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pane-1-sulfonic acid immobilized
on functionalized magnetic nanoparticles as an
efficient catalyst for one-pot synthesis of
dihydrotetrazolo[1,5-a]pyrimidine and
tetrahydrotetrazolo[5,1-b]quinazolinone
derivatives†

Fatemeh Karimi, Behnaz Tighsazzadeh, Beheshteh Asadi, Iraj Mohammadpoor-
Baltork, * Mahsa Layeghi, Valiollah Mirkhani, Shahram Tangestaninejad
and Majid Moghadam

An efficient and reusable catalyst, which is 3-(propylthio)propane-1-sulfonic acid immobillized on

functionalized magnetic nanoparticles [PTPSA@SiO2–Fe3O4], has been synthesized. For the first time, it is

highlighted under solvent-free conditions for the catalytic activity in multicomponent synthesis of

dihydrotetrazolo[1,5-a]pyrimidines, dihydrotetrazolo[1,5-a]pyrimidine-6-carboxylates and

tetrahydrotetrazolo[5,1-b]quinazolinones. The structure of the catalyst was well confirmed by

characterization techniques, such as FT-IR, TGA, SEM-EDX, elemental mapping, TEM, VSM and elemental

analysis. Besides, this unique catalyst was found to be effectual up to six cycles, which made it

spotlighted. Recyclability of catalyst, excellent yield of the products, short reaction time and clean

reaction profile are the advantages of the present protocol.
Introduction

Owing to growing environmental concerns, the progress of
a clean synthetic method has become signicant and demands
investigation.1 In this context, heterogeneous organic reactions
with so many advantages, such as ease of handling, recycling,
separation, and environmentally-safe disposal, have attracted
increasing interest.2 Furthermore, numerous nanocatalysts
have been designed and created;3 among which, the magnetic
solid acid catalysts exhibit great activity, compared to the other
homogeneous and commercial catalysts. This is because of
their useful properties, such as large surface area, thermal
stability, biocompatibility, easy recovery in the presence of
external magnetic elds, and higher loading of active sites.4

One of the smartest synthetic strategies to provide
structurally-diverse molecules in a single reaction step is
multicomponent reaction (MCR).5 In this regard, MCR opens
our hands in the synthesis of new heterocyclic frameworks with
pyrimidine moiety which possesses remarkable biological
activities.6 Synthesis of dihydrotetrazolo[1,5-a]pyrimidines,
ision, University of Isfahan, Isfahan
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mation (ESI) available. See

2187
dihydrotetrazolo[1,5-a]pyrimidine-6-carboxylates and tetrahy-
drotetrazolo[5,1-b]quinazolinones7 and their derivatives have
attracted attention through one-pot MCR, with huge benets of
atom economy and selectivity employing I2/i-PrOH,7a AlCl3/
CH3CN,7b nano-Fe3O4@SiO2–NH-gallic acid,7c Fe2O3@SiO2-
(CH2)3NHC(O)(CH2)2PPh2,7d Pd catalyst,7e TBBDA,7f LDH@TU-
SA@Ni/DMF.7g However, in these cases high loadings (up to
20mol%)7b of catalyst were necessary to achieve reasonably high
yields. Furthermore, some of these approaches require high
temperatures,7e harmful organic solvents,7b,g and non-reusable
catalysts.7a,b consequently, development of simple and envi-
ronmentally benign synthetic method for efficient preparation
of these compounds is a signicant challenge. In addition, such
scaffolds could be used in various therapeutic areas because of
their antitumor,8 antihypertensive,9 and antiviral10 activities.

With all these ideas in mind, and considering our all-out
effort to develop advantageous synthetic organic trans-
formations using novel heterogeneous catalytic systems,11 in
this article, we present the synthesis and application of 3-
(propylthio)propane-1-sulfonic acid immobillized on function-
alized magnetic nanoparticles [PTPSA@SiO2–Fe3O4], as an
environmentally-benign catalyst for the one-pot multicompo-
nent preparation of dihydrotetrazolo[1,5-a]pyrimidines, dihy-
drotetrazolo[1,5-a]pyrimidine-6-carboxylates and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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tetrahydrotetrazolo[5,1-b]quinazolinones under solvent-free
conditions (Scheme 1).
Scheme 2 Synthesis of magnetic nanocatalyst [PTPSA@SiO2–Fe3O4].
Results and discussion
Preparation and characterization of [PTPSA@SiO2–Fe3O4]

The preparation route for 3-(propylthio)propane-1-sulfonic acid
immobillized on functionalized magnetic nanoparticles
[PTPSA@SiO2–Fe3O4] is displayed in Scheme 2.

First, MNPs were synthesized through a chemical co-
precipitating method which is reported in the literature.4e

Then, we used silica coating on a core particle which has several
advantages of reducing the bulk conductivity and increasing the
suspension stability of the core particle.4f

Aer that, a mixture of freshly-prepared SiO2–Fe3O4 and (3-
mercaptopropyl)trimethoxysilane (MPS) was reuxed in EtOH/
H2O for 12 hours to afford PT@SiO2–Fe3O4.12 Finally, to provide
[PTPSA@SiO2–Fe3O4], 1,3-propanesultone was added to
a mixture of MNPs functionalized with thiopropyl groups in dry
toluene, at 100 �C.

These processes were characterized by means of FT-IR,
thermogravimetric analysis (TGA), SEM-EDX, elemental
mapping, TEM, VSM and elemental analysis (EA).

As shown in Fig. 1a, the FT-IR spectrum of Fe3O4 exhibited
symmetrical and asymmetrical Fe–O vibrations at 585 and
440 cm�1, respectively.11c Additionally, a broad band, at around
3400 cm�1, is assigned to the Fe–OH group.4e,11c The presence of
bands in the FT-IR spectrum at 1100 (Si–O bonds), 3392
(stretching vibrations of Si–OH) and 798 cm�1 (Si–O–Fe)
suggests that SiO2 bonds well with Fe3O4 (Fig. 1b).4f As it can be
seen in Fig. 1c, the characteristic bands at 2853 and 2926 cm�1

are attributed to the C–H stretching vibration of the linker
attached on the surface of SiO2–Fe3O4. Moreover, the band
corresponding to SH at 2552 cm�1 is also evident in this spec-
trum. The O–C(Me) vibration observed at 900–1300 cm�1 (Fig. 1)
Scheme 1 One-pot synthesis of dihydrotetrazolo[1,5-a]pyrimidines,
dihydrotetrazolo[1,5-a]pyrimidine-6-carboxylates and tetrahydrote-
trazolo[5,1-b]quinazolinones.

© 2022 The Author(s). Published by the Royal Society of Chemistry
(c); however, due to the presence of strong Si–O band at 1000–
1100 cm�1, the O–C(Me) band is masked and therefore, it is not
possible to assign the O–C(Me) band appropriately. The FT-IR
spectrum of Fig. 1d shows characteristic peak at around 1050–
1227 cm�1 which is attributed to the SO3 vibrations. The above
results may indicate that these compounds have successfully
been shaped on Fe3O4 surface.

The thermal decomposition behavior of [PTPSA@SiO2–

Fe3O4] between 30–700 �C, as a function of temperature, was
determined by thermogravimetric analysis (TGA) (Fig. 2). In
accordance with this curve, two weight loss steps were detected
above 200 �C. The main weight loss is due to the removal of
organic moieties (39%) on the surface. The second step (about
370–700 �C) can be attributed to the decomposition of the
catalyst and production of SO2 (around 7%). Therefore, these
results proved that [PTPSA@SiO2–Fe3O4] has high thermal
stability.

In another analysis, SEM image of the [PTPSA@SiO2–Fe3O4]
showed that the particles of the nanocatalyst have sphere-like
Fig. 1 Comparison of the FT-IR spectra of (a) Fe3O4; (b) SiO2–Fe3O4;
(c) PT@SiO2–Fe3O4; (d) [PTPSA@SiO2–Fe3O4].

RSC Adv., 2022, 12, 22180–22187 | 22181
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Fig. 2 TG analysis of [PTPSA@SiO2–Fe3O4].
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structures (Fig. 3a). Moreover, all the expected elements were
conrmed by the energy dispersive X-ray (EDX) (Fig. 3b).

Further characterization of [PTPSA@SiO2–Fe3O4] was per-
formed by SEM-elemental mapping. As depicted in Fig. 4, the
selected area elemental analysis indicates the presence of C, O,
S, Si and Fe, which veries good distribution and isolation of
catalytic active sites for the produced catalyst.

A study done by using TEM spectroscopy (Fig. 5a–c), which is
a valuable branch of knowledge to determine the morphology
Fig. 3 (a) SEM image and (b) SEM-EDX spectrum of [PTPSA@SiO2–
Fe3O4].

Fig. 4 Energy dispersive X-ray (EDX) mapping analysis of
[PTPSA@SiO2–Fe3O4].

22182 | RSC Adv., 2022, 12, 22180–22187
and the size of the materials, showed well-arranged nano-
spherical particles without aggregation. According to these
images, particles of the catalyst were observed with a mean
diameter of 3.71–11.12 nm (Fig. 5c).

As illustrated in Fig. 6, the magnetic measurements of the
Fe3O4, SiO2–Fe3O4, [PT@SiO2–Fe3O4] and [PTPSA@SiO2–Fe3O4]
were investigated at room temperature from�8000 to +8000 Oe.
The saturation magnetization (Ms) values diminished from 70
emu g�1 for Fe3O4 to 9 emu g�1 for the desired catalyst during
the preparation route. These results indicate that the catalyst
[PTPSA@SiO2–Fe3O4] was successfully formed, and also, the
facile separation of the magnetic catalyst from a reaction
mixture was guaranteed.

The sulfur content of this nanocatalyst, is 1.52 mmol g�1 of
the catalyst as obtained using elemental analysis.

Synthesis of dihydrotetrazolo[1,5-a]pyrimidine derivatives
catalyzed by [PTPSA@SiO2–Fe3O4]

Firstly, 4-methoxybenzaldehyde 1 (1 mmol), 5-aminotetrazole 2
(1 mmol), and acetophenone 3 (1 mmol) were adopted as the
model substrates under solvent-free conditions in which no
yield of the product was detected in the absence of acid catalyst
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM images in different sizes (a) 60 nm, and (b) 30 nm, and (c)
particle size distribution for [PTPSA@SiO2–Fe3O4].

Fig. 6 Magnetization curves for (a) Fe3O4,4e (b) SiO2–Fe3O4, (c)
[PT@SiO2–Fe3O4] and (d) [PTPSA@SiO2–Fe3O4].

Table 1 Optimization studies for the synthesis of dihydrotetrazolo
[1,5-a]pyrimidine 4a

Entry Catalyst (mol%) T (�C) Time (min) Yielda (%)

1 — 70 60 Trace
2 ZnCl2 (5) 70 15 30
3 AlCl3 (5) 70 15 10
4 FeCl3 (5) 70 15 15
5 BiCl3 (5) 70 15 35
6 MnCl2 (5) 70 15 25
7 p-TSA (5) 70 15 50
8 Fe3O4 (5) 70 15 10
9 SiO2–Fe3O4 (5) 70 15 15
10 PTPSA@SiO2–Fe3O4 (5) 70 15 98
11 PTPSA@SiO2–Fe3O4 (3) 70 15 70
12 PTPSA@SiO2–Fe3O4 (7) 70 15 98
13 PTPSA@SiO2–Fe3O4 (5) 25 15 20
14 PTPSA@SiO2–Fe3O4 (5) 50 15 50
15 PTPSA@SiO2–Fe3O4 (5) 100 15 98

a
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(Table 1, entry 1). We then screened this multicomponent
reaction with different acid catalysts: ZnCl2, AlCl3, and FeCl3, to
name a few (entries 2–10), and amongst them, only
[PTPSA@SiO2–Fe3O4] responded well to this MCR for 15 min
due to its nano-character and its surface modied-SO3H solid
material compared with Fe3O4 (entry 10). It is noteworthy that
the acidity of Fe3O4 with OH-groups on the surface is consid-
erably less than [PTPSA@SiO2–Fe3O4] and therefore is not
effective for such a transformation (entry 8). With this catalyst,
a short screening of reaction parameters including the catalyst
© 2022 The Author(s). Published by the Royal Society of Chemistry
loading, and temperature were investigated. More precisely,
different catalyst loadings were examined (entries 10–12) and
gratifyingly, the desired product of 4a was obtained with
maximum yield (98%) in the presence of 5 mol% of catalyst
under solvent-free conditions (entry 10). The effect of temper-
ature, another pronounced parameter, was also tested (entries
13–15), which shows that 70 �C appeared to be the best (entry
10). As the results in Table 1 show, we xed entry 10 as the
optimal set of reaction conditions, which is the most interesting
outcome of the catalyst screening for this MCR.

As shown in Scheme 3, the scope of this methodology was
investigated with a set of aryl aldehydes, 5-aminotetrazole and
Isolated yields.

RSC Adv., 2022, 12, 22180–22187 | 22183
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Scheme 3 Synthesis of dihydrotetrazolo[1,5-a]pyrimidine derivatives
catalyzed by [PTPSA@SiO2–Fe3O4].

Scheme 5 Synthesis of tetrahydrotetrazolo[5,1-b]quinazolinone
derivatives catalyzed by [PTPSA@SiO2–Fe3O4].
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acetophenone under optimal reaction conditions. To our
delight, the reaction afforded dihydrotetrazolo[1,5-a]pyrimi-
dines 4a–c in excellent yields and short reaction times. More-
over, replacement of acetophenone with ethylacetoacetate was
also found to be well-matched under the optimal reaction
conditions (Scheme 4). Finally, all the reactions were completed
in a duration of 20–30 min to afford the desired dihydrote-
trazolo[1,5-a]pyrimidine-6-carboxylates 6a–f. As summarized in
Scheme 5, dimedone also reacted efficiently with aryl aldehydes
which are substituted with methoxy, chloro and isopropyl, and
5-aminotetrazole to afford the favorite products 8a–f in excellent
yields (91–97%). Interestingly, the reaction yield with aldehyde
bearing electron withdrawing groups is of comparable with that
of containing electron donating ones. It seems that benzylide-
neacetophenone (II), as a strongMichael acceptor, reacts readily
with 5-aminotetrazole to give an intermediate (III), so the
reactions were completed within 20 to 30 min and the yields of
the products were in the range of 88 to 98%.

Hexanal and heptanal as aliphatic aldehydes and furfural as
well as 5-methyl furfural as heteroaromatic aldehydes were used
in these reactions. They remained intact in the reaction mixture
and no desired or side products and/or intermediates were
obsereved under the identical reaction conditions even aer
6 h.
Scheme 4 Synthesis of dihydrotetrazolo[1,5-a]pyrimidine-6-carbox-
ylate derivatives catalyzed by [PTPSA@SiO2–Fe3O4].

22184 | RSC Adv., 2022, 12, 22180–22187
Dihydrotetrazolo[1,5-a]pyrimidine derivatives were rapidly
accessible on gram scales. On a 10 mmol scale, 4-methox-
ybenzaldehyde, reacted with 5-aminotetrazole and acetophe-
none in the presence of [PTPSA@SiO2–Fe3O4] (0.5 mol%) at
70 �C, to give dihydrotetrazolo[1,5-a]pyrimidine 4a in 70% yield
aer 60 min.

The structure of the products was determined from their
melting points, spectral data, and elemental analysis.

A plausible mechanism for the [PTPSA@SiO2–Fe3O4] cata-
lyzed synthesis of dihydrotetrazolo[1,5-a]pyrimidines is repre-
sented in Scheme 6. First, the carbonyl group of aldehyde is
activated by interaction of its carbonyl group with surface
modied-SO3H to give I. Subsequently, intermediate I reacts
with enol form of acetophenone to give benzylideneacetophe-
none II, as a strong Michael acceptor. Then, nucleophilic attack
of 5-aminotetrazole to Michael acceptor II provides interme-
diate III, which undergoes tautomerism to form intermediate
IV. Lastly, an intramolecular nucleophilic attack at the keto-
carbonyl site, which is followed by elimination of water in the
presence of the catalyst, affords the corresponding
Scheme 6 Proposed reaction mechanism.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of the results of the synthesis of 4b catalyzed by I2, AlCl3 and [PTPSA@SiO2–Fe3O4]

Catalyst/conditions
Catalyst
loading Time (h) Yielda (%) TONb TOFc (h�1) Ref.

I2/i-PrOH, reux 10 mol% 6 57 5.7 0.95 7a
AlCl3/CH3CN, reux 20 mol% 4 90 4.5 1.12 7b
[PTPSA@SiO2–Fe3O4]/solvent-free, 70 �C 5 mol% 0.41 92 18.4 44.87 This work

a Isolated yield. b Turn-over number. c Turn-over frequency.

Fig. 7 Reuse of [PTPSA@SiO2–Fe3O4] examined on the model
reaction.
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dihydrotetrazolo[1,5-a]pyrimidine 4 product. What is more, the
catalyst is released for the next run.

To show the importance and novelty of the present work, we
compared the results of our catalyst with some of those docu-
mented methods for the synthesis of similar dihydrotetrazolo
[1,5-a]pyrimidine derivative. As can be seen, with [PTPSA@SiO2–

Fe3O4] catalyst the reaction time is shorter, the yield and the
turn over frequency (TOF) are higher. Also the reaction condi-
tions associated with the present method are much milder
(solvent-free, 70 �C) (Table 2).

Catalyst recovery and reusability is another fantastic
feature of this catalyst, which is so signicant from envi-
ronmental, industrial, and economic viewpoints. Therefore,
the reusability of [PTPSA@SiO2–Fe3O4] was explored in the
synthesis of 4a without any signicant loss of its high cata-
lytic performance for several times (Fig. 7). Later, the
mixture was cooled to room temperature and diluted with
cold ethanol at the end of each reaction. Finally, the catalyst
was separated using an external magnet, washed with
ethanol, dried and then reused for subsequent reactions. As
expected, the efficiency and stability of the recovered catalyst
during the synthesis of dihydrotetrazolo[1,5-a]pyrimidine
derivative showed to be pleasing and no considerable vari-
ation aer the sixth run under the reaction condition was
observed (Fig. 7).

Conclusions

To summarize, we have established a novel, reusable, greatly
efficient, and environmentally benign [PTPSA@SiO2–Fe3O4]
catalytic system for synthesis of dihydrotetrazolo[1,5-a]pyrimi-
dine and tetrahydrotetrazolo[5,1-b]quinazolinone derivatives
© 2022 The Author(s). Published by the Royal Society of Chemistry
via a one-pot three-component reaction of aryl aldehyde, 5-
aminotetrazole, and acetophenon derivatives/ethyl
acetoacetate/dimedone under solvent-free conditions, which is
undoubtedly a potential catalyst for applications in chemical
industry. Signicantly, the excellent magnetic recovery of this
protocol gives it distinguished preference to other works done
in this eld.
Experimental section
General information

The chemicals used in this work were purchased from Fluka
and Merck chemical companies. Melting points were deter-
mined with a Stuart Scientic SMP2 apparatus. FT-IR spectra
were recorded on a Nicolet-Impact 400D spectrophotometer.
1H and 13C NMR (400 and 100 MHz) spectra were recorded on
a Bruker Avance 400 MHz spectrometer using DMSO-d6 and
CDCl3 as solvent. Elemental analysis was performed on
a LECO, CHNS-932 analyzer. Thermogravimetric analysis
(TGA) was carried out on a Mettler TG50 instrument under air
ow at a uniform heating rate of 20 �C min�1 in the range 30–
700 �C. The TGA instrument was re-calibrated at frequent
intervals with standards; the accuracy was always better than
�2.0%. The scanning electron microscope measurement was
carried out on a Hitachi S-4700 eld emission-scanning elec-
tron microscope (FE-SEM). The transmission electron
microscopy (TEM) was carried out on a Philips CM10 instru-
ment operating at 100 kV. The magnetic measurements were
performed with a vibrating sample magnetometer (VSM) at
Meghnatis Daghigh Kavir Co.
General procedure for preparation of [PTPSA@SiO2–Fe3O4]

Preparation of [PT@SiO2–Fe3O4]. First, silica-coated magne-
tite nanoparticles SiO2–Fe3O4 (250 mg) were prepared according
to the literature,4e,f and were continuously added to a solution of
(3-mercaptopropyl)trimethoxysilane (MPS) (1 g) in 10 mL of
ethanol and 10 mL of water and dispersed by sonication for
15min and reuxed overnight. Finally, the precipitate (PT@SiO2–

Fe3O4) was separated by a permanent magnet, washed with water
(3 � 10 mL), and dried in a vacuum oven at 50 �C.12

Preparation of [PTPSA@SiO2–Fe3O4]. A mixture of PT@SiO2–

Fe3O4 (2.61 mmol, 0.196 g) and 1,3-propanesultone (2.62 mmol,
0.320 g) was intensely dispersed in 5 mL dry toluene and then,
the reaction mixture was reuxed for 6 hours at 100 �C. The
resulting solid was separated by a permanent magnet, washed
RSC Adv., 2022, 12, 22180–22187 | 22185
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with toluene three times and dried under vacuum to afford
[PTPSA@SiO2–Fe3O4].

General procedure for synthesis of dihydrotetrazolo[1,5-a]
pyrimidine derivatives catalyzed by [PTPSA@SiO2–Fe3O4]. A
mixture of aryl aldehyde (1 mmol), 5-aminotetrazole (1 mmol),
acetophenone/4-chloroacetophenone (1 mmol), and
[PTPSA@SiO2–Fe3O4] (5 mol%, 33 mg) was stirred at 70 �C
under solvent-free conditions for the duration of suitable time
mentioned in Scheme 3. The progress of the reaction was
monitored by TLC (eluent: petroleum ether/EtOAc, 3 : 1). Upon
completion of the reaction, the mixture was cooled to room
temperature and EtOH (10 mL) was added. The catalyst was
quickly separated by an external magnetic eld and washed
with EtOH (5 mL). The products were obtained by recrystalli-
zation from EtOH and dried under reduced pressure. In some
cases, the organic residue was puried by column chroma-
tography on silica gel (petroleum ether/ethyl acetate) to
provide pure products in 92–98% isolated yields (Scheme 3,
4a–c).

General procedure for synthesis of dihydrotetrazolo[1,5-a]
pyrimidine-6-carboxylate derivatives catalyzed by
[PTPSA@SiO2–Fe3O4]. A mixture of aryl aldehyde (1 mmol), 5-
aminotetrazole (1 mmol), ethyl acetoacetate (1 mmol), and
[PTPSA@SiO2–Fe3O4] (5 mol%, 33 mg) was stirred at 70 �C
under solvent-free conditions for the appropriate time indicated
in Scheme 4. Upon completion, it was monitored by TLC
(eluent: petroleum ether/EtOAc, 3 : 1), the work-up was done as
dened for synthesis of dihydrotetrazolo[1,5-a]pyrimidines and
the pure product was obtained in 91–98% isolated yield
(Scheme 4, 6a–f).

General procedure for synthesis of tetrahydrotetrazolo[5,1-b]
quinazolinone derivatives catalyzed by [PTPSA@SiO2–Fe3O4]. A
mixture of aryl aldehyde (1 mmol), 5-aminotetrazole (1 mmol),
dimedone (1 mmol), and [PTPSA@SiO2–Fe3O4] (5 mol%, 33 mg)
was stirred at 70 �C under solvent-free conditions for the
appropriate time according to Scheme 5. The progress of the
reaction was tested by TLC (eluent: petroleum ether/EtOAc,
3 : 1). Aer completion of the reaction, the work-up was done
as described for the synthesis of dihydrotetrazolo[1,5-a]pyrimi-
dines and the pure products were gained in 91–97% isolated
yields (Scheme 5, 8a–f).
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