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Amide bond is ubiquitous in nature. It can be found in proteins,
peptide, alkaloids, etc. and it is 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, of 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 sustainable material and it
can be utilized multiple times. The technology is considerably
robust and showed excellent reusability and easy scale-up was
carried out without the need of any intensive purification
protocols.

The amide linkage is one of the most ubiquitous chemical
bonds in nature.’3 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, 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
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are also known as the translational apparatus of biological
protein synthesis.1011

There are many different synthetic methods to create amide
bonds.’?13 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 a considerable amounts of by-products.1’-2! 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 dehydration of the intermediate salt to
provide the amide compound.?223

There are several boronic acid derivatives studied as
catalysts of the amidation reaction.?*-26 One of them, reported
by Yihao Du et al.,?’” is a solid-supported arylboronic acid
catalyst for 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,?8 cellophane,?® and carbon tetrachloride3 and it
is even used as solvent in extraction processes.3! On laboratory
scale, it is a reagent and a powerful building block in preparative
synthesis.3237 A previous study showed the carbon disulfide
might be a possible reagent for amide and peptide coupling
synthesis.3® They produced peptides from unprotected amino
acids under prebiotic condition by the use of carbon disulfide as
additive. The synthesis of poly-B-peptides has recently been
described through the ring-opening polymerization of B-amino
acid N-thiocarboxyanhydrides, as carbon disulfide derivatives.3°
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Flow chemistry methods offer many benefits over the use of
conventional batch reactors, including improvements in
reaction rate and yield, safety, reliability, and energy
efficiency.*%4! During the last decade there has been a
significant increase in the use of flow chemistry either in
laboratory or industrial scale.?>% Herein we show that the use
of carbon disulfide with alumina utilized in continuous flow (CF)
allowed to develop a novel, atom-efficient, green, and
sustainable catalytic method for the direct synthesis of amides.
Thus, the CF approach could offer a possibility to accomplish
direct amide coupling in 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 using an organic solution
transported by an HPLC pump. 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.

Gas chromatograph oven

77RRR o

HPLC

Pre-heater coil

Fig. 1 Schematic illustration of the flow system

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™t and a
residence time of 27 min. As expected, no trace of the desired
amide product was detected (Table S1, entry 1). A similar result
was found when the reaction was repeated under the same
conditions in the presence of alumina (Table S1, entry 2).
However, a low conversion of 22% was attained when 1.5
equivalent of carbon disulfide was used as an additive along
with numerous by-products (Table S1, entry 3). According to
literature data, Lewis acids were used in direct amidation
reaction as catalysts.>2°® Thus several Lewis acids were tested
too (Table S2). The most promising catalyst was alumina and a
significant increase in conversion of 53% was observed with a
formation of thioure side product (Table S2, entry 4). At this
point the effect of solvent on the reaction outcome was tested.
Several solvents were investigated but acetonitrile was found to
be the most suitable (Table S3). But in favor of even higher
conversion, organic bases, such as triethylamine and pyridine,
in catalytic amount were added to the starting substrate
mixture. However, this afforded only slight improvements
(Table S1, entries 5, 6), although the formation of thiourea side
products was not observed.

2| J. Name., 2012, 00, 1-3

Finally, with the use of 4-dimethylaminopyriding (DMAB)as
organic base full conversion was reachdd(Tdble3$/D0eneky AR
The base additive was removed by a 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 condition 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 (Figure S1a).
With respect to pressure, tested at 200 °C, the optimal value
was found to be 50 bar reaching full conversion. Rising the
pressure higher than 50 bar did not influence the conversion
(Figure S1b). 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 (Figure Si1c). Analyzing the effect of
concentration on reaction outcome indicated full conversions at
lower concentrations. The use of higher concentrations of the
starting materials, in turn, resulted in lower conversions (Figure
S1d). 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).

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).

Table 1 Substrate scope of amide formation with isolated yield datal

Substrates 4-phenylbutyric acid phenylacetic acid acetic acid
o
benzylamine ° °
3 9 14
98% 96% 98%
o
H H J
N. N. HN
. oT0 OTO
aniline 10
5
96% 95% 91;/
0
R R @H
o]
o, U7 0 T
p-anisidine m o °© o~ T
6 11 16
94% 95% 97%
0
piperidine m m O
7 12 17
96% 97% 98%
o o Yo
N NS N
morpholine m m [oj
8 13 18
97% 98% 97%

lalReaction conditions: CS,, DMAP, Al,05, 200 °C, 50 bar

Using the optimized protocol (200 °C, 50 bar, 0.1 mL min~2,
27 min residence time), we achieved high yields for 15 different

This journal is © The Royal Society of Chemistry 20xx
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amides. Reactions were carried out with three different
carboxylic acids and five different amines including primary
aromatic 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 and 3C 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 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 of product were
isolated after ca. 13 hours working time and 10 grams after ca.
3 days of operation without significant loss of productivity of
the system.

€S, DMAP H /Q
O/\/\COOH HNTTY) AL, ﬂj\/\WN h
+ _
Z ' 200°C, 50 bar ~F o
1 2 3

100 s . .
R e W e et e

80

60

Conversion (%)

204

Y T T T T u J
5 10 15 20 25 30

Number of cycles

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.

To establish a reaction mechanism, literature data and the
results gained by the optimization steps were considered. The
first step is the reaction of the amine (m1) and carbon disulfide
(CS,).335758 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(ll)
acetate moistened filter paper turned to brown in the gas space
of the reaction mixture collecting baker. This fact indicates the
formation of PbS by the reaction of lead(ll) ions and H,S.
According to literatures,®®% we propose that the
isothiocyanate (m3) is a key element in the direct amidation
reaction. In the absence of an organic base, the formation of
thiourea side product (m5) was observed. However, if DMAP
was present in 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
DAMP and m4-. The latter is more nucleophilic and reacts more
rapidly with isothiocyanate m3, than the amines. The formation

This journal is © The Royal Society of Chemistry 20xx
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of amide product m7 can be explained by the twg mesomeric
forms of intermediate m6. Furthermore, the recessity toousEsa
catalyticamount of DMAP can be interpreted too, since the last
step, when m7—transforms to 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 proton shuffling.

Ri—NH, + CS,
ml

Ry~N-C-SH
m2 HOOC-R,
m4
H,S ‘j H DMAP
Ri=NH; _ _RyN=C=s __ ©00C-R; + ®HDMAP
ml \\ / m3 N/ m4-
[ 2E]
j Rva:g—s
Risy~Sn R %ﬁ
H H 2
ms m6
R17N)lC:s
DA
eo;cfo
uéz
mé
cos ‘i
©®Q %owapr  H Q
R4=N-C-R; ———~ Ry—N-C-R; + DMAP
m7™ m7

Fig. 3 Plausible mechanism for the alumina-catalyzed amide coupling
with carbon disulfide.

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 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 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 in 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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