
VU Research Portal

Mass Spectrometric detection in Flow-Chemistry Systems

Martha, C.T.

2011

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Martha, C. T. (2011). Mass Spectrometric detection in Flow-Chemistry Systems. [PhD-Thesis - Research and
graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/1a40926b-42d4-4849-8427-0333126cf6f0


Introduction 

 9 

 
 
 
 
 
 

Chapter 1  Introduction 

 
Reaction monitoring in flow-chemistry systems 

 
 
 
 
 
 
 
 

Manuscript in preparation 

 



Chapter 1 

 10 

 

Abstract  
 
High-throughput chemical synthesis is a major field of interest in synthetic 

organic chemistry and is employed to cope with the incessant need to decrease 
the cost of entity creation. In recent years, (continuous-) flow-chemistry has 
emerged as an exciting technique that utilizes automation and miniaturization to 
increase reaction efficiencies, to reduce the cost per compound and to reduce 
the consumption of resources, energy and the production of waste. Herein, we 
present an overview of the major components and developments of flow-

chemistry methods and techniques emphasizing on innovative developments 
especially related to (direct) reaction monitoring. At the end, we provide a brief 
perspective of promising new (and future) developments. 
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Introduction 
 

The synthesis of specific molecules is a complex process involving the careful 
selection of successive reaction pathways, starting materials and synthesis 
conditions. In conventional synthetic organic chemistry, the synthesis of a 
compound can be divided in distinctive steps, each of which is batch-wise 
conducted in traditional laboratory equipment. With this methodology, 
outstanding successes have been celebrated, though throughput is not one of its 
virtues.  

Innovation in chemical industrial processes is a perpetual process driven by 
the need to reduce the consumption of resources and energy and the production 
of waste in an everlasting attempt to be more competitive by reducing costs. 
Nowadays, industrial progress includes the need to develop sustainable 
processes in which environmental impact is not amplified when economic growth 
is achieved.  

With the necessity to cope with the increasing costs of drug development, 
pharmaceutical research is emphasizing on increasing the number of marketable 
pharmaceutical entities. In order to enable the screening of the immense 
potential parameter space of candidates, as postulated by Lipinski in the rule of 
five, new high throughput methodologies are still developed to explore this 
parameter space for novel candidates.[1] However, the classical way in which 
entities are created is not in compliance with the throughput required for the 
generation of compound libraries that can be composed of thousand to millions 
of compounds.  

During the last decades, innovative combinatorial (parallel) synthesis 
procedures were developed that were able to increase the throughput in 
compound creation.[2-4] Although the increased throughput in the synthesis of 
novel compounds through combinatorial approaches cannot (yet) be directly 
linked to significantly increased numbers of new drugs, the pursuit to increase  
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the speed in the discovery process has provided several valuable research tools 
in all disciplines related to the drug discovery process.  

One of the exciting developments in synthetic organic chemistry is the transfer 
from the traditional batch-wise synthesis to flowing systems. In continuous-flow 
or flow-chemistry approaches, static synthesis setups are replaced by an in-flow 
alternative where reactants are fed into an online reactor (or a series of 
sequential reactors) and the reaction product is collected after a fixed reactor 
residence time. Although the flow-chemistry methodology is not directly derived 
from the combinatorial process, its rapid growth can be attributed to the progress 

that was made in material science, laboratory automation and, more importantly, 
in the new philosophy adopted by the scientists involved.  

The key advantage of performing reactions in a flow-chemistry system lies in 
the enhanced parameter control compared to batch synthesis. The reaction 
conditions such as flow speed, associated reaction time and the reactor 
temperature and pressure can be very accurately controlled with the components 
used in such systems. This ability to accurately control the reaction also greatly 
facilitates automation. Because of the reduced volume, these process conditions 
are also more consistent across the entire reaction and the associated reaction 
homogeneity is reported to be responsible for enhanced product purities 
compared to batch synthesis. Moreover, when conducting synthesis in smaller 
reactors, diffusive mixing of reagents is rapid and the reaction conditions can be 
carefully controlled due to the high surface-to-volume ratio of the mixer. 
Additionally, it is a simple operation to run the reaction under pressure, which 
provides the potential to superheat reactions in a manner similar to a batch 
microwave.  

Whereas several stimulating review papers on flow-chemistry systems have 
been published [5-9], these papers pay little attention to reaction monitoring, which 
is an aspect of flow-chemistry that actually extends the possibilities of flow-
chemistry systems. Continuous on-line reaction monitoring in flow-chemistry 
systems opens a wider field of applicability; flow-chemistry can not only be  
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applied for production of reaction products under highly reproducible and 
controlled conditions, but also allows for the rapid optimization of reaction 
conditions and comparison of catalyst activity.[10] 

After an introduction in flow-chemistry systems for organic synthesis, 
discussing its advantages and disadvantages compared to batch-wise synthesis, 
important system components, and some illustrative examples, in-depth attention 
is paid to general aspects of (on-line) reaction monitoring and the various 
analytical detection approaches that are available and relevant for reaction 
monitoring in flow-chemistry systems.  
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Flow-chemistry systems 
 
In continuous-flow or flow-chemistry approaches, the reactants are fed into an 

online reactor (or a series of sequential reactors) and the reaction product is 
continuously collected after a fixed reactor residence time. With this core flow-
chemistry system, a wide variety of system variations and extensions can be 
incorporated in order to design a tailor made flow-synthesis platform. In Figure 
1.1, an exemplary flow-chemistry system is presented that is composed of two 
pumps that deliver the reactants, a microwave-heated reactor to facilitate the 

rapid conversion of reactants into product, and a fraction collector to store the 
formed reaction product. 

 
Figure 1.1 Illustrative example of a flow-chemistry system. The reactants are introduced with the two 
pumps of the reactant delivery module. In this system, the synthetic conversion takes place in a 
microwave-heated reactor. Finally, the product is collected with a fraction collector.  

 
The reactant delivery module is often composed of HPLC pumps that can 

accurately deliver even minute amounts of reactants into the reactor at high 
pressures. Upon introduction to the reactor, the various reagents streams are 
combined in a mixer. This mixer is very important for the overall performance of 
the system since good mixing maximizes the availability of the reactants prior to 
their conversion into product. Essentially, either T or Y shaped unions can be 
used where the latter is preferred due to a superior mixing characteristic that is 
especially relevant when different reagent ratios are employed.[11] To further  
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increase the mixing of reagents, small-diameter columns packed with inert large-
pore packing material can be included into the system.  

After mixing, the reactants are fed into the reactor which is the key component 
of any flow-chemistry system. Reactors can vary from simple open-tubular flow-
through reactors to sophisticated (miniaturized) models with immobilized 
heterogeneous catalysts.  

 
Open tubular reactors 

 

Open tubular reactors are the simplest flow-synthesis reactors and are often 
composed of not more than a piece of polymer tubing. These simple tubular 
reactors are unrestricted and therefore susceptible for dispersion of formed 
product.[12-13] Minimizing dispersion in these reactors is relevant since dispersion, 
in addition to reaction conversion kinetics, largely determines the maximum 
concentration of product that is formed at the outlet of the system. When multiple 
reactors are combined in a so-called multistep system (see Figure 1.2) to 
accomplish more complicated synthesis, minimizing dispersion becomes even 
more important.  

 
Figure 1.2 Illustrative example of a multistep flow-chemistry system. The reactants are introduced 
with the three pumps of the reactant delivery module. In this exemplary system, the first synthetic 
conversion takes place in a microwave-heated reactor while the second consecutive reaction takes 
places in a coiled open tubular reactor. Finally, after the synthetic conversion, the effluent that 
contains the product is stored in the fraction collector.  
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As in the simplest flow-chemistry systems, minimizing dispersion in multistep 

systems results in a maximized conversion into product. Therefore, less by-
products and leftover reactant are formed and collected at the outlet of the 
reactor. Because several synthetic conversions are combined in multistep 
systems, diluted formed product and formed by-products and non-reacted 
reagents of each conversion accumulate.  

When injectors are incorporated into flow systems to facilitate the creation of a 
compound library in a combinatorial approach, minimizing product dispersion is 
also very critical. In these (automated) synthesis platforms, the product that is 

formed results from careful synchronization between the different reaction zones. 
In order to achieve the synthesis of a large library of analogous, a high 
throughput is required. Because the throughput that can be achieved solely relies 
on the amount of product that is formed, control over dispersion in these systems 
directly determines the throughput that can be achieved. An example of such a 
flow-chemistry system where an autosampler is utilized for the creation of a 
library of analogous is presented in Figure 1.3.  
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Figure 1.3 Illustrative example of flow-chemistry system that is designed for the synthesis of a 
compound library of analogous. An autosampler is used to introduce different reagents into a stream 
of reactants that subsequently react in a reactor. The different synthesized products are stored in a 
fraction collector. 

 
Because in open tubular reactors the inner diameter of the tube has a 

significantly larger contribution to the dispersion than the tube length, for a 
required reaction time, the inner diameter rather than the length of the tube 
should be minimized. Compared to straight open tubes, coiled or knitted open 
tubular reactors show significant less dispersion, because in coiled tubes, the 
initial axial flow is diverted in a radial flow (to the wall) and a circular flow. With 
high tube diameters and low flow velocities, these centrifugal forces are weak. At 
high flow rates, a boundary layer is created next to a layer parallel to the coiling  
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plane. The resulting flow in axial direction has a relative planar profile, resulting in 
limited dispersion, whereas in the boundary layer a parabolic profile is observed.  

Additionally, due to the short distances between the layers, the mass transfer 
is very rapid, resulting in excellent mixing characteristics. Coiling open tubes is 
therefore an essential procedure to achieve improved mixing and minimization of 
the dispersion of formed product in open-tubular flow-chemistry systems.  

An illustrative example of a relative simple miniaturized flow-chemistry system 
is the synthesis of a series of nitrostilbene ester compounds, as described by 
Skelton et al.. [14] In this study, a Wittig reaction in a flow-chemistry system is 

studied and compared with a batch conversion applying similar reaction 
conditions. The reaction (Figure 4) is targeted at the formation of a carbon-to-
carbon bond by the reaction of a phosphorane or phosphonium ylide and an 
aldehyde, e.g., 4-formylbenzoate in Figure 1.4, or ketone to form an alkene and 
phosphine oxide.  
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Figure 1.4 The coupling of 2-nitrobenzyltriphenylphosphonium bromide and methyl 4-

formylbenzoate in a micro reactor. [14] Three reservoirs were used containing (a) 50 µl 0.01 M 2-
nitrobenzyl triphenylphosphoniumbromide in dry methanol, (b) 50 µl 0.02 M methyl 4-formylbenzoate 
premixed with 50 µl 0.015 M sodium methoxide and (C) dry MeOH. Electrodes were placed in each 
reservoir and an external voltage of 100–700 V was applied to induce the continuous flow of 0.4 µL 
min-1. 
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Figure 1.5 summarizes the yields obtained with the batch and continuous-flow 

(micro-reactor) approach based on a 1:1 stoichiometry. Whereas initially a 
decreased yield was observed when transferring this reaction from batch to flow, 
optimization of injection time and interval in a 1:1 stoichiometric study resulted in 
an increase of the overall yield in the flow approach. 

 
Figure 1.5 Summary of the product yields obtained for flow-chemistry reactor and traditional batch 

methods for four aldehydes. The aldehydes shown are methyl 4-formylbenzoate (A), 3-
benzyloxybenzaldehyde (B), 2-naphthaldehyde (C) and 5-nitrothiophene-2-carboxaldehyde (D). [14] 

 
Speeding up reactions by heat 

 
The reactor in a flow-chemistry system can also be used for the efficient 

addition of energy and the associated increase of reaction conversion rates. In 
conventional synthesis approaches, heating methods (electric plate heaters, oil 
baths and heating mantles) are inefficient because the heating relies on the 
thermal conductivity of the reactor cell. The resulting temperature gradient can 
lead to local overheating and associated decomposition of substrate, reagent  
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and/or catalysts. In open-tubular systems, energy transfer can be done more 
efficiently, as the reactor can be immersed in a temperature-controlled water or 
oil bath to increase kinetics. However, more sophisticated approaches are 
available as well. Dipolar polarization and ionic conduction of the reaction mixture 
by microwave (MW) irradiation through microwave-transparent reactors produces 
very efficient internal heating. The energy introduced is very accurately 
controllable since the energy input is directly adjustable. MW irradiation is the 
most popular heating technique in flow-chemistry, resulting in an increasing 
availability of commercial instrumentation, allowing MW irradiation in a 

straightforward, safe and reproducible manner. With this methodology, it is even 
possible to safely introduce significantly higher amounts of energy than with 
traditional (reflux) setups. The homogeneous and smooth in-situ heating 
characteristic of MW irradiation is reported to be responsible for a higher purity of 
products. 

Although the first reports on the use of MW irradiation to accelerate synthesis 
[15-16] concerned MW in flow systems, it became popular when the technique was 
applied to batch reactors. Since the last decade there is a rapid growth in 
applications of MW irradiation for heat introduction in flow systems resulting in 
more than 3500 articles that have been published in the area of microwave-
assisted synthesis.[17-21] 

 
Application of homogenous or heterogeneous catalysts 
 
Another important possibility to improve the turnover rates and selectivity of 

synthetic conversions is the application of catalysts. Catalysis plays a key role in 
both chemical and biochemical processes by providing an alternative reaction 
pathway that reduces the overall activation energy. Based on involved reactants 
and catalysts phases, the catalysis is termed either homogenous or 
heterogeneous. In the former, the catalyst is entirely accessible for reactants and  
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reaction intermediates which results in higher activities. The disadvantage of 
homogenous catalysts is the energy that is required for reusability.  

Numerous flow-chemistry approaches that utilize catalysis for increased 
conversion-rates have been developed. By definition, a reactor based on 
heterogeneous catalysis is referred to as a solid-phase reactor, while 
homogeneous catalysts are mainly applied in open-tubular reactors. In addition 
to utilize already established catalyzed conversions in flow-chemistry systems, 
these systems can also be employed to discover new catalysts and catalyzed 
synthesis routes. Due to the nature of heterogeneous and homogeneous 

catalysis, the latter is more suitable to be optimized by flow-chemistry 
approaches.  

Transferring synthesis from batch to continuous-flow system offers the 
aforementioned advantages. In batch chemistry, application of heterogeneous 
catalysts to improve process efficiencies is well established. For the same 
reasons as in batch, solid-state catalysis is also employed for continuous-flow 
synthesis. [22,23] Purification of product (intermediates), recovery of the catalyst or 
regeneration of the reagent can straightforwardly be achieved by employing this 
methodology.  

Catalytic heterogeneous hydrogenation is among the most valuable synthetic 
transformations known.[24] The hydrogenation of organic compounds using 
molecular hydrogen, usually in the presence of a suitable precious-metal 
catalyst, is of great significance.[25,26] Hydrogenation performed in traditional 
batch equipment poses an operational hazard due to the exothermic nature of 
the conversion and the requirements for high-pressures in combination with the 
flamable hydrogen gas. For these reasons, the application of continuous-flow 
systems for hydrogenation, in addition to the development of a commercially 
available flow-chemistry hydrogenation system, has increased significantly over 
the last few years.[27]  

The applications of various different catalysts for hydrogenation in flow-
chemistry systems has resulted in a lot of different applications, i.e.,  
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hydrogenation of carbon-carbon double- and triple-bonds [28], of carbonyl groups 
[29], of imine groups [31], and of nitrile groups [32], enantioselective hydrogenation 
[30], reduction of nitro groups [33], and removal of benzyl groups, and 
carbobenzyloxy groups [34], and of various heterocyclic target products. [35]  

Special types of flow-chemistry reactors involving heterogeneous catalysis are 
the immobilized enzyme reactors. Such reactors are already in use for many 
years in industrial processes [36], while a recent review on the use of immobilized 
enzyme reactors in proteomics applications is provided by Ma et al.. [37] 

The number of applications that utilizes homogeneous catalysts assisted 

conversions in flow-chemistry systems is not so abundant compared to its 
heterogeneous counterparts.[38] Nonetheless, the applications include acid- and 
base-promoted conversions, condensation reactions, (transition) metal-catalyzed 
conversions, photochemical and electrochemical assisted reactions, the Swern 
oxidation, Grignard- and Lithium exchange reactions, Phenyl Boronic acid 
synthesis and the conversion into heterocycles.[39-40] The use of flow systems is 
then especially useful for the screening of catalysts and catalyst ligands as only 
small amounts of reagents and catalyst (ligand) is required. [41-43]  

The ability to quickly test different catalysts is advantageous in the screening 
and optimization process of catalyzed conversions. Therefore, homogeneous 
catalysts are preferred in this part of the development process. Once a suitable 
catalyst is found for the specific conversion and the flow system can be used to 
produce product, a reusable catalysts is preferred. Therefore, several 
investigations targeted at the immobilization of homogeneous catalysts. [44-48] 
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Multistep synthesis in flow-chemistry systems 

 
The synthesis of complex (natural) compounds from simple precursors cannot 

be achieved in a flow-chemistry system utilizing a single conversion. In batch 
synthesis, the product is only obtained after different sequential synthesis and 
purification steps. In order to conduct complicated synthesis in flowing systems, 
multiple reactors and processes can be combined to form a so-called multistep 
synthesis setup. Although today the majority of reports in flow-chemistry still 
involve single conversion methodologies, there is an increasing number of 

papers devoted to multiple serial flow reactions. [49-52] 
In a multistep synthesis performed in a flow-chemistry system, the production 

of different compounds can be accomplished by varying reagents and system 
process conditions, e.g., for the generation of structural analogous in a medicinal 
chemistry synthesis approach. An illustrative example of such a multistep 
synthesis involves the on-demand synthesis of chemokine CCR8 receptor 
ligands. [53] Each synthetic conversion and intermediate process in a particular 
reactor can be seen as a module. As such, a multistep synthesis platform in a 
single flow can be constructed by connecting different individual modules. The 
three-step synthesis of chemokine CCR8 receptor ligands involves six of such 
modules (see Figure 1.6). The first module and reaction step involves a reaction 
between an amine protected with carbobenzyloxy-group (Cbz) and an 
isocyanate. In the second module, the excess of isocyanate is scavenged with 
trisamine on a macroporous polystyrene (MP-trisamine) column. The third 
module involves the second reaction step: a Cbz-deprotection by hydrogenation 
with an H-cube hydrogenerator. The third reaction step, alkylation of the resulting 
secondary amine with benzyl bromide is performed in the fourth module 
comprising a column with polystyrene-bound N-methylmorpholine (PS-NMM 
column). In the fifth module, the excess alkylating agent is removed with a 
second MP-trisamine column. Finally, the sixth and last module is a Combiflash  
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system to concentrate and semi-automatically purify the outlet flow. The example 
nicely demonstrates the straightforward automation, which results in a synthesis 
platform that can be operated unsupervised, thus with a drastic reduction of labor 
intensity. Because the system is enclosed, the safety aspects of (hazardous) 
reactions are also significantly improved. The accurate and straightforward 
controllable process parameters in these kinds of systems are also responsible 
for enhanced reproducibility of the synthesis process. After synthesis 
development and optimization in the flow-chemistry system, scalability is not an 
issue since an increased production is simply achieved by continuing the flow 

process. 
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Figure 1.6 Multistep continuous-flow system for the on-demand synthesis of chemokine CCR8 
receptor ligands. In the first module, two pumps (A and B) are used to deliver a Cbz-protected amine 

and an isocyanide at 0.15 ml/min into a thermostated reactor. After the first reaction step, the excess 
isocyanide is scavenged with a MP-trisamine column in the second module. The reaction continues 
with a hydrogenation to remove the Cbz-group with an H-Cube hydrogenator in the third module. In 
the last synthetic conversion, the forth module is used to alkylate the secondary amine on a PS-NMM 
column with a benzyl bromide that is delivered with a third pump (C) at a flow rate of 0.30 ml/min. 
Excess alkylating agent is removed with a secondary MP-trisamine column that is thermostated at 75 
°C in the fifth module. The outlet flow is concentrated, and the residue is purified with a Combiflash 
system in the final, sixth step. Adapted from [53] 

 
With this system, the authors were able to produce 15 individual ligands 

(presented in Table 1.1) within one hour with an average yield of ~ 50%. The 
most important optimization parameter in this synthesis proved to be the solvent 
used: replacing ethanol by dimethylformamide improved the yields from an 
average of 50-60% to up to 96% in one example. The byproducts formed during  
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the process (toluene and carbon dioxide) proved to be compatible with the 
synthesis; no intermediate purification steps were necessary. 
 
Table 1.1 Structures of created ligands accompanied with their primary motifs and yields. A= Method 
A: Stock solutions of Cbz-diamine and alkylating agent in ethanol. Method B: All stock solutions in 
DMF. b Yields are after purification by semiautomatic flash chromatography (Combiflash Companion). 
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Obviously, there are also challenges in applying sequential flow-chemistry 

approaches for multistep synthesis. The different modular steps require 
synchronization and compatibility of reaction conditions, solvents, reagents, and 
catalysts is mandatory. Moreover, by-products and impurities may build up during 
synthesis and can negatively influence conversion characteristics. By coupling 
multiple reactors, backpressure increases which makes the system more prone 
to problems associated with precipitation and clogging of tubes and columns. 
Some problems of batch-wise multistep synthesis, e.g., involving intermediate 
filtration, evaporation, and distillation steps, or with particular reaction steps, are 

not automatically resolved by transferring the synthetic reaction into a flow 
system. However, an increasing number of sophisticated in-flow solutions have 
been developed, including automated liquid-liquid extraction [54], distillation [55], 
etc. [56], in order to perform complicated syntheses in a flow platform.  
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Miniaturization in flow-chemistry 
 
In recent years, microfluidics technologies have been development and utilized 

for the advancement of separation sciences, synthetic organic chemistry, 
molecular biology, proteomics, (functional) genomics, DNA analysis (e.g., 
polymerase chain reaction and high-throughput sequencing) and others. The 
application of miniaturization in continuous-flow-chemistry, with an exceptionally 
increase in the last half decade, has resulted in many attractive approaches 
described in numerous research papers. There are several advantages 

associated with the incorporation of small volume reactors ranging from 
microliters to several nanoliters. Three of the most profound advantages are the 
superior thermal transfer, the excellent mixing capabilities, and the ability of 
integrating sensors, actuators, and automated fluid handling components into the 
microreactor platform. Most of the advantages that are reported for continuous-
flow conversions in miniaturized flow-chemistry systems are directly derived from 
these three key characteristics. By miniaturizing the reactor footprint, the 
resources are more efficiently used allowing for a significant reduction in both 
solvent consumption and waste production. The overall result is a large number 
of (newly developed) conversions in flowing platforms often reported at yields 
that are often higher than those achieved in traditional batch-processes. 
Miniaturized online reaction and detection systems also allow for experimental 
conditions not easily achievable with batch processes, such as reactions at 
elevated pressure and temperatures. The advancement of miniaturized flow-
chemistry systems have been thoroughly described in some key publications [57-

63] while a good overview of the synthesis that are achievable in miniaturized 
reaction systems is presented in Table 1.2.  
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 Table 1.2 Overview of different reaction type achievable in miniaturized flow systems. Adapted 

from [63] 

 

Type Conversion Remarks Ref 

Heck 

 

Enhanced mixing 
through the 

application of a 
segmented flow 
approach. 

[64] 

Hydrogenation 

 

Fast, tri-phasic 
conversion by 
increased mass 
transfer. 

[65] 

Click 

 

Reactor material 
used as catalyst. 

[66] 

Ozonolysis 
 

Demonstration of 
improved safety with 
microreactors.  

[67] 

Glycosylation 

 

Synthesis of desired 
product at elevated 
temperatures. 

[68] 

Enolation 

 

Faster reaction and 
fewer work-up 
stages from 
immobilized base. 

[69] 

Halogenation 

 

Selective fluorination 
at accelerated 
reaction times. 

[70] 

Amin-

carbonylation 

 

Exploration of 

reaction selectivity at 
temperature above 
normal boiling point. 

[71] 
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In a review that concerned the then most prominent issues in modern flow-

chemistry, Wegner et al. summarized the advantages and disadvantages that 
are associated with conducting synthetic conversion in a miniaturized system.[73] 
In addition to the advantages that are described previously they also state that 
micro-scale reactors are ideally suited to conduct process development 
experiments. However, there are also some disadvantages associated with 
reactors with such low volumes. The most important limitation is the reduced 
ruggedness that stems from the physical dimension of the channels. In these 
experiments, product reactants and by-products can easily precipitate causing 
the system to clog. Since these reaction systems are constructed in a single 

chip, these often mean that the entire reaction system has to be discarded and 
replaced. In addition, the small inner diameter associates with a high pressure-
drop which limits the number of reactors that can be operated in series and the 
flow-rate that can be used. However, the main disadvantage is the limited 
amount of product that can be synthesized even when parallelization is used. 
There are situations where milligrams of product suffice but in all other cases, the 
synthesis platform has to be scaled to produce sufficient amounts of product. A 
summary of advantages and disadvantages related to system dimensions are 
presented in Table 1.3. The difference between micro fluidics and macro fluidics 
refers to the physical behaviour of the fluid at different dimensions where micro 
relates to the diameter of the reactor channel. 

 
 

  



Chapter 1 

 32 

 
 

Table 1.3 Micro versus mini (meso) flow reactors. Adapted from [73] 

Dimensions Advantages Disadvantages 

M
icr

of
lu

id
ic 

re
ac

to
rs

 

High heat transfer surface to 

product volume ratios. 

Microchannels suffer from 

restricted flow capacity 

Good heat transfer capabilities High pressure drop 

Ideally suited for optimization 
of reaction conditions. 

Tendency to block 

   

M
ac

ro
flu

id
ic 

re
ac

to
rs

 

Improved flow capacities. Lower heat transfer 
surface 

Lower pressure drop. Poorer heat transfer 
capabilities 

No clogging of channels.  

Preparation of multigram to 
multikilogram quantities. 

 

Possibilities to being 
combined with packed bed 
reactors 
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Reaction monitoring in flow-chemistry 
 
Despite the remarkable progress in flow-chemistry, as illustrated with previous 

examples, in the majority of the applications the analysis of most laboratory-scale 
flow-chemistry reaction products is currently performed by (manual or 
automated) collection of effluent and subsequent offline analysis using NMR or 
HPLC with UV detection, eventually after a sample pre-concentration procedure. 
The advantage of this approach is that after collection, the effluent containing the 
product of interest can be optimally prepared for careful identification and 

quantification. Solvent and reactant interferences can thus be avoided by the 
selection of appropriate sample pretreatment and/or separation procedures. 
However, the major drawback of this approach is related to the time that passes 
between the synthesis and the determination of the product or the conversion 
characteristics by analysis. To correctly determine conversion kinetics, 
meticulous quenching of the reaction mixture is obligatory. As a result, the 
workflow for optimization of a flow-chemistry system is at least as tedious and 
time-consuming as the workflow in batch synthesis optimization strategies.  

An attractive alternative is to incorporate a flow-through detection device to 
directly monitor reactants and products in the flow-chemistry system. A wide 
variety of suitable detection systems is commercially available (see Table 1.4 for 
applicable detection principles), as such flow-through detectors are also widely 
applied as detector in liquid chromatography and other flow system approaches. 
From a flow-chemistry point-of-view, the integration of a detection system after 
the reactor offers several advantages of which significant saving of time and 
labor intensity are the most important. On the fly monitoring of reactions by 
measuring products, real-time conversion rates and reaction characteristics can 
be achieved very fast. Besides monitoring the product generation, direct reaction 
monitoring provides the ability to more accurately and efficiently control the 
reaction process, e.g., by terminating reactions when substrates or reagents are  
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consumed, and eventually control of important reaction parameters (flow-rates, 
temperatures, etc) via a feedback system. Online real-time reaction monitoring in 
flow-chemistry allows instrument parameters to be adapted during conversions, 
thus providing a system that can automatically optimize reaction conditions for 
optimal product formation or reduced conversion into impurities. Depending on 
the detection principle chosen, some challenge in direct reaction-monitoring 
approaches is related to possible interferences related to solvents, 
substrates/reagents, and catalysts. 

Direct detection is especially valuable in the development phase of either the 

system or the synthetic conversion when time is scarce and determines the 
number of reaction parameters that can be investigated. Thus, the significant 
time reduction that can be achieved with direct detection greatly expands the 
reaction parameter space that can be surveyed.  

In principle, all the analytical detection methods that are available for detection 
in flowing systems can be integrated for direct reaction monitoring (Table 1.4). 
Especially the detection systems that are already employed in liquid 
chromatography are promising because they are operated at flow-rates similar to 
those used in flow-chemistry and they provide the detection time constants 
needed to adequately follow most reactions. The chosen detection system has to 
comply with a number of requirements. The detector should combine sensitive 
detection of analytes with sufficient resolution in order to distinguish formed 
product from initial reactants. This is especially important to determine reaction 
kinetics. Secondly, it should be able to perform this in a variety of reaction 
conditions like temperatures, pressures, different solvents applied, and a wide 
concentration range of product and reactants. Some possible selection criteria to 
choose between the available systems are evaluated in the Table 1.4, e.g., the 
capability for an unambiguous identification of the formed product, by-products 
and reactants, the ease of incorporation, which is a somewhat arbitrary 
parameter.  
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Table 1.4: Some characteristics of various detection methods for direct reaction monitoring in flow-chemistry 
systems. Incorporation is considered easy (+) if the detector only requires a direct connection to the flow-
chemistry system, average (+/–) if a special coupling has to be designed and fabricated, and difficult (–) 
when this special coupling requires advanced engineering. 

Analysis 
method 

Selectivity 
(Identification 
potential) 

Sensitivity Ease of 
incorporation 

Remarks 

UV/Vis-
absorbance 
detection 

– +/– + 

Requires 
chromophores with 
different absorbance 
maxima for individual 
analytes.  

Fluorescence 
detection 

– + + 
Requires fluorophores for 
successful employement. 

Infrared 
spectroscopy 

+ 
 

+/– 
+/– 

The presence of water 
often interferes. 

Raman 
spectroscopy 

+ – +/– 
Poor sensitivity limits the 
application potential. 

Resonance 
Raman 
spectroscopy 

+ +/– +/– 
Improved sensitivity 
results in decreased 
identification potential. 

Nuclear 
Magnetic 

Resonance 
spectroscopy 

+ – – 

Complicated to integrated 
in a flow system. Limited 

detection time constant. 

Mass 
Spectrometry 

+ + + 

Absolute quantification 
requires calibration of 
molecule specific 
responses under actual 
conditions. 
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Post-column reaction detection in liquid chromatography 
 
Arguably, the first advances in direct reaction monitoring in flow-chemistry 

systems were made in analytical chemistry. From the mid 1980ʼs onwards, on-
line post-column analyte derivatization strategies were developed for HPLC to 
enable or enhance detection of analytes with poor UV and/or fluorescence 
properties by the introduction of suitable chromophores and fluorophores.[74] The 
majority of the post-column analyte derivatization approaches were performed in 
closed flow systems. Like flow-chemistry methods, online post-column 
derivatization strategies provide a platform where all the sequential unit 
operations, such as transfer of liquids, reaction quenching, sample evaporation 
and sample reconstitution are circumvented resulting in decreased labor-intensity 
and increased (product formation) reproducibility. The reactions employed were 
generally simple one-step reactions, solely targeted at detectability of converted 
compounds after separation and not aimed at the optimization of synthetic 
conversions, the preparative synthesis of products or the activity assessment of 
catalysts. Different reactor types were applied, e.g., open-tubular, two-phase 
liquid-liquid extraction, photochemical, solid-phase and immobilized (tandem) 
enzyme reactors.  

 

UV/VIS and Fluorescence detection 
 
As is presented in Table 1.4, a UV-Vis detector is easily incorporated but often 

lacks sufficient resolution/specificity to distinguish individual reactants, products, 
and by-products. It combines moderate sensitivity with excellent quantification 
capabilities (in terms of both accuracy, precision, and linear dynamic range) with 
a good application potential as demonstrated by the numerous HPLC–UV 
applications. In direct reaction monitoring, the absorbance characteristics of 
reactants and products will often be insufficiently different, which limits the 
application of UV detection. This is also true for the fluorescence detector that  
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offers superior sensitivity but the requirements of a fluorophore limits the 
application perspective of this methodology.  

Direct reaction monitoring based on UV-Vis detection without intermediate 
chromatographic separation has also been performed, e.g., to monitor reaction 
progress even at dilute concentrations. [75,76] When a suitable chromophore is 
present, online UV detection offers intrinsic quantification potential, as is nicely 
demonstrated for fully automated combinatorial synthesis of pyrazoles in a 
single-channel glass microreactor (Figure 1.7, and library: Scheme 1.1). 

 
Figure 1.7 Automated micro reactor system. A combinatorial library of pyrazoles was prepared 
sequentially by the reaction of various 1,3-dicarbonyl (a) and hydrazine (b) reactants. After a 
residence time of 210 s, the reaction mixture is diluted and the formed pyrazoles detected by UV 
detection. [reproduced from RD3] 

 
The flow-chemistry system involves a Knorr reaction between 1,3-dicarbonyls 

and hydrazines, which are introduced as 2,5 μL plugs into the microreactor and 
pumped through at a flow rate of 1 μL min-1. After a reaction time of 210 s, the 
outlet flow was diluted and detected by a UV detector with a flow cell. In an 
automated proof of concept experiment, a 7x3 library of pyrazoles (Scheme 1.1) 

was synthesized with conversion characteristics comparable to those achieved in  
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single component studies and without cross contamination, carry-over or the 
formation of by-products. A separate experiment with an elongated reaction time 
significantly improved the amount of product formed suggesting that conversion 
yields were not yet maximized.  

 
Scheme 1.1 The different reagents and products involved in the automated combinatorial synthesis 
of the 7x3 pyrazole library. Reproduced from [76] 

 
 
These detection systems are thus not easy to use in direct monitoring 

approaches but the limitation of insufficient absorbance characteristics between 
the product and the reaction solvent can be circumvented by an at-line coupling 
between the flow-chemistry system and a micro-HPLC-UV/Vis/Fluorescence 
system via a switching valve. Welch et al. described a hybrid system where 
fractions drawn from the effluent of the flow-chemistry system are diluted, 
consecutively injected and analyzed using micro-HPLC-UV. [74] 
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Figure 1.8 At-line reaction monitoring by HPLC-UV analysis coupled to a flow-chemistry system. A 

continuous-flow thermal isomerization reaction of 5 min. is monitored with a HPLC-UV system 
comprising a valve-switch, a ZorbaxEclipse Plus C-18 column (3.5 μm, 10 cm× 300 μm i.d) and a 
UV-detector operated at 210 nm. The effluent of the conversion is split and a small fraction is 
collected with a HPLC injection loop. At XX min/hr time intervals, the valve is switched and the 
effluent is separated on the HPLC column and the amount of product quantified with the integrated 
UV-detector. The combination of automated online HPLC sampling with programmed flow control 
allows for convenient collection of reaction characteristics. Illustration adapted from [74] 

 
 

 
Figure 1.9 Thermal isomerization of endo-1 to exo-1. 
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This system, presented in Figure 1.8, was applied to perform optimization of 

the thermal isomerization of the adduct endo-1, that is formed by a Diels-Alder 
reaction from cyclopentadiene and maleic anhydride, into the thermodynamically 
more favorable exo-1 isomer as is presented in Figure 1.9.  

The response surface area of the optimization of the reaction temperature and 
residence time is shown in Figure 1.10. 

 

 
Figure 1.10 The determined response surface area that was acquired in a combined temperature 

and residence time optimization experiment for the thermal isomerization of the endo-1 isomer into 
the thermodynamically favorable exo-1 isomer.[74] 

 
With this coupled system, a significant increased sample analysis throughput 

is achieved, resulting in significant time reduction by circumventing all sample 
pretreatment and liquid transfer steps. However, the conversion chosen is not 
very challenging and fails to assess solvent compatibility issues. The result in 
terms of conversion characteristics is only comparable to those obtained by 
traditional off-line approaches, and not better.  
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Infrared spectroscopy 
 

One of the most convenient non-destructive methods for real-time monitoring 
of reaction progress is infrared (IR) spectroscopy. This spectroscopic technique 
refers to the absorption region between 4000 cm-1 and 400 cm-1 where there is 
also interest in the near IR (between 14290 cm-1 and 4000 cm-1) and far-IR 
regions (700 cm-1 and 200 cm-1). Although absorption is characteristic of the 
entire molecule, certain group of atoms gives rise to bands at or near the same 
frequency despite of the molecular structure. It is the presence of these 
characteristic bands that permits identification of compounds based on 
generalized libraries or charts of characteristic group absorptions. 

Although water can completely obscure spectra due to a broad absorbance 
across the range of interest, increasingly sophisticated computer filtering 
techniques circumvent this most prominent disadvantage of IR. Moreover, most 
synthetic conversions are conducted in the absence of water and are thus 
amenable for direct detection with this spectroscopic detection technique without 
the necessity of computer corrections. 

In IR, identification of reactants, products and intermediates is based on the 
comparison of recorded spectra with prerecorded libraries of pure compounds. 
By continuously recording spectra from the effluent of the reactor with an IR flow 
cell, the synthetic conversion can be monitored. By extracting the IR absorbance 
of known frequencies of moieties present in the reaction mixture (either 
substrates, intermediates or products) from the recorded spectra, the reaction 
kinetics and reaction progress of the studied synthetic conversion can be 
determined. 

A thorough assessment of the possibilities that IR offers in the direct 
monitoring of chemical reactions is presented by Carter et al. who collaborated 
with an instrument manufacturer to develop a flow cell specially optimized for IR 
monitoring of flow-chemistry reactions.[77] In their comprehensive research paper, 
they surveyed the possibilities of IR in typical areas where flow-chemistry excels.  
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Direct reaction monitoring is especially beneficial in the different reaction 
development phases and in this paper, this is elaborately illustrated with ample 
examples.  Firstly, in the system development and optimization phase, they 
demonstrate the potential of direct IR detection by optimizing system dispersion 
throughout the system by selective monitoring selected reaction constituents. As 
stated previously, this is especially relevant when flowing streams have to be 
synchronized in multistep synthesis setups. The utilization of the IR detector in a 
rapid reaction condition optimization approach was also investigated. Finally, 
they also present examples where the advantages of a closed system are used 

to study hazardous reaction (intermediates).   
In addition to continuous-flow approaches, the merits of the special probe for 

the real time monitoring of batch conversions were also investigated. From this 
comprehensive review, one example is selected to illustrate the potential of direct 
IR spectroscopic monitoring of synthetic conversions.  

The selected example of the previously referred review considers the 
synthesis of an oxazole from an isocyanide and an acid chloride (Figure 1.11).  

 
 
 

 
Figure 1.11 Flow synthesis of oxazole 8 [77]. 

 
  



Introduction 

 43 

 
 The experimental conditions are thoroughly described elsewhere.[78] In this 

experiment the output from the formation of oxazole 8 was monitored by using 
the conjugated ester in the product 8 (υ = 1721 cm-1) which was significantly 
different from that in the original isocyanide 7 (υ =1760 cm-1) (Figure 1.12). In the 
reaction, 4 mL of material is pumped at 0.4 mL/min and requires 30 min for full 
collection of product. The recorded results also demonstrate the efficacy of the 
acid chloride surplus scavenging by utilizing a benzylamine column. This 
example demonstrates the feasibility to use an integrated IR cell into a flow-
chemistry experimental setup and used to monitor product streams. Moreover, it 
also provides information concerning dispersion and the effectiveness of the 

scavenging systems employed. The addition of a second scavenging column 
significantly contributes to the dispersion of the exiting reaction stream as can be 
derived from the shape of the graph. With this system equipped with an IR flow 
cell, multiple wavenumbers can be monitored simultaneously, allowing unreacted 
starting materials to be distinguished from products.  

 

 
Figure 1.12 Trend curves obtained within the formation of oxazole 8; exponential flattening out of the 
red trend curve not shown. 
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(Enhanced) Raman spectrocopy 

 
Raman spectroscopy utilizes monochromatic light usually in the visible region 

of the spectrum and is an established real-time, on-line fingerprinting tool for 
chemical identification. The high information content that can be obtained with 
this technique allows for the characterization of reaction products and 
intermediates. Hence, this spectroscopic technique offers the potential for 
detailed mechanistic investigations, in particular when more efficient synthetic 
processes are required. Contrary to IR, synthetic conversions in aqueous 

conditions can be studied since water does not obscure the signal. The limitation 
of the application of Raman spectroscopy is the poor sensitivity caused by the 
low incidence of the inelastic scattering process. With resonance Raman 
spectroscopy, the selectivity and sensitivity can be greatly enhanced by tuning 
the excitation wavelength to an electronic transition in the analyte of interest. 
However, the latter is not always feasible since the analyte of interest (either 
reaction product, reaction intermediates, reactants and substrates) should have 
an absorption maximum close to the frequency of the emitted light. Moreover, not 
all frequencies are equally amplified and spectral information may be lost. 
Resonance Raman is therefore less suited for mechanistic investigations. 

An interesting reaction monitoring approach is the incorporation of a Raman 
spectroscope to allow for the sensitive detection of synthetic conversions. Due to 
the great focusing possibilities of microscopes, this detection monitoring 
technique is especially interesting when it is combined with micro-flow 
conversions. The combination of glass microfluidic reactors and Raman 
spectroscopy allows for the direct on-line detection of analytes in situ, without 
need of reaction quenching.  

In the study of Fortt et al., such an approach was utilized to study the 
generation of an diazonium compound where the direct reaction monitoring 
capabilities of Raman spectroscopy were exploited to study unstable reaction 
intermediates.[79] The miniaturized setup used for direct Raman detection of the  
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synthetic conversion is illustrated in Figure 1.12. In their research paper, the 
merits of direct Raman detection are compared by the information that is 
obtained with traditional GC analysis of the reaction mixture that is collected prior 
to the offline analysis.  

 

 
Figure 1.12 Schematic of microfluidic reactor chip channel located underneath a Raman microscope. 
In the reactor chip, two reactant entries (A,B) are used to introduce the reactants. After a delay 
reaction time the third reactant (C) is added and the conversion continues into the product. Careful 
placement and focusing of the microscope facilitates the detection of the different reaction products 
and intermediates. Figure adapted from [84]. 

 
In most studies, the application of commercial confocal Raman microscopes 

have been used that were not especially designed for the detection of Raman 
signals in micro-channels.[80-86] Mozharov et al. specially designed an efficient 
and low-cost Raman probe and compared the performance with commercially  
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available equipment by the study of the esterification of butanol with acetic 
anhydride.[85] The probe that used a back-scattering light detection design is 
shown in Figure 1.13. When sensitivity is poor, using elongated acquisition times 
is the traditional way to increase the signal-to-noise ratio. The disadvantage of 
this approach is the lost spatial resolution but with this setup, 2 seconds 
acquisition time sufficed to collect good-quality data.  
 
 
 

 
 
Figure 1.13 Specially designed Raman probe for direct detection in microchannels.[85]  
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With this probe, the conversion characteristics can be acquired along the 

whole microchannel as is illustrated in Figure 1.14 a. In Figure 1.14 b, the 
spectra that were recorded from the pure reactants and reagents are presented. 
By selective monitoring (see Figure 1.14 a) of the intensity of the involved acetic 
anhydride band at 670 cm-1 and the butyl acetate band at 635 cm-1, the optimal 
flow rate of the butanol and acetic anhydride reagents could be straightforwardly 
determined. 

 
 
 

 
 
Figure 1.14 A = Optimization of reagent flow rate by selectively monitoring Raman signals from a 

reagent (acetic anhydride, 670 cm-1) and a product (butyl acetate, 635 cm-1). Butanol and acetic 
anhydride flow rates of (1) 15 and 16, (2) 9 and 9.6, (3) 6 and 6.4, (4) 3 and 3.2 and (5) 1.5 and 1.6 

µL min-1, respectively. B = Raman spectra that were recorded from the pure compounds involved in 
the esterification reaction: (I) acetic acid, (II) butyl acetate, (III) acetic anhydride, and (IV) butanol.  
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Figure 1.14 A shows that a decreased flow rate relates to higher product yields, 
as is expected since the associated reactor residence time is equally increased. 
From these spectra it seems that when the reactor residence time in 5 is 
increased ten-fold only 33 % more product is formed. The biggest advantage, 
however, is the decreased amount of reactant that is found in the product. Since 
the reaction is monitored in the middle of the reactor, it should be investigated 
how it relates to the reactant composition at the micro-reactor outlet. However, 
this study demonstrates the usefulness of Raman for the direct monitoring of 
flow-chemistry reactions.  
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Nuclear magnetic resonance spectroscopy 
 
Nuclear magnetic resonance (NMR) spectroscopy is the most widely used 

detection system in synthetic organic chemistry. NMR is an excellent tool for 
identification and quantification of compounds. The translation of spectral 
features to molecular structure is unsurpassed. NMR has been extensively used 
in a setup of post-conversion collection of the reaction mixture and subsequent 
characterization of the reaction product. However, NMR has a number of 
limitations, which are highly relevant when considering NMR for (online) reaction 
monitoring in flow-chemistry systems. NMR spectroscopy has a limited 

amenability to interfering compounds and especially solvents, a limited 
sensitivity, and in most cases a poor detection time constant. Although in the 
past few years, in-flow NMR technologies have been developed, these 
technologies are not readily applied in reaction monitoring in flow-chemistry 
systems. Therefore, the majority of flow-chemistry systems with NMR detection 
are based on the collection of effluents after the continuous-flow conversion 
reaction(s). This effluent is subsequently concentrated and purified prior to NMR 
analysis and determination of reaction characteristics. Often, the necessary 
pretreatment also requires a phase transfer where the reaction solvent is 
evaporated and the reaction mixture is reconstituted in a solvent compatible with 
NMR detection. Often, this also enables an analyte concentration step. The 
application of NMR for the direct monitoring of continuous-flow conversions is 
therefore not straightforward. 

However, in recent years, a number of publications have demonstrated the use 
of this potent technique incorporated in flow-chemistry systems.[86,87] It is even 
demonstrated that NMR can be used to monitor reaction conversions in 
miniaturized systems. An example of the application of NMR for the study of a 
synthetic conversion on a chip is provided when the formation of an imine from 
benzaldehyde and aniline is characterized (see Figure 1.15).[86] The same  
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reaction was also studied in flow-chemistry systems equipped with Raman 
spectroscopy[88] and mass spectrometry.[89] 

 
Figure 1.15 The condensation between benzaldehyde (1) and aniline (2) into an imine (3). 

 
In the current application, the difficulty of combining an NMR detector and a 

chip system, and the lack of maturity of such systems is perfectly illustrated by 
the relatively large part in the paper that is devoted to the construction of the 
system compared to that is required to accurately describe the actual synthetic 
conversion. This paper is therefore more a proof of principle than a system 
where the direct coupling of NMR to a microreactor facilitates the identification 
and quantification of chemical species in the microreactor based flow-chemistry 
system. 

In order to be able to sensitively monitor reaction progress with a NMR based 
detection system, an optimal signal-to-noise ratio and sufficient spectral 
resolution are essential. For an optimal signal-to-noise ratio, the microcoil has to 
be carefully designed. And although it is difficult to theoretically calculate the 
optimum coil geometry, previous work indicates that the major contributing factor 

is the homogeneity of the magnetic field. The limiting factor is then the 
microreactor chip that is introduced in the magnetic field. To avoid these field 
distortions, abrupt changes in material geometry near the NMR detection have to 
be avoided. Consequently, electrical and fluidic connections should not be placed 
in the neighborhood of the detection area. The fluidic channel that contains the  
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sample will also disturb the magnetic field, but for reasons of sensitivity this has 
to be close to the detection coil.   

In the NMR based chip system (presented in Figure 1.16), nanoport 
connectors were connected to the chip and two 100 mL syringes containing 4.95 
M benzaldehyde, (in 0.475 M tetramethylsilane in deuterated nitromethane), and 
4.95 M aniline (in 0.523 M TMS in CD3NO2) where utilized to deliver the 
substrates into the chip reactor. The total void volume between the point where 
the two inlet channels connect and the detection coil is ca. 0.57 µL, while the 
detection volume was estimated to be 56 nl. The reaction time in this system can 

hereby be varied from 0.9 s to 30 min, depending on the flow rate.  
 

 
 
Figure 1.16 The glass NMR chip with planar micro coil. Chip size is 1 by 1.5 cm; channel width 

underneath coil is 500 µm. 
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For the determination of the reaction kinetics, the aldehyde peak of 

benzaldehyde at 9.9 ppm and the imine peak of the product at 8.4 ppm were 
selected. In Figure 1.17, the conversion of the reaction is plotted as the ratio of 
each peak area to the sum of both peak areas, as a function of the residence 
time. The lines in this figure are a fit with a second order rate equation with a rate 
constant of 6.6 x 10-2 M-1min-1, with a correlation coefficient of 0.93. The reaction 
rate constant found in the chip is ca. 2 times that in the larger-scale system, 
which the authors address to the better mixing performance in the chip.  

 
Figure 1.17 Time dependence of imine formation measured in the chip by 1H NMR. 

 
Although the current example demonstrates the maturity of the approach, they 

already proof that a NMR based system is feasible and future developments will 
contribute to the potential of the approach. The authors provide various potential 
improvements of which improvement of the chip design promises to provide the 
most benefits since the current limited spectral resolution can be improved by 
reducing the magnetic field non-homogeneity caused by the chip. 
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Mass spectrometric detection 
 
An attractive alternative detection technique for direct reaction monitoring and 

a viable approach to overcome both sensitivity problems and spectroscopic 
solvent, substrate and catalyst interferences is mass spectrometric (MS) 
detection. Due to its advantageous characteristics, MS has become the favored 
detector in flow analysis, e.g., in combination with LC. In these systems, 
reversed-phase separations at different flow rates are followed by a sensitive 
detection of a wide variety of different molecules. Next to the popularity in 

previous described applications, MS is also used for the detection of inorganic 
and organometallic species.[90] In these methods, MS proves to be a very 
versatile detection methodology combining intrinsic sensitivity with extraordinary 
selectivity. Despite the popularity in analytical chemistry, direct MS detection in 
flow-chemistry is in its infancy with some applications concerning at-line reaction 
progress monitoring in approaches involving the LC separation of a sample that 
is automatically withdrawn from the reactor effluent. 

There are a large variety of different types of mass analyzers available with 
their inherent application perspectives that are derived from their distinct 
characteristics (i.e. ruggedness, sensitivity, linear dynamic range, resolution, 
mass accuracy, and ability of fragmentation). The simplest MS detector available 
is the single-quadrupole MS that offers the possibility of two different modes; the 
monitoring of a preselected m/z range (survey scan) of ions and the monitoring of 
ions with preselected m/z values in a selected ion monitoring (SIM) experiment; 
the latter provides increased sensitivity. Multiple SIM traces can be recorded 
simultaneously and can even be accompanied by a survey scan. Without 
elaborately describing every system available, a wide variety of additional 
instruments are available. Triple-quadrupole and ion trap instruments combine 
multiple mass analyzers (in space or in time) with a collision cell to achieve 
intermediate ion fragmentation and offer different modes of operation to improve 
sensitivity by the reduction of noise and/or enhanced structure specificity.  
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The so-called high-resolution instruments (e.g. time-of-flight, orbitrap, and Fourier 
transform ion cyclotron resonance MS) offer accurate-mass determination. A 
variety of hybrid instruments (quadrupole–time-of-flight, ion-trap–orbitrap, and 
ion-trap–Fourier transform ion cyclotron resonance MS) facilitate identification of 
(unknown) species by a combination of structure-specific fragmentation in a 
collision cell (or by other means) and an accurate-mass determination of the 
fragment ions. Ion-trap MS offers the additional possibilities to perform multistage 
fragmentation of the parent compounds for extensive characterization and 
identification purposes. All instruments have their specific merits. Since 

concentrations of reactants and products in flow-chemistry are not considered to 
be challenging, sensitivity of MS systems is not of upmost importance. A key 
characteristic for MS instruments applied for flow-chemistry monitoring is the 
ruggedness of the instrument. When a flow-chemistry system is used to produce 
significant amounts of product, the detector should be able to monitor the 
reaction progress continuously and reliably during the whole synthesis without a 
strong reduction of signal intensities. The ability to conduct accurate-mass 
measurements is also appealing as it to a large extent circumvents the necessity 
for an offline post-analysis identification. In addition, MS can also facilitate 
mechanistic studies of unknown reaction pathways.  

Preceding MS analysis, the analytes of interest have to be ionized. There is a 
wide array of different ionization sources available to achieve this for various 
target analytes. For flow-chemistry purposes, only those that can be combined 
with flowing streams are relevant (i.e. thermospray ionization, electrospray 
ionization, atmospheric pressure chemical ionization, atmospheric pressure 
photo ionization, atmospheric pressure spray ionization, surface activated 
chemical ionization and no-discharge atmospheric pressure chemical ionization). 
Current commercially available LCMS equipment is primarily optimized for the 
detection of target compounds in solvents compatible with reversed-phase LC, 
i.e., consisting of acetonitrile or methanol and water, eventually containing 
volatile additives, especially to control pH. An important factor in the application  
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perspective of any MS-based flow-chemistry system for direct reaction 
monitoring is the ability to be operated in the variety of (non-aqueous) solvents 
employed in synthetic organic chemistry, e.g., MeOH, ACN, IPA, EtOAc, THF 
and DCM. For example, in order to compare reaction characteristics across 
different solvents, the specific MS responses for product in the different solvents 
have to be calibrated. Another important factor is the ruggedness of these 
systems when (relatively) synthetic conversions are studied that includes the 
presence of (high concentrations of) reactants, products and homogeneous 
catalysts. 

The promises and limitations of different atmospheric-pressure ionization 
methods for MS detection coping with different solvents in a reaction screening 
flow-chemistry system are described in Chapter 5.[91] The goal of this 
investigation was to develop a detection approach that combines sensitive 
detection of formed product with the ability to (provisionally) identify the catalyst 
complex that is involved in the synthetic conversion of a substituted 2-imidazoline 
in a three-component reaction involving a ketone, an amine and an acidic 
isonitrile. This catalyzed conversion was studied in a system equipped with a 
low-resolution MS detector. The identification and activity assessment potential 
towards different ferrocene based catalyst was also under investigation. In order 
to maximize the acquirable catalyst information, different ESI, APCI and 
combined ESI/APCI sources were tested in combination with various advanced 
ionization strategies. 

As is stated previously, enabling direct reaction monitoring in flow-chemistry 
systems is especially relevant in the development phase of such a system where 
it facilitates the elucidation of reaction mechanisms, the (provisional) 
identification of introduced (combinatorial produced) reactants and catalyst(s) (-
ligands), the direct optimization of reaction parameters and the acquisition of 
real-time conversion kinetics. The versatility of MS detection is illustrated by the 
fact that it can successfully be employed in all of these applications. 
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An example of the elucidation of a reaction mechanism is presented by Silva et 

al. who investigated the mechanism of the synthesis of heterocyclic components 
according to Sandmeyerʼs cyclization in a microreactor with direct MS 
detection.[92] The investigation of reaction mechanism is a complex process that 
involves extensive batch chemistry studies accompanied by the application of 
multiple detection techniques. In this investigation, MS studies are often 
convoyed by diverse other detection techniques (NMR, IR and UV-Vis). 
However, when short-lived species have to be detected for mechanistic 
investigations, these approaches are not feasible. During the last decade, 
electrospray ionization (ESI) has emerged as the most practical detection 

technique for reaction mechanism investigations of these transient species 
because it allows for the interception and characterization of moieties of different 
sizes and molecular complexity by direct transfer of ions from the solution to the 
gas-phase. As such, ESI-MS has become the detection technique of choice for 
fast screening of intermediates directly from solution and in high throughput 
screening of homogeneous catalysis reactions, providing previously unavailable 
chemical information to mechanistic studies. 

Microreactors have been coupled to ESI-MS systems previously to study 
organic reaction mechanistic studies allowing the interception of transient and 
short life-time compounds.[93-95] Silva et al. use a similar approach to determine 
the ion composition of reaction solutions after a reaction time of less than a 
second.[92] They were able to provide an alternative for that the current 
established reaction mechanism. 

Combinatorial (split and pool) synthesis approaches have gained momentum 
to increase throughput in compound creation. An alternative to the identification 
of every compound created is to conduct an activity assessment and restrict 
identification of unknowns to compounds with significant activity, e.g., for certain 
biological processes or catalytic activity. The elaborately investigation of the 
fragmentation patterns of five different classes of silver adducted ferrocenyl 
bidentate-based Lewis acid catalysts using Q-TOF and IT-TOF hybrid mass  
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spectrometers is presented in Chapter 4 of this thesis.[96] In Chapter 5, the ability 
to simultaneously assess catalyst performance and (provisionally) identify the 
introduced catalyst complexes in six different solvents utilizing a continuous-flow 
reaction detection system fitted with a low-resolution MS and equipped with 
different ionization sources was investigated.[91]  

In addition to the monitoring of synthetic conversions, the merits of a MS 
based reaction detection system for biological activity was also investigated as 
presented by de Boer et al. who directly monitored enzyme inhibition in a 
microfluidic activity assessment approach that assessed different enzyme-

substrate combinations with online ESI-MS. [97] 
Some attractive alternative MS detection approaches for reaction monitoring in 

miniaturized flow-chemistry approaches were also investigated. Brivio et al. [98-100] 
specially engineered a system that was composed of a standard matrix-assisted 
laser/desorption ionization–time-of-flight mass spectrometry sample plate 
coupled to a microreactor for the direct monitoring of a Schiffʼs base reaction and 
oligonucleotide and peptide digestion. By utilizing the same methodology, the 
authors were able to measure conversion kinetics of various isocyanates with 4-
nitro-7-piperazino-2,1,3-benzoxadiazole. Enhanced kinetics could be determined 
due to enhanced mixing compared with more traditional synthetic methods. 
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Reaction screening and optimization 
 
The optimization of reaction parameters in traditional batch synthesis is a 

tedious process. Commonly, the optimization of reaction parameters in those 
systems is performed by sequential unit operations, such as transfer of liquids, 
quenching of the reaction and storage of the samples prior to analysis. Each 
parameter optimum is determined after several experiments after which 
quantification of product determines the parameter setting that delivers the 
highest yield. In the most advanced unit-operation-based methodologies, 

automated workstations and robotics are used to complete the sequential steps. 
Moreover, design of experiment strategies help to reduce the number of 
experiments that have to be conducted in order to find the optimal reaction 
settings.  

In flow-chemistry systems equipped with direct reaction monitoring, 
optimization can be performed in a fraction of the time required for batch 
optimizations. These so-called reaction detection systems can also be 
straightforwardly automated which allows the determination of formed product at 
any parameter setting unsupervised. Moreover, when intelligent feedback 
algorithms are incorporated into the software that controls these systems, fully 
automated reaction optimization systems are established. 

An example of a reaction optimization strategy that employs an MS based 
reaction detection system is presented in Chapter 3. [101] Initially, the use of this 
reaction detection methodology for the high-throughput reaction optimization of a 
Lewis acid-catalyzed multicomponent synthesis of substituted 2H-2-imidazolines 
(see Figure 1.18) was studied.  
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Figure 1.18 Lewis acid-catalysed three-component reaction giving 2H-2-imidazoline (R1=Benzyl, 
R2=R3=CH3, R4=p-nitrobenzyl, R5=H). 

 
Secondly, by utilizing the same comprehensive system, the catalyst–ligand 

activity of different ferrocene-based catalyst complexes in this atom-efficient 
multicomponent reaction (MCR) in six different commonly used solvents was 
assessed.  

In the primary experiments, the reactant ratio, catalyst concentration and 
reaction temperature were optimized by varying the associated system 
parameters in the reaction detection system. In Figure 1.19, the optimization of 
the reactant ratio is presented. 
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Figure 1.19 Relative peak areas of formed product determined by using MS detection at different 

substrate ratios. The normalized peak area illustrates the impact of reactant ratio on product 
formation.[101] 

 
In this experiment, the percentage of the isocyanide was stepwise increased in 

10% increments. With a repetition time of five minutes, this rapid optimization 
strategy was performed by automatically changing the reactant A/reactant B ratio 
by altering the flow rate of the HPLC pumps that were used to deliver the 
reactants. While the individual flows of the reactants where automatically 

changed, the total flow remained unchanged. The associated product formation 
was determined by integration of the peak in the recorded SIM trace of the 
protonated product molecule (m/z 310.2). As shown in Figure RD2, the ratio of 
reactants in the MCR has a significant effect on the overall product formation that 
can be achieved. If the peak areas at different ratios are normalized, a ratio of 
50:50 results in the highest product yield. The ratio proved to be very important 
because a 20% reduction in either of the reactants resulted in a 25% decrease in 
product formation.  
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An example of a continuous-flow reaction detection system equipped with IR 
detection is presented by Carter et al..[77] They used a reaction detection system 
equipped with a ReactIR Flow cell to study butane-2,3-diacetal protection (DBA) 
of chloropropane diol. In this system, the signal intensity of the C-O ether bond in 
the product was continuously monitored as the temperature was systematically 
increased. The results of this temperature optimization experiment are provided 
in Figure 1.20. 

 
Figure 1.20 Temperature screening with the IR flow cell.[77] 

 
As expected, a direct increase in product formation with increased 

temperatures was observed. As can be seen from this figure, the highest tested 
reaction temperature provided the best reaction conditions. In their paper, Carter 
et al. concluded that the acquisition of rapid profile mapping by using multiple 
temperatures in just one reaction setup provided good qualitative data towards 
the ideal reaction condition. Comparison of the reaction detection data with  
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previously acquired results from batch experiments proved that a significant 
reduced optimization time deliver results that are in excellent agreement.  

By studying the same reaction for a longer period, they also present an 
additional advantage of direct reaction monitoring when it is employed for the 
continuous monitoring of the production of large quantities of these BDA-
derivatives during a scale-up experiment. They utilized the system for product 
formation in which the reactor was operated for 24 h. Continuous monitoring of 
product formation resulted in a trend curve that is presented in Figure 1.21.  

 
Figure 1.21 Trend curve obtained for a 24 h long-term production of BDA derivative 15 indicating 

two reactor failures in the first six hours. 

 
The monitoring of the formation of product revealed two reactor failures during 

this 24 h period, after ~2.5 h and after ~4.25 h. When synthetic conversions are 
automated, the software can detect this reduction in reaction purities and the 
effluent can be automatically diverted away from the product container. 

As stated previously, flow-chemistry systems with their inherent superior 
process controls are emendable for automation. In the simplest form, automation 
assists in maintaining process conditions within strict predefined limits, thereby 
enhancing reaction homogeneities. In more sophisticated systems, feedback  
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algorithms enable real-time optimization of a chemical reaction. As an example, 
McMullen et al.[10] optimized the oxidation pathway of benzyl alcohol to 
benzaldehyde to benzoic acid by chromium trioxide in an acidic solvent in an 
automated platform that used a Nelder-Mead simplex optimization algorithm to 
intelligently select sequential experiments. Their miniaturized reaction detection 
system included syringe pumps for fluid delivery; thermoelectric modules for 
heating and cooling; and a micromixer to prepare the reaction sample for at-line 
HPLC analysis (Figure 1.22). 

A two-dimensional temperature and residence time optimization was 

performed starting from an initial condition of 50!C and 60 s. Following the 
selection of sequential experiments according to the Nelder-Mead simplex 
algorithm, the platform moved from reaction conditions that gave a 21% 
benzaldehyde yield to conditions that yielded 46% (Figure 1.22).  

Including more variables in a four-dimensional optimization (temperature, 
residence time, and inlet concentrations of chromium trioxide and benzyl alcohol) 
enabled the platform to perform 46 automated experiments to find an optimal 
benzaldehyde yield of 80%, corresponding to a temperature of 88!C, a time of 48 
s, 0.65 equivalent CrO3, and 8.24 mM benzyl alcohol. The higher degree of 
control over reaction parameters with this automated system enabled the 
automated platform to explore a reaction condition parameter space that is not 
easily investigated in batch. 

 
  



Chapter 1 

 64 

 

 
 
Figure 1.22 (a) Schematic representation of the microfluidic platform. (b) Image of the 

microreactor. (c) Image of the integrated compression chuck, including the fluidic connection, the 
housing unit for the microreactor and the thermoelectric modules, and the baffled heat exchanger for 
additional heating or cooling. (d )  Result of the 2 dimensional optimization of the benzaldehyde 
formation.  
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Conclusions 
 
As is presented in this review, performing synthetic conversions in flow-

chemistry systems is an emerging field in synthetic organic chemistry. Recent 
trends in the development of these systems include the development of powerful 
(catalysis assisted) reactors, the incorporation of continuous flow sample 
pretreatment methodologies, the miniaturization of flow-chemistry systems into 
chip-based systems and the incorporation of detection systems to allow for direct 
reaction monitoring. 

A vast number of recent publications demonstrate the applicability of this 
methodology and prove that nearly all synthesis routes that are currently 
performed via traditional batch methods can be converted into flowing 
alternatives. One of the advantages that is associated with flow synthesis 
encompasses enhanced product yields due to increased reactor homogeneities. 
These systems also greatly facilitate automation where increased parameter 
controls also allow for the straightforward automation of reaction optimization. 
Because all the synthesis steps are conducted in a closed system, synthesis can 
be run unsupervised which result in a significant reduction of labor intensity. 
These closed systems with reduced dimensions also enable synthesis that 
involves hazardous reaction intermediates to be run with a greatly reduced risk. 
The reduced dimensions of these systems provide a sustainable alternative for 
process optimization and synthesis strategies since these systems are operated 
with a significant reduction of the consumption of resources and energy and the 
production of waste. Moreover, once a flowing synthetic conversion is developed, 
scaling-up in order to produce more synthesis product only requires increased 
conversion times.  

An attractive feature of flow-chemistry systems is the possibility to incorporate 
a detector into these systems to acquire conversion characteristics in real time. 
Enabling online reaction monitoring allows for the direct optimization of reaction  
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parameters since the results of any process parameter variation can be directly 
determined. By employing high-resolution detectors, post reaction identification 
and quantification efforts are also no longer necessary. As is demonstrated in 
this review, almost all the detectors that are commonly used for flow analysis and 
industrial process controls have been adapted to be used in flow-chemistry 
systems. As the provided examples demonstrate, all of these detection systems 
have their merits in specific applications. However, with the maturing of the 
research field, the application of some detection systems will be favored. Our 
valuation of the progress of detector popularity in flow-chemistry is that this 

process will not significantly diverge from the similar evolution encountered in 
liquid chromatography.  
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