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Abstract

Modern organic synthesis develops in different directions
among which of particular interest are microfluidic technologies
that can be used as a means to achieve the optimal conditions for
chemical reactions and to ensure efficient syntheses of target
products. This review highlights the state-of-the-art on
application of microfluidic systems in organic synthesis. The
advantages and disadvantages of the microfluidic techniques are
considered by the examples of their use in preparative reactions
of nucleophilic aromatic  substitution, acylation, and
halogenation. The potential of their further development and
application is outlined.
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1. Introduction

In recent decades, considerable progress in scientific
research has been determined by the reduction of sizes of many
laboratory and diagnostic units and the improvement of their
operational characteristics. Some of these advances have been
provided by microfluidics. The behavior of fluids at the
microscale significantly differs from that observed at the
macroscale. In this state, a fluid exhibits the properties which
are not typical for the bulk state, for example, a drastic increase
or decrease in the viscosity near capillary walls, change in the
thermodynamic parameters of the fluid, and unusual chemical
activity at the interface of solid and liquid phases. The reason is
that the characteristic parameters of a fluid, such as the Debye
length and hydrodynamic radius, become equal to the sizes of
the structure that constrains the fluid. Microfluidics is a
multidisciplinary field of research that emerged at the beginning
of the 1980s at the intersection of physics, chemistry, biology,
and microengineering. The microfluidic systems or the devices
which operate with small volumes of fluids (nano- or
microliters), utilizing the channels with the sizes of several tens
or hundreds of microns, found wide application in diverse areas:
from applied crystallography (protein crystal growth) to
biological [1] and pharmaceutical [2] analysis, cell biology [3],
cell and drug screening [4], production of nanoparticles for drug
delivery [5, 6], ecology [7], etc. According to the statistical data,
about 8000 papers devoted to the production and application of
microfluidic systems were published in 2016-2019; 32% of the
reports were published in the USA, another 32%—in China, and

only 1% accounts for Russia. This is discouraging since the
works on microfluidics were commenced at Lomonosov
Moscow State University over 30 years ago, when micelles
formed by a water—surfactant—organic solvent system were used
as matrix microreactors for the construction of supramolecular
protein complexes [8].

Particular attention of organic chemists to this field stems
from a range of advantages which microfluidics offer over other
technologies: the use of small volumes of reagents, which is
especially important for the compounds with high toxicity and
explosiveness [9], a considerable reduction in the reagent
consumption [10], the efficient heat and mass transfer, the
control of reaction kinetics and conditions [11, 12], a possibility
to isolate the compounds sensitive to moisture and air, and a
reduction in the amount of hazardous wastes. The optimized
conditions for a reaction and its rate curtail the duration of
production of a required product. The exothermic reactions in
microreactors proceed safely owing to the high ratio of the
surface to the volume and the accelerated heat transport. An
increase in the selectivity of microfluidic reactions excludes
undesired products and minimizes the consumption of reagents.
Microfluidics as a method for producing pharmaceuticals
implies scaling of the processes via the creation of a parallel
network, which allows one to use the same microreactors on an
industrial scale [13].

Undoubtedly, microfluidic technologies can optimize a
broad spectrum of chemical processes. However, for the
reactions that are not limited by the rate of heat or mass
transport, the advantages of microfluidics become less marked
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or almost disappear. The microfluidic technologies do not apply
to the processes such as distillation, centrifugation, and phase
separation. These procedures should be carried out using large-
scale units rather than integrated with the microfluidic
technologies [10]. There is also a problem of blocking of the
capillaries with solid reagents [14]. A considerable hindrance is
a prejudiced attitude to the implementation of these technologies
into industrial processes compared to
techniques [15].

the conventional

2. Types, materials, and constructions of
microfluidic reactors

Nowadays, there is a great variety of companies that
produce microfluidic devices but all of them use the same
constructional principles. Figure 1 depicts, for example, a
microfluidic device [16] whose basic element is a glass or
polymer chip (platform) with a multilevel system of channels
(capillaries) with the diameters ranging from tens to hundreds of
microns, microreactor mixers, valves, and pumps. By its
functionality, this system is comparable to a whole laboratory—
lab-on-a-chip—which works with femto- and picoliters of fluids
[17].

Figure 1. Chip with a microfluidic reactor (image was taken from
https://www.dantecdynamics.com/solutions-
applications/applications/microfluidics/ [16]).

Depending on the application field, the microfluidic devices
are made most frequently from the materials such as ceramics,
steel, silicones, and fluoroplastics [18]. The polymeric materials
such as thermosetting and perfluorinated thermoplastics, e.g.,
perfluoroalkoxyalkanes offer the following advantages:
inertness to solvents, ability to withstand broad temperature
ranges and high pressures, and high light conductivity for
controlling the photosensitive reactions [19]. The popular
materials for the production of microfluidic chips are thermally
cured polydimethylsiloxane, polystyrene, and cyclic olefin
copolymers [17]. The main methods for the preparation of the
microfluidic devices and their typical constructions are currently
well developed (Scheme 1) [20].

The main difference of the microreactors from the
conventional units consists in the laminarity of fluid and gas
flows due to small sizes (the channel diameter ranges from 0.05
to 0.5 cm), which predetermines almost ideal diffusion-driven
mixing of the reagents and excludes the formation of
concentration and temperature gradients in the volume and in
time. The complete mixing can be achieved in the microreactors
over microseconds owing to short lengths of capillaries, which
drastically increases the diffusion and advection effects. This
leads to an increase in the reaction selectivity and a significant
reduction in the content of side products. To provide optimal
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mixing, the mixers of different constructional modifications are
used. The most popular constructions are passive mixers, which
work owing to diffusion, as well as active mixers, which utilize
external energy, for example, pressure or ultrasound [21]. In the
first case, while using parallel laminar flows [22], 95% mixing
of the reagents is achieved for less than 100 ms. The specific
surface area of the microstructural reactors ranges from 10000 to
50000 m*m?®, whereas that of the conventional reactors reaches
a maximum of 100 m*/m’. Therefore, the heat transfer occurs
almost instantly, providing effective control over the heat
exchange processes and, as a consequence, fine-tuning of the
temperature [23].

The above-mentioned factors, including contact area, heat
exchange, temperature, and a possibility of safe application of
high pressure, determine the differences in the reaction kinetics
in flow reactors compared to that in the conventional
macroreactors.

3. Application of microfluidic devices in
organic chemistry

Over recent years, considerable theoretical and practical
experience has been gained in the field of application of
microflow reactors in chemistry and chemical technology.
According to experts, it would be preferable to perform up to
70% of all chemical reactions and processes in the field of
organic synthesis using the technology of continuous flow
synthesis since, in this case, it is easy to keep a constant
temperature and provide high conversion and safety, which is
particularly important for realization of processes on an
industrial scale.

Thus, the key features of halogenation are the use of cheaper
reagents [24], process safety [25], reduction in the reaction
duration [26], possibility of realization of photochemical
reactions in a capillary, and improvement of synthesis selectivity
[27].

The analogous principles are adhered to the optimization of
conditions for the following processes: condensation reactions
[28], peptide synthesis [29], the Wittig reaction [30], C-C
couplings [31], acylation [32], and synthesis of peroxides [33].
Using the microfluidic systems, a new method for the
production of the drug Ciprofloxacin® was developed [34]. In
the past few years, the microchemical systems have advanced
from simple devices for basic chemical transformations to more
complex compositions for efficient multistep syntheses [35-39].
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At the same time, microfluidics simplifies the investigation of
kinetics, which facilitates the understanding of the main reaction
pathways.

Most of the chemical transformations are controlled by mass
and heat transfer rather than kinetics. The contribution of these
slow reactions to chemical technology is quite significant
because it includes many fundamental chemical transformations.
The intensification of processes in microreactors leads to a
reduction in the reaction time by an order of magnitude;
therefore, many chemical transformations become rapid. This is
the case for nucleophilic aromatic substitution. Some of the
examples are considered below.

Usually, this type of reactions requires special conditions, in
particular, elevated temperatures and pressures. The analogous
processes in microreactors open the way for the detailed
investigation and optimization. The prominent examples are the
reactions of 2-chloroquinazoline with different N-nucleophiles
[40]. Charaschanya et al. studied the nucleophilic aromatic
substitution of 2-chloroquinazoline with amines using a Phoenix
Flow Reactor™ system (Fig. 2) [41] and Design-of-Experiment
statistical software. Firstly, three parameters were varied to
achieve high yields: temperature, pressure, and flow rate. The
following optimal conditions were predicted: the temperature of
225 °C, the pressure of 12 MPa, and the flow rate of 0.5 mL/min
(the residence time 16 min). These conditions were applied to
the nucleophiles such as aliphatic amines and anilines. The
reactions of 2-chloroquinazoline with primary amines afforded
the target products in excellent yields, whereas the reactions
with the other reagents gave the desired products in moderate to
high yields (Scheme 2).

A 1-substituted benzotriazole unit plays a key role in the
development of compounds featuring a broad spectrum of
biological activities. Usually, these compounds are obtained by
the N-alkylation of benzotriazoles or [3+2]-cycloaddition of
azides and arynes. However, these methods exhibit low
regioselectivity. The microreactor approach to the synthesis of
1-substituted benzotriazoles included a step of the C-N bond
formation between different substituted 2-chloronitrobenzenes
and amines, resulting in the intermediate products in 62-93%
yields and high selectivity within minutes. Subsequently, the
process involved the hydrogenation of the nitro group in a
microreactor and the formation of the target benzotriazoles in
the presence of NaNO, and hydrochloric acid. Hence, the
efficient and regiospecific synthesis of 1-substituted
benzotriazoles from chloronitrobenzenes and amines was
developed using the sequential formation of the C-N bond,
hydrogenation, diazotation, and cyclization under continuous-
flow conditions [42].

Figure 2. Phoenix taken from

Flow Reactor™ (image was
https://thalesnano.com/products-and-services/phoenix-flow-reactor/

[41]).
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Scheme 2. Reactions of 2-chloroquinazoline, 2-chloroquinoxaline, and
benzimidazole with different amines.

The conditions for synthesis in a microfluidic flow are also
applicable for the production of different diaryl ethers which
represent important structural units in biologically active
compounds such as combretastatins and synthetic herbicides.
The microreactor approach to the synthesis of diaryl ethers
appeared to be convenient for the selection of reaction
conditions using minimum amounts of a substrate. Moreover, a
reduction in the reaction time by an order of magnitude was
observed, which composed tens of minutes at 195 °C [43].

In usual reactions in flasks, dichloropyrimidine displays
lower reactivity than its bromo- or iodo-substituted analogs.
Traditionally, the reaction of 4,6-dichloro-2,5-
dimethylpyrimidine with 4-methoxy-2-methylphenol is carried
out after its treatment with sodium hydride (60% suspension in
mineral oil) in DMF for 5-10 h. However, sodium hydride
cannot be used in a microfluidic reactor since it obstructs the
reactor. The use of sodium hydroxide as a base in a THF—water
mixture at the temperature of 110 °C, the pressure of 4 bar, and
the flow rate of 50 uL/min (the pump rate of 25 pL/min)
furnished target product 15 in 87% yield. Under these
conditions, the obstruction of a chip of the glass microfluidic
reactor or a system pressure valve was not observed. The
reaction proceeded selectively with the formation of only a
monoisomer (Scheme 3).

Another popular reaction type which can be performed in
microreactors is N-acylation. One of the examples of the use of
this approach is the production of the anticonvulsant Diazepam
with continuous analysis of the reaction course by ESI-MS.
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Scheme 3. Reaction of 4,6-dichloro-2,5-dimethylpyrimidine and 4-
methoxy-2-methylphenol.

The latter allowed for defining the optimal conditions for the
acylation, which enabled the high-yielding synthesis of
diazepam in two steps [44].

The derivatives of 1,3,4-oxadiazole also demonstrate various
biological activities, including antibacterial and antiviral
properties. As an example, Raltegravir can be mentioned that is
used in antiretroviral therapy. Under microfluidic conditions,
different derivatives of 2,5-substituted 1,3,4-oxadiazoles were
obtained by the Huisgen cycloaddition of tetrazoles and acid
chlorides at the high pressure and temperature (200-220 °C, 11—
14 bar) with the reaction duration of several minutes. The
process featured high efficiency and yields above 70% [45].

Bédard er al. [46] used a complex system in a microreactor
which allowed them to solve the optimization problem via a
combination of integrated equipment, analytical and computer
programs. The systematic software controlled the chosen
reagents and operations of the aggregates (reactors and
separators), analyzed the processes (by high-performance liquid
chromatography, —mass spectrometry, and  vibrational
spectroscopy), and performed optimization. The automatic
optimization of a model reaction presented in Scheme 4 required
12 h and completed by the production of a tertiary amine,
namely, 1-(2-nitrophenyl)-1,2,3,4-tetrahydroquinoline in 94%
yield. The optimized reaction conditions enabled the production
of different compounds in the yields ranging from 88 to 99%.
The syntheses of nine compounds (by 10 mg) were carried out
in 20 min. In addition, since the system operates in a stationary
mode, the reaction scaling can be accomplished readily and
rapidly [47].

Using a Phoenix microreactor, Bogdan et al. [48] optimized
a three-step process at high temperatures which involved the

NO,
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Scheme 4. Compounds obtained by the nucleophilic aromatic
substitution in a microreactor under the optimized conditions.

following reaction sequence: acylation of a free amino group,
removal of a Boc protecting group form another amino group,
and acylation of the latter resulting in a carbamate.

4-Fluorobenzoyl chloride entered the reaction with a
monosubstituted diamine resulting in an amide. Then, the
reaction flow was introduced into a microreactor for the
deprotection of the indolinone unit affording an intermediate
compound. At the output of a Phoenix reactor, the reaction mass
was mixed with a flow of 4-chlorophenyl chloroformate and
heated to 60 °C for 100 s. Acetonitrile was used as a solvent.
The synthesis was over in 8 min; after solution concentration
and purification, target product 26 was isolated in 91% yield
(Scheme 5).

The microreactor approach was also successfully used for
the enzymatic stereoselective resolution. Thus, Boros et al. [49]
performed kinetic resolution of racemic amines through the
acylation with ethyl acetate catalyzed by different immobilized
forms of lipase B from Candida antarctica. The reactions were
carried out in a flow microreactor; the temperature varied from 0
to 70 °C (Scheme 6).

The halogen-containing compounds comprise about 20% of
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Scheme 5. Sequence of reactions including acylation, deprotection, and carbamate formation accomplished using a high-temperature flow reactor.
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Scheme 6. Acylation with ethyl acetate catalyzed by different immobilized forms of lipase B.
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all pharmaceutical substances and 30% of the currently used
agrochemicals. The introduction of halogen atoms into organic
molecules using microfluidic reactors is especially efficient
since they allow close monitoring of the reactions with highly
reactive compounds which include halogens and hydrogen
halides [50, 38, 51]. The small sizes of the microreactor
channels suppress the formation of overheating points and
temperature gradients [52]; therefore, the high selectivity and
safety are achieved even for very rapid exothermic reactions.
Good heat and mass transfer characteristics of the microreactors
allow one to strictly control the residence times of intermediate
products. These highly reactive compounds can be generated in
situ and consumed in the reactor channel by joining several
reagents in a single flow. The microfluidic technologies have
made possible the syntheses that earlier were prohibited due to
the hazardous nature of the processes in flasks [53]. In recent
years, the above-mentioned advantages of microreactors have
been applied to many halogenations reactions, especially
fluorination and chlorination, where efficiency was a significant
challenge [37]. Thus, diethylaminosulfur trifluoride (DAST) is a
widely used nucleophilic fluorinating agent for alcohols,
aldehydes, and ketones under laboratory conditions. However,
its application on higher scales is very limited due to its
propensity for detonation at the temperatures above 90 °C.
Under conditions of a continuous process in a microfluidic
reactor, the fluorination under the action of DAST can be readily
controlled and becomes a safe process [25].

Until recently, the restrictions in the use of microfluidics in
organic synthesis were connected, in particular, with insufficient
efficiency of the microchip constructions, which often led to
their blocking and contamination without a possibility of
purification of microcapillaries. However, new construction has
been suggested that is based on a readily collected Teflon
microreactor, which implies a possibility of its simple
dismantling for purification and subsequent repeated use [54,
55]. These microreactors are hermetically sealed and can be
used for a broad spectrum of organic syntheses, fully
substituting Schlenk techniques. This gives hope for their future
application in different organometallic syntheses in an inert
atmosphere involving organic solvents.

The potential of microfluidics is also enormous in the chiral
analysis. Thus, the microfluidic chips can provide new methods
for the synthesis and analysis of chiral drugs, including their
screening, active testing, and investigation of metabolism [2].
The enantiomers of racemic drugs often exhibit different
pharmacological activities, pharmacokinetics, and toxicities.
The newest microfluidic chips include the corresponding
analytical methods for the separation of enantiomers. Thus, for
example, a special unit microchip-CE was devised for urgent
monitoring and enantioseparation of strong drugs [56]. Saz and
Marina [57] highlighted recent achievements in the use of
cyclodextrins as chiral selectors for preparative enantiomeric
separation of drugs. This review demonstrates the potential of
the use of the microfluidic approach for scaling the processes of
separation of enantiomers and for investigation of drug
metabolism, toxicity, and activity.

The microreactor technologies are developed by the
implementation of online spectroscopic analyses for closer
monitoring of intermediate products of the reactions rapid in the
bulk. This offers an opportunity for in situ control of reactions
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by the integration of NMR spectroscopy with a microreactor
[58]. Such units combined with NMR spectroscopy [59] have
already been successfully used for monitoring the reactions and
analysis of biological samples of limited masses [60]. New
generations of the related microreactors will enable in the future
the more detailed investigation of the kinetics and mechanism of
most of the organic reactions.

Taking into account the existing integrated microfluidic
systems which include various analytical units [61, 62] and are
used in different fields, microfluidics will enable in the nearest
future the nonstop continuous performance of the most complex
multistep processes in organic synthesis under optimized
conditions. Furthermore, a qualitative leap in dosing devices in
recent years gave an extra impetus to the development of
technologies, owing to which the
microstructured flow reactors have found extensive use in
chemical and pharmaceutical companies of Western Europe and
the USA both on a laboratory and industrial scale.

continuous  reaction

4. Conclusions

Hence, microfluidic technologies hold great promise for
many fields of fundamental research, including preparative
chemistry, and, thereby, open new directions for investigation
which have been impossible with the use of conventional
methods [63]. According to experts in organic chemistry, most
of the chemical reactions and processes in the flow mode in
microreactors can be more preferential, although their number is
still limited to the realization of only the simplest schemes. The
rate and accuracy of variation of the reaction parameters
(temperature, pressure, flow rate, ratio of reagents, use of
catalysts, efc.) make microreactor systems an ideal tool for
efficient and rapid optimization of the conditions for organic
reactions. The microfluidic reactors consume much smaller
amounts of the reagents than the bulk apparatus for obtaining
the same chemical information [10, 64] and allow the
elucidation of mechanisms for a series of reactions. Taking into
account the possibility of transformations at high temperatures
and pressures, the capillary systems become ideal reactors for
the reactions under supercritical conditions. They are promising
for stereoselective chemical and enzymatic transformations,
catalytic asymmetric synthesis, and the processes involving
organometallic compounds in an inert atmosphere. Besides the
safety of the processes, of note is an essential reduction of the
volumes of reagents. The processes in continuous flow reactors
minimize the amounts of side products and allow one to achieve
high scaling accuracy. They seem to be a global solution to
ecological problems, first of all, connected with chemical
productions. The full automation of these systems conjugated
with the use of integrated analytical units in the real-time mode
provides the required information on the optimal parameters of
complex multistep reactions over short periods of time [14].

There is no doubt that the microfluidic systems will
intensively develop also in the field of investigation of chemical
processes. The continuation of research and advances in the
field of microfluidics must be recognized. Many above-
mentioned aspects of the microsystems can be improved; the
availability of these devices and the analysis and output of the
data can also be improved [65]. The complicated scaling and
implementation into the industry are currently the main
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drawbacks of the new schemes, but they can be readily
eliminated by the application of microwave reactors [66]. The
automation, standardization, and expansion of research in the
future will ensure a systematic character of investigations in this
field [63, 67].
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