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CHAPTER 1
Introduction to C−H Functionalization and
Flow Chemistry

This chapter is based on:
Gemoets, H. P. L.; Su, Y.; Shang, M.; Hessel, V.; Luque, R.; Noël, T. Chem. Soc.
Rev. 2016, 45, 83‐117
Gemoets, H. P. L.; Hessel, V.; Noel, T. Reactor Concepts for Aerobic Liquid‐
phase Oxidation: Microreactors and tube reactors. In Liquid Phase Aerobic
Oxidation Analysis: Industrial Applications and Academic Perspectives; Stahl,
S., Alsters, P. L., Eds.; Wiley‐VCH: Weinheim, 2016; pp 397‐419.

Chapter 1
A BRIEF HISTORY OF C−H ACTIVATION
Alkanes, or saturated hydrocarbons, are the principal components of oil
and natural gas feedstocks. Despite their abundance, only few practical
processes to directly convert these hydrocarbons into valuable products
exist.* The poor reactivity of alkanes is also exemplified by their original
name “paraffins”, derived from Latin parum and affinis, meaning “poor
affinity”. The inertness of alkanes lies in the strong covalent C−C and C−H
bonds that keep the molecule together: the bond dissociation energies
(BDE) for such bonds are typically around 90‐100 kcal/mol and the
carbon‐hydrogen bonds are regarded as non‐acidic (pKa = 45‐60) (see
Figure 1.1).1

Figure 1.1. BDEs and pKa for selected hydrocarbon C−H bonds.

Consequently, alkanes are often labeled as ‘the noble gases of organic
chemistry’.1c Nevertheless, atmospheric oxygen is capable of activating
alkanes at high temperatures. The reaction between oxygen and alkanes is
highly exothermic and results in the formation of thermodynamically
stable water and carbon dioxide. It is worth noting that, up to date, this
rudimentary chemistry practice still represents the most common way to
provide energy world‐wide. Albeit essential to our current society, the
reaction between oxygen and alkanes is not synthetically useful in the eyes
of an organic chemist. Alkanes constitute a significant fraction of the

*While

most common practices, such as cracking and thermal dehydrogenation,
can deliver valuable olefins as primary building blocks, these indirect approaches
are enormously energy intensive and offer little control over selectivity.
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carbon pool present on our planet, and the possibility to selectively
activate them for the synthesis of valuable organic compounds would
represent a major advance in the field of organic chemistry.
For over a century, chemists have pursued the development of novel
strategies to manipulate inexpensive and abundant hydrocarbon
fragments in a controlled manner. The direct activation of C−H bonds
would indeed represent a true expansion of the organic chemist toolbox,
allowing to overcome traditional strategies based on the reactivity of
nucleophiles towards electrophiles. The first evidence of the so‐called C−H
bond activation dates back to the end of the nineteenth century, when a
metal promoted C−H activation was reported by Volhard and Dimroth.2
Their report focused on the direct mercuration of aromatic moieties, thus
breaking the C−H bond and displacing the hydrogen with the metal center
(see Figure 1.2). Despite this early discovery, another 60 years passed
before the use of transition metal chemistry for C−H activation became
relevant.

Figure 1.2. Early examples of C−H Activation .
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During the mid‐60’s, Chatt et al. reported the C−H metalation of
naphthalene through the insertion of a ruthenium(0) complex (see Figure
1.2).3 A few years later, Shilov discovered the first innate C−H activation of
saturated hydrocarbons (alkanes) by reporting the platinum‐catalyzed
H−D exchange and halogenation of methane gas and analogues.4 Notably,
the authors observed that the products obtained in both reactions showed
different ratios compared to the products obtained through a radical
pathway. Such a difference in the ratios of the products was explained by
postulating that both the H−D exchange and the halogenation of methane
proceed through the formation of an alkylplatinum intermediate.
Around the same period, Fujiwara and Moritani reported the first
carbon‐carbon bond formation through cleavage of aromatic, as well as
aliphatic, C−H bonds (Figure 1.3).5 Notably, the introduction of an oxidant
in their protocol allowed to reduce the amount of transition metal (i.e.,
palladium) to catalytic amounts.6 For these reasons, the Fujiwara‐Moritani
coupling† reaction is often considered the first practical C−H activation
methodology reported, and can be regarded as the fundamental
transformation

that

initiated

the

field

of

metal‐catalyzed

C−H

functionalization chemistry .

Figure 1.3. The Fujiwara‐Moritani coupling reaction.

†Often

called the oxidative/dehydrogenative Heck reaction, the Fujiwara‐Moritani
reaction (1967‐1969) was actually reported prior to the Mizoroki‐Heck reaction
(1971‐1972).
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FROM CROSS‐COUPLING TO C−H FUNCTIONALIZATION
Since its introduction in the 70’s, cross‐coupling chemistry completely
revolutionized the way organic chemists conceive the synthesis of organic
molecules.7 Cross‐coupling strategies allow the efficient formation of
carbon‐carbon and carbon‐heteroatom bonds by matching organometallic
(or organoboron) nucleophiles with organohalide electrophiles in the
presence of a transition metal catalyst (mostly palladium) and a ligand
(see Figure 1.4 a). Following their discovery, cross‐coupling methods
became the most reliable methodologies for the preparation of
(hetero)biaryl structures, which represent important motifs both in
natural products and pharmaceuticals. Nowadays, a plethora of named
reactions, such as Mizoroki‐Heck, Negishi, Suzuki‐Miyaura, Sonogashira
and Buchwald Hartwig coupling, are routinely applied in pharmaceutical
industry and materials science.8 Cross‐coupling chemistry owes its great
success to the possibility to control the regioselectivity of the products
obtained.‡ The newly formed C‐C bonds are selectively constructed
between the carbon‐halide position of one moiety and the carbon‐
organometallic position of the other moiety. However, the presence of
leaving groups selectively activate the carbon bonds results in the
concomitant production of stoichiometric amounts of chemical waste.
Therefore, in terms of economical cost and sustainability, cross coupling
methods cannot fully satisfy the 12 principles of green chemistry, which
are currently recognized as important guidelines in the chemical industry.9

‡Although

in these years there were a number of initial reports on the direct C−H
bond functionalization (e.g., Fujiwara‐Moritani reaction), it appears that for
reason of selectivity, the attention of researchers was drawn to pre‐functionalized
substrates.
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Figure 1.4. Traditional cross‐coupling chemistry and C−H functionalization for coupling
chemistry.

In this context, cross‐coupling chemistry has experienced an extensive
innovation aimed at adapting old methodologies to the recent needs of the
chemical industry. As a consequence, coupling reactions proceeding under
milder conditions, with lower catalyst loading and facilitated by a plethora
of tailor made ligands have been reported.10 However, despite these
efforts, many cross‐coupling reactions still suffer from low atom efficiency
and high costs. A solution to improve the atom efficiency would be to
circumvent entirely the need for pre‐functionalization substrates, and
utilize instead C−H bonds as ‘functional handles’ (see Figure 1.4 b). As
stated above, direct C−H functionalization§ was long considered as the
‘holy grail’ in modern organic chemistry, and only few successful attempts
were reported (vide supra).11 The reason is that the implementation of
§C−H

functionalizations for carbon‐heteroatom coupling and alternative activation
pathways, such as photoredox or electrochemistry are not included in this
discussion.12
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direct C−H bond activation not only leads to greener synthesis, but it also
provides a true paradigm shift in organic chemistry, affording novel
regioselective

functionalizations

beyond

conventional

synthetic

capabilities (see Figure 1.5).

Figure 1.5. Advantages and disadvantages of C−H functionalization.

However, thanks to its appeal for application in medicinal chemistry, C−H
functionalization recently became a powerful enabling tool to explore new
chemical spaces. Moreover, C−H functionalization represents an ideal
methodology for the so‐called “late stage functionalizations (LSF)”, as it
allows medicinal chemists to selectively activate C−H bonds in a later stage
in the synthesis of drug candidates, thus affording a point of diversification
of the lead candidate to generate close homologues without the need for a
de novo synthesis.13
It is worth noting that coupling reactions by means of C−H
functionalization can proceed via different pathways. Therefore, a useful
classification of these transformations can be done according to the “redox
concept” (see Figure 1.4), as opposed to traditional cross‐coupling
reactions that are considered to be redox‐neutral (isohypsic) processes.
For traditional cross‐coupling methods, the general accepted mechanism is
described with a catalytic cycle starting with the oxidative addition of the
7
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organohalide substrate to the metal catalyst (e.g., Pd0) (see Figure 1.6).7a
Next, the catalytic cycle proceeds with a transmetalation step with the
organometallic coupling partner, generating a metal complex bearing both
coupling fragments. Subsequently, reductive elimination results in the C−C
bond formation with the regeneration of the active catalyst. Contrariwise,
C−H functionalization is initiated through a C−H activation step. Then,
depending on the coupling partner, several different steps can take place
(see Figure 1.6, a, b and c).1a,

14

In case a, an oxidative addition of the

electrophile takes place, rendering a highly oxidized metal complex (PdIV)
and followed by a reductive elimination that closes the catalytic cycle (the
arrow directly from [R1‐PdIV‐R2] to PdII is not shown below). Notably, in
such a case the catalytic cycle is regarded an isohypsic process, since no
external oxidant is needed. On the other hand, in both case b and c, the
second step of the cycle is represented either by transmetalation or C−H
activation respectively and affords a complex similar to the one obtained
in traditional cross‐coupling processes. However, after the reductive
elimination step, the catalyst is obtained in its reduced form (Pd0).

Figure 1.6. Comparison of Cross‐coupling and C−H functionalization for coupling
chemistry.
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Therefore, in order to render the reaction catalytic, the presence of an
appropriate oxidant is required to capture the redundant electrons and to
re‐oxidize the catalyst to its original state (PdII). Thus, both cases b and c
are considered to be oxidative processes. In terms of atom economy, the
ideal case is represented by the direct coupling of two C−H bonds. This
type of reaction is called a cross‐dehydrogenative coupling (CDC), and
affords the C‐C bond formation via the net elimination of two hydrogen
atoms.15
C−H bond functionalization reactions are limited by several
fundamental challenges: Firstly, the ‘inert’ nature of C−H bonds entails the
necessity for high activation energies (i.e., high temperatures). Secondly,
the ubiquitous nature of C−H bonds poses a challenge for the chemo‐ and
regioselective modification of a single site. Lastly, as exemplified in cases b
or c, the necessity for an external oxidant often results in the use of over‐
stoichiometric amounts of hazardous or metal‐containing oxidants. In
order to overcome these inherent hurdles, some successful strategies
emerged. As examples, the installment of a directing group, or the
presence of an internal oxidant are valid approaches that can facilitate the
C−H activation and reoxidation step respectively, thus providing improved
regioselectivities and milder reaction conditions.16 As of today, many
dedicated researchers, such as Du Bois, Fagnou, Ackermann, Gaunt,
Hartwig, Glorius, Sanford, Yu and Davies, among others, are pushing the
boundaries of C−H functionalization from the improbable to the possible.

9

1

Chapter 1
FLOW CHEMISTRY AS AN ENABLING TOOL
Ever since Williamson’s first reported synthesis of ethers,17 organic
chemists have been rather conservative towards their laboratory
equipment. The traditional round‐bottom flask has not changed in shape in
the last centuries and is still regarded as the most fundamental piece of
glassware in any chemical lab. Although very appropriate for lab practices
and small scale chemical synthesis, round bottom flasks are highly
inefficient vessels for large scale synthesis, due to the lack of control over
heating and mixing. Therefore, in the industrial sector, such as the
petrochemical and polymer industries, traditional glassware has long been
replaced by tubes and pipes as vessels for production scale. Moreover,
tubing and pipes afford a continuous mode of operation which in turn
provides high performing, cost‐effective, safe and atom‐efficient chemical
operations.18
On the other hand, the pharmaceutical and fine‐chemicals industries
still conduct a large part of their production in large scale stirred tank
batch reactors. This is largely due to the relatively smaller scale of
production of the pharmaceutical industry, compared to the petrochemical
sector, and to the long time‐frame (1 to 2 decades) required from the
identification of a lead candidate and its ton scale production. In other
words, in order to avoid time‐consuming and expensive redesigning of the
active pharmaceutical ingredient (API) synthesis, scale‐up in the
pharmaceutical sector mainly consists in the use of progressively larger
reactors. However, such a scale‐up strategy is often cumbersome and far
from optimal. The typical limitations observed during the scaling up of
APIs synthesis are connected with the poor degree of control in stirred
tank reactors over key reaction parameters (such as temperature, stirring
efficiency and pressure). Moreover, the inefficient control of these
10
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parameters might pose potential safety issue (e.g., hot spot formation and
runaway reactions) when scaling up production to the ton scale.19
A technology that can greatly improve the issues associated with
reactor scale‐up as well as reducing safety concerns is continuous‐flow
chemistry.20,** This is due to the fact that flow reactors offer unique heat‐
and mass‐transport capabilities. Because of their high surface‐to‐volume
ratios a fine control over all reaction parameters can be easily achieved,
and the accumulation of high quantities of hazardous materials or reaction
intermediates can be avoided. Moreover, the implementation of flow
chemistry in the early stages of drug discoveries programs would allow a
smooth transition from a continuous gram scale production of leads to the
kg scale for clinical trials, to ton scale required for production phase.21 This
can be explained by considering that scaling‐up of continuous‐flow
reactors is often a straightforward procedure, requiring a minimal
redesign of the reaction conditions and mainly based on increasing the
throughput of flow reactors by prolonging their operation time (time
equals quantity), increasing their tubing length (while keeping residence
time constant) or by numbering‐up the flow devices in parallel.
The importance and the potential of flow chemistry for the
pharmaceutical sector was officially recognized by the American Chemical
Society Green Chemistry Institute (ACS GCI) when, in 2005, they founded
the

so‐called

Pharmaceutical

Roundtable.22

The

Pharmaceutical

Roundtable is a think tank involving all major leading companies in the
pharmaceutical sector, and aimed at defining key aspects to improve the
sustainability and environmental impact of the drug discovery and
**Despite

continuous flow being a general definition for reactors of all scales, it is
important to state that the examples and the research discussed in this thesis
focus on continuous reactors in the micro (i.d. < 1 mm) or milli (1 mm < i.d. < few
mm) scale.
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production processes. Notably, in their 2011 report on “key green
engineering research areas”, continuous‐flow manufacturing was selected
as the number one field with the highest potential to positively impact the
overall sustainability of the pharmaceutical sector.23 According to the
Pharmaceutical Roundtable, the main aspects that would benefit by an
extensive implementation of continuous manufacturing would be
improved and reliable quality of products, process safety and
environmental impact. Moreover, an improvement of all these elements
would result in an improved time‐to‐market and lower cost of production,
thus making continuous manufacturing appealing also from an economic
point of view.
OUTLINE OF THIS THESIS: C−H ACTIVATION IN CONTINUOUS FLOW
Interestingly, the Pharmaceutical Roundtable also published back in 2007
a report on “key green chemistry research areas” with the purpose to
identify and encourage those methodologies or reactions that would
significantly ameliorate the atom economy, the sustainability and the
waste generation in the synthesis of APIs.24 According to the majority of
the pharmaceutical companies involved in the think tank, the C−H
activation of aromatics (meaning cross‐coupling type reactions that do not
require haloaromatics) is the most promising field of research in green
chemistry. In other words, the guidelines supported by all world leading
pharmaceutical companies suggest that both C−H activation and
continuous‐flow processes are of fundamental importance to improve the
overall sustainability of the pharmaceutical sector. It is therefore
reasonable to postulate that the combination of these two aspects (that is
to perform and discover C−H activation methodologies in continuous low)
would give a powerful tool to enable the discovery of novel synthetically
useful strategies, while promoting advances in the two fields deemed as
12
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most interesting for the pharmaceutical sector. In particular, thanks to
some intrinsic characteristics of continuous processes, C−H activation
methodologies performed in flow reactors would most likely exhibit an
acceleration of the reaction kinetics as well as an improvement in reaction
yield and scalability. Specifically, as presented in this thesis, several
inherent advantages of continuous‐flow processing can substantially
improve C−H activation strategies:
1. Flow chemistry for efficient use of molecular oxygen
One

important

reasoning

behind

the

implementation

of

C−H

functionalization is to develop novel green and sustainable alternatives to
traditional chemistries.15,

22

However, the vast majority of reported C−H

functionalization reactions involves an oxidation step (vide supra), which
requires stoichiometric amounts of transition metal based salts or
hazardous organic oxidants to ensure an efficient catalytic system.
Molecular oxygen or air would be ideal replacements as sustainable, atom
efficient and inexpensive terminal oxidants. However, on the larger scale,
aerobic oxidative protocols are often discouraged in pharmaceutical
synthesis due to safety concerns (oxygen headspace) and process
constraints (gas‐liquid mass transfer limitations). Continuous‐flow
processes would represent a viable alternative to overcome these
limitations by providing simple scale‐up procedures, while maintaining
low hold‐up volumes and excellent interfacial mixing behaviors (interfacial
areas between gas and liquid up to 3 orders of magnitude higher than in
batch) (see Table 1.1).25 Furthermore, upon formation of a Taylor flow
regime, (see Figure 1.7) an intense recirculation within the liquid slugs is
obtained, which allows for a fast renewal of the oxygen boundary layer at
the gas‐liquid interface. Additionally, through the use of mass flow
controllers, the stoichiometry of the gaseous reactant can be easily
13
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controlled. Moreover, the possibility to apply pressure, thus increasing the
solubility of gaseous reactants, is straightforward in microfluidic
devices.20a In Chapter 2, the synergistic use of microreactor technology
and molecular oxygen as sole oxidant for the cross‐dehydrogenative Heck
reaction of indoles is demonstrated.
Table 1.1. Interfacial Surface Area (a) for Oxygen and Liquid phasea
Reactor vessel

Inner diameter (i.d.)

aoxygen:liquid (m2.m‐3)

250 mL round‐bottom flask

8.6 cm

34

50 mL round‐bottom flask

5.0 cm

60

5 mL round‐bottom flask
milliflow channel

2.8 cm
1.6 mm < i.d. < 1.0 cm

107
566 ‐ 3536

microflow channel

0.25 mm < i.d. < 1.00 mm

5657 – 22627

aCalculated

for a half‐filled round‐bottom flask when liquid is static

. .

. In case of

milli‐ or microflow channels, calculated for annular flow regime with equal volumes
.
. .

Figure 1.7. Taylor flow regime in a microcapillary tubing.

2. Flow chemistry for accessible and scalable photochemistry
In order to meet the 12 principles of green chemistry, new synthetic routes
with an improved environmental footprint are required.9 In the last
decade, visible light photoredox catalysis has emerged as a mild
alternative to activate small molecules. In this field, chromophores, such as
transition metal complexes or organic dyes, are used to harvest and
transform visible light energy into an electrochemical potential to initiate
14
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single electron transfers with substrates of interest.20b More recently, it
was demonstrated that photoredox chemistry could be successfully
combined with transition‐metal catalysis to create a dual catalysis
platform for C−C bond formation.26 The value of this strategy lies within its
ability to generate radicals in a mild catalytic manner, and in the
subsequent addition of the generated radicals to a transition‐metal
complex (i.e., single‐electron transmetalation) at room temperature
(Figure 1.8). However, scalability of such batch reactions is cumbersome
due to the attenuation effect of photon transport (Bourgier‐Lambert‐Beer
law), which prevents dual catalysis from being a suitable C−C coupling
protocol on the preparative scale. However, these limitations can readily
be overcome with the use of continuous‐flow microreactors.27 Due to the
miniaturized size of the reactor channels, a uniform irradiation of the
reaction mixture can be easily achieved. As part of our interests to
overcome some of the inherent limitations encountered in C−H
functionalization methodologies (such as high energy transition states),
while maintaining an optimal atom economy, we reasoned that dual
catalysis could be a powerful strategy for our purposes.28 As example, in
Chapter 3, a mild and direct C−H acylation of indoles was developed
employing a dual photoredox/palladium catalysis mode. The room
temperature protocol displayed excellent functional groups tolerance and
allowed for the coupling of various aromatic and aliphatic aldehydes (both
primary and secondary). Moreover, the implementation of flow chemistry
resulted in a remarkable acceleration of the reaction times, improved
yields and straightforward scalability.

15
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Figure 1.7. Dual photoredox/palladium catalysis to enable mild C−H functionalizations.

3. Flow chemistry for solid phase‐assisted synthesis
The high surface‐to‐volume ratio characteristic of microreactors can
provide several benefits other than the enhanced heat‐ and mass‐transfer.
For example, in the field of heterogeneous catalysis, great progress was
made thanks to the implementation of so‐called packed bed or wall‐coated
continuous‐flow reactors.29 In such devices, the catalytic active species
(mostly transition metal complexes) are immobilized onto a solid‐support
system (typically silica or alumina). Throughout the duration of the
reaction, the catalyst remains static, while reagents flow through the
reactor. Notably, this immobilization strategy leads to very high local
concentration ratios between the active catalyst and the reagents, thus
resulting in increased reaction rates and higher turnover numbers. In
addition, time‐consuming separation steps can be circumvented. More
recently, continuous flow reactors with a supported catalyst have been
applied in the field of homogeneous catalysis as well.30 In these cases, the
supported metal acts as a reservoir of the catalyst’s precursor capable of
16
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releasing the catalytically active species into the reaction stream.
Remarkably, after participating in the catalytic cycle, the active catalyst
can re‐adsorb on the solid support (i.e., leaching/re‐adsorption system). In
Chapter 6, a copper tube flow reactor (CTFR) was constructed out of
inexpensive and commercially available copper tubing, in order to perform
the meta‐selective C−H arylation of electron‐rich anilines in a continuous
process. In this case, the implementation of a copper coil comprising both
the reactor body and the reservoir for the active catalytic species (i.e., CuI),
resulted in a significant breakthrough in terms of operational simplicity
for C−H activation chemistry.
4. Flow chemistry for in‐line purifications and down‐stream processing
The vast majority of work‐up procedures employed in the fine chemical
industry relies on conventional ‘off‐line’ methods. These down‐stream
procedures often employ large quantities of solvents, and frequently
require more time than the synthesis itself. In the field of drug discovery,
time is of the utmost importance: in order to accelerate the complex
process of identification, validation and approval on the market of a drug
candidate, it is of vital importance to design time efficient processes.
Unlike batch processing, flow chemistry opens the possibility to
implement in‐line workup procedures.31 The most commonly employed
workup

devices

for

continuous

reactors

are

membrane‐based

separators.32 Such devices can be operated in a telescoped fashion to
achieve straightforward continuous liquid‐liquid or gas‐liquid extractions
(see Figure 1.9). In Chapter 6, a commercially available liquid‐liquid
membrane separator (Zaiput) was used in‐line in order to separate the
transition‐metal catalyst used for the C−H arylation step from the desired
product. Specifically, the introduction of the extraction module resulted in
a dramatic acceleration of the entire protocol (consisting of four different
17
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modules, including workup procedures), thus affording the desired
product within a total residence time of 1 hour. Moreover, owing to the in‐
line extraction procedure, the need for further purification steps could be
obviated.

Figure 1.9. Continuous purification of a reaction stream using a membrane‐based
separator.

5. Flow chemistry to tame hazardous reaction conditions
Performing highly exothermic reactions in a stirred tank reactor might
lead to hot spot formation or to thermal runaway. In order to circumvent
these matters, chemists generally reduce heat generation either by
working under diluted conditions, by slowly adding reagents over time or
by intense cooling of the reactor (in most cases, more than one of this
strategies might be required). Despite being practical for small scale
laboratory synthesis, these measures are far from ideal due to the fact that
they require an intensive consumption of solvent, time and energy.
Moreover, it is important to consider that in order to ensure isothermal
conditions throughout the reaction, the net heat dissipating from a reactor
needs to be higher than the heat generated by an exothermic reaction.
Because of the fact that the heat transfer in the reactor is directly
proportional to the area of the reactors wall (~m2), while the heat
generated from an exothermic reaction is proportionate to its volume
(~m3), it becomes clear that within classical batch reactors scale‐up can
become increasingly difficult.33 For this reason, in the pharmaceutical
industry the assessment of a reaction thermal profile is a vital part of any
18
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scale‐up process. During the scale‐up process, reactions whose thermal
profile can’t comply with the safety standards might cause the need to re‐
develop a compound synthesis, thus substantially increasing the time‐to‐
market of a drug candidate. Because of their excellent surface‐to‐volume
ratios (up to 50000 m2.m‐3), microreactors represent an ideal tool for the
safe manufacturing of APIs from small to production scale.34 In Chapter 7,
a flow module was designed for the “one‐pot” synthesis of diaryliodonium
triflates. Recently, these compounds have attracted much attention as aryl
electrophilic sources, and employed in mild arylation methodologies.
However, despite being shelf stable and non‐toxic, diaryliodonium salts
have a limited commercial availability and are therefore expensive. This is
mainly due to their cumbersome synthesis, characterized by a highly
exothermic profile (up to 180 kcal/mol). To demonstrate the benefits
associated with the implementation of microflow technology for highly
exothermic reactions, we successfully developed a continuous reactor
enabling a fast, scalable and safe synthesis of diaryliodonium salts.
Notably, with a single 100 µL microchannel, we achieved a productivity of
up to 3.8 g/h of desired product and obtained a broad substrate scope.
Moreover, reactions that were considered “forbidden” when performed
in batch due to their safety profile, can be safely managed by using
microreactors. Thanks to improved transport phenomena attainable in
microflow reactors, unstable or otherwise hazardous intermediate, such as
organolithium, Grignard reagents or diazo compounds, can be generated in
situ and readily converted to the desired product in a highly controlled
manner. Furthermore, gaining access to such highly reactive reagents
would allow scientists to perform many reactions in milder conditions (i.e.,
lower temperature). In the context of C−H functionalization, Chapter 4
describes the development of a mild and selective strategy for the C−H
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arylation of heteroarenes, using highly electrophilic aryldiazonium
tetrafluoroborates. A deep understanding of the arylation reaction
mechanism was achieved through DFT calculations and

in depth

mechanistic studies, as described in Chapter 5. In Chapter 8, a critical
assessment on the environmental impact of the same methodology was
conducted, based on experimental results, cost analysis and green
chemistry metrics. The evaluation revealed that the developed C−H
activation methodology exhibited a much lower environmental impact and
required lower cost than a patented procedure for the synthesis of
saprisartan. Moreover, we reasoned that the safety profile of our C‐H
arylation methodology would significantly improve by performing the in
situ generation of the diazo compounds in continuous flow. Preliminary
results using a microreactor showed increased operational safety., and
good scalability of the procedure. Further optimization towards the
development of a continuous‐flow process appropriate for multi‐gram
scale production is currently underway in our laboratory.
FUTURE PERSPECTIVE
As summarized in the previous paragraphs, the implementation of
continuous‐flow technology can bring many benefits for the production of
pharmaceuticals and fine chemicals. Owing to the enhanced rate of heat
and mass transfer, the safe handling of explosive or hazardous reaction
mixtures, and the potential to efficiently scale up production, the last
decade has witnessed a remarkable increase in the use of continuous‐flow
technology in the pharmaceutical industry. Moreover, the introduction on
the market of commercially available platforms suited both for laboratory
and production scales (e.g., the R series from Vapourtec, the H‐cube from
ThalesNano and the Asia from Syrris,),35 largely contributed to making this
technology broadly available.
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Despite all these positive aspects, new progresses in the field of flow
chemistry are of pivotal importance and will require interdisciplinary
efforts from the newer generations of chemists, engineers and material
scientists. As an example, owing to the improved safety characteristics of
microflow reactors, pure oxygen or carbon monoxide have only recently
been reported as atom efficient reagents in organic synthesis. In the same
way, many different opportunities might develop thanks to other
possibilities granted by flow chemistry. However, to exploit to its full
potential flow devices, studies on the fundamentals of multiphase
transport phenomena are required and need to be further developed in
combination with novel chemistries.36
Moreover, for significant progresses in the continuous‐flow C−H
functionalization chemistry, full support from both academia and
pharmaceutical industry is crucial. Interest from the big pharma is fueled
by the increased safety, the higher reaction selectivity and the overall
efficiency of the C−H activation protocols. Such collaborative efforts are
not only important from a funding perspective, but industrial applications
will facilitate the widespread use of this technology, reduce the overall
cost, and stimulate innovations in real life examples.
In this thesis, several examples on the beneficial and successful
combination of C−H activation and micro low technology are presented.
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CHAPTER 2
Aerobic C−H Ole ination of Indoles via a Cross‐
Dehydrogenative Coupling in Continuous Flow
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Chapter 2
ABSTRACT
Herein, we report the first site‐selective, Pd(II)‐catalyzed, cross‐
dehydrogenative Heck reaction of indoles in micro ﬂow. By use of a
capillary microreactor, we were able to boost the intrinsic kinetics to
accelerate former hour‐scale reaction conditions in batch to the minute
range inﬂow. The synergistic use of microreactor technology and oxygen,
as both terminal oxidant and mixing motif, highlights the sustainable
aspect of this process.
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INTRODUCTION
3‐Vinylindole motifs play a prominent role in APIs as they impart
interesting biological properties, such as anticarcinogenic, antiviral,
antibacterial and antidepressant activities (Figure 2.1).1–8 Consequently,
reliable methods to prepare such compounds are of great importance. One
appealing approach to prepare vinylindoles is via a cross‐dehydrogenative
Heck coupling.9,10 CDC reactions allow the connection of two different C−H
bonds under oxidative conditions. In contrast to traditional cross‐
coupling,11 CDC

bypasses the need for pre‐functionalized coupling

partners and produces, in theory, only water as a by‐product. Despite
these apparent advantages, challenges still remain with regard to
reactivity, selectivity, practicality and scope.12–15
In 1967, Moritani and Fujiwara were the first to report a cross‐
dehydrogenative Heck reaction.16 Their pioneering studies involved the
coupling between olefins and benzene in the presence of stoichiometric
amounts of PdCl2. In 1999, Fujiwara described a highly efficient
dehydrogenative Heck reaction of heterocycles, including (NH)‐indole
substrates, with olefins using catalytic amounts of palladium acetate
(Pd(OAc)2) and tert‐butyl hydroperoxide (TBHP) as a terminal oxidant.17
Inspired by the work of Fujiwara, several other research groups continued
developing selective C‐3 cross‐dehydrogenative Heck reactions for (NH)‐
indoles, utilizing a variety of oxidants.18–22 In 2012, Wang reported the use
of gaseous oxygen as a sole terminal oxidant for this transformation.20
Despite being the cleanest and cheapest oxidant, the use of oxygen in
combination with flammable solvents raises significant safety concerns,
especially on a larger scale. In addition, direct oxidation of Pd(0) by
molecular oxygen is kinetically unfavored, allowing for the reduced
palladium to agglomerate into inactive bulk metal.23–30 With this in mind,
29
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Figure 2.1. Examples of 3‐vinylindole compounds displaying interesting biological
activities.3,5,7

the development of a safe and reliable CDC procedure to prepare 3‐
vinylindoles would be an attractive goal.
Due to its small dimensions, continuous‐flow microreactors have received
an increasing amount of attention to carry out such hazardous and
challenging reactions.31–46 Moreover, high gas‐liquid mass transfer
coefficients are typically obtained in such devices which provides uniform
oxygen concentration in the liquid phase. Gas‐liquid flow regimes leads to
a segmented flow which enables an intense contact between the liquid
phase and gaseous reactants, and induces small vortices inside each
segment, allowing for fast mixing.47–53 We anticipated that these features
could prevent possible palladium agglomeration, assure reoxidation of
Pd(0) to Pd(II) and thus, efficiently avoiding catalyst deactivation. The
excellent gas‐liquid mass transfer in combination with high reaction
temperatures can further boost the reactivity of the catalytic system in
flow. Herein, we report a minute‐range protocol for the formation of 3‐
vinylindoles via cross‐dehydrogenative Heck reaction in continuous flow
using oxygen both as green oxidant and mixing motif.
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RESULTS AND DISCUSSION
We commenced our investigations by performing an initial screening of
some reaction parameters in batch (Table 2.1). (NH)‐indole (1a) was
reacted with cyclohexene (2j) in the presence of 10 mol % of Pd(OAc)2 as a
catalyst and molecular oxygen (O2) as sole oxidant in dimethyl sulfoxide
(DMSO). From the literature, DMSO was found to be strongly coordinating,
overriding any effect that acids may have on selectivity (e.g., migration to
the C‐2 carbon).18,20 As a result, the reaction is characterized by excellent
C‐3 regioselectivity and E stereoselectivity. In addition, the use of such
polar solvents is advantageous since they allow effective dissolution of
organic products, efficiently avoiding microreactor clogging. At first,
different organic acids, such as trifluoroacetic acid (TFA), pivalic acid
(PivOH), benzoic acid (PhCOOH) and p‐toluenesulfonic acid (p‐TsOH)
were tested as possible ligands to activate the Pd(II)‐complex (Table 2.1,
entries 1‐5). TFA was found to be the most suitable ligand (entry 2). Due to
its strong electron withdrawing properties, TFA offers the formation of a
more electrophilic Pd(II)‐complex, which facilitates the C–H activation
step. Next, the amount of TFA was investigated (entries 6‐10)
demonstrating that 1 equivalent of TFA was optimal (entry 7). It was
found that lowering the catalyst loading resulted in sluggish reaction
conditions and incomplete conversion (entries 11‐13).
With optimized batch conditions in hand, a continuous‐flow
microreactor setup was assembled as described in Figure 2.2 (see the
Supporting Information (SI) for a detailed description). Initially, we
investigated the temperature dependence in flow while keeping the
residence/reaction time constant at 10 minutes (Table 2.2, entries 1–7).
Microreactor technology offers the opportunity to accelerate reactions
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Table 2.1. Optimization of Reaction Conditions in Batcha,54

Entry
1
2
3
4
5
6
7
8
9
10
11c
12d
13e

Additive
(equiv)
‐
TFA (8)
PivOH (8)
p‐TsOH (8)
PhCOOH (8)
‐
TFA (1)
TFA (2)
TFA (4)
TFA (8)
TFA (8)
TFA (8)
TFA (8)

Temp
(°C)
70
70
70
70
70
60
60
60
60
60
60
60
60

Reaction time
(h)
1
1
1
1
1
14
14
14
14
14
14
14
14

Conversion
(%)b
trace
43
30
14
trace
11
>95
>95
78
69
NR
trace
21

aReaction

conditions: 1a (0.5 mmol), 2j (1.0 mmol, 2 equiv), Pd(OAc)2 (0.05 mmol, 10 mol
%), internal standard (0.05 mmol) and additive in DMSO (2.5 mL), O2 balloon and at the
specified temperature. A mixture of 3k and 3l was obtained. bConversion of indole was
determined with GC‐FID and decafluorobiphenyl as the internal standard. cNo Pd(OAc)2.
dPd(OAc)2 (0.005 mmol, 1 mol %). ePd(OAc)2 (0.025 mmol, 5 mol %). NR = no reaction.

substantially at elevated temperatures without compromising safety
aspects.32,55,56 Moreover, by keeping the exposure time of the reaction
mixture in the heated zone limited to what is kinetically required,
extensive product degradation can be avoided. We found that increasing
the temperature had a positive impact on the conversion, with 110 °C
being the optimal temperature (Table 2.2, entry 4).
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Figure 2.2. Schematic representation of micro flow setup and Taylor flow regime. MFC =
mass flow controller.

A further increase of the temperature gave lower conversion, presumably
due to catalyst decomposition (Table 2.2, entries 5‐7). Indeed, we
observed microreactor clogging at 150 °C due to excessive Pd(0)
precipitation inside the microchannels (entry 7).57 Next, we investigated
two more activated olefins (tert‐butyl acrylate and 2,2,2‐trifluoroethyl
acrylate) (entries 9 and 11). To avoid catalyst degradation and thus
microreactor clogging, we found that 2 equivalents of TFA were
mandatory (entries 8‐9). To achieve complete conversion, the residence
time was doubled and the reactor was made twice as long (entry 10 and
12). The latter ensured that higher flow rates could be obtained, leading to
a higher degree of mixing in the segmented flow regime. This has a
pronounced effect on the gas‐liquid mass transfer, ensuring efficient
palladium reoxidation. To our delight, this provided the conditions
necessary to obtain full conversion (entry 12).
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Table 2.2. Optimization of Reaction Conditions in Continuous Flowa

Entry

Olefin

1
2
3
4
5
6
7
8c
9d
10d,e
11d
12d,f

cyclohexene (2j)
2j
2j
2j
2j
2j
2j
tert‐butyl acrylate (2c)
2c
2c
2,2,2‐trifluoroethyl acrylate (2a)
2a

Temp
(°C)
70
90
100
110
120
130
150
110
110
110
110
110

Conversion
(%)b
18
41
57
67; 43g
67
59
clogging
clogging
73
90
79
100; 82g; 82h

aReaction

conditions flow: 1a (4.0 mmol), Pd(OAc)2 (0.4 mmol, 10 mol %), internal
standard (0.4 mmol) and TFA (32.0 mmol, 8 equiv) in DMSO (10 mL) loaded in 10 mL
syringe. 2 (8.0 mmol, 2 equiv) in DMSO (10 mL) loaded in 10 mL syringe. 2 mL
microreactor, FEP tubing 750 µm inner diameter, tr (residence time) = 10 min, 5:1
gas:liquid flow ratio provided a Taylor flow regime. bConversion of indole was determined
with GC‐FID and decafluorobiphenyl as the internal standard. cTFA (4.0 mmol, 1 equiv).
dTFA (8.0 mmol, 2 equiv). etr = 20 min. f4mL microreactor, FEP tubing 750 µm inner
diameter, tr = 10 min, Taylor flow regime. gIsolated yield. h 19F NMR yield with
decafluorobiphenyl as the internal standard.

With optimized flow conditions in hand, we explored the substrate scope
for our system by varying the olefin coupling partner (Table 2.3) and the
indole moiety (Table 2.4). A reaction between (NH)‐indole and 2,2,2‐
trifluoroethyl acrylate (2a) resulted in a good isolated yield (82%) in only
10 minutes reaction time (Table 2.3, entry 1). Remarkably, a control
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experiment in batch showed that a four hour reaction time was required to
achieve full conversion. In addition, a drop in selectivity was observed due
to prolonged exposure in the heated zone leading to a lower isolated yield
of 58% (Table 2.3, entry 1). It is generally known that free (NH)‐indoles
are prone to decomposition when exposed to higher temperatures (> 60
°C).20 Next, a variety of electron‐deficient olefins (acrylates, fluorinated
acrylates, N,N‐dimethylacrylamide and 1‐octen‐3‐one) and non‐activated
olefins (styrene and cyclohexene) could be successfully coupled with free
(NH)‐indole in moderate to excellent yields (27–92%) within a 10 to 20
minutes residence time (entries 2‐10). C‐3 olefination occurs smoothly for
activated acrylates: (NH)‐indole (1a) reacted with 2a–2e to form 3a‐3e
products in high yield (72‐92%). The reaction of 6‐fluoroindole (1b) with
methyl

acrylate

(2f)

produced

methyl

(E)‐3‐(6‐fluoro‐1H‐indol‐3‐

yl)acrylate (3f), a potential anticancer agent,3 with a good yield of 67%. 1‐
octen‐3‐one (2h) showed a lower reactivity (49%) toward C‐3 olefination
of indole, as compared to acrylates. Interestingly, within 20 minutes
residence time, non‐activated olefins, such as styrene (2i) and cyclohexene
(2j), gave the desired compounds (3i and 3j), albeit in more moderate
yield (27‐43%).
Variation of the indole substrate was performed with ethyl acrylate as a
benchmark coupling partner. The reaction proceeded smoothly with either
electron‐withdrawing

(NO2

and

F)

or

electron‐donating

(MeO)

substituents, producing respectively the 3‐vinylindoles 3f, 4c and 4d in
good yields (66‐78%). Methyl substituents on the C‐2 position were well
tolerated (52‐62%) (Table 2.4, entries 2 and 5). The use of N‐methylindole
(1c) as substrate only resulted in a small drop in yield (84%).
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Table 2.3. Olefin Substrate Scope for the Pd(II)‐catalyzed Cross‐
Dehydrogenative Heck Reaction in Flowa

tr (min)

Yield
(%)b

1

10

82; 58c

2

20

75

3

15

72

4

10

92

5

10

83

6d

10

67

7

20

70

8

15

49

9

20

27

10

20

43e

Entry

Olefin

Product

aReaction conditions: 1a (4.0 mmol), Pd(OAc)2 (0.4 mmol, 10 mol %), internal standard
(0.4 mmol) and TFA (8.0 mmol, 2 equiv) in DMSO (10 mL) loaded in 10 mL syringe. 2 (8.0
mmol, 2 equiv) in DMSO (10 mL) loaded in 10 mL syringe. 4 mL microreactor, FEP tubing
750 µm inner diameter, 5:1 gas:liquid flow ratio provided a Taylor flow regime.
Conversion monitored with TLC and/or GC‐MS. bIsolated yield. cYield after 4 hours batch
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reaction in similar conditions. d6‐fluoroindole (1b) as substrate. eIsolated yield after
hydrogenation.

Table 2.4. Indole Substrate Scope for the Pd(II)‐catalyzed Cross‐

2

Dehydrogenative Heck Reaction in Flowa

tr (min)

Yield
(%)b

1

10

84

2

20

52c

3

20

66

4

20

78

5

20

62c

Entry

Indole

Product

aReaction conditions: 1c‐1g (4.0 mmol), Pd(OAc)2 (0.4 mmol, 10 mol %), internal
standard (0.4 mmol) and TFA (8.0 mmol, 2 equiv) in DMSO (10 mL) loaded in 10 mL
syringe. 2d (8.0 mmol, 2 equiv) in DMSO (10 mL) loaded in 10 mL syringe. 4 mL
microreactor, FEP tubing 750 µm inner diameter, 5:1 gas:liquid flow ratio provided a
Taylor flow regime. Conversion monitored with TLC and/or GC‐MS. bIsolated yield. cNo
full conversion was observed.

CONCLUSION
In summary, we have developed a fast and straightforward continuous‐
flow protocol for the dehydrogenative C‐3 olefination of indoles, using
molecular oxygen as the sole oxidant. Because of the enhanced mass‐ and
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heat‐transfer characteristics and the high degree of control provided by
microflow processing, we were able to accelerate the intrinsic kinetics of
the cross‐dehydrogenative Heck coupling. Furthermore, the high surface‐
to‐volume ratio of the oxygen phase with the liquid phase prevents
catalyst degradation. Our protocol is effective to prepare a wide variety of
3‐vinylindoles in good to excellent yields (27–92%), within residence
times of 10 to 20 minutes. Notably, we were able to prepare methyl (E)‐3‐
(6‐fluoro‐1H‐indol‐3‐yl)acrylate (3f), a potential anticancer agent.
EXPERIMENTAL SECTION
General procedure for the aerobic C−H ole ination of indoles via a
cross‐dehydrogenative coupling in continuous flow. A 10 ml oven‐
dried

volumetric

flask

was

charged

with

indole

(4.0

mmol),

decafluorobiphenyl (0.4 mmol) and Pd(OAc)2 (0.4 mmol, 0.1 equiv) The
flask was fitted with a septum. A second 10 ml oven‐dried volumetric flask
was subsequently fitted with a septum. Both flasks were degassed by
alternating vacuum and argon backfill. Both vials were filled with
approximately 5 ml of degassed solvent (DMSO) via a syringe. In
succession, trifluoroacetic acid (8.0 mmol, 2.0 equiv) was added to the first
flask via a syringe. Olefin (8.0 mmol, 2 equiv) was added to the second
flask via a syringe. In both flasks solvent (DMSO) was added to make the
solution up to 10 ml. The two solutions were loaded in 10 ml BD Discardit
II syringes and fitted to a single syringe pump (Fusion 200 Classic). The
syringe pump and mass flow controller were operated at a 1:5 reaction
mixture:oxygen volume flow ratio to obtain a stable segmented flow
regime. Residence times varied between 10 to 20 minutes depending on
used flow rates (liquid flow rate: 100 – 200 µl.min‐1, oxygen flow rate: 500
– 1000 µl.min‐1). The progress of the reaction was monitored using TLC
and/or GC‐MS. Two residence times were discarded to ensure steady‐state
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data collection. Next, the reaction mixture was collected until at least 1
mmol of product was collected. The organic mixture was diluted in ethyl
acetate and filtered through a plug of Celite®. After concentration under
reduced pressure, the reaction mixture was introduced into a separation
funnel. Ethyl acetate and saturated aqueous NaHCO3 solution was added.
Layers were separated and the organic layer was washed with saturated
aqueous NaHCO3 and brine solution sequentially. Aqueous phase was
washed twice with ethyl acetate. Remaining organic phase was dried over
MgSO4, filtered and concentrated under reduced pressure. Purification by
flash chromatography afforded the product. The final product was
characterized by 1H NMR, 13C NMR, 19F NMR (if applicable), IR and melting
point analysis.
Experimental setup of the continuous‐flow microreactor. All capillary
tubing and microfluidic fittings were purchased from IDEX Health and
Science (Figure 2.S1 and 2.S2). The syringes were connected to the
capillary using ¼‐28 flatbottom flangeless fittings. A syringe pump (Fusion
200 Classic) was used to feed liquid reagents through two high purity
fluorinated ethylene propylene polymer (FEP) capillary tubings (ID = 500
μm) to a first Tefzel® T‐mixer (ID = 500 μm). Combined liquid flows were
mixed in a single FEP capillary tubing (ID = 500 μm) and fed to a second
Tefzel® T‐mixer (ID = 500 μm). A Bronkhorst mass flow controller was
used to introduce pure oxygen into the reaction mixture at the second T‐
mixer. Oxygen is was added perpendicular to the reaction mixture flow
direction in order to produce a stable segmented flow. The reactor consists
of a 880 cm long FEP capillary tubing (ID = 750 μm) with an inner volume
of 4 ml. The reactor was coiled and submerged into a thermostatic oil bath.
Upon exiting the reactor, the reaction mixture was collected in a vial and
analyzed by TLC, GC‐FID and/or GC‐MS.
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Figure 2.S
S1. Flow setup.

Figure 2.S2. 1. Mass flow
f
controllerr, 2. Syringe pump, 3. T‐miixer connection
ns, 4.
Microreacctor.
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and C−H Activation for the Room‐Temperature
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Chapter 3
ABSTRACT
A mild and versatile protocol for the C−H acylation of indoles via dual
photoredox/transition‐metal catalysis was established in batch and flow.
The C−H bond functionalization occurred selectively at the C‐2 position of
N‐pyrimidylindoles. This room‐temperature protocol tolerated a wide
range of functional groups and allowed for the synthesis of a diverse set of
acylated indoles. Various aromatic as well as aliphatic aldehydes (both
primary and secondary) reacted successfully. Interestingly, significant
acceleration (20 to 2 h) and higher yields were obtained under micro flow
conditions.
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INTRODUCTION
With the genesis of transition‐metal‐catalyzed C−H activation strategies,1,2
direct Csp2−H bond acylation has witnessed a substantial growth over the
past decade.3,4 Despite extensive progress in the field, the low reactivity
and limited selectivity continue to be the two main bottlenecks in this
field. Therefore, the development of mild and widely applicable C−H
acylation methodologies are of relevant importance.3c
Recently, visible‐light photoredox catalysis has played a tremendous
role for the translation of single‐electron transfer processes into mild
catalytic cycles. Its popularity stems from the access to unique synthetic
pathways which have previously been elusive.5 More specifically, the
power of single‐electron transfer processes enabled by photoredox
catalysis has provided new opportunities for transition‐metal‐catalyzed
cross‐coupling reactions.6,7 In addition, these dual catalytic strategies
allow us to carry out the reaction at room temperature.
(Hetero)arylketones are important structural components present in
various natural products, pharmaceuticals, and organic materials (Figure
3.1).8

Palladium‐catalyzed,

ligand‐directed

C−H

acylations

of

(hetero)arenes with aldehydes, alcohols, or toluene as acyl surrogates
have been described over the past decade as a powerful and versatile tool
in organic chemistry.9 In these examples, the PdII and PdIV catalytic cycle
appears to be the major pathway and utilizes stoichiometric amounts of
oxidants in combination with elevated reaction temperatures to enable the
desired transformation.
More

recently,

single‐electron

transfer

pathways

have

been

investigated to generate acyl radicals under mild reaction conditions.10
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Figure 3.1. Natural products containing 2‐acylindole framework.

Hereto, α‐ketoacids have been explored as acyl radical precursors to
enable the room‐temperature acylation of aryl rings via a dual
photoredox/palladium catalytic strategy.11 However, to the best of our
knowledge, aldehydes, while being the most abundant acyl surrogates,
have never been investigated for the C−H acylation of (hetero)arenes via
dual photoredox/palladium catalysis at room temperature. This prompted
us to develop a novel methodology with aldehydes as acyl surrogates for
the direct C‐2 acylation of indoles at ambient temperature by merging
visible‐light photoredox catalysis and C−H activation.
RESULTS AND DISCUSSION
We commenced our investigations with the C−H acylation of N‐
pyrimidylindole (1a) using 4‐methylbenzaldehyde (2b) as a coupling
partner under standard batch conditions (see SI, Table 3.S1). In the
presence of Pd(OAc)2 (10 mol %), tris(bipyridine)ruthenium chloride
(Ru(bpy)3Cl2, 2 mol %), PivOH (50 mol %), and 4 equiv of tert‐butyl
hydroperoxide (TBHP) in acetonitrile (ACN, 0.1 M) under argon, and
exposed to a 24W CFL light source, we were pleased to find selectively the
C‐2 acylated product 3b with a 75% 1H NMR yield after 20 h. Prolonged
reaction times resulted in a further increase in yield up to 84% after 36 h.
Further optimization was carried out employing 4‐fluorobenzaldehyde
(2i) in combination with a more efficient 3.12W blue LED (λmax = 465 nm)
light source (Table 3.1).
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Table 3.1. Optimization of Reaction Conditions in Batch for the C‐2
Acylation of Indolesa

3
Entry

Changes to standard conditions

1
2
3
4
5
6
7
8
9
10
11

none
Ru(bpy)3Cl2, 36 h
fac‐[Ir(dF‐ppy)3]
fac‐[Ir(ppy)2(dtbpy)]PF6
[Ir(dF‐CF3‐ ppy)2(dtbpy)]PF6
[Mes‐Acr]ClO4
no ligand
PivOH
Ac‐Ile‐OH
Ac‐Val‐OH
Boc‐Ile‐OH

19F‐NMR

Yield (%)
73 (72)
70 (66)
26
45
41
38
65
73
71
68
70

aReaction

conditions: 0.5 mmol of N‐pyrimidylindole, 10 mol % Pd(OAc)2, 2 mol % fac‐
[Ir(ppy)3], 20 mol % Boc‐Val‐OH, 2.0 equiv of 4‐fluorobenzaldehyde and 4.0 equiv of
TBHP in ACN (0.1 M) for 20 h, blue LED light, isolated yield in parentheses.

When

screening

different

photocatalysts,

tris[2‐phenylpyridinato‐

C2,N]iridium (fac‐[Ir(ppy)3]) was found to be superior (Table 3.1, entries
1−5). The use of an organic dye, such as 9‐mesityl‐10‐methylacridinium
perchlorate ([Mes‐Acr]ClO4), resulted in a modest yield of 38% (Table 3.1,
entry 6). Furthermore, replacing PivOH with monoprotected amino acids
(MPAA) as ligands12 resulted in an improved reactivity and avoided the
observed induction period (entries 8−11 and Figure 3.2). Optimal
reactivity was observed using Boc‐protected L‐valine (Boc‐Val‐OH): a yield
of 73% was obtained within 20 h under blue light irradiation (Figure 3.2).
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Figure 3.2
2. Yield vs time
e plot for the diirect C‐2 acylattion of N‐pyrim
midylindole (1a)) with
4‐fluorobe
enzaldehyde (2i).

One of th
he major limiitations of ph
hotochemicaal transformaations in battch is
the so‐callled light atttenuation efffect through absorbing m
media as dicttated
by the Bouguer−Lam
B
mbert−Beer law. This becomes esp
pecially appaarent
when the reaction is scaled by
b increasin
ng the reacctor dimensions.
However,, such limitaations can eaasily be overcome by ussing continu
uous‐
flow capilllaries.13 Theese reactors allow
a
for hom
mogeneous iirradiation o
of the
reaction mixture
m
and
d thus leads to a reduction in reactioon time, a lo
ower
catalyst loading, and an optimal scalability.144,15 Bearing tthis in mind
d, we
d a photomiccroreactor asssembly conssisting of a 3
3D printed ho
older
developed
containin
ng a 3 mL perrfluoroalkoxxy alkane (PF
FA) capillaryy reactor (i.d.. 750
μm, see SI
S Picture S1)) in order to investigate our C‐2 acyl ation protoccol in
micro flo
ow.16 Translaating the optimal batch reaction coonditions to flow
nce time (seee SI,
yielded 34% of the desired
d
produ
uct 3i within
n 2 h residen
Table 3.S2, entry 5). Additional
A
flo
ow optimization showed
d that the irid
dium
loading co
ould be decreased four tiimes (0.5 mo
ol %) while th
he concentraation
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could be doubled (0.2 M) without any loss of reactivity. Furthermore, with
4 equiv of 2i and 6 equiv of TBHP, an improved isolated yield of 89% was
obtained for 3i (see Table 3.2). This dramatic improvement in the reaction
rate (20 h vs 2 h) and yield (72% vs 89%) can be attributed to the
homogeneous irradiation of the reaction mixture.
With optimized reaction conditions in hand, we evaluated the scope of
the reaction (Table 3.2). The acylation reaction tolerated a wide variety of
substituents on the benzaldehyde coupling partner. Indole acylation with
benzaldehyde (3a) and aldehydes bearing alkyl/aryl substituents (3b, 3c,
3d) were well‐tolerated and high‐yielding (70−88% yield). When using the
sterically demanding mesitaldehyde (3e), a moderate yield of 44% was
obtained. Bearing an electron‐donating substituent (4‐OMe), substrate 3f
afforded excellent isolated yields of 73% and 79% in batch and flow,
respectively. Moreover, it was demonstrated that benzaldehydes bearing a
free hydroxyl group (3g, 3h) showed some reactivity (22−44%).
Aldehydes containing electron‐withdrawing groups such as 4‐F (3i), 4‐CF3
(3j), 4‐Br (3k), 3‐NO2 (3o), and 4‐CN (3p) all gave the desired product in
good yield (54−89%). However, 3‐bromobenzaldehyde (3l) gave a lower
yield (28%), whereas 4‐nitrobenzaldehyde (3n) did not yield any product.
Furthermore, 3‐iodobenzaldehyde (3m) gave a moderate yield (53−56%).
The latter example, together with 3g and 3h (free hydroxyl functionality),
showcases the mild character of our room temperature protocol because
such functional group tolerability is unprecedented for the high‐
temperature C−H acylation protocols of (hetero)arenes. Moreover,
functional handles such as iodine provide opportunities for further
decoration of the molecule (e.g., via cross‐coupling).
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Table 3.2: Batcha and Flowb scope

aReaction

conditions batch: 1.0 mmol of N‐pyrimidylindole, 10 mol % Pd(OAc)2, 2 mol %
fac‐[Ir(ppy)3], 20 mol % Boc‐Val‐OH, 2.0 equiv of aldehyde and 4.0 equiv of TBHP in ACN
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(0.1 M), blue LED light, 20 h reaction time. nd = not detected. bReaction conditions flow:
1.0 mmol of N‐pyrimidylindole, 10 mol % Pd(OAc)2, 0.5 mol % fac‐[Ir(ppy)3], 20 mol %
Boc‐Val‐OH, 4.0 equiv of aldehyde and 6.0 equiv of TBHP in ACN (0.2 M), blue LED light, 2
h residence time; reported yields are isolated yields. c3 h residence time, 8.0 equiv of
TBHP. d4.36 mmol scale. e<2.5 equiv of aldehyde (due to limited solubility), 29% starting
material recovered.

Subsequently, relevant heterocyclic aldehydes were explored as potential
acyl source. Reactions with furfural (3q) and then aldehyde (3s) were both
high‐yielding in batch as well as in flow (68−85%). Interestingly, 5‐
hydroxymethylfurfural (3r), a versatile platform chemical,17 showed some
reactivity albeit with a lower isolated yield (34%).
Next, we explored the potential of aliphatic aldehydes to engage in the
direct C‐2 acylation protocol. Primary aliphatic aldehydes such as (−)‐
citronellal (3t) and 7‐hydroxycitronellal (3u) gave high to excellent yields
(up to 95%). Notably, when using cyclohexanecarboxaldehyde (2v) as a
branched aldehyde, no decarbonylation was observed, despite the fact this
side reaction was described in the literature.18
Instead, the acyl radical could be successfully trapped, rendering the
desired product 3v in a high yield (81%). N‐Bocpiperidine‐4‐
carboxaldehyde (3w) gave a moderate yield of 54% in flow conditions. The
lower yield was mainly due to the limited solubility of the aldehyde in the
reaction mixture. However, the use of Boc‐prolinal as a coupling partner
did not yield any product (3x).
In general, it was observed that in addition to the reduced reaction time
and lower catalyst loadings, the obtained isolated yields were higher
under micro flow conditions when compared to the batch counterparts.
Moreover, in order to demonstrate the practical utility of the developed
protocol, a continuous flow gram‐scale experiment with N‐pyrimidylindole
(1a) and (−)‐citronellal (2t) was carried out. With a simple numbered up
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scale‐up procedure19 (2 × 3 mL photomicroreactors), 1.41 g (93%) of
isolated product 3t could be obtained in less than 9 h of operation time (2
h residence time). Finally, the scope of various indole derivatives was
evaluated with substituents on the 3, 5, 6, and 7 position (4a−4e).
Moderate to good yields (55−75%) were obtained for the latter substrates.
Moreover, among different N‐substitution or directing groups evaluated,
the N‐pyrimidyl group proved to be superior (4f−4h).
Encouraged by the obtained results, we further investigated the
possibility of using benzyl alcohols as acylation reagents. Benzyl alcohols
can be readily oxidized into the corresponding benzaldehydes in the
presence of the oxidant TBHP.20 As shown in Scheme 3.1a, benzyl alcohol
with 4‐OMe (5a) or 4‐F (5b) as substituent, could be successfully used as
acyl surrogates, rendering 3f and 3i in 57% and 66%, respectively.
a)

R

N

CH2OH

N +
R

N

standard condtitions
batch, 20h, room temp,

N
N

1a

O
N

5a, 5b
3f: R = OMe, 57%
3i: R = F, 66%

b)

OMe

N
3f

N

O
N

OMe

NaOEt
DMSO
24h, 100 °C

N
H

O

3ff, 73%

Scheme 3.1. a) Evaluation of Benzyl Alcohols as Acyl Surrogates. b) Traceless
Deprotection.

To further enhance the synthetic utility of this process, facile removal of
the N‐pyrimidyl group was carried out in a traceless fashion using sodium
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ethoxide in DMSO for 24 h at 100 °C, with an overall yield of 73% 3ff
(Scheme 3.1 b).
In order to gain more insight into the reaction mechanism, some
control experiments were carried out (Scheme 3.2). When the reaction
was carried out with 1a and 2i in the absence of photocatalyst, TBHP or
light, only traces of acylated product were observed (Scheme 3.2 a).
Moreover, upon the addition of radical scavengers, such as 2,2,6,6‐
tetramethylpiperidyl‐1‐oxyl (TEMPO) or butylated hydroxytoluene (BHT)
to the reaction mixture, suppression of the reaction is taking place,
suggesting that a SET‐type mechanism is at hand. Moreover, the mass of
the trapped acyl radical with TEMPO (Scheme 3.3, 2i″) was detected via
GC‐MS analysis.

Scheme 3.2. a) Control Experiments. b) KIE Experiments.
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Finally, kinetic isotope effect (KIE) experiments of 1a and its deuterated
analogue 1a‐D1 were performed under optimized conditions revealing a
noticeable KIE (kH/kD = 3.4, Scheme 3.2 b). This indicates that the C−H
bond cleavage might be the rate‐limiting step.21 On the basis of our
observations and analogous literature precedents,7,9,11 a plausible reaction
mechanism was proposed (Scheme 3.3). The reaction starts with the
formation of a five membered palladacycle A. Meanwhile, an acyl radical is
generated via the photocatalytic process. Herein, the photoexcitation of
the photocatalyst produces the excited state (Ir3+*), which is oxidatively
quenched by t‐BuOOH to generate the key radical intermediate t‐BuO·.
Next a hydrogen abstraction occurs between the t‐BuO· radical and 4‐
fluorobenzaldehyde (2i) to afford the acyl radical 2i′. The acyl radical 2i′ is
then trapped by the palladacycle A, which results in the formation of
intermediate B. Intermediate B can undergo a single‐electron oxidation to
PdIV, which closes the photocatalytic cycle via a back electron donation.
Finally, a reductive elimination takes place, releasing the desired product
3i and regenerating the PdII catalyst. Further efforts toward a detailed
mechanistic understanding of this transformation is currently pursued in
our laboratories.
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3

Scheme 3.3. Proposed Pd(II)/Pd(IV) Cycle for the C‐2 Acylation of Indoles.

CONCLUSION
In summary, a room‐temperature C‐2 acylation protocol for indoles was
developed via a productive merger of visible‐light photoredox catalysis
and C−H functionalization. The reaction was conducted both in batch and
flow and is compatible with a wide variety of functional groups. The
protocol could be extended from aromatic to both primary and secondary
aliphatic aldehydes with good to excellent yields. Moreover, continuous‐
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flow chemistry proved its effectiveness by decreasing the reaction time up
to 10 times (2 h vs 20 h), the catalyst loading 4 times (0.5 mol % vs 2 mol
%), increasing the yields and scaling the reaction conditions. In addition,
the scope could be further extended to benzyl alcohols as abundant acyl
surrogates. Finally, KIE experiments suggest the C−H activation to be the
rate‐limiting step.
EXPERIMENTAL SECTION
General batch procedure. An oven‐dried 10 mL screw‐cap vial was
charged with N‐pyrimidylindole (98 mg, 0.5 mmol, 1.0 equiv), respective
aldehyde (1.0 mmol, 2 equiv), Pd(OAc)2 (11 mg, 0.05 mmol, 10 mol %),
Boc‐Val‐OH (22 mg, 0.1 mmol, 20 mol %) and fac‐[Ir(ppy)3] (6.6 mg, 10
µmol, 2 mol %) subsequently. Anhydrous acetonitrile (5 mL, 0.1 M) was
added and then the mixture was put under nitrogen. The solvent was
degassed with a flow of nitrogen while being sonicated (setting: degass)
for 15 min. In most cases a suspension was obtained. The degassed
reaction mixture was put into the photoreactor under a flow of air around
the reaction tube in order to keep the reaction temperature under 37 °C
and TBHP (364 µl, 2.0 mmol, 4 equiv) was added in one portion. After 20 h
of irradiation under blue LED light the solvent was evaporated from the
clear orange solution and the mixture was adsorbed onto silica.
Purification by column chromatography on silica (EtOAc : Heptane = 1 : 5
or 1: 10) and subsequent sonication in pentane afforded the desired
products.
General flow procedure. A 5 mL oven‐dried volumetric flask was charged
with Pd(OAc)2 (22.4 mg, 10 mol %), fac‐[Ir(ppy)3] (3.3 mg, 0.5 mol %),
Boc‐Val‐OH (43.4 mg, 20 mol %), N‐pyrimidylindole (195 mg, 1.0 mmol).
The flask was fitted with a septum and was degassed by alternating
vacuum and argon backfill. Approximately 2 mL of anhydrous acetonitrile
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was added via syringe. Subsequently, the aldehyde (4.0 mmol, 4.0 equiv)
and TBHP (1.1 mL of a 5.5 M in decane solution, 6 equiv) were added via
syringe. Finally, anhydrous acetonitrile was added to make the solution up
to 5.0 mL. The solution was charged in a 10 mL BD Discardit II syringe
under argon and wrapped into aluminum foil in order to keep the solution
in the dark. Next, the covered syringe was fitted to a syringe pump (Fusion
200 Classic) and connected to the inlet of the 3 mL micro reactor. The
outlet of the micro reactor was fitted to an argon filled collection flask with
septum via a needle connection. The collection flask was covered with
aluminum for in order to keep the reaction mixture in the dark. An argon
balloon was attached in order to ensure a constant pressure. The syringe
pump was operated at a flow rate of 0.025 mL/min (2h residence time). An
extra syringe of 10 mL anhydrous acetonitrile was pumped after the
sample (0.025 mL/min) in order to collect the complete 5 mL sample. The
resulted reaction mixture was monitored using TLC and/or GC‐MS. The
organic mixture was diluted in ethyl acetate and was introduced into a
separation funnel. The organic phase was washed with 3x saturated
aqueous NaHCO3 and 1x with brine solution sequentially. Aqueous phase
was backwashed once with ethyl acetate. Collected organic phase was
dried over MgSO4, filtered and concentrated under reduced pressure.
Purification by flash chromatography on silica afforded the product. If
necessary, recrystallization was conducted: solids were dissolved in a
minimum of acetone (or dichloromethane) and petroleum ether was
added. Next, the resulted mixture was kept in the freezer (‐26 °C)
overnight. Formed crystals were filtered off and washed with minimum of
petroleum ether. The final product was weighted and characterized by 1H
NMR,

13C

NMR,

19F

NMR (if applicable) and melting point analysis (if

applicable).
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Removal of directing group. An oven‐dried 10 mL screw‐cap vial was
charged with a mixture of 3f (65.8 mg, 0.3 mmol), DMSO (2.0 mL) and
EtONa (61.2 mg, 0.90 mmol), and the reaction mixture was stirred at 100
°C under nitrogen atmosphere for 24 h. After cooling to ambient
temperature, the reaction mixture was diluted with EtOAc and washed
with H2O. The aqueous phase was extracted with EtOAc, and the combined
organic phase was dried over Na2SO4. After filtration and evaporation
under reduced pressure, the residue was purified by flash column
chromatography (petroleum ether/ethyl acetate) on silica gel to give the
product 3ff.
Kintetic istope effect (KIE). An oven‐dried 10 mL screw‐cap vial was
charged with N‐pyrimidylindole (98 mg, 0.5 mmol, 1.0 equiv), respective
aldehyde (1.0 mmol, 2 equiv), Pd(OAc)2 (11 mg, 0.05 mmol, 10 mol %),
Boc‐Val‐OH (22 mg, 0.1 mmol, 20 mol %) and fac‐[Ir(ppy)3] (6.6 mg, 10
µmol, 2 mol %) subsequently. Anhydrous acetonitrile‐d3 (5 mL, 0.1 M)
was added and then the mixture was put under nitrogen. The solvent was
degassed with a flow of nitrogen while being sonicated (setting: degass)
for 15 min and then TBHP (364 µl, 2.0 mmol, 4 equiv) was added in one
portion along with internal standard α,α,α‐trifluorotoluene (0.5 mmol). In
an another reaction tube, deuterated N‐pyrimidylindole23 (98 mg, 0.5
mmol, 1.0 equiv; ~ 90% D), respective aldehyde (1.0 mmol, 2 equiv),
Pd(OAc)2 (11 mg, 0.05 mmol, 10 mol %), Boc‐Val‐OH (22 mg, 0.1 mmol, 20
mol %) and fac‐[Ir(ppy)3] (6.6 mg, 10 µmol, 2 mol %) subsequently.
Anhydrous acetonitrile‐d3 (5 mL, 0.1 M) was added and then the mixture
was put under nitrogen. The solvent was degassed with a flow of nitrogen
while being sonicated (setting: degass) for 15 min and then TBHP (364 µl,
2.0 mmol, 4 equiv) was added in one portion along with internal standard
(α,α,α‐trifluorotoluene, 0.5 mmol). Two reactions were allowed to stir
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CHAPTER 4
Mild and Selective Base‐Free C‐H Arylation of
Heteroarenes:
Part 1: Optimization, Scope and Application

This chapter is based on:
Gemoets, H. P. L.; Kalvet, I.; Nyuchev, A. V.; Erdmann, N.; Hessel, V.;
Schoenebeck, F.; Noël, T. Chem. Sci. 2017, 8, 1046‐1055
ABSTRACT

Chapter 4
A mild and selective C–H arylation strategy for indoles, benzofurans and
benzothiophenes

is

described.

The

arylation

method

engages

aryldiazonium salts as arylating reagents in equimolar amounts. The
protocol is operationally simple, base free, moisture tolerant and air
tolerant. It utilizes low palladium loadings (0.5 to 2.0 mol% Pd), short
reaction times, green solvents (EtOAc/2‐MeTHF or MeOH) and is carried
out at room temperature, providing a broad substrate scope (47 examples)
and excellent selectivity (C‐2 arylation for indoles and benzofurans, C‐3
arylation for benzothiophenes).
This chapter includes the reaction optimization, performed scope and
application for our developed C−H arylation methodology of heteroarenes,
Mechanistic studies and DFT calculations are discussed in chapter 5.
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INTRODUCTION
The ubiquity of the heterobiaryl motif in pharmaceuticals, agrochemicals
and materials illustrates its scientific and commercial value.1 Traditionally,
these moieties have been prepared via cross‐coupling strategies which
require pre‐functionalized substrates.2 However, over the last decade,
transition metal‐catalyzed C–H arylation protocols have been developed to
enable the formation of C–C bonds.3 In contrast to classical cross‐coupling
chemistry, C–H arylation strategies enable direct functionalization of
simple heteroarenes.
The direct arylation of heteroarenes can be achieved via radical
pathways, e.g., visible light photoredox catalysis4 and Meerwein arylation.5
However, these methods suffer from a number of disadvantages, including
long reaction times, large excesses of substrates, selectivity issues and
limited substrate scopes. Recently, there has been an increase in the
number of new methods, particularly in the use of metal‐catalyzed
processes.6 In particular, the work by Gaunt,7 Sames,8 Sanford,9 DeBoef,10
Glorius,11 Ackermann,12 Fagnou13 and Larrosa14 has increased the number
of useful C–H arylation transformations to enable heteroaryl‐(hetero)aryl
bond formation. Furthermore, these examples have deepened our
fundamental understanding of the underlying challenges inherent in such
processes. However, the state of the art is still far from competitive with
classical cross coupling strategies, e.g. Suzuki–Miyaura cross coupling.
Current hurdles include harsh reaction conditions (i.e., high temperature),
the necessity of stoichiometric amounts of oxidants and/or additives, use
of toxic solvent systems, limited selectivity and high catalyst loadings
(typically 5 to 10 mol %). Consequently, the development of new, mild and
broadly applicable C–H arylation strategies is still highly desirable.15 We
anticipated that the design of a mild and selective C–H arylation protocol
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Scheme 4.1. Pd‐catalyzed C‐2 C–H arylation of indoles.

for heteroaromatics (i.e., indoles, benzofurans and benzothiophenes) could
be of high interest for API synthesis (e.g., Bazedoxifene,16 Saprisartan17 and
Raloxifene18). Recently, Correia et al. described a Pd‐based arylation of
heteroarenes using aryldiazonium salts.6i However, the protocol suffered
from high catalyst loadings (10 to 20 mol% Pd), limited scope and
impractical reaction conditions (e.g., biphasic reaction conditions, large
excesses of reagents, and high reaction temperatures). Herein, we describe
the development of a mild and selective palladium‐based C–H arylation
strategy (Scheme 4.1). Notable features of our open flask protocol are its
operational simplicity in conjunction with low catalyst loadings, broad
substrate scope, green solvent system, and short reaction times. No
additional oxidants or additives are required. The strategy uses equimolar
amounts or slight excesses of aryldiazonium salts as convenient arylating
reagents.6l,19
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OPTIMIZATION OF REACTION CONDITIONS
We commenced our optimization studies with the Pd‐catalyzed C–H
arylation of 1‐methylindole (1a), which was reacted with 1.2 equivalents
of benzenediazonium tetrafluoroborate (2a) in the presence of 10 mol %
Pd(OAc)2 in N,N‐dimethylformamide (DMF). A satisfying yield of 66% for
1‐methyl‐2‐phenylindole (3a) was obtained within only 30 minutes of
reaction time at room temperature (Table 4.1, entry 1). The main
byproducts were 3‐(arylazo)‐1‐methylindole (1aa) and 2‐aryl‐3‐(arylazo)‐
1‐methylindole (3aa), due to the uncatalyzed electrophilic substitution
reaction between the highly electrophilic nitrogen of the aryldiazonium
salt and the C‐3 position of 1‐methylindole (Figure 4.1 b). Lowering the
catalyst loading to 5 mol% Pd(OAc)2 in DMF resulted in a significant drop
in yield (34%). An overnight control experiment showed that no product
formation was observed in the absence of a palladium catalyst (entry 3).
Using polar protic solvents (e.g., isopropanol) resulted in generally high
reactivity and moderate yields. A considerable amount of byproduct
formation was consistently observed (see Supporting Information (SI)). It
was generally found that carrying out the reaction in less polar (aprotic)
solvents (e.g., DMF/THF/1,4‐dioxane) resulted in reduced byproduct
formation. After solvent screening, THF was considered to be the best
solvent (77%), combining both the desired reactivity and selectivity (entry
5). A control experiment using Schlenk techniques indicated that the
catalyst was not affected by air and moisture (entry 5). Therefore, all the
following experiments could be performed as open flask reactions, making
this procedure appealing for future scale‐up. A catalyst survey
demonstrated that only Pd(OAc)2, palladium trifluoroacetate (Pd(TFA)2)
and, to a lesser extent, tris(dibenzylideneacetone)dipalladium (Pd2(dba)3)
were active catalysts for this chemical transformation (Entries 6–8). The
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Table 4.1. Optimization for the C‐2 Arylation of 1‐Methylindolea

Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14e

Catalyst
(mol%)
Pd(OAc)2 (10.0)
Pd(OAc)2 (5.0)
‐
Pd(OAc)2 (5.0)
Pd(OAc)2 (5.0)
catalyst (5.0)d
Pd(TFA)2 (5.0)
Pd2(dba)3 (2.5)
Pd(OAc)2 (0.5)
Pd(OAc)2 (0.2)
Pd(OAc)2 (0.5)
Pd(OAc)2 (0.5)
Pd(OAc)2 (0.2)
Pd(OAc)2 (0.5)

Solvent
DMF
DMF
DMF
solventb
THF
THF
THF
THF
THF
THF
2‐MeTHF
EtOAc:2‐MeTHF (1:1)
EtOAc:2‐MeTHF (1:1)
EtOAc:2‐MeTHF (1:1)

Reaction
time
30 min
30 min
16 h
30 min
30 min
2h
30 min
30 min
1h
1h
2h
1h
1h
30 min

Yield GC‐FID
(%)
66
34
0
< 72
77; 76c
0
76
68
81
trace
87
89
78
93; 90f

areaction

conditions: catalyst, 0.5 mmol heteroarene and 1.2 equiv. benzenediazonium
tetrafluoroborate in 2.5 mL solvent at rt, open flask. bsolvent: H2O, AcOH, EtOAc,
propylene carbonate, DMF, acetone, MeCN, Et2O, 1,4‐dioxane, MeOH, EtOH, i‐PrOH n‐
BuOH, DCM, DCE, CHCl3, toluene. cSchlenk line techniques used. dcatalyst: 10% Pd/C,
PdCl2, Cu(OAc)2, Cu(OTf)2, Pd[P(C6H5)3]4, (MeCN)2Pd(II)Cl2, PEPPSI‐SIPr. e2 h premixing
of Pd(OAc)2 with 1‐methylindole, 1.0 equiv. of benzenediazonium tetrafluoroborate used.
fisolated yield.

use of Pd(OAc)2 was preferred over Pd(TFA)2 due to its cost efficiency and
stability. Further optimization studies showed that it was possible to lower
the catalyst loading further to 0.5 mol % in THF (entry 9). Even lower
catalyst loading resulted in only trace amounts of product (entry 10).
Finally, 2‐MeTHF was evaluated. This solvent is recognized as a green
solvent for synthetic organic chemistry because it can be readily produced
from furfural, a common biomass material.20 Satisfyingly, 2‐MeTHF
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showed even better selectivity for the desired product (87%), although an
increased reaction time of 2 hours was required to obtain full conversion
(entry 11). Continued optimization studies with green solvents revealed
that the reaction time could be halved by using EtOAc : 2‐MeTHF (1 : 1) as
a solvent mixture (entry 12). Indeed, this solvent combination proved to
be superior, as it enabled further lowering of the catalyst loading to 0.2
mol % Pd(OAc)2 (entry 10 vs. 13). However, in the case of 0.2 mol%
Pd(OAc)2, significant increases of 1aa and 3aa were observed because the
reactivity toward the desired arylation was diminished. Therefore, 0.5
mol% Pd(OAc)2 was considered to be optimal.
In parallel with our optimization studies, a series of reaction progress
kinetic experiments were performed to shed more light on the observed
catalyst induction period. Unusual kinetics has often been reported in the
field of C–H functionalization, but has seldom been investigated.21
Therefore, in order to obtain a more realistic view of this activation period,
we monitored a series of reactions. As can be seen from Figure 4.1 a, an
induction period of approximately 50 minutes was observed in the case of
Pd(OAc)2 (Figure 4.1 a, blue series). As soon as the reaction began (>50
min), an initial acceleration occurred, resulting in S‐curve behavior. It was
postulated that a possible activation period could be necessary between
the catalyst and the substrate. Therefore, premixing experiments were
conducted. It was found that premixing 1‐methylindole with Pd(OAc)2 (0.5
mol %) in EtOAc : 2‐MeTHF (1 : 1) for 2 hours could eliminate this
observed induction period (Figure 4.1 a, red series). We surmised that
Pd(II) is first reduced to a homogeneous Pd(0) complex and is stabilized
by the π‐donating character of 1‐methylindole and/or by the ligand
exchange of OAc with 2‐MeTHF.22 Indeed, a reaction performed with
Pd2(dba)3 as a stable homogenous Pd(0) substitute showed that neither an
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a) Condition
ns for reaction prrogress analysis
N 2BF4
(1. 0 equiv.)
Me

Me

2a

N

N

[Pd] (0.5 mol%)
EtOAc:2-MeTH
HF (1:1) 0.2 M
room temp., open flask

1a

3a

b) Possible side-reactions
Me
M

Me

N

N

Ac) 2
Pd(OA

1a

3a
N 2BF 4

2a (in excess)

Me
M

Me

N

N
1aa

N

N

N

N

3aa

Figure 4.1
1. a) Yield as a function of time. In the case off Pd(OAc)2 with
h no premixing (blue
series), 1..1 equiv. of ben
nzenediazonium
m tetrafluorobo
orate was used
d. b) Observed side‐
reactions occurring in excess benzenediiazonium tetraffluoroborate.
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induction period nor an initial acceleration occurred (Figure 4.1 a, green
series). However, lower yields were obtained with Pd2(dba)3. This result
gives us a first glimpse of the possible catalytic mechanism, indicating that
palladium in its homogeneous zero state can act as an active catalyst.
Further investigation of the reaction mechanism is discussed in Chapter 5.
As expected, the product 3a was even more prone to undergo a side
reaction

(i.e.,

an

electrophilic

substitution

reaction)

with

benzenediazonium salt, as the inductive effect of the phenyl substituent
makes the C‐3 position more nucleophilic.23 This was especially noticeable
when a slight excess of benzenediazonium tetrafluoroborate was used
(Figure 4.1 a, blue series). A small yield of approximately 10% was
observed after prolonged reaction time, which accounts for the 0.1
equivalent excess. To counteract this consecutive reaction, an equimolar
amount (1.0 equiv. benzenediazonium tetrafluoroborate) was used. As a
result, 90% of the desired product could be isolated (entry 14). Note that
the reaction time could be halved again, to approximately 30 minutes,
when using the premixing strategy. In addition, a slightly higher selectivity
was obtained because side reactions were minimized. More information
regarding reaction optimization and reaction progress analysis can be
obtained from the Supporting Information.
Having established a good coupling protocol for indoles, we
subsequently examined the reactivity of benzofuran (1i) with 3‐
trifluoromethylbenzenediazonium salts (2t). A brief optimization in case
of benzofuran was necessary, because optimized conditions for 1‐
methylindole did not give satisfying results (17%, Table 4.2, entry 1). Since
benzofuran is not prone to electrophilic substitution, MeOH could be used
as a more reactive solvent (42%, entry 3). Moreover, it was observed that
the addition of 1.0 equivalent of TFA resulted in an impressive rate
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acceleration (overnight to 30 minutes) while maintaining its selectivity
(Entry 4). Next, we questioned whether if it was possible to increase the
yield of the desired product by using an excess of 2t (Entries 5‐6).
However, only a slight increase in the yield to 48% was noticed with the
use of 1.2 equivalents. Higher catalyst loading was probed (Entry 7), but
no significant improvement was observed. The use of the protic solvent
MeOH

resulted

in the formation of 35%

2‐aryl‐3‐methoxy‐2,3‐

dihydrobenzofuran (6ee), due to MeOH addition (see Chapter 5 for
details). However, a simple work up procedure consisting of 15 minutes of
reflux under acidic conditions (i.e., acetyl chloride) was found to be
sufficient to eliminate MeOH from compound 6ee, affording the desired
product 6e in 81% yield (entry 8).
Table 4.2. Optimization for the Pd‐catalyzed C–H Arylation of Benzofurana

Ar‐N2BF4
(equiv.)

Pd(OAc)2

b

1

1.0

2

Solvent

TFA
(equiv.)

Reaction
time

Isolated
Yield (%)

0.5

EtOAc:2‐MeTHF

‐

overnight

17

1.0

0.5

solvent

‐

overnight

<25

3

1.0

0.5

MeOH

‐

overnight

42

4

1.0

0.5

MeOH

1.0

30 min

42

5

1.2

0.5

MeOH

1.0

30 min

48;52

6

2.0

0.5

MeOH

1.0

30 min

48

7

1.2

1.0

MeOH

1.0

30 min

49

1.2

0.5

MeOH

1.0

30 min

81

Entry

8

e

(mol%)

d

c
c

c

c

areaction conditions: 0.5–1.0 mol % Pd(OAc)2, 1.0 mmol heteroarene, 1.0–2.0 equiv. 3‐
trifluoromethylbenzenediazonium tetrafluoroborate and 0–1.0 equiv. TFA in 5 mL solvent
at rt. b2h premixing of Pd(OAc)2 with benzofuran. cF‐NMR yield; dTHF, EtOH, i‐PrOH,
CF3CH2OH, EtOAc, MeCN. eafter reaction 15 min reflux with acetyl chloride (5 equiv.).
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SYNTHETIC SCOPE
With the optimized conditions in hand, we next explored the scope of our
developed methodology on indoles (Table 4.3). These substrates were
reacted with equimolar amounts of aryldiazonium salts in the presence of
0.5 mol % Pd(OAc)2 in the case of 1‐methylindoles and 1.0 mol % of
Pd(OAc)2 for NH‐indoles. A 1 : 1 mixture of EtOAc : 2‐MeTHF was used as
the solvent. A broad set of substituted aryldiazonium substrates (3a–y)
could be successfully coupled with 1‐methylindole. Indole arylation with
aryldiazonium salts bearing alkyl substituents (3c–g, 4a, b) proceeded
well for both N‐protected and free indoles, even in the presence of
sterically demanding ortho‐methyl substituents (3c, 3e). When using the
more sterically hindered mesitylenediazonium tetrafluoroborate as the
arylating agent, a mixture (C‐2 and C‐3 arylated product) was found for
both the N‐methylated and the free indoles (3f, 4c). Selectivity towards the
C‐3 arylated product was prevalent in 4c (C‐2 : C‐3 1 : 3.3). For all other
reactions, complete selectivity towards the C‐2 arylated product was
observed. Next, a scope of aryldiazonium salts containing hydroxy‐,
phenoxy‐ and methoxy‐substituents, was explored (3h–p). It was
demonstrated that aryldiazonium salts bearing a free hydroxyl group
showed some reactivity, although in lower yield (3p, 16%). A para‐
phenoxy group as an electron‐donating substituent on the aryldiazonium
salt resulted in good reactivity (3o, 79%).
Moreover, all methoxy‐containing aryldiazonium salts (3h–n) showed
good to excellent reactivity (69% to 93%), except for 3l, where no full
conversion could be obtained. The yields obtained for compounds 3h–n
showcase the applicability of our methodology for the C‐2 arylation of
indoles with arylating agents bearing methoxy‐substituents, which are
often reported to be cumbersome.7,8b,9b These substituents are functional
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handles which can be engaged in nickel‐catalyzed cross‐ coupling
chemistry via C–O activation.24 In addition, heterocyclic aryldiazonium
salts were tolerated in this protocol: 3q was obtained in moderate yield
(34%) overnight, while for 3r, a good yield (71%) was acquired within 1
hour reaction time. Notably, in the case of free NH‐indoles (4a–d), an
ortho‐methyl substituent on the aryldiazonium salt proved necessary to
avoid significant by‐product formation (electrophilic substitution).
However, it was found that by blocking the C‐3 position of the NH‐indole
(i.e., via methylation), this side‐reaction could be completely avoided (4ea
vs. 4e).
Next, we explored a more challenging class of aryldiazonium salts
bearing weakly (e.g., F) to highly electron‐withdrawing (e.g., NO2)
substituents (3s–y). Gratifyingly, 4‐fluoro‐ and 3‐iodobenzenediazonium
tetrafluoroborate readily reacted with 1‐methylindole (3s, 3w). The latter
(3w) is particularly appealing, since it indicates that palladium undergoes
oxidative addition at the electrophilic diazonium site (instead of breaking
the C–I bond) at room temperature. In contrast, aryldiazonium salts
bearing m‐CF3 (3ta), p‐NO2 (3ua), o‐Cl (3va) and p‐Br (3xa) as
substituents did not deliver any arylated product when 1‐methylindole
was used as the substrate. It was observed that these aryldiazonium salts
were too prone to electrophilic substitution reactions, resulting in the
rapid formation of 3‐(arylazo)‐1‐methylindoles (see Figure 4.1 b).
However, as in the NH‐indole case, this side reaction could be efficiently
overcome by blocking the C‐3 position. Consequently, the arylation scope
could be expanded to electron‐withdrawing substituents (3t, 3u, 3v, 3x)
with high to excellent yields of the desired product (80% to 92%). This
trend was also observed when aryldiazonium salts bearing an acyl moiety
were used (3ya and 3y): 58% of the target product (3ya) was obtained for
78

C−H Arylation of Heteroarenes: Optimization, Scope and Application

Table 4.3. Scope for the C–2 Arylation of Indolesa

4
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conditions: 0.5 to 1.0 mol % Pd(OAc)2, 1.0 mmol heteroarene and 1.0 equiv. aryldiazonium salt in 5mL EtOAc : 2‐MeTHF (1 : 1) at rt,
open flask, 2 h premixing of Pd(OAc)2 with heteroarene. bPd2(dba)3 as catalyst, 1 h reaction. c1 mol % Pd(OAc)2, 1.2 equiv. aryldiazonium salt. d4‐
methoxybenzenediazonium mesylate was used. eGram‐scale experiment (10.0 mmol) yielded 2.47 g (83%), 4 h reaction time in 2‐MeTHF as
solvent. f1 mol % Pd(OAc)2. g2 mol % Pd(OAc)2. h2 mol % Pd(OAc)2, 1.2 equiv. aryldiazonium salt. i1.2 equiv. aryldiazonium salt at 40 °C. *no full
conversion obtained. j0.01 M and 100 mol % Pd2(dba)3 was used.

aReaction

Chapter 4
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1‐methylindole, while an improved result was obtained for the C‐3
methylated indole (80% yield, 3y).
Subsequently, several indole derivatives were subjected to the reaction
conditions using benzenediazonium tetrafluoroborate as a benchmark
coupling partner. For 5a and 5c, the reaction proceeded smoothly under
equimolar conditions. 5d proved more challenging (22% yield) due to the
electron‐withdrawing nature of the methyl carboxylate substituent, which
renders it a less nucleophilic substrate. Interestingly, an experiment with
1,2‐dimethylindole and benzenediazonium salt showed that no C‐3
arylated product could be formed over 5 hours. Instead, the substrate was
fully converted to the electrophilic substituted product 1bb (93% yield).
Moreover, during a control experiment with a stoichiometric amount of
Pd2(dba)3, no 1bb was formed. This indicates that the benzenediazonium
salt preferably underwent oxidative addition (see SI Section 3.4 and
Chapter 5 for further mechanistic discussions).
Next, a gram scale experiment was conducted to test the scalability of
this mild procedure. The reaction was carried out with equimolar
quantities of reactants (10 mmol) and 0.5 mol % Pd(OAc)2 in 2‐MeTHF.
With a slightly longer reaction time of 4 hours, a satisfying yield of 83%
(2.47 g) of 3k was achieved under open flask conditions.
Next, we carried out several reactions by coupling benzofuran with
several halogenated aryldiazonium tetrafluoroborates (Table 4.4, 6a–h).
Satisfyingly, all reactions proceeded smoothly in the presence of only 0.5
mol % Pd(OAc)2, thus showcasing the mild reaction conditions of this
protocol.
Finally, we turned our attention towards a more challenging
heteroarene, i.e. benzothiophene (7a‐7b). Because benzothiophene is the
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least nucleophilic heteroarene investigated herein, it was necessary to use
slightly higher catalyst loadings (2.0 mol %) and 2.0 equivalents of
aryldiazonium salt in order to achieve full conversion. Operating at 40 °C
was decisive to obtain a good yield for both 7a (80%) and 7b (73%). In
agreement with literature reports and density functional theory (DFT)
calculations (see Chapter 5), we observed a complete shift in selectivity
from C‐2 to C‐3 arylation. For compound 7a, a significant improvement in
yield (80% vs. 69%) and a reduction in reaction time (16 h vs. 96 h) was
observed, highlighting the relevance of our mild protocol.11b
Table 4.4. Scope of Ar‐N2BF4 on Benzofuran and Benzothiophenea

areaction

conditions: 0.5 mol % Pd(OAc)2, 1.0 mmol heteroarene and 1.2 equiv.
aryldiazonium tetrafluoroborate in 5 mL MeOH at rt, open flask, after full conversion:
reflux with 5.0 equiv. acetyl chloride for 15 min; b2.0 mol % Pd(OAc)2, 2.0 equiv.
aryldiazonium tetrafluoroborate at 40 °C.
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Taken together, this C–H activation protocol for the direct arylation of
heteroarenes provides a convenient pathway towards a broad range of
heteroaromatic arylated derivatives.
APPLICATION
To further illustrate the efficacy of this mild strategy, we applied the C–H
arylation process to the synthesis of methyl 2‐(5‐methylbenzofuran‐2‐
yl)benzoate (8a) (Scheme 4.2). Compound 8a is a key intermediate in the
total synthesis of Saprisartan, an approved drug belonging to the sartan
family.17 Sartans act as angiotensin II receptor (AT1)‐antagonists and are
among the most prescribed drugs for the treatment of hypertension and
heart failure.25

Scheme 4.2. Synthesis of the drug precursor 8a of Saprisartan.
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Our mild procedure allowed us to successfully isolate the key intermediate
8a in 70% yield, which compares favorably to the patented process, which
requires four consecutive steps for the same transformation with an
overall low yield of 17%.17,26
CONCLUSION
In summary, we have developed a mild and selective protocol for the C–H
arylation

of

heteroarenes,

including

indoles,

benzofurans

and

benzothiophenes, with aryldiazonium salts. The protocol is operationally
simple and is insensitive to air and moisture. It utilizes low palladium
loadings (0.5 to 2 mol% Pd), short reaction times, green solvents
(EtOAc/2‐MeTHF or MeOH) and is carried out at room temperature.
Notably, no oxidants or other additives are required. The substrate scope
is broad and displays excellent selectivity (C‐2 arylation for indoles and
benzofurans, C‐3 arylation for benzothiophenes). To illustrate the efficacy
of this procedure, a key intermediate (8a) for the drug Saprisartan was
synthesized, comparing favorably to the patented process (70% vs. 17%).
We expect this protocol will find widespread application due to its mild
character and excellent selectivity.
EXPERIMENTAL SECTION
General

procedure

for

the

synthesis

of

aryldiazonium

tetrafluoroborates. Procedure A: To a suspension of aniline (9) (10.0
mmol) in 5 mL water at rt was added tetrafluoroboric acid (HBF4,48wt%
in water, 3.0 equiv.) and the reaction mixture was stirred for 2 min. The
mixture was cooled to 0 °C and a solution of tert‐butyl nitrite (1.2 equiv.)
was added dropwise. After addition, the reaction mixture was stirred at 0
°C for 1 hour. The solids were filtered, washed with ice‐cold diethyl ether
to give the crude product. Recrystallization was done by dissolving crude
product in a minimum of acetone followed by addition of ice‐cold diethyl
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ether. Recrystallization was repeated until white solids were acquired (2).
In case the aryldiazonium tetrafluoroborate salt could not be precipitated
by following general procedure A, general procedure B was carried out.
Procedure B: To a solution of aniline 9 (10.0 mmol) in 5 mL ethanol at rt
was added HBF4 (48% in water, 3.0 equiv.) and the reaction mixture was
stirred for 2 min. The mixture was cooled to 0 °C and tert‐butyl nitrite (1.5
equiv.) was added dropwise. After addition, the mixture was stirred at 0 °C
for 2 hours. Diethyl ether was added to the reaction mixture and the
resulting solids were filtered, washed with diethyl ether (3 x) and dried
under high vacuum to give the title product (2).
General procedure for the C–H arylation of 1‐methylindole and
derivatives (condition A). A stock solution was prepared by weighing
Pd(OAc)2 (5.6 mg, 0.5 mol%) and 1‐methylindole (1a) (656 mg, 5.0 mmol)
into a 50 mL round‐bottom flask equipped with stirring bar. 25 mL freshly
prepared EtOAc:2‐MeTHF (1:1) mixture was added and the resulting
solution was stirred for 2 h under air atmosphere at room temperature.
Aryldiazonium salt (1.0 mmol, 1.0 equiv.) was weighted into a 20 mL
reaction tube equipped with stirring bar. 5 mL of stock solution
(containing 1.0 mmol of 1‐methylindole and 0.5 mol% Pd(OAc)2) was
added immediately via syringe. Reaction mixture was stirred vigorously at
room temperature until 1‐methylindole was completely consumed
(monitored by TLC). Reaction was quenched by addition of saturated
NaHCO3 solution. The resulting mixture was moved to the separation
funnel. Reaction vial was washed with EtOAc and added to the separating
funnel. Layers were separated and the organic layer was washed with
saturated aqueous NaHCO3 and brine solution sequentially. Aqueous phase
was washed with EtOAc. Remaining organic phase was dried over MgSO4,
filtered and concentrated under reduced pressure. Purification by flash
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chromatography afforded the product. The final product was characterized
by 1H NMR, 13C NMR, 19F NMR (if applicable), HRMS, IR and melting point
analysis (if applicable).
General procedure for the C–H arylation of NH‐indole (conditions B).
A stock solution was prepared by weighing Pd(OAc)2 (11.2 mg, 1.0 mol%)
and NH‐indole (1b) (586 mg, 5.0 mmol) into a 50 mL round‐bottom flask
equipped with stirring bar. 25 mL freshly prepared EtOAc:2‐MeTHF (1:1)
mixture was added and the resulting solution was stirred for 2 h under air
atmosphere at room temperature. Aryldiazonium salt (1.0 mmol, 1.0
equiv.) was weighted into a 20 mL reaction tube equipped with stirring
bar. 5 mL of stock solution (containing 1.0 mmol of NH‐indole and 1.0
mol% Pd(OAc)2) was added immediately via syringe. Reaction mixture
was stirred vigorously at room temperature until NH‐indole was
completely consumed (monitored by TLC). Reaction was quenched by
addition of saturated NaHCO3 solution. The resulting mixture was moved
to the separation funnel. Reaction vial was washed with EtOAc and added
to the separating funnel. Layers were separated and the organic layer was
washed with saturated aqueous NaHCO3 and brine solution sequentially.
Aqueous phase was washed with EtOAc. Remaining organic phase was
dried over MgSO4, filtered and concentrated under reduced pressure.
Purification by flash chromatography afforded the product. The final
product was characterized by 1H NMR,

13C

NMR,

19F

NMR (if applicable),

HRMS, IR and melting point analysis (if applicable).
General procedure for the C–H arylation of benzofuran (condition C).
A stock solution was prepared by weighing Pd(OAc)2 (5.6 mg, 0.5 mol%)
and benzofuran (1g) (591 mg, 5.0 mmol) into a 25 mL volumetric flask.
TFA (370 µL, 1.0 equiv.) was added and the volumetric flask was filled up
to 25 mL with anhydrous MeOH. Aryldiazonium salt (1.2 mmol, 1.2 equiv.)
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was weighted into a 20 mL reaction tube equipped with stirring bar. 5 mL
of stock solution (containing 1.0 mmol of benzofuran, 0.5 mol% Pd(OAc)2
and 1.0 equiv. of TFA) was added immediately via syringe. Reaction
mixture was stirred vigorously at room temperature until benzofuran was
completely consumed (monitored by TLC). Resulting reaction mixture was
moved to a 50 mL round‐bottom flask and acetyl chloride (350 µL, 5.0
equiv.) was added dropwise. A reflux condenser was mounted on top of
the round‐bottom flask. The reaction mixture was heated and refluxed for
about 15 minutes. After cooling down to room temperature, the reaction
was quenched by addition of saturated NaHCO3 solution. The resulting
mixture was moved to the separation funnel. Round‐bottom flask was
washed with EtOAc and added to the separating funnel. Layers were
separated and the organic layer was washed with saturated aqueous
NaHCO3 and brine solution sequentially. Aqueous phase was washed with
EtOAc. Remaining organic phase was dried over MgSO4, filtered and
concentrated

under

reduced

pressure.

Purification

by

flash

chromatography afforded the product. The final product was characterized
by 1H NMR, 13C NMR, 19F NMR (if applicable), HRMS, IR and melting point
analysis (if applicable).
General procedure for the C–H arylation of benzothiophene
(condition D). A stock solution was prepared by weighing Pd(OAc)2 (22.4
mg, 2.0 mol%) and benzothiophene (1h) (671 mg, 5.0 mmol) into a 25 mL
volumetric flask. TFA (370 µL, 1.0 equiv.) was added and the volumetric
flask was filled up to 25 mL with anhydrous MeOH. Aryldiazonium salt (2.0
mmol, 2.0 equiv.) was weighted into a 20 mL reaction tube equipped with
stirring bar. 5 mL of stock solution (containing 1.0 mmol of
benzothiophene, 2.0 mol% Pd(OAc)2 and 1.0 equiv. of TFA) was added
immediately via syringe. Reaction mixture was stirred vigorously at 40 °C
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until benzothiophene was completely consumed (monitored by TLC). The
reaction was quenched by addition of saturated NaHCO3 solution. The
resulting mixture was moved to the separation funnel. Reaction vial was
washed with EtOAc and added to the separating funnel. Layers were
separated and the organic layer was washed with saturated aqueous
NaHCO3 and brine solution sequentially. Aqueous phase was washed with
EtOAc. Remaining organic phase was dried over MgSO4, filtered and
concentrated

under

reduced

pressure.

Purification

by

flash

chromatography afforded the product. The final product was characterized
by 1H NMR, 13C NMR, 19F NMR (if applicable), HRMS, IR and melting point
analysis (if applicable).
Synthesis of Saprisartan precursor (8a). A stock solution was prepared
by weighing Pd(OAc)2 (11.2 mg, 1.0 mol%) and 5‐methylbenzofuran (1i)
(660 mg, 5.0 mmol) into a 25 mL volumetric flask. TFA (370 µL, 1.0 equiv.)
was added and the volumetric flask was filled up to 25 mL with anhydrous
MeOH. o‐COOMe‐benzenediazonium tetrafluoroborate (2z) (2.0 mmol, 2.0
equiv.) was weighted into a 20 mL reaction tube equipped with stirring
bar. 5 mL of stock solution (containing 1.0 mmol of 5‐methylbenzofuran,
1.0 mol% Pd(OAc)2 and 1.0 equiv. of TFA) was added immediately via
syringe. Reaction mixture was stirred vigorously at 40 °C until 5‐
methylbenzofuran was completely consumed (2 hours). The reaction was
quenched by addition of saturated NaHCO3 solution. The resulting mixture
was moved to the separation funnel. Reaction vial was washed with EtOAc
and added to the separating funnel. Layers were separated and the organic
layer was washed with saturated aqueous NaHCO3 and brine solution
sequentially. Aqueous phase was washed with EtOAc. Remaining organic
phase was dried over MgSO4, filtered and concentrated under reduced
pressure. Purification by flash chromatography on silica (5% EtOAc in
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petroleum ether) afforded methyl 2‐(5‐methylbenzofuran‐2‐yl)benzoate
(8a) (186 mg, 70%) as a yellow oil.
ASSOCIATED CONTENT
The Supporting Information is available free of charge and can be found
under: https://doi.org/10.1039/c6sc02595a.
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CHAPTER 5
Mild and Selective Base‐Free C‐H Arylation of
Heteroarenes
Part 2: Mechanistic Investigation

This chapter is based on:
Gemoets, H. P. L.; Kalvet, I.; Nyuchev, A. V.; Erdmann, N.; Hessel, V.;
Schoenebeck, F.; Noël, T. Chem. Sci. 2017, 8, 1046‐1055

Chapter 5
ABSTRACT
The mechanistic investigation for the mild and selective C–H arylation
strategy for indoles, benzofurans and benzothiophenes is described.
Mechanistic experiments and DFT calculations support a Heck–Matsuda‐
type coupling mechanism. Moreover, the first experimental results
indicate that BF4 anions could be involved in the anti‐β‐deprotonation
rearomatisation step of the catalytic cycle.
This chapter includes the mechanistic investigation for our developed C−H
arylation methodology of heteroarenes, Reaction optimization, scope and
application are discussed in chapter 4.
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MECHANISTIC INVESTIGATION
Since heteroarenes are good nucleophiles, it would be reasonable to
assume a mechanism in which Pd(II) acts as an electrophile, consistent
with

numerous

literature

proposals

in

the

context

of

C–H

functionalization.1,2 Similar to SEAr, these reactions are expected to be C‐3
selective for indoles. However, our methodology yields C‐2 arylated
indoles selectively (see Chapter 4) and thus requires a subsequent C‐3/C‐2
isomerization. In this context, Gaunt and co‐workers showed that the
presence of acid would facilitate a switch from C‐3 to C‐2 in the Pd‐
catalyzed C–H olefination of indoles,2 proposing that under acidic
conditions, C‐3 deprotonation of the indole moiety would be slowed.
However, such a scenario appears unlikely in our case. For example,
progressive 1H‐NMR spectroscopy with equimolar quantities of Pd(OAc)2
and 1‐methylindole in d8‐THF showed that neither the HC‐2 or the HC‐3
peaks of 1‐methylindole were affected (see Figure 5.1). Even if C‐H
activation was to occur under these conditions (i.e., room temperature),
then the introduction of the aryl group would require a subsequent
oxidative addition of the diazonium reagent to a Pd(II) complex, leading to
a Pd(II)/Pd(IV) catalytic cycle. Calculations, however, are suggesting a
prohibitively high barrier of around 56 kcal/mol for such transformation.
Therefore, the employed Pd(OAc)2 likely serves as a pre‐catalyst and is
reduced to Pd(0) during the initiation period. Additionally, since we have
shown that Pd(0) is catalytically active without any induction period (see
Chapter 4, Figure 4.1 a), it is reasonable to assume that the reaction
proceeds via a Pd(0)/Pd(II) catalytic cycle.3 This cycle starts with an initial
oxidative addition of the highly activated aryl diazonium salt to Pd(0) to
yield a cationic Pd(II) complex which should subsequently serve as an
electrophile in the reaction with the substrate (see Scheme 5.1).
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Figure 5.1. Progress 1H‐NMR waterfall plot of stoichiometric experiment with Pd(OAc)2
and 1‐methylindole in d8‐THF.

In order to shed more light on the first step of the catalytic cycle (i.e.,
oxidative addition), a series of test reactions were performed (see Table
5.1). When 1,2‐dimethylindole was mixed with benzenediazonium
tetrafluoroborate (2a) and 0.5 mol% (entry 1), only a marginal amount
(0.5 mol %) of 2a will be occupied in the catalytic cycle (see Scheme 5.2,
Pathway A).* Therefore, the leftover benzenediazonium salt can now
follow the ‘slower’ Pathway B, generating the side‐product 1bb in high
yield (93%). Performing the reaction in presence of 100 mol % Pd(OAc)2
(entry 2), a lower amount of 1bb was obtained (42%). This suggests that
the uncatalyzed electrophilic substitution reaction (Pathway B) is in
competition with the oxidative addition step (Pathway A) (see Scheme
5.2). However, due to the present induction period for the oxidative
*Note,

that for pathway A the catalytic cycle cannot be completed due to the presence of the
methyl substituent on the C‐2 carbon.
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Table 5.1. Trapping the Aryldiazonium Tetrafluoroborate via Oxidative
Additiona

Entry

R

Catalyst (mol %)

1
2
3
4
5

R=H
R=H
R=H
R=F
R=F

Pd(OAc)2 (0.5)
Pd(OAc)2 (100)
Pd2(dba)3 (100)
Pd(OAc)2 (0.5)
Pd(OAc)2 (100)

Reaction
time
2h
16 h
16 h
30 min
16 h

Isolated
Yield (%)
93b,c
42b
0d
98c
0

aReaction

conditions: 0.2 mmol 1,2‐dimethylindole and 1.0 equiv. aryldiazonium
tetrafluoroborate in 20 mL EtOAc:2‐MeTHF (1:1) at rt, open flask. b2 h premixing of
Pd(OAc)2 with 1,2‐dimethylindole. c0.2 M. d1 h premixing of Pd2(dba)3 with
benzenediazonium tetrafluoroborate. Note: With high palladium loadings, 0.01 M was
used to ensure a homogeneous reaction conditions.

addition with Pd(II) sources (see Chapter 4, Figure 4.1 a for details),
Pathway B will still be feasible during this induction period. Therefore, it is
reasonable that compound 1bb is still observed, although in a lower
amount (42% vs 93%). When performing the reaction with 100 mol %
Pd2(dba)3 (as a Pd(0) source), no side product (1bb) formation was
observed. In order to further illustrate this observation, we conducted
similar experiments with a more reactive aryldiazonium salt. Known from
previous

results

(see

Chapter

4),

4‐fluorobenzenediazonium

tetrafluoroborate (2s) did not show any induction period when using
Pd(OAc)2 as the catalyst. Performing the reaction with 0.5 mol % Pd(OAc)2,
resulted in 98% of 1cc. However, in presence of 100 mol % Pd(OAc)2, no
side‐product (1cc) was observed (Table 5.1, entry 4‐5). The above results
describe that an initial oxidative addition is at hand.
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Scheme 5.2. Competition reaction between oxidative addition (Pathway A) and
electrophilic substitution (Pathway B) when using 1,2‐dimethylindole as substrate.

After the oxidative addition, the overall product selectivity would then be
determined by the C‐3 to C‐2 migration of Pd.2 However, our efforts to
computationally locate the C‐2 Pd complex yielded a structure that is 9.1
kcal/mol higher in energy than the preferred η2 π‐complex Int1 (see
Figure 5.2), suggesting that the migration is disfavored.* Intermediate Int1
may alternatively undergo a Heck‐type carbopalladation reaction (see
Scheme 5.1).4 Our calculations suggest this process to be energetically
feasible, being characterized by a relatively facile free energy barrier of
*The C‐2 Pd complex was located only by locking the Pd(II) center to C‐2. However, upon
unfreezing this interaction the structure converged back to the η2 π‐complex. For similar
difficulties in locating the migration of Pd from one carbon to another in the context of C‐H
activation of thiophenes see ref. 4a
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17.5 kcal/mol (see Figure 5.2). Thus, we subsequently calculated the
expected selectivities (C‐3 versus C‐2) for C–H arylation for a
carbopalladation mechanism. We considered several possible solvent
coordinations to the cationic Pd. We determined that the coordination of
two THF molecules is likely preferred.† Our computed selectivities are in
agreement with experiments (see Chapter 4). Complete C‐2 selectivity was
experimentally observed for 1‐methylindole and benzofuran, consistent
with our computational results (ΔΔG‡ = 2.4 kcal/mol and 0.7 kcal/mol in
favor of C‐2, respectively).‡ By contrast, benzothiophene yielded the C‐3
arylated product exclusively, which was also reproduced by computations
(ΔΔG‡ = 1.9 kcal/mol in favor of C‐3) (see Figure 5.3).
As mentioned in Chapter 4, a brief re‐optimization in case of
benzofuran was necessary. Since benzofuran is not prone to electrophilic
substitution, MeOH could be used as a more reactive solvent. These results
are in agreement with the literature.5 Felpin et al. demonstrated with DFT
and experimental results that the cationic palladium intermediates in the
Heck cycle are exoergic with MeOH as the solvent.6 However, the use of the
protic solvent MeOH resulted in the significant formation (36%) of 2‐aryl‐
3‐methoxy‐2,3‐dihydrobenzofuran (6ee) (see Scheme 5.1). It was
speculated that 6ee was formed from the proposed carbopalladation
intermediate II through a SN1 mechanism, resulting in the observed
syn/anti diastereomeric mixture. Hereby, the presence of 6aa, suggests
that the intermediate II is existing in our catalytic cycle.

†Various ligation states of Pd were considered: THF molecules, Indole substrate and the
combination of both, with the THF molecules being the preferred one.
‡Benzofuran was reacted in MeOH, which offers various different likely coordination states.
Thus, it is challenging to describe this system adequately with computations. For the
coordination state considered, we predict selectivities in line with experiments. See SI for
additional information.
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Figure 5.2. Heck‐type carbopalladation pathway via its transition states at the CPCM
(THF) M06L/def2TZVP//wB97X‐D/6‐31G(d) SDD level of theory.7 Free energies are
shown in kcal/mol.

Figure 5.3. Prediction of selectivity for the Heck‐type carbopalladation pathway via its
transition states at the CPCM (THF) M06L/def2TZVP//wB97X‐D/6‐31G(d) SDD level of
theory.7 Free energies are shown in kcal/mol.
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The carbopalladation step in the traditional Heck‐type reaction would be
followed by syn‐β‐hydride elimination. Due to the rigidity of the ring
system, however, there is no possibility of conventional syn‐β‐hydride
elimination from the formed intermediate II (see Scheme 5.1). In contrast,
it has been previously suggested that a base or solvent assisted anti‐β‐
deprotonation rearomatisation could occur. 4b,8 ,9 While that step may also
be involved in our case, due to the ionic and complex natures of the
intermediates involved, an adequate computational description of the
system would pose a number of difficulties.4b,10 However, in situ

19F

NMR

analysis of the reaction has given us initial insights into the likely nature of
the processes involved (see Figure 5.4). The data indicate that additional
signals, assigned as BF3∙2Me‐THF (‐155.82 ppm) and HF (‐192.44 ppm),

Figure 5.4. Progress 19F‐NMR waterfall plot of the reaction for 6‐fluoro‐1‐methylindole
(1e) with 4‐F‐PhN2BF4 (2s) in EtOAc: 2‐MeTHF (1:1).

102

C−H Arylation of Heteroarenes: Mechanistic Investigation
appear in the

19F

NMR spectrum at the same rate as the product 5b (see

Figure 5.5 and SI for further details). Derived from these experimental
observations, we can postulate that the BF4‐ (which stabilizes the
carbopalladation intermediate II) and the solvent 2‐MeTHF both assist in
the anti‐β‐deprotonation rearomatisation, through the formation of HF
and BF3.2‐MeTHF (see Scheme 5.3). Moreover, when using alternative
counterions for the aryldiazonium salt (i.e., 4‐methoxybenzenediazonium
mesylate and tosylate), no product was observed (see Table 5.2). In case of
4‐methoxybenzenediazonium tosylate, 0.5 equiv. of BF4‐ (as an 48 wt%
HBF4 aqueous solution) was added to the reaction mixture after 15
minutes. Upon addition, immediate gas formation and color change was
observed. After 2 hours, the reaction was completed and the desired

100

F-NMR Yield (%)

80

60

Conversion of 1e
Yield of 5b
Yield of BF3.2-MeTHF

40

Yield of HF
20

0
0

20
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Time (min)
Figure 5.5. Conversion and Yield was monitored by the 19F signals of reaction mixture.
α,α,α‐trifluorotoluene (‐63.72 ppm) was used as internal standard.
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product was obtained in 62% isolated yield (entry 3). It is therefore
hypothesized that product 3h was the BF4 counterion of the aryldiazonium
salt plays a non‐negligible role in the reaction mechanism, i.e. acting as a
pseudo‐base in the anti‐β‐deprotonation rearomatisation step. In addition,
a crude 1H‐NMR spectrum acquired from the reaction mixture (using d8‐
THF as solvent) indicates that the lost proton appears quantitatively as a
broad signal at 9.0 ppm (see Figure 5.6).

Scheme 5.3. Proposed anti‐β‐deprotonation rearomatisation assisted by the BF4‐ anion.
Both BF3.2‐MeTHF and HF were observed in 19F‐NMR in quantitative correlation to the
desired product (5b).

Table 5.2. Control Experiments with Other Counterionsa
Me

Me
N2X

N
+

N
OMe

EtOAc:2-MeTHF (1:1) 0.2 M

MeO
1a

Pd(OAc)2 (2.0 mol%)

2

room temp., open flask

3h

(1.0 equiv.)

Entry

Counterion (X)

reaction time

isolated Yield (%)

1

BF4‐

2h

82b

2

OMs‐

16 h

0

3

OTs‐

2h

0c; 62d

aReaction

conditions: 2.0 mol % Pd(OAc)2, 0.5 mmol 1‐methylindole and 1.0 equiv. 4‐
methoxybenzenediazonium salt in 2.5 mL EtOAc:2‐MeTHF (1:1) at rt, open flask. b0.5 mol
% Pd(OAc)2; cno reaction observed. daddition of 0.5 equiv. BF4‐ (from an HBF4 48wt% in
H2O solution).
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Figure 5.6. 1H‐NMR taken of crude reaction mixture. Reaction conditions: 1.0 mol %
Pd(OAc)2, 1.0 mmol 1‐methylindole and 1.0 equiv. benzenediazonium salt in 5 mL d8‐THF
at rt, open flask, 1 h reaction. With this crude 1H‐NMR we would like to emphasize the
clean nature of our optimized reaction conditions.

Alternatively, a radical mechanism could be envisioned for this
transformation. However, a large excess (5 to 100 equiv.) of the
heteroarene substrate is generally required to obtain satisfying results
under such conditions. In our case, optimal results were achieved with
equimolar quantities. In addition, test reactions via the radical pathway11
did not lead to the desired product. Moreover, radical scavenging tests
failed to trap any radical intermediates (see Table 5.3). Both scavengers
(i.e., TEMPO and Galvinoxyl) were not able to trap any radical
intermediates. Note, that upon addition of the radical scavenger, the
reaction stopped immediately (see Table 5.3, entries 2‐4). However, it was
speculated that the highly reactive scavenger poisoned the catalyst.
Finally, in radical chemistry, mixtures of C‐2 and C‐3 arylation are
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frequently observed,12 while our system displays complete selectivity (C‐2
for indole and benzofuran, while C‐3 for benzothiophene).
Table 5.3. Radical Scavenging Experiments

Radical scavenger
Entry
(equiv.)

Addition
Yieldb before
radical
addition (%)
scavenger

Yieldb after Comments for
30 min (%)
GC‐MS

1

‐

‐

‐

76

‐

2

TEMPO (1.0)

5 min

5

5

No trapped int.

3

Galvinoxyl (1.0)

5 min

5

5

No trapped int.

4

TEMPO (1.0)

15 min

21

21

No trapped int.

areaction

conditions: 5.0 mol% Pd(OAc)2, 0.5 mmol heteroarene and 1.0 equiv. diazonium
salt in 2.5 mL solvent, rt, 0.1 equiv. decafluorobiphenyl as internal standard for GC‐FID,
open flask, 1.0 equiv. of radical scavenger added at indicated reaction time. bYield
determined by GC‐FID. Int. = intermediates.

CONCLUSION
Mechanistic experiments and DFT calculations support a Heck–Matsuda‐
type coupling mechanism. Moreover, the first experimental results
indicate that BF4 anions could be involved in the anti‐β‐deprotonation
rearomatisation step of the catalytic cycle.
ASSOCIATED CONTENT
The Supporting Information is available free of charge and can be found
under: https://doi.org/10.1039/c6sc02595a.
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Chapter 6
ABSTRACT
Described herein is an effective and practical modular flow design for the
meta‐selective C−H arylation of anilines. The design consists of four
continuous‐flow modules (i.e., diaryliodonium salt synthesis, meta‐
selective C−H arylation, inline copper extraction, and aniline deprotection)
which can be operated either individually or consecutively to provide
direct access to meta‐arylated anilines. With a total residence time of 1
hour, the desired product could be obtained in high yield and excellent
purity without the need for column chromatography, and the residual
copper content meets the standards for parenterally administered
pharmaceutical substances.
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INTRODUCTION
Site‐selective C−H bond functionalization strategies are of paramount
importance in modern organic synthesis.1 However, because of the
ubiquitous presence of C−H bonds in organic molecules, the regioselective
assembly of substituted arenes remains a major challenge. Traditionally,
the ortho and, to some extent, the para substitution of arenes have been
thoroughly explored with the use of Friedel–Crafts chemistry. More
recently, much work has been carried out on the transition metal catalyzed
ortho‐functionalization of arenes, and it proceeds by a cyclometalation
strategy.2 In contrast, the development of meta‐selective transformations
has required much more scientific investigation. Besides traditional
approaches which rely on tuning steric and electronic properties of
aromatic substrates, novel robust catalytic strategies have emerged.3 For
example, the incorporation of directing‐group templates4 or the use of
transient ligand mediators5 (e.g., Pd/norbornene) have been exploited to
carefully navigate transition metals to the meta‐position.
Among the reported meta‐selective C−H functionalization strategies,
the meta‐arylation of electron‐rich arenes is of high interest to access
novel biaryl motifs, which represent a common moiety within medicines,
agrochemicals, and functional materials.6 In particular, Gaunt and co‐
workers first reported the meta‐selective C−H arylation of protected
anilines.7 This transformation was believed to proceed via a highly
electrophilic CuIII/aryl intermediate, obtained from CuI, and in presence of
diaryliodonium salts as both oxidant and arylating agent.8 However,
despite

being

shelf‐stable,

nontoxic,

and

synthetically

useful,

diaryliodonium salts have limited availability and are expensive.9 The
main cause is associated with its cumbersome preparation. Hereto,
stoichiometric amounts of hazardous reagents (e.g., m‐CPBA and TfOH) are
111
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necessary to oxidize iodine to its hypervalent state (i.e., I+III) and the
greatly exothermic nature of the reaction makes hot‐spot formation highly
probable, thus resulting in reduced selectivities and safety issues on a
large scale.
A central theme of our research is to develop continuous flow methods,
thus delivering a set of new tools to facilitate challenging synthetic
transformations and provide additional advantages over batch in terms of,
for example, safety,10 scalability,11 time‐reduction,12 or selectivity.13 Given
the importance of meta‐arylated anilines and its limited scalability
potential in batch, we felt that a continuous‐flow strategy to access such
compounds would represent an important advance. To prepare these
compounds, we identified four key steps in its synthesis, including the
synthesis of the diaryliodonium salt, the meta‐selective C−H arylation, and
the removal of both the copper catalyst and the directing group (see
Scheme 6.1). While all these modules have great potential on its own,
combining them would allow straightforward access to the meta‐arylated
anilines within a reasonable time scale and effort.

Scheme 6.1. Modular Flow Design for the direct access to meta‐arylated anilines.
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RESULTS AND DISCUSSION
In taking on this challenge, we anticipated that diaryliodonium salt
synthesis as the first module could highly benefit from continuous‐flow
processing to alleviate the current safety limitations (i.e., highly
exothermic nature and hazardous reagents handling).14 The one‐pot
synthesis developed by the group of Olofsson was identified as the most
convenient strategy to produce a diverse set of diaryliodonium salts.14b A
0.1 mL PFA reactor coil (750 mm I.D.) was constructed and reagents were
introduced by three separate feed streams (i.e., reagent feed, oxidant feed,
and acid feed; see Figure 6.S1 and Scheme 6.S1 in the Experimental
Section). To prevent microreactor clogging and to ensure excellent heat
dissipation, the reactor assembly was submerged in an ultrasonic bath
kept at room temperature. After initial optimization (see Table S1 in the
Supporting Information (SI)), it was found that the target di‐p‐
tolyliodonium triflate (4a) could be obtained, after only a two‐seconds
residence time, in excellent yield (89%) after crystallization (Table 6.1).
Notably, our flow protocol was highly reproducible and the yields were
typically higher than those obtained with conventional batch labware (52–
67%).14b, 15 The procedure can be readily scaled and, as an example, we
obtained 2.04 grams of 4a (5 mmol scale, 89%).
Next, a small library of symmetrical and unsymmetrical diaryliodonium
salts was established in flow (Table 6.1). A wide variety of unsymmetrical
diaryliodonium triflates bearing diverse substituents and mesitylene as
the counter ligand were successfully synthesized on a gram scale (3a–l). In
particular, the compounds 3d (80%) and 3i (85%) were obtained in
significantly higher yields than previously reported.7,

16

Moreover, the

unsymmetrical diaryliodonium triflates bearing electron‐rich substituents
(3c and 3l) were synthesized for the first time by this one‐step procedure.
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Table 6.1. Scope for the Synthesis of (un)Symmetrical Diaryliodonium Salts
in Flowa

aReaction

conditions: Syringe 1: 5.0 mmol of aryl iodide (1) and 5.5 mmol of arene (2) in
25 mL DCE at 0.75 mL/min, syringe 2: 5.5 mmol of m‐CBPA in 25 mL of DCE at 0.75
mL/min, syringe 3: 10.0 mmol TfOH in 50 mL DCE at 1.5 mL/min. Added to the reactor via
syringe pump. bmesityl iodide was used. c3 mL reactor volume with tr = 60 s, 6.5 mmol m‐
CBPA and 15 mmol TfOH. Note: 3 series refer to unsymmetrical diaryliodonium salts with
mesitylene as arene, 4 series to symmetrical diaryliodonium salts. m‐CPBA = meta‐
chloroperbenzoic acid, Tf = trifluoromethanesulfonyl.

We believe that this module provides a useful tool to enable the large‐scale
preparation of valuable and costly diaryliodonium salts in a safe and time‐
efficient fashion. Further exploration of scope is presented in Chapter 7.
We next addressed the development of module 2, which involves the
continuous‐flow meta‐selective C−H arylation of anilines. It is generally
accepted that the reported meta‐selective C−H arylation reaction operates
by a homogeneous mechanism, thus making the use of heterogeneous
catalysts superfluous. Nevertheless, the use of heterogeneous precursor
materials, which can serve as cheap and convenient reservoirs for the
release of homogeneous catalytically active species, can be of highly added
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value.17 We hypothesized that the catalytically active species could be
readily formed from Cu0 in the presence of highly electrophilic
diaryliodonium salts.18 Preliminary batch investigations revealed that
inexpensive copper powder enabled the meta‐arylation of N‐(o‐
tolyl)pivalamide (5a) with di‐p‐tolyliodonium triflate (4a; see Table S2 in
SI). Moreover, these experiments revealed that copper powder was more
active than the benchmark Cu(OTf)2 catalyst source reported by Gaunt,
thus reducing the batch reaction time from 24 to 2 hours (see Figure S1 in
SI). In addition, reactions with surface‐treated copper turnings revealed
that both Cu0 and CuI can be used as catalyst source (see Figure S1b in
SI).19
Translating this concept to continuous manufacturing, we speculated
that the meta‐selective C−H arylation could highly bene it from the use of
copper tube flow reactors (CTFRs),20 which would allow for a significant
breakthrough in operational simplicity for C−H activation chemistry.21 To
test this hypothesis, a 20 mL CTFR (1.65 mm I.D.) was constructed from
cheap and commercially available copper tubing (see Figure 6.S2 and
Scheme 6.S2 in the Experimental Section). After initial optimization of the
reaction parameters, full conversion was obtained within only 20 minutes
residence time, thus yielding 88% of 6a (see Table 6.2 and Tables S3 and
S4 in SI). Next, various pivanilides with 4a as the coupling partner were
subjected to our flow protocol (Table 6.2). Pivanilides bearing either
ortho‐alkyl, ortho‐aryl, or ortho‐methoxy substituents were well tolerated
and yielded the monoarylated compounds 6b, 6c, and 6d respectively, in
excellent yields (86–91%). In the absence of ortho substituents, both meta
positions became highly accessible, thus resulting in a high‐yielding
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Table 6.2. Scope with Respect to Anilinesa and Diaryliodonium Saltsb for the
meta‐Selective C−H Arylation in Flow

aReaction

conditions: 0.5 mmol aniline (5) and 2.0 equiv [Tol‐I‐Tol]OTf (4a) in 5.0 mL
DCE. bReaction conditions: 0.5 mmol N‐(o‐tolyl)pivalamide (5a) and 2.0 equiv [Ar‐I‐
Mes]OTf (3) in 5.0 mL DCE. Added to the CTFR by syringe pump. c40 min residence time.
d5.03 mmol scale reaction: 1.384 g (98%) of desired product obtained. eSymmetrical [Ar‐I‐
Ar]OTf (4) was used. Piv=pivaloyl.

mixture of both mono‐ and diarylated products 6e/6e’ (80% yield,
mono/di 1:2.3). Also, the heterocyclic substrate indoline was readily
converted into 6f in our flow reactor, thus yielding the pure compound in
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80% yield upon isolation. Generally, meta‐substituted substrates are
perceived as more challenging substrates but could nevertheless be
acquired in flow within 20 minutes (6g,h). More complex ortho,para‐
disubstituted pivanilides were also compatible (6i–l), thus obtaining 6i
and a 6j/6j’ mixture in high yields (85–86%). Modest yields (30–42%)
were obtained for 6k and 6l because of incomplete conversion.
Next, a diverse set of diaryliodonium salts, all prepared on a gram scale
in flow by module 1, were evaluated as coupling partners with N‐(o‐
tolyl)pivalamide (5a) as a benchmark substrate (Table 6.2). The transfer
of various aryl groups was effective for a broad range of symmetrical and
unsymmetrical diaryliodonium triflates (6m–w) bearing either electron‐
neutral, electron‐donating, or electron‐withdrawing substituents, thus
yielding the desired meta‐arylated products in fair to excellent yields (21–
90%). Note that for unsymmetrical diaryliodonium salts, the sterically
hindered mesitylene could be successfully used as a “dummy ligand”
allowing selective transfer of the functionalized aryl groups. Interestingly,
a gram‐scale reaction was readily carried out and resulted in the formation
of 6a in near quantitative yield (1.384 g, 98%), thus highlighting the
excellent scale‐up potential of our continuous‐flow protocol. It should be
noted that the complete scope (6a–w) was performed with only a single
copper capillary without any apparent loss of reactivity. Moreover, the
accelerated reaction conditions (20 min vs. 24–48 h) and improved yields
highlight the potential of these CTFRs, as readily available flow reactors, to
enable copper‐catalyzed C−H activation chemistry for gram‐scale drug
manufacturing.
Operating the meta‐arylation reaction in a continuous flow manner,
evidently raised the question of whether significant copper leaching was
taking place. Leaching can become apparent at longer operation times,
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since copper will be progressively chromatographed through the reactor
tubing as a result of subsequent leaching/redeposition cycles.17 To
investigate the leaching behavior, Inductively coupled plasma optical
emission spectroscopy (ICP‐OES) analysis was conducted on reaction
samples (see Section 2.3 in SI). As can be seen from Table 6.3, the crude
reaction sample from module 2 contained about 4720 ppm of Cu, and is in
the same range as previously reported transformations in CFTRs.20a To
remove the leached copper from the target compound, we considered a
continuous‐flow inline extraction module (module 3).22 The extraction
module consisted of a 5mL PFA coil (1.65 mm I.D.) connected to a
commercially available Zaiput liquid‐liquid membrane separator (see
Figure 6.S3 and Scheme 6.S3 in the Experimental Section). The aqueous
ammonia solution (32 wt%) was merged with the organic stream exiting
the CTFR. The combined liquid‐liquid phase provided a rapid extraction of
copper through complexation with ammonia, and could be visually
confirmed by the deep‐blue colored aqueous phase.
Table 6.3. Inline Copper Extraction and Phase Separationa

aCrude phase from module 2 and NH3 (32wt%) aqueous solution was pumped with
syringe pump and mixed together in a T‐mixer. A Zaiput membrane separator was
connected at the end of the 5 mL PFA extraction coil. Organic phase was checked for Cu
content via ICP‐OES analysis.
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The organic stream was subsequently separated from the aqueous stream
in the Zaiput device. ICP‐OES analysis revealed that 99.7% of copper
content could be readily extracted with a single pass through the module.
This step leads to a residual 14.3 ppm of Cu, and is far below the
recommended limit for parenterally administered pharmaceutical
substances (<25 ppm according to the European Medicines Agency (EMA)
Guidelines).23
The final step in our reaction sequence constitutes the removal of the
pivalic protecting group. Notably, the cleavage of pivanilides proved to be
extremely challenging. Literature procedures utilize reflux conditions and
prolonged reaction times ranging from 1–3 days.7,

24

Such extended

reaction times are not suitable for continuous‐flow processing and a
thorough screening of potential deprotection strategies was carried out
(see Tables S6 and S7 in SI). The flow module consisted of a 20 mL PFA
capillary (1.65 mm I.D.) equipped with a 140 psi back pressure regulator
(BPR) to enable superheated reaction conditions (see Figure 6.S4 and
Scheme 6.S4 in the Experimental Section). Eventually, we found that the
deprotection of 6a could be realized within 40 minutes using an HCl/1,4‐
dioxane (1:1) mixture at 130 °C (Table 6.4), thus yielding the free aniline
7a in excellent yield (94%). A final extraction procedure was used to
circumvent chromatography (see SI Section 4.4). This continuous‐flow
deprotection protocol appeared to be generally applicable (7a–h) and
constitutes a significant improvement compared to the literature
procedures.
Finally, with all the individual modules fully explored and optimized,
the different modules were combined to enable direct access to meta‐
arylated anilines (Scheme 6.2). In module 1, 4‐iodotoluene (1a) and
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Table 6.4. Aniline Deprotection in Flowa

aReaction

conditions: 0.5 mmol product (6) in 5.0 mL HCl (32 wt%)/1,4‐dioxane (1:1),
added to the PFA reactor by syringe pump (for 7a–f R1=Me, for 7g,h R2=Me). Aniline
obtained after extraction procedure (no chromatography).

toluene (2a) where readily converted into the corresponding iodonium
salt 4a within a 2 second residence time. After crystallization, 4a was
combined with N‐(o‐tolyl)pivalamide (5a) and introduced in module 2.
Upon exiting the CTFR, the reaction mixture was merged with the aqueous
NH3 solution phase to remove the leached copper in module 3. The organic
phase containing 6a was subsequently evaporated and re‐dissolved in
HCl/1,4‐ dioxane (1:1). This mixture was fed to the last module to obtain
the fully deprotected meta‐arylated aniline 7a in an overall yield of 80%
and 99% purity after a final extraction procedure. It should be noted that
the overall procedure could be carried out within a 1 hour residence time
and required no chromatographic purification.
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Me

1. iodonium
salt synthesis

2. meta-selective
C-H arylation

NHPiv
Me

4a
2a

I

5a
Me
1a
6a

NH3 (aq.)
Z
Cu

NH2
4. aniline
deprotection

Me

7a

3. copper
extraction

Me

80% overal yield
no chromatography
99% purity

Scheme 6.2. Overview of modular flow experiment for the synthesis of 7a. Solid arrows
indicate direct connections and dashed arrows indicate indirect connections (for example,
precipitation or solvent exchange).

CONCLUSION
In conclusion, we have developed a modular and efficient continuous‐flow
approach which allows direct access to valuable meta‐arylated anilines.
Module1 provides a unique, safe, and scalable flow method to prepare
highly valuable diaryliodonium salts, within a 2 second residence time (15
examples). In module 2, a copper tube flow reactor was used for the first
time to enable copper‐catalyzed meta‐selective C−H arylation of protected
anilines within a 20 minute residence time (23 examples). Effective inline
copper removal in module 3 led to values suitable for meeting the
standards of parenterally administered pharmaceutical substances (i.e.,
residual Cu content <25 ppm). Finally, deprotection of the pivanilides was
realized in module 4, thus delivering the desired meta‐arylated anilines in
a straightforward fashion within 40 minutes. Orchestrating all individual
modules in an integrated process allowed preparation of meta‐arylated
anilines within a total time frame of 1 hour in excellent yield and purity,
and without the need of chromatography. We believe that the each of the
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developed modules are of high value and will find widespread use in both
academia and industry.
EXPERIMENTAL SECTION
Module 1: Diaryliodonium salts synthesis. A 25 mL oven‐dried
volumetric flask was charged with 4‐iodotoluene (1a, 1.09 g, 5.0 mmol)
and toluene (2a, 506 mg, 5.5 mmol). Next, a second 25 mL oven‐dried
volumetric flask was charged with meta‐chloroperbenzoic acid (≤ 77%)
(1.24 g, 5.5 mmol). Both the flasks were fitted with a septum and were
degassed by alternating vacuum and argon backfill. Anhydrous
dichloroethane was added via syringe to make a 25.0 mL solution in both
flasks. Both the solutions were charged in 30 mL NORM‐JECT® syringes
and were fitted to a single syringe pump. After, a 50 mL oven‐dried
volumetric flask was charged with around 20 mL dichloroethane. The flask
was fitted with a septum and was degassed by alternating vacuum and
argon backfill. Trifluoromethanesulfonic acid (1.50 g, 10.0 mmol) was
added carefully with a syringe and anhydrous dichloroethane was added
via syringe to make a 50.0 mL solution. The solution was charged in a 60
mL NORM‐JECT® syringe and fitted to a second syringe pump. All syringes
were connected to a polyether ether ketone (PEEK) cross‐mixer (500 µm
I.D.) and subsequently connected to the inlet of the 0.1 mL PFA capillary
tubing (750 µm I.D.). The cross‐mixer and microreactor were submerged
in a sonication bath and sonication was applied during operation. First
syringe pump (containing 2 syringes) was operated at 2x 0.75 mL/min and
the second syringe pump was operated at 1.5 mL/min (total 3 mL/min
flow rate, 2 seconds residence time). The outlet of the reactor was fitted to
an argon filled round bottom flask with septum via a needle connection. An
argon filled balloon was attached in order to ensure a constant pressure.
The reaction mixture was evaporated under reduced pressure at the
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Module 2: meta‐selective C−H arylation of anilines. A 5 mL oven‐dried
volumetric flask was charged with N‐(o‐tolyl)pivalamide (5a, 95 mg, 0.5
mmol) and di‐p‐tolyliodonium triflate (4a, 458 mg, 1.0 mmol). The flask
was fitted with a septum and was degassed by alternating vacuum and
argon backfill. Anhydrous dichloroethane was added via syringe to make a
5.0 mL solution. The solution was charged in a 10 mL BD Discardit II®
syringe. Next, the syringe was fitted to a syringe pump and connected to
the inlet of the 20 mL CTFR. The CTFR was submerged into a thermostatic
oil bath and kept at 70 °C during operation. The outlet of the CTFR was
fitted to an Erlenmeyer collection flask. The syringe pump was operated at
a flow rate of 1.0 mL/min (20 minutes residence time). Three extra
syringes of each 10 mL anhydrous dichloroethane were pumped after the
sample (1.0 mL/min) in order to collect the complete sample. The resulted
reaction mixture was monitored using TLC and/or GC‐MS. The organic
mixture was diluted in DCM and was introduced into a separation funnel.
The organic phase was washed with 2x saturated aqueous NaHCO3 and 1x
with brine solution sequentially. Aqueous phase was backwashed once
with DCM. Collected organic phase was dried over MgSO4, filtered and
concentrated

under

reduced

pressure.

Purification

by

flash

chromatography on silica afforded the product. The final product was
weighted and characterized by 1H NMR, 13C NMR, 19F NMR (if applicable),
HRMS and melting point analysis (if applicable).
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Module 4: Deprotection of anilines. A 5 mL oven‐dried volumetric flask
was charged with N‐(4,4'‐dimethyl‐[1,1'‐biphenyl]‐3‐yl)pivalamide (6a,
141 mg, 0.5 mmol) and HCl (37 wt%):1,4‐dioxane (1:1) mixture was added
via syringe to make a 5.0 mL solution. The solution was charged in a 10 mL
BD Discardit II® syringe. Next, the syringe was fitted to a syringe pump
and connected to the inlet of the 20 mL PFA deprotection coil (1.65 mm
I.D.). The reactor was submerged into a thermostatic oil bath and kept at
130 °C during operation. The outlet of the reactor was fitted to an
Erlenmeyer collection flask. The syringe pump was operated at a flow rate
of 0.5 mL/min (40 minutes residence time). Three extra syringes of each
10 mL anhydrous 1,4‐dioxane were pumped after the sample in order to
collect the complete sample. The resulted reaction mixture was monitored
using TLC and/or GC‐MS. The organic mixture was diluted in ethyl acetate
and was introduced into a separation funnel. The organic phase was
washed with aqueous 1M NaOH solution. Next the organic phase was
extracted at least 3x with aqueous 1M HCl solution until al desired product
4,4'‐dimethyl‐[1,1'‐biphenyl]‐3‐amine (7a) was extracted to the aqueous
phase (monitored by TLC ninhydrin stain to detect the primary amine
functionality). Finally, the aqueous phase was made basic by careful
addition of NaOH pellets, and ethyl acetate was added in order to back‐
extract 7a to the organic phase. The collected organic phase was dried over
MgSO4, filtered and concentrated under reduced pressure in order to
obtain the desired product. The final product was weighted and
characterized by 1H NMR,

13C

NMR,

19F

NMR (if applicable), HRMS and

melting point analysis (if applicable).
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Chapter 7
ABSTRACT
A safe and scalable synthesis of diaryliodonium triflates was achieved
using a practical continuous‐flow design. A wide array of electron‐rich to
electron‐deficient arenes could readily be transformed to their respective
diaryliodonium salts on a gram scale, with residence times varying from 2
to 60 s (44 examples).
In this chapter a further exploration of the scope for the flow synthesis of
diaryliodonium triflates is presented. The initial development of the flow
reactor and preliminary scope is discussed in Chapter 6.
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INTRODUCTION
In recent years, the applications of aryl electrophile sources, such as
hypervalent iodinated compounds, have become increasingly important in
synthetic organic chemistry.1 In particular, diaryl‐λ3‐iodanes, also known
as diaryliodonium salts, have been extensively used in numerous arylation
procedures.2 Such diaryliodonium salts can be considered as both strong
electrophiles and powerful oxidants, which allows chemists to reach
higher oxidation states with Pd or Cu complexes and to carry out the
targeted transformations at milder reaction conditions.3 Furthermore,
diaryliodonium salts can be used as an electrophilic aryl source to couple
with a wide variety of nucleophiles, allowing the preparation of sulfides,4
ethers,5 amines,6 esters,7 and nitro compounds8 as well as the α‐arylation
on enolates.9
Given the apparent importance of diaryliodonium salts (Scheme 7.1),
many syntheses have been developed to prepare these compounds.10 The
most practical reaction conditions involve the reaction of iodoarenes with

Scheme 7.1. Advantages and disadvantages of diaryliodonium salts.
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a suitable oxidant to give I+III followed by a ligand exchange with an arene.
An improved one‐pot version was developed by Olofsson et al. using meta‐
chloroperbenzoic

acid

(m‐CPBA)

as

the

oxidant

and

trifluoromethanesulfonic acid (TfOH) to yield diaryliodonium triflates
directly.11 However, such oxidative reaction conditions are typically very
exothermic and thus represent a substantial safety risk when carried out
on a large scale. Herein, we present a flow synthesis of diaryliodonium
triflates which is fast and scalable and provides a broad substrate scope.
RESULTS AND DISCUSSION
To quantify the thermodynamic data of highly exothermic reactions,
reaction calorimetry is typically used.12 In order to rapidly determine the
unknown reaction enthalpy (ΔHR) of the diaryliodonium salt synthesis, we
developed an operationally simple adiabatic continuous‐flow device that
allowed us to calculate ΔHR values via in‐line ΔT measurements (see
Scheme 7.2 a). Hereto, a custom‐made glass tube was designed, and the
cross‐micromixer and microreactor were placed inside. High vacuum was
applied to the system in order to create adiabatic conditions (for more
details about the setup, see the Supporting Information (SI). Assuming full
conversion, we calculated the reaction enthalpy using the following
equation, ΔHR = m × Cp × ΔT, where m and Cp are the mass and the heat
capacity of the solvent, respectively (Cp values of substrates were
neglected, which is fair given the dilution). A thermocouple was connected
to the T‐mixer at the end of the microreactor, which allowed us to have in‐
line temperature measurements. The calibration of the adiabatic system
was performed using the well‐known neutralization reaction of sodium
hydroxide with hydrochloric acid.13 Next, we carried out the synthesis of
diphenyliodonium triflate and di‐p‐tolyliodonium triflate in the adiabatic
microfluidic device, and ΔT values were measured (reactions were
136
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performed three times each). With the Cp value of DCE known (Cp = 129.4
J·mol−1·K−1),14 we were able to directly calculate the respective enthalpy
values. Interestingly, very high ΔHR values between −160 and −180 kJ/mol
were observed, highlighting the need for a safe and reliable method to
scale the reaction conditions (see Scheme 7.2 b).15 Such exothermic
transformations

can

be

carried

out

safely

in

continuous‐flow

microreactors as the microenvironment results in an excellent heat
dissipation rate.16

7

Scheme 7.2. a) Adiabatic microflow setup for enthalpy measurements. b) Enthalpy values
obtained for the one‐pot synthesis of diaryliodonium triflates.

We commenced our investigations by designing a suitable continuous‐flow
setup (Scheme 7.3). Our design consists of three individual feeds that
allow separation of the hazardous reagents and control of the reaction
stoichiometry by adjusting the individual flow rates. The different reagent
streams were merged in a cross‐micromixer and subsequently introduced
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With the optimized conditions in hand, we sought to demonstrate the
generality of our flow protocol (Table 7.1). Within 2 s residence time, a
diverse set of both symmetrical and unsymmetrical diaryliodonium
triflates was synthesized in fair to excellent yield on a gram scale (5−10
mmol scale). Symmetrical diaryliodonium triflates were readily produced
in good to excellent yields (3a−3c). Using different (hetero)‐arenes,
Table 7.1. Scope of Diaryliodonium Triflates Using Electron‐Neutral and
Electron‐Rich Aryl Iodidesa
-OTf

I+

I
R'

R
1

+

2
1.1 equiv.

-OTf
I+

-OTf

-OTf

-OTf

I+

I+

-OTf

Me

Me

Me

-OTf

Me

F

-OTf
I+

Me

Me

Me

Me

-OTf
I+

Me

-OTf
I+

Me

Me

Me

3m (37%)

Me

Me

Me

Me

-OTf
I+

Me
3q (21%)

Me

Me
Me

OMe

Me

Me

3h (28%)
Me

3o (72%)

-OTf

Me

I+

Me

Me

Me

3l (88%)

-OTf Me
I+

Me

Me

Me

AcHN

3k (61%)

3n (80%)
Me

Me

Me

Ph

3j (75%) c
Me

-OTf
I+

3g (85%)

Me

I

Me

Me

Me

I+

3i (78%)

3d (75%)

I+

3f (87%)

3e (43%)

F

-OTf

I+

S

I

3c (58%)

3b (87%)

-OTf

-OTf
I+

F

F

3a (90%, 92%b)

I+

3

I+

Me

Me

R'

R

1.1 equiv. m-CPBA
2.0 equiv. TfOH
V = 0.1 mL, tr = 2s

Me

Me

Me

-OTf

Me

I+
Me
Me

Me

3p (56%)

-OTf
I+
S

Me
3r (49)%)

aReaction

conditions: feed 1: 5.0 mmol of aryl iodide (1), 5.5 mmol of arene (2) in 25 mL
of DCE; feed 2: 5.5 mmol of m‐CPBA in 25 mL of DCE; feed 3: 10 mmol of TfOH in 50 mL
of DCE. Throughput distribution feed 1 / feed 2 / feed 3 was 1:1:2.; b10 mmol scale
reaction; Isolated yields are reported.
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unsymmetrical

diaryliodonium

salts

were

synthesized

(3d,

3e).

Furthermore, the use of sterically hindered mesitylene was well‐tolerated,
providing access to a diverse set of aryl mesityliodonium triflates (3f−3p).
These compounds are of high interest in cross‐coupling and C−H arylation
chemistry because they allow selective transfer of the functionalized aryl
groups to the substrate. Aryl iodides bearing strong electron‐ donating
substituents (e.g., anisoles) or electron‐rich heteroaromatic iodides (e.g.,
thiophene) were incompatible with the reaction conditions. However,
these diaryliodonium triflates could be accessed when using the mesityl
iodide with the corresponding (hetero)arenes, albeit in a lower yield (3q
and 3r).
Aryl iodides with electron‐withdrawing functional groups proved
particularly challenging. However, after a minor re‐optimization of the
reaction conditions (see the SI), it was found that these compounds could
be obtained in good yields by increasing the reactor volume to 3 mL and
using an excess of m‐CPBA (1.3 equiv) and TfOH (3.0 equiv). Aryl iodides
bearing ortho, meta, and para electron withdrawing substituents (e.g.,
halogens, nitro, esters, ketones) were all well‐tolerated, yielding the
targeted diaryliodonium triflates in synthetically useful yields (32−90%
yield) (Table 7.2). Also, 3‐iodopyridine (3x and 3ai) and 1‐
iodoanthraquinone (3s) could be subjected to the flow conditions,
resulting in the desired compounds in fair yields (19−47% yield).
Finally, with the aim of developing a flow protocol utilizing cheap and
easily available starting materials, we chose to oxidize simple arenes using
molecular iodine to yield the corresponding symmetrical diaryliodonium
triflates. Optimal results were obtained using iodine as the limiting reagent
along with 3 equiv of m‐CPBA, 4.1−10 equiv of arene, and 5 equiv of TfOH
(see the SI). Moderate to excellent yields were obtained for the synthesis
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of symmetrical diaryliodonium salts (38−90%) (Table 7.3). In most cases,
the para−para substituted diaryliodonium analogues were obtained as the
only regioisomer. However, when using toluene as the substrate, several
other regioisomers were obtained with the ortho−para isomer being the
most abundant (3ak). However, the selectivity could be completely tuned
toward the ortho−para isomer by decreasing the reaction temperature to 0
°C.
Table 7.2. Scope of Diaryliodonium Triflates with Electron‐Deficient
Substratesa

7

aReaction

conditions: feed 1: 5.0 mmol of 1, 5.5 mmol 2 in 25 mL of DCE; feed 2: 6.5 mmol
of m‐CPBA in 25 mL of DCE; feed 3: 15 mmol of TfOH in 50 mL of DCE. Throughput
distribution feed 1 / feed 2 / feed 3 was 1:1:2. Isolated yields are reported.
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Table 7.3. Scope of Symmetric Diaryliodonium Triflates Derived from
Arenes and Molecular Iodinea

aReaction

conditions: feed 1: 2.0 mmol of 4, 10 equiv. of 2 in 10 mL of DCE; feed 2: 6.0
mmol of m‐CPBA in 10 mL of DCE; feed 3: 10 mmol of TfOH in 10 mL of DCE. Throughput
distribution feed 1 / feed 2 / feed 3 was 1:1:2. b4.1 equiv. of arene are used. cSelectivity at
room temperature: ortho‐para 90% para‐para 5% and ortho‐ortho 5%. dSelectivity at 0°C:
ortho‐para >96%. All the yields reported are isolated.

CONCLUSION
In summary, we have developed a fast, scalable, and safe continuous‐flow
protocol

to

prepare

various

symmetrical

and

unsymmetrical

diaryliodonium triflates. Our protocol displayed a broad substrate scope of
electron‐rich to electron‐deficient substrates (44 examples, yields up to
92%). Notably, the reaction could be completed in a matter of seconds,
allowing the preparation the diaryliodonium triflates on a gram scale with
excellent purity in a time‐efficient fashion. We believe that the developed
flow protocol will find widespread use in both academia and industry
given the synthetic relevance of diaryliodonium salts.
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EXPERIMENTAL SECTION.
General Procedure for the Diaryliodonium Salt Synthesis with
Electron‐Neutral and Electron‐Rich Substrates (GP1). A 25 mL oven‐
dried volumetric flask was charged with 4‐iodotoluene (1a, 1.09 g, 5.0
mmol) and toluene (2a, 506 mg, 5.5 mmol). Next, a second 25 mL oven‐
dried volumetric flask was charged with meta‐chloroperbenzoic acid
(≤77%) (1.24 g, 5.5 mmol). Both the flasks were fitted with a septum and
were degassed by alternating vacuum and argon backfill. Dichloroethane
was added via syringe to make a 25.0 mL solution in both flasks. Both the
solutions were charged in 30mL NORM‐JECT® syringes and were fitted to a
single syringe pump. Afterwards, a 50 mL oven‐dried volumetric flask
fitted with a septum and was degassed by alternating vacuum and argon
backfill

and

charged

with

20

mL

of

dichloroethane.

Trifluoromethanesulfonic acid (0.9 mL, 10.0 mmol) was added carefully
with a syringe, and dichloroethane was added via syringe to make a 50.0
mL solution. The solution was charged in a 60 mL NORM‐JECT® syringe
and fitted to a second syringe pump. All syringes were connected to a
PEEK cross‐mixer (500 μm i.d.) and subsequently connected to the inlet of
the 0.1 mL PFA capillary tubing (750 μm i.d.). The cross‐mixer and
microreactor were submerged in a sonication bath, and sonication was
applied during operation. The first syringe pump (containing two
syringes) was operated at 2 × 0.75 mL/min, and the second syringe pump
was operated at 1.5 mL/min (total 3 mL/min flow rate, 2 s residence
time). The outlet of the reactor was fitted to an argon‐filled round‐bottom
flask with septum via a needle connection. An argon filled balloon was
attached in order to ensure a constant pressure. The reaction mixture was
evaporated under reduced pressure at the rotavap. Residue was dissolved
in diethyl ether and evaporated again at the rotavap. This procedure was
repeated three times, and then the residue was dissolved in a minimum
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amount of acetone, followed by addition of diethyl ether until a cloudy
solution was obtained. Next, the resulting mixture was kept in the freezer
(−26 °C) overnight. Formed crystals were iltered off and washed with a
minimum of diethyl ether.
General Procedure for the Diaryliodonium Salt Synthesis with
Electron‐Deficient Substrates (GP2). A 25 mL oven‐dried volumetric
flask was charged with 4‐iodonitrobenzene (1b, 1.25 g, 5.0 mmol) and
mesitylene (2b, 0.76 mL, 5.5 mmol). Next, a second 25 mL oven‐dried
volumetric flask was charged with meta‐chloroperbenzoic acid (≤77%)
(1.5 g, 6.5 mmol). Both the flasks were fitted with a septum and were
degassed by alternating vacuum and argon backfill. Dichloroethane was
added via syringe to make a 25.0 mL solution in both flasks. Both the
solutions were charged in 30 mL NORM‐JECT® syringes and were fitted to
a single syringe pump. Afterwards, a 50 mL oven‐dried volumetric flask
was fitted with a septum and was degassed by alternating vacuum and
argon

backfill

and

charged

with

40

mL

of

dichloroethane.

Trifluoromethanesulfonic acid (1.3 mL, 15 mmol) was added carefully
with a syringe, and dichloroethane was added via syringe to make a 50.0
mL solution. The solution was charged in a 60 mL NORM‐JECT® syringe
and fitted to a second syringe pump. All syringes were connected to a
PEEK cross‐mixer (500 μm i.d.) and subsequently connected to the inlet of
the 3.0 mL PFA capillary tubing (750 μm i.d.). The cross‐mixer and
microreactor were submerged in a sonication bath, and sonication was
applied during operation. The first syringe pump (containing two
syringes) was operated at 2 × 0.75 mL/ min, and the second syringe pump
was operated at 1.5 mL/min (total 3 mL/min flow rate, 60 s residence
time). The outlet of the reactor was fitted to an argon‐filled round‐bottom
flask with septum via a needle connection. An argon‐filled balloon was
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attached in order to ensure a constant pressure. The reaction mixture was
evaporated under reduced pressure at the rotavap. Residue was dissolved
in diethyl ether and evaporated again at the rotavap. This procedure was
repeated three times, and then the residue was dissolved in a minimum
amount of acetone, followed by addition of diethyl ether until a cloudy
solution was obtained. Next, the resulting mixture was kept in the freezer
(−26 °C) overnight. Formed crystals were filtered off and washed with a
minimum of diethyl ether.
General Procedure for the Diaryliodonium Salt Synthesis with Iodine
(GP3). A 10 mL oven‐dried volumetric flask was charged with iodine (4,
507 mg, 2 mmol) and the arene (2, 8.2−20 mmol). Next, a second 10 mL
oven‐dried volumetric flask was charged with meta‐chloroperbenzoic acid
(≤77%) (1.5 g, 6 mmol). Both the flasks were fitted with a septum and
were degassed by alternating vacuum and argon backfill. Dichloroethane
was added via syringe to make a 10 mL solution in both flasks. Both the
solutions were charged in 10 mL NORM‐JECT® syringes and were fitted to
a single syringe pump. Afterwards, a 25 mL oven‐dried volumetric flask
was fitted with a septum and was degassed by alternating vacuum and
argon backfill and charged with around 15 mL of dichloroethane.
Trifluoromethanesulfonic acid (0.9 mL, 10.0 mmol) was added carefully
with a syringe, and dichloroethane was added via syringe to make a 20.0
mL solution. The solution was charged in a 20 mL NORM‐JECT® syringe
and fitted to a second syringe pump. All syringes were connected to a
PEEK cross‐mixer (500 μm i.d.) and subsequently connected to the inlet of
the 3 mL PFA capillary tubing (750 μm i.d.). The cross‐mixer and
microreactor were submerged in a sonication bath, and sonication was
applied during operation. The first syringe pump (containing two
syringes) was operated at 2 × 0.75 mL/min, and the second syringe pump
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Chapter 8
ABSTRACT
In this chapter, a critical assessment of the C‐2 arylation protocol
described in Chapter 4 is performed. The methodology elucidated in
Chapter 4 was evaluated for its application in the synthesis of saprisartan,
a prescription drug employed in the treatment of hypertension and heart
failure. Moreover, a holistic evaluation of the C‐H activation methodology
reported herein was conducted. Based on experimental results, cost
analysis and green chemistry metrics, our C−H activation methodology
was compared to the patented synthesis of the same API (saprisartan).
Specifically, the formation of the key intermediate methyl 2‐(5‐
methylbenzofuran‐2‐yl)benzoate, was found to be the bottleneck in the
patented synthetic route and was used as the point of comparison between
the

two

methodologies.

Compared

to

the

patented

route,

the

implementation of our C‐2 arylation methodology for the formation of the
same key intermediate resulted in a significant increase in product yield
(65% vs 17%) and in a projected cost reduction of around 92% for
chemicals and solvent. Moreover, the assessment of Green Chemistry
Metrics revealed the enhanced green profile of our C−H activation
methodology. Our synthetic route scored much lower on the Process Mass
Intensity (PMI) index (68 vs 326), thus making this procedure acceptable
for the pharmaceutical sector, where PMI values lower than 100 are
recommended for every synthetic step. Lastly, with the aim to improve the
safety and the potential for industrial scale up of our methodology, we
attempted to translate the batch procedure into a continuous‐flow
protocol.
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INTRODUCTION
Heterocyclic moieties are often present in active pharmaceutical
ingredients (API).1 Specifically, nitrogen‐containing heterocycles alone are
present in almost 60% of all APIs approved by the United States Food and
Drugs Administration (U.S. FDA).2 Within heterocycles, heteroarene
moieties and in particular heterobiaryl structures are among the most
important and recurring motifs in marketed APIs, agrochemical
compounds and advanced materials. As example, four drug APIs based on
benzo‐fused heterobiaryl motifs are presented in Figure 8.1.3 Notably,
raloxifene was listed in the top 200 drugs sold worldwide in 2013.4

8

Figure 8.1. Selected examples of APIs containing benzo‐fused heterobiaryl core
structures.

While investigating the possibility to apply our C‐2 arylation methodology
in the preparation of an API, we identified the anti‐hypertensive drug
saprisartan as an ideal candidate.5 Saprisartan contains a C‐2 arylated
benzofuran core, and should therefore fall within the demonstrated scope
of our C‐2 arylation methodology. Up to date, the Suzuki‐Miyaura coupling
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remains the most widely used cross‐coupling arylation reaction in
industry,1b and is also reported in a 1994 patent (Judd, Glaxo Group
Limited)6 describing the C‐2 arylation step toward the synthesis of
saprisartan (Figure 8.2). However, despite its popularity, the Suzuki‐
Miyaura coupling remains far from ideal in terms of sustainability of the
process. First of all, this method requires pre‐functionalization of both
coupling partners (a boronic acid and an organohalide). The need for the
presence of a boronic acid results in an undesired extra step in the
reaction process. Furthermore, the synthesis of boronic esters requires
harsh reagents (e.g., lithium containing reagents), while the presence of an
organohalide coupling partner is associated with the production of
halogen‐containing chemical waste. Moreover, the coupling reaction itself
requires harsh conditions in terms of temperature and relatively long
reaction times, which may lead to a limited functional group tolerability.

Figure 8.2. Retrosynthetic analysis of patented synthetic routes to saprisartan and
raloxifene, both involving a Suzuki‐Miyaura coupling strategy.

In contrast to the classical cross‐coupling strategies, the implementation of
a C–H activation strategy would circumvent the need for pre‐
functionalization of the substrates. Over the last years, several transition
metal‐catalyzed methods for the direct C‐2 arylation of heteroarenes have
been developed.7 However, these methods still necessitate high
temperatures, stoichiometric amounts of oxidants and/or additives, toxic
solvent systems and limited selectivity and high catalyst loadings.
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In order to compare our developed method (described in chapter 4)
with the state of the art procedure for the synthesis of saprisartan, we
performed a cost analysis comparing both procedures. Strategic decisions
in the manufacturing industry are mostly driven by economic interests.
Thus, a reliable indicator on the possibility to apply a novel synthetic route
is a cost analysis comparing the economic aspects of a new process to the
established one. Because of the difficulty in accessing and deriving data
from the industrial scale production of saprisartan, we decided to conduct
a cost analysis on the lab‐scale. Such lab‐scale cost evaluation can be
regarded as a simplified version of the method reported by Kressirer et al.8
A detailed explanation on the approach adopted for the cost analysis is
given in the Experimental Section.
Moreover, besides the economic aspect, we assessed the environmental
impact of the two procedures via different green metrics. During the last
decades, sustainability of chemical processes has become a topic of
increasing interest. Therefore, the term green chemistry, referring to the
design of chemical processes and products to minimize the use and/or
generation of hazardous materials, was created.9 The fundamentals of
green chemistry were further clarified and explained in a list of twelve
principles which provide a cohesive framework for the design of chemical
processes with a reduced effect on the environment. For too long time the
environmental effects of chemical processes were considered as a
“necessary evil” that must be tolerated in order to obtain optimized,
efficient and inexpensive processes. However, one of the rationales behind
green chemistry is that the design of a more sustainable process will also
result in increased profits for the industry. The principles of green
chemistry should therefore not be seen as a set of rules to be respected to
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meet the guidelines of regulatory agencies, but also as an opportunity to
continuously innovate.10
A comprehensive way to evaluate the environmental impact of
products and processes across their entire life cycle is the so‐called Life
Cycle Assessment (LCA).11 This analytic tool would be a suitable one for
the comparison of the proposed strategy with conventional cross‐coupling
chemistries. However, a large number of data concerning the industrial
production of saprisartan would be required to conduct a proper LCA. Due
to the impossibility of gathering such data, we decided to compare the
methodologies of interested by employing green metrics, which can be
regarded as simplified environmental screening tools.12 The green metrics
we used for the assessment of the environmental effects of the two
methodologies are: atom economy (AE),13 environmental factor (E‐
factor),14 process mass intensity (PMI),15 effective mass yield (EMY)16 and
EcoScale (original and modified).17 A brief discussion and definition of
these metrics is given in the Experimental Section.
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RESULTS AND DISCUSSION
Saprisartan synthesis: Identifying the bottleneck
In 1994, on behalf of Glaxo Group Limited, Judd et al. patented an eleven‐
step procedure for the synthesis of saprisartan starting from 5‐
methylbenzofuran.3d,6 In order to identify the bottleneck of the synthetic
route, we performed a retrosynthetic analysis, as depicted in Scheme 8.1.

8
Scheme 8.1. Retrosynthesis of saprisartan as reported by Judd (1994). a) 1. n‐BuLi,
TMEDA, ether, ‐60°C, 2. B(Oi‐Pr)3, ‐60°C, 3. HCl; b) methyl 2‐bromobenzoate, Pd(PPh3)4,
DME, Na2CO3 (aq), N2, reflux; c) Br2, CCl4, 0°C; d) NaOH, MeOH, reflux; e) DPPA, Et3N, t‐
BuOH, 1,4‐dioxane, N2, reflux; f) NBS, (PhCO2)2, CCl4, reflux; g) ethyl 4‐cyclopropyl‐2‐
ethyl‐1H‐imidazole‐5‐carboxylate, K2CO3, DMF, RT, N2; h) TFA, CH2Cl2, 3°C, N2; i)
CF3(SO2)2O, CH2Cl2, Et3N, ‐70°C, N2; j) NaOH, MeOH, 50°C; k) 1. CDI, THF, RT, N2, 2.NH3,
EtOH, reflux.

In order to determine the efficiency of each synthetic step, the process
mass intensity (PMI) was calculated and used as key metric (see Table
8.1).15b The first two steps a) (i.e., lithiation followed by borylation and
acidic work‐up) and b) (i.e., Suzuki‐Miyaura coupling) of this procedure
are directly connected to the C‐2 arylation of 5‐methylbenzofuran. As can
be seen from the results in Table 8.1, compared to all other synthetic steps,
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the combination of step a and b affords the highest PMI value (326) and
was therefore identified as the bottleneck of this synthetic route. Apart
from the highest process mass intensity, the combination of step a and b
also resulted in the lowest yields (17% overall yield). Therefore, taking
into account these observations, it becomes clear that a significant
improvement in the synthesis of saprisartan could lie in the replacement
of the current C‐2 arylation strategy with our C−H activation methodology.
Table 8.1. Calculated PMI for each of the Eleven Steps in the Procedure of
Saprisartan Synthesis Published by Judd et al. in 1994.3d,a
Step

Yield
(g)

Yield
(%)

PMI

Step

Yield (g) Yield
(%)

PMI

a

13.80

56

68

f

3.50

68

109

bb

4.31

30

131

gb

19.70

62

173

(a+b)b,e

4.31

17

326

h

16.20

98

48

c

57.97

95

31

i

10.00

100

40

dc

22.00

92

69

j

18.50

95

83

eb

1.95

18

124

kc,d

0.33

64

293

aSome of the purification steps in the procedure were not clearly quantified and were
therefore not taken into account: bcolumn chromatography, cacidification, dcrystallization;
eThe PMIs of the first two steps (a+b) were combined considering the proposed
chemistry, which comprises both steps.

In chapter 4, this mild and selective C−H arylation of heteroarenes (i.e.,
indoles, benzofurans and benzothiophenes) was described.5 The open
flask procedure employed the use of aryldiazonium tetrafluoroborates as
highly electrophilic arylating agents, low palladium loadings (0.5‐2.0 mol
% Pd) and green solvents (EtOAc/2‐MeTHF or MeOH). To illustrate the
efficacy of this mild strategy for the synthesis of saprisartan, we employed
our method for the synthesis of the C‐2 arylated intermediate methyl 2‐(5‐
methylbenzofuran‐2‐yl)benzoate (8a) (see Scheme 8.2). Starting from 5‐
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methylbenzofuran, a two‐step procedure involving the preparation of 2‐
(methoxycarbonyl)benzenediazonium tetrafluoroborate and followed by
the C‐2 arylation, afforded the isolated key intermediate 8a in 67% overall
yield. Such a result compares positively to the patented process, both in
terms of yield and sustainability, especially when taking into account that
the patented process would require four formal transformations to obtain
the same product (i.e., step a in Scheme 8.1 actually consists of lithiation,
borylation and acidification while step b is the cross‐coupling method).

Scheme 8.2. Comparison for the synthesis of the saprisartan drug precursor 8a using the
patented or our direct C−H arylation method (as described in Chapter 4).

When applying our C‐2 arylation strategy to the synthesis of compound 8a,
aryldiazonium tetrafluoroborates were employed. The use of the BF4‐
counterion is often recommended for the synthesis of aryldiazonium salts
as it displays an increased safety profile compared to aryldiazonium salts
bearing

a

chloride

counterion.18

However,

aryldiazonium

tetrafluoroborates exhibit poor solubility in many organic solvents. In
addition, the counterion has a significant impact on the nucleofugic
properties of aryldiazonium salts, and, therefore, on their reactivity in the
reaction medium.19 With the aim of developing a safe, scalable and
environmentally benign C−H arylation strategy for the synthesis of 8a, we
reasoned that the implementation of a more soluble and more reactive
diazonium salt, would be of high importance. Based on the ease of
preparation and shelf stability of the salts, we prepared an array of
159
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aryldiazonium salts possessing alternative counterions (see Table 8.2). 2‐
(methoxycarbonyl)benzenediazonium salts bearing the mesylate (2za),
tosylate (2zb)20 and triflate (2zc) counterion all proved to be shelf stable
and could be readily accessed, via recrystallization, in fair to excellent yield
(28‐92%). Notably, the aryldiazonium sulfonates (2za and 2zc) were
successfully isolated for the first time via the above procedure. Using
trifluoroacetic acid, the resulting aryldiazonium salt 2zd was obtained in
lower yield (11%).21 Moreover, the salt demonstrated instability at room
temperature, and slowly decomposed within few days. As expected, when
attempting the synthesis of 2‐(methoxycarbonyl)benzenediazonium
acetate (2ze),22 no solids could be obtained due to rapid decomposition.
Table 8.2. Scope of Synthesized 2‐(methoxycarbonyl)benzenediazonium
Salts with Alternative Counterionsa

aSynthesis

and purification methods employed for compounds 2z to 2ze are reported
between brackets and described in Table 8.S1; bThese aryldiazonium salts tend to
decompose at room temperature.

Next, we performed a series of reactions to further optimize the direct C‐2
arylation of 5‐methylbenzofuran (see Table 8.3). In our previously
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reported results (entry 1), trifluoroacetic acid was used in stoichiometric
amount as additive in order to accelerate the reaction (see Chapter 4,
Table 4.2 for further details). However, in order to aim for the highest
possible atom economy, we chose to omit the addition of any additive.
When performing the reaction in the absence of trifluoroacetic acid, a 16
hours reaction time (overnight) was necessary to obtain full conversion
and a moderate yield of 8a (49%, Table 8.3, entry 2). Furthermore, the
reactions

performed

with

2‐(methoxycarbonyl)benzenediazonium

tosylate, triflate and mesylate all compared favorably to the previously
reported results (entry 3‐5 vs 1). Considering that the counterion is not
participating in the reaction, it can be considered as waste when
calculating the environmental impact of our process. Therefore, while
evaluating the green chemistry metrics of our process (see Green
Chemistry Metrics section), the molecular weight of the employed
counterions becomes relevant. Mesylate possesses the lowest molecular
weight when compared to tosylate and triflate (see Table 8.3. Moreover, in
contrast to tetrafluoroborate and triflate, mesylate counterions do not
contain any halogen atoms, thus making their waste treatment less
demanding. Lastly, further optimization of the reaction conditions
demonstrated that the equivalents of diazonium salt could be reduced to
1.2 equiv and that the reaction could be operated at room temperature
without loss of reactivity (entry 6). Moreover, the optimized conditions
allowed for a facile work‐procedure that allowed us to avoid the former
extraction and drying step (see Experimental Section for further details).
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Table 8.3. Further Batch Optimization for the Direct C−H arylation of 5‐
Methylbenzofuran to the key Intermediate 8aa

Entry

X‐

MWx‐
(g/mol)

Diazonium Salt
(equiv)

T
(°C)

t

GC
Yield

1b

BF4‐

86.80

2.0

40

2h

70%c

2

BF4‐

86.80

2.0

40

16 h

49%

3

TfO‐

149.60

2.0

40

16 h

82%

4

TsO‐

171.19

2.0

40

16 h

93%

5

MsO‐

95.09

2.0

40

16 h

93%

6

MsO‐

95.09

1.2

rt

16 h

94%; 89%c

aReaction

conditions: 1.0 mol % Pd(OAc)2, 1.0 mmol 5‐methylbenzofuran and 1.2 – 2.0
equiv aryldiazonium salt in 5 mL MeOH at rt – 40 °C; b1 equiv of TFA as additive (for
further details see chapter 4); cisolated yield.

Unlike all other counterions, the 2‐(methoxycarbonyl)benzenediazonium
mesylate was highly soluble in MeOH, therefore making it a suitable
reagent for a continuous flow protocol. Because of the safety risks
associated with diazonium salts, we considered that performing our C‐2
arylation reaction in continuous‐flow would considerably enhance the
operational safety and increase the scale‐up potential. Bearing this in
mind, a continuous‐flow reactor was constructed from PFA capillary
tubing (750 µm i.d., 3 mL) in order to investigate our C−H arylation
protocol in microflow. Translating the optimized batch reaction condition
to flow yielded 30% of the desired product 8a within only 30 minutes of
residence time at 40 °C (Scheme 8.3 a). Further optimization towards the
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development of a continuous‐flow process appropriate for multi‐gram
scale production is currently underway in our laboratory. Specifically,
these efforts focus on the implementation of a 2‐stage telescoped flow
system that would allow us to perform the in situ formation of the
diazonium salt prior to the C−H arylation step, thus further improving the
safety profile of our procedure (scheme 8.3 b).23

8

Scheme 8.3. a) Flow Experiments for the Direct C−H Arylation of 5‐Methylbenzofuran to
the key Intermediate 8a. b) Telescoped flow experiment including the in situ formation of
aryldiazonium salt on multi‐gram scale.
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Cost analysis
The second part of this chapter comprises a cost analysis of the previously
mentioned synthetic routes toward the saprisartan precursor 8a. In order
to provide a comprehensive comparison, the cost analysis reported herein
is performed on lab scale procedures and the evaluation of the cost
assessments is based on the method reported by Kressirer et al.8 For
further details on the method of cost analysis see Experimental Section.
As can be seen from Scheme 8.2, the patented procedure from Judd et
al. reports a rather low overall yield of 17%. On the other hand, our
procedure shows a 67% and 65% overall yield for the aryldiazonium
tetrafluoroborate and mesylate respectively.* It is evident that the large
improvements obtained in the yields also reflects in a reduction of
material costs. The cost analysis revealed that, compared to the patented
process, savings from 86% and up to 92% were obtained with our
methodology (see Table 8.4 for summary). This remarkable reduction in
the costs could be attributed to an improvement of several different
aspects. Firstly, due to better yields and higher reaction efficiency, a lower
amount of chemicals is required to produce the same quantity of the target
compound. Furthermore, the chemicals used in our process are less costly.
Thirdly, by circumventing the need for pre‐functionalization of the
substrates as well as and the need to either cool or heat the reaction
mixture, our process represents a more straightforward approach. Finally,
the massive reduction of solvent use is largely explained by the simpler
work‐up procedures. Easier work‐up procedures also contribute in
reducing the labor costs associated with our procedure (e.g., no need for

*Since

the employed aryldiazonium salts are not commercially available, we have
taken into account the yield of the diazotisation step into the overall yield (see
Scheme 8.4).
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extraction, washing or drying steps). A detailed description of the cost
analysis can be found in Scheme 8.4 and Table 8.5 to 8.7.
Table 8.4. Cost Analysis on the Lab Scale Procedures from Judd et al. and
Gemoets et al. for the synthesis of the saprisartan precursor 8aa
Cost aspect

Patented
Costs (€)

Tetrafluoroborate
Costs (€) Reduction

Mesylate
Costs (€)
Reduction

Chemicals

122.65

15.05

88 %

9.70

92 %

Solvents

8.24

2.69

67 %

1.27

85 %

Total

130.89

17.74

86%

10.97

92%

Energy

o

++

+

Labor

o

+

++

aThe

costs are based on the production of 10 grams of target compound. Patented refers
to the process by Judd et al.. Tetrafluoroborate refers to the reaction conditions reported
in chapter 4 using 2z as arylating reagent. Mesylate refers to the further improved
procedure described within this chapter using 2za as arylating reagent.
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COOMe

NH2

(18.5 g)

(1.64 mmol)

COOMe

NH2

(2.11 mmol)

Me

liq. N2 (82 mL)

MeOH (4.92 mL), Et2O (8.2 mL),

Purification

MeOH (1.64 mL), 0 °C, 2h

tBuONO (2.47 mmol), MsOH (4.11 mmol),

Conditions

Acetone (6.33 mL), Et2O (15.83 mL)

Purification

MeOH (2.11 mL), 0 °C, 2 h

COOMe

COOMe
0.310 g (73%)

2za

N2OMs

0.499 g (95%)

2z

N2BF4

-

Purification

RT, 16 h

Pd(OAc)2 (2.24 mg), MeOH (5 mL)

5-Me benzofuran (0.132 g)

Conditions

NaHCO3 aq(10 mL), EtOAc (10 mL),

Purification

MeOH (5 mL), 40 °C, 2 h

Pd(OAc)2 (2.24 mg), TFA (0.114 g)

Conditions

Et2O (300 mL)

Purification

5-Me benzofuran (0.132 g)

12.75 g (56%)

B(OH)2

tBuONO (3.16 mmol), HBF4 (5.26 mmol),

Me

Pd(PPh3)4 (1.0 g), Na2CO3 (2 M, 60 mL)
DME (300 mL), reflux, 6.5 h

Conditions

Et2O (138.6 mL), HCl (2 M, 369.6 mL)

Purification

III) HCl (2 M, 69.3 mL), RT

O

Methyl 2-bromobenzoate (11.7 g)

Conditions

8a

0.237 g (89%)

8a

0.186 g (70%)

8a

4.31 g (30%)

Scheme 8.4. Detailed schematic for the synthesis of 8a via: a) process reported by Judd et al., b) process reported by Gemoets et al. in
chapter 4 and c) improved process reported by Gemoets et al. employing 2‐(methoxycarbonyl)benzenediazonium mesylate.

c)

b)

a)

O

II) B(O-iPr)3 (39.7 mL). -60 °C

E2O (277.2 mL), -60 °C, 1.25 h

I) nBuLi (1.6 M, 81.6 mL), TMEDA (20.9 mL),

Conditions

Chapter 8

(37%, d=1.2 g/mL) as stock solution is considered for the cost analysis; bThe mass of the solution is considered for the PMI
calculation. The mass of the solution is noted between the brackets; cOnly the mass of the solute is considered for the cost analysis;
dChemicals utilized for a cooling bath (not included in PMI calculations).

aHCl

Table 8.5. Cost Analysis for the Patented Procedure of Judd et al. for the Synthesis of 8aa
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mass of the solution is considered for the PMI calculation.
calculation The mass of the solution is noted between the brackets;
brackets bOnly the
mass of the solute is considered for the cost analysis for a saturated NaHCO3 solution in water (96 g/L).

\aThe

Table 8.6. Cost Analysis for the Developed Procedure of Gemoets et al. for the Synthesis of 8a using ArN2BF4 salta

Chapter 8

mass of the solution is considered for the PMI calculation. The mass of the solution is noted between the brackets; bChemicals
utilized for a cooling bath (not included in PMI calculations).

aThe

Table 8.7. Cost Analysis for the Improved Procedure of Gemoets et al. for the Synthesis of 8a using ArN2OMs salta
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Because of the fact that the energy and labor costs to compare the two
procedures could not be determined easily, we decided to discuss these
aspects on a qualitative base. With regard to the energy costs, both results
obtained with our methodology are favorable compared to the procedure
reported by Judd et al. In fact, the latter requires cryogenic temperatures
for the lithiation‐borylation methodology, while the subsequent Suzuki‐
Miyaura coupling is performed under reflux conditions for 6.5 hours.
A significant reduction in labor costs is expected for both procedures
involving our C‐2 arylation strategy, especially in the case of
aryldiazonium mesylate. This can easily be explained by the fact that our
procedure is more user‐friendly and requires less process steps (e.g., no
need for extraction, washing or drying steps) compared to the procedure
by Judd et al. Obviously, less operational steps translate in a lower labor
costs.
In summary, a cost analysis performed on the patented literature
procedure and the procedure developed in our group shows a reduction of
one order of magnitude both for the chemicals and solvent costs.
Moreover, a cost reduction for what concerns energy and labor costs is
plausible, thus giving to the proposed chemistry an intrinsic value for its
potential application in the pharmaceutical industry.

170

A Critical Assessment of C−H Functionalization for API Synthesis
Green Chemistry Metrics
The last part of this chapter focuses on the evaluation of the
environmental impact of both the patented literature procedure and our
proposed chemistry. The comparison between the two processes was
carried out by means of Green Chemistry Metrics. Specifically, seven green
metrics were chosen and employed for the assessment of the
environmental effects (Table 8.8). A brief background and definition of the
used metrics is given in the Experimental Section; while the quantification
of each metric is briefly discussed in the following paragraphs.
Table 8.8. Calculated Green Metrics for the Patented Literature Procedure
and the Proposed Chemistry from our Groupa
Green Metric

Patented

Tetrafluoroborate

Mesylate

Yield (%)
AE (%)
E‐Factor (‐)
PMI (‐)
EMY (%)
EcoScale (%)
Mod. EcoScale (%)

17
42
325
326
0.301
0
44

67
56
229
230
0.567
39.5
66

65
55
67
68
1.46
41.5
63

8

aPatented

refers to the process by Judd et al.. Tetrafluoroborate refers to the reaction
conditions reported in chapter 4. Mesylate refers to the further improved procedure
described within this chapter.

Determination of the atom economy is quite straightforward and the noted
differences result from the sums of the molecular weights of all used
reactants. Compared to the direct C−H arylation with aryldiazonium salts,
the Suzuki‐Miyaura cross coupling methodology reported by Judd et al.
requires more reactants, hence its atom economy is lower than the atom
economy of the chemistry proposed herein. Moreover, when looking at
atom economy, a marginal difference between the employment of
aryldiazonium tetrafluoroborate and mesylate can be observed. This can
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be justified by the fact that although methanesulfonic acid possesses a
slightly heavier molecular weight than tetrafluoroboric acid (87.81 g/mol
vs 96.11 g/mol respectively), less equiv of diazonium salt are necessary.
As described in the experimental section, the E‐factor and PMI green
metrics only differ by the addition of one. Therefore, these metrics will be
discussed simultaneously. It is important to underline that for these
calculations only the chemicals involved in the reaction were considered
as relevant, while all chemicals used, for example, for the cooling of the
reaction medium were not accounted for. The values calculated for both
these metrics can be found in Tables 8.8. It can easily be noticed that a
slight decrease in the values of both metrics was obtained for the C‐2
arylation employing aryldiazonium tetrafluoroborate (230 vs 326).
However, this result does not satisfy the criteria yet necessary for
pharmaceutical production (see Table 8.9). Though, this results can be put
in perspective by considering that the difference between the reaction
scale of our methodology and the reported procedure by Judd, differs with
a factor of 140. Specifically, reactions performed on a smaller scale (such
as our C‐2 arylation process) require therefore a relatively larger amount
of solvent, compared to reactions performed on bigger scale.
On the other hand, in the case of the C‐2 arylation employing
aryldiazonium mesylate the difference with the patented procedure for
what concerns E‐factor and PMI is striking (68 vs 326). A remarkable
difference can also be observed when compared to the experiment
employing aryldiazonium tetrafluoroborate (68 vs 230). The large
decrease in the E‐factor and PMI values can be attributed mostly to the
simpler purification method of the target compound, which does not
require any extraction or washing step. Notably, E‐factor and PMI values in
this range render our strategy extremely valuable in terms of applicability
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in the pharmaceutical industry. Generally, E‐factors values calculated for
the pharmaceutical industry fall within a range of 25 to 100 (see Table
8.9), thus making the calculated value for our chemistry of 67 acceptable
for the manufacturing industry.
Table 8.9. E‐factor Estimates for Different Chemical Industries based on
Sheldon’s Original Findings14e
Industry sector
Oil refining
Bulk chemicals
Fine chemistry
Pharmaceuticals

Annual production (tonnes)
106–108
104–106
102–104
101–103

E‐factor
<0.1
1–5
5–50
25–100

The difference in the reaction scales also plays a major role in the
determination of the effective mass yield. However, despite the values
being somewhat unfair toward our process, the calculated values for EMY
favor our proposed chemistry, especially in the case of C‐2 arylation with
aryldiazonium mesylate. Although almost all involved chemicals are
specified as hazardous according to the MSDS sheets, the significant
increase in EMY for our strategy can be attributed to the fact that a
diminished amount of reagents and solvents is used (e.g., less equivalents
of acid, no TFA).
Both the calculation and determination of the EcoScale and the
Modified EcoScale are clearly in Table 8.10 and 8.11, and will therefore
only briefly be discussed herein. The large increase obtained on the
EcoScale for our proposed chemistry is mainly caused by the large
increase in the reaction yield and in the use of less hazardous reagents.
With regard to the Modified EcoScale, which is an indicator for the
applicability of a laboratory procedure in industry, the values are clearly in
favor of the procedure developed in our group employing aryldiazonium
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tetrafluoroborate as arylating agent. In fact, in comparison to the
procedure reported by Judd et al., our method is much simpler. On the
other hand, the procedure employing aryldiazonium mesylate as arylating
agent shows a slight lower value of 63% on the Modified EcoScale , which
could be attributed to the fact that the isolation of the relative unstable
aryldiazonium mesylate requires a more difficult crystallization method.
As depicted in Figure 8.3, the proposed C−H activation protocol for the
synthesis of key intermediate 8a is in high favor when compared to the
patented

cross‐coupling

method.

The

illustrated

areas

give

a

representation of the “environmental footprint” of the procedures
normalized against the patented process. The smaller the illustrated area,
the “greener” the process.
PMI
1
0,8

Mod.
EcoScale

0,6

EMY

0,4
0,2
0

AE

E‐Factor
Suzuki‐Miyaura coupling (Judd 1994, Glaxo Group Limited)

Yield

C‐H arylation (Gemoets 2016, BF4‐)
C‐H arylation (Gemoets 2017, MsO‐)

Figure 8.3. Green Chemistry Metrics radar chart of all the discussed scenarios for the C‐2
arylation of 5‐methylbenzofuran leading to methyl 2‐(5‐methylbenzofuran‐2‐yl)benzoate
(8a), a key intermediate in the route to saprisartan. All values were normalized against
the patented process (Judd et al. 1994, Glaxo Group Limited). See Table 8.8 for the
absolute values for all the Green Metrics used.
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Table 8.10. Calculations of EcoScale for all Three Casesa

Parameter
1. Yield
2. Price reaction
3. Safety

4. Technical set.
5. Temp./time
6. Work up and
purification

Patented
Value
PP
17%
41.5
expensive
3
nBuLi (N, T, F)
15
TMEDA (F)
5
Et2O (F+)
10
B(O‐iPr)3 (F)
5
DME (F, T)
10
Inert atm.
1
Cooling <0°C
5
Chromato.
10
L/L extr.
3

Mesylate
Value
PP
65%
17.5
inexpensive
0
tBuONO (F)
5
MeOH (F, T+)
15
MsOH (T)
5

Common
Cooling 0°C
Chromato.
S phase extr.
L/L extr.

Common
Cooling 0°C
Chromato.
S phase extr.

108.5

Total penalty p.
EcoScale score
aFor

Tetrafluoroborate
Value
PP
67%
16.5
inexpensive
0
tBuONO (F)
5
MeOH (F, T+)
15
TFA (N)
5

0

0
4
10
2
3
60.5

0
4
10
2
58.5
41.5

39.5

more details regarding the Calculation of EcoScale, see Table 8.S2.

Table 8.11. Calculations of Modified EcoScale for all Three Cases

Parameter
1. Yield
2. Quality
3. Workup and purification
Filtr. before final cryst.?
Easy sep. of suspension?
Easy drying?
4. Equipment
Multipurpose reactors?
5. Reaction time
6. Reaction temperature
7. Raw materials
Chlorinated solvent?
Price solvents < $7/kg?
All reagents commod.?
8. EHS
Extremely exothermic?
Hazardous or toxic?
Flammable or explosive?
Total points
Modified EcoScale score

Patented
Value
Points
17%
0
> 98%
10

Tetrafluoroborate
Value
Points
67%
3
> 98%
10

Mesylate
Value
Points
65%
3
> 98%
10

No/No
No/No
n/a

Yes/No
Yes/No
n/a

Yes/No
Yes/No
n/a

0
0

5
5

5
5

n/a
> 10 h
< ‐10 °C

5
3

n/a
3‐6 h
< 90 °C

7
8

n/a
> 10 h
< 90 °C

3
8

No
Yes
Yes

10
10
10

No
Yes
Yes

10
10
10

No
Yes
Yes

10
10
10

Yes/No
Yes
Yes

5
0
0
53
44

Yes/No
Yes
Yes

7
4
0
79
66

Yes/No
Yes
Yes

7
4
0
75
63
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CONCLUSION
Based on experimental results, cost analysis and green chemistry metrics,
a holistic comparison was made between cross‐coupling chemistry and
C−H activation methodology. Speci ically, the C‐2 arylation of a benzofuran
precursor towards the synthesis of the API saprisartan was chosen as
model reaction to compare a classic Suzuki‐Miyaura coupling (patented
synthesis by Judd, Glaxo Group Limited, 1994) and our developed C−H
arylation

methodology.

With

the

aim

on

sustainability,

further

optimization of our previously reported C−H arylation procedure (see
Chapter 4) was performed. Overall, a combined 65% isolated yield was
obtained for our two steps (i.e., diazotization and C−H arylation), which
compared favorable to the 17% yield obtained for the patented procedure.
Moreover, when assessing the cost calculations, an impressive 92%
reduction of chemical and solvent costs was found. Furthermore, because
of the room temperature conditions and the relatively simple
experimental procedure, we anticipate that our methodology would also
require lower costs in terms of energy and labor costs. Besides the
economical aspect, the assessment of Green Chemistry Metrics revealed an
enhanced green profile. As example, a PMI value of 68 (vs 326 of the
patented process), renders the present methodology acceptable for the
pharmaceutical industry. Finally, preliminary studies showed that the
implementation of continuous‐flow would considerably enhance the
operational safety scalability of the procedure. Further optimization
towards the development of a continuous‐flow process appropriate for
multi‐gram scale production is currently underway in our laboratory.
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EXPERIMENTAL SECTION
General Procedures
General procedure for the synthesis of aryldiazonium salts. The
respective aniline (10.0 mmol) was dissolved in 10 mL of solvent. The
solution was cooled to 0 °C and acid (1.1‐2.5 equiv) was added. Tert‐butyl
nitrite (1.4‐1.5 equiv) was added dropwise over a period of 5 minutes.
After addition, the mixture was stirred at 0 °C for 2 hours. Purification was
performed by recrystallization. The resulting solids were dried under high
vacuum to give the pure crystalline product. Detailed description of the
different synthesis and purification methods are given in Table 8.S1.
Table 8.S1. Overview of Methods used for the Synthesis and Purification of
Diazonium Saltsa
Synthesis
Method
A
B
C
D

Method
A

B

Solvent
MeOH
THF:AcOH (1:2)
THF:AcOH (1:2.6)
DCM

Acid (equiv)
2.5
1.1
1.4
2.1

tBuONO (equiv)
1.5
1.4
1.5
1.5

Purification
Explanation
Added diethyl ether for crystallization. Filtered off crystals.
Recrystallized 2 to 3 times from acetone by addition of
diethyl ether at RT
Reaction mixture was cooled to ‐78 °C and diethyl ether was
added for crystallization. Liquid phase was decanted.
Precipitate was recrystallized 2 to 3 times from methanol by
addition of diethyl ether at ‐78 °C.

aThe synthesis and purification methods are shown between brackets respectively in
Table 8.2.

Synthesis of 5‐methylbenzofuran (1i) substrate. A 250 mL round‐
bottom

flask

was

charged

with

p‐cresol

(5.4

g,

50

mmol),
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Dimethylacetamide (DMA, 100 mL) and KOH (5.6 g, 100 mmol), followed
by dropwise addition of 2‐bromoacetaldehyde diethyl acetal (14.8 g, 75
mmol) at room temperature. After the addition, the mixture was stirred
under reflux for 2 hours until the reaction was completed (monitored by
TLC). Then, the mixture was cooled to room temperature and extracted
with EtOAc and saturated brine solution. Next, the organic layer was
washed with 5% NaOH aqueous solution, 10% HCl aqueous solution and
saturated NaHCO3 solution. The remaining organic phase was dried over
MgSO4, filtered and concentrated under reduced pressure. Purification by
flash chromatography on silica (5% EtOAc in petroleum ether) afforded 1‐
(2,2‐diethoxyethoxy)‐4‐methylbenzene (10,6 g, 95% yield). The latter
intermediate and poly‐phosphoric acid (10.2 g) were combined in 200mL
of benzene and brought to reflux for 2 days. The reaction mixture was
cooled to room temperature and extracted with EtOAc and saturated brine
solution. Next, the organic layer was washed subsequently with 5% NaOH
aqueous solution, 10% HCl aqueous solution and saturated NaHCO3
solution. The remaining organic phase was dried over MgSO4, filtered and
concentrated

under

reduced

pressure.

Purification

by

flash

chromatography on silica (petroleum ether) afforded 5‐methylbenzofuran
(1i) (2.0 g, 36% yield).
Improved

synthesis

of

saprisartan

precursor

(8a)

with

2‐

(methoxycarbonyl)benzenediazonium mesylate. A stock solution was
prepared by weighing Pd(OAc)2 (11.2 mg, 1.0 mol%) and 5‐
methylbenzofuran (1i) (660 mg, 5.0 mmol) into a 25 mL volumetric flask.
2‐(methoxycarbonyl)benzenediazonium mesylate (2za) (1.2 mmol, 1.2
equiv.) was weighted into a 20 mL reaction tube equipped with stirring
bar. 5 mL of stock solution (containing 1.0 mmol of 5‐methylbenzofuran,
1.0 mol% Pd(OAc)2) was added immediately to the vial via a syringe. The
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reaction mixture was stirred overnight (16 hours) at room temperature
until 5‐methylbenzofuran was completely consumed. The reaction mixture
was concentrated under reduced pressure. The remaining residue was
purified by flash chromatography on silica (5% EtOAc in petroleum ether)
and afforded methyl 2‐(5‐methylbenzofuran‐2‐yl)benzoate (8a) (237 mg,
89%) as a yellow oil.
Cost Analysis
Like mentioned before, the cost analysis performed on the comparison
between classic the Suzuki‐Miyaura cross‐coupling and our C‐2 arylation
strategy, for the synthesis of the saprsartan precursor 8a, is based on
laboratory scale costs. This is due to the fact that detailed information on
the cost of industrial scale processing are hard to obtain. This lab scale cost
evaluation can therefore be considered a simplified version of the method
reported by Kressirer et al.8
For the proposed laboratory‐scale cost analysis, a batch procedure is
assumed, and the production price per gram of compound produced is
calculated and compared for both processes. Three major cost factors are
considered: chemicals cost, energy cost and labor cost. Fixed costs, (e.g,.
glassware and laboratory equipment) were not taken into consideration.
Furthermore, the cost analysis includes the laboratory procedure starting
from the preparation of reaction until the first workup procedure. Further
purification, such as column chromatography, was not accounted for.
Chemicals are divided into two categories: reagents and solvents.
Reagents costs are based on the most affordable prices from suppliers for
laboratory use. The following suppliers were consulted: Sigma‐Aldrich,
Tokyo Chemical Industry, Alfa Aesar, Fisher Scientific and VWR
International. Moreover, solvents are treated as bulk chemicals and their
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bulk quantity prices are obtained from the websites of Platts and
LookChem.
Unlike the chemicals and solvent costs, the energy and labor costs
proved more difficult to determine and only a rough estimate could be
made. Therefore, although a possible approach for the determination of
energy and labor costs is briefly discussed, both cost factors were
eventually excluded from the quantitative cost analysis.
Energy costs could be estimated by the theoretical power consumption
of the used laboratory equipment. In case of heating elements, such as a
heating plate and a rotary evaporator, a percentage of the maximum
power that these equipment can consumed was considered for the
calculations. Though excluded from the quantitative cost analysis, the
energy costs of different laboratory procedures will be compared
qualitatively.
The last cost aspect that could be accounted for is the required human
labor. The labor costs were estimated by taking into account all those steps
that require an intervention by the operator, such as weighing the
reagents and work‐up extractions. The labor time is then calculated by
multiplying each operation by an estimated time needed to complete it. A
gross hourly wage of € 27.44 was assumed, based on the average gross
yearly salary of a development chemist in the Netherlands as of 2015.24
Similarly to what discussed with the energy costs, the costs of labor will
only be compared qualitatively.
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Green Chemistry Metrics
Atom Economy (AE). First reported in 1991 by Trost, AE is one of the
most

fundamental

and

important

tools for the assessment

of

environmental effects of chemical processes.13 Simply put, calculation of
the atom economy reveals how many atoms of the reactants are present in
the final product. The calculation of atom economy is reasonably simple,
does not account for excesses of reactants, solvents and reagents and could
be used for a single reaction (1), as well as for a multiple step synthesis
(2).
→
∙ 100%
(1)
→
∙ 100%
(2)
Environmental Factor (E‐factor). In contrast to atom economy, the E‐
factor also includes reagents and solvents in the calculation of the amount
of product produced compared to the amount of waste generated to
produce it. Specifically, in 1992 Sheldon first proposed the E‐factor as an
indicator for the quantity of waste that is produced for a given mass of
product.14 In this context waste includes all kinds of materials, such as
reactants, reagents, solvents used for reaction and purification and , if
applicable, catalysts. Therefore, the E‐factor is defined by the equation (3).
‐

(3)

While calculating the E‐factor, divergent opinions might arise on what
aspects should be accounted for in the waste calculation. In this specific
case, waste is considered as the mass of unused chemicals in the reaction.
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Chemicals used for cooling (e.g., cooling bath consisting of liquid nitrogen
and ethyl acetate) were not accounted for.
Process Mass Intensity (PMI). In 1998 Heinzle et al. proposed PMI as a
green metric for global efficiency.15a PMI resembles the E‐factor and only
differs from it by a value of 1. Moreover, PMI has been chosen by The
American Chemical Society Green Chemistry Institute’s Pharmaceutical
Roundtable as the key, high‐level metric for evaluating and benchmarking
progresses towards a more sustainable manufacturing.15b This decision
has been made based on both philosophical (e.g., generation of revenue)
and technical (e.g., better surrogate for the cumulative environmental
impacts) grounds. Both E‐factor and PMI stand out as widely used
parameter, but statistics show that the latter is slightly preferred in
chemical industry.15c In order to align our results with the most used
parameter, we chose to use PMI as the key metric in the identification of
the bottleneck step in the saprisartan synthesis reported by Judd et al.
1

(4)

Effective Mass Yield (EMY). In addition to the E‐factor, Hudlicky et al.
proposed a comparable metric that considers as negligible all waste that is
generated in a chemical processes and not associated to any
environmental risk. This EMY is defined as ‘the mass of desired product
compared to the mass of all non‐benign materials used in its synthesis’.16
Mathematically, the EMY is defined by equation (5)
%

‐

∙ 100 %

(5)

In contrast to the earlier discussed metrics, the advantage of the EMY
metric is that it is a good indication of the hazardous materials used in the
synthesis. However, the definition of ‘non‐benign’ is not univocally stated
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in the literature, therefore leaving room for interpretation. For our
purposes, MSDS sheets provided by ChemWatch were employed as bases
to assess the hazardous of a determined compound.
EcoScale. In 2006, Van Aken et al. introduced the EcoScale as an analysis
tool for assessing the quality of a specific organic reaction conducted in the
laboratory.17a While other metrics focus mainly on one aspect of a
determined process, EcoScale is conceived as a broader metric. Based on a
penalty system in which yield, cost, safety, conditions and ease of workup
and purification are considered, the overall greenness of a chemical
transformation is evaluated with a total maximum score of 100 points (see
Table 8.S2).
Modified EcoScale. While the original EcoScale has proven its value in
comparing laboratory procedures, its simplistic nature and limitations
prevented it from being largely adopted by the chemical industry.
However, in 2012, Dach et al. developed a so‐called Modified EcoScale
which is based on eight criteria and currently utilized by Boehringer
Ingelheim Pharmaceuticals (see Table 8.S3).17b The industrial application
of this modified EcoScale adds significant value to this specific green
metric, which represents a good indicator of the industrial applicability of
a laboratory procedure. The score for the modified EcoScale is calculated
as a percentage of the scored points relative to the total points. Both the
original EcoScale from Van Aken et al. and the Modified EcoScale green
metrics were calculated in this investigation.
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Table 8.S2. The EcoScale Penalty System as Proposed by Van Aken et al.
Parameter
1. Yield
2. Price of reaction (to obtain 10 mmol of end product)
Inexpensive (< $10)
Expensive (> $10 and < $50)
Very expensive (> $50)
3. Safety
N (dangerous for environment)
T (toxic)
F (highly flammable)
E (explosive)
F+ (extremely flammable)
T+ (extremely toxic)
3. Technical setup
Common setup
Instruments for controlled addition of chemicals
Unconventional activation technique
Pressure equipment, > 1 atm
Any additional special glassware
(Inert) gas atmosphere
Glove box
4. Temperature/time
Room temperature, < 1 h
Room temperature < 24 h
Heating, < 1 h
Heating > 1 h
Cooling to 0 °C
Cooling, < 0 °C
5. Workup and purification
None
Cooling to room temperature
Adding solvent
Simple filtration
Removal of solvent with bp < 150 °C
Crystallization and filtration
Removal of solvent with bp > 150 °C
Solid phase extraction
Distillation
Sublimation
Liquid‐liquid extraction
Classical chromatography
EcoScale score = 100% ‐ (penalty points)%
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Penalty points
(100 ‐ %yield)/2
0
3
5
5
5
5
10
10
10
0
1
2
3
1
1
3
0
1
2
3
4
5
0
0
0
0
0
0
1
2
2
3
3
10
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Table 8.S3. The modified EcoScale Template Developed by Dach et al. for
Step Evaluation at Boehringer Ingelheim Pharmaceuticals
Parameter
1. Yield
> 95%
80‐95%
60‐80%
2. Quality (A or Wt%) of product by GC, HPLC, etc.
> 98%
95‐98%
< 95%
3. Workup and purification
Filtration before final crystallization possible?
Easy separation of suspension?
Easy drying in tumble or paddle dryer possible?
4. Equipment
Multipurpose reactors suitable?
5. Reaction time
<3h
3‐6 h
> 10 h
6. Reaction temperature
RT
< 90 °C
90‐150 °C
> 150 °C
< ‐10 °C
7. Raw materials
Is chlorinated solvent used?
Price for solvents < $7/kg?
All components are commodities?
8. EHS
Reaction extremely exothermic?
Hazardous or toxic materials needed?
Highly flammable or explosive material needed?

Points
10
7
3
10
7
3
Yes: 10. No: 0‐9
Yes: 10. No: 0‐9
Yes: 10. No: 0‐9
Yes: 10. No: 0‐9
10
7
3
10
8
5
3
3

8

No: 10. Yes: 0‐9
No: 10. Yes: 0‐9
No: 10. Yes: 0‐9
No: 10. Yes: 0‐9
No: 10. Yes: 0‐9
No: 10. Yes: 0‐9

Modified EcoScale score = (scored points / total points) * 100%
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SUMMARY

Summary
The work presented in this thesis focused on the development of
continuous‐flow strategies for enabling and accelerating challenging C−H
functionalizations, thus providing additional advantages over batch in
terms of safety, scalability, reaction time and selectivity.
The main research line gravitated around the selective C−H
functionalization of heteroarenes. In Chapter 2, a fast and straightforward
continuous‐flow protocol for the dehydrogenative C‐3 olefination of
indoles was developed. Thanks to the enhanced gas‐liquid mass transfer
provided by micro flow technology, molecular oxygen could be employed
as sole oxidant, boosting reaction kinetics and accelerating hour‐scale
reactions in batch to the minute range in flow.
In Chapter 3, a mild and versatile protocol for the C−H acylation of
indoles, via a dual photoredox/palladium catalysis, was established.
Various aromatic and aliphatic (primary and secondary) aldehydes were
successfully employed as acylating reagents. The room temperature
procedure tolerated a wide variety of functional groups resulting in a
diverse set of selective C‐2 acylated indoles (28 examples). Moreover, the
implementation of continuous‐flow technology significantly decreased
reaction times (2 h vs 20 h in batch), iridium catalyst loading (0.5 mol % vs
2 mol% in batch), and afforded increased yields while allowing an easy
scale‐up of the reaction conditions.
Chapter 4 describes a mild and selective C‐H arylation of heteroarenes
through experiment and computation. This open flask arylation method
relies on equimolar amounts of aryldiazonium tetrafluoroborates as
arylating agents and requires low palladium loadings (0.5 – 2 mol%).
Moreover, optimization of the reaction conditions resulted in the use of
green solvents (EtOAc:2‐MeTHF or MeOH) and room temperature
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operation. A broad substrate scope was obtained with perfect selectivity
(C‐2 for indoles and benzofurans, C‐3 for benzothiophenes, total 46
examples).
To achieve a better understanding of the arylation reaction, mechanistic
investigation through DFT calculations and mechanistic experiments were
conducted in Chapter 5. Experimental and computational results support
a Heck‐Matsuda‐type coupling, with preliminary results indicating a non‐
innocent behavior of the BF4‐ counter ions of the diazonium salts.
A parallel research line focused on the development of integrated multi‐
step flow processes to access valuable intermediates in a streamline
manner. Therefore, a practical and effective modular flow process was
designed for the continuous manufacturing of meta‐arylated anilines.
Chapter 6 describes the development of four continuous‐flow modules
(i.e., diaryliodonium salt synthesis, meta‐selective C−H arylation, inline
copper extraction and aniline deprotection). Each module was optimized
and can be operated individually or in series, thus providing direct access
to meta‐arylated anilines with a total residence time of 1 hour. The desired
meta‐arylated anilines were obtained in excellent yield and purity, without
the need for any chromatography method.
The flow synthesis of diaryliodonium triflates was further explored in
Chapter 7. Flow calorimetry revealed the highly exothermic nature of the
reaction (ΔH up to ‐180 kJ/mol). The reaction scope was then expanded to
a broad spectrum of both electron‐rich and electron‐deficient compounds
with excellent scalability (44 examples). A productivity of up to 3.8 g/h for
a single 100 µL reactor was achieved.
In Chapter 8, a critical assessment on the environmental impact of our
developed C−H arylation protocol was conducted. Based on experimental
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Summary
results, cost analysis and green chemistry metrics, the C−H activation
methodology was compared to an existing patented procedure for the
synthesis of saprisartan. The implementation of our C‐2 arylation
methodology for the formation of the key intermediate methyl 2‐(5‐
methylbenzofuran‐2‐yl)benzoate resulted in a significant increase in
product yield (65% vs 17%) and in a projected cost reduction of around
92% for chemicals and solvent. Moreover, the assessment of Green
Chemistry Metrics revealed the enhanced green profile of our C−H
activation methodology, thus making this procedure acceptable for the
pharmaceutical sector (PMI < 100). Finally, preliminary studies showed
that the implementation of continuous‐flow would considerably enhance
the operational safety scalability of the procedure.
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