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Abstract: Amide bonds are among the most interesting and abundant molecules of life and products
of the chemical pharmaceutical industry. In this work, we describe a method of the direct synthesis of
amides from carboxylic acids and amines under solvent-free conditions using minute quantities of
ceric ammonium nitrate (CAN) as a catalyst. The reactions are carried out in an open microwave
reactor and allow the corresponding amides to be obtained in a fast and effective manner when
compared to other procedures of the direct synthesis of amides from acids and amines reported so far
in the literature. The amide product isolation procedure is simple, environmentally friendly, and is
performed with no need for chromatographic purification of secondary amides due to high yields.
In this report, primary amines were used in most examples. However, the developed procedure
seems to be applicable for secondary amines as well. The methodology produces a limited amount of
wastes, and a catalyst can be easily separated. This highly efficient, robust, rapid, solvent-free, and
additional reagent-free method provides a major advancement in the development of an ideal green
protocol for amide bond formation.
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1. Introduction

Amide bonds are among the most widely abundant and fascinating types of linkages in organic
synthesis and nature [1–4]. They constitute the backbone of peptides and proteins and are important
elementary linkages in many natural products and polymers. In addition, thanks to their stability
in biological environments, they are often used in the construction of various drugs, insecticides,
nutraceutics, and chemical tools to study and modify biology [5–8].

Nature uses enzymes to form amides from carboxylic acids and amines in a catalytic reaction. For
example, the translation of mRNA to proteins in ribosomes, which is one of the key processes in biology,
is catalyzed by peptidic transferase, which extends the peptide chain by linking a new amino-acid in
the form of aminoacyl-tRNA with an N-terminus of the peptide through an amide bond [9,10].

To date, many different methods have been developed to enable the formation of various amide
linkages in synthetic laboratories. In particular, arguably the biggest drive to investigate these methods
came from the success of solid-phase peptide synthesis (SPPS) [11]. Nevertheless, most of them require
an active form of carboxylic acid (formed either in a separate synthetic step or in situ, for example,
in a reaction with a so-called “coupling reagent”), which is subsequently attacked by a nucleophile
in the next step [12,13]. Moreover, common coupling reagents (e.g., carbodiimides, phosphonium,
or uronium salts [14–16]) are often rather expensive, toxic, and are used in stoichiometric quantities
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or in excess, leading to a poor atom economy. This, in combination with the need for purification
from various by-products, makes these methods challenging and costly, pushing many scientific
groups to investigate faster, more straightforward, and therefore “greener” routes for the formation of
amide bonds.

Green chemistry focuses on designing products and processes to minimize the environmental
and economic impact. This can be achieved by a) avoiding difficult to obtain and hazardous starting
materials and additional reactants, b) increasing the efficiency of reactions and minimizing by-product
formation (e.g., the use of selective catalysts), c) reducing energy consumption, and d) minimizing
hazardous waste (e.g., using safer or even no solvent and ensuring facile isolation). In this context, an
ideal amide bond formation reaction would be:

• Directly between carboxylic acids and amines and would not require the isolation of intermediates;
• Catalytic and atom efficient (e.g., no coupling reagents);
• Waste free (e.g., no solvents and minimal purification); and
• Fast (no extended reaction times) [17,18].

Due to the ecological and economic advantage of obtaining amides directly from carboxylic acids
and amines, several groups have explored this possibility in recent years. The resulting methods
include, for example, reflux in toluene in the presence of a Zr(IV) catalyst [19]. A similar transformation
was achieved at a lower temperature (reflux of diethyl ether/toluene) in the presence of molecular
sieves, but it also required an expensive catalyst (Hf(IV) or Zr(IV)) and long reaction times measured
in days [20].

Microwave-assisted rapid organic reactions are an attractive green technology with great potential
to meet many of the above-mentioned criteria [21]. It has been noticed that microwave synthesis
increases the yield of the reaction, reduces the formation of wasteful by-products, increases the
reproducibility of the reaction, and reduces reaction times. It allows also for the use of solid substrates
(provided an adequate melting point of at least one reagent) without the requirement of their previous
dissolution [22–24]. Consequently, microwave radiation was recently used for the synthesis of primary
amides from carboxylic acids and urea in the presence of catalytic amounts of cerium ammonium
nitrate [25,26], as well as for direct amidation, allowing for shortening of the reaction times and
more energy-efficient heating [27,28]. However, these methods require a solvent and the presence of
near-stoichiometric amounts of TiO2 (33.3 wt%) or excess silica gel, which facilitate the transformation,
contributing to significant waste generation. In addition, in order to isolate products, column
chromatography was needed.

2. Results and Discussion

In this paper, we report a microwave-assisted synthetic protocol for the preparation of amides
directly from carboxylic acids and amines in very good to excellent yields at reaction times significantly
shorter (one to few hours) than those of many previously reported direct amidations. Our protocol also
eliminates the need for a solvent or any additional reagents, a significant advantage over previously
reported methods. In addition, the reaction occurs in the presence of trace amounts (0.1–2 mol%) of
ceric ammonium nitrate (CAN), a common catalyst for microwave reactions [29,30], or even without
a catalyst at all (for some substrates) (Scheme 1). Pure products were isolated through extraction
with ethyl acetate/water mixtures (acidic, basic, or saline) without the need for tedious column
chromatography. Additionally, this process separated any traces of the catalyst, enabling the recovery
of cerium, and minimizing any potential environmental threat and increasing the economics of the
process. As such, this methodology is a major leap forward in the endeavor of developing an ideal
green synthesis of amide bonds.
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Scheme 1. Direct amidation from carboxylic acid and amine as a substrate.

This robust reaction was investigated in more detail to evaluate the role of the environmental
conditions and chemical components of the process. The aim of these efforts was to maximize the
reaction efficiency, while minimizing the time and energy needed for the reaction to occur, making
this transformation as “green” as possible. We selected p-toluidine and an appropriate acid as model
substrates and varied the concentration of the catalyst and reaction conditions. A summary of the
results of these experiments is provided in Tables 1–3. The optimal conditions of the reactions for each
acid substrate are marked in red.

Table 1. Optimization of the reaction conditions for phloretic acid and p-toluidine.

Entry Catalyst t [h] T [◦C] Yield [%]

1 2 mol% 2 60–65 trace
2 2 mol% 2 80–85 30
3 2 mol% 2 100–105 88
4 2 mol% 2 120–125 95
5 2 mol% 2 160–165 94
6 2 mol% 0.5 120–125 52
7 none 2 120–125 71
8 none 5 120–125 85
9 0.1 mol% 2 120–125 79
10 0.1 mol% 3 120–125 87
11 0.1 mol% 5 120–125 93

Table 2. Optimization of the reaction conditions for phenylacetic acid and p-toluidine.

Entry Catalyst t [h] T [◦C] Yield [%]

1 none 2 120–125 73
2 none 2 160–165 87
3 2 mol% 2 120–125 71
4 2 mol% 2 160–165 98

Table 3. Optimization of the reaction conditions for benzoic acid and p-toluidine.

Entry Catalyst t [h] T [◦C] Yield [%]

1 2 mol% 2 80–85 trace
2 2 mol% 2 100–105 trace
3 2 mol% 2 120–125 18
4 2 mol% 2 140–145 45
5 2 mol% 2 160–165 75
6 2 mol% 5 160–165 95
7 none 2 160–165 trace
8 0.1 mol% 2 160–165 trace

Initially, for phloretic acid, reactions were performed with ceric ammonium nitrate (2 mol%)
as the catalyst and without any solvent, with temperatures varying from 60–65 ◦C to 160–165 ◦C
in 20-◦C intervals (Table 1, entries 1–5). As shown in Table 1, an improvement in the yield of the
reaction (assuming the same reaction times and other conditions being constant) was observed with an
increasing temperature until 120–125 ◦C, above which no further difference could be noticed. Next, a
decrease in reaction times was investigated (Table 1, entry 4 and 6), showing that 2 h is the optimal
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time for this particular reaction. We also tested the influence of the amount of catalyst on the yield of
the reaction (Table 1, entry 7–11) and showed, remarkably, that even in its absence, the reaction occurs
in very good yields, which can be further improved by increasing the reaction times. In fact, the same
yield can be obtained with 0.1 mol% of CAN and 5 h of reaction as with 2 mol% CAN in 2 h. Therefore,
it is now up to the chemist to decide whether, for his or her needs, it is better to continue a reaction for
longer but avoid the use of a catalyst, or reduce the reaction time by half or more by adding a catalyst.

Similar behavior was observed for another alkyl-carboxylic acid, phenylacetic acid (Table 2). The
reaction was shown to yield the desired product without the use of a catalyst within 2 h, and an
increase of the temperature from 120–125 ◦C to 160–165 ◦C further improved the yield. However, in
order to ensure near-quantitative transformation of the substrates to the products, the reaction had to
be performed in the presence of 2 mol% of a catalyst for 2 h and in 160–165 ◦C (higher than in the case
of phloretic acid).

We also used an aryl-carboxylic acid, benzoic acid, and performed a similar screen of the conditions
(Table 3). We found that in order to obtain near-quantitative yields similar to those with phloretic
acid, 2 mol% of catalyst and a temperature of 160–165 ◦C (as in the case of phenylacetic acid) was
required, together with a prolonged (5 h) reaction time. Interestingly, for this substrate, the lack of a
catalyst (or trace amounts of it) inhibited the reaction (unlike in the case of the alkyl-carboxylic acids
described above). This indicates that reactions with benzoic acid derivatives occur significantly slower,
but the conditions can be adapted to obtain higher yields. To further investigate the role of CAN
in this reaction, we monitored its progress at different time points with NMR (the reaction between
benzoic acid and benzylamine was chosen as a model; Figure S1). Initially, no reaction occurs if catalyst
is not present and the reaction mixture does not heat up in a microwave (i.e., does not reach the
desired temperature). In the presence of CAN, signals from the desired product (amide) start to appear
already after 30 min from the beginning of the reaction (according to the NMR; Figure S1), reaching the
maximum in 2 h. Further heating does not lead to any change. This confirms the important role of
CAN in the reaction of an amine with benzoic acid under our experimental conditions, as also reported
previously for other amide bond formation protocols. Nevertheless, to date, the exact mechanism of
its involvement remains the subject of debate. One possible hypothesis could point to the catalytic
mechanism in which cerium(IV) ion in CAN acts as a Lewis acid or indirectly leads to the formation of
a Brønsted acid [31]. It is also possible to postulate an additional role of CAN as an acidic catalyst
through the “liberation” of nitric acid, acting analogously to carboxylic acid in a mechanism proposed
by Charville et al. [32]. In either case, acidic catalysis, whether involving the activation of carbonyl
carbon in carboxylic acid and/or the formation of a complex acting as a better leaving group, seems to
be the most plausible explanation. Nevertheless, deeper analysis of this mechanism would require
significant experimental and theoretical effort, which is outside the scope of this manuscript, but could
constitute a separate publication in the future.

To further validate the protocol, we selected a range of aromatic (anilines) and aliphatic
(benzylamines and alkylamines) amines, which differ in their nucleophilicity (with phenyl rings
bearing H, Me, OMe, or F substituents). Benzoic acid and phloretic acid were used as models
of aromatic and aliphatic carboxylic acids, respectively. The latter also bears a phenolic group,
demonstrating the compatibility of the protocol with such functionalities. In addition, phloretic acid
has been reported, together with its corresponding primary amide, as a new promising bioactive
scaffold, but the number of its derivatives remains limited [33].

The results of these experiments are summarized in Table 4. In order to enable a direct comparison
of the yields of these reactions between different acid substrates, we decided to select identical
intermediate reaction conditions for all experiments, which were as follows: 160–165 ◦C, 2 h, 2 mmol
(1 equivalent (eq) of carboxylic acid and 2.1 eq of amine, 2 mol% of a catalyst. In the case of the
reactions of benzylamine and p-methylbenzylamine with phloretic acid as well as putrescine (diamine)
with both acids, it was found that the use of excess acid was preferred to ensure full conversion of the
amine (Supplementary Materials). This allowed for an extraction-based purification, which otherwise
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(in case of standard protocol) required extra column chromatography for the separation of the mono
(benzylamines) and diamide (putrescine) products.

Table 4. Summary of amides synthesized within the scope of this work.
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that the melting point of at least one of them is below the temperature of the reaction. However, in 
such cases, the yields seem to drop. In particular, the yields of the reactions of benzoic and 
phenylacetic acids with anisidine (all substrates are solids) are relatively lower than for other 
reactions of these acids but with amines, which are liquid at room temperature (approximately 50% 
vs. 75% and 85% vs. >90%, respectively). In contrast, the reaction of solid anisidine with 4-
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Analysis of the reaction yields with respect to the chemical character of the substrates points to 
some interesting trends. The highest yields (above 90%) were observed for the reactions between 
phloretic acid and anilines, with little effect of the electron-withdrawing/electron-donating character 
of the analogous amine (the somewhat higher yields for p-methoxyaniline over p-fluoroaniline are 
not significant enough for reliable conclusions). The yields were similar for the phloretic acid 
reactions with alkylamines and benzylic amines bearing electron-withdrawing groups, while other 
benzylic amines gave lower yields. The tendency for higher yields with benzylamines bearing 
electron-poor phenyl rings over electron-rich analogues, observed for phloretic acid, translates also 
to reactions with benzoic acid. In general, reactions with benzoic acid gave significantly lower 
(although still satisfactory) yields than in the case of phloretic acid. The higher yields of this reaction 
for alkyl over aromatic carboxylic acids were confirmed by additional experiments with 4-
methylpentanoic acid and phenylacetic acid, each with one aniline (anisidine) and one benzylamine 
(p-fluorobenzylamine)-type amines (Table 4, bottom entries). Indeed, both acid substrates gave very 
high yields of the reactions, similar to the ones observed for phloretic acid. 

While a variation in the yields of the reactions seems to stem from the electronic properties of 
the carboxylic acid substrates (e.g., preference for aliphatic vs. aromatic), other factors (e.g., solubility, 
conformational flexibility of the substrates, polarity, CAN-complexation capacity of amine 
substrates, and others) cannot be excluded. Importantly, we observed that in our conditions, the 
reaction can take place even between two substrates, which are solids at room temperature, provided 
that the melting point of at least one of them is below the temperature of the reaction. However, in 
such cases, the yields seem to drop. In particular, the yields of the reactions of benzoic and 
phenylacetic acids with anisidine (all substrates are solids) are relatively lower than for other 
reactions of these acids but with amines, which are liquid at room temperature (approximately 50% 
vs. 75% and 85% vs. >90%, respectively). In contrast, the reaction of solid anisidine with 4-
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Analysis of the reaction yields with respect to the chemical character of the substrates points to 
some interesting trends. The highest yields (above 90%) were observed for the reactions between 
phloretic acid and anilines, with little effect of the electron-withdrawing/electron-donating character 
of the analogous amine (the somewhat higher yields for p-methoxyaniline over p-fluoroaniline are 
not significant enough for reliable conclusions). The yields were similar for the phloretic acid 
reactions with alkylamines and benzylic amines bearing electron-withdrawing groups, while other 
benzylic amines gave lower yields. The tendency for higher yields with benzylamines bearing 
electron-poor phenyl rings over electron-rich analogues, observed for phloretic acid, translates also 
to reactions with benzoic acid. In general, reactions with benzoic acid gave significantly lower 
(although still satisfactory) yields than in the case of phloretic acid. The higher yields of this reaction 
for alkyl over aromatic carboxylic acids were confirmed by additional experiments with 4-
methylpentanoic acid and phenylacetic acid, each with one aniline (anisidine) and one benzylamine 
(p-fluorobenzylamine)-type amines (Table 4, bottom entries). Indeed, both acid substrates gave very 
high yields of the reactions, similar to the ones observed for phloretic acid. 

While a variation in the yields of the reactions seems to stem from the electronic properties of 
the carboxylic acid substrates (e.g., preference for aliphatic vs. aromatic), other factors (e.g., solubility, 
conformational flexibility of the substrates, polarity, CAN-complexation capacity of amine 
substrates, and others) cannot be excluded. Importantly, we observed that in our conditions, the 
reaction can take place even between two substrates, which are solids at room temperature, provided 
that the melting point of at least one of them is below the temperature of the reaction. However, in 
such cases, the yields seem to drop. In particular, the yields of the reactions of benzoic and 
phenylacetic acids with anisidine (all substrates are solids) are relatively lower than for other 
reactions of these acids but with amines, which are liquid at room temperature (approximately 50% 
vs. 75% and 85% vs. >90%, respectively). In contrast, the reaction of solid anisidine with 4-
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Analysis of the reaction yields with respect to the chemical character of the substrates points to 
some interesting trends. The highest yields (above 90%) were observed for the reactions between 
phloretic acid and anilines, with little effect of the electron-withdrawing/electron-donating character 
of the analogous amine (the somewhat higher yields for p-methoxyaniline over p-fluoroaniline are 
not significant enough for reliable conclusions). The yields were similar for the phloretic acid 
reactions with alkylamines and benzylic amines bearing electron-withdrawing groups, while other 
benzylic amines gave lower yields. The tendency for higher yields with benzylamines bearing 
electron-poor phenyl rings over electron-rich analogues, observed for phloretic acid, translates also 
to reactions with benzoic acid. In general, reactions with benzoic acid gave significantly lower 
(although still satisfactory) yields than in the case of phloretic acid. The higher yields of this reaction 
for alkyl over aromatic carboxylic acids were confirmed by additional experiments with 4-
methylpentanoic acid and phenylacetic acid, each with one aniline (anisidine) and one benzylamine 
(p-fluorobenzylamine)-type amines (Table 4, bottom entries). Indeed, both acid substrates gave very 
high yields of the reactions, similar to the ones observed for phloretic acid. 

While a variation in the yields of the reactions seems to stem from the electronic properties of 
the carboxylic acid substrates (e.g., preference for aliphatic vs. aromatic), other factors (e.g., solubility, 
conformational flexibility of the substrates, polarity, CAN-complexation capacity of amine 
substrates, and others) cannot be excluded. Importantly, we observed that in our conditions, the 
reaction can take place even between two substrates, which are solids at room temperature, provided 
that the melting point of at least one of them is below the temperature of the reaction. However, in 
such cases, the yields seem to drop. In particular, the yields of the reactions of benzoic and 
phenylacetic acids with anisidine (all substrates are solids) are relatively lower than for other 
reactions of these acids but with amines, which are liquid at room temperature (approximately 50% 
vs. 75% and 85% vs. >90%, respectively). In contrast, the reaction of solid anisidine with 4-
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Analysis of the reaction yields with respect to the chemical character of the substrates points to 
some interesting trends. The highest yields (above 90%) were observed for the reactions between 
phloretic acid and anilines, with little effect of the electron-withdrawing/electron-donating character 
of the analogous amine (the somewhat higher yields for p-methoxyaniline over p-fluoroaniline are 
not significant enough for reliable conclusions). The yields were similar for the phloretic acid 
reactions with alkylamines and benzylic amines bearing electron-withdrawing groups, while other 
benzylic amines gave lower yields. The tendency for higher yields with benzylamines bearing 
electron-poor phenyl rings over electron-rich analogues, observed for phloretic acid, translates also 
to reactions with benzoic acid. In general, reactions with benzoic acid gave significantly lower 
(although still satisfactory) yields than in the case of phloretic acid. The higher yields of this reaction 
for alkyl over aromatic carboxylic acids were confirmed by additional experiments with 4-
methylpentanoic acid and phenylacetic acid, each with one aniline (anisidine) and one benzylamine 
(p-fluorobenzylamine)-type amines (Table 4, bottom entries). Indeed, both acid substrates gave very 
high yields of the reactions, similar to the ones observed for phloretic acid. 

While a variation in the yields of the reactions seems to stem from the electronic properties of 
the carboxylic acid substrates (e.g., preference for aliphatic vs. aromatic), other factors (e.g., solubility, 
conformational flexibility of the substrates, polarity, CAN-complexation capacity of amine 
substrates, and others) cannot be excluded. Importantly, we observed that in our conditions, the 
reaction can take place even between two substrates, which are solids at room temperature, provided 
that the melting point of at least one of them is below the temperature of the reaction. However, in 
such cases, the yields seem to drop. In particular, the yields of the reactions of benzoic and 
phenylacetic acids with anisidine (all substrates are solids) are relatively lower than for other 
reactions of these acids but with amines, which are liquid at room temperature (approximately 50% 
vs. 75% and 85% vs. >90%, respectively). In contrast, the reaction of solid anisidine with 4-
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Analysis of the reaction yields with respect to the chemical character of the substrates points to 
some interesting trends. The highest yields (above 90%) were observed for the reactions between 
phloretic acid and anilines, with little effect of the electron-withdrawing/electron-donating character 
of the analogous amine (the somewhat higher yields for p-methoxyaniline over p-fluoroaniline are 
not significant enough for reliable conclusions). The yields were similar for the phloretic acid 
reactions with alkylamines and benzylic amines bearing electron-withdrawing groups, while other 
benzylic amines gave lower yields. The tendency for higher yields with benzylamines bearing 
electron-poor phenyl rings over electron-rich analogues, observed for phloretic acid, translates also 
to reactions with benzoic acid. In general, reactions with benzoic acid gave significantly lower 
(although still satisfactory) yields than in the case of phloretic acid. The higher yields of this reaction 
for alkyl over aromatic carboxylic acids were confirmed by additional experiments with 4-
methylpentanoic acid and phenylacetic acid, each with one aniline (anisidine) and one benzylamine 
(p-fluorobenzylamine)-type amines (Table 4, bottom entries). Indeed, both acid substrates gave very 
high yields of the reactions, similar to the ones observed for phloretic acid. 

While a variation in the yields of the reactions seems to stem from the electronic properties of 
the carboxylic acid substrates (e.g., preference for aliphatic vs. aromatic), other factors (e.g., solubility, 
conformational flexibility of the substrates, polarity, CAN-complexation capacity of amine 
substrates, and others) cannot be excluded. Importantly, we observed that in our conditions, the 
reaction can take place even between two substrates, which are solids at room temperature, provided 
that the melting point of at least one of them is below the temperature of the reaction. However, in 
such cases, the yields seem to drop. In particular, the yields of the reactions of benzoic and 
phenylacetic acids with anisidine (all substrates are solids) are relatively lower than for other 
reactions of these acids but with amines, which are liquid at room temperature (approximately 50% 
vs. 75% and 85% vs. >90%, respectively). In contrast, the reaction of solid anisidine with 4-
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Analysis of the reaction yields with respect to the chemical character of the substrates points to 
some interesting trends. The highest yields (above 90%) were observed for the reactions between 
phloretic acid and anilines, with little effect of the electron-withdrawing/electron-donating character 
of the analogous amine (the somewhat higher yields for p-methoxyaniline over p-fluoroaniline are 
not significant enough for reliable conclusions). The yields were similar for the phloretic acid 
reactions with alkylamines and benzylic amines bearing electron-withdrawing groups, while other 
benzylic amines gave lower yields. The tendency for higher yields with benzylamines bearing 
electron-poor phenyl rings over electron-rich analogues, observed for phloretic acid, translates also 
to reactions with benzoic acid. In general, reactions with benzoic acid gave significantly lower 
(although still satisfactory) yields than in the case of phloretic acid. The higher yields of this reaction 
for alkyl over aromatic carboxylic acids were confirmed by additional experiments with 4-
methylpentanoic acid and phenylacetic acid, each with one aniline (anisidine) and one benzylamine 
(p-fluorobenzylamine)-type amines (Table 4, bottom entries). Indeed, both acid substrates gave very 
high yields of the reactions, similar to the ones observed for phloretic acid. 

While a variation in the yields of the reactions seems to stem from the electronic properties of 
the carboxylic acid substrates (e.g., preference for aliphatic vs. aromatic), other factors (e.g., solubility, 
conformational flexibility of the substrates, polarity, CAN-complexation capacity of amine 
substrates, and others) cannot be excluded. Importantly, we observed that in our conditions, the 
reaction can take place even between two substrates, which are solids at room temperature, provided 
that the melting point of at least one of them is below the temperature of the reaction. However, in 
such cases, the yields seem to drop. In particular, the yields of the reactions of benzoic and 
phenylacetic acids with anisidine (all substrates are solids) are relatively lower than for other 
reactions of these acids but with amines, which are liquid at room temperature (approximately 50% 
vs. 75% and 85% vs. >90%, respectively). In contrast, the reaction of solid anisidine with 4-
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Analysis of the reaction yields with respect to the chemical character of the substrates points to 
some interesting trends. The highest yields (above 90%) were observed for the reactions between 
phloretic acid and anilines, with little effect of the electron-withdrawing/electron-donating character 
of the analogous amine (the somewhat higher yields for p-methoxyaniline over p-fluoroaniline are 
not significant enough for reliable conclusions). The yields were similar for the phloretic acid 
reactions with alkylamines and benzylic amines bearing electron-withdrawing groups, while other 
benzylic amines gave lower yields. The tendency for higher yields with benzylamines bearing 
electron-poor phenyl rings over electron-rich analogues, observed for phloretic acid, translates also 
to reactions with benzoic acid. In general, reactions with benzoic acid gave significantly lower 
(although still satisfactory) yields than in the case of phloretic acid. The higher yields of this reaction 
for alkyl over aromatic carboxylic acids were confirmed by additional experiments with 4-
methylpentanoic acid and phenylacetic acid, each with one aniline (anisidine) and one benzylamine 
(p-fluorobenzylamine)-type amines (Table 4, bottom entries). Indeed, both acid substrates gave very 
high yields of the reactions, similar to the ones observed for phloretic acid. 

While a variation in the yields of the reactions seems to stem from the electronic properties of 
the carboxylic acid substrates (e.g., preference for aliphatic vs. aromatic), other factors (e.g., solubility, 
conformational flexibility of the substrates, polarity, CAN-complexation capacity of amine 
substrates, and others) cannot be excluded. Importantly, we observed that in our conditions, the 
reaction can take place even between two substrates, which are solids at room temperature, provided 
that the melting point of at least one of them is below the temperature of the reaction. However, in 
such cases, the yields seem to drop. In particular, the yields of the reactions of benzoic and 
phenylacetic acids with anisidine (all substrates are solids) are relatively lower than for other 
reactions of these acids but with amines, which are liquid at room temperature (approximately 50% 
vs. 75% and 85% vs. >90%, respectively). In contrast, the reaction of solid anisidine with 4-
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Analysis of the reaction yields with respect to the chemical character of the substrates points to 
some interesting trends. The highest yields (above 90%) were observed for the reactions between 
phloretic acid and anilines, with little effect of the electron-withdrawing/electron-donating character 
of the analogous amine (the somewhat higher yields for p-methoxyaniline over p-fluoroaniline are 
not significant enough for reliable conclusions). The yields were similar for the phloretic acid 
reactions with alkylamines and benzylic amines bearing electron-withdrawing groups, while other 
benzylic amines gave lower yields. The tendency for higher yields with benzylamines bearing 
electron-poor phenyl rings over electron-rich analogues, observed for phloretic acid, translates also 
to reactions with benzoic acid. In general, reactions with benzoic acid gave significantly lower 
(although still satisfactory) yields than in the case of phloretic acid. The higher yields of this reaction 
for alkyl over aromatic carboxylic acids were confirmed by additional experiments with 4-
methylpentanoic acid and phenylacetic acid, each with one aniline (anisidine) and one benzylamine 
(p-fluorobenzylamine)-type amines (Table 4, bottom entries). Indeed, both acid substrates gave very 
high yields of the reactions, similar to the ones observed for phloretic acid. 

While a variation in the yields of the reactions seems to stem from the electronic properties of 
the carboxylic acid substrates (e.g., preference for aliphatic vs. aromatic), other factors (e.g., solubility, 
conformational flexibility of the substrates, polarity, CAN-complexation capacity of amine 
substrates, and others) cannot be excluded. Importantly, we observed that in our conditions, the 
reaction can take place even between two substrates, which are solids at room temperature, provided 
that the melting point of at least one of them is below the temperature of the reaction. However, in 
such cases, the yields seem to drop. In particular, the yields of the reactions of benzoic and 
phenylacetic acids with anisidine (all substrates are solids) are relatively lower than for other 
reactions of these acids but with amines, which are liquid at room temperature (approximately 50% 
vs. 75% and 85% vs. >90%, respectively). In contrast, the reaction of solid anisidine with 4-
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Analysis of the reaction yields with respect to the chemical character of the substrates points to 
some interesting trends. The highest yields (above 90%) were observed for the reactions between 
phloretic acid and anilines, with little effect of the electron-withdrawing/electron-donating character 
of the analogous amine (the somewhat higher yields for p-methoxyaniline over p-fluoroaniline are 
not significant enough for reliable conclusions). The yields were similar for the phloretic acid 
reactions with alkylamines and benzylic amines bearing electron-withdrawing groups, while other 
benzylic amines gave lower yields. The tendency for higher yields with benzylamines bearing 
electron-poor phenyl rings over electron-rich analogues, observed for phloretic acid, translates also 
to reactions with benzoic acid. In general, reactions with benzoic acid gave significantly lower 
(although still satisfactory) yields than in the case of phloretic acid. The higher yields of this reaction 
for alkyl over aromatic carboxylic acids were confirmed by additional experiments with 4-
methylpentanoic acid and phenylacetic acid, each with one aniline (anisidine) and one benzylamine 
(p-fluorobenzylamine)-type amines (Table 4, bottom entries). Indeed, both acid substrates gave very 
high yields of the reactions, similar to the ones observed for phloretic acid. 

While a variation in the yields of the reactions seems to stem from the electronic properties of 
the carboxylic acid substrates (e.g., preference for aliphatic vs. aromatic), other factors (e.g., solubility, 
conformational flexibility of the substrates, polarity, CAN-complexation capacity of amine 
substrates, and others) cannot be excluded. Importantly, we observed that in our conditions, the 
reaction can take place even between two substrates, which are solids at room temperature, provided 
that the melting point of at least one of them is below the temperature of the reaction. However, in 
such cases, the yields seem to drop. In particular, the yields of the reactions of benzoic and 
phenylacetic acids with anisidine (all substrates are solids) are relatively lower than for other 
reactions of these acids but with amines, which are liquid at room temperature (approximately 50% 
vs. 75% and 85% vs. >90%, respectively). In contrast, the reaction of solid anisidine with 4-
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Analysis of the reaction yields with respect to the chemical character of the substrates points to 
some interesting trends. The highest yields (above 90%) were observed for the reactions between 
phloretic acid and anilines, with little effect of the electron-withdrawing/electron-donating character 
of the analogous amine (the somewhat higher yields for p-methoxyaniline over p-fluoroaniline are 
not significant enough for reliable conclusions). The yields were similar for the phloretic acid 
reactions with alkylamines and benzylic amines bearing electron-withdrawing groups, while other 
benzylic amines gave lower yields. The tendency for higher yields with benzylamines bearing 
electron-poor phenyl rings over electron-rich analogues, observed for phloretic acid, translates also 
to reactions with benzoic acid. In general, reactions with benzoic acid gave significantly lower 
(although still satisfactory) yields than in the case of phloretic acid. The higher yields of this reaction 
for alkyl over aromatic carboxylic acids were confirmed by additional experiments with 4-
methylpentanoic acid and phenylacetic acid, each with one aniline (anisidine) and one benzylamine 
(p-fluorobenzylamine)-type amines (Table 4, bottom entries). Indeed, both acid substrates gave very 
high yields of the reactions, similar to the ones observed for phloretic acid. 

While a variation in the yields of the reactions seems to stem from the electronic properties of 
the carboxylic acid substrates (e.g., preference for aliphatic vs. aromatic), other factors (e.g., solubility, 
conformational flexibility of the substrates, polarity, CAN-complexation capacity of amine 
substrates, and others) cannot be excluded. Importantly, we observed that in our conditions, the 
reaction can take place even between two substrates, which are solids at room temperature, provided 
that the melting point of at least one of them is below the temperature of the reaction. However, in 
such cases, the yields seem to drop. In particular, the yields of the reactions of benzoic and 
phenylacetic acids with anisidine (all substrates are solids) are relatively lower than for other 
reactions of these acids but with amines, which are liquid at room temperature (approximately 50% 
vs. 75% and 85% vs. >90%, respectively). In contrast, the reaction of solid anisidine with 4-
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Analysis of the reaction yields with respect to the chemical character of the substrates points to 
some interesting trends. The highest yields (above 90%) were observed for the reactions between 
phloretic acid and anilines, with little effect of the electron-withdrawing/electron-donating character 
of the analogous amine (the somewhat higher yields for p-methoxyaniline over p-fluoroaniline are 
not significant enough for reliable conclusions). The yields were similar for the phloretic acid 
reactions with alkylamines and benzylic amines bearing electron-withdrawing groups, while other 
benzylic amines gave lower yields. The tendency for higher yields with benzylamines bearing 
electron-poor phenyl rings over electron-rich analogues, observed for phloretic acid, translates also 
to reactions with benzoic acid. In general, reactions with benzoic acid gave significantly lower 
(although still satisfactory) yields than in the case of phloretic acid. The higher yields of this reaction 
for alkyl over aromatic carboxylic acids were confirmed by additional experiments with 4-
methylpentanoic acid and phenylacetic acid, each with one aniline (anisidine) and one benzylamine 
(p-fluorobenzylamine)-type amines (Table 4, bottom entries). Indeed, both acid substrates gave very 
high yields of the reactions, similar to the ones observed for phloretic acid. 

While a variation in the yields of the reactions seems to stem from the electronic properties of 
the carboxylic acid substrates (e.g., preference for aliphatic vs. aromatic), other factors (e.g., solubility, 
conformational flexibility of the substrates, polarity, CAN-complexation capacity of amine 
substrates, and others) cannot be excluded. Importantly, we observed that in our conditions, the 
reaction can take place even between two substrates, which are solids at room temperature, provided 
that the melting point of at least one of them is below the temperature of the reaction. However, in 
such cases, the yields seem to drop. In particular, the yields of the reactions of benzoic and 
phenylacetic acids with anisidine (all substrates are solids) are relatively lower than for other 
reactions of these acids but with amines, which are liquid at room temperature (approximately 50% 
vs. 75% and 85% vs. >90%, respectively). In contrast, the reaction of solid anisidine with 4-
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Analysis of the reaction yields with respect to the chemical character of the substrates points to 
some interesting trends. The highest yields (above 90%) were observed for the reactions between 
phloretic acid and anilines, with little effect of the electron-withdrawing/electron-donating character 
of the analogous amine (the somewhat higher yields for p-methoxyaniline over p-fluoroaniline are 
not significant enough for reliable conclusions). The yields were similar for the phloretic acid 
reactions with alkylamines and benzylic amines bearing electron-withdrawing groups, while other 
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Analysis of the reaction yields with respect to the chemical character of the substrates points to
some interesting trends. The highest yields (above 90%) were observed for the reactions between
phloretic acid and anilines, with little effect of the electron-withdrawing/electron-donating character of
the analogous amine (the somewhat higher yields for p-methoxyaniline over p-fluoroaniline are not
significant enough for reliable conclusions). The yields were similar for the phloretic acid reactions
with alkylamines and benzylic amines bearing electron-withdrawing groups, while other benzylic
amines gave lower yields. The tendency for higher yields with benzylamines bearing electron-poor
phenyl rings over electron-rich analogues, observed for phloretic acid, translates also to reactions
with benzoic acid. In general, reactions with benzoic acid gave significantly lower (although still
satisfactory) yields than in the case of phloretic acid. The higher yields of this reaction for alkyl over
aromatic carboxylic acids were confirmed by additional experiments with 4-methylpentanoic acid and
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phenylacetic acid, each with one aniline (anisidine) and one benzylamine (p-fluorobenzylamine)-type
amines (Table 4, bottom entries). Indeed, both acid substrates gave very high yields of the reactions,
similar to the ones observed for phloretic acid.

While a variation in the yields of the reactions seems to stem from the electronic properties of
the carboxylic acid substrates (e.g., preference for aliphatic vs. aromatic), other factors (e.g., solubility,
conformational flexibility of the substrates, polarity, CAN-complexation capacity of amine substrates,
and others) cannot be excluded. Importantly, we observed that in our conditions, the reaction can take
place even between two substrates, which are solids at room temperature, provided that the melting
point of at least one of them is below the temperature of the reaction. However, in such cases, the yields
seem to drop. In particular, the yields of the reactions of benzoic and phenylacetic acids with anisidine
(all substrates are solids) are relatively lower than for other reactions of these acids but with amines,
which are liquid at room temperature (approximately 50% vs. 75% and 85% vs. >90%, respectively).
In contrast, the reaction of solid anisidine with 4-methylpentanoic acid, which is a liquid at (room
temperature (rt), led to the isolation of a product in a very high yield (98%).

We also confirmed in preliminary experiments that the protocol developed within this work can
be applied to secondary amines. However, the optimized conditions of the reaction, together with
the purification protocols, require further elaboration, due to the lower polarity of tertiary amides
in comparison to secondary ones. This work is in progress and will be reported in the future in a
separate manuscript.

In order to further extend the utility of our protocol, while maintaining “green” reaction conditions,
we investigated the reactivity in the presence of water as an environmentally friendly solvent. In
solvent-free conditions, the minimal amount of the substrates required for a reaction to occur was
approximately 200 mg (for lower quantities, the reaction mixture could not be efficiently heated up in
a microwave reactor). The addition of water allowed us to perform reactions efficiently down to the
scale of a few dozens of milligrams, and also enabled amide bond formation between substrates with
higher melting points (Figure S3). The yields of these reactions were comparable to the yields obtained
with other similar substrates.

The biological activity of all prepared amide derivatives is under investigation in 2D cultures of
human cells as well as induced pluripotent (iPS) cells as biological models, and the results of these
studies, combining a larger library of amide derivatives, will be published elsewhere.

3. Materials and Methods

3.1. Chemistry—General Information

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Eurisotop
Saint-Aubin, France) (NMR solvents) and used without further purification. 1H NMR and 13C
NMR spectra were recorded on an AVANCE III Bruker spectrometer (Bruker Corporation, Billerica,
Massachusetts, USA) in DMSO-d6 at frequencies of 500 and 126 MHz, respectively. Spectra were
processed using MestReNova Version 9.0.1-13254. NMR data were reported as follows: Chemical shift
(δ), multiplicity (recorded as br, broad; s, singlet; d, doublet; t, triplet; q, quadruplet, and m, multiplet),
coupling constants (J in Hertz, Hz), and integration. The chemical shifts are expressed in parts per
million (ppm) and reported in relation to a residual solvent peak (2.50 and 39.5 ppm for 1H and 13C
NMR in DMSO-d6, respectively). High-resolution mass spectrometry (HRMS) was performed on a
Q-Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a
TriVersa NanoMate robotic nanoflow ESI ion source (Advion BioSciences ltd., Ithaca, NY, USA). The
nanoelectrospray chips with a nozzle diameter of 5.5 µm were used in order to obtain a stable ion
spray and Chipsoft software (ver. 8.3.1.1018) was applied to control the ESI ion source. Microwave
experiments were performed in a commercially available open microwave reactor (Magnum II) from
ERTEC-Poland Dr. Edward Reszke, Wroclaw, Poland. Microwave power was smoothly regulated in
the range from 0 to 750 W at a field frequency of 2.45 GHz. The temperature was monitored by a
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pyrometer and by monitoring the vapor temperature using a K-type thermocouple. Reactions were
carried out at atmospheric pressure in regular glass flasks equipped with a reflux condenser glass
topped with a free airflow tube with a drying agent.

3.2. Synthesis of Amides—General Procedure

Amine (4.2 mmol), carboxylic acid (2 mmol), and catalyst (ceric ammonium nitrate, CAN) (2
mol%) were added to an empty flask equipped with a reflux condenser at atmospheric pressure and
placed in a microwave set to maintain a constant temperature in the range of 160–165 ◦C for a given
time period (microwave power set up to 480 W but was smoothly and automatically controlled by
the software to keep the target temperature constant). After 2 h, the reaction mixture was allowed to
cool to room temperature, and subsequently, 25 mL of ethyl acetate were added. The organic phase
was washed with 3 × 15 mL of 2 M aqueous HCl, 3 × 15 mL of saturated aqueous NaHCO3, and
3 × 15 mL of saturated aqueous NaCl; filtered; and solvent from the organic fraction was removed
under reduced pressure to obtain the pure product. The compounds were fully characterized by 1H
NMR, 13C NMR, and high-resolution mass spectrometry (HRMS) (data shown in Supplementary
Materials—characterization of products (amides)—compounds 1–24).

As examples, the NMR spectra and HRMS results for two novel compounds that were obtained
within the scope of this work are shown below. A complete set of data for all new compounds not
reported previously in the literature (2, 4, 6, 8, 12, 14, 16, 18, 20, 22, and 24) and other synthesized
compounds is provided in the Supplementary Materials.

3-(4-hydroxyphenyl)-N-phenylpropanamide (2): Compound 2 was obtained in the form of a solid,
following the general procedure described above (yield = 94%, 92% and 96%—3 repeats). 1H NMR
(500 MHz, DMSO-d6) δ = 9.86 (s, 1H), 9.15 (s, 1H), 7.62–7.54 (m, 2H), 7.28 (t, J = 7.9 Hz, 2H), 7.06–6.99 (m,
3H), 6.70–6.62 (m, 2H), 2.80 (t, J = 7.7 Hz, 2H), 2.56 (t, J = 7.7 Hz, 2H). 13C NMR (126 MHz, DMSO-d6)
δ = 171.0, 155.9, 139.7, 131.7, 129.5, 129.1, 123.4, 119.5, 115.5, 38.9, 30.6. HRMS [M + H]+ calcd for
C15H15NO2: 242.1175, found: 242.1154.

3-(4-hydroxyphenyl)-N-(p-tolyl)propanamide (4): Compound 4 was obtained in the form of a solid,
following the general procedure described above (yield = 89 and 95%—2 repeats). 1H NMR (500 MHz;
DMSO-d6) δ = 9.77 (s, 1H), 9.15 (s, 1H), 7.46 (d, J = 8.2 Hz, 2H), 7.08 (d, J = 8.2 Hz, 2H), 7.03 (d, J = 8.2 Hz,
2H), 6.67 (d, J = 8.4 Hz, 2H), 2.79 (t, J = 8.7, 6.7 Hz, 2H), 2.53 (t, J = 8.7, 6.8 Hz, 2H), 2.23 (s, 3H). 13C
NMR (126 MHz, DMSO-d6) δ = 170.8, 155.9, 137.2, 132.3, 131.7, 129.5, 129.5, 119.6, 115.5, 38.9, 30.6, 20.9.
HRMS [M + H]+ calcd for C16H17NO2: 256.1321, found: 256.1332.

4. Conclusions

In conclusion, we developed a cheap, universal, high-yielding, and green method for the direct
amidation of carboxylic acids with different amines. The use of microwave energy remarkably facilitates
this otherwise very difficult direct transformation, without the need for any coupling reagents. Its
versatility in terms of the substrates extends from electron rich to electron poor, aliphatic and aromatic
amines and carboxylic acids. This, together with the lack of solvents (except water in some cases) and
even catalyst, fast reaction kinetics (significantly faster than under standard conditions where direct
amidations with catalyst last for days [18,19]), simplicity of purification, and scalability (from dozens
of milligrams to grams), combined with the high atom efficiency puts the reported protocol at the
forefront of synthetic methodologies for the sustainable formation of amide bonds.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/8/1761/s1,
Figure S–Figure S: 1H and 13C NMR and HRMS data of all the compounds. Table S1: MS and 1H NMR Spectra for
the analysis of by-products measured at different times, compound 9. Table S2: 1H NMR Spectra from the product
obtained from the procedure for a reaction in water (on a smaller scale). Table S3: Physical state of substrates
at RT. Any synthesis that is different from the general procedure is described in Supplementary Information.
Optimization of reaction conditions has also been included there.

http://www.mdpi.com/1420-3049/25/8/1761/s1


Molecules 2020, 25, 1761 8 of 9

Author Contributions: Conceptualization, W.T.M., and J.L.K.; methodology, A.P.Z.; investigation, A.P.Z.;
writing—original draft preparation, A.P.Z.; writing—review and editing, J.L.K., W.T.M.; supervision, W.T.M.,
J.L.K.; project administration, W.T.M.; funding acquisition, W.T.M., J.L.K. All authors have read and agreed to the
published version of the manuscript.

Funding: We would like to acknowledge technical and infrastructural support from a Laboratory of Mass
Spectrometry and Laboratory of NMR at IBCH PAS. J.L.K. acknowledges funding from Foundation for Polish
Science (Homing grant no HOMING/2017-4/33) for a project entitled “MultiGATE: dual-analyte responsive
fluorescent probes for a real-time multi-parametric sensing in cellular models”. A.P.Z. and W.T.M. received
funding from the NCBR (National Centre for Research and Development, Poland) – Strategmed programme
STRATEGMED1/233624/5/NCBR/2014 “Low molecular weight epigenetic modulators for activation of pluripotency
of cells for regenerative medicine purposes”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Montalbetti, C.A.G.N.; Falque, V. Amide bond formation and peptide coupling. Tetrahedron 2005, 61,
10827–10852. [CrossRef]

2. Lanigan, R.M.; Sheppard, T.D. Recent developments in amide synthesis: Direct amidation of carboxylic acid
and transamidation reactions. Eur. J. Org. Chem. 2013, 2013, 7453–7465. [CrossRef]

3. Pattabiraman, V.R.; Bode, J.W. Rethinking amide bond synthesis. Nature 2011, 480, 471–479. [CrossRef]
[PubMed]

4. Lundberg, H.; Tinnis, F.; Selander, N.; Adolfsson, H. Catalytic amide formation from non-activated carboxylic
acids and amines. Chem. Soc. Rev. 2014, 43, 2714–2742. [CrossRef]

5. Gernigon, N.; Al-Zoubi, R.M.; Hall, D.G. Direct amidation of carboxylic acids catalyzed by ortho-iodo
aryliboronic acids: Catalyst optimization, scope, and preliminary mechanistic study supporting a peculiar
halogen acceleration effect. J. Org. Chem. 2012, 77, 8386–8400. [CrossRef]

6. Marcelli, T. Mechanistic insights into direct amide bond formation catalyzed by boronic acids: Halogens as
Lewis bases. Angew. Chem. Int. Ed. Engl. 2010, 49, 6840–6843. [CrossRef]

7. Humphrey, J.M.; Chamberlin, A.R. Chemical synthesis of natural product peptides: coupling methods for
the incorporation of noncoded amino acids into peptides. Chem. Rev. 1997, 97, 2243–2266. [CrossRef]

8. Roughley, S.D.; Jordan, A.M. The medicinal chemist’s toolbox: An analysis of reactions used in the pursuit of
drug candidates. J. Med. Chem. 2011, 54, 3451–3479. [CrossRef]

9. Beringer, M.; Rodnina, M.V. The ribosomal peptidyl transferase. Mol. Cell. 2007, 26, 311–321. [CrossRef]
10. Polacek, N.; Mankin, A.S. The ribosomal peptidyl transferase center: Structure, function, evolution, inhibition.

Crit. Rev. Biochem. Mol. Biol. 2005, 40, 285–311. [CrossRef]
11. Hodge, P.; Sherrington, D.C. Polymer-supported Reactions in Organic Synthesis; J. Wiley & Sons: Chichester,

UK, 1980.
12. Fatemi, S.; Gernigon, N.; Hall, D.G. A multigram-scale lower E-factor procedure for MIBA-catalyzed direct

amidation and its application to the coupling of alpha and beta aminoacids. Green Chem. 2015, 17, 4016–4028.
[CrossRef]

13. Valeur, E.; Bradley, M. Amide bond formation: Beyond the myth of coupling reagents. Chem. Soc. Rev. 2009,
38, 606–631. [CrossRef] [PubMed]

14. Sheehan, J.C.; Hess, G.P. A new method of forming peptide bonds. J. Am. Chem. Soc. 1955, 77, 1067–1068.
[CrossRef]

15. Castro, B.; Dormoy, J.R. Le perchlorate de chlorotrisdimethyl-aminophosphonium: Un nouveau reactif pour
le couplage peptidique. Tetrahedron Lett. 1972, 13, 4747–4750. [CrossRef]

16. Bofill, J.M.; Albericio, F. Understanding the structure/reactivity of aminium/uronium salts as coupling
reagents in peptide synthesis. Tetrahedron Lett. 1999, 40, 2641–2644. [CrossRef]

17. Braddock, D.C.; Lickiss, P.D.; Rowley, B.C.; Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussel, S.J. Tetramethyl
orthosilicate (TMOS) as a reagent for direct amidation of carboxylic acids. Org. Lett. 2018, 20, 950–953.
[CrossRef]

18. Wang, X.; Yang, Q.; Liu, F.; You, Q. Microwave-Assisted Synthesis of Amide under Solvent-free Conditions.
Synth. Commun. 2008, 38, 1028–1035. [CrossRef]

http://dx.doi.org/10.1016/j.tet.2005.08.031
http://dx.doi.org/10.1002/ejoc.201300573
http://dx.doi.org/10.1038/nature10702
http://www.ncbi.nlm.nih.gov/pubmed/22193101
http://dx.doi.org/10.1039/C3CS60345H
http://dx.doi.org/10.1021/jo3013258
http://dx.doi.org/10.1002/anie.201003188
http://dx.doi.org/10.1021/cr950005s
http://dx.doi.org/10.1021/jm200187y
http://dx.doi.org/10.1016/j.molcel.2007.03.015
http://dx.doi.org/10.1080/10409230500326334
http://dx.doi.org/10.1039/C5GC00659G
http://dx.doi.org/10.1039/B701677H
http://www.ncbi.nlm.nih.gov/pubmed/19169468
http://dx.doi.org/10.1021/ja01609a099
http://dx.doi.org/10.1016/S0040-4039(01)94418-1
http://dx.doi.org/10.1016/S0040-4039(99)00262-2
http://dx.doi.org/10.1021/acs.orglett.7b03841
http://dx.doi.org/10.1080/00397910701860372


Molecules 2020, 25, 1761 9 of 9

19. Lundberg, H.; Adolfsson, H. Hafnium-Catalyzed Direct Amide Formation at Room Temperature. ACS Catal.
2015, 5, 3271–3277. [CrossRef]

20. Allen, C.L.; Chhatwal, A.R.; Williams, J.M.J. Direct amide formation from unactivated carboxylic acids and
amines. Chem. Commun. 2012, 48, 666–668. [CrossRef]

21. de la Hoz, A.; Diaz-Ortis, A.; Moreno, A.; Langa, F. Cycloaddition under microwave irradiation conditions:
Methods and applications. Eur. J. Org. Chem. 2000, 3659–3673. [CrossRef]

22. Adam, D. Microwave chemistry: Out of the kitchen. Nature 2003, 421, 571–572. [CrossRef] [PubMed]
23. Swamy, K.M.K.; Yeh, W.B.; Lin, M.J.; Sun, C.M. Microwave-assisted polymer-supported combinatorial

synthesis. Curr. Med. Chem. 2003, 10, 2403–2423. [CrossRef] [PubMed]
24. Kappe, C.O. Controlled microwave heating in modern organic synthesis. Angew. Chem. Int. Ed. 2004, 43,

6250–6284. [CrossRef] [PubMed]
25. Reddy, C.S.; Raghu, M.; Nagaraj, A. Ceric ammonium nitrate (CAN) promoted efficient solid phase synthesis

of amide derivatives: A green approach. Indian J. Chem. 2008, 47B, 315–318. [CrossRef]
26. Gupta, N.; Singh, M. Microwave Assisted High Speed Chemistry, A New Technology for Pharmaceutical

Industry. Asian J. Chem. 2012, 24, 5937–5938.
27. Ojeda-Porras, A.; Hernández-Santana, A.; Gamba-Sánchez, D. Direct amidation of carboxylic acids with

amines under microwave irradiation using silica gel as a solid support. Green Chem. 2015, 17, 3157. [CrossRef]
28. Gaudino, E.C.; Carnaroglio, D.; Nunes, M.A.G.; Schmidt, L.; Flores, E.M.M.; Deiana, C.; Sakhno, Y.;

Martrac, G.; Cravotto, G. Fast TiO2-catalyzed direct amidation of neat carboxylic acids under mild dielectric
heating. Catal. Sci. Technol. 2014, 4, 1395. [CrossRef]

29. Xianghua, Y.; Changjuan, X.; Yanferg, J. Regioselective nitration of N,N-dialkylanilines using cerium
ammonium nitrate in acetonitrile. Tetrahedron Lett. 2005, 46, 8781.

30. Nair, V.; Panicker, S.B.; Nair, L.G.; George, T.G.; Augustine, A. Carbon-Heteroatom Bond-Forming Reactions
Mediated by Cerium(IV) Ammonium Nitrate: An Overview. Synlett 2003, 156–165. [CrossRef]

31. Sridharan, V.; Menéndez, J.C. Cerium(IV) Ammonium Nitrate as a Catalyst in Organic Synthesis. Chem. Rev.
2010, 110, 3805–3849. [CrossRef]

32. Charville, H.; Jackson, D.A.; Hodges, G.; Whiting, A.; Wilson, M.R. The Uncatalyzed Direct Amide Formation
Reaction – Mechanism Studies and the Key Role of Carboxylic Acid H-Bonding. European J. Org. Chem. 2011,
30, 5981–5990. [CrossRef]

33. Barciszewski, J.; Rychlewski, L.; Celewicz, L.; Ciszewski, K.; Wyszko, E.; Rolle, K. Method of Manufacturing
3-(4-Hydroxyphenyl)propanoic Acid Amide, Its Application in the Manufacture of Anti-Aging Compositions
and Anti-Aging Composition. US Patent 8,249,334 (US2008249334A1), 9 October 2008. Patent owner: Instytut
Chemii Bioorganicznej PAN, Poland.

Sample Availability: Samples of the compounds are not available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acscatal.5b00385
http://dx.doi.org/10.1039/C1CC15210F
http://dx.doi.org/10.1002/1099-0690(200011)2000:22&lt;3659::AID-EJOC3659&gt;3.0.CO;2-0
http://dx.doi.org/10.1038/421571a
http://www.ncbi.nlm.nih.gov/pubmed/12571563
http://dx.doi.org/10.2174/0929867033456594
http://www.ncbi.nlm.nih.gov/pubmed/14529482
http://dx.doi.org/10.1002/anie.200400655
http://www.ncbi.nlm.nih.gov/pubmed/15558676
http://dx.doi.org/10.1002/chin.200820045
http://dx.doi.org/10.1039/C5GC00189G
http://dx.doi.org/10.1039/C4CY00038B
http://dx.doi.org/10.1055/s-2003-36775
http://dx.doi.org/10.1021/cr100004p
http://dx.doi.org/10.1002/ejoc.201100714
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Chemistry—General Information 
	Synthesis of Amides—General Procedure 

	Conclusions 
	References

