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An efficient ultrasound-assisted one-pot
chemoselective synthesis of pyrazolo[3,4-b]
pyridine-5-carbonitriles in aqueous medium using
NaCl as a catalyst+
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Asimple, convenient and green synthetic protocol for the chemoselective synthesis of pyrazolo[3,4-b]pyridine
derivatives via three-component reaction of 3-amino-5-methylpyrazole, ethyl cyanoacetate, and aldehydes
catalyzed by sodium chloride under ultrasound irradiation in agueous medium is described. The method
showed remarkable selectivity for pyrazolo[3,4-blpyridine over dehydrogenated pyrazolopyridines, bis-
pyrazolopyridines and pyrazolo[1,5-alpyrimidine derivatives. The reactions were carried out under both
conventional and ultrasonic irradiation conditions. Under ultrasound radiation, the catalytic activity of NaCl
was about 15-fold higher as compared to the conventional method. The sonochemical procedure offers
several advantages including cleaner reaction profile, use of easily available, cheap and environmentally
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1. Introduction

A primary driver of synthetic organic chemistry is the develop-
ment of efficient and environmentally benign synthetic proto-
cols. As the pressure to produce the myriad of substances
required by society in an environmentally benign fashion has
continued to increase, ultrasound-assisted chemistry has
emerged as a discipline that permeates all aspects of synthetic
chemistry." The major goals of this endeavor are to maximize
the efficient use of safer raw materials and to reduce waste.
Ultrasound has been used in the synthesis of many organic
chemicals for years.” The presence of ultrasound has shown to
enhance the rates of reactions by manifolds as compared to its
absence. In the presence of ultrasound, reactions have also
been reported to occur at less severe conditions and in the
presence of less expensive and less active materials as catalysts
as compared to their silent counterparts (approach without the
use of ultrasound).>* Control of selectivity is among the most
important objectives in organic chemistry. For multicomponent
reactions® involving the simultaneous molecular interaction of
three or more components, the issue of selectivity is of signifi-
cance due to the high probability of several parallel reaction
pathways leading to different products®” but many parameters
such as temperature, pressure, solvent, catalyst type, kinetic or
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benign catalyst, high yields, and simple experimental and work-up procedures.

thermodynamic control, and other factors can be utilized to
modulate the selectivity of synthetic transformations.
Pyrazolopyridines are the promising class of heterocyclic
compounds which inhibits cyclin-dependent protein kinase-2
(cdk-2), cyclin-dependent protein kinase-5 (cdk-5), and phos-
phatidylinositol 3-kinase (PI3-K).**° Thus, these compounds
have potential for the treatment of several diseases including
bipolar disorder, diabetes, dementia, Alzheimer's disease,
schizophrenia, depression, and cancer." Some examples of
pyrazolopyridine derivatives are anxiolytic drugs such as cart-
azolate,'* etazolate' and tracazolate™ etc. Besides pyrazolopyr-
idine derivatives also have industrial importance as fluorescence
and luminophores in organic light emitting diodes."* These
examples emphasize the importance of pyrazolopyridines, as key
pharmacophores in bioactive small molecules. The survey of
literature revealed that pyrazolopyridines have been synthesized
by employing number of methods such as by the reaction of
phenylhydrazine, 3-aminocrotononitrile, isatin/acenaphthylene-
1,2-dione, cyclic 1,3-dicarbonyl compounds viz. cyclohexane-
1,3-diones, barbituric acid and 2-thioxodihydropyrimidine-
4,6(1H,5H)-dione in aqueous media and catalyzed by
(£)-camphor-10-sulfonic acid (CSA),"** by three-component
reaction of 5-aminopyrazoles, isatin and cyclic B-diketones in
aqueous media catalyzed by p-TSA,** by the reaction of 5-(4-R-
benzylamino)pyrazoles, cyclic B-diketones and paraformaldehyde
under microwave irradiation," by the reaction of aldehyde, 3-
amino-5-methylpyrazole and ethyl cyanoacetate in ethanol using
a catalytic amount of p-toluenesulfonic acid,** by the reaction of
6-aminopyrimidine-4-ones with dimedone and formaldehyde
solution using triethylamine as a basic catalyst,' by the reaction
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Scheme 1 Chemoselective synthesis of pyrazolo[3,4-blpyridine
derivatives.

of aldehyde, acyl acetonitrile, and amino heterocycles in ionic
liquid,*¥ but all these methods suffered from drawbacks such as
longer reaction time, lower yield, use of hazardous organic
solvents and reagents, tedious workup procedures, and co-
occurrence of several side reactions with less selectivity of the
process. Thus, the search for new catalyst and methods is still of
growing importance.

Most of the catalyst are somewhat exotic, expensive, harmful
and even uneffective in the absence of acidic additives. Herein
we report the “yet-another-one-catalyst” idea to absurdity by
proposing NaCl promotes the reaction that actually requires no
catalyst, neither rare nor expensive.*® However, the use of some
other metal catalysts are expensive, toxic, unavailable, metal
containing catalyst which is harmful for human as well as
environment and separation process also tedious, compara-
tively NaCl very cheap, easily available, harmless and most
accessible (hence superior) catalyst for the chemoselective
synthesis of pyrazolopyridine derivatives.

As a consequence of our interest in ultrasonic-assisted
organic synthesis (UAOS)"” and our continued work on the
synthesis of heterocyclic derivatives'® guided by the observation
that the presence of two or more different heterocyclic moieties
in a single molecule often enhances the biocidal profile
remarkably, we investigated the sonocatalytic chemoselective
synthesis of pyrazolo[3,4-b]pyridine derivatives using NacCl as a
catalyst in aqueous medium (Scheme 1).

2. Results and discussion

Initially, in order to optimize the reaction conditions, we choose
the reaction of 4-chlorobenzaldehyde 1a, ethyl cyanoacetate 2

This journal is © The Royal Society of Chemistry 2014
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and 3-amino-5-methylpyrazol 3 as a model reaction. The effect
of various solvents on the model reaction was conducted in the
presence of NaCl under ultrasound irradiation (Table 1). The
results indicated that the solvents had a significant effect on the
product yield. The use of toluene, THF and CH,Cl, as solvent
gave poor yields (Table 1, entry 4, 5 and 6). Solvents like EtOH,
MeOH and CH;CN gave moderate yields (Table 1, Entries 1, 2
and 3). The best conversion was observed when the reaction was
performed in water (Table 1, entry 7). Based on these results,
water was then selected as the solvent for further investigations.

Several variables may affect the efficiency of ultrasonication,
in particular the increase in the viscosity of the reaction
medium decreases the efficiency of ultrasound. Indeed, the
ultrasonic waves became unable to overcome the cohesive
forces of very strong mix. Indeed, the size of the micro spheres
becomes very small, which significantly influence the reaction
yield. The increase of the yield in sonication can be explained by
the decrease of the viscosity of reaction mixture, which allows
the acceleration of the molecular diffusion of the reagents
which in turn increases the number of ultrasonic cavitation
bubbles per unit volume.*

To find the specific effect of ultrasound on this reaction, the
above mentioned reaction was carried out under conventional
heating. There is no product formation in the absence of cata-
lyst even after refluxing for 24 h (Table 2, entry 1) but product 4b
was obtained after 150 min under ultrasound irradiation in
moderate yield in absence of a catalyst (Table 2, entry 1). The
dramatic increase in reaction rate under ultrasound irradiation
could be ascribed to the simultaneous intensive enhancements
of both heat and mass transfer.? It is presumed that the effi-
ciency using ultrasound irradiation is due to the cavitation
phenomena. The chemical and physical effects of ultrasound
arise from the cavitational collapse which produce extreme
conditions locally and thus induce the formation of chemical
species not easily attained under conventional conditions.**?
However the results demonstrated the need of a catalyst. Thus
in order to develop a feasible approach, a comparison of effi-
ciency of catalytic activity of NaCl with several catalysts is pre-
sented in Table 2. Result showed that NaCl is superior to the
other catalysts in terms of yield and reaction time and exhibit 15
fold higher TOF value as compared to conventional heating. The
hydrophobic effect* of water (all reactants due to their dislike

Table 1 Effect of solvent on the synthesis of 4-(4-chlorophenyl)-3-
methyl-6-ox0-4,5,6,7-tetrahydro-2H-pyrazolol[3,4-blpyridine-5-car-
bonitrile (4b)?

Entry Solvent Time (min) Yield* (%)
1 Ethanol 55 79
2 Methanol 70 74
3 Acetonitrile 50 68
4 Toluene 120 47
5 THF 120 49
6 CH,Cl, 105 51
7 Water 25 94

% Reactions are performed on a 2 mmol scale of the reactants and
10 mol% of NaCl under ultrasonic irradiation. * Isolated yield.
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Table 2 Influence of various catalysts on the synthesis of 4-(4-
chlorophenyl)-3-methyl-6-o0x0-4,5,6,7-tetrahydro-2H-pyrazolo[3,4-
blpyridine-5-carbonitrile (4b)”
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Table 3 Effect of the amount of NaCl on the synthesis of 4-(4-
chlorophenyl)-3-methyl-6-ox0-4,5,6,7-tetranydro-2H-pyrazolo[3,4-
blpyridine-5-carbonitrile (4b)*

Ultrasonic Conventional
irradiation condition
Time  Yield* TOF Time Yield* TOF
Entry Catalyst (min) (%) (h™ (h) (%) (h™
1 — 150 35 — 24 NR —
2 Sulfamic 110 54 44 20 62 5
acid
3 InCl; 80 71 80 12 69 9
4 In(OTf); 75 79 95 11 72 10
5 CAN 60 82 123 8 74 14
6 NacCl 25 94 338 5 78 23
7 LiCl 25 68 245 5 51 15
8 KCl 25 79 284 5 64 19
9 NaBr 25 72 259 5 57 17
10 Nal 25 67 241 5 52 16

“ Reactions are performed on a 2 mmol scale of the reactants and
10 mol% of catalyst. NR = no reaction. * Isolated yield.

for water come close enough to react) is further increased by
presence of NaCl due to the salting-out effect.** The salting-out
effect of NaCl is quite well understood.> When Nacl dissolve in
water, there is a volume contraction, electrostriction, as water
collapses around the ions to solvate it, which decreases the
number of water molecules available to interact with the reac-
tants. As a result of the increasing demand of solvent molecules,
the reactant-reactant interactions are stronger than the
solvent-reactant interactions; the reactant molecules react by
forming hydrophobic interactions with each other. This salting-
out effect is more pronounced for NaCl than for KCI,*® which
shows the superiority of NaCl as a catalyst.

It is worthy to note that, ultrasound with frequencies less
than 50 kHz and presence of NaCl in the reaction mixture has
resulted in increase in the reaction rate when compared to the
silent reaction because of the local rise in the temperature and
pressure, accelerated solvolysis®>” process of NaCl, which also
increases the hydrophobic effect of water. Therefore, NaCl
concentration forces a biphasic suspension (water and organic
reactants) in which the reactants undergo an intimate ultra-
sound promoted mixing thereby increased reaction rate was
observed as compared to conventional method. Coupling of
these can offer an extraordinary synergistic effect with greater
prospectives than these components in seclusion.

In order to optimize the amount of NaCl for the synthesis of
the target compounds, we started the study by treating a
mixture of 4-chlorobenzaldehyde 1a, ethyl cyanoacetate 2 and 3-
amino-5-methylpyrazol 3 in the presence of different amounts
of NaCl in water under ultrasonic irradiation to get the desired
product. The results of this study are summarized in Table 3. It
is noted that, 10 mol% of NaCl gave the best result in terms of
time of completion and the product was obtained in 94% yield
(Table 3, entry 3).

We also observed the effect of frequency of ultrasound irra-
diation on the reaction. When the frequency was 25 kHz, the

6910 | RSC Adv., 2014, 4, 6908-6915

Entry NaCl (mol%) Time (min) Yield* (%) TOF (h™)
1 00 150 35 —

2 5 55 67 196

3 10 25 94 338

4 15 25 93 211

“ Reactions are performed on a 2 mmol scale of the reactants under
ultrasonic irradiation. * Isolated yield.

model reaction gave the desired product 4b in 94% yield at
25 °C. Using 40 kHz did not change reaction yield a consider-
able amount (92% in the similar time). Experiments performed
at constant transmitted power but variable frequency (25 and
40 kHz) shows the same trend (Table 4, entries 1 and 2). It is
shown that there is an optimum frequency for effective
synthesis of 4b in the frequency of 25 kHz. In order to further
improve the yield of the reaction, we tried to perform three
experiments in 30, 50, and 60 °C under ultrasonic irradiation
(Table 4). We found that high temperature (50 °C) could
improve the reaction yield and shorten the reaction time. But
the reaction got the similar yield at 60 °C. Thus, we selected the
water as solvent under ultrasound irradiation conditions for the
one-pot reaction of aldehyde, ethyl cyanoacetate and 3-amino-5-
methylpyrazole to give corresponding pyrazolo[3,4-b] pyridine-
5-carbonitriles derivatives at 50 °C in the frequency of 25 kHz.

Literature reveals that the multicomponent condensation

reactions of 5-aminopyrazoles with active methylene

Table 4 Effect of the ultrasonic temperature and the ultrasonic
frequency on the synthesis of 4-(4-chlorophenyl)-3-methyl-6-oxo-
4,5,6,7-tetrahydro-2H-pyrazolo([3,4-blpyridine-5-carbonitrile (4b)?

Entry  Frequency (kHz)  Temp. (°C)  Time (min)  Yield* (%)
1 25 25 40 87
2 40 25 45 85
3 25 50 25 94
4 25 60 30 94

¢ Reactions are performed on a 2 mmol scale of the reactants under
ultrasonic irradiation in water at 50 °C in the frequency of 25 kHz.
* Isolated yield.
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Fig.1 Two chemoselective products.
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Table 5 Synthesis of pyrazolo([3,4-blpyridine-5-carbonitrile derivatives under sonication (4a—1)°
S. No R Time (min) Product Yield* (%) trans : cis ratio Mp (°C)
1 H 29 ~ CN 89 54:46 294-296
HN
N">N"S0
4a H
Cl
2 4-Cl 25 94 57 :43 >340
CN
~I
HN
N">N"0
4p H
Br
3 4-Br 27 93 55:45 334-336
CN
~
HN
N"N"S0
4c H
CH3
4 4-CH,4 26 94 53:47 316-318
CN
~
N™ “N"~0
4d H
OCH,
5 4-OCH; 27 92 62:38 322-324
CN
HN
N™ ~O
4e H
F
6 4-F 23 95 67 :33 272-274
CN
~I
HN
NT >*N"S0
4f H
OH
7 4-OH 24 94 62 :38 326-328
CN
~I
HN
N 0]
4gH
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Table 5 (Contd.)
S. No R Time (min) Product Yield* (%) trans : cis ratio Mp (°C)
Cl Cl
8 2,6-Cl 22 CN 95 65 : 35 >340
>
HN
N 0]
4h H
F Cl
9 2-F-6-Cl 20 CN 95 54 :46 302-304
I
HN,
N™“N"0
4i H
OCHs
H,CO OCH,
10 3,4,5-OCH, 24 92 64 :36 270-272
CN
=~
HN
NTNT0
4j H
OPh
11 3-OPh 33 CN 84 59:41 181-183
NT>N"0
4k H
S
12 — 21 S CN 92 43 : 57 264-266
HN
N™ “N"0
4 H

4 * Isolated yield.

compounds and aromatic aldehydes, is accompanied by the
occurrence of dehydrogenated pyrazolopyridines as side prod-
ucts,”® and sometimes dehydrogenated pyrazolopyridines, bis-
pyrazolopyridines and pyrazolo[1,5-a]pyrimidine derivatives
have been isolated as the main product**-° instance of pyrazolo
[3,4-b]pyridines due to the presence of nonequivalent nucleo-
philic reaction centers in the aminopyrazole building block.****
The present protocol gives pyrazolo[3,4-b]pyridine derivatives
selectively (Scheme 1).

The excellent chemoselectivity observed between two nucle-
ophilic centre of 3-amino-5-methylpyrazole i.e. one NH,-C=N
and other is NH,-C-CH. Thus, when 3-amino-5-methylpyrazole
was treated with benzaldehydes and ethyl cyanoacetate, the
corresponding pyrazolo[3,4-b]pyridine derivatives 4a-1 were
formed exclusively. The proton NMR spectrum lacked charac-
teristic singlet* for the pyrazole methine near 6.0 ppm. This
revealed that the reaction occurred through NH,-C=N nucle-
ophilic centre and cyclisation mode lead to pyrazolo[3,4-b]

6912 | RSC Adv., 2014, 4, 6908-6915

pyridine 4a-1 and ruled out the possibility of formation of pyr-
azolo[1,5-a]pyrimidine alternative 5a-1 (Fig. 1).

The general efficiency of this protocol was then studied for
the synthesis of a variety of pyrazolo[3,4-b]pyridine-5-carbon-
itrile derivatives and the results are summarized in Table 5. A
series of aromatic aldehydes with both electron-donating and
electron-withdrawing substituents were reacted with ethyl
cyanoacetate and 3-amino-5-methylpyrazol under the optimized
reaction conditions. As shown in Table 5, all reactions went on
smoothly and quickly under ultrasonic irradiation. The results
indicated that variation in the yields is very little for both
electron-rich and electron-deficient aldehydes. The reactions
proceeded to completion in short durations, and the pure
products were obtained simply by recrystallization from ethanol
without involving any chromatographic purification.

The '"H NMR spectra of the products indicated the formation
of two diastereoisomers (cis and trans). The '"H NMR spectrum
of a mixture of cis- and trans isomer of 4b is presented in Fig. 2.

This journal is © The Royal Society of Chemistry 2014
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Fig.2 The *H NMR signals of the cis and trans isomers of 4-(4-chlorophenyl)-3-methyl-6-oxo-4,5,6,7-tetrahydro-2H-pyrazolo[3,4-blpyridine-

5-carbonitrile (4b).
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Scheme 2 Plausible mechanism.

We found that trans isomer was formed in more ratio compared
to cis isomer while benzaldehydes with electron-withdrawing
substituents produced a slightly higher ratio of ¢rans products.
Surprisingly it was found that cis isomer of 41 was formed in
higher ratio as compared to trans isomer (Table 4, entry 12).

Mechanistically, the formation of compound 4 could be
explained by the reaction sequence in Scheme 2. First, a
Knoevenagel condensation reaction of aldehyde 1 with a-cyano
ethylacetate 2 is proposed to give the intermediate 5 then
Michael addition of electron-rich amino heterocycle 3 to 5
should have taken place to provide intermediate 6, which in
turn undergoes intramolecular cyclization resulting ring system
7, subsequently loss of EtOH formed 8. Finally, compound 8
undergoes tautomerism to produce 3-methyl-6-oxo-4-phenyl-
4,5,6,7-tetrahydro-2H-pyrazolo[3,4-b]pyridine-5-carbonitrile 4b,
respectively.

This journal is © The Royal Society of Chemistry 2014

3. Experimental

Melting points were recorded on a Toshniwal apparatus and are
uncorrected. The purity of compounds was checked on thin
layers of silica gel in various non-aqueous solvent systems e.g. n-
hexane-ethyl acetate, (7:3), benzene-ethyl acetate (9:1),
benzene-dichloromethane (8 : 2). IR spectra (KBr) were recor-
ded on a Shimadzu FT IR-8400s spectrophotometer and "HNMR
and CNMR spectra were recorded on a Bruker DRX-300
instrument at 300 and 75 MHz, respectively, in DMSO-d, rela-
tive to tetramethylsilane as an internal reference. Mass spec-
trum of representative compound was recorded on Waters Xevo
Q-Tof and API-2000 AB SCIEX spectrometer at 70 eV. Ultrasound
irradiation was provided by ultrasonic processor probe
(Processor SONOPROS PR-1000MP, OSCAR ULTRASONICS with
power input 230 V, 50 Hz, 4 A and power variac 0-230 V and 3 A)
operating at 20 kHz, 750 W with 6 mm/12 mm tip diameter
probe.

3.1 Conventional synthesis of 4-(4-chlorophenyl)-3-methyl-6-
0x0-4,5,6,7-tetrahydro-2 H-pyrazolo[3,4-b]pyridine-5-
carbonitrile (4b)

A mixture of 4-chlorobenzaldehyde 1b (2.0 mmol), ethyl cya-
noacetate 2 (2.0 mmol) and 3-amino-5-methylpyrazole 3
(2.0 mmol) and 10 mol% sodium chloride was refluxed in water
(30 ml) for 5 h. After completion of the reaction as indicated by
TLC (n-hexane-ethyl acetate, 7 : 3), the reaction mixture was
allowed to cool. The solid product was filtered and washed with
water, dried and recrystallised from ethanol.

3.2 Ultrasonics synthesis of 4-(4-chlorophenyl)-3-methyl-6-
0x0-4,5,6,7-tetrahydro-2 H-pyrazolo[ 3,4-b]pyridine-5-
carbonitrile (4b)

A mixture of 4-chlorobenzaldehyde 1b (2.0 mmol), ethyl cya-
noacetate 2 (2.0 mmol) and 3-amino-5-methylpyrazole 3

RSC Adv., 2014, 4, 6908-6915 | 6913
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(2.0 mmol) and 10 mol% sodium chloride in 20 ml water was
introduced in a heavy walled pear-shaped two-necked flask with
non-standard taper outer joint. The flask was attached to a
12 mm tip diameter probe and the reaction mixture was soni-
cated for the 25 min at 50% power of the processor andina 4 s
pulse mode till a solid product separates out. Completion of the
reaction was monitored by TLC using n-hexane-ethyl acetate
(7 : 3) as the eluent. Upon completion of the reaction, the solid
product was filtered and washed with water, dried and recrys-
tallised from ethanol.

4. Conclusion

In summary, ultrasound has accelerated the three-component
reaction of 3-amino-5-methylpyrazole, ethyl cyanoacetate, and
aromatic aldehydes in the presence of catalytic amounts of
NaCl. The chemoselective synthesis of pyrazolo[3,4-b]pyridine
by this new method has proved to be useful both from
economical and environmental points of view. About 15-fold
higher catalytic activity was observed for NaCl under ultrasonic
irradiation than that under the conventional method. The
results suggested that ultrasonic irradiation and NaCl had a
synergistic effect. Good functional group tolerance, broad scope
of usable substrates, excellent yields and short reaction time are
prominent features of the present sonocatalyzed methodology.
This methodology also overcomes the formation of unwanted
by-products, low yields and external high temperatures. We
expect this method will find extensive applications in the field
of combinatorial chemistry, diversity-oriented synthesis, sono-
chemistry, and drug discovery. All compounds were synthesized
in good to excellent yield and the spectral analysis confirmed
their structures.
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