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a carbonyl precursor in the
catalytic synthesis of Passerini adducts under aqua
and mechanochemical conditions†

Sodeeq Aderotimi Salami, * Vincent J. Smith and Rui W. M. Krause

A new simple, efficient, and environmentally friendly protocol is presented for the catalytic synthesis of a-

acyloxycarboxamides using N-formamides as a carbonyl precursor under aqua and mechanochemical

conditions. Immobilized sulfuric acid on silica gel was employed for the synthesis of desired products,

via the reaction of benzoic acid, 1-napthylisocyanide and various heterocyclic N-formamides. After

a careful optimization of the reaction conditions, the desired Passerini products were obtained in high to

excellent yields in short reaction times (10–30 min) at room temperature. The highly efficient and

environmentally friendly method provides a facile access to a library of a-acyloxycarboxamides

derivatives for future research on bioactivity screening.
Introduction

Multicomponent condensations have been shown to be efficient
in producing large collections of molecules.1 The ability to
produce three or more points of variability in a single step
opens the possibility of a large range of diversity in the products
generated. As a starting point for the development of new drugs,
the pharmaceutical industry has employed certain methods to
obtain enormous sets of compounds.2 The capacity to anticipate
which structural elements would be included in such collec-
tions has grown in usefulness. Therefore, diversity-oriented
synthesis is valuable for probing large areas of chemical struc-
ture space in the search for new bioactive small molecules that
may be undetected by traditional natural product screening
tests.3 These experiences led to the development of pre-
synthetic designs for numerous modern libraries, which
results in the formation of products within each library that
satisfy the criteria that are most frequently shared by well-
known medicines.4,5 The Passerini reaction is useful in this
regard because it has been explicitly applied to the synthesis of
potentially bioactive molecules, most notably protease inhibi-
tors, in terms of allowing for the fast assembly of many
compounds.6,7 In synthetic chemistry, the effective and selective
synthesis of complex heterocycles remains a challenge.8

Synthetic techniques like multicomponent reactions (MCRs),
which efficiently and swily synthesize complicated multi-
functional binding sites, have grown in popularity since they
need fewer steps and low costs.7,9 Isocyanides (or isonitriles)
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exhibit unusual reactivity and can react with both nucleophiles
and electrophiles at the same time to generate reactive a-
adducts. As a result, the isocyanide-based multicomponent
reactions (I-MCRs)10–12 have been demonstrated to be efficient
techniques for the one-pot, high-throughput synthesis of
diverse libraries of potentially bioactive and densely function-
alized molecules. The Passerini three-component reaction (P-
3CR)13 was developed aer Passerini's discovery of the reaction
between isocyanides, aldehydes, and carboxylic acids to
produce a-acyloxy carboxamides in 1921.14,15 It has since grown
to be a potent tool in combinatorial chemistry and hetero cyclic
chemistry for drug discovery as well as natural product
synthesis.16–18

Passerini reaction has been known for over 80 years, little is
known about the scope of carbonyl-type electrophiles that
undergo the reaction (Scheme 1). The best candidates for this
reaction are aldehydes and (to a lesser extent) ketones.19,20 On
the other hand, the impact of including neighbouring reactive
groups within the carbonyl component has not been
investigated.

Additionally, the application of alternative carbonyls such
esters and formamides has not been studied. We set out to
replace the carbonyl component, keeping in mind the potential
effects of even minor functional modications, by simply
substituting N-formamides for the carbonyl in the Passerini
reaction (Scheme 2).

Recent studies have shown that Passerini chemistry and
other multicomponent reactions can be accelerated in either
water alone or in combination with an organic solvent.21 One
theory put out to explain this phenomenon is that the water
employed in this system has a high cohesive energy density,
which acts as a driving force analogous to pressure. Another is
that the presence of a hydroxyl group provides a second reaction
RSC Adv., 2023, 13, 4019–4031 | 4019
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Scheme 1 Passerini 3-component reaction utilizing carboxylic acid, aldehyde, and isocyanide.

Scheme 2 Aqua/mechanochemical mediated Passerini reaction utilizing various heterocyclic N-formamides as a replacement for the carbonyl
component.
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pathway through which the products can be formed, providing
several pathways for the reaction, and enabling it to progress
more quickly than in the pathway provided when a hydroxyl
group is absent.22–24

On the other hand, mechanochemical methods have been
used in synthesis for a long time, but their perception in the
synthetic world has altered recently, and they are on their way to
becoming mainstream.25–27 However, the combination of
mechanochemical synthesis with techniques meant to improve
synthetic efficiency by enabling the generation of multiple
bonds in a single operation is a relatively new approach to
sustainable chemistry that has already shown to be very
promising.28–30 The two basic methods for promoting mecha-
nochemistry are mechanical milling and hand grinding. Most
of the mechanical milling is done in a mixer/shaker mill or
a planetary mill at a frequency of 5–60 Hz, while hand milling,
also known as manual milling, is oen done in a mortar and
pestle. The energy output of mechanical milling is substantially
larger, and it is also more dependable and sophisticated than
manual grinding, which can yield a range of experimental
outcomes depending on the speed and force of the grinding.30

Various investigations have shown that mechanochemical
activation and methods have several advantages, such as
shorter reaction milling times, greater yield, reduced waste
formation, improved selectivity, and stoichiometry control, to
name a few.31,32

Aqua and mechanochemistry are widely used for quick
organic synthesis because they take less time, produce better
results, and are simpler to utilize than traditional techniques. A
crucial tool in the construction of diversity-oriented compound
libraries is the Passerini three-component reaction, which uses
aldehyde, substituted carboxylic acid, and different function-
alized isocyanide.33 Various libraries of compounds can be
constructed by changing the aldehyde component of these
reactions to N-formamides. In this regard, a mechanochemical
and aqua versions of this transformation have been developed,
and they are based on the use of water (aqueous reaction) and
high-speed vibration milling with a double agate ball (6 mm
4020 | RSC Adv., 2023, 13, 4019–4031
diameter) in an agate jar and water as a liquid-assisted grinding
agent to produce the carboxamide derivatives.

An heterogenous catalytic approach can be anticipated to be
advantageous as an alternative to the commonly used metal-
locatalysis or organocatalysis due to the high efficiency, short
reaction time, high yield, and mild reaction conditions.34

Brønsted acid catalysts have been used in several organic
transformations to overcome limitations, such as toxicity,
volatility, and hazardous nature of the conventional methods.35

Catalysts are adsorbed on silica gel to provide the benets and
advantages of ready availability, simple work-up procedure,
long catalytic life, environment safe, excellent yields, and recy-
clability.36,37 The aim of the present work was to combine the
activity of catalysts with the diversity offered by a Passerini
reaction to obtain functionally distinct a-acyloxycarboxamide
scaffolds with the feature of broad substrate scope and suffi-
cient molecular diversity needed for ne tuning biological
activity (using various substituted heterocyclic N-formamides as
carbonyl surrogate).
Results and discussion

The Passerini reaction of benzoic acid (1 mmol), 1-naph-
thylisocyanide (1 mmol) and 4-formamido pyridine (1 mmol) as
the carbonyl surrogate was chosen as model reaction using
dichloromethane as solvent (Scheme 3). Interestingly, a new
product 4a was observed and isolated in 69% yield (Table 1
entry 4). This revealed the successful replacement of carbonyl by
4-formamido pyridine 3a (N-formamides) in the Passerini
reaction. We investigated the impact of various solvents on the
reaction course rst in the absence of catalyst, to determine the
most suitable reaction conditions and to compare the aqua
conditions' results with those obtained under standard condi-
tions (organic solvents) (Table 1).

The P-3CR in the absence of H2SO4–SiO2 proceeded
smoothly in dichloromethane (CH2Cl2) and methanol (CH3OH)
with higher yields of 69% and 47% respectively (Table 1 entries
4–5). Solvents such as tetrahydrofuran, toluene, and diethyl
ether were ineffective even aer 48 hours producing trace
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06189a


Scheme 3 Optimization of the model Passerini reaction in water in the presence of catalyst. The reaction was performed with carboxylic acids
(1a, 1 mmol), 1-naphthylisocyanide (2a, 1 mmol), and various heterocyclic N-formamides (3a–p, 3s 1 mmol) under aqueous conditions (a) using
DCM as solvent (b) in the presence of water as solvent (c) in the presence of H2SO4–SiO2 in aqueous media at room temperature.

Table 1 Effect of solvents on the scope of Passerini reaction in the
presence/absence of catalyst

Entry Solvent Catalyst (g) Time Yield (%)

1 Tetrahydrofuran No 48 h 14
2 Toluene No 24 h 23
3 Diethyl ether No 48 h 30
4 Dichloromethane No 48 h 69
5 Methanol No 48 h 47
6 Water No 15 min 82
7 Tetrahydrofuran SiO2–H2SO4 (0.02) 24 h 33
8 Toluene SiO2–H2SO4 (0.02) 6 h 51
9 Diethyl ether SiO2–H2SO4 (0.02) 24 h 44
10 Dichloromethane SiO2–H2SO4 (0.02) 6 h 78
11 Methanol SiO2–H2SO4 (0.02) 6 h 63
12 Water SiO2–H2SO4 (0.02) 10 min 95
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amount of the products (Table 1 entry 1–3). When the reaction
was carried out in water in the absence of catalyst, the product
4a was obtained in high yield (82%) within 15min (Table 1 entry
6).

The reaction products distribution showed strong depen-
dency on the hydrophobicity of the reactants, according to
Pirrung, Das Sarma,24 while the more hydrophobic ones
producing the typical Passerini product in high yield and at
faster rate. The model reaction was performed in the presence
of 0.02 g of H2SO4–SiO2 in DCM at room temperature and 78%
yield product was observed aer 6 h (Table 1, entry 10). Also,
when the reaction was performed in the presence of 0.02 g of
H2SO4–SiO2 in methanol at room temperature, the yield
increases slightly to 55% aer 6 h (Table 1, entry 11). The
highest yield (95%) was obtained when the reaction was carried
out in water in the presence of 0.02 g of the H2SO4–SiO2 at room
Scheme 4 Optimization of the model reaction conditions for (exp A)
naphthylisocyanide (2a, 1 mmol), and various heterocyclic N-formamides
auxiliary (b) in the presence SiO2 (c) in the presence of H2SO4–SiO2 as s

© 2023 The Author(s). Published by the Royal Society of Chemistry
temperature (Table 1, entry 12). Therefore, as indicated from
the results, the heterogenous catalyst H2SO4–SiO2 has higher
efficiency and activity, consequently, reactions are carried out
on a wider surface producing high yields of products in a very
short time. The next survey of catalysts revealed that further
increase in the catalyst amount has little or no effect on the yield
of the reaction product (4a) as 0.02 g was found sufficient to
carry out the reaction with highest possible yields. Thus, the
best reaction efficiency was achieved in the presence of 0.02 g
H2SO4–SiO2 in water (2 mL) at room temperature (Table 1,
entry 12).

To study the effectiveness and generality of the catalyst, new
functionalized a-acyloxyamide derivatives were synthesized
using benzoic acid 1a, 1-naphthylisocyanide 2a and various
heterocyclic N-formamides 3a–p, as shown in Table 3. In
comparison to conventional Passerini reaction which leverage
on volatile organic solvent, the synthesized compounds
exhibited good yields and considerably faster reaction times,
which conrms the catalyst's effectiveness. The results are
presented in Table 3. With the optimal condition in hand (Table
1, entry 12), sixteen (16) N-formamides derivatives 3a–p, three
(3) isocyanides 2a, 2q, 2r and a benzoic acid (1a) were used to
construct a series of analogues 4a–s. All desired products were
isolated by column chromatography, and the yields are ranging
from 83–96% (Table 3).

In the course of our investigations, we found that a variety
of functionalized N-formamides containing heteroatoms
could be used as benecial inputs in Passerini MCRs to
provide adducts in high to excellent yields. For example, the
heterocyclic N-formamides of anthraquinone 3o, antipyrine
3e, isoxazole 3i, ephedrine 3j, thiazole 3s, benzothiazole 3h,
benzimidazole 3g, furfural 3p, and 1,2,3-triazole 3c-dmoieties
. The reaction was performed with carboxylic acids (1a, 1 mmol), 1-
(3a–p, 3s 1 mmol) under mechanochemical conditions (a) without any
olid auxiliary at room temperature.

RSC Adv., 2023, 13, 4019–4031 | 4021
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Table 2 Screening for best catalytic reaction conditions

Entry Reaction condition Solvent Catalyst (g) Time Yield (%)

1 (1a, 2a, 3a) Distilled water SiO2–H2SO4 (0.01) 10 min 93
2 (1a, 2a, 3a) Distilled water SiO2–H2SO4 (0.02) 10 min 95
3 (1a, 2a, 3a) Distilled water SiO2–H2SO4 (0.03) 10 min 95
4 (1a, 2a, 3a) Dichloromethane SiO2–H2SO4 (0.01) 6 h 72
5 (1a, 2a, 3a) Dichloromethane SiO2–H2SO4 (0.02) 6 h 78
6 (1a, 2a, 3a) Dichloromethane SiO2–H2SO4 (0.03) 6 h 78

Table 3 New synthesized Passerini adducts under catalytic conditions

Entry N-Formamides (3a–s) Isocyanides Acid Product

1 R–COOH

2 R–COOH

3 R–COOH

4 R–COOH

5 R–COOH

4022 | RSC Adv., 2023, 13, 4019–4031 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 (Contd. )

Entry N-Formamides (3a–s) Isocyanides Acid Product

6 R–COOH

7 R–COOH

8 R–COOH

9 R–COOH

10 R–COOH

11 R–COOH

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 4019–4031 | 4023
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Table 3 (Contd. )

Entry N-Formamides (3a–s) Isocyanides Acid Product

12 R–COOH

13 R–COOH

14 R–COOH

15 R–COOH

16 R–COOH

17 R–COOH

4024 | RSC Adv., 2023, 13, 4019–4031 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 (Contd. )

Entry N-Formamides (3a–s) Isocyanides Acid Product

18 R–COOH

19 R–COOH

Fig. 1 Variation of heterocyclic N-formamide moieties under mechanochemical activation.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 4019–4031 | 4025
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Table 4 Optimization of the model reaction conditions for (Exp A)

Entry React. Catalyst (g) Time Yield (%)

1 (1a, 2a, 3a) No catalyst 30 15
2 (1a, 2a, 3a) SiO2 (0.03) 30 86
3 (1a, 2a, 3a) SiO2 (0.03) 40 86
4 (1a, 2a, 3a) SiO2–H2SO4 (0.01) 10 41
5 (1a, 2a, 3a) SiO2–H2SO4 (0.01) 20 55
6 (1a, 2a, 3a) SiO2–H2SO4 (0.01) 30 55
7 (1a, 2a, 3a) SiO2–H2SO4 (0.02) 10 74
8 (1a, 2a, 3a) SiO2–H2SO4 (0.02) 20 77
9 (1a, 2a, 3a) SiO2–H2SO4 (0.02) 30 77
10 (1a, 2a, 3a) SiO2–H2SO4 (0.03) 10 95
11 (1a, 2a, 3a) SiO2–H2SO4 (0.03) 20 97
12 (1a, 2a, 3a) SiO2–H2SO4 (0.03) 30 97
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were each found to participate in Passerini MCRs that pro-
ceeded readily in one-pot operations in the presence of
immobilized sulfuric acid on silica gel. Generally, the reac-
tions which were carried out with 1-Napthylisocyanide (2a)
resulted in products (4a–4p, 4s) with yields ranging from 83–
96%. In the case of ethyl 2-isocyanobenzoate (2q) the yields
(4q) obtained were about 93%. Similarly, the reactions
involving 1-isocyano-3-bromobenzene (2r) performed under
the same conditions, furnished products (4r) in good yields
91%. To our knowledge, there are no reports in the literature
employing this set of heterocyclic N-formamides in Passerini
MCRs; thus, we present some novel functionalized Passerini
adducts.
Table 5 Optimization of the model reaction conditions for (Exp B)

Entry Reaction condition Additive

1 (1a, 2a, 3o) No additi
2 (1a, 2a, 3o) No additi
3 (1a, 2a, 3o) No additi
4 (1a, 2a, 3o) No additi
5 (1a, 2a, 3o) Water (50
6 (1a, 2a, 3o) Water (75
7 (1a, 2a, 3o) Water (10
8 (1a, 2a, 3o) Water (15
9 (1a, 2a, 3o) Aqueous H
10 (1a, 2a, 3o) Aqueous H
11 (1a, 2a, 3o) Aqueous H
12 (1a, 2a, 3o) Acetic aci

Scheme 5 Model Passerini reaction with solid substrate and water as gri
mmol), 1-naphthylisocyanide (2a, 1 mmol), and various heterocyclic N-fo
conditions (a) without any auxiliary (b) in the presence water at room te

4026 | RSC Adv., 2023, 13, 4019–4031
Mechanochemical synthesis

The physical state of the reactants is an important factor to
consider in this experiment. For the rst experiment (Exp A),
both reagents are liquids, a grinding auxiliary was necessary to
facilitate mixing and energy transfer. The reagents for the
second experiment (Exp B), however, are solids, and the addi-
tion of a grinding agent could have a diluting impact. Initially
the mechanochemical synthesis of various functionalized a-
acylcarboxamide was investigated, we decided to employ fewer
variables in this study by using the same jar and ball materials
as in our earlier studies while also maintaining the same ball
size, ball number, and jar size. Thus, the experiments (Exp-A/B)
relied on the use of a stainless-steel reactor (diameter: 2.0 cm;
height: 2.0 cm; volume of reactor: 13.2 mL) that contained two
balls of the same material (diameter: 6 mm; mass: 0.90 g).

Experiment A. The model reaction rst selected was the
reaction between benzoic acid (1 mmol), 1-naphthylisocyanide
(1 mmol), and 4-formamido pyridine (1 mmol). The three
substrates were subjected to milling in the rst series of
experiments without using an auxiliary material, the yield of
Passerini adduct 4a obtained was dismal aer 30 minutes at
25 Hz (Table 4, entry 1). Applying liquid substrates 2a, 3a, under
these circumstances was disappointing because the yields of the
resulting 4a were much lower than those seen in the previously
reported aqua mediated synthesis method (Scheme 3, versus
Scheme 4). A highly watery slurry was visible when the ball mill
jar for these reactions were opened aer the milling, leading
one to conclude that insufficient mass transfer had occurred.
This limitation was removed by employing neutral alumina as
Time min Yield (%)

ve 10 79
ve 20 84
ve 30 87
ve 40 87
ml) 30 89
ml) 30 92
0 ml) 30 72
0 ml) 30 66
Cl (75 ml) 30 69
2SO4 (75 ml) 10 74
NO3 (75 ml) 20 81

d (75 ml) 30 88

nding auxiliary. The reaction was performed with carboxylic acids (1a, 1
rmamides (3c–e, 3g-h, 3i, 3k–o, 3s 1 mmol) under mechanochemical
mperature.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Variation of heterocyclic N-formamide moieties under mechanochemical activation.
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a grinding auxiliary in the substrate combination. As a result,
a dry, powdery crude product was produced, which supported
our prediction because all products were now produced with
noticeably better yields. Interestingly, introducing silica gel to
the reaction mixture gave the desired Passerini product in 86%
yield aer milling for 30 minutes (Table 4, entry 2). There may
be numerous functions for the inclusion of a grinding auxiliary.
Specically, in mechanochemical processes where the reaction
mixture might be dened as a gum, paste, or liquid, we believe
that the main advantages pertain to enhanced mixing and
© 2023 The Author(s). Published by the Royal Society of Chemistry
enabling energy transfer. Notably, the same reaction carried out
in aqueous media produced almost the same yield in the
absence of catalyst (Table 1, entry 6).

To further increase the yield of 4a, we resorted to the
employment of the immobilized sulfuric acid on silica gel
(H2SO4–SiO2) as a griding auxiliary instead of silica gel, since it
has been established in our previous studies the positive impact
of the catalyst in Passerini reaction.38 We started by subjecting
the model substrates in to milling in the presence of 0.01 g of
catalyst for 20 minutes. The yield of 4a decline rapidly to 55%,
RSC Adv., 2023, 13, 4019–4031 | 4027
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increase in the reaction time to 30 min had a negligible effect
(Table 4, entries 4–6). Then, the catalyst amount was varied. At
this point the yield rose as the amount of catalyst utilized
increased to 0.03 g producing the Passerini product in 97%
yield in milling time of 20 min (Table 4, entries 7–12). However,
it should be noted that the result was superior to those obtained
under aqueous media in the presence of catalyst (Table 4, entry
11, versus Table 2, entry 2). With the optimized conditions, we
evaluated the scope of the liquid substrates via Passerini reac-
tion in the ball mill. Starting with pyridine moieties (3a, 3b) as
carbonyl surrogate, 1-naphthylisocyanides and benzoic acid.
The reaction proceeded smoothly producing the corresponding
Passerini adducts in excellent yields (90–97%) aer milling for
20 min under catalytic conditions. Similarly, liquid heterocyclic
N-formamides containing ephedrine (3j), and furan (3p) moie-
ties also proved to be suitable for the multicomponent reaction
in the ball mill, affording the products (4j, 4p) preferentially
(Fig. 1). Finally, a set of experiments using 1-isocyano-3-bromo
benzene (2r) and ethyl 2-isocyanobenzoate (2q) as isocyanide
component with benzoic acid (1a) and 4-formamido pyridine
(3a)) were also successful, highlighting the wide range of
applicability for the mechanochemical method.

Experiment B. For the initial test reactions, benzoic acid 1a,
1-naphthylisocyanide 2a and 2-formamidoanthracene-9,10-
dione (3o) were chosen as representative substrates. In the
second experiment, both compounds were milled at 25 Hz for
20 min, and to our delight, product formation occurred
providing the Passerini adducts 4o in a yield of 71% (Table 5,
entry 1). Increasing the milling time from 20 to 30 min
improved the yield of 4o to 87% and no further increase was
Scheme 6 Proposed mechanism for the formation of a-acyloxycarbox
(SiO2–H2SO4).

4028 | RSC Adv., 2023, 13, 4019–4031
observed at 40 min (Table 5, entries 2-4). However, 30 minutes
of milling at 25 Hz produced 4owith an 87% optimum yield, but
a shorter reaction time (10 min) had a detrimental impact on
the yield of 4o (79%) (Table 5, entries 1-4) respectively. At this
point, the newly developed mechanochemical method for 4o
produced outcomes similar to those of the previously reported
aqua-mediated procedure (Table 1, entry 12), nonetheless, no
solvent was employed this time yet. The idea of performing
these reactions under liquid-assisted milling conditions was
then entertained. We were thrilled to discover that when 75 ml
water was employed as liquid auxiliary at room temperature
aer 30 minutes of milling, the yield of 4o increases further to
92% of the Passerini adducts (Table 5, entry 6). When 100 ml and
150 ml of water was used as an additive for the LAG, the yield
decreased signicantly to 72 and 66% respectively (Table 5,
entries 7–8). The latter observation may be caused by the more
liquid changing the reaction mixture's texture and so lessening
effective mixing. In our previously reported Passerini reactions
in aqueous media, the presence of immobilized sulfuric acid on
silica gel had proven advantageous.37 We anticipate that using
liquid acid in replacement of water (LAG) may have a benecial
effect on the reaction yield, so such effects on the formation of
4o were therefore also investigated here under mechanochem-
ical conditions. In each instance, 10 mol% of the additive were
used. The yield of 4o decreased to 69% in the presence of
aqueous HCl (Table 5, entry 9). Additionally, H2SO4 and HNO3

had detrimental impacts, lowering the yield of 4o to 74 and
81%, respectively (Table 5, entries 10-11). It was discovered that
adding 75 ml of Acetic acid slightly boosted the yield to 88%.
Compound 4o was now successfully produced with a yield of
amides in the presence of the immobilized sulfuric acid on silica gel

© 2023 The Author(s). Published by the Royal Society of Chemistry
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88% with acetic acid (weak) compared to earlier trial with acids
(strong) (Table 5, entry 12). An alternative justication is that at
higher acid loading, the ‘on–off’ activation of the formamide to
nucleophilic attack is slow, meaning that the nucleophilicity is
greatly retarded compared to lower acid loadings. Although
good yield was obtained with weak acid (acetic acid), however
the yield (88%) (Table 5, entry 12) is not comparable to that
obtained using water (92%) (Table 5, entry 6) under the same
milling conditions. Consequently, water was chosen as an
additive of choice in this case and is explored further for
subsequent research. Accordingly, the optimal mechanochem-
ical conditions for the formation of 4o involved a milling of 1a,
2a, and 3o in the presence of water (75 ml) at 25 Hz for 30 min at
room temperature. At the end of the reaction, the crude mixture
was subjected to column chromatography to furnished 4o in
92% yield (Scheme 5).

With the optimized conditions at hand, we explored the
scope of the method by using different substituted solid N-
formamides such as those that contain the electron-donating
groups 2-formamido phenol (3k), and 4-formamido phenol
(3l). The corresponding Passerini adducts 4k–l were produced
in good to excellent yields (78–86%) (Fig. 2). Heterocyclic N-
formamides with ve membered ring such as 1,2,3-triazole-5-
thiol (3c), 1,2,3-triazole (3d), isoxazole (3i), and thiazole (3s)
moieties were also studied and found to furnish products 4c,
4d, 4i, and 4s in good to excellent yields (82–95%). Additionally,
heterocyclic aromatic N-formamides such as Antipyrine (3e),
benzimidazole (3g) and benzothiazole (3h), generated the
anticipated products 4e, 4g, and 4h in good to excellent yields
(80–88%) aer purication by column chromatography.

For the synthesis of novel a-acyloxycarboxamide derivatives
in the presence of SiO2–H2SO4, the proposed reaction mecha-
nism is depicted in Scheme 6. The N-formamide's group is rst
activated by the catalyst (SiO2–H2SO4) (4). The activated N-
formamide (5) group is then nucleophilically attacked by the
isocyanide, resulting in the formation of an intermediate called
nitrilium (6). Aer the intermediate (6) is attacked by the
carboxylate of (7), an acyl transfer and Mumm rearrangement
occur to produce derivatives of acyloxycarboxamides (9).

Conclusions

A practical synthesis of Passerini 3-CR adducts (4a–s, 79–98%
yield) under aqua and mechanochemical (ball-milling) condi-
tions were developed to demonstrate the usefulness of aqueous
organic reaction and mechanochemical activation for
isocyanide-based multicomponent reactions. These protocols
allow for the preparation of valuable molecules in good to
excellent yields under catalytic conditions. Furthermore, these
MCRs have high atom economy, experimental simplicity, short
reaction times, and low energy costs. Additionally, our studies
have opened the possible construction of diversity-oriented
compound libraries and biologically relevant or natural-
product-like molecular frameworks via Passerini reaction from
various heterocyclic N-formamides, benzoic acid and function-
alized isocyanide. Finally, the Passerini processes could be
scaled up to 100 mmol. We believe that these ndings will
© 2023 The Author(s). Published by the Royal Society of Chemistry
undoubtedly offer value to the growing area of mechanochem-
istry and aqueous organic reaction.

Materials and methods

Mechanochemical experiments were carried out in an in-house
modied Makita (Jigsaw) ball mill that was equipped with
(reactor diameter: 2.0 cm; height: 2.0 cm; volume of reactor: 13.2
mL). All reactors are stainless steel and equipped with stainless
steel balls (diameter: 6 mm;mass: 0.90 g). A FT-IR-Eco ATR Bruker
Alpha II Spectrometer was used for the FT-IR analysis. The IR
spectra were obtained by the attenuated total reection (ATR)
method. For each experiment, 16 scans were performed in the
frequency range from 650 to 4000 cm−1. Melting points of all the
compounds were determined using a Koffler hot-stage apparatus
and are uncorrected. NMR spectra were recorded on a Bruker
Advance III 400 spectrometer using CDCl3 or DMSO-d6 as a solvent
with tetramethyl silane used as internal standard. LC-MS/MS data
was recorded on a Bruker Compact quadrupole time of ight
(QToF) mass spectrometer. Raw mass spectrometry data were
processed using MZmine soware (version 2.38). Solvents and
chemicals used were of analytical grade, which were purchased
from Sigma Aldrich and used without further purication. The
purity determination of the starting materials and reaction
monitoring was performed by thin-layer chromatography (TLC) on
Merck silica gel G F254 plates.

Preparation of sulfuric acid adsorbed on silica gel (SiO2–

H2SO4)

This has been reported previously.38 In short, to a suspension of
silica gel (29.5 g, 230–400 mesh size) in EtOAc (60 mL), H2SO4

(1.5 g, 15.5 mmol, 0.8 mL of a 98% aq. solution of H2SO4) was
added and the mixture was stirred magnetically for 30 min at
room temperature. EtOAc was removed under reduced pressure
(rotary evaporator) and the residue was heated at 100 °C for 72 h
under vacuum to afford SiO2–H2SO4 as a free-owing powder.

General experimental procedures for the aqua synthesis of
Passerini adducts (4a–s) in the presence of catalyst

A mixture of benzoic acid (1a, 1 mmol) 1-naphthylisocyanides
(2a, 1 mmol), and 4-formamido pyridine (3a, 1 mmol) was
vigorously stirred in 2 mL water at room temperature for 10
minutes in the presence of 0.02 g of SiO2–H2SO4. Upon
completion, the organic layer was separated, and the combined
organic phases were concentrated under reduced pressure and
the residue was purify by column chromatography using DCM/
Hexane (3 : 1) as eluent to afford the desired products. Typical
yields range from 83 to 96%. All other products (a–s) were ob-
tained by similar approach.

General procedure for the mechanochemical synthesis of
Passerini adducts (4a-b, 4f, 4j, 4n, 4p)

Experiment A. A mixture of benzoic acid (1a, 1 mmol) 1-
naphthylisocyanides (2a, 1 mmol), and 4-formamido pyridine
(3a, 1 mmol) and additive (SiO2–H2SO4 0.03 g) was milled in
a 13.2 mL stainless steel milling vessel contained two balls of
RSC Adv., 2023, 13, 4019–4031 | 4029
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the same material (diameter: 6 mm; mass: 0.90 g) at 25 Hz for
20 min. Aer the milling was complete, the content in the
milling vessel was transferred into a beaker using a small
amount of organic solvent (DCM). Then, purication was done
by column chromatography to afford the corresponding Pass-
erini adducts in high to excellent yield.
General procedure for the mechanochemical synthesis of
Passerini adducts (4c–e, 4g–i, 4k–m, 4o, 4s)

Experiment B. A mixture of benzoic acid (1a, 1 mmol) 1-
naphthylisocyanides (2a, 1 mmol), and 2-
formamidoanthracene-9,10-dione (3o, 1 mmol) and additive
(water 75 mL) was milled in a 13.2 mL stainless steel milling
vessel contained two balls of the same material (diameter: 6
mm; mass: 0.90 g) at 25 Hz for 30 min. Aer the milling was
complete, the content in the milling vessel was transferred into
a beaker using a small amount of organic solvent (DCM). Then,
purication was done by column chromatography to afford the
corresponding oxindole derivatives in high yield.
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