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Abstract

The objective of this thesis was to explore cross coupling and C-H activation reactions,

especially their possible translation into a flow system.

In particular, the following research topics were explored:

e Optimization of batch reaction conditions for the synthesis of a bioactive Mag-
nolol/Honokiol derivative was investigated in order to be applicable for a flow pro-
cess and exploration of the possible translation into flow.
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Magnolol /Honokiol derivative

e Development of batch reaction conditions for the synthesis of Neurodazine, a bioac-
tive small molecule, which is considered to be promising for the treatment of neu-
rodegenerative diseases. The possibility to translate the batch protocol in flow was

also investigated.
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e The synthesis of several arylated phenyl pyridines and their further decoration via

C-H activation chemistry taking advantage of an in-house developed continuous-flow
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reactor system. Although there were contributions known in literature concerning
the first part of the synthesis, the second part, an intermolecular direct arylation

reaction, was presented herein for the first time under continuous-flow conditions [1].
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Flow synthesis of substituted aryl pyridines.
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Kurzfassung

Das Ziel dieser Doktorarbeit war die Untersuchung von Kreuzkupplungsreaktionen und

C-H Aktivierungsreaktionen und besonders deren mogliche Anwendung in Flow-Prozesses.

Im speziellen wurden folgende Forschungsbereiche untersucht:

e Die Optimierung der Synthese von bioaktiven Magnolol/Honokiol Derivaten unter
diskontinuierlichen Reaktionsbedingungen, um sie fiir kontinuierliche Durchflussprozesse
anwendbar zu machen und die Untersuchung der moglichen Umsetzung unter flow-

chemischen Bedingungen.

Magnolol /Honokiol Derivat

e Entwicklung von diskontinuierliche Reaktionsbedingungen fiir die Synthese von Neu-
rodazin, einem bioaktiven Molekiil, welches als vielversprechend gilt bei der Behand-
lung von neurodegenerativen Krankheiten. Optionen zur Ubertragung auf einen

kontinuierlichen Prozess wurden studiert.

T
N O

| > |

on
H
~o

Neurodazine

Cl



PhD Thesis Maria Christakakou

e Neben der Synthese von verschiedenen arylierten Phenylpyridinen und deren weit-
ere Funktionalisierung iiber C-H Aktivierung, unter Nutzung eines selbst entwick-
elte Durchflussreaktor-Systems. Obwohl es in der Literatur tiber den ersten Teil
der Synthese Beitrage gibt, wurde der zweite Teil, eine intermolekulare direkte
Arylierungsreaktion, hier das erste Mal unter kontinuierlichen Durchflussbedingun-

gen présentiert [1].
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Kontinuierliche Durchflusssynthese vom substituierten Arylpyridinen.
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Synthetic schemes
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Substituted bromobenzenes which were used for the arylation reactions with 2-phenylpyridine:
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1 Introduction

1.1 Flow Chemistry
1.1.1 Definition and Advantages

In the past decades efforts have been made to develop techniques that would enable
researchers to perform reactions in an automated way. An ideal reaction procedure would
lead to highly pure compounds, in an economic and safe way, in 100% yield and with the
minimum attention from the researcher’s side, employing automation. One of the most

promising technologies, in this regard, is flow chemistry.

The principle on which every flow system is based on, is very simple. The reagents are
forced with the aid of a pump through tubing into a heated reactor and after the reaction
zone the product is collected, e.g. into a vial of choice (Figure 1). In flow set ups it is
possible to perform reactions exceeding the boiling point of the solvent or reactions that
are involving gas formation, since pressure regulators can control the pressure rise. Those
regulators can modulate themselves to keep pressure at a set point and consequently to

keep the mass flow through the system constant.

e 11111118
CFR BPR

O o

Reagents Product

Figure 1: Illustrated Flow step.

Due to its operational simplicity and the possibility of potential automation, along with
other advantages, flow chemistry has gained increased interest from both academia and

industry [2,3]. In the following, a more detailed look on the benefits that this technology

25
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offers is provided.

One of the most promising features of flow chemistry is that it can potentially lead
to the target compound without the need of intermediate work-up steps or column chro-
matography, taking advantage of the automation feature. This is especially useful in a

multistep synthesis where work-up has to be performed for each individual step.

Ley, one of the pioneer scientists in this field, and his group presented in 2006 an effi-
cient way to achieve such synthesis for the alkaloid natural product oxomaritidine. This
was the first contribution concerning a natural product synthesis via a continuous flow
process [4]. To achieve such synthesis they employed two automated flow systems: The
AFRICA system from Syrris and the H-Cube from Thales Nano and they paired them
with glass columns packed with reagents and catalysts in series, achieving the synthesis
of the target compound in high efficiency, as shown in Scheme 1. Reaction conditions
were controlled precisely with the aid of those two systems. Initially AFRICA was used
to pump a solution of 4-(2-bromoethyl)phenol through a column packed with an azide
exchange resin to convert it to the alkyl azide (stream a) while within another stream
the aldehyde coupling partner was prepared via oxidation from 3,4-dimethoxybenzyl al-
cohol after passing through a pre-packed column containing tetra- N-alkylammonium per-
ruthenate (stream b). Then both streams were connected and passed through a column
containing the immobilized aza-Wittig intermediate resulting in the corresponding imine.
Afterwards, a solution of this imine in THF underwent hydrogenation in the H-Cube,
under catalysis of 10% Pd/C, which was packed in a cartridge. The intermediate product
was collected online and the solvent was evaporated with the aid of Vapourtec V-10®
and then replaced by DCM. Then it was reacted in a microfluidic reaction chip whilst
also a DCM solution of trifluoroacetic acid anhydride (TFAA) was pumped through.
Then the resultant trifluoroacetylated amide was pumped through a scavenging column
which was packed with a silica supported primary amine to catch any excess of TFAA or
TFA. Next, the reaction solution passed through a column containing polymer-supported
[Bis(trifluoroacetoxy)iodo]benzene (PIFA) and after oxidative phenolic coupling had taken
place, it resulted in a seven-membered tricyclic compound. Finally the latter was passed

through a column containing a polymer-supported base which resulted in the cleavage of

26
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Scheme 1: Flow synthesis of (£)-oxomaritidine.

the amide bond and allowed 1,4-conjugate addition to take place affording the desired
product: (%)-oxomaritidine. This was indeed a very impressive synthesis, which was cost
effective since work-up procedures and column chromatography were avoided, moreover
it was also user friendly since the scientist had to interfere with the whole process only

by planning the synthetic route and by programming the devices to perform the task.

Another advantage of flow chemistry is that the optimization of the reaction conditions
can be done faster and more economically. The automation ability of a flow system,
allows the programming of various experiments ahead e.g for screening purposes and in
each of them, the parameters of interest can be varied (e.g temperature, concentration,

flow rate). Since the required amount of material is minimal, the optimized conditions
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can be identified in a more efficient manner, without having to waste grams of substrate.
Jensen et al installed in a microfluidic system consisting of syringe pumps, a microreactor
and a micromixer as well as an inline HPLC monitoring system that allowed live time
analysis with the aid of algorithms [5]. Via this method it was possible to tune the
reaction parameters adjusting them to achieve the best results regarding reaction yield.
The same group presented the possibility for multi-step synthesis, introducing this time,
in the microreactor setup, a liquid-liquid microseparator to perform in-line work-up [6].
In this way, the reaction time was minimized since there was no need for isolating the

intermediates before proceeding to the next reaction step.

The automation potential of flow reactors facilitates also the synthesis of compound
libraries to be submitted for structure activity relationship studies (SAR), minimizing
the reaction time that would be required for the corresponding batch protocol if it had
to be applied for each individual compound. This is especially useful for preclinical drug
discovery. Moreover Selway et al, went a step further integrating the flow microreactor
technology with the SAR technique, achieving the automated synthesis of various com-
pounds and in the same time identifying novel Abl kinase inhibitors. This was achieved
by using computational activity prediction methodology to identify the candidate com-
pounds and then by employing flow chemistry principals for synthesis and purification of

the compounds along with integrated LC-MS analysis of the candidates [7].

Flow chemistry can also facilitate reaction scale up, minimizing the up-scaling issue
that is one of the major problems in batch processes. This is done by ensuring efficient
mixing through the reaction zone, keeping constant the heating of the reaction mixture
and adjusting either the reactor’s volume and flow rate to the preferred production or by
combining many microreactors at the same time or just by letting the system pump for
prolonged time. To evaluate the productivity of a flow process, the amount of product

produced per hour per reactor volume, the so called: space time yield, is measured [2].

Recently Yu et al, reported the synthesis of heterogeneous nitration of p-difluorobenzene
(Scheme 2) in flow [8]. The translation of this reaction in flow minimized the side products
(dinitro and phenol) allowing for a selective and very effective synthesis. In terms of yield

a 98% yield with 99% purity (crude product) was achieved, when a 4mm tube was used
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F F F F F
/©/ + HNO; + H,SO4 ———> /E:[ + + /@ +
F F NO, F NO, F OH F NO,
NO, OH

Scheme 2: Nitration of p-difluorobenzene.

with a 167 mL/min flow rate. In terms of greener reaction procedures, they recycled the
waste sulfuric acid by assuming 100% conversion and adding 1 eq. of nitric acid to it after
each run. Then they collected the HySO4, HoO and HNO3 which was produced by the

nitration. In Table 3, a comparison of the results, from the flow and the batch process is

given.
Table 3: Comparison of batch to flow results.
Entry Yield [%]  Purity [%] t (min) Production
batch 80 99.5 (after Slow addition of the Dependent on
distillation) nitric acid which was the reaction
followed by 1h scale
stirring
flow 98 99 (crude 2.3 min 6.25kg/h
product)

Until now there are also a few examples, where this technology has been successfully
employed to the up-scaling of more challenging procedures as for example biotransfor-
mations, which usually require long residence times and multiphase media. For example
Gasparini et al presented the up-scaling of the oxidase of the DL-amino acid in flow
employing a Coflore reactor and then they compared the batch results with the flow
showing the superiority of the continuous process (reaction rate, conversion, oxygen con-
sumption) [9]. Furthermore, amongst others, the up-scaling of reactions involving gaseous
reaction partners [10,11] and photochemical reactions [12,13], as well as high temperature

cyclizations and de-protections [14], have been reported in flow.

Continuous flow processing allows also for reaction control through efficient heat trans-
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fer. Due to the high surface to volume ratio and the fast diffusion mixing, it is possible
to perform reactions that include highly reactive, explosive, hazardous or toxic chemicals
but also to achieve excellent compound selectivity and eventually even higher product
yields [15,16]. Reactions that require an autoclave or high-pressure devices to be per-
formed, can be done much more safely in flow without taking any special precaution [17].
For example, hydrogenations are usually done by binding the supported catalyst in a
disposable cartridge and the generation of hydrogen takes place in situ, which makes it
much safer in comparison to its corresponding batch reaction [16,18-20]. Another ap-
proach enhancing safety in flow was made by Ley et.al with the development of a device
capable to evaporate, concentrate and switch solvents during a flow process as well as in a
batch mode [21]. This device was then used to remove an explosive reagent, nitromethane,
which is used in large excess in the Henry reaction for the synthesis of nitro alkanes via

the condensation of nitromethane to aldehydes.

(0]
I
“0.+.0 ‘O

O put

Figure 2: Naproxcinod.

A noteworthy industrial application of flow chemistry was made with the Naproxcinod
(Figure 2) synthesis in flow. This compound is used as an arthritis drug and constitutes
a derivative of naproxen, a nonsteroidal anti-inflammatory drug. DSM, a global science-
based company located in Linz made possible the production of several hundred tons of
this compound per year, effortlessly and cost efficiently, by combining several identical
reactors in parallel. This configuration promotes a smooth process even if one or more
of the reactors break down during the pumping, since there are several others which
could still work properly. In batch synthesis a failure in the heating system for example,
would be of vital importance, because it would immediately lead to termination of the
whole procedure. Another parameter that DSM took in account while designing the
flow system was the possible formation of explosive side-products, since the synthesis of

the target compound is based on nitration. Employing microreactor technology gives the
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advantage that the reaction mixture travels through channels which have a few millimeter-
diameter and consequently even if formation of unstable materials take place, the short
residence time will make the whole process safe, being in a better control in comparison to
a batch synthesis. The latter would have to involve highly dilute and biphasic conditions

in specialized equipment to ensure safety.

Another advantage of flow chemistry is that it provides the researcher with a greener
process since the solvents or reagents, which are removed can be recycled and reused.
This is especially useful in a multi step process in which usually the solvents differ from

one step to the other.

Additionally, reproducibility of results can be assured due to the precise control of the

reaction conditions.

With flow chemistry we can also achieve high reaction rates which is of particular
interest to the pharmaceutical industry since it enables accelerated synthesis of diverse
compound libraries leading to more time-efficient structure-activity relationship stud-
ies [22]. In particular, increased reaction rates of several orders of magnitude could be
achieved in cases of heterogeneous reactions, due to the high catalyst to reagents ratio. In
other words, when the reaction mixture travels through the particles of catalyst located
e.g in a cartridge or a fixed bed reactor, it comes in a continuous contact with them,

reacting in a faster and more facile way in comparison to batch processes.

However, despite the many benefits which flow chemistry has to offer, there also some
drawbacks associated with it. In batch the homogeneity of the reaction mixture does
not play a pronounced role in the reaction performance. However, in flow, sustainable
homogeneity through the reaction zone is a crucial factor for a smooth pumping. Any
possible precipitation will lead to blockage of the system and consequently will lead to
termination of the process. Also in flow chemistry, purchase of special equipment is
required in order to perform the reactions and this factor increase significantly the cost of
the process in comparison to the standard batch equipment. Furthermore, the translation
of a batch process in flow is usually time consuming since many parameters (e.g developing

a method, suitable instrumentation, homogeneity) have to be taken in account.
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1.1.2 Factors important to interpret a Continuous-Flow Process

There are some differences between a flow process and a batch process, which have to be

taken in account in order to translate a batch protocol to a flow one.

For instance, the reaction time in batch is defined as the time, which is required
for a reaction mixture reacting in a specific temperature to reach completion by the full
conversion of the starting materials. In contrast, in a flow procedure we define the reaction
time using the term residence time, which in this case is determined by the flow rate and

the reactor’s volume.

Since a flow system can be used for large-scale reactions in industry, chemists have
introduced a term to describe quantitatively, such productions. It is called space time

yield and is defined as the amount of product produced per hour per reactor volume.

The ideal outcome of a flow process can be achieved using the highest flow rate which
naturally leads to the lowest residence time (flow rate(mL/min)= volume(mL)/residence
time(min)) in a given system. Another difference between the two processes is that in
flow, the stoichiometry of the reaction is defined by the concentration of the reagents and
the ratio of their flow rates instead of their volumetric ratio, which applies in the batch

processes [23].
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1.2 Metal Catalyzed C-C Bond Forming Reactions
1.2.1 Cross Coupling Reactions

Cross-Coupling reactions constitute a very robust methodology towards C-C and C-
heteroatom (=H, N, O, S, P, metal) bond formation. The transformation usually takes
place between an electrophile (halide or pseudohalide) and an organometallic reagent or
an unsaturated compound (alkene or alkyne with the aid of a transition-metal catalyst,

usually palladium (Figure 3)) [24-28].

R—FG, | + R'@ —  » R—TFR

Figure 3: C-C bond formation via “classical” metal assisted transformations.

Depending on the nature of the nucleophile, each coupling reaction bears a different
name dedicated to the researcher who has discovered it. Some of the most well known pro-
tocols are given in the following: Heck (alkene) [29], Sonogashira (terminal alkyne) [30],
Suzuki-Miyaura (boronic acid) [31], Negishi (organozinc, organoaluminum or organozir-
conium compound) [32], Stille (organotin compound) [33], Himaya (organosilanes) [34],
Kumada-Corriu-Tamao (Grignard reagent) [35,36]. In fact, Akira Suzuki, Ei-ichi Negishi
and Richard F. Heck were awarded the Nobel Prize in chemistry in 2010 for their contribu-
tions in palladium catalyzed cross-coupling reactions in organic chemistry. These methods
are of immense importance, which is reflected by their wide application as for example in

the total synthesis of natural product or many pharmaceutical compounds [37].

An outstanding synthesis concerning a pharmaceutical product taking advantage of
cross coupling strategy was the one of Singulair (Scheme 3) [38-40], a drug which is used to
prevent asthma attacks and allergies. Its functional properties are based on the inhibition
of leukotrienes. The synthesis starts with an intermolecular Heck coupling between the
allylic alcohol and the aromatic iodide shown in Scheme 3 with the aid of a small amount of
Pd(OAc), and Et3N in acetonitrile. The alkyl palladium(IT) intermediate which is formed,

undergoes [-hydride elimination and tautomerization to the corresponding ketone which
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with a simple recrystallisation leads to the target molecule.

COOMe

I 1mol% Pd(OAc),
EN, MeCN, 85°C ~ Cl

th)./drlc_le tautomerization
elimination

83%

Scheme 3: Singulair synthesis.

It is worth mentioning that the nature of the electrophile can influence the rate-
determining step of a cross-coupling reaction. Other factors which can play a role in
this are the following: the nature of the nucleophile, the ligands on the metal center, the
presence of additives and the nature of the solvent [41]. To date, the Suzuki-Miyaura and
Sonogashira reactions have been most extensively studied in terms of their mechanistic

understanding, heterogeneous catalysis, separation of the catalyst and catalyst re-use [42].

However, as we will not go in details for each different palladium cross-coupling re-
action, a general mechanism involves the following steps: oxidative addition, transmet-
allation and reductive elimination (Figure 4) [43]. The oxidative addition refers to the
addition of the halide or pseudo-halide (e.g. triflate) to Pd(0) and the subsequent for-
mation of a Pd(II) species (1). In the transmetallation step, the organic residue of the
organometal species is transferred to palladium and concomitantly the halide or triflate
binds to the metal part. In case of the Heck reaction in which the coupling partner is an
olefin there are two steps substituting transmetallation: the syn-addition and S-hydride
elimination. Finally, the Pd(IT) complex (I1) undergoes reductive elimination to give the

coupled product and regenerate the Pd(0) catalyst for a new cycle.
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Pd(0)

RI-R2 R?X
oxidative addition

reductive elimination

R2-Pd(II)-R! R2-Pd(I)-X
I I

transmetallation

MX RIM

Figure 4: Mechanism for Pd catalyzed cross-coupling reactions.

Since, cross coupling reactions are widely used for the synthesis of important organic
and organometallic compounds [28], a technique as flow chemistry was embraced from the
research community as highly attractive. Many reactions of this type have been reported
in continuous flow to date [1,23,44-50]. However, as the focus of this thesis was on
the Suzuki-Miyaura cross-coupling reaction a more detailed discussion about it and its

translation in flow is given in the following.

1.2.2 Suzuki-Miyaura cross-coupling reaction

The formation of arylated heterocycles is a process of great importance due to their pres-
ence in molecules with interesting biological activities or interesting properties in material
science [51-57]. To synthesize such compounds, the Suzuki-Miyaura cross-coupling reac-
tion is a very successful method and is considered as a general, versatile and mild protocol
for the formation of C-C bonds [37,58-65]. It is a palladium-catalyzed cross-coupling re-

action between organoboron compounds and organic halides (Figure 5) [28,31,66].
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[ Pd’Ln ](Cat)
R—-BY, + R » R—R'
base

R: alkyl, alkynyl, aryl, vinyl, R': aryl, alkynyl, aryl, benzyl, vinyl, Y: OH, OR etc
X:Cl, By, 1, OTf, OTs, OP(=0)(OR) ,

Figure 5: Suzuki-Miyaura reaction.

The commercial availability of the reagents contributes to its popularity in comparison
with other cross-coupling protocols [67]. Beneficial features are the stability of the boronic
acids [68] towards moisture and air as well as the comparatively low toxicity of byproducts
and the easy handling and removal which makes it also an “industry friendly process” [66,

67]. It also tolerates many functional groups and often proceeds regio- and steroselectively

[66]. The reaction also tolerates a large variety of solvents.

Figure 6: Palytoxin.

A noteworthy and challenging total synthesis employing Suzuki-Miyaura conditions,
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was the synthesis of palytoxin (Figure 6), an extremely toxic natural product which
is the largest secondary metabolite synthesized up to date, with a molecular weight of
2680.139 Da [69]. During the synthesis of this huge molecule, Kishi et al came across
many obstacles, especially in a certain step of the synthesis, where the conventional cross
coupling conditions were found to be totally inadequate. However, eventually they found
ways to overcome the synthetic challenges, improve the reaction rate by employing a
thallium base and consequently to refine the Suzuki-Miyaura conditions leading them to

the target molecule [37].

Regarding the mechanism of the Suzuki-Miyaura reaction it is following the steps of
the general cross-coupling reaction mechanism with the difference that it requires the

addition of a base for the activation of the organoboron compound (Figure 7).

Initially the R'X halide species is added to the palladium complex Pd’L, via oxidative
addition to form a Pd(II)-halide complex I, which upon reaction with a base, e.g. NaOR,
results in the exchange of the halide by the base and forms the organopalladium-base
complex II. Then transmetallation takes place and the boron species III is activated with
the aid of the base NaOR to form IV which can undergo cis-trans isomerization and upon
forming V it will go through reductive elimination to afford the desired coupling product

R!-R? and regenerate the palladium active species.

However, the palladium catalysts, which are often used for this transformation, have
potential toxicity and a substantial cost for larger scale reactions. Nowadays, efforts
are undertaken to develop greener cross-coupling reactions and in this regard one of the
approaches is to use more active catalysts that are requiring lower catalyst loadings [70—-
75]. It has to be mentioned that these efforts are widespread, not only in batch but also

in flow chemistry [76,77].

A remarkable contribution in this area was published recently by Noél et al [49]. They
presented a robust flow protocol for Suzuki-Miyaura reaction between several hetero-
arylboronic acids and heteroaryl halides which proceed under low loadings (0.05-1.5mol%)
of XPhos palladacycle in a packed-bed reactor (Figure 8). Furthermore, a biphasic solvent
system was used in order to maintain all the reagents in solution and prevent clogging of

the microreactor. It has to be mentioned that the small amount of catalyst provides not
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Figure 7: Catalytic cycle of Suzuki-Miyaura cross-coupling reaction.

only a cost effective synthesis but also makes the removal of the palladium residues more
facile. The outcome of this synthesis was a series of biaryl compounds obtained in good

to excellent yields.

XPhos precatalyst (0.5-1.5mol%)
HetAr-X + Ar'B(OH), Ar-Ar'
2eq K3PO4, TBAB (10mol%)
(87-99%)

NMP/toluene/H,O (4:1:5)

leq 1.5eq

Figure 8: Suzuki-Miyaura reaction in flow.

Another notable contribution in the field of cross coupling chemistry and in particular

in heterogeneous catalysis, was made by Ley et alin 2005, when they presented a cost effi-
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cient continuous flow Suzuki-Miyaura cross-coupling which was catalysed by immobilized
Pd(OAc), under mild conditions (Figure 9). The catalyst was packed in a HPLC column
and toluene/methanol was used as solvent. Tetra-n-butylammonium salts were used as
bases obtaining the best yields (70-85%) with BuyNOH and BuyNOMe after three passes
through the column. Using BuyNOMe at 70° they achieved 100% GC yield [78].

(I)H
/©/B\OH . ©/I Bu,NOMe, 70°C O
toluene/methanol (9:1) |O
Pd(OAc),EnCat )
flow rare: 0.2 cm’/min 100% GC yield
after one pass

Figure 9: PdEnCat catalysed Suzuki-Miyaura reaction.

Overall, due to the importance of the Suzuki-Miyaura reaction [70,75] in the phar-
maceutical industry as well as in material science, several other contributions have been

published up to date, translating this cross coupling reaction in flow [1,44-50,79-84].

1.2.3 C-H Functionalization

C-H functionalization [77] constitutes an attractive strategy for constructing new carbon-
carbon bonds utilizing an otherwise kinetically inert and thermodynamically strong C-H
bond [85]. The fact that C-H bonds are so abundant in nature makes this methodology
a very useful synthetic tool due to its potential applications as well as its atom efficiency.
Utilizing C-H activation, chemists can achieve new disconnections and in a more eco-
nomic manner since it minimizes reaction steps (e.g protection, de-protection steps) and

consequently minimizes the produced waste.

The fore-mentioned transformation takes place via transition metals catalysis [77,86—
88] and it consists of the activation of an sp? or sp?> C-H bond which directly interacts
with the metal center of the catalyst (it behaves as a functional group) and then upon

reaction with the coupling partner, leads to a new C-C bond (Figure 10).
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R——H + R'@ ——» R—R'

Figure 10: C-C bond formation by C-H activation.

Nowadays the contributions in the field of sp? C-H activation [89-92] are manifold
but this is not the case for sp® C-H activation chemistry [77,93,94]. Since these bonds
are much more thermodynamically stable, a larger energy barrier has to be overcome in
order for the C-H bond to dissociate and of course the ubiquity of such bonds makes it a

demanding task to selectively activate one C-H bond over another [85,92].
To address the arisen selectivity issues, the following methods have been used [85,92].

First of all, the use of an N-heterocycle could be used as a directing group for the
metal (e.g pyridine, pyrimidine rings, pyrroline group) and it could direct it so that the
preferred C-H cleavage will take place. In addition, a substrate bearing a functional
group could similarly serve the purpose. Furthermore it has been shown that certain
catalysts are more effective in C-H functionalization of certain molecules as for example
Pd and Rh based catalysts are a good option for the C-H activation of functional arenes
and heterocycles [95]. Fagnou et al proposed a Pd catalytic cycle shown in Figure 11
to explain the Concerted Metalation-Deprotonation mechanism (CMD) [96]. Initially the
ArBr species are added to the Pd(0) via oxidative addition to form complex I, which upon
bromine/pivalate ligand exchange forms the complex II. The latter, after reacting with 111
undergoes a CMD transition-state and leads to complex IV. Then reductive elimination

takes place, which leads to V and regenerates the Pd species.

Additionally, C-H activations also undergo one of the four following mechanisms: o-
bond metathesis in early transition metal complexes, oxidative addition in electron-rich
late transition metal complexes, electrophilic substitution in electron deficient late tran-

sition metal complexes, and 1,2-addition [85,97,98|.

The o-bond metathesis mechanism involves, mainly, the early d° transition metal

complexes of the third and fourth group of the periodic table and consists of concerted
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Figure 11: Concerted Metalation-Deprotonation mechanism.

formation and cleavage of bonds at the transition state. During this reaction two bonds
are being broken and two new bonds are formed as shown in Figure 12 [85]. In this

mechanism, the oxidation state of the metal does not change.

The oxidative addition represents the most common C-H activation mechanism. It
proceeds with electron-rich and low valent late transition metal complexes like Ru, Fe,
Re, Os, Ir and Pt (Figure 13). At the transition state, the metal is forming a bond with C
and H upon reaction with C-H and consequently the geometry of the complex is changing
in order to create the space for the two new bonds and the oxidation state notes a rise of

two units [85].
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LnM-R + R-H ——> LnM-R' + R-H
R #
R=CorH AN
LnM H
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Figure 12: o-bond metathesis in early transition metal complexes

H
LaM + CH — > LM ¢
C
#
M
LM
ke

Figure 13: Oxidative addition in electron-rich late transition metal complex.

The electrophilic substitution in electron deficient late transition metal complexes

involves metals such as Pd?*, Pt*" or Hg*™ (Figure 14) [85].

The 1,2-addition proceeds via addition to a metal-nonmetal double bond and it can
involve either early or late transition metals (Figure 15). The ligand in this case has a

m-bonding capability and stabilizes the charge in the metal bond upon the addition [85].
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LonMX + C-H —_— LnMC + H-X

Figure 14: Electrophilic substitution in electron deficient late transition metal complexes.

XH
LM=X) + CH — > LM ¢
b C
R,
P
LnM H
\R'/

Figure 15: 1,2 addition.

The interest in identifying and developing reactions conditions of this coupling method-
ology in combination with flow chemistry is continuously increasing and in the future

further development is still to follow [1,99].
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1.3 Catalysts in organic reactions

The term “catalyst” refers to each substance, which can increase the rate of a chemical
reaction without being consumed or changed during the reaction. It participates in the
organic reactions, by increasing the stability of the transition state or by increasing the
reactivity of an electrophile (making it more prone to nucleophilic attack) or nucleophile.
It can also facilitate the dissociation of a leaving group by transforming it to a weaker

base [100].

Catalysts can be divided in two major categories: the heterogeneous and the homo-
geneous ones. They can both serve as catalysts in CF systems and each of them has

individual advantages to offer.

1.3.1 Heterogeneous catalysts in cross coupling reactions

Nowadays, an increased interest for sustainable green chemistry has arisen. Heterogeneous
catalysts provide the researcher with easy handling and are considered to be suitable for
continuous flow processes [76] and due to their potential recycling they have favorable
properties regarding “greenness” as compared to their homogeneous counterparts. In
particular: Pd, Cu, Ru, and Ni can be found immobilized in several different solid supports

e.g on silica, monolithic or magnetic nanoparticles or on a polymer complex [79].

Two of the most widely used heterogeneous catalysts are:

e Palladium on charcoal (Pd/C).

e Polyurea-encapsualted palladium(II) acetate.

The main advantages of heterogeneous catalysis can be summarized by the following

aspects:

e ability to recover the catalyst (by filtration or centrifugation), recycle it and reuse
it is provided and consequently the chemical waste and subsequently the cost of the

catalyst loss is minimized [101],
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e contamination of the reaction mixture can be avoided and therefore also toxicity

issues from the metal to the desired product.

Even though heterogeneous catalysis is a promising field of catalysis there is yet a
disadvantage, which should be overcome: the often-occurring catalyst leaching in Pd cat-
alyzed reactions, which subsequently leads to activity loss. This occurs after oxidative
addition, when the “Pd” is released to the reaction mixture and after the reductive elim-
ination it re-precipitates, forming the so-called “Pd black”. This phenomenon relies on
many different factors as for example the base which is used, the reaction temperature,

the type of support and reaction medium [2].

An alternative way for continuous flow systems can be found in homogeneous catalysis.

1.3.2 Homogeneous catalysts in cross coupling reactions

Homogeneous catalysts are widely used in cross coupling reactions and the main rea-
son for that is that they are readily available to react immediately after dilution in the
reaction mixture. They can be found within single-phase homogeneous systems or in recy-
clable biphasic systems and they are mainly palladium complexes: Pd(OAc),, Pd(PPhg)y,
Pd(dppf)Cl; etc [76].

Palladium complexes are also the first choice of use especially in cross coupling chem-
istry [42]. They owe their extensive recognition from the synthetic community to their

many advantages:

they are very versatile and require mild conditions to act,

they are highly selective and contribute to less side product production,

they can tolerate many functional groups,

their reactivity is tunable (in the sense that is dependent on the ligands which can

be added into the reaction mixture),

they are resistant to moisture and air.

45



PhD Thesis Maria Christakakou

2 Results and Discussion

2.1 Towards the synthesis of biologically active Magnolol and

Honokiol derivatives in flow
2.1.1 Objective

Within this section, our efforts were focused on the translation of a batch process which
was developed in our group and leads to Magnolol and Honokiol bioactive derivatives
[102] into a continuous flow process. The compound of interest was 5-allyl-3’-methoxy-
[1,1’-biphenyl]-2-ol, which is derivative of Magnolol/Honokiol and was found to enhance
GABA,4 induced current (Igapa) in a higher intensity than its lead structures [102].
GABA 4 (y-Aminobutyric acid) (Figure 16) is the major receptor for the GABA in-
hibitory neurotransmitter, which is located in the central nervous system. It consists
of five subunits and depending on the structure of the subunit it can show different phar-
macological and electrophysiological properties [103,104]. To reach the target compound,

Suzuki-Miyaura coupling reaction was employed via a two step synthesis.

2.1.2 Magnolol and Honokiol properties

Magnolol and Honokiol (Figure 17) are natural compounds, which can be isolated from
a tree called Magnolia officionalis. They belong to a class of compounds known as ne-
olignans and they are of particular interest due to several therapeutic properties which
among others, are the following: antistress [105], anticancer [105], antiangiogenetic [106],
antiinflammatory [105], antiepileptic [107], neuroprotective [108,109], somnogenic (hon-

okiol) [109] etc.

0

NH; \/\)J\ OH

Figure 16: y-Aminobutyric acid.
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Honokiol

Figure 17: Magnolol, Honokiol.

2.1.3 Exploration of appropriate conditions to translate the batch process

into flow

The batch synthesis consists of two subsequent Suzuki-Miyaura cross coupling reactions
(Scheme 4) [102]. In the first step, regioselective allylation at the most reactive bromine
position of the 4-bromo-2-chlorophenol takes place and in the second step follows the

coupling with the boronic acid of interest in order to access the desired derivative.

Allylation to the bromine position via Suzuki-Miyaura cross coupling

OH OH
cl Cl
.0 PdEnCat40  diox/H,O (9:1
+ X B +KyCO; + dppf +  or p— 215(()00) -
O PdEnCat30 mml\/’[W
Br X
80%
Synthesis of Magnolol/Honokiol derivative
via Suzuki-Miyaura cross coupling
OH QH
SPhos
Cl B. ’
. R COH  KF Pddba
2 diox/H,0 (9:1)
10min, 150°C
X MW

Scheme 4: Magnolol, Honokiol batch synthesis.
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To accomplish the synthesis of our target compound (5-allyl-3’-methoxy-[1,1’-biphenyl]-
2-0l) in flow, we started our optimization efforts with the first reaction step, using an

in-house developed continuous-flow reactor system.

Since the catalyst, which was used in the batch protocol was immobilized, we used a
glass column (60mm Omnifit) to pack the PdEnCat and place it inside a heated reactor
from Syrris as it is depicted in Figure 18. The glass column had attached PFA tubing from
both ends. In the top, the glass column was connected via the PFA tubing to a syringe
pump and in the bottom it leads to a collection flask. The temperature was controlled by
a thermometer attached to the reactor. With this flow set-up, the reaction solution could
be pumped through the catalyst with the preferred flow rate and the product could be

collected after the reaction zone, in the collection flask.

Figure 18: Units of the experimental set-up.

However, this system cannot support external pressurization and consequently the
temperature had to be kept at much lower levels than in the batch protocol (150°C),
otherwise the solvent system (diox./H,0) would boil within the reaction zone. For this
reason, we initially conducted a time screening in microwave at 90°C in order to see
how the reaction performs using this decreased temperature. Soon it was found that the

reaction was not taking place at all at this lower temperature (Table 4, Entries 1-3) and
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this was also the case in the flow experiments with our in-house developed continuous-flow

reactor system (Table 4, Entries 4-6) (Figure 18).

Table 4: Temperature screening.

OH OH
©/ “ ,2/ diox/H,0 (9:1) “
+ V\g + K,CO; + dppf + Pd/C 2
o
Br AN
31 32 33
Entry® R.T. T[°C] Heating Observations 33 [%]¢
mode
1 10 90 MW - n.c.
2 20 90 MW - n.c.
3 30 90 MW - n.c.
40 30 90 glass - n.c.
column
5° 60 90 glass - n.c.
column
6° 120 90 glass - n.c.
column
T° 5 150 glass catalyst 15
column leaching
8¢ 10 150 glass catalyst 8
column leaching

a: Reaction conditions: 1 eq. of 31, 2 eq. of 32, 10 mol% dppf, 2 eq. KoCO3, 5 mol%
catalyst: Pd/C. b: In-house developed continuous-flow reactor system. c¢: AFRICA. d:

Conversion as determined by GC using dodecane as internal standard.

Therefore we wanted to test next the original batch conditions in flow and for that
we had to switch to a more complex continuous flow system, namely AFRICA (see Ap-

pendix A), a flow system, which would allow us to use 150°C as reaction temperature,
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in combination with the above-mentioned heated reactor, which would allow to proceed
with the heterogeneous catalysis. To our disappointment, these trials did not facilitate

the process either, resulting in a maximum of 15% conversion (Table 4, Entries 7-8).

Since none of the initial experiments led to a promising result and based on our
experience with leaching connected to immobilized catalysts (Chapter 2.3.4) we decided to
abandon the “encapsulated type” of catalysts and investigate other catalysts, which could
serve the purpose (Table 5). Initially we ran the reaction substituting the immobilized
Pd(OAc), with normal Pd(OAc), (Table 5, Entry 1) and then with Pd/C (Table 5, Entries
2-5).

Table 5: Catalyst screening.

Entry® Pd source Heating 33 [%]¢
mode

1 Pd(OAc), MW 90

2 Pd/C MW 75
5% w/w

3 Pd/C MW 90
10% w/w

40 Pd/C MW n.C.
10% w/w

5¢ Pd/C glass 1.C.
10% w/w column

a: Reaction conditions: 1 eq. of 31, 2 eq. of 32, 10 mol% dppf, 2 eq. KoCO3, 5 mol% of
catalyst, R.T.=5min, T=150°C. b: In this example no dppf was added. ¢: In AFRICA.

d: Conversion as determined by GC using dodecane as internal standard.

From the catalyst’s screening (Table 5) we verified the crucial role of dppf for the
reaction performance since in the example where dppf was excluded we had 0% of product
(Table 5, Entry 4) in comparison to the same experiment with dppf that led to 90%
conversion (Table 5, Entry 3). We also identified Pd/C as well as Pd(OAc), as good
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alternatives for PdEnCat30 (Table 5, Entries 1, 3) for translating the protocol in flow.
Since Pd(OAc), was not soluble in the reaction mixture and also not supported in a
surface that would be prerequisite for packing it in a column; we decided to continue
the optimization with Pd/C, which resulted in the same conversion as Pd(OAc), in MW
(Table 5, Entries 1, 3) and is one of the widely available catalysts for heterogeneous
catalysis. However translating the conditions into flow resulted in 0% conversion (Table 5,

Entry 5).

In order to identify the reason behind the 0% conversion and to be able to retain a
reproducible flow process for future experiments, we implemented some changes in the
experimental set-up, which would allow us to have a better control over the residence

time and the dead volume of the system.

First of all, we installed a two ways six port MPLC valve (with an injection and load
position) (Figure 19) in between AFRICA and the heated reactor as well as a BPR (250
psi) before the product collection to achieve pressurization of the system allowing for
super-heating of the solvents. When the valve was turned to the “Load” position, pure
solvent could be pumped from the AFRICA to the reactor. When the valve was turned
to the “Inject” position, the reaction mixture could be injected via a syringe to a loop
and then transferred to the reactor (Figure 19) in the desired time point, by-passing the
dead volume of the AFRICA system.

For determining the dead volume of the reactor we installed a UV detector as shown
in Figure 20. We connected a Biichi UV detector directly after the flow reactor and before
the product collection flask. Then we fixed the flow rate to a certain value (1mL/min) and
recorded the R.T. that was required between the injection of an intensively UV absorbing
compound (we used methyl benzoate), till the point that it reached the UV detector
(this was noticed due to the significant change of the absorbance value). Knowing the
flow rate and the residence time, we could calculate the reactor’s dead volume (V}) as
shown in Figure 20. The inner volume of the tubing V, and V., (Figure 20) was simply
calculated by detaching them from the reactor and weighing them empty and then after
filling them with water. Using the density of water, and knowing the difference in the

weight (between the empty and the filled with water capillary) we could calculate the
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Figure 19: Schematic representation of the MPLC valve in the flow experimental set-up.

inner volume of the tubing. Therefore the overall dead volume was found to be 1.5mL
(V, =0.2218mlL, V, = 0.3445mL, V., = 0.9337mL — dead volume = V, +V,+V, = 1.5mL)
(Figure 20).

Since we had the UV detector installed in our flow system we decided to take advantage
of a live time analysis during our screenings in order to have an immediate feedback of
what is coming out from the reactor at each particular time point. In this way, for example,
we would be able to know if we were having ligand leaching or we could immediately have
an idea about incomplete conversion to product or the opposite. Therefore, we proceeded

to the measurement of the UV absorption of the reaction reagents.

The UV experiment was carried out in two different wavelengths: 254nm and 340nm,

52



PhD Thesis Maria Christakakou

. *xa. “= va Vb Vc
Catalyst Catridge l—b—[-\\
Valve CFR UV detector
. Reagents o ¢ Product

Figure 20: Schematic representation of the flow set-up, used to determine the dead volume

of the system.

resulting in the graph in Figure 21. At 340nm, apart from the product’s high absorption,
the reaction reagents (31 & 32) as well as dppf, did not show useful absorptions. At
254nm, dppf absorbed highly, but its value was not far from that of the product. Therefore

with the recorded absorptions we could not proceed further to a useful live time analysis.

After the pre-mentioned modifications to maintain sustainable flow conditions and to
determine the dead volume of the system we proceeded to a new reaction screening with

Pd/C (Table 6), excluding the UV detector from the flow set-up (Figure 22).
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Figure 21: UV experiments in 254nm and 340nm; Prod: 33, Lig: dppf, SM1: 31, SM2: 32.
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Figure 22: Flow set-up.

Initially, we pre-equilibrated the catalyst with the ligand solution before pumping in
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Table 6: Screening in flow.

OH

OH
cl o ' cl
) + KyCOs + dppf + pac ~4ioX/H0 O:1)

0. <
Br
31 32

X
33

Entry*® Adjustments 33 [%]°

1 Pre-equilibration of the Pd/C with a solution n.C.
of dppf, 10min in advance, before the reaction

mixture loading

2 Pre-equilibration of the Pd/C with a solution n.c.
of dppf and K5COj3, in advance before the
reaction mixture loading

3 Tenfold amount of Pd/C was added and n.c.

pre-equilibration of the catalyst with a
solution of dppf and KyCOg, before the

reaction mixture loading took place

4 The Pd/C was pre-treated with the dppf n.c.
before packing it in the glass column and after
packing it, was equilibrated with solvent,

before the reaction mixture loading

a: Reaction conditions: 1 eq. of 31, 2 eq. of 32, 10 mol% dppf, 2 eq K2CO3, 5 mol%
catalyst: 10% w/w of Pd/C, R.T.= 5 min, T=150°C, heating mode: glass column in

AFRICA system. b: Conversion as determined by GC using dodecane as internal standard.

the reaction mixture solution in order to activate the catalyst species (Table 6, Entry 1).
Unfortunately, this resulted in 0% conversion. Then, we repeated the same procedure
adding to the dppf solution also the base (Table 6, Entry 2). This did not work either
so we increased the catalyst loading in an extreme of ten times more to see if this will

make any improvement (Table 6, Entry 3). Unfortunately also this trial did not change
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anything. As a last attempt we mixed the catalyst with dppf in the smallest possible
amount of DCM (in order to get a solution) and stirred it for 40min. Then the DCM
was evaporated and the mixture of the pre-treated catalyst and dppf was packed in the
glass column (Table 6, Entry 4). To our disappointment, this attempt was not successful

either.

In comparison to the flow experiments, the previously conducted microwave experi-
ment, which had used the same eq. of reagents under the same temperature and time
(Table 5, Entry 3) had given a yield of 90%. Our suggestion to explain this difference
was that in flow either the dppf does not have the time to form the active species or the
Pd leaches completely from the cartridge and results in inactive catalyst leading to 0%

conversion. To test our suggestion, we set up a control experiment.

Upon collecting the content of the cartridge (catalyst/ligand mixture) used in Entry
4 (Table 6) and dividing in two equal parts, we subjected them into two microwave
reactions, adding all the other required reagents for the reaction to be performed (Reaction
conditions: 1 eq. of 31, 2 eq. of 32, 2 eq. K3CO3, t=5min, T=150°C). In the one vial we
added additionally 10mol% of dppf. Unfortunately, the outcome of the control experiment
confirmed our suggestion. In both reaction mixtures (the one which ran with the aid of
dppf and catalyst that were recovered from the flow experiment and the other in which
additional amount of dppf was added) we observed 0% conversion. That was a strong
indication that the catalyst in use was already inactive. Therefore leaching should have

taken place during the flow experiment.

Since we were facing difficulties to translate any promising batch conditions in flow
and Pd leaching was still a major issue, we decided to use a protocol (Table 20, Entry
6) that it is presented in chapter 2.3.4 and which he have developed, optimized and
effectively applied for the flow synthesis of 2- and 3-phenylpyridines. In this protocol
(Reaction conditions: 31 (1 eq.), 32 (1.2 eq.), 2eq. KoCOs3, 2.1mol% Pd(PPhs)4, 90°C,
0.05 M, in flow) Pd(PPhs), was mostly soluble in the solvent mixture and consequently
we were targeting for homogenous catalysis also in this particular case. However, we first
wanted to test the conditions under MW heating in order to observe if any precipitation

occurs during or upon heating, before transferring the reaction in flow. For this reason we
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used the temperature (120°C) and time (180sec) from the batch optimization of the same
reaction under MW conditions (Table 19, Entry 6). Furthermore, we tried the reaction
with two different catalyst loadings: 1mol% and 2.1mol%. Unfortunately also those trials

led to 0% conversion.

We also tried the batch conditions for the Magnolol/Honokiol precursor in MW (Re-
action conditions: 1 eq. of 31, 2 eq. of 32, 2 eq. K2CO3, R.T.=5min, T=150°C) but
using Pd(PPhj3), instead of PdEnCat30 and adding no ligand, which also resulted in 0%

conversion.

Due to the important role of the dppf in the reaction mechanism we again searched
for an alternative catalyst, which could ideally be soluble in the reaction mixture. We

found Pd(dppf)Cly in which the Pd is in a complex with dppf.

Using the previous reaction conditions now with Pd(dppf)Cl, resulted also in hetero-
geneous solution and 100% conversion to the desired product, under microwave conditions
(Table 7, Entry 1). Since in this case dppf was part of the palladium complex, we wanted
to check if the added amount of dppf would be still necessary. Therefore we repeated
the experiment of Entry 1 (Table 7) but this time without adding dppf and obtained 0%

conversion (Table 7, Entry 2) even with higher catalyst loading (Table 7, Entry 3).

Table 7: Pd(dppf)Cly screening in microwave.

Entry® Solubility Catalyst dppf 33 [%]°
loading loading
(mol%) (mol%)

1 moderate ) 10 100

2 het. ) - n.c.

3 het. 10 - n.c.

a: Reaction conditions: 1 eq. of 31, 2 eq. of 32, 2 eq. KoCOg3, R.T.= 5 min, T=150°C,
heating mode: microwave. b: Conversion as determined by GC using dodecane as internal

standard.

The solubility at r.t. was moderate only in case of Entry 1 (Table 7) in which dppf
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was added. In the other two entries (Table 7, Entries 2-3) we had clearly heterogeneous
solutions. In all cases we observed Pd black formation. Transferring the conditions, which
in microwave gave 100% conversion (Table 7, Entry 1), in flow, using the Omnifit glass
column to pack the catalyst, we got 0% conversion. Since in Entry 1 (Table 7) we had
moderate solubility, we wanted to see if it could proceed as a homogeneous solution in
flow. Therefore we used a cap disk of 2mL and pumped with AFRICA (see Appendix
A) our reaction mixture through. In this case we observed a few percent conversion to
product (in GC), but quantification was not possible due to substantial tailing of the peak.
Furthermore, to our disappointment, massive precipitation occurred in the reaction zone

which led to clogging of the system.

Trying to see if we can improve the solubility of the reaction mixture, we changed the
ratio of dioxane/water from 9:1 to 7:3 and 1:1 but these solvent mixtures resulted also in

heterogeneous solutions, in microwave reactions.

Due to the previous unsuccessful attempts we decided to investigate other catalysts
that could ideally lead to a homogeneous solution. We ran the exact conditions of En-
try 1 (Table 7), substituting the Pd(dppf)Cl, with Pdsdbag, which in the batch protocol
(Scheme 4) serves as the catalyst of the second Suzuki-Miyaura reaction leading to the
desired Magnolol/Honokiol derivative. Adding this catalyst we got a homogeneous so-
lution in r.t. but after a reaction time of 5min (150°C) in the microwave, we observed
massive precipitation. Although the conversion was 92% (in GC) we had to abandon also

this protocol since it was not suitable for a flow process.

Considering that in microwave screenings we had observed promising conversions but
in flow we had almost exclusively 0%, we decided to perform some batch experiments in
high pressure resistant glass vial under conventional heating. In this way we wanted to
check if the recorded good microwave conversions resulted from a better heating of the
catalyst’s metal center due to the microwave irradiation, which in turn leads to a better

catalyst activity.

For this screening we initially used Pd(dppf)Cl,; that was the only catalyst with which
we got 100% conversion to the desired product (Table 7, Entry 1). We used the exact

same conditions as in Entry 1 (Table 7), but we let it react in a high pressure resistant
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glass vial (Table 8). We observed massive precipitation together with product formation
but the quantification was not possible due to substantial tailing of the product peak and
overlapping of this peak and the peak from the substrate. Increasing the time from 5
to 10min and then to 15min and finally 60min, we observed further reaction progressing
but unfortunately the quantification of the results was still not possible, due to the pre-

mentioned overlapping issue.

Table 8: Screening using conventional heating.

Entry*® Ligand & T[°C] Solubility Product
Catalyst formation®
1 SPhos+Pdsdbag 75 het. n.c.
2 dppf+Pd(dppf)Cly 75 moderate indication of
till 75min P(33) in 90min
3 SPhos+Pdsdbag 100 het. indication of

two 1somers

(33, 34) after

45min
4 dppf+Pd(dppf)Cly, 100 moderate indication of
till 15min P(33) after
15min
) SPhos+Pdsydbag 125 het. indication of

two isomers

(33, 34) after

15min
6 dppf+Pd(dppf)Cly 125 moderate indication of
till 15min P(33) after
15min

a: Reaction conditions: 1 eq. of 31, 2 eq. of 32, 2 eq. K3CO3, R.T.= 5 min, catalyst:
5mol% + ligand: 10 mol%, time screening from 15 to 90min in 15min slots. b: Product

formation was recorded by GCMS analysis.
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Trying to control the formation of the precipitant we decided to decrease the tempera-
ture and see if this will improve the situation. We also tried Pdydbag in combination with
SPhos, which are the ligand and catalyst of the second Suzuki-Miyaura coupling reaction
(Scheme 4). The reason behind this trial was to see if a one-pot protocol for the synthesis

of the desired compounds would be possible.

However, we observed once more massive precipitation occurring during the reaction.
Investigating the nature of the precipitant, we found that it was inorganic and corre-

sponded to K;COs3, which we were using as base.

Although we had product formation, in all the experiments with dppf and Pd(dppf)Cl,
(Table 8, Entries 2, 4, 6) we could not get quantitative and consequently conclusive results
due to the substantial tail of the peak and overlapping of the product to the substrate

peak occurred in these cases as well in the GCMS analysis.

In the entries where the ligand/catalyst combination were Pdydbas and SPhos (Table 8,
Entries 1, 3, 5) we observed formation of two isomers. The desired product 33 along with

its isomer 34 (Figure 23).

OH OH
Cl cl
XN =
33 34

Figure 23: Magnolol/Honokiol intermediate’s isomers.

In an attempt to overcome the problem with the precipitation of the base, we ran
another experiment in batch, exchanging this time the 2eq. of KyCO3 with 2eq. of
NaOH and keeping from Entry 2 (Table 8) the rest of the conditions as they were. In
this case, precipitation of the base was observed again after the first 15min of reaction
time and it resulted in 0% conversion. Since this attempt was not successful we ran a
new experiment, substituting this time the inorganic base with an organic one. We chose
DBU and applied the conditions from Entry 6 (Table 8). In this experiment, conversion

to product was observed from the first 15min of reaction time and Pd black formation
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from 45min onwards. However, the quantification of the peaks was again not possible due

to tailing and overlapping of substrate 31 and product 33.

In order to try this protocol in flow we had to be assured that we could keep Pd
in solution and no Pd black formation will take place. PEG 400 is known to be used
in flow experiments for this purpose. Therefore, we subjected three reaction mixtures,
containing 2eq. DBU instead of KyCOj3, in microwave at 150°C for 5min, using in each
of them a different percentage (a:5, b:10, ¢:25% v/v) of PEG 400 as co-solvent. We also
prepared a reaction mixture using KoCO3 along with 25% of PEG 400 in order to see
if the polyethylene glycol could also prevent precipitation of this base. In all cases Pd
stayed mostly in solution, but the Pd black formation was not totally prevented. The
percentage of PEG 400 did not seem to influence the solubility of the system in a particular
manner. Furthermore, in case of the experiment in which K;CO3 was used, there was no

improvement regarding the precipitation of the base.

However, we wanted to check if these conditions (DBU, PEG 400) could be applicable
in flow, so we used the 2 mL cap disk with the AFRICA system (see Appendix A) and
taking advantage of the installed MPLC valve (Figure 19), we were manually controlling
the loading and injection of the reaction mixture (Figure 24). We ran several experiments
varying the residence time from 15 to 45min. Initially we pumped the reaction solution
simultaneously through the PFA capillary, but soon blockage was observed due to Pd
black formation. In order to solve this problem, we decided to pump the reaction mixture
in a “sandwich” fashion. In other words, we were alternating between the same amount
of solvent and the same amount of reaction mixture (2 mL of 9:1 dioxane/H,O with to
2 mL of reaction mixture solution) in an attempt to wash the precipitating Pd particles
in the cap disk, driving them to the outlet of the reactor; preventing it from clogging.
Of course, in this way we were increasing the diffusion of the system, but since we were

facing Pd black formation we had no other alternatives.

Nevertheless, by applying the “sandwich” fashion, a significant issue arose. We en-
countered a steep pressure increase whenever we were changing the position of the valve
from Load to Inject. The direct effect of this event was that Pd black was not washed out

of the system but pushed back to the injection valve (Figure 25). As shown in Figure 24
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there is a pressure difference between the loading position and injection position of the
valve (AP), which was released with the position change, causing the precipitant to return
towards the pump. The BPR was insufficient in this case, due to the fact that it was able

to regulate the pressure Py of the system, but not the overall pressure difference AP.

Py P,

Valve CFR BPR

\’\‘Reagents Product

Figure 24: Flow set-up.
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Figure 25: Pd black.

Since we encountered the problem with the pressure release we tried to find other
alternatives. We tried to synthesize the desired compound using a Stille protocol [110]

(Scheme 5).

OH OH
Cl Cl
+ XxsnBu + Pd(PPhy), e
100°C
Br N
31 35 33

a: Reaction conditions: 1 eq. of 31, 1.05 eq. of 35, 9 mol% Pd(PPhs),, R.T.=45min, T=100°C.

Scheme 5: Stille protocol in flow.

The reaction mixture was homogeneous so we directly tried the protocol in flow. The
GCMS analysis showed many peaks of unidentified molecular weight in addition to a small
area of product 33 in comparison to the area of the substrate 31. Since the residence
time (45min) was already long for a flow process and the reaction did not show significant

progress, we decided to not further investigate this protocol.

In parallel to the translation of the batch process of the first step, in flow, we proceeded
to the optimization of the second reaction step (Scheme 4) towards the flow synthesis of

5-allyl-3’-methoxy-[1,1"-biphenyl]-2-0ol which was found to modulate recombinantly ex-
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pressed 18272 GABA 4 receptor from rat (% Igapa at 3uM was 136432 and it was

determined in Xenopus laevis oocytes) [102] (Table 9).

Table 9: Screening with (3-methoxyphenyl)boronic acid.

~o

OH OH OH O
Cl B.
OH SPhos
+
KF, Pdsource

“ o dio/H,0 (0:1) o

33 36 37
Entry* Pd source Solubility 37 [%)]?
1b Pdydbas hom. 93
2b Pd(dppf)Cls, hom. at r.t. & het. 76

upon heating

3¢ Pdydbag hom. n.c.

a: Reaction conditions: 1 eq. of 33, 1.5 eq. of 36, 2.5 eq. KF, 13.7 mol% SPhos, 6.7
mol% catalyst, T=150°C. b: t= 10 min, heating mode: MW. ¢: R.T.= 10 min, heating

mode: flow. d: Conversion as determined by GCMS using dodecane as internal standard.

Running the reaction under microwave conditions using Pdsdbag as our Pd source, we
obtained a conversion of 93% (Table 9, Entry 1) whereas when we ran the same reaction
substituting the Pdaodbag to Pd(dppf)Cly; we got 76% conversion to the desired product,
but precipitation occurred upon heating (Table 9, Entry 2). Since the reaction mixture
in Entry 1 (Table 9) was homogeneous during and after the reaction, we decided to run
it in flow. For this purpose we used a 500ul cap disk connected to the AFRICA system

(Table 9, Entry 3). Unfortunately in the flow experiment we received 0% conversion.

Nevertheless we decided to apply the same conditions in the coupling of 33 with (3-
methylphenyl)boronic acid 38 since the latter is also a weakly electron donating boronic

acid but sterically less demanding and observe how it will perform.

In all of the entries of Table 10 we observed two products, the desired one 39 and its
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Table 10: Screening with (3-methylphenyl)boronic acid in microwave.

OH OH OH O
c B\OH SPhos
KF, Pdsource O
“ diox/H,0 (9:1) &
33 38 39
Entry®  Time Pd source Solubility ~ Product [%]°
(min)
1 10 5 mol% Pdydbas hom. 53 of two isomers
(39:46% & 40:7%)
2 10 5 mol% of Pd/C het. 46 of two isomers
(10% w/w) (39:45% & 40:1%)
3 10 7 mol% of Pd/C het. 54 of two isomers
(10% w/w) (39:50% & 40:4%)
4 10 10 mol% of Pd/C het. 54 of two isomers
(10% w/w) (39:47% & 40:6%)
5 20 5 mol% of Pd/C het. 53 of two isomers
(10% w/w) (39:46% & 40:7%)

a: Reaction conditions:

1 eq. of 33, 1.5 eq.

of 38, 2.5 eq. KF, 13.7 mol% SPhos,

6.7 mol% catalyst, T=150°C. b: Conversion as determined by GCMS using dodecane as

internal standard.

isomer 40. All of the reaction mixtures were heterogeneous apart from Entry 1 (Table 10)

and in none of them the conversion was satisfactory.
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X 39 Z 40

Figure 26: Magnolol/Honokiol isomers.

2.1.4 Summary/Conclusions

As discussed in Chapter 1.3.1, heterogeneous catalysts feature many advantages, but with
a common drawback of being susceptible to leaching, which leads to fast loss of catalyst
activity. In the case of Magnolol/Honokiol intermediate (Chapter 2.1.3) optimization
efforts, we encountered this issue using either PdEnCat30 or Pd/C. Albeit our efforts to
circumvent the problem adopting different strategies, we eventually had to switch to a
soluble catalyst in order to proceed with the screenings and synthesis. Unfortunately, this

adjustment was accompanied also by major obstacles.

Upon a catalyst screening in batch, we identified two catalysts, which could potentially
substitute the previously used heterogeneous ones. Pd(dppf)Cly led to a moderately
soluble reaction mixture and Pdydbag (with SPhos instead of dppf) to a homogeneous
solution. However, after heating we observed massive precipitation in both cases and
in case of Pdsdbag, also the formation of the product’s isomer. Upon collecting the
precipitate we discovered that it was inorganic and corresponded to the base: KyCOs,
which was crashing - precipitating out from the reaction mixture. Of course this protocol
would be incompatible with a flow process, because it would immediately clog the system.
Substituting K,CO3 with NaOH led to the same result. Using an organic base, DBU
resulted in homogeneous solution at r.t., but upon heating we observed substantial Pd
black formation. Addition of PEG-400 to the latter solution, in order to prevent Pd
black formation, did not improve the situation significantly and running it in flow led
to blockage. Trying to access the intermediate compound 33, we also tried to make the

synthesis using a Stille protocol. This gave a homogeneous solution but when transferring
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it in flow led to 0% conversion.

Since all previous attempts to synthesize in flow the Magnolol/Honokiol intermediate
33 were unsuccesfull, we performed only a few experiments for the second reaction step
leading to our target molecule 37 to see if the flow optimization is more promising in this
case. Pd(dppf)Cly and Pdydbag resulted in homogeneous solutions in r.t. but in the case
of Pdydbas we observed precipitation upon heating. Therefore, we transferred only the

procedure containing Pd(dppf)Cl, in flow and this gave 0% conversion.

Overall, the leaching of the heretogeneous catalysts, the precipitation of the base
when homogeneous catalysts were used and the Pd black formation when an organic
base substituted the inorganic one, constituted inevitable problems in order to translate
the batch process into flow and unfortunately did not leave us any further room for
improvement. However, regarding the batch process, Pd(OAc),, Pd/C, Pdydbag and
Pd(dppf)Clsy were identified as good alternative catalysts to the initially used PdEnCat30
(Table 5, Entries 1, 3) & (Table 7, Entry 1), resulting to 90%, 90%, 92% and 100%

conversion respectively.
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2.2 Towards streamlining Neurodazine synthesis

2.2.1 State of art

Some of the most difficult diseases to treat are the so-called neurodegenerative diseases
such as Parkison’s, Alzheimer’s and Huntington’s disease [111]. They are all occurring
by the progressive tissue loss or dysfunction of neuronal cells, which leads gradually to a
loss of the quality of life of the patient increasing dependence on other people. Especially
nowadays that the life expectancy has increased it is assumed that there will be an in-
creasing of number of individuals suffering from this type of disease and the need to find

a curative treatment is more than ever required.

Embryonic stem cells (ECSc) [112] have provided researchers with a potential tool to
treat such illnesses but there are ethical and practical issues associated with them making
their usage problematic. The main issue, which arises in the first place, is if the quality of
a patient’s life who suffers, weighs more than the life of an unborn early embryo who will
be sacrificed in order to be used as the source of stem cells. Consequently this decision has
to be taken before any application of this approach and afterwards practical issues arise,
as well. For example, the allogeneic transplants have high probability to be rejected by
the receiver’s organism so suppression of the patient’s immune system has to take place.
In addition, the self-renewing ability of the ECSc has to be controlled in order to prevent

tumor formation in the recipient.

It becomes clear that the need for alternative strategies is still present and scientists
started to focus on alternative routes such as synthetic small molecules (SSMs). SSMs
have been found recently to be capable of changing the differentiation of pluripotent cells
such as muscle or skin cells into neurons, which are carrying physiological properties. A
schematic representation of this transformation is depicted in Figure 27 in which muscles
cells from the patient himself are treated with SSMs to generate induced pluripotent
stem cells (iPSCs), which in turn will be converted to physiologically functional neurons,
and they can be implanted back to the patient. The advantage of this approach is that
rejection of the transplanted tissue is avoided since the donor and the host is the same

person.
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Figure 27: Inducing neuronal differentiation with synthetic small molecules.

A few SSMs that have been identified to show biological ability, up to date, are the

following:

Retinoic acid [113] Neurodazine [114]
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2.2.2 Objective

In initial studies, Neurodazine (Nz) has been found to partially convert C2C12 muscle cells
derived from mouse [114]. In these studies neuronal marker proteins showed up-regulation
but skeletal muscle specific markers were still present showing that the transformation was
not complete. In 2014 another group presented Nz to promote P19 embryonic carcinoma
cells [111] into functional neurons. They also synthesized Nz derivatives with structural
variations and found that the neurogenesis ability of Nz and Neurodazole (Nzl) were in
a comparable scale to the one of retinoic acid and they have shown better selectivity

regarding their inducing ability than retinoic acid.

Within this section of the Thesis, our efforts were focused on developing an efficient
synthetic route towards Neurodazine (Nz), employing C-H methodology and preferably

in a continuous flow manner.

2.2.3 Synthetic strategy towards Neurodazine

As discussed thoroughly in the previous chapter, in order for an efficient flow process to
take place the crucial reaction parameters have to be identified first in batch reactions

and then they have to be transferred to flow conditions.

In our group a batch protocol for the synthesis of 2,4,5-triarylated imidazoles was al-
ready developed, which in turn was applied for the synthesis of Neurodazine [117]. Tt was
based on sequential Suzuki-Miyaura cross-coupling reaction starting from the commer-
cially available tribromoimidazole, which was protected at the N-position before coupling
(Scheme 6). Several protecting groups were screened but finally the Bn and SEM pro-

tecting groups were chosen to proceed with, mainly due to their usually facile removal.

Br Br Br Ar?

N N N b N
N i (R o (PR . R
BrI )\Br Br )\Br Br )\Arl Ar? )\ Ar!
X X X X
H PG PG PG

I I 111

Scheme 6: 2,4,5-triarylated imidazole synthesis.
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Scheme 7: Synthesis of protected Neurodazine precursor.
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Scheme 8: Neurodazine synthesis.

This protocol led to the target compound through six reaction steps. It started with

the commercially available tribromoimidazole (I), which after three steps formed the pro-
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tected Neurodazine precursor IV (Scheme 7). The actual synthesis of the target compound
required additionally three steps and it started from compound IV. Depending upon the
protecting group which was in use, it resulted in 20% overall yield starting with the SEM

protected precursor and 25% starting with the Bn protected precursor (Scheme 8).

Since this was a multistep synthesis which required stepwise addition of the reagents,
control of homogeneity for each individual step, usually long reaction times and resulting
in low overall yield, we decided that it was not suitable for a flow process. Our goal was
to develop an alternative protocol for the synthesis of Neurodazine, which would ideally
have less reaction steps than the previous, it leads to better overall yield and can be done

in flow (homogeneity throughout the reaction zone).

The proposed retrosynthetic plan is shown in Figure 28.
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Figure 28: Retrosynthetic analysis.

In the first step we envisioned a cyclization protocol taking place, as “Debus-Radzisze-
wski”, used widely in industry for the preparation of imidazole derivatives (Scheme 9).
This reaction proceeds through the condensation of a commercially available a-dicarbonyl

compound (e.g. benzil, glyoxal, pyruvaldehyde, porphyrin-2,3-diones) with an aldehyde
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and ammonia [118]. A proposed mechanism is depicted in Scheme 10. Tt initiates with the
reaction of ammonia with the a-dicarbonyl compound to yield an a-diimine, which upon
condensation with the aldehyde leads to the imidazole with a substituent at position 2.

As a side-product of this reaction, oxazole formation might occur.

R, _O R, . _NH

Ry
H. N
* '1'{3 I »\
R, N7 R
H

R,” YO H R,” NH o

Scheme 9: Debus-Radziszewski reaction.
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Scheme 10: Debus-Radziszewski mechanism [118].

Varying the aldehyde, diketone or both compounds, we could access different interme-
diates and hence different final products. Furthermore, in this way, imidazole a common
building block for the synthesis of bioactive compounds [119] could be obtained. The final

step of the synthesis should be an arylation step via C-H activation strategy, due to its
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many advantages, which were discussed thoroughly in Chapter 1.2.3. This methodology
would allow us to use many different substituted bromobenzenes (instead of 1-bromo-3-
chlorobenzene), which could lead (along with the different structural variations of the first

reaction step) to several Neurodazine derivatives bearing different modifications.

2.2.4 Synthesis of Neurodazine / optimization of reaction conditions in batch

We started our optimization with the first step of the synthesis, the cyclization, having as
goal to identify suitable conditions for a flow process. The originally published protocol
using Debus-Radziszewski reaction to access Neurodazine [114] was under 100°C, using
leq of furfural 1 (0.096M), leq of 1,2-bis(4-methoxyphenyl)ethane-1,2-dione 2, 12eq of
ammonium acetate in acetic acid and in a reaction time of 6h (Scheme 11) (2). In the
first trial experiment, we found that both diketone and ammonium acetate were not
completely soluble in the reaction mixture at room temperature and the reaction time
was far too long for a useful flow protocol. We also confirmed the product formation by
TLC-MS after 5'/2h of reaction time and after work-up and purification we ended up with

a yield of 45% (in the literature the obtained yield was not provided).

O
o | 0 100°C, 6h NN 0
+ +
\ / o NH4OAc acetic acid N | N>_@
~ ~ | i
(@) (@)

leq leq 12eq
1 2 3

/

\

Scheme 11: Debus-Radziszewski.

Since our goal was to translate this process in flow, we initially tried to overcome the
solubility issue and then to decrease the reaction time. To work with the first task we
conducted some solubility tests at r.t. Adding to the reaction mixture water or methanol,
led to emulsion formation and adding propanol or acetonitrile led to a mostly homogeneous
solution since 2 was never fully soluble. In order to accelerate the reaction performance

and consequently decrease the reaction time we tried two different polar solvents with
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higher boiling point than acetic acid and in different amounts: NMP /acetic acid (1:1)
and pivalic acid containing 10% acetic acid. Due to the fact that furfural is very volatile
and at higher temperature would be more susceptible to evaporation, we increased its

equivalents to 1.5eq and we used this amount exclusively in all screening experiments.

Running the reaction mixture in NMP /acetic acid at 120°C and in the literature’s
concentration of 0.096M, led after 5h to a new spot in TLC, but the NMR spectrum
of the crude material did not show the desired product. Changing the solvent system to
pivalic acid/acetic acid (9:1), we ran the reaction in the literature’s reported concentration
of 0.096M and in higher dilution to see if this can improve the dissolution of the reagents.
For this reason we also used propanol and acetonitrile in selected experiments. Keeping
the temperature at 120°C and reaction time of 1h we received the results presented in

Table 11.

Table 11: Batch screening for Debus-Radziszewski.

O
o |/ 0 120°C, 1h = N\ 0
+ +
\ / NH40Ac pivalic acid/ | >_@

/

O 0 acetic acid B i
~o ©:1) NN
1.5eq leq 12eq
1 2 3
Entry C(M) + prop.” + acet.b 3 [%]°
1 0.05 - - 65
2 0.05 v - 42
3 0.05 - v 2
4 0.096 v - 23
) 0.096 - - 22

a: Propanol. b: Acetonitrile. ¢: Relative ratio in HPLC.

The relative ratio in Entry 1 was the best observed in this screening series (Table 11).

However, it was decreased when propanol was added (Table 11, Entry 2). In more con-
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centrated reaction mixtures the relative ratio was significantly lower and did not show a
difference between the sample containing propanol and the other with no added propanol
(Table 11, Entries 4,5). The experiment containing acetonitrile gave the poorest relative

ratio among the rest of the experiments (Table 11, Entry 3).

However, we observed that upon stirring there was a good dispersion of the insoluble
particles of the diketone and ammonium acetate and for this reason we decided to run in
flow Entries 1,2 (Table 11) to observe if the ascertained heterogeneity will be deterrent for
the process. We also lowered the concentration at 0.05M in order to facilitate a smoother
pumping and it was kept constant for all the experiments of this series. The parameters
that initially were of interest were time and temperature, in regards to their influence in

the reaction performance.

For conducting the flow experiments, we used a flow system designed in our laboratory
consisting of one (or potentially more) syringe pump(s) and an aluminum reactor (for a

technical drawing see Appendix A).

Figure 29: Flow experimental set-up.

The reactor is wrapped around with a coil, which can be of different materials such
as steel or perfluoroalkoxy (PFA). In this case, a PFA capillary was used. The reactor is
placed on top of a hot plate in order to adjust to the required temperature. The syringe

pump is connected with the reactor through the coil as it is shown in the Figure 29.
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The results of the flow screening are presented in Table 12.

Table 12: Flow screening for Debus-Radziszewski.

O
O
o_ ! pivalic acid/ = | N 0 |
\ / + +  NH40Ac acetic acid N\

/

J . ()
~o N NF
1.5eq leq 12eq
1 2 3
Entry® T[°C] R.T. 3 [%]°
(min)
1 120 60 47
2b 120 60 21
3 120 10 27
4 140 10 17
) 130 35 32
6 120 90 18
7 140 90 20
8 130 50 27

a: Selection of screening experiments was created by MODDE, C=0.05M. b: With added

propanol until reaching the best dissolution of reagents. ¢: Relative ratio in HPLC.

Entries 1 and 2 (Table 12) showed much lower relative ratios than the corresponding
batch experiments (Table 11, Entries 1, 2). In general all the experiments of this series
did not result to satisfying relative ratios and some of them showed inconsistency. For
example in Entry 7 after 90min (Table 12) the relative ratio was lower than after 60min
and in a lower temperature (Table 12, Entry 1) and in Entry 8 (Table 12) after 50min the
relative ratio was lower than at 35 min (Table 12, Entry 5) whereas at 140°C the relative
ratio stayed in the same range in both 10 and 90min (Table 12, Entry 4, 7). Furthermore,

in all above cases we did not have complete consumption of the substrate, since in a

7



PhD Thesis Maria Christakakou

certain time point the runs had to be interrupted due to massive build-up of undissolved
particles in the needle, which led to pulsing of the pump. However, it has to be mentioned,
that the reaction solution was homogeneous upon heating, and no blockage occurred in
the Imm PFA capillary. Due to the moderate solubility of the reaction mixtures, which

has caused the arisen pre-mentioned issues we could not fully rely on those results.

After these experiments, it became clearer that the homogeneity issue was major and
we have not found so far an effective way to overcome it. The solubility of the ammonium
acetate was partially improving by the addition of propanol but the one of the diketone
was not improving and also in cases that propanol was added in batch, the relative ratio
was dropping (Table 12, Entry 2). We could probably replace the source of ammonia in
the reaction mixture by replacing the ammonium acetate with gaseous ammonia, which
we could bubble through during the reaction, but diketone could not be replaced from

another reagent in this synthesis and consequently every flow experiment will fail.

For the pre-mentioned reasons we had to abandon the optimization of the particular
reaction in flow and decided to optimize further the batch protocol in terms of time and

concentration.

We decided to proceed with 0.075M, which was lower concentration than the litera-
ture’s published (0.096M) [118] but at 140°C within 60min of reaction time we observed
full consumption of the diketone, based on TLC. However in a preparative scale experi-
ment we had great difficulty to work-up the crude mixture. We observed massive emulsion
formation during extraction of the crude mixture. In order to neutralize the acid, we have
used the extraction strategies, which are presented in the following, but in all cases we

could not effectively remove the pivalic acid.

e We have used 2N NaOH with either EtOAc, ether or DCM and we observed massive
emulsion which did not break by the addition of EtOH or by swirling with brine.
Due to that “phenomenon”, the organic layer was not effectively separated from the
aqueous layer and after repeating several times the extraction cycle and filtration

through charcoal, substantial loss of material occurred.

e We have also used cold sat. NaHCO3; with either EtOAc, ether or DCM which led to
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slight improvement in terms of how intense was the emulsion appearance, but since
this was a weaker base, after work-up we ended up with pivalic acid, which could
not be removed fully, even after two times of Kugelrohr distillation. In another run
with cold sat. NaHCOg solution we tried to break the emulsion adding Rochelle
salt but this did not help either. Likewise, ultrasonic irradiation did not improve

the situation.

e Adding to the crude material, solid NaHCO3 with a small amount of water until
basic and then adding ether and performing the extraction was also resulted in
emulsion formation and remaining pivalic acid even upon multiple extraction runs

and drying over pulverized NaOH.

Overall none of the work-up procedures were sufficient and consequently were resulting

in loss of material.

Since for the batch process we were not in the need of a high boiling solvent or for
the bulky pivalic acid, which was difficult to remove during the work-up and it was
included in the procedure just to accelerate the flow process by enabling us to increase
the reaction’s temperature, we decided to switch to acetic acid under reflux conditions.
Therefore the reaction temperature adjusted accordingly to 120°C and since furfural is
very volatile we increased its equivalents to 2 (Scheme 12) and we performed a preparative
scale experiment. The reaction was monitored by TLC and completed after 3h, resulting

in 68% isolated yield.

O
o | 0 120°C, 3h NN 0
+ +
\ / NH4OAc acetic acid N | >_@

/

(J° 0

~ 0 ~ 0 =

2eq leq 12eq

1 2 3
68%

Scheme 12: Synthesis of 2-(furan-2-yl)-4,5-bis(4-methoxyphenyl)-1 H-imidazole.

The second step which we wanted to optimize was the C-H activation step, leading to 2-
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(5-(3-chlorophenyl)furan-2-yl1)-4,5-bis(4-methoxyphenyl)-1 H-imidazole 8 (Neurodazine).

In preliminary experiments, while we were optimizing the first reaction step, we tried
whether a one pot protocol will be feasible in this case. For that, we subjected intermediate
compound 3 to direct arylation without a previous work-up, using a protocol developed
in our group for C-H activation in benzofuran [120]. This experiment was not at a
concentration of 0.075M as it was in the first reaction step instead of the published
procedure, which was ran at 0.5M scale. For screening purposes, we used bromobenzene
41 as the arylation partner, instead of 1-bromo-3-chlorobenzene 6. The added reagents

for the second reaction step are presented in Scheme 13.

\
o
Z
o
\
N\ /
Z
o

Br
140°C
I \>—@ + ©/+ KOPiv + SPhos + PA(OAC), — = | >

N TR

H DMAc | H
- o ~ o =

leq 1.5eq 1.5eq 0.08eq  0.04eq

Scheme 13: C-H activation in compound 3.

After 24h of reaction time, TLC showed only starting material. Since this reaction was
ran under much lower concentration, we wanted to see if this was the reason behind the
0% conversion or due to the one pot experiment, which does not include the intermediate

work-up and purification.

Therefore, we repeated the experiment with the isolated compound 3 and using 0.5M
concentration. Unfortunately, also this trial resulted in 0% conversion, after running
overnight. Furthermore, the reaction solution was not homogeneous in r.t. and this

factor would be also problematic for translating this procedure in flow.

In order to proceed with further screening experiments without consuming our actual
substrate; we chose a model compound: 2-methylfuran-3-carboxylate 43 and we tried an-
other procedure for C-H activation in furan rings (Table 13) [121]. The reaction mixture
was not homogeneous also in this case. We did a temperature screening in microwave
for a reaction time of 1h. We evaluated the results by GCMS, comparing the area of

substrate, product, side-product in relation to this of dodecane (Table 13). The reaction
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worked towards the desired direction with satisfying conversion to product and with mi-
nor formation of the transesterification side-product in all cases and with slightly better

performance at 120°C.

Table 13: Temperature screening.

(0]
(0] N\
o Br 0
K2C03, Pd(OAC)z, PCy3HBF4 / \
/ o\ o+
0 PivOH, DMAc, 100°C 0
43 41 44
Entry? T[°C] 43 [%]° Side-Product [%]"¢ 44 [%]°
O
O
I N
(6]
1 100 21 1 78
2 120 9 7 84
3 140 12 4 82

a: Reaction conditions: 1 eq. of 43, 1 eq. of 41, 4 mol% PCysHBFy, 1.5 eq KoCO3, 30
mol% PivOH, 2 mol% Pd(OAc)2, C=0.3M, heating mode: microwave. b: Relative ratios
in GCMS using dodecane as internal standard. ¢: Hypothesized structure of side-product

based on its molecular weight.

We then transferred these conditions (Table 13, Entry 2) to our actual substrate 3,
but received 0% conversion (Scheme 14) (verified by NMR analysis of the crude product).
Repeating the same reaction in the heating block and stirring overnight also gave 0%
conversion. Substituting the KoCO3 with KOH, which is a much stronger base; and

running the reaction overnight, resulted also in no conversion (verified by crude NMR).

Therefore we abandoned this protocol and after a literature search we tried another
published procedure for C-H activation in furan [122]. That procedure used AcONa as
base and a “Pd(II)” source as catalyst in DMAc at 150°C for 20h. Since AcONa was
not soluble in DMAc, we decided to substitute it with DBU in order to have homoge-
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Scheme 14: C-H activation in compound 3.

neous conditions with the perspective of translating them into a flow system. We ran
the reaction under microwave irradiation in 150°C and in 170°C, using our model com-
pound: 2-methylfuran-3-carboxylate 43. The evaluation of the conversion was done by
comparison of the substrate 43, product 44 and side-product area to dodecane area in

GCMS.

Table 14: Temperature screening.

0]

O \
\O Br o
I ) @ DBU, Pd(PPh3),Cl, T
0 DMAc o
43 41 44
Entry® T[°C] 43 [%)° Side-Product [%]° 44 (%)
QL g
(0]
[
(6]
1 150 93 3 4
2 170 48 7 45
3 190 45 45 10

a: Reaction conditions: 1 eq. of 43, 2 eq. of 41, 2 eq DBU, 0.0leq Pd(PPhs)2Cls,
C=0.3M, heating mode: microwave. b: Relative ratios in GCMS using dodecane as internal
standard. ¢: Hypothesized structure of side-product based on its molecular weight.

The reaction mixture was homogeneous but the conversion in this screening (Table 14)
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was much lower than in the previous (Table 13). Applying these conditions to our actual

substrate 3 resulted to 0% conversion.

Since all previous attempts for C-H activation in our substrate 3 were unsuccessful, we
perceived that the protection of the imidazole proton was necessary in order to proceed
with the synthesis. After a literature search, we came across with a procedure of protecting
azoles using ethyl vinyl ether 45 as the protecting agent [123] and we applied it to our
substrate 3 (Scheme 15).

0 3 45 a6 U

Scheme 15: Attempt to protect compound 3.

According to NMR analysis of the crude product we had no conversion towards the
protected compound 46. We then turned to another common protecting agent for azoles:
chloromethyl methyl ether 4, abbreviated as MOMCI. We followed a literature published
protocol [124] in our substrate (Scheme 16) using MOMCI instead of MOMBr, which
resulted to a 59% yield and with the addition of 0.1 eq of Nal we were able to reach 90%

yield of isolated product.

_0

0
O PN NaH, Nal O
/ N0 0" ~Cl  g4ry THF i N0
U v U
H
ge Ses

3 4 0 ? 5

90%

Scheme 16: Protection of compound 3.
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Having in hand the protected compound we proceeded again to the C-H activation
step. Initially we tried the conditions, which were developed in our group for direct
arylation in benzofuran and other benzo-fused heterocycles [120]. In a preparative run,
we could obtain 37% isolated yield after running the reaction mixture overnight at 110°C,
a slight better isolated yield of 42% after running the reaction mixture overnight at 120°C
(Scheme 17) and 28% isolated yield after running the reaction mixture overnight at 140°C.
Repeating the reaction which resulted to 42% in shorter reaction time of 6h, we observed

no difference in terms of yield.

“C O
Br
N ° , 120°C N O
| N+ + KOPiv + SPhos + Pd(OAc), | g
N dry N
> , DMAc >
~o 0 c ~o 0
\ \
leq 1.5eq 1.5eq 0.08eq  0.04eq

5 6 7
42%

Cl

Scheme 17: C-H activation of compound 5.

Subsequently, in an attempt to improve the yield we replaced the Pd source with
Pd nanoparticles, which they have the advantage of increased surface area and they can
potentially increase reaction rate [125]. In particular, we used 0.35% wt. Pd/SiO, instead
of Pd(OAc), and we repeated the reaction conditions (C=0.5M) showed in Scheme 17,
once exactly as they were and once subtracting the SPhos. The reason behind the second
experiment was the poor solubility of SPhos in DMAc which in combination with the
existing SiOy was resulting to an overall bad reaction mixture solubility. Therefore we
wanted to see whether SPhos could be omitted. In both cases the isolated yields were
discouraging. We obtained 8.7% yield in the example with SPhos and 10.4% in the

example without SPhos.

We assumed that activation of the nanoparticles would improve their overall perfor-
mance and for this reason we tried to pre-activate them using Hydrogen. We repeated

the reaction subtracting the SPhos to obtain better solubility. The final reaction con-
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centrations in the two follow up experiments were: 0.075M and 0.14M. The activation of
the nanoparticles did not facilitate the process either, resulting in 9.3% and 12.7% yield

respectively.

A presumable reason behind the poor yields in all previous cases could be the low
amount of Pd in SiO5 which could probably lead to an improvement if it will be increased.
However in this stage we did not investigate this possibility further and we decided to
continue with the conditions shown in Scheme 17 and used them for preparative scale

experiments hereafter.

Eventually, we proceeded to the deprotection of compound 7. For this purpose we
initially used the conditions presented in the same literature reference where we found

the MOM protection protocol [124] (Scheme 18), but we observed no conversion.

Cl Cl
N (0] 0 N (0]
|\ | + S5MHCI % |\ |
\ 1h \
) L #
o) 0 ~o

\
7 8

Scheme 18: Attempted deprotection of compound 7.

Searching the literature for alternative deprotection protocols, we came across with
another procedure and we applied it to our substrate [126] (Scheme 19), unfortunately
without any change in the conversion.

cl cl

T 0
0 r.t N (0]

+ BF30(C2H5)2 + AC2O + LiBr 48h | A\ \ |

N
\
N N
) H
~o 0 ~o

Scheme 19: Attempted deprotection of compound 7.
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We then replaced boron trifluoride diethyl etherate with tetrafluoroboric acid diethyl
ether complex and ran the reaction in ether, increasing also the temperature to 100°C

(Scheme 20). This attempt gave also 0% conversion.

Cl Cl

O O
0 ether N (6]

+ HBF,O(CH,CH5)
\ | ¢ a0 100°C, overnight |

Scheme 20: Attempted deprotection of compound 7.

We then tried to do the deprotection using HBr in MeOH and we initially ran the
reaction overnight in r.t and then in 60°C. Both trials resulted to 0% conversion. However
when we increased the temperature to 90°C, we could isolate the deprotected compound

8 in 33% yield.

Cl Cl

- 0 O P (0]

N 0 MeOH O N 0

| N S | + 48% aq. HBr ﬁ | S |

N , overnight N

) H
~ 0 O\ ~ 0

7 8

33%

Scheme 21: Deprotection of compound 7.

Summarizing, our suggested reaction pathway to achieve our target molecule can be

depicted in Scheme 22.
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Scheme 22: Neurodazine synthesis.

2.2.5 Summary/Conclusions

In the synthesis of Neurodazine we came across homogeneity issues already from the
cyclisation step due to the insolubility of the diketone 2 and NH;OAc. Furthermore,
the batch protocol required ~6h of reaction time, which is far too long for a useful flow
process. We tried to deal with these issues adjusting the reaction’s concentration, adding
a small amount of polar solvents and changing the solvent system and temperature, but
unfortunately apart from a slight improvement of NH;OAc solubility, by the addition
of propanol, the solubility of 2 did not improve. As a consequence, the conducted flow
experiments which were done with the aid of a syringe pump, resulted in failure. In all
cases we did not have complete consumption of the substrate, since in a certain time

point the runs had to be interrupted due to massive built up of undissolved particles
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in the syringe and consequently led to pulsing of the pump or complete blockage of the

system.

Nevertheless, as a continuation of this project we decided to improve the batch protocol
in terms of time and concentration. We identified the best combination using C= 0.075M
and in reaction time of 3h at 120°C we obtained an isolated yield of 68% (literature

protocol: C= 0.096M, 100°C, 6h, yield was not provided).

For the C-H activation step of the synthesis, we tried several literature conditions
but again we came across with solubility issues (not only due to the catalyst in use, but
also due to the base and ligand). Furthermore, all these procedures in batch preliminary
experiments resulted to 0% conversion, when were applied to our substrate 3, and for this
reason an optimization to improve the homogeneity of the reaction mixture was pointless.
Due to these unsuccessful attempts, we concluded that protection of the free imidazole
proton was necessary. Protection using MOMCI led to the protected compound 5 with

90% vyield.

We then proceeded with the C-H activation step of the 5 and using a protocol devel-
oped in our group, we received in the best case a 42% yield after 6h of reaction time. The
deprotection step of the synthesis was the follow up step and in our surprise was one of
the more challenging. We tested several different conditions but the MOM group showed
great resistance in getting cleaved. Finally the cleavage of the protecting group became
possible using HBr in MeOH and stirring overnight at 90°C we obtained a yield of 33%
for the isolated product.

Altogether, the previous existing protocol in our group (Scheme 7, Scheme 8) leading to
Neurodazine, required only for the synthesis of the Neurodazine precursor (IV, Scheme 7)
three steps and then additionally three steps to complete the synthesis (Scheme 8). In
the newly developed protocol (Scheme 22) C-H activation methodology was employed,
which gives the advantage of using many different substituted bromobenzenes (instead of
1-bromo-3-chlorobenzene) and could lead in a more facile way (along with the different
structural variations which could be applied to the first reaction step) to several Neu-
rodazine derivatives bearing different modifications. Furthermore the reaction pathway

in this case is shorter by two reaction steps and it omits the need for bromination in
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order for the arylation step to take place, with the overall yield being in the same range

(Scheme 22) as was with the previous protocol (Scheme 8).
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2.3 Arylation of Pyridines via Suzuki-Miyaura Cross-Coupling
and Pyridine-Directed C-H Activation Using a Continuous-
Flow Approach

2.3.1 Objective

Within this section, our efforts were focused on synthesizing several arylated pyridines
and further decorating these products via C-H activation chemistry taking advantage of

an in-house developed continuous-flow reactor system.

2.3.2 Synthesis of 2- and 3-phenylpyridines via Suzuki-Miyaura Cross-Coupling

The objective of this part of the thesis was the synthesis of phenylpyridine derivatives
using the Suzuki-Miyaura cross-coupling reaction applying a continuous flow process. As
it was discussed in section 1.2.2, Suzuki-Miyaura cross coupling is a process of great
significance due to the fact that it provides the researcher with a facile and efficient tool
to achieve arylated heterocycles. The latter are considered as a very important class
of compounds due to their presence in molecules with interesting biological activities or

interesting properties in material science [51-56].

2.3.3 Pyridine properties and reactivity

Pyridine is a 6m-hetero-aromatic compound, which consists of five C-H bonds and one N
atom. Its similar structure with benzene, correlates the two molecules to some extend,
especially concerning molecular geometry and spectroscopic properties. The bond angles
in pyridine differ slightly to the ones of benzene and also pyridine is a distorted hexagon
compared to the benzene [127]. Figure 30 shows a comparison of the bond angles in both

molecules.

Furthermore, since nitrogen presents an anisotropic effect, ring positions have differ-
ent m-electron densities. In the canonical structures of pyridine (Figure 31), it is depicted
the electron richer nitrogen in comparison to the 2, 4 and 6 carbon atoms which show

less electron density. Due to these electronic properties, pyridine can undergo thermal
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139.7

Figure 30: Bond angles in pyridine and benzene (bond angles in degrees).

and photochemical valence isomerization with a similar performance to benzene, nucle-
ophilic substitution (in positions a-C and 7-C) in an easier “fashion” than benzene and

electrophilic substitution (in nitrogen and in §-C) with more difficulty than benzene.
®
~N X ~N ~N
| ] - | . ®<—>® | . <—>| B
N N N N
o S o

Figure 31: Canonical structures of pyridine.

2.3.4 Optimization of reaction conditions

Since pyridine is a common substrate for cross-coupling reactions, we chose 2-bromopyridine
9 for investigating and optimizing the reaction conditions for the Suzuki-Miyaura cou-
pling with phenylboronic acid 47. After identifying these conditions, we intended to
proceed with further Suzuki-Miyaura coupling reactions using other boronic acids and
couple them with 2-bromopyridine 9 and 3-bromopyridine 16. Since the reactions should
be carried out in continuous flow ultimately, in this case also had to be assured that the
reaction solution is homogeneous at all times at room temperature. The homogeneity
factor is crucial because the formation of precipitant during the reaction zone could lead
to clogging and it is also important before and after the heated reaction zone where the
tubing is at room temperature and can again lead to clogging if the reaction solution is

heterogeneous. For this reason, the optimization efforts were directed not only towards
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time, yield and atom efficiency but also towards totally soluble reagents in the reaction

mixture.

Hence, we conducted several batch experiments, which in majority took place under
microwave irradiation, using different catalysts, bases and solvents in order to identify
conditions enabling a transfer of the procedure to continuous flow without clogging the
system. The results are summarized in the following tables (Table 15, Table 16, Table 17,
Table 18, Table 19).

In the initial series of experiments we used encapsulated palladium catalysts exclusively

since such heterogeneous catalysts could be packed in a cartridge eventually.

Table 15: Pd(OAc), screening for the Suzuki-Miyaura coupling.

| ~
B(OH
N O NaoMe z
D N
— 120°C
N Br
dry CH;0H

9 47 10

Entry® t Heating Pd(OAc), Conv.
mode EnCat loading 9 [%]°
(mol%)

1 3h reflux 1 98
2 24h reflux 1 98
3 10min MW 1 34
4 10min MW ) 33

a: 1.2 eq. of 47. b: As determined by GC using dodecane as internal standard.

The combination of NaOMe with Pd(OAc),EnCat gave almost complete conversion
under reflux conditions already after 3h of reaction time (Table 15, Entries 1, 2) but in
the microwave these conditions did not perform equally well (Table 15, Entry 3), in less
time though. Increasing the catalyst loading, had no effect on the conversion (Table 15,

Entry 4).
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Changing to Pd(PPhs),EnCat, under reflux conditions (Table 16, Entry 1), did not
lead to comparable good conversion as with the Pd(OAc),EnCat (Table 15, Entries 1,
2) but increasing the equivalents of the base (threefold) lead to twofold increase in the
conversion (Table 16, Entry 2). Transferring the latter conditions to microwave we were
able to reach almost full conversion (Table 16, Entry 3). Increasing the catalyst loading

to fivefold did not cause significant change to the GC conversion (Table 16, Entry 4).

Table 16: Pd(PPhg), screening for the Suzuki-Miyaura coupling.

| ~
B(OH
~ O NaoMe Z
D N
~ 120°C
N Br
dry CH;OH
9 47 10
Entry Eq. of t Heating Pd(PPh;); Conv.
47 mode EnCat loading 9 [%]*
(mol%)
1 1.2 24h reflux 1 40
2 4.2 24h reflux 1 77
3 1.2 10min MW 1 94
4 1.2 10min MW ) 98

a: As determined by GC using dodecane as internal standard.

Changing the solvent system to dioxane/H,;O (1:1) and the base to K3POy, we ob-
served the best conversion (55%) under MW conditions at 180sec with Pd(OAc),EnCat
(Table 17, Entry 3). This was already a noteworthy improvement in comparison to the
previous screening using the same catalyst in combination to NaOMe in dry CH3OH, since
in that case after 10min of reaction time in MW, only 34% conversion was observed (Ta-
ble 15, Entry 3). Furthermore, using Pd(PPhs)sEnCat instead of Pd(OAc);EnCat had
a significant influence in the reaction performance, since already from 135sec (Table 17,
Entry 5) we observed 89% conversion which reached 91% at 270sec (Table 17, Entry
8). Comparing the screening with Pd(PPhs),EnCat and K3PO, in dioxane/H,O (1:1)
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(Table 17, Entries 5-8) to the screening with NaOMe, Pd(PPhs)4EnCat in dry CH;OH

(Table 16, Entry 3), we received similarly good conversions, but in shorter reaction times.

After these observations we continued the screenings with different bases exclusively in

dioxane/H,O (1:1).

Table 17: K3POy screening for the Suzuki-Miyaura coupling, in MW.

~
B(OH), P
L O e
NoB diox/H,0
9 a7 10
Entry* t EnCat Conv.
catalyst 9 [%]°
(1 mol%)
1 90sec Pd(OAc), A7
2 135sec Pd(OAc), 48
3 180sec Pd(OAc), 55
4 90sec Pd(PPhs), 40
5 135sec Pd(PPhj), 89
6 180sec Pd(PPhj), 88
7 225sec Pd(PPhj), 90
8 270sec Pd(PPhy), 01

a: 1.2 eq. of 47. b: As determined by GC using dodecane as internal standard.

Using CsCOj3 in combination with Pd(OAc),EnCat resulted in a 60% conversion after

135sec and it stayed constant till 180sec (Table 18, Entries 2,3). Substituting the catalyst
with Pd(PPhs),EnCat resulted in a 80% conversion already after 90sec (Table 18, Entry

4) and gave the best conversion at (Table 18, Entry 5).
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Table 18: Csy,COj3 screening for the Suzuki-Miyaura coupling, in MW.

| AN
B(OH
X O 0, =
| + =225 . N
= 120°C
N Br .
diox/H,O
9 47 10
Entry“ t EnCat Conv.
catalyst 9 [%]°
(1 mol%)
1 90sec Pd(OAc), 55
2 135sec Pd(OAc), 60
3 180sec Pd(OAc), 60
4 90sec Pd(PPhg), 80
5 135sec Pd(PPhg), 95
6 180sec Pd(PPhs), 92
7 225seC Pd(PPhy), 92
8 270sec Pd(PPhs), 92

a: 1.2 eq. of 47. b: As determined by GC using dodecane as internal standard.

Using K2COj in combination with Pd(OAc),EnCat resulted in a 59% conversion after
135sec (Table 19, Entry 2). Substituting the catalyst with Pd(PPhs),EnCat resulted in a
95% conversion already at 180sec (Table 19, Entry 6). A significantly better performance
of Pd(PPhs)4EnCat was observed also in this screening.
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Table 19: KyCOg screening for the Suzuki-Miyaura coupling, in MW.

|\
B(OH),
L O ey
N diox/H,0
9 a7 10
Entry“ t EnCat Conv.
catalyst 9 [%]°
(1 mol%)
1 90sec Pd(OAc), 55
2 135sec Pd(OAc), 59
3 180sec Pd(OAc), 48
4 90sec Pd(PPhg), 87
5 135sec Pd(PPhg), 85
6 180sec Pd(PPhs), 95
7 225sec Pd(PPhs), 95
8 270sec Pd(PPhs), 95

a: 1.2 eq. of 47. b: As determined by GC using dodecane as internal standard.

Overall, in the previous screenings with: K3POy, Cs;CO3 and KyCOg, the PA(OAc),
EnCat and Pd(PPhs)4EnCat, using dioxane/water, 1:1 as our solvent system, we ob-
served much better performance with the Pd(PPhs), (Table 17, Entries 4-6), (Table 18,
Entries 4-6), (Table 19, Entries 4-6) in contrast to Pd(OAc);EnCat (Table 17, Entries
1-3), (Table 18, Entries 1-3), (Table 19, Entries 1-3) and almost complete conversion in
Entry 5 (Table 18) and Entries 6-8 (Table 19). The different bases showed only negligible
differences in conversion. In all cases (with the exception of Entry 4 (Table 16)) bipyri-
dine and biphenyl were observed as side products. We observed the best relation between

conversion, homogeneity, and reaction time using the conditions in Entry 6 of Table 19.

Transferring these conditions to a flow process required a second round of optimization

in order to adjust the protocol to the respective flow system. Initially, it was tried to use
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an immobilized palladium catalyst in a pre-packed cartridge in X-Cube (see Appendix A)
repeating the most promising conditions of Entry 6 (Table 19) in flow (leq of 9, 1.2eq
of 47, 2eq of KoCO3, C= 0.05M, flow rate= 0.5mL/min, P= 20bars) but we observed
substantially lower conversion in comparison to the microwave experiment. All screening
experiments for transferring the microwave protocol to the X-Cube were unsuccessful

regardless of the catalyst loading (0.35-1mol%) and the applied temperature (90-140°C).

For further investigation of the possible causes for the GC [%] conversion difference
between microwave and X-Cube, the stability of the catalyst was investigated and it was
found that significant leaching of the catalyst was taking place with concomitant lower

conversion over time (Figure 32).

AN

AN B(OH), dioxane/H,0O |
| + + K,CO; + EnCat. ———— P
Z B: "pg" 120°C N

N
leq 1.2eq 2eq
9 47 10

Cat. load.=1mol%, C=0.05M, f.r.=0.5mL/min, P=20bars, T=120°C.

Stability Screening

100

80

60

40

GC conversion %

20

10 20 30 40 50 60 70 80 90 100 110 120 130

time (min)

BPA(PPh3)4EnCat  EPA(OAc)2EnCat

Figure 32: Stability screening for the immobilized catalysts (in X-Cube).

In the case of immobilized Pd(OAc)s, an initial increase of the conversion was observed

(till 30min, time point) which indicated the formation of more activated Pd species capable
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to compensate for the leaching, but increasing time the catalyst amount decreased with
an immediate reflection in the observed conversion. In case of Pd(PPhs), the decrease of

the conversion took place even faster, from 20min onwards.

Since the stability screening supported our concerns for Pd leaching, this approach was
abandoned early on. Alternatively we used a flow system (Figure 33), which was used
also for the screening experiments of Debus-Radziszewski reaction and its way of function
was presented in chapter 2.2.4 of this Thesis. This system allows performing reactions
with ease in flow when it is not required to pressurize a reaction mixture. Therefore the
next screenings had to be performed at a lower temperature (90°C instead of 120°C was

used), in order to stay below the boiling point of the solvent mixture.

Figure 33: Flow experimental set-up.

Early on, Pd(PPhs), was identified in microwave (Table 19, Entries 4-8) as the best
performing catalyst and hence it was chosen for further optimization of the reaction

conditions in flow (Table 20) under homogeneous conditions.
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Table 20: Optimization in Flow.

Entry®  Cat.load. Flow rate R.T. 9 [%]°
(mol %) (mL/min)  (min)
1 0.35 0.5 8 30
2 0.35 0.5 23 40
3 1.05 0.5 23 59
4 1.4 0.5 23 63
) 1.7 0.5 23 80
6 2.1 0.5 23 82

a: Reaction conditions: 9 (1 eq.), 47 (1.2 eq.), 2eq. K2COg3, Pd(PPhg)4, dioxane-HyO
(1:1), 90°C, 0.05 M; steel coil. b: Conversion as determined by GC using dodecane as

internal standard.

Starting with low catalyst loading (0.35 mol%) and a residence time of eight minutes
gave only 30% conversion (Table 20, Entry 1). Extending the reaction time to 23 minutes
gave only a minor improvement to 40% (Table 20, Entry 2). However, increasing the
catalyst loading to an amount of 2.1% ultimately gave a satisfying conversion of 82%
(Table 20, Entry 6). These conditions are a good compromise between catalyst loading
and flow rate and, hence, subsequent substrate-scope investigations were performed using
this protocol. It has to be mentioned that the process in flow takes significantly longer than
the batch experiment. This can be attributed to a difference in temperature eventually:
temperature measurement in microwave is usually very accurate. In the flow process we
measure the temperature of our aluminum block but cannot measure the temperature
inside the coil. Hence there could be a significant difference. Additionally, a higher
temperature at the metal center in microwave cannot be excluded due to the better

microwave absorbing capacity of the metal compared to the solvent.

Since the optimized conditions were identified, the next step was to couple 2-bromopyri-
dine and 3-bromopyridine with various boronic acids bearing electron-donating or electron-

withdrawing groups (Scheme 23). We were also interested to investigate if the material
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of the coil had any influence on reaction performance. Therefore we conducted experi-
ments either using a steel coil or a PFA coil and in some cases both for comparison. The
advantage of the PFA coil is the easier handling and the lower price (approx. 40% less)

and easier to wash and unclog when it is necessary.

X
»
N Br K,CO;5
9 Pd(PPh
+ R, (PPh3)y4
dioxane/water
Br 0
90°C
| = B(OH),
~
N | ~ R,
16 z

R, = -H, -CH;, -OCH;, -NO,, -CN

Scheme 23: Suzuki-Miyaura reaction with 2-bromopyridine and 3-bromopyridine with

arylboronic acids in dioxane-HyO (1:1).

Entries 1-4 (Table 21) show the coupling reaction of 9 with phenylboronic acid (1.2 or
3.0 eq.) in both coil materials. It can be seen that when 1.2 eq. of boronic acid were used
the results are comparable for both coil materials (Table 21, Entries 1, 3). However, when
3.0 eq. boronic acid were used the PFA coil performed significantly better (Table 21,
Entries 2, 4).

Electron-donating substituents on the boronic acids gave generally better yields. This
is also true for sterically hindered o-tolylboronic acid (49) where 91% yield were obtained
in the PFA coil (Table 21, Entry 9). p-Methoxyphenylboronic acid (50) gave a good
yield already in the steel coil (Table 21, Entries 10-11). 3-Nitrophenylboronic acid (51)
gave a low yield of 12% in the steel coil using 1.2 equivalents of 51 (Table 21, Entry
12). Increasing this to 3.0 equivalents improved the yield to 51% (Table 21, Entry 13).
A comparable yield was obtained in the PFA coil with 1.2 equivalents of 51 already
(Table 21, Entry 14). 3-Cyanophenylboronic acid (52) gave an acceptable yield only in
the PFA coil and 3.0 equivalents of 52 (Table 21, Entry 19).

100



PhD Thesis Maria Christakakou

Table 21: Table Suzuki Reaction with 2-Bromopyridine and Arylboronic acids in Dioxane-

H,O (1:1) and 2.1 mol% Catalyst Loading.

K,CO;
AN X Pd(PPh
| [ Xy (PPh3),
N/ Br 7 dioxane/water
()
B(OH), o0°C
9 R, =-H, -CHs, -OCHj, -NO,, -CN
Entry® Boronic acid Eq. 2 Coil Product Yield.
type [%6]°

e :
1 47 1.2 steel 10 64

2 47 3.0 steel 10 76
3 47 1.2 PFA 10 68
4 47 3.0 PFA 10 93
| X
QB(OH)Z N7
5 48 1.2 steel 11 60
6 48 3.0 steel 11 61
| X
B(OH), NZ
7 ©/\ 49 1.2 steel 12 62
8 49 3.0 steel 12 64
9 49 1.2 PFA 12 91
X
| N B(OH), | N/
10 woo > 30, steel 13 OCH; g5
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11 50 3.0 steel 13 89
X
O,N B(OH), | N/ NO,
12 \© 51 1.2 steel 14 12
13 51 3.0 steel 14 51
14 51 1.2 PFA 14 44
15 51 3.0 PFA 14 45
| AN
(HO),B CN N/ CN
16 \©/ 52 1.2 steel 15 4
17 52 3.0 steel 15 6
18 52 1.2 PFA 15 24
19 52 3.0 PFA 15 45

a: Reaction conditions: leq. of 9, 1.2 or 3 eq. of aryl boronic acid, 2 eq. KoCOg, 2.1 mol%
Pd(PPhg),, dioxane-H20 (1:1), 90°C, 0.05 M. b: As determined by GC using dodecane as

internal standard.

Using 16 as substrate in combination with 47 gave the best result (80% yield) using
3.0 equivalents of 47 and the PFA coil (Table 22, Entry 4). Hence, all subsequent coupling
reactions on 16 were carried out under these conditions. Methyl substituents were best
tolerated no matter whether in 2- or 4-position of the boronic acid (Table 22, Entries 5-6).
4-Methoxy-, 3-nitro-, and 3-cyanophenylboronic acids gave similar yields just below 60%
(Table 22, Entries 7-9). Furthermore in all of the cases, which we have synthesized used
1.2 equivalents of the aryl source when we increased to 3 eq. a better yield of 17, 18, 19,
20, 21, 22 was obtained.
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Table 22: Suzuki Reaction with 3-Bromopyridine and Arylboronic acids in Dioxane-H,O

(1:1) and 2.1 mol% Catalyst Loading.

Br K,CO3 =
| X b N PdePhy), \\l
N/ dioxane/water | 1
B(OH), 90°C N
16 R, = -H, -CH;, -OCH3, -NO,, -CN
Entry® Boronic acid Eq. 2 Coil Product Yield.
type [%]°
4 ;
1 47 1.2 steel NT 18
2 47 3.0 steel 17 53
3 47 1.2 PFA 17 64
4 47 3.0 PFA 17 80
5 48 3.0 PFA N> 18 87
19
o 8
6 49 3.0 PFA N7 75
OCH;
| N B(OH), | N
s —
7 H3CO 50 3.0 PFA N 20 58
U, Yy e
8 51 3.0 PFA NT 21 58
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(HO),B CN | A CN
9 @ 52 3.0 PFA NT 22 56

a: Reaction conditions: leq. of 16, 1.2 or 3 eq. of aryl boronic acid, 2 eq. K2COs,

2.1 mol% Pd(PPhs),, dioxane-HyO (1:1), 90°C, 0.05 M. b: As determined by GC using

dodecane as internal standard.

The synthesis of 3-phenyl pyridines (Table 22, Entries 5, 6, 8, 9) led in general, to
better yields in comparison to the 2-phenyl pyridines (Table 21, Entries 6, 8, 15, 19), which
were synthesized using the same boronic acids, with the exception of (Table 21, Entries
4, 11 (2-phenylpyridine 10) & (2-(4-methoxyphenyl)pyridine 13), that had a better yield
under similar conditions. However, it has to be mentioned that in case of Entries 5 &
6 (Table 22), the experiments took place in the PFA coil instead of steel coil which was
used in case of Entries 6 & 8 (Table 21).

Comparing results using the steel and the PFA coil material it was found that PFA
performed significantly better. The overall better performance of the PFA coil could be
due to the fact that the metal coil might undergo metal-metal interactions with the metal
center of our palladium catalyst resulting in decreased catalyst activity. However, for
a detailed explanation more experiments would be necessary (e.g. analyzing the inner

surface of the steel coil) which was beyond the scope of this work.

2.3.5 Arylation of 2-phenylpyridine via C-H activation in flow

Besides Suzuki-Miyaura coupling, we were also interested in direct arylation reactions un-
der continuous flow. 2-Phenylpyridine 10 constitutes a common substrate for direct func-
tionalization reactions where the pyridine nitrogen directs the catalyst in ortho-position of
the adjacent phenyl ring [95,128-133]. Since we could efficiently synthesize this compound
with our flow process, we decided to investigate its further application in C-H activation

chemistry, also via a continuous-flow approach.
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2.3.6 Optimization of reaction conditions

Prerequisites for direct arylation in flow are of course the same as for cross-coupling, most
importantly homogeneity of the reaction solution at all times. Initially we wanted to use
a Pd catalyst as well since then it would be possible to combine both reaction steps in a

single operation eventually.

In our group, we have developed a protocol for direct arylation of N-(2-pyridyl) sub-
stituted anilines and decided to start our screenings using these conditions (3eq of aryl-
boronic acid, 10mol% Pd(OAc),, leq of AgyO, 0.5eq of BQ in dry THF) to study if they
can efficiently be applied in the direct arylation of 2-phenylpyridine [134].

We started our optimization using phenyl boronic acid as aryl source 47 and we
checked initially if the reaction mixtures are homogeneous and if they result in good GC
yields. We ran two experiments increasing the BQ from 0.5 to leq (Table 23, Entries 1-2),
which resulted to an increase of the yield up to 57%. However Ag,O was not soluble in

dry THF.

After a literature search we found that 1,4-dioxane is a common solvent in use on
such transformations in combination with BQ, AgF and aryltrimethoxysilane as aryl
source [135]. Initially we substituted the dry THF with a mixture of dioxane/H,O (1:1) or
plain 1,4-dioxane (Table 23, Entries 3-5) and then used the aryltrimethoxysilane with AgF
instead of phenyl boronic acid 47 and Ag,O (Table 23, Entry 6), but those experiments

resulted also in heterogeneous solutions and hence we did not proceed to GC analysis.

In search for another C-H activation protocol, we found a procedure to ortho arylate
2-phenylpyridines with aryltrifluoroborates by Wu et al [136], which we used as starting
point for our next screening experiments. In this protocol Cu(OAc), was used in place
of AgsO in combination with BQ in dioxane. Using phenyl potassium trifluoroborate, we
received in the first two experiments moderately homogeneous reaction mixtures and the
best GC yield was at range of 36% after increasing the temperature from 90°C to 120°C
(Table 23, Entries 7-8). Furthermore, phenyl potassium trifluoroborate showed slightly
better solubility in comparison to phenyl boronic acid 47 so we decided to continue the

screenings with it.
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Trying to identify a solvent which could dissolve our reagents in a satisfying manner,
we tried another aprotic but polar solvent: DMSO. The latter has a much higher boiling
point (189°C) in comparison to dioxane (101°C); and it could serve as a more versatile
choice of a polar aprotic solvent in case that it would be necessary to increase the reaction
temperature e.g for accelerating the reaction rate. Entry 9 (Table 23) was the most
promising in the DMSO series (Table 23, Entries 9-20) but unfortunately it was not
possible to improve the GC yield neither with the portion-wise addition of the aryl source
(Table 23, Entry 15) nor with extra addition of aryl source after 3h (Table 23, Entry 16)
or extra addition of catalyst (Table 23, Entry 17). Addition of both catalyst and aryl
source after 3h (Table 23, Entry 18) or addition of Cs,CO3 (Table 23, Entries 19-20) did

not facilitate the process either.

Table 23: Batch screening of Pd(OAc), catalyzed C-H activation protocols.

N ®
| "Pd" catalyst ~N

+ aryl source —
N y additives, solvent |

\

e
10 23
Entry Aryl Source Oxidant Solvent T[°C] GC yield
[%]*
10 47 Agy0 dry THF 80 18
2b 47 AgyO dry THF 80 57
30 47 Ag,O dioxane/H,O 90 -
(1:1)
4° 47 Ag,O dioxane 90 -
5¢ 47 - dioxane/H,O 90 -
(1:1)
6° Ar-Si(OMe); AgF dioxane 90 -
70 CeHsBF3K Cu(OAc), dioxane 90 12
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8P CeH5;BF;K Cu(OAc), dioxane 120 36
9b CeHsBF;K Cu(OAc), DMSO 120 50
10 CeHsBF;K Cu(OAc);  DMSO 140 46
110 CeHsBF;K Cu(OAc), DMSO 160 42
12 CeHsBF;K Cu(OAc), DMSO 120 33
13° CgHsBF;K Cu(OAc);  DMSO 160 42
1464 CeHsBF;K Cu(OAc), DMSO 120 45
150 CeH5BF3K Cu(OAc), DMSO 120 29
1647 Ce¢HsBF5K Cu(OAc), DMSO 120 42
1759 CeH5BF;K Cu(OAc);  DMSO 120 28
186 CeHsBF;K Cu(OAc), DMSO/H,0 120 26
(3:1)
190+ CgHsBF;K Cu(OAc);  DMSO/H,O 120 5
(3:1)
200 CeHsBF;K Cu(OAc), DMSO/H,0 120 7
(3:1)

a: Reaction conditions: 1 eq. of 10, 3 eq. of aryl source, 0.5 eq. of BQ , 1 eq. of oxidant,
10 mol% Pd(OAc)y. b: 1 eq. of 10, 3 eq. of aryl source, 1 eq. of BQ , 2 eq. of oxidant, 10
mol% Pd(OAc)s2. ¢: 1 eq. of 10, 3 eq. of aryl source, 2 eq. of BQ , 3 eq. of oxidant, 10
mol% Pd(OAc)sz. d: As (c) but with 5 mol% of Pd(OAc)s. e: Portionwise addition of the
aryl source. f: Addition of 2.5 eq. of the aryl source after 3h. ¢: Addition of 10 mol%
catalyst after 3h. h: Addition of 2.5 eq. of the aryl source +10 mol% catalyst after 3h.
i: Addition of 1 eq of CsyCOj3 after 3h. j: Addition of 2 eq. of CsoCOg after 3h. k: As

determined by GC using dodecane as internal standard.
Since the experiment with the best GC yield at that point was the one in Entry 2

(Table 23) although it was not homogeneous, we decided to optimize further this protocol

for transferring the process to flow.
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| phenyl boronic acid dry THF |
N + or + + oxidant + Pd(OAc),

phenyl

potassium trifluoroborate 1) O
10 23

Scheme 24: Batch screening of Pd(OAc), catalyzed C-H activation protocol.

The screening of the reaction shown in Scheme 24 was oriented towards temperature
(between 60°C and 80°C), aryl source (between 47 and C¢H;BF3K), and oxidant (between
silver oxide and copper acetate). Furthermore the addition of the aryl source was done
portion-wise. The reaction mixture at time t = Oh contained 1 eq. of phenyl boronic
acid or CgH;BF3K. At t = 3h a sample was taken for GC analysis and directly after
that 1 more eq. of the aryl source was added. The same procedure was repeated at 6h
and for the mixtures, which showed promising GC yield (Table 24, Entry 6) (Table 25,
Entry 5) a final sample was taken after 24h reaction time (Table 24, Entry 7) (Table 25,
Entry 6). In an initial attempt to increase the yield, we left 47 at 80°C to react for 24h
(Table 25, Entry 1), in comparison to the same experiment which at 60°C was left for 3h
or 6h (Table 24, Entries 1, 2), because in these cases the GC yield stayed constant at the
range of 20%. An increase of 30% was noticed after that change (57% GC yield, Table 25,
Entry 1). In all cases dry THF was used and biphenyl formation was observed (Table 24,
Table 25).

Table 24: Batch screening of Pd(OAc), catalyzed C-H activation protocol at 60°C.

Entry® Oxidant Aryl Source t GC Yield
[%]”

1 AgyO 47 3h 20

2 AgyO 47 6h 20

3 Cu(OAc), 47 3h 12

4 Cu(OAc),y 47 6h 10
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) Ag,0O Ce¢HsBF3K 3h 46
6 Ag,0 CH;BF3K 6h 52
7 Ag,0 CsH;BF5K 24h 68
8 Cu(OAc),  CgHsBF:K 3h 17
9 Cu(OAc) CeHs;BF3K 6h 19

a: Reaction conditions: 1 eq. of 10, 3 eq. aryl source added portionwise, 0.5 eq. BQ, 1
eq. of oxidant, 10 mol% Pd(OAc)s. b: As determined by GC using dodecane as internal

standard.

Table 25: Batch screening of Pd(OAc), catalyzed C-H activation protocol at 80°C.

Entry® Oxidant Aryl Source t GC Yield
[%]°

1 AgyO 47 24h 57

2 Cu(OAc), 47 3h 2

3 Cu(OAc), 47 6h 11

4 AgyO CeH5BFsK 3h 54

5 AgyO CgH5;BF3K 6h 58

6 Agy,O CgH5;BF3K 24h 63

7 Cu(OAc), CgH5BF3K 3h 20

8 Cu(OAc), CsHsBF3;K 6h 19
9° - CgH5BF3K 24h 60

a: Reaction conditions: 1 eq. of 10, 3 eq. of aryl source added portionwise, 0.5 eq. BQ, 1
eq. of oxidant, 10 mol% Pd(OAc)s. b: With 4 eq. of BQ ¢: As determined by GC using

dodecane as internal standard.

Substituting dry THF with “normal” THF led to a significant drop in GC yield.
This was a strong indication that water free conditions were important for the reaction

performance. The best GC yield that we could obtain using dry THF was at the range
of 68% at 60°C (Table 24, Entry 7) and at 63% at 80°C (Table 25, Entry 6) and still the
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protocol was not ideal since the silver oxide was not completely soluble in the reaction
mixture. Using 4eq of benzoquinone instead of 0.5eq and excluding the silver oxide
(Table 25, Entry 9) we could obtain moderate solubility and a GC yield of 60% comparable
to the one in Entry 6 (Table 25).

Since these last conditions still required a long reaction time (24h) it was doubtful
whether this could be transferred to a useful flow process since there, residence times
> 1lh are already difficult to handle and take away the advantages of a flow process.
Nevertheless, we ran the reaction in the flow system we had previously used in the Suzuki-
Miyaura coupling reaction, with a maximum residence time of 90 minutes. The optimized
batch conditions (Table 24, Entry 7) did not result in a GC yield of more than 10%. Tuning
of the individual parameters e.g doubling the equivalents of benzoquinone, increasing
the equivalents of the aryl source (even eleven-fold times more), increasing the solution’s
concentration (till three-fold times more), did not facilitate the process either. Always the
GC yield was below 10%. The same was also the case when instead of 2-phenyl pyridine,
2-(o-tolyl) pyridine or 2-(m-tolyl) pyridine was used, because the electronic properties of

the methyl substituent in pyridine did not influence the coupling either.

A last attempt to increase the reaction rate, reducing the reaction time and ideally
increasing the yield was to run the reaction in microwave conditions but at a significantly
higher temperature of 220°C and 18 bars (maximum temperature and pressure which we
could run a THF solution in our microwave system). The purpose of this experiment was
to see if we could obtain a good yield in a reasonable time and then translate the protocol
using a flow system, which can withstand pressurized conditions (AFRICA or X-Cube,
see Appendix A). We proceeded to the reaction and we screened the GC yield varying
the equivalents of BQ) from 1-4 (Table 26).
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Table 26: Microwave screening of Pd(OAc), catalyzed C-H activation protocol.

0
X 23
| Ny BOH): dry THF
N ol + + Pd(OAc),
I &
10 47

| X
N/
24
Entry* Eq. of GC yield GC yield GC yield

BQ 23 [%]° 24 [%]° 10 [%]°
1 1 29 7 64
2 2 20 4 76
3 4 9 3 88

a: Reaction conditions: leq. of 10, 3 eq. of 47,1-4deq. BQ, Pd(OAc)2 (10 mol%), 30min,

220°C. b: As determined by GC using dodecane as internal standard.

Since the latter microwave screening (Table 26) did not result in a significant im-
provement either, we decided to abandon Pd catalyzed methods and switch to ruthe-
nium catalysts, which have been used in many C-H activation protocols up to date effi-

ciently [97,137].

Again we started screening for homogeneous reaction conditions. Oi et al reported
a promising method in which NMP was used as solvent, benzeneruthenium(II)chloride
dimer as catalyst and KoCOj3 as the base at 120°C for 20h [138,139]. Even though the
base was insoluble in this case, NMP allowed increasing the reaction temperature and
shortening the reaction time below 1h simultaneously. The initial screening was con-

ducted with 10 as substrate, bromobenzene 41 as aryl source, and different Ru(II) cat-
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alysts: benzeneruthenium(II)chloride dimer and dichloro(p-cymene)ruthenium(II)dimer
(shown from left to right in Figure 34) and the GC yield (overall: mono-arylated+bis-
arylated product) was recorded after performing the reactions in different temperatures
under air and inert conditions with microwave irradiation (Table 27). It was soon found
that both catalysts investigated gave almost identical results in terms of conversion. Since
dichloro(p-cymene)ruthenium(IT)dimer was significantly cheaper we continued further op-

timization using this catalyst.

CH;
Cl< cl CH;
Ru ~
acl joa CHy a / Ma
Ru~ Ru~
CH;

Figure 34: Ru(Il) catalysts, used for the screening.

Table 27: Screening conditions for Ru(II) catalyzed C-H activation protocol.

[ O
W
8 o ey
N | N Y ©/ NMP O
10 41 N
e
@
24
Entry*® Time T[°C] GC yield GC yield
[min] 23 [%]° 24 [%]
1049 30 120 44 24
b9 30 120 54 17
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3649 30 120 95 25
g4eef9 30 120 29 15
509 30 160 o8 28
69 30 160 20 34
709 30 160 o8 17
gb:e:g 15 160 37 9

gb.eh 30 160 29 60
10%eh 30 160 o7 15

a: Reaction conditions: 2eq. of base, 10mol% PPhg, in MW. b: 1 eq. of 41, concentration
0.5M. ¢: 1.5 eq. of 41 , concentration 0.5M. d: Under inert conditions. e: Under air. f:
Concentration 0.25M. g: Dry KoCOs, dry NMP. hA: Bench quality KoCOs3, bench quality

NMP i: As determined by GC using dodecane as internal standard.

Although some initial conclusions could be drawn from this screening, the biggest
issue to deal with was the bad solubility of the base. We observed slightly better yields at
160°C (Table 27, Entries 5, 6, 9) so we continued the screening at this temperature. We
also noticed a slight improvement in the overall yield when we increased the equivalents
of the aryl source to 1.5eq. (Table 27, Entries 3-6). By decreasing the concentration
(Table 27, Entry 4) in an attempt to increase the solubility of the base the GC yield was
undermined even though 1.5eq. of aryl source was also used in this case. Furthermore we
observed no difference under inert conditions as used by Oi et al. or under air (Table 27,
Entries 1, 2, 5, 7). A finding that comes in accordance with the general trend of Ru(II)
complexes, which are stable in air and water [140]. Therefore all screening reactions as

well as compound syntheses have been carried out under air.

Since, the solution of reagents had to be homogeneous at r.t. as well after the reac-
tion zone and because Ko;CO3 was not soluble in NMP, we conducted an extensive base

screening in several solvents in order to identify a soluble base (Table 28).
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Table 28: Base screening of Ru(Il) catalyzed C-H activation protocol.

Entry® Base Solvent Solubility GC
overall
yield [%]¢

14 dry KoCOg dry NMP n.h 80

24 Cs2CO3 bench quality NMP n.h 74

3° Cs2CO3 bench quality NMP n.h -

4¢ Cs2CO3 bench quality NMP n.h -

5) Cs9CO5 Acetylacetone n.h -

6 Cs2CO3 ethyl glycol diethyl n.h -

ether

7 Cs2CO3 NMP/H,0 n.h 17

8 K3PO, bench quality NMP n.h

9 KOtBu bench quality NMP moderate 2

10 NaOtBu bench quality NMP moderate 3

11 DABCO bench quality NMP moderate 1

12 N, N- bench quality NMP moderate 3

diisopropylethylamine

13 Stoichiometric bench quality NMP moderate 1

amount of DABCO &
sub-stoichiometric
amount of Cs,CO5

14 NaOH bench quality NMP n.h -

15 KPV bench quality NMP n.h -

16 KOAc bench quality NMP n.h -

a: Reaction conditions: 1.5 eq. of 41, catalyst: dichloro(p-cymene)ruthenium(II)chloride

dimer, 2 eq. of base, 10mol% PPh3, concentration 0.25M, 30min reaction time, microwave,

160°C. b: Ultrasonic irradation. ¢: Addition 10% and 20% of dicyclohexano-18-crown-6.

d: Was tested also in NMP/H2O, DMF, anisole. e: As determined by GC using dodecane

as internal standard.
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We tested several bases. With CssCO3 we observed a promising GC yield (Table 28,
Entry 2) but the reaction mixture was not homogeneous and when adding various amounts
of water to dissolve the base, a significant drop of the GC yield was observed. In other

solvents such as DMF, anisole, or mixtures of NMP-EtOAc, the base was not soluble at all.

When KOtBu and NaOtBu were used (Table 28, Entries 9-10), we observed better
solubility but again a significant drop of the GC yield to only 2-3%. Using NaOH or
KOACc (Table 28, Entries 14 & 16) gave inhomogeneous solutions as well.

Changing to an organic base such as DABCO or Hunig’s base (Table 28, Entries 11-12)
solved the solubility issue but led again to a significant drop in yield (1-3% GC yield).
Attempts to improve solubility by changing the concentration did not help either.

For this reason we decided to continue our screenings and finally the breakthrough
came by switching to DBU where we obtained a homogeneous solution, which we used
for further optimization in flow. We performed several screenings regarding equivalents
of bromobenzene, DBU, catalyst loading (with both benzeneruthenium(II)chloride dimer
and dichloro(p-cymene)ruthenium(II)) and a comprehensive table of the most important
results is provided in Table 29. In all cases we found that mixtures of 23 and 24 were

formed. However, for the optimization we looked at overall conversion and yield.

Table 29: Screening conditions for Ru(II) catalyzed C-H activation protocol.

Entry” Eq. Eq. Time T[°C] GC yield GC yield
41 DBU (min) 23 [%]¢ 24 [%]¢
1° 1.5 1 30 160 9 20
20 1.5 2 30 160 13 22
3 1.5 4 30 160 20 35
4b 1.5 6 30 160 18 20
5 1.5 4 10 160 13 10
6° 1.5 4 20 160 23 17
7 2 4 30 160 13 25
8 3 4 30 160 20 22
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9° 4 4 30 160 21 30
10° 6 4 30 160 23 39
11¢ 3 4 30 140 27 41
12¢ 3 4 30 160 26 69
13¢ 3 4 30 180 14 73

a: Both dichloro(p-cymene)ruthenium(II)chloride dimer and benzeneruthenium (II) chlo-
ride dimer were tested resulting in similar results, heating mode: microwave. b: 2.5 mol%
catalyst loading. ¢: 5 mol% catalyst loading. d: As determined by GC using dodecane as

internal standard.

One equivalent of DBU gave 29% GC yield of 23 and 24 (Table 29, Entry 1). Increas-
ing the amount up to 4 equivalents and retaining the time at 30 min gave an improvement
to 55% (Table 29, Entry 3). With the same amount of DBU at a shorter time of 10min,
decrease of the yield to 23% was noticed (Table 29, Entry 5), but at 20min since the
reaction was still progressing there was an increase of the yield to 40% (Table 29, Entry
6). Keeping constant the equivalents of DBU and increasing the equivalents of 41 lead to
a maximum yield of 62% (Table 29, Entry 10). Increasing the catalyst loading to 5% and
the equivalents of bromobenzene to 3 finally gave a good overall GC yield of 95% of 23
and 24 (Table 29, Entry 12). Next we tried to transfer these conditions to a continuous

flow process.

Applying the optimized conditions in flow (Table 29, Entry 12) to a preparative scale
experiment, we were able to isolate 23 in 26% and 24 in 69% yield respectively (ratio
1:2.65) (Table 30). This result differs from Oi’s findings where a total yield of 82% of the
same two products was obtained but in favor of the mono-arylated one (6.7:1). However,
in his case only 1 eq. of bromobenzene was used. Using 2.2 or 3.0 equivalents, 24 was
formed exclusively. Of course a different base was applied which can be responsible for

the observed differences [138,139).

The electronic nature of the halide (Figure 35) had a significant influence on the

product distribution.
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(j/ Br Q/Br )©/Br /©/Br @Br
= H;CO F;C 0N~
53 54 55 56

41

Figure 35: Substitute bromobenzenes.

Table 30: Isolated yields.

| P Br (p-cymene)Ru(II)Cl, R
N * PPhs, DBU, 160°C
R

R = -H, -OCHj3, -CHs, CF;3, -NO, . O

Yield = 0-95%
Entry* R mono-arylated bis-arylated Combined
product [%] product [%] Yield [%)]

1 -H (41) 26 (23) 69 (24) 95

2 -OCH3; (53) 59 (25) 0 (30) 59

3 -CHjs (54) 17 (26) 34 (27) 51*

4 -CF3 (55) 3 (28) 71 (29) 74

5 -NO, (56) 0 0 0

a: Reaction conditions: 3 eq. of 10, 4 eq. DBU, 5 mol% catalyst, 10mol% PPh3, solvent:
NMP, concentration 0.25M, 30 min residence time, 160°C. *For this example we isolated an
inseparable mixture of the mono- and bis-arylated product and their ratio was determined

by NMR to 1:2, mono- to bis-arylated product.
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Electron rich 4-bromoanisole 53 gave exclusively the mono-arylated product 25 (Ta-
ble 30, Entry 2). 4-Bromotoluene 54 favored the formation of bis-arylated 27 over mono-
arylated 26 ((1:2), Table 30, Entry 3). When an electron withdrawing substituent was
present as in 4-bromo-trifluoromethylbenzene 55, the bis-arylated product 29 was over-
whelmingly favored (1:23.7) with good overall yield (Table 30, Entry 4). A nitro group
56 was not tolerated (Table 30, Entry 5), however this we have observed in Ru catalyzed
arylations previously and can be attributed to the ability of the nitro group to coordinate
to ruthenium leading to catalyst inactivation [137]. Overall these results show that an

increase in electron density favors mono-arylation and vice versa.

Next, we aimed at the synthesis of bis-arylated compounds. Mono-arylated products

23 and 25 were used as starting materials for a second arylation step with bromobenzene

(Scheme 25).

R R
dichloro(p-
N Br cymene)Ru(IT) N
| * PPhs, DBU, |

~ ~
N O 160°C N O
R = -H, -OCH; R O

Scheme 25: Arylation of the mono-arylated substrates with bromobenzene.

To our surprise the yield of 24 was significantly lower starting from 23 (44%) compared
to the reaction starting from 2-phenylpyridine 10 (69%). The reason for this observation
is not clear. A possible explanation is that after the insertion of the Ru(II) into the
C-H bond and the first arylation, ruthenium stays coordinated to the pyridine nitrogen
(to some extent) leading to rapid second arylation. However when the substrate is the
already mono-substituted compound 23 the phenyl group exhibits steric hindrance and
pre-coordination of ruthenium to the pyridine nitrogen might be more difficult and hence

the reaction might be slower overall (Scheme 26).

By increasing the catalyst loading to 7.5 mol% we received 59% yield, which is in agree-
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Scheme 26: Proposed mechanism.

ment with our explanation. In order to support our hypothesis further, we performed a
time course for the arylation of 10 with bromobenzene 41 (Figure 36). If the catalyst
dissociates from pyridine completely after the first arylation step, we should see accumu-
lation of 23 at the beginning and only small amounts of 24. When the concentration of
23 increases and simultaneously that of 10 decreases, 23 becomes the preferred substrate
and the amount of 24 will increase. However, if our hypothesis is true, we should see
formation of 24 to a similar extent compared to 23 already from the beginning and no
accumulation of 23. Indeed, 24 is the major product from the very beginning (Figure 36)

which supports our line of argument.
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Time Course?
100

¥ mono-phenylated
M bis-phenylated

Conversion [%]

Time (min)

Figure 36: Time course using bromobenzene as coupling partner.
a: Conversion as determined by GC using dodecane as internal standard, mono-phenylated: 23,

bis-phenylated: 24.

We also subjected 25 to a second arylation step. From the previous result (Table 30,
Entry 2), it can be expected that arylation of 25 might be difficult and slow. Indeed, a
yield of only 24% was obtained (with 7.5mol% catalyst) which underlines the importance

of electronic effects on the aryl substituents.

2.3.7 Summary/Conclusions

The task on this part of the Thesis was to identify suitable reaction conditions for the
synthesis of 2-phenyl pyridine (10) via Suzuki-Miyaura cross coupling in flow and its
subsequent direct arylation. The main prerequisite in this case was again to achieve
homogeneity of the reaction solution at all times, which would enable a transfer of the
procedure in flow without clogging. Apart from homogeneous catalysts, heterogeneous
catalysts can also serve this purpose. Since they could be packed in cartridges, a homo-
geneous reaction solution can go through the cartridge, react with the aid of the catalyst
and form the final product. The crucial prerequisite that has to be ensured is that no

precipitation will occur at all times during the reaction zone, because this could lead to
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clogging and consequently to reaction termination.

The batch optimization of the reaction conditions for the synthesis of the target
molecule (10) in this section of the Thesis, directed towards time, yield, atom effi-
ciency and soluble reagents in the reaction mixture. KyCO3 was soon identified as the
best performing base in combination with dioxane/H,O (1:1) as solvent and immobilised
Pd(PPh;s), as catalyst. After 3min of reaction time under microwave irradiation in 120°C,
95% of GC conversion was observed. However, efforts to transfer these conditions in a
continuous flow system such as X-Cube (see Appendix A) were unsuccessful regardless of
the catalyst loading and the applied temperature. Suspecting leaching of the catalyst, we

conducted a stability screening which confirmed our concerns for Pd leaching.

Substituting the immobilised Pd(PPhs), with “normal” Pd(PPhs),, we received a
homogeneous solution, which we were able to directly run in flow for an optimization
screening. We used our in-house developed flow reactor, a simpler to operate flow system
(see Appendix A), since X-Cube which we have previously used for the heterogeneous
catalysed protocol was not longer necessary. Due to the fact that this system does not
support pressurization, we had to decrease the reaction temperature in order to stay below

90°C so that we will not exceed the boiling point of the solvent.

We identified the optimized reaction conditions in using 1.2eq of phenyl boronic acid
47, 2eq of K3CO3 and 2.1mol% of Pd(PPhs)4, reaching a GC conversion of 82% after
23min of residence time. We then applied these conditions in coupling of 2-bromopyridine
9 with several arylboronic acids containing both electron withdrawing and donating
groups and we isolated the corresponding 2-phenyl pyridines in generally good yields.
Since we were interested to investigate if the material of the coil had any influence on the
reaction performance, we conducted experiments either using a steel coil or a PFA coil

and in some cases both for comparison.

Furthermore, it has to be mentioned that we also investigated the influence of the
equivalents of the aryl source to the yield. We discovered that when 1.2eq of boronic acid
was used, the results were comparable for both coils. However, when 3eq of boronic acid
was used, the PFA coil performed significantly better. Electron donating substituents

on the boronic acids gave generally better yield. Even with the sterically hindered o-
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tolylboronic acid 49 a 91% yield was obtained using the PFA coil. For electron withdraw-
ing substituents on the boronic acid, improvement of the yield was noticed when instead

of 1.2eq we used 3eq of boronic acid.

Then we transferred the same conditions to the couplings of 3-bromopyridine 16 with
arylboronic acids but using almost exclusively the PFA coil and 3eq of the aryl source and
we obtained in general better yields in the corresponding 3-phenyl pyridines in comparison

to the 2-phenyl pyridines.

Overall, we synthesized a series of Suzuki-Miyaura coupling products employing the
efficient and robust technology of a continuous flow system, using a reactor designed

in-house (see Appendix A) and Pd(PPhs), as cheap catalyst.

Besides Suzuki-Miyaura coupling, we were also interested in direct arylation reactions
under continuous flow. 2-Phenylpyridine (10) constitutes a common substrate for di-
rect functionalization reactions and since we could efficiently synthesize this compound
with our flow process, we decided to investigate its further application in C-H activation

chemistry, also via a continuous-flow approach.

Initially we wanted to use a Pd catalyst since then it would be possible to combine
both reaction steps in a single operation eventually. When testing literature known Pd
catalyzed protocols it turned out that none of the reaction mixtures were absolutely
homogeneous, due to insolubility of the oxidants in use or of the aryl source and the
catalyst in the reaction solution. However, we conducted several screenings in batch
trying to optimize the yield and at the same time to improve the solubility of the reaction
mixture. Unfortunately, the best GC yields that we were able to obtain were in the range
of 60% and most importantly we could not improve significantly the solubility of the
reagents in the reaction mixture. Therefore, we decided to abandon Pd catalyzed methods

and switch to ruthenium catalysts, which are often used in C-H activation protocols.

We identified a protocol from Oi et al in which NMP was used as solvent, ben-
zeneruthenium(II)chloride dimer as catalyst and Ko;COj3 as the base at 120°C for 20h
[138,139]. The initial screening was conducted with 10 as substrate, bromobenzene 41
as aryl source, and different Ru(II) catalysts: benzeneruthenium(II)chloride dimer and

dichloro(p-cymene)ruthenium(II)dimer with microwave irradiation. It was soon found
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that both catalysts investigated, gave almost identical results in terms of conversion.
Since dichloro(p-cymene)ruthenium(IT)dimer was significantly cheaper we continued fur-
ther optimization using this catalyst. Furthermore we observed no difference under inert
conditions as used by Oi et al or under air. A finding that comes in accordance with the
general trend of Ru(II) complexes, which are stable in air and water [140]. Therefore all

screening reactions as well as compound syntheses have been carried out under air.

The major problem that we came across during this optimization was the solubility
of the base. We tested several inorganic and organic bases in combination with different
solvents and additives, in order to substitute the insoluble KoCOj3 in the reaction mixture,
but none of them resulted to a clearly homogeneous solution. In the best cases we received
moderately homogeneous reaction mixtures but those resulted in very poor GC yields.
Attempts to improve solubility by changing the concentration did not help either. Finally
the breakthrough came by switching to DBU where we obtained a homogeneous solution,
which we used for further optimization in flow. In all cases we found that mixtures of 23

and 24 were formed.

When we identified the best compromise between equivalents of bromobenzene 41,
DBU and catalyst loading, we applied the optimized conditions in flow using several
substituted bromobenzenes. The electronic nature of the halide had a significant influ-
ence on the product distribution. Electron rich 4-bromoanisole 53 gave exclusively the
mono-arylated product 25. 4-Bromotoluene 54 favored the formation of bis-arylated 27
over mono-arylated 26. When an electron withdrawing substituent was present as in
4-bromo-trifluoromethylbenzene 55, the bis-arylated product 29 was overwhelmingly fa-
vored (1:23.7) with good overall yield and a nitro group 56 was not tolerated. Overall
these results show that an increase in electron density favors mono-arylation and vice

versa.

Next, we aimed at the synthesis of bis-arylated compounds and we have made an
interesting observation. The yield of 24 was significantly lower starting from 23 (44%)
compared to the reaction starting from 2-phenylpyridine 10 (69%). The reason for this
observation was initially not clear but after conducting a time course for both reactions

we concluded to the following explanation. After the insertion of the Ru(II) into the C-H
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bond and the first arylation, ruthenium stays coordinated to the pyridine nitrogen (to
some extent) leading to a second arylation rapidly. However when the substrate is the
already mono-substituted compound 23 the phenyl group exhibits steric hindrance and
pre-coordination of ruthenium to the pyridine nitrogen might be more difficult and hence

the reaction might be slower (Scheme 26).

Overall, to the best of our knowledge, in this work we presented for the first time the
possibility of performing metal catalyzed C-H activation, using a continuous flow process
in an intermolecular fashion, since only one intramolecular example was disclosed, so
far [99]. Furthermore the transformation is operationally simple since it does not require

inert techniques making it user-friendly and effective at the same time.
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3 Experimental Section

3.1 General notes

Unless otherwise noted, chemicals were purchased from commercial suppliers and used

without further purification.
Microwave reactions were performed on a Biotage Initiator Sixty microwave unit.

Continuous flow reactions as far as concerned the synthesis of the phenylpyridine
derivatives, were performed using a syringe pump (model NE: 1000) from New Era Pump
Systems connected to an aluminum reactor designed in our group. A technical draw-
ing is provided in Figure 37. For optimization purposes the X-Cube (Figure 38) from
ThalesNano was also used. Regarding the optimization towards the flow synthesis of the
magnolol /honokiol precursors, flow reactions were performed mainly using the AFRICA
system from Syrris (Figure 39) with a cap disk (Figure 40) which was designed in our
group or a reactor from Syrris, which allows the use of a glass column for encapsulation
of heterogeneous additives (base/catalyst) (Figure 41) as well as a syringe pump (model
NE: 1000). Flash column chromatography was performed by using a Biichi SepacoreTM
MPLC system.

Kugelrohr distillation was carried out using a Bilichi GKR-51 apparatus.

Preparative HPLC runs were performed on a Shimadzu LC-8A device with an SIL-
10AP autosampler, SPD-20A detector and FRC-10A fraction collector. For separation a
Phenomenex Luna RP18, 10pm, 100A, 250 x 21.20 mm. The injection volume was 2-4ul.

and the column flow 20 mL/min. The detection wavelength was 254 nm.
For TLC analysis aluminum-backed silica gel from Merck was used.

NMR-spectra were recorded either in CDCl3 or DMSO-d6 on a Bruker AC 200 (200
MHz) or a Bruker Avance Ultrashield (400 MHz) spectrometer and chemical shifts are
reported in ppm relative to the nominal residual solvent signals: CDClz: 6 = 7.26 ppm
(*H), 6 = 77.16 ppm (*C); DMSO-d6: 6 = 2.50 (*H), § = 39.52 (**C). For assignment of
13C multiplicities standard *C spectra were recorded. The assignments were presented

when they could be unequivocally assigned to a certain carbon. The chemical shifts are
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reported in parts per million (ppm).

The abbreviations used are as follows: s, singlet; d, doublet; dd, doublet of doublets;
t, triplet; m, multiplet; td, triplet of doublets; ddd, doublet of doublet of doublet.

In order to assign the chemical shifts of each carbon and proton in a consistant way,
each of the different ring systems is marked with a, b, ¢, d as shown in the following
example.

AN
| a_Ja 3a

Melting points were determined using a Kofler-type Leica Galen III micro hot stage

microscope and are uncorrected.

GC-MS runs were performed on a Thermo Finnigan Focus GC/DSQ II with a standard
capillary column BGB 5 (ID=30mx0.32mm).
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3.2 Towards streamlining Neurodazine synthesis

3.2.1 Synthesis of 2-(furan-2-yl)-4,5-bis(4-methoxyphenyl)-1H-imidazole (3)

\0‘

C1H3N203
M: 346.39

This compound [141] was synthesised according to the following procedure.

1,2-Bis(4-methoxyphenyl)ethane-1,2-dione (1 eq, 1.56 g, 5.7 mmol) 2, furfural (2 eq,
0.95 mL, 11.56 mmol) 1, NH,OAc (12 eq, 5.27 g, 68.4 mmol) and 60 mL acetic acid
were placed in a dry three-necked flask which was equipped with a thermometer, a reflux

condenser, a magnetic stir bar and a septum. The mixture was heated at 120°C for 3h.

T A
O
o | 0 120°C, 3h N0
\ / * * NH4OAc acetic acid | N>_@
O S
~o ~o

2eq leq 12eq

1 2 3
68%

Subsequently, the reaction mixture was poured into an ice cooled NaHCOj3 solution
and the aqueous phase was extracted three times with diethylether. The organic layer
was washed with brine, dried over sodium sulfate, filtered and evaporated under vacuum.

The crude product was purified via MPLC on silica gel (P.E: EtOAc= 2:1).

e Yield: 68% (1.348 g, 3.89 mmol)
e Appearance: brown powder
e M.p: 169-172°C
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e TLC: Rf = 0.5 (P.E: EtOAc= 1:1)

'H NMR (200 MHz, CDCl;): ¢ 3.81 (s, 6H, OCH;), 6.50 (dd, 1H, J = 3.4, 1.8 Hz,
H4b), 6.77 - 6.96 (m, 5H, H3c/5¢/3d/5d/H3b), 7.34 - 7.50 (m, 5H, H5b/2¢/6¢/2d/6d).
13C NMR (50 MHz, CDCl;): 6 55.3 (s, CH3), 60.4 (s), 107.5 (s, C3b), 112 (s, C2b),
114 (s), 125.2 (s, C2a/5a), 129.2 (s, C5b), 138.5 (s, C4b), 142.3 (s, Cdc), 145.6 (s, C4d),
158.9 (s, C3c), 168.0 (s), 171.0 (s).
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3.2.2 Synthesis of 2-(furan-2-yl)-1-(methoxymethyl)-4,5-bis(4-methoxyphenyl)-
1H-imidazole (5)

Cy3H35N204
M: 390.44

This compound was synthesised according to the following procedure.

2-(Furan-2-y1)-4,5-bis(4-methoxyphenyl)-1 H-imidazole 3 (1 eq, 534 mg, 1.54 mmol)
was placed in an oven dried vial with 1.5 mL of freshly distilled THF. In another oven
dried vial, NaH (1.2 eq, 77 mg, 1.85 mmol) was weighed and then cooled in an ice bath.
Afterwards, 1.7 mL of freshly distilled THF was added under an Ar atmosphere and
the solution was stirred for a few minutes until complete dissolution of the NaH. Then
the 2-(furan-2-yl)-4,5-bis(4-methoxyphenyl)-1 H-imidazole solution was added to the NaH
solution via syringe. It was let to stir for 10min in 0°C and then MOMCI was added
dropwise 4 (1.2 eq, 0.140 mL, 1.85 mmol). At last, Nal was added to the reaction
mixture (0.1 eq, 22.5 mg, 0.15 mmol) and it was stirred for 2h until the substrate 3 was

fully converted to the protected compound 5 (evaluation by TLC).

) -0

Subsequently, the reaction mixture was poured in an ice cooled NaHCOj3 solution and

the aqueous phase extracted with diethylether for three times. The organic layer was
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washed with brine, dried over magnesium sulfate and evaporated under vacuum. Further

purification was not required.

e Yield: 90% (539 mg, 1.38 mmol)
e Appearance: light brown oil

e TLC: Rf = 0.62 (P.E: EtOAc= 1:1)

'H NMR (200 MHz, CDCl;): § 3.21 (s, 3H, NCH,OCHj;), 3.76 (s, 3H, OCHj3), 3.87
(s, 3H, OCHs), 5.23 (s, 2H, NCH,), 6.54 (dd, 1H, J = 3.4, 1.8 Hz, H4b), 6.72 - 6.81 (m,
2H, H3c/5¢), 6.94 - 7.03 (m, 3H, H3b/3d/5d), 7.30 - 7.38 (m, 2H, H2c/6c), 7.43 - 7.52
(m, 2H, H2d/6d), 7.57 (dd, J = 1.7, 0.6 Hz, 1H).

13C NMR (101 MHz, CDCl;): § 55.0 (s, OCH3), 55.2 (s, OCH3), 55.6 (s, NCH,OCH3),
744 (s, NCH,), 110.3 (s, C4b), 111.4 (s, C3b), 113.4 (s, C3¢/5¢), 114.3 (s, C3d/5d), 122.1
(s, C1d), 126.8 (s, Clc), 128.2 (s, C2c/6¢), 128.8 (s, Cha), 132.5 (s, C2d/6d), 138.0 (s,
C4a), 139.2 (s, C5b), 142.9 (s, C2a), 145.1 (s, C2b), 158.3 (s, Cdc), 159.8 (s, C4d).
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3.2.3 Synthesis of 2-(5-(3-chlorophenyl)furan-2-yl)-1-(methoxymethyl)-4,5-bis(4-
methoxyphenyl)-1H-imidazole (7)

Cl
o

RS
N o

| |
) \
O
\
C29H5CIN,O4
M: 500.98

~o0

This compound was synthesised according to the following procedure.
2-(Furan-2-yl)-1-(methoxymethyl)-4,5-bis(4-methoxyphenyl)-1 H-imidazole 5 (1 eq, 175
mg, 0.45 mmol) with 1-bromo-3-chlorobenzene 6 (1.5 eq, 129 mg, 79 pl, 0.675 mmol),
potassium pivalate (1.5 eq, 157 mg, 0.675 mmol), Sphos (8 mol%, 0.014 mg, 0.036 mmol)
and Pd(OAc)s (4 mol%, 0.004 mg, 0.018 mmol) were placed in an oven dried vial. The
vial was evacuated and flushed with argon 3 times. Then 0.9 mL of degassed DMAc were

added via syringe. The mixture was heated to 120°C for 6 h.

0 )
N (6] Br N (6]

Cl

N . 120°C N
| N + KOPiv + SPhos + Pd(OAc), N
N dry N
> ol DMAc >
leq 1.5eq 1.5eq 0.08eq  0.04eq
5 6 7

42%

Subsequently, the organic phase was washed with saturated ammonium chloride solu-
tion for three times. Then was washed with brine, dried over sodium sulfate and evapo-
rated under vacuum. The crude product was purified via MPLC on silica gel (P.E: Ether=
3:1).

e Yield: 42% (9.2 mg, 0.19 mmoles)
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e Appearance: yellow oil

e TLC: Rf = 0.73 (P.E: Ether= 1:1)

'H NMR (400 MHz, CDCL): ¢ 3.28 (s, 3H, NCH,OCHy), 3.80 (s, 3H, OCHj), 3.90
(s, 3H, OCHs), 5.33 (s, 2H, NCHy), 6.77 - 7.13 (m, 6H, H3c/5¢/3d/5d/3b/4b), 7.23 - 7.45
(m, 4H, H2¢/6¢/4e/5e), 7.45 - 7.55 (m, 2H, H2d/6d), 7.60 - 7.68 (m, 1H, H6e), 7.77 (t, J
— 1.8 Hz, 1H, H2e).

13C NMR (101 MHz, CDCL): §55.2 (s, OCHy), 55.3 (s, OCHs), 55.8 (s, NCH,OCHs),
74.8 (s, NCH,), 108.1 (s, C4b), 112.6 (s, C3b), 113.6 (s, C3c/5¢), 114.4 (s, C3d/5d), 122.0
(s, C6e), 122.1 (s, C2e), 124.0 (s, C1d), 126.9 (s, Cde), 127.6 (s, Cbe), 128.3 (s, C2¢/6c),
129.3 (s, Clc), 130.1 (s, C5a), 132.0 (s, Cle), 132.6 (s, C2d/6d), 134.8 (s, C3e), 138.5 (s,
Cda), 138.9 (s, C2b), 145.4 (s, C2a), 152.8 (s, C5b), 158.5 (s, C4c), 160.0 (s, C4d).
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3.2.4 Synthesis of 2-(5-(3-chlorophenyl)furan-2-yl)-4,5-bis(4-methoxyphenyl)-
1H-imidazole (8)

Cl

M =456.93

This compound [117] was synthesised according to the following procedure.
2-(5-(3-Chlorophenyl)furan-2-yl)-1-(methoxymethyl)-4,5-bis(4- methoxyphenyl)- 1H-
imidazole 7 (1 eq, 30 mg, 0.06 mmol) with 48% aq. HBr (0.2 ml) and 0.6 mL of MeOH
were placed in an oven dried vial. The mixture was heated to 90°C and let it stirred
overnight.
cl c

as as
o MeOH o

+ 48% aq. HBr
| \ | °ad 90°C, overnight |

7 8
33%

~Z_Z
Tz 7

Subsequently, the reaction mixture was poured in an ice cooled NaHCOj3 solution and
the aqueous phase extracted with diethylether for three times. The organic layer was
washed with brine, dried over sodium sulfate and evaporated under vacuum. The crude

product was purified via prep. TLC (P.E: EtOAc= 2:1).

e Yield: 33% (9 mg, 0.02 mmoles)

e Appearance: yellow oil
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e TLC: Rf = 0.38 (P.E: EtOAc= 2:1)

'H NMR (400 MHz, CDCL,): 6 3.73 (s, 6H, OCHy), 6.66 (d, J = 3.6 Hz, 1H, H3b),
6.68 - 6.81 (m, 4H, H3c/5c/3d/5d), 6.98 (d, J = 3.6 Hz, 1H, H4b), 7.14 (dt, J = 8.4, 1.4
Hz, 1H, Hde), 7.19 (m, 1H, Hbe), 7.31 - 7.39 (m, 4H, H2¢/6¢/2d/6d), 7.38 - 7.47 (m, 1H,
H6e), 7.57 (t, J = 1.8 Hz, 1H, H2e).

13C NMR (101 MHz, CDCl;): § 55.2 (s, OCHj3), 108.6 (s, C4b), 113.5 (s, C3b), 113.9
(s), 121.9 (s, C6e), 123.7 (s, C2e), 127.4 (s, Cde), 129.0 (s, Cbe), 129.1 (s), 129.9 (s, Cle),
131.5 (s, C3e), 131.7 (s, C5a), 134.7 (s, C2a), 137.7 (s, Cda), 145.1 (s, C2b), 152.1 (s,
C5b), 159.0 (s, Cdc/4d).

'H NMR (400 MHz, DMSO-d6): 6 3.76 (s, 3H, OCHj), 3.82 (s, 3H, OCHy), 6.89 (d,
J = 8.9 Hz, 2H, H3b/4b), 7.02 - 7.06 (m, 3H, H3c/5¢/3d), 7.25 (d, J = 3.5 Hz, 1H, H5d),
7.35 - 7.51 (m, 6H, H2¢/6¢/2d/6d/4¢e/5¢), 7.86 (d, J = 8.3 Hz, 1H, H6e), 8.00 (m, 1H,
H2e), 12.80 (s, 1H, NH).

13C NMR (101 MHz, DMSO-d6): 6 55.5 (s, OCHj), 55.7 (s, OCH,), 109.4 (s, C4b),
109.9 (s, C3¢/5¢), 114.1 (s, C3b), 114.6 (s, C3d/5d), 122.7 (s, C6e), 123.5 (s, C2e),
123.7 (s, C1d), 127.3 (s, Cde), 127.7 (s, Cbe), 127.9 (s, Clc), 128.6 (s, C2¢/6¢), 130.4 (s,
C2d/6d), 131.2 (s, Cle), 132.4 (s, C3e), 134.3 (s, Cba), 137.2 (s, C2a), 137.9 (s, C4a),
146.4 (s, C2b), 151.3 (s, C5b), 158.5 (s, Cdc), 159.4 (s, C4d).
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3.3 Flow Synthesis of 2-arylpyridine and 3-arylpyridine deriva-
tives and subsequent ortho-arylation towards their 2-phenylpyridine

derivatives

= :
N

(\—Br — —> ‘ >
N ~ R

90°C P

R'=H, Me, OMe, CF3, NO2

N
R =H, Me, OMe, NO2, CN

3.3.1 Synthesis of 2-arylpyridine and 3-arylpyridine derivatives [1]

N Br K,CO;
9 X Pd(PPh
+ [ g, (PPh3)4
= dioxane/water
BI' 900C
| N B(OH), = |
o

N E\ \\R1
16 =

R, =-H, -CH3, -OCH3, -NO,, -CN

Scheme 27: General Procedure 1A.

The appropriate amount of 2-bromo or 3-bromo pyridine (9 or 16) (1 eq., 1 mmol), the
appropriate substituted boronic acid 47, 48, 49, 50, 51 or 52 (1.2 eq., 1.2 mmol or 3eq.,
3 mmol for the synthesis of products: 18, 19, 20, 21, 22), K;COj3 (2 eq., 276mg, 2
mmol) and 2.1 mol% of Pd(PPhs), (2.1 mol%, 24mg, 0.021 mmol), and dioxane/water
mixture as solvent (1:1, 20 mL) were charged into a round bottomed flask. The mixture

was stirred for 5min at room temperature and was then filtered through filter paper,
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before being transferred to the syringe pump. The residence time was 23 min and the
temperature of the heating plate was set to 90°C. The inner diameter of the capillary
material was lmm. The volume of the reactor (Figure 37) was 16 mL. The flow rate was
0.695 mL/min and the volume of the reactor Figure 37 was 16 mL. After the reaction
zone, the product solution was collected. For work-up, diethylether (20 mL) was added
and the crude mixture was extracted with 2N solution of hydrochloric acid (3 x 20 mL).
The aqueous layer was basified using 2N solution of sodium hydroxide and then extracted
with diethylether (3 x 100 mL). The organic layer was washed with brine, dried over
sodium sulfate and evaporated under vacuum. In most of the cases the pure product
was obtained without further purification. However in the cases that impurities were still
present, purification via column chromatography on silica gel (P.E:EtOAc= 10:1) was

performed.
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3.3.2 Synthesis of ortho-arylated 2-phenylpyridine derivatives [1]

\

| Br (p-cymene)Ru(ID)Cl, r
N ’ PPhs, DBU, 160°C
R
10
X

R = -H, -OCHj3, -CH3, CF;3, -NO, . O

Yield = 0-95%

Scheme 28: General Procedure 1B.

The appropriate amount of 2-phenylpyridine derivative 10 (1 eq., 0.25 mmol), the appro-
priate bromobenzene derivative 41, 53, 54, 55 or 56 (3 eq., 0.75 mmol), DBU (4 eq., 152
mg, 1 mmol), PPhs (10 mol%, 6.5 mg, 0.025 mmol), dichloro(p-cymene)ruthenium(II)dimer
(5 mol%, 7.6 mg, 0.0125 mmol) (with the exception of the synthesis of 30, in which
7.5mol% of dichloro(p-cymene)ruthenium(II)dimer was used (7.5 mol%, 11.5 mg, 0.01875
mmol)) and NMP as solvent (1 mL) were charged into a round bottomed flask. The
mixture was stirred at room temperature until complete dissolution of all reagents. Then
this solution was transferred to the syringe pump system. The flow rate was set to 0.533
mL/min which corresponded to a residence time of 30 min and the temperature of the
heating plate was set to 160°C. After pumping through the reaction mixture, 20mL pure
solvent was pumped through the coil in order to flush the system. The inner diameter
of the capillary was 1 mm. The volume of the reactor (Figure 37) was 16 mL. After the
reaction zone, the product solution was collected. For work-up, ethyl acetate (60 mL) was
added to the reaction solution. Afterwards it was extracted three times with a saturated

solution of ammonium chloride (3 x 100 mL). The combined aqueous phases were ex-
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tracted once again with ethyl acetate (30 mL). The combined organic phases were washed
three times with brine (3 x 100 mL). The organic phase was dried with sodium sulfate,
filtered and the solvent evaporated. The crude products were purified via preparative
HPLC using a Phenomenex Luna C18(2) column and the flow rate was 20 mL/min for
both following methods. The method which has been employed for products 23 and 24
was the following: 10 min 70% CH30H/30% H20, 10-30 min 70% CH30H/30% HyO—
90% CH30H/10% H,0, 30-31 min 90% CH30OH/10% H,O — 100% CH3OH/0% H-O,
31-50 min 100% CH3OH/0% H,0O. The method which has been employed for products
25, 26, 27, 28, and 29 was the following: 10 min 70% CH3OH/30% H,0, 10-40 min 70%
CH30H/30% HyO — 90% CH30H/10% H,0O, 40-41 min 90% CH3O0H/10% HoO—100%
CH30H/0% H,0, 41-50 min 100% CH30H/0% H,O.
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3.3.3 Synthesis of 2-phenylpyridine (10)

\

CiHoN
M =155.07

This derivative [142] was synthesized according to general procedure 1A using 2-bromopyridine

9 (158 mg, 1 mmol) and phenylboronic acid 47 (146 mg, 1.2 mmol).

e Yield: 93% (144 mg, 0.93 mmol)
e Appearance: yellow oil

e TLC: Rf = 0.65 (P.E: EtOAc= 3:1)

'H NMR (200 MHz, CDCl;): § 7.18 - 7.35 (m, 1H, H3a), 7.34 - 7.59 (m, 3H,
H5a/H3b/H5b), 7.68 - 7.89 (m, 2H, Hda/H4b), 7.92 - 8.09 (m, 2H, H2b/H6b), 8.72
(dt, 1H, J = 5.0, 1.1 Hz, Héa).

13C NMR (50 MHz, CDCl;): § 120.6 (s, C3a), 122.1 (s, C5a), 126.9 (s, C2b/6b),
128.7 (s, C3b/5b), 128.9 (d, C4b), 136.7 (s, C4a), 139.3 (s, C1b), 149.6 (s, C2a), 157.4 (s,
C6a).
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3.3.4 Synthesis of 2-(p-tolyl)pyridine (11)

X

~

N

CipHy(N
M =169.09

This derivative [143] was synthesized according to general procedure 1A using 2-bromopyridine

9 (158 mg, 1 mmol) and p-tolylboronic acid 48 (163 mg, 1.2 mmol).

e Yield: 61% (103 mg, 0.61 mmol)
e Appearance: yellow oil

e TLC: Rf = 0.8 (P.E: EtOAc= 3:1)

'H NMR (200 MHz, CDCL): § 2.41 (s, 3H, CHy), 7.16 - 7.25 (m, 1H, H5a), 7.29
(d, 2H, J = 8.4 Hz, H3b/H5b), 7.66 - 7.80 (m, 2H, H3a/4a), 7.90 (d, 2H, J = 8.2 Hz,
H2b/H6b), 8.64 - 8.73 (m, 1H, H6a).

13C NMR (50 MHz, CDCl3): § 20.9 (s, CH3), 119.9 (s, C3a), 121.5 (s, Cba), 126.5
(s, C2b/6b), 129.s (d, C3b/5b), 136.3 (s, C4b), 136.4 (d, Cda), 138.6 (s, C1b), 149.3 (s,
C2a), 157.2 (s, C6a).
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3.3.5 Synthesis of 2-(o-tolyl)pyridine (12)

\

CipHy(N
M =169.09

This derivative [144] was synthesized according to general procedure 1A using 2-bromopyridine

9 (158 mg, 1 mmol) and o-tolylboronic acid 49 (163 mg, 1.2 mmol).

e Yield: 91% (153 mg, 0.91 mmol)
e Appearance: yellow oil

e TLC: Rf = 0.57 (P.E: EtOAc= 3:1)

'H NMR (200 MHz, CDCl;): § 2.36 (s, 3H, CH3), 7.17- 7.49 (m, 5H, H3a/4a/5a/4b/5b),
7.74 (td, 1H, J = 7.7, 1.9 Hz, H3b), 8.70 (ddd, 1H, J = 4.9, 1.9, 1.0 Hz, Héa).

13C NMR (50 MHz, CDCly): § 20.3 (s, CHs), 121.6 (s, C3a), 124.1 (s, C5a), 125.9 (s,
6b), 128.3 (s, C3b), 120.6 (s, C5b), 130.7 (s, C4b), 135.7 (s, C4a), 136.1 (s, C1b), 140.3
(s, C2Db), 149.1 (s, C2a), 159.9 (s, C6a).
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3.3.6 Synthesis of 2-(4-methoxyphenyl)pyridine (13)

\

OCH;,4

C2HINO
M =185.08

This derivative [145] was synthesized according to general procedure 1A using 2-bromopyridine

9 (158 mg, 1 mmol) and (4-methoxyphenyl)boronic acid 50 (182 mg, 1.2 mmol).

e Yield: 89% (164 mg, 0.89 mmol)

e Appearance: colorless solid

e M.p: 53-55°C

e TLC: Rf = 0.48 (P.E: EtOAc= 3:1)
'H NMR (200 MHz, CDCIl;): § 3.86 (s, 3H, CH3), 6.91 - 7.09 (d, 2H, H3b/5b), 7.05
- 7.24 (m, 1H, Hba), 7.58 - 7.81 (m, 2H, H3a/4a), 7.82 - 8.04 (d, 2H, H2b/6b), 8.58 - 8.72
(m, 1H, H6a).
13C NMR (50 MHz, CDCl3): § 55.7 (s, CHs), 114.3 (s, C3b/5b), 120 (s, C3a), 121.7

(s, C5a), 128.5 (s, C2b/6b), 132.3 (s, C4a), 136.9 (s, C1b), 149.7 (s, C4b), 157.3 (s, C2a),
160.8 (s, C6a).
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3.3.7 Synthesis of 2-(3-nitrophenyl)pyridine (14)

\

NO,

C11HgN,0,
M = 200.06

This derivative [146] was synthesized according to general procedure 1A using 2-bromopyridine

9 (158 mg, 1 mmol) and (3-nitrophenyl)boronic acid 51 (200 mg, 1.2 mmol).

e Yield: 51% (102 mg, 0.51 mmol)
e Appearance: yellow solid
e M.p: 72-73°C

e TLC: Rf = 0.45 (P.E: EtOAc= 3:1)

'H NMR (200 MHz, CDCLy): § 7.42 (dd, 1H, J = 7.9, 4.8 Hz, H5a), 7.53 - 7.91 (m,
5H, H3a/4a/4b/5b/6b) 8.60 - 8.73 (m, 1H, H6a), 8.83 (d, 1H, J = 2.0 Hz, H2b).

13C NMR (50 MHz, CDCLy): 6 113.4 (s, C3a), 118.3 (s, C5a), 123.8 (s, C4b), 129.9
(s, C2b), 130.7 (d, C4a/5b), 134.4 (d, C6b), 134.5 (s, C3b), 139.1 (s, C1b), 148.1 (s, C2a),
149.5 (s, C6a).
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3.3.8 Synthesis of 3-(pyridine-2-yl)benzonitrile (15)

\

CN

Ci2HgN,
M =180.07

This derivative [147] was synthesized according to general procedure 1A using 2-bromopyridine

9 (158 mg, 1 mmol) and (3-cyanophenyl)boronic acid 52 (176 mg, 1.2 mmol).

e Yield: 45% (81 mg, 0.45 mmol)
e Appearance: yellow oil

e TLC: Rf = 0.42 (P.E: EtOAc= 3:1)

'H NMR (200 MHz, CDCL): § 7.21 - 7.41 (m, 1H, H5a), 7.59 (t, 1H, J = 7.7 Hz,
H3b), 7.62 - 7.92 (m, 3H, H3a/4a/4b), 8.16 - 8.38 (m, 2H, H2b/6b), 8.73 (dt, 1H, J =
4.9, 1.0 Hz, H6a).

13C NMR (50 MHz, CDCL): § 113.0 (s, C3b), 120.5 (s, CN), 123.2 (s, C5a), 129.6
(s, C6b), 130.6 (s, C2b), 131.0 (s, C5b), 132.2 (s, C4b), 137.2 (s, C8b), 140.4 (s, C1b),
149.9 (s, C2a), 154.9 (s, C6a).
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3.3.9 Synthesis of 3-phenylpyridine (17)

X

~

N

C11HgN
M =155.07

This derivative [148] was synthesized according to general procedure 1A using 3-bromopyridine

16 (158 mg, 1 mmol) and phenylboronic acid 47 (146 mg, 1.2 mmol).

e Yield: 80% (124 mg, 0.8 mmol)
e Appearance: yellow oil

e TLC: Rf = 0.32 (P.E: EtOAc= 3:1)

'"H NMR (200 MHz, CDCl3): 6 7.31 - 7.61 (m, 6H, H4a/2b/3b/4b/5b/6b), 7.86 (dt,
1H, J = 7.9, 2.0 Hz, H5a), 8.58 (dd, 11, J = 4.8, 1.6 Hz, H2a), 8.85 (d, 1, J = 2.4 H,
Hé6a).
13C NMR (50 MHz, CDCLy): 6 123.5 (s, C3a), 127.1 (s, C2b/6b), 128.1 (s, C4b),
129.1 (s, C3b/5b), 134.4 (s, C4a), 136.6 (s, C3a), 137.8 (s, C1b), 148.3 (s, C2a), 148.4 (s,
Céa).
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3.3.10 Synthesis of 3-(p-tolyl)pyridine (18)

AN

| ~

N

CioH(N
M =169.09

This derivative [149] was synthesized according to general procedure 1A using 3-bromopyridine

16 (158 mg, 1 mmol) and p-tolylboronic acid 48 (408 mg, 3 mmol).

e Yield: 87% (147 mg, 0.87 mmol)
e Appearance: yellow oil

e TLC: Rf = 0.75 (P.E: EtOAc= 3:1)

'H NMR (200 MHz, CDCl;): § 2.33 (s, 3H, CHj), 7.34 - 7.26 (m, 2H, H3b/5b), 7.30
- 7.38 (m, 1H, H5a), 7.42 (d, 2H, J = 8.2 Hz, H2b/6b), 7.80 (ddd, 1H, J = 7.9, 2.4, 1.6
Hz, Hda), 8.50 (dd, 1H, J = 4.8, 1.6 Hz, H2a), 8.76 (d, 1M, J = 1.5 Hz, Héa).

13C NMR (50 MHz, CDCL): § 21.2 (s, CHy), 123.6 (s, C5a), 127.1 (s, C2b/6b),
129.9(s, C3b/5b), 134.2 (s, Cda), 135.0 (s, C1b), 136.7 (s, C4b), 138.1 (s, C3a), 148.2 (s,
C2a/6a).
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3.3.11 Synthesis of 3-(o-tolyl)pyridine (19)

X

~

N

CioH(N
M =169.09

This derivative [150] was synthesized according to general procedure 1A using 3-bromopyridine

16 (158 mg, 1 mmol) and o-tolylboronic acid 49 (408 mg, 3 mmol).

e Yield: 75% (126 mg, 0.75 mmol)

e Appearance: yellow oil

e TLC: Rf = 0.45 (P.E: EtOAc= 3:1)
'"H NMR (200 MHz, CDC];): § 2.28 (s, 3H, CH3), 7.06 - 7.40 (m, 5H, H4a/5a/3b/4b/5Db),
7.62 (dt, 1H, J = 7.9, 2.0 Hz, H6b), 8.46 - 8.60 (m, 2H, H2a/6a).
13C NMR (50 MHz, CDCl3): § 20.1 (s, CH3), 122.8 (s, C5a), 125.9 (s, C3b), 127.9 (s,

(2b), 129.6 (s, C4b), 130.3 (s, Cda), 135.4 (s, C5b), 136.3 (s, C3a), 137.2 (s, C6b), 137.9
(s, Clb), 147.9 (s, C6a), 149.7 (s, C2a).
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3.3.12 Synthesis of 3-(4-methoxyphenyl)pyridine (20)

OCH;

C

N

C2H1INO
M =185.08

This derivative was synthesized according to general procedure 1A using 3-bromopyridine

16 (158 mg, 1 mmol) and (4-methoxyphenyl)boronic acid 50 (456 mg, 3 mmol).

Yield: 58% (107 mg, 0.58 mmol)

Appearance: yellow solid

M.p: 58-60°C

TLC: Rf = 0.25 (P.E: EtOAc= 3:1)

'H NMR (200 MHz, CDCl): § 3.86 (s, 3H, CHy), 6.95 - 7.06 (m, 2H, H3b/5b), 7.35
(dd, 1H, J = 7.9, 4.8 Hz, Hba), 7.48 - 7.57 (m, 2H, H2b/6b), 7.85 (dt, 1H, J = 8.0, 2.1
Hz, Hia), 8.50-8.59 (m, 1H, H2a), 8.82 (d, 1H, J = 1.8 Hz, Héa).

3C NMR (50 MHz, CDC]l;): § 55.3 (s, CH3), 114.5 (s, C3a/5b), 123.4 (s, C5a), 128.1
(s, C2b/6b), 130.1 (s, C1b), 133.8 (s, Cda), 136.2 (s, C3a), 147.7 (s, C6a), 147.9 (s, C2a),
159.6 (s, C4b).
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3.3.13 Synthesis of 2-(3-nitrophenyl)pyridine (21)

NO,

AN
w

N
C11HgN,0,
M= 200.20

This derivative [151] was synthesized according to general procedure 1A using 3-bromopyridine

16 (158 mg, 1 mmol) and 2-(3-nitrophenyl)boronic acid 51 (501mg, 3 mmol).

e Yield: 58% (116 mg, 0.58 mmol)
e Appearance: yellow solid
e M.p: 93-95°C

e TLC: Rf = 0.12 (P.E: EtOAc= 3:1)

'H NMR (200 MHz, CDCL): § 7.45 (ddd, 1H, J = 7.9, 4.9, 0.9 Hz, H5b), 7.67 (¢,
1H, J = 8.0 Hz, Hba), 7.85 - 8.02 (m, 2H, H4a/6b), 8.27 (ddd, 1H, J = 8.2, 2.3, 1.1 Hz,
H4b), 8.45 (t, 1H, J = 2.0 Hz, H2b), 8.68 (dd, 1H, J = 4.9, 1.6 Hz, H2a), 8.89 (d, 1H, J
— 2.4 Hz, H6a).

13C NMR (50 MHz, CDCL): § 122.0 (s, C4b), 122.9 (s, C2b), 123.9 (s, C5a/5b),
130.2 (s, C6b), 133.0 (s, C3a), 134.3 (s, Cda), 134.5 (s, C2a), 139.4 (s, Clb), 148.1 (s,
C6a), 149.6 (s, C3b).
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3.3.14 Synthesis of 3-(pyridine-3-yl)benzonitrile (22)

CN

X

~

N
Ci2HgN;
M =180.07

This derivative [152] was synthesized according to general procedure 1A using 3-bromopyridine

16 (158 mg, 1 mmol) and (3-cyanophenyl)boronic acid 52 (441 mg, 3 mmol).

Yield: 56% (100 mg, 0.56 mmol)

e Appearance: colorless solid

M.p: 87-88°C

TLC: Rf = 0.41 (P.E: EtOAc= 3:1)

'H NMR (200 MHz, CDCl;): § 7.40 (dd, 1H, J = 7.9, 4.8 Hz, H6b), 7.53 - 7.72 (m,
2H, H5a/4b), 7.77 (s, 1H, H4a), 7.82 (d, 2H, J = 1.8 Hz, H2b/5b), 8.60-8.68 (dd, 1H, J
— 4.8, 1.6 Hz, H2a), 8.81 (d, 1H, J = 2.1 Hz, H6a).

13C NMR (50 MHz, CDCl;): § 113.3 (s, C3b), 118.4 (s, CN), 123.7 (s, C5a), 129.9
(s, C2b), 130.6 (s, C5b), 131.4 (s, C6b), 131.5 (s, C4b), 134.3 (s, C4a), 134.4 (d, C3a),
139.1 (s, C1b), 148.0 (s, C2a), 149.5 (s, C6a).
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3.3.15 Synthesis of 2-([1,1’-biphenyl]-2'-yl)pyridine (23)

~
ay

Cyi7H3N
M =231.30

This derivative [135] was synthesized according to general procedure 1B using 2-phenylpyridine
10 (39 mg, 0.25 mmol) and bromobenzene 41 (118 mg, 0.75 mmol). It was isolated along

with the 24 from the same reaction mixture.

e Yield: 26% (15 mg, 0.064 mmol)

e Appearance: colorless solid

e M.p: 87-89°C

e TLC: Rf = 0.64 (P.E: EtOAc= 3:1)
'H NMR (200 MHz, CDCl;): 6 6.88 (dt, 1H, J = 7.9, 1.1 Hz, H5a), 7.00 - 7.34 (m,
5H, H3a/4a/4b/5b/4c), 7.27 - 7.56 (m, 4H, H2¢/3c/5¢/6¢), 7.61 - 7.78 (m, 1H, H6Db), 8.63
(ddd, 2H, J = 4.9, 1.9, 1.0 Hz, H6a/3b).
13C NMR (50 MHz, CDCLy): 6 121.4 (s, C5a), 125.5 (s, C3a), 126.8 (s, C4b), 127.7

(s, C4c), 128.2 (s, C2¢/6¢), 128.6 (s, C3b/6b), 129.8 (s, C3c¢/5¢), 130.6 (s, C5b/6¢), 135.3
(s, C2b), 139.6 (s, Clc), 140.7 (s, C4a), 141.4 (s, Clb), 149.6 (s, C6a), 159.4 (s, C2a).
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3.3.16 Synthesis of 2-([1,1":3,1"-terphenyl]-2’-yl)pyridine (24)

CysHy7N
M =307.40

This derivative [138] was synthesized according to general procedure 1B using 2-phenylpyridine
10 (39 mg, 0.25 mmol) and bromobenzene 41 (118 mg, 0.75 mmol). It was isolated along

with 23 from the same reaction mixture.

e Yield: 69% (39 mg, 0.13 mmol)

e Appearance: colorless solid

e M.p: 129-131°C

e TLC: Rf = 0.64 (P.E: EtOAc= 3:1)
'H NMR (200 MHz, CDCl;): § 6.83 - 6.96 (m, 2H, H4a/5a), 7.03 - 7.21 (m, 10H,
H2c¢/3c/4c/5¢/6¢/2d/3d/4d/5d/6d), 7.26 - 7.36 (m, 1H, H3a), 7.49 (q, 3H, J = 5.4 Hz,
H4b/5b/6b), 8.31 (dt, 1H, J = 4.9, 1.4 Hz, H6a).
13C NMR (50 MHz, CDCI3): 6 121.5 (s, C3a/5a), 126.9(s), 127.4 (s, C3c/4d), 128.2

(s), 128.8 (s, C2b), 130.1 (s, C5b), 130.2 (s, C1b), 135.5 (s, C3b), 139.1 (s, C6c), 142.2
(s, C1d), 142.4 (s, C4a), 149.1 (s, C6a), 159.5 (s, C2a).
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3.3.17 Synthesis of 2-(4’-methoxy-[1,1'-biphenyl]-2’-yl)pyridine (25)

M =261.32

This derivative [135] was synthesized according to general procedure 1B using 2-phenylpyridine
10 (39 mg, 0.25 mmol) and 1-bromo-4-methoxybenzene 53 (140 mg, 0.75 mmol).

e Yield: 59% (38 mg, 0.14 mmol)
e Appearance: colorless solid
e M.p: 68-70°C

e TLC: Rf = 0.12 (P.E: EtOAc= 10:1)

'H NMR (200 MHz, CDCL): § 3.78 (s, 3H, CHj), 6.69 - 6.86 (m, 2H, H3a/5a),
6.90 (d, 1H, J = 7.9 Hz, H4b), 6.98 - 7.19 (m, 3H, Hda/3c/5¢c), 7.31 - 7.54 (m, 4H,
H5b/6b/2c/6¢), 7.58 - 7.76 (m, 1H, H3b), 8.64 (ddd, 1H, J = 4.9, 1.8, 1.0 Hz, Héa).
3C NMR (50 MHz, CDCl3): 6 56.4 (s, CH3), 114.7 (s, C3c/5c), 122.5 (s, Cha), 126.6
(s, C3a), 128.5 (s, C4b), 129.7 (s, C6b), 131.6 (s, C3b), 131.7 (s, C5b), 131.9 (s, C2¢/6c),
134.9 (s, C2b), 136.4 (s, Clc), 140.5 (s, Cda), 141.4 (s, C1b), 150.6 (s, C6a), 159.7 (s,
C2a), 160.6 (s, C4c).
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3.3.18 Synthesis of 2-(4’-methyl-[1,1’-biphenyl]-2-yl)pyridine (26) + 2-(4,4"-
dimethyl-[1,1":3,1"-terphenyl]-2’-yl)pyridine (27)

* @
O B

~

X
| N
* ~
N
* O

CysHysN CysHN
M =245.32 M = 335.45
26 27

Derivatives 26 [153] and 27 [153] were synthesized according to general procedure 1B
using 2-phenylpyridine 10 (39 mg, 0.25 mmol) and 1-bromo-4-methylbenzene 54 (128
mg, 0.75 mmol).

e Yield: 51% (combined yield) (31 mg, ratio 1:2 of 26 : 27)
e Appearance: colorless solid

e TLC: Rf = 0.18 (P.E: EtOAc= 10:1)

26 and 27 were isolated as mixture since they were inseperable (TLC and preparative
HPLC). Consequently also the NMR represents this mixture. Quantification can be done
according to signals of H6a, H6b, CH3 which, for the monoarylated compound were
marked with an asterisk and correlates to §: 2.32 (s, 3H), 0: 7.69 (tt, J = 4.2, 2.2
Hz, 1H) 6: 8.65 (ddd, J = 4.9, 1.7, 0.9 Hz, 1H), respectively. Regarding the bis-arylated
compound 27 the chemical shifts corresponding to H6a and CHj are the following §: 2.27
(s, 12H) and 6: 8.34 (ddd, J = 4.8, 1.7, 1.0 Hz, 2H). In the 3C NMR, the carbons be-
longing to 27 are distinguished from the carbons of 26 using the symbol ’. Additionally,
for the pre-mentioned reasons, a melting point for this mixture is not provided.

'H NMR (200 MHz, CDCl;): § 2.27 (s, 12H, H6a), 2.32 (s, 3H, *CHj), 6.85 - 7.58
(m, 42H, H3a/4a/5a/4b/5b/6b/2c/3c/5c/6¢/2d/3d/5d/6d), 7.69 (tt, 1H, J = 4.2, 2.2 Hz,
H3b), 8.34 (ddd, 2H, J = 4.8, 1.7, 1.0 Hz, H6a), 8.65 (ddd, 1H, J = 4.9, 1.7, 0.9 Hz, *H6a).
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13C NMR (50 MHz, CDCly): 6 21.2 (d, *CH,, CHy, CHy), 120.9 (s, C3a/*5a/5a"),
1285 (d), 128.9 (s, C2¢/6¢), 129.6 (), 130.6 (d, C4b’/6b") 135.0 (s, Cle/1c’/1d), 135.9
(s), 138.8 (s, C4a/1b’/3b%), 141.8 (s, Clb/2a’), 148.6 (s, C2a/*6a/6a’).
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3.3.19 Synthesis of 2-(4/-trifluoromethyl-[1,1’-biphenyl]-2-yl)pyridine (28)

CisHoF3N
M =299.30

This derivative [154] was synthesized according to general procedure 1B using 2-phenylpyridine
10 (39 mg, 0.25 mmol) and 1-bromo-4-(trifluoromethyl)benzene 55 (225 mg, 0.75 mmol).

It was isolated along with 29 from the same reaction mixture.

Yield: 3% (2 mg, 0.006 mmol)

e Appearance: colorless solid

M.p: 88-90°C

TLC: Rf = 0.11 (P.E: EtOAc= 10:1)

'H NMR (200 MHz, CDCL;): § 6.90 (dt, 1H, J = 7.9, 1.2 Hz, H3a), 7.02 - 7.31 (m,
3H, H5a/2¢/6c), 7.27 - 7.59 (m, 6H, Hda/4b/5b/6b/3c/5¢), 7.57 - 7.76 (m, 1H, H6b), 8.58
(ddd, 1H, J = 4.9, 1.8, 1.0 Hz, Héa)

13C NMR (50 MHz, CDCl;): 6 121.6 (s, C5a), 121.8 (s), 124.8 (d, C3a), 124.9 (d,
C4b), 125.1 (q, J = 4.2 Hz, C5c), 126.9 (s), 128.4 (q, J = 273 Hz, CFy), 128.7 (q, J = 33
Hz, Cdc), 129.2 (s, C2¢/6c), 130.4 (s, C3b/6b), 130.6 (s, C5b), 130.7 (s), 135.6 (s, C1b),
139.2 (s, Clc), 139.6 (s, C4a), 145.1 (s, C2b), 149.5 (s, C6a), 158.8 (s, C2a).
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3.3.20 Synthesis of 2-(4,4”-bis(trifluoromethyl)-[1,1':3',1"-terphenyl]-2’-yl)pyridine
(29)

~
[N C
F5C

CasHjsFgN
M =443.39

This derivative [155] was synthesized according to general procedure 1B using 2-phenylpyridine
derivative 10 (39 mg, 0.25 mmol) and (1-bromo-4(trifloromethyl)benzene 55 (225 mg, 0.75

mmol). It was isolated along with 28 from the same reaction mixture.

e Yield: 24% (20 mg, 0.045 mmol)
e Appearance: colorless
e M.p: 138-140°C

e TLC: Rf =0.37 (P.E: EtOAc= 10:1)

'H NMR (200 MHz, CDCL,): § 6.86 (dt, 11, J = 7.8, 1.2 Hz, Hda), 6.98 (ddd, 10,
J = 7.6, 4.9, 1.1 Hz, H5a), 7.22 (d, 4H, J = 8.1 Hz, H3a/5b/2¢/6¢), 7.32 - 7.52 (m, 7H,
H6d/2d/4b/6b/3c/5¢/5d), 7.53 - 7.65 (m, 1H, H3d), 8.33 (dt, 1H, J = 4.9, 1.3 Hz, Héa).
13C NMR (50 MHz, CDCl;): 6 121.3 (s, C3a), 124.3 (q, J = 4.1 Hz, Cbc¢), 124.4 (q,
J = 3.9 Hz, C5d), 124.5 (s), 126.4 (s), 126.6 (s), 127.4(s), 128.0 (q, J = 262 Hz, CF3),
128.4 (q, J = 261 Hz, CFy), 128.7 (q, J = 34 Hz, Cdc), 129.6 (q, J = 34 Hz, C4d), 129.8
(s, C5b), 135.1 (s, Clb), 138.2 (s, C3b), 140.4 (s, C6c), 144.7 (s, C1d), 144.8 (s), 148.7
(s, Cda), 157.6 (s, C2a/6a).
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3.3.21 Synthesis of 2-(4-methoxy-[1,1":3',1"-terphenyl]-2’-yl)pyridine (30)

C24H19NO
M =337.42

This derivative [156] was synthesized according to general procedure 1B using 2-(4'-
methoxy-[1,1’-biphenyl]-2-yl)pyridine 25 (65 mg, 0.25 mmol), bromobenzene 41 (118 mg,
0.75 mmol) and 7.5mol% of dichloro(p-cymene)ruthenium(IT)dimer (7.5 mol%, 11.5 mg,
0.01875 mmol)).

e Yield: 24% (20 mg, 0.06 mmol)
e Appearance: colorless solid
o M.p: 132-134°C

e TLC: Rf = 0.18 (P.E: EtOAc= 10:1)

'H NMR (200 MHz, CDCL,): § 3.75 (s, 3H, CHy), 6.63 - 6.78 (m, 2H, H3c/5c), 6.82 -
6.97 (m, 2H, H3d/5d), 6.97 - 7.20 (m, 7H, H3a/4a/5a/5b/2c/6¢/4d), 7.23 - 7.60 (m, 4H,
H4b/6b/6d/2d), 8.34 (dt, 1H, J = 4.9, 1.3, H6a)

13C NMR (50 MHz, CDCl;): § 54.8 (s, CH;), 112.18 (s, C3c/5c), 120.6 (s, C5a),
125.9 (s, C3a), 126.5 (s, Cda/4d), 127.3 (s, C3d/5d), 127.9 (s, C2d/6d), 128.9 (s, C5b),
129.2 (d, C2b), 129.3 (s, C6b), 130.4 (s, C4b), 133.6 (s, C2c), 134.7 (s, C6c), 138.1 (s,
Clc), 141.1 (t, C1b), 141.3 (s, C3b), 141.5 (s, C1d). 148.2 (s, C6a), 157.8 (s, C2a), 158.8
(s, Cdc).
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Figure 37: In-house developed continuous-flow reactor system and technical drawing of

the aluminium reactor.
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Figure 38: X-Cube.
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Figure 39: AFRICA.
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Figure 40: Cap disk.
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Figure 41: Reactor from Syrris, which allows the use of a glass column for encapsulation

of heterogeneous additives.
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