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The sustainability of amide bond formation is an ever-present topic in the pharmaceutical industry, as it
represents the common motif in many clinically approved drugs. Despite many procedures for accom-
plishing eco-friendly amide synthesis having been developed, this transformation still remains a contem-
porary challenge. Herein, we report a greener approach for amide synthesis by using Reactive Deep
Eutectic Solvents (RDESs) acting as both the reaction medium and reactants. The procedure not only
avoids the use of hazardous solvents but also provides operationally simple product recovery with high

Received 13th October 2023,
Accepted 5th December 2023

DOI: 10.1039/d30b01673k

purity and efficiency, without chromatographic purification. This approach was efficiently applied to the
synthesis of a key intermediate in the production of an active pharmaceutical ingredient like atenolol. The
green metrics of the gram-scale procedure were compared to the conventional industrial strategy
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Introduction

Over the last few decades, green chemistry has emerged as a
pivotal scientific approach that addresses the intrinsic chal-
lenges of conventional chemical processes while prioritizing
environmental sustainability,"”> minimizing waste, toxicity,
and energy consumption, and maximizing efficiency, safety,
and sustainability.>* The syntheses of active pharmaceutical
ingredients (APIs) have been associated with resource-intensive
procedures, generating substantial waste and environmental
impact,”® and often involving the use of hazardous chemi-
cals.” In this context, green chemistry offers an alternative
resource, where sustainability is integrated into all stages of
drug discovery, development, and production.® Using safer and
more environmentally friendly reagents, it is possible to reduce
pollution and minimize health risks during synthetic pro-
duction.” In addition, reducing waste generation also leads to
cost saving, a fundamental concern in pharmaceutical
economics.'®™ Thus, by integrating the principles of sustainabil-
ity throughout drug discovery, development, and manufacturing,
the pharmaceutical industry can mitigate its ecological footprint
while advancing therapeutic solutions. The recent literature
underscores the sector’s increasing awareness of sustainability
issues and the imperative to adopt greener alternatives.'” In syn-
thetic medicinal chemistry, the synthesis of amides stands as a
crucial cornerstone, often dictating the efficacy and safety of drug
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showing an advancement in the greening of amide synthesis.

candidates (Fig. 1)."* The literature demonstrated that approxi-
mately 54% of biologically tested compounds contain at least one
amide bond and more than 25% of known drugs consist of
amide functionalities as per the Comprehensive Medicinal
Chemistry database analysis."* Moreover, amide synthesis was
identified in the top 10 key research areas for the pharmaceutical
industry by ACS Green Chemistry Institute Pharmaceutical
Roundtable (ACS GCIPR). Notably, the existing processes for the
amide coupling reaction in manufacturing of APIs have a gap in
reaction process efficiency and sustainability.'®

The traditional methods for amide formation frequently
rely on stoichiometric reagents and harsh reaction conditions,
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Ly

Fig. 1 Examples of some amide-based drugs.
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leading to challenges in atom efficiency and undesirable by-
products.'® Moreover, the use of conventional solvents, charac-
terized by toxicity and environmental concerns, adds further
complexity to the synthetic process.'” Thus, the green syn-
thesis of amides assumes critical importance not only due to
its intrinsic relevance but also as a transformative approach to
address the limitations of conventional methods.” In this
framework, the search for eco-friendly alternatives to the con-
ventional solvents and reagents employed in amide synthesis
becomes overriding. In recent years, the landscape of amide
synthesis has witnessed a profound transformation, driven by
innovative green strategies that leverage novel reagents, cata-
Iytic systems, and reaction media.'® Water, an abundant and
benign solvent, has emerged as an attractive medium for
amide bond formation under milder conditions, promoting
atom efficiency and obviating the need for toxic additives.'
Ionic liquids, with their unique solvent properties and poten-
tial for recycling, also offer a sustainable alternative to conven-
tional solvents.>® A particularly promising opportunity involves
the utilization of renewable and bio-derived solvents.*"*?

The emergence of Deep Eutectic Solvents (DESs), character-
ized by their tunability and efficiency as both solvents/catalysts
and reagents, presents an exciting frontier for a greener syn-
thesis of amides.?® DESs, renowned for their low cost, biode-
gradability, and low toxicity, have already proven their worth as
alternatives to traditional organic solvents.>* They are prepared
by combining hydrogen bond acceptors and donors, resulting
in a eutectic mixture with a significantly lowered freezing
point compared to its individual components.>® Their unique
properties make them attractive candidates for various appli-
cations, ranging from extraction and separation processes to
catalysis and electrochemistry.>®

Over the last few years, Reactive Deep Eutectic Solvents
(RDESs) have emerged as a new promising class of media that
combine the advantageous properties of DESs with the ability
to actively participate in chemical reactions.>” The innovation
of RDESs builds upon these features, adding an extra dimen-
sion of functionality. RDESs can be fine-tuned to exhibit
different desired properties, such as acidity, basicity, or redox
potential. This dual role as both a solvent and a reactant
opens up opportunities for more sustainable, streamlined, and
efficient synthetic routes, minimizing the use of external
reagents and reducing waste generation. Several research
endeavours have emerged, delving into the multiple appli-
cations of DESs in amide bond formation. Notably, Azizi and
colleagues harnessed the synergistic capabilities of DESs, par-
ticularly choline chloride: stannous chloride (ChCl:SnCl,),
which serve both as a reaction medium and a catalyst
(Fig. 2A).%® Nevertheless, the approach was restricted to the for-
mylation of aryl amines. Then, Salomone et al. approached a
distinct route, by employing two different DESs (Fig. 2B),*
exploiting a Pd-catalysed aminocarbonylation of (hetero)-aryl
iodides. However, the procedure needed chromatographic
purification of the obtained product. Parallel to these
advances, Saberi’s group highlighted the intrinsic potential of
the uncomplicated DES ChCl: urea (Fig. 2C) in the direct con-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

(A) N. Azizi et al. C. R. Chimie 2012, 15, 768-773
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Fig. 2 Synthesis of amides using deep eutectic solvents.

densation of amines and carboxylic acids®® using 2,4,6-tri-
chloro-1,3,5-triazine (TCT) as a coupling reagent. However, the
protocol involved the use of a base catalyst which enhanced
the final amount of waste produced. Recently, we have made a
significant contribution by introducing a pioneering approach
for synthesizing amides from thioacids, by using visible light
irradiation under mild conditions in DESs.*' Hence, as a part
of our ongoing interest in the preparation of DESs and investi-
gation of their application in organic synthesis,*” we investi-
gated the possibility to use RDESs for the N-amidation of
amines with carboxylic acids. RDESs have been designed in
order to contribute actively to the synthetic process, using
choline chloride as the hydrogen-bond acceptor and various
carboxylic acids as hydrogen-bond donors.

Results and discussion
Preparation of RDES media

Our investigation started with the preparation of three
different RDESs made up of mixtures of HBA/HBD in a

Org. Biomol. Chem., 2024, 22,1400-1408 | 1401
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Table 1 Chemical structures of the HBA and HBDs used as RDES
components

Hydrogen-bond
acceptor (HBA)

Hydrogen-bond

donors (HBD) Molar ratio (HBA/HBD)

ChCl HO\/\’L/
It

Cl

HO\/\’L( PA mm 1:1
- 0o
HO\/\’L( HPA OH 1:1
- 0
HO

ChCl

ChCl

1:1 molar ratio. In particular, the quaternary ammonium salt
choline chloride (ChCl) was used as the HBA, whereas benzoic
acid (BA), phenylacetic acid (PA) and 4-hydroxyphenylacetic
acid (HPA) were chosen as HBDs and reactants (Table 1). The
selected HBA, ChCl, exhibits clear biocompatibility and
benefits from its natural origin, which represents one of its
significant advantages.*

All RDESs were prepared by using a well-established proto-
col, by mixing the components in a defined molar ratio and
heating them at 60-90 °C, under constant stirring in a round
bottom flask, until a homogeneous colorless liquid phase was
formed.** A differential scanning calorimetry (DSC) analysis of

Table 2 Eutectic temperature (T;) of the prepared RDESs with the
corresponding melting point (T,,) of the pure HBDs

Ty Ty HBD

HBA HBDs (°C) (°C) A (°C) Aspect

ChCl BA 95 122.3 27.3 Viscous transparent liquid
ChCl PA 25 76-77 51-52 Clear and transparent liquid
ChCl HPA 19 147.6 129.6  Yellow viscous liquid
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the obtained mixtures as well as of the individual components
was performed to prove the successful formation of RDESs
(Table 2).

All the RDESs prepared were used without the need for
further purification.

Optimization of the reaction conditions

In order to investigate DESs for their dual roles as solvents and
reactants in the synthesis of amides, we performed the
N-amidation of aniline with phenylacetic acid, employed as a
component of the RDES. To date, the preferred method in the
pharmaceutical industry for large-scale amide synthesis is the
activation of carboxylic acids using carbodiimides in combi-
nation with additives.>* At first, the model reaction was per-
formed in the presence of N,N-dicyclohexylcarbodiimide
(DCC)/1-hydroxybenzotriazole (HOBt) as a coupling reagent
combination. After 60 minutes of magnetic stirring at room
temperature, the desired amide was obtained in 61% yield
(entry 1, Table 3), indicating that the RDES could promote the
amidation reaction. Encouraged by this promising outcome,
we proceeded to further optimize the coupling reaction within
the context of the RDES medium. To this end, we systemati-
cally assessed various combinations of coupling reagents
across different temperature ranges, but in the absence of a
basic catalyst. The progress of all reactions was monitored
through the utilization of thin layer chromatography (TLC) and
gas chromatography/mass spectrometry (GC/MS) analysis. As
shown in Table 2, the RDES-mediated synthesis method was
applicable to all coupling combinations considered. The great-
est efficiency in terms of coupling performance and product
purity was achieved by wusing 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDC) as the coupling reagent
(entry 6, Table 3). This was justified by the fact that EDC and
the corresponding urea byproduct that is produced are soluble
in water, thus allowing an easier work up procedure at the end

Table 3 Optimization of reaction conditions for N-acylation of aniline with benzoic acid in an RDES

NH, li tadditi H
©/ N OH :Iilfl/i\/OH coupling reagen- additive 1§
o i T (°C), time m \©
ChCIl:BA RDES
Ent Coupling reagent Additive T (°C Time (min Yield? (%
Ty pling reags
14 DCC HOBt It 60 61
24 DCC HOBt 40 °C 60 76
34 DIC HOBt 40 °C 60 68
4 DIC — 40 °C 30 79
54 EDC HOBt 40 °C 30 89
6” EDC — 40 °C 60 93
7° EDC — 70 °C 30 91
8¢ EDC — rt 240 60

“Reaction conditions: HOBt (1 equiv.) and the coupling reagent (1 equiv.) were sequentially added in the RDES (1 equiv.) and stirred for 10 min
at the temperatures reported above. Successively, aniline (1 equiv.) was added and stirred for the time reported above. b Reaction conditions: the
coupling reagent (1 equiv.) was added in the RDES (1 equiv.) and stirred for 10 min at different temperatures. Successively, aniline (1 equiv.) was
added and stirred for the time reported above. “ The reaction was performed in dichloromethane in the presence of DIPEA as the base. The
amide product was purified by column chromatography. ¢ % conversion calculated by GC/MS.

1402 | Org. Biomol Chem., 2024, 22,1400-1408 This journal is © The Royal Society of Chemistry 2024
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of the reaction. As a matter of fact, since the amide is insoluble
in water, it precipitates and can be easily afforded by washing
it with water, without any further purification. Also, from a
green chemistry point of view, EDC is greener than other car-
bodiimides according to the GlaxoSmithKline reaction-selec-
tion guide, since the urea byproduct generated does not pose
health and environmental hazard.?*?® Finally, it is important
to highlight that raising the temperature in EDC-mediated
reactions did not affect the final product yield. On the other
hand, when the reaction was performed in a conventional
organic solvent like dichloromethane, the desired amide was

Table 4 Synthesis of amides in a phenylacetic acid-based RDES

View Article Online
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afforded in a good yield (entry 8, Table 3). Nevertheless, the
use of an organic base like DIPEA was required and the
product was recovered after chromatographic purification,
thus revealing the strength of the RDES mediated procedure.

Scope of amines

In order to investigate the scope and limitations of the opti-
mized methodology, we examined the coupling reaction for a
series of amines, by employing the same RDES system. First, a
phenylacetic-based RDES was subjected to the reaction with
different aliphatic primary amines (entries 3¢, 3g-3i, Table 4)

Ci
OH ~H~_OH R, _R
/N + N
o) | H
2a-p

EDC.HCI (1 equiv. I
50°C

a7 oY

3a 3b
30 min, 96% 30 min, 93%

e 3
30 min, 91% 45 min, 78%

H

N\/\ “
SR

0
3 .
30 min, 83% )

45 min, 91% (99% ee)?

H H
ro, Y CL
3m cl NO,

3n
45 min, 74%

30 min, 81%

“Determined by chiral HPLC (see the ESIT for details).
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N
7O
3c
20 min, 97%

H
SRAS
© OCH,
3d

30 min, 88%

H 1
o oY
e & OH

39 3h
20 min, 84% 60 min, 89%
H
N

3k
45 min, 93% (99% ee)?

"

45 min, 63%

H
W“
I CL
3l N2

45 min, 69%

.
oY

3p
45 min, 68%
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affording the corresponding N-alkyl amides with good to excel-
lent yields. The reaction of the same RDES with the secondary
amine N-ethylbenzylamine led to the corresponding com-
pound in 78% yield, while the one with aniline afforded 3b
with 93% yield. When p-toluidine or p-anisidine was used as
an amine source, a slight reduction in the yield was observed
(entries 3d and 3e, Table 4), probably due to the reduced reac-
tivity of the aromatic amine. Moreover, the presence of an
additional functional group in the amine framework did not
interfere in the yield of the desired amide (entries 3g and 3i,
Table 4). Besides the benzylamine, the reaction was also
carried out with other diversely substituted amines, confirm-
ing that the amine scope is wide. We were also pleased to find
that halogen substituents such as chloride are tolerated in the
reaction (3m, Table 3). The reaction proceeded well with ani-
lines bearing strong electron-withdrawing substituents like
para-nitro or trifluoromethyl (3n, 31, Table 3). Tertiary amides
could also be prepared, including examples derived from both
cyclic and acyclic (3f, 30, and 3p, Table 3) secondary amines.
The additive HOBt is regularly employed in combination
with EDC or other coupling reagents in order to reduce the
risk of racemization in amide synthesis.’”*® In particular, it
acts as an activating agent for the carboxylic acid group,
making it more reactive towards the amine. This activation
reduces the time that the intermediates are exposed to poten-
tially racemizing conditions, thus minimizing the chances of
racemization occurring during the reaction. However, the
inherent risks associated with HOBt have led to its regulation

Table 5 Synthesis of amides in a benzoic acid-based RDES?
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under the REACH (Registration, Evaluation, Authorization, and
Restriction of Chemicals) framework.*® This is due to its
potential hazards to individuals for its capacity in causing skin
and ocular irritation, as well as inhalation-related risks when
not handled in accordance with the established safety proto-
cols. Furthermore, its release into the environment can cause
adverse ecological effects. In this context, it is worth noting
that no racemisation was observed when using enantiopure
amines such as (R)- and (S)-1-phenylethan-1-amine (entries 3j
and 3k, Table 4). Consequently, the rapidity of the conversion
achieved through the developed protocol enabled us to avoid
the necessity of employing HOBt, thus enhancing the overall
sustainability of the process.

In order to highlight the generality of the process, some of
the same amine moieties were used to perform coupling reac-
tions with the other two RDESs prepared. The results showed
that even upon changing the acidic component in the RDES,
the performances of the systems were comparable with the
first one, confirming and widening the scope of the protocol
developed. The benzoic acid-based RDES reacted with aro-
matic and primary and secondary amines with acceptable
yields (Table 5). A p-hydroxyphenylacetic acid-based RDES was
also evaluated as a substrate. A slight drop in the yield was
observed and the corresponding amides were isolated in fair
to good yields (Table 6).

In order to investigate the utility of the developed method-
ology in the pharmaceutical industry, the optimized reaction
conditions were applied to synthesize 4-hydroxyphenylaceta-

0 = ,
Cl Il?
+ OH R R’ EDC.HCI (1 equiv.
OH >N/\/ . “N* (1 equiv.) N\R”
| H 50°C o
2a-f 4 a-f
H H H
N N N
! a9 NS
4a
. 4b 4c
0,
30 min, 81% 30 min. 76% 30 min, 83%
H H (
N N N
o) \©\ 0 \©\
OCH3 CH3 ©
4d 4e af
60 min, 74% 45 min, 88% 60 min, 56%

“Reaction conditions: the coupling reagent (1 equiv.) was added in a benzoic acid-based RDES (1 equiv.) and stirred for 10 min at different temp-
eratures. Successively, the amine (1 equiv.) was added and stirred for the time reported above.
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Table 6 Synthesis of amides in a 4-hydroxyphenylacetic acid-based RDES
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on © i
+ OH ‘ p EDC.HCI (1 equiv.
>N/\/ N R\N’R (1 equiv.) > N\R”
o o) | H 50°C 5
HO
2a-p 5a-p
H H
H N N
" 0 LT 7O
o]
HO
5a 5b 5¢c
30 min. 80% 30 min, 74% 30 min, 61%

H H
Q/WNQ J@AWN
O \©\
HO o OCH; HO CHs

5e 5f
45 min, 58%

5d
45 min, 74%

mide, a key synthetic intermediate in the industrial production
of atenolol. Atenolol represents one of the top-five bestselling
drugs in the world, today used to treat angina and hyperten-
sion and to reduce the risk of death after a heart attack.’® In
this regard, the synthesis of 4-hydroxyphenylacetamide rep-
resents the first step in the industrial production of atenolol.
From the reaction between ammonium chloride and a 4-hydro-
xyphenylacetic acid-based RDES, the desired amide was recov-
ered in 94% yield, using EDC-HCI as the coupling reagent
(Scheme 1).

It is important to emphasize that one of the advantages of
the developed method is that for all these amidations, the
devised workup procedure gave the pure amide product
without the requirement for chromatography.

cr

o~ OH NH,Cl o
4 40°C, 1h

OH /@/YNHZ
o)
5g

4-hydroxyphenylacetamide
94% yield

Scheme 1 Amidation step with an RDES during the synthesis of
atenolol.

This journal is © The Royal Society of Chemistry 2024

i
o

60 min, 34%

By considering the possibility of adopting the developed syn-
thetic route for the industrial synthesis of amides, the gram-scale
synthesis of N-phenethyl-2-phenylacetamide was carried out. By
adding water to the reaction mixture at the end of the coupling
reaction for quenching, the precipitated product was successfully
recovered in high yields and purity by simple filtration, without
the need for chromatographic procedures.

In order to demonstrate the environmental benefits of our
approach, we calculated the green chemistry metrics for the
synthesis of the pilot reaction (for calculations, see the ESIT).*!
The method was highly efficient to produce the desired amide
in 97% yield (on a gram scale) with PMI (Process Mass
Intensity) and E-factor values superior when compared to the
conventional industrial method (Fig. 3).**

PMI= total amount of imputs
Amount of product

50
40
30
20

10
This work

Conventional method

Fig. 3 Comparison of the PMI data with the conventional industrial
method.
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Scheme 2 Proposed N-amidation mechanism in an RDES.

Proposed mechanism

On the basis of previous literature results and our experiments,
a plausible mechanism for the amidation reaction in the pres-
ence of an RDES is shown in Scheme 2. In the first reaction
step, the proton transfer from the carboxylic acid to the weakly
basic nitrogen atom on EDC was facilitated by hydrogen bond
interactions between the RDES and the coupling reagent
causing a nucleophilic attack of the resulting carboxylate
anion to lead to the formation of the O-acylisourea intermedi-
ate (1). Then, the same hydrogen bond interactions allowed
the aminolysis step (2). Finally, anchimeric assistance guided
the formation of the amide product (3), along with the pro-
duction of urea as a byproduct.

Experimental
General information

All starting materials were purchased from Aldrich (Merck)
and used without further purification unless stated otherwise.
Thin layer chromatography (TLC) was carried out on
Schleicher & Schuell F1400/LS 254 plates coated with a 0.2 mm
layer of silica gel; detection by UV254 light. Mass spectra (EI)
were obtained at 70 eV on a Shimazdu QP-5000 spectrometer,
giving fragment ions in m/z with relative intensities (%) in par-
entheses. '"H NMR (300 MHz) spectra were recorded on a
Bruker AC-300 NMR spectrometer respectively in proton
coupled mode. *C NMR (75.5 MHz) spectra were recorded on
a Bruker AC-300 NMR spectrometer respectively in proton
decoupled mode at 20 °C. Chemical shifts are given in & (parts
per million) and coupling constants (/) in hertz. HPLC analysis
was performed to determine the ee % value (DIACEL Chiralcel
OD-H, n-hexane:2-propanol = 90:10 (1 mL min™"), tr =
13.4 min (R) and tr = 18.1 min (S), 99% ee, S-enantiomer).

General procedure for RDES preparation

The different RDESs were prepared by mixing choline chloride
and the carboxylic acid (benzoic, phenylacetic or 4-hydroxyphe-
nylacetic acid) in a round-bottom flask under an inert atmo-
sphere in a 1:1 molar ratio, respectively. The resulting mixture
was magnetically stirred at 60-80 °C, until a clear liquid was
observed. The obtained DESs were used without further
purification.

General procedure for the synthesis of amides in RDESs

In a typical procedure, 1 mmol of the coupling reagent was
added to a ChCl: carboxylic acid (1:1)-based RDES (1 mL).

1406 | Org. Biomol. Chem., 2024, 22,1400-1408
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After stirring at 50 °C for 10-15 minutes, the amine was added
in an equimolar ratio and the resulting mixture was vigorously
stirred at the given temperature for an additional time
(30-60 min). The progress of the reaction was monitored by
TLC and GC/MS analysis. Upon completion of the reaction,
2 mL of H,O were added. The resulting aqueous suspension
was then extracted with ethyl acetate (3 x 2 mL). The organic
phases were dried over sodium sulphate, followed by evapor-
ation under reduced pressure to give the corresponding
amides. The reaction conversions were determined by GC/MS
analysis. The spectral data were in accordance with the litera-
ture (see the ESIY).

Conclusions

In conclusion, we present a sustainable method for amide syn-
thesis using Reactive Deep Eutectic Solvents as both solvents
and reagents. The exploitation of RDESs overcomes the use of
hazardous solvents and additives, significantly reducing the
environmental footprint of amide synthesis. RDES-mediated
amide synthesis demonstrates excellent efficiency, allowing for
the formation of amide bonds with high purity and yield. The
method is versatile and tuneable to a wide range of substrates,
both aliphatic and aromatic, including chiral compounds,
without any observed racemization. This innovative approach
is not limited to laboratory-scale applications but can be
readily scaled up for industrial manufacturing. This sustain-
able approach aligns with the principles of green chemistry,
contributing to a cleaner and more responsible pharma-
ceutical industry.
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