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Abstract

Microflow technology has become an innovative and fashionable tool in synthetic
organic chemistry, opening the way to novel challenging interactions between chemistry
and other scientific disciplines. The system properties and reaction conditions in
microflow chemistry are different to those in flask as a result of higher surface-to-
volume ratios and shorter diffusion distances bringing significant advantages over
conventional flask method such as improved heat transfer and reduced mixing times.
More and more multiphase microflow systems have begun to emerge over the last few
years, offering a variety of methodologies. The attention to the various emerging
microflow techniques represented the starting point for the development of the present
work. The study presented in this thesis focuses on the application of microflow
systems using segmented flow technique to various organic transformations by
development of a practical and economical system setup in order to provide a basic
methodology for synthetic chemists. First, we carried a comparison study between
microflow and flask reaction using a simple biphasic hydrolysis under segmented flow.
The study was then extended to investigate the effect of parallel vs. segmented flow, in
addition to the variation of reaction parameters in the microflow system, such as
heating, sonication, and microchannel size. We selected for our study two classes of
catalytic organic reactions of particular synthetic relevance, namely palladium-catalysed
Heck coupling and ruthenium-catalysed ring-closing metathesis. We carried out
biphasic Heck catalysis then moved onto the study of segmented flow application to
monophasic reactions both in single step and multistep syntheses. Overall the use of
microflow technique, applied to a number of reactions of various types and carried out
with many chemical and engineering variables, allowed us to observe overall reaction
performances enhancement compared to conventional flask chemistry, on the whole

rather agreeably, reproducibly, and displaying very regular trends.
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Preface

Carrying out chemical reactions in microflow system can display significant advantages
over conventional flask methods. The system properties and reaction conditions applied
in microflow system are different to those in flask as a result of higher surface-to-
volume ratios and shorter diffusion distances provided by the small size of the
microsystem (a few micrometres wide). In addition, the small flow volumes, combined
with the high surface-to-volume ratios, significantly improve the heat transfer, i.e. the
movement of heat current between the channel surface and the flow as well as within
the flow. On the other hand, the short diffusion distances result in reduced mixing times.
Consequently microflow technology has become one of the most revolutionary and
fashionable branches in chemistry bringing enormous improvement and potential
especially in synthetic organic chemistry, and has opened wide possibilities to create
novel interactions between chemistry and other science disciplines. A basic microflow
system consists of a microchannel connected to the reagents’ reservoir at one end and
the product collection container at the other. The typical microflow reaction takes place
once the reagents are continually delivered into the microchannel, allowing the resulting
reaction mixture to flow in a continuous fashion through the channel at a fixed flow rate
(volume/time) for a definite time known as the residence time which corresponds to the
reaction time. After flowing at a definite residence time, the product is then collected
from the systems output continuously. The continuous nature of the system combined
with the small flow volume brings additional advantages to the microflow reactions,
such as more control over reaction times, consumption of small amount of reagents,
reproducibility, and controlled mixing of reagents. Hence microflow technique can be

an ideal tool for reaction optimisation compared to conventional batch method.



Furthermore, the ability to couple the microflow system with continuous on-line
purification, analysis and additional automotive systems makes the microflow process
more efficient in terms of time and cost, making the technique more appealing to
chemical and pharmaceutical industry. In addition, scale up of microflow reactions can
be carried out easily by increasing the reactor volume or by setting up several
microflow systems in parallel. This is especially appealing for scaling up of potentially
hazardous reactions. In spite of the many literature examples of reactions been studied
using microtechnology, most of the work carried in this area focused on the
development of systems using single phase flow chemistry. More and more multiphase
microflow systems have begun to emerge over the last few years. In a microchannel, the
multiphase flow generates different flow patterns such as parallel flow, where the
multiple phases flow side-by-side in parallel manner, while in segmented flow, the
phases segregate each other in an alternating fashion. Once these segments are formed,
an internal vortices or turbulences are generated within each segment which resulting in
enhanced mixing compared to parallel flow. Hence segmented flow is believed to add
extra advantage to multiphase microflow system over other flow patterns. The study
presented in this thesis focuses on the application of microflow system using segmented
flow technique to various organic transformations using a practical and economical
system setup in order to develop a basic methodology for synthetic chemists. We
imitially aimed to look into biphasic organic systems using segmented flow, but later on
our ideas developed into applying segmented flow to monophasic reactions using an
inert immiscible phase. First, we demonstrate a comparison study between microflow
and flask reaction using a simple biphasic hydrolysis under segmented flow. Then study
was extended to investigate the effect of parallel vs. segmented flow, in addition to the

variation of reaction parameters in the microflow system, such as heating, sonication,
ii



and microchannel size. The following chapter focuses on more complex organic
transformations that we carried aiming to achieve reaction enhancement. We studied a
number of organic reactions of particular synthetic relevance, and selected two as the
most successful ones, namely palladium-catalysed Heck coupling and ruthenium-
catalysed ring-closing metathesis. We carried out biphasic Heck catalysis then moved
onto the study of segmented flow application to monophasic reactions both in single
step and multistep syntheses. Overall the use of microflow technique, applied to such a
large number of reactions of various types and carried out with many chemical and
engineering variables, allowed us to observe overall reaction performances
enhancement compared to conventional flask chemistry, on the whole rather agreeably,

reproducibly, and displaying very regular trends.



Chapter 1

Introduction to liquid-liquid

microflow systems



1.1. Background

The use of organic solvents involved in a large number of chemical processes inevitably
causes solvent loss into the environment due to their volatility, with consequences on
the environment and adverse health effects. Therefore, the search for cleaner chemical
processes to reduce the release of harmful chemicals into the environment is highly
desirable and constitutes an interesting challenge in chemistry nowadays. One possible
solution is to use the biphasic or liquid-liquid system approach, by introducing a more
environmentally friendly immiscible non-organic medium to an organic medium,
allowing the consumption of lower amounts of organic solvents. An additional
advantage of biphasic systems is the ease of recycling the reactants by exploiting their
different solubilities between the two media. For example, reactants and product
dissolved in two distinct phases can be separated simply by separating the two phases at
the end of the reaction. As a consequence of such advantages, the application of
biphasic systems is gaining a great deal of interest in different areas of chemistry
especially in catalysis."*! The typical choice of solvent combination in a biphasic
system consists of an organic solvent combined with water as the non-organic
immiscible solvent. However, there is a limited amount of catalysts or reagents that are
water-soluble and water-stable, bringing limitations to a number of applications.
Immiscible solvents other than water are recently becoming more and more favourable
to apply in biphasic reactions, due to the solubility and stability of a wide variety of
catalysts and reagents in such solvents. For example, ionic liquids and fluorinated
solvents have many successful applications in biphasic synthesis such as Heck coupling
and hydroformylation using ionic liquid media, while organic: fluorinated biphasic

system is used in the Baeyer-Villiger oxidation reaction (Scheme 1.1) in the presence of



Lewis acid catalyst scandium bis-(perfluorooctanesulfonyl)amide Sc[N(SOzchn)z];.[S'

8]

BF, FFFRF
m CF;
N N\/\/ FSC
N FF FF
Ionic liquid ([obmim][BF,]) Fluorinated solvent (Perflurohexane)
1 mol % o
0 SCIN(SOCsF17)els
f :
H202 aq.

CF3CgF44: Dioxane

Scheme 1.1. Sc-catalysed Baeyer-Villiger oxidation of cyclobutanone in organic - fluorinated media
using dioxane and perfluoro(methylcyclohexane) (1% catalyst recycling (96% yield): 2™ catalyst recycling

(97% yield): 3™ catalyst recycling (94% yield).!®!

In biphasic systems, molecules at the region of contact between the two phases have a
different molecular environment than those in the bulk of both phases. While there are
equal cohesive forces in all directions between molecules inside the phase bulk, those at
the region of contact have unbalanced cohesive forces as they are not entirely
surrounded by the same molecules. Consequently, they are strongly attracted towards
the direction of the bulk phase. As a result, a boundary between the two phases is
formed, known as the interface or surface area, making it more difficult for one phase to
mix with the other. An example of a boundary formation in nature is that between the

liquid-air surface in which the unbalanced attractive forces result in a contraction of the



liquid surface towards the liquid bulk by pulling the liquid molecules at the surface into
the bulk. Such phase contraction is the reason for formation of spherical shaped liquid

droplets in nature.

V¥V @VVﬁ
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A A VF il
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Figure 1.1. (@) Formation ofan interface between two immiscible liquids (red and blue circles) as a result
of unbalanced forces at the boundary in contrast to (b) a single phase system of two miscible solvents

(yellow and blue circles).

The force at the surface or interface is defined as the surface tension or interfacial
tension (y). The term ‘interfaciaT is used to accompany the concept of tension when
both phases are liquids whereas ‘surface’ is usually used for gas-liquid, gas-solid or
solid-liquid systems. The stronger the cohesive forces in a phase, the higher the
interfacial or surface tension. Hence, any decrease in the strength of the interaction will
lead to a weaker tension which consequently increases the miscibility of the system.
There are many ways of achieving this, for example, the addition of surfactants,
mechanical stirring or applying high temperatures. In addition, each phase is subject to

forces from the other, especially in liquid-liquid system compared to gas-liquid, making



the interfacial tension weaker in liquid-liquid system. The formation of a boundary in
some liquid-liquid system does not depend only on the differences in the molecular
environment between the two phases, but also on the degree of phase saturation in
certain solvent systems. This is especially the case for partially miscible liquid-liquid
systems. For example, in a biphasic system consisting of phase a and phase 8, by
addition of a small amount of phase a to a large amount of phase B a miscible system is
formed. When phase a is continuously added to the system, a single phase is retained
until phase B becomes fully saturated with phase o, thus causing phase separation. If
addition of phase a continues until phase  become the minor phase, a miscible system

will form again."-* 1!

Reactions in liquid-liquid systems can take place either at the interface or in the bulk of
a phase. The occurrence of a reaction taking place at the interface depends on the
reactants meeting at the interface, meaning that the interface area as well as the
diffusion rate through the bulk plays an important role. On the other hand, if a reaction
takes place in one of the phases, the reactants has to transfer first from one phase to the
phase where the reaction is occurring, by diffusing through the interface before the
reaction takes place. In this case, the rate of diffusion through the interface is an
important factor. However, diffusion is more complicated through the interface than
across the bulk as the mass transfer of the reactant through the interface must be taken
into an account, as well as the solubility of the reactants in each phase has to also be
considered. In a system where the solubility of a reactant is equal in both phases (« and
B), the reactant would diffuse through the interface from the most concentrated phase to
the less concentrated phase. Hence, the diffusion rate J (mol m™ s‘l) in such system is
2 1

expressed as a function of the diffusion coefficient D (m” s™), the diffusion distance x



(m), and the concentrations of both phases o and B (mol m™), as shown in Equation 1.1

(differential form).!"

[)dﬂa}-Uﬂ)

1.1
i (Eq.1.1)

J=-

On the other hand, a reactant with different solubility in both phases will diffuse in the
direction of the phase in which the reactant is more soluble, regardless of the
concentration, until saturation conditions are reached. Consequently, in this case the
diffusion rate is affected by the concentration relative to the saturation. The ratio of
distribution of solute between the two phases is known as partition coefficient P which
is determined by the relative solubility of the solute S in each phase of the system under

identical physical conditions, as shown in Equation 1.2."-% - 121

_ [S]phase o

"~ [Slphase B (Eq.1.2)

1.2. Liquid-liquid flow in microchannel

For an immiscible liquid-liquid system in a flask, the liquid phase with greater density is
found at the bottom while the lighter liquid is on top forming an undisturbed flat
interface. When the system is agitated, drops of various sizes of one phase form and
disperses within the other phase. In a microchannel, the two immiscible liquids found to

create various flow patterns, from segregated plugs (i.e. droplets or segments) of



alternating phases to parallel flow in which both phases flow side by side.I"¥) These flow
patterns are characterised by a number of dimensionless parameters, influenced by
factors such as the microchannel properties, flow velocity, and the liquid properties.!"!
Variation of these parameters affects the stability of the flow pattern and can lead to
transition from one flow pattern to another. The characteristics of liquid flow in a
channel were first studied by Osborne Reynolds in 1883, by pumping a liquid
continuously into a glass tube while introducing a fine strand of coloured liquid to the
flow (Figure 1.2). Reynolds observed that, at low flow rate, laminar flow was the
dominating behaviour, in which the coloured strand flowed in straight parallel streams
along the flow direction (Figure 1.3). As the flow rate was increased, the coloured
strands were broken into vortices until a point where turbulent flow behaviour was
dominant across the tube (Figure 1.3).'"> ' This transformation from laminar to
~ turbulent flow is characterised by the dimensionless quantity known as the Reynolds

number (Re).!"”!

pvd  Inertiaforces

Reynolds number (Re) = = Viscous forces (Eq.1.3)

Reynolds number relates inertia and viscous forces as shown in Equation 1.3, where p is
the density (Kg m™), v represents the velocity (m s™), d is the characteristic length (m),
and y is the viscosity (Kg m™ s™). At low values of the Reynolds number (Re < 2000),
laminar flow behaviour dominate, while at high Reyrnolds number (Re > 3000) turbulent
flow behaviour is the dominant mode. Within the intermediate range of Reynolds
number (2000 < Re < 3000) the flow is neither entirely laminar nor turbulent since the

7



transformation take place over a range of Re values. The viscous and inertia forces are
related to the channel surface tension by the dimensionless Capillary (Ca) and Weber

(We) numbers.

Figure 1.2. Reynolds apparatus for flow pattern study.

Laminar flow Turbulent flow

Flow direction Flow direction

Figure 1.3. Schematic illustration of the liquid flow in a channel shown by red arrows: (left) laminar

flow at low Re and (right) turbulent flow at high Re

Capillary number (Ca)fl§] relates viscosity and surface tension as presented in
Equation 1.4, where p is the liquid viscosity, v is the flow velocity and y is the surface
tension. On the other hand, the Weber number (W efI" relates the inertia forces to the
surface tension, as shown in Equation 1.5, where p is the liquid density, d is the

characteristic length, v is the flow velocity and y is the surface tension.



v
Capillary number (Ca) = %— (Eq.14)

2d
Weber number (We) = i

(Eq.1.5)

The relatively small size of the microchannel cross section causes the viscous forces
to dominate over the inertia, resulting in a low Reynolds number. Hence, laminar flow
behaviour is dominant and mixing occurs via diffusion rather than turbulences.
Laminar flow systems are preferable to uncontrolled turbulent flow on account of a
much better reproducibility, while on the other hand the formation of turbulences
leads to unpredictable patterns. In theory, a liquid-liquid system should flow in
microchannel under laminar conditions, however, the presence of a liquid-liquid
interface boundary will create a complex interplay between the inertial and viscous
forces balance within each single phase on one hand, and the interfacial tension on the
other hand, resulting in a variety of interfacial boundary shapes leading to various
flow patterns. Giinther er al. " illustrated the relationship between these influential
forces in different types of liquid-liquid systems by means of a diagram as a function
of the channel cross section area and velocity as shown in Figure 1.4. ! '® In a
macroscale channel, gravity has an effect on the flow pattern of a biphasic system;
consequently the flow pattern varies between vertical and horizontal channels.
However, in a microchannel, the gravity effect is dominated by the viscosity forces
which is expressed by the Bond number (Bo) as a ratio of gravity force to surface
tension ' (Equation 1.6) where Ap is the density difference, g is body force due to

gravity, d is the characteristic length and y the interfacial tension.



Ap)gd?2
Bond number (Bo) = f.-f?:g____ (Eq. 1.6)

Interfacial
Force

10mm 1cm/s

lcm 100 m/s

Figure 1.4. Effect of interfacial forces on inertia, viscous, gravity forces with respect to velocity and

channel cross section area: inertia forces represented by the pink plane; viscosity forces represented by

ril

the orange plane; gravity forces represented by the blue plane.

1.2.1. Channel surface and liquid-liquid interaction
When the cohesive forces of a liquid phase exceed the attractive forces between the
liquid and the surface (adhesive forces), high surface tension is attained, resulting in

formation of droplets of liquid on the surface. On the other hand, low surface tension

10



is achieved when adhesive forces dominate the cohesive forces hence the liquid
spreads over and wets the surface. The extent of contraction or spreading of the liquid
on a surface depends on the degree of surface tension or, in other words, the wetting
property ofthe surface. The degree of wetting can be expressed with the contact angle
(0) between the surface and the liquid. For example, a drop of water on a hydrophobic
(non-wetting) surface would have a large contact angle going toward 180°, as
illustrated in Figure 1.5 (a), whereas a small contact angle, approaching zero, means
that the water spreads on a hydrophilic surface (wetting) as illustrated in Figure 1.5

(b).118

Figure 1.5. Water drop on (a) non-wetting surface vs. (b) wetting surface.*19 20"

In a binary system, when a drop of oil and a drop of water are placed on top of each
other on a hydrophilic surface, the water spreads and forms a barrier between the oil
layer and the surface as shown in Figure 1.6(a). On the other hand, when a
hydrophobic surface is used instead, both the oil and water layers will have direct
contact with the surface, as shown in Figure 1.6(6).]211 Similarly, the behaviour of a

liquid-liquid system inside a microchannel will depend on the nature of the channel

1



surface in addition to other parameters such as viscosity and velocity. In the case ofa
hydrophobic channel, the water phase will tend to form droplets within the oil phase
as illustrated in Figure 1.6 (c¢). On the other hand, when oil and water flow in a
channel with a hydrophilic surface, the water phase tend to spread over the surface
forming a film separating the mono-disperse oil droplets from the wall, as illustrated

in Figure 1.6 (d).

Oil

Water
Water

I Water Water

Figure 1.6. (a) Water layer spreading on a hydrophilic surface forming a barrier between the oil layer
and the surface; (b) water droplet forms on a hydrophobic surface forming a contact point between both
the oil and the water layer in addition to the oil-water interface area; (c) water segments flowing in oil
phase in a channel with hydrophobic surface; (d) oil droplet flowing in water flow in a channel with

hydrophilic surface.

This phenomenon is quantitatively described by Young’s Equation (Equation 1.7),

which relates the surface tension to the liquid-liquid interfacial tension, where y (oil-

12



water) represents the interface tension between oil and water, 8 represents the surface-
liquid contact angle, and y (oil-surface) and y (water-surface) represent the surface

tension between the channel and the liquid.!"*

y (oil — water) cos 8 = y (oil — surface) - y (water — surface) (Eq.1.7)

As illustrated in Figure 1.6 and expressed in Equation 1.7, by changing the property
of the surface it is possible to change the type of interface area between two
immiscible liquids. Hence, in a microchannel, the flow pattern can be manipulated by
having a control over the wetting characteristics of the microchannel either by treating
the surface channel or by varying the liquids properties. For example, hydrophobic
polymer surfaces can be irradiated by UV to break the polymeric chain hence
changing the surface tension, on the other hand surfaces such as glass or silicon can
be turned into hydrophobic surfaces through silanization, i.e. a process in which the
hydroxyl groups are coupled with silane to deactivate it leading to a non-wetting
surface.!"® 2291 An alternative way of gaining control over the wetting properties of
glass or silicone surfaces is through the use of surfactants to alter properties of the
liquids. Dreyfus et al.*” investigated the effect of surfactants on the flow pattern of a
water-tetradecane immiscible system using a cross inlet junction as depicted in Figure
1.7. The addition of surfactants to the tetradecane phase helps to improve the wetting
property towards the tetradecane. Initially, the experiment was conducted by injecting

the water and tetradecane into a microchannel through the three inlet port. The water

13



was pumped through the two side inlets while the tetradecane through the central inlet

using a range of flow rates.

l water

l T e e

tetradecane

I water

Figure 1.7. Cross inlet junction used by Dreyfus ef al. to investigate the liquid-liquid flow pattern

behaviour, (27}

When the tetradecane was pumped at a high flow rate and water at low flow rate, a
well defined and separated aqueous droplet flow carried through the wetting
tetradecane flow was obtained (Figure 1.8(a)). As the flow rate of tetradecane
decreased, the aqueous droplets began to expand in length forming a pearl necklace-
like flow. Increasing the flow rate of water resulted in either a pear-like droplet flow
at low flow rate of tetradecane or a stratified stream at high flow rate of tetradecane.
When the same experiment was repeated without the use of a surfactant, an irregular
flow pattern formed (Figure 1.8(d)), as the tetradecane had a weak wetting property
towards the channel surface. In conclusion, all the above mentioned examples
demonstrated that the interplay between factors like the channel surface and
interfacial forces as well as the flow rate has a crucial role on the manipulation of the

flow pattern of a liquid-liquid system in a microchannel.

14



(a) (b)

100
Isolated water drops Stratified

f O K1
Ao
\g /S 1
I Pearl necklace
i' 1 1
m I-jrge-pearl necklace

Pears

/] (Coalesc™ibe
Qi / Pearl necklace

0.1 1 10 100 1 to too
Water flow rate (pL/min) Water flow-rate (til Jinn)

Figure 1.8. Various possible water-tetradecane flow patterns using a cross inlet junction; (a) flow

patterns under wetting conditions with respect to tetradecane: (b) flow patterns under non wetting

conditions with respect to tetradecane. "

1.2.2. Flow pattern formation of liquid-liquid systems in microchannel

1.2.2.1. Plug flow: segmented and droplet flow

So far we have briefly defined the relationship between a group of dimensionless
numbers (Re, Ca, We, Bo, Equations 1.3 to 1.6) which influence the flow patterns ofa
biphasic liquid system in the microchannel, by taking into account all the physical
properties of the flow in the channel such as viscosity, density, velocity and surface
tension. We have also seen how the flow pattern stabilisation is affected by the
manipulation of both the liquid and the surface properties, either by modification of
the surface wettability or by addition of surfactants to the liquid. In addition to the

above mentioned factors, the formation of specific flow patterns can also be affected



by the design ofthe microchannel inlet system. The general importance of inlet design
is fundamental in ensuring efficient mixing and in assisting the formation of the
desired flow pattern. The most common techniques reported in literature for
producing plugs (segments and droplets) in various sizes were based on the use of

cross or T-junction inlet geometries[Xl (Figures 1.7 and 1.9).

(¢) (b)
Water Oil
‘Water
Oil

Figure 1.9. Formation of plug flow using (a) a side T-inlet junction and (b) a flow focused junction.

[29,30]

In such geometries the immiscible to-be-dispersed phase is fed into the main channel
that carries the other continuous phase. If the continuous phase wets the walls of the
channels preferentially to the other phase, the non-wetting phase enters the main duct
then breaks into plugs, as depicted in Figure 1.9(a). A less common method for small
plug formation involves the so-called flow focusing technique [2, 3l in which the
droplet flow is created through a central channel into a focused narrow cavity while
being surrounded by the second phase, as depicted in Figure 1.9(6). Formation of plug

flow at the inlet is affected by the interplay between interfacial tension, shear force



and pressure gradient between the two phases.131,321 The pressure variation is a result
ofincreased interfacial resistance ofthe flow emerging from the inlet against the other
flow. This leads to an interfacial instability aiming to minimize the interface area of
the emerging flow creating a segment or droplet via a mechanism of expulsion. 3l The
plug length is largely influenced by the volumetric flow ratio of both phases rather

than flow velocity or viscosity, as illustrated by the micrograph of Luo et al in Figure

1.1014» 1821]
(«) ! J QV&. =2,'5 (/b) J
20: 15
I u-4mm/s
20: 25
f ir32mnvs
124mm/s

II 20: 100

Figure 1.10. (a) Micrograph illustrating the effect of velocity variation (mm-s'l) of oil and water flow

system on the segment size. (£) Micrograph illustrating the effect of volumetric flow ratio variation of

r181
oil and water flow (Q0 QW on the segment size.

The interaction between the segment and the microchannel wall causes a shear stress
due to the adhesive forces (i.e. viscosity). This shear stress results in velocity streams
travelling straight in the direction of the flow from the back to the front of the
segment. As the flow stream approaches the interface boundary, diversion of the

stream occurs causing internal circulating vortices inside the segment (Figure

17



1.11(a)). Symmetrical circulating vortices form as a result, mainly localized in the top
half and the other on the bottom half of the segment. One complete cycle of

recirculation occurs when the segment has travelled its length.13334

®)

HU

Flow direction Flow direction

Figure 1.11. Velocity profile in (a) segmented flow and (b) laminar flow.

At low values of Reynolds number, the velocity profile of a monophasic flow in a
microchannel is parabolic and varies across the diameter of the channel, having a
minimum value near the channel walls, and a maximum value at the centre ofthe flow
(Figure 1.11(6)). This velocity gradient arises from the adhesive forces between the
channel walls and the liquid, causing the liquid layers nearest to the walls to be slower
than that in the centre.1l§ 31 Hence, as the front of the liquid phase advances, a
gradient of concentration generates along the channel length, affecting the reactivity
thus creating a limitation to the use of laminar flow, in spite of the advantages given
by its fast diffusion. An additional limitation arises from the initial distance that

reactants have to run through before they completely mix. In this case, one way to



improve the rate of mixing and overcome the velocity gradient problem is to generate
a controlled and reproducible turbulence via segmentation at low Re values.

Ismagilov et al. studied the influence of the segment length on the rate of mixing as

illustrated on the microphotographs in Figure 1.12(a). 21 Three aqueous streams were

combined in a poly(dimethylsiloxane) (PDMS) hydrophobic microchannel, two of
them containing reagents and the third being injected in between in order to delay the
mixing between the other two streams. The aqueous streams were then continuously
segmented into a flow of immiscible fluorinated perfluorodecalin solvent (PFD), in
which the reagents were mixed inside the segments while transported by PFD phase.
To help visualizing the mixing inside the aqueous segments, one of the main aqueous
streams was coloured in red using an inorganic iron complex while keeping the other
streams colourless. The length of the segment was varied with the volumetric flow
ratio of the aqueous phase to the PFD phase. According to the microphotographs,
shorter segments achieved faster mixing as the red colour distributed rapidly around
the segment compared to longer segment. The same authors then conducted the
experiment without the presence of the carrier flow to obtain laminar flow behaviour
resulting in slower colour distribution than that in segmented flow as a result of
laminar flow behaviour. Even though the mixing inside a segment is more effective
than in a laminar flow, there are some disadvantages nonetheless. For instance,
Ismagilov argued that while symmetrical vortices form on the top and the bottom
halves of a segment, there might be little or no mixing in the central region of the
segment. Hence, the author developed a way to enhance the mixing inside segments
using chaotic advection in which additional vortices are generated by stretching and
folding the segment (Figure 1.12() and (¢)). This was achieved using a microchannel

with asymmetrical zigzag edges geometry instead of a straight microchannel.*>*"!
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Figure 1.12. (a) Microphotograph demonstrating the effect of segment length on the internal

circulation by varying the amount of aqueous stream while travelling at the same velocity (50 mm s'l)

into the microchannel/21" (h) Microphotograph demonstrating of a microchannel zigzag design, (c)

Ilustration of mixing mechanism in a zigzag microchannel/32,37*
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1.2.2.2. Parallel flow

The formation of parallel flow (Figure 1.13) is influenced by the relationship between
interfacial-surface tension and the liquid properties. The parallel stream of two
immiscible phases forms at high interfacial stability and low viscosity gradients
between the phases in addition to a preferably wetted surface channel with respect to
both phases. However, under these conditions the stabilization of parallel flow is
harder than the stabilization of plug flow. The steadiness of the interface, in fact, is
very sensitive to viscosity gradients leading in most cases to uneven velocities
between the two parallel streams, thus creating vortices at the interface giving a
degree of undesired turbulencell4l§] One way of creating parallel flow can be
established through flow confinement using a cross inlet junction (Figure 1.7 and 1.8),
i.e. where one phase is squeezed by the other phase from both sides to form a thin
stream of parallel flow.[3§] Once the parallel streams are formed, each phase flows

under laminar conditions in which mixing occurs via diffusion between the phases.

Figure 1.13. Schematic illustration of mixing by diffusion in parallel flow.
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1.3. Liquid-liquid microflow systems in organic synthesis

Miniaturisation of chemical processes using microflow systems can exhibit significant
advantages over existing flask methods, such as high surface-to-volume ratio, short
diffusion distances, fast and efficient heat dissipation and mass transfer. These
properties have been advantageously used in liquid-liquid organic synthesis. In liquid-
liquid reactions, segmented and droplet flow systems seemed to win the interest over
reactions carried in parallel flow systems. The reason for that is perhaps due to the
easy formation and control of the plug flow regime over parallel flow, in addition to
an increase in interfacial area, and efficient mixing inside segments. De Bellefon et
alP®” showed one of the earliest examples of biphasic reaction optimisation
performed in a microreactor under segmented flow conditions. Isomerization of
allylic alcohol into carbonyl compounds was carried out using a microchannel tube
‘combined with a micromixer (Figure 1.14). In order to achieve this, various transition
metal complexes with a library of water-soluble ligands were screened for the
isomerization of 1-hexene-3-ol to ethyl propyl ketone using aqueous-hydrocarbon
solvent system. The catalysts and substrates were introduced simultaneously in pulsed
injection fashion as shown in Figure 1.14, creating one of the very first examples of
high throughput screening in microreactor of its kind. The use of the micromixer
helped the formation of droplets flow which was then carried through the integrated
microchannel tube. The results of 224 screening tests were achieved in shorter time
than using conventional methods, clearly demonstrating the efficiency of
microsystems for optimising reaction conditions and finding efficient catalysts while

operating at a fast rate with small loading.
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n-heptane: H20

Scheme 1.2. Isomerization reaction of I-hexene-3-ol to ethyl-propyl ketone in microreactor.
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M - U S+P
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Catalysts
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fiOuym

Figure 1.14. Schematic illustration of the flow setup with micromixer used in the high throughput

screening ofthe isomerization ofallyl alcohol. 1391

Meanwhile, Mikami et al.m exploited the fruitful advantages of liquid-liquid
microflow system to carry out a Mukaiyama aldol biphasic catalysis between an
aldehyde and silyl enol ether using a fluorinated:organic solvent system in the
presence of lanthanide complex scandium bis-(perfluorooctanesulfonyl)amide
Sc[N(S02CgFi7)2]3 as a Lewis acid catalyst. Using Direct Nanoflow System apparatus

(DiNas), supplied by KYA TECH Corp, the reagents were delivered into the



microflow system resulting in a parallel flow regime between the fluorinated and
organic medium (Figure 1.15). At the end of the reaction, the product was easily
separated from the organic phase while the catalyst remained in the fluorinated phase.
Using the same approach, Mikami et a/.[4l] were also able to increase the reaction rate
of the Baeyer-Villiger reaction catalyzed by Sc[N(S02C8Fi7)2]3, where the lactone

product was obtained in high regioselectivity even at low catalyst concentration.

PhCHO, 55 °C
jDSiMe3  Sc[N(SO02C8F17)2]3 Ph C 02Me

OMe Toluene®*CeFn ﬁb" (~

(R = Hor SiMe3)

Scheme 1.3 Mukaiyama aldol reaction.

cat. in CF3C6F 11 product in
toluene
<=>
subs, and reagent cat in
in toluene CF3COF-H

Figure 1.15. Mukaiyama aldol reaction in a borosilicate microreactor under parallel flow in organic

fluorinated media using toluene and perfluoro(methylcyclohexane). »
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Figure 1.16. Baeyer-Villiger reaction in microreactor using DiNas system (n=1,2; R=alkyl, aryl) (411

Liquid-liquid microflow systems using parallel flow were also used by Kitamori et
al.[iZ] to further improve the phase transfer reaction between /“-nitrobenzene
diazonium tetrafluoroborate and 5-methylresorcinol in water:ethyl acetate solvent
system using a glass microdevice (Scheme 1.4). The microsystem offered a rapid
phase transfer of starting material and product across the interface, thus speeding up
the chemical reaction and improving the product isolation. Reaction took place as the
organic and aqueous layer came in contact, while the product passed in the organic
phase as it formed. Compared to the conventional method, the microreactor study
proved successful in giving higher reaction conversion, close to 100%. In addition,
while the conventional flask conditions favoured the formation of a bis-azo side-
product as a result of an undesirable side reaction, in the microreactor system, on the
other hand, the fast removal of the product into the organic phase allowed the side

reaction to be avoided.
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Scheme 1.4. Phase transfer catalysis reaction of p-nitrobenzene diazonium tetrafluoroborate with 5-

2

methylresorcinol.

At a later stage, the same authors achieved another successful phase transfer catalysis
under segmented flow conditions."”  The benzylation of ethyl-2-
oxocyclopentanecarboxylate was carried out in an organic:aqueous solvent system in
the presence of tetrabutylammonium bromide (TBAB) using a glass microchannel
(Scheme 1.5). Further studies demonstrated that the smaller the glass microchannel

cross section area the higher the reaction rate.

PhCH,Br, 5mol% TBAB 0

0

Scheme 1.5. Phase transfer alkylation of ethyl 2-oxocyclopentane carboxylate with benzyl bromide in

presence of TBAB.

Another literature example of phase transfer catalysis in biphasic microreactor under
segmented flow was reported by Okamoto et al. working at the Organic Synthesis

Laboratory of Sumitomo Chemical Co. Ltd.**! Segmentation was generated using

26



alternating pumping mechanism (Figure 1.17) to increase the rate of the biphasic
alkylation reaction of malonic ester with iodoethane (Scheme 1.6) in the presence of

phase transfer catalyst tetrabutylammonium hydrogen sulphate (TBAHS)J45471

Me02C A/ C02Me 1 Me02C. X 02Me

TBAHS
CH2CI2 : NaOH aq.

20 to 28% yield

Scheme 1.6. Alkylation of malonic ester with iodoethane in presence ofphase transfer catalysis using

TBAHS.
Camera
Glass tube
Itd. 1mm. od. 6mm)
Glass tube
Swagek>kIM fitting lid. 0.511m. od. 6mm)

v

Water bath (32.5%C) )
’750mm

™M
f luorinert L

t ooling water IN Quenching solution
Stainless steel tube lid. 0.19mm. od. 0.41 nan)
Stainless steel tube lid. 0.13mm. od. 0.3 111)

Cooling water O Ifl

PfcfcK  tubeiid. 0.75mm. od. 1 16 inch)

Figure 1.17. Experimental set-up for alternating pumping of solution A, containing iodoethane and

malonic acid dimethyl ester in dichloromethane, and solution B containing TBAHS in a solution of

NaOH aq.[44]
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The industrially important nitration reaction of aromatic rings in a liquid-liquid

1[48]

microflow system was investigated by few authors using either paralle or

segmented flow. (49

In all studies a polytetrafluoroethylene (PTFE) capillary
microchannel, connected to an inlet junction, was used to form either segmented or
parallel flow. The use of PTFE was desirable because of the easy microfabrication
methods involved in its making and also because of its suitability for the study of
exothermic reactions. In macroscale, the formation of side-products like
dinitrobenzene and picric acid is expected, however by using microreactor systems

the formation of side products was reduced as well as obtaining an increase in the

reaction rate.

The additional benefit of liquid-liquid flow system is that monophasic reactions can
also be carried out in segmented flow fashion in which the reactions take place within
a compartmentalized segment while the other immiscible phase is used to generate the
segments and acts as a carrier flow. This is a useful way to create regular and
reproducible turbulence in laminar microflow reactions.*” The added advantage of
this method is that optimisation processes in which multiple reactions are performed
can be carried out easily by varying the reaction conditions within each segment in a
consecutive fashion (Figure 1.18). Ismagilov et al.’” developed this technique to
study the optimization of the selective protodeacetylation of ouabain hexaacetate in
nanoliter volumes and as a result the consumption of hexaacetyl ouabain substrate is
decreased to less than 1 mg per condition. In order to accomplish this, the segments
containing the ouabain hexaacetate substrate were introduced in a consecutive
sequence into an immiscible fluorinated flow, in which each segment was injected

with a different protodeacetylation reagent including a selection of Lewis acids,
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inorganic bases and Lipases enzymes. For further efficiency, each segment was
analysed at the end of the reaction using a continuous on-line Matrix-Assisted Laser
Ionization Mass-Spectrometry (MALDI-MS) detection. The best conditions were

found under basic conditions as illustrated in Figure 1.18.[51 21

Hexaacetyl Triacetyl
ouabain ouabain
OAc OAc
AcO . AcO
AcO, Reagents AcOc \
AcO, HO,
OH OH
AcO HO
OAc OH OH
Stationary
detector!
1sample I
Ld
use flow to lll
1) localize reagents within move samples time
pulses in the flow detect product index reactions as a
2) deliver target sample of reaction function of elution time

Figure 1.18. Optimisation microflow system used for the deacetylation reaction of ouabain hexaacetate

equipped with MALDI- MS for online analysis.”50” 52*
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Chapter 2

Biphasic hydrolysis in microflow

system



This chapter presents the study of the effect of applying multiphase microflow systems
to a simple organic transformation. Our main aim was to highlight the two main benefits
provided by microflow systems, compared to conventional flask, to biphasic systems,
namely (i) the reduced dimensions and improved geometry leading to an increased
reaction interface and (ii) the ability to produce different flow patterns, as outlined in
Chapter 1. These advantages add new optimization parameters to biphasic systems other
than the more common set of conventional parameters such as temperature, heating
techniques, use of phase transfer catalysts, and sonication. This chapter discusses the
variation of all these parameters in microflow systems as they are applied to a simple

organic transformation occurring in a biphasic solvent system.

2.1. Microflow vs. conventional flask

We started our study by initially investigating the effect of microflow systems,
compared to conventional methods, on the reactivity of the biphasic hydrolysis of p-
nitrophenyl acetate to p-nitrophenolatem under basic conditions using aqueous sodium
hydroxide (Scheme 2.1). Under these conditions, the hydrolysis of p-nitrophenyl acetate
involves a bimolecular nucleophilic attack by the hydroxyl ion on the unsaturated
carbonyl moiety leading to elimination of the acetate and formation of the p-

nitrophenolate sodium salt.

D/OAC NaOH (aq.) /@/ ONa
O,N Organic solvent O,N

Scheme 2.1. Hydrolysis of p-nitropheny! acetate under biphasic conditions using NaOH (aq.).
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Once the aryl acetate is hydrolysed, the product is transferred into the aqueous phase
resulting in a colour change in the aqueous layer from colourless to yellow. We could
casily follow the reaction by monitoring the UV absorption of the aqueous phase (p-
nitrophenolate product A™x = 400 nm), either manually at intervals, or in a continuous
manner using a UV flow cell. Due to mainly the nature of the biphasic system studied,
and in part due to the design of the microflow apparatus, segmentation was the most
favoured flow pattern formed, hence we initially used segmented flow conditions
(Figure 2.2, top) to carry the microflow vs. conventional comparison. The microreactor
setup (Figure 2.1), microfabricated in-house using polymethylmethacrylate (PMMA)
and containing a T-junction inlet was used to carry out the hydrolysis reaction under

segmented flow conditions (refer to Section 4.1 for details of microfabrication).

Figure 2.1. Microreactor setup include (A) KD Scientific syringe pump connected to (B) PMMA
microreactor device fitted in a stainless steel housing and after the reaction the solution is collected in a

suitable container (C) or the microreactor is connected to a continuous UV analysis.
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Regular segmentation took place as a 0.05M solution ofp-nitrophenyl acetate in toluene
and a 0.5M aqueous solution of sodium hydroxide were introduced simultaneously into
the microchannel in a 1:1 flow rate ratio for different residence times. The hydrolysis
reaction of/?-nitrophenyl acetate was carried out simultaneously in microchannel and in
a standard flask using mechanical stirring in order to carry out a comparison between
microflow system and flask method. The colouration of the aqueous segments
intensified as segments travel down the microchannel, due to the increasing amount of
/T-nitrophenolate product, exactly the same colour changes observed in the flask
reaction. We also noticed that the segmentation pattern consisted of round-shaped
aqueous segments while the organic phase spread along the channel in between aqueous

segments, as a result ofthe hydrophobicity ofthe channel surface.

A A: 1(0.055M in toluene)

B: 0.5M ag. NaOH

A \A : 1 (0.055M in toluene:acetonitrile 1:1)

B: 0.5M aq. NaOH

Figure 2.2 Organic: aqueous segmented flow in T-inlet junction (fop), and parallel flow with V-inlet

junction (bottom).
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Furthermore, we observed by microscope that a very thin film of the organic phase
formed between the aqueous segments and the channel surface, which in theory could
have undesirable effects on the segments internal vortices, due to the weaker liquid-
liquid shear stress compared to the solid-liquid case. Ismagilov et al., however, have
shown that the presence ofa thin film does not affect the circulation significantly. 2l The
diagram in Figure 2.3 which compares the percentages of conversion between the
reaction in microflow (a) and the reaction in conventional flask (c) at room temperature
clearly shows that microsystem resulted in a significant enhancement in the reaction

conversion, even when higher temperature (50 °C) applied to the flask reaction (b).

40 60 80

Reaction time [seconds]

Figure 2.3. Hydrolysis of p-nitrophenyl acetate using NaOH (aq): (a) Segmented flow at room
temperature using PMMA microreactor (length 400 mm, cross section area 300 pm x 300 pm); (b)
hydrolysis at 50 °C in flask with stirring; (c) hydrolysis at room temperature in flask with moderate
stirring by use of'a magnetic bar. Reaction time is the residence time that the reaction mixture spends in

the flow channel (see Chapter 4, Egs. 4. la-c).
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2.2. Parallel flow vs. segmented flow

Once we had shown that the use of segmentation in microflow system had a significant
effect on the hydrolysis reaction conversion, we next aimed to investigate whether the
observed effect was due to the internal vortices generated due to segmentation, or
perhaps it was due to the general decrease in dimensions, independently from the flow
pattern created. For this purpose we carried out a comparison study between segmented
and parallel flow, in order to measure the effect respectively of the presence and of the
absence of segment internal circulation on the hydrolysis. In parallel flow, i.e. in
absence of internal circulation, the reaction can only occur through diffusion along the
interface boundary. Creating parallel flow using toluene and water (the same solvent
system chosen for segmented flow) proved to be an extremely difficult task, which in
the end was abandoned, due to high surface tension and viscosity differences between
the two phases. Instead, a 1:1 mixture of toluene and acetonitrile was used as organic
phase, while aqueous sodium hydroxide was used as the second liquid phase, to
minimize the interfacial tension and viscosity differences between the two phases,
according to a method previously used by Kuban et al. in multiphase microfluidic
system studies.”! The parallel flow experiment was conducted using a microreactor with
a V-inlet junction; in our efforts to improve the parallel system design, we observed that
the best choice of system to create the desired parallel flow was a V-inlet junction, with
an optimal angle between the two incoming inlets kept below 90°, in which the
microchannel width doubles in size past the joining point of the two phases, as
illustrated in Figure 2.2 (bottom).Comparison of the results shown in Figure 2.4 clearly
demonstrate the difference between parallel and segmented flow pattern compared to
reactions carried out in conventional flask. When carrying out the reaction in

conventional flask, using toluene:acetonitrile (c) instead of toluene only (d), an increase
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in the product conversion was observed. This is probably due to the decrease in the
interfacial tension between the organic and aqueous phases leading to an improved

miscibility between the phases.

A (©)
80 * (d)
70
% 60
% 50
Qg
30
pi
10
0
0 20 40 60 80 100 120

Reaction time [seconds]

Figure 2.4. Hydrolysis of p-nitrophenyl acetate: using a PMMA microreactor (length 400 mm, cross
section area 300 pm x 300 pm) at room temperature (a) under segmented flow using a T-inlet geometry
(organic phase is toluene) and (b) parallel flow using a V-inlet geometry (organic phase is
acetonitrile:toluene 1:1): (c) in a flask with moderate stirring by use of a magnetic bar (organic phase is
acetonitrile:toluene 1:1); (d) in a flask with moderate stirring by use of a magnetic bar (organic phase is
toluene). Reaction time is the residence time that the reaction mixture spends in the flow channel (see

Chapter 4, Egs. 4. la-c).

However, when performing the reaction in a microreactor, the opposite trend was
observed; the use of plain toluene as the organic phase (a), in fact, led to higher
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conversions compared to toluene:acetonitrile (b). The better performance obtained in
the microchannel by using water/toluene compared to water/toluene/acetonitrile,
opposite to what observed in the flask reaction, is most probably due to the difference of
flow regime (segmented vs. parallel) rather than to the choice of organic phase, showing
that the benefits of segmentation over parallel flow overcome the benefits of the solvent

effect.

2.3. The effect of various reaction parameters on the hydrolysis

Effect of Heating:

Up to now we observed a significant improvement when microflow system was used
instead of the flask method, especially when segmentation was applied. At a later stage
we aimed to carry out further optimization on the hydrolysis by studying the effect of
temperature. At first, a suitable microflow system for heated reactions had to be
established, since mixing of reagents in a heated PMMA microreactor was found to
cause degradation of the PMMA material at temperatures above ambient. Hence, we
considered to use alternative polymeric materials, mainly fluoropolymers such as
polytetrafluoroethylene (PTFE) and perfluoroalkoxyethylene (PFA) which are more
temperature and chemically resistant. However, the attempts to make a sealed reactor
from other materials beside PMMA were not successful, due to the complex nature of
the microfabrication process. This consists, in fact, of two main stages, namely the
milling, to create an open microchannel in uniform depth, followed by the bonding, to
create an enclosed microchannel (as described in Section 4.1). Both processes had
proved really easy when PMMA was used, whereas when microfabrication was carried
out on PTFE and PFA, both materials created difficulties although reacting differently.

Specifically, when PTFE was used, the milling process was successful but the bonding
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proved impossible by means of several techniques; then, when PFA was used, it was the
milling process that proved hard, whereas the bonding did not create significant
problems. Consequently, we decided to adopt a more practical solution by using
commercially available microflow tubing made from various materials such as PFA,
Polyetheretherketone (PEEK), stainless steel or more favourably PTFE with circular
duct. PTFE, in fact, being amongst the best known and most widely used chemically
inert and temperature resistant material, is commercially available in various channel
duct sizes at low prices. In addition, the flexibility of the PTFE allowed us to easily
arrange the tubing as required. It proved easy, in fact, to coil the PTFE microtubing
around a test tube which could then be immersed in a heating or cooling bath, or
inserted into a focused microwave cavity. The coiled PTFE setup is used with a
combination of T-inlet or cross-inlet connector fitting (Experimental, Section 4.1).
These connectors act like the T-inlet junction in the PMMA microreactor setup. PTFE
microtube was initially tested for its effectiveness in conducting heat by measuring the
tempreture using a digital thermoprobe of a water flow in a coiled setup (heated length
400 mm, with internal diameter of 300 um) immersed in an oil bath. After setting the oil
bath temperature to 80 °C then heating the tube for few a hours, the first temperature
reading was carried out at the output of the tubing which was at a distance of ca. 6 cm
from the heated part. As a result, the reading (60 °C) was much lower than the set
temperature (80 °C), perhaps indicating very rapid cooling within the 6 cm distance.
The second reading was carried out by connecting the probe into the heated portion of
the coiled channel by inserting the probe into the channel using a T-connector. The
temperature reading (76 °C) was just below the set temperature. By carrying out the
hydrolysis reaction of p-nitrophenylacetate under segmented flow conditions using a

coiled PTFE setup, slightly lower conversions compared to PMMA microreactor were
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observed at room temperature as shown in Figure 2.5 ((d) vs. (e)). The better
performance in the PMMA microreactor is probably due to the more uniformed
segmented flow observed visually during the PMMA reaction, as a result of a better T-
inlet setup in the PMMA microreactor compared to the T-connector in the PTFE setup

(Experimental section 4.1).
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Figure 2.5. Hydrolysis of p-nitrophenyl acetate using different reaction conditions: (a) short organic
segments (approx. 2 mm) generated in PTFE tubing while microwave irradiating at 50 °C; (b) long
organic segments (approx. 10 mm) generated in PTFE tubing while microwave irradiating at 50 °C; (c)
segmented flow in PTFE tubing heated in an oil bath at 50 °C (average segment size -10 mm); (d)
segmented flow at room temperature in PMMA microreactor (average segment size -8 mm); (e)
Segmented flow at room temperature in PTFE tubing (average segment size -10 mm); (f) hydrolysis at 50
°C in flask with moderate stirring by use of a magnetic bar; (g) hydrolysis reaction at room temperature in
flask with moderate stirring by use of a magnetic bar. Channel dimensions for experiment (a), (b), (c), and
(e): channel length 400 mm, internal diameter 300 pm; channel dimensions for experiment (d): channel
length 400 mm, channel cross section 300 pm x 300 pm. Reaction time is the residence time that the

reaction mixture spends in the flow channel (see Chapter 4, Egs. 4. la-c).
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Furthermore, when temperature was applied (50 °C) to the hydrolysis reaction carried
out under segmented flow conditions using the PTFE microtube setup, a reaction
improvement was achieved compared to the reaction at ambient temperature (Figure 2.5
((e) vs. (c)). In addition, when we compared heating methods, we found that microwave
irradiation using the PTFE microtube had a very positive effect on the hydrolysis

reaction compared to oil bath heating (Figure 2.5, (b) vs. (c)).

Effect of segment size:

Varying of segments size can be achieved by varying the volumetric ratio of the organic
phase to the aqueous phase. In order to maintain the resident time unchanged, the flow
rates of the two phases (aqueous and organic) were varied as required in order to keep
the total flow rate constant at all times. Reactions labelled (a) and (b) in Figure 2.5 were
both carried out by applying microwave irradiation using a PTFE tubing setup, with
organic phase segment size in (a) 2 mm, smaller than in (b) 10 mm. We observed that
the reaction rate was further increased by the generating shorter organic segments.
Circulation, in fact, is expected to improve in segments of smaller size due to the shorter

mixing times obtained with shorter distances.!”

Effect of channel size and shape:

Since the reduced dimensions in microchannel compared to flask have an effect on the
diffusion rate, we studied the effect of reducing progressively the cross section area of
the microchannel. When we conducted the hydrolysis under segmented flow conditions
using different sizes of microchannel, higher conversions were obtained when
progressively smaller microchannel cross section areas were employed as shown in

Figure 2.6 ((a) to (d)). Such results were obtained with very regular trends and in
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agreement with theory, since smaller channel dimensions mean higher interface-to-
volume ratios. ¥l We decided next to conduct a comparison study by using two distinct

microchannel shapes, rectangular and square, while maintaining the same cross section

arca.
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Figure 2.6. Effect of microchannel cross section area on hydrolysis ofp-nitrophenyl acetate at room
temperature under segmented flow conditions by pumping /?-nitrophenyl acetate and NaOH (aq.) in a 1:1
flow rate ratio using a PMMA microreactor with fixed length 400 mm: (a) in a square-shaped channel
with cross section area of 15,625 pm?2 (b) in a square-shaped channel with cross section area of 62,500
pm2(c) in a square-shaped channel with cross section area of 90,000 pm2(d) in a square-shaped channel
with cross section area of 144,400 pm2 (e) in a rectangular -shaped channel with cross section area of

144,500 pm2. Reaction time is the residence time that the reaction mixture spends in the flow channel

(see Chapter 4, Egs. 4. la-c).
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In Figure 2.6, reactions (a) to (d) were conducted in a square-shaped channel of
increasing cross section areas, whereas reaction (e) was carried in a rectangular channel.
Reactions (d) and (e) were carried in microchannels having the same cross section area
but different geometry, square and rectangular, in which the segments generated were
all approximately equal in size. As demonstrated from the results in Figure 2.6, there is
a slight preference for square-shaped channel over rectangular. However, it is hard in
this case to draw definitive conclusions on the basis of these observations only, and

more extended experimental and theoretical studies are probably required.

Effect of Phase transfer catalysis:

Phase transfer catalysis is the most common approach used to accelerate a biphasic
reaction by ensuring a ready supply of the required reagent into the reaction site. A
phase transfer catalyst (PTC) is used to increase the rate of reaction between substrates
presents in separate phases. Since PTCs do not affect reaction mechanisms, they cannot
be considered as “true” catalysts; however, they do speed up reactions by supplying
reagents into the phase where the reaction takes place (either the interface or one of the
phases). PTCs are classified into two main types, i.e. ionic compounds such as bulky
ammonium or phosphonium salts (for anionic substrates) and polydentate complexes
such as crown ethers, glycols and criptands (for cationic substrates). ) In our studies in
the microreactor system of the hydrolysis reaction in Scheme 2.1, we used a
tetraalkylammonium salt as PTC because of the anionic nature of the hydroxyl
substrate. When 10 mol% tetrabutylammonium hydrogen sulfate was used as phase
transfer catalyst (PTC) at room temperature under segmented flow conditions (Figure
2.7) (d), an increase in the conversion rate was observed compared to when no PTC was

used (e).
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Effect ofSonication:

The other enhancement method used involved the use of ultrasound, in which the
transmission ofa sound wave through the reaction medium provides a form of chemical
excitation, through the phenomenon of cavitation, where cavities formed in the liquid
are compressed resulting in localized high temperatures and pressures.®8l For the
application of the sonication technique, the microchannel tubing was immersed in the

ultrasound bath during the reaction time, carried under segmented flow conditions.
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Figure 2.7. Hydrolysis of/?-nitrophenyl acetate in PTFE microtube (length 400 mm, internal diameter
300 pm) under segmented flow conditions by pumping p-nitrophenyl acetate and NaOH (aq.) in a 1:1
flow rate ratio using: (a) 10 mol% of PTC and sonication; (b) sonication; (c) microwave irradiation at 50
°C; (d) 10 mol% of PTC at room temperature; or (¢) room temperature. Reaction time is the residence

time that the reaction mixture spends in the flow channel (see Chapter 4, Egs. 4. la-c).
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As a reasonable amount of heat is generated during sonication, the temperature of the
sonication bath was maintained constant at 25°C. We observed that a higher conversion
rate was obtained in microchannel under sonication (Figure 2.7) (b) compared to the
normal room temperature reaction (¢), to the use of microwave irradiation (c), and to the
addition of PTC (d). During sonication, irregular sized segments (approx. 1-10 mm
length) formed with some organic emulsions inside the aqueous segments. The
increased surface-to-volume ratio by the combined effect of the sonication and the
segmentation regime is probably the cause of the increase in conversion rate. In a
further experiment, the best enhancement was obtained when sonication and phase

transfer catalyst methods were combined under segmentation flow conditions (a).

2.4. Summary

In summary, we started off the comparison between microflow and conventional
methods by applying segmented flow to the hydrolysis of p-nitrophenyl acetate showing
that reaction conversions were remarkably enhanced under microflow conditions due to
the increased interfacial areas. When comparing the efficiency of different flow
patterns, we found the segmented flow to be much more efficient than the parallel, due
to the added advantage of controlled internal circulation within segments compared to
the simple laminar diffusion-controlled parallel flow. Further optimization studies were
then carried by looking not only at characteristic microflow parameters such as channel
dimension/geometry and segment length, but also looking at ‘traditional’ parameters,
namely temperature, heating methods, use of phase transfer catalysts and sonication.
The use of high temperature highlighted some limitations of PMMA material and led to

the successful utilization of PTFE microtube as a very valid alternative to
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microfabricated devices. Microwave irradiation brought added improvement to reaction
conversions compared to traditional heating methods. The combination of sonication
and segmented flow was found to enhance the rate more than segmented flow and phase
transfer catalyst combined. Finally, the maximum enhancement was obtained when
segmented flow was used in combination with both traditional methods of sonication
and phase transfer catalysis. Overall the monitoring of the hydrolysis reaction by
varying such a number of parameters led to the observation of general improvements on
the whole reproducibly and in agreement with expectations, and also displaying very

regular trends.
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Chapter 3

Organic synthesis in microflow

systems



Several metal-catalysed organic reactions have been studied in this project exploiting
the advantages provided by microflow system. The present chapter reports two of the
most successful studies we carried out using microflow technique, namely the
palladium-catalysed Heck coupling, and the ruthenium-catalysed ring-closing
metathesis. Both reactions were chosen amongst the rare examples in literature of
metal-catalyzed transformations carried in microflow systems at the time. Since then,
the number of metal-catalysed organic reactions subject to microflow studies has been
increasing remarkably.!"! In this chapter, monophasic reactions were studied both under
single phase laminar flow and biphasic segmented flow (by addition of an immiscible
inert phase). On the other hand, biphasic reactions were carried out under segmented
flow only. Furthermore, multistep synthesis flow reactions were studied to explore the
potential of carrying out consecutive metal catalysed synthetic steps efficiently in a

continuous manner.

3.1. Heck reaction

Heck coupling is one of the best-known methods used in organic synthesis for
formation of substituted alkenes by the coupling of two sp’ carbon centres (Scheme
3.1). Since reported by Heck in the late 1960s'”, the reaction has occupied a special
place among metal-catalyzed transformations along Suzuki, Still and metathesis
reactions due to its versatility and applicability to a wide range of substrates. As a result,
Heck coupling has become a popular transformation used in the synthesis of many
structurally diverse compounds, such as Taxol”!, morphine!™, Alphacalcidiol®

Vernolepin', and other various macrocyclic compounds!” (depicted below). The Heck

47



coupling normally takes place between an organohalide (aryl or vinyl) and an alkene

(Scheme 3.1) typically in the presence ofa zerovalent palladium catalyst.

Pd" — > PdoO

RIX +

Base
Trans C/s

Scheme 3.1. Functionlisation of alkenes via Heck coupling of aryl/vinyl halide and alkene: (X = halide,

triflate, or diazonium salt; L = ligand).

Aiphacalcidioi (+)-Vernolepin Macrocyclisation product

The formation of the Pd° active species is accomplished typically in situ by the
reduction of more stable Pdll salts, using a neutral ligand L such as triphenylphosphine
PPh3.[2] Throughout the years, the choice of Heck substrates have widened from aryl
halides to other equally or more reactive substrates such as aryl triflates or aryl
diazonium salts, while new catalytic systems have also been developed to adapt Heck
coupling to the use of poor reactive substrates such as aryl chlorides. The first step of
the Heck coupling mechanistic cycle (Figure 3.1) involves an oxidative addition ofthe

halide R*X to the catalytically active species Pd°12 resulting in formation of R!PdXL2
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complex. Alkene insertion into the R¥*PdXL2complex follows as second step, leading to

the elimination of one ligand molecule L to form (PdXL)R2C-CHR1.

Base-HX
B
ase step 4 step 1
L-Pd-L L-Pd-L
step 3 step 2

L—Pd-

Figure 3.1. Heck reaction catalytic cycle.

The alkene insertion is subject to both electronic and steric effects ofthe substituents on
the C=C bond, therefore the R1 group usually occupies the less substituted carbon on
the alkene, provided that R2has the favourable electronic effect. In the third step, p-
hydride elimination on the (PdXL)R2C-CHR1complex takes place to form Pd hydride
HPAXL2 and the desired coupled product RZHC=CHR\ The /?-hydride elimination
occurs in a syn fashion, therefore the Pd-L and C-H moieties must be co-planar for the
elimination to take place. For steric reasons, R1and R2 will tend to eclipse the smallest
group on the adjacent carbon as /7-hydride elimination take place, leading

predominantly to the trans isomer. For the catalytic cycle to restart, the Pd° catalyst is
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regenerated via reductive elimination of HPdXL2 to form PdL2 by using a base to

eliminate HX.[7]

3.1.1. Heck reaction under biphasic conditions

One of'the earliest studies of the Heck reaction under biphasic conditions was reported
by Arai ef al.  in which various metal catalysts such as RhCI3, Co Cl2 and Pd(OAc)2
were screened, using toluene:ethylene glycol as a biphasic solvent system. The best
choice of catalyst found under these conditions was Pd(OAc)2. Keeping the catalyst
separated from the reactants and product phase is a typical strategy used in biphasic
catalysis giving the advantage of product/catalyst separation and recycling. During the
course of the reaction, in fact, the metal catalyst is separated from the reactant that
resides in the organic phase using a hydrophilic ligand to hold the catalyst in the
ethylene glycol phase. Hence, the ethylene glycol layer containing the catalyst can be
recycled at the end of the reaction. Triphenyl phosphine trisulfonate sodium salt
(TPPTS) is a hydrophilic ligand analogue to triphenyl phosphine (PPh3) used widely in
biphasic Heck systems to form a hydrophilic complex with Pd.[7] The TPPTS ligand is
obtained from PPh3 by introducing sulfonate salts as a polar functionality (Scheme

3.2).19

1. Oleum, 10 °C

2. NaOH, H20

Scheme 3.2. Sulfonation of triphenylphosphine (PPh3) ligand to triphenyl-phosphine trisulfonate sodium

salt (TPPTS).
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“\s0,Na '\so:,Na

TPPTS

Figure 3.2. Triphenylphosphine trisulfonated ligand (TPPTS).

Our initial aim was to conduct a number of Heck reactions under biphasic conditions
using a microflow system. The idea was to carry out comparison studies between the
flask and microflow system methods for further optimisation, by exploiting the
increased interfacial area and heat transfer provided by segmented flow. Using identical
flask conditions to the study by Arai ef al., we carried out an arylation of methyl
acrylate and styrene using a number of metal catalysts, first under flask conditions, and
then repeated in the microreactor (Scheme 3.3). Table 3.1 reports the performance of the
conventional screening of the metal catalysts used in the coupling of iodobenzene with

styrene and methyl acrylate using the TPPTS ligand.

Metal catalyst. TPPTS (1:2) >~ R
+ /\R -

Toluene:Ethylene glycol
KOACc, heating

R =CO,Me 1, Ph 2

Scheme 3.3. Heck coupling of iodobenzene with methyl acrylate to form methyl cinnamate (1) or styrene

to form stilbene (2) under biphasic conditions.
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Table 3.1. Variation of metal catalyst in conventional flask at low and high temperature, in the Heck
coupling of iodobenzene with methyl acrylate to form methyl cinnamate (1) or styrene to form stilbene

(2) under biphasic conditions.

Metal Catalyst Yield [%) Yield (%)
70°C*® 140 °C*
PdCl, 99 (1), 91 (2) 92 (1), 98 (2)
Pd(OAc), 98 (1), 99 (2) 94 (1), 89 (2)
Ni(OAc), 78 (1), 82 (2) 84 (1), 70 (2)
RuCly 62 (1), 51 (2) 66 (1), 71 (2)

Reaction conditions: Metal catalyst (1 mol%), TPPTS (2 mol%), iodobenzene (0.2 mmol), alkene (0.2
mmol), KOAc (0.2 mmol), in toluene: ethylene glycol (1:1). “ Heating at 70°C, reaction time (9-11

hours). ® Heating at 140 °C, reaction time (4.5-7 hours).

Both Pd(OAc), and PdCl, catalysts were found to have a better performance than
Ni(OAc), and RuCl; catalysts. The optimised flask conditions in the presence of
potassium acetate as an inorganic base resulted in total selectivity towards trans-
methylcinnamate 1 and frans-stilbene 2 with good isolated yields within reaction times
between 4.5 to 7 hours at 140 °C. Next we decided to screen the catalysts under the
same reaction conditions but at a lower temperature of 70 °C, obtaining similar high
yields as with that of higher temperature, however with longer reaction times. At higher
temperatures (140 °C) the reaction is faster not only because of chemical reactivity but
also as a result of weaker interfacial tension between the toluene and ethylene glycol

layers, resulting in enhanced mixing. However, although an increase in temperature is
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expected to enhance the catalysts activity, there is always the risk of catalyst
decomposition. Therefore we next tested the effect of increasing the stirring speed from
moderate to high in the flask reaction at 70 °C as an alternative method to weaken
interfacial tension between the two phases. However, we observed no significant effect
in reducing the reaction time. By exploiting the same idea in microflow systems, we
were hoping to increase the interface-to-volume ratio between the two phases via
segmentation. Applying the same conditions as that in the flask, the arylation of styrene
and methyl acrylate using iodobenzene was carried out at 70 °C under segmented flow
using a PTFE microflow setup coiled around a glass tube (Figure 3.3). The reaction was
initiated by introducing three standard solutions into the microchannel: (i) a 1:1 mixture
of iodobenzene and alkene (either styrene or methyl acrylate) in toluene; (ii) a metal
catalyst-TPPTS complex solution in ethylene glycol; and (iii) a potassium acetate
solution in ethylene glycol. The three solutions were delivered through the inlet

individually using a standard T-inlet connection (Experimental, Section 4.1).

Iodobenzene + Alkene

Coiled tube

catalvst:TPPTS Base

Figure 3.3. Microflow setup for biphasic conditions using coiled PTFE tubing immersed in a heating

bath.
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For the purpose of comparison, it was neither necessary nor practical to carry both flask
and microflow reactions all the way to completion, but instead both reaction times were
fixed. The advantage of using segmented microflow technique compared to flask
method is evident by looking at the results at 70 °C in Table 3.2. However, as the
microflow reaction was heated to 140 °C, the regularly shaped segments began to
distort resulting in irregular flow velocity. In theory the problem could have been solved
by extending the length of the microtube in order to compensate the lost residence time,
however, in practice it is not possible to determine the exact residence time since the

flow velocity is not under control.

Table 3.2. Heck coupling of iodobenzene with methyl acrylate to form methyl cinnamate (1) or styrene to
form stilbene (2) under biphasic conditions: microflow vs. flask; and comparison low vs. high temperature

in microflow.

Flask PTFE Microflow PTFE Microflow
Metal Catalyst 70 °C* 70 °C* 140 °C*
Yield | %] Yield [%]) Yield [%o]
PdCl, 12 (1), 8(2) 48 (1), 33 (2) 67 (1), 56 (2)
Pd(OAc), 10 (1), 112) 37(1),42(2) 71 (1), 58 (2)

Reaction conditions: Metal catalyst (1 mol%), TPPTS (2 mol%), iodobenzene (1.0 mmol), alkene (1.0
mmol), KOAc (1.0 mmol), residence time of 55 minutes. * heating at 70 °C in toluene: ethylene glycol

(1:1). ® heating at 140 °C in o-xylene: ethylene glycol (1:1).
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In principle the use of back-pressure regulators could have helped preventing the
irregular segmentation inside the microchannel, since at higher pressures the solvent
boiling point increases. However, the use of back-pressure regulators in combination
with syringe pumps is not suitable; syringe pumps, in fact, cannot hold high back-
pressures, and in those conditions only HPLC pumps could be used. Instead, the
microflow reaction was repeated by replacing toluene with a higher boiling solvent, o-
xylene. Initially a conventional flask trial was carried out in order to make sure that
exchanging solvents had no influence on the outcome of the reaction, and it was
observed that using o-xylene instead of toluene had no effect on reaction rate and yield.
As a result, the microflow reaction using o-xylene at 140 °C was carried out smoothly
with little irregularity in the flow velocity. Data in Table 3.2 demonstrate that microflow
reactions carried out at higher temperature (140 °C) require shorter residence times to
drive the reaction almost to completion, compared to microflow and flask reaction at
lower temperatures (70 °C).

Meanwhile, we also investigated the use of microwave irradiation as alternative to
conventional heating using oil bath. Table 3.3 shows that the use of microflow reaction
with microwave heating proved to be a desirable combination to further optimise the
Heck coupling to obtain (£)-methylcinnamate 1 or (£)-Stilbene 2. In a typical
microwave experiment, a PTFE microflow setup coiled around a glass tube was inserted
into the Discovery CEM microwave cavity. An increase in isolated yields for the
microflow Heck reaction was achieved when microwave irradiation was applied at 70
°C compared to conventional heating (Table 3.3). Comer and Organ“ol reported a series
of microwave-assisted organic syntheses, most of which metal-catalysed, using a glass
microflow system. The authors observed that during microwave irradiation of Suzuki-

Miyaura coupling, the palladium catalyst blacked out along the glass microchannel,
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resulting in a Pd-coated channel surface. This phenomenon was exploited favourably by
the same authors, resulting in improvements of several other metal-catalysed syntheses
including ring closing metathesis. The same phenomenon was observed in our study
when we carried out the Heck coupling of iodobenzene with alkenes using a Discovery
CEM microwave conventional glass flask. However, when the experiment was
performed using a coiled PTFE microtube, precipitation of palladium particulate instead
of surface blacking occurred, especially at higher temperatures combined with higher

palladium loading.

Table 3.3. Heck coupling of iodobenzene with methyl acrylate to form methyl cinnamate (1) or styrene

to form stilbene (2) under biphasic conditions; microwave heating vs. oil bath heating of microflow

system.
Catalyst load Oil Bath Microwave
Metal Catalyst
[mol%] Yield [%]) Yield [%)]
PdCl, 1 48 (1),33(2) 54 (1), 50 (2)
PdCl, 10 51(1),55(2) 67 (1), 59(2)
Pd(OAc), 1 37(1),42(2) 51(1),49(2)
Pd(OAc), 10 49 (1), 56 (2) 69 (1), 70 (2)

Reaction conditions: Metal catalyst (1 or 10 mol%), TPPTS (2 or 20 mol%), iodobenzene (1.0 mmol),
alkene (1.0 mmol), KOAc (1.0 mmol), in toluene: ethylene glycol (1:1), heating at 70°C using either

microwave irradiation at 150 Watt or oil bath heating, residence time of 55 minutes.
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It is important to point out that the microwave assisted experiments shown in Table 3.3

were slightly problematic, as explained below, causing some small degree of
irreproducibility. Therefore every experiment was repeated several times in order to

confirm each yield result confidently. We observed, in fact, that the change of colour in

the reaction mixture would sometimes be distributed inhomogeneously along the

microtube, suggesting that the microwave irradiation was not absorbed uniformly by the
reaction flow. We therefore tested the efficiency of the PTFE microflow setup by
irradiating a continuous flow of water at 100 °C over a range of flow rates (10-300
ul/min). As a result we observed that the water was boiling at irregular intervals,
suggesting that the microwave irradiation was absorbed in a discontinuous fashion.
Since the irradiation generated in the Discovery CEM apparatus is unpulsed, we can
only conclude that some miscommunication between temperature IR sensor and the
control unit is responsible for the observed phenomenon. Most likely this could be due
to the position of the IR sensor with respect to the channel, i.e. placed at the bottom of
the apparatus and not directed at the microchannel as a result the microwave apparatus
cannot read the actual temperature of the flow inside the channel.!'"! At a later stage we
considered a possible solution to the problem by filling the CEM glass tube cavity with
water, while keeping the PTFE microtube coiled around, in order to retain the
microwave heating and stabilize the IR sensor reading. Although such idea appeared
sensible, however it would have been difficult to differentiate between the effect of the
microwave irradiation and the conductive heating caused by the filling liquid.
Improved microflow setups for microwave irradiation were developed by a few authors
in the recent years. '” Ley, for instance, carried out several microwave syntheses of
heterocyclic compounds using a microflow setup similar to ours, consisting of a Teflon

tube coiled around a rod, but equipped with a different kind of focused microwave
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apparatus where the IR sensor is positioned in a more favourable way ensuring a better
temperature control. Comer and Organ, on the other hand, in their above-mentioned
study of metal-catalysed reactions used a straight glass capillary system in which the IR
sensor probe was positioned directly at the channel. Meanwhile, Bagley and co-workers
improved the performance of the flow system by developing instead a sand-filled flow
cell in which the IR sensor is positioned directly underneath the reaction chamber
containing the flowing mixture resulting in a better IR reading than using the coiled
tube. A different type of improved setup was also developed by Haswell and co-workers
in the study of heterogeneous metal-catalysed reactions using a glass microreactor
placed in microwave cavity in which a thin gold film layer in the proximity of the
catalyst bed was used to maximize the absorption of the microwave radiation. All the
above mentioned studies by various groups show the importance of improved
microflow setup required for a successful microwave flow synthesis, with particular
attention paid to the accuracy of the temperature monitoring. In conclusion, although we
observed an overall enhancement of reaction outcome by the use of microwave
irradiation on the above-reported biphasic Heck reactions, however we were not able to
improve our system further, and therefore were not fully convinced that the use of
microwave in our systems could bring reliable improvement compared to oil bath
heating. For these reactions, therefore, conventional heating was chosen at the time as

more reliable method.
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3.1.2. Heck Reaction under monophasic conditions

3.1.2.1. Laminar flow

The first microflow study we conducted on monophasic Heck coupling was carried out
under laminar flow conditions, screening various metal catalysts on the arylation of
methyl acrylate Heck reaction (Scheme 3.4). The monophasic reaction was conducted
using a very similar microflow setup (Figure 3.4) to that used in biphasic Heck
coupling, where two solutions were introduced into the system: (i) a solution of
iodobenzene, methyl acrylate and triethylamine in dimethylformamide (DMF); and (ii)

a standard solution of metal catalyst-PPhs complex in DMF.

Metal Catalyst:PPh3 (1:2)

DMF, Et3N, 70 °C

Scheme 3.4. Heck coupling ofiodobenzene with methyl acrylate under monophasic conditions.

Todobenzene + Alkene+ Base

1

Metal catalyst:ligand

Oil Bath

Figure 3.4. PTFE microtubing reaction set-up for laminar flow conditions.
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Data in Table 3.4 demonstrate that the performance of the monophasic coupling using
the microflow system is better than that carried in a flask, and PdCI2 and Pd(OAc)2
showed better performance than other screened catalysts, both in flask and microflow.
However, on many occasions when using both Pd catalysts we observed the formation
of a black particulate (Figure 3.5), similar to that observed in the biphasic reactions
discussed in section 3.1.1, as a result of catalyst decomposition.

Although the amount of particulate formed in biphasic systems was not significant,
however in monophasic systems this caused the microchannel to clog during the
reaction. In order to bypass the problem, we initially tried to vary the catalyst-to-reagent
ratio by changing the catalyst molar equivalents using different catalyst loading (5

mol%, and 1 mol%).

Figure 3.5. Microscope scan of Pd particulate formation inside PTFE microchannel (courtesy of

Chemical Engineering Department of University of Bath, microscope model Nikon Diaphot 300).
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Table 3.4. Monophasic Heck coupling of iodobenzene with methyl acrylate: flask vs. laminar flow.

Flask PTFE microflow
Metal Catalyst
Yield of 1 [%] Yield of 1 [%)

PdCl, 30 47
Pd(OAc), 26 53
RuCl; 12 45
Ni(OAc), 20 34
Pt{(COD)Cl, 8 21
CoCl, 17 28

Reaction conditions: In microflow system —metal catalyst (10 mol%), PPh; (20 mol%), iodobenzene (1.0
mmol), methyl acrylate (1.0 mmol), E;N (1.0 mmol), in DMF, heating at 70 °C in an oil bath, residence
time of 35 minutes under laminar flow. Reaction conditions: In flask — metal catalyst (10 mol%), PPh,
(20 mol%), iodobenzene (0.2 mmol), methyl acrylate (0.2 mmol), Et;N (0.2 mmol), in DMF, heating at

70 °C in an oil bath, reaction time of 35 minutes.

We observed that reducing the catalyst loading decreased the amount of particulate
formed inside the microchannel, but at the same time lowered the reaction yields
significantly (Table 3.5). Alternatively, we tried to use dilution by creating system
diluted ten-fold while maintaining the catalyst-to-reagent ratio, which was found to
reduce the formation of particulate considerably even at high catalyst load (10 mol%).

However, as the dilution increased, longer residence times were needed.
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Table 3.5. Monophasic Heck coupling of iodobenzene with methyl acrylate: variation of catalyst loading

in microchannel.

Metal Catalyst Catalyst load [mol %] Yield of 11%]
PdCl, 1 19
PdCl, 5 33
PdCl, 10 47

Pd(OAc), 1 21
Pd(OAc), 5 22
Pd(OAc), 10 53

Reaction conditions: Metal catalyst: ligand (1:2), iodobenzene (1.0 mmol), methyl acrylate (1.0 mmol),
Et;N (1.0 mmol), in DMF, heating at 70°C in an oil bath, residence time of 35 minutes under laminar

flow conditions.

In pursue for a Heck system with less particulate formation combined with better yields
using microflow, we investigated the effect of ligand type on the catalyst stability. First,
diphosphine rac-BINAP (Figure 3.6) was selected in the attempt to stabilise the Pd
centre further due to chelate effect, followed by N, N"-bis-mesityl-imidazolium chloride
to create a Pd-carbene complex. Pd-carbene complexes, in fact, are known to form very
active catalysts for Heck coupling with Pd because of their electronic similarity with
phosphines!’!, and are therefore capable of stabilizing the metal centre without the steric
bulk. Finally we also chose N,N-dimethyl-f3-alanine, since recent studies showed that
the use of amino acids as additives to Pd(OAc), forms systems with enhanced

reactivity in Heck coupling!'?'.
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OO PPh, ©

Cl
PPh, N/_\N@) Me2N/\/COOH
Mes™ '\ Mes
rac-BINAP N,N*-bis-mesityl-imidazolium chloride N,N-dimethyl-B-alanine

Figure 3.6. Variation of ligand type in Heck coupling.

We prepared catalyst-ligand complexes in 1:2 ratios then tested them by using identical
Heck conditions. By screening different ligands, we observed that the type of ligand
influences the degree of particulate formation significantly (Table 3.6); the occurrence
of high clogging was inevitable when either N,N-dimethyl-£-alanine or the imidazolium
salt were used, thus not allowing to complete the reaction. This was not the case for
both phosphine ligands; when BINAP was used, a moderately low product yield was
obtained, although palladium particulate formation was delayed. Overall, however, the
addition of mono-dentate phosphine PPh; was found to be the best option in giving
relatively lower clogging and better yield compared to the other ligands. Further
attempts to increase the stability of the Pd catalyst led to the use of tetra-
kis(triphenylphosphine) palladium Pd(PPh;)s. We found that the use of commercially
available Pd(PPh;),, rather than its in situ preparation, created a more stable and more
active Heck system, with much lower particulate formation and the highest yield in the

set.
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Table 3.6. Monophasic Heck coupling of iodobenzene with methy! acrylate: variation of ligand type in

the microchannel Heck reaction.

Degree of
Metal Catalyst Added Ligand Yield of 1{%]
clogging
Pd(OAc), PPh; low 53
Pd(OAc), rac-BINAP low 39
Pd(OAc), N,N"-bis-mesityl imidazolium chloride high -
Pd(OAc), N,N-dimethyl-f-alanine high -
Pd(PPh;), - very low 62

Reaction conditions: Metal catalyst (10 mol%), ligand (20 mol%), iodobenzene (1.0 mmol), methyl
acrylate (1.0 mmol), Et;N (1.0 mmol), in DMF, heating at 70°C in an oil bath, residence time of 35

minutes under laminar flow conditions.

In general, the in situ preparation of active species takes place in more uncontrolled
conditions compared to the use of an isolated or commercial sample. In the specific case
of PdL, complexes, the addition of two equivalents of ligand L to the Pd salt precursor
1s reported to create unfavourable equilibria involving the more unstable low-
coordinated Pd complexes which lead to the formation of particulate.”! As shown in
Table 3.6, however, only a moderate improvement was brought by the use of
commercial Pd(PPh;),, indicating that the in situ addition of ligands to Pd salts remains

a viable method. When we compare the results of all ligands added in situ, it is not
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surprising to observe that BINAP and PPh; are the best in stabilising the Pd° centre.
Phosphines in fact, being good n-acceptors, are ideal ligands to stabilise late transition
metals due to the strong two-ways bonding.!"*! However, we would expect the BINAP
ligand to perform better than triphenylphosphine, rather than the opposite, due to
chelate effect. The reason why the use of Pd(PPh;), gives a better outcome is probably
related to the mechanism of the Heck reaction, in which the elimination and addition of
a monodentate ligand L plays a crucial role in the catalytic cycle (Figure 3.1).
Therefore, opposite to the expectations, the presence of four independent ligands may
be somewhat preferable to the presence of two chelated phosphines. In literature
discussions regarding this issue, some authors argue that the use of chelating and
bidentate phosphines can in fact present mechanistic complications. 2]

An alternative set of conditions for the Heck reaction was also explored. The ligand-free
methodology employing the so-called Jeffery’s conditions in Heck coupling!" use a
combination of a divalent palladium with a quaternary ammonium salt in the presence
of an inorganic base. Jeffery et al. demonstrated that various tetraalkylammonium salts
used as additives have an accelerating effect on the Heck reaction without the addition
of ligands. We aimed to use a more active system in order to lower the loading of
catalyst and therefore avoid the formation of particulate inside the microchannel. The
arylation of methyl acrylate was performed in microchannel under Jeffery’s conditions
using tetracthylammonium chloride in the presence of Pd(OAc), catalyst, potassium
carbonate as a base, and carried out in a DMF: ethylene glycol solvent system. When 10
mol% loading of Pd(OAc), was used, channel clogging occurred frequently, while

smaller loading resulted in slightly improved yields compared to the flask.
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Table 3.7. Heck coupling of iodobenzene with methyl acrylate using Jeffery’s conditions.

Catalyst load Flask PTFE Microflow  Degree of
Metal Catalyst
[mol%] Yield of 1{%l] Yield of 1{%] clogging
Pd(OAc), 1 22 34 low
Pd(OAc), 5 29 52 low
Pd(OAc), 10 36 - high

Reaction conditions — in microflow system: Pd(OAc), (1, S or 10 mol%), Et,NCl (1.0 mmol),
iodobenzene (1.0 mmol), methyl acrylate (1.0 mmol), K,CO; (1.0 mmol), in DMF: ethylene glycol (4:1),
heating at 70°C in an oil bath, residence time of 50 minutes under laminar flow. Reaction conditions — in
flask: Pd(OAc), (X mol%), Et;NCI (0.2 mmol), iodobenzene (0.2 mmol), methyl acrylate (0.2 mmol),
K;CO; (0.2 mmol), in DMF: ethylene glycol (4:1), heating at 70°C in an oil bath, residence time of 50

minutes under laminar flow.

3.1.2.2. Segmented flow

Segmented flow technique was applied to reactions previously carried out in laminar
flow conditions in order to achieve further optimisation. We transformed laminar flow
into segmented flow by introducing an immiscible inert liquid phase into the laminar
flow as shown in Figure 3.7. We aimed to exploit the advantages of segmentation, i.e.
the generation of internal circulation within segments leading to improved mixing
compared to laminar diffusion. During this work, a paper was published by Ismagilov er

[15]

al. " on the use of the same principles for various applications including organic

synthesis. During our studies we came across limitations in applying the liquid-liquid
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segmented flow technique specifically in the choice of the inert solvent, which needs to
obey a number of criteria. Besides having to be immiscible with the reaction phase, the
segmenter phase must not interfere with, or dissolve any of the reaction components,
and have a boiling point compatible with the reaction conditions. In addition, in some
cases where heating was applied, the inert phase homogenised with the reaction phase
causing loss of segmentation, resulting in the formation of laminar flow. Even in such
cases, segmentation can be applied anyway as a tool of pre-mixing reagents prior to
heating. We also briefly considered the use of gas segmentation in our study, however
the formation of gas-into-liquid segments presented intrinsic problems in the control the
flow rate, which proved a difficult task to accomplish with the use of our apparatus. We
therefore had to abandon the idea of using gaseous inert phase. Initially we conducted a
comparison test between laminar and segmented flow applied to the Heck coupling of
alkenes and aryl halides. The arylation of styrene and methyl acrylate with iodobenzene
was performed using 10 mol% of Pd(PPhs), in DMF in the presence of triethylamine as
a base. Segmentation was applied by introducing a hydrocarbon solvents (heptane,
hexane, decane, or nonane) as the segmenter immiscible phase into the DMF reaction
flow by using an additional inlet connected to the microflow system. However, some
hydrocarbon solvents such as decane tended to homogenise with the DMF at high
temperatures resulting in laminar flow. On the other hand perfluorocarbon solvents,
such as perfluorodecalin, was found immiscible with DMF even at high temperatures
(120 °C), hence it was used as the segmenting phase. However, some other
perfluorocarbon solvents may also bear the disadvantage of homogenising with the
reaction phase when high temperatures are applied. Due to their high cost, we could
only use rather limited volumes of perfluorocarbon solvents, in absence of a recycling

system.
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A+B

Laminar Flow

B
Inert immiscible
segmenter phase
Inert solvent A+B A+B

Segmented Flow

iodobenzene + alkene + base

segmenting phase

metal catalyst: ligand Oil Bath

Figure 3.7. Reaction under laminar flow transformed into segmented flow by the introduction ofan inert

phase, either gas or immiscible liquid (top). Typical segmented microflow system setup (bottom).

68



As shown in Table 3.8, significant improvements in reaction yields for products methyl
cinnamate 1 and stilbene 2 were obtained as a result of introducing segmentation, in

(131 above,

agreement with our speculation and in accordance to Ismagilov’s arguments
showing also that high conversions were achievable with relatively low loading of

catalyst.

Table 3.8. Laminar vs. segmented flow applied to Heck coupling of iodobenzene with methyl acrylate to

form methy! cinnamate (1) or styrene to form stilbene (2).

Residence Time®  Catalyst load Laminar flow Segmented flow’
Alkene
approx. (min) [mol %] Yield [%) Yield (%]
methyl acrylate 35 5 36 (1) 65 (1)
methyl acrylate 35 10 53 (1) 76 (1)
styrene 45 S 38(2) 57(2)
styrene 45 10 43 (2) 59 (2)

Reaction conditions: Pd(PPh;)4 (5 or 10 mol%), iodobenzene (1.0 mmol), alkene (1.0 mmol), Et;N (1.0
mmol), in DMF, heating at 70 °C in an oil bath. a Defined as the time that the reaction mixture spends in
the flow channel (see Chapter 4, Eqs. 4.1a-c). & Segmentation created by introduction of decane as inert

phase.

On the basis of the very encouraging results obtained in the first attempts to synthesize
1 and 2, the study was extended to a variety of Heck coupling substrates, leading to the
use of substituted iodobenzene and bromobenzene with a variety of alkenes (Table 3.9).

As expected, iodobenzene showed generally higher reactivity, whereas bromobenzene
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often required longer residence times and higher temperatures; therefore we aimed to
improve the reactivity of bromobenzene by ring functionalization. The presence of a
nitro group in para position to the bromobenzene ring increased the reactivity due to the
strong electron-withdrawing effect of the substituent, thus activating the C-Br bond. In
general, a ring substitution creating an inductive or mesomeric effect that withdraws
electron density from the carbon bonded to the halogen, has an accelerating effect.””! In
fact p-nitrobromobenzene showed similar product yields to iodobenzene under the same
conditions. On the other hand, the presence of a methyl group in para position in a halo-
benzene forms less reactive substrates. The reactivity of styrene derivatives was
increased with the presence of strong electron-withdrawing groups in para position,
such in the case of p-fluorostyrene. On the other hand, m-nitrostyrene has shown the
lowest reactivity in the set in the reaction with iodobenzene. Further optimisation
studies on the coupling between iodobenzene and methyl acrylate showed that by
increasing the concentration of iodobenzene inside the microchannel to 0.09M and
increasing the temperature to 85 °C in the presence of 10 mol% of Pd(PPh;)s, the
reaction rate was increased remarkably leading to a shorter residence time of
approximately 1 minute to produce methylcinnamate 1 in 97% yield.

Next, we applied the segmented flow method to an additional type of Heck coupling of
alkenes using arene-diazonium salts instead of aryl halides (Scheme 3.5).1" Once the
diazonium salt is formed in situ from an aminobenzene substrate under acidic
conditions, rapid decomposition follows with rapid elimination of nitrogen gas. As a
consequence, diazonium salts may generally give rapid and uncontrolled explosions,
making their use generally hazardous in conventional flask especially on a large scale.

One of the greatest advantages of microflow systems is that the generation of reactive
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hazardous intermediates in a continuous flow does not represent a problem, due to the

handling of small volumes at a time within a contained environment.

2zN P

NH N R'
\ 2 N \
| I x :coe [ @/\/
e t-BUONO, AcOH . W - Pd(OAc),, DMF R/ /

Scheme 3.5. Heck coupling of aniline with alkene under acidic conditions through a diazonium ion

intermediate.

The microflow system setup for the Heck diazonium reaction was modified as shown in
Figure 3.8, in order to allow the in situ diazotisation prior to the Pd catalysed coupling.
We converted the aniline into a diazonium intermediate in the microflow system by
pumping a mixture of z-butyl nitrite (~-BuONO) along with excess of acetic acid to
aniline at temperatures below ambient (-20 to 0 °C). Once the diazonium is formed in
the first section, which can be visually detected by a change in colour of the solution,
catalyst Pd(OAc); along with the alkene were introduced at the second section and the
Heck reaction was left to take place at room temperature for a residence time of approx.
27 minutes. A variety of benzene-diazonium derivatives were reacted with several
alkenes using 10 mol% of Pd(OAc), successfully as shown in Table 3.10. Reasonable
conversions were initially obtained when a diluted solution of #-BuONO and a standard
solution of acetic acid in DMF were used. Hence, we aimed to accelerate the reaction
and obtain better yields by increasing the number of equivalents of both -BuONO and
acetic acid, achieving the best conversions by using 4 equivalents of each reagent. An
alternative successful methodology to generate diazonium consisted of preparing a

different set of stock solutions, ie. a solution of the aniline substrate mixed with an
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excess of acetic acid (2 eq), and a solution of /BuONO (3eq) in DMF. The reactivity of
the diazonium intermediate, largely influenced by the nature ofthe aniline substrate, has
a noticeable effect on the reaction yields. The presence of electron-withdrawing
substituents on the benzene ring, in fact, activates the diazonium intermediate whereas
electron-donating substituents makes them more unreactive, as reflected in the very low
yields given by substrates such as p-methoxyaniline, in contrast to the very good
conversions achieved by using substrates such as /?-nitroaniline. For comparison, we
also performed a series of reactions using commercially available tetrafluoroborate-(p-
nitrobenzenediazonium), to provide an alternative viable route with relatively high
product yields as shown in Table 3.10. In general it is natural to expect improvements
by the direct introduction of isolated intermediates, such as cleaner reactions and better
yields; however, the fact that in our case such improvements were not that large means

that the in situ production of active species in the microchannel works rather well.

Segmenter
phase Alkene

Section 1 Section 2

Cooling bath Ambient
LR L temperature

Figure 3.8. Microflow setup for Heck reaction via diazonium intermediate in the microflow consists of
section I used for diazotisation cooled to 0 °C and section 2 used for Heck coupling carried out at room

temperature.
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Table 3.9. Heck coupling of aryl halides to give only trans isomer.

Substrates Alkene Yield {%] Product (trans)
X =1/Br [1/Br]
L
X=1%/Br’
7 couMe 68/51 1
=
/\©\ 63/38 3
CF,
=
57/25 2
=
/\Q 60/22 4
F
NO.
/ 2
A@ 35121 5
\@\ X
X=1%/Br’
=
/\©\ 49/32 6
CF3
4729 7

z

44/19

CE
3
[~ ]

X

X =Br?
65 9

3

Reaction conditions: Pd(PPh,), (10 mol%), aryl halide (1.0 mmol), alkene (1.0 mmol), Et;N (1.0 mmol),

in DMF, residence time of 40 minutes. “ Arl coupling heating at 70 °C. ® ArBr coupling heating at 130 °C.
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Table 3.10. Diazonium Heck coupling of aniline derivatives.

Substrates Alkene Yield [%] Product (trans)

©/ -

N e
7 coM 54 1
O

66 2
=

Me0\©\
NH.

2

Z>coMe 27 10
/\@ 33 1
=z NO:
/\©/ 18 12
Q
N;*BF 4
7 coge 64 13

/A© 42 9
/\Ej 57 14
L 49 15
“TCL

61 16

Reaction conditions: Pd(OAc), (10 mol%), aryl halide (1.0 mmol), alkene (1.0 mmol), +-BuONO (4.0

mmol), AcOH (1.25 ml), in DMF, 0 °C to 25 °C, residence time of 27 minutes.
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3.2. Multistep metal catalysed syntheses in microflow system

Carrying out consecutive multistep syntheses using microflow technique offers
advantages over conventional methods. In addition to a better control over reaction
parameters and fast optimisation, multistep microflow technique enables an improved
and more controlled addition of reagents in a consecutive fashion which can be
accomplished without delays. It is indeed the continuous nature of the system that
allows efficient reaction optimisation: small aliquots of product can be collected as they
are produced, and analysed in order to decide how to change reaction conditions and
parameters without stopping the process. The efficiency and speed of optimisation
could be further improved by introducing automation in addition to fast online analysis
into the systems allowing the chemist to obtain faster feedback. There is a growing
interest in the literature in carrying out consecutive multistep syntheses using microflow
technique by exploiting the above mentioned advantages, such as in the notable works
of Haswell, Watts and Ley.!"”! The typical multistep microflow setup we used consists
of two or more separate microflow sections connected to each other. In the two-step
microflow setup, for example, the first reaction step takes place in Section I where the
reagents mix and react to form intermediate C as illustrated in Figure 3.9. Once the
intermediate is formed, the second reaction step takes place after introducing the
required reagents into Section 2 to form product D. The obtained product D is then
collected at the output of Section 2. A coiled PTFE microtubing setup is frequently used
along with multi-way connectors enabling us to add or remove different sections, or
introduce reagents as required, with good flexibility. In a multistep setup like the one
shown in Figure 3.9, the flow rate / in a section 1s the ratio between section volume V'
and residence time ¢. ¥ can be expressed for a circular channel as z#°/ where r is the

channel radius and / is the section length, so the generic flow rate expression becomes f
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= 7n2 (I/t). The limitation with the multistep setup is that once the required residence
time for Section 1 has been set, the total flow rate in Section 2 becomes fixed since it
equals the sum of the flow rate of Section! plus the flow rate of Condition 2. As a
consequence, the residence time of Section 2 cannot be varied freely without changing

the length ofthe section.

Section 1 Section2
A + B C D
Condition 1 Condition2
Condition 2
Section 1 Section 2
Product D

Figure 3.9. Multistep microflow setup consists of separate microchannel reaction sections.

3.2.1. Consecutive two-step Heck coupling

Our interest initially focused on carrying out a multistep microflow synthesis consisting
of two consecutive Heck couplings on an aryl substrate containing two different

reactive moieties. Such substrates are ideal precursors for a double alkenation where
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each coupling can take place in two consecutive steps at different reaction conditions.
For this we chose to use p-chloroaniline to couple with methyl acrylate using both the
chloro and the amino group (Scheme 3.6). In the first step, the amino moiety 1is
transformed into a diazonium intermediate under acidic conditions before reacting with
methyl acrylate using Pd(OAc),, to obtain (£)-methyl 3-(4-chlorophenyl)acrylate 17,
followed by the coupling at the chloro moiety with another equivalent of methyl

acrylate in the presence of Pd(PPh;),.

COMe CO,Me
NH, = =
Z>coMe A coMe
..................... -
10 mol % Pd(OAc),, DMF 10 mol % Pd(PPhs),
ci +-BUONO, AcOH NEt,, DMF
cl o 0
0°9Cto25°C 100°C/ 140 °C =
17 (62%) COMe
19

Scheme 3.6. Pd-catalysed double Heck coupling of p-chloroaniline with methyl acrylate: coupling of
diazonium intermediate to obtain (£)-methyl 3-(4-chlorophenyl)-acrylate 17 followed by coupling at the

chloro moiety to afford the bis -coupled product 19.

The order in which the two consecutive steps are carried out is important; the diazonium
coupling is conducted first since it requires lower temperatures compared to the
coupling at the halide moiety. Separate standard solutions were prepared for each
reagent involved in the first step as illustrated in Figure 3.10. Each solution was then
loaded into syringes which were then connected to the microflow system through a
designated inlet. The solutions were then delivered into the microchannel in a

continuous segmented flow manner.
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p-chloroaniline

-BuONO, Segmenter

Phase
Methyl acrylate, NEt3
AcOH Pd(PPh3)4 y ylate,

Cooling bath

C02Me

Section 1 Section 2
methylacrylate Ambient Heating
temperature
Pd(OAc)2

Figure 3.10. Two-step microflow setup for Pd-catalysed double Heck coupling ofp-chloroaniline with

methyl acrylate under segmented flow conditions.

The first step was optimised separately to obtain the best conversion of intermediate 17
(62% yield). The second coupling step was carried out in the multistep system at 100
°C, by introducing a flow of methyl acrylate along with triethylamine base and
Pd(PPh3)4into the flow of intermediate 17. However, after several attempts to carry the
second coupling of intermediate 17, only large amounts of unreacted intermediate were
obtained along with minor unknown impurities. The next sensible thing to do was to
increase the temperature; nevertheless, increasing the temperature to 140 °C in the
second step had no significant effect even at longer residence times, and only led to

unknown impurities with intermediate 17 still being the major component. In order to
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understand the cause of failure in the second step, the coupling of 17 was studied
separately in microflow as a single step reaction, by using an isolated (£)-methyl 3-(4-
chlorophenyl)-acrylate 17 as the starting compound. This precaution was taken to rule
out the effects of the conditions of the first coupling on the second step. However, no
sign of the expected product was observed in this case either, hence at this stage 1t was
reasonable to speculate that the cause of the failure could be a result of the low
reactivity of aryl chloro-substituent compared to other halogens. In order to test this
hypothesis, we chose to use p-iodoaniline to carry out the double Heck coupling using
analogous conditions (Scheme 3.7). The conditions of the first step were again
optimised separately to obtain intermediate (£)-methyl 3-(4-iodophenyl) acrylate 18 in
good yield (90%). When the multistep reaction was carried out, the second coupling
step on the iodo moiety of intermediate 18 only produced a small amount of the di-
coupled product 19 leading to the recovery of large amounts of intermediate 18 and p-
iodoaniline. When the second coupling step of purified intermediate 18 was studied
separately as a single step microflow reaction, no improvement in obtaining compound

19 was achieved after several attempts.

CO,Me CO,Me
NH, = /
2> coMe 2> CoMe
T M | E =
10 mol % Pd(OAc),, DMF 10 mol % Pd(PPhgz)4
I t-BUONO, AcOH , NEt;, DMF
09C to25°C 18 (90%) 80°C =
CO.Me
19 (traces)

Scheme 3.7. Double Heck coupling of p-iodoaniline: coupling of diazonium intermediate to obtain (£)-

methy] 3-(4-iodophenyl)-acrylate 18 followed by coupling at the iodine moiety.
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In conclusion, these first efforts to carry out multistep reactions in microreactor systems
were not successful compared to the single step Heck coupling examples shown
previously. However, since there is evidence that compound 19 can be prepared under
flask conditions, under ultrasonic irradiation at the ambient temperature (25 °C) to
afford high yield of the corresponding product, therefore at this stage the results
observed for the microflow system are not conclusive, and further reaction optimisation
are necessary in order to successfully synthesise 19."® In fact, it is rather typical of all
attempts of carrying out any organic processes microflow chemistry, to take into
account in the optimisation process the number of added parameters compared to flask

conditions before a full study is carried out.

3.2.2. Consecutive Heck coupling and ring closing metathesis in two-step
microreactor

Our second example of a multistep reaction in microsystem involved the combination of
ruthenium catalysed ring closing metathesis (RCM) followed by a Heck coupling
(Scheme 3.8). Ring closing metathesis of #-butyl-2-(diallylamino)phenylcarbamate 25 to
produce t-butyl-2-(2H-pyrrol-1(5H)-yl)-phenylcarbamate 26, was carried out using

Grubbs’ I or II catalysts!'”!

as the first step of the microflow synthesis, followed by
Heck cyclisation to produce the tricyclic product. Structure of Grubbs’ catalyst I and II
are depicted below (Ph = phenyl, Cy = cyclohexyl). Toluene was chosen as solvent for
both steps, due to its suitability with both reactions; the RCM step, in fact, requires the

use of a solvent which is compatible with Grubbs’ catalyst, while the Heck coupling

needs to be carried in a relatively high boiling medium.
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However, there are very few solvents which are immiscible with toluene in order to
create segmentation, such as water and ethylene glycol. Both solvents are incompatible
with the reaction, because of the risk of catalyst deactivation. We chose perfluorocarbon
solvents to create segmentation, due to their inertness as well as immiscibility with
toluene. The RCM precursor, ¢-butyl-2-(diallylamino)phenylcarbamate 25, was
prepared in conventional flask by N-allylation of benzene-1,2-diamine with allyl
bromide producing a mixture of five N-allylated derivatives (20, 21, 22, 23, and 24),
where the desired N, N-diallyl-1,2-phenylenediamine 23 was the major product (Scheme
3.9). For an improved isolation of the desired intermediate 23, we found that

purification by MPLC chromatography gave better separation than conventional

chromatography.
O (0] o o

NH Y Diazonium

©: Ring Closing Metathesis NH Heck cyclization m
________________ -
NN Grubb's Il catalyst, @N 10 mol % Pd(PPhs), N
toluene, 40°C Q NEt. t o
X ' 3, toluene Tricyclic product
25 HI microwave (150W) 26 (91%) 800C cyclicp

Scheme 3.8. Ring closing metathesis (RCM) of ¢-butyl-2-(diallylamino)phenylcarbamate 25 followed by
Heck cyclisation of intermediate #-butyl 2-(2H-pyrrol-1(SH)-yl)-phenylcarbamate 26 to obtain the

tricyclic substrate.
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NHZ Br N\
/\/ @[ R,
: :NHz DMF, 60 °C, 48 h -Rs
R, R%, R’,R*=N, N, N',N “tetra-allyl 20 (14-19% yield)
R, R .R}=N, N, N-tri-allyl, R* =H 21 (25-33% vield)
R', R*=N, N'-di-allyl, R* R®*=H 22 (10-15% yield)

R, R?=N, N -di-allyl, R®, R*= H 23 (39-55% yield)

R'=N -allyl, R, R} R*=H 24 (2-7% yield)

Scheme 3.9. Preparation and isolation of precursor substrate N,N-diallyl-1,2-phenylenediamine 23 in

conventional flask.

Prior to carrying out the RCM reaction, it was essential to protect the amino group on
23 to generate the carbamate derivative 25, to avoid any deactivation of Grubbs’
metathesis catalyst. The metathesis reaction was initially conducted on precursor 25
using 5 mol% of Grubbs’ catalyst I ' in a PTFE microtube at 40 °C, obtaining
intermediate 26 in 63% yield, along with side product t-butyl-2-(1H-pyrrol-1-yl)-
phenylcarbamate 27 in 32% yield. In order to improve the yield of intermediate 26, we
carried out a brief optimisation study of the metathesis reaction by investigating the
effect of the four main factors affecting the reaction, i.e. choice of catalyst, loading of
catalyst, heating method and temperature. The most significant results are summarised
in Table 3.11. In general we observed that by changing the RCM catalyst type from
Grubbs’ I to Grubbs’ II the yield of the desired intermediate 26 improved significantly

while a general decrease on the side product 27 yield was attained.
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Table 3.11. Optimisation of RCM of #-butyl-2-(diallylamino)phenylcarbamate 25 in PTFE microtube

(first step in Scheme 3.8).

Catalyst load Heating

Catalyst Yield of 26]%) Yield of 27]%]
[mol %] method
Grubbs 1 1 Oil bath 31 23
Grubbs I 5 Oil bath 63 32
Grubbs 1 5 Microwave 73 21
Grubbs II 1 Oil bath 48 19
Grubbs II 5 Oil bath 87 16
Grubbs II 5 Microwave 91 4

Reaction conditions: Grubbs I or II catalyst (1 or 5 mol%), #-butyl-2-(diallylamino)phenylcarbamate 25
(0.4 mmol), in toluene, heating at 40°C using either microwave irradiation (150 W initial power) or oil

bath heating, residence time of 10 minutes.

Further studies showed that catalyst loading higher than 5 mol% as well as increase in
temperature led to an increase in the yield of side product 27 and a decrease in the yield
of compound 26. Overall, the best results were obtained by using microwave irradiation
at 40 °C, in the presence of 5 mol% Grubbs’ catalyst II, which gave compound 26 in
yields up to 91% within 10 minutes of reaction time. In this particular example, we
found that activating the metathesis reaction by microwave irradiation has more
reproducible outcome than those previously seen for Heck examples (Section 3.1.1).
After finding good metathesis conditions for precursor 25, we aimed to accomplish the
cyclisation of intermediate 26 with the removal of the carbamate protecting group in the
Heck acidic conditions to restore the amino substituent, which then effectively

converted into a diazonium moiety by using #-butyl nitrate and acetic acid. However,
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instead of the desired tricyclic product, #-butyl-2-(1H-pyrrol-1-yl)-phenylcarbamate 27
was obtained as the major product, along with small traces of the precursor 26. The
oxidation of the pyrroline 26 to the pyrrole 27 was observed to occur slowly on the
isolated substrate exposed to the atmosphere, while it is accelerated in the presence of

Grubbs’ or palladium catalysts (Scheme 3.10).1%

Y Y

O (o} (o) (0]
Y Side reaction Y

Scheme 3.10. Side reaction of intermediate r-butyl 2-(2H-pyrrol-1(5H)-yl)-phenylcarbamate 26 under

Heck reaction conditions to obtain 7-butyl-2-(1H-pyrrol-1-yl)-phenylcarbamate 27.

We also observed that the removal of the protecting group, necessary for the formation
of diazonium, did not take place. Acetic acid was probably not strong enough to ensure
the necessary restoration of the amino group. On the other hand, the use of stronger
acids was undesirable because stronger acidic conditions caused polymerisation of the
2,5-dihydropyrrole moiety. At this stage we decided to attempt the multistep synthesis
on another kind of substrate. A possible alternative solution was to use an iodo group in
place of the amino group, using 1-(2-iodophenyl)-2,5-dihydro-1H-pyrrole 30 in the
presence of a Pd° complex under basic conditions. Substrate 30 was prepared from the
metathesis of N,N-diallyl-2-iodobenzenamine 29 and i1solated in 98% yield, with only

traces of the side product 1-(2-iodophenyl)-1H-pyrrole 31 (Scheme 3.11). Precursor 29
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was prepared in conventional flask by allylation of o-iodoaniline as shown in Scheme

3.12.
C[ : Ring Closing Metathesis @( ! Heck cyclisation m
.................. -
=
N Grbbs catalyst I N 10 mol % Pd(PPhy), N
29 toluene, 40 °C \ Y NEt,, toluene Tricyclic product
| microwave (150W) 30 (98%) 800G

+

I
O
31 (traces) —

Scheme 3.11. Ring closing metathesis of 2-(diallylamino) iodobenzene 29 followed by Heck cyclisation

of 1-(2-iodopheny!)-2,5-dihydro-1H-pyrrole 30 to obtain the tricyclic product.

By carrying out the cyclisation of 30 under Heck conditions using Pd(PPh;), in the
presence of triethylamine, we were hoping to obtain the tricyclic product, however, we
mainly observed 1-(2-iodophenyl)-1H-pyrrole 31 as the major product. Perhaps at this
stage it is reasonable to speculate that formation of the desired tricyclic compound is
somewhat intrinsically restricted by conformational requirements, thus the oxidation

step is believed to take place instead.

L, e L |
+
NH, DMF, 60 °C, 48 h NH C[N/\\/

Scheme 3.12. Conventional preparation of ¥,N-diallyl-2-iodoaniline 29.
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Next, we decided to attempt Heck coupling instead of cyclisation, which should not
present any problems with conformational restraints. Heck coupling of 30 with methyl
acrylate was carried out after the metathesis of precursor 29 in the multistep system
(Scheme 3.13). After several attempts, (F)-Methyl 3-(2-(2H-pyrrol-1(5H)-yl) phenyl)

acrylate 32 was obtain in yields between 38% and 64%.

C[ ! Ring Closing Metathesis | Heck Coupling 2 _-COMe
e X LT
N/\\/ Grubb's I, Toluene N /\Cone N
0
K' 40°C, MW (150W) /10 mol % Pd(PPhs), /
29 |

NEt;, Toluene

30 (98%) o0 0

32 (38-64%)

Scheme 3.13. Ring closing metathesis of 2-(diallylamino)iodobenzene 29 followed by Heck coupling of
1-(2-iodophenyl)-2,5-dihydro-pyrrole 30 with methyl acrylate affording ()-methyl-3-(2-(2H-pyrrol-

1(5H)-yl)-phenyl)-acrylate 32.

When Heck coupling was carried out using more hindered substrates such as styrene, p-
fluorostyrene, p-trifluoromethylstyrene and m-nitrostyrene, no coupling product was
observed. Another similar example of a consecutive RCM and Heck coupling reaction
was carried out in the same fashion as the previously mentioned example. The
metathesis precursor N,N’-diallylaniline 34 was prepared in 89% yield from aniline,
using the same conditions as seen before for the preparation of substrates 22 and 29.
The RCM of N,N'-diallylaniline 34 was carried out in the presence of Grubbs’ catalyst
IT using the reaction setup shown in Figure 3.11 to afford intermediate 1-phenyl-2,5-

dihydro-1H-pyrrole 35 in 96% yield. Intermediate 35 was then promptly reacted with
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iodobenzene to obtain 1,3-diphenyl-1//-pyrrole 37 in yields between 53% and 60%

after several attempts (Scheme 3.14).

Ring Closing Metathesis Heck Coupling
Grubb's catalyst II 10 mol % Pd(PPh3)4
tol.uene, 40 °C O Phi, NEt3, toluene
microwave (150W) 80 °C o
4 35 (96%) 37 (53-60%)

36 (traces)

Scheme 3.14. Ring closing metathesis of A » diallylaniline 34 followed by Heck coupling of 1-phenyl-

2,5-dihydro-1/-pyrrole 35 with methyl acrylate, affording 1,3-diphenyl-1//-pyrrole 37.

Segmenter Pd(PPh3)4
phase
Section 1 Section 2

Heati th
Microwave irradiating eating ba

Grubbs' I

Figure 3.11. Two-step microreactor set up for RCM followed by Heck coupling under segmented flow

conditions.
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Finally, the success in obtaining product 1,3-diphenyl-1//-pyrrole 37 led to develop our
study further, by attempting to build a small library of similar derivatives obtained by
varying the ring substitution on the aryl iodide used in the second step. For this purpose
we modified the microflow setup as illustrated in Figure 3.12. The outlet of 1-phenyl-
2,5-dihydro-1//-pyrrole 35 intermediate leading to the second section was branched into
a number of lines enabling the introduction of different aryl iodides, allowing the
collection of all different products at the end of each line, simultaneously and in a
continuous fashion. Subsequently, we also looked into scaling up the multistep
synthesis to obtain 1,3-diphenyl-1//-pyrrole 37 using the numbering-up approach. This
means increasing the number of flow channels (all holding the same volume) to carry

out the reactions simultaneously in a parallel array of channels (Figure 3.13).

Grubbs’ II

Aral, Pd(PPh3)4, EtsN

Ar’l, Pd(PPh3)4, EtsN

Arl!, Pd(PPh3)4, EfeN

Figure 3.12. Small library of 1,3-diphenyl- 17/-pyrrole derivatives generated by multistep synthesis.
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Grubbs

Figure 3.13. Scale up of 1,3-diphenyl-1//-pyrrole 37.

The branched setup shown in Figures 3.12 and 3.13 was accomplished using
Upchurch™ splitter fittings in which all the out-going branched channels had equal
internal diameter as well as equal length, to ensure an equalised pressure between the
branches. Ifthe system had unbalanced pressure between the branched channels, in fact,
this would result in unequal flow into the branches. A much more effective way of
equalising the pressure can be achieved with back-pressure regulators connected at the
end of each branched channel. After several attempts carried on both scale up system
and library system, however, we failed to maintain equal flow throughout the branched
channels in spite of having equal internal diameter as well as equal branch length. In
consideration of all the technical difficulties encountered, we concluded that the
designed system is not entirely reliable at this stage and that more advanced level of

engineering is required.
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3.3. Heck coupling under heterogeneous catalytic conditions

We aimed to take advantage of the improved surface-to-volume-ratio in the
microchannel by studying the Heck coupling (Scheme 3.15) under heterogeneous
conditions using immobilized Pd catalyst to coat the channel walls. In a series of
experiments carried out at a preliminary level, we tried to achieve our aim by attaching
the metal catalyst to a stationary phase while maintaining the reactants residing in the
flow phase, by exploiting a coating technique (Experimental, Section 4.1) developed in
the research group in the Engineering Department involving the use of commercial
fluoropolymer Cytop™ ! (Cyclic Transparent Optical Polymer). The purpose of such
coating was mainly to obtain smoother microchannel walls as well as to enhance their
hydrophobicity. Using the same technique, we prepared a mixture of Pd/C (30 mol%
relative to the amount of reagents) in Cyrop™ solution with a volume corresponding at
least to the entire volume of the channel, which then was used to coat the PTFE

microtube surface.

i Pd(OAc),:Ligand (1:2)

s,/\/ .~ _OMe o SN COMe
_ g DMF, EtsN, 70 °C _

1

Scheme 3.15. Heck coupling using tris[4-(tridecafluorohexylphenyl]phosphine as the fluorinated

phosphine ligand.

However, when the reaction mixture was delivered into the microchannel, the
fluorinated catalytic surface layer was washed out instantly. We speculated that the

difficulty of coating the PTFE channel surface could be due to its smoothness and
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inertness, therefore our next approach involved the microfabrication of a PTFE disc
device in which the surface of the channel was purposely roughened using a

micromilling tool to ensure a better coating.

CYTOP'
CF,*CF-0-CF,-CF,-CF»CF,

Figure 3.14. Structure of Cytop™ . 1211

Although the roughness of the microchannel can in theory cause disturbances to the
segmented flow, we were confident that the coating with the Pd/C-Cytop™ mixture
would produce a smooth surface. However, as already explained in Section 2.3, the
bonding of PTFE microdiscs was very hard to accomplish, while on the other hand
PMMA could not be used due to its poor thermal resistance during the reaction. At the
end a good compromise was obtained by avoiding bonding, and instead we held
together a transparent PFA disc over an opaque PTFE disc very tightly in the
microreactor housing. When the reaction mixture was flowed through the channel, we
observed that some ofthe Pd/C catalyst passed into the reaction mixture as the reaction
mixture flowed through. We initially thought that Pd/C did not possess any special
affinity with the fluorinated phase probably due to lack of functionalities. We therefore

employed a fluorinated Pd® complex by combining Pd(OAc)2 with a fluorinated

phosphine ligand tris[4-(tridecafluorohexylphenyl]phosphine to enhance the Pd
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catalyst’s affinity with the Cyrop™ phase. Nonetheless, the same problem of catalyst
diffusion into the reaction mixture was observed. At this point we decided not to
develop the idea further, as creating affinity between catalyst and the inert fluorinated

phase seems an intrinsically difficult task.

Tris[4-(tridecafluorohexylphenyl]phosphine

3.4. Summary and conclusions

By carrying out various examples of Heck reactions in microflow system, we observed
better performances, both in biphasic and monophasic systems, compared to
conventional flask. For Heck coupling under homogeneous single flow conditions, we
were able to enhance performances, compared to the laminar flow, by the use of
segmentation. In these cases segmentation was either maintained all along the reaction,
or in some cases used as a tool for reagent pre-mixing before solvent homogenisation at
high temperature. In many examples of Heck reactions, although the use of microwave
irradiation was observed to give a general enhancement in the reaction performance,
however, it proved to be not as reliable as one would hope in comparison to
conventional heating, leading to many irreproducible results. By contrast, microwave
irradiation proved to be a rather reliable tool to enhance the performances of ring-
closing metathesis reactions. We looked at the improvement of reaction performance
either by varying the substrate type, or by activating it via functionalization, with

satisfactory results. Observations, however, suggest that in several cases further system
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optimization may be brought in. We also showed that by varying parameters such as
concentration, loading and type of catalyst, we were able not only to better handle the
formation of Pd particulate within the channel, but also to increase the reaction rate.
Although the advantage of the use of segmented flow technique to both monophasic and
biphasic reaction systems is clear, however, the main limitation in the choice of solvent
systems needs to be considered especially for the monophasic systems, in which
segmentation is used to ensure better mixing. In fact, the appropriate choice of the
segmentation solvent for the task required is made according to criteria of temperature-
dependent immiscibility, non-interference with substrates and products, boiling point
and low cost. Perhaps the best solution to overcome such limitation would be the use of
gas segmentation, which however requires special techniques beyond the scope of this
. study.

We developed a microflow system to study multistep syntheses involving Pd-catalysed
Heck reactions and Ru-catalysed ring-closing metathesis, successfully providing reagent
and catalyst delivery in a consecutive fashion, achieving control over reaction
parameters and accomplishing fast optimisation. The accomplishment of Heck multistep
reaction in some cases was not as successful as in the single step coupling, calling for
further reaction optimisation. Ring-closing metathesis, on the other hand, proved quite
successful in the production of desired reagent intermediates. In the recent years we
have witnessed the growing interest on integrating solid-supported reagents into flow
chemistry. This is a very appealing prospect especially for the multistep flow reactions
as a semi-purification tool between steps to improve the quality of each step. For
example, the use of Quadrapure™ (Sigma-Aldrich) commercial metal scavengers, used
to trap metal catalyst at the end of the reaction, could be an ideal approach for multistep

metal-catalysed reactions in which different metal catalysts are used. On the other hand,
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using a macro-porous or monolithic solid-supported metal catalyst would offer an
advantage in terms of catalyst recycling. Although the building up of both library and
scale up systems (Figures 3.12 and 3.13) is generally time-consuming and requires a
number of connecting parts, however, once such systems have been set up, they are
much more efficient than conventional flask methods. Nevertheless, the limited time on
the project did not allow further improvements that we had in mind, namely the
modification of the scale up and the library setup, needed in order to split the flow
equally into the branched channels and be able to apply segmented flow technique for

further reaction performance enhancement.
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Chapter 4

Experimental and system setup



4.1. Microfabrication and microflow system setup

In this project we frequently used microflow systems made from a range of polymeric
materials.1ll These are known to be compatible with a variety of reaction conditions and
reagents and are economical in terms of material price and microfabrication cost.
Microfabrication of polymer materials was carried out through mechanical milling
technique on sheets of materials using L PKF milling machine (Figure 4.1).[21 A range of
high precision engraving and drill tools supplied by LPKF Laser and Electronics were
used to produce the inlet and outlet ports as well as microchannel in a uniform depth in

a variety of sizes, typically in the range from 0.1 mm to 1.0 mm.

Figure 4.1. Laser and Electronics LPKF milling machine with x, y, z milling directions (left); typical
LPKF engraving tools to form a square or rectangular shaped microchannels (middle); drilling tools to

form inlet and outlet ports (right).

By using engraving milling tools, one is able to produce square or rectangular channel
geometries. The size of the milling tool is selected according to the required width of

the channel, while the depth can be controlled through the milling machine. On the
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other hand, inlet and outlet ports were fabricated using a double edge cutter tool to
make flat-bottomed circular ports with an internal diameter of 1.6 mm, the same
diameter as the inlet tubes which connects the pump to the microflow device. Before
carrying out the milling procedure, a pattern design of the microflow device was created
by using CorelDraw 10 software to implement the right measurements and size. The
completed design 1s then imported into CircuitCamp 3.2 software, where assignment of
the milling and drilling tools to the specific job takes place followed by importing the
information into BoardMaster 3.0 software which controls the LPKF milling machine
directly. Microfabrication consists of two main stages, namely the micromilling, to
create an open microchannel in uniform depth, and the bonding, to create an enclosed
microchannel.

| The microfabricated microflow devices consisted of two sealed circular shape surface
layers of 1% " radius (Figure 4.2), a bottom surface layer containing the micromilled
channel, arranged in a serpentine shape in order to fit in maximum length, and a top
layer containing two inlets ports and one outlet port. Good performance in micromilling
is generally related to the hardness of the material used. The two layers, which can be
made either from the same material or from two different materials, were then sealed on
top of each other, using different bonding techniques, mainly based either on thermal or
adhesive methods, depending on the material used. Thermal bonding is based on
pressing the two discs together while thermally reaching the polymer 7, (glass transition
temperature), and is generally incompatible with the bonding of discs of two different
materials. When that is the case, then adhesive bonding becomes the preferred

technique, carried out by use of a layer of sealant between the two discs.
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Step 1
Designing and microfabrication of two polymer

discs using LPKF milling

Inlet ports

MicroChannel

Step 2
Bonding both polymer discs

Figure 4.2. Microfabrication o f polymeric microflow device.
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We camried out our microfabrication using various polymeric materials,
perfluoroalkoxyethylene (PFA), polymethylmethacrylate (PMMA), fluorinated
ethylenepropylene (Teflon-FEP), and polytetrafluoroethylene (PTFE). We aimed to
create the optimal microdevice having wide applicability to different reaction
conditions, resistance to high temperature and corrosion, as well as offering ease of
microfabrication. For that purpose we used polymer materials with a variety of physical
properties. In general, polymers known for their chemical inertness and high thermal
resistance (e.g. PTFE) are problematic in microfabrication, whereas less inert polymers
make ideal candidates for successful microfabrication. For instance bonding for PMMA
is best achieved thermally, where polymer plates are fused together at high temperature,
usually 10 °C below the melting point (130 °C) to allow some diffusion of material
between the plates. In order to successfully fuse two PMMA discs, the surface of each
plate must be cleaned very scrupulously, generally by washing with organic solvents
such as methanol followed by 2-propanol, to remove any contaminants, drying with
nitrogen gas and then heating for 48 hours at 95 °C prior to fusion. Once the
microdevice has been thermally bonded, sometimes we coat the microchannel in order
to obtain a smoother wall surface and to give improved solvent resistance with a degree
of hydrophobic nature. A technique applicable to polymer channels, already developed
in the research group in the Engineering Department at Cardiff University, involved the
use of commercial fluoropolymer CytopTM B) (Cyclic Transparent Optical Polymer),
supplied by Asahi Glass. This is an amorphous, soluble fluoropolymer exhibiting the
outstanding properties typical of highly fluorinated polymers, such as very low surface
energies with respect to aqueous phases and maximum protection against degradation.
The typical microdevice contained a T-shaped inlet junction with a dead-volume top-

chamber, proved to be the best design to provide effective segmentation. Instead, for the
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creation of parallel flow, a V-shaped mixing junction was used (Section 2.2), in which
the best angle 0 at the point where both phases meet (Figure 4.3) was between 60 and

90°, inorder to obtain a stable flow.

Inlet a Inlet b inlet a n ___ Inletb
6 =60 -90°
V-shaped Junction T-shaped Junction

Figure 4.3. V-shaped and T-shaped inlet design.

Housing device

For efficient connection between the microflow device and the external elements such
as pumps, manual or automated product collection, or online analysis instrument, we
have designed and manufactured a microreactor housing (Figure 4.4), made of
chemically resistant and thermally stable materials such as stainless steel (Figure 4.5) or
polyetheretherketone (PEEK) (Figure 4.6). The housing was designed to embed in and
hold firmly the microdevice while providing a tight-seal connection between the inlet
ports and the pumps using capillary tubes, allowing the introduction of reagents over a
range of flow rates and pressure, reliably and avoiding leakages. The microreactor
housing contains a number of threaded holes specifically designed for the use of the
finger-tight nut fittings from Upchurch Scientific (p-206), to allow a secure positioning

of the capillary tubes (outside diameter 1/16 inches) (Figure 4.7). In addition, a rubber
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seal was placed inside each screw, around the hole on the surface of the device. The
design allows the connection of more than two inlets, hence more syringe pumps can be
fitted in. Connection between capillary tubing and the reagent syringe was originally
achieved using a silicone tube (length 30 mm) fitted between the needle and the
capillary tube. We then later adopted the use of'the safer M6 nut fittings-to-female luer-
adapter from Upchurch Scientific (p-660) that connects standard nut fitting to the

syringe directly without the need for needles.

Product collection

Figure 4.4. Microdevice experimental setup: syringe pump connected to microreactor stainless steel

housing and sample outlet for collection of product.
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Micro-reactor bed Viewing window

Inlet and outlet HPLC peek 1 M4 thread
screws fitted with peek tubes M4 Hex bolt clearance

stainless steel screws to
join two metal blocks togther

Micro-reactor bed

Viewing window . Viewing window
Micro-reactor bed

Figure 4.5. CorelDraw design for the stainless steel microdevice housing.
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Figure 4.6. CorelDraw design for the PEEK microdevice housing.
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Finger-tight fitting

Ferrule for leak-proof seal

Figure 4.7. Upchurch Scientific finger-tight fitting.

Microflow tube setup

PTFE and FEP microflow tubes were frequently used in our flow system set-up, as they
are economical, flexible, and have a good visibility (in case of clogging) and are
resistant to a variety of chemical and physical conditions such as heating, cooling,
microwave irradiation and sonication. PTFE and FEP tubing can be purchased in a
variety of sizes, we tend to use the tubing with 1/16 inch outside diameter and vary the
internal diameter. When PTFE and FEP tubing were used as a replacement for the
microdevice, no housing design was required, and instead only Y-, T- and cross-inlet
connectors (Upchurch Scientific) and KEL-F T-connectors (Sigma-Aldrich Supelco)

were required to provide a good sealed connection with the pumps (Figure 4.8).

Mountrig
Holes
13+

(.13
diameter)

!
cemewith Ftangelec* Fitting* 37 o

Figure 4.8. Flow splitter, cross, and T connectors from Upchurch scientific.
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In the typical microflow setup the microflow was coiled around a glass or metal test
tube to be immersed into a heating or cooling bath or inserted into a CEM microwave

cavity (Figure 4.9).

Inlet and outlet

Coiled microtube

Glass Tube

Figure 4.9. Coiled PTFE microflow on a standard test tube.

Reagent delivery

One of the most simple but crucial element of the use of microflow systems is the
introduction of reagents into the microchannel, therefore the method of interfacing
between the reagent reservoirs and microflow system represents a key challenge in the
microsystem setup. We chose to deliver our reagents into the system via hydrodynamic
pumping, which represents the most economical way, by using KD Scientific syringe
pumps (models 100, 101, 200 and 250). This particular brand of syringe pumps has
good accuracy of pulsed flow delivery, and it is simple to use. In addition, it can be

either controlled manually or via automated system with use of software such as
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Labview. The only few major drawback of syringe pumps is the limited volume (large
scale up), unsuitable for high pressure systems and not allowing temperature control or
stirring of the stock reagent. The theory behind regulating the delivery of reagents is
quite straightforward (Equation 4.1a). The total flow rate /(ml'min™") in a microchannel
system is expressed by the ratio between the section volume V' (given by the channel
cross section times the channel length) and the residence time ¢ The total flow rate can
be also expressed as the sum of the flow rates (Equation 4.1b) of each reagent which in
turn can be derived from their number of moles and concentration (Equation 4.1¢) so
that the total flow rate is easily expressed in function of individual reaction parameters

we have full control of.

vV
f=7 (Eq.4.1a)
f=0+fat+...+fn) (Eq.4.1b)
f= Vi + Vz+...4+Vn) _ (mifc1 + n2fc2+...+ nnfcn) (Eq. 4.10)

t t

4.2. General experimental information

All commercially available substances were purchased from Sigma-Aldrich, Merck,
Lancaster, Strem or Acros organics, and used without further purification, while
anhydrous solvents were freshly distilled prior to use. Air sensitive reactions were
prepared/carried out under an inert atmosphere of argon in oven-dried apparatus.

Conventional heating was carried out using silicon oil bath placed on top of an /K4
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hotplate, equipped with a temperature controller. Non-conventional heating was
performed by microwave irradiation using Discovery CEM system at a frequency of
2450 MHz (0-300 W). Sonication was conducted using Clifton Ultrasonic Bath at
frequencies between 30 and 40 kHz (80 W). Reaction monitoring was carried out by
thin layer chromatography (TLC) using Merck Kieselgel silica gel 60 GF254 layers.
Purification was carried out mainly using flash column chromatography or preparative
thick layer chromatography using Merck Kieselgel 60 silica (230400 mesh). Other
methods included Biichi Medium-Performance Liquid Chromatography (MPLC) using
Model 681 chromatography pump and Biichi UV/Vis filter photometer with an
automated fraction collector. General operations of solvents evaporation were carried
out at reduced pressure using Biichi rotary evaporator and diaphragm pumps. For
thorough removal of solvent traces a high vacuum apparatus connected to a rotary oil
pump was used. NMR spectroscopic analyses were carried out using Bruker 500 MHz,
400 MHz, or 250 MHz for '"H NMR spectroscopy and Bruker 125 MHz, 100 MHz or 63
MHz for *C NMR spectroscopy. NMR spectra were recorded using 5 mm glass tubes
and chloroform-d (CDCl3) as deuterated solvent unless otherwise stated. All NMR
measurements were carried out at 25 °C and the chemical shifts were reported in & ppm
values while the coupling constants were reported in Hz. The abbreviations are used to
indicate the multiplicities are: s (singlet); d (doublet), t (triplet), q (quartet); m
(multiplet); br (broad signal). The spectroscopic analysis of known compounds is in
accord with the data reported in the literature. Analysis with Mass Spectroscopy was
carried out using Waters LCT Premier XE-TOF (available detection methods EI, CI,
ES, APCI). In all cases the mass fragments were reported in atomic mass units per
elementary charge (m/z). High-resolution mass spectrometry was carried out at either

Cardiff University or EPSRC NMSSC Swansea facilities. IR Spectroscopy was carried
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out using Perkin Elmer 1600 spectrometer (frequency values in cm™) in which samples
were measured either neat or in CDCI; solution. Melting points were determined using
electrothermal melting apparatus in open capillary tubes. The hydrolysis reaction

transformation was monitored and analysed quantitatively using Jasco UV (V-570).

4.3. Microflow reactions general considerations

In a typical microflow experiment, the following steps are carried out:

(1) Preparation of stock solutions was carried out considering first the number of
solutions to be used in the experiment, in order to deliver them individually into the
microchannel using separate syringe pumps; however, when the number of reagents
exceeded the number of pumps, one needed to consider carrying pre-mixing of
reagents, provided they would not react before entering the system. The appropriate
molar concentrations of reagents and catalysts were chosen accordingly to the
stoichiometric ratio of the reaction and to the specific reagents solubilities, trying to
compromise the practical advantage of preparing solutions of the same molarity
with the requirement of having complete dissolution of substrates. When it was
required to vary the loading of catalysts, either the concentration of catalyst in the
stock solution will be increased accordingly by keeping the flow rate constant, or
the catalyst-to-substrate flow rate ratio will be increased as necessary.

(2) Flow rates for each reagent are calculated according to the formula flow rate =
system volume / residence time (Equations 4.1a-c), on a fixed volume (depending on
spatial requirements and limitations), and with a pre-planned convenient residence
time.

(3) Calculated flow rate values were then entered into the pumps settings to carry out

the reaction. In the case where reaction optimisation is carried out, a set of residence
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times are tested with a series of trial-and-error reaction runs, while monitoring using
TLC, in order to determine the best conditions.

(4) The required collection time, i.e. the time needed to collect enough volume of
product mixture to carry out an analysis, is then calculated according to the formula
total flow rate = required volume / collection time.

It 1s important to bear in mind that, when transforming the laminar flow into
segmented by addition of a segmenter phase S to the two existing phases A and B,
the collection time needs to be doubled compared to the simple case of case of the
absence of segmenter. The total flow rate, in fact, will add the contribution of phase
S (according to Equation 4.1b) in the segmented experiment. In order to carry out an
accurate comparison of laminar vs. segmented, it is necessary to keep the same

value of total flow rate in the two cases, as shown in the example below.

Total flow Collection Collected
Experiment Flowrate A Flowrate B  Flow rate S
rate time volume
laminar 1 mi/min 1 mi/min - 2 ml/min 1 min 2 ml of A+B
2 ml of A+B
segmented 0.5 ml/min 0.5 ml/min 1 ml/min 2ml/min 2 min
plus 2 mlof S

The volume collected in the segmented experiment will be 50% composed of the
segmenter phase S (considered that each A+B segment is equal in length to each S
segment), it is therefore necessary to allow double the time of collection compared to

the laminar experiment.
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4.4. Experimental procedures

General procedure la for Biphasic hydrolysis under segmented flow of p-
nitrophenyl acetate in PMMA microreactor at room temperature: In a typical
hydrolysis experiment, the following stock solutions were prepared in individual
volumetric flask: (A) 0.05M solution of/Miitrophenyl acetate (905.7 mg, 5.0 mmol) in
toluene (100 ml); (B) 0.5m solution of sodium hydroxide (2.0 g, 50.0 mmol) in water
(100 ml). Both solutions were then delivered into the PMMA microchannel (refer to
Figures 4.10) using KD Scientific syringe pumps in a continuous segmented flow
manner at various residence times (refer to chapter 2) using various flow rates
calculated from Eq. 4.l1a to 4.1c. The microchannel setup consisted of a PMMA
microreactor fitted in a stainless steel housing (length 400 mm, with cross section areas
ranging between 15,625 pm and 144,500 pm (refer to chapter 2). The reacted mixture
was collected at the end of the channel into a pre-cooled small narrow vial. The
collected reaction mixture was finally analysed quantitatively wusing UV

spectrophotometry.

Product
Microreactor

Figure 4.10 Polymer microreactor setup: length 400 mm, square or rectangular cross section shapes,

with cross section areas ranging between 15,625 pm2and 144,500 pm2.
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General procedure 1b for Biphasic hydrolysis under segmented flow of p-
nitrophenyl acetate in PTFE coiled microtube: In a typical hydrolysis experiment,
the following stock solutions were prepared in individual volumetric flask: (A) 0.05M
solution of/Miitrophenyl acetate (905.7 mg, 5.0 mmol) in toluene (100 ml); (B) 0.5m
solution of sodium hydroxide (2.0 g, 50.0 mmol) in water (100 ml). Both solutions were
then delivered into the PTFE microtube (refer to Figures 4.11) using KD Scientific
syringe pumps in a continuous segmented flow manner at various residence times and
temperatures (refer to chapter 2) using various flow rates calculated from Eq. 4.1a to
4.1c. The microchannel setup consisted of a PTFE coiled microtube fitted with
upchurch T-Junctions (channel length 400 mm, internal diameter between 300 to 500
pm (refer to chapter 2). The reacted mixture was collected at the end of the channel into
a pre-cooled small narrow vial. The collected reaction mixture was finally analysed

quantitatively using UV spectrophotometry.

Coiled microtube Product

Figure 4.11. Polymer coiled microflow setup: length 400 mm, circular cross section shape, with internal

diameters ranging between 500 pm and 300 pm.
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General procedure lc for Biphasic hydrolysis under parallel flow ofp-nitrophenyl
acetate in PMMA microreactor: In a typical hydrolysis experiment, the following
stock solutions were prepared in individual volumetric flask: (A) 0.05m solution ofp-
nitrophenyl acetate (905.7 mg, 5.0 mmol) in 1:1 acetonitrile:toluene (100 ml); (B) 0.5m
solution of sodium hydroxide (2.0 g, 50.0 mmol) in water (100 ml). Both solutions were
then delivered into the PMMA microchannel (refer to Figures 4.10) using KD Scientific
syringe pumps in a parallel flow manner at various residence times (refer to chapter 2)
using various flow rates calculated from Eq. 4.1a to 4.1c. The microchannel setup
consisted of a PMMA microreactor fitted in a V-inlet junction with a junction of 90°
((length 400 mm, cross section area 300 pm x 300 pm) (refer to chapter 2 and section
4.1). The reacted mixture was collected at the end ofthe channel into a pre-cooled small
narrow vial. The collected reaction mixture was finally analysed quantitatively using

UV spectrophotometry.

Inlet a Inlet b

0 =60 - 90°

V-shaped Junction

V-shaped inlet design for parallel flow microreactor.

General procedure Id for Biphasic hydrolysis of/7-nitrophenyl acetate in flask: In a
typical hydrolysis experiment, the following solutions were prepared in individual
volumetric flask as follow: (A) 0.05M solution of/?-nitrophenyl acetate (905.7 mg, 5.0

mmol) in toluene (100 ml) or 1:1 acetonitrile:toluene (100 ml); (B) 0.5Mm solution of
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sodium hydroxide (2.0 g, 50.0 mmol) in water (100 ml). Both solutions were then
mixed in a round bottomed flask. The biphasic mixture was then stirred using a
magnetic bar at moderated speed at the required temperature (refer to chapter 2). At the
end of the reaction the organic layer was separated from the aqueous layer then

analysed quantitatively using UV spectrophotometry.

General procedure 2 for Heck coupling under biphasic conditions in conventional
flask (Table 4.1 and 4.2): A solution mixture of metal catalyst (0.002 mmol) along
with TPPTS ligand (2.3 mg, 0.004 mmol) in ethylene glycol (5.0 ml) was prepared
under inert conditions and heated at 60 °C. After 5 minutes of stirring, a solution
mixture of iodobenzene (41.0 mg, 0.2 mmol) and alkene (0.2 mmol) in toluene (5.0 ml)
was added followed by KOAc (19.6 mg, 0.2 mmol). The biphasic reaction mixture was
then heated to the required temperature (70 °C or 140 °C) in oil bath while stirring.
After continuing the reaction for an appropriate time, the toluene: ethylene glycol
mixture was cooled then separated to extract the toluene crude mixture followed by
concentration of the solvent volume under reduced pressure. Finally, the product was

isolated by column chromatography on silica gel using an appropriate solvent system.
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Table 4.1.. Variation of metal catalyst in the flask Heck reaction at low and high temperature to form

product (E)-methylcinnamate 1 or (£)-Stilbene 2.

Metal Catalyst Yield [%)] Yield | %]
70 °C* 140°C*
PdCl, 99 (1), 91 (2) 92 (1), 98 (2)
Pd(OAc), 98 (1), 99 (2) 94 (1), 89 (2)
Ni(OAc), 78 (1), 82 (2) 84 (1), 70 (2)
RuCl, 62 (1), 51 (2) 66 (1), 71 (2)

Reaction conditions: Metal catalyst (1 mol%), TPPTS (2 mol%), iodobenzene (0.2 mmol), alkene (0.2
mmol), KOAc (0.2 mmol), in toluene (5.0 ml):ethylene glycol (10.0 ml). “ Heating at 70 °C, reaction time

(9-11 hours). * Heating at 140 °C, reaction time (4.5-7 hours).

General procedure 3 for Heck coupling under biphasic conditions in microflow
(Tables 4.2 and 4.3): Stock solutions were prepared in individual Schlenk tubes under
inert atmosphere. In a typical experiment, solutions would be prepared as follow (refer
to Figure 4.12): (A) 0.04M solution of iodobenzene (204.0 mg, 1.0 mmol) and alkene
(1.0 mmol) in toluene or o-xylene (25.0 ml); (B) 0.0005M solution of metal catalyst
(PdCl; 1.8 mg, 0.01 mmol or Pd(OAc); 2.2 mg, 0.01 mmol) with TPPTS ligand (11.4
mg, 0.02 mmol) in ethylene glycol (20.0 ml); and (C) 0.2M solution of KOAc (98.2 mg,
1.0 mmol) in ethylene glycol (5.0 ml). Each solution was loaded individually into a gas-
tight glass syringe which was then connected onto the microflow system (PTFE)
through a designated inlet using a T-inlet connector: length 2000 mm, internal diameter
500 pm, and system volume 392.5 ul. The solutions were then delivered into the
microchannel in a continuous segmented flow manner using XD Scientific syringe pump
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at the required residence times (Table 4.2 to 4.3) using various flow rates (calculated
from Eq. 4.1a to 4.1c). The reactions were carried out while heating to the required
temperature using either an oil bath or microwave irradiation for the appropriate
residence time (Tables 4.2 and 4.3). After collecting the output from the reaction, the
toluene: ethylene glycol (or oxylene: ethylene glycol) mixture was separated to extract
the toluene (or oxylene) crude mixture followed by concentrating the solvent under
reduced pressure. Finally, the product was isolated by column chromatography on silica

gel using an appropriate solvent system.

Product

Coiled microtube

Figure 4.12. Microflow setup for biphasic conditions using coiled PTFE tubing immersed in a heating

bath.: length 2000 mm, internal diameter 500 pm, and system volume 392.5 pi.
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Table 4.2. Low temperature Heck Coupling: microflow vs. flask; and comparison low vs. high

temperature in microchannel to form product (E)-methylcinnamate 1 or (£)-Stilbene 2.

Flask PTFE Microflow PTFE Microflow
Metal Catalyst 70 °C*° 70 °C*° 140°C*®
Yield [%] Yield (%] Yield [%]
PdCl, 12 (1), 8(2) 48 (1),33(2) 67 (1), 56 (2)
Pd(OAc), 10 (1), 11(2) 37(1),42(2) 71 (1), 58 (2)

Reaction conditions. Metal catalyst (1 mol%), TPPTS (2 mol%), iodobenzene (1.0 mmol), alkene (1.0
mmol), KOAc (1.0 mmol), residence time of 55 minutes. ¢ heating at 70°C in toluene: ethylene glycol

(1:1). ® heating at 140 °C in o-xylene: ethylene glycol (1:1).

Table 4.3. Microwave heating vs. oil bath heating of microflow system to form product (£)-

methylcinnamate 1 or (£)-Stilbene 2.

Catalyst load Oil Bath Microwave
Metal Catalyst
[mol%] Yield [%] Yield [%)]
PdCl, 1 48 (1), 33 (2) 54 (1), 50 (2)
PdCl, 10 51(1),55(Q) 67 (1),59(2)
Pd(OAc), 1 37(1),42(2) 51(1),49 (2)
Pd(OAc), 10 49 (1), 56 (2) 69 (1), 70 (2)

Reaction conditions: Metal catalyst (1 or 10 mol%), TPPTS (2 or 20 mol%), iodobenzene (1.0 mmol),
alkene (1.0 mmol), KOAc (1.0 mmol), in toluene: ethylene glycol (1:1), heating at 70°C using either

microwave irradiation or oil bath heating, residence time of 55 minutes.
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General procedure 4 for Heck coupling under homogeneous conditions in
conventional flask (Table 4.4): A solution mixture of metal catalyst (0.02 mmol) and
PPh; ligand (10.5 mg, 0.04 mmol) in DMF (5.0 ml) was prepared under inert conditions
and heated at 60 °C. After 5 minutes of stirring, iodobenzene (41.0 mg, 0.2 mmol) and
methyl acrylate (17.2 mg, 0.2 mmol) were added followed by Et;N (20.2 mg, 0.2
mmol). The reaction mixture was then heated to the required temperature in oil bath
while stirring. After continuing the reaction for 35 minutes, the DMF crude mixture was
concentrated under reduced pressure. Finally, the product was isolated by column

chromatography on silica gel using an appropriate solvent system.

General procedure S for monophasic Heck coupling under laminar flow conditions
in microflow (Table 4.4 — 4.6 and 4.8): Stock solutions were prepared in individual
- Schlenk tubes under inert atmosphere. In a typical experiment, solutions would be
prepared as follow (Figure 4.13): (A) 0.05M solution of iodobenzene (204.0 mg, 1.0
mmol) and alkene (1.0 mmol) and triethylamine (101.0 mg, 1.0 mmol) in DMF (20.0
ml); and (B) 0.002M solution of metal catalyst (0.01 mmol) with a choice of ligand
(0.02 mmol) in DMF (5.0 ml). Each solution was loaded individually into a gas-tight
glass syringe which was then connected onto the PTFE microflow system through a
designated inlet using a T-connector length 2000 mm, internal diameter 500 um, and
system volume 392.5 ul. The solutions were then delivered into the microchannel in a
laminar flow manner using KD Scientific syringe pump at the required residence times
(refer to Table 4.4 - 4.6 and 4.8) using various flow rates (calculated from Eq. 4.1a to
4.1c). The reactions were carried out while heating to the required temperature using an
oil bath for the appropriate residence time (Table 4.4 - 4.6 and 4.8). After collecting the

output from the reaction, the DMF crude mixture was concentrated under reduced
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pressure and all products were isolated by column chromatography on silica gel using

an appropriate solvent system.

Table 4.4. Monophasic Heck coupling: flask vs. laminar flow.

Flask PTFE microflow
Metal Catalyst
Yield of 1 [%] Yield of 1 [%)

Pd(OAc), 26 53
RuCl; 12 45
Ni(OAc), 20 34
P(COD)Cl, 8 21
CoCl, 17 28

Reaction conditions: In microflow system —metal catalyst (10 mol%), PPh; (20 mol%), iodobenzene (1.0
mmol), methyl acrylate (1.0 mmol), Et;N (1.0 mmol), in DMF, heating at 70°C in an oil bath, residence
time of 35 minutes under laminar flow. Reaction conditions: In flask — metal catalyst (10 mol%), PPh,
(20 mol%), iodobenzene (0.2 mmol), methyl acrylate (0.2 mmol), Et;N (0.2 mmol), in DMF, heating at

70°C in an oil bath, reaction time of 35 minutes.
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Table 4.5. Variation of catalyst load in microchannel to form product (£)-methylcinnamate 1.

Metal Catalyst Catalyst load [mol %] Yield of1[%1
PdCI12 1 19
PdCI2 5 33
PdCI2 10 47

Pd(OAc): 1 21
Pd(OAc): 5 22
Pd(OAc): 10 53

Reaction conditions. Metal catalyst: ligand (1:2), iodobenzene (1.0 mmol), methylacrylate (1.0 mmol),

Et3N (1.0 mmol), in DMF, heating at 70°C in an oil bath, residence time of 35 minutes under laminar

flow conditions.

Product

Coiled microtube

Figure 4.13. PTFE microtubing reaction set-up for laminar flow conditions: length 2000 mm, internal

diameter 500 gm, and system volume 392.5 gl.
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Table 4.6. Variation of ligand type in the microchannel Heck reaction to form product (E£)-

methylcinnamate 1.

Degree of
Metal Catalyst Added Ligand Yield of 1|%])
clogging
Pd(OAc), PPh, low 53
Pd(OAc), rac-BINAP low 39
Pd(OAc),; N, N'-bis-mesityl-imidazolium chloride high -
Pd(OAc), N,N-dimethyl-f#-alanine high -
Pd(PPh;), - very low 62

Reaction conditions: Metal catalyst (10 mol%), ligand (20 mol%), iodobenzene (1.0 mmol), methyl
acrylate (1.0 mmol), EtzN (1.0 mmol), in DMF, heating at 70°C in an oil bath, residence time of 35

minutes under laminar flow conditions.

General procedure 6 for Heck coupling under Jeffery’s conditions in conventional
flask (Table 4.7): A mixture of K;COs (27.6 mg, 0.2 mmol) and Et;NCI (33.0 mg, 0.2
mmol) in a mixture of DMF (4.0 ml):ethylene glycol (1.0 ml) was prepared and left to
stir for 15 minutes. This was followed by addition of iodobenzene (41.0 mg, 0.2 mmol),
methyl acrylate (17.2 mg, 0.2 mmol) and Pd(OAc), (1 or 5 or 10 mol%: respectively 0.5
or 2.5 or 5.0 mg). The mixture was stirred while heating at 70 °C for 50 minutes.
Following an aqueous wash the organic material was extracted with diethyl ether which
was then evaporated under reduced pressure. Finally, the product was isolated by

column chromatography on silica gel using an appropriate solvent system.
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General procedure 7 for Heck coupling under Jeffery’s laminar flow conditions in
microflow (Table 4.7): Stock solutions were prepared in individual Schlenk tubes
under inert atmosphere. In a typical experiment, solutions would be prepared as follow
(refer to Figure 4.13): (A) 0.1M solution of iodobenzene (204.0 mg, 1.0 mmol) with
methyl acrylate (86.1 mg, 1.0 mmol) in DMF (10.0 ml); and (B) 0.0006M solution of
Pd(OAc); (2.3 mg, 0.01 mmol), K,CO; (98.2 mg, 1.0 mmol) and Et;NCI (165.7 mg,
1.0 mmol) in DMF (10.0 ml):ethylene glycol (5.0 ml). Each solution was loaded
individually into a gas-tight glass syringe which was then connected onto the microflow
system (PTFE) through a designated inlet using a T-connector (Figure 4.13): length
2000 mm, internal diameter 500 pm, and system volume 392.5 ul. The solutions were
then delivered into the microchannel using KD Scientific syringe pump at the required
residence times (refer to Table 4.7) using various flow rates (calculated from Eq. 4.1a to
4.1c).The reactions were carried out while heating to the required temperature using an
oil bath for the appropriate residence time (Table 4.7). After collecting the output from
the reaction, the crude mixture was washed with water. The aqueous layer was extracted
with diethyl ether, and then the combined organic extracts were concentrated under
reduced pressure. Finally, the product was isolated by column chromatography on silica

gel using an appropriate solvent system.
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Table 4.7. Heck coupling of iodobenzene using Jeffery’s conditions to form product (E)-

methylcinnamate 1.

Catalyst load Flask PTFE Microflow"  Degree of
Metal Catalyst
[mol®%s] Yield of 1][%] Yield of 1{%]} clogging
Pd(OAc), 1 22 34 low
Pd(OAc), 5 29 52 low
Pd(OAc), 10 36 - high

Reaction conditions — in microflow system: Pd(OAc); (I, 5 or 10 mol%), Et;NCl (1.0 mmol),
iodobenzene (1.0 mmol), methyl acrylate (1.0 mmol), K,CO; (1.0 mmol), in DMF: ethylene glycol (4:1),
heating at 70°C in an oil bath, residence time of 50 minutes under laminar flow. Reaction conditions — in
flask: Pd(OAc), (X mol%), EtsNCl (0.2 mmol), iodobenzene (0.2 mmol), methyl acrylate (0.2 mmol),
K,CO; (0.2 mmol), in DMF: ethylene glycol (4:1), heating at 70°C in an oil bath, residence time of 50

minutes.

General procedure 8 for monophasic Heck coupling under segmented flow
conditions in microflow (Table 4.8 and 4.9): Stock solutions were prepared in
individual Schlenk tubes under inert atmosphere. In a typical experiment, solutions
would be prepared as follow (refer to Figure 4.14): (A) 0.2M solution of aryl halide (1.0
mmol) and alkene (1.0 mmol) and triethylamine (101.0 mg, 1.0 mmol) in DMF (5.0
ml); (B) 0.003M solution of Pd(PPh;), (57.8 mg, 0.05 mmol) in DMF (20.0 ml); and (C)
pure hydrocarbon solvent (hexane, heptane, nonane or decane) used as a segmenting
phase. Each solution was loaded individually into a gas-tight glass syringe which was
then connected onto the microflow system (PTFE) through a designated inlet using a T-

connector: length 2000 mm, internal diameter 500 um, and system volume 392.5 pl.
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The solutions were then delivered into the microchannel using KD Scientific syringe
pump at the required residence times (refer to Table 4.8 and 4.9) using various flow
rates (calculated from Eq. 4.1a to 4.1c).The reactions were carried out while heating to
the required temperature using an oil bath for the appropriate residence time (Table 4.8
and 4.9). After collecting the output from the reaction, the volume of the DMF crude
mixture in addition to the segmenter phase were concentrated under reduced pressure
and finally the product was isolated by preparative TLC and column chromatography on

silica gel using an appropriate solvent system.

* Product

ﬁ

Coiled microtube

=

Figure 4.14. Reaction under laminar flow transformed into segmented flow by the introduction of an

inert phase: system length 2000 mm, internal diameter 500 pm, system volume 392.5 pi.
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Table 4.8. Laminar vs. segmented flow applied to Heck reaction of iodobenzene to form product (£)-

methylcinnamate 1 or (£)-Stilbene 2.

Res. Time Catalyst load Laminar flow Segmented flow
Alkene
approx. (min) [mol %] Yield [%)] Yield [%]
methyl acrylate 35 5 36 (1) 65 (1)
methyl acrylate 35 10 53(1) 76 (1)
styrene 45 5 38(2) 57(2)
styrene 45 10 43 (2) 59 (2)

Reaction conditions: Pd(PPh;), (5 or 10 mol%), iodobenzene (1.0 mmol), alkene (1.0 mmol), Et;N (1.0

mmol), in DMF, heating at 70 °C in an oil bath.
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Table 4.9. Heck coupling of aryl halides to give only frans isomer.

Substrates Alkene Yield [%) Product (trans)
X=1/Br [I/Br]
L
X=1°/Br®
N
7 COMe 68/51 1
7
/\©\ 63/38 3
CF,
=
57125 2
74
/\©\ 60/22 4
F
NO,
/\Q 35721 5
QX
X=1°/Br®
=
A©\ 49/32 6
CF;
/\@\ 4729 7
/\©’ NOz 44/19 8
X
X=Br?
/\© 65 9

Reaction conditions: Pd(PPhs), (10 mol%), aryl halide (1.0 mmol), alkene (1.0 mmol), Et;N (1.0 mmol),

in DMF, residence time of 40 minutes. * Arl coupling heating at 70 °C.° ArBr coupling heating at 130 °C.
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General procedure 9 for Heck coupling via diazonium salt under homogeneous
segmented flow conditions in microflow (Table 4.10): Stock solutions were prepared
in individual Schlenk tubes under inert atmosphere. In a typical experiment, solutions
would be prepared as follow: (A) 0.1M solution of aniline (93.2 mg, 1.0 mmol) in DMF
(10.0 ml); (B) 0.005M solution of Pd(OAc); (22.4 mg, 0.1 mmol) in DMF (20.0 ml); (C)
0.2M solution of olefin (1.0 mmol) in DMF (5.0 ml); (D) 0.8M solution of +-BuONO
(4.0 mmol) and AcOH (1.25 ml) in DMF (5.0 ml); and (E) pure hydrocarbon solvent
(hexane, heptane, nonane or decane) used as a segmenting phase. Each solution was
loaded individually into a gas-tight glass syringe which was then connected onto the
microflow system (PTFE) through a designated inlet using a T-connector (Figure 4.15):
length 2920 mm (section I 150 mm, residence time of 3.2 minutes) + (section 2 - 2770
mm, residence time of 23.7 minutes), internal diameter S00 um, and system volume 573
- pl. The solutions were then delivered into the microchannel using KD Scientific syringe
pump at the required residence times (refer to Table 4.10) using various flow rates
(calculated from Eq. 4.1a to 4.1c). First the diazotisation of aniline was carried out in
section 1 at 0 °C by pumping solutions (A) along with solution (D) and (E), while in
section 2 solutions (B) and (C) were introduced then mixed with the diazotised flow
from section 1 at ambient temperature to carry out the Heck coupling. The reactions
were carried out for the appropriate total residence time of approximately 27 minutes.
After collecting the output of the reaction, the crude mixture was first washed with
water followed by 5% aqueous bicarbonate solution. After drying the mixture with
sodium sulphate the solvent was concentrated under reduced pressure. Finally, the
product was isolated by preparative TLC and column chromatography on silica gel

using an appropriate solvent system.
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Table 4.10. Diazonium Heck coupling of aniline derivatives.

Substrates Alkene Yield [%] Product (trans)
SN
7 ooe 54 1
/\©
66 2
L
i 72 4
St
NH,
Z > co,Me 27 10
/A© 33 1
=z NO;
/\©/ 18 12
o
N;'BF ¢
Z oo 64 13
/\© 42 9
NO.
O 57 14
L 49 15
Br
/\Q 61 16

CF3

Reaction conditions (in microflow system): Pd(OAc), (10 mol%), aryl halide (1.0 mmol), olefin (1.0

mmol), -BuONO (4.0 mmol), AcOH (1.25 ml) in DMF, 0 °C to 25 °C, residence time of 27 minutes.
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Section 1 Section 2
Product

Ambient

Cooling bath
temperature

Figure 4.15. Reaction flow setup for Heck reaction via diazonium intermediate in the microflow consists
of section I used for diazotisation cooled to 0 °C and section 2 used for Heck coupling carried out at

room temperature; total length 2920 mm internal diameter 500 pm, and total system volume 573 pi.

General procedure 10 for Allylation of arylamines to produce A"TV-diallyl-1"-
phenylenediamine 23, A*A-diallyl-l1-iodobenzenamine 29, or A”A’-diallylaniline 34
in a conventional flask: To a solution of arylamine (1,2-phenylenediamine, 1.0 g, 9.2
mmol; o-iodoaniline, 1.0 g, 4.0 mmol; or aniline, 1.0 g, 10.7 mmol), allyl bromide (2.2
equivalents to the aniline) was added drop wise in dry DMF (10 - 15 ml) at 0 °C. The
mixture was warmed to 60 °C and left to stir for 48 hours. The crude mixture was then
treated with an aqueous solution of NaOH (10ml, 6.0m) then left to stir. After approx. 1
hour of stirring, the reaction mixture was extracted once with ethyl acetate (10ml) then
dried over magnesium sulfate. The crude product was purified using medium pressure
liquid chromatography (MPLC) to give the desired product, either A/ A-diallyl-1,2-
phenylenediamine 23 (0.9 g, 55% yield) as pale yellow oil, A(A-diallyl-2-
iodobenzenamine 29 (0.93 g, 77% yield) as brown oil, or A*TV-diallylaniline 34 (1.6 g,

89 %) as a colourless oil.
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Preparation procedure for of z-butyl-2-(V,N-diallylamino)-phenylcarbamate 25:
N,N-Diallyl-1,2-phenylenediamine 23 (1.0 g, 5.32 mmol) and di-s-butyldicarbonate
(1.39 g, 6.4 mmol) were dissolved in dichloromethane (25 ml) with triethylamine (0.80
g, 7.9 mmol). The mixture was stirred for 12 hours at room temperature. The resulting
mixture was washed with brine (25 ml) followed by water (25 ml), and the extracted
organic layer was dried using magnesium sulfate then concentrated under reduced
pressure. The resulting crude mixture was purified using silica gel column

chromatography (5% diethyl ether in hexane) to obtain a colourless oil.

General procedure 11 for ring closing metathesis (RCM) under segmented flow
conditions in microflow (Table 4.11): Stock solutions were prepared in individual
Schlenk tubes under inert atmosphere. In a typical experiment, solutions would be
prepared as follows (refer to Figure 4.14): (A) 0.IM solution of #butyl-2-
(diallylamino)phenylcarbamate 24 (115.2 mg, 0.4 mmol) in toluene (4.0 ml): (B) 0.1M a
solution of either Grubbs’ catalyst I (16.5 mg, 0.02 mmol) or Grubbs’ catalyst II (17.0
mg, 0.02 mmol) in toluene (0.2 ml); (C) pure perfluorocarbon solvent (perfluorodecalin
or perfluorononane) used as a segmenting phase (5 ml). Each solution was loaded
individually into a gas-tight glass syringe which was then connected onto the microflow
system (PTFE) through a designated inlet using a T-connector: length 2000 mm,
internal diameter 500 um, and system volume 392.5 pl. The solutions were then
delivered into the microchannel using KD Scientific syringe pump at the required
residence times (refer to Table 4.11) using various flow rates (calculated from Eq. 4.1a
to 4.1¢). The reactions were carried out while heating to 40 °C using an oil bath or CEM

microwave (150 W) for the appropriate residence time of 10 minutes (Table 4.11). After
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collecting the output from the reaction, the cooled crude mixture was separated from the
perfluorocarbon then evaporated under reduced pressure. The desired product 26 and 27
were then isolated by column chromatography on silica gel using an appropriate solvent

system.

Table 4.11. Optimisation of RCM of 7-butyl-2-(diallylamino)phenylcarbamate 25 in PTFE microflow .

Catalyst load Heating

Catalyst Yield of 26]%) Yield of 27| %]
[mol%] method
Grubbs I 1 Oil bath 31 23
Grubbs 1 5 Oil bath 63 32
Grubbs 1 5 Microwave 73 21
Grubbs I 1 Oil bath 48 19
Grubbs II 5 Oil bath 87 16
Grubbs II 5 Microwave 91 4

Reaction conditions:Grubbs I or I catalyst (1 or 5 mol%), #-butyl-2-(diallylamino)phenylcarbamate 25
(0.4 mmol), in toluene (4.2 ml) heating at 40 °C using either microwave irradiation (150 W) or oil bath

heating under segmented flow conditions using perfluorocarbon, at residence time approx. 10 minutes.

General procedure 12 for multi-step synthesis via ring closing metathesis (RCM)
followed by Heck coupling under segmented flow conditions in microflow: Stock
solutions were prepared in individual Schlenk tubes under inert atmosphere. In a typical
experiment, solutions would be prepared as follows: (A) 0.1M solution of diallylamino

derivative (either 29 - 199.6 mg, 0.4 mmol; or 34 - 69.2 mg, 0.4 mmol) in toluene (4.0
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ml): (B) 0.1M a solution of Grubbs’ catalyst II (16.9 mg, 0.02 mmol) in toluene (0.2
ml); (C) either pure perfluorononane or perfluorodecalin solvent used as the segmenting
phase; (D) 0.004M solution of Pd(PPh;), (46.2 mg, 0.04 mmol) in toluene (10.0 ml); (E)
0.4M alkene or aryl halide (0.4 mmol), and triethylamine (40.4 mg, 0.4 mmol) in toluene
(1.0 ml). Each solution was loaded individually into a gas-tight glass syringe which was
then connected onto the multistep microflow system (PTFE) through a designated inlet
using a number of T-connectors (Figure 4.16): length 43700 mm (section 1 2000 mm,
residence time of 10.0 minutes) + (section 2 — 41700 mm, residence time of 60
minutes), internal diameter 500 pm, and system volume 8576 pl. The solutions were
then delivered into the microchannel using KD Scientific syringe pump at the required
residence times using various flow rates (calculated from Eq. 4.1a to 4.1c). First the
RCM of diallylamino moiety was carried out at 40 °C by pumping solutions (A) along
~ with solution (B) and (C) into the section I (Figure 4.16) placed in the CEM microwave
cavity. While in section 2 solutions (D) and (E) were introduced then mixed with the
cyclised substrate flow from section 1 at 80 °C using an oil bath to carry out the Heck
coupling. The reactions were carried out for the appropriate total residence time of
approximately 70 minutes. After collecting the output from the reaction, the cooled
toluene crude mixture was separated manually from the segmented phase evaporated
under reduced pressure. The purification was carried out using column chromatography

using an appropriate solvent system.
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Section 1 Section 2

Product

Microwave irradiating Heating bath

Figure 4.16. Two-step microreactor set up for RCM followed by Heck coupling under segmented flow

conditions.

4.5. Experimental analysis

(Is)-Methyl cinnamate (1)K

Synthesis carried out according to General Procedure 2 to 9 obtained in range of 10% to
99% yield as oil after purification by column chromatography on silica gel using 2% of

diethyl ether in hexane.
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'H NMR (500 MHz, CDCL:): § 7.74 (1H, d, J = 16.0 Hz, ArCH), 7.57 (2H, m, Ha,),
7.40 —7.49 (3H, m, Ha,), 6.49 (1H, d, J = 16.0 Hz, CHCO,Me), 3.84 (3H, s, CO,Me);
13C NMR (100 MHz, CDCl3): § 173.5 (CHCO,;Me), 144.5 (ArCH), 134.5 (C4,), 130.5

(CHy,), 129.0 (CHy,), 128.0 (CHy,), 117.5 (CHCO,Me), 52.0 (CO,Me).

(E)-Stilbene (2)”’
N\ W,

Synthesis carried out according to General Procedure 2, 3, 5, 8 and 9 obtained in range
of 8% to 99% yield as solid after purification by column chromatography on silica gel
using hexane. Mp 122-125 °C (lit. mp 124-127°C); 'H NMR (500 MHz, CDCL): &
7.57 (4H,d, J=7.4 Hz, Hy,), 7.39 (4H, m, Ha,), 7.29 (2H, t,J = 7.3 Hz, Hy,), 7.19 (2H,
s, ArCH); °C NMR (100 MHz, CDCL;): & 137.5 (Cy,), 129.1 (CHy,), 128.9 (ArCH),

127.6 (CHy,), 126.5 (CH.).

(E)-(4-Trifluoromethyl)-stilbene (3)'
F
Q \ O i

Synthesis carried out according to General Procedure 8 obtained in 38% to 63% yield as
a solid after purification by column chromatography on silica gel using 10% diethyl

ether in hexane. Mp 127-129 °C (lit. mp 132-134 °C), 'H NMR (500 MHz, CDCl5): &
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7.5 (4H, s, Has), 7.49 (2H, d, J = 7.4 Hz, Hya,), 7.32 QH, t,J= 7.5 Hz , Ha,), 7.23 (1H,
t,J="72Hz, Ha), 7.12 (1H, d, J = 16.0 Hz, ArCH), 7.06 (1H, d, J = 16.8 Hz, ArCH);
3C NMR (100 MHz, CDCL): § 141.0 (Ca), 139.5 (Ca), 136.5 (Cs), 1312 (CHy),
129.4 (CHy), 129.1 (CHy,), 127.1 (CHy,), 126.8 (ArCH), 126.6 (ArCH), 125.7 (CHy,),

123.1 (ArCF;).

(E)~(4-Fluoro)-stilbene (4)'"!

Oy

Synthesis carried out according to General Procedure 8 and 9 obtained in 22% to 72%
yield as solid after purification by column chromatography on silica gel using 10%
diethyl ether in hexane. Mp 118-120 °C (lit. mp 122 °C); 'H NMR (500 MHz, CDCl;):
8 7.45-7.52 (4H, m, Ha;), 7.29 (2H, m, Hp,), 7.25 (1H, t, J = 7.0 Hz, Hy,), 7.04-6.97
(3H, m, Ha, and ArCH), 6.89 (1H, d, J = 16.0 Hz, ArCH); *C NMR (100 MHz,
CDCL):d 163.5 (CF), 137.1 (Car), 137.2 (Car), 128.7 (CHas), 128.5 (CHy,), 128.0
(CHyy), 127.9 (ArCH), 127.7 (ArCH), 127.3 (CHa,), 126.5 (CHa), 115.6 and 1154

(CHay).
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(E)-(3-Nitro)-stilbene (5)'®

NO,
O

Synthesis carried out according to General Procedure 8 obtained in 21% to 35% yield as
solid after purification by column chromatography on silica gel using 15% diethyl ether
in hexane. Mp 98101 °C (lit. mp 105-106 °C);'H NMR (500 MHz, CDCl;): § 8.30
(1H, s, Har), 8.00 (1H, d, J= 7.3 Hz, Ha;), 7.72 (1H, d, J = 7.9 Hz, Ha,), 7.50-7.40 (3H,
m, Hp,), 7.35 2H, m, Hp,), 7.29 (1H, m, Hz, Hy,), 7.26 (1H, d, J = 16.1 Hz, ArCH),
7.15 (1H, d, J = 16.3 Hz, ArCH); *C NMR (100 MHz, CDCl;): § 148.7 (CNO,), 139.2
(Car), 136.3 (Car), 132.2 (CHar), 131.8 (CHa,), 129.6 (CHpa,), 128.9 (CHa,), 1285

(CHa,), 126.9 (ArCH), 126.1 (ArCH), 122.1 (CHa,), 120.9 (CHa,).

(E)-4-methyl-(4"-trifluoromethyl)stilbene (6)[6]
F
DO+

Synthesis carried out according to General Procedure 8 obtained in 32% to 49% yield as
solid after purification by column chromatography on silica gel using 10% diethyl ether
in hexane. Mp 182184 °C (lit. mp 187-189 °C);'H NMR (500 MHz, CDCl;): & 7.49-
7.59 (4H, s, Ha,), 7.38 2H, d, J = 8.0 Hz, Ha,), 7.11 (2H, d, J = 7.5 Hz, Hy,), 7.09 (1H,

d,J = 16.5 Hz, ArCH), 7.01 (1H, d, J = 16.3 Hz, ArCH), 2.3 (3H, s, ArMe); *C NMR
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(100 MHz, CDCl3): 6 140.9 (Ca,), 138.3 (Char), 133.8 (Car), 131.1 (CCF3), 129.5 (CHas),
126.7 (ArCH), 126.4 (ArCH), 126.1 (CHa,), 125.6 (CHa,), 125.5 (CHay), 121.0 (CF3),

21.3 (Me).

(E)-(4,4'-Dimethy)-stilbene (7)!*!

QO

Synthesis carried out according to General Procedure 8 obtained in 29% to 47% yield as
solid after purification by column chromatography on silica gel using hexane. Mp
179-180 °C (lit. mp 180 °C); 'H NMR (500 MHz, CDCls): § 7.35 (4H, d, J = 7.9 Hz,
Hao), 7.09 (4H, d, J = 8.0 Hz, Hy,), 6.8 (2H, s, ArCH), 2.35 (6H, s, AtMe); C NMR
(100 MHz, CDCL): 8 137.5 (Car), 135.0 (Car), 129.4 (CHa,), 127.6 (ArCH), 126.3

(CHay), 20.3 (Me).

(E)-(3-Nitro)-(4"-methyl)-stilbene (8) '

NO,
& e

Synthesis carried out according to General Procedure 8 obtained in 19% to 44% yield as
oil after purification by column chromatography on silica gel using 15% diethyl ether in

hexane.'H NMR (500 MHz, CDCL): 5 8.29 (1H, s, Ha,), 8.10 (1H, d, J = 7.7 Hz, Hy,),
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7.71 (1H, d, J = 7.9 Hz, HAr), 7.46 (1H, m, Hy,), 7.38 (2H, d, J = 7.9 Hz, Hy,), 7.18
(1H, d, J = 16.0 Hz, ArCH), 7.15 (1H, d, J = 7.5 Hz, Hx,), 7.03 (1H, d, J = 16.3 Hz,
ArCH), 2.38 (3H, s, ArtMe); *C NMR (100 MHz, CDCl): & 147.0 (Cay), 139.4 (Cay),
138.6 (Car), 133.5 (Car), 132.1 (CHa,), 131.7 (CHa,), 129.6 (CHa,), 129.5 (CHa)),

126.8 (ArCH), 125.1 (ArCH), 121.8 (CHa,), 120.8 (CHay), 21.3 (Me).

(E)-(4-Nitro)-stilbene (9)

Synthesis carried out according to General Procedure 8 and 9 obtained in 42% to 65%
yield as solid after purification by column chromatography on silica gel using 15%
diethyl ether in hexane. Mp 151-154 °C (lit. mp 156-157 °C); 'H NMR (500 MHz,
CDCl;): 6 8.15(2H, d, J = 8.6 Hz, Ha,), 7.55 (2H, m, Hpy;), 7.49 2H, d, J = 7.4 Hz,
Har), 735 (2H, t, J = 8.0 Hz, Hp,), 7.28 (1H, t, J = 7.0 Hz, Hy,;), 722 (1H, d, J = 16.9
Hz, ArCH), 7.09 (1H, d, J = 17.0 Hz, ArCH); C NMR (100 MHz, CDCl;): 146.1
(CNOy), 136.3 (Car), 131.5 (Car), 1289 (CHa,), 128.8 (CHy,), 128.0 (CHa,), 127.0

(ArCH), 126.8 (ArCH), 126.3 (CHa,), 124.8 (CHay).
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(E)-Methyl-(4-methoxyphenyl)-acrylate (10)"”

M60\©\/\
Z
CO,Me

Synthesis carried out according to General Procedure 9 obtained in 27% yield as oil
after purification by column chromatography on silica gel using 10% diethyl ether in
hexane.'H NMR (500 MHz, CDCls): 7.59 (1H, d, J = 15.9 Hz, ArCH), 7.45 (2H, d, J
= 6.8 Hz, Hy), 6.85 (2H, d, J = 6.8 Hz, Ha,), 6.28 (1H, d, J = 16.1 Hz, CHCO,Me),
3.79 (3H, s, ArOMe), 3.72 (3H, s, CO,Me); *C NMR (100 MHz, CDCL;): & 167.8
(COMe), 1614 (CaOMe), 1445 (ArCH), 129.7 (CHay), 127.1 (Cas), 1152

(CHCO;Me), 114.3 (CHay), 55.4 (ArOMe), 51.6 (COMe).

(E)-4-Methoxystilbene (1 1):!

W

Synthesis carried out according to General Procedure 9 obtained in 33% yield as solid
after purification by column chromatography on silica gel using 10% diethyl ether in
hexane. Mp 134-135 °C (lit. mp 136 °C); 'H NMR (500 MHz, CDCls): § 7.45 (2H, d, J
=79 Hz, Hy;),7.40 2H,d, J=7.4 Hz, Ha,), 729 QH, t,J =79 Hz, Hy,), 7.18 (1H, t,J
=8.0 Hz, Hy,), 7.02 (1H, d, J = 16.0 Hz, ArCH), 6.90 (1H, d, /= 15.9 Hz, ArCH), 6.85

(2H, d, J = 8.2 Hz, Hy,), 3.75 (3H, s, AtOMe); >’C NMR (100 MHz, CDCl;): & 159.0
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(CasOMe), 131.0 (Cay), 130.5 (Cay), 128.7 (CHpy), 1282 (CHa,), 127.7 (ArCH), 127.2

(ArCH), 126.6 (CHay), 126.2 (CHay,), 114.1 (CHay), 5.0 (OMe).

(E)-1-(4-Methoxystyryl)-3-nitrobenzene (12) 0]

O,N
e W

Synthesis carried out according to General Procedure 9 obtained in 18% yield as oil
after purification by column chromatography on silica gel using 15% diethyl ether in
hexane. 'H NMR (500 MHz, CDClL): & 8.29 (1H, s, Ha,), 8.01 (1H, d, J=7.9 Hz, Hy,),
7.70 (1H, d, J = 8.0 Hz, Has), 7.49-7.39 (3H, m, Hya,), 7.14 (1H, d, /= 16.8 Hz, ArCH),
6.93 (1H, d, J = 16.0 Hz, ArCH), 6.88 (2H, d, J = 7.9 Hz, Ha,), 3.79 (3H, s, ArOMe),
>C NMR (100 MHz, CDCl3): 8 160.0 (Ca,OMe), 146.6 (CaNO;), 139.0 (Ca), 132.0
(CHa,), 131.3 (CHay), 129.5 (ArCH), 129.1 (ArCH), 129.0 (Ca,), 128.2 (CHa,), 123.9

(CHay), 121.6 (CHay), 120.6 (CHay), 114.3 (CHay), 55.7 (OMe).

(E)-Methyl-(4-nitrophenyl)-acrylate (13) (]

02N\©\/\
7 COzMe

Synthesis carried out according to General Procedure 9 obtained in 64% yield as waxy
solid after purification by column chromatography on silica gel using 15% diethyl ether

in hexane. 'H NMR (500 MHz, CDCl3): §8.20 (2H, d, /= 7.9 Hz, Hy,), 7.67 (1H,d, J =
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16.0 Hz, ArCH), 7.59 (2H, d, J = 6.8 Hz, Ha,), 6.49 (1H, d, J = 15.9 Hz, CHCO,Me),
3.76 (3H, s, CO,Me); >C NMR (100 MHz, CDCl3): § 160.0 (COMe), 149.0 (CaNOy),
1419 (ArCH), 128.7 (CHa,), 124.2 (CHa,), 122.1 (CHp,), 110.0 (CHCO,Me), 52.1

(COMe).

(E)-3,4"-Dinitrostilbene (14)')

Synthesis carried out according to General Procedure 9 obtained in 57% yield as oil
after purification by column chromatography on silica gel using 15% diethyl ether in
hexane.'H NMR (500 MHz, CDCl3):  8.36 (1H, s, Hay), 8.21 (2H, d, J = 7.9 Hz, Ha,),
8.12 (1H, d, J = 8.0 Hz, Hx;), 7.79 (1H, d, J = 8.0 Hz, Ha;), 7.64 (2H, d, /= 8.0 Hz,
Hy), 7.55 (1H, t, J = 8.0 Hz, Ha,), 7.2 (2H, d, J = 16 Hz, ArCH); *C NMR (100 MHz,
CDCl;): & 152.0 (CaNOy), 147.5 (CaNO3), 142.8 (Car), 137.9 (Car), 132.7 (CHapy),
130.5 (CHay), 129.8 (ArCH), 129.3 (ArCH), 127.3 (CHay), 124.3 (CHa,), 123.1 (CHay),

121.4 (CHay).
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(E)- 4-Nitro-(4°-bromo)-stilbene (15)"*!

B'\N02

Synthesis carried out according to General Procedure 9 obtained in 49% yield as sticky
solid after purification by column chromatography on silica gel using 10% diethyl ether
in hexane.'H NMR (500 MHz, CDCl;): 5 8.17 (2H, d,J=7.0 Hz, Hy,), 7.59 (2H, d, J =
8.7Hz, Hy,), 748 (2H, d, J = 7.4 Hz, Hp:), 7.35 (2H, d, /=72 Hz, Hp,), 7.13 (1H, d, J
= 15.7 Hz, ArCH), 7.09 (1H, d, J = 16.2 Hz, ArCH); “C NMR (100 MHz, CDCl;): &
143.4 (CaNOy), 140.5 (Cay), 135.1 (Car), 132.1 (CHg,), 131.9 (CHa,), 128.4 (ArCH),

126.9 (ArCH), 126.8 (CHay), 124.2 (CHay), 123.0 (CasBr).

(E)-4-Trifluoromethyl-(4 -nitro)-stilbene (16)'¥

FF\/ @ \ —

o= N o,

Synthesis carried out according to General Procedure 9 obtained in 61% yield as solid
after purification by column chromatography on silica gel using 10% diethyl ether in
hexane. Mp 168170 °C (lit. mp 171-172 °C);'H NMR (500 MHz, CDCl;): & 8.19 (2H,
d,J=9.0Hz, Hy,), 7.55-7.64 (6H, m, Ha,), 7.22 (1H, d, /= 16.0 Hz, ArCH), 7.18 (1H,

d,J =159 Hz, ArCH).
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(E)-Methyl 3-(4-chlorophenyl)-acrylate (17): "

Z COzMe

Synthesis carried out according to General Procedure 9 obtained in 62% yield as solid
after purification by column chromatography on silica gel using 5% diethyl ether in
hexane.'"H NMR (500 MHz, CDCl3): & 7.59 (1H, d, J = 16.0 Hz, ArCH), 7.39 (2H, d, J
= 8.4 Hz, Ha,), 7.30 (2H, d, J = 6.4 Hz, Hpa,), 6.35 (1H, d, J = 16.2 Hz, CHCO,Me),
3.78 (3H, s, CO;Me); °C NMR (100 MHz, CDCLy): & 171.1 (CO;Me), 143.4 (ArCH),
133.1 (Car), 133.0 (Car), 129.2 (CHa,), 129.1 (CHy,), 118.4 (CHCO,Me), 51.8

(COzMe).

(E)-Methyl 3-(4-iodophenyl)-acrylate (18) "

'O\/\
7 CO,Me

Synthesis carried out according to General Procedure 9 obtained in 90% yield as solid
after purification by column chromatography on silica gel using 7% diethyl ether in
hexane.'H NMR (500 MHz, CDCl;): § 7.68 (2H, d, J = 8.5 Hz, Hy,), 7.55 (1H, d, J =
16.3 Hz, ArCH), 7.19 (2H, d, J = 9.0 Hz, Hy,), 6.37 (1H, d, J = 15.8 Hz, CHCO,Me),
3.75 (3H, s, CO,Me); *C NMR (100 MHz, CDCls): § 167.0 (CO,Me), 143.0 (ArCH),
138.0 (CHa,), 136.5 (Car), 129.9 (CHar), 118.9 (CHCO:Me), 101.0 (Cal), 51.5

(COxMe).
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N,N,N’,N -Tetrallyl-1,2-phenylenediamine (20)!'®

Synthesis carried out according to General Procedure 10 obtained in a range of 14% to
19% yield as oil after purification by medium performance liquid chromatography on
silica gel using 2% diethyl ether in hexane.'H NMR (500 MHz, CDCL): § 6.75-6.9
(4H, m, Hp,), 5.60-6.80 (4H, m, NCH,CHCHy), 4.90-5.11 (8H, m, NCH,CHCH,), 3.72
(8H, m, NCH,CHCH,); "C NMR (100 MHz, CDCL): & 143.5 (Ca), 135.5
(NCH,CHCH,;), 1219 (CHas), 121.5 (CHa), 117.0 (NCH,CHCH,), 53.1

(NCH,CHCH}).

N,N,N “Triallyl-1,2-phenylenediamine (21) %

Synthesis carried out according to General Procedure 10 obtained in a range of 25% to
33% yield as oil after purification by medium performance liquid chromatography on

silica gel using 2% diethyl ether in hexane. '"H NMR (500 MHz, CDCLs): & 6.60—6.42
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(2H, m, Hy,), 6.29-6.08 (2H, m, Hy,), 5.55-5.42 (1H, m, NHCH,CHCH,), 5.35-5.22
(2H, m, N[CH,CHCH,},), 4.72-4.55 (6H, m, NCH,CHCH,), 4.48 (1H, br, NH),
3.38-3.24 (2H, m, NHCH,CHCH,), 3.11-2.99 (4H, m, N[CH,CHCH,}],); *C NMR
(100 MHz, CDCl;): & 144.1 (Ca,), 136.8 (Ca), 135.8 (NHCH,CHCH,), 135.3
(N[CH,CHCHy,},), 125.1 (CHy,), 122.3 (CHa,), 117.0 (N[CH,CHCH,],), 116.2 (CHa,),

115.5 (NHCH,CHCH,), 110.2 (CHy,), 55.3 (N[CH,CHCH,},), 46.3 (NHCH,CHCH,).

N,N “Diallyl-1,2-phenylenediamine (22) ¢!

H

©:N\/\
N/\/
H

Synthesis carried out according to General Procedure 10 obtained in a range of 10% to
15% yield as oil after purification by medium performance liquid chromatography on
silica gel using 2% diethyl ether in hexane.'H NMR (500 MHz, CDCl): § 6.78-6.68
(2H, m, Hp,), 6.64-6.55 (2H, m, Hpa,), 5.98-5.85 (2H, m, NHCH,CHCH,), 5.19 (2H, d,
Jrrans = 17.3 Hz, NHCH,CHCHHya5), 5.07 (2H, d, J.is = 10.2 Hz, NHCH,CHCHH,;,),
3.67 (4H, d, J = 5.0 Hz, NHCH,CHCHy,), 3.25 (2H, br, NH); *C NMR (100 MHz,
CDCl3): 8 137.1 (Cay), 135.8 (NHCH,CHCHz), 119.2 (CHa,), 116.3 (NHCH,CHCH,),

112.2 (CHay), 47.1 (NHCH,CHCH,).
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N,N-Diallyl-1,2-phenylenediamine (23)!'°
!
L
NH,
Synthesis carried out according to General Procedure 10 obtained in a range of 39% to
55% yield as oil after purification by medium performance liquid chromatography on
silica gel using 2% diethyl ether in hexane. 'H NMR (500 MHz, CDCls): & 7.02 (1H,
dd, J = 14, 80 Hz, Ha,), 6.94 (1H, td, J = 1.5, 8.0 Hz, Ha,), 6.75 (2H, m, Hy,),
5.90-5.75 (2H, m, NCH,CHCHy;), 5.20 (2H, d, Jyas = 17.0, Hz, NCH,;CHCHH yans),
5.17 (2H, d, J.is = 12.0 Hz, NCH,CHCHH_,;), 4.08 (2H, br, NH>), 3.58 (4H, d, J = 6.0
Hz, NCH,CHCH,); >C NMR (100 MHz, CDCL): § 142.6 (CaNAllyl,), 137.2

(CaNHy), 135.2 (NCH,CHCHy), 124.7 (CHp,), 122.7 (CHa,), 117.9 (CHy,), 117.2

(NCH,CHCHy,), 115.2 (CHy,), 55.3 (NCH,CHCH,).

N-Allyl-1,2-phenylenediamine (24)!'

o

NH,
Synthesis carried out according to General Procedure 10 obtained in a range of 2% to
7% as oil after purification by medium performance liquid chromatography on silica gel
using 2% diethyl ether in hexane. 'H NMR (500 MHz, CDCl;): § 6.90-6.71 (4H, m,

Hay), 5.45 (1H, m, NCH;CHCHy), 5.15 (1H, d, Jirans = 16.5 Hz, CH,CHCHHys), 5.09

(1H, d, J.;s = 11.0 Hz, CH,CHCHH.;s), 3.77 (2H, d, J = 6.1 Hz, NCH,CHCHy), 3.45
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(2H, s, NH,); *C NMR (100 MHz, CDCL): § 141.9 (CANHAIlyl), 137.2 (CaNHy),
1300 (NCH,CHCH,), 1255 (CHa), 1249 (CHa), 1195 (CHa), 1165

(NCH,CHCHy), 112.0 (CHa,), 51.5 (NCH,CHCH,).

tert-Butyl-2-(diallylamino)-phenylcarbamate (25)

XOYO

NH
(L

3
Synthesis carried out according to preparation of 25 obtained in 86% yield as oil after
purification by column chromatography on silica gel using 5% diethyl ether in
hexane.'"H NMR (500 MHz, CDCls): § 7.71 (1H, br, Ha;), 7.13-7.08 (2H, m, Hy,), 6.95
(IH, m, Hp,), 5.85-5.72 (2H, m, NCH,CHCH,), 5.10 (2H, d, Jyams = 17.2 Hz,
NCH,CHCHH a5), 5.05 (2H, d, J.;s = 10.0 Hz, NCH,CHCHH;), 3.5 (4H, d, J = 6.0
Hz, NCH,CHCH,), 1.54 (9H, s, OCMe;); *C NMR (100 MHz, CDCls): & 153.0
(NCO,CMe;), 147.0 (CaNAllyly), 135.2 (CaNHCO,CMe;), 134.4 (NCH,CHCH,),
125.4 (CHp,), 122.9 (CHa,), 121.8 (CHa,), 118.0 (CHa,), 117.8 (NCH,CHCH;), 80.1
(OCMe;), 56.7 (NCH,CHCH,), 28.4 (OCMes); MS (APCI) m/z (%): 289(15) [M+H'],
HRMS for [M+H'] for [C17H2sN,0,+H]": calc. 289.1916, found 289.1922; IR: v (cm™):
3367.1, 3077.8 (CH=CH,), 2979.5 (CH;), 1809.9, 17279 (NCO,Bu), 1643.0

(CH=CH,), 1590.9, 1515.8, 1448.3, 1218.8, 1157.1, 1070.3, 922.7.
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tert-Butyl 2-(2H-pyrrol-1(SH)-yl)-phenylcarbamate (26)
X<y

o

Synthesis carried out according to General Procedure 11 obtained in 91% yield as oil
after purification by column chromatography on silica gel using 20% diethyl ether in
petroleum ether. 'H NMR (500 MHz, CDCls): 8 7.41 (1H, br, Hy,), 7.09 (1H, dd, J =
1.2, 7.6 Hz, Har), 6.97 (1H, td, J = 2.1, 7.9 Hz, Hy,), 6.90 (1H, td, J = 2.4, 8.3 Hz, Hy,),
5.82 (2H, s, NCH,CH), 3.92 (4H, s, NCH,CH), 1.43 (9H, s, OCMes) ; *C NMR (100
MHz, CDCl): 8 153.5 (NCO,CMes), 140.9 (CaNC4Hp), 134.0 (CaNCO,CMe3), 126.9
(NCH,CH), 124.1 (CHay), 123.4 (CHa,), 121.3 (CHay), 119.9 (CHg,), 80.1 (CMe3), 59.7
(NCH,CH), 28.4 (CMes); MS (ES) m/z (%): 261(4) [M+H'], HRMS for [M+H'] for
[C1sH20N,0,+H]": calc. 261.1603, found 261.1594; IR: v (cm™): 3362.3, 2976.6, 2866.7

(NCH,), 1728.9 (NCO.#Bu), 1593.9, 1516.7, 1158.0, 832.1, 747.3 (cis-CH=CH).

tert-Butyl-2-(1H-pyrrol-1-yl)-phenylcarbamate (27)

Y

CC
O

Synthesis carried out according to General Procedure 11 obtained in 32% yield as oil

after purification by column chromatography on silica gel using 20% diethyl ether in
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petroleum ether. 'H NMR (500 MHz, CDCl3): § 8.12 (1H, dd, J = 1.2, 7.6 Hz, Ha,), 7.28
(1H, td, J= 1.2, 7.6 Hz, Hy,), 7.12 (1H, dd, J = 1.6, 7.6 Hz, Hy,), 6.90 (1H, td, J = 1.6,
7.6 Hz, Ha,), 6.71 (2H, t, J = 2.0 Hz, NCHCH), 6.32 (2H, t, J = 2.0 Hz, NCHCH), 1.41
(9H, s, OCMe;) ; “C NMR (100 MHz, CDCL): § 152.6 (NCO,CMe;), 134.1
(CaNC4Hy), 129.9(CaA,NCO,CMes), 128.6 (CHy,), 126.9 (CHa,), 122.8 (CHay), 122.0
(NCHCH), 119.8 (CHa,), 110.2 (NCHCH), 80.9 (CMes3), 28.3 (CMes); MS (EI) m/z
(%): 258(10) [M'], HRMS for [M'] for [C;sH;sN,0,]": calc. 258.1368, found 258.1374;
IR: v (cm™): 3413.4, 3053.7, 2985.3, 2305.5, 1726.9 (NCOyBu), 1595.8, 1523.5,

1483.0, 1450.2, 1265.1 (NCH=CH), 1158.0, 895.8, 739.5 (NCH=CH).

N-Allyl-2-iodobenzenamine (28) "

1

©:”/\/

Synthesis carried out according to General Procedure 10 obtained in 31% yield as oil
after purification by column chromatography on silica gel using 10% diethyl ether in
hexane. 'H NMR (500 MHz, CDCls): 8 "H NMR (500 MHz, CDCl;): & 7.82 (1H, d, /=
8.1 Hz, Hp,), 7.10 (1H, t, J=9.0 Hz, Ha,), 6.98 (1H, d, J=7.1 Hz, Hy,), 6.79 (1H, t, J =
7.4 Hz, Hp), 5859 (1H, m, NCH,CHCH,), 525 (1H, d, Jyas = 17.2 Hz,
NCH,CHCHHyans), 5.10 (1H, d, Jois = 11.1 Hz, NCH,CHCHH,;), 3.65 (2H, d, J = 4.4
Hz, NCH,CHCH,); *C NMR (100 MHz, CDCl;): § 152.0 (CaN), 137.5 (CHp,), 135.2

(NCH,CHCHy), 128.0 (CHar), 124.9 (CHa,), 123.7 (CHas), 116.3 (NCH,CHCH,), 99.1

(Cad), 53.0 (NCH,CHCHy).
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N,N-Diallyl-2-iodobenzenamine (29)!'®

SOV
3

Synthesis carried out according to General Procedure 10 obtained in 77% yield as oil
after purification by column chromatography on silica gel using 10% diethyl ether in
hexane. 'H NMR (500 MHz, CDCL3): § 7.90 (1H, dd, J = 2.0, 8.0 Hz, Hy,), 7.30 (1H, td,
J=2.0, 80 Hz, Ha), 7.05 (1H, dd, J = 2.0, 8.0 Hz, Hy,), 6.82 (1H, td, /= 2.0, 8.0 Hz,
Hpar), 590-580 (2H, m, NCH,CHCH,;), 520 (2H, d, Jyams = 172 Hz,
NCH,CHCHH yans), 5-13 (2H, d, J.is = 10.0 Hz, NCH,CHCHH,), 3.65 (4H, d, J = 6.0
Hz, NCH,CHCH,); C NMR (100 MHz, CDCl;): § 151.8 (CaN), 139.9 (CHa,), 134.8
(NCH,CHCH,), 128.4 (CHa,), 125.6 (CHar), 1242 (CHap), 117.7 (NCH,CHCH,),

100.4 (Cal), 56.1 (NCH,CHCH,).

1-(2-lodophenyl)-2,5-dihydro-1H-pyrrole (30) (8]

0

Synthesis carried out according to General Procedure 11 obtained in 98% yield as oil
after purification column chromatography on silica gel using 5% ethyl acetate in
hexane. '"H NMR (500 MHz, CDCl;): 8 7.79 (1H, dd, J= 2.0, 8.0 Hz, Ha,), 7.18 (1H, td,
J=12,82Hz Ha,), 6.90 (1H, dd, J = 1.5, 8.2 Hz, Hy,), 6.59 (1H, td, /= 1.1, 8.0 Hz,

Hy), 5.85 (2H, s, NCH,CH), 4.20 (4H, s, NCH,CH); °C NMR (100 MHz, CDCls): &
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152.0 (CaN), 141.3 (CHa,), 1289 (CHay), 126.6 (NCH,CH), 123.2 (CHa;), 120.0

(CHay), 90.8 (Cafl), 58.36 (NCH,CH).

1-(2-Iodophenyl)-1H-pyrrole (31)"’]

1

: O

Synthesis carried out according to General Procedure 11 obtained as sticky oil after
purification by column chromatography on silica gel using 5% ethyl acetate in hexane.
'H NMR (500 MHz, CDCl3): & 7.96 (1H, dd, J= 1.2, 7.6 Hz, Hy,), 7.38 (1H, td, J= 1.2,
7.6 Hz, Ha;), 7.28 (1H,dd, J=1.6, 7.6 Hz, Ha;), 7.11 (1H, td, J= 1.6, 7.6 Hz, Ha,), 6.77
(2H, t, J = 2.0 Hz, NCHCH), 6.30 (2H, t, J = 2.0 Hz NCHCH); *C NMR (100 MHz,
CDCl;): § 146.0 (CaN), 139.0 (CHa,), 131.0 (CHa,), 129.5 (CHar), 128.5 (CHa),

120.8 (NCHCH), 108.0 (NCHCH), 95.0 (Cal).

(E)-Methyl 3-(2-(2H-pyrrol-1(SH)-yl)phenyl)acrylate (32)

©f\/C02Me
0

Synthesis carried out according to General Procedure 12 obtained in 64% yield as oil
after purification by column chromatography on silica gel using 15% diethyl ether in
petroleum ether. '"H NMR (500 MHz, CDCl;): § 8.10 (1H, d, J = 15.7 Hz, ArCH), 7.29

(1H, dd, J = 1.2, 7.6 Hz, Hay), 7.19 (1H, td, J = 2.1, 7.9 Hz, Hp,), 6.85-6.72 (2H, m,
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Hp), 6.15 (1H, d, J = 16.1 Hz, CHCO,Me), 5.80 (2H, s, NCH,CH), 4.15 (4H, s,
NCH,CH), 3.69 (3H, s, COMe); *C NMR (100 MHz, CDCL): & 167.0 (CO,Me),
161.2 (CaN), 140.5 (ArCH), 130.7 (CHa,), 129.6 (CHa), 127.7 (CHa), 1262
(NCH,CH), 122.8 (CHy,), 117.0 (CHCO,Me), 109.9 (CHy,), 58.8 (NCH,CH), 51.6
(CO.Me); MS (ES) m/z (%): 230 (100) [M+H'], 231 (15), HRMS for [M+H'] for
[C1sHisNOy+H]": calc. 230.1181, found 230.1185; IR: v (cm™): 2978.5, 1963.2, 1726.9
(CH=CH-CO), 1444.4, 1382.7, 1350.9, 1296.9, 1130.1, 1076.1, 1043.3, 934.3 (trans-

CH=CH), 845.6, 794.5 (cis-CH=CH).

N-Allyl-aniline (33) *°!

S

N
H

Synthesis carried out according to General Procedure 10 obtained in 8% yield as oil
after purification by column chromatography on silica gel using 10% diethyl ether in
petroleum ether. 'H NMR (500 MHz, CDCls): & 7.12-7.14 (2H, t, J = 7.7 Hz, Ha,), 6.71
(1H, t,J= 8.1 Hz, Hp,), 6.48 (2H, d, J = 7.8 Hz, Ha,), 5.77 (1H, m, CH,CHCH,), 5.18
(1H, d, Jyms = 16.0 Hz, NCH,CHCHHpms), 5.03 (1H, d, Jus = 11.1 Hz,
NCH,CHCHH,;), 3.64 (2H, d, J = 5.0 Hz, NCH,CHCH)), 3.56 (1H, br, NH); °C NMR
(100 MHz, CDCl3): 8 146.9 (Ca,N), 135.0 (NCH,CHCHy,), 128.5 (CHas), 116.9 (CHa,),

115.5 (NCH,CHCH,), 113.0 (CHa,), 44.5 (NCH,CHCHy).
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N,N-Diallyl-aniline (34)"*"

©\N/\;
R

Synthesis carried out according to General Procedure 10 obtained oil in 89% yield as oil
after purification by column chromatography on silica gel using 10% diethyl ether in
petroleum ether. 'H NMR (500 MHz, CDCls): § 7.30-7.20 (2H, m, Ha,), 6.78-6.69 (3H,
m, Hy,), 5.89 (2H, m, NCH,CHCHy), 5.22 (2H, d, Jyans = 16.3 Hz, NCH,CHCHH . 4ns),
5.14 (2H, d, J.;; = 10.0 Hz, CHyCHCHH..;,), 3.98 (4H, d, J = 4.9 Hz, NCH,CHCH,); *C
NMR (100 MHz, CDCl;): & 148.7 (CaN), 134.1 (NCH,CHCH,), 129.1 (CHy,), 116.3

(NCH,CHCH,), 116.0 (CHay), 112.4 (CHa,), 52.5 (NCH,CHCH,).

1-Phenyl-2,5-dihydro-1H-pyrrole (35) *!

“o

Synthesis carried out according to General Procedure 11 obtained in 96% yield as oil
after purification by column chromatography on silica gel using 10% diethyl ether in
petroleum ether.. 'H NMR (500 MHz, CDCl;): § 7.20 (2H, t, J = 8.0 Hz, Ha,), 6.6 (1H,
t,J=7.8 Hz, Hy,), 6.45 (2H, d, J = 7.3 Hz, Ha,), 5.86 (2H, s, NCH,CH), 4.00 (4H, s,
NCH,CH), *C NMR (100 MHz, CDCl;): § 147.1 (CaN), 129.4 (CHy,), 126.4

(NCH,CH), 115.6 (CHa,), 111.2 (CHa,), 54.5 (NCH,CH).
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1-Phenyl-1H-pyrrole (36) %
: O

Synthesis carried out according to General Procedure 11 obtained in traces as solid after
purification by column chromatography on silica gel using 10% diethyl ether in
petroleum ether. "H NMR (500 MHz, CDCls): § 7.48-7.56 (4H, m, Ha,), 7.31-7.35 (1H,
m, Hy;), 7.21 (2H, t, J = 2.0 Hz, NCHCH), 6.50 (2H, t, J = 2.0 Hz, NCHCH); *C NMR
(100 MHz, CDCl3): & 139.7 (CaN), 129.5 (CHar), 126.0 (NCHCH), 121.3 (CHa,),

118.1 (CHay), 111.6 (NCHCH).

1,3-Diphenyl-1H-pyrrole (37) !

Y

Ph

Synthesis carried out according to General Procedure 12 obtained in 60% yield as sticky
oil after purification by column chromatography on silica gel using 10% diethyl ether in
petroleum ether.. '"H NMR (500 MHz, CDCls): mp 119-121 °C (lit. mp 118-119 °C); §
NMR (500 MHz, CDCl;): 8 7.61 (2H, d, J = 8.1 Hz, Ha;), 7.49-7.19 (5H, m, Ha,), 7.34
(2H, t, J = 7.6 Hz, Ha,,), 7.25 (1H, t, J = 7.9 Ha,), 7.15 (1H, dd, J = 1.1, 2.8 Hz,
NCHCPh), 6.85 (1H, dd, J = 1.6, 4.1 Hz, NCHCH), 6.39 (1H, dd, J = 2.8, 4.1 Hz,
NCHCH);"*C NMR (100 MHz, CDCl;): § 146.5 (CaN), 138.5 (CaCCH), 138.0
(CHa,), 129.6 (Ca,CCH), 128.9 (CHa,), 128.8 (CHar), 127.2 (CHa,), 126.6 (CHa,),

126.2 (CHpa,), 122.3 (NCHCH), 111.2 (NCHCPh), 100.0 (NCHCH).
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Overview, conclusions and future directions

In this work we aimed to investigate the application of microflow system to a selected set of
organic transformations of particular relevance using a practical and economical system setup
in order to develop a basic methodology for synthetic chemists. Accordingly, we adhered in
this thesis to a terminology typical of laboratory based experimental chemistry. We started
off our project in the first of two experimental chapters (Chapter 2) with the study of a
biphasic hydrolysis reaction, observing remarkable improvements in reaction conversions by
use of microflow techniques compared to flask methods. The study of the hydrolysis reaction
also provided the opportunity to optimise further the microflow techniques, allowing to
investigate varieties of microflow patterns, heating techniques, channel materials and
geometries, and activation methods. In particular, remarkable results were observed with the
employment of segmented flow pattern, microwave heating technique, activation by
sonication and use of phase transfer catalysts. In order to extend fhe scope of this type of
study 1t would be beneficial to look into different hydrolysis methods such as acidic
hydrolysis and enzymatic hydrolysis, and to go deeper in the study of the kinetics of these
processes. In the second experimental chapter (Chapter 3) we used the microflow technique
to enhance the performance of important transition metal-catalysed organic transformations
such as Heck coupling and ring-closing metathesis. This study represented a very challenging
ground presenting a high number of variables both in the chemistry and in the engineering
part of the work. Such challenges included ensuring the suitability of the organic
transformation for the microflow study; the compatibility of the channel material with
reactants, solvents and catalysts employed; the non-trivial effort of connecting all channel
parts correctly; and the pumping of reagents and catalysts in the channel in the right sequence

and with the right pressure. Clearly the aim of a microflow study is not limited to taking the
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reaction to completion like in the flask reaction, but it is extended to avoid a certain number
of issues, such as the occurrence of precipitation in the microchannel leading to clogging, the
occurrence of bubbling and generation of gas causing disturbance inside the microchannel, or
the degradation of reactants in the stock solution reservoirs. Overall the use of microflow
technique, applied to such a large number of reactions of various types and carried out with
many chemical and engineering variables, allowed us to observe overall reaction
performances enhancement compared to conventional flask chemistry, on the whole rather
agreeably, reproducibly, and displaying very regular trends. The encouraging results obtained
in the course of our studies and reported in this thesis are of course far from being conclusive.
Our applications of microflow techniques to chemical transformations are only at an early
stage of becoming a fully established discipline. In spite of the clear advantages brought by
the microflow techniques, however, the more we get acquainted with the techniques the more
we become aware of certain issues that need to be addressed. One of the problems has to do
with the unavailability on the market of fully efficient flow systems specific for a synthetic
use, as most commercially available parts (pumps, flow cells, connectors) are made for other
purposes, mainly analytical. Therefore such parts do not hold harsh conditions for very long,
thus requiring frequent replacement. Furthermore, there is clearly a gap still existing between
the chemists who need to use these systems and the science of engineering and chemical
engineering. Such gap can be bridged by creating tighter collaborations between the two
disciplines. Since the microflow route is supposed to provide speed, a great benefit would
also come from integrating the flow system with robotised elements, to enable faster

introduction of reactants, faster liquid fraction collection and, most of all, on-line analysis.
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