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Abstract

1,4-Dihydropyridines (1,4-DHPs) are privileged heterocycles with broad relevance in medic-
inal chemistry and redox-related applications. However, conventional Hantzsch synthe-
ses typically require prolonged thermal heating and often suffer from limited efficiency
and regioselectivity. Herein, we report a sustainable and efficient microwave-assisted
protocol for the synthesis of 1,4-DHPs, employing phosphotungstic acid (HPW) as a
heteropolyacid catalyst in PEG-400 as a green reaction medium. The multicomponent
cyclocondensation proceeds rapidly under microwave irradiation, affording the desired
1,4-DHP derivatives in good to excellent yields within short reaction times. Compared
with classical acid-catalyzed conditions, the HPW/PEG-400 system markedly enhances
regioselectivity toward the 1,4-DHP framework while simultaneously reducing energy
input. Moreover, the catalytic system exhibits good recyclability, underscoring its potential
as a practical and environmentally responsible platform for the synthesis of bioactive
1,4-dihydropyridine scaffolds.

Keywords: 1,4-dihydropyridines; multicomponent reaction; phosphotungstic acid;
heteropolyacid catalyst; PEG-400; microwave-assisted organic synthesis

1. Introduction
Since their discovery, pyridine and its reduced analogs have played a central role

in the development of heterocyclic chemistry [1,2]. Among these, 1,2-dihydropyridines
(1,2-DHPs) and 1,4-dihydropyridines (1,4-DHPs) have emerged as particularly valu-
able scaffolds due to their broad spectrum of biological and pharmacological activities
(Figure 1) [3–6].

 

N N
HN

H
1,2-dihydropyridine1,4-dihydropyridine

Pyridine

Figure 1. Schematic representation of the two possible regioisomers of dihydropyridines (1,4-DHP
and 1,2-DHP).
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Several alkaloids, such as dioscorine, employ 1,2-dihydropyridines (1,2-DHPs) as
pivotal precursors for constructing the isoquinuclidine framework [7,8]. In addition, an
isoquinuclidine intermediate generated from a 1,2-DHP serves as an essential step in the
synthesis of oseltamivir phosphate (Tamiflu®), a well-known antiviral agent (Scheme 1).
Consequently, 1,2-DHP scaffolds represent valuable intermediates and building blocks in
modern pharmaceutical chemistry [9].

 
Scheme 1. Structure of 1,2-dihydropyridine (1,2-DHP) and the key isoquinuclidine intermediate
involved in the synthesis of pharmacologically relevant compounds.

The 1,4-dihydropyridine (1,4-DHP) scaffold is widely recognized as a privileged struc-
ture in medicinal chemistry, serving as a versatile template for the design of bioactive
molecules with significant therapeutic potential [10–13]. Naturally occurring derivatives,
such as nicotinamide adenine dinucleotide (NADH) and its phosphorylated analog nicoti-
namide adenine dinucleotide phosphate (NADPH), exemplify the biological importance of
this structural motif and its central role in redox biochemistry (Figure 2) [14,15]. According
to the International Union of Pure and Applied Chemistry (IUPAC), privileged scaffolds
exhibit structural diversity, featuring a semi-rigid core capable of accommodating multiple
hydrophobic substituents without hydrophobic collapse—an architectural characteristic
that often confers favorable drug-like properties [16].

 
Figure 2. Structures of 1,4-dihydropyridine (1,4-DHP), NADH/NADPH, and selected medicinally
important compounds derived from DHP scaffolds.

A bibliometric survey of 1,4-DHP derivatives retrieved from PubMed (Figure 3) high-
lights the historical evolution of the field: interest rose from the late 1960s through the
1970s–1990s and has since moderated, averaging ~50 publications per year over the last
decade. This trajectory underscores the value of consolidating and revitalizing the area
through comprehensive, up-to-date analyses. Despite long-standing pharmacological
importance, systematic reviews remain scarce [17], with only a few focused on specific
therapeutic domains [10–16].
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Figure 3. The number of publications published on 1,4-DHP scaffolds since 1969. https://pubmed.
ncbi.nlm.nih.gov/?term=1,4-dihydropyridine (accessed 14 January 2026).

Pharmacologically, 1,4-DHPs are best known as calcium-channel blockers (CCBs)
used in the management of hypertension and other cardiovascular disorders, owing to
their ability to modulate vascular smooth-muscle contraction and reduce blood pressure
(Figure 4) [13,18–22].

 

Figure 4. Examples of pharmaceuticals containing the 1,4-dihydropyridine (1,4-DHP) scaffold.

Hantzsch’s pioneering work on the synthesis of 1,4-DHPs involved the condensa-
tion of aldehydes with two equivalents of ethyl acetoacetate and ammonia in a one-pot
multicomponent reaction (MCR), establishing the foundation for modern 1,4-DHP chem-
istry. Classically, 1,4-DHPs are obtained through the Hantzsch MCR, first reported by
Arthur Rudolf Hantzsch in 1882. This cyclocondensation between a β-ketoester, an alde-
hyde, and ammonia yields symmetric 1,4-DHPs—commonly referred to as Hantzsch esters
(Scheme 2)—which remain cornerstone intermediates in synthetic and medicinal organic
chemistry [23].
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Scheme 2. The Hantzsch synthetic method, a classical 1,4-DHP synthesis.

Mechanistically, however, the process is nuanced: the pathway can also furnish the
1,2-DHP isomer as a competitive side product. Selectivity is governed primarily at the
stage of Michael addition of the enamine intermediate to the β-dicarbonyl compound,
where two alternative nucleophilic trajectories can lead to either the classical 1,4-DHP
or the less common 1,2-isomer (Scheme 3). This duality enriches the reaction’s chemical
complexity and underscores its usefulness as a model for studying regioselectivity and
heterocycle construction [24]. Li Shen et al. systematically demonstrated the exclusive
formation of 1,2-dihydropyridine derivatives under catalyst-free, solvent-free Hantzsch-
type conditions [25].

 

Scheme 3. General mechanism of Hantzsch 1,4-DHP and 1,2-DHP.

Several synthetic strategies have been developed for the preparation of 1,4-DHPs,
including microwave-assisted organic synthesis (MAOS), ultrasonic irradiation, green
methodologies, ionic liquids, heterogeneous catalysis, and solvent-free conditions [26–33].
Conventionally, 1,4-DHPs have been synthesized under thermal conditions, typically
requiring heating at elevated temperatures (80–120 ◦C) for prolonged reaction times (4–24 h).
These protocols often suffer from modest yields, limited regioselectivity with concomitant
formation of isomeric mixtures and by-products, as well as excessive energy consumption.

To address these limitations, MAOS combined with heterogeneous catalysis and the
use of greener solvents has emerged as an efficient and sustainable alternative [26–29].
This strategy enables precise temperature control and markedly shortens reaction times
(typically 1–30 min), while improving product yields and suppressing undesired side

https://doi.org/10.3390/catal16010096

https://doi.org/10.3390/catal16010096


Catalysts 2026, 16, 96 5 of 21

reactions. Overall, these features render MAOS-based protocols fully consistent with the
principles of green chemistry.

Over the years, these methodologies have undergone continuous refinement, driven
by systematic efforts to expand the scope and performance of available catalytic systems.
Although significant progress has been achieved in improving reaction efficiency and
product selectivity, challenges related to catalyst recyclability, substrate generality, and
operational sustainability remain. In this context, several influential studies reported over
the past decade have contributed to advancing the synthesis of 1,4-DHPs through the
development of greener catalysts, more sustainable reaction media, and innovative activa-
tion strategies, thereby reinforcing—yet not fully exhausting—the principles of modern
green chemistry.

In 2018, Chen et al. reported a representative example of solvent-controlled regiose-
lective synthesis of 1,4-DHPs through a cascade multicomponent reaction between enam-
inones and aldehydes under Brønsted acid catalysis (p-TsOH) [34]. In this study, the reaction
solvent played a decisive role in directing product formation. Specifically, reactions carried
out in ethanol under reflux selectively afforded one class of 1,4-DHP derivatives, whereas
replacing ethanol with acetonitrile led to divergent cyclization pathways and the formation
of structurally distinct 1,4-DHP frameworks. The transformation proceeds via a cascade
sequence involving enaminone activation, an aza-ene reaction, iminium ion formation,
and subsequent intramolecular cyclization or elimination steps, enabling the construction
of multiple C–C and C–N bonds in a single operation. The methodology operates under
relatively mild conditions, exhibits a broad substrate scope encompassing both electron-rich
and electron-deficient aldehydes, and clearly demonstrates how subtle variations in reac-
tion parameters—particularly solvent polarity—can significantly influence regioselectivity
and overall reaction outcome in Hantzsch-type multicomponent systems, Scheme 4.
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CH3CN or EtOH

reflux, 3h
R1

R1 R1
R1N
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+

Scheme 4. Solvent-directed regioselective formation of structurally distinct 1,4-DHPs under
p-TsOH catalysis.

In 2020, Bosica et al., described an efficient route for the synthesis of 1,4-DHPs em-
ploying phosphotungstic acid (HPW) heterogenized on alumina (40%) as a reusable solid
catalyst. Interestingly, the use of green solvents such as water or ethanol was found to
decrease the reaction efficiency, while increasing the temperature had only a minor influ-
ence on yield or reaction time. After systematic optimization and evaluation of different
heterogeneous catalysts, the authors achieved yields exceeding 75% within just 2–3 h. The
optimized alumina-supported catalyst demonstrated excellent reusability, maintaining high
activity over eight consecutive reaction cycles and successfully passing the heterogeneity
test. Furthermore, substrate scope studies revealed that aliphatic aldehydes furnished the
classical 1,4-DHP framework, whereas aromatic aldehydes predominantly afforded the
previously reported regioisomeric products (Scheme 5) [35].

Also, in 2020, Tiwari and co-workers reported a green, simple, and efficient one-pot
multicomponent Hantzsch synthesis for the preparation of 1,4-DHPs using glycerol as both
the reaction medium and promoter. Glycerol exhibited dual functionality—serving as a
solvent that effectively dissolves the reactants and as an activator of electrophilic substrates
through strong hydrogen-bonding interactions.
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Scheme 5. Synthesis of 1,4-DHPs using phosphotungstic acid, aluminum oxide as catalyst.

In this method, aromatic aldehydes, dimedone, and ammonium acetate were com-
bined with glycerol and heated at 65 ◦C for a specific duration under mild, metal-free
conditions. The process proved to be rapid, cost-effective, and environmentally benign,
affording moderate to excellent yields with good atom economy. Due to its simplicity and
sustainability, this glycerol-based protocol represents a promising green alternative for the
synthesis of 1,4-DHP derivatives with potential physiological activity (Scheme 6) [36].

 
Scheme 6. Synthesis of 1,4-DHPs based using glycerol as catalyst.

A study reported by Jabir et al. in 2020 demonstrated the effectiveness of Brøn-
sted acidic ionic liquids as green catalysts in Hantzsch-type multicomponent reactions,
Scheme 7. In this context, a representative example is the one-pot four-component synthesis
1,4-DHPs using 3-methyl-1-sulfonic acid imidazolium chloride ([Msim]Cl) as an efficient
and recyclable acidic catalyst. The methodology involves the condensation of aldehydes,
β-dicarbonyl compounds, primary amines, and barbituric acid in ethanol under mild
conditions, typically at room temperature, affording the desired 1,4-DHP derivatives in
high yields and short reaction times. The ionic liquid plays a dual role as both catalyst and
reaction medium, enabling effective activation of carbonyl substrates while avoiding the
need for harsh reaction conditions [37].

 
Scheme 7. MCR synthesis of 1,4 DHPs using ionic liquid as catalyst.

Ersatir and co-workers in 2022, reported a simple, environmentally friendly, and
highly efficient protocol for the synthesis of 1,4-DHPs. The method involves a one-pot mul-
ticomponent reaction (MCR) performed in subcritical ethanol, in which various aromatic
aldehydes, ethyl acetoacetate, and urea are converted into the corresponding 1,4-DHP
derivatives. The reaction proceeds at 220 ◦C for 60 min, with its progress conveniently
monitored by thin-layer chromatography (TLC). This approach affords good to excellent
yields, short reaction times, and straightforward work-up procedures, representing a highly
practical and sustainable route for the preparation of 1,4-DHPs. However, the relatively
high reaction temperature (220 ◦C) may limit its application to thermally stable substrates
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and increase energy consumption, partially offsetting the environmental advantages of the
protocol (Scheme 8) [38].

  
Scheme 8. MCR synthesis of 1,4-DHPs under subcritical ethanol conditions.

In 2024, Pachipulusu and co-workers reported a green and efficient microwave-assisted
protocol for the synthesis of 1,4-DHPs. The reaction employed ethanol as a sustainable
solvent and triethylamine as a mild base catalyst, enabling the formation of the desired
products in less than 30 min with excellent yields (90–96%). This four-component process
effectively reduces reagent and solvent consumption, while microwave irradiation enhances
both reaction rate and energy efficiency. In addition, the protocol eliminates the need for
column chromatography, simplifying product isolation and purification. However, the
use of triethylamine, although mild and efficient, introduces a volatile organic base that
may slightly compromise the overall greenness of the process and limit its scalability.
Despite this limitation, the methodology demonstrates high atom economy, operational
simplicity, and short reaction times, representing a sustainable and versatile strategy for
the rapid synthesis of heterocyclic scaffolds with potential applications in pharmaceutical
and medicinal chemistry (Scheme 9) [39].

 
Scheme 9. One-pot multicomponent synthesis of 1,4-DHPs catalyzed by triethylamine (TEA).

Guided by the principles of green chemistry, this study explores a sustainable route for
the synthesis of 1,4-DHP derivatives. While conventional Hantzsch protocols typically rely
on homogeneous Brønsted acids, organic solvents, prolonged heating, and offer limited
control over regioselectivity, recent efforts have shifted toward greener strategies involv-
ing alternative reaction media, recyclable heterogeneous catalysts, and energy-efficient
activation methods.

In this context, we report the use of a heteropolyacid catalyst, phosphotungstic acid
(H3PW12O40, HPW), dissolved in polyethylene glycol (PEG-400) under microwave-assisted
conditions. This platform was designed to enhance reaction efficiency by affording higher
yields, shorter reaction times, improved regioselectivity toward the 1,4-DHP isomer, and
effective catalyst recyclability, while reducing solvent usage and energy consumption.

Accordingly, the present work advances prior methodologies by directly compar-
ing this innovative HPW/PEG-400 microwave-assisted system with a classical thermal
approach, systematically optimizing key reaction parameters and demonstrating that
sustainability and synthetic performance can be simultaneously achieved.
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2. Results and Discussion
To establish a comparative benchmark, the methodology described by Chen et al.

was first examined [34]. In their protocol, substituted enaminones and aldehydes are
condensed in acetonitrile under reflux in the presence of 30 mol% of the p-toluenesulfonic
acid (p-TsOH), affording 1,4-DHP derivatives in 3 h with moderate yields (Scheme 4).

The procedure was adapted by replacing the previously synthesized enaminone
component with its corresponding precursors, ethyl acetoacetate and ammonium formate,
which were employed for in situ enaminone generation using the same stoichiometric
proportions. Under these modified conditions, the reaction with benzaldehyde afforded
two isomeric products—the 1,4-DHP and 1,2-DHP derivatives (Scheme 10)—in contrast to
the exclusive formation of the 1,4-DHP reported by Chen et al.

 

Scheme 10. General procedure adapted from Chen et al. for the synthesis of 1,4-DHPs.

In the study by Cheng et al., the selective formation of the 1,4-DHP isomer may be at-
tributed to conformational constraints that direct the reaction pathway toward this product,
thereby suppressing the formation of the 1,2-DHP regioisomer, structural characterization
was performed by 1H NMR spectroscopy (see Supporting Information).

Variation in these parameters consistently led to the formation of both regioiso-
mers. Upon recrystallization from ethanol, the 1,4-dihydropyridine scaffold (1) and the
1,2-dihydropyridine scaffold (2) afforded crystals with distinct morphologies, enabling
straightforward physical separation in a 1.5:1 ratio, as determined by HPLC (see Supporting
Information). Compound 1 was isolated as larger yellow crystals, whereas compound 2
was obtained as smaller white crystals. Single-crystal X-ray diffraction analysis provided
unambiguous structural confirmation, and the corresponding ORTEP representations are
shown in Figure 5.

Figure 5. ORTEP representations of the 1,4-DHP and 1,2-DHP isomers from single-crystal X-ray
diffraction (50% probability ellipsoids), with photographs of the corresponding crystalline samples
shown below each structure, highlighting their distinct solid-state morphology and color.
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This unexpected divergence prompted a systematic investigation into the factors
governing regioisomer formation, including the effects of catalyst type, reaction time,
solvent, and related parameters. Overall, adaptation of the conditions reported by Chen
et al. fundamentally altered the reaction outcome, consistently leading to mixtures of the
1,4- and 1,2-DHP isomers. Accordingly, we expanded the exploration of this methodology
to examine regioisomer formation and to enable a robust and meaningful comparison
between our methodology and that of Chen et al., as well as the adapted protocol, as
summarized in Table 1.

Table 1. Substrate scope expansion of the p-TsOH/acetonitrile system under conventional heating,
showing isolated yields and 1,4-DHP/1,2-DHP regioselectivity.

Entry R Ratio
1,4-DHP:1,2-DHP a Yield% b

1 1.1:1 9

2 2:1 15

3 2:1 11

4 1.2:1 13

5 2:1 10

6 4:1 21

7 H 2:1 30
a The ratio was determined from HPLC peak areas. b Yield of the regioisomeric mixture comprising
compounds 1 and 2.

The products could not be purified, even after column chromatography followed
by recrystallization. Consequently, isolated yields were determined for the regioisomeric
mixtures, and regioselectivity was assessed by HPLC (see Supplementary Materials). Over-
all, the yields were very low (9–40%), in good agreement with the low yields previously
reported by Chen et al. In some cases (entries 1 and 4), the reaction afforded an almost
equimolar mixture of regioisomers, indicating negligible regioselectivity. This poor re-
gioselectivity demonstrates that the reaction system does not efficiently promote selective
formation of the thermodynamically preferred product, suggesting competition between
the two mechanistic pathways outlined in Scheme 3.

The regioselective formation of 1,2-DHPs, in contrast to the more commonly observed
1,4-DHPs, can be rationalized by deviations from the classical Hantzsch reaction mecha-
nism. In particular, differences in nucleophile hardness—arising from electronic effects of
substituents on the aldehyde—and the nature of the reactive intermediates can influence
the site of nucleophilic addition, occasionally favoring 1,2-addition pathways. When the
reaction mechanism diverges from the canonical enamine–Knoevenagel–Michael addition
sequence—such as through the involvement of alternative enamine intermediates or direct
nucleophilic attack—formation of 1,2-DHPs becomes potentially accessible. Under typical
multicomponent condensation conditions involving an aldehyde, two β-keto esters, and
ammonia or amines, however, the pathway leading to 1,4-DHPs remains both kinetically
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and mechanistically preferred. This intrinsic bias accounts for why the vast majority of
reported methodologies, including those employing acid catalysis, diverse solvent systems,
or microwave irradiation, predominantly afford the 1,4-DHP regioisomer.

In order to ensure a comprehensive study and generate reliable, directly comparable
data, the reaction was also evaluated under the same conditions by replacing the acetonitrile
p-TsOH system with the HPW/PEG-400 catalytic system, Scheme 11.

Scheme 11. Evaluation of the reaction under identical conditions using the HPW/PEG-400 catalytic
system as a replacement for the acetonitrile/p-TsOH system.

Overall, the results revealed a significant increase in yield (52%) and, notably, a
substantial enhancement in regioselectivity (1,4-DHP/1,2-DHP = 22:1), indicating that the
HPW/PEG-400 system is more efficient in promoting formation of the 1,4-DHP scaffold
when compared with the acetonitrile/p-TsOH system, (see Supporting Information).

Building on our continued interest in MAOS [40] and in light of the results obtained
under the previously reported adapted conditions, we initiated our investigations using
a microwave-assisted methodology based on an HPW catalytic system in PEG-400. To
evaluate the optimal catalyst loading, a fixed reaction time of 30 min was established for
this stage, and the catalyst amount was systematically varied as summarized in Table 2.

Table 2. Optimization of HPW catalyst loading in PEG-400 under microwave irradiation using a
fixed reaction time of 30 min.

Entry mol% Catalyst Ratio (1,4-DHP:1,2-DHP) a Yield (%)

1 30 35:1 72

2 20 35:1 74

3 10 38:1 75

4 5 38:1 75

5 1 8:1 47
a The ratio was determined from HPLC peak areas.

As summarized in Table 2, the HPW/PEG-400 catalytic system exhibits high robust-
ness across a broad range of catalyst loadings. When 30–5 mol% HPW was employed
(entries 1–4), both the isolated yields and the 1,4-DHP/1,2-DHP ratios remained essentially
unchanged, indicating that enamine formation and the subsequent Michael addition are
efficiently promoted even at reduced catalyst levels. In contrast, at 1 mol% HPW (entry 5),
corresponding to a 30- to 5-fold lower catalyst loading relative to the preceding conditions,
a marked decrease in both yield and regioselectivity was observed. To further assess the
influence of reaction time under such low catalyst loading, the conditions used in entry 5
were extended to 60 min. No significant changes in either regioselectivity or yield were
observed, indicating that longer reaction times do not compensate for the reduced den-
sity of acidic sites. Taken together, these observations support the existence of a catalytic
threshold below which the HPW/PEG-400 system cannot efficiently sustain the classical
Hantzsch pathway, regardless of reaction time.
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Building on these results, the effects of reaction time and temperature were subse-
quently examined to determine the optimal reaction conditions (Table 3).

Table 3. Optimization of reaction time and temperature to establish the most efficient conditions.

Entry Time (min.) Solvent Catalyst Temp. (◦C) Ratio
(1,4-DHP:1,2-DHP) a Yield (%)

1 10 PEG-400 HPW 80 33:1 71

2 20 PEG-400 HPW 80 38:1 80

3 30 PEG-400 HPW 80 33:1 75

4 40 PEG-400 HPW 80 33:1 53

5 60 PEG-400 HPW 80 33:1 51

6 20 Solvent-free HPW 80 - -

7 20 PEG-400 Catalyst-free 80 - -

8 20 PEG-400 HPW 60 20:1 60

9 20 PEG-400 HPW 100 55:1 52

10 10 PEG-400 HPW 150 40:1 45
a The ratio was determined from HPLC peak areas.

Entries 1–5 highlight the critical role of reaction time on yield, as the regioisomeric
ratios remain relatively constant and significantly higher than those obtained using the
adapted methodology under conventional heating. In entries 3, 4 and 5, a decrease in
yield was observed, likely due to degradation and oxidation of the reagents promoted by
prolonged reaction times and elevated temperatures. Entry 2 provided the most favorable
outcome, affording an 80% yield with a 1,4-DHP/1,2-DHP ratio of 33:1 (see Supporting
Information). Entries 6 and 7 demonstrate that the reaction is strongly dependent on
both the solvent and the catalytic system, as no product formation was detected in their
absence. Based on the robust results obtained in entry 2, we subsequently investigated the
effect of temperature. Owing to the sealed nature of the microwave system, which allows
reactions to be conducted at temperatures above the boiling point of the corresponding
solvents, a temperature study was feasible. As observed in entry 8, lower temperatures
led to decreased yield and reduced regioisomeric selectivity. In contrast, entry 9 shows
that higher temperatures significantly increased the regioisomeric ratio; however, the
overall yield decreased due to the onset of reagent degradation. A comparable trend was
observed in entry 10, where reducing the reaction time while increasing the temperature
still resulted in an unsatisfactory overall yield, indicating a pronounced temperature effect
on product formation. A substantial loss in regioselectivity was also detected under these
conditions, demonstrating that elevated temperatures negatively impact both the efficiency
and selectivity of the process.

To complete the comparative evaluation between the methodologies, the reaction
was also investigated using the acetonitrile p-TsOH system under microwave-assisted
conditions at 80 ◦C for 20 min, Scheme 12.

The results are particularly noteworthy when compared with conventional thermal
heating. Under microwave irradiation, the reaction yield increased from 40% to 58%, accom-
panied by a pronounced enhancement in regioselectivity from 1.5:1 to 24:1, highlighting
the significant influence of both exposure time and heating mode. The effect of microwave
irradiation on the organization of the solvation layer may enhance the catalytic activity
of p-TsOH; however, across all conditions investigated, our methodology consistently
outperformed the acetonitrile/p-TsOH system. These findings underscore the synergistic
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role of the HPW/PEG-400 catalytic system combined with microwave-assisted heating in
achieving superior efficiency and selectivity.

 

Scheme 12. Evaluation of the acetonitrile/p-TsOH system under microwave-assisted conditions
(80 ◦C, 20 min) for comparative purposes.

With the optimal reaction conditions established for this system, we proceeded to
the synthesis of a series of 1,4-DHP derivatives using the same aliphatic and aromatic
aldehydes employed in the initial studies, in which the methodology of Cheng et al.,
had been adapted, while maintaining all other reagents consistent with those used in the
preceding stages of this work. The reaction conditions adopted correspond to those defined
in entry 2 of Table 2, namely a reaction time of 20 min under microwave irradiation at 80 ◦C,
using HPW as the catalyst and PEG-400 as the solvent, Scheme 13.

 

 
Scheme 13. Scope of the microwave-assisted HPW/PEG-400 methodology using various aldehydes,
showing isolated yields and 1,4-DHP/1,2-DHP regioselectivity.

Overall, the yields obtained under these conditions were significantly higher than
those achieved with the reference methodology, both in terms of overall efficiency and
regioisomer distribution. Although minor amounts of 1,2-DHP derivatives were consis-
tently detected, the regioselectivity toward the 1,4-DHP isomer was sufficiently high that
the 1,2-DHP could not be reliably quantified by NMR spectroscopy. This observation may
explain why relatively few studies report the isolation of this regioisomer, often describing
it merely as an impurity. Taken together, these results indicate that the transformation pro-
ceeds through the classical Hantzsch mechanism, which kinetically and thermodynamically
favors 1,4-DHP formation via the enamine–Knoevenagel–Michael sequence.
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To further investigate the influence of the aldehyde component on regioselectivity, the
methodology was applied to two aliphatic aldehydes to evaluate potential shifts in the
1,4- vs. 1,2-DHP distribution, as previously noted by Bosica et al. for related systems [35].
In both cases, the desired 1,4-DHP derivatives were obtained in good yields and with high
regioselectivity, thereby reinforcing the robustness of the present protocol.

Finally, to demonstrate synthetic applicability, the methodology was employed for the
preparation of nifedipine, a clinically relevant calcium channel blocker. The target com-
pound was obtained in high yield and with excellent regioselectivity, further underscoring
the practical value of the HPW/PEG-400 microwave-assisted system.

Another important aspect to be considered is the potential stabilization of reaction
intermediates and transition states by the PEG-400 solvent through hydrogen-bonding
interactions, as well as the formation of aggregation clusters with HPW that may further
enhance its acidic character. This behavior may account for the outcome observed in
Scheme 14, in which the reaction employing paraformaldehyde—a more stable and less
reactive form of formaldehyde—led to the formation of the corresponding pyridine as the
final product. Following initial formation of the 1,4-DHP intermediate, the strongly acidic
reaction medium may promote dehydrogenation of the dihydropyridine core, ultimately
leading to aromatization of the ring system [41].

OEt

O O

+ + NH4OAcH H

O

PEG, HPW
M.W, 80 ºC

20 min
N
H

CO2EtEtO2C

(9)

N

CO2EtEtO2C

+

(10)

OEt

O O

+ + NH4OAc PEG, HPW
M.W, 80 ºC

20 min

N
N

N

N

no reaction

not formed

Scheme 14. Influence of the formaldehyde source under strongly acidic conditions: paraformalde-
hyde leads to pyridine formation via 1,4-DHP aromatization, whereas hexamethylenetetramine
(HMTA) is unreactive.

In an attempt to obtain product 9, hexamethylenetetramine (HMTA) was evaluated
as an alternative formaldehyde source; however, no reaction was observed, Scheme 14. A
plausible explanation is that formaldehyde generated in situ from HMTA undergoes rapid
oxidation to its corresponding acidic form under the strongly acidic conditions, thereby
preventing its participation in the desired condensation pathway and precluding formation
of the targeted product.

The recyclability of the HPW/PEG-400 catalytic system was also evaluated. After
completion of the reaction, an organic solvent was added and the mixture was vigorously
stirred. After a settling period, the system was cooled to −20 ◦C to promote phase sep-
aration. The organic phase containing the reaction products from benzaldehyde, ethyl
acetoacetate, and ammonium acetate was carefully removed using a pipette. The remain-
ing HPW/PEG-400 phase was concentrated under reduced pressure, dried under high
vacuum, and subsequently reused. The recovered catalytic system was successfully reused
for five consecutive cycles without significant variations in either yield or regioselectivity
(33:1, Figure 6). A noticeable decrease in yield was only observed in the sixth cycle, which
we attribute to partial catalyst deactivation and the gradual accumulation of impurities
from previous reactions in the PEG-400 phase. Attempts to characterize these impurities by
NMR were unsuccessful. No significant change in regioselectivity was detected even at
this stage. Accordingly, we report five cycles as a practical and safe operational limit for
the HPW/PEG-400 system.
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Figure 6. Recycling and reuse of the HPW/PEG-400 catalytic system in the synthesis of 1,4-DHPs.

3. Materials and Methods
All reagents and solvents were purchased from Sigma-Aldrich-Merck (St. Louis,

MO, USA), and used as received. Commercial reagents exhibited analytical-grade purity
suitable for synthetic organic chemistry. Microwave reactions were performed using a
Biotage Initiator+ (Biotage, Uppsala, Sweden) microwave reactor equipped with sealed
vessels, a dynamic power control program, simultaneous cooling, media stirring, and real-
time temperature monitoring by an internal fiber-optic probe. The Biotage Initiator+ system
operates at a fixed microwave frequency of 2.45 GHz with an automated power range of
0–400 W. The NMR spectra were recorded at 25 ◦C on a Bruker Avance 600 spectrometer
(Bruker, Billerica, MA, USA, 600 MHz for 1H and 151 MHz for 13C) with TMS as an internal
standard for deuterated chloroform (CDCl3) as solvent. The reactions were monitored by
thin-layer chromatography (TLC) on precoated 0.25 mm thick plates of Kieselgel 60 F254

(Merck, Burlington, MA, USA), visualization was accomplished by UV light (254 nm) or
by spraying a solution of 10% solution of phosphomolybdic acid in ethanol, followed by
heating at 200 ◦C for a sufficient duration until blue spots become visible. HRESI-MS
(ESI-QTOF) experiments were performed on a Triple Tof 5600 Sciex (SCIEX, Framingham,
MA, USA), by flow injection analysis using an Eksigent UltraLC 100 Sciex chromatograph
set to a flow rate of 0.3 mL/min. All melting points were measured using capillary
tubes on a LOGEN Scientific -LS III Plus (Diadema, São Paulo, Brazil) melting point
apparatus. High-performance liquid chromatography (HPLC) analyses were performed on
an Agilent Technologies 1100 Series system (Agilent Technologies, Inc., headquartered in
Santa Clara, CA, USA). The analytical separations were carried out using a Kinetex C18
column (5 µm, 250 × 4.6 mm) under isocratic conditions with water/acetonitrile (60:40,
v/v) as the mobile phase. The X-ray diffraction data were collected at room temperature
(296 K) on a Bruker CCD SMART APEX II (Bruker Corporation, Billerica, MA, USA), single
crystal diffractometer with Mo Kα radiation (0.71073 Å). The structures were solved using
the Olex2 program [42] by direct methods with SHELXS [43], and subsequent Fourier-
difference map analyses yielded the positions of the non-hydrogen atoms. The refinement
was performed using SHELXL [44]. Empirical absorption corrections were applied using
the SADABS program [45]. Full-matrix least-squares made all refinements on F2 with
anisotropic displacement parameters for all non-hydrogen atoms. Hydrogen atoms were
included in the refinement in calculated positions, but the atoms (of hydrogens) that
are commenting performing special bonds were located in the Fourier map. Molecular
graphics were generated via MERCURY 4.0 software [46]. Crystallographic data for the
structures in this work were deposited at the Cambridge Crystallographic Data Centre,
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CCDC-2517790 and CCDC-2517791. Crystal data, experimental details, and refinement
results are summarized in Table S1.

3.1. General Synthesis of 1,4-Dihydropyridines in Acetonitrile Using TsOH

In a 50 mL round-bottom flask, an aldehyde (5 mmol), ethyl acetoacetate (10 mmol),
ammonium acetate (10 mmol), and p-toluenesulfonic acid (p-TsOH, 0.3 mmol) were dis-
solved in acetonitrile (10 mL) and refluxed for 3 h. The reaction progress was monitored
by TLC (silica gel, CH2Cl2/EtOAc, 9:1, v/v). After completion, the reaction mixture was
extracted three times with ethyl acetate and water. The combined organic layers were
dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The
resulting crude product was purified by silica gel column chromatography (CH2Cl2/EtOAc,
95:5 → 90:10, v/v) and subsequently recrystallized from ethanol to afford the desired product.

3.2. General Synthesis of 1,4-Synthesis in PEG-400 Using HPW

In a 50 mL round-bottom flask, benzaldehyde (5 mmol), ethyl acetoacetate (10 mmol),
ammonium acetate (10 mmol), and phosphotungstic acid (HPW, 0.3 mmol) were dissolved
in PEG-400 (10 mL) and heated at 80 ◦C for 3 h. The reaction progress was monitored
by TLC (silica gel, CH2Cl2/EtOAc, 9:1, v/v). After completion, the reaction mixture was
extracted three times with ethyl acetate and water. The combined organic layers were
dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The
resulting crude product was purified by silica gel column chromatography (CH2Cl2/EtOAc,
95:5 → 90:10, v/v) and subsequently recrystallized from ethanol to afford the desired product.

3.3. General Microwave-Assisted Synthesis of 1,4-Dihydropyridines in Acetonitrile Using TsOH

Under optimized conditions, benzaldehyde (1 mmol), ethyl acetoacetate (2 mmol),
ammonium acetate (2 mmol), and TsOH (0.05 mmol) were dissolved in acetonitrile
(2.5 mL) in a sealed 10 mL glass tube and irradiated at 80 ◦C for 20 min. After
cooling to room temperature, the mixture was partitioned between ethyl acetate and
water. The organic layer was dried over anhydrous Na2SO4, filtered, and concen-
trated under reduced pressure. The crude product was purified by silica gel column
chromatography (CH2Cl2/EtOAc 95:5 → 90:10) and recrystallized from ethanol to afford
the desired product.

3.4. General Microwave-Assisted Synthesis of 1,4-Dihydropyridines in PEG-400 Using HPW

Under optimized conditions, aldehyde (1 mmol), ethyl acetoacetate (2 mmol), ammo-
nium acetate (2 mmol), and HPW (5 mol%, 0.05 mmol) were dissolved in PEG-400 (1.5 mL)
in a sealed 10 mL glass tube and irradiated in a Biotage Initiator+ microwave reactor (80 ◦C,
20 min) under magnetic stirring. After cooling to room temperature, the product was ex-
tracted with diethyl ether (3 × 5 mL) by decantation. For PEG-400 systems, the mixture was
cooled to solidify the PEG phase, enabling separation of the ether extract. The combined
organic layers were dried over anhydrous Na2SO4, filtered, concentrated under reduced
pressure, purified by silica gel column chromatography (CH2Cl2/EtOAc 95:5 → 90:10),
and recrystallized from ethanol to afford the desired product.

The isolated solid 1,4-DHP derivatives were characterized by 1H NMR, 13C NMR,
HRMS (ESI-TOF), and melting point analysis. The analytical data were consistent with
previously reported values.
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Diethyl 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate (1) [38]:

1H NMR (600 MHz, CDCl3) δ 7.27 (d, J = 7.70 Hz, 2H), 7.20 (t, J = 7.66 Hz, 2H),
7.12 (t, J = 7.50 Hz, 1H), 5.78 (s, 1H), 4.99 (s, 1H), 4.04–4.13 (m, 4H), 2.31 (s, 6H),
1.22 (t, J = 7.11 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ 167.7, 147.8, 143.9, 128.0, 127.8,
126.1, 104.1, 59.7, 39.6, 19.5, 14.2. HRMS (ESI-TOF) m/z calculated for
C19H24NO4

+ [M + H]+: 330.1627; found [M + H]+: 330.1626. mp: 155–157 ◦C
(yellow solid).

Diethyl 2,4-dimethyl-6-phenyl-1,4-dihydropyridine-3,5-dicarboxylate (2) [35]:

1H NMR (600 MHz, CDCl3) δ 7.24–7.30 (m, 5H), 5.61 (d, J = 4.05 Hz, 1H),
5.41 (d, J = 4.05 Hz, 1H), 4.08–4.25 (m, 2H), 2.39 (s, 3H), 2.22 (s, 3H), 1.30 (t, J = 7.13 Hz,
3H), 1.21 (t, J = 7.13 Hz, 3H). 13C NMR (151 MHz, CDCl3). HRMS (ESI-TOF) m/z
calculated for C19H24NO4

+ [M + H]+: 330.1627; found [M + H]+: 330.1626.
mp: 145–146 ◦C (white solid).

Diethyl 4-(benzo[1,3]dioxol-5-yl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (3) [47]:

1H NMR (600 MHz, CDCl3) δ 6.78 (d, J = 1.65 Hz, 1H), 6.75 (dd, J = 8.00, 1.65 Hz, 1H),
6.65 (d, J = 7.99 Hz, 1H), 5.87 (s, 2H), 5.73 (s, 1H), 4.92 (s, 1H), 4.06–4.15 (m, 4H),
2.31 (s, 6H), 1.24 (t, J = 7.12 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ 167.6, 147.2, 145.7,
143.7, 142.0, 120.9, 108.6, 107.5, 104.3, 100.6, 59.7, 39.3, 19.6, 14.3. HRMS (ESI-TOF) m/z
calculated for C20H24NO6+ [M + H]+: 374.1525; found [M + H]+: 374.1526.
mp: 198–200 ◦C (yellow solid).

Diethyl 2,6-dimethyl-4-(4-nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylate (4) [38]:

1H NMR (600 MHz, CDCl3) δ 8.10 (d, J = 8.80 Hz, 2H), 7.47 (d, J = 8.90 Hz, 2H),
5.78 (s, 1H), 5.11 (s, 1H), 4.07–4.15 (m, 4H), 2.38 (s, 6H), 1.24 (t, J = 7.12 Hz, 6H).
13C NMR (151 MHz, CDCl3) δ 167.0, 155.1, 146.4, 144.6, 128.9, 123.3, 103.2, 60.0, 40.1,
19.7, 14.3. HRMS (ESI-QTOF) m/z calculated for C19H23N2O6

+ [M + H]+: 375.1478;
found [M + H]+: 375.1477. mp: 194–196 ◦C (yellow solid).

Diethyl 2,6-dimethyl-4-(p-tolyl)-1,4-dihydropyridine-3,5-dicarboxylate (5) [38]:

N
H

CO2EtEtO2C

1H NMR (600 MHz, CDCl3) δ 7.19 (d, J = 7.87 Hz, 2H), 7.03 (d, J = 7.85 Hz, 2H),
5.78 (s, 1H), 4.97 (s, 1H), 4.08–4.15 (m, 4H), 2.34 (s, 6H), 2.29 (s, 3H), 1.25 (t, J = 7.14 Hz,
6H). 13C NMR (151 MHz, CDCl3) δ 167.7, 144.9, 143.8, 135.5, 128.6, 127.8, 127.7, 104.2,
60.4, 59.7, 39.1, 21.0, 19.6, 14.3. HRMS (ESI-QTOF) m/z calculated for
C20H26NO4

+ [M + H]+: 344.1784; found [M + H]+: 344.1784. (Yellow pasty solid).
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Diethyl 4-(4-hydroxy-3-methoxyphenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (6) [48]:

1H NMR (600 MHz, CDCl3) δ 6.95 (d, J = 8.31 Hz, 1H), 6.87 (d, J = 1.72 Hz, 1H),
6.75 (dd, J = 8.30, 1.72 Hz, 1H), 5.69 (s, 1H), 5.50 (s, 1H), 4.94 (s, 1H), 4.09–4.16 (m, 4H),
3.86 (s, 3H), 2.35 (s, 6H), 1.26 (t, J = 7.11 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ 167.7,
145.8, 143.9, 143.6, 140.1, 120.5, 113.9, 110.9, 104.3, 59.7, 55.8, 39.1, 19.6, 14.3.
C20H26NO6

+ [M + H]+: 376.1682; found [M + H]+: 376.1682. mp: 161–163 ◦C
(yellow solid).

Diethyl 4-(4-hydroxyphenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (7) [38]:

1H NMR (600 MHz, CDCl3) δ 7.15 (d, J = 8.39 Hz, 2H), 6.68 (d, J = 8.44 Hz, 2H),
5.62 (s, 1H), 4.94 (s, 1H), 4.08–4.17 (m, 4H), 2.34 (s, 6H), 1.24 (t, J = 7.11 Hz, 6H).
13C NMR (151 MHz, CDCl3) δ 167.9, 154.0, 143.6, 140.2, 129.2, 114.7, 104.5, 59.8, 38.8,
19.6, 14.3. C19H24NO5

+ [M + H]+: 346.1576 found [M + H]+: 346.1576. mp: 238–240 ◦C
(yellow solid).

Diethyl 4-(4-bromophenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (8) [38]:

1H NMR (600 MHz, CDCl3) δ 7.34 (d, J = 8.40 Hz, 2H), 7.18 (d, J = 8.42 Hz, 2H),
5.80 (s, 1H), 4.97 (s, 1H), 4.07–4.14 (m, 4H), 2.34 (s, 6H), 1.24 (t, J = 7.12 Hz, 6H).
13C NMR (151 MHz, CDCl3) δ 167.4, 146.9, 143.6, 144.1, 130.9, 129.9, 119.9, 103.8, 59.8,
39.3, 19.6, 14.3. HRMS (ESI-QTOF) m/z calculated for C19H23BrNO4

+ [M + H]+:
408.0732; found [M + H]+: 408.0734. mp: 241–243 ◦C (orange solid).

Diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (9) [41]:

1H NMR (600 MHz, CDCl3) δ 4.16 (q, J = 7.12 Hz, 4H), 3.26 (s, 2H), 2.19 (s, 3H),
1.28 (t, J = 7.14 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ 168.1, 144.9, 99.5, 59.7, 24.8,
19.2, 14.5. HRMS (ESI-QTOF) m/z calculated for C13H20NO4

+ [M + H]+: 254.1314;
found [M + H]+: 254.1313. mp: 179–182 ◦C (yellow solid).

Diethyl 2,6-dimethylpyridine-3,5-dicarboxylate (10) [41]:
1H NMR (600 MHz, CDCl3) δ 8.70 (s, 1H), 4.41 (q, J = 7.14 Hz, 4H), 2.87 (s, 6H),
1.43 (t, J = 7.16 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ 165.9, 162.2, 140.9, 123.1, 61.4,
24.9, 14.3. HRMS (ESI-QTOF) m/z calculated for C13H18NO4

+ [M + H]+: 252.1158;
found [M + H]+: 252.1159. mp: 70–73 ◦C (yellow solid).

Diethyl 2,4,6-trimethyl-1,4-dihydropyridine-3,5-dicarboxylate (11) [49]:

1H NMR (600 MHz, CDCl3) δ 4.67 (m, 4H), 3.74 (q, J = 7.14 Hz, 1H), 2.08 (s, 6H),
1.57 (t, J = 7.12 Hz, 6H), 0.91 (d, J = 4.8 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 167.6,
147.7, 104.1, 59.7, 27.6, 23.4, 19.5, 14.2. HRMS (ESI-QTOF) m/z calculated for
C14H22NO4

+ [M + H]+: 268.1471; found [M + H]+: 268.1470. mp: 131–132 ◦C
(yellow solid).
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Diethyl 4-isobutyl-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (12):

1H NMR (600 MHz, CDCl3) δ 4.17 (q, J = 7.15 Hz, 4H), 3.24 (t, J = 7.11 Hz, 1H),
2.19 (s, 6H), 1.60-1.57 (m, 6H), 1.55-1.40 (m, 6H), 1.38 (t, J = 7.14 Hz, 3H). 13C NMR
(151 MHz, CDCl3) δ 168.1, 144.9, 99.5, 59.7, 36.3,32.1, 27.3, 24.8, 19.2, 14.5. HRMS
(ESI-QTOF) m/z calculated for C17H26NO4

+ [M + H]+: 308.1784; found [M + H]+:
308.1783. mp: 155–157 ◦C (yellow solid).

Dimethyl 2,6-dimethyl-4-(2-nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylate-Nifedipine (13) [41]:

N
H

CO2MeMeO2C
NO2

1H NMR (600 MHz, CDCl3) δ 7.85 (d, J = 8.0 Hz, 1H), 7.78-7.62 (m, 3H), 5.77 (s,1H),
5.09 (s, 1H), 3.69 (s, 6H); 2.35 (s, 6H). 13C NMR (151 MHz, CDCl3) δ 167.1, 146.4, 144.6,
141.0, 133.4, 130.1, 128.9, 123.3, 103.2, 60.0, 40.1, 19.70 HRMS (ESI-QTOF) m/z
calculated for C13H18NO4

+ [M + H]+: 347.1165; found [M + H]+: 347.1165.
mp: 171–173 ◦C (yellow solid).

4. Conclusions
In summary, this work presents an efficient and environmentally friendly microwave-

assisted organic synthesis (MAOS) Hantzsch protocol for the selective synthesis of 1,4-DHPs
using a recyclable HPW/PEG-400 catalytic system. Systematic comparison with a classical
methodology demonstrates that subtle variations in catalyst–solvent combinations and
energy input exert a decisive influence on regioisomer formation, enabling control over
the 1,4-DHP/1,2-DHP ratio. Under optimized microwave conditions, the HPW/PEG-400
system consistently favors formation of the kinetically and thermodynamically preferred
1,4-DHP scaffold, affording higher yields, significantly reduced reaction times, and supe-
rior regioselectivity relative to conventional thermal protocols. Mechanistic considerations
support a classical Hantzsch pathway dominated by the enamine–Knoevenagel–Michael
addition sequence, while deviations observed under strongly acidic or solvent-dependent
conditions account for competitive 1,2-DHP formation or aromatization events. Moreover,
the heterogeneous nature of the PEG/HPW medium enables straightforward catalyst re-
covery and reuse over multiple cycles with minimal loss of activity, reinforcing the practical
and environmental advantages of the methodology. Collectively, these findings establish
the microwave-assisted HPW/PEG-400 platform as a potentially scalable, energy-efficient,
and sustainable alternative for the rapid construction of bioactive 1,4-dihydropyridine
frameworks, providing valuable guidance for the rational design of regioselective multi-
component heterocycle syntheses.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/catal16010096/s1: detailed HRESI-MS (ESI-QTOF), 1H
NMR and 13C NMR spectral data for compounds Figures S1–S16 and Table S1 is reported in
reference [35,38,41,47–49]. CCDC-2517790 and CCDC-2517791 contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of charge from the Cambridge Crys-
tallographic Data Centre via http://www.ccdc.cam.ac.uk/structures (accessed on 14 January 2026).
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Abbreviations
The following abbreviations are used in this manuscript:

DHP’s Dihydropyridines
HPW Phosphotungstic acid
PEG Polyethylene glycol
p-TsOH p-toluenesulfonic acid
NADH Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide phosphate
IUPAC International Union of Pure and Applied Chemistry
CCBs Calcium-channel blockers
MCR Multicomponent reaction
([Msim]Cl) 3-methyl-1-sulfonic acid imidazolium chloride
MW Microwave
1CNMR proton nuclear magnetic resonance
13CNMR Carbon-13 nuclear magnetic resonance
MAOS microwave-assisted organic synthesis
HPLC High-performance liquid chromatography
ORTEP Oak Ridge Thermal Ellipsoid Plot
TLC Thin-layer chromatography

HRMS (ESI-QTOF)
high-resolution mass spectrometry performed using
electrospray ionization–quadrupole time-of-flight
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