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1.INTRODUCTION AND AIMS

Since The Industrial Revolution, chemical manufacturing is still using the traditional batch
chemistry methodology, the general principle of which has been around for hundreds of years and
remained virtually unchanged in that time. Chemical batch processes are reactions carried out in
single vessels. In case of multistep syntheses, batch reactions usually require significant manual
labour, as the reaction products from each step must be processed separately (start—stop batch
processing). Chemical production has traditionally been the process of the production of fine
chemicals,! pesticides? and medical drugs.® At the start of the 21% century, technical and economic
innovations led to a paradigm shift. The traditional chemical process model has undergone a
tremendous change in a particular direction: continuous process. The driving force behind this
effort of paradigm shift is minimizing waste, improving sustainability, and safety standards, finding
economic and selective ways to earn greater yields and profit.*

The field of flow chemistry has garnered considerable attention over the past two decades,’
scientists around the world report a huge number of publications accessing continuous-flow (CF)
chemistry techniques. The most significant adoption of flow technology is in pharmaceutical
industry.® The new technology has the ability to facilitate the discovery of new medicines, high-
speed development and optimization of scale-up of potential drug candidates. CF processing can
permit special reaction conditions, such as highly pressurized and superheating reactions.
Furthermore, it permits better safe use of unstable and/or toxic reagents, allowing atom-efficient
reagents to be better exploited, it can help exploration of atom-economical reactions.” ® The CF
chemistry is a versatile tool of not just the laboratory users, a kind of opportunity that can be used
in any possible area of synthetic chemistry.’

Our aim was to apply continuous-flow in three types of different reactions to improve
efficiency, to make them more green, more selective and as safe as possible. Highlighting the
reactions where we had applied the flow chemistry technology, we investigated the following areas
in CF: (i) catalytic deuterodehalogenation of haloarenes in H-Cube® device, (ii) N-acetylation of
amines with acetonitrile as solvent and acetyl group source, (iii) direct amide formation mediated
by carbon disulfide.

Deuterium-labelled compounds have a wide range of applications such as in mass
spectrometry as internal standards'®, in different hydrogen-deuterium exchange mechanistic

studies of several chemical reactions'! and it can be a useful protecting group.'? Nowadays, they
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are considered in medical applications, especially, the deutearated aryl moiety in approved medical
drugs have high therapeutic values due to improved pharmacokinetic properties.'> The first
deuterated compound is deutetrabenazine that has entered clinical practice in 2017.'* This success
has resulted in more than 10 deuterated drugs being presently under clinical trials for various
diseases. '’

The N-acetylation is a fundamental chemical reaction in organic chemistry.'® This reaction
is utilized in drug research and preparation and has importance in polymer chemistry and
agrochemical productions.!”° The acetyl functional group is utilized in peptide synthesis and in
several organic syntheses.’! Importantly, acetylation is a major regulatory process in post-
translational protein modification and it has a major impact on regulation of DNA expression in all
life forms.”> The general method to produce an N-acetylated amine is performed by acetic
anhydride or acetyl chloride as the acetylation agent in the presence of acidic or basic catalysts in
organic medium, nevertheless, even utilizing these reagents with various Lewis acids.?® 24
Moreover, these reagents are harmful to health.?

One of most ubiquitous chemical linkages is the amide bond in nature.? It is a spine-like
bond in peptides/proteins, natural and synthetic polymers?’. The amide bond is an important
functional group in a huge number of different types of medical drugs such as local anaesthetics,
nonsteroidal anti-inflammatories, antibiotics and therapeutic peptides.?®3! Amide compound
synthesis includes two main strategies: one is the use of coupling reagents, the other is the use of
the activation agent for the carboxylic acid starting material. Both methods suffer from many
drawbacks, such as generating a large amount of side-products and the purification of the desired

amide product is difficult.*



2. LITERATURE SURVEY

2.1. Concepts of flow chemistry

CF technology has affected many fields over the last decades, found application for the
production of many highly valuable intermediates and products on industry and laboratory scales.>*
34 Classic chemical batch synthesis had to face a variety of problems known since organic chemical
products were introduced in industry at the end of the 19" century. The major challenges are in the
fields of plant security, sustainable production, temperature and efficient mixing control in batch
vessels, there is still a demand for improved solutions. The new approach was found to replace the
limited batch vessel technology by a more flexible and efficient alternative: flow chemistry
technology.® This technology offers many advantages over classical batch technology, including
great improvements in energy efficiency, reliability, scalability, reaction yield and speed, and finer

process control.*

In flow chemistry, the chemical reaction is carried out with a continuous supply of starting
substrate and reagents. Reagents are continuously pumped through the reactor and they are mixed
and exposed to reaction parameters. The transformation takes place, the product forms and the
product is continuously isolated. Depending on the reaction, a wide range of technologies can be
integrated such as a heating or cooling system, oscillator, electrochemical reactor, microwave unit,
photoreactor, ultrasound apparatus. An added advantage of flow chemistry is that work-up and
purification can be linked and performed in-line, as part of an integrated process. The flow reactor

has the capabilities of a modern concept in which classical problems of large scale synthesis.?” 38

There are a few fundamental differences between classical batch and CF systems. In flow
processes, the ratio of parameters such as flow rate molarity are used to set the specific
stoichiometry. The reaction time is determined by the time a batch is stirred under fixed conditions,
however, in flow processes, the reaction time is determined by the residence time; the time the
reactants spend in the reactor zone where the reaction occurs. Residence time is calculated by the
ratio of the tube volume of reactor and the reaction flow rate. The precise controlling of the
residence time is a crucial factor of flow processes, because the reaction kinetics can be controlled
by the flow rates of the material streams. The flow rates will influence the residence time of the

reaction and have a strong impact on the outcome of transformation. Inside of flow reactor channel,



each portion is defined by a specific concentration of the starting materials and products. Thus, the
reaction profile must be defined within space rather than time. The steady state is an important

parameter that defines a condition where all parameters remain unchanged at a certain point in time
that is a desired condition in the reactor zone to achieve the most excellent transformation.**-4°
The major advantages of flow technology are the excellent mass and heat transfer properties

compared classical batch reactions (Figure 1).41:4
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Generally, the mixing is often achieved by mechanical stirring in chemical reaction vessels
and the fluid motion is mainly turbulent flow at high Reynolds numbers that means the fluid motion
is characterized by chaotic changes in pressure and flow velocity. Thus, the mixing is often
unsatisfactory. In contrast, flow reactors operate at low Reynolds numbers, where the mixing can
occur through diffusion between laminar flow layers. According to Fick’s law, in case of flow
reactor scales, the velocity of diffusion depends on the channel diameter, which suggests that

miniaturization of the axial dimensions can definitely enhance the mass transfer in flow stream.*?

In many chemical processes, reaction temperature has to be controlled in a certain range. It

is a key element to suppress undesired side-reactions. The heat is exchanged via the reactor surface



depends on surface area-to-volume ratio in batch reactions. Flow reactors have a very large surface
area-to-volume ratio due to tiny channels parameters.** Therefore, the heat exchange is much faster
than conventional batch reactors. The highly controlled heat transfer allows a homogeneous and

narrow temperature distribution which influence the yield, selectivity, and reaction time.**



2.2. Deuterium labelled compounds, haloarenes in organic chemistry, hydrogenation and

deuteration reactions
2.2.1. Deuterium labelled compounds in medical therapy

Deuterium is a stable isotope of hydrogen, not radioactive, and found in extremely small
amounts in nature; the natural abundance of deuterium is 0.0156% in the oceans of Earth.*
Deuterated water is produced in very large quantities, it is used to slow down fast neutrons and
thus act as a neutron modulator in nuclear reactors.* Nowadays, the notable application is the use

of deuterium in drug design.*’

The reason for usefulness of the deuterium isotope in drug design is the primarily the
deuterium kinetic isotope effect. The C-D bond is shorter than the C-H bond in a molecule which
results in a lower vibrational frequency. Thus, the cleavage of this bond needs a larger activation

energy (Scheme 1).#

Energy

Activation for C-H homolysis

$

Activation for C-D homolysis r

@

o Internuclear Distance

Scheme 1. The lower zero-point energy (ZPE) results in a higher activation energy for C-

D bond homolysis*®

The primary deuterium kinetic isotope effect has been utilized to understand many kinds of
reaction mechanisms. Incorporation of deuterium into active pharmaceutical molecules has
resulted in more stable substrates for metabolic degradation that remain active for a longer time in
the body. Moreover, deuteration of a soft-spot in the active pharmaceuticals can reduce the
formation of unwanted metabolites. The substitution of hydrogen with deuterium at the chiral

center of a chiral pure compound can stabilize it, for example, in case of d;-Telaprevir.'>



Deuteration is a useful strategy to affect pharmacokinetic and metabolic profiles of active
pharmaceuticals. This property can be a potential new tool in next generation medical drugs as
deuterium-labelled compounds, in order to deliver improved therapeutic alternatives.*” So far
however, only one deuterium-labelled compound, deutetrabenazine>® has been approved by the US
Food and Drug Administration (FDA) as a treatment for Huntington’s disease. It has a longer half-
life than the non-deuterated form of tetrabenazine, which had been approved earlier for the same
indication. Deuterium incorporation at key positions in the tetrabenazine molecule leads to a longer
drug half-life, less frequent daily dosing and a more favorable side effect profile. Numerous

potential drug candidates are now in clinical trials for various indications (Table 1).%!

Table 1. Examples of deuterated compounds in clinical trials for various indications.”

Deuterium- .
Drug maker Drug name modified drug Target Indication Status
MDA A T e
Avanir/Concert ~ AVP-786  Dextromethorphan glutamate £ yImp

Depression/
receptor . . Phase 2

schizophrenia
Concert CTP-543 Ruxolitinib JAK/STAT ~ Har lziia(t"g)"pec‘a Phase 2

cystic fibrosis

Kalydeco transmembrane . .

Vertex CTP-656 . Cystic fibrosis Phase 2
(ivacaftor) conductor
regulator

Pioglitazone Non-alcoholic

DeuteRx DRX-065 & PPAR-y steatohepatitis/adre Phase 1
(deuterated form)
noleukodystrophy
Retrotope RTO001 Linoleic acid Cell membrane  Freidreich’s ataxia ~ Phase 1/2
BMS- New molecular Tyrosine I
BMS 986165 entity kinases Psoriasis Phase 2
Celgene/Concert CT-730 Apremilast PDE4 Inﬂgmmatory Phase 1
disorders
Vertex VX-984 Doxorubicin DNA-dependent Solid tumors

protein kinase

The effects of deuterium exposure on living organism have been well studied. It was shown
that D20 has low systematic toxicity. Unicellular microorganisms can be grown in full deuterated
conditions, and lower organisms such as fish and tadpoles can survive at least 30% DO levels.
Higher organisms such as mice, rats and dogs can tolerate without any visible harmful effects from
long-term replacement of 10-15% of body-fluid hydrogen with deuterium. However, more than
25% D0 levels are toxic to them. Humans can tolerate levels of 15-23% deuterium replacement

in whole body plasma without evident adverse effects.” %3



2.2.2. Haloarenes in organic chemistry and catalytic metal-mediated hydrogenation/deuteration

reactions

Halogenated aromatic compounds (haloarenes) are very important and versatile compounds
with many applications in laboratory chemistry and industrial application.* Although, the
polyhalogenated derivatives are of particular interest and importance because they bioaccumulate
in the food web and exhibit high toxicity, mutagenicity and carcinogenicity.’>** Therefore, it is
urgent to develop an efficient and economic method to detoxify them in sustainable way. Several
methods have been developed for the removal the halogen atom from halogenated aromatic
molecules such as chemical oxidation,®' photochemical degradation,® ultrasonic irradiation,®

> incineration®® and catalytic —metal-mediated

electrolysis,®  microbial —degradation,’
hydrodehalogenation.®” Of these methods, the catalytic metal-mediated hydrodehalogenation
reaction is the most selective and non-destructive treatment for transforming toxic material into
much less toxic compounds for sustainable purpose. Metal-mediated hydrodehalogenation is
almost equivalent to the catalytic hydrogenation process, in general, threatening with hydrogen gas

source or hydrogen is transferred from donor molecules such as formic acid, isopropanol etc. in

68 1 67, 69 67, 70 71, 72
t’ 9

presence of a catalyst,*® usually nicke palladium, rhodium, ruthenium,’> 7 gold”
based catalysts.

Depending on the catalysts’ consistence they are classified into two broad classes:
homogeneous and heterogeneous catalysts.

Homogeneous catalysts are soluble transition metal complexes used in reactions where the
catalyst is in the same phase as the reactants; in solution. An advantage of this type is that the
catalyst mixes into the reaction mixture, allowing a high degree of interaction between catalyst and
reactants, to achieve the same rate milder conditions can be used and so it is possible to achieve
greater chemoselectivity, regioselectivity, and/or enantioselectivity.”® 77 However, after the
reaction, the catalysts are often difficult to separate and may have issues at high temperatures.

One of them useful method of hydrodehalogenations of aryl chlorides under homogeneous

conditions is demonstrated by Logan et al.”®

They examined the reduction of a series of aryl
chlorides in refluxing methanol under argon, using 2 equiv of sodium formate as the hydride source,
2 mol% of Pd(OAc): as the soluble transition metal complex, and 4 mol% of [1,1'-biphenyl]-2-
yldi-tert-butylphosphine as the Buchwald biphenyl ligand. The combination of Pd(OAc). and

Buchwald ligand was attractive, because both the palladium source and ligand are air-stable and



are commercially available. A few examples of the successful application of this method, with
substrates bearing electron-donating, electron-withdrawing, or neutral functional groups, were

reported (Table 2).

Table 2. Homogeneous catalytic hydrogenation of aryl chlorides by Logan et al.”®

Entry Aryl Chloride Time (h) Yield (%)*

1 HSC—OOCI 3 99
2 Hac_o_ﬁ@c. 1.5 97
3 HSC_(‘C?@C. 2 100
4 Hscfefn@c. 3 97

5 4 95

G yields, average of two runs

Heterogeneous catalysts have the advantage of being stable, reusable, and easy to
separate.”” 80 Especially supported palladium catalyst, which can be used not only in batch
synthesis, but also in continuous-flow technology. The major breakthrough of continuous-flow
(CF) technologies to organic chemistry and the fine chemical industry has appeared in the field of

catalytic hydrogenation triggered by the invention of the hydrogenation device.®!

In 2006, Darvas et al.3? developed a continuous-flow high pressure device (H-Cube®) for
use in high-throughput novel hydrogenation reductions such as nitroreduction, debenzylation,
reduction of alkenes, alkynes and cyanides. The device consists of a built-in hydrogen generator
that can produce in situ hydrogen gas from water by electrolysis. It was designed for mixing of
liquid phase, the gas phase, and the solid catalyst phase to increase efficiency. The use of

continuous-flow technology allows high-throughput hydrogenation, making the hydrogenation



process safer and more efficient than novel heterogeneous hydrogenation reactions. A few

examples of the successful application of this method, were reported (Figure 2).

10 % PdIC or Raney-MNi

D bl 2 - p
o3 N“ \:;\[”%} H,,1 bar, EtOAC/EtOH (1:1) H’N\[ ‘j%
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Y5 9% yield
) \[I\] 10 % PdIC OH
N L.-::_ i o1 bar, b LOAGH tOH (1 1) e
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Ranay-Ni L NE;
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) )

99% yield
Figure 2. Catalytic hydrogenation reactions in H-Cube®device by Darvas et al.®’

f0°°C, 1 ml/min

In recent years, the high interest in the medical application of deuterated compounds has
resulted in a plethora of studies on the preparation of deuterated substances by hydrogen-deuterium
exchange.®*"*” The most easy way to incorporate deuterons into molecules is by replacing hydrogen
atoms. Such a transformation occurs in the presence of a suitable deuterium source such as D>O,
D, gas or deuterated protic solvents. The general method for hydrogen-deuterium exchange is
divided into pH-dependent hydrogen-deuterium exchange and metal catalyzed hydrogen-
deuterium exchange (homogeneous/heterogeneous catalysis).®® Not only can deuterium be
incorporated into a molecule by hydrogen-deuterium exchange, it can also be achieved via halogen-
deuterium exchange or catalytic deuteration.’*®! Here, we have primarily focused on the
heterogeneous metal catalyzed halogen-deuterium exchange reaction, because it is the most

effective way to furnish deuterated aryl moiety compounds.
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In 2009, Mandity et al.,** used heavy water to produce deuterium gas to develop an efficient

and fast deuteration method in the H-Cube® reactor. They have established a deuteration procedure

for alkenes, alkynes and B-amino acid derivatives which possess a double bond (Figure 3). The

process was faster than literature methods, offered excellent yields and deuterium incorporation

ratios.

Figure 3. Deuteration of f-amino acids in H-Cube® by Mandity et al.”

2.3. The significance of the acetyl functional group and acetylation reactions in organic

chemistry

2.3.1. The significance of the acetyl functional group and acetylation reaction

The best-known acetamide drugs are paracetamol and phenacetin, synthesized in the late
1880s, for their mild analgesic/antipyretic properties. Initially, phenacetin was discarded in favor
of paracetamol because the latter drug was less toxic.”> Paracetamol has been used for many
decades, with more than 27 billion doses sold in 2009. It is used to treat many conditions such as
headache, muscle aches, arthritis, colds and fever but has no effect on the underlying

inflammation.”* The acetamide moiety can be found in a wide range of active pharmaceutical

9] "

Il
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. g D NH Me
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compounds for various indications (Scheme 2).
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Paracetamol Phenacetin /

Linezolid
Antibiotic property

Analgesic and antipyretic properties

Zaleplon
Psycholeptic property

o]

H
Ho N~ CHa

(o]
HS"

Acetylcystein
Cough and cold preparations

Colchicine
Antigout preparation

Ketoconazole
Antifungal property

Scheme 2. 4 few examples for acetamide compounds which are approved drugs
An another important utilization of the acetamide compounds is in agrochemical

application, is chemical product used in agriculture.”

HyC N
H

Acephate
foliar and soil insecticide
Alachlor

herbicide

Scheme 3. Two examples for acetamide compounds in agrochemical using

In cell biology, acetylation is one of the most important reactions and has been studied
intensively. Protein acetylation is a kind of post-translational modification in which the acetyl

group from acetyl coenzyme A is transferred by N-terminal acetyltransferases to a specific site on

a polypeptide chain. Especially, N-terminal acetylation is a crucial regulation of a huge number of

proteins. This process plays an important role in the synthesis, stability and localization of proteins

in eukaryotic cells.?> ?¢%
H N-terminal I—‘{
acetyltransferase O .
H\lll i .Polypeptide o . Hi¢ N_p L Polypeptide
N L e o
@ C N LY
H ](X H . \ (‘)‘ |
R4 / Ry
H,C. _S-CoA HS CoA
C
[l
(0]

Acetyl-Coenzyme A
Scheme 4. N-terminal acetylation by N-terminal acetyltransferase enzyme
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Acetylation is a very common metabolic reaction to process the xenobiotic molecules
such as drugs or other chemicals in living organism. This “phase II”” biotransformation is
responsible for the conjugation of activated xenobiotic metabolites with an acetyl group. The

conjugated products have increased molecular weight and tend to be less active.”

Since the early 20" century, acetylation of wood was researched to upgrade the durability
of the material. The structure of wood is a porous three dimensional biopolymer composite
assembled of an interconnecting matrix of cellulose, hemicellulose and lignin. Water layers build
up this composite and the cell walls in wood have hydroxyl groups accessible to moisture with
water due to hydrogen bonding. This high water content offers an opportunity for
microorganisms to colonize and begin the process of rotting and mold growth. If these hydroxyl
groups are substituted with a more hydrophobic groups, the bonded functional group can expand
the cell wall to its elastic limit. The substituted hydrophobic groups reduce the water content of
the wood and will be no longer a medium for microorganism growth. The acetylation of cell wall
hydroxyl groups can achieve these properties. The increased acetyl content in wood also causes

an improvement of dimensional stability and durability.!%0-102

Delignified wood template Acetylated wood template

Scheme 5. 4 sustainable acetylation method of wood by Li et al.’"!

2.3.2. Acetylation methodologies in organic chemistry

The generally method to access an N-acetylated amine is performed by acetic anhydride or
acetyl chloride as acetylation agent in the presence of and acidic or basic catalyst in organic
medium; numerous such strategies have been developed.'®-1% Among them, one of the promising
methods is that Sharley et al.'% This is a cheap and simple method for the acetylation of a broad
range of amines using catalytic acetic acid and esters as the acyl source instead of anhydride
derivatives. This method needs a low acetic acid catalyst loading (10 mol%) and afforded a wide

variety acetamid products in excellent yields at temperatures ranging from 80-120 °C.

13



AcOH (10 mol%) H

g Mz RN CHs
EtOAc (2 M), 80 °C, 20 h o
Cl__ N_
[ H H T H
~ | ) I/CHs l ] _N__CH; | AN Ny CH;
|
o o} 0
92% 93% 90%
o]
R _:'j‘“
1 H HN=
A N _CHs J CHs
FsC J MeO ~

Figure 4. Acetylation reaction of amines and a few examples by Sharley et al.'*

1.,'7 who

An another promising acetylation reaction has been reported by Yadav et a
presented a new, economical and simple method for the acetylation of amines, alcohols and
phenols with AcoO/AcCl as the acyl source and KF-Al,Os as the acidic catalyst. KF-Al>O3
catalyst has been used for the O-alkylation of phenols and alcohols, B-elimination, Michael
addition, aldol condensation. This method, relying on substituting organic soluble acidic catalysts

for a solid, is a highly efficient process and faster than most used methods.

Table 3. Acetylation of amines promoted by KF-Al>Os in toluene by Yadav et al.'””

Entry Substrate Ac,O/AcCl Reaction time (h) Yield (%)
1 tert-Butyl amine AcyO 0.2 92
2 Morpholine AcyO 0.2 95
3 4-Chloroaniline AcO 0.1 96
4 4-Nitroaniline Ac,O 4 97

In recent years, most scientists have been making a large effort to develop the green and
sustainable processes and have been focusing on the environmental impact of chemistry, including
reducing consumption of technological approaches to reduce pollution. Due to increasing demand,
a large number of studies have been published in recent years. In one of them, Veisi et al.!* have
developed a novel core-shell nanocatalyst for the acetylation of alcohols, phenols, amines and
thiols with acetic anhydride. This catalyst was a polydopamine-coated Fe3Os nanoparticles

(Fe203@PDA). The PDA can serve as an adhesion layer to immobilize biological molecules,
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amine- and mercapto functionalized self-assembled monolayer and metal films. The generated
Fe304@PDA nanstructure was further sulfonated using chlorosulfonic acid to make polydopamine
sulfonic acid-functionalized magnetic Fe3O4nanoparticles with a core/shell nanostructure as a solid
acid nanocatalyst. This kind of catalyst can replace soluble acids and can be considered a green
chemistry approach. It has a high catalytic activity under mild reaction conditions and the removal

of catalyst is easy due to the magnetic property of Fe3O4 nanoparticles. The nanocatalyst could be

recycled in 10 runs without any significant loss of activity.

o} 0 ©
H3C’J\OH HsC~ O~ “CHj
~ l
) |
| > Fe;0,NPs@PDA-SOH —_\
S N
:.f) - I" ‘.‘ o~
Fe;0:NPs@PDA-SO3” > Fe;O4NPs@PDA-SO;3”
F Y — ji R o OH
A X er ety 0
Hac 0 X 3 o e
: HsC~ "0~ "CHj|
H] | ]
‘\
i R-XH !
' R = alkyl, aryl :
t X=NH, 0,8 ;

Scheme 6. Plausible reaction mechanism of Fe;O4@PDA-SOs;H-catalyzed acetylation by

Veisi et al.'%
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Figure 5. 4 few products of O,N-acetylation with acetic anhydride under solvent free conditions
in the presence of Fe;O04@PDA-SOsH reported by Veisi et al.'”

Chavan et al.'” developed a catalytic acetylation process for alcohols, thiols and amines
with zeolite H-FER (protonated form of ferrierite) under solvent-free conditions. Application of an
inorganic solid porous zeolite as a heterogeneous catalyst for organic synthesis has garnered
attention due to its unique properties such as selectivity, acidic or basic nature and thermal stability.
The activity of these catalysts is based on the Breonsted acid function and their ability to donate a
proton. The advantage of these solid zeolite catalysts are well known, such as stability, ease of
removal, lack of corrosion and environment hazards, recovery and regeneration are a simple
procedures. They carried out this reaction with the use of acetic anhydride as the acetylation agent.

In table 4, several alcohols, phenols, amines and thiols underwent acetylation in excellent yields.

Table 4. Direct acetylation of alcoholes, phenols, thiols and amines with acetic anhydride over
Zeolite H-FER by Chavan et al.'"”

Reaction . o
Entry Reactant Product time (h) Yield (%)
1 HO—/i\—OH AcO@—OAC 2 98
2 HO—/ T —OH AcO—/ T “—OAc 2 98

OH OAc

3 é é 1.5 99
OH
4 ©/0Me ©/OMG 2 95

e
6 é é 5 5
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2.4. Amide bond formation in organic chemistry
2.4.1. The importance of the amide bond

The amide bond is one of the most important chemical connection in nature and organic
chemistry.”® Amide bond form the backbones of peptides and proteins; linear polymers built by
linking natural a-amino acids between their amino and carboxylic groups to form the primary
structure of biomolecule. In the amide structure, the electrons are partial delocalized over the N-C-
O bond, thus exhibiting a partial double bond characteristic. Therefore, the three bonds around the
nitrogen atom form a planar structure. The planarity and rigidity of the peptide chain are accounted
for by the fact that free rotation is not possible around double bonds. Most peptides and proteins
exist in the #rans configuration due to the much higher thermodynamic stability of the trans isomer.
These facts are responsible for 3D structures adopted by peptides, proteins and natural or artificial

polyamides.'!% !

The amide bond can be found in a huge number of medicinal products, from small molecules
to therapeutic peptides and antibodies.!'?!'> For example, atorvastatin''® is a statin which is an
HMG-CoA reductase inhibitor medication used to prevent cardiovascular disease in high risk
patients and treat abnormally high lipid levels. It was the top selling drug worldwide in 2003.'7
From a chemical view point, therapeutic peptides have a broad range of structures, show casing

their size and complexity.
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Scheme 7. A few examples of amide drugs

Medicinal chemistry has been focusing on the design and synthesis of bioactive compounds
that have the potential to become drugs,''® Brown and Bostrom'!” reported an analysis of chemical
reactions used in 2014 medical chemistry, and three decades ago (1984). The analysis revealed that
of the most frequently used were amide bond formation, Suzuki-Miyaura coupling, and SnAr
reactions, due to commercial availability of reagents, high chemoselectivity, and a pressure on
delivery. Figure 6. shows the occurrence of a particular production reaction (or last step reaction),

plotted as the percentage of appearance in at least one manuscript.
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Figure 6. Representative data set was taken from 1984, n = 114, and 2014 in Journal of

Medicinal Chemistry, n = 118, from analysis of Brown and Bostrém!!’
2.4.2. The strategies for amide bond formation

The development of efficient amide formation methods continues to be a challenging
scientific pursuit. The amide bond has a favorable thermodynamic stability, therefore, reaction
between a free carboxylic acid and an amine requires a large activation energy to overcome the
thermodynamic barrier of salt formation. The initial step is direct thermal dehydration that provides
a stable ammonium carboxylate salt that then slowly collapses at high temperatures (over 180 °C)
to form the amide molecule. This harsh reaction condition is not compatible with most

functionalized substrate molecules.'?* 2! Hence, instead of this direct method, the popular methods

122, 123 124, 125

have been utilizing coupling reagents, oxidative agents, metal'?® and non-metal'?’

129, 130

catalysts. Transamidation'?® and carbonyaltion reactions may provide attractive methods of
y y yp

the amide bond formation.
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Figure 7. The most used amidation methods and a few new developments'>

Strategies for amide synthesis'*! are shown in Figure 7. The direct thermal amidation
reaction (a) is rarely employed as it requires high temperature. Alternative catalytic approaches are
exist such as amidation of esters (b), oxidative amidation of primary alcohols or aldehydes (¢), and
carbonylation of aryl halides (d). The most popular syntheses of amide compounds are the
stoichiometric or coupling amidation reaction (e) via a condensation reaction of a carboxylic acid
and an amine, mediated by a stoichiometric activating reagent. These activating reagents are
generally, carbonic anhydrides, mixed anhydrides, acid chlorides or active esters. Following
activation, the subsequent condensation reaction only requires removal of a water. A potential
method is the use of a catalyst for mediating direct amidation under milder reaction conditions (f).
Boron-based catalysts and those derived from group (IV) metals are employed as Lewis acids due
to their strongly electrophilic nature granted by a vacant p-orbital into which electrons can be
received. A special reaction of in the field of amide chemistry is an amidemetathesis or
transamidation (g), this process would exchange the constituents of two different amide groups.

Although secondary and tertiary amides are extremely inert under normal conditions, they must be

3 4

activated in the presence of aluminum,'*? zirconium'** or hafnium!** catalysts to undergo

transamidation reaction.

An another view of non-classical routes is the use of amine surrogate reactions in amide

6 137 1'-

formation.!*> The amine reaction partners are replaced by isocyanates,'*® isonitriles,
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carbonyldiimidazoles,'*® '*° thioamides, I dithiocarbamates,'*? sulfonamides,'® azides,'*
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tertiary amines,'* imines,'*¢ hydroxyl amines or halogeno-amines.'>!
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Figure 8. Overview of potential amine surrogate methods'>’

2.4.3. Amide bond formation with boronic acid and carbon disulfide.

There are several catalytic routes to form amide compounds, one attractive example relies

1.'32 reported that arylboronic acids containing

on catalytic boronic acid derivatives. Ishihara ef a
electron-withdrawing  groups, (e.g.  3,4,5-trifluorobenzeneboronic  acid and  3,5-
bis(trifluoromethyl)benzeneboronic acid), act as highly efficient catalysts in amidation reactions
between free carboxylic acids and amines. They investigated the catalytic activities of various
arylboronic acids (5 mol%), which promote the model reaction of 4-phenylbutyric acid with 3,5-
dimethylpiperidine in toluene at reflux under anhydrous conditions (4-A molecular sieves). They
found that the most effective catalyst for the amidation reaction is the 3,4,5-

trifluorobenzeneboronic acid. They explored the generality and scope of 3.4,5-

trifluorobenzeneboronic acid-catalyzed amidation.
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Figure 9. Overview of Ishimure et al. experiment'>?

These facts demonstrated that arylboronic acid derivatives as Lewis acid catalysts are

practical und useful for catalytic amide formation.

Carbon disulfide (CS,) is a reagent and a powerful building block in preparative processes.
It has been utilized in the manufacturing of viscose rayon, cellophane, carbon tetrachloride, and is
even used as solvent in extraction processes. Leman et al.!3"!3 reported a study that CS, promotes
peptide bond formation in modest yields ( up to ~ 20%) in prebiotic conditions. From a-amino
acids carbon disulfide initially yields aminoacyl dithiocarbamate, which in turn generate reactive
2-thio-5-oxazolidine intermediates. These are able to polymerize to generate oligopeptides. The 2-
thio-5-oxazolidine intermediates are the thio variants of N-carboxyanhidrides have been studied
under prebiotic conditions and have been proposed to be a universal activated form of amino acids.

This study proves that carbon disulfide can act as a condensing agent. Similarly to carbon disulfide
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the related carbonyl sulfide (COS), was also reported to mediate condensation reactions of

monomeric o-amino acids.
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3. EXPERIMENTAL SECTION

3.1. General information

All solvents and reagents were of analytical grade and used directly without further
purification. 5% Pd/C and 5% Pd/BaSOQj catalysts used in this study were purchased from Sigma-
Aldrich, while D20 (>99.9%) was from Merck; HPLC-grade solvents from VWR were used
without purification. The propylene carbonate was bought from Acros Organics. The cartridge
containing 5% Pd/PBSAC was filled in-house. Fe, Cu, Fe.Os, Boric acid, AlICl3, ALO; (for
chromatography, activated, neutral, Brockmann I, 50-200 um, 60 A) catalysts, carbon disulfide
(anhydrous, >99%) reagent and organic bases (trimethylamine, pyridine, 4-
(dimethylamino)pyridine) used in this study were purchased from Sigma-Aldrich, while
acetonitrile (100, 0%) was HPLC LC MS-grade solvents from VWR International.

All melting points were determined on a Jasco SRS OptiMelt apparatus and are
uncorrected. Analytical thin-layer chromatography was performed on Merck silica gel 60 F254
plates and flash column chromatography on Merck silica gel 60. The products obtained were
characterized by NMR spectroscopy. 'H-NMR, APT-NMR and '*C-NMR spectra were recorded
on a Bruker Avance DRX 400 spectrometer, in DMSO-ds as solvent, at 400.1 MHz. Chemical
shifts (8) are expressed in ppm and are internally referenced ('"H NMR: 2.50 ppm in DMSO-dg).
Conversion and deuterium incorporation values were determined via the "H-NMR spectra of the
crude materials. Deuterium contents were determined from the relative intensities of the "H-NMR
indicator signals. A PerkinElmer 341 polarimeter was used for the determination of optical

rotations.
3.2. General Procedure for the Flow Reactions
3.2.1. General aspects of the CF deuteration in H-Cube® device

The CF deuteration reactions were carried out in an H-Cube® reactor (ThalesNano Inc.)
with D>O as deuterium source. The catalyst cartridge (with internal dimensions of 30x4 mm) was
filled with ca. 100 mg of the heterogeneous hydrogenation catalyst. It was then placed into a
thermostat unit controlled by a Peltier system, up to a maximum of 100 °C. The pressure of the
system was set by a backpressure regulator to a maximum of 100 bar, and the CF of the solution

of the starting material was provided by an HPLC pump (Knauer WellChrom K-120). For the CF
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reactions, 3 mg mL™' solution of the appropriate starting material was prepared in propylene
carbonate. The solution was homogenized by sonication for 5 min and then pumped through the
CF reactor under the set conditions. After the completion of the reaction, the reaction mixture was
collected, diluted with water, freeze and lyophilized. Conversion and deuterium incorporation
values were determined via the 'H-NMR spectra of the crude materials. Deuterium contents were

determined from the relative intensities of the 'H-NMR indicator signals.
3.2.2. General aspects of the CF acetylation and amidation in a “home-made” reactor

The CF acetylation reactions were carried out in a home-made flow reactor consisting of an
HPLC pump (Jasco PU-987 Intelligent Prep. Pump), a stainless steel HPLC column as catalyst bed
(internal dimensions 250mm L x 4.6 ID x % in OD), a stainless steel preheating coil (internal
diameter 1 mm and length 30 cm) and a commercially available backpressure regulator
(Thalesnano back pressure module 300™ to a maximum of 300 bar). Parts of the system were
connected with stainless steel tubing (internal diameter 1 mm). The HPLC column was charged
with 4 g of the alumina catalyst. It was then placed into a gas chromatography (GC) oven unit
(Carlo Erba HR 5300 up to maximum a 350 °C). For the CF reactions, 100 mM solution of the
appropriate starting material was prepared in acetonitrile. The solution was homogenized by
sonication for 5 min and then pumped through the CF reactor under the set conditions. After the
completion of the reaction, the reaction mixture was collected and the rest solvent was evaporated
by a vacuum rotary evaporator. Conversion was determined via the "H-NMR spectra of the crude

materials.
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4. RESULTS AND DISCUSSION

4.1. Deuteration of haloarenes in H-Cube® CF device

As detailed in the Literature Survey Section 2.2.2, catalytic hydrogenation is a fast and
simple reaction in an H-Cube® device. Furthermore, metal catalyzed hydrodehalogenation is well
known in literaute.'>® 17 However, deuterodehalogenation reaction of aromatic compounds in CF
reactor cannot be found in literature. Thus, we aimed to utilize the CF deuteration technology to
carry out the first deuterohalogenation of halogenated aromatic compounds in an H-Cube® device.
The experimental set-up of H-Cube® device allows precise controlling of temperature, pressure

and flow rate.
4.1.1. Optimization

The H-Cube® device consists a pump to provide the feed for the reaction mixture, a built
in hydrogen generator, a catalyst cartridge, where the reaction occurs, a backpressure regulator and
a thermostat to control the pressure and temperature. The cartridge is filled with catalyst and the
output was collected in a flask. The necessary deuterium gas for the reaction was generated by the

electrolysis of heavy water inside the system.

For the initial optimization study, the deuterodehalogenation reaction of 4-
bromoacetanilide was chosen as a test reaction. The complete reaction parameter optimization is

shown in Table 5.

Table 5. Reaction parameter optimization for the CF deuterodehalogenation reaction.

Entry Solvent Catalyst T (°C) p (bar) Conc. (mg D Conv.(%)
mL ") (%)
1 EtOAc 5% Pd/BaSO4 25 50 1 n.d. 0
2 EtOAc 5% Pd/BaS0Oq 25 100 1 n.d. 4
3 EtOAc 5% Pd/BaS0O4 100 100 1 n.d. 13
4 EtOAc 5% Pd/C 100 100 1 81 48
5 EtOAc 5% Pd/PBSAC 100 100 1 92 87
6 PC 5% Pd/PBSAC 100 100 1 96 99
7 PC 5% Pd/PBSAC 100 100 3 96 99
8 PC 5% Pd/PBSAC 100 100 4 97 94
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The starting compound concentration was 1 mg mL' in ethyl acetate, utilizing 5%
Pd/BaSOs4 catalyst in the cartridge at a temperature of 25 °C and a pressure of 50 bar with flow rate
of 1 mL min™!. No trace of the desired product was observed under these conditions (entry 1). This
was only improved to 13% conversion by heating the reaction to 100 °C and raising the pressure
to 100 bar (entry 3). In favor of the production of desired product, the catalyst was changed to
charcoal-supported 5% Pd/C. This change could improve the conversion of 48%, while the
deuterium incorporation value of the product was found to be 81% (entry 4). To increase the
conversion and deuterium incorporation value of desired product, we turned our attention to the
novel polymer-based spherical activated carbon (PBSAC) supported catalyst. Because the most
regular solid supported catalysts are not suitable for CF devices due to their small particle sizes in
low micrometer range and they can block the flow line.!**1% Nowadays, PBSAC has been
introduced as a solid support for CF catalytic hydrogenation.!¢!16> With 5% Pd/PBSAC catalyst
87% conversion and 92% deuterium incorporation were observed at 100 °C temperature and 100
bar pressure (entry 5). According to the recent GSK solvent selection guide, the greenest solvent

today is propylene carbonate (PC),'%

which can be synthesized in a highly atom-efficient way from
propylene oxide and carbon dioxide with prominently low energy consumption.'®> Moreover, PC
has already been used for several important reactions.'®!”! However, CF literature results on the
suitability of PC solvent in CF rector and its use in catalytic deuteration is practically
unexplored.!”> 173 The solvent was changed for PC, complete conversion was obtained while the
deuterium incorporation value was 96% at 100 °C temperature and 100 bar pressure (entry 6). The
effect of the concentration was also tested that resulted without the loss of conversion and
deuterium incorporation, the concentration can be increased to 3 mg mL™! (entry 8). However, any

decrease of the temperature or the pressure resulted in lower yields, while the deuterium

incorporation level did not change significantly (Figure 11).
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Figure 11. The effect of pressure (a) and temperature (b) on the reaction conversion catalysed by
PBSAC-supported 10% Pd. The effect of the pressure was measured at 100 °C, while the effect of

temperature was determined at 100 bar.
4.1.2. Scope and scale-up experiments

With the optimized reaction conditions in hand, we planned to investigate the scope and
limitations of the reaction. The reaction was tested first with various benzoic acids possessing a
bromo substituent in positions 4 (3), 3 (5) and 2 (7). As shown in Table 6, for these regioisomers
complete conversions were observed with >95% deuterium incorporation in the case of 3 and 5.
Especially, for 7, ortho substituted acetanilide, only marginal deuterium incorporation was
achieved. It was probably due to the steric proximity of the functional groups. Thus, the starting
material was dissolved in deuterated methanol, the solution was evaporated to dryness, and the
product was applied in the deuteration reaction and then the deuterium incorporation value
increased to 97%. The further set of test compounds, aromatic amides 9, 11, and 13, were
investigated possessing a bromo substituent in positions 2, 3 and 4, respectively. We have achieved
excellent conversion and deuterium incorporation value in all cases, except for compound 13. It

was the same steric proximity of the functional groups as described for 7, thus a similar deuterated
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methanol pre-treatment increased the deuterium incorporation value to 98% for compound 14.
Debenzylation by reductive cleavage over palladium metal catalysts with molecular hydrogen is a
general method in organic chemistry, however, no debenzylation was observed for compounds 9,
11, and 13. This is a notable advantage of the method allowing the deuteration of molecules

containing the benzyl moiety.

Table 6. Results of the optimized deuteration reaction of several bromine-substituted compounds.

Entry Substrate Product D (%) Yield (%)
H H
s N__CH; Cw N CH
) (!
1 N o L\ e 96 96
1 2
. COOH PN COOH
@ |
2 Bro ™ D 96 97
3 4
Br COOH D~ COOH
| ]
3 95 95
5 6
Br [
L cooH L CooH
4 I I 9glel 94
7 8
i 1
N ST )
5 . 1 ]‘ | H L 97 98
Br ~T
9 10
O Q
“ Bi I L
6 LT a1 ] L7 w1 ] 96 94
11 12
O Br 0
7 L w1 L w 98! 95
13 14

[a] reached by deuterated methanol treatment

The other halogen-substituted compounds were also tested by the optimized
deuterodehalogenation reaction (Table 7). In the reaction of para chlorine-substituted acetanilide

15, total conversion was observed with a high deuterium incorporation value. Importantly, the para
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iodine-substituted acetanilide 16 gave only a 30% conversion, when we repeated the reaction with

the catalyst used in the first reaction, no conversion was observed. Obviously, compound 16

poisoned the PBSAC catalyst. The reaction fluorine-containing acetanilide compound 17 shows

that fluorine substituent remained intact and no conversion was observed.

Table 7. Results of the optimized deuteration reaction with substrates possessing chlorine, iodine
and fluorine acetanilide analogs.

Entry Substrate Product D (%) Yield (%)
T H
w N___CHy N_ CH,
1 L *“ { | A 96 96
Cl h D
15 2
H
N CHy N_ CH,
) () )Y
[ D o n.d. 30
16 2
H H
N_ CHy N_ CH,
! 7
3 : 0 1 o n.d. 0
17 2

The scope of the deuteration reaction can be explained by the proposed mechanism of the

reaction (Scheme 8). The cyclic catalytic process started with the oxidative addition of the aryl

halide to a Pd(0) species. According to the literature results this reaction does not proceed for aryl

fluorides,'” this fact supports our observation for fluorinated compounds. The iodinated

compounds poisoned the Pd catalyst that can be explained by the elimination of the iodide ion

which is known to poison the Pd catalys
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Scheme 8. Proposed reaction mechanism for the catalytic deuterodehalogenation

We focused on the context of green chemistry criteria, catalyst reusability. Therefore, the
robustness of our deuteration reaction was also tested (Figure 12). We repeated the
deuterodehalogenation reaction of compound 1 10 times with the same catalyst bed. In the first 6
cycles, the conversion did not change notably. After run of 7, considerable decreases in the catalytic

activity was observed.

ﬁ CH; 10% Pd/PBSAC

/©/ TIQ/ 100 “C. 100 bar L? \g
Br ; I

1 2

100 ——

80 -

60 -

40 -

Conversion/ %o

20 -

T 1 I L T 1 I T 1
1 2 3 4 5 6 7 8 9 10
Number of cycles

Figure 12. Robustness of the CF deuterodehalogenation investigated in the reaction of 4-
bromoacetanilide (compound 1). The same reaction was repeated 10 times on the same 10%

Pd/PBSAC catalyst.
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Since the catalyst activity did not decrease significantly until 5 cycles and one cycle was
carried out with 100 mg of compound 1, thus, after the pumping of 500 mg of 1 compound through
the system, the catalyst cartridge was replaced by a new one. In this way, we carried out with
deuteration of 1.5 g of compound 1, the product 2 was isolated with 95% yield and 96% deuterium

incorporation value.
4.2. N-acetylation of amines in a “home-made” CF reactor with acetonitrile

As detailed in Section 2.3.2, the general acetylation reagents are acetic anhydride and acetyl

23,176,177 and/or in neat form,?* these methods have

chloride, combination with various Lewis acids
various drawbacks. The acetyl chloride is considered to be a genotoxic agent and the acetic

anhydride is a major irritant.

Flow chemistry technology offers a number of benefits, a wide range of reaction are much
faster in flow processes, and fewer substrates and reagents are required. In addition, more efficient
and selective reactions can be carried out in CF system as detailed in Section 2.4.2. These properties

can help to improve the acetylation reaction to be a simple and sustainable process.

Acetonitrile is a polar aprotic solvent and is generally used in various fields of chemistry as
eluent. However, it is rarely used as reagent in organic chemistry. A few studies on acetonitrile as
an acylation agent have been reported, for example Saikia et al., presenting an attractive attempt to
achieve N-acylated aromatic amines with acetonitrile as reagent and solvent with several Lewis
acids (e.g. FeCls, InCl3, Mn(OAc)>, Cu(OAc).). Taking these facts into account, we aimed to
develop a CF acetylation method, applying acetonitrile solvent as an acetylation agent with a Lewis

acid catalyst.
4.2.1. Optimization

The reactions were carried out in a home-made CF reactor, containing of an HPLC pump
that transport the starting material dissolved in acetonitrile. The reaction mixture is feed into a
fillable HPLC column that is filled with solid catalyst. Additionally, there is a GC oven and an in-

line back pressure regulator in the system to regulate the temperature and pressure of the reaction,
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and a 30 cm coil to preheat the reaction mixture before enter into the reaction zone. The schematic
outline of the home-made reactor used in this study is shown in Figure 13.

Gas chromatograph oven

H
Back- N (0]
HPLC KK .l pressure | R \f
pump Pre-heater coil | regulator I
30 e¢m CH3

Kigure 13. Schematic representation of the home made CF reactor used in the acetylation study
Firstly, we planned to find what is the most useful solid Lewis acid catalyst for the CF
acetylation, the catalyst screen was carried out. The aniline was utilized as a test compound, and

acetonitrile was used both as solvent and reagent. The complete study of different Lewis acids is

shown in Table 7.

Table 8. Lewis acids screen in CF acetylation

H
N

e NH e en . N_ _CH,4
“\_\w_,,;J Catalyst “\ '_:_J \g
150 °C', 50 b it
18 19
Entry Lewis acids Solvent Conversion (%)
1 FexOs Acetonitrile 0
2 Boric acid Acetonitrile 3
3 AICls Acetonitrile 19
4 ADOs Acetonitrile 64

Conditions: 150 °C, 50 bar, 0.1 mL min™', 27 min residence time in flow synthesis

The catalyst screen study shows that the most promising Lewis acid was Al,Os, other
catalyst offered lower yields or no amide product formation was observed. Thus, the further

parameter optimization was carried out with Al>O3 as solid catalyst.

The test compound (18) was dissolved in acetonitrile in a concentration of 100 mM,
utilizing A1,Os powder as catalyst at a temperature of 25 °C and pressure of 10-100 bar with 0.1
mL min’! flow rate and 27 min residence time. The optimization study did not show any pressure
dependency and a moderate conversion of 27% was observed without any pressure dependence.
The effect of temperature on the conversion rate was tested at 50 bar pressure, increasing the

temperature to 100 °C initiated the product formation with 53% conversion. When applying a
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higher temperature, the conversion of the product improved and it was found that the optimal
temperature is 200 °C (Figure 14a). By applying higher temperature of 200 °C resulted in lower
conversion values. The acetonitrile solvent was in its supercritical state (Tc=275 °C, Pc=48 bar)
due to the significant solvent expansion produced under supercritical conditions. Above 275 °C,
the conversion values of product (19) decreased significantly. The effect of pressure on reaction
was tested (Figure 14b), the results show that a modest pressure (50 bar) is needed to increase the
reaction conversion. The further pressure increase did not influence the product (19) formation.
The flow rate was also tested (Figure 14c), the results indicated that the optimum flow rate is 0.1
mL min!. The use of a higher flow rate on the reaction resulted in lower conversion values. The
effect of concentration on the reaction was tested too (Figure 14d), by applying a higher

concentration of 100 mM resulted in the decreased conversion.

Presssure (b ) Conentraton (mb)

Figure 14. The effect of temperature (a), pressure (b), flow rate (c) and concentration (d) on the
reaction conversion catalyzed by Al;O3 powder. The effect of the pressure was measured at room
temperature and the effect of temperature was determined at 50 bar, while the effect of the flow

rate and concentration was analyzed at optimized conditions.
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4.2.2. Scope and scale-up experiments

With the optimized reaction conditions (200 °C, 50 bar, 0.1 mL min! in flow rate, 27 min
residence time) in hand, we planned to investigate the scope of aniline derivatives (Table 9). The
aniline derivatives containing either electron-donating or electron-withdrawing groups were
selected. The reactions were carried out in a single run and the products were analyzed by 'H and
13C NMR spectroscopy. Column chromatography purification of the product was only needed for

compound 23, for the others, only a simple evaporation of acetonitrile was needed.

Table 9. Scope of the acetylation reaction of various aromatic amines.

Entry Substrate Product Yield (%)
= NH; . !Nl ¢
L Hsy
18 19
X, N2 INIW CH,
B
2 HO ™ HO © 93
20 21
~_ NH H o
R N. k-H_‘
3 HsCfy “ ] HiC, ! ] KHV 51
22 23
F-v..v_\‘ w, NH: F N . CHy
I
4 ~ L] O >99
24 25
~ NH: H
CH
() (Y
5 Bro ™~ B ) >99
26 27
Gl | NH Cl = :\:1 CHy
I ]
6 Cl o 0 95
28 29
NQ, NO, H
t-‘-:-:.. NH, L__:_ N CH
7 ® Y 0
30 31
N NH 0N~ H\ CHy
8 'y 0
32 33
=N NH- H CHaq
. (R
9 N QN7 0
34 35
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“ NH
L] (“N”tm
10 ~ J >99

36
37
0
[ P
. -~ |"’ u 3
11 @] e o_v) oo
38 \ 2
['1 \7\] “\ /;5']\\ ,H N ’CH?,
LN _,.NH_~. - ~ n/
12 s T ™
40
41
9]
kG Il
N HN™ “CH,
" CH3 .
13 “\f"\[ “ ] ~ "CH,4 ~99
43
o
NH-
G N,
14 ~F “ J CH, ~99
44
45

Conditions: 200 °C, 50 bar, 0.1 mL min”! flow rate, 27 min residence time.

The 4-aminophenol (20) was acetylated with excellent yield and the drug substance
paracetamol (21) was gained with quantitative yield after recrystallization. Lower yield was
achieved for 4-methoxyaniline (22), and the acetylated product was isolated after column
chromatography with a 51% yield. For the halogen substituted aniline derivatives (24, 26 and 28)
excellent yields were observed. For the nitroaniline derivatives (30, 32 and 34) no conversion was
observed and only the starting materials were isolated. The highly electron-withdrawing nature of
the nitro group that reduces the nucleophilicity of the amino group might explaine the absence of
product formation. Aliphatic primary and secondary amines were also tested. The primary benzylic
amine (40) was converted to the corresponding acetamide (41) with excellent yield. When
secondary amines, piperidine (36) and morpholine (38) were examined, the acetylated derivatives
(37, 39) were isolated with quantitative yields. The stereoselective property of this reaction was
also tested with acetylation reaction carried out for the two enantiomers of 1-phenylethanamine
(42, 44). For both enantiomers the acetylated derivative was achieved with quantitative yield and

the complete retention of the enatiomerical purity. The isolated products (43, 45) were investigated

36



by optical rotation and was found to be identical to literature data, so that the heat-induced

racemization was not observed.

The catalyst reusability is an important property in sustainable chemical reactions, thus this
property was also tested. It was found that the activity of the catalyst did not decrease significantly
until 10 cycles and one cycle was carried out with 20 mg of benzylamine (40). The excellent

t178

result' ° of catalyst reusability study opened the way to scale up the reaction, which was tested with

the same reaction. The process could be scale up to 2 g of benzylamine (40) without the significant
decrease of the conversion. The N-benzylacetamide product (41) was isolated with 94% yield after
recrystallization. The reaction was completed within 28 hours, this is considerably faster than what
has been reported with already known technology. Results are shown in Figure 15.

R CHCN <R
[ ] - |

]

i _-NH, ALO, S

= \\/N _CHs,
200 “C, 50 bar \”
40 41 O

100

Hu

=

Conversion (%)
&

Number of cycles

Figure 15. Robustness of acetylation of the benzylamine (40), the same reaction was

repeated 10 times on the same Al>O3 catalyst.
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According to literature data,!’®18? these results can be explained by the proposed reaction
mechanism (Scheme 9). The key step is the coordination of the lone electron pair of the nitrogen
atom of the cyanide group, which yields a positive charge. The positive charge of the cyanide group
can be localized on the carbon atom due to mesomeric structures. Thus, this positively charged
carbon atom might be attacked by the lone pair electron of the amine resulting amidine, which is
further hydrolyzed to form the acetamide as shown in Scheme 9. The origin of the water might be
the residual water content of the solvent and/or the Al,Oj3 catalyst. The addition of extra amount of

water in the reaction mixture decreased the conversion of the reaction.

r 7 H,N-R
0. 0_ .0 O, O0_ .0
Al Al Al Al
L |L |\|] u"“m
Z h
e A HiC” K..)
/
/‘/ NH
<)
R
or
I
R X 1
= U s
o N s
o
r.
N~ “CH,
H

Scheme 9. The proposed reaction mechanism of catalytic acetylation.
4.3. Direct amide formation in a “home-made” CF reactor mediated by carbon disulfide

As detailed in Section 2.4.2, there are plenty of strategies to provide amide compounds,
therefore, there are only a limited number of direct amidation methods without coupling or
activating agents. There is a demand for a general technique to access amides in an uncomplicated,
environmentally friendly, and efficient way. The CF technology offers many advantages over
regular batch operation as detailed in Section 2.1. The section 2.4.3. proved that carbon disulfide
might be an attractive coupling agent for amide synthesis. We aimed to utilize CF technology in

amide formation reaction with carbon disulfide as a coupling agent.
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4.3.1. Optimization

The reactions were carried out in the same home-made CF reactor that we used in the N-

acetylation study in section 4.2.1., Figure 16 shows the schematic illustration of the amidation

process.
Gas chromatograph oven
/
Starting materials 0

R1_COOH ‘1 ) Back- 6 R
+ 5, |— 1 resare | ~C-Re

Rz_NHz - pump Pre-heater coil regulator 1 |

30 ¢ 4 H

Figure 16. Schematic illustration of flow amidation reactor.

We selected a model reaction for the optimization that utilizing benzylamine and 4-
phenylbutyric acid as substrates dissolved in acetonitrile to provide a 100 mM solution. According
to the study N-acetylation conditions and parameters, a high temperature and a modest pressure
were used. The trial was performed without any catalyst or reagent at 200°C temperature and 50
bar pressure with a flow rate of 0.1 mL min "' and a residence time of 27 min. As expected, no trace
of the desired amide product was observed (Table 12, entry 1). According to 2.4.2. the strategies
of amide bond formation section, Lewis acids were used in amidation reaction as catalyst. A same
result was observed when the reaction was repeated under the same conditions in the presence of

ADOs3 as Lewis catalyst (Table 12, entry 2).

Table 10. Screen of the alternative catalysts.

Oy,

S OOH Catalyst H N
CC ; U [ LNHy T 3 H o H
46 40 47 48
Entry Lewis acid Reagent Solvent Conversion into 47 (%)

1 boric acid CS, acetonitrile 2%
2 Fe CS, acetonitrile 3%
3 Cu CS, acetonitrile 17%
4 Fe,03 CS, acetonitrile 10%
5 NiO CS, acetonitrile 4%
6 CuO CS: acetonitrile 40%
7 AlLO; CS: acetonitrile 53%

1 equiv. 4-phenylbutyric acid (100 mM), 1 equiv. benzyl amine (100 mM), Reagent: 1.5 equiv. CS> Condition: 200
°C, 50 bar, 0.1 mL min', 27 min residence time
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However, a low conversion of 22% was observed when 1.5 equivalent of carbon disulfide
was used as an additive along with numerous byproducts (Table 12, entry 3). Furthermore, several
Lewis acids were tested too (Table 10, entry 7) and the most promising Lewis acid catalyst was
AlOs and a significant increase in conversion of 53% was achieved. (Table 12, entry 4). The effect
of the solvent on the reaction outcome was also tested. Several solvents were investigated but

acetonitrile was found to be the most suitable (Table 11, entry 5).

Table 11. Direct amide bond formation in a range of solvents.

s, . \ 8
ALO, N

COOH = . A
RN N2 500 ¢ sobar ©
46 40 47 48
Entry Solvent Conversion into 47 (%)

1 Water 0%
2 Methanol 31%
3 Isopropanol 10%
4 Toluene 43%
5 Acetonitrile 53%
6 Dichloromethane 0%
7 Dimethylsulfoxide 4%

1 equiv. 4-phenylbutyric acid (100 mM), 1 equiv. benzyl amine (100 mM), Lewis acid: alumina, Reagent: 1.5 equiv.
CS, Condition: 200 °C, 50 bar, 0.1 mL min™!, 27 min residence time
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Table 12. The model reaction and optimization of amide reaction in flow reactor.

Reagent Y
= H
Catalyst . o N l ‘ T u

Entry Substrates Lewis Reagent Solvent Condition Conversion into

200°C
1 4-PBA + BA acetonitrile mLor:x:in" 0%
50 bar
200°C
0.1
mL min™!
50 bar
200°C
0.1
mL min™!
50 bar
200°C
4 4-PBA + BA ALOs CS, acetonitrile mLOr.rlin" 53%!®
50 bar
200°C
CS, tonitril 0.1
Pyridine acetomtrrie mL min™’
50 bar
200°C
CS, . 0.1
Triethylamine acetonitrile mL min™’
50 bar
200°C
D](\:/[S;P acetonitrile mLOr'rlin" >99%

50 bar

2 4-PBA + BA ALO; acetonitrile 0%

3 4-PBA + BA CS, acetonitrile

22%

5 4-PBA + BA AlLO3

58%

62%

6 4-PBA + BA AlLOs

7 4-PBA + BA AlLOs

4-PBA : 4-phenylbutyric acid, BA: benzylamine, DMAP : 4-(dimethylamino)pyridine ,CS : carbon disulfide,
la] 4cetylation side reaction was only observed, [l 31% urea formation.

For a higher conversion, organic bases, such pyridine and trimethylamine, in catalytic
amount were added to the starting substrate mixture. However, we achieved only slight
improvements of conversions (Table 12, entry 5,6), although the formation of thiourea side product
was not observed. However, when we used the 4-dimethylaminopyridine (DMAP) as organic base
full conversion was observed (Table 12, entry 7). By a simple filtration on a silica gel plug, the
additive was removed. Conversions were calculated using the relative signal intensities of the

carboxylic acid starting compound in 'H NMR spectra.

To find the optimal condition for the flow synthesis, we tested the effect of temperature on
the outcome of the reaction under established conditions. First, we carried out a reaction at room
temperature and we did not observe the desired product. The increase of the temperature to 110 °C
resulted a low 9% conversion. Further increase of temperature significantly influenced the
conversion, the optimal temperature was found to be 200 °C where >99% conversion was observed.
However, reactions at higher temperatures than 200 °C provided lower conversions (Figure 17a).

The effect of pressure was tested at 200 °C temperature, the optimal value was found to be 50 bar
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reaching full conversion. Rising the pressure higher than 50 bar did not influence the conversion

(Figure 17b). A test about flow rate gave an optimum value of 0.1 mL min’!, any increase in the

flow rate resulted in decreasing conversions (Figure 17¢). Analyzing the effect of concentration on

reaction outcome indicated full conversions at lower concentrations, the use of higher

concentrations of the starting materials resulted in lower conversions (Figure 17d).
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Figure 17. The effect of temperature (a), pressure (b), flow rate (c), and concentration of the

starting materials (d) on the reaction conversion catalyzed by Al>O3. The effect of the pressure

was measured at room temperature, the influence of temperature was determined at 50 bar, while

the effect of the flow rate and concentration was analyzed under the optimized conditions.

Finally, the results about changing the quantity of carbon disulfide show that the optimal

amount is 1 equiv.: lower amounts resulted in decreased conversion, whereas higher amounts did

not have any significant effect.
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4.2.3. Scope and scale-up experiments

Impressed by the successful flow amide reaction of model substrates, we expanded the
scope of the reaction testing various aromatic and aliphatic substrates. By the use of optimal
condition (200 °C, 50 bar, 0.1 mL min~!, 27 min residence time), we achieved high yields for 15
different carboxylic acids and five amines including primary aromatics and aliphatic and secondary
aliphatic amines. All reactions were carried out in a single run, after filtration through a silica gel
plug and vacuum evaporation of the solvent, the products were analyzed by 'H, '*C and APT NMR
spectroscopy without any further purification. These facts make the process prominently green and
sustainable and the isolation of the products is clearly simple. The amide products and the
corresponding isolated yield are shown in Table 13. In all products, the NMR experiment showed

full conversions.

Table 13. Substrate scope of amide formation with isolated yield data.

Substrates acetic acid phenylacetic acid 4-phenylbutyric acid
D . e R
SN R TR - . X
1 T [ )
benzylamine
41 49 47
98% 96% 98%
b " H
N N e S N
(1 DR D
aniline
19 50 51
98% 95% 96%

7
/:
3
o=
~—
o=
g
Ly

p-anisidine

23 52 53

97% 95% 94%

L ) ]

[ ! D!
piperidine

37 54 55

98% 97% 96%
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Each reaction was 1 equiv. carboxylic acid (100 mM), 1 equiv. amine (100 mM), Lewis acid: Al,Os, Reagent: 1 equiv.
CS,, Adduct: 1 equiv. DMAP and conditions: 200 °C, 50 bar, 0.1 mL min-1, 27 min residence time

We tested the catalyst reusability with 30 mg of the model starting substrates. The Figure
18 shows that the activity of the catalyst did not decrease significantly after 30 cycles. This result
leads the way to scale up the reaction using the model reaction. A scale-up reaction was carried out

and 2 grams of product were isolated after ca. 13 hours working time.
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Figure 18. Robustness of the amide formation reaction was investigated in the reaction of model

substrates. The same reaction was repeated 30 times on the same catalyst.

According to literature data'83-18% and these results, we can establish a reaction mechanism.
The mechanism starts with reaction of the amine (Rm-1) and carbon disulfide (CS). This reaction
provides an N-alkyldithiocarbamic acid (Rm-2), which decomposes by releasing hydrogen sulfide
(H»S) and affords an isothiocyanate (Rm-3). According to literature data,'3%!3® we propose that the
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isothiocyanate (Rm-3) might be a key element in the direct amidation reaction. In absence of an
organic base, the formation of thiourea side product (Rm-5) was observed. However, if DMAP was
present in catalytic amount, the formation of the thiourea side product (Rm-5) was suppressed and
only the desired amide product (Rm-7) was detected. The effect of organic base in the reaction can
be explained by the deprotonation of the carboxylic acid providing protonated DMAP and Rm-4~.
The deprotonated carboxylic acid (Rm-47) is more nucleophilic and reacts more rapidly with
isothiocyanate (Rm-3) than the amines. The formation of amide product (Rm-7) can be explained
by the two mesomeric forms of intermediate Rm-6. Furthermore, the necessity to use a catalytic
amount of DMAP can be interpreted too, since the last step, when Rm-7~ transforms to Rm-7, is a
fast protonation reaction. We propose that, as indicated, protonated DMAP ("DMAP) is involved
in the last product forming step. Then DMAP is protonated and the process starts again, it plays a
key role in proton shuffling.

R,—NH, + CS,
Rm 1
(T N=CoSH HOOC R,
Km 2 R 4 -
DMAP
St

Ry~NH; o R=N-C™8 = - Y00C-R; + "HDMAP
Km 1 \I,'/ Rm 3 Rm 4~
‘i’ IH*I\A?(;!SX:?
Ry. AL R =C-
NN Q¢ 0
H H 2
R 5 Rm 6
H
Ry N'C g
. N
\.’O;C O
A
R,
R 6
r‘COS
HY  “homae o 9
Ry N C R, ~ Ry NCR
Rm 7 Rm 7

Figure 19. The proposed mechanism for the Al;Osz-catalyzed amide coupling with carbon

disulfide.
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S. SUMMARY

On the basis of earlier results, we have developed heterogeneous -catalytic CF
methodologies for three different reactions. Each of these processes are time and cost efficient, as

it utilizes cheap reagent and catalyst and its considerably fast.

The first CF deuterohalogenation reaction was developed, harsh reaction conditions (100
°C and 100 bar), a novel spherical support (PBSAC) and PC as a solvent were necessary to achieve
complete conversions with concomitant >95% deuterium incorporation values. Notably, PC
allowed the use of an increased (3 times higher) concentration of the reactants with considerably
faster reactions. Importantly, molecules containing the benzyl group were also deuterated without
any trace of debenzylation. Chloro- and bromo-substituted substrates provided excellent results,
however, the iodine substituent poisoned the catalyst, while the fluorine substituent remained
intact. Thus, selective flow deuteration can be performed in the presence of a fluorine substituent.

The supported palladium catalyst showed moderate reusability.

A sustainable and selective CF N-acetylation was developed, the well-known, cheap and
non-toxic Lewis acid alumina was used as catalyst. Furthermore, the acetylation reagent was
acetonitrile, which is an industrial side-product with a modest price and it is considerably milder
than those for the regular carboxylic acid derivatives used for acetylation. Under the optimized
conditions, we have achieved good and excellent conversions of aromatic acetamides (19, 21, 23,
25, 27, 29, 31, 33 and 35), except for nitro substituted compounds, where no conversion was
reached. Importantly, the painkiller drug substance paracetamol was gained with high yield. Mainly
complete conversions were also achieved of primary (41, 43 and 44) and secondary aliphatic
acetamides (37, 39). During the course of the reaction no racemization was observed for either

enantiomer of enantiomerically pure 1-phenylethanamine (42, 44).

The direct amide synthesis from carboxylic acids and amines was established in a CF
reactor, the synthesis is time and cost efficient and applied acetonitrile as solvent, which is an
industrial side-product and utilized additives, alumina and carbon disulfide, are broadly used in
several industrial processes too. With the optimized conditions, the reaction was extended to
preparation of 15 diverse amides (19, 23, 37, 39, 41, 47, and 49-57). In general, full conversions

and excellent yields were achieved, without the need of any intensive purification step. The utilized
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alumina catalyst showed excellent reusability. Additionally, the reaction was successfully scaled
up to 2-gram quantity synthetized in ca. 13 hours. These facts prove this methodology could

become broadly applicable for direct amide synthesis utilizing the industrially reliable continuous

technology.
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A selective continuous-flow (CF) deuterodehalogenation approach
is described performed in propylene carbonate, which is con-
sidered as one of the greenest solvents. Various CF technologies
are known for hydrodehalogenation reactions; however, they are
not directly transferable for deuteration transformations. A novel
spherical activated carbon-supported palladium catalyst has been
found to be useful for the catalytic deuterodehalogenation of
haloarenes. After careful reaction parameter optimization, com-
plete conversion was achieved for bromine- and chlorine-substi-
tuted haloarenes. Nonetheless, no deuterium exchange was
observed for the fluorine substituent, while iodine-substituted
compounds poisoned the catalyst. Importantly, deuterated com-
pounds were obtained with a rate of 3 mg min~! and the catalyst
showed reasonable reusability. Moreover, benzylic amides were
also deuterated without any debenzylation side-reaction.

Introduction

Deuterated compounds are of considerable current interest
since they have a wide range of biomedical, chemical and me-
dicinal applications.”™° They are used in mass spectrometry as
internal standards™'"'? and can be applied in mechanistic
studies,"*" and deuterium can also be used as a protecting

group.”'® Most importantly, nowadays deuterium-labelled

compounds are considered as medicines of the future;'”'®
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Continuous-flow catalytic deuterodehalogenation
carried out in propylene carbonatet

%a,cd

and Istvan M. Mandity

Deutetrabenazine,"®?° the first deuterium-labelled compound,

has recently been approved by the FDA***? and the deuterated
aryl moiety in molecules might lead to next-generation
drugs due to high therapeutic values.”” Deuterium labelling
increased the pharmacokinetic properties of the parent mole-
cule through the kinetic isotope effect. There are deuterated
drug molecules under clinical phase trials for diseases such as
Alzheimer’s disease, cystic fibrosis, Friedreich’s ataxia, and
psoriasis.”?

The major breakthrough of continuous-flow (CF) techno-
logies to organic chemistry and the fine chemical industry has
appeared in the field of catalytic hydrogenation triggered by
the invention of the H-Cube® reactor.>® It consists of a pump
delivering the liquids, a built-in hydrogen generator producing
hydrogen gas from water and a catalyst cartridge, where the
reaction occurs. The cartridge is filled with supported cata-
lysts, which is a crucial factor in CF hydrogenation reactions.
In addition, there is a thermostat and a pressure regulator in
the system to control the temperature and pressure of the reac-
tion. Nowadays, such reactors are widely used in organic chem-
istry laboratories.”*** By simply changing the water in the reser-
voir for heavy water and using aprotic solvents, CF deuteration
reactions can be carried out.”™*® A schematic outline of the
reactor used in this study is shown in Fig. 1.

In regular batch operations, solid supports with small par-
ticle sizes in the low micrometer range are used, since they offer
high catalytic activity.">' However, such catalysts are not suit-
able for CF devices, since they can block the flow line. Thus, the
search for novel solid supports is of considerable current
interest. Recently, polymer-based spherical activated carbon
(PBSAC) has been introduced as a solid support for CF catalytic
hydrogenation.>>”>* This polystyrene-derived solid support offers
a high surface, which is necessary for high catalytic activity.
Furthermore, because of its spherical nature, it is prominently
compatible with CF conditions without any observable pressure
increase in the flow line during the synthetic operation.

In reaction design, the appropriate choice of solvent is
another crucial factor. A suitable solvent can enhance the reac-

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic illustration of the reactor used for the dehalodeutera-
tion reaction.

tion rate, might stabilize transition states, allows the appropri-
ate concentration of reagents, etc. Moreover, solvents used
today should be as sustainable as possible.>® According to the
recent GSK solvent selection guide, the greenest solvent today
is propylene carbonate (PC),”® which can be synthesized in a
highly atom-efficient way from propylene oxide and carbon
dioxide with prominently low energy consumption.”” PC has
already been used for several important reactions;”® ** however,
its use in catalytic deuteration is practically unexplored.®*°

Herein we report the first CF deuterodehalogenation of aro-
matic compounds performed by the use of a PBSAC-supported
Pd catalyst in PC as a prominent green solvent. In addition,
not only ethyl acetate used traditionally was replaced by a
more sustainable solvent, but a higher concentration of the
reagents could also be achieved in PC, thus allowing a higher
space-time yield and lower solvent consumption.

Results and discussion

Hydrodehalogenation of aromatic compounds was carried out
in CF without difficulties.”””**®” Thus, we aimed to implement
our CF deuteration technology developed previously to
perform deuterodehalogenation reactions selecting 4-bromo-
acetanilide as a test compound. The complete reaction para-
meter optimization is shown in Table 1. The starting material
was dissolved in ethyl acetate (EtOAc) at a concentration of
1 mg mL™", utilizing 5% Pd/BaSO, as the catalyst at a tempera-
ture of 25 °C and a pressure of 50 bar with a flow rate of 1
mL min~". No conversion was observed under these conditions.
An increase in the pressure to 100 bar provided a marginal
increase in conversion. Still, the utilization of 100 °C with
100 bar resulted only in 13% conversion. To increase the per-
formance of our system, the catalyst was changed to charcoal-
supported 5% Pd/C. This afforded a significantly improved
conversion of 48%, while the deuterium incorporation value of
the product was found to be a promising 81%. Next, we turned
our attention toward the novel PBSAC supported catalyst.>*>*

This journal is © The Royal Society of Chemistry 2019
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Table 1 Reaction parameter optimization for the CF deuterodehalo-
genation reaction

T p Conc. D Conv.
Solvent  Catalyst  (°C)  (bar) (mgmL™') (%) (%)
EtOAc A 25 50 1 n.d. 0
EtOAc A 25 100 1 n.d. 4
EtOAc A 100 100 1 n.d. 13
EtOAc B 100 100 1 81 48
EtOAc C 100 100 1 92 87
PC C 100 100 1 96 99
PC C 100 100 3 96 99
PC C 100 100 4 97 94

A: 5% Pd/BaSOy; B: 5% Pd/C; C: 5% Pd/PBSAC.

With this catalyst 87% conversion and 92% deuterium incor-
poration were observed at 100 bar pressure and 100 °C tem-
perature. Finally, the solvent was optimized and it was changed
for PC according to the GSK solvent selection guide and CF lit-
erature results on the suitability of PC in CF. Importantly, com-
plete conversion was obtained while the deuterium incorpor-
ation value was 96% at 100 bar pressure and 100 °C tempera-
ture. The effect of the concentration of the starting material on
the reaction outcome was also tested. The results revealed that
without the loss of conversion and deuterium incorporation,
the concentration can be increased to 3 mg mL ™.

However, the decrease in either the pressure or the temp-
erature resulted in lower yields (Fig. 2), while the deuterium
incorporation level did not change significantly.

The scope of the reaction was tested first with various
bromine-substituted aromatic compounds. Benzoic acids pos-
sessing a bromo substituent in positions 4 (3), 3 (5) and 2 (7)
were examined under the optimized conditions. As shown in
Table 2, for these regioisomers complete conversions were
achieved with >95% deuterium incorporation in the case of
3 and 5. However, for 7, where the bromine is in the ortho posi-
tion, only marginal deuterium incorporation was observed. We
envisaged that intramolecular bromine-hydrogen exchange
occurs due to the steric proximity of the functional groups.
Thus, the starting material was dissolved in deuterated metha-
nol, the solution was evaporated to dryness, and the product was
utilized immediately in the deuteration reaction. By this simple
treatment, the deuterium incorporation value increased to 97%.

Next, a further set of test compounds, namely, aromatic
amides 9, 11 and 13, were investigated possessing a bromo
substituent in positions 4, 3 and 2, respectively. Excellent deu-
terium incorporation and conversion were achieved in all
cases, except for compound 13. Here again the same intra-
molecular bromine-hydrogen exchange was surmised as
described for 7; thus a similar deuterated methanol pre-treat-
ment was carried out. The deuterium incorporation value, in
this way, increased to 98%.

Importantly, no debenzylation was observed for compounds
9, 11 and 13. This is a significant further advantage of the
method allowing the deuteration of molecules containing the
benzyl moiety.
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Fig. 2 The effect of pressure and temperature on the reaction conver-
sion catalysed by PBSAC-supported 10% Pd. The effect of pressure was
measured at 100 °C, while the effect of temperature was determined at
100 bar.

To further broaden the scope of the developed deuterodeha-
logenation reaction, aromatic compounds with other halogen
substituents were also tested (Table 3).

In the reaction of chlorine-substituted acetanilide 15, full
conversion was achieved with a high deuterium incorporation
value. Surprisingly, the corresponding iodine-substituted
derivative (16) gave only a mere 30% conversion. However, by
repeating the reaction with the catalyst used in the first trial,
no conversion was observed. Obviously, compound 16 poi-
soned the catalyst. Compound 17 was selected to test the effect
of the fluorine substituent. The results show that the fluorine
substituent remained intact and no conversion was observed.

These results can be explained by the proposed mechanism
of the reaction (Scheme 1).°® A key step is the oxidative
addition of the aryl halide to a Pd(0) species. According to the
literature results this reaction does not proceed for aryl fluo-
rides,®® which supports our observation for fluorinated com-
pounds. The poisoning of the catalyst in the case of iodinated

958 | Green Chem., 2019, 21, 956-961

View Article Online

Green Chemistry

Table 2 Results of the deuteration reaction of several bromine-substi-
tuted model compounds

Entry Substrate Product D (%) Yield (%)
o} [0}
HNJJ\CH:, HNJ\CH3
1 © 96 96
Br D
1 2
COOH COOH
2 © @ 96 97
Br D
3 4
COOH COOH
3 @\ @ 95 95
Br D
5 6
COOH COOH
Br D
4 98¢ 94
7 8
(o] NH o] NH
5 z 97 98
Br D
9 10
(o] NH o] NH
6 96 94
Br D
11 12
(o] NH 0, NH
7 98¢ 95
Br D
13 14

“Achieved by pre-treating the starting molecule with deuterated
methanol.

compounds can be explained by the elimination of the iodide
ion. According to the literature results the iodide ion is known
to poison the Pd catalyst.”®

This journal is © The Royal Society of Chemistry 2019
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Table 3 Results of the deuteration reaction with substrates possessing
chloro, iodo and fluoro substituents

Entry Substrate Product D (%) Yield (%)
o} o]
HN™ ™CH, HN™ “CH;,
1 96 96
Cl D
15 2
o] o]
HNJ\CH3 HNJ‘LCHg
2 @ © n.d. 30
I D
16 2
o] o]
HNJ\CH3 HNJ\CH3
3 © n.d. 0
F D
17 2
Ar-D Ar-X
)/ Pd(0)
Ar—Pd—D Ar—Pd—X
DX D
& ? 2
A!—Ilad—D
X
Scheme 1 Proposed mechanism for the catalytic

deuterodehalogenation.

In the context of green chemistry criteria, catalyst recycling is
an important issue. Therefore, the robustness of the reaction
was also tested (Fig. 3). The deuterodehalogenation reaction of 1
was repeated multiple times with the same catalyst bed. In the
first 6 cycles, the conversion value did not change significantly.
However, from run 7 onward, considerable decreases in the cata-
lytic activity were observed. Thus, the catalyst used in the CF deu-
terodehalogenation reaction proved to be moderately robust.”*

The catalyst recycling data were utilized for a careful design
of the large scale reaction. Since the catalyst activity did not
decrease significantly until 5 cycles and one cycle was carried
out with 100 mg of compound 1, it was planned that after the
pumping of 500 mg of 1 through the system, the catalyst car-
tridge will be replaced by a new one. In total a CF deuterodeha-
logenation reaction was carried out with 1.5 g of compound 1.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Robustness of the CF deuterodehalogenation investigated in the
reaction of 1. The same reaction was repeated 10 times on the same catalyst.

The product (2) was isolated with 95% yield and the data
showed 96% deuterium incorporation.

Conclusions

In conclusion, we have developed the first CF deuterodehalo-
genation reaction induced by palladium. Surprisingly, the con-
ditions described previously for CF hydrodehalogenations were
not suitable for deuteration. Harsh reaction conditions (100 bar
and 100 °C), a novel spherical support (PBSAC) and PC as a
solvent were necessary to obtain complete conversions with con-
comitant >95% deuterium incorporations. Importantly, PC
allowed the use of an increased (3 times higher) concentration of
the reactants with considerably faster reactions. Test compounds
possessing bromine substituents in different positions provided
excellent results, except the 2-bromo-substituted compounds. In
these cases, deuteromethanol pre-treatment was necessary, due
to intramolecular halogen-hydrogen exchange. Importantly,
molecules containing the benzyl group were also deuterated
without any trace of debenzylation. Chloro-substituted derivatives
also provided excellent results. However, the iodine substituent
poisoned the catalyst, while the fluorine substituent remained
intact. Thus, selective deuteration can be performed in the pres-
ence of a fluorine substituent. The catalyst under these harsh
reaction conditions showed moderate reusability.

Experimental section

NMR characterization of products

N-(Phenyl-4-*H)acetamide ). White crystals;
m.p. 110.2-111.8 °C (data are in agreement with the literature
reference: 110-112 °C)"?
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"H NMR (400 MHz, DMSO-d;) § 9.91 (s, 1H), 7.56 (d, J =
8.2 Hz, 2H), 7.27 (d, J = 8.2 Hz, 2H), 2.03 (s, 3H); *C NMR
(100 MHz, DMSO-d,) & 168.3, 139.3, 128.6, 123.0, 118.9, 24.0.

Benzoic-4-"H acid (4). White crystals; m.p. 119.1-121.4 °C
(data are in agreement with the literature reference: 119-121 °C)"?

"H NMR (400 MHz, DMSO-d,) 6 7.94 (d, J = 7.5 Hz, 2H),
7.50 (d, J = 7.5 Hz, 2H). >C NMR (100 MHz, DMSO-d,) § 167.4,
132.9, 130.8, 129.3, 128.6.

Benzoic-3-°H acid (6). White crystals; m.p. 119.6-121.3 °C
(data are in agreement with the literature reference: 121 °C)”

"H NMR (400 MHz, DMSO-ds) & 7.91-7.95 (m, 2H),
7.58-7.62 (m, 1H), 7.47 (t, ] = 8.3 Hz, 1H). "*C NMR (100 MHz,
DMSO0-d,) 8 167.3, 132.9, 130.7, 129.3, 128.6.

Benzoic-2-°H acid (8). White crystals; m.p. 119.3-121.1 °C
(data are in agreement with the literature reference: 121 °C)”?

"H NMR (400 MHz, DMSO-d¢) 6 7.94 (d, J = 7.3, 1H),
7.58-7.65 (m, 1H), 7.47-7.54 (m, 1H). *C NMR (100 MHz,
DMSO0-d,) § 167.3, 132.9, 130.6, 129.2, 128.6.

N-Benzylbenzamide-4->H (10). White crystals;
m.p. 104.1-106.2 °C (compound is known,”* but m.p. not
published)

"H NMR (400 MHz, DMSO-d¢) § 9.02 (t, ] = 5.3, 1H), 7.90 (d,
J = 7.4, 2H), 7.47 (d, J = 7.4, 2H), 7.19-7.28 (m, 1H) 7.28-7.37
(m, 4H), 4.49 (d, J = 5.3, 2H). ">C NMR (100 MHz, DMSO-d,)
5166.2, 139.7, 134.3, 130.9, 128.3, 128.2, 127.2, 127.1, 126.7, 42.6.

N-Benzylbenzamide-3-°H (12). White crystals;
m.p. 104.1-106.2 °C

'"H NMR (400 MHz, DMSO-ds) & 9.04 (t, J = 5.3, 1H),
7.87-7.92 (m, 2H), 7.44-7.56 (m, 2H), 7.19-7.28 (m, 1H)
7.28-7.37 (m, 4H), 4.49 (d, J = 5.3, 2H). >C NMR (100 MHz,
DMSO-d,) § 166.2, 139.7, 134.3, 131.1, 128.3, 128.2, 128.0,
127.2,127.1,127.1, 126.7, 42.6.

N-Benzylbenzamide-2-’H
m.p. 104.1-106.2 °C

"H NMR (400 MHz, DMSO-dg) 6 9.05 (t, ] = 5.3, 1H), 7.88 (d,
J =7.4,1H), 7.43-7.56 (m, 3H), 7.19-7.28 (m, 1H) 7.28-7.37 (m,
4H), 4.48 (d, J = 5.3, 2H). °C NMR (100 MHz, DMSO-d)
5 166.4, 139.8, 134.3, 131.4, 128.5, 128.4, 128.3, 127.3, 127.3,
127.0, 126.9, 42.6.

(14). White crystals;
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1. General

All solvents and reagents were of analytical grade and used directly without further purification.
5% Pd/C and 5% Pd/BaSO, catalysts used in this study were purchased from Sigma-Aldrich,
while D,O (>99.9%) was from Merck; HPLC-grade solvents from VWR were used without
purification. The propylene carbonate was bought from Acros Organics. The cartridge

containing 5% Pd/polymer-based spherical activated carbon (PBSAC) was filled in-house.
2. General aspects of the CF deuteration

The CF deuteration reactions were carried out in an H-Cube® reactor (ThalesNano Inc.) with
D,0 as deuterium source. The catalyst cartridge (with internal dimensions of 30x4 mm) was
filled with ca. 100 mg of the heterogeneous hydrogenation catalyst. It was then placed into a
thermostat unit controlled by a Peltier system, up to a maximum of 100 °C. The pressure of the
system was set by a backpressure regulator to a maximum of 100 bar, and the CF of the solution
of the starting material was provided by an HPLC pump (Knauer WellChrom K-120). For the
CF reactions, 3 mg mL~! solution of the appropriate starting material was prepared in propylene
cabonate. The solution was homogenized by sonication for 5 min and then pumped through the
CF reactor under the set conditions. A single run was carried out with 100 mg starting material.
After the completion of the reaction, the reaction mixture was collected, diluted with water,

freeze and lyophilized.
3. Product analysis

The products obtained were characterized by NMR spectroscopy. 'H-NMR and 'C-NMR
spectra were recorded on a Bruker Avance DRX 400 spectrometer, in DMSO-d; as solvent, at
400.1 MHz. Chemical shifts are expressed in & and are internally referenced ('"H NMR: § 2.50
in DMSO-d;). Conversion and deuterium incorporation values were determined via the 'H-
NMR spectra of the crude materials. Deuterium contents were determined from the relative
intensities of the "TH-NMR indicator signals. Elemental analyses were performed with a Perkin—

Elmer CHNS-2400Ser II Elemental Analyzer.
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4. Characterization of products

N-(phenyl-4-H)acetamide (2)

8]

White crystals; m.p. 110.2-111.8 °C (data is in agreement with the literature reference: 110-
112 °C)t1

'H NMR (400 MHz, DMSO-dj) § 9.91 (s, 1H), 7.56 (d, J=8.2 Hz, 2H), 7.27 (d, J=8.2 Hz,
2H), 2.03 (s, 3H); 3C NMR (100 MHz, DMSO-d;) & 168.3, 139.3, 128.6, 123.0, 118.9, 24.0.

Benzoic-4-’H acid (4)

COOH

White crystals; m.p. 119.1-121.4 °C (data is in agreement with the literature reference: 119-
121 °C)t1

'H NMR (400 MHz, DMSO-d;) § 7.94 (d, J=7.5 Hz, 2H), 7.50 (d, J=7.5 Hz, 2H). 3C NMR
(100 MHz, DMSO-dy) 8 167.4, 132.9, 130.8, 129.3, 128.6.

Benzoic-3-?H acid (6)

COOH

White crystals; m.p. 119.6-121.3 °C (data is in agreement with the literature reference: 121
°C)l2]

"H NMR (400 MHz, DMSO-d;) 8 7.91-7.95 (m, 2H), 7.58-7.62 (m, 1H), 7.47 (t, J=8.3 Hz,
1H). 3C NMR (100 MHz, DMSO-dy) 8 167.3, 132.9, 130.7, 129.3, 128.6.

Benzoic-2-?H acid (8)

COOH

White crystals; m.p. 119.3-121.1 °C (data is in agreement with the literature reference: 121
°C)12]
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'H NMR (400 MHz, DMSO-d;) 6 7.94 (d, J=7.3, 1H), 7.58-7.65 (m, 1H), 7.47-7.54 (m, 1H).
13C NMR (100 MHz, DMSO-dy) § 167.3, 132.9, 130.6, 129.2, 128.6.

N-benzylbenzamide-4->H (10)

White crystals; m.p. 104.1-106.2 °C (compound is known,! but m.p. not published)

'H NMR (400 MHz, DMSO-dy) § 9.02 (t, J=5.3, 1H), 7.90 (d, J=7.4, 2H), 7.47 (d, J=7.4, 2H),
7.19-7.28 (m, 1H) 7.28-7.37 (m, 4H), 4.49 (d, J=5.3, 2H). 1*C NMR (100 MHz, DMSO-d) §
166.2, 139.7, 134.3, 130.9, 128.3, 128.2, 127.2, 127.1, 126.7, 42.6.

N-benzylbenzamide-3->H (12)

White crystals; m.p. 104.1-106.2 °C

'H NMR (400 MHz, DMSO-dj) § 9.04 (t, J=5.3, 1H), 7.87-7.92 (m, 2H), 7.44-7.56 (m, 2H),

7.19-7.28 (m, 1H) 7.28-7.37 (m, 4H), 4.49 (d, J=5.3, 2H). 13C NMR (100 MHz, DMSO-dy) &
166.2, 139.7, 134.3, 131.1, 128.3, 128.2, 128.0, 127.2, 127.1, 127.1, 126.7, 42.6. C1,H,,DNO
(212.11): C, 79.22, H, 6.65, N, 6.60; found C, 79.31, H, 6.61, N, 6.71.

N-benzylbenzamide-2->H (14)

White crystals; m.p. 104.1-106.2 °C

'H NMR (400 MHz, DMSO-dy) 8 9.05 (t, J=5.3, 1H), 7.88 (d, J=7.4, 1H), 7.43-7.56 (m, 3H),
7.19-7.28 (m, 1H) 7.28-7.37 (m, 4H), 4.48 (d, J=5.3, 2H). 1*C NMR (100 MHz, DMSO-d;) 3
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166.4, 139.8, 134.3, 131.4, 128.5, 128.4, 128.3, 127.3, 127.3, 127.0, 126.9 42.6. C,4H,;,DNO
(212.11): C, 79.22, H, 6.65, N, 6.60; found C, 79.29, H, 6.64, N, 6.73.
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5. 'TH NMR spectra
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Figure S1. 'H NMR spectrum of 2 measured in DMSO-d; at 303 K.
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Figure S2. 'H NMR spectrum of 2 measured in DMSO-d; at 303 K (aromatic section).

S5



168.32
139.31
— 12856
—123.00
— 11898
3950

2400

T T T T T T T

T T T T
160 140 120 100 80 80 40

Figure S3. APT NMR spectrum of 2 measured in DMSO-d; at 303 K.

T T T T T T T T T T T T T T T T T

2% 383 2 8
- E a
1A \

COOH

| 208
Looa
200

@
e

o
o

Figure S4. 'H NMR spectrum of 4 measured in DMSO-d; at 303 K.
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Figure S5. 'H NMR spectrum of 4 measured in DMSO-d; at 303 K (aromatic section).
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Figure S6. APT NMR spectrum of 4 measured in DMSO-d; at 303 K.
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Figure S10. "H NMR spectrum of 8 measured in DMSO-d; at 303 K.
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Figure S12. APT NMR spectrum of 8 measured in DMSO-d; at 298 K.
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Figure S17. '"H NMR spectrum of 12 measured in DMSO-d; at 303 K (aromatic section).
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Figure S18. APT NMR spectrum of 12 measured in DMSO-d; at 303 K.
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Abstract: A continuous-flow acetylation reaction was developed, applying cheap and safe reagent,
acetonitrile as acetylation agent and alumina as catalyst. The method developed utilizes milder
reagent than those used conventionally. The reaction was tested on various aromatic and aliphatic
amines with good conversion. The catalyst showed excellent reusability and a scale-up was also
carried out. Furthermore, a drug substance (paracetamol) was also synthesized with good conversion
and yield.

Keywords: flow chemistry; acetylation; acetonitrile; safe; green chemistry

1. Introduction

N-acetylation is a widely used chemical reaction in general organic chemistry to build an acetyl
functional group on an amine compound [1-4]. The use of the acetyl functional group is widespread,
including drug research, the preparation of pharmaceuticals, polymer chemistry and agrochemical
applications [5-10]. It can be utilized as a protecting group in many organic reactions and also in
peptide synthesis [11]. In addition, it plays a major regulatory role in post-translational protein
modification and regulation of DNA expression in all life forms [12,13].

In general, common acetylation reagents such as acetic anhydride and acetyl chloride, are easily
accessible in chemical laboratories. Even the most sustainable technologies utilize these reagents in
combination with various Lewis acids [14-16] and/or in neat form [17]. Nevertheless, the utilization of
acetic anhydride and acetyl chloride have various drawbacks. Both reagents are major irritants and
acetyl chloride is considered to be a genotoxic agent [18]. As such, the elimination of their use is of
considerable current interest.

Flow chemistry technology is widely used in many synthetic organic reactions at both laboratory
and industrial scale [19-35]. There are a number of benefits of using continuous-flow (CF) chemistry.
A wide range of reactions are much faster in flow processes, and fewer substrates and reagents are
required [36—40]. Furthermore, more efficient and selective reaction can be carried out in continuous
systems than in regular batch operations [41-46]. Additionally, flow reaction conditions can enable

Molecules 2020, 25, 1985; d0i:10.3390/molecules25081985 www.mdpi.com/journal/molecules
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reaction routes that would otherwise only be feasible under regular batch conditions, e.g., higher
temperature and pressure than can be used under safe conditions [47-57].

Whilst acetonitrile is a common solvent and is generally used in various fields of chemistry as
eluent [41] and polar aprotic organic solvent [58], it is rarely used as reagent in organic chemistry.
A few studies on acetonitrile as an acylation agent have been reported [59-64] thus far, for example
Saikia et al., [65] presenting an unusual attempt to synthesize N-acylated aromatic amines. Acetonitrile
was utilized as reagent and solvent with several Lewis acids (e.g., Cu(OAc);, Mn(OAc);, FeCls, InCl3).
The most promising catalyst was the trimethylsilyl iodide (TMSI), which activated the acetonitrile
by co-ordination. On the other hand, Brahmayya et al. [66] developed a new method for preparing
N-acetamides with metal-free sulfonated reduced graphene oxide catalyst under sonication.

Herein, we present the efficient utilization of acetonitrile for acetylation. We describe a selective
and environmentally friendly CF acetylation of aromatic and aliphatic amines by the use of a low-cost
and environmentally friendly Lewis acid catalyst as alumina in acetonitrile solvent with excellent
conversions. These observations may open a new and green procedure for the synthesis of acetylated
aromatic and aliphatic amines.

2. Results and Discussion

The reactions were carried out in a home-made CF reactor (See Supplementary Material Figure
523). Our equipment consists of an HPLC pump that transports the substrate dissolved in acetonitrile.
The solution is feed into a fillable HPLC column where the reaction occurs. The column is filled with
solid catalyst. Additionally, there is a GC oven and an in-line back pressure regulator in the system to
control the temperature and pressure of the reaction. A schematic outline of the reactor used in this
study is shown in Figure 1.

Backpressure
regulator
J

HPLC
Preheater
coil 30 cm

GC Oven
HPLC
Pump t

Substrate Product
in acetonitrile

Figure 1. Schematic representation of the reactor used in the study.

In order to find the most useful solid Lewis acid catalyst for the flow synthesis, a reagent screen
was carried out. Aniline, as a test compound was utilized, and acetonitrile was used both as solvent
and acyl donor. The complete study of Lewis acids is shown in Table 1. The study shows that the most
promising Lewis acid was the aluminum(III) oxide, other catalysts offered lower yields or no amide
product formation was observed. Thus, the further reaction parameter optimization was carried out
with aluminum(III) oxide as solid catalyst.
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Table 1. Lewis acids screen in continuous-flow (CF) acetylation.

O
NH. HN™ “CHs
CH;CN
—_—
Catalyst
150°C, 50 bar
1 2
Entry Lewis Acids Solvent Conversion (%)

1 Fe, O3 Acetonitrile 0
2 Boric acid Acetonitrile 3
3 AlCl; Acetonitrile 19
4 AL O3 Acetonitrile 64

Conditions: 150 °C, 50 bar, 0.1 mL min~!, 27 min residence time in flow synthesis.

The starting material was dissolved in acetonitrile in a concentration of 100 mM, using
aluminum(IIl) oxide powder as catalyst at a temperature of 25 °C and a pressure of 10-100 bar
with 0.1 mL min~! flow rate and 27 min residence time. The reaction did not show any pressure
dependency and a moderate conversion of 27% was observed without any real pressure dependence.
The effect of temperature on the conversion rate was tested at 50 bar pressure. Raising the temperature
to 100 °C initiated the product formation with 53% conversion. By applying a higher temperature, the
conversion of the reaction improved remarkably. It was found that the optimal temperature is 200 °C.
Further increase of the temperature resulted in lower conversion values. In this case, the acetonitrile
was in its supercritical state (Tc = 275 °C, Pc = 48 bar) due to the significant solvent expansion produced
under supercritical conditions. This is a likely explanation of the decrease of the observed yield above
275 °C. The results obtained for the temperature dependence are summarized in (Figure 2a). The effect
of pressure on reaction outcome was also tested (Figure 2b). The results indicate that a modest pressure
(50 bar) is needed to increase the reaction conversion, while further pressure increase did not influence
the reaction outcome significantly. The flow rate was tested too (Figure 2c). The results show that
the optimum flow rate is 0.1 mL min~!. Any increase in the flow rate above this value resulted in
decreased conversion. The effect of concentration on the reaction outcome was also tested (Figure 2d).
The results show that increased concentration results in the decreased conversion.

Under the optimized conditions, the scope of the reaction was explored by a variety of aniline
derivatives (Table 2). The anilines containing either electron-donating or electron-withdrawing groups
were selected. It must be noted that all reactions were carried out in a single run and the products were
analyzed by 'H and 13C NMR spectroscopy. Column chromatography purification of the product was
only needed for compound 6. For the others, only a simple evaporation of acetonitrile was required.

Importantly, the hydroxyl group possessing aniline 3 was acetylated with excellent yield and
the drug substance paracetamol 4 with quantitative yield after a simple recrystallization. Lower
yield was observed for 4-methoxyaniline (5), and the acetylated product was isolated after column
chromatography with a mere 51% yield. For the halogen atom possessing anilines (7, 9 and 11)
excellent yields were achieved. For nitroanilines (13,15 and 17) no conversion was observed and only
the starting material was isolated. This fact might be explained by the highly electron-withdrawing
nature of the nitro substituent, which reduces the nucleophilicity of the amino group. Besides aromatic
amines, aliphatic primary and secondary amines were also tested. The primary benzylic amine
(23) was converted to the corresponding acetamide with excellent yield. When secondary amine
piperidine (19) and morpholine (21) were tested, the acetylated derivatives (20, 22) were isolated
with quantitative yields. The use of this reaction in stereoselective reaction was also tested with
acetylation reaction carried out for the two enantiomers of 1-phenylethanamine (25 and 27). For both
enantiomers the acetylated derivative was achieved with quantitative yield and the complete retention
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of the enatiomerical purity. This was investigated by optical rotation and was found to be identical to
literature data.

O
CH3C\I
A1\03
a) 100 - /“ ﬁ‘\ C) 100 -\
80 4 v"/ 80
% 60 4 % 60
8 40 x‘/ 8 40 \
o-"(
20 4 20 4 \
) o . ~,

T T T 1 T T T ¥ i

0 S0 100 10 200 =0 300 350 01 02 03 04 05 085 07 08 09 10
Temperature (*C) Flow rate (mL mir")

100 4 100

b) d «
1N

60 4

40

204 204
10 4
T T 1 T T T 1
0 S0 100 150 200 0 50 100 150 200 20 300
Pressure (bar) Concentration (mM)

Conversion (%)
Conversion (%)

Figure 2. The effect of temperature (a), pressure (b), flow rate (c) and concentration (d) on the reaction
conversion catalyzed by Al,O3. The effect of the pressure was measured at room temperature and the
effect of temperature was determined at 50 bar, while the effect of the flow rate and concentration was
analyzed at the optimized conditions.

The catalyst reusability was also tested. It was an important finding that the activity of the catalyst
did not decrease significantly until 10 cycles and one cycle was carried out with 20 mg of benzylamine.
This excellent result [67] opened the way to scale up the reaction, which was tested with the same
reaction. The acetylation process could be scaled up to 2 g of benzylamine without significant decrease
of the conversion. The product (N-benzylacetamide, 24) was isolated with 94% yield after a simple
recrystallization. The reaction was completed within 28 hours. This is considerably faster than what
has been reported with already known technologies. Results are shown in Figure 3.
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Table 2. Results of the acetylation of various amines obtained at the optimal conditions: 200 °C, 50 bar,

0.1 mL min~! flow rate, 27 min residence time.

Entry Substrate Product Yield (%) S})na:)el '11("1gn_11e }Tﬁ:d
9]
NH,
HN A
1 |/ S > 99 15
L
1
2
9]
NH,
HN A
2 | = 93 1.395
e
OH
3 OH
4
O
NH
5 HNJ\
S
3 | 51 0.765
=
N
5 RN
6
0
NH,
HN A
AR
4 E\J\ > 99 15
ZF
7 F
8
0
NH,
HN J\
5 > 99 15
Br
9 Br
10
0
NH,
N
S
6 | P | S 95 1.425
al Cl
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Figure 3. Robustness of the acetylation investigated in the reaction of benzylamine. The same reaction
was repeated 10 times on the same catalyst.

These results can be explained by the proposed reaction mechanism (Scheme 1) which relies on
literature data [63—66]. A key step is the coordination of the lone electron pair of the nitrogen atom of the
cyanide group, which yields a positive charge. Due to mesomeric structures, the positive charge might
be localized on the carbon atom of the cyanide group. This positively charged carbon atom might be
attacked by the lone pair electron of the amine yielding amidine, which is further hydrolyzed to provide
the acetamide as shown in Scheme 1. The origin of the water is the residual water content of the solvent
and the alumina. The addition of extra amount of water decreased the conversion of the reaction.

O""AI 0.0
N

Al
" HC—=N:
;

Oy

o .0 0. 0. .0

! ‘ e ‘ (S

Scheme 1. The suspected reaction mechanism of acetylation.
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3. Materials and Methods

3.1. General

All solvents and reagents were of analytical grade and used directly without further purification.
Fe,O3, Boric acid, AlCl3, Al,O3 (for chromatography, activated, neutral, Brockmann I, 50-200 pm,
60 A) catalysts used in this study were purchased from Sigma-Aldrich (Budapest, Hungary), while
Acetonitrile (100, 0%) was HPLC LC MS-grade solvents from VWR International (Debrecen, Hungary).

3.2. General Aspects of the CF Acetylation

The CF acetylation reactions were carried out in a home-made flow reactor consisting of an HPLC
pump (Jasco PU-987 Intelligent Prep. Pump), a stainless steel HPLC column as catalyst bed (internal
dimensions 250mm L X 4.6 ID X 411 in OD), a stainless steel preheating coil (internal diameter 1 mm
and length 30 cm) and a commercially available backpressure regulator (Thalesnano back pressure
module 300™, Budapest, Hungary, to a maximum of 300 bar). Parts of the system were connected
with stainless steel tubing (internal diameter 1 mm). The HPLC column was charged with 4 g of the
alumina catalyst. It was then placed into a GC oven unit (Carlo Erba HR 5300 up to maximum a
350 °C). For the CF reactions, 100 mM solution of the appropriate starting material was prepared in
acetonitrile. The solution was homogenized by sonication for 5 min and then pumped through the
CF reactor under the set conditions. After the completion of the reaction, the reaction mixture was
collected and the rest solvent was evaporated by a vacuum rotary evaporator.

3.3. Product Analysis

The products obtained were characterized by NMR spectroscopy. 'H-NMR and '*C-NMR spectra
were recorded on a Bruker Avance DRX 400 spectrometer (Bruker AVANCE, Billerica, MA, USA),
in DMSO-d; as solvent, at 400.1 MHz. Chemical shifts () are expressed in ppm and are internally
referenced ('H NMR: 2.50 ppm in DMSO-dg). Conversion was determined via the 'H-NMR spectra of
the crude materials. A PerkinElmer 341 polarimeter (PerkinElmer, Boston, MA, USA) was used for the
determination of optical rotations.

4. Conclusions

We have developed a sustainable CF process for the selective N-acetylation of various amines.
The obtained chemical process is time and cost efficient, as it utilizes cheap reagent and catalyst and
considerably faster with a residence time of only 27 min. Importantly, the well-known, cheap and
non-toxic Lewis acid alumina was used as catalyst. Moreover, the acetylation reagent was acetonitrile,
which is an industrial side-product with a modest price and it is considerably milder than those for
the regular carboxylic acid derivatives used for acetylation, e.g., acetyl chloride, acetic anhydride.
In general, under the optimized conditions good or excellent conversions were observed for the
aromatic amines, except for the nitro substituted compounds, where no conversion was reached.
Importantly, the painkiller drug substance paracetamol was gained with high yield. Mainly complete
conversions were also observed for primary and secondary aliphatic amines. The use of this acetylation
in stereoselective reactions was also tested and during the course of the reaction no racemization was
observed for either enantiomer of enantiomerically pure 1-phenylethanamine.

Supplementary Materials: The following are available online, general experimetal data, NMR spectra, image of
the reactor used.
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Figure S2. APT NMR spectrum of acetanilide 2 measured in DMSO-ds at 298 K.
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Figure S6. 3C NMR spectrum of N-(4-methoxyphenyl)acetamide 6 measured in DMSO-ds at 298 K.
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Amide bonds are ubiquitous in nature. They can be found in
proteins, peptides, alkaloids, etc. and they are used in various
synthetic drugs too. Amide bonds are mainly made by the use of
(i) hazardous carboxylic acid derivatives or (ii) expensive coupling
agents. Both ways make the synthetic technology less atom
economic. We report a direct flow-based synthesis of amides.
The developed approach is prominently simple and various
aliphatic and aromatic amides were synthetized with excellent
yields. The reaction in itself is carried out in acetonitrile, which is
considered as a less problematic dipolar aprotic solvent. The used
coupling agent, carbon disulfide, is widely available and has a low
price. The utilized heterogeneous Lewis acid, alumina, is a
sustainable material and it can be utilized multiple times. The
technology is considerably robust and shows excellent reusability
and easy scale-up is carried out without the need of any intensive
purification protocols.

The amide linkage is one of the most ubiquitous chemical
bonds in nature.'” It provides an essential chemical spine-
like connection in peptides and proteins. In addition,
numerous medicines contain an amide bond from small
organic molecules (local anaesthetics, nonsteroidal anti-
inflammatory drugs, etc.) through peptides to antibodies,
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Direct amide formation in a continuous-flow
system mediated by carbon disulfidef

Gyoérgy Orsy,® Ferenc FUldp**© and Istvan M. Mandity @ **

which are considered to be the therapy of the future.*”®
Furthermore, the amide moiety is also a crucial connecting
bond in synthetic polymers.” The natural way of amide
formation is a very complex process involving the interplay of
many macromolecules such as enzymes, protein factors,
mRNAs, and tRNAs in a complex molecular machine, known
as the ribosome. Ribosomes and associated molecules are
also known as the translational apparatus of biological
protein synthesis.’"*

There are many different synthetic methods to create
amide bonds.">"® However, there are only a limited number
of methods available for direct amidation resulting in amide
bonds without coupling reagents or activating agents.'**°
These processes utilize greater than the stoichiometric ratio
of coupling reagents (carbodiimides, 1H-benzotriazoles, etc.).
Furthermore, these are generally expensive and harmful
materials, and purification of the crude products is
complicated due to considerable amounts of by-products.’” >
Therefore, there is a need for a general technique to access
amides directly from free carboxylic acids and amines in an
uncomplicated, environmentally friendly, and efficient way.

The direct method route, in general, is hampered by a
large activation energy, because the complete thermal
dehydration reaction between an amine and a carboxylic acid
needs harsh reaction conditions. Thus, the direct method
usually requires high temperatures for the dehydration of the
intermediate salt to provide the amide compound.***?

There are several boronic acid derivatives studied as
catalysts for the amidation reaction.”*® One of them,
reported by Yihao Du et al.,”” is a solid-supported arylboronic
acid catalyst for the direct amidation of a wide range of
amine substrates in a continuous-flow system with low
yields.

Carbon disulfide has been utilized in the manufacture of
viscose rayon,® cellophane,*® and carbon tetrachloride®® and
it is even used as a solvent in extraction processes.”’ On the
laboratory scale, it is a reagent and a powerful building block

Catal Sci. Technol.
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in preparative synthesis.***’ A previous study showed that
carbon disulfide might be a possible reagent for amide and
peptide coupling synthesis.*® They produced peptides from
unprotected amino acids under prebiotic conditions by the
use of carbon disulfide as an additive. The synthesis of poly-f-
peptides has recently been described through the ring-
opening polymerization of B-amino acid
N-thiocarboxyanhydrides, as carbon disulfide derivatives.*”

Flow chemistry methods offer many benefits over the use
of conventional batch reactors, including improvements in
the reaction rate and yield, safety, reliability, and energy
efficiency.”™*" During the last decade, there was a significant
increase in the use of flow chemistry either in the laboratory
or at the industrial scale.*””>° Herein we show that the use of
carbon disulfide with alumina utilized in continuous flow
(CF) allowed the development of a novel, atom-efficient,
green, and sustainable catalytic method for the direct
synthesis of amides. Thus, the CF approach could offer the
possibility of accomplishing direct amide coupling in a new,
unique, and efficient way, providing amides with high yields
and excellent purity in a single step.

Reactions were carried out in a home-made continuous-
flow reactor: a solid catalyst was loaded into an HPLC
column, where the reaction takes place, and an organic
solution transported by an HPLC pump was used. The system
also contained a GC oven and an in-line back pressure
regulator that ensure the required temperature and pressure
in the reactor zone, respectively. A schematic outline of the
reactor used in this study is shown in Fig. 1.

First, a model reaction was selected utilizing benzylamine
and 4-phenylbutyric acid as substrates dissolved in
acetonitrile to provide a 100 mM solution. Second, the
optimization of reaction parameters was carried out.
According to our previous study on the acetylation of amines
with acetonitrile, high temperature and a modest pressure
were used.”® The first test was performed without either any
catalyst or reagent at 200 °C and 50 bar pressure with a flow
rate of 0.1 ml min™' and a residence time of 27 min. As
expected, no trace of the desired amide product was detected
(Table S1,f entry 1). A similar result was found when the
reaction was repeated under the same conditions in the
presence of alumina (Table S1,f entry 2). However, a low
conversion of 22% was attained when 1.5 equivalents of
carbon disulfide was used as an additive along with
numerous by-products (Table S1,f entry 3). According to the
literature data, Lewis acids were used in direct amidation
reactions as catalysts.’>® Thus several Lewis acids were
tested too (Table S2t). The most promising catalyst was
alumina and a significant increase of 53% in the conversion
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Fig. 1 Schematic illustration of the flow system.
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was observed with the formation of the thiourea side product
(Table S2,t entry 4). At this point, the effect of solvent on the
reaction outcome was tested. Several solvents were
investigated and acetonitrile was found to be the most
suitable (Table S3f). But in favor of an even higher
conversion, organic bases, such as triethylamine and
pyridine, in a catalytic amount, were added to the starting
substrate mixture. However, this afforded only slight
improvements (Table S1,f entries 5 and 6), although the
formation of the thiourea side product was not observed.

Finally, with the use of 4-dimethylaminopyridine (DMAP)
as an organic base, full conversion was reached (Table S1,f
entry 7). The base additive was removed by simple filtration
on a silica gel plug. Conversions were calculated using the
relative signal intensities of the carboxylic acid starting
compound.

In order to find the optimal conditions for the flow
synthesis, the effect of temperature on the outcome of the
reaction was tested under conditions established previously. In
a reaction carried out at room temperature, no trace of the
desired product was found. The increase of temperature
resulted in the increase of conversion and a low 9% was
reached at 110 °C. Further temperature increases significantly
influenced conversion. The optimal temperature was found to
be 200 °C, where >99% conversion was obtained. However,
reactions at even higher temperatures provided inferior results
(Fig. S1atf). With respect to pressure, tested at 200 °C, the
optimal value was found to be 50 bar reaching full conversion.
Raising the pressure higher than 50 bar did not influence the
conversion (Fig. S1bt). A similar test about flow rate gave an
optimum value of 0.1 mL min™". Any increase in the flow rate
resulted in decreasing conversions (Fig. Sict). Analyzing the
effect of concentration on the reaction outcome indicated full
conversions at lower concentrations. The use of higher
concentrations of the starting materials, in turn, resulted in
lower conversions (Fig. S1df). Finally, the results about
changing the quantity of carbon disulfide show that the
optimal amount is 1.5 equiv.; lower amounts resulted in
decreased conversion, whereas higher amounts did not have
any significant effect (Table S4+t).

Inspired by the successful direct amide coupling reaction
of the model substrates, we expanded the scope of the
reaction, testing various aromatic and aliphatic substrates
(Table 1).

Using the optimized protocol (200 °C, 50 bar, 0.1 mL
min~', and 27 min residence time), we achieved high yields
for 15 different amides. Reactions were carried out with three
different carboxylic acids and five different amines including
primary aromatic and aliphatic amines and secondary
aliphatic amines. All reactions were carried out in a single
run. After filtration through a silica gel plug and vacuum
evaporation of the solvent, the products were analyzed by 'H
and "*C NMR spectroscopy without any further purification.
This fact makes the technology prominently green and
sustainable and the isolation of the products is clearly
simple. The synthesized amides and the corresponding

This journal is © The Royal Society of Chemistry 2020
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Table 1 Substrate scope of amide formation with isolated yield data®
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Substrates 4-Phenylbutyric acid Phenylacetic acid Acetic acid
Benzylamine . O e £ it
N e S A
S e i hikd o
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98% 96% 98%
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O Y0 spRs o
5 10
96% 95%
p-Anisidine e e e
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6 11
94% 95%
Piperidine ™ ™
e M. N,
S | oY
7 12
96% 97% 98%
Morpholine (“)n Y 0
- M = M- N
SRR SR i
¥
8 13 18
97% 98% 97%

“ Reaction conditions: CS,, DMAP, Al,O3, 200 °C, and 50 bar.

isolated yields are shown in Table 1. In all cases, the NMR
experiments showed full conversions.

Catalyst reusability with 30 mg of the model starting
substrates was tested too. Importantly, the activity of the
catalyst did not decrease significantly after 30 cycles (Fig. 2).
This result opens the way to scale up the reaction using the
model reaction. A scale-up reaction was carried out and 2
grams and 10 grams of the product were isolated after ca. 13
hours of working time and ca. 3 days of operation, respectively,
without a significant loss of productivity of the system.

To establish a reaction mechanism, the literature data and
the results gained by the optimization steps were considered.

€S, DMAP
= ALO;
P
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Fig. 2 Robustness of the amide formation reaction was investigated in
the reaction of model substrates. The same reaction was repeated 30
times on the same catalyst.
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The first step is the reaction of the amine (m1) and carbon
disulfide (CS,).***”°® This provides an N-alkyldithiocarbamic
acid (m2), which decomposes by releasing hydrogen sulfide
(H,S) and affords an isothiocyanate (m3). The formation of
H,S was confirmed by a simple analytical technology. The
lead(u) acetate moistened filter paper turned into brown in
the gas space of the reaction mixture collecting baker. This
fact indicates the formation of PbS by the reaction of lead(u)

ions and H,S. According to literature studies,”® ' we propose

Ry-NH; + CS,
ml

l

5

H S
Ri—N-C-SH
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Fig. 3 Plausible mechanism for the alumina-catalyzed amide coupling
with carbon disulfide.
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that the isothiocyanate (m3) is a key element in the direct
amidation reaction. In the absence of an organic base, the
formation of a thiourea side product (m5) was observed.
However, if DMAP was present in a catalytic amount, the
formation of the desired amide product (m7) was detected.
This fact can be explained by the deprotonation of the
carboxylic acid providing protonated DMAP and m4 . The
latter is more nucleophilic and reacts more rapidly with
isothiocyanate m3 than the amines. The formation of amide
product m7 can be explained by the two mesomeric forms of
intermediate m6. Furthermore, the necessity of using a
catalytic amount of DMAP can be interpreted too, since the
last step, when m7~ transforms into m7, is a protonation
reaction. We suggest that, as indicated, protonated DMAP
(+HDMAP) is involved in the last product-forming step. Then,
DMAP thus formed is protonated and starts the process
again. Therefore, it plays a key role in the proton shuffling

(Fig. 3).

Conclusions

In summary, direct amide synthesis from cheap and easily
available carboxylic acids and amines was carried out in CF.
The developed technology is time and cost efficient and
applies acetonitrile as the solvent, which is a relatively cheap
industrial side-product. The utilized additives, alumina and
carbon disulfide, are broadly used in several industrial
processes too. The scope of the reaction was extended to the
preparation of 15 diverse amides. Reactions were carried out
with three different carboxylic acids and five amines,
including primary and secondary aliphatic amines and
primary aromatic amines. In general, full conversions and
excellent yields were achieved under the optimized
conditions, without the need of any intensive purification
step. Catalyst reusability was tested too. The same catalyst
bed could be recycled for 30 runs without any significant loss
of activity. Additionally, the reaction was successfully scaled
up to a 2 gram quantity performed in ca. 13 hours. This
methodology could become broadly applicable for direct
amide synthesis utilizing the industrially reliable continuous
technology.
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1. General

All solvents and reagents were of analytical grade and used directly without further purification.
Fe, Cu, Fe,03, NiO, CuO, Boric acid, AlCl;, Al,O3 (for chromatography, activated, neutral,
Brockmann I, 50-200 um, 60 A) catalysts, carbon disulfide (anhydrous, >99%) reagent and
organic bases (trimethylamine, pyridine, 4-(dimethylamino)pyridine) used in this study were
purchased from Sigma-Aldrich (Budapest, Hungary), while Acetonitrile (100,0%) was HPLC
LC MS-grade solvents from VWR International (Debrecen, Hungary).

2. General aspects of the Continuous-Flow (CF) amidation

The CF amidation reactions were carried out in a home-made flow reactor consisting of an
HPLC pump (Jasco PU-987 Intelligent Prep. Pump), a stainless steel HPLC column as
catalyst bed (internal dimensions 250mm L x 4.6 ID x % in OD), a stainless steel preheating
coil (internal diameter 1 mm and length 30 cm) and a commercially available backpressure
regulator (Thalesnano back pressure module 300™, Budapest, Hungary, to a maximum of
300 bar). Parts of the system were connected with stainless steel tubing (internal diameter 1
mm). The HPLC column was charged with 4 g of the alumina catalyst. It was then placed into
a GC oven unit (Carlo Erba HR 5300 up to maximum a 350 °C). For the CF reactions, 100
mM solution of the appropriate starting material was prepared in solvent. The solution was
homogenized by sonication for 5 min and then pumped through the CF reactor under the set
conditions. After the completion of the reaction, the reaction mixture was collected, and the

rest solvent was evaporated by a vacuum rotary evaporator.

3. Product analysis

The products obtained were characterized by 'H NMR spectroscopy. 'H-NMR and APT-!3C-
NMR spectra were recorded on a Bruker AV NEO Ascend 500 spectrometer and Varian , in
DMSO-dj as applied solvent, at 500.2 MHz. Chemical shifts (8) are expressed in ppm and are
internally referenced ("H NMR: 2.50 ppm in DMSO-dj).
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4. Tables and Figures

Table S1. The model reaction and optimization of amide formation in flow reactor

{ - COOH H;N“ : - [| ] I N “

p.T e ©

Substrat
Entr ubstra Substrat  Lewis Solven Conditio Conversio
e i Reagent
y 4 eB acid t n n

200°C
0.1
1 4-PBA BA - - ACN . 0%
ml/min
50 bar
200°C
. 0.1
2 4-PBA BA Alumina - ACN ) 0%
ml/min
50 bar
200 °C
3 4-PBA BA - CS, ACN 0.1 . 22%
ml/min
50 bar
200 °C
4 4-PBA BA Alumina CS, ACN 0.1 . 53%?®
ml/min
50 bar
200 °C
CS, 0.1
Triethylamine ACN ml/min 62%
50 bar
200 °C
CS, 0.1
Pyridine ACN ml/min S8%
50 bar
200 °C
CS, 0.1
DMAP ACN ml/min Z99%

50 bar

5 4-PBA BA Alumina

6 4-PBA BA Alumina

7 4-PBA BA Alumina

4-PBA: 4-phenylbutyric acid, BA: benzylamine, DMAP: 4-(dimethylamino)pyridine, ACN: acetonitrile,
CS,: carbon disulfide, a: Acetylation side reaction was only observed; b: 31% thiourea formation was
observed.
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Table S2. Screen of alternative catalysts

. Cata g N
I COOH N I o I NN
200 °C, 50 ba 0
| 2 3 4
Conversion into 3
Entry Lewis acid Reagent Solvent 0

(7o)

1 boric acid CS, acetonitrile 2%

2 Fe CS, acetonitrile 3%
3 Cu CS, acetonitrile 17%

4 Fe,05 CS, acetonitrile 10%
5 NiO CS, acetonitrile 4%
6 CuO CS, acetonitrile 40%
7 ALO; CS, acetonitrile 53%

1 equiv. 4-phenylbutyric acid (100 mM), 1 equiv. benzyl amine (100 mM), Reagent: 1.5 equiv. CS, Condition: 200 °C, 50 bar, 0.1 mL min"!, 27 min residence
time
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Table S3. Direct amide bond formation in a range of solvents

!il:) N | I
N . ARA] N
I COOIT LN I o JL ol NN
200 °C 50 ba :
I 2 3 4
Entry Solvent Conversion into 3 (%)
1 Water 0%
2 Methanol 31%
3 Isopropanol 10%
4 Toluene 43%
5 Acetonitrile 53%
6 Dichloromethane 0%
7 Dimethylsulfoxide 4%

1 equiv. 4-phenylbutyric acid (100 mM), 1 equiv. benzyl amine (100 mM), Lewis acid: alumina, Reagent: 1.5 equiv. CS, Condition: 200 °C, 50 bar, 0.1 mL

min”', 27 min residence time

S5



Table S4. Effect of the different amount of carbon disulfide

Conversion into 3

Entry Lewis acid Reagent Solvent %)
1 Al,O5 0.5 equiv CS, acetonitrile 26%
2 AL Os 1 equiv CS, acetonitrile 43%
3 ALOs 1.5 equiv CS, acetonitrile 53%
4 Al,O4 2 equiv CS, acetonitrile 49%
5 Al,O4 3 equiv CS, acetonitrile 45%

1 equiv. 4-phenylbutyric acid (100 mM), 1 equiv. benzyl amine (100 mM), Lewis acid: alumina, Reagent: CS, Condition: 200 °C, 50 bar, 0.1 mL min-', 27 min

residence time
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Fig. S1 The effect of temperature (a), pressure (b), flow rate (c), and concentration of the

starting materials (d) on the reaction conversion catalyzed by Al,Os. The effect of the pressure

was measured at room temperature, the influence of temperature was determined at 50 bar,

conditions.

while the effect of the flow rate and concentration was analyzed under the optimized
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5. TH and 3C NMR spectra

¢ [

[

N-benzyl-4-phenylbutanamide
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Figure S2. '"H NMR spectrum of N-benzyl-4-phenylbutanamide measured in DMSO-d6 at
296 K.
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Figure S3. APT NMR spectrum of N-benzyl-4-phenylbutanamide measured in DMSO-d6 at
296 K.
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Figure S4. '"H NMR spectrum of N,4-diphenylbutanamide measured in DMSO-d6 at 296 K.
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Figure S5. APT NMR spectrum of N,4-diphenylbutanamide measured in DMSO-d6 at 296

K.
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Figure S6. 'H NMR spectrum of N-(4-methoxyphenyl)-4-phenylbutanamide measured in
DMSO-d6 at 296 K.
T 0 T =T ] Vo] g
J | - ‘ ” \ o
15|00 1(‘!0 5|0 I [ppm]

Figure S7. ATP NMR spectrum of N-(4-methoxyphenyl)-4-phenylbutanamide measured in

DMSO-d6 at 296 K.

S10



=
— e
2
&
oWr-Oon® NN O =NV DPVTONTN—O
RENTS = IIIREHBLRANNRRRERRRRGRRIIIIIT
L e HOOOOONNNN e T e

£
f
L

I\ N STy Eo
i 0w wE @ |

T T T T ; T
8 6 4 2 [ppm]

Figure S8. 'H NMR spectrum of 4-phenyl-1-(piperidin-1-yl)butan-1-one measured in
DMSO-d6 at 296 K.
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Figure S9. APT NMR spectrum of 4-phenyl-1-(piperidin-1-yl)butan-1-one measured in
DMSO-d6 at 296 K.
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Figure S10. '"H NMR spectrum of 4-phenyl-1-(piperidin-1-yl)butan-1-one measured in
DMSO-d6 at 296 K.
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Figure S11. ATP NMR spectrum of 4-phenyl-1-(piperidin-1-yl)butan-1-one measured in
DMSO-d6 at 296 K.
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Figure S12. '"H NMR spectrum of N-benzyl-2-phenylacetamide measured in DMSO-d6 at
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Figure S13. APT NMR spectrum of N-benzyl-2-phenylacetamide measured in DMSO-d6 at

296 K.
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Figure S14. "H NMR spectrum of N,2-diphenylacetamide measured in DMSO-d6 at 296 K.
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Figure S15. APT NMR spectrum of N,2-diphenylacetamide measured in DMSO-d6 at 296 K.
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Figure S16. '"H NMR spectrum of N-(4-methoxyphenyl)-2-phenylacetamide measured in
DMSO-d6 at 296 K.
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Figure S17. APT NMR spectrum of N-(4-methoxyphenyl)-2-phenylacetamide measured in
DMSO-d6 at 296 K.
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Figure S18. "H NMR spectrum of 2-phenyl-1-(piperidin-1-yl)ethanone measured in DMSO-
d6 at 296 K.
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Figure S19. APT NMR spectrum of 2-phenyl-1-(piperidin-1-yl)ethanone measured in
DMSO-d6 at 296 K.

S16



2.0 [rel]

885482 883%3 L
s s
@
e
- a
o
| Jk\;l JL l 2
T ! T T %H T T T T T T T T
] 6 4 z 0 [ppm]

Figure S20. '"H NMR spectrum of 1-morpholino-2-phenylethanone measured in DMSO-d6 at
296 K.
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Figure S21. APT NMR spectrum of 1-morpholino-2-phenylethanone measured in DMSO-d6
at 296 K.
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Figure S22. '"H NMR spectrum of N-benzylacetamide measured in DMSO-d6 at 296 K.
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Figure S23. APT NMR spectrum of N-benzylacetamide measured in DMSO-d6 at 296 K.
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Figure S24. 'H NMR spectrum of N-phenylacetamide measured in DMSO-d6 at 296 K.

15 [rel]

168.72
—— 139.80
—129.11
—123.41
—119.42

24.46

T
10

!‘ Cog
Lo

B g :

- : : : - : . - : : - : : . :
150 100 50 0 [ppm]

Figure S25. APT NMR spectrum of N-phenylacetamide measured in DMSO-d6 at 296 K.
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Figure S26. '"H NMR spectrum of N-(4-methoxyphenyl)acetamide measured in DMSO-d6 at
296 K.
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Figure S27. APT NMR spectrum of N-(4-methoxyphenyl)acetamide measured in DMSO-d6
at 296 K.
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Figure S28. 'H NMR spectrum of 1-(piperidin-1-yl)ethanone measured in DMSO-d6 at 296
K.
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Figure S29. 3C NMR spectrum of 1-(piperidin-1-yl)ethanone measured in DMSO-d6 at 296
K.
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Figure S30. 'H NMR spectrum of 1-morpholinoethanone measured in DMSO-d6 at 296 K.
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Figure S31. 3C NMR spectrum of 1-morpholinoethanone measured in DMSO-d6 at 296 K.
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1H NMR spectrum of Ogyl04 in DMSO-d6 (400 MHz; 32 scans)
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Figure S32. '"H NMR spectrum of N-benzyl-4-phenylbutanamide measured in DMSO-d6 at

296 K gained by the scale-up reaction.
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13C NMR spectrum of Ogyl04 in DMSO-d6 (100.6 MHz; 256 scans)
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Figure S33. 3C NMR spectrum of N-benzyl-4-phenylbutanamide measured in DMSO-d6 at
296 K gained by the scale-up reaction.
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