (R)-1-phenylethanol by LK-ADH (Figure 1a). The Pickering 

emulsion was created by mixing an ionic liquid with an aqueous enzyme solution, 

with silica nanoparticles as stabilizing agents on the droplet surface. After the 

reaction, the biocatalysts and cofactors were separated from other organic substrates 

and recovered in the aqueous phase while ensuring high yield and selectivity of the 

product retained in the IL layer. The biphasic system is regarded as an example of 

the integrated reactor-separator in a one-flow process. (Figure 1b-1c). 
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Figure 1. (a) Enzymatic reduction catalyzed by LK-ADH from acetophenone to (R)-1-

phenylethanol; (b) w/IL or IL/w PEs were formed, depending on hydrophobicity of fumed 

silica particles employed; (c) PEs droplet reaction in a continuous microflow set-up. 

2. Results and discussion 

2.1 Pickering emulsion preparation and characterization 

Fumed silica particles with two different hydroxyl contents (79% and 65%) on the 

surface were kindly supplied by Wacker-Chemie and were used as received. 

Hydrophilic silica was silylated to various extents by reaction with 

dichlorodimethylsilane in the presence of water, followed by drying at 300°C for 2 

hrs, leaving the particle surfaces containing silanol (SiOH) and dimethylsilane 

(SiOSi(CH3)2) groups [18]. The silanol content was determined by titration with 

aqueous NaOH, while the carbon content was measured using a carbon analyzer [18]. 

The primary particles were approximately spherical with diameters between 5 and 

30 nm; after modification, they showed to aggregate into larger units of about 200 

nm in diameter. 
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The two IL ([BMIM][NTf2]/[BMIM][PF6]) -water systems were selected from 

Chapter 3 as suitable reaction solvents for the model enzymatic reaction. Therefore, 

emulsions between Milli-Q water and an ionic liquid, either [BMIM][NTf2] or 

[BMIM][PF6] stabilised with silica particles of different hydrophilicities were 

prepared with an ultrasonication machine (Q500 Sonicator). Mixing was kept for 

1min (amplitude = 20, pulse = 1s). IL/w emulsions were stabilized by 79% SiOH 

fumed silica particles with IL-to-water volume ratios of 1:1 and 1:3 respectively; the 

3:1 ratio was used for w/IL emulsion with 65% SiOH fumed silica particles. 

The emulsion samples were diluted with deionized water or IL prior to observation. 

The emulsion types were confirmed via fluorescence microscope (Leica TCS SP5X) 

images of an emulsion drop, where the IL phase was dyed with Nile red (Figure 2). 

An IL/w emulsion appeared as red droplets in a continuous black background, while 

a w/IL emulsion appeared as black droplets dispersed in a red background. Emulsion 

stability was investigated with an optical microscope, at t=0 and t=1 day after 

preparation, as depicted in Figure S1-S2. Furthermore, the mean droplet diameter of 

emulsions was calculated from at least fifty individual droplets identified on digital 

micrographs with ImageJ. The average droplet diameter did not significantly change 

after 1 day (Table S1-S2) for both IL/w and w/IL systems. It is because of the high 

energy of detachment of solid particles from the liquid-liquid interface, which made 

them very strongly adsorbed. Moreover, the type of IL did not affect significantly 

the size of the average droplet diameter. The smallest droplets were formed using an 

IL-to-w volume ratio of 1:3 with 79% SiOH fumed silica particles (10.4 ± 4.0 µm 

for [BMIM][NTf2]/w system, 7.4 ± 2.6 µm for [BMIM][PF6]/w system). Also, the 

surface activity of other reaction substrates was investigated with ratio of 1:3; LK-

ADH (44.7 ± 17.0 µm) and NADP (31.5 ± 12.3 µm) showed some emulsion 

stabilization. 
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Figure 2. The vials and fluorescent microscope images of freshly-prepared Pickering 

emulsions (t=0), where the [BMIM][NTf2] phase was dyed with Nile red. (a) 1:1 volume 

ratio of IL-to-w with 79% SiOH stabilizing a IL/w system; (b) 1:3 volume ratio with 79% 

SiOH stabilizing a IL/w system; (c) 3:1 volume ratio with 65% SiOH stabilizing a w/IL 

system. 

2.2 Batch reaction - variation of droplets, reaction time (t) 

After establishing stable Pickering emulsion systems, the reaction conditions for the 

biocatalytic conversion were first optimized in batch reactions. All results were 

analyzed by chiral GC, the detailed procedures were described in Chapter 3. Firstly, 

the reaction efficiency of the stirred biphasic system without PEs, with non-stirred 

PEs and with stirred PEs was checked. In Figure 3a, with a constant IL-water volume 

ratio (1:1) and IL/w system with 79% SiOH silica particles, stirred PEs yielded 

higher conversions to the (R)-product after 2 hrs (27% with [BMIM][NTf2], 21% 

with [BMIM][PF6]). Therefore, the stirred PEs was chosen as the best condition for 

the following tests in batch. Secondly, although the differences are modest, an IL: 

water ratio of 1:3 led to slightly higher conversions, compared to the other two ratios, 

with the highest conversion measured for the [BMIM][NTf2]-water system (29%). 

Thirdly, with this optimal ratio, the reaction time was increased to 6 hrs. Again, the 
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[BMIM][NTf2] system (46%) gave higher conversions than the [BMIM][PF6] (38%) 

system. Meanwhile, exemplified by a stirred IL/w system of 1:1 ratio, all the stirred 

samples exhibited favorable stability after 2 hrs (Figure 3d); however, more than 2 

hrs, de‐emulsification was observed (Figure 3e-3f). Based on the above batch results, 

the 1:3 ratio of the [BMIM][NTf2] IL/w systems was further explored in a 

continuous-flow process. 

 

Figure 3. Optimization batch reactions at 25 oC: (a) after 2 hrs, variation of reaction 

conditions without PEs (blank, stirring, at 800 rpm), with non-stirred, and stirred PEs; (b) 

the effect of stirred Pickering emulsions (IL/w or w/IL) on conversion. Reaction time (t) 

effect in a stirred IL/w system with 1:3 ratio (c) the conversions to (R)-product with 

increasing t; droplet dispersion of stirred ng PEs (d) after 2 hrs; (e) after 4 hrs; f) after 6 hrs. 

2.3 Optimization in a microflow process 

The biphasic Pickering emulsion continuous flow system (Figure 1c) was executed 

at two different temperatures, 25 oC and 40 oC. After 2 hrs residence time in flow, 

the highest yield (71%) was obtained at 40 oC. Compared to the same reaction 

conditions in batch, the productivity was doubled in the flow process (0.12 M/hr). 
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As the reaction was scaled up with a factor of 5 compared to the batch situation in 

the microflow process, 10-time higher productivity was obtained for this microflow 

system. Additionally, the PEs stabilities under the optimal conditions were 

confirmed after the reaction (Figure 4c-4d), with similar droplet sizes of 11.8 ± 5.5 

µm in batch and 11.8 ± 2.8 µm in flow. 

 

Figure 4. With the 1:3 ratio of [BMIM][NTf2]-involved IL/w systems: (a) Conversions to 

(R)-product after 2 hrs in flow at 25 oC and at 40 oC separately; (b) productivities compared 

between batch and flow processes, under the same and optimal reaction conditions, after 2 

hrs, at 40 oC; PEs droplets check (c) in batch, (d) in flow. 
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3. Conclusions 

Biphasic IL-water Pickering emulsions stabilized by silica particles were employed 

for the enzymatic conversion of acetophenone into (R)-1-phenylethanol. We could 

achieve high reaction efficiency, while separating product and biocatalysts after 

reaction. While keeping stable PEs, the temperature was determined to be one of the 

most essential elements for achieving high productivity, especially in a continuously 

micro-flow process. This microfluidic compartmentalization system can now be 

further extended to a chembio cascade. The final task is to develop optimal 

conditions using functional solvents and nanoparticles to create multiple phases for 

the cascade reaction and subsequent separation. 
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5. Supplementary information 

Figure S1. Stability check for IL-water systems after one day. Photos of vials were 

taken with a digital Nikon camera at different times. 

(a) [BMIM][NTf2]-water system: 

 

(b) [BMIM][PF6]-water system: 
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Figure S2. Stability check via optical microscopy, exemplified by [BMIM][NTf2]-

water systems after one day. 

 

Table S1. Average droplet diameters at different times (given) for the emulsions 

prepared in the [BMIM][NTf2]-water system at different IL:w ratios. 

IL:water ratio 
Average droplet diameter/µm 

t = 0 t = 1 day 
1:1 (79% SiOH) 26.7 ± 6.5 29.3 ± 7.2 
1:3 (79% SiOH) 10.5 ± 2.4 10.4 ± 4.0 
3:1 (65% SiOH) 8.4 ± 2.4 8.1 ± 1.7 

Table S2. Average droplet diameters at different times (given) for the emulsions 

prepared in the [BMIM][PF6]-water system at different IL:w ratios. 

IL:water ratio 
Average droplet diameter/µm 

t = 0 t = 1 day 
1:1 (79% SiOH) 21.4 ± 4.9 19.8 ± 5.5 
1:3 (79% SiOH) 8.0 ± 2.4 7.4 ± 2.6 
3:1 (65% SiOH) 11.7 ± 3.9 13.2 ± 5.4 
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Abstract 

We have developed a nano-compartmentalized one-solvent (ONE-FLOW) 

procedure for the two-step synthesis of Rufinamide, employing a combined 

simulation and experimental approach. Computer-aided selection of reaction solvent 

was combined with reagent/catalyst compartmentalization in a continuous flow set-

up. The synthetic route encompassed azidation of benzyl chloride, followed by a Cu-

catalyzed azide alkyne cycloaddition (CuAAC) reaction to afford the desired product. 

A functional solvent was chosen via a COSMO-RS based selection process, which 

allowed the reaction to take place in one phase while at the same time facilitating a 

thermally induced separation of the final product from the reaction mixture. In order 

to perform the azidation and CuAAC reactions effectively in a microfluidic system, 

both the azidation reagent and the Cu(I) catalyst were immobilized, on a packed bed 

and in the hydrophobic membrane of polymer vesicles, respectively, as this allowed 

a higher reaction efficiency, facile regeneration of azidation reagent, and recovery 

of the metal catalyst. The presented ONE-FLOW approach can have great benefits 

for the pharmaceutical industry in their quest to scalable, efficient and safe synthetic 

processes with minimal waste generation. 
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1. Introduction 

The process design of pharmaceuticals synthesis has attracted much attention over 

the years. One of the more intriguing developments has been the end-to-end 

processing of medicines from raw materials in one run, which even involved the 

connection with compounding/formulating equipment to deliver ready-to-use pills 

continuously [1]. Chemists have in the past two decades expanded the concept of 

continuous micro-flow reactors, initially employed for a plethora of single chemical 

reactions, to a much broader choice of chemistries involving multi-step reactions in 

continuous-flow, which has been coined flow chemistry [2]. Still, this process chain 

commonly needs to incorporate work-up steps in between the flow reactors, due to 

compatibility issues, which leads to a high number of reactor and separator units and 

complicated controller tasks, i.e. high system complexity [1]. 

To simplify this complicated and expensive production process, an alternative 

approach might be to employ an integrated reactor-separator unit which can cope 

with these issues. For this approach, it is important to think of another way of 

combining the reaction with separation spaces, which are traditionally not integrated. 

This separate chain of reactors and separators – one after the other − is what we call 

the “vertical” alignment of a series of flow equipment. The inspiration for alternative 

multistep synthetic processes can be found in nature, in particular in living cells. 

Nature did not choose for a “vertical” series of cells, each being unique to one kind 

of operation. Rather, all is done in one cell which internally is hierarchically 

compartmentalized (with its membranes and organelles) and which is modular, 

meaning different cells refer to the same building principle. That approach, of 

conducting diverse chemistries at the same time and virtually the same place, may 

be termed “horizontal” in order to distinguish it from the aforementioned traditional 

approach [3]. 
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Learning from nature and in order to turn a microfluidic reactor into a soft-matter 

structured operating unit, an entirely new reactor concept for multi-step organic 

reactions involving catalytic conversions is presented based on micro-flow 

continuous processing. This work describes the development of functional solvent 

and nanoparticle combinations to provide a compartmentalized flow 

reactor/separator system with “horizontal hierarchy” – as opposed to the “vertical 

hierarchy” of common multi-step flow syntheses (or batches) with their consecutive 

reactors-separators. The solvent plays a dual role, since it provides a homogeneous 

solution for the reaction to take place, while it enables a spontaneous separation of 

the final product from the reaction mixture. Concerning the design of the catalyst, 

the choice of immobilizing it in nanosized compartments combines the benefits of 

homogeneous catalysis, i.e. high accessibility, with ease of separation from the 

product flow. Such flow cascade processing ideally needs just one reactor passage 

(“ONE-FLOW”) [4]. A “ONE-FLOW” process will fluidically open and close 

interim reaction compartments with the aims to facilitate (a) orthogonality during the 

reaction, (b) recycling of catalysts and reactants, (c) purification of products, (d) 

enabling high-c processing, and (e) ensuring activity and stability of the catalysts. 

This chapter aims to translate a multi-step and multi-phasic cascade reaction into a 

one-step and one-phase reaction via a continuous flow process, exemplified by the 

synthesis of Rufinamide (1) and its analogue 1-(2,6-difluorobenzyl)-4-phenyl-1H-

1,2,3-triazole (2) (Figure 1). 
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2. Results and discussion 

2.1 Solvent selection 

As for the current production of 1 and 2, multiple steps are required to obtain the 

purified product and most of the published processes are energy intensive and time 

consuming; meanwhile, sustainability and circularity issues such as reagent and 

catalyst recovery are in most published papers still not addressed [5]. For instance, 

in previous work from our group, the first step involving synthesis of the azide, 40 

Figure 1. (a) Reaction scheme for the 2-step synthesis of Rufinamide (1) and its analogue 

1-(2, 6-difluorobenzyl)-4-phenyl-1H-1,2,3-triazole (2); (b), (c) proposed ONE-FLOW 

processes for the preparation of 1 and 2. 
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mins residence time at 160 °C and 7 bar (yield 93%) was selected as optimized 

reaction condition in flow [5a], following the use of the “novel process windows” 

(NPW) concept to boost flow chemistry reactions [6]. In this work, we used a 

packed-bed resin-N3 microreactor to achieve possibly full conversion under 

moderate reaction conditions. In the previous study [5a], also a solvent-free three-

step Rufinamide flow process has been developed, as another NPW variant, based 

on the use of undiluted reactants (omission of the solvent) with resulting 

sustainability benefits [7]. Yet the need for three consecutive steps, each one with a 

long reaction time, requires a start-up time for the whole synthesis of a few hours 

[8], while in this work, starting up the reaction takes only a few minutes, in 

combination with compression of two steps into one with favorable reaction rates. 

We have designed a system, which is meant to simplify the whole cascade of reactors 

and separators traditionally used in a ONE-FLOW operation leading directly to the 

purified solid product. This is achieved by the selection of a designed solvent, 

screened by COSMO-RS [9], which enables a selective separation of the product 

simply by temperature variation; and a designed catalytic nanoreactor based on 

cross-linked polymer vesicles, or polymersomes [10], which facilitates catalyst 

recycling. 

For the reaction solvent selection, we used a COSMO-RS based selection to screen 

out the reaction solvent candidates for the Rufinamide (1) synthesis, as shown in 

Table 1. Firstly, the solubilities of the two reactants (benzyl chloride R1, 

propiolamide R2) and product (rufinamide P2) at two temperatures (T1: 25 °C, T2: 

65 °C) in common solvents were calculated separately by an auxiliary batch-

processing program in COSMOthermX. 𝐿𝐿𝐿𝐿𝐿𝐿10(x)  ( 𝑙𝑙𝐿𝐿𝐿𝐿 𝑆𝑆 , Equation S1, in 

Supplementary information) describes the optimized mole fraction of solute in one 

solvent and was chosen as the key parameter to characterize solubility. The maximal 

value of 𝑙𝑙𝐿𝐿𝐿𝐿 𝑆𝑆 is 0, meaning total dissolution in the solvent; as the values of 𝑙𝑙𝐿𝐿𝐿𝐿 𝑆𝑆 

decrease, the solubility tends to be smaller [11]. At 25 °C, the potential solvent 
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should comprise high values for 𝑙𝑙𝐿𝐿𝐿𝐿 𝑆𝑆𝑅𝑅, while keeping low 𝑙𝑙𝐿𝐿𝐿𝐿 𝑆𝑆𝑃𝑃 and 𝑙𝑙𝐿𝐿𝐿𝐿 ∆𝑆𝑆𝑃𝑃−𝑅𝑅. 

The target was to find a candidate solvent which can dissolve reactants R1, R2 at 

25 °C but in which product P2 is insoluble. As the key scenario constraint, the cut-

off values of the following four parameters were chosen as 𝑙𝑙𝐿𝐿𝐿𝐿 𝑆𝑆𝑅𝑅1 > −1 (freely 

soluble) [12],  𝑙𝑙𝐿𝐿𝐿𝐿 𝑆𝑆𝑅𝑅2 > −1 , 𝑙𝑙𝐿𝐿𝐿𝐿 𝑆𝑆𝑃𝑃2 < −1, 𝑙𝑙𝐿𝐿𝐿𝐿∆𝑆𝑆𝑃𝑃2−𝑅𝑅1 < −1 , 𝑙𝑙𝐿𝐿𝐿𝐿∆𝑆𝑆𝑃𝑃2−𝑅𝑅2 <

−1. It decreased the total solvent candidates from 11957 to 1833. Next the difference 

in product solubility at different temperatures was used as the second main constraint. 

The aim was to find a solvent in which the product dissolves at higher reaction 

temperature 65 °C to achieve homogeneous conditions and precipitates 

automatically while cooling down to 25 °C. The chosen values were 𝑙𝑙𝐿𝐿𝐿𝐿𝑆𝑆𝑃𝑃265 > −1.5 

sparingly soluble) [12], 𝑙𝑙𝐿𝐿𝐿𝐿𝑆𝑆𝑃𝑃265 − 𝑙𝑙𝐿𝐿𝐿𝐿𝑆𝑆𝑃𝑃225 > −0.5. With the above screening step, 

the number of solvents that satisfied this condition was reduced to 356. To improve 

on the current synthetic processes, three commonly used solvents for this reaction 

were used as benchmark solvents and only solvents with more favorable 

characteristics (37 candidates, Table S1, in Supplementary information) were 

considered for the next step [13]. To narrow the screening space further, other 

chemical and physical properties and the economic effect of the solvents were 

considered. Finally, acetonitrile (ACN) was recognized as the top solvent and its 

suitability was validated with solubility tests. 
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Table 1. Number of solvents in different screening steps 

Step Considerations Constraints Remaining 
Solvents 

1 COSMO-RS database - 11957 

2 Solubility at 25oC 𝑙𝑙𝐿𝐿𝐿𝐿𝑆𝑆𝑅𝑅1 > −1, 𝑙𝑙𝐿𝐿𝐿𝐿𝑆𝑆𝑅𝑅2 > −1, 
𝑙𝑙𝐿𝐿𝐿𝐿𝑆𝑆𝑃𝑃2 < −1 2159 

3 Solubility selectivity at 
25oC 

𝑙𝑙𝐿𝐿𝐿𝐿∆𝑆𝑆𝑃𝑃2−𝑅𝑅1 < −1 , 
𝑙𝑙𝐿𝐿𝐿𝐿∆𝑆𝑆𝑃𝑃2−𝑅𝑅2 < −1 1833 

4 
𝑙𝑙𝐿𝐿𝐿𝐿𝑆𝑆𝑃𝑃2 variation with 
different temperatures 

(65oC, 25oC) 

𝑙𝑙𝐿𝐿𝐿𝐿𝑆𝑆𝑃𝑃265 > −1.5𝑙𝑙𝐿𝐿𝐿𝐿𝑆𝑆𝑃𝑃265 −
𝑙𝑙𝐿𝐿𝐿𝐿𝑆𝑆𝑃𝑃265 − 𝑙𝑙𝐿𝐿𝐿𝐿𝑆𝑆𝑃𝑃225 > −0.5 356 

5 Benchmark solvents Ethanol, DMSO, water 37 

6 
Chemical and physical 

properties, 
commercial availability 

Reactivity. melting point & 
boiling point, low price 1 

 

In good agreement with the COSMO-RS results, ACN proved to be a selective 

solvent for reactants and product at room temperature (r.t.), as it dissolved both 

reactants, but not the product. Moreover, the solubility of the product Rufinamide 

increased with increasing temperature. At r.t., the solubility was <1.5 g/L; when 

heating up to 65 °C, the product would dissolve in ACN at a concentration of 5 g/L, 

which guaranteed homogeneous reaction conditions. Upon cooling down 

spontaneous precipitation happened at this concentration (Figure S1, in 

Supplementary information). Notably, the selected solvent ACN also dissolved the 

benzyl azide, the intermediate product (P1) synthesized from benzyl chloride (R1). 

ACN was also a favorable solvent and showed similar solubility selectivity for the 

synthesis of Rufinamide analogue 2. In ACN at r.t. the reagent phenylacetylene R2 

was soluble whereas 2 was not; however at 65 °C analogue 2 totally dissolved (> 10 

g/L) in ACN as well. 
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2.2 Experimental part  

The synthesis of Rufinamide and 2 consists of two parts. First, the benzyl chloride 

(R1) is azidated, followed by a [3+2] Huisgen cycloaddition reaction catalyzed by 

Cu(I) (CuAAC). For the first part of the reaction, the synthesis of 2,6-difluorobenzyl 

azide in a continuous flow process, an azide-functional resin (resin-N3) was prepared 

using an ion-exchange resin-Cl (Amberlite IRA-400 chloride) in a batch reaction 

with sodium azide for 6 hours, resulting in an azide loading of 3.9 mmol/g [14]. Then, 

a designed packed-bed was made of the resin-N3 in a flow device (Figure 2a), and 

the synthesis of 2,6-difluorobenzyl azide from 2,6-difluorobenzyl chloride was 

executed. With flow rates of 6 mL/h, at 80 °C the resin-N3 reactor reached 97% 

conversion from R1 (1 M); and at 65 °C, an average conversion of 87 % was reached. 

The resin could be recovered easily and regenerated by azidation up to at least 3 

times with similar conversions (Figure 2b). Therefore, 6 mL/h (residence time 1 min) 

and 80 °C were defined as optimal conditions for the azidation step. 
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For the second reaction, Cu(I)-bis(oxazoline) loaded cross-linked polymer vesicles, 

or polymersomes, were employed as a nanosized reactor and separator. These 

functionalized polymersomes were successfully applied previously for a Cu (II) 

catalyzed cyclopropanation reaction at r.t. in a batch reactor [10], but were never 

exploited before in a CuAAC reaction toward the synthesis of pharmaceuticals. The 

objective of introducing polymersomes in this microflow process was to integrate 

the two-step synthetic procedure into one step, and to protect the Cu (I) catalyst, 

positioned in the bilayer membrane from undesired interactions with the azide ion.  

Figure 2. (a) Schematic set-up of the packed-bed resin-N3 flow device. (b) Azidation of 

benzyl chloride with resin-N3 at different temperatures and different runs, with 0.1 

ml/min flow rate. The plot reports the conversion obtained when the resin-N3 was reused 

three times, the total volume of benzyl chloride passed through the resin bed at the 

optimized conditions was 18 mL (6mL per each use). This resulted in a total production 

of 2,6-difluorobenzyl azide of 3.0 g at 80°C (average conversion 99.5 ±0.4%) and 2.5 g 

at 65°C (average conversion 82.6 ±3.1%). 
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The polymersomes were prepared using poly(ethylene glycol)-polystyrene (PEG-PS) 

block copolymers with azide functionality in the side chain, which self-assembled in 

water in well-defined vesicles. A bisoxazoline ligand [10] with two alkyne moieties 

was used to stabilize the polymer membrane via a crosslinking reaction and to 

introduce binding sites for metal catalyst copper iodide CuI (Figure 3a-3b). In order 

to achieve a high catalyst loading the cross-linked polymersomes were incubated 

twice with Cu(I) (Cu(I)-PLs, detailed synthetic procedure, and characterization are 

given in the Supplementary information), leading to a Cu(I) content of 0.035 mol/L. 

The polymersome morphology (Figure 3c-3d), copper distribution (Figure 3e), and 

oxidation state were determined (Figure 3f). Due to the presence of Cu(I), the 

polymersomes were visualized as dark spheres. 
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Firstly, after preliminary stability tests of Cu(I)-PLs under different conditions (in 

the Supplementary information), the CuAAC reaction was optimized in batch using 

the Cu(I)-PLs with the synthesized 2,6-difluorobenzyl azide and the 2 alkynes (R2, 

2M) at 65 oC, and compared with CuI powder and the homogeneous CuI-ligand 

complex (Cu(I): 0.05M, Table 2).  

 

Figure 3. (a), (b) Schematic representation of the block copolymer and the cross-linked 

Cu(I) polymersomes (Cu(I)-PLs); (c) Cu(I)-PLs after the first loading with Cu(I); (d) 

Cu(I)-PLs after the second loading with Cu(I), imaged by TEM measurements; (e) copper 

distribution in the membrane of Cu(I)-PLs (indicated in pink), derived by SEM-EDX 

measurements; (f) XPS analysis on Cu(I)-PLs, to confirm the oxidation state of Cu(I). 
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Table 2 Optimization of the batch reaction conditions 

Entry  Solvent Catalyst R t [min] Yield [%] 

1 ACN CuI powder Phenyl 120 89 

2 ACN CuI ligand Phenyl 120 89 

3 1:1= ACN: H2O  Cu(I)-PLs Phenyl 120 - 

4 ACN Cu(I)-PLs Phenyl 120 86 

5 DMSO Cu(I)-PLs Phenyl 120 90 

6 ACN Cu(I)-PLs Phenyl 60 86 

7 ACN Cu(I)-PLs Phenyl 30 72 

8 ACN CuI powder Amide 30 95 

9 ACN Cu(I)-PLs Amide 30 93 

10 ACN Cu(I)-PLs Amide 15 93 

11 ACN Cu(I)-PLs Amide 5 82 

 

From the results, it is evident that the Cu(I)-PLs performed at least equally well as 

the CuI powder or the Cu-ligand catalyst. Furthermore, as expected, the reaction 

toward Rufinamide (employing propiolamide) was considerably faster than the 

reaction to product 2 with phenylacetylene. Only the Cu(I)-PLs experiment with 

water as co-solvent was not successful. This may be caused by the increased solvent 

polarity that makes the bilayer membrane less accessible to reagents. After the 

reaction was completed, the reaction mixture was cooled down to r.t. (around 10 

mins) and gratifyingly, for all reactions performed in pure ACN, the product 

crystallized out and could be conveniently collected from the bottom of the reaction 

vials. This demonstrates a good agreement with the COSMO-RS prediction. 

Furthermore, based on analysis of Entry 6, the polymersomes were effectively 
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retrieved in the ACN layer (Figure 4a, Figure 4d-4e), which contained residue (P1, 

R2) and product 2 (Figure 4b-4c). In case of Rufinamide, due to the faster reaction 

time and lower solubility compared to 2, product precipitation already occurred after 

2 mins during reaction and only 15 mins were needed for full conversion. However, 

the Rufinamide crystals were contaminated to some extent with polymersomes 

(Figure 4f-4h). This could be circumvented by addition of ACN after the reaction to 

wash and filter the polymersomes out. In Entry 10, the isolated Rufinamide yield 

was 93%, with 4% of product retained in the organic layer. In addition, although the 

conversions in DMSO were high, no product precipitated at r.t. and Cu(I)-PLs were 

not observed by TEM after the reaction.  

 

Figure 4. X-ray analysis of the reaction mixture in the ACN layer after batch reactions: with 

entry 6 (a) Cu(I)-PLs and crystal product 2; (b), (c) the crystalline product 2; (d), (e) 

amorphous Cu(I)-PLs; with entry 10 (f) Cu(I)-PLs and crystalline Rufinamide; (g), (h) the 

crystalline Rufinamide product. 

To integrate both reaction steps in a ONE-FLOW set-up, the polymersomes and 

reagents were passed over the packed-bed of resin-N3 (Scheme 1b). Initially, the 

synthesis of 2 was attempted as model reaction system. The conditions used were 65 
oC, and a flow rate of 6 mL/h. 1 M 2,6-difluorobenzyl chloride, 2 M phenylacetylene,  
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and 0.05 M Cu(I)-polymersomes were passed through the resin-N3 reactor (2 M). 

This process only led to 60% conversion of R1 and no product 2 was collected as a 

crystalline product upon cooling down. The reaction solution and resin-N3 were 

further characterized. From the SEM characterization (Figure S7, in the 

Supplementary information), product 2 was present but Cu(I)-PLs could not be 

detected; we hypothesized that they were probably adsorbed on the resin-N3 . 

Therefore, a second one-flow process (Scheme 1c) was conducted. As depicted in 

Figure 6a, the synthesis of azide was conducted at 80 oC and the reaction temperature 

for cycloaddition was set to 65 oC. The reaction solution after both steps was 

collected in a vial heated up to 40 oC, to avoid uncontrolled product crystallization. 

Several flow experiments were performed to find the optimal conditions for both 

synthetic steps (Figure 6b). Using a flow rate of 12 mL/h, resulting in a residence 

time of 15 mins, yielded the desired triazole 2 in 89% isolated yield. For the synthesis 

of Rufinamide, the concentrations of the starting compounds had to be lowered by a 

factor of three in order to achieve a homogeneous phase during the flow reaction. 

Using a flow rate of 192 mL/h and a residence time of 1 min, Rufinamide was 

obtained in a satisfactory 87% isolated yield. Although full conversions were not 

achieved, the residue containing R1, P1, and P2 in the ACN layer could be recycled 

after filtration. Therefore, the outflow of entry 2 was collected and reused. After 

simple filtration, new reagent was added which was diluted twice in ACN compared 

to the original settings (0.5 M R1). A 82% conversion could be achieved and 44% 

isolated yield of product 2 was obtained. The possible reason for the decreased yield 

is the lower concentration of the starting materials, which hampers crystallization 

but had no essential impact on the conversion. Interestingly, when both substrates 

were present and the reaction was conducted under flow a polymersome shape 

transformation occurred (Figure 6c). This was not observed for control experiments 

conducted in flow with cross-linked polymersomes in either pure water or ACN. 
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Figure 6. (a) Designed ONE-FLOW process for the preparation of Rufinamide and product 

2 s; (b) optimization of the one-flow reaction conditions; (c) shape transformation of Cu(I)-

box PLs after reaction in flow. 

3. Conclusions 

We have successfully introduced an integrated reactor-separator concept combining 

nano-compartmentalized polymersomes with a functional solvent system. The 

synthesis of Rufinamide was chosen as the model reaction and the conceptual 

approach of a “designed micro-nano ONE-FLOW system” was verified via the 

selected functional solvent acetonitrile and the application of CuI cross-linked 

polymersomes. In the future, we aim to extend this approach to other top-list drug 

syntheses. The final goal is to intensify multiple-step cascade reactions and 

separations by fully integrating them in an automatic and controllable one-flow 

process. This will increase the attractiveness of flow chemistry as a synthetic 

modality for scalable and cost-efficient pharmaceutical processes. 
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5. Supplementary information 

5.1 Simulation and Experimental Procedures 

Initially, all candidate solvents from the COSMO-RS database (ver. C30_1801, 

COSMOlogic) were selected and generated as excel list, which included in total 

11957 species. To intentionally maintain a large search space, only the solubility was 

considered as the screening scenario in the first step. The desired solubility 

𝑙𝑙𝐿𝐿𝐿𝐿10�x𝑗𝑗�  ( 𝑙𝑙𝐿𝐿𝐿𝐿 𝑆𝑆 ) was calculated from the difference between the chemical 

potentials of the solute in the solvent 𝜇𝜇𝑗𝑗𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  and in the pure solute 𝜇𝜇𝑗𝑗
𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠 . 

∆𝐺𝐺𝑗𝑗,𝑓𝑓𝑝𝑝𝑠𝑠 is the Gibbs free energy of fusion. ∆𝐺𝐺𝑗𝑗,𝑓𝑓𝑝𝑝𝑠𝑠 is zero for liquid solutes and has 

to be given or estimated for solid compounds (equation S1).1 The obtained 

solubilities showed the following relation: 

 

 Equation S1 

 

 

 

 

 

 

 

 

𝑙𝑙𝐿𝐿𝐿𝐿10�x𝑗𝑗 � = 𝑙𝑙𝐿𝐿𝐿𝐿10[exp�
𝜇𝜇𝑗𝑗
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝜇𝜇𝑗𝑗𝑠𝑠𝐿𝐿𝑙𝑙𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠 −  ∆𝐺𝐺𝑗𝑗 ,𝑓𝑓𝑝𝑝𝑠𝑠

𝑅𝑅𝑅𝑅
�] 
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Table S1. Substrates solubilities in top 38 solvents. 

No. Solvent Name log10(x_
r2_25) 

log10(x_
r1_25) 

log10(x_
p2_25) 

log10(x_
p2_65) 

1 glycidylaldehyde -0.935 -0.473 -2.256 -1.463 
2 1,3-dioxolan-2-one -0.725 -0.963 -2.207 -1.432 
3 beta-propiolactone -0.759 -0.498 -2.178 -1.408 
4 formaldehyde -0.681 -0.159 -1.746 -0.991 
5 propylenecarbonate -0.777 -0.435 -2.214 -1.468 
6 3h-furan-2-one -0.901 -0.497 -2.167 -1.421 
7 trans-butenedial -0.755 -0.572 -2.125 -1.384 
8 methyloxalate -0.806 -0.167 -2.135 -1.405 
9 chinone -0.897 -0.359 -2.163 -1.433 
10 5-methylene-2(5h)-

furanone 
-0.944 -0.448 -2.212 -1.485 

11 cis-butenedial -0.732 -0.672 -2.059 -1.335 
12 furazolidone -0.693 -0.999 -2.186 -1.463 
13 ethyleneglycoldiformate -0.741 -0.603 -2.065 -1.346 
14 n-methylmaleimide -0.869 -0.303 -2.183 -1.464 
15 1,3,5,7-tetroxane -0.586 -0.658 -2.211 -1.495 
16 (4s)-solerone -0.622 -0.383 -2.185 -1.472 
17 (4r)-solerone -0.610 -0.380 -2.176 -1.466 
18 cyanoaceticacidmethylest

er 
-0.949 -0.925 -2.200 -1.493 

19 2,5-dihydro-2-methyl-
thiophene-1,1-dioxide 

-0.641 -0.395 -2.166 -1.460 

20 divinylsulfone -0.724 -0.574 -2.122 -1.420 
21 propionitrile -0.850 -0.071 -2.170 -1.470 
22 4-oxo-2-pentenal -0.679 -0.284 -2.105 -1.406 
23 2,5-

dihydrothiophenesulfone 
-0.515 -0.656 -2.063 -1.367 

24 2,5-dihydro-3-
methylthiophene-1,1-
dioxide 

-0.595 -0.377 -2.123 -1.429 

25 methylformate -0.748 -0.148 -1.959 -1.266 
26 2,2-dimethyl-1,3-

dioxane-4,6-dione 
-0.787 -0.629 -2.108 -1.415 
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27 acetonitrile -0.635 -0.506 -1.974 -1.284 
28 2-coco-furylfuran -0.932 -0.492 -2.159 -1.473 
29 3-(5-nitro-2-furyl)-2-

propenal 
-0.841 -0.483 -2.004 -1.322 

30 dilactide(dl) -0.903 -0.639 -2.069 -1.387 
31 1,3-

dimethylbarbituricacid 
-0.619 -0.472 -2.052 -1.372 

32 2-methylene-4-
butanolide 

-0.646 -0.141 -2.103 -1.427 

33 1,3-cyclohexanedione -0.561 -0.329 -2.104 -1.430 
34 e,e-2,4-hexadienedial -0.542 -0.441 -2.038 -1.366 
35 glutaraldehyde -0.542 -0.215 -2.096 -1.426 
36 trans-3-hexene-2,5-dione -0.652 -0.141 -2.144 -1.475 
37 4-nitropyridine-1-oxide -0.779 -0.668 -1.876 -1.209 
38 ethanol -0.851 -0.793 -2.150 -1.489 

 

5.2 Materials and Methods 

All chemicals were used as received unless otherwise stated. For the block 

copolymer synthesis, poly(ethylene glycol) 4-cyano-4-

(phenylcarbonothioylthio)pentanoate (~Mn 2000) was used as RAFT macro-

initiator and purchased from Sigma Aldrich. Styrene, 4-vinylbenzylchloride (4-

VBC) and sodium azide were obtained by Sigma Aldrich. Ultra pure MilliQ water 

obtained from a Labconco Water Pro PS purification system (18.2 MΩ) was used 

for the polymersome self-assembly and their dialysis. Dialysis membranes MWCO 

3000 g mol-1 Spectra/Por® were used to remove the excess of organic solvent, or 

copper catalyst after cross-linking. For the cross-linking: CuSO4·5H2O, sodium 

ascorbate and bathophenanthroline, sulfonated sodium salt and CuI were obtained 

by Sigma Aldrich. Amicon Ultra-0.5 mL Centrifugal Filter Unit 3 kDa, Ultrafree-

MC centrifugal filters from 0.1 μm were purchased from Millipore. 

Proton nuclear resonance: (HNMR) spectra were recorded on a Varian Inova 400 

spectrometer with CDCl3 as a solvent and TMS as internal standard. 
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Gel permeation chromatography: (GPC) was used to determine the molecular 

weights of the block copolymer. Shimadzu Prominence GPC system equipped with 

a PL gel 5 μm mixed D column (Polymer Laboratories) and differential refractive 

index and UV (254 nm) detectors were used. THF was used as an eluent with a flow 

rate of 1 mL min-1. 

Transmission Electron Microscopy: TEM images were recorded by a FEI Tecnai 

20 (type Sphera) at 200 kV. 5 μL of sample was dropped onto a carbon-coated copper 

grid (200 mesh, EM science). Samples were dried at ambient conditions overnight. 

Scanning Electron Microscopy: SEM images were operated in a Quanta 3D FEG 

(FEI, The Netherlands) with a field emission electron gun at 10kV-15kV. All 

samples were diluted ten times with ultrapure MiliQ water. 5 μL of the diluted 

solution was placed on a silicon wafer prior washed in 70% EtOH and dried for 24h. 

All the samples were drop cast on the silicon wafer and gold sputtered before 

measurements for 30 seconds at 60 mA in an EMITECH 575K coater. 

Energy Dispersive X-Ray Analysis (SEM-EDX): EDX was coupled to a (FEI) 

Phenom Pro Scanning Electron Microscopy  with a field emission electron gun at 

15kV. All samples were diluted five times with ultrapure MiliQ water. 5 μL of the 

diluted solution was placed on a silicon wafer, which  was prior washed in 70% 

EtOH and dried for 24h. All the samples were drop cast on the silicon wafer and gold 

sputtered before measurements for 30 seconds at 60 mA in an EMITECH 575K 

coater. The Cu mapping was obtained combining the elementary identification of the 

collected images by using the Phenom Pro Analysis software.  

Dynamic Light Scattering (DLS): DLS measurements were performed on a 

Malvern instrument Zetasizer (model Nano ZSP). Zetasizer software was used to 

process and analyse the data. The results are given as average of 6 repetitions.  
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X-Ray Photoelectron Spectroscopy (XPS): XPS spectra were acquired on a 

Thermo Scientific K-Alpha spectrometer using an Al Kα (hν = 1486.6 eV) 

monochromatic small-spot X-ray source. Charging effects were corrected by using 

the adventitious carbon C1s (sp3) peak as reference for all samples at a binding 

energy (BE) of 284.8 eV. Fitting of the spectra (BE, FWHM, peak shape, asymmetry, 

number of species) was performed with CasaXPS© software, version 2.3.16. 

Samples were drop cast onto a silicon wafer in a glow box before measurements.  

Inductively Coupled Plasma Mass-Spectroscopy: ICP-MS measurements were 

performed on a Thermo Fisher Scientific Xseries I quadrupole machine using 10.0 

mL tubes containing 0.49 mg L-1 InCl3 solutions as internal standard. 100 μL of 

polymersomes were used in each measurement. 

5.3 Synthetic Section 

5.3.1 Synthesis of PEG44-b-P(S180-co-4-VBA22 )via RAFT polymerization 

In a flame dried Schlenk flask equipped with a magnetic stirrer, poly(ethylene 

glycol) 4-cyano-4-(phenylcarbonothioylthio) pentanoate (~Mn 2000) (137 mg, 0.06 

mmol, 1.0 eq) was added with AIBN (2 mg, 0.012 mmol, 0.2 eq), styrene (1.8 g, 

17.3 mmol, 288 eq) and 4-VBC (326 mg, 1.92 mmol, 32 eq). After the addition of 

the reactants, the flask was capped with a septum in which two needles were installed 

to allow for degassing (ca. 30 mins). The reaction was started by immersing the 

reaction mixture in an oil bath at 80 oC under stirring for 28 h, conversion was 

monitored by 1H-NMR spectroscopy. The reaction was quenched by adding 3 mL of 

DCM and the product was purified in cold methanol. 350 mg of polymer were 

obtained after vacuum overnight. 

The final product was allowed to react with an excess of NaN3  (666 mg, 10.2 mmol, 

488 equiv) in 2.5 mL of DMF at room temperature for 3 days. At the end of the 

substitution reaction, the mixture was diluted with DCM and purified in cold 



Rufinamide Synthesis in a ONE-FLOW Process 
 

115 
 

methanol. The final product was analyzed by 1H-NMR and GPC (Mn 24.2 kg mol-1 

; Ɖ: 1.10). 

5.3.2 Synthesis of PEG44-b-P(S180-co-4-VBA22 ) polymersomes 

Polymersomes were prepared via a solvent switch method. A 15 mL vial was 

equipped with a magnetic stirrer and 20 mg of polymer were dissolved in 2 mL of 

THF before capping the vial with a rubber septum. After 30 minutes under vigorous 

stirring (700 rpm) 2 mL of MiliQ water were added by a syringe pump (1 mL h-1). 

5.3.3 Synthesis of bisoxazoline ligand 

O

N N

O

Ph Ph

1
2

3
4

56

7

  

2,2’-Methylenebis[(4S)-4-phenyl-2-oxazoline]: Diethyl malonimidate 

dihydrochloride (346 mg, 1.50 mmol) and (S)-phenylglycinol (412 mg, 3.00 mmol) 

were dissolved in CHCl3 (15 mL) and stirred for 16 h at rt. The reaction was diluted 

with sat. aq. NaHCO3 (10 mL), and extracted with DCM (3 × 10 mL). The organic 

layers were collected and concentrated in vacuo to afford 2,2’-methylenebis[(4S)-4-

phenyl-2-oxazoline] as a yellow solidified oil (454 mg, 99%). TLC (EtOAc/n-

heptane, 1:1, v/v): Rf = 0.21 1H NMR (500 MHz, CDCl3) δ 7.23 – 7.11 (m, 10H, 10 

× CH phenyl), 5.11 (dd, J = 9.9, 7.8 Hz, 2H, H-5, H-6), 4.53 (dd, J = 10.2, 8.4 Hz, 

2H, H-4a, H-7a), 4.02 (t, J = 8.2 Hz, 2H, H-4b, H-7b), 3.44 (s, 2H, H-2). 13C NMR 

(126 MHz, CDCl3) δ 163.06 (C-1, C-3), 142.09 (2 × Cquart-Ph), 128.72 (4 × C-Ph), 

127.61 (2 × C-Ph), 126.67 (4 × C-Ph), 75.33 (C-4, C-7), 69.72(C-5, C-6), 28.40 (C-

2). Data correspond to literature.2 



Chapter 5 

116 
 

O

N N

O

Ph Ph

1 2 3
4

56

7

8

910

11

12 13

  

(4S,4’S)-2,2’-(Hepta-1,6-diyine-4,4-diyl)bis(4-phenyl-4,5-dihydrooxazole) 

(BOX): A solution of 2,2’-methylenebis[(4S)-4-phenyl-2-oxazoline] (2.03 g, 6.62 

mmol) in dry THF (66 mL) was cooled to -60 °C and stirred vigorously. n-

Butyllithium (14.6 mmol, 9.10 mL of 1.6 M solution in hexanes) was added dropwise 

over 15 min using a dropping funnel. After addition, the mixture was stirred for 1 h 

at -60 °C after which propargyl bromide (2.17 g, 14.6 mmol, 80 wt% solution in 

toluene) was added dropwise using a dropping funnel. The reaction mixture was 

subsequently stirred for 4 h at -10 °C. After the reaction was quenched with sat aq. 

NH4Cl (50 mL), the product was extracted with Et2O (3 × 20 mL). The organic layers 

were combined, dried using MgSO4 and concentrated in vacuo. Column 

chromatography (EtOAc/n-heptane, 0→30%, v/v) afforded (4S,4’S)-2,2’-(hepta-

1,6-diyine-4,4-diyl)bis(4-phenyl-4,5-dihydrooxazole) as a yellow solidified oil (1.89 

g, 75%). TLC (EtOAc/n-heptane, 1:1, v/v): Rf = 0.56. 1H NMR (400 MHz, CDCl3) 

δ 7.44 – 7.25 (m, 10H, 10 × CH phenyl), 5.30 (dd, J = 10.2, 8.1 Hz, 2H, H-5, H-6), 

4.74 (dd, J = 10.2, 8.4 Hz, 2H, H-4a, H-7a), 4.20 (t, J = 8.3 Hz, 2H, H-4b, H-7b), 

3.30 (dd, J = 5.6, 2.7 Hz, 4H, 2 × H-7, 2 × H-10), 2.13 (t, J = 2.6 Hz, 2H, H-9, H-

12). 13C NMR (101 MHz, CDCl3) δ 166.06 (C-1, C-3), 141.78 (2 × Cquart-Ph), 128.65 

(4 × C-Ph), 127.72 (2 × C-Ph), 126.92 (4 × C-Ph), 79.23 (C-2), 75.87 (C-4, C-7), 

71.60 (C-10, C-13), 69.88 (C-5, C-6), 45.15 (C-9, C-12), 23.75 (C-8, C-11). Data 

correspond to literature.3 
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5.3.4 [(4S,4'S)-2,2'-(hepta-1,6-diyne-4,4-diyl)bis(4-phenyl-4,5-

dihydrooxazole)]-copper iodide Cu(I)-BOX 

BOX (100.0 mg, 0.26 mmol, 1.0 equiv) was added to a solution of CuI (51 mg, 0.26 

mmol, 1.0 equiv) in anhydrous methanol (1.5 mL). After stirring for 24 h, the 

resulting product was separated by filtration, washed with methanol and dried under 

vacuum overnight to afford CuI-BOX (135 mg, 89.9%) as an oil.3 

5.3.5 Cu(I)-BOX cross-linking via CuAAC click chemistry 

A solution of CuI-BOX catalyst (100 µL of a 16 mg mL-1 solution in THF) was 

added to 10 mg mL-1 polymersomes solution. The cross-linking reaction was initiated 

by subsequently adding CuSO4·5H2O (2.7 mg, 0.011 mmol), bathophenanthroline, 

sulfonated sodium salt (5.6 mg, 0.011 mmol) and sodium ascorbate (4.3 mg, 0.022 

mmol) and MilliQ (200 µL) to the polymersome vial. The final solution was then 

stirred (400 rpm) for three days at room temperature. To remove the excess of 

uncross-linked catalyst,  the solution of cross-linked polymersomes was dyalised in 

1L MilliQ for 3 days (dialysis membrane MW 3000 g mol-1 ). The MilliQ was 

refreshed after 1 h, and after 1day. After dialysis the final concentration was adjusted 

to be 10 mg mL-1 by spin filtration (10kDa filters, 15 mins at 10000 rpm). Procedure 

was adapted from literature.3 

5.3.6 Cu(I)-BOX optimization with 2nd loading (Cu(I)-PLs) 

To a CuI-BOX cross-linked polymersome solution (10mg mL-1) prepared as 

indicated in 3.5. A second aliquot of CuI-BOX catalyst (100 µL of a 16 mg mL-1 

solution in THF) was added, the resulting solution was left stirring for 24h. In order 

to remove the excess of THF and CuI-BOX the final sample was dialysed for 24h 

and the concentration was adjusted by spin filtration (Figure 2, Figure S3). 
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5.4 Supporting Figures 

Figure S1. Spontaneous precipitation of Rufinamide with temperature variation 

from 65 oC to 25 oC (a) 1.5 g/L at 25 oC; (b) 5 g/L at 65 oC; (c) 5 g/L while cooling 

down. 

 

Table S2. HPLC method for reaction conversion analysis (Rufinamide: 2.7s, 

toluene (internal standard): 12.4s, analogue 2: 13.5s, benzyl chloride (R1): 14.2s). 

Parameter Specification 
Column C18 
Length 150 mm 
Inner Diameter 4.6 mm 
Pore size 5 μm 
Column temperature 25 ˚C 
Injection volume 1 μl 
Eluent A: H2O+0.1% TFA; B: ACN+0.1% TFA 
Detection  UV 230nm 
Flow rate A: 0.65ml/min; B: 0.35ml/min 
Running time 20 min 
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Figure S2. SEM images of polymersomes before cross-linking. Scale bars 

correspond to: (a) 500 nm, (b) 4 μm, (c) 2 μm. 

 

Figure S3. ICP-MS measurement for the optimization of the loading steps, to 

monitor the amount of Cu loaded in the cross-linked polymersomes after dialysis. 

The bar plot reports the measured amount of Cu (μg) after each loading step and 

after purification in a 100 μL sample (10 g/L). 
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Figure S4. TEM images of Cu(I) cross-linked polymersomes (Cu(I)-PLs) after the 

second loading step: (a), (b) in water; and (c), (d) in ACN. 

 

 

 

 

 

 

 

 

 

 

 



Rufinamide Synthesis in a ONE-FLOW Process 
 

121 
 

Figure S5. DLS measurements to determine ths stability of the polymersomes before 

and after cross-linking with CuI-BOX catalyst, both with respect to temperature and 

solvent (water or ACN): (a) Size increase as a function of temperature for uncross-

linked polymersomes in water, above 55 oC the size increased ~300 nm from the 

initial value. (b) Uncross-linked polymersomes in ACN were unstable with evident 

deformation already at 40oC where the size of the polymersomes was doubled. (c), 

(d) show respectively the size dependency and the PDI for Cu(I)-PLs in ACN with 

increasing temperature. The cross-linked samples (Cu(I)-PLs) showed improved 

stability towards the increase of temperature. The temperature for the reactions was  

selected to be 65oC. 
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Figure S6. XPS spectroscopy on Cu(I)-PLs, showing the presence of only Cu(I) as 

oxidation state. Cu(I) undergoes oxidation easily, however the formation of the 

complex stabilized the oxidation state, which was maintained during the cross-

linking. 

 

Figure S7. SEM analysis of the crystallized product after formation of 2 using 

phenylacetylene as R2. The crystalline product is obtained after evaporation of ACN 

from the reaction mixture. 
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Figure S8. GPC traces of the polymer and of the macroinitiator. 
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Conclusion 

The research in this thesis focused on the development of an integrated automatic 

reactor and separator approach in a continuous/ONE-FLOW process. Integration of 

process steps was achieved by compartmentalization through either functional 

solvents or nanoparticles, allowing more effective and sustainable transformations. 

As the compartmentalization requires tiny fine-tuning among the options, 

simulation-based solvent selection was combined with the experimental 

compartmented continuous-flow technology, and has shown to provide guidance 

among thousands of solvents. 

The work described in this dissertation can be divided in two main research lines. 

Firstly, the methodology of a functional solvent/solvent systems selection used for 

organic catalysis and biocatalysis was discussed. For the second part, the 

combination of the functional solvent factory with nanobio-assembly 

compartmentalization strategies was presented; at an example of biocatalysis and a 

cascade reaction. All case studies were optimized in both batch and microflow 

processes. 

In Chapter 2, the screening of a functional solvent system in an asymmetric aldol 

reaction was described. An overall conventional solvent database of in total 7665 

species was considered as the candidate solvents. With the solubility difference 

between the aldehyde reactant and ketone product as the core critical parameter, 

dodecane was identified as the best reaction solvent to achieve homogeneous 

catalysis during reaction, while allowing automatic product separation as an 

independent phase from the reaction mixture after reaction. After the screening, 

solubility validation of the simulation result was conducted. The batch reaction was 

then optimized via variation of reactant ratios and then a continuous flow process 

was conducted to identify the optimal reaction parameters (residence time, 
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temperature, and organic catalyst concentration). Due to the similar chemical 

structures of ketones and aldehydes, the use of different solubility had limitations. 

Yet, this is the first study to separate these two types of molecules during reaction 

by only a physical method. This study proved the combined COSMO-RS and 

experimental approach to be an effective solvent selection tool, and dodecane was 

identified as potential reaction solvent/extractant for other ketone and aldehyde 

species separation. 

In Chapter 3, a systematic study of temperature-switchable IL-water biphasic 

systems selection based on the COSMO-RS method for biocatalysis was presented. 

As most biocatalysts only dissolve in water and cannot work at very high 

temperatures because of deactivation, water was selected as default enzyme solvent 

and 40 oC as reaction temperature. Therefore, the water solubilities in ILs at reaction 

temperature (40 oC) and at separation temperature (25 oC) after reaction were 

calculated and used as key IL screening scenarios. Aim is to increase the water 

solubility in IL during reaction to stimulate reaction efficiency and after reaction 

(cooling down) to separate the hydrophobic product in the IL layer from biocatalysts 

in aqueous layer. As a key result, 42 functional IL-water switchable systems were 

selected out of a 36260 IL database. The enzymatic reduction from acetophenone to 

(R)-1-phenylethanol was employed as a model reaction and product solubility in ILs 

was calculated as the additional step to find the top 2 IL 

([BMIM][PF6]/[BMIM][NTf2])-water systems. Firstly, both selected IL-water 

biphasic systems achieved high conversions and selectivity (e.e. value) of the same 

magnitude compared to the monophasic water system; meanwhile, the functional 

biphasic system was adopted to overcome some of the major drawbacks with only 

water as solvent, such as avoiding the complicated work-up process. The designed 

IL-water continuous-flow systems confirmed their applicability in biocatalysis 

employing the concept of integrated reaction-separation. 
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With the same model reaction, in Chapter 4, a Pickering emulsion application in a 

continuous-flow microreactor is described. The two immiscible IL-water phases 

were brought in close contact with each other using functional silica particles to form 

either IL/w or w/IL droplets, providing a very high contact surface area between 

reagents and catalysts. The stirred Pickering emulsion in batch showed an enhanced 

conversion to (R)-1-phenylethanol, compared to both a non-stirred Pickering 

emulsion and an IL-water system without Pickering emulsion stabilization. The use 

of Pickering emulsions in a continuous flow displayed higher productivity and faster 

kinetics compared to the corresponding batch reaction, especially at elevated 

temperatures. 

Finally in Chapter 5, a novel synthesis of Rufinamide was presented. The concept 

is to use one solvent and to allow a nano-compartment to achieve a ONE-FLOW 

process for drug synthesis under moderate reaction conditions (65 oC, ordinary 

pressure). The solvent acetonitrile was selected via COSMO-RS which allowed a 

homogeneous reaction at high temperature (65 oC), and spontaneous product 

separation at room temperature. The first step involved was the azidation of a benzyl 

chloride, which proceeded by passing the reactant over an azide-functionalized 

column (resin-N3). CuI-loaded cross-linked polymersomes were employed as 

nanoreactors and separators in the second cycloaddition step to embed the copper 

catalyst in the bilayer membrane structure. This prevented Cu(I) oxidation or Cu(I) 

reacting with N3
- ion in acetonitrile/water (CuN3 is explosive). Meanwhile, 

polymersomes maintained the CuI catalyst in the acetonitrile layer to recycle, 

whereas the product crystallized out after reaction. 

In conclusion, continuous-flow and its process intensification were reinvigorated for 

biochem catalysis, by compartmenting parallel reaction and separation in one 

channel (ONE-FLOW) rather than conducting these in series of micro-devices, as 

done conventionally. Following this concept and inspired by nature, a designed 

solvent factory with/without functional nanoreactors was demonstrated in a flow 
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process as the novel methodology, aiming for cascade reactions in this dissertation. 

Reaction acceleration, automatic product purification, reactant and catalyst 

separation have all been achieved in the integrated reactor-separator setup. 

Outlook 

This dissertation described a new synthetic technological factory that will allow to 

transfer the discontinuous “vertical hierarchy” of consecutive reactors-separators, 

into a self-organising “horizontal hierarchy” of a compartmentalized flow reactor 

system - a biomimetic flow cascade. We firstly termed and selected “Functional 

Solvent Factory”, which acts as an integrated reactor and separator for the microflow 

process, based on a combined simulation and experimental methodology. The 

functional solvent system concept was tested with two model reactions respectively 

– asymmetric aldol reaction and enzymatic ketone reduction. Furthermore, to 

accelerate the reaction efficiency while keeping stability of catalysts to recycle, two 

functional nanoparticles, namely “Smart Compartmentalized Factory”, were applied 

separately to create micro-/ nanoscaled reactors into the “Functional Solvent Factory” 

for biocatalysis and cascade reaction. With above on-demand functional factories, 

biochem catalysis in ONE-FLOW process was achieved; product purification, the 

recovery of catalysts and reactants were possible after reactions. 

In Chapter 2, a COSMO-RS based selection of reaction solvent for aldol reaction 

from 3-chlorobenzaldehyde to (R)-3-hydroxy ketone product was described to 

achieve product automatic separation in flow. This study can be extended to test the 

best solvent dodecane and top 12 solvents for other asymmetric aldol reactions or 

ketone and aldehyde separations. A further study could be done to separate product 

phase and dodecane phase using liquid-liquid membrane separator, using former 

phase for the sequential cascade reaction and recycling the residue with dodecane in 

a continuous fashion. In this way, besides the integration of reaction and separation, 

multiple-step reactions in a sustainable flow recycle could be achieved. 
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In Chapter 3, a systematic study of T-switchable IL-water system for biocatalysis 

has been presented. 42 candidate ILs were screened out with the core scenario, the 

water (default enzyme solvent) solubility in ILs increasing rapidly with elevated T. 

Except the model reaction from acetophenone to (R)-1-phenylethanol, these 42 

functional biphasic IL-water systems should be suitable for other biocatalytic 

applications, only if the product is hydrophobic. Furthermore, in principle, both 

yields and conversions in the biphasic system are supposed to be higher than 

monophasic water system, especially for reversible reactions, because of out-of-

equilibrium. Besides of segmented flow process, these designed biphasic IL-water 

systems in flow would multiply the productivities compared to the monophasic batch 

reactions. In addition, to maintain the activity of biocatalysts to reuse, the “Smart 

Compartmentalized Factory” could be used as the enzyme reactor and separator for 

more sustainable and greener processes. 

As Pickering Emulsion droplet as a packed-bed reactor has been widely reported, the 

main aim of Chapter 4 was to investigate the Pickering Emulsion performance in a 

continuously microflow reactor. The effects of several parameters such as 

amphipathicity of nanoparticles, solvent ratios have been stated separately in the text. 

For the next step, considering large-scale synthesis, the optimization of flow reactors 

could be studied. 

In Chapter 5, as one of the top-list drugs, Rufinamide synthesis in a new synthetic 

route was presented, since the established technologies are mostly energy and time 

consuming. Therefore, a combined “Functional Solvent Factory” and “Smart 

Compartmentalized Factory” (polymersomes) in ONE-FLOW synthesis was 

proposed in this study to assess the fully sustainable and recyclable process. The cost, 

energy and environmental assessment could be done in the future. Also, to introduce 

all substrates at the first beginning, it would be good to use an alternative flow reactor 

to avoid adsorption of polymersomes by resin-N3. 
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To summarize, we firstly developed a computer-aided solvent selection method to 

form the functional solvent factory for (bio-)organic catalytic reaction. Although, the 

wall-less functional solvents could integrate reaction and separation in the microflow 

process, it may also raise the potential drawbacks, – deactivate the catalysts and 

stimulate undesired side reactions, especially for cascade reactions. Therefore, to 

achieve sustainable and scalable process, we introduced Pickering emulsion droplets 

and polymersomes as compartmentalized factory inside of the solvent factory. In the 

future, to achieve the ONE-FLOW process, these two functional factories should 

finally integrate with other factories such as “Digital Machinery Factory”. The target 

is to intensify cascade reactions and separations in a continuous-flow process and 

contribute to pharmaceutical industry. 
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Summary 
Designed Micro- and Nano-Compartmented Factories for ChemBio Cascade 

Reactions in a ONE-FLOW Process 

This thesis describes a systematic study of applying the functional solvent factory 

concept with compartmentalization for multistep synthesis. The usage of functional 

solvents in this respect is still scarce, although green solvents have been widely 

explored as alternatives for traditional ones in the pharmaceutical industry. The 

ONE-FLOW approach will preferentially use segmented flow as a structured 

microfluidic multiphase. The latter in combination with special tunable solvents 

allows to open and close interim reaction spaces, named “functional solvent factory”. 

Some solvents can undergo a switch between structuring of the fluid mixture and 

unification of all/some fluids by external stimuli, e.g. temperature. On top of that, 

two kinds of functional nanoparticles are proposed to create micro-/nanosized 

compartmentalization to prevent catalyst deactivation and possible side-reactions, 

while ensuring high yields of the cascade reaction in a ONE-FLOW process. With 

such a so-called horizontally compartmentalized flow reactor system, we aim to form 

a biomimetic flow cascade within just one reactor passage and achieve automatic 

separation of product, reactant and catalyst after reaction. 

Firstly, we chose the organic catalytic asymmetric aldol reaction as a model reaction. 

The aim is to identify the reaction solvent, which can separate product from other 

substrates after the reaction. The COSMO-RS based simulation was introduced as 

theoretical guidance in the selection of a solvent for the aldehyde reactant which was 

a the same time a non-solvent for the aldol product. This encompassed solubility as 

a critical parameter, as well as the chemo-physical properties and environmental 

profiling. Such criteria-cascaded screening could effectively reduce a 7665 

conventional solvents-database into 1 candidate solvent, before experimental 

process assessment. This solvent was subsequently tested in batch and flow 
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experiments. 

After the success of the aldol reaction, we extended our study into an enzymatic 

reaction in a water-ionic liquid biphasic system. Assuming water as the biocatalyst 

solvent of choice and with the assistance of COSMO-RS calculations, we selected 

two suitable ionic liquids out of 36260 candidates to form switchable biphasic 

systems with variation of temperature, for both product purification and enzyme 

separation. 

The same biocatalysis was further investigated in IL-in-water/ water-in-IL biphasic 

Pickering emulsion systems (PEs), stabilized by silica particles with different 

hydrophobicity. Compared to batch reactions, the IL-water PEs microfluidic systems 

showed the benefits of stable emulsification and high productivity (especially at 

elevated temperatures). 

Furthermore, we integrated nano-compatibilization with the application of a 

functional solvent in a ONE-FLOW process. The aim was to develop a novel 

synthetic route for Rufinamide and its derivatives. To achieve the multiple-step 

reaction as a ONE-FLOW process under environmentally-friendly conditions, both 

functional reaction solvent and nanoreactor for catalyst compartmentalization were 

investigated. With the selected solvent by COSMO-RS simulation, the best reaction 

solvent was found which separated both reactants and product and which allowed 

catalyst-loaded polymersomes to be reused.  
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Samenvatting 
Design Fabriek gestructureerd met Micro- en Nano-Compartimenten voor 

ChemBio Cascadereacties in een ONE-FLOW Proces 

Dit proefschrift beschrijft een systematische studie naar het toepassen van fabriek 

met functionele compartimenten voor een multi-stap synthese. Deze studies zijn nog 

steeds schaars, hoewel groene oplosmiddelen op grote schaal zijn onderzocht als 

alternatieven voor traditionele oplosmiddelen voor de farmaceutische industrie. De 

ONE-FLOW aanpak maakt bij voorkeur gebruik van gesegmenteerde flow als een 

gestructureerde microfluidische multi-fase. Dit laatste in combinatie met speciale 

aanpasbare oplosmiddelen maakt het mogelijk tussentijdse reactieruimtes te openen 

en te sluiten, wat genaamd is als "functional solvent factory". Sommige 

oplosmiddelen kunnen een omschakeling ondergaan tussen structurering van het 

vloeistofmengsel en unificatie van alle/sommige vloeistoffen door externe prikkels 

zoals temperatuur. Bovendien creëren twee soorten functionele nanodeeltjes micro- 

en nano- compartimentering voor katalysatoren om deactivering van katalysatoren 

door andere organische substraten tegen te gaan. Hoge opbrengsten van de 

cascadereactie in het ONE-FLOW-proces worden hierdoor gegarandeerd. Door een 

dergelijk gebruik van compartimentering om katalysator en producten/reactanten te 

verenigen en te scheiden, wordt een zogenaamd horizontaal gecompartimenteerd 

flowreactorsysteem voorgesteld. Ons uiteindelijke doel is een biomimetische 

flowcascade te krijgen met slechts een reactorpassage. 

Als eerste voorbeeld hebben we gekozen voor een organische katalytische 

asymmetrische aldol eenstapsreactie als modelreactie. Het doel was hierbij om het 

reactieoplosmiddel te identificeren dat na de reactie producten kan scheiden van 

andere reagentia. De op COSMO-RS gebaseerde simulatie werd geïntroduceerd als 

theoretische leidraad bij de selectie van een oplosmiddel voor het aldehyde reagens 

wat tegelijkertijd een non-solvent was voor het R-aldol-product. De selectie omvatte 
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oplosbaarheid als een kritische parameter, evenals chemofysische eigenschappen en 

impact op het milieu. Met deze trapsgewijze screening werd effectief een 7665 

conventionele oplosmiddeldatabase teruggebracht tot 1 kandidaat, voorafgaand aan 

experimentele procesbeoordeling. Deze werd vervolgens getest in batch- en flow-

experimenten. 

Na het succes van de aldolreactie hebben we onze studie uitgebreid naar een 

enzymatische reactie in een water-ionische vloeistof bifasisch systeem. Ionische 

vloeistoffen zijn veel toegepaste oplosmiddelen in verschillende 

scheidingsprocessen, vanwege het feit dat hun chemofysische eigenschappen in een 

breed bereik kunnen worden aangepast. Uitgaande van water als het 

biokatalysatoroplosmiddel en met behulp van COSMO-RS-berekeningen, hebben 

we twee geschikte ionische vloeistoffen geselecteerd uit 36260 kandidaten voor 

zowel productzuivering als voor het vormen van een schakelbaar tweefasig systeem 

van ionische vloeistof en water op verschillende temperaturen voor enzymscheiding. 

Dezelfde biokatalyse werd verder onderzocht in water-ionische vloeistof (IL) 

bifasische Pickering emulsiesystemen (PEs), gestabiliseerd door silicadeeltjes met 

verschillende hydrofobiciteit. De IL-water PEs microfluïdisch systemen toonden, 

vergeleken met de PEs-reactie die in batch werd uitgevoerd, de voordelen van 

stabiele emulsificering en hoge productiviteit (vooral bij verhoogde temperaturen). 

Verder hebben we compatibiliserings-strategieën in een ONE-FLOW proces verder 

uitgebreid. Het doel was om een nieuwe synthetische route voor Rufinamide en zijn 

derivaten te ontwikkelen. Om de multistapsreactie als een ONE-FLOW proces onder 

milieuvriendelijke omstandigheden te realiseren, werden zowel functionele 

reactieoplosmiddelen als nanoreactoren voor katalysatorcompartimentering 

onderzocht. Met het door COSMO-RS-modellering geselecteerde oplosmiddel 

acetonitril, konden zowel reactanten gescheiden worden van het product als dat de 

met katalysator beladen polymersomen hergebruikt konden worden.  

Bedankt Alja’s hulp voor de vertaling 
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概要 

ONE-FLOW 过程化学生物级联反应的微纳米区域工厂设计与应用 

本论文系统研究了溶剂工厂和多功能区域在微流体多步反应中的应用。尽管绿

色溶剂已经被广泛运用于制药工业中，但对溶剂工厂在制药工业中的应用研究

依然鲜有报道。因此，ONE-FLOW 项目提出了利用微流体中的分段流形成区

域工厂以实现多相多步反应。通过对多功能溶剂的调节实现对反应过程的起始

控制，这被称为“绿色多功能溶剂工厂”。此类溶剂可以通过改变温度等反应

条件快速地混合或者分离。于此同时，对于某些特定反应体系，通过在溶剂工

厂中加入了微纳米级多功能区室，可在实现高产率的同时保证催化剂的活性。

综合利用集成化的溶剂与区室工厂以实现反应与分离的同频，研究目标是实现

单一微流体单元内仿生级联反应过程中催化剂、反应物和产物的自动混合与分

离。 

首先我们选择了一步法不对称羟醛反应作为模板进行研究。目的是找到一种反

应溶剂可使产物在反应完全后自动从混合物中分离。通过 COSMO-RS 模拟软

件对溶剂进行初步筛选，备选溶剂必须与醛类反应物互溶但不溶解羟醛产物。

除了溶解性要满足条件外，亦需考虑备选溶剂的物理化学性质及其对环境的影

响，以选出最优的反应溶剂。经过一系列的计算与评估，十二烷被选为 7665

种试剂中可能的最优溶剂并依次运用于间歇与连续流反应中，以实现羟醛反应

的过程强化。 

实现多功能有机溶剂在羟醛反应的运用后，我们尝试使用离子液体作为助溶剂

以增加酶反应在水环境中的反应速率。离子液体由于其独特的物理化学性质被

广泛应用于分离工程。论文运用 COSMO-RS 对不同温度下水在离子液体中的

溶解度进行模拟计算，从 36260 个备选离子液体中筛选出两种可与水形成液



概要 

138 
 

液两相反应的离子液体并且通过升高/降低温度来控制连续流反应速率。利用

上述两种离子液体在常温下与水的不相溶性，反应完全后通过降温实现产品

（离子液体相）与酶（水相）的自动分离。 

以同样的离子液体-水液液生物催化反应为模型，我们对多功能区室（皮克林

乳液）与溶剂工厂在微流体反应器中的综合应用进行了进一步研究。这也是皮

克林乳液首次在连续微流体反应器中进行生物催化运用研究。并且，对比相同

条件下的间歇反应器，集成皮克林乳液与微流体反应器可在维持乳液稳定性的

同时大大提升产率（尤其在升温的条件下）。 

本章中，我们研究了其他种类的区室工厂在 ONE-FLOW 体系中的运用，包括

多功能囊泡做为纳米反应器及催化剂分离器在连续微流体反应中的运用。我们

提出了一种全新的卢非酰胺及衍生物的合成方法：功能溶剂与纳米反应器相结

合，在环境友好的条件下通过 ONE-FLOW，实现了传统多步反应的一步化。

通过对卢非酰胺体系的溶剂筛选，乙腈被选为功能试剂，在产品自动析出的同

时实现了反应残留物（催化剂，反应物与溶剂）的重复利用。另外，我们还发

现了囊泡在微流体反应过程的形变现象。 

感谢金灿老师对本章的翻译帮助 
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