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Chapter 1

General Introduction



Chapter 1 General Introduction

This thesis describes the development of electroorganic synthetic systems using
electrochemical microreactors. The aim of this chapter is to introduce microreactor
technology, reviewing their potential advantages and practical applications, and finally

to outline this thesis.

1-1 Introduction and Overview of Microreactor Technology
Microreactor is usually defined as a miniaturized chemical reaction devise composed
of specially fabricated channel(s).!"! The characteristic dimensions of the structure of
such channels typically range from sub-micrometer to sub-millimeter range. These
channels are often made on or in metal, glass, silicon wafers, or polydimethylsiloxane
(PDMS). Microreactor system always employs flow system with gas(es), liquid(s), or
gas-liquid combined media, composed of some parts such as microreactor main unit(s),
pump(s), micromixer(s), microseparator(s), (micro) heat exchanger(s), reaction media
collection unit(s), and media transfer tubes.

Although one microreactor unit can produce only a small amount of desired
compound, microreactor system with multiplying unit cells, which is so-called
“numbering-up” system, enables simultaneous productions of a large amount of target
product. In addition, microreactor technology offers quite a lot of attractive advantages
that have been widely proved. Hence, microreactor technology has received much
attention in the synthetic organic chemistry community over the past two decades,
following demonstration of the utility of such systems for micro total analysis
(u-TAS).”! Fundamental advantages and potential benefits of microreactor technology

are summarized below with some empirical applications.
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1-1-1  Extremely large surface-to-volume ratio

One of the most typical characteristic feature of microreactor is extremely large
surface-to-volume ratio compared to a classical batch type reactor. As an example,
when 1 mL of liquid is in a cubic tube having 1 cm width, the contact area of the liquid
toward the channel walls become 4 cm?’. If the tube has 100 um width, the length
should be 100 m, and accordingly the contact area should be 400 cm” (100 times larger
than that of cubic tube). This feature, which is called as scale effect”, is regarded as
the prime advantage of microreactor.

Hence, microreactor provides ideal circumstances for heterogeneous reactions such
as heterogeneous catalytic reaction. For instance, Kobayashi and co-workers
successfully demonstrated the gas-liquid-solid triphase hydrogenation reaction using a
microreactor (Figure 1-1).1*1 By using their system, the hydrogenation reactions
proceeded smoothly to afford the desired products quantitatively within 2 minutes for a
variety of alkenes and alkynes. It is noteworthy that microreactor is favorable not only
for these heterogeneous catalytic reactions but also for electrode reactions because

electrode reactions are typical solid-liquid phase boundary reactions.

Immobilized Pd solid catalyst

Sio,
Ph triphase hydrogenation Ph
_—
C——> H,gas O/ Pd-immobilized O/

microchannel quant.

with 12 other samples
(97-100% yields)
Sio,

Liquid phase containing substrate

Figure 1-1. Schematic illustrations of ftriphase hydrogenation reaction using the
Pd-immobilized microchannel.
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1-1-2  Precise temperature control & Precise residence time control

Since reactions using highly reactive reagents are usually quite exothermic, heat
removal is an important factor in controlling the yield and selectivity of such reactions.
In microreactor, significantly rapid heat transfer can be achieved by virtue of a large
surface area per unit volume, making precise temperature control possible. In addition,
the residence time can be greatly reduced in microreactor, and this feature is also quite
effective in controlling reactions with short lived species.

Yoshida’s group has continued the research about flash chemistry by using
microreactors. They control fast reactions which are generally difficult to handle
precisely in a conventional batch type reactor. For example, recently, they reported that
the switch between kinetic and thermodynamic control in the reaction with
nitro-substituted aryl lithium compounds was achieved by using a microreactor (Figure

1-2).”) This reaction provided two isomeric products whose the ratio depended on the

OMe OMe

O,N Br Li
. OMe OMe

changing residence time

OMe

PhLi

OMe OH OMe
kinetically preferred isomer, 84% thermodynamically preferred isomer, 68%
(isomeric purity >99%) (isomeric purity >99%)

Figure 1-2. Switch between kinetic and thermodynamic control by changing the residence time
in the reaction with nitro-substituted aryl lithium compound in the microreactor. M1 and M2
signify T-shaped micromixers. The microreactor channels and micromixers were set in a
cooling bath to control the reaction temperature.
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residence time of aryl lithium compounds in the microreactor channel. By adjusting
the suitable residence time, the kinetically preferred isomer or thermodynamically
preferred isomer was obtained selectively. Constant temperatures were certainly
maintained during such exothermic reactions with highly reactive intermediates in the

microreactor.

1-1-3  Strict laminar flow control

Reynolds number (Re) characterizes the flow regimes in channels, such as laminar or
turbulent flow. Re is the ratio of inertial forces to viscous forces, and consequently, the
value quantifies the relative importance of these two types of forces for given flow

conditions as a dimensionless number. The Reynolds equation is given as:

L
Re = i) Equation 1-1

Y7,

where p is the density of fluid (kg m™), v, is the mean fluid velocity (m s™), L is a
characteristic linear dimension (m), and u is the dynamic viscosity of the fluid (Pa s or
kg m™ s™). In rectangular channels, L is replaced by the hydraulic diameter (Dy,) which

defined as:

L=D,=— Equation 1-2

where S is the cross-sectional area of the channel (m?), and [, 1s the wetted perimeter
(m). The /, for a channel is the total perimeter of all channel walls that are in contact
with the flow. When Re of a flow is less than 2000, the flow becomes laminar flow,
where viscous forces are dominant. In contrast, turbulent flow occurs when Re is over
4000 and the flow is dominated by inertial forces.

In microreactor channels, generally, Re is significantly small (<<2000), so that the
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flow is strict laminar flow control. This is mainly due to the extremely small value of L.
Therefore, a stable liquid-liquid parallel laminar flow could be also obtained in a
microreactor channel by using Y-shaped (or T-shaped) junction with two input streams.
In fact, Hibara and co-workers demonstrated a multilayer flow system integrated on
microchips./” They showed that interfacial tension had a much larger effect on the
interface in the microchannel than gravity, enabling the formation of quite stable
liquid-liquid interface. Although the analysis model should be extended to dynamic
interfaces to consider the contributions of viscosity and viscoelasticity, they also
demonstrated the solvent extraction of Co complex as a typical application of the

multilayer flow system.

1-1-5  Extremely fast molecular diffusion
Generally, the molecular diffusion is expressed by following equation:
molecular diffusion = -S-D-AC Equation 1-3

where S is the superficial area, D is the molecular diffusion coefficient, and AC is the
concentration gradient. When the scale of the fluid changes to ¢, the scale factor of
molecular diffusion becomes & according to the Equation 1-3. Briefly, the molecular
diffusion is inversely proportional to the square value of the scale. At the same time,
the volume of the fluid becomes &~. This means that the ratio of the molecular
diffusion to the volume becomes &, so that the decrease of the scale increases the
molecular diffusion efficiency. Hence, the molecular diffusion in a microreactor
channel is significantly fast compared to the macro-scale batch type reactor.

Actually, in our previous work, we have successfully demonstrated the
electrochemical methoxylation of furan by using a electrochemical microreactor.l”) The

fast diffusion of anodically generated protons toward the cathode played an important
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role in this system (for more details, see: 2-1 Introduction in chapter 2).

1-1-6  Improvement of reaction process safety

From the viewpoint of safe operation of hazardous reactions, microreactor systems are
more preferable processes than traditional batch or flow systems. The highly efficient
heat transfer and small reaction volumes of microreactor systems allow safer handling
of exothermic reactions, reactions involving explosive and toxic materials, and other
hazardous reactions that are normally difficult to scale up.

Researchers of Johnson & Johnson group have proved the safety enhancement of
hazardous ring-expansion reaction by using a microreactor system (Scheme 1-1).18
This reaction uses ether (as solvent) and potentially hazardous diazo compound. This
reaction is very exothermic, which the heat release rate is not feed-control. In addition,
this very sluggish reaction needs an initiation period. Furthermore, evolution of large
amounts of nitrogen gas could result in over-pressurization of the reaction vessel.
Hence, from these problematic features of the reaction, scaling up to kilogram scales
using conventional batch type reactor could not be recommended. However, the
microreactor system enabled to carry out this reaction smoothly and safely with
precise control. Applying the conditions established on the 70 mg scale reaction in

batch mode, the reaction proceeded to give the desired product in 89% yield (91 g per

hour) without any further optimization in the microreactor.

(0]
0] (o]
0 OEt
BF3Et,0O
+ kj\ OEt L
ether

N N N
Boc Boc

Scheme 1-1
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1-1-7  Other advantages
Adding above advantages, following advantages would be also obtained:
- Faster transfer of research results into production
- Fast and cost-saving reaction screening
- Smaller plant size for distributed production
- Mass production flexibility by numbering-up technique

- Higher reproducibility with simplified and precise process operations
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1-2  Outline of This Thesis

Microreactor technology for organic synthesis has been significantly investigated for
the past two decades, however, the integrated use of microreactor technology with
electroorganic synthesis has been quite limited so far.’! Only a few examples
containing our previous works have been reported. As introduced in the previous
section, microreactor has a lot of advantages, which should be more purposely applied
for a wide range of organic synthesis and organic mass production processes. Electron
transfer is one of the most typical driving factors for organic reaction, and
electroorganic synthesis serves as a straightforward and powerful method for organic
electron transfer processes (advantages of electroorganic synthesis, see: 2-1
Introduction of Chapter 2).1"% Therefore, the integrated use of microreactor technology
with electroorganic synthesis would offer one of the most sophisticated processes in
organic chemistry.

With these backgrounds in mind, this thesis focuses on practical applications of an
electrochemical microreactor to electroorganic synthesis. The electrochemical
microreactor used in this thesis, which was developed in our previous work, had a
geometry with the anode plate and cathode plate directly facing each other. A spacer
with several tens um of thickness was used to leave a rectangular channel exposed, and
the two electrode plates were simply sandwiched together. This simple cell structure
instantly provides micro-scale effects in the reaction field, and therefore, enables
electrochemistry in a microreactor with large electrode surface area. The large
electrode surface area is significantly profitable for synthetic applications even in
laboratory scale mass production.

In addition, this thesis aims to propose novel systems which are realized only by

using the electrochemical microreactor. In other words, research demonstrations in this
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thesis purposely utilize specific advantages of the electrochemical microreactor to
develop novel systems. Therefore, similar reaction results would be never obtained by
using a conventional batch type reactor.

Finally, outlines of each chapter are described below.

In Chapter 1 (current chapter), microreactor technology with their potential
advantages and practical applications, and the outline of this thesis are introduced.

In Chapter 2, a self-supported paired electrosynthetic microreactor system using
acetonitrile is developed. This system enables paired electrochemical reactions
composed of organic chloride reduction/alcohol oxidation combination to proceed
without intentionally added supporting electrolyte. The successful demonstration of
this system provides a practical methodology for constructing a self-supported
electrosynthetic microreactor system using aprotic solvent.

In Chapter 3, a [S/e’/l/+e/P] type electrochemical conversion of benzylamine to
dibenzylamine using a microreactor is investigated as an analogue of photocatalytic
redox combined reaction. By comparison with a conventional batch type reactor, a
clear advantage of this electrochemical microreactor system is demonstrated.

In Chapter 4, a new method for product selectivity control by using a liquid-liquid
parallel laminar flow in a microreactor is demonstrated. The combined use of suitable
flow mode and corresponding cathode material enables chemoselective cathodic
reduction to control the product regioselectivity. The formation of liquid-liquid parallel
laminar flow in the microreactor channel is supported by CFD simulations.

In Chapter 5, the summary and further aspects of the present works are described.

10
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Chapter 2

Self-supported Paired Electrosynthesis Using a Microreactor

without Intentionally Added Supporting Electrolyte

A self-supported paired electrosynthetic microreactor system using acetonitrile
has been developed. This system enables paired electrochemical reactions
composed of organic chloride reduction/alcohol oxidation combination to
progress without intentionally added supporting electrolyte. A simultaneous
supply of the reduction and oxidation products was conducted in good to
moderate yields in a single pass of substrate solutions by the use of parallel
laminar flow mode. More importantly, the successful demonstration of this
system can provide a practical methodology for constructing a microreactor
system which enables an electroorganic process to progress without added

supporting electrolytes even in aprotic solvents.
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2-1 Introduction
2-1-1  Background
Environmental consciousness in almost all industrial fields has become a large
movement in recent history. Synthetic chemistry have been strongly influenced by
such movement and especially, the field of chemistry toward environmental
consciousness has come to be known as “green/sustainable chemistry”.!"
Green/sustainable chemistry intends to design and develop alternative processes
which minimize the use and generation of environmentally hazardous chemicals
during the production of desired compounds. P.T. Anastas and J.C. Warner propounded
12 principles of green chemistry which definite the philosophy and provide practical
guidelines when researchers works on this field.!”
The 12 principles are:
1. Prevention
It is better to prevent waste than to treat or clean up waste after it is formed.
2.  Atom Economy
Synthetic methods should be designed to maximize the incorporation of all
materials used in the process into the final product.
3. Less Hazardous Chemical Syntheses
Wherever practicable, synthetic methods should be designed to use and
generate substances that possess little or no toxicity to human health and the
environment.
4. Designing Safer Chemicals
Chemical products should be designed to effect their desired function while
minimizing their toxicity.

5. Safer Solvents and Auxiliaries

15
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The use of auxiliary substances (e.g., solvents, separation agents, efc.)
should be made unnecessary wherever possible and innocuous when used.

6. Design for Energy Efficiency
Energy requirements of chemical processes should be recognized for their
environmental and economic impacts and should be minimized. If possible,
synthetic methods should be conducted at ambient temperature and pressure.

7. Use of Renewable Feedstocks
A raw material or feedstock should be renewable rather than depleting
whenever technically and economically practicable.

8. Reduce Derivatives
Unnecessary derivatization (use of blocking groups, protection/ deprotection,
temporary modification of physical/chemical processes) should be
minimized or avoided if possible, because such steps require additional
reagents and can generate waste.

9. Catalysis
Catalytic reagents (as selective as possible) are superior to stoichiometric
reagents.

10. Design for Degradation
Chemical products should be designed so that at the end of their function
they break down into innocuous degradation products and do not persist in
the environment.

11. Real-time Analysis for Pollution Prevention
Analytical methodologies need to be further developed to allow for real-time,
in-process monitoring and control prior to the formation of hazardous

substances.
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12. Inherently Safer Chemistry for Accident Prevention
Substances and the form of a substance used in a chemical process should be
chosen to minimize the potential for chemical accidents, including releases,
explosions, and fires.

Among many methodologies which are fitted and introduced in the above principles,
it has been regarded that electroorganic synthesis has a potentiality for a
green/sustainable process because it has some original features along with these
principles.

As stated briefly in Chapter 1, electroorganic synthesis has been established as a
powerful tool for molecular transformation over the past century. Instead of the use of
hazardous chemical oxidant and reductant, electooxidation and electroreduction can be
achieved by electron transfer between substrate molecules and electrodes. By this
simple and straightforward method, highly reactive species such as radical cations and
radical anions can be generated and then, various types of reactions such as
carbon-carbon bond formations and functional group transformations are accomplished.
In addition, such electrochemical transformations are usually operated under mild and
benign conditions. Since these reactions can be strictly controlled by closing or
opening of the circuit of electric current source, electrochemical transformations are
carried out in safety without running out of control.

From these point of views, electroorganic synthesis can serve as green/sustainable
procedures, and hence it has received significant research interest from both academia
and industry."!

However, although enormous contributions have been made, electroorganic
synthesis is still in development to fulfill their potential as environmentally friendly

processes. The need of adding supporting electrolyte to solvent causes one of the most
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critical problems regarding electroorganic synthesis. In conventional processes, a large
amount of supporting electrolyte is required in order to provide sufficient electrical
conductivity to solvent for electrolysis, but the presence of the supporting electrolyte
might cause separation and industrial waste problems. The problem of adding
supporting electrolyte is a conspicuous drawback of electroorganic synthesis.

Recently, to solve supporting electrolyte separation problem, electrosynthetic

I and

systems using ion exchange membranes as solid polymer electrolytes!*
thermomorphic biphasic organic solutions® have been developed. Although these
methods are one of the smart solutions about the separation problem of electrolyte, the
waste problem of electrolyte still remains.

On the other hand, a capillary gap cell has also been developed especially for
commercial use.!® The narrow electrode distance reduces cell voltage and the cell
allows minimizing electrolyte addition in electrosynthetic processes.

In 2002, Marken and his research group have successfully demonstrated that by
using a micro-meter gap flow cell (thin layer flow cell), the two electron/two proton
reduction of tetraethyl ethylenetetracarboxylate in ethanol was realized without
intentionally added supporting electrolyte (Figure 2-1).[71 Tetraethyl ethanetetra-
carboxylate was obtained in good yield simply after solvent evaporation. The thin
layer flow cell employed in this work had a geometry with working and auxiliary
electrodes directly facing each other. The distance between anode and cathode was 50
pm so that the two diffusion layers of working and auxiliary electrode could overlap or
become “coupled”. This overlapping diffusion layer enabled that ions electrogenerated
locally and in situ between electrodes played the role of supporting electrolyte, and

consequently, the “self-supported” bulk electrolysis was carried out without

intentionally added supporting electrolyte.
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working electrode (cathode)

flow EtOOC COOEt EtOOC, COOEt

EtOOC  COOEt EtOOC  COOEt |:>

ethanol solvent byproducts

auxiliary electrode (anode)

Figure 2-1. Schematic representation of the hydrogenation of activated olefin in ethanol using
a thin layer flow cell in the absence of supporting electrolyte.

On the basis of this preliminary study of the self-supported electrolysis system,
some practical systems have been reported. Yoshida’s group reported a flow-through
porous thin-gap electrode microreactor permitting operation without supporting
electrolyte.’™ In their system, two porous electrodes were facing each other and
separated (at a distance of micrometer size) by a porous spacer, and the electric flow
and the liquid flow were parallel. Our research group has also developed
electrolyte-free electrosynthetic system for electrochemical methoxylation of furan
using an electrochemical microreactor (Figure 2-2).’) The microreactor employed in
this work is similar to the Marken’s thin layer flow cell. It has a simple geometry with
working and counter electrodes directly facing each other. The distance between these
electrodes is sufficiently small enough to ensure that the electrogenerated ions derived
from substrate and solvent can play the role of electrolyte. Consequently, the process

becomes to be self-supported.

19



Chapter 2  Self-supported Paired Electrosynthesis Using a Microreactor without Intentionally Added
Supporting Electrolyte

auxiliary electrode (cathode)

I

methanol solvent H,
flow or H*

E/) \I/\)—OMe
methanol solvent

working electrode (anode)

Figure 2-2. Schematic representation of the anodic methoxylation of furan in methanol using a
microreactor in the absence of supporting electrolyte.

These examples of the electrosynthetic system without intentionally added
supporting electrolyte show the capability of microreactor as an environmentally
friendly organic elecrosynthetic tool. The self-supported system is one of the
straightforward solutions for the supporting electrolyte problem in electroorganic
synthesis, and therefore, it can be stated that further extensive study of the
self-supported microreactor system is highly desirable. Particularly, a practical
methodology for designing of self-supported system has still not been established. It is

important to establish how to design the system which becomes to be self-supported.

2-1-2  Mechanism of self-supported system
Although self-supported microreactor systems reported previously were well designed,
the solvents of these systems were limited to protic solvents such as methanol and
ethanol in all cases. Other solvents such as acetonitrile cannot be used for their systems
due to the extremely high cell voltages.

Such a difference between protic and aprotic solvents can be explained on the basis

of mechanism in each solvent as stated below.
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In the case of protic solvent

Firstly, protic solvents such as methanol and ethanol are easily oxidized at the anode to
give protons. These electrogenerated protons are smoothly migrated to the cathode via
hydrogen bond network by proton jump mechanism (Grotthuss mechanism). 1101 Then,
migrated protons and/or solvent are readily reduced at the cathode. Each process is
proceeded simultaneously and harmonized, and consequently, the system can be
carried out with low cell voltage. For synthetic systems, either anodic oxidation of
solvent or cathodic reduction of proton and/or solvent is replaced by the desired
electrochemical reaction of a substrate. Actually the previous examples were

constructed by this mechanism.

In the case of aprotic solvent

Self-supported systems using aprotic solvents often require extremely high cell
voltages. This situation would be caused by the following reasons in their mechanism.
First, aprotic solvent like acetonitrile is hardly oxidized at the anode, so that an
adequate amount of proton for carrying electric charge cannot be produced at the
anode. Second, the proton transfer between electrodes is slower than that in protic
solvent. Third, the cathodic reduction of acetonitrile cannot proceeded smoothly
because acetonitrile has a high reduction potential. Consequently, additional large
electric energy would be required in order to proceed these problematic steps in the

aprotic solvent system.

In the previous reports, the electrogenerated proton derived from solvent or
substrate worked as a main charge carrier of the system. However, if the other stable

ionic species are generated in situ from substrate, they would also work as charge
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carriers instead of proton. In order to realize the self-supported system using aprotic
solvent, such alternative ionic species derived from substrates should be employed as
charge carriers.

Recently, Haswell and his coworkers reported that an electrochemical
cross-coupling reaction of dimethyl fumarate with benzyl bromide was successfully
carried out by using a microreactor without intentionally added supporting electrolyte
in DMF solvent (Figure 2-3).'""1 Bromide ions were released in situ from benzyl
bromide by progress of the reaction, and then, they worked as electric charge carriers
in this system. Additionally, dimethyl fumarate reduction at the cathode and DMF
decomposition at the anode are easily occurred at low reduction and oxidation
potentials, respectively. These reasonable reaction designs enable the system to be

self-supported even in aprotic solvent.

working electrode (cathode)

TS

CO,M
flow ‘ 2ve

CO,Me B -Br CO,Me
ST —

DMF solvent byproducts
kej

auxiliary electrode (anode)

Figure 2-3. Schematic representation of the reductive C-C coupling reaction of dimethyl
fumarate with benzyl bromide in DMF using a microreactor in the absence of supporting
electrolyte. (It is not clear whether the final coupling step proceeds through a second- electron
transfer process or not.)
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2-1-3  Objective and strategy of this chapter

As already mentioned, the extensive study of self-supported microreactor system is
quite attractive subject. Although one example of the self-supported system in aprotic
solvent has already been reported, further practical examples will provide the
methodology for designing of self-supported system. Moreover, the overcome of
solvent limitation will expand the versatility of self-supported system. With this in
mind, the purpose of this chapter is to demonstrate a novel self-supported paired
electrosynthetic process in acetonitrile as solvent using a microreactor.

Meanwhile, acetonitrile is a conventional solvent in organic synthesis especially in
electrochemical synthesis. Its high dielectric constant allows smooth electric charge
transfer between electrodes in the presence of adequate amounts of supporting
electrolyte. Wide variety of organic and inorganic compounds can be dissolved in it,
and more importantly, acetonitrile has a very wide potential window. High stability of
acetonitrile toward anodic oxidation and cathodic reduction enables to electrolyze
many kinds of organic compounds. However, in a self-supported system, anodic or
cathodic decomposition reaction of acetonitrile cannot be employed as an auxiliary
reaction because of its high stability. In order to employ acetonitrile as a solvent for
self-supported system, paired electrode reactions of substrate(s), which stable ionic
species can be generated, should be applied to the system.

Paired electrode reactions (or paired electrosynthesis) mean the simultaneously
synchronous utilization of anodic and cathodic reactions for efficient synthesis of
desired products."® In conventional electrode processes, often attention is focused on
only one of the reactions in a divided cell arrangement or the accompanying reaction at
the counter electrode (e.g., sacrificial electrode) is chosen to be innocuous, not to

interfere with starting materials, intermediates, or products. The auxiliary reaction at
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cathode

flow ©/\ cl ©/ Me
acetonitrile solvent ©)\

anode

Figure 2-4. Schematic representation of the paired electrode reactions of benzyl chloride and
1-phenylethanol in acetonitrile using a microreactor in the absence of supporting electrolyte.

the counter electrode would be deserted. In paired electrode reactions both the anodic
and cathodic reactions can be matched and contribute to the formation of the final
product(s). Consequently, paired electrode reactions should be very preferable from a
practical aspect and significant number of studies concerning about the paired
electrosynthetic process has been reported since 1976.*!  In the present work, both
cathodic and anodic reactions in a paired electrosynthesis should be purposely used for
the construction of self-supported system using acetonitrile as solvent.

To demonstrate the practicability of the self-supported paired electrosynthetic
system using acetonitrile, two substrates such as benzyl chloride and 1-phenylethanol
were employed (Figure 2-4). In this starting substrate combination, benzyl chloride
would be reduced at the cathode and 1-phenylethanol would be oxidized at the anode
to give the corresponding two products (toluene and acetophenone, respectively).
These substrates would also release ionic species such as chloride ion and proton
following the respective electrode reactions, and these released ionic species would act
as the main carrier of electric charge. Thus, the whole system would become to be

self-supported without the need for the solvent (acetonitrile) decomposition.
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The demonstration of the above concept, reaction conditions, application of
liquid-liquid parallel laminar flow mode, and versatility of this system were

investigated in this chapter.
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2-2  Experimental Section

2-2-1  Microreactor

The microreactor had a geometry with Ag cathode (3 cm width, 3 cm length, Nilaco)
and indium tin oxide (ITO) anode (3cm width, 3cm length, Geomatec) directly facing
each other. A spacer (adhesive tape, 80 um thickness, Nitto Denko) was used to leave a
rectangular channel exposed, and the two electrodes were simply sandwiched together
(area of the electrode channel was 3 cm?). After connecting Teflon tubing to inlet and

outlet, the reactor was sealed with epoxy resin (Figure 2-5).

teflon tube

PRESS W

spacer

ITO anode —_| to

collection
vessel

Ag cathode

syringe pump

Figure 2-5. Schematic illustration of the microreactor.

2-2-2  Two inlet microreactor

The two inlet microreactor consisted of two plates. Each plate was glued to the
electrode plate (Ag cathode plate or ITO anode plate, 3 cm width, 3 cm length) and
glass plate (2.6 cm width, 3 cm length) together. A slit was provided on the anode side

for introducing alcohol solutions into the reactor. A spacer (adhesive tape, 80 pum
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thickness, Nitto Denko) was used to leave a rectangular channel exposed, and the two
plates were simply sandwiched together. After connecting Teflon tubing to inlets and
outlet, the reactor was sealed with epoxy resin. The dimensions of the channel were 1

cm width, 80 um height and 6 cm in total length. The area of the electrode channel was

3 em? (Figure 2-6).

teflon tube

“a

spacer

ITO anode —_] to

collection
vessel

+ v

Ag cathode

slit (anode side)

syringe pump I at
glass plate
—_—

syringe pump

OH

@2\ [/ acetonitrile

ITO anode

glass plate \% W
(J "/ acstonitrile —) e o -

glass plate % i
Ag cathode

Figure 2-6. Schematic illustrations of the two inlet microreactor.
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2-2-3  Materials
Dehydrated acetonitrile was purchased from Wako Pure Chemical Industries. Benzyl
chloride,  l-phenylethanol, toluene, acetophenone, tetra-n-butylammonium
tetrafluoroborate (n-BusNBF,4), a-chloro-p-xylene, 4-cyanobenzyl chloride, benzyl
bromide and 1-(p-tolyl)ethanol were purchased from Tokyo Kasei Kogyo. All
purchased chemicals were used as received.

4-(1-hydroxyethyl)benzonitrile was prepared according to the literature
procedure.! ! Specifically, NaBH; was added to a solution of the 4’-cyano-
acetophenone in EtOH at 0 °C. After the addition was completed, the reaction mixture
was stirred at room temperature until TLC showed no starting material was left. After
evaporation of the solvent, the residue was dissolved in AcOEt and H,O and extracted
three times with AcOEt. The combined organic layer was dried over Na;SQOy, filtered,
and evaporated. The residue was purified by silica gel column chromatography to give
the desired product as pale yellow oil in 65 % yield. 'H-NMR (CDCls, 270 MHz) §:
7.64 (d, 2H, J = 8.2 Hz), 7.49 (d, 2H, J = 8.2 Hz), 4.97 (q, 1H, J= 6.5 Hz), 2.01 (br s,

1H), 1.50 (d, 3H, J = 6.5 Hz)

2-2-4  Linear sweep voltammetry

Linear sweep voltammetry was performed by using a ALS/CHI Electrochemical
Analyzer (630C, CH Instruments). Linear sweep voltammograms were recorded using
an undivided cell equipped with a working disk electrode (3 mm diameter), an

auxiliary electrode (Pt plate, 6 cm?), and a saturated calomel reference electrode.
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2-2-5  General procedure for paired electrosynthesis

Bulk electrolysis was conducted with a constant current by using a PGSTAT (HA-501,
Hokuto Denko) in a beaker cell. For the electrolysis using the microreactor, an
acetonitrile solution containing organic halide (30 mM) and alcohol (30 mM) was
introduced through the inlet of the reactor (Figure 2-5). For the electrolysis using the
two inlet microreactor, an acetonitrile solution containing organic halide (30 mM) was
introduced through cathode side inlet and an acetonitrile solution containing alcohol
(30 mM) was introduced through anode side inlet, respectively (Figure 2-6). The flow
rate of the reaction solutions was controlled by syringe pump (KDS100, KD Scientific).
0.5 mL of electrolyzed solutions were collected and analyzed by high performance
liquid chromatography (HPLC) to determine substrate conversions and product yields.
The HPLC analysis was performed by an external standard method with Shimadzu
LC-6A liquid chromatograph equipped with a UV detector (SPD-6A, Shimadzu) and a
Develosil® ODS-5 column (Nomura Chemical). Conditions of the HPLC analysis of

each compound were shown in Table 2-1.
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Table 2-1. HPLC conditions utilized for the determination of
conversions and yields.?

Compound acetonitrile/water (v/v) Retention time (min)

1a 55/45 10.7
1b 55/45 4.0
1c 30/70 15.6
1d 50/50 33.1
1e 50/50 15.4
1f 50/50 5.4
1g 55/45 3.3
1h 50/50 6.4
2a 55/45 12.9
2b 55/45 5.4
2c 55/45 19.8
2d 30/70 28.6
2f 50/50 7.9
2g 55.45 4.2
2h 50/50 10.8

°Flow rate was 1.0 mL min™". Compounds were detected at 254 nm.
For the structure of compounds, see below.

OH

salcolmcalivalicaliioe

1a 1b 1c 1d 1e 1f
OH OH o
/@)\ “ Me ©)k /©/Me /©/Me
NC O O ©/ Me NC
19 1h 2a 2b 2c 2d
(0] (o] o
2f 2g 2h
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2-3 Results and Discussion

2-3-1  Selection of electrode materials

The electrode material is an important factor in selecting the course of an electrode
reaction and in controlling the efficiency of the reaction.!'™ Especially in the desired
system, as acetonitrile solvent doesn’t participate in the electrode reactions, the smooth
cathodic reduction and anodic oxidation of substrates are extremely important. In order
to select suitable electrode materials for the system, linear sweep voltammograms for
the reduction of benzyl chloride (1a) and the oxidation of 1-phenylethanol (1b) using

several electrodes were measured.

Cathode material

at the cathode
_ >
MeCN

1a 2a
Scheme 2-1

Linear sweep voltammograms for the reduction of benzyl chloride were recorded in
the presence of 0.1 M n-BusNBF, supporting electrolyte in acetonitrile solution at a
platinum (Pt), grassy carbon (GC), and silver (Ag) disk electrodes, respectively
(Scheme 2-1, Figure 2-7). As shown in Figure 2-7 (a), the reduction current for benzyl
chloride at the Ag disk electrode was observed at much more positive potential than
that recorded at Pt and GC electrodes. It is well known that the Ag electrode has a
catalytic activity toward the reduction of organic halides.!"" Our result also follows
these previous reports. Furthermore, it should be noted that the anodic product
(acetophenone) derived from 1-phenylethanol can easily access the cathode surface

and its reduction may occur because the distance between the anode and cathode is
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very small (Scheme 2-2). In this regard, as shown in Figure 2-7 (b), the reduction of
acetophenone at the Ag electrode occurred at a much more negative potential than that
of benzyl chloride, and hence, the benzyl chloride reduction would progress smoothly
without interference from acetophenone reduction. Therefore, it can be stated that the

Ag electrode is the better cathode material in this system.

OH
cathodic reduction
and/or
MeCN

OH

/I\ diffusion to the cathode
at the anode
-2e -2HY
MeCN
2b
Scheme 2-2
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Figure 2-7. Linear sweep voltammograms of (a) 30 mM benzyl chloride/acetonitrile solution
recorded at various disk electrodes (diameter: 3 mm) and (b) 30 mM acetophenone/acetonitrile

solution and 30 mM benzyl chloride/acetonitrile solution recorded at a Ag disk electrode
(diameter: 3 mm). The scan rate was 20 mV s™.
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Scheme 2-3

Scheme 2-3 shows the desired anodic reaction of this system and Figure 2-8 shows

linear sweep voltammograms for the oxidation of 1-phenylethanol and toluene in the
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presence of 0.1 M n-BusNBF, supporting electrolyte in acetonitrile solution at a Pt,
GC, and indium tin oxide (ITO) disk electrodes. Since toluene is a cathodic product, its
anodic oxidation should be also paid attention (Scheme 2-4). When the Pt disk
electrode was used as the anode material, the observed current for toluene oxidation
was higher than that of 1-phenylethanol oxidation (Figure 2-8 (a)). At the GC disk
electrode, the current for toluene oxidation was nearly equal to that of 1-phenylethanol
oxidation (Figure 2-8(b)). Hence, if these electrodes are used as the anode material for
the system, the toluene oxidation would interfere with the desired alcohol oxidation.
After the testing of several anode materials, it was clarified that the oxidation of
toluene was significantly suppressed by using the ITO disk electrode although the
desired alcohol oxidation occurred smoothly (Figure 2-8 (c)). From these results, the

ITO electrode is the suitable anode material for the system.

Me  anodic oxidation _ _ Ve CHCI
—————» oligomeric byproduct, | _
MeCN o a ,
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+ _CI Me
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Scheme 2-4
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Figure 2-8. Linear sweep voltammograms of 30 mM 1-phenylethanol/acetonitrile solution and
30 mM toluene/acetonitrile solution recorded at (a) Pt, (b) GC, and (c) ITO disk electrodes
(diameter: 3 mm). The scan rate was 20 mV s™.
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2-3-2  Preparative experiment of the self-supported paired electrosynthetic system
Next, preparative experiments of the self-supported paired electrosynthesis using
acetonitrile as solvent were carried out. Experiments were conducted in a microreactor
composed of Ag cathode/ITO anode combination, and results are shown in Table 2-2.

In entry 1, the electrolysis was conducted in the presence of BuyNBF, as a
supporting electrolyte. Conversions of benzyl chloride (1a) and 1-phenylethanol (1b)
were fairly good in this condition, and corresponding products (toluene (2a) and
acetophenone (2b)) were obtained in moderate yields. Chloro toluenes were detected
by GC-MS and HPLC as byproducts in low yields. These byproducts would be
generated by anodic oxidation of toluene and following nucleophilic attack by chloride
ions. Other byproducts such as 2,3-diphenylbutane-2,3-diol and I1-chlorophenyl
ethanols were also detected by GC-MS.

When 1a was only used as a substrate and any supporting electrolytes were not
added, the electrolysis proceeded smoothly with high conversion of 1a but the yield of
2a was significantly low (entry 2). Anodic oxidation of toluene was considerably
occurred to give some byproducts and no cathodic product other than 2a was obtained.
Hence, in this case, the self-supported paired reaction system was constructed by
cathodic reduction of 1a and anodic oxidation of 2a. Cathodically generated chloride
ions and anodically generated protons would act as charge carriers and the cell voltage
during the electrolysis was kept at 7 to 8 V.

On the other hand, the electrolysis hardly proceeded when the substrate was only 1b
(entry 3). The cell voltage was too high to continue the electrolysis (over 40 V). This
result would be explained as follows. The amount of proton at the cathode surface was

not enough and substrate 1b and acetonitrile solvent were hardly reduced.
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Table 2-2. Preparative experiment of the self-supported paired
electrosynthesis using a microreactor and acetonitrile as solvent.?

at the cathode at the anode o
©/\0| _ e +HTCF @Me _ e M
MeCN MeCN
1a

2b

Conversion (%) Yield (%)
Entry Solute(s)
1a 1b 2a 2b
1a (30 mM)
1 1b (30 mM) 76 75 43 55
BusNBF4(100 mM)
2 1a (30 mM) >99 - 17 -
3° 1b (30 mM) - - - -
1a (30 mM)
4 1b (30 mM) 88 61 40 16

“Experiments were carried out under the following conditions. Electrode
distance: 80 um, flow rate: 10 pL min™, current density: 1.0 mA cm?
Conversions and yields were determined by HPLC analysis. The cell voltage
was too high to conduct the electrolysis.

CH(CH3)OH CH(CH3)OH * C(CH3)0 + C(CH3)OH COCH;
© © © -H+ @
Scheme 2-5

In entry 4, the paired electrosynthesis in the acetonitrile solution containing both 1a
and 1b was proceeded very smoothly with a lower cell voltage (ca. 6 V), although the
yields for both products were relatively low. This low yield would be ascribed to
measurable side reactions of substrates and products at each counter electrode.

Actually, 25% yields of chloro toluene species were obtained as byproducts. In
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addition, the electrode surface was partially covered with tar film after the several time
electrolyses.!"”! However, it is not clear why a difference in the result between entry 1
and entry 4 is induced. In particular, 2b was obtained in significantly low yield in entry
4. One plausible explanation can be given as follows. Generally, direct anodic
oxidation of 1b in acetonitrile gives 2b via an ECEC mechanism (Scheme 2-5).1"%8 The
initially formed radical cation loses a proton to give the a-hydroxybenzyl radical,
which undergoes subsequent oxidation and proton loss. The rate determining step of
this reaction is the first proton loss step, so that the initially formed radical cations
have some lifetime and the lifetime of this intermediate would affect the yield of final
product.!"” When the reaction is carried out without intentionally added supporting
electrolyte, these radical cations would be unstable since no counter ion exist in this
case. Therefore, either decomposition of the intermediate or attacking by some kinds
of nucleophile would be occurred as side reactions.

Regardless of the low yields of desired products, it can be stated that the
self-supported paired electrosynthetic system using acetonitrile as solvent was

successfully demonstrated.

2-3-3  Effect of electrode distance
In the operation of electrochemical microreactor systems, there are many parameters
such as electrode distance, linear fluid speed, volumetric flow rate, amount of charge
passed, current density, etc. Therefore, controlling parameters for the self-supported
paired electrosynthesis are quite important to optimize the system.

Firstly, the effect of electrode distance on the self-supported system was investigated.
The cell dimension and other parameters were fixed to the values which were used in

the previous section, and results are shown in Figure 2-9. It is expected that narrower
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electric double layers are formed by narrower electrode distance because
electrogenerated ionic species would promptly diffuse to the counter electrodes in the
narrower electrode distance. Consequently, the cell voltage would be lowered and the
reaction efficiencies would be improved.

However, remarkable changes in the reaction results were not observed between the
electrode distance from 20 um to 80 um. The formations of electric double layers were
not affected by the electrode distance in this range. On the other hand, yields of
chloro-toluenes were deceased with increasing the electrode distance. Chloro-toluenes
as byproducts were formed via anodic oxidation of toluene (2a) as a cathodic product.
When the cell had wide electrode distance, 2a would be ejected from the cell before
reaching the anode. Consequently, extremely narrow electrode distance should be

avoided to suppress the generation of byproducts.
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Figure 2-9. The effect of the electrode distance on the conversion of (a) benzyl chloride (1a)
and (b) 1-phenylethanol (1b) and the yield of (a) toluene (2a) and (b) acetophenone (2b).
Experiments were carried out under the following conditions. Flow rate: 10 pL min™", current
density: 1.0 mA cm™. Conversions and yields were determined by HPLC analysis.
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2-3-4  Effect of flow rate

Subsequently, the effect of flow rate on the self-supported system was investigated. As
Figure 2-10 (a) illustrates, a highest conversion of 1a was obtained at a flow rate of 10
uL min™', and this was decreased with increasing the flow rate. Similar tendency was
observed in 2a yields. On the other hand, 2b yield was increased with increasing the
flow rate up to 20 pL min" while 1b conversion was decreased, as shown in Figure
2-10 (b). This flow rate effect can be explained as follows. Product 2b was ejected
form the reactor before reaching the counter electrode (cathode) when the flow rate
was relatively fast. Therefore, re-reduction of product 2b at the counter electrode was

inhibited and consequently product selectivity was improved.
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Figure 2-10. The effect of the flow rate on the conversion of (a) benzyl chloride (1a) and (b)
1-phenylethanol (1b) and the yield of (a) toluene (2a) and (b) acetophenone (2b). Experiments
were carried out under the following conditions. Electrode distance: 80 ym, current density: 1.0
mA cm. Conversions and yields were determined by HPLC analysis.
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2-3-5  Effect of current density

Next, the effect of current density on the self-supported system was investigated. It is
expected that higher current density results in higher conversion of substrate whereas
product selectivity is generally decreased. Actually, as shown in Figure 2-11,
conversions of 1a and 1b were increased with an increasing the current density. On the
other hand, the reaction selectivity was decreased with an increasing the current
density. High conversion of 1b and low yield of 2b were obtained at 1.3 mA cm™. In
this condition, many kinds of side reaction products derived from 1b and/or 2b were
detected. Therefore, the current density should be kept lower to maintain higher

product selectivity.
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Figure 2-11. The effect of the current density on the conversion of (a) benzyl chloride (1a) and
(b) 1-phenylethanol (1b) and the yield of (a) toluene (2a) and (b) acetophenone (2b).
Experiments were carried out under the following conditions. Electrode distance: 80 ym, flow
rate: 10 pL min™'. Conversions and yields were determined by HPLC analysis.
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2-3-6  Effect of flow mode

Although effects of some parameters were investigated in the above sections,
conversions and yields of the self-supported paired electrosynthetic system are still
insufficient. Actually, the conversions and yields were influenced by the parameters
tested and their effects were often complicated. This situation would not be overcame
by simple optimization of such parameters.

The yields of products would be mainly suppressed by the electrochemical reactions
of substrates and products at each counter electrode. Thus, to avoid this problem, a
parallel laminar flow mode by two inlet microreactor (two inlet flow mode) was
employed for this system (see. Figure 2-6 in the experimental section). The channel of
the microreactor is very small enough to insure that the flow is stable and laminar. In
fact, in our previous work, the existence of the parallel laminar flow in the similar
microreactor was confirmed by voltammetric experiments.””) When benzyl chloride
(1a) and 1-phenylethanol (1b) solutions are introduced through the cathode side inlet
and anode side inlet respectively, a stable liquid-liquid parallel laminar flow would be
formed in the channel, and hence, the desired cathodic and anodic reactions would
proceed effectively without interference form each other.

Table 2-3 shows experimental results of the electrochemical reaction using two
types of flow modes. In entry 2, it was observed that product selectivity of anodic
reaction was improved by using two inlet flow mode compared to the original flow
mode (entry 1), as expected. However, it is not clear why the yield of cathodic product
2a was decreased in this condition. The product selectivity was improved at lower
current density (entry 3). Moreover, at lower flow rate conversions and yields were
increased presumably (entry 5). From these results, it was demonstrated that a

liquid-liquid parallel laminar flow mode (two inlet flow mode) enables to improve
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conversions and yields in this system and this flow mode can be an effective method to

construct the self-supported paired electrosynthetic system.

Table 2-3. Experimental results of the electrochemical reaction using two types of flow
modes.”

at the cathode at the anode
©/\ _ +2e +H' CF Me o 2e WY
MeCN MeCN
2a 2b
Flow rate  Currentdensity = Conversion (%) Yield (%)

Entry Flow mode”

(ML min™) (mA cm?)

1a 1b 2a 2b
1 A 10 1.0 88 61 40 16
2 B 10 1.0 78 75 25 44
3 B 10 0.4 52 52 22 50
4 A 5 0.4 55 30 27 7
5 B 5 0.4 89 75 35 70

“Experiments were carried out under the following conditions. Electrode distance: 80 ym.
At the flow mode A, both substrates (1a and 1b) were dissolved in acetonitrile and
introduced into the reactor at the indicated flow rate. At the flow mode B, acetonitrile
solutions of 1a and 1b were introduced into the reactor at the indicated flow rate,
respectively. Conversions and yields were determined by HPLC analysis. Schematic
illustrations of flow modes are as follows:

<< flow mode A >> << flow mode B >>

acetonitrile + S,

cathode

/»,e\ s, P,
acetonitrile S P —
tsas, ——) . 32\ /Pz
S, P, 2 -
\-e / ] anode
anode S,, S, : Substrates
P,, P, : Products
S,, S, : Substrates . 1 F2
P, P, Products acetonitrile + S,
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2-3-7  Generality of the self-supported paired electrosynthetic system

Finally, to demonstrate the generality of this self-supported paired electrosynthetic
system, the electrochemical reactions of other halides and alcohols were carried out
using parallel laminar flow mode.

As shown in entry 1 of Table 2-4, when a-chloro-p-xylene (1c¢) was used as a
cathodic substrate, conversion of 1-phenylethanol (1b) and yields of p-xylene (2¢) and
acetophenone (2b) were low, although only conversion of 1c¢ was relatively high. In
this case, probably cathodic product 2¢ was easily oxidized at the anode due to its
lower oxidation potential and the oxidation of 2¢ would interfere the desired 1b
oxidation. In contrast, conversions and yields were improved when the cathodic
substrate was replaced by 4-cyanobenzyl chloride (1d) (entry 2). This was ascribed to
a higher oxidation potential of 2d, which has a powerful electron-withdrawing group
on the benzene ring, and hence, the desired oxidation of 1b proceeded smoothly
without interference from 2d oxidation.

In entry 3, benzyl bromide (le) was employed as a cathodic substrate instead of
chlorides, but yields of both products were less satisfactory. In this case, bromide ion
derived cathodically from 1e would be oxidized at the anode to give Br' species (Br’,
Brs', Bry, etc.), and then, they were reduced at the cathode to regenerate bromide ion.
Thus, part of the electricity seemed to be consumed for redox reaction of Br/Br". In
fact, electrolyte solution collected in a vessel after the electrolysis showed bright
yellow color and the color turned slightly colorless after several hours. This indicates
the existence of Br' species. It should be noted that chloride ion has higher oxidation
potential than that of bromide ion and anodically generated Cl, would be removed to
gas phase. Therefore, the system would be less affected by the redox reaction of

CI/Cl, than that of Br/Br .
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Table 2-4. Self-supported paired electrosynthesis of toluene derivative and ketone using a two
inlet microreactor.?

Substrate Conversion (%) Yield (%)
Entry Toluene
Halide Alcohol Halide Alcohol L Ketone
derivative
OH Ve o)
o o
1 Me 76 20 Me'
1c 1b 2c, 14 2b, 6
Me
o o)
2 NG 1b 79 66 NC 2b, 60
1d 2d, 65
Me
: o
3 @A 1b 61 59 2b, 32
1e 2a, 32
OH

(0]
Cl
4 @A Q)\ 45 87 2a, 41 MEQ)k
1a 1f 2f, 72
Qﬂ

0]
5 1a 79 5 2a, 21 Q)k
NC NC

19 29,1
OH O

6 1a 48 43 2a, 29
1h 2h, 20

7 1a 1f 93 >99 2d, 87 2f, 61

“Experiments were carried out under the following conditions. Electrode distance: 80 um,
current density: 0.4 mA cm. Acetonitrile solutions of halide compound and alcohol were
introduced through the cathode side inlet and anode side inlet, respectively. Flow rates of each
solution were 5 pL min™ and the total flow rate was 10 ML min™". Conversions and yields were
determined by HPLC analysis.
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On the other hand, when 1-(p-tolyl)ethanol (1f) was used as an anodic substrate
instead of 1b, the desired anodic reaction proceeded effectively with a high yield of
4’-methylacetophenone (2f), while anodic oxidation of 4-(1-hydroxyethyl)benzonitrile
(1g) hardly proceeded (entries 4 and 5). These are apparently ascribed to the oxidation
potentials of 1f and 1g, and the former and latter oxidation potentials are lower and
higher, respectively, than that of 1b.

Benzhydrol (1h) was used in entry 6 and relatively low yields were obtained in this
case. Benzene ring of 1h affected as electron-withdrawing group and the anodic
reaction was difficult to proceed like entry 5.

The best result was obtained in the substrates combination of 1d and 1f (entry 7). In
this case, the paired electrosynthesis proceeded with excellent conversions (93% for
1d and over 99% for 1f) and good yields (87% for 2d and 61% for 2f).

From these results, it can be stated that the feasibility of the reactions depends

greatly on the oxidation potentials and reduction potentials of substrates and products.
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2-4 Conclusion

Electroorganic synthesis has attracted much interest as an environmentally friendly
process for recent decades. However, commercial application of electroorganic
synthesis as a green sustainable process has been limited by some problems such as
separation and waste problems of supporting electrolyte. From this point of view, a
novel microreactor system for electroorganic synthesis without intentionally added
supporting electrolyte was developed in this chapter. This system enables to use
acetonitrile as solvent for self-supported system for the first time. In addition, the
successful operation of this system provides knowledge about the mechanism of
self-supported system. This also provides practical knowledge about how to design
self-supported system even in aprotic solvent. It should be noted that the methodology
of this self-supported microreactor system can be applied to a variety of electroorganic
synthesis that make a significant contribution to synthetic chemistry toward green

sustainable chemistry.
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Chapter 3

Electrochemical Conversion of Primary Amine to Secondary
Amine Using a Microreactor: Analogous System of

Photocatalytic Redox Combined Synthesis

A [S/xe’/lI/=e/P] type electrochemical conversion of benzylamine to dibenzylamine
using a microreactor has been investigated as an analogue of photocatalytic redox
combined reaction. By comparison with a conventional batch type reactor, a clear
advantage of this electrochemical microreactor system was successfully
demonstrated. In addition, reaction conditions such as electrode distance, flow

rate, and current density were optimized.
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3-1 Introduction

In this section, a paired electrochemical reaction system using a microreactor is
described as an analogue of the heterogeneous photocatalytic reaction system. The
reaction feature and reaction paths of heterogeneous photocatalysis will be firstly

summarized below, then an analogous electrochemical system will be discussed.

3-1-1 Heterogeneous photocatalysis

A new era in heterogeneous photocatalysis was opened in 1972 by the pioneering work
of Fujishima and Honda."! They discovered the photocatalytic splitting of water on
TiO, electrodes, and since then, there has been a great research interest about
heterogeneous photocatalysis which can be applied, such as solar energy conversion,
photosynthesis of organic compounds, water sterilization and organic contaminants
degradation, and photodynamic therapy of cancer.”

In a heterogeneous photocatalysis system, generally, the reaction is a redox reaction
driven by photoexcited electrons (e’) in the conduction band (CB) and simultaneously
generated positive holes (") in the valence band (VB) of semiconducting materials via
light absorption. The oxidation of a substrate by electron transfer into the /" in the
valence band (formation of the radical cation) is accompanied by a reduction of

another substrate via electron transfer from the conduction band (formation of the

radical anion) (Figure 3-1).
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hv

e @ h

D+

recombination h*

reduction oxidation

e+ ht

A D

Figure 3-1. Schematic illustration of photoexcitation in a semiconductor particulate as
heterogeneous photocatalyst followed by deexcitation events.

In the presence of molecular oxygen (O;) under ordinary atmospheric conditions,
the reduction of O, by e is mainly occurred to give the resulting products such as
super-oxide anion,”! hydroperoxy radical,”! and hydroxyl radical™®. Since all of them
are oxidants, the photocatalytic oxidation of substrates under aerated conditions is
proceeded by both /4" and these oxidants derived from e. On the basis of the
mechanism, the degradation of organic contaminants in water is widely carried out by
photocatalytic oxidation with TiO, particles. The reduction of dissolved O, couples
with this oxidation, resulting complete oxidation and mineralization of organic
pollutants in water. Although the desired oxidation reaction becomes O, reduction rate
limited, the quantum efficiency of photoassisted oxidation is increased by modification
of the TiO, surface by a catalyst for O, reduction such as VIII metals.' Consequently,
photocatalytic reactions with metal-deposited TiO, particles and films have also been
studied extensively.!” In these metal deposited photocatalysts, it is considered that the
deposited metal acts as a reduction site, increasing the charge separation efficiency and
thus expediting the transportation of photogenerated electrons in the conduction band
of TiO; to the outer system.

On the other hand, when the photocatalytic reactions are carried out under deaerated
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conditions, both reduction and oxidation by e and /", respectively, can be utilized for
conversion of organic substrates.”™ * Yanagida’s group reported photocatalytic
reductions of aromatic ketones and olefins by using CdS semiconductor particulate
with visible light irradiation in the presence of triethylamine in methanol (Figure
3-2).”) These reactions afforded corresponding alcohols and dihydro compounds,
respectively, in moderate to good yields, accompanying sacrificial oxidation of
triethylamine by #'. As shown in Figure 3-3, Baciocchi reported that an oxidative
pathway was conversely adopted in the synthesis of diarylethanes.! '° !
Benzyltrimethylsilanes were photocatalytically oxidized by TiO, in the presence of
silver sulfate to give the corresponding diarylethanes in 50-74% yields. Silver salts
were required to trap the photogenerated electrons on the TiO,, so that the
recombination rate of e” and /" in the semiconductor was slowed down. Molecular

oxygen was found to be a less efficient sacrificial oxidizing agent than silver salts

under aerated condition.

hv (>400nm)
CdS particulate in methanol J

Et,NH + CH,CHO

3 TA\®
R® H 2/
— —y
H R*
4 samples +2H* -H*
up to 70% yield
RO Et,N
OH P
Ph)LPh
Ph Ph

6 samples
up to 95% yield
(Pinacols were also observed as 1e reduction products.)

Figure 3-2. Schematic illustration of CdS catalyzed photoreduction of ketones and olefins with
triethylamine in methanol.
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hv (500 W high-pressure mercury lamp)
TiO, in acetonitrile /J

5 samples
50-74% yields

Ar/\/AI'

;

AICH,’ + Me,Si-Nu*

/fNu (= acetonitrile)

o+
[ Ar/\SiMe3]

Ag*

Ar” > SiMe;
Figure 3-3. Schematic illustration of TiO, catalyzed photooxidation of benzyltrimethylsilanes
with Ag,SOy, in acetonitrile.

3-1-2 Photocatalytic redox combined synthesis

In heterogeneous photocatalysis under deaerated condition, a reduction by e and an
oxidation by /" are proceed separately at each site on the particle. Photocatalytic redox
combined synthesis purposely utilizes both of this simultaneous reduction and
oxidation for the synthesis of desired compound(s). The sites for reduction and
oxidation on the particle would be located nearby, enabling induction of a redox
combined reaction. Many examples of photocatalytic redox combined synthesis have
been reported until today.!'

As a typical example, Figure 3-4 shows a photocatalytic | -pipecolinic acid (.-PCA)
synthesis based on the concept of photocatalytic redox combined synthesis reported by
Ohtani and co-workers.!'?! This reaction involves successive oxidation of one of the
amino groups in -(S)-lysine (;-Lys) into imines by /", hydrolysis of the imines into
aldehyde, condensation of them with the remaining amino group into a cyclic Schiff
base (CSB), and reduction of Schiff base into pipecolinic acid by e". Photocatalytic

redox combined synthesis like this elegant and integrated sequential scheme can be

regarded as a powerful tool for synthetic organic chemistry, and therefore, further
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hv (400 W high-pressure mercury arc)

Pt loaded TiO, powder in aqueous ,J
solution under Ar atmosphere 7

COOH
(j\ -Lys
N~ ~COOH
H -2H*
-PCA
+2H+ COOH
Pt HNZ NH,
o-CSB Q +H,0
N~ ~COOH coon  NH;
T~ ooHe
-H,0 NH,

Figure 3-4. Proposed mechanism of the photocatalytic redox combined synthesis of
L-pipecolinic acid (.-PCA) from | -(S)-lysine ( -Lys) using platinum (Pt) loaded TiO, powders.

extensive studies would be highly desirable.

3-1-3 [S/xe/l/ Fe'/P] type paired electrosynthesis as an analogue of photocatalytic
redox combined synthesis

The schematic concept of photocatalytic redox combined synthesis like Figure 3-4 is
fairly similar to [S/+e/l/e/P] type paired electrosynthesis.!"*! In [S/+e’/l/xe’/P] type
paired electrosynthesis, a single starting substrate (S) is reduced or oxidized at the
electrode to an intermediate (/), which is further oxidized or reduced at the counter
electrode to give the corresponding single final product (P). The use of undivided cell
should be inevitable. Figure 3-5 shows a typical example for this type of paired
electrosynthesis reported by Nonaka and co-workers.'*! S, 7, and P in Figure 3-5
correspond to 2,3-butanediol, acetoin, and methyl ethyl ketone, respectively.
2,3-Butanediol is firstly oxidized to give acetoin by BrO  which is anodically
generated from Br  (NaBr as supporting electrolyte) and then, obtained acetoin is

reduced to give methyl ethyl ketone as a final product. This simultaneous intentional
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utilization of cathodic reduction and anodic oxidation can be considered as a schematic
analogue of photocatalytic redox combined synthesis. Thus, similar reaction schemes
can be also applied both electrochemical and photocatalytic systems for efficient

synthesis of specific compounds.

+2e \

Cathode (P)

Figure 3-5. [S/te’/ll ¥ €/P] type paired electrosynthesis of methyl ethyl ketone from
2,3-butanediol. The redox mediator of anodic oxidation is omitted in this figure.

3-1-4 Objective and strategy of this chapter
In photocatalytic redox combined synthesis, the reduction site and the oxidation site
locate very closely (nano-micro meter order). This feature enables to proceed a smooth
sequential redox reaction on the heterogeneous photocatalyst. In contrast, in [S/+e’/I/+
e’/P] type paired electrosynthesis, the distance between the anode and cathode is
centimeter order when the reaction is carried out in a conventional laboratory scale
batch type reactor. Hence, electrochemically generated intermediates needs specific
time to diffuse from the electrode surface to the counter electrode surface, and
complete conversion to the final product would be difficult to achieve by passing the
theoretical amount of electricity.

Compare to the conventional batch type reactor, an electrochemical microreactor has
a possibility to achieve an efficient substrate conversion to the final product in [S/+e’/l/

Fe /P] type paired electrosynthesis. As described in the general introduction in Chapter
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1, significantly short electrode distance enables fast molecular diffusion to the counter
electrode, offering similar circumstances of the surface of photoexcited semiconductor
particulate. Undesired side-reactions (anodic oxidation of solvent, cathodic hydrogen
evolution, etc.) would be avoided in this case, so that the current efficiency of the
system may be improved compared to the case using conventional batch type reactor.

With this consideration in mind, the goal of this chapter is to demonstrate a clear
advantage of electrochemical microreactor in [S/+te/l/ e /P] type paired
electrosynthesis toward conventional batch type reactor. This demonstration would not
only enhance the practical value of our electrochemical microreactor but also show a
possibility of the electrochemical microreactor as an analogous system of
photocatalytic redox combined reaction system.

As a model reaction of this chapter, an electrochemical conversion of benzylamine
to dibenzylamine was employed (Figure 3-6). Oxidative condensation of benzylamines
to N-benzylidene benzylamines has been widely studied"'™ because benzylimines are
useful synthetic intermediates that can undergo a large variety of transformations of
the C=N double bond including hydrogenations, [2+2] cycloadditions and nucleophilic
additions such as Strecker reaction.!"® Furthermore, by following cathodic
hydrogenation of benzylimines, it would be possible to obtain symmetric and
asymmetric secondary amines with once passing through the electrochemical
microreactor. Needless to say, N-alkylation of primary amines has also been studied
extensively because nitrogen containing compounds play a central role in Nature and
also in industries.!'” Since additional oxidative/reductive reagents or catalysts are not
required in this electrochemical conversion, a fast and clean N-alkylation system can

be provided by this sequential two step procedure using the electrochemical
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cathode

flow I ©/\ N@
—lomoren Y
ZeZFw
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Figure 3-6. Schematic representation of the electrochemical conversion of benzylamine to
dibenzylamine in ethanol using the electrochemical microreactor.

microreactor.
In this chapter, the above system has been demonstrated and compared with a
conventional batch type reactor. In addition, reaction conditions such as electrode

distance, flow rate, and current density have been also optimized.
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3-2 Experimental Section

3-2-1 Instrumentation

Nuclear magnetic resonance ('H NMR) spectra were measured on JEOL JNM EX-270
spectrometer operating at 270 MHz (‘"H NMR) in CDCls. All 'H NMR chemical shifts
were reported in ppm relative to internal references of TMS at § 0.00. EI mass spectra
were measured with a Shimadzu GCMS-QP5050A mass spectrometer. Cyclic
voltammetry was performed by using a computer-controlled electrochemical analyzer
(ALS/CH Instruments 630C). Preparative electrolyses were carried out with a
HOKUTO DENKO HA-501 Potentiostat/Galvanostat. High performance liquid
chromatography (HPLC) analysis was performed by an internal standard method
with Shimadzu LC-20AD liquid chromatograph equipped with a UV detector

(SPD-10AV, Shimadzu) and in-line two columns (Inertsil® ODS-80A, GL Sciences).

3-2-2 Materials

Benzylamine, dibenzylamine, 4-methoxytoluene, sodium ethoxide,
tetra-n-butylammonium perchlorate (n-BusNClOy), tetra-n-butylammonium
tetrafluoroborate (n-BusNBF,), tetra-n-ethylammonium perchlorate (n-EtsNCI1O,), and
sodium dodecyl sulfate were purchased from Tokyo Chemical Industry.
N-Benzylidenebenzylamine, ammonium chloride, and triethylamine were purchased
from Wako Pure Chemical Industries. Ethanol, methanol, and acetic acid were
purchased from Kanto Chemical. Tetra-n-butylammonium hexafluorophosphate
(n-BusNPFs) was purchased from Sigma-Aldrich. Tetra-n-hexylammonium perchlorate
(n-HexsNClO4) was purchased from Fluka Chemie. All chemicals were used as

received.
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3-2-3 Microreactor

Figure 3-7 shows schematic illustration of the microreactor. The microreactor had a
geometry with platinum (Pt) anode (3 cm width, 3 cm length, Nilaco) and graphite
cathode (3 cm width, 3 cm length, IGS-743, Nippon Techno-Carbon) directly facing
each other. A spacer (adhesive tape, 80 um thickness, Nitto Denko) was used to leave a
rectangular channel exposed, and the two electrodes were simply sandwiched together
( the area of the electrode channel was 3 cm?). After connecting Teflon tubing to inlet

and outlet, the reactor was sealed with epoxy resin.

spacer —\A

Ptanode —|

to collection
vessel

graphite
cathode

syringe pump /-

This area was enclosed in a plastic bag and dipped in a
constant-temperature bath to fix the reaction temperature at 25 °C.

Figure 3-7. Schematic illustration of the microreactor.

3-2-4 General procedure for preparative electrolysis
KdScientific model 100 syringe pump was used to pump the reaction solution. The
solution contains 30 mM of benzylamine, 250 mM of tetra-n-butylammonium

perchlorate (n-BusNClO,) as supporting electrolyte, 30 mM of sodium ethoxide, and
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ethanol as solvent. The reaction temperature was fixed at 25 °C by using a
constant-temperature bath. All reactions were conducted galvanostatically. The
collected reaction mixture was analyzed by HPLC (The eluent was acetonitrile/water
(50:50 v/v) mixture containing 20 mM of sodium dodecyl sulfate, 40 mM of
triethylamine, and 4vol% of acetic acid. Retention times were 9.9 min. for
N-benzylidenebenzylamine, 24.5 min. for 4-methoxytoluene as internal standard, and
47 min. for dibenzylamine, respectively. The eluent flow rate was 1.0 mL min™' and
compounds were detected by UV detector at 254 nm. Products were also identified by

authentic samples using '"H NMR and mass spectroscopy.
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3-3 Results and Discussion

3-3-1 Linear sweep voltammetry

At first, the electrochemical behaviors of the substrate and intermediate were
examined. The linear sweep voltammograms for benzylamine (1) and
N-benzylidenebenzylamine (2) were measured in 250 mM »n-BusNCIO4-30 mM
EtONa-EtOH at a platinum (Pt) disk electrode. As shown in Figure 3-8, specific wave
changes were observed in the voltammograms of 1. Wave I (ca. 1.6 V vs. SCE) was
decreased with increasing the concentration of 1, while wave II (ca. 2.2 V vs. SCE)
was increased with increasing the concentration. The increase of wave II with almost
linear relationship between the peak current and the concentration of 1 indicates that
this wave was derived from the oxidation of 1. Meanwhile, the concentration of 1 may
also affect the circumstances of the Pt electrode surface. In fact, the shape of
background voltammogram (condition without 1) was far different from those of
Figure 3-8. It is well known that many problems such as auto-inhibition and poisoning
phenomena arise when pure platinum electrode is used for direct ethanol oxidation,
resulting in high overpotentials. Since the reaction mechanism involves many adsorbed
intermediates (containing poisoning species) and by-products such as carbon
monoxide, carbon dioxide, (-CHO),, ((COOH),gs, CH3;CHO, and CH3;COOH, the
surface circumstances on the Pt electrode is extremely complex.!'®! The presence of 1
in the electrolytic medium might cause drastic changes on the Pt electrode surface, so

that the current of wave I depended on the concentration of 1.
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Figure 3-8. Linear sweep voltammograms of benzylamine (1) in 250 mM n-BuyNCIO4-30 mM
EtONa-EtOH recorded at a Pt disk electrode (3 mm diameter). The scan rate was 50 mV s .

Figure 3-9 shows the linear sweep voltammograms of N-benzylidenebenzylamine
(2) in 250 mM n-BugNClO4-30 mM EtONa-EtOH recorded at a graphite disk electrode.
The reduction peak current of 2 was clearly observed in ca. -2.1 V vs. SCE in the case
of 10 mM of 2. Since graphite electrode shows a relatively high overpotential for the
hydrogen evolution reaction, the desired cathodic reduction of intermediate 2 would be

occurred preferentially even in a preparative scale electrolysis using a microreactor.
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Figure 3-9. Linear sweep voltammograms of N-benzylidenebenzylamine (2) in 250 mM
n-BuyNCIlO4-30 mM EtONa-EtOH recorded at a graphite disk electrode (3 mm diameter). The
scan rate was 50 mV s™.

3-3-2 Preparative electrolysis for the conversion of benzylamine to dibenzylamine
using a microreactor

Next, preparative electrolysis for the conversion of benzylamine (1) to dibenzylamine
(3) was carried out using a microreactor with Pt anode and graphite cathode
combination. As shown in entry 1 of Table 3-1, when acetonitrile was used as solvent,
the desired reaction did not proceed because the cell voltage was drastically increased
with the electrolysis time. This was attributed to the passivation of the electrode
surface by electropolymerization. In fact, a small amount of white precipitate was
observed in the collected medium and electrode surface. On the other hand, when
alcohols were used as solvent, the desired [S/+e’/l/Fe/P] type paired reaction was
proceeded with low cell voltages (3.3-3.6 V, entries 2 and 3). Although the yields of
desired product 3 were fairly low, these preliminary results showed the possibility of

this system as an analogue of photocatalytic redox combined reaction system.
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Table 3-1. The effect of solvent in the electrochemical conversion of 1 to 3
using the microreactor.’

©/\NH2 electrochemical conversion
2
5mA cm?

1 0.1 mL min™’!

3.11 F mol!

Total yield (%)”  Product ratio”
Entry Solvent
2+3 2:3

1° MeCN - -
2¢ MeOH 54 93:7
37 EtOH 55 84 :16

®The microreactor was consisted of a Pt anode and graphite cathode
combination. The electrode distance was 80 um. 250 mM of n-BusNBF,
was used as supporting electrolyte. All reactions were carried out at
25 °C. "Yields and product ratios were determined by HPLC analysis.
Yields were based on the theoretical amount of dimeric product. “The cell
voltage was too high to continue the electrolysis. 930 mM of sodium
ethoxide was added.

Consequently, the supporting electrolyte for this electrochemical reaction system
was then optimized (Table 3-2). Only small amounts of NH4Cl, n-BusNPFs, and
n-Et4NCl1Oy4 could dissolve in ethanol, so that saturated conditions were employed for
cases using these electrolytes. The best result was obtained by the use of #-BuyNClOy,
as shown in entry 4.

From the results of GC-MS analyses of collected samples, the conversion of 1 was
fairly good in all cases, but the progress of the desired [S/+e/I/Fe/P] type paired
reaction was greatly affected by the kind of supporting electrolytes used. Generally, the
choice of anion part of the supporting electrolyte is an important factor in anodic
reactions in which the choice may influence the product distribution, while the choice
of cation part influences on cathodic reactions."” Nevertheless, in our case, anion part

affected both the anodic and cathodic reactions. The comparison of the total yields in
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entries 2 and 4 indicates that the use of ClO4™ gave better result than that of BF, in the
anodic oxidation of 1 to 2. In addition, the comparison of the product ratios in entries 2
and 4 suggests that the choice of ClO4 was also preferred than that of BF4 in the
cathodic reduction of 2 to 3. Besides, the product ratios of entries 4, 5, and 6 showed
comparable values, indicating that the kind of tetraalkylammonium cation parts little
affected the efficiency of cathodic reduction of 2 to 3. However, the comparison of
total yields in entries 4, 5, and 6 suggest that the kind of tetraalkylammonium cation
parts clearly affected the efficiency of anodic oxidation of 1 to 2. Hence, the effects of

supporting electrolyte are significantly complex and it is still unclear what factors of

Table 3-2. The effect of supporting electrolyte in the electrochemical
conversion of 1 to 3 using the microreactor.®

electrochemical conversion Pz
) ©/\NH2 ©/\N/\© . ©/\N/\©
> H
5 mA cm2
2 3

1 0.1 mL min™*
3.11 F mol™

Supporting  Total yield (%)°  Product ratio”

Entry electrolyte 2+3 2:3
1° NH,CI 33 94:6
2 n-BuyNBF4 55 84:16
3° n-BuyNPFg 71 63 :37
4 n-BuyNCIO, 97 58 :42
5° n-E44NCIO, 82 61:39
6 n-Hex,NCIO, 61 62 :38

“The microreactor was consisted of a Pt anode and graphite cathode
combination. The electrode distance was 80 ym. The concentration of
supporting electrolyte was 250 mM unless otherwise indicated. 30 mM of
sodium ethoxide was added and ethanol was used as solvent. All
reactions were carried out at 25 °C. “Yields and product ratios were
determined by HPLC analysis. Yields were based on the theoretical
amount of dimeric product. “Saturated solution was used because of the
low solubility of the supporting electrolyte.
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the supporting electrolyte play key roles in this system. Some additional investigations
would be required for this issue.

Additionally, many bubbles (probably hydrogen gas) were observed at the outlet of
the microreactor in any cases, which would be derived from the cathodic reduction of
solvent. Owing to this cathodic gas evolution as a side-reaction, the desired cathodic
reduction would be partially suppressed.

Subsequently, the cathode material of the microreactor was investigated (Table 3-3).
Although both grassy carbon (GC) and zinc (Zn) electrodes have relatively high over
potential for the hydrogen evolution reaction, these electrodes exhibited lower
performance compared to that of graphite electrode. Graphite electrode has large
superficial area in a specific size, which reduces the actual current density. This feature

might improve the efficiency of the reduction of 2 to 3.

Table 3-3. The effect of cathode material in the electrochemical
conversion of 1 to 3 using the microreactor.?

lectroch |
©/\NH2 electrochemical conversion
2
5 mA cm2

1 0.1 mL min™
3.11 F mol™!

Cathode Total yield (%)  Product ratio”

Entry material 2+3 2:3
1 graphite 97 58:42
2 GC 66 67 : 33
3 Zn 81 84:16

A Pt plate was used as the anode material. 250 mM of n-BusNCIO, was
used as supporting electrolyte. Electrode distance was 80 ym. 30 mM of
sodium ethoxide was added and ethanol was used as solvent. All
reactions were carried out at 25 °C. “Yields and product ratios were
determined by HPLC analysis. Yields were based on the theoretical
amount of dimeric product.

71



Chapter 3 Electrochemical Conversion of Primary Amine to Secondary Amine Using a Microreactor:
Analogous System of Photocatalytic Redox Combined Synthesis

3-3-3 Comparison with a conventional batch type reactor

The desired [S/te/l/ # e/P] type paired reaction using the microreactor was
successfully demonstrated in the previous section. Thus, in the next step, a comparison
with a conventional batch type reactor was carried out. The electrode distance of the
microreactor was fixed at 80 um, while that of a conventional batch type reactor was
set as approximately 1.5 cm. As shown in Figure 3-10, the desired amine 3 was hardly
obtained by using a conventional batch type reactor, and the reaction proceeded to give
the intermediate imine 2 selectively in excellent yield. This result clearly shows that
significantly short electrode distance of the microreactor enables a highly efficient
sequential redox reaction, remarkably increasing the desired product 3 ratio. From
these results, it can be stated that this [S/+e’/l/Fe"/P] type paired reaction system using
the microreactor successfully works like a photocatalytic redox combined reaction

system.

electrochemical conversion
2
5 mA cm

1 3.11 Fmol
+_|I_-

[

Pt graphite

/ graphite

Microreactor Conventional batch type reactor
Electrode distance: 80 um ca.1.5cm
Total yield: 97% 96%
Product ratio (2:3): 58:42 97:3

Figure 3-10. Comparison of the preparative electrolysis results between the microreactor and a
conventional batch type reactor. Reactions were carried out in 250 mM of n-BusNCIO4-30 mM
EtONa-EtOH at 25 °C.
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3-3-4 Effect of electrode distance

As described in the chapter 2, our electrochemical microreactor has many parameters
and these parameters should be investigated systematically for the system
optimization.

Thus, the effect of electrode distance on the [S/xe/l/Fe’/P] type paired reaction
system was then investigated. It was expected that the narrower electrode distance (50
um) enhanced the desired redox reaction efficiency compared to the original electrode
distance (80 pum). However, the narrower electrode distance decreased the product

yields, as shown in Figure 3-11. On the other hand, the broader electrode distance (130

electrochemical conversion Pz
, ©/\ NH, ©/\N/\© . @/\ N/\©
> H
2 3

1
m desired amine (3)

m intermediate imine (2)
100

80 -
60 -
40 -
20 -
0
50 80 130

Electrode distance / ym

Yield, %

Figure 3-11. The effect of the electrode distance on the conversion of benzylamine (1) to
dibenzylamine (3) via N-benzylidenebenzylamine (2). Flow rate was fixed at 0.1 mL min™".
Current density was set as 5.0 mA cm?. 3.11 F mol” of charge was passed. Yields were
determined by HPLC analysis and based on the theoretical amount of dimeric product.
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um) resulted in a similar product yields. Therefore, the mass diffusion efficiencies of
the substrate and intermediate would be enough at this range of electrode distance.
Extremely narrow or broad electrode distance should be avoided to suppress

unfavorable effects.

3-3-5 Effect of flow rate
Subsequently, the effect of flow rate on the [S/+e”/I/Fe/P] type paired reaction system
was investigated. As shown in Figure 3-12, when faster flow rate (0.155 mL min’,

2.00 F mol™") was used, the yield of desired amine 3 was significantly decreased while

electrochemical conversion Pz
, ©/\ NH, ©/\N/\© . @/\ N/\@
> H
2 3

1

m desired amine (3)
m intermediate imine (2)

100 -

80 +

60 -
40 -
i
0

0.155 0.1 0.07 0.05

Flow rate / mL min™’

Yield, %

Figure 3-12. The effect of the flow rate on the conversion of benzylamine (1) to dibenzylamine
(3) via N-benzylidenebenzylamine (2). Electrode distance was set as 80 ym. Current density
was set as 5.0 mA cm™. The amount of charge passed depends on the flow rate (2.00 to 6.22 F

mol™). Yields were determined by HPLC analysis and based on the theoretical amount of
dimeric product.
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the yield of intermediate imine 2 was slightly decreased. This was attributed that the
cathodic reduction of 2 was not enough to follow the anodic production of 2 in this
condition. On the other hand, slower flow rate conditions also gave unfavorable results.
In this case, it can be presumed that the over-oxidation of 3 at the anode would be
occurred to give some by-products. Moreover, intermediate 2 would be reproduced by

the over-oxidation of 3.

3-3-6  Effect of current density
Next, the effect of current density on the [S/+e/I/Fe’/P] type paired reaction system
was investigated. As shown in Figure 3-13, the selectivity of the anodic oxidation of 1
to 2 was getting worse by applying higher current density. Over-oxidation of 3 would
be also enhanced.

From the results of the system optimization, it can be concluded that the
improvement of product 3 yield by optimizing some parameters has certain limitations

due to the side-reactions of 1 and/or over-oxidation of 3.
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electrochemical conversion Pz
5 ©/\ NH2 ©/\N/\© . @/\ N/\©
> H
2 3

1

desired amine (3)
m intermediate imine (2)

100 -

40 -

N I

: N
3.2 5 7 10

Current density / mA cm™

Figure 3-13. The effect of the current density on the conversion of benzylamine (1) to
dibenzylamine (3) via N-benzylidenebenzylamine (2). Electrode distance was set as 80 um.
Flow rate was fix at 0.1 mL min™". The amount of charge passed depends on the current density
(2.00 to 6.22 F mol™). Yields were determined by HPLC analysis and based on the theoretical
amount of dimeric product.

3-3-7  Improvement of the microreactor: Suppression of the over-oxidation of
product amine 3 to intermediate imine 2

In order to confirm the over-oxidation of product amine 3 to 2, the electrolyte solution
with 3 was introduced into the reactor instead of the solution with starting material 1
(Figure 3-14 (a)). As a result, 26% of intermediate imine 2 was obtained and 65% of 3
was recovered. Hence, this result clearly indicates the reproduction of 2 by the
over-oxidation of 3 at the anode. Since the recovery yield was up to 91%, the
over-oxidation of 3 would give not only 2 but also some unknown by-products. In

addition, when the electrolyte solution with 2 was introduced into the reactor, 74% of 2
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was converted into 3 (Figure 3-14(b)). This suggests that it is possible to improve the

yield of 3 by further optimization of this system such as cell structure modification.

(a) (b)

7 Pt
:
graphite B / graphite

Pt

oC _/

Microreactor 2 Microreactor
Total yield: 91% Total yield: 100%
Product ratio (2:3): 29:71 Product ratio (2: 3): 26:74

Figure 3-14. Preparative electrolysis results of the microreactor. Reactions were carried out in
250 mM of n-BuyNCIO4-30 mM EtONa-EtOH at 25 °C. The electrode distance was 80 um. The
flow rate was 0.1 mL min™”. The current density was 5 mA cm?. 3.11 F mol”" of charge was
passed. (a) 30 mM of dibenzylamine (3) was used as a starting material. (b) 30 mM of
N-benzylidenebenzylamine (2) was used as a starting material.

In the first modification, a microreactor with longer length was designed (Figure
3-16 (a)). This newly designed microreactor has a twice length of electrodes compared
to the original one, and the electrode area is 6 cm”. It was expected that the cathodic
reduction of 2 to 3 would be enhanced by this new microreactor and the production of
amine 3 would be more favored in this reactor. However, the reaction using this reactor
resulted in poor yields of 2 and 3. Therefore, it can be considered that the
over-oxidation of 3 at the anode occurs simultaneously with the conversion of 1 to 2,
and after the complete consumption of 1, the anodic over-oxidation of 3 to 2 and
cathodic reduction of 2 to 3 become balanced in the reactor (The balanced ratio is
approximately 2 : 3 = 60 : 40). Thus, the yield of 3 would be hardly improved by the
elongation of cell length (the increase of charge passed). This consideration was

indirectly supported by the results of linear sweep voltammograms of 3. As shown in
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Figure 3-15, the oxidation peak current of 3 was observed at ca. 1.5 V vs. SCE. Hence,
product amine 3 would be more easily oxidized than substrate amine 1 when both 1
and 3 exist at the anode surface. Further improvement of the microreactor design

should be attempted in order to obtain higher 3 selectively.

0.7 -
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0.0
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Potential / V vs. SCE

Figure 3-15. Linear sweep voltammograms of dibenzylamine (3) in 250 mM n-BusNCIO,4-EtOH
recorded at a Pt disk electrode (3 mm diameter). The scan rate was 50 mV s,

Besides, when the polarity of the electrochemical cell was reversed (graphite anode
and Pt cathode combination), the reaction yielded 2 quantitatively (Figure 3-16 (b)). In
this case, the hydrogen evolution reaction was dominantly occurred at the cathode due
to the extremely low overpotential for the hydrogen evolution reaction of Pt, and
therefore, intermediate imine 2 was ejected quantitatively without being reduced by
the cathode. As described in the introduction section, compound 2 is a highly valuable
synthetic intermediate which can be utilized for a large variety of organic

transformations. Hence, this result opens a new aspect of the electrochemical
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microreactor as a high throughput imine production system.

Finally, a specially designed microreactor was used for the desired [S/+e’/l/Fe’/P]
type paired reaction. As shown in Figure 3-16 (c), the former part of this reactor was
consisted of a Pt plate anode and Pt plate cathode combination, and the latter part of
this reactor was consisted of a Pt plate anode and graphite plate cathode combination.
The electrolyses of each part of the reactor were conducted independently. In this
special microreactor, it was expected that intermediate imine 2 was mainly generated
at the former part, and promptly transported to the latter part without being reduced to
3. In the latter part, transported 2 would be efficiently reduced to give the desired
product 3. In this way, a similar situation of Figure 3-14 (b) would be realized at the
latter part in this reactor, and the product 3 would be produced favorably.

As a result, this special microreactor electrolysis turned out to be a slight
improvement of product 3 ratio. This result suggests that the concept of this design is
certainly reasonable, however, the completely selective formation of the desired

product is still difficult.
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electrochemical conversion Pz
5 ©/\ NH2 ©/\N/\© . @/\ N/\©
> H
2 3

1

(a) (b)
_ & _— ©
graphite graphite
1 Microreactor 1 Microreactor
Total yield: 83% Total yield: 100%
Product ratio (2: 3): 57:43 Product ratio (2:3): 100:0

graphite

1 Microreactor

Total yield: 80%
Product ratio (2: 3): 49: 51

Figure 3-16. Preparative electrolysis results of the newly designed microreactors. Reactions
were carried out in 250 mM of n-BuyNCIO4-30 mM EtONa-EtOH at 25 °C. The electrode
distance was fixed at 80 um. The flow rate was 0.1 mL min™". The current density was 5 mA cm?,
6.22 F mol” of charge was passed. (a) 6 cm length Pt plate anode and 6 cm length graphite
plate cathode were used. (b) 6 cm length graphite plate anode and 6 cm length Pt plate
cathode were used. (c) The former part of the cell was a Pt plate anode and Pt plate cathode
combination. The latter part of the cell was a Pt plate anode and graphite plate cathode
combination. Each electrode plate was 3 cm length. The two anode plates were separated by
spacer tape (80 um) for insulation (the two cathode plates were also separated in the same
way). The former part and latter part of the cell were connected to different galvanostats,
respectively, and the electrolyses were conducted independently.
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3-4 Conclusion

The [S/+e/l/F€e’/P] type paired electrochemical conversion of benzylamine by using a
microreactor was successfully carried out to provide dibenzylamine. The key feature of
the method is a extremely narrow electrode distance of the microreactor. This
sequential redox reaction hardly proceeded in the conventional batch type reactor.
These results clearly shows a significant advantage of the -electrochemical
microreactor for [S/+e’/l/Fe’/P] type paired electrosynthesis. In addition, it can be
regarded that the two electrode surfaces facing each other with extremely narrow
electrode distance works as an analogous reaction field of photocatalytic redox
combined reaction system.

Experimental results also revealed that over-oxidation of dibenzylamine to
N-benzylidenebenzylamine was occurred in the microreactor. This re-production
reaction retreats a dibenzylamine selectivity, limiting the practical utility of this
reaction system. A specially designed microreactor was applied to overcome this
problem, showing the possibility of dibenzylamine selectivity improvement.

This system can tolerate a wide range of sequential redox reaction system and offers
a new dimension in the electrochemical microreactor system and their applications in

electroorganic synthesis.
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Chapter 4

Product Selectivity Control by Using a Liquid-Liquid Parallel

Laminar Flow in a Microreactor

A novel strategy for product selectivity control by using a liquid-liquid parallel
laminar flow in a microreactor has been demonstrated. The combined use of
suitable flow mode in the microreactor and corresponding cathode material
enables chemoselective cathodic reduction to control the product regioselectivity
in cathodic carbonyl allylation. Additionally, the formation of clear substrate
concentration gradient in the microreactor channel was supported by the
estimation of substrate diffusion coefficient and computational simulation of the

flow.
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4-1 Introduction

4-1-1  Product selectivity control

In the field of synthetic chemistry, there has been a great interest about the control of
product selectivity. Product selectivity is defined as the ratio of the desired product to
all products in a chemical reaction which gives a mixture of desired product and some
byproducts. The development of a novel method or strategy for product selectivity
control have been regarded as fundamental but permanent subjects of synthetic
chemistry because product selectivity often becomes problematic especially in a
industrial production. Hence, considerable synthetic importance and theoretical
interest can be found in the methods for product selectivity control.

With this view in mind, in this study, a new method for product selectivity control
has been demonstrated. Before discussion of such a novel method, conventional ways
of product selectivity control are described below.

Generally, product selectivity is controlled by using suitable reactant(s) and suitable
reaction conditions. Successful regio-, chemo- and stereo-selective reactions by using
organometalic catalysts can be regarded as one of the most typical and well-controlled
reactions.

Thus, in this section, factors for product selectivity control are classified. They are
usually divided into chemical factors and physical factors. Chemical factors are based
on characteristics and interactions of reaction molecules and solvents such as steric
effect, resonance effect, and solvent effect. Physical factors are related to the reaction
fields or systems which are specially designed for each reaction, and ultrasonic
irradiation system and micro-flow system are typical examples. Most of the methods
for product selectivity control are considered from the view of these two factors, and

some of these are exampled in the next section.
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4-1-2  Product selectivity control induced by chemical factors

Steric effect

Steric effect is widely exploited by many researchers to change the reaction pattern and
to suppress the undesired side reactions. One of the most typical example of steric
effect for controlling product selectivity is kinetic resolution. In the kinetic resolution,
generally, two enantiomers show different reaction rate in a chemical reaction to yield
an excess amount of the less reactive enantiomer as a result of different steric

hindrance between each enantiomer and a optically active reactant.

o 0 Ha OH O
R RuBr,[(R)-BINAP]
Ry fast R,
R4=R3=CHs; R,=NHCOCH
syn 1=R3 3; N2 3
synlanti = 99/1
98% ee (2S,3R)
O O H, OH O 100% conversion
R RuBr,[(R)-BINAP]
e A A - AR
R, slow R,
anti

Scheme 4-1. Stereoselective hydrogenation via dynamic kinetic resolution."! The
remarkably high syn selection is rationalized in terms of the sterically constrained
transition state between the substrate and the ruthenium catalyst.

Resonance effect

The classical example of resonance effect is found in electrophilic aromatic
substitution reaction. For example, the amino group of aniline acts as a strong
ortho/para-director, enhancing the proportion of the corresponding ortho- and para-

products in a electrophilic substitution reaction.
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Scheme 4-2. Electrophilic substitution reaction of aniline at para-position. The nitrogen atom
can donate electron density to the 1 system of benzene ring (forming an iminium ion), giving
four resonance structures. This substantially enhances the selectivity of para-substituted
product.

Inductive effect

Markovnikov’s rule is partially caused by inductive effect. This rule states the product
selectivity in an addition reaction of a protic acid (HX) to an alkene. The acid
hydrogen (H) attaches to the carbon atom with fewer alkyl substituents, while the
halide (X) group attacks the carbon atom with more alkyl substituents. This selectivity
is partially ascribed to that the inductive stabilization of the carbocation intermediate
can be occurred at more substituted carbon atoms. Another explanation is given by

hyperconjugation between carbocation and C-H ¢ bonds.

Br H _ Br H
P Ch /B
N T H,CS CHy  or HaC X CH, - +
H ® H Br
major minor

Scheme 4-3. Markovnikov’s rule in the reaction of propene with hydrobromic acid.
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Solvent effect

Solvents can often influence reaction rates through the reaction equilibrium. This leads
that the product distribution of a reaction alters considerably with changes of solvent.
For example, the product distribution in the reaction of singlet oxygen with
1,3-diketone (1) is remarkably affected by solvent effects, as shown in Table 4-1.%
The observed solvent effect on the selectivity of this reaction product can be

rationalized by the consideration of the transition states with solvent polarity.

Table 4-1. Product distribution in the reaction of singlet oxygen with 1.

@iﬁfﬁ M »é(*f”

Distribution (%)

Solvent Sensitizer*

3 4 5

CCl4 TPP 75 25 - -
benzene TPP 26 65 9 -
acetone TPP 14 56 30 -
acetonitrile MB 45 14 4 -
methanol MB - 6 25 40

*TPP: tetraphenylporphine, MB: Methylene Blue

Amount of reactant

In organic synthesis, the amount of reactants also affects the product selectivity in a
chemical reaction. Suitable amount of reactants should be added to a reaction system
with suitable adding speed and order. One example of this type of product selectivity
change is carbon-carbon bond formation reaction of acetylacetone with electrophiles

(Scheme 4-4). In this reaction, when one equivalent of base is added to the substrate
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solution, carbanion is generated at the C3 position of the substrate, and then the
carbanion is caught by electrophile to give C3 substituted product. On the other hand,
when two equivalents of base are used, dianion is generated and one equivalent of

electrophile reacts at C1 position predominantly to give the C1 substituted product.”!

O O O O +E* O O
)J\/U\ + base (1eq.) —> )J\/U\ _— M
©)
E
O O o)

(@] (@] + O
M +base(2eq.>—>@)1\e/”\ % e A

Scheme 4-4. Carbon-carbon bond formation reaction of acetylacetone with an electrophile.

Others

Other chemical factors such as noncovalent interaction, hyperconjugation, hydrogen
bond, electron orbital interaction and electron density can also affect the product
selectivity. It should be noted that the product selectivity control induced by these
factors is mainly provided by intentional changes of transition state stability or

intermediate stability of the reaction molecule(s) during a reaction.

4-1-3  Product selectivity control induced by physical factors

Numerous reports have been paid attention to the product selectivity, however, many
conventional methods for product selectivity control have focused relatively on
chemical factors (One exception is the product selectivity change induced by
temperature control). In contrast, some recent studies have reported the product
selectivity control induced by physical factors. The term of physical factors used here
denotes the significant changes in a reaction field. Researchers could purposely change

the reaction route or reaction pattern by the change of external circumstances for a
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reaction instead of the change of reactant, catalyst, or solvent. These novel strategies

are cited below.

Temperature

Temperature control has historically been regarded as an important factor for product
selectivity control although it can be classified into a physical factor. For example, low

temperature condition generally affords good enantiomer excess in a kinetic resolution.

Ultrasonic irradiation

Ultrasonic irradiation on chemical reactions significantly affects the product
distribution due to cavitation and agitation in homogeneous and heterogeneous
reaction systems, respectively. Electroreduction of p-methylbenzaldehyde under
ultrasonic irradiation is one of the typical example for product selectivity control by
ultrasound (Table 4-2). ™ In this case, ultrasonic irradiation drastically promoted the

formation of hydrodimeric product toward hydromonomeric product.

Table 4-2. Electroreduction of p-methylbenzaldehyde.

OH
(e, (LT oy
T
[D] M]
o Current o
Stirring . Selectivity
efficiency for
mode [D]/[M]
[D] + [M]
still 35% 0.0
mechanical 74% 1.0
ultrasonic 7% >99
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Microwave irradiation

Since microwave irradiation offers a convenient method of local heating and activation,
it can be considered as an alternative method to traditional thermal heating. Microwave
irradiation can also provide a more selective and much faster reaction. Scheme 4-5
shows a selectivity enhancement of the condensation reaction by the use of microwave

irradiation.”’

o ‘ o

H H H
o HaN,, )\”/N '\\N\)\H/Nh'
YJ\OH + —_—
thermal heating 12% 83%

microwave irradiation 93% 5%

Scheme 4-5. Reaction comparison between conventional thermal heating and microwave
irradiation in a methacrylamide formation reaction from methacrylic acid and
(R)-1-phenyl-ethylamine.

Site isolation

The concept of site isolation was proposed about 30 years ago by Cohen and
Patchornik, and since then, this concept has received an much attention.!®! Site
isolation is originally defined that the attachment of opposing reagents to the
respective insoluble polymers suppresses their mutual destruction in a one-pot
multistep reaction (Scheme 4-6). Therefore, this concept can be also regarded as a
method of product selectivity control. One specific example is the use of
polymer-supported carbon nucleophiles in electrochemical generation of carbocations
for a direct oxidative carbon-carbon bond formation reaction (Scheme 4-7).1") Site
isolation between an anode and polymer-supported carbon nucleophiles was achieved

to suppress the oxidation of carbon nucleophiles at the anode. Thus, the desired final
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product was obtained selectively.

mutual destruction to give

e
A+B undesired products

®-—A + ®-—B » no reaction

P = insoluble polymer
A, B, SH = soluble reagents
S- = reactive anion

Scheme 4-6. A general reaction scheme using site isolation in a nucleophilic reaction of S” with

A. SH denotes a compound with acidic protons. -B is a polymeric base converting SH into

its conjugate base S, which then reacts with an electrophilic polymer

desired product S-A.

at the anode

CN- undesired anodic

oxidation reaction

at the anode
® _____ Me,N*CN- —>» noreaction

(I:OzMe
N

®-—-Me;N*CN- + Q CO,Me
at the anode (N%

-2e, -H* |

(P)--A to yield the

P = insoluble polymer

COoMe
N_ _CN

80 % yield

- J

Scheme 4-7. Anodic cyanation of N-(methoxycarbonyl)piperidine (E,>* = 2.10 V vs. SCE) using

®--Me3N+CN'. CN’" was easily oxidized at the anode (the onset potential was ca. 1.3 V vs.
SCE), while the site isolation between the anode and @-- MesN'CN was observed.

N-(methoxycarbonyl)piperidine was oxidized selectively in the presence of

give a desired cyanated product.

(P>~ MesN'CN ' to
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Micro-flow system

In the method using a micro-flow system (microreactor or micromixer system), the
product selectivity of a reaction can be significantly improved by the extremely fast
and efficient mixing and heat transfer stemming from small size and high
surface-to-volume ratio of microstructures. One typical example is the selective
formation of a Friedel-Crafts monoalkylation product by using a micromixer (Scheme
4-8).*1 This type of selectivity change can be regarded as “disguised chemical

selectivity” which was proposed by Rys.!!

OMe OMe OMe
/EZZMe . 78 i /\ N:I;:quMe ) MeO;C:N/jij\/\N:BCOQMe
Bu"® MeO oMe Ml pmeo OMe " Meo oMe
1 2 3 4
reactor 3 (%) 4 (%) 3:4
batch 37 32 54 : 46
T-shaped tube (¢ = 500 um) 36 31 54 : 46
micromixer (channel width = 25 um) 92 4 96:4

Scheme 4-8. Reaction comparison between three types of reactors in a Friedel-Crafts
alkylation reaction of aromatic compound 2 with N-acyliminium ion 1.

Moreover, micro-flow systems are fully compatible with space integration. The term
of space integration represents a sequence of reactions which is conducted in one flow
by adding components at different places (flow synthesis)."” This method is more
flexible as far as choice of reagents which is concerned due to stepwise addition of
components. Therefore, a wide variety of selective product formation in a sequence of
reactions would be proposed by the method based on space integration using

micro-flow systems.
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4-1-4  Objective and strategy of this chapter

In the above sections, conventional methods and recent novel strategies for product
selectivity control are cited and classified into the two factors. Further research on the
method of product selectivity control is still worthwhile. As indicated in the general
introduction (see. Chapter 1), this thesis aims to propose novel reaction systems which
are realized only by using an electrochemical microreactor. Thus, the goal of this
chapter is to propose a novel strategy for product selectivity control realized by using
an electrochemical microreactor. This strategy can be also regarded as a type of space
integration (product selectivity control induced by physical factor), however, the
methodology is fully different from those of reported examples. The basis and details
of this strategy are described below.

Firstly, in order to demonstrate this novel strategy, cathodic carbonyl allylation was
employed for the model reaction. Carbonyl allylation is one of the most important and
most utilized reactions in organic synthesis.!'") This reaction usually provides two
regioisomers, y- and a-adducts, and both products are very useful and valuable as the
framework for the synthesis of natural compounds and pharmaceuticals (Scheme 4-9).
Therefore, the development of a facile regioselective synthesis for either y- or

a-adducts is highly important.

T o X X R . R
YV + RCHO —>
OH ! OH

y-adduct a-adduct

Scheme 4-9. Carbonyl allylation between allylic halides and aldehydes.

Among the several methods employed for this cross-coupling reaction, the

electrochemical method serves as a straightforward and powerful method, and cathodic
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carbonyl allylation has been reported by many researchers since 1972.1"¥ Although the
regioselectivity of this reaction is influenced by electrode materials, the concentration
of supporting electrolytes and current density, Tokuda ef al. clarified that the
regioselectivity was mainly related to the difference in the reduction potentials
between the two starting substrates..'*] Electrochemical carbonyl allylation can
produce either y- or a-adducts depending on whether the aldehyde or allylic halide is
reduced by the cathode. If the aldehyde has a higher reduction potential, the y-adduct
is produced but if the reduction potential of the allylic halide is higher, the a-adduct is
favored. Therefore, control of the product selectivity (regioselectivity in this reaction)
requires that either the allylic halides or aldehydes should be reduced chemoselectively,

regardless of their reduction potentials.

v X +2e, RCHO R
Y\O‘/ X

X7, +H* OH
y-adduct
Y o X
+2e, W/\/
RCHO S R
X +HT OH
X =Cl, Br a-adduct

Scheme 4-10. The reaction pathway of cathodic carbonyl allylation between an allylic halide
and an aldehyde.

To perform chemoselective cathodic reduction, a liquid-liquid parallel laminar flow
in a microreactor was employed in this study. The channel of the microreactor is
sufficiently small to ensure stable and laminar flow of solutions."*! As shown in Figure
4-1, when two solutions (allylic halide solution and aldehyde solution ) are introduced
through respective inlets (inlet 1 and inlet 2) of the microreactor, a stable liquid-liquid

interface can be formed, and mass transfer between the input streams occurs only by
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means of diffusion. Therefore, the substrate introduced through inlet 1 could be
predominantly reduced, whereas the reduction of the inlet 2 substrate could be avoided.
Consequently, chemoselective cathodic reduction would proceed and an intentional
cross-coupling product would be obtained regioselectively. In other words, product

selectivity control would be realized by simply switching the reagent flows.

CHO
©/ \ cathode
)\/\/Ph

OH
oa-~adduct

Inlet 2 as major product
/ anode

(a)

Y\/Cl
\ cathode
ci (reduction
%ph
) Y —

OH

CHO,
©/ y-adduct
Inlet 2 as major product
©/CHO / anode

Figure 4-1. Chemoselective cathodic reduction using parallel laminar flow in the microreactor.

§

(a) Flow mode for the selective reduction of benzaldehyde (2a). (b) Flow mode for the selective
reduction of 1-chloro-3-methyl-2-butene (1a).

The demonstration of the above strategy, reaction conditions, diffusion estimation
and computational simulation of the liquid-liquid parallel laminar flow in the

microreactor channel, and versatility of this system were investigated in this chapter.
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4-2 Experimental Section

4-2-1  Instrumentation

Nuclear magnetic resonance (‘H NMR, “C NMR) spectra were measured on JEOL
JNM EX-270 spectrometer operating at 270 MHz ('"H NMR), 67.8 MHz (13C NMR)
in CDCL;. All "H NMR chemical shifts were reported in ppm relative to internal
references of TMS at 8 0.00. *C NMR chemical shifts were reported in ppm relative to
carbon resonance in chloroform-d; at 8 77.00. EI mass spectra were measured with a
Shimadzu GCMS-QP5050A mass spectrometer. IR spectra were recorded on a
Shimadzu FTIR-8100A spectrometer. Cyclic voltammetry and chronoamperometry
were performed by using a computer-controlled electrochemical analyzer (ALS/CH
Instruments 630C). Preparative electrolyses were carried out with a HOKUTO
DENKO HA-501 Potentiostat/Galvanostat. GC analyses were performed with a
Shimadzu GC-2014 gas chromatograph with Tween 80 (2 m column). Computational
fluid dynamics (CFD) simulations for liquid-liquid parallel laminar flow in a
microreactor were carried out by using commercial CFD package Fluent 6.3 (ANSYS

Inc.).

4-2-2  Materials

1-Chloro-3-methyl-2-butene (1la) was purchased from Aldrich and purified by
distillation before use. Hexamethylphosphoric triamide (HMPA), tetrabutylammonium
perchlorate (n-BusNCIOy), benzaldehyde (2a), 4-(trifluoromethyl)benzaldehyde (2b),
2-naphthaldehyde (2¢), p-tolualdehyde (2d) and 3-furaldehyde (2e) were purchased

from Tokyo Chemical Industry and used as received.
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4-2-3  Microreactor

Figure 4-2 shows schematic illustration of the microreactor. The microreactor

consisted of two plates. Each plate was glued the electrode plate (cathode plate (Pt or

Ag, Nilaco) or anode plate (graphite, IGS-743, Nippon Techno-Carbon), 3 cm width, 3

cm length) and glass plate (2.6 cm width, 3 cm length) together. A slit was provided on

anode side for introducing solution B of Figure 4-2 into the reactor. A spacer (both

sides adhesive tape, 20 um thickness, Nitto Denko) was used to leave a rectangular

channel exposed, and the two plates were simply sandwiched together. After

connecting Teflon tubing to inlets and outlet, the reactor was sealed with epoxy resin.

The dimensions of the channel were 1 cm width, 20 um depth, and 6 cm total length

and area of the two electrodes was 3 cm?>.

Teflon tube R —

solutionB ——

syringe pump
solution A ——»

syringe pump

20 um spacer

Graphite anode _|

+

[

7

cooling bath, 0°C

solution
Inlet 1

J
_—"/ solution B, Inlet 2

Teflon tube

.

o
collection
vessel

cathode

slit
(anode side)

ﬂ _Graphite anode

glass plate it S

$| R o 4

A e = __
—

glass plate

Figure 4-2. Schematic illustration of the microreactor.
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4-2-4  CFD simulation settings

A T-type planer (2D) geometry and boundary conditions used are shown in Figure 4-3.
The quadrilateral mesh was generated by using the pre-processor Gambit 2.4 software
(ANSYS Inc.). The physical properties and simulation parameters used in the present
work are listed in Table 4-3. A uniform inlet velocity was set at the two inlets and input
streams were assumed to develop into laminar flows. In application of Fluent 6.3,
Navier-Stokes equations and species transport equations were solved simultaneously.
No heat transfer and no reaction between transported species were presumed. A no-slip

boundary condition was used at the walls where the velocity is zero.

Inflow 2

4

20 um 1cm

—— 20 um

<

o << ) oo

20 um

Figure 4-3. Schematic illustration of the geometry and the boundary conditions used in the
CFD simulation.

Table 4-3. Simulation settings and physical properties of liquids used for the simulations.

Property Value
Mesh number 1,046,000
Inlet velocity (Inflow 1 and Inflow 2) 8.33x10* m s
Mass fraction of benzaldehyde (Inflow 1) 0
Mass fraction of benzaldehyde (Inflow 2) 0.206
Molecular weight (HMPA) 179.2 kg kmol
Molecular weight (benzaldehyde) 106.12 kg kmol”
Density (HMPA) 1030 kg m™®
Density (benzaldehyde) 1041.5 kg m™
Dynamic viscosity® 1.11x10° Pa s

“Obtained by rheology measurements, see: Figure 4-14.
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4-2-5  General procedure for preparative electrolysis

KdScientific model 100 syringe pumps were used to pump the reaction solutions. Two
solutions were flowed through a cooling bath (0 °C) before introducing into the cell.
All reactions were conducted galvanostatically. Conditions of the cathodic
cross-coupling reaction between 1 and 2 in the microreactor are described in footnotes
a of Table 1 in the main text. The reaction mixture was analyzed by GC. For isolation
of the products, the reaction mixture (5 mL) was added to a 50 mL of water and the
aqueous layer was extracted three times with a 30 mL of diethyl ether. The combined
organic fractions were washed with brine, dried over Na,SO4 and concentrated in
vacuo. The residue was purified by column chromatography on silica gel with
hexane/AcOEt. '"H NMR yields of the crude mixture was determined with an internal
standard (MeNQO;). All products except for 4b were identified by authentic samples
and literatures (3a,[13b] 4a,[13b] 3e,[13b] 4e,[13b] 3b,[15] 4c,[16] 3c,[17] 3d"" and 4d[18]) using
'H NMR and mass spectroscopy. Compound 4b was identified by using 'H and "°C

NMR, IR, mass, and high-resolution mass spectroscopy.

4-2-6  Spectroscopic data

e

OH
2,2-Dimethyl-1-phenyl-but-3-en-1-o0l (3a)
colorless oil; '"H NMR (270 MHz, CDCls) § 7.29(s, 5H), 5.92(dd, J = 17.3, 10.5 Hz,
1H), 5.16-5.04(m, 2H), 4.43(s, 1H), 1.02(s, 3H), 0.96(s, 3H); MS (EI) m/z (relative

intensity) 176([M'], 0.26), 107(100), 79(93), 70(98).
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s

OH
4-Methyl-1-phenyl-pent-3-en-1-ol (4a)

colorless oil; '"H NMR (270 MHz, CDCls) & 7.40-7.23(m, 5H), 5.20-5.14(m, 1H),
4.68(dd, J = 8.1, 5.7 Hz, 1H), 2.55-2.38(m, 2H), 1.83(bs, 1H), 1.72(s, 3H), 1.61(s, 3H);

MS (EI) m/z (relative intensity) 176([M*], 4.3), 107(99), 79(95), 70(100).

CF3
w

OH
2,2-Dimethyl-1-(4-trifluoromethyl-phenyl)-but-3-en-1-o0l (3b)
colorless oil; '"H NMR (270 MHz, CDCls) & 7.56(d, J = 8.1 Hz, 2H), 7.41(d, J = 8.1 Hz,
2H), 5.88(dd, J = 17.6, 10.8 Hz, 1H), 5.20-5.05(m, 2H), 4.48(s, 1H), 2.11(bs, 1H),
1.02(s, 3H), 0.96(s, 3H); MS (EI) m/z (relative intensity) 244([M'], 0.01), 225(9),

175(98), 147(33), 127(88), 70(100).

CF3
/K/\/@

OH
4-Methyl-1-(4-trifluoromethyl-phenyl)-pent-3-en-1-ol (4b)

colorless oil; IR (neat NaCl, v/cm'l) 3370, 2920, 1620, 1420, 1330, 1170, 1130, 1070,
1020, 890; '"H NMR (270 MHz, CDCl3) & 7.60(d, J = 8.10 Hz, 2H), 7.48(d, J = 8.10
Hz, 2H), 5.18-5.12(m, 1H), 4.75(t, J = 5.67, 1H), 2.48-2.42(m, 2H), 2.08(bs, 1H),
1.74(s, 3H), 1.61(s, 3H); >C NMR (67.8 MHz, CDCls) & 148.00, 136.45, 125.95,
125.11(q, J = 3.9 Hz), 118.85, 73.31, 38.37, 25.94, 18.01; MS (EI) m/z (relative
intensity) 244([M'], 0.09), 225(3), 175(62), 147(10), 127(49), 70(100); HRMS (EI)

m/z Caled. for Ci3H3F30 [M'-2H]: 242.0913 Found: 242.0912.
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e

OH
2,2-Dimethyl-1-naphthalen-2-yl-but-3-en-1-o0l (3¢)

pale yellow oil; '"H NMR (270 MHz, CDCls) & 7.84-7.74(m, 4H), 7.48-7.42(m, 3H),
5.97(dd, J = 17.6, 10.8 Hz, 1H), 5.18-5.06(m, 2H), 4.60(s, 1H), 2.14(bs, 1H), 1.06(s,
3H), 1.01(s, 3H); MS (EI) m/z (relative intensity) 226([M ], 4.6), 157(100), 129(92),

102(3), 77(6).

L

OH
4-Methyl-1-naphthalen-2-yl-pent-3-en-1-ol (4¢)
pale yellow oil; "H NMR (270 MHz, CDCl3) & 7.84-7.81(m, 4H), 7.51-7.42(m, 3H),
5.23-5.16(m, 1H), 4.85(dd, J = 7.6, 5.4 Hz, 1H), 2.58-2.51(m, 2H), 2.11(bs, 1H),
1.73(s, 3H), 1.63(s, 3H); MS (EI) m/z (relative intensity) 226([M'], 5.1), 208(12),

193(21), 178(16), 157(100), 129(96), 115(4), 89(5), 77(6).

Me
w

OH
2,2-Dimethyl-1-p-tolyl-but-3-en-1-o0l (3d)

colorless oil; '"H NMR (270 MHz, CDCl;) & 7.20-7.10(m, 4H), 5.92(dd, J = 17.5, 10.9
Hz, 1H), 5.15-5.04(m, 2H), 4.40(s, 1H), 2.34(s, 3H), 1.01(s, 3H), 0.95(s, 3H); MS (EI)

m/z (relative intensity , 0.29), , , , .
/z (relative i ity) 190([M ], 0.29), 121(100), 93(81), 77(64), 70(69
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Me
/K/Y@

OH

4-Methyl-1-p-tolyl-pent-3-en-1-ol (4d)

colorless oil; '"H NMR (270 MHz, CDCls) & 7.25(d, J = 8.07 Hz, 2H), 7.15(d, J = 8.07
Hz, 2H), 5.20-5.14(m, 1H), 4.64(dd, J = 7.91 Hz, 5.27, 1H), 2.58-2.29(m, 2H), 2.34(s,
3H), 1.94(bs, 1H), 1.73(s, 3H), 1.62(s, 3H); MS (EI) m/z (relative intensity) 190([M '],

1.3), 172(10), 157(16), 142(11), 121(100), 93(80), 77(57), 70(58).

o)
X Ly
OH
1-Furan-3-yl-2,2-dimethyl-but-3-en-1-o0l (3e)
yellow oil; 'H NMR (270 MHz, CDCls) & 7.36-7.7.34(m, 2H), 6.37-6.36(m, 1H),
5.91(dd, J = 17.3, 10.8 Hz, 1H), 5.17-5.07(m, 2H), 4.40(s, 1H), 1.03(s, 3H), 1.00(s,

3H); MS (EI) m/z (relative intensity) 166([M", 8]), 133(1), 97(100), 70(90).

0
x , Y
OH
1-Furan-3-yl-4-methyl-pent-3-en-1-ol (4e)
yellow oil; '"H NMR (270 MHz, CDCls) & 7.39-7.37(m, 2H), 6.42-6.41(m, 1H),
5.20-5.12(m, 1H), 4.66(dd, J = 7.26, 5.79 Hz, 1H), 2.55-2.37(m, 2H), 1.85(bs, 1H),
1.73(s, 3H), 1.65(s, 3H); MS (EI) m/z (relative intensity) 166([M'], 10.9), 148(4.4),

133(3.5), 119(4.1), 97(100), 70(95).

105



Chapter 4 Product Selectivity Control by Using a Liquid-Liquid Parallel Laminar Flow in a Microreactor

4-3 Results and Discussion

4-3-1  Cyclic voltammetry in the microreactor

First of all, in order to confirm that substrate was prevented from reaching the counter
electrode surface by the use of liquid-liquid parallel laminar flow, cyclic
voltammograms (CVs) were measured for the reduction of benzaldehyde (2a) in the
microreactor. A reduction peak of 2a, as shown in Figure 4-4(b), was clearly observed
at -1.89 V vs. Ag wire when an electrolytic stream containing 2a entered only through
inlet 1 of Figure 4-1 (cathode side inlet). On the other hand, the peak current was
significantly decreased when an electrolytic solution with 2a was introduced through
inlet 2 (anode side inlet), and a solution without 2a was introduced through inlet 1
(Figure 4-4(c)). This result indicated that the use of liquid-liquid parallel laminar flow

did prevent 2a from reaching the cathode when it was introduced through inlet 2.

Current /| mA
o
o
AN
~—
e

20 -16 -12 -08 -04
Potential / V vs. Ag wire

Figure 4-4. Cyclic voltammograms for the reduction of benzaldehyde (2a) in 200 mM
n-BusNCIlO4-hexamethylphosphoric triamide (HMPA) using a microreactor with a Pt cathode.
Ag wire as a reference electrode was placed externally, downstream near the outlet of the
microreactor. The scan rate was 100 mV s™. (a) HMPA solution without 2a was introduced
through inlet 1 of Figure 4-1 at a flow rate of 0.02 mL min™" (background). (b) HMPA solution
with 2a (1M) was introduced through inlet 1 at a flow rate of 0.02 mL min™". (c) HMPA solution
with 2a (2M) was introduced through inlet 2, and HMPA solution without 2a was introduced
through inlet 1, both at a flow rate of 0.01 mL min™".
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4-3-2  Reduction potentials of substrates

Next, reduction potentials of substrates were measured by cyclic voltammetry in 0.2 M
n-BusNClOs/hexamethylphosphoric triamide (HMPA) medium recorded at (a)
platinum (Pt), (b) glassy carbon (GC), and (c) silver (Ag) electrodes. As shown in
Figure 4-5(a), benzaldehyde (2a) was reduced at ca. -2.22 V vs. SCE (peak potential),
while 1-chloro-3-methyl-2-butene (1a) was reduced at ca. 3.02 V vs. SCE at Pt
electrode. As mentioned in the above, the regioselectivity of this model reaction is
mainly influenced by the difference in the reduction potentials between two starting
substrates. When aldehydes are more readily reduced than allylic halides, the reduction
yields a-adducts preferentially. Thus, it can be predicted that the a-adduct would be
obtained as a major product at the bulk electrolysis using Pt electrode. From the result
of Figure 4-5(b), GC electrode would also show similar product selectivity. On the
other hand, as shown in Figure 4-5(c), 1a and 2a were reduced at almost same
potentials (ca. -2.23 V vs. SCE) at the Ag electrode. This was ascribed to a
electrocatalytic activity of the Ag electrode for the reduction of organic halides.!'”!

Therefore, it is expected that a nearly equal amount of y-adduct and a-adduct are

obtained at the bulk electrolysis using Ag electrode.
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Current / pA
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Potential / V vs. SCE

(b) GC
0_
-100-
<
S -200
c
o
3 -300
-400- 2a
---1a
_500 T T T T T T T
32 -28 24 20 16 -12 -08
Potential / V vs. SCE
(c) Ag
0_
-100-
<
E -200-
o
3 -300-
2a
-400- - --1a
-500

32 28 -24 20 16 -12 -08
Potential / V vs. SCE

Figure 4-5. Cyclic voltammograms of 50 mM 1-chloro-3-methyl-2-butene (1a) / HMPA and 50

mM benzaldehyde (2a) / HMPA recorded at (a) Pt, (b) GC, and (c) Ag disk electrodes (3 mm
diameter). The scan rate was 100 mV s™.
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4-3-3  Preparative experiments of the cathodic cross-coupling reaction
Subsequently, preparative experiments of the cathodic cross-coupling reaction were
carried out using a 1-chloro-3-methyl-2-butene (1a) and benzaldehyde (2a) substrate
combination. Since the reduction potential of 2a is much lower than that of 1a at the Pt
electrode, a-adduct was obtained as a major product when the reaction was carried out
using a conventional batch type reactor with the Pt electrode (Table 4-4, entry 1).
Similar results were obtained by using the microreactor with single flow mode (see.
the figure of Table 4-4) and the Pt and GC electrodes (entry 2 and entry 3). In contrast,
as shown in entry 4, the yield of y-adduct was increased by using the Ag electrode.
These experimental results well reflect the results of CVs in Figure 4-4.

Then, in order to improve the y-adduct selectivity, 1-bromo-3-methyl-2-butene was
used instead of 1a in entry 5 because allylic bromide has lower reduction potential
than that of allylic chloride. However, the total yield was significantly decreased
though y-adduct was obtained dominantly. In this case, bromide ion derived
cathodically from 1-bromo-3-methyl-2-butene would be oxidized at the anode to give
Br' species, and then, they were reduced at the cathode to regenerate bromide ion.
Thus, a large part of the electricity seemed to be consumed for the redox reaction of
Br/Br'.

As shown in entry 6, the selectivity of a-adduct was improved by using the
microreactor with the flow mode (a). The 90% of substrate 1a was converted in this
condition, however, hydrobenzoin, benzyl alcohol and homo-coupling products of 1a
were also detected as by-products. (The oxidation of HMPA was occurred
simultaneously in the anode because HMPA has a lower oxidation potential.) Since
these homo-coupling side-reaction would be occurred simultaneously in entry 6, the

yield was improved by decreasing the concentration of 2a as shown in entry 7. (The
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Table 4-4. Cathodic carbonyl allylation between 1a and 2a using the microreactor.”

cathodic reduction
%C' + PhCHO — %Ph , )\/\/Ph
3.73 F mol OH OH

10 mA cm

1a 2a y-adduct, 3a a-adduct, 4a

<<Single flow mode>>

PhCHO
cathode
Inlet 1 reduction

Inlet 2
/ anode

%CI

<<Flow mode (a)>>

cathode

@Jction
%C' + phcHo P %+ prono =)

anode

Y\/Cl
\ cathode
W/\/CI reduction

PhCHO
Inlet 2

anode
PhCHO

<<Flow mode (b)>>

Entry Cathoée Flow mode Total yield (%)” Selectivity”
material 3a+4a 3a:4a
1° Pt Batch type reactor 69 29 : 71
2 Pt Single flow mode 64 17 : 83
3 GC Single flow mode 54 15:85
4 Ag Single flow mode 63 45 :55
5¢ Ag Single flow mode 10 >99 : <1
6 Pt Flow mode (a) 44 9:91
7° Pt Flow mode (a) 55 8:92
8 Pt Flow mode (b) 58 41:59
9 Ag Flow mode (a) 60 47 : 53
10 Ag Flow mode (b) 75 (67) 87 :13

“Experimental conditions: The concentration of 1a in HMPA was 500 mM, and that for 2a was 2
M. n-BuyNCIO, was used as a supporting electrolyte in all solutions (200 mM). Flow rates of
each solution were 0.01 mL min™ and the total flow rate was 0.02 mL min™. All reactions were

performed at 0 °C. ‘Determined by GC analysis. °Reported in the literature.

[13b]

d1-bromo-3-methy|-2-butene was used instead of 1a. °The concentration of 2a was 1 M.

Isolated yield in parenthesis.
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current efficiency for 4a was 27.1% and the productivity was 26.8 mg h™.) On the
other hand, the use of the flow mode (b) significantly increased the y-adduct selectivity
(entry 8). These results indicated that our concept for chemoselective cathodic
reduction by using a parallel laminar flow in the microreactor works.

As shown in entry 9, the use of the Ag electrode with flow mode (a) couldn’t
enhance a-adduct selectivity compared to the result in entry 4. However, the selectivity
was reversed and y-adduct was obtained as a major product when the electrolysis was
performed by a combination use of the Ag electrode and flow mode (b) (entry 10, the
current efficiency for 3a was 33.4% and the productivity was 32.9 mg h™). It should be

noted that this was opposite selectivity compared to that obtained in entry 7.

4-3-4  Estimation of diffusion coefficient for 2a and CFD simulations of the
liquid-liquid parallel laminar flow in the microreactor

The effect of a liquid-liquid parallel laminar flow mode in the microreactor and the
application to the preparative electrolysis were investigated experimentally in the
previous sections (section 4-3-1 and 4-3-3). In addition to these experiments, it is
important to verify the formation of liquid-liquid parallel laminar flow in the
microreactor channel and the substrate diffusion behavior in such a flow mode.
Therefore, in this section, the diffusion coefficient for the substrate (benzaldehyde
(2a)) in HMPA medium was estimated and the spatial distribution of the substrate in

the microreactor was investigated by computational fluid dynamics (CFD) simulations.
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Estimation of diffusion coefficient by Stokes-Einstein equation and diffusion length by

Fick’s second law

Firstly, the diffusion coefficient for 2a in HMPA was estimated from Stokes-Einstein

equation:

D= k—T Equation 4-1
6mrn

where D is the diffusion coefficient of the species, # is the dynamic viscosity of the
medium, k is the Botzmann constant, 7 is the absolute temperature, and r is the
effective radius of the diffusing species. If the effective radius of the diffusing species
modeled as a sphere was set as 0.28 nm (comparable size of organic compound),

[20]

which value was obtained from the literature,””" the diffusion coefficient for 2a (Dpa)

was roughly estimated as:
Dy, =2.4%x107° cm’s™
by using above equation with:
n=3245x10" Pas
which was obtained from the dynamic viscosity of HMPA in the same literature.
A residence time (7) in the reactor was 18 s corresponding to a total flow rate of 0.02
mL min™". Therefore, the diffusion length (x) of 2a was estimated as:
x= (Dt)l/2 =66 um
by using Fick’s second law. As the channel depth is 20 um, this suggests that the 2a
molecule reaches to the cathode surface in approximately one thirds of the channel
length from the anode surface. Thus, the concentration of 2a on the cathode surface
would be diluted compared to that under the single flow mode of Table 4-3.
However, this estimation is fairly rough due to including some approximations and

cannot fully support the formation of liquid-liquid parallel laminar flow in the
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microreactor channel. Thus, in the next step, CFD simulation of the flow was

conducted.

CFD simulations at several orders of diffusion coefficient

Under the experimental conditions used in this study, different simulations were
carried out by varying the diffusion coefficient for 2a (Dga) from 5x10° to 1x10™ cm?
s'. This range of diffusion coefficient roughly covers from the diffusion of general
small organic compounds in the low viscosity solvent to their diffusion in high
viscosity medium such as ionic liquids. For example, the diffusion coefficient for
ferrocene in acetonitrile (7 = 0.345x% 107 Pa s 1) was estimated as 2.3x10” cm?® s 12,
while the value for methyl viologen in a typical ionic liquid
1-n-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PFs], n = 2.33%x10!
Pa s **)) was estimated as 1.1x10® cm? s7 2%,

Figures 4-6, 4-8, 4-10 and 4-12 show schematic visualizations of the CFD
simulation results for 2a diffusion in the microreactor channel from inlets to 1.0 mm
down stream position, and Figures 4-7, 4-9, 4-11 and 4-13 show corresponding
distribution plots for 2a concentration at the specific positions, respectively. In Figures
4-6 and 4-7, when Dgp was set as 5x10° cm? s'l, 2a immediately diffused to the
cathode surface and the input streams were completely mixed each other even at 1 mm
down stream position. This tendency was not significantly improved when Dpa was set
as 1x10° cm? s’l, as shown in Figures 4-8 and 4-9. Thus, these results indicate that the
Dga value obtained by Stokes-Einstein equation in the previous section (= 2.4x107°
cm? ) cannot supports the results of CV measurements in Figure 4-4.

In contrast, when Dga was set as 1x10”7 cm” s™', the concentration gradient clearly

remained even at 1 cm down stream position, as shown in Figure 4-10 and 4-11. In this
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benzaldehyde
mol dm-3
Inflow 2 Inflow 1: 200 mM n-Bu,NCIO,-HMPA sol. . 20
l Inflow 2: 2 M benzaldehyde-200 mM n-Bu,NCIO,-HMPA sol.
Inlet 2 Anode
Inflow 1 —> 1.0
Inlet 1 F2

| Cathode |

0.0 mm 1.0 mm i
0.0

Figure 4-6. Schematic visualization of the CFD simulation result for benzaldehyde diffusion in
the microreactor channel from inlets to 1.0 mm down stream position. Dgp was set as 5x10°
cm? s™”'. Each flow rate was fixed at 0.01 mL min™'. The electrode distance was set as 20 pm
(The vertical scale is different from the horizontal scale. Both two inlets have 20 ym width.).

2.0
1.6

At 0.5 mm down stream position

1.2

/ mol dm

0.8

At 1 mm down stream position

0.4

Concentration of benzaldehyde

00 T T T T 1
8 12 16 20
Distance / um

o
N

Figure 4-7. Distribution plots for 2a concentration at specific positions of the microreactor
channel corresponding to the CFD simulation of Figure 4-6. Dga was set as 5x10° cm? s™. X
axis shows the distance from the cathode surface.
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benzaldehyde
mol dm-3
Inflow 2 Inflow 1: 200 mM n-Bu,NCIO,-HMPA sol. l 20
l Inflow 2: 2 M benzaldehyde-200 mM n-Bu,NCIO,-HMPA sol.
Inlet 2 Anode
Inflow 1 —> 1.0
Inlet 1 7
| Cathode |
0.0 mm

1.0 mm I
0.0

Figure 4-8. Schematic visualization of the CFD simulation result for benzaldehyde diffusion in

the microreactor channel from inlets to 1.0 mm down stream position. Dgp was set as 1x10®

cm? s, Each flow rate was fixed at 0.01 mL min™'. The electrode distance was set as 20 pym

(The vertical scale is different from the horizontal scale. Both two inlets have 20 ym width.).

Concentration of benzaldehyde

/ mol dm

2.0

1.6

1.2
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Figure 4-9. Distribution plots for 2a concentration at specific positions of the microreactor
channel corresponding to the CFD simulation of Figure 4-8. Dga was set as 1x10° cm? s™. X

axis shows the distance from the cathode surface.
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benzaldehyde
mol dm-3
Inflow 2 Inflow 1: 200 mM n-Bu,NCIO,-HMPA sol. l 20
l Inflow 2: 2 M benzaldehyde-200 mM n-Bu,NCIO,-HMPA sol.
Inlet 2 Anode
Inflow 1 —> 1.0
Inlet 1 7

| Cathode |

0.0 mm 1.0 mm I
0.0

Figure 4-10. Schematic visualization of the CFD simulation result for benzaldehyde diffusion in
the microreactor channel from inlets to 1.0 mm down stream position. Dgp was set as 1x107
cm? s, Each flow rate was fixed at 0.01 mL min™'. The electrode distance was set as 20 pym
(The vertical scale is different from the horizontal scale. Both two inlets have 20 ym width.).
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'S T
c 0.4 -

o
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Distance / um

Figure 4-11. Distribution plots for 2a concentration at specific positions of the microreactor

channel corresponding to the CFD simulation of Figure 4-10. Dga was set as 1x107 cm? s, X
axis shows the distance from the cathode surface.
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benzaldehyde
mol dm-3
Inflow 2 Inflow 1: 200 mM n-Bu,NCIO,-HMPA sol. l 20
l Inflow 2: 2 M benzaldehyde-200 mM n-Bu,NCIO,-HMPA sol.
Inlet 2 Anode
Inflow 1 —> 1.0
Inlet 1 7
| Cathode |
0.0 mm

1.0 mm I
0.0

Figure 4-12. Schematic visualization of the CFD simulation result for benzaldehyde diffusion in

the microreactor channel from inlets to 1.0 mm down stream position. Dgp was set as 1x10°®

cm? s, Each flow rate was fixed at 0.01 mL min™'. The electrode distance was set as 20 pym
(The vertical scale is different from the horizontal scale. Both two inlets have 20 ym width.).
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Figure 4-13. Distribution plots for 2a concentration at specific positions of the microreactor
channel corresponding to the CFD simulation of Figure 4-12. Dga was set as 1x10% cm? s™. X

axis shows the distance from the cathode surface.
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case, the concentration of 2a on the cathode surface was diluted especially in the
former part of the cell. Furthermore, the concentration distribution was drastically
changed in the order of Dga value lower than 1x 10® ¢cm® s”'. In this order of Dga value,
2a hardly diffuse to the cathode surface and the concentration of 2a on the cathode
surface is extremely low (Figures 4-12 and 4-13). The resulting 2a concentration
profiles are qualitatively in agreement with the experimental results obtained in Figure
4-4. Therefore, from these results, it can be stated that the real Dgs value in the
n-BuyNClO4~-HMPA medium would be found in the range from 1x10% to 1x107 cm?
s, It is also noteworthy that the results of this CFD simulations clearly support the
formation of concentration gradient of substrate in the microreactor channel over a

specific length.

Estimation of diffusion coefficient by Wilke-Chang equation

In order to estimate more precise value of diffusion coefficient for 2a, Wilke-Chang
equation was then employed. Wilke-Chang equation, which is a modified form of
Stokes-Einstein equation obtained experimentally, is probably the most widely used to
estimate diffusion coefficient in liquid phase systems.'*”! The equation is:

(¢M,,)"T

Dy, = 7.4x107 -
77501VBA

Equation 4-2

where ¢ is the association factor of solvent, M, is the molecular weight of solvent, T
is the absolute temperature, 75 1s the viscosity of solvent, and Vpa is the molal volume
of 2a at its normal boiling temperature. M, of HMPA is 179.20 g mol™. T was set as
273.15 K (0 °C) in this system. ¢ was set as 0.7 which the value is derived from the
association factor of aromatic hydrocarbon.

In order to obtain 7,0 in Equation 4-2, the rheology of n-BusNCIO4-HMPA medium
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was measured experimentally. Figure 4-14 shows the relationships between shear rate
() and shear stress (7) of three samples (sample A: 200 mM n-BusNCl104-HMPA sol.,
sample B: 1 M 2a-200 mM »n-BusNClO4-HMPA sol., sample C: 2 M 2a-200 mM
n-BusNCIO4-HMPA sol.) at 0 °C. Linear relationships were observed in each sample,
suggesting that these mediums are Newtonian fluids. Thus, the viscosity («) of these
samples was estimated by following equation:
T=U-y Equation 4-3

and determined as 1.27X10’2, 1.13x102 and 1.11x102 Pa s for samples A, B and C,
respectively. These results suggest that the concentration of 2a slightly affects their
viscosity. The viscosity of sample A (1.27x107 Pa s) was employed as 75,1 in Equation
4-2.

12 4

Shear stress (1) / Pa

0 200 400 600 800

Shear rate (y)/ s™

Figure 4-14. The relationships between shear rate (y) and shear stress (r) of
n-BuyNCIO4-HMPA mediums recorded by a rheometer at 0 °C. Rhombic plots: sample A, 200
mM n-BuyNCIO4-HMPA sol., 1/ y = 1.27x10° Pa s. Triangle plots: sample B, 1 M 2a-200 mM
n-BuyNCIO4-HMPA sol., 1/ y = 1.13x10° Pa s. X shape plots: sample C, 2 M 2a-200 mM
n-BuyNCIO4-HMPA sol.,, 7/ y = 1.11x102 Pa s. Plots are average values of three times
measurements.
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The molal volume of 2a at normal boiling point (Vga) was estimated by Le Bas
method."”®! The molecular formula of 2a is C;H¢O, and additive volumes of carbon
atom, hydrogen atom, oxygen atom, and ring structure are 14.8, 3.7, 7.4, -15.0 cm’ g’
mol'l, respectively. Therefore, the Vs value was determined as:

Vin =7x14.8+6x3.7+7.4-15.0=1182cm’g 'mol™

Consequently, by using Equation 4-2 with these values, the diffusion coefficient for
2a was estimated as:

D,, =1.02x107° cm?s™

Although the estimation by Wilke-Chang equation gave slightly lower value of Dga
compared to that estimated by Stokes-Einstein equation, this value is still far different
from the value expected by CV results and CFD simulations. This may be attributed to
the following facts: i) Wilke-Chang equation is supposed to estimate at very low
concentration of solute condition, not suited for extremely high concentration
condition like 2 M. ii) Wilke-Chang equation would not be applied for the estimation
in high viscosity medium like 1.27x107 Pa s. iii) The association factor of HMPA ()
would be significantly different from the real value. From these results, it can be stated
that it is rather difficult to estimate the precise D value in the n-BusNCIO4-HMPA

medium by using prediction equations.

Experimental measurement of diffusion coefficient by potential step chrono-

amperometry and steady-state cyclic voltammetry

In the next step, the diffusion coefficient for 2a (Dga) was measured experimentally by
potential step chronoamperometry and steady-state cyclic voltammetry. Although there

are some methods available for measuring molecular diffusion coefficient in a solution

[27] [28]

such as optical scattering and NMR spectrometry' = °, the electrochemical
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measurements have some advantages which they can be carried out by using common
apparatus with short experimental time. This method needs fast electron transfer
between an electrode and target molecules, and the use of adequate amount of
supporting electrolyte is inevitable.

Initially, to determine Dpa value and the number of electrons (n) for the 2a
reduction, the potential step chronoamperometry was performed using 10 mM 2a/0.2
M n-BusNC1O4-HMPA solution with a sample time of 0.001 s recorded at the Pt disk
electrode (3 mm diameter). The sample was pre-treated by holding the potential at a
point corresponding to zero faradaic current (0.00 V vs. SCE) for 2 s, after which the
potential was stepped to a potential higher than the 2a reduction peak potential (-2.6 V
vs. SCE) and the current measured for 10 s at 0 °C. The time-dependent current
response obtained on the first step was showed in Figure 4-15 and corresponding
Cottrell plot was showed in Figure 4-16 (The Cottrell plot was corrected by subtraction
of the background current.).

The current was almost linear with the reciprocal of the square root of time from
2.23 to 0.31 s™"2. The relationship between Dga and n was then obtained by fitting to

the following Cottrell equation:

FAD
1= n—B/?/f =9.82x107°t™"? Equation 4-4
(EDBAI)

where, I, F, A and c are the current, the Faraday constant, the geometric surface area of
the working electrode, and the concentration of 2a, respectively.

Next, in order to determine Dpa and »n values, another relationship between Dpa and
n was estimated by steady-state cyclic voltammetry using a Pt micro disk electrode
(100 um diameter) with a slow scan rate. Figure 4-17 shows the CV for the reduction

of 10 mM 2a in 0.2 M »n-BuyNCIO4~-HMPA solution recorded at 0 °C, and the
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Figure 4-15. Potential step chronoamperogram for the reduction of 10 mM benzaldehyde in

HMPA containing 0.2 M n-BusNCIO, recorded at the Pt disk electrode at 0 °C. The potential was
stepped from 0.0 to -2.6 V vs. SCE.
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Figure 4-16. Cottrell plot (dot line) of current vs. £ corresponding to the chronoamperogram

of Figure 4-15. The plot was corrected by subtraction of the background current. Fitting line is
also given as a solid line which the slope is -9.82x10° A s'?
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measured diffusion limiting current was obtained as 7.63x10™ A (This limiting current
was corrected by subtraction of the background current.). Thus, the relationship
between Dpa and n was obtained by fitting to the following equation:

I, =4nFcDya=7.63x10" A Equation 4-5
where a is the radius of the micro disk electrode.

Then, from the simultaneous equations of Equations 4-4 and 4-5, Dgs and n were
determined as 2.40x10° cm” s™' and 1.65, respectively. This D value is close to that
obtained by hydrodynamic estimation in the previous sections, suggesting that such
estimation can be successfully applied under the low 2a concentration condition.
Nevertheless, the real Dgs value under high concentration condition (2 M 2a) is still
not confirmed.

Thus, subsequently, additional steady-state cyclic voltammetry was carried out for

the reduction of 2 M 2a in 0.2 M n-BusNC1O4-HMPA solution at 0 °C. As shown in

-204

-404

-60 4
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-804

-100 T T T T T T T T T T T 1
22 -20 18 16 -14 -12 1.0

Potential / V vs. SCE

Figure 4-17. Steady-state cyclic voltammogram for the reduction of 10 mM 2a at the Pt micro

disk electrode (100 pym diameter) in 0.2 M n-BusNCIO4-HMPA solution at 0 °C. The scan rate
was 10 mV s™.

123



Chapter 4 Product Selectivity Control by Using a Liquid-Liquid Parallel Laminar Flow in a Microreactor

Figure 4-18, the diffusion limiting current was obtained as 2.10x10® A. Then, by using
n value of 1.65 obtained in the above and the following equation:
I, =4x1.65xFcDy,a=2.10x10"° A Equation 4-6
the real Dpa value under high concentration condition (2 M 2a) was determined as:
D, =1.32x107 cm®s™
This Dga value is approximately one order of magnitude lower than that under low
concentration condition, indicating that the concentration of 2a greatly affects their

Dgpa values and the diffusion manner of liquid-liquid parallel laminar flow in the

microreactor channel.
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Potential / V vs. SCE

Figure 4-18. Steady-state cyclic voltammogram for the reduction of 2 M 2a at the Pt micro disk

electrode (25 ym diameter) in 0.2 M n-BusNCIO-HMPA solution at 0 °C. The scan rate was 10
mVs™.

Figures 4-19 and 4-20 show computational simulation results of liquid-liquid
parallel laminar flow in the microreactor channel using the Dgs value obtained at

Equation 4-6. Although the concentration gradient for 2a still remains even at 1 cm

124



Chapter 4 Product Selectivity Control by Using a Liquid-Liquid Parallel Laminar Flow in a Microreactor

down stream position from inlets, this result slightly reflects the results of CV
measurements in Figure 4-4. As stated in the previous section, the CFD simulations
using several orders of diffusion coefficient suggest that the Dga value would be found

2 5! However, the electrochemically measured

in the range from 1x10® to 1x10” cm
Dga value was a little larger than such predicted values. This minor difference between
the predicted Dga value and measured Dgs value would indicate that some unknown
factors may affect the 2a diffusion in the microreactor channel and reduce the Dga
value. Actually, a decrease of molecular diffusion in micro-nano channels have been
observed in the literature.””! This phenomenon can be attributed to the increased
number of interactions between medium and the channel walls, which can no longer be
neglected when the channel size reaches a critical value. Therefore, it might be
possible that such interactions reduce the Dpa value and the clear concentration
gradient of 2a is kept in the microreactor channel. It might be necessary for more
accurate simulation to combine a new diffusion model, representing interaction

between substrate and wall, with macro-scale models, which were based on

Navier-Stokes equations and species transport equations.
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benzaldehyde
mol dm-3
Inflow 2 Inflow 1: 200 mM n-Bu,NCIO,-HMPA sol. l 20
l Inflow 2: 2 M benzaldehyde-200 mM n-Bu,NCIO,-HMPA sol.
Inlet 2 Anode
Inflow 1 —> 1.0
Inlet 1 F2

| Cathode |

0.0 mm 1.0 mm I
0.0

Figure 4-19. Schematic visualization of the CFD simulation result for benzaldehyde diffusion in
the microreactor channel from inlets to 1.0 mm down stream position. Dga Was set as 1.32x107
cm? s, Each flow rate was fixed at 0.01 mL min™'. The electrode distance was set as 20 pym
(The vertical scale is different from the horizontal scale. Both two inlets have 20 ym width. Both
two inlets have 20 um width.).
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Figure 4-20. Distribution plots for 2a concentration at specific positions of the microreactor
channel corresponding to the CFD simulation of Figure 4-19. Dga was set as 1.32x107 cm? s™".
X axis shows the distance from the cathode surface.
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Influence of the flow rate difference between input streams on the substrate diffusion

Finally, the influence of the flow rate difference between input streams on the 2a
diffusion was investigated by CFD simulation. In Figures 4-21 and 4-22, the flow rate
of inflow 2 was set twice as fast as the rate of inflow 1. The 2a diffusion was enhanced
in this condition, and the concentration of 2a on the cathode surface increased faster
than that calculated in Figures 4-19 and 4-20. In contrast to this, the flow rate of inflow
1 was set twice as fast as the rate of inflow 2, as shown in Figures 4-23 and 4-24. The
2a diffusion was fairly decreased and the concentration change of 2a on the cathode
surface was depressed. These simulations apparently show that the substrate diffusion
at the liquid-liquid parallel laminar flow in the microreactor channel is significantly
affected not only by diffusion coefficient but also by the flow rate difference between

input streams.
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benzaldehyde
mol dm-3
Inflow 2 Inflow 1: 200 mM n-Bu,NCIO,-HMPA sol., 0.01 mL min-* l 20
l Inflow 2: 2 M benzaldehyde-200 mM n-Bu,NCIO,-HMPA sol., 0.02 mL min-!
Inlet 2 Anode
Inflow 1 —> 1.0
Inlet 1 F2

| Cathode |

0.0 mm 1.0 mm I
0.0

Figure 4-21. Schematic visualization of the CFD simulation result for benzaldehyde diffusion in
the microreactor channel from inlets to 1.0 mm down stream position. Dga Was set as 1.32x107
cm? s™. The flow rate of Inflow 1 was fixed at 0.01 mL min™", and that of Inflow 2 was fixed at
0.02 mL min™. The electrode distance was set as 20 pum (The vertical scale is different from the
horizontal scale. Both two inlets have 20 um width.).
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Figure 4-22. Distribution plots for 2a concentration at specific positions of the microreactor

channel corresponding to the CFD simulation of Figure 4-21. Dga was set as 1.32x107 cm? s™
X axis shows the distance from the cathode surface.
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benzaldehyde
mol dm-3
Inflow 2 Inflow 1: 200 mM n-Bu,NCIO,-HMPA sol., 0.02 mL min-* l 20
l Inflow 2: 2 M benzaldehyde-200 mM n-Bu,NCIO,-HMPA sol., 0.01 mL min-!
Inlet 2 Anode
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Figure 4-23. Schematic visualization of the CFD simulation result for benzaldehyde diffusion in

the microreactor channel from inlets to 1.0 mm down stream position. Dga Was set as 1.32x107
cm? s™. The flow rate of Inflow 1 was fixed at 0.02 mL min™", and that of Inflow 2 was fixed at
0.01 mL min™. The electrode distance was set as 20 pum (The vertical scale is different from the
horizontal scale for visualization. Both two inlets have 20 ym width.).
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Figure 4-24. Distribution plots for 2a concentration at specific positions of the microreactor
channel corresponding to the CFD simulation of Figure 4-23. Dga was set as 1.32x107 cm? s™".
X axis shows the distance from the cathode surface.
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4-3-5  Necessity of the liquid-liquid parallel laminar flow mode for the product
selectivity control

Next, the necessity of the liquid-liquid parallel laminar flow mode was investigated
experimentally. In this cross-coupling reaction, the key step for product selectivity
determination is the initial cathodic reduction. If the cathodically generated
intermediate can be transferred to the outlet of the electrochemical microreactor
without its decomposition or its conversion to undesired byproducts, a flow mode
(Figure 4-25(b)), in which an electrolytic solution containing another substrate is
introduced at the outlet of the electrochemical microreactor, would be also useful for
the effective control of product selectivity. In practice, however, the desired
cross-coupling reaction was not proceeded at all. This is ascribed to the fact that the
stability of the reactive intermediate generated at the cathode was insufficient to
transfer it to the outlet of the reactor without decomposition or side-reactions. In
contrast, in the liquid-liquid parallel laminar flow mode, the reactive intermediate can
be effectively trapped by another substrate before they are lost (Figure 4-25(a)). Hence,
it can be stated that the liquid-liquid parallel laminar flow mode is essentially required

for an efficient product selectivity control in the cross-coupling reaction.
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\ cathode

Inlet 1 o1 feduction
W/\/ \>§/Ph i )\/\(Ph
(a) OH OH
PhCHO y-adduct, 3a a-adduct, 4a
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PhCHO 3a:4a=87:13
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Figure 4-25. Schematic illustration of two kinds of flow modes for the microreactor and their
application to the cathodic cross-coupling reaction of 1-chloro-3-methyl-2-butene (1a) with
benzaldehyde (2a) at the Ag cathode. (a) Liquid-liquid parallel laminar flow mode in an electric
field. (b) Single laminar flow mode in an electric field. The flow rates of two electrolytic solutions
containing 1a (500 mM) and 2a (2 M), respectively, were fixed at 0.01 mL min™" each. Current
density was 10 mA cm™. All reactions were performed at 0 °C.

4-3-6  Versatility of this system

Finally, the versatility of this microreactor system was investigated by cathodic
cross-coupling reactions between 1la and various aldehydes (2b-e). Before the
electrolyses using the microreactor, reduction potentials of aldehydes were
investigated by cyclic voltammetry recorded at the Pt disk electrode. As results, the
reduction peak potentials range from ca. -1.76 V to -2.51 V vs. SCE (Figure 4-26).
Note that the reduction peak of 1a was observed at ca. -3.02 V at the Pt electrode

(Figure 4-5(a)).
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Figure 4-26. Cyclic voltammograms of 50 mM aldehydes (4-(trifluoromethyl)benzaldehyde (2b),
2-naphthaldehyde (2¢), p-tolualdehyde (2d) and 3-furaldehyde (2e)) in HMPA solution
containing 200 mM n-BuyNCIO, recorded at the Pt disk electrode (3 mm diameter). Scan rate
was 100 mV s™.

Then, cathodic cross-coupling reactions between la and aldehydes (2b-e) were
carried out using the microreactor with flow mode (a) or flow mode (b) of Figure 4-1.
As results, the use of the Pt cathode with flow mode (a) provided the corresponding
a-adducts as major products in reasonable yields (Table 4-5, entries 1, 3, 5, and 7). In
this flow mode, selectivities were not affected by the reduction potentials of aldehydes.
This may be ascribed to the fact that the reduction potentials of aldehydes were lower
than that of 1a enough to reduce aldehydes chemoselectively in any case. On the other
hand, the use of the Ag cathode with flow mode (b) afforded the corresponding
v-adducts as major products in good to moderate yields (entries 2, 4, 6, and 8). In this
case, selectivities were slightly depended on the reduction potentials of aldehydes.
Since the reduction peak of 1a at the Ag cathode was observed at ca. -2.23 V (Figure

4-5(¢c)), 1a would be more readily reduced than 2d or 2e. Therefore, the reduction

132



Chapter 4 Product Selectivity Control by Using a Liquid-Liquid Parallel Laminar Flow in a Microreactor

priority would change from aldehydes (2d and 2e) to la in these cases, and
consequently, y-adduct selectivity got better.

From these experiments, it can be concluded that this microreactor system enables
chemoselective cathodic reduction and intentional product selectivity control
(regioselectivity control) of the cathodic cross-coupling reaction between allylic

chloride and a wide range of aldehydes.
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Table 4-5. Cathodic carbonyl allylation of various aldehydes using the microreactor.?

cathodic reduction
%C' + RCHO > \><(R | )\/\(R
3.73 F mol™"

10 mA cm™ OH OH
1a 2 y-adduct, 3 a-adduct, 4
RCHO Cathode material, Total yield (%)  Selectivity?
Entry b R Products 3, 4
(Epred) flow mode 3+4 3:4
1 cHO P, flow mode (a) o o, 03 15:85
FBC OH OH
2 2b (-1.76 V) Ag, flow mode (b) 3b 4b 65 60 : 40
3 Pt, flow mode (a) 59 12 :88
CHO ’
OH OH
4 2¢c (-2.05V)  Ag flow mode (b) 3¢ dc 54 67 : 33
5 cHo Pt flow mode (a) \><(©/Me we O7 10:90
[ ] x )\V\KQ/
Me OH OH
6 2d (-2.28V) Ag, flow mode (b) 3d 4d 68 74 :26
7 CHO Pt, flow mode (a) . . 52 19 : 81
I\ X A2 IS My
8 2e (-2.51V) Ag, flow mode (b) 3e de 49 86 : 14

“Experimental conditions are described in footnote a of Table 4-4. Reduction peak potentials
were recorded at the Pt disk electrode (Figure 4-26). “Flow mode (a) is the flow mode for the
selective reduction of aldehyde and flow mode (b) is the flow mode for the selective reduction of
1a, as shown in Figure 4-1. ‘Determined by 'H-NMR analysis using nitromethane as an internal
standard.
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4-4 Conclusion

Synthetic chemists have always shown a great interest in the control of product
selectivity. While many traditional ways for the control of product selectivity were
based on chemical factors, recent studies have shown novel types of strategies based
on physical factors.

In this chapter, a new strategy for a product selectivity control based on physical
factor is described. Intentional chemoselective reduction in a cathodic cross-coupling
reaction was successfully carried out by using a liquid-liquid parallel laminar flow
mode in a microreactor. The combined use of suitable flow mode and corresponding
cathode material enables control of the product selectivity (regioselectivity) in this
reaction (y-adduct/a-adduct = 8/92 in the case of flow mode (a) with Pt cathode,
v-adduct/a-adduct = 87/13 in the case of flow mode (b) with Ag cathode in the reaction
of 1-chloro-3-methyl-2-butene with benzaldehyde). The necessity of the liquid-liquid
parallel laminar flow mode was supported by flow mode experiments. In addition, the
formation of liquid-liquid parallel laminar flow in the microreactor was supported by
the estimation of substrate diffusion coefficient and CFD simulations. The diffusion
coefficient for benzaldehyde in 200 mM n-BusNClO4-HMPA medium was determined
as 1.32x107 ¢cm?® s experimentally, and the flow simulation using this value revealed
the formation and stability of the concentration gradient of substrate in the
microreactor channel over a specific channel length although the simulation was not
completely reflected the results of CV experiments.

This strategy serves as one of the solution for product selectivity control without
adding any reactants or catalysts in a electrochemical cross-coupling reaction. It is also
worth noting that the present observations open a new aspect of product selectivity

control using microreactor systems.
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Chapter 5 Summary

Today, microreactor technology is opening up new possibilities for organic synthesis.
The many advantages and benefits of this emerging technology are now beyond doubt.
However, the microreactor technology has still not been applied for electroorganic
synthesis widely.

With this in mind, this thesis has been demonstrated the practical applications of an
electrochemical microreactor to electroorganic synthesis in order to establish an
integrated system for cleaner and characteristic organic synthesis. The proposed novel
systems can be carried out only by using the electrochemical microreactor, which
cannot be performed by conventional batch type reactors.

This thesis consists of five chapters. The introduction, advantages, and applications
of microreactor technology, and outline of this thesis are described in Chapter 1. The
research results are described in details from Chapter 2 to Chapter 4, and summarized
as follows.

In Chapter 2, a novel microreactor system for paired electrosynthesis without
intentionally added supporting electrolyte was developed. The mechanisms of
self-supported systems in each solvent (protic and aprotic solvent) were proposed in
the introduction section, respectively. A general design for the self-supported system in
aprotic solvent was also discussed. Then, a self-supported paired electrochemical
reaction composed of organic chloride reduction/alcohol oxidation combination was
successfully carried out to give the corresponding products in good to moderate yields.
In this case, cathodically generated chloride ions and anodically generated protons
should act as charge carriers, and the cell voltage during the electrolysis was
significantly decreased. These experimental results strongly support the proposed
mechanisms and design methodology for constructing a self-supported microreactor

system.
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In Chapter 3, a [S/+e/l/e/P] type electrochemical conversion of benzylamine to
dibenzylamine using a microreactor has been successfully demonstrated as an
analogue of photocatalytic redox combined reaction. The extremely narrow electrode
distance of the microreactor enables to proceed this sequential redox reaction. In
contrast, this reaction system could not be achieved by using a conventional batch type
reactor. The re-production of N-benzylidenebenzylamine by over-oxidation of
dibenzylamine inhibited the smooth formation of dibenzylamine in this system,
however, this undesired side-reaction would be repressed by specific design of the
microreactor and further optimization of the system.

In Chapter 4, a new method for product selectivity control by using a liquid-liquid
parallel laminar flow in a microreactor has been successfully demonstrated. The
combined use of suitable flow mode in the microreactor and corresponding cathode
material enables chemoselective cathodic reduction to control the product
regioselectivity in cathodic carbonyl allylation. The necessity of the liquid-liquid
parallel laminar flow mode was supported by flow mode experiments. In addition, the
substrate diffusion behavior in the microreactor channel was predicted by the
estimation of substrate diffusion coefficient and CFD simulations. The flow
simulations revealed that the clear concentration gradient of the substrate was formed
in the microreactor channel over a specific channel length.

Although proposed electrochemical microreactor systems in this thesis are still in
their infancy, it is expected that this study will make significant contributions not only
to microreactor technology but also to electroorganic chemistry. Since promising
results would be obtained by the integrated use of microreactor technology with
electroorganic synthesis, it is hoped that further studies of -electrochemical

microreactor will be conducted.
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