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Direct additive-free N-formylation
and N-acylation of anilines

and synthesis of urea derivatives
using green, efficient, and reusable
deep eutectic solvent
([ChCII[ZNnCl,],)

Fatemeh Abbasi & Ali Reza Sardarian™

In the current report, we introduce a simple, mild efficient and green protocol for N-formylation and
N-acetylation of anilines using formamide, formic acid, and acetic acid as inexpensive, nontoxic,

and easily available starting materials just with heating along stirring in [ChCI][ZnCl,], as a durable,
reusable deep eutectic solvent (DES), which acts as a dual catalyst and solvent system to produce a
wide range of formanilides and acetanilides. Also, a variety of unsymmetrical urea derivatives were
synthesized by the reaction of phenyl isocyanate with a range of amine compounds using this benign
DES in high to excellent yields. [ChCI][ZnCl,], showed good recycling and reusability up to four runs
without considerable loss of its catalytic activity.

Keywords N-Formylation, N-Acylation, Deep eutectic solvent, Unsymmetrical ureas, Acetic acid,
Formamide, Phenyl isocyanate

Amides are an extremely significant class of compounds with multiple uses in both the commercial and academic
communities', which are used in drugs (Fig. 1)*?, dyes, natural products, and a wide range of polymers**. N-aryl
carboxamides are an important amide class that is found in numerous medications’. For example, a long-acting
B,-agonist used in the treatment of asthma and chronic obstructive pulmonary disease is formoterol, atorvastatin
is used as a medicine to treat dyslipidemia and prevent cardiovascular diseases®’ and paracetamol is widely used
as a non-narcotic pain reliever and fever medicine'®!!. A significant problem in organic chemistry is develop-
ing a practical and effective synthetic method for amide bond formation given the considerable importance
of amide in biological systems and medicinal chemistry. As a result, numerous synthetic methods to generate
amide bonds have been suggested.

There are a variety of synthetic processes that can be used to obtain amides, including the reaction of carbox-
ylic acid derivatives (other than amides) with amines or ammonia'*™%, the reaction of amines with aldehydes or
alcohols'", or formamide'®!? and the hydration of nitriles®. Direct amidation, which involves the use of aro-
matic or aliphatic amines with carboxylic acid in the presence of stoichiometric amounts of activating reagents, is
the common method and most used technique for forming amide bonds***2. Huge costs, high temperature, con-
siderable amount of chemical waste generation, and potential environmental issues have led to the development
of several alternative synthetic methods®, among which transamidation reaction is a common nucleophilic acyl
substitution method in synthetic organic chemistry between a carboxamide and an amine?*%. Since uncatalyzed
transamidation requires extremely high temperatures, numerous techniques have been developed to resolve this
matter by utilizing catalysts or activating reagents'>?. Although the direct transamidation method appears to
be relatively uncommon because of the low electrophilic character of the carbonyl amide group, it is possible to
activate this functional group with suitable catalytic systems and promote the generation of new carboxamide
derivatives?. There have been some innovative transamidation examples that utilize both homogeneous and het-
erogeneous catalysts like CeO,?, Ni(quin),*, Pd(OAc),", Fe(NO;);-9H,0", Pd/NHC(N-Heterocyclic Carbene)
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Figure 1. Amide frameworks in bioactive substances.

complexes™, AICL;*%, Sc(OTf);*, Cu(OAc),*, Zirconocene dichloride (Cp,ZrCl,)*, hypervalent iodobenzene
diacetate®®. In addition, Et;N*"*, L-proline®, chitosan®’, ionic liquid*!, and boric acid*’. Although the existing
methodologies have their advantages, all of the reported protocols suffer from some disadvantages including
costly and specialized transition metal catalysts, consuming stoichiometric amounts of the catalysts, prolonged
reaction times, harsh reaction conditions, and use of dangerous organic solvents. Therefore, access to more
efficient and environmentally friendly transamidation technologies is needed to solve the above-mentioned
problems.

Ureas and their derivatives are extremely significant nitrogen-containing carbonyl compounds that are abun-
dantly present in both natural and manufactured substances®. In addition, many biologically active substances
bear urea units in their structures such as anti-mycobacterial****, anti-fungal*®, anti-tumor**%, antagonists of
natural receptors*’, and enzyme inhibitors®. They have been deeply studied in many fields including infectious
diseases such as malaria® and tuberculosis®»**, immunology®*, oncology®>. Urea and its derivatives belonging to
arecognized class of molecules are widely used in agrochemistry®, material science®’, organic syntheses®®* and
medicinal chemistry®®®!. Many urea derivatives have biological properties, some of which are shown in Fig. 26>,

Due to their significance in numerous sectors, the synthesis of symmetrical and asymmetrical urea derivatives
has drawn a lot of attention. Several synthetic processes have been reported for the creation of urea structures®*®.
Many transition metal-catalyzed processes including metals like Pd**%7, Mn®, W%, Au’’, Ni”!, and Ru’? have
been used to synthesize urea. Conventional approaches, such as the interaction of amines with commercially
or in situ-produced isocyanates, continue to be one of the most straightforward and accessible ways to obtain
these molecules””*. Although different methods have been used for the synthesis of urea structures, they are not
without flaws. Low yields of the products, using expensive and complicated catalysts or reagents, long reaction
periods, and several-step isolation procedures limit their use in practical applications. In light of their numerous
crucial applications, they have gained a lot of attention in the development of innovative, effective, selective, and
environmentally friendly protocols for the synthesis of ureas”. Therefore, it would be advantageous to develop
an effective process for the synthesis of ureas without the use of hazardous organic solvents, hazardous or cor-
rosive reagents, or expensive catalysts.

Regarding to special features of deep eutectic solvents (DESs) as a class of ionic liquids’® such as low vapor
pressure, biodegradable and environmentally friendly systems, easy atom economic preparation, and excel-
lent chemical and thermal stability”’, they have received a lot of attention over the last decade. Thus, within
this context and our ongoing research in the application of DESs in organic chemistry’®-*, we plan to employ
[ChCI][ZnClL,], DES as a green solvent/catalyst system for the first time in the synthesis of carboxamides, such
as formanilides, acetanilides (Fig. 3), and also urea derivatives (Fig. 4).

Experimental section

General

All of the chemicals were purchased from chemical companies and used with no more purification. The thin
layer chromatography (TLC) plates were made by Merck Silica gel 60 F254. The 'H and *C NMR spectra were
recorded using a Bruker-400 MHz NMR spectrometer apparatus at ambient temperature (ppm), and the signals
are expressed at a downfield of TMS (8 0.00) as an internal standard in parts per million for each spectrum. For
'H NMR, the following parameters are displayed: chemical shift (ppm, scale), multiplicity (s =singlet, d = doublet,
t=triplet, q=quartet, and m = multiplet resonances), coupling constant (Hz), and integration data. Data for *C

Scientific Reports |

(2024) 14:7206 | https://doi.org/10.1038/s41598-024-57608-8 nature portfolio



www.nature.com/scientificreports/

s N
P
ee
X ")
NN N\
o) |
NH
Anti leukemic agent Anti parkinsonian
HaN Nl
oo A
0. OO0
I K/NMe N
HN HG OH
HIV-1 Protease inhibitor Anti viral
(0] CF3
~ o cl O
N 9 9 M
| S
HJ\NJ CLNJLN@ o8¢
H H N
Anti cancer Anthelmintic drug
\_ J

Figure 2. Biologically active unsymmetrical urea derivatives.
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Figure 3. Formylation and acylation of anilines in [ChCl][ZnCl], as a dual solvent/catalyst.
( ) )
N H /R
H C. [ChCI|[ZnCl,], N\H/N\R
Nog + "0 >
R" R 0]
R=H, Aryl, Alkyl
1=
9 R'= Aryl, Alkyl J

Figure 4. Synthesis of urea derivatives in [ChCl][ZnCl,], as a dual solvent/catalyst.
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NMR’s chemical shift (ppm, scale), multiplicity, and coupling constant are presented (Hz). Fourier transform
infrared (FT-IR) spectra of the compounds were recorded at room temperature using a Shimadzu FT-IR 8300
spectrophotometer between 400 and 4000 cm™'. Thermofinnigan’s Flash EA-1112 CHNS rapid elemental ana-
lyzer was employed to determine the elemental composition of products. Melting points were measured using
an Electrothermal 9100 instrument.

Preparation of [ChCI][ZnCl,], as deep eutectic solvent83

Choline chloride (ChCl) and zinc chloride (ZnCl,) were used as the hydrogen bond donors and acceptors
respectively in the production of this DES. Zinc(II) chloride (2 mmol, 0.272 g) and choline chloride (1 mmol,
0.139 g) were mixed, and the resulting combination was heated in an oil bath at 100 °C until it became a trans-
parent, homogenous, and colourless liquid. It was then allowed to cool at room temperature and used without
further purification.

General procedure for the preparation of formanilides from formamide (C1-13 in Table 2)
Into a 5 mL round bottom flask containing 6 mmol (3 mL) of DES ([ChCl][ZnCl,],), amine derivatives (1 mmol)
and formamide (1 mmol) were added and the mixture was vigorously stirred for 3.5 h at 80 °C. TLC was used to
track the reaction’s progress (ethyl acetate/n-hexane, 1:5). Upon completion of the reaction, the reaction mixture
was cooled down to the ambient temperature. The reaction mixture was then diluted with water (10 mL) and
extracted using ethyl acetate (2 x 5 mL). The organic layer was dried over anhydrous MgSO,, filtered, and con-
centrated with a rotary evaporator to generate the corresponding crude product. The pure product was provided
by recrystallizing the crude product in ethanol/n-hexane. The product’s identity and purity were all validated by
FT-IR, '"H NMR, *C NMR, and CHNS analyses.

The remaining aqueous solution was then heated at 70 °C for 30 min under a reduced vacuum to provide the
dry DES, which can be utilized in the next run without further activation.

General procedure for the preparation of acetanilide and formanilide from formic and acetic
acid (C17-26 in Table 4)

Amine derivatives (1 mmol), acetic acid (1 mmol, 0.06 mL), or formic acid (1 mmol, 0.04 mL) were placed into
a 5 mL round bottom flask containing 6 mmol (3 mL) of the DES ([ChCl][ZnCl,],) and heated at 70 °C under
solvent-free magnetic stirring for 3 h. The progress of the reaction was monitored by TLC (ethyl acetate/n-hexane
(1:5)). The reaction mixture was cooled down to room temperature after the reaction’s completion. Next, the
reaction mixture was diluted with 10 mL water and extracted with ethyl acetate (2 x 5 mL). To produce the cor-
responding crude product, the ethyl acetate layer was dried over anhydrous MgSO,, filtered, and concentrated
using a rotary evaporator. By recrystallizing in ethanol and n-hexane, the pure product was obtained. FT-IR, 'H
NMR, *C NMR, and CHNS analysis techniques were used to determine the product’s purity and identification.
The dry DES was obtained after heating the extract aqueous layer at 70 °C for 30 min under a reduced vacuum.

General procedure for the preparation of urea derivatives (C28-38 in Table 7)

Amine derivatives (1 mmol) and phenyl isocyanate (1 mmol) were mixed and stirred vigorously for a specified
time at 50 °C in a 5 mL round bottom flask containing 6 mmol (3 mL) of the DES ([ChCl][ZnCl,],). The reac-
tion’s progress was monitored using TLC (ethyl acetate/n-hexane (1:5)). Then, the reaction mixture was cooled
to reach room temperature. Afterward, the reaction mixture was diluted with 10 mL water and extracted with
ethyl acetate (2 x5 mL). The merged organic layer was dried over anhydrous MgSO,, filtered, and evaporated
using a rotary evaporator. Finally, the acquired crude was refined by recrystallization with ethanol/z-hexane.
The identification and purity of the product have been verified by FT-IR, 'H, *C NMR, and CHNS analyses. The
extracted aqueous layer was heated for 30 min at 70 °C under reduced pressure to afford the dried DES, which
can be directly employed in the next reaction.

Results and discussion

Optimization of the reaction factors for the synthesis of formanilides

To optimize the reaction conditions, formamide (A) and aniline (B) were chosen as model substrates and the
effect of the molar ratio of reagents, various amounts of DES, reaction time, and temperature were studied.
The findings are reported in Table 1. First, the catalytic activity of a wide range of readily accessible choline
chloride-based DESs was investigated in the model reaction (Table 1, entries 1-10). According to the findings
in Table 1 (entries 6-10), DESs prepared from choline chloride and metal chlorides exhibited better efficiency
as solvent/catalyst systems and the best result was produced when the model reaction was performed in [ChCl]
[ZnCl,], [ChCl][ZnCl,], (Table 1, entry 7). The reaction was done in the absence of to demonstrate the key role
of DES. After 24 h, the desired product was found in small amounts (Table 1, entry 11), These results show that
[ChCl][ZnCl,], is essential for the reaction to proceed and the best results were obtained when the molar ratio
of ChCl:ZnCl, was 1:2 (Table 1, entries 7, 15 and 16). The model reaction was then performed using ZnCl,, and
a lower yield of the amide product was achieved (Table 1, entry 12). The effect of [ChCl][ZnCl,], as a solvent/
catalyst system in various amounts was then studied (Table 1, entries 7,13 and 14) and using 6 mmol the DES
produced the highest yield of the expected product. It should also be mentioned that the effects of different molar
ratios of aniline and formamide in the model reaction were investigated, and it revealed that although all exam-
ined various molar ratios were effective but large amounts of raw materials remained intact when the molar ratio
less or higher than 1:1 was applied and made no significant impact on the amount of desired product (Table 1,
entries 7, 17 and 18). Additionally, it was observed that the transamidation reaction efficiency was sensitive to
the reaction temperature and the product yield reduced noticeably by decreasing temperature and reached its
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Entry Molar ratio A:B DES DES (mmol) (gmol™)* Temperature (°C) Time (h) Yield (%)
1 1:1 [ChCl][Ureal, 6 86.58 80 35 29
2 1:1 [ChCl][Thiourea], 6 97.29 80 35 38
3 1:1 [ChCl][Glycerol], 6 107.93 80 35 49
4 11 [ChCI][TEA], 6 146 80 35 2
5 1:1 [ChCI][BA], 6 127.95 80 35 31
6 11 [ChCI][FeCLy], 6 132.94 80 35 72
7 1:1 [ChCl][ZnCL,], 6 137.41 80 35 91
8 11 [ChCI][SnCL], 6 154.67 80 35 83
9 1:1 [ChCI][NiCL], 6 172.94 80 35 56
10 11 [ChCI][CuCL,], 6 136.17 80 35 67
11 1:1 - - - 80 35 23
12 1:1 ZnCl, - - 80 35 51
13 1:1 [ChCl][ZnCl,], 4 137.41 80 35 86
14 1:1 [ChCl][ZnCL], 8 137.41 80 35 91
15 11 [ChCl][ZnCL] 6 137.62 80 35 80
16 1:1 [ChCl],[ZnCl,] 6 137.12 80 35 71
17 12 [ChCl][ZnCL,], 6 137.41 80 35 86
18 21 [ChCl][ZnCL], 6 137.41 80 35 79
19 1:1 [ChCl][ZnCL,], 6 137.41 70 35 73
20 1:1 [ChCl][ZnCl,], 6 137.41 90 35 91
21 11 [ChCl][ZnCL], 6 137.41 100 35 87
22 1:1 [ChCl][ZnCL,], 6 137.41 80 2 79
23 1:1 [ChCl][ZnCl,], 6 137.41 80 5 91
24 11 [ChCl][ZnCL], 6 137.41 80 7 91

Table 1. Optimization of reaction parameters for one-pot synthesis of N-phenyl formamides. *“HBD,
Hydrogen bond donor; HBA, Hydrogen bond acceptor. The molecular mass (Mpys) of DES is measured from
Eq: Mpgs = x”BA*MxHBAiiﬂgg*M“BD, where Mp; is the molecular mass of DES in g.mol™, s and xypp are
the mole ratio of the HBA and HBD respectively; Mypp and My, are the molecular mass of the HBD and

HBA in g mol™!. *Isolated yield.

highest yield at 80 °C (Table 1, entries 7, 19-21). The investigation of the reaction time was also considered next
(Table 1, entries 7, and 22-24). Finally, it was found that the highest yield of the amide was produced at 80 °C in
3.5 h by the reaction of aniline (1 mmol) and formamide (1 mmol) in the presence of 3 mL (6 mmol) of [ChCl]
[ZnCl,], (Table 1, entry 7).

Under optimal conditions, aniline derivatives with both electron-donating and electron-withdrawing sub-
stituents underwent efficiently this conversion. However, anilines with electron-withdrawing groups had slightly
lower yields than those of anilines with electron-donating groups (Table 2, entries C1-13).

It should be noted that instead of primary aromatic amines, secondary aromatic amines did not undergo
N-formylation well and provided the related product in less than 5%. (Table 2, entry C14). Also, both types of
aliphatic amines such as benzylamine and morpholine did not take part in the reaction with formamide (Table 2,
entries C15-16).

For evaluating the efficiency of [ChCl][ZnCl,], in scaling up the present N-formylation reaction, an experi-
ment was performed using 10 mmol of aniline and 10 mmol of formamide in 30 mL of the DES at 80 °C. After
3.5 h, the related formanilide was isolated from the reaction mixture in 90% yield.

We also applied N-methylformamide and N,N-dimethylformamide as substrates instead of formamide, which
displayed low to moderate efficiency (Fig. 5).
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Table 2. Synthesis of formanilides in [ChCl][ZnClL,], as a solvent/catalyst system. Reaction conditions:
Aniline derivatives (1.0 mmol), formamide (1.0 mmol) and 3 mL of [ChCl][ZnCl,],. *Isolated yield. ®No
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Figure 5. Comparison of the reactivity of formamide, N-methylformamide and N,N-dimethylformamide
toward aniline as substrates.

In continuation, it was scheduled to provide formanilides and acetanilides from the reaction of anilines with
formic and acetic acid in the presence of DES.
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Table 3. Optimization of reaction parameters for one-pot synthesis of N-acyl aniline. “HBD, Hydrogen

bond donor; HBA, Hydrogen bond acceptor. The molecular mass (Mpgs) of DES is measured from Eq:

Mpgs = XHBA*MXHBAf;ggg* HED where Mpg; is the molecular mass of DES in g mol™, i and Xypp are the
mole ratio of the LIBA and HBD respectively; Mypp and My, are the molecular mass of the HBD and HBA in
g mol ™. ®Tsolated yield.

Optimization of reaction parameters of carboxylic acids with anilines
At first, aniline was treated individually with benzoic acid, acetic acid and formic acid but the expected reaction
with benzoic acid did not occur at all. The best reaction efficiencies were obtained when formic acid and acetic
acid were used. Therefore, we selected the reaction of acetic acid with aniline as the model to optimize the reac-
tion parameters. The desired reaction was carried out in different conditions, during which a series of parameters
including the molar ratio of reagents, types of DES, reaction time, and ultimately temperature were investigated
(Table 3). First, in the model reaction, the catalytic activity of a variety of choline chloride-based DESs was
examined. The data collected in Table 3 (Entries 1-6) disclosed that the DESs synthesized from choline chloride
and metal halides afforded higher yields of acetanilide (C) (Entries 4-6) and the highest efficiency was achieved
when the reaction was carried out in 6mmol of ChCl/ZnCl, at 80 °C after 3.5 h (Entry 4). The reaction was car-
ried out without using any DES to assess its performance. A significant reduction in the efficiency of the reaction
occurred, which demonstrates the requirement of the reaction to the DES for its completion (Table 3, entry 7).
The desired product was also formed when the model reaction was run in the presence of ZnCl, or ChCl
alone, however, the reaction efficiency was lower than when DES was applied (Table 3, entries 8 and 9). The
model reaction was then examined, in addition to 6mmol, in 4 and 8 mmol of DES, in which the lower yield
of the related product was produced (Table 3, entries 10 and 11). On the other hand, Table 3, entries 4, 12, and
13 showed that the greatest results were obtained when the molar ratio of zinc chloride to choline chloride was
two to one. Additionally, several molar ratios of acetic acid to aniline were examined in the model reaction and
it was found that the best outcome is obtained when a molar ratio is 1:1 (Table 3, entries 14 and 15). We also
took notice that the model’s reaction was effectively temperature-dependent and as temperature decreased, the
production efficiency of the required amide dramatically decreased and the highest result was achieved at 80 °C
(Table 3, entries 16-18). Finally, the reaction time was considered and clarified that the reaction afforded the
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largest amount of the related product after 3.5 h (Table 3, entries 19-21). Consequently, it was discovered that
the reaction of aniline (1 mmol) and acetic acid (1 mmol) in the presence of 3 mL (6 mmol) [ChCl][ZnCL],
produced the maximum yield of amide at 80 °C in 3.5 h (Table 3, entry 4).

After getting the optimized reaction parameters, a variety of anilines were treated with formic acid and acetic
acid to produce the title products in moderate to high yields, which the related data were registered in Table 4. In
general, the reaction of primary anilines was more efficient with formic acid than acetic acid and primary anilines
with electron-withdrawing substituent provided lower yield of the expected amides than aniline. N-methylaniline,
as a secondary aniline, did not undergo well the transamidation and supplied C27 in less than 5% yield even in a
longer time, 50 min. Also o-nitroaniline, which bears an electron-withdrawing substituent with some extent ortho
steric hindrance, carried out the reaction and furnished the corresponding acetanilide (C24) in moderate yield.

To investigate the value of this work, the results obtained from the application of DES in N-formylation and
N-acylation of anilines were compared with the outcome of the catalyzed N-formylation and N-acylation of
amines by some of the reported methods in the literature (Table 5). Although each of the methods mentioned
has its advantages but usually suffers from some problems, such as long reaction time and utilization rate of
catalyst, and also some of them require high temperatures to be done. As you can see, the DES catalyst is one
of the most efficient (Table 5, entry 6). Moreover, the synthesis of this catalyst is easy and cost-effective using
biocompatible, biodegradable, and inexpensive available raw materials and it is also used as a reaction solvent.
As a result, the catalyst system works very well, which can achieve the desired product in almost a short time
and high to good efficiency.

We also tested butyric acid, caproic acid, acetic anhydride, acetonitrile, and ethyl acetate as raw materials
instead of acetic acid. Except for butyric acid and caproic acid, which did not produce the expected products
(Table 6, entries 2 and 3), the others gave the desired product in low to good yields (Table 6, entries 1 and 4-6).

In continuing the present research and finding the potential of [ChCl][ZnCl], as a dual solvent/catalyst
system, the treatment of phenyl isocyanate with amines was explored to afford symmetrical and asymmetrical
urea derivatives.

Optimization of the reaction parameters of synthesis of urea derivatives

The reaction of phenyl isocyanate with aniline was picked up as the model reaction and its effectiveness was
checked in four choline chloride based-DES (Table 7, entries 1-4). The results of this study demonstrated that the
DES made from ChCl and ZnCl, ([ChCl][ZnCl],) exhibit the highest effectiveness (Table 7, entry 3). To highlight
the role of DES, the reaction was repeated separately in the absence of DES and also ZnCl,. These experiments
resulted in 80% and 86% respectively, which are less (Table 7, entries 5 and 6) than the effectiveness of the reac-
tion in the DES. The outcomes of performing the reaction in the DESs made from the different ratios of ChCl
and ZnCl, (Table 7, entries 3, 9, and 10) showed that the best result is obtained when this ratio is 1:2, [ChCI]
[ZnCl,],, (Table 7, entry 3). The exploring of the effect of the molar ratio of phenyl isocyanate to aniline in the
model reaction (Table 7, entries 3, 11, and 12) makes clear that the best output was achieved when a molar ratio
of 1:1 of phenyl isocyanate to aniline was utilized (Table 7, entry 3). The dependency of the reaction efficiency
to temperature was checked and the highest efficiency was observed when the reaction was carried out at 60 °C
(Table 7, entries 13 and 14). Lastly, the evaluation of reaction time showed that the model reaction is completed
after 8 min (Table 7, entries 15-17). It was found that the optimized conditions, which are utilized in the prepara-
tion of N-phenylurea derivatives, are: phenyl isocyanate (1 mmol), aniline derivative (1 mmol), 3 mL(6 mmol)
[ChCl][ZnCl,],, 60 °C, 8 min (Table 7, entry 3) (“Supplementary Information”).

After optimizing the factors of reaction, the reaction of phenyl isocyanate with a variety of aromatic and
aliphatic amines was assessed and the related information was summarized in Table 8. This work has shown that
both primary and secondary aliphatic and aromatic amines can provide the favorable results (Table 8, entries
C28-C38). It is also mentioned that aromatic amines with the electron-withdrawing group can also afford the
desired products satisfactorily (Table 8, entries C29 and C30). It was observed that the efficiency of the desired
product was extremely low and less than 10% when diphenylamine was utilized as a starting material. Addition-
ally, investigations into aliphatic amines were done and the outcomes are presented in Table 8 (Entries C34-C38).

For interpretation of the function of [ChCI][ZnClL,], in the above-mentioned reactions, a plausible mechanism
is illustrated in Fig. 6 for the preparation of formanilide through the transamidation reaction according to the
literature and the obtained result. Initially, the intermediate B is formed through the nucleophilic addition of
aniline on the activated carbonyl group of formamide. This intermediate undergoes proton exchange and then
loses ammonia with the aid of DES to produce the desired product C and regenerates the DES.

Recovery of DES ([ChCI][ZnCl.],) as a solvent/catalyst system

The scientific community has recently focused on the recyclability and reusability of catalysts, which are sig-
nificant characteristics of catalysts''>!"3. Recycling and reusing catalysts have a positive economic and environ-
mental impact, especially when applied to industrial processes''*. Therefore, the recyclability of [ChCl][ZnCl,],
as a solvent/catalyst system was checked in the transamidation reaction of formamide with aniline. Following
the completion of the reaction, the reaction’s crude was diluted with water (10 mL) and extracted with ethyl
acetate (2x 5 mL). Then, the aqueous layer was concentrated by evaporation of water at 70 °C under vacuum
conditions for 40 min. The dried DES was reused in a subsequent run of the model reaction. As demonstrated
in Fig. 7, there was a small decline in the catalytic activity of recycled [ChCl][ZnCl,], after four consecutive
cycles of catalyst reuse.
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Table 4. The reaction of aniline derivatives with carboxylic acids in [ChCl][ZnCl,], as a solvent/catalyst
system. Reaction conditions: Aniline derivatives (1.0 mmol), carboxylic acid derivatives (1.0 mmol) and 3 mL
of [ChCl][ZnClL,], as a solvent/catalyst. *Isolated yield.

Entry | Catalyst (g) Reaction conditions Time (h) | Yield (%) | References
1 Fe(OH),@Fe;O, NPs (0.030) | p-xylene, 140 °C 10 92 18

2 Fe,0,-CA (0.025) Neat, 120 °C 8 89 100

3 Graphene Oxide (0.050) Neat, 150 °C 24 76 1

4 Fe,0,-0SO,H (0.025) Neat, 120 °C 2 96 101

5 Free catalyst Neat, 150 °C, Under argon | 24 92 102

6 [ChCl][ZnCL], (0.82) DES, 80 °C 35 91 This work

Table 5. Comparison of different conditions for N-formylation and N-acylation of amines reaction.
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Table 6. The reaction of aniline with acylating agents in [ChCl][ZnCl,], as a solvent/catalyst system. Reaction
conditions: Aniline (1.0 mmol), acylating agents (1.0 mmol) and 3 mL of [ChCl][ZnCl,], as a solvent/catalyst.

3Isolated yield. ®No reaction.

Conclusions

In summary, we have described a novel and innovative, environmentally friendly, unique, distinct, and efficient
process for the one-pot N-formylation and N-acetylation of primary anilines. Remarkably, the current method
includes noteworthy features such as (i) using formamide, formic acid and acetic acid (as a natural material),
which are fairly inexpensive sources of carbonyl, (ii) application of the secure and environmentally benign sol-
vent/catalyst system ([ChCl][ZnCl,],), which is easily formed via an atom economical procedure, (iii) convenient
and straightforward purification and separation process, (iv) good to excellent yield of products, and (v) having
potential of scale up, (vi) reusability the DES employed at least for four times. This solvent/catalyst media is also
capable to promote efficiently the reaction of phenyl isocyanate with amines to provide unsymmetrical ureas.
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4 A
H H
NH, Nc. [ChCII[ZnCl,l, N\”/N
+ ~0 >
(@)
A B c
\_ J
Molar mass of DES
Entry Molar ratio A:B DES DES (mmol) (g mol™!)* Temperature (°C) Time (min) Yield (%)®
1 1:1 [ChCI][Urea], 6 86.58 60 8 67
2 1:1 [ChCl][Glycerol], 6 107.93 60 8 78
3 1:1 [ChCl][ZnCL,], 6 137.41 60 8 93
4 1:1 [ChCI][SnCL,), 6 154.67 60 8 91
5 1:1 - - - 60 8 80
6 1:1 ZnCl, - 60 8 86
7 1:1 [ChCl|[ZnCL], 4 137.41 60 8 91
8 1:1 [ChCI][ZnCL,], 8 137.41 60 8 93
9 1:1 [ChCI][ZnClL,] 6 137.62 60 8 88
10 1:1 [ChCl],[ZnCl,] 6 137.12 60 8 86
11 1:2 [ChCl][ZnCL,], 6 137.41 60 8 85
12 2:1 [ChCl][ZnCl,], 6 137.41 60 8 83
13 1:1 [ChCl][ZnCl,], 6 137.41 40 8 88
14 1:1 [ChCl][ZnCL], 6 137.41 80 8 93
15 1:1 [ChCl][ZnCL,], 6 137.41 60 5 83
16 1:1 [ChCl][ZnCl,], 6 137.41 60 10 93
17 1:1 [ChCl][ZnCL], 6 137.41 60 15 93

Table 7. Optimization of reaction parameters of one-pot synthesis of N-phenylurea derivatives. "HBD:
Hydrogen bond donor, HBA: Hydrogen bond acceptor. The molecular mass (Mpgs) of DES is measured from
Eq: Mpgs = W, where My is the molecular mass of DES in g.mol™, x ;54 and Xygp. are
the mole ratio of the LiBA and HBD respectively; Mypp and My, are the molecular mass of the HBD and
HBA in g mol™". *Isolated yield.
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Table 8. Synthesis of unsymmetrical N-phenylurea derivatives in [ChCl][ZnCl,], as a solvent/catalyst system.
Reaction conditions: Amine or amide derivatives (1.0 mmol), phenyl isocyanate (1.0 mmol) and 3 mL of
[ChCl][ZnCl,], as a solvent/catalyst. *Isolated yield.
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Figure 6. The proposed mechanism for transamidation of carboxamides by [ChCl][ZnCL,],.

100
91 88 88 -
9

Yield (%)
%

Run

Figure 7. Evaluation of recyclability and reusability of [ChCI][ZnCl,], in the transamidation reaction
formamide.

Data availability
Data is provided within the manuscript or supplementary information files.

Received: 17 January 2024; Accepted: 20 March 2024
Published online: 26 March 2024

References
1. Carey, J. S., Laffan, D., Thomson, C. & Williams, M. T. Analysis of the reactions used for the preparation of drug candidate
molecules. Org. Biomol. Chem. 4, 2337-2347. https://doi.org/10.1039/B602413K (2006).
2. Chen, ], Jia, J., Guo, Z., Zhang, J. & Xie, M. NH,I-promoted N-acylation of amines via the transamidation of DMF and DMA
under metal-free conditions. Tetrahedron Lett. 60, 1426-1429. https://doi.org/10.1016/j.tetlet.2019.04.040 (2019).
3. Ghosh, T., Jana, S. & Dash, J. KOtBu-promoted transition-metal-free transamidation of primary and tertiary amides with amines.
Org. Lett. 21, 6690-6694. https://doi.org/10.1021/acs.orglett.9b02306 (2019).

Scientific Reports | (2024) 14:7206 | https://doi.org/10.1038/s41598-024-57608-8 nature portfolio


https://doi.org/10.1039/B602413K
https://doi.org/10.1016/j.tetlet.2019.04.040
https://doi.org/10.1021/acs.orglett.9b02306

www.nature.com/scientificreports/

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Greenberg, A., Breneman, C. M. & Liebman, J. E The Amide Linkage: Structural Significance in Chemistry, Biochemistry, and
Materials Science (Wiley, 2000).

Cupido, T., Tulla-Puche, J., Spengler, J. & Albericio, F. The synthesis of naturally occurring peptides and their analogs. Curr.
Opin. Drug discov. Dev. 10, 768-783 (2007).

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. 97, 2243-2266. https://doi.org/10.1021/cr950005s (1997).

Ghose, A. K., Viswanadhan, V. N. & Wendoloski, J. J. A knowledge-based approach in designing combinatorial or medicinal
chemistry libraries for drug discovery. 1. A qualitative and quantitative characterization of known drug databases. J. Comb.
Chem. 1, 55-68. https://doi.org/10.1021/cc9800071 (1999).

Fuso, L., Mores, N., Valente, S., Malerba, M. & Montuschi, P. Long-acting beta-agonists and their association with inhaled
corticosteroids in COPD. Curr. Med. Chem. 20, 1477-1495 (2013).

Westergaard, C. G., Porsbjerg, C. & Backer, V. A review of mometasone furoate/formoterol in the treatment of asthma. Expert
Opin. Pharmacother. 14, 339-346. https://doi.org/10.1517/14656566.2013.761976 (2013).

Graham, G. G. & Scott, K. E. Mechanism of action of paracetamol. Am. J. Ther. 12, 46-55 (2005).

Gu, D.-W. & Guo, X.-X. Synthesis of N-arylcarboxamides by the efficient transamidation of DMF and derivatives with anilines.
Tetrahedron 71, 9117-9122. https://doi.org/10.1016/j.tet.2015.10.008 (2015).

Lanigan, R. M., Starkov, P. & Sheppard, T. D. Direct synthesis of amides from carboxylic acids and amines using B(OCH,CF;)5.
J. Org. Chem. 78, 4512-4523. https://doi.org/10.1021/j0400509n (2013).

Becerra-Figueroa, L., Ojeda-Porras, A. & Gamba-Sanchez, D. Transamidation of carboxamides catalyzed by Fe(III) and water.
J. Org. Chem. 79, 4544-4552. https://doi.org/10.1021/j0500562w (2014).

Valeur, E. & Bradley, M. Amide bond formation: Beyond the myth of coupling reagents. Chem. Soc. Rev. 38, 606-631. https://
doi.org/10.1039/B701677H (2009).

Xu, K., Hu, Y, Zhang, S., Zha, Z. & Wang, Z. Direct amidation of alcohols with N-substituted formamides under transition-
metal-free conditions. Chem. Eur. J. 18, 9793-9797. https://doi.org/10.1002/chem.201201203 (2012).

Gualtierotti, J. B. et al. Amidation of aldehydes and alcohols through a-iminonitriles and a sequential oxidative three-component
strecker reaction/thio-michael addition/alumina-promoted hydrolysis process to access f-mercaptoamides from aldehydes,
amines, and thiols. Chem. Eur. J. 18, 14812-14819. https://doi.org/10.1002/chem.201202291 (2012).

Ekoue-Kovi, K. & Wolf, C. One-pot oxidative esterification and amidation of aldehydes. Chem. Eur. ]. 14, 6302-6315. https://
doi.org/10.1002/chem.200800353 (2008).

Arefi, M. & Heydari, A. Transamidation of primary carboxamides, phthalimide, urea and thiourea with amines using Fe(OH),@
Fe;0, magnetic nanoparticles as an efficient recyclable catalyst. RSC Adv. 6, 24684-24689. https://doi.org/10.1039/C5RA27680B
(2016).

Bhattacharya, S., Ghosh, P. & Basu, B. Graphene oxide (GO) catalyzed transamidation of aliphatic amides: An efficient metal-
free procedure. Tetrahedron Lett. 59, 899-903. https://doi.org/10.1016/j.tetlet.2018.01.060 (2018).

Garcia-Alvarez, R., Crochet, P. & Cadierno, V. Metal-catalyzed amide bond forming reactions in an environmentally friendly
aqueous medium: Nitrile hydrations and beyond. Green Chem. 15, 46-66. https://doi.org/10.1039/C2GC36534K (2013).
Dunetz, J. R., Magano, J. & Weisenburger, G. A. Large-scale applications of amide coupling reagents for the synthesis of phar-
maceuticals. OPR&D. 20, 140-177. https://doi.org/10.1021/0p500305s (2016).

Galvez, A. O., Schaack, C. P, Noda, H. & Bode, ]. W. Chemoselective acylation of primary amines and amides with potassium
acyltrifluoroborates under acidic conditions. J. Am. Chem. Soc. 139, 1826-1829. https://doi.org/10.1021/jacs.7b00059 (2017).
Allen, C. L. & Williams, J. M. Metal-catalysed approaches to amide bond formation. Chem. Soc. Rev. 40, 3405-3415. https://doi.
0rg/10.1039/COCS00196A (2011).

Ojeda-Porras, A. & Gamba-Sanchez, D. Recent developments in amide synthesis using nonactivated starting materials. J. Org.
Chem. 81, 11548-11555. https://doi.org/10.1021/acs.joc.6b02358 (2016).

Li, G. & Szostak, M. Transition-metal-free activation of amides by N—-C bond cleavage. Chem. Rec. 20, 649-659. https://doi.org/
10.1002/tcr.201900072 (2020).

Acosta-Guzman, P, Mateus-Gomez, A. & Gamba-Sanchez, D. Direct transamidation reactions: Mechanism and recent advances.
Molecules 23, 2382. https://doi.org/10.3390/molecules23092382 (2018).

Nguyen, T. B., Sorres, J., Tran, M. Q., Ermolenko, L. & Al-Mourabit, A. Boric acid: A highly efficient catalyst for transamidation
of carboxamides with amines. Org. Lett. 14, 3202-3205. https://doi.org/10.1021/01301308¢ (2012).

Dineen, T. A., Zajac, M. A. & Myers, A. G. Efficient transamidation of primary carboxamides by in situ activation with N,N-
dialkylformamide dimethyl acetals. . Am. Chem. Soc. 128, 16406-16409. https://doi.org/10.1021/ja066728i (2006).

Wang, Y. et al. Transformylating amine with DMF to formamide over CeO, catalyst. ChemComm. 50, 2438-2441. https://doi.
0rg/10.1039/C3CC48400A (2014).

Sonawane, R. B, Rasal, N. K. & Jagtap, S. V. Nickel-(II)-catalyzed N-formylation and N-acylation of amines. Org. Lett. 19,
2078-2081. https://doi.org/10.1021/acs.orglett.7b00660 (2017).

Meng, G., Lei, P. & Szostak, M. A general method for two-step transamidation of secondary amides using commercially avail-
able, air-and moisture-stable palladium/NHC (N-heterocyclic carbene) complexes. Org. Lett. 19, 2158-2161. https://doi.org/
10.1021/acs.orglett.7b00796 (2017).

Bon, E., Bigg, D. C. & Bertrand, G. Aluminum chloride-promoted transamidation reactions. J. Org. Chem. 59, 4035-4036.
https://doi.org/10.1021/j000094a004 (1994).

Eldred, S. E., Stone, D. A., Gellman, S. H. & Stahl, S. S. Catalytic transamidation under moderate conditions. J. Am. Chem. Soc.
125, 3422-3423. https://doi.org/10.1021/ja028242h (2003).

Zhang, M. et al. Efficient Copper(II)-catalyzed transamidation of non-activated primary carboxamides and ureas with amines.
Angew. Chem. Int. Ed. 16, 3905-3909. https://doi.org/10.1002/anie.201108599 (2012).

Atkinson, B. N., Chhatwal, A. R., Lomax, H. V., Walton, J. W. & Williams, J. M. Transamidation of primary amides with amines
catalyzed by zirconocene dichloride. ChemComm. 48, 11626-11628. https://doi.org/10.1039/C2CC37427G (2012).

Vanjari, R., Allam, B. K. & Singh, K. N. Hypervalent iodine catalyzed transamidation of carboxamides with amines. RSC Adv.
3,1691-1694. https://doi.org/10.1039/C2RA22459C (2013).

Liu, Y, Shi, S., Achtenhagen, M., Liu, R. & Szostak, M. Metal-free transamidation of secondary amides via selective N-C cleavage
under mild conditions. Org. Lett. 19, 1614-1617. https://doi.org/10.1021/acs.orglett.7b00429 (2017).

Liu, Y., Achtenhagen, M., Liu, R. & Szostak, M. Transamidation of N-acyl-glutarimides with amines. Org. Biomol. Chem. 16,
1322-1329. https://doi.org/10.1039/C70B02874A (2018).

Rao, S. N., Mohan, D. C. & Adimurthy, S. L-proline: An efficient catalyst for transamidation of carboxamides with amines. Org.
Lett. 15, 1496-1499. https://doi.org/10.1021/014002625 (2013).

Rao, S. N., Mohan, D. C. & Adimurthy, S. Chitosan: An efficient recyclable catalyst for transamidation of carboxamides with
amines under neat conditions. Green Chem. 16, 4122-4126. https://doi.org/10.1039/C4GC01402B (2014).

Muskawar, P. N., Thenmozhi, K. & Bhagat, P. R. Designing of thermally stable amide functionalized benzimidazolium perchlorate
ionic liquid for transamidation of primary carboxamides. Appl. Catal. A: Gen. 493, 158-167. https://doi.org/10.1016/j.apcata.
2015.01.014 (2015).

Scientific Reports |

(2024) 14:7206 |

https://doi.org/10.1038/s41598-024-57608-8 nature portfolio


https://doi.org/10.1021/cr950005s
https://doi.org/10.1021/cc9800071
https://doi.org/10.1517/14656566.2013.761976
https://doi.org/10.1016/j.tet.2015.10.008
https://doi.org/10.1021/jo400509n
https://doi.org/10.1021/jo500562w
https://doi.org/10.1039/B701677H
https://doi.org/10.1039/B701677H
https://doi.org/10.1002/chem.201201203
https://doi.org/10.1002/chem.201202291
https://doi.org/10.1002/chem.200800353
https://doi.org/10.1002/chem.200800353
https://doi.org/10.1039/C5RA27680B
https://doi.org/10.1016/j.tetlet.2018.01.060
https://doi.org/10.1039/C2GC36534K
https://doi.org/10.1021/op500305s
https://doi.org/10.1021/jacs.7b00059
https://doi.org/10.1039/C0CS00196A
https://doi.org/10.1039/C0CS00196A
https://doi.org/10.1021/acs.joc.6b02358
https://doi.org/10.1002/tcr.201900072
https://doi.org/10.1002/tcr.201900072
https://doi.org/10.3390/molecules23092382
https://doi.org/10.1021/ol301308c
https://doi.org/10.1021/ja066728i
https://doi.org/10.1039/C3CC48400A
https://doi.org/10.1039/C3CC48400A
https://doi.org/10.1021/acs.orglett.7b00660
https://doi.org/10.1021/acs.orglett.7b00796
https://doi.org/10.1021/acs.orglett.7b00796
https://doi.org/10.1021/jo00094a004
https://doi.org/10.1021/ja028242h
https://doi.org/10.1002/anie.201108599
https://doi.org/10.1039/C2CC37427G
https://doi.org/10.1039/C2RA22459C
https://doi.org/10.1021/acs.orglett.7b00429
https://doi.org/10.1039/C7OB02874A
https://doi.org/10.1021/ol4002625
https://doi.org/10.1039/C4GC01402B
https://doi.org/10.1016/j.apcata.2015.01.014
https://doi.org/10.1016/j.apcata.2015.01.014

www.nature.com/scientificreports/

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Mohy El Dine, T., Erb, W,, Berhault, Y., Rouden, J. & Blanchet, J. Catalytic chemical amide synthesis at room temperature: One
more step toward peptide synthesis. J. Org. Chem. 80, 4532-4544. https://doi.org/10.1021/acs.joc.5b00378 (2015).

Liu, S., Dai, X., Wang, H. & Shi, F. Organic ligand and solvent free oxidative carbonylation of amine over Pd/TiO, with unprec-
edented activity. Green Chem. 21, 4040-4045. https://doi.org/10.1039/C9GC01577A (2019).

Zheng, Q.-Z. et al. Synthesis of some N-alkyl substituted urea derivatives as antibacterial and antifungal agents. Eur. J. Med.
Chem. 45, 3207-3212. https://doi.org/10.1016/j.ejmech.2010.03.027 (2010).

Nava-Zuazo, C. et al. Design, synthesis, and in vitro antiprotozoal, antimycobacterial activities of N-{2-[(7-chloroquinolin-4-yl)
amino] ethyl} ureas. Bioorg. Med. Chem. 18, 6398-6403. https://doi.org/10.1016/j.bmc.2010.07.008 (2010).

Pacchiano, F, Carta, E, Vullo, D., Scozzafava, A. & Supuran, C. T. Inhibition of -carbonic anhydrases with ureido-substituted
benzenesulfonamides. Bioorg. Med. Chem. Lett. 21, 102-105. https://doi.org/10.1016/j.bmcl.2010.11.064 (2011).
Gurulingappa, H. et al. Synthesis and antitumor evaluation of benzoylphenylurea analogs. Bioorg. Med. Chem. Lett. 14, 2213
2216. https://doi.org/10.1016/j.bmcl.2004.02.019 (2004).

Aubert-Nicol, S., Lessard, J. & Spino, C. A photorearrangement to construct the ABDE tetracyclic core of Palawamine. Org. Lett.
20, 2615-2619. https://doi.org/10.1021/acs.orglett.8b00819 (2018).

Baraldi, P. G. et al. New strategies for the synthesis of A3 adenosine receptor antagonists. Bioorg. Med. Chem. 11, 4161-4169.
https://doi.org/10.1016/50968-0896(03)00484-X (2003).

Sahu, V. K., Singh, R. K. & Singh, P. P. Extended rule of five and Prediction of biological activity of peptidic HIV-1-PR inhibitors.
Univers. ]. Pharm. https://doi.org/10.31586/ujpp.2022.403 (2022).

Zhang, Y. et al. Evaluation of diarylureas for activity against Plasmodium falciparum. ACS Med. Chem. Lett. 1, 460-465. https://
doi.org/10.1021/ml1100083c (2010).

Brown, J. R. et al. The structure—activity relationship of urea derivatives as anti-tuberculosis agents. Bioorg. Med. Chem. 19,
5585-5595. https://doi.org/10.1016/j.bmc.2011.07.034 (2011).

Cowan, N. et al. Activities of N,N'-Diarylurea MMV 665852 analogs against Schistosoma mansoni. Antimicrob. Agents Chemother.
59, 1935-1941. https://doi.org/10.1128/aac.04463-14 (2015).

Sviripa, V. et al. Fluorinated N,N'-diarylureas as AMPK activators. Bioorg. Med. Chem. Lett. 23, 1600-1603. https://doi.org/10.
1016/j.bmcl.2013.01.096 (2013).

Denoyelle, S. et al. In vitro inhibition of translation initiation by N,N'-diarylureas—Potential anti-cancer agents. Bioorg. Med.
Chem. Lett. 22, 402-409. https://doi.org/10.1016/j.bmcl.2011.10.126 (2012).

Zhao, B., Baston, D. S., Hammock, B. & Denison, M. S. Interaction of diuron and related substituted phenylureas with the Ah
receptor pathway. J. Biochem. Mol. Toxicol. 20, 103-113. https://doi.org/10.1002/jbt.20126 (2006).

Kim, J.-U,, Schollmeyer, D., Brehmer, M. & Zentel, R. Simple chiral urea gelators,(R)-and (S)-2-heptylurea: Their gelling ability
enhanced by chirality. J. Colloid Interface Sci. 357, 428-433. https://doi.org/10.1016/j.jcis.2011.02.006 (2011).

Kim, J.-U,, Davis, R. & Zentel, R. Two dimensional self-assembly of bis-acylureas having various functional end groups. J. Colloid
Interface Sci. 359, 428-435. https://doi.org/10.1016/j.jcis.2011.04.022 (2011).

So, S. S. & Mattson, A. E. Urea activation of a-nitrodiazoesters: An organocatalytic approach to N-H insertion reactions. J. Am.
Chem. Soc. 134, 8798-8801. https://doi.org/10.1021/ja3031054 (2012).

Perveen, S. et al. Antidepressant activity of carbamates and urea derivatives. Med. Chem. Res. https://doi.org/10.1007/s00044-
011-9797-8 (2011).

Kurt, B. Z. et al. Potential of aryl-urea-benzofuranylthiazoles hybrids as multitasking agents in Alzheimer’s disease. Eur. J. Med.
Chem. 102, 80-92. https://doi.org/10.1016/j.ejmech.2015.07.005 (2015).

Rodriguez-Huerto, P. A., Pefia-Soldrzano, D. & Ochoa-Puentes, C. Nitroarenes as versatile building blocks for the synthesis of
unsymmetrical urea derivatives and N-Arylmethyl-2-substituted benzimidazoles. Chem. Pap. 75, 6275-6283. https://doi.org/
10.1007/s11696-021-01785-7 (2021).

Yadav, D. K., Yadav, A. K., Srivastava, V. P, Watal, G. & Yadav, L. D. S. Bromodimethylsulfonium bromide (BDMS)-mediated
Lossen rearrangement: Synthesis of unsymmetrical ureas. Tetrahedron Lett. 53, 2890-2893. https://doi.org/10.1016/j.tetlet.2012.
03.129 (2012).

Gallou, I. Unsymmetrical ureas. Synthetic methodologies and application in drug design. Org. Prep. Proced. Int. 39, 355-383.
https://doi.org/10.1080/00304940709458592 (2007).

Van Gool, M., Bartolomé, J. & Macdonald, G. ChemInform abstract: An easy and versatile synthesis of ureas from 2-benzylami-
nopyrimidine. Tetrahedron Lett. 2008, 7171. https://doi.org/10.1016/j.tetlet.2008.09.171 (2008).

Gabriele, B., Salerno, G., Mancuso, R. & Costa, M. Efficient synthesis of ureas by direct palladium-catalyzed oxidative carbonyla-
tion of amines. J. Org. Chem. 69, 4741-4750. https://doi.org/10.1021/j00494634 (2004).

Orito, K. et al. Pd (OAc) 2-catalyzed carbonylation of amines. J. Org. Chem. 71, 5951-5958. https://doi.org/10.1021/j0060612n
(2006).

Huang, X. et al. Alkyl isocyanates via manganese-catalyzed C-H activation for the preparation of substituted ureas. J. Am. Chem.
Soc. 139, 15407-15413. https://doi.org/10.1021/jacs.7b07658 (2017).

Zhang, L., Darko, A., Johns, J. & McElwee-White, L. ChemInform abstract: Catalytic oxidative carbonylation of arylamines to
ureas with W(CO)g/I, as catalyst. ChemInform https://doi.org/10.1002/chin.201211069 (2012).

Angelici, R. J. Organometallic chemistry and catalysis on gold metal surfaces. J. Organomet. Chem. 693, 847-856. https://doi.
org/10.1016/j.jorganchem.2007.11.023 (2008).

Gonzalez-Sebastidn, L., Flores-Alamo, M. & Garcia, J. Selective N-methylation of aliphatic amines with CO, and hydrosilanes
using nickel-phosphine catalysts. Organometallics 34, 763-769. https://doi.org/10.1021/om501176u (2015).

Liu, G., Hakimifard, M. & Garland, M. An in situ spectroscopic study of the ruthenium catalyzed carbonylation of piperidine
starting with triruthenium dodecacarbonyl: The importance of path dependence in homogeneous catalysis. J. Mol. Catal. Chem.
168, 33-37. https://doi.org/10.1016/S1381-1169(00)00517-3 (2001).

Singh, A. S., Agrahari, A. K,, Singh, S. K., Yadav, M. S. & Tiwari, V. K. An improved synthesis of urea derivatives from N-acylb-
enzotriazole via curtius rearrangement. Synthesis 51, 3443-3450. https://doi.org/10.1055/5-0039-1689937 (2019).

Kulkarni, A. R., Garai, S. & Thakur, G. A. Scalable, one-pot, microwave-accelerated tandem synthesis of unsymmetrical urea
derivatives. J. Org. Chem. 82, 992-999. https://doi.org/10.1021/acs.joc.6b02521 (2017).

Vishnyakova, T. P, Golubeva, I. A. & Glebova, E. V. E. Substituted ureas. Methods of synthesis and applications. Russ. Chem.
Rev. 54, 249. https://doi.org/10.1070/RC1985v054n03ABEH003022 (1985).

Wang, J., Zhang, S., Ma, Z. & Yan, L. Deep eutectic solvents eutectogels: Progress and challenges. Green Chem. Eng. 2, 359-367.
https://doi.org/10.1016/j.gce.2021.06.001 (2021).

Chen, Y. & Mu, T. Revisiting greenness of ionic liquids and deep eutectic solvents. Green Chem. Eng. 2, 174-186. https://doi.
org/10.1016/j.gce.2021.01.004 (2021).

Abbasi, F. & Sardarian, A. R. Triethanolamine-based deep eutectic solvent as a novel, biocompatible, reusable, and efficient dual
catalyst/solvent media for the selective tosylation and mesylation of phenols. Tetrahedron 152, 133780. https://doi.org/10.1016/j.
tet.2023.133780 (2024).

Zhang, W.-H. et al. Choline chloride and lactic acid: A natural deep eutectic solvent for one-pot rapid construction of spiro
[indoline-3, 4'-pyrazolo [3, 4-b] pyridines]. J. Mol. Liq. 278, 124-129. https://doi.org/10.1016/j.molliq.2019.01.065 (2019).

Scientific Reports |

(2024) 14:7206 |

https://doi.org/10.1038/s41598-024-57608-8 nature portfolio


https://doi.org/10.1021/acs.joc.5b00378
https://doi.org/10.1039/C9GC01577A
https://doi.org/10.1016/j.ejmech.2010.03.027
https://doi.org/10.1016/j.bmc.2010.07.008
https://doi.org/10.1016/j.bmcl.2010.11.064
https://doi.org/10.1016/j.bmcl.2004.02.019
https://doi.org/10.1021/acs.orglett.8b00819
https://doi.org/10.1016/S0968-0896(03)00484-X
https://doi.org/10.31586/ujpp.2022.403
https://doi.org/10.1021/ml100083c
https://doi.org/10.1021/ml100083c
https://doi.org/10.1016/j.bmc.2011.07.034
https://doi.org/10.1128/aac.04463-14
https://doi.org/10.1016/j.bmcl.2013.01.096
https://doi.org/10.1016/j.bmcl.2013.01.096
https://doi.org/10.1016/j.bmcl.2011.10.126
https://doi.org/10.1002/jbt.20126
https://doi.org/10.1016/j.jcis.2011.02.006
https://doi.org/10.1016/j.jcis.2011.04.022
https://doi.org/10.1021/ja3031054
https://doi.org/10.1007/s00044-011-9797-8
https://doi.org/10.1007/s00044-011-9797-8
https://doi.org/10.1016/j.ejmech.2015.07.005
https://doi.org/10.1007/s11696-021-01785-7
https://doi.org/10.1007/s11696-021-01785-7
https://doi.org/10.1016/j.tetlet.2012.03.129
https://doi.org/10.1016/j.tetlet.2012.03.129
https://doi.org/10.1080/00304940709458592
https://doi.org/10.1016/j.tetlet.2008.09.171
https://doi.org/10.1021/jo0494634
https://doi.org/10.1021/jo060612n
https://doi.org/10.1021/jacs.7b07658
https://doi.org/10.1002/chin.201211069
https://doi.org/10.1016/j.jorganchem.2007.11.023
https://doi.org/10.1016/j.jorganchem.2007.11.023
https://doi.org/10.1021/om501176u
https://doi.org/10.1016/S1381-1169(00)00517-3
https://doi.org/10.1055/s-0039-1689937
https://doi.org/10.1021/acs.joc.6b02521
https://doi.org/10.1070/RC1985v054n03ABEH003022
https://doi.org/10.1016/j.gce.2021.06.001
https://doi.org/10.1016/j.gce.2021.01.004
https://doi.org/10.1016/j.gce.2021.01.004
https://doi.org/10.1016/j.tet.2023.133780
https://doi.org/10.1016/j.tet.2023.133780
https://doi.org/10.1016/j.molliq.2019.01.065

www.nature.com/scientificreports/

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Gao, G. et al. Deep eutectic solvent catalyzed one-pot synthesis of 4,7-dihydro-1H-pyrazolo [3, 4-b] pyridine-5-carbonitriles.
Chin. J. Org. Chem. 38, 846. https://doi.org/10.6023/cjoc201711014 (2018).

Duan, Z., Gu, Y. & Deng, Y. Green and moisture-stable Lewis acidic ionic liquids (choline chloride- xZnCl,) catalyzed protection
of carbonyls at room temperature under solvent-free conditions. Catal. Commun. 7, 651-656. https://doi.org/10.1016/j.catcom.
2006.02.008 (2006).

Fanglong, Q., Jinhe, S., Shaolei, X., Chenglong, S. & Yongzhong, J. Preparation and thermal property of ionic liquid based on
ZnCl,/ChCl. Int. Proc. Chem. Biol. Environ. Eng. 90, 70-75. https://doi.org/10.7763/TPCBEE.2015.V90.11 (2015).

Zou, Y. et al. Structural analysis of [ChCl],, [ZnCl,], ionic liquid by X-ray absorption fine structure spectroscopy. J. Phys. Chem.
B. 113, 2066-2070. https://doi.org/10.1021/jp809788u (2009).

Wani, R. & Chaudhari, H. K. Sulfated starch: A highly efficient catalyst for transamidation of primary and secondary amines
with formamide and acetamide. Org. Prep. Proced. Int. https://doi.org/10.1080/00304948.2023.2259771 (2023).

Koutentis, P. A. & Michaelidou, S. S. The conversion of 2-cyano cyanothioformanilides into 3-aminoindole-2-carbonitriles using
triphenylphosphine. Tetrahedron 66, 6032-6039. https://doi.org/10.1016/j.tet.2010.06.020 (2010).

Shirini, F, Mazloumi, M. & Seddighi, M. Acidic ionic liquid immobilized on nanoporous Na*-montmorillonite as an efficient
and reusable catalyst for the formylation of amines and alcohols. Res. Chem. Intermed. 42, 1759-1776. https://doi.org/10.1007/
$11164-015-2116-0 (2016).

Kaboudin, B. et al. Phosphite-imidazole catalyzed N-formylation and N-acylation of amines. Org. Biomol. Chem. 21, 8182-8189.
https://doi.org/10.1039/D30B01306E (2023).

Malunavar, S. S. et al. N-ethyltetramethylguanidinium ionic liquid [ETMG][EtSO,] as organocatalyst and solvent for facile
amide synthesis by formyl-transfer with N-formyl-saccharin. Tetrahedron Lett. 104, 153990. https://doi.org/10.1016/j.tetlet.
2022.153990 (2022).

Salami, S. A., Siwe-Noundou, X. & Krause, R. W. Catalytic performance of immobilized sulfuric acid on silica gel for N-for-
mylation of amines with triethyl orthoformate. Molecules 27, 4213. https://doi.org/10.3390/molecules27134213 (2022).
Rasheed, S., Rao, D. N., Reddy, A. S., Shankar, R. & Das, P. Sulphuric acid immobilized on silica gel (H,SO,-SiO,) as an eco-
friendly catalyst for transamidation. RSC Adv. 5, 10567-10574. https://doi.org/10.1039/C4RA16571C (2015).
Bharamawadeyar, S. & Sureshbabu, V. V. Synthesis of N-aryl derived formamides using triflic anhydride. Indian J. Chem. 62,
656-661. https://doi.org/10.56042/ijc.v62i6.2569 (2023).

Wang, H.-Y. et al. Reductive N-formylation of nitroarenes mediated by rongalite. Org. Lett. 25, 7220-7224. https://doi.org/10.
1021/acs.orglett.3c02839 (2023).

Jadidi Nejad, M. & Heydari, A. Palladium supported on MRGO@CoAl-LDH catalyzed reductive carbonylation of nitroarenes
and carbonylative Suzuki coupling reactions using formic acid as liquid CO and H, source. Appl. Organomet. Chem. 35, e6368.
https://doi.org/10.1002/a0¢.6368 (2021).

Verma, S. et al. Zinc(II)-catalyzed synthesis of secondary amides from Ketones via Beckmann rearrangement using hydroxy-
lamine-O-sulfonic acid in aqueous media. Synthesis 52, 3272-3276. https://doi.org/10.1055/s-0040-1707809 (2020).

Shen, Q. et al. Silica gel-promoted synthesis of amide by rearrangement of oxime under visible light. Tetrahedron Lett. 114,
154286. https://doi.org/10.1016/j.tetlet.2022.154286 (2023).

Procopio, D., Marset, X., Guillena, G., Di Gioia, M. L. & Ramén, D. J. Visible-light-mediated amide synthesis in deep eutectic
solvents. Adv. Synth. Catal. https://doi.org/10.1002/adsc.202300725 (2023).

Strekalova, S. et al. Electrochemical approach to amide bond formation. Adv. Synth. Catal. 365, 3375-3381. https://doi.org/10.
1002/adsc.202300736 (2023).

Lu, Y. et al. Isolation and reactions of imidoyl fluorides generated from oxime using the diethylaminosulfur trifluoride/tetrahy-
drofuran (DAST-THF) system. Org. Lett. https://doi.org/10.1021/acs.orglett.3c01063 (2023).

Zhang, Y. et al. Nickel-catalyzed cyanation reaction of aryl/alkenyl halides with alkyl isocyanides. Org. Biomol. Chem. 20,
8049-8053. https://doi.org/10.1039/D20B01240E (2022).

Arefi, M., Kazemi Miraki, M., Mostafalu, R., Satari, M. & Heydari, A. Citric acid stabilized on the surface of magnetic nanopar-
ticles as an efficient and recyclable catalyst for transamidation of carboxamides, phthalimide, urea and thiourea with amines
under neat conditions. J. Iran. Chem. Soc. 16, 393-400. https://doi.org/10.1007/s13738-018-1523-8 (2019).

Kothandapani, J., Ganesan, A. & Ganesan, S. S. Nano-magnetic sulfonic acid catalyzed facile synthesis of diverse amide deriva-
tives. Synthesis 49, 685-692. https://doi.org/10.2174/1385272823666190312152209 (2017).

Yin, J., Zhang, J., Cai, C., Deng, G.-]. & Gong, H. Catalyst-free transamidation of aromatic amines with formamide derivatives
and tertiary amides with aliphatic amines. Org. Lett. 21, 387-392. https://doi.org/10.1021/acs.orglett.8b03542 (2018).

Yang, J., Chen, L., Dong, Y., Zhang, J. & Wu, Y. Di-tert-butyl peroxide (DTBP)-mediated synthesis of symmetrical N,N’'-
disubstituted urea/thiourea motifs from isothiocyanates in water. Synth. Commun. 52, 63-78. https://doi.org/10.1080/00397
911.2021.2001017 (2022).

Inaloo, I. D. & Majnooni, S. A Fe;0,@SiO,/Schiff Base/Pd complex as an efficient heterogeneous and recyclable nanocatalyst
for one-pot domino synthesis of carbamates and unsymmetrical ureas. Eur. J. Org. Chem. 6359-6368, 2019. https://doi.org/10.
1002/€j0c.201901140 (2019).

Rekunge, D. S., Khatri, C. K. & Chaturbhuj, G. U. Sulfated polyborate-catalyzed efficient and expeditious synthesis of (un)sym-
metrical ureas and benzimidazolones. Tetrahedron Lett. 58, 4304-4307. https://doi.org/10.1016/j.tetlet.2017.10.001 (2017).
Ahmed, R., Gupta, R., Akhter, Z., Kumar, M. & Singh, P. P. TCT-mediated click chemistry for the synthesis of nitrogen-containing
functionalities: Conversion of carboxylic acids to carbamides, carbamates, carbamothioates, amides and amines. Org. Biomol.
Chem. 20, 4942-4948. https://doi.org/10.1039/D20B00324D (2022).

Zhu, X. et al. Hydroamination and hydrophosphination of isocyanates/isothiocyanates under catalyst-free conditions. Eur. J.
Org. Chem. 5213-5218, 2021. https://doi.org/10.1002/ejoc.202100932 (2021).

Valizadeh, H. & Dinparast, L. Microwave-assisted synthesis of symmetrical and unsymmetrical N,N’-disubstituted thioureas
and ureas over MgO in dry media. Monatsh. Chem. 143, 251-254. https://doi.org/10.1007/s00706-011-0583-6 (2012).

Bui, T. T. et al. Lanthanum(III) trifluoromethanesulfonate catalyzed direct synthesis of ureas from N-benzyloxycarbonyl-,
N-allyloxycarbonyl-, and N-2, 2, 2-trichloroethoxycarbonyl-protected amines. Synlett 31, 997-1002. https://doi.org/10.1055/s-
0040-1707991 (2020).

Wang, L., Wang, H., Wang, Y., Shen, M. & Li, S. Photocatalyzed synthesis of unsymmetrical ureas via the oxidative decarboxyla-
tion of oxamic acids with PANI-g-C;N,-TiO, composite under visible light. Tetrahedron Lett. 61, 151962. https://doi.org/10.
1016/j.tetlet.2020.151962 (2020).

Spillier, Q. et al. Structure-activity relationships (sars) of a-ketothioamides as inhibitors of phosphoglycerate dehydrogenase
(PHGDH). J. Pharm. 13, 20. https://doi.org/10.3390/ph13020020 (2020).

Fulgheri, T., Della Penna, F, Baschieri, A. & Carlone, A. Advancements in the recycling of organocatalysts: From classical to
alternative approaches. Curr. Opin. Green Sustain. Chem. 25, 100387. https://doi.org/10.1016/j.cogsc.2020.100387 (2020).
Molndr, A. & Papp, A. Catalyst recycling—A survey of recent progress and current status. Coord. Chem. Rev. 349, 1-65. https://
doi.org/10.1016/j.ccr.2017.08.011 (2017).

Hageliiken, C. & Goldmann, D. Recycling and circular economy-Towards a closed loop for metals in emerging clean technolo-
gies. Miner. Econ. 35, 539-562. https://doi.org/10.1007/s13563-022-00319-1 (2022).

Scientific Reports |

(2024) 14:7206 |

https://doi.org/10.1038/s41598-024-57608-8 nature portfolio


https://doi.org/10.6023/cjoc201711014
https://doi.org/10.1016/j.catcom.2006.02.008
https://doi.org/10.1016/j.catcom.2006.02.008
https://doi.org/10.7763/IPCBEE.2015.V90.11
https://doi.org/10.1021/jp809788u
https://doi.org/10.1080/00304948.2023.2259771
https://doi.org/10.1016/j.tet.2010.06.020
https://doi.org/10.1007/s11164-015-2116-0
https://doi.org/10.1007/s11164-015-2116-0
https://doi.org/10.1039/D3OB01306E
https://doi.org/10.1016/j.tetlet.2022.153990
https://doi.org/10.1016/j.tetlet.2022.153990
https://doi.org/10.3390/molecules27134213
https://doi.org/10.1039/C4RA16571C
https://doi.org/10.56042/ijc.v62i6.2569
https://doi.org/10.1021/acs.orglett.3c02839
https://doi.org/10.1021/acs.orglett.3c02839
https://doi.org/10.1002/aoc.6368
https://doi.org/10.1055/s-0040-1707809
https://doi.org/10.1016/j.tetlet.2022.154286
https://doi.org/10.1002/adsc.202300725
https://doi.org/10.1002/adsc.202300736
https://doi.org/10.1002/adsc.202300736
https://doi.org/10.1021/acs.orglett.3c01063
https://doi.org/10.1039/D2OB01240E
https://doi.org/10.1007/s13738-018-1523-8
https://doi.org/10.2174/1385272823666190312152209
https://doi.org/10.1021/acs.orglett.8b03542
https://doi.org/10.1080/00397911.2021.2001017
https://doi.org/10.1080/00397911.2021.2001017
https://doi.org/10.1002/ejoc.201901140
https://doi.org/10.1002/ejoc.201901140
https://doi.org/10.1016/j.tetlet.2017.10.001
https://doi.org/10.1039/D2OB00324D
https://doi.org/10.1002/ejoc.202100932
https://doi.org/10.1007/s00706-011-0583-6
https://doi.org/10.1055/s-0040-1707991
https://doi.org/10.1055/s-0040-1707991
https://doi.org/10.1016/j.tetlet.2020.151962
https://doi.org/10.1016/j.tetlet.2020.151962
https://doi.org/10.3390/ph13020020
https://doi.org/10.1016/j.cogsc.2020.100387
https://doi.org/10.1016/j.ccr.2017.08.011
https://doi.org/10.1016/j.ccr.2017.08.011
https://doi.org/10.1007/s13563-022-00319-1

www.nature.com/scientificreports/

Acknowledgements
The authors thank Shiraz University for the facilities provided as well as partial financial support.

Author contributions
F.A.: Resources, Validation, Data Curation, Visualization. Methodology, Formal analysis, Investigation, Writ-
ing—original draft. A.R.S.: Resources, Conceptualization, Supervision, Investigation, Writing—review & editing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-024-57608-8.

Correspondence and requests for materials should be addressed to A.R.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:7206 | https://doi.org/10.1038/s41598-024-57608-8 nature portfolio


https://doi.org/10.1038/s41598-024-57608-8
https://doi.org/10.1038/s41598-024-57608-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Direct additive-free N-formylation and N-acylation of anilines and synthesis of urea derivatives using green, efficient, and reusable deep eutectic solvent ([ChCl][ZnCl2]2)
	Experimental section
	General
	Preparation of [ChCl][ZnCl2]2 as deep eutectic solvent81–83
	General procedure for the preparation of formanilides from formamide (C1-13 in Table 2)
	General procedure for the preparation of acetanilide and formanilide from formic and acetic acid (C17-26 in Table 4)
	General procedure for the preparation of urea derivatives (C28–38 in Table 7)

	Results and discussion
	Optimization of the reaction factors for the synthesis of formanilides
	Optimization of reaction parameters of carboxylic acids with anilines
	Optimization of the reaction parameters of synthesis of urea derivatives
	Recovery of DES ([ChCl][ZnCl2]2) as a solventcatalyst system

	Conclusions
	References
	Acknowledgements


